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Preface 

The following thesis consists of a review on the synthesis and reactivity of cerium 

cyclopentadienyl complexes, a summary of the main results, and original scientific papers. 

The work has been carried out at the Institut für Anorganische Chemie of the Eberhard Karls 

Universität Tübingen, Germany, over the period from November 2018 to March 2021 under 

the supervision of Prof. Dr. Reiner Anwander. Funding has been gratefully received from the 

Deutsche Forschungsgemeinschaft (DFG). 
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Abbreviations  

Ar 2,6-Di(iso)propylphenyl Cp’’’ 1,2,4-Tris(trimethylsilyl)- 

cyclopentadienyl 

Bn Benzyl CV Cyclic Voltammetry 

bipy 2,2’-Bipyridine CptBu Tert-butylcyclopentadienyl 

bq p-Benzoquinone Cptt 1,3-Bis(tert-butyl)cyclopenta- 

dienyl 

nBu n-Butyl Cpttt 1,2,4-Tris(tert-butyl) cyclopenta- 
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tBu tert-Butyl DEPT Distortionless Enhancement by 

Polarization Transfer 

btsa Bis(trimethylsilyl)amido DFT Density-functional Theory 

CAN Ceric Ammonium Nitrate dipp 2,6-Di(iso)propylpentadienyl 
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Fourier Transform 

Cp Cyclopentadienyl E0 Formal Potential 

CpMe Methylcyclopentadienyl ΔEp Peak Separation 

Cptet Tetramethylcyclopentadienyl EC / ECE E electron transfer 

C chemical reaction 

Cp* Pentamethylcyclopentadienyl EA Elemental Analysis 

Cp’ Trimethylsilyl- 

cyclopentadienyl 

e.g. exempli gratia 

Cp’’ 1,3-Bis(trimethylsilyl)- 

cyclopentadienyl 

Et Ethyl 
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et al. et alii or et aliae ppm Parts per Million 

Fc Ferrocene nPr n-Propyl 

Flu Fluorenyl iPr iso-Propyl 

FlutBu 2,7-Di(tert-butyl)fluorenyl py Pyridine 

HMBC Heteronuclear Multiple Bond 

Correlation 

Pz Pyrazolyl 

HSQC Heteronuclear Single 

Quantum Coherence 

Red Reduction 

Ind Indenyl RT Ambient Temperature 

IR Infrared SCE Saturated Calomel Electrode 

Ln Rare-earth metals (Sc, Y, La 

– Lu) 

SQUID Superconductiong Quantum 

Interference Device 

Me Methyl thf Tetrahydrofuran 

Mes Mesityl TIP Temperature Independent 

Paramagnetism 

NHC Imidazol-2-ylidene 

(N-heterocyclic carbene) 

 

tmeda Tetramethylethylenediamine 

NMR Nuclear Magnetic Resonance tol Toluene 

OTf Triflato UV-Vis Ultraviolet–Visible 

Ox Oxidation VT Variable Temperature 

Ph Phenyl XANES X-ray Absorption Near Edge 

Structure 
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Summary 

Cerium has an outstanding importance among the rare-earth metals (Sc, Y, La-Lu) due to its 

reversible redox chemistry. Although especially cerium(IV) oxide has achieved industrial 

importance as catalyst and polishing agent, the metalorganic chemistry of tetravalent cerium 

compounds has attracted greater attention only recently. This is due to difficulties in the 

stabilization of the +IV oxidation state, which is highly dependent on the ligand sphere. This 

work approaches the issue by research toward the stability and formation of 

organocerium(IV) compounds, especially regarding the effects of the ligand sphere.  

Initially, new cerium(III) fluorenyl complexes were synthesized, in order to serve as 

precursors for cerium(IV) chemistry. Accordingly, FluCeX2(thf)3 (X = Cl, I) gave access to 

the respective half-sandwich complexes FluCeR2(thf)x, bearing aryloxy, alkoxy, 

cyclopentadienyl, siloxy and pyrazolato ligands. Such complexes proved particularly stable at 

low temperatures, suffering ligand rearrangement processes at ambient temperature to the 

sandwich complexes Flu2CeR(thf)x in the case of alkoxy, siloxy, and pyrazolato ligands. 

Treatment of the Ce(III) species with halogenating agents led to the formation of 9-

halogenidofluorene and 1,1’-bifluorene, a transformation which could be controlled 

stoichiometrically.   

Ate complex Cp*2CeCl2K(thf)2 could be successfully oxidized, affording complexes of the 

type Cp*2Ce(OR)2 with alkoxy and siloxy ligands as well as Cp*2Ce(OR)Cl with aryloxy 

ligands. Again, ligand rearrangement occurred at ambient temperature, but resulted in the 

formation of the first half-sandwich cerium(IV) complexes Cp*Ce(OR)3 with R = SiPh3 and 

tBu. Cyclic voltammetry revealed a better stabilization of the +IV oxidation state in the order 

aryloxy < siloxy < alkoxy. Additionally, a stronger stabilization and limited Ce(III/IV)  

reversibility was observed for half-sandwich in comparison to sandwich complexes.  

Finally, the stability of organocerium(IV) complexes was further investigated starting from 

cyclopentadienides CpH/Me
3CeX with X = Cl, Br, I and using the chlorido complex as a 

precursor for salt-metathesis reactions. Application of this protocol resulted in a range of 

thermally stable complexes CpH/Me
3Ce(OR) with R = Me, Et, iPr, tBu, CH2tBu, SiMe3, SiEt3, 

Si(iPr)3 and SiPh3. Magnetic measurements revealed temperature-independent paramagnetism 

(TIP) instead of diamagnetism and positive magnetic susceptibilities. Cyclic voltammetry 

revealed chemical and electrochemical Ce(III/IV) reversibility for halogenido and siloxy 
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ligand and an EC or ECE type behavior for alkoxy complexes. The formal potentials span a 

wide range, opening the possibility to tune the electrochemical potentials by ligand variations. 

The stabilization of the cerium(IV) center was shown to increase in the series I < Br < Cl < 

siloxy < alkoxy and Cp < CpMe thus increasing with more electron donating ligands.  

Zusammenfassung 

Aufgrund seiner reversiblen Redox-Chemie besitzt Cer außergewöhnliche Relevanz im 

Vergleich mit den anderen Seltenerdmetallen (Sc, Y, La-Lu). Exemplarisch hierfür steht die 

industrielle Verwendung von Cer(IV) oxid als redox-aktivem Katalysator und Poliermittel. 

Dagegen wurden auf dem Gebiet der Metallorgainschen Chemie von vierwertigem Cer erst in 

jüngerer Zeit große Fortschritte gemacht. Dies liegt insbesondere an der Schwierigkeit, 

vierwertiges Cer zu stabilisieren, was in großem Maße von der Ligandensphäre beeinflusst 

wird. Diese Arbeit nimmt sich diesem Problem an, indem die Bildung und Stabilität von 

Cer(IV)-Komplexen, insbesondere in Hinblick auf die Effekte unterschiedlicher Liganden, 

untersucht werden. 

Zunächst wurden neuartige Cer(III)-Fluorenyl-Komplexe synthetisiert, die als Vorstufe für die 

Cer(IV)-Chemie dienen sollten. Entsprechend wurden im Zuge dieser Arbeit die 

Verbindungen FluCeX2(thf)3 (X = Cl, I) synthetisiert und in Salz-Metathese-Reaktionen 

eingesetzt, um die entsprechenden Halbsandwich-Komplexe FluCeR2(thf)x mit Alkoholat-, 

Silanolat- und Pyrazolat-Liganden bei niedrigen Temperaturen herzustellen. Bei 

Raumtemperatur wurden Liganden-Disproportionierungsreaktionen beobachtet, die im Falle 

von Alkoholat-, Silanolat- und Pyrazolat-Liganden zu den Sandwich-Komplexen 

Flu2CeR(thf)x führten. Bei Kontakt mit halogenierenden Oxidationsmitteln erfolgte eine 

Reaktion zu Cer(III)-Spezies und 9-Halogenfluoren sowie 1,1‘-Bifluoren. Diese Umsetzung 

konnte stöchiometrisch kontrolliert werden. 

Bei Verwendung des At-Komplexes Cp*2CeCl2K(thf)2 als Edukt gelang schließlich die 

Oxidation zu Komplexen des Typs Cp*2Ce(OR)2 mit Alkoholat- und Silanolat-Liganden 

sowie Cp*2Ce(OR)Cl mit Phenolat-Liganden. Wieder wurde bei Raumtemperatur eine 

Umorganisation der Liganden beobachtet, die jedoch in der Bildung der ersten Cer(IV)-

Halbsandwich-Komplexe Cp*Ce(OR)3 mit R = OSiPh3 und tBu resultierte. 

Cyclovoltammetrische Analysen der Komplexe offenbarten eine zunehmende Stabilisierung 

der Oxidationsstufe +IV in der Reihenfolge Phenolat < Silanolat < Alkoholat. Weiterhin 
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zeigten die Halbsandwich-Komplexe verglichen mit den entsprechenden Sandwich-

Komplexen ebenfalls eine stärkere Stabilisierung sowie eine eingeschränkte Reversibilität.  

Zuletzt wurde die Stabilität von Organocer(IV)-Komplexen ausgehend von den 

Triscyclopentadienyl-Derivaten CpH/Me
3CeR mit R = Cl, Br, I weitergehend untersucht. Der 

Chlorid-Komplex wurde als Edukt für Salzmetathese-Reaktionen genutzt, die für die Reste R 

= OMe, OEt, OiPr, OtBu, OCH2tBu, OSiMe3, OSiEt3, OSi(iPr)3 and OSiPh3 erfolgreich 

waren. Magnetische Messungen zeigten temperaturunabhängigen Paramagnetismus (TIP) auf, 

mit positiven magnetischen Suszeptibilitäten. In cyclovoltammetrischen Experimenten 

verhielten sich die Halogenid- und Silanolatkomplexe chemisch und elektrochemisch 

reversibel, während Alkoholat-Komplexe Cyclovoltammogramme des EC- oder ECE-Typs 

aufwiesen. Die Formalpotentiale überspannen eine große Bandbreite und eröffnen damit die 

Möglichkeit, das elektrochemische Potential durch die Ligandenwahl zu steuern. Die 

Stabilisierung von Cer(IV) nahm in der Reihenfolge I < Br < Cl < Silanolat < Alkoholat sowie 

Cp < CpMe mit zunehmend Elektronen-donierenden Liganden zu. 
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Objective of this Thesis 

The main emphasis of this thesis is to investigate the reactivity of trivalent and tetravalent 

cerium cyclopentadienyl complexes and the influence of the chemical environment on the 

stabilization of the oxidation state +IV. 

 

Chapter A gives an overview of the synthesis and reactivity of trivalent cerium 

cyclopentadienyl complexes and the pathways available to access organometallic tetravalent 

cerium compounds. In each chapter another supporting ligand class is highlighted.  

 

Chapter B contains a summary of the main results of this thesis and is divided into three 

parts: 

 Cerium(III)-Fluorenyl Chemistry and Fluorenyl Coupling 

 Cerium(IV)-Sandwich and Half-Sandwich Complexes 

 Stabilization of Cerium(IV)-Cyclopentadienyl Complexes 

 

In Chapter C unpublished results, which are not part of a publication or manuscript, are 

presented. Here, ansa-cyclopentadienyl and ansa-indenyl cerium complexes are described. 

 

Chapter E is a compilation of publications. 
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3  INTRODUCTION 

 

Introduction 

Since the discovery of ferrocene in 1951 the monoanionic cyclopentadienyl ligand C5H5 (Cp) 

soon became a keystone in metalorganic chemistry, due to its exceptional stabilizing effect.[1-

3] With its pKa(H2O) value of 15, cyclopentadiene shows unusually high acidity compared to 

other hydrocarbons, owing to its aromaticity with six π-electrons in the anionic form.[4] 

Therefore, deprotonation is easily achieved using mostly alkali metals, alkali-metal hydrids or 

other organolithium or sodium reagents like n-butyllithium. The cyclopentadienyl ligand can 

also be substituted to change its electronic and steric properties, e.g. with alkyl substituents or 

fused aromatic cycles, leading from monomethyl to pentamethyl cyclopentadienyl C5Me5 

(Cp*) or fluorenyl C13H10 (Flu) ligands.[5-6] Coordination to the metal center takes place 

routinely in a η5 coordination mode and leads in case of two CpR ligands to commonly called 

sandwich complexes, with the metal center between the two arene “plates”. Cyclopentadienyl 

chemistry gained further impact by its supporting role in homogeneous Ziegler-Natta-

catalysis for -olefin polymerization, after the heterogenous mixed catalysts were awarded 

with the Nobel Prize in 1963.[7-9] For their contributions to the field of emerging 

organometallic sandwich and half-sandwich complexes (complexes with one 

cyclopentadienyl ligand and additional other ligands) and the understanding of its bonding 

situation the Nobel Prize in 1973 was bestowed upon Fischer and Wilkinson.[10-11] Today, over 

80% of organometallic complexes contain cyclopentadienyl ligands, testifying their 

stabilizing ability and significance.[6]  

Among the rare-earth metals (Sc, Y, La – Lu) cerium bears an exceptional significance due to 

its redox chemistry and natural abundance. In coordination compounds rare-earth metals exist 

usually in the +3 oxidation state, while for other oxidation states particularly stable electronic 

configurations are required, which is the case for Eu and Yb (+2) and Ce, Tb or Pr (+4). 

Molecular complexes of terbium (+4) and praseodymium (+4) are known since 2019.[12-15] 

The most stable complexes in the +4 oxidation state are formed by cerium (4f0), based on the 

closed-shell electronic configuration of the noble gas xenon. This can be utilized/exploited in 

oxidation agents such as ceric ammonium nitrate (NH4)2Ce(NO3)6 (CAN), in catalysis or as 

redox-active molecular materials or as a role model for Pu(+4) chemistry.[16-17] While cerium 

materials, and in particular CeO2 are commonly used in catalyst systems in gasoline engines, 

as polishing agent, in illuminants and plenty further applications, the molecular chemistry of 

cerium has been less investigated, especially in the oxidation state +4.[18-19] This overview 
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aims to elucidate the progress, which has been made in organometallic cerium 

cyclopentadienyl chemistry in both oxidation states. 

Cerium(III) Cyclopentadienyl Chemistry 

2.1 Cerium(III) Tris(Cyclopentadienyl) Complexes 

The first organometallic cerium complex Cp3Ce (1) was synthesized in 1954 by Wilkinson 

and Birmingham starting from CeCl3 and NaCp.[20] Compound 1 showed thermal stability up 

to at least 400 °C, thus making purification via sublimation possible, and featured three η5-

cyclopentadienyl ligands in contrast to d-metal metallocene complexes.[20] What is common 

to all trivalent cerium complexes, is that they are extremely sensitive to oxygen and water.[20] 

In the course of the following decades various additional tris(cyclopentadienyl) cerium(III) 

complexes have been synthesized, differing from each other by substitution at the 

cyclopentadienyl ligand, which is introduced afore complexation, and/or a variety of different 

neutral donor ligands, stabilizing the ligand sphere. Scheme A1 displays an overview 

including the use of Cp 1[20-26], C5H4Me (CpMe) 2[27-30], C5H4tBu (CptBu) 3[31-37], C5H4SiMe3 

(Cp’) 4[32-35, 38-39], C5H4(SiMe2tBu) 5[40], 1,3-di(tertbutyl)cyclopentadienyl (Cptt) 6[41], 1,3-

di(trimethylsilyl)cyclo-pentadienyl (Cp’’) 7[28], C5Me4H (Cptet) 8[42] and indenyl (Ind) 9[38, 43] 

as ligand.[44] 
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Scheme A1. Synthesis of cerium(III) tris(cyclopentadienyl) (1) and overview of possible substitution patterns of 
cerium(III) tris(cyclopentadienyl) complexes 2 to 8 as well as tris(indenyl) complex 9 in combination with 
different donor (do) molecules.   

 
Scheme A2. Synthesis route toward elusive cerium(III) tris(pentamethylcyclopentadienyl) 13 and its donor 
adduct 13(NCCH3)2 starting from the bis(chlorido) ate complex 10(thf).   

Instead of starting from cerium(III) halogenides it is also possible to use ceric ammonium 

nitrate (CAN) as a starting material, although this leads to more side products.[23] The solid-

state structures of the Ce(III) complexes show a pseudo tetrahedral coordination mode, when 

one donor molecule is attached. The donorfree complexes with small substitutents like 1 and 2 

lead to a weak η1 interaction to the closest Cp/CpMe of the next molecule to saturate the ligand 

sphere, displaying oligomerization in the case of [CpMe
3Ce]4 (2).[25, 28] Increasing the steric 

bulk (3 to 7 and 9) leads to a pseudo trigonal coordination of the donor free product, which is 

the only mode for 5, 6 and 8, because of steric encumbrance.[40-42] Another exception is 

1(NCCH3)2, for it provides space for two solvent molecules leading to a pseudo trigonal 

bipyramidal geometry.[21] Interestingly, when the steric bulk is increased even more in the 

form of pentamethylcyclopentadienyl (Cp*), the salt metathesis reaction starting from CeCl3 

does not lead to the desired complex 13, but instead to incomplete substitution product 

Cp*2CeCl2K(thf) (10(thf)).[45-46] The route to the elusive Cp*3Ce (13), finally found in 2005 

by Evans et al., is shown in Scheme A2 and starts with 10(thf) nevertheless, by reaction to 

allyl complex 11(thf) and subsequent sublimation under loss of thf to 11.[47-48] Treatment with 

Et3NHBPh4 leads to the formation of the solvent separated ion pair 12, which is then reacted 

to 13 by the use of KCp*.[47-49] The synthesis required silylated glassware and the absence of 

any donating solvent, due to the high reactivity of 13, which readily reacts with CO, ethylene, 

thf and H2 alkyl-like and with CO2 under insertion.[48, 50] The high reactivity can be ascribed 
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to the high steric demand of the Cp* ligand in contrast to the metal size, which is expressed in 

long Ce−C bond distances (2.850 – 2.954 Å). Additionally, 13 shows sterically induced 

reactivity with Se=PPh3, AgBPh4, C8H8 and phenazine as well as sterically induced reduction 

to form 1,1’-bis(pentamethylcyclopentadiene).[48, 51]  

2.2 Cerocene Halide Complexes 

Similarly to the formation of 10(thf), cerium-derived metallocene chloride complexes have 

been discovered in 1986. They can be synthesized directly from CeCl3 with bulky ligands, 

when the formation of an easily accessible tris(cyclopentadienyl) cerium complex is 

infeasible, as in the case of Cp*2CeCl2Li(OEt2)2 (14).[45, 52] According to the alkali metal 

employed in the salt metathesis reaction different ate complexes are possible. Atwood et al. 

obtained Cp*2CeCl2K(thf)2 (10(thf)), proceeding from KCp* and showed the possibility of 

the formation of monomeric Cp*2CeCl(thf) (15) via sublimation.[46] Other characterized 

complexes with these structural motifs are [C5(iPr)4H]2CeCl2Na(tmeda) exhibiting a zigzag 

chain polymeric structure, as well as monomeric Cpttt
2CeCl (Cpttt = 1,2,4-tri-tert-

butylcyclopentadienyl) and Cptt
2CeCl2Li(tmeda).[53-55] Another common motif for cerium(III) 

bis(cyclopentadienyl) complexes is oligomerization by ruling out both ate complexation and 

the presence of donor solvent. This is the case for [Cp’2CeCl]2 (16), which was synthesized 

starting from Ce(AlMe4)3 via Cp’2Ce(AlMe4) and AlMe2Cl by our group.[38] Another 

homologue thereof is 17, containing Cptt as a bulky ligand, while in this case the ate complex 

is evaded by utilization of a sodium salt.[53] Lastly, another binding motif is the formal 

inclusion of LiCl, which is bridging between two cerium centers in the case of 18. Compound 

18 was synthesized by addition of LiCCtBu to 14 in n-hexane and obtained as a mixture with 

Cp*2Ce(CCtBu)2Li(thf).[56] 

Only few metallocene complexes possess Ce−F bonds, including complex 19, which exhibits 

an interaction with the borato ligand, which is implicating a separated ion pair for other 

similar lanthanide complexes.[57] Further characterized cerocenes featuring a fluorido ligand 

are Cpttt
2CeF (33) and Cpttt

2Ce(C6F5) (34), which will be discussed in context with the 

analogous hydrido compounds, as they show H/F exchange.[58-60] Notably, terminal fluorido 

ligands are possible by the utilization of sterically demanding substitutions at the 

cyclopentadienyl ligand.[58-59] 
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 Scheme A3. Summary of other fluorido and chlorido ligated cyclopentadienyl complexes 14 to 19. Structural 
motifs range from monomeric ate complexes 14 and donor-stabilized monomers 15 to halogenido-bridged 
dimeric species 16 and 17, as well as formal incorporation of LiCl in dimeric species 18.  

Concerning the structural data reported, the most represented cerocene halogenides are the 

iodido derivatives, which exhibit the same structural motifs as the chlorido complexes do 

(Scheme A4). Additionally, they feature half-sandwich complexes, like Cp*CeI2(thf)3 (20). 

The latter complex was synthesized directly from CeI3 and KCp* in thf, which is not possible 

for the chlorido homologue, possibly due to insufficient steric saturation of the ligand sphere 

of cerium(III).[52, 61-63] An identical motif can be found in complexes CptBuCeI2(py)3 and 

Cp’’CeI2(thf)2, which share the similarity of sterically bulky cyclopentadienyl ligands.[35, 64] 

Nevertheless, sandwich complexes are possible too, especially with bigger cyclopentadienyl 

ligands, e.g. Cp*2CeI(NCCH3)2 (21(NCCH3)2), which has been synthesized by Folting et al. 

in 1988 and investigated upon its luminescence behavior correlating luminescence energy and 

lifetime.[62] The same structural motif can be found in Cp*2CeI(NCtBu)2, Cp’’2CeI(thf) and 

Cp*2CeI(do), with do = C3Me4N2 (NHC) and phenanthroline as well.[35-37, 64] Also, dimeric 

structures are known, bridged via µ2-iodido ligands and have been reported for complexes of 

the type 22 and 23, starting from CeI3 via salt-metathesis reaction with sterically bulky 

cyclopentadienyl ligands.[35, 38, 64] Another complex, containing the iodido ligand, is ethylene 

bridged permethylindenyl complex 24, which has been synthesized in 2012 as the first 

example of an ansa-bridged indenyl cerocene.[65] The complex has been characterized by 

cyclic voltammetry as well, showcasing two irreversible events at +0.49 and +1.19 V vs 
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SCE.[65] In most cases, the halogenido complexes described above are used as precursors for 

further salt-metathesis reactions.   

 Scheme A4. Summary of cerium(III) metallocene complexes bearing iodido ligands. Structural motifs involve 
half-sandwich complex 20, sandwich complex 21(NCCH3)2, iodido-bridged species 22 and 23 as well as ansa-
indenyl complex 24.   

2.3 Cerocene Hydride Complexes  

The stabilization provided by the metallocene scaffold was displayed in 1991, when the first 

cerium “hydride” complex was synthesized and structurally characterized by Antipin et al. 

Utilization of tetradentate BH4
- as a ligand and [Cptt

2CeCl]2 with Cptt = 1,3-di-tert-butyl 

resulted in the dimeric structure 25 (Scheme A5), which features four µ3 hydrogen atoms 

bridging the two cerium centers and the B atoms and interactions of the remaining hydrogen 

atoms with one cerium center each.[53] One year later, employing LiAlH4 as a reagent, the 

hydrido-bridged complex 26 could be obtained, with Ce−H distances of 2.52 and 2.64 Å.[66] 

Other structural motifs of hydrido ligands are summarized in Scheme A5, such as the 

monomeric donor-stabilized sandwich complex Cp*2CeH(thf) (27), which has been obtained 

by Heeres et al. in 1988 via degradation of the fully characterized alkyl complex 

Cp*2CeCH(SiMe3)2 at ambient temperature via C–H-bond activation. In 2017, it could be 

crystallized and X-ray crystallographically analyzed.[67-69]  

A nonclassical approach was performed by Lappert et al. in 2000 by reaction of 

tris(cyclopentadienyl) cerium complexes with potassium and [18]-crown-6 resulting in the 

“exotic” complex 28. Strikingly, one hydrogen atom solely bridges two cerium(III) centers to 

form an anionic complex with K([18]-crown-6)(tol)2 as the counter ion. The targeted Ce(II) 

species could not be obtrained.[70-71] A polyhydride complex, exhibiting a tetrameric structure 

supported by the ligand C5Me4SiMe3, was reported in 2011. The cluster formation occurred 

via hydrogenolysis of Ce(C5Me4SiMe3)(CH2SiMe3)2(thf) with H2 under loss of 

tetramethylsilane.[72] Several hydride complexes disguised in the form of borohydrido ligands 
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have been synthesized as well. For example, the sandwich complex 29 was accessed from the 

tetrakis-thf adduct of Ce(BH4)3 in 62% yield.[54] Under similar conditions the formation of the 

respective half-sandwich complexes could be observed too, such a dimeric 

[CpRCe(BH4)2]2.[54] 

 

Scheme A5. Overview of realized cerium(III) metallocene hydrido complexes 25 to 29, stabilized by the use of 
bulky cyclopentadienyl ligands.   
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 Scheme A6. Direct synthesis of bis(cyclopentadienyl) cerium(III) hydride (32) and fluoride (33) complexes, 

proceeding from triflate 30 over benzyl complex 31. Conversion of 32 to 33 using C6F6 via intermediate 34.  

The pathway to the formation of a donor free terminal cerium hydride and fluoride as well is 

described in Scheme A6 and has been developed by Andersen et al. in 2005.[59] Starting from 
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the homoleptic triflate, the magnesium salt of the cyclopentadienyl ligand was used to form 

sandwich complex 30, which was then converted to the benzyl complex 31.[59] Complex 31 

can be used as precursor to give the hydride 32 or fluoride 33 respectively in yields of 85% 

and 50%.[59] The reactivities of 32 and 33 have been examined extensively by Andersen et al. 

in ten publications since 2005.[58-60, 73-80] Additionally, the conversion of 32 to 33 by reaction 

with C6F6 has been shown, initially forming intermediate 34, which could be crystallized and 

decomposed to 33, H2 and tetrafluorobenzyne.[59] The hydrogen for fluorine exchange of 32 

was shown for CH4-xFx as well, while the reaction with CO featured insertion and formation 

of cis-enediolate bridged complex 35(cis), which undergoes isomerization to trans-complex 

35(trans) at 100 °C over 7 months.[58-60, 73] The reaction of 32 with CO in pentane resulted in 

oxomethylene bridged complex 36.[73] Reactions of 32 with CH3X with X = Cl, Br, I, OMe, 

OEt, O-nPr, O-nBu and Otf gave complexes of the type CpR
2CeX with R = 1,2,4-tBu under 

release of methane. The triflate complex 37 is depicted in Scheme A7.[74-75, 77, 79] Additionally, 

complex 32 is active in the hydrogenation of pyridine to piperidine.[80] The reactivities were 

supported by DFT calculations regarding the respective pathways of H/F exchange or alkane 

elimination respectively.[58-60, 73-75, 77-80]  

Scheme A7. Reaction products of Cpttt
2CeH (32) with CO, 35 and 36 as well as CH3OSOCF3 37 by means of 

methane elimination. 

2.4 Cerocenes Containing Anionic Oxygen, Sulfur or Selenium Ligands 

While the implementation of hydrido ligands triggers further reactivities and the access to a 

new synthesis route via methane or dihydrogen elimination, anionic oxygen coligands mainly 

serve the purpose of stabilization of the oxophilic cerium center. Protonolysis reactions are 

known for homoleptic Ce(OiPr)4, but mainly conversions to different alkoxy or carboxylato 

ligands have been performed.[81-86] For a wider substitution range usually the employment of 

cerium amide or silylamide complexes is preferred. In various cases the easily accessible 

homoleptic triflate Ce(OTf)3 or ceric ammonium nitrate (CAN) could be used as reactants for 

ligand exchange as well e.g. for cyclopentadienyl ligands.[23, 58, 87-88] Similarly, the synthesis of 

the half-sandwich aryloxy complex 38 proceeded from tris(2,6-di-tert-butylphenoxo)cerium 

by reaction with LiCp*.[89-91] Decrease of the steric bulk by switching to alkoxy ligands, led to 
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dimeric structures like 39, which show one terminal and one bridging µ2-alkoxy ligand for 

each cerium center.[92] The same structural motif was revealed by the solid-state structures of 

the respective sandwich complexes of 40 and 41 with bridging iso-propoxy or methoxy 

ligands each, although the synthesis pathways differ largely. While compound 39 was 

prepared from Cp*2Ce[CH(SiMe3)2] by reaction with tert-butanol, and 40 by reacting 

CptBu
3Ce with HOiPr, complex 41 was obtained by treating the respective 

tris(cyclopentadienyl) complex Cptt
3Ce with metallic lithium or potassium and dme.[30, 67, 92-93] 

The latter route was revisited in 2017 for the formation of [Cp’2Ce(µ2-OMe)]2, which could 

not be accessed from crown ether supported cerium complexes formally in the +2 oxidation 

state.[94] Another comparable complex was synthesized by the reaction of bipyridyl complex 

67 (Scheme A12) with benzophenone to yield dimeric 42 with a bridging dialkoxy ligand in a 

radical pathway.[95]  

 
Scheme A8. Cerium(III) metallocene complexes bearing anionic oxygen ligands; mostly alkoxy substituents. 
Coordination spheres range from monomeric to dimeric sandwich and half sandwich complexes. 

Increase of the steric bulk of the cyclopentadienyl moiety also accomplished monomeric 

complexes, as displayed by 43, or by 44, where the donating ability of an intrinsic carbonyl 

moiety stabilizes the cerium center.[75, 96] Starting from CptttCe(CH2Cptt) the reaction with 

MeOSiMe3 yielded the former complex 43 via a [1,2] silyl-Wittig rearrangement, while 

treatment of the hydrido species Cpttt
2CeH with MeOSiMe3 gave the respective methoxy 

deriviative Cpttt
2Ce(OMe).[75] Aldolate complex 44 was formed by reaction of alkyl 

Cp*2Ce[CH(SiMe3)2] with acetone by hydrogen transfer, whereas more bulky ketones like di-

tert-butyl ketone did not react.[96] Other structurally characterized oxygen-donating ligands 
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include triflate complex Cp*2Ce(bipy)(OSO2CF3), which only exhibits mono-coordination of 

the triflato ligand in contrast to donor-free complex 37 and alkoxycarbene stabilized 

complexes, e.g. 45 (Scheme A9) reported by Love et al.[97-98] Complexes bearing the 

dianionic oxy ligand were obtained via oxidation − and in most cases as side product −, for 

example in 1995 by ether activation of a cerium hydride to form 46(thf) by Evans et al. or 

formation of 47 by Ephritikhine et al.[42, 99-100] Again, different structural motifs are realized 

depending on the sterical bulk of the Cp ligand. Whereas Cp* prefers the formation of dimeric 

structures (46), Cp’ seems to favor the trimeric species featuring a six fold ring with 

alternating cerium and oxygen atoms.[42, 99] The possibility of small molecules brigding 

between sandwich moieties, can be used to synthesize the respective sulfite or carbonate 

structures as well in the form of [Cp*2Ce]2(CO3) or [Cpttt
2Ce]2(SO3).[69, 79] The former could 

be synthesized via an intermediate oxo-complex by reaction of dimeric [Cp*2CeH]2 with 

CO2.[69] 

 

Scheme A9. Cerium(III) metallocene complexes bearing anionic oxygen ligands: alkoxycarbene 45 and oxygen 
bridged sandwich complexes of Ce(III) (green) 46 and Ce(IV) (purple) 47.  

When employing softer sulfur ligands no simple monomeric half-sandwich complex could be 

isolated, but instead the formation of dimeric structures as displayed in Scheme A10. The first 

cerocene complexes containing anionic sulfur ligands, [CptBu
2Ce(µ2-SR)]2 with R = iPr (48) 

and Ph, were synthesized in 1990 by Zalkin et al. by reaction of CptBu
3Ce with the respective 

thiols analogous to the reaction with alcohols.[30] A similar structural motif can be seen for 49, 

which does not show a coordination of the NMe2 moiety, but instead also forms a dimer via 

the sulfur atom.[101] Structurally similar, thiophenolato-coordinated complex 50 was 

synthesized by another protocol applying the sterically bulky Cp*3Ce as precursor and 

reacting it with PhSSPh, which was also feasible for PhSeSePh in the case of lanthanum.[102] 

Additionally, the incorporation of sulfur or selenium was possible as well to form 51 and 52 
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by the reaction of alkyl Cptt
2Ce(CH2Ph-NMe2) with the elemental chalcogens sulfur and 

selenium. Similar products were obtained by the oxidation of thiolate 49 or its selenium 

analogon.[103] As seen in complexes 53 to 55, any dimeric arrangment can be omitted in the 

presence of [18]-crown-6 to form separated ion pairs with monomeric anionic cerium 

moieties and crown ether stabilized alkali metal counter-ions.[104-105] All these complexes have 

been studied in comparison with their uranium(III) homologues by Ephrikitine et al. to gain 

insight into the differences in bonding between lanthanide(III) and actinide(III) complexes.[35, 

37, 104-105] Dithiolene complex 54 revealed that the contraction of the M−S bond, when 

changing from Ce to U, relates to the larger 5f-orbital mixing in contrast to the cerium 4f-

orbitals, resulting in enhanced covalency for the actinide complexes.[104] Utilization of the 2-

mercapto benzothiaziolato ligand in 55 led to a half-sandwich complex. [105] The synthesis 

starts from Ce(BH4)3(thf)3 as well as KCp* and 2-mercapto benzothiazolthiolato potassium 

salt in a ratio of 1:3, resulting in the ate complex, which could be separated using [15]-crown-

5.[105]  

 Scheme A10. Cerium(III) metallocene complexes bearing anionic sulfur ligands as thiolates (48 to 50 and 53) or 
bridging di-sulfido or di-selenido (51 and 52). Pseudo-tetrahedral coordination in 53, 54 and 55 is accomplished 
via abstraction of the respective alkali metal cation by [18]-crown-6.   
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2.5 Cerocenes Containing Anionic Nitrogen Ligands 

In the literature many cerocene amide complexes have been reported. Likely, the half-

sandwich complex Cp*Ce(btsa)2 (56) (btsa = bistrimethylsilylamide, N(SiMe3)2), obtained in 

1989 using the aryloxide complex 38 as a precursor, represents the first example (Scheme 

A11).[89] The same reaction pathway using a lithium alkyl instead led to the alkyl species 57. 

This complex seems to be an active catalyst for ethylene polymerization, but not 

propylene.[89] Complex 56 shows ligand rearrangement processes in solution resulting in 

mixtures of homoleptic Ce(btsa)3 and Cp*2Ce(btsa) (58). The latter complex could be 

synthesized by our group in 2017 starting from Cp*2CeCl2K(thf)2 (10(thf)) and Kbtsa.[56, 64, 89] 

Interestingly, the homologous bis(dimethylsilyl)amide complex 59 shows twoY---Si–H -

agostic interactions, while the respective carbon analogon Cp*2Ce(NiPr2) (60) does not 

engage in similar secondary interactions.[56] Scheme A11 shows a synopsis of cerium 

metallocene complexes containing nitrogen ligands, featuring a multitude of differently 

substituted sandwich complexes Cp*2Ce(NR2) (60 and 61).[56, 106] The majority was 

synthesized by Anderson et al. in order to research the thermal rearrangement of amides to the 

corresponding enamides 62 under H2 or CH4 release. Such reactions occur through β-H or Me 

elimination upon applying 160-180 °C on solid material for one or two weeks.[106] The 

relatively high activation barrier is caused by the siginificant geometrical changes during the 

two-step elimination process.[106] Incorporation of the tetramethylpyrrolato ligand was 

performed via reaction of Cp*2Ce(BPh4) with the potassium pyrrolate salt to yield 63, readily 

available for other rare-earth and actinide metals as Y, Sm and U as well.[107] The compounds 

were synthesized in order to yield MCp*3 with one Cp* bound in η1 fashion to get a 

pseudoalkyl compound. The structure shows additional side arm pseudo η3 coordination via 

N, ring and methyl carbon next to the metal.[107] Although benzyl complex 64 is not primarily 

connected via an amido nitrogen, the NMe2 donor group acts as a stabilizing moiety for one 

of few structurally characterized cerium alkyl species.[56] In 2019, the reactivity of the Cptt 

homologue of 64 was tested resulting in the insertion of benzonitrile (65), carbodiimide or 

isothiocyanates as well as elemental chalcogens (51, 52) showcasing its large reactivity 

scope.[101, 103]  
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Scheme A11. Synopsis of cerium-metallocene complexes containing anionic amide and silylamide ligands. 
Complex 64 represents one of the rare examples of a cerium metallocene alkyl complex, in this case stabilized 
by the donation of the amino moiety.  

In 2008, Rheingold et al. synthesized a series of metallocene complexes using a terminal 

bidentate ligand to form 66 (Scheme A12) and its Sm and Y analogues, employing allyl 

complex 11(thf).[108] More recently, in 2017 a series of 2,2’-bipyridyl complexes (67 and 68) 

were synthesized by reaction of metallocene iodido complexes with KC8 in the presence of 

2,2’-bipyridine, to gain insight into lanthanide-radical magnetic interactions [95] The 

complexes act as selective reducing agents, as revealed by the head-to-tail coupling of 

benzophenone. Further to this, magnetic measurements, cyclic voltammetry, and quantum 

mechanical calculations showed that the complexes consist of a Ce(III) ion and a bipyridyl 

radical anion.[95]  

 Scheme A12. Selection of further interesting anionic nitrogen based ligands in the form of the respective cerium 
metallocene complexes 65 to 70.  
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Another interesting ligand type has been employed by Ibers et al. in case of the functional 

imido-diphsophino-dichalcogenidos resulting in 69 and 70 via protonolysis reactions. Such 

complexes show a η3 coordination involving two chalcogen atoms and one N atom.[109] The 
31P signals for all three compounds shifted drastically to lower frequencies in comparison to 

the diamagnetic Y, La and Yb(II) congeners.[109] Corrole complex 71 was studied with respect 

to the clustering behavior of anionic cerium(III) corrole complexes, which show a 

controllable aggregation behavior of oligomers to monomers depending on the capping ligand 

used.[110] Sodium cyclopentadienide usage led to polymeric structures, while 

tris(pyrazolyl)borato ligands generated a dimer, but contrarily the depicted complex 71 shows 

a monomer by encapsulation of the counter ion.[110] Similarly to chalcogen ligands the simple 

bridging motif 72 is possible, too. The incorporation of cyanido ligands resulted in a trimeric 

structure, sterically saturated by sandwich metallocene moieties for 72 and 73.[42, 111] The first 

characterized dinitrogen complexes of cerium 72 have been synthesized by reaction of 

Cptet
3Ce or Cp*2Ce(BPh4) with KC8 in a dinitrogen atmosphere.[42] By using 15N2 in the 

reaction, the characterization was also possible by 15NMR spectroscopy.[42] Trimeric cyanide 

complex 73 could be approached by reaction of Cp*2CeI with ammonium cyanide in the 

presence of acetonitrile, which could also be replaced by tBuCN.[111] 

  

Scheme A13. Depiction of corrole complex 71 and dimeric dinitrogen 72 as well as trimeric cyanide 73 bridged 

cerium(III) sandwich complexes.  
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2.6 Other Cerium Cyclopentadienyl Complexes 

In 2015 Evans et al. discovered a possibility to access the formal +II oxidation state in 

molecular cerium compounds via reaction with KC8 in the presence of the [2.2.2]-cryptand in 

order to separate the potassium cation.[31, 112-114] This procedure proved successful for other 

rare-earth metals as well and was first conducted with Cp’ as a ligand to form intensely 

colored black/purple complex 74 (Scheme A14). These complexes enable a direct comparison 

of both +II and +III oxidation states in the same coordination environment.[112-114] The 

additional electron, switching from +III to +II, was placed in a 5d orbital in the case of cerium 

in contrast to the rare-earth metals in the traditional +II oxidation state like Eu or Sm, where it 

can be found in the 4f orbitals. When Cp’’3Ce is reacted with KC8 and cryptand in benzene, 

instead a bridiging [C6H6]1- moiety was included in between two sandwich metallocene Ce(II) 

centers.[114] Cerium(II) complexes can be used as reductants, which has been investigated for 

biphenyl and naphthalene, where the biphenylido and naphthalenido dianions form directly 

Ce(III) complexes.[112, 114-115] Interestingly, reaction of 74 with cyclooctatetraene led under 

ligand rearrangement to pseudo-tetrahedrally coordinated complex 75, among other products 

like K(2.2.2-cryptand)Ce(COT)2.[51] 

Scheme A14. Summary of interesting and unusual cerium cyclopentadienyl complexes, featuring a Ce(II) 
derivative, stabilized by the 2.2.2-cryptand (74). Additionally, the unique example of a tetra(cyclopentadienyl)-
supported cerium complex, although forced with the aid of cryptand still in the trivalent oxidation state (75). 
Complex 76 represents a separated ion pair containing the “naked” Cp*2Ce+ moiety. By the means of linking two 
cyclopentadienyl ligands 77 portrays incorporation of an iron moiety.   
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Another exceptional finding was the synthesis of the solvent-separated ion pair 

[Cp*2Ce(do)2][BPh4] in 1991, which is depicted in Scheme A14 for do = tetrahydrothiophene 

(76), but possible for thf as well, by reaction of Cp*2Ce[CH(SiMe3)2] with triethylammonium 

tetraphenylborate.[116] The complex could later be synthesized donor-free, by using the 

respective allyl derivative, involving the “naked” metallocene moiety Cp*2Ce+.[48] Complex 

77’’ features a rare example of a bimetallic complex, combining d-block and f-block metals 

by incorporation of a Fe(CO)2Cp monoanionic moiety.[117] This is realized by a pyridine-

bridged tridentate dianionic cyclopentadienyl pincer ligand (L), via the intermediate triflate 

complex LCeOTf 77’.[117] The Ce−Fe bond in complex 77’’ was analyzed by 57Fe Mössbauer 

and IR spectroscopy as well as computational analyses, showing highly ionic contributions 

and a weaker Fe to Ce electron-donation than in the respective Dy complex.[117]   

2.7 Cerium(III) Cyclooctatetraenyl Complexes 

Dianionic cyclooctatetraenyl C8H8
2- (COT) represents another cyclic aromatic hydrocarbon 

ligand, which is used in cerium metallocene chemistry. Although COT is at first sight 

comparable to the cyclopentadienyl ligand, its chemistry and derived complexes show 

remarkable differences, most of which are caused by the sterically larger cycle as well as its 

dianionic charge. Common trivalent cerium COT complexes are depicted in Scheme A15 in 

combination with ligand substitution patterns and counter ions. For example, 

(COT)2CeNa(thf)3 (79) shows η8 coordination of the two COT ligands, which are arranged in 

a coplanar fashion and a sodium counter ion which is pseudo tetrahedrally coordinated 

invoving three thf molecules and a COT ligand.[118] Complexes 78 to 81 were synthesized 

from CeCl3 by salt metathesis reactions with COT alkali-metal salts, and the pathway to 80 

includes salt metathesis starting from half-sandwich complex 83.[118-124] Additionally, the 

reaction can be started at tetravalent Ce(IV)(COT)2 (“cerocene”) by reduction with alkali 

metals.[125]  

 

 

 

 

Scheme A15. Summary of substituted trivalent cerocene ate complexes 78 to 82. Counter ions include mainly 
alkali metals and in the case of 82 divalent Yb.      
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In 1999 Edelmann  et al. reported the synthesis of heterobimetallic complex 82, which shows 

a separated ion pair, consisting of two anionic cerocene moieties and one Yb2+(thf)6 cation, 

which could be synthesized by reacting the SiMe3-substituted cerocene with metallic Yb.[126] 

In addition to KCe(COT)2 in 1970, Streitwieser et al. synthesized the first half-sandwich COT 

complex in the form of dimeric 83. The two metal centers in 83 are bridged in a common 

motif by two µ2-chlorido ligands, which can be further employed in salt metathesis, and 

sterically saturated by two thf molecules each.[121, 127-128] When Ce(OTf)3 is used as a 

precursor the reaction leads to the same structural motif yielding [(COT)Ce(µ2-OTf)(thf)2]2 

which can be used as precursor in a variety of reactions to form heteroallyl, aryloxy, and alkyl 

complexes.[129-131] The reaction can also be used to form asymmetric COT cyclopentadienyl 

complexes, which has been shown in 1974 as well by Takats et al. to form (COT)CeCp.[130, 

132] By reaction of complex 74 with cyclooctatetraene complex 85 was obtained among other 

ligand scrambling products. 85 shows an asymmetrically substituted cerium(III) anionic entity 

in combination with a potassium counter ion, in contrast to Th, which results in the tetravalent 

complex under the same reaction conditions.[51] In 1989, an interesting pathway to monomeric 

half-sandwich complex 86 was discovered by Takaya et al., via reaction of cerium metal with 

cyclooctatetraene in the presence of elemental iodine.[133] 
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Scheme A16. Synopsis of realized trivalent cyclooctatetraenyl-supported cerium complexes 83 to 88, including 
asymmetric cyclooctatetraenyl and cyclopentadienyl bearing complexes 84 and 85. Interestingly, the 
cyclooctatetraenyl ligand can trigger the formation of inverse sandwich complexes (88).  
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The comparison between structures 87 and 88 showcases another bonding motif of COT by 

acting as a bridging two-electron ligand involving two cerium centers with η8 coordination in 

an inverse sandwich complex.[134] This can be realized by different reaction conditions: 

whereas 87 is formed in a one pot reaction of CeCl3 with the respective alkali-metal ligand 

salts, 88 is synthesized in a controlled manner by starting from an isolated chlorido-bridged 

alkylethynyl-amidinate complex.[134]  

Cerium(IV) Cyclopentadienyl Chemistry 

3.1 Early Cerium(IV) Complexes 

Due to the access of the noble gas configuration in the +4 oxidation state, cerium forms 

exceptionally stable tetravalent complexes in contrast to the other rare-earth metals, which 

remain predominantly in their most stable +3 oxidation state. As hard Lewis acids, rare earth 

metal cations show a great oxophilicity and due to their frontier orbitals being relatively close 

to the core the bonding character is drastically different from d-block metals, thus showing 

mostly ionic bonding and very weak ligand field effects. As a consequence, early cerium(IV) 

chemistry started with highly electronegative ligands such as oxygen or nitrogen donors and 

readily available compounds like ceric ammonium nitrate or hexachlorocerates as precursors. 

The first organometallic cerium(IV) complexes were claimed by Kalsotra et al. by reacting 

(pyH)2[CeCl6] with NaCp or NaInd to afford tetrakis(cyclopentadienyl) or indenyl cerium 

respectively.[135-136] Nevertheless, the products were analyzed solely by elemental analyses 

and IR spectroscopy and in combination with atypical chemical behavior, like solubility in 

concentrated nitric acid and stability against alcohols, water, air and dilute acids, which are 

properties, which no authentic organometallic cerium(IV) complex up-to-date possesses, they 

arose suspicion.[135-137] The group of Kalsotra et al. reported a multitude of other metalorganic 

complexes, which could not be reproduced and led to the refutation by Deacon et al. in 1983, 

showing that trivalent cerium(III) complexes were formed instead.[135, 137-142]  

 
Scheme A17. First synthesis of a tetravalent cerium(IV) cyclopentadienyl complex (89) (right) and its improved 
synthesis (left) changing the cyclopentadienyl transfer reagent.  
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Scheme A18. Synthesis of tert-butoxy-substituted cyclopentadienyl cerium(IV) complexes 90 and 91, starting 
from CAN, the latter synthesis resulting in a mixture of tris and bis(cyclopentadienyl) cerium(IV) complexes.  

The first authentic cerium(IV) cyclopentadienyl complex (89) was synthesized by Greco et al. 

in 1976 by the reaction of tetravalent Ce(OiPr)4 with magnesocene to form 

tris(cyclopentadienyl) cerium alkoxide complex 89 in 4% yield, but showed that sublimation 

of the thermally remarkably stable product is possible (Scheme A17).[125] By switching the 

cyclopentadienyl-transfer reagent from magnesocene to non-reducing Me3SnCp the synthesis 

was later improved by Gulino et al., increasing the yield to 69%.[143] Ceric ammonium nitrate 

(CAN) was later used by Evans et al. as a tetravalent precursor to form the homologous tert-

butoxy complex 90.[87] Additionally, the same group showed that use of excess of sodium 

cyclopentadienide did not yield the homoleptic tetrakis(cyclopentadienyl) cerium(IV) 

complex, but instead a mixture of the tris and bis(cyclopentadienyl) complexes 90 and 91 

along with other ligand scrambling products (Scheme A18).[87] For better visibility, in the 

schemes the respective oxidation state is emphasized by a green sphere for cerium(III) and a 

violet sphere for cerium(IV) complexes. To this date tetrakis(cyclopentadienyl) cerium(IV) 

has remained elusive, and the only tetrakis(cyclopentadienyl)-ligated complex known is ion 

pair separated [Cp’4Ce][K(2.2.2-cryptand)] (75). The formation of 75 is forced by usage of 

the [2.2.2]-cryptand, but it could not be oxidized so far.[51] While sandwich complex 91 could 

not be isolated or crystallized, the application of the same synthesis route with larger 

cyclopentadienyl ligands, like mono or bis(trimethylsilyl)-substituted Cp’ or Cp’’, proved 

successful more than 25 years later to yield 92.[144] Starting in the tetravalent oxidation state 

drastically limits the scope of substitution, as the precursor dictates the alkoxy ligand and few 

variations are possible. Additionally, the cyclopentadienyl ligand can be altered only 

marginally before structural changes in the products occur, e.g. by ligand redistribution. This 

can be circumvented by using trivalent cerium precursors in combination with oxidation 

agents.  
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Scheme A19. Synthesis of tetravalent sandwich complexes 92, initially starting with tetravalent CAN.  

3.2 Oxidative Approach to Cerium(IV)-Cyclopentadienyl Complexes 

The first oxidative approach on tetravalent metallorganic cerium(IV) complexes was 

performed by our group in 2010, by utilization phenyliodine(III) dichloride PhICl2 as 

oxidant.[145] The hypervalent organoiodine reagent was employed in combination with 

Ce[N(SiMe3)2]3 and most importantly Cp3Ce in toluene to yield the respective chlorinated 

products Ce[N(SiMe3)2]3Cl and tris(cyclopentadienyl) cerium(IV) chloride Cp3CeCl (93) in 

57% yield, which is depicted in Scheme A20.[145] The oxidation reaction to 93 was 

accompanied by an immediate color change from yellow to black and the electronic state 

could be easily tracked via 1H NMR, which changed from a broad paramagnetic signal at 2.22 

ppm to a sharp diamagnetic signal at 4.74 ppm.[145]  

 
Scheme A20. Synthesis of tetravalent cyclopentadienyl complexes from trivalent derivatives using oxidation 
agents common in cerium(IV) chemistry like iodobenzene dichloride, elemental iodine, and para-benzoquinone; 
complexes 93 to 95 bear halogenido ligands or a briding quinolate moiety.  
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The promising oxidative approach was used again in 2017 by our group, but different 

oxidation agents were used this time, as the work-up procedure to separate PhI might be 

difficult. As precursors methyl- und SiMe3-substituted cyclopentadienyls CpMe and Cp’ were 

used to form darkly colored tetravalent cerium(IV) complexes 94 by reaction with elemental 

iodine, while the dimeric 95 features a dianionic hydroquinolato linker.[38] In contrast to the 

trivalent complexes the smaller ionic radius of cerium(IV) in combination with an additional 

anionic ligand leads to monomeric complexes and bifunctional reagents like benzoquinone is 

essential to form dimeric structures.[38] Complex 94 showed ligand reorganization processes 

to yield [Cp’2CeI]2 and other trivalent species as side products, when performing the reaction 

at ambient temperature instead of −40 °C.[38] Thus, the oxidation with hexachloroethane 

depicted in Scheme A21, resulting in the respective chloride complexes 96 in 68 to 71% yield, 

proved superior. In the following, 96 was employed in a salt-metathesis reaction with KOtBu 

to further elucidate any derivatization chemistry.[38] As only minor side products and no 

scrambling to trivalent cerium species was observed, this oxidative route was used later in this 

work as a foundation for investigating into the chemical and electrochemical stability of the 

tetravalent cerium(IV) center depending on its chemical environment. 

 
Scheme A21. Utilization of hexachloroethane as an oxidation agent by formation of tris(cyclopentadienyl) 
cerium(IV) halogenide complex 96, which can be further employed in salt-metathesis reactions, e.g. with 
potassium tert-butoxide to complex 97.  

3.3 Cerocene  

In 1976, tetravalent bis(cyclooctatetraenyl) cerium(IV) (“cerocene”, 98) was synthesized by 

Greco et al. by reaction of cerium(IV) isopropoxide with triethylaluminium in the presence of 

an excess of cyclooctatetraene (as solvent) at 140 °C for two hours. This reaction resulted in 

black crystals or red-violet powder in 66% yield.[125] Cerocene is pyrophoric when exposed to 

oxygen, but is relatively stable in purified water, showing only slow decomposition.[125] The 

solid-state structure of cerocene is isomorphous to the uranium and thorium analogs, showing 

a symmetrical sandwich coordination. The reaction with metallic potassium is possible and 
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yields quantitatively [Ce(COT)2][K(do)] with do = dme and diglyme, in the presence of donor 

solvents.[125]  

 

 

 

 

 

 

Scheme A22. Synthesis of bis(cyclooctatetraenyl) cerium(IV) (“cerocene”) starting from the tetravalent 
homoleptic iso-propoxide complex Ce(OiPr)4. Reduction by using alkali metals is readily possible. Complexes 
99 to 102 show differently substituted cerocene complexes.  

Scheme A22 (right) depicts successful COT substitution patterns, which have been 

characterized by X-ray structure analysis. Compounds 99 and 100 were synthesized starting 

from CeCl3 via salt metathesis, whereas 101 and 102 were synthesized starting from 

Ce(OTf)3.[119, 122, 124, 146-147] Nevertheless, all compounds were oxidized using AgI to form the 

substituted cerocene, Ag(0) and KI, which provides also an improved synthesis of 98.[119, 122, 

124, 146-147] Although cerocene is known for almost 50 years, its electronic structure and 

ambivalence between Ce(III) and Ce(IV) configurations is still under discussion.[18, 148-151] The 

question arose due to quantum mechanical calculations in 1989, when Fulde et al. postulated 

the presence of temperature independent paramagnetism (TIP) with a magnetic susceptibility 

χm > 0 in contrast to diamagnetism (χm < 0), due to the electronic configuration 

Ce(III)(4f1)(COT1.5–)2, where one electron of the COT ligand is allocated to the cerium center 

leaving a formal radical anion ligand.[152-155] This orbital singlet configuration was calculated 

to be lower in energy in contrast to configuration Ce(IV)(4f0)(COT2–)2, which would be 

diamagnetic, like its respective Th(IV) analogon.[152-154] While the latter is supported by its 

diamagnetic 1H NMR spectra, cyclic voltammetry, and gas phase photoelectron spectra, 

further calculations, absorption, luminescence, and XANES measurements for this cerium 

compound indicate a Ce(III) ground state.[125, 147, 152-153, 156-163] Magnetic measurements 

revealed a small temperature independent paramagnetism and a slightly positive χm value, 

which was supported by quantum mechanical calculations, which suggested the ground state 

as admixture of the two wave functions allocated to Ce(III)(4f1)(COT1.5–)2 and 

Ce(IV)(4f0)(COT2–)2.[153-155, 157-158, 164-165] Thus, the electronic nature of cerium(IV) in 

Ce
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cerocene is today seen as a multiconfigurational ground state with a true valence between +3 

and +4.[157-158] Chemically, cerocene and its derivatives can still be considered as tetravalent 

complexes, as the values of oxidation numbers in Lewis structures is assigned due to closed-

shell configurations, which is just an approximation in covalent systems, but on close look 

show intermediate valencies. Therefore, the discussion of the valency of cerocene can be seen 

as a reminder to see formal oxidation numbers as a tool to understand chemical behavior and 

not as a physical description. This is showcased for cerocene complex 101, as the reaction 

with cobaltocene results in the chemical reduction to yield complex [CoCp2][Ce(COT’’)2] 

(103) (COT’’ = 1,3,6-(SiMe3)3COT), similarly to the reduction with alkali metals (Scheme 

A23).[146] A further reactivity was discovered in 2007, when heating cerocene (98) yielded 

triple decker Ce2(COT)3, which could be converted by excess of cyclooctatetraen back to 

cerocene in good yield and purity.[164]   

 Scheme A23. Chemical reduction of cerocene complexes 98 and 101 with potassium to 79(diglyme) or 
cobaltocene to 103.   

3.4 Bispentalene Complexes 

Another cyclopentadienyl derived ligand is the rarely used bispentalene ligand, which was 

used to form cerium(IV) cyclopentadienyl complexes as well and can be distinctly compared 

to cerocene complexes.[166] In 2007, complex 104 was prepared starting from CeCl3 as a 

separated ion pair and subsequently oxidized using Ag[BPh4] to afford tetravalent complex 

105.[167] Similarly to cerocene, magnetic studies, XANES, and DFT calculations indicated that 

a multiconfigurational ground state is present in 105, accounting for the observed temperature 

independent paramagnetism (TIP).[167] The paramagnetic contributions were assigned to a 

configuration with a hole in the ligand shell, which is antiferromagnetically coupled to an f 

electron; nevertheless the formal oxidation state stays +IV, according with its chemical 

behavior.[167] In the same year, bis(permethylpentalene)cerium(IV) (106) was synthesized as 

cerocene analogue as well, using the lithium pentalenide in combination with an excess of 

1,2-dichloroethane, and obtained as purple crystals with 61% yield after sublimation.[168] The 

complex has been shown to exist in a valency close to Ce(III) by XANES measurements and 
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DFT calculations, providing an example of the self-contained Kondo effect, which is also 

present in cerocene.[152, 156, 168] The Kondo effect is caused by a local magnetic moment, which 

spin polarizes local conduction electrons and hereby forms a magnetic singlet.[156, 168] Both 

results suggest that pentalene and COT ligands show remarkable electronic similarities, 

although their complexes are structurally distinct, indicating that the TIP behavior of 

cerium(IV) complexes could be a more general principle, which has been supported by TIP 

behavior and calculations of a multiconfigurational ground state even in CeO2.[148, 169] 

 Scheme A24. Oxidation of anionic bispentalene complex 104 with the use of silver tetraphenylborate, resulting 
in tetravalent cerium(IV) bispentalene complex 105, allowing direct comparison (left). On the right, the 
permethylated bispentalene complex 106 is shown.  
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Cerium(III)-Fluorenyl Complexes and Fluorenyl Coupling 

In the literature the stabilizing influence of cyclopentadienyl ligands on cerium in the 

oxidation state +4 has been demonstrated by several publications, starting with Cp3Ce(OiPr) 

and cerocene.[125] While alkyl- and trimethylsilyl-substituted cyclopentadienyl ligands have 

been used extensively, conjugated ring systems have been rarely used (e.g., (Ind)3Ce(thf)) and 

not subjected to oxidation reactions.[38, 144] In addition to a likely stabilization, the fluorenyl 

ligand enables multiple coordination modes ranging from η1 to η6 via haptotropic shifts.[170-

172] The search for new precursors, in order to form cerium-fluorenyl complexes led to the 

synthesis of monosubstituted ACl and AI exclusively, independent of the stoichiometry of 

KFlu used (Scheme B1). In contrast, the use of 2,7-di-tert-butyl-substituted fluorenyl ligand 

FlutBu led to (FlutBu)3Ce(thf) (B) instead, despite the steric increase of the ligand, indicating 

that the increased solubility of KFlutBu plays a key role. While solid-state structures of mono-

substituted products ACl and AI feature η5 coordination, complex B exhibits two fluorenyls 

with η5 and one fluorenyl ligand with η1 coordination, providing the possibility for a direct 

comparison between both coordination modes within the same molecule. 1H NMR 

experiments of B show that all fluorenyl ligands are chemically and magnetically equivalent 

with the coordination switch being too fast on the NMR timescale.   

 

Scheme B1. Synthesis of FluCeCl2(thf)3 (ACl), FluCeI2(thf)3 (AI) (left) and FlutBu
3Ce(thf) (B) (right).  

In order to elucidate the scope of follow-up reactions ACl was employed in salt-metathesis 

reactions with different ligand types. Accordingly, bright orange half-sandwich complexes 

(Flu)CeR2 with R = siloxy (C), aryloxy (D), cyclopentadienyl (E), alkoxy (F), and pyrazolato 

(G) ligands could be accessed successfully in good yields (Scheme B2). Apart from complex 

D, which is stable at ambient temperature, all compounds engage in ligand reorganization 

processes at ambient temperature, which could be decelerated by reaction and storage at 

−40 °C.  
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Scheme B2. Synthesis of half-sandwich complexes (Flu)Ce(OSiMe3)2(thf) (C), (Flu)Ce(OAr)2(thf) (D), 
(Flu)CeCp2(thf) (E), (Flu)Ce(OtBu)2(thf), and (Flu)CePz(thf)2 (G).  

 

Figure B1. Crystal structures of (Flu)CeCl2(thf)3 (ACl, left), (Flu)CeOAr2(thf)2 s(D), and (Flu)CeCp2(thf) (E, 
right).  

The ligand rearrangement at ambient temperature is visualized exemplarily for pyrazolato 

ligands in Scheme B3, which results in the formation of homoleptic cerium pyrazolate and 

novel sandwich complex (Flu)2CePz(thf) (J). The former could be separated together with 

other decomposition products by toluene extraction, affording J in low yields. Interestingly, a 

crystal structure of the separated ion pair [CePz2(thf)5]+[Flu]– (I) could be obtained in the 

reaction mixture, corroborating the fluctuating coordination of the fluorenyl ligand and 

revealing an intermediate, which facilitates the ligand rearrangement processes. Additionally, 

the solid-state structures enable a direct comparison of half-sandwich, sandwich and ion pair 

separated complexes G, I and J, revealing longer average Ce−N distances for half-sandwich 

complexes (G: 2.480 Å, I: 2.475 Å), compared to J (2.413 Å) despite the increased sterical 

bulk. The same trend is true for the Ce−centroid distances (2.646 Å for G to 2.574 Å for J). 
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The purification of sandwich complexes proved difficult, due to product mixtures, but was 

successful for (Flu)2CePz(thf) (J) and (Flu)2Ce(OtBu)(thf), while congeneric 

(Flu)2Ce(OSiMe3)(thf) was observed in the form of a solid-state structure as decomposition 

product of C.  

 

 

 

 Scheme B3. Ligand rearrangement process of half-sandwich complex (Flu)Ce(Pz)2(thf) (G) to (Flu)2Ce(Pz)(thf) 
(J) via [Ce(Pz)2(thf)5]+[Flu]– (I). 

 

 Figure B2. Crystal structures of (Flu)CePz2(thf) G, (Flu)2CePz(thf) I and [CePz2(thf)5]+[Flu]- J (left to right).  

The reaction of ACl with lithium thiomesitolate resulted in an incomplete reaction 

accomplishing the trimeric product [(Flu)Ce(SMes)Cl]3Li(SMes)(thf)2, whereas the use of 

2,4-di-isopropyl-pentadienyl (dipp) instead of cyclopentadienyl ligands led to the formation 

of unprecedented Ce(dipp)3 (K) (Scheme B4). Similarly, (Flu)CeCp2(thf) (E) forms 

Cp3Ce(thf) by ligand scrambling at ambient temperatures, but this side reaction seems to 

occur on a much slower timescale; it can be sufficiently slowed down by conducting the 

reaction at −40 °C. Complex K could be obtained directly by the reaction of  CeCl3* with 

K(dipp) (Scheme B4).   
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Scheme B4. Synthesis of Ce(dipp)3 K starting from (Flu)CeCl2(thf)3 (ACl, left) or CeCl3* (right).  
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Upon exposure to halogenating oxidants like hexachloroethane C2Cl6, TeBr4, and I2  

complexes A to J produced 9-halogenido fluorene, 1,1’-bifluorene and other products instead 

of yielding cerium(IV) complexes. This will be elucidated paradigmatically for 

(Flu)CeCl2(thf)3 (Scheme B5). The reaction of ACl with C2Cl6 occured instantly, accompanied 

by a color change from orange to colorless and the quantitative precipitation of crystalline 

CeCl3(thf)4, probably the driving force of the reaction. The reaction is assumed to proceed via 

“FluCeCl3(thf)x”, which instantly undergoes sterically induced reduction, which has been 

reported for other cerium(IV) complexes like Cp*3Ce as well, producing the respective radical 

coupling products.[48] In contrast to similar reactions, the product can be controlled via the 

amount of C2Cl6 to form either 9-halogenido fluorene with 1.1 equivalents or 1,1’-bifluorene 

with 0.45 equivalents selectively (93% and 81% selectivity), with fluorene as major side 

product. Other oxidation agents showed barely any stoichiometry control, I2 produced mainly 

bifluorene and TeBr4 mainly 9-bromofluorene. The reactivity of C2Cl6 was tested on 

(Ind)3Ce(thf) and CeBn3 as well producing excusively 1-chloroindene and benzyl chloride, 

respectively.  

 

Scheme B5. Formation of 9-chlorofluorene and 1,1’-bifluorene upon reaction of ACl with C2Cl6.  

To conclude, the fluorenyl ligand was found to support ligand rearrangement processes by its 

ability to readily change coordination modes in the trivalent state. The reactions with 

halogenating oxidation agents produced the halogenated or radical coupled product. Although 

the latter could be controlled stoichiometrically, any isolable cerium(IV) metallocenes could 

not be accomplished, but instead mono, bis and tris(substituted) cerium(III) fluorenyl 

compounds. 

Cerium(IV) Sandwich and Half-Sandwich Complexes 

In order to synthesize sandwich complexes of cerium(IV) sterically demanding cyclo-

pentadienyl ligands like C5H3(SiMe3)2 (Cp’’) or C5H2(SiMe3)3 (Cp’’’) need to be used. 

Otherwise, tris(cyclopentadienyl) complexes are formed, when performing salt-metathesis 
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reactions.[38, 144] Furthermore, the employed alkali metal can change the course of the reaction, 

which is displayed in Scheme B6, as the salt-metathesis reaction of potassium tetramethyl-

cyclopentadienide, KC5HMe4 (KCptet), with CeCl3* led to dark green Cptet
3Ce,[173-174] whereas 

the reaction with the lithium congener resulted in the formation of bright pink ate complex 

[Cptet
2CeCl2Li(thf)2]2 (Ltet). Upon contact of Ltet with oxidation agents like C2Cl6, 

decomposition and ill-defined mixtures were observed. Complex Cp*2CeCl2A(thf)2 (L*; A = 

K, Li) reacted similarly and cyclic voltammetry revealed irreversible oxidation signals at 

−0.54 V vs Fc/Fc+ (Ltet) and −0.57 V vs Fc/Fc+ (L*), indicating too much steric hindrance or 

insufficient stabilization of the +IV oxidation state.  

Scheme B6. Alkali metal influence on formation of tris(tetramethylcyclopentadienyl) cerium(III) or dimeric 
bis(tetramethylcyclopentadienyl) ate complex Ltet (left).  

 

Figure B3. Crystal structures of dimeric [Cptet
2CeCl2Li(thf)2]2 (Ltet, left) and Cp*2Ce(OAr)Cl (P, right). 

Thus, the reaction was performed in the presence of stabilizing alkoxy and siloxy ligands, 

resulting in the formation of the desired products Cp*2Ce(OR)2 (MR with R = Et, iPr, tBu, 

CH2tBu) and Cp*2Ce(OSiR3)2 (NR with R = Me, Et, Ph) in one pot syntheses (Scheme B7). 

Reaction with sodium 2,6-di-isopropylphenolate (OAr) resulted in incomplete substitution 
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and yielded complex P, probably due to the steric hindrance of the aryloxy and Cp* ligands in 

combination with the decrease in metal ion size upon oxidation. Employment of Ltet as 

starting material did not lead to stable cerium(IV) metallocenes, in accordance with the 

electrochemical data, which suggest that Cp* exhibits a stronger stabilizing influence on 

cerium(IV) than Cptet.  

Scheme B7. Synthesis of Cp*2CeCl2K(thf)2 toward sandwich complexes Cp*2Ce(OR)2 (MR, R = Et, iPr, 
CH2tBu, tBu), Cp*2Ce(OSiR3)2 (NR, R = Me, Et, Ph), and Cp*2Ce(OAr)Cl (P), as well as half-sandwich 
complexes Cp*CeR3 (OR, R = tBu, SiEt3, SiPh3) via ligand rearrangement.  

 

   

 

 

Figure B4. Ligand rearrangement of Cp*2Ce(OtBu)2 (MtBu, black) toward Cp*Ce(OtBu)3 (OOtBu, red) 
(top). UV/Vis spectrum featuring the shift from purple to brown (left) and cyclic voltammograms depicting the 
increase in stabilization (right), when substituting one Cp* by an alkoxy ligand.  

The cerium(IV)-sandwich complexes MtBu, NEt and NPh with sterically demanding 

substituents show follow-up reactivity under light and ambient temperature leading to ligand 
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rearrangement. Accordingly, the first reported cerium(IV)-half-sandwich complexes OR were 

synthesized and could be isolated for R = OtBu and OSiPh3. The use of R = OSiEt3 resulted in 

a mixture of sandwich and half-sandwich complex, indicating that the process is sterically 

induced. The reaction is accompanied by a color change from dark blue (556 nm) to brown 

(456 nm) (MtBu) and dark blue (563 nm) to violet (521 nm) (NPh), respectively, which results 

in blue shifts of the UV/Vis absorbance spectra (Figure B6). The ligand rearrangement does 

not stop at complexes O, instead further decomposition led to mixtures including homoleptic 

cerium alkoxide or siloxide complexes over several weeks even at −40 °C. All cerium(IV) 

complexes showed remarkable solublity, even in tetramethylsilane or pentane, due to the high 

lipophilic surface area, which – in combination with kinetic lability − made crystallization 

very cumbersome.  

Figure B5 depicts the solid-state structure of Cp*2Ce(OEt)2 (MEt), which adopts the pseudo-

tetrahedral coordination typical of cerium(IV)-metallocene complexes. Furthermore, the 

cyclic voltammogram of MEt, which exhibits one chemically reversible and electrochemically 

quasi-reversible redox process at −1.56 V vs Fc/Fc+, emphasizes the excellent stabilization of 

the cerium(IV) center (a full synopsys of cyclovoltammetric data can be found in Table B1). 

The changes from sandwich to half-sandwich complex are visualized in Figure B4, indicating 

that the ligand rearrangement leads to an increase in thermodynamic as well as 

electrochemical stabilization, but is accompanied by a loss of electrochemical reversibility.   

 

Figure B5. Crystal structure of Cp*2Ce(OEt)2 (NEt, left) and corresponding cyclic voltammogram of the 
cerium(III/IV) redox couple vs Fc/Fc+ in THF at 50 mV/s; arrow indicates scan direction (right). 
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Stabilization of Cerium(IV) Tris(Cyclopentadienyl) Complexes 

To further investigate the effects of the chemical environment on the stabilization of the 

cerium(IV) center with respect to reduction, a series of tris(cyclopentadienyl) cerium(IV) 

complexes was prepared. The feasibility of the oxidative approach starting from Cp3Ce(thf) or 

CpMe
3Ce(thf) was reported by our group in 2010 and 2017 and resulted in complexes Cp3CeCl 

(QCl) and CpMe
3CeCl (RCl).[38, 145] For further comparison the respective bromide and iodide 

complexes Cp3CeX (QX) and CpMe
3CeX (RX), with X = Br and I, have been synthesized in 

good yields (Scheme B8) using TeBr4 and I2 as oxidation agents. The solid-state structure in 

Figure B6 revealed pseudo-tetrahedral coordination, which is the case for all following 

structures. 
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 Scheme B8. Synthesis of CpR
3Ce(thf) (Q, R = H; R, R = Me) and subsequent oxidation to yield CpR

3CeCl (QCl 

/ RCl), CpR
3CeBr (QBr / RBr), and CpR

3CeI (QI / RI). 

 

 

 

 

 

 

  

 Figure B6. Crystal structure of CpMe
3CeBr (RBr, left) and corresponding cyclic voltammograms of the 

cerium(III/IV) redox couple of CpMe
3CeCl (RCl, red) and Cp3CeBr (QBr, black) vs Fc/Fc+ in THF at 50 mV/s; 

arrows indicate scan direction (right). 
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 Scheme B9. Synthesis of Cp-supported complexes Cp3CeX (Q) and CpMe-supported complexes CpMe
3CeX (R) 

with alkoxy (X = OMe, OEt, OiPr, OCH2tBu, OtBu) and siloxy co-ligands (X = OSiMe3, OSiEt3, OSi(iPr)3, 

OSiPh3) as well as aryloxide complexes Cp3Ce(OAr) (S) and CpMe
2Ce(OAr)2 (T) with OAr = 2,6-di-

isopropyl-phenoxy, in yields ranging from 61% to 97%.  

Chloride complexes QCl and  RCl were used in salt-metathesis reactions yielding 

cyclopentadienyl-supported complexes Cp3CeX (Q) and methylcyclopentadienyl-supported 

complexes CpMe
3CeX (R) with alkoxy (X = OMe, OEt, CH2tBu, OiPr, OtBu) and siloxy (X = 

OSiMe3, OSiEt3, OSi(iPr)3, OSiPh3) substituents in good yields ranging from 81% to 97%. 

The aryloxy ligand 2,6-di-isopropyl-phenolate (OAr) could be employed as well, but led only 

to Cp3Ce(OAr) (S) for the unsubstituted cyclopentadienyl ligand. Utilization of the sterically 

more demanding CpMe ligand resulted in ligand reorganization and formation of sandwich 

complex CpMe
2Ce(OAr)2 (T); the latter could be synthesized in 76% yield, when using two 

equivalents of aryloxide salt. The scope of possible products and respective thermal stability 

(successful sublimation for QiPr and RiPr) are remarkable and showcase the stability imparted 
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by the tris(cyclopentadienyl) scaffold, which supports ligands as sterically different as 

methoxy and aryloxy (Figure B7).   

 

 

 

 

 

        

Figure B7. Crystal structures of Cp3Ce(OMe) (QMe, left) and Cp3Ce(OAr) (S, right). 

Interestingly, 1H NMR spectroscopy revealed that the α-H protons of alkoxy ligands 

(Ce−OCH) in all synthesized compounds show characteristic down-field shifts at 5.31 to 6.40 

ppm, despite an otherwise diamagnetic spectrum, indicating heavy deshielding and removal 

of electron density at the respective protons by the proximity to the cerium(IV) center. The 

precise electronic nature of the cerium(IV) center was further investigated by SQUID 

magnetic measurements, revealing temperature-independent paramagnetism (TIP) instead of 

diamagnetism. The slightly positive magnetic susceptibilities between 1.53 and 3.9·10-4 

emu/mol indicate the presence of a Van Vleck paramagnetism, caused by a 

multiconfigurational ground state between Ce(IV, f0) in combination with an anionic ligand 

and Ce(III, f1) with a radical ligand, similarly as reported in cerocene and CeO2.[148, 164, 169]   

The electrochemical stabilization of the cerium(IV) center with respect to reduction was 

determined via cyclic voltammetry, which revealed two types of behavior: halide (Figure B6) 

and siloxide complexes exhibit chemically and electrochemically reversible redox processes, 

whereas alkoxide complexes feature an EC or ECE mechanism, with in situ follow-up 

reactions at slow scan rates and a transition to chemical reversibility at high scan rates. The 

formal potentials of all one electron processes could be obtained and can be tuned by 

variation of the chemical environment from −0.583 V (Cp3CeI, QI) to −1.259 V vs Fc/Fc+ 

(CpMe
3Ce(OEt), RiPr). The electrochemical results allow a direct comparison and reveal 

increasing stabilization of the cerium(IV) oxidation state and more negative formal potentials 

in the series I < Br < Cl < aryloxy < siloxy < alkoxy and Cp < CpMe (Figure B9, Table B1). 
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This is in accordance with the additional data from the sandwich complexes, which showed 

that Cp* provided increased stabilization in contrast to Cptet. Even though Cp* complexes 

show the best stabilization of the observed molecules, their ligand rearrangement behavior 

stresses the fact that kinetic and electrochemical stabilization do not necessarily correlate. 

Synoptically, it can be found, that an increase in electron density at the cerium center leads to 

a better stabilization of the cerium center and accordingly, stronger electron donating groups 

and ligands lead to an increased stabilization of the cerium(IV) oxidation state.       

 
Figure B8. Synopsis of the increase in electrochemical stabilization by halogenido < siloxy < alkoxy ligands; for 
cyclopentadienyl and methylcyclopentadienyl ligands: Cp < CpMe. 
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Figure B9. Increasing stabilization of the cerium(IV) oxidation state by monoanionic cyclopentadienyl, 
halogenido, aryloxy, alkoxy, and siloxy ligands. 
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Table B1. Electrochemical data for all cerium(III/IV) couples [potentials vs Fc/Fc+, at a scan rate of 50 mV/s (* 

= 1V/s)], sorted by increasing stability of the cerium(IV) oxidation state.  

Complex E
0

 vs Fc/Fc+  

[V]  
ERed vs Fc/Fc+ 

[V] 

EOx vs Fc/Fc+ 

[V] 

ΔEP
 [mV] iOx/iRed 

Cp3Ce(thf)  −0.263 −0.300 −0.227 73 0.85 

CpMe
3Ce(thf)  −0.377 −0.408 −0.347 61 0.89 

Cptet
2CeCl2Li(thf)      0.516* −0.641* −0.516* 125* 0.42* 

Cp*2CeCl2K(thf)       (irr.) − −0.567 − − 

Cp3CeI  −0.583 −0.631 −0.535 96 0.97 

Cp3CeBr  −0.652 −0.694 −0.609 85 0.98 

CpMe
3CeI  −0.682 −0.724 −0.640 84 0.99 

Cp3CeCl  −0.695 −0.960 −0.730 70 0.96 

CpMe
3CeBr  −0.764 −0.816 −0.713 103 0.98 

CpMe
3CeCl  −0.801 −0.837 −0.764 73 1.00 

Cp*2Ce(OAr)Cl          −0.831 −0.863 −0.799 64 0.93 

Cp3Ce(OAr)               −0.865 −0.898 −0.833 65 0.92 

CpMe
2Ce(OAr)2          −0.876      −0.997     −0.755     242     0.85 

Cp3Ce(OSiPh3)  −0.936 −0.970 −0.903 67 1.00 

Cp3Ce(OSiEt3) −0.973 −1.003 −0.943 60 0.95 

Cp3CeOSi(iPr)3 −0.980 −1.013 −0.948 65 0.92 

CpMe
3Ce(OSiPh3)  −1.013 −1.044 −0.981 63 0.93 

Cp3Ce(OSiMe3)  −1.021 −1.058 −0.984 74 0.96 

CpMe
3CeOSi(iPr)3  −1.039 −1.070 −1.009 61 0.99 

CpMe
3Ce(OSiEt3)  −1.080 −1.115 −1.045 70 0.99 

CpMe
3Ce(OSiMe3)  −1.089 −1.124 −1.054 70 1.00 

Cp3Ce(OMe)  −1.102* −1.167* −1.037* 130* 0.75* 

Cp*2Ce(OSiPh3)2     −1.137      −1.264     −1.010     254     0.95 

Cp3Ce(OCH2tBu)  −1.151* −1.209* −1.093* 116* 0.77* 

Cp3Ce(OEt)  −1.155* −1.245* −1.096* 143* 0.72* 

Cp3Ce(OtBu)  −1.174* −1.223* −1.124* 99* 0.87* 

Cp3Ce(OiPr)  −1.177* −1.210* −1.145* 65* 0.81* 

CpMe
3Ce(OMe)  −1.206* −1.452* −0.961* 491* 0.99* 

CpMe
3Ce(OCH2tBu)  −1.220* −1.271* −1.169* 102* 0.96* 

Cp*2Ce(OSiMe3)2      −1.229 −1.260 −1.197 63 0.90 

CpMe
3Ce(OiPr)  −1.244* −1.311* −1.177* 134* 0.97* 

CpMe
3Ce(OtBu)  −1.252* −1.313* −1.191* 122* 0.98* 

CpMe
3Ce(OEt)  −1.252* −1.309* −1.194* 115* 0.92* 

Cp*Ce(OSiPh3)3             −1.445      −2.186     −0.704   1482     0.82 

Cp*2Ce(OCH2tBu)2    −1.514 −1.555 −1.473 82 0.95 

Cp*2Ce(OtBu)2 −1.531 −1.565 −1.497 68 1.00 

Cp*2Ce(OEt)2              −1.555 −1.591 −1.519 72 0.92 

Cp*2Ce(OiPr)2             −1.562 −1.602 −1.522 80 1.00 

Cp*Ce(OtBu)3             −1.608  −1.677 −1.540 137 0.80 
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Ansa-Cyclopentadienyl and -Indenyl Cerium(III) Chemistry 

Introduction 

Although the synthesis route toward oxygen- and nitrogen-ligated cerium(IV) complexes has 

been investigated on various occasions, cerium(IV) halide complexes are still very rare. In 

most cases halogenido ligands are introduced in the course of the oxidation with halogenating 

oxidants like C2Cl6 or TeBr4.[18, 38] One reason could be that halogenido ligands provide less 

stabilization toward the +IV oxidation state (Paper 3). Only cerium(IV) complexes bearing a 

single halogenido ligand are known. In order to achieve kinetic stabilization and prevent 

ligand reorganization and to avoid the formation of CeCl3, ansa-cyclopentadienyl and ansa-

indenyl complexes were aiming for the titanocene dichloride analogon of cerium. Ansa-type 

ligands are well-established in polymerization catalysts for other rare-earth metals, but were 

not used with the target of achieving cerium(IV) complexes.[175-178] 

 Results and Discussion 

The general reaction pathway is depicted in Scheme C1 and features salt metathesis as the 

primary synthesis route. By using potassium or lithium as counter ions the formation of ate 

complexes was envisaged, which should subsequently be oxidized resulting in putative 

bis(chloride) complexes (Scheme C1 top). As intended, the formation of ate complexes was 

achieved with complex U, which can be spotted by the connectivity in Figure C1. However, 

the charge assignment proved problematic, therefore just qualitative aspects can be discussed. 

The product establishes a three-dimensional layer structure with polymeric layers of the 

cerium(III) complex and layers of Li atoms surrounded by multiple thf molecules. The central 

unit of the polymeric cerium layer features trimeric chloride-bridged clusters, which is 

depicted in Scheme C2. Each cerium(III) center is symmetrically surrounded by one ansa-

cyclopentadienyl ligand and three µ2-chlorido ligands, bridging three cerium centers and 

building a six-membered ring. One chloride ligand bridges the three Ce centers in a µ3 

fashion. Interestingly, the dimethylsilyl moiety of the ansa-cyclopentadienyl backbone shows 

interactions with lithium atoms of the next trimeric unit. This planar and symmetric 

environment leads to the layer structure, which can be also observed  macroscopically, in the 

form of slimy consistency. Under reduced pressure the compound does not become a dry 

powder, but remains sticky, which made crystallization cumbersome. Elemental analyses also 

showed very low carbon and hydrogen values, due to the incorporated LiCl. Despite the 
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highly symmetric ligand environment, the 1H NMR spectra were not conclusive, additionally 

impeded by the paramagnetic cerium(III) core. Notwithstanding an ate complex could be 

synthesized, but the polymeric structure seemed to hinder oxidation. Common oxidation 

agents used in cerium chemistry, like C2Cl6, I2, TeBr4 and para benzoquinone (bq) did not 

result in the respective cerium(IV) complexes, but instead showed no reaction (C2Cl6, I2) or 

instant decomposition (TeBr4, bq) as indicated by 1H NMR spectroscopy.  
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Scheme C1. Synthesis route of cerous U.  

 

Figure C1. Section of the layer structure of connectivity of [(Me2SiCp2)CeCl]3(Li3Cl2X) (U).  
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Figure C2. Top-down view on the layer structure of connectivity of [(Me2SiCp2)CeCl]3(Li3Cl2X) (U).  

In order to increase the stability of the resulting ansa-complex, the addition of alkoxy 

coligands was probed, similar to the reaction toward Cp*2Ce(OEt)2 (NEt). The reaction of U 

with NaOEt yielded in an intricate product mixture, of which side product V could be 

characterized via X-ray diffraction. Interestingly, the ansa-cyclopentadienyl backbone has 

been attacked, forming a strong Si−O bond in the process, but despite its high oxophilicity no 

ethoxy ligand was attached to the cerium(III) center. Instead, one unsubstituted 

cyclopentadienyl ligand is still attached, in addition to the in situ formed donor-functionalized 

cyclopentadienyl ligands CpSi(Me2)OEt, which show an additional coordination of the 

oxygen to the cerium(III) center. A possible reaction mechanism is depicted in Scheme C2, 

but the complex could not be obtained by targeted synthesis, as always product mixtures 

occurred. Nevertheless, the solid-state structure allows an explanation of the instant 

decomposition, when adding ethoxide salts, because the strained SiMe2 backbone can be 

attacked nucleophilically. 

The solid-state structure revealed a distorted pseudo-trigonal bipyramidal coordination 

geometry with cyclopentadienyl centroids lying in the plane. The unsubstituted 

cyclopentadienyl ligand is slightly closer to the cerium center, probably caused by sterics. 
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Nevertheless, the Cp(SiMe2)OEt ligands show unperturbed η5 coordination as well. 

Interestingly, the Ce−O distances are very long, even compared to the distances of donor 

solvents like thf (e.g. in the case of ACl). The biting angle of the Cp(SiMe)OEt moiety, 

Cnt−Ce−O, in complex V is on average 83.87°, which is remarkable for a relatively small 

ligand. The combination of the large bite angle paired with the stabilization provided by the 

chelating OEt moiety, marks the ligand a potential target for future ligand syntheses.   

 

Figure C3. Crystal structure of [CpSi(OEt)Me2]CeCp (V). Selected interatomic distances and angles: Ce−Cnt 

(Cp(SiMe)OEt) avg. 2.586 Å, Ce−C (Cp(SiMe)OEt) avg. 2.849 Å, Ce−Cnt (Cp) 2.575 Å, Ce−C(Cp) avg. 

2.840 Å, Ce−O1 2.743(3) Å, Ce−O2 2.667(3) Å, Si−O avg. 1.686 Å, C−Si−O avg. 98.55°, Cnt−Ce−O avg. 

83.87°.  
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Scheme C2. Possible reaction mechanism toward V.  

In addition to ansa-cyclopentadienyl ligands ansa-indenyl ligands were tested as well. The 

syntheses are shown in Scheme C3. Similarly, the purification proved difficult and elemental 

analyses with low carbon and hydrogen values suggested the incorporation of KCl as well. 

Due to poor solubility in solvents other than thf, removal of KCl was not possible. The slimy 
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consistency of the substances seemed to hinder crystallization, instead a highly viscose slurry 

was formed, and upon slow evaporation of the solvent, an amorphic powder was obtained.  
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Scheme C3. Synthesis paths to ansa-indenyl complexes. 

 

Figure C4. Crystal structure of [Ind(CMe2)Ind(CMe2)Ind]Ce(thf) Y. Selected bond lengths and angles: Ce−Cnt 

avg. 2.542 Å, Ce−C (range) 2.673(2) Å (C21) to 2.876(2) Å (C32), Ce−O 2.4898(16) Å, C1−C10−C13 

100.74(13)°, C20−C22−C25 104.65(17)°, Cnt(C1−C9)−Ce−Cnt(C13−C21) 105.25°, Cnt(C13−C21)−Ce− 

Cnt(C25−C33) 104.78°.  

Nonetheless, single-crystalline side product Y was achieved upon slow evaporation at 

ambient temperature over several weeks, demarcating itself from the bulk by its deep blue 

color and clear-cut edges. The crystal structure showed to be the cerium complex Y with a 

ligand consisting of three indenyl moieties, bridged by two CMe2 groups like a tridentate 

ligand. This exemplifies that carbon backbones as well as silicon ones are not inert to 

decomposition. The solid-state structure shows a pseudo-tetrahedral coordination mode, with 

the peripheral indenyl ligands directed away from each other. Surprisingly, although three 

indenyl moieties show η5 coordination via cyclopentadienyl rings the structure is sterically 

saturated by a thf molecule. This available space indicates that, despite a decrease in ionic 

radii, when oxidizing cerium(III) to cerium(IV), the ligand sphere is not completely crowded 

and the difficulties of achieving Ce(IV) complexes may concern the oxidation pathway 
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(kinetically) or the insufficient stability of the cerium(IV) complex (thermodynamically). It 

could not be ruled out, whether the ligand was formed by decomposition of the cerium ansa-

complex by slow-evaporation or if it was present as minor side product in the potassium 

precursor. 

Experimental Section 

General Procedures. All operations were performed under rigorous exclusion of oxygen and 

moisture in an argon atmosphere, using standard Schlenk, high-vacuum, and glovebox techniques 

(MB Braun MB150B-G-I; <0.1 ppm of O2, <0.1 ppm of H2O). Solvents were dried and degassed prior 

to use and provided by an MBraun SPS800. Benzene-d6 (99.5%) was received from Deutero GmbH 

and thf-d8 from Eurisotop. These deuterated solvents were dried over NaK alloy for a minimum of 48 h 

and filtered through a filter pipette (Whatman) before use. Anhydrous CeCl3 (99.99%) (Sigma Aldrich) 

was converted into CeCl3(thf)1.04 via soxhlet extraction. nBuLi and KH were purchased from Sigma-

Aldrich and used as received. H2Cp2SiMe2,[179-181] H2Ind2CMe2,[182] and H2(2-Me-Ind)2SiMe2
[183] were 

prepared according to literature procedures and reacted with nBuLi or KH in standard procedures. 

NMR spectra were recorded on a Bruker AVII + 400 (1H: 400.13 MHz; 13C: 100.61 MHz), AVI + 300 

(29Si: 79.5 MHz) or AVII + 500 (1H: 500.13 MHz; 13C: 125.76 MHz) spectrometer in dried and 

deuterated solvents. DRIFT spectra were recorded on a ThermoFisher Scientific NICOLET 6700 FTIR 

spectrometer using dried KBr and KBr windows. The collected data were converted using the 

Kubelka−Munk refinement. CHN elemental analyses were performed on an Elementar Vario MICRO 

cube.  

[(Me2SiCp2)CeCl2Li(thf)]3 (U). CeCl3(thf)1.04 (240.1 mg, 0.747 mmol) and Li2Cp2SiMe2 (149.4 mg, 

0.747 mmol) were suspended in thf (18 mL) and stirred for five days at ambient temperature. The 

mixture was filtered and the filtrate concentrated. Slow evaporation at −40 °C yielded pale yellow 

crystals of U (188.5 mg, 0.344 mmol, 46%). Elemental analysis (%) calcd for C20H30CeCl2LiO2Si 

(548.50 g mol-1): C 43.80, H 5.51; found: C 44.04, H 5.45. 

(Me2CInd2)CeCl2K (W). CeCl3(thf)1.04 (88.4 mg, 0.275 mmol) and K2Ind2CMe2 (95.9 mg, 0.275 mmol) 

were suspended in thf (18 mL) and stirred for three days at ambient temperature. The mixture was 

filtered and the filtrate concentrated. Slow evaporation at −40 °C yielded green powder of W (113.8 

mg, 0.236 mmol, 86%). Crystallization at ambient temperature via slow evaporation led to dark blue 

crystals of Y, which could be characterized by X-ray diffraction, among the bulk of W. Elemental 

analysis (%) calcd for C21H18CeCl2K (481.38 g mol-1): C 52.40, H 3.77; found: C 52.83 H 3.67.  

[Me2Si(2-Me-Ind)2]CeCl2K(thf) (X). CeCl3(thf)1.04 (76.5 mg, 0.238 mmol) and K2(2-Me-Ind)2SiMe2 

(93.5 mg, 0.238 mmol) were suspended in thf (15 mL) and stirred for three days at ambient 

temperature. The mixture was filtered and the filtrate concentrated. Slow evaporation at −40 °C 

yielded an orange powder of X (93.5 mg, 0,147 mmol, 62%). Elemental analysis calcd for 

C26H30CeCl2KOSi (636.72 g mol-1): C 49.05, H 4.75; found: C 50.34, H 4.25. 
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Figure C5. 1H NMR spectrum (400.1 MHz, thf-d8, 26 °C) of U (*  thf-d8, #  n-hexane). 

 

Figure C6. 1H NMR spectrum (400.1 MHz, thf-d8, 26 °C) of V (*  thf-d8, #  n-hexane, +  SiMe4). 

 

Figure C7. 1H NMR spectrum (400.1 MHz, thf-d8, 26 °C) of W (*  thf-d8, #  n-hexane). 

* * # # 

# * * 

* * # 
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Table C1. Crystallographic data for compounds U, V and Y. 

 U V Y 

project name LK131 LK136 LH267 

formula C144H168Ce12Cl12Li2Si12 C23H35CeO2Si2 C37H37CeO 

M [� � �����] 4356.57 539.81 637.78 

� 
Å� 0.71073 0.71073 0.71073 

cell hexagonal monoclinic monoclinic 

space group P6�2m P21/n P21/c 

a [Å] 13.807(3) 12.5915(16) 8.9815(2) 

b [Å] 13.807(3) 12.8732(16) 19.0078(5) 

c [Å] 13.673(3) 15.7249(19) 16.8514(4) 

α [°] 90 90 90 

β [°] 90 107.524(3) 104.1630(10) 

γ [°] 120 90 90 

V [Å3] 2257.4(11) 2430.6(5) 2789.408(12) 

Z 1 4 4 

F(000) 2106 1100 1300 

T [K] 100(2) 100(2) 100(2) 

ρcalcd [� � ����] 3.205 1.475 1.519 

μ [mm-1] 6.504 1.987 1.661 

R1 (I>2σ(I)) 0.0251 0.0439 0.0274 

ωR2 (all data) 0.0632 0.1187 0.0674 

Goodness of fit 1.052 1.051 1.118 
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ABSTRACT: The first structurally characterized fluorenyl (Flu) complexes of cerium are reported, bearing one, two and three 
fluorenyl ligands. The reaction of CeX3(THF)x (X = Cl, I) with KFlu led to the half-sandwich complexes FluCeX2(THF)3. The 
chloride derivative was utilized in salt-metathesis reactions, affording complexes FluCeR2(THF)X with R = OtBu, OSiMe3, 
OC6H3iPr2-2,6, Me2Pz, and Cp (x = 1 or 2; Me2Pz = 3,5-dimethylpyrazolato). The halogenido-exchanged mono(fluorenyl) 
complexes are prone to ligand redistribution at ambient temperature leading to the respective sandwich complexes 
Flu2CeX(THF). Utilization of K(2,10-tBu2Flu) (KFlutBu) gave tris(fluorenyl) complex FlutBu3Ce(THF) instead, showcasing two 
η5 and one η1 bound fluorenyl ligands. Treatment of FluCeCl2(THF)3 with halogenating oxidants like C2Cl6, I2 or TeBr4 did not 
afford stable cerium(IV) species, but mixtures of 9-halogenidofluorene and 1,1’-bifluorene. Selective fluorenyl coupling 
reactions could be achieved for C2Cl6. 

INTRODUCTION 

In fact, cerium fluorenyl complexes were first mentioned 
in a paper of 1971 by Kalsotra et al., claiming the synthesis 
of “tetra(fluorenyl) cerium(IV)”.1 This organoceric 
compound was stated to display a light yellow color, 
thermal stability up to 104° C, as well as solubility in protic 
solvents like ethanol.1 The formation of “tetra(fluorenyl) 
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” fluorenyl (Flu) ligand were reported before 
2000,3 the most notable being bis(fluorenyl) samarium, 
obtained from SmI2.3 Further research on Ln-Flu chemistry 
has mainly focused on the design of ansa-lanthanocene 
complexes4-11 and Flu-tethered/linked constrained 
geometry complexes12-16 and their use in polymerization 
catalysis.17 The X-ray crystal structures of the first neutral 
mono(fluorenyl) complexes, FluLnI2(pyridine)3 (Ln = La, 
Nd), were reported by Giesbrecht et al. in 2005.18 Our recent 
studies on fluorenyl-supported tetramethylaluminate 
complexes also emphasized the particular stability of half-
sandwich complexes of the larger rare earth metals.19 On 
the other hand sterically demanding fluorenyl ligand also 
stabilize half-sandwich derivatives of the smaller rare-earth 
metal a shown e.g., for (Tbf)Y(CH2SiMe3)2(THF) (Tbf = 
tetrabenzo[a,c,g,i]fluorenyl).20  

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

the oxidation state +IV, we were tempted to investigate into 
the redox chemistry of cerium fluorenyl complexes. The 
redox potential of cerium strongly depends on its ligand 
environment, but organocerium(IV) compounds like 
Cp3CeCl are isolable and have been fully characterized.21-23 
The electron-donating capability of the ligands was 
ascribed an important role in stabilizing the cerium(IV) 
oxidation state.23-25 In the case of asymmetric ruthenium 
complexes the relative electron-donating power of Cp-type 
ligands was shown to be increasing in the order 
pentachlorocyclopentadienyl, acetylcyclopentadienyl, 
cyclopentadienyl, indenyl, pentamethylcyclopentadienyl 
and fluorenyl by electrochemical measurements. This is 
consistent with our findings regarding the redox potentials 
of cyclopentadienyl and methylcyclopentadienyl complexes 
of cerium(IV).24, 26 Thus the fluorenyl ligand should in 
theory provide a good stabilization of the cerium(IV), in 
terms of electron-donation capability. However, in contrast 
to their cyclopentadienyl congeners, fluorenyl ligands 
engage in distinct coordination chemistry, as revealed by 
the ease haptotropic coordination switches ranging from η1 
to η6.27 Such ring-slippage has been shown to be 
increasingly involved in the reactivity with an extension of 
the systems π systems.28-30 The most common coordination 
mode observed in rare-earth-metal complexes is the η5 
mode as revealed e.g. in the case of Flu2Sm(thf)23, 31 or 
FluLnI2(pyridine)3 (Ln = La, Nd).18 The switch to η3-allylic 
bonding or σ bonds (η1 coordination) involving C1 is in most 
cases triggered by steric encumbrance or formation of 
polymer chain structures as in the case of 
[NaFlu(tmeda)]n.28, 32 In particular, alkali-metal fluorenyl 
salts, supported by different 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 η6 coordination to the benzyl rings was detected, while 
the analogous lithium compound formed an separated ion 
pair.33 Moreover, the polymeric structures of the DIGYLME 
adducts of sodium and rubidium fluorenide revealed 
multiple alternating coordination modes between η1  and 
η5.33 The use of crown ethers afforded complete fluorenyl 
anion separation for [K(18-crown-6)][Flu].34 Although the 
formation of such “metals-in-a-box” are also known for 
alkaline-earth metal fluorenyl complexes35 and other 
cyclopentadienyl derivatives, extensive haptotropic shifts 
seem exclusive for indenyl and fluorenyl ligands.34 This 
additional feature of the fluorenyl ligands might trigger 
further reactivity and reaction pathways for cerium 
complexes. Note that while Cerium (IV) alkyl or allyl 
complexes have not yet been isolated, the Schelter group 
has recently reported on the isolation and full 
characterization of a covalant cerium(IV) aryl complex.36  

 

 
 

Figure 1. Different coordination modes in fluorenyl 
ligands, available through haptotropic shifts.28 

 

RESULTS AND DISCUSSION 

Cerium(III) Dihalogenido Precursors including an 

Unprecedented Tris(fluorenyl) Complex. 
Cyclopentadienyl (CpR) ligands (CpR = C5H5, C5H4Me, 
C5H4SiMe3, C5H3(SiMe3)2, 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 fluorenyl (Flu) chemistry.24-25 As 
aforementioned, in contrast to the strictly η5 bound 
cyclopentadienyl ligand, fluorenyl is prone to η5η3η1 
coordination switches, thus tailoring to enhanced reactivity 
and alternative reaction pathways.29, 37-38  

When treating cerium(III) chloride with 1-5 equivalents 
of Li, Na and K fluorenide, we were surprised to learn that 
only one species could be isolated. Regardless of how much 
excess of fluorenyl salt was used, crystallization always led 
to the half-sandwich complex FluCeCl2(THF)3 (1Cl). 

Performing an equimolar reaction, 1Cl could be obtained in 
90% crystalline yield (Scheme 1). Usage of commercially 
available CeI3 under the same conditions led to respective 
iodide complex FluCeI2(THF)3 (1I) both of which could be 
analyzed via X-ray diffraction (XRD).  

 
 

Scheme 1. Synthesis of FluCeCl2(THF)3 1Cl and 
FluCeI2(THF)3 1I  

 

The solid-state structure of 1Cl is depicted in Figure 2, 
showing (like 1I) a pseudo-octahedral coordination 
geometry. The trans positioned chlorido (iodido) ligands 
and the three coordinated THF molecules are bent slightly 
away from the sterically more demanding fluorenyl. The Ce-
Cnt (centroid) distance accounts for similar 2.595 Å (1Cl) 
and 2.590 Å (1I), which is slightly longer than the distances 
found in cyclopentadienyl complexes like Cp3Ce(thf) (2.480 
Å) and pentamethylcyclopentadienyl derivatives such as 
monomeric half-sandwich Cp*CeI2(THF)3 (2.523 Å) and 
metallocene Cp*2CeCl2K (avg. Ce−C(ring) 2.79 Å).39-40 For 
reasons of steric oversaturation  homoleptic Cp*3Ce 
features an extremely large Ce-Cnt distance of 2.619 Å.40-42 
As expected the Ce-halogen distances elongate from 1Cl 
(avg. 2.737 Å) to 1I (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 fluorenyl ligand is almost 
identical, while the M−I bond is elongated for the lanthanum 
complex.18  

 

 
Figure 2. Crystal structure of FluCeCl2(THF)3 (1Cl). 

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.  

 



 

 

When performing the equimolar reaction of 
CeCl3(THF)1.04 with tert-butyl-substituted fluorenyl salt 
K(2,10-tBu2Flu) (KFlutBu) fully exchanged FlutBu3Ce(THF) 
(2) formed (Scheme 2). Amazingly, despite the higher 
steric demand (FlutBu versus Flu), the formation of a half 
sandwich complex along the lines of 1Cl was not observed. 
To our knowledge 2 represents the first tris(fluorenyl) rare-
earth-metal complex. In stark contrast, tris(indenyl) 
derivatives (Ind)3Ln and (Ind)3Ln(Do) have been 
extensively investigated including the crystal structure of 
Ind3Ce(py).43 Moreover, the existence of 3 definitely rules 
out sterics to be the crucial factor for the formation of 1Cl. At 
ambient temperature, the CeCl3(THF)1.04/KFlutBu reaction 
required a large excess of the cerium chloride and gave only 
a crystalline yield of 19%, after a stirring period of 2 d. 
Applying the same conditions with an equimolar mixture of 
CeCl3(TFH)1.04 and KFlutBu, the reaction was incomplete with 
large amounts of the fluorenyl salt left.  

 

 
 

Scheme 2. Synthesis of FlutBu3Ce(THF) (2).  

 

The solid-state structure of 2 bears two η5 and one η1 
coordinated fluorenyl ligands, showcasing distinct 
coordination modes in the same molecule for direct 
comparison (Figure 3). Whereas the η5 coordination 
involves Ce−C(Flu) distances ranging from 2.722(3) to 
3.083(3) Å and Ce−Cnt distances of 2.578 and 2.613 Å, the 
η1 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°, which is even wider than the respective Li−C1−Cnt 
angle of LiFlu(THF)3 (Figure S24) and a Ce1−C55−C54 angle 
of 110.31(18)°. The other Ce−C(Flu) distance are as long as 
4.030(3) Å (C49), accounting for Ce−Cnt distance of 3.212 
Å. For comparison, the Ce–C(silylalkyl) distance in donor-
free (and hence formally lower coordinated complex alkyl 
complex Cp*2Ce[CH(SiMe3)2] was reported as 2.546(5) Å. 
Furthermore, the Ce−C(ring) distances in Ind3Ce(py) range 
from 2.748(5) Å to 3.009(5) Å.43 

The distinct fluorenyl coordination modes in 3 are not 
preserved in solution, as there is no signal splitting of 2:1 
for the ligand protons. Thus, all three fluorenyl 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 fluorenyl 
protons and one singulet for all tBu groups. Interestingly, 
this indicates some magnetic inequality, which has also 
been detected for substituted indenyl ligands due to 
prochiral effects, which could be also applying for 2, 

particularly considering that the sterical bulk on 2 
aggravates rotation of the fluorenyl ligands.44  

 

 
Figure 3. Crystal structure of FlutBu3Ce(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.  

 

Salt-metathesis Reactions Promoted by 

FluCeCl2(THF)3 (1Cl). Given the preferred formation and 
stability toward ligand redistribution of compound 
FluCeCl2(THF)3 (1Cl), we next aimed at salt-metathetic 
ligand exchange. Targeted Cl/R exchange should further 
improve the thermodynamic and electrochemical 
stabilization of any envisioned/putative Ce(IV) fluorenyl 
complexes, particularly in case of R = alkoxy or siloxy.24-25, 45 
Accordingly, the following ligand types could be 
implemented in complexes 3R: cyclopentadienyl (using 
NaCp), aryloxy (NaOC5H3iPr2-2,6 = NaOAr), alkoxy 
(NaOtBu), siloxy (NaOSiMe3) and pyrazolato (potassium 
3,5-dimethylpyrazolate = Me2Pz (see Scheme 3). These 
reactions were carried out at −40°C in THF for 6 to 18 h and 
subsequently extracted with toluene. At ambient 
temperatures the toluene extract led to ligand 
rearrangement processes in all cases with the exception of 
the aryloxy derivative 3OAr. Although ligand rearrangement 
can be sufficiently suppressed at lower temperature 
(−40°C), it took place as side reaction to produce the 
sandwich complexes 4R. The sandwich compound 
Flu2Ce(Me2Pz)(THF) (4Pz) could be synthesized and 
purified, while  single-crystalline material was obtained 
also for Flu2Ce(OtBu)(THF) (4OtBu) and 
Flu2Ce(OSiMe3)(THF) (4OSiMe3) (vide infra).  

The crystal structures of the mono(fluorenyl)s 
FluCe(OC5H3iPr2-2,6)2(THF)2 (3OAr), FluCe(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 flat spread of the fluorenyl 
ligand. The Ce−centroid (Cnt) distances amount to 2.625 Å 



 

 

(3OAr) and 2.646 Å (3Pz). It appears that the latter represents 
the longest distance for a cerium to a cyclopentadienyl-type 
ligand detected so far and stresses the fact, that such 
fluorenyl half-sandwich complexes 1 show generally longer 
Ce−Cnt distances than the respective sandwich complexes 
4. The Ce−O(aryloxy) distances (avg. 2.219 Å) in 3OAr are 
slightly longer than the ones reported for 6-coordinate 
Ce(OC5H3iPr2-2,6)3(THF)3 (avg. 2.12 Å). The η5-fluorenyl 
ligand is sterically more demanding than the aryloxy ligand 
giving space to the additional coordination of only two THF 
molecules.46 For further comparison, the half-sandwich 

complex Cp*Ce(OC5H3tBu2-2,6)2 synthesized by Heeres et 

al. and bearing a slightly bulkier aryloxy ligand shows even 
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.47 The 
pyrazolato derivative 3Pz is isostructural to 3OAr with trans-
positioned η2-pyrazolato instead of the aryloxies. 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), avg. 2.475 Å (Do = HMe2Pz)).48 

 
 

Scheme 3. Overview of salt -metathesis reactions of 1Cl affording cerous half-sandwich complexes with alkoxy, siloxy, aryloxy, 
pyrazolato, and cyclopentadienyl ligands. 

 

 

 

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. 

 

The mono(fluorenyl) compound FluCeCp2(THF) (3Cp) 
represents a rare example of a rare-earth-metal complex 
bearing different (non-linked) 5-coordinated 
cyclopentadienyl-type ligands. Other examples include 

trivalent Cp*2LnCp (Ln = Nd, Sm)49 or divalent 
FluYbCp*(dme).50 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 1Cl with NaCp at ambient temperature gave 
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.42, 51 Also for 3Cp, the Ce−Cnt(Flu) distance of 2.637 Å is 
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),42 indicating significant steric 
hindrance. Well-examined unsymmetrical metallocenes 
relate to the metals Fe, Ru and Os, e.g. FluFeCp or FluRuCp*, 
where the haptotropic rearrangements of fluorenyl ligands 
has been studied.26, 37, 52  

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 (Scheme 5). 
Assuming ligand rearrangement to tris(pyrazolyl) 
[Ce(Me2Pz)3(THF)]2 as the dominant reaction path, which 
could be detected among other unidentified products in the 
NMR spectrum, a maximum yield of 50% to 4Pz should be 
possible.48 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, reaffirming easily 
separable/abstracable fluorenyl anions (Figure 5).19  
Indeed, 3Pz,THF is the first rare-earth-metals complex 
bearing a solvent-only separated fluorenyl anion 
(Ce−centroid distance = 6.822 Å).  

 
 

Scheme 4. Solvent- and temperature dependent cerium fluorenyl pyrazolato chemistry  

 

 
 

Figure 5. Crystal structures of FluCe(Me2Pz)2(THF)4 (3Pz,THF, left), Flu2Ce(Me2Pz)(THF) (2Pz, middle), and Flu2Ce(OtBu)(THF) 
(2OtBu, 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. 

It has been revealed previously that such solvent-separated 
fluorenyl anions are favorably observed in the presence of 
crown ethers or other multidentate O-donors like for 
[BaFlu(18-crown-6)(pyridine)]+ [Flu]– and 
[M(diethyleneglycol− dimethylether)2]+ [Flu]– (M = Li, 
Na).33, 53 The Ce−N distances of the 7-coordinate cation of 
3Pz,THF (avg. 2.475 Å) are slightly shorter than 7-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.  



 

 

Sandwich complex Flu2Ce(Me2Pz)(THF) (4Pz) shows a 
pseudo tetrahedral geometry and a staggered conformation 
of the fluorenyl ligands, which has been also found for other 
lanthanide sandwich fluorenyl complexes (e.g., 
Flu2La(AlMe4)).19 The two fluorenyl ligands bear an angle of 
125.6° and display Ce−Cnt distances of 2.574 Å, which are 
way shorter than that in half-sandwich complex 3Pz (2.646 
Å). The Ce−N distance amounts to 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 literature for 
this particular ligand. For futher comparison, the donor-free 
complex [Ce(Me2Pz)3]4 shows roughly similar average Ce−N 
distances of 2.436 Å for the terminal η2 bound pyrazolato 
ligands.54  

Similarly to the chloride/pyrazolato ligand exchange, 
alkoxy and siloxy implementation led to the formation of 
the sandwich complexes as the major ligand rearrangement 
products (Scheme 5). A shown in Scheme 3, the exchange 
reactions at 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 
fluorenyl ligand.  

 

 
 

Scheme 5. Ligand scrambling reaction of half-sandwich 
complexes 3OtBu and 3OSiMe3 toward sandwich complexes 
4OtBu and 4OSiMe3 at ambient temperature or crystallization. 

 

The cerous metallocenes 4OtBu and 4OSiMe3 are 
isostructural to 4Pz. Similarly, the Ce−Cnt distances are 
rather short (avg. 2.854 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 homoleptic trivalent complex 
[Ce(OtBu)3]446 display slightly shortened Ce–O distances of 
avg. 2.08 Å (5-coordinate cerium) and [Cp*Ce(OtBu)2]2 
shows slightly elongated terminal Ce‒O dostamces of avg. 
2.120 Å.55  For further comparison, the Ce−O(siloxy) 
distance of 4OSiMe3 appears to be short in comparison to 
those detected in the few known trivalent cerium siloxide 
complexes, like [Ce(OSiPh3)3(thf)3](thf) (avg. 2.222 Å). 

Unlike the chloride/OAr exchange reaction, treatment of 
1Cl with lithium thiomesitolate Li(SC6H2Me3-2,4,6) (= 
LiSMes) at ambient temperature proved less effective. The 
complicated mixture did only produce the partly exchanged 
{Ce3Li}-bimetallic cluster Flu3Ce3(SC6H2Me3-
2,4,6)4Cl3Li(THF)2 (5) (Scheme 6). The small crystalline 
yield of 22% could not be improved by starting out with 
proper stoichiometry, which failed to give the desired 
product. Due to bad crystal quality, the XRD analysis only 
provided the connectivity of 5 (Figure S23) ruling out a 
detailed discussion of the metrical parameters. In 
complex 5, the half-sandwich motif retained but both the 
thiolato and non-exchanged chorido ligands are located 
in bridging positions. Three μ2-thiolato ligands and the 
cerium centers form a distorted 6-membered ring, with 
μ3-chloridos above and below this metallacycle. The 
symmetry of the structure is broken by a “non-reacted” 
LiSMes(THF) fragment, which connects to two cerium 
centers via the μ2-thiolato and a μ2-chlorido ligand, 
respectively. Overall, each cerium center is 6-coordinate 
with distorted pseudo-octahedral coordination geometries, 
but interestingly each cerium center exhibits a distinct 
ligand sphere. Applying a protonolysis protocol a structural 
related non-ate complex [Cp*2Ce(SPh)]2 could be accessed  
by reaction of Cp*3Ce with PhSSPh with coupling product 
Cp*‒Cp* as byproduct.56  

 

 
 

Scheme 6. Salt-metathesis reactions of 1Cl showing 
incomplete Cl/thiolato exchange forming the {Ce3Li}-
bimetallic cluster 5, and rapid ligand rearrangement 
toward homoleptic Ce(dipp)3 (6). 

 

Examination of increasingly basic ligands in exchange 
reactions according to Scheme 3 did lead to decomposition 
or follow-up reactivity such as ligand scrambling. This was 
the case for amides LiNH2, LiNMe2, LiNiPr2 and silylamides 
Li(N(SiHMe2)2 and LiN(SiMe3)2, where complicated product 
mixtures were observable via NMR spectroscopy. Products 
identified form these reactions are LiFlu(THF)3 (Figure S24) 



 

 

and Ce[N(SiMe3)2]3. The rapid formation of non-targeted 
decomposition products was also observed for alkyls MeLi, 
KBn, LiCH2SiMe3 and nBuLi. In contrast, treatment of 1Cl 
with potassium 2,4-diisopropylpentadienide (Kdipp) salt 
Kdipp with 1Cl led to a rather directed ligand 
rearrangement, affording bright orange donor-free 
Ce(dipp)3 (6) in 65% yield. This corresponds to a nearly 
complete conversion of Kdipp. The ligand rearrangement to 
6 seems similar to that occurring along the 
cyclopentadienyl derivative 3Cp, but more pronounced and 
faster, possibly due to the haptotropic coordination 

switches assessable to “open” pentadienyls. The respective 
half-sandwich complex could not be obtained, even at −40°. 
The direct synthesis using a 1:3 mixture of CeCl3(thf)1.04 and 
Kdipp gave 6 in a crystalline yield of 91%.57 The solid-state 
structure of complex 6 (Figure 6) is isostructural to 
Ce(pdl)3 (pdl= 2,4-tBu2C5H5),57 showing a typical short-
long-short-long pattern across the pentadienyl ligand 
indicative of ionic bonding. The Ce−Cnt distance averages 
2.395 Å, thus being slightly longer than the respective one 
in Ce(pdl)3 (avg. 2.373 Å).57 

 

Table 1. Overview of selected interatomic distances (Å) and angles (deg) of the compounds 1Cl, 1I, 2, 3Cp, 3OAr, 3Pz, 3Pz,THF, 
4Pz, 4OtBu, 4OSiMe3, and 6 (Cnt = Flu/Cp ring centroid) 

 

 

Ce−C(Flu)range Ce−C(F
lu) avg. 

Ce−Cn
t (Flu) 

Ce−X X−R  Cnt
−Ce− 
Cnt 

Cnt−C
e−X 

Ce−X−R 

FluCeCl2(THF)3 (1Cl) 

(X=Cl) 

2.756(3) (C1) –  

2.965(3) (C7) 

2.860 2.595 2.7360(9) 

2.7379(8) 

− − 102.3  

100.8  

− 

FluCeI2(THF)3 (1I) 

(X=I) 

2.752(3) (C1) – 

2.967(3) (C7) 

2.856 2.590 3.1323(3) 

3.1836(3) 

–      − 101.58 − 

FlutBu3Ce(THF) (2) 

(X=C55, R=C) 

2.722(3) (C33) – 

3.083(3) (C6) 

2.870 2.578 

2.613 

3.212 

2.648(3) 

4.030(3) 
(C49) 

1.441(4) 

1.448(4) 

123.1 

119.0 

104.4 

99.2 

112.8 

110.3(2) 

92.5(2) 

FluCeCp2(THF) (3Cp) 

(X/R=C(Cp)) 

* X=Cnt(Cp) 

2.7967(2) (C23) –  

2.984(2) (C17) 

2.905 2.637 2.535* 

2.560*  

1.396(3) 
– 1.413(3) 

 

118.7 

116.6 

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) 

2.212(1) 

1.342(2) 

1.344(2) 

− 116.5 

112.3  

174.5(1)  

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) 

2.476(4) 

2.443(4) 

2.486(4) 

1.387(5) 

1.402(5) 

 

− 102.8 72.3(2) 

75.2(2) 

 

FluCe(Me2Pz)2(THF)5  

(3Pz,THF) 

(X/R=N) 

6.498 (C36) – 

7.219 (37) 

6.910 6.822 2.48(2)  

2.47(2) 

1.40(3) 

1.37(4)  

− 75.3  

103.3  

100.0  

81.3  

73(1) 

75(1) 

Flu2Ce(Me2Pz)(THF) 

(4Pz) 

(X/R=N) 

 

2.714(3) (C1) – 

2.946(3) (C7) 

2.849 2.574 2.406(3) 

2.419(3) 

1.397(4)  

 

125.6 105.0  

1071  

101.8  

128.6  

72.7(2) 

73.7(2) 

Flu2Ce(OtBu)(THF) 

(4OtBu) 

(X=O, R=C) 

2.765(6) (C26) – 

2.927(C6) 

2.863 2.588 

2.581 

2.096(4) 1.424(8) 125.1 113.4 

109.0 

172.7(4) 

Flu2Ce(OSiMe3)(THF)        

(4OSiMe3) 

(X=O, R=Si) 

2.737(5) (C13) – 

2.944(5) (C6) 

2.845 2.587 

2.579 

2.133(4) 1.619(4) 126.3 110.1 

111.0 

173.2(2) 

Ce(dipp)3 6 2.718(3) (C14) – 

2.866(13) (C1) 

2.818 2.401 

2.392 

2.391 

    − − 120.4 

120.5 

119.1 

− − 



 

 

 
Scheme 7. Proposed reaction pathway of 1Cl with hexachloroethane yielding mixtures of 9-chlorofluorene and bifluorene. 

 

 
 

Figure 6. Crystal structure of Ce(dipp)3 (6). Hydrogen 
atoms are omitted for clarity. Atomic displacement 
ellipsoids are set at the 30% probability level. Selected 
interatomic distances and angles are listed in Table 1.  

 

Reactivity toward Oxidants: Radical Coupling. Aiming 
at cerium(IV) complexes, the reactivity of the obtained 
cerium(III) compounds toward  common oxidation agent 
C2Cl6 was examined. In addition, the reaction of 1Cl with 
several oxidation reagents (C2Cl6, TeBr4, I2, 1,4-
benzoquinone) was investigated more closely. Addition of 
one half an equivalent of hexachloroethane to an orange 
solution of half-sandwich complex 1Cl gave instantly a 
colorless reaction mixture. Its 1H NMR spectrum revealed 
the presence of only diamagnetic products, with the proton 
positioned at the 5-membered ring acting as a useful probe. 
Instead of a diamagnetic cerium(IV) species, like putative 
“FluCeCl3(THF)x”, the formation of a mixture of 9-
chlorofluorene (5.92 ppm in thf-d8) and 1,1’-bifluorene 
(4.80 ppm in CDCl3) was observed (Scheme 7). Apart from 
1,1’-bifluorene, CeCl3(THF)4 could be analyzed by XRD. 
Crystalline CeCl3(THF)4 could be obtained after separation 
of the organic components by toluene extraction. The 
formation of 1,1’-bifluorene strongly indicates the presence 
of transient fluorenyl radicals, possibly emerging from a 
short-lived cerium(IV) species in solution (Scheme 7). This 
redox behavior is a favored reaction path in organocerium 
chemistry,22, 58 and was recently observed along the 
formation of metallocene Cp*2CeR2 yielding 1,1*-

bis(pentamethylcyclopentadiene) as a side product.25, 41 A 
radical pathway is also strongly suggested by the formation 
of 9-chlorofluorene. Interestingly, the 1,1’-bifluorene/9-
chlorofluorene product ratio can be controlled to some 
extent via the amount of C2Cl6. When treating 1Cl with a 
large excess of C2Cl6 only the formation of 9-chlorofluorene 
was observed. Addition of 1.1 equivalents of C2Cl6 resulted 
in 93% selectivity for 9-chlorofluorene, beside 5% 9-H-
fluorene (HFlu) and 2% bifluorene. Employing 0.45 
equivalents of C2Cl6 instead, 81% bifluorene was generated, 
with HFlu (17%) and 9-chlorofluorene (2%) as byproducts. 
The reaction of 1Cl with other halogenating agents like I2 or 
TeBr4 gave bifluorene as well (72% and 22%, respectively), 
along with the respective 9-halogenidofluorenes as side 
product. Additionally, the formation of minor amounts of 
HFlu (3.49 ppm in thf-d8, 3.89 ppm in C6D6) was observed. 
C2Cl6 was tested on the other fluorenyl complexes as well 
resulting similarly in mixtures of fluorenyl species with no 
isolable cerium(IV) species. In contrast, Ce(dipp)3 (6) 
behaved inert toward the halogenating agents under study.  

Clearly, the reactivity of cerium(III) fluorenyl complexes 
toward halogenating oxidants follows a reaction path 
different from that of cyclopentadienyl derivatives. For 
example, the transformation of cerous CpMe3Ce(THF) to 
ceric CpMe3CeX (X=Cl, Br, I) proceeds smoothly. The 
feasibility of η5η3η1 coordination switches, even of 
charge-separated fluorenyl anion in donor solvents such as 
THF, trigger decomposition pathways, characteristic of 
cerium(IV) complexes.21, 24, 59 η3 and η1 coordination would 
involve highly elusive Ce(IV) allyl and alkyl species, 
respectively. On the other, the radical pathways observed in 
this study might be exploited for carbon carbon bond 
formation reactions otherwise difficult to achieve. The 
coupling of fluorene to 1,1’-bifluorene by radical pathways 
is common in d-block metal chemistry, as revealed for, e.g., 
iron(III)-isoporphyrin complexes or, even in a catalytic 
manner, for Ru3(CO)12 or CoCl2.60-62  

In order to expand the scope of potential cerium redox 
chemistry, 1,4-benzoquinone was probed as non-
halogenating oxidant.45 Correspondingly, treatment of a 
solution of 1Cl with 1,4-benzoquinone led to an immediate 
color change to dark blue and subsequently the formation 
of a suspension. The suspension consisted of a colorless 
solution, with fluorene and bifluorene as the major 
diamagnetic components, as well as of a deep blue solid, 
insoluble in any organic solvents. Although we did not 
attempt to identify the intensely colored residues, it can be 



 

 

hypothesized that the redox chemistry will involve the 
formation of cerous semiquinolate derivatives.45 The 
possibility of C‒C coupling using C2Cl6 as reagent was tested 
on Bz3Ce (Bz = benzyl), too, resulting quantitatively in the 
formation of benzylchloride and Ind3Ce(thf), which 
produced 1-chloroindene and CeCl3 as side product.  

CONCLUSIONS 

The synthesis and derivatization of FluCeX2(THF)3 (X=Cl, 
I) showcases the feasibility of fluorenyl-based cerium half-
sandwich complexes. Respective salt metathesis reactions 
give easy access to momomeric alkoxy, siloxy, aryloxy, 
pyrazolato and cyclopentadienyl derivatives 
FluCeR2(THF)x. With the exception of the aryloxy complex 
FluCe(OC5H3iPr2-2,6)2(THF), all compounds readily 
engage in ligand rearrangement processes to form 
sandwich complexes Flu2CeR(THF). The routine 
sandwich-type structural motif with staggered 5-
coordinated fluorenyl ligands has been elucidated for R 
= OtBu, OSiMe3, and Me2Pz. The potential η5η3η1 
coordination switch has been detected in the solid-state 
structure of tris(fluorenyl) FlutBu3Ce(THF), which 
features two fluorenyl rings in η5 and one in η1 
coordination mode. This coordinative flexibility most 
likely bears on the cerium(III/IV) redox chemistry, so far 
counteracting the isolation of a cerium(IV) fluorenyl 
compound. However, the reaction of complex 
FluCeCl2(THF)3 with halogenating oxidants like C2Cl6 can 
be tuned to selectively form 1,1’-bifluorene or 9-
chlorofluorene, according to radical pathways. 

EXPERIMENTAL SECTION 

All operations were performed under rigorous exclusion 
of oxygen and moisture in an argon atmosphere, using 
standard Schlenk, high-vacuum, and glovebox techniques 
(MB Braun MB150B-G-I; <0.1 ppm of O2, <0.1 ppm of H2O). 
Solvents were dried and degassed prior to use and provided 
by an MBraun SPS800. Benzene-d6 (99.5%) was received 
from Deutero GmbH and THF-d8 from Eurisotop. The 
deuterated solvents were dried over NaK alloy for a 
minimum of 48 h and filtered through a filter pipette 
(Whatman) before use. Anhydrous CeCl3 (99.99%) (Sigma 
Aldriche) was converted into CeCl3(THF)1.04 via Soxhlet 
extraction. Hexachloroethane, NaOtBu, NaOSiMe3, and CeI3 
were purchased from Sigma-Aldrich and used as received. 
NaCp63 and NaOAr64, KFlu65, LiSMes66, KMe2Pz67, Kdipp68, 
Ce(CH2Ph)3,69 and Ind3Ce(THF)59 were prepared according 
to literature procedures. NMR spectra were recorded on a 
Bruker AVII + 400 (1H: 400.13 MHz; 13C: 100.61 MHz), AVI 
+ 300 (29Si: 79.5 MHz) or AVII + 500 (1H: 500.13 MHz; 13C: 
125.76 MHz) spectrometer in dried and deuterated 
solvents. DRIFT spectra were recorded on a ThermoFisher 
Scientific NICOLET 6700 FTIR spectrometer using dried 
KBr and KBr windows. The collected data were converted 
using the Kubelka−Munk re]inement. CHN elemental 
analyses were performed on an Elementar Vario MICRO 
cube.  

FluCeCl2(THF)3 (1Cl). CeCl3(thf)1.04 (824.5 mg, 2.564 
mmol) and KFlu (524.0 mg, 2.564 mmol) were 

suspended in THF (18 mL) and stirred for 7 d at ambient 
temperature. The mixture was filtered and the filtrate 
concentrated multiple times to yield crystals of 1Cl 
(1.369 g, 2.310 mmol, 90%) at −40 °C suitable for XRD. 
1H NMR (400.1 MHz, THF-d8, 26°C): δ = 8.56 (s, 2H, Flu), 
3.80 (s, 3H, Flu), 3.62 (m, 12H, THF), 3.13 (s, 2H, Flu), 
2.15 (s, 2H, Flu), 1.78 (m, 12H, THF) ppm. DRIFT: �� = 
3041 (w), 2981 (m), 2883 (m), 1594 (w), 1475 (m), 1444 
(m), 1328 (s), 1223 (m), 1198 (w), 1118 (vw), 1019 (s), 
986 (vw), 915 (w), 863 (s), 753 (vs), 726 (s), 436 (m), 
423 (w) cm-1. Elemental analysis (%) calcd for 
C25H33CeCl2O3 (592.55 g mol−1): C 50.67, H 5.31; found: C 
49.84, H 5.37. 

FluCeI2(THF)3 (1I). CeI3 (200.4 mg, 0.3848 mmol) and 
KFlu (78.6 mg, 0.3848 mmol) were suspended in THF 
(15 mL) and stirred for 3 d at ambient temperature. The 
mixture was filtered and the filtrate concentrated to 
yield yellow crystals of 1I (259.0 mg, 0.3682 mmol, 96%) 
at −40°C. 1H NMR (400.1 MHz, THF-d8, 26°C): δ = 11.41 
(s, 2H, Flu), 5.00 (s, 2H, Flu), 3.66 (s, 12H, THF), 2.51 (s, 
2H, Flu), 2.34 (s, 2H, Flu), 1.81 (s, 12H, THF) ppm. DRIFT: 
�� = 3028 (w), 2980 (s), 2885 (m), 1594 (w), 1475 (m), 
1444 (m), 1346 (vw), 1326 (m), 1221 (w), 1198 (w), 
1037 (vw), 1013 (vs), 924 (w), 880 (vs), 851 (vs), 830 
(s), 757 (vs), 745 (s), 727 (s), 709 (w), 668 (w), 439 (w) 
cm-1. Elemental analysis (%) calcd for C21H25CeI2O2 
(703.35 g mol−1): C 35.86, H 3.58; found: C 36.33, H 4.29. 

(FlutBu)3Ce(THF) (2). CeCl3(thf)1.04 (103.7 mg, 0.3276 
mmol) and KFlutBu (105.3 mg, 0.3276 mmol) were 
suspended in THF (18 mL) and stirred for 2 d at ambient 
temperature. The mixture was filtered and the filtrate 
concentrated to yield yellow crystals of 2 (64.9 mg, 
0.0621 mmol, 19%) at −40 °C suitable for X ray 
diffraction. 1H NMR (400.1 MHz, THF-d8, 26°C): δ = 10.47 
(s, 3H, Flu), 8.68 (s, 3H, Flu), 8.32 (s, 3H, Flu), 7.37 (s, 3H, 
Flu), 5.28 (s, 3H, Flu), 3.65 (m, 4H, THF), 2.82 (s, 3H, Flu), 
1.81 (m, 4H, THF), 1.67 (s, 3H, Flu), 1.05 (s, 54H, tBu) 
ppm. DRIFT: �� = 2960 (vs), 2902 (m), 2866 (m), 1590 
(s), 1479 (w), 1460 (w), 1392 (vw), 1361 (m), 1338 (m), 
1305 (vw), 1260 (s), 1207 (w), 1086 (w), 908 (w), 864 
(w), 802 (s), 745 (m), 729 (vs), 694 (vw), 671 (s), 653 
(w) cm-1. Elemental analysis (%) calcd for C67H83CeO 
(1044.52 g mol−1): C 77.04, H 8.01; found: C 76.82, H 7.79. 

FluCe(OC6H3iPr2-2,6)2(THF)2 (3OAr). Compound 1Cl 
(53.7 mg, 0.0906 mmol) was dissolved in THF (10 mL) 
and Na(OC6H3iPr2-2,6) (36.3 mg, 0.181 mmol) was added 
at ambient temperature. The mixture was stirred for 18 
h at ambient temperature. Then the mixture was 
filtrated, the solution evaporated to dryness and the 
residue extracted with toluene (10 mL). Upon 
concentration and storage at −40 °C 3OAr was obtained as 
bright red crystals (59.5 mg, 0.0740 mmol, 82%). 1H 
NMR (400.1 MHz, THF-d8, 26°C): δ = 27.45 (s, 1H, FluH), 
15.71 (s, 3H), 12.97 (d, JHH = 5.9 Hz; 4H, m-Ar), 11.01 (s, 
2H), 6.67 (s, 2H), 3.84 (s, 2H), 3.65 (m, 8H, THF), 3.48 (s, 



 

 

12H, CH(CH3)2), 2.03 (s, 2H), 1.81 (m, 8H, THF), 0.74 (s, 
2H), −0.07 (s, 2H) ppm. DRIFT: �� = 2957 (s), 2863 (w), 
1589 (w), 1460 (m), 1431 (vs), 1357 (w), 1324 (s), 1261 
(vs), 1222 (w), 1203 (s), 1103 (vw), 1025 (m), 884 (m), 
866 (m), 850 (s), 762 (m), 750 (s), 733 (w), 722 (w), 703 
(vw), 691 (w), 565 (m) cm-1. Elemental analysis (%) 
calcd for C45H59CeO4 (804.08 g mol−1): C 67.22, H 7.40; 
found: C 66.77, H 6.89. 

FluCeCp2(THF) (3Cp). Compound 1Cl (70.7 mg, 0.119 
mmol) was dissolved in THF (12 mL) and NaCp (21.0 mg, 
0.239 mmol) was added at −40 °C. The mixture was 
stirred for 18 h at −40 °C. The mixture was then filtrated 
at −40 °C, the solution evaporated to dryness and the 
residue extracted with toluene (10 mL). Upon 
concentration and storage at −40 °C, 3Cp was obtained as 
orange crystals (41.3 mg, 0.0814 mmol, 68%) suitable 
for XRD. 1H NMR (400.1 MHz, THF-d8, 26°C): δ = 26.41 (s, 
1H, FluH), 10.05 (s, 10H, CpH), 8.35 (s, 2H, Flu), 4.27 (s, 
2H, Flu), 3.85 (s, 2H, Flu), 2.94 (s, 2H, Flu), −3.77 (s, 4H, 
THF), −7.82 (s, 4H, THF) ppm. DRIFT: �� = 3039 (m), 
2956 (m), 1590 (w), 1558 (vw), 1471 (w), 1444 (w), 
1328 (m), 1224 (w), 1199 (w), 1016 (m), 985 (vw), 560 
(w), 783 (s), 765 (s), 754 (vs), 728 (m), 567 (vw), 496 
(vw), 443 (m), 421 (w) cm-1. Elemental analysis (%) 
calcd for C27H27CeO (507.63 g mol−1): C 63.88, H 5.36; 
found: C 63.49, H 5.21. 

FluCe(OSiMe3)2(THF) (3OSiMe3). Compound 1Cl (63.5 
mg, 0.107 mmol) was dissolved in THF (10 mL) and 
NaOSiMe3 (24.0 mg, 0.214 mmol) was added at ambient 
temperature. The mixture was stirred for 6 h while 
turning pale orange, evaporated to dryness and 
subsequently the residue extracted with toluene (10 
mL). Concentration and storage at −40 °C gave orange 
crystals of 3OSiMe3 (46.0 mg, 0.0828, 77%). The crystals 
proved not suitable for XRD (amorphous or intergrown), 
but dark orange crystals of 4OtBu could be hand-picked 
among the bulk of 3OtBu. 1H NMR (400.1 MHz, THF-d8, 
26°C): δ = 10.90 (s, 18H, SiMe3), 6.05 (s, 3H, Flu), 4.77 (s, 
6H, Flu), −0.87 (s, 4H, THF), −4.63 (s, 4H, THF) ppm. 
DRIFT: �� = 3060 (w), 3038 (w), 2950 (s), 1590 (vw), 
1473 (vw), 1446 (m), 1402 (w), 1325 (w), 1298 (vw), 
1245 (s), 1019 (w), 1000 (w), 942 (vs), 889 (s), 836 (s), 
737 (vs), 697 (vs), 673 (vs), 423 (m) cm-1. Elemental 
analysis (%) calcd for C23H35CeO3Si2 (555.82 g mol−1): C 
49.70, H 6.35; found: C 50.53, H 6.38. 

FluCe(OtBu)2(THF) (3OtBu). Compound 1Cl (90.5 mg, 
0.153 mmol) was dissolved in THF (12 mL) and NaOtBu 
(29.4 mg, 0.306 mmol) was added at −40 °C. The mixture 
was stirred for 18 h at −40 °C while the solution turned 
from orange to yellow. The mixture was then filtrated 
−40 °C, the solution evaporated to dryness and the 
residue extracted with toluene (10 mL). Upon 
concentration and storage at −40 °C 3OtBu was obtained 
as yellow crystals (55.8 mg, 0,107 mmol, 70%). The 
crystals proved not suitable for XRD (amorphous), but 

orange crystals of 4OtBu could be hand-picked among the 
bulk of 3OtBu.   1H NMR (400.1 MHz, THF-d8, 26°C): δ = 
20.34 (s, 4H), 14.13 (s, 3H), 9.47 (s, 2H), 7.15 (s, 6H), 5.79 
(s, 3H), 4.98 (s, 7H), −3.61 (s, 8H), −12.09 (s, 2H) ppm. 
DRIFT: �� = 3039 (vw), 2962 (vs), 1589 (vs), 1469 (w), 
1445 (w), 1355 (m), 1325 (m), 1222 (s), 1194 (vs), 1021 
(vw), 980 (vs), 932 (s), 893 (w), 752 (s), 740 (m), 725 
(m), 516 (m), 478 (m), 434 (w) cm-1. Elemental analysis 
(%) calcd for C25H35CeO3 (523.67 g mol−1): C 57.34, H 
6.74; found: C 56.27, H 7.59. 

FluCe(Me2Pz)2(THF)2 (3Pz). Compound 1Cl (82.4 mg, 
0.139 mmol) was dissolved inTHF  (10 mL) and KMe2Pz 
(37.3 mg, 0.278 mmol) was added at −40 °C. The mixture 
was stirred for 6 h at −40 °C. The mixture was then 
filtrated −40 °C, toluene (15 mL) was added, and the 
solution concentrated. Storage at −40 °C yielded 3Pz as 
orange crystals (54.8 mg, 0,0857 mmol, 62%). 1H NMR 
(400.1 MHz, THF-d8, 26°C): δ = 12.54 (s, 2H), 11.77 (s, 
1H), 7.86 (s, 2H), 6.21 (s, 4H), 5.83 (s, 12H, Pz(CH3)2), 
3.65 (m, 12H, THF), 1.81 (m, 12H, THF) ppm. DRIFT: �� = 
3036 (m), 2980 (m), 2917 (m), 1591 (w), 1515 (vs), 
1473 (m), 1429 (s), 1366 (vw), 1325 (s), 1222 (m), 1198 
(w), 1029 (s), 1007 (s), 986 (w), 959 (w), 920 (vw), 874 
(s), 770 (m), 752 (vs), 731 (s), 724 (s), 693 (m), 433 (m) 
cm-1. Elemental analysis (%) calcd for C31H39CeN4O2 
(639.80 g mol−1): C 58.20, H 6.14, N 8.76; found: C 55.52, 
H 6.09, N 8.50 (no better elemental analysis could be 
obtained).  

Flu2Ce(Me2Pz)(THF) (4Pz). Compound 1Cl (109.3 mg, 
0.1845 mmol) was dissolved in THF (12 mL) and KMe2Pz 
(49.5 mg, 0.3689 mmol) was added at ambient 
temperature. The mixture was stirred for 6 h, filtrated, 
and the filtrate evaporated to dryness. Upon extraction 
with toluene (12 mL), concentration and storage at −40 
°C 2Pz was obtained as orange crystals (43.5 mg, 0.0682 
mmol, 37%). 1H NMR (400.1 MHz, THF-d8, 26°C): δ = 
12.60 (s, 1H, PzH), 7.82 (s, 4H, Flu), 7.32 (s, 6H, Flu), 5.85 
(s, 6H, Flu), 5.37 (s, 2H, Flu), 3.91 (s, 6H, Pz(CH3)2), 3.65 
(m, 4H, THF), 1.81 (m, 4H, THF) ppm. DRIFT: �� = 3030 
(m), 2919 (w), 1591 (m), 1516 (m), 1473 (m), 1443 (m), 
1431 (s), 1326 (s), 1222 (m), 1199 (m), 1023 (w), 1003 
(w), 986 (vw), 871 (w), 773 (w), 750 (vs), 729 (s), 692 
(w), 432 (m), 422 (m) cm-1. Elemental analysis (%) calcd 
for C35H33CeN2O (637.78 g mol−1): C 65.91, H 5.22, N 4.39; 
found: C 65.26, H 5.72, N 5.00. 

Flu3Ce3(SC6H2Me3-2,4,6)4Cl3Li(THF)2 (5). Compound 
1Cl (47.5 mg, 0.0802 mmol) was dissolved in THF (12 
mL) and Li(SC6H2Me3-2,4,6) (30.2 mg, 0.159 mmol) was 
added at ambient temperature. The mixture was stirred 
for 6 h, filtrated, and the filtrate evaporated to dryness. 
Upon extraction with toluene (12 mL), concentration 
and storage at −40 °C 5 was obtained as yellow crystals 
(10.6 mg, 0.00596 mmol, 22%). Elemental analysis (%) 
calcd for C83H87Ce3Cl3LiO2S4 (1778.53 g mol−1): C 56.05, 
H 4.93, S 7.21; found: C 55.85, H 5.27, S 6.73. 



 

 

Ce(dipp)3 (6). CeCl3(THF)1.04 (81.4 mg, 0.253 mmol) and 
Kdipp (144.7 mg, 0.761 mmol) were suspended in THF 
(15 mL) and stirred for 20 h at ambient temperature. The 
red mixture was filtrated, evaporated to dryness and the 
residue extracted with toluene (15 mL). Upon 
concentration and storage at −40 °C bright orange 
crystals of 6 (137.1 mg, 0.2308 mmol, 91%) suitable for 
XRD had formed. 1H NMR (400.1 MHz, THF-d8, 26°C): δ = 
17.94 (s, 6H, CH(CH3)2), 15.39 (s, 3H, CH-3), 3.17 (s, 18H, 
CH(CH3)2), 2.81 (s, 6H, CHterminal), −6.79 (s, 18H, 
CH(CH3)2), −7.39 (s, 6H, CHterminal) ppm. DRIFT: �� = 3088 
(w), 2962 (vs), 2924 (m), 2866 (m), 1556 (w), 1528 (w), 
1453 (s), 1375 (m), 1358 (s), 1326 (w), 1228 (vw), 1163 
(w), 1148 (w), 1087 (m), 906 (vw), 798 (s), 769 (s), 652 
(w), 596 (w) cm-1. Elemental analysis (%) calcd for 
C33H57Ce (593.94 g mol−1): C 66.74, H 9.67; found: C 
66.29, H 9.57. Alternative route to 6: compound 1Cl (47.0 
mg, 0.0793 mmol) was dissolved in THF (12 mL) and 
Kdipp (30.2 mg, 0.159 mmol) was added at ambient 
temperature. The mixture was stirred for 6 h, filtrated, 
and the filtrate evaporated to dryness. Upon extraction 
of the residue with toluene (12 mL), concentration and 
storage at −40 °C 6 was obtained as bright orange 
crystals (30.5 mg, 0.0514 mmol, 65%).  

Reactivity toward oxidation agents.  

Compound 1Cl (81.2 mg, 0.137 mmol) was dissolved in 
THF (5 mL) and a solution of C2Cl6 (15.6 mg, 0.0659 
mmol) in THF (2 mL) was added at ambient temperature. 
The reaction turned pale yellow instantly and upon 
toluene extraction 21.2 mg of colorless solid were 
obtained (94% when relating to bifluorene) The 1H NMR 
spectrum showed a mixture of 1,1’-bifluorene (81%), 
fluorene (17%) and 9-chlorfluorenyl (2%). Upon 
crystallization 1,1’-bifluorene was revealed.   

Compound 1Cl (50.8 mg, 0.0857 mmol) was dissolved in 
THF (5 mL) and a solution of C2Cl6 (24.6 mg, 0.104 mmol) 
in THF (2 mL) was added at ambient temperature. The 
reaction turned pale rose and upon toluene extraction 
20.4 mg of a colorless solid were obtained. The 1H NMR 
spectrum showed a mixture of 9-chlorofluorene (93%), 
fluorene (5%) and 1,1’-bifluorene (2%).   

Compound 1Cl (17.4 mg, 0.0294 mmol) was dissolved in 
THF (2 mL) and a solution of benzylchloride (3.7 mg, 
0.0294 mmol) in THF (1 mL) was added at ambient 
temperature. The reaction turned pale yellow instantly. 
The solvent was removed under reduced pressure and 
the 1H NMR spectrum revealed 1-benzyl-fluorene as only 
product in quantitative yield after toluene extraction.   

Compound 1Cl (34.8 mg, 0.0587 mmol) was dissolved in 
THF (3 mL) and a solution of I2 (7.5 mg, 0.0294 mmol) in 
THF (1 mL) was added at ambient temperature. The 
reaction turned pale yellow instantly and a colorless 
precipitation occurred (CeCl3(THF)x). Upon solvent 

removal and toluene extraction a pale yellow solid was 
obtained in quantitative yield, which was analyzed as 
1,1’-bifluorene.   

Compound 1Cl (29.9 mg, 0.0505 mmol) was dissolved in 
THF (3 mL) and a solution of TeBr4 (5.6 mg, 0.0126 
mmol) in THF (2 mL) was added at ambient temperature. 
The reaction turned yellow instantly and a black 
precipitation (Te(0)) occurred. The 1H NMR spectrum 
revealed a mixture of 1,1’-bifluorene, 9-bromofluorene 
and fluorene. The obtained crystals were analyzed by 
XRE as CeBr3(THF)3.   
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NMR spectra 

*  solvent, #  small impurities 

 

 

Figure S1. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of FluCeCl2(THF)3 (1Cl) (* SiMe4). 

 

 

 

 

Figure S2. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of FluCeI2(THF)3 (1I). 

 

* * 

* 

* 

* 



S3 

 

 

 

 

Figure S3. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of FlutBu
3Ce(THF) (2). 

 

 

 

 

Figure S4. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of FluCe(OC6H3iPr2-2,6)2(THF)2 (3OAr). 
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Figure S5. 1H NMR spectrum (400.1 MHz,THF-d8, 26 °C) of FluCeCp2(THF) (3Cp).  

 

 

 

 

Figure S6. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of FluCe(OSiMe3)2(THF) (3OSiMe3). 
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Figure S7. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of FluCe(OtBu)2(THF) (3OtBu). 

 

 

 

 

Figure S8. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of FluCe(Pz)2(THF)2 (3Pz). 
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Figure S9. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of Flu2Ce(Pz)(THF) (4Pz). 

 

 

 

 

Figure S10. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of Ce(dipp)3 (6). 
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NMR Spectra of Reactions with Oxidants  

 

Cl H

HH

H H

 

Figure S11. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of the reaction of FluCeCl2(THF)3 (1Cl) with <0.5 equiv. 
C2Cl6 affording 1,1’-bifluorene.  

 

 

Figure S12. 1H NMR spectrum (400.1 MHz,C6D6, 26 °C) of the reaction of FluCeCl2(THF)3 (1Cl) with >1 equiv. 
C2Cl6 affording 9-chlorofluorene.  
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Figure S13. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of the reaction of FluCeCl2(THF)3 (1Cl) with excess 
C2Cl6 affording 9-chlorfluorene.  

 

 

Figure S14. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of the reaction of FluCeCl2(THF)3 (1Cl) with 0.5 equiv. 
I2 affording mainly 1,1’-bifluorene and fluorene.  
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Figure S15. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of the reaction of FluCeCl2(THF)3 (1Cl) with 0.25 
equiv. TeBr4 affording mainly 1,1’-bifluorene and fluorene.  

 

 

Figure S16. 1H NMR spectrum (400.1 MHz, THF-d8, 26 °C) of the reaction of FluCeCl2(THF)3 (1Cl) with 1 equiv. 
benzylchloride affording mainly 9-benzylfluorene.  
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Figure S17. 1H NMR spectrum (400.1 MHz, THFd8, 26 °C) of the reaction of FluCeCl2(THF)3 (1Cl) with 1 equiv. 
1,4-benzoquinone affording mainly 1,1’-bifluorene.  

 

 

 

 

Figure S18. 1H NMR spectrum (400.1 MHz, thf-d8, 26 °C) of the reaction of FluCe(OAr)2(THF)2 (3OAr) with C2Cl6 

affording fluorene (+) and small paramagnetic signals (#). 

 

 

 

 

 

* 

* * 

* 

* 

1 2 3 4 

1 

2 
3 

4 

3 

# # # 



S11 

 

 

 

Figure S19. 1H NMR spectrum (400.1 MHz, thf-d8, 26 °C) of the reaction of Ind3Ce(THF) with 1.5 equiv. C2Cl6 

affording 1-chloroindene.  

 

 

 

Figure S20. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of the reaction of Ce(CH2Ph)3
 with 1.5 equiv. C2Cl6 

affording benzylchloride.  
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Solid-State Structures 

Crystals for X-Ray crystallography were grown using saturated solutions of toluene (1Cp, 1OAr, 2OtBu, 

2OSiMe3, 2Pz, 4 and 5) or thf (1Cl, 1I, 1Pz(thf)2, 1Pz(thf)4, 3).  Suitable crystals for X-Ray analysis were 

handpicked in a glovebox, coated with Parabar 10312 and stored on microscope slides. Data collection 

were done on a Bruker APEX II Duo diffractometer by using QUAZAR optics and Mo Kα (λ = 0.71073 

Å). The data collection strategy was determined using COSMO[4] employing ω scans. Raw data were 

processed by APEX[5] and SAINT,[6] corrections for absorption effects were applied 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] Plots were generated by using CCDC Mercury 

3.19.1.[10] Further details regarding the refinement and crystallographic data are listed in Table S3 and 

in the CIF files.  

 

 

[1] COSMO, v. 1.61; Bruker AXS Inc., Madison, WI, 2012. 

[2] APEX 3, v. 2016.5-0; Bruker AXS Inc., Madison, WI, 2012. 

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

[4] L. Krause, R. Herbst-Irmer, G. M. Sheldrick, D. Stalke, J. Appl. Cryst. 2015, 48, 3-10. 

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

[6] C. B. Hübschle, G. M. Sheldrick, B. J. Dittrich, J. Appl. Cryst. 2011, 44, 1281-1284. 

[7] C. F. Macrae, I. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe, E. Pidcock, L. 
Rodriguez-Monge, R.Taylor, J. van de Streek, P. A. Wood, J. Appl. Cryst. 2008, 41, 466-470. 
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Table S1. Collection of crystallographic data of 1Cl, 1I, 2, 3Cp, 3Pz, 3Pz,THF, 3OAr, 4OtBu, 4OSiMe3, 4Pz, 5, LiFlu(THF)3, 
and 6 

 1Cl 1I 2 3Cp 3Pz 

formula C25H33CeCl2O3 C25H33CeI2O3 C74H91CeO C27H27CeO C31H39CeN4O2 

M [� ·

�����] 

592.53 775.43 1136.58 507.60 639.78 

� [Å] 0.71073 0.71073 0.71073 0.71073 0.71073 

cell monoclinic monoclinic monoclinic monoclinic monoclinic 

space 

group 

P21/c P21/c P21/c P21/c P21/c 

a [Å] 15.7295(9) 17.7588(12) 13.3994(7) 12.3611(14) 24.742(3) 

b [Å] 19.0754(11) 18.7839(13) 18.7291(10) 9.2882(11) 9.5613(12) 

c [Å] 16.9069(10) 15.9243(11) 24.6500(13) 18.301(2) 25.071(3) 

α [°] 90 90 90 90 90 

β [°] 93.2310(10) 93.7160(10) 100.894(2) 94.103(2) 99.538(3) 

γ [°] 90 90 90 90 90 

V [Å3] 5064.8(5) 5300.9(6) 6074.6(6) 2095.8(4) 5849.0(13) 

Z 8 8 4 4 8 

F(000) 2392 2968 2404 1020 2616 

T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 

ρcalcd [� ·

���] 

1.554 1.943 1.243 1.609 1.453 

µ [mm-1] 2.032 4.070 0.793 2.187 1.590 

R1 

(I>2σ(I)) 

0.0378 0.0288 0.0439 0.0226 0.0399 

ωR2 (all 

data) 

0.0850 0.0710 0.0997 0.0558 0.0945 

Goodness 

of fit 

1.064 1.062 1.017 1.077 1.027 
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Table S2. Collection of crystallographic data of 1Cl, 1I, 2, 3Cp, 3Pz, 3Pz,THF, 3OAr, 4OtBu, 4OSiMe3, 4Pz, 5, LiFlu(THF)3, 
and 6 (continued) 

 3Pz,THF 3OAr 4OtBu 4OSiMe3 4Pz 

formula C43H63CeN4O5 C59H75CeO4 C34H35CeO2 C33H35CeO2Si C35H33CeN2O 

M [� ·

�����] 

856.09 988.31 615.74 631.84 637.75 

� [Å] 0.71073 0.71073 0.71073 0.71073 0.71073 

cell monoclinic monoclinic monoclinic monoclinic monoclinic 

space group Cc P21/c P21/c P21/c P21/c 

a [Å] 19.380(17) 18.1532(12) 12.089(2) 16.683(2) 15.8625(18) 

b [Å] 15.573(14) 13.3312(9) 14.929(3) 9.4666(13) 9.7332(12) 

c [Å] 14.649(14) 21.5653(15) 15.165(2) 19.889(3) 19.971(3) 

α [°] 90 90 90 90 90 

β [°] 107.50(3) 97.5890(10) 95.445(4) 92.109(2) 112.598(2) 

γ [°] 90 90 90 90 90 

V [Å3] 4217(7) 5173.2(6) 2724.7(8) 33138.9(7) 2846.6(6) 

Z 4 4 4 4 4 

F(000) 1788 2076 1252 1384 1292 

T [K] 100(2) 100(2) 100(2) 100(2) 173(2) 

ρcalcd [� ·

���] 

1.349 1.269 1.501 1.434 1.488 

µ [mm-1] 1.126 0.924 1.700 1.519 1.629 

R1 

(I>2σ(I)) 

0.0575 0.0301 0.0498 0.0416 0.0373 

ωR2 (all 

data) 

0.1341 0.0731 0.1083 0.1023 0.0954 

Goodness of 

fit 

1.013 1.027 0.980 1.013 1.035 
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Table S3. Collection of crystallographic data of 1Cl, 1I, 2, 3Cp, 3Pz, 3Pz,THF, 3OAr, 4OtBu, 4OSiMe3, 4Pz, 5, LiFlu(THF)3, 
and 6 (continued) 

 5* FluLi 

(THF)3 

6 

formula C97H103Ce3Cl3LiO2S4 C25H33LiO3 C33H57Ce 

M [� · �����] 1962.68 388.45 593.90 

� [Å] 0.71073 0.71073 0.71073 

cell monoclinic monoclinic monoclinic 

space group P21/n P21/c P21/c 

a [Å] 19.990(2) 7.3630(5) 11.1289(8) 

b [Å] 31.191(3) 14.4664(9) 11.9637(8) 

c [Å] 31.945(3) 20.6822(13) 23.7661(16) 

α [°] 90 90 90 

β [°] 96.918(3) 92.7720(10) 93.3260(10) 

γ [°] 90 90 90 

V [Å3] 19772(3) 2200.4(2) 3159.0(4) 

Z 8 4 4 

F(000) − 840 1252 

T [K] 100(2) 100(2) 100(2) 

ρcalcd [� · ���] − 1.173 1.249 

µ [mm-1] − 0.074 1.458 

R1 (I>2σ(I)) − 0.0421 0.0368 

ωR2 (all data) − 0.1156 0.0899 

Goodness of fit − 1.041 1.022 

*connectivity  
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Figure S21. Crystal structure of 1I. 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. 

 

 

 

Figure S22. Crystal structure of 4OSiMe3. Hydrogen atoms and lattice toluene are omitted for 
clarity. Atomic displacement ellipsoids are set at the 30% probability level. Selected 
interatomic distances and angles are listed in Table 1. 
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Figure S23. Connectivity structure of 5. Hydrogen atoms are omitted for clarity. Atomic 
displacement ellipsoids are set at the 30% probability level.  

 

 

Figure S24. Crystal structure of LiFlu(THF)3. Hydrogen atoms have been omitted for clarity. 
Atomic displacement ellipsoids are set at the 30% probability level. Selected distances and 
angles: Li-C1 2.294(2) Å, Li1-C2/C13 2.673(2) Å, Li1-O 1.879(2) (O1) – 1.973(2) (O2), Li1-
C1-C2 88.71(8)°, Li1-C1-Cnt(Flu) 87.50°.   
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IR Spectra 

 
 

 

 

Figure S25. DRIFT spectrum of FluCeCl2(THF)3 (1Cl).  

 

 

 

 

Figure S26. DRIFT spectrum of FluCeI2(THF)3 (1I).  
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Figure S27. DRIFT spectrum of FlutBu
3Ce(THF) (2).  

 

 

 

 

 

Figure S28. DRIFT spectrum of FluCeCp2(THF) (3Cp).  
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Figure S29. DRIFT spectrum of FluCe(OAr)2(THF)2 (3OAr).  

 

 

 

 

 

Figure S30. DRIFT spectrum of FluCe(OSiMe3)2(THF) (3OSiMe3).  
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Figure S31. DRIFT spectrum of FluCe(OtBu)2(THF) (3OtBu).  

 

 

 

 

 

Figure S32. DRIFT spectrum of FluCe(Pz)2(THF)2 (3Pz).  
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Figure S33. DRIFT spectrum of Flu2Ce(Pz)(THF) (4Pz).  

 

 

 

 

 

Figure S34. DRIFT spectrum of Ce(dipp)3 (6).  
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ABSTRACT: Treatment of Cp*2CeCl2K(THF) with alkali-metal alkoxides and siloxides in the presence of 
hexachloroethane generates the monomeric bis(pentamethylcyclopentadienyl) (Cp*) cerium(IV) complexes 
Cp*2Ce(OR)2 (Cp* = C5Me5; R = Et, iPr, CH2tBu, tBu, SiMe3, SiPh3). Large substituents R trigger ligand scrambling 
to half-sandwich complexes Cp*Ce(OR)3, which could be isolated for R = tBu and SiPh3. Similar reactions with 
sodium aryloxide NaOAr (OAr = OC6H3iPr2-2,6) lead to Cp*2Ce(OAr)Cl. Treatment of tris(cyclopentadienyl) 
complexes CpR3CeCl (CpH = Cp = C5H5, CpMe = C5H4Me) with NaOAr afford CpMe2Ce(OAr)2 and Cp3Ce(OAr), 
respectively. The cerium(IV) complexes display a pseudo-tetrahedral geometry in the solid state. Cyclic 
voltammetry revealed mostly chemical reversible as well as electrochemically quasi-reversible redox processes 
with potentials ranging from −0.84 to −1.61 V vs Fc/Fc+. Switching from sandwich to half-sandwich complexes 
decreased the electrochemical potentials drastically, showing better stabilization of the cerium(IV) center in the 
case of Cp*Ce(OR)3 in contrast to Cp*2Ce(OR)2. Enhanced stabilization of the cerium +IV oxidation state could be 
further demonstrated in the series alkoxy > siloxy > aryloxy as well as C5Me5 > C5HMe4.  

 

INTRODUCTION  

Cyclopentadienyl ligands have played a key role in the 
development of organorare-earth chemistry, including 
that of the most abundant and redox-active element 
cerium.1-3 The first cerium cyclopentadienyl compounds 
were described in 1956 presenting the synthesis of 
ornage-yellow tris(cyclopentadienyl) complex Cp3Ce (Cp 
= C5H5).4 Utilization of the pentamethylcylopentadienyl 
(Cp*) ligand was reported 19 years later leading to the 
isolation of mixed Cp*/halogenido cerium(III) ate 
complexes Cp*2CeCl2K(THF)2 and [Cp*2CeI2][K(THF)2] 
and monomeric half-sandwich compounds like 
Cp*CeI2(THF)3.5-9 In contrast to the smaller parent Cp 
ligand, the homoleptic complex [Cp*3Ce] could not be 
accessed in such salt-metathesis reactions, which instead 
resulted in mixed ligand species. However, the latter 
could be utilized in consecutive salt-metathesis reactions 
to afford, e.g., the alkyl complex Cp*2Ce[CH(SiMe3)2].10,11 
In particular, Cp*2Ce[CH(SiMe3)2] has later been shown to 
engage in C–H-bond activation, cyclodimerization and 
oligomerization of alkynes as well the formation of 
propargyl/allenyl complexes.12-16 Application of a salt-
metathesis sequence with cerium aryloxide instead of 
halides led to the half-sandwich complex 
Cp*Ce(OC6H3tBu2-2,6)2.17 Another mixed alkoxy/Cp* 
complex was obtained in 1989 by protonolysis of 
Cp*2Ce[CH(SiMe3)2] with tBuOH, accomplishing dimeric 
[Cp*Ce(OtBu)2]2 via loss of a Cp* ligand.18 Teuben et al. 
reported also on the first cationic cerocene(III) species, 
[Cp*2Ce(Do)2][BPh4] (Do = THF, tetrahydrothiophene).19 

Later on, Evans et al. employed such ion pairs for the 
synthesis of long sought after Cp*3Ce. Homoleptic Cp*3Ce 
was shown to be highly reactive toward small molecules 
including H2, CO, ethylene and THF,20-21 but also allowed 
for additional nitrile and isocyanide donor (Do) 
coordination in Cp*3Ce(Do)2.22 The reaction of 
[Cp*2Ce][BPh4] with KC8 and N2 inTHF led to the first 
dinitrogen complexes of cerium, [Cp*2Ce(THF)]2(-2:2-
N2), along with oxidized side-product (Cp*2Ce)2(-O).23 
More recently, the thermally induced conversion of a 
series of amide complexes Cp*2Ce(NR’R’’2) (e.g., R’ = 
SiMe3, R’’ = CHMe2) into enamides was reported.24 Our 
group elaborated on the synthesis of amide and acetylide 
complexes from Cp*2CeCl2K(THF)2 via salt metathesis,25 
affording complexes Cp*2Ce[N(SiHMe2)2] and 
Cp*2Ce(C≡CtBu)2Li(THF). The latter ate complex did not 
form a stable cerium(IV) oxidation product.25 In 2017, 
carbonato derivative [Cp*2Ce]2(-CO3) was obtained by 
treatment of both [Cp*2Ce(-H)]2 and [Cp*2Ce]2(-O) with 
CO2, reiterating the stability of the “Cp*2Ce” fragment.26 
Mixed cerous cyclopentadienyl/alkoxy complexes of the 
type CpR2Ce(OR’)2 include [(C5H3tBu2)2Ce(OMe)]2 as well 
[(C5H4tBu)2Ce(OiPr)]2.27,28 Related bis(cyclopentadienyl) 
cerium(IV) complexes comprise trimeric oxy derivative 
[(C5H4SiMe3)2Ce(O)]3,29 as well as tert-butoxides 
[C5H3(SiMe3)2]2Ce(OtBu)2,30 [C5H4(SiMe3)]2Ce(OtBu)2,30 
and Cp2Ce(OtBu)2,31 resulting from reactions with ceric 
ammonium nitrate as the key precursor.32-35  

As shown above, many cerium(III) complexes bearing 
Cp* ligands are known in literature. However, it is striking 
that there are no reports on ceric complexes bearing the 



Cp* ligand, although other substituted cyclopentadienyl 
ligands form stable Ce(IV) complexes. In fact, the 
increasingly electron-donating character of the Cp* ligand 
should theoretically better stabilize the cerium(IV) center 
with respect to reduction.36 Such alleged stabilization is 
most likely counteracted by sterics or not yet achieved 
due to unfavored reaction protocols. Herein we report the 
first cerium(IV)-Cp* complexes, exploiting the oxidation 
of ate complex Cp*2CeCl2K(THF) in the presence of the 
chlorinating agent C2Cl6 and the stabilizing effect of 
alkoxy ligands. The oxidation has so far proven difficult 
with established oxidation agents in cerium(IV) 
chemistry.25  

RESULTS AND DISCUSSION 

Cerium(III) Precursor Selection. Given previous 
successful cerium(III) ate complex redox 
transformations,35,37 the easily obtainable cerous 
derivative Cp*2CeCl2K(THF) (1*) was considered a 
potential redox precursor.5,9 We also targeted the 
respective cerium(III) complex derived for the slightly 
less bulky cyclopentadienyl ligand Cptet (C5Me4H). 
Accordingly, the bright pink [Cptet2CeCl2Li(THF)2]2 (1tet) 
could be obtained by salt-metathesis reaction in 58% 
crystalline yield (Scheme 1). Using the potassium or 
sodium salt of HCptet instead of LiCptet led to Cptet3Ce(THF) 
exclusively, which was closer investigated by Schumann 
et al. and Evans et al.23,38 Initial oxidation attempts of 1tet 
and 1* aiming at putative tetravalent complexes 
[Cptet2CeCl2] or [Cp*2CeCl2], respectively, using common 
oxidants like C2Cl6 and TeBr4 failed,35 only leading to 
ligand scrambling and decomposition. This may be either 
due to steric mismatch, insufficient stabilization of the +IV 
state by the weakly stabilizing chlorido ligand or 
availability of a favored redox-induced decomposition 
pathway.  

As reported previously for sterically crowded 
pentamethylcyclopentadienyl complexes of samarium 
and uranium the oxidative dimerization of Cp* to form 
decamethyl-1,1’-dihydrofulvalene was observed as a side 
product, concomitantly with the cerium center 
undergoing a sterically induced reduction.20,39-41 

 

Scheme 1.  Synthesis of [Cptet
2CeCl2Li(THF)2]2 (1tet)a 

 

 
a Cptet = C5HMe4 

 

Figure 1 shows the molecular representation of the 
dimeric solid-state structure of 1tet, with the two 
Cptet2CeCl2Li(THF)2 subunits being isostructural to 1* and 
Cp*2CeCl2Li(OEt2)2. Bridging halogenido ligands as well as 
the formation of dimeric structures and ate complexes to 
accomplish steric saturation are not unusual in 
cerium(III) chemistry, although the combination of all 
three factors is rare.12,25 Overall, the average Ce–Cp 

distances are barely longer (0.03 Å) for the Cp* derivative, 
but the Cl–Ce–Cl angle is much wider accounting to 
81.67(1)° compared to 72.88(3)° for 1tet (Table 6).5 This 
is accompanied by slightly longer Ce–Cl distances for 1tet. 

 

 

Figure 1. Crystal structure of [Cptet2CeCl2Li(THF)2]2 (1tet), with 
atomic displacement ellipsoids set at the 30% probability level. 
Hydrogen atoms are omitted for clarity. Selected interatomic 
distances  and angles are listed in Table 6. 

 

The redox behavior of the cerocene ate complexes in 
hand was further investigated using cyclic voltammetry. 
Both 1* and 1tet show irreversible cyclic voltammograms, 
bearing four oxidation signals for 1* and two for 1tet, but 
little to none reduction signals (Figures S23 and S26, 
Supporting Information). The respective first oxidation 
steps are shown in Figure 2, revealing close potentials of 
–0.54 V vs Fc/Fc+ for 1tet and –0.57 V vs Fc/Fc+ at 50 mV/s 
for 1*. The oxidation potentials of both compounds shift 
for varying scan rates, but this behavior is more 
pronounced for 1*. The electrochemical data of 1tet (Table 
1) show a slight shift of the oxidation peak as well as the 
presence of a small reduction signal for faster scan rates. 
At 2.5 V/s the peak current ratio ipa/ipc of 0.51 indicates 
that few of the oxidized compound gets electrochemically 
reduced as well.  

 

 

Figure 2. Cyclic voltammograms of the cerium(III/IV) redox 
couples of Cp*2CeCl2K(THF) (1*, black) and 
[Cptet2CeCl2Li(THF)2]2 (1tet, red) vs Fc/Fc+ in THF at GC obtained 
at a scan rate of 50 mV/s; arrow indicates scan direction; 
c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][B(C6H3(CF3)2-
3,5)4].   
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Table 1. Electrochemical Data for the Cerium(III/IV) 

Couple of 1tet vs Fc/Fc+ in THF  

v 
(mV/s) 

Epa (V)  Epc (V) E0 (V) ΔEp 

(V) 
ipc/ipa 

50 –0.542 –* –* –* –* 

100 –0.534 –* –* –* –* 

250 –0.531 –* –* –* –* 

500 –0.521 –* –* –* –* 

1000 –0.516 –0.641 –0.516 0.125 0.42 

2000 –0.509 –0.612 –0.509 0.103 0.49 

2500 –0.511 –0.601 –0.511 0.090 0.51 

*could not be determined 

The irreversibility of the redox step as well as the 
presence of several other oxidation steps indicate further 
reactivity upon oxidation, which was also observed for 
the chemical oxidation. Although both oxidation signals 
lie in the same range, it appears that for small scan rates 
the Cp* ligand adds more stability to the cerium(IV) 
oxidation state than Cptet, possibly linked to its stronger 
electron donating capability. A more stable cerium(IV) 
species is generated in situ. Compared to the oxidation 
potentials of Cp3Ce(THF) at –0.27 V vs Fc/Fc+ and 
CpMe3Ce(THF) at –0.38 V vs Fc/Fc+ both potentials are 
more negative, thus revealing an easier oxidizability of 1* 
and 1tet.36 The stability of the formed cerium(IV) complex 
is reversed as 1* and 1tet feature electrochemical 
irreversibility and follow-up reactivity, whereas 
CpH/Me3Ce(THF) show chemical reversibility concluding 
that a more stable cerium(IV) species is generated in situ. 

Cerium(IV) Alkoxide and Siloxide Complexes. 
Because of the irreversibility of the direct oxidation of 
dichlorido ate complexes 1* and 1tet, initial “ate” 
modification and subsequent oxidation was pursued as an 
alternative approach to access stable cerium(IV) 
compounds. As shown previously the salt-metathetical 
exchange of the chlorido ligands by amido and other 
nitrogen-based monoanionic ligands led to the formation 
of alkali metal-free complexes of the type Cp*2CeR.11,24-25 
Since oxidation attempts of these latter complexes failed 
so far, we envisaged oxygen-based entities like alkoxy, 
siloxy and aryloxy ligands to be more suitable offering the 
advantages of less steric bulk and enhanced Ce(IV) 
stabilization through the Ce–O bonds. However, when 
removing the metathesis salt after the reaction of 1* with 
MOR or when using purified starting materials like 
Cp*2Ce(C3H5)(THF)20,42 the subsequent oxidation failed. 
Much to our delight, treatment of dichlorido ate 
complexes 1* with both reagents (MOR and oxidant) in 

situ brought about the long sought after result of 
cerium(IV) Cp* complexes.  

The general reaction pattern involves the initial 
treatment of 1* with two equivalents of a sodium or 
potassium salt of the oxygen-based ligand for 10 minutes. 
Then, the reaction mixture is oxidized using half of an 
equivalent of hexachloroethane until 1* is fully depleted, 
as indicated by color. This one-pot reaction works for a 
variety of alkoxy and siloxy ligands, resulting in the 
respective complexes Cp*2Ce(OR)2 (2R) and 
Cp*2Ce(OSiR3)2 (4R) (Scheme 2). The heteroleptic 
cerium(IV) complexes show dark blue to violet colors as 
well as display very good solubility even in n-pentane and 
tetramethylsilane. The extreme solubility in combination 
with the formation of a slurry upon solvent removal made 
purification challenging. Such behavior has also been 
known for similar compounds like [Cp*Ce(OtBu)2]2, 

which was reportedly cumbersome to crystallize with low 
yields due to good solubility in hydrocarbon solvents.18  

 

Scheme 2. Reaction Pathway to Ceric Sandwich 

Complexes 2 and 4 Employing Cerous 1*, and 

Decomposition to Ceric Half-sandwich Complexes 3 

and 5  

 

 
a Yield for direct formation from 1* without pre-isolation of 2tBu. 

b Yield for direct formation from 1* and 3 equivalents  of KOSiPh3, 
without pre-isolation of 4Ph. 
c Reaction time of 2 h: 32% 4Et and 68% 5Et  (yield by 1H NMR). 

 

Some of the reported compounds (vide infra) are very 
sensitive toward light and heat (even at ambient 
temperature) showing decomposition in hours to days. 
Such decomposition yields the first ceric half-sandwich 
complexes of the type Cp*Ce(OR)3, as observed for  
Cp*Ce(OEt)3 (3Et) via NMR spectroscopy and isolable for 
Cp*Ce(OtBu)3 (3tBu) and Cp*Ce(OSiPh3)3 (5Ph). 
Accordingly, sterically demanding ligands favor rapid 
decomposition and the formation of comparatively stable 
half-sandwich complexes. It is proposed that the 
respective ate complexes bearing the oxygen-based 
ligands are formed in situ, and then get directly oxidized 
by C2Cl6, driven by concomitant alkali-metal chloride 
elimination. Using excess of alkali-metal salts NaOR or 
MOSiR’3 (M = Na, K) diminishes the yields of 2R and 3R, as 
more of the side products are formed, including 
homoleptic Ce(OR)3 /Ce(OSiR’3)3 or dinuclear 
[Cp*Ce(OR)2]2 /[Cp*Ce(OSiR’3)2]2. Such reaction 
pathways also apply in the case of ligand scrambling 
and/or decomposition.  

More precisely , the reactions described in Scheme 2 
lead to the alkoxy complexes Cp*2Ce(OEt)2 (2Et), 
Cp*2Ce(OiPr)2 (2iPr), Cp*2Ce(OCH2tBu)2 (2CH2tBu), and 
Cp*2Ce(OtBu)2 (2tBu), as well as Cp*2Ce(OSiMe3)2 (4Me) 
and Cp*2Ce(OSiPh3)2 (4Ph) when applying siloxy ligands. 
The reaction of 1* with alkali-metal (Li, Na) methoxide 
occurred by color, but any substantial amount of 
identifiable product could not be obtained. The smaller 
sized ligands OEt, OiPr, and OSiMe3 ligands afford 
complexes that are stable at ambient temperature and 
under visible light, whereas more sterically demanding 
ligands like OtBu, OSiEt3 and OSiPh3 lead to fast ligand 
scrambling toward Cp*Ce(OtBu)3 (3tBu), Cp*Ce(OSiEt3)3 
(5Et), and Cp*Ce(OSiPh3)3 (5Ph). The choice of alkali metal 
influences the reactivity as NaOtBu gave 3tBu directly 
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whereas with KOtBu the intermediate 2tBu lasts longer 
and can be isolated more easily. 1H NMR spectroscopy is 
a useful tool to assign alkoxy ligands in close proximity to 
a cerium(IV) center.36 Accordingly, diamagnetically sharp 
signals and downfield shifted protons in α position of the 
alkoxy ligands (Ce–O–CH) to 5.31 (2Et), 5.48 (2CH2tBu), and 
5.73 (2iPr) ppm are in accordance with literature data.36  

The transformation of 2tBu to 3tBu took place in the 
reaction mixture parallel to the intended reaction making 
purification problematic. The ligand OSiEt3 led to a 
product mixture of Cp*2Ce(OSiEt3)2 (4Et) and 
Cp*Ce(OSiEt3)3 (5Et) in variable ratios, depending on the 
reaction conditions applied (longer reaction times at 
ambient temperature increased the ratio of 5Et : 4Et). The 
triethylsiloxy derivatives could not be isolated, but 

monitored via NMR (Figure S10 et seq.). Equally, longer 
reaction times at ambient temperature and storage above 
40 °C can lead to a mixture of 4Ph and 5Ph (Figure S16). 
While the sandwich complex 4Ph could be isolated, this 
was burdensome in the case of 5Ph, which was barely 
separable from 4Ph and other decomposition products. 
After purification and crystallization, decomposition at 
ambient temperature took place much slower (over one 
week for 4Ph) and did no longer shift the sandwich/half-
sandwich ratios, thus making full characterization of 2tBu 
and 4Ph possible. Interestingly, the yield of 5Ph could be 
significantly increased to 89% when applying a mixture 
of 1* and KOSiPh3 in a 1:3 ratio. 

 

 
Figure 3. Crystal structures of Cp*2Ce(OEt)2 (2Et, left), Cp*2Ce(OtBu)2 (2tBu, middle), and Cp*2Ce(OSiPh3)2 (4Ph, right), with atomic 
displacement ellipsoids set at the 30% probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances and 
angles are listed in Table 6.   
 

Trivalent compound [Cp*Ce(OtBu)2]2 could be detected 
as decomposition product in the case of 2tBu and 3tBu, and 
also analyzed by X-ray diffraction (XRD), corroborating 
the presence of redox-decomposition pathways.18 The 
dimeric cerium(III) complex has first been synthesized 
via reaction of Cp*2Ce[CH(SiMe3)2] with tBuOH, providing 
another example of the loss of a Cp* ligand in exchange for 
an alkoxy ligand.18 As this follow-up reaction occurred in 
the reaction mixture before extraction with SiMe4 and 
crystallization, the presence of other reactants seems to 
trigger the formation of trivalent [Cp*Ce(OtBu)2]2.  

The solid-state structures of 2Et, 2tBu, and 4Ph are 
depicted in Figure 3, showing similar pseudo tetrahedral 
structural motifs with two Cp* ligands in a bent sandwich 
arrangement and two adjacent alkoxy/siloxy ligands. The 
higher steric demand of the tBu substituents in 2tBu 
involve slightly larger Ce–O and Ce–Cp* distances than in 
2Et (Table 6). Unsurprisingly, the Ce–O bond in 4Ph is 
elongated compared to those in 2Et and 2tBu, while the Ce–
Cp* distances are in the same range as are the Cp*–Ce–Cp* 
angles. The overall structural motif of these first 
cerium(IV)–Cp* derivatives is similar to the ones of 1* 
and 1tet discussed above and of the cerium(III) ate 
complexes [Na(18-crown-6)(thf)2]+[Cp*2Ce(S(iPr))2]– as 
well as the dimeric cerous [Cp*2CeH]2, [Cp*Ce(OtBu)2]2, 
and [Cp*2Ce(SPh)]2.18,26,43 Most relevant, isostructural 
complexes were also found in the presence of other bulky 
cyclopentadienyls such as in complexes 
[C5H3(SiMe3)2]2Ce(OtBu)2 and [C5H4(SiMe3)]2Ce(OtBu)2 
derived from ceric ammonium nitrate (CAN) as the 
precursor.30 The terminal Ce–O distance of 
[Cp*Ce(OtBu)2]2 is slightly elongated (2.116(6) Å) 
compared to 2tBu (2.1024(14) and 2.0868(14) Å) as it is 
expected for the contraction of the metal ion with 

increasing nuclear charge. Compared to 
[C5H3(SiMe3)2]2Ce(OtBu)2, 2tBu shows slightly elongated 
distances to the Cp and OtBu ligands as well as a more 
acute O–Ce–O angle, reflecting the changed steric and 
electronic properties of the cyclopentadienyl ligands.30 
The prevalence of the bent sandwich structural motif in 
both oxidation states point to its stability, while the 
follow-up reactivity of the ceric derivatives, in particular 
for the larger alkoxy ligands, documents enhanced steric 
pressure at the smaller cerium(IV).  

Electrochemical experiments were performed on all 
isolated compounds to assess the stabilization of the 
cerium(IV) oxidation state. All potentials are referenced 
vs the Fc/Fc+ redox couple. The cyclic voltammograms 
and key data of 2Et and 4Me (Figure 4, Table 2) show 
chemically reversible redox processes featuring a (quasi-
)reversible one-electron transfer step. The peak 
separation of 72/63 mV is close to the ideal limit of 58 mV 
for electrochemically reversible one-electron redox steps 
at slow scan rates, and increasing for fast scan rates. This 
indicates quasi-reversibility at higher v or insufficient 
compensation of the iR drop. The peak current ratio ipa/ipc 
is close to one, demonstrating chemical reversibility as 
almost all substrate gets re-oxidized at the reverse sweep. 
The analysis of the peak current as function of the square 
root of the scan rate leads to a fit of R2 > 0.998 (2Et) and 
R2 > 0.999 (4Me), indicative of a diffusion controlled 
redox-step. Thus, the formal potential E0 can be derived 
as the mid-point potential in the respective cyclic 
voltammograms and is evidently independent of the scan 
rate. Similarly, this is the case for 2Et, 2iPr, 2CH2tBu, 2tBu, and 
4Me. The respective formal potentials range from −1.52 
(2CH2tBu) to −1.56 (2Et) V vs Fc/Fc+ for the alkoxy 
complexes, thus differing only marginally. 



 
Figure 4. Cyclic voltammograms of the cerium(III/IV) redox 
couples of Cp*2Ce(OEt)2 (2Et), Cp*2Ce(OSiMe3)2 (4Me), and 
Cp*2Ce(OAr)2 (6) vs Fc/Fc+ in THF at GC obtained at a scan rate 
of 50 mV/s (2Et, 4Me) and 250 mV/s (6); arrow indicates scan 
direction; c(analyte) 1 mM, c(electrolyte) 0.1 M 
[nPr4N][B(C6H3(CF3)2-3,5)4].   

 

Table 2. Electrochemical Data for the Cerium(III/IV) 

Couples of 2Et and 4Me vs Fc/Fc+ in THF 

v 
[mV/s] 

Epa (V) Epc (V) E0 (V) ΔEp 

(V) 
ipa/ipc 

2Et      

50 –1.519 –1.591 –1.555 0.072 0.92 

100 –1.517 –1.600 –1.559 0.083 0.94 

250 –1.507 –1.605 –1.556 0.098 0.96 

500 –1.499 –1.615 –1.557 0.116 0.97 

1000 –1.487 –1.621 –1.554 0.134 0.98 

2000 –1.475 –1.637 –1.556 0.162 1.00 

4Me      

50 –1.197 –1.260 –1.229 0.063 0.90 

100 –1.193 –1.258 –1.226 0.065 0.98 

250 –1.186 –1.261 –1.224 0.075 0.98 

500 –1.181 –1.263 –1.222 0.082 0.98 

1000 –1.177 –1.268 –1.223 0.091 0.97 

2000 –1.169 –1.277 –1.223 0.108 0.97 

 

With the exception of 2CH2tBu the potentials tend to be 
more negative for smaller substituents and higher pKa 
values of the corresponding alcohols. The siloxy complex 
4Me shows a less negative potential of −1.23 V vs Fc/Fc+, 
hence showcasing the lower stabilization of the 
cerium(IV) center by siloxy in contrast to alkoxy ligands. 
The potential of 4Me is comparable to CpMe3CeOR (R = iPr 
/ CH2tBu) with values of −1.24 / −1.22 V vs Fc/Fc+.36 

The ligand scrambling of 2tBu to 3tBu (Scheme 2) was 
also examined by electrochemical methods revealing a 
shift in the cyclic voltammograms to more negative 
potentials for the half-sandwich complex (Figure 5). The 
change of the potential is accompanied by a change of the 
electrochemical data (Table 3). While 2tBu shows chemical 
as well as electrochemical reversibility, the 3tBu behaves 
differently. Most importantly, the peak current ratios are 
far below one, indicating chemical irreversibility, caused 
by follow-up reactivity of EC type. For faster scan rates the 
ratios ipa/ipc increase, typical for chemical quasi-
reversibility. The peak separation is also above the range 
of an electrochemical reversible one-electron process. 
Overall, the data suggest a follow-up reaction of the EC 
type for slow scan rates and a pseudo reversibility 
chemically as well as electrochemically for fast scan rates 

above 500 mV/s. Consequently, the formal potentials are 
determined as mid-point potentials at a rate of  2 V/s, 
when the follow-up reactions become insignificant. 
Nevertheless, the mid-point potentials show no scan-rate 
dependence whatsoever.  

 

 
Figure 5. Cyclic voltammograms of the cerium(III/IV) redox 
couples Cp*2Ce(OtBu)2 (2tBu, black) and Cp*Ce(OtBu)3 (3tBu, red) 
vs Fc/Fc+ in THF at GC obtained at a scan rate of 50 mV/s; arrow 
indicates scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M 
[nPr4N][B(C6H3(CF3)2-3,5)4].  

Table 3. Electrochemical Data for the Cerium(III/IV) 

Couple of 3tBu vs Fc/Fc+ in THF  

v 
[mV/s] 

Epa (V) Epc (V) E0 (V) ΔEp 
(V) 

ipa/ipc 

50 –1.540 –1.677 –1.608 0.137 0.80 

100 –1.524 –1.669 –1.596 0.145 0.84 

250 –1.507 –1.700 –1.603 0.193 0.88 

500 –1.480 –1.697 –1.588 0.217 0.90 

1000 –1.458 –1.729 –1.593 0.271 0.92 

2000 –1.452 –1.742 –1.597 0.290 0.95 

 

Upon Cp*/OtBu exchange the potential changed from 
−1.53 to −1.61 V vs Fc/Fc+. Thus, substitution of one Cp* 
ligand via another OtBu group leads to a better 
stabilization of the cerium(IV) oxidation state. Besides the 
stronger bond formed, the conversion also results in less 
steric encumbrance, which seems to be the deciding 
factor, as no such behavior was observed for smaller 
alkoxy ligands. Consequently, 3tBu is kinetically as well as 
thermodynamically more stable than 2tBu.  

The trend toward separated redox signals is even more 
pronounced for the two coupled compounds 4Ph and 5Ph 

(Figure 6). Cp*/OSiPh3 ligand exchange upon 
decomposition led to a wide separation of the reduction 
and oxidation events as well as a more negative reduction 
signal. This behavior was not totally unexpected as 
homoleptic siloxide complexes are known to feature 
widely separated signals.44 In particular, Ce[OSi(OtBu)3]4 
revealed redox-modulated molecular rearrangement 
processes, supposedly reflected in its large peak 
separation of 1.15 V and potentials of Epc = −1.46 and Epa 

= −0.31 V vs Fc/Fc+ (Table 4).44 Other measurements of 
Ce[OSi(OtBu)3]4 even showed separations of 1.53 V (Epc = 
−1.72 / Epa = −0.19 V vs Fc/Fc+) with a comparable mid-
point potential.45 Ligand reorganization processes also 
could be involved in case of 5Ph even without side arm 
coordination.45 The related tetravalent homoleptic 
complexes of [Ce(OSiEt3)4] and [Ce{OSi(iPr)3}4] exhibit 
large peak separations of > 300 mV as well, with mid-
point potentials of −1.19 / −1.30 V vs Fc/Fc+.46 Moreover, 



the redox potentials of cerium(III) ate complex 
KCe(OSiPh3)4(THF)3 (Epc = −1.61 / Epa = −0.58 V vs Fc/Fc+) 
also show a large separation of 1.03 V at 50 mV/s.47 
Although wide peak separations make direct 
comparisons difficult, complex 5Ph seems to show better 
stabilization of the cerium(IV) state than the homoleptic 
siloxide complexes reported above.  

 

 
Figure 6. Cyclic voltammograms of the cerium(III/IV) redox 
couples of Cp*2Ce(OSiPh3)2 (4Ph, black) and Cp*Ce(OSiPh3)3 (5Ph, 
red) vs Fc/Fc+ in THF at GC obtained at a scan rate of 50 mV/s; 
arrow indicates scan direction; c(analyte) 1 mM, c(electrolyte) 
0.1 M [nPr4N][B(C6H3(CF3)2-3,5)4].  

 

Table 4. Electrochemical Data for the Cerium(III/IV) 

couple of 4Ph and 5Ph vs Fc/Fc+ in THF 

v 
[mV/s] 

Epa (V) Epc (V) E0 (V) ΔEp 
(V) 

ipa/ipc 

4Ph      

50 –1.010 –1.264 –1.137 0.254 0.95 

100 –0.998 –1.266 –1.132 0.268 1.00 

250 –0.993 –1.280 –1.136 0.287 0.98 

500 –0.983 –1.288 –1.135 0.305 0.99 

1000 –0.986 –1.298 –1.142 0.312 0.93 

2000 –0.976 –1.309 –1.142 0.333 0.96 

5Ph      

50 –0.704 –2.186 –1.445 1.482 0.82 

100 –0.668 –2.212 –1.440 1.544 0.81 

250 –0.635 –2.245 –1.440 1.610 0.83 

500 –0.603 –2.276 –1.439 1.673 0.83 

1000 –0.559 –2.306 –1.432 1.747 0.84 

2000 –0.587 –2.334 –1.460 1.747 0.86 

 

The electrochemical data of 4Ph also revealed a 
relatively large peak separation of >254 mV (Table 4), 
indicating a electrochemical quasi-reversibility or 
irreversibility, but the peak current ratios are close to 1, 
signaling chemical reversibility. Diffusion control applies 
and the mid-point potentials display scan rate 
independence, suggesting chemical reversibility and 
electrochemical quasi-reversibility. The formal potentials 
are therefore derived as mid-point potentials. This is not 
easily possible for compound 5Ph which exhibits chemical 
irreversibility (ipa/ipc <0.9 even for high scan rates, Table 
4) and widely separated signals around 1.5 V as well as 
scan rate dependent redox signals. The mid-point 
potentials between −1.43 and −1.46 V vs Fc/Fc+ appear 
relatively stable, but are strongly shifted toward more 

negative potentials upon Cp*/OSiPh3 ligand exchange. 
This is in accordance with the similar results obtained for 
the conversion of 2tBu into 3tBu, but likewise to an even 
greater extent when considering the reduction signals 
(−1.26 (4Ph) vs −2.19 (5Ph)). Consequently, half-sandwich 
complexes of the type Cp*Ce(OR)3 seem to stabilize the 
cerium(IV) center better than their respective sandwich 
counter parts of the type Cp*2Ce(OR)2, but show a wider 
separation of the oxidation and reduction signals.  

The ligand scrambling observed for 2tBu and 4Ph 
(“sandwich/half-sandwich switch”) goes with a strong 
change in color. The dark and ink blue 2tBu (556 nm (5472 
± 118 L mol-1 cm-1)) gets converted into the dark brown 
3tBu (456 nm (4941 ± 110 L mol-1 cm-1)), as seen from the 
blueshift in the respective UV/Vis absorption spectra 
(Figure 7). Minor impurities of 3tBu lead to the respective 
shoulder in the spectrum of 2tBu and decomposition 
accompanied by a color change could be noticed within 
minutes when conducting the experiment. Likewise, the 
transformation of 4Ph to 5Ph resulted in a color change 
from dark blue (563 nm (714 ± 73 L mol-1 cm-1)) to violet 
(5Ph: 521 nm (2597 ± 123 L mol-1 cm-1)) (Figure 8). 
Overall, the structural similarity of these complexes can 
be seen qualitatively in the UV/Vis spectra, with the 
exchange of Cp* for alkoxy/siloxy implying a blueshift in 
both cases. The substitution of OtBu for OSiPh3 results in 
redshifts of 7 nm (2tBu versus 4Ph) and 65 nm (3tBu versus 
5Ph).  

 

 

Figure 7. UV-Vis spectra of Cp*2Ce(OtBu)2 (2tBu, black) and 
Cp*Ce(OtBu)3 (3tBu, red) in toluene. 

 

 

Figure 8. UV-Vis spectra of Cp*2Ce(OSiPh3)2 (4Ph, black) and 
Cp*Ce(OSiPh3)3 (5Ph, red) in toluene.  

 

Cerium(IV) Aryloxide Complexes. Application of the 
synthesis protocol as depicted in Scheme 2, however, 
using one equivalent of the aryloxide salt NaOC6H3iPr2-2,6 
(NaOAr) gave ceric Cp*2Ce(OAr)Cl (6) instead of putative 
Cp*2Ce(OAr)2 (Scheme 3). The latter could not be 
obtained even with larger quantities of sodium aryloxide, 



rather leading to the formation of a mixture of 6 and 
presumably Cp*Ce(OAr)2Cl (identified by 1H-NMR 
spectroscopy). This can be rationalized on the basis of 
increased steric demand of the aryloxy ligand compared 
to the alkoxy and siloxy ligands. This is also evident from 
previously described related cerium(III) aryloxy complex 
Cp*Ce(OC6H3tBu2-2,6)2, which is monomeric as well, in 
contrast to dimeric [Cp*Ce(OtBu)2]2 and dimeric thiolate 
derivatives.18,25,39,48 The same goes for amide complexes 
like monomeric Cp*Ce[N(SiMe3)2]2, which seldom form 
ate complexes or dimers and are also not applicable to the 
synthesis protocol used herein.11,24,48  

 

Scheme 3. Synthesis of Mono(aryloxy) Complex 

Cp*2Ce(OC6H3iPr2-2,6)Cl (6)a 

 

 
a OAr = OC6H3iPr2-2,6 

 

The solid-state structure of 6 is depicted in Figure 9 
being isostructural to the other Cp*2CeR2-type complexes, 
except for its asymmetry due to the presence of three 
different ligands. The Ce–Cp* distances are barely 
different from 2Et and the Ce–O distance accounts to 
2.150(10) Å which matches those of the large 
triphenylsiloxy ligand in 4Ph (av. 2.1548 Å) and 
Cp3Ce(OSiPh3) (2.1331(19) Å) (Table 6).36  

 

 

Figure 9. Crystal structure of Cp*2Ce(OAr)Cl (6), with atomic 
displacement ellipsoids set at the 30% probability level. 
Hydrogen atoms are omitted for clarity. Selected interatomic 
distances  and angles are listed in Table 6. 

Structurally authenticated Ce(IV) complexes bearing 
monovalent aryloxy ligands are rare featuring homoleptic 
complex Ce(OC6H3Ph2-2,6)4 (Ce–O, 2.101(3)-2.125(3) 
Å)49 and heteroleptic Ce(OArP)3(OSiMe3) (OArP = 
OC6H2PPh2-6-Me-4-tBu-6-2O,P; Ce–O(Ar), 2.162(2)-
2.190(2) Å).50 The Ce(IV)Cl(OC6H3iPr2-2,6) moiety was 
recently reported in the dinuclear anionic complex 
[NEt4]2[(TP)Ce2Cl4(OAr)2(THF)2] supported by the TP 
tetraphenolato ligand.51 The Ce–Cl distance of 2.638(5) Å 
in compound 6 appears slightly shorter compared to the 
those in tris(cyclopentadienyl) complexes like Cp3CeCl 
(2.6666(7) Å) or CpMe3CeCl (2.658(1) Å).52,53 The 

remaining chlorido ligand may be useful for further salt 
metathesis attempts, which will be investigated in future 
work.  

In order to enforce the formation of CpRCe(OAr)2-type 
sandwich complexes, we examined less bulky 
cyclopentadienyl ligands and switched to a synthesis 
protocol, applying the known tris(cyclopentadienyl) 
complexes Cp3CeCl52 and CpMe3CeCl53 as ceric precursors 
(Scheme 4).  

 

Scheme 4. Synthesis of CpMe
2Ce(OC6H3iPr2-2,6)2 (7) 

and Cp3Ce(OC6H3iPr2-2,6) (8)a 

 

 
a OAr = OC6H3iPr2-2,6 

 

Surprisingly, in the case of CpMe3CeCl, treatment with 
two equivalents of NaOC6H3iPr2-2,6 or equimolar 
reactions led to CpMe2Ce(OAr)2 (7) instead of 
CpMe3Ce(OAr). This is in contrast to alkoxy, siloxy, and 
halogenido derivatives investigated so far, which all form 
CpMe3CeX-type compounds.36 The respective complex 
CpMe3Ce(OAr) could be observed in traces in the 1H NMR 
spectrum (Figure S20), but could not be isolated. Instead, 
fast ligand scrambling led to 7 and ceric byproducts, 
which could not be identified. When using the sterically 
least crowded Cp3CeCl as the precursor the targeted 
complex Cp3Ce(OAr) (8) was formed and any conversion 
to a bis(cyclopentadienyl) compound was not observed. 

The solid-state structure of Cp3Ce(OC6H3iPr2-2,6) (8) 
bears a pseudo tetrahedral geometry (Figure 10) with a 
Ce–O distance of 2.151(4) Å, matching the 2.150(10) Å of 
Cp*2Ce(OC6H3iPr2-2,6)Cl (6) (Table 6). The Ce–C 
distances lie in the expected range.36  

 

 
Figure 10. Crystal structure of Cp3Ce(OC6H3iPr2-2,6) (8), with 
atomic displacement ellipsoids set at the 30% probability level. 
Hydrogen atoms are omitted for clarity. Selected bond lengths 
and angles are listed in Table 6.  



 

The cyclic voltammograms of the aryloxide complexes 
revealed two types of behavior. Compounds 6 and 8 both 
exhibit chemical reversible and electrochemically (quasi-
)reversible cyclic voltammograms, by all characteristics 
discussed above (Figures 4 and S49). However, 
compound CpMe2Ce(OC6H3iPr2-2,6)2 (7, Figure 11) shows 
a more complex cyclic voltammogram including multiple 
oxidation and reduction signals. The electrochemical data 
of 7 exhibit a large peak separation of >242 mV, which 
increases with growing scan rate. Additionally, the peak 
current ratios lie between 0.85 and 0.96, indicating that a 
majority of substrate reduced gets re-oxidized.  

 

 

Figure 11. Cyclic voltammogram of the cerium(III/IV) redox 
couple of CpMe2Ce(OAr)2 (7) vs Fc/Fc+ in THF at GC obtained at a 
scan rate of 250 mV/s; arrow indicates scan direction; c(analyte) 
1 mM, c(electrolyte) 0.1 M [nPr4N][B(C6H3(CF3)2-3,5)4].   

 

In total the data suggest an ECE mechanism and 
reactivity in situ in combination with a peak separation, 
thus combining chemical reversibility and 
electrochemical irreversibility. The mid-point potentials 
display a slight shift with increasing scan rate and both 
redox processes are diffusion controlled. The mid-point 
potential of −0.88 V vs Fc/Fc+ at 50 mV/s is close to those 
of 6 (−0.84 V vs Fc/Fc+) and 8 (−0.87 V vs Fc/Fc+).  

The less negative potentials compared to the respective 
siloxy and alkoxy compounds, account for a lower 
stabilization to the cerium(IV) center. This is in 
accordance with the data obtained for Ce(OC6H3Ph2-2,6)4 
(Epa = –0.46 V, Epc = –0.54 V).49 As observed for 
compounds of the type Cp3CeX or CpMe3CeX, the 
halogenido ligand seems to lead to a lesser stabilization, 
whereas substitution at the cyclopentadienyl ligand with 
electron donating groups leads to a better stabilization. 
The potentials of compounds 6 to 8 are located in 
between the potentials halide complex CpMe3CeCl (−0.80 
V vs Fc/Fc+) and siloxide complex  Cp3Ce(OSiPh3) (−0.94 
V vs Fc/Fc+), in accordance with intermediate 
stabilization of the cerium +IV oxidation state. 

The reduction potentials of all compounds under study 
are listed in Table 5, sorted by increasing stability of the 
cerium(IV) oxidation state. It is evident that the 
cerium(IV) center is better stabilized by alkoxy than 
siloxy than aryloxy ligands. The change from bis to mono 
Cp* complexes also results in a stronger stabilization of 
the +IV oxidation state. The change from CpH/Me to Cp* is 
accompanied by a major increase in stabilization of the 
cerium(IV) as the respective CpH/Me3CeR complexes show 
potentials ranging from −0.94 to −1.09 V vs Fc/Fc+ for R = 
siloxy and −1.10 to −1.25 V vs Fc/Fc+ for R = alkoxy.36  

 

Table 5. Potentials vs Fc/Fc+ of 1 to 8 at a Scan Rate of 

50 mV/s Sorted by Increasing Stability of the 

Cerium(IV) Oxidation State  

Compound  E0 (V) 

Cp*2CeCl2K(THF)      1* EOx = −0.57 (irr.) 

[Cptet2CeCl2Li(THF)2]2    1tet EOx = −0.54 (irr.) 

Cp*2Ce(OAr)Cl          6 −0.84 

Cp3Ce(OAr)               8 −0.87 

CpMe2Ce(OAr)2           7 −0.88 (E1/2) 

Ered = −1.00; EOx = −0.76 

Cp*2Ce(OSiPh3)2       4Ph −1.15 (E1/2) 

Ered = −1.26; EOx = −1.01 

Cp*2Ce(OSiMe3)2      4Me −1.23 

Cp*Ce(OSiPh3)3         5Ph −1.44 (E1/2) 

Ered = −2.19; EOx = −0.70 

Cp*2Ce(OCH2tBu)2    2CH2tBu −1.52 

Cp*2Ce(OtBu)2   2tBu −1.53 

Cp*2Ce(OiPr)2             2iPr −1.55 

Cp*2Ce(OEt)2              2Et −1.56 

Cp*Ce(OtBu)3             3tBu −1.60 (−1.61 at 2 V/s) 

 OAr = OC6H3iPr2-2,6. 

 

Further comparison with literature known complexes 
reveals that the heteroleptic alkoxide complexes 2R show 
even better stabilization than cerocene Ce(C8H8)2 (−1.4 V 
vs Fc/Fc+)54 and recently reported alkali-metal capped 
cerium(IV) imido complexes using the TriNOx ligand 
(ranging from −1.39 to −1.41 V vs Fc/Fc+).55 Compound 
Cp*Ce(OtBu)3 (3tBu) exhibits the highest negative 
potential of –1.60 V vs Fc/Fc+, exerting a remarkable 
stabilizing effect. This is comparable with the best 
stabilizing, but yet chemically reversible complexes 
known for molecular cerium(IV) chemistry, as reported 
for Ce(omtaa)2 bearing a potential of −1.7 V vs Fc/Fc+.56 
The aryloxy and siloxy ligands achieve potentials in the 
range of multidentate anionic oxygen ligands, showcasing 
Cp* as a ligand with a great potential of stabilizing the 
cerium(IV) center, assuming also kinetic stability.35 It 
should be also mentioned that alkoxy ligands tend to 
disfavor chemical and electrochemical reversibility in 
cyclic voltammetry. 

Finally, to further verify the cerium +IV oxidation state, 
magnetic measurements (Evans’ method) of 2Et, 3tBu, and 
7 have been conducted. The effective magnetic moments 
in the range between 0.58 (7) and 1.58 µB (2CH2tBu) are in 
agreement with the presence of the +IV oxidation state 
and temperature-independent paramagnetism. The latter 
behavior has been observed in similar complexes.36,57,58  

 

CONCLUSIONS 

Like pentamethylcyclopentadienyl (Cp*), the 
marginally smaller tetramethylcyclopentadienyl ligand 
(Cptet) triggers the formation of redox-active cerous ate 
complexes ([Cptet2CeCl2Li(THF)2]2 versus 
Cp*2CeCl2K(THF)). While their direct oxidation was 
unsuccessful, one-pot tandem reactions conducted with 
Cp*2CeCl2K(THF) and alkali-metal alkoxides and siloxides 
as well as hexachloroethane as an oxidant gave broad 
excess to the ceric derivatives Cp*2Ce(OR)2 (R = Et, iPr, 
tBu, CH2tBu, SiMe3 and SiPh3). For the ligands OtBu, 
OSiEt3 and OSiPh3, half-sandwich complexes Cp*Ce(OR)3 
are formed as major kinetic secondary products, which is 



easily followed by a blueshifts in the UV/Vis absorption 
spectra. Use of the sterically demanding aryloxy ligand 
OC6H3iPr2-2,6 selectively gave the mono(aryloxy) 
derivative Cp*2Ce(OAr)Cl, while the alternative synthesis 
protocol [(C5H4Me)3CeCl/NaOAr] favored the 
bis(aryloxy) complex (C5H4Me)2Ce(OAr)2. Cyclic 
voltammetry revealed mostly chemical reversible and 
electrochemical quasi-reversible redox processes and a 
better stabilization of the cerium(IV) center in the orders 
Cp* > Cptet as well as alkoxy > siloxy > aryloxy and 

alkoxy/siloxy > Cp*. The “sandwich/half-sandwich 
switch” (Cp*2Ce(OR)2 versus Cp*Ce(OR)3) also led to a 
substantial stabilization of the +IV oxidation state with 
respect to reduction (Cp*Ce(OtBu)3: –1.60 V vs Fc/Fc+) 
but at the expense of losing chemical and electrochemical 
reversibility. Although the stabilization of cerium(IV) is 
markedly affected by different ligand types, with more 
electron-donation leading to a better stabilization, 
sterics/kinetics often overrule such redox scenarios. 

 

Table 6. Overview of Selected Interatomic Distances and Angles of Compounds 1tet, 2Et, 2tBu, 4Ph, 6, and 8 along with 

Relevant Compounds from Literature  

 Ce−C(CpR) 
range [Å] 

Ce−C 
(CpR) 
avg. 
[Å] 

Ce−Cnta 
avg. [Å] 

Ce−X [Å] AM–R [Å] Cnt−Ce−Cnt 
[°]/ 

X–Ce–X  [°] 

Cnt−Ce−X 
[°] 

Ce−X−R [°] 

[Cptet2CeCl2Li(THF)2]2 

(1tet) 

X = Cl, AM = Li 

2.756(3) 

       − 

2.841(3) 

2.800 2.526 2.8321(9) 

2.9736(9) 

2.9924(9) 

2.334(6) 

2.385(6) 

 

125.65 / 

72.88 

140.46(3) 

116.59 

97.77 

117.73 

97.75 

96.18 

98.84 

98.58(15) (R=Li) 

93.20(15) (R=Li) 

112.41(3) (R=Ce) 

 

Cp*2CeCl2Li(OEt2)2 

(ref 5) 

X = Cl, AM = Li 

2.80(3)  

       − 

2.89 (4) 

2.83 - 2.812(1) 2.39(4)  - / 

81.67(1)  

 

- 89(1) 

Cp*2CeCl2K(THF)2 

(1*) (ref 9) 

X = Cl, AM = K 

2.77(1) 

       − 

2.83(1) 

2.793 - 2.778(3) 

2.776(2) 

3.081(3) 

3.077(3) 

3.157(3) 

3.152(3) 

- / 

86.52(8) 

- 98.3(1) 

156.3(3) 

98.3(1) 

141.5(1) 

Cp*2Ce(OEt)2 

(2Et) 

X = O, R = Et 

2.740(4) 

       − 

2.775(4) 

2.757 2.488 2.075(3) 

2.093(5) 

1.400(5) 

1.399(7) 

133.3/ 

105.1(2)  

 

103.1 

104.2 

104.6 

103.9 

178.0(3) 

175.3(5) 

 

Cp*2Ce(OtBu)2 

(2tBu) 

X = O, R = tBu 

2.733(2) 

      − 

2.887(2) 

2.805 2.540 2.0868(14) 

2.1024(14) 

1.429(2) 

1.432(2) 

126.09 / 

97.72(5) 

107.04 

107.90 

106.64 

107.86 

166.14(13) 

172.40(14) 

 

Cp*2Ce(OSiPh3)2 

(4Ph) 

X = O, R = Si 

2.740(3) 

      − 

2.798(3) 

2.771 2.504 2.1549(19) 1.627(2) 129.3 / 

103.9 

105.4 

105.2 

177.30(13) 

 

Cp*2Ce(OAr)Cl 

(6) 

X = O/Cl, R = Ar 

2.713(15) 

      − 

2.787(14) 

2.746 2.490 2.150(10)  

(X = O) 

2.638(5)  

(X = Cl) 

1.358(16) 
(X = O) 

134.1 / 

104.5(3) 

X = Cl: 

101.65 

99.92 

X = O: 

107.05  

106.02 

162.1(9) 

(X = O) 

 

Cp3Ce(OAr) 

(8) 

X = O, R = Ar 

2.731(6) 

       − 

2.811(6) 

2.771 2.500  

 

2.151(4) 1.360(7) 115.20 

112.44 

116.61 

105.82 

102.08 

102.67 

171.6(4) 

 

(C5H3(SiMe3)2)2Ce(OtBu)2 

(ref 30) 

X = O, R = tBu 

2.733(9) 

       − 

2.812(9) 

2.784 2.511 2.077(5) 

2.097(6) 

1.417(10) 

1.432(12) 

121.7/ 

103.9 

108.7 

105.8 

105.6 

109.9 

175.9(5) 

174.4(6) 

[Cp*Ce(OtBu)2]2 

(ref 18) 

X = O, R = tBu 

2.78(1) 

       − 

2.84(2) 

2.817 2.55 bridging: 

2.380(6) 

      − 

2.431(6) 

terminal: 

2.116(6) 

2.124(6) 

1.47(1) 

1.46(1) 

1.44(1) 

1.45(1) 

- / 

74.4(2) 

      − 

111.8(2) 

 

122.1 

120.1 

114.8 

122.9 

123.3 

113.8 

bridging: 

122.6(6) 

      − 

127.0(6) 

terminal: 

176.9(7) 

176.6(7) 

a Cnt = Cp ring centroid. 



EXPERIMENTAL SECTION 

General considerations and methods. All 
operations were performed under rigorous exclusion of 
oxygen and moisture in an argon atmosphere, using 
standard Schlenk, high-vacuum, and glovebox 
techniques (MB Braun MB150B-G-I; <0.1 ppm of O2, <0.1 
ppm of H2O). Solvents were dried and degassed prior to 
use and provided by an MBraun SPS800. Benzene-d6 
(99.5%) was received from Deutero GmbH and  thf-d8 
from Eurisotop. The deuterated solvents were dried 
over NaK alloy for a minimum of 48 h and filtered 
through a filter pipette (Whatman) before use. 
Anhydrous CeCl3 (99.99%) (Sigma Aldrich) was 
converted into CeCl3(thf)1.04 via Soxhlet extraction. 
Hexachloroethane, NaOtBu, KOtBu, and NaOSiMe3 were 
purchased from Sigma-Aldrich and used as received. 
NaOEt,59 NaOiPr,60 sodium neopentoxide,61 NaOSiEt3,62 
NaOSiPh3,63 [nPr4N][B{Ar(3,5-CF3)}4],64 KCp*,65 LiCptet 
(analogous to LiCp*),66 KOSiPh3,67 NaOC6H3iPr2-2,6,68 
Cp3CeCl,52 CpMe3CeCl,53 and Cp*2CeCl2K(THF) (1*)9 were 
prepared according to literature procedures. NMR 
spectra were recorded on a Bruker AVII + 400 (1H: 
400.13 MHz; 13C: 100.61 MHz) or AVI + 300 (29Si: 79.5 
MHz) spectrometer in dried and deuterated solvents. 
DRIFT spectra were recorded on a ThermoFisher 
Scientific NICOLET 6700 FTIR spectrometer using dried 
KBr and KBr windows. The collected data were 
converted using the Kubelka−Munk re[inement. UV/Vis 
measurements have been carried out in toluene on a PG 
Instruments T60 UV-Vis spectrophotometer. CHN 
elemental analyses were performed on an Elementar 
Vario MICRO cube. The effective magnetic moments 
(µeff) and susceptibilities were determined in C6D6 by 
Evans’ method on a Bruker AVII + 400 instrument at 
299 K using hexamethyldisiloxane as an internal 
standard. 

Cyclic voltammetry (CV) experiments were 
performed with a Nordic Electrochemistry ECi-200 
workstation applying the IR-compensation mode. The 
data were recorded using Nordic Electrochemistry EC4 
DAQ software (version 4.1.90.1) and processed with EC-
4 VIEW software (version 1.2.36.1). The CV experiments 
were performed in a glovebox under argon atmosphere 
at ambient temperature. The setup comprised a 4 mL 
vial, equipped with a CHI 104 glassy carbon disc 
working electrode (CH Instruments, Inc.), a platinum 
wire counter electrode and a Ag/AgCl quasi reference 
electrode. The surface of the working electrode was 
polished prior to the measurement. Solutions 
containing ~1 mM of analyte and 0.1 M 
[nPr4N][B{Ar(3,5-CF3)}4] supporting electrolyte were 
used for the electrochemical analysis. The scan rate 
dependent background of the electrolyte was recorded 
for each measurement and subtracted from the analyte 
data. The potentials are reported in [V] vs. the Fc/Fc+ 
couple, which was used as internal standard for cell 
calibration and determined at the end of each 
measurement.  

[Cptet
2CeCl2Li(THF)2]2 (1tet): CeCl3(THF)1.04 (57.1 mg, 

0.355 mmol) and LiC5Me4H (45.5 mg, 0.178 mmol) were 
suspended in THF (15 mL) and stirred for 30 h at 
ambient temperature while turning yellow. Afterwards, 
the reaction mixture was evaporated under vacuum, the 
residual solid extracted with toluene to give a pink 
colored solution, which was separated and concentrated 
under reduced pressure. The concentrated solution was 
stored at −40°C to afford 1tet (54.5 mg, 58%) as bright 

pink crystals. 1H NMR (400.1 MHz, thf-d8, 26 °C): δ = 
10.19 (s, 12H, CpMe4H), 3.62 (m, 4H, thf), 1.78 (m, 4H, 
thf), −0.02 (s, 2H, CpMe4H), −2.10 (s, 18H, CpMe4H) ppm. 
7Li-{1H} NMR (116.6 MHz, thf-d8, 26 °C): δ = −6.32 ppm. 
DRIFT: �� = 2964 (s), 2934 (s), 2892 (vs), 2854 (s), 2720 
(w), 1456 (w), 1381 (w), 1329 (w), 1177 (w), 1043 (vs), 
893 (m), 785 (m), 773 (s), 614 (w) cm-1. UV/Vis: 422 nm 
(375 ± 81 L mol-1 cm-1). Elemental analysis (%) calcd for 
C26H42CeCl2LiO2 (604.58 g mol−1): C 51.65, H 7.00; found: 
C 51.45, H 7.28.  

General synthesis of ceric alkoxides 2R: compound 
1* and two equivalents of the alkali-metal alkoxide were 
suspended in toluene and stirred for 10 min, then C2Cl6 
was added. The mixture was stirred for 1 or 2 h until 
compound 1* had completely reacted (full consumption 
of bright yellow solid), and was subsequently filtered 
and the separated solution evaporated to dryness under 
vacuum. The resulting dark violet/purple solid was 
treated with n-hexane to form a colorless precipitate. 
The suspension was filtered and the separated solution 
dried under vacuum. The dark violet/purple product 2R 
was extracted with SiMe4 and crystallized from a 
saturated SiMe4 solution at −40 °C. All synthesis steps 
were performed under exclusion of light and the 
product always stored at −40 °C (to minimize ligand 
scrambling). 

Cp*2Ce(OEt)2 (2Et): compound 1* (202.7 mg, 0.342 
mmol), NaOEt (46.5 mg, 0.684 mmol), toluene (15 mL), 
C2Cl6 (40.5 mg, 0.171 mmol), 2 h. Product 2Et was 
obtained as dark violet crystals (98.6 mg, 58%). 1H NMR 
(400.1 MHz, C6D6, 26 °C): δ = 5.31(q, 4H, JHH = 7.0 Hz; 
CH2CH3), 2.75 (s, 30H, Cp*), 1.39 (t, 6H, JHH = 7.0 Hz; 
CH2CH3) ppm. 13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ = 
130.0 (C5Me5), 69.4 (CH2CH3), 22.2 (CH2CH3), 10.7 (C5Me5) 
ppm. DRIFT: �� = 2963 (s), 2912 (s), 2855 (s), 2719 (w), 
1438 (m), 1376 (m), 1349 (w), 1114 (s), 1103 (s), 1061 
(s), 904 (m), 884 (w), 781 (w), 484 (m) cm-1. UV/Vis: 
559 nm (2251 ± 91 L mol-1 cm-1). Elemental analysis (%) 
calcd for C24H40CeO2 (500.70 g mol−1): C 57.57, H 8.05; 
found: C 56.87, H 7.18.   

Cp*2Ce(OiPr)2 (2iPr): compound 1* (178.5 mg, 0.301 
mmol), NaOiPr (49.4 mg, 0.602 mmol), toluene (10 mL) 
and stirred for 10 min, C2Cl6 (35.7 mg, 0.151 mmol). 2 h. 
Product 2iPr was obtained as dark purple crystals (91.0 
mg, 57%). 1H NMR (400.1 MHz, C6D6, 26 °C): δ = 5.73 
(sep, 2H, JHH = 6.1 Hz; CH(CH3)2), 2.82 (s, 30H, Cp*), 1.44 
(d, 12H, JHH = 6.1 Hz; CH(CH3)2) ppm. DRIFT: �� = 2960 
(s), 2921 (s), 2854 (s), 2611 (w), 1449 (m), 1376 (m), 
1355 (m), 1327 (m), 1157 (m), 1125 (s), 981 (s), 971 (s), 
835 (m), 530 (m), 482 (w), 441 (m), 420 (m) cm-1. 
UV/Vis: 560 nm (2494 ± 102 L mol-1 cm-1). Elemental 
analysis (%) calcd for C26H44CeO2 (528.75 g mol−1): C 
59.06, H 8.39; found: C 58.77, H 8.00.  

Cp*2Ce(OCH2tBu)2 (2CH2tBu): compound 1* (117.3 
mg, 0.198 mmol), NaOCH2tBu (43.6 mg, 0.396 mmol), 
toluene (12 mL), C2Cl6 (23.4 mg, 0.099 mmol), 2 h. 
Product 2CH2tBu was obtained as dark purple crystals 
(90.0 mg, 78%). 1H NMR (400.1 MHz, C6D6, 26 °C): δ = 
5.48 (s, 4H, CH2tBu), 2.88 (s, 30H, Cp*), 1.14 (s, 18H, 
CH2C(CH3)3 ) ppm. DRIFT: �� = 2950 (s), 2861 (m), 2685 
(w), 1478 (w), 1458 (w), 1390 (w), 1377 (w), 1359 (w), 
1103 (m), 1086 (s), 1070 (vs), 1020 (m), 596 (s), 435 
(m) cm-1. UV/Vis: 556 nm (4293 ± 194 L mol-1 cm-1). 
Elemental analysis (%) calcd for C30H52CeO2 (584.86 g 
mol−1): C 61.61, H 8.96; found: C 62.94, H 8.58. Although 
these results are outside the range viewed as 
establishing analytical purity, they are provided to 



illustrate the best values obtained to date (major issue: 
progressing decomposition/rearrangement reactions). 

Cp*2Ce(OtBu)2 (2tBu): compound 1* (47.5 mg, 0.080 
mmol), KOtBu (18.0 mg, 0.160 mmol), toluene (12 mL), 
C2Cl6 (9.5 mg, 0.040 mmol), 1 h. Product 2tBu was 
obtained as dark violet crystals (22.7 mg, 51%). 1H NMR 
(400.1 MHz, C6D6, 26 °C): δ = 3.01 (s, 30H, Cp*), 1.59 (s, 
18H, C(CH3)3) ppm. DRIFT: �� = 2966 (vs), 2921 (s), 
2858 (m), 1653 (m), 1558 (m), 1506 (w), 1456 (m), 
1437 (w), 1354 (m), 1180 (s), 957 (vs), 940 (vs), 772 
(w), 498 (m), 478 (m) cm-1. UV/Vis: 556 nm (5472 ± 118 
L mol-1 cm-1). Elemental analysis (%) calcd for 
C28H48CeO2 (556.81 g mol−1): C 60.40, H 8.69; found: C 
57.92, H 7.33. Although these results are outside the 
range viewed as establishing analytical purity, they are 
provided to illustrate the best values obtained to date 
(major issue: rapid decomposition/rearrangement 
reactions). 

Cp*Ce(OtBu)3 (3tBu): compound 1* (139.0 mg, 0.235 
mmol) and NaOtBu (45.1 mg, 0.469 mmol) were 
suspended in toluene (10 mL) and stirred for 10 min, 
then C2Cl6 (27.8 mg, 0.118 mmol) was added. The 
mixture was stirred for 6 h until compound 1* had 
completely reacted, turning first violet then brown. 
Subsequent filtration and evaporation of the obtained 
solution to dryness under vacuum left a dark brown 
solid. Addition of n-hexane resulted in a colorless 
precipitate. The solution was filtered and dried under 
vacuum. The dark brown product 3tBu was extracted 
with SiMe4 and crystallized from a saturated SiMe4 
solution at −40°C (48.0 mg, 41%). 1H NMR (400.1 MHz, 
C6D6, 26 °C): δ = 2.87 (s, 15H, Cp*), 1.32 (s, 27H, tBu) 
ppm. DRIFT: �� = 2964 (s), 2921 (m), 2859 (w), 1454 
(w), 1378 (w), 1355 (m), 1225 (w), 1181 (s), 987 (m), 
957 (vs), 774 (m), 501 (m), 480 (w) cm-1. UV/Vis: 456 
nm (4941 ± 110 L mol-1 cm-1). Elemental analysis (%) 
calcd for C22H42CeO3 (494.69 g mol−1): C 53.42, H 8.56; 
found: C 53.66, H 8.26.   

Cp*2Ce(OSiMe3)2 (4Me): compound 1* (135.4 mg, 
0.229 mmol) and NaOSiMe3 (51.3 mg, 0.457 mmol) were 
suspended in toluene (10 mL) and stirred for 10 min, 
then C2Cl6 (27.1 mg, 0.115 mmol) was added. The 
mixture was stirred for 2 h until compound 1* had 
completely reacted. Subsequent filtration and 
evaporation of the obtained solution to dryness under 
vacuum left a dark blue solid.  Addition of n-hexane 
resulted in a colorless precipitate. The solution was 
filtered and dried under vacuum. The dark blue product 
4Me was extracted with SiMe4 and crystallized from a 
saturated SiMe4 solution at −40°C (113.9 mg, 84%). 1H 
NMR (400.1 MHz, C6D6, 26 °C): δ = 3.13 (s, 30H, Cp*), 
0.50 (s, 18H, SiMe3) ppm. 13C{1H} NMR (100.6 MHz, C6D6, 
26 °C): δ = 133.6 (C5Me5), 11.0 (C5Me5), 5.3 (SiMe3) ppm. 
29Si(HSQC) NMR (79.5 MHz, C6D6, 26 °C): δ = +0.4 
(SiMe3) ppm. DRIFT: �� = 2951 (s), 2909 (s), 1440 (w), 
1378 (w), 1245 (s), 949 (s), 914 (vs), 879 (vs), 833 (vs), 
749 (s), 676 (w), 449 (m) cm-1. UV/Vis: 582 nm (1899 ± 
81 L mol-1 cm-1).  Elemental analysis (%) calcd for 
C26H48CeO2Si2 (588.95 g mol−1): C 53.02, H 8.22; found: C 
52.42, H 7.47.   

Cp*2Ce(OSiEt3)2 (4Et)/Cp*Ce(OSiEt3)3 (5Et): 
compound 1* (134.7 mg, 0.227 mmol) and NaOSiEt3 
(70.1 mg, 0.4545 mmol) were suspended in toluene (12 
mL) and stirred for 10 min, then C2Cl6 (27.0 mg, 0.114 
mmol) was added. The mixture was stirred for 2 h until 
compound 1* had completely reacted. Subsequent 
filtration and evaporation of the obtained solution to 
dryness under vacuum left a dark violet solid. Addition 

of n-hexane gave a colorless precipitate. The solution 
was filtered and dried under vacuum. The crude dark 
violet product mixture of 4Et (32%) and 5Et (68%) 
(combined: 139.5 mg) was washed with a chilled SiMe4 
solution (139.5 mg, 92%). 1H NMR (400.1 MHz, C6D6, 26 
°C): δ = 4Et: 3.29 (s, 30H, Cp*), 1.35 (t, 18H, JHH = 7.9 Hz; 
CH2CH3), 1.15 (q, 12H, JHH = 7.9 Hz; CH2CH3); 5Et: 3.19 (s, 
15H, Cp*), 1.16 (t, 27H, JHH = 7.9 Hz; CH2CH3), 0.68 (q, 
18H, JHH = 7.9 Hz; CH2CH3) ppm. 29Si(HSQC) NMR (79.5 
MHz, C6D6, 26 °C): δ = 4Et : +6.5 (SiEt3); 5Et : +9.1 (SiEt3) 
ppm.  

Cp*2Ce(OSiPh3)2 (4Ph): compound 1* (171.6 mg, 
0.290 mmol) and KOSiPh3 (182.1 mg, 0.580 mmol) were 
suspended in toluene (10 mL) and stirred for 10 min, 
then C2Cl6 (34.3 mg, 0.145 mmol) was added. The 
mixture was stirred for 2 h until compound 1* had 
completely reacted. Subsequent filtration and 
evaporation of the obtained solution to dryness under 
vacuum left a dark blue solid. (turned violet if reacted 
too long). Addition of n-hexane resulted in a colorless 
precipitate. The solution was filtered and dried under 
vacuum. The dark blue product 4Ph was extracted with 
SiMe4 and crystallized from a saturated SiMe4 solution 
at −40 °C (200.3 mg, 72%). All synthesis steps were 
performed under exclusion of light and the product 
always stored at −40 °C (ligand scrambling to 5Ph still 
takes place over several weeks). 1H NMR (400.1 MHz, 
C6D6, 26 °C): δ = 8.31 (d, 12H, JHH = 7.3 Hz; oCH), 7.35 (m, 
18H, pCH + mCH), 3.72 (s, 30H, Cp*) ppm. 29Si(HSQC) 
NMR (79.5 MHz, C6D6,  26 °C): δ = -23.6 (SiPh3) ppm. 
DRIFT: �� = 3065 (m), 2957 (m), 2914 (m), 2855 (m), 
1456 (w), 1427 (m), 1378 (w), 1110 (s), 1064 (w), 1029 
(w), 990 (w), 941 (s), 912 (s), 880 (s), 742 (m), 704 (vs), 
517 (vs), 431 (w) cm-1. UV/Vis: 563 nm (714 ± 73 L mol-

1 cm-1). Elemental analysis (%) calcd for C56H60CeO2Si2 
(961.38 g mol−1): C 69.96, H 6.29; found: C 69.81, H 6.70.   

Cp*Ce(OSiPh3)3 (5Ph): compound 1* (37.6 mg, 
0.0634 mmol) and KOSiPh3 (59.9 mg, 0.190 mmol) were 
suspended in toluene (15 mL) and stirred for 5 min, then 
TeBr4 (28.4 mg, 0.0634 mmol) was added. The mixture 
was stirred for 8 h and was subsequently filtered and 
the separated solution evaporated to dryness under 
vacuum. To the obtained violet solid, a n-
hexane/toluene mixture (9:1) was added resulting in a 
light purple precipitate. The solution was filtered and 
dried under vacuum giving dark purple 5Ph (62.1 mg, 
89%), which was washed with SiMe4 multiple times, but 
could not be obtained very pure. 1H NMR (400.1 MHz, 
C6D6, 26 °C): δ = 7.81 – 7.84 (m, 18H, oCH), 7.18 – 7.22 
(m, 9H, pCH), 7.11 – 7.14 (m, 18H, mCH) 3.47 (s, 15H, 
Cp*) ppm. 29Si(HSQC) NMR (79.5 MHz, C6D6, 26 °C): δ = 
−21.0 ppm. DRIFT: �� = 3064 (m), 2996 (w), 2914 (m), 
1483 (w), 1427(m), 1113 (s), 1028 (w), 997 (w), 949 (s), 
884 (vs), 741 (m), 709 (s), 700 (s), 517 (vs), 418 (w) cm-

1. UV/Vis: 521 nm (2597 ± 123 L mol-1 cm-1). Elemental 
analysis (%) calcd for C64H60CeO3Si3 (1101.55 g mol−1): 
C 69.78, H 5.49; found: C 70.89, H 6.88. Although these 
results are outside the range viewed as establishing 
analytical purity, they are provided to illustrate the best 
values obtained to date (major issue: purification of 
product formed in a one-pot reaction). 

Cp*2Ce(OC6H3iPr2-2,6)Cl (6): compound 1* (62.5 
mg, 0.105 mmol) and NaOC6H3iPr2-2,6 (21.1 mg, 0.105 
mmol) were suspended in toluene (10 mL) and stirred 
for 10 min, then C2Cl6 (12.5 mg, 0.053 mmol) was added. 
The mixture was stirred for 2 h until compound 1* has 
completely reacted, and was subsequently filtered and 
the obtained solution evaporated to dryness under 



vacuum. To the dark blue solid (turned violet if reacted 
too long), n-hexane was added resulting in a colorless 
precipitate. The solution was filtered and dried under 
vacuum. The dark blue product 6 was extracted with 
SiMe4 and crystallized from a saturated SiMe4 solution 
at −40 °C (59.6 mg, 91%). 1H NMR (400.1 MHz, C6D6, 26 
°C): δ = 7.34 – 7.40 (m, 2H, m-ArCH), 6.45 (t, 1H, JHH = 7.6 
Hz; p-ArCH), 4.95 (dsep, 2H, JHH =  6.6 Hz; CH(CH3)2), 3.93 
(s, 30H, Cp*), 1.68 (dd, 12H, JHH =  6.6 Hz; CH(CH3)2) ppm. 
DRIFT: �� = 3052 (w), 2960 (vs), 2917 (s), 2864 (s), 
1456 (m), 1428 (vs), 1370 (m), 1360 (w), 1322 (m), 
1248 (s), 1195 (vs), 1106 (w), 1093 (w), 1041 (w), 886 
(m), 855 (vs), 792 (w), 781 (w), 749 (s), 693 (m), 573 
(m) cm-1. UV/Vis: 603 nm (3689 ± 314 L mol-1 cm-1). 
Elemental analysis (%) calcd for C44H64CeO2 (623.29 g 
mol−1): C 61.66, H 7.60; found: C 61.87, H 7.31.   

CpMe
2Ce(OC6H3iPr2-2,6)2 (7): CpMe3CeCl (115.6 mg, 

0.280 mmol) and NaOC6H3iPr2-2,6 (112.2 mg, 0.560 
mmol) were suspended in toluene (10 mL) and stirred 
for 1 h. Afterwards, the mixture was filtered and the 
obtained solution evaporated to dryness under vacuum. 
To the dark violet solid, n-hexane was added resulting in 
a colorless precipitate. The solution was filtered and 
dried under vacuum. The dark violet product 7 was 
extracted with SiMe4 and crystallized from a saturated 
SiMe4 solution at −40 °C (138.1 mg, 76%). 1H NMR 
(400.1 MHz, C6D6, 26 °C): δ = 7.25 (d, 4H, JHH = 7.6 Hz; m-
CH), 6.67 (t, 2H, JHH = 7.6 Hz; p-CH), 5.59 (t, 4H, JHH = 2.6 
Hz; CpH3/4), 5.75 (t, 4H, JHH = 2.6 Hz; CpH2/5), 4.20 (sep, 
4H, JHH = 6.8 Hz; CH(CH3)2), 1.39 (d, 24H, JHH = 6.8 Hz; 
CH(CH3)2) ppm. DRIFT: �� = 3057 (w), 2955 (s), 2924 
(m), 2865 (m), 1493 (w), 1456 (m), 1428 (s), 1380 (w), 
1358 (w), 1321 (s), 1426 (s), 1199 (s), 1112 (w), 1095 
(w), 1042 (w), 933 (w), 886 (m), 856 (s), 779 (s), 755 
(s), 693 (m), 570 (m)cm-1. UV/Vis: 529 nm (8721 ± 320 
L mol-1 cm-1). Elemental analysis (%) calcd for 
C36H48CeO2 (652.89 g mol−1): C 66.23, H 7.41; found: C 
65.98, H 6.94.   

Cp3Ce(OC6H3iPr2-2,6) (8): Cp3CeCl (104.0 mg, 0.280 
mmol) and NaOC6H3iPr2-2,6 (56.2 mg, 0.280 mmol) 
were suspended in toluene (10 mL) and stirred for 1 h. 
Afterwards, the mixture was filtered and the separated 
solution evaporated to dryness under vacuum. To the 
dark brown solid, n-hexane was added resulting in a 
colorless precipitate. The solution was filtered and dried 
under vacuum. The dark brown product 8 was 
crystallized from a saturated toluene solution at −40 °C 
(87.3 mg, 61%). 1H NMR (400.1 MHz, C6D6, 26 °C): δ = 
7.56 (d, 2H, JHH = 7.8 Hz; ArCH), 5.23 (s, 15H, CpH), 4.20 
(sep, 2H, JHH = 6.9 Hz; CH(CH3)2), 2.91 (s, 30H, Cp*), 1.39 (d, 
24H,  JHH = 6.9 Hz; CH(CH3)2) ppm. DRIFT: �� = 3050 (w), 
2959 (m), 2863 (w), 1456 (w), 1445 (w), 1429 (m), 
1379 (w), 1358 (w), 1323 (m), 1251 (m), 1198 (s), 1110 
(w), 1096 (w), 1060 (w), 1012 (m), 937 (w), 885 (w), 
850 (m), 780 (s), 768 (vs), 754 (m), 692 (w), 567 (m), 
425 (w) cm-1. UV/Vis: 411 nm (4869 ± 248 L mol-1 cm-1), 
455 nm (4744 ± 236 L mol-1 cm-1), 669 nm (2449 ± 112 
L mol-1 cm-1). Elemental analysis (%) calcd for C27H32CeO 
(512.67 g mol−1): C 63.26, H 6.29; found: C 63.94, H 6.17.   
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Magnetic Measurements (Evan’s method) 

 

Table S1. Data from Magnetic Measurements of Compounds 2Et, 3tBu, and 7 (Evans’ method) 

Compound Χmass [10-7 cm3 kg-1] Χmol [10-4 cm3 mol-1] Χpara [10-4 cm3 mol-1] µeff [µB] 

2CH2tBu 18.7 10.9 10.4 1.58 

3tBu 7.87 3.89 3.34 0.90 

7 3.81 1.95 1.40 0.58 

 

NMR spectra 

*  solvent, #  small impurities 

 

Figure S1. 1H NMR spectrum (400.1 MHz, thf-d8, 26 °C) of 1tet. 

 

Figure S2. 7Li-{1H} NMR spectrum (116.6 MHz, thf-d8, 26 °C) of 1tet. 
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Figure S3. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 2Et. 

 

 

 

Figure S4. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 2iPr. 
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Figure S5. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 2CH2tBu. 

 

 

 

Figure S6. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 2tBu, impurities of 3tBu (+) and SiMe4 visible. 
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Figure S7. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 3tBu. 

 

 

 

Figure S8. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 4Me. 
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Figure S9. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 4Me. 

 

 

 

Figure S10. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of a mixture of 4Et and 5Et. 
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Figure S11. Section of 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of a mixture of 4Et and 5Et. 

 

 

 

Figure S12. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of a mixture of 4Et and 5Et. 
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Figure S13. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 4Ph. 

 

 

 

Figure S14. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 4Ph. 
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Figure S15. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of a mixture of 5Ph, with impurities of Cp*−Cp* (x).  

 

 

 

Figure S16. 1H NMR spectra (400.1 MHz, C6D6, 26 °C) at 1 – 5 days of a reaction mixture of 4Ph (I) and 5Ph (II) at 
ambient light and temperature.  
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Figure S17. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 5Ph, with minor 4Ph (#) impurities. 

 

  

 

 

Figure S18. 29Si{1H} NMR spectrum (79.5 MHz, C6D6, 26 °C) of 5Ph. 
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Figure S19. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 6. 

 

 

 

Figure S20. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 7, with minor cerium(III) impurities (#).  
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Figure S21. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 8. 
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Solid-State Structures 

Crystals for X-ray crystallography were grown using saturated solutions of tetramethylsilane (2Et, 2tBu, 

4Ph, 6), THF (1tet), and toluene (8). Suitable crystals for X-Ray analysis were handpicked in a glovebox, 

coated with Parabar 10312 and stored on microscope slides. Data collection was done on a Bruker 

APEX II Duo diffractometer by using QUAZAR optics and Mo Kα (λ = 0.71073 Å). The data collection 

strategy was determined using COSMO1 employing ω scans. Raw data were processed by APEX2 and 

SAINT,3 corrections for absorption effects were applied using SADABS.4 The structures were solved by 

direct methods and refined against all data by full-matrix least-squares methods on F2 using SHELXTL5 

and SHELXLE.6 Disorder models for 1tet, 2tBu and 6 are calculated using DSR,7 a program included in 

ShelXle, for refining disorder. Plots were generated by using CCDC Mercury 3.19.1.8 Further details 

regarding the refinement and crystallographic data are listed in Table S2 and in the CIF files. The crystal 

quality of compound 8 was of minor quality. Restraints (SIMU/RIGU) were necessary to refine the 

structure. 

 

 

[1] COSMO, v. 1.61; Bruker AXS Inc., Madison, WI, 2012. 

[2] APEX 3 V. 2017.3-0, Bruker AXS Inc., Madison, WI, 2017. 

[3] SAINT v. 8.38A, Bruker AXS Inc., Madison, WI, 2017. 

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

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

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

[7] Kratzert, D.; Holstein, J. J.; Krossing, I. DSR: enhanced modelling and refinement of 

disordered structures with SHELXL. J. Appl. Cryst. 2015, 48, 933-938.  

[8] C. F. Macrae, I. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe, E. Pidcock, L. 
Rodriguez-Monge, R.Taylor, J. van de Streek, P. A. Wood, J. Appl. Cryst. 2008, 41, 466-470. 
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Table S2. Collection of Crystallographic Data of 1tet, 2Et, 2tBu, 4Ph, 6, and 8 

 1tet 2Et 2tBu 4Ph 6 8 

CCDC 2108590 2108592 2108593 2108594 2108591 2108589 

formula C52H84Ce2Cl4Li2

O4 

C24H40CeO

2 

C28H48CeO

2 

C56H60CeO2Si

2 

C32H47CeOC

l 

C27H32Ce

O 

·0.6 

(C7H8) 

M [� ·

�����] 

1209.11 500.68 556.78 961.34 623.26 574.07 

� [Å] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

cell monoclinic monoclinic monoclinic orthorhombic orthorhombi

c 

monoclinic 

space 

group 

P21/c P21/c P21/c    Pbcn    Pca21    Pn 

a [Å] 13.1468(19) 10.638(2) 19.315(3) 17.266(4) 19.799(4) 14.6171(9) 

b [Å] 15.448(2) 16.025(4) 18.033(3) 16.545(4) 16.256(3) 11.4440(7) 

c [Å] 15.030(2) 14.169(3) 17.845(3) 16.941(4) 18.719(3) 24.1214(14

) 

α [°] 90 90 90 90 90 90 

β [°] 113.981(2) 92.579(4) 117.51 90 90 91.001(1) 

γ [°] 90 90 90 90 90 90 

V [Å3] 2788.9(7) 2413.1(9) 5512.4(13) 4840(2) 6024.5(19) 4034.4(4) 

Z 2 4 8 4 8 6 

F(000) 1236 1032 2320 1992 2576 1760 

T [K] 173(2) 100(2) 100(2) 100(2) 100(2) 100(2) 

ρcalcd [� ·

���] 

1.440 1.378 1.342 1.319 1.374 1.418 

µ [mm-1] 1.843 1.901 1.671 1.030 1.621 1.713 

R1[a] 

(I>2σ(I)

) 

0.0356 0.0383 0.0284 0.0306 0.0615 0.0409 

ωR2 (all 

data) [a] 

0.0819 0.0934 0.0686 0.0763 0.1385 0.0793 

Goodnes

s of fit 

1.020 1.019 1.067 1.112 1.009 0.996 
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[a] R1 = Σ(||F0|-|Fc||)/Σ|F0|,F0 > 4σ(F0). wR2 = {Σ[w(F02-Fc2)2/Σ[w(F02)2]}1/2. 
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Electrochemical Studies /Cyclovoltammetric Data 

[BARF] = [B(C6H3(CF3)2-3,5)4] 

 

Table S3. Electrochemical data for the redox couple of complex 1* vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -0.567 - - - - 

100 mV/s -0.556 - - - - 

250 mV/s -0.536 - - - - 

500 mV/s -0.508 - - - - 

1000 mV/s -0.473 - - - - 

2000 mV/s -0.432 - - - - 

 

 

Figure S22. Isolated cerium(III/IV) redox couple of 1* vs Fc/Fc+ in THF obtained at different scan rates; arrow 
indicates the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S23. Cyclic voltammogram of 1* vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates the 
scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

 

Figure S24. Ip versus v1/2 plot of the anodic (blue) redox features of 1*. 
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Table S4. Electrochemical data for the redox couple of complex 1tet vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -0.542 - - - - 

100 mV/s -0.534 - - - - 

250 mV/s -0.531 - - - - 

500 mV/s -0.521 - - - - 

1000 mV/s -0.516 -0.641 -0.516 0.125 0.42 

2000 mV/s -0.509 -0.612 -0.509 0.103 0.49 

2500 mV/s -0.511 -0.601 -0.511 0.090 0.51 

 

 

Figure S25. Isolated cerium(III/IV) redox couple of 1tet vs Fc/Fc+ in THF obtained at different scan rates; arrow 
indicates the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S26. Cyclic Voltammogram of 1tet vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates the 
scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

 

Figure S27. Ip versus v1/2 plot of the anodic (blue) redox features of 1tet. 
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Table S5. Electrochemical data for the redox couple of complex 2Et vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -1.519 -1.591 -1.555 0.072 0.92 

100 mV/s -1.517 -1.600 -1.559 0.083 0.94 

250 mV/s -1.507 -1.605 -1.556 0.098 0.96 

500 mV/s -1.499 -1.615 -1.557 0.116 0.97 

1000 mV/s -1.487 -1.621 -1.554 0.134 0.98 

2000 mV/s -1.475 -1.637 -1.556 0.162 1.00 

 

 

Figure S28. Cerium(III/IV) redox couple of 2Et vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S29. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 2Et. 

 

 

Table S6. Electrochemical data for the redox couple of complex 2iPr vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -1.522 -1.602 -1.562 0.080 1.00 

100 mV/s -1.510 -1.595 -1.553 0.085 0.99 

250 mV/s -1.496 -1.598 -1.547 0.102 0.98 

500 mV/s -1.482 -1.600 -1.541 0.118 0.97 

1000 mV/s -1.468 -1.611 -1.540 0.143 0.97 

2000 mV/s -1.456 -1.624 -1.540 0.168 0.96 
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Figure S30. Cerium(III/IV) redox couple of 2iPr vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
the scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S31. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 2iPr. 
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Table S7. Electrochemical data for the redox couple of complex 2CH2tBu vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -1.473 -1.555 -1.514 0.082 0.95 

100 mV/s -1.466 -1.557 -1.512 0.091 0.95 

250 mV/s -1.453 -1.562 -1.508 0.109 0.95 

500 mV/s -1.444 -1.570 -1.507 0.126 0.95 

1000 mV/s -1.432 -1.578 -1.505 0.146 0.95 

2000 mV/s -1.413 -1.598 -1.506 0.185 0.95 

 

 

Figure S32. Cerium(III/IV) redox couple of 2CH2tBu vs Fc/Fc+ in THF obtained at different scan rates; arrow 
indicates the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S33. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 2CH2tBu. 

 

 

Table S8. Electrochemical data for the redox couple of complex 2tBu vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -1.497 -1.565 -1.531 0.068 1.00 

100 mV/s -1.497 -1.570 -1.534 0.073 1.00 

250 mV/s -1.493 -1.567 -1.530 0.074 0.98 

500 mV/s -1.485 -1.569 -1.527 0.084 0.95 

1000 mV/s -1.481 -1.568 -1.525 0.087 0.95 

2000 mV/s -1.481 -1.577 -1.529 0.096 0.94 
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Figure S34. Cerium(III/IV) redox couple of 2tBu vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

 

Figure S35. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 2tBu. 
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Table S9. Electrochemical data for the redox couple of complex 3tBu vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -1.540 -1.677 -1.608 0.137 0.80 

100 mV/s -1.524 -1.669 -1.596 0.145 0.84 

250 mV/s -1.507 -1.700 -1.603 0.193 0.88 

500 mV/s -1.480 -1.697 -1.588 0.217 0.90 

1000 mV/s -1.458 -1.729 -1.593 0.271 0.92 

2000 mV/s -1.452 -1.742 -1.597 0.290 0.95 

 

 

Figure S36. Cerium(III/IV) redox couple of 3tBu vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S37. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 3tBu. 

 

 

 

Table S10. Electrochemical data for the redox couple of complex 4Me vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -1.197 -1.260 -1.229 0.063 0.90 

100 mV/s -1.193 -1.258 -1.226 0.065 0.98 

250 mV/s -1.186 -1.261 -1.224 0.075 0.98 

500 mV/s -1.181 -1.263 -1.222 0.082 0.98 

1000 mV/s -1.177 -1.268 -1.223 0.091 0.97 

2000 mV/s -1.169 -1.277 -1.223 0.108 0.97 
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Figure S38. Cerium(III/IV) redox couple of 4Me vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

 

Figure S39. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 4Me. 
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Table S11. Electrochemical data for the redox couple of complex 4Ph vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -1.010 -1.264 -1.137 0.254 0.95 

100 mV/s -0.998 -1.266 -1.132 0.268 1.00 

250 mV/s -0.993 -1.280 -1.136 0.287 0.98 

500 mV/s -0.983 -1.288 -1.135 0.305 0.99 

1000 mV/s -0.986 -1.298 -1.142 0.312 0.93 

2000 mV/s -0.976 -1.309 -1.142 0.333 0.96 

 

 

Figure S40. Cerium(III/IV) redox couple of 4Ph vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S41. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 4Ph. 

 

 

Table S1. Electrochemical data for the redox couple of complex 5Ph vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -0.704 -2.186 -1.445 1.482 0.82 

100 mV/s -0.668 -2.212 -1.440 1.544 0.81 

250 mV/s -0.635 -2.245 -1.440 1.610 0.83 

500 mV/s -0.603 -2.276 -1.439 1.673 0.83 

1000 mV/s -0.559 -2.306 -1.432 1.747 0.84 

2000 mV/s -0.587 -2.334 -1.460 1.747 0.86 
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Figure S42. Cerium(III/IV) redox couple of 5Ph vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
the scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

 

Figure S43. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 5Ph. 
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Figure S44. Cyclic voltammograms of the cerium(III/IV) redox couple of Cp*2Ce(OSiPh3)2 4Ph (black) and 
Cp*Ce(OSiPh3)3 5Ph (red) vs Fc/Fc+ in THF at GC obtained at a scan rate of 50 mV/s; arrow indicates scan 
direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF].   
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Table S13. Electrochemical data for the redox couple of complex 6 vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -0.799 -0.863 -0.831 0.064 0.93 

100 mV/s -0.795 -0.862 -0.829 0.067 0.96 

250 mV/s -0.790 -0.862 -0.826 0.072 1.00 

500 mV/s -0.790 -0.862 -0.826 0.072 1.00 

1000 mV/s -0.785 -0.860 -0.823 0.075 0.98 

2000 mV/s -0.784 -0.868 -0.826 0.084 1.00 

 

 

Figure S45. Cerium(III/IV) redox couple of 6 vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates the 
scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S46. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 6. 

 

 

Table S14. Electrochemical data for the redox couple of complex 7 vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -0.755 -0.997 -0.876 0.242 0.85 

100 mV/s -0.751 -1.004 -0.878 0.253 0.94 

250 mV/s -0.745 -1.027 -0.886 0.282 0.96 

500 mV/s -0.740 -1.045 -0.893 0.305 0.94 

1000 mV/s -0.738 -1.054 -0.896 0.316 0.92 

2000 mV/s -0.734 -1.065 -0.900 0.334 0.88 
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Figure S47. Cerium(III/IV) redox couple of 7 vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates the 
scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S48. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 7. 
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Table S15. Electrochemical data for the redox couple of complex 8 vs Fc/Fc+ in THF 

Scan speed Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔE [V] ipc/ipa 

50 mV/s -0.833 -0.898 -0.865 0.065 0.92 

100 mV/s -0.829 -0.899 -0.864 0.070 0.99 

250 mV/s -0.827 -0.902 -0.864 0.075 0.98 

500 mV/s -0.825 -0.905 -0.865 0.080 0.97 

1000 mV/s -0.818 -0.910 -0.864 0.092 0.96 

2000 mV/s -0.817 -0.914 -0.865 0.097 0.95 

 

 

Figure S49. Cerium(III/IV) redox couple of 8 vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates the 
scan direction; c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S50. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) redox features of 8. 

 

 

  

y = 1E-04x + 2E-06

R² = 0.9991

y = -0.0001x - 7E-06

R² = 0.9997

-2.00E-04

-1.50E-04

-1.00E-04

-5.00E-05

0.00E+00

5.00E-05

1.00E-04

1.50E-04

2.00E-04

0 0.5 1 1.5

C
u

rr
e

n
t 

[A
]

v1/2 [V1/2/s1/2]



S39 

 

UV/Vis Spectra 

 

 

Figure S51. UV/Vis spectra of compounds 2Et (blue), 2íPr (green), 2CH2tBu (red) and 4Me (black). 

 

 

 

 

Figure S52. UV/Vis spectra of compounds 2tBu (red) and 3tBu (black). 
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Figure S53. UV/Vis spectra of compounds 4Ph (red) and 5Ph (black). 

 

 

 

 

Figure S54. UV/Vis spectra of compounds 1tet (blue), 6 (green), 7 (red) and 8 (black). 
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ABSTRACT: Treatment of cerous CpR3Ce(thf) (CpR = C5H4R; R = H,
Me) with the halogenating reagents C2Cl6, TeBr4, and I2 afforded the ceric
halides CpR3CeX (X = Cl, Br, I) in high yield. Subsequent salt metathesis
with sodium alkoxides and siloxides led to a series of alkoxy and siloxy
derivatives. Compounds CpR3CeOR′ with R′ = Me, Et, CH2tBu, iPr, tBu,
SiMe3, SiEt3, Si(iPr)3 SiPh3 (and Si(OtBu)3) have been isolated and
characterized by 1H, 13C, and 29Si NMR and DRIFT spectroscopy, magnetic
measurements, X-ray structure analyses, cyclic voltammetry, and elemental
analyses. The ceric complexes CpR3CeX and CpR3CeOR′ are isostructural,
featuring terminal ligands X and OR′. The magnetic measurements revealed
temperature-independent paramagnetism (TIP), with positive magnetic
susceptibilities in the range χ0 (1.53−3.9) × 10−4 emu/mol. Cyclic
voltammetry indicated two types of redox processes: (a) chemical and
electrochemical reversibility for halide and siloxide complexes and (b) EC- or ECE-type mechanisms for the alkoxides (chemical
reversibility at high scan rates). In all cases formal potentials could be determined ranging from −0.583 V vs Fc/Fc+ for Cp3CeI to
−1.259 V vs Fc/Fc+ for CpMe

3Ce(OEt). The electrochemical data revealed an increase in stabilization with respect to reduction of
the cerium(IV) center in the series I < Br < Cl < siloxy < alkoxy ligand and a better stabilization with CpMe in comparison to Cp
ligands by approximately 0.05−0.1 V. As a result, an improved stabilization of Ce(IV) was observed for more strongly electron
donating ligands.

■ INTRODUCTION

Cerium assumes a unique position within the series of 17 rare-
earth metals due to its reversible Ce(III/IV) single-electron-
redox chemistry.1−5 Depending on the coordination sphere
and solvent, cerium(IV) potentials are known to span a
nominal range of ∼3.5 V, covering strong oxidants but also
thermally stable compounds.2 Ceric ammonium nitrate (CAN)
is commonly used in organic synthesis as a one-electron
oxidizing agent (E° = 1.61 V vs NHE) and can be handled in
an aqueous environment.6−11 CAN was previously established
as a precursor for cerium(IV) alkoxides by Gradeff et al., which
paved the way for organocerium(IV) chemistry.12,13

Organometallic cerium (“organocerium”) chemistry was
initially established in 1956 by Birmingham and Wilkinson
with the synthesis of tris(cyclopentadienyl) cerium(III),
CeCp3 (Cp = C5H5).

14 It was more than 50 years later that
CeCp3 was successfully oxidized with the hypervalent
organoiodine(III) compound PhICl2 to afford Cp3CeCl.

15

While many early reports on putative organocerium(IV)
species were later refuted,16 the first authentic derivatives
were synthesized by Greco et al. with “cerocene” Ce(COT)2
(bis(cyclooctatetraenyl) cerium(IV)) and Cp3Ce(OiPr).17

The low-yield synthesis of the latter (minute amounts of less
than 5%), obtained from CeIV(OiPr)4, was later improved by
Gulino et al. (69% isolated yield) using the nonreducing
cyclopentadienyl transfer reagent Me3SnCp instead of
MgCp2.

18 It is worth noting that the isopropoxy derivative
Cp3Ce(OiPr) was the first organocerium(IV) complex to be
analyzed by cyclic voltammetry.18

The organocerium(IV) compounds Cp2Ce(OtBu)2 and
Cp3Ce(OtBu) were synthesized by Evans et al. in 1989
starting from CAN, again with cerium already in the oxidation
state +4.19 The tert-butoxy derivative Cp3Ce(OtBu) remained
the only ceric cyclopentadienyl derivative characterized by X-
ray diffraction (XRD) analysis for over 20 years. More recently,
t h e s ame CAN-ba s ed r e a c t i on s equenc e , v i a
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CeIV(OtBu)2(NO3)2(thf)2, gave access to the single-crystalline
cerocene(IV) bis(alkoxy) complex [C5H3(SiMe3)2-1,3]2Ce-
(OtBu)2.

20 Crucially, as initially shown for the synthesis of
Cp3CeCl,

15 the oxidative approach employing cerous tris-
(cyclopentadienyl) complexes CpR3Ce seemed less prone to
ligand redistribution due to the unfavorable formation of
CpR4Ce.

15 We could substantiate this hypothesis by clean
oxidations of CpR3Ce with trityl chloride, 1,4-benzoquinone,
and iodine to give the respective chloride, hydroquinolate and
iodide complexes, respectively (CpR = CpMe, C5H4Me; Cp′,
C5H4SiMe3).

21 Moreover, the initial successful salt-metathet-
ical exchange between chlorido species Cp′3CeCl and KOtBu
disclosed a new approach toward ceric alkoxy derivatives.21

Alkoxy and siloxy ligands are known to strongly stabilize the
cerium(IV) center, as evidenced by a broad variety of
homoleptic ceric alkoxides and siloxides.22−30 The robust
redox-insensitive siloxy ligands OSi(OtBu)3 and OSiPh3 even
allowed for the isolation of molecular terbium(IV) and
praseodymium(IV) complexes.31−33

The cerium(III/IV) redox behavior can be reasonably
assessed by cyclic voltammetry. An overview of the general
electrochemical behavior of a broad series of cerium(III/IV)
couples in aqueous as well as organic solvents has been given
by Schelter et al.2 However, the electrochemistry of
homoleptic cerium alkoxides is likely to be complicated by
molecular rearrangement reactions, as revealed by wide peak
separations in the cyclic voltammograms of tris(tert-butoxy)-
siloxy-ligated complexes.34 We reasoned that a tris-
(cyclopentadienyl) scaffold would counteract such molecular
rearrangements and facilitate a fundamental study of the
behavior of the monoanionic ligand X in the ceric complexes
CpR3CeX. The present work provides a coherent assessment of
the electronic effect of a diverse set of alkoxy, siloxy, and
halogenido ligands on cerium(IV) centers, offering a broad
tuning range of the electrochemical potential.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization of Ceric
CpR

3CeX. The readily accessible cerous tris(cyclopentadienyl)
complexes Cp3Ce(thf) (1a; Cp = C5H5)

14 and CpMe
3Ce(thf)

(1b; CpMe = C5H4Me)35 were selected as starting compounds,
mainly for reasons of enhanced steric flexibility.36 Note that
the complex (C5Me4)3Ce refused to undergo oxidation under
the applied conditions. The ceric monohalogenido derivatives
CpR3CeCl (2) and CpR3CeI (4) were obtained in high yield
according to previously established procedures, employing
hexachloroethane (C2Cl6) and elemental iodine as oxidants
(Scheme 1).15,21

The new bromide complexes CpR3CeBr (3) could be
accessed via reaction with TeBr4, which was initially employed
by Lappert et al. for a low-yield synthesis of Ce[N(SiMe3)2]3Br
from Ce[N(SiMe3)2]3.

37 In contrast to the silylamido ligands,
the cyclopentadienyl scaffold seems to favor the formation of
the tetravalent complexes 3. Even using an excess of TeBr4
resulted in a clean reaction and formation of compound 3 in
yields >95%. The halogenation reactions were accompanied by
an instant color change from bright yellow (cerous 1) to deep
black (ceric 2−4). The 1H NMR spectra of the halogenated
complexes, as representatively shown for the bromido
derivative 3b, revealed signal shifts as expected for diamagnetic
compounds (Figure 1; cf. paramagnetic cerous precursor 1b).
The cerium(IV) chloride complexes 2a and 2b were

subjected to salt-metathesis reactions with alkali-metal

alkoxides, as shown previously by our group for the synthesis
of Cp′3Ce(OtBu) from Cp′3CeCl and KOtBu.21 Accordingly,
by employing distinct sodium alkoxides and siloxides a series of
monomeric complexes CpR3Ce(OR) (5−13) could be
obtained, in yields ranging from 81% to 97% (Scheme 2).
Such tris(cyclopentadienyl) cerium(IV) alkoxides and siloxides
are dark brown, which seems to be characteristic of the
cyclopentadienyl scaffold bearing cerium(IV). As shown by
Rheingold et al. for homoleptic alkoxides, di-tert-butyl peroxide
can be used as an alternative oxidant.38 This reagent can be
employed for direct conversion of 1a to Cp3Ce(OtBu) (9a) in
37% yield.
The cerium(IV) alkoxides 5 (OR = OMe), 6 (OR = OEt), 7

(OR = OCH2tBu), and 8 (OR = OCHMe2) revealed
characteristic NMR chemical shifts for the protons in the α-
position of the alkoxy ligands (Ce−O−C−H), as they appear
heavily shifted downfield (Table 1). Such a deshielding effect
was also observed for the homoleptic cerium(IV) alkoxides
[Ce(OCHMe2)4]3 and [Ce(OCH2tBu)4]2(thf), albeit to a
minor extent.22,39 The latter complexes show the relevant
proton signals at 5.25 and 4.53 ppm, respectively, significantly
shifted to lower field in comparison to 4.01 and 3.28 ppm in

Scheme 1. Oxidation of CpR3Ce(thf) (1),
14,32 to Form

Cerium(IV) Halogenides 2-4

Figure 1. 1H NMR spectra (400.1 MHz) of compounds CpMe
3Ce-

(thf) (1b; c = 2.7 mg/mL), CpMe
3CeBr (3b), and CpMe

3Ce(OEt)
(6b) (C6D6, 26 °C) with corresponding Cp-H, Cp-CH3, and O−
CH2CH3 proton signals. THF signals of 1b are located at −4.73 and
−10.88 ppm, residual Et2O is marked with #, and C6D6 is marked
with *.
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the free alcohol in CDCl3.
22,39,40 However, the 1H NMR

signals of the CH2 moieties in neopentoxy derivatives
Cp′3Ce(OCH2tBu) (7a and 7b) are detected at 5.87 and
6.09 ppm, respectively. This indicates a decrease in electron
density at the respective protons close to the cerium(IV)

center, possibly caused by the +M effect of the alkoxy ligand.
The protons are in all cases shifted downfield below the
cyclopentadienyl signals. Importantly, the NMR spectra show
the signal sets expected for discrete ceric molecules devoid of
paramagnetic broadening and shifting. The 1H NMR spectrum
of the ethoxy derivative 6b is representatively shown in Figure
1, the sharp signals/coupling pattern being in accordance with
a diamagnetic compound. Similarly, the siloxides 10−13 gave
NMR spectra indicative of diamagnetic compounds (see the
Supporting Information).
The ceric tris(cyclopentadienyl) complexes under study

could be obtained as needlelike microcrystals via crystallization
from n-hexane. Switching to toluene/n-hexane mixtures
resulted in crystals of suitable size for X-ray diffraction
(XRD) analyses. A compilation of selected metrical parameters
of complexes 2a,15 2b,21 3b, 4b, 5a, 6a, 8a, 8b, 9a,19 9b, 10b,
11a, 11b, 13a, and 13b is given in Table 2.
Figure 2 depicts the solid-state structure of CpMe

3CeBr (3b),
displaying a slightly distorted pseudotetrahedral coordination

sphere. Bromide complex 3b is isostructural with the chloride
congener CpMe

3CeCl (2b),
21 showing a Cp ligand alignment

where all three methyl substituents point toward the
halogenido ligand. In contrast, the Cp ligands of the iodide
complex 4b seem to align differently with two methyl

Scheme 2. Scope of Compounds 5−13 Obtained by Salt-
Metathesis Reactions of CpR3CeCl (2) with Sodium
Alkoxides and Siloxides

Table 1. NMR Chemical Shifts of the Protons in α-Positions
of the Alkoxy Ligands (Ce−O−C−H; ppm)

R = H (a) R = Me (b)

CpR3Ce(OCH3) (5) 5.84 5.93

CpR3Ce(OCH2tBu) (7) 5.87 6.09

CpR3Ce(OCH2CH3) (6) 6.02 6.17

CpR3Ce[OCH(CH3)2] (8) 6.21 6.40

Table 2. Overview of Selected Interatomic Distances and Angles of Compounds 2a,15 2b,19 3b, 4b, 5a, 6a, 8a, 8b, 9a,21 9b, 10b,
11a, 11b, 13a, and 13b

compound
Ce−C(CpR) range

(Å)
Ce−C(CpR)
avg. (Å)

Ce−Cnta

avg. (Å) Ce−X (Å) O−C/Si (Å)
Cnt−Ce−Cnt

(deg)
Cnt−Ce−X

(deg)
Ce−O−R
(deg)

Cp3CeCl
15 (2a) 2.700(2)−2.760(3) 2.733 2.460 2.6666(7) 116.08−117.03 100.08−102.10

CpMe
3CeCl

21 (2b) 2.716(3)−2.771(3) 2.742 2.482 2.658(1) 116.87−119.90 98.36−103.20

CpMe
3CeBr (3b) 2.716(2)−2.839(3) 2.758 2.567 2.8283(5) 115.38−119.61 89.39−104.67

Cp3Ce(OMe) (5a) 2.750(3)−2.784(3) 2.765 2.503 2.0648(19) 1.402(3) 115.71−116.10 100.52−104.33 164.5(2)

Cp3Ce(OEt) (6a) 2.741(8)−2.807(8) 2.774 2.501 2.067(6) 1.412(9) 114.93−116.36 99.45−105.18 166.1(5)

Cp3Ce(OiPr) (8a) 2.752(3)−2.783(3) 2.772 2.501 2.067(2) 1.413(4) 115.17−116.38 99.50−103.82 162.7(2)

CpMe
3Ce(OiPr) (8b) 2.768(2)−2.825(2) 2.785 2.513 2.0814(17) 1.480(17) 115.10−116.54 102.02−102.59 176.59(16)

Cp3Ce(OtBu)
19 (9a) 2.741(10)−2.790(9) 2.762 2.512 2.045(6) 1.441(13) 116.9−111.8 103.5−101.7 176.3(6)

CpMe
3Ce(OtBu) (9b) 2.740(9)−2.826(12) 2.781 2.512 2.113(19) 1.41(2) 113.89−117.69 99.87−102.95 168(2)

CpMe
3Ce(OSiMe3) (10b) 2.733(4)−2.812(4) 2.770 2.487 2.118(2) 1.633(3) 112.57−117.50 100.73−103.33 158.54(16)

Cp3Ce(OSiEt3) (11a) 2.73(3)−2.794(13) 2.763 2.493 2.108(6) 1.665(9) 115.15−117.72 101.14−101.33 172.8(5)

CpMe
3Ce(OSiEt3) (11b) 2.704(17)−2.795(8) 2.751 2.500 2.114(6) 1.617(7) 119.59−116.97 101.83−86.89 175.4(5)

Cp3Ce(OSiPh3) (13a) 2.731(10)−2.813(14) 2.765 2.491 2.1331(19) 1.620(2) 115.09−117.17 99.87−103.39 174.65(12)

CpMe
3Ce(OSiPh3) (13b) 2.705(7)−2.866(6) 2.775 2.503 2.168(3) 1.616(3) 115.23−116.12 101.43−102.92 154.37(17)

aCnt = CpR ring centroid.

Figure 2. Crystal structure of CpMe
3CeBr (3b). Hydrogen atoms are

omitted for clarity. Atomic displacement ellipsoids are set at the 30%
probability level. Selected interatomic distances and angles are given
in Table 2.
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substituents pointing away from the larger halogenido ligand.
The crystal structure of 4b is heavily disordered (Figure S59),
excluding a detailed discussion of the metrical parameters.
Unsurprisingly, the Ce−X(halogenido) distances increase with
the size of the halogen atom (2b, 2.658(1) Å;21 3b, 2.8283(5)
Å). The average Ce−Cnt (centroid) distances are the shortest
in the case of a more electronegative halogen (2b, 2.482 Å; 3b,
2.567 Å).21 For further comparison, the Ce−X distances of the
four-coordinate mixed silylamido/halogenido complexes Ce-
[N(SiMe3)2]3X were detected at 2.597(2) Å (X = Cl),
2.766(2) Å (X = Br), and 2.9980(2) Å (X = I), respectively.41

These are significantly shorter (Cl, Br) than in the Cp
derivatives, while the variation of the halogenido ligand barely
changes the distance toward the silylamido nitrogen atom
(2.217(3), 2.219(7), and 2.2153(9) Å).42

The solid-state structures of the alkoxides Cp3Ce(OMe)
(5a) and Cp3Ce(OiPr) (8a) as well as of the siloxides
CpMe

3Ce(OSiMe3) (10b) and CpMe
3Ce(OSiPh3) (13b) are

shown in Figure 3. It is clear that the complexes keep the
structural motif of a pseudotetrahedral coordination sphere, as
do the other solid-state structures in this study. Even the
complex CpMe

3Ce[OSi(OtBu)3]3 (14, S59), bearing a
potentially chelating siloxy ligand, exhibits a terminal κO
coordination mode. Complex 14 was characterized via X-ray
diffraction and NMR spectroscopy but was not obtained in
pure form and was therefore excluded from further studies.
The new alkoxy derivatives display Ce−O distances in the
range of 2.0648(19) (5a) to 2.113(19) Å (9b), matching the
2.045(6) and 2.071(1) Å of the previously reported tert-butoxy
derivatives 9a19 and Cp′3Ce(OtBu), respectively.

21 The Ce−O
distances of the CpMe-supported complexes are slightly longer,
as seen for the isopropoxy derivative 8a (2.067(2) Å) versus
8b (2.0814(17) Å).
For further comparison, the terminal Ce−O distances in

homoleptic [Ce(OtBu)4]2
43 and [Ce(OCH2tBu)4]3

22 range
from 2.058(3) to 2.065(3) Å and from 2.029(1) to 2.030(2) Å,
respectively, while the terminal Ce−O(methoxy) distance in
Ce[OSi(OtBu)3]3(OCH3)(thf)2 is 2.094(1) Å.29 Generally,
the Ce−O distances span a wide range depending on the
coordination number and terminal/μx-bridging mode: e.g., as
detected for ceric Ce3(μ3-O iPr)2(μ s-O iPr)3(O iPr)7
(2.061(4)−2.721(3) Å).39 The Ce−O−C angles appear
affected by both the sterics of the alkoxy and Cp ligands and
the Cp alignment (minimum, OMe/Cp (5a) 164.5(2)°;
maximum, OiPr/Cp (8b) 176.6(2)°). The average Ce−Cnt

distances of the alkoxy complexes are very similar (2.503−
2.513 Å) but are longer than in the chlorido derivatives (2.460
and 2.482 Å)15,21 and shorter than in the bromide complex 3b
(2.567 Å).
The Ce−O distances of the siloxide complexes are elongated

by approximately 0.05 Å in comparison to the alkoxides, with
distances ranging from 2.108(6) Å for 11a to 2.168(3) Å for
13b. These are quite comparable to the terminal Ce−O
distances of four-coordinate cerous [Ce(OSiPh3)2(μ-
OSiPh3)]2 (2.185(6) and 2.151(7) Å) and six-coordinate
Ce(OSiPh3)4(DME) (2.10(1) and 2.13(1) Å).44,45 The
terminal Ce−O distances of Ce[OSi(OtBu)3]4 range from
2.089(2) to 2.103(2) Å, hence being slightly shorter.34 On the
other hand, the average Ce−Cnt distances, 2.487 Å for 10b
and 2.503 Å for 13b, are shorter than those of the alkoxy
congeners. Also, the CpMe derivatives exhibit on average longer
Ce−Cnt distances in comparison to the Cp analogues,
reflecting the increased steric demand (2.493 Å (11a) vs
2.500 Å (11b); 2.491 Å (13a) vs 2.503 Å (13b)). Similarly, the
Ce−O−Si angles ranging from 154.37(17)° (13b) to
178.4(5)° (11b) seem to result from steric congestion and/
or crystal-packing effects.
Overall, the cyclopentadienyl ligands seem to stabilize

cerium(IV), as various ligands can be introduced ranging
from methoxy to triphenylsiloxy by exploiting the high
oxophilicity of cerium and hence the strong Ce−O bond.
No ligand displacement or scrambling was observed for any of
the compounds.

Electrochemical Properties. Complexes 1−13 were
examined by cyclic voltammetry under exclusion of oxygen
and moisture in a glovebox (argon atmosphere) at ambient
temperature with a glassy-carbon (GC) working electrode.
Potentials are referenced to the Fc/Fc+ redox couple used as an
internal standard. An interaction between the cerium
compounds and ferrocene was excluded in all cases, which
makes the use of the internal standard a viable option. The
cerium compounds under study show two typical types of
behavior evident from the qualitative shapes of the cyclic
voltammograms: a chemically reversible redox process with a
quasi-reversible electron transfer step and a mechanism
involving a follow-up reaction of the ECE type. Both will be
discussed in detail, including some quantitative analysis of the
peak data.
Compounds CpR3CeX with R = H, Me and X = Cl, Br, I all

show qualitatively similar cyclic voltammograms, which will be

Figure 3. Crystal structures of the alkoxides Cp3Ce(OMe) (5a) and Cp3Ce(OiPr) (8a) as well as of the siloxides Cp
Me

3Ce(OSiMe3) (10b) and
CpMe

3Ce(OSiPh3) (13b), with atomic displacement ellipsoids set at 30% probability. Hydrogen atoms and disorders (8a) are omitted for clarity.
Selected interatomic distances and angles are given in Table 1.
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outlined in the following for CpMe
3CeCl (2b). Details on the

other complexes can be found in the Supporting Information.
The peak separation for 2b accounts to 73 mV at 50 mV/s,
which is close to the ideal value of 58 mV for an
electrochemically reversible one-electron-redox step. The
value increases with the scan rate v, indicating that the process
becomes quasi-reversible at higher v. When the peak current ip
is analyzed as a function of the square root of the scan rate, a
straight line of best fit with R2 > 0.999 resulted, indicative of a
diffusion-controlled redox step. According to the peak current
ratio ipa/ipc, which is close to 1, almost all of the analyte, which
is reduced, gets reoxidized.46 This excludes significant follow-
up reactions and is evidence of chemical reversibility.
Consequently, the halide complexes show a chemically
reversible as well as electrochemically (quasi-)reversible one-
electron-redox process. The formal potentials E°determined
as the midpoint potentials (Epa + Epc)/2are independent of
the scan rate v and are compiled for 2b in Table 3.

The formal potentials of all halide complexes 2−4 range
between −0.583 V for 4a and −0.801 V for 2b (vide inf ra,
Table 6). The cyclic voltammograms of CpMe

3CeCl (2b) and
Cp3CeBr (3a, E° = −0.652 V) are displayed in Figure 4. A

direct comparison of Cp- and CpMe-supported complexes (a
versus b) results in more negative potentials for the methyl-
substituted derivatives, indicating a better stabilization of the
cerium(IV) center by about 0.1 V with respect to reduction.
The choice of the halogen atom affects the potential much
more strongly, and stabilization of the +IV oxidation state
decreases in the order Cl > Br > I.
The electrochemical data of the siloxide complexes feature

similar results concerning the redox mechanism. For example,
the peak potentials of CpMe

3Ce(OSiPh3) (13b) exhibit a peak
separation of 63 mV at 50 mV/s (Table 4, Figure S112), which

increases with v. In combination with R2 > 0.999 for the ip vs
the square root of v plot, this indicates diffusion control and an
electrochemically quasi-reversible one-electron-redox mecha-
nism. The peak current ratio ipa/ipc stays close to 1, suggesting
chemical reversibility. Moreover, the resulting E° values do not
significantly depend on the scan rate.
Compound 13b was also investigated at a Pt electrode with

a THF electrolyte based on 0.1 M NBu4PF6 (see the
Supporting Information), in scan-rate- and concentration-
dependent experiments. The absence of an iR drop is proven
by the fact that the peak potentials are independent of the
concentration of 13b. Under these conditions, while chemical
reversibility is again apparent, the electron-transfer kinetics are
somewhat faster than at the GC electrode and an electro-
chemically reversible process is found. Given the different
electrode material, this appears to be a reasonable behavior.
Moreover, the formal potential is shifted from −1.013 to
−0.930 V vs Fc/Fc+, probably caused by the change of the
supporting electrolyte anion. The diffusion coefficient of
CpMe

3Ce(OSiPh3) (13b) in the PF6
−-based electrolyte was

determined from peak current data as D = 2.75 × 10−6 cm2/s,
and the electron-transfer rate at the Pt electrode was estimated
from simulations as ks = 0.03 cm/s. This is more than 1 order
of magnitude faster than the result for BINOL-ligated
cerium(III) complexes calculated by Schelter et al.,47 i.e., the
electron transfer appears to be more reversible in our cases.
Overall, there have been few studies on the kinetics of cerium
compounds in organic solvents, as the main focus has been on
the investigation of cerium(IV) in aqueous acidic media due to
its multiple applications, including batteries (especially V/Ce
and Zn/Ce) and fuel cells.48−50

The cyclic voltammograms of the siloxide complexes
Cp3Ce(OSiEt3) (11a) and CpMe

3Ce[OSi(iPr)3] (12b) (Figure
4) show one-electron-redox processes similar to those of the
halogenido derivatives, with even smaller peak separations of
60 mV (11a) and 61 mV (12b). Importantly, the E° values of
−0.973 V (11a) and −1.039 V (12b) are more negative in
comparison to the halogenido congeners, indicating a higher

Table 3. Electrochemical Data for the Cerium(III/IV) Peak
Couple of CpMe

3CeCl (2b) vs Fc/Fc
+ in THFa

v (mV/s) Epa (V) Epc (V) E° (V) ΔEp (V) ipa/ipc

50 −0.764 −0.837 −0.801 0.073 0.995

100 −0.760 −0.841 −0.801 0.081 0.998

250 −0.754 −0.847 −0.801 0.093 0.995

500 −0.750 −0.852 −0.801 0.102 0.997

1000 −0.746 −0.857 −0.802 0.111 0.994

2000 −0.742 −0.860 −0.801 0.118 0.997
aAt a glassy-carbon electrode: c(analyte) 1 mM, c(electrolyte) 0.1 M
[nPr4N][BARF].

Figure 4. Cyclic voltammograms of the cerium(III/IV) redox couples
of CpMe

3CeCl (2b, red), Cp3CeBr (3a, black), Cp3Ce(OSiEt3) (11a,
black), CpMe

3Ce[OSi(iPr)3] (12b, red), and CpMe
3Ce(OCH2tBu)

(7b, red) vs Fc/Fc+ in THF at a glassy-carbon electrode obtained at a
scan rate of 50 mV/s. Arrows indicate the initial scan direction:
c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF].

Table 4. Electrochemical Data for the Cerium(III/IV) Peak
Couple of CpMe

3Ce(OSiPh3) (13b) vs Fc/Fc
+ in THFa

v (mV/s) Epa (V) Epc (V) E° (V) ΔEp (V) ipa/ipc

50 −0.981 −1.044 −1.013 0.063 0.93

100 −0.974 −1.047 −1.011 0.073 0.96

250 −0.968 −1.052 −1.010 0.084 1.00

500 −0.965 −1.062 −1.014 0.097 1.00

1000 −0.960 −1.074 −1.017 0.114 1.00

2000 −0.948 −1.082 −1.015 0.134 0.97
aAt a glassy-carbon electrode: c(analyte) 1 mM, c(electrolyte) 0.1 M
[nPr4N][BARF].
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stabilization toward reduction of cerium(IV) (Table 6). The
range of potentials reaches from −0.936 V (13a) to −1.087 V
(10b) (Table 6). Again, CpMe causes a stronger stabilization of
the +IV oxidation state in comparison to Cp. Among the siloxy
ligands the triphenylsiloxy ligand exhibits weaker stabilization
in comparison to trialkylsiloxy ligands.
In contrast to the cyclic voltammograms of the halide and

siloxide complexes, most of the alkoxy derivatives exhibit a
different electrochemical behavior. The only electrochemically
and chemically reversible case was observed for the neo-
pentoxide complex CpMe

3Ce(OCH2tBu) (7b) (Figure 4). The
cyclic voltammograms of the alkoxy/Cp compounds 5a−9a are
more complex and display multiple reoxidation signals. The
behavior of Cp3Ce(OtBu) (9a) with increasing scan rates
(indicated by the red arrow) is exemplarily shown in Figure 5
and numerically summarized in Table 5.

For high scan rates the reoxidation peak I is prominent (ipa/
ipc ratio = 0.96 at 2 V/s), corresponding directly to the
reduction peak, as indicated by a ΔEp value of approximately
106 mV (quasi-reversibility). Only minor additional oxidation
signals are found at less negative potentials. With smaller scan
rates v, the relative intensity of oxidation peak I decreases (ipa/
ipc ratio <0.7), while signal II becomes dominant. This scan
rate dependence indicates the presence of a kinetic process in
the form of a follow-up reaction. For smaller v, the kinetic
process leads to the favorable formation of an intermediate
species that can further be oxidized in peak II.
Overall, the voltammetric features are consistent with an

ECE process. The minor signals remain present at slower v and
may indicate the formation of oxidizable side products.
Accordingly, the midpoint potential can only be properly
used at scan rates above 0.1 V/s as an approximation for E°.
The exact mechanism and product(s) of the follow-up reaction
could not be identified, but the formation of Cp2Ce(OtBu)2
and [Ce(OtBu)3] in the course of the follow-up reaction could
be ruled out by a comparison of the respective cyclic

voltammograms and potentials. As the signals are specific for
each alkoxy rest, the in situ generated species must include at
least one alkoxy ligand, ruling out its dissociation. Probably
some intermediate of the form “Cp2Ce(OR)” is generated in
the chemical step of the ECE process and reoxidized in the
reversed scan. Such a species could, however, not be accessed
via synthesis.
Interestingly, switching from alkoxy/Cp to alkoxy/CpMe (5b

to 9b) leads to an EC process (for voltammograms, see the
Supporting Information), with peak current ratios below 1 for
slow scan rates. In contrast to the ECE process, peak II is
absent, and consequently, the follow-up product does not seem
to be oxidizable in the investigated potential range. All alkoxy
compounds except for 7b therefore show redox mechanisms
with an irreversible follow-up reaction. Such consecutive
reactions are prevalent at slow scan rates and simplify to a
quasi-reversible one-electron process for faster time scales,
when the “C” step becomes almost insignificant. Table 6
includes only the formal potentials of the alkoxy complexes
determined at a scan rate of 1 V/s, to avoid the introduction of
potential shifts due to the coupled chemical reaction.
The electrochemical behavior of Cp3Ce(OiPr) (8a) as

found in the present work is no exception, being characterized
by an ECE mechanism at slow scan rates, which converges into
a reversible cyclic voltammogram at high v. The electro-
chemical behavior of 8a was first examined by Gulino et al. in
1988, and a potential of +0.01 V vs Fc/Fc+ (+0.32 V vs SSCE)
in THF using TBABF4 as an electrolyte was stated.18 No
further signals were reported, and the cyclic voltammogram
was interpreted as being associated with a fully reversible
process. This is in stark contrast to the data obtained in our
study. The cyclic voltammograms of 8a in THF in electrolytes
based on [nPr4N][BARF] and TBABF4 show reduction peak
potentials of −1.177/−1.153 V vs Fc/Fc+ (Figure 6). Both the
shape and the potential range deviate clearly from the curve
reported previously. For both electrolytes, the ECE-type
mechanism is clearly supported by the voltammetric shapes
(see scan-rate-dependent voltammograms; Figure 6, bottom
graphic).
For an assessment of the organocerium compounds 1−13,

the formal redox potentials are graphically summarized in
Figure 7. The values of E° reflect the relative thermodynamic
stability of the Ce(IV) and Ce(III) redox states. A more
negative potential indicates that Ce(IV) is more difficult to
reduce. The plot thus highlights the relative stability increase of
the +IV oxidation state in complexes CpR3CeX, when the
ligand scaffold is changed from Cp (=C5H5, blue) to CpMe

(=C5H4Me, red) as well as the presence of distinct coligands X.
In addition, a numerical compilation is given in Table 6 by
increasingly negative values of E°, i.e., an increasing stability of

Figure 5. Cyclic voltammograms of the cerium(III/IV) redox couple of Cp3Ce(OtBu) (9a) vs Fc/Fc+ in THF at a glassy-carbon electrode at
different scan rates. Black arrows indicate the initial scan directions: c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF].

Table 5. Electrochemical Data for the Cerium(III/IV)
Couple of Cp3Ce(OtBu) (9a) vs Fc/Fc+ in THFa

v (mV/s) Epa (V) Epc (V) E° (V) ΔEp (V) ipa/ipc

50 b −1.200 b b b

100 −1.130 −1.204 −1.167 0.073 0.67

250 −1.126 −1.209 −1.168 0.083 0.64

500 −1.131 −1.215 −1.173 0.084 0.75

1000 −1.124 −1.223 −1.174 0.099 0.87

2000 −1.125 −1.231 −1.178 0.106 0.96
aAt a glassy-carbon electrode: c(analyte) 1 mM, c(electrolyte) 0.1 M
[nPr4N][BARF].

bCould not be determined.
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the ceric complex toward reduction. This can be correlated
with a higher electron density at the Ce(IV) center.
Alkoxy ligands do exert the highest stabilizing effect on the

cerium(IV) oxidation state, as revealed by E° values in the
range −1.102 V (5a) to −1.252 V (6b and 9b). Lower
stabilization is achieved in the presence of siloxy, and even less
through halogenido ligands. The reason for this order is
presumably the ability to donate electron density to the
cerium(IV) center, as all ligands have a −I effect, but the +M
effect is increasing from halogenido to siloxy and alkoxy ligand.
The E° values indicate that halogenido ligands stabilize the
cerium(IV) center in the order Cl > Br > I. Again, the −I effect
due to the lower electronegativity is superimposed by the +M
effect and possibly also by the enhanced steric demand of the
higher homologues. Siloxy ligands, especially for X = OSiMe3,
stabilize cerium(IV) distinctively better in comparison to the
halogenido ligands. Within this series, the steric effect is again
demonstrated: for X = OSiEt3 and OSi(iPr)3, and in particular
OSiPh3, decreasing stabilization (in comparison to X =
OSiMe3) of the +IV oxidation state is found. As observed
for the halides and siloxides, the alkoxides achieve maximum
stabilization of the Ce(IV) oxidation state for the tris(CpMe)
scaffold. There is also a clear trend that the most acidic
proligands HX (lowest pKa value) form the least stable (most

easily reduced) ceric complexes. This fully complies with the
above reasoning, since their anions are those with the least
ability to donate electron density.
Strikingly, there are only a few organocerium complexes that

have been analyzed by electrochemical methods (see also
Table 6).51−54 The potential of cerocene Ce(η8-C8H8)2 is even
more negative at −1.4 V vs Fc/Fc+.52 The potential of
permethylpentalene Ce(η8-C8Me6)2

53 was detected to be very
close at −0.83 V vs Fc/Fc+, matching that of CpMe

3CeCl (2b).
Overall, the tris(cyclopentadienyl) scaffold implies a higher
stabilization of the cerium(IV) center, although it must be

Table 6. Formal Potentials vs Fc/Fc+ of 1−13 Sorted by
Increasing Stability of the Cerium(IV) Oxidation State

compound E° (V)a

Cp3Ce(thf) (1a) −0.265

CpMe
3Ce(thf) (1b) −0.377

Cp3CeI (4a) −0.583

Cp3CeBr (3a) −0.652

CpMe
3CeI (4b) −0.682

Cp3CeCl (2a) −0.695

CpMe
3CeBr (3b) −0.761

CpMe
3CeCl (2b) −0.801

Cp3Ce(OSiPh3) (13a) −0.936

Cp3Ce(OSiEt3) (11a) −0.973

Cp3Ce[OSi(iPr)3] (12a) −0.980

CpMe
3Ce(OSiPh3) (13b) −1.013

Cp3Ce(OSiMe3) (10a) −1.021

CpMe
3Ce[OSi(iPr)3] (12b) −1.039

CpMe
3Ce(OSiEt3) (11b) −1.080

CpMe
3Ce(OSiMe3) (10b) −1.087

Cp3Ce(OMe) (5a) −1.102*

Cp3Ce(OCH2tBu) (7a) −1.151*

Cp3Ce(OEt) (6a) −1.155*

Cp3Ce(OtBu) (9a) −1.174*

Cp3Ce(OiPr) (8a) −1.177*

CpMe
3Ce(OMe) (5b) −1.206*

CpMe
3Ce(OCH2tBu) (7b) −1.220*

CpMe
3Ce(OiPr) (8b) −1.244*

CpMe
3Ce(OtBu) (9b) −1.252*

CpMe
3Ce(OEt) (6b) −1.252*

Ce(C8H8)2 −1.4 Vb,52

Ce(C8Me6)2 −0.830 Vc,53

Ce[C(Ph2PNSiMe3)2]2 −1.63 V54

aAt 50 mV/s (* = at 1 V/s) in THF at a glassy-carbon electrode:
electrolyte [nPr4N][BARF].

bOther data (conditions in parentheses):
−1.52 V (SSCE),18 −1.28 V (NHE, THF, TBABF4),

51
−0.8 V (SCE,

THF)52 or −0.6 V (NHE, THF, TBAPF6).
52 cSolvent not stated.

Figure 6. Cyclic voltammograms of the cerium(III/IV) redox couple
of Cp3Ce(OiPr) (8a) vs Fc/Fc

+ in THF at a glassy-carbon electrode
and different electrolytes obtained at different scan rates (bottom)
and a scan rate of 50 mV/s (top). Arrows indicate the initial scan
direction: c(analyte) 1 mM, c(electrolyte) 0.1 M [nPr4N][BARF]
(bottom) and TBABF4 (top).

Figure 7. Distinct stabilization of cerium(IV) by alkoxy, siloxy, and
halogenido ligands.
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noted that the exact experimental conditions were not specified
for Ce(C8Me6)2.

53

Particularly useful in elucidating the stabilization of the
Ce(IV) center in the tris(cyclopentadienyl)-supported halides
is the comparison to other “complete” halide series such as
[(Me3Si)2N]3CeX

41 and (TriNOx)CeX (H3TriNOx = N-
[CH2C6H4(2-tBuNOH)]3).

55,56 The silylamide complexes
display potentials of −0.56 V vs Fc/Fc+ (X = F), −0.30 V vs
Fc/Fc+ (X = Cl), and −0.31 V (X = Br) vs Fc/Fc+, while the
iodide derivative [(Me3Si)2N]3CeI was unstable under the
experimental conditions.41 Therefore, the cyclopentadienyl
ligands confer better stabilization to cerium(IV) (2a, −0.695
V; 2b, −0.799 V). This is also reflected in the electrochemical
behavior of the cerous precursors Ce[N(SiMe3)2]3, Cp3Ce-
(thf) (1a), and CpMe

3Ce(thf) (1b). The potential of the
homoleptic silylamide was previously determined as +0.35 V
(E1/2 vs Fc/Fc

+).41 For complexes 1a and 1b, both chemical
and electrochemical (quasi-)reversibility was found at
potentials of −0.265 and −0.377 V, respectively, in particular
for higher scan rates (Table 6). This again confirms the
improved stabilization of Ce(IV) in the presence of CpMe over
Cp ligands (by approximately 0.11 V), as 1b gets oxidized
more easily. Moreover, this markedly distinct electrochemical
behavior was also revealed by chemical redox reactions. The
oxidation of Ce[N(SiMe3)2]3 has been attempted with many
oxidants, which mostly afforded low yields and product
mixtures,41,57 whereas the oxidation of complexes CpR3Ce(thf)

is quantitative for several agents, including elemental iodine
and TeBr4.

15,21,58 On the other hand, the TriNOx scaffold
provides improved stabilization, as evidenced for Epc potentials
of −1.40 V (X = F), − 1.26 V (X = Cl), −1.16 V (X = Br), and
−1.00 (X = I, I− completely dissociated) vs Fc/Fc+, in
dichloromethane.55 For further comparison, the heterobime-
tallic complexes [Li3(dmeda)3][BINOLate]3CeX display E1/2

values of −0.915 V (X = Cl), −0.900 V (X = Br), and −0.950
(X = I) vs Fc/Fc+, in THF.59

Glancing at several homoleptic ceric complexes CeL4, the
stabilization of the cerium(IV) center is very efficient for L =
OtBu (Epc = −1.99 V vs Fc/Fc+)60 and L = OSi(OtBu)3 (Epc =
−1.46 V vs Fc/Fc+).34 Interestingly, the aryloxy ligand (L =
OC6H3(C6H5)2-2,6; Epc = −0.54 V vs Fc/Fc+) is far less
stabilizing than the bis(dimethylsilyl)amido fragment (L =
N(SiHMe2)2; Epc = −1.14 V vs Fc/Fc+).57 This is in agreement
with our findings of alkoxides as efficient stabilizing ligands for
the cerium(IV) center, notably much better than Cp ligands,
on comparison of homoleptic with heteroleptic alkoxide
complexes. However, most homoleptic alkoxides and siloxides
show strongly separated peaks in the cyclic voltammograms,
probably due to ligand rearrangement processes.34,47,60

Apparently, this effect can be drastically reduced in discrete
heteroleptic complexes supported by cyclopentadienyl ligands.
The most negative potential for the Cp-supported

compounds is achieved in Cp3Ce(OiPr) (8a, −1.174 V vs
Fc/Fc+) and is further increased for the CpMe ancillary ligand

Table 7. Overview of Magnetic Properties of Compounds 2b, 8b, 11b, and 13b

compound CJ (emu K/mol) ΘCW (K) χ0 (10
−4 emu/mol) μeff(Curie) (μB) Ce3+ impurity (atom %)

CpMe
3CeCl (2b) 0.0668(7) −2.13(5) 3.9(2) 0.731(4) 8.31(9)

CpMe
3Ce(OiPr) (8b) 0.0155(2) −1.69(5) 1.98(6) 0.352(2) 1.92(2)

CpMe
3Ce(OSiEt3) (11b) 0.00629(9) −2.39(8) 2.36(2) 0.224(2) 0.78(1)

CpMe
3Ce(OSiPh3) (13b) 0.00607(8) −2.40(7) 1.53(2) 0.220(2) 0.75(1)

Figure 8. Temperature-dependent molar magnetic susceptibility χmol(T) for the complexes CpMe
3CeCl (2b, a), CpMe

3Ce(OiPr) (8b, b),
CpMe

3Ce(OSiEt3) (11b, c), and CpMe
3Ce(OSiPh3) (13b, d) corrected for diamagnetic contributions of the ligand sphere using Pascal’s constants

(black crosses). The red line represents a modified Curie−Weiss fit including a temperature-dependent (Curie-tail) and a temperature-independent
(TIP) part. Subtraction of the Curie-tail from the measured data yields the temperature-independent magnetic contributions, signified by a blue
line.

Organometallics pubs.acs.org/Organometallics Article

https://doi.org/10.1021/acs.organomet.1c00276
Organometallics 2021, 40, 1786−1800

1793



in CpMe
3Ce(OtBu) (9b) and CpMe

3Ce(OEt) (6b) with
−1.252 V vs Fc/Fc+. The improved stabilization of the
cerium(IV) oxidation state in the case of the sterically more
demanding CpMe ligand seems to result from the +I effect
exerted by the methyl substituent. In conclusion, the exchange
of the ligands X and substitution at the cyclopentadienyl
scaffold of CpR3CeX leads to a variation of potentials, with
clearly visible trends even for small structural changes. Thus, a
gradual fine-tuning of the electrochemical potentials over the
range of 650 mV from −0.583 V vs Fc/Fc+ for 4a to −1.252 V
vs Fc/Fc+ for 6b and 9b is feasible.
Magnetic Properties. The actual oxidation state of

cerocene Ce(η8-C8H8)2 as one of the few putative Ce(IV)
organometallics has been discussed and examined in detail
over many years.52,61−66 It has been revealed that it chemically
reacts as a Ce(IV) compound, e.g. with cobaltocene, but shows
temperature-independent paramagnetism (TIP) at temper-
atures below 150 K and an oxidation state close to Ce(III)
with some Ce(IV) character.4,61 Notwithstanding, the highly
negative potential supports a stabilization of the compound in
the +IV state.2 In order to assess the electronic structure of our
ceric tris(cyclopentadienyl) complexes, crystalline samples of
2b, 8b, 11b, and 13b were studied by variable-temperature
SQUID magnetometry (Table 7 and Figure 8). Temperature-
dependent molar differential susceptibilities χ(T) = (M(H2) −
M(H1))/(H2 − H1) have been determined from measurements
of the magnetic moment M in two different applied magnetic
fields H1 and H2. By this procedure the parasitic magnetic
contribution of small ferromagnetic impuritiesif presentin
the sample container could be eliminated. The amount of such
impurities could be estimated to be smaller than 2.3 × 10−3

atom % for 2b (assuming the presence of traces of bulk iron
with a magnetic moment of 2.2 μB).

67 The presence of
spurious iron impurities is further supported by a minute
hysteresis in additional field-dependent measurements taken at
a temperature of 2 K. Diamagnetic susceptibility contributions
from the ligand sphere were calculated from Pascal’s
constants68 and subtracted from the χ(T) data to extract the
bare cerium contribution. The thus obtained data were fitted

to the modified Curie−Weiss law χ χ= +
− Θ

T( )
C

T 0
J

CW

with

Curie constant CJ, Curie−Weiss temperature ΘCW, and a
temperature-independent contribution χ0.
The observation of Curie paramagnetism in the samples, as

quantified by CJ and the effective magnetic moment μeff
calculated therefrom, may be attributed to the presence of
paramagnetic Ce3+ impurities. With the assumption of a total
angular momentum quantum number of J = 5/2 (correspond-
ing to the Hund ground state 2F5/2 of Ce

3+), the Ce3+ amounts
can be estimated as low as 0.75(1) atom % for CpMe

3Ce-
(OSiPh3) (13b) and as high as 8.31(9) atom % for CpMe

3CeCl
(2b). The comparatively high Ce(III) content for 2b could be
attributed to the occurrence of sample decomposition during
the transport and preparation time needed for the SQUID
measurements. For 13b ligand redistribution was observed to a
very small extent over several weeks by means of 1H NMR
spectroscopy, revealing the formation of CpMe

2Ce(OSiPh3)2 in
addition to various Ce(III) species, which could not be
isolated, however. All salient precautions have been taken
(cooling chain, inert gas atmosphere (Ar) and light protection)
to minimize the effects of sample decomposition. Subtraction

of the Curie-tail χ =
− Θ

T( )
C

T

J

CW

invariably leaves a positive

and temperature-independent residual susceptibility χ0 for 2b,
8b, 11b, and 13b, as shown in Figure 7. However, the
respective χ0 values of the temperature-independent para-
magnetism (TIP) are small and fall into a narrow range
between [1.53(2)] × 10−4 emu/mol for 13b and [3.9(2)] ×

10−4 emu/mol for 2b. Similar small TIP values were
determined by Halbach et al. for Ce(trop)4 ([1.2(3)] × 10−4

emu/mol), Ce(acac)4 ([2.1(2)] × 10−4 emu/mol) and
Ce(tmtaa)2 ([2.33(6)] × 10−4 emu/mol) as well as by
Booth et al. for cerocene ([1.4(2)] × 10−4 emu/mol).61,69 The
TIP displayed by the reference molecules was explained in
terms of van Vleck paramagnetism due to a multiconfigura-
tional ground state featuring intermediate-valent cerium
between Ce(III) and Ce(IV).69−72

Supporting Information on the magnetic properties in the
dissolved state was obtained from NMR spectroscopic
measurements at ambient temperature utilizing the Evans
method.73−75 Effective magnetic moments derived in this way
are in good agreement with the effective magnetic moments
from Curie−Weiss fits of the SQUID data (2b, 0.86 μB (Evans
method21) vs 0.73 μB (SQUID); 13b, 0.24 μB (Evans method)
vs 0.22 μB (SQUID)). This points out similar magnetic
properties of the investigated compounds in dissolved and
crystalline forms.

■ CONCLUSIONS

Organocerium(IV) halides CpR3CeX (CpR = C5H4R; R = H,
Me; X = Cl, Br, I) can be straightforwardly accessed from
cerous CpR3Ce(thf) via halogenation with C2Cl6, TeBr4, and I2.
The chloride complexes readily engage in salt-metathesis
reactions with sodium alkoxides and siloxides. Due to the
robust and rigid tris(cyclopentadienyl) scaffold, the discrete
complexes CpR3CeX and CpR3Ce(OR) (OR = alkoxy, siloxy)
feature the same structural motif with the Ce(IV) center
adopting a pseudotetrahedral coordination geometry. The
terminal non-Cp ligands provide a unique setting for
investigating their bonding toward the cerium center. Note
that rare-earth-metal halide and alkoxide/siloxide complexes
naturally display distinct agglomeration behavior depending on
the steric bulk of the ligand and the oxidation state of the metal
center. Cyclic voltammetry revealed that the formal redox
potentials of complexes CpR3CeX and CpR3Ce(OR) vary as
much as 670 mV. Clearly, better stabilization of the
cerium(IV) center is achieved in the presence of more strongly
electron donating groups/ligands: alkoxy > siloxy > Cl > Br > I
as well as CpMe > Cp. This is reflected by the boundary values
of −0.583 and −1.259 V vs Fc/Fc+ for complexes Cp3CeI and
CpMe

3Ce(OtBu), respectively. The magnetic measurements of
complexes CpMe

3CeCl, CpMe
3Ce(OiPr), CpMe

3Ce(OSiEt3),
and CpMe

3Ce(OSiPh3) revealed temperature-independent
paramagnetism, with positive magnetic susceptibilities in the
range χ0 (10−4 emu/mol) = 1.53−3.9. Similar magnetic
properties of the investigated compounds in dissolved and
crystalline forms are supported by matching effective magnetic
moments from SQUID data and the Evans method.

■ EXPERIMENTAL SECTION

All operations were performed under rigorous exclusion of oxygen
and moisture under an argon atmosphere, using standard Schlenk,
high-vacuum, and glovebox techniques (MB Braun MB150B-G-I;
<0.1 ppm of O2, <0.1 ppm of H2O). Solvents were dried and degassed
prior to use and provided by an MBraun SPS800 solvent purification
system. Benzene-d6 (99.5%) was received from Deutero GmbH. C6D6
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was dried over NaK alloy for a minimum of 48 h and filtered through
a filter pipet (Whatman) before use. Anhydrous CeCl3 (99.99%)
(Sigma-Aldrich) was converted into CeCl3(THF)1.04 via Soxhlet
extraction. Hexachloroethane, Na(OtBu), and Na(OSiMe3) were
purchased from Sigma-Aldrich and used as received. NaOMe was
synthesized by reacting sodium with an excess of dry and degassed
methanol.76 NaOEt,77 NaOiPr,78 sodium neopentoxide,79 NaO-
SiEt3,

80 NaOSiPh3,
81 NaOSi(iPr)3,

82 [nPr4N][B{Ar(3,5-CF3)}4],
83

NaCp,84 and NaCpMe 85 were prepared according to literature
procedures. Cp3Ce(THF) (1a) was synthesized according to
Birmingham et al.,14 CpMe

3Ce(THF) (1b) was synthesized according
to Brennan et al.,35 and CpMe

3CeCl (2b) was synthesized according to
Schneider et al.21 NMR spectra were recorded on a Bruker AVII+400
(1H, 400.13 MHz; 13C, 100.61 MHz), AVI+300 (29Si, 79.5 MHz) or
AVII+500 (1H, 500.13 MHz; 13C, 125.76 MHz) spectrometer in
dried and deuterated solvents. DRIFT spectra were recorded on a
ThermoFisher Scientific 6700 Nicolet FTIR spectrometer using dried
KBr and KBr windows. The collected data were converted using the
Kubelka−Munk refinement. CHN elemental analyses were performed
on an Elementar Vario MICRO cube. The effective magnetic
moments (μeff) and susceptibilities were determined in C6D6 by the
Evans method on a Bruker AVII+400 instrument at 299 K, using
hexamethyldisiloxane as an internal standard.
Cyclic voltammetry (CV) experiments were performed with a

Nordic Electrochemistry ECi-200 workstation applying the iR-
compensation mode. The data were recorded using Nordic
Electrochemistry EC4 DAQ software (version 4.1.90.1) and
processed with EC-4 VIEW software (version 1.2.36.1). The CV
experiments were performed in a glovebox under an argon
atmosphere. The setup comprised a 4 mL vial, equipped with a
CHI 104 glassy-carbon-disk working electrode (CH Instruments,
Inc.), a platinum-wire counter electrode and a Ag/AgCl quasi
reference electrode. The surface of the working electrode was polished
prior to the measurement. Solutions containing ∼1 mM of analyte
and 0.1 M [nPr4N][B{Ar(3,5-CF3)}4] supporting electrolyte were
used for the electrochemical analyses. The scan-rate-dependent
background of the electrolyte was recorded for each measurement
and subtracted from the analyte data. The potentials are reported in V
vs the Fc/Fc+ couple, which was used as an internal standard for cell
calibration, and were determined at the end of each measurement.
Especially for the halide complexes the internal use of the standard is
important to compensate potential shifts as a result of varying halide
concentrations at the Ag/AgCl quasi reference electrode. Separation
of the reference electrode through a membrane from the main
electrolyte volume was not feasible in the cell configuration used.
Compound 13b was also investigated with a separate three-electrode
arrangement versus a Ag/AgClO4 reference electrode with an external
ferrocene standard under variation of the concentration and scan rate
(for more information on this experiment and the determination of
the diffusion coefficient and the standard electron transfer rate
constant, see Table S31f).
Measurements of the DC magnetic moments of compounds 2b, 8b,

11b, and 13b were performed using a Quantum Design MPMS-7
SQUID magnetometer. The temperature dependence of the magnetic
moment was determined between 2 and 300 K in applied magnetic
fields of 10 and 30 kOe. Additional field-dependent data were
collected between −60 and +60 kOe at a temperature of 2 K. The
samples were supplied in powdered crystalline form and held by
gelatin capsules packed into surrounding plastic straws. An average
background obtained from measurements on the blank sample
containers prior to filling was subtracted. All sample containers
showed a minor magnetic moment in the range of 10−5 emu in the
temperature range between 2 and 300 K at an applied field of 10 kOe.
Continuous inert conditions were ensured by sample preparation in a
glovebox under an argon atmosphere and subsequent transfer to the
magnetometer in an airtight transport vessel.
Crystals for X-ray crystallography were grown using saturated

solutions of toluene (3b, 5a, 6a, 8a, 8b, and 9b) or mixtures of n-
hexane and toluene (10b, 11a, 11b, 13a, and 13b). Suitable crystals
for X-ray analysis were handpicked in a glovebox, coated with Parabar

10312, and stored on microscope slides. Data collection was done on
a Bruker APEX II Duo diffractometer by using QUAZAR optics and
Mo Kα radiation (λ = 0.71073 Å). The data collection strategy was
determined using COSMO86 employing ω scans. Raw data were
processed by APEX87 and SAINT,88 and corrections for absorption
effects were applied using SADABS.89 The structures were solved by
direct methods and refined against all data by full-matrix least-squares
methods on F2 using SHELXTL90 and SHELXLE.91 Plots were
generated by using CCDC Mercury 3.19.1.92 The disorder was
modeled using DSR, a program for refinement of disordered
structures with SHELXL.93 Further details regarding the refinement
and crystallographic data are given in Table S3 and in the CIF files.

Cp3CeCl (2a). Compound 1a (1.21 g, 2.96 mmol) was suspended
in toluene (150 mL) and a solution of C2Cl6 (351 mg, 1.48 mmol) in
toluene (20 mL) was added, resulting in a fast color change from
yellow to black. After 2 h the mixture was evaporated to dryness and
extracted with n-hexane. Reducing the volume of the solution and
storing it at −40 °C afforded crystals of 2a (978 mg, 89%). 1H NMR
(400.1 MHz, C6D6, 26 °C): δ 4.86 (s, 15H, CpH) ppm. 13C{1H}
NMR (100.6 MHz, C6D6, 26 °C): δ 175.5 (Cp) ppm. Analytical data
are in accord with those in the literature.15

Cp3CeBr (3a). Compound 1a (96.2 mg, 0.236 mmol) was
suspended in toluene (10 mL), and TeBr4 (50.0 mg, 0.112 mmol)
was added, resulting in a color change from yellow to dark brown.
After 16 h the mixture was evaporated to dryness and extracted with
n-hexane. Reducing the volume of the solution and storing it at −40
°C afforded crystals of 3a (92.8 mg, 95%). 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 4.73 (s, 15H, CpH) ppm. 13C{1H} NMR (100.6
MHz, C6D6, 26 °C): δ 125.8 (Cp) ppm. DRIFT: ν ̃ 3097 (w), 1716
(w), 1699 (w), 1683 (w), 1653 (w), 1558 (w), 1540 (m), 1506 (w),
1456 (w), 1436 (m), 1010 (m), 816 (m), 784 (vs) cm−1. Anal. Calcd
for C15H15CeBr (415.31 g mol−1): C, 43.38; H, 3.64. Found: C,
43.80; H, 4.38.

CpMe
3CeBr (3b). Compound 1b (46.7 mg, 0.104 mmol) was

suspended in toluene (15 mL), and TeBr4 (16.8 mg, 0.0376 mmol)
was added, resulting in a color change from yellow to black. After 2 h
the mixture was filtered and the filtrate evaporated to dryness. Storing
a solution of the filtrate in toluene at −40 °C gave crystals of 3b (46.0
mg, 97%) suitable for XRD analysis. 1H NMR (400.1 MHz, C6D6, 26
°C): δ 5.01 (s, 6H, CpH3/4), 4.10 (s, 6H, CpH2/5), 3.54 (s, 9H,
CpCH3) ppm. 13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 125.2
(CpC2/5), 120.4 (CpC3/4), 14.6 (CpCH3) (Cquart beneath solvent
signal) ppm. DRIFT: ν ̃ 3095 (w), 2914 (m), 1491 (m), 1456 (w),
1337 (w), 1027 (m), 861 (m), 840 (m), 788 (vs) cm−1. Anal. Calcd
for C18H21CeBr (457.39 g mol−1): C, 47.27; H, 4.63. Found: C,
46.84; H, 4.81.

Cp3CeI (4a). Compound 1a (50.5 mg, 0.124 mmol) was
suspended in toluene (5 mL), and elemental I2 (15.7 mg, 0.0620
mmol) was added, resulting in a color change from yellow to dark
brown. After 2 h the mixture was evaporated to dryness and extracted
with n-hexane. Reducing the volume of the solution and storing it at
−40 °C afforded crystals of 4a (52.6 mg, 92%). 1H NMR (400.1
MHz, C6D6, 26 °C): δ 4.76 (s, 15H, CpH) ppm. 13C{1H} NMR
(100.6 MHz, C6D6, 26 °C): δ 126.4 (Cp) ppm. DRIFT: ν ̃ 3072 (m),
1699 (w), 1652 (w), 1558 (w), 1436 (m), 1059 (w), 1010 (m), 784
(vs) cm−1. Anal. Calcd for C15H15CeI (462.31 g mol−1): C, 38.97; H,
3.27. Found: C, 39.17; H, 3.59.

CpMe
3CeI (4b). Compound 1b (38.4 mg, 0.0854 mmol) was

suspended in toluene (5 mL), and elemental I2 (10.8 mg, 0.0427
mmol) was added, resulting in a color change from yellow to black.
After 2 h the mixture was filtered and the filtrate evaporated to
dryness. Storing a solution of the filtrate in toluene at −40 °C gave
crystals of 3b (41.6 mg, 96%). 1H NMR (400.1 MHz, C6D6, 26 °C): δ
4.68 (s, 6H, CpH3/4), 4.44 (s, 6H, CpH2/5), 3.73 (s, 9H, CpCH3)
ppm. 13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 136.6 (CpCquart),
126.9 (CpC2/5), 125.5 (CpC3/4), 14.5 (CpCH3) ppm. DRIFT: ν ̃

3093(m), 2916 (m), 1488 (m), 1456 (m), 1367 (w), 1337 (w), 1238
(w), 1036 (m), 875 (m), 787 (vs), 606 (w) cm−1. Anal. Calcd for
C18H21CeI (504.39 g mol−1): C, 42.86; H, 4.20. Found: C, 42.27; H,
4.74.
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General Procedure for the Transformation of Ceric
Chlorides CpR

3CeCl (2a/b) into Alkoxides (5−9) and Siloxides
(10−14). Compounds 2a/2b were dissolved in toluene (5 mL). A
suspension/solution of an equimolar amount of sodium alkoxide/
siloxide was added and the mixture stirred at ambient temperature for
8 h, while it turned from black to dark brown-red. Subsequently, the
reaction mixture was filtered and the filtrate evaporated to dryness.
Storing a solution of the filtrate in toluene or n-hexane at −40 °C gave
crystals of the ceric alkoxide/siloxide complexes.
Cp3Ce(OMe) (5a). Compounds 2a (57.2 mg, 0.154 mmol) and

NaOMe (5.86 mg, 0.154 mmol) gave crystals of 5a (48.5 mg, 86%,
from toluene) suitable for XRD analysis. 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 5.84 (s, 3H, CH3), 5.55 (s, 15H, CpH) ppm.
13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 122.7 (Cp), 69.3 (CH3)
ppm. DRIFT: ν ̃ 3090 (w), 2953 (m), 2922 (m), 2867 (m), 2793 (m),
1683 (w), 1653 (w), 1558 (w), 1540 (w), 1456 (w), 1436 (w), 1376
(w), 1350 (w), 1125 (w), 1092 (s), 1011 (m), 893 (w), 771 (s), 418
(m) cm−1. Anal. Calcd for C16H18CeO (366.44 g mol−1): C, 52.44; H,
4.95. Found: C, 52.21; H, 5.67.
CpMe

3Ce(OMe) (5b). Compounds 2b (73.1 mg, 0.177 mmol) and
NaOMe (9.56 mg, 0.177 mmol) gave crystals of 5b (67.5 mg, 93%,
from n-hexane). 1H NMR (400.1 MHz, C6D6, 26 °C): δ 5.93 (s, 3H;
OCH3), 5.74 (t, 6H, JHH = 2.67 Hz; CpH3/4), 4.94 (t, 6H, JHH = 2.67
Hz; CpH2/5), 2.81 (s, 9H, CpCH3) ppm. 13C{1H} NMR (100.6 MHz,
C6D6, 26 °C): δ 133.0 (CpCquart), 124.1 (CpC2/5), 122.0 (CpC3/4),
66.1 (OCH3), 14.6 (CpCH3) ppm. DRIFT: ν ̃ 3074 (w), 2918 (m),
2898 (m), 2871 (m), 2790 (m), 1558 (w), 1506 (w), 1496 (m), 1456
(m), 1372 (w), 1093 (s), 1030 (w), 828 (m), 763 (s) cm−1. Anal.
Calcd for C19H24CeO (408.52 g mol−1): C, 55.86; H, 5.92. Found: C,
55.58; H, 6.05.
Cp3Ce(OEt) (6a). Compounds 2a (59.3 mg, 0.160 mmol) and

NaOEt (10.9 mg, 0.160 mmol) in toluene (3 mL) gave crystals of 6a
(51.7 mg, 85%, from toluene) suitable for XRD analysis. 1H NMR
(400.1 MHz, C6D6, 26 °C): δ 6.02 (q, 2H, JHH = 2.67 Hz; CH2H),
5.58 (s, 15H, CpH), 1.55 (t, 3H, JHH = 2.67 Hz; CH3) ppm. 13C{1H}
NMR (100.6 MHz, C6D6, 26 °C): δ 122.5 (Cp), 76.6 (CH2), 22.1
(CH3) ppm. DRIFT: ν ̃ 3077 (w), 2960 (w), 2922 (w), 2841 (w),
1441 (w), 1369 (w), 1350 (w), 1103 (s), 1061 (s), 1009 (m), 906
(m), 792 (m), 771 (s), 488 (w) cm−1. Anal. Calcd for C17H20CeO
(380.46 g mol−1): C, 53.67; H, 5.30. Found: C, 53.74; H, 5.75.
CpMe

3Ce(OEt) (6b). Compounds 2b (72.6 mg, 0.176 mmol) and
NaOEt (12.0 mg, 0.176 mmol) gave crystalline 6b (67.9 mg, 91%,
from n-hexane, after 5 h). 1H NMR (400.1 MHz, C6D6, 26 °C): δ
6.18 (q, 2H, JHH = 6.96 Hz; OCH2), 5.66 (t, 6H, JHH = 2.69 Hz;
CpH3/4), 5.11 (dt, 6H, JHH = 2.69 Hz, JHH = 0.46 Hz; CpH2/5), 2.85
(s, 9H, CpCH3), 1.64 (t, 3H, JHH = 6.96 Hz; OCH2CH3) ppm.
13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 132.4 (CpCquart), 124.1
(CpC2/5), 122.0 (CpC3/4), 74.3 (CH2), 22.5 (CH2CH3), 14.8
(CpCH3) ppm. DRIFT: ν ̃ 3075 (w), 2963 (m), 2920 (m), 2856
(m), 1558 (w), 1540 (w), 1506 (w), 1495 (m), 1456 (m), 1367 (m),
1348 (w), 1108 (s), 1060 (s), 905 (m), 843 (m), 762 (s), 610 (w),
491 (m) cm−1. Anal. Calcd for C20H26CeO (422.54 g mol−1): C,
56.85; H, 6.20. Found: C, 56.79; H, 6.01.
Cp3Ce(OCH2tBu) (7a). Compounds 2a (70.3 mg, 0.170 mmol) and

NaOCH2tBu (18.7 mg, 0.170 mmol) gave crystals of 7a (62.0 mg,
86%, from toluene). 1H NMR (400.1 MHz, C6D6, 26 °C): δ 5.87 (s,
2H, CH2), 5.57 (s, 15H, CpH), 1.28 (s, 9H, tBu) ppm. 13C{1H}
NMR (100.6 MHz, C6D6, 26 °C): δ 122.7 (Cp), 92.6 (CH2), 36.2
(C(CH3)3), 26.9 (C(CH3)) ppm. DRIFT: ν ̃ 3077 (w), 2947 (s), 2924
(s), 2860 (m), 2807 (w), 1558 (w), 1457 (w), 1437 (w), 1388 (w),
1358 (w), 1088 (s), 1059 (w), 1021 (m), 770 (s), 601 (m), 435 (w)
cm−1. Anal. Calcd for C21H28CeO (422.54 g mol−1): C, 56.85; H,
6.20. Found: C, 56.65; H, 6.30.
CpMe

3Ce(OCH2tBu) (7b). Compounds 2b (69.6 mg, 0.170 mmol)
and NaOCH2tBu (18.7 mg, 0.170 mmol) gave crystals of 7b (71.9
mg, 91%, from toluene). 1H NMR (400.1 MHz, C6D6, 26 °C): δ 6.09
(s, 2H, CH2), 5.43 (t, 6H, JHH = 2.59 Hz; CpH3/4), 5.37 (t, 6H, JHH =
2.59 Hz; CpH2/5), 2.96 (s, 9H, CpCH3), 1.36 (s, 9H, tBu) ppm.
13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 131.7 (CpCquart), 124.4
(CpC2/5), 122.4 (CpC3/4), 91.2 (CH2), 36.4 (C(CH3)3), 27.2

(C(CH3)3), 14.6 (CpCH3) ppm. DRIFT: ν ̃ 3068 (w), 2949 (s),
2860 (m), 2821 (m), 1494 (w), 1475 (w), 1456 (w), 1388 (w), 1378
(w), 1354 (w), 1075 (s), 1033 (m), 1019 (m), 834 (m), 825 (w), 762
(s), 596 (m), 434 (w) cm−1. Anal. Calcd for C23H32CeO (464.62 g
mol−1): C, 59.46; H, 6.94. Found: C, 59.73; H, 6.54.

Cp3Ce(OiPr) (8a). Compounds 2a (75.2 mg, 0.203 mmol) and
NaOiPr (16.6 mg, 0.203 mmol) gave crystals of 8a (75.0 mg, 94%,
from toluene) suitable for XRD analysis. 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 6.21 (sept, 1H, JHH = 6.11 Hz; CH(CH3)2), 5.59 (s,
15H), 1.53 (d, 6H, JHH = 6.11 Hz; CH(CH3)2) ppm. 13C{1H} NMR
(100.6 MHz, C6D6, 26 °C): δ 122.4 (Cp), 82.0 (CH(CH3)2), 28.6
(CH(CH3)2) ppm. DRIFT: ν ̃ 3078 (w), 2959 (m), 2924 (w), 2824
(w), 1558 (w), 1437 (w), 1358 (w), 1321 (w), 1157 (w), 1131 (m),
1124 (m), 1059 (w), 1008 (w), 983 (s), 840 (w), 772 (s), 537 (w),
448 (w), 445 (w) cm−1. Anal. Calcd for C18H22CeO (394.49 g
mol−1): C, 54.80; H, 5.62. Found: C, 55.42; H, 5.76. Analytics
according to literature.18

CpMe
3Ce(OiPr) (8b). Compounds 2b (67.5 mg, 0.164 mmol)

NaOiPr (13.4 mg, 0.164 mmol) gave crystals of 8b (68.0 mg, 95%,
from toluene) suitable for XRD analysis. 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 6.40 (sep, 1H, JHH = 6.09 Hz; CH(CH3)2), 5.52 (t,
6H, JHH = 2.60 Hz; CpH3/4), 5.33 (t, 6H, JHH = 2.60 Hz; CpH2/5),
2.91 (s, 9H, CpCH3), 1.65 (d, 6H, JHH = 6.09 Hz; CH(CH3)2) ppm.
13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 131.7 (CpCquart), 124.0
(CpC2/5), 122.0 (CpC3/4), 80.6 (CH(CH3)2), 29.1 (CH(CH3)2), 14.8
(CpCH3) ppm. DRIFT: ν ̃ 3101 (w), 2962 (m), 2921 (m), 2856 (m),
1456 (m), 1198 (s), 1124 (s), 1038 (m), 974 (s), 899 (m), 841 (m),
823 (m), 781 (m), 765 (s), 611 (m), 537 (m) cm−1. Elemental
analysis (%) calcd for C21H28CeO (436.57 g mol−1): C, 57.78; H,
6.46. Found: C, 57.39; H, 6.18.

Cp3Ce(OtBu) (9a). Compounds 2a (69.8 mg, 0.188 mmol) and
NaOtBu (18.1 mg, 0.188 mmol) gave crystals of 9a (66.7 mg, 87%,
from toluene). 1H NMR (400.1 MHz, C6D6, 26 °C): δ 5.61 (s, 15H,
CpH), 1.59 (s, 9H, tBu) ppm. 13C{1H} NMR (100.6 MHz, C6D6, 26
°C): δ 122.3 (Cp), 85.4 (C(CH3)3), 34.2 (C(CH3)) ppm. Analytical
data are in accord with those in the literature.19 In a alternative route,
compound 1a (36.7 mg, 0.109 mmol) was suspended in toluene (5
mL). A solution of tBuOOtBu (8.00 mg, 0.0547 mmol) in toluene (2
mL) was slowly added and the mixture stirred for 16 h at ambient
temperature. The resulting brown solution was filtered and the filtrate
evaporated to dryness, yielding a brown powder of 9a (15.8 mg, 35%).
Analytical data are in accord with those in the literature.19

CpMe
3Ce(OtBu) (9b). Compounds 2b (70.4 mg, 0.171 mmol) and

NaOtBu (16.4 mg, 0.171 mmol) gave crystals of 9b (71.8 mg, 93%,
from toluene) suitable for XRD analysis. 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 5.53 (t, 6H, JHH = 2.68 Hz; CpH3/4), 5.38 (t, 6H, JHH
= 2.68 Hz; CpH2/5), 2.98 (s, 9H, CpCH3), 1.73 (s, 9H, tBu) ppm.
13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 131.1 (CpCquart), 124.1
(CpC2/5), 121.9 (CpC3/4), 85.0 (C(CH3)3), 34.8 (C(CH3)3), 14.9
(CpCH3) ppm. DRIFT: ν ̃ 3088 (w), 2996 (s), 2920 (m), 2858 (w),
1490 (w), 1456 (w), 1378 (w), 1354 (m), 1222 (w), 1181 (s), 1047
(w), 1040 (w), 966 (s), 845 (w), 798 (m), 762 (s), 608 (w), 499 (w),
481 (w) cm−1. Anal. Calcd for C22H30CeO (450.60 g mol−1): C,
58.64; H, 6.71. Found: C, 58.64; H, 6.38.

Cp3Ce(OSiMe3) (10a). Compounds 2a (55.1 mg, 0.149 mmol) and
NaOSiMe3 (16.7 mg, 0.149 mmol) gave crystals of 10a (57.6 mg,
85%, from toluene). 1H NMR (400.1 MHz, C6D6, 26 °C): δ 5.36 (s,
15H, CpH), 0.69 (s, 9H, SiMe3) ppm. 13C{1H} NMR (100.6 MHz,
C6D6, 26 °C): δ 123.2 (Cp), 3.9 (SiMe3) ppm. 29Si(HSQC) NMR
(79.5 MHz, C6D6, 26 °C): δ 6.0 (OSiMe3) ppm. DRIFT: ν ̃ 3079 (w),
2949 (m), 1683 (w), 1558 (w), 1437 (w), 1240 (m), 1009 (w), 926
(s), 911 (s), 836 (m), 800 (m), 776 (s), 746 (m) cm−1. Anal. Calcd
for C18H24CeOSi (424.59 g mol−1): C, 50.92; H, 5.70. Found: C,
50.69; H, 5.55.

CpMe
3Ce(OSiMe3) (10b). Compounds 2b (64.5 mg, 0.156 mmol)

and NaOSiMe3 (17.5 mg, 0.156 mmol) gave crystals of 10b (70.6 mg,
97%, from toluene) suitable for XRD analysis. 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 5.41 (t, 6H, JHH = 2.64 Hz; CpH3/4), 4.87 (t, 6H, JHH
= 2.64 Hz; CpH2/5), 3.01 (s, 9H, CpCH3), 0.79 (SiMe3) ppm.
13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 132.6 (CpCquart), 124.9
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(CpC2/5), 122.7 (CpC3/4), 14.9 (CpCH3), 4.7 (SiMe3) ppm. 29Si-
(HSQC) NMR (79.5 MHz, C6D6, 26 °C): δ 4.1 (OSiMe3) ppm.
DRIFT: ν ̃ 3085 (w), 2951 (m), 2920 (m), 1652 (w), 1558 (w), 1496
(w), 1456 (w), 1242 (s), 1046 (w), 1031 (m), 901 (s), 832 (m), 784
(m), 772 (s), 750 (m), 679 (w), 612 (w) cm−1. Anal. Calcd for
C21H30CeOSi (466.67 g mol−1): C, 54.05; H, 6.48. Found: C, 53.99;
H, 6.41.
Cp3Ce(OSiEt3) (11a). Compounds 2a (59.5 mg, 0.160 mmol) and

NaOSiEt3 (24.7 mg, 0.160 mmol) gave crystals of 11a (60.6 mg, 81%,
from toluene) suitable for XRD analysis. 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 5.39 (s, 15H, CpH), 1.44 (t, 9H, JHH = 7.73 Hz;
CH3), 1.13 (q, 6H, JHH = 7.73 Hz; CH2) ppm. 13C{1H} NMR (100.6
MHz, C6D6, 26 °C): δ 123.3 (Cp), 8.7 (CH2), 8.0 (CH3) ppm.
29Si(HSQC) NMR (79.5 MHz, C6D6, 26 °C): δ 10.4 (OSi) ppm.
DRIFT: ν ̃ 3099 (w), 2951 (m), 2904 (m), 2867 (m), 1456 (w), 1436
(w), 1411 (w), 1234 (w), 1012 (m), 972 (w), 906 (s), 797 (m), 775
(s), 733 (m), 718 (m) cm−1. Anal. Calcd for C21H30CeOSi (466.67 g
mol−1): C, 54.05; H, 6.48. Found: C, 54.11; H, 6.90.
CpMe

3Ce(OSiEt3) (11b). Compounds 2b (74.5 mg, 0.180 mmol)
and NaOSiEt3 (27.8 mg, 0.180 mmol) gave crystals of 11b (84.7 mg,
92%, from toluene) suitable for XRD analysis. 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 5.25 (t, 6H, JHH = 2.64 Hz; CpH3/4), 5.03 (t, 6H, JHH
= 2.64 Hz; CpH2/5), 3.12 (s, 9H; CpCH3), 1.49 (t, 9H, JHH = 7.50
Hz; CH2CH3), 1.28 (q, 6H, JHH = 7.50 Hz; CH2CH3) ppm. 13C{1H}
NMR (100.6 MHz, C6D6, 26 °C): δ 132.3 (CpCquart), 125.0
(CpC2/5), 123.1(CpC3/4), 14.9 (CpCH3), 9.4 (CH2CH3), 8.4
(CH2CH3) ppm. 29Si(HSQC) NMR (79.5 MHz, C6D6, 26 °C): δ
9.3 (OSiEt3) ppm. DRIFT: ν ̃ 3080 (w), 2949 (m), 2907 (m), 2870
(m), 1456 (w), 1237 (w), 1015 (w), 971 (w), 902 (s), 768 (s), 733
(m), 717 (m) cm−1. Anal. Calcd for C24H36CeOSi (508.75 g mol−1):
C, 56.66; H, 7.13. Found: C, 56.73; H, 6.82.
Cp3Ce[OSi(iPr)3] (12a). Compounds 2a (57.2 mg, 0.154 mmol)

and NaOSi(iPr)3 (30.3 mg, 0.154 mmol) gave crystals of 12a (69.2
mg, 88%, from toluene). 1H NMR (400.1 MHz, C6D6, 26 °C): δ 5.37
(s, 15H, CpH), 1.61 (sep, 3H, JHH = 6.37 Hz; CH(CH3)2), 1.54 (d,
18H, JHH = 6.37 Hz; CH(CH3)2) ppm. 13C{1H} NMR (100.6 MHz,
C6D6, 26 °C): δ 123.5 (Cp), 19.1 (CH(CH3)2), 15.3 (CH(CH3)2)
ppm. 29Si(HSQC) NMR (79.5 MHz, C6D6, 26 °C): δ 8.5 (OSi) ppm.
DRIFT: ν ̃ 3092 (w), 2959 (m), 2938 (m), 2889 (m), 2862 (m), 1462
(w), 1436 (w), 1011 (w), 992 (w), 893 (s), 882 (s), 840 (w), 806
(m), 773 (s), 668 (m), 652 (w) cm−1. Anal. Calcd for C24H36CeOSi
(508.75 g mol−1): C, 56.66; H, 7.13. Found: C, 56.67; H, 7.08.
CpMe

3Ce[OSi(iPr)3] (12b). Compounds 2b (59.8 mg, 0.145 mmol)
and NaOSi(iPr)3 (28.4 mg, 0.145 mmol) gave crystals of 12b (77.0
mg, 96%, from toluene). 1H NMR (400.1 MHz, C6D6, 26 °C): δ 5.22
(t, 6H, JHH = 2.45 Hz; CpH3/4), 4.95 (s, 6H, JHH = 2.45 Hz; CpH2/5),
3.33 (s, 9H; CpCH3), 1.75 (sep, 3H, JHH = 7.02 Hz; CH(CH3)2),
1.61 (d, 18H, JHH = 6.51 Hz; CH(CH3)2) ppm. 13C{1H} NMR
(100.6 MHz, C6D6, 26 °C): δ 132.1 (CpCquart), 125.3 (CpC2/5),
123.8 (CpC3/4), 19.4 (CH(CH3)2), 15.9 (CH(CH3)2), 15.0 (CpCH3)
ppm. 29Si(HSQC) NMR (79.5 MHz, C6D6, 26 °C): δ 7.6 (OSi) ppm.
DRIFT: ν ̃ 3080 (w), 2938 (m), 2861 (m), 1494 (w), 1457 (w), 1378
(w), 1328 (w), 1034 (w), 991 (w), 951 (w), 896 (s), 883 (s), 845
(m), 766 (s), 667 (m) cm−1. Anal. Calcd for C27H42CeOSi (550.83 g
mol−1): C, 58.87; H, 7.69. Found: C, 58.51; H, 7.41.
Cp3Ce(OSiPh3) (13a). Compounds 2a (58.4 mg, 0.158 mmol) and

NaOSiPh3 (47.0 mg, 0.158 mmol) gave crystals of 13a (86.6 mg, 90%,
from toluene) suitable for XRD analysis. 1H NMR (400.1 MHz,
C6D6, 26 °C): δ 8.32 (d, 6H, JHH = 6.57 Hz; oCH), 7.41 (dd, 6H, JHH
= 6.57/7.21 Hz; mCH), 7.34 (t, 3H, JHH = 7.21 Hz; pCH), 5.22 (s,
15H, CpH) ppm. 13C{1H} NMR (100.6 MHz, C6D6, 26 °C): δ 140.3
(Cquart), 136.1 (o-CH), 129.9 (m-CH), 128 (p-CH (overlapping with
solvent signal)), 123.9 (Cp) ppm. 29Si(HSQC) NMR (79.5 MHz,
C6D6, 26 °C): δ −20.3 (OSiPh3) ppm. DRIFT: ν ̃ 3060 (w), 3038
(w), 2997 (w), 1427 (m), 1110 (m), 1011 (w), 920 (s), 803 (s), 778
(s), 748 (m), 739 (m), 708 (s), 512 (s), 441 (w) cm−1. Anal. Calcd
for C33H30CeOSi (610.80 g mol−1): C, 64.89; H, 4.95. Found: C,
64.61; H, 4.79.
CpMe

3Ce(OSiPh3) (13b). Compounds 2b (85.3 mg, 0.207 mmol)
and NaOSiPh3 (61.6 mg, 0.207 mmol) gave crystals of 13b (126.0

mg, 93%, from toluene) suitable for XRD analysis. 1H NMR (400.1
MHz, C6D6, 26 °C): δ 8.40 (d, 6H, JHH = 7.3 Hz; oCH), 7.41 (dd,
6H, JHH = 7.3 Hz, JHH = 7.3 Hz; mCH), 7.34 (t, 3H, JHH = 7.3 Hz;
pCH), 5.13 (t, 6H, JHH = 2.58 Hz; CpH3/4), 4.78 (t, 6H, JHH = 2.58
Hz; CpH2/5), 3.16 (s, 9H; CpCH3) ppm. 13C{1H} NMR (100.6 MHz,
C6D6, 26 °C): δ 140.8 (Cquart), 136.4 (oCH), 135.7 (m-CH), 133.4
(CpCquart), 129.8 (pCH), 125.6 (CpC2/5), 124.1 (CpC3/4), 14.9
(CpCH3) ppm. 29Si(HSQC) NMR (79.5 MHz, C6D6, 26 °C): δ
−21.1 (OSi) ppm. DRIFT: ν ̃ 3064 (w), 2923 (w), 1490 (w), 1456
(w), 1426 (m), 1109 (m), 1029 (w), 917 (s), 845 (w), 778 (s), 745
(m), 705 (s), 514 (s) cm−1. Anal. Calcd for C36H36CeOSi (652.88 g
mol−1): C, 66.23; H, 5.56. Found: C, 66.07; H, 5.69.

CpMe
3Ce[OSi(OtBu)3] (14). Compounds 2b (65.2 mg, 0.158 mmol)

and NaOSi(OtBu)3 (45.2 mg, 0.158 mmol) gave crystals of 14
suitable for XRD analysis. 1H NMR (400.1 MHz, C6D6, 26 °C): δ
5.17 (t, 6H, JHH = 2.69 Hz; CpH3/4), 5.13 (t, 6H, JHH = 2.69 Hz;
CpH2/5), 3.43 (s, 9H, CpCH3), 1.79 (s, 27H, Si(OtBu)3) ppm.
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Jan Langmann − Institut für Physik, Universität Augsburg,
86159 Augsburg, Germany

Georg Zitzer − Institut für Organische Chemie, Eberhard
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Magnetic Measurements (Evan’s method) 

Table S1. Data from magnetic measurements for compounds 6b and 13b (Evans’ method) 

Compound Χmass [10-7 cm3 kg-1] Χmol [10-4 cm3 mol-1] Χpara [10-4 cm3 mol-1] µeff [µB] 

6b 4.56 0.778 0.231 0.58 

13b 1.19 1.93 1.38 0.24 

 

 

Magnetic Measurements (SQUID) 

Table S2. Content in ferromagnetic impurities as estimated from the remnant magnetization MR divided by 

the magnetic moments of the common ferromagnetic metals iron (2.2 µB), cobalt (1.7 µB) and nickel (0.6 

µB).1 

Compound MR [10-5 µB/f.u.] Fe [10-3 at.-%] Co [10-3 at.-%] Ni [10-3 at.-%] 

2b 5.16 2.3 3.0 8.6 

8b 0.68 0.3 0.4 1.1 

11b 1.81 0.8 1.1 3.0 

13b 1.49 0.7 0.9 2.5 

 

(1)  Lueken, H. Magnetochemie, 1st ed.; Teubner: Stuttgart, 1999. 

 

 

Figure S1. Field-dependent molar magnetization M(H) for the complex CpMe
3CeCl 2b (red circles and line) 

measured at a temperature T = 2 K. A strongly enlarged view of the portion of M(H) close to the origin 
demonstrating a dismal hysteresis due to ferromagnetic impurities is given in the inset.   
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Figure S2. Field-dependent molar magnetization M(H) for the complexes CpMe
3Ce(OiPr) 8b (top), 

CpMe
3Ce(OSiEt3) 11b (middle) and CpMe

3Ce(OSiPh3) 13b (bottom) (red circles and lines) measured at a 
temperature T = 2 K. A strongly enlarged view of the portions of M(H) close to the origin demonstrating a 
dismal hysteresis due to ferromagnetic impurities is given in the insets.   
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NMR spectra 

* à solvent, # à small impurities 

 

Figure S3. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 3a. 

 

 

 

 

Figure S4. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 3a. 
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Figure S5. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 3b. 

 

 

 

 

 

Figure S6. 13C{1H}  NMR spectrum (100.6 MHz, C6D6, 26 °C) of 3b. 
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Figure S7. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 4a. 

 

 

 

 

Figure S8. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 4a. 
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Figure S9. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 4b. 

 

 

 

 

 

Figure S10. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 4b. 
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Figure S11. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 5a. 

 

 

 

 

 

Figure S12. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 5a. 
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Figure S13. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 5b. 

 

 

 

 

 

Figure S14. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 5b. 
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Figure S15. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 6a. 

 

 

 

 

Figure S16. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 6a. 
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Figure S17. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 6b. 

 

 

 

 

Figure S18. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 6b. 
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Figure S19. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 7a. 

 

 

 

 

Figure S20. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 7a. 
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Figure S21. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 7b. 

 

 

 

 

Figure S22. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 7b. 
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Figure S23. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 8a. 

 

 

 

 

Figure S24. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 8a. 
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Figure S25. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 8b. 

 

 

 

 

Figure S26. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 8b. 
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Figure S27. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 9a. 

 

 

 

 

Figure S28. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 9a. 
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Figure S29. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 9b. 

 

 

 

 

Figure S30. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 9b. 
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Figure S31. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 10a. 

 

 

 

 

Figure S32. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 10a. 
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Figure S33. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 10a. 

 

 

 

 

 

Figure S34. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 10b. 
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Figure S35. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 10b. 

 

 

 

 

Figure S36. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 10b. 
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Figure S37. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 11a. 

 

 

 

 

Figure S38. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 11a. 
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Figure S39. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 11a. 

 

 

 

 

 

Figure S40. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 11b. 
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Figure S41. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 11b. 

 

 

 

 

Figure S42. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 11b. 
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Figure S43. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 12a. 

 

 

 

 

Figure S44. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 12a. 

1 

1 

2 

3 

2 

3 

* 

1 

2 

3 

* 

1 

2 

3 



S26 

 

 

Figure S45. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 12a. 

 

 

 

 

 

Figure S46. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 12b. 
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Figure S47. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 12b. 

 

 

 

 

Figure S48. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 12b. 
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Figure S49. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 13a. 

 

 

 

 

Figure S50. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 13a. 
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Figure S51. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 13a. 

 

 

 

 

 

Figure S52a. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 13b. 
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Figure S52b. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 13b (A) after several weeks at ambient temperature 
under argon atmosphere; Tetravalent decomposition product is assumed to be CpMe

2Ce(OSiPh3)2. 

 

 

 

 

Figure S53. 13C{1H} NMR spectrum (100.6 MHz, C6D6, 26 °C) of 13b. 
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Figure S54. 1H-29Si HSQC NMR spectrum (79.5 MHz, C6D6, 26 °C) of 13b. 

 

 

 

 

 

Figure S55. 1H NMR spectrum (400.1 MHz, C6D6, 26 °C) of 14. 
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Crystallographic Data 

 

Table S3. Collection of crystallographic data of 3b, 4b, 5a, 6a, 8a, 8b, 9b, 10b, 11a, 11b, 13a, and 13b 

 3b 4ba 5a 6a 8a 8b 

formula C18H21CeBr C18H21CeI C16H18CeO C17H20CeO C18H22CeO C21H28CeO 

CCDC 2075865 2075873 2075871 2075875 2075867 2075869 

M [𝐠 ·

𝐦𝐨𝐥!𝟏] 

457.38 504.37 366.42 380.45 394.47 436.55 

𝝀	[Å] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

cell orthorhombic monoclinic ortho-

rhombic 

triclinic orthorhombic  monoclinic  

space group Pnma P21/n Pbca P1, P212121 P21/c 

a [Å] 14.6292(14) 8.076(2) 8.3115(7) 8.1676(13) 8.3115(4) 14.909(3) 

b [Å] 13.9720(13) 13.951(3) 13.5552(12) 8.1694(13) 8.8292(5) 8.1653(15) 

c [Å] 7.9273(7) 15.147(3) 24.315(2) 13.241(2) 22.0449(12) 15.214(3) 

α [°] 90 90 90 99.487(2) 90 90 

β [°] 90 90.070(7) 90 99.533(2) 90 94.457(4) 

γ [°] 90 90 90 117.644(2) 90 90 

V [Å3] 1620.3(3) 1706.5(7) 2739.4(4) 741.7(2) 1617.74(15) 1846.5(6) 

Z 4 4 8 2 4 4 

F(000) 888 960 1440 376 784 880 

T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 

ρcalcd [𝐠 ·

𝐦𝐨𝐥𝟑] 

1.875 1.963 1.777 1.703 1.620 1.570 

µ [mm-1] 5.263 4.465 3.308 3.058 2.807 2.468 

R1 (I>2σ(I))b 0.0219 0.0374 0.0233 0.0314 0.0171 0.0226 

ωR2 (all 

data)c 

0.0548 0.0982 0.0591 0.0833 0.0402 0.0563 

Goodness of 

fitd 

1.058 1.046 1.062 1.206 1.050 1.102 
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Table S3 continued 

 9b 10b 11a 11b 13a 13b 14 

formula C22H30CeO C21H30CeOSi C21H30CeOSi C24H36CeOSi C33H30CeOSi C36H36CeOSi C30H48CeO4Si 

CCDC 2075866 2075870 2075868 2075877 2075872 2075874 2075876 

M [𝐠 ·

𝐦𝐨𝐥!𝟏] 

450.58 466.66 466.66 508.74 610.78 652.86 640.89 

𝝀	[Å] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

cell orthorhom-

bic 

monoclinic monoclinic  orthorhom-

bic 

monoclinic monoclinic  trigonal 

space 

group 

Pna21 P 21/c P21/c Pnma P21/n Cc R3 

a [Å] 19.4929(12) 16.1422(9) 13.247(4) 21.875(5) 10.6765(5) 15.3409(14) 39.719(6) 

b [Å] 8.2376(5) 16.9608(10) 8.200(3) 12.932(3) 17.1329(8) 9.7484(9) 39.719(6) 

c [Å] 12.2421(7) 16.2020(9) 19.059(6) 8.2534(18) 15.1392(7) 20.7801(19) 11.6419(17) 

α [°] 90 90 90 90 90 90 90 

β [°] 90 113.3020(10) 90.401(5) 90 106.4980(10) 108.5230(10) 90 

γ [°] 90 90 90 90 90 90 120 

V [Å3] 1965.8(2) 4074.0(4) 2070.3(12) 2334.8(9) 2655.2(2) 2946.7(5) 15905(5) 

Z 4 8 4 4 4 4 21 

F(000) 912 1888 944 1040 1232 1328 6972 

T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 100(2) 

ρcalcd [𝐠 ·

𝐦𝐨𝐥𝟑] 

1.522 1.522 1.497 1.447 1.528 1.472 1.405 

µ [mm-1] 2.321 2.298 2.261 2.011 1.784 1.613 1.573 

R1 

(I>2σ(I))b 

0.0324 0.0340 0.0635 0.0483 0.0298 0.0257 0.0555 

ωR2 (all 

data)c 

0.0739 0.0843 0.1506 0.1285 0.0654 0.0599 0.1442 

Goodness 

of fitd 

1.071 1.077 1.051 1.067 1.033 1.058 1.024 

[a] For 4b, two CpMe rings and the iodido ligand could be modeled as a “two part” disorder. The third CpMe ring seems to be h3 coordinated. 

Taking the third CpMe and Ce into account for the disorder, does not fix the problem. One individual shows h3  and the other h5 coordination 

and the R values became slightly larger. The h3 coordination seems to be a consequence of the insufficient disorder model. 

[b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F02 - Fc2)2 / Σ[w(F02)2]}1/2. [d]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. 
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Figures of solid-state structures 

                   

 

Figure S56. Crystal structures of Cp3Ce(OEt) (6a, left) and CpMe
3Ce(OiPr) (8b, right). 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 2. 

 

                  

 

Figure S57. Crystal structures of CpMe
3Ce(OtBu) (9b, left) and Cp3Ce(OSiEt3) (11a, right). 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 2.  
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Figure S58. Crystal structures of CpMe
3Ce(OSiEt3) (11b, left) and Cp3Ce(OSiPh3) (13a, right). 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 2. 

 

  

 

Figure S59. Crystal structures of and CpMe
3CeI (4b, left) and CpMe

3Ce[OSi(OtBu)3] (14, right). Hydrogen atoms are 
omitted for clarity. Atomic displacement ellipsoids are set at the 30% probability level. Selected interatomic 
distances and angles: 4b: Ce−C(Cp) range 2.65(2) – 2.971(6) Å, Ce−C(Cp) avg: 2.761 Å, Ce−Cnt(avg) 2.536 Å, 
Ce−I 2.8507 Å, Cnt−Ce−Cnt 110.00 – 126.42° Cnt−Ce−I 96.99 – 103.37°; 14:  Ce−C(Cp) range 2.70(3) – 2.82(4) 
Å, Ce−C(Cp) avg: 2.764 Å, Ce−Cnt(avg) 2.497 Å, Ce−O1 2.126(7) Å, O1−Si 1.589(8) Å, Cnt−Ce−Cnt 115.85 – 
117.10°, Ce−O−Si 170.7(4)°. Only one of three molecules of 14 in the unit cell are shown.  
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Cyclic Voltammetry Experiments 

Table S4. Electrochemical data for the redox couple of complex 1a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs Fc/Fc+  

[V] 

ΔEp [V] ipc/ipa 

50 mV/s -0.227 -0.300 -0.263 0.073 0.85 

100 mV/s -0.219 -0.309 -0.264 0.090 0.87 

250 mV/s -0.218 -0.311 -0.264 0.093 0.87 

500 mV/s -0.215 -0.312 -0.263 0.097 0.88 

1000 mV/s -0.213 -0.313 -0.263 0.100 0.89 

2000 mV/s -0.210 -0.318 -0.264 0.108 0.90 

 

 

Figure S60. Cerium(III/IV) redox couple of 1a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S61. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 1a. 

 

Table S5. Electrochemical data for the redox couple of complex 1b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+  [V] 

ΔEp [V] ipc/ipa 

50 mV/s -0.347 -0.408 -0.377 0.061 0.89 

100 mV/s -0.324 -0.395 -0.359 0.071 0.91 

250 mV/s -0.299 -0.374 -0.336 0.075 0.93 

500 mV/s -0.295 -0.374 -0.334 0.079 0.94 

1000 mV/s -0.288 -0.376 -0.332 0.088 0.95 

2000 mV/s -0.282 -0.378 -0.330 0.096 0.96 
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Figure S62. Cerium(III/IV) redox couple of 1b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S63. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 1b. 
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Table S6. Electrochemical data for the redox couple of complex 2a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+  [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.960 -0.730 -0.695 0.070 0.96 

100 mV/s -0.659 -0.739 -0.699 0.080 0.96 

250 mV/s -0.656 -0.740 -0.698 0.084 0.97 

500 mV/s -0.656 -0.745 -0.700 0.089 0.97 

1000 mV/s -0.653 -0.748 -0.700 0.095 0.97 

2000 mV/s -0.647 -0.757 -0.702 0.110 0.96 

 

 
Figure S64. Cerium(III/IV) redox couple of 2a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S65. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 2a. 

 

Table S7. Electrochemical data for the redox couple of complex 2b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+  [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.764 -0.837 -0.801 0.073 1.00 

100 mV/s -0.760 -0.841 -0.801 0.081 1.00 

250 mV/s -0.754 -0.847 -0.801 0.093 1.00 

500 mV/s -0.750 -0.852 -0.801 0.102 1.00 

1000 mV/s -0.746 -0.857 -0.802 0.111 0.99 

2000 mV/s -0.742 -0.860 -0.801 0.118 1.00 
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Figure S66. Cerium(III/IV) redox couple of 2b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S67. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 2b.  

-5,5E-05

-4,5E-05

-3,5E-05

-2,5E-05

-1,5E-05

-5,0E-06

5,0E-06

1,5E-05

2,5E-05

3,5E-05

-1,3 -1,1 -0,9 -0,7 -0,5 -0,3

C
u

rr
e

n
t 

[A
]

Potential [V] vs. Fc/Fc+

CpMe
3
CeCl

1000 mV/s

750 mV/s

500 mV/s

250 mV/s

100 mV/s

50 mV/s

y = 4E-05x + 9E-07

R² = 0,9997

y = -0,00005x - 0,00000

R² = 0,99995

-6,00E-05

-5,00E-05

-4,00E-05

-3,00E-05

-2,00E-05

-1,00E-05

0,00E+00

1,00E-05

2,00E-05

3,00E-05

4,00E-05

5,00E-05

0 0,2 0,4 0,6 0,8 1 1,2

C
u

rr
e

n
t 

[A
]

v1/2 [V1/2/s1/2]



S42 

 

Table S8. Electrochemical data for the redox couple of complex 3a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+  [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.609 -0.694 -0.652 0.085 0.98 

100 mV/s -0.608 -0.699 -0.654 0.091 1.00 

250 mV/s -0.602 -0.703 -0.653 0.101 1.00 

500 mV/s -0.595 -0.713 -0.654 0.118 0.99 

1000 mV/s -0.586 -0.722 -0.654 0.136 0.99 

2000 mV/s -0.576 -0.738 -0.657 0.162 0.99 

 

Figure S68. Cerium(III/IV) redox couple of 3a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S69. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 3a. 

 

Table S9. Electrochemical data for the redox couple of complex 3b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.713 -0.816 -0.764 0.103 0.98 

100 mV/s -0.707 -0.824 -0.765 0.117 0.98 

250 mV/s -0.693 -0.837 -0.765 0.144 0.98 

500 mV/s -0.679 -0.853 -0.766 0.174 0.98 

1000 mV/s -0.665 -0.874 -0.769 0.209 0.98 

2000 mV/s -0.648 -0.904 -0.776 0.256 0.99 
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Figure S70. Cerium(III/IV) redox couple of 3b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S71. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 3b. 
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Table S10. Electrochemical data for the redox couple of complex 4a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.535 -0.631 -0.583 0.096 0.97 

100 mV/s -0.534 -0.627 -0.580 0.093 0.97 

250 mV/s -0.525 -0.630 -0.577 0.105 0.96 

500 mV/s -0.520 -0.637 -0.578 0.117 0.95 

1000 mV/s -0.514 -0.644 -0.579 0.130 0.95 

2000 mV/s -0.502 -0.656 -0.579 0.154 0.94 

 

 

Figure S72. Cerium(III/IV) redox couple of 4a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S73. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 4a. 

 

 

Table S11. Electrochemical data for the redox couple of complex 4b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.640 -0.724 -0.682 0.084 0.99 

100 mV/s -0.633 -0.723 -0.678 0.090 0.98 

250 mV/s -0.630 -0.725 -0.677 0.095 0.96 

500 mV/s -0.624 -0.728 -0.676 0.104 0.95 

1000 mV/s -0.616 -0.734 -0.675 0.118 0.94 

2000 mV/s -0.614 -0.744 -0.679 0.130 0.93 
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Figure S74. Cerium(III/IV) redox couple of 4b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S75. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 4b. 
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Table S12. Electrochemical data for the redox couple of complex 5a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s −* -1.345 −* −* −* 

100 mV/s −* -1.148 −* −* −* 

250 mV/s -1.010 -1.155 -1.082 0.145 0.78 

500 mV/s -1.037 -1.161 -1.099 0.124 0.75 

1000 mV/s -1.037 -1.167 -1.102 0.130 0.75 

2000 mV/s -1.059 -1.171 -1.115 0.112 0.84 

*could not be determined 

 

Figure S76. Cerium(III/IV) redox couple of 5a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S77. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 5a. 

 

Table S13. Electrochemical data for the redox couple of complex 5b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.075 -1.301 -1.188 0.226 0.61 

100 mV/s -0.985 -1.300 -1.142 0.315 0.70 

250 mV/s -1.019 -1.330 -1.174 0.311 0.80 

500 mV/s -0.996 -1.374 -1.185 0.378 0.91 

1000 mV/s -0.961 -1.452 -1.206 0.491 0.99 

2000 mV/s -0.927 -1.551 -1.239 0.624 1.00 
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Figure S78. Cerium(III/IV) redox couple of 5b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S79. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 5b. 
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Table S14. Electrochemical data for the redox couple of complex 6a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.111 -1.196 -1.154 0.080 0.51 

100 mV/s -1.104 -1.210 -1.145 0.096 0.57 

250 mV/s -1.103 -1.221 -1.150 0.108 0.60 

500 mV/s -1.105 -1.231 -1.152 0.121 0.66 

1000 mV/s -1.096 -1.245 -1.155 0.143 0.72 

2000 mV/s -1.086 -1.265 -1.155 0.171 0.80 

 

 

Figure S80. Cerium(III/IV) redox couple of 6a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S81. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 6a. 

 

Table S15. Electrochemical data for the redox couple of complex 6b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.222 -1.295 -1.259 0.073 0.66 

100 mV/s -1.212 -1.293 -1.253 0.081 0.73 

250 mV/s -1.204 -1.296 -1.250 0.092 0.83 

500 mV/s -1.200 -1.302 -1.251 0.102 0.88 

1000 mV/s -1.194 -1.309 -1.252 0.115 0.92 

2000 mV/s -1.182 -1.320 -1.251 0.138 0.95 
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Figure S82. Cerium(III/IV) redox couple of 6b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S83. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 6b. 
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Table S16. Electrochemical data for the redox couple of complex 7a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+  [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.072 -1.182 -1.127 0.110 0.54 

100 mV/s -1.082 -1.190 -1.136 0.108 0.56 

250 mV/s -1.092 -1.197 -1.145 0.105 0.60 

500 mV/s -1.090 -1.203 -1.147 0.113 0.67 

1000 mV/s -1.093 -1.209 -1.151 0.116 0.77 

 

Figure S84. Cerium(III/IV) redox couple of 7a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S85. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 7a. 

 

Table S17. Electrochemical data for the redox couple of complex 7b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+  [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.178 -1.252 -1.215 0.074 0.99 

100 mV/s -1.175 -1.259 -1.217 0.084 0.97 

250 mV/s -1.171 -1.263 -1.217 0.092 0.97 

500 mV/s -1.171 -1.267 -1.219 0.096 0.96 

1000 mV/s -1.169 -1.271 -1.220 0.102 0.96 

2000 mV/s -1.161 -1.283 -1.222 0.122 0.95 
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Figure S86. Cerium(III/IV) redox couple of 7b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S87. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 7b. 
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Table S18. Electrochemical data for the redox couple of complex 8a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s −* -1.228 −* −* −* 

100 mV/s -1.132 -1.221 -1.176 0.089 0.66 

250 mV/s -1.143 -1.210 -1.176 0.067 0.66 

500 mV/s -1.156 -1.210 -1.183 0.054 0.68 

1000 mV/s -1.145 -1.210 -1.177 0.065 0.81 

2000 mV/s -1.152 -1.210 -1.181 0.058 0.93 

*could not be determined 

 

Figure S88. Cerium(III/IV) redox couple of 8a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S89. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 8a. 

 

Table S19. Electrochemical data for the redox couple of complex 8a vs Fc/Fc+
 in THF/TBABF4 

Scan rate v Epa vs 

Fc/Fc+  [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.035 -1.206 -1.121 0.171 0.55 

100 mV/s -1.023 -1.230 -1.127 0.207 0.59 

250 mV/s -1.003 -1.271 -1.137 0.268 0.68 

500 mV/s -0.975 -1.311 -1.143 0.336 0.79 

1000 mV/s -0.941 -1.364 -1.153 0.423 0.86 

2000 mV/s -0.889 -1.431 -1.160 0.542 0.91 

 

y = 3E-05x - 6E-06

R² = 0,9721

y = -5E-05x + 9E-08

R² = 0,9999

-8,00E-05

-6,00E-05

-4,00E-05

-2,00E-05

0,00E+00

2,00E-05

4,00E-05

6,00E-05

0 0,5 1 1,5

C
u

rr
e

n
t 

[A
]

v1/2 [V1/2/s1/2]



S59 

 

 

Figure S90. Cerium(III/IV) redox couple of 8a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.25 M TBABF4. 

 

Figure S91. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 8a. 
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Table S20. Electrochemical data for the redox couple of complex 8b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.197 -1.283 -1.240 0.086 0.68 

100 mV/s -1.192 -1.284 -1.238 0.092 0.76 

250 mV/s -1.189 -1.290 -1.239 0.101 0.87 

500 mV/s -1.185 -1.301 -1.243 0.116 0.92 

1000 mV/s -1.177 -1.311 -1.244 0.134 0.97 

2000 mV/s -1.167 -1.327 -1.247 0.160 1.00 

 

 

Figure S92. Cerium(III/IV) redox couple of 8b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S93. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 8b. 

 

Table S21. Electrochemical data for the redox couple of complex 9a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s          −* -1.200 − *    −* −* 

100 mV/s -1.130 -1.204 -1.167 0.073 0.67 

250 mV/s -1.126 -1.209 -1.168 0.083 0.64 

500 mV/s -1.131 -1.215 -1.173 0.084 0.75 

1000 mV/s -1.124 -1.223 -1.174 0.099 0.87 

2000 mV/s -1.125 -1.231 -1.178 0.106 0.96 

*could not be determined 
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Figure S94. Cerium(III/IV) redox couple of 9a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S95. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 9a. 
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Table S22. Electrochemical data for the redox couple of complex 9b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.202 -1.275 -1.238 0.073 0.71 

100 mV/s -1.203 -1.286 -1.244 0.083 0.79 

250 mV/s -1.201 -1.295 -1.248 0.094 0.89 

500 mV/s -1.197 -1.304 -1.250 0.107 0.94 

1000 mV/s -1.191 -1.313 -1.252 0.122 0.98 

2000 mV/s -1.181 -1.323 -1.252 0.142 1.00 

 

 

Figure S96. Cerium(III/IV) redox couple of 9b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S97. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 9b. 

 

Table S23. Electrochemical data for the redox couple of complex 10a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.984 -1.058 -1.021 0.074 0.96 

100 mV/s -0.979 -1.052 -1.016 0.073 0.97 

250 mV/s -0.971 -1.055 -1.013 0.084 0.97 

500 mV/s -0.963 -1.058 -1.011 0.095 0.95 

1000 mV/s -0.951 -1.063 -1.007 0.112 0.96 

2000 mV/s -0.941 -1.071 -1.006 0.130 0.97 
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Figure S98. Cerium(III/IV) redox couple of 10a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

 

Figure S99. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 10a. 
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Table S24. Electrochemical data for the redox couple of complex 10b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.054 -1.124 -1.089 0.070 1.00 

100 mV/s -1.041 -1.119 -1.080 0.078 1.00 

250 mV/s -1.036 -1.125 -1.080 0.089 1.00 

500 mV/s -1.032 -1.127 -1.079 0.095 1.00 

750 mV/s -1.029 -1.131 -1.080 0.102 0.99 

1000 mV/s -1.024 -1.137 -1.080 0.113 1.00 

 

 

Figure S100. Cerium(III/IV) redox couple of 10b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S101. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 10b. 

 

Table S25. Electrochemical data for the redox couple of complex 11a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.943 -1.003 -0.973 0.060 0.95 

100 mV/s -0.909 -0.989 -0.949 0.080 1.00 

250 mV/s -0.903 -0.995 -0.949 0.092 1.00 

500 mV/s -0.892 -1.000 -0.946 0.108 1.00 

1000 mV/s -0.881 -1.006 -0.944 0.125 0.99 

2000 mV/s -0.867 -1.015 -0.941 0.148 0.98 
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Figure S102. Cerium(III/IV) redox couple of 11a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S103. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 11a. 
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Table S26. Electrochemical data for the redox couple of complex 11b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.045 -1.115 -1.080 0.070 0.99 

100 mV/s -1.039 -1.115 -1.077 0.076 0.99 

250 mV/s -1.038 -1.118 -1.078 0.080 0.98 

500 mV/s -1.032 -1.118 -1.075 0.086 0.97 

1000 mV/s -1.027 -1.126 -1.076 0.099 0.96 

2000 mV/s -1.022 -1.130 -1.076 0.108 0.96 

 

 

Figure S104. Cerium(III/IV) redox couple of 11b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S105. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 11b. 

 

Table S27. Electrochemical data for the redox couple of complex 12a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.948 -1.013 -0.980 0.065 0.92 

100 mV/s -0.946 -1.021 -0.983 0.075 0.93 

250 mV/s -0.946 -1.024 -0.985 0.078 0.93 

500 mV/s -0.943 -1.023 -0.983 0.080 0.95 

1000 mV/s -0.938 -1.027 -0.982 0.089 0.95 

2000 mV/s -0.935 -1.032 -0.983 0.097 0.95 

 

y = 0,000037x - 0,000001
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Figure S106. Cerium(III/IV) redox couple of 12a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S107. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 12a. 
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Table S28. Electrochemical data for the redox couple of complex 12b vs Fc/Fc+
 in THF/ [nPr4N][BARF]. 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -1.009 -1.070 -1.039 0.061 0.99 

100 mV/s -1.002 -1.068 -1.035 0.066 0.98 

250 mV/s -0.995 -1.069 -1.032 0.074 0.97 

500 mV/s -0.990 -1.071 -1.030 0.081 0.96 

1000 mV/s -0.987 -1.071 -1.029 0.084 0.98 

2000 mV/s -0.980 -1.077 -1.028 0.097 0.99 

 

 

Figure S108. Cerium(III/IV) redox couple of 12b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S109. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 12b. 

 

Table S29. Electrochemical data for the redox couple of complex 13a vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.903 -0.970 -0.936 0.067 1.00 

100 mV/s -0.900 -0.971 -0.935 0.071 1.00 

250 mV/s -0.899 -0.972 -0.935 0.073 0.99 

500 mV/s -0.899 -0.972 -0.935 0.073 1.00 

1000 mV/s -0.892 -0.976 -0.934 0.084 0.99 

2000 mV/s -0.890 -0.982 -0.936 0.092 0.97 

 

y = 3E-05x - 2E-07
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Figure S110. Cerium(III/IV) redox couple of 13a vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 

 

Figure S111. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 13a. 
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Table S30. Electrochemical data for the redox couple of complex 13b vs Fc/Fc+
 in THF/ [nPr4N][BARF] 

Scan rate v Epa vs 

Fc/Fc+ [V] 

Epc vs 

Fc/Fc+ [V] 

E0 vs 

Fc/Fc+ [V] 

ΔEp [V] ipa/ipc 

50 mV/s -0.981 -1.044 -1.013 0.063 0.93 

100 mV/s -0.974 -1.047 -1.011 0.073 0.96 

250 mV/s -0.968 -1.052 -1.010 0.084 1.00 

500 mV/s -0.965 -1.062 -1.014 0.097 1.00 

1000 mV/s -0.960 -1.074 -1.017 0.114 1.00 

2000 mV/s -0.948 -1.082 -1.015 0.134 0.97 

 

 

Figure S112. Cerium(III/IV) redox couple of 13b vs Fc/Fc+ in THF obtained at different scan rates; arrow indicates 
initial scan direction; c(analyte) 1mM, c(electrolyte) 0.1 M [nPr4N][BARF]. 
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Figure S113. Ip versus v1/2 plot of the anodic (blue) and cathodic (orange) peak currents in cyclic voltammograms 
of 13b. 

 

 

Calculation of diffusion coefficient and simulation of cyclic voltammograms  

Experimental Conditions for Table S31, Figure S114 and Figure S115.  

THF, silver perchlorate (AgClO4), tetrabutylammonium hexafluorophosphate (NBu4PF6), and ferrocene were 

purchased from Alfa Aesar. THF was stored over KOH for one week, heated under reflux over 

sodium/benzophenone for 24 h, distilled, heated under reflux over potassium under argon for 48 h, and then 

subjected to a final distillation. NBu4PF6 was recrystallized three times from ethanol/water (3:1) and dried at 3 

mbar and 100 °C for one week. The supporting electrolyte NBu4PF6 was used in 0.1 M concentration. The 

electrolyte solution was degassed by argon bubbling. For the electrochemical experiments, an Eco Chemie BV 

Autolab PG-STAT100 (Metrohm, Filderstadt, Germany) was used with control software GPES (v. 4.9). Cyclic 

voltammograms were recorded at 17 °C with a glassy carbon electrode. All experiments were carried out under 

argon with a gas-tight full-glass cell in a three-electrode arrangement.2 iR drop was compensated by positive 

feedback through the GPES software. Cyclic voltammetric scan rates ranged from 0.05 to 2 V s−1. All CV 

experiments were carried out for several concentrations. Background was recorded for various scan rates in the 

first part of an experiment session for later use. Then substrate was added in the form of several aliquots from a 

stock solution. i-E-curves were recorded at all scan rates after each addition. Finally, background currents were 

subtracted from these data. E0 was determined vs. a Ag/Ag+ (0.01 M in MeCN/0.1 M NBu4PF6) electrode with a 

Haber-Luggin dual reference electrode system.3 The values were rescaled to the Fc/Fc+ standard (𝐸$%/$%!
'

 = 163 

± 1 mV). The diffusion coefficient was calculated with Randles-Sevcik-equation for n=1 and A=6.4 mm2. The 

electroactive surface was determined from cyclic voltammetric peak currents or chronoamperometric currents 

for Fc in DCM / 0.1 NBu4PF6 at 17 °C assuming a diffusion coefficient D(Fc) = 2.06*10-5 cm2/s.4 
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Table S31. Electrochemical data for the redox couple of complex 13b vs Fc/Fc+
 in THF/Pt/[nBu4N][PF6] 

 (CpMe)3Ce(IV)OSiPh3 13b THF/Pt/[nBu4N][PF6] vs. Fc/Fc+ 

  

 

c [mmol/L] 

  

c [mmol/L] 

v  

[V/s] 
EOx 
[V] 0.10 0.20 0.29 0.38 0.38  

v  

[V/s] 
ERed 
[V] 0.10 0.20 0.29 0.38 0.38 

v = 0.05 
-0.895 -0.895 -0.895 -0.896 -0.896  

0.05 
-0.964 -0.964 -0.964 -0.965 -0.962 

0.1 
-0.896 -0.893 -0.893 -0.892 -0.893  

0.1 
-0.965 -0.965 -0.967 -0.966 -0.963 

0.2 
-0.893 -0.895 -0.893 -0.891 -0.893  

0.2 
-0.965 -0.966 -0.967 -0.969 -0.965 

0.5 
-0.893 -0.893 -0.891 -0.889 -0.897  

0.5 
-0.965 -0.967 -0.969 -0.971 -0.962 

1 
-0.890 -0.886 -0.884 -0.885 -0.892  

1 
-0.968 -0.977 -0.975 -0.976 -0.962 

2 
-0.895 -0.888 -0.884 -0.879 -0.897  

2 
-0.973 -0.975 -0.979 -0.980 -0.962 

             

v  

[V/s] 

ΔE 

[V] 0.10 0.20 0.29 0.38 0.38  

v  

[V/s] IRed / Iox 0.10 0.20 0.29 0.38 0.38 

0.05 
0.069 0.069 0.069 0.069 0.066  

0.05 
0.91 0.93 0.94 0.93 0.92 

0.1 
0.069 0.072 0.074 0.074 0.070  

0.1 
0.95 0.96 0.96 0.96 0.95 

0.2 
0.072 0.072 0.074 0.078 0.072  

0.2 
0.97 0.97 0.97 0.96 0.97 

0.5 
0.072 0.074 0.078 0.082 0.065  

0.5 
0.97 0.97 0.96 0.94 0.97 

1 
0.078 0.091 0.091 0.091 0.069  

1 
0.99 0.96 0.96 0.94 0.96 

2 
0.078 0.087 0.095 0.102 0.065  

2 
0.96 0.94 0.93 0.93 0.94 

             

v  

[V/s] 
E0 
[V] 0.10 0.20 0.29 0.38 0.38  

v  

[V/s] iNorm 0.10 0.20 0.29 0.38 0.38 

0.05 
-0.929 -0.929 -0.929 -0.930 -0.929  

0.05 
0.91 0.87 0.84 0.75 0.71 

0.1 
-0.930 -0.929 -0.930 -0.929 -0.928  

0.1 
0.88 0.85 0.82 0.75 0.69 

0.2 
-0.929 -0.930 -0.930 -0.930 -0.929  

0.2 
0.87 0.83 0.80 0.74 0.67 

0.5 
-0.929 -0.930 -0.930 -0.930 -0.929  

0.5 
0.86 0.83 0.80 0.73 0.65 

1 
-0.929 -0.931 -0.929 -0.930 -0.927  

1 
0.85 0.82 0.78 0.71 0.65 

2 
-0.934 -0.931 -0.931 -0.929 -0.929  

2 
0.82 0.78 0.75 0.68 0.67 

Ø 
-0.930 
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Figure S114. Electrochemical data for the redox couple of complex 13b vs Fc/Fc+
 in THF/Pt/[nBu4N][PF6]. 
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Calculation of diffusion coefficient and simulation of cyclic voltammograms 

Simulations were performed with DigiSim (v. 2.1) under the assumption of planar, semi-infinite diffusion and 

Butler-Volmer kinetics for the electron transfers with a step width of 1 mV. The pre-equilibrium functionality of 

the software was set to ``chemical reactions only''. 

 

(CpMe)3Ce(IV)OSiPh3 THF/Pt/[nBu4N][PF6] 

A [mm2] 6.4 A  electrochemical surface area of electrode 

ks [cm/s] 0.03 ks  rate constant electron transfer   
α [eV] 0.5 α  electron transfer coefficient   
D [10-6 cm2/s] 2.75 D  diffusion coefficient   
E0 [V] -0.930        

 

Concentration: 9.92E-05 mol/L       

0.05 V/s 0.1 V/s 

 

  

    

 

    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

          

0.2 V/s 0.5 V/s 

 

           

          

          

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

          

1 V/s 2 V/S 

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

 
    

Figure S115. Calculation of diffusion coefficient and simulation of cyclic voltammograms of 13b in THF, 
electrolyte [nBu4N][PF6].  
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IR Spectra 

 

Figure S116. DRIFT spectrum of Cp3CeBr (3a).  

 

 

 

Figure S117. DRIFT spectrum of CpMe
3CeBr (3b).   
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Figure S118. DRIFT spectrum of Cp3CeI (4a).  

 

 

 

Figure S119. DRIFT spectrum of CpMe
3CeI (4b). 

 

 



S82 

 

 

Figure S120. DRIFT spectrum of Cp3Ce(OMe) (5a). 

 

 

 

Figure S121. DRIFT spectrum of CpMe
3Ce(OMe) (5b).  
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Figure S122. DRIFT spectrum of Cp3Ce(OEt) (6a). 

 

 

 

Figure S123. DRIFT spectrum of CpMe
3Ce(OEt) (6b). 
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Figure S124. DRIFT spectrum of Cp3Ce(OCH2tBu) (7a). 

 

 

 

Figure S125. DRIFT spectrum of CpMe
3Ce(OCH2tBu) (7b).  
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Figure S126. DRIFT spectrum of Cp3Ce(OiPr) (8a). 

 

 

 

Figure S127. DRIFT spectrum of CpMe
3Ce(OiPr) (8b).  
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Figure S128. DRIFT spectrum of CpMe
3Ce(OtBu) (9b). 

 

 

 

Figure S129. DRIFT spectrum of Cp3Ce(OSiMe3) (10a). 
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Figure S130. DRIFT spectrum of CpMe
3Ce(OSiMe3) (10b).  

 

 

 

Figure S131. DRIFT spectrum of Cp3Ce(OSiEt3) (11a). 
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Figure S132. DRIFT spectrum of CpMe
3Ce(OSiEt3) (11b). 

 

 

 

Figure S133. DRIFT spectrum of Cp3Ce[OSi(iPr)3] (12a). 
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Figure S134. DRIFT spectrum of CpMe
3Ce[OSi(iPr)3] (12b). 

 

 

 

Figure S135. DRIFT spectrum of Cp3Ce(OSiPh3) (13a). 
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Figure S136. DRIFT spectrum of CpMe
3Ce(OSiPh3) (13b).  
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Appendix 

Analytical data of compounds not included in the main results or manuscripts  

 

Ce

SiMe3

SiMe3

SiMe3

Cl

NaOiPr

- NaCl

RT, toluene, 18 h
Ce

O

O

Me3Si

Me3Si

Ce

SiMe3

SiMe3

SIR / ligand

scrambling

 

[Cp’2Ce(OiPr)]2   LK72 

R1[I > 2σ(I)] 6.07%, wR2(all data) 17.01% 

a = 9.2728(7) Å, α = 90° 

b = 13.7498(10) Å, β = 101.167(2)° 

c = 17.8961(13) Å, γ = 90° 

 

CeCl3*
RT, thf, 18 h

[Ce(NPh 2)4][Li3Cl2(thf)7]

- LiCl

+ 4 Li(NPh 2)

 

[Ce(NPh2)4][Li3Cl2(thf)7] LK172 

 

R1[I > 2σ(I)] 3.65%, wR2(all data) 8.54% 

a = 14.7893(5) Å, α = 90° 

b = 10.4857(3) Å, β = 95.4600(10)° 

c = 27.4714(9) Å, γ = 90° 





 

 

Structurally characterized complexes 

On the following pages all compounds characterized by X-ray structure analysis are listed as 

ChemDraw sketches.  

 

  



 

 

Cerium Fluorenyl Half-Sandwich Complexes 

 

 

  



 

 

Cerium Fluorenyl Sandwich Complexes 

 

 

  



 

 

Pentamethylcyclopentadienyl-supported Cerocene complexes 

 

 

 

  



 

 

Cerium (Tris Cyclopentadienyl) Complexes 

 

 

  



 

 

Other Solid-state Structures  

 

 


