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Preface 

The following doctoral dissertation consists of a survey on rare-earth-metal alkyls and isolated 

organoalumoxanes, 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 January 2020 to December 2022 under the 

supervision of Prof. Dr. Reiner Anwander.  
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Abbreviations 

Ar Aryl Ln Rare-earth metals (Sc, Y, La 

– Lu) 

Aza crown 1,4,7-Trimethyl-1,4,7- 

triazacyclononane 

MAO Methylaluminoxane 

Bn Benzyl Me Methyl 

iBu iso-Butyl Me3TACN 1,4,7-Trimethyl-1,4,7- 

triazacyclononane 

nBu n-Butyl Mes Mesitylene 

tBu tert-Butyl Nacnac 1,3-Diketiminato 

COSY Correlated Spectroscopy Neosilyl CH2SiMe3 

Cp* C5Me5 NMR Nuclear Magnetic 

Resonance 

Dipp 2,6-Diisopropylphenyl Ph Phenyl 

do Donor iPr iso-Propyl 

DOSY Diffusion-Ordered 

Spectroscopy 

r.t. Ambient temperature 

EA Elemental Analysis TMEDA Tetramethylethylenediamine 

Et2O Diethyl ether THF Tetrahydrofuran 

et al. et alii or et aliae vs. versus 

HSQC Heteronuclear Single 

Quantum Coherence 

VT Variable Temperature 
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Summary 

In 1984 Tsueno Imamoto published a paper about the binary mixtures CeCl3/RLi (R = nBu, 

tBu) and their use in carbon-carbon-bond formation with various carbonyl compounds. The 

exact structure of these reagents, however, remained a mystery since then. 

These mixtures were studied via NMR experiments including 7Li NMR spectroscopy. 

Moreover, a procedure was developed to isolate organolithium/lanthanide complexes from 

these reactions. For example, Li3Ln(nBu)6(thf)4 (Ln = Sc, Y, La, Ce, Lu) and 

[Ce(tBu)4][Li(thf)4] could be accessed and fully characterized. The crucial part of these 

procedures is a seamless low-temperature syntheses and crystallization sequence, since the 

products are thermally very unstable. 

The working techniques were then applied to isolate the MAO species [(AlMe2)2O(thf)]2 from 

the simple reaction of AlMe3 and water in THF. MAO is the most important co-catalyst in 

commercial α-olefin polymerization. Although, its structure has remained elusive so far, many 

model complexes have been synthesized. These complexes, however, require laborious 

pathways or exotic precursors. 

Lastly, the field of organolanthanide complexes was revisited. Using the aza crown (1,4,7-

Trimethyl-1,4,7-triazacyclononane = Me3TACN) the complexes (Me3TACN)Ln(nBu)3 (Ln = 

La, Sm) could be synthesized as the first terminal n-butyl lanthanide complexes, that contain 

no other metal. Further, the hitherto elusive lanthanum neosilyl complex [Li(thf)4] 

[La(CH2SiMe3)4(thf)] was isolated and fully characterized. 
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Zusammenfassung 

Im Jahre 1984 veröffentlichte Tsueno Imamoto eine Arbeit über die binären Gemische 

CeCl3/RLi (R = nBu, tBu) und ihre Verwendung zur Bildung von Kohlenstoff-Kohlenstoff-

Bindungen mit verschiedenen Carbonylverbindungen. Die genaue Struktur dieser Reagenzien 

blieb jedoch seither ein Rätsel. 

Mischungen des Typs LnCl3/RLi (Ln = Sc, Y, La, Ce, Lu; R = nBu, tBu) wurden mittels NMR-

Experimenten einschließlich 7Li-NMR-Spektroskopie untersucht. Dabei wurde ein Verfahren 

entwickelt, um Organo-Lithium/Lanthanid-Komplexe aus diesen Reaktionen zu isolieren. So 

konnte zum Beispiel Li3Ln(nBu)6(thf)4 (Ln = Sc, Y, La, Ce, Lu) und [Ce(tBu)4][Li(thf)4] 

vollständig charakterisiert werden. Das „Herzstück“ dieser Verfahren ist die Verwendung einer 

ununterbrochenen Kühlkette für die Synthese und Kristallisation, da die Produkte thermisch 

sehr instabil sind. 

Dieselben Arbeitstechniken wurden dann angewandt, um die MAO-Spezies [(AlMe2)2O(thf)]2 

aus der einfachen Reaktion von AlMe3 und Wasser in THF zu isolieren. MAO ist der wichtigste 

Co-Katalysator für die kommerzielle α-Olefin Polymerisation. Da seine Struktur bis heute nicht 

aufgeklärt werden konnte, wurden zum besseren Verständnis bereits viele Modellkomplexe 

synthetisiert. Die Synthese dieser Komplexe ist jedoch umständlich oder erfordert exotische 

Ausgangsstoffe. 

Schließlich wurde das Gebiet der Organolanthanoid-Komplexe wieder aufgegriffen. Unter 

Verwendung der Aza-Krone (1,4,7-Trimethyl-1,4,7-triazacyclononan = Me3TACN) konnten 

die Komplexe (Me3TACN)Ln(nBu)3 (Ln = La, Sm) als erste terminale n-Butyl-Lanthanoid-

Komplexe synthetisiert werden, die kein anderes Metall enthalten. Außerdem wurde der bisher 

schwer fassbare Lanthan-Neosilyl-Komplex [Li(thf)4][La(CH2SiMe3)4(thf)] isoliert und 

komplett charakterisiert. 
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The Objective of this Thesis 

The main emphasis of this thesis is to investigate the Imamoto Reagent CeCl3/n-BuLi. A second 

aspect is to apply the developed cold-chain techniques to the synthesis and isolation of MAO 

species. 

 

Chapter A gives an overview of Imamoto’s organocerium reagent. 

 

Chapter B contains a summary of the main results of this thesis and is divided into two parts: 

 Unraveling Imamoto’s Organocerium Reagent 

 Isolation of a MAO species from the reaction of water with AlMe3 

 

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

presented. This contains cerium aluminate clusters. 

 

Chapter E is a compilation of publications and manuscripts. 

 



A. Imamoto’s Organocerium Reagent 

Imamoto’s 

Organocerium Reagent 

A 





2 INTRODUCTION 

1 Introduction 

Four stochiometric rare-earth-metal reagents are commonly used in organic transformation 

reactions including natural product synthesis.[1],[2],[3],[4] The first one discovered in 1973 by Ho 

et al. was CAN or Ceric Ammonium Nitrate which is routinely used as an oxidant.[2a]  

Scheme A 1: Structure of CAN (left) and an exemplary oxidation reaction using CAN (right). 

The second reagent features samarium diiodide which was first employed by Namy, Girard, 

and Kagan in 1977.[3a] And is often used in Barbier-type reactions. 

RX + + 2 SmI2
H+O

R'R' THF
R C OH
R' R'

I

Sm

I

thf
thf

thfthf

thf

Scheme A 2: Structure of SmI2(thf)5 (left) and an exemplary Barbier reaction using SmI2 (right). 

These two reagents are well understood and fully characterized including their crystal 

structure.[5] Shortly after in 1978 the Luche group reported that CeCl3 in combination with 

sodium borohydride can be employed as a selective reducing agent only affecting carbonyl 

groups.[6]  

Scheme A 3: An exemplary reducing reaction using the Luche reagent. 

The last of the four commonly used rare-earth-metal reagents is Imamoto’s organocerium 

reagent.  

Tsuneo Imamoto et al. reported in 1982 their findings, that when CeI3 was added to lithium 

alkyls prior to the addition to enolizable ketones excellent yields of the corresponding tertiary 
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alcohol can be achieved. This was a contrast to employing exclusively the lithium alkyls which 

led to the recovery of a significant amount of the starting ketone, presumably due to competitive 

enolization.[7] In 1984 the Imamoto group followed this up by using a broader range of lithium 

alkyls, CeCl3 as an alternative precursor, and most importantly they introduced the formula 

“RCeI2”, to describe the basic stoichiometry of the organocerium reagent.[8] Variations of this 

formula are used pretty much ever since for organolanthanide reagents similarly prepared.  

Scheme A 4: Exemplary ketone transformation reaction using the Imamoto reagent as displayed by 

Imamoto in 1984.[9] 

This overview will first take a look at the reactivity of these organocerium regents as reported 

by the Imamoto group. Then the studies on Imamoto’s organocerium reagent that other groups 

published so far are surveyed and lastly a perspective is presented how variations of these 

compounds are used in modern chemistry. This overview will therefore show the importance 

of these reagents and why a better understanding of them can help improve this field of 

chemistry. 



4 IMAMOTO’S FINDINGS ON THE ORGANOCERIUM COMPOUNDS 

 

2 Imamoto’s findings on the organocerium compounds 

2.1 The difference that the addition of cerium halide makes  

The following procedure was reported by the Imamoto group in 1982.[7] “To an in situ generated 

slurry of CeI3 in THF, 1.7 equivalents of n-BuLi were added at –65 °C. After 30 minutes 0.5 

equivalents of acetophenone were added. The mixture was worked up in an aqueous manner 3 

hours later to give 2-phenylhexan-2-ol in 98% yield.” 

In contrast, when acetophenone was reacted with only n-BuLi, the yield of 2-phenylhexan-2-ol 

was decreased to 64%. Moreover, the ketone precursor could be recovered in 27%, which they 

accounted for with a competitive enolization, “probably”. 

 

2.2 The role of the reaction temperature  

In the same publication, they also examined the effect of the temperature and the variation of 

the organolanthanide reagent on acetophenone as the only substrate. The pre-reaction of the 

rare-earth-metal iodide with the lithium alkyls (n-BuLi, sec-BuLi, EtLi, MeLi, and PhLi) was 

performed each time at –65 °C. Afterward the following conditions were applied: 

- 30 min at –65 °C 

- 15 min at 0 °C 

- 15 min at r.t. 

- 15 min at 50 °C 

The addition of the ketone and subsequent reaction was carried out at the same temperature 

except for the one at 50 °C, where they let it cool down to ambient temperature and kept it there. 

Whereas an almost quantitative yield of the nucleophilic addition product was obtained at  

–65 °C, at 0 °C reductive coupling prevailed and afforded 2,3-dihydroxy-2,3-diphenyl-butane. 

At ambient temperature, the main product was 1-phenylethanol, which was almost exclusively 

observed jumping to 50 °C. This was the case for every lithium alkyl that had β-hydrogen atoms 

(n-BuLi, sec-BuLi, EtLi), but MeLi and PhLi both underwent nucleophilic addition to the 

carbonyl group even at ambient temperature exclusively. It’s commonly assumed, that this most 

likely results from the formation of cerium hydride and low-valent cerium complexes via β-

hydrogen elimination.[10]  
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2.3 Different rare-earth-metals  

To assess the effect of the type of rare-earth-metal the Imamoto group used commercially 

available lanthanoid chlorides (CeCl3(H2O)7, LaCl3(H2O)7, NdCl3(H2O)6, PrCl3(H2O)7, 

SmCl3(H2O)6, YbCl3(H2O)6,) and dehydrated them in vacuo at 140 °C for 2 hours.[8] This 

method was chosen because of experimental convenience rather than applying the methods 

reported in the literature prior. Those used either ammonium chloride on the lanthanoid oxides 

at 300 °C to get water free lanthanoid chlorides or thionyl chloride to dehydrate the lanthanoid 

chloride aqua salts.[11] In THF at –78 °C, those “dehydrated” salts were reacted with n-BuLi 

before the carbonyl compound was added. 1,3-Diphenyl-2-propanone was employed for each 

of the rare-earth-metals except ytterbium which was reacted witch 3-tBu-cyclohexane-1-on. 

The yield of the nucleophilic addition products for cerium, lanthanum, neodymium, and 

ytterbium was excellent surpassing 96%. The yields for praseodymium (85%) and samarium 

(60%) were significantly lower which was accounted on the incompletely dehydrated salts. In 

a previous publication, it was already reported that the mixture SmI3/n-BuLi used on 

acetophenone affords an excellent yield of 98% of the corresponding tertiary alcohol, 

supporting this assumption.[7] 

According to these findings, every rare-earth-metal could be used for these types of reactions. 

Considering their prices cerium which is by far the cheapest is the most sensible to use, 

however. Lanthanum and neodymium could also be considered since those are not outrageously 

more expensive. 

 

2.4 Especially effective on easily enolizable ketones and α,β-unsaturated carbonyl 

compounds  

The Imamoto group used their organocerium reagent on more than 30 carbonyl compounds.[1d, 

4a, 4b, 7-9, 12] Crucially, all comparisons drawn between the organocerium reagent CeX3/LiR and 

the corresponding exclusive lithium alkyl revealed a higher yield of the nucleophilic addition 

product in case of the organocerium reagent. This ranged from a moderate increase for 

acetophenone (98 vs. 64%) to significant increases for 1,3-diphenyl-2-propanone (98 vs 33%). 

In the case of MesCOCH3, the yield of the corresponding tertiary alcohol was quite low with 

15% for the organocerium reagent but considering that only traces of it were observed using 



6 IMAMOTO’S FINDINGS ON THE ORGANOCERIUM COMPOUNDS 

 

the lithium alkyl, this was also a success. Overall, the findings show that the easier a ketone is 

enolizable the more effective is the organocerium reagent over the lithium alkyl. 

The organocerium reagent performed also excellent toward α,β-unsaturated carbonyl 

compounds, whereas the 1,4-addition rather than the 1,2-addition being the major concern. 

Almost always organocerium regents engage exclusively in 1,2-addition. When this is not the 

case the amount of the 1,2-addition product is considerably higher compared to the plain lithium 

alkyls. 

 

2.5 Imamoto reagent versus Grignard reagent 

In follow-up publications, the Imamoto group additionally compared the organocerium reagents 

not just with the plain lithium alkyl but also with the corresponding Grignard reagent.[8-9, 12a] It 

was found that the yield of the nucleophilic addition product is sometimes higher and sometimes 

lower compared to the lithium alkyl but always considerably lower than the organocerium 

reagent.  

In 1989 however, Imamoto et al. reported their findings that the addition of CeCl3 to the 

Grignard reagent prior to adding the carbonyl compound improves the selectivity toward 

nucleophilic addition considerably.[12b] For example, in the case of 1,3-diphenyl-2-propanone 

and nBuMgBr, the yield of the tertiary alcohol could be improved from 18-36% to 98%. These 

findings were especially exciting since the Grignard reagent of an alkyl is often much easier 

accessible than the corresponding lithium alkyl. In the same paper, an extensive study with 

more than 15 carbonyl compounds and 10 Grignard reagents has been conducted. Not all 

reactions afforded the tertiary alcohol, but many did. For example, treatment of MesCOCH3 

with MeMgBr yielded only traces of the alcohol, while the addition of CeCl3 improved the yield 

to 47%. 

 

With these findings, Imamoto had established a type of reagent, which is used in organic 

synthesis regularly to this day. Naturally, this arose interest in the exact structure of these 

reagents, but while the structure has remained a mystery, some crucial findings have been 

reported. These will be summarized in chapter 3.  
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3 Studies on Imamoto’s Organocerium Reagent 

3.1 Why does it improve the nucleophilic addition on enolizable ketones? 

Two aspects are usually associated with organocerium reagents in comparison with lithium 

alkyls or Grignard reagents. The first is the milder basicity of cerium alkyls which disfavors 

deprotonation reactions. The second, which plays a more prominent role, is the strong 

oxophilicity of the trivalent cerium. This directs the reaction close to the carbonyl group.[4] The 

same aspect applies to the Luche reagent. Which selectively reduces carbonyl groups to 

alcohols.[6]  

 

Scheme A 5: Visualization of improved nucleophilic additions promoted by cerium(III).[13] 

 

3.2 Studies on the cerium precursor 

Evans et al. could show that the method, which the Imamoto group used to dehydrate the 

commercially available lanthanide chlorides, is insufficient. Heating the salts at 140 °C in vacuo 

for two hours does not result in the dehydrated salts.[14] Evans et al. extended the procedure to 

150 °C and 0.03 Torr for 12 hours or more to make sure that this method is not a valid procedure 

to achieve dry lanthanide chlorides. Through Karl Fischer analysis of such treated salts and the 

reaction with MeLi where methane extrusion was observed they concluded that a significant 

amount of water remains after the “drying” process. Evans et al. could further crystallize [Ce(µ-

Cl)3(thf)(H2O)]n from a THF solution of the treated cerium salt. In a later publication, the same 

group reported on two yttrium complexes [YCl2(H2O)6]Cl and Li2Y8Cl18O4(thf)12.[15] The 

former compound once again shows that the drying process is insufficient, while the latter 

revealed the complexity of some intermediates that result from the reactions of lithium alkyls 

with those insufficiently dried salts. The conclusion was that at least one equivalent of water 

needs to be accounted for when this protocol is used. These findings are in contrast to the report 
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from Imamoto where they used a stoichiometric amount of n-BuLi with the dried salts and 

about 0.8 equivalents of the ketone for a yield of 98% of the tertiary alcohol.[8] The most 

plausible explanation for this is, that the Imamoto group added the lithium alkyl at –78 °C, 

while the Evans group observed the evolution of methane from MeLi at ambient temperature. 

This would suggest that the lithium alkyls do not react with the crystal water of those lanthanide 

salts at low temperatures. 

 

3.3 Isolation of bimetallic lithium lanthanide ate complexes 

A better understanding of the reaction products of rare-earth-metal halides and lithium alkyls 

can be obtained by a look at the publications of Schumann et al. from as early as 1978 might 

help.[16] Accordingly, mixtures of LnCl3/MeLi/Et2O and TMEDA (tetramethylethylenediamine) 

give the heterobimetallic complexes Li3LnMe6(tmeda)3. Solid-state structures of these 

complexes for erbium[16b] and holmium[16c] have been reported. Similar findings from the 

Okuda group, as revealed by Li3Sc2Me9(thf)2(OEt2)3 and Li3Ln2Me9(thf)3(OEt2)2 (Ln = Y, Tb), 

underline these results.[17] 

 

Scheme A 6: Structure of Li3LnMe6(tmeda)3. 

 

Alkylation reactions of LnCl3 with t-BuLi provided access to solvent-separated ion pairs of 

[Li(do)x][Ln(tBu)4] type.[16c, 18] Complexes [Li(tmeda)2][Lu(tBu)4][18b] and 

[Li(dme)2][Er(tBu)4][18c] (dme = dimethoxyethylene) where structurally characterized. 

Finally, saturated trialkyl complexes of the type Ln(CH2SiMe3)3(thf)x (x = 2, 3) could be 

obtained from the lithium alkyls LiCH2SiMe3, but only for the smaller rare-earth metals (Sc, Y, 

Sm, Er, Yb, Lu).[19] 
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To summarize these findings, depending on the steric demand of the ligands and the size of the 

rare-earth-metal homoleptic, ate- and solvent-separated complexes have all been reported. Also, 

if available, neutral donors commonly saturate the coordination sphere of the metals. But so far 

only a few examples of the mixed alkyl halogenido lanthanide complexes like the proposed 

“CeCl2R” have been reported, these are presented in chapter 3.4. 

 

3.4 Mixed alkyl halogenido rare-earth-metal complexes 

The first rare-earth metal compound bearing alkyl and halogenido ligands in the absence of a 

stabilizing ancillary ligand was by the Lappert group in 1988 including an X-ray structure 

analysis.[20] The lanthanum ate complex features silylalkyl groups devoid of β-hydrogen atoms, 

(Scheme A 7). The same applies for complex [YbI(C(SiMe3)3)(thf)]2 that was published by 

Eaborn et. al.[21] The Schumann group employed an amino-functionalized alkyl for their half-

sandwich complex,[22] while the Liddle group drew on more stable benzyl groups.[23] Only the 

separated ion pair yttrium complex [YMeI(thf)5][BPh4], that was reported by Okuda et. al. 

features a “pure” alkyl group.[17] 

 

Scheme A 7: Overview of literature known mixed alkyl halogenido complexes. 
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Since, the Imamoto group focused mostly on the reaction of CeX3/n-BuLi an overview of rare-

earth-metal complexes featuring respective alkyls will be given in chapter 3.5.  

 

3.5 Higher alkyl rare-earth-metal complexes 

Only a handful of higher alkyl rare-earth-metal complexes have been published so far. “Higher” 

means that ethyl, propyl, butyl, pentyl, and hexyl groups are coordinated to the rare-earth-metal 

center (Scheme A 8).  

 

Scheme A 8: Overview of literature known higher alkyl complexes. 

This compilation excludes the t-butyl groups which have been described in chapter 3.3 and are 

known to be relatively stable. All other known higher alkyl rare-earth-metal complexes contain 

at least one stabilizing ancillary ligand. These include Cp* or bulky multidentate ligands. There 

are three distinct reaction pathways how these complexes could be isolated. Bercaw[24] 
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alongside Okuda[25] and Chen[26] all used an alkene insertion reaction into a Ln–H bond 

(Scheme A 8). The group of Liu and Cui could obtain rare-earth-metal ethyl complexes using 

an aluminate cleavage.[27] Lastly, the groups of Evans[28] and Fryzuk[29] applied a salt metathesis 

protocol as did the Imamoto group. 

It’s important to mention that there is a considerable number of rare-earth-metal aluminate 

complexes, which contain higher alkyl groups, but those are not further discussed in this thesis, 

since they behave quite different to the Imamoto reagent.  

 

Scheme A 9: Exemplary alkene insertion reaction. 

The numerous examples of alkene insertion reactions leading to rare-earth-metal alkyls can also 

be understood as the back reaction of β-hydrogen elimination. This implies that the reason of 

the enhanced instability of these higher alkyl rare-earth-metal complexes, is not really the fault 

of their β-hydrogen atoms. 

 

3.5 Incomplete reaction of the cerium precursor at low lithium alkyl loadings 

A very significant contribution for helping to understand Imamoto’s organocerium reagent was 

made by Denmark et al. in 1992.[30] They analyzed the solid residue that remains when reacting 

CeCl3 with less than three equivalents of lithium alkyls. As it turned out this is unreacted CeCl3 

clearly indicating that “CeCl2R” cannot be the main species of the reagent. Confusingly, the 

best results in ketone transformation are still achieved by a 1:1 ratio of CeCl3 and lithium alkyl. 

It was hypothesized that a part of the unreacted CeCl3 acts as a Lewis acid for carbonyl 

precoordination, but it could not be proven.   
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4 Imamoto’s Organocerium Reagent in modern chemistry 

4.1 Halogen-rare-earth-metal exchange 

Both Knochel et al. and Didier et al. recently reported that organolanthanide reagents engage in 

halogen-metal exchange reactions followed by allylations or additions to carbonyls.[31]  

 

Scheme A 10: Example of a halogen rare-earth-metal exchange reaction. 

 

These organolanthinide reagents are prepared in situ and designated as nBu2LaMe•5LiCl and 

nBu2SmCl•4LiCl or nBu3Sm•5LiCl. This method is a great way to extend the range of possible 

groups that can be nucleophilically added. Since all that is required is a halide group and it only 

is susceptible to other carbonyl groups. This is one step further than what Imamoto achieved by 

using Grignard reagents in combination with CeCl3. The Knochel group also applied halogen-

metal exchange reactions using putative “nBu2LaCl•4LiCl” in 2019. Accordingly, they 

proposed the first lanthafluorenyl complex and supported this structure by EXAFS and the 

follow-up chemistry although a solid-state structure could not be obtained.[31d] 

 

Scheme A 11: Proposed lanthafluorenyl complex. 
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4.2 Zweifel-type olefination 

In 2019 Didier et al. followed up the chemistry developed by Knochel and used such reagents 

in Zweifel-type olefinations.[32]  

 

Scheme A 12: General example of the Zweifel olefination (top) and an exemplary reaction using 

organolanthanide reagents (bottom). 

 

By successfully applying over 50 substrates, they clearly demonstrated the feasibility of this 

approach, and hence extended, the scope of reactions where organolanthanide complexes can 

be used, making it a tool every organic chemist should have in their repertoire.  
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1 Unraveling Imamoto’s Organocerium Reagent 

Since, a better part of Imamoto’s work dealt with the use of cerium halides in combination with 

n-butyllithium, mostly because of their low price,[1d, 4a, 4b, 7-9, 12, 33] this work was also focused 

on these two reagents. Because of the thermal lability of the resulting organocerium complexes 

and the fact that NMR spectroscopy might not provide any useful information, due to the 

paramagnetism of cerium, lutetium chloride was chosen as another precursor. Diamagnetic 

lutetium (III) would allow for more comprehensive NMR spectroscopy and its smaller size 

should generally enhance the stability of alkyl species in comparison to the lager lanthanides. 

After a lot of trial and error, the first complex could be isolated for the reaction of LuCl3(thf)2 

with n-BuLi. The resulting bimetallic ate complex Li3Lu(nBu)6(thf)4 (ALu) was the 

breakthrough that led to many more complexes and the respective studies provided great insight 

into the organocerium reagents used in organic synthesis.  

LuCl3(thf)2 + 3.3 n-BuLi

n-hexane, 
-45 °C, 24 h

Lu

Li

Li
Li

thf

thf

thf

thf

ALu

~ 5 - 10%  

Scheme B 1: Synthesis of bimetallic ate complex Li3Lu(nBu)6(thf)4 (ALu). 

The result that six equivalents of n-BuLi can react with one lutetium chloride underline the 

findings of Denmark et al. who observed that a significant amount of unreacted cerium chloride 

can be recovered at low lithium alkyl loadings.[30] On closer inspection, the limiting factor of 

this reaction was in fact the amount of THF introduced to the reaction mixture through the 

lutetium precursor. Since there are two THF molecules per lutetium in the precursor and four 

in the product. These findings led to an improved synthesis protocol for complex ALu which 

was also applied to other lanthanides. 
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LnCl3(thf)x + 6 n-BuLi

ALn Ln = Sc, Y, La, Ce, Lu

32, 64, 50, 93, 74 %

– 3 LiCl

THF/n-hexane, 
-40 °C, 30 min

Ln

Li

Li
Li

thf

thf

thf

thf

 

Scheme B 2: Improved synthesis protocol for complexes ALn. 

Since crystals of suitable quality for X-ray diffraction could be obtained only for ALu, a donor 

exchange, TMEDA for THF, was used on complexes ALu and ACe which led to complexes BLu 

and BCe. The fact that these complexes are isostructural and based on the microanalytical data 

led to the assumption that the cerium complex resulting from the reaction of CeCl3(thf) and n-

BuLi should be Li3Ce(nBu)6(thf)4 (ACe). 

ALn Ln = Sc, Y, La, Ce, Lu

32, 64, 50, 93, 74 %

– n-BuLi(tmeda)
Ln

Li

Li

N

BLn Ln = Ce, Lu

55, 62 %

3 TMEDA
n-hexane 
-40 °C, 30 min

Ln

Li

Li
Li

thf

thf

thf

thf N

N

N

 

Scheme B 3: Donor-exchange reaction which led to complexes BLn. 
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Figure B 1: Crystal structures of Li3Lu(n-Bu)6(thf)4 (ALu, left) Li2Lu(n-Bu)5(tmeda)2 (BLu, middle), and 

Li2Ce(n-Bu)5(tmeda)2 (BCe, right), with atomic displacement ellipsoids set at 30% probability. Hydrogen 

atoms, disorders and CH atoms of the THF molecules (ALu), and disorders of the n-butyl groups (BLu, BCe) 

are omitted for clarity. 

While the structural motive of complexes ALn is very similar to the already known complexes 

Li3LnMe6(tmeda)3
[16b, 16c], there are a few subtle differences. First, every lithium atom of the 

methyl complexes connects to two methyl groups. In the n-butyl complexes only one lithium 

atom bridges to two n-butyl groups, while the other two bridge to three n-butyl groups each. 

The coordination sphere of the lithium atom that only bridges two n-butyl groups is completed 

by two THF donor molecules, while that of the other two lithium atoms is saturated by one 

each. When the donor is exchanged to TMEDA there remain only five n-butyl ligands bond to 

the rare-earth-metals, one of which is terminal. And since there are only five n-butyl ligands 

there are only two lithium atoms that bridge to two of the non-terminal n-butyl ligands each. 

NMR studies on complexes ALn and BLn revealed surprising solvation behavior. The 7Li NMR 

spectra of the paramagnetic cerium complexes, provided great insight into lithium atoms that 

are close to cerium atoms, because they display considerable chemical shifts. The n-butyl 

complexes ACe and BCe are compared to the new cerium complexes Li3CeMe6(tmeda)3 (C) and 

[Ce(tBu)4][Li(thf)4] (D), which were also characterized in the solid state. 



18 UNRAVELING IMAMOTO’S ORGANOCERIUM REAGENT 

 

 

Figure B 2: 7Li NMR spectra (194.37 MHz, 233 K) of complexes C, D, ACe, and BCe, recorded in THF-d8 or 

toluene-d8. 

It is evident that all cerium complexes except D exhibit a considerably shifted lithium signal. 

This was expected for complex D since it features a separated ion pair with the lithium atom 

lingering far away from the cerium. Importantly, a non-paramagnetically shifted signal is also 

observed in every spectrum. This led to the assumption, that the dissolved complexes separate 

into the corresponding lithium alkyl and a lithium depleted organocerium complex. – 

This can also be observed in the proton NMR spectra of the lutetium complex which was used 

for an extended study with different lithium alkyl loadings. 
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Figure B 3: 1H NMR spectra (500.13 MHz, THF-d8, 193 K) of LuCl3(thf)2 with x n-BuLi (x = 1, 3, 6, 12) 

compared to ALu, ALu+2 LuCl3(thf)2, n-BuLi, and n-BuLi+LiCl. 

The quintessence of this study was that only at n-BuLi loadings of more than three equivalents, 

free n-BuLi is observed in solution.  

Next, ketone transformations using these isolated organolanthanoid complexes have been 

studied. As a carbonyl compound, 1,3-diphenylpropane-2-one was used, since the Imamoto 

group used it also extensively and therefore vital information was already accessible. When 

Li3Ce(nBu)6(thf)4 (ACe) was reacted with six equivalents of 1,3-diphenylpropane-2-one, the 

enolized side product Li4[OC(=CHPh)CH2Ph]4(thf)4 (E) could be isolated and analyzed.  
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O
Li

thf

PhPh

4

Li3Ce(nBu)6(thf)4 + 6

O

PhPh

THF/n-hexane,
-40 °C, 30 min

18 %  

Figure B 4: Synthesis of Li4[OC(=CHPh)CH2Ph]4(thf)4 (E) (left) and solid-state structure of E (right). 

 

Table B 1: Summary of the results of the ketone transformation reactions 

Ph Ph

O

Ph Ph

O

+

Ph

Ph

OH1) cerium compound
2)   additive(s)

THF, –40 °C, 30 min
 

Entry Compound Equiv. 

ketone 

Additives Isolated yield 

alcohol [%] 

Recovered 

ketone [%] 

1 CeCl3(thf) 0.77 1 n-BuLi 99 0 

2 CeCl3(thf) 6 6 n-BuLi 77 20 

3 ACe 6 - 70 13 

4 ACe 1 - 88 3 

5 ACe 6 3 LiCl 74 16 

6 ACe 6 5 CeCl3(thf) 89 8 
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The results from the isolation of complex E in 18% yield and the amount of recovered ketone 

from entry 3 in Table 1 agree with each other. This provides proof that enolization is the 

competing side reaction in these types of reactions. It is also shown that the isolated complexes 

show similar reactivity to the in situ generated organocerium reagents albeit the yield of isolated 

tertiary alcohol is a bit lower in the case of the isolated complexes. 

 

Scheme B 4: Overview of Imamoto‘s organocerium complex. 

The significant findings about Imamoto’s organocerium reagent can be summarized as follows. 

When cerium halides CeX3 (X = Cl, I) are treated with n-BuLi at least three equivalents of n-

BuLi react with one cerium precursor since the monoalkylated species “n-BuCeX2” is most 

likely considerably better soluble than the cerium halide CeX3 and therefore it reacts faster with 

the remaining n-BuLi in solution, before the cerium halides CeX3 even have the chance. This 

is proven by the recovered non-reacted cerium precursor CeX3. When more than three 

equivalents of n-BuLi are used a bimetallic lithium cerium ate complex is formed that separates 

into n-BuLi and an organocerium complex in solution. When the mixture is crystallized from 

an n-hexane solution only the bimetallic ate complexes are isolated indicating ligand 

scrambling at lower lithium alkyl loadings. 

Another goal was to see if non-ate complexes can also be isolated. The first route followed was 

the depletion of lithium from the isolated complexes BLn. Trimethylsilyl chloride was used as 

a chlorination agent in the hope that the separated lithium alkyl in the solution would be more 

reactive toward it than the organolanthanide fragment. This turned out to be the case. When BLu 

was reacted with trimethylsilyl chloride the “monolithium” complex Lu(nBu)3(LiCl)(tmeda)2 
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(F) could be obtained. Compound F features only three n-butyl ligands but the incorporation of 

LiCl could not be avoided. 

 

Scheme B 5: Synthesis of lithium-depleted complex F. 

The second route exploited the use of the aza-crown 1,4,7-trimethyl-1,4,7-triazacyclononane 

(Me3TACN). As was shown previously it can stabilize and monomerize pre-formed amorphous 

[ScMe3]n.[34] Treatment of the rare-earth-metal halides with this aza-crown in THF afforded the 

adduct (Me3TACN)LnCl3(thf)x (x = 0,1). These can then be reacted with lithium alkyls to form 

the corresponding tri-alkylated lanthanide species. (Me3TACN)La(nBu)3 (GLa) was synthesized 

according to this procedure.  

 

Scheme B 6: Synthesis of complex GLn. 

Since no crystals suitable for an X-ray analysis could be obtained for the lanthanum species the 

samarium congener GSm was also synthesized. The crystals of the samarium complex 

(Me3TACN)Sm(nBu)3 (GSm) were at least good enough to prove its existence and connectivity 

in the solid state. This once again shows the intrinsic problem associated with n-butyl 

complexes, since the n-butyl ligand features extreme flexible conformational flexibility leading 
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to crystals which are often heavily intertwined. Furthermore, the instability of these complexes 

in solution even at low temperatures certainly doesn’t help. But since a connectivity structure 

could be obtained for the samarium complex and the NMR spectra of the lanthanum derivative 

were conclusive, it can be assumed that complexes (Me3TACN)Ln(nBu)3 display a very similar 

structure. 

 

Figure B 5: Connectivity of complex GSm. 

The lanthanum complex was also further reacted with 2-bromo-biphenyl in the hope to isolate 

a lanthafluorenyl complex as was proposed by the Knochel group.[31d] However, only complex 

H could be obtained through this method rendering the lanthafluorenyl complex elusive. 

Br

THF,
- 40 °C, 30 min

– 1-Br-nBu

GLa H

N N

N

nBu

nBu

La

nBu

N N

N

nBu

nBu

La

 

Scheme B 7: Synthesis of complex H. 

Finally, the knowledge of seamless low-temperature organolanthanide synthesis was used to 

isolate a long-time elusive lanthanum neosilyl complex. The Hessen group used an in situ 
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generated version of a lanthanum neosilyl complex (via LaCl3/3 LiCH2SiMe3) as a precursor 

once, but no solid-state structure has been reported so far.[19b] It has been assumed, that 

lanthanum should also form a complex of the type La(CH2SiMe3)3(thf)x ,just like the analogs 

of the smaller rare-earth metals.[19] But as it turns out this is not the case. Much like the t-butyl 

cerium complex [Ce(tBu)4][Li(thf)4] D, the lanthanum neosilyl complex form a solvent-

separated ion pair, [La(CH2SiMe3)4(thf)][Li(thf)4] (I). Seemingly because the neosilyl ligand is 

sterically a bit less demanding than the t-butyl ligand there is some additional space at the rare-

earth-metal center which is occupied by a THF molecule. 

LaCl3(thf) + 3 LiCH2SiMe3

THF/n-hexane,
-40 °C, 18 h

LaCl3(thf) + 3 LiCH2SiMe3

THF/Et2O,
-40 °C, 18 h

– 3 LiCl
– 0.25 LaCl3(thf)

La
Me3SiH2C

Me3SiH2C
CH2SiMe3

thf

CH2SiMe3

Li(thf)4

I  

Scheme B 8: Synthesis of complex I. 

The preferred formation of ate complex I was also revealed from reactions of LaCl3(thf) with 

2.5 and 4 equivalents of LiCH2SiMe3. 

 

Figure B 6: Crystal structure of [La(CH2SiMe3)4(thf)][Li(thf)4] (I) with atomic displacement ellipsoids set 

at 50% probability. Hydrogen atoms and disorders of the thf groups are omitted for clarity.  
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2 Isolation of a MAO species from the reaction of water with 

AlMe3 

The seamless cold-chain techniques were also used in the much-studied but still riddled with 

mystery field of methylalumoxanes.[35]  

Following our low-temperature procedures, a trimethylaluminum-solution in THF was treated 

with stochiometric amounts of water strongly diluted in THF. After stirring overnight, the 

solvents were removed under reduced pressure, still at a low temperature, which took almost 

two days. This procedure resulted in crystalline [(Me2Al)2O(thf)]2 (J). 

Al

AlAl

Al

O

O

thf

thf

Me

Me

Me

Me

MeMe

Me Me

4 AlMe3 + 4 H2O

THF
-40 °C, 18 h

– 2 H2O
– 4 CH4

68%
J  

Scheme B 9: Synthesis of MAO complex J. 

 

Figure B 7: Crystal structure of [(AlMe2)2O(thf)]2 (J) with atomic displacement ellipsoids set at 50% 

probability. Hydrogen atoms are omitted for clarity.  
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NMR studies on this complex including DOSY experiments revealed that in solution the 

tetraaluminum complex separates most likely into (AlMe2)2O(thf)2. Moreover, the THF 

molecules can be separated from the complex via the addition of trimethylaluminum. The 

complex was also reacted with 2,6-diisopropylphenol to give (Me2AlO-2,6-diisopropylphenyl)2 

(K), (Scheme B 10). 

 

Scheme B 10: Synthesis of MAO complex K. 

Due to the low yield of K and the other products, which all show chemically similar shifts in 

the 1H NMR, the determination of the side products was not possible and therefor the 

mechanism, to form this unexpected complex also remains unclear.  

Finally, first attempts at α-olefin polymerization using [(Me2Al)2O(thf)]2 (J) as a cocatalyst in 

combination with additional trimethylaluminum showed promising results. 



 

C. Unpublished Results 
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1 Cerium aluminate cluster 

Introduction 

When assessing suitable conditions and cerium precursors for reactions with lithium alkyls, the 

cerium half-sandwich aluminate Cp*Ce(AlMe4)2 was employed in salt-metathesis protocols. 

Results and Discussion 

The two cluster complexes [Cp*9Ce9(AlMe4)4(Me)6(n-Bu)3(CH2)3Li]2 (UP1) and 

Cp*10Ce10(AlMe4)5(Me)9(n-Bu)1(CH2)3 (UP2) could be obtained using almost the same 

reaction conditions, (Scheme C 1). 

 

Figure C 1: Crystal structure of [Cp*9Ce9(AlMe4)4(Me)6(n-Bu)3(CH2)3Li]2 (UP1) with atomic displacement 

ellipsoids set at 50% probability. Hydrogen atoms and disorders of the Cp* ligands are omitted for clarity. Cp* 

ligands are displayed as sticks for clarity. 
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Figure C 2: Asymmetric unit of [Cp*9Ce9(AlMe4)4(Me)6(n-Bu)3(CH2)3Li]2 (UP1) with atomic displacement 

ellipsoids set at 50% probability. Hydrogen atoms and Cp* ligands are omitted for clarity. Every cerium atom is 

also bound to one Cp* ligand. 

 

Figure C 3: Crystal structure of Cp*10Ce10(AlMe4)5(Me)9(n-Bu)1(CH2)3 (UP2) with atomic displacement 

ellipsoids set at 50% probability. Hydrogen atoms and disorders of the Cp* ligands are omitted for clarity. Cp* 

ligands are also displayed as sticks for clarity. 
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It is certainly interesting that the introduction of so few n-butyl ligands, six in the case for UP1 

and only one for UP2 in what seems to be arbitrarily chosen positions, results in the formation 

of these cluster species. Because these thermally labile complexes are not reproducibly formed 

but rather randomly (e.g. X-ray analyses), future work will focus on the use of differently-sized 

diamagnetic rare-earth-metal centers. 

 

Scheme C 1: Syntheses of cerium complexes UP1 and UP2. 
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2 Experimental Section 

General procedure 

All manipulations were performed under an inert atmosphere (Ar) using either glovebox 
(MBraun UNIlabpro; <0.1 ppm O2, <0.1 ppm H2O) or standard Schlenk techniques with oven-
dried glassware. The solvents were purified with Grubbs columns (MBraun SPS, solvent 
purification system) and stored in a glovebox. Anhydrous cerium(III) chloride (99.9%) was 
purchased from abcr and activated by Soxhlet extraction with THF giving CeCl3(thf). n-
Butyllithium (n-BuLi) (2.5 M solution in hexanes) was purchased from Sigma Aldrich and used 
as received. THF-d8 was purchased from Sigma Aldrich, degassed, dried over NaK alloy for 24 
h, filtered, and stored inside a glovebox. NMR spectra of moisture-sensitive compounds were 
recorded by using J. Young valve NMR tubes on a Bruker AVII+500 (1H: 500.13 MHz). 1H 
NMR shifts are referenced to a solvent resonance and reported in parts per million (ppm) 
relative to tetramethylsilane.[36] Analysis of NMR spectra was performed with TopSpin 3.6.1 
[Academic License].[37] Crystals for X-ray crystallography were handpicked in a glovebox, 
coated with Parabar 10312, pump-oil, or perfluorinated oil, and stored on microscope slides. X-
ray data were collected on a Bruker APEX II DUO diffractometer equipped with an IµS 
microfocus sealed tube and QUAZAR optics for MoKα (λ = 0.71073 Å) and CuKα (λ = 1.54184 
Å) radiation. The data collection strategy was determined using COSMO[38] employing ω-
scans. Raw data were processed using APEX[39] and SAINT,[40] corrections for absorption 
effects were applied using SADABS.[41] The structures were solved by direct methods and 
refined against all data by full-matrix least-squares methods on F2 using SHELXTL[42] and 
ShelXle.[43] Disorder models were calculated using DSR, a program for refining structures in 
ShelXl.[44] All graphics were produced employing Mercury 4.2.0[45] and POV-Ray.[46] 

 

[Cp*9Ce9(AlMe4)4(Me)6(n-Bu)3(CH2)3Li]2 (UP1). Cp*Ce(AlMe4)2 (42.0 mg, 0.09 mmol) was 

dissolved in n-hexane (1 mL) and cooled to –50 °C, before a precooled solution of n-BuLi in 

hexanes (0.09 mmol, 1 equiv.) was added dropwise. After 20 min the yellow solution was 

filtered and concentrated in vacuo to give yellow crystals of [Cp*9Ce9(AlMe4)4(Me)6(n-

Bu)3(CH2)3Li]2, suitable for X-ray diffraction, in a low yield. Due to the paramagnetism of 

cerium, the NMR spectra were inconclusive (see Figure C 4 - C 6). 

Cp*10Ce10(AlMe4)5(Me)9(n-Bu)1(CH2)3 (UP2). Cp*Ce(AlMe4)2 (50.0 mg, 0.11 mmol) was 

dissolved in n-hexane (2 mL) and cooled to –40 °C, before a precooled solution of n-BuLi in 

hexanes (0.11 mmol, 1 equiv.) was added dropwise. After 20 min the yellow solution was 

filtered and concentrated in vacuo to give yellow crystals of Cp*10Ce10(AlMe4)5(Me)9(n-

Bu)1(CH2)3 (UP2), suitable for X-ray diffraction, in a low yield. Due to the paramagnetism of 

cerium, the NMR spectra were inconclusive (see Figure C 7).  
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Figure C 4: 1H NMR spectrum of [Cp*9Ce9(AlMe4)4(Me)6(n-Bu)3(CH2)3Li]2 (UP1) (500.13 MHz, THF-d8, 233 

K) solvent residual signals are marked with *. 

 

Figure C 5: 7Li NMR spectrum of [Cp*9Ce9(AlMe4)4(Me)6(n-Bu)3(CH2)3Li]2 (UP1) (194.37 MHz, THF-d8, 233 

K). 
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Figure C 6: 13C NMR spectrum of [Cp*9Ce9(AlMe4)4(Me)6(n-Bu)3(CH2)3Li]2 (UP1) (125.76 MHz, THF-d8, 233 

K) solvent residual signals are marked with *. 

 

Figure C 7: 1H NMR spectrum of Cp*10Ce10(AlMe4)5(Me)9(n-Bu)1(CH2)3 (UP2) (500.13 MHz, THF-d8, 233 K) 

solvent residual signals are marked with *. 
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Table C 1: X-ray crystallographic parameters for complex UP1, UP2, and UP3 

Compound 
[Cp*9Ce9(AlMe4)4(Me)6(n-

Bu)3(CH2)3Li]2 

Cp*10Ce10(AlMe4)5(Me)9(n-

Bu)1(CH2)3 

Sample code UP1 UP2 

Sample  TB093 TB125 

Empirical 

formula 
C127H234Al4Ce9Li C136H252Al5Ce10 

Formula weight 3137.07 3423.46 

Temperature [K] 150(2) 173(2) 

Crystal system Triclinic Triclinic 

Space group P-1 P-1 

a [Å] 20.483(3) 18.6901(14) 

b [Å] 22.933(3) 19.5822(16) 

c [Å] 23.466(4) 26.854(2) 

α [°] 96.586(2) 98.587(2) 

β [°] 110.423(2) 103.033(2) 

γ [°] 115.212(2) 94.682(2) 

Volume [Å3] 8884(2) 9399.8(13) 

Z 2 2 

pcalc [g/cm3] 1.173 1.210 

μ [mm-1] 2.306 2.423 

F(000) 3146 3426 

Crystal size 

[mm3] 
0.201 x 0.153 x 0.094 0.141 x 0.115 x 0.024 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

Temperature [K] 150 173 

Θ range for data 

collection [°] 
0.974 to 23.256 1.210 to 21.966 

Index ranges 
-22≤h≤22, -25≤k≤25,  

-26≤l≤26 

-19≤h≤19, -20≤k≤20,  

-28≤l≤28 

Reflections 

collected 
138827 117197 

Independent 

reflections 
25494 [Rint = 0.0805] 22953 [Rint = 0.1033] 

Data/restraints/ 

parameters 
25494 / 28050 / 2111 22953 / 6197 / 1683 

Goodness-of-fit 

on 

F2[a] 

1.020 1.022 

Final R indexes 

[I>=2σ (I)][b][c] 
R1 = 0.0558, wR2 = 0.1420 R1 = 0.0582, wR2 = 0.1450 

Final R indexes 

[all data] 
R1 = 0.0979, wR2 = 0.1703 R1 = 0.1102, wR2 = 0.1715 

Largest diff. 

peak/hole [e Å-3] 
2.713 / -0.900 1.552/ -1.111 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. 
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CeCl3/n-BuLi: Unraveling ImamotoQs Organocerium Reagent
Tassilo Berger, Jakob Lebon, C-cilia Maichle-Mçssmer, and Reiner Anwander*

Dedicated to Professor Karl W. Tçrnroos on the occasion of his 65th birthday

Abstract: CeCl3(thf) reacts at low temperatures with MeLi, t-
BuLi, and n-BuLi to isolable organocerium complexes.
Solvent-dependent extensive n-BuLi dissociation is revealed
by 7Li NMR spectroscopy, suggesting “Ce(n-Bu)3(thf)x” or
solvent-separated ion pairs like “[Li(thf)4][Ce(n-Bu)4(thf)y]”
as the dominant species of the Imamoto reagent. The stability
of complexes Li3Ln(n-Bu)6(thf)4 increases markedly with
decreasing LnIII size. Closer inspection of the solution behavior
of crystalline Li3Lu(n-Bu)6(thf)4 and mixtures of LuCl3(thf)2/
n-BuLi in THF indicates occurring n-BuLi dissociation only at
molar ratios of < 1:3. n-BuLi-depleted complex LiLu(n-
Bu)3Cl(tmeda)2 was obtained by treatment of Li2Lu(n-Bu)5-
(tmeda)2 with ClSiMe3, at the expense of LiCl incorporation.
ImamotoQs ketone/tertiary alcohol transformation was exam-
ined with 1,3-diphenylpropan-2-one, affording 99% of alco-
hol.

Introduction

The redox reagents Ceric Ammonium Nitrate (CAN =

(NH4)2Ce(NO3)6) and SmI2(thf)2 as well as the binary
alkylating agents CeCl3/LiR (R = alkyl like CH3 or n-C4H9)
constitute the most commonly employed rare-earth-metal
reagents in organic transformations (including natural prod-
uct synthesis).[1–4] The cause of reactivity of the redox-active
compounds is well understood,[2–3] and their crystal structures
were revealed by X-ray diffraction (XRD) analyses.[5, 6] In the
solid state, CAN exhibits a three-dimensional network of 12-
coordinate hexanitratocerate anions and ammonium cations
interconnected by hydrogen bonding.[5] On the other hand,
samarium diiodide crystallizes as a monomeric pentasolvate,
SmI2(thf)5, from THF solution.[6] Due to the extreme air and
moisture sensitivity and combined thermal instability, a de-
tailed structural investigation of organocerium reagents has
remained elusive.

In 1984, Tsuneo Imamoto et al. described the use of
binary mixtures CeI3/RLi (R = Me, Et, n-Bu, secBu, Ph) and

CeCl3/RLi (R = n-Bu, tBu) as effective reagents for regiose-
lective carbon@carbon-bond forming with various carbonyl
compounds.[7] The best results were obtained when employing
equimolar mixtures at @78 88C to @65 88C. Like for the Luche
reagent (CeCl3(H2O)7/NaBH4),[8] cerium was launched as the
least expensive rare-earth metal while a greater part of
transformations was performed with n-BuLi as an easy-to-
handle (as well as the cheapest) organolithium derivative.[9]

Figure 1 depicts characteristic features of the nucleophilic
addition of such organocerium reagents to carbonyl com-
pounds, including smooth and selective 1,2-addition in case of
a,b-unsaturated or easily enolizable substrate molecules,[7]

functional group tolerance[10] as well as diastereocontrol via
chelate coordination.[11]

The much improved selectivity compared to organo-
lithium or Grignard reagents was assigned to a changed
basicity of the organocerium reagent and enhanced hardness
of the carbonyl carbon atom.[4] The latter originates from the
strong oxophilicity of the trivalent cerium. Although Imamo-
toQs seminal organocerium reagents embarked on a new and
prosperous branch of organolanthanide chemistry, very few
studies exist that target the structural elucidation of such
bimetallic mixtures.[12] In sharp contrast, heterobimetallic
main-group organometallic reagents have been given much
greater attention, and entitled modern ate chemistry.[13]

Imamoto-type rare-earth-metal reagents, more recently
employed for halogen-rare-earth-metal exchange reactions[14]

or Zweifel olefinations,[15] are as a rule generated in situ and
have been designated “n-Bu2LaCl·4LiCl”,[16] “n-
Bu3Sm·5LiCl”,[17] or simply “n-Bu3Ce”.[15] The formulas were
derived from X-ray absorption fine structure (EXAFS)
studies[18] or Raman spectroscopy.[15] Previous enlightening
studies on the CeCl3/RLi binary system focused mainly on the
composition and activation of the cerous chloride precur-
sor[12, 19–20] as well as the effect/effectiveness of reagent
stoichiometry.[21] It was revealed that the generally applied
thermal activation of the commercially available heptahy-
drate CeCl3(H2O)7 not only generates a material of compo-
sition [CeCl3(H2O)]n

[12c] but also benefits from sonication.[20]

Figure 1. CeIII@carbonyl coordination directs highly selective nucleo-
philic addition reactions of binary CeX3/RLi (X =halogenido; R = alkyl).
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Importantly, organocerium addition to hydrazones was found
most effective and selective for a 1:1 stoichiometry of CeCl3/
MeLi, but the active reagent formed at different stoichiome-
tries was proposed to be a trimethylcerium species (supported
by unreacted CeCl3).[21] Although this latter investigation
“precluded firm conclusions”, the results “do point out the
fallacy of ascribing reagent composition on the basis of mixing
stoichiometry especially at low loadings of alkyllithium”.[21]

Herein we describe the successful isolation and structural
characterization of rare-earth-metal n-butyl complexes
formed in LnCl3/n-BuLi systems devoid of ancillary ligands.
NMR spectroscopic studies involving the 7Li nucleus provide
valuable insights into the solution behavior of such binary
mixtures, pointing to the true organocerium species of the
Imamoto reagent.

Results and Discussion

Synthesis and Solid-State Structure of the Organocerium
Derivatives Li3Ce(CH3)6(tmeda)3 and [Li(thf)4][CetBu4] . For
assessing the CeCl3/LiR salt-metathesis protocol we initially
probed the methyl derivative, since this would rule out b-H
elimination as a potential decomposition pathway. Complexes
of the type Li3LnMe6(tmeda)3 featuring the entire lanthanide
series except for promethium and europium were accessed by
Schumann et al. as early as 1978, via mixtures LnCl3/LiMe/
OEt2/TMEDA (TMEDA = tetramethylethylenediamine).[22]

Solid-state structures applying XRD analysis were described
for the rare-earth metals erbium[22b] and holmium.[22c] More-
over, both the stabilizing effect of chelating tmeda, teeda
(= tetraethylethylenediamine), and dme (= dimethoxyethy-
lene) coligands and the enhanced instability of derivatives of
the “lighter” and larger-sized rare-earth metals have been
emphasized.[23] This is in accord with more recent findings by
Okuda et al. on the stability of Li3LnMe6(thf)x (isolable for Ln
smaller than Eu), which form the pentametallic ate complexes
Li3Sc2Me9(thf)2(OEt2)3 and Li3Ln2Me9(thf)3(OEt2)2 (Ln = Y,
Tb), when crystallized from diethyl ether solutions.[24] Such
a LnIII-size dependency on thermal stability is commonly
observed in rare-earth-metal alkyl chemistry[25] and show-
cased for derivatives Ln(CH2SiMe3)3(thf)x,

[26] [Li(dme)3]-
[LntBu4] (see below),[27] and solvent-free [LnMe3]n.

[28] Since
the cerium derivative Li3Ce(CH3)6(tmeda)3 (1) was only
mentioned briefly as an impure product (dCH3 =

@6.4 ppm),[22–23] we re-visited its synthesis applying a slightly
modified version of the Schumann protocol. Accordingly,
cerous methyl complex 1 could be synthesized at @10 88C in
good yield (83 %), and was obtained in analytically pure,
single-crystalline form. The solid-state structure of complex
1 turned out to be isostructural to the derivatives of the
considerably smaller-sized erbium and holmium (Figure 2).[22]

The 1H NMR spectrum revealed the methyl signal at d =

@4.08 ppm, reflecting a significant paramagnetic shift induced
by CeIII (Supporting Information, Figure S4). As expected,
the Ce@C distance of 2.6795(19) c in 1 is considerably longer
than those in the holmium (2.563(18) c)[22b] and erbium
congeners (2.57(2) c).[22c] For further comparison, the Ce@C
distances in 6-coordinate Ce(CH2Ph)3(thf)3 and Ce(AlMe4)3

fall in the range 2.600(2)–2.614(2) c[29] and 2.620(7)–2.646-
(8) c,[30] respectively, while those in formally 3-coordinate
complexes Ce[CH(SiMe3)2]3 and Ce[C(SiHMe2)3]3 were de-
tected at 2.475(7) c[31] and 2.651(2)/2.659(2)/2.672(2) c, re-
spectively.[32]

Homoleptic anionic tert-butyl complexes were previously
reported for [Li(thf)x][Ln(t-Bu)4] (Ln = Sm, Er: x = 4; Y: x =

3),[27a] [Li(OEt2)4][Er(t-Bu)4],[22c] [Li(tmeda)2][Ln(t-Bu)4]
(Ln = Tb, Lu),[22c,27b] and [Li(dme)3][Ln(t-Bu)4] (Ln = Tb,
Er).[27c] Crystal structures were obtained for [Li(tmeda)2][Lu-
(t-Bu)4]

[27b] and [Li(dme)3][Er(t-Bu)4],[27c] whereas the en-
hanced thermal instability of derivatives of the “lighter” rare-
earth metals was pointed out. In order to test our low-
temperature set-up for organocerium derivatives prone to b-
H elimination,[33] we targeted the anionic fragment [Ce(t-
Bu)4]. Although the mixture CeCl3(thf)/t-BuLi/THF gave
access to complex [Li(thf)4][Ce(t-Bu)4] (2) at @40 88C, single
crystals could be obtained only from very concentrated, oily
residues, not allowing for decent elemental analysis (1H NMR
spectrum: dtBu = 2.39 ppm, Figure S7). Notwithstanding an
XRD analysis revealed a 4-coordinate cerium center (Fig-
ure 3), being isostructural to the previously reported er-
bium[27c] and lutetium derivatives.[27b] The Ce@C distances
range from 2.501(11) to 2.544(11) c and are considerably
shorter than those in 6-coordinate 1 (2.6795(19) c), but
match those of [Li(tmeda)2][Lu(t-Bu)4] (2.32(2)–2.43-

Figure 2. Crystal structure of Li3Ce(CH3)6(tmeda)3 (1).[59] Atomic dis-
placement ellipsoids set at 50 % probability. Hydrogen atoms omitted
for clarity. Selected interatomic distances [b] and angles [88]: Ce1–C1
2.6795(19), Li1–C1 2.205(3), Li1–N1 2.106(3); C1-Ce1-C1’ 88.05(9).

Figure 3. Crystal structure of [Li(thf)4][Ce(t-Bu)4] (2).[59] Atomic dis-
placement ellipsoids set at 30 % probability. Hydrogen atoms omitted
for clarity. Selected interatomic distances [b] and angles [88]: Ce1–C1
2.524(9), Ce1–C5 2.513(8), Ce1–C9 2.50(2), Ce1–C13 2.54(2); C-Ce1-C
(range) 105.9(10)–111.8(8).
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(2) c)[27b] and [Li(dme)3][Er(t-Bu)4] (2.352(6)–2.395-
(6) c),[27c] when taking into account the LnIII ion size.

Synthesis and Solid-State Structures of n-Butyl Deriva-
tives Li3Ln(n-Bu)6(thf)4 and Li2Ln(n-Bu)5(tmeda)2. Having
proven the tamable thermal instability of organocerium
complexes 1 and 2 we next tackled the feasibility of the
respective n-butyl derivatives. Initially, we attempted to
isolate a crystalline cerium-containing compound from reac-
tions of cerium chloride (thf adduct) with various amounts of
n-butyllithium in tetrahydrofuran at low temperatures
(@40 88C). Not quite unexpectedly, these endeavors proved
to be unsuccessful in the first place. Having in mind the
presumably enhanced stability of derivatives of the smaller-
sized rare-earth metals and to better follow the metathesis
reactions via NMR spectroscopy we quickly began to focus on
lutetium. Indeed, ate complex Li3Lu(n-Bu)6(thf)4 (3Lu, Fig-
ure 4) could be isolated from the reaction of LuCl3(thf)2 with
3.3 equivalents of n-BuLi in n-hexane. However, in order to
accomplish complex 3Lu six equivalents of n-BuLi must have
reacted and associated per LuCl3(thf)2. It is also notable that
four thf molecules have been accommodated in the complex
despite the presence of only two in the lutetium chloride
precursor. Therefore, THF appeared to be the limiting factor
for this reaction. Optimization of the reaction conditions gave
the so far best results when anhydrous rare-earth-metal
chlorides LnCl3(thf)x (Ln = Sc, Y, La, Ce and Lu; covering the
entire LnIII size range) were suspended in a mixture of n-
hexane and THF and cooled to@40 88C prior to the addition of
n-BuLi. Removal of the volatiles after 30 minutes under
reduced pressure, extracting the remaining solid with n-
hexane, and concentrating the obtained solution gave crys-
talline Li3Ln(n-Bu)6(thf)4 (3Ln, Scheme 1).

Despite our best efforts, we could obtain crystals suitable
for XRD analysis only for the lutetium derivative 3Lu. The

crystalline material formed for the other “larger” rare-earth-
metal centers displayed only very poor diffraction behavior.
Complex 3Lu features a lutetium center surrounded by six n-
butyl ligands, which show distinct linkages to the lithium
atoms. Two hydrocarbyl ligands are unsymmetrically bridged
by one alkali metal, while the two remaining lithium atoms
are unsymmetrically linked to three n-butyl ligands each. The
coordination sphere of the three lithium atoms is completed
by four THF molecules.

The Lu@C distances range from 2.44(2) to 2.58(3) c,
matching those in Li3Lu(CH3)6(dme)3 (2.48(4)–2.57(4) c),[23a]

Lu(AlMe4)3 (2.455(2)–2.471(2) c),[34] and Lu(GaMe4)3

(2.465(2)–2.493(2) c).[35] All complexes 3Ln were character-
ized by NMR spectroscopy and elemental analysis. A
45Sc NMR experiment for 3Sc showed a broad signal pattern
with a main peak centered at + 502 ppm, clearly indicating s-
bonded alkyl species in solution (Figure S17).[36–37] For
comparison, the 45Sc chemical shift of ScMe3(thf)x was
detected at + 601.7 ppm.[36] Similarly, the 1H-89Y HSQC NMR

Figure 4. Crystal structures of Li3Lu(n-Bu)6(thf)4 (3Lu, left) Li2Lu(n-Bu)5(tmeda)2 (4Lu, middle), and Li2Ce(n-Bu)5(tmeda)2 (4Ce, right)[59] with atomic
displacement ellipsoids set at 30% probability. Hydrogen atoms, disorders and CH atoms of the THF molecules (3Lu), and disorders of the n-
butyl groups (4Lu, 4Ce) are omitted for clarity. Selected interatomic distances [b] and angles [88] for 3Lu : Lu1–C1 2.553(17), Lu1–C5 2.559(18), Lu1–
C9 2.46(2), Lu1–C13 2.550(19), Lu1–C17 2.44(2), Lu1–C21 2.58(3), Li1–C1 2.1555(3), Li1–C13 2.3324(3), Li2–C5 2.1928(3), Li2–C17 2.4854(3),
Li2–C21 2.4623(3), Li3–C5 2.1307(3), Li3–C9 2.5339(4), Li3–C21 2.3886(3); C1-Lu1-C21 176.68(1), C5-Lu1-C13 177.55(1), C9-Lu1-C17 176.32(1),
C1-Lu1-C5 88.63(1). 4Lu : Lu1–C7 2.468(2), Lu1–C11 2.5293(18), Lu1–C15 2.3797(19), Lu1–C19 2.4620(18), Lu1–C23 2.522(2), Li1–C7 2.217(4),
Li1–C11 2.195(4), Li2–C19 2.224(4), Li2–C23 2.191(4); C7-Li1-C11 108.74(1), C19-Li2-C23 105.61(1). 4Ce: Ce1–C7 2.657(3), Ce1–C11 2.700(5),
Ce1–C15 2.674(3), Ce1–C25 2.664(4), Ce1–C29 2.549(3), Li1–C7 2.185(6), Li1–C11 2.222(8), Li2–C15 2.183(6), Li2–C25 2.205(6); C7-Li1-C11
112.1(3), C15-Li2-C25 114.3(3).

Scheme 1. Synthesis of n-butyl complexes 3Ln and 4Ln.
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spectrum of 3Y revealed one low-field-shifted 89Y resonance
at + 771 ppm (Figure S22), in accordance with a single
organoyttrium species in solution (Y(CH2SiMe3)3(thf)2 : d-
(89Y) = 882.7 ppm).[38] To further corroborate a similar com-
position of complexes 3Ln, we probed the stabilizing effect of
TMEDA for the metal centers cerium and lutetium. Much to
our delight, addition of stoichiometric amounts of three
equivalents TMEDA prior to the crystallization of the
reaction mixtures containing complexes 3Ln afforded com-
plexes Li2Ln(n-Bu)5(tmeda)2 (4Ln) (Ln = Ce and Lu, Fig-
ure 4).

Surprisingly, besides the expected thf/tmeda donor ligand
exchange, displacement of one n-BuLi(tmeda) entity took
place. Consequently, the rare-earth-metal centers in isostruc-
tural complexes 4Ce and 4Lu feature only five n-butyl ligands.
One of these n-butyl ligands is terminal while of the
remaining ones two are bridged by a lithium atom each,
which are stabilized by one tmeda donor each. Such n-
BuLi(tmeda) displacement is in contrast to the Schumann
methyl variants Li3Ln(CH3)6(tmeda)3 including complex 1. A
plausible explanation for this is the increased steric bulk/
basicity of the n-butyl versus methyl ligands. Complexes 4Ce

and 4Lu exhibit distinct Ln@C distances for the terminal and
bridging n-butyl ligands (Ce: 2.549(3) c and 2.657(3)–2.700-
(5) c; Lu: 2.3797(19) c and 2.4620(18)–2.5293(18) c). Over-
all, only very limited structural data are available on rare-
earth-metal n-butyl complexes likely due to the propensity for
b-H elimination. Cyclopentadienyl-supported derivatives in-
clude constrained-geometry complexes [(h5 :h1-
C5Me4SiMe2NtBu)Y(m-n-Bu)]2 (Y@C: 2.542(2)/2.544(2) c)
and terminal (h5 :h1-C5Me4SiMe2NtBu)Y(n-Bu)(dme) (Y@C:
2.435(5) c)[39] as well as metallocenes [(C5H4Me)2Ln(n-Bu)]2

(Ln = Y: 2.551(8)/2.556(11)/2.587(13) c, Dy: 2.536(18)/2.591-
(18) c).[40] Because cerium and lutetium form the same type
of complex for 4Ln, and based on other analytical data,
monolanthanide derivatives of general formula Li3Ln(n-
Bu)6(thf)4 are also proposed for the remaining complexes 3Ln.

At this point we were once more challenged by the
question why these reactions would lead to the isolation of ate
complexes Li3Ln(n-Bu)6(thf)4 rather than the envisaged “Ln-
(n-Bu)xCl3@x(thf)y” (x = 1–3). When starting from LnCl3(thf)x,
which is very poorly soluble in THF, the simplest explanation
would be that treatment of Lewis-acidic rare-earth-metal
chloride species with increasing amounts of the strong
nucleophile n-BuLi enhances its solubility, and is therefore
more likely to react faster in consecutive reactions with n-
BuLi. The formation of isolable ate complexes Li3Ln(n-
Bu)6(thf)4 is further driven by the relatively small size of the
n-butyl ligand and by switching the solvent from coordinating
(THF) to non-coordinating (n-hexane). Predominant ate
complexation was also observed for SchumannQs methyl
complexes Li3LnMe6(thf)x

[22] or diisopropylamido derivatives
LiLn(NiPr2)4(thf)x.

[41] Crucially, independent of the applied
LuCl3(thf)x/n-BuLi stoichiometry, complex 3Lu could be
crystallized as the exclusive LuIII-containing species, upon
separation of the solution from unreacted rare-earth-metal
halide, its evaporation to dryness, and extraction of the
residue with n-hexane (XRD unit-cell check and 1H NMR
spectroscopy indicated repeatedly formation of 3Lu). This

finding suggested that the typical reaction (preformation)
conditions for a lutetium-derived Imamoto reagent, LuCl3/n-
BuLi/THF/@78 88C/30 min should form Li3Lu(n-Bu)6(thf)x as
the dominant initial lutetium species in solution. Since any
persisting equilibria in solution would impact the reactivity of
the Imamoto alkylation reagent we next took a closer look at
the solution behavior of bimetallic Li3Ln(n-Bu)6(thf)4 and the
binary system LnCl3(thf)x/n-BuLi (Ln = Ce, Lu).

Solution Behavior of n-Butyl Complexes 3Ln and 4Ln

Probed by NMR spectroscopy. All crystallized n-butyl com-
plexes are stable when stored as solids at @40 88C. However,
when dissolved in any solvent, complexes 3La, 3Ce and 4Ce had
fully decomposed after 24 h. In contrast, but not unexpect-
edly, the complexes of the smaller-sized rare-earth metals are
stable in solution at @40 88C for up to one week. Warming
complexes 3Ln and 4Ln to ambient temperature, decomposition
was perceived visually within one hour (in both solution and
solid state). To further determine the thermal stability of our
complexes, variable-temperature (VT) NMR spectra were
measured (Figures S18, S23, S26, S36 and S42). Amazingly, b-
H elimination and 1-butene formation was observed only
from + 30 88C onwards, being considerably more pronounced
for 3La and 3Ce than for the respective complexes of the
smaller-sized rare-earth metals. Because the heating was
performed in 10 degree increments starting at @40 88C and
held at each temperature for 15 minutes before measurement,
it can be concluded that these complexes are relatively stable
for a short amount of time even at ambient temperature.[33]

Crucially, both the 1H and 7Li NMR spectra of complexes
3Ln and 4Ln revealed that in solution a considerable portion of
n-BuLi gets displaced from the rare-earth-metal center. The
degree of dissociation is highly dependent on the solvent and
the rare-earth metal. In general, n-BuLi dissociation is more
pronounced in THF than in toluene. Ate complexes 3Ln of the
smaller-sized rare-earth metals yttrium, lutetium, and scan-
dium are quite stable in toluene solution displaying minor n-
BuLi dissociation of ca. 1%, 4%, and 8% respectively
(Figures S14/S19/S37). On the other hand, n-BuLi dissocia-
tion prevails for 3Ce and 3La (ca. 90%). Interestingly, the
presence of tmeda as a donor ligand in complexes 4Ln can
either counteract or enforce n-BuLi separation (3Ce/4Ce :
> 98%/46 % versus 3Lu/4Lu : 4%/20%). For the organocerium-
(III) complexes, n-BuLi ate complexation is easily detectable
by paramagnetically shifted 7Li resonances. Figure 5 depicts
the 7Li NMR spectra of complexes 1, 2, 3Ce, and 4Ce both in
[D8]THF and [D8]toluene, clearly revealing a) the great
stability of the hexamethylate complex 1, b) the persistence
of ion-separated tert-butyl complex 2 also in solution, and
c) the beneficial effect of tmeda (versus thf) donor ligands for
intramolecular ate-complex stabilization. The 7Li NMR spec-
trum of 4Ce suggests a clean separation into [LiCe(n-Bu)4-
(tmeda)] and n-BuLi (signal ratio 1:1).

These findings have important implications for the
composition of the “active” n-BuLi-derived Imamoto re-
agent. When used as a 1:1 mixture of CeCl3(thf) and n-BuLi in
THF at temperatures of @35 88C, the formation of ate complex
Li3Ce(n-Bu)6(thf)4 (3Ce) seems highly unfavored. This can be
concluded from the 7Li NMR spectrum of 3Ce, which does
indicate only a small portion of lithium and paramagnetic

Angewandte
ChemieResearch Articles

15625Angew. Chem. Int. Ed. 2021, 60, 15622 – 15631 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

http://www.angewandte.org


cerium(III) in close proximity (dLi = 81.5 ppm). An equimolar
mixture of CeCl3(thf) and n-BuLi formed in situ in [D8]THF
at @45 88C did not reveal any paramagnetically shifted
7Li NMR resonance (Figure S33). The latter seems to appear
only at ratios < 1:3. For comparison, the intramolecular ate
complex LiCe[N(SiHMe2)2]4(thf) (in C6D6/1,2-difluoroben-
zene)[42] and tmeda-adduct 4Ce (in [D8]THF) display 7Li
chemical shifts of 84.4 and 81.3 ppm. The 1H NMR spectrum
in [D8]THF of 3La featuring the similarly sized lanthanum
center lends further support to this assumption, as the n-butyl
resonances appear in an approximate 1:1 ratio (Figure S24).
Moreover, 1:1 mixtures of CeCl3(thf) and n-BuLi, obtained in
THF at @45 88C contain a substantial amount (40–50 %) of
unreacted CeCl3(thf) upon preformation for 30 minutes.
Incomplete transmetalation in CeCl3/RLi mixtures has been
pointed out previously at various occasions.[12a, 21] Therefore,
unlike the smaller rare-earth metals, which favor intramolec-
ular ate complexation even in solution, the organocerium
species prevailing under Imamoto conditions are most likely
“Ce(n-Bu)3(thf)x” or solvent-separated ion pairs like “[Ce(n-
Bu)4(thf)y][Li(thf)4]”, similar to tert-butyl complex 2. The

formation of heteroleptic species “Ce(n-Bu)xCly(thf)z” (x =

1,2; x + y = 3) seems very unlikely due to the persistence of
ligand redistribution forming homoleptic complexes and/or
the favorable occurrence of b-H elimination. Non-ate mixed
hydrocarbyl/halide LnIII complexes have been structurally
authenticated for phenyl and benzyl derivatives but have
remained elusive for alkyl ligands capable of b-H elimination.
Representative examples include (C6H5)GdCl2(THF)4,

[43] Ln-
(CH2Ph)2I(thf)3 (Ln = Y, Er),[44] and ion-separated [YMeI-
(py)5][I].[24]

The dissociation behavior was further investigated in
a series of NMR experiments (Figure 6), comparing complex
3Lu to the reactions of LuCl3(thf)2 with various amounts of n-
BuLi, and n-BuLi itself. The 1H NMR spectrum of crystalline
ate complex Li3Lu(n-Bu)6(thf)4 (3Lu) shows two signal sets for
metal-bonded CH2 groups (Figure 6, trace III/left). The Lu@
CH2 moieties resonate at about @0.5 ppm, and hence are
significantly shifted to lower field compared to the character-
istic pattern of n-BuLi at @1.0 to @1.5 ppm (cf. trace II/
left).[45–46] The two signal sets are clearly indicative of n-BuLi
dissociation in THF solution (Imamoto conditions). As in
case of n-BuLi, the two distinct signals for the lutetium-
bounded n-Bu ligands might represent lutetium complexes of
distinct aggregation “LixLu(n-Bu)3+x(thf)y”(x = 0–3). The dis-
sociation of n-BuLi in 3Lu is also corroborated by the
7Li NMR spectrum (trace III/right) showing the characteristic
pattern of n-BuLi[47–48] and a very broad signal at 0 ppm,
indicative of Lu-n-Bu-Li moieties and rapid n-BuLi exchange.
Interestingly, when examining in situ formed solutions of
LuCl3(thf)2/n-BuLi (traces IV-VII), free n-BuLi was observed
only when more than three equivalents of n-BuLi were used
per lutetium. This is supported by the respective 7Li NMR
spectra, which also suggest the formation of free LiCl in case
of < 3 equivalents of n-BuLi. For better comparison the 1H
and 7Li spectra of n-BuLi-LiCl mixtures are shown (trace I).
Moreover, addition of LuCl3(thf)2 to ate complex Li3Lu(n-
Bu)6(thf)4 (3Lu) results in complete consumption of free n-
BuLi and formation of LiCl (trace VIII). This implies that
dissociated n-BuLi engages in “normal” ligand exchange with
added LuCl3(thf)2. However, when the solvent is removed the
in situ formed complexes scramble to the complex 3Lu, LuCl3

and LiCl (upon crystallization from n-hexane).

Figure 5. 7Li NMR spectra (194.37 MHz, 233 K) of complexes 1, 2, 3Ce,
and 4Ce, recorded in [D8]THF or [D8]toluene.

Figure 6. 1H NMR (500.13 MHz, [D8]THF, 193 K) (left) and 7Li NMR spectra (194.37 MHz, [D8]THF, 193 K) (right) of LuCl3(thf)2 with x n-BuLi
(x =1, 3, 6, 12) compared to 3Lu, 3Lu + 2 LuCl3(thf)2, n-BuLi, and n-BuLi +LiCl.
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Based on these observations, we can hypothesize about
the following scenario. The initial intermediate/transient
product of the LuCl3(thf)2/x n-BuLi reaction is certainly
“Lu(n-Bu)Cl2”. However, as soon as this heteroleptic com-
plex is formed, its better solubility in THF (compared to
LuCl3) will imply a more rapid reaction (compared to LuCl3)
with the remaining n-BuLi in solution. Thus, ate complexes of
the type “LixLu(n-Bu)3+x(thf)y”, and ultimately but not
exclusively Li3Lu(n-Bu)6(thf)4 (3Lu), represent the dominant
rare-earth-metal species in solution. As revealed by NMR
spectroscopies, 3Lu is labile in solution and engages in
a dissociation equilibrium with n-BuLi; the displaced n-BuLi
should react further with LuCl3. Therefore, likely reaction
products depending on the LuCl3(thf)2/n-BuLi ratio are
“Lu(n-Bu)3” and “LixLu(n-Bu)3+x(thf)y” with x, 2 for a ratio
of 1:3 and smaller, and species “Lu(n-Bu)3” and “LixLu(n-
Bu)3+x(thf)y” with x ranging from 1 to 3, for a ratio of larger
than 1:3. A shortage of THF solvent via extraction of the
reaction products into n-hexane leads to ate complex Li3Lu(n-
Bu)6(thf)4 (3Lu) as the only isolable (crystalline) species.
Performing the reactions for longer time periods under
otherwise identical conditions resulted in extensive decom-
position.

Solution Behavior of n-Butyl Complexes 3Ln and 4Ln

Probed by Derivatization Reactions. The preferred dissoci-
ation of n-BuLi from ate complexes Li3Ln(n-Bu)6(thf)4 (3Ln)
of the larger-sized rare-earth metals was further revealed by
the reaction of crystalline 3Ce with LuCl3(thf)2 in THF,
affording 3Lu in low crystalline yields of 23 % (XRD unit-
cell check). Interestingly, the dissociated n-BuLi seems to
exert a stabilizing effect on the organocerium species, since
the solution turned brown rather quickly, upon addition of
LuCl3(thf)2. In order to enforce the formation of n-BuLi-
depleted “Ln(n-Bu)3” we searched for reactions which would
possibly convert any dissociated n-BuLi selectively and
ideally into products not affecting the isolation of putative
“Ln(n-Bu)3”. Luckily, such a reaction path could be observed
for the treatment of 4Lu with trimethylsilyl chloride. The
reaction was slow at @40 88C, but it produced a minor amount
of crystalline LiLu(n-Bu)3Cl(tmeda)2 (5, Scheme 2, Figure 7).
On various other occasions, when trying to precipitate LiCl or
extract “Ln(n-Bu)3” from the LiCl-containing residue, only
progressive decomposition could be observed. Again, de-
pending on the size of the rare-earth-metal center, complete
decomposition took place in a few minutes (“Ce(n-Bu)3”) or
several hours (“Y(n-Bu)3”). This behavior clearly shows the
stabilizing effect of LiCl in these reactions making THF an
ideal solvent.

In the solid state, the lutetium atom of complex 5 adopts
a distorted octahedral coordination geometry, involving three
n-butyl ligands, one chlorido ligand and a chelating tmeda
molecule. The chlorido and one n-butyl ligand bridge to the
lithium atom forming a four-membered ring. The coordina-
tion of the lithium atom is completed by the second tmeda
molecule. Noteworthy, in the course of this reaction one
tmeda ligand was transferred from lithium to lutetium.
Striking are the distinct Lu@C distances of the terminal n-
butyl ligands of 2.367(3) and 2.421(3) c. While the shorter
distance approximately matches the terminal one of complex

4Lu (2.3797(19) c), the longer distance is almost as long as
that of the bridging n-Bu ligand (2.447(3) c). This might
indicate a trans influence of the weakly coordinated chlorido
ligand. In accordance with the crystal structure, the 1H NMR
spectrum of 5 displays two distinct signal sets for the n-butyl
ligands in a 2:1 ratio (Figure S48).

Unsurprisingly, the n-butyl ligands of complexes 3Ln get
easily protonated in the presence of alcoholic substrates. As
an example, treatment of Li3Ce(n-Bu)6(thf)4 (3Ce) with six
equiv of neopentanol resulted in the crystallization of the
heterobimetallic cluster Li3Ce2(OCH2tBu)9(HOCH2tBu)2-
(thf) (6, Scheme 3, Figure S1). On the basis of the crystal
structure and Ce@O distances, the connectivity of 6 can be
assigned as Li3Ce2(m3-OCH2tBu)3(m2-OCH2tBu)4(OCH2tBu)2-
(HOCH2tBu)2(thf). The m2-bridging neopentoxy ligands in-
volve one lithium and cerium each, the m3-bridging ones
connect two cerium atoms with one lithium, and the terminal
ones are coordinated to one cerium center (Ce1). The

Scheme 2. Reactivity of lutetium complex 4Lu with ClSiMe3 : “lithium
depletion”.

Figure 7. Crystal structure of LiLu(n-Bu)3Cl(tmeda)2 (5) with atomic
displacement ellipsoids set at 50% probability.[59] Hydrogen atoms and
disorders of the n-butyl groups are omitted for clarity. Selected
interatomic distances [b] and angles [88] for 5 : Lu1–C1 2.421(3), Lu1–
C5 2.367(3), Lu1–C18 2.447(3), Lu1–Cl1 2.7191(9), Lu1–N1 2.635(3),
Lu1–N2 2.540(2), Li1–C18 2.287(6), Li1–Cl1 2.308(5); C18-Lu1-Cl1
89.26(9), C18-Li1-Cl1 104.6(2).

Scheme 3. Alcoholysis of cerium complex 3Ce with neopentanol.
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coordination sphere of the lithium atoms is saturated with one
thf and two alcohol donor molecules. The alcohol donors of 6
engage in hydrogen bonding with one terminal (O3) and one
m2-bridging neopentoxy ligand (O10). Due to the distinct
coordination modes, the Ce@O distances span a wide range of
2.196(2) to 2.608(2) c, but match those of other cerous
alkoxides.[49] Overall, the solid-state structure of 6 features
a completely asymmetric complex with all five metal centers
displaying different coordination environments. A similar
structure was reported for the yttrium neopentoxide Li3Y2(m3-
OCH2tBu)(m3-HOCH2tBu)(m2-OCH2tBu)5(OCH2tBu)3-
(HOCH2tBu)2.

[50] The formation and structural characteriza-
tion of Li3Ce2 complex 6 clearly reflects lithium depletion
compared to the Li3Ce precursor 3Ce, and pictures the
intricacy of 3Ce in solution. Complex 6 shows intricate solution
behavior itself as evidenced by at least six signals in the
7Li NMR spectrum, including paramagnetically shifted ones
(Figure S52).

Reactivity of n-Butyl Complexes 3Ln toward an Enolizable
Ketone. In this study, 1,3-diphenylpropan-2-one was em-
ployed as a test molecule (Table 1), since its selective
conversion into the respective tertiary alcohol has been
already shown in the original work by Imamoto.[7] Back then
the following protocols were applied: [Ce, I2, THF, 0 88C (CeI3

formed in situ)/n-BuLi (1 equiv), @65 88C, 30 min/ketone,
@65 88C, 3 h] and [“CeCl3” (later determined as [CeCl3-
(H2O)]n), n-BuLi (1 equiv), THF, @78 88C, 1 h/ketone,
@65 88C, 3 h], yielding the alcohol in 98 % and 96%, respec-
tively.

In our hands, the slightly modified version [CeCl3(thf), n-
BuLi (1 equivalent), THF, @35 88C, 30 min/ketone, @35 88C,
30 min] gave 99 % of alcohol (entry 1), clearly documenting
the efficiency of the Imamoto transformation. The impor-
tance of using CeCl3/n-BuLi in a 1:1 stoichiometry is revealed
by the reactivity of crystalline or in situ formed complex 3Ce

(entries 2 and 3). The yield of alcohol was significantly
decreased at the expense of ketone enolization caused by
dissociated n-BuLi (for the exclusive reaction behavior of n-
BuLi, see entry 20). Conducting the reaction in diethyl ether
also gave the best results when CeCl3(thf)/n-BuLi was used in
a 1:1 stoichiometry (entries 5–7). Surprisingly, complex 3Ce

performed similarly in THF and toluene (entry 8).
To comprehend why the alcohol yield is lower in case of

3Ce than for CeCl3(thf)/n-BuLi (ratio 1:1, entries 3 and 4
versus 1), various additives were tested. While the addition of
LiCl did not affect the reaction outcome (entry 9), additional
CeCl3(thf) did markedly increase the alcohol yield (entry 10).
This effect was even significantly enhanced if “cerium turbo
chloride” was added to the organocerium compound sub-
sequently to the ketone (entry 12). “Cerium turbo chloride” is
the combination of CeCl3 with two equivalents of LiCl and
completely soluble in THF. It was prepared according to the
method reported by the Knochel group.[51] As revealed by
NMR spectroscopy in case of lutetium (Figure 6, trace VIII),
dissociated n-BuLi will react with added LnCl3 along with
ligand scrambling and provide for the further supply of
cerium-bonded n-butyl. Therefore the limited performance of
complex 3Ce with 6 equivalents of ketone results from

progressing n-BuLi dissociation
and its changed (reduced/non-selec-
tive) reactivity toward the ketone.
For ate complexes 3Ln of the small-
er-sized yttrium and lutetium, which
are more stable in solution, the
mediocre performance in the 6-
equivalent reaction might be attrib-
utable to the formation of sterically
demanding alkoxy ligands in puta-
tive “Li3Ln[OC(CH2Ph)2n-Bu]6”.
Overall, any effect of the rare-
earth-metal size is not apparent
since ate complexes 3Y and 3Lu

showed a performance very similar
to that of the cerium congener 3Ce

(entries 16 and 18). The importance
of performing the transformation in
the presence of rare-earth-metal
chlorides was also revealed when
employing scandium triflate Sc-
(OTf)3 or AlCl3 as Lewis acids
instead of additional CeCl3 (en-
try 13 and 14). Both reactions led
to decreased alcohol yields and
increased ketone recovery (via eno-
lization). This and the distinct out-
come of the ketone transformation
when changing the order of ketone
and “cerium turbo chloride” (en-

Table 1: Overview of the ketone reduction.

Entry[a] Compound Equiv
ketone

Solvent Additives Yield alcohol
[%]

Recovered
ketone
[%]

1 CeCl3(thf) 0.77 THF 1 n-BuLi 99 0
2 CeCl3(thf) 6 THF 6 n-BuLi 77 20
3 3Ce 6 THF – 70 13
4 3Ce 1 THF – 88 3
5 3Ce 6 Et2O – 54[b] 46[b]

6 3Ce 3 Et2O – 78 15
7 3Ce 1 Et2O – 89 10
8 3Ce 6 toluene – 76 11
9 3Ce 6 THF 3 LiCl 74 16
10 3Ce 6 THF 5 CeCl3(thf) 89 8
11 3Ce 6 THF 5 “Ce turbo chloride” to ketone 80 14
12 3Ce 6 THF 5 “Ce turbo chloride” after ke-

tone
90 1

13 3Ce 6 THF 5 Sc(OTf)3 after ketone 62[b] 38[b]

14 3Ce 6 THF 5 AlCl3 after ketone 79 21
15 3Ce 6 THF 3 TMEDA 73 16
16 3Lu 6 THF – 74 23
17 3Lu 6 THF 3 TMEDA 44 56
18 3Y 6 THF – 75 12
19[c] 3Lu 6 THF – 62 38
20 – 1 THF 1 n-BuLi 50 50

[a] 0 88C. [b] Ratios determined by NMR spectroscopy. [c] Ambient temperature.
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tries 11 and 12) suggest an intramolecular ketone activation/
alkylation scenario akin to a four-membered transition state
(1,2-addition), rather than the participation of several metal
complexes (Figure 8, A and B). Moreover, favorable ketone
coordination/adduct formation[52–53] and alkoxide forma-
tion[54] have been shown previously.

The impact of TMEDA was examined for in situ formed
4Ce and 4Lu (entries 15 and 17), indicating a pronounced n-
BuLi(tmeda) dissociation only in case of the lutetium
reaction. Finally, performing the ketone transformation with
3Lu at ambient temperature resulted not unexpectedly in
a significant drop of alcohol formation, but also documents
the relative LnIII-size-dependent stability of the complexes at
ambient temperature for a short time.

Finally, the isolation and crystallization of lithium alk-
oxide co-products gave further insights into the Imamoto
alkylation scenario. Prolonging the reaction time of the
“incomplete” transformation of six equivalents of 1,3-diphe-
nylpropan-2-one with 3Ce (Table 1, entry 3) to three weeks led
to the crystallization of the enolization product lithium 1,3-
diphenylprop-1-en-2-ate Li4[OC(=CHPh)CH2Ph]4(thf)4 (7,
Figure S2). The dissociated, significantly more stable n-BuLi
(compared to 3Ce) acts as a base, deprotonating unreacted
ketone at the a-position of the carbonyl moiety. This
competitive reaction path reflects the main part of the
recovered ketone, as listed in Table 1, since aqueous work-
up will involve keto–enol tautomerism. Complex 7 features
a common structural motif in lithium alkoxide complexes[55–56]

with the lithium and alkoxy oxygen atoms occupying alter-
nating positions of a cube. The lithium atoms are saturated
with one THF molecule each.

Preliminary tests with CeCl3(thf)/n-BuLi mixtures in the
molar ratio 1:3 and acetone as the substrate led to the
crystallization of the lithium alkoxide Li8[OCMe2(n-Bu)]6Cl2-
(thf)6 (8, Figure S3). The incorporation of LiCl into the cluster
core unambiguously documents that it is an integral part of
the reagent solution. This is also revealed by the 7Li NMR
spectra depicted in Figure 6 (right, traces VI-VIII). Dissolved
LiCl might also associate with the organocerium species (as
detected for complex 5) thus exerting a stabilizing effect.

Proposed Formation and Reactivity of the Imamoto
Organocerium Reagent (Scheme 4). Equimolar amounts of
CeCl3 and n-BuLi, when combined in THF at low temper-
atures (@40 88C), afford the cerous n-butyl complex “Ce(n-
Bu)3(thf)x” or solvent-separated ion pairs like “[Ce(n-Bu)4-
(thf)y][Li(thf)4]”, as suggested by a) 1H and 7Li NMR spec-

troscopies and b) considerable amounts of unreacted cerium
chloride. In particular, 7Li NMR spectroscopy indicates
complete transmetalation (complete consumption of n-BuLi)
and the absence of adjacent cerium and lithium centers.

Unfortunately, single-crystalline products were not acces-
sible. The formation of such species is further corroborated by
the solution behavior of pre-isolated crystalline ate complex
Li3Ce(n-Bu)6(thf)4 (3Ce), displaying extensive n-BuLi dissoci-
ation in THF solution. Note that the product obtained from
the reaction of CeCl3·2LiCl (cerium turbo chloride) with
three equivalents of n-BuLi in THF at @30 88C was previously
analyzed as “n-Bu3Ce” by Raman spectroscopy (absence of
significant CeCl3 and n-BuLi Raman lines).[15] Activation of
the carbonylic substrate and its transformation (here reduc-
tion to the alkoxy moiety) takes place at the same cerium
center, and can proceed three times. Such 1,2-addition
reactions have been proven for yttrium methyls [YMe3]n,

[57]

[YMe2(thf)5][BPh4], and [YMe(thf)6][BPh4]2,
[24] as well as

neosilyls [Y(CH2SiMe3)2(thf)4][A] (A = BPh4, Al-
(CH2SiMe3)4) and [Y(CH2SiMe3)(thf)5][BPh4]2

[58] employing
fluorenone and benzophenone. Aqueous work-up will lead to
the alcoholic product and a recyclable inorganic cerium
compound.

Conclusion

Seamless low-temperature synthesis and crystallization
techniques give access to isolable organocerium complexes
Li3Ce(CH3)6(tmeda)3, [Li(thf)4][Ce(t-Bu]4], Li3Ce(n-Bu)6-
(thf)4, and Li2Ce(n-Bu)5(tmeda)2.

1H/7Li NMR spectroscopic
studies on in situ formed solutions of equimolar mixtures of
CeCl3(thf) and n-BuLi in THF at @35 88C suggest non-isolable
“Ce(n-Bu)3(thf)x” or solvent-separated ion pairs like
“[Li(thf)4][Ce(n-Bu)4(thf)y]” as effective organocerium spe-
cies in respective Imamoto-type alkylation reactions of
carbonylic substrates. This hypothesis is corroborated by the
solution behavior of ate complex Li3Ce(n-Bu)6(thf)4, which
displays extensive displacement of n-BuLi. As revealed for
the benchmark substrate molecule 1,3-diphenylpropan-2-one,
the prevailing dissociation of n-BuLi results in decreased
regioselectivity of the ketone/alcohol transformation. In
contrast, ate complexes of the type Li3Ce(CH3)6(thf)x could

Figure 8. Proposed “intramolecular” reaction involving a four-mem-
bered transition state of the ketone reduction (A) rather than a multi-
molecular reaction path like B.

Scheme 4. The Imamoto organocerium reagent in action.
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be likely species in methyllithium derived Imamoto-type
reagents as revealed by the high stability of Li3Ce(CH3)6-
(tmeda)3 in THF solution. Not unsurprisingly, the effective
composition of such CeCl3/RLi reagents is highly dependent
on the rare-earth metal, the hydrocarbyl group, and the
solvent. Finally, the presence of THF-soluble co-product LiCl
in in situ formed reagents is proposed to adopt an active role
by exerting a stabilizing effect on the organocerium species.
Compound LiLu(n-Bu)3Cl(tmeda)2 features a structural
snapshot of the likely involvement of LiCl in the soluble part
of Imamoto-type transformations.

It is a fact that a large number of organometallics-
promoted organic transformations (including the in situ
formation of the multi-component organometallic reagent)
is routinely performed at low temperatures (@78!0 88C). It
can be safely assumed that the application of state-of-the-art
cold-chain techniques will continue to promote a better
understanding of the reagentQs formation, composition, and
effectiveness, ultimately leading to both optimized reagents
and conditions for substrate conversion.
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Experimental Section 
 
General Considerations. Caution! The organocerium compounds are highly pyrophoric and react 

violently when exposed to air and/or moisture. All manipulations were performed under an inert 

atmosphere (Ar) using either glovebox (MBraun UNIlabpro; <0.1 ppm O2, <0.1 ppm H2O) or standard 

Schlenk techniques with oven-dried glassware. The solvents were purified with Grubbs columns 

(MBraun SPS, solvent purification system) and stored in a glovebox. Anhydrous cerium(III) chloride 

(99.9%), anhydrous lanthanum(III) chloride (99.9%), anhydrous yttrium(III) chloride (99.9%), 

anhydrous scandium(III) chloride (99.9%), and anhydrous lutetium(III) chloride (99.9%), were 

purchased from abcr and activated by Soxhlet extraction with THF giving CeCl3(thf), LaCl3(thf), 

YCl3(thf)2, ScCl3(thf)3, and LuCl3(thf)2. A 0.26 M CeCl3·2 LiCl THF solution (“Ce turbo chloride”) was 

prepared according to literature.1 n-Butyllithium (n-BuLi) (2.5 M solution in hexanes) and 1,3-diphenyl-

2-propanon (99%) were purchased from Sigma Aldrich and used as received. TMEDA (98%), 

scandium(III)-trifluoromethanesulfonate Sc(OTf)3 (97%), anhydrous aluminum chloride (99%), and 

anhydrous lithium chloride (98%) were purchased from abcr and used as received. Benzene-d6, toluene-

d8, and THF-d8 were purchased from Sigma Aldrich, degassed, dried over NaK alloy for 24 h, filtered 

and stored inside a glovebox. NMR spectra of moisture-sensitive compounds were recorded by using J. 

Young valve NMR tubes on either a Bruker AVII+400 (1H: 400.13 MHz), a Bruker AVIIIHD (1H: 

300.13 MHz), or a Bruker AVII+500 (1H: 500.13 MHz). 1H NMR shifts are referenced to a solvent 

resonance and reported in parts per million (ppm) relative to tetramethylsilane.2 Analysis of NMR 

spectra was performed with TopSpin 3.6.1 [Academic License].3 Multiplicities of signals are given as s 

(singlet), bs (broad singlet), d (doublet) and dd (doublet of doublets). Coupling constants (J) are given 

in Hz. Signals were assigned via 2D NMR experiments. Infrared spectra were recorded on a 

ThermoFisher Scientific NICOLET 6700 FTIR (𝜈"= 4000 – 400 cm-1) spectrometer using a DRIFTS 

chamber with dry KBr/sample mixtures and KBr windows. Elemental analysis (C, H, N) was performed 

on an Elementar vario MICRO cube. Crystals for X-ray crystallography were handpicked in a glovebox, 

coated with Parabar 10312, pump-oil, or perfluorinated oil, and stored on microscope slides. X-ray data 

were collected on a Bruker APEX II DUO diffractometer equipped with an IµS microfocus sealed tube 

and QUAZAR optics for MoKα (λ = 0.71073 Å) and CuKα (λ = 1.54184 Å) radiation. The data collection 

strategy was determined using COSMO4 employing ω-scans. Raw data were processed using APEX5 

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 

SHELXTL8 and ShelXle.9 Disorder models were calculated using DSR, a program for refining structures 

in ShelXl.10 All graphics were produced employing Mercury 4.2.011 and POV-Ray.12  

[Li3CeMe6(tmeda)3] (1). A slightly modified procedure from that published by Schumann and 

coworkers13 was used to obtain cerous compound 1. CeCl3 (303.0 mg, 1.23 mmol) was suspended in 
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THF (10 mL), cooled to –10 °C, and TMEDA (714.3 mg, 6.25 mmol, 5 equiv.) added dropwise. After 

stirring for 30 min, MeLi (243.9 mg, 11.06 mmol, 9 equiv.) was added, which turned the suspension 

instantly into a yellowish/greenish solution. After 18 h, the solvent was removed in vacuo and the 

remaining solid extracted with cold Et2O. The ethereal solution was concentrated under reduced pressure 

and stored at –40 °C, yielding yellow crystals of 1 (83%) suitable for XRD analysis. 1H NMR (500.13 

MHz, 223 K, THF-d8): δ = 6.47 (bs, 36 H, CH3 tmeda), 5.82 (bs, 12 H, CH2 tmeda), –4.08 (bs, 18 H, 

Ce–CH3) ppm. 7Li NMR, (194.37 MHz, 223 K, THF-d8): δ = 43.3 and 42.8 (Li3CeMe6(tmeda)3, 97%), 

2.4 and 1.8 (MeLi(tmeda), 3%) ppm. IR (KBr, cm–1) ν = 2981 (m), 2952 (m), 2833 (m), 2789 (m), 2749 

(w), 1464 (m), 1356 (w), 1291(m), 1255 (w), 1157 (m), 1038 (m), 1021 (w), 948 (m), 790 (w) 475 (s), 

445 (s). Anal. (%) Calcd. for C24H66CeLi3N6 (599.77 g mol-1): C 48.06, H 11.09, N 14.01; found: C 

47.48, H 10.70, N 13.87. The analysis is slightly off because of a small LiCl impurity.  

[Li(thf)4][Ce(t-Bu)4] (2). CeCl3(thf) (63.7 mg, 0.20 mmol) was suspended in THF (0.5 mL) and cooled 

to –40 °C. Then, t-BuLi (51.2 mg, 0.80 mmol) dissolved in n-hexane was added dropwise. After stirring 

the suspension for 30 min, it was filtered and the solvent removed in vacuo to give a red powder of 

[Ce(t-Bu)4][Li(thf)4]•xLiCl in approximate 65% yield. Crystals of 2 suitable for XRD analysis were 

obtained from a highly concentrated Et2O solution. Note: The oily consistency of the crystallization 

process is not a suitable method for purification. Amount of LiCl was determined via elemental analysis. 
1H NMR, (300.13 MHz, 299 K, THF-d8): δ = 3.62(m, 16 H, thf) 2.39 (bs, 36 H, t-Bu), 1.78 ppm (m, 16 

H, thf). 7Li NMR, (116.64 MHz, 299 K, THF-d8): δ = 0.4 (bs, Li(thf)4) ppm. Anal. (%) calcd. for 

C32H68CeLiO4 (663.95 gmol-1): C 57.89 49.92, H 10.32 8.90; found: C 49.65, H 7.66. The deviation 

between theoretical and experimental microanalytical data derives from LiCl incorporation, e.g., the 

presence of 2.5 LiCl per molecule would correspond to C 49.92, H 8.90. 

General Procedure for the Synthesis of Li3Ln(n-Bu)6(thf)4 (3Ln, Ln = Sc, Y, La, Ce, Lu). 

LnCl3(thf)x (0.2 mmol) was suspended in n-hexane (1 mL) and THF (0.4 mL), and n-BuLi (2.5 M in 

hexanes, 480.0 µL, 1.2 mmol was added dropwise at –40 °C. The mixture was stirred for 30 min at –

40 °C, then filtered, and the solvent evaporated in vacuo at –40 °C. The residue was extracted with cold 

n-hexane (~ 8 mL) and the extract filtered again. The solution was slowly concentrated under reduced 

pressure at –40 °C and stored at –40 °C for crystallization giving 3Ln. Notes: Complexes 3Ln of the larger 

Ln (Ce and La) are better soluble in n-hexane than the complexes of the smaller Ln (Y, Lu, and Sc), but 

the latter are more stable. For example, 3Lu is stable in a n-hexane solution for months, whereas 3Ce had 

fully decomposed after about three days (at –40 °C). Solvent-free crystals however were stable for all 

complexes (at –40 °C) except for 3La which could only be obtained as an oil and had decomposed after 

a week. The 1H and 7Li NMR spectra indicated partial cleavage of n-BuLi, dependent on the Ln(III) size 

and the solvent.  

Li3Sc(n-Bu)6(thf)4 (3Sc). Colorless solid, yield: 44.7 mg (0.06 mmol, 32%). 1H NMR (500.13 MHz, 233 

K, toluene-d8): δ = 3.65 (m, 16 H, thf), 2.09 (m, 12 H, CH2-2-butyl), 1.84 (m, 12 H, CH2-3-butyl), 1.36 
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(m, 34 H, CH3-4-butyl and thf), 0.33 ppm (m, 12 H, CH2-1-butyl). 13C{1H} NMR (125.76 MHz, 233 K, 

toluene-d8): δ = 68.1 (s, thf), 34.0 (s, CH2-2-butyl), 32.8 (s, CH2-3-butyl), 29.9 (s, CH2-1-butyl), 25.3 (s, 

thf), 14.6 ppm (s, CH3-4-butyl). 7Li NMR (194.37 MHz, 233 K, toluene-d8): δ = 2.3 (free n-BuLi(thf), 

~8%), 1.2 ppm (Li3Sc(n-Bu)6(thf)4, ~92%). 45Sc NMR (121.49 MHz, 233 K, toluene-d8): δ = 502 ppm 

(s, lwhh = 11787 Hz). 

Li3Y(n-Bu)6(thf)4 (3Y). Colorless solid, yield: 93.7 mg (0.13 mmol, 64%). 1H NMR (500.13 MHz, 233 

K, toluene-d8): δ = 3.59 (m, 16 H, thf), 2.01 (m, 12 H, CH2-2-butyl), 1.80 (m, 12 H, CH2-3-butyl), 1.31 

(m, 34 H, CH3-4-butyl and thf), 0.05 ppm (m, 12 H, CH2-1-butyl). 13C{1H} NMR (125.76 MHz, 233 K, 

toluene-d8): δ = 68.1 (s, thf), 33.3 (s, CH2-2-butyl), 33.1 (s, CH2-3-butyl), 29.2 (s, CH2-1-butyl), 25.3 (s, 

thf), 14.5 ppm (s, CH3-4-butyl). 7Li NMR (194.37 MHz, 233 K, toluene-d8): δ = 2.3 (free n-BuLi(thf), 

~1%), 1.6 ppm (Li3Y(n-Bu)6(thf)4, ~99%). 89Y (from 1H-89Y HSQC) NMR (24.52 MHz, 233 K, toluene-

d8): δ = 771 ppm (s, lwhh = 143 Hz). Anal. (%) Calcd. for C40H86Li3YO4 (740.85 gmol-1): C 64.85, H 

11.70; found: C 64.74, H 12.51. 

Li3La(n-Bu)6(thf)4 (3La). Colorless solid/oil, yield: ~50% yield (no complete removal of THF at –

40 °C). Because most of the n-BuLi is cleaved off in solution, not all signals could be assigned with 

complete accuracy in the 1H NMR spectrum. 1H NMR (500.13 MHz, 233 K, toluene-d8): δ = 3.67 (m, 

thf), 1.86 (m, CH2-2-butyl, CH2-3-butyl, and n-BuLi), 1.29 (m, CH2-4-butyl, and thf), 0.91 (t, n-BuLi), 

0.00 (bs, CH2-1-butyl), –0.53 ppm (m, n-BuLi). 7Li NMR (194.37 MHz, 233 K, toluene-d8): δ = 2.3, 2.1 

and 1.70 (n-BuLi(thf)). 

Li3Ce(n-Bu)6(thf)4 (3Ce). Yellow solid, yield: 146.8 mg (0.19 mmol, 93%). Due to the paramagnetism 

of Ce(III) the 1H NMR spectrum was not conclusive (see Figure S25–S27) . 7Li NMR (194.37 MHz, 

233 K, toluene-d8): δ = 30.2 (Li[Ce], ~2%), 2.4, 2.0 ppm (free n-BuLi(thf), ~98%). Elemental analysis 

calcd. (%) for C40H86Li3CeO4 (792.06 gmol-1): C 61.12, H 10.26; found: C 61.34, H 10.50. 

Li3Lu(n-Bu)6(thf)4 (3Lu). Colorless solid, yield: 121.9 mg (0.14 mmol, 74%). 1H NMR (500.13 MHz, 

233 K, toluene-d8): δ = 3.59 (m, 16 H, thf), 2.01 (m, 12 H, CH2-2-butyl), 1.79 (m, 12 H, CH2-3-butyl), 

1.30 (m, 34 H, CH3-4-butyl, and thf), 0.14 ppm (m, 12 H, CH2-1-butyl). 13C{1H} NMR (125.76 MHz, 

233 K, toluene-d8): δ = 68.4 (s, thf), 33.9 (s, CH2-2-butyl), 33.6 (s, CH2-3-butyl), 33.0 (s, CH2-1-butyl), 

25.5 (s, thf), 14.8 ppm (s, CH3-4-butyl). 7Li NMR (194.37 MHz, 233 K, toluene-d8): δ = 2.3 (free n-

BuLi(thf), ~4%), 1.9 ppm (Li3Lu(n-Bu)6(thf)4, ~96%). Anal. (%) Calcd. for C40H86Li3LuO4 (826.87 

gmol-1): C 58.10, H 10.48; found: C 57.93, H 10.50. 

Equimolar reaction of CeCl3(thf) with n-BuLi. CeCl3(thf) (100.0 mg, 0.31 mmol) was suspended in 

THF and cooled to –40 °C. Then, n-BuLi (2.5 M in hexanes, 125.6 µL,0.31 mmol, one equiv.) was 

added and the mixture stirred for 30 min. After allowing time for settling of the insoluble parts, the 

supernatant was carefully removed. The residue was evaporated in vacuo to leave ~44 mg (44%) of 

unconsumed CeCl3(thf). 
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Synthesis of 3Lu for XRD analysis. LuCl3(thf)2 (72.5 mg, 0.18 mmol) was suspended in n-hexane (2 

mL) and n-BuLi (2.5 M in hexanes, 240.0 µL, 0.6 mmol, 3.33 equiv.) was added dropwise at –45 °C. 

Stirring the mixture for 24 h at –45 °C caused the formation of an oily white precipitate. After filtration 

the solution was concentrated (under reduced pressure) and stored at – 40 °C to give colorless crystals 

suitable for XRD analysis in low yields (~5-10%). 

Synthesis of 3Lu from “lutetium turbo chloride”. LuCl3(thf)2 (83.4 mg, 0.2 mmol) and LiCl (17.0 mg, 

0.4 mmol were stirred together in THF (5 mL). Complete dissolution of the mixed metal chloride was 

observed after 30 min. The solution was cooled to –40 °C and n-BuLi (2.5 M in hexanes, 480.0 µL,1.2 

mmol) was added dropwise. The mixture was stirred for 30 min at –40 °C and then filtered. The solvent 

of the filtrate was evaporated in vacuo at –40 °C, extracted with cold n-hexane (~ 8 mL), and the extract 

filtered again. The obtained solution was slowly concentrated under reduced pressure at –40 °C and 

stored at –40 °C for crystallization. The obtained colorless crystals were identified as 3Lu (~70%) via 

XRD unit-cell check and 1H NMR spectroscopy. 

Synthesis of 3Lu from 3Ce. To a suspension of LuCl3(thf)2 (56.4 mg, 0.14 mmol) in THF (0.4 mL) and 

n-hexane (1 mL), compound 3Ce (106.5 mg, 0.14 mmol) dissolved in n-hexane (3 mL) was added at –

40 °C. After stirring for 18 h at –40 °C the brown mixture was filtered and concentrated to give 3Lu (26.3 

mg, 0.03 mmol, 23%) as colorless crystals (characterized by XRD unit-cell check). 

General Procedure for the Synthesis of Li2Ln(n-Bu)5(tmeda)2 (4Ln, Ln = Ce, Lu). LnCl3(thf)x (0.2 

mmol) was suspended in n-hexane (1 mL) and THF (0.4 mL) and n-BuLi (2.5 M in hexanes, 480.0 µL, 

1.2 mmol, six equiv.) were added dropwise at –40 °C. The mixture was stirred for 30 min at –40 °C. 

After filtration the solvent was evaporated in vacuo at –40 °C, the obtained residue extracted with cold 

n-hexane (~ 8 mL) and the extract filtered again. Cold TMEDA (90.5 µL, 0.6 mmol, three equiv.) was 

added to the solution before it was slowly concentrated under reduced pressure at –40 °C until the onset 

of crystallization. Storage at – 40 °C yielded single-crystalline 4Ln. 

Li2Ce(n-Bu)5(tmeda)2 (4Ce). 73.2 mg (0.11 mmol, 55%). Due to the paramagnetism of Ce(III) the 1H 

NMR spectrum was not conclusive (see Figure S41) . 7Li NMR (194.37 MHz, 233 K, toluene-d8): δ = 

79.7 (Li[Ce], ~54%), 2.6 ppm (free n-BuLi(tmeda), ~46%). Anal. (%) Calcd. for C32H77Li2CeN4 (671.97 

g mol-1): C 57.54, H 11.02, N 8.39; found: C 58.78, H 12.59, N 8.63. The deviation between theoretical 

and experimental microanalytical data derives from decomposition of 4Ce at ambient temperature 

(change from crystalline to oily consistency). 

Li2Lu(n-Bu)5(tmeda)2 (4Lu). Colorless solid, yield: 87.8 mg (0.12 mmol, 62%). 1H NMR (500.13 MHz, 

233 K, toluene-d8): δ = 2.06 (bs, 24 H, tmeda-CH3), 1.98 (m, 10 H, CH2-2-butyl), 1.86 (m, 10 H, CH2-

3-butyl), 1.64 (bs, 8 H, tmeda-CH2), 1.37 (t, 15 H, CH3-4-butyl), 0.05 ppm (m, 10 H, CH2-1-butyl). 
13C{1H} NMR (125.76 MHz, 233 K, toluene-d8): δ = 56.3 (s, tmeda-CH2), 45.8 (s, tmeda-CH3), 41.8 (s, 

CH2-1-butyl), 32.8 (s, CH2-3-butyl), 32.0 (s, CH2-2-butyl), 14.8 ppm (s, CH3-4-butyl). 7Li NMR (194.37 
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MHz, 233 K, toluene-d8): δ = 2.5 (free n-BuLi(tmeda), ~20%), 1.8 ppm (Li2Lu(n-Bu)5(tmeda)2, ~80%). 

Anal. (%) Calcd. for C32H77Li2LuN4 (706.82 gmol-1): C 54.69, H 10.47, N 7.97; found: C 53.73, H 11.32, 

N 8.58. The deviation between theoretical and experimental microanalytical data derives from 

decomposition of 4Lu at ambient temperature (change form crystalline to oily consistency). 

LiLu(n-Bu)3Cl(tmeda)2 (5). Li2Lu(n-Bu)5(tmeda)2 (4Lu) (87.8 mg, 0.12 mmol) was dissolved in n-

hexane (4 mL) at –40 °C and ClSiMe3 (76.3 µL, 0.60 mmol, five equiv.) was added. After stirring for 4 

h the mixture was filtered and the volatiles were removed in vacuo at –40 °C. The crude product was 

redissolved in n-hexane, and after filtration and concentration under reduced pressure at –40 °C, 

compound 5 was obtained as colorless crystals, suitable for XRD analysis, albeit in a low yield. 1H NMR 

(500.13 MHz, 233 K, THF-d8): δ = 2.32 (s, 8 H, tmeda-CH2), 2.17 (s, 24 H, tmeda-CH3), 1.64 (m, 6 H, 

CH2-2-butyl), 1.25 (m, 4 H, CH2-3-butyl), 1.19 (m, 2 H, CH2-3-Li-butyl), 0.84 (m, 9 H, CH2-4-butyl), 

–0.39 (m, 4 H, CH2-1-butyl), –0.54 ppm (m, 2 H, CH2-1-Li-butyl). 13C{1H} NMR (125.76 MHz, 233 K, 

THF-d8): δ = 58.0 (s, tmeda-CH2), 52.8 (s, CH2-1-Li-butyl), 49.8 (s, CH2-1-butyl), 45.5 (s, tmeda-CH3), 

34.2 (s, CH2-2-Li-butyl) 33.1 (s, CH2-2-butyl), 32.8 (s, CH2-3-Li-butyl), 31.6 (s, CH2-3-butyl), 14.4 (s, 

CH3-4-Li-butyl) 14.0 ppm (s, CH3-4-butyl). 7Li NMR (194.37 MHz, 233 K, THF-d8): δ = 0.28 ppm. The 

small amount of product was not sufficient for microanalysis (NMR study was prioritized). 

Synthesis of Li3Ce2(ONep)9(HONep)2(thf) (6). Li3Ce(n-Bu)6(thf)4 (3Ce) (133.8 mg, 0.20 mmol) was 

dissolved in n-hexane (4 mL) at –40 °C and solution of neopentanol (105.8 mg, 1.20 mmol, six equiv.) 

in n-hexane was added. After stirring for 30 min the mixture was concentrated under reduced pressure 

at –40 °C and filtered. The obtained solution was stored at –40 °C to afford 6 as colorless crystals, 

suitable for XRD analysis, albeit in a low yield. 1H NMR (300.13 MHz, 299 K, benzene-d6): δ = 8.23 

(bs, 2 H, OH), 3.76 (bs, 22 H, CH2), 3.62 (bs, 4 H, thf), 1.04 (bs, 4 H, thf), 0.55 ppm (bs, 99 H, CH3). 
7Li NMR (116.64 MHz, 299 K, benzene-d6): δ = 91.76, 65.11, 57.55, 30.67, 26.28, 23.75, 22.83, 13.09, 

10.80, 3.76, 2.59, 1.85, 0.80 ppm. Anal. (%) Calcd. for C59H131Ce2Li3O12 (1333.69 gmol-1): C 53.13, H 

9.90; found: C 51.76, H 11.90. The elemental analysis is slightly off, because of some remaining solvent. 

Li4[OC(=CHPh)(CH2Ph)]4(thf)4 (7). CeCl3(thf) (63.7 mg, 0.2 mmol) was suspended in THF (0.4 mL), 

n-hexane (1 mL) and cooled to –40 °C. Then n-BuLi (2.5 M in hexanes, 480.0 µL, 1.2 mmol, six equiv.) 

was added dropwise. After 30 min of stirring at –40 °C cold 1,3-diphenylpropan-2-one (252.3 mg, 1.2 

mmol, six equiv.) was added to the yellow solution, which instantly decolorized to slightly yellow. The 

mixture was stirred for another 30 min at –40 °C. Then it was filtered, concentrated under reduced 

pressure, and stored at –40 °C for three weeks, which produced heavily intertwined colorless crystals. 

The yellow supernatant was removed and the crystals were recrystallized several times from a n-

hexane/THF mixture affording colorless crystals of 7. Yield: 69.3 mg, 0.05 mmol, 18% (after crystals 

had been removed for XRD analysis). 1H NMR (300.13 MHz, 299 K, THF-d8; numbering scheme, see 

Figures S51 and S52): δ = 7.58 (m, 2 H, CH-aromatic 5&9), 7.31 (m, 2 H, CH-aromatic 11&15), 7.19 

(m, 2 H, CH-aromatic 12&14), 7.10 (m, 1 H, CH-aromatic 13), 7.00 (m, 2 H, CH-aromatic 6&8), 6.66 
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(m, 1 H, CH-aromatic 7), 4.75 (s, 1 H, CH 1), 3.61 (m, 4 H, THF), 3.38 (s, 2 H, CH2 3), 1.76 ppm (m, 4 

H, THF). 13C{1H} NMR (75.47 MHz, 299 K, THF-d8): δ = 167.6 (s, C 2), 143.1 (s, C 10), 142.1 (s, C 

4), 129.0 (s, C 11&15), 127.5 (s, C 12&14), 127.1 (s, C 6&8), 124.9  (s, C 13), 124.8 (s, C 5&9), 119.9 

(s, C 7), 96.1 (s, C 1), 67.2 (s, THF), 49.1 (s, C 3), 25.4 ppm (s, THF). 7Li NMR (116.64 MHz, 299 K, 

THF-d8): δ = 0.14 ppm.  

Synthesis of Li8[OCMe2(n-Bu)]6Cl2(thf)6 (8). CeCl3(thf) (63.7 mg, 0.2 mmol) was suspended in THF 

(2 mL) and cooled to –40 °C. Then n-BuLi (2.5 M in hexanes, 240.0 µL, 0.6 mmol, three equiv.) was 

added dropwise. After 30 min of stirring at –40 °C, cold acetone (44.4 µL, 0.6 mmol, three equiv.) was 

added to the yellow solution which decolorized immediately. The mixture was stirred for another 30 

min at –40 °C before it was filtered and stored at –40 °C for two weeks to yield colorless crystals of 8 

in a low yield. 

NMR-scale reactions of LuCl3(thf)2 with x n-BuLi (x = 1, 3, 6, 12). In a J.-Young valved NMR tube 

LuCl3(thf)2 was suspended in THF-d8 and cooled down to –40 °C. Then x (1, 3, 6, 12) equivalents of n-

BuLi were added. After 30 min at –40 °C, during which the NMR tube was regularly shaken 1H and 7Li 

NMR spectra were measured at –80 °C. 

NMR-scale reactions of n-BuLi with 1,3-diphenylpropan-2-one. In a J.-Young valved NMR tube 

1,3-diphenylpropan-2-one (21.0 mg, 0.1 mmol) was dissolved in THF-d8 and n-BuLi (2.5 M in hexanes, 

40.0 µL, 0.1 mmol, one equiv.) was added, upon which the solution turned deep red immediately. After 

30 min during which time the NMR tube was regularly shaken 1H and 7Li NMR spectra were measured 

(see Figures S56 and S57). The NMR spectra appear intricate, but clearly show that both the 

Li4[OC(=CHPh)(CH2Ph)]4(thf)4 and the lithium salt of 1,3-diphenyl-2-butylpropan-2-ol are produced 

alongside of further unknown side products. The NMR spectra did not change after 18 h. 

Ketone/alcohol transformations employing 1,3-diphenylpropan-2-one. A detailed reaction is 

described as a typical example (Table 1, entry 1). For the other reactions, see the supporting information. 

The ketone reduction with an equimolar amount of CeCl3 and n-BuLi was adapted from the original 

work by the Imamoto group in 1984.7 A suspension of CeCl3(thf) (414.2 mg, 1.3 mmol) in THF (5 mL) 

was cooled to –35 °C. Then n-BuLi (2.5 M in hexanes, 520.0 µL, 1.3 mmol, one equiv.) was added 

dropwise. After 30 min of stirring at –35 °C a pre-cooled solution of 1,3-diphenylpropan-2-one (210.3 

mg, 1.0 mmol, 0.77 equiv.) dissolved in THF (5 mL) was added and the mixture stirred for another 30 

min at –35 °C. The mixture was then quenched with a saturated aqueous solution of sodium carbonate, 

and the aqueous layer was extracted three times with diethyl ether. The combined organic layers were 

dried over anhydrous sodium sulfate and the volatiles were removed in vacuo giving 1,3-diphenyl-2-

butylpropan-2-ol as a colorless oil. Yield: 266.8 mg (0.99 mmol, 99%). 1H NMR (400.11 MHz, 299 K, 

benzene-d6): δ = 7.18-7.03 (m, 12 H, phenyl), 2.65 (s, 4 H, 1,3-CH2-propan), 1.33-1.06 (m, 6 H, CH2-1-

butyl, CH2-2-butyl, and CH2-3-butyl), 0.81 ppm (t, 3 H, CH3-4-butyl). 
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Ketone/alcohol transformations employing 1,3-diphenylpropan-2-one. For incomplete reactions, 

the ketone/alcohol ratio was determined via the CH2 groups of the propane part of the molecules in the 
1H NMR spectra: for 1,3-diphenylpropan-2-one, one singlet at 3.33 ppm; for 1,3-diphenyl-2-

butylpropan-2-ol, one singlet at 2.65 ppm. Due to equal number of protons, comparison of the integrals 

of these two signals will indicate the molar ratio of the ketone and alcohol. Weighting of the ratio with 

the molecular weight of the ketone and alcohol lead to the yield according to the formula shown below. 

 

alcohol	[mmol] = 	
yield	of	alcohol + ketone	[mg]

alcohol[𝑀] + 8 ketone[mol	%]alcohol	[mol	%]: × ketone[𝑀]
 

 

CeCl3 and 6 n-BuLi and ketone (Table 1, entry 2). A suspension of CeCl3(thf) (63.7mg, 0.2 mmol) 

in THF (2 mL) was cooled to –40 °C before n-BuLi (2.5 M in hexanes, 480.0 µL, 1.2 mmol, six equiv.) 

was added dropwise. After 30 min of stirring at –40 °C a pre-cooled solution of 1,3-diphenylpropan-2-

one (252.3 mg, 1.2 mmol, six equiv.) dissolved in THF (2 mL) was added and the mixture stirred for 

another 30 min at –40 °C. The mixture was then quenched with a saturated aqueous solution of sodium 

carbonate, and the aqueous layer was extracted three times with diethyl ether. The combined organic 

layers were dried over anhydrous sodium sulfate and the volatiles were removed in vacuo giving 1,3-

diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 246.9 mg (0.92 mmol, 77%); amount of recovered 

ketone: 50.5 mg (0.24 mmol, 20%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/THF (Table 1, entries 3 and 4). A chilled solution of 3Ce (158.4 

mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled solution of 1,3-

diphenylpropan-2-one (252.3 mg/1.2 mmol/six equiv. or 42.1 mg/0.2 mmol/one equiv.) dissolved in 

THF (2 mL) and stirred for 30 min at –40 °C. The mixture was then quenched with a saturated aqueous 

solution of sodium carbonate, and the aqueous layer was extracted three times with diethyl ether. The 

combined organic layers were dried over anhydrous sodium sulfate and the volatiles were removed in 

vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield for six equivs. of ketone: 226.1 

mg (0.84 mmol, 70%); amount of recovered ketone: 33.7 mg (0.16 mmol, 13%). Yield for one equiv. of 

ketone: 47.2 mg (0.18 mmol, 88%); amount of recovered ketone 1.2 mg (0.01 mmol, 3%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/OEt2 (Table 1, entries 5, 6, and 7). A chilled solution of 3Ce 

(158.4 mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled solution of 1,3-

diphenylpropan-2-one (252.3 mg/1.2 mmol/six equiv. or 126.2 mg/0.6 mmol/three equiv. or 42.1 mg/0.2 

mmol/one equiv.) dissolved in Et2O (2 mL) and stirred for 30 min at –40 °C. The mixture was then 

quenched with a saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted 

three times with diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate 
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and the volatiles were removed in vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield 

for six equiv. of ketone: could not be determined gravimetrically because the volatiles were not removed 

completely, so only the NMR ratio of the alcohol and ketone are stated here: alcohol 54%, ketone 46%. 

Yield for three equivs. of ketone: 125.8 mg (0.47 mmol, 78%); amount of recovered ketone: 19.3 mg 

(0.09 mmol, 15%). Yield for one equiv. of ketone: 47.9 mg (0.18 mmol, 89%); amount of recovered 

ketone: 4.1 mg (0.02 mmol, 10%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/toluene (Table 1, entry 8). A chilled solution of 3Ce (158.4 mg, 

0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled solution of 1,3-

diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) dissolved in toluene (2 mL) and stirred for 30 

min at –40 °C. The mixture was then quenched with a saturated aqueous solution of sodium carbonate, 

and the aqueous layer was extracted three times with diethyl ether. The combined organic layers were 

dried over anhydrous sodium sulfate and the volatiles were removed in vacuo giving 1,3-diphenyl-2-

butylpropan-2-ol as a colorless oil. Yield: 243.7 mg (0.91 mmol, 76%); amount of recovered ketone: 

28.5 mg (0.14 mmol, 11%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/THF/LiCl (Table 1, entry 9). A chilled solution of 3Ce (158.4 

mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled mixture of 1,3-

diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) and LiCl (25.4 mg, 0.6 mmol, three equiv.) 

dissolved in THF (2 mL), and stirred for 30 min at –40 °C. The mixture was then quenched with a 

saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted three times with 

diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate and the volatiles 

were removed in vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 238.9 mg (0.89 

mmol, 74%); amount of recovered ketone: 40.3 mg (0.19 mmol, 16%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/THF/CeCl3(thf) (Table 1, entry 10). A chilled solution of 3Ce 

(158.4 mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled mixture of 1,3-

diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) and CeCl3(thf) (318.6 mg, 1.0 mmol, five 

equiv.) suspended in THF (5 mL), and stirred for 30 min at –40 °C. The mixture was then quenched 

with a saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted three times 

with diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate and the 

volatiles were removed in vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 285.3 

mg, (1.06 mmol, 89%), amount of recovered ketone: 20.8 mg (0.10 mmol, 8%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/THF/”cerium turbo chloride” (Table 1, entry 11). A chilled 

solution of 3Ce (158.4 mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled 

mixture of 1,3-diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) and “cerium turbo chloride” (1.0 

mmol, five equiv.) dissolved in THF (5 mL) and stirred for 30 min at –40 °C. The mixture was then 

quenched with a saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted 

three times with diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate 
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and the volatiles were removed in vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. 

Yield: 258.6 mg (0.96 mmol, 80%); amount of recovered ketone: 36.0 mg (0.17 mmol, 14%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/THF, then ”cerium turbo chloride” (Table 1, entry 12). A 

chilled solution of 3Ce (158.4 mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-

cooled mixture of 1,3-diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) dissolved in THF (3 mL). 

After stirring for 5 min at –40 °C an equally cold solution of  “cerium turbo chloride” (1.0 mmol, five 

equiv.) was added. The mixture was then stirred for another 30 min at –40 °C before it was quenched 

with a saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted three times 

with diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate and the 

volatiles were removed in vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 292.2 

mg (1.08 mmol, 90%); amount of recovered ketone: 2.3 mg (0.01 mmol, 1%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/THF, then Sc(OTf)3 (Table 1, entry 13). A chilled solution of 

3Ce (158.4 mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled mixture of 

1,3-diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) dissolved in THF (3 mL). After stirring for 

five min at –40 °C an equally cold solution of scandium(III) triflate (1.0 mmol, five equiv.) in THF (2 

mL) was added. The mixture was then stirred for another 30 min at –40 °C before it was quenched with 

a saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted three times with 

diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate and the volatiles 

were removed in vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. The yield could not 

be determined gravimetrically because the lithium triflate could not be removed completely by this 

work-up procedure; so only the NMR ratios of the alcohol and ketone are stated here: alcohol 62%, 

ketone 38%. 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/THF, then AlCl3 (Table 1, entry 14). A chilled solution of 3Ce 

(158.4 mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled mixture of 1,3-

diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) dissolved in THF (3 mL). After stirring for five 

min at –40 °C an equally cold solution of AlCl3 (1.0 mmol, five equiv.) in THF (2 mL) was added. The 

mixture was then stirred for another 30 min at –40 °C before it was quenched with a saturated aqueous 

solution of sodium carbonate, and the aqueous layer was extracted three times with diethyl ether. The 

combined organic layers were dried over anhydrous sodium sulfate and the volatiles were removed in 

vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 254.2 mg (0.95 mmol, 79%); 

amount of recovered ketone: 52.8 mg (0.25 mmol, 21%). 

Li3Ce(n-Bu)6(thf)4 (3Ce) and ketone/THF/TMEDA (Table 1, entry 15). A chilled solution of 3Ce 

(158.4 mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled mixture of 1,3-

diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) and TMEDA (90.5 µL, 0.6 mmol, three equiv.) 

dissolved in THF (5 mL), and stirred for 30 min at –40 °C. The mixture was then quenched with a 

saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted three times with 
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diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate and the volatiles 

were removed in vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 235.1 mg (0.88 

mmol, 73%); amount of recovered ketone: 40.2 mg (0.19 mmol, 16%). 

Li3Lu(n-Bu)6(thf)4 (3Lu) and ketone/THF (Table 1, entry 16). A chilled solution of 3Lu (100.6 mg, 

0.12 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled solution of 1,3-

diphenylpropan-2-one (153.4 mg, 0.73 mmol, six equiv.) dissolved in THF (2 mL) and stirred for 30 

min at –40 °C. The mixture was then quenched with a saturated aqueous solution of sodium carbonate, 

and the aqueous layer was extracted three times with diethyl ether. The combined organic layers were 

dried over anhydrous sodium sulfate and the volatiles were removed in vacuo giving 1,3-diphenyl-2-

butylpropan-2-ol as a colorless oil. Yield: 145.4 mg (0.54 mmol, 74%); amount of recovered ketone: 

34.6 mg (0.16 mmol, 23%). 

Li3Lu(n-Bu)6(thf)4 (3Lu) and ketone/THF/TMEDA (Table 1, entry 17). A chilled solution of 3Lu 

(165.4 mg, 0.2 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled solution of 1,3-

diphenylpropan-2-one (252.3 mg, 1.2 mmol, six equiv.) and TMEDA (90.5 µL, 0.6 mmol, three equiv.) 

dissolved in THF (5 mL) and stirred for 30 min at –40 °C. The mixture was then quenched with a 

saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted three times with 

diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate and the volatiles 

were removed in vacuo giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 141.7 mg (0.53 

mmol, 44%); amount of recovered ketone: 141.6 mg (0.67 mmol, 56%). 

Li3Y(n-Bu)6(thf)4 (3Y) and ketone/THF (Table 1, entry 18). A chilled solution of 3Y (93.7 mg, 0.13 

mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a pre-cooled solution of 1,3-diphenylpropan-

2-one (160.9 mg, 0.73 mmol, six equiv.) dissolved in THF (2 mL) and stirred for 30 min at –40 °C. The 

mixture was then quenched with a saturated aqueous solution of sodium carbonate, and the aqueous 

layer was extracted three times with diethyl ether. The combined organic layers were dried over 

anhydrous sodium sulfate and the volatiles were removed in vacuo giving 1,3-diphenyl-2-butylpropan-

2-ol as a colorless oil. Yield: 155.7 mg (0.58 mmol, 75%); amount of recovered ketone: 19.4 mg (0.09 

mmol, 12%). 

Li3Y(n-Bu)6(thf)4 (3Y) and ketone/THF @ ambient temperature (Table 1, entry 19). A chilled 

solution of 3Y (38.1 mg, 0.05 mmol) in n-hexane (2 mL, –40 °C) was added dropwise to a solution of 

1,3-diphenylpropan-2-one (65.3 mg, 0.31 mmol, six equiv.) dissolved in THF (2 mL) and stirred for 30 

min at ambient temperature. The mixture was then quenched with a saturated aqueous solution of sodium 

carbonate, and the aqueous layer was extracted three times with diethyl ether. The combined organic 

layers were dried over anhydrous sodium sulfate and the volatiles were removed in vacuo giving 1,3-

diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 51.6 mg (0.19 mmol, 62%); amount of recovered 

ketone: 24.7 mg (0.12 mmol, 38%.). 
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n-BuLi and ketone/THF (Table 1, entry 20). To a chilled solution of 1,3-diphenylpropan-2-one (420.5 

mg, 2.0 mmol) dissolved in THF (5 mL, –40 °C) n-BuLi (2.5 M in hexanes, 800.0 µL, 2.0 mmol, one 

equiv.) was added dropwise and stirred for 30 min at –40 °C. The mixture was then quenched with a 

saturated aqueous solution of sodium carbonate, and the aqueous layer was extracted three times with 

diethyl ether. The combined organic layers were dried over anhydrous sodium sulfate and the volatiles 

were removed under reduced pressure giving 1,3-diphenyl-2-butylpropan-2-ol as a colorless oil. Yield: 

268.1 mg (1.00 mmol, 50%); amount of recovered ketone: 209.2 mg (0.99 mmol, 50%). 

 

 

 
 

X-Ray Crystallography 
All crystals are extremely sensitive toward oxygen and moisture. The preparation for XRD analysis 

must be carried out under seamless cooling. The behavior at low temperatures was also very different, 

which causes the different measuring temperatures for the complexes in Tables S1, S2, and S3 below. 

For compound 2 a very small slot between 200 and 220 K had to be used for a successful preparation 

and measuring of the crystal. For most of the compounds disorder was observed and restraints have to 

be used for most of them. 
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Table S1. X-ray crystallographic parameters for complexes 1, 2, and 3Lu 

 
Compound Li3CeMe6(tmeda)3 [Li(thf)4][Ce(tBu)4] Li3Lu(n-Bu)6(thf)4 

Sample code 1 2 3Lu 
CCDC  2069609 2069616 2069613 

Empirical 
formula C24H66CeLi3N6 C32H68CeLiO4 C40H86Li3LuO4 

Formula weight 599.77 663.92 826.87 
Temperature [K] 150(2) 220(2) 173(2) 

Crystal system Trigonal Monoclinic Monoclinic 
Space group R-3c Pc P21 

a [Å] 16.4893(12) 11.0681(16) 12.6114(17) 
b [Å] 16.4893(12) 9.7385(14) 14.251(2) 
c [Å] 26.526(3) 18.666(3) 12.9534(17) 
α [°] 90.00 90.00 90.00 
β [°] 90.00 89.994(3) 91.914(3) 
γ [°] 120 90.00 90.00 

Volume [Å3] 6246.0(11) 2012.0(5) 2326.8(5) 
Z 6 2 2 

pcalc [g/cm3] 0.957 1.096 1.180 
μ [mm-1] 1.109 1.157 2.153 
F(000) 1914 706 876 

Crystal size [mm3] 0.298 × 0.242 × 0.195 0.457 x 0.448 x 0.274 0.528 × 0.381 × 0.278 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

Temperature [K] 150 220 173 
Θ range for data 

collection [°] 3.379 to 29.559 1.091 to 25.682 1.573 to 24.749 

Index ranges -22≤h≤15, -22≤k≤22,  
-35≤l≤35 

-13≤h≤13, -11≤k≤11, 
 -22≤l≤22 

-14≤h≤14, -16≤k≤16,  
-15≤l≤15 

Reflections 
collected 11031 40711 56503 

Independent 
reflections 1930 [Rint = 0.0308] 7636 [Rint = 0.0319] 7964 [Rint = 0.0937] 

Data/restraints/ 
parameters 1930 / 123 / 97 7636 / 1847 / 536 7964 / 2167 / 629 

Goodness-of-fit on 
F2[a] 1.030 1.028 1.034 

Final R indexes 
[I>=2σ (I)][b][c] 

R1 = 0.0203, wR2 = 
0.0489 

R1 = 0.0299, wR2 = 
0.0649 

R1 = 0.0601, wR2 = 
0.1532 

Final R indexes 
[all data] 

R1 = 0.0363, wR2 = 
0.0582 

R1 = 0.0414, wR2 = 
0.0713 

R1 = 0.0930, wR2 = 
0.1869 

Largest diff. 
peak/hole [e Å-3] 0.318 / -0.153 0.564 / -0.164 1.504 / -1.240 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. 
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Table S2. X-ray crystallographic parameters for complexes 4Ce, 4Lu, and 5 

 
Compound Li2Ce(n-Bu)5(tmeda)2 Li2Lu(n-Bu)5(tmeda)2 LiLu(n-Bu)3Cl(tmeda)2 

Sample code 4Ce 4Lu 5 
CCDC  2069615 2069610 2069611 

Empirical 
formula C32H77CeLi2N4 C32H77Li2LuN4 

C24H59ClLiLuN4 

Formula weight 671.97 706.82 621.11 
Temperature [K] 150(2) 100(2) 100(2) 

Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/n P21/c P21/n 

a [Å] 12.9223(12) 21.2812(6) 14.962(4) 
b [Å] 21.4375(19) 9.9334(3) 14.748(3) 
c [Å] 14.6340(13) 20.0178(6) 16.608(3) 
α [°] 90.00 90.00 90.00 
β [°] 91.063(2) 110.6500(10) 116.449(4) 
γ [°] 90.00 90.00 90.00 

Volume [Å3] 4053.2(6) 3959.8(2) 3281.1(12) 
Z 4 4 4 

pcalc [g/cm3] 1.101 1.186 1.257 
μ [mm-1] 1.145 2.515 3.105 
F(000) 1444 1496 1288 

Crystal size [mm3] 0.365 × 0.289 × 0.056 0.373 × 0.196 × 0.191 0.345 x 0.123 x 0.113 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

Temperature [K] 150 100 100 
Θ range for data 

collection [°] 1.685 to 27.910 2.045 to 31.655 1.945 to 31.565 

Index ranges -17≤h≤17, -28≤k≤28,  
-19≤l≤19 

-29≤h≤31, -14≤k≤14, 
-27≤l≤29 

-21≤h≤21, -21≤k≤21,  
-23≤l≤24 

Reflections 
collected 62172 88118 73017 

Independent 
reflections 9673 [Rint = 0.0549] 13298 [Rint = 0.0332] 10452 [Rint = 0.0865] 

Data/restraints/ 
parameters 9673 / 195 / 458 13298 / 116 / 447 10452 / 0 / 323 

Goodness-of-fit on 
F2[a] 1.025 1.042 1.018 

Final R indexes 
[I>=2σ (I)][b][c] 

R1 = 0.0387, wR2 = 
0.0760 

R1 = 0.0252, wR2 = 
0.0588 

R1 = 0.0344, wR2 = 
0.0657 

Final R indexes 
[all data] 

R1 = 0.0584, wR2 = 
0.0845 

R1 = 0.0322, wR2 = 
0.0617 

R1 = 0.0593, wR2 = 
0.0727 

Largest diff. 
peak/hole [e Å-3] 1.496 / -1.014 2.127 / -0.830 2.165 / -0.977 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. 
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Table S3. X-ray crystallographic parameters for complexes 6, 7, and 8 

 
Compound Li3Ce2(ONep)9(HONep)2(thf) Li4[OC(=CHPh)(CH2Ph)]4(thf)4 Li8[OCMe2(n-Bu)]6Cl2(thf)6 

Sample code 6 7 8 
CCDC  2069612 2069617 2069614 

Empirical formula C59H131Ce2Li3O12 C84H100Li4O10 C66H138Cl2Li8O12 
Formula weight 1333.69 1297.39 1250.18 

Temperature [K] 100(2) 100(2) 173(2) 
Crystal system Monoclinic Tetragonal Triclinic 

Space group P21/c I41/a P-1 
a [Å] 12.0469(12) 17.7858(11) 11.6640(4) 
b [Å] 22.287(2) 17.7858(11) 14.1661(5) 
c [Å] 27.095(3) 50.026(5) 14.2938(5) 
α [°] 90.00 90.00 62.4460(10) 
β [°] 93.595(2) 90.00 73.8420(10) 
γ [°] 90.00 90.00 74.2460(10) 

Volume [Å3] 7260.4(12) 15825(2) 1982.74(12) 
Z 4 8 1 

pcalc [g/cm3] 1.218 1.089 1.047 
μ [mm-1] 1.287 0.069 0.132 
F(000) 2816 5568 688 

Crystal size [mm3] 0.224 x 0.174 x 0.050 0.251 × 0.227 × 0.218 0.429 × 0.135 × 0.134 
Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

Temperature [K] 100 100 173 
Θ range for data 

collection [°] 1.506 to 29.159 1.215 to 25.309 1.633 to 25.082 

Index ranges -15≤h≤16, -30≤k≤30,  
-36≤l≤37 

-14≤h≤21, -20≤k≤20,  
-60≤l≤60 

-13≤h≤13, -16≤k≤16,  
-17≤l≤17 

Reflections 
collected 82404 50086 44374 

Independent 
reflections 19554 [R(int) = 0.0655] 7224 [Rint = 0.0717] 7033 [Rint = 0.0472] 

Data/restraints/ 
parameters 19554 / 1075 / 843 7224 / 150 / 466 7033 / 36 / 406 

Goodness-of-fit on 
F2[a] 1.034 1.021 1.038 

Final R indexes 
[I>=2σ (I)][b][c] R1 = 0.0415, wR2 = 0.0870 R1 = 0.0565, wR2 = 0.1450 R1 = 0.0532, wR2 = 0.1384 

Final R indexes 
[all data] R1 = 0.0652, wR2 = 0.0998 R1 = 0.0927, wR2 = 0.1682 R1 = 0.0698, wR2 = 0.1532 

Largest diff. 
peak/hole [e Å-3] 1.701 / -0.657 0.334 / -0.372 0.983 / -0.367 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. 
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Figure S1. Crystal structure of Li3Ce2(OCH2tBu)9(HOCH2tBu)2(thf) (6) with atomic 
displacement ellipsoids set at 50% probability. Hydrogen atoms except those engaging in 
hydrogen bridges are omitted for clarity. The neopentoxy and thf carbon atoms are shown in a 
ball-and-stick representation. Selected interatomic distances [Å] for 6: Ce1–O1 2.327(2), Ce1–
O2 2.196(2), Ce1–O3 2.337(2), Ce1–O4 2.585(2), Ce1–O5 2.608(2), Ce1–O7 2.496(2), Ce2–
O4 2.393(2), Ce2–O5 2.421(2), Ce2–O7 2.472(2), Ce2–O8 2.354(2), Ce2–O9 2.320(2), Ce2–
O10 2.447(2). 
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Figure S2. Crystal structure of Li4[OC(=CHPh)CH2Ph]4(thf)4 (7) with atomic displacement 
ellipsoids set at 50% probability. Hydrogen atoms, part of the THF molecules, and lattice THF 
are omitted for clarity. The second part of the complex is created by symmetry. Selected 
interatomic distances [Å] and angles [°] for 7: Li1–O1 1.934(4), Li1–O2 1.991(4), Li2–O1 
2.028(4), Li2–O2 1.931(4), Li1–O2’ 2.036(4), O1–Li2’ 1.985(4), C1–C2 1.528(3), C1–C9 
1.349(3), C16–C17 1.352(3), C16–C24 1.521(3), O1–Li1–O2 94.25(15), Li1–O1–Li2 
84.56(15). 
 

 
Figure S3. Crystal structure of Li8[OCMe2(n-Bu)]6Cl2(thf)6 (8) with atomic displacement 
ellipsoids set at 50% probability. Hydrogen atoms and THF carbon atoms are omitted for 
clarity. Selected interatomic distances [Å] and angles [°] for 8: Li1–O1 1.892(4), Li1–O2 
1.932(4), Li1–Cl1 2.533(4), Li2–O1 1.926(4), Li2–O3 1.932(4), Li2–Cl1 2.517(4), Li2–Cl1’ 
2.517(4), Li3–O1 1.974(4), Li3–O2 1.962(4), Li3–O3 1.957(4), Li4–O2 1.941(4), Li4–O3 
1.893(4), Li4–Cl1 2.516(4), Li1–O1–Li2 92.59(16), Li1–O1–Li3 83.67(16), Li2–O1–Li3 
83.24(16), Cl1–Li4–O2 96.05(1), O2–Li4–O3 97.68(1), Cl1–Li4–O3 99.82(1), O1–Li3–O2 
94.84(1), O1–Li3–O3 95.37(1), O2–Li3–O3 94.89(1), Li1–Cl1–Li2 66.27(1), Li1–Cl1–Li4 
66.73(1), Li2–Cl1–Li4 66.44(1), Cl1–Li2–Cl1’ 98.06(1), Li2–Cl1–Li2’ 81.94(1).  
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NMR Spectra 

 
Figure S4. 1H NMR spectrum of Li3CeMe6(tmeda)3 (1) (500.13 MHz, toluene-d8, 233 K) solvent 
residual signals are marked with *. The signals of non-coordinated TMEDA are marked with #. 

 

 
Figure S5. 7Li NMR spectrum of Li3CeMe6(tmeda)3 (1) (194.37 MHz, toluene-d8, 233 K). 
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Figure S6. 7Li NMR spectrum of Li3CeMe6(tmeda)3 (1) (194.37 MHz, THF-d8, 233 K). 

 
 

 

Figure S7. 1H NMR spectrum of [Li(thf)4][Ce(t-Bu)4] (2) (300.13 MHz, THF-d8, 299 K). Solvent 
residual signals are marked with *. Residual Et2O is marked with #. 
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Figure S8. 7Li NMR spectrum of [Li(thf)4][Ce(t-Bu)4] (2) (116.64 MHz, THF-d8, 299 K). 

 

 
Figure S9. 7Li NMR spectrum of n-BuLi (194.37 MHz, toluene-d8, 233 K).  
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Figure S10. 7Li NMR spectrum of n-BuLi + 1 equiv. of THF (194.37 MHz, toluene-d8, 233 K).  

 

 
Figure S11. 7Li NMR spectrum of n-BuLi (194.37 MHz, THF-d8, 233 K).  
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Figure S12. 7Li NMR spectrum of n-BuLi + 1 equiv. of TMEDA (194.37 MHz, toluene-d8, 233 K).  

 
Figure S13. 7Li NMR spectrum of n-BuLi + 1 equiv. of TMEDA (194.37 MHz, THF-d8, 233 K).  
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Figure S14. 1H NMR spectrum of Li3Sc(n-Bu)6(thf)4 (3Sc) (500.13 MHz, toluene-d8, 233 K). Solvent 
residual signals are marked with *. 

 

 
Figure S15. 13C{1H} NMR spectrum of Li3Sc(n-Bu)6(thf)4 (3Sc) (125.76 MHz, toluene-d8, 233 K). 
Solvent residual signals are marked with *. 
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Figure S16. 7Li NMR spectrum of Li3Sc(n-Bu)6(thf)4 (3Sc) (194.37 MHz, toluene-d8, 233 K), showing 
free n-BuLi(thf) at 2.3 ppm and the mixed scandium–lithium complex at 1.2 ppm. 

 

 
Figure S17. 45Sc NMR spectrum of Li3Sc(n-Bu)6(thf)4 (3Sc) (121.49 MHz, toluene-d8, 233 K), showing 
a main signal at 502 ppm with a line width at half height of 11787 Hz. 
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Figure S18. VT 1H NMR spectra of Li3Sc(n-Bu)6(thf)4 (3Sc) (500.13 MHz, toluene-d8, 233 K-313 K) 
showing a slight amount of the decomposition product 1-butene at 5.82 and 4.99 ppm at +30 °C and +40 
°C. 

 

 
Figure S19. 1H NMR spectrum of Li3Y(n-Bu)6(thf)4 (3Y) (500.13 MHz, toluene-d8, 233 K). Solvent 
residual signals are marked with *. 
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Figure S20. 13C{1H} NMR spectrum of Li3Y(n-Bu)6(thf)4 (3Y) (125.76 MHz, toluene-d8, 233 K). 
Solvent residual signals are marked with *. 

 

 
Figure S21. 7Li NMR spectrum of Li3Y(n-Bu)6(thf)4 (3Y) (194.37 MHz, toluene-d8, 233 K), showing 
free n-BuLi(thf) at 2.3 ppm and the mixed yttrium–lithium complex at 1.6 ppm. 
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Figure S22. 1H-89Y HSQC NMR spectrum of Li3Y(n-Bu)6(thf)4 (3Y) (500.13/24.51 MHz, toluene-d8, 
233 K), showing a single yttrium signal at 771 ppm with a line width at half height of 143 Hz. 

 
Figure S23. VT 1H NMR spectra of Li3Y(n-Bu)6(thf)4 (3Y) (500.13 MHz, toluene-d8, 233 K-313 K), 
showing a slight amount of the decomposition product 1-butene at 5.82 and 4.99 ppm at +30 °C and +40 
°C. 
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Figure S24. 1H NMR spectrum of Li3La(n-Bu)6(thf)4 (3La) (500.13 MHz, toluene-d8, 233 K). Solvent 
residual signals are marked with *. 

 
Figure S25. 7Li NMR spectrum of Li3La(n-Bu)6(thf)4 (3La) (194.37 MHz, toluene-d8, 233 K), showing 
mainly n-BuLi(thf). 
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Figure S26. VT 1H NMR spectra of Li3La(n-Bu)6(thf)4 (3La) (500.13 MHz, toluene-d8, 233 K-313 K), 
showing a slight amount of the decomposition product of 1-butene at 5.82 and 4.99 ppm at +30 °C and 
+40 °C. 

 
Figure S27. Wide 1H NMR spectrum of Li3Ce(n-Bu)6(thf)4 (3Ce) (500.13 MHz, toluene-d8, 233 K). 
Solvent residual signals are marked with *. Except for the sharp n-BuLi(thf) signals, resonance 
assignment is not conclusive. 
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Figure S28. Narrow 1H NMR spectrum of Li3Ce(n-Bu)6(thf)4 (3Ce) (500.13 MHz, toluene-d8, 233 K). 
Solvent residual signals are marked with *. The sharp signals can all be assigned to free n-BuLi or n-
BuLi(thf). 

 
Figure S29. 1H NMR spectrum of Li3Ce(n-Bu)6(thf)4 (3Ce) (500.13 MHz, THF-d8, 233 K). Solvent 
residual signals are marked with *.  
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Figure S30. 7Li NMR spectrum of Li3Ce(n-Bu)6(thf)4 (3Ce) (194.37 MHz, toluene-d8, 233 K), showing 
the n-BuLi(thf) at 2.4 and 2.0 ppm and a mixed cerium–lithium species at 30.3 ppm. 

 
Figure S31. 7Li NMR spectrum of Li3Ce(n-Bu)6(thf)4 (3Ce) (194.37 MHz, THF-d8, 233 K), showing the 
n-BuLi(thf) at 2.0,1.6 and 0.9 ppm and a mixed cerium–lithium species at 81.5 ppm. 
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Figure S32. 1H NMR spectrum of CeCl3(thf) + 1 equiv. of n-BuLi (500.13 MHz, THF-d8, 233 K). 
Solvent residual signals are marked with *. 

 
 

 

Figure S33. 7Li NMR spectrum of CeCl3(thf) + 1 equiv. of n-BuLi (194.37 MHz, THF-d8, 
233 K). 
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Figure S34. 1H NMR spectrum of CeCl3(thf) + 3 equivs. of n-BuLi (500.13 MHz, THF-d8, 233 K). 
Solvent residual signals are marked with *. 

 
 

 

Figure S35. 7Li NMR spectrum of CeCl3(thf) + 3 equivs. of n-BuLi (194.37 MHz, THF-d8, 
233 K).  
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Figure S36. VT 1H NMR spectra of Li3Ce(n-Bu)6(thf)4 (3Ce) (500.13 MHz, toluene-d8, 233 K-313 K), 
showing a slight amount of the decomposition product of 1-butene at 5.82  and 4.99 ppm at +30 °C and 
+40 °C. 

 

 
Figure S37. 1H NMR spectrum of Li3Lu(n-Bu)6(thf)4 (3Lu) (500.13 MHz, toluene-d8, 233 K). Solvent 
residual signals are marked with *. 



S39 
 

 
Figure S38. 1H NMR spectrum of Li3Lu(n-Bu)6(thf)4 (3Lu) (500.13 MHz, THF-d8, 193 K). Solvent 
residual signals are marked with *. The signal set at –0.52 and –0.59 are from the CH2 groups bonded 
to the lutetium and the signals at –1.00 and –1.12 are from dissociated n-BuLi(thf). 

 

 
Figure S39. 13C{1H} NMR spectrum of Li3Lu(n-Bu)6(thf)4 (3Lu) (125.76 MHz, toluene-d8, 233 K). 
Solvent residual signals are marked with *. 
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Figure S40. 7Li NMR spectrum of Li3Lu(n-Bu)6(thf)4 (3Lu) (194.37 MHz, toluene-d8, 233 K), showing 
free n-BuLi(thf) at 2.3 ppm and the mixed lutetium–lithium complex at 1.9 ppm. 

 

 
Figure S41. 7Li NMR spectrum of Li3Lu(n-Bu)6(thf)4 (3Lu) (194.37 MHz, THF-d8, 193 K). Dissociated 
n-BuLi(thf) is marked with #. 
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Figure S42. VT 1H NMR spectra of Li3Lu(n-Bu)6(thf)4 (3Lu) (500.13 MHz, toluene-d8, 233 K-313 K), 
showing a slight amount of the decomposition product 1-butene at 5.82 and 4.99 ppm at +30 °C and +40 
°C. 

 
Figure S43. 1H NMR spectrum of Li2Ce(n-Bu)5(tmeda)2 (4Ce) (500.13 MHz, toluene-d8, 233 K). Solvent 
residual signals are marked with *. Except for the sharp n-BuLi(tmeda) signals, resonance assignment 
is not conclusive.  
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Figure S44. 7Li NMR spectrum of Li2Ce(n-Bu)5(tmeda)2 (4Ce) (194.37 MHz, toluene-d8, 233 K), 
showing the n-BuLi(tmeda) 2.6 ppm and a mixed cerium–lithium species at 79.7 ppm. 

 

 
Figure S45. 1H NMR spectrum of Li2Lu(n-Bu)5(tmeda)2 (4Lu) (500.13 MHz, toluene-d8, 233 K). Solvent 
residual signals are marked with *. An unknown impurity is marked with #. 
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Figure S46. 13C{1H} NMR spectrum of Li2Lu(n-Bu)5(tmeda)2 (4Lu) (125.76 MHz, toluene-d8, 233 K). 
Solvent residual signals are marked with *. An unknown impurity is marked with #. 

 

 

Figure S47. 7Li NMR spectrum of Li2Lu(n-Bu)5(tmeda)2 (4Lu) (194.37 MHz, toluene-d8, 233 K), 
showing the n-BuLi(tmeda) at 2.5 ppm and a mixed lutetium–lithium species at 1.8 ppm. 
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Figure S48. 1H NMR spectrum of LiLu(n-Bu)3Cl(tmeda)2 (5) (500.13 MHz, THF-d8, 233 K). Solvent 
residual signals are marked with *. Unknown impurities are marked with #. 

 

 
Figure S49. 13C{1H} NMR spectrum of LiLu(n-Bu)3Cl(tmeda)2 (5) (125.76 MHz, THF-d8, 233 K). 
Solvent residual signals are marked with *.  
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Figure S50. 7Li NMR spectrum of LiLu(n-Bu)3Cl(tmeda)2 (5) (194.37 MHz, THF-d8, 233 K). 

 
 

 
Figure S51. 1H NMR spectrum of Li3Ce2(ONep)9(HONep)2(thf) (6) (300.13 MHz, benzene-d6, 299 K). 
The solvent residual signal is marked with *. Residual n-hexane is marked with #. 
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Figure S52. 7Li NMR spectrum of Li3Ce2(ONep)9(HONep)2(thf) (6) (116.64 MHz, benzene-d6, 299 K). 

 

 
Figure S53. 1H NMR spectrum of Li4[OC(=CHPh)(CH2Ph)]4(thf)4 (7) (300.13 MHz, THF-d8, 299 K). 
Solvent residual signals are marked with *. Residual n-hexane is marked with #. 
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Figure S54. 13C{1H} NMR spectrum of Li4[OC(=CHPh)(CH2Ph)]4(thf)4 (7) (75.47 MHz, THF-d8, 299 
K). Solvent residual signals are marked with *. Residual n-hexane is marked with #. 

 

Figure S55. 7Li NMR spectrum of Li4[OC(=CHPh)(CH2Ph)]4(thf)4 (7) (116.64 MHz, THF-d8, 299 K). 
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Figure S56. 1H NMR spectrum of Li8[OCMe2(n-Bu)]6Cl2(thf)6 (8) (500.13 MHz, toluene-d8, 233 K). 
Solvent residual signals are marked with *.  

 

Figure S57. 7Li NMR spectrum of Li8[OCMe2(n-Bu)]6Cl2(thf)6 (8) (194.37 MHz, toluene-d8, 233 K). 
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Figure S58. 1H NMR spectrum of the reaction of 1,3-diphenylpropan-2-one and n-BuLi (300.13 MHz, 
THF-d8, 299 K). Solvent residual signals are marked with *. An unknown impurity is marked with #. 

 

 

Figure S59. 7Li NMR spectrum of the reaction of 1,3-diphenylpropan-2-one with n-BuLi (116.64 MHz, 
THF-d8, 299 K). 
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Figure S60. 1H NMR spectrum of 1,3-diphenylpropan-2-one (400.11 MHz, benzene-d6, 299 
K). The solvent residual signal is marked with *. 
 

 
Figure S61. 1H NMR spectrum of 1,3-diphenyl-2-butylpropan-2-ol (400.11 MHz, benzene-
d6, 299 K). The solvent residual signal is marked with *. Residual acetone impurity is marked 
with #. 
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Figure S62. 1H NMR spectrum of a mixture of 1,3-diphenylpropan-2-one and 1,3-diphenyl-2-
butylpropan-2-ol from the reaction of Li3Ce(n-Bu)6(thf)4 (3Ce) with six equiv. of 1,3-
diphenylpropan-2-one (400.11 MHz, benzene-d6, 299 K). The solvent residual signal is 
marked with *.  
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Using previously established salt-metathesis procedures at low
temperature, heterobimetallic ate complexes Li6Eu

II(n-Bu)8(thf)6
and Li3Y

III(i-Bu)6(thf)4 could be synthesized and their solid-state
structures analyzed by X-ray diffraction. Recently described
complex Li3Y(n-Bu)6(thf)4 was probed as a precursor in proto-
nolyses with various amines, revealing distinct reaction path-

ways. Identified products comprise homoleptic amide Y-
[HNC6H3(mes)2-2,6]3 (mes=C6H2Me3-2,4,6), heteroleptic C� H-
bond activated Li3Y(n-Bu)2[N(SiMe2CH2)(C6H3-Me2-3,5)]2(thf)5, and
mixed amido/imido complex [LiY2(HNSiPh3)4(NSiPh3)2][Li-
(thf)2(OEt2)2].

Introduction

Lithium/rare-earth metal (Ln) bimetallic alkyls have emerged as
prime reagents for carbon-carbon bond forming reactions on
easily enolizable ketones, ever since the original report by
Imamoto in 1982.[1] Because of the thermal instability of
Imamoto-type reagents, the targeted organic transformations
are routinely conducted at low temperatures (� 78 °C).[2] It is
also for this reason that the structural elucidation of such
heterobimetallic alkyls has proven elusive,[3] in particular for
derivatives with higher alkyl moieties like n-butyl.[4] Recently our
group could isolate the ate complexes [Li(thf)4][Ce(t-Bu)4],
Li3Ln(n-Bu)6(thf)4 (Ln=Sc, Y, La, Ce, Lu), and Li2Ln(n-Bu)5(tmeda)2
(Ln=Ce, Lu) by applying seamless low-temperature syntheses
and crystallization techniques.[5] Initial studies on the reactivity
of these complexes (in addition to applications in organic
transformations) resulted in the lithium depleted complex
LiLu(n-Bu)3Cl(tmeda)2 (via reaction of Li2Lu(n-Bu)5(tmeda)2 with
ClSiMe3) and the neopentanolate complex
Li3Ce2(OCH2tBu)9(HOCH2t-Bu)2(thf) (via alcoholysis of Li3Ce(n-
Bu)6(thf)4).

[5] Herein, we report the synthesis of the first
europium(II) n-butyl complex, the first rare-earth-metal i-butyl

complex, and the reactivity of Li3Y(n-Bu)6(thf)4 toward various
primary amines.

Results and Discussion

Synthesis and Solid-State Structure of Europium(II) Alkyl
Compound Li6Eu(n-Bu)8(thf)6. Applying the protocol recently
reported for the synthesis of Li3Ln(n-Bu)6(thf)4 (Ln=Sc, Y, La, Ce,
Lu), colorless EuCl3(thf)2 and n-BuLi afforded yellow divalent
complex Li6Eu(n-Bu)8(thf)6 (Scheme 1). The inherent reduction of
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Scheme 1. Synthesis of divalent Li6Eu(n-Bu)8(thf)6 (1) and its crystal
structure, with atomic displacement ellipsoids set at 50% proba-
bility. Hydrogen atoms and disorders of the n-butyl groups are
omitted for clarity. The carbon atoms of the THF molecules are
represented by a wireframe model for the sake of clarity. Only one
out of three molecules of 1 in the asymmetric unit is displayed.
Selected interatomic distances [Å] for 1: Eu1� C17 2.78(2), Eu1� C21
2.75(2), Eu1� C25 2.75(2), Eu1� C41 2.81(2), Eu1� C45 2.75(2),
Eu1� C49 2.76(2).
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the Eu(III) center in the presence of strongly nucleophilic alkyls
is unsurprising and crucial for the nonexistence of Eu(III) alkyl
complexes.[4] An early example features the instant reduction of
EuCl3 by methyllithium, however, an organoeuropium com-
pound could not be isolated from this reaction.[6] In a similar
vein, trivalent amides like Eu[N(SiHMe2)2]3(thf)2 are reduced by
AlR3 (R=Me, Et) to yield the divalent tetraalkylaluminates
[Eu(AlR4)2]n.

[7]

The X-ray diffraction (XRD) analysis of 1 revealed an
europium(II) center coordinated by six n-butyl ligands. The σ-
bonded CH2 methylene moieties are further interacting with
two lithium atoms each, resulting in μ3-bonded alkyls. Each
three of the lithium atoms are arranged in a trigonal plane
which is capped by another peripheral n-butyl ligand. The
coordination sphere of the lithium atoms is completed by one
THF molecule each. To the best of our knowledge, this is the
first example of a divalent rare-earth-metal complex bearing n-
butyl ligands. The Eu(II)� C distances average 2.77 Å, and hence
are in the range of those detected in heterobimetallic [Eu-
(II)(AlEt4)2]n (2.71(2) to 2.95(5) Å.[7] Other σ-bonded europium(II)
alkyls comprise agostic Eu[C(SiMe3)3]2 (Eu� C 2.605(6) and
2.612(7) Å)[8] and the terphenyl derivative Eu(C6H3Ph2-2,6)2(thf)2
(Eu� C 2.606(4) and 2.623(4) Å).[9]

Synthesis and Solid-State Structure of Yttrium(III) Alkyl
Compound Li3Y(i-Bu)6(thf)4. Although the protocol shown in
Scheme 1 gave previously yttrium complex Li3Y(n-Bu)6(thf)4,
crystals suitable for XRD analysis could only be obtained for the
lutetium derivative. It was found that “larger” rare-earth-metal
centers generated crystals with very poor diffraction behavior.[5]

In an effort to access a crystalline Li/Y derivative we switched
from the n-butyl to the i-butyl ligand. Using the same reaction
conditions (Scheme 2), YCl3(thf)2 and six equivalents of i-BuLi
gave a product showing intricate NMR spectra, but generating
also a small amount of single-crystalline yttrium i-butyl complex
Li3Y(i-Bu)6(thf)4 (2). Complex 2 is isostructural with the lutetium

n-butyl complex Li3Lu(n-Bu)6(thf)4. Because of the larger ionic
radius of yttrium(III) compared to lutetium, the Ln� C distances
are longer in compound 2 (2.506(5)–2.7609(2) Å versus (2.44(2)–
2.58(3) Å). A closer examination of the Y� C(CH2) distances
revealed that the triply bridging n-butyl ligands (Y/2Li) display
considerably longer distances (2.7212(2) and 2.7609(2) Å) than
the remaining four doubly bridging ones (2.506(5) to
2.557(5) Å). For comparison, the Y� C distances in 6-coordinate
Y(AlMe4)3 range from 2.505(6) to 2.514(8) Å[10] while those in
yttrium neosilyl complex Y(CH2SiMe3)3(thf)2 range from 2.416 to
2.436 Å.[11]

Furthermore, the solution behavior of compound 2 seems
to be very similar to the n-butyl complexes in the sense that i-
BuLi gets partly displaced, resulting in complex NMR spectra
like the 7Li NMR spectrum shown in Figure 1.

Reactivity of Yttrium(III) Alkyl Compound Li3Y(n-Bu)6(thf)4
toward Amines. We had previously shown that ate complexes
of the type Li3Ln(n-Bu)6(thf)4 readily engage in neopentanol-
mediated alcoholysis affording single-crystalline
Li3Ce2(OCH2tBu)9(HOCH2t-Bu)2(thf).

[5] To broaden the scope of
such protonolysis reactions, we envisaged aminolysis and hence
the conversion of less Brønsted-acidic substrate molecules. Of
particular interest was the use of primary amines H2NR, which
might lead to imide complexes,[12] when reacted with ate
complexes Li3Ln(n-Bu)6(thf)4. It seemed plausible that the
primary amine would initially form a rare-earth-metal amide
complex [Ln(NHR)3] via rapid protonolysis of three n-butyl
ligands (liberating n-butane). Subsequently, the presence of
extra “built-in” or (in solution) displaced n-BuLi might promote
the second deprotonation and hence imide formation
([LiLn(NR)2]). It has been shown previously, that external bases
like LiR or LiNR2 can accomplish the ultimate deprotonation of a
[Ln� NHR] moiety, leading to metal-capping or bridging imido
functionalities.[13] More precisely, depending on the ratio [Yb-
(NHAriPr)4Na(thf)]/n-BuLi, Xie's group could either access the
mixed amido-imido-ytterbium complex
[Yb2(NHAr

iPr)2(NAr
iPr)4Li2Na2(thf)4] or imide complex

[Yb2(NAr
iPr)6Li4Na2(thf)4] (Ar

iPr=C6H3iPr2-2,6).
[13c]

The aminolysis reactions were examined with yttrium
complex Li3Y(n-Bu)6(thf)4, being accessible in decent yield[5] and
bearing the 89Y nucleus as a favorable spectroscopic probe. In

Scheme 2. Synthesis of Li3Y(i-Bu)6(thf)4 (2) and its crystal structure,
with atomic displacement ellipsoids set at 50% probability. Hydro-
gen atoms and disorders of the i-butyl groups, as well as the THF
molecules, are omitted for clarity. Selected interatomic distances [Å]
for 2: Y1� C1 2.517(6), Y1� C5 2.7609(2), Y1� C9 2.7212(2), Y1� C13
2.506(5), Y1� C17 2.557(5), Y1� C21 2.546(5). Figure 1. 7Li NMR spectrum of complex 2 in toluene-d8 at 298 K.
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order to probe the general feasibility of aminolysis, we set out
with the bulky secondary amine HN(SiMe3)(C6H3Me2-3,5). Con-
ducting an equimolar reaction led to the isolation of a small
amount of single-crystalline Li3Y(n-Bu)2[N(SiMe2CH2)(C6H3Me2-
3,5)]2(thf)5 (3) (Scheme 3, Figure 2). Surprisingly, two amido
ligands were incorporated into one Li3Y(n-Bu)6(thf)4 molecule,
despite the addition of only one equivalent of amine.
Apparently, two n-butyl ligands afforded the deprotonation of
the amine as envisaged, but two more n-butyl moieties

engaged into C� H-bond activation with the SiMe3 substituents.
The solid-state structure of 4 displays a six-coordinate yttrium
center, bonded to two CH2(n-butyl), two CH2(silyl), and two
amido nitrogen atoms. Two lithium atoms bridge the CH2(n-
butyl) and CH2(silyl) groups, thus participating in two four-
membered heterometallacycles. The coordination sphere of
these lithium atoms is completed by two THF molecules each.
The third lithium atom is 5-coordinated, bridging the two
amido nitrogen atoms as well as the two ipso-carbon atoms of

Scheme 3. Synthesis of complexes 3, 4, and 5 from Li3Y(n-Bu)6(thf)4 and various amines, using distinct reaction conditions.

Figure 2. Left: crystal structure of Li3Y(n-Bu)2(N(SiMe2CH2)C6H3-Me2-3,5)2(thf)5 (3) with atomic displacement ellipsoids set at 30% probability.
Hydrogen atoms, disorders of the n-Bu groups, and THF molecules are omitted for clarity. The THF carbon atoms are represented by a
wireframe model for the sake of clarity. The unit cell contains two molecules of 3 and two lattice THF molecules. Selected interatomic
distances [Å] and angles [°] for 3: Y1� C1 2.512(5), Y1� C5 2.528(5), Y1� C19 2.632(5), Y1� C30 2.656(5), Y1� N1 2.414(4), Y1� N2 2.435(4),
C19� Y1� C30 176.94(15), C1� Y1� N1 149.45(14). Middle: crystal structure of Y[HNC6H3(mes)2-2,6]3 (4) with atomic displacement ellipsoids set
at 30% probability. Hydrogen atoms and disorders of the amido ligands are omitted for clarity. Selected interatomic distances [Å] for 4:
Y1� N1 2.158(10), Y1� N2 2.218(3), Y1� N3 2.222(3), average Y1� (C7A-C12A) 2.735. Right: crystal structure of [LiY2(HNSiPh3)4(NSiPh3)2][Li-
(thf)2(OEt2)2] (5) with atomic displacement ellipsoids set at 50% probability. The cationic fragment, hydrogen atoms, and disorders of the
THF groups and one lattice Et2O molecule are omitted for clarity. The carbon atoms of the phenyl rings are represented by a wireframe
model for the sake of clarity. Selected interatomic distances [Å] for 5: Y1� N1 2.252(3), Y1� N2 2.273(3), Y1� N4 2.165(3), Y1� N5 2.276(3),
Y2� N3 2.295(3), Y2� N4 2.205(3), Y2� N5 2.233(3), Y2� N6 2.255(4).
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the phenyl rings, while a THF molecule adds to the coordination
sphere. The Y� CH2(n-butyl) distances of 2.512(5) and 2.528(5) Å
match those of the doubly bridging CH2(isobutyl) in complex 2.
The Y� CH2(silyl) distances of 2.632(5) and 2.656(5) Å are
comparatively longer than those of similar known Y� N� Si� CH2

four-membered ring structures.[14] This can be explained by the
increased coordination of the yttrium center in 3 (CN=6) but
also the formation of two fused 4-membered rings via bridging
lithium atoms. The C� H-bond activation of Si� CH3 groups
however, is well known.[14] The Y� N distances of 2.414(4) and
Y1� N2 2.435(4) Å are in the range of 6-coordinate yttrium
anilide complexes with Y� N� Li linkages (cf., 2.443(4) Å in
[{NO}MeO-pYLi(thf)]3 with linked aryloxy/anilido ligands).[15] Un-
fortunately, complex 3 is thermally very unstable and the yield
was extremely low. Only a few small crystals could be obtained
upon several crystallization attempts, which, however, proved
the feasibility of the aminolysis reactions envisaged.

Aiming at a putative yttrium imide complex, we first
employed bulky 2,6-dimesitylaniline as a primary amine. While
the treatment of Li3Y(n-Bu)6(thf)4 with one to three equivalents
of amine did not yield any isolable yttrium-containing product,
the 4-equivalent reaction gave homoleptic complex Y-
[HNC6H3(mes)2-2,6]3 (4). All these transformations have in
common the formation of the respective lithium anilide as
indicated by NMR spectroscopy. While complex 4 is easily
accessible and could be an interesting precursor (e.g., for
subsequent deprotonation reactions), the separation from the
lithium salt side product so far proved unsuccessful. Neither
fractional crystallization nor sublimation (decomposition oc-
curred at around 90 °C/10� 3 mbar) was effective for the
purification of 4. The 89Y NMR chemical shift of complex 4 was
detected at 425.0 ppm (1H� 89Y HSQC, 298 K, C6D6), considerably
shifted to higher field compared to the 570.0 ppm of
homoleptic Y[N(SiMe3)2]3 (296 K, CDCl3).

[16] An XRD analysis of
complex 4 revealed a monomeric molecular structure featuring
an η6-arene interaction of one of the ortho mesityl substituents.
Interestingly, the adjacent nitrogen (N1) seems to form a closer
contact to the yttrium center (2.158(10) than those of the other
anilido ligands (2.218(3) and 2.222(3) Å). For comparison,
complex [Y(μ-NHC6H3iPr2-2,6)(NHC6H3iPr2-2,6)2]2 also shows such
η6-arene interactions, but to the adjacent yttrium center each.[17]

The Y� N distances are similar to those of the terminal amido
ligands in NaY(NiPr2)2(μ-NiPr2-2,6)2(thf)2 (2.228(2) and
2.230(2) Å), with a formally 4-coordinate yttrium center.[18] The
structure of 4 is fluxional in solution since only one signal set
was observed in the 1H NMR spectrum for the mesityl moieties.

Finally, ate complex Li3Y(n-Bu)6(thf)4 was treated with six
equivalents of the primary silylamine H2NSiPh3 to afford the
mixed amido/imido complex [LiY2(HNSiPh3)4(NSiPh3)2][Li-
(thf)2(OEt2)2] (5). The anionic part of the molecular structure of 5
features a cuboid core with one corner cut off. The “cube
corners” are occupied by two yttrium, one lithium, and four
nitrogen atoms. There are two distinct imido coordination
modes, one imido moiety bridging the two yttrium atoms
(Y� N� Y) and the other connecting additionally to the lithium
atom (Y2� N� Li). The two amido nitrogen atoms participating in
the core structure form metal-amido-metal linkages (Y� N� Li)

exclusively. Both yttrium centers are 4-coordinated and bear
one additional terminal amido ligand each. In agreement with
the solid-state structure, the 1H� 89Y HSQC NMR spectrum of
complex 5 revealed a single signal for both yttrium centers at
652.8 ppm (298 K, C6D6). Previously,

89Y NMR chemical shifts of
heteroleptic imide complexes were detected in the range of
216.5 to 467.8 ppm.[19] The core lithium atom is only bonded to
three nitrogen atoms, while the lithium counter ion is
coordinated to two THF and two diethyl ether molecules. The
terminal Y� N(amido) distances are slightly shorter than the
bridging ones (2.252(3) and 2.255(4) Å versus 2.273(3) and
2.295(3) Å). These distances are in the range of other 4-
coordinate yttrium amide complexes.[18,20] Not unexpectedly, the
Y� N(imido) distances are different reflecting the μ2 (Y� N4:
2.165(3) and 2.205(3) Å) and μ3 imido sites (Y� N5: 2.276(3) and
2.233(3) Å). Overall, the Y� N(imido) distances are in the range of
literature known complexes ([(C5Me4SiMe3)Y(μ3-NCH2CH3)]4:
2.193(3)-2.329(3) Å;[21] [Cp*Y(μ2-NC6H3(CF3)2-3,5)(thf)2]2: 2.222(4)-
2.304(4) Å).[19e]

Conclusions

Applying seamless low-temperature syntheses and crystalliza-
tion techniques we could structurally authenticate complex
Li6Eu(n-Bu)8(thf)6 featuring the first lanthanide(II) complex with
n-butyl ligands. Using the same methodology the molecular
structure of the first rare-earth-metal isobutyl complex Li3Y(i-
Bu)6(thf)4 could be identified, being isostructural to the n-butyl
complex Li3Lu(n-Bu)6(thf)4. Although aminolysis reactions of the
n-butyl compound Li3Y(n-Bu)6(thf)4 proved hard to control,
crystallographic analyses provided valuable insights into the
reactivity of such ate complexes. The reaction with secondary
amine HN(SiMe3)(C6H3Me2-3,5) afforded protonolysis but also
indicated the propensity of the trimethylsilyl moieties to
engage in C� H-bond activation forming metallacycles as
evidenced for Li3Y(n-Bu)2[N(SiMe2CH2)(C6H3-Me2-3,5)]2(thf)5.
Treatment of Li3Y(n-Bu)6(thf)4 with primary amines, 2,6-dimesity-
laniline and triphenylsilylamine, revealed distinct reaction path-
ways. In the former case, homoleptic complex Y[HNC6H3(mes)2-
2,6]3 seems the preferred product defying further deprotona-
tion, most likely due to steric restraints. Imide formation,
however, is viable in the latter case as proven for the isolation
of mixed imido/amido complex [LiY2(HNSiPh3)4(NSiPh3)2][Li-
(thf)2(OEt2)2]. Though ate complexes of the type Li3Ln(n-
Bu)6(thf)4 can give access to rare-earth-metal imides, the
intricacy of the involved protonolysis reactions is evident. For
example, not fully displaced n-butyl ligands might engage in
undesired reaction pathways and/or lead to thermally unstable
products. Moreover, displaced “n-BuLi” can result in unwanted
side reactions (inseparable co-products) as well as the incorpo-
ration of lithium into the rare-earth-metal containing product.
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Experimental Section

General procedures

All manipulations were performed under an argon atmosphere
using either glovebox (MBraun UNIlabpro; <0.1 ppm O2, <0.1 ppm
H2O) or standard Schlenk techniques with oven-dried glassware.
The solvents were purified with Grubbs-type columns (MBraun SPS,
solvent purification system) and stored in a glovebox. Anhydrous
europium(III) chloride (99.9%) and anhydrous yttrium(III) chloride
(99.9%), were purchased from abcr and activated by Soxhlet
extraction with THF giving EuCl3(thf)2 and YCl3(thf)2, respectively. n-
Butyllithium (n-BuLi) (2.5 M solution in hexanes), iso-butyllithium (i-
BuLi) (1.7 M solution in heptane), HN(SiMe3)(C6H3Me2-3,5),
H2NC6H3(C6H2Me3-2,4,6)2-2,6 (=H2NC6H3(mes)2-2,6), and H2NSiPh3
were purchased from Sigma Aldrich and used as received. Benzene-
d6, toluene-d8, and THF-d8 were purchased from Sigma Aldrich,
degassed, dried over NaK alloy for 24 h, filtered, and stored inside a
glovebox. NMR spectra of moisture-sensitive compounds were
recorded by using J. Young-valved NMR tubes on either a Bruker
AVII+400 (1H: 400.13 MHz), or a Bruker AVIIIHD (1H: 300.13 MHz), or
a Bruker AVII+500 (1H: 500.13 MHz). 1H NMR shifts are referenced
to a solvent resonance and reported in parts per million (ppm)
relative to tetramethylsilane.[22] Analysis of the NMR spectra was
performed with TopSpin 3.6.1 [Academic License].[23] Multiplicities
of signals are given as s (singlet), bs (broad singlet), d (doublet),
and dd (doublet of doublets). Coupling constants (J) are given in
Hz. Signals were assigned via 2D NMR experiments. Elemental
analysis (C, H, N) was performed on an Elementar vario MICRO cube.
Crystals suitable for XRD analysis were grown by standard
techniques from solutions using n-hexane (1, 2), n-hexane/toluene
(3, 4) and diethyl ether for 5 at � 40 °C. Single crystals were
handpicked in a glovebox, coated with Parabar 10312 (previously
known as Paratone N, Hampton Research/performance vacuum oil,
Edwards) or perfluorinated oil, and stored on microscope slides and
fixed on a microloop. It is essential to keep the compounds (1, 2, 3)
at low temperature from crystallization up to mounting the crystals
on the diffractometer, including data collection. Compound 3 co-
crystallized with THF, the relatively high vapor pressure of which
allowed its diffusion out of the crystal lattice. This is likely the
reason for the bad quality of the diffraction data. X-ray data were
collected on a Bruker APEX II DUO diffractometer equipped with an
IμS microfocus sealed tube and QUAZAR optics for MoKα (λ=

0.71073 Å) and CuKα (λ=1.54184 Å) radiation. The data collection
strategy was determined using COSMO[24] employing ω-scans. Raw
data were processed using APEX[25] and SAINT,[26] corrections for
absorption effects were applied using SADABS.[27] The structures
were solved by direct methods and refined against all data by full-
matrix least-squares methods on F2 using SHELXTL[28] and ShelXle.[29]

Disorder models were calculated using DSR, a program for refining
structures in ShelXl.[30] All graphics were produced employing
Mercury 4.2.0[31] and POV-Ray.[32]

Li6Eu(n-Bu)8(thf)6 (1). EuCl3(thf)2 (80.3 mg, 0.2 mmol) was sus-
pended in a mixture of n-hexane (1 mL) and THF (0.4 mL), and n-
BuLi (2.5 M in hexanes, 480.0 μL, 1.2 mmol) was added dropwise at
� 40 °C. The mixture was stirred for 30 min at � 40 °C, then filtered,
and the solvent evaporated in vacuo at � 40 °C. The residue was
extracted with cold n-hexane (~8 mL) and the extract was filtered
again. The solution was slowly concentrated under reduced
pressure at � 40 °C and stored at � 40 °C for crystallization giving
compound 1 in 18% yield. NMR spectra were not attempted
because of the paramagnetism of europium(II). Due to the temper-
ature sensitivity, meaningful microanalytical data could not be
obtained.

Li3Y(i-Bu)6(thf)4 (2). YCl3(thf)2 (69.3 mg, 0.2 mmol) was suspended in
a mixture of n-hexane (1 mL) and THF (0.4 mL), and i-BuLi (1.7 M in
heptane, 700.0 μL, 1.2 mmol) was added dropwise at � 40 °C. The
mixture was stirred for 30 min at � 40 °C, then filtered, and the
solvent evaporated in vacuo at � 40 °C. The residue was extracted
with cold n-hexane (~8 mL) and the extract was filtered again. The
solution was slowly concentrated under reduced pressure at � 40 °C
and stored at � 40 °C for crystallization affording 2 in low yield. Due
to their complexity, the NMR spectra were inconclusive and could
not be assigned. Partial separation of i-BuLi from the complex in
solution was indicated. The raw NMR spectra are displayed in the
supporting information. Due to the temperature sensitivity, mean-
ingful microanalytical data could not be obtained.

Li3Y(n-Bu)2[N(SiMe2CH2)(C6H3Me2-3,5)]2(thf)5 (3). Li3Y(n-Bu)6(thf)4
(44.3 mg, 0.06 mmol) was dissolved in THF (2 mL) at � 40 °C. Then
HN(SiMe3)(C6H3Me2-3,5) (11.6 mg, 0.06 mmol) dissolved and pre-
cooled in THF was added dropwise. After 2 h the solvent was
removed in vacuo. The crude product was extracted with n-hexane,
filtered, and concentrated in vacuo to give 3 as colorless crystals in
very low yield. Due to the extremely low (crystalline) yield, NMR
spectroscopic studies could not be conducted. Moreover, the
pronounced thermal instability of the product impeded any further
analyses.

Y[HNC6H3(mes)2-2,6]3 (4). Li3Y(n-Bu)6(thf)4 (16.7 mg, 0.02 mmol) was
dissolved in n-hexane (2 mL) at � 40 °C. Then H2NC6H3(mes)2-2,6
(29.7 mg, 0.09 mmol, 4 equiv) dissolved and precooled in n-hexane
was added dropwise. The mixture was then allowed to warm to
ambient temperature. After 30 min the mixture was concentrated
in vacuo to give 4 as green crystals in low yield. 1H NMR
(500.13 MHz, 298 K, C6D6): δ=6.81 (s, 4 H, CH3-Mes), 6.81 (s, 12 H,
aryl-H-Mes), 6.68 (s, 9 H, phenyl H), 3.71 (s, 3 H, NH), 2.19 (s, 36 H,
CH3-Mes), 1.97 ppm (s, 18 H, CH3-Mes).

13C NMR (125.76 MHz, 298 K,
C6D6): δ=153.4 (tertiary C), 140.0 (tertiary C), 137.9 (tertiary C),
137.2 (tertiary C), 129.8 (aryl-C–Mes), 129.6 (phenyl C), 126.8 (tertiary
C), 115.2(phenyl C), 21.0 (CH3-Mes), 20.6 ppm (CH3-Mes).

89Y NMR
(24.5 MHz, 298 K, C6D6): δ=425.0 ppm. Since the product could not
be separated from the side product LiNHC6H3(mes)2-2,6 in a
reproducible way, the best obtained microanalytical data are given:
elemental analysis calcd (%) for C72H78N3Y: C 80.49, H 7.32, N 3.91;
found: C 79.37, H 7.54, N 3.56.

[LiY2(HNSiPh3)4(NSiPh3)2][Li(thf)2(OEt2)2] (5). Li3Y(n-Bu)6(thf)4
(69.5 mg, 0.09 mmol) was dissolved in n-hexane (2 mL) at � 40 °C.
Then, H2NSiPh3 (155.0 mg, 0.56 mmol) dissolved and precooled in
n-hexane was added dropwise. After 12 h the solvent was removed
in vacuo. The crude product was extracted with Et2O, filtered, and
concentrated in vacuo to give [LiY2(HNSiPh3)4(NSiPh3)2][Li-
(thf)2(OEt2)2] as colorless crystals in 26% yield. 1H NMR (500.13 MHz,
298 K, C6D6): δ=0.74 ppm (s, 4 H, NH). 7Li NMR (194.4 MHz, 298 K,
C6D6): δ=1.58, 0.72 ppm. 89Y NMR (24.5 MHz, 298 K, C6D6): δ=

652.8 ppm. Due to issues of signal overlap, the phenyl resonances
could not be assigned. The THF and Et2O signals overlap with Et2O
solvent impurities. elemental analysis calcd (%) for
C128H140N6Li2O5Si6Y2: C 69.79, H 6.41, N 3.82; found: C 73.86, H 6.92,
N 3.93. Although these results are outside the range viewed as
establishing analytical purity, they are provided to illustrate the
best values obtained to date.
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Aminolysis of Lithium/Yttrium Bimetallic Alkyls including 
the Solid-State Structure of a Europium(II) n-Butyl 
Compound 
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S2 

Figure S1. 1H NMR spectrum of Li3Y(i-Bu)6(thf)4 (2) (500.13 MHz, tolune-d8, 233 K) solvent signals are marked with*. Because of 
the complexity resulting from the dissociation of complex 2 in solution an assignment of the signals was not possible. 

Figure S2. 7Li NMR spectrum of Li3Y(i-Bu)6(thf)4 (2) (194.4 MHz, toluene-d8, 233 K). Because of the complexity resulting from the 
dissociation of complex 2 in solution an assignment of the signals was not possible. 



S3 

Figure S3. 1H NMR spectrum of Y[HNC6H3(mes)2-2,6]3 (4) (500.13 MHz, C6D6, 298 K) solvent signals are marked with*. TMS and 
n-hexane impurities are marked with #.

Figure S4. 13C NMR spectrum of Y[HNC6H3(mes)2-2,6]3 (4) (125.76 MHz, C6D6, 298 K) solvent signals are marked with*. TMS 
and n-hexane impurities are marked with #. The tertiary carbons are marked with ~. 



S4 

Figure S5. 1H–89Y HSQC NMR spectrum of Y[HNC6H3(mes)2-2,6]3 (4) (24.5 MHz, C6D6, 298 K). 

Figure S6. 1H NMR spectrum of [LiY2(HNSiPh3)4(NSiPh3)2][Li(thf)2(OEt2)2] (5) (500.13 MHz, C6D6, 298 K), solvent signals are 
marked with*. TMS, Et2O and n-hexane impurities are marked with #. The Phenyl signals could not be assigned due to sheer 
amount of them and the Et2O and THF signals overlap with the impurities.  



S5 

Figure S7. 7Li NMR spectrum of [LiY2(HNSiPh3)4(NSiPh3)2][Li(thf)2(OEt2)2] (5) (194.4 MHz, C6D6, 298 K). 

Figure S8. 1H–89Y HSQC NMR spectrum of [LiY2(HNSiPh3)4(NSiPh3)2][Li(thf)2(OEt2)2] (5) (24.5 MHz, C6D6, 298 K). 
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Table S1. X-ray crystallographic parameters for complex 1, 2, and 3 

Compound Li6Eu(n-Bu)8(thf)6 Li3Y(i-Bu)6(thf)4 
Li3Y(n-Bu)2-

[N(SiMe2CH2)(C6H3Me2-
3,5]2(thf)5 

Sample code 1 2 3[d] 
CCDC 2195051 2195049 2195052 

Empirical formula C56H120EuLi6O6 C40H86Li3O4Y C54H100Li3N2O6Si2Y 
Formula weight 1083.11 740.81 1039.26 
Temperature [K] 173(2) 100(2) 100(2) 
Crystal system Orthorhombic Monoclinic Triclinic 
Space group P212121 P21/c P1" 

a [Å] 19.285(3) 10.7528(8) 13.793(12) 
b [Å] 19.682(3) 23.6118(17) 18.375(16) 
c [Å] 50.621(7) 18.0205(13) 24.41(2) 
α [°] 90 90 88.649(15) 
β [°] 90 96.394(2) 78.038(13) 
γ [°] 90 90 87.643(13) 

Volume [Å3] 19214(5) 4546.8(6) 6047(9) 
Z 12 4 4 

pcalc [g/cm3] 1.123 1.082 1.141 
μ [mm-1] 1.020 1.315 1.048 

F(000) 7020 1624 2248 
Crystal size [mm3] 0.255 x 0.132 x 0.119 0.275 x 0.147 x 0.114 0.328 x 0.120 x 0.064 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
Θ range for data 

collection [°] 2.917 to 27.421 1.427 to 24.781 1.109 to 26.609 

Index ranges -24 ≤ h ≤ 24, -25 ≤ k ≤ 25,
-65 ≤ l ≤ 65

-12 ≤ h ≤ 12, -27 ≤ k ≤ 27,
-21 ≤ l ≤ 21

-17 ≤ h ≤ 17, -22 ≤ k≤ 23,

-30 ≤ l ≤ 30
Reflections 
collected 207130 54346 164715 

Independent 
reflections 43631 [Rint = 0.1191] 7787 [Rint = 0.0766] 24983 [Rint = 0.2040] 

Data/restraints/ 
parameters 43631 / 11315 / 2683 7787 / 840 / 703 24983 / 2481 / 1458 

Goodness-of-fit[a] 0.992 1.158 1.021 
Final R indexes 
[I>=2σ (I)][b][c] R1 = 0.0553, wR2 = 0.1146 R1 = 0.0667, wR2 = 

0.1490 R1 = 0.0719, wR2 = 0.1628 

Final R indexes 
[all data] R1 = 0.1550, wR2 = 0.1572 R1 = 0.0896, wR2 = 

0.1579 R1 = 0.1459, wR2 = 0.1994 

Largest diff. 
peak/hole [e Å-3] 1.281 / -0.892 0.524 / -0.477 0.814 / -0.893 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2.

[d] Bad crystal quality.
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Table S2. X-ray crystallographic parameters for complex 4 and 5 

Compound Y[HNC6H3(mes)2-2,6]3 [LiY2(HNSiPh3)4(NSiPh3)2][Li(thf)2

(OEt2)2] 

Sample code 4 5 
CCDC 2195050 2195053 

Empirical formula C72H78N3Y C128H140Li2N6O5Si6Y2 
Formula weight 1074.28 2202.69 
Temperature [K] 100(2) 100(2) 
Crystal system Monoclinic Monoclinic 
Space group C2/c P21/c 

a [Å] 37.869(2) 20.038(10) 
b [Å] 19.7238(11) 13.595(7) 
c [Å] 16.3752(10) 42.38(2) 
α [°] 90 90 
β [°] 94.466(2) 94.459(6) 
γ [°] 90 90 

Volume [Å3] 12193.8(13) 11511(10) 
Z 8 4 

pcalc [g/cm3] 1.170 1.271 
μ [mm-1] 1.000 1.123 

F(000) 4560 4632 
Crystal size [mm3] 0.522 x 0.209 x 0.150 0.392 x 0.226 x 0.177 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 
Θ range for data 

collection [°] 1.676 to 25.054 2.082 to 26.489 

Index ranges 
-45 ≤ h ≤ 44, -23 ≤ k ≤23,

-19 ≤ l ≤ 19

-23 ≤ h ≤ 25, -17 ≤ k ≤ 17,
-53 ≤ l ≤ 50

Reflections 
collected 83526 192138 

Independent 
reflections 10791 [Rint = 0.0649] 23744 [Rint = 0.0991] 

Data/restraints/ 
parameters 10791 / 1228 / 933 23744 / 1248 / 1518 

Goodness-of-fit[a] 1.026 1.024 
Final R indexes 
[I>=2σ (I)][b][c] R1 = 0.0581, wR2 = 0.1382 R1 = 0.0620, wR2 = 0.1591 

Final R indexes 
[all data] R1 = 0.0937, wR2 = 0.1599 R1 = 0.0962, wR2 = 0.1786 

Largest diff. 
peak/hole [e Å-3] 1.080 / -1.385 1.356 / -0.878 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2 
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Figure S9. Crystal structure of Li6Eu(n-Bu)8(thf)6 (1) with atomic displacement ellipsoids set at 50% probability. Hydrogen atoms 
and disorders of the n-butyl groups are omitted for clarity. The carbon atoms of the THF molecules are represented by a wireframe 
model. Selected interatomic distances [Å] for 1: range Eu–C 2.74(2) to 2.81(2), Li–C 2.12(4)-2.61(4), Li–O 1.78(4)-2.11(5). 



S9 

Figure S10. Crystal structure of Li3Y(i-Bu)6(thf)4 (2), with atomic displacement ellipsoids set at 50% probability. Hydrogen atoms 
and disorders of the isobutyl groups, as well as the THF molecules, are omitted for clarity. Selected interatomic distances [Å] for 
2: Y1–C1 2.517(6), Y1–C5 2.7609(2), Y1–C9 2.7212(2), Y1–C13 2.506(5), Y1–C17 2.557(5), Y1–C21 2.546(5), Li–C 2.233(11)- 
2.338(12), Li–O 1.933(13)-2.039(16). 



S10 

Figure S11. Crystal structure of Li3Y(n-Bu)2(N(SiMe2CH2)C6H3-Me2-3,5)2(thf)5 (3) with atomic displacement ellipsoids set at 30% 
probability. Hydrogen atoms, disorders of the n-Bu groups, and THF molecules are omitted for clarity. The THF carbon atoms are 
represented by a wireframe model. The asymmetric unit contains two molecules of 3 and two lattice THF molecules. Selected 
interatomic distances [Å] and angles [°] for 3: Y1–C1 2.512(5), Y1–C5 2.528(5), Y1–C19 2.632(5), Y1–C30 2.656(5), Y1–N1 
2.414(4), N1–C9 1.394(5), N2–C20 1.398(6), Li3–C9 2.431(9), Li3–C20 2.427(9), Li3–N1 2.056(9), Li3–N2 2.033(9), Li–C 
2.187(9)-2.431(9), Li–O 1.870(19)-2.032(9), Y1–N2 2.435(4), C19–Y1–C30 176.94(15), C1–Y1–N1 149.45(14), Y1–N1–C9 
129.2(3), Y1–N1–Si1 100.18(16), Y1–N2–C20 129.1(3), Y1–N2–Si2 99.64(16). 



S11 

Figure S12. Crystal structure of Y[HNC6H3(mes)2-2,6]3 (4) with atomic displacement ellipsoids set at 30% probability. Hydrogen 
atoms and disorders of the amid ligands are omitted for clarity. Selected interatomic distances [Å] and angles [°] for 4: Y1–N1 
2.158(10), Y1–N2 2.218(3), Y1–N3 2.222(3), mean Y1–(C7A-C12A) 2.735(3), Y1–N1–C1 132.8(6), Y1–N2–C25 156.9(3), Y1–
N3–C49 147.9(3). 
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Figure S13. Crystal structure of [LiY2(HNSiPh3)4(NSiPh3)2][Li(thf)2(OEt2)2] (5) with atomic displacement ellipsoids set at 50% 
probability. Hydrogen atoms and disorders of the THF groups and one lattice Et2O molecule are omitted for clarity. The carbon 
atoms of the THF and Et2O molecules, as well as of the phenyl rings are represented by a wireframe model. Selected interatomic 
distances [Å] and angles [°] for 5: Y1–N1 2.252(3), Y1–N2 2.273(3), Y1–N4 2.165(3), Y1–N5 2.276(3), Y2–N3 2.295(3), Y2–N4 
2.205(3), Y2–N5 2.233(3), Y2–N6 2.255(4), Li1–N2 2.065(8), Li1–N3 2.086(8), Li1–N5 2.130(8), Y1–N4–Y2 97.48(12), Y1–N5–
Y2 93.51(11), Y1–N1–Si1 149.1(2), Y1–N2–Si2 134.43(19), Y1–N4–Si4 134.67(18), Y1–N5–Si5 117.57(17), Y2–N3–Si3 
134.82(18), Y2–N4–Si4 121.01(17), Y2–N5–Si5 142.23(19), Y2–N6–Si6 149.8(2). 
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The isolation of a MAO species from the reaction of H2O with 
AlMe3 

Tassilo Berger, Cäcilia Maichle-Mössmer, Markus Kramer, and Reiner Anwander* 

Abstract: 

At low temperature using THF as solvent AlMe3 reacts with H2O to the isolable MAO species 
[(Me2Al)2O(thf)]2. NMR studies reveal that the dimer separates in solution into two 
(Me2Al)O(thf)2 molecules. [(Me2Al)2O(thf)]2 reacts with 2,6-Diisopropylphenol to (Me2AlOAlMe-
2,6-diisopropylphenol)2. Using Cp2ZrMe2 as catalyst [(Me2Al)2O(thf)]2 together with 10 
equivalents of AlMe3 can be used in propylene polymerization. 

Introduction: 

When Kaminsky et al. reported their findings that trimethylaluminum in combination with water 
is highly active as a cocatalyst in olefin polymerization in 1980, they struck gold like there are 
just a few examples in the history of modern chemistry.1 Methylalumoxanes or MAO as it is 
called now is one of the most used cocatalysts, especially in ethylene polymerization which in 
turn is one of the most important polymers in our modern society.2 This unsurprisingly 
motivated many chemists to study MAO in all of its aspects, and while its role in polymerization 
is well documente3, its structure and exact mechanism regarding polymerization still remain a 
black box. There are many great reviews for MAO both very specialized in one field4 and more 
broad ones5 to which we want to redirect the readers if they want to learn more. We want to 
focus us in this work on the methods that different groups used to isolate alkylalumoxanes and 
more specifically methylalumoxanes. In the beginning, we need to mention the two MAO 
anions that Atwood et al. [Al7O6Me16]– and [Me2AlO•AlMe3]2–

2 were able to isolate.6 The Atwood 
group used potassium superoxide and AlMe3 to isolate these. Another method used by many 
groups is the use of sterically more demanding organoaluminium compounds like tri-tert-
butylaluminum7, trismesitylaluminum8, or even substituted mesityl ligands9. Another novel 
approach to stabilize alkylalumoxane structures is the deprotonation of them using bases.10 To 
summarize two main approaches are commonly used to isolate alklyalumoxanes the first is to 
stabilize the aluminum source and the second is to use not water directly but different 
substances as an oxygen source, or quite commonly a combination of both. 

We decided to stabilize AlMe3 using tetrahydrofuran (THF) as a neutral donor. Herein we want 
to report the isolation of a well-defined MAO species from the reaction of H2O with AlMe3. 

Results and Discussion: 

We prepared a two-molar solution of H2O in THF and reacted this with AlMe3 which was also 
heavily diluted in THF. It further proved essential to perform this reaction including the whole 
workup procedure at low temperature (–40 °C). After one night we removed the volatiles in 
vacuo. This took almost two days including the co-evaporation with n-pentane. When the 
resulting oil couldn’t be concentrated any further it was no longer soluble in n-pentane or n-
hexane. At this point, we carefully washed it with n-pentane a few times. The resulting oil 
crystalized completely overnight at –40 °C (For a picture see Figure S1 in the supporting 
information). The fact that these crystals have a melting point very close to –40 °C made it 
pretty difficult, but with our cooling setup for mounting crystals, we were able to analyze them 
via x-ray diffraction. The result was that we have synthesized [(Me2Al)2O(thf)]2 (1)(scheme 1). 
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Scheme 1: Synthesis of MAO species 1. 

Figure 1: Crystal structure of [(AlMe2)2O(thf)]2 (1) with atomic displacement ellipsoids set at 
50% probability. Hydrogen atoms are omitted for clarity. Selected interatomic distances [Å] and 
angles [°] for 1: O1–Al1 1.9027(13), Al1–O2 1.7561(13), O2–Al2 1.8239(13), O2–Al2’ 
1.8235(13), Al1–C5 1.956(2), Al1–C6 1.955(2), Al2–C7 1.964(2), Al2–C8 1.962(2), Al2–O2–
Al2’ 93.91(6), O2–Al2–O2’ 86.09(6). 

1 consists of 4 AlMe2 subunits two of which are terminal and the other two bridging. The 
coordination sphere of the terminal AlMe2 units is saturated with one THF molecule each. The 
bridging AlMe2 units form an Al–O–Al–O four-membered ring. 

This structure when not stabilized with THF is well described as the elusive product from the 
reaction of the simplest MAO aggregate (MeAlO)2 with AlMe3.5a Lewiński et al. were able to 
isolate this structure in a polymeric form linked by bis(pyridyl)ethane.11 They however used 
phthalic acid with AlMe3 instead of water. The Roesky group could also synthesize a similar 
structure where one methyl group of the terminal AlMe2 subunits was substituted by a bulky 
nacnac ligand.12 They used a nacnac methyl aluminum hydroxide and AlMe3 as precursors. 
The organoaluminum hydroxide was prepared using water however under extreme conditions. 
They reacted nacnac methyl aluminum chloride with KOH, H2O, and KH in liquid ammonia.13 
In this multistep reaction the Roesky group never used water and AlMe3 in the same step. We 
want to also mention the [(t-Bu2Al)2O]2 structure from Barron and coworkers. They used Al(t-
Bu)3 and water containing salt as precursors.7 The interatomic distances and angles of these 
structures compared to 1 are almost identical. Lastly, the group of Wei used AlMe3 and then 
water on a guanidinatoaluminium complex to get an MAO containing guanidinato complex.14 
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Scheme 2: Similar structures to [(Me2Al)2O(thf)]2 (1). 

Unintuitively we needed to use one equivalent of water per AlMe3 despite only 0.5 equivalents 
reacting with the AlMe3. When using less we could only isolate the THF adduct AlMe3(thf). 
Which was no longer observed when using one equivalent of water. And perplexingly product 
1 does not react any further with additional H2O. This, however, is of course only true at low 
temperatures. When warmed up additional release of methane can be observed. However, no 
product can be isolated from this. In fact, when the addition of water is too fast or the solution 
is not diluted enough the formation of a second MAO species can be observed via NMR 
spectroscopy. This species sadly remains an oil and cannot be crystallized (see figure S7 in 
the supporting information).  

When we measured the NMR spectra we were once again surprised by this compound. We 
could only observe one signal for the methyl groups both in the 1H and the 13C NMR spectrum. 
The integral in the 1H NMR spectrum further showed that there are 4 THF molecules per 
molecule in solution instead of two. The crystals that we dissolved remained quite sticky so it 
can be assumed that a bit of THF cannot be removed in vacuo. The fact that only one methyl 
signal can be observed, however, remains. We then tried to vary the temperature while 
measuring the NMR spectra. Yet despite measuring in a range from –80 to +100 °C we could 
not separate the methyl signals (see figure S8 in the supporting information). An assumption 
we came up with was that in solution the dimer [(Me2Al)2O(thf)]2 separates into two 
(Me2Al)O(thf)2 molecules and we only have identical, terminal, THF stabilized AlMe2 units 
(Scheme 3). 

Scheme 3: Supposed separation of 1 in solution. 



To support this assumption, we measured a DOSY experiment of this complex and compared 
the D values to that of the solvent toluene-d8. The result was a hydrodynamic radius of 3.82 Å. 
While not exactly fitting with the theoretical values of (Me2Al)O(thf)2 (mean radius of 4.85 Å), it 
shows us that the species in solution is considerably smaller than [(Me2Al)2O(thf)]2 (mean 
radius of 5.30 Å) should be (for full details of the DOSY experiment see the supporting 
information). 

As mentioned before we had to carefully maintain a cold chain during the whole synthesis of 
1. Yet we also mentioned that we measured NMR spectra in the range of –80 to +100 °C and 
did not observe any reaction or decomposition. So once [(Me2Al)2O(thf)]2 is built and separated 
from any additional water it is remarkably stable. This however is only the case for 1 in solution. 
When we take –40 °C cold crystallin 1 and let it warm up to ambient temperature. We first see 
that the crystals melt, then a slow extrusion of gas is observed and after about an hour the 
substance solidified like glass completely clear, almost indistinguishable from the glass vial. 
When force is used with a sharp object it even cracks and breaks like glass albeit easier. The 
substance is completely insoluble in toluene or THF but reacts strongly with water under the 
formation of aluminum oxide. When we took some of the substance while the gas extrusion is 
observed and tried to dissolve it in THF-d8, some of it was still soluble. In the proton NMR 
spectrum of this, we could observe methane and a new signal in the methylidene region (see 
figure S10 in the supporting information). The product could not be analyzed further.  

Next, we wanted to see if we can see two different methyl signals if we react 1 with an alcohol 
we choose 2,6-Diisopropylphenol. The x-ray structure of the resulting crystals revealed that 
we have synthesized (Me2AlO-2,6-diisopropylphenyl)2. (2) This was quite puzzling since that 
meant that the formal side product would be Dimethylaluminum hydroxide (scheme 4). Which 
we couldn’t observe when we repeated the reaction in deuterated toluene and measured the 
reaction mixture (figure SXX in the supporting information). Due to the low yield of 2 and the 
many side products, which all show similar chemical shifts in the 1H-NMR it was not possible 
to determine the reaction mechanism. 

 

Scheme 4: Reaction of 1 with 2,6-Diisopropylphenol. 



 

Figure 2: Crystal structure of (Me2AlO-2,6-diisopropylphenyl)2 (2) with atomic displacement 
ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity. Selected interatomic 
distances [Å] and angles [°] for 2: C1–O1 1.4066(15), O1–Al1 1.8585(10), O1–Al2 1.8580(10), 
O2–Al1 1.8622(10), O2–Al2 1.8623(10), O2–C13 1.4094(15), Al1–C25 1.9425(17), Al1–C26 
1.9427(17), Al2–C27 1.9394(18), Al2–C28 1.9348(19), Al1–O1–Al2 100.07, Al1–O2–Al2 
99.78(5), O1–Al1–O2 79.78(4), O1–Al2–O2 79.79(4). 

Compared to 1 the aluminum oxygen distances are slightly elongated but the aluminum methyl 
distances are slightly shortened. 

In the proton NMR spectrum of 2, we can also see a second product. Which turned out to be 
the main product rather than a side product for this reaction (figure S14 in the supporting 
information). The signals with their integrals would fit (Me2AlOAlMe-2,6-diisopropylphenol)2 (or 
the monomeric form), which we expected in the first place. This substance, however, remains 
an oil under our conditions (see S13 in the supporting information). 

The fact that we can remove the THF from 1 motivated us to try this with different chemicals. 
The first attempt was using trimethylsilyl iodide. The results for this however remain 
inconclusive. It seems, that trimethylsilyl iodide also reacts with the MAO species, not just the 
THF. The second attempt was to use an excess of AlMe3. Much like it is used in commercial 
MAO. The result was only a single signal for all methyl groups in the proton NMR spectrum 
(see S9 in the supporting information). We located the signal at –0.39 ppm right in the middle 
of the signals for AlMe3 (–0.36) and that of 1 (–0.52). And we didn’t see a signal where we 
would expect for the AlMe3(thf) adduct (–1.02). When we tried to crystalize the product, 
however, we could only crystalize AlMe3(thf). This shows a few things. First, in solution, there 
is a fast-changing equilibrium where the THF is located. Second, it is favored that the THF is 
located on AlMe3 instead of the MAO species at a lower temperature. And lastly, the MAO 
species is still stable without the THF donor molecules since we didn’t observe any 
decomposition.  

The last thing we wanted to check for [(Me2Al)2O(thf)]2 (1) is if it is usable as a cocatalyst in 
polymerization. We decided on propylene as the monomer and zirkonocenedimethyl as the 
catalyst in toluene. For just 1 with Cp2ZrMe2, we didn’t observe any polymer. When we used 1 
and 10 equivalents of AlMe3 however, we could observe the formation of a polymer, but just a 
tiny amount. We repeated the same reaction without adding any monomer to see how much 
polymer we actually got. The activity is extremely low with just 2.2 [kgPP molZr

−1 h−1]. To see if 
this can be right we repeated the reaction again this time with commercially available MAO. 
The result with an activity of 17.8 [kgPP molZr

−1 h−1] was slightly higher but still pretty low. Studies 



using different monomers and catalysts are currently underway, as are further studies 
regarding the reactivity of our isolated MAO species. 

 

Conclusion 

Seamless low-temperature working techniques gave access to the isolable MAO species, 
[(Me2Al)2O(thf)]2, from the reaction of water with AlMe3. THF had to be used as the solvent to 
lower the reactivity of AlMe3. NMR studies revealed that this dimer separates in solution into 
two (Me2Al)O(thf)2 molecules. Protonolysis reaction with the alcohol 2,6-Diisopropylphenol 
showed unexpected reactivity with the formation of (Me2AlO-2,6-diisopropylphenyl)2. And first 
attempts at polymerization using [(Me2Al)2O(thf)]2 as a cocatalyst together with additional 
AlMe3 are promising. With using just water, AlMe3, and THF, [(Me2Al)2O(thf)]2 is an extremely 
cheap, easily reproducible, and straightforward method to a well-defined MAO species. The 
already unexpected reactivity in protonolysis reactions and the fact that it is usable in 
polymerization, [(Me2Al)2O(thf)]2 will no doubt help us deepen our understanding of the vast 
and still largely unexplored field that are the Methylaluminoxanes. 
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Experimental section 
 

General Considerations. Caution! Trimethylaluminum and the Methylaluminoxane (MAO) compounds 

reported in this paper are highly pyrophoric and react violently when exposed to air and/or moisture. All 

manipulations were performed under an inert atmosphere (Ar) using either glovebox (MBraun 

UNIlabpro; <0.1 ppm O2, <0.1 ppm H2O) or standard Schlenk techniques with oven-dried glassware. All 

reactions, if not stated otherwise, were done in the cold well or precooled coper blocks in that glovebox, 

at usually –40 °C. This includes every reaction step, including the removal of solvents in vacuo. All 

solvents and other instruments used were also precooled. The solvents were purified with Grubbs 

columns (MBraun SPS, solvent purification system) and stored in a glovebox. THF and Et2O were 

further dried using molecular sieves. Timethylaluminum (98%) was purchased from abcr and used as 

received. Cp2ZrCl2 (98%), Trimethylsilyl iodide (97%), MAO (10w% in toluene), and 2,6-

Diisopropylphenol (97%) were purchased from Sigma-Aldrich and used as received. Methyllithium (1.6 

M in Et2O) was purchased from Sigma-Aldrich and dried in vacuo before it was stored in a glovebox. 

A 2 M H2O solution in THF was prepared from double distilled, degassed water, and dried, degassed 

THF. A lecture bottle of propene (Propen 2.3, 15.8g, 8.9 l) was purchased from Westfalen and used as 

received. Cp2ZrMe2 was prepared from Cp2ZrCl2 and methyllithium. Benzene-d6, toluene-d8, and THF-

d8 were purchased from Sigma Aldrich, degassed, dried over molecular sieve for at least 24 h, filtered, 

and stored inside a glovebox. NMR spectra of moisture-sensitive compounds were recorded by using J. 

Young valve NMR tubes on either a Bruker AVII+400 (1H: 400.13 MHz), a Bruker AVIIIHD (1H: 

300.13 MHz), or a Bruker AVII+500 (1H: 500.13 MHz). 1H NMR shifts are referenced to a solvent 

resonance and reported in parts per million (ppm) relative to tetramethylsilane.[1] Analysis of NMR 

spectra was performed with TopSpin 3.6.1 [Academic License].[2] Multiplicities of signals are given as 

s (singlet), bs (broad singlet), d (doublet), t (triplet), and sep(septet). Signals were assigned via 2D NMR 

experiments.  

All pulse gradient spin echo NMR measurements were performed on an Avance III HD spectrometer 

(Bruker) operating at 700.29 MHz for 1H, using a TCI prodigy cryoprobe head equipped with a z-

gradient unit. The gradient was calibrated using “doped water” (1% H2O in D2O with traces of CuSO4), 

assuming a diffusion coefficient of 1.91 × 10−5 cm2 s −1 for HDO. The diffusion measurements used a 

modified bipolar gradient pulse pair-stimulated echo sequence incorporating a longitudinal eddy current 

delay (BPP-LED). The gradient pulse length (δ) and the diffusion time (Δ) were kept at fixed values 

while the gradient strength was gradually increased. Typical values for δ and Δ were 0.8 and 70 ms, 

respectively. A longitudinal eddy current delay (Te) of 5 ms was used. Sine-shaped gradient pulses were 

linearly varied between 1 and 52 G cm−1 (2−98%) in 32 steps, and at each step 16 scans were acquired. 

Four measurements per sample were performed at a constant sample temperature of 298 ± 0.1 K (Bruker 

Variable Temperature Unit BCU II). The data were analyzed with the T1/T2 relaxation module of 
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Topspin 4.1.3. The signal areas were plotted against the gradient strength and the best fit was calculated 

using the Stejskal−Tanner equation  

Ig = I0 exp [−4π2γ2δ2G2 (Δ – δ/3)]  

(with D being the diffusion coefficient in cm2 s −1, γ the gyromagnetic ratio in Hz/G, G the gradient 

strength in G cm−1, δ the gradient length in ms, Δ the interval between gradient pulses (diffusion time) 

in ms, Ig the signal area, and I0 the signal intensity at G = 0%). Mean values for each sample are 

reported.[3] 

Elemental analysis (C, H, N) was performed on an Elementar vario MICRO cube. Crystals for X-ray 

crystallography were handpicked in a glovebox, coated with Parabar 10312, pump-oil, or perfluorinated 

oil, and stored on microscope slides. X-ray data were collected on a Bruker APEX II DUO 

diffractometer equipped with an IµS microfocus sealed tube and QUAZAR optics for MoKα (λ = 

0.71073 Å) and CuKα (λ = 1.54184 Å) radiation. The data collection strategy was determined using 

COSMO[4] employing ω-scans. Raw data were processed using 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] 

Disorder models were calculated using DSR, a program for refining structures in ShelXl.[10] All graphics 

were produced employing Mercury 4.2.0[11] and POV-Ray.[12]   
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[(AlMe2)2O(thf)]2 (1). Trimethylaluminum (AlMe3) (360.4 mg, 2.0 mmol) was dissolved in THF (5 

mL) and cooled to –40 °C. Then, H2O (2 M in THF, 1.0 mL, 2.0 mmol, 1 equiv.) was further diluted 

with THF (5 mL) and also precooled to –40 °C. The H2O/THF solution was slowly (5 min) added 

dropwise to the stirring TMA/THF solution. After stirring the reaction mixture for 18 hours, the solvent 

was removed in vacuo. This took about two days until the product was dry, including multiple 

coevaporations with n-pentane. Giving [(AlMe2)2O(thf)]2 as colorless crystals, with 1 equiv. THF 

(calculated from the 1H NMR) as colorless oil in between them which cannot be removed, in 68% yield. 

Crystals of 1 suitable for XRD analysis were removed from the reaction mixture before it was 

completely dried. 1H NMR, (500.13 MHz, 299 K, toluene-d8): δ = 3.42 (s, 16 H, THF), 1.10 (s, 16 H, 

THF), –0.53 ppm (s, 24 H, Al–CH3). 13C NMR, (125.76 MHz, 299 K, toluene-d8): δ = 70.3 (s, THF), 

25.0 (s, THF), –8.7 ppm (s, Al–CH3). 27Al NMR, (130.32 MHz, 299 K, toluene-d8): δ = 185.1 ppm (bs, 

Al–CH3). Anal. (%) calcd. for C24H56Al4O6 (548.63 gmol-1): C 52.54, H 10.29; found: C 43.16, H 9.24. 

The deviation between theoretical and experimental microanalytical data derives from the fast 

decomposition of [(AlMe2)2O(thf)]2(THF)2 at ambient temperature in the dried state. For example, the 

second sample of [(AlMe2)2O(thf)]2(THF)2 measured 10 min after the first resulted in microanalytical 

values of C 32.78 H 7.35. 

(Me2AlO-2,6-diisopropylphenyl)2 (2). [(AlMe2)2O(thf)]2(THF)2 (47.4 mg, 0.09 mmol) was dissolved 

in cold toluene, before 2,6-Diisopropylphenol (0.18 mmol, 2 equiv.) dissolved in toluene was added 

dropwise. The reaction mixture was stirred for 30 min, during which it was allowed to warm up to 

ambient temperature. The solvent was then removed in vacuo. To give as colorless crystals of (Me2AlO-

2,6-diisopropylphenyl)2 in about 19% yield (another product, most likely (Me2AlOAlMe-2,6-

diisopropylphenol)2, could be observed in the 1H NMR spectra, see S12). Crystals of 1 suitable for XRD 

analysis were removed from the reaction mixture before it was completely dried. 1H NMR, (500.13 

MHz, 299 K, toluene-d8): δ = 6.99 (d, 2 H, phenyl), 6.98 (bs, 1H, phenyl), 3.73 (sep, 2 H, CH1-isopropyl), 

1.24 (d, 12 H, CH3-isopropyl), –0.38 ppm (s, 6 H, Al–CH3). 13C NMR, (125.76 MHz, 299 K, toluene-

d8): δ = 144.2 (s, phenyl tertiary), 141.1 (s, phenyl tertiary), 125.7 (s, phenyl), 125.4 (s, phenyl), 26.8 (s, 

CH1-isopropyl), 25.5 (s, CH3-isopropyl), –8.0 ppm (s, Al–CH3). 

Propylene polymerization with commercially available MAO and [(AlMe2)2O(thf)]2 (1). Cp2ZrMe2 

(5.0 mg, 0.02 mmol) was stirred with commercially available MAO (10w%) (200 mg, ~0.02 mmol, ~1 

equiv) for 30 minutes at –40 °C. The mixture was then moved to a polymerization reactor and allowed 

to warm up to ambient temperature. The reactor was then pressurized with propylene to about 2 bar 

before the gas flow was stopped again. The reaction mixture was stirred at 600 rpm for 30 minutes, 

before it was quenched with methanol+0.01 w% 2,6-ditertbutyl-4-methylphenole. The polymer was 

dried in vacuo and afterward in an oven at 60 °C. 

The same steps were repeated without propylene addition to calculate the exact polymer weight. 
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This reaction was repeated using [(AlMe2)2O(thf)]2(THF)2 (11.0 mg, 0.02 mmol) and AlMe3 (14.4 mg, 

0.20 mmol, 10 equiv.) instead of commercial MAO. 

Commercial MAO polymer yield: 177.7 mg -> activity of 17.8 [kgPP molZr
−1 h−1] 

[(AlMe2)2O(thf)]2(THF)2+10 AlMe3 polymer yield: 21.5 mg -> activity of 2.2 [kgPP molZr
−1 h−1] 

 

 

Figure S1: Picture of a vial with crystallin [(AlMe2)2O(thf)]2 (1). 
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Table S1. X-ray crystallographic parameters for complexes 1 and 2. 

 

Compound [(AlMe2)2O(thf)]2 
(Me2AlO-2,6-

diisopropylphenyl)2 

Sample code 1 2 

CCDC  XXX XXX 

Empirical 

formula 
C16H40Al4O4 C28H46Al2O2 

Formula weight 404.40 468.61 

Temperature [K] 100(2) 100(2) 

Crystal system Monoclinic Monoclinic 

Space group P21/n 
P21/c 

a [Å] 8.7185(4) 17.9344(10) 

b [Å] 14.7641(7) 9.5257(6) 

c [Å] 9.6569(5) 17.2987(9) 

α [°] 90 90 

β [°] 95.456(2) 93.3400(10) 

γ [°] 90 90 

Volume [Å3] 1237.41(10) 2950.3(3) 

Z 2 4 

pcalc [g/cm3] 1.085 1.055 

μ [mm-1] 0.203 0.118 

F(000) 440 1024 

Crystal size 

[mm3] 
0.512 x 0.352 x 0.228 0.451 x 0.364 x 0.238 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

Temperature [K] 100 100 

Θ range for data 

collection [°] 
2.528 to 26.357 2.275 to 27.737 

Index ranges 
-10<=h<=10, -18<=k<=18, -

12<=l<=11 

-22<=h<=23, -12<=k<=12, -

22<=l<=22 

Reflections 

collected 
15993 44098 

Independent 

reflections 
2511 [Rint = 0.0485] 6934 [Rint = 0.0444] 

Data/restraints/ 

parameters 
2511 / 0 / 113 6934 / 0 / 302 

Goodness-of-fit 

on 

F2[a] 

1.067 1.036 

Final R indexes 

[I>=2σ (I)][b][c] 
R1 = 0.0391, wR2 = 0.0937 R1 = 0.0433, wR2 = 0.1094 

Final R indexes 

[all data] 
R1 = 0.0570, wR2 = 0.1028 R1 = 0.0610, wR2 = 0.1214 

Largest diff. 

peak/hole [e Å-3] 
0.468 / -0.180 0.236 / -0.178 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. 
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Figure S2. Crystal structure of [(AlMe2)2O(thf)]2 (1) with atomic displacement ellipsoids set at 50% 
probability. Hydrogen atoms are omitted for clarity. Selected interatomic distances [Å] and angles [°] 
for 1: O1–Al1 1.9027(13), Al1–O2 1.7561(13), O2–Al2 1.8239(13), O2–Al2’ 1.8235(13), Al1–C5 
1.956(2), Al1–C6 1.955(2), Al2–C7 1.964(2), Al2–C8 1.962(2), Al2–O2–Al2’ 93.91(6), O2–Al2–O2’ 
86.09(6). 

 

Figure S3. Crystal structure of (Me2AlO-2,6-diisopropylphenyl)2 (2) with atomic displacement 
ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity. Selected interatomic distances 
[Å] and angles [°] for 2: C1–O1 1.4066(15), O1–Al1 1.8585(10), O1–Al2 1.8580(10), O2–Al1 
1.8622(10), O2–Al2 1.8623(10), O2–C13 1.4094(15), Al1–C25 1.9425(17), Al1–C26 1.9427(17), Al2–
C27 1.9394(18), Al2–C28 1.9348(19), Al1–O1–Al2 100.07, Al1–O2–Al2 99.78(5), O1–Al1–O2 
79.78(4), O1–Al2–O2 79.79(4).  
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Figure S4. 1H NMR spectrum of [(AlMe2)2O(thf)]2 (1) (500.13 MHz, toluene-d8, 299 K) solvent residual 
signals are marked with *. 

 

Figure S5. 13C NMR spectrum of [(AlMe2)2O(thf)]2 (1) (125.76 MHz, toluene-d8, 299 K) solvent 
residual signals are marked with *. 
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Figure S6. 27Al NMR spectrum of [(AlMe2)2O(thf)]2 (1) (130.32 MHz, toluene-d8, 299 K). A prob head 
signal is marked with #. 

 

Figure S7. 1H NMR spectrum of [(AlMe2)2O(thf)]2 (1) (bottom) and from a reaction were H2O was 
added quicker to AlMe3 (top) (500.13 MHz, toluene-d8, 299 K). The two methyl signals from an 
unknown MAO species are marked with #. 
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Figure S8. 1H NMR spectrum of [(AlMe2)2O(thf)]2 (1) with unknown MAO species at –80 °C (bottom), 
26 °C (middle) and 100 °C (top) (500.13 MHz, toluene-d8) solvent residual signals are marked with *. 
Methyl signals from 1 are marked with #. 

 

Figure S9. 1H NMR spectrum of [(AlMe2)2O(thf)]2 (1) (bottom), 1 + 10 AlMe3 (second from bottom), 
AlMe3 in toluene (third from bottom) and AlMe3 in THF (top) (500.13 MHz, toluene-d8 (THF-d8 for 
top), 299 K) solvent residual signals are marked with *. 
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Figure S10. 1H NMR spectrum of [(AlMe2)2O(thf)]2 (1) (bottom) and of 1 that partly decomposed (top) 
(500.13 MHz, toluene-d8, 299 K) solvent residual signals are marked with *. Methane is marked with ~ 
and a new signal in the alkylidene region is marked with #. The decomposition only happens at ambient 
temperature in the dried state. 

 

Figure S11. 1H NMR spectrum of (Me2AlO-2,6-diisopropylphenyl)2 (500.13 MHz, toluene-d8, 299 K) 
solvent residual signals are marked with *. 
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Figure S12. 13C NMR spectrum of (Me2AlO-2,6-diisopropylphenyl)2 (2) (125.76 MHz, toluene-d8, 299 

K) solvent residual signals are marked with *. 

 

Figure S13. 1H NMR spectrum of likely (Me2AlOAlMe-2,6-diisopropylphenol)2 (500.13 MHz, toluene-
d8, 299 K) solvent residual signals are marked with *. 
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Figure S14. 1H NMR spectrum of the reaction mixture of 1 with 2 equiv. 2,6-Diisopropylphenol (400.11 
MHz, toluene-d8, 299 K) solvent residual signals are marked with *. Methane is marked with # and an 
unknown side product is marked with ~. 
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DOES experiment of [(AlMe2)2O(thf)]2 (1) 

 

Figure S 15: Chem3D structure of toluene-d8. 

The following mean radius from the Chem3D optimized structure (S15) were used. 

 

Substance Radius (r) 
Toluene-d8 2.7 Å 

 

The following D-constants were set via the 1H detected PGSE experiments  

 

Signal Proton D-constant 
6.9 – 7.2 ppm Toluene-d8 (aromatic) 2.24 • 10-9 m2/s 

-0.47 ppm O–Al–(CH3)2 (1) 1.58 • 10-9 m2/s 
 

With the Stokes-Einstein correlation 𝐷 =
௞ಳ∙்

଺గ∙ఎ∙௥ಹ
 , the solvent radius and the correlating D-

constant the viscosity of the sample could be estimated. 

 

𝜂(sample) =
𝑘஻ ∙ 𝑇

6𝜋 ∙ 𝐷 ∙ 𝑟ு
= 3,61 ∙ 10ିସPa s 

 

With this we get a hydrodynamic radius for [(AlMe2)2O(thf)]2 (1) of:  

 

𝑟ு =
𝑘஻ ∙ 𝑇

6𝜋 ∙ 𝜂(sample) ∙ 𝐷(𝟏)
= 3,82 Å 
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Figure S 16: Chem3D structure of [(AlMe2)2O(thf)]2 (1). 

 

Figure S 17: Chem3D structure the monomer (AlMe2)2O(thf)2. 
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Me3TACN induced Monomeric Rare-Earth-Metal Alkyls via 

low-temperature Alkylation 

Jakob Lebon, Tassilo Berger, Cäcilia Maichle-Mössmer, and Reiner Anwander* 

Abstract: 

Me3TACN-LnCl3(thf) was synthesized from the rare-earth-metal chlorides and used as 

precursor to isolate monomeric alkyls Me3TACN-LnMe3(thf) (Ln = La, Ce) and Me3TACN-

Ln(nBu)3(thf) (Ln = La, Sm). For neodymium monomeric mixed methyl halide lanthanide 

complexes could be obtained using lower loadings of methyl lithium. The methyl complexes 

were further reacted with neopentyl alcohol to Me3TACN-Ln(OCH2tBu)3 and the lanthanum n-

butyl complex was reacted with 2-Bromo-biphenyl to Me3TACN-La(nBu)2(2-biphenyl). Solid-

state structures of most of these complexes have been obtained and are discussed together 

with the NMR studies. 

Introduction: 

While the middle to smaller (Sc, Y-Lu) sized rare-earth-metal tri-methyls are known since 2005, 

the synthesis of the early rare-earth-metal tri-methyls is an ongoing topic for rare-earth 

chemists, due to the abundance and lower price of the corresponding precursors. The 

archetypal tri-methyl complexes [Ln(CH3)x] (Ln = Sc, Lu, Y, and Ho) could be achieved in our 

group via the utilization of donor-induced-aluminate-cleavage with the corresponding 

tetramethylaluminate complexes [Ln(AlMe4)3][1-2]. Those transformations are not possible for 

the larger-sized rare-earth metals, resulting in multiple CH bond activations 

[La4Al8(C)(CH)2(CH2)2(CH3)22(toluene)][3-4] (Scheme 1). Despite several attempts via low-

temperature cleavage or different donor molecules, the outcome was always too temperature 

sensitive, thus performing CH bond activations. It is already known that the 1,4,7-Me3-TACN 

ligand and related neutral nitrogen ligand systems can stabilize and monomerize pre-formed 

amorphous [ScMe3]n, and other smaller-sized rare-earth-metal alkyls (Scheme 1). This route 

is not feasible for the early lanthanides due to the lack of homoleptic alkyl precursors.[1, 5-7].  
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Scheme  1. Known synthesis routes towards homoleptic and donor stabilized rare-earth-metal alkyls. 

Other approaches, use the hexamethylate ate-complexes Li3Ln(Me)6(do)x as precursors, but 

always carry the burden of lithium with them[8-10]. Therefore, the approach in this work was to 

address this problem via a direct synthesis protocol, starting from the Me3-TACN stabilized 

LnCl3thfx, to isolate the hitherto elusive earlier rare-earth-metal methyl complexes.  

Results and Discussion: 

Jakob Teil: 

Utilizing the stabilizing and in particular monomerizing effects of the 1,4,7-Me3TACN (Me3-

TACN) aza-crown, we synthesized the tris methyl complexes for lanthanum and cerium 

(Scheme 2). While the earlier published Me3TACN-ScMe3 shows considerable stability when 

the aza-crown is added on to the pure amorphous ScMe3, the route via the referring Me3TACN 

stabilized rare-earth halide (A-Ln) with MeLi bearing a possible repositioning of the aza-crown 

towards lithium in MeLi or the resulting LiCl, thus destabilizing the alkyl[1].  

Scheme  2. Synthesis route of the Me3TACN-LnMe3(thf) (1-Ln) species via the Me3TACN-LnLne3(thf) (1-Ln) intermediate (A-Ln). 

This exchange and the intrinsic thermal lability of the resulting Me3TACN-LnMe3(thf) led to this 

synthesis protocol, yielding the trialkyl species 1-La and 1-Ce (Figure 1). Being the first tris 

methyl complexes of the earlier rare-earth-metals, no unexpected change in the interatomic 

distance occurs. Respectively two of the methyl groups are at the same distance to the center 

and one is slightly elongated, the same happens for the nitrogen-Ln bond. The proton NMR of 

1-La shows a splitting of two signals for the “exo” and “endo” protons of the ethyl bridge and a

singlet for the methyl groups on the nitrogen. The methyl groups on the lanthanum are with –
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1.08 ppm, stronger shifted to higher fields, compared to the earlier published Me3TACN-ScMe3 

with –0.65 ppm[1].  

Figure 1. Crystal structure of 1-La (left) and 1-Ce (right). All hydrogen atoms have been omitted for clarity. Selected interatomic 

distances (Å) and angles (°): La(1)-N(2) 2.772(5), La(1)-N(1) 2.795(3) La(1)-N(3) 2.824(3), La(1)-C(10) 2.628(10) La(1)-C(12) 

2.699(8), C(11)-La(1) 2.628(3), C(10A)-La(1)-C(11) 118.1(2), C(10)-La(1)-O(1) 76.4(2), C(10)-La(1)-N(1) 87.0(2), O(1)-La(1)-N(1) 

142.78(8); C(10)-Ce(1) 2.606(3), C(11)-Ce(1) 2.639(3), C(12)-Ce(1) 2.641(3), N(1)-Ce(1) 2.793(3), N(2)-Ce(1) 2.752(2), N(3)-

Ce(1) 2.764(3), O(1)-Ce(1) 2.6835(18), C(10)-Ce(1)-O(1) 75.51(8), C(10)-Ce(1)-N(1) 85.38(12), O(1)-Ce(1)-N(1) 143.82(9). 

It is crucial to mention, that commercially available MeLi contains a certain amount of LiCl, 

therefore it was important for the formation of the Me3TACN-stabilized tri-methyls, to use 5 

equivalents of MeLi. If however, lower equivalents of MeLi are used, utilizing the same route 

(Scheme 2), we were able to isolate mixed halogen methyl species for Me3TACN-stabilized 

neodymium chlorides (Figure 2). The amount of remaining halogen on the rare-earth metal 

could be attested via elemental analysis and SCXRD. To our surprise, a statistical distribution 

takes place. Thus, there must be an active chloride/methyl exchange between the different 

species from Me3TACN-LnMe3(thf) and Me3TACN-LnCl3(thf) and their mixed chloride/methyl 

intermediates. 

Figure 2. Crystal structure of 1-NdCl0.25 (left) and 1-NdCl0.5  (right). For selected interatomic distances and angles, see SI (Figure 

S 25 and S 26). 
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To further investigate the properties of the Me3TACN-LnMe3(thf), we choose a simple reaction 

with 3 equivalents of neopentyl alcohol, resulting in the monomeric species 2-La and 2-Ce 

(Scheme 3). 

Scheme  3. Reaction of Me3TACN-LnMe3(thf) with 3 equiv. of HOCH2tBu, yielding in the lanthanum complex (2-La) and the cerium 

complex (2-Ce). 

While the complex is well stabilized via alkoxides and the aza-crown,  the steric demand is 

almost too much. Hence, one of the aza-crown nitrogen atoms is not at a bonding distance 

from the cerium core anymore (N1–Ce1 3.295 Å), while the other two are (N2–Ce1 2.784(7) 

and N3–Ce1 2.813(6) Å). The same interatomic distance splitting can is shown by the Ce–O, 

with the two bonds in a shorter range (1.929(5) and 1.947(4) Å) and one extremely elongated 

Ce–O distance with 2.451(5) Å (Figure 4). 

Figure 3. Crystal structure of Me3TACN-Ce(OCH2tBu)3 (2-Ce). All hydrogen atoms have been omitted for clarity. Selected 

interatomic distances (Å) and angles (°): N(1)-Ce(1) 3.295, N(2)-Ce(1) 2.784(7), N(3)-Ce(1) 2.813(6), Ce(1)-O(2) 1.929(5), Ce(1)-

O(1) 1.947(4), Ce(1)-O(3) 2.451(5), C(3)-N(2)-Ce(1) 106(2), C(2)-N(2)-Ce(1) 133.6(14), O(2)-Ce(1)-O(1) 104.4(2), O(2)-Ce(1)-

O(3) 107.0(2), O(1)-Ce(1)-O(3) 108.8(2). 

Tassilo Teil: 

Since we saw that we can isolate monomeric rare-earth methyls. We next wanted to see if this 

is also possible for other alkyls. The first we tested was n-butyl. We reacted Me3TACN-

LaCl3(thf) with three equivalents of n-BuLi. The NMR spectra we recorded of this substance fit 

well but we could not get any crystals that were suitable for x-ray diffraction. We repeated this 
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reaction with different rare-earth-metal chlorides and had luck with samarium that we could at 

least get a connectivity (Figure 5). 

Figure 4. Connectivity of Me3TACN-Sm(nBu)3 (3) with ellipsoids set at 30%. 

The samarium is bound to three-terminal n-butyl ligands and the coordination sphere is 

completed with the aza-crown. Since the NMR fits it can be assumed that the lanthanum 

analog is similar. It is noteworthy, that these n-butyl complexes are pretty unstable at least 

similar to the Li3Ln(nBu)6(thf)4 complexes we reported earlier.[11] Maybe even more so, after a 

few hours in solution at -40 °C the complexes already decomposed completely. Since we still 

have such a high reactivity we wanted to test the lanthanum complex on the findings the 

Knochel group reported recently.[12] Here they used 2-bromo-biphenyl derivatives and the 

proposed nBu2LaCl(LiCl)4 to get supposedly lantha-fluorenyl complexes (Scheme 4).  

N N

N

nBu

nBu nBu

La

N N

N

nBu

nBu

La

Br

THF,
- 40 °C, 30 min

– 1-Br-nBu

Scheme  4. Reaction of Me3TACN-La(nBu)3 (4) with 2-Bromo-biphenyl. 

At low temperature, we could however only see the exchange of one n-butyl ligand for a 

biphenyl (Figure 6).  

Figure 5. Crystal structure of Me3TACN-La(nBu)2(2-biphenyl) (4) with atomic displacement ellipsoids set at 50% probability. 

Hydrogen atoms and disorders of one n-Bu group are omitted for clarity. Selected interatomic distances [Å] and angles [°] for X: 
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La1–C25 2.567(3), La1–C29 2.544(2), La1–C13 2.672(2), La1–C24 4.3552(2), La1–C20 5.2256(2), La1–N1 2.7458(19), La1–N2 

2.813(2), La1–N3 2.780(2), C29–La1–C25 106.10(9), C13–La1–C29 102.53(8), C13–La1–C25 120.57(8). 

One carbon atom (C24) is oriented in the direction of the lanthanum core but is still quite far 

away with 4.3552(2) Å. We did also warm up the biphenyl complex. It decomposed quite fast 

into a black solution. During this time, we observed the aromatic region but didn’t observe 

activation of a proton (Figure S11 see SI). We therefore couldn’t observe the formation of a 

lanthan-fluorenyl complex with the aza-crown present. 

Conclusion 

Using the monomerizing effect of the Me3-TACN ligand the tri-methyl complexes Me3TACN-

LnMe3(thf) for lanthanum and cerium could be isolated. For neodymium incomplete 

methylation was observed and the novel, monomeric, mixed alkyl chloride complex Me3TACN-

NdMe2,75/2,5Cl0,25/0,5(thf) was characterized. The cerium complex was reacted with neopentanol 

resulting in the complex Me3TACN-Ce(OCH2tBu)3. The Me3-TACN ligand coordinates in this 

complex only via two nitrogen atoms, demonstrating its flexibility in chase of too much sterical 

demand of the other ligands. Furthermore, the stabilizing effects of the Me3-TACN ligand were 

studied using the thermodynamically less stable n-butyl ligand in comparison to the methyl 

ligand. A connectivity of Me3TACN-Sm(nBu)3 is reported and NMR studies of the lanthanum 

analog suggest the same structure.  
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Me3TACN-LaMe3(thf) (1-La). Me3TACN-LaCl3(thf) (200 mg, 0.41 mmol) was suspended in thf 

(10 mL) and cooled to –40 °C. Then, a solution of MeLi (35.98 mg, 1.63 mmol, 4 equiv., in thf) was 

added dropwise. The suspension was stirred for 12 h at –40 °C and additional 24 h at –15 °C. The 

suspension was filtered and concentrated in vacuo. Crystals of 1-Ce suitable for XRD analysis were 

obtained from a highly concentrated thf solution. 

1H NMR, (500.13 MHz, 233 K, thf-d8): δ = 3.61 (s, 4 H, thf), 3.08–3.01 (m, 6 H, CH2-Me3TACN), 2.71–

2.61 (m, 6 H, CH2-Me3TACN), 2.64 (s, 9 H, CH3-Me3TACN),  1.77 (s, 4 H, thf), -1.08 (s, 9 H, La(CH3)3) 

ppm.  

13C NMR of, (125.76 MHz, 233 K, thf-d8): δ = 69.4 (thf), 57.3 (CH2-Me3TACN), 47.9 (CH3-Me3TACN), 

38.7 (La(CH3)3), 27.6 (thf) ppm.  

Anal. (%) calcd. for C16H38LaN3O (427.41 gmol-1): C 44.96, H 8.96, N 9.83; found: C 43.93, H 8.29, 

N 9.99. The deviation between theoretical and experimental microanalytical data derives from the fast 

decomposition at ambient temperature.  

Me3TACN-CeMe3(thf) (1-Ce). Me3TACN-CeCl3(thf) (200 mg, 0.41 mmol) was suspended in thf 

(10 mL) and cooled to –40 °C. Then, a solution of MeLi (35.89 mg, 1.63 mmol, 4 equiv., in thf) was 

added dropwise. The suspension was stirred for 12 h at –40 °C and additional 24 h at –15 °C. The 

suspension was filtered and concentrated in vacuo. Crystals of 1-Ce suitable for XRD analysis were 

obtained from a highly concentrated thf solution. 

1H NMR, (500.13 MHz, 233 K, thf-d8): δ = 9.37 (s, 9 H, La(CH3)3),  7.72 (s, 9 H, CH3-Me3TACN),  

3.56 (s, 4 H, thf), 1.77 (s, 4 H, thf), 0.66 (m, 6 H, CH2-Me3TACN),  -5.11 (m, 6 H, CH2-Me3TACN) 

ppm.  

Anal. (%) calcd. for C16H38CeN3O (428.62 gmol-1): C 44.84, H 8.94, N 9.80; found: C 44.24, H 8.50, 

N 9.92.  

Me3TACN-NdMe2.5Cl0.5(thf) (1-NdCl0.5). Me3TACN-NdCl3(thf) (200 mg, 0.41 mmol) was 

suspended in thf (10 mL) and cooled to –40 °C. Then, a solution of MeLi (35.89 mg, 1.63 mmol, 3.5 

equiv., in thf) was added dropwise. The suspension was stirred for 12 h at –40 °C and additional 24 h at 

–15 °C. The suspension was filtered and concentrated in vacuo. Crystals of 1-NdCl0.25  suitable for XRD 

analysis were obtained from a highly concentrated thf solution. 

Anal. (%) calcd. for C16H38NdN3O (442.74 gmol-1): C 42.08, H 8.31, N 9.49; found: C 41.68, H 8.04, 

N 10.92.  

Me3TACN-NdMe2.75Cl0.25(thf) (1-NdCl0.25). Me3TACN-NdCl3(thf) (200 mg, 0.41 mmol) was 

suspended in thf (10 mL) and cooled to –40 °C. Then, a solution of MeLi (35.89 mg, 1.63 mmol, 3 

equiv., in thf) was added dropwise. The suspension was stirred for 12 h at –40 °C and additional 24 h at 
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–15 °C. The suspension was filtered and concentrated in vacuo. Crystals of 1-NdCl0.25 suitable for XRD 

analysis were obtained from a highly concentrated thf solution. 

Anal. (%) calcd. for C16H38NdN3O (438.14 gmol-1): C 43.16, H 8.56, N 9.59; found: C 42.83, H 8.22, 

N 9.15.  

Me3TACN-La(OCH2tBu)3 (2-La). Me3TACN-LaMe3(thf) (100 mg, 0.23 mmol) was suspended 

in thf (3 mL) and cooled to –40 °C. Then, a solution of HOCH2tBu (61.87 mg, 0.70 mmol, 3 equiv., in 

Et2O) was added dropwise. The suspension was stirred for 1 h at ambient temperatures. The solution 

was concentrated in vacuo.  

1H NMR, (400.11 MHz, 298 K, C6D6): δ = 3.86 (s, 6 H, OCH2C(CH3)3),  2.46 (s, 9 H, CH3-Me3TACN),  

2.34–2.26 (m, 6 H, CH2-Me3TACN),  1.82–1.74 (m, 6 H, CH2-Me3TACN), 1.23 (s, 27 H, 

OCH2C(CH3)3) ppm.  

13C NMR of, (100.61 MHz, 298 K, C6D6): δ = 81.5 (OCH2(CH3)3), 57.3 (CH2-Me3TACN), 45.4 (CH3-

Me3TACN), 34.9  (OCH2C(CH3)3), 27.1 (OCH2C(CH3)3) ppm. 

Anal. (%) calcd. for C24H54LaN3O3 (571.62 gmol-1): C 50.43, H 9.52, N 7.35; found: C 50.22, H 9.31, 

N 7.57. Crystals of 2-La suitable for XRD analysis were obtained from a highly concentrated Et2O 

solution. 

With the same reaction conditions Me3TACN-Ce(OCH2tBu)3 (2-Ce) was also synthesized. Crystals of 

2-Ce suitable to SCXRD structure obtained from a highly concentrated n-hexane solution. 

 

Me3TACN-La(nBu)3 (3-La). Me3TACN-LaCl3(thf) (30.0 mg, 0.06 mmol) was suspended in Et2O 

(5 mL) and cooled to –40 °C. Then, n-BuLi (0.18 mmol, 3 equiv., 2.5 M in hexanes) was added dropwise. 

After stirring the suspension for one hour, it was filtered and the solvent removed in vacuo to give white 

powder of Me3TACN-La(nBu)3•xLiCl (x≤3). The exact yield could not be determined due to the 

incorporation of LiCl and some minor THF and n-BuLi impurities. But it appears to be almost 

quantitative.  

1H NMR, (500.13 MHz, 233 K, toluene-d8): δ = 2.30 (s, 9 H, CH3-Me3TACN), 2.13 (m, 6 H, CH2-

Me3TACN), 2.04 (m, 6 H (integral overlaps with toluene-d8 signal), CH2-nBu), 1.94 (m, 6 H, CH2-nBu), 

1.54 (m, 6 H, CH2-Me3TACN), 1.39 (t, 9 H, CH3-nBu), 0.10 ppm (t, 6 H, CH2-nBu).  

13C NMR of, (125.76 MHz, 233 K, toluene-d8): δ = 55.4 (CH2-nBu), 53.8 (CH2-Me3TACN), 45.3 (CH3-

Me3TACN), 32.3 (CH2-nBu), 31.4 (CH2-nBu), 15.3 ppm (CH3-nBu).  

Anal. (%) calcd. for C21H48LaN3 (481.54 gmol-1): C 52.38, H 10.05, N 8.73; found: C 52.07, H 9.77, N 

7.34. The deviation between theoretical and experimental microanalytical data derives from the fast 
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decomposition at ambient temperature. With the same reaction conditions Me3TACN-Sm(nBu)3 (3-Sm) 

was also synthesized. Crystals of 3-Sm suitable to get a connectivity in a XRD analysis were obtained 

from a highly concentrated THF/n-hexane solution. 

Me3TACN-La(nBu)2(2-biphenyl) (4). Me3TACN-LaCl3(thf) (30.0 mg, 0.06 mmol) was 

suspended in Et2O (5 mL) and cooled to –40 °C. Then, n-BuLi (0.18 mmol, 3 equiv., 2.5 M in hexanes) 

was added dropwise. After stirring the suspension for one hour, 2-Br-biphenyl (14.0 mg, 0.06 mmol, 1 

equiv.) dissolved in Et2O was added dropwise. The suspension was further stirred for 30 min, before it 

was filtered and the solvent removed in vacuo to give white powder of Me3TACN-La(nBu)2(2-

biphenyl)•xLiCl (x≤3). The exact yield could not be determined due to the incorporation of LiCl and 

some THF impurities. But it appears to be almost quantitative. Crystals of 4 suitable for XRD analysis 

were obtained from a highly concentrated Et2O solution. Note: The oily consistency of the crystallization 

process is not a suitable method for purification.  

1H NMR, (500.13 MHz, 233 K, THF-d8): δ = 7.84 (d, 1 H, H-biphenyl), 7.62 (d, 2 H, H-biphenyl), 7.19 

(t, 2 H, H-biphenyl), 7.08 (d, 1 H, H-biphenyl), 7.01 (t, 1 H, H-biphenyl), 6.69 (m, 2 H, H-biphenyl), 

2.86 (m, 3 H, CH2-Me3TACN), 2.66 (m, 3 H, CH2-Me3TACN), 2.54, 2.52 (m, 7 H, CH2-Me3TACN, 

CH3-Me3TACN), 2.40 (m, 3 H, CH2-Me3TACN), 2.21 (s, 4 H, CH3-Me3TACN), 1.47 (m, 4 H, CH2-

nBu), 1.19 (m, 4 H, CH2-nBu), 0.82 (m, 6 H, CH3-nBu), -0.50 ppm (m, 4 H, CH2-nBu).  

13C NMR, (125.76 MHz, 233 K, THF-d8): δ = 152.8 (C-biphenyl), 142.9 (C-biphenyl), 129.4 (C-

biphenyl), 128.6 (C-biphenyl), 127.7 (C-biphenyl), 127.5 (C-biphenyl), 124.2 (C-biphenyl), 123.7 (C-

biphenyl), 122.8 (C-biphenyl), 121.9 (C-biphenyl), 58.4 (CH2-nBu), 55.2 (CH2-Me3TACN), 53.9 (CH2-

Me3TACN), 46.0 (CH3-Me3TACN), 45.9 (CH3-Me3TACN), 35.0 (CH2-nBu), 33.8 (CH2-nBu), 14.6  
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Figure S 1. 1H NMR spectrum of Me3TACN-LaMe3thf (1-La) (500.13 MHz, thf-d8, 233 K) solvent residual signals are marked with 

*.  

 

Figure S 2. 13C NMR spectrum of Me3TACN-LaMe3thf (1-La) (125.76 MHz, thf-d8, 233 K) solvent residual signals are marked with 

*. 
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Figure S 3. 1H NMR spectrum of Me3TACN-CeMe3thf (1-Ce) (500.13 MHz, thf-d8, 233 K) solvent residual signals are marked with 

*.  

 

Figure S 4. 1H NMR spectrum of Me3TACN-La(OCH2tBu)3 (2-La) (400.11 MHz, thf-d8, 298 K) solvent residual signals are marked 

with *. 
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Figure S 5. 13C NMR spectrum of Me3TACN- La(OCH2tBu)3 (3-La)  (100.60 MHz, thf-d8, 298 K) solvent residual signals are 

marked with * impurities with #  

 

Figure S6. 1H NMR spectrum of Me3TACN-La(nBu)3 (3-La) (500.13 MHz, toluene-d8, 233 K) solvent residual signals are marked 

with *. n-BuLi and THF impurities are marked with #. 
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Figure S7. 13C NMR spectrum of Me3TACN-La(nBu)3 (3-La) (125.76 MHz, toluene-d8, 233 K) solvent residual signals are marked 

with *. Unknown impurities are marked with #. 

 

Figure S 8. 1H NMR spectrum of Me3TACN-La(nBu)2(2-biphenyl) (4) (500.13 MHz, thf-d8, 233 K) solvent residual signals are 

marked with *. Unknown impurities are marked with #. 
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Figure S 9. 13C NMR spectrum of Me3TACN-La(nBu)2(2-biphenyl) (4) (125.76 MHz, thf-d8, 233 K) solvent residual signals are 

marked with *. Unknown impurities are marked with #. 

 

Figure S 10. 1H NMR spectrum of Me3TACN-La(nBu)2(2-biphenyl) (4) at 233 K (bottom) and the decomposed species at 299 K 

(top) (500.13 MHz, thf-d8, 233 K/ 299 K) only the aromatic region of the biphenyl is displayed. 



9 
 

 

Table S 1. X-ray crystallographic parameters for complexes 1-La, 1-Ce, 1-NdCl0.25, 1-NdCl0.5. 

Compound Me3-TACN-LaMe3(thf) Me3-TACN-CeMe3(thf) 
Me3-TACN-

NdMe2.5Cl0.5(thf) 

Me3-TACN-

NdMe2.75Cl0.25(thf) 

Sample code 1-La 1-Ce 1-NdCl0.25 1-NdCl0.5 

CCDC  XXX XXX XXX XXX 

Empirical 

formula 
C16H38LaN3O C16H38CeN3O C15.5H36.5Cl0.5N3NdO C15.5H36.5Cl0.5N3NdO 

Formula weight 427.40 428.61 442.78 438.14 

Temperature [K] 100(2) 100(2) 100(2) 100(2) 

Crystal system monoclinic monoclinic monoclinic monoclinic 

Space group P21/n P21/n P21/n P21/n 

a [Å] 9.8618(4) 9.8823(7) 9.9207(7) 9.9252(7) 

b [Å] 15.6659(7) 15.5844(10) 15.4639(11) 15.4993(11) 

c [Å] 12.9232(5) 12.8472(9) 12.7597(9) 12.7649(9) 

α [°] 90 90 90 90 

β [°] 90.055(8) 90.1490(10) 90.1930(10) 90.3260(10) 

γ [°] 90 90 90 90 

Volume [Å3] 1996.56(14) 1978.6(2) 1957.5(2) 1963.6(2) 

Z 4 4 4 4 

pcalc [g/cm3] 1.422 1.439 1.502 1.482 

μ [mm-1] 2.143 2.304 2.723 2.684 

F(000) 880 884 908 900 

Crystal size 

[mm3] 
0.163 x 0.152 x 0.131 0.197 x 0.180 x 0.113 0.286 x 0.183 x 0.157 0.249 x 0.160 x 0.146 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

Θ range for data 

collection [°] 
2.043/30.675 2.054/28.699 2.053/ 29.619 2.437 to 29.572 

Index ranges 

-14<=h<=14, -

22<=k<=22, -

18<=l<=18 

-13<=h<=13, -

21<=k<=21, -

17<=l<=17 

-13<=h<=13, -

21<=k<=21, -

17<=l<=17 

-13<=h<=13, -

21<=k<=21, -

17<=l<=17 

Reflections 

collected 
34261 35593 46564 23668 

Independent 

reflections 
6182 [R(int) = 0.0339] 5095 [R(int) = 0.0547] 5200 [R(int) = 0.0380] 5491 [R(int) = 0.0365] 

Data/restraints/ 

parameters 
6182 / 750 / 310 5095 / 0 / 216 5200 / 0 / 216 5491 / 30 / 224 

Goodness-of-fit 

on 

F2[a] 

1.042 1.075 1.031 1.098 

Final R indexes 

[I>=2σ (I)][b][c] 

R1 = 0.0236, wR2 = 

0.0505 

R1 = 0.0265, wR2 = 

0.0662 

R1 = 0.0224, wR2 = 

0.0497 

R1 = 0.0265, wR2 = 

0.0654 

Final R indexes 

[all data] 

R1 = 0.0276, wR2 = 

0.0523 

R1 = 0.0297, wR2 = 

0.0681 

R1 = 0.0247, wR2 = 

0.0507 

R1 = 0.0289, wR2 = 

0.0668 

Largest diff. 

peak/hole [e Å-3] 
1.524 and -0.615 1.123 and -0.646 1.312 and -0.659 1.917 and -0.943 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. 
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Table S 2. Continued X-ray crystallographic parameters for complexes 2, 3-Ce,and 4-Sm. 

Compound 
Me3-TACN-

Ce(OCH2C(CH3)3)3 
Me3-TACNSm(nBu)3 

Me3TACN-

La(nBu)2(2-biphenyl) 

Sample code 2-Ce 3-Sm 4 

CCDC  XXX XXX XXX 

Empirical 

formula 
C24H54CeN3O3 C21H48SmN3 C29H48LaN3 

Formula weight 572.82 481.54 577.61 

Temperature [K] 100(2) 100(2) 100(2) 

Crystal system orthorhombic  triclinic 

Space group P212121  P-1 

a [Å] 13.9090(3)  8.6871(3) 

b [Å] 11.4509(5)  12.5108(5) 

c [Å] 19.2007(12)  13.8744(5) 

α [°] 90  92.9220(10) 

β [°] 90  96.5950(10) 

γ [°] 90  105.3270(10) 

Volume [Å3] 3058.1(2)  1439.43(9) 

Z 4  2 

pcalc [g/cm3] 1.244  1.333 

μ [mm-1] 1.513  1.504 

F(000) 1204  600 

Crystal size 

[mm3] 
0.188 x 0.119 x 0.112  0.271 × 0.148 × 0.082 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

Θ range for data 

collection [°] 
1.808 to 39.242  2.155 to 28.731 

Index ranges 

-16<=h<=16,-

20<=k<=20, -

26<=l<=26 

 
-11≤h≤11, -16≤k≤16,  

-18≤l≤18 

Reflections 

collected 
28384  62633 

Independent 

reflections 
9897 [R(int) = 0.0710]  7411 [Rint = 0.0560] 

Data/restraints/ 

parameters 
9897 / 482 / 348  7411 / 0 / 313 

Goodness-of-fit 

on 

F2[a] 

1.040  1.065 

Final R indexes 

[I>=2σ (I)][b][c] 

R1 = 0.0536, wR2 = 

0.1245 
 

R1 = 0.0290, wR2 = 

0.0653 

Final R indexes 

[all data] 

R1 = 0.0707, wR2 = 

0.1372 
 

R1 = 0.0335, wR2 = 

0.0676 

Largest diff. 

peak/hole [e Å-3] 
1.793 and -1.637  2.425 / -0.846 

[a]GOF = [Σw(F0
2 - Fc

2)2 / (n0 - np)]1/2. [b]R1 = Σ(||F0| - |Fc||) / Σ|F0|, F0 > 4σ(F0). [c]wR2 = {Σ[w(F0
2 - Fc

2)2 / Σ[w(F0
2)2]}1/2. 
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Figure S 11. Crystal structure of 1-La (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected 

interatomic distances (Å) and angles (°): La(1)-N(2) 2.772(5), La(1)-N(1) 2.795(3) La(1)-N(3) 2.824(3), La(1)-C(10) 2.628(10) 

La(1)-C(12) 2.699(8), C(11)-La(1) 2.628(3), C(10A)-La(1)-C(11) 118.1(2), C(10)-La(1)-O(1) 76.4(2), C(10)-La(1)-N(1) 87.0(2), 

O(1)-La(1)-N(1) 142.78(8). 
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Figure S 12. Crystal structure of 1-Ce (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected 

interatomic distances (Å) and angles (°): C(10)-Ce(1) 2.606(3), C(11)-Ce(1) 2.639(3), C(12)-Ce(1) 2.641(3), N(1)-Ce(1) 2.793(3), 

N(2)-Ce(1) 2.752(2), N(3)-Ce(1) 2.764(3), O(1)-Ce(1) 2.6835(18), C(10)-Ce(1)-O(1) 75.51(8), C(10)-Ce(1)-N(1) 85.38(12), O(1)-

Ce(1)-N(1) 143.82(9). 
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Figure S 13. Crystal structure of 1-NdCl0.5 (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected 

interatomic distances (Å) and angles (°): N(1)-Nd(1) 2.752(2), N(2)-Nd(1) 2.7242(18), N(3)-Nd(1) 2.716(2), O(2)-Nd(1) 2.6418(13), 

Nd(1)-C(10) 2.578(10), Nd(1)-C(12) 2.599(4), Nd(1)-Cl(3) 2.601(10), Nd(1)-Cl(2) 2.609(10), Nd(1)-C(11) 2.669(9), Nd(1)-Cl(1) 

2.690(9), C(10)-Nd(1)-C(12) 112.5(2), C(10)-Nd(1)-Cl(3) 103.7(3), Cl(2)-Nd(1)-O(2) 74.43(19), C(10)-Nd(1)-N(3) 142.39(19), 

Cl(3)-Nd(1)-N(3) 87.65(19), O(2)-Nd(1)-N(3) 141.71(6). 
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Figure S 14. Crystal structure of 1-NdCl0.25 (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected 

interatomic distances (Å) and angles (°): C(10)-Nd(1) 2.582(3), Cl(1)-Nd(1) 2.70(2), C(11)-Nd(1) 2.589(13), Cl(2)-Nd(1) 2.64(3), 

C(12)-Nd(1) 2.60(2), N(1)-Nd(1) 2.729(2), N(2)-Nd(1) 2.756(2), N(3)-Nd(1) 2.721(2), O(3)-Nd(1) 2.6472(17), C(11)-Nd(1)-N(1) 

85.2(3) C(12)-Nd(1)-N(1) 85.6(5), Cl(2)-Nd(1)-N(1) 84.7(8), O(3)-Nd(1)-N(1) 141.54(6), Cl(1)-Nd(1)-N(1) 81.0(5), N(3)-Nd(1)-N(1) 

64.40(7), C(10)-Nd(1)-N(2) 85.17(9), C(11)-Nd(1)-N(2) 142.7(3), C(12)-Nd(1)-N(2) 82.4(5), Cl(2)-Nd(1)-N(2) 84.4(7), O(3)-Nd(1)-

N(2) 143.17(7), Cl(1)-Nd(1)-N(2) 141.3(6), N(3)-Nd(1)-N(2) 64.05(7). 
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Figure S 15. Crystal structure of 2-Ce (ellipsoids set at 50 %). All hydrogen atoms have been omitted for clarity. Selected 

interatomic distances (Å) and angles (°): N(1)-Ce(1) 3.295, N(2)-Ce(1) 2.784(7), N(3)-Ce(1) 2.813(6), Ce(1)-O(2) 1.929(5), Ce(1)-

O(1) 1.947(4), Ce(1)-O(3) 2.451(5), C(3)-N(2)-Ce(1) 106(2), C(2)-N(2)-Ce(1) 133.6(14), O(2)-Ce(1)-O(1) 104.4(2), O(2)-Ce(1)-

O(3) 107.0(2), O(1)-Ce(1)-O(3) 108.8(2). 
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Figure S16. Connectivity of Me3TACN-Sm(nBu)3 3-Sm with atomic displacement ellipsoids set at 30% probability. Hydrogen 

atoms and disorders of one nBu group are omitted for clarity. 
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Figure S 17. Crystal structure of Me3TACN-La(nBu)2(2-biphenyl) 4 with atomic displacement ellipsoids set at 50% probability. 

Hydrogen atoms and disorders of one nBu group are omitted for clarity. Selected interatomic distances [Å] and angles [°] for X: 

La1–C25 2.567(3), La1–C29 2.544(2), La1–C13 2.672(2), La1–C24 4.3552(2), La1–C20 5.2256(2), La1–N1 2.7458(19), La1–N2 

2.813(2), La1–N3 2.780(2), C29–La1–C25 106.10(9), C13–La1–C29 102.53(8), C13–La1–C25 120.57(8). 
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En route to putative rare-earth-metal alkylidene complex Li[Lu(CH2SiMe3)2(CHSiMe3)], according to

Schumann’s original protocol, the reaction of YCl3 with LiCH2SiMe3 in a mixture of diethyl ether and

n-pentane afforded a neosilyl ate complex of composition Li3Y(CH2SiMe3)6. Tetrametallic complex Li3Y

(CH2SiMe3)6 shows an unprecedented structural motif in the solid state and was further characterized by

heteronuclear 1H/13C/7Li/29Si/89Y, as well as VT NMR and DRIFT spectroscopies. Analysis of the thermoly-

sis product via heteronuclear NMR spectroscopy and its reactivity towards benzophenone gave strong

evidence for an alkylidene formation upon decomposition. Application of a similar protocol for the smal-

lest rare-earth-metal scandium led to the isolation of ate complex [Li(thf )4][LiSc2(CH2SiMe3)8] as the pre-

ferred crystallized product. Here, the reaction of adduct ScCl3(thf)3 and LiCH2SiMe3 was performed in

Et2O/n-hexane, in the absence of additional THF. The reaction of LaCl3(thf) with 3 equiv. of LiCH2SiMe3 in

THF/Et2O at −40 °C yielded the ate complex [Li(thf )4][La(CH2SiMe3)4(thf )], which is the first of its kind.

Introduction

Trimethylsilylmethyl complexes of the rare-earth metals,
Ln(CH2SiMe3)3(thf)x, are routine precursors for the synthesis of
homogeneous catalysts as employed e.g., in hydroelementation
and polymerization reactions.1 However, their effective applica-
bility is impeded by thermal instability at ambient tempera-
ture, which culminates in the non-availability of derivatives
with rare-earth-metal centers of size larger than Sm3+.2 The for-
mation of alkylidene derivatives as proposed by Schumann for
neutral [Er(CH2SiMe3)(CHSiMe3)] is assumed to feature a
major “prominent” decomposition path.3 On the other hand,
ate complexation can effectively stabilize and promote the iso-
lation of metal compounds with highly nucleophilic ligands
exclusively. Representative examples with large Ln3+ centers,
which have been structurally authenticated, include Li3Ce
(CH3)6(tmeda)3, [Li(thf)4][Ce(t-Bu)4], and Li2Ce(n-Bu)5(tmeda).4

The existence of neosilyl ate complexes of type [Li(do)x][Ln
(CH2SiMe3)4] (Ln = Y, Tb, Er, Yb, Lu; do = thf or OEt2, x = 4; do
= tmeda, x = 2) was already described in the early studies from
Lappert and Schumann.3,5 Back then, complex [Li(Et2O)4][Lu
(CH2SiMe3)4] was reported to decompose via the release of

diethyl ether and SiMe4 under vacuum, forming putative
alkylidene Li[Lu(CH2SiMe3)2(CHSiMe3)]. So far, both the ate
complex precursors and the proposed alkylidene product have
evaded structural characterization. Generally, very few X-ray
diffraction (XRD) analyses of rare-earth-metal trimethyl-
silylmethyl ate complexes are available, with complex
[(Me3SiCH2)x(Me3CO)1−xY(μ-OCMe3)4{Li(thf)}4(μ4-Cl)][Y(CH2SiMe3)4]
most closely resembling [Li(do)x][Ln(CH2SiMe3)4].

6

Preparations of the respective ate complexes of large
rare-earth-metal centers were seemingly not attempted,
most likely because of the enhanced instability of their
Ln(CH2SiMe3)3(thf)x counterparts.1a,2 Furthermore, only three
examples of lanthanide complexes with the silylalkylidene
ligand [CHSiMe3]

2− have been reported, however, all of them
with stabilizing ancillary ligands.7 Since the NMR-active nuclei
89Y (I = 1/2)8 and 45Sc (I = 7/2)9 might provide useful comp-
lementary probes for assessing ate complexation and any
involved decomposition reactions, we thought it worthwhile to
revisit such rare-earth-metal neosilyl derivatives.

Results and discussion
Yttrium

Applying Schumann’s protocol,3,5 we targeted ate complex
[Li(Et2O)x][Y(CH2SiMe3)4] for which the THF pendant already
exists.10 Accordingly, anhydrous YCl3 was reacted with 4 equiv.
of LiCH2SiMe3 in a 1 : 2 Et2O/n-pentane mixture (Scheme 1).
Upon workup, the 1H NMR spectrum of the crystalline residue
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1 in C6D6 showed only two signals: one very broad singlet at
δ = −0.73 ppm for the methylene moiety and one sharp singlet
for the protons of the SiMe3 groups at 0.23 ppm. Apparently,
all weakly coordinating diethyl ether molecules got displaced
upon exposure of 1 to vacuum (Fig. S1†). This is contrary to
the 1H NMR spectrum of previously characterized complex
[Li(thf)4][Y(CH2SiMe3)4], which shows a much sharper signal
with a resolved doublet for the Y-bound CH2-groups and also
coordinated THF molecules.11 Since the above-stated 1H NMR
spectrum was not revealing much about the actual structure of
compound 1 in solution at ambient temperature, a VT 1H
NMR study was conducted (cf., Fig. S3†). The progression from
−80 °C to +26 °C revealed several highly dynamic species in
solution: at −60 °C the resonance for exclusively Li-bound
CH2-groups emerged at about −2 ppm (dissociation of
LiCH2SiMe3) and disappeared after heating to above 0 °C,
likely because of the higher mobility of the individual moieties
in the complex. Notably, rapid dissociation and recombination
reactions according to the equilibrium [Li(thf)4][Y(CH2SiMe3)4]
⇌ Y(CH2SiMe3)3(thf)2 + Li(CH2SiMe3)(thf)x have been postu-
lated on the basis of a 13C VT NMR study.5 The resonance at
about −0.5 ppm attributed to the Y–CH2 moieties split up into
two signals at −80 °C, which converged at −60 °C to one sharp
signal with a smaller shoulder, which further converged into
the main signal above 0 °C. Above −10 °C this main signal
broadened significantly, indicating a high fluxionality of all
neosilyl groups in complex 1. The resonance for the SiMe3
groups at about 0.5 ppm revealed one main species at 26 °C.
At lower temperatures, the methylene signal of separated
LiCH2SiMe3 became prominent appearing as a shoulder at
−10 °C and being fully separated from the main peak at
−30 °C. It can be concluded that yttrium complex 1 shows a
multitude of fluxional species in solution, which unambigu-
ously explains the 1H NMR spectrum at ambient temperature.
The 89Y NMR chemical shift of compound 1 was detected at δ
= 954.5 ppm (cf. Fig. S6†), which is located in between the tris
(alkyl) complex Y(CH2SiMe3)3(thf)2 (δ = 882.7 ppm)12 and the
tetrakis(neosilyl) ate complex [Li(thf)4][Y(CH2SiMe3)4] showing
a resonance at δ = 1151.0 ppm in aromatic solvents.10 Since it
was shown that the 89Y chemical shift correlates with the

number of Ln-bound alkyl groups,13 it is not too far-fetched to
assume that dissolved complex 1 should bear multiple alkyl
groups and that its actual composition in the solid state
should be similar as well.10 The 89Y and 7Li NMR spectra
recorded at lower temperatures were indicative of the fluxional
nature of 1 in solution. While the 89Y spectrum at −40 °C
shows an additional peak at a higher field (ca. 800 ppm,
Fig. S6†) indicative of an (lithium)alkyl-depleted species, the
7Li spectra suggest the emergence of the signal attributed to
LiCH2SiMe3 (Fig. S4†). Upon crystallization from a saturated
toluene/n-hexane mixture, a rather unusual structure with the
general composition Li3Y(CH2SiMe3)6 (1) (cf. Scheme 1 and
Fig. 1) could be elucidated. Consequently, the reaction was
repeated with a 1 : 6 molar ratio of YCl3 and lithium alkyl,
which produced complex 1 reproducibly in yields of up to
57%.

There are many examples in the literature where yttrium is
coordinated by six alkyl groups, for example, ate complexes
[Li(solvent)x]3[LnMe6], [{Li(dme)3}{Y(CH2–X–CH2)6}] with X =
C2H4, C3H6, Si(CH3)2 and others.14 Complex 1 features a
donor-free ate complex with three incorporated lithium atoms.
The yttrium atom is bonded to five neosilyl ligands adopting a
square pyramidal coordination geometry. The sixth alkyl group
is peripheral, bridging the lithium atoms exclusively. Only one
of the yttrium-bound alkyl groups is terminal. The structural
motif is reminiscent of the solid-state structure of hexameric
[LiCH2SiMe3]6, which was found as one of the decomposition
products (vide infra).15 The three lithium atoms and the
yttrium atom of 1 form a distorted trigonal pyramid (cf. ESI†)
with a basal Li3 isosceles triangle and an apical yttrium atom.
The Li1–Li2–Li3 connection is almost rectangular at 89.3(5)°.
The Y–Li distances range between 2.838(10) Å and 2.936(11) Å.
The terminal Y–C distance in 1 amounts to 2.362(6) Å, while
the bridging ones range from 2.467(7) to 2.628(7) Å. For com-
parison, the homoleptic 4-coordinate anionic fragment

Scheme 1 Envisaged synthesis route towards separated ion-pair
[Li(Et2O)4][Y(CH2SiMe3)4] and actual reaction product Li3Y(CH2SiMe3)6 (1).

Fig. 1 Left: Crystal structure of one of two independent molecules in
the unit cell of Li3Y(CH2SiMe3)6 (1) (ellipsoids set at the 50% probability
level). Hydrogen atoms are omitted for clarity. For detailed metric para-
meters, cf. ESI.† Right: Illustration of secondary Li⋯H interactions with
respective distances in Å.
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[Y(CH2SiMe3)4] of complex [(Me3SiCH2)x(Me3CO)1−xY(μ-
OCMe3)4{Li(THF)}4(μ4-Cl)][Y(CH2SiMe3)4] shows Y–C distances
in a similar range (2.382(8) Å to 2.420(9) Å).6 Ion-separated het-
eroleptic complex (Me3SiCH2)Y[(µ-CH2)2SiMe2][(µ-OCMe3)Li
(thf)2]2, also reported by the Evans group, features a terminal
Y–Csilylalkyl bond of 2.450(8) Å (CNY = 5), and Y–Li distances of
3.044(13) Å and 3.008(12) Å.16 The Li3–C13 distance of
2.163(13) Å in 1 seems to be slightly shorter than the Li–C
distances in [LiCH2SiMe3]6 which were reported as 2.24 Å on
average.15 The 3-coordinate lithium atoms in 1 form additional
Li⋯H interactions, which is illustrated in Fig. 1 (right). Two of
the lithium atoms interact with one additional hydrogen atom
each, with Li⋯H distances of 1.93(6) Å and 1.95(7) Å. The
third lithium atom is close to two additional hydrogen atoms,
albeit with slightly longer Li⋯H distances (2.05(8) and 2.12(7)).
The latter match the shortest Li⋯H contacts in [LiCH2SiMe3]6
ranging from 2.014 to 2.218 Å.17

Reports of solid-state structures with lanthanide trimethyl-
silylmethyl ate complexation via lithium are very scarce. To the
best of our knowledge complex 1 is the only example of an ate
complex completely devoid of any additional ligands or solvent
molecules and only trimethylsilylmethyl ligands. A few
examples of these kinds of complexes have been reported,
albeit all of them with additional anionic ligands like cyclo-
pentadienyl or aryloxy/alkoxy derivatives.18 Comparable “oligo-
meric” structural motifs with CNLn = 5 are also observed in
solvent-donor free alkoxide complexes Li5Sm(OtBu)8 and Na8Y
(OtBu)10(X) (X = Cl, OH), respectively.19 By performing the
Schumann protocol with LuCl3 and either 4 or 6 equiv. of
LiCH2SiMe3 under the same conditions (NMR-scale reactions),
the only soluble component detectable by 1H, 7Li and 13C
NMR spectroscopy was LiCH2SiMe3 (ESI, Fig. S20–S22†).
Furthermore, the signals in the 1H and 7Li NMR spectra did
not change upon addition of additional diethyl ether (cf. ESI†).
From this, we inferred that there is no access to separated ion-
pair [Li(Et2O)4][Lu(CH2SiMe3)4] or even a complex similar to
yttrium ate complex Li3Y(CH2SiMe3)6 (1), under the same reac-
tion conditions.

Scandium

The reaction system ScCl3/6LiCH2SiMe3 in Et2O/n-pentane
(the same conditions as for yttrium) gave a mixture
of [Li(solvent)4][Sc(CH2SiMe3)4] (major component) and
Sc(CH2SiMe3)3(solvent)x (minor component), unambiguously
identified via their respective 45Sc NMR chemical shifts (cf.
Fig. 3, ESI†).10,20 Unfortunately, attempts to crystallize a
product out of this reaction mixture yielded only
[LiCH2SiMe3]6, identified via XRD (unit cell check).15 The reac-
tion of ScCl3(thf)3 with 2.95 LiCH2SiMe3 in n-hexane at −40 °C
also revealed various products in the 1H NMR spectrum (cf.
ESI†). The respective 45Sc NMR spectrum was remarkably
similar to the aforementioned, showing one resonance at
δ = 741 ppm, corresponding to Sc(CH2SiMe3)3(thf)2, and one at
δ = 919.5 ppm. The latter signal is in a range similar to
the resonance of [Li(thf)4][Sc(CH2SiMe3)4] (δ = 933.4 ppm),10

although it slightly shifted to higher fields and was broader

(cf. ESI†). By overlaying both the 1H and the 45Sc NMR spectra
(cf. ESI†), the similarities between the two reactions became
more apparent. The 7Li NMR spectrum of 2 shows two signals,
one close to δ = 0 ppm (indicative of a separated Li+ ion) and
also one around δ = 2 ppm in the lithium alkyl region, similar
to complex 1 (cf. Fig. 2).

Luckily, concentrating an n-hexane solution of the
ScCl3(thf)3/2.95LiCH2SiMe3 reaction induced the crystalliza-
tion of compound 2. XRD analysis of 2 revealed an ate complex
of composition [Li(thf)4][LiSc2(CH2SiMe3)8] (2) (cf., Scheme 2
and Fig. 2). Repeating the reaction under identical conditions
reproducibly gave crystals with the same unit cell. Complex 2
consists of a separated ion-pair featuring the trimetallic anion
[LiSc2(CH2SiMe3)8]

− and [Li(thf)4]
+ as a “classical” cation. Each

scandium atom is bridged by two trimethylsilylmethyl ligands
to the central lithium and the remaining two trimethyl-
silylmethyl ligands bind in a terminal way, which in turn
is consistent with the 7Li NMR spectrum (cf. ESI†). This
closely resembles the proposed tetrahedral structure of
[Sc(CH2SiMe3)4]

−, albeit with a lithium atom which is sand-
wiched by two of such entities. The structural motif at hand is
hitherto unprecedented and best comparable to ate complexes
Li3Ln2Me9(solvent)5 (Ln = Sc, Y, Gd–Lu),14b or others like
[Sc{CH(SiMe3)2}2ClLi(thf)2]2 and [(C5Me4CH2CH2NMe2)
YMe2(MeLi)]2.

10,21 The average Sc–Cbridge distances are 2.322 Å,
while the terminal Sc–C distances are significantly shorter
ranging from 2.17(3) to 2.32(3) Å. The central lithium atom is
coordinated tetrahedrally by four bridging alkyl ligands. We
presume that a lack of a thf donor leads to an incomplete
lithium separation and formation of complex 2. Interestingly,
the Sc–Li distances are quite short with about 2.81(2) Å each.
The Li2–O distances of the cationic moiety are in the expected
range of 1.82(3)–1.94(4) Å. A similar kind of “sandwiched”
alkali–metal complex with lanthanum, aryloxide {Cs2[La
(OAr)5]}n (Ar = C6H3iPr2-2,6), has been reported.22

Fig. 2 Crystal structure of [Li(thf )4][LiSc2(CH2SiMe3)8] (2) (ellipsoids set
at the 50% probability level). Hydrogen atoms and disorders are omitted
for clarity. The carbon atoms of THF and the SiMe3 groups were ren-
dered as wireframes. For detailed metrical parameters, cf. ESI.†
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Lanthanum

Neither adducts Ln(CH2SiMe3)3(thf)x nor ate complexes
[Li(donor)x][Ln(CH2SiMe3)4] could so far be effectively isolated
for rare-earth-metal centers of size larger than Sm3+.
Employing our recently established low-temperature syntheses
and crystallization techniques, giving access to the alkyl ate
complexes Li3Lu(n-Bu)6(thf)4, Li2Ln(n-Bu)5(tmeda)2 (Ln = Ce,
Lu), [Ce(t-Bu)4][Li(thf)4], Li6Eu(n-Bu)8(thf)6, and Li3Y(i-
Bu)6(thf)4, the reaction system LaCl3(thf)/3LiCH2SiMe3 was
investigated similarly.23 When using a solvent mixture of THF
and n-hexane, no reaction took place at −40 °C. However,
switching to a mixture of THF and diethyl ether accomplished
a slow reaction which led to the isolation of crystalline
[Li(thf)4][La(CH2SiMe3)4(thf)] (3) (Scheme 3 and Fig. 4).

The 1H NMR spectrum of 3 shows a sharp CH2 signal at
−0.17 ppm, which is slightly shifted to lower field compared to
1 (−0.73 ppm), but considerably to a higher field in compari-
son with LiCH2SiMe3 (−2.13 ppm). To probe the feasibility of
putative adduct La(CH2SiMe3)3(thf)x, the reaction depicted in

Scheme 3 was conducted with 2.5 and 4 equivalents
of LiCH2SiMe3.

2a Unfortunately, only the formation of
[Li(thf)4][La(CH2SiMe3)4(thf)] (3) was observed under these
conditions. This seems to be plausible, since the alkylation
reaction proceeds relatively slowly, and, in addition to this,
LaCl3 is not as soluble as a proposed mono-, di- or tri-alkylated
lanthanum species. Consequently, these species react faster

Scheme 2 Reaction of ScCl3(thf )3 with 2.95 equivalents of LiCH2SiMe3
towards [Li(thf )4][LiSc2(CH2SiMe3)8] (2) and Sc(CH2SiMe3)3(thf )2.

Scheme 3 Reaction of LaCl3(thf ) with 3 equiv. of LiCH2SiMe3, yielding
[Li(thf )4][La(CH2SiMe3)4(thf )] (3).

Fig. 4 Crystal structure of [Li(thf)4][La(CH2SiMe3)4(thf )] (3) (ellipsoids
set at the 50% probability level). Hydrogen atoms and disorders are
omitted for clarity. For detailed metrical parameters, cf. ESI.†

Fig. 3 Left: 7Li NMR spectra of Li3Y(CH2SiMe3)6 (1), [Li(thf )4][LiSc2(CH2SiMe3)8] (2) and [Li(thf )4][La(CH2SiMe3)4(thf )] (3). Right:
45Sc NMR spectra of

pure complexes [Li(thf )4][Sc(CH2SiMe3)4] and Sc(CH2SiMe3)3(thf )2 and reaction mixtures of ScCl3/6LiCH2SiMe3 and ScCl(thf )3/2.95LiCH2SiMe3.
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with dissolved LiCH2SiMe3, leading to the preferred formation
of ate complex 3. A similar scenario has also been proposed
for the reaction system LnCl3/LiNiPr2.

24

The 5-coordinate lanthanum centre of the anionic entity of
ate complex 3 adopts a trigonal bipyramidal coordination geo-
metry with one neosilyl and thf in the apical positions. As rou-
tinely observed, the counter ion lithium is stabilized by four
THF molecules. This binding motif is very similar to previously
reported [Li(thf)4][Ce(t-Bu)4].

4 However, since the neosilyl
ligand is sterically less demanding than the tert-butyl ligand
the lanthanum in complex 3 can accommodate one additional
THF molecule. The La–C distances range between 2.598(3) Å
and 2.614(2) Å. This correlates well with the previously
reported complexes La[CH(SiMe3)2]3(µ-Cl)Li(pmdeta) (CNLa = 4,
La–C: 2.55(2)–2.68(4) Å,25 La(AlMe4)3 (CNLa = 7, La–C: 2.696(3)–
2.980(3) Å,26 and [Li(thf)x][XN2La(CH2SiMe3)2] (XN2 = 4,5-
bis(2,4,6-triisopropylanilino)-2,7-di-tert-butyl-9,9-dimethyl-
xanthene, CNLa = 5, La–C: 2.573(7)–2.613(7) Å).27

Reactivity of 1

Recently, our group employed ClSiMe3 in a “lithium depletion”
reaction of Li2Lu(n-Bu)5(tmeda)2 to yield Li(tmeda)Lu(n-
Bu)3Cl.

4 Accordingly, complex 1 was treated with ClSiMe3 (first
1 equiv., then up to 5 equiv.) in either toluene or THF.
Unfortunately, the only isolable product of the reaction was
[LiCH2SiMe3]6, which could be identified via XRD (unit cell
check). Moreover, the reaction of 1 with 6 equiv. of benzophe-
none gave an ill-defined mixture in the 1H NMR spectrum (cf.
ESI†) and at least seven signals in the 7Li NMR spectrum of
the raw product (Fig. S18†), of which the main species was
later identified to be complex 4 (vide infra). However, 1H–89Y
HSQC NMR spectroscopy revealed one major yttrium species
in solution with a chemical shift δ(89Y) = 251 ppm. Coan et al.
reported that Y5O(OiPr)13 shows two resonances at 217.7 and
214.0 ppm; so the assumption of the formation of an yttrium
alkoxide species seems to be plausible.28 Crystallization
attempts from n-hexane, however, only yielded lithium alkox-
ide [LiOC(CH2SiMe3)(Ph)2]4 (4, Scheme 4), the solid-state struc-
ture of which was reported recently.29

Thermal decomposition of 1

Since the 1H NMR spectra of 1 confirmed a silane elimination
(SiMe4) after a relatively short time (cf. Fig. S1†), it was
assumed that the complex has a high tendency to decompose
in solution rapidly. Being driven by Schumann’s originally pro-

posed alkylidene complex Li[Lu(CH2SiMe3)2(CHSiMe3)],
complex 1 was dissolved in benzene and stirred at ambient
temperature in an argon atmosphere for seven days. After this
period of time the colorless solution turned yellowish-orange
and the reaction mixture was evaporated to dryness under
reduced pressure (removal of the volatile side product SiMe4).
Again, LiCH2SiMe3 was identified as one of the main
decomposition products (resonances in the 1H NMR spectrum
at δ = −2.05 and 0.17 ppm). Other than this, there was one very
broad resonance at 0.35 ppm (cf. ESI†), which correlated with
an yttrium species in an 1H–89Y HSQC NMR experiment with a
chemical shift of δ(89Y) = 685 ppm. This low-field chemical
shift suggested an yttrium center with several σ-bonded alkyl
ligands, which is consistent with literature data (e.g.,
[Y(CH2SiMe3)2(thf)4][BPh4] shows a resonance at δ(89Y) =
660.2 ppm (ref. 30)).10,13 XRD experiments of colorless crystals
obtained from a toluene/n-hexane solution revealed the known
structural motif of [LiCH2SiMe3]6, however, in a recently
reported different unit cell.17 As discussed above, this nicely
agrees with the fact that the bottom part of the solid-state
structure of 1 strongly resembles the hexameric solid-state
structure of [LiCH2SiMe3]6 (cf., Fig. S40†).15 Separation of the
colorless crystals of [LiCH2SiMe3]6 was not straightforward.
Attempts to isolate a series of yttrium-containing crystals by
multiple crystallization/filtration cycles failed. However, since
an yttrium-containing thermal decomposition product of 1
was supposed to contain a “YvCHSiMe3”-moiety, the existence
of such a species was checked via the reactivity towards a
ketone. Since 1 was already shown to react as a nucleophile
with benzophenone (vide supra), any putative alkylidene
moiety should engage in a Tebbe-like exchange reaction.
Consequently, a sample of decomposed 1 was dissolved in
toluene/n-hexane and stored at −40 °C. Afterwards, any crystal-
lized LiCH2SiMe3 was separated via decantation and the
remaining solution, containing the presumed yttrium alkyli-
dene complex, was reacted with benzophenone in a sealed
J. Young-valved NMR tube. Immediately a color change from
yellow to dark blue was observed. The 1H NMR spectrum
showed a weak resonance at δ 6.37 ppm (Fig. S12†), which can
be assigned to the respective alkene Ph2CvCHSiMe3 that was
already reported by the Li group.7a The formation of such a
small amount of olefination product is consistent with a
follow-up study by Schumann on the thermal decomposition
of Lu(CH2SiMe3)3(thf)2, favoring γ-H abstraction and concomi-
tant metallacycle formation as the major decomposition
pathway.31 Regrettably, we could not isolate any yttrium-con-
taining species from this reaction.

Conclusions

The reaction of anhydrous yttrium chloride with four to six
equivalents of lithium trimethylsilylmethyl resulted in Li3Y
(CH2SiMe3)6, featuring a hitherto unknown type of yttrium ate
complex. The scandium reaction reproducibly produced a
mixture of scandium tris(alkyl) and lithium scandium

Scheme 4 Reactivity of Li3Y(CH2SiMe3)6 (1) towards six equivalents of
benzophenone.

Paper Dalton Transactions

48 | Dalton Trans., 2023, 52, 44–51 This journal is © The Royal Society of Chemistry 2023



tetrakis(alkyl) ate complexes as evidenced by 45Sc NMR spec-
troscopy. Treatment of ScCl3(thf)3 with 2.95 LiCH2SiMe3 in the
absence of THF gave compound [Li(thf)4][LiSc2(CH2SiMe3)8]
with yet another new structural motif. The tetrametallic
Li[LiSc2] ate complex displays a 45Sc chemical shift similar to
[Li(thf)4][Sc(CH2SiMe3)4], albeit shifted to slightly higher fields
with a broader resonance, indicative of the less symmetric
coordination environment of the scandium atoms. Using the
previously established seamless low-temperature synthesis and
crystallization techniques the hitherto elusive lanthanum neo-
silyl complex could be isolated. In stark contrast to the pre-
viously reported neosilyl derivatives Ln(CH2SiMe3)3(thf)x,
obtained for the smaller lanthanides, the lanthanum reaction
afforded ate complex [Li(thf)4][La(CH2SiMe3)4(thf)]. The reac-
tion of Li3Y(CH2SiMe3)6 with six equivalents of benzophenone
gave the 1,2-addition product only for the lithium alkyl, and
an ill-defined mixture with several other species. 89Y NMR
spectroscopy suggested the presence of an yttrium alkoxide
as a minor metalation product. The thermal decomposition
of Li3Y(CH2SiMe3)6 resulted in a bright orange solution,
along with the separation of SiMe4 and lithium alkyl.
Addition of benzophenone to the isolated orange residue
led to a resonance in the 1H NMR spectrum attributable to an
olefinic proton, indicative of an yttrium silylalkylidene
formation.

Experimental section
General considerations

All manipulations were performed under rigorous exclusion of
air and moisture using standard Schlenk, high-vacuum, and
glovebox techniques (MBraun MB150B-G-II; <1 ppm O2,
<1 ppm H2O, argon atmosphere) except where noted other-
wise. The solvents n-hexane, n-pentane, diethyl ether (Et2O)
and toluene were purified using Grubbs-type columns
(MBraun SPS, solvent purification system). C6D6 (99.6%,
Sigma-Aldrich) and [D8]toluene were dried by letting it stand
over a Na/K-alloy for at least 24 h and subsequent filtration. All
solvents were stored inside a glovebox. Lithium
Trimethylsilylmethyl solution (0.7 M or 10 wt% in n-hexane)
was purchased from abcr GmbH. It was filtered, its solvent was
removed in vacuo and it was recrystallized from n-hexane prior
to use. ScCl3, YCl3 and LaCl3 were purchased from abcr
GmbH. The THF solvate of LaCl3 was synthesized by Soxhlet
extraction, and ScCl3 was activated by stirring over THF over-
night. NMR spectra of the air and moisture sensitive com-
pounds were recorded by using J. Young-valved NMR tubes at
ambient temperature. Solution-state NMR spectra were
measured on Bruker AV +400 (1H, 13C), and Bruker AVII +500
(7Li, 29Si, 45Sc, 89Y) spectrometers, referenced to internal
solvent residual signals and reported relative to tetramethyl-
silane (1H, 13C, 29Si), LiCl (7Li), Sc(NO3)3 (45Sc) and YCl3 (89Y).
Coupling constants are given in Hertz. IR spectra were
recorded on a NICOLET 6700 FTIR spectrometer with a DRIFT
cell (KBr window). Samples were prepared inside a glovebox by

mixing with the KBr powder. Elemental analyses were per-
formed on an Elementar Vario Micro Cube.

Li3Y(CH2SiMe3)6 (1)

Anhydrous YCl3 (138.9 mg, 0.711 mmol) was suspended in
10 mL of a 1 : 1 Et2O/n-pentane mixture. LiCH2SiMe3
(401.9 mg, 2.845 mmol) dissolved in 5 mL of n-pentane was
added dropwise at ambient temperature and stirred for
30 min. Afterwards, LiCl was filtered off and the residual
solvent was removed in vacuo. Then, the residue was redis-
solved in 5 mL of benzene and the mixture was filtered again.
The resulting solution was thoroughly dried under vacuum to
yield the product as colorless crystals (256.8 mg, 0.405 mmol,
57%). Crystals suitable for X-ray diffraction analysis were
grown from a saturated n-hexane/toluene solution. 1H NMR
(500.1 MHz, C6D6, 26 °C): δ 0.23 (s, 54H, SiCH3), −0.69 (br s,
12H, Y/LiCH2) ppm. 13C NMR (125 MHz, [D8]toluene, 26 °C): δ
3.5 (SiMe3), −0.4 (Y/Li–CH2) ppm. 7Li NMR (116.6 MHz, C6D6,
26 °C): δ 2.0 ppm. 29Si INEPTND NMR (99.4 MHz, [D8]toluene,
26 °C): δ −0.4 (br, SiCH3) ppm. 89Y NMR (from 89Y–1H HSQC,
24.5 MHz, [D8]toluene, 26 °C): δ 954.5 ppm. DRIFTS (ν̃): 2948.1
(s), 2889.4 (w), 2840.1 (w), 2797.4 (w), 1429.1 (vw), 1245.5 (s),
848.2 (vs), 819.9 (vs), 725.0 (s), 679.3 (w), 602.9 (vw), 456.5 (w),
426.9 (w), 401.1 (w) cm−1. Elemental analysis (%) calculated
for C24H66Li3Si6Y (633.03): C 45.54, H 10.51, found: C 45.42, H
10.83.

Thermal decomposition of 1

Compound 1 (59.8 mg, 0.094 mmol) was dissolved in benzene
and stirred at ambient temperature. A color change from color-
less to yellowish-orange was observed. After seven days, the
solution was dried under reduced pressure to yield an orange
solid. The orange solid was extracted with 3 mL of toluene and
with 3 mL of n-hexane (no residue remained) and both extracts
were stored at −40 °C. From the n-hexane extract colorless crys-
tals of (LiCH2SiMe3)6 were separated and identified via X-ray
diffraction. 1H NMR (500.1 MHz, C6D6, 26 °C): δ 0.35 (br), 0.17
(s, Si(CH3)3), −2.05 (Li–CH2) ppm. 7Li NMR (194.4 MHz, C6D6,
26 °C): δ 2.5 (LiCH2SiMe3), 3.9 (br) ppm. 29Si DEPT45
(99.4 MHz, C6D6, 26 °C): δ −0.2 (“Y–CHSiMe3”), −0.5
(LiCH2SiMe3) ppm. 89Y NMR (from 89Y–1H HSQC, 24.5 MHz,
C6D6, 26 °C): δ 680.2 ppm.

[Li(thf)4][LiSc2(CH2SiMe3)8] (2)

ScCl3(thf)3 (107.7 mg, 0.293 mmol) was suspended in 5 mL of
n-hexane and pre-cooled to −40 °C. Afterwards, LiCH2SiMe3
(80.0 mg, 0.850 mmol) was dissolved in 5 mL of n-hexane at an
equally cold temperature and was added. The reaction mixture
was stirred at −40 °C for 18 h and afterwards the solvent care-
fully evaporated at this temperature. During solvent evapor-
ation at −40 °C, the colorless solution froze and overnight the
residue transformed into colorless crystals of 2 suitable for
X-ray diffraction analysis. Crude yield: 97.6 mg. 7Li NMR
(194 MHz, C6D6, 10 °C): δ 2.6 (Li–CH2), 0.1 (Li(thf)4

+) ppm. 29Si
NMR (99 MHz, C6D6, 10 °C): δ 0.8, −1.2 (Sc(CH2SiMe3)3(thf)2),
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−4.9 ppm. 45Sc NMR (121.5 MHz, C6D6, 10 °C) δ 919.5
(Sc(CH2SiMe3)4

−), 741.0 (Sc(CH2SiMe3)3(thf)2) ppm.

[Li(thf)4][La(CH2SiMe3)4(thf)] (3)

To LaCl3(thf) (63.5 mg, 0.200 mmol), THF (0.4 mL) and Et2O
(1 mL) were added and the suspension was cooled to −40 °C.
Afterwards, LiCH2SiMe3 (56.5 mg, 0.6 mmol, 3 equiv.) dis-
solved in Et2O and precooled to −40 °C was added dropwise.
After stirring the suspension for 18 h, it was filtered and the
solvent was removed in vacuo. The crude product was extracted
with cold Et2O and filtered and the solvent was once again
removed in vacuo to give a white powder of [Li(thf)4][La
(CH2SiMe3)4(thf)] (130.0 mg, 0.152 mmol, 76%) (calcd for 3
LiCH2SiMe3). Crystals of 3 suitable for X-ray diffraction ana-
lysis were obtained from a highly concentrated Et2O solution.
When employing 2.5 or 4 equiv. of LiCH2SiMe3 the yields were
95% and 87%, respectively. 1H NMR, (500.13 MHz, [D8]
toluene, −40 °C): δ = 3.52 (s, 10 H, THF), 3.46 (s, 10 H, THF),
1.73 (s, 10 H, THF), 1.38 (s, 10 H, THF), 0.55 (s, 36 H, CH2Si
(CH3)3), −0.17 (s, 8 H, CH2Si(CH3)3) ppm. 13C NMR,
(125.76 MHz, [D8]toluene, −40 °C): δ = 68.6 (s, THF), 67.9 (s,
THF), 25.8 (s, THF), 25.7 (s, THF), 5.3 ppm (s, CH2Si(CH3)3).
No signal for the CH2 groups could be observed. 7Li NMR,
(194.37 MHz, [D8]toluene, −40 °C): δ = −0.73 (s, Li(thf)4) ppm.
Anal. (%) calcd for C36H84LaLiO5Si4 (855.24): C 50.56, H 9.90;
found: C 49.65, H 9.49. The deviation between theoretical and
experimental microanalytical data originates from rapid
decomposition of [Li(thf)4][La(CH2SiMe3)4(thf)] at ambient
temperature.

[LiOC(CH2SiMe3)(Ph)2]4 (4)

At ambient temperature, 1 (24.5 mg, 0.039 mmol) was dis-
solved in n-hexane (2 mL). Afterwards, benzophenone
(42.4 mg, 0.232 mmol), dissolved in an equal amount of
n-hexane, was added. The reaction mixture was stirred for
15 min after which the mixture began to turn to a slight shade
of yellow. Afterwards, the reaction mixture was concentrated
and stored. Overnight, colorless crystals of 4 suitable for X-ray
analysis could be harvested at −40 °C. 1H NMR (500.1 MHz,
C6D6, 26 °C): δ −0.25 (s, 36H, SiCH3), 1.43 (s, 8H, CH2), 7.08
(m, 8H, Ar–H), 7.12 (t, 3JH–H = 7.3 Hz, 16H, Ar–H), 7.24 (d,
3JH–H = 7.5 Hz, 16H, Ar–H) ppm. 13C NMR (125.8 MHz, C6D6,
26 °C): δ 0.1 (SiMe3), 38.5 (CH2), 79.0 (O–C), 126.3 (Ar–C), 127.0
(Ar–C), 128.7 (Ar–C), 154.1 (Ar–Cipso) ppm. 7Li NMR
(116.6 MHz, C6D6, 26 °C): δ 0.4 ppm. 29Si DEPT45 NMR
(99.4 MHz, [D8]toluene, 26 °C): δ −3.8 (br, SiCH3) ppm.
Elemental analysis (%) calculated for C68H84Li4O4Si4 (1105.52):
C 73.88, H 7.55, found: C 74.02, H 7.77.

X-ray crystallography and crystal structure determinations

Crystals of 1 were grown from a saturated n-hexane/toluene
solution at −40 °C. Crystals of 2 were produced by evaporat-
ing a saturated toluene solution at −40 °C. Crystals of 4 were
grown from an n-hexane solution at −40 °C. Suitable crystals
for XRD analyses were selected inside a glovebox and coated
with Parabar 10312 (previously known as Paratone N,

Hampton Research) and fixed on a microloop. X-ray data
were collected on a Bruker APEX III DUO instrument
equipped with an IµS microfocus sealed tube and QUAZAR
optics for MoKα (λ = 0.71073 Å) radiation. Data collection
was performed using COSMO32 employing ω-scans. Raw data
were processed using APEX33 and SAINT,34 and corrections
for absorption effects were applied using SADABS.35 The
structures were solved by direct methods and refined against
all data by full-matrix least-squares methods on F2 using
SHELXTL36 and SHELXLE.37 All graphics were produced
employing CSD Mercury 4.1.0.38 Disordered models were cal-
culated using DSR,39 a program included in SHELXLE, for
refining the disordered models. Further details regarding the
refinement and crystallographic data are listed in Table S1
and in the CIF files.† CCDC depositions 2215407–2215409
contain all the supplementary crystallographic data for this
paper.†
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S3 

NMR Spectra 

Figure S1. 1H NMR spectrum (500 MHz) of Li3Y(CH2SiMe3)6 (1) in C6D6 at 26 °C. The 
solvent residual signal is marked with an asterisk, + denotes emerging SiMe4 as the 
decomposition product. 

Figure S2. 13C{1H} NMR spectrum (125 MHz) of Li3Y(CH2SiMe3)6 (1) in [D8]toluene at 
26 °C. The solvent residual signals are marked with asterisks, + denotes residual Et2O. 
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S4 

Figure S3. VT 1H NMR spectrum (500 MHz) of Li3Y(CH2SiMe3)6 (1) in [D8]toluene, # 
denotes emerging decomposition product SiMe4. 

Figure S4. 7Li NMR spectrum (116 MHz) of Li3Y(CH2SiMe3)6 (1) in C6D6 at 26 °C.  
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S5 

Figure S5. 29Si INEPTND NMR spectrum (99 MHz) of Li3Y(CH2SiMe3)6 (1) in 
[D8]toluene at 26 °C. 

Figure S6. 1H–89Y NMR spectrum (25 MHz) of Li3Y(CH2SiMe3)6 (1) in [D8]toluene at 
26 °C. The solvent residual signals are marked with asterisks, + denotes residual Et2O 
and # decomposition product SiMe4. 
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S6 

Figure S7. 1H NMR spectrum (500 MHz) of decomposition products of 1 in C6D6 at 26 
°C. Solvent residual signal is marked with an asterisk, # denotes LiCH2SiMe3.  

Figure S8. 7Li NMR spectrum (194 MHz) of decomposition products of 1 in C6D6 at 26 
°C, # denotes LiCH2SiMe3. 
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S7 

Figure S9. 29Si DEPT45 NMR spectrum (99 MHz) of decomposition products of 1 in 
C6D6 at 26 °C, # denotes LiCH2SiMe3. 

 

Figure S10. 1H–29Si HSQC NMR spectrum (99 MHz) of decomposition products of 1 
in C6D6 at 26 °C, # denotes LiCH2SiMe3. 
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S8 

 

Figure S11. 1H–89Y HSQC NMR spectrum (25 MHz) of decomposition products of 1 
in C6D6 at 26 °C. Solvent residual signal is marked with an asterisk, # denotes 
LiCH2SiMe3. 

Figure S12. 1H NMR spectrum (400 MHz) of the reaction of decomposition products 
of 1 with benzophenone in C6D6 at 26 °C. 
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S9 

Figure S13. 1H NMR spectrum (500 MHz) of [LiOC(CH2SiMe3)(Ph)2]4 (3) in C6D6 at 26 
°C, solvent residual signal is marked with an asterisk.  

Figure S14. 13C{1H} NMR spectrum (126 MHz) of [LiOC(CH2SiMe3)(Ph)2]4 (3) in C6D6 
at 26 °C. The solvent residual signals are marked with an asterisk. 

 

Page 20 of 37Dalton Transactions



S10 

Figure S15. 7Li NMR spectrum (194 MHz) of [LiOC(CH2SiMe3)(Ph)2]4 (3) in C6D6 at 26 
°C.  

Figure S16. 29Si DEPT45 NMR spectrum (99 MHz) of [LiOC(CH2SiMe3)(Ph)2]4 (3) in 
C6D6 at 26 °C. 
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S11 

 
Figure S17. 1H NMR spectrum (500 MHz) of the reaction of Li3Y(CH2SiMe3)6 (1) with 
6 equivs. benzophenone in [D8]toluene at 26 °C, solvent residual signal is marked with 
asterisks. 

 

Figure S18. 7Li NMR spectrum (194 MHz) of the reaction of Li3Y(CH2SiMe3)6 (1) with 
6 equivs. benzophenone in [D8]toluene at 26 °C. The main peak at 0.4 ppm 
corresponds to [LiOC(CH2SiMe3)(Ph)2]4 (3). 
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Figure S19. 1H–89Y HSQC NMR spectrum (25 MHz) of the reaction of Li3Y(CH2SiMe3)6 
(1) with 6 equivs. benzophenone in [D8]toluene at 26 °C, solvent residual signal is 
marked with asterisks. 

Figure S20. 1H NMR spectrum (500 MHz) of the reaction of LuCl3 with 4 equivs. of 
LiCH2SiMe3 after workup in C6D6 at 26 °C. Solvent residual signal is marked with an 
asterisk, diethyl ether with #. 
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Figure S21. 13C{1H} NMR spectrum (126 MHz) of the reaction of LuCl3 with 4 equivs. 
of LiCH2SiMe3 after workup in C6D6 at 26 °C. Solvent residual signal is marked with an 
asterisk, diethyl ether with #. 

 

 

Figure S22. 7Li NMR spectrum (194 MHz) of LuCl3 with 4 equivs. of LiCH2SiMe3 after 
workup in C6D6 at 26 °C. 
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Figure S23. 1H NMR spectrum (500 MHz) of the reaction of LuCl3 with 4 equivs. of 
LiCH2SiMe3 after workup and addition of excess diethyl ether in C6D6 at 26 °C. Solvent 
residual signal is marked with an asterisk, diethyl ether with #. 

 

Figure S24. 1H NMR spectrum (500 MHz) of the reaction of ScCl3 with 6 equivs. of 
LiCH2SiMe3 after workup in C6D6 at 26 °C. Solvent residual signal is marked with an 
asterisk. 
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Figure S25. 7Li NMR spectrum (194 MHz) of ScCl3 with 6 equivs. of LiCH2SiMe3 after 
workup in C6D6 at 26 °C. 

 

 

Figure S26. 45Sc NMR spectrum (122 MHz) of ScCl3 with 6 equivs. of LiCH2SiMe3 after 
workup in C6D6 at 26 °C. 
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Figure S27. 1H NMR spectrum (500 MHz) of the reaction of ScCl3(thf)3 with 2.9 equivs. 
of LiCH2SiMe3 in C6D6 at 10 °C. Solvent residual signal is marked with an asterisk. 

 

 

Figure S28. 7Li NMR spectrum (194 MHz) of the reaction of ScCl3(thf)3 with 2.9 equivs. 
of LiCH2SiMe3 in C6D6 at 10 °C. 
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Figure S29. 29Si INEPTND NMR spectrum (99 MHz) of the reaction of ScCl3(thf)3 with 
2.9 equivs. of LiCH2SiMe3 in C6D6 at 10 °C. 

 

Figure S30. 1H–29Si HSQC NMR spectrum (99 MHz) of the reaction of ScCl3(thf)3 with 
2.9 equivs. of LiCH2SiMe3 in C6D6 at 10 °C. Solvent residual signal is marked with an 
asterisk, the resonance of Sc(CH2SiMe3)3(thf)2 is marked with #. 

 

Page 28 of 37Dalton Transactions



S18 

 

 

Figure S31. 45Sc NMR spectrum (122 MHz) of the reaction of ScCl3(thf)3 with 2.9 
equivs. of LiCH2SiMe3 in C6D6 at 10 °C. 

 

Figure S32. 1H NMR spectra (500 MHz) of the reaction of ScCl3(thf)3 with 2.9 equivs. 
of LiCH2SiMe3 in C6D6 compared with Sc(CH2SiMe3)3(thf)2 in [D8]toluene. Solvent 
residual signals are marked with asterisks. 
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Figure S33. Stacked 45Sc NMR spectra (122 MHz) of (from bottom to top) the reaction 
of ScCl3(thf)3 with 2.9 equivs. of LiCH2SiMe3, ScCl3 with 6 equivs. of LiCH2SiMe3, 
Sc(CH2SiMe3)3(thf)2 and [Li(thf)4][Sc(CH2SiMe3)4] in C6D6. 

 

Figure S34. 1H NMR spectrum of [Li(thf)4][La(CH2SiMe3)4(thf)] (3) (500.13 MHz, 
[D8]toluene, –40 °C). The solvent residual signals are marked with asterisks. Residual 
Et2O is marked #. 
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Figure S35. 13C{1H} NMR spectrum of [Li(thf)4][La(CH2SiMe3)4(thf)] (3) (125.76 MHz, 
[D8]toluene, –40 °C). The solvent residual signals are marked with asterisks. Residual 
Et2O is marked #. 

 

Figure S1. 7Li NMR spectrum of [Li(thf)4][La(CH2SiMe3)4(thf)] (3) (194.37 MHz, 
[D8]toluene, –40 °C). LiCl is marked with # and unknown impurities are marked with ~. 
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Figure S37. 1H NMR spectra of [Li(thf)4][La(CH2SiMe3)4(thf)] (3) at –40 °C (bottom) 
after 1 h at ambient temperature (middle) and after 5 d at ambient temperature (top), 
(bottom 500.13 MHz, [D8]toluene, –40 °C), (middle 500.13 MHz, [D8]toluene, 26 °C), 
(top 400.11 MHz, [D8]toluene, 26 °C). SiMe4 is marked with #. 

 

 

Figure S38. 1H NMR spectra of LiCH2SiMe3 at –40 °C (bottom) and at ambient 
temperature (top), (bottom 500.13 MHz, [D8]toluene, –40 °C), (top 500.13 MHz, 
[D8]toluene, 26 °C) solvent residual signals are marked with asterisks. 
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Figure S39. 7Li NMR spectra of LiCH2SiMe3 at –40 °C (bottom, 194.37 MHz, 
[D8]toluene) and at 26 °C (top, 194.37 MHz, [D8]toluene).  
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X-Ray Crystallography 

Table S1. Crystallographic Data for Compound 1, 2 and 3 

 1 2[d] 3 

formula C24H66Li3Si6Y C48H120Li2O4Sc2Si8 C36H84LaLiO5Si4 

CCDC 2215408 2215407 2215409 

Mr [g mol–1] 633.03 1089.95 855.24 

colour colourless colourless colourless 

crystal dimensions 
[mm] 

0.194 x 0.142 x 
0.067 

0.306 x 0.288 x 
0.260 

0.542 x 0.359 x 
0.298 

cryst syst Monoclinic Triclinic Monoclinic 

space group Cc P1 P21/c 

a [Å] 18.9631(17) 13.0921(6) 17.4785(18) 

b [Å] 10.3876(10) 13.0811(6) 15.0572(16) 

c [Å] 40.329(4) 21.0745(15) 20.279(2) 

α [°] 90 90.0230(13) 90 

β [°] 96.829(2) 90.093(14) 112.9880(10) 

γ [°] 90 90.071(9) 90 

V [Å3] 7887.8(13) 3609.2(3) 4913.2(9) 

Z 8 2 4 

T [K] 100(2) 100(2) 100(2) 

ρcalcd [g cm–3] 1.066 1.003 1.156 

µ [mm–1] 1.672 0.353 0.999 

F (000) 2736 1200 1824 

θ range [°] 2.034/26.464 1.555/22.241 2.051/29.706 

unique reflns 16149 13964 13924 

collected reflns 53733 17319 84117 

R1
[a]/wR2(I>2θ)[b] 0.0433 /0.0795 0.0894/0.2093 0.0349/0.0775 

R1
[a]/wR2(all data)[b] 0.0685/0.0875 0.1113/0.2272 0.0520/0.0868 

GOF[c] 0.884 1.037 1.021 
[c]GOF = [Σw(Fo2 - Fc2)2 / (no - np.)]1/2. [a]R1 = Σ(||Fo| - |Fc||) / Σ|Fo|, Fo > 4σ(F0). [c]wR2 = {Σ[w(Fo2 - Fc2)2 / Σ[w(Fo2)2]}1/2. 

[d] Metric seems to be tetragonal, but refinement was not possible (wR2 = 0.70). The crystals had poor quality and 
only reflections up to 0.93 Å could be collected. Additional disorder was found but could not be resolved 
reliably due to the missing high resolution data. 
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Figure S40. Comparison of the crystal structures of Li3Y(CH2SiMe3)6 (1, left) and 
hexameric [LiCH2SiMe3]6 (right) (ellipsoids set to the 50 % probability level, hydrogen 
atoms omitted for clarity). Selected interatomic distances (Å) and angles (°) for 
complex 1: Y1–C1 2.362(6), Y1–C5 2.628(7), Y1–C9 2.515(6), Y1–C17 2.467(7), Y1–
C21 2.620(7), Y1–Li1 2.838(10), Y1–Li2 2.846(11), Y1–Li3 2.936(11), Li1–Li3 
2.582(15), Li2–Li3 2.670(15), Li1–C5 2.259(14), Li1–C9 2.209(12), Li1–C13 2.244(12), 
Li2–C13 2.294(12), Li3–C13 2.163(13), Li2–C17 2.155(13), Li2–C21 2.267(13), Li3–
C5 2.226(13), C1–Si1 1.842(6), C5–Si2 1.863(7), C9–Si3 1.861(7), C13–Si4 1.855(7), 
C17–Si5 1.858(7), C21–Si6 1.857(7); Y1–C1–Si1 128.4(3), Y1–C5–Si2 118.8(3), Y1–
C5–Li1 70.5(3), Y1–C5–Li3 73.9(3), Y1–C9–Si3 120.3(3), Y1–C9–Li1 73.5(3), Y1–
C17–Si5 153.8(4), Y1–C17–Li2 75.7(3), Y1–C21–Si6 159.0(3), Y1–C21–Li2 70.8(3), 
Y1–C21–Li3 74.6(3), Li1–Y1–Li2 81.0(3), Li1–Li3–Li2 89.3(5). Bottom: Illustration of 
distorted trigonal pyramid consisting of Li1–Li2–Li3–Y1 subunit of complex 1. 
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Figure S41. Crystal structure of one of the crystallographically independent molecules 
of [Li(thf)4][LiSc2(CH2SiMe3)8] (2) (ellipsoids set to 50 % probability level). All hydrogen 
atoms and disorders were omitted for clarity. Carbon atoms of THF and the SiMe3 
groups were rendered as wireframes. Selected interatomic distances (Å) and angles 
(°): Sc1–C1 2.27(3), Sc1–C5 2.344(14), Sc1–C9 2.24(3), Sc1–C13 2.169(14), Sc2–
C17 2.190(14), Sc2–C21 2.348(17), Sc2–C25 2.29(3), Sc2–C29 2.22(3), C1–Si1 
1.84(3), C5–Si2 1.867(16), C9–Si3 1.80(3), C13–Si4 1.914(14), C17–Si5 1.891(15), 
C21–Si6 1.882(18), C25–Si7 1.78(3), C29–Si8 1.87(3), Sc1…Li1 2.80(2), Sc2…Li1 
2.82(2), Li2–O1_1 1.82(3), Li2–O1_2 1.92(4), Li2–O1_3 1.87(4), Li2–O1_4 1.89(4); 
Sc1–C1–Si1 119.7(15), Sc1–C5–Si2 132.4(7), Sc1–C9–Si3 125.5(16), Sc1–C13–Si4 
112.8(7), Sc2–C17–Si5 113.2(6), Sc2–C21–Si6 129.4(8), Sc2–C25–Si7 121.7(18), 
Sc2–C29–Si8 123.3(14), Sc1–Li1–Sc2 165.7(10). 
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Figure S42. Crystal structure of [Li(thf)4][La(CH2SiMe3)4(thf)] (3) (ellipsoids set to 50% 
probability level). Hydrogen atoms and disorders of the THF groups are omitted for 
clarity. Selected interatomic distances (Å) and angles (°): La1–C1 2.598(3), La1–C5 
2.605(2), La1–C9 2.605(2), La1–C13 2.614(2), La1–O1 2.6895(18), C5–La1–O1 
176.18(7), C1–La1–C5 96.29(8), C9–La1–C5 97.48(7), C13–La1–C5 104.11(8), C1–
La1–C9 111.84(8), C9–La1–C13, 121.47(8), C1–La1–C13 118.72(8). 
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Appendix 

F 





 

 

Structurally characterized complexes 

On the following pages all X-ray structurally characterized compounds are listed as ChemDraw 

sketches. 
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