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Preface

The following PhD thesis consists of a survey on the chemistry of rare-earth-metal methyl and
methylidene complexes, a summary of the main results, and original scientific papers. The work
has been carried out at the Institut fiir Anorganische Chemie of the Eberhard Karls Universitit
Tibingen, Germany, over the period from November 2015 to November 2019 under the
supervision of Prof. Dr. Reiner Anwander. Funding has been gratefully received from the

Deutsche Forschungsgemeinschaft (DFG).

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

contributions.
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Summary

In contrast to well-established transition metal alkylidene complexes, stabilization of rare-earth-
metal alkylidene complexes is still challenging. Methylidene complexes attracted great research
interest due to their reactivity in organic transformations. Despite this fact, the chemistry of the

rare-earth-metal variants is still unexplored.

In a first approach for the generation of terminal rare-earth-metal methylidene complexes
stabilized by a super bulky tris(pyrazolyl)borato ligand, reactive mixed methyl/triflate and
methyl/alkyl complexes Tp®*M*LnMe(R) (Ln =Y, Lu; R = OTf, NTf,, alkyl) were investigated.
Reaction of Tp®*M*LuMe, or Tp®*“M*YMe(AIMes) with Me3SiOTf or Me3SiNTH; led to the
successful isolation of TpB*MLnMe(OTf) or TpB*MLnMe(NTH:), respectively. Attempted
reactions with the WITTIG reagent HoC=PPhs showed no reactivity towards leaving group
abstraction. Further effort led to the formation of Tp®*“M¢LnX, (X = Cl, I) and especially mixed
Tp™®*MeLuMeCl for its application in salt metathesis protocols with KBn and LiCH,SiMes and
the successful formation of Tp®™"“M*LuMe(R) (R = CH.C¢Hs, CH,SiMe3). However, even at
elevated temperatures no abstraction of either methane, toluene or SiMe4, but rather C—H-bond

activation at the ligand backbone was observed.

Further interest in reactive terminal methyl complexes led to investigations on the stability of
mixed methyl aryloxide compounds TpB*M¢LnMe(OAr) (Ln =Y, Lu; OAr = OCsHsMe;-2,6,
OCsH3iPr2-2,6, OC¢H2tBus-2,6-Me-4, OCsH3(CF3)2-3,5). The desired rare-earth-metal methyl
complexes were obtained by applying salt metathesis as well as protonolysis approaches with

Tp®*MLuMe> and Tp®*MLnMe(AlMes) and the respective KOAr or HOAT.

Exchange of the ligand system led to the generation of silylamide stabilized reactive rare-earth-
metal complexes (Me,Ph,Si)>NLn(AlMes)> (Ln =Y, Lu, x = 0-2, y = 3—x) which showed
intramolecular C—H-bond activation to afford rare-earth-metal complexes supported by (CNC)-

pincer ligands.

Successful isolation of various mixed trimetallic halogenido/methylidene rare-earth-metal
complexes (Cp®)sLns(u-X)3(u3-X)(u3-CHz)(thf)s (Ln =Y, La; X = CI, Br, I; Cp® = CsMes,
CsMesSiMes) was achieved via donor-induced tetramethylaluminate cleavage and further C—
H-bond activation of [(Cp®)Ln(AIMes),(X):]v. Reactivity tests with carbonylic substrates

revealed a behavior analogous to the TEBBE reagent and therefore those complexes can be

\Y%



considered as SCHROCK-type nucleophilic carbenes. Furthermore, the methylidene rare-earth-

metal complexes were active in the polymerization of 8-valerolactone.

VI



Zusammenfassung

Im Gegensatz zu Ubergangsmetall-Alkyliden-Komplexen ist die Stabilisierung von
Seltenerdmetall-Alkylidenen immer noch eine Herausforderung. Methyliden-Komplexe fallen
vor allem durch ihre Reaktivitit in der Umwandlung organischer Gruppen auf. Ungeachtet

dessen ist die Chemie der Seltenerdmetall-Analoga immer noch nahezu unerforscht.

In einem ersten Ansatz zur Synthese von terminalen Seltenerdmetall-Methyliden-Komplexen,
stabilisiert durch einen sterisch anspruchsvollen Tris(pyrazolylborato) Liganden, wurden
gemischte Methyl/Triflat und Methyl/Alkyl Komplexe TpB*MLnMe(R) (Ln =Y, Lu; R = OT,
NTf,, Alkyl) untersucht. Die Reaktion von Tp®B*MLuMe, und TpP“MeYMe(AlMes) mit
Me;SiOTf oder Me3SiNTHf fiihrte zu der Isolierung von einerseits TpB*MLnMe(OTf) sowie
Tp®*MLnMe(NTf). Versuche, diese mit dem WITTIG Reagenz HoC=PPh; umzusetzen um eine
Abspaltung der Abgangsgruppe zu erzielen, zeigten keine Reaktivitdt dahingehend. Durch
weitere Anstrengungen gelang die Synthese von Tp®*M¢LnX, (X = CI, I) und vor allem
Tp®*MeLuMeCl. So gelang die Umsetzung mit KBn und LiCH,SiMes in einer Salzmetathese-
Reaktion zu Tp®®*M*LuMe(R) (R = CH,C¢Hs, CH2SiMes). Auch erhdhte Temperaturen fiihrten
nicht zur Abstraktion des Alkans und der Bildung des anvisierten Alkylidens.

Weiteres Interesse an der Chemie von reaktiven Methyl-Komplexen fiithrte zu Untersuchungen
iiber gemischte Methyl/Aryloxid Verbindungen Tp®“M¢LnMe(OAr) (Ln = Y, Lu; OAr =
OCsH3Me»-2,6, OCsH3iPr2-2,6, OCsH2tBu»-2,6-Me-4, OCsH3(CF3)2-3,5). Um die erwiinschten
Verbindungen zu erhalten, wurden sowohl Salzmetathese- als auch Protonolyse-Protokolle mit
Tp®"MLuMe, und Tp®“MLnMe(AIMes) und den entsprechenden Phenolderivaten

angewandt.

Durch die Verwendung eines anderen Ligandensystems gelang die Synthese von weiteren
Silylamid-stabilisierten Seltenerdmetallkomplexen (MexPhySi)2NLn(AlMes)2 (Ln =Y, Lu, x =
0-2, y = 3—x), die durch intramolekulare C—H-Bindungsaktivierung (CNC)-Pincer Komplexe

generierten.

Die  erfolgreiche  Isolierung von  verschiedenen  gemischten  trimetallischen
Halogenid/Methyliden Komplexen (Cp®)sLns(u-X)s3(u3-X)(u3-CHz)(thf); (Ln =Y, La; X = CI,
Br, I; CpR = CsMes, CsMesSiMes) konnte durch Donor-induzierte Tetramethylaluminatspaltung
gefolgt von C—H-Bindungsaktivierung erzielt werden. Reaktivitdtstests mit Substraten, die eine

Carbonyl-Funktionalitét tragen, zeigten Reaktivititen dhnlich dem TEBBE Reagenz, weswegen
VII



diese Methyliden-Komplexe als nukleophile Carbene des SCHROCK-Typs eingestuft werden
konnen. Zudem wurden die Seltenerdmetall-Methyliden-Komplexe erfolgreich in der

Polymerisation von 9-Valerolacton getestet.
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Objective of this Thesis

The main emphasis of this thesis is to develop new synthesis strategies for the formation of

rare-earth-metal methyl or methylidene complexes.

Chapter A of this thesis gives a brief overview of the classification of carbene or alkylidene
complexes in general. Further emphasis is put on rare-earth-metal methyl complexes as
precursors in rare-earth-metal alkylidene chemistry. The development of rare-earth-metal
alkylidene complexes are given in a historical overview with all structurally characterized
alkylidene complexes and their respective Ln—C(alkylidene) bond lengths. Additionally, the
differences in reactivity are displayed for the afore presented rare-earth-metal alkylidene

complexes.

In Chapter B the main results of this thesis are presented. The emphasis is put on the following

aspects:

= Synthesis of Methyl Complexes as Potential Precursors for Terminal Methylidenes

= Synthesis and Reactivity of Mixed Methyl/Aryloxy Rare-Earth-Metal Complexes

= Mixed Halogenido/Methylidene Rare-Earth-Metal Complexes: Synthesis and
Reactivity

Chapter C contains a manuscript with unpublished results about (CNC)-pincer-like rare-earth-

metal complexes

Chapter E is a compilation of publications and a manuscript to be submitted.
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Methyl and Alkylidene
Complexes of the Rare-

Earth Metals




2 METAL CARBENE VS. ALKYLIDENE COMPLEXES

1 Metal Carbene vs. Alkylidene Complexes

In general, carbene complexes can be best described as divalent carbon species coordinated to
a metal center via a formal carbon metal double bond. Deeper insights into the bonding situation
and the electro- or nucleophilicity of the respective carbon or metal fragment leads to the

classification into three different types of transition metal carbene complexes (Scheme 1):[

Nucleophilic carbene complexes,!'%" 2! where the four electrons of the formal M=C double
bond are solely provided by the ligand system (Scheme 1, left). R represents electron
withdrawing groups to stabilize the nucleophilic carbene unit with the electron deficient metal
center. Therefore, the bonding situation is best described as dative bond from a strong o-donor
ligand. Representatives for this class are pincer-like bis(phosphorous)-stabilized carbene

complexes formed from geminal dianions and the metal cation.[!d"2!

FISCHER-type carbene complexes,!'* & & 2] or singlet carbene complexes bear an electrophilic
carbon species with R representing heteroatoms (Scheme 1, middle). The double-bond situation
shows a o-type electron donation from the carbene and n-type back bonding of the d-orbitals of
the metal. Mainly, such complexes are accessible for late transition metals in low oxidation

states. The synthesis of FISCHER-type carbenes can be achieved through e.g. addition of lithium

alkyls to M—CO and subsequent alkylation or protonation of acyl complexes.!'* £ 2l
Nucleophilic carbene Fischer type carbene Schrock type alkylidene

complexes complexes complexes

R Som R/, R |:{/, —_
R'C_M R'C_M R'C_M

T
/s, e /s, < /, <
—_— - P

Scheme 1. Classification of the different carbene complexes and their bonding modes (Scheme adopted and

slightly modified from ref. [ 1f]).
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SCHROCK-type alkylidene complexes,'> & 21 or triplet carbene complexes feature a
nucleophilic CR»*" unit with R representing hydrogen and alkyl substituents and a metal center
in a formal high oxidation state (Scheme 1, right). The double bond character results from the
o- and m-bonding with two single electrons each from the metal center as well as the carbene
moiety. Furthermore, SCHROCK alkylidene complexes can be generated, e.g. from deprotonation

of alkyl groups or trapping reactions of free carbenes.!!>-& 2!

The reactivity of these different types of carbene complexes strongly varies, for example,
FISCHER carbene complexes with their electrophilic carbene moiety can be utilized in e.g.
addition reactions of nucleophiles like amines or lithium alkyls for the generation of other
carbenes, synthesis of carbocycles, carbene transfer reactions, or benzanullation reactions,
whereas the nucleophilic carbene unit of the SCHROCK alkylidene complex can be used in

metathesis reactions or even more importantly in WITTIG-type alkylidene transfer reactions./'&
2]

Although the bonding situation of transition-metal alkylidene complexes cannot be directly
transferred to rare-earth-metal chemistry (rare-earth metals cannot stabilize the carbonic moiety
by back donation and feature a mainly ionic bonding situation which is described in the next
paragraph), the analogy to transition metal alkylidene complexes is justified, due to the

similarities in their reactivity.

In the following, we will mainly focus on SCHROCK-type alkylidene rare-earth-metal
complexes. Interestingly, despite the numerous examples of transition-metal alkylidene
complexes, lanthanide alkylidene complexes are still elusive.”*! This can mainly be attributed
to an energetic orbital mismatch between the f-element metal center and the orbitals of the C-
based alkylidene.[* Rare-earth metals are most stable in the oxidation state +III (Ln**), which
is due to their electronic configuration, e.g. Sc [Ar]3d'4s?, Y [Kr]4d'5s?, La [Xe]5d'6s%, and Lu
[Xe]4/*5d'6s* and the consequence of a closed valence shell with the loss of three electrons.
Due to the fact that 4f orbitals have a smaller radial extension compared to the orbitals of the
Ln** metal center, the overlap with the ligand orbitals is restricted. Therefore, the impact of this
energetic orbital mismatch results in a predominantly ionic bond between the metal center and

the alkylidene moiety and further the chemistry is defined by electrostatic and steric factors.



4 REACTIVE LN(III) METHYL COMPLEXES

2 Reactive Ln(IIT) Methyl Complexes

One approach for the successful synthesis of rare-earth-metal alkylidenes is the intended C—H-
bond activation of reactive [LLnRz] (R = alkyl) precursors stabilized by the ancillary
monoanionic ligand L.} Already in the late 70s, SCHUMANN reported on the successful
synthesis of LisLnMes(tmeda);.l®) However, it was the discovery of WATSON and BERCAW in
the 80s that Ln—CH3 moieties are capable of methane activation.”! In 2005 and later in 2019
further efforts from our group led to the discovery of very reactive homoleptic unsolvated
LnMes (Sc, Y, Ho, Lu) accessible through donor-induced aluminate-cleavage from the
respective Ln(AlMes)s.®! Due to this very reactive nature, the synthesis of discrete rare-earth-
metal methyl bonds is still challenging and especially unsolvated, non-ate rare-earth-metal
complexes are considered as most reactive.’! The reactivity of these complexes is attributed to
their composition: rare-earth metals Ln(I1I) with large ionic radii (for six-coordinated Ln*", e.g.
La** 1.032 A, Y37 0.900 A, Lu*" 0.861 A, Sc*" 0.745 A)!'% and the methyl ligand with its
enhanced basicity causing an ionic bonding situation.!'!! Despite this, different structural motifs
are known for the formation of homometallic ligand-stabilized rare-earth-metal methyl
complexes, for instance [LoLnMe]. or [LLnMez]x (Scheme 2). Crucial for the accessibility of
these systems is the stabilizing effect of the monoanionic ligand L or the introduction of external
donors. Therefore, it is not surprising, that many homometallic [LoLnMe], complexes (rn = 1,

2) have been structurally characterized, mainly supported by cyclopentadienyl derivatives, e.g.

9T Q@

Me’ Me
Me n n
’7=1/ n=2 n=3/ n=21 n=1\\+xdo
+ x do
L
L L L Me L
Me Me L % Me
Me Me
Me Me (do)
(do)x Me Me x
L L L Me Me L Me  Me
L
o Me x =0 with L

x=0with L
saturating the
coordination sphere

saturating the
coordination sphere

monoanionic ancillary ligand

-
1l

Scheme 2. Previously reported structural motifs adapted by [LLnMe,], and [L.LnMe], rare-earth-metal

complexes.



REACTIVE LN(IIT) METHYL COMPLEXES 5

+ MelLi
I [CpoLnCl(thf),], ———— > [CpoLnMe(thf),],
- LiCl

+ do
! Cp,Ln(AlMey) — > [CpoLnMe(do),l,
- AlMe3-do

Scheme 3. Synthesis pathway to methyl complexes with the general composition [Cp.LnMe].

unsubstituted [Cp.LnMe]> (Ln =Y, Yb; Cp = CsHs),'2 monomeric (n = 1) Cp2YbMe(thf),[!*]
or alkyl-substituted Cp complexes [CpM2YMe]» (CpM© = CsH3(Me),-1,3),['* [Cp*2LnMe], (n
=1 for Sc, n =2 for Lu; Cp* = CsMes),[' [CpT2LuMe]z (Cp™™ = CsMeiPr),!'®! [CpBh,LnMe],
(Ln = Ce, Nd, Tb; CpB" = CsMearBu),l'” as well as various silyl derivatives [Cp’2LnMe]> (Ln
=Y, Sm; Cp’ = CsMesSiMe;),!8 [CpSi™Me3,LnMe], (Ln = Nd, Sm; CpS™Me3 = CsMes(SiMes),-
1,3),118a [CpSES,LnMe], (Ln =Y, Sm, Lu; CpSE® = CsMes(SiEt;)2-1,3).11 Two different
synthesis pathways are known for the generation of these [Cp.LnMe], derivatives (Scheme 3):
Path I is widely used and displays a salt-metathesis approach utilizing a [Cp>LnCl], precursor
for the reaction with a methylating agent like MeLi. Path II shows the donor-cleavage of
Cp2Ln(AlMey), a so-called “alkyl in disguise” due to the stabilizing effect on the methyl group
from the trimethylaluminum.° The introduced donor solvent then forms the LEWIS acid-base

pair AlMes-do to generate the terminal methyl group.

Particular challenging is the kinetic stabilization of discrete dimethyl Ln(III) derivatives of the

(111 Mainly,

type [LLnMez ], which strongly depends on the steric bulk of the ancillary ligand L.
Cp-based dimethyl complexes display methyl-bridged dimerized and oligomerized solid-state
structural motifs, e.g. [Cp’ScMez]»,2!! [Cp’LnMez]s (Ln = Tm, Lu),’*"! and [Cp*LnMez]s (Ln
=Y, Ho, Dy, Tb, Lu).[°* %2l In contrast to this, sterically demanding N-coordinating ligands gave
access to monometallic complexes [LLnMe:] evidenced by X-ray structure analysis, for
example {(Dipp)NC(:Bu)CHC(tBu)N(Dipp)}ScMe: (Dipp = C¢H3iPr2-2,6), *! {1-(NDipp)-2-
(PPh=NAr)C¢Hs} ScMe2,* Tp®"M¢L.nMe, (Ln = Ho, Lu; Tp™*M¢ = tris(pyrazolyl-fBu-3-Me-
5)borato),!!: 2] and further N- or P-donor supported 2-
{NDippC(Ph)NC¢H4sCH=NDipp!ScMe,,[**)  N(2-PiPr,-4-methylphenyl)>ScMe>,*”!  and
{MeC(NDipp)CHC(Me)N(CH2)2N(Me)(CH2)2NMez} YMe,.[28 If the coordination sphere is
not completely saturated from the bulky ancillary ligand, introduction of external donors can
give rise to monometallic complexes as Cp*ScMex(OP#Bus),?
{N(SiMe3)(Dipp)} LuMex(thf),,°¢! and {(Dipp)NC(Me)CHC(Me)N(Dipp)} ScMey(thf).*! In

addition to synthesis strategies I and II toward [Cp.LnMe], complexes, [LLnMe:], complexes
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can also be accessed from the donor-cleavage of a weaker LEWIS acid stabilizing the alkyl
(Scheme 4, Path I, Ga) and further, via protonolysis reactions of [LnMe3], precursors with HL

(Scheme 4, Path III). With respect to rare-earth-metal alkylidene formation, monometallic!®"!

5b, 22b

or trimetallicl I [LLnMex(do)x]» were already proven to be suitable starting materials.

+ 2 Meli
I [LLNCly(thf),], ——— > [LLnMey(do),],
- 2 LiCl
LLnMe(MMey,) + do
Il or ——— > [LLnMey(do),], M =Al, Ga
LLn(MMey), - n MMej-do
+ HL
1l [LnMes], —————> [LLnMey(do),l,
- CHy4

Scheme 4. Synthesis pathway to methyl complexes with the general composition [LLnMex].
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3 Historical Overview of Rare-Earth-Metal Alkylidenes

Already in the late 70s, SCHUMANN reported on the synthesis of lutetium and erbium alkylidenes
[Li(do),][Ln(CH2SiMe3)2(CHSiMe3)], via a silane elimination protocol.*%! He substantiated his
findings with NMR spectroscopic analysis as well as elemental analysis, however, there was no
structural elucidation. Despite this great achievement, it lasted almost 30 years until CAVELL in
2000 succeeded in the formation of the first structurally characterized rare-earth-metal
alkylidene {C(PhoP=NSiMe3),}Sm(NCy>)(thf) 1 with a pincer-like structural motif by reacting
the protonated ligand (NCN)-Hz with the homoleptic samarium amide precursor (Scheme 5).[!]
Crystal structure analysis revealed a very short bond length for the Sm—C(alkylidene) bond with
2.467(4) A (all bond lengths mentioned in this chapter are given in Table 1 in chapter 4). Shortly
after this discovery, similar samarium and thulium alkylidene complexes such as
[{(Ph2P=S),C}Lnl]> (Ln = Sm, Tm) were found from the dilithiated (SCS)-pincer-type ligand
and Lnls(thf), with bond lengths for Ln—C(alkylidene) of 2.371(6) A and 2.325(5) A,
respectively. Further efforts led to ionic [{(PhoP=S),CoLn][Li(thf)4] bis(carbene) complexes
with bond lengths of 2.491(5) and 2.507(5) A for samarium as well as 2.368(3) and 2.423(9) A
for thulium developed by LE FLoCH.*?) Even though comparison of these complexes with a
hypervalent geminal dianionic P-stabilized ligand set and a trivalent metal center to other rare-
earth-metal complexes bearing a nucleophilic CH>?>" moiety seems difficult, reactivity studies
have proven similar trends toward carbonylic functionalities. So the analogy to SCHROCK
alkylidene complexes allows for their position in this chapter. Further details on their reactivity

will be given in chapter 5.

Ph Ph
Ph Ph \
Ph~p B-Ph Ph-p p-Ph
e + Sm(NCy,)s(th) /| \\ )
H2 N > N «N_ Cy = CgH11
Me Si/N “siM 7 SiMe;
3 iMe; Me;Si N thf
\
(NCN)-H, Cy/ Cy

1

Scheme 5. Synthesis of the first structurally characterized bis(iminophosphorano) samarium complex.

In 2006, our group successfully utilized the donor-induced aluminate-cleavage and C—H-bond
activation of a Cp-stabilized heterobimetallic precursor [Cp*Ln(AlMe4)Cly]: (Ln=Y:z=2,y
=x; Ln = La: z = 6, y = 2x) for the synthesis of a trimetallic rare-earth-metal nucleophilic

methylidene complexes Cp 3Lns(u-Cl)3(us-Cl)(u3-CHz)(thf)s (Ln =Y, La) 2 with bridging



8 HISTORICAL OVERVIEW OF RARE-EARTH-METAL ALKYLIDENES

chlorido ligands (Scheme 6).3! The core of this methylidene cluster adopts a distorted
hexagonal bipyramidal geometry with the striking methylidene unit bridging the three
lanthanide metal centers. Bond lengths for the methylidene and the rare-earth-metal centers

range from 2.424(2) to 2.450(2) A for yttrium and 2.537(3) to 2.635(3) A for lanthanum.*!

. toluene, thf
[Cp*Ln(AIMey),Clyl, ———————

Ln=Y (z=2;x=Yy)
La (z=6;y =2x)

Scheme 6. Synthesis of the first trimetallic rare-ecarth-metal methylidene complexes.

Only two years later in 2008, a new structural motif was discovered independently from our
group and MINDIOLA and coworkers, namely LEWIS-acid stabilized rare-earth-metal complexes
of the type [LLn(CH2)(AlMe3)2] (Scheme 7). The striking feature of these complexes is the
similarity to the TEBBE reagent Cp2Ti(CH2)CIAIMe>. The group of MINDIOLA utilized a (PNP)-
pincer ligand (PNP = N[2-PiPr-4-methylphenyl]>) for the reaction of the rare-earth-metal
precursor (PNP)ScMe; with trimethylaluminum to form 3 featuring a Sc—C(alkylidene) bond
length of 2.317(2) A.?7l Our group showed that the reaction of the superbulky

fBu.Me in a salt-metathetical approach with La(AlMes)s also led

tris(pyrazolyl)borato ligand KTp
to a TEBBE-like lanthanum complex 4 with a La—C(methylidene) bond of 2.519(2) A.[4
Another LEWis-acid stabilized methylidene was also achieved by our group from the
protonolysis  reaction  of  HTp®"M¢  with  Y(AlMes)s and gave ionic

[TpBtMeAIMe][Y(AIMes) {(CH2)AlMes }2(AlMez)] 5 (Y-CHa: 2.344(8), 2.411(9) A).[20)

Me . _ _
B Me I\I/Ie
N'v N Me—Al—
N ©\i ! ‘O \ Me Me
. . NN Me v .Me
IPFZP \\\\PIPI'z Bu ~ Bu B 17
Aa u Me Me | [TpBUMepIMe]
Me™ " T3 Me Me™ " T me !
Cael) CAE e~ A THE A
Me™", Al Me~, ) Al Me ! “Me
Y M [ "Me Me
Me e Me € Me L _

3 4 5

Scheme 7. TEBBE-like rare-earth-metal methylidene complexes.
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On the way to donor-solvent free complexes [LnMes], via the reaction of La(AlMes); with
donors as PMes, our group observed lanthanum clusters containing, amongst methylidyne and
carbide also methylidene moieties (Scheme 8).1! This occurred through multiple C—H-bond
activations by implementation of donors and gave methylidene cluster compounds 6 and 7 with

La—C(CH.) bond lengths between 2.549(7) and 2.889(7) A.

LasAlg(CH)4(CH2)2(CH3)20(PMeg3) 6
+ PMe3
[La(AIMe,);] ——>  La,Alg(C)(CH),(CH,),(CHs)po(toluene) 7

[LasAlg(CH)s(CH3)24][(CH3)3AI(P(CH3),)]

+ other products
Scheme 8. Snapshots of the stepwise aluminate cleavage of [La(AlMes)3].

In 2008 and up to now follow-up chemistry on CAVELLS discoveries led to similar alkylidene
complexes found by LIDDLE and LE FLOCH (Scheme 9, 8-11) implementing a (NCN)-pincer
system with N-SiMes (NCN M) or N—iPr (NCN™") groups.l*s) Several structural motifs
containing (NCN)-supported rare-earth-metal alkyl (Ln—C: 8-YCHZPh 2 357(3) A §-YCH2SiMe3
2.406(3) A, 8-YNSuBuMe22 5 357(3) A 8-ErCH2Ph 2.339(4) A), di(pincer) (Ln—C: 9-LaSiMe3
2.512(2) A, 9-CeSMe3 2.472(4) A, 9-PrSiMe3 2 458(5) A, 9-SmSMe3 2. 40(2) A, 9-GdSiMe3
2.406(2) A, 9-Nd®* 2.592(3) A) and halide complexes (Ln—C: 10-YS5Me3 2 356(3) A, 10-LaMes
2.5284 A, 10-ErSiMe32 322(2) A) were elucidated.¢!

Ph Ph Ph Ph Ph Ph
Ph\;:, S\/Ph Ph\T/ <,\/F’h ph\;:, <>/Ph
N/ N N @ NN s/ S
MesSi” SiMes R R
3 thf do” | do do” f do
R = CHaPh, CH,SiMes, R = SiMes, Mes R = Cl, CH,Ph, N(SiMe3),
N(SitBuMe,), Ln=Y, La, Er P(SiMe3),
Ln=Y, Dy, Er Ph Ph do = thf do = thf, py
8 Ph~g | _Ph 10 Ph Ph 12
7’/ S\ Ph~p B-Ph
N N, AR
R/ R , N .
RNPPh, ™1 ~Ph,PNR DippO  ODipp
R = SiMes, iPr
Ln =La, Ce, Pr, Nd, Sm, Gd
9 1

Scheme 9. Structural motifs of rare-earth-metal pincer-type alkylidene complexes.
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In 2013, LIDDLE and coworkers found the Ce(IV)-alkylidene 11 (2.441(5) A) through oxidation
of the respective Ce(Ill)-di(alkoxy) precursor and further Ce(IV) di(carbene)
{(PhoP=NSiMe;).C}Ce (2.385(2)-2.399(3) A) via oxidation with AgBPh4.[**h- 37 Strycturally
elucidated complexes for Sc with the (SCS)-pincer ligand set were found by MEZAILLES in 2015
with {(Ph2P=S),C}Sc(R)(do)x 12 and complex {(Ph,P=S),C}Sc{CH(S=PPhy),} similar to 9
with Sc—C(alkylidene) bond lengths between 2.200(3)-2.225(3) A.¥1 Furthermore, rare ionic
bis(methandiide) complexes [{(Ph2P=S).C}2Sc][Li(thf)] 13 (2.212(8)-2.243(8) A) and
[ {(PhoP=S),C}>Ln][K(18c6)(thf)2] 14 (Ce: 2.385(2), 2.399(3) A; Dy: 2.433(6), 2.434(6) A)
expanded the series of di(carbene) complexes found by LE FLOCH in the early 21% century
(Scheme 10).57-3

o L e o~ ]
Ph\P P/Ph Ph\P I:,/Ph 5 o
// \\S thf // \\N/S|Me3 \\\ t ,f”
S LF MeSi—N—{' D <o R o>
S - \ /N | —aiMe. || 20 N
Me-S N—SiMe AN
W el f N STl M I e )
Ph] F=Ph Ph R=Ph P
Ph Ph B Ph Ph _
Ln =Y, Ce, Dy
13 14

Scheme 10. Ionic bis(methanediide) complexes.

Similar to our approach in 2008, MITZEL found methylidene clusters through the reaction of
homoleptic tris(tetramethylaluminates) Ln(AlMes)s with different bulky neutral N-donor
ligands L.[*Y1 Here, through steric pressure the system was forced to release methane and to
generate 15, 16, and 17 amongst other methyl and methylidyne complexes. Despite the different
ligand systems, the bond lengths for each metal center, respectively, are all in the same range,
namely for yttrium 2.367(5)-2.452(5) A, for lanthanum 2.491(3)-2.549(2) A, for praseodymium
2.436(3)-2.489(5) A, and for samarium 2.408(4)-2.515(4) A.

LLn{AI(CH3)sH{(CH)[AI(CH3)3]2}  Ln=Y, La 15

+L
Ln(AIMes)3  ———  LLn(Me3AICH,AIMe,CH,AIMe;)  Ln = La, Pr, Sm 16
{LLnKLn2(CH3)K(C)IAI(CH3)3]sH(CH2)AI(CH3)3},  Ln =Y, Sm 17

+ other products

L = (R)NCH,N(R)CH,N(R)CH,, with R = Me (TMTAC), iPr (TIiPTAC) or tBu (TtBTAC)

Scheme 11. Different rare-earth-metal methylidene clusters stabilized by neutral N-donor ligands.
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Isochronal to these discoveries, the working group of HOU succeeded in the synthesis of the
first heterobimetallic rare-earth-metal transition-metal complex.!*!! They utilized an yttrium
polyhydride = complex for the reaction with Cp*Ir(CO) and  generated
Cp’4Y4(H)2(0)2(CH3)(CH2)HIr(Cp*) with a bridging methylidene Ir-CH>—Y moiety. The Y—
C(CH>) bond lengths are 2.520(1) and 2.567(1) A, slightly elongated compared to yttrium

alkylidene complexes presented so far.

Between 2010 and 2019 several trimetallic mixed methyl/methylidene complexes LiLn3(u-
Me)s(u3-Me)(u3z-CHy)(thf), with different stabilizing C- or N-coordinating monoanionic
ancillary ligands L were found. As mentioned in Chapter 2, those complexes 18-21 were
obtained by utilizing C—H-bond activation protocols of [LLnMe:], precursors (complexes
depicted in Scheme 12).1% 22% 42 This structural motif is isostructural to complexes 2 with bond
lengths for the rare-earth-metal center and the bridging methylidene between 2.283(4) (shortest
bond length for 21-Y) and 2.505(8) A (longest distance for 18-Nd).> 22% 421 Complex 19-Y is

not structurally characterized, but is mentioned for completeness.

L = N(SiMe3)(Dipp)  Ln=Y, Nd, Ho, Lu 18

L = PhC(NDipp)2 Ln=Sgc, Y, Lu 19
L = C5Me4SiMes Ln=Tm, Lu 20
L = CsMe;5 Ln =Y, Ho 21

(thf), (thf),

Scheme 12. Mixed methyl/methylidene rare-earth-metal complexes.

Further heating of complex 20 then led to tetrametallic cubane-like rare-earth-metal
methylidenes 22 with four “Cp’Ln(u3-CH2)” units (Scheme 13). Additionally, these clusters can
be generated from the [Cp’Lu(u-Me)2]3 precursors via multiple C—H-bond activation and
release of methane. In comparison to 20 (av. 2.49(1) A), the Lu-C(CH,) bond lengths are
slightly decreased for cubane-like 22-Lu®®’ (2.32(1)-2.41(1) A) and 22-Lu®* (2.333(4)-
2.396(4) A).5> 431 The same trend can be found for the thulium congener (20-Tm: 2.330(5)-
2.365(5) A, 22-Tm?": 2.319(5)-2.424(5) A).5% It is noteworthy, that similarly to heating
[Cp*LuMe:]s for the formation of 22-Lu®”, the thermolysis of complex [Cp*YMez]s led to
hexametallic mixed methyl/methylidene complex Cp*sYsMes(CH2)4 with a wide range of Y—
C bond lengths (2.46(1)-2.61(1) A). This is due to issues in differentiation between methyl and

methylidene units in the solid state structure determination.*?"!
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Cp'sLns(u-Me)s(u3-Me)(u3-CHy)(thf)s

20 CpR = CsMes CsMe,SiMes

Ln=Tm, Lu
22

[CpRLu(u-Me)als
Scheme 13. Synthesis pathways for cubane-like rare-earth-metal complexes.

Also in 2011, DIACONESCU and coworkers found a ferrocenediamine-stabilized scandium-
aluminum methylidene from the reaction of the scandium precursor (NN®)Sc(L) with AlMe;
(NN = 1,10-fc(NSirBuMe;),) with L as the tridentate imidazole-imine-amido ligand and a Sc—
C(alkylidene) bond length of 2.692(2) A.** This bond length is slightly elongated in
comparison to other Sc—alkylidene bonds (cf. 3, 19-Sc), a trend which was also observed for

heterobimetallic Cp’4Y4(H)2(0)2(CHs3)(CH2)HIr(Cp*).[4!]

Some years later, CUI successfully brought back the chemistry of SCHUMANN from the 70s:
Through application of a thermolysis protocol on Lu(CH2SiMe3)s(thf). and the efficient a-H
abstraction, the first four-coordinate methandiide alkyl lutetium complex 23 was obtained.[*”!
Accordingly, Lu(CH2SiMes)3(thf), was reacted with a protonated B-oxo-6-diimino ligand
(BODDI-H; = (Dipp)NC(Me)CHCOCHC(Me)N(Dipp)) for the release of silane (Scheme 14).
XRD measurements revealed a relatively short bond length for the Lu—CH(SiMe3) moiety with
2.309(6) A.

= A
2 Lu(CH,SiMes)s(thf), |
= N . __N_O_ N
NH O HN Dipp Dipp 23
Dipp” *Di iH,C~ “CH,Si
pp Dipp Me3S|H2Cthf EL thHZS'Me‘"’
€3

Scheme 14. Synthesis of four-coordinate methanediide lutetium complex.

Shortly after, CHEN and coworkers found that dimerization and thermal decomposition of a
scandium methyl phosphide precursor led to diphosphide complex (Dipp-
nacnac)Sc{PH(Dipp)} and the mixed methylidene/phosphinidene complex 24 with Sc—C(CH>)
bond lengths of 2.193(3) and 2.232(3) A (Scheme 15).1¢! Similar to the achievements of CUI
(complex 23), the working group of CHEN also synthesized an alkylidene bridged bimetallic
complex bearing a neutral tris(pyrazolyl)methanide (CTp) ligand, namely

(CTpMeMe), Lu,(CHSiMes)(dmpz). with a Lu—C(alkylidene) bond length of 2.300(6) A.[47]
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i i Dlpp
W 60 °C W

. N N. .
Dipp Dipp
(Dipp)HP  PH(Dipp)

l

N N
Dipp”~ @/ Dipp

Me" PH(Dipp) Dlpp

Scheme 15. Synthesis of mixed methylidene/phosphinidene complex 24.

In 2017, the group of ZHANG reported on the synthesis of the first bridged scandium
bis(alkylidene) 25 from 1,4-dilithio-1,3-butadienes and ScCl3 via scandacyclopentadiene and

scandacyclopropene (Scheme 16).148]

SiMeg
RO 4 ScCls 25
—_—
R X Li R = Ph, p-MeC6H4, p-tBUC6H4
SiMe3

Cl ¢l

Scheme 16. Formation of bridged bis(alkylidene) scandium complexes. For the sake of readability only one

alkylidene moiety is highlighted.

Only recently, a series of different monometallic phosphinoalkylidenes 26, 27, and 28, as well
as silyl-thiophosphinoyl-alkylidene rare-earth-metal complexes 29 were discovered through
stabilization by S-ketiminato ligands as Dipp-nacnac or tridentate N-nacnac (Scheme 17).14"]
Some of these complexes display the shortest bond lengths for a Ln—C(alkylidene) for the
respective metal known up to now, e.g. 26-Sc! with 2.044(5) A, 29-La®™ with 2.465(2) A, 29-
SmMe with 2.296(2) A, and 27-Lu with 2.19(1) A. Complex 29-Sc¢M¢ (with R’ = iPr) is not
structurally characterized, however it is mentioned for completeness and discussions about its

reactivity in chapter 5.3.

N N~p; N Dipp
Dipp” e DI Dipp” Dlpp Dipp” Dipp [ S
v
R thf >p N '\“\P\
PPh Me;Si PPh \_Ph R's \~Ph
3 3 3 Me;Si Ph R;Si Ph
R = Me, I, OTf Ln=3Sc,Y, La, Sm, Lu
R = Me, Ph; R' = Me, iPr
26 27 28 29

Scheme 17. Different monometallic alkylidene rare-earth-metal complexes.
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4 Ln—C(Alkylidene) Bond Lengths

Table 1 shows an overview of structurally characterized rare-earth-metal alkylidene complexes

and their corresponding Ln—C(alkylidene) bond lengths.

Table 1. Rare-earth-metal alkylidene complexes and their corresponding Ln—C(alkylidene) bond lengths [A].

Alkylidene Complex Ln- ref.
C(alkylidene)
bond length [A]
Sc
(PNP)Sc(CHz)(AlMe3) 3 2.317(2) (27]
(SCS)Sc[N(SiMes)2](thf) 12-ScNGiMe3)2 2.247(2) (38]
(SCS)Sc[P(SiMes)2](py)2 12-ScPBiMe3)2 2.200(3), 2.225(3) | B8
(SCS)Sc[CH(S=PPhy).](thf) 2.204(4) (38]
[(SCS)2Sc][Li(thf)2] 13 2.212(8)-2.243(8) | 1*8
(PhC(NDipp)2)3Scs(u-Me)s(u3-Me)(u3-CHz)(thf); 19-Se av. 2.367 (42a]
fc(Me2Al)2CH2Sc(NSirBuMe:),AlMe> 2.692(2) (44]
(Dipp-nacnac)Sc(CHz)(PDipp)Sc(Dipp-nacnac) 24 2.193(3)-2.232(3) | [4¢
(Dipp-nacnac)Sc(CHPPh;)Me 26-ScMe 2.105(2) [49a]
(Dipp-nacnac)Sc(CHPPh3)I 26-Sc! 2.044(5) [492]
(Dipp-nacnac)Sc(CHPPh;3)(OTf) 26-ScO™f 2.060(3) (492]
(Dipp-nacnac)ScC(SiMes)(PPh2) 28-Sc 2.089(3) [490]

Y

Cp"3Y3(u-Cl)3(us-Cl)(u3-CHz)(thf)s 2-Y

2.424(2)-2.450(2)

[33]

[Tp®*MeAIMe][Y(AlMes) {(CH2)AlMes }2(AlMen)]s 5

2.344(8), 2.411(9)

[20]

(NCN SMe3)Y (CH,Ph)(thf) 8-YCH2Ph

2.357(3)

[36a]

(NCN SMe3)Y (CH,SiMes)(thf) 8-YCH2SiMe3 2.406(3) [36d]
(NCN SMe3)Y(N(SifBuMe,),)(thf) 8-YNSirBuMe2)2 2.357(3) (361]
(NCN SMe3)Y (T)(thf), 10-YSMe3 2.356(3) [36¢]
(TiPTAC)Y {Al(CH3)4} {(CH2)[Al(CH3)4]2} 15-Y?*r 2.376(3) [400]

(TMTAC)Y {Y2(CH3)} {C[AI(CH3)3]3} {CH2AIl(CH3)3}2 17-YMe

2.367(5), 2.452(5)

[40a]

{Cp 4Y4(H)2(0)2} (CH3)(CH2)HIr(Cp*)

2.520(1), 2.567(1)

[41]

[SiMe3(Dipp)N] 3Y3(,Lt-MC)}(,Lt3-M€)(/¢3-CH2)(‘[hf)3 18-Y

2.345(5)-2.424(4)

[5a]

Cp"3Y3(u-Me)s(u3-Me)(u3-CH,)(thf), 21-Y

2.283(4)-2.477(3)

[22b]

Cp*(,Y(,Me4(CH2)4

2.46(1)-2.61(1)

[43]

(N-nacnac)Y[C(SiMes3)(SPPhy)] 29-YMe

2.256(3)

[49¢]

(N-nacnac)Y[C(SiPh3)(SPPhy)] 29-Y*h

2.316(2)

[49¢]
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La

Cp"3Las(u-Cl)3(u3-Cl)(u3-CHa)(thf); 2-La

2.537(3)-2.635(3)

[33]

Tp®MeLa(CH,)(AlMe3), 4

2.519(2)

[34]

La4Alg(CH)4(CH2)2(CH3)20(PM€3) 6

2.588(4)-2.629(4)

[35]

LasAlg(C)(CH)2(CHa)2(CHs)xa(toluene) 7

2.549(7)-2.889(7)

[35]

(NCN SMe3)La[CH(Ph,P=NSiMe;),] 9-LaSiMe3 2.512(2) [360]
(NCNMes)Lal(thf); 10-LaMes 2.5284 [36¢]
(TMTAC)La{Al(CHs)s} {(CH2)[AI(CH3)4]2} 15-LaMe 2.549(2) [40a]
(TiPTAC )La(Me;AICH2AIMe,CH,AIMe3) 16-La®" 2.521(4), 2.542(4) | 140d]
(TBTAC )La(MesAICH,AlIMe>CHAlMes) 16-La™" 2.491(3), 2.502(3) | 4odl
(N-nacnac)La[C(SiPh3)(SPPhy)] 29-La®" 2.465(2) [49¢]
Ce

(NCN SMe3)Ce[CH(Ph,P=NSiMe3),] 9-CeSiMe3 2.472(4) [36b]
(NCN SMe3)Ce(ODipp): 11 2.441(5) (36h]
{(PhoP=NSiMe;).C}>Ce 2.385(2)-2.399(3) | 37
[{(PhaP=S)C}2Ce][K(18c6)(thf),] 14-Ce 2.385(2),2.399(3) | 37
Pr

(NCN SMe3)Pr[CH(Ph,P=NSiMe3),] 9-PrsiMe3 2.458(5) (360]
(TMTAC)Pr(Me;AICH2AIMe>CH>AIMe3) 16-PrMe 2.456(6), 2.489(5) | 4odl
(TBTAC)Pr(MesAICH2AIMe,CH2AlMe3) 16-PrBY 2.436(3), 2.459(3) | [40d]
Nd

(NCN P)Nd[CH(Ph,P=NiPr),] 9-Nd‘*" 2.592(3) [36c]

{SiMes3(Dipp)N } sNd3(u-Me)3(u3-Me)(u3-CHo)(thf)s 18-Nd

2.425(7)-2.505(8)

[5¢]

Sm

(NCNSM)Sm(NCy2)(thf) 1 2.467(4) 31]
[(SCS)SmI]. 2.371(6) [322]
[(SCS)>Sm][Li(thf)4] 2.491(5), 2.507(5) | 32
(NCN SM)Sm[CH(Ph,P=NSiMe3):] 9-Sm 2.40(2) [36b]

(TMTAC)Sm(Me3AICH2AIMe2CH2AIMes3) 16-SmMe

2.426(5), 2.441(5)

[40a]

(TiPTAC )Sm(Me3;AICH,AlMe,CHoAIMes) 16-SmPr

2.464(8)

[40¢]

(TMTAC)Sm {Sm>CH;3} {C[Al(CH3)3;]3CH2Al(CH3)3 12 2.408(4), 2.515(4) | [40a]
17-SmMe

(N-nacnac)Sm[C(SiMes)(SPPh,)] 29-SmMe 2.296(2) [49¢]
(N-nacnac)Sm[C(SiPh3)(SPPhy)] 29-Sm®" 2.357(4) [49¢]

Gd

(NCN SMe)Gd[CH(Ph,P=NSiMe3)] 9-GdSMe3

2.406(2)

[36b]
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Dy

[{(PhaP=S),C },Ce][K(18¢6)(thf).] 14-Dy

2.434(6), 2.433(6)

[39]

Ho

{ SiMe3(Dipp)N} 3H03(,u-Me)3Qu3-Me)(ﬂ3-CHz)(thf)3 18-Ho

2.36(1)-2.43(1)

[5¢]

Cp3Hos(u-Me)s(u3-Me)(us-CH)(thf), 21-Ho

2.275(4)-2.468(4)

[22a]

Er

(NCNSMe)Er(CH,Ph)(thf) 8-ErCH2Ph 2.339(4) [36b]
(NCNSMe)ErI(thf), 10-ErSiMe 2.322(2) [36¢]
Tm

[(SCS)Tml]> 2.325(5) [320]
[(SCS),Tm][Li(thf)4] 2.423(9), 2.368(3) | 1%

Cp’3Tmsz(u-Me)s(u3-Me)(u3-CHz)(thf); 20-Tm

2.330(5)-2.365(5)

[5b]

[Cp’Tm(u3-CHz)]4 22-Tm®?’

2.319(5)-2.424(5)

[5b]

Lu

{SiMes(Dipp)N }sLus(u-Me)s(u3-Me)(u3-CHa)(thf)s 18-Lu

2.310(5)-2.383(5)

[5a]

(PhC(NDipp)2)sLus(u-Me)s(u3z-Me)(u3-CHz)(thf); 19-Lu

2.371(9)-2.381(8)

[42a]

Cp’sLus(u-Me)s(u3-Me)(us-CHz)(thf)s 20-Lu®P’

av. 2.49(1)

[5b]

[Cp*Lu(us-CHa)]s 22-LuC®*

2.333(4)-2.396(4)

[43]

[Cp’Lu(u3-CHz)]a 22-Lu®?’

2.32(1)-2.41(1)

[5b]

(BODDI)Luz(CH2SiMe3)2(CHSiMes3)(thf), 23 2.309(6) [43]
(CTpMe Mey,Luy(CHSiMes)(dmpz), 2.300(6) 1471
(Dipp-nacnac)Lu(CHPPh3)(CH>SiMes) 27-Lu 2.19(1) [49]
(N-nacnac)Lu[C(SiMe3)(SPPhy)] 29-Lu™Me 2.204(3) [l
(N-nacnac)Lu[C(SiPhs)(SPPhy)] 29-Lu®" 2.245(3) [49¢]
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5 Reactivity of Rare-Earth-Metal Alkylidenes

The reactivity of rare-earth-metal alkylidenes is a result of the highly nucleophilic character of
the R’RC? unit. For better comparison of the different types of rare-earth-metal alkylidene
complexes and thereof the various reactivity observed, the alkylidenes mentioned in chapter 3
will be subclassified in three different categories, according to their reactivity towards different
substrates. This chapter will solely focus on reactivity of alkylidene complexes, excluding e.g.

ligand-based reduction as observed for complex 25.[48]

Ph Ph
Ph~p >-Ph x~ [27x N__N

c s\ X R™ R
// H,C X, m
< < n=CHs]
E—~{nE CHil do -
X X R
A B C
pincer-type complexes multimetallic alkylidene and monometallic donor-
Tebbe-like complexes stabilized complexes

Scheme 18. Subclassification of the different alkylidene rare-earth-metal complexes according to their reactivity.

5.1 Pincer-Type Rare-Earth-Metal Alkylidenes

Since the rare-earth-metal alkylidene chemistry was still in its infancy when CAVELL made his
discoveries about pincer-like rare-earth-metal alkylidenes in 2000, the electronic nature and the
reactivity of the alkylidene still needed to be evaluated. Naturally, first attempts wanted to point
out reactivity similar to transition metal based SCHROCK-type nucleophilic carbene complexes
and therefore, LE FLOCH attempted the reaction of [ {(PhoP=S)>C} Sml], with benzophenone and

succeeded in the formation of the respective olefin representing WITTIG-type reactivity.*2%

Ph Ph ﬁ S
Ph\7 S\/Ph +2 Ph,C=0 PhoP— . —PPh;
> 2
S S -2"O=Lnl" )'\
Ph” “Ph
L ' J2
Ln=Sm, Tm

Scheme 19. WITTIG-type reactivity of pincer-like rare-earth-metal complexes.
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Since then, it appeared, that the reactivity of a hypervalent phosphorus-stabilized geminal
dianion coordinated to a metal center is comparable to other, e.g. multimetallic rare-earth-metal
alkylidene complexes and their reactivity similar to the TEBBE reagent. Later, MEZAILLES also
proved this reactivity for the thulium congener [{(PhoP=S),C}TmlI]>.52"! Furthermore, 10-
YSiMe3 \vas shown to convert SCN7Bu into the respective olefin (Ph,P=NSiMe3),C=CN7Bu,
however, amines as DippNHa revealed only addition to the Y-C double bond.’"! It is
noteworthy that complexes with alkyl groups R instead of the halogenido ligand did not undergo
these displacement reactions with the alkylidene moiety, however, they add PhoCO to the
respective alkyl R. The same reactivity was observed with azoderivatives RN=NR.[362 1]
Similar to [ {(Ph2P=S)>C}SmlI],, the tetravalent cerium analog {(PhoP=NSiMe3),C}Ce(ODipp)>
11 was found to undergo also WITTIG-type reactions with carbonyl functionalities as in
benzaldehyde, and others.*®"l As the reactivity of pincer-like rare-earth-metal alkylidene
complexes is not the main emphasis of this thesis, we like to refer to other references for further

interests in this particular chemistry.[>% 32

5.2 Multimetallic and TEBBE-like Rare-Earth-Metal Alkylidenes

Since the reactivity of the rare-earth-metal alkylidenes is mainly controlled by the nucleophilic
character and the expected double bond character of the M=CRR’ moiety, reagents with
polarized unsaturated bonds like R’RC=0 seemed promising for proving reactivity according
to SCHROCK-type alkylidenes. Interestingly, complexes mentioned in chapter 3 undergo
olefination reactions with various carbonyl compounds (e.g. 9-fluorenone, benzophenone,

benzaldehyde, and cyclohexanone). For instance, TEBBE-like rare-earth-metal complexes 3,12”)

N + 0=CRR /~ H,C=CRR

protonolysis olefination

+ H,NR /- CHy - H,C=CH'R \+ RN=CHR'

Scheme 20. Protonolysis and olefination reactivity of rare-earth-metal alkylidene complexes. For the sake of
readability, a methylidene moiety is shown, although also alkylidene moieties as in complex 23 are known to

convert for example, carbonylic substrates.
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4,34 trimetallic complexes with u3-bridging CH>?" such as 2-Ln,! 18-Ln,® ¢ 19-Ln,*?
cubane-like 22-Ln,*® and also the methandiide lutetium complex 231431 showed good
conversion of the carbonylic functionality to the respective olefin (Scheme 20, top right).
Different to this, no C=0 bond cleavage was observed for the addition of benzophenone to 20-
Tm but the selective addition to the methylidene moiety and further double C—H-bond
activation of the phenyl groups of the benzophenone (Scheme 21).5%!

20-Tm, L = Cp'

Scheme 21. Addition reaction of benzophenone to 20-Tm.

It is only plausible that rare-earth-metal methylidene complexes were tested in the cleavage of
other unsaturated bonds as C=N and N=N. The investigation into the olefination capability of
19-Ln showed conversion of azobenzene to ethene via N=N- followed by C=N-bond cleavage
(Scheme 22).13 Furthermore, these complexes are capable of converting N-methyleneaniline
to the respective rare-earth-metal imide complexes (Scheme 20, bottom right). The bimetallic
lutetium methandiide complex (BODDI)Lu2(CH2SiMes)2(CHSiMes)(thf), 23 was also treated
with PAN=C=0 and insertion into the Lu—~CH> bond was observed.!*’] The same Lu—C bond
cleavage was also found for complexes 23 and 24 reacted with triple bonds as in isocyanide

tBuNC as isoelectronic analog to CO.[434¢]

L
+ PhN=NPh Me™ /= Me
2 — = 2 PhNMe
- H2C:CH2 L ' 1 L
Me

19-Ln, Ln =Y, Lu; L = PhC(NDipp)»

Scheme 22. N=N-bond cleavage of azobenzene with 19-Ln.
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Scandium complex 24 is further capable of nucleophilic addition reactions with benzonitrile for
the monoaddition product (Scheme 23, right), activation of two CO> molecules for a
[CH2(CO2)2]* anion bridging the metal centers, as well as the reaction with CS; forming a

ethene dithiolate scandium complex (Scheme 23, left).

?ipp
P
g9
0] Q +2CO,
NG Diop Diop
) C 0 + Ph=C=N

Rz L—S8C_ 831

P
IIDipp 2 é"/’CHz
P +CS, Ph—
: !XS

S

Y L = Dipp-nacnac

CH,

Scheme 23. Reactivity of complex 24 towards CO», CS,, and benzonitrile.

It is noteworthy that rare-earth-metal Ln=S bonds can also be achieved with complexes 19-Ln,
however, a two-step reaction is involved: CH,>™ = 0% > S> 4% or CH,> > P> > §¥ 14
(Scheme 24).

+ 0=CRR @=o + S=C=NR
- H,C=CRR' - 0=C=NR
o ? W=s
TS - CH, - RP=C=NR
+ H,PR W-PR —5Zc-nR

Scheme 24. Schematic presentation of the two-step-reaction for the generation of Ln=S bonds.

Additionally, rare-earth-metal methylidene complexes can also be utilized in protonolysis
reactions with HoNR or HoPR for the generation of imide or phosphinidene compounds
(Scheme 20, left). The H-N-bond cleavage of complexes 19-Ln (Ln =Y, Lu) and 23 e.g. with

43, 33 Attempting protonolysis reactions with 3 and HoNDipp,

H>NDipp were successful.!
however, did not lead to the respective imide but gave the addition product, a methyl/amine
complex.?’! Reactivity studies involving 19-Ln (Ln = Y, Lu) and PhPH, showed good
conversion to a rare mixed methyl phosphinidene complex (PhC(NDipp)2)sLn3(u-Me)s(u3-

Me)(u3-PPh).154
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In addition to the reactivity discussed already, the unique reactivity of cubane-like 22-Lu as a
rare-earth-metal representative with solely “LLn=CH>” units is of major interest. As mentioned
before, complexes 22-Ln are capable of WITTIG-type olefinations (Scheme 20, top right).
Further, the lutetium complex also exhibits reactivity toward CO (insertion of CO into the Lu—
CH:; bond) for the formation of an intermediate acyl species and further rearrangement to a
bis(ketene dianion) lutetium methylidene complex (Scheme 25, top right, the structure of the
CO-inserted complex as well as the newly generated CH,CO? unit is depicted).!>> The reaction
of 22-Lu with one equivalent of a carbodiimide favors the formation of ethylene diamido
lutetium complex in an addition reaction (Scheme 25, bottom right).>*! Similarly, the reaction
toward unsaturated C=S bonds as in phenylisothiocyanate yielded in an ethylene amido thiolate
(Scheme 25, bottom left).[>> Reaction of 22-Lu with four equivalents of phenylisocyanate led
to a malonodiimidate lutetium methylidene complex with two equivalents of the C=0O
unsaturated substrate added to the CH»?" unit (Scheme 25, top left).l>>) Hydrogenolysis attempts
showed conversion to the respective hydride/methyl complex [Cp’LnHMe]4 as one of the few
examples of mixed methyl/hydride rare-earth-metal complexes (Scheme 25, middle left). Here,

also the selective protonolysis of solely one methylidene group was achieved.®!

O@ Q

|
Ph. =C

N\\N

[Cp'LuMeH],4 -  Cp

+ Ph:N:Cis/ \+113rN=C=NiPr
22-Lu

ik i

GUNFCNC PrQ-C~ Q- Pr

Scheme 25. Reactivity of 22-Lu toward phenylisocyanate, CO, carbodiimide ;PrNCNiPr, phenylisothiocyanate,

and dihydrogen. For improved readability only the generated organic fragment is depicted.

For all pathways showing reactions with unsaturated bonds in Scheme 25, one or respectively

two (for CO and PHNCO) methylidene moieties react with the introduced substrate, however,
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the cluster integrity of the remaining “LLn=CH>” units with the four rare-earth metal centers

and the remaining bridging methylidene units is retained.

5.3 Monometallic Donor-Stabilized Rare-Earth-Metal Alkylidenes

Different to the typically observed WITTIG-type reactivity of the rare-earth-metal alkylidene
complexes (chapter 5.2), the recently developed monometallic rare-earth-metal alkylidenes 26-
29 do not show olefination reactions with unsaturated C=0 bonds, however, addition reactions
were observed for 28 (Scheme 26, top right).57! Reaction of 28 with benzylidenemethanamine
led to insertion into the Sc—P bond and addition of the amine (Scheme 26, bottom right).>”) The
reaction with different sterically demanding alkynes gave scandacylcoalkenes in a
cycloaddition reaction (Scheme 26, left bottom).>”] Additionally, the reaction of propylene
oxide (Scheme 26, top left) as well as 3,5-dimethylisoxazole or pinacolborane (not depicted but
analogous) with complex 28 led to C—O-, C—N-, and C—B-bond cleavage, respectively, and to

Sc—O-bond formation due to the high oxophilicity of the rare-earth metal.>”!

7N 7N
N N N N

0
A N 9 ?
0™ 1">>—siMe, o . QT —SiMe;
Ph,P ‘*\L\ / PPh,

Dipp/N N\Dipp
thf 7 .
N . \~Ph VR
N N + alkynes Mes3Si Ph + PhHC=NMe N N
R 28 TNT S —SiMe;
Ph,P N
_ C—PPh;
MesSi L. Ph

Scheme 26. Exemplary reactivity of 28 towards propylene oxide, cyclohexanone, benzylidenemethanamine, and

alkynes. The Dipp-nacnac ligand is abbreviated in the products for better readability.

Supplemental to the reactivity shown in Scheme 26, complex 28 also undergoes C—H-bond

activation of pyridine derivatives, and pyrazoles (Scheme 27).14%!
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. - =~Di +
H _SiMe; Pl —>R c
thf >h NS /
P - P
N Pth MesSi”  ph | R=H NMe, Ph,

Scheme 27. Reactivity of complex 28 with pyridine derivatives and pyrazoles.

It is noteworthy that contrary to the reactivity of complex 28, monometallic complex 27 reacts
with benzylidenemethanamine under addition to the Lu—C bond including C—H-bond activation

of one phenyl group (Scheme 28).14%

N Nep: + PhHC=NM N.  N—Di
Dipp~ Dipp © Dipp” Dipp
_—

g TN
Me-Si | _Cx
e3S| PPh3 H/C H Eh
Ph 2

27
Scheme 28. Reactivity observed for complex 27 with benzylidenemethanamine.

Further, heterobimetallic complexes with copper and silver (M) were achieved by the reaction

of 29-Ln with MI as well as different motifs for the cycloaddition of benzonitril (Scheme
29).[49c, d]

T'{ |||3 Ph Ln = Sc,
2 _— P Lu
N__ N—Dipp Ml N. N—Dipp SiMes
[ S\"\ - S + Ph=C=N
_N | _ AN L
’Prp/ 7 Ph R-N R~pPh N\@
iPr R /
~ SiMes Ph MesSi Ph \ Ph/LN S
! 1
Mo Bopn
29-Ln Ph c
| Ph
SiMes

Scheme 29. Generation of heterobimetallic rare-earth-metal transition-metal complexes (left) and different

cycloaddition reactions with benzonitrile (right). For better readability the N-nacnac ligand is shown as L.
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1 Rare-Earth-Metal Complexes as Precursors for Alkylidenes

In transition-metal chemistry, common protocols for the formation of alkylidenes are the
abstraction of a leaving group followed by deprotonation of a hydrocarbyl fragment as it was
found for the generation of (PN);Ti(CH2) (PN = (N-(2-(diisopropylphosphino)-4-
methylphenyl)-2,4,6-trimethylanilide)) by MINDIOLA and co-workers!®®! and moreover,
thermolysis and alkane elimination, e.g. for PETASIS’ reagent Cp.Ti(CH3), as well as
Cp:Ti(R)(CHa2SiMe;) (R = Me, CHzSiMes).”) Here, the reactive alkylidene moiety
Cp2Ti(CHR) is generated in situ at elevated temperatures. Heteroleptic rare-earth-metal

complexes suitable to adopt this concept still need to be developed.

Similar to the above mentioned PN ligand, the Tp®"“M¢ ligand (TpB"M¢ = tris(3-tert-butyl-5-
methyl-pyrazolyl)borato) represents a very bulky tridentate ligand potentially suitable for the
stabilization of terminal alkylidene complexes and their reactive precursors. Mixed Me/OTf
complexes Arn and C, as well as bis(triflate) complexes B and D were synthesized from
Tp®*MeLnMe(AlMes)?” (Ln =Y, Lu) or Tp®*MLuMe,!*! by applying a silane-elimination
protocol (Figures S1 and S2).1°°1 It is noteworthy that all obtained yttrium complexes show
decomposition at ambient temperature, however, the lutetium analogs withstand even
temperatures up to 50 °C. Treatment of all heteroleptic complexes AvLn and C with the WITTIG
reagent HoC=PPhs did not give reactivity analogous to transition-metal chemistry, however,

elevated temperatures only led to C—H-bond activation of the rBu moieties of the ancillary

Me HMe H Me
@” @@ @N @N@
B
Me OTf Me Nsz
AL, Me HMe Me Me HMe
_ B
Ln=Y, Lu N/' \ N' N
7 O
N NAUN
Bu = Bu sy /©/tBu Bu
OTf OTf NTf, NTf,
B D

Figure S1. Heteroleptic methyl, triflate, and triflimide rare-earth-metal complexes stabilized by TpB"Me,
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Figure S2. Solid-state structures of TpB*MLuMeOTf (ALu) and TpB "M LuMeNT; (C).

ligand. Nonetheless, these very reactive mixed Me/OTf or Me/NTf structural motives have not

yet been found for Tp-supported rare-earth-metal complexes (Paper I).[6!]

As described before, another concept of targeting alkylidenes originates from mixed
methyl/alkyl complexes capable of intramolecular elimination of methane or alkanes by
thermolysis or treatment with strong donor ligands.”®! Therefore, mixed precursors were
established by treatment of Tp™"“M‘LnMe(AlMes) as well as TpB*MLuMe, with mild
halogenido transfer reagents SiMesX (X = Cl, I) for the generation of bis(halide) and mixed
methyl/halide complexes. Hence, the isolation of mixed methyl/chloride complex F succeeded

(Scheme S1).

+ 2 SiMesX Me  HMe e
toluene NxI/B
RT-50°C,3-6h () I\O N
TpBuMeL nMe(AMe,) = N N4 N
-2 S|M94 tBu <, tBu ‘Bu
- AlMe,
X X
+ 2 SiMe3X EL X
toluene X=Cl, |
RT - 50 °C
Ln=Y, Lu
- 2 SiMey
Me H Me e
B
TpBuMel uMe, + SiMe;X N’@ N
- i
toluene N/,l\,l |\\1
rt, 3h tBu @/ Bu By
- SiM
Iviey Me/ \Cl
F

Scheme S1. Heteroleptic methyl, triflato, triflimido, and halogenido rare-earth-metal complexes stabilized by the

TpBuMe ligand.
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Additionally, other mixed methyl/halogenido combinations were found to undergo ligand
scrambling and therefore bis(halide) complexes Ers* could be isolated (Paper I). It is
noteworthy that the isolation of heteroleptic halide complexes with the tris(pyrazolyl)borato
ligand is known to be complicated due to B-N-bond cleavage.[®*] Additionally, tests for TEBBE-
like complexes with ELa®! and two equiv. of AlMes led to unidentified complicated reaction

mixtures, mainly followed by ligand degradation.

Aiming at rare-earth-metal complexes similar to the PETASIS reagent, the reactivity of
Tp™“M°LuMe; in olefination reactions with 9-fluorenone at 50 °C was assessed, however, only
the respective alkoxide species was found. In another approach, mixed alkyl complexes were
synthesized by utilizing F in salt-metathesis reactions with LiCH>SiMe3; and KCH»Ph to afford
complexes G and H (Scheme S2, Figure S3). Here, careful adjustment of the reaction conditions
is crucial, since especially the reaction of F in combination with lithium salts at ambient
temperatures favors the undesired formation of LiTp*M¢, In contrast to this, the formation of

H needed prolonged reaction times.

Me 'T' Me Me
B
7
WO
+ LICH,SiMes N 2 N
> Bu ~ tBu
Me  HMe o - LiCl B
B —35°C=>0°C,3h Me" CH,SiMe,
N N
! W \ G
N// N /N
tBu /@f tBBu gy —1  toluene
Me Cl
Me  HMe e
F B
71
Nk
+ KCH,Ph VN
= N N4UN
_KClI tBu ®/tBu Bu
RT, 24 h Me T CH,Ph
H

Scheme S2. Synthesis of Tp*MLuMe(CH,SiMe3) (G, left) and TpB*MeLuMe(CH,Ph) (H, right).

The examination of the thermolysis capability of the di(alkyl) complexes G and H revealed that
G is already slowly decomposing at ambient temperature. Unfortunately, an intramolecular C—
H-bond activation of the ancillary ligand was observed.!®’] Regardless, complex H is more

stable at ambient temperature, but shows the same degradation process at 40 °C. The attempted
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donor-induced alkane elimination with the introduction of N- or O-donors (DMAP or THF)

under mild conditions, however, failed.

Figure S3. Crystal structures of Tp®*MLuMe(CH,SiMe;) (G, left) and TpB“M*LuMe(CH,Ph) (H, right).

The successful isolation of these heteroleptic methyl/triflato, methyl/triflimido, bis(halide),
methyl/chlorido, and mixed alkyl complexes supported by the Tp™"“M¢ ligand spurred the
interest in the steric effects of this ligand set and its flexibility to bear sterically demanding co-
ligands. In order to determine the steric shielding by the bulky tris(pyrazolyl)borato ligand, the
mathematically exact cone angles were calculated for structurally characterized heteroleptic
lutetium complexes as depicted in Table S1 (Paper I).1 It was found that the very exclusive
trigonal bipyramidal geometry around the metal centers gave similar cone angles. This finding

revealed that the scorpionate ligand adapts only slightly to the steric demand of the co-ligands.

Table S1. Overview of mathematically exact calculated cone angles @[°] of ALy, C, Erd, F, G, and H.

ALu C ELuI F G H
® |278.0/280.9 |280.4 278.2 278.9 2717.1 277.3

Nevertheless, the calculated cone angles show a noticeable trend where the mixed alkyl
complexes G and H involve the smallest cone angle, followed by the halogenido-containing
complexes Ers!' and F. Moreover, the most flexible and most weakly coordinating triflato and

triflimido ligands allow for the largest cone angles of the ancillary ligand.
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2 Mixed Methyl/Aryloxy Rare-Earth-Metal Complexes

The chemistry of rare-earth-metal methyl or alkyl compounds is considered to be extremely
challenging due to the very reactive nature of the Ln—C(alkyl) (R = alkyl) bond, which is
indicated by the large orbital energy mismatch between the rare-earth metals and the alkyl
fragment.[°> 11> 152 651 One objective of this work was to investigate these very reactive and
elusive compounds with the introduction of a stabilizing environment and consequently the
formation of heteroleptic rare-earth-metal compounds bearing one methyl group. This could be
achieved through the utilization of the very bulky monoanionic Tp ligand as well as the

introduction of various aryloxy ligands.

First, examination of the performance of the reactive precursor TpB“M¢LuMe,/*! in
protonolysis reactions toward HOAr (Ar = CeH3zMe-2,6; Ce¢H3iPr2-2,6; CeHz(CF3)2-3,5,
CsH31Buz-2,6-Me-4) was elucidated (Figures S4-S6). Interestingly, the steric demand of the

Me HMe Me H Me M Me HMe

oo afo ol

OAr OAr Me o Me O
I OAr = OCgHsMe,-2,6 Bu Bu
J  OAr = 0CgH3iPry-2,6
K OAr = 0CgH3CF3-3,5
IVILn
Lin Ln=Y, Lu
Ln=Y, Lu
Me HMe H Me
@“QN @“@N@
tBu B tBu
Ln Ln
Ln=Y, Lu Ln=Y, Lu

Figure S4. Mononuclear TpB*M°Ln(OAr): (1, J, K, left) and mixed methyl/aryloxy TpB*MLuMe(OAr) (LLn, MLn,
NLn, OLn, middle and right).
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Figure S5. Crystal structures of TpB*MeYMe(OCsHsMe;-2,6) (My, left) and TpB*MLuMe(OC¢H3iPr2-2,6) (NLu,
right).

introduced aryloxo ligand controls the formation of either bis(aryloxy) compounds I, J, and K
or, with increased steric bulk in 2- and 6-position, the mixed methyl/aryloxy complex Lrn.
Subsequently, a salt-metathetical approach was chosen starting with Tp“MLnMe(AIMe4)?*"!
(Ln =Y, Lu) to access smaller aryloxides and yttrium analogs (Paper II).[° It was found that
optimization of the reaction conditions is crucial and fast degradation proceeds with B-N-bond
cleavage of the ancillary Tp ligand, if not prevented by lower temperature (especially for Ly
and Oy, the latter with the electron-deficient aryloxo ligand), underlining the reactive nature of
the Ln—Me bond. Interestingly, the striking structural similarities between Lru, Mvrn, NLn, and
OLn determined by XRD mainly result from the x3-coordination of the Tp ligand causing the
routinely observed distorted trigonal bipyramidal geometry around the different metal centers

(Figures S5 and S6).

Figure S6. Crystal structures of TpB“MLuMe(OCsH,#Bu,-2,6-CH;-4) (L, left) and TpB*MeLuMe {OCsH3(CF3)-
3,5} (Ov, right).

To gain further insight into the reactivity of these terminal methyl moieties, the performance of
Lrn in isoprene polymerization was exemplarily examined as well as its thermal stability.

Noteworthy, the addition of DMAP during the protonolysis reaction of the precursor
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Tp™MLnMe(AlMes) and HOCsHstBu,-2,6-Me-4, the ionic species Pra is formed (Figure S7).
Unfortunately, complexes PLn are not active as single-component catalyst in isoprene
polymerization. The thermal stability of Ly was examined, revealing that the heteroleptic
complex decomposes at ambient temperatures to an ill-defined product mixture via B-N-bond
cleavage of the ancillary ligand. Interestingly, the Lu congener Lru is inert up to 60 °C however,
at elevated temperatures intramolecular C—H-bond activation of the ligand Bu groups with the
Lu—Me moiety occurs. To conclude, the feasibility to isolate heteroleptic methyl/aryloxy
complexes strongly depends on the precursor. Furthermore, the thermal stability of all generated
complexes depends on the rare-earth metal (lutetium more stable than yttrium) as well as on the
introduced aryloxo ligand: CsH3Me»-2,6 with the most stabilizing effect, whereas very bulky
and electron-deficient methyl/aryloxy complexes decompose readily at elevated temperatures

(Paper II).

Figure S7. Crystal structures of [Tp®*MeYMe][Me;AlOCsH;tBu-2,6-Me-4] (Py, left) and (Tp"B*
HBOZMT y(OCeHLtBus-2,6-Me-4) (TpBu-/Bu2Me) = hydrobis(3-Me-5-fBu-pyrazolyl) { u-(3-Me-5-Me>C-CH,
pyrazolyl)}borato) (Quru, right).

Subsequently, the sterical aspects of the introduced aryloxo ligand via calculation of the
mathematically exact cone angle accessible via X-ray structure analyses were investigated.[®¥
The Tp™"M¢ complexes adopt a trigonal bipyramidal geometry and hence, similar cone angles
were determined with regard of the metal center (Table S2, Paper II). Interestingly, for the Y
complexes methyl groups in 2- and 6-position of the aryl ligand demand the cone to open more
than iPr groups or the CF3 groups in 3- and 5-position (My < Ny < Oy). A similar trend was

observed for the Lu congener (MrLu < LLu < NLu < OrLu).

Table S2. Overview of mathematically exact calculated cone angles @[°] of I, J, K, Lin, MLn, NLn, OLn, Py, and
QLn.

1 J K Lin MLn NLn OrLn Py QLn
e Y 2739 |276.1 |278.6 |276.8
Lu |276.1 |272.5 |2804 |278.1 |276.1 |279.2 |280.3 286.3
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3 Cp-Supported Rare-Earth-Metal Methylidene Complexes

In comparison to transition-metal-alkylidene chemistry, the chemistry of rare-earth-metal
variants has been only scarcely explored.[** ¢! Despite this, alkylidene chemistry increasingly
gained interest due to its importance in synthetic organic chemistry for the olefination of
carbonylic substrates as featured by the WITTIG or the TEBBE reagent.[®” Further utilization of
the nucleophilic CH2?>~ unit allows for successful metathesis reactions.l®’® %8 Nonetheless, the
synthesis of rare-earth-metal alkylidenes represents a particular challenge and requires a
stabilizing environment by the chosen ligand system, e.g. as it is provided by Cp ligands. In
previous studies the syntheses of rare-earth-metal methylidene complexes from X /AIMes
cluster compounds by donor-induced alkylaluminate cleavage followed by alkane elimination

have been elaborated. 3 ¢

A rational approach toward these mixed X /AlMes clusters is the reaction of different
(CpPLn(AlMes), (Ln =Y, La, Nd, Lu; CpR = CsMes, CsMesSiMes) with mild halogenido
transfer reagents SiMes; X (X = CL, Br, I). It is noteworthy that the nuclearity of the clusters is

metal-size dependent.

X =Cl,Br, |
+ 1.3 n SiMe3X
n=6 -h
n CpRLn(AIMe,), rhexane
n=5 R
n=2 + 1.8 n SiMe3X
. n-hexane
+ 0.9 n SiMe3X
n-hexane
R Me
&, meddime
= @\\X’/@\Me
"2 men B - X =Cl,Br, |
- y r,

Me X7y
Me © "'a/ CsMe,SiMe; yX
Me

R

CsMes R Ln=v, Lu
SnX X=Cl,Br, |
X Ln=vY, Lu CsMes VX

. T
CsMe,SiMes " -7
U X =Cl,Br, | CsMe,SiMe; WX

Ln

X =Cl, Br, |

Scheme S3. Synthesis of mixed halogenido/aluminato rare-earth-metal clusters (Rra¥, Sta™, TroX, ULa®, VX, WX,

XX, YX),
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More precisely, tetrametallic complexes [(Cp®)Ln(AlMes)(u-X)]2 (RLoX, Sta¥, TraX, ULaX) are
formed for smaller rare-earth metals as yttrium and lutetium, as well as hexa- or decametallic
cluster compounds of the type (Cp®)sNds(AlMes)(us-X)3(u-X)s (VX, WX) and
[(CpP)sLas(AlMes)a(u-X)alo (XX, YX) for larger rare-earth metals, respectively (Scheme S3,
Figure S8 left). The intended introduction of pseudo-halogenido ligands as the triflato ligand
did not lead to decametallic clusters for lanthanum due to the different coordination possibilities

of the triflato moiety, however, complex (CsMes)s;Laz(u-OTt)3(u3-OTf)2(AlMes)(thf), Z with

u*- as well as p3-bridging triflato ligands was observed.

Figure S8. Crystal structures of [(CsMesSiMes)sLas(AlMeq)a(u-Cl)ala (Y, left) and (CsMes)sLas(u-OTD)3(us-
OTH)(AlMes)(thf); (Z, right).

The THF-induced cleavage of the yttrium
and lanthanum complexes led to the
formation of trimetallic cluster compounds
BB and CC with three u»-bridging
halogenido ligands, one u3-bridging
halogenido and one  u3-bridging
methylidene in apical positions (Scheme
S4, Figure S10). Similar complexes
(L)sLn3(u-Me)s(us-Me)(u3-CHa)(thf)s

developed by our group showed the same

Figure S9. Solid-state structure of (CsMes)Lalx(thf)s; striking trimetallic structural motif.[® ¢l It is
(AA). noteworthy that careful adjustment of the
reaction conditions is crucial, and

temperatures below ambient temperature
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-40°C e
[CpRLn(AIMey), X, ], —_— Cp~LnX;(thf); AA
Ln=Y (x=2;y=2) toluene, THF
La (x =6; z=2y) RT

BB X CsMes
chnX C5Me4SiMe3

Ln=Y, La
X =Cl, Br, |

+ 4 SiMe;X
THF
4 SiMe,

Scheme S4. Low-temperature product CpRLnX(thf); (AA) and mixed halogenido/methylidene rare-earth-metal
complexes (BBLnX, CCrLn¥).

can lead to formation of bis(halogenido) rare-earth-metal complexes (Cp¥)LnXz(thf); (e.g. AA

[22b] can

in Scheme S4, Figure S9). Additionally, mixed methyl/methylidene yttrium complexes
undergo a Me/X exchange when reacted with the halogenido transfer reagent SiMesX.
However, reaction with HOCH27Bu showed protonolysis of the methylidene as well as the
methyl groups and therefore, bimetallic complex [(CsMes)Y(OCH2tBu):]> (DD) (Figure S11)

was obtained.

Figure S10. Crystal structures of (CsMes);Y3(u-Br)s(us-Br)(us-CHz)(thf); (BBY®', left) and (CsMes)sLas(u-
Br)3(u3-Br)(us-CHy)(thf); (BBLa®", right).

Unfortunately, complexes with yttrium as metal center and bridging iodido ligands cannot be
obtained. Our strong interest to examine the performance of the isolated complexes in
olefination reactions gave rise to tests with various carbonylic substrates (Table S3, Paper I1I).

NMR spectroscopic investigations of the reaction between the methylidene complexes BBLaX
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or CCrs® and 9-fluorenone, benzaldehyde, and cyclohexanone proved that the complexes
showed performance in WITTIG-type reactions, however the sterical demand of iodido-bridging
complexes affects the conversion of the sterically more demanding carbonylic derivatives.
Nonetheless, the reactivity of e.g., BByX and CCy* were found to be as efficient as the TEBBE
reagent. Although the structural elucidation of the TEBBE reagent Cp2Ti(u-CHz)(u-Cl)AlMe2
co-crystallized with 48 % of side product Cp,Ti(u-Cl);AlMe; was already accomplished by
MmpIoLA and Co-workers,”!! successful solid-state structure determination showed

decreasing amount of side product to solely 6 % (Figure S11).

Figure S11. Crystal structures of complex [(CsMes)Y(OCH2/Bu).], (DD, left) and the TEBBE reagent Cp,Ti(u-
CH,)(u-Cl)AlMe; co-crystallized with side product Cp,Ti(u-Cl)2AlMe; (right).

Additionally, most mixed halogenido/methylidene rare-earth-metal complexes showed
reactivity in the polymerization oJ-valerolactone for the formation of biodegradable

poly(valerolactone) in moderate to high yields.

Table S3. Methylidene-transfer and reactivity in the polymerization of d-valerolactone of rare-earth-metal
methylidene complexes BBLa¥, and CCrn® in comparison to the methylidene transfer of the TEBBE reagent [%].

[F] yields of polymerization; A: 9-fluorenone, B: benzaldehyde, C: cyclohexanone, D: §-valerolactone

Y La Ti
CsMes CsMesSiMes CsMes CsMesSiMes
BByX CCyX BBL.* CCrL.* TEBBE
Cl Br Cl Br Cl Br I Cl Br I
>99 | >99 | >99 | >99 62 95 0 62 44 0 >99

>99 | >99 | >99 | >99 53 57 59 64 72 78 >99

>99 | >99 | >99 | >99 62 85 55 >99 >99 | >99 >99

o O W >

76 P11 861 | 60 1PV | 51 [P | 7P | g7 P11 2311 | gQIPL | g51F1 1 70[P1 | >99




Unpublished Results
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Synthesis of (CNC)-Pincer Rare-Earth-Metal Complexes

Introduction

Typically, tridentate (CNC)-pincer complexes are bis(NHC)-incorporated (NHC = N-
heterocyclic carbene) monoanionic ligand systems with strong electron-donating ylidene
carbon atoms for the stabilization of the Ln(III) metal center.l’?) The synthesis of (CNC)-pincer
rare-earth-metal complexes from Ln alkyl complexes supported by bulky silylamido ligands
through double intramolecular C—H-bond activation to afford “naked” (CNC)Ln(thf). as
potential pincer-like analogue has gained less attention. Moreover, those complexes could
reveal interesting reactivity in alkylidene and imide chemistry as well as their utilization in

polymerization reactions.

Results and Discussion

We entered this research field with the synthesis of a silylamido-stabilized bis(neosilyl)
complex (MePhxSi)>NLu(CH2SiMes)2(thf) EE. This was achieved from the respective neosilyl
precursor Lu(CH>SiMe3)s3(thf), by application of a SiMes-elimination protocol. XRD analysis
of EE revealed a tetrahedral coordination geometry around the metal with coordination of one
THF molecule to saturate the coordination sphere (Scheme UPR1). The Lu—N(amido) distance
is 2.215(6) A and is slightly elongated compared to homoleptic Lu[N(SiMes)2]3 (2.191(5) A).[7?]
The Lu—C(neosilyl) bond lengths (2.330(6) A, 2.323(7) A) are in the same range as for the
precursor Lu(CH>SiMe3)(thf), (2.314(18)-2.344(18) A)74 and complex
TpBMeLuMe(CH2SiMes) (2.372(2) A)Y (G, Paper I).

@I(CH,SiMes)s(th),

+ HN(SiPhoMe),| . gime,
n-hexane, 0 °C

Ph Me Me

Ph

\/ \ /

S|\N/S|
@ R, @

; H>SiMe
Me3S|HQC thf 2 3

EE

Scheme UPRI1. Silylamido-supported rare-earth-metal bis(neosilyl) complexes (left) and crystal structure of EE
(right).
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Due to the highly reactive nature of the CH>SiMe; moiety, fast decomposition proceeded
concomitant with the release of SiMes4. Therefore, lutetium complexes form only under mild
reaction conditions with temperatures below ambient temperature. Similar approaches towards
the yttrium congener were not successful, however, lower temperatures might guide the way to

bis(neosilyl) complexes of yttrium.

The next target was the synthesis of different silylamido-supported rare-earth-metal
bis(aluminate) complexes (Scheme UPR2, FFrLn, GGLn). A salt-metathesis approach was
successfully utilized, starting from the homoleptic rare-earth-metal aluminate and the respective
potassium silylamide. It is noteworthy that reactions involving the sterically most demanding
ligand KN(SiPhs3)> did not show any conversion with Ln(AlMes4)3. With addition of donors like
Et;0 to FFrn and GGun, [LLnMe:] was observed in NMR-scale-reactions for lutetium and
yttrium complexes, however no di(methyl) complex could be isolated. As further interest lies
in the generation of these reactive rare-earth-metal methyl complexes, treatment of LnMe3s with
the sterically most demanding HN(SiPh3), in THF was accomplished. Instant gas formation
was observed and NMR-spectroscopic analysis showed C—H-bond activation, however, the
absence of peaks for the expected Ln—CHs; moieties. Further investigations led to the
conclusion, that double C—H-bond activation of both phenyl groups occurred (Scheme UPR2,
HHwLn). Most presumably, complex [(Ph3Si);NLnMe;] is formed in situ, and the proximity of
the methyl groups allowed for instant ortho-metalation of the phenyl ligand back bone and to

the unintended but serendipitous formation of a rare-earth-metal (CNC)-pincer-like system.

PhRRSi~_ —SIRRPh

+ KN(SiPhRR'),
n- hexane FF.L, R=R'=Me Ln =Y, La, Lu
Game); ———— Met =""Me GG, R=Me R=Ph Ln=Y, Lu
- KAIMe, Me\#Me Me
Et,0 \ -2 AlMeg
n-hexane
R
+ HN(SiPhs), s|
@mve, T
- CH,
Ln=Y, Lu

HH, Ln=Y, Lu

Scheme UPR2. Synthetic approaches toward amido-supported and (CNC)-pincer rare-earth-metal complexes
FFLn, GGLn, and HHLn.
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Figure UPR2. Crystal structures of HHy and HHvLu.

X-ray structure analysis of HHwrna revealed a distorted octahedral coordination geometry around
the rare-earth-metal centers accomplished by the (CNC)-pincer ligand and three additional THF
molecules. The Ln—N bond lengths are elongated compared to EE (HHy: 2.303(2) A; HHLu
2.236(1) A). For HHy this can be explained as a metal-size effect, for HHru it nicely
demonstrates the constraint geometry for the lutetacycle and how the ligand system adapts. The
Ln—O distances are similar in accordance with the different ionic radii of the rare-earth metals
(HHy: 2.336(2)-2.392(2) A; HHru: 2.2757(12)-2.3450(12) A). The same trend is observed for
the Ln—C bond lengths (HHy: 2.485(3), 2.487(3) A; HHyru: 2.433(2), 2.436(2) A).

First approaches toward terminal monometallic rare-earth-metal imido complexes by reacting
HHy with aniline HoNCeH3-Me-2,6 showed conversion to the respective amide complex.
Therefore, further investigations and thermolysis or LEWIS-base induced protonolysis might

give access to scarce rare-earth-metal imide complexes.

Experimental Section

General Considerations. All operations were performed with rigorous exclusion of air and water by using
standard Schlenk, high-vacuum, and glovebox techniques (MBraun 200B; <0.1 ppm O, <0.1 ppm H,0). Solvents
were purified by using Grubbs columns (MBraun SPS, solvent purification system) and stored inside a glovebox.
[Dg]benzene was obtained from Sigma-Aldrich, degassed and dried over NaK alloy for two days and filtered prior
to use. [Ds]thf was obtained from Sigma-Aldrich, stirred over NaK alloy, and distilled. The NMR spectra of air-
and moisture-sensitive compounds were recorded by using J. Young valve NMR tubes on a Bruker AVII+500
spectrometer ('"H, 500.00 MHz, '3C, 125.72 MHz, Y 24.496 MHz), a Bruker AVII+400 spectrometer ('H, 400.13
MHz, ¥C, 100.61 MHz) and on a Bruker AVII+300 spectrometer (‘H, 300.00 MHz, ?°Si, 59.59 MHz). DRIFT
spectra were recorded on a Thermo Fisher Scientific NICOLET 6700 FTIR spectrometer using a DRIFT chamber
with dry KBr/sample mixture and KBr windows; IR (DRIFT) data were converted by using the Kubelka-Munk
refinement. Elemental analyses were performed on an Elementar Vario MICRO Cube.

(MePh:Si):NLu(CH:SiMes3)2(thf) (EE): A solution of Lu(CH»,SiMe3)3(thf), (50.0 mg, 0.0861 mmol) in n-hexane
(1 mL) was added to a stirred solution of HN(SiPh,Me), (35.0 mg, 0.0861 mmol) in n-hexane (1 mL). The reaction
mixture was stirred for 2 h at 0 °C and concentrated in vacuo. Colorless crystals were obtained from a saturated
solution at —40 °C (42.0 mg, 0.0506 mmol, 59 %). '"H NMR (400 MHz, [Ds]benzene, 26 °C): 6 = 7.85-7.82 (m,
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8H, Ar-H), 7.25-7.21 (m, 8H, Ar-H), 7.18-7.12 (m, 4H, Ar-H), 3.21 (br s, 4H, thf), 0.89 (m, 4H, thf), 0.70 (s, 6H,
Si—CHs3), 0.26 (s, 18H, CH,Si(CH3)3), —0.73 (s, 4H, CH>Si(CH3)3) ppm. IR (KBr): ¥ =3388 (vw), 3130 (vw), 3062
(w), 3019 (vw), 3008 (vw), 2995 (vw), 2950 (w), 2890 (vw), 2846 (vw), 2806 (vw), 1959 (vw), 1903 (vw), 1889
(vw), 1824 (vw), 1587 (vw), 1482 (vw), 1454 (vw), 1427 (m), 1406 (vw), 1377 (vw), 1326 (vw), 1303 (vw), 1259
(w), 1249 (w), 1237 (w), 1185 (vw), 1163 (w), 1153 (w), 1105 (s), 1065 (vw), 1030 (w), 1000 (w), 980 (s), 927
(m), 885 (m), 800 (vs), 787 (m), 738 (vs), 718 (m), 703 (s), 676 (W), 665 (vw), 647 (vw), 507 (w), 500 (w), 483
(w), 470 (w), 460 (m), 429 (vw), 424 (vw), 418 (w), 406 (vw) cm’!; elemental analysis calcd (%) for
C33HscLuNOSi4: C 54.98, H 6.80, N 1.69; C 55.28, H 6.01, N 2.26.

(Me2PhSi):NY(AlMes): (FFy): A solution of Y(AIMes); (200 mg, 0.571 mmol) in n-hexane (5 mL) was added to
a stirred suspension of KN(SiPhMe,), (185 mg, 0.572 mmol) in n-hexane (10 mL). The reaction mixture was
stirred overnight at ambient temperatures. The precipitate was allowed to settle and the solution was separated via
filtration. The solid was washed with n-hexane (3 x 5 ml), the collected solutions were combined, and concentrated
in vacuo. Colorless crystals were obtained from a saturated solution at —40 °C (200 mg, 0.365 mmol, 64 %). 'H
NMR (400 MHz, [D¢]benzene, 26 °C): 6 = 7.63-7.61 (m, 4H, Ar-H), 7.21-7.17 (m, 4H, Ar-H), 7.11-7.07 (m, 2H,
Ar-H), 0.36 (s, 12H, Si-CHs), —0.37 (d, 2J(YH) = 2.5 Hz, 24H, Al-CHs) ppm. BC{'H}c NMR (101 MHz,
[Ds]benzene, 26 °C): 8 137.8 (Ar-C1), 136.7 (Ar-C3,5), 131.9 (Ar-C4), 130.2 (Ar-C2,5), 3.2 (Si—CHs), 2.1 (Al-
CH3) ppm. 2Si{'H} dept45 NMR (60 MHz, [Ds]benzene, 26 °C): § —13.3 ppm. ¥Y NMR (from 'H-¥Y HSQC, 25
MHz, [Ds]benzene, 26 °C): 6 =451 ppm; IR (KBr): ¥ = 3085 (vw), 3067 (vw), 3050 (vw), 3017 (vw), 3006 (vw),
2997 (vw), 2947 (w), 2927 (w), 2888 (w), 2819 (vw), 2795 (vw), 1583 (vw), 1560 (vw), 1486 (vw), 1425 (w),
1315 (vw), 1305 (vw), 1291 (vw), 1254 (m), 1214 (w), 1188 (m), 1109 (m), 1094 (m), 937 (w), 845 (s), 824 (s),
791 (8), 776 (8), 745 (8), 730 (vs), 715 (vs), 702 (vs), 692 (vs), 648 (W), 632 (w), 608 (w), 575 (s), 557 (m), 547
(m), 540 (m), 486 (m), 474 (m), 460 (w), 450 (w), 402 (s) cm’'; elemental analysis calcd (%) for C24sHasALNSI,Y:
C 52.63,H 8.47,N 2.56; C 52.86, H 8.75, N 2.63.

(Me:PhSi):NLa(AlMe4)2 (FFLa): A solution of La(AlMes); (200 mg, 0.500 mmol) in n-hexane was added to a
stirred suspension of KN(SiPhMe»)> (162 mg, 0.501 mmol) in n-hexane. The reaction mixture was stirred
overnight at ambient temperatures. The precipitate was allowed to settle and the solution was separated via
filtration. The solid was washed with n-hexane (3 x 5 ml), the collected solutions were combined, and concentrated
in vacuo. Colourless crystals were obtained from a saturated solution at —40 °C (160 mg, 0.292 mmol, 58 %). 'H
NMR (400 MHz, [D¢]benzene, 26 °C): 6 = 7.64-7.62 (m, 4H, Ar-H), 7.23-7.19 (m, 4H, Ar-H), 7.10-7.05 (m, 2H,
Ar-H), 0.29 (s, 12H, Si-CH3), —0.41 (s, 24H, AI-CH;) ppm. '3C{'H} NMR (63 MHz, [Ds]benzene, 26 °C): § 136.3
(Ar-C1), 136.0 (Ar-C3,5), 132.5 (Ar-C4), 131.4 (Ar-C2.5), 5.3 (Al-CH3), 2.5 (Si—~CH3) ppm. »’Si{'H} dept45
NMR (60 MHz, [Ds]benzene, 26 °C): 6 —15.4 ppm; IR (KBr): ¥ = 3067 (vw), 2999 (vw), 2949 (w), 2921 (w),
2885 (w), 2883 (w), 2779 (w), 1585 (vw), 1485 8vw), 1446 (vw), 1426 (w), 1309 (vw), 1252 (m), 1202 (w), 1191
(w), 1104 (m), 1030 (vw), 999 (m), 987 (m), 844 (s), 823 (m), 790 (s), 776 (s), 725 (vs), 705 (vs), 692 (vs), 600
(s), 581 (s), 546 (m), 518 (w), 487 (m), 482 (m), 473 (s), 447 (m), 419 (w), 410 (vw) cm’'; elemental analysis caled
(%) for Co4HasAl,LaNSi: C 48.23, H 7.76, N 2.34; C 48.61, H 7.83, N 2.44.

(Me2PhSi)2NLu(AlMes)2 (FFLu): A solution of Lu(AlMes); (200 mg, 0.458 mmol) in n-hexane was added to a
stirred suspension of KN(SiPhMe,), (149 mg, 0.460 mmol) in n-hexane. The reaction mixture was stirred
overnight at ambient temperatures. The precipitate was allowed to settle and the solution was separated via
filtration. The solid was washed with n-hexane (3 x 5 ml), the collected solutions were combined, and concentrated
in vacuo. Colorless crystals were obtained from a saturated solution at —40 °C (180 mg, 0.284 mmol, 62 %). 'H
NMR (400 MHz, [Ds]benzene, 26 °C): § =7.63-7.61 (m, 4H, Ar-H), 7.21-7.17 (m, 4H, Ar-H), 7.11-7.07 (m, 2H,
Ar-H), 0.36 (s, 12H, Si—-CH3), —0.37 (s, 24H, Al-CH;) ppm. 3C{'H} NMR (101 MHz, [Ds]benzene, 26 °C): &
137.7 (Ar-C1), 137.1 (Ar-C3,5), 131.8 (Ar-C4), 129.8 (Ar-C2,5), 3.5 (Si—CHs), 3.2 (Al-CH3) ppm. *°Si{'H}
dept45 NMR (60 MHz, [Ds]benzene, 26 °C): 6 —11.5 ppm; IR (KBr): ¥ = 3067 (vw), 3050 (vw), 3016 (vw), 2926
(w), 2891 (w), 1583 (vw), 1485 (vw), 1425 (w), 1315 (vw), 1253 (m), 1218 (w), 1191 (w), 1109 (w), 1094 (w),
1029 (vw), 954 (m), 950 (m), 937 (m), 841 (m), 823 (s), 792 (s), 783 (s), 770 (m), 751 (s), 742 (s), 727 (vs), 719
(vs), 710 (s), 696 (vs), 686 (s), 678 (m), 659 (W), 646 (W), 608 (W), 594 (m), 575 (m), 542 (m), 530 (m), 518 (m),
488 (vw), 476 (m), 463 (m), 446 (m), 434 (s), 414 (m), 407 (vw) cm’'; elemental analysis caled (%) for
Co4HasALLUNSI>: C 45.49, H 7.32, N 2.21; C 45.63, H 7.56, N 2.30.

(MePh:Si):NY(AlMe4)2 (GGy): A solution of Y(AIMes)s (100 mg, 0.285 mmol) in n-hexane was added to a stirred
suspension of KN(SiPhoMe), (128 mg, 0.0285 mmol) in n-hexane. The reaction mixture was stirred overnight at
ambient temperatures. The precipitate was allowed to settle and the solution was separated via filtration. The solid
was washed with n-hexane (3 x 5 ml), the collected solutions were combined, and concentrated in vacuo.
Colourless crystals were obtained from a saturated solution at —40 °C (96.0 mg, 0.143 mmol, 50 %). 'H NMR
(400 MHz, [Dg]benzene, 26 °C): 6 = 7.72-7.70 (m, 8H, Ar-H), 7.20-7.16 (m, 8H, Ar-H), 7.14-7.10 (m, 4H, Ar-H),
0.63 (s, 6H, Si—-CHs), —0.31 (d, 2J(YH) = 2.4 Hz, 24H, Al-CH3) ppm. *C{'H} NMR (63 MHz, [D¢]benzene,
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26°C): 8 137.9 (Ar-Cl), 136.6 (Ar-C3,5), 130.9 (Ar-C4), 129.1 (Ar-C2.5), 2.5 (Al-CHs), 2.3 (Si-CHs) ppm.
PSi{'H} dept45 NMR (60 MHz, [Ds]benzene, 26 °C): § —18.4 ppm. ¥Y NMR (from 'H-¥Y HSQC, 25 MHz,
[Ds]benzene, 26 °C): & = 445 ppm; IR (KBr): ¥ = 3128 (vw), 3063 (w), 3051 (w), 3017 (w), 3000 (w), 2926 (w),
2888 (w), 2821 (vw), 2787 (vw), 1960 (vw), 1893 (vw), 1829 (vw), 1586 (vw), 1483 (vw), 1426 (m), 1303 (vw),
1217 (w), 1190 (w), 1159 (vw), 1104 (s), 1064 (vw), 1029 (w), 998 (w), 961 (s), 860 (vw), 801 (s), 787 (s), 769
(m), 735 (vs), 670 (vs), 650 (w), 587 (m), 574 (m), 544 (m), 529 (m), 503 (s), 489 (s), 458 (s), 418 (vw) cm..

(MePh:Si)2NLu(AlMes)2 (GGLu): A solution of Lu(AlMes)s (100 mg, 0.229 mmol) in n-hexane was added to a
stirred suspension of KN(SiPh,Me), (103 mg, 0.230 mmol) in n-hexane. The reaction mixture was stirred
overnight at ambient temperatures. The precipitate was allowed to settle and the solution was isolated via filtration.
The solid was washed with n-hexane (3 x 5 ml), the collected solutions were combined, and concentrated in vacuo.
Colourless crystals were obtained from a saturated solution at —40 °C (135 mg, 0.178 mmol, 78 %). 'H NMR (400
MHz, [Ds]benzene, 26 °C): 6 = 7.73-7.71 (m, 8H, Ar-H), 7.20-7.18 (m, 8H, Ar-H), 7.14-7.10 (m, 4H, Ar-H), 0.67
(s, 6H, Si—CHs), —0.10 (s, 24H, Al-CH;) ppm; C{'H} NMR (63 MHz, [Ds]benzene, 26 °C):  137.9 (Ar-C1),
136.6 (Ar-C3,5), 130.8 (Ar-C4), 128.9 (Ar-C2,5), 2.6 (Si—CH3), 2.2 (Al-CH3) ppm.

(Ph2SiCsHs):NY (thf); (HHy): A solution of HN(SiPhs), (199 mg, 0.373 mmol) in thf (5 mL) was added to a
stirred suspension of YMe; (50.0 mg, 0.373 mmol) in toluene (5 mL) at ambient temperature. The suspension was
allowed to stir for additional 12 h at 40 °C. The reaction mixture changed from white to orange-red. The solution
was filtered and concentrated in vacuo. Orange crystals were obtained from a saturated solution in thf/toluene at
—40 °C (262 mg, 0.313 mmol 84 %). 'H NMR (400 MHz, [Ds]thf, 26 °C): 8 = 7.63-7.61 (m, 2H, Ar-H), 7.28-7.25
(m, 8H, Ar-H), 7.20-7.19 (m, 2H, Ar-H), 7.02-6.98 (m, 4H, Ar-H), 6.92-6.88 (m, 8H, Ar-H), 6.87-6.83 (m, 2H, Ar-
H), 6.80-6.76 (m, 2H, Ar-H), 3.58 (s, thf), 1.72 (s, thf) ppm. *C{'H} NMR (63 MHz, [Ds]thf, 26 °C): 5 199.4 (d,
IJ(YC) = 43 Hz, Y-C2), 155.4 (Si—C1), 144.6 (Si—C7), 137.0 (Ar-C8,12), 136.1 (Ar-C3), 134.0 (Ar-C6), 127.5
(Ar-C10), 126.7 (Ar-C9,11), 125.2 (Ar-C4), 123.8 (Ar-C5), 67.2 (thf), 25.3 (thf) ppm. Si{'H} dept45 NMR (60
MHz, [Ds]thf, 26 °C): § —25.8 ppm. ¥Y NMR (from 'H-%Y HSQC, 25 MHz, [Ds]thf, 26 °C): § = 567 ppm; IR
(KBr): ¥ = 3062 (w), 3014 (w), 2934 (w), 2872 (w), 2785 (vw), 1584 (vw), 1483 (vw), 1457 (vw), 1426 (w), 1407
(vw), 1294 (vw), 1259 (vw), 1232 (vw), 1213 (vw), 1183 (vw), 1154 (vw), 1100 (s), 1071 (m), 1033 (m), 1008 (s),
918 (w), 861 (m), 782 (vw), 729 (s), 700 (vs), 674 (w), 655 (m), 635 (w), 620 (vw), 578 (vw), 555 (m), 536 (w),
518 (vs), 503 (w), 484 (s), 451 (w), 435 (w) cm’!; elemental analysis calcd (%) for C4sHs2NO3Si,Y: C 68.96, H
6.27,N 1.68; C 67.83, H 6.28, N 1.63.

(PhzSiCsHs):NLu(thf); (HHLu): A solution of HN(SiPhs), (121 mg, 0.227 mmol) in thf (5 mL) was added to a
stirred suspension of LuMes; (50.0 mg, 0.227 mmol) in toluene (5 mL) at ambient temperature. The suspension
was allowed to stir for additional 12 h at 40 °C. The reaction mixture changed from white to orange-red. The
solution was filtered and concentrated in vacuo. Yellow crystals were obtained from a saturated solution in
thf/toluene at —40 °C (174 mg, 0.189 mmol 83 %). 'H NMR (400 MHz, [Ds]thf, 26 °C): § = 7.66-7.64 (m, 2H,
Ar-H), 7.29-7.26 (m, 10H, Ar-H), 7.02-6.98 (m, 4H, Ar-H), 6.94-6.88 (m, 10H, Ar-H), 6.81-6.77 (m, 2H, Ar-H),
3.58 (s, thf), 1.72 (s, thf) ppm. BC{'H} NMR (63 MHz, [Ds]thf, 26 °C): § 207.3 (Lu-C2), 155.4 (Si—C1), 144.5
(Si-C7),137.2 (Ar-C3), 136.8 (Ar-C8,12), 134.2 (Ar-C6), 127.4 (Ar-C10), 126.6 (Ar-C9,11), 125.5 (Ar-C4), 123.6
(Ar-C5), 67.2 (thf), 25.3 (thf) ppm.?’Si{'H} dept45 NMR (60 MHz, [Ds]benzene, 26 °C): § —26.2 ppm; IR (KBr):
V= 3062 (w), 3015 (m), 2992 (m), 2934 (w), 2889 (w), 1483 (vw), 1473 (vw), 1456 (vw), 1427 (m), 1408 (vw),
1294 (vw), 1259 (vw), 1214 (vw), 1183 (vw), 1100 (s), 1072 (m), 1033 (m), 1017 (vs), 918 (w), 860 (m), 738 (s),
731 (vs), 700 (vs), 674 (w), 657 (m), 635 (w), 556 (m), 518 (vs), 504 (w), 485 (s), 451 (W), 436 (W) cm\.
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Figure UPR1. 'H NMR spectrum (400 MHz, [D¢]benzene) of complex EE at 26 °C.
a b c d e
I~ 0
T RS b g 58
[ N N S N C o oo
o a | vV
Me Me .
Ph\S/ \s o &
i i o=
T NE K L
Me Me d :] :
Me™' N "Me " | I? |
/ \, Me B
MeH_I,TI/Me Me‘_—‘pl‘l/ - -
3 TR !
Me Me -0.35 -0.40 ppm
* e
| 4 )|
| | T | T T | I
7 6 5 4 3 2 1 0 ppm
Tp] A 0] o
(e3] ol o o

Figure UPR2. '"H NMR spectrum (400 MHz, [D¢]benzene) of complex FFy at 26 °C.
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Figure UPR3. *C NMR spectrum (101 MHz, [Ds]benzene) of complex FFy at 26 °C.
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Figure UPR4. 2°Si{'H}-dept NMR spectrum (60 MHz, [D¢]benzene) of complex FFy at 26 °C.
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Figure UPRS. 'H-*Y HSQC NMR spectrum (25 MHz, [Ds]benzene) of complex FFy at 26 °C.
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Figure UPRG6. 'H NMR spectrum (400 MHz, [Dg]benzene) of complex FFLa at 26 °C.
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Figure UPR7. BC{'H} NMR spectrum (101 MHz, [Ds]benzene) of complex FFra at 26 °C.
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Figure UPR10. *C{'H} NMR spectrum (101 MHz, [D¢]benzene) of complex FFLa at 26 °C.
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Figure UPR11. ¥Si{'H}-dept NMR spectrum (60 MHz, [Ds]benzene) of complex FFru at 26 °C.
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Figure UPR12. '"H NMR spectrum (400 MHz, [Ds]benzene) of complex GGy at 26 °C.
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Figure UPR13. 3C{'H} NMR spectrum (101 MHz, [Ds]benzene) of complex GGy at 26 °C.

-18.4

100

50

-100

T T T T T T T T
-150 -200 -250

ppm

Figure UPR14. °Si{'H}-dept NMR spectrum (60 MHz, [Ds|benzene) of complex GGy at 26 °C.
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Figure UPR15. 'H-¥Y HSQC NMR spectrum (25 MHz, [Ds]benzene) of complex GGy at 26 °C.
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Figure UPR16. 'H NMR spectrum (400 MHz, [D¢]benzene) of complex GGru at 26 °C.
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Figure UPR17. 3C{'H} NMR spectrum (101 MHz, [Ds]benzene) of complex GGru at 26 °C.
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Figure UPR18. 'H NMR spectrum (400 MHz, [Ds]thf) of complex HHy at 26 °C with traces of n-hexane.
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Figure UPR19. 'H-'H COSY NMR spectrum (400 MHz, [Ds]thf) of complex HHy at 26 °C.
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Figure UPR20. *C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex HHy at 26 °C.
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Figure UPR21. ¥Si{'H}-dept NMR spectrum (60 MHz, [Ds]thf) of complex HHy at 26 °C.
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Figure UPR22. 'H-*Y HSQC NMR spectrum (25 MHz, [Ds]thf) of complex HHy at 26 °C.
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Figure UPR23. '"H NMR spectrum (400 MHz, [Ds]thf) of complex HHLu at 26 °C with traces of n-hexane.
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Figure UPR24. 'H-"H COSY NMR spectrum (400 MHz, [Ds]thf) of complex HHLu at 26 °C.
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Figure UPR25. *C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex HHLu at 26 °C.
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Figure UPR26. °Si{'H}-dept NMR spectrum (60 MHz, [Ds]thf) of complex HHLu at 26 °C.
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Table S1. Comprehensive crystallographic data for compounds EE, HHy, and HHpu.

EE HHy HHLu
formula Cr6H112LuaN20,Sig | CssHeoNO3Six Y CssHgoNO3Si2Lu
M [g mol ] 1660.33 928.13 1014.19
crystal system monoclinic monoclinic monoclinic
space group P2, P21/c P21/c
a[A] 10.3066(8) 11.715(5) 11.7435(9)
b[A] 40.211(3) 12.156(6) 12.0158(9)

c [A] 10.6985(8) 34.014(16) 34.138(3)

a[°] 90 90 90

B[°] 114.5430(10) 97.892(12) 97.3510(10)

v [°] 90 90 90

V [A%] 4033.3(5) 4798(4) 4777.5(6)

V4 2 4 4

T [K] 100(2) 100(2) 100(2)

Pealed [g €M ™3] 1.367 1.285 1.410

p[mm ] 2.595 1.309 2.161

F (000) 1704 1952 2080

O range [°] 5.06 to 21.54 1.209 to 28.281 1.992 to 30.109
total reflns 112281 55510 105907

unique reflns 23356 11901 14060

Rint 0.0862 0.0681 0.0421

observed reflns (I>20) 23356 8806 12870
Data/restraints/parameter 23356 /1/828 11901 /124 /598 14060 / 258 / 675
R1/wR2 (I>20) [ 0.0440 / 0.0964 0.0560 /0.1087 0.0225/0.0488
R1/wR2 (all data)[® 0.0520/0.1011 0.0863/0.1179 0.0262 /0.0500
GOF!&l 0.988 1.082 1.073

largest diff. peak and hole [e A™] | 6.977 and —1.029 0.993 and —0.753 0.765 and —1.173

[a] R1 = 3(|[Fo|-[Fe||)/Z|Fo|.Fo> 40(Fo). wR2 = {E[w(Fo*-F2)¥E[w(Fo)2]} 2.
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Ligand
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Reiner Anwander*?

(Abstract: A series of solvent-free heteroleptic terminal rare-
earth-metal alkyl complexes stabilized by a superbulky tris-
(pyrazolyl)borato  ligand with the general formula
[Tp®MLnMeR] have been synthesized and fully character-
ized. Treatment of the heterobimetallic mixed methyl/tetra-
methylaluminate compounds [Tp®*™LnMe(AlMe,)] (Ln=Y,
Lu) with two equivalents of the mild halogenido transfer re-
agents SiMe;X (X=Cl, I) gave [Tp®™LnX,] in high yields.
The addition of only one equivalent of SiMesCl to
[Tp®MLuMe(AIMe,)] selectively afforded the desired mixed
methyl/chloride complex [Tp®*MLuMeCl]. Further reactivity
studies of [Tp®*™*LuMeCl] with LIR or KR (R=CH,Ph,
CH,SiMe;) through salt metathesis led to the monomeric

N

mixed-alkyl  derivatives  [Tp®"MLuMe(CH,SiMe;)] and\
[Tp®*MLuMe(CH,Ph)], respectively, in good yields. The SiMe,
elimination protocols were also applicable when using
SiMe;X featuring more weakly coordinating moieties (here
X=O0Tf, NTf,). X-ray structure analyses of this diverse set of
new [Tp®"™LnMeR/X] compounds were performed to reveal
any electronic and steric effects of the varying monoanionic
ligands R and X, including exact cone-angle calculations of
the tridentate tris(pyrazolyl)borato ligand. Deeper insights
into the reactivity of these potential precursors for terminal
alkylidene rare-earth-metal complexes were gained through
NMR spectroscopic studies.

J

Introduction

Terminal transition-metal carbene and alkylidene complexes
are of fundamental importance in organometallic chemistry/
catalysis and organic synthesis.!" In contrast, discrete terminal
rare-earth-metal (Ln) alkylidene complexes of the type LLn
[=CR,] (R=H or hydrocarbon substituent; L=monoanionic an-
cillary ligand) have remained elusive,” which is mainly attribut-
ed to the dominance of Ln—C ionic bonding and hence pro-
nounced tendency for intermetallic bridging.”’ Notwithstand-
ing, such bridging alkylidene moieties were accessed in mixed
methyl/methylidene,’ methyl/chloride,” cubane-like methyl-
idene complexes,® and the first four-coordinate methandiide
alkyl lutetium complex.” Also, Lewis acid-stabilized® or pincer-
like rare-earth-metal alkylidene complexes” have been report-
ed. Recent advances in the latter areas are represented by the
syntheses of the first bridged bis-alkylidene scandium com-
plex" a non-pincer-type monometallic phosphinoalkylidene
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I"and silyl-thiophosphinoyl alkylidene as

[12]

scandium complex,"’
well as phosphinomethylidene rare-earth-metal compounds.
By nature, higher-valent transition-metal chemistry draws upon
alternative approaches to access terminal alkylidenes. For ex-
ample, in 2017, Mindiola and co-workers isolated the first ter-
minal titanium methylidene complex [(PN),Ti(=CH,)] by treat-
ing [(PN),Ti(CH5)(OTH] (I, PN=(N-(2-(diisopropylphosphino)-4-
methylphenyl)-2,4,6-trimethylanilide)) with the Wittig reagent
H,CPPh,. This protocol involves the abstraction of the weakly
coordinating OTf group (OTf=trifluoromethanesulfonato, also
triflato or SO,CF;) and formation of the reactive Ti=CH, moiety
(Scheme 1, path A).'"®" Another prominent example in transi-
tion-metal methylidene chemistry is the reaction behavior of
[Cp,Ti(CH,R),] (I, Cp=CsHs, R=H, SiMe;, Ph) during thermoly-
sis.'"” Petasis et al. found this compound to be an olefination
agent for carbonylic derivatives. Therefore, terminal alkylidenes
[Cp,Ti=CHR)] were proposed as reaction intermediates
(Scheme 1, path B), similar to the effective methylenating spe-
cies of the Tebbe reagent.™ Although Petasis et al. could not
confirm their proposal by X-ray diffraction analysis (neither did
Tebbe et al.), methane elimination during thermolysis and fur-
ther reactivity studies substantiated their proposal of an inter-
mediate methylidene moiety. Additionally, mixed alkyl titano-
cenes, for example, [Cp,Ti(CH5)(CH,SiMe;)]"* showed the abili-
ty of olefination during exposure to higher temperatures. Cru-
cially, all the aforementioned titanium(lV) alkylidene chemistry
proceeds at a relatively small TiV center supported by two

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Synthesis path A: Abstraction of leaving group followed by deprotonation

o\ F

IO N N . \Q;
N CHs - HacPPhyOTS N’ CH, ( - Qplprz
P

H,C=PPh,
\_r NG
I, OTf = SO5CF4

Synthesis path B: Alkane elimination through thermolysis

B ?@ccm

Scheme 1. Synthesis approaches in titanium alkylidene chemistry. Path A

Il, R = H, SiMes, Ph

displays the formation of a terminal methylidene through abstraction of a
weakly coordinating OTf group and introduction of the CH, group utilizing
the Wittig reagent. Path B shows the proposed intermediate for the ther-
molysis and alkane/toluene elimination of dialkyl titanocenes.

CgHg, 80 °C
-CHsR

monoanionic stabilizing ligands. Only recently, Okuda and co-
workers reported on the structural elucidation of the anionic
complex  [Li(Me;TACD)Ti(CHSiMe;)(CH,SiMe;),]  (Me;TACD =
1,4,7-trimethyl-1,4,7,10-tetraazacyclododecane)."® Inspired by
this transition-metal alkylidene chemistry, and in particular that
of titanium, our group investigated the feasibility of rare-earth-
metal variants of Mindiola’s and Petasis’ starting compounds,
for example, [LLn(CH;)(OTf)] and [LLn(CH;)R] (R = alkyl, L =
monoanionic ancillary ligand). Herein, we present different re-
action schemes for the synthesis of the targeted heteroleptic
complexes and further reactivity studies for their uti-

lization in rare-earth-metal alkylidene chemistry.

Results and Discussion

In search of potential precursors for terminal Ln" al-

kylidene chemistry we focused on monomeric com-
pounds [Tp®MLnMe(AIMe,)] (Ln=Y, Lu) and
[Tp®MLuMe,]" supported by the superbulky scorpi-
onate ligand Tp®*™¢ (hydrotris(3-tert-butyl-5-methyl-
pyrazolyl)borato)."” Importantly, Piers etal. and
Takats and co-workers reported similar complexes
featuring [Tp*MSc(CH,SiMe,),(THF),] (R=Me, x=1;
R=1tBu, x=0),"" [Tp"*MLn(CH,SiMe;),(THF)] (Lh=Y,
Nd, Sm, Yb, Lu),?" [Tp®MeLn(CH,SiMe;),] (Lhn=Y, Yb,
Lu),?" [Tp™™Ln(CH,SiMes),(THF)] (Ln=Y, Lu)*? ob-
tained from [Ln(CH,SiMe;);(THF),] either by protono-
lysis with HTp®® or reaction with TITp®®,

“Half-sandwich” triflate complexes

In accordance to Scheme 1/path A/complex |, we an-
ticipated the introduction of trifluoromethanesulfona-
to (OTf) or the even weaker coordinating trifluoro-
methansulfonimido (N(SO,CF,), or NTf,) ligands to be
feasible through mild trimethylsilyl-based transfer re-
agents SiMe;X (X=OTf, NTf,). Therefore, the scorpio-

Chem. Eur. J. 2019, 25, 14711 - 14720 www.chemeurj.org
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nate-supported hydrocarbyl complexes [Tp®“MYMe(AIMe,)]
and [Tp®“™LuMe,] were treated with one or two equivalents
of SiMe;X, respectively, in toluene (Scheme 2).

In particular, given that the yttrium derivatives are extremely
temperature sensitive, careful adjustment of the reaction con-
ditions was required to afford complexes [Tp®MLnMe(OTf)]
(Ln=Y, 1-Y; Lu, 1-Lu), [Tp™ MeLu(OTH),] (2-Lu),
[Tp®*MLnMe(NTf,)] (3-Lu), and [Tp®“MLn(NTf,),] (4-Lu). The
ambient-temperature 'H NMR spectra of the diamagnetic com-
pounds 1-4 showed only one set of signals for the pyrazolyl
groups of the Tp™'™e ligand with chemical shifts similar to
those of the starting compounds (spectral data are presented
in the Supporting Information). This indicates a highly fluxional
behavior, which is in accordance with previous studies on com-
plex [Tp®"MLuMe(AIMe,)]."”" However, these previous studies
also reported that similar complexes behave differently at
lower temperatures, with the pyrazolyl rings revealing a 2:1
splitting in the 'H NMR spectra in accordance with the C, sym-
metry of these complexes in the solid state."” For 1-Lu and 3-
Lu, the Lu-bound Me groups gave sharp singlets at 6 =0.39
and 0.14 ppm, respectively.

The ambient-temperature 'H NMR spectrum of 1-Y in C,Dg
showed a broadened signal at 6 =0.26 ppm for the terminal
methyl moiety, not indicative of any Y—H coupling. To further
investigate this behavior, a low-temperature '"H NMR spectros-
copy study was carried out (Figure S2 in the Supporting Infor-
mation). Due to solubility issues in toluene at temperatures
below 20°C and rapid decomposition of complex 1-Y in THF, a
few drops of [Dg]THF were added to a precooled solution of 1-
Y in [Dgltoluene. Remarkably, the chosen NMR solvent “mix-

Me
SiMe,OTf Me E Me
toluene, =35 °C, 1 h !
) ) N N
TpBuMeyMe(AlMe T i
¢ (are)] - SiMe, Q\{ & ,‘\,O
- AlMes tBu @/ Bu gy
H,C™  OTF
1Y
SiMe;OTf 1-Lu
toluene, RT, 6 h
Me H Me Me
C i
2 SiMe;OTf ON JIN
toluene, RT, 2 h a8
TpBuMeL uMe, N .NO
-2 SiMey4 tBu Q/ Bu By
2 SiMe3NTf, TfO OTf
toluene 2-Lu

-2SiMey  SiMe3NTf,
toluene
-35°C—>0°C,3h

B
Me NN IN
O
N N NAN
I‘\IO tBu @/ tBu
. P
Bu gy

- SiMe,

Me A
B
@)
L
N N
tBu 2

tBu
@/ Hs ™ NTH
TN ONT 3-Lu
4-Lu

Scheme 2. Synthesis pathways toward mixed methyl/triflate complexes
[Tp®MeLnMe(OTf)] (Ln =Y, Lu), the mixed methyl/trifluoromethanesulfonimide complex
[Tp®MeLuMe(NTF,)], bis(triflate) complex [Tp®*MLu(OTf),], and bis(triflimide) complex
[Tp®MeLu(NTF,),].
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ture” showed a strong influence on the chemical shift of the
Y-Me moiety at low temperature, revealing a doublet at 6=
—0.13 ppm (3J(Y=H) = 1.5 Hz) markedly shifted to higher fields
compared with 1-Y in [D¢lbenzene (0=0.26 ppm, Figure ST,
Supporting Information). The "H-%Y HSQC NMR spectrum of 1-
Y at 0°C shows a cross peak at =515 ppm on the ¥Y NMR
scale (Figure 1), which is shifted to higher field in comparison

x A L ppm

£ 200

£ 700
£ 800
£ 900

£1000

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

Figure 1. 'H-**Y HSQC NMR spectrum (24.5 MHz, [Dg]toluene and a few
drops of [Dg]THF) of complex [Tp®*™YMe(OTf)] (1-Y) at 0°C.

to precursor [Tp®MeYMe(AlMe,)] (6 =798 ppm)."® The *C NMR
spectra of the fluorine-containing complexes 1-Ln, 2-Lu, 3-Lu,
and 4-Lu showed one set of signals for the Tp®M¢ ligand but
3C resonances of the CF; groups could not be detected, which
is consistent with already reported compounds.”® Notwith-
standing, the presence of OTf and NTf, moieties was unambig-
uously evidenced by 'FNMR spectroscopy revealing one
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sharp resonance at 6=-78.0, —78.1, —77.5, —77.9, and
—76.9 ppm each for complexes 1-Y, 1-Lu, 2-Lu, 3-Lu, and 4-Lu,
respectively.

X-ray crystallographic structure determinations were per-
formed on 1-Lu, 3-Lu, and 4-Lu (Figure 2, Table 1). The five-
fold-coordinated lutetium centers of the methyl complexes
[Tp®*MLuMeX] (X=OTf, 1-Lu; NTf,, 3-Lu) adopt a distorted
trigonal-bipyramidal coordination geometry. Moreover, the typ-
ically observed «* coordination of the ancillary ligand is adopt-
ed. In comparison with the reactant [Tp®*™LuMe,],** the Lu—
N(pz) (pz=pyrazolyl) bond lengths (2.339(2)-2.483(2) &) of the
Tp®Me ligand are significantly shortened for 1-Lu (2.299(3)-
2.376(3) A) and 3-Lu (2.289(1)-2.328(1) A); this could be attrib-
utable to the bulky electron-withdrawing triflato moieties. As
known from literature, OTf~ and NTf,” moieties can coordinate
in a monodentate, non-bridging (N- or O-wise, the latter was
found for 1-Lu and 3-Lu) or in a bidentate, bridging fashion.”*
The Lu—0O1 distance for 1-Lu (2.191(3) A) is significantly shorter
than those reported before for eightfold-coordinated
[CpLU(OTH,),(THF);]?¥  (2.237(4), 22134 A) and [Lu(OT-
f);(OPPh,), 1% (2.202(6), 2.232(5) A) featuring likewise mono-
dentate triflato ligands. Similarly, the Lu—O1 distance in biden-
tate eightfold-coordinated complex  [(bmpyr)Lu(NTf,),]I*”
(bmpyr = 1-butyl-1-methylpyrrolidinium) (av. 2.30 A) is elongat-
ed compared with that in 3-Lu (2.243(1) A). The presence of
the electron-withdrawing triflato moieties implies also slightly
shorter Lu—C(Me) distances of 1-Lu (2.327(4) A) and 3-Lu
(2.323(2) A) than those in the precursor [Tp®*MLuMe,]*"
(2.364(3)/2.375(2) A). Despite several achievements on the
structural characterization of various Tp-supported Ln—OTf
complexes,” mixed Me/OTf and Me/NTf, structural motifs
have not yet been identified. So far, the structurally authenti-
cated complexes comprise “sandwich complexes” exclusively,
namely sevenfold-coordinated  [(Tp"*¢),Nd(OTf)] (Nd-O,
2.421(5) A), sixfold-coordinated [{(Tp“*"*),Yb}(OTf)], eightfold-

Figure 2. ORTEP representation of the molecular structure of 1-Lu (left), 3-Lu (middle), and 4-Lu (right) with atomic displacement parameters set at the 50 %
level. Hydrogen atoms except for BH, toluene, and the disorder in one tBu and the SO;CF; group are omitted for clarity. Selected bond lengths are given in
Table 1.
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Table 1. Selected bond lengths [A] of 1-Lu, 3-Lu, 4-Lu, 5-Lu, 6-Lu, 7-Lu, 8-Lu, 9-Lu.
1-Lu 3-Lu 4-Lu 5-Lu 6-Lu 7-Lu 8-Lu 9-Lu
(X=Me, X'=0) (X=Me,X'=0) (X=X'=0) X=X=C) X=X=I) (X=Me, X'=Cl) (X=Me X'=CH) (X=Me, X'=CH,)
Lu—-N2 2.376(3) 2.376(3) 2.311(2) 2.391(6) 2298(3)  2.313(9) 2.352(2) 2.310(2)
Lu—N4 2.299(3) 2.299(3) 2.3260(2) 2.306(3) 2.293(3) 2.413(1) 2.353(2) 2.323(2)
Lu-N6/N'  2.309(4) 2.309(4) 2.3108(2) 2.306(3) 2.378(3)  2.313(9) 2.487(2) 2.466(2)
Lu—X 2.327(4) 2.323(2) 2.2820(1)/2.2885(1)  2.4916(2) 2.8467(4)  2.393(1) 2.343(2) 2.349(3)
Lu—X' 2.191(3) 2.191(3) 2.2213(1) 2.494(1) 2.8987(4)  2.526(4) 2.372(2) 2.412(3)
coordinated [(Tp“*™¢),La(OTf)(CH,CN)] (La—O, 2.514(5) A), and [TpBuMeL nMe(AIMe,)] [TpBeMel uMe,]
sevenfold-coordinated [{(Tp"*¢),Nd(CH;CN),}(OTf)]. All these 2 SiMe;X
: : toluene
Fomplexes were synt&we;smed through salt metathesis employ- 2 SiMeX . RT - 50 °C. 3-6 h . 1 SiMesX
ing Ln(OTf); and KTp"*", followed by exposure to donor mol- toluene :f\lf/l'g/'% -nSiMes | e
ecules. Interestingly, complex [Tp®*MLn(NTf,),] (4-Lu) is sixfold- n,3h : n=1| 1,3h
coordinated by Tp®™ (*-mode) and each one monodentate
and bidentate NTf, ligand (Figure 2, right). The Lu—O(triflato) Me HMe .o HMe
. B
distances range from 2.2213(1) to 2.2885(1) A. N
N N NN IIN
To target the envisaged LnMeX to Ln=CH, transformation Q\j ’\I'IO r‘\]O O O O '\0 Q
(see Scheme 1/path A) complexes [Tp®*MLuMeX] (X=OTf, 1- tBu :G(X}Bu i
Lu; NTf,, 3-Lu) were treated with one equivalent of H,CPPh; in x_ x
[D¢lbenzene. Unfortunately, no reactivity was observed at am- X = CI (5-Y) X = Cl (5-Lu) X = Cl (7-Lu)
bient temperature. Further heating the reaction mixture to X=1(6-Y) X=1(6-Lu)

50°C led to methane elimination through C—H-bond activation
involving the tBu methyl groups of the ancillary ligand and the
Lu—CH; moiety, as observed previously."” This intramolecular
C—H-bond activation could not be prevented by addition of N-
or O-donors like 4-dimethylaminopyridine (DMAP) and tetrahy-
drofuran (THF).

Generation of di(halogenido) and mixed methyl/halogenido
and methyl/alkyl complexes

Further efforts to generate Ln" alkylidenes led to the idea of

targeting mixed methyl/alkyl (Me/R) complexes
[Tp®MeLuMeR]. The latter might be convertible to the envis-
aged alkylidene species following a thermal or donor-induced
intramolecular elimination of either methane or the respective
HR analog to Petasis (see Scheme 1/path B). Note that half-
sandwich complexes of the type [(CsMe,SiMe;)LnMe,]; were
previously shown to undergo such reactions affording tetrame-
tallic cuboid clusters [(CsMe,SiMe;)Ln(us-CH,)l, (Ln=Tm, Lu).””
Preliminary NMR-scale reactivity studies probing the olefination
capability of [Tp®™LuMe,] toward 9-fluorenone at 50°C (ac-
cording to Petasis) indicated the exclusive formation of the re-
spective alkoxide species. Therefore, to evade such preferential
nucleophilic attack of the methyl moiety at the carbonyl func-
tionality, the initial formation of an alkylidene species was en-
visaged. To provide a more versatile platform for further deri-
vatization  reactions, the above-mentioned precursors
[Tp®MLnMe(AIMe,)] and [Tp®"™LuMe,] were treated with one
equivalent of SiMe;X (here X=Cl, 1) in toluene for the genera-
tion of mixed alkyl/halogenido compounds as depicted in
Scheme 3.

Unfortunately, for yttrium and the combination Lu/l only the
di(halogenido) derivatives [Tp®*MeYCl,] (5-Y), [Tp®“MeY1,] (6-Y),
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Scheme 3. Synthesis pathways toward di(halide) complexes [Tp®*™LnX,]
(Ln=Y, Lu; X=Cl, ) and the mixed methyl/halide complex [Tp®“™LuMeCl].

and [Tp®*™eLul,] (6-Lu) could be isolated, evidencing extensive
ligand redistribution. It is noteworthy that the synthesis and
isolation of such di(halogenido) “half-sandwich” complexes has
been formerly assessed as problematic because of the occur-
rence of ligand redistribution reactions and B—N bond cleav-
age (formation of pyrazole adducts), in particular for com-
plexes derived from Tp“*™¢ 2l The few monomeric complexes
[Tp*fLn(halogenido),] authenticated by X-ray structure analysis
include THF adducts [(TpM*Me)LnCl,(THF)] and
[(TpM*M),NdI,(THF), as well as N-donor stabilized
[(TpeMe),LnCl(dmpzH)],B?  [(TpMeMe),YCl,(1,10-phen)],  and
[(Tp"eMe),LaCl,(bipy)] (dmpzH: dimethylpyrazole, 1,10-phen:
1,10-phenanthroline, bipy: 2,2"-bipyridine).5"”

Much to our delight, the combination Lu/Cl gave the desired
mixed methyl/chloride complex [Tp®"™LuMeCl] (7-Lu), in addi-
tion to the di(chlorido) derivative [Tp®MeLuCl,] (5-Lu, two-
equivalent reaction). All halide complexes exhibit low solubility
which facilitated their isolation through crystallization (5-Y, 6-Y,
6-Lu, 7-Lu) or precipitation (5-Lu) from toluene solutions.
Single crystals of 6-Lu and 7-Lu were grown from saturated
toluene solutions at —35°C, whereas 5-Lu was crystallized
from THF at —35°C. The 'H and C NMR spectroscopic data
for all compounds clearly showed only one set of signals for
the pyrazolyl groups of the ancillary ligand. In comparison with
1-Lu and 3-Lu, the proton NMR spectrum of 7-Lu shows a
sharp singlet of the Lu—Me moiety located at d=0.29 ppm,
and hence shifted slightly to lower field. Overall, the Lu—N(pz)
(pz=pyrazolyl) bond lengths in 5-Lu, 6-Lu and 7-Lu (Figure 3)
are comparable to those found for 1-Lu, 3-Lu, and 4-Lu. The
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Figure 3. ORTEP representation of the molecular structures of 5-Lu (left), 6-Lu (middle), and 7-Lu (right) with atomic displacement parameters set at the 50%
level. Hydrogen atoms except for BH and solvent THF are omitted for clarity. Selected bond lengths are given in Table 1.

Lu—X distances in the di(halogenido) derivatives [Tp™"LuCl,]
(5-Lu) and [Tp™™eLul,] (6-Lu) average 2.493 and 2.873 A, re-
spectively, reflecting the size of the halogenido anion. The Lu—
C(methyl) bond length of 2.393(1) A in 7-Lu is slightly longer
than in [Tp®"™LuMe,]*? (2.364(3)/2.375(2) A) and complexes
1-Lu and 3-Lu (see Table 1). Striking is the elongated Lu—Cl
bond of 2.526(4) A in 7-Lu compared with 5-Lu, apparently
caused by the presence of the methyl ligand.

Aiming at mixed methyl/alkyl compounds, the mixed
methyl/chloride lutetium complex 7-Lu was examined in salt-
metathesis reactions with different alkali-metal alkyls
(Scheme 4). Due to the low solubility of 7-Lu in other nonpolar
solvents and unintended C—H-bond activation in donor sol-
vents, all subsequent reactions were carried out in toluene.

The mixed alkyl complex [Tp®"LuMe(CH,SiMe,)] (8-Lu) was
obtained by reacting 7-Lu with LiCH,SiMe;. Due to the thermal
lability of 8-Lu, the reaction was performed at temperatures
below 0°C. Such low temperatures are also beneficial to the
use of Li salts because conducting the involved metathesis re-
actions at ambient temperature favors the formation of

7-Lu
LiCH,SiMe3 | KCH,Ph
-LiCl [ -35°C~>0°C,3h RT, 24 h -KCI
toluene
Me g e Me Me H Me Me
N\ CN/'
N¢ N, N¢ N7\
tBu d Bu By tBu @/ Bu By
HsC™  CH,SiMes HsC~  CH,Ph
8-Lu 9-Lu

Scheme 4. Salt-metathesis conversion of methyl/halide complex
[Tp®*MeLuMeCl] (7-Lu) to mixed methyl/alkyl compounds [Tp®“™*LuMeR]
(R=CH,SiMe; (8-Lu), CH,Ph (9-Lu)).
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LiTp®*Me 29 |n contrast, the mixed methyl/benzyl complex
[Tp®"MLuMe(CH,Ph)] (9-Lu) is thermally stable, but a pro-
longed reaction time is crucial when reacting 7-Lu with potas-
sium benzyl. For both mixed bis(alkyl) complexes 8-Lu and 9-
Lu, the 'H and *C NMR spectra show only one set of signals
for the pyrazolyl groups. The Ln-bound methyl groups ap-
peared as narrow singlets at d=0.19 (8-Lu) and 0.39 ppm (9-
Lu). In agreement with literature reports, the methylene moie-
ties of the neosilyl and benzyl ligand feature distinctly shifted
signals at =—0.71 and 1.63 ppm, respectively, attributable to
a strong electronic influence of the SiMe,/Ph groups.

Complexes 8-Lu and 9-Lu were crystallized from saturated
toluene solutions at —35°C and their solid-state structures ana-
lyzed by X-ray crystallography (Figure 4). As commonly ob-
served for Ln"—Tp™®*M¢ complexes with coordination number 5,
both complexes adopt a distorted trigonal-bipyramidal geome-
try. The pyrazolyl nitrogen atoms N2 and N4 and the methyl
carbon C25 reside in the equatorial plane, whereas the methyl-
ene carbon atom C26 and the pyrazolyl nitrogen atom N6
occupy the axial positions. In comparison with complexes 1-Lu
and 3-Lu the Lu—N(pz) bond lengths are slightly elongated for
the mixed alkyl compounds 8-Lu (2.352(2)-2.487(2) A) and 9-
Lu (2.310(2)-2.466(2) A).

Furthermore, the Lu—C(Me) distances of 8-Lu (2.343(2) A)
and 9-Lu (2.349(3) A) lie in between those of 1-Lu/3-Lu and 7-
Lu (Table 1). In accordance with literature, the Lu—C(neosilyl)
bond length of 8-Lu of 2.372(2) A is in the same range as de-
tected for Lu(CH,SiMes);(THF),? (2.314(18)-2.344(18) A) and
Tp"eMeLu(CH,SiMe,),(THF) (2.373(2)-2.379(2) A).2" Other rare
solid-state structures of monomeric but heteroleptic Tp-based
rare-earth-metal complexes as [Tp**Ln(Danip)(CH,SiMe;)] (R=
Me or R=H, Ln=Yb, Danip=2,6-di(o-anisol)phenyl)) display
similar bond lengths (Yb—C,,,: 2.414(3)-2.438(4)/2.402(4)-
2.435(5) A; Yb—C(neosilyl): 2.379(4)-2.392(4)/2.359(4)-
2.368(4) A) taking into account the metal-ion size.®¥ The Lu—
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Figure 4. ORTEP representation of the molecular structures of 8-Lu (top) and
9-Lu (bottom) with atomic displacement parameters set at the 50% level.
Hydrogen atoms except for BH and CH, are omitted for clarity. For 9-Lu the
disorder in one tBu group and toluene are omitted for clarity. Selected bond
lengths are given in Table 1.

C(benzyl) bond length (2.412(3) A) in 9-Lu matches that in
Lu(CH,Ph),(THF),*? (2.404(7)-2.413(5) &) and Lu(CH,Ph),(THF),
(2.380(3)-2.404(3) A)®* but is slightly elongated compared with
Cp*Lu(CH,Ph),(THF) (2.378(2)-2.386(2) A; Cp*=C.Me,).** Fur-
thermore, there is no significant secondary interaction be-
tween Lu1 and the ipso carbon atom C27 for 9-Lu, as suggest-
ed by the Lu1--C27 distance of 3.314 A and the Lu-C(CH,)-C27
angle (114.3(2)°). For further comparison, complex
[Tp"eMeY(CH,Ph),(THF)] was obtained through salt metathesis
from [TpM*™eYCI,(THF),] and potassium benzyl (Y—C(CH,)
2.457(8) and 2.418(8) A, Y-CH,-C,,,, 116.4(6) and 130.1(6)°).*”!
Next, we examined whether complexes 8-Lu and 9-Lu are
capable of intramolecular deprotonation and alkane elimina-
tion (see Scheme 1/pathB). As mentioned before,
[Tp®*MLuMe(CH,SiMes)] is temperature-sensitive. After one
day at ambient temperature, a solution of complex 8-Lu in
[Dglbenzene turned from colorless to yellow. Monitoring this
behavior with 'H NMR spectroscopy revealed degradation of
the ancillary ligand as indicated by different new pyrazolyl sig-
nals and methane evolution. Further attempts at generating al-
kylidenes through intramolecular deprotonation led to the use
of N- or O-donor molecules such as DMAP or THF, but failed
for the same reasons. Although compound 9-Lu is stable in so-
lution in [Dglbenzene at ambient temperature, heating to 40°C
for 4 h also led to degradation of the ancillary ligand, as did
the utilization of various donors. In accordance with other al-
ready reported degradation processes, we assume C—H-bond
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activation of one tert-butyl group or B—N bond cleavage to be
responsible for the formation of multiple unidentified metal
complexes in these reaction mixtures.”*¥ |t is also notewor-
thy, that the di(chlorido) derivative [Tp®“LuCl,] (5-Lu) does
not undergo any “Tebbe-like” reaction with AlMe; at ambient
temperature, but leads to unidentified complicated reaction
mixtures (ancillary ligand degradation) at elevated tempera-
tures (T=50°C).

In spite of these sobering findings, the successful isolation
of mixed alkyl complexes 8-Lu and 9-Lu spurred our interest in
the evaluation of the steric effects on the ancillary Tp®“Me
ligand caused by the distinct triflato, halogenido, or alkyl co-li-
gands. According to a method recently reported by our group,
we calculated the exact ligand cone angles @° (the procedure
is given in the Supporting Information).?? According to Allen
and co-workers, the term “exact” refers to the acute mathe-
matical solution and does not reflect the accuracy of the input
structure itself.**™ As a prerequisite for meaningful interpreta-
tions, the metal centers should have the same coordination
number (CN, here 5) and the same overall charge. A general
overview of the determined cone angles is summarized in
Table 2.

Table 2. Overview of mathematically exact calculated cone angles @° [°]
of selected Tp®*M*LuMeX or Tp®*MLuMeR (see the Supporting Informa-
tion for calculations).”!

1-Lu 3-Lu 6-Lu 7-Lu 8-Lu 9-Lu
278.0 280.4 278.2 278.9 2771 277.3
280.9

[a] directly determined from atomic positions.

The Tp™®“™¢ [igand engages in an exclusive trigonal-bipyrami-
dal coordination geometry at the Lu complexes under study,
and hence, very similar cone angles (©°=277.1 to 280.9° for
CN=5) were calculated. For 1-Lu, two different cone angles
are displayed due to the respective disorder in one tert-butyl
group. Nonetheless, the noticeable trend makes complexes
with mixed alkyl co-ligands the least sterically demanding, fol-
lowed by the di(halide) complexes, whereas the weakly coordi-
nating triflato or triflimido moieties allow for the largest cone
angles. Another important finding is that the mathematically
exact method determines cone angles distinctly higher than
those reported for Tp™'™® complexes in the literature (@°=
244°) 1% Therefore, further efforts should be expended to build
up a library for better comparison.

Conclusions

Aiming at new synthesis protocols for terminal rare-earth-
metal alkylidene complexes, we gained access to unprecedent-
ed mono-tris(pyrazolyl)borate complexes. Following TMS-elimi-
nation protocols by applying complexes [Tp®*MYMe(AIMe,)]
and [Tp®™LuMe,] along with SiMe;X (X=OTf, NTf,), the su-
perbulky ligand Tp®*™® supports the formation of mixed
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methyl triflate and mixed methyl triflimide complexes of yttri-
um and lutetium as new structural motif in rare-earth-metal
chemistry. Moreover, similar reactions employing SiMe;X (X=
Cl, 1) afforded not only unsolvated di(halide) complexes
Tp®*MLnX, but also the mixed methyl/chloride complex
[Tp®*MLuMeCl]. The latter gave efficient access to mixed alkyl
complexes [Tp®*MLuMe(CH,SiMe;)] and [Tp®"MLuMe(CH,Ph)]
through salt-metathesis reactions with different alkali-metal
salts. Unfortunately, neither reactivity studies utilizing the
Wittig reagent nor the attempted thermally-induced intramo-
lecular deprotonation afforded rare-earth-metal alkylidene
compounds. It seems that terminal alkylidenes devoid of Lewis
acid stabilization are not accessible/isolable in the presence of
this very Tp®*™¢ ligand, which engages preferably in intramo-
lecular B—N- and C—H-bond activation processes. Ongoing re-
search focuses on tripodal ancillary ligand systems which are
less prone to degradation and C—H-bond activation.

Experimental Section

All operations were performed under rigorous exclusion of air and
water by using standard Schlenk, high-vacuum, and glovebox tech-
niques (MBraun 200B; <0.1 ppm O, <0.1ppm H,0). Solvents
were purified by using Grubbs-type columns (MBraun SPS, solvent
purification system) and stored inside a glovebox. [D¢]Benzene and
[Dgltoluene were obtained from Sigma-Aldrich and degassed,
[Dglbenzene was dried over NaK alloy for two days and [Dgltoluene
was stored over Na. Both were filtered prior to use. [Dg]THF was
obtained from Sigma-Aldrich, stirred over NaK alloy, and distilled.
SiMe;Cl, trimethylsilyl trifluoromethanesulfonate (Me,SiOTf), and
(trimethylsilyl)methyllithium (LiCH,SiMe;) solutions were purchased
from Sigma Aldrich, SiMe;l and N-(trimethylsilyl)bis(trifluorometha-
nesulfonyl)imide (Me,SiNTf,) were purchased from ABCR and all
chemicals were used as received. Potassium benzyl (KBn)“"
[Tp™®*MeYMe(AIMe,)1,"” [Tp®MLuMe(AIMe,)1,"” and
[Tp™®*™eLuMe,]"® were synthesized according to literature proce-
dures. The NMR spectra of air- and moisture-sensitive compounds
were recorded by using J. Young valve NMR tubes on a Bruker
AVII +400 spectrometer ('H, 400.13; °C, 100.61; °F, 376.31 MHz),
on a Bruker AVII4500 spectrometer ('H, 500.13; "*C, 125.76; *%,
24.51 MHz) and on a Bruker AVII+250 spectrometer ('H, 250.00;
"B, 80.21; "*C, 62.86 MHz). IR spectra were recorded on a Thermo
Fisher Scientific NICOLET 6700 FTIR spectrometer using a DRIFT
chamber with dry KBr/sample mixture and KBr windows; IR (DRIFT)
data were converted by using the Kubelka-Munk refinement. Ele-
mental analyses were performed on an Elementar Vario MICRO
Cube.

Synthesis and characterization

[Tp®*MeYMe(OTH)] (1-Y): A chilled solution of Me,SiOTf (18.1 mg,
0.0814 mmol) in toluene (2 mL) was added to a precooled solution
of [Tp®"™YMe(AlMe,)] (50.0 mg, 0.0814 mmol) in toluene (5 mL) at
—20°C. The reaction mixture was allowed to stir for 12 h at —20°C.
The solution was concentrated in vacuo and stored at —35°C. Crys-
tallization yielded compound 1-Y (30.0 mg, 0.0443 mmol, 54%) as
colorless crystals. "H NMR (250 MHz, [Dglbenzene, 25°C): 0 =5.56 (s,
3H, 4-pz-H), 4.42 (v br d, "J(BH)=350 Hz,1H, BH), 2.01 (s, 9H, pz-
CH;), 136 (s, 27H, pz-C(CH,);), 0.26 ppm (s, Y-CHs). 'H NMR
(500 MHz, [Dgltoluene, 0°C): 6 =5.70 (s, 3H, 4-pz-H), 4.52 (v br d,
J(BH) =355 Hz,1H, BH), 2.07 (s, 9H, pz-CH,), 1.40 (s, 27H, pz-
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C(CH,);), —0.13 ppm (d, Z(YH)=15Hz, 3H, Y-CH,). C{'H} NMR
(126 MHz, [Dg]toluene, 0°C): 6 = 164.7 (5-pz-C), 147.0 (3-pz-C), 104.4
(4-pz-C), 32.7 (pz-C(CH,);), 31.0 (pz-C(CH,),), 25.4 (d, 2(YC)=22.3 Hz,
Y-CH,)), 13.4 ppm (pz-C(CH5)). *C NMR resonances for the triflato
groups were not detected. "B{'"H}NMR (80 MHz, [D¢]benzene,
26°C): 0=-8.6 ppm. "F{'H}NMR (376 MHz, [D¢lbenzene, 26°C):
0=-78.0ppm. ¥Y NMR (from 'H-*Y HSQC, 25 MHz, [Dgltoluene,
0°C): =515 ppm. IR (KBr): 7=2964 (w), 2931 (w), 2883 (w), 2873
(w), 2822 (vw), 2577 (B-H, vw), 2248 (vw), 2202 (vw), 2124 (vw),
1764 (vw), 1737 (vw), 1562 (vw), 1536 (w), 1518 (vw), 1501 (w),
1480 (w), 1462 (w), 1428 (w), 1342 (m), 1335 (m), 1282 (s), 1270 (s),
1228 (vs), 1204 (vs), 1171 (m), 1164 (m), 1136 (vw), 1097 (vw), 1053
(s), 1002 (vw), 995 (vw), 960 (vw), 940 (vw), 909 (vw), 892 (vw), 873
(vw), 860 (vw), 850 (vw), 837 (vw), 799 (w), 763 (w), 716 (m), 711
(m), 702 (m), 696 (m), 688 (m), 637 (vs), 586 (vw), 571 (vw), 550
(vw), 512 (w), 480 (vw), 469 (vw), 463 (vw), 431 (vw), 424 cm ™' (vw);
elemental analysis calcd (%) for C,H,3BFsNgO,SY: C 46.17, H 6.41, N
12.42; found C 46.98, H 7.80, N 12.95. Due to the high S and F con-
tents no better elemental analysis could be obtained.

[Tp®“MLuMe(OTH] (1-Lu): A solution of Me,SiOTf (18.0 mg,
0.0814 mmol) in toluene (2mL) was added to a solution of
[Tp®MLuMe,] (50.0 mg, 0.0788 mmol) in toluene (5 mL) at ambi-
ent temperature. The reaction mixture was allowed to stir for 2 h.
The solution was concentrated in vacuo and stored at —35°C. Crys-
tallization yielded compound 1-Lu (48.0 mg, 0.0630 mmol, 80%) as
colorless crystals. "H NMR (250 MHz, [D¢]lbenzene, 26 °C): 6 =5.64 (s,
3H, 4-pz-H), 4.50 (v br d, "J(BH)=355 Hz,1H, BH), 1.96 (s, 9H, pz-
CHs), 144 (s, 27H, pz-C(CHs);), 039ppm (s, 3H, Lu-CH,).
BC{'"H} NMR (63 MHz, [D¢]benzene, 26 °C): 6 =166.5 (5-pz-C), 147.9
(3-pz-0), 104.4 (4-pz-0), 36.6 (Lu-CH,), 32.5 (pz-C(CH,)3), 31.1 (pz-
C(CH,)), 13.1 ppm (pz-C(CH5)). *C NMR resonances for the triflato
groups could not be detected. "B{'H} NMR (80 MHz, [D¢]benzene,
26°C): 0=-9.2 ppm. "“F{'H}NMR (376 MHz, [D¢]benzene, 26°C):
0=-78.1 ppm. IR (KBr): 7=2964 (m), 2931 (w), 2910 (w), 2887
(vw), 2866 (vw), 2558 (vw, B-H), 1540 (m), 1477 (w), 1464 (w), 1433
(m), 1382 (vw), 1365 (m), 1351 (s), 1336 (s), 1238 (s), 1206 (vs), 1186
(vs), 1141 (vw), 1070 (m), 1062 (m), 1030 vs), 1010 (w), 989 (vw),
848 (vw), 840 (vw), 822 (vw), 804 (w), 789 (w), 765 (m), 678 (vw),
660 (vw), 648 (s), 587 (vw), 516 (w), 511 (w), 488 (vw), 413 cm™’
(m); elemental analysis calcd (%) for CygH,,BF;LUNGO,S: C 40.96, H
5.68, N 11.02; found C 41.12, H 5.57, N 10.53.

[Tp®MLu(OTf),] (2-Lu): A solution of Me,SiOTf (36.2 mg,
0.163 mmol) in toluene (2mL) was added to a solution of
[Tp®MLuMe,] (50.0 mg, 0.0788 mmol) in toluene (5 mL). The reac-
tion mixture was allowed to stir for 4 h at ambient temperature.
The solution was concentrated in vacuo and stored at —35°C. Crys-
tallization yielded compound 2-Lu (50.0 mg, 0.0558 mmol, 71%) as
colorless crystals. "H NMR (400 MHz, [Dg]lbenzene, 26 °C): 6 =5.51 (s,
3H, 4-pz-H), 461 (v br d, "J(BH)=115Hz, 1H, BH), 1.87 (s, 9H, pz-
CHs), 140ppm (s, 27H, pz-C(CH);). "C{'H}INMR (63 MHz,
[Dglbenzene, 26°C): 6=167.1 (5-pz-C), 148.5 (3-pz-C), 104.8 (4-pz-
0, 324 (pz-C(CH,);), 31.0 (pz-C(CH,);), 12.8 ppm (pz-C(CH,)).
CNMR resonances for the triflato groups were not detected.
"B{'H}NMR (80 MHz, [Dilbenzene, 26°C): O&=—83ppm.
YF{'H} NMR (376 MHz, [D¢]benzene, 26°C): 0 =—77.5 ppm. IR (KBr):
7=3138 (vw), 2963 (w), 2932 (vw), 2849 (vw), 2572 (vw, B-H), 1538
(m), 1480 (w), 1467 (w), 1455 (w), 1434 (m), 1355 (vs.), 1350 (vs),
1290 (vw), 1240 (s), 1202 (vs), 1193 (vs), 1167 (s), 1132 (vw), 1076
(w), 1061 (w), 1021 (m), 1004 (vs), 859 (vw), 850 (vw), 839 (vw), 826
(vw), 817 (vw), 804 (w), 765 (w), 677 (vw), 661 (vw), 637 (vs), 589
(vw), 568 (vw), 524 (vw), 508 cm ' (vw); elemental analysis calcd
(%) for CogH4oBFsLUNGOGS,: C 34.83, H 4.50, N 9.37; found C 34.70, H
4.52, N 9.40.
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[Tp®*MeLuMe(NTf,)] (3-Lu): A precooled solution of Me,SiNTf,
(56.0 mg, 0.158 mmol) in toluene (5 mL) was added to a precooled
solution of [Tp®MeLuMe,] (100 mg, 0.158 mmol) in toluene (5 mL)
at —35°C. The reaction mixture was allowed to stir for 3 h at 0°C.
The solution was concentrated in vacuo and stored at —35°C. Crys-
tallization yielded compound 3-Lu (80.0 mg, 0.0895 mmol, 57 %) as
colorless crystals. "H NMR (250 MHz, [Dg]lbenzene, 26 °C): 0 =5.66 (s,
3H, 4-pz-H), 4.55 (v br d, '"J(BH)=355 Hz, 1H, BH), 2.05 (s, 9H, pz-
CH;), 138 (s, 27H, pz-C(CHs);), 0.14ppm (s, 3H, Lu-CH;).
BC{'"H} NMR (63 MHz, [D¢]benzene, 26°C): =166.9 (5-pz-C), 148.8
(3-pz-0), 105.1 (4-pz-C), 35.7 (Lu-CH,), 32.3 (pz-C(CH,);), 31.0 (pz-
C(CH,)s), 13.0 ppm (pz-C(CH,)). *C NMR resonances for the triflato
groups were not detected. "B{'H}NMR (80 MHz, [D¢benzene,
26°C): 6=—83 ppm. "F{'H} NMR (376 MHz, [Dsbenzene, 26°C):
0=-77.9 ppm. IR (KBr): 7=3138 (vw), 3026 (vw), 2968 (m), 2931
(w), 2913 (w), 2863 (w), 2569 (vw, B-H), 1602 (vw), 1537 (m), 1393
(w), 1477 (m), 1465 (m), 1433 (m), 1367 (vs), 1352 (s), 1323 (s), 1208
(vs), 1190 (vs), 1161 (s), 1141 (s), 1122 (s), 1060 (vs), 1030 (m), 988
(w), 848 (vw), 817 (w), 801 (m), 759 (m), 741 (w), 728 (w), 694 (w),
675 (vw), 657 (w), 642 (m), 614 (m), 599 (w), 569 (w), 511 (m), 482
(vw), 465 (vw), 434cm™' (w); elemental analysis calcd (%) for
C,7H43BF4LUN,O,S, x C,Hg: C 41.43, H 5.21, N 9.95; found C 41.01, H
5.12, N 9.99.

[Tp®*MeLu(NTf,),] (4-Lu): A precooled solution of Me,SiNTf,
(56.0 mg, 0.158 mmol) in toluene (5 mL) was added to a precooled
solution of [Tp®*™LuMe,] (50.0 mg, 0.0788 mmol) in toluene
(5 mL) at —35°C. The reaction mixture was allowed to stir for 4 h
at 0°C. The solution was concentrated in vacuo and stored at
—35°C.  Crystallization yielded compound 4-Lu (65.0 mg,
0.0561 mmol, 71%) as colorless crystals. 'HNMR (250 MHz,
[Dglbenzene, 26°C): 6=5.74 (s, 3H, 4-pz-H), 4.54 (v br d, "J(BH) =
340 Hz, 1H, BH), 2.06 (s, 9H, pz-CH,), 1.31 ppm (s, 27 H, pz-C(CH,);).
BC{"H} NMR (63 MHz, [Dslbenzene, 26 °C): 6=168.1 (5-pz-C), 150.5
(3-pz-0), 1069 (4-pz-C), 323 (pz-C(CH;);), 30.9 (pz-C(CH,),),
13.3 ppm (pz-C(CH,)). *C NMR resonances for the triflato groups
could not be detected. ""B{'"H} NMR (80 MHz, [D¢]benzene, 26 °C):
0=—-76ppm. “F{'H}INMR (376 MHz, [D¢]benzene, 26°C): 0=
—76.9 ppm. IR (KBr): 7=3149 (vw), 2974 (w), 2936 (w), 2873 (vw),
2569 (vw, B-H), 1544 (m), 1482 (w), 1464 (w), 1422 (w), 1358 (s),
1338 (vs), 1324 (m), 1239 (vs), 1218 (vs), 1193 (vs),1134 (s), 1119 (s),
1100 (vs), 1055 (m), 1035 (m), 1017 (w), 982 (vw), 928 (vw), 847
(vw), 838 (vw), 824 (w), 806 (w), 767 (w), 743 (w), 681 (vw), 661 (w),
653 (m), 605 (s), 579 (m), 531 (vw), 512 (m), 441 (vw), 426 cm™"
(vw); elemental analysis calcd (%) for CygH,0BF;,LUNOgS,: C 29.03,
H 3.48, N 9.67; found C 30.12, H 3.49, N 9.27. Due to the high S
and F contents no better elemental analysis could be obtained.

[Tp®*MeYCl,] (5-Y): A solution of SiMe,Cl (18.0 mg, 0.166 mmol) in
toluene (5mL) was added to a solution of [Tp®'MeYMe(AIMe,)]
(50.0 mg, 0.0814 mmol) in toluene (5 mL) and stirred for 3 h at am-
bient temperature. The solution was concentrated in vacuo and
stored at —35°C. Crystallization yielded compound 5-Y (42.0 mg,
0.0720 mmol, 89%) as colorless crystals. 'HNMR (250 MHz,
[Dgltoluene, 26°C): 6=5.56 (s, 3H, 4-pz-H), 447 (v br d, "J(BH)=
140 Hz, 1H, BH), 1.95 (s, 9H, pz-CH,), 1.50 ppm (s, 27 H, pz-C(CH,),).
BC{'H}NMR (63 MHz, [Dgltoluene, 26°C): 6 =175.4 (5-pz-C), 147.1
(3-pz-C), 1040 (4-pz-C), 326 (pz-C(CH,);), 315 (pz-C(CH,)),
13.1 ppm (pz-C(CH5)). "*C{'"H} NMR (63 MHz, [DgTHF, 26°C): 6=
166.4 (5-pz-0), 147.6 (3-pz-C), 105.7 (4-pz-C), 33.3 (pz-C(CH,),), 31.5
(pz-C(CH;)3), 13.2 ppm (pz-C(CH5)). "B{'"H}NMR (80 MHz, [D,ITHF,
26°C): 0=—7.9 ppm. IR (KBr): 7=2963 (s), 2928 (w), 2859 (w), 2577
(vw, B-H), 1538 (vs), 1471 (w), 1463 (m), 1435 (s), 1382 (w), 1360
(m), 1346 (s), 1346 (s), 1332 (w), 1241 (w), 1192 (s), 1173 (vs), 1133
(vw), 1121 (vw), 1067 (m), 1064 (m), 1029 (m), 1014 (w), 989 (vw),
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847 (vw), 810 (w), 804 (w), 787 (m), 777 (w), 765 (s), 729 (vw), 683
(vw), 677 (vw), 659 (vw), 645 (m), 515 cm™' (vw); elemental analysis
calcd (%) for C,,H,0BCLNGY: C 49.42, H 6.91, N 14.41; found C 49.01,
H 6.99, N 13.74.

[Tp®MeLuCl,] (5-Lu): In a pressure tube a solution of SiMe,Cl
(40.0 mg, 0.368 mmol) in toluene (5 mL) was added to a solution
of [Tp®MLuMe,] (100 mg, 0.158 mmol) in toluene (10 mL) and
stirred for 6 h at 50°C. The formed precipitate was allowed to
settle, the supernatant was decanted and the solid washed with n-
hexane (3x2 mL). The precipitate was dried in vacuo to afford 5-
Lu (60.0 mg, 0.0896 mmol, 57%) as a white solid. Single crystals
suitable for X-ray diffraction could be obtained by crystallization
from a saturated THF solution at —35°C. 'HNMR (400 MHz,
[DEITHF, 26°C): 0 =6.04 (s, 3H, 4-pz-H), 4.83 (v br d, "J(BH) =135 Hz,
1H, BH), 238 (s, 9H, pz-CH,;), 1.49 ppm (s, 27H, pz-C(CH;)s).
B3C{"H} NMR (63 MHz, [D4lbenzene, 26 °C): 6 =166.1 (5-pz-C), 147.0
(3-pz-0), 1041 (4-pz-0), 326 (pz-C(CHs);), 31.0 (pz-C(CH5),),
13.0 ppm (pz-C(CH,)). "B{'H}NMR (80 MHz, [Dg]THF, 26°C): 6=
—9.2 ppm. IR (KBr): 7=2961 (vs), 2906 (s), 2862 (s), 2550 (w, B-H),
1539 (vs), 1476 (s), 1463 (s), 1424 (vs), 1380 (m), 1356 (vs), 1332
(m), 1295 (vw), 1241 (s), 1192 (vs.), 1176 (vs), 1070 (vs), 1028 (s),
1015 (s), 987 (m), 913 (w), 867 (m), 849 (m), 840 (s), 804 (s), 789 (s),
781 (s), 766 (vs), 731 (w), 658 (m), 644 (s), 515 cm™' (w); elemental
analysis calcd (%) for C,,H,40BlLLUNg: C 43.07, H 6.02, N 12.56; found
C43.32, H5.99, N 12.39.

[Tp®“MeYl,] (6-Y): A solution of SiMe;l (33.0 mg, 0.165 mmol) in tol-
uene (5mlL) was added to a solution of [Tp®“MYMe(AIMe,)]
(50.0 mg, 0.0814 mmol) in toluene (5 mL) and stirred for 3 h. The
solution was concentrated in vacuo and stored at —35°C. Crystalli-
zation yielded compound 6-Y (52.0 mg, 0.0679 mmol, 84%) as col-
orless crystals. '"H NMR (250 MHz, [Dgltoluene, 26°C): 0=5.55 (s,
3H, 4-pz-H), 4.50 (v br d, "J(BH)=130 Hz, 1H, BH), 1.95 (s, 9H, pz-
CHy), 154ppm (s, 27H, pz-C(CH,);). "C{'H}NMR (63 MHz,
[Dgltoluene, 26°C): d =166.6 (5-pz-C), 147.9 (3-pz-C), 104.5 (4-pz-C),
33.1  (pz-C(CHy);), 321  (pz-C(CH,);), 13.2ppm  (pz-C(CH,)).
"B{"H} NMR (80 MHz, [Dgltoluene, 26 °C): 6 = —8.7 ppm. IR (KBr): 7=
2964 (s), 2927 (w), 2863 (vw), 2562 (vw, B-H), 1539 (vs), 1473 (m),
1456 (w), 1430 (vs), 1380 (w), 1364 (m), 1135 (vw), 1124 (vw), 1068
(m), 1061 (m), 1027 (m), 1014 (w), 985 (w), 846 (vw), 825 (vw), 802
(w), 799 (w), 764 (s), 729 (vw), 683 (vw), 674 (vw), 659 (w), 642 (m),
515 (vw), 472 (vw), 440 cm ' (vw); elemental analysis calcd (%) for
CosHaoBLNGY: C 37.62, H 526, N 10.97; found C 37.68, H 5.18, N
11.00.

[Tp®™eLul,] (6-Lu): A solution of SiMe,l (47.0 mg, 0.235 mmol) in
toluene (5 mL) was added to a solution of [Tp®“MLuMe,] (50.0 mg,
0.0788 mmol) in toluene (5 mL) and stirred for 3 h at ambient tem-
perature. The solution was concentrated in vacuo and stored at
—35°C. Crystallization yielded compound 6-Lu (60.0 mg,
0.0704 mmol, 89%) as colorless crystals. 'HNMR (250 MHz,
[Dgltoluene, 26°C): 0=5.60 (s, 3H, 4-pz-H), 448 (v br d, "J(BH)=
135 Hz, 1H, BH), 1.94 (s, 9H, pz-CH,), 1.56 ppm (s, 27 H, pz-C(CH,)5).
BC{'"H} NMR (101 MHz, [Dgltoluene, 26°C): 6=167.3 (5-pz-C), 148.1
(3-pz-0), 105.0 (4-pz-C), 329 (pz-C(CH,);), 31.8 (pz-C(CH,),),
12.9 ppm (pz-C(CH,)). "B{"H} NMR (80 MHz, [Ds]toluene, 26°C): 6 =
—7.6 ppm. IR (KBr): 7=3126 (vw), 2961 (vs), 2928 (w), 2906 (w),
2862 (w), 2553 (vw, B-H), 1541 (vs), 1475 (m), 1463 (w), 1430 (vs),
1381 (w), 1354 (s), 1324 (w), 1242 (w), 1201 (m), 1191 (s), 1171 (vs),
1131 (m), 1065 (vs), 1030 (w), 1024 (w), 1015 (w), 984 (w), 846 (vw),
824 (vw), 804 (m), 794 (m), 762 (s), 729 (vw), 673 (vw), 656 (w), 642
(m), 472 (vw), 412cm™' (w); elemental analysis calcd (%) for
CoHaoBLLUNG: C 33.83, H 4.73, N 9.86; found C 33.96, H 4.68, N
9.93.
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[Tp®*MeLuMeCl] (7-Lu): A solution of SiMe,Cl (34.2 mg,
0.315 mmol) in toluene (5mL) was added to a solution of

[Tp®MLuMe,] (200.0 mg, 0.315 mmol) in toluene (10 mL) and
stirred for 3 h at ambient temperature. The solvent was evaporated
and the remaining white precipitate was washed with cold toluene
(3%2mL). The solid was dried in vacuo to afford 7-Lu (150 mg,
0.231 mmol, 73%). Single crystals suitable for X-ray diffraction
could be obtained by crystallization from a saturated THF solution
at —35°C. '"HNMR (400 MHz, [Dg]THF, 26°C): 6=5.98 (s, 3H, 4-pz-
H), 4.75 (v br d, "J(BH) =135 Hz, 1H, BH), 2.40 (s, 9H, pz-CHs), 1.48
(s, 27H, pz-C(CHs);), —0.29 ppm (s, 3H, Lu-CH,;). "C{'H} NMR
(63 MHz, [Dg]THF, 26 °C): 6 =166.0 (5-pz-C), 147.6 (3-pz-C), 104.7 (4-
pz-C), 35.5 (Lu-CHs), 32.9 (pz-C(CH,);), 31.0 (pz-C(CH5);), 13.1 ppm
(pz-C(CH5)). "B{'H} NMR (80 MHz, [DgITHF, 26°C): 5=—8.7 ppm. IR
(KBr): 7=2963 (s), 2953 (s), 2931 (w), 2907 (m), 2861 (w), 2575 (vw,
B-H), 1540 (vs), 1474 (m), 1463 (m), 1435 (vs), 1381 (w), 1362 (s),
1351 (s), 1335 (w), 1242 (w), 1193 (s), 1172 (vs), 1123 (w), 1075 (s),
1063 (s), 1030 (m), 1014 (w), 987 (w), 849 (vw), 841 (w), 806 (m),
787 (vs), 777 (m), 765 (vs.), 729 (w), 694 (vw), 677 (w), 660 (w), 645
(s), 515 (w), 492 (vw), 442 (vw), 411 cm™' (m); elemental analysis
calcd (%) for CysH,sBCILUNg: C 46.28, H 6.68, N 12.95; found C
45.70, H 6.42, N 12.66.

[Tp®*MLuMe(CH,SiMe;)] (8-Lu): A precooled solution of
LiCH,SiMe; (14.5 mg, 0.154 mmol) in toluene (5 mL) was added to
a precooled solution of [Tp®*™*LuMeCl] (100 mg, 0.154 mmol) in
toluene (5 mL) at —35°C. The reaction mixture was allowed to stir
for 3 h at 0°C. The precipitate was filtered off and the solution was
concentrated in vacuo and stored at —35°C. Crystallization yielded
compound 8-Lu (56.0 mg, 0.0799 mmol, 52%) as colorless crystals.
"H NMR (400 MHz, [Dglbenzene, 26°C): 6 =5.65 (s, 3H, 4-pz-H), 4.54
(v br d, "J(BH)=360 Hz, 1H, BH), 2.06 (s, 9H, pz-CH;), 1.51 (s, 27H,
pz-C(CH,);), 0.23 (s, 18H, SiCH,), 0.19 (s, 3H, Lu-CH,), —0.71 ppm (s,
2H, CH,SiMes). *C{'"H} NMR (63 MHz, [D benzene, 26°C): 6 =165.3
(5-pz-C), 146.7 (3-pz-C), 103.9 (4-pz-C), 37.6 (Lu-CH,), 32.6 (pz-
C(CH5)3), 31.9 (Lu-CH,), 31.4 (pz-C(CH;)3), 13.2 (pz-C(CH5)), 4.5 ppm
(SiMes). "B{'H} NMR (80 MHz, [Dlbenzene, 26°C): 6= —8.2 ppm.
#Si{"H} dept45 NMR (50 MHz, [Dglbenzene, 26°C): d=—0.3 ppm. IR
(KBr): 7=2960 (vs), 2926 (s), 2866 (m), 2815 (vw), 2552 (vw, B-H),
1540 (vs), 1463 (m), 1432 (s), 1379 (w), 1360 (s), 1334 (w), 1236 (m),
1205 (m), 1195 (m), 1175 (s), 1128 (w), 1071 (m), 1060 (m), 1025 (w),
1013 (w), 985 (w), 894 (w), 872 (s), 854 (m), 816 (w), 806 (w), 791
(m), 766 (m), 743 (w), 731 (w), 717 (w), 675 (vw), 663 (w), 645 (m),
521 (vw), 513 (vw), 473 (vw), 434 (vw), 421 (w), 404 cm™' (m); ele-
mental analysis calcd (%) for C,oHgBLUNGSI: C 49.71, H 7.77, N
11.99; found C 49.73, H 7.65, N 11.73.

[Tp®*MeLuMe(CH,Ph)] (9-Lu): A suspension of KCH,Ph (20.0 mg,
0.154 mmol) in toluene (5mL) was added to a solution of
[Tp®MeLuMeCl] (100 mg, 0.154 mmol) in toluene (5 mL) and stirred
for 24 h at ambient temperature. The reaction mixture was filtered
and the solution was concentrated in vacuo and stored at —35°C.
Crystallization yielded compound 9-Lu (49.0 mg, 0.0695 mmol,
45%) as colorless crystals. '"H NMR (250 MHz, [D¢]benzene, 26°C):
0=6.95 (t, >J(HH)=15.5 Hz, 2H, Ar-H), 6.62 (t, >J(HH)=15.9 Hz, 1H,
Ar-H), 6.35 (d, 2J(HH) =7.6 Hz, 2H, Ar-H), 5.62 (s, 3H, 4-pz-H), 4.52 (v
br d, 'J(BH) = 147 Hz, 1H, BH), 2.02 (s, 9H, pz-CH,), 1.63 (s, 2H, CH,),
1.44 (s, 27H, pz-C(CHy), 039 ppm (s, 3H, Lu-CH,). "C{'"H} NMR
(101 MHz, [Dglbenzene, 26°C): 6=164.9 (5-pz-C), 154.3 (Ar-C1),
147.0 (3-pz-C), 127.3 (Ar-C2/C6), 124.5(Ar-C3/C5), 117.1 (Ar-C4),
103.8 (4-pz-C), 61.0 (Lu-CH,), 38.2 (Lu-CH;), 32.3 (pz-C(CH,)), 31.2
(pz-C(CHs);),  13.0ppm  (pz-C(CH5)).  "B{'H}INMR (80 MHz,
[Dglbenzene, 26°C): 6=-8.3 ppm. IR (KBr): 7=3054 (vw), 2999
(vw), 2963 (vs), 2926 (w), 2903 (m), 2864 (w), 2544 (vw, B-H), 1589
(m), 1539 (vs), 1486 (s), 1473 (s), 1431 (vs), 1362 (s), 1356 (s), 1330
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(w), 1242 (w), 1218 (m), 1203 (m), 1190 (s), 1164 (s), 1129 (m), 1069
(s), 1057 (m), 1025 (m), 1015 (vw), 984 (w), 929 (s), 864 (w), 848
(vw), 810 (m), 802 (m), 787 (m), 775 (w), 764 (s), 742 (m), 732 (s),
696 (s), 682 (vw), 675 (vw), 661 (vw), 643 (s), 521 (w), 510 (vw), 468
(w), 457 cm™' (w); elemental analysis calcd (%) for C3,HsoBLUNg: C
54.55, H 7.15, N 11.93; found C 54.72, H 7.25, N 12.29.

X-ray crystallography and crystal structure determinations

Single crystals of 1-Lu, 3-Lu, 4-Lu, 5-Lu, 6-Lu, 7-Lu, 8-Lu, and 9-Lu
were grown by standard techniques from saturated solutions in n-
hexane, toluene or THF at —35°C as stated in the experimental
section. Suitable crystals were collected in a glovebox and coated
with Parabar 10312 (previously known as Paratone N, Hampton Re-
search) and fixed on a nylon loop/glass fiber.

X-ray data for compounds of 1-Lu, 3-Lu, 4-Lu, 5-Lu, 6-Lu, 7-Lu, 8-
Lu, and 9-Lu were collected on a Bruker APEX Il DUO instrument
equipped with an 1uS microfocus sealed tube and QUAZAR optics
for MoK, (A=0.71073 A) and CuK, (A=1.54184 A) radiation. The
data collection strategy was determined using COSMO™? employ-
ing w-scans. Raw data were processed using APEX™? and SAINT,!4
corrections for absorption effects were applied using SADABS.*!
The structures were solved by direct methods and refined against
all data by full-matrix least-squares methods on F? using
SHELXTL"® and ShelXle.”*” Disorder models were calculated using
DSR, a program for refining structures in ShelX.“*s! All graphics
were produced employing ORTEP-3*! and POV-Ray.”® Further de-
tails of the refinement and crystallographic data are listed in
Table ST (Supporting Information) and in the CIF files.
CCDC 1945695, 1945696, 1945697, 1945698, 1945699, 1945700,
1945701, 1945702 contain the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.
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NMR spectroscopy

The solvent residual peaks are marked with an asterisk (*).
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Figure S1. "H NMR spectrum (250 MHz, [Ds]benzene of complex [Tp®B“MeYMe(OTf)] (1-Y) at 26 °C
with traces of toluene (#).
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Figure S2. "H NMR spectrum (500 MHz, [Dg]toluene and a few drops of [Dg]thf due to solubility issues
at lower temperatures) of complex [Tp®BuMeYMe(OTf)] (1-Y) at 0 °C.
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Figure S3. "*C{'"H} NMR spectrum (126 MHz, [Dg]toluene and a few drops of [Dg]thf due to solubility

issues at lower temperatures) of complex [Tp®“MeYMe(OTf)] (1-Y) at 0 °C. *C NMR resonances for the
triflate groups could not be detected.
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Figure S4. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex [Tp®BuMeYMe(OTf)] (1-Y) at 26 °C.
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Figure S5. °F{"H} NMR spectrum (376 MHz, [De]benzene) of complex [Tp®uMeYMe(OTf)] (1-Y) at

26 °C.
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Figure S6. '"H NMR spectrum (250 MHz, [Ds]benzene) of complex [Tp®“MeLuMe(OTf)] (1-Lu) at 26 °C
with minor impurities of the reactant [Tp®“MeLu(OTf)] (#).
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Figure S7. *C{'"H} NMR spectrum (63 MHz, [Ds]benzene) of complex [Tp®B“MeLuMe(OTf)] (1-Lu) at
26 °C. 3C NMR resonances for the triflate groups could not be detected.
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Figure S8. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex [Tp®uMeLuMe(OTf)] (1-Lu) at
26 °C.
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Figure S9. ""F{'H} NMR spectrum (376 MHz, [Ds]benzene) of complex [Tp®BuMeLuMe(OTf)] (1-Lu) at

26 °C with minor impurities of [Tp®B“MeLu(OTf)2] (#).
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Figure S10. 'H NMR spectrum (250 MHz, [De]benzene) of complex [Tp®UMeLu(OTf)] (2-Lu) at 26 °C

with minor impurities of [Tp®B“MeLuMe(OTf)] (#).

S7



a b o de f
— [Te} @
~ 0 < <+ o ©
[d=] <t o ™ — ™
— — * — ™Mo —
| | | N/ |
Me | Me Me f
b B.
I
[ O)e
da Ng; N /N
Bu 7 Bu d
TfO OTf
WWM
I | I | T I | | I T I
200 180 160 140 120 100 80 60 40 20 0 ppm

Figure S11. "*C{'"H} NMR spectrum (63 MHz, [De]benzene) of complex [Tp®BuMeLu(OTf)2] (2-Lu) at
26 °C. '3C NMR resonances for the triflate groups could not be detected.
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Figure S12. ""B{"H} NMR spectrum (80 MHz, [Ds]benzene) of complex [Tp®BuMeLu(OTf)] (2-Lu) at
26 °C.
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Figure S13. ""F{"H} NMR spectrum (376 MHz, [Ds]benzene) of complex [Tp®“MeLu(OTf)] (2-Lu) at

26 °C.
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Figure S14. "H NMR spectrum (250 MHz, [Ds]benzene) of complex [Tp®BUMeLuMe(NTf2)] (3-Lu) at

26 °C.
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Figure S15. "*C{'"H} NMR spectrum (63 MHz, [Ds]benzene) of complex [Tp®uMeLuMe(NTf2)] (3-Lu) at
26 °C. 3C NMR resonances for the triflate groups could not be detected.
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Figure $16. "'B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex [Tp®BuMeuMe(NTf.)] (3-Lu) at
26 °C.

S10



-77.9

-55 -60 -65 _70 _75 -80 -85 -90 ppm

Figure S17. "F{'"H} NMR spectrum (376 MHz, [Ds]benzene) of complex [Tp®“MeLuMe(NTf.)] (3-Lu) at
26 °C.
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Figure S18. "H NMR spectrum (250 MHz, [De]benzene) of complex [Tp®UMeLu(NTf2)2] (4-Lu) at 26 °C.

S11



-

168.1 o
1505 T
—106.9 ©
~323 o
™~309 o
—13.3

e

Me H. ¥ Mef
w5
O
)
a N/// l\ll /LO
Bu //& Bu d
NT, /g

LN

T T T T
200 180 160 140

T T T T T

T T
120 100 80 60 40 20 0 ppm

Figure S19. *C{"H} NMR spectrum (63 MHz, [Ds]benzene) of complex [Tp®u“MeLu(NTf.)2] (4-Lu) at
26 °C. 3C NMR resonances for the triflate groups could not be detected.
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Figure $20. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex [Tp®“MeLu(NTf.)2] (4-Lu) at

26 °C.
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Figure S21. °F{"H} NMR spectrum (376 MHz, [Ds]benzene) of complex [Tp®“MeLu(NTf2)2] (4-Lu) at
26 °C.
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Figure S23. *C{'"H} NMR spectrum (63 MHz, [Ds]thf) of complex [Tp®B“MeYCl;] (5-Y) at 26 °C.
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Figure S24. ""B{'H} NMR spectrum (80 MHz, [Dg]thf) of complex [Tp®B“MeYCl,] (5-Y) at 26 °C.
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Figure $25. '"H NMR spectrum (400 MHz, [Ds]thf) of complex [Tp®“MeYLuCl2] (5-Lu) at 26 °C.
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Figure S26. *C{"H} NMR spectrum (63 MHz, [Ds]benzene) of complex [Tp®“MeYLuClz] (5-Lu) at
26 °C.
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Figure S27. ""B{'"H} NMR spectrum (80 MHz, [Dg]thf) of complex [Tp®“MeYLuClz] (5-Lu) at 26 °C.
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Figure $28. '"H NMR spectrum (250 MHz, [Ds]toluene) of complex [Tp®BuMeYl;] (6-Y) at 26 °C.
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Figure S29. *C{'"H} NMR spectrum (63 MHz, [Ds]toluene) of complex [Tp®B“MeYl;] (6-Y) at 26 °C.
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Figure S30. "'B{'H} NMR spectrum (80 MHz, [Dg]toluene) of complex [Tp®uMeY[5] (6-Y) at 26 °C.
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Figure S31. '"H NMR spectrum (250 MHz, [Ds]toluene) of complex [Tp®“MeLulz] (6-Lu) at 26 °C.
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Figure S32. *C{"H} NMR spectrum (101 MHz, [Ds]toluene) of complex [Tp®“Mel_ul,] (6-Lu) at 26 °C.
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Figure S33. ""B{'H} NMR spectrum (80 MHz, [Ds]toluene) of complex [Tp®“MeLulz] (6-Lu) at 26 °C.
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Figure S34. '"H NMR spectrum (250 MHz, [Ds]thf) of complex [Tp®“MeLuMeCl] (7-Lu) at 26 °C.
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Figure S35. 3C{'H} NMR spectrum (63 MHz, [Dg]thf) of complex [Tp®“Me.uMeClI] (7-Lu) at 26°C with
minor impurities (#) due to decomposition in thf.
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Figure S36. "'B{'"H} NMR spectrum (80 MHz, [Dg]thf) of complex [Tp®“MeLuMeCl] (7-Lu) at 26 °C.
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Figure S37. 'H NMR spectrum (250 MHz, [De]benzene) of complex [Tp®BUMeLuMe(CH2SiMes)] (8-Lu)

at 26 °C with traces of n-hexane (#).
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Figure $38. "*C{'H} NMR spectrum (63 MHz, [Ds]benzene) of complex [Tp®“MeLuMe(CH2SiMes)] (8-

Lu) at 26 °C with traces of n-hexane (#).
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Figure S39. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex [Tp®B“Me uMe(CH.SiMes)] (8-
Lu) at 26 °C.
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Figure S40. 2°Si{'H}-DEPT45 NMR spectrum (50 MHz, [De]benzene) of complex
[Tp®uMeLuMe(CH:SiMes)] (8-Lu) at 26 °C.
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Figure S41. 'H NMR spectrum (250 MHz, [Ds]benzene) of complex [Tp®B“MeLuMe(CH2Ph)] (9-Lu) at

26 °C.
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Figure S42. "*C{'"H} NMR spectrum (63 MHz, [Ds]benzene) of complex [Tp®“MeLuMe(CH2Ph)] (9-Lu)
at 26 °C with traces of hexane (#).
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Figure S43. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex [Tp®B“MeL uMe(CH2Ph)] (9-Lu) at
26 °C.
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X-ray structure analyses

Table S1. Comprehensive crystallographic data for compounds 1-Lu, 2-Lu, 4-Lu, and 5-Lu

1-Lu 3-Lu 4-Lu 5-Lu

CCDC 1945695 1945701 1945700 1945696

Formula C26H43BF3LuNes | CssHs1BFsLUN7 | CasHasBF12Lu Cs2Hs6BCl2LuNs
0sS 0482 NgOsS4 O2

M [g mol ] 762.50 985.71 1250.83 813.50

Crystal system Monoclinic Triclinic Triclinic Orthorhombic

Space group P21/n P1 P1 Cmc24

a[A] 12.2754(16) 9.8940(3) 12.9270(6) 20.9267(15)

b [A] 17.658(2) 14.1054(5) 13.7542(6) 9.7844(7)

c[A] 15.2272(17) 16.1627(6) 14.2033(7) 17.7155(13)

al’] 90 86.5330(10) 87.4410(10) 90

B I 93.699(2) 79.7220(10) 81.360(2) 90

v [ 90 76.3470(10) 82.7930(10) 90

V [AY 3293.8(7) 2156.34(13) 2476.1(2) 3627.3(5)

V4 4 2 2 4

T K] 100(2) 100(2) 100(2) 99(2)

Pealed [g cmM™3] 1.538 1.518 1.678 1.490

p[mm™ 3.113 2.455 2.262 2.906

F (000) 1536 996 1252 1664

O range [°] 1.768 to 1.281 to 1.493 to 1.946 to 30.053
27.485 30.189 30.068

total reflns 48598 65970 106930 39179

unique reflns 7539 12746 14494 5445

Rint 0.0784 0.0283 0.0615 0.0544

observed reflns (1>20) 5801 11805 13160 5187

Data/restraints/parameter | 7539 / 487 / 12746/ 189 / 14494 /1 397 / 5445 /61 /235
494 554 799

R1/wWR2 (I>20) @ 0.0352/ 0.0215/ 0.0254 / 0.0210/0.0469
0.0718 0.0505 0.0594

R1/wR2 (all data)® 0.0569 / 0.0244 / 0.0299/ 0.0228 /0.0478
0.0793 0.0518 0.0618

GOF® 1.046 1.060 1.053 1.038

largest diff. peak and 1.253 and 2.426 and 2.101 and 2.419 and

hole [e A~%] -0.828 -0.618 -0.638 -0.828

[a] R1 = X(||FOJ-|Fc||)/Z|FO|,FO> 4s(F0). wR2 = {S[w(F02-Fc2)2/S[w(FO2)2]}'"2.
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Table S1 continued. Comprehensive crystallographic data for compounds 6-Lu, 7-Lu, 8-Lu, and 9-Lu.

6-Lu 7-Lu 8-Lu 9-Lu

CCDC 1945699 1945697 1945698 1945702

Formula C24H40BI2LUNs | C25H42BCILUNs | C2oHs4BLUN6SI | Csz2HsoBLUNg*1/2(C7Hs)

M [g mol ] 852.20 647.87 700.65 750.62

Crystal system Monoclinic Orthorhombic Triclinic Monoclinic

Space group P21/n Pnma P1 P21/n

a[A] 12.4642(6) 17.9200(18) 11.9871(4) 9.7194(7)

b [A] 13.2018(7) 16.9031(16) 12.1377(4) 20.3381(15)

c[A] 19.0586(10) 9.7340(9) 15.4042(5) 18.5754(14)

a[] 90 90 99.9460(10) 90

B[] 97.771(2) 90 108.1190(10) 98.5760(10)

v [°] 90 90 96.9700(10) 90

V [Ad)] 3107.3(3) 2948.5(5) 2061.08(12) 3630.8(5)

z 4 4 2 4

T [K] 101(2) 173(2) 150(2) 100(2)

Pealed [g cmM™3] 1.822 1.459 1.129 1.373

p[mm~] 5.143 3.462 2.445 2.750

F (000) 1632 1308 720 1540

O range [°] 2.089 to 2.414t028.336 | 1.427 to 1.494 to 28.281
27.485 28.700

total reflns 78632 13206 89956 57404

unique reflns 7119 3749 10644 8999

Rint 0.0567 0.0483 0.0563

observed reflns (I>20) 5912 2814 9478 7343

Data/restraints/parameter | 7119/0/323 | 3749/ 336/ 10644 /0/366 | 8999/ 159 /483

R1/wR2 (1>20) [@ 0.0309/ 2)?07913 /0.1642 | 0.0219/ 0.0280 / 0.0605
0.0747 0.0484

R1/wR2 (all data) 0.0407 / 0.1254 /0.1763 | 0.0274 / 0.0381/0.0647
0.0796 0.0507

GOF# 1.038 1.278 1.059 1.039

largest diff. peak and 2.973 and 3.318 and 2.091 and 2.504 and -0.750

hole [e A™%] -2.205 -4.846 -0.722

[a] R1 = %(||FOJ-|Fc||)/Z|FO[,FO> 4s(F0). wR2 = {=[w(F02-Fc2)2/Z[w(F02)2]} 2.
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Cone-angle calculations

To calculate the mathematically exact cone angles a series of .xyz files was generated from
the final .cif files with ORTEP. The Mathematica package was downloaded free of charge

from http://www.ccqc.uga.edu/references/software.php.

The adopted van der Waals radii were r = 1.20, 1.70, 1.55, 1.52, 1.92, 2.27 AforH, C, N, O,
B, Lu in this order.

Tp®MeLuMeOTf_a (1-Lu)

due to disorder in one tert-butyl group two different
cone angles were calculated for 1-Lu

. (‘ Ligand atoms forming cone = {22, 43, 49}
4

.*;"
e \
BLELL

Cone angle (deg) = 278.007

Cone axis = {-0.316083, 0.800716, -0.508867}

;” \\\
B DK
LA K
LA

Tp®MLuMeOTf b (1-Lu)
Ligand atoms forming cone = {11, 34, 51}
Cone angle (deg) = 280.98

Cone axis = {0.162371, 0.909077, 0.383687}
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Tp®*MLuMeNTf, (2-Lu)
Ligand atoms forming cone = {37, 42, 53}
Cone angle (deg) = 280.4

Cone axis = {-0.755706, 0.611601, 0.234206}

Tp®BUMeLuyl, (6-Lu)
Ligand atoms forming cone = {34, 39, 46}
Cone angle (deg) = 278.17

Cone axis = {-0.143777, 0.94259, 0.301416}

Tp®*MeLuMeClI (7-Lu)
Ligand atoms forming cone = {35, 45, 56}
Cone angle (deg) = 278.932

Cone axis = {-0.3202, 0.943738, -0.0826429}
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Tp®*M_uMeNeo (8-Lu)
Ligand atoms forming cone = {7, 31, 43}
Cone angle (deg) = 277.109

Cone axis = {-0.311522, 0.745404, 0.589344}

Tp®B“MeLuMeBn_a (9-Lu)

due to disorder in one tert-butyl group two different
cone angles were calculated for 9-Lu

Ligand atoms forming cone = {29, 42, 70}

Cone angle (deg) = 277.267

Cone axis = {-0.797352, -0.315855, 0.514262}

Tp®*MeLuMeBn_b (9-Lu)

Ligand atoms forming cone = {31, 32, 67}
Cone angle (deg) = 277.268
Cone axis = {0.0836185, -0.209561, 0.974214}
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Raw Data Files for Cone Angle Calculations

CompexDataBase1.itxt

(X1) TptBu,MeLuCI2

O©CoO~NOOOPRWN -

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIOOONNOO00000000000000OONOOE

-0.36398
3.70546
-1.74055
1.81816
-2.95856
3.13135
-2.40598
4.13539
-3.57174
2.91718
-1.41189
-1.87025
-3.74781
3.88177
-0.95716
-2.68715
3.21236
-0.08615
-1.77299
-3.42012
3.76943
0.66101
-1.60105
-0.67632
-0.13788
3.82813
-2.39429
3.08412
-0.98367
2.00194
4.56859
-3.68801
-1.42165
1.21856
-2.24556
4.25469
-4.23071
1.39579
4.99563
-3.29733
-3.23282
3.79724
-1.40456
-3.30225
-3.99472
-2.47384
-4.34676
4.81893
-1.20227
-1.21502
-4.26741
-3.91096
3.55212
1.62348
4.74260

-0.36470
-1.32279
3.63113
-2.74353
1.60157
-2.07343
2.96356
-3.15922
3.85151
-1.12097
2.81693
-3.93654
-2.22864
-0.59254
3.80916
-2.96827
0.19854
3.19899
-1.97891
-3.79831
0.97563
3.80318
-1.82139
-0.80858
-0.24560
-1.95103
3.70914
-0.61495
3.08528
-3.44397
-0.92618
1.73185
4.52279
-2.07496
1.07615
-3.79316
3.92551
-3.14186
-2.74222
1.12720
4.74273
-3.63415
-3.42891
-1.70269
3.45373
-4.58588
-2.88220
-0.74937
4.72776
-4.40926
-1.63267
-4.32972
1.92460
3.67897
0.86630

-1.55235
-3.30348
-3.19040
-2.49688
-2.39770
-2.08815
-1.97317
-1.67112
-1.51109
-0.94626
-0.85637
-0.25941
-0.22042
-0.08289
0.01759
0.62181
0.82490
0.89339
1.30518
1.68434
1.97688
2.04143
2.68536
2.85100
4.11903
-4.04757
-3.91837
-3.57417
-3.48970
-3.15734
-3.06462
-3.03920
-2.94023
-2.88783
-2.81589
-2.40959
-2.23340
-1.70845
-1.45631
-1.61100
-1.28545
-0.88444
-0.95628
-0.91687
-0.72264
-0.67771
-0.63882
-0.11635
0.00867
0.29465
0.35803
1.32618
1.86683
1.90688
2.00523
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56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
0

ZZZZZZWITITIIITITITIIT

0.46120
-2.86954
-3.98400

1.07007

3.37904

0.38856
-2.03472

0.76983
-0.40655
-0.57345

0.71099

1.70801
-0.83018

1.89421
-0.01276
-0.98462
-0.30817

(X2) TptBu,MeLul2

O©CoO~NOODWN -

IIIIIIIIIIIIIIIOOOOOO0000000000000000000E

-0.38842
-0.83145
1.58187
0.33879
0.62988
-0.21596
-0.00228
-0.37858
-0.57749
3.52965
3.56238
5.00888
2.69489
3.08385
-4.34751
-2.99455
-2.63902
-1.93485
3.04090
-2.59770
1.97652
-3.33443
-2.94484
1.81348
-2.98423
-0.57565
1.85434
-1.04869
1.37511
-1.61472
0.92032
2.31194
-0.24371
-0.18149
1.33890
-0.63496
3.78091
4.16145
2.62568
-1.40600

4.76084
-4.32525
-3.31149
1.12278
0.64589
3.36615
-2.31382
-0.43069
0.63939
-0.73984
0.75168
-0.65917
1.64967
0.15462
1.88928
-1.09699
-0.37587

-1.37835
0.19850
0.81917
0.22982
-1.19010
2.47254
1.10591
2.83381
4.18166
-2.03029
-1.83145
-1.54420
-0.63862
-3.09717
-2.81399
2.60946
1.16289
-3.46298
0.37594
-1.04166
1.24680
0.09617
-2.44683
2.48673
-2.48086
-0.32899
0.24086
1.11345
1.71505
-0.20876
-1.72966
0.87939
3.05552
-1.58219
-1.17456
4.85270
-1.19469
-2.73602
-2.28735
4.18772

2.09413
2.23150
2.25464
2.34745
2.81243
2.87452
3.37218
4.16441
4.18884
4.79369
1.31132
-0.58415
-0.53145
0.51540
0.55500
0.63789
1.62477

-0.71130
-5.22549
-4.90102
-4.22287
-3.76123
-3.00342
-3.03670
-1.68175
-1.08014
-0.96355
0.55852
0.95763
0.94463
1.28535
1.74951
1.63065
1.62108
1.75123
1.82334
1.86204
1.85798
2.14576
2.28551
2.66340
3.82512
-6.01080
-5.64397
-5.50230
-5.24226
-4.80101
-4.52653
-4.25013
-3.75279
-3.37548
-3.08554
-1.79219
-1.40810
-1.21409
-1.23978
-0.55725
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41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
0

D Zz2ZZZ2ZZ I I I I I IT I I I I I ITITITIITIITIITITIITIIIIIT

0.17901
5.58734
5.29191
-4.34103
-3.21704
-1.95233
3.58306
-0.30090
2.12798
5.07381
-4.58251
-5.00552
-2.17071
-2.23191
1.88814
-1.03791
-3.76701
3.23980
3.85358
-4.15971
0.93242
2.51131
-3.25702
-3.62723
-2.09343
-0.05882
-0.27531
1.44916
1.02931
-1.49881
-1.46917
-0.26609

(X3) TptBu,MeLuMeCl

OCoONOOOTA WN -

0000000000000 00N000000000E

1.02768
0.26377
-2.08234
-0.68345
-1.26803
-0.76941
-0.18691
-1.67850
-1.22631
0.90228
1.50114
5.18090
-1.86682
2.71415
2.79114
-3.04527
3.49788
-2.38643
3.86704
-1.77370
-2.69332
-1.69019
-0.36764
4.05084
-2.81267

4.39305
-2.26400
-0.69218
-2.77876

2.89791
-3.45604
-3.87225

2.46917
-3.22671
-1.49325
-3.71820
-2.17488
-4.35786

3.12968

3.26855
-3.22799

2.75376
-2.99799

0.45486

0.13640

2.48328

2.52470
-3.37352
-1.81692
-2.27546

0.62366

1.69565
-0.42312

0.76920

0.67895
-0.70476

1.50754

-1.26206
-1.67990
-2.16579
-1.76956
0.76841
-0.43342
-2.85014
3.08671
1.67555
4.24401
2.89863
0.52510
-3.67515
2.55414
1.16324
2.16592
-1.19776
0.84016
0.27103
-1.29520
-0.32891
-2.73269
-3.00287
0.58452
-2.99983

-0.49445
0.62859
0.56517
0.76975
0.72056
0.77161
0.95147
0.99400
1.12089
1.93443
2.04368
2.09477
2.07425
1.96070
2.07643
2.06434
2.21629
2.24862
2.30798
2.61432
3.09244
3.34955
4.12454
4.15036
4.17931

-1.77888

-0.93510
0.45758
1.02222
1.06503
1.20141
0.59345

-0.37047
-5.04073
-4.32727
-3.84333
-3.65946
-3.16119
-2.89632
-2.6156
-2.63281
0.60089
0.76653
1.08772
1.16352
1.30373
1.27648
1.66406
1.69621
1.61246
1.82815
1.88913
2.27932
2.33933
3.03202
3.31679
3.33606
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26 H -0.07125 -1.01138
27 H 0.31675 -2.55351
28 H -2.40404 -1.50422
29 H -2.04215 -3.04683
30 H 1.15746 -1.41725
31 H -1.57722 0.92910
32 H -2.69374 -2.20165
33 H -2.17131 3.28352
34 H -0.21626 -3.71857
35 H 0.73479 -2.65192
36 H -0.89937 3.67872
37 H -0.75981 -2.87561
38 H -2.26334 3.23363
39 H 0.86460 4.46974
40 H 5.06020 0.33286
41 H -1.04759 2.43180
42 H -1.13688 -3.53746
43 H -2.72367 -3.49448
44 H -3.41561 2.43404
45 H 3.44390 -1.43707
46 H -0.00643 4.24570
47 H 1.44831 4.90667
48 H 5.44475 1.46216
49 H 5.87959 -0.05896
50 H -1.85138 -4.60198
51 H 3.37658 3.15054
52 H -2.43789 2.87248
53 H 4.18146 -1.74649
54 H 2.62963 -1.35567
55 H -3.79887 2.07842
56 H 0.36637 -2.86336
57 H -3.62024 -2.83839
58 H -3.40605 -0.45082
59 H 4.33207 1.51647
60 H -0.35017 -3.92879
61 H -2.71603 -3.92110
62 H 4.73470 -0.00788
63 H 3.20315 0.44270
64 H -0.26510 -2.39198
65 H -2.64455 -2.40086
66 B -0.57720 1.56210
67 N -0.39221 -0.24919
68 N -0.67842 1.05475
69 N 0.88594 1.75625
70 N 1.68545 0.68250
71 N -1.29094 0.57008
72 N -0.89843 -0.75071
0

(X4) TptBu,MeLuMeNeosilyl

1 Lu 0.46224 -0.64746
2 C -3.35919 0.10084
3 C -2.39021 -1.83409
4 C -3.30459 -0.62327
5 C -4.72361 -1.05992
6 C 4.45556 2.02550
7 C 3.56975 -0.28826
8 C -2.79601 0.34868
9 C -3.32923 1.58768
10 C 3.99212 0.96881

-5.67421
-5.48244
-4.97344
-4.75379
-4.73136
-4.54285
-3.56271
-3.43900
-3.34811
-2.62902
-2.55121
-2.10113
-1.84139
-0.35268
0.13281
-0.03442
0.52382
0.72587
0.78434
0.74747
0.97150
1.07229
1.20062
1.45079
1.48236
1.63130
2.00292
2.13297
2.12329
2.30020
2.39739
2.84777
2.89504
3.42209
3.35339
3.59000
3.69251
3.78686
3.79009
4.06382
-0.09532
-1.89151
-1.56381
0.38592
0.69798
0.83067
0.99095

-1.51707
-4.19683
-2.94835
-2.84211
-2.46255
-2.04473
-1.77557
-1.80106
-1.46229
-1.03504
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11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

2 Z2Z2 Z2 Z Z T I I I IT IT I I I I I I I I I I IIIIIIIIIIIIIIIIIIIIIIIITOOOOO0OO0O0O0O0O0O0O0OOOO0

-2.52385
5.14967
2.84354

-0.22928

-2.59833
2.82869
2.10209
1.56822
0.67915
0.12074
0.99681
0.74004

-0.74711

-0.38374

-1.31211

-3.65813

-2.46766

-3.98721

-2.77198

-5.08032

-1.50741
5.20902
3.71686

-5.29689
2.85682
4.33873

-2.30303

-4.09586
4.73537

-4.70127
3.24148
5.90641

-0.25298

-3.34048
0.11858
2.09099

-1.75747
5.42677
2.46146
4.85162

-1.13551
3.55359

-2.74627
2.66753
0.27390

-0.97386
1.13150
1.70259

-0.16549
0.64546
1.29275

-2.09736

-0.46427

-0.63470

-1.57477

-1.72093
1.63132

-1.55929
0.83542
0.06590

-0.47281

2.09334
0.63262
1.52102
-4.30341
3.41202
2.61478
-3.51097
2.68319
-3.68149
-2.32206
3.65043
-4.61559
-0.63522
-1.95640
0.26780
-0.52448
0.43698
0.85139
-2.47730
-1.65099
-1.54860
1.67402
2.24405
-0.27028
-0.06881
-0.65557
-2.25512
2.00170
2.83479
-1.53883
-0.95095
0.27836
-3.72354
3.93582
-5.18391
-2.91748
3.89900
1.44317
-4.38525
-0.04026
-4.40146
3.19861
3.26593
-3.12014
4.16268
1.86021
-5.47405
4.26313
-4.76197
3.16107
-4.20523
0.73301
-2.50776
0.92539
-0.26300
0.09299
0.95084
1.18349
1.67921
-1.28320
-0.23542

-0.47009
-0.07633
-0.22582
0.22460
0.22850
0.63505
0.75721
1.15087
1.28791
1.71620
2.13989
2.50884
2.83970
2.94656
3.88838
-4.8904
-4.42426
-4.14164
-3.58184
-3.15834
-3.26385
-2.56264
-2.65089
-2.37959
-2.41165
-2.26104
-2.06714
-1.84050
-1.56672
-1.60760
-1.13256
-0.58976
-0.56475
-0.14087
-0.02692
-0.02236
0.09761
0.39892
0.49803
0.57181
0.58529
0.82767
1.18558
1.45591
1.72250
1.75286
2.24533
2.43489
2.85411
2.91351
3.20731
3.53080
3.71521
4.15185
4.66897
-1.04754
-0.24800
-0.21079
0.61171
0.85474
1.57648

S34



72
0

(X5) TptBu,MeLuMeBn_a

OCoONOOOPRWN -

B

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIOOONONONO000000000000000000E

-0.58097

0.75370
-0.42709
-2.71530
-1.20627
-0.88723
-0.99257
-0.86219
-0.61428
-0.57877
-2.70472

2.98882
-2.31292

5.04238
-1.96309

2.87938
-1.14817

2.28000

3.51778

2.17030
-1.95951

3.21342
-3.32623
-2.57799
-2.23630

3.15455
-0.67037
-0.65199
-2.95012

0.53456
-2.94031
-1.15453
-1.28525
-3.21512

0.07564
-1.37740
-0.74834

0.30311
-1.93337
-1.26637
-3.44190
-2.98640

3.16484

5.27949

3.43965
-0.23440

2.02353

2.15935
-0.37004
-1.40108

5.44017
-2.47028

5.38218
-4.18434
-3.45770

2.93755

1.34263

1.18349

-1.20483
0.37569
0.12917
0.02921

-1.39646
2.38458
0.99651
2.81028
4.20078

-3.03753

-2.66110

-2.74094

-1.54342

-1.28599

-0.28417

-3.63450
1.85203

-1.63264
3.31006
0.85151
0.94806

-3.15371

-0.34449
2.20571

-2.08050

-0.25470
1.28688

-0.46988
0.31479
1.05145

-2.00911
2.92847

-0.12689

-1.48218

-1.61834
4.83947
4.37569

-2.87832
4.29871

-2.45022

-3.97279

-2.35356

-1.29873

-3.51820
2.63564

-2.77316
3.79457

-3.43449

-4.57370

-2.41148
2.82136

-0.86250

-2.70485

-4.12521
3.60482
3.49315

0.99752

-0.99685
-5.48758
-4.48492
-4.20309
-3.79524
-3.10614
-3.10777
-1.85126
-1.30524
-0.23289
0.78567
1.23259
1.64921
1.39952
1.54343
1.64334
1.63714
1.77690
1.89780
1.95523
2.10128
2.36276
2.22715
2.52252
3.21140
-6.19718
-5.76924
-5.22245
-5.31239
-4.73002
-4.51312
-3.82726
-3.68131
-3.63428
-2.97582
-2.02869
-0.91538
-0.81596
-0.61420
-0.49999
-0.31255
-0.12777
0.72976
0.93406
0.82345
0.91311
1.04676
1.08066
1.52967
1.86892
1.79689
2.26637
2.21166
2.34577
2.43181
2.38790
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57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
0

(X6) TptBu,MeLuMeBn_b

O©CoO~NOODWN -

ZZZZZZWITITITITITIITITXI

IIIIIIIIIIIIIIIIOOOONOO0O000000000000000000E

-0.92284
3.93973
-3.27812
-1.43842
-2.98214
-2.96816
3.54550
2.17993
3.50809
-0.01389
-0.40974
-0.26049
-1.00727
1.79812
1.41980
-1.01432

-1.32164
1.54811
2.87928
1.28701
3.76911
1.69034
-0.18643
-4.38105
2.79338
2.14095
1.06267
-1.47222
-0.13980
-2.19452
-3.68147
-4.05053
-4.17165
-0.37170
1.63161
2.76690
0.02530
-2.29260
-0.80646
1.08030
-0.75772
0.97883
2.48954
1.34239
3.60467
4.52350
-4.07077
-0.72964
3.33330
-0.43342
-4.16667
-5.35062
3.08957
1.89082
1.65866
0.78109
-3.76498

-3.46567
1.12954
-0.49878
2.53535
2.14932
-2.88846
-2.96249
-2.13263
-1.43263
1.63233
0.58652
1.71829
-0.70027
-0.14283
1.18259
0.63006

-0.78819
-3.77319
-1.28957
-3.36590
1.10642
-1.92997
-3.57495
2.95038
-0.00977
-4.25211
4.25198
3.72197
3.37115
2.53894
2.36176
0.89656
3.10340
-3.41438
0.52274
1.47442
-0.97728
-1.90196
-2.17137
-0.36202
-2.15686
-3.24141
-3.61346
-4.72423
-1.66052
0.83630
2.48205
-2.97281
1.89144
-4.50354
3.90372
2.83973
-4.13656
-5.19255
3.90822
5.16178
0.41387

2.58219
2.68500
2.85028
2.98607
3.15583
3.23597
3.38765
3.30093
3.85569
0.40925
-1.91089
-1.12944
0.65458
0.76810
0.82390
1.00957

-0.80604
-3.69799
-2.35020
-2.24382
-1.93064
-2.00748
-1.91920
-1.65581
-1.84167
-1.30801
-0.75131
-0.67089
-0.64592
-0.52091
-0.41436
-0.28147
0.84114
2.19345
2.33474
2.52897
2.55255
2.88643
3.02507
3.22924
4.59825
-4.29349
-3.91752
-3.81306
-2.83742
-2.49513
-2.45803
-2.46900
-2.32174
-2.11051
-1.72917
-1.56748
-1.52388
-1.42982
-1.44910
-0.98161
-1.08511
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42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
0

(X7) TptBu,MeLuMeNTf2

OCoONOOOTA, WN -

Z2Z2ZZZZW0 I I I I I I I I I I ITITITITITIITIITITITITITIITT

TIO00000000000000000000000E

4.09559
-0.34366
-1.82861

1.98312
-5.02229

1.53642

2.02832
-3.60326
-3.92147
-5.14536
-0.64679
-3.75772

3.48895
-2.51349

0.60153

2.45772
-0.79963
-2.79568
-2.52363

3.09824

1.36008

0.11141
-1.46911
-0.89236

1.19540

0.90866

1.58981
-0.06552
-1.34439

0.93707
-0.06819

0.90235
-2.36375
3.27280
2.68936
-0.19201
-1.70805
2.80474
-2.24162
0.75835
1.47195
-2.10217
3.84135
-0.37014
-1.46400
-3.37656
-3.23980
-4.29659
2.89160
-0.80501
1.09274
-1.99649
3.44028
2.42658
0.22892
2.28893
-2.17849

1.32743
-3.38365
4.59646
-3.99129
0.81266
4.26309
1.88703
0.51793
4.04936
3.02805
-3.29408
2.70728
1.25387
-1.79971
-3.51369
2.38904
-4.21774
-2.65680
-1.08285
1.40564
-0.52259
-2.48569
-2.73137
-1.23873
1.17374
-1.08268
0.11204
2.02553
1.50314
0.43437
-0.49835

-1.28354
-2.92884
2.39663
-0.02325
-3.32403
-3.24733
1.28131
-4.59637
2.84340
1.65660
-2.16580
1.12238
2.72123
3.72260
-1.86076
-0.75061
-0.00718
-1.52823
1.27454
0.12902
2.12418
0.69653
-0.43823
0.92803
-1.02597
-3.65482

-1.03436
-0.97090
-0.76964
-0.37652
-0.17766
0.10622
0.00636
0.50437
0.77891
0.90559
1.26010
1.63670
1.90435
1.93471
2.23753
2.36110
2.55867
3.25666
3.36665
3.44877
4.12268
4.90414
4.95366
4.92321
-0.14942
-1.32828
-1.22037
-0.49625
-0.42227
1.17436
1.29815

-0.05014
-3.75077
-3.39047
-3.25201
-2.54801
-2.39554
-2.44158
-1.90919
-2.00323
-1.84288
-1.41904
-1.32207
-1.21438
-1.00289
-0.95704
-0.15197
0.59660
2.56317
2.97246
3.08339
3.27115
3.52674
3.50951
3.82141
4.91998
-4.38255
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
0

(X8) TptBu,MeLuMeOTf_a

2,2 OO NOOODRWN -

- O

nzzzZzZZzZzZZZ I I I I I I I I I I I I I I I I I I IIITIIIIIIIIIIIIIIIIITTI

0000000000 E

2.63743
-1.99846
2.06166
4.15854
-3.33184
3.56938
0.03465
3.32227
-2.00226
0.15312
2.36251
0.99863
-3.21701
4.71359
-1.33894
0.20974
-4.18116
-2.33131
-1.84678
3.91045
3.56320
-1.43832
-4.30219
-5.17145
-2.13642
-4.11000
3.02639
2.21351
3.50475
-1.99349
3.73587
-2.81484
4.31655
3.15266
-1.96471
0.32879
1.59110
3.14151
2.04461
0.81501
-1.21870
-0.33411
-1.93500
-0.57211
0.60878
-1.31765

-0.13770
0.48602
-2.36658
-1.46736
-1.56379
-1.60676
-0.32408
-0.78218
1.62271
0.39127
1.87938

2.48398
-2.08949
0.10746
217272
-2.83896
-0.26505
-3.99443
3.24379
-5.29378
-2.44907
-0.74065
3.58599
-4.55060
0.90239
4.47819
-3.57646
-2.32474
3.30110
-4.80851
1.96001
0.40185
4.04436
0.93013
-0.40934
1.65421
-0.05279
-1.14987
-2.23478
1.09050
2.90988
-1.90540
1.60593
0.34853
1.38280
2.41537
1.18512
-1.71542
-1.42313
-0.31347
0.84243
-1.28777
1.51721
-0.39641
0.70094
-0.02060
0.92791

-1.42063
-3.42979
1.25386
-1.19358
-4.27741
0.05265
-3.41136
-1.95521
3.20566
-3.81291
2.05036

-4.13109
-4.10103
-3.99290
-3.74544
-3.63142
-3.60825
-3.22613
-2.89970
-2.55455
-2.82483
-2.67105
-2.54450
-1.82427
-1.71217
-1.61524
-1.69179
-1.15585
-1.17707
-1.03745
-0.81929
-0.71902
-0.07799
0.30895
0.41318
0.59397
1.56717
1.66896
2.51924
2.63120
2.68529
2.88867
3.11790
3.79457
4.16487
4.20582
4.73035
4.92019
5.19307
5.54750
-0.99506
-0.91280
-0.60733
-0.13309
1.77351
1.83609
0.42548

0.81601
-3.97813
-3.42774
-3.45362
-2.83642
-2.90179
-2.60896
-2.52246
-1.90035
-1.44354
-0.98134
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12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

nZzZZ2Z2 Z2 Z2 Z T I T IT I I I I I I I I I I I IIIIIIIIIIIIIIIIIIIIIIIIITOOOO0O0OO0OO0OCOO0OO0O0OOOO0

3.09091
-2.56508
3.78819
2.80162
5.18377
-2.13934
3.76268
-2.42844
3.34680
-1.79891
-0.99960
-1.74906
-3.19013
-1.03847
-0.10255
-2.70112
0.81836
-1.77805
1.24283
-2.03820
-1.76945
-1.29144
-3.12133
1.28861
-2.15607
2.45561
0.73500
0.95496
-0.77218
1.13990
-3.02748
-0.20792
4.00173
3.94431
-1.77596
5.49263
-3.17099
2.90950
4.46782
5.18380
5.78207
2.46526
-2.95229
4.00235
3.30699
-1.46975
-0.08858
-3.63933
-3.68047
-0.11450
-0.96254
-1.50690
-3.17029
-1.03490
-1.00374
-0.48903
0.92497
1.47504
-1.36521
-1.14334
-0.59456

1.61239
3.57267
-1.82002
0.46616
0.14246
2.43324
-0.42662
2.21787
-0.55801
1.03497
-0.98085
0.35544
0.12031
1.27393
-3.15508
1.06060
-4.33625
-1.47809
-2.81037
-3.96541
2.02957
-5.20947
1.44775
2.87463
-4.21010
3.70127
-4.72222
3.80097
2.19276
-3.19893
3.22329
-3.79488
-1.72309
2.01232
4.08095
0.12598
4.15994
-2.24417
-2.37775
1.06493
-0.40093
-0.98210
2.76911
-1.10832
0.33151
-1.58002
-0.82425
-0.51731
0.96997
1.42083
-1.38987
2.13265
-0.23952
0.85720
0.05226
-1.19843
1.20904
0.21427
1.40146
0.52069
1.29512

-0.46066
0.05492
0.35006
0.27385
0.94214
0.93046
1.01928
2.25878
2.48596
2.59609
3.85627
3.93997
4.43249
4.93241

-4.71090

-4.32863

-4.14776

-4.30453

-3.91727

-3.63588
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ABSTRACT: Various mixed methyl aryloxide complexes Tp®*™LnMe(OAr) (Ln e HMe e

=Y, Lu) were obtained in moderate to high yields according to distinct synthesis /IB A

protocols dependent on the metal size and sterics of the phenolic proligand. The O/N 7\0 NQ

reaction of Tp®*M*LuMe, and Tp®T*MYMe(AlMe,) via protonolysis with 1 or 2 N ,L )\l tBu o
equiv. HOC¢H,tBu,-2,6-Me-4 in n-hexane gave the desired complexes Bu ® 7 Bu gy O\AIMe3
Tp®*MLnMe(OAr). Corresponding treatment of Tp®*M*LuMe, with the sterically dm ap/@/\ dm

less demanding HOC¢H;Me,-2,6, HOC(H;iPr,-2,6 and HOCH;(CF;),-3,5 led to CH, P Bu

the formation of the bis(aryloxy) lutetium complexes Tp®*™*Lu(OAr),. Application

of a salt-metathesis protocol employing Tp™"

MenMe(AlMe,) and the potassium aryloxides KOAr made complexes

Tp®*MeLnMe(OAr) accessible for the smaller aryloxy ligands as well. All complexes were analyzed by X-ray crystallography to
compare the terminal Ln—Me bond lengths and to evaluate the implication of the methyl/aryloxy coordination for the exact
cone angles ©®° of the [Tp™*™¢] ancillary ligand. Treatment of Tp™"™*LnMe(AlMe,) (Ln = Lu, Y) with HOC¢H,tBu,-2,6-Me-
4 in the presence of 4-(dimethylamino)pyridine (dmap) produced ion-separated complexes [Tp®*M‘LnMe(dmap),]-
[Me;AlOC(H,tBu,-2,6-Me-4)]. The thermal instability of Tp™"M*LuMe(OCH,tBu,-2,6-Me-4) was revealed by the formation
of (Tp(tB“'H)/ (tB“)z’Me)Lu(OC6H2tBu2-2,6-Me-4) via intramolecular C—H-bond activation.

B INTRODUCTION

The quest for methyl compounds has clearly and unmistakably
coined the development of organorare-earth-metal (Ln)
chemistry.l’2 Upon proving their existence, feasibility, and
anticipated high reactivity ([Li;LnMey(tmeda);], Schumann
1978),” it was the discovery by Watson and Bercaw that [Ln]—
CHj; moieties (Ln = Sc, Y, Lu) engage in methane activation™”
that triggered immense research. The synthesis of such highly
reactive metallocene derivatives [Cp*,LnMe], (x = 1 for Sc; x
=2 for Lu, Y; x = 3 for Sm; Cp* = C;Me;) from LnCl;(THF),
precursors, however, involves a rather elaborate multistep
procedure to ensure the formation of unsolvated, non-ate
derivatives.*"® Notwithstanding, cyclopentadienyl ancillary
ligands have played a key role in advancing Ln(III) methyl
chemistry, and many homometallic [CpRanMe(do)y]x com-
plexes (y = 0, 1; » = 1, 2, 3) have been structurally
characterized.*™'® However, the kinetic stabilization of discrete
dimethyl Ln(III) derivatives of the type [(L)LnMe,], proved
particularly challenging and depended on the monoanionic
ancillary ligand L.>"”~*' Not considering any prevailing ligand
redistribution processes, methyl-bridged dimerized and oligo-
merized species display solid-state structural motifs favored by
half-sandwich complexes, e.g., [Cp*YMe2]3,” [Cp'ScMez]z22
or [Cp'LnMe,]; (Ln = Tm, Lu; Cp’ = CsMe,SiMe;).”* So far,
only sterically demanding N-coordinating ligands provided
access to monometallic complexes [(L)LnMe,] (Chart 1),
comprising [(Dipp)NC(tBu)CHC(tBu)N(Dipp)]ScMe, (I,
Dipp = Cg¢H,iPr,-2,6),>* [(1-(NDipp)-2-(PPh,=NDipp)-
CeH,)]ScMe, (1), Tp®*MLnMe, (III, Ln = Ho, Luy;
TpPMe= tris(pyrazolyl-tBu-3-Me-5)borato),*”*” as well as N-

1 I © 2019 American Chemical Society
7 ACS Publications
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or P-donor supported [2 {N(Dipp)C(Ph)N}C¢H,CH=N-
(Dipp)]ScMe, (IV),*®* [MeC(N(Dipp))CHC(Me)N-
(CH,),N(Me)(CH,),NMe,)]YMe, (V),”” and N[2-PiPr,-4-
methylphenyl],ScMe, (v1).*°

External donor stabilization was exploited for complexes
Cp*ScMe,(OPtBu;) (VII),*' [N(SiMe;)(Dipp)]-
LuMe,(THF), (VIII),** and [(Dipp)NC(Me)CHC(Me)N-
(Dipp)]ScMe,(THF) (1X).**

Trofimenko’s unique Tp scorpionate ligands”'34 seem
especially suited for studying the reactivity of such [(L)-
LnMe,] dimethyl compounds. Only very recently, we reported
on a series of different mixed alkyl lutetium complexes
Tp®*MLuRMe with R representing alkyl (CH,SiMe,,
CH,Ph) or weakly coordinating groups (chlorido, SO;CF; or
N(SO,CF;),).*® The latter complexes were obtained from
Tp™*MLuMe, by applying SiMe,-elimination and salt-meta-
thesis protocols.

We were further interested in whether the dimethyl complex
TptB“’MeLuMezm or mixed methyl/aluminate complex
Tp™*MLnMe(AlMe,) (Ln = Y, Lu)***” would also engage
in selective protonolysis reactions. Aryloxy groups stand out for
ease of steric and electronic tunability, chemical robustness,
and ready availability.”® Importantly, aryloxy ligands were
shown to stabilize half-sandwich hydrocarbyl complexes
[Cp*LnR(OAr)], (R = Me, CH(SiMe;),, AlMey; Ln = Sc,
Y, La, Ce, Lu)**~** and were probed in a-olefin polymer-
ization. To the best of our knowledge, mixed methyl aryloxy
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Chart 1. Structurally Characterized Monometallic Rare-
Earth-Metal Dimethyl Complexes (L)LnMe,
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rare-earth-metal complexes have not been characterized by X-
ray crystallography to date. Herein, we present the synthesis of
various tris(pyrazolyl)borato-stabilized lutetium and yttrium
methyl complexes Tp®**LnMe(OAr) bearing distinct aryloxy
ligands. Further exemplary reactivity studies revealed a
thermally induced intramolecular C—H-bond activation of
the ancillary ligand backbone and a donor (= 4-
(dimethylamino)pyridine (dmap))-promoted cationization.

B RESULTS AND DISCUSSION

Synthesis of Heteroleptic Bis(aryloxy) and Mixed Me/
OAr Ln(lll) Complexes. We have shown previously that
scorpionate-supported rare-earth-metal methyl complexes
Tp®"MLuMe, and Tp®"MLn(AlMe,)Me give access to
mixed methyl alkyl Ln(III) complexes Tp®*™LuRMe (R =

CH,SiMe,;, CH,Ph).** Therefore, it was reasoned that the role
of these versatile precursors might be expanded to selective
protonolyses with phenols as well as salt metatheses with
potassium phenolates, respectively. We set out to treat
Tp®*MeLuMe,, supposedly the most reactive because sterically
least hindered, with various alkyl-substituted phenol derivatives
HOAr (HOCH,Me,-2,6, HOCH,iPr,-2,6, HOC(H,(CEs),-
3,5, HOC¢H,tBu,-2,6-Me-4) (Scheme 1). The reaction of
Tp™®*MLuMe, with an equimolar amount of the least bulky
HOCH;Me,-2,6 in n-hexane at ambient temperature was
indicated by an instant methane evolution. After evaporation of
the solvent, crystallization from n-hexane afforded colorless
crystals identified as bis(aryloxy) derivatives Tp™"MLu-
(OC¢H;Me,-2,6), (1-Lu) and reactant Tp®*M*LuMe, via 'H
NMR spectroscopy. The formation of 1-Lu (via ligand
redistribution or double protonolysis) could not be prevented
by performing the reaction at lower temperature (—40 °C).
The same behavior was found when carrying out the reaction
in toluene. In order to obtain the bis(aryloxy) lutetium
complex more efficiently, the reaction was carried out with 2
equiv of the respective phenol. Similarly, protonolysis of
Tp®*MLuMe, with 1 equiv HOC H,iPr,-2,6 in n-hexane led
to the bis(aryloxy) derivative Tp®*M*Lu(OC¢H,iPr,-2,6), (2-
Lu), even though the sterics of the respective phenol were
markedly increased. The 'H and *C{'H} NMR spectra of 1-
Lu and 2-Lu at ambient temperatures showed only one set of
signals for the pyrazolyl groups of the Tp™"™* ligand, similar to
that of the starting compound.

The X-ray diffraction (XRD) analyses of 1-Lu and 2-Lu
revealed isomorphous structures (Figure S49 and S50). As
typically observed for a coordination number CN = S, the
Tp™*M¢ ligand adopts a x*-coordination mode, thus accom-
plishing an environment of the lutetium center that is best
described as distorted trigonal bipyramidal.”” This is indicated
by the Lu—N(pz) (pz = pyrazolyl) bond lengths, with the axial
Lu—N distance being longer than the equatorial ones.
Moreover, the Lu—N(pz) bond lengths in 1-Lu (2.335(2)—
2.439(3) A) are in the same range as those reported for the
starting compound Tp*MLuMe, (2.339(2)-2.483(2) A),*
while the ones of 2-Lu (2.365(1)—2.517(1) A) appear slightly
elongated. This can be attributed to the increased steric bulk of
the [OC¢H,;iPr,-2,6] moieties. Interestingly, the Lu—O
distances as well as the Lu—O—C bond angles in 1-Lu and

Scheme 1. Synthesis Pathways toward Tp®*™*Lu(OAr), and Mixed Methyl Aryloxy Ln(III) Complexes Tp®*™*LnMe(OAr)

tmeda, n-hexane, rt, 1 h
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5-Ln (Ar = CgH3zMe,-2,6)
6-Ln (Ar = CgH3iPr,-2,6)
7-Ln (Ar = CgH3(CF3),-3,5)

tBu tBu
1-Lu (Ar = CgHzMe,-2,6)
2-Lu (Ar = CgH3iPr,-2,6)
3-Lu (Ar = CgH3(CF3)»-3,5)
4-Ln
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Table 1. Selected Structural Parameters [A, °], Chemical Shifts in Benzene-ds [ppm], and Mathematically Exact Calculated

Cone Angles ©° [°] of Selected Tp®*™*Lu(OAr), or Tp®**LuMe(OAr)”

TpP*MLuMe,* 1-Lu 2-Lu 3-Lu
Lul—-N(pz) 2.339(2) 2.335(2)  2.365(1)  2.315(2)
2.339(2) 2.362(9)  2.370(1)  2.318(2)
2.483(2) 2439(9)  2517(1)  2.397(2)
Lul-01/02 na. 2.052(2)  2.072(1)  2.064(2)
2.06(2) 2.038(1)  2.090(2)
Lul—C(Me) 2.364(3)/2.375(2)  na. na. na.
Lul-01-C26/25 na. 1709(2)  171.8(1)  145.3(2)
174(3) 1754(1)  147.3(2)
'H 6§ (Lu—Me) —0.08 na. na. na.
13C § (Lu—Me) 33.0 na. na. na.
cone angle °° 277.1 276.1 272.5 280.4

4-Lu S5-Lu 6-Lu 7-Lu 8-Lu 9-Lu

2321(3)  2.328(2)  2.323(1) 2319(4) na 2.306(3)
2.345(3)  2.334(2)  2.330(1) 2.322(4) 2.380(3)
2.626(3)  2492(2)  2.502(1) 2.442(4) 2.390(3)
2.092(2)  2.053(2)  2.0548(9)  2.085(3) na 2.068(2)
2.338(4)  2.358(3)  2.362(1) 2.339(6) na. 2.381(3)
1682(2)  167.2(2)  168.35(9)  1509(3) na. 175.9(2)
0.67 0.55 0.50 0.37 -009”  na

40.4 322 32.1 322 26.7" na.
278.1 276.1 279.2 280.3 na. 286.3

“n.a. (not available). ®Measured in THF-d,. “See the Supporting Information for calculations.

2-Lu are quite similar (Table 1). The treatment of
Tp®*MLuMe, with 2 equiv of the increasingly electron
deficient phenol HOCZH;(CF;),-3,5 under reaction con-
ditions chosen as for 1-Lu and 2-Lu led to rapid
decomposition of the dimethyl complex and a complicated
reaction mixture. Therefore, a precooled solution of the
reactant Tp®*MLuMe, in toluene was prepared and the
respective phenol was added. Crystallization of the residue
from toluene gave the bis(aryloxy) derivative Tp™"M*Lu-
[OC(H;(CF;),-3,5], (3-Lu) in good yield. The 'H NMR
spectrum of 3-Lu showed the pyrazolyl signals slightly shifted
to higher fields compared to the starting material. Again, the
solid-state structure analysis revealed a distorted trigonal
bipyramidal coordination geometry, consistent with the
aforementioned congeners (Figure S51). The marginally
shortened Ln—N(pz) bond lengths compared with 1-Lu and
2-Lu (2.315(2)—2.397(2) A for 3-Lu) could be attributed to
the decreased steric bulk of 3,5-substituted aryloxy ligand.
Striking is the bending of the Lu—O—C linkages (145.3(2) and
147.3(2)°), which, however, was found even more pronounced
in transition metal complexes, e.g., for [k*-C¢H;-2,6-
(CH,PtBu,),Ir(CH;)[OC4H,;(CF;),-3,5] (131.4(4)°)* and
(PPh,),Ni[OC4H,(CF,),-3,5], (122.4(2), 121.0(2)°).* Un-
fortunately, the protonolysis reactions of Tp®**YMe(AlMe,)
with 2 equiv HOATr to give the respective bis(aryloxy) yttrium
congeners did not give any clean conversion; however,
degradation of the ancillary ligand was observed.

The targeted mixed methyl aryloxy Ln(III) complexes could
be eventually achieved by utilizing the sterically demanding
phenol HOC4H,tBu,-2,6-Me-4. As for the aforementioned
syntheses, instant methane evolution, when treating a
suspension of Tp™*MLuMe, in n-hexane with the tBu-
substituted phenol, indicated a successful protonolysis
reaction. The formation of complex Tp®*M¢LuMe-
(OC¢H,tBu,-2,6-Me-4) (4-Lu) could be confirmed by 'H
and C NMR spectroscopy. The proton resonances of the
pyrazolyl moieties appeared in the same region as for the
precursor. Furthermore, the lutetium-bonded methyl ligand
shows one narrow singlet at 6 = 0.67 ppm, which is
significantly shifted downfield in comparison with the reactant
(6 = —0.08 ppm).26 A broad resonance at 1.40 ppm is
attributable to the overlapping signals of the tert-butyl
substituents of the pyrazolyl moieties as well as of the aryloxy
ligand. Furthermore, the methyl groups of the pyrazolyl ligand
gave one broad singlet at § = 2.08 ppm (Figure S16 in SI). The
aromatic protons of the aryloxy ligand overlap with the signal

4487

of benzene-d, but could be unequivocally identified by 'H—"H
COSY NMR spectroscopy. The *C NMR spectroscopic
analysis gave a signal for the Lu—Me moiety at 6 = 40.4 ppm
(Figure S17 in SI). It is noteworthy that an excess of
HOC4H,tBu,-2,6-Me-4 (>2 equiv) did not lead to a
bis(aryloxy) lutetium complex, mainly attributable to sterics.
The XRD analysis of 4-Lu revealed a monometallic complex
with a distorted trigonal bipyramidal coordination geometry of
the lutetium center, consistent with the aforementioned
complexes (Figure 1). The Ln—Tp™"™ entity exhibits one

Figure 1. ORTEP representation of the crystal structure of 4-Lu with
atomic displacement parameters set at the 50% level. Hydrogen atoms
except for BH are omitted for clarity. Selected bond lengths [A] and
angles [°] for 4-Lu are given in Table 1.

significantly elongated Lu—N(pz) bond of 2.626(3) A
compared to the respective precursor, which nicely displays
the coordination flexibility of the scorpionate ligand. The Ln—
C(Me) bond length of 2.338(4) A of five-coordinate complex
4-Lu compares well with those of similar methyl complexes,
e.g, Tp™"MLuMe, (2.364(3)/2.375(2) A),”® but is slightly
elongated compared with the methyl triflate complex
TpBUMeLuMe(OTF) (2.327(4) A),*° as well as
[(DippN),C],LuMe (2.314(3) A).*” Additionally, the Ln—O
distance of 2.092(2) A of 4-Lu is slightly elongated compared
to the range observed for 4-coordinate Lu(OCgH,tBu,-
2,6),(AlMe,) (1.999(3) and 2.006(3) A)** and homoleptic
“3-coordinate” Lu(OC¢H,tBu,-2,6); (2.02 A).*®

In order to access mixed methyl aryloxy rare-earth-metal
complexes of sterically less demanding aryloxy ligands, we
examined complexes Tp®*MLnMe(AlMe,) (Ln = Y, Lu)
according to salt metathesis reactions. Here, precipitation of
KAlMe, is considered more advantageous than release of non-

DOI: 10.1021/acs.organomet.9b0063 1
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Figure 2. ORTEP representation of the crystal structures of 5-Y (left) and 6-Lu (right) with atomic displacement parameters set at the 50% level.
Hydrogen atoms except for BH are omitted for clarity. Selected bond lengths [A] and angles [°] for 5-Y and 6-Lu are given in Tables 1 and 2.

innocent AlMe; when applying a protonolysis protocol. Initial
synthesis attempts with the sterically “most favored” pair
Tp®*MeYMe(AlMe,) /KOC(H,tBu,-2,6-Me-4 toward putative
Tp®"MYMe(OC¢H,tBu,-2,6-Me-4) (4-Y), however, failed in
different solvents. To our great surprise, protonolysis of
Tp®*MYMe(AlMe,) with the respective phenolic proligand
instead succeeded under mild reaction conditions (2 h at —35
°C; rapid decomposition of the yttrium complex in solution at
ambient temperature) to yield 4-Y (Scheme 1). Other
protonolysis attempts at mixed methyl/aryloxy Ln(III)
complexes employing Tp®*™LnMe(AlMe,) (Ln = Y, Lu)
and less bulky HOAr led to complicated mixtures of products
and no clean conversion. Single-crystalline 4-Y was obtained in
good yields from a saturated solution in toluene. The proton
NMR spectrum of 4-Y in toluene-dg shows a broad singlet at &
= 0.27 ppm for the terminally bonded Me ligand but no Y—H
coupling could be detected (Figure S11 in SI, ®Y: nuclear spin
1/2, natural abundance 100%). Therefore, NMR spectroscopic
analyses were performed in THF-dg to exclude signal
coalescence. Rapid decomposition of 4-Y in donor solvents,
however, required low-temperature experiments. Remarkably,
the change of the NMR solvent led to a strong shift of the Y—
Me resonance revealing a doublet at 6 = —0.36 ppm with
’J(YH) = 1.8 Hz. The '"H-*’Y HSQC NMR spectrum of 4-Y
at 0 °C shows a cross peak at § = 556 ppm on the ¥Y NMR
scale (Figure S1S in SI), located highfield compared to the
reactant Tp®*MeYMe(AlMe,) (8 = 798 ppm).”” The BC{'H}
NMR spectrum displays a doublet at § = 26.8 ppm for the Y—
Me moiety with 'J(YC) = 44.6 Hz. Despite several attempts,
single crystals of 4-Y suitable for an X-ray crystallographic
study could not be obtained.

The salt metathesis reactions involving Tp®*M*LnMe-
(AlMe,) (Ln = Y, Lu) and the sterically less bulky
KOCH;Me,-2,6 and KOC4H;iPr,-2,6 proceeded as envisaged
(Scheme 1). Combining a solution of the rare-earth-metal
precursor in toluene and a suspension of the potassium
aryloxide in toluene and stirring the mixture for 6 h gave
complexes Tp™"MLnMe(OC4H;Me,-2,6) (5-Ln; Ln = Y, Lu)
or Tp®*LnMe(OC¢H,iPr,-2,6) (6-Ln; Ln = Y, Lu) along
with insoluble K(AlMe,). Upon separation of the latter via
filtration, crystals of 5-Ln and 6-Ln could be grown from
saturated solutions of toluene in moderate to good yields. The
'H and "“C{'H} NMR spectroscopic analyses clearly
corroborated the formation of mixed methyl aryloxy Ln(III)
complexes. The Tp®*™e signals of both complexes 5-Ln and 6-
Ln are very similar and feature only one set of signals, as
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already observed for the aforementioned complexes. Also, the
resonances of the Ln(III)-bonded methyl group appeared in
the same region. Complex 5-Y shows a doublet for the Y—Me
moiety at § = 0.46 ppm with *J(YH) = 1.8 Hz (cf, 6-Y:
doublet at § = 0.50 ppm, J(YH) = 1.9 Hz), whereas the
terminal methyl group of 5-Lu is detected at § = 0.55 ppm (6-
Lu: singlet at § = 0.50 ppm), slightly shifted to lower field. For
the yttrium congener the respective *C signal revealed a
doublet at § = 22.5 ppm ('J(YC) = 51.2 Hz) and the 'H-*Y
HSQC NMR spectrum shows a cross peak at 6 = 580 ppm. As
expected, the Lu—Me carbon shift was found at 6 = 32.2 ppm,
slightly shifted downfield compared with 5-Y. The carbon
resonances of the terminal methyl ligands of complexes 6-Ln
both give a singlet at 6 = 32.1 ppm; however, the Y-C
coupling for 6-Y could not be observed. Additionally, the
"H-%¥Y HSQC NMR shows a cross peak at § = 578 ppm,
almost identical to the Y resonance of 5-Y.

Complexes S-Ln and 6-Ln were further analyzed by means
of XRD (5-Y and 6-Lu, Figure 2; 5-Lu, Figure S52 in SI; 6-Y,
Figure SS53 in SI). The crystal structures show a distorted
trigonal bipyramidal geometry around the rare-earth-metal
center as expected. The determined Ln—N(pz) bond lengths
are in line with those discussed above and in the respective
precursors (e.g, Tp®*MYMe(AlMe,): 2.357(2)—2.418(2)
A).*7 Furthermore, all complexes nicely demonstrate the
scorpionate character of the Tp ligand with two similar Ln—
N(pz) bond lengths and the third slightly elongated.
Additionally, the Ln—C(Me) distances (5-Y 2.409(2) A; s-
Lu 2.358(3) A; 6-Y 2.404(2) A; 6-Lu 2.362(1) A) and the
Ln—O distances (5-Y 2.080(1) A; 5-Lu 2.053(2) A); 6-Y
2.087(1) A; 6-Lu 2.0548(9) A) compare well and reflect the
distinct size of the metal centers. For further comparison, the
terminal Y—C(CH;) distances (5-Y: 2.409(2) A, 6-Y:
2.404(2) A) are similar to those detected for Tp™*MYMe-
(AlMe,) (2.382(3) A)*7 and Y(CH,)[(AlMe,){OSi-
(OtBu);},][0Si(OtBu);] (2.438(2) A).* Similarly, the Ln—
O distances in complexes 5-Ln and 6-Ln lie in the expected
range, e.g, Y(OCcH,Me;-2,4,6);(THF); (Y—0: 2.104(4)—
2.114(5) A),*° [Y(u-OC4H;Me,-2,6)(OC4H;Me,-
2,6),(THE) ], (Y=O,orminat: 2046 (6) A, 2.075(6) A),*' 1-Lu
(2.052(2), 2.06(2) A), Ln(OC4H,iPr,-2,6);(THE), (Y:
2.065(7)—2.086(7) A® and 2.069(3)—2.086(2) A;> Lu: av.
2.044 A).>* Moreover, the Ln—O—C bond angles on 5-Ln and
6-Ln range from 167.2(2) to 168.35(9)°.

The salt-metathesis protocol was also applicable for the pairs
Tp®"MeLnMe(AlMe,)/KOCH;(CF;),-3,5 (Ln = Y, Lu),
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subject to certain restrictions. While the synthesis of the
lutetium complex Tp®*M*LnMe[OC¢H;(CF;),-3,5] (7-Lu)
succeeded in toluene under the reaction conditions previously
applied for 5-Ln and 6-Ln (Scheme 1), '"H NMR reaction
studies revealed decomposition of the Tp®*M¢ ligand for
yttrium. Subsequently, milder reaction conditions (4 h at —3$
°C) were chosen for the effective synthesis of 7-Y. The 'H
NMR spectra of 7-Lu and 7-Y show similar shifts of the Ln—
C(Me) moiety at § = 0.37 and 0.27 ppm (doublet with *J(YH)
= 1.8 Hz). Compared to other Me/OAr congeners a shift to
higher fields was observed, which is in accordance with the
electron-withdrawing CF; groups of the aryloxy ligand. '°F
NMR spectroscopy clearly identified both complexes at § =
—62.6 ppm (7-Y and 7-Lu), but unfortunately the expected
quartet for the C—F coupling was hardly visible in the "*C{'H}
NMR spectrum (7-Y: 132.3 ppm; 7-Lu: 132.1 ppm) and could
also not be detected with longer measurement times due to
decomposition of the complexes in solution, especially for 7-Y.
Despite this, Ln—C(Me) carbon resonances were found at § =
22.3 ppm as a doublet for yttrium (*J(YC) = 50.8 Hz) and as a
singlet for lutetium at § = 32.2 ppm. The '"H-%Y HSQC NMR
spectrum shows a cross peak at 6 = 620 ppm, considerably
shifted downfield compared with complexes 4-Y, 5-Y, and 6-Y.

Suitable crystals for XRD were obtained from saturated
solutions in toluene at —35 °C (7-Y, Figure 3; 7-Lu, Figure

Figure 3. ORTEP representation of the crystal structure of 7-Y with
atomic displacement parameters set at the 50% level. Hydrogen atoms
except for BH, the other molecules in the unit cell, and the disorder in
one CF, group are omitted for clarity. Selected bond lengths [A] and
angles [°] for 7-Y are given in Table 2.

S54 in SI). In both complexes, the Ln(III) centers adopt the
typical distorted trigonal bipyramidal geometry. The Ln—
N(pz) bond lengths (7-Y: 2.33(1)-2.52(1) A; 7-Lu:

2.319(4)—2.442(4) A) are slightly shortened compared with
5-Ln, likely reflecting the decreased steric hindrance in the 2-
and 6-positions of the aryloxy ligand. The Ln—C(Me)
distances of 2.45(1) A (7-Y) and 2.339(6) A (7-Lu) as well
as the Ln—O distances of 2.10(1) A (7-Y) and 2.085(3) A (7-
Lu) are in the expected range. As already observed for 3-Lu,
the Ln—O—C bond angles (7-Y: 148(1)°, 7-Lu: 150.9(3)°)
appear strongly bent compared to the complexes bearing other
aryloxy ligands.

For better comparability, Table 1 and Table 2 show selected
structural parameters, and "H and '*C NMR chemical shifts of
the important Ln—Me moieties. Furthermore, we were
interested in the evaluation of the coordination behavior of
the [Tp®™*™¢] ancillary ligand in the presence of different
sterically demanding coligands. Hence, we calculated the
mathematically exact cone angles ®° (Tables 1 and Table 2)
according to a method previously developed by Allen et al.>®
and implemented by our group for scorpionate ligands.’® A
noticeable trend was revealed: the cone angles reach a
maximum in the presence of the fluorinated aryloxy ligand
[OCH,;(CF;),-3,5] (©®°: 5-Ln < 6-Ln < 7-Ln). Apparently,
the CF; substituents in the peripheral 3- and S-positions
exhibit the least interactions with the ancillary ligand. Cone
angles of similar complexes of lutetium were already reported
to range from 277.1° to 280.9°.>> This compares well with the
mixed methyl aryloxy rare-earth-metal complexes under study.
The calculations also nicely document that the cone angles ©°
of 5-Ln, 6-Ln, and 7-Ln increase with decreasing metal size, as
expected for a given ligand set. Comparing only the lutetium
complexes, it is interesting to note that the cone angle is
marginally larger in the presence of aryloxy ligands with the
sterically more demanding iPr and tBu groups in 2- and 6-
positions (@°: 5-Lu < 4-Lu < 6-Lu).

Reactivity Pattern. The overall thermal stability and
reactivity toward additional donor molecules was probed
exemplarily for methyl aryloxides 4-Ln. As mentioned before,
4-Y is temperature-sensitive and hence, expected to be the
most reactive derivative. Accordingly, the pairs Tp™*"™*LnMe-
(AlMe,)/HOC¢H,tBu,-2,6-Me-4 (Ln = Lu, Y) were examined
in the presence of dmap (Scheme 2). After 1 h a white
precipitate of 8-Ln had formed, which could be separated and
further analyzed. Fortunately, the yttrium congener could be
subjected to a crystal structure analysis, which confirmed the
formation of ion pairs [Tp®*M¢LnMe(dmap),][Me,Al-
(OCgH,tBu,-2,6-Me-4)] (Figure 4, left). The formation of
ionic homoaluminates in donor solvents is well-known (e.g.,

Table 2. Selected Structural Parameters [A, °], Chemical Shifts, and Coupling Constants in Benzene-ds [ppm, Hz], and
Mathematically Exact Calculated Cone Angles ©° [°] of Complexes Tp™*™YMe(OAr)”

[TpPoMeyMe(AlMe,) >33 4-Y 5Y 6-Y 7-Y 8-Y

Y1-N(pz) 2.357(2), 2.361(2) na. 2.381(2), 2.387(2) 2.375(1), 2.384(2) 2.33(1), 2.40(1) 2.407(2), 2.456(2)

2.418(2) 2.530(2) 2.561(2) 2.52(1) 2.459(2)
Y1-01 na. na. 2.080(1) 2.087(1) 2.10(1) na.
Y1-C(Me) 2.382(3) na. 2.409(2) 2.404(2) 2.45(1) 2.389(2)
Y1-01-C26 na. na. 167.2(1) 176.9(1) 148(1) na.
'H § (Y-Me) 0.28/0.25 -0.36" 0.46 0.50 0.27 —-0.09"
BC § (Y-Me) -0.5 26.8" 22.5 32.1 22.3 26.9°
2J(YH)/'J(YC) n.o./n.o. 1.8/44.6 1.8/51.2 1.9/n.0. 1.8/50.8 n.o./47.4
'H-¥Y HSQC 798 556" 580 578 620 5557
cone angle ©°° 276.1 n.a. 273.9 276.1 278.6 276.8

“n.o. (not observed); n.a. (not available). ®Measured in THEF-dy. “See the Supporting Information for calculations.
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Scheme 2. Reactivity of 4-Ln toward DMAP and under
Thermolysis Conditions
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[YMe,(THF);][AlMe,]),” but solvent-separated heteroalu-
minates are less common comprising, e.g., amidoaluminates
[Li(THF),(tmeda)][AlPhy(tmp)] (tmp = tetramethylpiper-
idido)*® or [Ca(THF)4][AlMe,(NPh,)],.>

The 'H and *C{'H} NMR spectra of 8-Ln show only one
set of signals for the Tp®*™ ligand, slightly shifted compared
with 4-Ln. The Ln—Me moieties were both found at § = —0.09
ppm in the "H NMR spectrum; however, no Y—H coupling
but only a broad signal could be observed. Additionally, '*C
NMR spectroscopy also revealed almost identical shifts (8-Y:
d, 26.9 ppm, 'J(YC) = 47.4 Hz); 8-Lu: 26.7 ppm) and the
characteristic Y=C coupling. It is noteworthy that ionic 8-Y
shows a cross peak at § = 555 ppm in the 'H-%Y HSQC
NMR spectrum (solvent THF-dg), identical to that of
Tp®*MeYMe(OC4H,tBu,-2,6-Me-4) (4-Y) in THF-dg (Table
2); however, the shifts in the "H NMR spectrum strongly vary
(4-Y: —0.36 ppm). Furthermore, the shift of 8-Y in the
"H-%Y HSQC NMR compares well to ionic [YMe,(THF);]-
[AlMe,] ("H-*Y HMBC: 535 ppm).”” Complexes 8-Ln are
stable at ambient temperature, however, undergo B—N bond
cleavage at elevated temperature (>50 °C) in THF. The 6-
coordinate cationic yttrium center in 8-Y displays a Y—C(Me)
distance of 2.389(2) A, which is significantly shortened
compared to those of methyl aryloxide complexes 5-Y, 6-Y,
and 7-Y. On the other hand, the Ln—N(pz) distances

(2.407(2)—2.459(2) A) are markedly elongated. Unfortu-
nately, complex 8-Y did not show any activity in isoprene
polymerization.

We were further interested in the thermal stability of such
mixed methyl aryloxy rare-earth-metal complexes. As men-
tioned before, 4-Y is very sensitive toward temperatures above
0 °C and already starts to decomposes at ambient temperature
after 30 min, indicated by a color change from colorless to
yellow. NMR studies indicated extensive degradation of the
ancillary ligand and therefore, the formation of an ill-defined
mixture of products. In contrast, 4-Lu is stable for days in
benzene or toluene solution; however, it shows intramolecular
C—H-bond activation of one of the tert-butyl groups of the
pyrazolyl rings through the terminal methyl group at elevated
temperatures (60 °C) (Scheme 2). This is indicated by
methane evolution as found in the proton NMR spectrum as
well as XRD analysis of suitable crystals (Figure 4, right). This
C—H-bond activation for reactive terminal methyl groups was
observed before for the [Tp®*M¢] ligand set; however 9-Lu
revealed in accordance with its lower coordination number,
Lu—C(CH,) distances (2.381(3) A) shorter than in
[(Tp(PeH2/BeMe) Ly (AIMe, {B(NDippCH),})] (2.391(3) A)
and [(Tp(Be-M2/tBuMeyy y(AIMe,)] (2.418(5) A)
(Tp(BwH/BuMe — 1y dro(3-Me-5-tBu-pyrazolyl)bis{u-(3-Me-
5-Me,C—CH,— pyrazolyl)}borate).60 In comparison to 4-Lu,
the “sting” Ln—N6(pz) bond length is drastically decreased (4-
Lu: 2.626(3) A; 9-Lu: 2.390(3) A)), and also the Ln—O bond
is shorter (4-Lu: 2.092(2) A; 9-Lu: 2.068(2) A). Interestingly,
the Ln—O—C bond angle is even closer to linear due to the
reduced steric bulk around the metal center (4-Lu: 168.2(2)°;
9-Lu: 175.9(2)°).

H CONCLUSION

In summary, the monomeric methyl complexes Tp®*™*LuMe,
and Tp®*MLnMe(AlMe,) (Ln = Lu, Y) provide access for
various bis(aryloxy) and mixed methyl aryloxy rare-earth-metal
complexes. Applying protonolysis protocols with phenolic
proligands HOAr, only the sterically most demanding
derivative HOC4H,tBu,-2,6-Me-4 efliciently afforded the
desired complexes Tp®*™MLnMe(OAr). In contrast, such
methane elimination reactions with sterically less hindered
phenols reproducibly led to bis(aryloxy) derivatives
Tp®*MeLu(OAr),. On the other hand complexes
Tp®*MLnMe(OAr) with smaller aryloxy ligands can be

01
All L /

Figure 4. ORTEP representation of the crystal structures of 8-Y (left) and 9-Lu (right) with atomic displacement parameters set at the 50% level.
Hydrogen atoms except for BH and CH, and the disorder in one tert-butyl group are omitted for clarity. Selected bond lengths [A] and angles [°]

for 8-Y and 9-Lu are given in Tables 1 and 2.
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readily obtained from Tp®*M'LnMe(AlMe,) via a salt
metathesis protocol employing KOAr and generating
KAlMe, as a coproduct. Examination of the pairs
Tp®*MLnMe(AlMe,)/HOCH,tBu,-2,6-Me-4 in the presence
of the strong neutral donor dmap led to the ion-separated
complex [Tp™"M*LnMe(dmap),][Me;Al(OC(H,tBu,-2,6-Me-
4)] featuring an anionic heteroaluminato moiety. The
proneness of the [Tp®"™¢] ancillary ligand for C—H-bond
activation in the presence of highly reactive Ln—Me moieties
was further revealed by the isolation of complex
[(Tp B/ (B2MeY] 1y (OC(H,tBu,-2,6-Me-4).

B EXPERIMENTAL SECTION

General Procedures. All operations were performed with
rigorous exclusion of air and water by using standard Schlenk, high-
vacuum, and glovebox techniques (MBraun 200B; <0.1 ppm of O,,
<0.1 ppm of H,0). Solvents were purified by using Grubbs-type
columns (MBraun SPS, solvent purification system) and stored inside
a glovebox. Benzene-ds and toluene-dg were obtained from Sigma-
Aldrich and degassed. Benzene-ds was dried over NaK alloy for 2
days, and toluene-dg was stored over Na. Both were filtered prior to
use. THF-d; was obtained from Sigma-Aldrich, stirred over NaK alloy
and distilled. HOC¢H;Me,-2,6, HOC4H;iPr,-2,6, and HOC¢H,tBu,-
2,6-Me-4 were purchased from Sigma-Aldrich, and HOC4H;(CF;),-
3,5 and dmap from ABCR and sublimed prior to use. Reagents
KOC(H,iPr,2,6, KOC(H,Bu,-2,6-Me-4, and KOCH,(CF,),-3,5
were prepared from the respective dry phenol and KH in
tetrahydrofuran at ambient temperature, and were dried in vacuo
prior to use. Tp®*MLnMe(AIMe,),** and Tp™*MLuMe,”” were
synthesized according to literature procedures. The NMR spectra of
air- and moisture-sensitive compounds were recorded by using J.
Young valve NMR tubes on a Bruker AVII+500 spectrometer ('H,
500.00 MHz, 3C, 125.72 MHz, ¥Y 24.496 MHz), a Bruker AVII
+400 spectrometer (*H, 400.13 MHz, *C, 100.61 MHz, °F, 376.31
MHz), and a Bruker AVII+250 spectrometer ('H, 250.00 MHz, ''B,
80.21 MHz, 3C, 62.86 MHz). IR spectra were recorded on a Thermo
Fisher Scientific NICOLET 6700 FTIR spectrometer using a DRIFT
chamber with dry KBr/sample mixture and KBr windows; IR
(DRIFT) data were converted by using the Kubelka—Munk
refinement. Elemental analyses were performed on an Elementar
Vario MICRO Cube.

Tp™®MeLu(0C4H;Me,-2,6), (1-Lu). A solution of HOCH,Me,-
2,6 (19.3 mg, 0.158 mmol) in n-hexane (S mL) was added to a
suspension of Tp™*M*LuMe,(50.0 mg, 0.080 mmol) in n-hexane (S
mL) and stirred for 6 h at ambient temperature. The reaction mixture
was filtered and the solution was concentrated in vacuo.
Crystallization at —35 °C yielded compound 1-Lu (62.0 mg, 0.074
mmol, 94%) as colorless crystals. "H NMR (250 MHz, benzene-dg, 26
°C) § 7.11 (d, 4H, ’J(HH) = 7.2 Hz, Ar-H), 6.76 (t, }J[(HH) = 14.5
Hz, 2H, Ar-H), 5.68 (s, 3H, 4-pz-H), 4.71 (v br d, J(BH) = 119 H,
1H, BH), 2.15 (s, 12H, C(CH,)), 2.10 (s, 9H, pz-CH,), 1.28 (s, 27H,
pz-C(CH,)) ppm. *C{'H} NMR (63 MHz, benzene-d,, 26 °C) §
1662 (3-pz-C), 1615 (Ar-Cl), 146.6 (5-pz-C), 1287 (Ar-C2/6),
126.5 (Ar-C3/5), 117.4 (Ar-C4), 104.9 (4-pz-C), 32.5 (pz-C(CHj;);),
30.8 (pz-C(CH,);), 18.1 (C(CH,)), 13.4 (pz-C(CH;)) ppm. "B{'"H}
NMR (80 MHz, benzene-d,, 26 °C) 6 —8.7 (br s) ppm. IR (KBr) U
2959 (m), 2924 (m), 2863 (w), 2560 (vw, B—H), 1590 (w), 1543
(s), 1470 (s), 1426 (vs), 1380 (m), 1373 (m), 1356 (m), 1329 (m),
1292 (vs), 1276 (vs), 1235 (s), 1195 (s), 1178 (s), 1136 (vw), 1093
(m), 1065 (m), 1025 (w), 984 (w), 916 (vw), 875 (m), 840 (w), 809
(w), 793 (w), 783 (m), 769 (m), 759 (m), 742 (w), 729 (w), 709
(w), 680 (vw), 645 (w), 535 (w), 512 (vw) cm™. Elemental analysis
caled (%) for CyHggBLuN¢O,: C 57.15, H 6.95, N 10.00; found C
57.15, H 6.95, N 10.07.

Tp™BUMeLu(OCgH;iPr,-2,6), (2-Lu). A solution of HOC¢H,iPr,-
2,6 (28.1 mg, 0.158 mmol) in n-hexane (S mL) was added to a
suspension of Tp™*™*LuMe, (50.0 mg, 0.080 mmol) in n-hexane (S
mL) and stirred for 6 h at ambient temperature. The reaction mixture
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was filtered and the solution was concentrated in vacuo.
Crystallization at —35 °C yielded compound 2-Lu (60.0 mg, 0.063
mmol, 80%) as colorless crystals. 'H NMR (250 MHz, benzene-d, 26
°C) 5 7.12 (s, 4H, Ar-H), 6.90 (t, 3J(HH) = 16.2 Hz, 2H, Ar-H), 5.62
(s, 3H, 4-pz-H), 4.73 (v br d, 'J(BH) = 286 Hz, 1H, BH), 3.32 (sept,
3J(HH) = 6.8 Hz, 4H, CH(CH,),), 2.08 (s, 9H, pz-CHy), 127 (s,
27H, pz-C(CH,)), 1.13 (d, }J(HH) = 7.1 Hz, 24H, CH(CHj;),) ppm.
BC{'H} NMR (63 MHz, benzene-dg, 26 °C) § 165.9 (3-pz-C), 158.6
(Ar-C1), 1463 (5-pz-C), 137.9 (Ar-C2/6), 123.6 (Ar-C3/5), 118.5
(Ar-C4), 105.0 (4-pz-C), 32.1 (pz-C(CH,);), 31.4 (pz-C(CH,),),
26.3 (C(CH;),), 25.5 (C(CHj;),), 13.7 (pz-C(CH,)) ppm. "B{'H}
NMR (80 MHz, benzene-dg, 26 °C) § —8.6 (br s) ppm. IR (KBr) U
3051 (vw), 3016 (vw), 2963 (s), 2865 (m), 2576 (vw, B—H), 1589
(w), 1515 (s), 1493 (w), 1461 (s), 1431 (vs), 1380 (s), 1363 (s),
1335 (s), 1321 (s), 1274 (s), 1256 (s), 1201 (vs), 1180 (m), 1115
(w), 1103 (w), 1071 (m), 1064 (m), 1042 (w), 1025 (w), 1018 (w),
985 (w), 934 (vw), 888 (m), 869 (m), 859 (w), 807 (s), 795 (s), 774
(s), 751 (m), 732 (m), 696 (vw), 657 (w), 646 (m), 574 (w), 517
(vw), 464 (vw) cm™'. Elemental analysis calcd (%) for
CysH,BLUN(O,: C 60.50, H 7.83, N 8.82; found C 61.21, H 8.15,
N 8.58. Although these results are outside the range viewed as
establishing analytical purity (C: +0.71%), they are provided to
illustrate the best values obtained to date.
Tp'™“MeLu[OCH;(CF5),-3,5], (3-Lu). A precooled solution of
HOCH,(CF3),-3,5 (36.3 mg, 0.158 mmol) in toluene (5 mL) was
added to a precooled solution of Tp®*M*LuMe, (50.0 mg, 0.080
mmol) in toluene (S mL) and stirred for 2 h at —35 °C. The reaction
mixture was filtered and the solution was concentrated in vacuo.
Crystallization at —35 °C yielded compound 3-Lu (21.0 mg, 0.020
mmol, 37%) as colorless crystals. "H NMR (250 MHz, benzene-dy, 26
°C) § 7.35 (s, 2H, Ar-H), 7.03 (s, 4H, Ar-H), 5.54 (s, 3H, 4-pz-H),
4.76 (v br d, 1H, 'J(BH) = 140 Hz, BH), 2.10 (s, 9H, pz-CH,), 1.23
(s, 27H, pz-C(CH;) ppm. *C{'H} NMR (63 MHz, benzene-d,, 26
°C) 6 165.7 (3-pz-C), 1652 (Ar-Cl), 147.5 (5-pz-C), 133.2 (Ar—
CCF,), 122.4 (Ar-C3/5), 119.4 (Ar-C2/6), 110.7 (Ar-C4), 104.5 (4-
pz-C), 322 (pz-C(CH,);), 304 (pz-C(CHj;)5), 12.9 (pz-C(CH,))
ppm. *C NMR resonances for the CF; group showed no C—F
coupling. ''B{'H} NMR (80 MHz, benzene-dg, 26 °C) 6 —8.2 (br s)
ppm. YF{'"H} NMR (376 MHz, benzene-dg, 26 °C) 5 —62.8 ppm; IR
(KBr) © 2972 (w), 2935 (vw), 2866 (vw), 2558 (vw, B—H), 1605
(m), 1556 (s), 1533 (vw), 1471 (m), 1466 (m), 1456 (w), 1435 (w),
1399 (s), 1385 (vs), 1360 (m), 1352 (m), 1332 (vw), 1275 (w), 1243
(w), 1204 (w), 1167 (vs), 1128 (vs), 1099 (w), 1084 (w), 1068 (w),
1028 (w), 1016 (w), 997 (m), 964 (s), 893 (w), 883 (w), 878 (vw),
859 (w), 856 (w), 845 (w), 806 (w), 799 (w), 774 (vw), 764 (w),
732 (w), 700 (w), 682 (m), 643 (w), 628 (vw), 613 (vw), 411 (vw)
cm™". Elemental analysis caled (%) for C4H4BF,LuNO,: C 45.47,
H 4.39, N 7.95; found C 46.00, H 3.53, N 8.52. Although these results
are outside the range viewed as establishing analytical purity (C:
+0.53%, H: —0.86%, N: +0.57%), they are provided to illustrate the
best values obtained to date. Due to the high F content, no better
elemental analysis could be obtained.
Tp‘B”'MeYMe(OCGHztBuz-Z,G-Me-4) (4-Y). A precooled solution
of HOC4H,Bu,-2,6-Me-4 (18.0 mg, 0.082 mmol) in n-hexane (S
mL) was added to a precooled suspension of Tp®*M*YMe(AlMe,)
(50.0 mg, 0.081 mmol) in n-hexane (S mL) at —35 °C. The
suspension was stirred for 2 h at —35 °C. The reaction mixture was
evaporated to dryness in vacuo and washed with n-hexane (3 X 2
mL). Crystallization from toluene yielded compound 4-Y (47 mg,
0.063 mmol, 78%). "H NMR (500 MHz, toluene-dg, 26 °C) 6 7.17 (s,
2H, Ar-H), 5.50 (s, 3H, 4-pz-H), 4.55 (v br d, 'J(BH) = 100 Hz, 1H,
BH), 2.39 (s, 3H, C(CHjy)), 1.99 (br s, 9H, pz-CHj,), 1.55 (s, 18H,
C(CH,),), 1.29 (s, 27H, pz-C(CHj;)), 0.27 (br s, 3H, YCH,) ppm.
'H NMR (500 MHz, THF-d,, 0 °C) § 6.70 (s, 2H, Ar-H), 6.20 (s,
3H, 4-pz-H), 474 (v br d, 'J(BH) = 100 Hz, 1H, BH), 2.44 (s, 3H,
C(CHs3)), 2.09 (br s, 9H, pz-CH,), 1.43 (s, 18H, C(CH3);), 1.37 (s,
27H, pz-C(CH,)), —0.36 (d, 3H, J(YH) = 1.8 Hz, YCH,) ppm.
BC{'H} NMR (101 MHz, THF-dg, 0 °C) 6 165.2 (3-pz-C), 159.6
(Ar-C1), 149.2 (5-pz-C), 138.6 (Ar-C2/6), 124.8 (Ar-C3/5), 119.9
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(Ar-C4), 105.8 (4-pz-C), 35.4 (Ar-C(CH,;);), 32.9 (pz-C(CH,),),
31.5 (Ar—C(CH,),), 31.1 (pz-C(CH,),), 26.8 (d, 'J(YC) = 44.6 Hz,
YCH,), 21.5 (Ar—C(CH,)), 13.6 (pz-C(CH,)) ppm. "B{'H} NMR
(80 MHz, benzene-dg, 26 °C) 5 —8.8 (br s) ppm. ¥Y NMR (from
'"H-%Y HSQC, 25 MHz, THF-d, 0 °C) § 556 ppm; IR (KBr) o
2957 (s), 2931 (m), 2857 (m), 2566 (vw, B—H), 1539 (s), 1489
(vw), 1473 (m), 1464 (m), 1458 (m), 1426 (vs), 1382 (w), 1354
(m), 1348 (m), 1325 (w), 1286 (s), 1261 (vw), 1240 (vw), 1184
(m), 1161 (vs), 1135 (w), 1071 (m), 1062 (w), 1028 (w), 984 (vw),
888 (vw), 866 (m), 859 (m), 859 (w), 847 (m), 812 (w), 804 (w),
788 (w), 779 (w), 760 (s), 730 (vw), 682 (m), 675 (m), 659 (m),
644 (m), 590 (vw), 575 (vw), 548 (w), 524 (w), 472 (vw), 439 (vw),
426 (m) cm™. Elemental analysis calcd (%) for C,oHgBNzOY: C
64.34, H 8.91, N 11.25; found C 63.65, H 8.43, N 10.38. Although
these results are outside the range viewed as establishing analytical
purity (C: —0.79%, N: —0.87%), they are provided to illustrate the
best values obtained to date. Due to fast decomposition at ambient
temperature no better elemental analysis could be obtained.
Tp‘B”'MeLuMe(OCGHztBu2-2,6-Me-4) (4-Lu). A solution of
HOCH,tBu,-2,6-Me-4 (35.0 mg, 0.159 mmol) in n-hexane (5 mL)
was added to a suspension of Tp™*™*LuMe, (100 mg, 0.158 mmol) in
n-hexane (S mL) and stirred for 6 h at ambient temperature. The
solution was filtered and concentrated in vacuo. Crystallization at —35
°C yielded compound 4-Lu (100 mg, 0.121 mmol, 77%) as colorless
crystals. "H NMR (400 MHz, benzene-dg, 26 °C) & 7.17 (s, 2H, Ar-
H), 5.66 (s, 3H, 4-pz-H), 4.66 (v br d, J(BH) = 100 Hz, 1H, BH),
2.30 (s, 3H, C(CH,)), 2.08 (br s, 9H, pz-CH;), 1.40 (br s, 45H,
C(CH;);), 0.67 (s, 3H, LuCH;) ppm. “C{'H} NMR (101 MHz,
benzene-dg, 26 °C) 6 166.0 (3-pz-C), 162.5 (Ar-C1), 138.6 (5-pz-C),
126.1 (Ar-C3/5), 124.1 (Ar-C4), 120.4 (Ar-C2/6), 104.9 (4-pz-C),
404 (Lu—CH,), 32.5 (Ar-C(CH,),), 31.0 (C(CH,),;), 21.3 (Ar—
C(CH,)), 13.4 (pz-C(CH,;)) ppm. "B{'H} NMR (80 MHz,
benzene-dg, 26 °C) 6 —8.1 (br s) ppm; IR (KBr) 7 3067 (vw),
3026 (vw), 2961 (vs), 2928 (s), 2865 (m), 2563 (w, B—H), 1544
(vs), 1464 (m), 1428 (vs), 1409 (s), 1353 (s), 1328 (m), 1264 (vs),
1232 (vs), 1217 (vs), 1198 (s), 1170 (m), 1155 (w), 1129 (w), 1121
(w), 1070 (m), 1055 (m), 1025 (m), 1017 (m), 1004 (w), 984 (w),
889 (vw), 861 (vw), 849 (m), 823 (m), 808 (m), 793 (m), 779 (m),
767 (m), 731 (w), 679 (w), 646 (w), 639 (w), 525 (m), 512 (w), 503
(w), 438 (w), 404 (w) cm™'. Elemental analysis calcd (%) for
C4oHgBLuN4O: C 57.69, H 7.99, N 10.09; found C 58.27, H 8.19, N
9.86. Although these results are outside the range viewed as
establishing analytical purity (C: +0.58%), they are provided to
illustrate the best values obtained to date.
Tp'8*MeYMe(OC4H;Me,-2,6) (5-Y). A suspension of
KOC4H;Me,-2,6 (26.1 mg, 0.163 mmol) in toluene (5 mL) was
added to a solution of Tp™®*M*YMe(AIMe,) (100 mg, 0.163 mmol) in
toluene (S mL). The reaction mixture was stirred for 6 h at ambient
temperature. The precipitate was removed by filtration and the
solution was concentrated in vacuo. Crystallization at —35 °C yielded
compound 5-Y (62.0 mg, 0.096 mmol, 59%) as colorless crystals. 'H
NMR (250 MHz, benzene-dg, 26 °C) § 7.01 (d, 2H, *J(HH) = 7.3
Hz, Ar-H), 6.66 (t, °’J(HH) = 14.4 Hz, 1H, Ar-H), 5.57 (s, 3H, 4-pz-
H), 472 (v br d, 1H, 'J(BH) = 130 Hz, BH), 2.12 (s, 9H, pz-CH;),
1.82 (s, 6H, C(CH,)), 1.36 (s, 27H, pz-C(CH3)), 046 (d, 3H,
J(YH) = 1.8 Hz, YCH,) ppm. *C{'"H} NMR (63 MHz, benzene-d,,
26 °C) 5 165.1 (3-pz-C), 161.9 (Ar-C1), 146.3 (5-pz-C), 128.2 (Ar-
C2/6), 126.8 (Ar-C3/5), 116.8 (Ar-C4), 103.8 (4-pz-C), 32.6 (pz-
C(CH,),), 31.0 (pz-C(CH,)s), 22.5 (d, YCH,, 2J(YC) = 51.2 Hz),
17.1 (Ar—C(CHj,), 13.4 (pz-C(CH;)) ppm. "B{'H} NMR (80 MHz,
benzene-dg, 26 °C) § —8.9 (br s) ppm. ¥Y NMR (from 'H-%Y
HSQC, 25 MHz, benzene-dg, 26 °C) § 580 ppm; IR (KBr) 7 3002
(vw), 2961 (vs), 2927 (m), 2862 (m), 2569 (vw, B—H), 1589 (w),
1541 (s), 1464 (vs), 1425 (vs), 1381 (w), 1359 (s), 1348 (m), 1336
(vw), 1308 (vs), 1284 (s), 1238 (s), 1197 (vs), 1173 (m), 1119 (w),
1090 (m), 1074 (m), 1063 (m), 1026 (m), 1013 (w), 986 (w), 876
(w), 862 (w), 848 (vw), 802 (s), 787 (m), 766 (m), 756 (s), 757 (s),
745 (w), 730 (w), 708 (w), 657 (vw), 657 (m), 645 (m), 537 (w),
514 (vw), 478 (vw), 464 (w), 420 (w) cm™". Elemental analysis calcd
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(%) for C43Hy,BNOY: C 61.12, H 8.08, N 12.96; found C 61.43, H
8.15, N 12.78.

Tp®BUMeLuMe(OC¢H;Me,-2,6) (5-Lu). A suspension of
KOC¢H;Me,-2,6 (23.0 mg, 0.144 mmol) in toluene (S mL) was
added to a solution of Tp™*"M*LuMe(AlMe,) (100 mg, 0.143 mmol)
in toluene (S mL). The reaction mixture was stirred for 6 h at ambient
temperature. The precipitate was removed by filtration and the
solution was concentrated in vacuo. Crystallization at —35 °C yielded
compound 5-Lu (51.0 mg, 0.069 mmol, 48%) as colorless crystals. 'H
NMR (250 MHz, benzene-dg, 26 °C) § 7.02 (d, 2H, 3J(HH) = 7.4
Hz, Ar-H), 6.66 (t, 3J(HH) = 13.4 Hz, 1H, Ar-H), 5.62 (s, 3H, 4-pz-
H), 4.69 (v br d, 1H, 'J(BH) = 150 Hz, BH), 2.12 (s, 9H, pz-CH,),
1.82 (s, 6H, C(CH,)), 1.39 (s, 27H, pz-C(CHj;)), 0.55 (s, 3H, Lu—
CH,) ppm. BC{'H} NMR (63 MHz, benzene-dg, 26 °C) 5 165.8 (3-
pz-C), 161.9 (Ar-Cl1), 146.3 (S-pz-C), 128.3 (Ar-C2/6), 127.0 (Ar-
C3/5), 116.8 (Ar-C4), 1040 (4-pz-C), 32.5 (pz-C(CHy),), 322
(Lu—CH;), 31.1 (pz-C(CH,);), 17.1 (Ar—C(CH;), 13.3 (pz-
C(CH;)) ppm. "B{'H} NMR (80 MHz, benzene-ds, 26 °C) &
—8.5 ppm. IR (KBr) & 3002 (vw), 2962 (s), 2909 (m), 2863 (w),
2863 (vw), 2571 (vw, B—H), 1589 (vw), 1542 (s), 1465 (s), 1435
(vs), 1360 (s), 1351 (m), 1338 (w), 1307 (vw), 1288 (vs), 1239 (m),
1198 (s), 1174 (vs), 1132 (w), 1090 (w), 1075 (m), 1062 (m), 1027
(w), 1013 (w), 987 (w), 877 (w), 863 (w), 849 (vw), 804 (w), 788
(s), 768 (s), 757 (s), 745 (w), 731 (vw), 708 (w), 676 (vw), 657
(vw), 645 (m), 537 (w), 516 (w), 487 (vw), 401 (m) cm .
Elemental analysis calcd (%) for C33Hg,BLuNO: C 53.96, H 7.14, N
11.44; found C 53.88, H 6.99, N 11.37.

Tp'“MeYMe(OC¢H;iPr,-2,6) (6-Y). A suspension of KOC H,iPr,-
2,6 (35.3 mg, 0.163 mmol) in toluene (S mL) was added to a solution
of Tp®"MYMe(AlMe,) (100 mg, 0.163 mmol) in toluene (S mL).
The reaction mixture was stirred for 6 h at ambient temperature. The
precipitate was removed by filtration and the solution was
concentrated in vacuo. Crystallization at —35 °C yielded compound
6-Y (64.0 mg, 0.091 mmol, 56%) as colorless crystals. "H NMR (250
MHz, benzene-dg, 26 °C) § 7.13 (d, J(HH) = 7.6 Hz, 2H, Ar-H),
6.85 (t, J(HH) = 15.1 Hz, 1H, Ar-H), 5.60 (s, 3H, 4-pz-H), 4.73 (v
br d, 'J(BH) = 286 Hz, 1H, BH), 3.09 (br s, 2H, CH(CH,),), 2.13 (s,
9H, pz-CH;), 1.39 (s, 27H, pz-C(CH,)), 1.12 (d, *J(HH) = 7.0 Hz,
12H, CH(CH,),), 0.50 (d, 3H, *J(YH) = 1.9 Hz, YCH,) ppm.
BC{'H} NMR (63 MHz, benzene-dg, 26 °C) § 165.3 (3-pz-C), 158.7
(Ar-C1), 146.3 (5-pz-C), 138.0 (Ar-C2/6), 123.0 (Ar-C3/5), 117.7
(Ar-C4), 104.3 (4-pz-C), 32.3 (pz-C(CHj,),), 32.1 (Y—CH,), 31.1
(pz-C(CHy),), 25.8 (Ar-CH(CH,),), 24.5 (Ar—CH(CH,),), 13.3
(pz-C(CH,)) ppm. "B{'H} NMR (80 MHz, benzene-d, 26 °C) &
—8.5 (br s) ppm. ¥Y NMR (from 'H-%Y HSQC, 25 MHz, benzene-
dg, 26 °C) 6 578 ppm; IR (KBr) 7 3017 (vw), 2960 (s), 2862 (w),
2558 (vw, B—H), 1587 (vw), 1540 (s), 1458 (m), 1433 (s), 1379
(w), 1354 (m), 1335 (s), 1274 (s), 1241 (w), 1209 (m), 1194 (m),
1175 (m), 1119 (vw), 1074 (w), 1011 (vw), 984 (vw), 888 (w), 866
(w), 798 (m), 766 (m), 750 (m), 730 (w), 695 (w), 679 (w), 660
(w), 646 (w), 570 (vw), S1S (vw), 464 (vw), 437 (vw), 403 (w)
cm™'. Elemental analysis caled (%) for C;,Hg,BN4OY: C 63.07, H
8.58, N 11.93; C 62.74, H 8.49, N 11.67.

Tp‘B“'MELuMe(0C6H3iPr2-2,6) (6-Lu). A suspension of KO-
CgH,iPr,-2,6 (31.1 mg, 0.144 mmol) in toluene (S mL) was added
to a solution of Tp®"™LuMe(AlMe,) (100 mg, 0.143 mmol) in
toluene (5 mL). The reaction mixture was stirred for 6 h at ambient
temperature. The precipitate was removed by filtration and the
solution was concentrated in vacuo. Crystallization at —35 °C yielded
compound 6-Lu (80.0 mg, 0.101 mmol, 71%) as colorless crystals. 'H
NMR (250 MHz, benzene-d,, 26 °C) 6 7.11 (d, J(HH) = 7.5 Hz,
2H, Ar-H), 6.85 (t, J(HH) = 15.1 Hz, 1H, Ar-H), 5.60 (s, 3H, 4-pz-
H), 470 (v br d, 'J(BH) = 150 Hz, 1H, BH), 3.08 (br s, 2H,
CH(CH,;),), 2.12 (s, 9H, pz-CHj;), 1.38 (s, 27H, pz-C(CH,;)), 1.11
(br s, 12H, CH(CHs;),), 0.50 (s, 3H, Lu—CH,) ppm. “C{'H} NMR
(63 MHz, benzene-dg, 26 °C) 6 165.5 (3-pz-C), 158.6 (Ar-Cl), 146.3
(5-pz-C), 137.7 (Ar-C2/6), 122.9 (Ar-C3/5), 117.8 (Ar-C4), 104.3
(4-pz-C), 32.4 (pz-C(CHs,);), 32.1 (Lu—CHj,), 31.1 (pz-C(CH,)s),
25.8 (Ar-CH(CH,),), 24.5 (Ar—CH(CH,),), 13.3 (pz-C(CH,))
ppm. "B{'H} NMR (80 MHz, benzene-dg, 26 °C) & —8.5 (br s)
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ppm; IR (KBr) 7 2964 (s), 2863 (w), 2564 (vw, B—H), 1542 (s),
1488 (vw), 1472 (w), 1463 (m), 1456 (m), 1435 (vs), 1380 (vw),
1355 (m), 1339 (s), 1277 (m), 1241 (w), 1210 (w), 1194 (m), 1174
(m), 1139 (vw), 1099 (vw), 1073 (m), 1061 (w), 1043 (vw), 1028
(w), 1013 (vw), 989 (vw), 892 (w), 870 (w), 848 (vw), 805 (w), 790
(s), 766 (m), 747 (m), 696 (vw), 677 (vw), 661 (vw), 646 (w), 640
(w), 572 (vw), 517 (w), 491 (vw), 421 (vw), 401 (w) cm™.
Elemental analysis calcd (%) for Cy,HgBLuNO: C 56.20, H 7.65, N
10.63; found C 56.50, H 7.64, N 10.68.

TpBuMeyMe[OC¢H,(CF;),-3,5)] (7-Y). A precooled solution of
KOCH;(CF;),-3,5 (40.1 mg, 0.150 mmol) in toluene (S mL) was
added to a precooled suspension of Tp®*MYMe(AIMe,) (75.0 mg,
0.122 mmol) in toluene (S mL) at —3S °C. The suspension was
stirred for 4 h at —35 °C. The precipitate was removed by filtration
and the solution was concentrated in vacuo. Crystallization at =35 °C
yielded compound 7-Y (79.0 mg, 0.104 mmol, 69%) as colorless
crystals. "H NMR (250 MHz, benzene-dg, 26 °C) § 6.98 (s, 1H, Ar-
H), 6.36 (s, 2H, Ar-H), 5.53 (s, 3H, 4-pz-H), 4.73 (v br d, 1H, 'J(BH)
= 150 Hz, BH), 2.12 (s, 9H, pz-CH3), 1.32 (s, 27H, pz-C(CH,)), 0.27
(d, 3H, *J(YH) = 1.8 Hz, Y-CH,) ppm. *C{'H} NMR (63 MHz,
benzene-dg, 26 °C) 6 165.0 (Ar-C1), 164.8 (3-pz-C), 147.0 (5-pz-C),
132.2 (Ar—CCFy), 121.2 (Ar-C4), 119.4 (Ar-C2/6), 109.3 (Ar-C3/
5), 103.7 (4-pz-C), 32.4 (pz-C(CH,)3), 31.1 (pz-C(CH,),), 22.3 (d,
7J(YC) = 50.8 Hz, Y-CH;), 13.1 (pz-C(CH;)) ppm. C NMR
resonances for the CF; groups showed no C—F coupling. ''B{'H}
NMR (80 MHz, benzene-dg, 26 °C) 6§ —7.9 (br s) ppm. “F{'H}
NMR (376 MHz, benzene-dg, 26 °C) § —62.6 ppm. *Y NMR (from
'"H-*Y HSQC, 25 MHz, benzene-d, 26 °C) & 620 ppm; IR (KBr) ¥
2966 (m), 2933 (w), 2907 (w), 2861 (w), 2559 (w, B—H), 1601 (w),
1558 (vw), 1541 (vs), 1506 (vw), 1471 (s), 1458 (s), 1447 (m), 1435
(s), 1392 (vs), 1359 (s), 1351 (m), 1334 (w), 1311 (vw), 1273 (vs),
1252 (w), 1242 (w), 1205 (m), 1194 (m), 1170 (vs), 1123 (vs), 1100
(w), 1073 (m), 1064 (m), 1027 (m), 1013 (w), 996 (w), 986 (w),
963 (s), 882 (w), 876 (w), 866 (w), 843 (w), 802 (s), 765 (s), 731
(w), 681 (m), 658 (w), 643 (m), 622 (w), 612 (m), 569 (vw), 516
(w), 472 (w), 464 (w), 442 (w), 409 (s) cm™'. Elemental analysis
caled (%) for C33H,6BENGOY: C 52.40, H 6.13, N 11.11; found C
5278, H 6.25, N 11.21.

TpBUMeLuMe[OC4H;(CF;),-3,51 (7-Lu). A suspension of
KOCH;(CF;),-3,5 (38.2 mg, 0.142 mmol) in toluene (S mL) was
added to a solution of Tp®*™*LuMe(AlMe,)](100 mg, 0.142 mmol)
in toluene (5 mL). The reaction mixture was stirred for 6 h at ambient
temperature. The precipitate was removed by filtration and the
solution was concentrated in vacuo. Crystallization at —35 °C yielded
compound 7-Lu (80.0 mg, 0.095 mmol, 67%) as colorless crystals. 'H
NMR (250 MHz, benzene-dg, 26 °C) § 7.03 (s, 1 H, Ar-H), 6.34 (s,
2H, Ar-H), 5.57 (s, 3H, 4-pz-H), 4.66 (v br d, 1H, 'J(BH) = 120 Hz,
BH), 2.12 (s, 9H, pz-CH;,), 1.35 (s, 27H, pz-C(CH,)), 0.37 (s, 3H,
LuCH,) ppm. BC{'H} NMR (63 MHz, benzene-d, 26 °C) § 165.7
(3-pz-C), 165.5 (Ar-Cl1), 147.0 (S-pz-C), 132.1 (Ar—CCF;), 126.9
(Ar-C4), 119.5 (Ar-C2/6), 109.2 (Ar-C3/5), 1042 (4-pz-C), 32.3
(pz-C(CH;);), 322 (Lu—CH,), 31.0 (pz-C(CH,);), 13.0 (pz-
C(CH;)) ppm. *C NMR resonances for the CF; group showed no
C—F coupling. "'B{'"H} NMR (80 MHz, benzene-dg, 26 °C) & —8.3
(br s) ppm. “F{H} NMR (376 MHz, benzene-ds, 26 °C) § —62.6
ppm; IR (KBr) D 2963 (m), 2936 (m), 2910 (w), 2862 (w), 2560 (w,
B—H), 1601 (m), 1541 (s), 1470 (s), 1433 (m), 1391 (vs), 1357 (m),
1334 (w), 1310 (vw), 1273 (vs), 1251 (w), 1242 (w), 1195 (m),
1169 (vs), 1125 (vs), 1099 (w), 1071 (m), 1062 (m), 1028 (w), 1015
(w), 996 (w), 986 (w), 963 (m), 881 (w), 866 (w), 843 (w), 802
(m), 765 (m), 731 (w), 704 (w), 680 (m), 658 (vw), 643 (w), 612
(w), 516 (vw), 410 (w), 403 (w) cm™". Elemental analysis calcd (%)
for C33HBF(LuN,O: C 47.04, H 5.50, N 9.97; found C 47.52, H
542, N 10.11.

[Tp™®MeYMe(dmap),][Me;Al(OC4H,tBu,-2,6-Me-4)] (8-Y). A
solution of HOC¢H;tBu,-2,6-Me-4 (35.9 mg, 0.163 mmol) in toluene
(5 mL) was added to a solution of Tp®"MYMe(AlMe,) (100 mg,
0.163 mmol) in toluene (S mL). A solution of dmap (29.8 mg, 0.243
mmol) in n-hexane (1 mL) was added to the solution and the reaction
mixture was stirred for 1 h at ambient temperature. The precipitate
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was allowed to settle and washed with cold toluene (3 X 2 mL). The
precipitate was dried in vacuo and gave 8-Y as white solid (80.0 mg,
0.07S mmol, 46%). Crystals suitable for XRD analysis could be
obtained by performing the reaction under the same conditions
without stirring. "H NMR (500 MHz, THF-dg, 0 °C) & 7.70 (br s, 4H,
dmap), 6.70 (s, 2H, Ar-H), 6.44 (s br, 4H, dmap), 6.03 (s, 3H, 4-pz-
H), 4.93 (v br d, 'J(BH) = 100 Hz, 1H, BH), 2.95 (s br, 12H, dmap,
N(CHs),), 2.50 (s, 9H, pz-CH,), 2.08 (s, 3H, C(CH,)), 1.37 (s, 18H,
C(CH,),), 1.09 (s, 27H, pz-C(CH,),), —0.09 (s br, 3H, YCH,),
—1.01 (s, 9H, AICH,) ppm. “C{'H} NMR (101 MHz, THEF-dg, 26
°C) 6 165.2 (3-pz-C), 159.9 (Ar-C1), 155.7 (C3, dmap), 149.7 (S-pz-
C), 148.4 (C1, dmap), 138.8 (Ar-C2/6), 124.8 (Ar-C3/5), 120.8 (Ar-
C4), 107.2 (4-pz-C), 105.8 (C2, dmap), 38.8 (NCH,, dmap), 35.4
(Ar-C(CH,)), 32.7 (pz-C(CH,),), 317 (pz-C(CH,),), 30.9 (Ar-
C(CHj;)3), 26.9 (d, 2J(YC) = 47.4 Hz, Y—CH,), 21.5 (Ar—C(CH,)),
13.6 (pz-C(CH,)), —2.7 (AICH;) ppm. “B{’H} NMR (80 MHz,
THF-dg, 26 °C) § —8.7 ppm. ¥Y NMR (from 'H-¥Y HSQC, 25
MHz, THF-dg, 26 °C) & 555 ppm; IR (KBr) 7 3057 (vw), 3016 (w),
2958 (s), 2915 (m), 2863 (w), 2723 (vw), 2561 (vw, B—H), 1640
(m), 1616 (s), 1557 (m), 1539 (vs), 1456 (m), 1436 (m), 1418 (s),
1386 (m), 1355 (m), 1313 (w), 1286 (w), 1265 (m), 1236 (s), 1200
(m), 1160 (w), 1132 (w), 1120 (w), 1066 (m), 1037 (vw), 1023 (w),
1004 (s), 985 (w), 949 (w), 887 (vw), 861 (w), 833 (m), 819 (m),
806 (m), 792 (w), 781 (m), 760 (w), 729 (w), 689 (w), 646 (w), 614
(vw), 533 (w), 520 (w), 502 (vw), 458 (vw), 439 (vw), 419 (vw),
412 (vw) cm™. Elemental analysis calcd (%) for Cs;HosAIBN,,OY: C
64.40, H 9.01, N 13.17, found C 64.91, H 8.54, N 13.74. Although
these results are outside the range viewed as establishing analytical
purity (C: +0.51%, N: +0.57%), they are provided to illustrate the
best values obtained to date.

[Tp'BuMeLuMe(dmap),][Me;Al(OC¢H,tBu,-2,6-Me-4)] (8-Lu).
A solution of HOC4H;tBu,-2,6-Me-4) (15.7 mg, 0.071 mmol) in
toluene (5 mL) was added to a solution of Tp®*MLuMe(AlMe,)
(50.0 mg, 0.071 mmol) in toluene (5 mL). A solution of dmap (26.1
mg, 0.214 mmol) in n-hexane (1 mL) was added to the solution and
the reaction mixture was stirred for 1 h at ambient temperature. The
precipitate was allowed to settle and washed with cold toluene (3 X 2
mL). The solid was dried in vacuo and gave 8-Lu as white solid (25.0
mg, 0.022 mmol, 31%). Crystals could be obtained by performing the
reaction under the same conditions without stirring. "H NMR (500
MHz, THF-dg, 26 °C) & 7.82 (br s, 4H, dmap), 6.70 (s, 2H, Ar-H),
6.45 (s br, 4H, dmap), 6.04 (s, 3H, 4-pz-H), 4.94 (v br d, J(BH) =
100 Hz, 1H, BH), 2.95 (s br, 12H, dmap, N(CH,),), 2.50 (s, 9H, pz-
CHj,), 2.10 (s, 3H, C(CH3)), 1.38 (s, 18H, C(CH,),), 1.12 (s, 27H,
pz-C(CH,);), —0.09 (s br, 3H, YCH;), —1.01 (s, 9H, AICH,) ppm.
BC{'H} NMR (101 MHz, THF-dg, 26 °C) § 165.1 (3-pz-C), 159.8
(Ar-C1), 155.8 (C3, dmap), 149.6 (5-pz-C), 148.3 (C1, dmap), 138.7
(Ar-C2/6), 124.8 (Ar-C3/5), 120.8 (Ar-C4), 107.1 (4-pz-C), 105.7
(C2, dmap), 38.8 (NCH,, dmap), 354 (Ar-C(CH,)), 32.7 (pz-
C(CH,),), 316 (pz-C(CHs),), 309 (Ar-C(CHS,)s), 26.7 (Lu—CHS),
21.4 (Ar—C(CHj;)), 13.6 (pz-C(CH;)) ppm. *C NMR resonances
for the AICH; group could not be detected. 'B{'H} NMR (80 MHz,
THF-d, 26 °C) 5 —8.8 ppm. IR (KBr) & 2959 (m), 2909 (m), 2812
(vw), 2563 (vw, B—H), 1616 (vs), 1543 (vs), 1506 (w), 1487 (w),
1457 (m), 1422 (s), 1393 (m), 1351 (m), 1327 (w), 1288 (m), 1267
(vw), 1238 (s), 1195 (m), 1182 (m), 1168 (m), 1117 (w), 1063 (m),
1023 (w), 1003 (vs), 986 (w), 949 (vw), 888 (vw), 862 (w), 848 (m),
818 (m), 809 (m), 798 (m), 782 (w), 770 (w), 761 (vw), 728 (vw),
681 (s), 642 (w), 612 (w), 554 (w), 537 (w), S11 (w), 480 (vw), 442
(vw), 412 (w) cm™'. Elemental analysis caled (%) for
CoHoAIBLuN,O: C 59.57, H 833, N 12.19, found C 60.09, H
821, N 12.41. Although these results are outside the range viewed as
establishing analytical purity (C: +0.52%), they are provided to
illustrate the best values obtained to date.

Thermal Activation of 4-Lu (9-Lu). In a glovebox, compound 4-
Lu was dissolved in benzene-dy and placed in a J. Young valve NMR
tube. The NMR tube was heated to 60 °C for 2 h, and a color change
from colorless to slight yellow was observed. The deuterated solvent
was evaporated, and few crystals suitable for XRD could be obtained
from a saturated solution of 9-Lu in toluene at —35 °C.
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X-ray Crystallography and Crystal Structure Determina-
tions. Single crystals of 1-Lu, 2-Lu, 3-Lu, 4-Lu, $-Ln, 6-Ln, 7-Ln, 8-
Y, and 9-Lu were grown by standard techniques from saturated
solutions in n-hexane, toluene, or THF at —35 °C as stated in the
Experimental Section. Suitable crystals were collected in a glovebox
and coated with Parabar 10312 (previously known as Paratone N,
Hampton Research) and fixed on a nylon loop/glass fiber. X-ray data
for all compounds were collected on a Bruker APEX II DUO
instrument equipped with an IuS microfocus sealed tube and
QUAZAR optics for MoK, (1 = 0.71073 A) and CuK, (1 =
1.54184 A) radiation. The data collection strategy was determined
using COSMO®' emgloying w-scans. Raw data were processed using
APEX®* and SAINT, corrections for absorption effects were applied
using SADABS.®* The structures were solved by direct methods and
refined against all data by full-matrix least-squares methods on F?
using SHELXTL®® and ShelXle.”® Disorder models were calculated
using DSR, a program for refining structures in ShelX1.*” Compound
7-Y was refined as a twin, using hklf4 format. Restraints were given
(RIGU/ISOR) because the complex showed additional disorder. 7-
Lu was also twinned, and refinement in hkIfS format decreased the
wR2 from 0.48 to 0.085. Restraints were given for the disordered CF;
groups. All graphics were produced employing ORTEP-3° and POV-
Ray.”” Further details of the refinement and crystallographic data are
listed in Table SI (SI) and in the CIF files (CCDC depositions
1952857—1952868).
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NMR spectroscopy

The solvent residual peaks are marked with an asterisk (*).
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Figure S1. "H NMR spectrum (250 MHz, [Ds]benzene) of complex Tp®uMeLu(OCeHsMe2-2,6)2 (1-Lu)
at 26 °C.
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Figure S2. *C{'H} NMR spectrum (63 MHz, [Ds]benzene) of complex Tp®“MeLu(OCsHsMe2-2,6)2 (1-

Lu) at 26 °C.
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Figure S3. "'B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex Tp®BuMel u(OCsHsMe2-2,6)2 (1-
Lu) at 26 °C.
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Figure S4. "H NMR spectrum (250 MHz, [Ds]benzene) of complex Tp®UMeLu(OCeHaiPrz2-2,6)2 (2-Lu) at
26 °C.
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Figure S5. 3C{'"H} NMR spectrum (63 MHz, [Ds]benzene) of complex Tp®uMeLu(OCsH3iPr2-2,6)2 (2-
Lu) at 26 °C.
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Figure S6. "'B{'"H} NMR spectrum (80 MHz, [De]benzene) of complex Tp®BuMel u(OCsHsiPr2-2,6)2 (2-
Lu) at 26 °C.
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Figure S7. "H NMR spectrum (250 MHz, [Ds]benzene) of complex Tp®B“MeLu[OCsH3(CF3)2-3,5]2 (3-Lu)
at 26 °C.
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Figure S8. *C{'H} NMR spectrum (63 MHz, [Ds]benzene) of complex Tp®uMeu[OCsH3(CF3)2-3,5]2 (3-
Lu) at 26 °C.
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Figure S9. "'B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex Tp®uMel u[OCesH3(CF3)2-3,5]2 (3-
Lu) at 26 °C.
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Figure S10. °F{"H} NMR spectrum (376 MHz, [Ds]benzene) of complex Tp®MeLu[OCesH3(CF3)2-3,5]2
(3-Lu) at 26 °C.
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Figure S11. 'H NMR spectrum (500 MHz, [Dg]toluene) of complex Tp®BuMeYMe(OCeH2tBuz-2,6-Me-4)
(4-Y) at 26 °C.
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Figure S12. "H NMR spectrum (500 MHz, [Dg]thf) of complex Tp®uMeYMe(OCsH2tBu2-2,6-Me-4) (4-Y)
at0 °C.
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Figure S$13. "3C{'H} NMR spectrum (126 MHz, [Dg]thf) of complex Tp®B“MeYMe(OCsH2tBu2-2,6-Me-4)
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Figure S14. ""B{'"H} NMR spectrum (80 MHz, [Ds]toluene) of complex Tp®uMeYMe(OCsH2tBu2-2,6-Me-
4) (4-Y) at 26 °C.
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Figure S15. 'H-8Y HSQC NMR spectrum (25 MHz, [Ds]thf) of complex Tp®uMeYMe(OCsH2tBu2-2,6-Me-
4) (4-Y) at 0 °C.
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Figure $16. '"H NMR spectrum (400 MHz, [De]benzene) of complex Tp®“MeLuMe(OCsH2tBu2-2,6-Me-
4) (4-Lu) at 26 °C with traces of n-hexane (#).
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Figure S17. *C{"H} NMR spectrum (101 MHz, [De]benzene) of complex Tp®BuMel uMe(OCsH2tBu2-2,6-
Me-4) (4-Lu) at 26 °C with traces of n-hexane (#).
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Figure S18. ""B{'H} NMR spectrum (80 MHz, [De]benzene) of complex Tp®BuMel uMe(OCsH2tBu2-2,6-

Me-4) (4-Lu) at 26 °C.
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Figure S19. "H NMR spectrum (250 MHz, [Ds]benzene) of complex Tp®B“MeYMe(OCeHsMe2-2,6) (5-Y)

at 26 °C.
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Figure S20. *C{'H} NMR spectrum (63 MHz, [De¢]benzene) of complex Tp®“MeYMe(OCesHisMe2-2,6) (5-

Y) at 26 °C.
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Figure S21. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex Tp®uMeYMe(OCsHsMe2-2,6) (5-
Y) at 26 °C.
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Figure S$22. 'H-8°Y HSQC NMR spectrum (25 MHz, [Ds]benzene) of complex Tp®uMeYMe(OCsHsMe2-
2,6) (5-Y) at 26 °C.
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Figure $23. 'H NMR spectrum (250 MHz, [Ds]benzene) of complex Tp®“MeLuMe(OCeHsMe2-2,6) (5-
Lu) at 26 °C with traces of Tp®uMeLuMe(AIMea) (#).
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Figure S24. 3*C{"H} NMR spectrum (63 MHz, [Ds]benzene) of complex Tp®UMeLuMe(OCsHsMe2-2,6)
(5-Lu) at 26 °C.
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Figure $25. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex Tp®uMeLuMe(OCeHsMe2-2,6) (5-
Lu) at 26 °C.
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Figure S26. '"H NMR spectrum (250 MHz, [De]benzene) of complex Tp®BuMeYMe(OCsHsiPr2-2,6) (6-Y)
at 26 °C.
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Figure S27. *C{"H} NMR spectrum (63 MHz, [Ds]benzene) of complex Tp®uMeYMe(OCsH3iPr2-2,6)
(6-Y) at 26 °C, no Y-C coupling was observed.
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Figure S28. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex Tp®uMeYMe(OCeHaiPrz-2,6) (6-
Y) at 26 °C.
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Figure S$29. 'H-8Y HSQC NMR spectrum (25 MHz, [Ds]benzene) of complex TpB“MeYMe(OCsHaiPr2-
2,6) (6-Y) at 26 °C.
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Figure S30. 'H NMR spectrum (250 MHz, [Ds]benzene) of complex Tp®“Me| uMe(OCsHaiPr2-2,6) (6-
Lu) at 26 °C.
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Figure S31. *C{"H} NMR spectrum (63 MHz, [Ds]benzene) of complex Tp®uMeLuMe(OCeHsiPr2-2,6)
(6-Lu) at 26 °C.
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Figure $32. ""B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex Tp®uMe uMe(OCsH3iPr2-2,6) (6-
Lu) at 26 °C.
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Figure $33. '"H NMR spectrum (250 MHz, [Ds]benzene) of complex Tp®BuMeYMe[OCsH3(CF3)2-3,5] (7-
Y) at 26 °C and traces of decomposition products (#).
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Figure S34. *C{"H} NMR spectrum (63 MHz, [Ds]benzene) of complex Tp®uMeYMe[OCsH3(CF3)2-3,5]

(7-Y) at 26 °C and traces of decomposition products (#).
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Figure $35. ""B{'H} NMR spectrum (80 MHz, [Ds]benzene) of complex Tp®uMeYMe[OCeHs(CF3)2-3,5]
7-Y) at 26 °C.
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Figure S36. °F{"H} NMR spectrum (376 MHz, [Ds]benzene) of complex Tp®Bu“MeYMe[OCsH3(CF3)2-3,5]
(7-Y) at 26 °C and traces of decomposition products (#).
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Figure S37. 'H-8Y HSQC NMR spectrum (25 MHz, [Ds]benzene) of complex Tp®BuMeYMe[OCsH3(CF3)2-

3,5] (7-Y) at 26 °C.
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Figure $38. '"H NMR spectrum (250 MHz, [Ds]benzene) of complex Tp®B“Me_ uMe[OCsH3(CF3)2-3,5] (7-

Lu) at 26 °C.
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Figure S39. *C{"H} NMR spectrum (63 MHz, [Ds]benzene) of complex Tp®uMeLuMe[OCsH3(CF3)2-3,5]
(7-Lu) at 26 °C and traces of decomposition products (#).
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Figure S40. "'B{'"H} NMR spectrum (80 MHz, [Ds]benzene) of complex Tp®uMe uMe[OCsH3(CF3)2-3,5]
(7-Lu) at 26 °C.
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Figure S41. "°F{'"H} NMR spectrum (376 MHz, [Ds]benzene) of complex Tp®B“MeLuMe[OCesH3(CF3).-
3,5] (7-Lu) at 26 °C.
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Figure S42. '"H NMR spectrum (500 MHz, [Ds]thf) of complex [Tp®B“MeYMe(dmap)2][MesAl(OCsH2tBu2-
2,6-Me-4)] (8-Y) at 0 °C, no Y-H coupling was observed.
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Figure S43. "*C{'H} NMR spectrum (101 MHz, [Dg]thf) of complex
[TpBuMeYMe(dmap)2][MesAl(OCsH2tBuz-2,6-Me-4)] (8-Y) at 26 °C.
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Figure S44. ""B{"H} NMR spectrum (80 MHz, [Dg]thf) of complex
[TpBvMeYMe(dmap)2][MesAl(OCsH2tBuz-2,6-Me-4)] (8-Y) at 26 °C.
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Figure $45. 'H-8Y HSQC NMR spectrum (25 MHz, [De]thf) of complex
[TpBuMeYMe(dmap)2][MesAl(OCsH2tBuz-2,6-Me-4)] (8-Y) at 0 °C.
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Figure S$46. '"H NMR spectrum (500 MHz, [Ds]thf) of complex
[Tp®BuMeLuMe(dmap)2][Me3Al(OCsH2tBu2-2,6-Me-4)] (8-Lu) at 26 °C.
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Figure S47. "*C{'H} NMR spectrum (101 MHz, [Dg]thf) of complex
[Tp®BuMeLuMe(dmap)2][Me3Al(OCsH2tBuz-2,6-Me-4)] (8-Lu) at 26 °C.
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Figure S48. ""B{"H} NMR spectrum (80 MHz, [Dg]thf) of complex
[TpBvMeLuMe(dmap)z][MesAl(OCeHatBuz2-2,6-Me-4)] (8-Lu) at 26 °C.
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X-ray structure analyses

1-Lu Selected bond lengths
and angles [A, °]

Lu1b—N2 2.335(2)

Lu1b—N4 2.362(9)

Lu1b—N6 2.439(3)

Lu1b-0O1 2.052(2)
Lu1b—-02b 2.06(2)

Lu1b—-01-C25 170.9(2)
Lu1b—02b—C33b 174(3)

Figure S49. ORTEP representation of the crystal structure of 1-Lu with atomic displacement
parameters set at the 50% level. Hydrogen atoms except for BH and the disorder in the tert-butyl

groups, one aryloxy ligand, and one pyrazolyl ligand are omitted for clarity.

2-Lu Selected bond lengths
and angles [A, °]
Lu1-N2 2.365(1)
Lu1-N4 2.517(1)
Lu1-N6 2.370(1)
Lu1-0O1 2.072(1)
Lu1-02 2.038(1)
Lu1-01-C25 171.8(1)
Lu1-02-C37 175.4(1)

Figure S50. ORTEP representation of the crystal structure of 2-Lu with atomic displacement
parameters set at the 50% level. Hydrogen atoms except for BH, the second molecule in the unit cell

and solvents are omitted for clarity.

3-Lu Selected bond lengths
and angles [A, °]
Lu1-N2 2.397(2)
Lu1-N4 2.318(2)
Lu1-N6 2.315(2)
Lu1-0O1 2.090(2)
Lu1-02 2.064(2)
Lu1-01-C25 145.3(2)
Lu1-02-C33 147.3(2)

Figure S51. ORTEP representation of the crystal structure of 3-Lu with atomic displacement
parameters set at the 50% level. Hydrogen atoms except for BH and the disorder in one CF3 group are

omitted for clarity.
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5-Lu Selected bond lengths
and angles [A, °]
Lu1-N2 2.334(2)
Lu1-N4 2.492(2)
Lu1-N6 2.328(2)
Lu1-O1 2.053(2)
Lu1-C25 2.358(3)
Lu1-O1-C26 167.2(2)

Figure S52. ORTEP representation of the crystal structure of 5-Lu with atomic displacement
parameters set at the 50% level. Hydrogen atoms except for BH are omitted for clarity.

6-Y Selected bond lengths
and angles [A, °]
Y1-N2 2.375(1)
Y1-N4 2.384(2)
Y1-N6 2.561(2)
Y1-01 2.087(1)
Y1-C25 2.404(2)
Y1-01-C26 176.9(1)

Figure S53. ORTEP representation of the crystal structure of 6-Y with atomic displacement
parameters set at the 50% level. Hydrogen atoms except for BH, the disorder in one tert-butyl group
and solvent molecules are omitted for clarity.

7-Lu Selected bond lengths
and angles [A, °]
Lu1-N2 2.319(4)
Lu1-N4 2.322(4)
Lu1-N6 2.442(4)
Lu1-O1 2.085(3)
Lu1-C25 2.339(6)
Lu1-O1-C26 150.9(3)

Figure S54. ORTEP representation of the crystal structure of 7-Lu with atomic displacement
parameters set at the 50% level. Hydrogen atoms except for BH, the second molecule in the unit cell
and the disorder in one CF3s group are omitted for clarity.
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Table S1. Comprehensive crystallographic data for compounds 1-Lu, 2-Lu, 3-Lu, and 4-Lu

1-Lu 2-Lu 3-Lu 4-Lu
CCDC 1952866 1952862 1952859 1952861
formula CaoHssBLUN6O2 | CagH74BLUN6O2+ | CaoHasBF12LUNO2 | CaoHesBLUNGO

Y2 C7Hs

M [g mol ] 839.69 998.97 1056.61 832.76
crystal system triclinic triclinic monoclinic monoclinic
space group P1 P1 P 2i/c P 2i/c
a[A] 13.2578(12) 10.0205(6) 11.2564(8) 19.301(2)
b [A] 14.1925(13) 22.1089(14) 21.3657(14) 9.9326(11)
c[A] 14.9775(14) 23.8154(15) 18.8036(13) 22.217(2)
a[] 90.420(2) 76.770(2) 90 90
B[] 109.7010(10) 78.528(2) 96.4670(10) 104.378(2)
v [°] 103.9910(10) 84.220(2) 90 90
V [Ad)] 2562.3(4) 5025.0(5) 4493.5(5) 4125.8(8)
V4 2 4 4 4
T [K] 102(2) 100(2) 100(2) 100(2)
Pealed [g cmM™3] 1.090 1.320 1.562 1.341
p[mm~] 1.958 2.008 2.287 2.429
F (000) 864 2084 2112 1728
O range [°] 1.486 to 27.483 | 1.786 to 29.130 2.055t0 29.117 1.893 to 27.200
total reflns 56923 195002 65376 87459
unique reflns 11737 27049 12066 9184
Rint 0.0478 0.0440 0.0432 0.0623
observed refins (I>20) 10141 23803 10379 8005
Data/restraints/parameter | 11737 /741 / 27049/29/1169 | 12066 / 55/ 632 9184 / 0/ 466
R1/wR2 (1>20) [@ 3.207290 /0.0613 | 0.0205/0.0470 0.0279/0.0635 0.0323/0.0610
R1/wR2 (all data) 0.0392/0.0643 | 0.0260 / 0.0491 0.0352 / 0.0667 0.0402 / 0.0628
GOF# 1.073 1.028 1.036 1.193
largest diff. peak and 1.120 1.107 and -0.714 | 1.545 and -0.705 1.459
hole [e A9 and -0.823 and -1.855

[a] R1 = 2(||FOJ-|Fc||/Z|FO],FO> 4s(FO0). wR2 = {Z[w(F02-Fc2)2/5[w(F02)7]}72.
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Table S1 continued.

Comprehensive crystallographic data for compounds 5-Y, 5-Lu, 6-Y, and 6-Lu

5-Y 5-Lu 6-Y 6-Lu
CCDC 1952865 1952858 1952868 1952860
formula Cs3Hs2BNsOY Cs3Hs2BLUNeO Ca4HesBNsOY Ca4HssBLUN6O
M [g mol ] 648.52 734.58 796.76 882.82
crystal system monoclinic monoclinic monoclinic triclinic
space group P2i/n P2i/n P241/n P1
a[A] 11.8874(2) 11.8831(5) 20.0903(12) 10.6560(5)
b [A] 19.2010(3) 19.2344(8) 10.2628(6) 12.6363(5)
c[A] 15.5311(3) 15.4889(7) 22.1377(13) 17.0849(7)
al[] 90 90 90 76.3380(10)
B[] 96.7110(10) 96.3300(10) 104.0960(10) 82.3050(10)
v [°] 90 90 90 87.5710(10)
V [Ad] 3520.68(11) 3518.6(3) 4427.0(5) 2215.16(16)
4 4 4 4 2
T [K] 160(2) 180(2) 99(2) 100(2)
Pealed [g cmM™3] 1.224 1.387 1.195 1.324
p[mm~] 1.689 2.838 1.356 2.267
F (000) 1376 1504 1704 916
O range [°] 1.693 to 27.875 | 1.694 to 30.119 | 1.897 to 27.099 | 1.659 to 30.538
total reflns 44128 62037 79010 99941
unique reflns 8401 10339 9763 13480
Rint 0.0371 0.0476 0.0777 0.0362
observed reflns (I>20) 6562 8229 7940 12838
Data/restraints/parameter | 8401 /0 /398 10339/0/398 9763 / 333 /584 | 13480/ 0 /500
R1/wR2 (1>20) [@ 0.0365/0.0755 | 0.0273/0.0581 | 0.0333/0.0765 | 0.0172/0.0407
R1/wR2 (all data)? 0.0583/0.0821 | 0.0406/0.0637 | 0.0480/0.0826 | 0.0186/0.0413
GOF#H 1.017 1.025 1.006 1.055
largest diff. peak and hole | 0.536 2.338 0.384 2.016
[e A9 and -0.704 and -0.919 and -0.335 and -0.752

[a] R1 = 2(||FOJ-|Fc||/Z|FO|,FO> 4s(FO0). wR2 = {Z[w(F02-Fc2)2/5[w(F02)7]}72.
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Table S1 continued.

Comprehensive crystallographic data for compounds 7-Y, 7-Lu, 8-Y, and 9-Lu

7-Y 7-Lu 8-Y 9-Lu
CCDC 1952863 1952857 1952867 1952864
Formula C33H46BFsNeOY | CazH46BFeLUN6O | Cs7HosAIBN1oOY | CasHe2BLUNsO
M [g mol ] 756.48 842.54 1063.12 816.72
Crystal system monoclinic monoclinic triclinic monoclinic
Space group P 2 P 2i/c P1 P 2i/c
a[A] 20.8816(15) 20.8123(15) 16.8784(16) 17.0580(12)
b [A] 21.1727(15) 21.1757(15) 20.723(2) 11.9100(9)
c[A] 18.8326(13) 18.8646(14) 20.752(2) 20.5209(15)
a[] 90 90 61.930(2) 90
B[] 116.7770(10) 116.879(2) 72.578(3) 110.9950(10)
v [°] 90 90 79.844(3) 90
V [A%)] 7433.4(9) 7415.7(9) 6105.6(10) 3892.3(5)
V4 2 8 4 4
T [K] 100(2) 100(2) 100(2) 100(2)
Pealed [g cmM™3] 1.352 1.509 1.157 1.394
p[mm~] 1.633 2.727 1.014 2.574
F (000) 3136 3392 2288 1688
O range [°] 1.211 t0 28.282 | 1.097 to 30.032 | 1.477 t0 30.184 | 1.338 to 27.483
total reflns 148707 21614 265056 68987
unique reflns 36898 21614 35933 8921
Rint 0.0836 0.061 0.1098 0.0928
observed reflns (I>20) 27179 18206 24681 6770
Data/restraints/parameter | 36898 /3181 / | 21614/69/919 | 35933/0/1341 | 8921/ 36/485
R1/wR2 (1>20) [@ 2)?005808 /0.1086 | 0.0386/0.0863 | 0.0475/0.0946 | 0.0284 / 0.0555
R1/wR2 (all data) 0.0834 /0.1225 | 0.0509/0.0923 | 0.0900/0.1088 | 0.0491/0.0617
GOF# 1.021 1.073 1.018 1.017
largest diff. peak and hole | 1.776 5.899 0.639 and -0.541 | 0.558
[e A9 and -0.366 and -1.015 and -0.681

[a] R1 = 2(||FOJ-|Fc||/Z|FO|,FO> 4s(FO0). wR2 = {Z[w(F02-Fc2)2/5[w(F02)7]}72.
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Cone angle calculations

To calculate the mathematically exact cone angles a series of .xyz files was generated from
the final .cif files with ORTEP. The Mathematica package was downloaded free of charge
from http://www.ccqc.uga.edu/references/software.php.

The supplemental file [cone angle data.xyz] contains the computed Cartesian coordinates of
all of the molecules reported in this study. The file may be opened as a text file to read the
coordinates, or opened directly by a molecular modeling program such as Mercury (version
3.3 or later, http://www.ccdc.cam.ac.uk/pages/Home.aspx) for visualization and analysis.

The adopted van der Waals radii were r = 1.20, 1.70, 1.55, 1.52, 1.92 AforH, C, N, O, B in
this order.

Tp®MeY Me(AlMes)_a

Ligand atoms forming cone = {19, 40, 57}
Cone angle (deg) = 280.65

Cone axis = {0.547789, 0.180831, -0.81684}

Tp®*Y*YMe(AIMes)_b (cone depicted)

Ligand atoms forming cone = {29, 45, 68}

Cone angle (deg) = 276.12

Cone axis = {0.446285, 0.195798, -0.873208}

Tp®BUMeLuMe,

Ligand atoms forming cone = {25, 38, 63}
Cone angle (deg) = 277.06

Cone axis = { -0.894711, -6.37622x10-17, -
0.446646}
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Tp®UMe| y(OCeHsMe2-2,6)2 (1-Lu)

Ligand atoms forming cone = {8, 48, 55}
Cone angle (deg) = 276.07

Cone axis = {-0.225924, 0.939593, 0.257144}

TptBu’MeLU(OC6H3iPI'2-2,6)2 (2-LU)

Ligand atoms forming cone = {19, 31, 53}

. A\ | = 272.52

) ;‘/ 40?‘\2\\\“\\ Cone angle (deg) 526
RSN Cone axis = {0.1 2943, 0.32

% 5\5} one axis = {-0.166388, 0.92943, 0.329356}

XAN

Tp®*Me u[OCsH3(CF3)2-3,5]2 (3-Lu)

Ligand atoms forming cone = {20, 26, 54}
Cone angle (deg) = 280.424

Cone axis = {-0.71205, -0.687129, 0.144353}
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Tp®Mel uMe(OCeH,tBu2-2,6-Me-4) (4-Lu)

Ligand atoms forming cone = {21, 43, 44}
Cone angle (deg) = 278.118

Cone axis ={-0.165494, 0.984032, -0.0655229}

Tp®*MeYMe(OCsHsMe2-2,6) (5-Y)

Ligand atoms forming cone = {23, 39, 57}
Cone angle (deg) = 273.902

Cone axis = {0.696277, -0.00548779, -0.717752}

TptBU,MeLu Me(OCSH3M62'2,6) (5'Lu)

Ligand atoms forming cone = {8, 48, 55}
Cone angle (deg) = 276.07

Cone axis = {-0.225924, 0.939593, 0.257144}
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TptBu’MeYMe(OC6H3iPr2_2’6) (6-Y)

Ligand atoms forming cone = {13, 46, 67}
Cone angle (deg) = 276.057

Cone axis ={-0.76823, -0.250027, -0.589329}

Tp®*Me uMe(OCeH3iPr-2,6) (6-Lu)

Ligand atoms forming cone = {23, 35, 60}
Cone angle (deg) = 279.236

Cone axis ={-0.999597, -0.0067429, -0.0275751}

TptBu,MeYMe [OCBHS(CF3)2-3 ; 5] (7'Y)

Ligand atoms forming cone = {23, 34, 58}
Cone angle (deg) = 278.637

Cone axis ={-0.205908, 0.616546, -0.759917}
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TptBu’MeLU Me[OC6H3(CF3)2'3,5] (7-LU)

Ligand atoms forming cone = {26, 46, 65}
Cone angle (deg) = 280.343

Cone axis ={-0.627792, -0.76852, 0.123506}

[TptBu,MeYMe(d map)2][M63AIOC6H2tBu2-2,6'Me'4] (8'Y)

Ligand atoms forming cone = {20, 40, 58}
Cone angle (deg) = 276.798

Cone axis = {0.185673, -0.952331, -0.242058}

TptBu’MeLU(B HT)activated (9-LU)

Ligand atoms forming cone = {22, 43, 66}
Cone angle (deg) = 286.297

Cone axis = {0.992352, -0.119976, 0.0290265}
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ABSTRACT: A series of different mixed halogenido/tetra-
methylaluminato rare-earth metal compounds with the gen-
eral formula [CpRLn(AIMe,)«(X),], were synthesized from cy-
clopentadienyl-based bis(aluminato) rare-earth-metal precur-
sors by utilizing mild halogenido transfer reagents SiMe,X (X
= Cl, Br, I). Further donor-induced aluminato cleavage gener-
ated the mixed halogenido/methylidene rare-earth metal
complexes.  Treatment of  various  half-sandwich
CpRLn(AlMe,), complexes (CpR = C;Me;, CsMe,SiMe;, Ln =Y,
La, Lu) with the mild halogenido transfer reagents SiMe;X (X
= Cl, Br, I) resulted in efficient and selective halogenido/tetra-
methylaluminato exchange. Depending on the size of the rare-
earth metal, dimeric [CpRLn(AlMe,)(u-X)]. (Ln =Y, Lu) and
decametallic [CpR;Las(AlMe,),(u-X),], could be obtained. Do-
nor(THF)-induced tetrmethylaluminato cleavage gave access
to new mixed “methyl-free” halogenido/methylidene com-
plexes CpR;Ln(u-X);(15-X) (u5-CH,) (THF); for yttrium and lan-
thanum in good yields. Additionally, mixed halogenido/me-
thylidene Y(III) complexes could be obtained via me-
thyl/halogenido exchange employing (CsMes);Y(u-Me);(ps-
Me)(p5-CH,)(THF); and SiMe;X via tetramethylsilane elimina-
tion. All methylidene complexes were probed in Tebbe ole-
fination reactions and found to react as efficient Schrock-type
nucleophilic carbenes with ketones and aldehydes affording
the respective terminal alkenes. Such reactivity is as high as of
the prominent Tebbe reagent, but less tolerant toward steri-
cally demanding and functionalized substrates (like esters).

INTRODUCTION: The seminal discoveries by Schrock and
Tebbe of discrete Cp,Ta(CH,)(CH;)*> and Cp,Ti(u-CH,)(u-
Cl)AI(CH;),,3 respectively, in the mid 70’s marked a true
breakthrough in molecular transition-metal alkylidene chem-
istry. The feasibility/stability of such “Schrock” type nucleo-
philic carbenes and their applicability/superb performance in
fundamental organic transformations such as olefin metath-
esis*® and carbonyl methylenation (Wittig-type reactiv-
ity)+ 7 triggered immense research activities.> 89 Tebbe s
compound  Cp,Ti(u-CH,)(u-Cl)AI(CH;),, also termed

Tebbe reagent, involving a Lewis acid (LA = AlCIMe,)-sta-
bilized [Ti=CH,] moiety,> ** has featured a most efficient
(rapid C=0 to C=CH, conversion at ambient temperatures)
and hence prominent carbonyl methylenation reagent in
organic syntheses ever since."# Crucially, in natural prod-
uct synthesis the Tebbe reagent often outperforms the
Wittig reagent CH.PMe; due to its enhanced functional
group tolerance (e.g., ester or acetal) or the Petasis reagent
Cp.Ti(CH;), which requires elevated temperatures (65 °C)
to form the [Ti=CH,] moiety via methane elimination.’s°
Drawbacks of the Tebbe reagent are its moisture-sensitiv-
ity, the co-formation of Ti(III) species when Cp,TiCl, is re-
acted with “reducing” agent AlMe;, and the viability of
methylenation only.>>2 On the other hand reduced tita-
nium species such as obtained from the ternary system
CH.Br,/TiCl,/Zn and CH,Br,/TiCl,/Mg have been em-
ployed according to the Takai-Lombardo reaction for the
mild methylenation of ketones counteracting enolization
(thus counteracting any epimerization of a-chiral centers;
also high functional group tolerance).?3>¢ Moreover, excess
of divalent Cp,Ti[P(OEt),], (via Cp,TiCL,/Mg/P(OEt),) is
successfully used in the olefination of thioacetals with car-
bonyl compounds (Takeda reaction, characterized by a
wide substrate scope).?s Switching to group 6 reagents, the
iodo-methylidene Cr(IlI) complex Cr,Cl,(CHI)(THF),
(Takai-olefination reagent) has been employed success-
fully to convert aldehydes to E-iodido-functionalized ole-
fins accessible to further derivatization.?6-29

Despite this eminent performance of early transition-
metal-based alkylidene complexes in olefination reactions,
rare-earth-metal (Ln) variants showing this extraordinary
reactivity came in the focus only recently. As with the
Tebbe reagent, Lewis acids (mainly AlMe;) were shown to
exert a stabilizing effect on increasingly ionic rare-earth
metal methylidene compounds.3°3 Most of such LA-
stabilized Ln(IIl) complexes, featuring [Ln(u-CH,)(u-
CH,)Al] moieties, have revealed promising reactivity in
methylidene transfer reactions, however, the bridging me-
thyl groups can further engage in Ln(III)-size dependent



carbonyl alkylation reactions forming alkoxy compounds
as well.3>33 To obtain and ensure the unique and clean Wit-
tig-type reactivity, homometallic compounds devoid of al-
kylating LAs seem necessary. So far, two structural motifs
of rare-earth metal methylidene complexes were utilized in
methylidene transfer reactions, comprising cubane-like
tetrametallic [(L)Ln(CH,)], (I; Ln = smaller-sized expensive
rare-earth metals only) and trimetallic complexes (L)Ln(u-
X);(p5-X) (p5-CH,) (THF),, (II-VI) with L as a monoanionic
ligand

I L =CsMeySiMey
Ln=Tm, Lu

II' L =(CgHs5)C(NCgH3iPry-2,6), n=1
X =Me, Ln=Sc, Y, Dy, Er, Lu

I L = (CgH4NMe;,)CH,CINCgH3iPro-2,6],
n=1,X=Me, Ln=Lu

IV L =CsMeySiMez n=0
X=Me,Ln=Tm

X V L=CsMes n=1
(THF), X=Cl,Ln=Y, La; X=Me, Ln=Y

VI L = (CgH3iPry-2,6)N(SiMeg), n = 1
X =Me, Ln=Y, Nd, Ho, Lu

Figure 1. Different types of tetra- and trimetallic rare-
earth metal methylidene complexes shown to be ac-
tive in methylidene transfer reactions.

and X either methyl or halogenido moieties (Figure 1). Key
step for the synthesis of these rare-earth-metal methyli-
dene complexes is the intermediate formation of very reac-
tive Ln-Me moieties. For example, the generation of the
cubane-like lutetium complex stabilized by the electron
rich cyclopentadienyl ligand CsMe,SiMe; (Cp’), was

R / +0.9 n SiMesX
o Me-+Al—Me
> X N n-hexane
= WA~ \Me o
ni2 Me'! = 70 °C R
e Me X ~—— n CpRLn(AIMey),
Me—AA e - - 0.9 n SiMe,
Md R -0.9.n AlMes Ln=Y, La, Lu
Ln=Y, Lu n=2 X =Cl,Br, |

1*.YC! 85 %, 1*-YBr 60 %, 1*-Y' 75 %
1*-Lu®' 57 %, 1*-LuBr 66 %, 1*-Lu' 67 %
1-YC 45 %, 1-YBr 61 %, 1'-Y' 64 %
1'-Lu® 40 % , 1"-LuB 45 %, 1-Lu' 45 %

CpR = CsMes = Cp*

+1.3 n SiMesX
_

- 1.3 n AlMeg
- 1.3 n SiMey

CpR = CsMe,SiMes = Cp'

achieved by C-H bond activation of the dimethyl precursor
[Cp’Lu(CH;).]; via release of CH,.3* Another method for the
generation of the Ln-Me moiety is the reaction of a LA with
the precursor [(L)Ln(R),] (II: R = CH,CéH,NMe,, L =
PhC(NCeH,iPr,-2,6), for Ln = Sc, Y, Er, Lu; III: L =
(C¢H,NMe,)CH,C(NCsH,iPr,-2,6), for Ln = Lu; IV: R =
CH.SiMe;, L = C;Me,SiMe;, Ln = Tm)3437 or through donor-
induced cleavage of organoaluminum stabilized “alkyls in
disguise” (L)Ln(AlMe,), (V¥: L C;Me;, Ln = Y; VI: L =
N(CeH;iPr,-2,6)(SiMe;), Ln = Y, Nd, Ho, Lu; II: L =
PhC(NCeH,iPr,-2,6),, Ln = Sc, Lu) for bridging methyl
groups3 353839 or [(L)Ln(AlMe,).(Cl),], (V: L = CsMes, Ln =
Y with x =y, z = 2, La with 2x = y, z = 6) for bridging chlo-
rido units,# in all cases followed by inter- or intramolecu-
lar C-H activation. To selectively achieve clean conversion
of carbonylic substrates into terminal alkenes, the bridging
positions need to carry unreactive ligands such as
halogenido, as in (CsMes);Ln,(u-Cl);(p5-Cl) (15-CH,) (THF),
(V: Ln =Y, La).4 Herein, we present a full account of the
synthesis of complexes of the type CpR;Ln,(u-X);(p5-X) (¢5-
CH,)(THF), giving consideration to effective synthesis pro-
tocols, scope of the bridging ligand X, implications of the
Ln(III) size, and application in methylidene transfer reac-
tions. For the latter olefination reactions, comparison is
drawn to the illustrious Tebbe reagent.#

RESULTS AND DISCUSSION

Mixed Ligand AlMe,/X Precursor Synthesis: Scope and
Molecular Composition. Recently, we reported on a con-
venient method for the synthesis of mixed chlorido/tetra-
methylaluminato heterobimetallic rare-earth-metal com-
plexes of different nuclearity depending on the size of the
Ln(III) center.4> This procedure required the treatment of
half-sandwich complexes (CsMe;)Ln(AlMe,), with the
chlorido transfer reagent Me,AlCl at low temperatures. In

n-hexane, RT

iy
‘.

n=6

11
)

2*-La® 68 %, 2*-LaB" 69 %, 2*-La' 87 %
2'-La® 46 %, 2'-LaB" 79 %, 2'-La' 43 %

Scheme 1. Synthesis pathway toward different heterobimetallic complexes [CpRLn(AlMe,)(u-X)],, and

[CpR;Las(AlMe,),(p-X), ..



search of milder and adjustable halogenido transfer rea-
gents, we opt for trimethylsilyl halide reagents, inspired by
the work of Orpen et al. on SiMe,l (TMSI)-promoted al-
kyl/idodio exchange reactions.> We anticipated/envisaged
that these increasingly versatile reagents SiMe;X could re-
veal the impact of less electronegative halogens (X) not
only on the heterobimetallic cluster synthesis but also (if
the latter succeed) on the olefination reactions. To probe
any Ln(IIl)-size and “cyclopentadienyl” effects we chose
CpRLn(AlMe,). (Cp? = C;Me,, CsMe,SiMe;; Ln =Y, La, Lu)
as representative precursors. As found earlier for the chlo-
rido derivative [(CsMe;)Y(AlMe,)(u-Cl)],, treatment of the
bis(alkylaluminato) half-sandwich complexes containing
the smaller-sized rare-earth metals yttrium and lutetium-
with 0.9 equiv. or less of the halogenido transfer reagent
led to the successful single AlMe, /X exchange and the for-
mation of dimeric complexes [CpRLn(AlMe,)(u-X)], in
good yields (1-Ln¥X, Scheme 1, left).4> 44

R Me

/
- / \
Me+Al—Me Me—Al’Me Me ¢
Al

< X ~ [Dg]toluene A,‘"Me
" A‘T-Me X /:ﬂ/ *
e
Me/ R hardly soluble

side products
Ln=Y, Lu

Scheme 2. Ligand redistribution of complexes 1*-LnX
and 1-LnX over time in aromatic solvents identified
with NMR spectroscopy.

Elemental analyses and crystal structural analyses con-
firmed the general composition, however, the NMR data
showed two different sets of signal, one belonging to unre-
acted CpRLn(AlMe,),. A closer look at this apparent dis-
crepancy between solid-state analytics and NMR measure-
ments indicated the occurrence of ligand redistribution in
aromatic solvents over time (Scheme 2). Such intermolec-
ular ligand exchange would involve the co-formation of
putative [CpRLnX.], but the hardly soluble byproducts
were not further characterized. Furthermore, the true na-
ture of the composition of the complexes 1-Ln was vali-
dated with elemental analysis as well as various cell checks
confirming the product crystallized from the mother liquor
in n-hexane as exclusive product when not being re-dis-
solved in aromatic solvents. The ambient temperature ‘H
NMR spectra of all complexes [(CsMe;)Ln(AlMe,)(u-X)],
clearly display one signal for the Cp-CHj, groups as well as
one for the AlMe, moieties as expected from the C; sym-
metry of the complexes, and further one set of signals of
(CsMe;s)Ln(AlMe,), due to the afore mentioned behavior in
solution (spectra shown in the ESI). For all compounds, a
clear trend was found for the Cp-CH; signals with a shift
downfield for each respective metal from Clto I (1*-Y¢:1.89
ppm, 1*-Y®:1.92 ppm, 1*-Y": 1.98 ppm; 1*-Lu®: 1.93 ppm, 1*-
LuP": 1.96 ppm, 1*-Lu': 2.00 ppm) as well as for the Ln-Me
signals (1*-Y: -0.20 ppm, 1*-Y®": -0.18 ppm, 1*-Y!: -0.15
ppm; 1*-Lu!: -0.05 ppm, 1*-Lu®": -0.00 ppm, 1*-Lu': 0.04
ppm). Furthermore, the signals compare well with those of
the starting compounds (CsMes)Ln(AlMe,). (Y: 1.72 ppm, -

0.33 ppm; Lu: 1.75 ppm, -0.18 ppm). Exactly the same Cl-
to-l trend was observed for all complexes
[(CsMe,SiMe;)Ln(AlMe,)(u-X)],. The proton NMR spectra
show four different signals, two for the Cp-Me moieties (1-
Y 2.15/1.85 ppm, 1'-Y?": 2.17/1.86 ppm, 1’-Y': 2.22/1.93 ppm;
r-Lu: 217/1.87 ppm, 1-Lu®: 219/1.88 ppm, 1-Lu’:
2.23/1.86 ppm), one for the Si-Me unit and one for the Al-
Me moieties (1’-Y: ~0.18 ppm, 1’-Y®": —0.15 ppm, 1’-Y!: ~0.13
ppm; 1-Lu‘: -o0.05 ppm, 7-Lu®": o.01 ppm, 1’-Lu’: 0.01
ppm). Again, the signals compare well with those of the
starting compounds (C;Me,SiMe;)Ln(AlMe,). (Y: 2.00/1.75
ppm, -0.31 ppm; Lu: 1.99/1.75 ppm, —-0.14 ppm). For the yt-
trium half-sandwich complexes, a doublet for the AlMe,
signal with a ?J(YH) coupling constant around 2.3 Hz was
observed, except for 1*-Y% indicating a highly fluxional na-
ture. The respective Lu complexes display very broad sig-
nals for the Lu-Me moiety, indicating a less pronounced
dynamic behavior of the bridging and terminal Me groups
in solution as expected for the smaller-sized Lu(III) center.
The 3C NMR spectra clearly shows the same trend of the
halogenido ligands on the 3C chemical shift and, as ex-
pected, two signals for CsMes; and six signals for
C;Me,SiMe;, respectively. For most of the complexes, the
Al-CHj; signals could not be detected, due to their low sol-
ubility as well as the relatively fast ligand redistribution
process, which is consistent with literature.4> The Y NMR
resonances from 'H-8Y HSQC measurements revealed also
highfield-shifted signals in the presence of the more elec-
tron-withdrawing halogenido ligand (e.g., 1*-Y%: 208 ppm
versus 1*-YB": 246 ppm), but only a marginal effect of the
cyclopentadienyl ligand (e.g., 1*-Y!: 208 ppm versus 1’-Y:
206 ppm). For comparison, the starting compounds
CpRY(AlMe,), display Y NMR resonances at 175 ppm (Cp~
= C;Me;) and 170 ppm (CpR = CsMe,SiMe;). Due to solubil-
ity issues, long measurement periods, and rapid ligand re-
distribution, 'H-8Y HSQC spectra could not be obtained
for 1*-Y' and 1’-Y! (detection of precursors only).

X-ray diffraction (XRD) analyses were performed on 1*-Y?".
1*-Y!, and 1*-Lu®" (Figures 2, S59 and S60). The mentioned
[(CsMes)Ln(AlMe,)(u-X)]. complexes revealed the dimeric
solid-state structure with seven-coordinate Ln centers: the
monoanionic Cp ligand occupies three coordination sites
and the methyl groups as well as the bridging halogenido
ligands occupy two each. The crystal structures are
isostructural to 1*-Y¢.4> The Y-C(Me) distance appears
slightly decreased for the heavier halide complexes 1*-YB*
and 1*-Y'as an impact of the changed halogen electroneg-
ativity (1*-Y<: av. 2.573 A, 1%-YB": 2.531(2)/2.566(2) A, 1*-
Y': 2.520(4)/2.563(4) A,), but compare well with the reac-
tant (CsMe5)Y(AIMe,), (2.549(3)-2.655(3) A).45 As expected,
the Lu-C(Me) bond lengths in 1*-Lu®" are shortened
(2.486(3)/2.529(3) A) compared to 1*-YPr, reflecting the
smaller Ln(III) size. This is further supported by the differ-
ences in the Ln-Br distances (1*-Y?": 2.8493(8)/2.8687(10)
A, 1*-LuBr: 2.7961(7)/2.8257(8) A) as well as the Ln---Al in-
teratomic distances (1*-Y: 3.0584(12) A~ 1*-YBr
3.0970(10) A, 1%-Lu®": 3.0434(10) A). Only few complexes
with bromido ligands bridging two rare-earth-metal cen-
ters are known including dimeric 3-(2,6-iPr,CsH;)-1-[2-(1



Figure 2. ORTEP representation of the crystal structure of
1*-YP" with atomic displacement parameters set at the 50 %
level. Hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [°] for 1*-Y?": Y1-Br1 2.8493(8),
Y1-Br1' 2.8687(10), Y1-C1 2.531(2), Y1-C2 2.566(2), Y1---Alr
3.0970(10), Y1---Ct1 2.310, Ah-C1 2.073(2), Ali-C2 2.079(2),
Al-C3 1.981(2), Al-C4 1.969(2); Bri-Y-Br1’ 79.54(3), Y1-
Bri-Y1' 100.46(3), C1-Y1-C2 83.26(8), Y1-C1-Al1 83.90(8),
Y1-C2-Al 82.92(8).

-(4,7-Me,)indenyl)propyl]imidazol-2-ylidene(trimethylsi-
lylmethyl)-bromido yttrium (Y-Br bond lengths: 2.8645(7)
and 2.8747(7) A)% [Y(5-Me,CsH;),Br], (2.857(1) and
2.868(1) A)# and [(n5,n5-Cp-CMe,-flurenyl)Y(u-Br)].
(2.8055(13)/2.8065(12) A)# the latter showing shorter Y-Br
distances compared to 1*-YPr,

The tetramethylaluminato/halogenido exchange was also
probed for the lanthanum complexes CpRLa(AlMe,)..
Treatment of the respective bis(tetramethylaluminato)
half-sandwich complexes with 1.3 equiv. of TMSX resulted
in the formation of hexalanthanum clusters of the general
composition  [CpRiLas(AlMe,),(u-X),).. All  reactions
yielded colorless crystals from resting n-hexane solutions
at ambient temperatures, and XRD analyses were carried
out exemplarily for 2*-La®" and 2’-La® (Figures S61 and 3).
Due to the insolubility of all complexes 2-La in non-polar
and aromatic NMR solvents, solution NMR spectroscopic
analysis was not accessible. The crystal structures of 2*-
LaPr and 2’-La®! with formally 8-coordinate La(III) centers
are isostructural to the previously reported complex
(CsMes)sLas{(p-Me);AlMe}, (p5-Cl),(u-Cl)s (2*-La‘).4> Two
La,Al, subunits, related by C,-symmetry feature distinctly
coordinating halogenido ligands (i, i) and a strand of (u-
>-Me,)Al(Me)(u-n'-Me)-interconnecting aluminato lig-
ands. Striking is the Ln:X ratio of 1:1.3 which is different
from that of the dimeric yttrium and lutetium complexes
in this work (1:1). Unsurprisingly, the La-X bond lengths of
2*-La' (3.2323(4)-3.3455(4) A) are elongated compared to
2*-La® (La-Cl: 2.8049(9)-3.0708(9) A),+ while the La-
C(Me) bond lengths as well as the La---Al distance appear
slightly shortened (2*-La“: La-C(Me) 2.774(4)-2.955(3) A;
La--Al 3.3150(11)-3.3534(11) A,# 2*-Lal: La-C(Me) 2.771(4)-
2.777(4) A, La--Al 3.3159(12)-3.3192(12) A). For further com-
parison, the precursor (CsMes)La(AlMe,),4 displays La-
C(Me) bond lengths (2.694(3)-2.802(4) A) as well as La---Al
distances (3.0141(9)-3.2687(9) A) which are shorter than in
2*-La® and 2*-La!. Overall, the different Cp® ligand in 2’-
La“ has only a small impact on the molecular structure,

Figure 3. ORTEP representation of the crystal structure of
2’-La® with atomic displacement parameters set at the 50
% level. Hydrogen atoms are omitted for clarity. Selected
bond lengths [A] and angles [?] for 2’-La: Lai-Ch
3.0787(6), Lai-Cl2 2.8382(7), Lai-Cl3 2.8298(7), La2-Ch
3.0725(7), La2-Clz2 2.8421(7), La2-Clg 2.8395(7), La3-Ch
3.0m1(6), La3-Cl3 2.8101(7), La3-Clg 2.8087(7), Lai-C1
2.809(3), Lai-Cz2 2.774(3), La2-Cs 2.742(3), La2-C6
2.764(3), La3-C3’ 2.947(3), La3-C7’ 2.970(3), La1---Ct1 2.507,
La2---Ct2 2.507, La3---Ct3 2.501, La1---Al2 3.3371(9), La2---Al1
3.2849(9); Lai-Chi-Laz 100.878(19), Lai-Chi-La3
100.870(18), Lai-Cl2-La2 113.20(2), Lai-CI3-La3 112.70(2),
La2-Chi-La3 100.579(19), La2-Cl4-La3 1m1.91(2), Lai-Ci-Al2
85.28(10), Lai-C2-Al2 86.40(10), La2-C5-Ali1 85.40(10),
La2-C6-All 84.78(10), Ci-Lai-Cz2 7519(9), Cs5-La2-C6
76.58(9), C(3'-La3-C7' 77.39(9).

but the bond lengths become significantly elongated from
2*-La¥ to 2-La® (La-Cl, 2.8087(7) to 3.0787(6) A; La-
C(Me), 2.742(3)-2.970(3) A; La-Al, 3.2849(9)-3.3371(9) A).

The introduction of electron-withdrawing pseudo-
halogenido ligands such as triflato (OTf) proved more dif-
ficult  but was successful for the system
(CsMe;)La(AlMe,)./SiMe;OTfyielding crystalline heterobi-
metallic complex (CsMes);Las(AlMe,) (u-OTH);(us-
OTf),(THF), (3*-La®™) (Scheme 3). The solubility of this
complex in non-polar and aromatic solvents is limited,
while decomposition to several C-F-bond cleavage prod-
ucts occurred in THF over time (monitored with *H NMR
spectroscopy), if not prevented by lower temperatures.

Scheme 3. Reactivity of (C;Me;)La(AlMe,), toward
pseudo-halogenido-transfer reagent SiMe;OTf.

+ 1.3 n SiMezOTf
n-hexane, RT
crystallized in THF
_—
- 1.3 n AlMe;
-1.3 n SiMey

(CsMes)La(AlMey),

3*.L20Tf

An XRD analysis of 3*-La®™f (crystallized from THF) re-
vealed a tetrametallic complex with three p.- and two ;-



bridging triflato ligands. The core structure can be best de-
scribed as a 12-membered ring consisting of three [La-O-
S-O] units with two p;-coordinating triflato caps. An eight-
fold coordination of the lanthanum centers is accom-
plished by the peripheral cyclopentadienyl rings, two THF

Figure 4. ORTEP representation of the crystal structure of
3*-La®T with atomic displacement parameters set at the 50
% level. Hydrogen atoms and the disorder in the Cp rings
as well as the CF; groups are omitted for clarity. Selected
bond lengths [A] for 3*-La®™: La1--Ct1 2.564, La2--Ct2
2.463, La3--Ct3 2.498, La-C31 2.942(7), Lai-O1 2.477(5),
Lai-O4 2.441(6), Lai-O7 2.520(5), Lai-O10 2.496(5), La2-
02 2.490(5), La2-08 2.529(s5), La2-On 2.553(s), La2-013
2.436(5), La3-Os5 2.501(5), La3-Og 2.601(4), La2-O12
2.575(4), La2-O14 2.584(5), La3-C31 2.942(7), La3z--Ah
4.971.

molecules, and one remaining AlMe," ligand, which coor-
dinates one lanthanum center in a n'-fashion. The La---Ct
distances (2.463-2.564 A) match those detected in the
other 2-La. Further, the La-O distances range between
2.436(5) and 2.501(5) A for p,-bridging triflato ligands and
2.496(5) to 2.575(4) for ps-bridging triflato moieties. The
La- C(Me) distance of 2.942(7) A is located in the upper
range of complexes 2-La.

A
toluene, THF
[CpRLn(AlMe4)sz]x - =
_ P RT
Ln=Y (x=2;y=2)
La(x=6;z=2y)
thf
toluene;THF 4°Y% 919 (A), 64% (B)
-40°C 4*-YBr 779 (A), 63% (B)
4*-La® 55% (A
CpRLNX,(thf)s o (A)

4*-LaPr 72% (A)
4*-La' 79% (A)

X=Cl, Br, |

CpR = C5Me5 C5Me4SiMe3

4'-YC' 86% (A)
4'-YB" 74% (A) THF
4'-La®% 79% (A)
4'-LaPr 79% (A)
4'-La' 85% (A) - -

Donor-Induced Methylidene Formation from Mixed
Ligand AlMe,/X Ln(III) Complexes. We communicated
previously that mixed ligand complexes
[(CsMes)Ln(AlMe,)«(Cl)y], (Ln = Y with x =y, z = 2, La with

=y, z = 6) can selectively undergo donor(THF)-
promoted alkylaluminate cleavage (separation of
AlMe;(THF)) and engage in subsequent C-H-bond activa-
tion of the emerging terminal Ln-CH; moiety. Accord-
ingly, complexes 1 and 2 were suspended in toluene and
treated with excess of THF at ambient temperature
(Scheme 4, Path A). As found earlier for the pentamethyl-
cyclopentadienyl ancillary ligand and the chlorido colig-
and, the yttrium and lanthanum reactions formed trime-
tallic rare-earth-metal methylidene complexes derivatives
complexes CpRLn(u-X);(p5-X)(p5-CH.)(THF); (3*-Ln* and
3’-LnX; Ln =Y, La) for all halogenido ligands

Despite major efforts, the respective lutetium methylidene
complexes could not be synthesized via this protocol (pre-
sumably Lu(III) is too small). Furthermore, the combina-
tion of Y/I/CH, could not be achieved, most likely because
of another Ln(III)/halogenido size mismatch (Y(III) mid-
dle-sized, I~ too big). 'H NMR spectroscopic studies re-
vealed the formation of methyl/iodido species
[CpRYMel(THF),]» and di(iodide) complexes
[CPRYL(THF),], upon addition of THF to 1*-Y!' and 1’-Y,
but any cluster formation was not observed. For all probed
methylidene clusters, their formation is strongly depend-
ent on the chosen reaction conditions. More precisely, if
the synthesis is carried out below ambient temperatures,
Cp-stabilized di(halogenido) Ln(IIT) complexes
CpRLnX,(THF); could be isolated, which is exemplarily ev-
idenced by the crystal structure of (C;Me;)Lal,(THF); (Fig-
ure S62). In addition, while the formation of the lantha-
num methylidene derivatives follows a stoichiometrically
correct pathway (8 X~ + 4 AlMe,” > 2[4 X~ + CH,> + 2 AlMe,
+ CH,]), there is an obvious stoichiometric mismatch for
the yttrium reactions (1.5 [2 X~ + 2 AlMe, ] 2 3 X~ + CH,>
+ 2AIMe; + CH,]), clearly indicating a shortage of

B

+ 4 HOCH,tBu

CH,tBu
| OCH,tBu

WY,

BUH,CO O 1.
tBuH,C

5*-Y

Scheme 4. Different synthesis pathways for the generation of mixed halogenido/methylidene rare-earth-metal

complexes.



halogenido ligands. Although the formation of the targeted
methyl-free complexes 4-Y seems favored under the cho-
sen crystallization conditions, halogenido-deficient mixed
methyl/halogenido/methylene Ln(III) complexes of the
type  Cp®3Y5(pa-CHy)u(pa-X)y (p15-X) (p5-CHL) (THF); - (x+y=3)
can be identified and isolated as well (Figure S58 Support-
ing Information). Spurred by these obvious drawbacks, we
implemented an alternative synthesis protocol.

Methyl/Methylidene to X/Methylidene Transfor-
mation. Having in mind the very rigid methylidene cluster
entities (as evidenced by NMR spectroscopy, vide infra), we
envisaged the mixed methyl/methylidene cluster complex
(CsMes);Y;(u-Me);(p5-Me) (u5-CHL) (THF), VY as potential
precursor for 4-type complexes. Compound VY can be
readily obtained from (CsMe;)Y(AlMe,),.3° Much to our de-
light treatment of VY with 4 equiv. of halogenido transfer
reagent SiMe;X in THF gave the desired complexes 4*-Y!
and 4*-Y®" via tetramethylsilane elimination. However,
once again, the yttrium methylidene complex with bridg-
ing iodido moieties, that is putative 4*-Y! was not feasible,
and only degradation of the inner core and an ill-defined
product mixture were found. It is noteworthy, that proto-
nolyses of complex VY are more difficult to control. For ex-
ample the reaction of VY with 4 equiv. of neopentanol was
rather unselective and afforded the bis(alkoxy) yttrium
half-sandwich complex [(CsMe5)Y(OCH,tBu)(u-
OCHS,tBu)]. 5*-Y (Scheme 4, crystal structure is depicted in
Figure S63), involving the alcoholysis of both the methyl
and methylidene ligands.

Characterization of Methylidene Complexes 4-Ln. The
ambient temperature 'H NMR spectra of all crystalline
compounds Cp®;Ln;(u-X);(i5-X) (5-CH,) (THF); recorded
in [Ds] THF show one set of signals for the ancillary Cp lig-
ands, in accordance with their symmetry in the solid state
(spectral data pictured in the ESI). As detected for the pre-
cursors 1*-YX and 1'-Y¥, the shift of the CH, group is signif-
icant for each introduced halogenido ligand and shows a
clear trend from CI- to I- for the respective ligand set. The
methylidene signal of all yttrium complexes features a
quartet due to the coupling with the three Y nuclei (4*-
Y -0.35 ppm, 4*-Y®": ~0.33 ppm, 4-Y: -0.42 ppm, 4’-YB":
-0.42 ppm), while shifted to higher field compared to that
in VY (-0.31 ppm).® It is noteworthy, that complex 4’-Y®"
showed decomposition in THF after 30 minutes. For all
lanthanum compounds, the methylidene signal exhibits a
singlet markedly shifted to higher field compared to the yt-
trium congeners. As indicated by the same shift range (4*-
La“: -0.93 ppm, 4*-La®": -0.93 ppm, 4*-La': —0.97 ppm; 4-
La®: -0.96 ppm, 4’-La®": -0.97 ppm, 4’-La': ~0.96 ppm), the
halogenido ligand exerts only a minor influence on lantha-
num-bound CH,> group. As expected, the 3C NMR spectra
show one set of signals for the respective Cp ligand, how-
ever the 3C signal for the CH, group could not be detected
even after 18 h of measuring time. Moreover, 'H-89Y HSQC
NMR spectra reinforce the dependency of the %Y shift on
the halogenido ligand (4*-Y%: 163 ppm, 4*-Y®":196 ppm; 4-
Y 150 ppm, 4’-Y®": 183 ppm) and clearly display a high-
field shift compared to the respective starting compounds.

Figure 5. ORTEP representation of the molecular structure of 4*-Y®" (left) and 4’-La“ (right) with atomic displacement
parameters set at the 50 % level. Hydrogen atoms except for the CH, group and lattice solvent as well as the disorder in the
Cp-rings are omitted for clarity. Selected bond lengths [A] and angles [°] for 4*-Y®": Y1-C1 2.484(3), Y2-C1 2.532(3), Y3-C1
2.431(3), Y1-Br2 3.0807(5), Y1-Br3 2.8870(5), Y1-Br4 2.8699(5), Y2-Br1 2.8538(5), Y2-Br2 3.0609(5), Y2-Br3 2.8757(5), Y3-Br1
2.8853(5), Y3-Brz 3.0578(5), Y3-Br4 2.8781(5), Y1---Ct1 2.388, Y2---Ct2 2.387, Y3---Ct3 2.400, Y1-O2 2.420(3), Y2-03 2.406(3),
Y3-012.460(3); Y1-C1-Y2100.45(13), Y2-C1-Y3 98.12(12), Y1-C1-Y3 97.44(12), Y1-Br3-Y2 83.984(14), Y1-Br4-Y3 79.971(14), Y2~
Bri-Y3 81.585(13), Y1-Br2-Y2 77.770(13), Y1-Br2-Y3 73.985(13), Y2-Br2-Y3 75.585(13); Selected bond lengths [A] and angles
[°] for 4’-La“": La1-C1 2.572(3), La2-C1 2.580(3), La3-C1 2.576(3), Lai-Cl1 2.8796(7), La1-Cl2 2.8782(8), La1i-Cl4 3.0325(8), La2-
Cl12.8906(7), La2-Cl3 2.8828(8), La2-Cl4 3.0314(8), La3-Cl2 2.8783(8), La3-Cl3 2.8834(9), La2-Cl4 3.0226(7), La1---Ct1 2.533,
La2--Ct2 2.449, La3--Ct3 2.544, Lai-O1 2.527(13), La2-O2 2.593(3), La3-0O3 2.611(2), Lai-Ci-La2 98.63(10), La2-Ci-La3
98.03(10), La1-Ci-La3 98.60(10), Lai-Cli-La2 85.24(2), Lai-Cl2-La3 84.93(2), La2-ClI3-La3 85.36(2), Lai-Clg-Laz2 80.234(19),

Lai1-Cl4-La3 79.859(19), La2-Cl4-La3 80.434(18).



Crystallization of the obtained methylidene complexes
could be achieved from saturated solutions in a mixture of
toluene and THF at —40 °C. XRD analyses were carried out
for 4*-Y®r, 4*-LaP" as well as 4’-La“ and the obtained crystal
structures are depicted in Figure 5 and Figure S64 for 4*-
LaP. As detected previously for 4*-Ln“ (Ln =Y, La), the
three Ln(IIl) centers adopt a distorted pseudooctahedral
geometry involving one shielding C;Me; site, one p5-bridg-
ing and three y1,-halogenido ligands, THF donor ligands, as
well as the p;-bridging methylidene moiety, protruding
from the Ln;X; plane. Comparison of 4*-Y with 4*-Y®" re-
vealed elongated bond lengths for both Y-X (4*-Y: p:
2.7028(6)-2.72787(6) A, 5: 2.8522(5)-2.8897(5) A1 4*-YBr:
11 2.8538(5)-2.8870(5) A; pi5: 3.0578(5)-3.0807(5) A) and Y-
C(CH,) (4*-YY: 2.424(2)-2.450(2) A% 4*-YP: 2.431(3)-
2.532(3) A) of the bromido derivative. The same trend can
be found for the distances of 4*-La and 4*-La®" compar-
ing La-X (4*-La%: 11,: 2.8614(8)-2.8929(8) A, p15: 3.0014(7)-
3.0334(7) Ay 4*-LaP pi 3.0047(5)-3.0385(5) A; py:
31670(4)-3.2074(4) A) and La-C(CH.) (4*-La®: 2.537(3)-
2.635(3) Ajr 4%-LaP": 2.553(3)-2.646(4) A). 4-La‘ (2.572(3)-
2.580(3) A) showed slightly shortened La-C(CH,) bond
lengths compared to 4’-La® however, similar La-Cl bond
lengths (i1,: 2.8782(8)-2.8906(7) A; pi5: 3.0226(7)- 3.0325(8)
A). As y; bridging methylidene complexes of lanthanum
are still elusive, comparison can be drawn to the tris(pyra-
zolyl)borato-supported rare-earth-metal variant of the
Tebbe reagent Tp®®“M¢La(CH,)(AlMe;), with a La-C(CH.,)
bond length of 2.519(2) A3° The Y-C(CH.) distances in
complexes 4-Y can be compared to complex VIY (see Figure
1, 2.345(5)-2.424(4) A3 V¥ (2.283(4)-2.477(3) A)» and
(NCNPP),Y;(p-Me)s(p5-CH.) (u5-CCTMS) (2382(6)-
2.418(6) A)37 which tend to be shorter. Overall, trimetallic
rare-earth metal methylidene complexes mentioned above
in Figure 1 show similar average Ln-C(CH,) bond lengths
considering the different ionic radii of the rare-earth metal
centers, e.g. II5¢ 2.367 A3 11Er 2.388 A7 11t 2.376 A5 [yTm
2.346 A 34 VINd 3 475 A 38 VIHo 5 391 A 38 and VI 2.347 A 33

Methylidene-Transfer Reactions: Carbonyl Methyle-
nation and Lacton Polymerization. Naturally, we were
interested in the reactivity of these new methylidene com-
plexes to enlighten any Ln(III) size effect and impact of the
halogenido ligand. With addition of carbonylic substrates,
it was demonstrated previously that the methylidene com-
plexes under study act as Schrock-type nucleophilic car-
benes. Accordingly, reactivity studies were carried out by
monitoring the transformations of 2 equiv. of cyclohexa-
none, benzaldehyde, 9-fluorenone, and dihydrocoumarin
with methylidene complexes 4-Ln in [Ds]THF at ambient
temperature. The yields were determined after 15 minutes
(exact procedure recorded in the ESI). For comparison, the
established Tebbe reagent was tested under the same con-
ditions in [De]benzene (Tebbe reagent decomposes in
THF). The sole formation of the respective olefinic product
in decent to excellent yields revealed the intended suppres-
sion of undesired methylated side products (Table 1). Strik-
ingly, complexes bearing bridging iodides (4*-La' and 4-
La'") are not capable of converting sterically demanding 9-
fluorenone (entry A) even after prolonged reaction time (>
12 h), likely attributable to the decreased accessibility of
the CH, moiety, less protruding being efficiently shielded
by the bulky iodide ligands. Despite this, the yttrium com-
plexes convert all tested ketones and aldehydes in very
good yields, equaling the performance of the Tebbe rea-
gent Cp,Ti(u-CH,)(u-Cl)AlMe,. The lanthanum-based me-
thylidene complexes also convert the carbonyl functional-
ities in good yields and reactivity increases from the clorido
to bromido derivatives, however, the conversion decreases
again with the introduction of iodido ligands in the bridg-
ing positions. The conversion of cyclohexanone (entry C)
proceeds in good yields for all complexes. Furthermore, the
presence of the silyl-substituted Cp ancillary ligand does
not only increase the solubility of these complexes, but
even increased all yields, except for 4-La® with 9-flu-
orenone (entry A), possibly due to the increased steric bulk
implied by SiMe, substituents. Unfortunately, no reaction

Table 1. Methylidene-transfer reactivity of rare-earth metal complexes 4*-Ln and 4-Ln in [Ds] THF, probed for 9-
fluorenone (A), benzaldehyde (B), cyclohexanone (C), dihydrocoumarin (D), §-valerolactone (E).

¢ o
R™ R - [Ln=0] R™ R H
A B c D E
4*-Yd 4%-YBr 4-Yd 4-YBr 4%-La® | 4*-LaPr 4*-La' 4-La“ 4-LaBr 4-La' | Tebbel?

A >99 % >99 % >99 % >99 % 62 % 95 % 0% 62 % 44 % 0% >99 %
B >99 % >99 % >99 % >99 % 53 % 57 % 59 % 64 % 72 % 78 % >99 %
C >99 % >99 % >99 % >99 % 62 % 85 % 55 % >99 % >99 % >99 % >99 %
D 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 67 %
E 76 %l7! 86 %l?1 60 %71 51 %[P] 67 %l 87 %! 23 %lP! 88 %P1 85 %! 70 %lP! >99 %

l@in CsDs, " polymerization




was observed for dihydrocoumarin (entry D) as it was
shown for the Tebbe reagent. Interestingly, the reaction of
cyclic esters as &-valerolactone with the mixed
halogenide/methylidene complexes showed polymeriza-
tion in moderate to good yields contrary to the methyli-
dene transfer performed by the Tebbe reagent (the exact
procedure for the polymerization is given in the ESI). Ad-
ditionally, the reactivity of complexes 3-La was tested for
their capability for in situ methylidene transfer, however
Tebbe-like olefination was not observed.

Re-visiting the Tebbe Reagent. It was only recently that
Mindiola and coworkers reported on the complicated but
successful structural elucidation of the prominent Tebbe
reagent.” They could show, that the Tebbe reagent favora-
bly co-crystallizes from a mixture of n-pentane and tolu-
ene, with the trivalent decomposition product Cp,Ti(u-
Cl),AlMe, (site occupancy 0.38). Similar to their results, we
obtained crystals of it from a saturated solution of a mix-
ture of n-pentane and toluene but the crystal structure
analysis revealed only a minor amount (site occupancy
0.06) of side product Cp,Ti(u-Cl),AlMe,. Not surprisingly,
the Ti-C(CH,) bond lengths of Mindiola’s and our studies
differ significantly (this work: 2.058(3) A, Mindiola’s work:
2.095(5) A),2 and further, also the Ti-Cl bond lengths vary
(this work: 2.455 and 2.456(7) A, Mindiola’s work: 2.5585(7)
A),> which can only be attributed to the different quanti-
ties of side product present in the crystal.

Figure 6. ORTEP representation of the crystal structure of
the Tebbe reagent Cp,Ti(u-CH,)(u-Cl)AlMe, (94 %) and
Cp.Ti(u-Cl).AlMe, (6 %) with atomic displacement param-
eters set at the 50 % level. Hydrogen atoms except for the
CH, group and lattice toluene are omitted for clarity. Se-
lected bond lengths [A] for Cp,Ti(u-CH,)(u-Cl)AlMe,: Ti1-
C1 2.058(3), Tit-Cl 2.455, Tii-Cl2 2.456(7), Ti1---Ct1 2.054,
Ti1---Ct2 2.061, Ali-CH2 2.067(2), AliI-Cl1 2.3090(5), Ali-Cl2
2.074(8).

CONCLUSION

In summary, treatment of the half-sandwich precursors
CpRLn(AlMe,). with mild halogenido transfer reagents
SiMe;X led to the formation of various mixed tetramethyl-
aluminato/halogenido rare-earth-metal cluster com-
pounds [(Cp*)Ln(AlMe,).(Cl),], stabilized by sterically and

electronically distinct cyclopentadienyl ligands. The nucle-
arity of these clusters could be identified with XRD meas-
urements and revealed isostructural behavior to their chlo-
ride analogues. Interestingly, the cluster nuclearity is
strongly dependent on the rare-earth-metal size, however,
the impact of the varying cyclopentadienyl and halogenido
ligands on the solid-state structure showed solely minor
influence. Further work will be carried out for the better
understanding of the fluxional behavior of the smaller clus-
ter compounds in aromatic solvents. The transformation of
such mixed tetramethylaluminato/halogenido Ln(III) half-
sandwich complexes into methylidene complexes
CpRsLins(pu-X);(u5-X) (i5-CH.) (THF); is (a) temperature de-
pendent (< ambient temperatures mainly give
bis(halogenido) Ln(IIl) complexes CpRLnX,(THF);), (b)
Ln(IlT)-size dependent (respective Lu(IlI) methylidene
were not obtained), and (c) halogenido-size dependent
CpRyY;5(u-1);(p5-1) (15-CH,) (THF); were not obtained). Fur-
thermore, a silane elimination protocol starting from
(CMes);Y5(u-Me)s(p5-Me) (p5-CH,)(THF),  was  imple-
mented for the synthesis of the respective halogenide/me-
thylidene complex. Such rare-earth-metal methylidene
complexes can be fine-tuned (via Ln(IlI) and the
halogenido ligand) to match the performance of the Tebbe
reagent in methylenation reactions of ketones and alde-
hydes. However, the “Ln;(CH.)” moieties are less tolerant
toward bulky and functionalized substrates, as evidenced
for the polymerization of §-valerolactone.

EXPERIMENTAL SECTION

All operations were performed with rigorous exclusion of
air and water by using standard Schlenk, high-vacuum, and
glovebox techniques (MBraun 200B; <o0.1 ppm O,, <0.1 ppm
H.O). Solvents were purified by using Grubbs columns
(MBraun SPS, solvent purification system) and stored in-
side a glovebox. [Ds]benzene, [Ds]toluene, and [Ds]THF
were obtained from Sigma-Aldrich, degassed, and [De]ben-
zene and [Ds] THF were dried over NaK alloy for two days,
[Ds]toluene was stored over Na. Both were filtered prior to
use. SiMe;Cl, SiMe;Br, and SiMe;OTf were purchased from
Sigma Aldrich were used as received. SiMe;I was purchased
from ABCR and filtered prior to use. Neopentanol was pur-
chased from Alfa Aesar and sublimed. Trimethylaluminum
was purchased from ABCR and used as received. Cp,TiCl,
was purchased from Sigma Aldrich and sublimed prior to
use. 9-fluorenone was purchased from Sigma Aldrich and
sublimed, benzaldehyde and cyclohexanone was pur-
chased from Acros Organics and distilled, dihydrocouma-
rin was purchased from TCI and distilled.
(CsMes)Ln(AlMe,),,»  (CsMe,SiMe;)Ln(AlMe,),,# and
(CsMe,);Y5(p-Me);(ps-Me) (u3-CH. ) (THF), were  synthe-
sized according to literature procedures. The NMR spectra
of air- and moisture-sensitive compounds were recorded
by using J. Young valve NMR tubes on a Bruker AVII+400
spectrometer (*H, 400.13 MHz, 3C, 100.61 MHz), and on a
Bruker AVII+500 spectrometer (*H, 500.13 MHz, 3C, 125.76
MHz, Y, 24.51 MHz). IR spectra were recorded on a



Thermo Fisher Scientific NICOLET 6700 FTIR spectrome-
ter using a DRIFT chamber with dry KBr/sample mixture
and KBr windows; IR (DRIFT) data were converted by us-
ing the Kubelka-Munk refinement Elemental analyses
were performed on an Elementar Vario MICRO Cube.

General procedure for the synthesis of
[CpRLn(AIMe,)(u-X)]. (Ln = Y, Lu; X = Cl, Br, I; CpR =
CMe;, C;Me,SiMe;)

A solution of 0.9 equiv. SiMe;X in n-hexane (2 mL) was
added to a solution of (CsMe;)Ln(AlMe,), in n-hexane (2
mL). The reaction mixture was heated to 70 °C for 1 h. The
mixture was allowed to cool to ambient temperatures and
crystals suitable for XRD were grown within 2-4 days at
ambient temperatures. Stirring the crystals shortly in cold
toluene and decanting of the solution can remove potential
impurities of the starting compound.

[(CsMey)Y(AIMe,)(p-CD)], (1*-Y?): Following the proce-
dure described above, SiMe;Cl (49.1 mg, 452 pmol) and
(CsMe5)Y(AlMe,), (200 mg, 502 pmol) yielded 1*-Y9 as
white powder (148 mg, 213 pmol, 85 %). 'H NMR (500 MHz,
[Ds]toluene, 26°C): 8§ 1.89 (s, 30H, Cp-CH;), -0.20 (d,
J(YH) = 2.3 Hz, 24H, Al-CH;) ppm. 3C{"H} NMR (101 MHz,
[Ds]toluene, 26 °C): & 123.0 (d, J(YC) = 1.7 Hz, C;Me;), 12.0
(Cp-CHs;) ppm; 3C resonances for the AlMe, groups could
not be detected. Y NMR (from 'H-8Y HSQC, 25 MHz,
[Ds]toluene, 26 °C): § 208 ppm. IR (KBr): ¥ = 2948 (s), 2907
(s), 2859 (m), 1488 (W), 1454 (m), 1433 (m), 1387 (W), 1379
(m), 194 (W), 1065 (vw), 1024 (W), 803 (Vw), 705 (vs), 690
(s), 592 (vw), 576 (w), 401 (m) cm™; elemental analysis calcd
(%) for C,sH5,ALCLY,: C 48.50, H 7.85; found C 48.32, H
7.30. The analytical data were consistent with those previ-
ously published.+

[(CsMey)Y(AIMe,)(p-Br)], (1*-Y®): Following the proce-
dure described above, SiMe;Br (69.2 mg, 452 pmol) and
(CsMe5)Y(AlMe,), (200 mg, 502 pmol) yielded 1*-Y®" as
white powder (104 mg, 150 pmol, 60 %).'H NMR (400 MHz,
[Ds]toluene, 26 °C): §1.92 (s, 30H, Cp—CH;), —0.18 (d, >JJ(YH)
= 2.3 Hz, 24H, Al-CH;) ppm. 3C{'H} NMR (101 MHz,
[Ds]toluene, 26 °C): § 123.5 (d, J(YC) = 1.5 Hz, CsMes), 12.3
(Cp-CH,) ppm; 3C resonances for the AlMe, groups could
not be detected. Y NMR (from 'H-89Y HSQC, 25 MHz,
[Ds]toluene, 26 °C): § 246 ppm. IR (KBr): ¥ = 2929 (m), 2914
(m), 2888 (w), 2863 (w), 2823 (w), 2789 (vw), 1487 (vw),
1446 (W), 1234 (W), 1419 (W), 1434 (vw), 1380 (W), 1219 (m),
188 (w), 1022 (vw), 8o1 (vw), 715 (vs), 697 (vs), 608 (w), 587
(s), 482 (W), 457 (W), 422 (w) cm™; elemental analysis caled
(%) for C,sHs,ALBr,Y,: C 42.99, H 6.96; found C 42.66, H
7.30.

[(CsMeg)Y(AIMe,)(p-1)], (1*-Y"): Following the procedure
described above, SiMe;l (9o.4 mg, 452 pmol) and
(CsMe;)Y(AlIMe,), (200 mg, 502 pmol) yielded 1*-Y' as
white powder (165 mg, 188 pmol, 75 %). 'H NMR (400 MHz,
[Ds]toluene, 26 °C): § 1.98 (s, 30H, Cp-CH;), -0.15 (br s,

24H, Al-CH;) ppm. 3C{'H} NMR (101 MHz, [Ds]toluene,
26 °C): 8§ 124.1 (CsMes), 11.4 (Cp-CH;) ppm; 3C resonances
for the AlMe, groups could not be detected. IR (KBr): ¥ =
2068 (w), 2917 (m), 2885 (m), 2862 (w), 2823 (W), 2731 (Vw),
1683 (vw), 1669 (Vw), 1575 (W), 1568 (W), 1532 (VW), 1520 (W),
1506 (Vw), 1472 (W), 1455 (W), 1446 (W), 1435 (W), 1418 (W),
1394 (Vw), 1379 (W), 1218 (W), 188 (m), 1063 (vw), 1022 (W),
800 (vw), 714 (v5), 697 (v5), 691 (vs), 604 (W), 580 (5), 536
(vw), 527 (vw), 518 (vw), 482 (W), 479 (W), 458 (W), 419 (vw),
401 (w) cm™; elemental analysis caled (%) for C.sHs,ALLY.:
C 38.38, H 6.21; found C 38.19, H 6.07.

[(CsMes)Lu(AlMe,)(u-Cl)], (1*-Lu®): Following the pro-
cedure described above, SiMe;Cl (21.0 mg, 193 pmol) and
(CsMe5)Lu(AlMe,), (100 mg, 212 umol) yielded 1*-Lu®! as
white powder (52.0 mg, 60.1 pmol, 57 %). 'H NMR (400
MHz, [Ds]toluene, 26 °C): §1.93 (s, 30H, Cp-CH,), -0.05 (br
s, 24H, Al-CH;) ppm. 3C{*H} NMR (101 MHz, [Ds]toluene,
26 °C): 6 121.4 (CsMes), 12.1 (Cp—CH;) ppm; 3C resonances
for the AlMe, groups could not be detected. IR (KBr): ¥ =
3013 (VW), 2975 (W), 2016 (m), 2888 (m), 2840 (w), 2823 (w),
2736 (vw), 1558 (vw), 1539 (Vw), 1520 (VW), 1506 (W), 1488
(vw), 1455 (W), 1435 (W), 1418 (W), 1379 (Vw), 1374 (VW), 1219
(w), 1192 (m), 1021 (vw), 800 (Vvw), 715 (vs), 700 (vs), 693 (vs),
668 (m), 582 (s), 471 (m), 457 (m), 419 (vw) cm™; elemental
analysis caled (%) for C,sHy,ALCLLu,: C 38.86, H 6.29;
found C 38.91, H 6.27.

[(CsMes)Lu(AlMe,)(u-Br)], (1*-Lu®"): Following the pro-
cedure described above, SiMe;Br (29.2 mg, 191 pmol) and
(CsMe5)Lu(AlMe,), (100 mg, 212 pmol) yielded 1*-Lu®" as
white powder (67.0 mg, 70.2 pmol, 66 %). '"H NMR (400
MHz, [Ds]toluene, 26 °C): §1.96 (s, 30H, Cp-CHj), 0.00 (br
s, 24H, Al-CH;) ppm. 3C{'"H NMR (101 MHz, [Ds]toluene,
26 °C): & 121.8 (CsMe;), 12.3 (Cp-CH;) ppm; 3C resonances
for the AlMe, groups could not be detected. IR (KBr): V =
3014 (W), 2976 (W), 2917 (s), 2887 (m), 2841 (m), 2824 (w),
2734 (VW), 1556 (vw), 1486 (vw), 1435 (W), 1418 (W), 1391 (VW),
1379 (vw), 1219 (m), 1192 (m), 1022 (w), 800 (vw), 713 (vs),
697 (vs), 613 (m), 578 (s), 473 (M), 459 (m), 413 (VW) cm™;
elemental analysis caled (%) for C,sHs,ALBr,Lu,: C 35.24, H
5.70; found C 35.22, H 5.51.

[(CsMes)Lu(AlMe,)(p-1)], (1*-Lu'): Following the proce-
dure described above, SiMe;l (38.1 mg, 190 pmol) and
(CsMes)Lu(AlMe,), (100 mg, 212 pmol) yielded 1*-Lu' as
white powder (74.0 mg, 70.6 umol, 67 %). '"H NMR (400
MHz, [Ds]toluene, 26 °C): § 2.00 (s, 30H, Cp-CH;), 0.04 (br
s, 24H, Al-CH;) ppm. 3C{"H} NMR (101 MHz, [Ds]toluene,
26 °C): § 122.6 (CsMe;), 13.1 (Cp-CH;) ppm; 3C resonances
for the AlMe, groups could not be detected. IR (KBr): v =
2069 (), 2015 (m), 2886 (m), 2862 (w), 1444 (W), 1433 (W),
1419 (W), 1379 (W), 1226 (W), 1190 (W), 1022 (VW), 712 (vS), 696
(vs), 580 (s), 480 (W), 473 (W), 459 (W), 402 (w) cm™; ele-
mental analysis caled (%) for C,sHs,ALLLu,: C 32.08, H
5.19; found C 31.94, H 5.01.



[(CsMe,SiMe;)Y(AIMe,)(u-Cl)]. (1’-Y®): Following the
procedure described above, SiMe;Cl (21.4 mg, 197 pmol)
and (CsMe,SiMe;)Y(AlMe,), (100 mg, 219 umol) yielded 1’-
Y as white powder (40.0 mg, 49.4 pmol, 45 %). '"H NMR
(400 MHz, [Ds]toluene, 26 °C): & 2.15 (s, 12H, Cp-CH;-2,5),
1.85 (s, 12H, Cp-CH;-3,4), 0.32 (s, 18H, Si-CH;), —0.18 (d,
J(YH) = 2.4 Hz, 24H, Al-CH;) ppm. 3C{'"H} NMR (101 MHz,
[Dg]toluene, 26 °C): § 132.3 (2,5-CsMe,SiMe;), 128.4 (3,4-
C;Me,SiMe;), 120.3 (1-CsMe,SiMe;), 15.7 (Cp-CHj;), 1.9 (Cp-
CH,), 2.1 (Si-Me), 0.3 (br, Al-Me) ppm. #Y NMR (from 'H-
89y HSQC, 25 MHz, [Ds]toluene, 26 °C): § 206 ppm. IR
(KBr): ¥ = 2948 (m), 2918 (m), 2892 (m), 2826 (w), 2794
(vw), 1456 (W), 1448 (W), 1436 (vw), 1429 (VW), 1419 (VW),
1406 (vw), 1322 (W), 1248 (m), 1219 (W), 187 (w), 1019 (Vw),
846 (vs), 838 (vs), 756 (m), 715 (vs), 697 (vs), 633 (W), 608
(w), 583 (s), 481 (W), 459 (Vvw), 425 (W) cm™; elemental anal-
ysis caled (%) for C3,HesALCLSLY.: C 47.47, H 8.22; found
C 47.58, H 7.94. The analytical data were consistent with
those previously published.+

[(CsMe,SiMe;)Y(AIMe,)(u-Br)], (¥-Y®"): Following the
procedure described above, SiMe;Br (30.2 mg, 197 pmol)
and (CsMe,SiMe;)Y(AlMe,), (100 mg, 219 umol) yielded -
Y®" as white powder (60.0 mg, 66.8 pmol, 61 %). 'H NMR
(400 MHz, [Ds]toluene, 26 °C): § 2.17 (s, 12H, Cp-CH;-2,5),
1.86 (s, 12H, Cp-CH;-3,4), 0.33 (s, 18H, Si-CH;), -o0.15 (d,
?J(YH) = 2.4 Hz, 24H, Al-CH,) ppm. 3C{'"H} NMR (101 MHz,
[Ds]toluene, 26 °C): § 132.8 (2,5-CsMe,SiMe;), 128.3 (3,4-
CsMe,SiMe;), 120.5 (1-CsMe,SiMe;), 15.8 (Cp-CH;), 123
(Cp-CH;), 2.8 (br, Al-Me), 2.2 (Si-Me) ppm. %Y NMR
(from 'H-%Y HSQC, 25 MHz, [Ds]toluene, 26 °C): § 240
ppm. IR (KBr): ¥ = 2955 (w), 2018 (m), 2892 (w), 2824 (W),
2790 (vw), 1482 (Vw), 1448 (vw), 1408 (vw), 1388 (VW), 1377
(vw), 1344 (vw), 1321 (W), 1248 (m), 1219 (W), 1190 (W), 1128
(vw), 1019 (Vw), 846 (vs), 838 (vs), 756 (m), 716 (vs), 697
(vs), 633 (W), 611 (W), 582 (W), 482 (W), 460 (W), 426 (m) cm~
;;, elemental analysis caled (%) for Cy,HesALBrLSLL,Y,: C
42.77, H 7.40; found C 42.81, H 7.34.

[(CsMe,SiMe;)Y(AIMe,)(p-1)]. (1’-Y"): Following the pro-
cedure described above, SiMe;l (39.4 mg, 197 pmol) and
(CsMe,SiMe;)Y(AIMe,), (100 mg, 219 pmol) yielded 1-Y' as
white powder (70.0 mg, 70.5 pmol, 64 %). '"H NMR (400
MHz, [Ds]toluene, 26 °C): § 2.22 (s, 12H, Cp-CH;-2,5), 1.93
(s, 12H, Cp-CH;-3,4), 0.37 (s, 18H, Si-CH;), -0.13 (s, 24H,
Al-CH;)ppm. 3C{*H} NMR (101 MHz, [Ds]toluene, 26 °C): &
133.3 (2,5-CsMe,SiMe;), 129.4 (3,4-CsMe,SiMe;), 121.4 (1-
CsMe,SiMe;), 16.3 (Cp-CH,), 13.2 (Cp-CHs), 3.7 (br, Al-Me),
2.1 (Si-Me) ppm. IR (KBr): ¥ = 2948 (m), 2898 (m), 2870
(W), 2736 (vw), 1504 (vw), 1481 (vw), 1454 (W), 1447 (W), 1417
(W), 1404 (vw), 1388 (vw), 1374 (VW), 1345 (VW), 1321 (W), 1263
(w), 1253 (m), 1246 (m), 1216 (W), 194 (W), 1127 (VW), 1020
(w), 987 (vw), 848 (s), 836 (vs), 755 (m), 736 (W), 707 (vs),
698 (vs), 693 (s), 687 (s), 638 (W), 630 (W), 601 (W), 579 (W),
559 (W), 526 (vw), 515 (w), 508 (vw), 496 (VW), 472 (W), 457
(vw), 421 (m), 405 (vw) cm™; elemental analysis caled (%)
for C;,HesALLSILY,: C 38.72, H 6.70; found C 38.58, H 6.64.

[(CsMe,SiMe;)Lu(AlMe,) (u-Cl)], (1’-Lu®): Following the
procedure described above, SiMe;Cl (18.0 mg, 166 pmol)
and (C;Me,SiMe;)Lu(AlMe,), (100 mg, 184 pmol) yielded
r’-Lu® as white powder (36.1 mg, 36.7 pmol, 40 %).'H NMR
(400 MHz, [Ds]toluene, 26 °C): § 2.17 (s, 12H, Cp-CH;-2,5),
1.87 (s, 12H, Cp-CH;-3,4), 0.32 (s, 18H, Si-CHj), —0.05 (br's,
24H, Al-CH;) ppm. 3C{'H} NMR (101 MHz, [Ds]toluene,
26 °C): 8 130.9 (2,5-C;Me,SiMe;), 126.8 (3,4-CsMe,SiMe,),
18.4 (1-CsMe,SiMe;), 15.8 (Cp-CH;), 1.8 (Cp-CHy), 2.1 (Si-
CH;) ppm; 3C resonances for the AlMe, groups could not
be detected. IR (KBr): ¥ = 2949 (vw), 2887 (w), 2771 (w),
2730 (Vvw), 1485 (vw), 1448 (W), 1327 (Vvw), 1243 (W), 185 (m),
131 (w), 1107 (Vw), 845 (W), 758 (m), 687 (s), 630 (m), 505
(s), 459 (m), 445 (m), 418 (vw) cm™; elemental analysis
caled (%) for C5,HeeALCLLu,SI: C 39.15, H 6.78; found C
39.22, H 6.86.

[(C;Me,SiMe;)Lu(AlMe,)(u-Br)], (1’-LuP"): Following the
procedure described above, SiMe;Br (25.4 mg, 166 pmol)
and (C;Me,SiMe;)Lu(AlMe,), (100 mg, 184 pmol) yielded 1’-
Lu® as white powder (44.0 mg, 41.1 pmol, 45 %). 'H NMR
(400 MHz, [Ds]toluene, 26 °C): & 2.19 (s, 12H, Cp-CH;-2,5),
1.88 (s, 12H, Cp-CH;-3,4), 0.34 (s, 18H, Si-CHj;), o.01 (br s,
24H, Al-CH;) ppm. 3C{'H} NMR (101 MHz, [Ds]toluene,
26 °C): 6 1314 (2,5-CsMe,SiMe;), 1271 (3,4-CsMe,SiMe,),
120.4 (1-CsMe,SiMe;), 15.9 (Cp-CHj,), 12.2 (Cp-CH;), 2.2 (Si-
CH,) ppm; 3C resonances for the AlMe, groups could not
be detected. IR (KBr): ¥ = 3014 (w), 2970 (m), 2947 (m),
2920 (m), 2892 (m), 2825 (W), 2740 (Vw), 1484 (VW), 1447
(W), 1433 (W), 1408 (W), 1388 (Vw), 1377 (VW), 1371 (VW), 1344
(w), 1321 (m), 1248 (s), 1227 (W), 188 (w), 129 (Vw), 1020
(vw), 846 (vs), 837 (vs), 756 (s), 715 (vs), 701 (vs), 633 (m),
613 (m), 582 (), 530 (W), 476 (W), 463 (W), 425 (W), 405 (VW)
cm™; elemental analysis caled (%) for C3,HesALBr,Lu,Si,: C
35.90, H 6.21; found C35.68, H 5.95.

[(CMe,SiMe;)Lu(AlMe,)(p-1)]. (¥’-Lu'): Following the
procedure described above, SiMe;l (33.2 mg, 166 pmol) and
(CsMe,SiMe;)Lu(AlMe,), (100 mg, 184 pmol) yielded 1’-Lu’
as white powder (48.0 mg, 41.2 pmol, 45 %). 'H NMR (400
MHz, [Ds]toluene, 26 °C): § 2.23 (br s, 12H, Cp-CHj;-2,5),
1.86 (s, 12H, Cp-CH;-3,4), 0.33 (s, 18H, Si-CH,), 0.01 (br s,
24H, Al-CH;) ppm. 3C{'H} NMR (101 MHz, [Ds]toluene,
26 °C): & 1321 (2,5-C;Me,SiMe;), 127.6 (3,4-C;Me,SiMe;),
123.0 (1-CsMe,SiMe;), 16.2 (Cp-CH;,), 12.6 (Cp-CHj), 1.7 (Si-
CH;) ppm; 3C resonances for the AlMe, groups could not
be detected. IR (KBr): ¥ = 2973 (w), 2948 (w), 2905 (W),
2860 (W), 2731 (vw), 1575 (W), 1485 (VW), 1455 (W), 1436 (W),
1436 (W), 1428 (W), 1418 (W), 1405 (W), 1386 (VW), 1374 (VW),
1345 (Vvw), 1321 (m), 1249 (m), 1129 (vw), 1085 (vw), 1021 (W),
989 (vw), 952 (Vw), 847 (vs), 839 (vs), 756 (m), 688 (w), 668
(vw), 630 (W), 570 (vw), 424 (m), 404 (w) cm™; elemental
analysis caled (%) for C3HesALLLW,Si,: C 33.00, H 5.71;
found C 33.64, H5.67.

General procedure for the synthesis of
[CpR;Las(AlMe,).(p-X),). (X = Cl, Br, I; CpR = CMe;,
C;Me,SiMe;)



A solution of 1.3 equiv. SiMe;X in n-hexane (2 mL) was
added to a solution of (CsMes)La(AlMe,), in n-hexane (2
mL). The reaction was stirred overnight at ambient tem-
peratures. The precipitate was allowed to settle, washed
with n-hexane (3 x 1 mL), and dried in vacuo. Crystals can
be obtained by performing the reaction under the same
conditions without stirring. Due to poor solubility any
meaningful NMR spectra could not be obtained.

[(CsMes);La;(AlMe,),(p-Cl),). (2*-La®): Following the
procedure described above, SiMe,Cl (63.0 mg, 580 pmol)
and (C;Me;)La(AlMe,), (200 mg, 446 pmol) yielded 2*-La®
as white powder (19 mg, 50.4 pmol, 68 %). IR (KBr): ¥ =
291 (s), 2858 (m), 1488 (vw), 1439 (W), 1379 (vw), 1190 (m),
1043 (W), 1027 (W), 763 (W), 696 (vs), 623 (m), 587 (m),
531(w) cm™; elemental analysis caled for C,6H;z3Al,ClsLag x
CeH,,: C 41.68 H 6.48; found C 41.46, H 6.50. The analytical
data were consistent with those previously published.+

[(CsMe;);Las(AlMe,).(p-Br),]. (2*-La®’): Following the
procedure described above, SiMe;Br (88.8 mg, 580 pmol)
and (CsMes)La(AlMe,), (200 mg, 446 pmol) yielded 2*-La®"
as white powder (139 mg, 51.1 pmol, 69 %). IR (KBr): ¥ =
2954 (m), 2912 (s), 2858 (m), 1449 (W), 1436 (W), 1420 (W),
1379 (W), 193 (W), 1039 (m), 1026 (m), 768 (w), 700 (vs), 621
(s), 585 (m), 558 (w), 530 (w) cm™; elemental analysis caled
for C,6Hy3sAl,BrsLas x CsH,y: C 36.23, H 5.64; found C 36.60,
H 5.54.

[(CsMe;);Las(AlMe,).(p-1),]. (2*-La"): Following the pro-
cedure described above, SiMe;l (16 mg, 580 pmol) and
(CsMe;)La(AlMe,), (200 mg, 446 pmol) yielded 2*-La' as
white powder (200 mg, 64.6 pmol, 87 %). IR (KBr): ¥ = 2954
(s), 2915 (s), 2857 (m), 1487 (W), 1454 (m), 1436 (M), 1419 (W),
1388 (), 1378 (), 1195 (m), 1037 (m), 1026 (m), 768 (W),
698 (vs), 616 (s), 583 (m), 555 (W), 523 (w) cm™; elemental
analysis caled for C,6HysAl,IsLas x CeHy,: 31.83, H 4.95;
found C 32.26, H 4.76.

[(CsMe,SiMe;);Las(AlMe,),(u-Cl),]. (2’-La®): Following
the procedure described above, SiMe;Cl (55.8 mg, 514
pumol) and (C;Me,SiMe;)La(AlMe,), (200 mg, 395 pmol)
yielded 2’-La® as white powder (80.0 mg, 34.7 pmol, 46 %).
IR (KBr): V = 2950 (W), 2906 (W), 2861 (W), 1482 (Vvw), 1452
(W), 1431 (vw), 1386 (Vw), 1375 (VW), 1344 (VW), 1325 (W), 1261
(w), 1247 (m), 1195 (W), 1124 (VW), 1043 (W), 1029 (W), 1019
(W), 847 (vs), 836 (vs), 755 (m), 704 (m), 627 (m), 584 (W),
532 (w), 418 (m) cm™; elemental analysis caled for
CgsH,7,SisAl,ClsLag: C 40.25, H 6.68; found C 40.40, H 6.64.

[(CsMe,SiMe;);Las(AlMe,),(u-Br),], (2’-LaP"): Following
the procedure described above, SiMe;Br (78.6 mg, 513
pumol) and (C;Me,SiMe;)La(AlMe,), (200 mg, 395 pmol)
yielded 2’-LaP" as white powder (160 mg, 52.2 pmol, 79 %).
IR (KBr): V = 2951 (W), 2906 (W), 1482 (vw), 1451 (W), 1430
(vw), 1406 (vw), 1387 (vW), 1375 (VW), 1344 (VW), 1324 (W),
1260 (W), 1247 (m), 1195 (W), 1123 (vw), 1039 (W), 1022 (W),
844 (vs), 836 (vs), 755 (m), 701 (m), 626 (m), 585 (W), 533

(vw), 418 (w) cm™; elemental analysis caled for
CssH,,SisAl,BrsLas x CeHy,: C 36.80, H 6.18; found C 36.46,
H 6.09.

[(CMe,SiMe;);Las(AlMe,),(u-1),]. (2’-La'): Following the
procedure described above, SiMe;l (103 mg, 515 umol) and
(CsMe,SiMe,)La(AlMe,), (200 mg, 395 pmol) yielded 2’-La’
as white powder (100 mg, 28.3 pmol, 43 %). IR (KBr): ¥ =
2954 (m), 2904 (m), 2861 (W), 1485 (W), 1454 (W), 1387 (vw),
1375 (W), 1344 (W), 1323 (m), 1249 (M), 1196 (W), 1123 (Vw),
1037 (W), 1018 (w), 847 (vs), 836 (vs), 754 (s), 697 (s), 618
(m), 585 (w), 554 (W), 519 (W), 420 (W) cm™; elemental anal-
ysis caled for CgsH,,SisAlIsLag x 2 CeH,y: C 34.03, H 5.77;
found C 33.92, H 5.84.

(CsMe;);La;(AlMe,) (u-OTH);(p5-OTH), (3*-La®™): Follow-
ing the procedure described for 2-La, SiMe;OTf (64.4 mg,
290 pmol) and (C;Me;)La(AlMe,), (100 mg, 223 pmol)
yielded 3*-La®™ as white powder (105 mg, 58.9 pumol, 79 %).
IR (KBr): ¥ = 20919 (w), 2872 (w), 1505 (vw), 1455 (W), 1446
(w), 1436 (w), 1380 (W), 1325 (W), 1312 (vs), 1287 (vs), 1260 (s),
1245 (8), 1227 (8), 1209 (s), 1195 (), 1104 (VW) 1043 (vs), 941
(vw), 771 (W), 763 (W), 719 (m), 694 (m), 687 (m), 668 (w),
636 (s), 631 (s), 588 (W), 582 (W), 559 (W), 518 (m), 509 (m),
490 (vw) cm™; elemental analysis caled (%) for
C,;HssAlF,sLa;0,,Ss C 31.64, H 3.28; found C 32.71, H 4.49.
Due to the high F and S content no better elemental anal-
ysis could be obtained. The yield is determined in relation
to the metal.

General procedure for the synthesis of CpRY;(u-
X)s(p1s-X) (-CHL)(THF), (X = Cl, Br, I, CpR = CiMe,,
C;Me,SiMe;)

(CsMes);Y;(p-X);(p5-X) (p13-CHL ) (THF); (4-Y%):

Route A: [CpRY(AIMe,)(u-X)], 1-YX was suspended in tolu-
ene (1 mL) and THF (2 mL) was added. The reaction was
shaken several times, filtered and allowed to stand at am-
bient temperatures for 3-4 days. A color change to yellow-
orange occurred, the mixture was concentrated and stored
at —40 °C to yield crystalline material. The yield was deter-
mined in relation to the halogenido content.

Route B: A solution of 4 equiv. of SiMe;X in THF (1 mL)
were added to a solution of (CsMe;);Y;(u-Me);(p5-Me) (p5-
CH,)(THF), V¥ in THF (4 mL). The solution was allowed to
stir for 46 h at ambient temperature. Removal of the sol-
vent and washing with n-hexane gave the products as
white powder. Crystals were obtained from saturated solu-
tions in THF at —40 °C.

(CsMes),Y;(p-Cl)5(p5-C1) (p3-CH. ) (THF); (4*-Y):

Following route A described above, 1*-Y®! (0.100 mg, 144
pumol) yielded 4*-Y® as colorless crystals (68.0 mg, 65.2
pmol, g1 %).



Following route B described above, SiMe,Cl (48.8 mg, 449
pmol), and VY (100 mg, n2 pmol) yielded 4*-Y! as white
powder (70.0 mg, 67.0 pmol, 64 %). 'H NMR (400 MHz,
[Ds]THF, 26 °C): § 3.61 (m, 12H, THF), 1.98 (s, 45H, Cp-
CH,), 1.77 (m, 12H, THF), -0.35 (q, J(YH) = 4.4 Hz, 2H, Y-
CH,) ppm. 3C NMR (101 MHz, [Ds]THF, 26 °C): § u8.0
(CsMes), 67.4 (THF), 25.3 (THF), 12.2 (Cp-CH,) ppm; 3C
resonances for the CH, group could not be detected. 8Y
NMR (from 'H-8Y HSQC, 25 MHz, [Ds]THF, 26 °C): & 163
ppm. IR (KBr): ¥ = 2967 (s), 2930 (vs), 2896 (vs), 2856 (vs),
2751 (W), 2719 (W), 1484 (W), 1450 (s), 1374 (M), 1344 (W), 1313
(w), 1295 (W), 1248 (w), 176 (w), 1065 (m), 1024 (vs), 920
(m), 878 (s), 804 (w), 661 (m), 635 (m), 594 (m), 505 (s), 438
(s), 428 (s), 415 (s), 407 (s) cm™; elemental analysis calcd
(%) for C,;sHACLY;0;: C 49.44, H 6.85; found C 49.19, H
6.81. The analytical data is inconsistent to those previously
published.4°

(CMey);Y;(p-Br)s (pt5-Br) (s-CHL) (THF); (4*-YPr):

Following route A described above, 1*-Y?" (0.100 mg, 128
pumol) yielded 4*-YPr as colorless crystals (60.0 mg, 49.1
pmol, 77 %).

Following route B described above, SiMe;Br (68.7 mg, 44.9
pmol), and VY (100 mg, nz2 pmol) yielded 4*-Y®r as white
powder (80.0 mg, 65.4 pmol, 63 %). '"H NMR (400 MHz,
[Ds]THF, 26 °C): § 3.62 (m, 12H, THF), 2.01 (s, 45H, Cp-
CH,), 1.77 (m, 12H, THF), -0.33 (q, (YH) = 4.4 Hz, 2H, Y-
CH,) ppm. 3C NMR (101 MHz, [Ds]THF, 26 °C): § u8.7
(CsMes), 67.4 (THF), 25.2 (THF), 12.7 (Cp-CH;) ppm; 3C
resonances for the CH, group could not be detected. Y
NMR (from 'H-8Y HSQC, 25 MHz, [Ds]THF, 26 °C): 8196
ppm. IR (KBr): ¥ = 2968 (s), 2937 (s), 2892 (s), 2853 (s), 2719
(vw), 1568 (vw), 1557 (vw), 1539 (vw), 1506 (W), 1520 (W), 1471
(W), 1455 (m), 1436 (m), 1374 (W), 1343 (VW), 1314 (VW), 1295
(vw), 1246 (vw), 185 (vw), 1063 (W), 1020 (vs), 921 (m), 874
(vs), 667 (m), 504 (W), 499 (m), 484 (m), 471 (m), 458 (m),
437 (m), 419 (vs), 412 (s) cm™; elemental analysis calcd (%)
for C,;H,.Br,Y;0;: C 42.25, H 5.85; found C 42.74, H 5.89.

(C;Me,SiMe;),Y;(u-Cl);(pus-C1) (p;-CH,) (THF), (4-Y):

Following route A described above, 1-Y®! (0.100 mg, 123
pmol) yielded 4’-Y®' as colorless crystals (64.0 mg, 53.0
pumol, 86 %). 'H NMR (400 MHz, [Ds]THF, 26 °C): § 3.61
(m, 12H, THF), 2.u1 (s, 18H, Cp-CH;-2,5), 2.06 (s, 18H, Cp-
CH;-3,4), 1.77 (m, 12H, THF), 0.24 (s, 27H, Si-Me), -0.42 (q,
)(YH) = 4.4 Hz, 2H, Y-CH,) ppm. 3C NMR (101 MHz,
[Ds]THF, 26°C): & 127.6 (2,5-C;Me,SiMe;), 123.8 (3,4-
CMe,SiMe;), 113.9 (1-CsMe,SiMe;), 67.5 (THF), 25.2 (THF),
15.2 (Cp-CH,), 13.0 (Cp-CHj;), 2.8 (Si-Me) ppm; 3C reso-
nances for the CH, group could not be detected. Y NMR
(from 'H-8Y HSQC, 25 MHz, [Ds]THF, 26 °C): § 150 ppm.
IR (KBr): ¥ = 2979 (m), 2948 (s), 2894 (s), 2861 (m), 2360
(vw), 1558 (W), 1539 (W), 1520 (W), 1506 (W), 1496 (W), 1488
(W), 1472 (W), 1456 (m), 1447 (M), 1436 (m), 1418 (W), 1404
(w), 1386 (vw), 1373 (Vw), 1326 (m), 1245 (m), 1186 (vw), 1130

(w), 1106 (vw), 1020 (m), 917 (W), 847 (vs), 834 (vs), 752 (s),
684 (s), 668 (s), 641 (m), 628 (m), 571 (W), 559 (W), 518 (W),
502 (W), 489 (w), 473 (W), 457 (m), 435 (W), 419 (m) cm™;
elemental analysis caled (%) for C,H,,Cl,05Si;Y5: C 48.76,
H 6.43; found C 48.90, H 7.22.

(C;Me,SiMe;),Y;(p-Br);(p5-Br) (p;-CH.) (THF); (47-Y™):

Following route A described above, 1-Y®" (0.100 mg, m
pmol) yielded 4’-Y®r as colorless crystals (56.9 mg, 41.1
pmol, 74 %)."H NMR (400 MHz, [Ds] THF, 26 °C): §3.62 (m,
12H, THF), 2.14 (s, 18H, Cp-CHj;-2,5), 2.10 (s, 18H, Cp-CH,-
3,4), .78 (m, 12H, THF), o.25 (s, 27H, Si-Me), -0.42 (q,
?J(YH) = 4.4 Hz, 2H, Y-CH,) ppm. 3C NMR (101 MHz,
[Ds]THF, 26°C): 6§ 128.3 (2,5-CsMe,SiMe;), 124.5 (3,4-
C;Me,SiMe;), us5.1 (1-CsMe,SiMe;), 67.6 (THF), 25.4 (THF),
15.7 (Cp-CHj;), 13.7 (Cp-CHj;), 2.9 (Si-Me) ppm; 3C reso-
nances for the CH, group could not be detected. %Y NMR
(from 'H-%Y HSQC, 25 MHz, [Ds]THF, 26 °C): § 183 ppm.
IR (KBr): ¥ = 2980 (m), 2949 (m), 2894 (m), 2727 (vw), 1494
(vw), 1454 (W), 1405 (vw), 1384 (Vw), 1372 (VW), 1344 (W),
1324 (m), 1243 (m), 183 (vw), 130 (vw), 1081 (vw), 1019 (m),
916 (W), 875 (m), 845 (vs), 834 (vs), 754 (s), 729 (m), 694
(w), 684 (w), 640 (w), 628 (m), 573 (Vw), 511 (W), 499 (vw),
491 (vw), 476 (W), 466 (w), 451 (m), 422 (m), 410 (W) cm™;
elemental analysis caled (%) for C,oH,,Br,05Si;Y; x OC,Hs:
C 43.70, H 5.88; found C 43.59, H 5.86.

General procedure for the synthesis of CpRLas(u-
X);(p5-X) (p5-CH,) (THF); (4-La¥): (X = Cl, Br, I, CpR =
C;Me,, C;Me,SiMe;)

[CpR;Las(AlMe,),(u-X),], 2-LaX was suspended in toluene (1
mL) and THF (2 mL) was added. The reaction was shaken
several times, filtered and allowed to stand at ambient tem-
peratures for 3-4 days. A color change to yellow-orange oc-
curred, the mixture was concentrated and stored at —40 °C
to yield crystalline material.

(C;Me;);La;(p-Cl)s(ps-Cl) (p5-CH,)(THF); (4*-La“): Fol-
lowing the procedure described above, 2*-La® (200 mg,
84.6 umol) yielded 4*-La“ as light yellow powder (27.8 mg,
23.3 umol, 55 %). 'H NMR (400 MHz, [Ds]THF, 26 °C): §
3.65 (m, 12H, THF), 2.09 (s, 45H, Cp-CHjs), 1.81 (m, 12H,
THF), -0.93 (s 2H, La-CH,) ppm. 3C NMR (101 MHz,
[Ds]THF, 26 °C): 8 u7.2 (CsMes), 67.3 (THF), 25.3 (THF),
10.8 (Cp-CHj;) ppm; 3C resonances for the CH, group could
not be detected. IR (KBr): ¥ = 2981 (s), 2890 (vs), 2803 (m),
2720 (vw), 1488 (W), 1437 (m), 1420 (), 1376 (W), 1172 (m),
1023 (s), 992 (8), 920 (W), 870 (m), 840 (W), 717 (vs), 671 (s),
595 (M), 565 (s), 544 (s), 462 (VW), 451 (vW), 434 (VW), 419
(vw), 405 (vw) cm™; elemental analysis caled (%) for
C,;sHAClLLas0;: C 43.23, H 5.99; found C 43.77, H 6.10. The
analytical data were consistent with those previously pub-
lished.#°

(CsMes);La;(u-Br);(u;-Br) (u5-CHL) (THF); (4%-La®Y): Fol-
lowing the procedure described above, 2*-LaP" (200 mg,



73.6 pmol) yielded 4*-La®" as light yellow powder (36.4 mg,
26.5 umol, 72 %). 'H NMR (400 MHz, [Ds]THF, 26 °C): §
3.66 (m, 12H, THF), 2.10 (s, 45H, Cp-CH;), 1.81 (m, 12H,
THF), -0.93 (s 2H, La-CH,) ppm. 3C NMR (101 MHz,
[Ds]THF, 26 °C): 6 120.8 (CsMe;), 67.3 (THF), 25.2 (THF),
12.0 (Cp-CH,) ppm; 5C resonances for the CH, group could
not be detected. IR (KBr): ¥ = 2961 (s), 2891 (vs), 2856 (vs),
2752 (w), 2723 (W), 1558 (W), 1532 (VW), 1506 (W), 1495 (W),
1488 (W), 1471 (W), 1456 (m), 1447 (m), 1436 (m), 1375 (W),
1344 (VW), 1247 (vw), 185 (vw), 1061 (vw), 1021 (v8), 916 (W),
875 (s), 729 (vw), 694 (w), 667 (W), 633 (W), 623 (W), 590
(W), 550 (Vw), 517 (vw), 501 (vW), 457 (W), 423 (W), 418 (m),
405 (s) cm™; elemental analysis caled (%) for
C,3H,Br,La;05: C 37.63, H 5.21; found C 37.70, H 5.68.

(CsMes);Las(u-1);(p5-1) (u5-CHL) (THF); (4*-La'): Following
the procedure described above, 2*-La' (200 mg, 64.6 pmol)
yielded 4*-La' as light yellow powder (39.7 mg, 25.5 umol,
79 %). 'H NMR (400 MHz, [Ds]THF, 26 °C): § 3.62 (m, 12H,
THF), 2.14 (s, 45H, Cp-CH;), 1.77 (m, 12H, THF), -0.97 (s
2H, La-CH,) ppm. 3C NMR (101 MHz, [Ds]THF, 26 °C): §
123.2 (CsMes), 67.3 (THF), 25.2 (THF), 13.2 (Cp-CH;) ppm;
BC resonances for the CH, group could not be detected. IR
(KBr): ¥ = 2975 (m), 2934 (m), 2890 (s), 1487 (W), 1455 (m),
1432 (W), 1377 (vW), 1367 (VW), 1343 (VW), 1204 (VW), 1243 (W),
176 (w), 1062 (vw), 1035 (s), 1012 (vs), 949 (W), 920 (m), 912
(m), 854 (vs), 839 (s), 834 (s), 665 (w) cm™; elemental anal-
ysis caled (%) for C,;3H,1,La;05: C 33.10, H 4.59; found C
33.69, H 4.75.

(C;Me,SiMe;);Las(pu-Cl);(p5-Cl) (p5-CH.)(THF); (4-La“):
Following the procedure described above, 2’-La® (200 mg,
73.7 umol) yielded 4’-La® as light yellow powder (40.0 mg,
29.2 umol, 79 %). 'H NMR (400 MHz, [Ds]THF, 26 °C): §
3.62 (m, 12H, THF), 2.19 (s, 18H, Cp-CH;-2,5), 2.14 (s, 18H,
Cp-CH;-3,4), 177 (m, 12H, THF), 0.25 (s, 27H, Si-Me), -
0.96 (s, 2H, La-CH,) ppm. 3C NMR (101 MHz, [Ds]THF,
26 °C): & 129.5 (2,5-CsMe,SiMe;), 126.0 (3,4-CsMe,SiMe;),
7.2 (1-C;Me,SiMe;), 67.4 (THF), 25.3 (THF), 14.5 (Cp-CH;-
2,5), 12.5 (Cp—CH;-3,4), 2.7 (Si-Me) ppm; 3C resonances for
the CH, group could not be detected. IR (KBr): ¥ = 2969
(m), 2949 (m), 2889 (m), 2858 (m), 2757 (VW), 1558 (W), 1539
(vw), 1520 (W), 1506 (VvW), 1489 (W), 1472 (W), 1456 (m), 1447
(w),1435 (W), 1418 (W), 1404 (W), 1385 (Vw), 1373 (VW), 1326
(m), 1243 (m), 128 (Vw), 1025 (m), 916 (W), 871 (m), 835 (vs),
754 (m), 730 (W), 685 (m), 668 (W), 629 (W), 417 (s), 403 (m)
cm™; elemental analysis caled (%) for C,oHsoCl,La;0,Si; x
C,Hs0: C 44.63, H 6.73; found C 44.66, H 6.76.

(C;Me,SiMe;);Las(p-Br);(ps-Br) (1;-CH.) (THF); (4-La®):
Following the procedure described above, 2’-La®" (200 mg,
65.2 pmol) yielded 4’-LaP" as light yellow powder (40.0 mg,
25.9 pmol, 79 %).'H NMR (400 MHz, [Ds] THF, 26 °C): §3.61
(m, 12H, THF), 2.22 (s, 18H, Cp-CH;-2,5), 218 (s, 18H, Cp-
CH;-3,4), 1.77 (m, 12H, THF), 0.26 (s, 27H, Si-Me), -0.97 (s,
2H, La-CH,) ppm. 3C NMR (101 MHz, [Ds]THF, 26 °C): §
1301 (2,5-CsMe,SiMe;), 126.6 (3,4-CsMe,SiMe;), 118.0 (1-
CsMe,SiMe;), 67.3 (THF), 25.2 (THF), 15.0 (Cp-CH;-2,5),

13.1 (Cp-CH;-3,4), 2.8 (Si-Me) ppm; 3C resonances for the
CH, group could not be detected. IR (KBr): ¥ = 2976 (w),
2971 (W), 2951 (W), 2890 (W), 2860 (W), 1456 (W), 1447 (W),
1436 (W), 1343 (VW), 1326 (W), 1242 (m), 1021 (m), 914 (VW),
870 (m), 848 (vs), 835 (vs), 754 (m), 684 (W), 668 (vw), 638
(vw), 628 (W), 442 (vw), 420 (W), 408 (W), 403 (W) cm*; el-
emental analysis caled (%) for C,oHsoBr,La;0;Si;: C 38.05,
H 5.80; found C 38.09, H 5.72.

(CsMe,SiMe;);La;(p-T);(p5-1) (u;-CHL) (THF); (4'-La'): Fol-
lowing the procedure described above, 2’-La' (200 mg, 56.7
pumol) yield 4’-La' as light yellow powder (47.9 mg, 27.7
pmol, 85 %). 'H NMR (400 MHz, [Ds]THF, 26 °C): § 3.62
(m, 12H, THF), 2.9 (s, 18H, Cp-CHj;-2,5), 2.19 (s, 18H, Cp-
CH;-3,4), 1.77 (m, 12H, THF), 0.36 (s, 27H, Si-Me), -0.96 (s,
2H, La-CH,) ppm. 3C NMR (101 MHz, [Ds]THF, 26 °C): §
131.3 (2,5-C:Me,SiMe;), 128.7 (3,4-CsMe,SiMe;), 120.7 (1-
CsMe,SiMe;), 67.3 (THF), 25.2 (THF), 15.3 (Cp-CH;-2,5),
13.8 (Cp-CH;-3,4), 3.3 (Si-Me) ppm; 3C resonances for the
CH, group could not be detected. IR (KBr): ¥ = 2973 (w),
2950 (W), 2893 (W), 1481 (vw),1471 (W), 1454 (VW), 1447 (W),
1405 (vW), 1386 (1), 1375 (vW), 1324 (), 1246 (), 124 (vW),
1013 (W), 948 (Vw), 914 (Vvw), 847 (vs), 837 (vs), 754 (W), 686
(w), 636 (vw), 627 (W), 422 (w) cm™; elemental analysis
caled (%) for C,oHsol,La;05Si;: C 33.92, H 5.7; found C
34.20, H 5.67.

[(C;Mes)Y(OCH,tBu)(u-OCH,tBu)]. (5*-Y): Following
route B described for 4-Y, HOCH.tBu (36.6 mg, 41.5 pmol)
and [(CsMes);Y;(u-Me);(u;-Me) (us-CH,)(THF),] (100 mg,
12 pmol) yielded 5*-Y as white powder (49.0 mg, 61.5 pmol,
30 %). The yield is determined in relation to HOCH,¢Bu.'H
NMR (400 MHz, [Dg]THF, 26 °C): § 3.69 (s, 4H, CH.), 3.49
(s, 4H, CH,), 2.15 (s, 30H, Cp-CH;), 0.99 (s, 18H, CH,), 0.91
(s, 18H, CH;) ppm. 3C NMR (101 MHz, [Dg]THF, 26 °C): §
17.7 (C;Me;), 78.6 (CH.,), 76.6 (CH.), 33.7 (C(CH,)5), 331
(C(CH5;)5), 271 (C(CHs),), 26.6 (C(CHs);), 1.4 (Cp-CHs)
ppm. %Y NMR (from 'H-%Y HSQC, 25 MHz, [Ds]THF,
26 °C): § 1021 ppm. IR (KBr): V = 2948 (vs), 2906 (s), 2862
(s), 2812 (m), 2726 (vW), 2695 (W), 1506 (vw), 1478 (m), 1457
(m), 1437 (W), 1418 (vw), 1392 (W), 1361 (W), 1256 (Vw), 1132
(vs), 1047 (s), 1017 (5), 933 (W), 898 (w), 752 (VW), 615 (s),
559 (m), 440 (m), 420 (s), 41 (m) cm™; elemental analysis
caled (%) for C,oH,,0,Y,: C 60.29, H 9.36; found C 59.63, H
8.63.

Cp.Ti(p-Cl)(p-CH,)AlMe,: Cp,TiCl, (500 mg, 2.01 mmol),
was dissolved in toluene (15 mL) and a solution of AlMe,
(290 mg, 4.02 mmol) in n-hexane (5 mL) was added. The
solution turned dark red within 5 min. The solution was
allowed to rest at ambient temperatures for 48 h. The sol-
vent was removed in vacuo. The remaining oily solid was
extracted with n-pentane (3 x 5 mL). The solution was con-
centrated and toluene (1 mL) was added for better crystal-
lization. Red crystals grew from a saturated solution at - 40
°C within one day. 'H NMR (400 MHz, [Ds]benzene, 26 °C):
8§ 8.28 (s, 2H, CH,), 5.60 (s, 10H, Cp-H), -0.26 (s, 6H,
AICH;) ppm.



X-ray Crystallography and Crystal Structure Determi-
nations

Single crystals of 1*-LnPr, 1*-Y!, 2*-Lal, 2’-La“, 3*-La°®™f, 4*-
Ln®, 5*Y, (C;Mes;)Lal,(THF);, and Cp,Ti(u-CH,)(u-
Cl)AlMe, were grown by standard techniques from satu-
rated solutions in n-hexane, toluene or THF at -35 °C as
stated in the experimental section. Suitable crystals were
collected in a glovebox and coated with Parabar 10312 (pre-
viously known as Paratone N, Hampton Research) and
fixed on a nylon loop/glass fiber.

X-ray data for compounds of 1*-Ln?, 1*-Y!, 2*-Lal, 2’-La‘,
3*-LaOTf, 4*-LnP", 5*-Y, (C;Me;)LaL.(THF),, and Cp,Ti(u-
CH.,)(u-Cl)AlMe, were collected on a Bruker APEX I DUO
instrument equipped with an IpS microfocus sealed tube
and QUAZAR optics for MoK, (A = 0.71073 A) and CuK, (A
=1.54184 A) radiation. The data collection strategy was de-
termined using COSMO3° employing w-scans. Raw data
were processed using APEX,> and SAINT,> corrections for
absorption effects were applied using SADABS.5 The struc-
tures were solved by direct methods and refined against all
data by full-matrix least-squares methods on F2 using
SHELXTL5+ and ShelXle.5s Disorder models are calculated
using DSR, a program for refining structures in ShelX1.5° All
graphics were produced employing ORTEP-357 and POV-
Ray.’® Further details of the refinement and crystallo-
graphic data are listed in Table S1 (ESI) and in the CIF files.
CCDC depositions xxx contain all the supplementary crys-
tallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/structures/.
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NMR spectroscopy

The solvent residual peaks are marked with an asterisk (*)
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Figure S1. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1*-Y® at 26 °C and
[(CsMes)Y(AlMe4)2] (#), formed upon dissolving via ligand redistribution.
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Figure S2. 3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1*-Y® at 26 °C and
[(CsMes)Y(AlMes)2] (#), formed upon dissolving via ligand redistribution. The 13C NMR signal for the

Al-Me groups could not be detected.
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[(CsMes)Y(AlMes)2] (175 ppm), formed upon dissolving via ligand redistribution.
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Figure S4. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1*-YB" at 26 °C and
[(CsMes)Y(AlMe4)2] (#), formed upon dissolving via ligand redistribution.
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Figure S5. 13C{'H} NMR spectrum (101 MHz, [Dg]toluene) of complex 1*-YBr at 26 °C and
[(CsMes)Y(AlMes)2] (#), formed upon dissolving via ligand redistribution. The 13C NMR signal for the
Al-Me groups could not be detected.
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Figure S6. 'H-8%Y HSQC NMR spectrum (25 MHz, [Ds]toluene) of complex 1*-YBr at 26 °C and
[(CsMes)Y(AlMe4)2] (175 ppm), formed upon dissolving via ligand redistribution.
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Figure S7. '"H NMR spectrum (400 MHz, [Ds]toluene) of complex 1*-Y' at 26 °C and
[(CsMes)Y(AlMes)2] (#), formed upon dissolving via ligand redistribution.
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Figure S8. 13C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1*-Y' at 26 °C and
[(CsMes)Y(AlMes)2] (#), formed upon dissolving via ligand redistribution.
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Figure S9. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1*-Lu® at 26 °C and
[(CsMes)Lu(AlMes)2] (#), formed upon dissolving via ligand redistribution.
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Figure S10. '3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1*-Lu® at 26 °C. The 3C NMR
signal for the Al-Me groups could not be detected.
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Figure S11. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1*-LuB" at 26 °C and
[(CsMes)Lu(AlMes)2] (#), formed upon dissolving via ligand redistribution.
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Figure S12. 3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1*-Lu®" at 26 °C and
[(CsMes)Lu(AIMes)2] (#), formed upon dissolving via ligand redistribution. The '3C signal for the Al-Me

groups could not be detected.
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Figure S13. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1*-Lu' at 26 °C and
[(CsMes)Lu(AlMea)z] (#), formed upon dissolving via ligand redistribution.
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Figure S14. 3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1*-Lu' at 26 °C and
[(CsMes)Lu(AIMes)2] (#), formed upon dissolving via ligand redistribution. The '3C signal for the Al-Me

groups could not be detected.
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Figure S15. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1°-Y® at 26 °C and
[(CsMesSiMes)Y(AIMea)2] (#), formed upon dissolving via ligand redistribution.
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Figure S16. '3C{'H} NMR spectrum (101 MHz, [Dg]toluene) of complex 1’-Y¢ at 26 °C and

[(CsMeasSiMes)Y(AIMes)2] (#), formed upon dissolving via ligand redistribution.
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Figure S17. 'H-8%Y HSQC NMR spectrum (25 MHz, [Ds]toluene) of complex 1’-Y®' at 26 °C and
[(CsMesSiMes) Y (AlMes)2] (170 ppm), formed upon dissolving via ligand redistribution.
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Figure S18. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1°-YBr at 26 °C and
[(CsMesSiMes)Y(AIMea)2] (#), formed upon dissolving via ligand redistribution.
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Figure S19. 3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1’-YBr at 26 °C and
[(CsMesSiMes)Y(AIMes)2] (#), formed upon dissolving via ligand redistribution. The signal of the C—
SiMes unit is detected in 'H-3C HMBC (Figure S20).
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Figure S20. 'H-'3C HMBC NMR spectrum (101 MHz, [Dg]toluene) of complex 1°-YBr at 26 °C.
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Figure S21. 'H-8%Y HSQC NMR spectrum (25 MHz, [Ds]toluene) of complex 1’-YB" at 26 °C and
[(CsMesSiMes)Y(AlMes)2] (170 ppm), formed upon dissolving via ligand redistribution.
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Figure S22. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1’-Y' at 26 °C and
[(CsMesSiMes)Y(AIMes)2] (#) and other dissolution products (+), formed upon dissolving via ligand
redistribution.
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Figure S23. '3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1’-Y' at 26 °C and
[(CsMesSiMes)Y(AIMes)2] (#), formed upon dissolving via ligand redistribution.
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Figure S24. 'H NMR spectrum (400 MHz, [Dg]toluene) of complex 1°-Lu® at 26 °C.
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Figure S25. '3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1’-Lu® at 26 °C. 13C
resonances for the AlMe4 groups could not be detected.
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Figure S26. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1°-LuB" at 26 °C and
[(CsMesSiMes)Lu(AlMes)2] (#), formed upon dissolving via ligand redistribution.
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Figure S27. '3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1’-Lu®" at 26 °C and
[(CsMesSiMes)Lu(AlMea)2] (#), formed upon dissolving via ligand redistribution. '3C resonances for the
AlMes groups could not be detected.
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Figure S28. '"H NMR spectrum (400 MHz, [Dg]toluene) of complex 1’-Lu' at 26 °C and
[(CsMesSiMes)Lu(AlMes)2] (#) and other dissolution products (+), formed upon dissolving via ligand
redistribution.
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Figure S29. '3C{'H} NMR spectrum (101 MHz, [Ds]toluene) of complex 1’-Lu' at 26 °C and
[(CsMe4SiMes)Lu(AIMeas)2] (#), formed upon dissolving via ligand redistribution. 3C resonances for the

AlMes groups could not be detected.
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Figure S30. 'H NMR spectrum (400 MHz, [Dg]thf) of complex 4*-Y¢ at 26 °C.
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Figure S31. 3C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex 4*-Y' at 26 °C. 3C resonances for
the CH2 group could not be detected.
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Figure S32. 'H-89Y HSQC NMR spectrum (25 MHz, [Dg]thf) of complex 4*-Y®' at 26 °C.
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Figure S33. 'H NMR spectrum (400 MHz, [Dg]thf) of complex 4*-Y®" at 26 °C.
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Figure S34. 3C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex 4*-YB" at 26 °C. '3C resonances for
the CH2 group could not be detected.
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Figure S35. 'H-8%Y HSQC NMR spectrum (25 MHz, [Ds]thf) of complex 4*-YBr at 26 °C.
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Figure S36. 'H NMR spectrum (400 MHz, [Ds]thf) of complex 4’-Y®' at 26 °C.
S20



ab C d d e f g
w [s)]
] o] ) ol N <
o A - r~ 0 Tols) e
— = — w ol — ol
|| l | | \/ |
C SiMe;,
a
thf” p
b+ R g
Me,Si C}'ﬁ(‘: &l Cl SiMes
thf < thf ©
d f
Jul oAby p—— ﬂ ?'-—M'J
130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure S37. 3C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex 4’-Y®' at 26 °C. 13C resonances for
the CH2 group could not be detected.
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Figure S38. 'H-8%Y HSQC NMR spectrum (25 MHz, [Ds]thf) of complex 4’-Y® at 26 °C.
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Figure S39. '"H NMR spectrum (400 MHz, [Dg]thf) of complex 4’-Y®" at 26 °C.
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Figure S40. '3C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex 4’-YB" at 26 °C. 13C resonances for

the CHz group could not be detected.

S22



= ppm

°
9 o 200
g é 250
300
L] 350
400
450
500
550
600

650

40 35 30 25 20 15 10 05 00 -05 -1.0 ppm

Figure S41. 'H-89Y HSQC NMR spectrum (25 MHz, [Dg]thf) of complex 4’-Y®B" at 26 °C with
decomposition products.
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Figure S42. 'H NMR spectrum (400 MHz, [Dg]thf) of complex 4*-La® at 26 °C.
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Figure S43. '3C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex 4*-La® at 26 °C. 13C resonances for
the CH2 group could not be detected.
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Figure S44. '"H NMR spectrum (400 MHz, [Dg]thf) of complex 4*-La®" at 26 °C.
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Figure S45. '3C{'H} NMR spectrum (101 MHz, [Dg]thf) of complex 4*-LaB" at 26 °C. '3C resonances

for the CH2z group could not be detected.
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Figure S46. '"H NMR spectrum (400 MHz, [Dg]thf) of complex 4*-La' at 26 °C.
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Figure S47. '3C{'H} NMR spectrum (101 MHz, [Dsg]thf) of complex 4*-La' at 26 °C. 3C resonances for

the CH:z group could not be detected.
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Figure S48. 'H NMR spectrum (400 MHz, [Dg]thf) of complex 4’-La® at 26 °C.
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Figure S49. 3C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex 4’-La® at 26 °C. '3C resonances for

the CHz group could not be detected.
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Figure S50. 'H NMR spectrum (400 MHz, [Dg]thf) of complex 4’-La®" at 26 °C.
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Figure S51. 3C{'H} NMR spectrum (101 MHz, [Dg]thf) of complex 4’-La®" at 26 °C. '3C resonances for

the CHz group could not be detected.
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Figure S52. '"H NMR spectrum (400 MHz, [Dg]thf) of complex 4’-La' at 26 °C.
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Figure S53. '3C{'H} NMR spectrum (101 MHz, [Ds]thf) of complex 4’-La' at 26 °C. 3C resonances for

the CH:z group could not be detected.
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Figure S54. 'H NMR spectrum (500 MHz, [Ds]benzene) of complex 5*-Y at 26 °C.

S29



a b b cc dd e
e
[ © o P = (O =
e W © MM~ ® —
il ~ M~ MM —
* | %) NV |
8 ‘ (5 OCH,Bu
Rl
) 0&0%
f |
c fBUHQC
d
st
T T = T 2 T T I : I T | . | d | g |
140 120 100 80 60 40 20 0 ppm

Figure S55. '3C{'H} NMR spectrum (101 MHz, [Ds]benzene) of complex 5*-Y at 26 °C.
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Figure S56. 'H-89Y HSQC NMR spectrum (25 MHz, [Ds]benzene) of complex 5*-Y at 26 °C.
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Figure S57. 'TH NMR spectrum (400 MHz, [Ds]benzene) of the Tebbe reagent at 26 °C.
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Figure S58. 'H NMR spectrum (400 MHz, [De]thf) of complex (CsMes)sYa(u-CHs)(u-Cl)2(us-Cl) (us-
CH2)(thf)s at 26 °C.
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Reactivity studies

Methylidene transfer:

All reactions were monitored via 'H NMR spectroscopy and performed according to the
following protocol:

The respective methylidene complex (5 mg) was dissolved in 0.3 ml of [Dg]thf in a J.Young-
valved NMR tube. Two equivalents of the carbonylic reagent dissolved in 0.2 ml of [Dg]thf were
added. The NMR tube was shaken several times within 15 min and then a Proton NMR was
immediately recorded. The yields of all reactions were calculated from the integral ratio olefinic
functionality/Cp™ (CH2/Cp—Me or CH./SiMes) or from the integral ratio olefinic functionality/Y—
CH. depending on the accessibility of the respective signals.

The reactivity studies with the Tebbe reagent were performed under the same conditions
except the solvent. For the Tebbe reagent [De]lbenzene was chosen, concerning its
decomposition in thf.

Exemplary, the reactivity of 4’-La®" with 9-fluorenone for the generation of 9-methylidene-
fluorene is shown in the following.

: SiMe; Q : SiMe3

SlMe3 [Dglthf SIMes
H2Q ¢ SiMej > SiMey

sﬁf

= &

(o] o

8 7 6 5 4 3 2 -1 ppm

fgj fgj

(aV} o

(aV]
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Polymerization of &-valerolactone:

In a glovebox the respective methylidene complex (0.005 mmol) was weighed into a vial,
dissolved in 2 mL of THF and &-valerolactone (5 mmol) in 2 mL THF was added. The mixture
was allowed to stir for 15 minutes. Then the vial was exposed to air and quenched with 10 ml
of n-hexane. The mixture was allowed to stir for 30 minutes and the solvent decanted. The
formed polymer was washed with n-hexane (3 x 5 mL) and dried. The crude poly-valerolactone
(PVL) was characterized as a THF solution for GPC measurements.
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X-ray structure analyses

1*-Y! Selected bond lengths
[A]
Y-/’ 3.0695(4)/3.1016(4)
Y1-C11/C12 2.563(4)/2.529(4)
Y1-Al1 3.0902(11)
Y1-Ct1 2.305

Figure S59. ORTEP representation of the crystal structure of 1*-LuB" with atomic displacement
parameters set at the 50% level. Hydrogen atoms are omitted for clarity.

1*-Lubr Selected bond lengths
[A]
Lu1-Br1/Br1’ 2.7961(7)/2.8257(8)
Lu1i-C1/C2 2.529(3)/2.486(3)
Lu1-Al1 3.0434(10)
Lu1-Ct1 2.258

Figure S60. ORTEP representation of the crystal structure of 1*-LuB" with atomic displacement
parameters set at the 50% level. Hydrogen atoms are omitted for clarity.

2*-La' Selected bond lengths [A]
La1-11/12/13 3.4366(4)/3.2327(4)/3.2470(4)
La2—11/12/14 | 3.3981(4)/3.2379(4)/3.2605(4)
La3-11/13/14 | 3.3455(4)/3.2323(4)/3.2096(4)

La—Ct 2.512/2.509/2.503
La1—-C1/C2 2.773(4)/2.771(4)
La2—C5/C6 2.777(4)2.771(4)

La1-Al2 3.3192(12)
La2—Al1 3.3159(12)
La3-C3'/C7’ 2.954(4)/ 2.966(3)

Figure S61. ORTEP representation of the crystal structure of 2*-La' with atomic displacement
parameters set at the 50% level. Hydrogen atoms and lattice n-hexane are omitted for clarity.
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[(CsMes)Lalx(thf)s] | Selected bond lengths [A]

La1-I1/12

3.1974(9)/3.2453(7)

La1-Ct1

2.540

La1-01/02/03

2.629(6)/2.546(4)/2.533(4)

Figure S62. ORTEP representation of the crystal structure of [(CsMes)Lalz(thf)s] with atomic
displacement parameters set at the 50% level. Hydrogen atoms and the disorder in one thf molecule

are omitted for clarity.

5*-Y Selected bond lengths
[A]

Y-Ct 2.353, 2.377
Y-01/04 2.027(2), 2.029(2)
Y-02/03 2.2316(19), 2.2383(19),

2.2451(19), 2.2538(19)

Figure S63. ORTEP representation of the crystal structure of 5*-Y with

atomic displacement

parameters set at the 50% level. Hydrogen atoms are omitted for clarity.

4*-La®™

Selected bond lengths [A]

La1-Br1/3/4

3.0307(5)/3.0279(4)/3.2074(4)

La2—-Br2/3/4

3.0047(5)/3.0274(4)/3.1670(4)

La3-Br1/2/4

La1/2/3—CH2

(
3.0307(4)/3.0385(5)/3.1849(4)
2.572(3)/2.646(4)/2.553(3)

Figure S64. ORTEP representation of the crystal structure of 4*-LaB" with atomic displacement
parameters set at the 50% level. Hydrogen atoms except for CHz2 and solvent toluene are omitted for

clarity.
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Table S1. Comprehensive crystallographic data for compounds 1*-YB", 1*-Y! 1*-Lu® and 2*-La'

1*-YBr 1*-Y! 1*-Lu®r 2*-La'
CCDC
Formula CagHs4Al2BraYz | CogHsaAl2l2Y2 C2sHs4Al2BraLuz | CesHissAlalsLas
M [g mol] 782.31 876.29 954.43 3180.78
Crystal system orthorhombic orthorhombic orthorhombic triclinic
Space group Pbca Pbca Pbca P
a[A] 9.649(4) 9.6420(3) 9.716(3) 15.1879(17)
b [A] 14.704(6) 15.1683(4) 14.542(5) 15.4891(18)
c [A] 25.105(10) 25.5125(7) 24.882(8) 15.6522(18)
al’] 90 90 90 103.083(3)
B[] 90 90 90 118.426(2)
v [°] 90 90 90 104.865(3)
V [A3] 3562(2) 3731.27(18) 3515.8(19) 2854.7(6)
Z 4 4 4 1
T [K] 100(2) 100(2) 100(2) 100(2)
Pealed [g €M) 1.459 1.560 1.803 1.850
M[mm~] 5.549 4.811 7.920 4.423
F (000) 1584 1728 1840 1512
O range [°] 1.622-29.125 1.596-28.275 2.651-28.274 1.491-30.077
total reflns 35167 43739 65293 122186
unique reflns 4777 4630 4362 16728
Rint 0.0560 0.0427 0.0440 0.0781
observed reflns (1>20) 3864 3858 3893 14086
Data/restraints/parameter | 4777/185/0 4630/0/185 4362/185/0 16728/615/259
R1/wR2 (I1>20) [ 0.0257/0.0517 | 0.0331/0.0609 0.0222/0.0405 0.0329/0.0798
R1/wR2 (all data)tl 0.0401/0.0554 | 0.0480/0.0652 0.0177/0.0388 0.0417/0.0861
GOF 1.011 1.106 1.098 1.064
largest diff. peak and hole | 0.604 and - 0.878 and — 1.075 and - 2.204 and - 1.147
[e A9 0.341 0.760 0.626

[a] R1 = Z(||Fol-|Fc||)/Z|Fo|,Fo> 40(Fo). WR2 = {Z[w(Fo2-Fc2)/Z[w(Fo2)2]} "2,
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Table S1 continued. Comprehensive crystallographic data for compounds 2’-La®, 3*-La®™ 4*-YBr and

4*-LaPr,

2’_LaCI 3*_LaOTf 4*_YBr 4*_LaBr
CCDC
Formula CssH174Al4ClsLasSie | CoaH146Al2F30Las6034S10 | Ce0.50H91BraYs0s | Ceo.s50He1BralLasOs
M [g mol] 2625.78 3598.12 1452.70 1602.70
Crystal system monoclinic triclinic triclinic triclinic
Space group C2lc P-1 P P
a[A] 34.9606(16) 14.6570(15) 14.1530(6) 14.3915(7)
b [A] 13.4774(6) 14.9347(15) 15.8798(7) 16.0503(8)
c[A] 26.2883(12) 18.1390(19) 16.5355(6) 16.7132(8)
a[] 90 102.5380(10) 102.7230(10) 102.5370(10)
B[] 106.8900(10) 103.4360(10) 114.0310(10) 114.2580(10)
v [°] 90 96.6000(10) 105.3420(10) 104.6900(10)
V [A3] 11852.2(9) 3712.2(7) 3037.8(2) 3170.7(3)
Z 4 1 2 2
T [K] 150(2) 100(2) 100(2) 100(2)
Pealcd [g cM™3] 1.472 1.610 1.588 1.679
M[mm~] 2.421 1.940 5.514 4.545
F (000) 5264 1780 1470 1578
O range [°] 1.217-30.172 2.954-27.103 1.433-28.282 1.408-29.209
total reflns 251615 16328 83784 130276
unique refins 17537 16328 15065 17141
Rint 0.0653 0.0921 0.0397
observed reflns (1>20) 14294 12846 10729 15187
Data/restraints/parameter | 17537/534/0 16328/624/1051 15065/693/95 17141/693/64
R1/wR2 (1>20) @ 0.0310/0.0645 0.0461/0.0913 0.0408/0.0821 0.0385/0.0940
R1/wR2 (all data)ll 0.0461/0.0722 0.0763/0.1084 0.0744/0.0935 0.0323/0.0904
GOF& 1.108 1.077 1.023 1.054

largest diff. peak and
hole [e A-9]

1.314 and -0.695

2.227 and —1.955

1.566 and
-0.913

1.366 and
—2.902

[a] R1 = Z(||Fol-|F¢||)/Z|Fo|,Fo> 40(Fo). wWR2 = {Z[w(Fo?-Fc?)%/Z[w(Fo?)3]}"2.
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Table S1 continued. Comprehensive crystallographic data for compounds 4’-LaC®, [(CsMes)Lalx(thf)s],
5*-Y, and the Tebbe reagent.

4-Lac [(CsMes)Lalx(thf)s] | 5*-Y Tebbe reagent
CCDC
Formula Ce0.50H91Cl250Las01.50Si2 | C2zHagl2LaOs Ca0H7404Y2 Cs2.85H43.70Al2Cl2.15Ti2
M [g mol] 592.55 744.24 796.81 664.55
Crystal system triclinic trigonal monoclinic monoclinic
Space group P-1 R-3:H P21/c C2/c
a[A] 15.2944(6) 42.437(13) 11.8884(13) 22.2702(13)
b [A] 16.6590(7) 42.437 17.8190(18) 11.8790(7)
c[A] 16.8144(7) 9.155(3) 20.366(2) 15.1179(17)
a[°] 119.0030(10) 90 90 90
B[] 91.5250(10) 90 99.491(2) 125.5250(10)
v [°] 108.6950(10) 120 90 90
V [A9] 3462.5(2) 14278(10) 4255.2(8) 3255.0(5)
Z 2 18 4 4
T [K] 100(2) 160(2) 100(2) 100(2)
Pealed [g M ™3] 0.568 1.558 1.244 1.356
M[mm~] 1.939 3.307 2.748 0.742
F (000) 515 6444 1696 1389
O range [°] 1.643-28.282 0.960-25.022 2.079-26.411 2.186 to 30.072
total reflns 152989 24793 82006 38797
unique reflns 17172 5617 8700 4771
Rint 0.0319 0.1211 0.1141 0.0413
observed reflns (1>20) 15005 3643 5897 4340
Data/restraints/parameter | 17172/1978/810 5617/494/304 8700/0/437 4771/0/193
R1/wR2 (1>20) @ 0.0353/0.0866 0.0353/0.0639 0.0382/0.0754 | 0.0294/0.0762
R1/wR2 (all data)tl 0.0426/0.0939 0.0669/0.0713 0.0763/0.0888 | 0.0326/0.0790
GOF& 1.038 0.803 1.004 1.041
largest diff. peak and 2.331 and -2.279 0.712 and -0.760 | 0.427 and — 0.429 and -0.288
hole [e A79] 0.426

[a] R1 = X(||Fo|-|Fq|[)/Z|Fol,Fo> 40(Fo). WR2 = {Z[w(Fo?-Fc?)%/Z[w(F0?)2]}"2.
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Appendix

Analytical data of compounds not included in the main results or manuscripts

TpBUMeyMe(AlIMe,) toluene
E—

.
RT, 24 h
SiMe;OTf ’

Tp®MeY (u-CHz)(AlMes)(AlMe.CH,) VB-324A
Serendipitous finding

Ri[I>sigma(I)] 5.80%, wR»(all data) 13.39%
a=12.0899(17) A, a.=90°

b=135.475(5) A, B=109.581(3)°

c=10.1556(14) A, y = 90°

toluene
TpBUMeH + LaBng(thf); ~——> Tp®UMeLaBn, 82%
—40°C, 1h

Tp®B-MLaBn, VB-328

Ri[I>sigma(I)] 3.05%, wR»(all data) 7.68%
a=172752) A, a = 90°

b=11.4136(13) A, p = 105.182(2)°
¢=19.647(2) A, vy = 90°

Additional analyses: 'H NMR, ''B NMR

Tp®BUMey (1-CH,)(AIMe3)(AIMe,CHo)

THF
(Tph)oNzH + AMe;  ————> [(Tph),N3]AIMe;(thf)
RT, 12 h

[(Tph):N3]AlMes(thf) VB-51

Ry[I>sigma(1)] 3.92%, wR»(all data) 10.05%
a=9.0383(2) A, 0. =92.453(2)°
b=10.7498(3) A, p=95.5340(10)°

€ =26.6079(7) A, y = 111.3010(10)°

n-hexane
La(AIMey);3 + LiCp' ——> Cp'La(AlMey),
RT, 12 h

Cp’La(AlMey), VB-118

Ri[I>sigma(I)] 1.65%, wR»(all data) 3.91%
a=9.490(3) A, a = 90°

b=20.227(7) A, p= 110.153(6)°

¢ =12.819(4) A, y = 90°

Additional analyses: 'H NMR, *C NMR



La(AlMe4)3 VB-84

Ri[I>sigma(I)] 1.85%, wR(all data) 4.20%
a=17.7818(18) A, o= 90°

b =18.2278(18) A, B= 108.3444(13)°
c=13.7359(14) A, y = 90°

(CsMe4H)La(AlMey), M [(CsMe4H)LaCl,]q

+ RT, 12h
SiMe;Cl

[(CsMesH)LaCl]o VB-143

Ri[I>sigma(I)] 5.72%, wR»(all data) 16.77%
a=44.546(2) A, a=90°

b =14.9053(8) A, B=90°

¢ =25.5401(13)A, y = 90°

n-hexane
(CsMeg)La(AiMe); TN ¢ Mes)La(AlMe,)thf)

* RT, 12 h
SiMes|

(CsMes)La(AlMeq)(thf) VB-100 2
Serendipitous finding

Ri[I>sigma(I)] 2.74%, wR»(all data) 5.53%
a=18.808(16) A, a=90°

b=8.677(7) A, p=113.609(11)°
c=19.029(16) A, y =90°

RT, 12 h
La(AlMey)s n-hexane
—  + [(SiMey)(Mey-2,6-CoHy)NILa(AIMe,),

KIN(SiMe3)(Me,-2,6-CgHa)]

+

[(SiMe3)(Me,-2,6-CeHs)NLa(AlMes), VB-63_02

Ri[I>sigma(I)] 1.99%, wR»(all data) 4.83%
a=10.132(3) A, a = 90°

b=12.890(3) A, p = 102.684(5)°

¢ =20.586(5) A, y = 90°

Additional analyses: 'H NMR, EA



RT, 12 h
La(AlMe,)3 n-hexane  [(siMes)(Mey-3,5-
+ ™ CeHa)N]Las(AlMe,)oC(AIMe,CH,)(AIMes),
KIN(SiMes)(Mey-3,5-CeHa)]
VB 169 01 [(SiMes)(Mex-3,5-

CeH3)N]La3(AlMes)2C(AIMe,CH)(AlMes),
Serendipitous finding

Ri[I>sigma(I)] 2.35%, wRa(all data) 5.25%
a=10.639(3) A, .= 91.553(6)°
b=14.127(4) A, B = 106.460(7)°
c=16.197(5) A,y = 105.528(9)°

RT, 12h
n-hexane
—— > [(Me-2,6-CgH3)N],La(AIMe,)(AlMe3)

La(AlMey)s

+

KIN(SiMe3)(Me,-2,6-CeHa)]
[(Me;-2,6-CsH3)N].La(AlMes)(AlMes) VB-169 02
Serendipitous finding

Ri[I>sigma(I)] 1.53%, wR(all data) 3.87%
a=12.5093(4) A, o= 90°

b=17.8012(5) A, B=91.7610(10)°

c=16.2480(5) A, y =90°

toluene
—— >  [Mes,-2,6-CgH3-N(SiMe3)]K
60 °C, 24 h

Mes,-2,6-CgH3-N(SiMes)H
+

KIN(SiMe;);]

[Mes,-2,6-CsHaN(SiMes)]K VB-188

Ri[I>sigma(l)] 3.61%, wR»(all data) 8.12%
a=25.3050(18) A, a.=90°

b =6.9947(5) A, B=90°

¢ = 13.7134(10) A, y = 90°

Additional analyses: '"H NMR, 2Si NMR

toluene
——> (CsMes)[(Mes;-2,6-CgH3-NH)]YMe
—-40°C,1h

Mes,-2,6-CgH3-NH,
+

(CsMes)YMe,

(CsMes)[Mes,-2,6-CsHsN(SiMes)]YMe VB-317

Ri[I>sigma(1)] 2.88%, wR»(all data) 7.45%
a=10.1825(16) A, o = 90°

b =20.765(3) A, = 91.466(3)°

¢ = 14.084(2) A, y = 90°

Additional analyses: 'H NMR



RT, 12 h

THF ;
. [(SiMe3)(Me,-2,6-
[(SiMe3)(Mey-2,6-CgH3)NIY (AIMey); ——— = CoHa)NIaY3Me,CHa(thf)s

[(SiMe3)(Mes-2,6-CsH3)N]3Y 3MesCHa(thf)s

VB-170

Ri[I>sigma(I)] 2.14%, wRx(all data) 4.93%
a=21.1598(16) A, o= 90°
b=21.1598(16) A, B = 90°

c=11.3203(9) A, y = 120°

Additional analyses: 'H NMR, EA
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Structurally characterized complexes

On the following pages all X-ray structurally characterized compounds are listed as ChemDraw

sketches.
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Cyclopentadienyl-ligand supported rare-earth-metal complexes

Me3Si




Cyclopentadienyl-ligand supported rare-earth-metal complexes and TEBBE
reagent
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Silylamido-supported rare-earth-metal complexes (unpublished)




