
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

5 
10

:0
2:

55
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Stabilization of r
aDept of Chemistry, University of Californ

E-mail: pla@berkeley.edu
bChemical Sciences Division, Lawrence Ber

94720, USA
cCorporate R&D, The Dow Chemical Com

E-mail: jklosin@dow.com

† Electronic supplementary informatio
mechanistic details. CCDC 2351142–23
crystallographic data in CIF or o
https://doi.org/10.1039/d4sc05983b

Cite this: Chem. Sci., 2025, 16, 280

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th September 2024
Accepted 30th October 2024

DOI: 10.1039/d4sc05983b

rsc.li/chemical-science

280 | Chem. Sci., 2025, 16, 280–287
eactive rare earth alkyl complexes
through mechanistic studies†

Elias Tanuhadi, ab Anna S. Bair,ab Mary Johnson,ab Philip Fontaine,c

Jerzy Klosin, *c Sudipta Palc and Polly L. Arnold *ab

Rare earth tris(alkyl) complexes such as M(CH2SiMe3)3(sol)n are widely used as precursors for many

compounds and as homogeneous catalysts for alkene polymerization and alkane functionalization.

However, the thermal instability of those most conveniently made from the commercially available

lithium salt of the neosilyl anion, LiCH2SiMe3, Li(r), restricts their utility. We present a new range of

synthetically useful, more kinetically stable rare earth neosilyl solvates, derived from a full kinetic study of

the various possible decomposition mechanisms of 7 known and 12 new solvated rare earth neosilyl

complexes M(CH2SiMe3)3(sol)n M = Sc(III), Y(III), Lu(III), Sm(III), and sol = THF; TMEDA; DMPE; diglyme

((CH3)2(OCH2CH2)2O, G2), triglyme ((CH3)2(OCH2CH2)3O, G3). Surprisingly, simply using higher-denticity

donors to sterically disfavor neosilyl g-H elimination is not effective. While Sc(r)3((CH3)2(OCH2CH2)2O)

has a half-life, t1/2, of 258.1 h, six times longer than for Sc(r)3(C4H8O)2 (t1/2 = 43 h),

Lu(r)3((CH3)2(OCH2CH2)2O) and Y(r)3((CH3)2(OCH2CH2)2O) do not show the expected, analogous

increased t1/2. This is because new decomposition pathways appear for poorly fitting donors. Finally,

kinetic studies demonstrate the impact of small, and increasing amounts of LiCl on the kinetics of the

reactivity of the smaller alkyls Y(r)3(THF)2 and Lu(r)3(THF)2; molecules used in hydrocarbon chemistry and

catalysis for fifty years. A new route to pure Y(r)3(THF)2, which avoids the traditional use of Li(r), is presented.
Introduction

Since their discovery in 1973,1 neutral rare-earth metal
complexes of the type RE(CH2SiMe3)3(THF)x, (RE = Sc, Y, Sm–

Lu; x = 2, 3) featuring trimethylsilylmethyl ligands2,3 have been
valuable reagents for (pre)catalyst design, in particular for
olen- and diene polymerization,4–7 and hydrocarbon C–H bond
functionalization catalysis.8,9 More recently, RE(CH2SiMe3)3-
(donor)x (RE = Y, Dy, Er, Ho; donor = THF, quinuclidine, luti-
dine and OPCy3) have shown promise as single molecule
magnets.10 Given that the Li and Mg salts of the trimethylsi-
lylmethyl anion are commercially available, it is frustrating that
all neosilyl complexes exhibit varying degrees of thermal
instability, both in solution and in the solid state.2 The larger –
CH(SiMe3)2 alkyl11 generates complexes with improved thermal
stability, but its salts are not commercially available.
ia, Berkeley, Berkeley, CA, 94720, USA.

keley National Laboratory, Berkeley, CA

pany, Midland, Michigan 48674, USA.

n (ESI) available: Synthetic and
51150, and 2369795. For ESI and
ther electronic format see DOI:
The employment of donor-ligands to enhance kinetic
stability, but yet can be easily substituted by protic reagents,12

should pave the way for novel RE-alkyl reactivity in these simple
compounds.

Scheme 1 illustrates the three potential mechanisms for the
elimination of SiMe4 from RE(CH2SiMe3)3(THF)2. The rst
mechanism, Scheme 1a, involves the attack by a coordinated
neosilyl on an a-CH2 group. This results in the formation of
a RE-alkylidene. However, this product has not been observed
and is expected to be unstable. An early study of Er(CH2-
SiMe3)3(THF)3 suggested this decomposition mechanism, via
silylalkylidene [Er(CH2SiMe3)(CHSiMe3)]n, but no evidence was
provided to substantiate this, although this reactivity is well-
documented for Ti.13,14 The second mechanism, denoted as b-
H in Scheme 1b, involves the attack by a neosilyl on a b-CH2

group of a coordinated THF molecule, forming a metal vinyl
alkoxide and ethylene, also anticipated to have low kinetic
stability.15,16 The third mechanism, Scheme 1c, involves the
attack of the CH2 carbon on a SiCH3, forming a metallacycle.
Deuterolysis experiments with Lu(CH2SiMe3)3(THF)2 suggested
a g-H elimination pathway to a metalacyclic intermediate
Me2Si(m-CH2)2LuCH2SiMe3 although this was not observed
directly.15

The addition of diglyme, (CH3)2(OCH2CH2)2O, G2, and glyme
(CH3OCH2)2, G1, to Lu(CH2SiMe3)3(THF)2 generated the unan-
ticipated mixed solvates Lu(CH2SiMe3)3(k

2-G2)(THF) and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The three possible mechanisms for elimination of SiMe4
from RE(r)3(THF)2 (r = CH2SiMe3): (a) a-H elimination; (b) b-H elimi-
nation, and (c) g-H elimination.

Table 1 Half-lives t1/2 [h] of selected rare earth tris(neosilyl) solvates
RE(CH2SiMe3)3(donor)x at 30 °C in C6D6. Donor= (THF)2, (DMPE)(THF),
TMEDA, G2 = diglyme, (CH3)2(OCH2CH2)2O, G3 = triglyme (CH3)2(-
OCH2CH2)3O, DMPE = Me2PCH2CH2PMe2, TMEDA =

Me2NCH2CH2NMe2

RE(r)3(donor)x Label t1/2 [h] Ref.

Sm(CH2SiMe3)3(triglyme) Sm-triglyme 0.7 This work
Sm(CH2SiMe3)3(THF)3 Sm-THF 2.8 19
Sm(CH2SiMe3)3(diglyme) Sm-diglyme 3.7 This work
Y(CH2SiMe3)3(DMPE)(THF) Y-DMPE 5.8 17
Y(CH2SiMe3)3(triglyme) Y-triglyme 7.8 This work
Sc(CH2SiMe3)3(DMPE) Sc-DMPE 9 This work
Sm(CH2SiMe3)3(TMEDA) Sm-TMEDA 11.7 This work
Y(CH2SiMe3)3(diglyme) Y-diglyme 24.4 This work
Y(CH2SiMe3)3(TMEDA) Y-TMEDA 36.5 17
Sc(CH2SiMe3)3(THF)2 Sc-THF 43.9 20
Sc(CH2SiMe3)3(TMEDA) Sc-TMEDA 73.4 This work
Lu(CH2SiMe3)3(DMPE)(THF) Lu-DMPE 74.1 This work
Y(CH2SiMe3)3(THF)2 Y-THF 119.6 This work
Li[YCl(CH2SiMe3)3(THF)2] LiClY-THF 213 10
Lu(CH2SiMe3)3(triglyme) Lu-triglyme 190.7 This work
Sc(CH2SiMe3)3(diglyme) Sc-diglyme 258.1 This work
Lu(CH2SiMe3)3(diglyme) Lu-diglyme 278.2 This work
Lu(CH2SiMe3)3(THF)2 Lu-THF 482.6 15
Lu(CH2SiMe3)3(TMEDA) Lu-TMEDA 487.8 This work
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Lu(CH2SiMe3)3(k
2-G1)(THF) which the authors reported to be

thermally robust but without providing data.15 Most recently,
N,N tetramethyl ethylene diamine (TMEDA) or bis-
dimethylphosphino ethane (DMPE) have been reported to
enhance the kinetic inertness of [Y(CH2SiMe3)3], with no further
data.17

Herein, we report a comprehensive study of the relative
thermal stabilities of nineteen rare earth complexes under
conditions widely applied for protonolysis reactions, identifying
the decomposition mechanisms, characterizing the important
intermediates, and highlighting the importance of compound
purity. We have prepared a library of seven known and twelve
new solvated rare earth neosilyl complexes M(r)3(donor)x for r =
CH2SiMe3 (Fig. S5–S30, S55, and S56†) that cover a range of rare
earth radii, between Sc (rcov, 6-coord = 0.745 Å) and Sm
(rcov, 6-coord = 0.958 Å);18 tris(CH2SiMe3) adducts with measur-
able stability at room temperature have not been made yet for
any RE larger than Sm.2,19 Previously reported complexes are:
M(r)3(THF)2; M = Sm(III),19 Y(III),10 Lu(III),15 Sc(III);20

Y(r)3(donor);17 donor = DMPE/THF, TMEDA. The new
complexes added here are: M(r)3(G2); M = Sm(III), Y(III), Lu(III),
Sc(III); M(r)3(G3); M = Sm(III), Y(III), Lu(III); M(r)3(TMEDA); M =

Sm(III), Lu(III), Sc(III); M(r)3(DMPE)(THF); M = Lu(III), Sc(III); G2 =

diglyme, (CH3)2(OCH2CH2)2O, G3 = triglyme (CH3)2(OCH2CH2)3O
(Table 1). For simplicity we have abbreviated them here to a label
that describes the metal and donor solvent, i.e.
M(r)3(donor) = M-donor. Single crystal X-ray data for all new
compounds (except Sm-G2 and Sm-G3) are discussed in the ESI
(Tables S1–S10 and Fig. S31–S40).†
© 2025 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Thermal stability and mechanistic studies

In a typical thermolysis experiment, 9.1 mM of a M complex is
dissolved in C6D6 with hexamethylbenzene as an internal
standard, in a J. Young NMR tube and the solution monitored
by 1H NMR spectroscopy for at least two half-lives during
incubation at 30 °C.

Each compound's thermal stability is expressed as a half-life
t1/2 [h] of the complex in solution. Since all three mechanisms
result in the formation of SiMe4 (Scheme 1), the half-life (time
for 50% of the compound to be converted into SiMe4) is deter-
mined from linearized plots of the relative integration of the
SiMe4 resonance (Table 1) against hexamethylbenzene
(Fig. S41–S45†). We rst examined the half-life as a function of
the metal center's ionic radius in M-THF and found a stability
trend in the order Sm3+ < Sc3+ < Y3+ < Lu3+ (Table 1). The low
thermal stability of Sm-THF is in line with its large size, and
metals with ionic radii larger than Sm do not afford isolable
neosilyl complexes.17,21

Notably, the stability trend Sc < Y < Lu is in line with the
metals' Lewis-acidity rather than size.22

We examined the thermal decomposition mechanism of
diamagnetic Lu-THF in greater depth. The compound decom-
poses with a half-life of t1/2 = 482.6 h. Kinetic studies using
initial rates methods are rst-order in [Lu-THF] suggesting an
intramolecular decomposition process. We prepared the d2-r,
d8-r, and d9-THF labelled isotopomers of Lu-THF (Fig. S48†).

First, a-H elimination can be ruled out based on the decom-
position studies on Lu(d2-r)3(THF)2 and Lu(d9-r)3(THF)2 since
NMR spectra show resonances corresponding to d2-and d10-
Chem. Sci., 2025, 16, 280–287 | 281
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Fig. 1 Proposed g-H elimination route converting Lu(d2-r)3(THF)2 to
themetallacycle that is visible in NMR spectra of the d2-congener, with
sections of the 1H NMR spectra below measured at t = 0 h (red), 78 h
(orange), 103 h (purple), 127 h (green), 165 h (violet) in C6D6, 30 °C. The
resonance circled in green and red show the increase of SiMe3(CD2H)
and the –CH2 group of a d2-metallacyclic species, respectively.

Fig. 2 1H NMR spectrum (600 MHz) of Sm-TMEDA in d6-benzene (t=
28 h) showing SiMe4 and TMEDA release.
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labelled SiMe4 as decomposition products, respectively (Fig. 1,
and S48, inset†). This strongly suggests g-H elimination as the
primary decomposition mechanism, Scheme 1c. We measured
a primary KIE = 2.09 for Lu(d9-r)3(THF)2 (Fig. S53†) and no
discernible KIEs for Lu(r)3(d8-THF)3 or Lu(d2-r)3(THF)2.

The thermolysis of Lu-THF, determined from the disappear-
ance of the CH2 neosilyl resonance, proceeds with a rate
(9 × 10−4 h−1) that is similar to that of SiMe4 formation
(11 × 10−4 h−1), in agreement with decomposition via the liber-
ation of 1 equiv. of SiMe4 per Lu-THF. The slight discrepancy
between the rates of Lu-THF consumption and SiMe4 formation
can be explained by an increasing resonance at d = −0.894 in 1H
NMR spectrum that overlaps with the CH2 – neosilyl resonance at
d=−0.891 (Fig. 1, and S49†).We assigned the growing resonance
to the m-CH2 of the formed metallacycle Me2Si(m-CH2)2-
LuCH2SiMe3, (circled red in Fig. 1 and S49†), since the resonance
is almost coincident with the LuCH2SiMe3 resonance, and can be
observed in the 1H NMR spectrum of Lu(d2-r)3(THF)2.
Donor – dependence of RE-alkyl thermal stability

We initially synthesized Lu-G2, which is fac-pseudo octahedral at
Lu in solution and the solid-state (Fig. S9, S10, and S35†) to
target an increased thermal stability of Lu-THF by sterically
disfavoring g-H elimination. However, a kinetic study reveals
that decomposition occurs via g-H elimination from the glyme
rather than from the neosilyl, which is reasonable considering
the greater acidity of the glyme CH2 groups, decreasing the
compound's half-life to t1/2 = 278.2 h (Table 1, and Scheme 2).
The same destabilizing effect is observed for Y-G2. The size-t
Scheme 2 Suggested route to the hypothesized ethoxyether-stabilised

282 | Chem. Sci., 2025, 16, 280–287
correlation trend is supported by the observed increase in
thermal stability for Sc-G2, which showed a negligible activation
of the glyme CH2 groups (∼1.48% glyme decomposition by
release of CH2]CHOMe23 into solution, Fig. S46, and S47†)
granting the compound with an approximately six-fold
increased half-life (t1/2 = 258.1 h) than Sc-THF (t1/2 = 43.9 h).
Somewhat surprisingly to us, the destabilization is even more
pronounced for Sm, Y, and Lu adducts of the larger glymeM-G3

(Table 1). To target stable complexes of larger Ln that are
desirable synthesis precursors, we made M-donor for M = Sm,
Y, Lu, Sc and donor = TMEDA, DMPE, recognizing both have
less acidic CH2 groups than G2 and G3. This increases the half-
life by a factor of up to four for Sm-TMEDA (t1/2 = 11.7 h).
Notably, the kinetic study shows that Sm-TMEDA decomposes
cleanly with release of one equiv. of SiMe4 (Fig. 2). Therefore we
expect this will be an excellent precursor for protonolysis reac-
tions. In contrast to M-TMEDA, all the M-DMPE congeners
showed shorter half-lives compared to their THF counterparts
(Table 1).

1H NMR studies on the d9-labelled isotopomers of Lu(r)3(sol)
(sol = diglyme, TMEDA, DMPE) (Fig. S50–S53†) indicate
thermal decomposition via g-CH activation as shown by the
emergence of a 1 : 1 : 1 triplet resonance that can be assigned to
SiMe3(CH2D).
Impact of LiCl on the thermal stability and reactivity of the RE
alkyls

While M(r)3(THF)x (M= Sc, Lu; x= 2 and Sm; x= 3) were shown
to decompose according to a rst-order rate law in complex, our
Lu silametallacycle from Lu-diglyme.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Suggested route for the decomposition of LiCl-incorpo-
rated Y-THF that accounts for the observed kinetics.
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initial experiments indicated a second-order rate-law for
decomposition of the YIII congener. This was supported by
crossover studies on equimolar reaction mixtures of the d2-r
and d9-r labelled complexes (Scheme S1, and Fig. S54†). All the
reported routes to Y-THF originate from Li(r)6,10 (Table S11†).
We note that crystal structures of LiCl – free, neutral homoleptic
M(r)3(THF)x (M = Y, Lu, Yb, Er, Ho) have been reported.10,14,24

While the previous reports did not discuss whether 7Li NMR
spectra were measured. However, we observed no resonance
under normal conditions in 7Li NMR spectroscopic studies of
solutions.

The addition of 12-crown-4 ether (12-c-4) to a C6D6 solution of
Y-THF results in a species we assign as Li(12-c-4)YCl(r)3(THF)$(12-
c-4)1.75, which shows a 7Li NMR resonance at d = −2.09
(Fig. S57†)23 and an 1H NMR spectrum that is different to the
known Y(r)3(12-c-4) (Fig. S58, and S59†).25 In contrast, 12-c-4
addition to Lu(r)3(THF)2 solutions shows no change in the (silent)
7Li NMR spectrum.

ICP –OES analyses combinedwith titration for chloride content
(Mohr's method) indicate that Y-THF prepared from the reagent
Li(r) is contaminated with 7% LiCl. This content explains why
samples isolated in previous reports were able to ‘pass’ elemental
analyses for carbon and hydrogen content (Table S11†). The use of
elemental analysis to conrm bulk purity of a sample of a new
complex has been the subject of recent scrutiny.26,27

We examined the effect of increasing the amount of incorpo-
rated LiCl from zero to 1 equiv. on the properties of Lu-THF in
benzene solution. We observe a factor of 2.5 increase in the half-
life (t1/2) of the complex from t1/2 = 482 h for Lu-THF to t1/2 =

1122 h (Fig. S63†). It is notable that the chemical shis of the THF
CH2 groups are signicantly shied to higher frequencies in both
the 1H – & 13C NMR spectra compared to those of the alkyl groups.
We suggest that in benzene solution at higher concentrations the
THF is preferentially binding to Li and the Cl to the RE center,
(Fig. S61, and S62†). Although the LiCl impurity improves the
complexes' half-lives,28,29 we expect it to hamper reactivity.

The inclusion of LiCl in s- and p-block alkyl complexes has
been shown to signicantly inuence their stability, speciation,
and reaction rates.28 Knochel and co-workers have demon-
strated that organomagnesium and organozinc compounds, in
the presence of alkali metals, exhibit increased basicity, allow-
ing them to deprotonate otherwise inert aromatic and hetero-
aromatic C–H bonds.30 The combination of Grignard reagents
with LiCl, known as turbo Grignard reagents, marks a signi-
cant advancement in main-group organometallic chemistry,
leading to more accessible Grignard-like compounds that
enable more powerful and controlled reactions. Recent ab initio
molecular dynamics simulations suggest that LiCl aggregates
© 2025 The Author(s). Published by the Royal Society of Chemistry
form through m2-Cl bridging ligands, creating Li4Cl4 cubane-
like structures in THF solutions.29

The observation of second-order kinetics described above for
the decomposition of our Li(r)-prepared Y-THF suggests the
facile formation of a chloride bridged intermediate shown in
Scheme 3, as a potential deviation from the mechanism found
for the pure alkyls.

Finally, a new route to pure Y-THF from Na(r)31 is described
in this work. As anticipated, ICP analyses and Mohr's method
rule out LiCl or NaCl contamination of the complex, which
decomposes following rst order kinetics, with a t1/2 = 119.6 h,
compared with t1/2 = 213 h for Y-THF prepared from Li(r)
(Fig. S60, S64–S66,† and Table 1).

Conclusions

A new range of synthetically useful, more kinetically inert rare
earth neosilyl solvates has been developed, based on the study of
known and new solvates M(CH2SiMe3)3(sol)n, where M = Sc(III),
Y(III), Lu(III), Sm(III), and sol = THF, TMEDA, DMPE, diglyme (G2),
and triglyme (G3). The donor adduct with the longest half-life has
been identied for each metal and is: Sc-G2, 258 h; Y-THF, 120 h,
Lu-TMEDA, 488 h; Sm-TMEDA, 12 h at room temperature.
Samarium is the largest rare earth cation that we have been able
to stabilise as a tris(r) adduct by adding simple donors.

Notably, simply increasing the denticity of donors to steri-
cally hinder neosilyl g-H elimination proves ineffective, as
poorly tting donors lead to new decomposition pathways. A
precise size match with polydentate ligands can dramatically
improve half-lives, as observed with Sc-G2. However, when the
t is less optimal, alternative decomposition mechanisms, such
as g-H activation at a glyme CH2 group, become more prom-
inent. Thus, Sc-donor shows a signicant increase in half-life
when switching donor from THF (44 h) to diglyme (258 h),
but Lu-donor shows a signicant decrease in half-life when
switching donor from THF (483 h) to diglyme (278 h). The
stability trend of Sc < Y < Lu within the M-THF solvate series
aligns more with Lewis acidity than size.

The incorporation of LiCl into the system results in an
increase in half-life, particularly for Lu-THF by a factor of 2.5,
although the effect on reactivity, particularly protonolysis, has
not yet been evaluated.

Furthermore, while neutral complexes such as Lu(r)3(sol)
(sol = THF, TMEDA, DMPE, G2) exhibit rst-order kinetics
involving g-C–H activation, as conrmed by labelling experi-
ments, ate complexes follow second-order kinetics, likely due to
m-Cl incorporation. Finally, a new route to pure Y-THF from
Na(r) is described. While Y-THF exhibits a lower thermal
stability compared to LiClY-THF, we expect it to open new
perspectives for clean and fast protonolysis relevant to rare
earth synthetic chemistry and catalysis.

Experimental
Materials and methods

All moisture and air sensitive materials were manipulated using
standard high-vacuum Schlenk-line techniques and MBraun
Chem. Sci., 2025, 16, 280–287 | 283
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gloveboxes and stored under an atmosphere of dried and
deoxygenated argon. All glassware items, cannulae and Fish-
erbrand 1.2 mm retention glass microber lters were dried in
a 160 °C oven overnight before use. M(CH2SiMe3)3(THF)2; M =

Y(III),10 Lu(III),15 Sc(III)20, Sm(CH2SiMe3)3(THF)3,19 and Y(CH2-
SiMe3)3(donor);17 donor = (DMPE)(THF), TMEDA and NaCH2-
SiMe3 (ref. 31) were prepared according to published literature
procedures and characterized with 1H and 7Li NMR
spectroscopy.

n-Hexane, tetrahydrofuran (THF), diethyl ether (Et2O) and
toluene for use with moisture and air sensitive compounds were
dried using an MBRAUN SPS 800 Manual solvent purication
system and stored over activated 3 Å molecular sieves. Benzene-
d6 was purchased from Cambridge Isotope Laboratories and
reuxed over potassium metal for 24 hours, freeze–pump–thaw
degassed and puried by trap-to-trap distillation prior to use.
THF-d8 was purchased from Cambridge Isotope Laboratories
and dried over sodium/benzophenone before being freeze–
pump–thaw degassed and puried by trap-to-trap distillation prior
to use. Diglyme ((CH3)2(OCH2CH2)2O, G2) was dried over sodium
metal before freeze–pump–thaw degassed and puried by trap-to-
trap distillation prior to use. Triglyme (CH3)2(OCH2CH2)3O, G3)
was dried over sodium metal before being puried by dynamic
vacuum distillation prior to use. Tetramethylethylenediamine
(TMEDA) was dried over sodium before being freeze–pump–thaw
degassed and puried by trap-to-trap distillation prior to use. 1,2-
Bis(dimethylphosphino)ethane (DMPE) was puried by trap-to-
trap distillation and stored over 3 Å molecular sieves.

All solvents were purchased from Sigma-Aldrich or Fisher
Scientic and stored over 3 Å molecular sieves for at least 12
hours before being used.
Selected synthetic procedures (all other data in the ESI†)

Synthesis of LiCl-free Y(CH2SiMe3)3(C4H8O)2 (Y-THF). In an
Ar-lled glovebox, anhydrous YCl3 (26 mg, 0.133 mmol) was
suspended in 260 mL THF and 2.6 mL 1 : 1 mixture of Et2O and
pentane. The resulting white suspension was cooled to −78 °C
and NaCH2SiMe3 (ref. 31) (44 mg, 0.4 mmol, 3 eq.) was added
portion wise as a solid. Aer stirring the resulting white
suspension for 1 h at −78 °C, it was warmed to room temper-
ature for 15 min. Filtration and removal of the solvent at−40 °C
yielded the title compound as a white crystalline solid. Yield:
28 mg, 44% based on Y.

1H NMR (600 MHz, C6D6) d 3.88 (s, 8H), 1.34–1.32 (m, 8H),
0.30 (s, 27H), −0.68 (d, J = 2.7 Hz, 6H). 13C NMR (151 MHz,
C6D6) d 70.60, 33.88, 33.65, 25.13, 4.63.

Anal. calcd for YC20H49Si3O2: C, 48.55; H, 9.98. Found: C,
48.43; H, 9.81.

Determination of chloride content. In an Ar-lled glovebox,
Y-THF (6.7 mg) was weighed out in a 4 mL glass vial. The solid
was then dissolved in water (4 mL) suitable for trace metal
analyses, followed by the addition of a potassium chromate
indicator (9.1 mg). A 25 mM solution of silver nitrate was
titrated against the solution, resulting in the formation of silver
chloride as white precipitates. The titration continued until the
endpoint was reached, indicated by the formation of a dark
284 | Chem. Sci., 2025, 16, 280–287
orange solid (silver chromate) (Fig. S63†). The chloride content
was determined to be ∼7.6%, which matched the Li content
found by ICP analysis.

Synthesis of Y(CH2SiMe3)3(C6H14O3) (Y-G2). In an Ar-lled
glovebox, anhydrous YCl3 (100 mg, 0.512 mmol) was sus-
pended in 3 mL THF at 60 °C overnight. Following evaporation
of the solvent, the residue was re-suspended in pentane (4 mL).
The white suspension was cooled down to −78 °C and a solu-
tion of LiCH2SiMe3 (146 mg, 1.55 mmol, 3 eq.) in pentane
(2 mL) was added dropwise. The resulting reaction mixture was
stirred for 1 h at room temperature, ltered and treated with
diglyme ((CH3)2(OCH2CH2)2O, G2) (68.7 mg, 0.51 mmol),
yielding Y(CH2SiMe3)3(C6H14O3) (Y-G2) as colorless crystalline
solids. Diffraction quality crystals of Y(CH2SiMe3)3(C6H14O3) (Y-
G2) were grown over three days from a saturated hexane solution
at −40 °C. Yield: 51%, based on Y.

1H NMR (600 MHz, C6D6) d 3.07 (s, 6H), 2.97 (s, 4H), 2.68 (s,
4H), 0.44 (s, 27H),−0.42 (d, J = 2.9 Hz, 6H). 13C NMR (151 MHz,
C6D6) d 69.18, 67.97, 60.68, 35.42 (d, J = 36.5 Hz), 4.78.

Anal. calcd for YC18H47Si3O3: C, 44.60, H, 9.77. Found: C,
42.37; H, 9.16.

Synthesis of Sc(CH2SiMe3)3(C6H14O3) (Sc-G2). In an Ar-lled
glovebox, Sc(r)3(THF)2 (40.35 mg, 0.0895 mmol) was dissolved
in 2.5 mL hexane. The yellowish solution was cooled down to
−78 °C followed by addition of diglyme ((CH3)2(OCH2CH2)2O,
G2) (100 mL, 0.716 mmol, 8 eq.) resulting in yellow precipitates
which were extracted with hexane (3 × 2 mL). The combined
hexane extracts were concentrated under reduced pressure and
cooled down to −40 °C, yielding diffraction quality crystals of
Sc(CH2SiMe3)3(C6H14O3) (Sc-G2) aer six days. Yield: 54%,
based on Sc(r)3(THF)2.

1H NMR (600 MHz, C6D6) d 3.23 (t, J = 5.2 Hz, 3H), 3.02 (s,
6H), 2.76 (t, J = 5.3 Hz, 5H), 0.41 (s, 36H), 0.09 (s, 6H). 13C NMR
(151 MHz, C6D6) d 70.05, 69.71, 60.73, 4.33.

Anal. calcd for ScC18H47Si3O3: C, 49.05, H, 10.75. Found: C,
48.97; H, 10.66.

Synthesis of Sm(CH2SiMe3)3(C6H14O3) (Sm-G2). In an Ar-
lled glovebox, anhydrous SmCl3 (45.62 mg, 0.178 mmol) was
suspended in 2.5 mL THF at room temperature for 20 min.
Following the evaporation of the solvent, the residue was re-
suspended in a 1 : 1 mixture of pentane and Et2O (2.8 mL).
The white suspension was cooled down to −78 °C and a solu-
tion of LiCH2SiMe3 (50.2 mg, 0.533 mmol, 3 eq.) in pentane (1.5
mL) was added dropwise. The resulting reaction mixture was
stirred for 2 h at room temperature. The yellow ltrate was
evacuated cold (−40 °C), the residues extracted with pentane (3
× 2 mL) and diglyme ((CH3OCH2CH2)2O, G2) (22.7 mg, 0.16
mmol) added to the ltrate to yield Sm(CH2SiMe3)3(C6H14O3)
(Sm-G2) as a yellow crystalline solid aer storage overnight at
−40 °C. Yield: 41%, based on Sm.

1H NMR (600 MHz, C6D6) d 5.46 (s, 6H), 5.29 (s, 6H), 0.44 (s,
27H), −0.14 (s, 4H), −1.53 (s, 4H). 13C NMR (151 MHz, C6D6)
d 131.79, 31.97, 23.05, 14.34, 2.84.

Anal. calcd for SmC18H47Si3O3: C, 39.58, H, 8.67. Found: C,
39.29; H, 8.30.

Synthesis of Lu(CH2SiMe3)3(C6H14O3) (Lu-G2). In an Ar-lled
glovebox, anhydrous LuCl3 (49.5 mg, 0.176 mmol) was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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suspended in 2.5 mL of tetrahydrofuran (THF) and heated to
50 °C for 40 min. Aer the solvent was evaporated, the residue
was re-suspended in 2 mL of pentane. This white suspension
was then cooled to −78 °C. Subsequently, a solution of LiCH2-
SiMe3 (50.2 mg, 0.533 mmol, 3 eq.) in 1.5 mL of pentane was
added dropwise. The resulting reactionmixture was stirred for 2
hours at −78 °C. Aer being ltered while still cold, diglyme
((CH3)2(OCH2CH2)2O, G2) (23.6 mg, 0.176 mmol, 1 eq.) was
added to the ltrate. This process yielded white crystalline
solids with a yield of 60%, based on Lu. Finally, diffraction-
quality crystals were grown from a concentrated solution of
diethyl ether (Et2O) and hexane at −40 °C.

1H NMR (600 MHz, C6D6) d 3.04 (s, 6H), 2.96 (t, J = 5.3 Hz,
4H), 2.61 (t, J = 5.3 Hz, 4H), 0.44 (s, 27H), −0.66 (s, 6H). 13C
NMR (151 MHz, C6D6) d 69.41, 68.43, 60.70, 41.60, 4.91.

Anal. calcd for LuC18H47Si3O3: C, 37.88, H, 8.30. Found: C,
37.54; H, 8.13.

Synthesis of Y(CH2SiMe3)3((CH3)2(OCH2CH2)3O) (Y-G3). In
an Ar-lled glovebox, anhydrous YCl3 (586 mg, 3 mmol) was
suspended in 10 mL of THF at 60 °C overnight. Following
evaporation of the solvent, the residue was re-suspended in
pentane (20 mL). The white suspension was cooled down to
−78 °C and a solution of LiCH2SiMe3 (856 mg, 9.09 mmol, 3 eq.)
in pentane (5 mL) was added dropwise. The reaction mixture
was stirred at room temperature for 1 h. Aer stirring, it was cooled
down to−78 °C, at which temperature it was ltered. The resulting
mixture was treated with triglyme ((CH3)2(OCH2CH2)3O, G3)
(534.7 mg, 3 mmol) at −78 °C. The result of this process was
a white solid. This solid was then extracted using cold hexane (4×
5 mL). From the combined saturated hexane fractions, diffraction
quality crystals of Y(CH2SiMe3)3((CH3)2(OCH2CH2)3O) were grown
at −40 °C. The yield of this entire process was 56%, a calculation
based on Y.

1H NMR (400 MHz, C6D6) d 3.47 (s, 6H), 3.09 (t, J = 4.8 Hz,
4H), 3.03–2.93 (m, 8H), 0.39 (s, 27H), −1.00 to −1.15 (m, 6H).
13C NMR (151MHz, C6D6) d 72.32, 71.98, 69.51, 68.37, 5.27, 4.92.

Anal. calcd for YC20H51Si3O4: C, 45.43, H, 9.72. Found: C,
45.38; H, 9.76.

Synthesis of Sm(CH2SiMe3)3(CH3)2(OCH2CH2)3O) (Sm-G3).
In an Ar-lled glovebox, anhydrous SmCl3 (140 mg, 0.545 mmol)
was suspended in 1.1 mL THF at room temperature for 20 min.
Following the evaporation of the solvent, the residue was re-
suspended in a 1 : 1 mixture of pentane and Et2O (8.4 mL).
The white suspension was cooled down to −78 °C and a solu-
tion of LiCH2SiMe3 (146.5 mg, 1.556 mmol) in pentane (1.6 mL)
was added dropwise. The resulting yellow reaction mixture was
stirred for 2 h at room temperature. Aer stirring, it was cooled
down to −78 °C at which temperature it was ltered. The yellow
ltrate was evacuated cold (−40 °C), the residues were extracted
with pentane (3 × 5 mL), and triglyme ((C8H18O4), G3) (92.4 mg,
0.52 mmol) was added to the combined fractions yielding
Sm(CH2SiMe3)3((CH3)2(OCH2CH2)3O) (Sm-G3). Yield: 48%,
based on Sm.

1H NMR (600 MHz, C6D6) d 10.25 (s, 1H), 6.00 (s, 1H), 1.39 (s,
6H), −1.80 (s, 1H), −3.79 (s, 1H). 13C NMR (151 MHz, C6D6)
d 152.17, 86.66, 72.19, 70.77, 69.74, 67.62, 58.73, 3.61.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Anal. calcd for SmC20H51Si3O4: C, 40.7, H, 8.71. Found: C,
40.32; H, 8.43.

Synthesis of Lu(CH2SiMe3)3((CH3)2(OCH2CH2)3O) (Lu-G3). In
an Ar-lled glovebox, anhydrous LuCl3 (154.8 mg, 0.550 mmol, 1
eq.) was suspended in 1.1 mL THF at 50 °C for 2 h. Following
evaporation of the solvent, the residue was re-suspended in
pentane (4.4 mL) and Et2O (4.4 mL). The white suspension was
cooled down to−78 °C and a solution of LiCH2SiMe3 (155.5 mg,
1.651mmol, 3 eq.) in pentane (1.5 mL) was added dropwise. The
cold well was lowered and the resulting reaction mixture was
allowed to gradually warm with stirring over 1 h, then cooled
down to −40 °C at which temperature it was ltered. Solvent
was removed under vacuum. Following extraction with pentane
at −40 °C (3 × 5.5 mL), triglyme ((C8H18O4), G3) (98.1 mg,
0.550 mmol, 1 eq.) was added to the ltrate, yielding white
crystalline solids. The resulting pentane supernatant was stored
at −40 °C overnight, yielding diffraction quality crystals of
Lu(CH2SiMe3)3((CH3)2(OCH2CH2)3O) (Lu-G3). Yield: 78.3 mg,
24% based on Lu.

1H NMR (600MHz, C6D6) d 3.23 (t, J= 4.9 Hz, 4H), 3.13 (d, J=
8.5 Hz, 10H), 2.97 (t, J= 5.2 Hz, 4H), 0.42 (s, 27H),−0.82 (s, 6H).
13C NMR (151 MHz, C6D6) d 71.53, 69.69, 69.26, 60.51, 38.44,
34.45, 22.73, 14.27, 5.06.

Anal. calcd for LuC20H51Si3O4: C, 39.07, H, 8.36. Found: C,
38.69; H, 8.11.

Synthesis of Sc(CH2SiMe3)3(Me2NCH2CH2NMe2) (Sc-
TMEDA). In an Ar-lled glovebox, Sc(CH2SiMe3)3(C4H8O)2
(45.6 mg, 0.101 mmol) was dissolved in 5 mL toluene and
cooled to−40 °C in the glovebox freezer. To the cold clear yellow
solution TMEDA (11.8 mg, 0.101 mmol, 1 eq.) in 3 mL toluene
was added dropwise. The resulting clear yellow mixture was
stirred for 1 h at room temperature. Toluene was removed
under reduced pressure at room temperature. The remaining
yellow oil was extracted with n-hexane (5 × 3 mL). The
combined colorless extracts were ltered, concentrated and
cooled to −40 °C, yielding colorless block shaped diffraction
quality crystals of Sc(CH2SiMe3)3(Me2NCH2CH2NMe2) (Sc-
TMEDA) overnight. Yield: 15 mg, 36% based on
Sc(CH2SiMe3)3(THF)2.

1H NMR (600 MHz, C6D6) d 1.91 (s, 12H), 1.57 (s, 4H), 0.40 (s,
27H), 0.10 (s, 6H). 13C NMR (151 MHz, C6D6) d 56.85, 46.69,
16.93, 4.41.

Anal. calcd for ScC18H49Si3N2: C,51.13, H, 11.68; N, 6.63.
Found: C, 50.97; H, 11.59; N, 6.57.

Synthesis of Sm(CH2SiMe3)3(Me2NCH2CH2NMe2) (Sm-
TMEDA). In an Ar-lled glovebox, Sm(CH2SiMe3)3(C4H8O)3
(63.6 mg, 0.101 mmol) was dissolved in 5 mL toluene and cooled
to−40 °C in the glovebox freezer. To the cold clear yellow solution
TMEDA (11.8 mg, 0.101 mmol, 1 eq.) in 1 mL toluene was added
dropwise. The resulting clear yellow mixture was stirred for 1 h at
room temperature. Toluene was removed under reduced pressure
at 0 °C. The remaining yellow oil was extracted with cold hexane.
Removal of hexane at reduced temperature (−40 to 0 °C) yielded
Sm(CH2SiMe3)3(Me2NCH2CH2NMe2) (Sm-TMEDA) as a yellow
solid in 18% yield, 9.5 mg based on Sm(CH2SiMe3)3(THF)3.

1H NMR (600 MHz, C6D6) d 4.50 (s, 6H), 2.10 (s, 12H), 0.21 (s,
27H), −2.68 (s, 4H). 13C NMR (151 MHz, C6D6) d 58.45, 46.03.
Chem. Sci., 2025, 16, 280–287 | 285
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Synthesis of Lu(CH2SiMe3)3(Me2NCH2CH2NMe2) (Lu-
TMEDA). In an Ar-lled glovebox, Lu(CH2SiMe3)3(C4H8O)2
(58.6 mg, 0.101 mmol) was dissolved in 5 mL toluene and cooled
to −40 °C in the glovebox freezer. To the cold clear colorless
solution TMEDA (11.7mg, 0.101mmol, 1 eq.) in 3mL toluene was
added dropwise. The resulting clear colorless mixture was stirred
for 1 h at room temperature. Toluene was removed under reduced
pressure at room temperature. The remaining colorless solid was
dissolved in hexane/Et2O (2 mL, 1/1). The resulting solution was
stored at −40 °C, yielding diffraction quality crystals of Lu(CH2-
SiMe3)3(Me2NCH2CH2NMe2) (Lu-TMEDA) aer two days. Yield:
38 mg, 72% based on Lu(CH2SiMe3)3(THF)2.

1H NMR (600 MHz, C6D6) d 1.82 (s, 12H), 1.48 (s, 4H), 0.41 (s,
27H), −0.61 (s, 6H). 13C NMR (151 MHz, C6D6) d 56.60, 46.23,
45.51, 4.87.

Anal. calcd for LuC18H49Si3N2: C, 39.11, H, 8.93; N, 5.07.
Found: C, 39.11; H, 8.97; N, 4.99.

Synthesis of Sc(CH2SiMe3)3(C6H16P2) (Sc-DMPE). In an Ar-
lled glovebox, Sc(CH2SiMe3)3(C4H8O)2 (45.5 mg, 0.101 mmol)
was dissolved in 5 mL of toluene and cooled to −40 °C in the
glovebox freezer. To the cold clear yellow solution bis(dime-
thylphosphino)ethane (C6H16P2, DMPE) (15 mg, 0.101 mmol, 1
eq.) in 3 mL toluene was added dropwise. The resulting clear
yellow mixture was stirred for 1 h at room temperature. Toluene
was removed under reduced pressure at room temperature. The
remaining yellow oil was extracted with n-hexane (5 × 3 mL).
The combined colorless extracts were ltered, concentrated and
cooled to −40 °C yielding colorless block shaped diffraction
quality crystals of Sc(CH2SiMe3)3(C6H16P2) (Sc-DMPE) aer ve
days. Yield: 13 mg, 28% based on Sc(CH2SiMe3)3(THF)2.

1H NMR (600 MHz, C6D6) d 0.92 (s, 4H), 0.76 (t, J = 1.6 Hz,
12H), 0.40 (s, 27H), 0.26 (s, 6H). 13C NMR (151 MHz, C6D6)
d 28.15, 14.04, 14.01, 13.97, 13.94. 31P NMR (243 MHz, C6D6)
d −36.30.

Anal. calcd for ScC18H49Si3P2: C,47.33; H, 10.81. Found: C,
46.95; H, 10.56.

Synthesis of Lu(CH2SiMe3)3(C6H16P2)(C4H8O) (Lu-DMPE). In
an Ar-lled glovebox, Lu(CH2SiMe3)3(C4H8O)2 (58 mg, 0.101
mmol) was dissolved in 5 mL toluene and cooled to−40 °C in the
glovebox freezer. To the resulting cold clear yellow solution 1,2-
bis(dimethylphosphino)ethane (C6H16P2, DMPE) (15 mg,
0.101 mmol, 1 eq.) in 3 mL toluene was added dropwise. The
resulting clear colorless mixture was stirred for 1 h at room
temperature. Toluene was removed under reduced pressure at
room temperature. The remaining colorless solid was dissolved in
a 1 : 1 mixture of hexane and Et2O (2 mL). The resulting solution
was stored at −40 °C, yielding diffraction quality crystals of
Lu(CH2SiMe3)3-(C6H16P2)(C4H8O) (Lu-DMPE) aer three days.
Yield: 41 mg, 60% based on Lu(CH2SiMe3)3(THF)2.

1H NMR (600 MHz, C6D6) d 3.91 (s, 4H), 1.36–1.28 (m, 4H),
1.12 (t, J= 7.0 Hz, 4H), 0.78 (s, 12H), 0.36 (s, 27H),−0.63 (s, 6H).
13C NMR (151 MHz, C6D6) d 25.13, 12.30, 4.77. 31P NMR (243
MHz, C6D6) d −38.88.

Anal. calcd for LuC22H57Si3P2O: C,40.1; H, 8.72. Found: C,
39.89; H, 8.62.
286 | Chem. Sci., 2025, 16, 280–287
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