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Abstract: Commonly, multi-decker sandwich complexes can either be formed in a one-step reaction or in a stepwise fashion
by stacking deck by deck. Herein, we showcase a new reaction pathway, in which for the first time a lanthanide half-
sandwich unit inserts into an existing sandwich complex. As a result of the insertion of a cyclocene half-sandwich fragment
{Ln"(n8-Cot™PS)} (Cot™S = 1,4-(‘Pr3Si),CsHs?") into a classical divalent sandwich complex [Ln"(»°-Cnt),;] (Ln = Sm, Eu,
Yb; Cnt = CoHy- ), the unprecedented triple-decker sandwich complexes of the type [(7°-Cnt)Ln" (u-5%:53-Cot™S)Ln' (5°-
Cnt)] were obtained. A plausible reaction pathway was determined by quantum chemical calculations. Additionally, we
synthesize the same lanthanide sandwich complexes in a traditional, stepwise fashion. For this, we initially present the
novel inverse sandwich compounds [Ln"I(thf);(u-1%:n%-Cot™S)Ln"I(thf),] (Ln = Sm, Eu, thf = tetrahydrofuran) and
[Yb"(BH,)(thf), (p-n8:n8-Cot ™) Yb! (BH,)(thf),] consisting of a cyclooctatetraene middle deck sandwiched between two
divalent lanthanides as precursors. Subsequent salt metathesis reactions with [K(Cnt)] (Cnt = CyH,-) gave rise to the title
compounds [(7°-Cnt)Ln" (p-n8:18-Cot™S)Ln"(°-Cnt)]. The unique feature of these compounds is the combination of the
two largest aromatic all-carbon rings known in coordination chemistry—the 8- and 9-membered rings—into lanthanide

triple-decker sandwich compounds.

J

Introduction

Sandwich complexes represent a fundamental class of com-
pounds within organometallic chemistry. Classically, a single
metal atom is exclusively coordinated by two aromatic
ligands. Homoleptic lanthanide-based sandwich complexes
have successfully been synthesized with a range of ligands,
including 5 (A),['**1 6 (B),l>121 8 (C),[>°] and most recently,

[¥] C. Uhlmann™, L. Miinzfeld™, A. Hauser, S. Gillhuber, P. Hadinger,
M. Leskov, P. W. Roesky
Institute of Inorganic Chemistry, Karlsruhe Institute of Technology
(KIT), Kaiserstrafde 12, Karlsruhe, Germany
E-mail: roesky@kit.edu

F. Weigend
Institute for Quantum Materials and Technologies, Karlsruhe
Institute of Technology (KIT), KaiserstraRe 12, Karlsruhe, Germany
E-mail: florian.weigend @kit.edu
P. W. Roesky
Institute of Nanotechnology (INT), Karlsruhe Institute of Technology
(KIT), Kaiserstraf3e 12, Karlsruhe, Germany

[T] Both authors contributed equally to this work.

[ Additional supporting information can be found online in the
Supporting Information section

O © 2025 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

Angew. Chem. Int. Ed. 2025, €202503942 (1 of 7)

9-membered rings (D)['*18] with respect to purely carbon-
based aromatic monocycles (Figure 1).'"1 Notably, these
ligands, with the exception of the 6-membered ring, have been
employed not only for the construction of homoleptic sand-
wich complexes but also for the development of heteroleptic
congeners (Figure 1, E-F).

By formally adding more decks to a sandwich complex,
triple-, quadruple-, and multi-decker complexes are
obtained.[”?! In this context, we could recently unveil a
new class of sandwich compounds, so-called “cyclocenes”.[*?]
These species resemble formal 18-decker [cyclo-MY(u-n8:n8-
Cot™$)] ;g (M = Sr, Sm, Eu; Cot™S = 1,4-("Pr;Si),CsHg>")
or quadruple-decker  [cyclo-Yb"(u-n*mn®-Cot™S)(thf)],
(thf = tetrahydrofuran) compounds forming closed rings
in the solid state due to unidirectional bending of each
sub-unit.[3?]

The most intensely studied lanthanide multi-deckers are
triple-decker complexes, featuring both trivalent and divalent
lanthanides. Notable examples include the bent and asymmet-
ric [(n®-Cot)Ln™ (y-n3:n?-Cot)Ln" (thf),(n8-Cot)] (Ln = La,
Ce, Nd, Er)!*] and linear complexes incorporating substituted
Cot ligands of the type [Ln™,(%-Cot”);] (Cot” = 14-
(Me3Si),CsHg?"; Ln = La, Ce, Nd, Sm, Tb, Ho, Er, Tm, Lu)
(Figure 2, G).I’*38] For divalent lanthanides, the charge of two
Ln" ions can be compensated by one Cot and two cyclopenta-
dienyl ligands, leading to the formation of heteroleptic species
[(n>-Cp*)La" (p-n®n*-Cot)Ln" (n°-Cp*)] (Cp* = CsMes-;
Ln = Sm, Eu, Yb) (Figure 2, H)**I and [(»°-Cp*)Ln" (-
n8:mB-Cot™S)Ln" (°-Cp*)] (Figure 2, I).1*?] The synthesis of
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Figure 1. Overview of metallocenes. Selected examples of homo- (top)
and heteroleptic (bottom) lanthanide sandwich complexes: [Ln"' (Cp*);]
(Cp* = CsMes-—, A),[20-221 [Ln®(1,3,5-CH3-*Bus),] (B),[> 71 [Ln'" (Cot),]~
(Cot = CgHg?™, C),IBZ1 [Ln" (Cnt),] (Cnt = CaHy-, D),116:"]

[Ln" (Cot) (Cp)] (Cp = CsHs-, E),IZ2T [Ln'! (Cot) (Cnt)] (F).[18:3031]
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Figure 2. Selected examples of lanthanide triple-decker complexes:
[Ln'"'2(Cot")3] (G),>*81 [(Cp*)Ln" (u-n¥:nP-Cot)Ln' (Cp¥)] (H),P*~1]
and [(Cp¥)Ln"" (1e-n®:3-Cot™'P%) Ln'" (Cp¥)] (1)42]

(TIPS = triisopropylsilyl).

these compounds is traditionally achieved via two different
pathways: (1) salt metathesis involving lanthanide halides and
alkali metal Cot derivatives!'>*] or (2) reductive elimination
of a Cot ligand from sandwich compounds, e.g., reaction
of [Ln(n®-Cot),]~ with CoClL,.[*! Herein, we report two
unprecedented synthetic approaches leading to the first triple-
decker structures incorporating the cyclononatetraenyl lig-
and, [(n°-Cnt)Ln"(u-n%78-Cot™S)Ln"(»°-Cnt)], following
two distinct pathways:

1) A fundamental new reaction pathway towards multi-
decker sandwich compounds, specifically the insertion of a
cyclocene half-sandwich fragment {Ln"(»®-Cot™$)} into a
classical divalent sandwich complex [Ln"(°-Cnt),].[+344]

2) Syntheses of the same triple-decker compounds by salt
metathesis from the first inverse lanthanide sandwich Cot
complexes bearing apical (pseudo-)halide ligands [Ln"X(u-
nS:p3-Cot ™) Ln""X] (X = I, BH,).[*]
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Scheme 1. Formation of lanthanide triple-decker compounds by
insertion. Synthesis of Ta—c by insertion of [Ln" (n3-Cot™'P%) (thf),], (for
Ln = Sm, Eu; n =18; x =0 and for Ln = Yb; n = 4; x = 1) into

[Ln'" (n°-Cnt),] (TIPS = triisopropylsilyl).

Results and Discussion

Synthesis and Structural Characterization

Upon synthesis of the cyclocenes, we realized that they
can be reversibly transformed from their mononuclear half-
sandwich form [M"(thf);(n8-Cot™S)] to the corresponding
cyclocenes and back, depending on the solvent and the
reaction conditions.’>**] For compound [cyclo-Yb" (u-n?n8-
Cot™"S)(thf)], in the weakly-coordinating solvent toluene, the
hydrodynamic radii determined by DOSY NMR indicated
the formation of a monomeric species in solution.[32] Thus,
in the absence of any donor solvent, a highly reactive half-
sandwich species {Ln"(8-Cot™"S)} is expected to be present
in solution. Aiming at investigating the reactivity of this
species, 1/n [cyclo-Ln"(8-Cot™)], (n = 18 for Ln = Sm,
Eu, and n = 4 for Ln = Yb) was treated with the classical
sandwich compounds [Ln'(°-Cnt),].'"%"74] After 16 h of
stirring in refluxing toluene, workup, and recrystallization
from hot toluene, single crystals suitable for X-ray structural
analysis of the heteroleptic triple-decker sandwich complexes
[(n°-Cot)Ln™ (p-n8:78-Cot™S)Ln(°-Cnt)] (Cnt = CoHy-)
(1a = Sm, 1b = Eu, 1¢ = Yb) were isolated (Scheme 1). This
confirms that a formal half-sandwich fragment of the type
{Ln"(#8-Cot™"8)} can indeed be employed for insertion into
an existing sandwich system. This up-to-date unknown reac-
tivity within the field of lanthanide chemistry expands the syn-
thetic possibilities for constructing lanthanide multi-decker
compounds. Compounds 1a-c are the first lanthanide triple-
decker species with purely carbon-based ring systems featur-
ing apical ligand systems other than Cp or Cot derivatives.[*’]

In the solid state, 1a—c form the anticipated triple-decker
structural motif with n°-coordinated Cnt outer decks and a u-
n®:n®-bridging Cot™S middle deck (Figure 3). All compounds
are structurally isomorphic. Notably, 1a and 1b show some
disorder of the TIPS groups and the Cnt rings, which is
not observed for 1lc. Consistent with lanthanide contrac-
tion, the Lnl—Ctcy (Ct = centroid of the corresponding
ring) distance is 2.1551(4) A for 1a, 2.1505(4) A for 1b,
and 2.1009(6) A for lc. Compared to the Cp* capped
analogues [(n°-Cp*)Ln" (1-:18-Cot™S)Ln'(3-Cp*)], these
values are slightly elongated, probably due to the higher steric
demand of the Cnt ligand.[*?] For the Ln1—Ctcy, distances,
a similar trend is observed along the series with 2.0949(4)
A (1a), 2.1004(4) A (1b), and 2.0333(6) A (1c). Notably,
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Figure 3. [(n°-Cnt)Ln" (11-n®:n3-Cot™P%) Ln"! (°-Cnt)]. Molecular
structures of 1a (top), 1b (bottom left), and 1c (bottom right) in the solid
state. Only one part of the disordered Cnt ligands and TIPS groups of 1a
and 1b is shown. Hydrogen atoms are not shown, and TIPS groups are
depicted transparently for clarity. Color code: C: light gray. For detailed
bond lengths and angles, refer to the Supporting Information (Tables
$3-55).

the molecules are strongly bent with Ctey—Cteor—Ctene
angles of 159.935(2)° (1a), 160.324(2)° (1b), and 165.157(2)°
(1¢), respectively. While the inner [Lny™(u-n8:x8-Cot™S)]>+
fragments with Ln1—Ctc,—Lnl’ angles of about 176° are
almost linear; the outer [(13-Cot™"S)Ln'(»°-Cnt)]~ fragments
with Ctco—Lnl—Ctcy angles of 163.86(2)° (1a), 164.24(2)°
(1b), and 169.50(3)° (1c¢) show significant deviations from
linearity. The bending occurs away from the TIPS substituents
and is presumably induced by their high steric demand. The
convergence to a linear orientation along the row can be
explained by increasing steric pressure in the systems with
decreasing ionic radii.

In addition to the structural characterization of the
compounds in the solid state by single crystal X-ray diffraction
analysis, NMR spectroscopic investigations were carried out
in THF-dg. For 1a and 1¢, all expected resonances were
detected. For 1b, the strongly paramagnetic character of
the compound prevented the collection of meaningful NMR
data. Worth noting is the resonance of the 18 magnetically
equivalent Cnt protons of the paramagnetic compound 1la.
This is seen at a chemical shift of § = 18.48 ppm—a value
close to the chemical shift of the Cnt ligand in [Sm'(5°-Cnt),]
(8 = 20.67 ppm in C¢Dg).['"] Interestingly, compound 1b was
not found to exhibit any photoluminescence (PL). This is in
sharp contrast to [Eu'"(Cnt),], where the Cnt ligands induce
interesting PL excitation (PLE) properties.[104]

In a second approach, we aimed at synthesizing la—c in
a classical approach by piling up the decks, leading to the
triple-decker complexes 1a—c in a stepwise fashion. However,

Angew. Chem. Int. Ed. 2025, €202503942 (3 of 7)

Research Article

Angewandte

intemational Edition’y, Chemie

thf

|
thfa_ =
THF, NG
2 [Ln"l(thf),] -78°Ctort,12h  TIPS__—= TIPS Ln=Sm2a
*Co™) o Ln - Eu 2b
Ln=Sm, Eu ) .
AN
{ “thf
th
th
H4B\ z /thf
THF, Yb!
2IYD"BH (] TBTCtort 12h TIPS\, TIPS 2
TIPS -
F2IK(COtTEN Gyt 4-(STPrg), o
-4 KBH, H B/ - ~~thf
4B tht

Scheme 2. Formation of lanthanide inverse sandwiches by salt
elimination. Synthesis of [Ln"I (thf), (1u-n®:n8-Cot™PS) Ln""1(thf),]
(2a = Sm, 2b = Eu) and [Yb' (BH,) (thf), (11-n?:n3-Cot™P3)

Yb!' (BH4) (thf)2] (2¢) (TIPS = triisopropylsilyl).

no suitable precursor to accomplish this has previously been
reported in the literature. Therefore, we initially aimed at syn-
thesizing inverse sandwich complexes of the general formula
[Ln"X(p-n8:18-Cot™S)Ln"X] (X = halide or pseudohalide),
which have not been reported in the literature so far. This
is followed by the addition of Cnt ligands to the apical
coordination sites in a second step.

For X = I, the target compounds [Ln"I(thf),(u-n%n%-
Cot™S)Ln''I(thf),] (2a = Sm, 2b = Eu) were syn-
thesized via salt elimination of the divalent lanthanide
diiodides in THF with the potassium salt [K,CotT'*S]
(Scheme 2).[*] The corresponding Yb compound could not be
obtained by this method. However, the analog borohydride
complex [Yb"(BH,)(thf),(u-n%:n%-Cot™S)Yb"(BH,)(thf),]
(2¢) was isolated by reaction of the trivalent precur-
sor [Yb"(BH,);(thf);] and [K,(Cot™$)] in a 1:1 ratio
(Scheme 2). The formation of 2¢ seems unexpected at first
sight but can be rationalized by in situ reduction of the
trivalent Yb precursor by half an equivalent of the present
Cot™"S Jigand. The reduction potential of the unsubstituted
Cot dianion is Ej, = —1.82 to —1.86 V versus SCE
(saturated calomel electrode), depending on the source.[474]
Considering the half-cell potential of the Yb™/Yb! redox
pair of E;, = —1.15 'V, Cot derivatives should in principle be
capable of reducing trivalent Yb;*! a phenomenon already
reported elsewhere by Edelmann et al.l>"! Surprisingly, 2¢ is
not accessible starting from [Yb''(BH,),(thf),].>!]

The clean isolation of the reduced material was confirmed
by 'Yb{'H} and 'H NMR spectroscopic studies (see Sup-
porting Information Chapter 2). No signs of paramagnetically
shifted resonances, which are expected for trivalent Yb
species, were observed during the NMR spectroscopic inves-
tigations. Moreover, the two singlets found at § = 338.7 ppm
and § = 310.5 ppm in the "' Yb{'H} NMR spectrum are in the
range of reported divalent Yb-BH, species.l*!] Since the 'H,
B, and *C NMR spectra do not indicate the presence of a
second Yb species, we suggest some dynamic processes, which
could not be resolved by VT NMR studies, may be the reason.

Single crystals of 2a—c¢ were obtained by recrystallization
of the complexes from a hot mixture of toluene and THF
(volume ratio 5:1). The coordination sphere of the lanthanide
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Figure 4. Lanthanide inverse sandwich complexes. Molecular structures
of 2a (top left), 2b (top right), and 2c (bottom) in the solid state. Only
one part of the statistically disordered THF ligands and TIPS
substituents of the compounds is shown. Hydrogen atoms are not
shown and TIPS groups are displayed transparently for clarity. Color
code: C: light gray, O: red, I: purple, B: yellow. For detailed bond lengths
and angles refer to the Supporting Information (Tables S6-S8).

cations of complexes 2a—c exhibits a piano-stool structural
motif with one halide or pseudohalide ion and two neutral
THF ligands bound to the central metal ions (Figure 4). The
overall molecular structure resembles that of an inverse sand-
wich (see Supporting Information Chapter 3 for structural
details).

Compound 2b shows, similar to the reported triple-decker
compound [(Cp*)Eu" (-n3:n8-Cot"PS)Eul! (Cp*)], 14252
intense blue-green luminescence upon UV light (365 nm)
excitation at room temperature (Figure S7). The PLE
spectrum is characterized by a broad, unstructured absorption
band, which can be attributed to the 4f”—4f05d! transitions.
Similarly, the PL spectrum is characterized by a single, broad
band at 501 nm, likely resulting from the corresponding
4f°5d' 417 relaxation process.[>*>*] The lifetime of the
process was determined to be 1.13 ps, which is within the
expected range for f—d transitions in molecular compounds of
divalent Eu.[>>7]

Having the inverse sandwich complexes 2a—c¢ at hand,
we aimed at replacing the (pseudo-)halide ligands by the
Cnt ligand to generate la—c. While treatment of 2a—c with
[K(Cnt)]*®] in THF did not yield the desired products, the
reaction proceeds in refluxing toluene (Scheme 3). Com-
pounds la-c were isolated after workup and crystallization
in moderate yields and as single crystals suitable for X-ray
structural analysis. The yield of the products of this classical
route is slightly lower compared to the insertion route.[+344]
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Scheme 3. Formation of lanthanide triple-decker compounds by salt
elimination. Synthesis of the Cnt triple-decker complexes 1a—c from the
inverse sandwich complexes 2a—c by salt elimination reactions with
[K(Cnt)] in toluene (TIPS = triisopropylsilyl).

Quantum Chemical Calculations

For a more detailed understanding of the formation of this
triple-decker complex motif via insertion of a half-sandwich
unit into an existing sandwich complex, quantum chemical
calculations at the density functional theory (DFT) level were
performed with TURBOMOLE.[>] Calculations were per-
formed with the PBEO hybrid functionall®"-%?! and def2-TZVP
basis sets,[%] unless explicitly noted otherwise. Computational
details are given in the Supporting Information (Chapter 8).

Based on the literature,[*] it is evident that the cyclocenes,
employed for the synthesis of compounds la-c via the
pathway depicted in Scheme 1, do not exist as large cyclic
structures in toluene solution. Instead, they are expected
to dissolve as monomeric half-sandwich complexes of the
type {Ln"(#8-Cot™"S)}. In principle, reaction of the latter
with [Ln'"(»°-Cnt),] could result in two conceivable structural
motifs. Either the experimentally observed [(°-Cnt)Ln'(u-
n:n3-Cot™S)Ln(»°-Cnt)], featuring a bridging Cot™ lig-
and sandwiched between two [Ln'(»°-Cnt)]* fragments,
or [(n°-Cnt)Ln"(u-n’:n°-Cnt)Ln"(n®-Cot™9)], featuring a
bridging Cnt ligand sandwiched by one [Ln'(°-Cnt)]* and
one {Ln"(%-Cot™")} fragment.

Comparison of the formation energies of
[(7°-Cnt)La" (u-n®:n8-Cot™S)Ln"(n°-Cnt)]  and  [(n°-
Cnt)Ln"(u-n":n°-Cnt)Ln(n8-Cot™S)] from the starting
materials [Ln"(n°-Cnt),] and [Ln"(78-Cot™"3)] reveals that
the experimentally observed structures are energetically
preferred by 117 kJ mol™! (Sm), 116 kJ mol~' (Eu), and
112 kJ mol™! (Yb), respectively, over the conceivable
alternatives (refer to Supporting Information Figure S28).

Indeed, this difference in formation energy can be ratio-
nalized by a simplified reasoning solely based on electrostatic
arguments (refer to Supporting Information Tables S9 and
S10 for details). Considering the natural population analysis
(NPA)®] charges of the Ln ions and the individual ligands
as point charges located at the positions of the lanthanide
ions and in the ring centroid of each cyclic ligand gives a
difference in electrostatic interaction energy of 254 kJ mol™!
(Sm), 252 kJ mol~! (Eu), and 150 kJ mol~! (YD), respectively,
in favor of the experimentally observed [(°-Cnt)Ln'(u-
n®:m8-Cot™S)Ln"(»°-Cnt)] over the unfavorable alternative
[(7°-Cnt)Ln" (14-n%:n°-Cnt) Ln"(8-Cot™?9)].

Apart from electrostatic interactions, additional contri-
butions to the difference in formation energies arise from
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dispersion interactions, which also differ slightly for the
constitutional isomers under consideration. Dispersion inter-
actions are higher by 32 kJ mol~! (Sm), 33 kJ mol™! (Eu),
and 34 kJ mol~! (YD), respectively, for structures featuring a
bridging Cot™S ligand than for structures with a bridging Cnt
moiety.

Regarding the formation of the experimentally observed
structural motif, several fundamentally distinct pathways
seem conceivable (refer to Supporting Information
Figure S30): (1) One Cnt ligand could dissociate from
the starting material, yielding a solution of [Ln'(n°-Cnt)]*,
Cnt~, and [Ln'"(»-Cot™S)], subsequently forming the
thermodynamically preferred arrangement, [(n°-Cnt)Ln'(u-
nSnd-Cot™S)Ln"(n°-Cnt)].  (2)  [Ln"(»°-Cnt),] and
[La'(58-Cot™"S)] could initially form the thermodynamically
less preferred [(n°-Cnt)Ln"(u-n°:n°-Cnt)Ln"(8-CotT?s)],
which subsequently splits into [Ln'(5%-Cot™"S)(°-Cnt)]~
and [Ln""(»°-Cnt)]*. The resulting fragments could then
recombine to the thermodynamically preferred product
[(n°-Cnt)Ln" (u-n8:13-Cot™S)Ln"" (°-Cnt)]. 3) The
[Ln"(8-Cot™)] fragment could approach the Ln ion in
[Ln"(»°-Cnt),] with the negatively polarized Cot™ site,
followed by a rearrangement to the observed product in a
concerted fashion.

For option (1), calculations of the dissociation energy
of [Ln"(n°-Cnt),] to [Ln"(5°-Cnt)]* and Cnt~ using the
dielectric constant of toluene (¢ = 2.4) yield 381 kJ mol™!
(Sm), 376 kJ mol~! (Eu), and 389 kJ mol~! (Yb), respectively,
rendering this pathway highly unlikely.

Similarly, for option (2), calculations of the dissoci-
ation energy of [(n°-Cnt)Ln(u-n%:n°-Cnt)Ln"(n®-Cot™FS)]
to [Ln"'(n°-Cnt)]* and [Ln"(5%-Cot™"S)(°-Cnt)] using the
dielectric constant of toluene (¢ = 2.4) yield 277 kJ mol™!
(Sm), 273 kJ mol~! (Eu), and 298 kJ mol~! (Yb), respectively,
rendering this pathway also unfeasible under the employed
reaction conditions.

To evaluate the feasibility of option (3), a reaction path
optimization with a chain-of-states method making rigorous
use of a quadratic potential energy surface (TURBOMOLE
tool woelfling)!®] was performed for Ln = Yb at the
PBEO(/def2-SV(P) level (refer to Supporting Information
Chapter 8 for details). The result is shown in Figure 5.

In summary, the reaction proceeds via several local
minima and transition states, which are all lower in energy
than the separated starting materials (refer to Figure 5 and
Path.mp4). Five local minima and transition states on the
potential energy surface were found. All barriers along the
identified reaction path are significantly lower than those
calculated for the alternative pathways (1) and (2) outlined
above, rendering this reaction pathway the most plausible.

In detail, starting from [Yb'(»°-Cnt),] and [Yb'(n®-
Cot™®8)], a barrierless side-on coordination of [Yb'(5®-
Cot™$)] to [Yb"(5°-Cnt),] occurs, resulting in the minimum
M-I. The second local minimum (M-II) corresponds to a
structure with one tilted Cnt ring and the partially inserted
[Yb"(38-Cot™)]. Between these two local minima on the
potential energy surface, a defined transition state was iden-
tified. The imaginary frequency corresponds to an opening
of the sandwich structure by one of the Cnt ligands of
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Figure 5. Calculated insertion pathway. Energies of the minima and
transition states (PBEO/def2-SV(P)/D4) along the reaction path of the
insertion of {Yb" (y8-Cot™P®)} into [Yb'! (°-Cnt)] to form

[(n°-Cnt)Yb" (u-n®:n8-Cot™PS) Yb! (°-Cnt)] (1c) relative to the separated
starting materials. Refer to the main text and Supporting Information
Chapter 8 for details.

the [Yb"(5°-Cnt),] unit, accompanied by the insertion of
the [Yb(#8-Cot™™®8)] fragment (refer to Vib_TS-I.mp4). The
barrier height between M-I and M-II amounts to 15 kJ mol™!
with respect to M-L.

The transition state between the second (M-II) and the
third minimum (M-III) could not be unambiguously identified
due to the complexity of the potential energy surface.
However, a state with two imaginary frequency vibrations
was found, both of which correspond to the further insertion
of the [YbY(n3-Cot™S)] moiety into the opened [Yb™(n’-
Cnt),] fragment, accompanied by the rotation of one of the
Pr groups of one TIPS group (refer to Vibs_TS-IL.mp4).

The fourth local minimum (M-IV) already resembles
the structure of the final product [(1°-Cnt)Yb"(u-n3n3-
Cot™$)Yb!(°-Cnt)] (1c); however, both TIPS groups are
rotated by 120° around the axis connecting the Si atom to
the Cot-C atom it is attached to, resulting in a decreased
Cten—Cteor—Ctene angle compared to the final structure. The
localization of a well-defined transition state between the
local minima M-III and M-IV was also unsuccessful. How-
ever, again, a state with two imaginary frequency vibrations
could be obtained. The highest imaginary frequency vibration
again corresponds to the [Yb"(8-Cot™"3)] insertion relevant
to the reaction progress, while the second vibration corre-
sponds to the rotation of one of the TIPS groups (refer to
Vibs_TS-I11.mp4).

Starting from M-IV, rotation of one of the TIPS groups
by 120° results in the minimum M-V which goes over into
the final product upon rotation of the second TIPS group
by 120°. Between M-IV and M-V and M-V and the final
product, respectively, well-defined transition states with the
imaginary frequency corresponding to the respective TIPS
rotation and slight changes in the Ctcy—Cteo—Ctey angle
were identified (refer to Vib_TS-IV.mp4 and Vib_TS-V.mp4).
The barrier heights along the reaction coordinate amount to
24 and 28 kJ mol~!, respectively.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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We note that the actual formation of the triple-decker
complexes is likely to follow a more complex mechanism, in
which solvent molecules or higher nuclearity aggregates of
the starting materials may play a critical role. Nonetheless,
for all conceivable alternative reaction pathways, the crucial
step is the insertion of the [Ln"(8-Cot™"%)] moiety into the
[Ln'"(5°-Cnt),] fragment, for which option (3) describes the
most plausible mechanism.

Conclusion

In summary, we report the synthesis of two fundamen-
tally new types of sandwich complexes and showcase an
unprecedented reaction pathway for building up triple-decker
sandwich complexes. The new complexes are:

i) the first cyclononatetraenyl triple-decker complexes
[(n°-Cnt)Ln™ (1-n:n3-Cot™S)Ln"(»°-Cnt)] (Cnt = CyHy)
(1a = Sm, 1b = Eu, 1¢ = Yb), which are classical sandwich
complexes featuring large cyclic, aromatic, all-carbon ligands.
Noteworthy, in la—c the two largest, monocyclic, planar,
aromatic solely carbon rings (8- and 9-membered rings)
established as ligands in coordination chemistry are present
in one triple-decker complex.

ii) the inverse sandwich compounds [Ln"I(thf),(ju-
n8:n8-Cot™S)La'"I(thf),] (Cot™S = 14-("Pr3Si),CsHe>")
(2a = Sm, 2b = Eu) and [YbY(BH,)(thf),(u-n®:n®-
Cot™S)Yb!(BH,)(thf),] (2¢), holding promising synthetic
potential due to the presence of apical (pseudo-)halide
ligands. These examples also represent the first Cot-based
inverse sandwich compounds.

Critically, we report two distinct synthetic routes for the
triple-decker sandwich complexes: (1) the hitherto unknown
insertion of a formal half-sandwich complex into an existing
sandwich system, which was investigated in detail by quantum
chemical calculations, and (2) the functionalization of the
inverse sandwich compounds 2a—c via classical salt metathesis.

Supporting Information

The authors have cited additional references within the
Supporting Information.[%-7°]

All synthetic protocols, spectroscopic data, supplementary
figures and tables, and detailed crystallographic informa-
tion, photoluminescence measurements, quantum chemical
calculations can be found in the supporting information. In
detail, these include: Materials and Methods, Synthetic pro-
cedures, X-ray Crystallographic Studies, Photoluminescence
measurements, NMR Spectra, Raman Spectra, IR Spectra,
and Quantum Chemical Calculations.
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