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Nanoscale Organolanthanum Clusters: Nuclearity-Directing Role
of Cyclopentadienyl and Halogenido Ligands
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/Abstract: Tetramethylaluminato/halogenido(X) ligand ex-
change reactions in half-sandwich complexes [Cp®La(AIMe,),]
are feasible in non-coordinating solvents and provide access
to large coordination clusters of the type [CpflLaX,],. Incom-
plete exchange reactions generate the hexalanthanum clus-
ters [CpfsLagXs(AlMe,),] (CpR=Cp*=CMe,, X=1; Cpf=Cp'=
C;H,SiMe;, X=Br, I). Treatment of [Cp*La(AlMe,),] with two
equivalents Me,Sil gave the nonalanthanum cluster
[Cp*Lal,ls, while the exhaustive reaction of [Cp’La(AlMe,),]
with the halogenido transfer reagents Me;GeX and Me;SiX
(X=1, Br, Cl) produced a series of monocyclopentadienyl
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rare-earth-metal clusters with distinct nuclearity. Depending
on the halogenido ion size the homometallic clusters
[Cp'LaCll,, and [Cp’LaX,l;; (X=Br, 1) could be isolated,
whereas different crystallization techniques led to the aggre-
gation of clusters of distinct structural motifs, including the
desilylated  cyclopentadienyl-bridged  cluster  [(u-Cp),-
Cp’glagly,] and the heteroaluminato derivative
[Cp’;oLa;oBr5(AIBr,Me,),]. The use of the Cp’ ancillary ligand
facilitates cluster characterization by means of NMR spec-
troscopy.

/

Introduction

High-nuclearity rare-earth-metal (Ln) coordination clusters not
only impress by sheer beauty but have gained increasingly in
significance for magnetic and optical applications."? The so
far largest Ln" clusters have been achieved by self-assembly
processes under hydrothermal or solvothermal conditions in-
volving ligand (“carboxylato”)- and pH-controlled, anion-tem-
plated hydrolyses.”! The obtained nanoscale rare-earth-metal
hydroxide clusters can be sub-divided into Ln-exclusive (e.g.,
{Gd 401 {Ndy0a1® {Dy;eh® {Gdgo}”) and heterometallic 4f-3d
derivatives (e.g., {DyosNig},® {LagNiseh® {Gd,o,Nizel'®), featuring
overall complicated compositions such as [Gd4(us-OH);g0-
(CH3CO0)go(LH3)46(H;0) 200l (NO3)go(H,0), (x = 80; LHg=myo-ino-
sito)”  or  [DyegNigs(s-OH);56(IDA)gs(DMPA),,(CH;CO0) ,5(NO5),,-
(H,0)6,ICl,, (IDA=iminodiacetate, DMPA =2,2-dimethylol pro-
pionic acid).”! Self-assembly processes in non-aqueous media
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as a rule produce significantly lower nuclearities as shown for,
e.g., the selenide complexes [(py);sCe;,NaSe,s(SePh),s]"" and
[(pY),4PrysFse(SePh),¢l,'? which display effective near-IR emit-
ters. The syntheses of the latter fluorido-rich clusters from
Ln(SePh;) and NH,F in pyridine clearly emphasize the mandato-
ry switch to distinct reaction protocols."?

In 1998, the highly symmetric chlorido-bridged
[Cp;,Sm;,Cl,,] emerged as a benchmark system in organolan-
thanide cluster chemistry.">'¥ This dodecanuclear cluster was
obtained by desolvating [CpSmCl,(thf);] under reflux and re-
peatedly extracting it with toluene at 80°C." Ever since, the
nuclearity of {Sm;,} has remained unmatched for cyclopenta-
dienyl-based derivatives (and organometallics in general),
while the routinely observed nuclearity of the involved ring
and cluster motifs seems stationary at {Lng."® Crucially, while
metallocene complexes of the general formula Cp,LnX tend to
form dimeric and higher-ring structures (highly polarized Ln—X
bonding, X=small electron-withdrawing ligand),"’'® donor-
free half-sandwich complexes CpLnX, are prone to coordina-
tion cluster formation."*'® Beside [Cp;,Sm;,Cl,,],"® the only
other reported donor-free CpLnX, derivatives comprise ring-
like [Cp*,Scgl®® and [Cp*;Dysld (Cp*=CsMes).?" Related
mixed-valent [Cp*,Yb,l,]?? and [Cp*sSmsl,],”* Cp-enriched con-
geners [Cp*sYbsF,]?* and [Cp*,SmsCl,],?" as well as heterobi-
metallic [Cp,Dy;,l,,1(u-)[Cp,VI?' form cluster motifs. Viable syn-
thesis protocols for the half-sandwich coordination clusters in-
clude salt metathesis,"®*9 hydrogenolysis,"**" thermolysis/
desolvation,"** and Ln redox transformations.?' 2% % |n the
realm of Ziegler-Natta catalysts and respective model com-
pounds, we have embarked on alkylaluminato/halogenido
ligand exchange and donor-promoted alkylaluminate cleavage

10834  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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of discrete half-sandwich complexes [Cp*Ln(AlMe,),]*" and
gained access to {lLag} and {Gdg} entities of the type
[Cp*sLasClg(AIMe,),]%” and [(Cp*,GdsMe,(AlMe,),(CH,0tBu)g].B"
Spurred by the ease and efficiency of the former partial alkyl-
aluminato/halogenido ligand exchange and the dearth of data
on higher-nuclearity organolanthanide clusters, we now target-
ed new types of donor-free CpLnX, derivatives via complete
alkyl/halogenido exchange.

Results and Discussion

CsMe; (Cp*)-supported half-sandwich La™ iodide clusters

To adequately assess any partial/complete alkyl/halogenido ex-
change in terms of structural implications, we initially selected
the iodination reaction of known [Cp*La(AlMe,),] (1a)®" with
Me,Sil. Thereby, the large La" center and the large I~ anion
were anticipated to promote the formation of maximum-nucle-
arity clusters.

Accordingly, complex 1a was treated with various amounts
of MesSil. Already the equimolar reaction in unstirred n-hexane
solutions led to the crystallization of the hexanuclear cluster
[Cp*sLagls(AlMe,),] (2) at ambient temperature within hours.
Compound 2 incorporates one solvent molecule per cluster in
the crystal lattice, which could not be removed in oil pump
vacuum, and crystallized in the triclinic space group P1. Com-
plex 2 has the connectivity [La;Cp*{(u-Me);AlMe},(s-1),(uy-1)6]
(Figure S23) and is isostructural to the previously reported
chloride complex [Cp*sLasCls(AIMe,),1.2”  Thereby, two
“Cp*;LasX,” subunits are linked through the four tetramethyl-
aluminato ligands in a p,n'm? fashion. Each lanthanum atom
is eight-coordinated by three iodido, two methyl, and one Cp*
ligand. While the La—Cp* ancillary ligand distances as well as
the aluminato coordination behavior are only marginally affect-
ed by the CI/I" halogenido exchange, the La—Cl/I distances

differ markedly by nature (La—Cl: 2.8049(9), 2.8439(9) A (w,);
3.0060(7)-3.0708(8) A (u;) versus La—I: 3.2096(4)-3.2323(5) A
(W,); 3.2327(4)-3.4366(4) A ().

Intriguingly, treatment of 1a with two equivalents of Me,Sil
afforded complete alkyl/halogenido exchange as envisaged
(Scheme 1), and even more interestingly the hoped-for cluster
enlargement. Nonametallic [Cp*,Lagl;] (3) is the first of its kind
and its crystal structure is depicted in Figure 1. Crystalline 3
contains two independent clusters and 14 molecules of tolu-
ene in the unit cell. The large amount of solvent remained
partly in the crystal lattice even when oil pump vacuum was
applied. The nine lanthanum centers constitute a pseudo-tride-
cahedron with each metal center shielded by a Cp* ligand. The
five lanthanum centers of the square pyramidal subunit are ad-
ditionally coordinated by four ps-bridging iodido anions and
one central ps-l. Eight out of a total of 12 ps-bridging iodido
anions connect to the four lanthanum centers of the square
planar subunit. These four lanthanum centers are p,-bridged
with iodido anions to build a crown-like motif, and are further
sharing a central p,-bridging iodido moiety. Complex 3 readily
dissolves in THF to generate monomeric [Cp*Lal,(thf);] (Fig-
ure S25).

The number of structurally characterized organometallic
complexes containing iodido-bridged lanthanum atoms are
limited. For comparison, the La—(u,-l) distances of 3.2050(7)-
3.2561(7) A are slightly shorter than those in [La(u,-){N-
(SiMe3 Jh(thH1LE? (3.3096(11), 3.3051(11) A) or [(COT)La(u,-

(thf,1,%% (3.3832(2), 3.3157(2) A). A series of salt-like mixed
iodido/ethanido lanthanum-based solid-state materials includ-
ing o-Lasly(C,)®* and Laql;5(C,),** were shown to feature La—
(us-1) (3.225(3)-3.544(2) A) and La—(p,-) moieties (3.1722(7)-
3.3795(4) A), which, however, appear considerably shorter than
the distances of 3.1857(7)-3.6720(7) A (u;) and 3.5187(7)-
3.5447(7) A (u,) in 3. Surprisingly, organolanthanum complexes
with ps-bridging iodido ligands seem even rarer. However, the
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Scheme 1. Reactivity of half-sandwich complexes 1 toward halogenido transfer reagents applying different synthesis strategies (Cp’ and Cp* ligands are omit-

ted for clarity).
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Figure 1. Crystal structure of 3 with atomic displacement parameters set at
the 50% probability level. Hydrogen atoms are omitted for clarity. The Cp*
ligands (except for one) are represented by a wireframe model for improved
visualization. For selected interatomic distances and angles, see the Support-
ing Information.

La—(us-) distances of 3.5335(7)-3.6885(6) A in 3 are compara-
ble to the Sm—(ps-1) distances in octa- and pentametallic com-
plexes [{[u-Ph,C(C4H;N),1Sm}s(us-D1~H{[p-Ph,C(C4H;N),1ISm(th)ls-
(us-N1" and  [{[u-MePhC(C,H5N),1Smls(us-)1 [K(thf)g] *, respec-
tively, where the samarium atoms are pentagonally arranged
around a coplanar iodido ion (Sm—(us-l), 3.434(1)-3.634(1);
3.517(1)-3.5566(6) A).*> For further comparison, a similar
square pyramidal {Lng} structural motif was also detected in
donor-free mixed-valent complex [Cp*sSms(ty-1)4(1s-4(ps-1)]
(Sm—(us-1): 3.281(1)-3.377(1) A),”®® while the separated ion-pair
[CpsYbeCli51 [Cp;sYbsCls(thf);] ™ features another “nonametallic”
half-sandwich arrangement.!'”

C,H,SiMe; (Cp')-supported half-sandwich La" iodide clusters

Having established the proof of concept for efficient cluster
enlargement in Cp* derivatives [Cp*LnX,],, the next step was
to investigate into the effect of the cyclopentadienyl ligand.
Here, we decided upon the trimethylsilyl cyclopentadienyl
(Cp’) ligand, offering two decisive advantages compared to
Cp* derivatives: overall decreased steric demand (enforcing
cluster enlargement) and mediation of better solubility (facili-
tating NMR-spectroscopic characterization). The half-sandwich
lanthanum  bis(tetramethylaluminato) precursor complex
[Cp'La(AIMe,),] (1b) was straightforwardly synthesized from
homoleptic La(AIMe,); and KCp’ following routine protocols.>
Rather unexpectedly, the crystal structure of 1b shows a sym-
metric tetramethylaluminato coordination with two planar
La(u-Me),Al units (in contrast to one planar and one bent one
as routinely observed).®® As a consequence, steric saturation
of the La" centers in 1b is achieved by interaction with one

Chem. Eur. J. 2020, 26, 10834 - 10840 www.chemeurj.org

aluminato methyl group of another molecule resulting in a p,-
n"m? aluminato coordination mode. These weak intermolecular
interactions (La-~C 3.250 A) imply a dimeric arrangement in the
solid state (Figure S21).

Surprisingly, treatment of 1b with two equivalents of Me,Sil
at ambient temperature in n-hexane did not result in the en-
visaged complete alkyl/halogenido exchange, but the tetra-
methylaluminato-bridged  heterobimetallic  hexalanthanum
cluster [Cp’sLagls(AIMe,),] (4a). Again surprisingly, compound
4a is isostructural to the Cp* derivatives [Cp*sLasClg(AIMe,),]
and 2 (Figures 2 and $23).5% Overall, the arrangement of the
six lanthanum metal centers is reminiscent of two cuboid
structures with cut-off corners. Complexes [CpfsLagXg(AlMe,),]
show similar metrical parameters concerning the lanthanum
metal centers and the ancillary Cp®  moieties
(ICp*sLagClg(AIMe,),l: 2.728(3)-2.819(4) A; 2: 2.748(4)-2.797(4);
4a:2.711(6)-2.793(5) A). A striking difference of the La;X, subu-
nits is revealed by the bond angles. More precisely, the La—Cl—
La angles of 100.55(2)-113.19(4)° are more obtuse than La—I—
La angles in 2 (100.126(2)-108.169(2)°) and 4a (99.962(2)-
106.822(2)°), resulting in a maximum difference of 6.37°.

Crucially, complete AlMe,/halogenido exchange could be ac-
complished by the addition of a slight excess of Me;,Sil
(2.5 equiv.) to 1b under vigorous stirring (Scheme 1), as con-
firmed by the isolation of the dodecalanthanum cluster
[Cp’Lal,];, (5a, 48% yield). XRD analysis of 5a revealed a La;,
icosahedron, with each of the 20 faces capped by one iodido

SiMe;
% = e c31 A!z'/%g
Cé ca7\
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; 1'% S S
c25 ar° C30 SR
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La2 @ @ = t
= c28 N
4.
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/ 7 _-La3 =0
N
@

\

Figure 2. Molecular drawing (top) and crystal structure (bottom) of 4a with

atomic displacement parameters set at the 50% probability level. Hydrogen
atoms are omitted for clarity. The Cp’ ligands (except for one) are represent-
ed by a wireframe model for improved visualization. For selected interatom-
ic distances and angles, see the Supporting Information.
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Figure 3. Crystal structure of 5a with atomic displacement parameters set at the 50 % probability level. a) The entire molecule with hydrogen atoms omitted
for clarity and Cp’ ligands (except for one) represented by a wireframe model for improved visualization. (b), (c), and (d) represent the La,,, l,, and I, poly-
hedra; comparison of the asymmetric unit (f) with the solid-state-structure of Lal; ((e), adapted from Zachariasen).2® For selected interatomic distances and

angles, see the Supporting Information.

ligand, as depicted in Figure 3 (space group R3c). The iodido li-
gands arrange in a dodecahedron with one additional |, tetra-
hedron located inside the cluster core. Complex 5a is isostruc-
tural to the until-now unique dodecasamarium cluster
[CpSMCL,];,, reported by Kretschmer etal. in 1998 (space
group /4,/acd)."™® For comparison, the Sm—Cl bond lengths at
the cluster surface in [CpSmC,];, are in the range of 2.70(1) to
3.10(2) A (av. 2.99 A) and average 2.95 A inside the cluster core.
In contrast, the respective La—| bond lengths in the cluster pe-
riphery of 5a average 3.3625 A, being therefore considerably
longer than inside the cluster core (av. La—l 3.2808 A). Taking
into account the ionic radii (Sm**+ CI"=277A; La*>"+ I"=
3.19 A" the average interatomic distances in {Sm;,} and
{La,,} (5a) are noticeably larger. However, the overall bonding
situation in these clusters is almost identical, differing margin-
ally by only 0.021 A. The asymmetric unit of 5a shows a dis-
tinct La,l, structural motif, which can be considered a distorted
cutout of the Lal, solid-state structure,®® indicating the general
stability of the cluster (Figure S28).

The differences in the solid-state structures of 5a (formally
9-coordinate La centers) and Lal; (8-coordinate La centers) are
evidenced by the bent arrangement of the asymmetric unit in
5a. More precisely, the La—I distances of 3.211(2), 3.267(2) and
3.287(2) A (La1-14/17, Lad—17) in 5a are slightly shorter than in
Lal; (3.342 A), while the La2—I1 bond length of 3.585(2) A in 2
is considerably longer compared to Lal; (3.396 A). The bending
of the asymmetric unit of 5a is further evidenced by marked
differences in the interatomic distances of the central iodido li-
gands to Lal and La3 (La--9: 5a, 5.152(2), 3.303(2) A), which is
significantly shorter than in Lal; (5.638 A). This results in a
strongly bent arrangement of the La,l, fragment in accord
with the obtuse I-La—I angles in 5a (I4—La1-17=122.95(5)°,

Chem. Eur. J. 2020, 26, 10834 - 10840 www.chemeurj.org

11-La3—13 =146.00(5)°), while in lanthanum iodide the respec-
tive angle is 80.97°. This arrangement is clearly affected by the
shielding and the steric effect of the ancillary Cp’ ligands. Com-
parison may be also drawn to the similarly sized metalloid alu-
minum cluster [Al,,Cp*,,] (diameter: 149 A, 5a: 14.6 A), the
topology of the 60 methyl groups of which bearing a close re-
semblance to that of fullerene Cy,.5” Indeed, Kretschmer et al.
had also pointed out that the truncated icosahedron adopted
by the 60 carbon atoms of 12Cp ligand in [CpSmCl,];, is
“somewhat analogous” to fullerene Cg,.""”

In contrast to the hardly soluble (in non-donor solvents)
Cp*-derived clusters 2 and 3,%” the new Cp’-supported clusters
4a and 5a dissolve readily in benzene. However, the '"H NMR
spectrum of methylaluminate/iodide cluster 4a in [Dglbenzene
at ambient temperature (Figure S5) revealed its fragmentation
in solution, which is indicated by the appearance of additional
resonances for 1b and 5a. Moreover, the triplet resonances at
6.78 and 6.66 ppm (*J,,,=2.5Hz) and the multiplets at 6.74
and 6.63 ppm indicate non-equivalent Cp’ ligands, which is
corroborated by signals at 0.41 and 0.37 ppm for the SiMe;
groups. The singlet at —0.03 ppm can be assigned to the La-
[AIMe,] moieties of 4a, indicating a rapid exchange of bridging
and terminal methyl groups. The 'H NMR spectrum of dodeca-
lanthanum cluster [Cp’Lal,];, (5a) in [D¢lbenzene shows one
signal set for the Cp’ ligands, indicating dynamic processes of
4a in solution. The Cp’ hydrogen atoms at the positions 3/4
and 2/5 resonate at 7.20 ppm and 7.00 ppm, respectively, and
the trimethylsilyl group at 0.61 ppm, significantly shifted to
lower field in comparison to the corresponding signals of pre-
cursor 1b (0 Cp'H, 6.40 ppm, 6.22 ppm, & CH;, 0.14 ppm).
Moreover, a second set of signals with the same 6:1 integral
ratio of singlet and triplets revealed the formation of another

10837  © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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similar species in solution. Therefore, a three-step process for
the formation of cluster 5a seems plausible: initial complete
[AIMe,]/I ligand exchange, followed by aggregation to Cp’,La,lg
fragments, and subsequent self-assembly of three such La,
units to afford the large Cp';,La;,l,, entity.

Supportive of such a mechanism of formation is the isolation
and structural characterization of the mixed-Cp octalanthanum
species [(u-Cp),Cp’sLagll (6). Applying slow diffusion of Me;Sil
(2.5 equiv., dissolved in n-hexane) into an n-hexane solution of
1b (instead of vigorous stirring) and subsequent crystallization
at —40°C afforded compound 6 in low yield (Figure 4 and Fig-
ure S29). An XRD analysis revealed that cluster 6 is composed
of two Cp’,La,l, subunits with two eight- and nine-coordinate
lanthanum centers each (4X p,-l, 2% Ws-l, 1X pg-l), thus resem-
bling the asymmetric unit of cluster 5a (Figure 3). The nine-co-
ordinate lanthanum centers at the vertices of the LallLa2lal’
La2' planar rectangular arrangement are p,m°n’>-interconnect-
ed by unsubstituted cyclopentadienyl ligands in an inverse-
sandwich-type fashion. The steric demand of the bridging Cp
ligands effects the Cp’,La,l, subunits, resulting in an overall
high symmetry in comparison to the asymmetric unit of 5a.

Me;Si p
N

Me;Si

Las

Figure 4. Molecular drawing (top) and crystal structure (bottom) of 6 with
atomic displacement parameters set at the 50% probability level. Hydrogen
atoms are omitted for clarity. The Cp’ ligands (except for one) are represent-
ed by a wireframe model and without SiMe; groups for improved visualiza-
tion. For selected interatomic distances and angles, see the Supporting In-
formation.
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In complex 5a, the outmost La—| bonds of the heavily dis-
torted asymmetric unit are markedly elongated (La2—l14,
3.585(2) A) to adapt to the stable La,, structure, while the re-
spective bonds in 6 are in the range of 3.186(1) A (La4—16) to
3.292(2) A (La2—-16). Moreover, the subunit of 6 shows a re-
duced interatomic distance between the outer lanthanum
metal center and the central iodido ligand (La1—I3=3.734(1) A;
5a: La1--19=5.152(2) A), which might be due to the strain in-
duced by the bridging Cp ligands.

'H NMR spectroscopic studies corroborate the displacement
of the trimethylsilyl groups from the respective Cp’ ligands in
6 (formation of Si,Me; evidenced for three independent sam-
ples, Figure S11), subsequently enabling the bridging of the
La,l; fragments. It must be noted that the “Wanderlust” of tri-
methylsilyl groups has been recently emphasized in rare-earth
metal triple-decker sandwich complexes of the type Ln,(COT"),
(COT” = bis(trimethylsilyl) cyclooctatetraenyl)."” The ease of
SiMe; dissociation in HCp' is also reflected in the synthesis of
the precursor of cluster [CpSmCL,],, by dehalosilylation em-
ploying SmCl,."* The 'H NMR spectrum of 6 shows the pres-
ence of side products, while the protons at the 2/5 positions
and 3/4 positions of the Cp’ ligand resonate at 7.19 and
7.00 ppm, respectively, and overlap with the respective signals
of 5a (minor product). The signals in the range of 1.64 to
0.92 ppm are likely generated by a solution side product, and
the Me;Si groups resonate at 0.61 ppm. It must be noted that
the Cp’ resonances are shifted to higher field compared to pre-
cursor 1b. Overall, the formation of the lanthanum iodide clus-
ters 5a and 6 is mainly depending on the crystallization tech-
nique, indicating a strong kinetic control of the alkylaluminato/
halogenido ligand exchange reaction. Complex 5a readily dis-
solves in THF to generate monomeric [Cp’Lal,(thf);] (Fig-
ure S22). Complexes 4a, 5a and 6 were further analyzed by
SEM and EDX to check product purity via elemental ratios (Fig-
ures S41-548, Tables S3-514).

CsH,SiMe; (Cp’)-supported half-sandwich La" bromide and
chloride clusters

Changing the halogenido transfer reagent to Me;GeBr while
applying otherwise identical reaction protocols, the respective
bromido-bridged clusters  [Cp’sLa¢Brg(AIMe,),] (4b) and
[Cp’LaBr,];, (5b) could be isolated. Accordingly, treatment of
complex 1b with 1.3 equiv. of Me;GeBr afforded the heterobi-
metallic hexalanthanum cluster 4b (Figure S30), which is iso-
structural to [Cp*sLasClg(AIMe,),],%” 2, and 4a. Compound 4b
shows degradation behavior similar to 4a, as indicated by
NMR spectroscopy (Figures S12 and S13). The dodecalantha-
num cluster 5b could be selectively obtained by treatment of
1b with 2.5 equiv. Me;GeBr in a vigorously stirred n-hexane so-
lution at ambient temperature (Scheme 1, 47% yield). The
structural characterization of 5b by XRD analysis (Figure S31)
revealed the same structural motif as for the respective iodido-
bridged cluster 5a, with the La—Br distances following the
same trend. The 'H NMR spectrum of 5b shows the expected
set of signals for the Cp’ ligand, indicating a highly symmetric
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coordination. In comparison to 5a the signals are shifted to
higher field.

Interestingly, a divergent reactivity was observed when ap-
plying the diffusion protocol. Thereby, the bromido transfer
gave the decalanthanum cluster [Cp’;oLa;oBrig(AIBr,Me,),] (7)
featuring two heteroaluminato ligands (Scheme 1). The XRD
analysis of 7 revealed an ellipsoidal structural motif involving
eight lanthanum atoms, being terminated by two additional
peripheral lanthanum metal centers (Figure 5 and Figure S32).
The lanthanum centers at these apical positions coordinate to
a 1°-Cp’ ligand, a AlBr,Me, moiety, and cap a La,Br, crown. The
four lanthanum centers of the latter crown interact further
with a central bromido ligand and another eight bromido li-
gands, which bridge to the other four lanthanum centers of
the second La,Br, crown. Overall, the eight inner lanthanum
centers are connected to a total of 16X ,-1 and 2 x -, as well
as 8xm>-Cp. The terminal heteroaluminato ligands [(u,-
Br),AlMe,] in complex 7 coordinate symmetrically in a n? fash-
ion to the lanthanum metal centers (Lal—Br1=3.0945(4) A,
La1-Br2=3.0595(5) A), involving La-Al distances of av.
4.0745 A which are significantly longer than in complex 1b (av.
La--Al=3.2678 A). Similar alkyl/chlorido heteroaluminato moi-
eties were previously reported for metallocene complexes of
the type [Cp*,Ln(u-Cl),AIR,] (Ln=Y, Sm; R=Me, Et, iBu).*" The
La—Br bond lengths of the apical 11-coordinate lanthanum to
the La,Br, crown are in the range of 3.1450(4) to 3.3167(4) A,
and hence longer than in lanthanum bromide LaBr; (9-coordi-
nate La", 3.101 to 3.158 A).*?
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Figure 5. Crystal structure of 7 with atomic displacement parameters set at
the 50% probability level. Hydrogen atoms are omitted for clarity. The Cp’ li-
gands (except for one) are represented by a wireframe model for improved
visualization. For selected interatomic distances and angles, see the Support-
ing Information.
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For further comparison, the La—(u,-Br) distances in 7 are sim-
ilar, ranging from 3.2244(4) to 3.2758(4) A. The "H NMR spec-
trum of compound 7 indicates the presence of dodecalantha-
num cluster 5b along with another minor co-product. The sep-
aration of 5b and 7, however, is hampered by similar crystal
morphology and solubility (Figure S16). The trimethylsilyl
groups of the Cp’ ligands of compound 7 resonate in the
range of 0.64 to 0.42 ppm in accordance with non-equivalent
positions. The heteroaluminato ligands [AlMe,Br,] show one
broad singlet at 0.33 ppm. EDX analyses for compounds 4b,
5b, and 7 were impeded by the overlap of the element signals
of Al and Br, making a meaningful quantification of these ele-
ments difficult. Nevertheless, the atom ratios of lanthanum are
within the expected range, further supporting the formation
and purity of the respective clusters (Figures S49-S57, Ta-
bles S15-526).

Using Me;GeCl as the halogenido transfer reagent, the exclu-
sive formation of one species was observed, regardless of the
synthesis methods applied. Treatment of 1b with Me;GeCl re-
sulted in the formation of the decalanthanum cluster
[Cp’LaCl,],, (8), featuring a similar structural motif as bromide
cluster 7. Instead of the terminal AlMe,Br, ligands in complex
7, the lanthanum metal centers in the apical positions of 8
bear terminal chlorido ligands. The connectivity of 8 was eluci-
dated by XRD analysis (Figure $33). The 'H NMR spectrum of 8
shows the expected set of signals for the Cp’ ligand as well as
signals of a solution side product. In comparison to complexes
5a and 5Db, the signals are shifted to lower field. The formation
of 8 is further confirmed by an EDX analysis, which revealed
the expected elemental ratios (Figures S58-S60, Tables S27-
S30).

Conclusions

Half-sandwich complexes [Cp"La(AlMe,),] engage in selective
alkyl/halogenido(X) ligand exchange reactions in non-coordi-
nating solvents under mild conditions. The fully exchanged
donor solvent-free [CpflaX,] self-assemble to form distinct
nanoscale coordination clusters. The size of the homometallic
clusters depends on the steric demand of the cyclopentadienyl
and halogenido ligands as revealed for [Cp*sLagligl,
[Cp'ioLa;oClyl and [Cp'y,La;,X,,] (X=Br, I). Moreover, the cluster
formation/crystallization procedure is shown to affect the clus-
ter composition, and more crucially, the use of the trimethyl-
silyl-substituted cyclopentadienyl ligand (Cp’) implies high clus-
ter solubility and hence characterization by means of solution
NMR spectroscopy. The isolation of such nanoscale clusters
proves that the fascinating icosahedral arrangement of samari-
um centers detected ca. 20 years ago in [Cp;,Sm;,Cl,,]" is not
a one-off occurrence in rare-earth metal chemistry. It can be
anticipated that the present nanochemistry approach, which
utilizes highly reactive organometallics and mild halogen-trans-
fer reagents such as Me,Sil or Me;GeX (X =Br, Cl), will decisive-
ly promote the field of nanoscale rare-earth-metal cluster re-
search. The findings might also stimulate similar research with
paramagnetic rare-earth metals opening new avenues for the
design of luminescent and magnetic clusters and materials.”
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