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Introduction

The investigation of subvalent compounds of the heavier group
14 element tin is ongoing for a considerable period of time
owing to the fascinating properties of these compounds. In the
1990s, Sita and co-workers discovered [1.1.1]propellanes with
unusual bonding features, which exhibit tin(0) atoms capped
by stannylene units."® Additionally, they were able to syn-
thesize interesting new cluster compounds using tin precursors
as building blocks for more complex molecules via a wide
range of reactions.*® In the following years, metal clusters
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variety of compounds are yet to be discovered, thereby suggesting that larger clusters might form a
cluster-of-clusters arrangement rather than compact structures. This trend seems to be supported by the
largest metalloid tin clusters exhibiting up to 20 tin atoms. In this review, recent results and future possibi-
lities of this fascinating class of metalloid tin cluster compounds are discussed.

gained more popularity, and the interest in the synthesis and
characterization of metal-rich compounds increased. Through
the input of Schnéckel and co-workers, metalloid clusters,
especially those of group 13 elements aluminium and gallium,
became a fruitful field of research to gain insights into the fun-
damental processes of the formation and dissolution of metals
from/to molecular compounds.” Thus, metal-rich metalloid
clusters can be seen as ideal model compounds for this mole-
cular area and are often stabilized by bulky ligands, partly exhi-
biting structural motives already known from the solid-state
structure of the metal itself. Hence, these clusters are perfect,
atomically precise model compounds for metal nanoparticles.
In the field of metalloid tin clusters, the number of compounds
is still quite low to date. Nevertheless, theoretical calculations
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and recent experimental results indicate that during the for-
mation of larger clusters or nanoparticles with dozens to hun-
dreds of tin atoms in the cluster core, an area is realized where
these larger cluster compounds can be described as an agglom-
eration of smaller cluster units and might be described as a
cluster of clusters.®® Thus, the calculations indicate that
compact structures become favourable only at a very large
cluster size of about 309 tin atoms. Hence, in the case of
smaller clusters, a cluster-of-clusters arrangement with princi-
pal Sn;s units is energetically favourable. These calculations
are supported by gas phase investigations, where naked tin
clusters with up to 25 tin atoms might also be described as
cluster of clusters with principal Sny and Sn;, units.® This
cluster-of-clusters growth pattern seems to be valid up to a
certain size of nanoparticles, as observed by Uhlig and co-
workers. They observed that spherical nanoparticles are com-
posed of smaller spheres and thus might be seen as particle of
particles.’ In the following sections, we will provide an over-
view of the chemistry of metalloid tin clusters and highlight
their potential use as ligands or building blocks to generate
larger and more complex structures.

Synthesis via reductive coupling

The most straightforward synthesis strategy for the formation of
metalloid tin cluster compounds is via the reductive coupling or
reductive elimination of tin-containing precursors (Scheme 1).
Thereby, even metalloid clusters might be obtained if the com-
plete elimination of substituents takes place during the reduction.

Following this synthetic approach, Wiberg and co-workers
were able to synthesize the first metalloid tin cluster
[Sng(SiBus)l*” 1 in 1999 (Fig. 1)."* Wiberg’s [Sng(Si‘Bus)s]*”
cluster shows a nearly perfect cubic arrangement of the eight tin
atoms with minimal distortion (Sn-Sn-Sn angles from 88.06(3)
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to 91.62(3)°). Hence, the bonding of an SnR or Sn™ unit seems
to be similar, also showing the relation to the fully saturated
clusters SngRg (R = Si‘Bu,Me'? or 2,6-diethylphenyl®), which also
show a cubic arrangement of the eight tin atoms.

However, the cubic arrangement of eight group 14 atoms
within a group 14 EgR, cluster depends on the number and kind
of substituents present. This is directly obvious within the metal-
loid GegRg clusters (R = N(SiMe;),;™* 2,6-(‘Bu0),-C¢H; %), which
show a distorted or an ideal cubic arrangement depending on the
kind of ligand used. Also, the number of substituents plays a
crucial role, as shown by Power and co-workers for the metalloid
SngR, cluster 2 (R = 2,6-Mes,C¢Hs; Mes = 2,4,6-Me;CgH,), in
which the cubic Sng core is strongly distorted (Sn-Sn-Sn angles
range from 56.24(4) to 112.38(5)°)."° This distortion might be due
to the substitution pattern and the high steric demand of the
substituents. Nevertheless, the naked tin atoms in 2 are still avail-
able for subsequent reactions, thereby leading to the decompo-
sition of the cluster. Hence, the reaction of 2 with hydrogen gives
the saturated four-membered ring compound (SnHR), and
elemental tin. This first example already shows that such metal-
loid cluster compounds can react with small molecules, thereby
also giving an insight into heterogeneous catalytic processes.'® In
the subsequent years, only a few additional examples of metalloid
tin clusters obtained via reductive coupling have been reported.
In 2016, the group of Schulz and co-workers synthesized
Snyo(trip)s ' 3 (trip = 2,4,6-Pr;C¢H,) while Power and co-workers
synthesized the Sn;; cluster Sn;sRs 4 (R = N(2,6-Pr,CeHj)
(SiMe,Ph)), which exhibits a body-centred, cubic-like arrange-
ment of the tin atoms in the cluster core. This arrangement is
realized for tin only in a high-pressure modification above 45 + 5
GPa."® As 4 is synthesized at normal pressure and room tempera-
ture, this shows that within the metalloid clusters, arrangements
can be realized that are obtained for the element only at high
pressure. Similar results are also observed within metalloid
gallium' or germanium® clusters. The largest metalloid tin

R
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Scheme 1 Exemplary formation of tin cluster compounds via reductive elimination (A) and reductive coupling (B).
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Sny(SiBu,)e 1999 (1)

Sn,5(NRR’); 2006 (4)

Sn(2,6-Mes,C,H,), 2001 (2)

Sn,,(Ga(ddp)Cl), 2008 (5)

Sn,,(trip); 2016 (3)

Sn,(Ga(ddp)Cl), 2008 (6)

Fig. 1 Overview of metalloid tin clusters synthesized via a reductive approach. Ligands are simplified by wires and sticks (light blue = silicon, light

grey = carbon, violet = gallium, green = chlorine, and dark blue = tin).

cluster via reductive coupling was presented by Fischer and co-
workers, who were able to synthesize a Sn,; cluster Sn;;R, 5 (R =
Ga(ddp)Cl; ddp = HC(CMeNC¢H;-2,6-'Pr,),), which is crystallized
together with the metalloid cluster Sn;R, 6, bearing the same
substituent.>* The Sny cluster 5 can be described as two merged
Sny subunits, which already shows that larger clusters might be
seen as cluster of clusters, where we will see more examples in
the following. Anionic Sny clusters are also known from Zintl-Ion
chemistry, where the structures often nicely fit Wades rules*>?*
and which are summarized in recent reviews.>**> However, Zintl-
Ions will not be included in the following as the focus of the per-
spective is on metalloid clusters, exhibiting an average positive
oxidation state of the tin atoms in contrast to Zintl-Ions exhibit-
ing an average negative oxidation state.”®

Synthesis via disproportionation
reaction

Beside reductive coupling, another approach to metalloid clus-
ters can be seen in the disproportionation reaction of useful

precursors. The disproportionation reaction should take place
at low temperatures so that the intermediary formed metalloid

sncl 1>78°C_ gn Cipn (

Sn.Cl,(n>m) +

Scheme 2 Formation of tin clusters via the disproportionation reaction (C).

This journal is © The Royal Society of Chemistry 2024

n>m)

MR — Sn,Rn,(h>m) +

clusters can be trapped by kinetic stabilization. In case of tin,
metastable monohalide solutions, obtained via a preparative
co-condensation technique, seem feasible,””*® following the
reaction scheme outlined in Scheme 2.

Hence, the isolated clusters are not only intermediates on
the way to the element with respect to the average oxidation
state of the tin atoms, but also with respect to the synthetic
route as without the substitution of the halide atoms by bulky
ligands, the disproportionation reaction directly gives elemen-
tal tin (Scheme 3).

Additionally, calculations indicate that in the size range up to
309 tin atoms, structures that can be described as cluster of clus-
ters are energetically favourable, which leads to the general reac-
tion scheme outlined in Scheme 3. Hence, the intermediary
formed clusters can be seen as a cluster-of-clusters arrangement,
where the principal units are bound together by tin-tin bonds.
These primary formed clusters then might be stable and can be
isolated, or they can fall apart, leading to smaller clusters with
an open substituent shell. Consequently, the bonding between
the principal units in the larger clusters is of central importance
if larger or smaller metalloid clusters are obtained.

This general idea (raspberry model) about the formation
mechanism is supported by the reaction of a metastable Sn()

+ SnCl, (x> 1)

MCI M=Li,Na, K

Dalton Trans., 2024, 53,17429-17436 | 17431
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Scheme 3 Schematic visualization of the raspberry model. Formation of smallest Snyo-units (e.g., [Snio(Hyp)4l?") through the degradation of larger

clusters.

[Snyo(Si(SiMey);) 1> (7)

Fig. 2 Left: molecular structure of [Sn;o(Hyp)4l?>~ (7). The Hyp-substituents are simplified by wires and sticks, and hydrogen atoms are omitted for
clarity (light blue = silicon, grey = carbon, and dark blue = tin). Right: space-filling model of 7 with the open ligand shell visible.

Cl solution with LiHyp (Hyp = Si(SiMes);), which gives after
work-up the metalloid tin cluster [Snyo(Hyp).]*~ 7 (Fig. 2)*° in
remarkable 33% isolated crystalline yield.

Thereby, the substituent shell is quite open as the four Hyp
substituents shield the core of ten tin atoms only marginally
(Fig. 2, right). In solution, 7 is stable for a couple of days if Li"
is coordinated by (12)-crown-4. However, if 7 is transferred to
the gas-phase via electrospray ionization, [Hyp]™ or [SnHyp]™ is
eliminated, leading to [Snyo(Hyp)s]~ 8°° or [Sne(Hyp);]*~ 9,
respectively. Both compounds are also obtained directly apply-
ing the disproportionation reaction, indicating that a complex
reaction mixture is obtained first, from which, depending on
the work-up of the reaction solution, different metalloid clus-
ters are obtained (Fig. 3). Beside the already mentioned clus-
ters, the following clusters are available: [Sno(Hyp);]~ 10,*
[Sng(Hyp)o]>~ 11,>>  [Snyo(Si(SiMes),(Si(SiMes)s) )P~ 12,*
[Snyo(Si(SiMe;),(Si'BuMe,))s*~ 13,** [Snyo(Ge(SiMe;);)4]* ™ 14,%
[Snio(R)s]” (R = Hyp 15,%° Ge(SiMe;); 16*°), and Snyo(R)s (R =
Hyp 17,%” Ge(SiMe,); 18>°).

Within all the metalloid tin clusters exhibiting 10 tin atoms
(7, 8, 12-18) the arrangement of tin atoms can be described as

17432 | Dalton Trans., 2024, 53,17429-17436

a more or less distorted centaur polyhedral arrangement,
where the tin-tin distances within the icosahedral part are
longer and comparable to the distances found in p-tin. The
distances in the cubic part are shorter and comparable to the
distance found in a-tin. These different kinds of tin atoms are
also observed within the Mof3bauer spectra, supporting the
idea that a phase transition takes place on going from the
cubic to the icosahedral part of the cluster. In case of 17, the
tin core is well shielded by the six Hyp substituents so that
further reactions might not be possible. However, in case of
clusters 7-16, the nine or ten tin atoms are only partially
shielded by the bulky substituents so that subsequent reac-
tions might be possible.

Such subsequent reactions are well documented for the
metalloid germanium clusters [Geg(Hyp)s]™ (ref. 38 and 39)
and [Geo(Hyp),]*~,*® where oxidative coupling was also realized
to give neutral clusters of the composition [Ge;5(Hyp)s].*""*

That such subsequent reactions of open shell metalloid tin
clusters are also possible was shown in 2017 for [Snyo(Hyp)s]”~
7. Thereby, the reaction of 7 with (PhzP)Au(1))SHyp gives the
cluster compound [Aus;Sn;g(Hyp)s]~ 19.*° Within 19, two

This journal is © The Royal Society of Chemistry 2024
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[Sny(Hyp),1?~ (11)
representative for the Snq cluster motive
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Snyo(Hyp)s (17)
representative for the Sn;, cluster motive

Fig. 3 Examples for metalloid clusters synthesized via the disproportionation reaction. Ligands are simplified by wires and sticks, hydrogen atoms
are omitted for clarity (light blue = silicon, light grey = carbon, and dark blue = tin).

Sny(Hyp)s units are bound together by a central Au atom and
capped on the other side with an Au(Hyp) unit (Fig. 4).

This result directly shows that with respect to germanium, in
the case of tin, a more complex reaction system is present as not
only can a coordination or a salt metathesis reaction take place
but the cluster itself can also decompose, leading to Sng(Hyp)s
units in this case. Another strong difference with the chemistry
of the open shell metalloid germanium clusters is the fact that
product 19 is also quite sensitive and decomposes fast in solu-
tion to unknown products. In contrast to this, the structurally
comparable compound PtZn,Ge;s(Hyp)s is stable in solution.**
The higher sensitivity and dynamic of the metalloid tin clusters
with respect to the metalloid germanium clusters might be due
to the weaker tin-tin bonds with respect to germanium-germa-
nium bonds. The higher metallic character of tin may also be
another factor so that in case of tin, higher coordination

[Au;Sn,(Hypg)]™ (19)

Fig. 4 First use of the [SngHyps]™ cage as a ligand in coordination
chemistry to form 19. Ligands are simplified by wires and sticks, and
hydrogen atoms are omitted for clarity (light blue = silicon, light grey =
carbon, yellow = gold, and dark blue = tin).

This journal is © The Royal Society of Chemistry 2024

numbers are easily realized. To date, mostly hypersilyl-based
substituents are used for the synthesis. However, it is known in
cluster chemistry that the substituent applied also has an influ-
ence on the reactivity and stability of the obtained compound.
Consequently, also other substituents were used within the syn-
thesis via the disproportionation reaction, for example, the
sterically more demanding substituent Si‘Bus, leading to
Sn,(Si‘Bus)1oCl, 20, where not all the halide atoms are substi-
tuted and which shows a unique arrangement of the tin atoms,
further supporting the raspberry model discussed above.*®

Cluster of clusters

The Sn,; cluster 5, synthesized by Fischer et al., might already
be described as a cluster built up of two principal Sny clusters
fused together by one tin atom, belonging to both Sny units.
The Sny framework is thereby well known from metalloid tin
clusters or from various Zintl-phases®*>*° and can therefore
be considered as the “smallest” tin-unit in 5. Consequently,
the structure of 5 directly provides evidence that larger clusters
might be composed of smaller units, as described in the
cluster-of-clusters model. While the use of the bulky Si(SiMe3);
substituents within the synthetic route via the disproportiona-
tion reaction almost exclusively leads to Sn;o or Sng clusters,
the use of the bulky ligand Si‘Bu; leads to a different com-
pound. Hence, this time, another Sny or Sn,, cluster with an
open substituent shell is not realized but the metalloid cluster
Sn,(Si‘Bus);oCl, 20 with 20 tin atoms is obtained. 20 is the
largest structurally characterized metalloid group 14 cluster
and is obtained via the disproportionation route using an SnCl
solution and NaSi‘Buj; as the substituent source.*

The structure of 20 is remarkable as it can be divided into
three subunits (Fig. 5). In the centre, there is an Sng unit of naked
tin atoms, which exhibits a distorted cubic arrangement (purple
polyhedra, Fig. 5). The cubic arrangement thereby resembles the

Dalton Trans., 2024, 53,17429-17436 | 17433
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Sny,(SiBuy),Cl, (20)

Fig. 5 Molecular structure of Snyo(Si'Bus)1oCly (20). The Si‘Bus-substi-
tuents are simplified by wires and sticks, hydrogen atoms are omitted
for clarity (light blue = silicon, green = chloride, dark blue = tin).

Sn,eR10CL,
AE g _gimes = -127 kl/mol
rearrangement (R=SiMe3)
Er=sitauz) = 75 kJ/mol
P—
(Sn1ORSCl)2 -
Pr—
AE gosimes = 78 kJ/mol
fragmentation (R=SiMe3)
AE g-sitaug) = 145 kl/mol
P—
2.8n44RsCl +

Scheme 4 Possible decomposition pathway of 20 via rearrangement
and fragmentation. Energies calculated for two substituents (R = SiMes,
SiBus).

one found in the metalloid cluster SngR; 2 (R = 2,6-Mes,CgHs;
Mes = 2,4,6-Me;CgH,)"> with comparable tin-tin distances. To
this central Sng unit, two SngR5Cl units are bound via tin-tin

17434 | Dalton Trans., 2024, 53, 17429-17436
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single bonds in the range of 282.3(2)-288.20(19) pm (blue polyhe-
dra, Fig. 5). Within the SngR5Cl unit, every tin atom bears a substi-
tuent and exhibits the coordination number four, leading to a
classical bonding as within the prismatic clusters SngRs (R =
Si‘Bu,)."” The Sny, cluster 20 thus strongly supports the aspect
that cluster growth in the nanometre range takes place via cluster
of clusters intermediates and depending on the substituent, they
might be isolated or decomposed to smaller principal units.

This idea is further supported by calculations focussing on
the decomposition of 20 into two Sn,, clusters as these are the
ones frequently obtained when Si(SiMe;); is used as the ligand
source. The structural relation of 20 and a metalloid Sny,
cluster becomes obvious on moving the central tin atoms, as
outlined in Scheme 4.

After this movement, two loosely bound Sn;oRsCl clusters
are realized, which then might dissociate to give smaller less
shielded clusters. The movement of the two tin atoms is
endothermic in case of the used Si‘Bus substituents. However,
if the much smaller SiMe; substituent is used for the calcu-
lations, the movement of the tin atoms becomes exothermic,
directly showing that the substituent applied has a strong
influence if the cluster-of-clusters arrangement or the
decomposition to smaller principal units is energetically more
favourable. Consequently, to get access to larger metalloid
clusters, the choice of the substituent is of central importance.

Conclusion and future outlook

Metalloid tin clusters are ideal atomically precise model com-
pounds for the nanoscaled area, showing novel structures and
bonding properties. The naked tin atoms are ideal positions
for further reactions, which may also be reversible ones for
catalytic applications. However, the subsequent reactions lead
up to now always to a decomposition of the primary products.
In the area of larger clusters, a cluster of clusters growth seems
obvious and thus to get stable larger metalloid tin clusters,
useful substituents are needed. Multidentate substituents
might be useful to stabilize the intermediary formed larger
clusters as these substituents might be able to stabilize the
cluster-of-clusters state so that further insight into the fascinat-
ing process of cluster growth on the way to the element is poss-
ible. However, if the cluster size increases more, the transition
area from the cluster of clusters to compact structures would be
another interesting area, which might be reached a bit earlier
in the case of substituent-stabilized clusters than the naked
cluster used during the calculations. The route via dispropor-
tionation seems to be the most useful as it intrinsically leads to
elemental tin, but we need to find the right reaction conditions
and substituents to stop this route in the nanometre range.
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