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Abstract: Since [Sn8]
6� was discovered from the solid-state

phase in 2000, its solution chemistry has been elusive due to the
high charges and chemical activity. Herein, we report the
synthesis and characterization of an inverse sandwich-type
cluster dimer {[K2ZnSn8(ZnMes)]2}

4� (1a), in which the highly
charged [Sn8]

6� is captured by mixed-valence ZnI/ZnII to form
the dimer {closo-[Zn2Sn8]}2 moieties bridged by a Zn-Zn bond.
Such Zn-Sn cluster not only exhibits a novel example of mixed-
valence ZnI/ZnII for stabilizing highly active anion species, but
also indicates the [Sn8]

6� cluster can act as a novel bridging
ligand, like arene, with a h4:h4-fashion. Theoretical calculations
indicate that a significant delocalization of electrons over Zn
atoms plays a vital role in the stabilization of the [Sn8]

6�

species. The AdNDP and magnetic response analyses clearly
showed the presence of local s-aromaticity in three cluster
fragments: two ZnSn4 caps and Sn8 square antiprism.

Polyhedral boranes have been attracting great interest due
to their extraordinary performances in all branches of
chemistry.[1] Fascinating structures brought the pathbreaking
bonding patterns. The situation induced the development of
Wade rules, which helped us figure out the relationship
between geometric structures of borane clusters and their
electronic structures.[2] For example, deltahedral closo-bor-
anes [BnHn]

2� obey the electron counting rules of borane
structures, that they should possess n + 1 electron pairs where
n is the number of vertices. As in the case of a polyhedron
with missing vertices, namely nido or arachno, the number of
skeletal electron pairs needs to satisfy n + 1 + p (p is the
number of missing vertices) for the stability of skeletons. As
the isoelectronic relationship between fragments {BH} and E
atoms (E = Si–Pb), these rules have been long borrowed to

illustrate and predict the related structures from group 14.[3]

Expectedly, the closo-[E5]
2� (E = Si, Ge, Sn, Pb) and [E10]

2�

(E = Ge, Pb) as an isostructural and isoelectronic species with
corresponding boranes [B5H5]

2� and [B10H10]
2� have been

isolated from solutions,[4] whereas the very stable closo-
structures limit their reactivity in solutions.[5] In contrast, the
nido-clusters of [E9]

4� (E = Si, Ge, Sn, Pb) and [E4]
4� (E = Si,

Ge, Sn) have exhibited good reactivity and accounted for
a number of new derivatives,[6] such as oxidative coupling,[7]

functionalization with main-group/transition-metal frag-
ments,[8–11] cluster fusion and assembly.[12] Hence, it is foresee-
able that the solution chemistry of [E8]

6� clusters of missing
two vertices from the [E10]

2� will be fascinating. The
observation of [Sn8]

6� in solid-state Zintl phases A4Li2Sn8

(A = K, Rb) and Ba16Na204Sn310
[13] shows the existence of such

species as predicted by Wade�s rules. However, it still remains
challenging to bring the cluster into solution[14] and thus
related derivative has been elusive so far. Herein, we report
a new cluster anion {[K2ZnSn8(ZnMes)]2}

4� (1a) as a [K(2,2,2-
crypt)]+ salt (1) containing two individual Sn8 units stabilized
by two groups of capped Zn atoms and combined with a Zn-
Zn bond. The successful preparation of 1 not only represents
a rare example of the mixed-valence ZnI/ZnII together for
capturing highly charged anion species, but might open the
way to solution chemistry of multiple vertex deficient main-
group metal clusters. The title compound, [K(2,2,2-crypt)]4-
{[K2ZnSn8(ZnMes)]2} (1), was synthesized by solution reac-
tion of “K4ZnSn4” and ZnMes2 in the presence of 2,2,2-crypt.
After 20 days, dark-red plate crystals were observed in the
test tube (21% yield based on loaded starting material
ZnMes2, see supporting information). The X-ray diffraction
analysis (XRD) reveals that the compound crystallizes in the
monoclinic space group P21/n and there is one cluster anion
{[K2ZnSn8(ZnMes)]2}

4� (1a) with four [K(2,2,2-crypt)]+ coun-
ter cations in the molecular structure. (Figure S3). Additional
characterization of energy-dispersive X-ray spectroscopy
(EDS, Figure S10) showed the composition of 1 including K,
Zn, and Sn elements. Electrospray-ionization mass spectrom-
etry (ESI-MS) and 119Sn NMR spectroscopy were also
attempted, but the related characterizations suffered from
failure due to inevitable fast decomposition of 1 in DMF
solutions.

At first glance, the cluster anion 1a exhibits a specific
dimeric structure containing two identical subunits of [ZnSn8-
(ZnMes)] which are surrounded by four non-cryptated K-
cations (Figure 1a,b). The four free K-cations around the
neck of the whole cluster construct a square plane with K-K
distances ranging from 4.762 to 4.878 �. Although the long
distances between four surrounding K-cations and Sn atoms
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(K-Sn: 3.775(3)–3.837(4) �) indicate weak interactions, the
K-cations play a vital role in the formation and stabilization of
the unusual highly charged dimeric product based on the fact
that crystals of 1 cannot be isolated by adding the excess of
2,2,2-crypt under parallel experiments. The K-cations act as
an attractive force to pull the two anions together by
screening their charges and thus allowing them to dimerize.
Such situation is also observed in [Ge9-Ge9]

6� and [Ge9Zn-
ZnGe9]

6�.[7a,15] Additionally, 1a can also be viewed as
a sandwich-type structure where a dinuclear [Zn-Zn]2+ unit
is flanked by two heteroatomic cluster anions of
[Sn8ZnMes]5�. However, it should be better described as
a multilayer inverse-sandwich dimer in which both [Sn8]

6�

units are respectively jammed by [ZnIIMes] and ZnI and then
combined with a Zn-Zn bond, thus the structure is supported
by four surrounding K- cations. According to Wade-Mingos
rules,[2] the cluster bonding electrons would be 22 for a ten-
vertex closo-species. In this sense, the [Sn8]

6� capped by two
Zn atoms forms a heteroatomic closo-cluster of [Sn8Zn2] (6e�

+ 8 � (2e�) = 22e�), with 6e� from the charges, 2e� from each
Sn atom and none from the Zn atoms. Hence, on top of the Zn
atom is functionalized with -Mes to result in [ZnSn8(ZnMes)]
with 4e� , which is dimerized to form {[K2ZnSn8(ZnMes)]2}

4�.
Zn atoms cap the open square faces of Sn8, resulting in the

retention of an intact “arachno” structure. Hence, the Sn8

units in 1a possess a nearly perfect square antiprism structure
(D4d) with two almost parallel bases (Figure 1c). The dihedral
angle between the two bases is only 0.338, similar to that in
[Li2Sn8]

4� (0.278 and 0.488).[13a] The Sn-Sn bond lengths in the
waist (2.9263(12)–2.9507(12) �) are slightly shorter than
those in the bases (3.1039(10)–3.1615(11) �) and all values
(2.9263(12)–3.1615(11) �) are in the normal range, compa-
rable to those in [Li2Sn8]

4� from Rb4Li2Sn8 (2.947(3)–3.037-
(2) �), [Sn8TiCp]3� (2.859(2)–3.108(2) �)[16] and other Sn
clusters, such as [Sn9]

4� and its derivatives.[8c,9a,c,12b, 17] The
distances from the bases of Sn8 units to their capped Zn atoms

are in a very narrow range of 2.7768-
(18)–2.8014(18) �, comparing well
with those of 2.7397(4)–2.7867(4) �
in [Sn9ZnPh]3�,[9c] and this indicates
different valences of Zn almost have
no effect on the corresponding Zn-Sn
bond lengths in 1a. The Zn-Zn bond
acts as a linker between the two
[Sn8ZnMes] moieties. Despite the
rather high electrostatic repulsion
within the highly charged anion
{[ZnSn8(ZnMes)]2}

8�, the Zn-Zn
bond length (2.449(3) �) is only
slightly longer than those in [Ge9Zn-
ZnGe9]

6� (2.420(1) �)[15] and other
monovalent organozinc species
(2.305(3)–2.430(1) �),[18] but shorter
than the Zn-Zn distances (2.544(3)–
2.831(5) �) in [K2Zn20Bi16]

6�.[19]

To understand the chemical bond-
ing and electronic structure of the
investigated cluster, we performed
density functional theory (DFT) cal-

culations. All DFT calculations were performed using Gaus-
sian16 software[20] at PBE0/def2TZVP level of theory.[21] A
detailed description of quantum chemical calculations could
be found in the Supporting Information file. The isolated
{[K2ZnSn8(ZnMes)]2}

4� cluster was proved to be a local
minimum exhibiting no imaginary frequencies. The optimized
structure resembles all essential geometrical features that
were found in the experimental X-ray data. The calculated
Zn-Zn bond distance is slightly overestimated by 0.1 �, while
the average of Sn-Sn distances is larger by only 0.04 �. We
note that this is a common deviation in calculations of highly
charged Zintl anions with DFT methods. The high HOMO–
LUMO gap was found for the investigated structure 1.99 eV
which is larger than that of [Sn8]

6� by 0.45 eV, indicating the
higher stability of the Zn-containing cluster.

While the role of K-atoms is quite clear in the stabilization
of the structure: they provide extra electrons and stabilize the
high negative charge of the cluster; the role of Zn atoms is not
so obvious. The analysis of molecular orbitals of the
{[K2ZnSn8(ZnMes)]2}

4� shows that Zn participates in the
delocalization of electrons via the interaction of vacant 4p
orbitals of Zn with the linear combinations of Sn 5s/5p-
orbitals. Thus, the delocalization of electrons over 4p Zn-
orbitals present in nearly degenerate HOMO, HOMO-1 (Fig-
ure S11), and other lower-lying molecular orbitals indicating
a significant contribution of Zn in the stabilization of the
structure.

Analysis of molecular orbitals provides us a general idea
of the role of Zn-atom in cluster stabilization, while electron
localization techniques deliver a more illustrative and explicit
picture of chemical bonding. To get insight on the localized
chemical bonding pattern of {[K2ZnSn8(ZnMes)]2}

4�, we
performed an adaptive natural partitioning (AdNDP) anal-
ysis of electron density as implemented in AdNDP 2.0
code.[22] We started the localization procedure from one-
center two-electron (1c-2e) elements (lone pairs). We found

Figure 1. a) ORTEP representation of the cluster anion {[K2ZnSn8(ZnMes)]2}
4� (thermal ellipsoids

are drawn at 50% probability). b) The structure of fragment [K4Zn2Sn8] is shown by a rotation of 90
degrees. The Zn-Zn bond length is given in �. c) The contrast of closo-[Zn2Sn8] moiety in anion 1a
and closo-[Li2Sn8]

4� in the Zintl phase K4Li2Sn8.
[13a] The average bond lengths are given in �.
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that electrons are localized into twenty d-type lone pairs on
Zn-atom (5 lone pairs per each Zn atom) with occupation
numbers (ON) 2.00–1.99 j e j (Figure S12a) and sixteen s-type
lone pairs on Sn-atom with ON = 1.82–1.79 j e j (Figure S12e).
The chemical bonding in organic ligand consists of forty 2c-2e
C�C and C�H s-bonds with ON = 1.99–1.97 j e j . The
aromaticity of benzene rings is manifested via six 6c-2e p-
bonds with ON = 1.99–1.97 j e j (Figure S12c). The binding
between an organic ligand and metal cluster occurs via 2c-2e
Zn�C bond with high ON = 1.93 j e j . Two metal clusters are
held together by one 2c-2e Zn-Zn s-bond with ON = 1.85 j e j
(Figure S12f). We want to note that although the Zn-Zn
distance is quite elongated (presumably due to the electro-
static repulsion), it is a two-center two-electron covalent
interaction.

The chemical bonding inside each Zn2Sn8 cage can be
separated into three structural fragments with delocalized
bonding elements: two ZnSn4 caps and Sn8 square antiprism
(Figure 2). We found three 5c-2e s-bonds per each ZnSn4 cap
with ON = 1.98–1.76 j e j . Predictably, we observed a signifi-
cant contribution of Zn-atoms into those delocalized ele-

ments (29–14%). The high contribution of Zn-atom confirms
that this delocalization plays a crucial role in the stabilization
of the investigated cluster. The remaining 20 electrons can be
localized into ten 8c-2e s-bonds (5 bonds per Sn8 cage) with
high ONs = 2.00–1.88 j e j . We note that such delocalization is
common in various Zintl clusters.[23] Remarkably, the pre-
sented chemical bonding pattern of the Zn2Sn8 cage resem-
bles the chemical bonding in [Sn8]

6� cluster (Figure S13),
indicating that Zinc atoms act as a stabilizing factor without
significantly changing the chemical bonding pattern in the
[Sn8]

6� fragment. It has been discussed before, that the PBE0
functional could overestimate electron delocalization and
aromaticity.[24] To make sure that the obtained results are not
a consequence of the choice of the functional, we performed
the same calculations using CAM-B3LYP functional[25] that
does not suffer from delocalization error. The obtained results
are presented in the SI file (Figure S15) and reproduce results
obtained with PBE0 functional.

We note that such delocalization inside each Zn2Sn8 cage
is usually accompanied by unique magnetic properties, which
resembles the behavior of aromatic species.[12m] The magnetic

criteria of aromaticity[26] are evaluated to
confirm the aromatic behavior of the
investigated cluster. The induced mag-
netic field (Bind), which was evaluated
globally along the molecular backbone,
contributes to the characterization of
aromatic species based on the potential
ability to sustain a long-range shielding
cone. This behavior is a distinctive feature
of both planar and spherically aromatic
compounds.[27] The Bind is related to the
applied field (Bext), in terms of the
shielding tensor (sii) according to the
relation Bi

ind =�siiBj
ext. Different repre-

sentative orientations of the Bext are
considered via different i and j suffixes
which represent x-, y- and z-axes. The
orientationally-averaged term (Biso

ind =

�(1/3)(sxx + syy + szz)Bj
ext) accounts for

the in-solution molecular tumbling.
For orientationally-averaged term, we

found a shielding surface originated from
each aromatic motif given by mesityl
and Zn2Sn8 cage fragments, as observed
from the contour-plot representation
(Figure 3). Under specific orientation of
the applied field, the inherent character-
istics of the Bind along the series can be
depicted. Under z-axis orientation, Bind

results in a long-range shielding response,
with a complementary perpendicular
deshielding region. From the contour-
plot, it is observed that the overall
shielding cone is enabled by the four
independent shielding cones from each
aromatic motif, where both Zn2Sn8 cages
share shielding regions of ��8.0 ppm,
and mesityl-Zn2Sn8 of ��3 ppm. These

Figure 2. The results of AdNDP analysis for selected delocalized bonding elements of
{[K2ZnSn8(ZnMes)]2}

4� cluster. Bonding elements are plotted at an iso-value of 0.03 a.u.
Different phases of a wave function represented with different colors. Positive: red; negative:
blue. For figure compactness, two multicentered bonds are plotted for each structure.
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results suggest that each aromatic circuit is independent, as
denoted by the bonding analysis provided by the AdNDP
analysis. Under a field along the x-axis (Bx

ext), only Zn2Sn8

shielding cones are enabled, denoting the spherical-like
aromatic behavior of the ten-membered cage.[28] Moreover,
for a field along the y-axis (By

ext), two overlapped shielding
cones are observed, originated from the spherical-like aro-
matic characteristic of the bridged Zn2Sn8 cages, resulting in
an extended shielding region complemented with two
deshielding contours centered at each cage.

As a result, we can conclude that the shape of delocalized
bonding elements (one bond without a nodal plane, two
bonds with one nodal plane, etc.), number of electrons that
agrees with H�ckel�s rule (6 j e j for ZnSn4 and 10 j e j for Sn8),
and peculiar magnetic properties render the described frag-
ments as s-aromatic. Thus, the chemical bonding inside each
Zn2Sn8 cage can be described as three locally s-aromatic
fragments: two ZnSn4 caps and Sn8 square antiprism.

The analysis of electron localization function (ELF)[29]

confirms the results obtained via AdNDP analysis: we
observe the established 2c-2e Zn-Zn bond and a significant
delocalization within Zn2Sn8 cages (Figure S14a). We also can
confirm that there are no K-K or K-Zn covalent interactions
(Figure S14b). Thus, K atoms provide the lacking electrons
and compensate the overall negative charge of the cluster to
stabilize the structure, which also can be confirmed by the
highly positive Natural charge of K-atoms (+ 0.85 a.u.). In

turn, the natural charges of Zn atoms are also positive.
Moreover, we can see a clear difference between Zn atoms
connected with mesityl ligand and Zn atoms in the Zn2

fragment. For the former, the calculated natural charge is
+ 1.23 a.u., while for the latter it is + 0.60 a.u. The quantum
theory of atoms in molecules[30] and CM5[31] atomic charge
analyses produce qualitatively the same results (Table S3)
confirming the formal ZnI/ZnII oxidation state assignment.

In summary, we have realized the synthesis and isolation
of an inverse sandwich-type cluster dimer {[K2ZnSn8-
(ZnMes)]2}

4� involving [Sn8]
6� and mixed-valence ZnI/ZnII.

Such Zn-Sn cluster species indicates the [Sn8]
6� cluster can act

as a potential bridging ligand due to its unusual structure and
thus might provide an ideal building unit for constructing new
types of one-dimensional materials. In turn, the Zn-Zn
bonded cluster anion shows a novel example of mixed-
valence ZnI/ZnII together for capturing anion species, which
opens the opportunity for new zinc chemistry.
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Cluster Compounds

H.-L. Xu, N. V. Tkachenko,
A. MuÇoz-Castro, A. I. Boldyrev,*
Z.-M. Sun* &&&&—&&&&

[Sn8]
6�-Bridged Mixed-Valence ZnI/ZnII in

{[K2ZnSn8(ZnMes)]2}
4� Inverse

Sandwich-Type Cluster Supported by
a ZnI�ZnI Bond

An inverse sandwich-type cluster dimer of
[K(2,2,2-crypt)]4{[K2ZnSn8(ZnMes)]2} was
synthesized. The highly charged [Sn8]

6� is
captured by mixed-valence ZnI/ZnII to
form the closo-[Zn2Sn8] bridged by a ZnI-

ZnI bond. The Zn–Sn compound not only
indicates the [Sn8]

6� can act as a novel
bridging ligand like arene, but shows the
interdisciplinary integration of cluster
chemistry and zinc chemistry.
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