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Abstract: The bottom-up synthesis of organometallic zinc
clusters is described. The cation {[Zn10](Cp*)6Me}+ (1) is
obtained by reacting [Zn2Cp*2] with [FeCp2][BAr4

F] in the
presence of ZnMe2. In the presence of suitable ligands, the high
reactivity of 1 enables the controlled abstraction of single Zn
units, providing access to the lower-nuclearity clusters {[Zn9]-
(Cp*)6} (2) and {[Zn8](Cp*)5(

tBuNC)3}
+ (3). According to

DFT calculations, 1 and 2 can be described as closed-shell
species that are electron-deficient in terms of the Wade–Mingos
rules because the apical ZnCp* units that constitute the cluster
cage do not have three, but only one, frontier orbitals available
for cluster bonding. Zinc behaves flexibly in building the
skeletal metal–metal bonds, sometimes providing one major
frontier orbital (like Group 11 metals) and sometimes provid-
ing three frontier orbitals (like Group 13 elements).

Quantum-chemical calculations have shown that naked
metalloid zinc clusters Zna (a> 8) have a large spectrum of
electronic properties, ranging from a metallic to an insulating
character, and may also show special features that uniquely
combine both phenomena.[1] Ligand-protected metal clusters
[Ma](L)b (a> b), linking molecular and bulk materials, have
been the focus of research for a long time. Zinc, however, has
remained an exception. Naked Zn clusters have only been
studied in the gas phase,[1] as a guest in Zeolite X,[2] or as
discrete structural units in intermetallic frameworks[3] and
porous materials.[4] The closed-shell electron configuration of
Zn only allows for weak van der Waals interactions in small
homoleptic clusters.[5] Stabilization by the effective mixing of
s/p states requires larger nuclearities.[1] Notably, our series of
compounds, [M@Zna](L)a (M = d block metal, L = Cp*
(Cp* = pentamethylcyclopentadienyl), CH3 ; a = 8–12), repre-
sents examples of Zn-rich cluster-like molecules.[6] However,
the “empty” [Zna](L)a cages are not stable without the strong
binding to the interstitial metal M, for example, in
[Mo@Zn12](Cp*)3(Me)9. Ligand-protected molecular Zn clus-
ters [Zna](L)b have not been reported to date.

Recently, Jones and co-workers employed the bulky
amido ligand LN (LN = N(Ar)SiMe3, Ar = 2,6-{C(H)Ph2}2-4-
iPr-C6H2) to stabilize the mixed-valance three-membered zinc
chain [LNZnZnZnLN].[7] On the one hand, the bulkiness of LN

supports the unique linear structure of the [Zn3] unit, but on
the other hand, it reduces the flexibility of coordination
modes and the reactivity at the Zn atoms. This is different for
the trigonal cluster cation {[Zn3](Cp*)3}

+, which becomes
important in this context.[8] It was obtained by the addition of
the in situ formed solvated cation [ZnCp*]+ to CarmonaÏs
compound, [Zn2Cp*2] = [Zn2](Cp*)2. Regarded as a minimal
building unit of larger deltahedral Zn-containing clusters, it
points towards the accessibility of [Zna]Lb below the critical
size limit for naked jellium super-atom-like Zn clusters.
Interestingly, gallium, as the right neighbor of Zn in the
periodic table, features a rich metalloid cluster chemistry, and
the same is true for Al, the lighter homologue. A library of
anionic {[Ma]Lb}

n¢ (M = Al, Ga; a>b ; L = N(SiMe3)2) com-
plexes were previously obtained and thoroughly studied.[9]

The key to this bottom-up wet chemical synthesis of metalloid
clusters is the controlled disproportionation of the metastable
monohalides MX in solution at low temperatures and the
trapping of intermediates by the addition of a judiciously
chosen ligand L.

Inspired by SchnçckelÏs pioneering work cited above, we
have been exploring the transfer of this reaction concept to
ligand-protected Zn clusters using [Zn2](Cp*)2 as the primary
Zn source and considering the Cp* group as a removable
protecting group. Notably, semi-deprotected [Cp*Zn2-
(Et2O)3]

+ can be isolated at room temperature by oxidative
cleavage of one Zn¢Cp* bond and is prone to disproportio-
nation.[10] This species can be used as a Zn source, and the
reactivity of {[Cp*Zn2](L’n)}+ can be modulated by the choice
of solvent or weakly coordinating co-ligands L’. However, as
[Cp*Zn2]

+ cannot be isolated without unwanted stabilization,
we explored its in situ activation by the single-electron
oxidation of one Zn¢Cp* bond (with formation of the by-
product Cp*2, decamethylfulvalene). The addition of small
quantities of ZnMe2 proved to be crucial as it acts as a methyl-
transfer and/or -trapping reagent. Accordingly (Scheme 1),
we obtained the first all-hydrocarbon-ligand-protected
medium-nuclearity clusters [Zna]Lb 1–3 (Figure 1).

The reaction of [Zn2](Cp*)2 with [FeCp2][BAr4
F] (BAr4

F =

B{C6H3(CF3)2}4) and ZnMe2 (12:2:1 molar ratio) in fluoro-
benzene (C6H5F) at ¢30 88C leads to the formation of the salt
{[Zn10](Cp*)6Me}[BAr4

F] (1[BAr4
F]) as red microcrystals and

their isolation in 41 % yield (based on Zn). The overall
reaction involves an oxidative Zn¢Cp* bond cleavage by
[FeCp2][BAr4

F]. The by-products [FeCp2] , Cp*2, and Cp*2Zn
were identified by in situ NMR spectroscopy. However, when
[Zn2Cp*2] is treated with [FeCp2][BAr4

F] in the absence of
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ZnMe2 under otherwise identical conditions, no reaction
takes place. Based on these observations, we draw the
(conceptual) conclusion that the in situ formation of the
dimeric intermediate ZnI species [RZn¢ZnMe] (R = Me or
Cp*), which involves rapid Me/Cp* group exchange, may lead
to Zn0 upon disproportionation, which is then stabilized by
the abundant CZnCp* radicals.

Compound 1[BAr4
F] is soluble in non-coordinating, polar,

aprotic solvents, such as C6H5F or CH2Cl2, under strict
exclusion of moisture. Without continuous cooling to
¢10 88C, however, it rapidly decomposes in solution as well
as in the solid state. The elemental analysis (C, H) and AAS
(Zn) data are in reasonable agreement with the assigned
composition, in particular considering its very high sensitivity,
which impedes storage and sample transfer. Accordingly, the
1H NMR data (CD2Cl2, 25 88C) reveal thus far unidentified
decomposition products, including CH4 (d = 0.21 ppm). NMR
spectra recorded at ¢90 88C (isolated, pure sample) are clean
and show one singlet at 0.02 ppm (s, 3H, Zn¢CH3) and one
singlet at 1.75 ppm (s, 30H, m4-ZnCp* groups). Another two,
not fully decoalesced singlets are assigned to terminal and
edge-bridging (m2) ZnCp* groups (d = 2.04, 2.06 ppm, 60H),
indicating rapid fluxional behavior in the equatorial plane of
1 (Figure 1). Expectedly, a set of signals for the [BAr4

F]¢ anion
(7.53 ppm, 4H; 7.72 ppm, 8H) was also observed.

The lability of 1[BAr4
F] suggests further transformations,

namely cluster expansion or degradation. We investigated the
reactivity of 1[BAr4

F] towards solvents with hard s-donor
properties, such as THF or Et2O (L), at ¢80 88C. In fact,
selective abstraction of [MeZn(L)3][BAr4

F] occurred, and the
neutral cluster [Zn9](Cp*)6 (2) was obtained. One single
framework Zn atom is selectively excised as the cationic

[MeZn(L)3]
+ adduct, that is, as a ZnII species. The triangular

cation {[Zn3](Cp*3)}+ shows a similar behavior. It is selec-
tively fragmented into [Zn2Cp*2] and [Cp*Zn(THF)3]

+ upon
addition of THF.[8b] The neutral Zn9 cluster 2 is soluble and
stable in both coordinating and non-coordinating solvents.
However, like 1[BAr4

F], it needs to be handled with great care
with rigorous air and moisture exclusion, and continuous
cooling is needed to avoid or reduce decomposition. Slow
diffusion of n-pentane into a concentrated toluene solution at
¢90 88C afforded single crystals of 2·2 toluene. The NMR
spectrum (CD2Cl2) at ¢90 88C shows two resonances at 1.87 (s,
30H) and 1.97 ppm (s, 60H) in a 1:2 ratio although
decoalescence is still not complete, indicating the high
fluxionality of all Cp* groups. The signals at 2.27 (s, 6H)
and 7.05–7.27 ppm (m, 10 H) are due to toluene solvate
molecules incorporated into the single crystals.

The controlled deconstruction of the cationic Zn10 cluster
1 using tBuNC as a somewhat softer ligand (¢30 88C, C6H5F)
gives the Zn8 cluster 3 as the salt {[Zn8](Cp*)5(

tBuNC)3}-
[BAr4

F]. The by-products have not been identified yet. Yellow
single crystals of 3[BAr4

F]·4 FC6H5 (monoclinic, C2/c, eight
formula units in the unit cell) were obtained by slow diffusion
of n-hexane into the reaction solution at ¢30 88C.[11] The
molecular structure consists of two corner-connected Zn4

rhombi (flipped by ca. 9088) with one additional terminal
ZnCp* ligand at Zn7 (Figure 1). The bridging Zn atoms
feature Cp* ligands, and the open sites (Zn1, Zn7) at the
corners of the Zn4 rhombi are saturated by tBuNC.

Knowledge of the controlled removal of ZnR groups from
hetero- as well as homonuclear Zn clusters or their substitu-
tion by organic ligands is rather limited. However, as shown
above, controlled deconstruction is possible. With a hard
donor, such as THF or diethyl ether (L), one Zn atom is
removed from the [Zn10] structure in the form of the rather
hard acid–base adduct [MeZnII(L)3]

+. The use of the softer
tBuNC ligand, however, leads to direct coordination at the
cluster core and the subsequent ejection of labile ZnR species.
These results are in accordance with our previous studies on
the reactivity of [Zn2(THF)6][BAr4

F]2 towards isonitriles,
where the higher affinity of the soft RNC ligands (R = tBu
or Ph) enabled the facile substitution of the THF molecules
by isonitriles at the Zn centers.[12]

Scheme 1. Synthesis of the first examples of medium-size ligand-
protected Zn clusters: {[Zn10](Cp*)6Me}+ (1), {[Zn9](Cp*)6} (2), and
{[Zn8](Cp*)5(

tBuNC)3}
+ (3).

Figure 1. Zinc cores of the ligand-protected clusters {[Zn10](Cp*)6Me}+ (left), {[Zn9](Cp*)6} (middle), and {[Zn8](Cp*)5(
tBuNC)3}

+ (right). Thermal
ellipsoids set at 50% probability. Symmetry-related atoms are indicated by ’. All clusters feature Zn3 triangles as a structural motif. For details on
the crystallographic data collection, structural parameters, and further discussion, see the Supporting information.
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The solvate 1[BAr4
F]·5FC6H5, which was obtained from

a concentrated C6H5F solution at ¢30 88C (monoclinic, Pm,
one formula unit in the unit cell), was analyzed by single-
crystal X-ray diffraction. The packing reveals alternating
sheets of [Zn10]

+ clusters and [BAr4
F]¢ anions. The structure of

1 (Figure 1) resembles a rather symmetric Zn6 octahedron
with three edge-bridging ZnCp*, one terminal ZnCp*, and
one CH3 group (see the Supporting Information, Figure S5).
The equatorial Zn atoms of the core (Zn2–Zn5) are coplanar
with the bridging and terminal Zn atoms. Interestingly, there
is an elongated edge in the equatorial plane. The Zn2–Zn5
distance (2.833(3) è) is elongated compared to the other
three edges capped by ZnCp* (Zn3–Zn4 2.425(2); Zn2–Zn3
2.456(2) è). As there are only few molecular Zn-containing
clusters, the anionic intermetallic cluster [Zncen@
(Zn8Bi4)ico@Bi7]5

¢ may be useful for comparison here.[13] It
shows that the longer Zn2–Zn5 distance of 1 is well in the
range of binding Zncen–Znico contacts (2.832(2)–2.859(3) è;
see the Supporting Information).

Yellow crystals of 2·THF (orthorhombic, Cmcm, four
molecules in the unit cell) were obtained by slow diffusion of
n-hexane into the reaction solution at ¢30 88C. The molecular
structure of 2 (Figures 1, S6) features a distorted trigonal-
bipyramidal Zn5 core whose equatorial plane (Zn1, Zn2,
Zn2’) contains two edge-bridging and two terminal ZnCp*
units. This structure can be derived by removing the ZnMe
group (Zn5) from 1 and forming a bond between Zn2 and Zn4
(Figure 2). The resulting structure of 2 exhibits an elongated

edge (Zn2–Zn2’ 2.829(8) è) without a bridging ZnCp* group.
Another similarity to 1 is the plane spanned by the edge-
bridging ZnCp* ligands and the equatorial Zn atoms. How-
ever, 2 appears to be more contracted within the equatorial
plane as a result of the removal of the ZnMe group, and
accordingly, it is slightly expanded in the orthogonal direction
(Figure 2). The position of the apical m3-ZnCp* group (Zn3 or
Zn3’) of 2 is a bit farther from the equatorial plane (distance
2.137 è) than the respective position of the apical m4-ZnCp*
group (Zn1 or Zn1’) of 1, with a shorter distance of 2.008 è.

DFT calculations at the Def2TZVP/PBE0 level of theory
(see the Supporting Information) were carried out on 1 and 2
as well as their hypothetical relatives, cationic {[Zn10]-
(Cp)6Me}+ (1’) and neutral [Zn9](Cp)6 (2’), which both bear
C5H5 ligands (Cp rather than Cp*). The optimized structures
of 1, 1’ and 2, 2’ are in a fairly good agreement with the X-ray

structures (see above, Table S3). This includes the long
unsupported Zn–Zn contact, which was computed to be
2.833 è for 1 and 2.573 è for 1’ (expected value for 1:
2.832(2) è). The respective values are 3.066 è for 2 and
2.804 è for 2’ (expected value for 2 : 2.829(8) è). The
computed HOMO–LUMO gaps (1: 3.20 eV; 2 : 3.86 eV) are
indicative of a closed-shell structure and consistent with the
(relative) kinetic stability of the clusters.

Looking first at 1, its octahedral Zn6 core can be
fragmented into two axial m4-ZnCp* units, two Zn¢R units
(Zn¢Me and Zn¢ZnCp*), and two Zn atoms. Furthermore,
there are three edge-bridging m2-ZnCp* fragments. Each
ZnCp* and Zn¢R unit provides one electron, whereas each
Zn atom contributes two electrons. Taking the charge of the
cationic cluster into account, one ends up with five skeletal
electron pairs (SEPs) that are available for Zn–Zn bonding
within the whole edged-bridged octahedral core. The Wade–
Mingos electron-counting rules[14] predict a total of seven
SEPs for a regular octahedral cluster such as [B6H6]

2¢, for
example. To understand the four-electron discrepancy, it is
important to consider that these particular rules apply only to
clusters made of fragments that possess three frontier orbitals
(one s-type and two p-type).[14c,d] This is the case with BH, for
example, as well as for a Zn¢R unit or a bare Zn atom.
However, this is not the case for a ZnCp* fragment. With only
one singly occupied s-type frontier orbital, ZnCp* is isolobal
to H. “Deprotonating” 1 by formally removing the three
edge-bridging [ZnCp*]+ units leads to the hypothetical
octahedral {Zn6Cp*2RR’}2¢ (R = Me, R’ = ZnCp*) system.

The seven SEPs of [B6H6]
2¢ correspond to the (a1g)

2(t2g)
6-

(t1u)
6 configuration. Whereas the skeletal-bonding a1g MO is

a pure s-type combination, and the t1u MOs are of mixed
s and p origin, the t2g MOs are pure p-type combinations.
Considering the octahedron edges as three interpenetrating
squares, each t2g component can be associated with one of the
squares (Scheme 2, left). In the case of 1, as the two apical
ZnCp* fragments have no p-type frontier orbitals, one is left
with two “t2g-derived” components lacking apical contribu-
tions (the black and blue squares; the one associated with the
black square is shown on the right side of Scheme 2).
Therefore, these two components are not strongly bonding
as in [B6H6]

2¢. Rather, they are non-bonding and of high
energy owing to their 4p(Zn) character. As a consequence,
they are not available to electrons, and the closed-shell
configuration of 1 corresponds to five rather than seven SEPs,
as would be expected for Wade–Mingos-type clusters.
Another and an equivalent way to understand this peculiar
electron count is to consider the fully “deprotonated”

Figure 2. Relation of the Zn cores of 1 and 2. Contraction and
expansion from [Zn10] to [Zn9] is indicated by arrows. Cleaved bonds
and removed atoms are transparent.

Scheme 2. Left: One of the occupied t2g skeletal orbitals in [B6H6]
2¢.

Right: The related t2g-derived orbital lacking p-type contributions from
the apical positions as in 1.
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{Zn4RR’}4¢ (R = Me, R’ = ZnCp*) planar system, with four
bonding electron pairs associated with four localized Zn¢Zn
s bonds and the fifth pair in an in-phase fully p-type bonding
orbital. This makes the Zn¢Zn bonding in {Zn4RR’}4¢

equivalent to the C¢C bonding in the planar cyclobutadiene
dication, {C4H4}

2+. In the {Zn6Cp*2RR’}2¢ octahedral system,
the p-type bonding orbital is strongly stabilized by the out-of-
phase combination of the two s-type orbitals on the two
apical ZnCp* fragments. Of course, the five SEPs are not only
associated with the bonding along the twelve octahedron
edges, but also with the bonding between the three m2-ZnCp*
units and the octahedron. This is one of the reasons, aside
from the template edge-bridging effect, for the shorter
bridged edges of the octahedron compared to the weaker
unbridged one. As the low symmetry of 1 and 1’ allows for
substantial mixing, it is not possible to clearly identify five
major occupied Kohn–Sham MOs associated with their five
SEPs. However, it is easier in the isoelectronic and isostruc-
tural model {[Zn]9(Cp)5Me2}

+ (1’’) of C2v symmetry (Figure 3).
Model 1’’ is derived from 1’ by replacing the terminal ZnCp
unit by CH3 (unsupported Zn¢Zn bond: 2.783 è).

The same procedure as for 1 can be applied to understand
the electron count of 2, which can be reformulated as
{Zn7Cp*4R2} (R = ZnCp*). The “deprotonated” hypothetical
{Zn5Cp*2R2}

2¢ triangular bipyramid is a species with four
SEPs whereas the Wade–Mingos rules predict six SEPs.[14b,c]

The discrepancy is, as for 1, related to the lack of p-type

frontier orbitals on the ZnCp* apices, which in turn causes the
absence of two low-lying skeletal MOs of e’’ symmetry.
Alternatively, three of the four SEPs can be associated with s-
type bonding Zn–Zn electron pairs along the equatorial
triangle; the fourth one occupies the in-phase fully bonding p-
type combination on the same triangle, which is additionally
stabilized by the out-of-phase combination of the s-type
orbitals of the two apical ZnCp* fragments. Again, the
electron deficiency and large delocalization in 2 cause the
unbridged Zn–Zn edge to be weaker. The four occupied MOs
that most accurately represent the four delocalized SEPs in 2’
are shown in Figure S13.

The strengths of the long, unsupported Zn¢Zn bonds in
1 and 2 can be addressed in various ways. The Wiberg indices
associated with these bonds, computed with the NBO 5.0
program,[15] are 0.06 and 0.05 for 1’ and 2’, respectively
(similar values were found for 1 and 2 using a slightly
contracted basis set). For comparison, the average values
corresponding to the equatorial bridged bonds are 0.11 and
0.07 for 1’ and 2’, respectively. The natural atomic orbital
overlap-weighted bond indices are 0.21 for the unsupported
Zn¢Zn bonds in both 1’ and 2’. Those of their corresponding
bridged counterparts are 0.36 and 0.30, respectively. Comple-
mentary insight into the nature of the bonding is provided in
Figure 4, which shows the electron localization function
(ELF)[16] density of a slice through the Zn2–Zn9 plane for
cluster 1’. Considering the Zn–Zn contacts, larger ELF
densities (signifying localization) are mostly found for the
center of the Zn3 triangles that result from the capping of the
octahedron edges, as well as at the center of the Zn2-Zn5-Zn9
triangle. The ELF topology (Figure 4) does not discriminate
the elongated Zn2¢Zn5 bond from the other Zn¢Zn contacts
of the capped octahedron. Clearly, all of these data support
the hypothesis that significant bonding exists along the
equatorial unsupported edge of clusters 1 and 2. This is
consistent with the overall electron deficiency of these
compounds in which zinc behaves flexibly in building skeletal
metal–metal bonds, sometimes using one major frontier

Figure 3. The major Kohn–Sham orbitals of the model cluster
{[Zn]9(Cp)5Me2}

+ (1’’, C2v) associated with the five SEPs.
Figure 4. ELF color density plot of a slice through the Zn2–Zn9 plane
in the cation {[Zn10](Cp6Me)}+ (1’).
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orbital (like Group 11 metals) and sometimes using three
frontier orbitals (like Group 13 elements).

Lastly, let us look back to the title of this paper: At first
glance, “atom-precise clusters” seems redundant. With the
results of the computational studies in mind, the term
“cluster” strictly refers to the skeletal cluster cores of the
presented compounds. For Zn10 cluster 1, for example, the
core consists of six rather than ten zinc atoms. However, the
electronic structure of this core requires four more zinc atoms
that act as “ligands” to provide the exact number of skeletal
electrons necessary for stabilizing the octahedral core struc-
ture. “Atom-precise” in this context does therefore not only
refer to an exactly defined, denumerable number of atoms but
rather denotes an “exact number of metal atoms required for
the stabilization of deltahedral cluster core structures con-
sistent with the Wade–Mingos rules”.

In summary, clusters 1, 2, 3, and {[Zn3](Cp*)3}
+ are the

first examples of ligand-protected deltahedral Zn clusters.
The controlled disproportionation of metastable organome-
tallic ZnI species with removable protecting ligands is key to
access these structures. The new clusters are electron-
deficient (Wade–Mingos rules), which is due to the lack of
p-type frontier orbitals on the ZnCp* moieties, which are
isolobal to H rather than to BH. The comparatively weak
skeletal bonding suggests a rich chemistry and the existence of
other and larger atom-precise [Zna] clusters, which could be
obtained by varying the reaction partners, conditions, and
stabilizing ligands. We also anticipate 1 and 2 to be precursors
for Hume–Rothery-type intermetallic clusters. For example,
the reaction of 1[BAr4

F] with [CpCu(CNtBu)] yields
{[Cu3Zn5](Cp*)4(CNtBu)4}

+ (Figure S8), which is isostructural
and isoelectronic to [Cu4Zn4](Cp*)4(CNtBu)4.

[17] A further
extension to mimic complex alloy structures remains a fasci-
nating target for us. Can more complex molecular cutouts be
obtained, for example, from zinc-rich quasicrystalline phases
such as Zn6Sc?[18]
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