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ABSTRACT: We report the synthesis of two new cluster anions [Cu4@E18]
4– (E = Sn, Pb), in which a Cu4 subunit is incorporated 

into a continuous E18 tetrel cage. Both anions are characterized by X-ray crystallography and mass spectrometry, complemented by 

quantum chemical calculations which highlight the relationships to known Zintl clusters including the stannaspherenes and 

plumbaspherenes, [M@Sn12]
q– and [M@Pb12]

q–, the Matryoshka bronze [Sn@Cu12@Sn20]
12– and also [Pd2@E’18]

4– (E’ = Ge, Sn). 

The icosahedral inorganic fullerene analogues stan-

naspherene ([Sn12]
2–) and plumbaspherene ([Pb12]

2–), were first 

characterized in the gas phase by Wang and co-workers in 

2006,1-4 since when they have been shown to encapsulate a 

range of transition metal ions. For example, [Ir@Sn12]
3– and 

[M@Pb12]
q– (M = Ni, Pd, Pt, q = 2; M = Co, Rh, Ir, q = 3) have 

all now been characterized in the solid state, and all retain an 

almost perfectly icosahedral cage.5-6 Substantial distortions to 

the icosahedron are apparent in cases such as [Co@Ge12]
3–, 

[Mn@Pb12]
3–, and [Rh@Sn12]

3–,7-9 and completely non-deltahe-

dral geometries are even known, for example in D2d-symmetric 

[Ru@Ge12]
3–.10 The relationship between structure and electron 

count in these 12-vertex clusters has been explored using den-

sity functional theory.11 Smaller 10-vertex clusters including bi-

capped square-antiprismatic [Ni@Pb10]
2–, and pentagonal pris-

matic [M@Ge10]
3– (M = Fe, Co) are also known,12-14 as are 9-

vertex [Cu@E9]
3– (E = Sn, Pb), [Ni@Sn9]

4–, [Co@Ge9]
5– and 

[Ru@Sn9]
6–.15-17 In contrast clusters containing multiple transi-

tion metal atoms are rather less common, although recent ex-

amples include [Co2@Ge16]
4– (Figure 1A),18  [M2@Sn17]

q– (M = 

Ni, Pt; q = 419,20 Co, q = 521) (Figure 1B), [Pd2@E18]
4– (E = Ge, 

Sn) (Figure 1C),22 [Rh3@Sn24]
5– 8 (Figure 1D), [Ni3@Ge18]

4– 

and [Pd3@Sn8Bi6]
4– (Figure 1E).23,24 The chemistry of these and 

other Zintl clusters has been the subject of a number of recent 

reviews.25 Of particular relevance to this work is the so-called 

“Matryoshka bronze” cluster, [Sn@Cu12@Sn20]
12– (Figure 1 F), 

which contains a Sn atom encapsulated by a Cu12 icosahedron, 

which is, in turn, encapsulated by a Sn20 pentagonal dodecahe-

dron.26 The notion that molecular clusters represent an embry-

onic form of the metallic state is now well established,27 and 

recent developments in Cu/Zn cluster chemistry have shed im-

portant light on the evolution of ‘embryonic brass’.28 Whilst the 

Cu:Sn ratio of 4:7 in [Sn@Cu12@Sn20]
12– is much lower than in 

typical bronzes (~12% Sn), it is close to that in the intermetallic 

Cu6Sn5 phase and the clear segregation of Cu and Sn content 

provides important molecular-level insights into the factors that 

control the alloying process. In this paper, we report a new 

member of the binary Cu/Sn cluster family, [Cu4@Sn18]
4–, 

along with its lead analogue, [Cu4@Pb18]
4– (Figure 2(A), 2(B) 

and Figure S2-3). Both clusters contain a continuous D2h-sym-

metric Sn18/Pb18 cage with the four Cu atoms arranged in a 

rhombus. The Cu:E ratio of 2:9 is even lower than in the Matry-

oshka bronze, offering an opportunity to explore how the inter-

actions between the Cu and tetrel components of binary clusters 

evolve as a function of composition. We also explore the struc-

tural and electronic relationship between [Cu4@E18]
4– and the 

known palladium analogues, [Pd2@E18]
4–, which also have a 

continuous 18-vertex tetrel cage but a more highly fused struc-

ture (Figure 1C). 

 

Figure 1. Structures of selected endohedral clusters with more than 
one metal: (A) α-[Co2@Ge16]4–; (B) [M2@Sn17]q– (M = Ni, q = 4; 
Co, q=5); (C) [Pd2@E18]4– (E = Ge, Sn); (D) [Rh3@Sn24]5–; (E) 
[Pd3@Sn8Bi6]4– and (F) [Sn@Cu12@Sn20]12–. 

The title compounds, [K(2.2.2-crypt)]4[Cu4@E18]·4DMF (E 

= Sn, Pb), were both prepared by the reaction of an ethylenedi-

amine (en) solution of K4E9 with Cu4Mes4(THT)2
29 (detailed 

syntheses are listed in Supporting Information). The mass spec-

tra of 2 reveal the presence of relatively strong peaks attributa-

ble to [K(2.2.2-crypt)Cu4Pb18]
– (Figure 2C). Single crystal X-

ray diffraction indicates that both 1 and 2 crystallize in the P-1 

space group with four [K(2.2.2-crypt)]+ cations and four DMF 

molecules in the corresponding unit cell. The structures of 

[Cu4@Sn18]
4– and [Cu4@Pb18]

4– are shown (from two different 

perspectives) in Figure 2: note that the two clusters are isostruc-

tural. The 18-vertex tin or lead cage is made up of two E10 

“sphenocorona” fused along a common edge (E5-E7 in Figure 

3), giving an approximately D2h-symmetric structure with two-

fold rotational axes along the Cu2-Cu2’, Cu1-Cu1’ and E5-E7 

vectors. When viewed along the prolate (z) axis (Cu1-Cu1’), 

the dimensions of the cluster are strikingly similar to those of 

the icosahedral [E12]
2– anions (Figure 3), which have diameters 

of 6.3 Å and 6.1 Å, respectively. The E18 cage can be derived,  



 

 

Figure 2. ORTEP representation of (A) [Cu4@Sn18]4– and (B) 

[Cu4@Pb18]4– (thermal ellipsoids are drawn at 75% probability in 

both cases), viewed down the x and y axes, respectively (note the 

two clusters are isostructural). (C) ESI(-) mass peak corresponding 

to [K(2.2.2-crypt)Cu4Pb18]–. The experimental mass distributions 

are depicted in black, and the theoretical masses of the isotope dis-

tributions are shown in red. 

at least conceptually, by inserting a chair-like E6 unit (shown in 

red in Figure 3) between one triangular face of an icosahedron 

and the remaining E9 fragment. In that sense, the title com-

pounds can be viewed as fused analogues of the icosahedral par-

ents, stannaspherene and plumbaspherene. The Cu atoms are 

found in two distinct coordination environments: Cu1 and Cu1’ 

lie approximately at the foci of the “E10 subunits”, and have 

short Cu-E distances to 10 E atoms. Cu2 and Cu2’, in contrast, 

lie outside the body of the E18 cluster and are coordinated by 

only six E atoms in a trigonal prismatic array. The four Cu-Cu 

distances around the circumference of the rhombus (Cu1-Cu2) 

in 1 are in the range 2.5292(12)-2.5511(13) Å, comparable to 

that in {[CuGe9Mes]2}
4– (2.5214(7) Å)30, while the diagonal 

Cu2-Cu2’ distance is 2.6302(12) Å. These values are signifi-

cantly shorter than those in [Sn@Cu12@Sn20]
12–, where all 

twenty Cu-Cu distances are ~2.79 Å. The bonded Cu-Sn dis-

tances of 2.6730(19)-2.8415(27) Å in 1 are slightly shorter than 

those in {[CuSn5Sb3]
2–}2 (2.753(2)-2.961(2)) Å, but somewhat 

longer than those in tricapped trigonal prismatic [Cu@Sn9]
3– 

(2.611(7)-2.700(7)) Å, [Sn@Cu12@Sn20]
12– (2.631(1)-2.796(1)),  

[NHCDippCu(η4-Sn9)]
3– (2.7216(7)-2.7491(7)) Å and also in the 

Cu-Sn intermetallic phases Na12Cu12Sn21, Ca3Cu8Sn4, 

CaCu9Sn4 and Ca6Cu2Sn7 (2.585(1)-2.869(1).31 
 

 

Figure 3. Structural relationship between [Cu4@Pb18]4– and 

[Pb12]2–. 

Given the similarity, at least in terms of elemental composition, 

between [Cu4@Sn18]
4– and the Matryoshka bronze, 

[Sn@Cu12@Sn20]
12–, it is useful to compare the electronic struc-

tures of the two clusters to see whether the different stoichi-

ometries and structures reflect substantial differences in the el-

ement-element bonding. To make this comparison, we have 

turned to density functional theory (all calculations performed 

using ADF2019.10332-34 with the PBE functional35 and a polar-

ized triple-zeta basis set – full details are given in supporting 

information). The idealized D2h-symmetric structure that 

emerges from the X-ray analysis proves to be a local minimum 

on the potential energy surface of [Cu4@Sn18]
4–. Full details of 

the Cartesian coordinates are given in Section 5 of the support-

ing information and the optimized bond lengths are presented 

in Tables S2 and S3, alongside the X-ray data. The optimized 

Cu-Cu and Cu-Sn separations are within 2% of the experimen-

tally determined values but the Sn-Sn bond lengths are over-

estimated by ~0.1 Å, a typical observation in calculations on 

highly anionic Zintl clusters which probably stems from the ab-

sence of an explicit cationic environment in the computational 

model. Nevertheless, it is clear that the computational model 

captures the essential geometric features of these clusters. The 

projected density of states for [Cu4@Sn18]
4– is presented in Fig-

ure 4, alongside that for [Sn@Cu12@Sn20]
12–. The latter is qual-

itatively identical to that reported previously by Stegmaier and 

Fässler.26 In both cases, the discrete energy levels are broadened 

using a Lorentzian lineshape (FWHM 0.1 eV), and the zero of 

energy is taken as the mid-point of the HOMO-LUMO gap. The 

principal features of the density of states for the two clusters are 

strikingly similar. The highest occupied orbitals are dominated 

by Sn 5p character (green), with a narrow band of predomi-

nantly Cu 3d orbitals (orange) approximately 3 eV below the 

HOMO. Below that lies a broad band of orbitals dominated by 

Sn 5s character (red), mixed with some Cu 4s and 4p. The Cu 

3d band is completely filled in both clusters, suggesting that 

significant Cu-Cu bonding is absent, despite the short Cu-Cu 

distances in [Cu4@Sn18]
4–. The relative heights of the Cu 3d and 

Sn 5p bands reflects the differing stoichiometries of the two 

clusters, but the otherwise striking similarities between the two 

plots suggest that the Cu-Sn interactions do not differ greatly 

despite the clear differences in composition and structure.  

The very different coordination geometries of the two sym-

metry-distinct Cu sites (Cu1 and Cu2) in [Cu4@E18]
4– suggest 

that they may play rather different roles in stabilizing the cluster. 

The Cu2 atoms lie outside the body of the E18 cluster, and in 

that sense are reminiscent of the “tightly bound” alkali metal 

ions in highly charged Zintl anions such as  K12[Sn@Cu12@Sn20] 

and [K3Rh2Sn17]
3–.9 Consistent with this idea, we find that if we 

remove the Cu2 centers as cations, the 



 

 

Figure 4. Comparison of the density of states for [Cu4@Sn18]4– and [Sn@Cu12@Sn20]12–. Eigenvalues are broadened with a Lorentzian 
lineshape with full width at half maximum of 0.1 eV. Representative orbitals from each region are also shown. 

naked [Cu2@Sn18]
6– anion relaxes to a local minimum with 

bond lengths and angles that are largely unchanged from those 

in [Cu4@Sn18]
4–  (Figure 5). The frontier orbitals are also largely 

unchanged by the removal of the two Cu+ ions. Moreover, if we 

replace Cu+ ions in the Cu2 sites with K+ (which is present in 

abundance in the reaction solution and so could, in principle, 

occupy these sites), the K+ ions are expelled from the cluster: 

clearly they are ill-suited to the role of charge compensation be-

cause they are too large to fit in the interstitial cavities occupied 

by Cu2. All of the above suggests that the principal role of the 

ions in the Cu2 sites is to stabilize the high negative charge, and 

that they are not integral to the structure of the cluster. The for-

mulation of 1 and 2 as (Cu+)2[Cu2@E18]
6– allows for a direct 

comparison to the known [Pd2@E18]
4– anions, which also have 

a continuous 18-vertex tetrel cage, albeit one with D3d rather 

than D2h symmetry (Figure 5).22 The valence electron counts of 

[Cu2@Sn18]
6– and [Pd2@Sn18]

4– are 80 and 76, respectively, and 

a reduction in electron count in cluster chemistry is typically 

associated with the depopulation of antibonding orbitals and 

hence the formation of additional bonds (the comparison of S8 

and S8
2+ is a classic case).36 If four electrons are removed from 

[Cu2@Sn18]
6– to generate 76-electron [Cu2@Sn18]

2–, the cluster 

relaxes to a D3d-symmetric minimum with additional trans-

equatorial bonds (Sn4-Sn8’ and Sn6-Sn10’ in Figure 5), 

isostructural with [Pd2@Sn18]
4–. The four electrons are removed 

from orbitals which are antibonding across the equator of the 

cluster (19a2u and one component of 25eg in Figure 5, right). 

This orbital correlation diagram establishes a conceptual link 

between the structures of [Cu4@Sn18]
4–, where the two M@Sn9 

hemispheres are rather loosely connected across the equator, 

and [Pd2@Sn18]
4–, where they are more tightly fused. Dehnen 

and co-workers have argued that cluster growth occurs through 

the fusion of small pre-formed fragments,37 and the link be-

tween the D2h- and D3d-symmetric isomers of the E18 cage al-

lows us to speculate on possible pathways that lead to the MxE18 

cluster family. Given the well-established stability of 

[Cu@Sn9]
3–,15 a dimerization leading to [Cu2@Sn18]

6– seems 

plausible, with the substantial coulomb repulsion that this en-

tails being buffered by the binding of two Cu+ ions in the Cu2 

sites. Alternatively, it is possible that binding of Cu+ to 

[Cu@Sn9]
3– precedes dimerization. In cases where trapped ions 

are more reducible than Cu+ (Pd2+, for example), we can envis-

age that they might act as vehicles to remove excess electron 

density from the cluster, forming elemental metal along with 

additional Sn-Sn bonds. The fusion of cluster fragments with 

simultaneous trapping of charge-compensating cations, fol-

lowed by reductive elimination with concomitant E-E bond for-

mation, offers a possible low-energy pathway that avoids the 

coulomb explosion associated with fusion of highly anionic 

moieties. 

In summary, we have reported here the synthesis and char-

acterization of two clusters with a continuous 18-vertex, D2h-

symmetric Sn/Pb cage, [Cu4@E18]
4–. The electronic structure of 

[Cu4@Sn18]
4– is qualitatively similar to the icosahedral Matry-

oshka bronze, [Sn@Cu12@Sn20]
12–, despite the obvious differ-

ences in Cu:Sn ratio and geometry, suggesting that element-el-

ement interactions within the Cu/Sn cluster family are not 

strongly dependent on composition. Preliminary results indicate 

that these [Cu4@E18]
4– clusters loaded on catalyst supports 

show promising activity in the catalytic reduction of CO2. This 

observation may be related to the ability of the cluster to tolerate 

large fluctuations in redox state with only relatively minor 

changes in structure. Further study of this and related catalytic 

activity is ongoing. 



 

  

 

Figure 5. Comparison of the structures and frontier Kohn-Sham orbitals of D2h-symmetric [Cu2@Sn18]6– and D3d-symmetric [Cu2@Sn18]2– 

viewed down the conserved C2 axis. The middle of the HOMO-LUMO gap is taken as the zero of energy for all three clusters.  
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