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ABSTRACT: The binary cluster [Co@Sn9]
4–

 (1) was extracted directly from ethylenediamine (en) solutions of an intermetallic 

precursor with nominal composition “K5Co3Sn9”, and its reactions with various organometallic reagents were explored. Reaction 

with Ni(PPh3)2(CO)2 gives [Co@Sn9Ni(CO)]
3–

 (2), a Co-centered  closo-Sn9Ni bicapped square antiprism. Analogous reactions 

with Ni(COD)2, Pt(PPh3)4 and Au(PPh3)Ph led to the isolation of [Co@Sn9Ni(C2H4)]
3–

 (3), [Co@Sn9Pt(PPh3)]
3–

 (4) and 

[Co@Sn9AuPh]
3−

 (5), respectively. 3 is structurally similar to 2 but significantly distorted from a closo-cluster with one open square 

face. The coordination of [CoSn9]
3–

 by PtPPh3 (4) or AuPh (5) induces a structural transformation in the CoSn9 core, from a mono-

capped square antiprism (C4v) to a tricapped trigonal prismatic structure (pseudo-C3v), with the transition metal fragment capping a 

triangular face. The four trimetallic anions presented here represent a new family of ternary functionalized Zintl clusters incorporat-

ing a d
9 
transition metal centre. All clusters were characterized by single-crystal X-ray diffraction and electrospray ionization mass 

spectrometry (ESI-MS).                                          

Introduction 

The solution-phase chemistry of polyanion clusters of the 

group 14/15 elements has advanced enormously in the last 

decade, the interest being driven primarily by their structural 

diversity and unusual electronic properties.
1-3

 Amongst these 

clusters, the nine-atom family [E9]
n−

 (E= Si-Pb, n= 2, 3 or 4) is 

of particular interest because they are easily accessible in a 

range of charge states (n), and their geometries are very flexi-

ble.
4 
The earlies studies of the reactivity of [E9]

n−
 clusters with 

d
6
 transition metal reagents such as LM(CO)3 (M= Cr, Mo, W; 

L= mesitylene, cycloheptatriene or toluene) resulted in func-

tionalized cluster anions, [E9M(CO)3]
4−

 (E = Sn, Pb; M = Cr, 

Mo, W), 
5
 where the M(CO)3 fragments occupy vertex sites 

(either capping or equatorial) of ten atom clusters. Subsequent 

work with late- and post-transition metal species also yielded a 

series of related metal fragment functionalized clusters includ-

ing [{Ni(CO)2}2(u-Si9)2]
8−

,
6
 [Ge9Ni(CO)]

3−
,
7 

[Ge9Pd(PPh3)]
3−

,
8
 

[Sn9Ir(COD)]
3−

,
9a

 [Ge9Cu(PR3)]
3−

 (R =
 i

Pr, Cy)
9b

 and 

[E9ZnR]
3−

 (R = Mes, 
i
Pr, Ph).

10
 Attempts to center these [E9]

x–
 

clusters using transition metals have also led to a series of 

ligand-free intermetalloid cluster with fascinating polyhedral 

structures,
11

 including the unique 12-vertex fullerene-like clus-

ters
12

 [M@Pb12]
2–

 (M = Ni, Pt, Pd),
13

 
 
which were synthesized 

by reaction of [Pb9]
4-

 with ML4 (M = Ni, Pd, Pt; L= PPh3). 

Other examples of ligand-free group 14 Zintl ions centered by 

transition metal atoms include [Ni@E9]
x−

 (E = Ge, Sn),
14

 

[Cu@E9]
3−

 (E = Sn, Pb),
15

 [Ni@Pb10]
2−

,
16

 [Ir@Sn12]
3−

,
8
 

[Mn@Pb12]
3−

,
17 
β–[Co2@Ge16]

4–
,
18

 [M2@Sn17]
x−

 (M = Ni, Pt, 

Co),
19

 [Pd2@E18]
4−

 (E = Ge, Sn)
20

 and [Ni3@Ge18]
4−

,
14a 

as well 

as the 3-connected non-deltahedral clusters [Co@Ge10]
3−

,
21 

[Fe@Ge10]
3−

,
22

 [Ru@Ge12]
3−

.
23

 and a–[Co2@Ge16]
4–

.
18

 

The empty nine-atom group 14 Zintl ions，particularly the 

germanium species [Ge9]
n−

, also can be functionalized by for-

mation of a 2-center-2-electron exo-bond using main-group 

organometallic fragments
24

 or even organic species.
25- 27 

[Ph2Bi-(Ge9)-BiPh2]
2−

 was the first main-group functionalized 

[E9] cluster to be synthesized in this way,
24a

 and the alkylated 

analogues [R-(Ge9)2-R]
n−

 (R =
 t
Bu, 

s
Bu, 

n
Bu, 

t
Am) have subse-

quently been accessed through the reaction of [Ge9]
4−

 with 

alkyl halides RX.
25a

 Recent studies have shown that such sub-

stituted clusters can further react with various reagents, to 

generate products such as [AuGe18{Si(SiMe3)3}6]
−
,
27a

 

[Ge9{Si(SiMe3)3}3(R)] (R= Tl, SnPh3, Et), 

[(Ph3P)PdGe9{Si(SiMe3)3}3Et]
28

 and [Pd3Ge18(E
i
Pr3)6]

2−
 (E = 

Si, Sn).
29

 In marked contrast, reactions of the endohedral clus-

ters, [M@E9]
n−

, with organometallic reagents are relatively 

rare,
14b

 although it has been shown that metal-centered 

[M@E9]
n−

 fragments can act as ligands, for example in the 

clusters [(Ni@Ge9)(NiL)]
x−

,
7
 [(Ni@Ge9)Pd(PPh3)]

2−
,
8
 

[(Ni@Sn9)(Ni(CO)]
3−

,
30

 [Pt@Sn9Pt(PPh3)]
2−

,
30

 

[Pd@Sn9Pd(SnCy3)]
3−

,
31

 and [Ni@Sn9Tl]
3−

.
14b

 The majority of 

these clusters were obtained from one-pot reactions using the 

[E9]
4−

 ions as precursors, so it is not clear whether the encap-

sulation of a metal atom into the E9 occurs before or after the 

coordination of the M-L fragment. In some cases, however, 

the encapsulation can be performed in a separate step, as for 

example in the formation of [Ni@Ge9Pd(PPh3)]
2-

 from the 

reaction of [Ge9Pd(PPh3)]
3−

 with Ni(PPh3)4. Metal-centered 

[M@E9]
n−

 clusters can also be obtained by direct extraction 

from ternary intermetallic phases, and this provides a solid 

platform for further reactivity studies.
14c, 17c, 32 

For example, 

extraction of an ethylenediamine (en) solution of the ternary 

K-Co-Sn phase has been shown to give high yields of the clus-



 

 

 

2 

ter [Co@Sn9]
4−

 which incorporates a d
9 
metal atom.

19c, 32 
In this 

contribution, we use the K-Co-Sn phase as a precursor to in-

vestigate directly the reactivity of the [Co@Sn9]
4−

 cluster with 

various transition metal fragments. Specifically, we report the 

synthesis and structures of four new clusters, 

[Co@Sn9Ni(CO)]
3−

 (2), [Co@Sn9Ni(C2H4)]
3−

 (3), 

[Co@Sn9Pt(PPh3)]
3−

 (4), and [Co@Sn9AuPh]
3−

 (5), which 

constitute a new family of ternary functionalized Zintl clusters 

incorporating a Co atom. All clusters were also characterized 

by electrospray mass spectrometry and their electronic struc-

ture is explored using density functional theory.   

 Experimental Section 

General Synthetic Methods. All manipulations and reac-

tions were performed in a nitrogen atmosphere using standard 

Schlenk or glovebox techniques. The intermetallic precursors, 

K5Co3Sn9, were synthesized according to previously reported 

procedures from stoichiometric mixtures of the elements (K: 

99.95%, Aldrich; Sn: 99.8%, Strem, Co: 99.95%) heated to 

1000 °C for 72 h in sealed niobium containers. [2.2.2]-crypt 

(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo 

[8.8.8]hexacosane, purchased from Sigma-Aldrich, 98%) was 

dried under vacuum for one day prior to use. Au(PPh3)Ph  was 

prepared according to a literature procedure.
33

 Ni(COD)2 

(COD= cyclooctadiene) (Strem, 98%), Pt(PPh3)4 (Alfa-Aesar, 

98%) and Ni(PPh3)2(CO)2 (Alfa-Aesar, 98%) were used as 

received after careful drying under vacuum. Ethylenediamine 

(en) (Aldrich, 99%), N,N-Dimethylformamide (DMF) and 

Acetonitrile (MeCN) were freshly distilled over CaH2 prior to 

use. Toluene (tol) (Aldrich, 99.8%) was distilled from sodi-

um/benzophenone under dinitrogen and stored under dinitro-

gen. 

X-ray crystal structure determination. Suitable crystals 

were selected for single-crystal X-ray diffraction analyses. 

Crystallographic data were collected on a Bruker Apex II 

CCD diffractometer with graphite-monochromated Mo Kα 

radiation (λ = 0.71073 Å). Data processing was accomplished 

with the SAINT program. Structures were solved using direct 

methods (SHELXT，Olex2) and then refined using SHELXL-

2014 and Olex2 to convergence,
 34

 in which all of the non-

hydrogen atoms were refined anisotropically. Nonhydrogen 

atoms were refined with anisotropic displacement parameters 

during the final cycles. All hydrogen atoms of the organic 

molecule were placed by geometrical considerations and were 

added to the structure factor calculation. The crystal of 4 was 

refined as a 2-component inversion twin: the twin law (-1, 0, 0, 

0, -1, 0, 0, 0, -1) 

gives a final refined BASF parameter of 0.319(7). Rotational 

disorder was found in one cluster site in compound 4 and this 

was modeled accordingly (see the Supporting Information for 

details). Non-merohedral twinning in the crystal 5 was identi-

fied [Twin Rot Mat within PLATON (Spek, 2009)]
34c

 and the 

crystal was refined with hkl 5 format. The twin law gives a 

final refined BASF parameter of 0.213(3). A summary of the 

crystallographic data for these five complexes is listed in Ta-

ble 1. Selected bond distances and angles are given in Tables 

S1-S5. CCDC 1579015-1579019 contains the supplementary 

crystallographic data for this paper. 

Powder X-Ray Diffraction. Phase analyses of precursors 

with nominal compositions K5Co3Sn9 were carried out using a 

MiniFlex 600 X-ray powder diffractometer equipped with a 

Cu sealed tube (λ = 1.541 78 Å) at 40 kV and 40 mA. The 

products were finely ground in an agate mortar and filled into 

airtight tube.  

Mass Spectrometry. Electrospray ionization mass spec-

trometry (ESI-MS) was performed in negative-ion mode on an 

LTQ linear Ion Trap Spectrometer. The spray voltage was 

5.48 kV and the capillary temperature was kept at 300 C. The 

capillary voltage was 30V. The samples were made up inside a 

glovebox under an inert atmosphere and rapidly transferred to 

the spectrometer in an air-tight syringe by direct infusion with 

a Harvard syringe pump at 15 uL/ min. 

EPR Measurements: EPR spectra were acquired on a 

JEOL JES-FA200 EPR spectrometer. Experiments were con-

ducted at room temperature using solid microcrystalline sam-

ples of the compound K[K(2,2,2-crypt)]3[Co0.870(4)@Sn9] (1) 

with 1 mW microwave power, 0.1mT modulation amplitude, 

and a modulation frequency of 100 kHz.  
Synthesis of [K(2,2,2-crypt)]3[Co@Sn9Ni(CO)]•DMF 

K5Co3Sn9 (140 mg, 0.1 mmol) and 2,2,2-crypt (100 mg, 0.406 

mmol) were dissolved in en (2 mL) in a test tube and stirred 

for 30 min before addition of Ni(PPh3)2(CO)2 (120 mg, 0.228 

mmol). This solution was then stirred for 3 h before removal 

of en under vacuum. The residue was redissolved in DMF, 

after which the resulting dark-red solution was stirred for an 

additional 2 h and was then centrifuged and filtered. The re-

sulting solution was layered with toluene. Large, dark-red 

block-shaped crystals were obtained after 3 days (60% crystal-

line yield, based on employed K5Co3Sn9).  

Synthesis of [K(2,2,2-crypt)]3[Co@Sn9Ni(C2H4)]•en. 

K5Co3Sn9 (140 mg, 0.1 mmol) and 2,2,2-crypt (100 mg, 0.406 

mmol) were dissolved in en (2 mL) in a test tube. After 30 

minutes Ni(COD)2 (77 mg, 0.120 mmol) were added directly 

to the solution. The mixture was stirred for 3h making a dark 

solution. This solution was then stirred for 3 h at room tem-

perature, after which the resulting brown solution was filtered, 

and then carefully layered by toluene to allow for crystalliza-

tion. Dark block crystals crystallized after a one week. (25% 

crystalline yield, based on employed K5Co3Sn9). 

 

Table 1. Crystallographic data and structure refinement parameters for 2-5 
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Compound Compound 2 Compound 3 Compound 4 Compound 5 

Empirical formula C58H110O20N7K3CoNiSn9 C60H120O18N8K3CoNiSn9 C79H122O18N6K3PCoPtSn9 C63H119O19N7K3CoAuSn9 

Fw 2528.67 2520.94 2914.51 2720.05 

Crystal system Triclinic Triclinic Monclinic Monclinic 

Space group P-1 P-1 P21 P21/c 

a/Å 15.5281(9) 14.2337(6) 16.0201(14) 14.144(2) 

b/Å 15.9512(8) 15.2306(7) 23.727(2) 20.923(3) 

c/Å 19.5119(10) 22.0075(9) 28.278(2) 32.590(4) 

/ 88.2524(11) 95.8280(10) 90 90 

/ 81.6378(12) 100.3020(10) 105.322(2) 107.535(5) 

/ 72.4693(11) 96.8570(10) 90 90 

V/ Å
3   

 4559.0(4) 4623.4(3) 10366.7(15) 9196(2) 

Z 2 2 2 4 

F(000)   2458 2452.0 5638 5244 

calcd (g/cm
3
) 1.842 1.808 1.868 1.137 

 (Mo K)/ mm
-1

 2.994 2.950 3.822 4.358 

R1/wR2
 
(I > 2(I))

 a
 0.0523/0.1403 0.0555/0.1426 0.0475/0.1118 0.1144/0.2789 

R1/wR2
 
(all data) 0.0824/ 0.1663 0.0840/0.1567 0.0564/0.1174 0.1392/0.2872 

 

Synthesis of [K(2,2,2-crypt)]6[Co@Sn9Pt(PPh3)]2. 

K5Co3Sn9 (140 mg, 0.1 mmol) and 2,2,2-crypt (100 mg, 0.406 

mmol) were dissolved in en (2 mL) in a test tube and allowed 

to stir for approximately 30 min before addi-tion of Pt(PPh3)4 

(120 mg, 0.228 mmol). The reaction mixture was stirred for 3 

h, after which the resulting dark-red solution was filtered and 

then layered with toluene to allow for crystallization. Large 

block-shaped crystals suitable for single crystal X-ray diffrac-

tion were obtained after 5 days (30% crystalline yield, based 

on the amount of K5Co3Sn9 used). 

Synthesis of [K(2,2,2-crypt)]3[Co@Sn9AuPh]. K5Co3Sn9 

(140 mg, 0.1 mmol) and 2,2,2-crypt (100 mg, 0.406 mmol) 

were dissolved in en (2 mL) in a test tube and allowed to stir 

for approximately 30 min before addition of Au(PPh3)Ph (120 

mg, 0.228 mmol). This resulting dark brown solution was then 

stirred for 3 h before removal of en under vacuum. The residue 

was washed with toluene followed by dissolution in 3 mL 

DMF. The resulting dark-red solution was filtered, and then 

carefully layered by toluene to allow for crystallization. Large, 

dark-red block-shaped crystals suitable for single crystal X-ray 

diffraction were obtained after 3 days (35% crystalline yield, 

based on the amount of K5Co3Sn9 used). 

Quantum chemical investigations. DFT calculations were 

performed with Amsterdam Density Functional pack-

age(ADF2016.105)
35 

using the PBE functional
36

 along with 

Slater type basis sets of triple-ζ quality (TZP) on Au/Ni/Co/Sn 

and DZP on C/O/H.
37

 The scalar relativistic zeroth-order regu-

lar approximation (ZORA) to the Dirac equation is used in all 

calculations.
38

 The effect of the counterions was modeled by 

the Conductor-like Screening Model (COSMO) with default 

parameters.
39

 The geometries were fully optimized, and con-

firmed to be local minima by the absence of imaginary vibra-

tional frequencies.
 –

Frequencies are calculated numerically.
40 

The topology of the electron density was analyzed using At-

oms in Molecules (AIM) theory.
41,42

 

Results and Discussion 

 

Figure 1. The electrospray mass spectrum (m/z: 950-1300) of 

“K5Co3Sn9”/en in negative ion mode. 

Following the synthetic strategy leading to “K4.79Co0.79Sn9” 

reported by Fässler et al.,
19c, 32

 the precursor with nominal 

composition “K5Co3Sn9” was prepared by fusion of stoichio-

metric ratios of the elements at 1000 °C for 72 h. Powder X-

ray diffraction measurements revealed that the “K5Co3Sn9” 

phase is different from the K4.79Co0.79Sn9 
19c, 32b 

and 

K12.95Co0.95Sn17 
32a

 phases reported previously 
 
(Figure S1). 

Neither elemental Co nor any Co-Sn binary phase was ob-

served. The precursor dissolved readily in en, resulting in an 

intensely colored dark solution. Upon layering with toluene, 

the solution yielded crystals of the known compound of 

K[K(2,2,2-crypt)]3[Co0.870(4)@Sn9] in very high yields after a 

few days.
 32b

 The cluster anion in this compound is a solid 

solution of [Co@Sn9]
4–

 and empty [Sn9]
4–

, and crystallograph-

ic refinement revealed a defect on the Co position with site 

occupation of about 0.870(4), which differs only slightly from 

the 0.677(2) site occupation for the Co position in the com-

pound K[K([2.2.2]crypt)]3[Co0.677(2)@Sn9] reported by Fässler 

et al. 
32b

. The structure of 1 is a distorted mono-capped square 

antiprism with pseudo-C4v symmetry. The [Co@Sn9]
4–

 ion is a 

nine-vertex, 21-electron, cluster and adopts a nido structure. 
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The paramagnetic character of 1 was corroborated by EPR 

spectroscopy (Figure S2). Further inspection of the 

“K5Co3Sn9”/en solutions by ESI-MS shows that the spectrum 

is dominated by the [Co@Sn9]
−
 species (Figure 1 and Figure 

S4), indicating that cluster 1 is readily formed upon simple 

dissolution of the precursor in en. Note also that the empty 

[Sn9]
− 

species is present only in very small amounts.  

 

Figure 2. View of the geometry of [Co@Sn9Ni(CO)]3- cluster, a 

bi-capped square antiprism. (Drawn at 50% probability). 

Structure of [Co@Sn9Ni(CO)]
3− 

(2) The reactions of transi-

tion metal based organometallic compounds with 1 were in-

vestigated using “K5Co3Sn9” as the precursor material. A solu-

tion of “K5Co3Sn9” in en reacts with Ni(PPh3)2(CO)2 to give 

the trimetallic anion 2, crystals of which were obtained with 

2,2,2-crypt as a cation-sequestering agent. The structures ob-

tained in this way suffered from extensive disorder, but high-

quality crystals of [K(2,2,2-crypt)]3[Co@Sn9Ni(CO)]
.
DMF 

suitable for single crystal diffraction were finally recrystal-

lized from a DMF solution layered with toluene. The trimetal-

lic anion adopts a bi-capped square antiprismatic structure 

with one capping vertex occupied by a Ni-CO fragment (Fig-

ure 2). 2 is structurally very similar to the known species 

[Ni@Sn9Ni(CO)]
3−

 which has one more electron,
30

 and is also 

virtually C4v-symmetric with a regular mono-capped square 

anti-prismatic NiSn9 core. The Sn–Sn contacts along the edges 

of the polyhedron of 2 fall in the range 2.888(9) to 3.445(9) Å, 

comparable to those in 1. The longest Sn-Sn contacts occur 

within the two square faces Sn1 to Sn4 (av. 3.279 (2) Å) and 

Sn5 to Sn8 (av. 3.400(2) Å). The distances from the centered 

Co to the Sn atoms range from 2.637 to 2.745 Å, the longest 

being to the apical Sn atom, and they compare favorably with 

those in both [Co@Sn9]
4–

 and [Co2@Sn17]
5−

.
19c

 The distances 

from the capping nickel to the four adjacent Sn atoms fall in a 

very narrow range from 2.618 to 2.643 Å while the Co-Ni 

bond length is 2.501(8) Å, somewhat longer than that in the 

organometallic complex CoNi2(η
5
-C5H5)3(μ3-CO)2 (av. 2.38 

Å),
43 

but similar to that anionic clusters such as 

[Ni9CoC2(CO)16−x]
3−

 (x = 0, 1) (av. 2.53 Å).
44 

The C-O bond 

length is 1.183 Å and the carbonyl region of the IR spectrum 

shows a C-O stretching mode at 1832 cm
–1

 (Figure S3), simi-

lar to the value of 1851 cm
–1

 observed in isoelectronic 

[Ni@Sn9Ni(CO)]
3−

.
30

 The relatively low frequencies in these 

two clusters suggest strong  back-donation from the electron-

rich cluster to the Ni atom, and subsequently to the CO * 

orbitals of the carbonyl ligand.
45

 

 

Figure 3. View of the geometry of [Co@Sn9Ni(C2H4)]
3−

 cluster. 
(Drawn at 50% probability). 

Structure of [Co@Sn9Ni(C2H4)]
3−

 (3) An analogous reaction 

was carried out with Ni(COD)2 in en solution, from which the 

cluster [Co@Sn9Ni(C2H4)]
3−

 was isolated as its [K(2,2,2-

crypt)]
+
 salt in low yield. As shown in Figure 3, 3 is a bi-

capped square antiprism where the Ni atom is one of the two 

capping vertices. The formation of 3 can therefore be viewed 

as the attachment of a neutral Ni(C2H4) fragment to the open 

square face of C4v-symmetrc [Co@Sn9]
4−

. The Co-Ni bond 

length of 2.525(10) Å in 3 is very similar to that in 2, 2.501(8) 

Å, but in marked contrast to 2, the geometry of the [Co@Sn9] 

core in 3 is distorted by a substantial elongation of the Sn5-

Sn8 contact, from 3.504(8) in 1 to 3.903(13) Å) in 3. In addi-

tion, whilst the Sn9-Co-Ni unit is almost linear in in 2, it is 

distinctly bent in 3 (170.36°). As a result, the Ni-Sn distances 

to the four atoms of the capped square vary more widely in 3 

than in 2, from 2.563(8) Å (Ni1-Sn4) to 2.779(12) Å (Ni1-

Sn2). The Co-Sn contacts within the square antiprism 

(2.575(14)-2.692(13) Å) are similar to those in 1 (2.567(1)-

2.610(1) Å), while the Co-Sn9 distance is somewhat shorter 

(2.704(1) Å in 1 vs 2.745(1) Å in 2). 
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Figure 4. View of the geometry of the [Co@Sn9Pt(PPh3)]
3−

 clus-

ter, a cobalt centered tricapped trigonal prism where one of the 

triangular faces is capped by a Pt-PPh3 fragment. (Drawn at 50% 

probability). 

Structure of [Co@Sn9Pt(PPh3)]
3−

 (4) Cluster 4 was obtained 

from the reaction of an en solution of “K5Co3Sn9” with 

Pt(PPh3)4. The [K(2,2,2-crypt)]
+
 salt of 4 is monoclinic (space 

group P21) and contains two independent cluster sites in the 

asymmetric unit. One is well behaved and the other exhibits 

rotational disorder which was modeled accordingly (Figure 

S4). Only the structural properties of the well behaved cluster 

are discussed here. Cluster 4 is a pseudo-C3v symmetric dis-

torted tricapped trigonal prism with a CoSn9 core capped by a 

Pt-PPh3 fragment on top of one triangular face (Figure 4). It is 

isostructural with the previously reported analogues 

[Pt@Sn9Pt(PPh3)]
3−

, [Pd@Sn9Pd(SnCy3]
3−

 and 

[Ni@Ge9NiL]
x−

, L = CO, en. The coordination of [CoSn9]
4−

 by 

Pt-PPh3 fragment therefore causes a rearrangement of the 

CoSn9 core from the C4v–symmetric mono-capped square an-

tiprism common to 1, 2 and 3 to the pseudo-C3v distorted tri-

capped trigonal prism of 4. The three Pt-Sn distances in 4 lie 

in a very narrow range of 2.655(10)–2.666(8) Å. The triangu-

lar Sn7-8-9 face is expanded (average Sn-Sn distances 3.95 (2) 

Å), as is the Sn2-Sn5 prism edge (3.950(1) Å). The remaining 

Sn-Sn bonds within the cluster are in the range 2.907 (7)-3.204 

(11) Å, similar to those in both [Pt@Sn9Pt(PPh3)]
3−

 
30 

and 

[Pd@Sn9Pd(SnCy3]
3−

. 
31

 The 10-vertex cluster is approximate-

ly spherical, with all distances from the central Co to Sn or Pt 

falling in the range of 2.585(15)-2.725(5) Å. The Co-Pt bond 

length is 2.608(10) Å, slightly shorter than those in the cluster 

[Co8Pt4C2(CO)24]
2−

 (av. 2.71 Å).
46

 

 

Figure 5. View of the geometry of the [Co@Sn9AuPh]3−
 cluster. 

(Drawn at 50% probability). 

Structure of [Co@Sn9AuPh]
3−

 (5) [Co@Sn9AuPh]
3−

 was 

obtained by a similar reaction of Au(PPh3)Ph with “K5Co3Sn9” 

in en solution. The shape of 5 (Figure 5) resembles that of 4: a 

cobalt-centered, tri-capped trigonal prism with the Au-Ph 

fragment capping an open trigonal prismatic base. 5 is the first 

reported example of an Au-Ph fragment bound to a Zintl clus-

ter. As in 4, the Au-Sn contacts are almost identical 

(2.727(10)-2.742(8) Å) and the Sn–Sn bonds on the capped 

face are expanded (the Sn5-Sn7, Sn7-Sn9 and Sn9-Sn5 separa-

tions are 3.933(8), 3.999(4) and 3.968(3) Å, respectively). The 

remaining Sn-Sn distances fall in the range 2.923(8)-3.407(8) 

Å. The central trigonal prism in 5 is regular with three pris-

matic edges fall in the range of 3.322(8)- 3.407(8) Å. The 

cluster is again approximately spherical, with a Co-Au dis-

tance of 2.678 Å, slightly shorter than the average 2.718(3) Å 

in the cluster Co6C(CO)12(AuPPh3)4.
47

 Co-Sn distances lie in 

the normal range, 2.570(8) and 2.766(8). 

ESI-MS Studies The four new compounds 2-5 described 

above all dissolve readily in CH3CN, and their ESI-MS spectra 

were recorded from solution in negative ion mode. Due to the 

presence of multiple Sn isotopes, all cluster-based peaks in the 

spectrum appear as distinct mass envelopes, which facilitate a 

clear assignment of signals. As is usually the case for negative 

ion mode ESI-MS studies of anionic Zintl species, the spec-

trum shows only mono-anionic clusters due to the oxidation of 

parent species with more negative charge during ionization. 

As shown in Figures 6 and 7, the negative ion mode spectra of 

the four compounds feature mass envelopes corresponding to 

[CoSn9ML]
−
 (m/z= 1214.02, 1214.06, 1584.68 and 1460.08 

for 1, 2, 3 and 4, respectively), along with peaks correspond-

ing to the ion-paired components {[K(2,2,2-

crypt)][CoSn9ML)]}
−
 (m/z = 1629.02, 1629.12 and 1816.98
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Figure 6. The full electrospray mass spectrum (m/z: 1000 – 2000) in negative ion mode of the CH3CN solution containing 2–5. Mass en-

velopes correspond to: (a) [K(2,2,2-crypt)]3[Co@Sn9Ni(CO)]•DMF, (b) [K(2,2,2-crypt)]3[Co@Sn9Ni(C2H4)]•en, (c) [K(2,2,2-

crypt)]6[Co@Sn9Pt(PPh3)]2 and (d) [K(2,2,2-crypt)]3[Co@Sn9AuPh]. 

 

Figure 7. Selected negative ion-mode electrospray mass-envelope corresponding to {[K(2,2,2-crypt)][Co@Sn9NiCO]}– (a), {[K(2,2,2-

crypt)][Co@Sn9Ni(C2H4)]}
– (b), [Co@Sn9Pt(PPh3)]

– (c) and [Co@Sn9AuPh]– (d). Recorded experimental data are given in black with 

calculated isotopic distributions in red. 
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Figure 8. Optimized structures of the C4v and C3v isomers of [Co@Sn9AuPh]3– (5) and [Co@Sn9Ni(CO)]3– (2). Inset: selected frontier 

Kohn-Sham orbitals of the two isomers of 2. 

for 2, 3 and 5, respectively) and {K[CoSn9ML)]}
−
 (m/z = 

1253.12, 1253.16, and 1440.49 for 2, 3 and 5, respectively). In 

addition, peaks arising from cluster derivatives after loss of the 

organic fragments were also detected, i.e., CoSn9Ni, and 

CoSn9Au, [CoSn9M]}
−
 at m/z = 1186.01 and 1324.28, respec-

tively (Figures S16 and S20). Weak signals for [Co@Sn9]
−
 and 

{[K(2,2,2-crypt)][CoSn9Au]}
−
 (Figure S23) were also ob-

served. 

Computational Studies (DFT). The structures of clusters 2 

and 5 have been optimized using density functional theory 

(PBE with TZP basis sets on Co/Sn/Ni/Au and DZP basis sets 

on C/O/H), starting from geometries where the Sn9 unit has 

either C4v or C3v symmetry (as in the crystal structures of 2 and 

5, respectively). In cluster 2 the overall symmetry of the mole-

cule is then also C4v or C3v, but for 5, the presence of the phe-

nyl group reduces the overall symmetry to C2v or Cs. Neverthe-

less, we refer to the two isomers as ‘C4v’ and ‘C3v’, respective-

ly. In both clusters we have been able to locate distinct local 

minima corresponding to both C4v and C3v, shown in Figure 8. 

The relative energies of the two isomers are consistent with 

experiment, in so much as the C4v-symmetric isomer is most 

stable for 2 while the C3v-symmetric alternative is preferred for 

5. The differences in energy are, however, very marginal: E 

= E(C4v) - E(C3v) = -0.27 eV for 2 and +0.31 eV for 5. The 

optimized structural parameters of the most stable isomer in 

each case are in excellent agreement with the available exper-

imental data – computed Co-M , Co-Sn and M-Sn bond 

lengths are within 0.07 Å of the X-ray values in all cases. The 

presence or absence of a direct covalent bond between the 

endohedral Co and the capping metal (Ni or Au) is not easy to 

establish using the structural data in isolation, because the 

distance between the two atoms (2.501(8) Å and 2.718(3) Å 

for 2 and 5, respectively), whilst short, is necessarily con-

strained by the dimensions of the Sn9M cage. Nevertheless, the 

dominant Ni-Co * character in the LUMO of the more stable 

C4v-symmetric isomer of 2, shown in the inset in Figure 8, 

provides convincing evidence for the presence of such a bond. 

An analysis of the topology of the electron density using the 

Atoms in Molecules (AIM) approach (Supporting information, 

Figure S25) confirms the presence of a critical point between 
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the two transition metal atoms. Similar features emerge in both 

the Kohn-Sham orbitals and the electron densities of the C3v-

symmetric isomer, although the Co-Ni * character in the 

LUMO+1 is diluted, with greater contributions from orbitals 

on the Sn9 fragment. Very similar patterns can also be identi-

fied in the two isomers of cluster 5 (see supporting infor-

mation, Figure S26), leading us to conclude that Co-M bond-

ing is a common feature of this family of clusters, irrespective 

of the identity of M or the geometry of the Sn9 unit. We note 

that Eichhorn and co-workers also proposed the presence of a 

Pt-Pt bond in [Pt@Sn9Pt(PPh3)]
2–

, although the details of the 

electronic structure were not discussed.
30

 

A number of closely-related tin and germanium clusters have 

been reported in the literature, including [Pt@Sn9Pt(PPh3)]
2–

,
30

 

[Ni@Ge9Pd(PPh3)]
2−

,
8
 and [Ni@Ge9NiL]

x–
 (L = PPh3, en, CO, 

PhC≡C-),
7
 all of which have distorted tricapped trigonal 

prismatic geometries similar to 4 and 5, and C4v-symmetric 

[Ni@Sn9Ni(CO)]
3–

.
30

  

In their discussion of the electronic structure of 

[Ni@Ge9Ni(CO)]
2−

, Goicoechea and Sevov did not propose a 

Ni-Ni bond, instead formulating the cluster as a 20-electron 

[Ge9]
2−

 fragment which leaves both the endohedral and cap-

ping Ni atoms zero-valent with d
10

 configurations and there-

fore no metal-metal bond. The 20-electron count is apparently 

consistent with the presence of a tricapped trigonal prismatic 

Ge9 unit, a closo structure, which would demand 2(n + 1) = 20 

skeletal electrons according to Wade’s rules. Our computa-

tional results suggest a rather different perspective on electron 

counting, in which the clusters have 22-valence electrons ra-

ther than 20, containing a [Sn9]
4−

 fragment and a bimetallic 

[Co-M-L]
+
 unit with a {d

9
d

9
} configuration and hence a Co-M 

 bond. In effect, the two electrons in the Co-M * orbital are 

expelled from the Co-M unit, and are transferred to the Sn9 

fragment, raising its electron count to 22. 

The argument for a [Sn9]
4−

/{d
9
d

9
} resonance structure is most 

compelling for the C4v-symmetric Sn9 fragment in 2 and 3, 

simply because the mono-capped square anti-prismatic archi-

tecture is the ‘natural’ geometry anticipated for a 22-electron 

[Sn9]
4−

 cluster (i.e. nido) The tri-capped trigonal prismatic 

architecture is, in contrast, the natural structure for a 20-

electron [Sn9]
2−

 cluster (closo) but the same D3h-symmetric 

architecture can support [Ge9]
2–

, [Ge9]
3–

 and [Ge9]
4–

 oxidation 

levels. Structurally, these differ primarily in the length of the 

trigonal edges, and it is significant, therefore, that the corre-

sponding edges in 2 and 5 (3.43 Å and 3.38 Å, respectively) 

lie approximately midway between the computed values for 

isolated [Sn9]
2–

 and [Sn9]
4–

 clusters (3.22 Å and 3.67 Å, respec-

tively). The structural data indicate that even in the C3v-

symmetric isomers, the negative charge on the Sn9 fragment is 

greater than −2. 

The [Sn9]
4−

/{d
9
d

9
} and [Sn9]

2−
/{d

10
d

10
} resonance structures 

clearly represent two limiting descriptions of the bonding in 

these clusters, and they are linked by a continuum of interme-

diate bonding situations. The position of a given cluster on the 

[Sn9]
4−

/{d
9
d

9
} ↔ [Sn9]

2−
/{d

10
d

10
} continuum is most easily 

defined by the character of the vacant orbital shown in Figure 

8: more Sn9 and less Co-M * character in the vacant orbital 

indicates a shift towards the [Sn9]
2−

/{d
10

d
10

} limit. In this con-

text, the greater Sn9 character in the LUMO+1 of the C3v-

symmetric isomer of 2 noted previously is significant because 

it indicates that it lies closer to the [Sn9]
2−

/{d
10

d
10

} limit than 

the C4v-symmetric analogues. The relationship between the 

electron density distribution and the ground-state geometry of 

these clusters can be further demonstrated by considering a 

series which includes 2 and its (hypothetical) isostructural and 

isoelectronic analogues [Co@Sn9Cu(CO)]
2−

 and 

[Co@Sn9Zn(CO)]
1−

. Within this series, the increasing nuclear 

charge at the capping atom (NiCuZn) should stabilize the 

Co-M * orbital, and so shift the balance from the 

[Sn9]
4−

/{d
9
d

9
} limit towards [Sn9]

2−
/{d

10
d

10
}. As we move 

across this series we do indeed find an almost linear increase 

in the stability of the C3v isomer over its C4v alternative: E(C4v) 

- E(C3v) = –0.27 eV for 2, [Co@Sn9Ni(CO)]
2−

, but only –0.05 

eV for [Co@Sn9Cu(CO)]
2−

 and +0.12 eV for 

[Co@Sn9Zn(CO)]
1−

. The structure of a cluster is therefore 

intimately connected to its position on the [Sn9]
4−

/{d
9
d

9
} ↔ 

[Sn9]
2−

/{d
10

d
10

} continuum: a shift to the right causes a stabili-

zation of the tri-capped trigonal prismatic structure relative to 

its mono-capped square anti-prismatic analogue. Based on this 

argument, it appears that the preference for the C3v-symmetric 

isomer for both 4 and 5 is indicative of a weaker Co-M inter-

action and therefore a more stable Co-M * orbital when M is 

a 3
rd

 row transition metal, which in turn drives a shift towards 

the [Sn9]
2−

/{d
10

d
10

} limit.  

Conclusions 

In summary, we have presented here a systematic study of 

the reactivity of the [Co@Sn9]
4−

 anion with a range of transi-

tion metal reagents, using for the first time the “K5Co3Sn9” 

phase as the precursor. The result is a family of functionalized 

Co-centered cluster anions, [Co@Sn9Ni(CO)]
3–

, 

[Co@Sn9Ni(C2H4)]
3−

, [Co@Sn9Pt(PPh3)]
3−

 and 

[Co@Sn9AuPh]
3−

, each of which has been structurally charac-

terized. The transition from a mono-capped square antipris-

matic architecture for the Sn9 unit (in 2 and 3) to a tri-capped 

trigonal prismatic one (in 4 and 5) can be understood in terms 

of a continuum between limiting [Sn9]
4−

/{d
9
d

9
} and 

[Sn9]
2−

/{d
10

d
10

} resonance forms. This new body of data clear-

ly illustrates the great potential of the [Co@Sn9]
4−

 cluster, 

which can be extracted directly from K-Co-Sn phases in high 

yields, as a building block from which more complex struc-

tures can be constructed. We anticipate that the development 

of precursors other than [E9]
n−

 may open up a wealth of new 

possibilities in the field of Zintl cluster chemistry.  
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A family of Co-centered metal fragments functionalized cluster anions, [Co@Sn9Ni(CO)]
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, have been synthesized using the K-
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