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We report the remarkable stability of di-substituted organo-Zintl

deltahedral clusters in the presence of water. This has been

exploited in a reaction at the organic substituents of the cluster

which produces water as a by-product. Also reported are the

synthesis, characterization, and crystal structure of [K-krypt]2-

[Ge9–(CHQQQCH–CH2NH2)2] involved in the reaction.

The field of Zintl chemistry has diversified dramatically over

the last decade. For a long time anionic Zintl clusters were

assumed to be the purview of solid-state chemists alone, and

were considered far too reducing and reactive to be compatible

with more conventional solution chemistry. But this bias has

been rapidly eroding in recent years.1 Several new sub-fields

have emerged, namely: intermetallic-,2 organometallic-,3 and

organo-Zintl cluster chemistry. The latter field has proved

particularly rich. Several methods for functionalizing Zintl

clusters with organic substituents have been developed. Reactions

of the clusters with alkyl halides yield mono- and di-substituted

monomers and di-substituted dimers for both Sn9
n� and Ge9

n�,

such as [Sn9-
tBu]3�,4 [Ge9-(

nBu)2]
2�, and [tBu-Ge9-Ge9-

tBu]4�.5

This methodology is convenient, given the abundance of alkyl

halides, and is effective for primary, secondary, tertiary,

and alkenyl carbon substrates. Alternatively, reactions with

alkynes yield mono- and di-substituted clusters functionalized

with alkenyl substituents, as in [Ge9–(CHQCH–Fc)2]
2�

(where Fc = ferrocenyl),6 [Ge9–(CHQCH2)2]
2�,7 and

[GeSn8–CHQCH–Ph]3�.8 The mechanisms for these reactions

have been worked out in some detail, indicating that the clusters

primarily act as strong nucleophiles, following a substitution

pathway with alkyl halides or an addition pathway with alkynes.9

It appeared as if two substituents were the maximum until

recently when a trisubstituted cluster, [Ge9-{(Si(SiMe3)3}3]
�,

was rationally synthesized by a reaction of the naked Ge9
4�

clusters with the corresponding halide (Me3Si)3SiCl.
10a

(The same tri-substituted species had been previously synthe-

sized by a not well understood disproportionation GeBr.10b)

Collectively, these results demonstrate the wealth of structure

and functionality accessible through organo-Zintl chemistry.

Moreover, the dianionic clusters, like [Ge9–(CHQCH2)2]
2�,

can be readily dissolved in conventional organic solvents like

benzene, toluene, ether, etc., after appropriate cation exchange.7

These developments help to bring organo-Zintl chemistry in

line with more traditional organic synthesis. Herein we report

the next step forward, namely the water-stability of the

organo-Zintl clusters and a proof-of-concept organic reaction

at their organic tails, thus laying to rest the faulty notion of the

incompatibility of organo-Zintl clusters with broader synthetic

chemistry.

Our results show that organo-Zintl clusters (Ge9-R2)
2� are

significantly less reducing than their ‘‘naked’’ counterpart

Ge9
4�. Thus, with aldehydes the latter is readily oxidized to

Ge9
3�, Ge9

2� (as monomers, dimers, and/or oligomers),

and/or Ge10
2�,3a,11 and is oxidized and functionalized to

(Ge9-R)3� and (Ge9-R2)
2� when combined with tertiary alkyl

halides.9 In contrast, NMR evidence clearly shows that

[Ge9–(CHQCH2)2]
2� is stable in the presence of aldehydes

and tertiary alkyl halides (Fig. S1–2 in Supporting Informationw).
The increased resistance towards oxidation is in keeping with

the changes in frontier orbitals upon functionalization of the

cluster. Lohr12 and others1c,13 have shown that there is a

significant increase in the HOMO/LUMO gap of the functio-

nalized clusters relative to Ge9
4� or Ge9

3�. The widening of

the HOMO/LUMO gap translates into increased stability in

the presence of oxidizing organic substrates.

Greater still and significantly more remarkable is the

compatibility of the functionalized Zintl clusters with water.

Systematic investigations with intentional water spiking showed

that the di-substituted clusters are stable in the presence of water.

The tests were carried out with [Ge9–(CH2CH(CH2)2)2]
2�,

[Ge9–(CHQCH2)2]
2�, and [Ge9-(Sn(CH)3)2]

2�.6,7,9,14 The
1H NMR spectra in d5-pyridine of each of these species taken

before and after the addition of water show no change other

than the new resonance corresponding to H2O (Fig. 1 and S3–4

in Supporting Information). Integration of the water-added

spectrum shown for [Ge9–(CHQCH2)2]
2� in Fig. 1 indicates

an approximate water-to-cluster ratio of 50 : 1. Mass spectro-

metry measurements taken after water exposure likewise show

the anionic clusters intact. The solutions were monitored by NMR
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for over two months and showed no changes, indicating

their high stability (Fig. S5). The stability appears to be

intrinsic to the clusters themselves and not related to the

solvent as the same compatibility is observed in DMF and

ethylenediamine (Fig. S6). In spite of their inertness towards

water, though, when crystals of [K-crown]2[Ge9–(CHQCH2)2]

were placed in water, they did not dissolve or change in any

way. The lack of solubility in water may be as much a function

of the organic substitutuents and/or cations as it is of the

cluster. Subsequent solubility studies are underway. The com-

patibility with water is particularly fortuitous as many organic

reactions require catalytic amounts of water or generate water

as a by-product.

The combination of observations of water stability and

compatibility with aldehydes led us to investigate whether an

aldehyde condensation reaction could be performed in the

presence of the cluster. Schiff-base formation is a well-established

reaction, and the so-called Jacobsen catalysts formed by

transition-metal coordination have proven to be a fruitful

area in catalysis.15 Organo-Zintl clusters are intense chromo-

phores and have the potential for rich electrochemistry. The

prospect of combining these properties with those of transition-

metal complexes is promising, and led us to pursue the synthesis

of an organo-Zintl salen-like compound that can potentially

coordinate to transition metals.

The first step towards this goal was to synthesize an

organo-Zintl cluster with amine pendants.y By reacting

Ge9
4� (from K4Ge9 dissolved in ethylenediamine) with

propargylamine (H–CRC–CH2NH2) the diamine cluster,

[Ge9–(CHQCH–CH2NH2)2]
2� was synthesized (Fig. 2). The

3-aminopropenyl functionalized cluster shows similar struc-

tural features to that of other di-substituted clusters.6–9 It

exhibits the commonly observed tricapped trigonal prismatic

structure with one substantially elongated edge. Since the

crystal structurez of [Ge9–(CHQCH–CH2NH2)2]
2� shows

two equally occupied cluster positions superimposed upon

one another, there are two slightly different distances for the

elongated edge, 3.124(2) and 3.162(2) Å. The two shorter edges

are 2.686(1) and 2.674(1) Å, and are common for the two

cluster positions. The organic substituents are bonded to the

two Ge-atoms forming the elongated edge with Ge–C distances

of 1.962(7) and 2.005(4) Å in one of the cluster positions and

1.988(7) and 2.005(4) Å in the other. These distances compare

well with the statistical mean of 1.96 Å for Ge–C(sp2)

distances, and are within the range of 1.82–2.05 Å for such

distances in the Cambridge Structural Database.16 These distances

are slightly longer than those seen in [Ge9–(CHQCH2)2]
2�,

where the Ge–C bond distances are 1.951(2) and 1.961(2) Å.7

The 1H NMR spectrum of [Ge9–(CHQCH–CH2NH2)2]
2�

in d5-pyridine is consistent with the solid-state structure (Fig. S7),

showing a doublet for the vinyl proton on the a-carbon
(7.05 ppm, 11.5 Hz) while the proton on the b-carbon is a

doublet of a triplet (6.54 ppm, 11.5 Hz, 6.7 Hz) as a result of

coupling to both the other olefinic proton and the two

methylene protons. The methylene protons are split into a

pseudo-quartet (doublet of a triplet, 4.07 ppm, 6.7 Hz, 6.7 Hz)

by equal coupling to both the b-olefin proton and the protons

on the amine group. Similarly, the amine protons are a triplet

(1.45 ppm, 6.7 Hz).

In a straightforward condensation reaction, [Ge9–

(CHQCH–CH2NH2)2]
2� was combined with ferrocene-

carboxaldehyde (FcCHO) in pyridine and stirred for one hour.

Pyridine is an effective solvent for this reaction as it is capable

of shuttling the proton between the ammonium center and the

alkoxide anion formed during the course of the reaction. The

mass spectrometry measurements taken of the sample clearly

show that the aldehyde has reacted with the amine such that

the clusters are now functionalized with imine pendants

(Fig. 3). Such an organic transformation is possible because

of the stability of the organo-Zintl clusters in the presence of

water: [Ge9–(CHQCH–CH2NH2)2]
2� + 2FcCHO -

[Ge9–(CHQCH–CH2NQCHFc)2]
2� + 2H2O. This reaction

clearly demonstrates that organo-Zintl clusters are capable of

undergoing secondary organic transformations. The combi-

nation of a wide range of accessible solvents through cation

exchange,7 as well as the numerous functional groups that can

now be attached to the clusters through the ‘halide’ and

‘alkyne’ synthetic routes,8,9 leave open the possibility for

the rational design of more complex systems incorporating

Zintl clusters. The prospect of being able to combine

organo-Zintl clusters with transition metal complexes is a

promising lead. Simple coordination by the organic tethers

of the organo-Zintl clusters to M2+ transition metals could

provide overall neutral, albeit Zwitterionic, complexes. The

ability to make Schiff-base functionalized clusters via an

aldehyde condensation reaction puts all of this chemistry

within reach.

Fig. 1
1H NMR of [Ge9–(CHQCH2)2]

2� before (A) and after (B) the

addition of H2O (the spectra are shifted with respect to each other for

better visibility).
Fig. 2 Thermal ellipsoid plot (50% probability) of

[Ge9–(CHQCH–CH2NH2)2]
2�. The elongated trigonal prismatic edge

is shown with a broken line.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

N
ot

re
 D

am
e 

on
 1

0 
Ju

ly
 2

01
2

Pu
bl

is
he

d 
on

 2
7 

A
pr

il 
20

12
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

C
32

26
3C

View Online

http://dx.doi.org/10.1039/c2cc32263c


7722 Chem. Commun., 2012, 48, 7720–7722 This journal is c The Royal Society of Chemistry 2012

The results presented here demonstrate, for the first time,

the robust stability of the organo-Zintl clusters: namely their

surprising compatibility with water and inertness towards a

variety of organic substrates. Since a large number of organic

transformations involve water in some role, the former is of

particular importance. The aldehyde condensation reaction

involving [Ge9–(CHQCH–CH2NH2)2]
2� provides a proof of

concept that such organic transformations are possible with

the substituents of the organo-Zintl clusters.

We thank the National Science Foundation (CHE-0742365)

for the financial support of this research.
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viously reported synthetic procedures. 2,2,2-krypt (4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8]-hexacosane, Acros, 98%) and
H–CRC–CH2NH2 (propargylamine, Acros, 99%), were used as received.
CAUTION!!!: Propargylamine is highly toxic; all personal protection
steps recommended in the MSDS should be followed. [K-crown]2-
[Ge9–(CHQCH2)2] was synthesized as previously reported. See
Supporting Information for full experimental details. Synthesis of
[K-krypt]2[Ge9–(CHQCH–CH2NH2)2]. K4Ge9 (0.090 g, 0.11 mmol)
was dissolved in 1.5 mL of ethylenediamine (red solution) in a test tube
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dropwise slowly and the reaction mixture was stirred for four hours.
The solution was centrifuged, filtered, and 2,2,2-krypt added (0.149 g,
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for a week. After diffusion large red-orange crystals formed on the
side of the test tube. The identical cluster anion can be synthesized
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18-crown-6 in place of 2,2,2-krypt. The latter complex did not yield
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z Structure Determination. Single-crystal X-ray diffraction data of
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APEX-II diffractometer equipped with a CCD area detector at 100 K
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methods and refined on F2 using the SHELXTL V6.21 package.17
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T. F. Fässler, S. Stegmaier, S. D. Hoffmann and K. Ruhland,
Chem.–Eur. J., 2008, 14, 4479; (f) B. Zhou, M. S. Denning,
D. L. Kays and J. M. Goicoechea, J. Am. Chem. Soc., 2009,
131, 2802; (g) J. Wang, S. Stegmaier and T. F. Fässler, Angew.
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Fig. 3 An electrospray mass spectrum showing the imine formation
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2� with FcCHO.
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