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Unprecedented noradamantane-type compounds [(R2,3Ge)4Te5]

(R2 = CH2CH2COOH, R3 = CH(CH2COOH)2), con-

taining a Ge–Ge bond, yield from reactions of R2,3GeCl3
with Na2Te or Li2Te in THF, while reactions with R1GeCl3
(R1 = CMe2CH2COMe) afford a double-decker-type cage

[(R3Ge)4Te6]; by reaction with hydrazine, the latter reacts to

the hydrazone functionalized, monomeric anion [(R
4
Ge)Te2]

�

(R
4
= CMe2CH2CNNH2Me).

Germanium and tin sesquichalcogenide cages with organic

decoration, [(RT)4E6] (T=Ge, Sn; E= S), were first synthesized

in 1903, and structurally characterized in 1968.1 Since then, they

have attracted attention due to intriguing structural, chemical

and physical properties.2 In the meantime, several examples

were reported, containing widely non-reactive organic groups

R = alkyl, aryl, CF3, C6F5, C(SiMe3)3.
3–5 It was further shown

that thiotetrelate cages can be useful precursors for the synthesis

of ternary M/T/E complexes like [(PhT)2(CuPMe2Ph)6S6].
6 Very

recently, the research field was extended (a) toward thiogermanate

and thiostannate complexes with reactive organic groups,7,8 in

order to generate hybrid complexes and networks by reactions

with reagents of complementary functionalization,7,9 and (b) toward

functionalized ternary Cu/T/S (T = Ge, Sn)7 or M/Ge/S

aggregates (M = Ni, Pd).10–12

Still, most investigations on the tetrel sesquichalcogenides have

so far been limited to the sulfide compounds, while the corres-

ponding selenium and tellurium compounds have not been

examined to a significant amount. The only examples so far are

[(RSnE)2CR
0
2]2 (R = Ph, CH2SiMe3, Me; R0 = H, Me; E = S,

Se, and/or Te),13 [(R00T)4Se6] (T = Si, Ge; R00 = Thex =

1,1,2-Me3C3H5, iC5H11, CF3)
5 and [(R0 0 0Ge)4Te6] (R

0 0 0 = 2,4,6-

iPr3C6H2).
14 These heavier homologues are expected to exhibit

different physical and chemical properties in comparison to the

sulfides; in particular, with tuneable solubility and reactivity owing

to the organic ligands, they might be attached to biochemical

molecules, such as proteins, to become useful tools for the ab initio

phasing of their crystal structures.15

Herein, we report syntheses, characterization and reactivity

of the first Ge/Te complexes with functional organic ligands.

The results indicate that it is not possible to simply transfer the

characteristics of the Ge/S or Sn/S systems to Ge/Te.

While Ge/S or Sn/S complexes were generated in water or

water/acetone mixtures,7,8 the preparation of the related Ge/Te

compounds from RGeCl3 precursors had to be carried out in

THF due to the tendency of A2Te (A = Li, Na) to decompose

under formation of elemental tellurium in ROH (R=H,Me, Et).

As shown in Scheme 1, [(R1Ge)4Te6] (1: R
1 = CMe2CH2COMe)

and [(R2,3Ge)4Te5] (2: R2 = CH2CH2COOH, 3: R3 =

CH(CH2COOH)2) were produced by reactions of commercially

available a,b-unsaturated carboxylic acids with HGeCl3, and

ensuing in situ reactions with Na2Te or Li2Te, respectively.

[N2H5][(R
4Ge)Te2]�0.5N2H4 (4: R4 = CMe2CH2CNNH2Me)

was obtained by a reaction of 1 with a solution of hydrazine in

THF (c = 1 mol l�1).

Compounds 1–4 were characterized by standard analytical

methods and by single-crystal X-ray diffraction (see ESIw). The
molecular structure of [(R1Ge)4Te6] (1; R

1 = CMe2CH2COMe)

is illustrated in Fig. 1.

Compound 1 adopts a double-decker-type structural motif

(DD), with two coplanar Ge2Te2 four-membered rings (sum of

angles: 359.91) that are bridged by two additional Te ligands,

similar to recently reported [(R1Sn)4S6],
7,8 or the above

mentioned [(R0 0 0Ge)4Te6].
14 Bond lengths and angles are in

good agreement with those found in other Ge/Te compounds.16

As in [(R1Sn)4S6], some of the CQO groups at the organic

substituent in 1 are involved in an intramolecular Ge� � �O
coordination, thereby increasing the coordination number of

the Ge atom to five, which is much rarer in Ge compounds than

in homologue Sn complexes. Thus, 1 differs from organo

functionalized Ge sesquisulfides, all of which possess a Ge/S

adamantane-type skeleton (AD) under ambient conditions.5,7,8

According to quantum chemical investigations using DFT

methods17 (program system Turbomole,18 Table 1), the

DD-type structure is energetically favored over the AD-type

for all [(R1Sn)4E6] complexes, on account of relatively small

Sn� � �O distances (exp. for E = S: 2.614(5)–2.672(4) Å), repre-

senting non-negligible bonding interactions.7 For [(R1,2Ge)4E6]

in contrast, the AD-type is preferred, owing to only weak

Scheme 1 Syntheses of 1–3. 1: (a) HCl, NaH2PO2�H2O, 3 h, 120 1C;

(b) mesityl oxide (1.1 eq.), 0 1C, work-up, (c) Li2Te, THF/acetone,

work-up. 2: (a) HCl, NaH2PO2�H2O, 3 h, 120 1C; (b) acrylic acid

(1.1 eq.), 0 1C, work-up, (c) Li2Te, THF, work-up. 3: (a) HCl,

NaH2PO2�H2O, 3 h, 120 1C; (b) glutaconic acid (1.1 eq.), 0 1C,

work-up, (c) Na2Te, THF, work-up.
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Ge� � �O interactions (exp. for 1: 2.82(1)–2.88(1) Å). Indeed,

[(R1,2Ge)4S6] were reported to crystallize in the AD-type.7 For

R1 and E = Te, both structures are nearly isoenergetic and

might be observed—with the DD-type being realized here.

Different to the result obtained at the synthesis of 1, another

cage type was observed upon reactions of acid functionalized

trichlorogermyl compounds R2,3GeCl3 (R2 = CH2CH2COOH,

R3 = CH(CH2COOH)2) with Na2Te or Li2Te: the molecular

structures of [(R2,3Ge)4Te5] (2: R2, 3: R3) are based on a

noradamantane-type cage (NA), comprising a Ge–Ge bond

instead of a Ge–Te–Ge bridge. Besides the characteristic Ge–Te

vibrations at 80, 110, and 140 cm�1,16 which are present in the

Raman spectra of 1–3, a weak additional band was observed in

the spectrum of 3 at 263 cm�1, which can be assigned to the

Ge–Ge vibration (260–270 cm�1).2,19 Fig. 2 shows the molecular

structure of the two complexes. Until now, this topology has been

restricted to silicon selenides that have, however, been synthesized

from precursors containing a Si–Si bond (Scheme 2).20

The observed type of an in situ Ge–Ge bond formation

under ambient conditions is—to the best of our knowledge—

unique. So far, organosubstituted Ge–Ge bonds were formed

via dehalogenation reactions of organyl-halogermanes—with Na or

Na/K alloy,21 diisopropyltelluride,22 or electrochemically23—or

by catalytic dehydrogenation of organylhydrogermanes.24 For

Ge–Ge bonds in chalcogenide compounds, the examples are

even rarer. Inorganic Ge–Ge bond formation is known to

result from high temperature reactions, such as for the

formation of Na8Ge4Te10.
25 With organic ligands, this is not

possible; corresponding reactions were therefore performed by

direct coupling of RGeCl3 using soft reduction reagents like

Mg/MgBr2 (R = 1-ethyl-1-methylpropyl, for instance).26 For

the formation of 2 and 3, the negative redox potential of Te2�

(�1.143 V)27 might have enabled the formation of

[R2,3GeCl2]
� with subsequent Wurtz-type coupling.

DFT calculations helped to answer the following questions:

(1) Are the NA-type cages indeed energetically favored over

the corresponding AD-type or DD-type complexes? (2) Is the

cage type dependent on the ligand type? The questions were

answered by calculating the reaction energies of the following—

hypothetical—reactions (Table 1; Eat represents an E atom; the

non-isodesmic situation is accounted for by considering the

respective Ge–E bond energy, as calculated using the same

methods; note that the reactions do not represent the formation

mechanism which would require the consideration of elemental

Ex oligomers or polymers; for further details see ESIw):

[(RT)4E6]
AD - [(RT)4E6]

DD, DEDD–AD (1)

[(RT)4E6]
DD - [(RT)4E5] + Eat, DENA–DD (2)

[(RT)4E6]
AD - [(RT)4E5] + Eat, DENA–AD (3)

The energy values given in Table 1 indicate that the experimental

observation of the formation of an NA-type complex instead

of the DD-type or AD-type alternatives is indeed only

expected for exactly this particular RT/E = R1Ge/Te combi-

nation (highlighted by bold numbers in Table 1), i.e. for

telluridogermanate complexes ligated by carboxyl terminated

organic ligands, such as 2. This has to be put down to both the

T/E combination and the ligand type. The first allows for a

preference of one T–E and the new T–T bond over two T–E

bonds. Second, the intramolecular O- T interaction, which is

only observed for DD-type complexes, leads to a preference of

this cage type only for stannates with R1 ligands, terminated

by –COMe; for germanates and/or ligands with –COOH

groups, the stabilizing effect is much smaller to result in a

general preference for AD-type cages. Thus the O - T

interaction cannot overcompensate the energetic preference

of the NA formation in the R2Ge/Te case. The study also

shows that an energetic preference of DD-type complexes is

only given for Sn/E/R1. However, the higher stability of

AD-type cages decreases from E = S through Se to Te in all

cases, leading to a very small energetic preference of only

1.71 kJ mol�1 at T/E/R = Ge/Te/R1. Therefore, crystallization

of 1 as DD-type might result from additional effects attributable

to the crystal formation.

It was previously shown that DD-type T/E complexes that

are ligated by carbonyl functionalized organic groups react

readily with hydrazines under formation of hydrazone derivatives.7

However, reactions of 1 with hydrazine showed once more the

inequality of the Ge/Te system when compared to the Sn/S

congener: instead of the perpetuation of the Ge/Te-skeleton in 1,

Fig. 1 Molecular structure of one of the two symmetry independent

molecules of 1. Selected distances [Å] and angles [1]: Ge–Te

2.556(2)–2.6295(18), Ge–C 1.975(13)–1.999(13), Ge� � �O 2.82(1)–2.88(1).

Table 1 Energies of the isomerization of AD to DD-type isomers [eqn (1)], and reaction energies for the reaction of DD to NA-type clusters
[eqn (2)], or of AD to NA-type clusters [eqn (3)], as resulting from DFT calculations for all combinations of tetrels T = Ge, Sn and chalcogens
E = S, Se, Te with organic ligands R = R1 or R2. Values are given in kJ mol�1.

T/E

R1 = CMe2CH2COMe R2 = CH2CH2COOH

DEDD–AD DENA–DD DENA–AD DEDD–AD DENA–DD DENA–AD

Ge/S 19.42 70.01 89.43 23.27 40.81 64.08
Ge/Se 11.35 47.41 58.76 16.82 13.27 30.09
Ge/Te 1.71 19.52 21.23 10.41 �19.46 �9.06
Sn/S �23.71 104.76 81.06 9.60 68.86 78.46
Sn/Se �27.77 85.91 58.14 4.29 49.80 54.08
Sn/Te �29.04 55.96 26.92 2.11 20.00 22.11
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another reaction took place here, that ended up with the formation

of the hydrazonium salt 4 of the functionalized monomeric

anion [R4GeTe2]
� (Fig. 3); in the latter, the organic substituent

also establishes a five-membered ring including a Ge–N bond

(2.027(12)–2.038(12) Å).

The observed results illustrate that—in contrast to the

known (RGe)/S system—an O - Ge or N - Ge interaction

is possible in (RGe)/Te complexes, owing to longer Ge–E

bonds and thus lower steric repulsion; as a consequence,

unexpected products adopting a DD-type Ge/E skeleton or

representing a monomeric unit are observed that feature

these intramolecular donor–acceptor bonds. Moreover, for

COOH-terminated ligands, uncommonNA-type Ge/Te complexes

bearing a Ge–Ge bond are preferred for this particular (RT)/E

combination, as confirmed by DFT calculations.

We thank the German Science Foundation (DFG) for

financial support and Dr K. Harms for valuable help with

the twinned X-ray structure analyses.
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