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Abstract

This review focuses on synthesis, structure and binding properties of crown compounds
and their open-chain analogues containing a trithiadiazapentalene building block. This
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heterocyclic unit favours in particular the complexation and solvent extraction of the soft
transition metal ions Ag(I), Pd(II), Hg(II) and Au(III). The redox active system trithiadiaza-
pentalene/trithiotriuret introduced into a crown ring allows the control of Ag(I) and Hg(II)
phase transfer in solvent extraction experiments. Crystal structures of metal complexes with
these pentaleno crown compounds show significant differences of both S�S bond lengths of
the trithiadiazapentalene unit and package arrangements in the cell. © 2001 Elsevier Science
B.V. All rights reserved.

Keywords: Crown compounds; Trithiadiazapentalene systems; Redox switch; Metal extraction; Crystal
structures; Molecular modelling

1. Introduction

The design and synthesis of novel supramolecular ligand architectures are
connected closely to promising application options in different areas [1]. Up to
now, various macrocyclic and spherical ligands as well as their open-chain coun-
terparts were synthesised and characterised with a view to species separation,
analytical detection, material preparation, catalytic functions, medical use and
nanoscopic devices [2]. Crown ethers allow the possibilities to vary selected prop-
erties, especially the stability of corresponding complexes [3]. Introducing hetero-
cyclic functions into the crown ring leads to a greater rigidity of the ligand
architecture and provides additional soft donor atoms. Therefore, pyridino
macrocycles with unsaturated nitrogen atoms give much greater affinity for most
transition and post-transition metal ions in comparison with the pure crown
ethers [3,4]. One goal in the control of binding selectivity and reversibility is the
use of switchable functionalities fixed in larger supramolecular moieties [5,6]. In
this regard the well-known photoisomerisable azobenzene system [7], also the
redox active units as the biological relevant dithiol–disulphide couple [8], fer-
rocenes [9], tetrathiofulvalenes [10], biindolizines [11] or thiadiazoles [12] were
discussed in this connection. Heterocyclic building blocks on the basis of
1,6,6a�4-trithiapentalenes (1) and its heteroanalogues 2 and 3 [13–17] represent
another interesting approach to modify the complexation properties of both
macrocyclic and structure related open-chain systems which lead to switchable
ionophores (Scheme 1).

In this work we summarise the experimental and theoretical results with lig-
ands containing the 1,6,6a�4-trithia-3,4-diazapentalene unit (3) and the corre-
sponding trithiotriuret form 4 in different structural arrangements (Scheme 2).
The presence of unsaturated nitrogen donor atoms [18–20] in the pentalene
derivatives and of thiocarbonyl functions [21–23] in the reduced thiourea form
should especially enhance the binding strength and binding selectivity towards
soft metal ions.
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Scheme 1.

Fig. 1. The X-ray structure of ligand 9a [26].

Scheme 2.

2. The 1,6,6a�4-trithia-3,4-diazapentalene unit

The 1,6,6a�4-trithia-3,4-diazapentalenes (3) are heteroanalogues of the extensively
studied 1,6,6a�4-trithiapentalenes (1). These systems have attracted much attention,
because of their unusual binding behaviour [13–17]. The theoretical situation is
quite clear from selected first-principles quantum calculations, which is in agree-
ment with the experimental results that the symmetric and planar arrangement of
the bicyclic ring is an aromatic 10�-electronic system with a three-atom sulphur
bridge [24–26]. Generally, the two S�S distances found between 2.25 and 2.50 A� are
exceedingly long compared to the S�S bonds of monocyclic conjugated disulphides
(about 2.1 A� ), but substantially shorter than the sum of the corresponding van der
Waals radii (3.60 A� ). In this sense the formulae 1 and 3 reflect the correct symmetry
but are misleading in suggesting hypervalency of the central sulphur by octet
expansion. It is well known that the d-orbital model participation of sulphur is not
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substantiated for compounds containing higher-coordinated sulphur atoms [27].
Thus the �4-nomenclature generally does not reflect the bonding nature and the real
valency of the central sulphur atom.

In contrast to the calculations, which always leads to symmetric structures in the
case of uniform substitution in 3, the crystal structures give some differences in
dependence on the substitution apparently caused by intra- and intermolecular
hydrogen bonds [26]. This is illustrated by the crystal structure of compound 9a in
Fig. 1. In this case the S�S bond lengths of 2.328 [S(1)···S(6a)] and 2.346 A�
[S(6)···S(6a)] are observed together with hydrogen bonds of the type CH···N and
CH···S. Further interesting facts of the structure are the short and different C�N
bond lengths between the carbon atoms of the pentalene unit and the amine
nitrogen in the 2- and 5-position. This significant behaviour was also confirmed by
solid state 13C-NMR experiments, which give different chemical shifts for these two
carbon atoms. Because this splitting cannot be observed in solution, there is clear
evidence of a crystal effect caused by four molecules being present in the unit cell
[28].

The calculated atomic charges of about −0.5 at the ring nitrogen atoms in 9a
point to their strong basic character, and useful donor ability for complexation
processes can be expected. Compared with this, the donor strength of the sulphur
atoms in the molecule should be markedly lower, which agrees with the correspond-
ing calculated atomic charges [26].

The 1,6,6a�4-trithia-3,4-diazapentalenes (3) can be reduced by weak reduction
agents, e.g. by Zn/acetic acid mixtures. The resulting trithiotriuret compounds 4 are
reasonably stable especially in the solid state. The reoxidation in solution is done
easily in the presence of atmospheric oxygen [29,30]. The thioureas 4 possess three
thiocarbonyl sulphur atoms, which should give very strong interactions with soft
metal ions. The observed complexation properties will be discussed in more detail
in Section 4.

3. Synthesis

During the last four decades several synthesis methods for substituted 1,6,6a�4-
trithia-3,4-diazapentalenes have been reported [31]. An easy route to synthesise
2,5-aryloxy or 2,5-amino substituted 1,6,6a�4-trithia-3,4-diazapentalenes is to start
with 5-amino-1,2,3,4-thiatriazole (5). The reaction of 5 with chlorothioformates
gives the corresponding trithiadiazapentalenes 6 [32] with about 50% yields and
with arylisothiocyanates produces the amino substituted compounds 7 [33]. The
trithiadiazapentalene 6 can be easily functionalised further at the aroxy group. So
the aminolysis with secondary amines leads stepwise to the 2-monoamino 8 and
2,5-diamino heteropentalenes 9 (yields of about 80%) [34,35]. By analogy, the
reaction of 6 with secondary diamines [35], among them open-chain [30] and cyclic
polyether diamines [36], gives a great variety of derivatives such as 11–18 having
different binding potential for cationic guest species. Typical yields for the crown
compounds 11 are between 20 and 30% (Schemes 3–8).
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Scheme 3.

Scheme 4.

In particular the introduction of the redox switchable heteropentalene building
block in macrocyclic systems allows systematic modifications of the complexation
properties and the control of selectivity [30,37]. The X-ray crystal structure of one
pentaleno crown derivative 11b is shown in Fig. 2 [30]. The trithiadiazapentalene
unit possesses similar structural parameters as in the corresponding open-chain
compound 9a. However, the S�S distances show greater differences for 11b (2.308
and 2.379 A� ) compared to the case of 9a. Generally, the crown compound is
pre-organised for the inclusion of a guest species by a cleft-like arrangement of the
heteropentalene block and the ether ring system in the molecule.

The reduction of the pentaleno crown compounds 11 by zinc in glacial acetic acid
gives the corresponding thioureas 19, which can be reconverted quantitatively by
atmospheric oxygen into the system’s oxidised form 11 (Scheme 9).
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Scheme 5.

4. Liquid–liquid extraction studies

Liquid–liquid extraction carried out as a microtechnique with radionuclide
labelling of the interesting species represents a very fast and accurate method [38]
to determine the complexation behaviour of new ligand types in solution [39,40].
Furthermore this method also gives a general message about the applicability of the
systems investigated for species separation or detection using extraction methods.
The ligands studied in this review are neutral ligands and therefore the extraction
equilibria are described by the following equation:

Mn+
(w) +nA−

(w)+sL(org) �
Kex

MLsAn(org) (1)

In this case the corresponding extraction constant Kex is a function of the
complex stability of the complexes formed and both of their distribution and of the
distribution of the ligands between the two phases [38–40]. Characteristic extrac-
tion experiments allow the determination of the relevant complex species and
conclusions on the acting structure extractability (and complexation ability) rela-
tionships [38–40]. The easily accessible experimental parameter in liquid–liquid
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Scheme 6.

extraction systems represents the distribution ratio DM, the quotient of the metal
concentrations in the organic and aqueous phase, or the percentage extractability
E :

DM=
cM(org)

cM(w)

(2)

E [%]=
D

D+1
·100 (3)
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Scheme 7.

To support the transfer of the complexed positively charged metal species from
the aqueous into the organic phase the slightly hydrated picrate anion has been
used. The liquid–liquid extraction behaviour of selected open-chain trithiadiaza-
pentalenes and their macrocyclic counterparts was studied in the system metal
salt–picric acid–water/ligand–CHCl3.

4.1. Open-chain ligands

Extraction results for two different species, in the 2- and 5-substituted positions
for trithiadiazapentalenes, are presented. As can be seen from Fig. 3 the extractabil-
ities of Ag(I), Hg(II), Pd(II) and Au(III) with the bisphenoxy derivative 6 are
generally very low. In this case the electron withdrawing effect of the phenoxy
group should decrease the donor strength of the ring nitrogens. Significant higher
values were determined for the metal extraction with the 2,5-bisamino compounds
9a–d and this was obviously caused by a favourable mesomeric influence of the
amino nitrogen on the aromatic pentalene system. This fact has been confirmed by
the short C�N bond lengths. In comparison with Ag(I), Hg(II) and Pd(II) the
highest extractabilities have been observed for Au(III). At present the reason for
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Scheme 8.

this result is not yet clear, although the strong complexation of Au(III) by nitrogen
containing ligands is well known [41] and the small ‘bite’ distance between the two
chelating N donors should favour the relatively small Au(III) cation. On the other
hand an interaction of Au(I) with a sulphur atom in a trithiapentalene derivative
was also reported in the literature [42].

With Ag(I) AgL2
+ complexes were extracted, whereas in contrast for Hg(II), the

1:1 species HgCl2 · L were found. For Pd(II) and Au(III), both 1:1 and 1:2
complexes are formed simultaneously with ligands 9a–d in the organic phase [37].

4.2. Macrocyclic ligands

The results of the extraction studies with three pentaleno crown compounds are
shown in Fig. 4. The introduction of the trithiadiazapentalene unit into a macro-
cyclic polyether ring (compounds 11a–c) results in a graduated increase of transi-
tion metal ion extraction compared with both the heterocyclic building block
(compounds 9a–d in Fig. 3) and crown ethers [43]. Whereas the high extraction of
Pd(II) and Au(III) do not depend on the ring size of the heterocrown compounds,
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Fig. 2. The X-ray structure of ligand 11b (view on the top and on the side) [30].

Scheme 9.

the graduated extractabilities for Ag(I) and Hg(II) show a clear ring size effect. The
smallest crown 11a, an 18-membered macrocycle, extracts Ag(I) quantitatively into
the organic phase, whereas the larger compounds 11b and 11c give silver ex-
tractabilities of about 20% only. In contrast, Hg(II) used as HgCl2, has an optimum
extraction with the medium sized compound 11b. These differences in the extraction
behaviour can be attributed to different structures of Ag(I) and Hg(II) complexes
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Fig. 3. Extractabilities of soft metal ions with 2,5-bisphenoxy (6) and 2,5-diamine (9a–d) substituted
trithiadiazapentalene derivatives (1×10−4 M metal salt, 5×10−3 M picric acid, 1×10−3 M ligand in
CHCl3).

Fig. 4. Extractabilities of soft metal ions with the pentaleno crowns 11a–c (1×10−4 M metal salt,
5×10−3 M picric acid, 1×10−3 M ligand in CHCl3).

formed during extraction even though their ion size is comparable. This has been
confirmed by molecular modelling calculations of the 1:1 complexes formed [30].
Only in the case of 11a and Ag(I) as well as for 11b and Hg(II) a stable symmetric
arrangement of the metal centre in the cavity was observed. This is also in
agreement with the graduated order of stability constants of the metal complexes in
organic solution [30]. The log K values for the AgL+ complexes of 11a–c in acetone
are 6.84, 4.51 and 4.50, respectively. In order to illustrate this fact the complex
structure of Ag(11a)+ based on DFT calculations is shown in Fig. 5 [44]. The small
differences in the typical bond lengths and angles of ligand 11a and its complex
support the high degree of pre-organisation of the ligand structure for Ag(I)
complexation. A similar interpretation of optimum structure formation can be used
for the Hg(II) extraction with 11b. Accordingly the extraction selectivity of Ag(I)
over Hg(II) for 11a is reversed for 11b. This is an interesting observation, because
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Fig. 5. The calculated structure [DFT-BP86/IV(TZ+P)] of complex cation [Ag11a]+; selected bond
lengths (A� ): Ag···N(2,3), 2.45; Ag···O(1,3), 2.55; Ag···O(2), 2.52; S(1,6)···S(6a), 2.38.

only a few examples are known with changing selectivity order for these metal ions
[45].

The extractabilities of Cu(I) and Tl(I) are rather low with some preferences
depending on the size ratio of metal ion to pentaleno crown (Fig. 4). Other metal
ions, as the border line transition metals Co(II), Cu(II), Zn(II) and the hard metals
Eu(III), Na(I), K(I), Cs(I), Ca(II), Sr(II), are not or only slightly extracted.
However, at higher ligand concentrations of 11a the extractability of Na(I) in-
creases and is amazingly, significantly higher than K(I), Cs(I), Ca(II) and Sr(II).
This result is also interesting in comparison with 18-crown-6, because the order of
selectivity is changed completely by the introduction of the heteropentalene func-
tion. Furthermore, there is some evidence for complexation of the ammonium ions
by the pentaleno crowns. But the extractabilities are generally low with 11a–c.

The preferred complex composition of the extracted metal complexes is 1:1
(M–L). This is shown in Fig. 6 for 11a and b. The slopes in this log DM− log cL(org)

diagrams are mostly 1 for the transition metals investigated. The tendency also to
simultaneously form complex species of 1:2 (M–L) is limited to higher ligand
concentrations, as for example in the case of Pd(II) and Ag(I) with 11b.

Liquid–liquid extraction results with the pentaleno crown derivatives 13–18 are
shown in Figs. 7 and 8. The extractability of Ag(I) is high for all pentaleno
macrocycles 13–15. With the exception of 14a and 15, Hg(II) has been extracted on
a significantly lower level. Other selected metal ions — Co(II), Ni(II), Zn(II),
Eu(III), Na(I), Cs(I), Tl(I), Ca(II) and Sr(II) — are not extracted under the
conditions chosen. The first experimental data point to the formation of 1:1
complexes for Ag(I) and both 1:1 and 2:1 (M–L) complexes in case of Hg(II).
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In contrast to these macrocycles the functionalised azacrown compounds 16 and
17 give remarkable lower extractabilities, both for Ag(I) and Hg(II), whereas the
N,N �-disubstituted azacrown (18) again produces high extractabilities. To under-
stand the extraction behaviour discussed, further investigations are necessary
especially in view of specific structural features of the ligand and complex
molecules. Besides the pentaleno crown derivatives, and also their reduced ana-
logues, the thioureas 19a–c, were characterised by liquid–liquid extraction investi-

Fig. 6. Extraction of different metal ions with the pentaleno crowns 11a (left) and 11b (right) (1×10−4

M metal salt, 5×10−3 M picric acid, 5×10−4 M–5×10−3 M ligand in CHCl3).

Fig. 7. Extractabilities of Ag(I) and Hg(II) with the pentaleno macrocycles 13a, b and 14a, b (1×10−4

M metal salt, 5×10−3 M picric acid, 1×10−3 M ligand in CHCl3).
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Fig. 8. Extractabilities of Ag(I) and Hg(II) with azacrown containing derivatives of trithiadiazapentalene
(1×10−4 M metal salt, 5×10−3 M picric acid, 1×10−3 M ligand in CHCl3).

gations. The results are represented in Fig. 9. As is shown, the soft metal ions Ag(I),
Hg(II) and Pd(II) are extracted quantitatively in all cases and in contrast to the
oxidised species 11a–c no Ag/Hg selectivity is observed. Other metal ions like Tl(I)
and Na(I) give only low extractabilities. The changing Ag/Hg selectivity is depen-
dent on the form and the macrocyclic cavity size of the redox pair trithiadiazapen-
talene–trithiotriuret allows the control of complexation for Ag(I) and Hg(II).
Therefore the binding and extraction efficiency can be switched on/off for Ag(I)
using the redox pair 19b/11b and for Hg(II) using 19a/11a. In both cases the
trithiadiazapentaleno crown is responsible for the non-binding and the correspond-
ing trithiotriuret derivative for the binding properties. Because the stability of the
complex is very high and the phase transfer is complete also under changing
conditions, there is no information about the composition of the complex in

Fig. 9. Comparison of the extraction properties of pentaleno crowns 11a–c with their reduced
trithiotriuret counterparts 19a–c (1×10−4 M metal salt, 5×10−3 M picric acid, 1×10−3 M ligand in
CHCl3).
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solution. The reason for the pronounced complexation properties of the ligands 19
lies in the presence of the strong thiocarbonyl sulphur donor site in the molecule
which obviously leads to complex formation outside the macrocyclic cavity in 19.
Molecular modelling studies using the DFT method are in agreement with this
consideration [44]. The relevant lowest found minimum structures of a 1:1 and a 2:1
silver complexes with 19a are given in Figs. 10 and 11, respectively. In both cases
Ag(I) is coordinated tetrahedrally by thiocarbonyl sulphur and the calculated Ag···S
distances are between 2.52 and 2.76 A� which are similar to other comparable
structures [46].

5. Liquid-membrane studies

The heteropentalene derivatives discussed in this review can act as carrier for the
transport of a large variety of cations across lipophilic barriers [37]. This behaviour
was shown by liquid-membrane tests using an Izatt apparatus with an aqueous
source phase, a bulk chloroform membrane and an aqueous receiving phase [47]. In
contrast to the liquid–liquid extraction experiments significant differences can be
expected because kinetic effects play an important role for this separation technique
[48]. The results of transport studies are summarised in Fig. 12 for the redox pairs

Fig. 10. The calculated structure [DFT-BP86/IV(TZ+P)] of the complex cation [Ag(19a)2]+; selected
bond lengths (A� ): Ag(1)···S(1), 2.53; Ag(1)···S(2), 2.56; Ag(1)···S(5), 2.52; Ag(1)···S(6), 2.57.
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Fig. 11. The calculated structure [DFT-BP86/IV(TZ+P)] of the dimeric complex [Ag2(19a)2]2+; selected
bond lengths (A� ): Ag(1)···S(1), 2.52; Ag(1)···S(2), 2.74; Ag(1)···S(5), 2.66; Ag(1)···S(6), 2.58; Ag(2)···S(2),
2.64; Ag(2)···S(3), 2.61; Ag(2)···S(4), 2.51; Ag(2)···S(5), 2.76; Ag(1)···Ag(2), 4.00.

11a/19a and 11b/19b. It is shown clearly that Ag(I) selectivity exists only for 11a.
In all other cases the metal ions investigated are transported efficiently. Therefore
a clear switch of the transport properties can be realised only for the redox pair
11a/19a with the metal ions Mn(II), Co(II), Ni(II), Cu(II), Cd(II) and Gd(III). In
this case the binding is based on the thiourea derivative 19a.

For the amino acid L-phenylalanine the liquid-membrane transport was investi-
gated in the presence of 3,5-bis(trifluoromethyl)phenylboronic acid as synergist [49].
Here it was observed that the transport rate of L-phenylalanine with 11b is of the
same order of magnitude as with 18-crown-6 [30].

6. Synthesis and structure of solid ammonium and metal complexes

On the basis of the extraction studies discussed, we have attempted to synthesise
the corresponding solid metal complexes of the pentaleno crowns [50]. These
investigations led to a variety of Ag(I) complexes with 11a–c of the composition
AgLClO4 and AgLPF6, which were identified by elemental analysis and FAB mass
spectroscopy.

Two complexes, Hg(11b)(SCN)2 and Hg(11c)(SCN)2, could be isolated with
Hg(II). The structure of the first one is shown in Fig. 13. Hg(II) is incorporated as
the Hg(SCN)2 species nearly perpendicular to the cavity plane of 11b by four weak
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Fig. 12. Relative transport rates for different metal ions from 10−2 M metal nitrate solution across a
bulk CHCl3 membrane (10−2 M 11a, b and 19a, b) into H2O [50].

bonds to two nitrogens of the thiaazapentalene and two ether oxygens of the ring.
The bond lengths are between 2.88 and 3.07 A� . The distances to the two further
oxygen atoms O(1) and O(4) in the macrocyclic ring are 3.35 and 3.24 A� well
beyond typical Hg···O bond lengths [51]. 1H- and 13C-NMR spectroscopic investi-
gations of the complex in solution (CDCl3) show that all of the macrocyclic
hydrogen and carbon resonances are shifted relative to the free ligand [37]. In
solution therefore all six heteroatoms interact with the metal ion in the complex.
Furthermore, it is noteworthy that in this Hg(II) complex both S�S distances
[S(1)···S(6a), 2.43 A� ; S(6)···S(6a), 2.66 A� ] of the trithiadiazapentalene unit are much
larger than in the free ligand or in the other complexes. This fact is a clear evidence
for the strong influence of the metal centre on the heterocyclic subunit of the
macrocycle. A ring opening reaction of the trithiadiazapentalene function [52]
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Fig. 13. The X-ray structure of complex [Hg(SCN)211b] [50]; selected bond lengths (A� ): Hg···N(2), 2.98;
Hg···N(3), 2.88; Hg···O(1), 3.35; Hg···O(2), 3.07; Hg···O(3), 2.96; Hg···O(4), 3.24; Hg···S(4), 2.49;
Hg···S(5), 2.47, S(1)…S(6a), 2.43; S(6)…S(6a), 2.66.

which gives a sulphur–oxygen exchange in ethanol under the influence of Hg(II)
acetate at a temperature of 50 °C seems possible.

A further complex of a pentaleno crown with a d-block element,
[Cd(ClO4)(11a)(H2O)]ClO4, is shown in Fig. 14 [50]. In this case the Cd(II) occupies
the central position in the macrocyclic ring with similar bond lengths which are
between 2.32 and 2.43 A� to the two nitrogen atoms of the heterocyclic unit and the
three ether ring oxygens. The axial positions 6 and 7 for the cadmium centre
resulting in a pentagonal bipyramidal structure are occupied by an oxygen both of
a water molecule and a perchlorate anion. The coordination pattern is comparable
with a corresponding Cd(II) complex with 15-crown-5 [53]. In analogy to the Hg(II)
complex the S�S distances of the trithiadiazapentalene unit are also quite different
with 2.48 A� for S(1)···S(6a) and 2.27 A� for S(6a)···S(6). At present it is not yet clear
what causes the asymmetry in the two S�S bonds of both complex molecules.

In contrast to the complexes discussed changes of the S�S bond distances in the
trithiadiazapentalene unit are significantly smaller in the pentaleno crown com-
plexes with alkali metal ions and the ammonium ion. The sodium complex with
11a, [NaSCN(11a)] · H2O is shown in Fig. 15. In this case the bond lengths to the
ring donor sites N and O are comparable (between 2.39 and 2.55 A� ), however, the
shorter distances are directed to the ether oxygens. Also the S�S distances are 2.36
A� [S(1)···S(6a)] and 2.34 A� [S(6)···S(6a)] which are nearly uniform. Based on the
nature of the cation the thiocyanate anion is bonded strongly via its nitrogen atom.
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Fig. 14. The X-ray structure of complex [Cd(ClO4)(H2O)11a]ClO4 [50]; selected bond lengths (A� ):
Cd···N(2), 2.43; Cd···N(3), 2.36; Cd···O(1), 2.38; Cd···O(2), 2.32; Cd···O(3), 2.39; Cd···O(4), 2.28;
Cd···O(H2O), 2.29; S(1)···S(6a), 2.48; S(6)···S(6a), 2.27.

Fig. 15. The X-ray structure of complex [Na(NCS)11a]H2O [50]; selected bond lengths (A� ): Na···N(2),
2.54; Na···N(3), 2.55; Na···O(1), 2.47; Na···O(2), 2.39; Na···O(3), 2.47; Na···N(5), 2.36; S(1)···S(6a), 2.36;
S(6)···S(6a), 2.33; N(5)···H(H2O), 1.70.

It is quite interesting that this nitrogen donor gives a second interaction in the
molecule via one hydrogen bond to a water molecule (H(O)H···N, 1.70 A� ). The
resulting package motive is presented in Fig. 16 showing a channel-like structure
containing the water molecules.
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Fig. 16. Crystal packing of complex [Na(NCS)11a]H2O [50]; the small bowls are the H2O molecules.

Fig. 17. The X-ray structure of the complex [K(NCS)11b] [50]; selected bond lengths (A� ): K···N(2), 2.90;
K···N(3), 3.00; K···O(1), 2.95; K···O(2), 2.80; K···O(3), 2.75; K···O(4), 2.96; K···N(5), 2.72; S(1)···S(6a),
2.30; S(6)···S(6a), 2.37.
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Fig. 18. The calculated structure [DFT-BP86/IV(TZ+P)] of complex [NH4(NCS)11b] based on a
preliminary X-ray structure analysis [30,50]; selected bond lengths (A� ): N(5)···O(1), 3.07; N(5)···O(2),
3.04; N(5)···O(3), N(5)···O(4), 3.07; N(5)···N(2), 3.06; N(5)···N(3), N(5)···N(6), 2.97; S(1,6)···S(6a), 2.37.

Potassium and ammonium thiocyanate 1:1 complexes with 11a and b have been
synthesised. The structures of the complexes with 11b are given in Figs. 17 and 18.
In both cases the resulting arrangement in the crown cavity is nearly symmetrical.
Two short K···O contacts (2.75 and 2.80 A� ) and two longer ones (2.95 and 2.96 A� )
are observed; the K···N distances are 2.90 and 3.00 A� . By analogy with sodium also
in case of potassium the thiocyanate anion is strongly bound resulting in a short
contact to its nitrogen atom (2.72 A� ). The two S�S distances in the heterocyclic
building block are again comparable (2.30 and 2.36 A� ). Because the refinement of
the structure of the ammonium thiocyanate complex with 11b was limited, the
structure has been calculated by the DFT method [50] on the basis of the
provisional X-ray structure analysis [54]. The ion is fixed in the hole of the crown
by three fluctuating hydrogen bonds to the two pentalene nitrogens and the four
ether oxygens. An additional hydrogen bond is formed with the nitrogen of the
thiocyanate anion. In the structure presented, the two S�S distances in the thiaaza-
pentalene function are uniform (2.37 A� )[26]. The bond lengths are of the same
order of magnitude as for sodium and potassium.

7. Conclusions

The combination of the redox switchable heterobicyclic trithiadiazapentalene unit
with different amine containing building blocks leads to a series of novel open-
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chain and macrocyclic ligand systems for metal and ammonium ions. The gradu-
ated binding of silver(I) and mercury(II) is dependent on the ring size of the crown
type materials and the redox state of the thiaazapentalene function. This behaviour
allows one to switch the complexation process and therefore to control the
selectivity. Both the experimental and the theoretical studies of the systems investi-
gated up until now show the specific feature of the trithiadiazapentalene building
block. This aromatic �-system influences on the one hand, the donor capacity of the
potential donor sites and on the other the flexibility of the ligand molecule. The
resulting binding behaviour depends strongly on the nature and size of the
coordinated metal centre. The S�S bond lengths of the trithiadiazapentalene group
in the solid state are particularly sensitive to the nature of the bound cation.
Therefore the crystal structures of the complexes differ significantly.

The characteristic binding behaviour could be useful for the separation and
concentration processes by liquid–liquid extraction and liquid-membrane
techniques.
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[50] K. Gloe, M. Wüst, T. Rambusch, H. Graubaum, W. Seichter, Z. Anorg. Allg. Chem., in
preparation.

[51] (a) J.W. Sibert, S.J. Lange, C. Stern, B.M. Hoffman, A.G.M. Barrett, J. Chem. Soc. Chem.
Commun. (1994) 1751;
(b) K. Kubo, A. Mori, N. Kato, H. Takeshita, Chem. Lett. (1995) 629.

[52] F. Tittelbach, H. Graubaum, unpublished results, see also Ref. [15].
[53] A. Hazell, R.G. Hazell, M.F. Holm, L. Krogh, Acta Crystallogr. B 47 (1991) 234.
[54] N. Krauss, unpublished results, see also Ref. [30].


