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Self-assembly reactions are not yet as predictable to the
same degree as classical reaction sequences. Often, highly
interesting structures are obtained through a combination of
intuition, conjecture, and serendipity.[1] Herein, we report the
formation of two closely related supramolecular structures
that were obtained in a programmed way. Our intention is to
fabricate supramolecular complexes of the type A from
octahedrally coordinating metal ions.

Complexes of this type are chiral (D4 symmetry) as a
consequence of the special way the ligand strands enfold the
cations. Chirality is the main feature that distinguishes them
from the related grid-type complexes B investigated by J.-M.
Lehn and co-workers,[2a,b] and other recently reported molec-
ular squares.[2c,d]

To achieve such structures we had to design a ligand that
fulfils the following demands: 1) it must offer two terpyridine-
type binding sites to cover each half of the coordination
sphere of an OC-6 cation in a mer configuration; 2) it must be
geometrically rigid, and define the side of a square in a
tetranuclear self-assembled species; and 3) the orientation of
the binding vectors of the two terpyridine (terpy) units must
be antiparallel, in order to make the ligand coordinate to the
metal ions once from ªaboveº and once from ªbelowº the
plane defined by the four metal ions. These requirements, and
especially the relative orientation of the binding sites, are
fulfilled in ligand L1, in which two 2,2'-bipyridin-6-yl groups
are attached to a central pyrazine ring at positions 2 and 5.[3]
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This ligand yields the desired tetrameric assembly with Zn2�

ions. The solution behavior of [Zn4(L1)4](PF6)8 (1) in MeCN
was investigated by electrospray-ionization mass spectrome-
try (ESI-MS) as well as by 1H and 13C NMR spectroscopy. The
mass spectrum (Figure 1 a) reveals the tetrameric structure of
1 and displays peaks that are attributed unambiguously (from
their isotopic distribution pattern) to fragments of the type
[Zn4(L1)4](PF6)n (n� 3 ± 6).

The 1H NMR spectrum of the complex in CD3CN displays
one half-set of hydrogen atoms that originate from L1; the

Figure 1. a) ESI mass spectrum of [Zn4(L1)4](PF6)8 (a) and
[Zn4(L2)4](PF6)8 (b) in MeCN. Inset: found (top in both) and calculated
(bottom in both) isotopic distribution for {[Zn4(L1)4](PF6)6}2� and
{[Zn4(L2)4](PF6)5}3�, respectively.

symmetry of the ligand is thus not broken upon complexation.
All resonances have been identified by 2D experiments
(1H1H-COSY, NOE). The spectrum of 1 is always accompa-
nied by a minor species with the same number of signals and
the same coupling patterns. The relative amount of this minor
species increases at lower overall concentrations of 1 and
decreases at higher temperatures. Detailed studies revealed
the existence of an equilibrium between a trimer[4] of type C
and a tetramer, with the tetramer being the major species in
the concentration range investigated. The thermodynamic
parameters of this equilibrium are given in Figure 2.

Figure 2. Temperature dependence of the tetramer/trimer equilibrium.
The thermodynamic data were obtained by 1H NMR spectroscopy. The
equlibrium constants have been calculated from the integrals over three
different protons (^: HÿC(3'); ~: HÿC(5'); &: HÿC(3''')). The resulting
thermodynamic constants are: lgKo(303 K)�ÿ (8.43� 0.02); DHo�
ÿ (74.5� 10.0) kJ molÿ1; DSo�ÿ (406� 12) J molÿ1 Kÿ1.

The formation of the trimeric form from the tetramer is
hence exothermic but endotropic. The negative DHo value
must be the result of a better solvation of the trimeric
complexes. The higher ªring strainº in the trimer resulting
from a strong deviation from the ideal octahedral coordina-
tion geometry at the Zn2� ions can probably be neglected
because of the absence of ligand-field stabilization in Zn2�

ions. Thus the reduction of ªvoid spaceº on going from the
tetramer to the trimer dominates the reaction enthalpy. The
negative reaction entropy is not easily understood, as both the
number of complex ions and the configurational diversity
increase upon the formation of the trimer. The same counter-
intuitive behavior has been reported very recently for the
equilibrium between the hexameric and tetrameric form of a
silver-containing circular helicate.[5]

Complex 1 crystallizes[6] from MeNO2/Et2O as a racemic
compound in the centrosymmetrical space group C2/c (Fig-
ure 3). The symmetry of the complex in the crystal is C2, and
the zinc ions define a symmetrical trapezoid which is close to a
square (a� 89.49(0.01)8, b� 90.51(0.01)8). The lengths of the
coordinative bonds are not unusual: ZnÿN(pyridine) varies
from 2.050 to 2.126 �, while the bonds to the pyrazine
nitrogen atoms are considerably longer (2.244 ± 2.311 �),
probably as a result of electronic communication through
the pyrazine ring. Two of the eight PF6

ÿ counterions are in
close contact with the complex ion and occupy positions
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Figure 3. Crystal structure of the racemic compound [Zn4(L1)4](PF6)8.
Only the all-~D enantiomer is shown.

above and below the center of the square (Figure 3). Large
numbers of disordered solvent molecules complicated the
refinement of the structure. Related structures have been
reported with the commercial ligand bispyridyltetrazine.[7]

After having obtained the racemic complex 1, we envisaged
the stereoselective synthesis of similar molecular assemblies.
For this purpose we developed L2, a chiral derivative of L1. By
rendering the ligand chiral, the all-~D and all-~D isomers of the
complex, which are enantiomers in the case of achiral L1, will
become diastereomers with L2 (D and E in Scheme 1).

Scheme 1. Schematic representation of the two diastereomers of tetranu-
clear complexes with L2. The methyl groups of the pinene moieties in D
point to each other at the ªcornersº of the square, while in E their
orientation is along the sides of the quadrangle.

The ªchiralizationº (that is, chiral derivatization) of the
ligand was achieved quite straightforwardly by introducing
pinene moieties, a technique used many times before for

pyridine-type ligands.[8] The auto-assembly process delivers
the tetranuclear Zn2� complex (all-~D )-[Zn4((R,R)-L2)4](PF6)8

(2) as the major product with a high diastereomeric excess and
in high yield.

The 1H NMR spectrum shows that three minor species are
also present; these species are presumably the other diaster-
eomer of the tetramer and the two diastereomers of the
trimer. Although further quantitative analysis of the NMR
data is difficult because the signals are insufficiently sepa-
rated, we can confirm that for a concentration suitable for
NMR measurement (here 11.7 mmol Lÿ1), over 95 % of the
mass of complex 2 is present as the dominant diastereomer of
the tetrameric complex, which is the same as that found in the
solid state.

The crystal[9] contains only one diastereomer of 2 (type D,
Scheme 1). The asymmetric unit comprises one complex
molecule (Figure 4), and all the Zn2� ions are thus crystallo-
graphically inequivalent. The parameters of the coordinative

Figure 4. Crystal structure of [Zn4(L2)4](PF6)8.

bonds are in the usual range (ZnÿN(pyridine) 2.077 ± 2.171 �,
ZnÿN(pyrazine) 2.234 ± 2.359 �). Again, two PF6

ÿ ions are in
close contact with the complex ion (not displayed). The X-ray
structure analysis does not only establish the relative config-
uration of the complex (configuration of the ligand$ config-
uration at the metal centers), but it also confirms the absolute
configuration ; the Flack parameter[10] converged to 0.016(13)
for the absolute structure containing the (R,R)/~D isomer of
the complex.

In conclusion, we have reported a new type of chiral square
complex and presented for the first time the configurational
predetermination of the metal centers in such a tetramer by
the use of a chiral ligand.

Experimental Section

The syntheses of L1 and L2 will be reported, together with isomeric and
related pyrazine containing ligands, in a forthcoming publication.

rac-[Zn4(L1)4](PF6)8 (1) was obtained by treating L1 with a stoichiometric
amount of Zn(ClO4)2 ´ 6 H2O in a small volume of MeCN. The ligand
dissolved within a few minutes, and after one day at RT, the complex was
isolated by precipitation from an aqueous NH4PF6 solution.
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Lipases and esterases can be used as efficient biocatalysts
for the preparation of a wide variety of optically pure
compounds.[1] Whereas a range of lipasesÐespecially of
microbial originÐare commercially available, only a few
esterases can be obtained for the kinetic resolution of
racemates or desymmetrization. In the majority of publica-
tions, pig liver esterase[2] (PLE) is used, which is isolated from
pig liver by extraction. Although it has been demonstrated
that this preparation can convert a broad range of compounds
at partially very high stereoselectivity, its application is
connected with a number of disadvantages. Besides a
variation of the esterase content between different batches,
the presence of other hydrolases particularly has to be
considered as problematic with respect to stereoselectivity.[3]

Furthermore, it has been shown that PLE consists of several
isoenzymes,[4] which in part differ considerably in their
substrate specificity. Thus, electrophoretic separation by
isoelectric focusing enabled access to PLE fractions that,

[Zn4(L2)4](PF6)8 (2) was prepared similarly, but the reaction mixture
needed to be refluxed and the subsequent PF6

ÿ salt recrystallized from
MeCN/Et2O. The yields in both cases exceeded 95%. ATTENTION : The
intermediate perchlorate salts of the complexes are explosive.
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