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Since Hodgkin and Huxley�s demonstration almost fifty
years ago that nerve signals originate from selective flux of
Na� and K� ions across cell membranes, the mechanism of ion
selectivity, particularly that of K� channels, has remained a
fascinating and central question in life sciences.[1±3] The
classical view of amide oxygen atoms serving as selective K�

binding sites has received substantial support from site-

fully polymerized (see Table 2), although with a somewhat
lesser control (the reactions were not optimized). Vinyl
acetate, a substrate known to be reluctant to undergo ATRP,
is not polymerized under the same reaction conditions.

However, similar reactions with methacrylic acid (MA) and
2-hydroxyethyl methacrylate (HEMA) are successful, as well
as controlled copolymerizations (95 % MMA/5 % MA and
90 % MMA/10 % HEMA) (Mw/Mn� 1.24 and 1.17). Since
ATRP requires a suitable adjustment between the structure of
the monomer, initiator, and atom (or group of atoms) to
provide reversible termination, the catalyst has to be fine-
tuned to each monomer. This has been exemplified for n-butyl
acrylate. For this monomer, the molecular weight distribution
dropped from 1.9 to 1.4 simply by the use of PiPr3 as the
phosphane (instead of PCy3), which demonstrates the versa-
tility of the catalyst system.

Experimental Section

All reagents and solvents were dried, distilled, and stored under nitrogen at
ÿ20 8C with conventional methods. Ruthenium complexes were synthe-
sized and purified according to the literature.[9, 13, 14] Grubbs catalyst,
[RuCl2(�CHPh)(PCy3)2], was used as received (Strem).

Polymerization of MMA: Ruthenium complex (0.0116 mmol) was placed
in a glass tube containing a bar magnet and capped by a three-way
stopcock. The reactor was purged of air (three vacuum ± nitrogen cycles)
before methyl methacrylate (1 mL, 9.35 mmol), and the initiator (ethyl
2-bromo-2-methylpropionate 0.1m in toluene, 0.232 mL) were added. All
liquids were handled with dried syringes under nitrogen. The mixture was
heated in a thermostated oil bath for 16 h at 85 8C and, after cooling,
dissolved in THF and the product precipitated in heptane. The polymer was
filtered off and dried overnight at 80 8C under vacuum.
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Table 2. [RuCl2(p-cymene)(PCy3)]-catalyzed polymerization of various
vinyl monomers.[a]

Monomer Yield [%] Mn
[b] Mw/Mn f [c]

methyl methacrylate 100 41500 1.12 0.95
tert-butyl methacrylate 80 33500 1.2 0.95
isobornyl methacrylate 70 25000 1.2 1.1[d]

n-butyl acrylate 80 37500 1.95 0.85
styrene 64 28500 1.3 0.9
vinyl acetate 0 ± ± ±

[a] Reaction conditions same as in Table 1, except for styrene (initiator, (1-
bromoethyl)benzene; temperature, 110 8C). [b] Apparent Mn for poly(tert-
butyl methacrylate), poly(isobornyl methacrylate), and poly(n-butyl acryl-
ate) determined with PMMA calibration. For poly(methyl methacrylate)
and polystyrene, PMMA and PS calibrations were used, respectively.
[c] Initiation efficiency f�Mn,theor./Mn,exp. with Mn,theor.� ([MMA]0/[ini-
tiator]0)�Mw(MMA)� conversion. [d] An initiation efficiency higher than
1 could mean that the PMMA calibration is not suitable for poly(isobornyl
methacrylate).
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specific mutagenesis and X-ray analysis of K� channel
proteins.[1] However, the conflicting recent model which also
considers the interaction of cations with p electrons of the
multiple aromatic amino acid residues in the pore region of
K� channels continues to attract a great deal of attention as
well.[2] Computational studies of benzene-cation-benzene
complexes in water with fixed and, more convincingly, with
flexible benzene ± benzene distances have provided persua-
sive support for the latter model.[4] Subsequent experimental
results with cleverly devised synthetic models[5±7] reaffirmed
the anticipated[4] limitations of fixed arene ± arene distances,
and thus provided additional incentive to explore the
potential significance of flexible cyclic arene arrays for K�

selectivity. Here we report the first synthetic, ligand-gated[8]

K� channel model with flexible arene ± arene distances.
The cell-surface receptor model 1 consists of a ligand

binding site, a spacer, and a membrane-spanning, rigid, rod-
shaped ªp slideº (Figure 1).[9] The iminodiacetate (IDA)
group was selected as the external ligand binding site because
multivalent binding of IDA to polyhistidine (pHis) through
Cu2� has been shown to induce aggregation of IDA ± lipid
conjugates in lipid bilayers.[10] The IDA group was linked
through a hydrophilic spacer to one terminus of a septi(p-
phenylene). This rigid-rod molecule may serve as a consec-
utive cation binding site or p slide for cations.[11±13]

Binding and organization of rigid-rod fluorophore 1 in lipid
bilayers were investigated using spin-labeled lipids as pre-
viously reported for other oligo(p-phenylene)s.[11, 13] Com-
pared to the emission intensity of 1 at 380 nm in unlabeled
EYPC-SUVs, the fluorescence of heptamer 1 (5 mm) was
quenched about 35 % by both 5- and 12-DOXYL-PC-labeled
vesicles.[14] Almost identical quenching efficiencies with
differently located spin labels prove transmembrane orienta-
tion of the receptor model, as shown in Figure 1.

In the circular dichroism (CD) spectra, the membrane-
bound receptor model 1 exhibits a negative Cotton effect
(CE) at 305 nm and a broad positive CE at about 260 nm
centered around the red-shifted absorption maximum at
285 nm (Figure 2, curves a and g). The dependence of the CD
absorption (De) on the oligophenylene concentration implies
that the observed induced CD originates from intermolecular
exciton coupling within a ligand-free self-assembly 2.[15] The
additional presence of membrane-bound receptor models 3
cannot, however, be excluded.

The addition of increasing concentrations of the multi-
valent ligand pHis caused a hypsochromic shift of the
absorption maximum and a strong increase of the bath-
ochromic CE; changes of the broad positive CE below 275 nm
were obscured by contributions of pHis and light scattering
from the vesicles (Figure 2). Consistent with ligand-induced
formation of transmembrane, well-ordered ªHº aggregates
(or perhaps even of single, chiral ªpinwheelº units),[16] these
spectroscopic changes were dependent on the concentration
of the receptor as well as the ligand/receptor ratio, and were
observed neither with the univalent imidazole ligand nor in
the absence of CuCl2.

The ion transport activity of the ligand ± receptor complex 4
was assessed using EYPC-SUVs with entrapped pH-sensitive
fluorophore 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) as

Figure 1. Structure and active suprastructures of receptor model 1. In all
cases, only two oligophenylenes out of an aggregate are shown; + indicates
cations bound to multiple arenes, and! the direction of cation flux during
cation/proton exchange (see Figure 3). The structure of pHis (average His/
polymer ratio� 104) is simplified. LB� lipid bilayer.

well as high external K� and high internal H� and Na�

concentrations (Figure 3 B). Under these conditions, the
transport activity of complex 4 (i.e. , the rate of intravesicular
pH change) was comparable to that of the K� channel forming
antifungal polyene amphotericin B (AmB; Figure 3 A,
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Figure 2. Representative circular dichroism and absorption spectra for
receptor model 1 (40 mm) and CuCl2 (60 mm) in the presence of EYPC-SUVs
and the following concentrations of pHis [nm]: a) 0, b) 80, c) 100, d) 120,
e) 140, f) 160, g) 0, h) 80, i) 100, j) 120, k) 140, l) 160, m) 180, n) 200, 220,
and 240.

Figure 3. A) Representative cation/proton exchange curves with ligand ±
receptor complex 4 (2.5 mm 1, 10mm CuCl2, �0.2 mm pHis) and various
extravesicular salts MCl: a) M�K, b) AmB (2.5 mm) with extravesicular K�

without Cu ± pHis, c) M�Na, d) M�TEA. Intravesicular pH was moni-
tored ratiometrically [It� Ia(lem� 510 nm, lex� 460 nm)/Ib(lem� 510 nm,
lex� 405 nm)] and normalized [(Itÿ I0)/(I1ÿ I0)]. B) Schematic represen-
tation of the transport experiments.

curves a and b).[17] Replacement of the external K� with
identical concentrations of Rb�, Cs�, Li�, and Na� gave up to
3.1-times reduced rates (Figure 3 A, curves a and c). This
increased transport selectivity for K� with respect to Na� is
among the highest observed so far with synthetic models.[5, 18]

The selectivity topology of transmembrane ion transport
mediated by supramolecule 4, an Eisenman sequence IV with
a ªlithium anomalyº, is similar to that of the permeability
ratios of K� channel proteins (Figure 4, &, &, *).[19] The

Figure 4. The selectivity topology y of two K� channels and model
compound 1. The logarithm of permeability ratios (for K� channels),[19] or
the logarithm of transport efficiency ratios (for models), is plotted against
the reciprocal cation radius; (&) delayed K� current, helix neurons; (&)
delayed K� current, skeletal muscle; (*) membrane-bound ligand ± recep-
tor complex 4 ; (*) membrane-bound ligand-free receptor 2.

selectivity for the ligand-free supramolecule 2 is lower than
that of 4, and its topology is an Eisenman sequence III,
indicating weaker interactions between ion and binding site
(Figure 4, *). The higher field strength of supramolecule 4
compared to that of ligand-free receptor 2 strongly implies
ligand-induced organization of the p slides to form consec-
utive cyclic cation binding sites, which is in good agreement
with the spectroscopic results (Figure 2).

In the presence of external tetraethylammonium cation
(TEA�), transmembrane ion transport mediated by 4 was
practically inhibited (Figure 3 A, curve d). TEA� is a potent
K� channel blocker that is thought to act by binding to a cyclic
arene tetrad in the ion-conducting pore.[1] Thus, TEA�

blockage of 4 further supports that the observed ion
selectivity originates with all likelihood from ligand-assem-
bled, consecutive arene arrays.

In conclusion, we have demonstrated that transmembrane
ion transport by ligand-assembled p slides occurs with a
selectivity topology comparable to that of K� channels, and
can be inhibited by a common K� channel blocker. These
results imply that flexible, ªdynamicº arene arrays may
indeed contribute to the selectivity of K� channels.

Experimental Section

EYPC-SUVs were prepared as previously reported,[11] but with phosphate
buffer (10 mm Na2HPO4/NaH2PO4, pH 6.4, 100 mm NaCl (negative con-
trols: 100 mm LiCl), 0.1mm HPTS). For a transport experiment, an MCl
buffer (1750 mL; 10mm Na2HPO4/NaH2PO4, pH 6.4, 100 mm MCl, M�Cs,
Rb, K, Na, Li, or TEA) was placed in a thermostated fluorescence cell, and
an aliquot (50 mL) of EYPC-SUVs stock solution (10 mm) was added. To
the stirred suspension, 250 mm 1 in DMSO/THF (20 mL, positive control:
250 mm AmB, negative control: DMSO/THF), 1mm CuCl2 (20 mL; for
AmB/2 : MCl buffer), MCl buffer (200 mL) with ca. 2 mm pHis (Sigma, for
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The reduction of metal salts provides an important way for
the synthesis of element nanoparticles. Though routes for the
generation of large transition metal clusters are well elabo-
rated,[1] comparably little is known about analogous accesses
to main group element clusters.[2] A general problem of the
synthesis of nanoparticles is the broad distribution of particle
size.[3] In contrast, a directed synthesis of small, charged main
group element clusters of uniform size exists, and recently the
chemistry of homoatomic clusters of Group 14 elements
received new impulses through the synthesis and structure
determination of the phases Rb12Si17,[4] A4Ge9 (A�K, Cs),[5, 6]

K12Ge17,[5] and K4Pb9.[7] The crystalline compounds, which are
synthesized from the elements at several hundred degrees, are
Zintl phases with discrete nine-atom E9

4ÿ clusters. In the case
of the 12:17 phases additional tetrahedral E4

4ÿ units are
present. The crystal structure of the corresponding phase
A4Sn9 or A12Sn17 (A� alkali metal) could not be elucidated
due to poor crystal quality.[6] Though nine-atom clusters were
observed in solution over 100 years ago[8] and the first
structural characterization was carried out already in 1976,[9]

only small amounts of well-defined products could be isolated
from solution. In the course of our studies of soluble,
homoatomic Zintl ions,[10] we report here a novel, very simple
and efficient access to homoatomic polyanions from the
elements at low temperatures.

We found that the alkali metals K, Rb, and Cs are soluble in
the crown ether [18]crown-6, which is liquid at 40 8C.[11] The
deep blue color of the melt indicates the formation of an
alkalide or electride. The blue color vanishes after addition of
an element of Group 14 to 16, indicating a reaction. To obtain
crystalline products small amounts of solvent are added to the
mixture. So far we were able to apply this procedure to the
elements C (as C60), Sn, Pb, As, Sb, Bi, and Te. Single-crystal
structure analyses reveal the presence of the anions C60

3ÿ,[12a]

Sn9
4ÿ, Pb9

4ÿ, As7
3ÿ, Sb7

3ÿ, and Te4
2ÿ.[12b] For As, Sb,[13] and Te,[14]

the formation of larger homoatomic polyanions in solution
from the elements and their isolation in crystalline form was
already known. However, in the case of Sn and Pb crystalline
products were only obtained by extraction of binary or
ternary phases.[15] With the exception of [Na4(en)7]Sn9, which
was characterized by Kummer and Strähle and which contains
disordered en molecules (en� ethylenediamine),[16] the struc-

AmB/2 : MCl buffer), and 0.5m NaOH (20 mL) were subsequently added.
Usually 400 sec after the base pulse, 10 % triton X-100 (50 mL) was added
to determine complete collapse of the pH gradient (final pH 7.4). Relative
transport efficiencies were calculated from the initial rate constants in
comparison to that with external K� (k� 1.6� 10ÿ2 sÿ1), and are given in
Figure 4. The CD, UV/Vis, and fluorescence quenching experiments were
performed as reported before.[11]
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