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The ability of ligands to partition into different binding
domains is instrumental in the formation of transition-metal
supramolecular architectures. For this reason ligands are
designed and synthesized to contain binding sites of differing
nature and number. Hence, on reacting such ligands with
metal ions, a desired supramolecular architecture assembles
as a result of the particular disposition of the binding sites.[1]

The information stored within a ligand strand can lead to a
variety of supramolecular species, such as helicates,[2] grids,[3]

and cages.[4] Once a ligand has been synthesized the informa-
tion is permanently stored within it and the ligand can
therefore be thought of as being “preprogrammed”.[5] Herein,
we describe a remarkable new ditopic ligand L1, whose
binding modes can be changed or “reprogrammed” by the
addition of barium ions to a crown ether moiety. This is
related to the allosteric effect demonstrated by Rebek et al.,
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who used a derivative of 2,2’-bipyridine in which the twist
between the two pyridyl rings was influenced by remote
conformational changes in a crown ether fragment joining the
backs of the rings.[6] However, in the case of L1 reported
herein, there is a fundamental difference in that the cation
that binds to the crown ether moiety changes the gross
molecular structure.

The ditopic ligand L1 was prepared from 2,2’-bipyridine-
3,3’-dimethanol as outlined in Scheme 1. L1 contains a

potentially tetradentate pyridyl–thiazole ligand chain and an
additional “external” crown ether binding site that connects
the two halves of the bipyridyl moiety. On treating L1 with an
equimolar amount of Hg(ClO4)2·3H2O in MeCN a colorless
solution was produced, and ESI MS showed the formation of

a dinuclear double helicate with an ion at m/z 1924
corresponding to [Hg2(L

1)2](ClO4)3
+. The 1H NMR spectrum

of [Hg2(L
1)2]

4+ in CD3CN shows only three aromatic reso-
nances for the pyridyl–thiazole moiety which is consistent
with a highly symmetrical, double-helicate complex. Further-
more, the benzylic -CH2O- fragment has a diastereotopic
methylene group, which, as expected, gives rise to two
doublets (d= 4.50 and 4.39 ppm; Figure 1a).

Treatment of [Hg2(L
1)2]

4+ with an excess of NaClO4

(3 equiv) followed by crystallization afforded the complex
[Hg2(L

1)2Na2](ClO4)6·4MeCN, whose structure has been
established by a single-crystal X-ray diffraction studies.[7] In
the crystal, the ligand splits into two bis-bidentate binding
domains with two Hg2+ ions coordinated by two bridging
ligands in a double-helicate arrangement (Figure 2). Each of
the Hg2+ centers has a distorted tetrahedral geometry formed

Scheme 1. Reagents and conditions: a) penta(ethylene glycol) di-p-tol-
uenesulfonate, DMF, NaH, 60%; b)mCPBA, CH2Cl2, 70%; c) TMSCN,
PhCOCl, CH2Cl2, 83%; d) H2S, Et3N, EtOH, 90%; e) chloroacetone,
EtOH,76%.

Figure 1. Selected regions of the 1H NMR spectra (CD3CN) of a) [Hg2(L
1)2]

4+, b) [Hg2(L
1)2]

4+ + Na+, c) [Hg2(L
1)2]

4+ + Ba2+.

Figure 2. Structure of the complex cation of [Hg2(L
1)2Na2]

6+.
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by coordination of two thiazole–pyridyl bidentate N-donor
units [2.107(5)–2.535(5) ?], one from each ligand. Each
ligand is twisted about the central bond between the two
pyridyl rings [92.2 and 93.78]. In theory, L1 can act as either a
bis-bidentate or a tetradentate N-donor ligand. However, in
this case, owing to the preference of Hg2+ for tetrahedral
geometry, the ligand acts as a bis-bidentate donor and forms a
dinuclear double helicate.

Both crown ethers partially coordinate sodium ions. In
one case the Na+ is seven-coordinate and bonds to five oxygen
atoms (2.351(5)–2.693(5) ?) from the [16]crown-6 fragment,
leaving one of the benzylic oxygen atoms uncoordinated. The
remaining two coordination sites incorporate an acetonitrile
molecule and a perchlorate anion. The other Na+ ion is five-
coordinate and is only coordinated by the four “outer”
oxygen atoms (2.319(7)–2.545(6) ?) of the crown ether ring,
leaving both benzylic oxygen atoms uncoordinated. A single
monodentate perchlorate anion completes the coordination
environment. The inability of the sodium ions to coordinate
all of the crown oxygen atoms is to be expected, given that a
crown-6 type fragment is known to be too big to coordinate
optimally to the Na+ cation.

The weak Na+ cation binding observed in the solid state is
maintained in solution. Thus ESI MS shows ions at m/z 2046
and 2168, which correspond to [{Hg2(L

1)2Na}(ClO4)4]
+ and

[{Hg2(L
1)2Na2}(ClO4)5]

+, respectively. Similarly, the 1H NMR
spectrum of the sodium species in CD3CN is similar to that of
[Hg2(L

1)2]
4+, but in this case a shift in the -CH2O- region of

approximately 0.02 ppm confirms that the crown ether is
weakly coordinated to Na+ in solution (Figure 1b).

In marked contrast, reaction of [Hg2(L
1)2]

4+ with
Ba(ClO4)2 affords a colorless solution for which ESI MS
shows only an ion that corresponds to the mononuclear
complex [{Hg(L1)Ba}(ClO4)3]

+. Additionally, the 1H NMR
spectrum in CD3CN showed a marked change in the signals
that arise from both the benzylic -CH2O- and the aromatic
regions (Figure 1c). These signals are substantially shifted
relative to those for [Hg2(L

1)2]
4+ (-CH2O- average Dd=

0.63 ppm) or its Na+ derivative. Chemical-shift changes of
this order in the aromatic region are more indicative of a
change in molecular structure rather than the relatively small
changes that would be observed with coordinative perturba-
tion of the crown. The formation of the mononuclear species
was confirmed by X-ray crystallography,[7] which showed a
six-coordinate Hg2+ complex with a distorted octahedral
environment (Figure 3). The ligand acts as a near-planar
tetradentate “equatorial” ligand, with two perchlorate anions
acting as bidentate axial ligands. The Hg�N bonds range from
2.24(1) to 2.47(1) ?. The ligand is almost planar but exhibits a
shallow helical twist caused by the unfavorable steric
interactions between the methylene substituents on the
central bipyridyl core (33.18). The barium ion is ten-coordi-
nate and strongly bonded to all six of the crown ether oxygen
atoms (2.76(1)–2.90(1) ?), with the oxygen atoms of two
perchlorate anions acting as bidentate O-donor ligands.
Unlike the sodium analogue, all of the oxygen atoms in the
crown ether moiety form bonds to Ba2+, reflecting the good
size match between the ion and the crown-6 fragment and the
electron-deficient character of the Ba2+ dication.

Thus, in the presence of Hg2+ and Na+, the ligand L1 forms
a dinuclear double helicate complex, whereas in the presence
of Hg2+ and Ba2+ a mononuclear species is formed exclusively.
Such control of self-assembly can be attributed to one of two
factors: First, an electrostatic effect as coordination of barium
to the helicate would lead to a highly charged 8+ ion.
Subsequent disassembly to the mononuclear species would
then lower the extent of electrostatic repulsion and increase
the entropy of the system. However, the change in structure
could also be attributed to an allosteric effect. Thus, in the
helicate [Hg2(L

1)2Na2]
6+ the sodium ions are coordinated by

the crown ether moieties but, owing to the poor fit of the Na+

in the [16]crown-6 fragment, at least one of the benzylic
oxygen atoms remains uncoordinated. This poor fit allows the
ligand to twist about the central bipyridyl unit, enabling it to
partition into two bidentate domains and assemble into a
dinuclear double helicate. In contrast, upon reaction with
Ba2+ the mononuclear species [Hg(L1)Ba]4+ is formed. In this
system both benzylic oxygen atoms are coordinated, thus
restricting the previously observed conformational mobility
of the ligand. This prerequisite for helicate formation being
absent means that the ligand does not partition into separate
bridging units but instead acts as a simple tetradentate donor.

In an effort to ascertain which effect controls the self-
assembly, systematic 1H NMR studies were carried out to
monitor the effect of addition of different Group 1 and 2
metal ions to the ditopic helicate [Hg2(L

1)2]
4+. This revealed

that dinuclear double helicates are formed in the presence of
smaller metal ions of both Group 1 and 2 (i.e. [Hg2(L

1)2M2]
6+/8+,

M=Li+, Na+, or Mg2+), whereas mononuclear species are
formed with Ba2+ and Sr2+ (i.e. [Hg(L1)M]4+, M=Ba2+ or
Sr2+). Upon addition of K+, which is similar in size to Ba2+ but
only singly charged, a mixture of species is formed
([Hg2(L

1)2K2]
6+/[Hg(L1)K]3+= 1:2) whereas with Ca2+, which

is doubly charged but is smaller than K+, a mixture of species
is also observed, but the ratios are the reverse of that found
with K+ ([Hg2(L

1)2Ca2]
8+/[Hg(L1)Ca]4+= 2:1). Given these

results, it would appear that no one factor is dominant in this
control of self-assembly and that both electrostatic and
allosteric effects play important roles.

So far, this system represents a unique example of how
ligand-binding domains can be changed or “reprogrammed”
by a combination of electrostatic and allosteric effects.

Figure 3. Structure of the complex cation of [Hg(L1)Ba]4+.
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Experimental Section
L1 was prepared in five steps from 2,2’-bipyridine-3,3’-dimethanol
(24% overall yield): 1H NMR (400 MHz, CDCl3): d= 8.23 (2H, d, J=
8.14; pyridyl H), 8.11 (2H, d, J= 8.14; pyridyl H), 6.91 (2H, s;
thiazole H), 4.84 (4H, s; OCH2), 3.55–3.35 (20H, m; O(CH2)2O),
1.55 ppm (6H, s; Me); 13C NMR (100.6 MHz, CDCl3): d= 168.6,
155.3, 154.6, 149.3, 138.3, 135.3, 119.1, 116.5 (pyridyl and thiazole),
71.1, 71.0, 70.7, 70.6, 70.3, 66.3 (CH2), 17.8 ppm (Me); elemental
analysis: calcd for C30H36N4O6S2 (%): C 58.8; H 5.9; N 9.1; found: C
58.6, H 5.6, N 8.6; MS ESI: m/z : 613 [MH+].

Both [Hg2(L
1)2Na2](ClO4)6 and [Hg(L1)Ba](ClO4)4 were pre-

pared in an analogous manner: Hg(ClO4)2·3H2O (0.007 g.
0.016 mmol) was added to a suspension of L1 (0.010 g, 0.016 mmol)
in MeCN, and the solution was stirred until dissolution was complete.
NaClO4 or Ba(ClO4)2 (3 equiv) was then added, and the complexes
were isolated by slow diffusion of Et2O.

[Hg2(L
1)2Na2](ClO4)6 (65% yield): 1H NMR (400 MHz, CD3CN):

d= 8.16 (d, J= 8.2 Hz, 2H; pyridyl-H), 7.96 (d, J= 8.2 Hz, 2H;
pyridyl-H), 7.90 (s, 2H; thiazole-H), 4.48 (d, J= 14.3 Hz, 2H; OCH2),
4.42 (d, J= 14.3 Hz, 2H; OCH2), 3.7–3.3 (m, (overlapping), 20H;
O(CH2)2O), 2.59 ppm (3H, s, Me); MS ESI: m/z : 2168 [M+].

[Hg(L1)Ba](ClO4)4 (50% yield): 1H NMR (400 MHz, CD3CN):
d= 8.42 (d, J= 8.1 Hz, 2H; pyridyl-H), 8.31 (d, J= 8.1 Hz, 2H;
pyridyl-H), 7.78 (s, 2H; thiazole), 5.22 (d, J= 14.5 Hz, 2H; OCH2),
4.93 (d, J= 14.5 Hz, 2H; OCH2), 3.8–3.3 (m, (overlapping), 20H;
O(CH2)2O), 2.78 ppm (3H, s, Me); MS ESI: m/z : 1248 [M+].
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