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ABSTRACT

We report a number of 1:1 noncovalent complexes composed of a symmetrical trisphosphonate and various symmetrical trisammonium or
trisamidinium compounds. The spheroidal complexes show high thermodynamic stability, with association constants Ka reaching 106 M-1 in
methanol and in some cases even exceeding 103 M-1 in water. The observed Ka values correlate well with the different degree of preorganization
of the complexation partners.

Self-organization of complementary moieties into new
functional structures represents a fundamental process that
is used extensively by Nature. Among others, the DNA
double helix is formed spontaneously by the template-
directed dimerization of complementary nucleic acid strands.1

Chemists have recently designed various types of molecular
capsules which self-assemble from smaller components by
virtue of multiple noncovalent interactions.2 However, most
of these model systems rely on weak directed hydrogen

bonds and are hence restricted to nonpolar solvents (for the
few exceptions, see ref 3). We now report on a simple and
versatile access to capsule-like complexes, which display a
pronounced complex stability even in water. These non-
covalent complexes are composed of highly charged comple-
mentary building blocks based on ammonium (or amidinium)
and phosphonate ions.4

Molecular mechanics simulations reproducibly revealed
a favorable symmetrical complex between trisphosphonate
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1 and trisammonium ion2 that exhibits a cyclic arrangement
of alternating positive and negative charges interconnected
by a regular network of linear hydrogen bonds.6 These
structures were calculated to be far more stable than the
respective simple ion pairs.7 The idea of generating a compact
spheroidal assembly with an alternating order of molecular
arms coming from the top and bottom unit seemed to be
very encouraging (Figure 1).

Trisphosphonate1 was prepared in two steps by a
Michaelis-Arbuzov reaction from 1,3,5-tris(bromomethyl)-
benzene, followed by hydrolysis of the trisphosphonate
hexamethyl ester with aqueous tetrabutylammonium hydrox-
ide. Complexes composed of1 and symmetrical trisammo-
nium and trisamidinium compounds gave rise to sharp signals
in 1H, 13C, and31P NMR spectra (Figure 2). Upfield shifts
for 1H NMR signals were indicative of complexation. Job
plots supported a perfect 1:1 stoichiometry.8 Evaluation of
NMR titration curves with nonlinear regression methods
revealed a large thermodynamic stability, with association
constantsKa reaching 106 M-1 in methanol (Figure 3, Table
1).9

This was an interesting result considering our initial
experiments withR,ω-diammonium ions and xylylene bis-
phosphonates, which also formed 1:1 complexes in solution.
However, their association constants were several orders of
magnitude lower than those of theirC3V-symmetrical coun-
terparts investigated in this paper.13 Even with shorter
hydrogen bond lengths and two additional charges in the
trisphosphonate complexes, the drastic increase in binding
energy can be best explained by a network of alternating

charges described in Figure 1. Such a combination of weak
multipoint interactions is reminiscent of many natural,
selective, and strong recognition processes.14

Molecular mechanics simulations of the complex between
1 and2 soaked in a solvent shell of explicit water molecules
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Figure 2. Symmetrical trisammonium and trisamidinium cations
and hexazacrown8 used for the NMR titrations with trisphospho-
nate1. All structures are depicted in theC3V-symmetrical conforma-
tion necessary for complexation.

Figure 3. Typical NMR titration curve showing the change in the
chemical shift∆δ ) δobserved- δ0 for two 1H NMR signals of
trisamidine7 (c ) 0.1 mM) on addition of trisphosphonate1 in
CD3OD.

Figure 1. Force-field-optimized structure of the complex from
trisphosphonate1 and its complementary analogous trisammonium
salt2. Left: side view of a CPK model. Right: calculated Connolly
surface5 (dotted line represents the solvent accessible area around
the complex).
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(layer thickness: 5 Å) employing a more sophisticated energy
minimization approach (quasi Newton-Raphson algorithm15a)
also indicated a high stability for the 1:1 complex even in a
highly competitive solvent environment. The calculations
starting from different hydrogen bond patterns converged
toward the proposed hydrogen bond network that is char-
acterized by a staggered orientation of the substituents and
regularly bridging hydrogen bonds.15b

It is well known that a self-organization process is
governed by a delicate balance between enthalpic gain and
entropic cost. Both starting materials are flexible molecules
with various rotatable bonds that need to be conformationally
fixed in the final complex. In this respect, the required
entropy loss for the self-organization process lies between
Rebek’s tennisball (composed of rigid halfs) and White-
sides’s rosette (composed of highly flexible components).16

Because in our example the three binding sites are all
covalently linked to an aromatic core, only torsional degrees
of freedom contribute to the free binding energy (Figure 4).

The varying number of flexible bonds within the trisammo-
nium ions should therefore reflect their total difference in
torsional entropy.17 This correlation has indeed been found

in complexes of1 with 6, 2, and4, which contain three, six,
and nine freely rotating bonds, respectively. Thus, theKa

values in Table 1, spanning several orders of magnitude,
convincingly reflect the different degree of preorganization
of the complexation partners. The smallest value for tris-
imidazoline 3 probably originates from the fact that the
trication prefers an almost planar conformation but has to
be strongly twisted for complexation.18 Trisamidine7, on
the other hand, is already ideally preoriented prior to
complexation as a result of the congestion of three bulky
N,N′-diethyl-substituted amidinium groups at the 1,3,5-
positions of the benzene ring.12 This preorganization of7
(similar to 6) explains the remarkably high association
constants with1 in organic solvents, where hydrogen bonds
considerably contribute to the overall binding strength. It
would be interesting to check if the transition from three
methyl groups in5 to the corresponding triethyl-substituted
triamine leads to increased binding due to preorganization
as Anslyn demonstrated with his citrate receptor.19

In contrast to most molecular capsules known to date,
several of our trisammonium trisphosphonates form strong
complexes even in water, withKa values varying between
103 and 104 M-1 (Table 1). In water, however, the dominating
electrostatic interaction of the hard ammonium cation is
superior to that of the delocalized amidinium cation. There-
fore, here the distribution of association constants becomes
much more uniform.

Preliminary experiments in the direction of defined higher
aggregates were already very promising. Thus, a Job plot
proved unambiguously that, even in water, a 2:1 complex
was formed between two half-spheres of1 and a belt of
hexaza-18-crown-68 (Figure 5). This shows that our

approach for the design of molecular capsules, by using a
combination of preorientation and an array of alternating
charges, can be effectively transferred to systems with more
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Table 1. Association ConstantsKa [M -1] for 1:1 Complexes
between Symmetrical Trications and1 Determined by NMR
Titrations in Methanol and Water at 20°C

tricationa Ka [M-1] in CD3OD Ka [M-1] in D2Oc

trisimidazoline 310 3.0 × 103 ( 16%b

tren 4 4.8 × 104 ( 48%
mesitylenetriamine 5 8.0 × 104 ( 34% 2.6 × 103 ( 13%
mesitylenetriamine 2 1.4 × 105 ( 11% 4.0 × 103 ( 6%
cyclohexanetriamine 611 9.9 × 105 ( 32% 1.1 × 103 ( 15%
trisamidine 712a 1.1 × 106 ( 8% 1.0 × 103 ( 9%

a Ammonium and amidinium chlorides except for6 which was used as
a bromide.b Errors are standard deviations.c pD = 7.0.

Figure 4. Schematic presentation of the self-organization process
involved in the formation of a 1:1 complex from a mixture of1
and a trisammonium or trisamidinium ion (2-7).

Figure 5. Schematic presentation of the self-organization process
involved in the formation of a neutral 2:1 complex from a mixture
of 1 and hexaza-18-crown-6 (8).
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than two components. At present we are devising larger,
highly preorganized capsules with the aim of testing their
abilities to accommodate guests in polar media. The transport
of drugs, sensors, markers, or reagents by such artificial
container molecules would, especially in physiological
solution, open the door for a wide range of possible
applications.2
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