
Self-organized ball-shaped molecular assemblies in water

Thomas Grawe,1 Thomas Schrader,2* Marion Gurrath,3 Arno Kraft4* and Frank Osterod1

1Institut fuÈ r Organische Chemie und Makromolekulare Chemie, UniversitaÈ t DuÈ sseldorf, UniversitaÈ tsstr. 1, D-40225 DuÈ sseldorf, Germany
2Fachbereich Chemie, Philipps-UniversitaÈ t Marburg, Hans-Meerwein-Str., 35032 Marburg, Germany
3Institut fuÈ r Pharmazeutische Chemie, Heinrich-Heine-UniversitaÈ t DuÈ sseldorf, UniversitaÈ tsstr. 1, D-40255 DuÈ sseldorf, Germany
4Department of Chemistry, Herriot-Watt University, Edinburgh EH14 4AS, UK

Received 27 August 1999; revised 9 April 2000; accepted 19 April 2000

ABSTRACT: A trisphosphonate and various triammonium and trisamidinium compounds, all containing aC3 axis of
symmetry, form strong 1:1 complexes in methanol and water. The structural information about these complexes is
best explained in terms of self-assembly by means of a cyclic array of alternating charges resulting in the geometrical
shape of a molecular capsule. Copyright 2000 John Wiley & Sons, Ltd.
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Chemists have recently imitated Nature by designing
molecular capsules which self-assemble from smaller
components by virtue of multiple non-covalent interac-
tions (for a review, see Ref. 1a; for recent work on self-
organized molecular capsules based on hydrogen bonds,
see Refs 1a–i). A prominent example is the supramol-
ecular tennisballs created by Rebek and co-workers,
which spontaneously self-assemble from self-comple-
mentary building blocks (Fig. 1).2 Multiple hydrogen
bonds lead to formation of a closed architecture, which
can accommodate guest molecules with the right size and
polarity. However, most of these model systems rely on
weak directed hydrogen bonds, and are hence restricted
to non-polar solvents. Other approaches make extensive
use of hydrophobic interactions (as, e.g., in cyclodextrin
dimers) (exceptions: molecular capsules in water using
the hydrophobic effect3) or generate metal complexes
with multifunctional bidentate ligands, which are able to
include certain counterions (metal chelates4). We now
report on a simple and versatile access to self-organized
spheroidal molecular assemblies, which also strongly
hold together in water. These are composed of highly
charged complementary building blocks based on
ammonium and phosphonate ions (a relatively vague
self-organization of a molecular capsule based on flexible
ammonium carboxylate ion pairs has been described.5).
Multiple salt bridges enforced by an alternating array of
oppositely charged functional groups should lead to
strong binding even in highly polar solvents such as
methanol or water. This could ultimately open a new

dimension for the selective transport of guest molecules
by such molecular containers in physiological solution
(Fig. 1).

The parent trianion was synthesized in five steps from
benzenetricarboxylic acid. After an Arbuzow reaction in
the penultimate step the respective trisphosphonate was
generated by alkaline hydrolysis with tetrabutylammo-
nium hydroxide furnishing directly theC3v symmetrical
trisphosphonate salt.6 The corresponding trication was
prepared as a set of various triammonium und trisami-
dinium salts all of C3 symmetry in their complex
conformation, but with a different degree of flexibility
(Fig. 2). Thus, the new concept of combining comple-
mentary half-spheres offers a substantial improvement
over the self-complementary ‘one subunit–one complex’
strategy, in that the number of possible complexes is
multiplied by simple variation of the structure of either
subunit. MostC3v symmetrical triammonium compounds
were synthesized by established procedures; however, for
the trisamidinium derivatives, Kraft developed new
entries7 (Two crystal structures of bulkyN, N'-disub-
stituted aromatic amidines confirm the strong twist of the
amidine moieties7c,d).

A first hint at the desired complex formation came
from Job’s method of continuous variations.8 Job plots
for mixtures of the respective trications with the above-
described trianion revealed a perfect 1:1 stoichiometry
(Fig. 3a). The changes in chemical shift for several CH
protons surpassed 0.3 ppm even in methanol, indicating a
strong interaction in the complex. Since all NMR signals
remained sharp throughout the entire series of NMR
experiments, the existence of oligomers or even polymers
seems unlikely.

We performed NMR titrations with both complex
partners and plotted the dependence of the change of the
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chemicalshift of ‘guest’ protonson theamountof added
‘host’ molecule(thechoiceof thenameguestandhostis
certainly arbitrary in this case).The resulting binding
curvesshowedan extremelysharpcurvatureand were
analyzedby non-linearregressionmethods(Fig. 3b).9 In
all casesa goodfit of the experimentalto the calculated
curvesfor 1:1 stoichiometrywasfound.In methanol,the
respectiveassociationconstantsrange from 104 up to
106 Mÿ1. In water,binding is still strong,in the rangeof
(1–4) � 103 Mÿ1 (Table 1). Theseextraordinarilyhigh
binding constantsconstitutea strong argumentfor the
spheroidalstructure of the complex. Even in DMSO
(which is much less polar than methanol) the single
ammonium–phosphonateinteractionis not strongerthan
103 Mÿ1.

No chemicallyinducedshifts (CIS) could be detected
for the tetrabutylammoniumcounterions.However,we

cannotrule out thepossibility that counterionsinfluence
theaggregationbehaviour.It is conceivable,for example,
thatevenbeforecomplexationthechloridecounterionsof
the trisammoniumions occupy thoseplaceswhich are
latertakenoverby thephosphonatemoieties.Hencethey
might produce a network of alternating positive and
negativechargeswith acertaindegreeof pre-orientation.
Suchhigh binding constantsgive a good basisfor the
design of container molecules in protic solvents.
Although we could not preparecrystalsof the complex
suitable for an x-ray structureanalysisbecauseof the
strongly hygroscopiccharacterof the trisphosphonate,
we wereableto detecta molecularion peakfor the1 –2
complex with chemical ionization, but no peaks for
higheroligomers.

The geometric parametersgoverning the complex
formation betweentrisphosphonate1 and triammonium
pendant 2 were investigatedby thorough molecular
mechanicssimulationsemployingthecff91 force-fieldas
implementedin the DISCOVER simulation package.10

Thesimulationswerecarriedoutunderexplicit treatment
of an aqueoussolventenvironment.A seriesof energy
minimizationsusingthe VA09A algorithm(a variantof
an iterativeNewton–Raphsonmethod)10 conductedover
5000 iterations startedfrom different mutual complex
geometries.Interestingly, all simulationsconvergently
revealedthesamefinal complexgeometrycharacterized
by the alternating array of three positive and three
negativechargesinterconnectedby a network of stable
hydrogen bonds. The convergentconformationalout-
come of these simulations, irrespectiveof the initial
orientationandconformationof both complexpartners,
clearly supportsthe relevanceandenergeticstability of
the resulting structural hypothesisdepicted in Fig. 1.
Detailedconformationalsearchesprove this array to be
far morestablethananyrespectivesimpleion pairs,even
in a watersurrounding10 (for flat structures,which form
simple ion pairs, seeRef. 11). It forcesall the flexible

Figure 1. Hydrogen-bonded self-assemblies for solvents of different polarity

Figure 2. C3v-symmetrical triammonium und trisamidinium
cations 2±5 in their complex conformation used for the NMR
titrations with trisphosphonate 1
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armsof eachmoleculeto point in thesamedirectionlike
thefingersof aclawor like anopenmouth.Bothcomplex
partnersarelockedtogethersimilarly to gearwheelsand
thusform amolecularcapsule.Calculationsof its vander
Waalssurfacerevealaninternalcavity of approximately
the size of a diatomic molecule. Even the Connolly
surface,i.e. the water-accessibleareaaroundthe com-
plex,revealsasmallcavity(Fig.4).12However,inclusion
of HF, CO or otherdiatomicmoleculesleadsto a small
destabilization and widening of the capsule; these

spheroidal aggregatesmay be just too small for a
favorableinclusionof diatomic guests.So far, we have
notbeenableto proveanyinclusionof smallguestssuch
asmethanolor water.

It is well knownthatmostself-organizationprocesses
are governedby a delicate balancebetweenenthalpic
gainandentropiccost.In ourcase,thethreeflexiblearms
of host and guest molecules have to be frozen
simultaneouslyin theproductiveclaw-likeconformation.
Sincethey areall covalentlyattachedto a centralcore,
the entropychangecanbe reducedto a (drastic)lossin
torsionalentropy.We are currently increasingboth the
rigidity and individual size of the half-spheres.With
highly pre-organizedcomplementarybuilding blocks
avoidingentropy-costlybonds,wehopeto achievestrong
binding to give molecularcapsulesunderphysiological
conditions.Thetransportof drugs,sensorsor reagentsby
suchartificial containermoleculeswould pavethe way
for a wide rangeof possibleapplications.1

EXPERIMENTAL

General protocol for the NMR titrations. Ten NMR

Figure 3. (a) Job plot of the complex between trisamidinium compound 5 and trisphosphonate 1 in CD3OD; during the 1H NMR
experiment the signals of the aromatic and methyl group of 5 were detected. (b) Typical NMR titration curves plotted as the
dependence in the change of the chemical shift of selected CH protons of triammonium salt 2 on the addition of
trisphosphonate 1: (top) in methanol; (bottom) in water

Table 1. Association constants Ka(1:1) (Mÿ1) for the 1:1
complexes between C3 symmetrical trications and 1 deter-
mined by NMR titrations in deuterated methanol and water
(pD� 7.0) at 20°C (errors in Ka were estimated as standard
deviations of �50% for Ka �106

M
ÿ1)

Ka(1:1) (M
ÿ1)

Compound In CD2OD In D2O

2 1.4� 105 4.0� 103

3 4.8� 104 3.8� 103

4 9.9� 105 1.2� 103

5 1.1� 106 1.1� 103
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tubeswere eachfilled with 0.8ml of a solution of the
guest compound(cguest = 0.5–4mM) in a deuterated
solvent(methanol-d4 or D2O).Thehostcompound(1.525
equiv. correspondingto the guest) was dissolved in
0.61ml of the samesolvent,and the resultingsolution
wasaddedin increasingvolumesfrom 0–5equiv. to the
guestsolution in 10 NMR tubes.Owing to its strong
hygroscopicity, the tetrabutylammoniumphosphonate
solution containedca 0.3–0.6%of water. Volume and
concentrationchangeswere taken into accountduring
analysis.The associationconstantswere calculatedby
non-linearregressionmethods.9

General protocol for the Job plots. Equimolarsolutions
(10mmol in 10ml, ca. 10mM) of trication and trispho-
sphonatewerepreparedandmixed in variousamounts.
1H NMR spectraof themixtureswererecorded,andthe
chemicalshiftswereanalysedby Job’smethodmodified
for NMR results.8

Acknowledgements

M.G. thanksthe Land Nordrhein-Westfalenfor a Lise-
Meitner-Habilitationsstipendium.

REFERENCES

1. (a) Conn MM, RebekJ. Chem.Rev. 1997; 97: 1647–1668;(b)
Heinz T, Rebek J. Nature (London) 1998; 394: 764–767; (c)
Martin T, Obst U, RebekJ. Science1998; 281: 1842–1845;(d)
MammenM, SimanekEE, WhitesidesGM. J. Am. Chem.Soc.
1996; 118: 12614–12623;(e) Kikuchi Y, TanakaY, SutartoS,
KobayashiK, Toi H, AoyamaY. J. Am. Chem.Soc.1991; 114:
10302–10306;(f) VreekampRH, VerboomW, ReinhoudtDN. J.
Org. Chem.1996;61: 4282–4288;(g) Mogck O, BöhmerV, Vogt
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Figure 4. (a) Calculated Connolly surface for the complex between 1 and 2 (solvent-
accessible area around the complex. (b) View into the 1:1 complex of 1 and 2 with internal
cavity
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