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Abstract: The design and synthesis of tripodal ligands 1–3
based upon the N-methyl-1,3,5-benzenetricarboxamide plat-
form appended with three aryl urea arms is reported. This
ligand platform gives rise to highly preorganized structures and
is ideally suited for binding SO4

2¢ and H2PO4
¢ ions through

multiple hydrogen-bonding interactions. The solid-state crystal
structures of 1–3 with SO4

2¢ show the encapsulation of a single
anion within a cage structure, whereas the crystal structure of
1 with H2PO4

¢ showed that two anions are encapsulated. We
further demonstrate that ligand 4, based on the same platform
but consisting of two bis-urea moieties and a single ammonium
moiety, also recognizes SO4

2¢ to form a self-assembled capsule
with [4:4] SO4

2¢ :4 stoichiometry in which the anions are
clustered within a cavity formed by the four ligands. This is the
first example of a self-sorting self-assembled capsule where
four tetrahedrally arranged SO4

2¢ ions are embedded within
a hydrophobic cavity.

Oxyanions play a major role in biology and in the environ-
ment and the development of synthetic receptors for such
species is well established.[1, 2] The tetrahedral sulfate anion
SO4

2¢ is heavily solvated in competitive media and remains
extremely challenging to bind selectively.[3] In nature, SO4

2¢

binding and transport is accomplished by specific sulfate-
binding proteins using multiple well-organized and direc-
tional hydrogen-bonding arrays.[4] Consequently, great inter-

est currently exists within the chemical community in design-
ing ligands that can recognize, complex, or even transport
SO4

2¢, as well as exploring the SO4
2¢ anion as a platform for

forming anion-directed self-assemblies, such as SO4
2¢ tem-

plated capsules, through multiple-contact/binding interac-
tions.[5] From these studies, urea- and thiourea-derived
C3v-symmetric tripodal receptors have emerged as good
candidates for achieving SO4

2¢ recognition.[6] The majority
of these receptors have been based on “flexible” structures
although structurally more rigid and preorganized examples,
such as resorcinarene, pinwheel-based compounds, or more
commonly metallocages, have also been developed, the latter
giving rise to strong binding of SO4

2¢ through electrostatic
interactions.[7] Inspired by these results and the need to
develop more structurally preorganized charge-neutral recep-
tors, we recently reported[8] the synthesis of several
C3-symmetric urea-based anion receptors built on the 1,3,5-
benzenetricarboxamide[9] platform. Our previous study
showed that these structures recognized and bound anions,
such as SO4

2¢, H2PO4
¢ and Cl¢ , in a 1:1 stoichiometry.

However, as one of our main objectives was also to develop
ligands that give rise to the formation of self-assembled anion
capsules, these first-generation ligands failed this objective.
The results indicated that the secondary amides prevented the
formation of the desired preorganized cavity, instead giving
rise to the formation of more open or bowl-shaped structures.
With the goal of improving the design, molecular modelling of
related structures having N-methyl tertiary amides indicated
that such a minor structural change dramatically altered the
preorganization of the ligand and resulted in the formation of
a highly organized structure, where the urea arms are close to
being orthogonal to the central benzene platform.[10] With this
in mind we designed and prepared receptors 1–3, possessing
electron-withdrawing or lipophilic electron-donating substitu-
ents (Figure 1a), and studied their ability to bind anions with
the view of generating novel self-assembled anion capsules.[11]

Herein we show that this design strategy works, 1–3 all have
highly preorganized and “barrel”-shaped structures and have
cavities that require minimal conformational changes to
achieve strong interaction with tetrahedral anions through
hydrogen bonding. We demonstrate that this preorganization
results in the formation of self-assembled anion capsules with
SO4

2¢ in a 2:1 L :SO4
2¢ stoichiometry in solution, or by using

H2PO4
¢ in 2:2 stoichiometry (L :H2PO4

¢). Through X-ray
crystallography we demonstrate that the SO4

2¢ ion is hydro-
gen bonded through multiple hydrogen-bonding interactions,
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while the H2PO4
¢ ions are bridged by a single water molecule.

More importantly we show that 4, an analogous structure of 2
but having only two urea moieties and a free single amine
moiety, gives rise to a highly organized self-assembled
structure upon recognition of the SO4

2¢ ion. This self-
assembly process occurs through a self-sorting mechanism
from a mixture of both 2 and 4. The resulting structure was
characterized by X-ray crystallography and consists of 4 units
of ligand 4 which closely engulf 4 SO4

2¢ ions through 36
hydrogen-bonding interactions within a tetrahedron arrange-
ment.

The synthesis of the receptors 1–3 was straightforward and
was achieved in a few steps, starting from 1,3,5-benzenetri-
carbonyl trichloride and N-methyl-4-nitroaniline (see the
Supporting Information). The first intermediate (A ;
Scheme S1 in the Supporting Information) yielded crystals
from a dimethylsulfoxide (DMSO) solution that were suitable
for X-ray crystal structure analysis.[14] The crystal structure
confirmed the effect that the N-methyl group has on directing
the three aryl amides in the same direction, in a manner
predicted above (see the Supporting Information). Reduction
of A (using Pd/C and hydrazine hydrate) under microwave
conditions gave the corresponding amine (B ; Scheme S1)
which was reacted with the appropriate isocyanates in 1:3.3
ratio, giving receptors 1–3 in circa 90% yields after workup.
All three ligands were characterized using conventional
methods. Moreover, we were able to grow single crystals of
ligands 2 and 3 suitable for X-ray crystal structure analysis by
slow evaporation of CH3CN and CH3CN:DMF solutions,
respectively (Figure 1; DMF = dimethylformamide).[14] Both
structures clearly show that the three urea arms are highly
preorganized and generate an extended “cavity” within the

molecules. This can be seen clearly in
Figure 1d for 2 when viewed down the
C3 axis and from the back side. Both
ligands self-assemble further into
extended hydrogen-bonding polymeric
networks (see the packing diagrams in
the Supporting Information). As can be
seen in Figure 1 b and c, the carboxa-
mide oxygen atoms are all orientated
below the plane of the benzene plat-
form, resembling that seen in the
crystal structure of intermediate A. In
the solid-state structure of 2, two of the
urea groups have their N¢H hydrogen
atoms oriented away from the cavity,
whereas for 3 they all are oriented
away from the cavity. Moreover, in 3
the (distal) N¢H urea hydrogen atoms
interact with the 2-nitro substituent
through hydrogen bonding to form
a six-membered ring system.

We envisaged that 1–3 would self-
assemble around tetrahedral anions
such as SO4

2¢ and H2PO4
¢ through

hydrogen bonding to form supramolec-
ular capsules. Initially we studied their
formation by tracking changes within

their 1H NMR and UV/Vis absorption spectra following
titration with the tetrabutylammonium (TBA) salts of SO4

2¢

and H2PO4
¢ , as well as Cl¢ and AcO¢ . Unfortunately, the

changes in the absorption spectra in DMSO (optical density =

1.0) solution were minor upon titration with SO4
2¢, where

a small red shift for the lmax value was detected upon binding
of SO4

2¢ to 1–3 (see the Supporting Information for details).
Consequently, 1H NMR spectroscopy (400 MHz, [D6]DMSO)
titrations were conducted to probe the formation of the
anion-templated capsules in solution. In each case, the
titration of 1–3 with SO4

2¢ showed a downfield shift and
broadening of the resonance signals attributable to the N¢H
urea hydrogen atoms consistent with fast exchange (see the
Supporting Information for full titrations). Fitting the
1H NMR titration data for SO4

2¢ showed that two binding
stoichiometries exist for 1–3 (the binding isotherms and fits,
determined using the program NMRTit HGG, are given in the
Supporting Information). In the case of 1, this included the
initial formation of a self-assembly with the desired 2:1
stoichiometry (log K1:2 = 3.01, where K is the binding con-
stant), which was followed by a formation of a 1:1 stoichiom-
etry (logK1:1 = 1.76). Similarly for 2 and 3, two species were
identified in solution, with log K1:2 = 3.02 and logK1:1 = 1.96,
respectively, for 3. Titrations using H2PO4

¢ , Cl¢ , and AcO¢

were also conducted (see the Supporting Information). Of
these, the titrations with H2PO4

¢ gave dissimilar behavior; the
anion binding was in slow exchange for 1 and 2, whereas in the
case of 3 the changes were in fast exchange (see the
Supporting Information). The formation of these self-assem-
bled SO4

2¢ structures was also investigated using both
MALDI-TOF and ESI mass spectrometry. In each case, the
results showed the formation of the predicted anion-tem-

Figure 1. a) The tripodal receptors 1–3 developed in this study. b) Crystal structure of 3, showing
the preorganization induced by the N,N,N-trimethyl-1,3,5-benzenetricarboxamide platform.
c) Side view of the crystal structure of 2. d) The structure of 2 when viewed down the C3 axis.
Solvent molecules omitted for clarity. Atom colors: C = gray; N = blue; O = red; H = white.
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plated capsule species when recorded in negative mode (see
the Supporting Information). Moreover, the detected isotopic
distribution patterns matched perfectly that of the calculated
species for all three receptors. In the case of H2PO4

¢ , the mass
spectrum also showed the formation of a self-assembled
structure but only the 1:1 stoichiometry was observed.

Having analyzed the anion-templated self-assembly for-
mation in solution, we next synthesized the anion capsules by
reacting 1–3 with SO4

2¢ in various stoichiometries and solvent
conditions. From these experiments, we were able to obtain
crystals of all three complexes suitable for single-crystal X-ray
diffraction analysis.[14] The structures of 2 and 3 are shown in
Figure 2a and b, respectively. Crystals were obtained by slow
evaporation of CH3CN:DMF solutions of the products, both
of which crystallized within the triclinic space group P�1. Both
structures, (SO4

2¢)·22 and (SO4
2¢)·32 clearly demonstrate that

the anion is fully encapsulated within a cavity formed from
two interdigitated ligands, through an extended hydrogen-
bonding network involving all of the twelve urea N¢H
hydrogen atoms. The complexes are packed with two TBA
cations per complex with the packing driven through hydro-
phobic and electrostatic interactions. Although the packing
demonstrates highly hydrophobic structures, within these

channels there are also some hydrophilic pockets containing
solvent molecules, including a hydrogen-bonded water mol-
ecule that bridges two neighboring capsules through one of
the carboxamide oxygen atoms of each of the 1,3,5-benzene-
tricarboxamide units. There are also two DMF solvent
molecules within these channels per asymmetric unit. How-
ever, the encapsulated nature of the SO4

2¢ ion means it is not
accessible to these solvent molecules. In the case of (SO4

2¢)·22

the anion was strongly bound through the twelve hydrogen
bonds, with N¢H···O(S) bond lengths ranging from 1.95–
2.41 è, with an average N¢H···O bond length of 2.22 è
(Table S2). By comparing the X-ray crystal structure of 3 with
that of (SO4

2¢)·32 it is clear that the preorganization observed
in 3 is maintained to a great extent in the self-assembled SO4

2¢

capsule. The capsule forms through reciprocal intramolecular
hydrogen bonding between three urea arms of one tripod and
the nitro group of each of the urea arms of the other tripod,
with twelve intermolecular hydrogen-bond interactions
between SO4

2¢ and the two tripodal receptors. The X-ray
structure of 1 showed the same SO4

2¢ capsule formation. The
structure (SO4

2¢)·12 was obtained within the triclinic system
with space group P�1 but full refinement could not be achieved
(Supporting Information). Although the atom connectivity of
the capsule itself was clear and the SO4

2¢ ion was shown to be
hydrogen bonded to all six urea groups, the high R indices
were attributed to disorder in the TBA cations, solvent
molecules, and the CF3 groups of the ligands. Ligands 1–3
were also treated H2PO4

¢ ; however, in each case the anion
complexes were isolated as oils or oily precipitates, except for
1. This combination gave rise to the formation of crystals
suitable for X-ray crystal structure analysis. Similar to that
detected for (SO4

2¢)·12, full atom connectivity could be
established and the structures showed that 1 also formed
a capsule with H2PO4

¢ ions through an extensive array of
hydrogen-bond interactions. However, unlike that seen
above, in this case the stoichiometry was in the form of 2++2
(see the Supporting Information), where the two H2PO4

¢ ions
were bridged by a water molecule within the cage. This result
clearly demonstrates the ability of H2PO4

¢ to also act as
a template for the formation of self-assembled supramolec-
ular capsules from such highly preorganized tripodal
platforms.

It was noted during the synthesis of ligand 2 that the
1H NMR spectrum of the crude material showed the presence
of an additional minor side product which we characterized as
being the dipodal ligand, 4, where only two of the amine
groups had reacted with the isocyanate (Supporting Informa-
tion). Although the desired tripodal ligand, 2, could be
isolated as a pure compound from this minor product, we
were unable to isolate 4 in high yield (see the Supporting
Information for characterization of 4). Given that it would be
expected to maintain the preorganized structure and interact
with anions, we treated the mixture of 2 and 4 with SO4

2¢ in
CH3CN in the hope that this would allow for self-sorting to
occur, where either the [2++1] capsule would be formed or an
alternative SO4

2¢ self-assembled structure employing ligand 4
would form. This gave rise to a crystalline material consisting
of a mixture of two types. The result showed that 4 in the
presence of SO4

2¢ ions gave rise to the formation of a more

Figure 2. a) Receptor 2 with SO4
2¢ capsule formation in a 2:1 stoichi-

ometry as shown through a mixed space-filling and stick representa-
tion highlighting both the C3 symmetry and the SO4

2¢ template within
the cavity. b) The 2:1 complex of 3 with SO4

2¢ showing the encapsula-
tion of the anion through hydrogen bonding of all twelve N-H urea
hydrogen atoms. TBA and solvent molecules omitted for clarity. Atom
colors in (b): C = gray; S = yellow; N =blue; O = red.
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complex supramolecular anion capsule (Figure 3). An impor-
tant point to highlight is that in this system the free amine
groups are protonated to give each ligand a + 1 charge.

As shown in Figure 3, this self-assembled [4++4] structure
consists of 4 closely packed SO4

2¢ ions fully embedded and
bound through 36 hydrogen-bond interactions within a tetra-
hedral arrangement.[14] Additionally, the structure contains
four units of ligand 4 which together with the anions form
a supramolecule with stoichiometry [(SO4

2¢)4 :(H4+)4] with
a total charge of ¢4 (where charge balance is achieved with
four TBA cations). In addition to the large number of
hydrogen bonds seen in [(SO4

2¢)4·(H4+)4], the capsule is
further stabilized by electrostatic interactions. This result is
complementary to that seen by Steed et al. who developed
pinwheel-based compound using both urea and pyridinium
ions for the binding of Cl¢ or Br¢ ions.[7g] Although examples
of the use of metal complexes as platforms to self-
assemble anions within cages are known, to our knowledge
[(SO4

2¢)4·(H4+)4] is the first example of such a highly ordered
encapsulated SO4

2¢ cluster arrangement using hydrogen-
bonding interactions as the primary bonding motif, formed
without the need of bridging solvent molecules or the need of
metal coordinating binding sites, as discussed below. The
closest example to [(SO4

2¢)4·(H4+)4] in the literature is a [2++2]
“rugby-ball”-shaped adduct where two sulfates are encapsu-
lated along with three water molecules.[12]

Further details of the [4++4] stoichiometric capsule can be
seen in Figure 3, demonstrating the close packing in this
structure. It can be seen that most of the hydrophilic groups
(all urea NH and Ar-NH3

+ groups) are directed towards the
inside of the cavity, where the sulfate anions reside, while the
hydrophobic moieties can be found in the outer shell. In this
capsule, hydrogen bonding is the dominant interaction that
holds the self-assembled structure together. These interac-
tions consist of both urea N¢H···O(S) hydrogen bonds, with

average bond lengths of 2.22 è (Table S2) and hydrogen-
bonding interactions between SO4

2¢ and the protonated
anilines, Ar-NH3

+···O(S). For each of the four ligands, the
ammonium moiety is directly bound to three different
SO4

2¢ ions through four hydrogen bonds, while the N¢H
urea hydrogen atoms are hydrogen bonded to one or two
SO4

2¢ ions (Figure 3d). Among the total of eight urea
moieties, six of them are doubly hydrogen bonded to
a single SO4

2¢ ion and two of them are singly bonded to two
different SO4

2¢ ions (Scheme S2). The anionic nature of the
capsule is charge balanced by TBA+ molecules that interact
both electrostatically and hydrophobically with the
[(SO4

2¢)4·(H4)4]
4¢ complex.[13] As was the case in the

SO4
2¢ complexes of 1–3, the carboxamide oxygen atoms of 4

are oriented away from the cavity in the same manner to that
seen for 2 (Figure 1), demonstrating that the 1,3,5-benzene-
tricarboxamide central platform remains the foundation for
the preorganization of both molecules. Some of the carbox-
amide oxygen atoms also interact with a total of three water
molecules in the asymmetric unit, as well as a single CH3CN
molecule.

The results presented herein clearly demonstrate the
power of using highly preorganized receptors for the anion-
directed self-assembly synthesis of supramolecular capsules.
We show that minor structural modifications (as in the case of
2 versus 4) can lead to the formation of unexpected and novel
self-sorted supramolecular structures, which as in the case of
the [(SO4

2¢)4·(H4)4]
4¢ complex have not been demonstrated

before. We are in the process of further exploring the use of
highly preorganized receptors in the design of novel anion-
containing supramolecular architectures.

In conclusion, we have designed and studied the complex-
ation and self-assembly of ligands 1–3 with various anions
(SO4

2¢, H2PO4
¢ , AcO¢ , and Cl¢). Each of the ligands bind

SO4
2¢ in a 2:1 stoichiometry. Moreover, compound 4, an

Figure 3. a) Representation of the complex [(SO4
2¢)4·H44]

4¢ showing the encapsulation of the four sulfate anions (given in space-filling
representation) inside the capsule formed by four molecules of H4+ (stick representation; a different color is used per unit of H4+). b) Space-
filling representation of the complex [(SO4

2¢)4·H44]
4¢ when viewed down the c* crystallographic axis showing the arrangement and packing of the

44 self-assembled structure. c) and d) The hydrogen-bonding network within the cavity. The blue spheres in (c) represent protonated amino
moieties.
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analogue of 2 but possessing two urea arms, was shown to give
rise to a self-assembled structure consisting of a [4:4]
stoichiometry between the ligand and SO4

2¢ as demonstrated
by X-ray crystallography. For each of these preorganized
ligands, the encapsulation of the SO4

2¢ ion was observed and
in the case of H2PO4

¢ and 1, the X-ray crystal structure
showed the formation of [2++2] structure. The asymmetric
dipodal receptor 4 was also isolated and characterized, and
through the use of a self-sorting process we were able to
isolate a [4++4] self-assembled structure based on ligand 4. In
this structure, the anions are encapsulated in a closely packed
arrangement that excludes any solvent molecules and is held
together by both electrostatic and a total of 36 hydrogen-
bonding interactions. To our knowledge, these are the first
examples of such ordered anion-driven self-assemblies based
on the use of SO4

2¢ as a templating agent, demonstrating that
minor structural changes can have a large effect on the ability
of the ligands to self-sort and form highly ordered self-
assemblies. We are currently investigating these and related
systems in greater detail.

Keywords: anion recognition · self-assembly · self-sorting ·
supramolecular chemistry · tripodal ligands
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