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ABSTRACT: A series of oxacalix[2]arene[2]triazines bearing one anionic head such as carboxylate, sulfonate, sulfate, and
phosphate were synthesized. With the anionic head and complementary V-shape electron-deficient cavity, these macrocycles can
serve as dual building units, and their anion−π directed self-assembly was investigated. The formation of oligomeric aggregates in
solution was revealed by nuclear magnetic resonance, dynamic light scattering, and mass spectroscopy. Crystal structures further
confirmed chainlike assembly formation directed by anion−π interactions.

Self-assembly is a central theme in supramolecular chemistry.
Compared to numerous studies where the cation directs

assembly formation, e.g., metal-coordination-driven self-assem-
bly, roles of anion on self-assembly have been neglected and only
realized recently.1 This is not surprising as incorporation of
anions into an assembly entity is a challenging task due to their
large size, varied geometry, high solvation free energy, and less
directional interaction.2 Generally, anions can participate in self-
assembly through interactions including electrostatic attraction,3

metal coordination (Lewis acid−base interaction),4 hydrogen
bonding,5 and halogen bonding.6 Recently, a novel noncovalent
interaction between anion and electron-deficient arene, namely,
anion−π interaction, has received great interest.7 Although a
number of cation-controlled assembly systems with concurrency
of anion−π interaction have been reported,8 in these systems,
anion−π interaction is usually auxiliary and barely affects the
assembly entity. Examples of anion-directed self-assembly where
anion−π interaction plays a decisive role remain rare.7e,9,10 In
the few reported studies, anion mainly serves as a template
inducing specific aggregation in the course of transition-metal-
based assembly formation. For example, Dunbar and co-workers
examined the role of anion−π interactions on templating the
formation of different numbered cyclic metal-assembled archi-
tectures depending on the specific counteranion used.9 How-
ever, with metal ion, it is difficult to distinguish the contribution
between anion−π interaction and intrinsic Coulombic inter-
action. Therefore, using charge-neutral π receptor as a building
component to probe anion−π-directed assembly is particularly

intriguing. In this regard, our group reported the formation of
various supramolecular structures driven by typical anion−π
interactions, including cage,10a honeycomb,10b and linear wire.10c

Meanwhile, 1D linear wire formation driven by σ-type and the
combination of σ-type and typical anion−π interactions was
demonstrated by the groups of Kochi11 and Dunbar,12 respec-
tively. Very recently, we realized anion−π interaction is able
to direct the supramolecular amphiphile formation between
oxacalix[2]arene[2]triazine and anionic amphiphile, which is
crucial for the subsequent assembly to form vesicle.13 It should
also be noted that anion−π controlled self-assembly is currently
investigated mainly in the solid state, as systematic study in
solution is challenging. On the basis of our previous studies, the
persistent V-shape cavity of oxacalix[2]arene[2]triazine can
accommodate anion through anion−π interactions. We envi-
sioned that incorporating an anionic head (e.g., carboxylate,
sulfonate, sulfate, and phosphate) onto the host skeleton could
render the macrocycle as a self-complementary building unit for
anion−π directed self-assembly (Figure 1). Reported herein are
the synthesis and systematical investigation of self-assembly
behavior in both solution and the solid state.
As depicted in Scheme 1, 3 + 1 fragment coupling between

trimer 1 and functionalized monomers 2 followed by deben-
zylation (in case of 2a and 2c) gave the corresponding oxa-
calix[2]arene[2]triazine derivatives 3a−c in moderate yields.
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Converting 3a to sodium salt with NaH and then treatment with
AgNO3 led to silver salt 4a in 90% yield. Treating 3bwith AgNO3
directly gave silver salt 4b in 96% yield. To synthesize 4c and 4d,
3c was first reacted with pyridine sulfur trioxide and dimethyl
chlorophosphate, respectively, followed by demethylation in case
of 4d, and further treatment with AgNO3 furnished the silver
salts in good yields. All the silver salts can be readily converted to
tetramethylammonium or tetraethylammonium salts 5a−d in
60−77% yields.
As electronic density of triazine ring is vital for anion−π

interaction,14 the electron deficiency of the V-shape cavity in 5
was first probed by using dimethoxy-substituted oxacalix[2]-
arene[2]triazine (without the anionic head) as a model host
(Supporting Information). Different anion guests, including
acetate, methanesulfonate, methyl sulfate, and methyl phenyl
phosphate (as tetraalkylammonium salts) were used to mimic
the anionic head in 5. Upon titration of methanesulfonate,
methyl sulfate, and methyl phenyl phosphate, fluorescent emis-
sion intensity of the model host in the range of 350−400 nm
gradually increased, and for acetate a new emission band at
450 nm emerged. The Job’s plot indicated 1:1 complex forma-
tion, and the calculated association constants (Ka) are in the

range of 1131−9598 M−1 (Figures S1−S4). These results imply
that in 5a−d the V-shape cavity could form anion−π interaction
with the anionic head of another macrocycle molecule (there is
no way for intramolecular interaction due to the rigid confor-
mation). Similar to model host−acetate complexation, for 5a, an
emission peak at 450 nm was observed as well (disappeared at a
low concentration), suggesting similar donor−acceptor inter-
action (Figure S5). Moreover, for 5a−d, in all cases the fluores-
cent intensity at maximum emission wavelength showed non-
linear concentration-dependent increasement from 1.3 × 10−5 to
1.0× 10−3 M. This nonlinear trend is significantly larger than that
of the model host (Figure S9). This indicated that self-aggrega-
tion of 5a−d upon increasing concentration may contribute to
the large nonlinear effect.
According to a recent theoretical study,15 in addition to the

ubiquitous anion−π interaction between anion and triazine rings
of oxacalix[2]arene[2]triazine, the low-rim hydrogen atom (e.g.,
H1, H2, toward the cavity) can concurrently participate the anion
binding via weak hydrogen bonding in the existence of triangle
and octahedral anion. This prediction implies that the self-
assembly behavior of 5a−d could be probed by NMR through
monitoring the chemical shift changes of related proton signals.
Hence, 1HNMR spectra of 5a−d at variable concentrations were
recorded. As shown in Figure 2 and Figures S10−S14, H1 and H2

did downfield shift gradually upon increasing concentration,
while other proton signals almost remained intact. This suggests
that intermolecular interaction would occur with the anionic

Figure 1. Incorporating an anionic head onto oxacalix[2]arene[2]-
triazine for anion−π directed assembly.

Scheme 1. Synthesis of Assembly Building Blocks 5a−d

Figure 2. 1H NMR spectra of 5b in CD3CN. Top, variable con-
centrations (298 K). Bottom, variable temperatures (100 mM).
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head being included within the V-shape cavity of another
molecule. H1 and H2 therefore concurrently participate in the
anion binding through weak hydrogen bonding15 along with the
dominant anion−π interaction. The assembly behavior was
further confirmed by variable-temperature (VT) 1H NMRwhere
an upfield shift of H1 and H2 was observed from 25 to 75 °C, in
line with disfavored assembly (disassembly) at elevated temper-
ature (Figure 2 and Figures S10−S14).
The supramolecular aggregation was further investigated by

diffusion-ordered NMR spectroscopy (DOSY). In order to avoid
inaccuracy brought by the viscosity change at variable concen-
trations, the residual solvent peak (dichloromethane) was used as
an internal reference. As the hydrodynamic radius of dichloro-
methane is considered constant upon concentration change,
variation on the ratio of diffusion coefficients, D(compound)/
D(CH2Cl2), would reflect the hydrodynamic radius change for
the aggregates existed in solution. As expected, in all cases for
5a−d, the ratio ofD(compound)/D(CH2Cl2) gradually decreased
upon increasing concentration (Tables S1−S4), indicating larger
and larger assembly formation during the course. The aggregation
behavior was also evidenced by dynamic light scattering (DLS).
In all four cases 5a−d, a single scattering band was observed and
the corresponding hydrodynamic radius gradually increased
upon increasing sample concentration (for example of 5b: 0.86,
1.38, 1.76, and 2.24 nm at 5, 10, 20, and 30 mM, respectively,
Tables S5−S8 and Figures S19−S22).
The aggregation was further evidenced by electrospray ioniza-

tion mass spectrometry (ESI-MS). As shown in Figure 3 and

Figures S31−S34, except for monomeric peak [M − Et4N]
−, a

series of dimeric [2M − Et4N]
− and trimeric [3M − 2Et4N]

−

peaks were also observed. The higher oligomeric peaks could not
be observed, probably due to detection limitations and the
instability of larger assembly species on ionization conditions.
Single-crystal structures gave more insight into the assembly

details in the solid state. As expected, for all three compounds
5a−c, the anionic head is included within the V-shape cavity of
another adjacent molecule through anion−π interactions along
with weak hydrogen bonding (Figures 4−6). As such, 1D linear
assembly was formed. For 5a, the benzoate moiety is accom-
modated by the V-shape cavity. One carboxylate oxygen atom
(O6) locates over one triazine with an O-plane distance (dO6‑plane)
of 3.283 Å, forming a typical noncovalent anion−π interaction.
The other oxygen atom (O5) interacts peripherally with the other
triazine through σ-type interaction (dO5−C8 = 3.353 Å). Mean-
while, one inward hydrogen (H6) is involved in the anion binding
through weak hydrogen bonding (dO5−C6 = 3.302 Å). For the

other hydrogen (H17), judged from the short contact with the
benzoate plane (dH17‑plane = 2.909 Å), weak C−H−π interaction
may exist. With the orthogonal alignment of the two staggered
macrocyclic skeletons, the dimeric binding motif extends to form
an infinite zigzag assembly (Figure 4).
Different from 5a, for 5b only the sulfonate head inserts within

the cavity, and the linked benzene moiety stays upright and apart
from the V-shape cavity (Figure 5). Owing to the tetrahedral
geometry of sulfonate, for the three triangle oxygen atoms, O7
locates almost above the center of the triazine with a short
anion−π interaction distance (dO7‑plane = 2.906 Å); the other two
oxygens O5 and O6 concurrently interact with the two inward
hydrogen atoms through hydrogen bonding. Unlike the orthog-
onal alignment in 5a, the adjacent macrocyclic skeletons in 5b

Figure 3. ESI-MS (negative mode) spectrum of 5b.

Figure 4. Crystal structure of 5a. (Top) Dimeric motif showing
benzoate moiety lying within the V-shape cavity of adjacent molecule
through cooperative anion−π, H-bonding, and C−H−π interactions.
(Bottom) 1D chainlike assembly motif. Countercation +NMe4 and
solvent CH3CN molecules are omitted for clarity.

Figure 5. Crystal structure of 5b. (Top) Dimeric motif showing
sulfonate head inserting into the V-shape cavity of the adjacent molecule
through anion−π and H-bonding interactions. (Bottom) 1D chainlike
assembly motif. Countercation +NEt4 is omitted for clarity.
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align in parallel and extend to form a nicely linear assembly. For
5c, the sulfate head forms σ-type anion−π interactions with
the two triazine rings simultaneously, accompanied by weak
hydrogen bonding with one inward hydrogen (Figure 6). The
macrocyclic skeletons are more staggered in the extended
assemblymotif probably due to the offset of the sulfate head from
the attached benzene ring plane.
In summary, a series of oxacalix[2]arene[2]triazine derivatives

5a−d incorporating one anionic head on the benzene ring upper
rimwere efficiently synthesized. Themacrocyclic unit can act as a
dual self-complementary building block to form oligomeric
aggregate in both solution and solid state. Anion−π interaction
between the anionic head and the V-shape electron-deficient
cavity plays a decisive role to direct the assembly formation. This
strategy hence demonstrates that tailor-made oxacalix[2]arene-
[2]triazine can be a promising building component to address
the challenging anion−π directed self-assembly. Applying such a
system in order to obtain a discrete assembly architecture (e.g.,
cyclic) and taking charge-neutral oxacalix[2]arene[2]triazine
with discrete anion to achieve controlled self-assembly are cur-
rently underway in this laboratory.
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Figure 6. Crystal structure of 5c. (Top) Dimeric motif showing sulfate
head inserting into V-shape cavity of adjacent molecule through
anion−π and H-bonding interactions. (Bottom) 1D chainlike assembly
motif. Countercation +NEt4 is omitted for clarity.
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