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The complex hydrogen-bonding interactions of the water
molecule are remarkable: water plays a vital role in a number
of systems ranging from the formation of hydrogen-bonded
water oligomers[1] to the increased conformational stability of
proteins[2] and the crucial synergistic hydrogen bonds formed
in enzymatic[3] or biomimetic[4] active sites. In many cases
these hydrogen bonds dictate both structure and function. In
supramolecular chemistry, synergistic hydrogen bonding
between water and organic molecules has helped to stabilize
vase-like conformations of hosts for organic molecules[5] and
to induce the formation of intricate hexameric nanoscale
capsules stitched together with the aid of eight water
molecules.[6] In both cases these hosts can be stabilized in
wet organic or purely aqueous solvents.[7] Anions, on the other
hand, tend not to share the structural hydrogen-bonding
diversity of water, in part as a result of the weak basicity of
anions and often because of a lack of directionality in their
hydrogen-bond formation.[8,9] Nevertheless, there is an
emerging use of anions as directing elements in self-assembly
reactions. Notable examples include a double-stranded helix
wrapped around two sulfate anions;[10] catenanes and other
structures templated by the formation of hydrogen bonds to
anions;[11] and supramolecular dimers, oligomers, and poly-
mers linked together by anions.[12] Herein we report new
receptors based on a 2,6-bis(2-anilinoethynyl)pyridine scaf-
fold that surprisingly form 2+2 dimers with either water,
halides, or both, depending on the protonation state of the
receptor. To our knowledge, this is the first example of both
halides and water molecules serving the same structural

hydrogen-bonding role in a synthetic self-assembled
system.[13]

Our initial venture into the use of aryl ethynyl scaffolds as
receptor molecules focused on sulfonamide-bearing 2,6-bis(2-
anilinoethynyl)pyridine derivatives 1 and 2 (Scheme 1, py=

pyridine), designed to target hydrogen-bonding guest mole-
cules (see the Supporting Information).[14] CAChe semiem-
pirical minimized molecular models suggested that selectivity
for different guest molecules could be tailored by protonating
the pyridine nitrogen atom, thus altering the cavity size, or by
exchanging the binding substituents. The aryl ethynyl core 3 is
prepared from 2-iodo-4-tert-butylaniline[15] in three steps in
60% overall yield. Conversion to sulfonamides 1 and 2 was
accomplished in excellent yield by treatment of 3 with the
corresponding sulfonyl chlorides (Scheme 1).

Receptor molecules 1 and 2 have been characterized by
1H and 13C NMR, UV/Vis, fluorescence, and IR spectroscopy;
melting point; and single crystal X-ray diffraction (see the
Supporting Information). Interestingly, the 1H NMR spec-
troscopy signals of receptors 1 and 2 exhibit considerable
concentration dependence in organic solvents. Furthermore,
the sharp singlet typically observed at approximately d =

1.5 ppm for residual water in CDCl3 appears as a broad
downfield singlet (observed as far downfield as 4 ppm,
depending on concentration), hinting at the hydrogen-bond-

Scheme 1.
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ing capability of receptors 1 and 2 in solution. This finding was
confirmed by single crystal X-ray diffraction analysis of
neutral receptors 1 and 2 (Figure 1).[16,17]

Colorless single crystals of receptors 1 and 2 suitable for
X-ray diffraction were grown by layering hexane onto ethyl
acetate solutions of each receptor. As suggested from the
1H NMR spectroscopic data, complexes (1·H2O)2 and
(2·H2O)2 both crystallize as dimers in space group P1̄ with
two receptor molecules and two water molecules per unit cell;
consequently, each dimer has crystallographic inversion
symmetry. A prominent feature of each crystal structure is
the presence of two hydrogen-bonding water molecules
stitching the receptor dimers together. The two pyridine
nitrogen atoms accept hydrogen bonds from different water
molecules (2.797(4)–2.804(2) A, O�H···N angles 172(4)–
175(3)8), while one water–water hydrogen bond is present
(2.917(5)–3.006(7) A, O�H···O angles 164(4)–178(6)8). All of
the N-substituted sulfonamides adopt the energetically most
favored staggered conformation,[18] and each sulfonamide
proton on the receptors donates a hydrogen bond to a
different water molecule (2.855(4)–2.860(3) A, 157(2)–
164(3)8 and 3.028(4)–3.039(3) A, 158(2)–164(3)8) such that
the 2+2 dimer structure is held together by four sulfonamide–
water hydrogen bonds, two pyridine–water hydrogen bonds,
one water–water hydrogen bond, and two p-stacking inter-
actions between the receptors ranging from 3.42–3.44 A
(Figure 1).

The dimerization of receptor 1 was further investigated in
CDCl3 solution. Receptor 1 was dissolved in water-saturated
CDCl3 to a concentration of 197 mm. The sulfonamide N�H
and water 1H NMR spectroscopic resonances during a series
of dilutions resulted in data that could be fit to a 1:1
dimerization with the nonlinear regression curve fitting
software WinEQNMR[19] (see the Supporting Information).
In CDCl3, receptor 1 is shown to dimerize with a modest
Kdim = 42m�1. Evidence supporting dimerization in CDCl3
solutions resulted from the NOE observed between the
protons on the guest water molecules and the sulfonamide
protons of the receptor (see the Supporting Information).
Receptor 1 exhibits a propensity to crystallize as a dimer with

H2O, even in the presence of other potential neutral guest
molecules[20] and in solvents dried over 3-A molecular sieves.

Receptor molecules 1 and 2 share a common design trait:
their ability to alter guest selectivity by simple changes in the
protonation state of the receptors. By protonating the
pyridine nitrogen atoms of receptors 1 and 2, the anion-
binding capacity of these receptors is activated. The halide-
binding properties of H1+ have been investigated in the solid
state. Single crystals of the chloride and bromide complexes
are prepared by dissolving receptor 1 or 2 in ethyl acetate and
bubbling HCl or HBr gas through the solution. Crystallization
is induced by layering hexanes onto the yellow ethyl acetate
solutions. Strikingly, the crystal structures of the H2+·Cl� and
H1+·Br�complexes revealed nearly isostructural dimers to
those observed for the neutral (1·H2O)2 and (2·H2O)2 water
dimers.[21,22] In the solid state, the (H2+·Cl�)2 and (H1+·Br�)2
dimers (Figures 2a and 3d, respectively) are held together by
four sulfonamide hydrogen bonds (3.156(2)–3.229(2) A, N�
H···Cl angles 151(2)–171(3)8 ; 3.338(5)–3.440(6) A, N�H···Br

Figure 1. Crystal structures of receptors (1·H2O)2 (left) and (2·H2O)2
(right) illustrate the 2+2 dimer formed with water. The hydrogen
bonds involving water as the donor atom form a helical twist through
the center of the binding cavity. All hydrogen bonds are depicted as
dashes. For clarity, H atoms not involved in hydrogen bonds were
omitted, and only one position for the disordered H atom in the
bridging solvent water molecule is shown.

Figure 2. a) Space-filling representation of the crystal structure of
(H2+·Cl�)2. b) Crystal structure of the water–chloride heterodimer
(H1+·Cl�)·(1·H2O). Both water and hydrogen chloride stabilize dimer
formation, with seven hydrogen bonds within the binding cavity of the
heterodimer. Only one position of the disordered water molecule and
chloride ion is shown for clarity. Cl green, S yellow, N blue, O red,
C gray, H light gray.

Figure 3. Wireframe representations of the crystal structures of
a) (1·H2O)2, b) (H1+·Cl�)·(1·H2O), c) (H2+·Cl�)2, and c) (H1+·Br�)2
highlighting the interchangeable role that halides and water play in the
dimerization of 2,6-bis(2-anilinoethynyl)pyridine sulfonamide recep-
tors. Hydrogen bonds are illustrated as dashes (sulfonamide in red
and all others in black). Hydrogen atoms not involved in H-bonds are
omitted for clarity. Cl green, Br maroon, S yellow, N blue, O red, C gray,
H light gray.
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angles 136(4)–168(4)8), two pyridinium N�H hydrogen bonds
to the anions (3.022(2) A, 175(3)8 for (H2+·Cl�)2 and
3.127(6) A, 173(4)8 for (H1+·Br�)2), two Caryl�H···X hydrogen
bonds (3.69–3.90 A), and two p-stacking interactions between
receptors (3.49 A for (H2+·Cl�)2 and 3.61 A for (H1+·Br�)2).
The numerous hydrogen bonds and unique dimerization bring
the negatively charged halides into close proximity, with
halide–halide distances of 3.92 A for (H2+·Cl�)2 and 4.08 A
for (H1+·Br�)2.

CAChe semiempirical calculations of the 2,6-bis(2-anili-
noethynyl)pyridine receptors suggested that larger poly-
atomic anions would not fit within the binding pocket of the
receptor. As predicted, the single crystal X-ray structure of
the HBF4 salt H1+·BF4

� reveals that the binding pocket is too
small to accommodate the interaction of the large BF4

� guest
with either sulfonamide proton.[14] Dilution experiments with
H1+·BF4

� revealed minimal change in the 1H NMR spectrum
upon addition of CDCl3, thus indicating negligible dimeriza-
tion in solution as predicted by the receptor conformation
observed in the crystal structure.[14] However, titrations of
H1+·BF4

� with tetra-n-butylammonium halide salts do indi-
cate that anion binding occurs in solution between the
receptor and halides.[23] Furthermore, the concentration
dependence observed in the 1H NMR spectrum upon dilution
of (H1+·Cl�)2 in CDCl3 indicates the presence of a receptor–
halide dimer in solution. A supersaturated solution of
(H1+·Cl�)2 (60 mm) was obtained by passing HCl gas through
a CDCl3 solution of neutral receptor 1. Plotting the changes in
chemical shift upon dilution and subsequent fitting of this
data to a 1:1 dimerization model with the nonlinear least
squares regression programWinEQNMR resulted in a Kdim =

250m�1 in CDCl3.
[24] Further evidence of dimerization was

obtained by mixing receptor 1 and a p-methoxyphenyl
sulfonamide derivative in a 1:1 ratio.[14] When equimolar
mixtures of these receptors are prepared in CDCl3 (10 mm)
and HCl gas is passed through the solution, the resulting
1H NMR spectroscopy signals are shifted from the signals
observed for either of the analogous homodimers prepared in
the same way at the same concentration. This result suggests
that both homodimers and a third species, the heterodimer,
are present in solution but equilibrate quickly on the NMR
timescale. From all of these experiments, it is evident that
dimerization of both the neutral and protonated forms of 2,6-
bis(2-anilinoethynyl)pyridine receptors occurs and that these
dimers persist in the solid state and in solution.

Remarkably, a different type of heterodimer, (H1+·Cl�)·
1·H2O), was also crystallized in the presence of concentrated
HCl with one water molecule and one chloride in the binding
pocket (Figures 2b and 3b).[25] The heterodimer contains one
protonated receptor that binds a chloride anion, while the
other receptor in the dimer is neutral and bound to a water
molecule. Water and hydrogen chloride are freely exchange-
able in this binding pocket and provide structural features
that are intermediate to those in the H2O and hydrogen halide
dimers. Analogous to the other dimers presented, the
heterodimer is stabilized by p-stacking interactions between
the two receptors (3.43 A) and by a series of seven guest-
assisted hydrogen bonds. Each guest water molecule and
chloride ion accepts two sulfonamide N�H hydrogen bonds

(3.157(3)–3.181(3) A, N�H···X angles 158(3)–167(3)8) and
additionally forms a helical hydrogen-bonding pattern run-
ning between the pyridinium nitrogen atom, chloride ion,
water molecule, and pyridine nitrogen atom (2.926(3)–3.10 A,
164(3)–176(4)8). Two Caryl�H···Cl hydrogen bonds (3.76–
3.93 A) also stabilize the dimer.

In conclusion, we have investigated the host–guest
chemistry of a new class of hydrogen-bonding receptors.
Sulfonamide-substituted 2,6-bis(2-anilinoethynyl)pyridine
derivatives exhibit guest-assisted dimerization with H2O,
hydrogen halides, or both, where water and halide anions
surprisingly share the same structural role, depending on the
protonation state of the receptor. In fact, on the basis of the
heterodimer (H1+·Cl�)·(1·H2O) (Figure 3), water and hydro-
gen chloride appear to be completely interchangeable struc-
tural partners in facilitating the dimerization. The persistence
of guest-assisted dimerization has also been observed in
solution. In particular, 1H NMR spectroscopy dilution experi-
ments have been used to observe the dimerization behavior of
the neutral sulfonamide with water and the protonated
sulfonamide with chloride. Both UV/Vis and 1H NMR
spectroscopy have been used to assess the association of
H1+ with anions in solution (Cl� , Br� , and I�), and further
investigations are underway to quantify the strength of the
interactions in solution. We are interested in using our
modular approach to synthesize 2,6-bis(2-anilinoethynyl)pyr-
idines designed to target different guest molecules, depending
on the binding substituent attached to the receptor. The
extended conjugation inherent in 2,6-bis(2-anilinoethynyl)-
pyridine derivatives produces distinct emission properties
that will be used to monitor interactions with guest mole-
cules.[14] This observation bodes well for the use of 2,6-bis(2-
anilinoethynyl)pyridine derivatives as sensors for the selec-
tive recognition of guest molecules.

Experimental Section
Full experimental details, including structural details for all com-
pounds described (in cif format), a general X-ray diffraction
experimental section (including discussion of disorder modeling),
syntheses of all receptors from key intermediate 3, NOE spectrum of
(1·H2O)2, details of crystallization and dimerization experiments,
video representation of the (1·H2O)2 crystal structure, and any
associated references are available in the Supporting Information.
CCDC-657490, 657491, 957492, 657943, and 657494 contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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