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Abstract—A new crystal-engineering motif has been developed where a ditopic receptor 1 shows a novel syn–syn hydrogen-bonded
polymeric supramolecular complex (Fig. 4b) (instead of a 1:1 dimeric syn–syn or polymeric syn–anti complex) giving rise to a hydro-
gen-bonded stair-like polymeric ribbon structure between the binding groups of the receptor pyridine amide and the carboxyl groups
of the guest substrate.
� 2005 Published by Elsevier Ltd.
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The binding of carboxylic acids1 by designed receptors is
of enormous interest in the field of molecular recogni-
tion research because such binding mimics certain bio-
logical events. Of all the known hydrogen-bonding
groups, the amide group is the most promising function-
ality used in designing extended self-assemblies with rea-
sonably predictable hydrogen-bonding patterns with
dicarboxylic acids.2 There are many scientists involved
in synthesizing different types of synthetic receptors for
the recognition of mono and dicarboxylic acids.3,4a–c

The artificial inhibition of hydrogen bonding in mole-
cular recognition was first reported by us,4d where a dito-
pic receptor could be converted to a monotopic receptor
by the formation of its first mono N-oxide. A study with
straight chain diacids containing four, eight and twelve
carbon spacers was reported5 with a variety of aromatic
spacers ranging from simple phenyl to more complex
spacers to generate cavities of different sizes for the rec-
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ognition of dicarboxylic acids of varied lengths. In this
communication, we report, for the first time to our
knowledge, a syn–syn polymeric hydrogen-bonded com-
plex between a ditopic pyridine diamide receptor 1 con-
taining a smaller dimethylene ether spacer (compared to
terephthaloyl) and 1,4-phenylenediacetic acid as the
guest substrate. The result shows stair-like ribbons in
the polymeric complex for supramolecular assembly
(Fig. 1a) instead of a syn–syn dimeric 1:1 structure
(Fig. 1b) or the other hypothetical possibility of a cyclic
tetrameric hydrogen-bonded square complex structure
(Fig. 1c). Thus, the polymeric complex is shown to exist
in the solid state by crystallographic results though the
situation in solution could be different and the NMR
data could not distinguish between the different
possibilities.

Dicarboxylic acid receptors generally have been
designed using a common strategy that involves linking
two aminopyridine groups through a rigid aromatic
spacer. Two terminal hydrogen-bonding pockets are
forced to adopt a syn–anti-conformation, an arrange-
ment most suitable for generating continuous self-
assemblies in preference to discrete complexes with
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Figure 1. (a) Polymeric 1:1 co-crystal structure of receptor 1 with 1,4-phenylenediacetic acid; (b) a dimeric 1:1 structure; (c) a (2:2)-tetrameric
hypothetical, cyclic, hydrogen-bonded square complex structure; (d) the carboxyl groups in the anti direction in the energy-minimized (MMX)
structure of 1,4-phenylenediacetic acid.
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complementary hydrogen-bonding partners. Hamilton
and co-workers5 have reported that if the length of the
spacer and that of the guest carboxylic acid correspond
well, a tight 1:1 complex will be formed, but when the
carboxylic acid is longer than the receptor�s cavity size,
an alternative mode of binding will be observed in the
form of infinite ribbons.6 The dynamic supramolecular
structure was also observed by increasing the length of
the chain of the dicarboxylic acid beyond the optimum.
By increasing the length of the dicarboxylic acid, the for-
mation of a ribbon or supramolecular helical structure,
was also obtained with an isophthaloyl spacer.6b The
reversible association of a number of individual mole-
cules formed a self-assembled structure, representing a
thermodynamic minimum. The effect of unfavourable
conformational constraints might be diminished by the
symmetrical incorporation of an additional binding site
into the receptor. It has been shown that the stability of
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Scheme 1. Reagents and conditions: (i) NaH, dry THF, 12 h, rt, 65%; (ii) 4 N
4 h, rt, 85%.
a dynamic supramolecular structure can be enhanced by
an entropy effect, if additional binding sites are present
in the host molecules.7 We have also previously reported
a series of supramolecular assemblies of pyridine and
pyrimidine diamides with different dicarboxylic acids.8

In receptor 1, 2-aminopyridine is also present as a
hydrogen-bonding motif and it has the two bis-2-acet-
amidopyridine groups linked through a benzylic ether
linkage. 2-(N-Pivaloylamino)-6-bromomethylpyridine
(3) and 2-(N-pivaloylamino)-6-hydroxymethylpyridine
(4) were coupled using sodium hydride9 in dry THF to
afford compound 5. Removal of the pivaloyl groups in
5 with 4 N KOH–ethanol (1:1) solution under reflux
gave the intermediate 6 in a 90% yield and this was fol-
lowed by acetylation to afford the desired receptor 1
(Scheme 1). Replacement of the pivaloyl group with
an acetyl group was necessary to avoid the bulkiness
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Figure 2. (a) 1H NMR of receptor 1 in CDCl3; (b)
1H NMR of a 1:1 complex of receptor 1 with 1,4-phenylenediacetic acid in 1% DMSO-d6 in

CDCl3.
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Figure 3. 1H NMR titration curve (molar ratio of guest–host vs
chemical shift) of receptor 1 with 1,4-phenylenediacetic acid.
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of the pivaloyl group. The less hindered pyridine ace-
tylamino moiety can bind carboxyl groups more freely.

The addition of a solid 1,4-phenylenediacetic acid to a
CDCl3 solution of receptor 1 led to dissolution of the
normally insoluble acid substrate. To make a homoge-
neous solution, one drop of DMSO-d6 was added to
the NMR solution. From the integration of the 1H
NMR, a large downfield shift was observed for the
amide proton (d 7.90 to d 8.99 ppm, Dd = 1.09 ppm)
(Fig. 2a and b) and a [G]/[H] versus Dd plot suggested
1:1 stoichiometry for the formation of a H-bonded com-
plex ([G] and [H] are the molar concentrations of guest
and host, respectively) (Fig. 3). The benzene ring pro-
tons and the CH2 protons of the guest acid appeared
at d 7.30 and d 3.59 ppm, respectively, but this NMR
experiment alone could not prove the presence of a poly-
meric complex,10 which was, however, confirmed in the
solid-state by single crystal X-ray results.

The receptor 1 showed a strong absorbance at kmax =
281 nm, which gradually decreased on addition of the
guest solution as monitored by UV titration. To measure
the association constant (Ka) between the receptor 1 and
the carboxylic acid, a 10�5 mmol ml�1 solution of the
receptor in CHCl3 was taken. The value of Ka was found
to be 2.57 · 103 M�1 for the receptor 1 with 1,4-pheny-
lenediacetic acid by the UV-method.11a The association
constant (Ka = 2.09 · 103 M�1) by the NMR method
was also calculated from the plot of Dd versus Dd/[G]
(Fig. 3) linear regression analysis.11b The Ka value deter-
mined by NMRwas somewhat less due to the presence of
DMSO-d6, a competitive binding solvent.11c
To confirm whether the structure of the complex in the
solid-state is a simple dimeric 1:1 complex (Fig. 1b) or a
polymeric hydrogen-bonded complex (Fig. 1a), we car-
ried out an X-ray analysis of a single crystal of this com-
plex (crystallization from CHCl3–MeOH; 90:10). A
[2+2]-cyclic syn–syn aggregate was reported when a
ditopic receptor containing an adamantane diamide
spacer was crystallized with succinic acid.7 However, a
supramolecular ribbon structure resulted when 1:1
co-crystallization was performed with the receptor 1
and 1,4-phenylenediacetic acid and this showed a unique
case of a polymeric 1:1 syn–syn aggregate.
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Figure 4. X-ray structure of the complex of receptor 1 and 1,4-phenylenediacetic acid: (a) hydrogen-bonded infinite ribbon; (b) stair-like structure of
the polymeric complex (edge on view).
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The X-ray analysis of the complex (Fig. 4) suggests a
supramolecular ribbon structure in which one carbox-
ylic acid binds with a pyridine-amide of one molecule
and the other acid binds with the pyridine amide of an-
other molecule. It is also shown that the two acid groups
of the guest acid are syn to each other and are at ca. 90�
angles to the benzene ring. Normally 1,4-phenylenedi-
acetic acid exists in its more stable anti conformer with
a 7.56 Å bond distance between HO2C–CO2H. This dis-
tance was reduced to 5.88 Å when it was complexed with
the receptor 1. The distance between the two amidopyri-
dine groups (PyNH–PyNH) in the receptor (11.70 Å)
was not complementary with 1,4-phenylenediacetic acid.
Thus the new motif of a syn–syn-bound, polymeric,
co-crystal of a host–guest has been found instead of
the top–bottom-bound, co-crystal as in a previously
reported5 case. The two benzene rings of the two guest
dicarboxylic acids in adjacent supramolecular chains
are parallel to each other with the opposite orientation
of the carboxylic acid groups and are separated by a
distance of 3.29 Å. The distance between –CONH–
O@C–(CO2H) and PyN–HO–C–(CO2H) are 2.066 and
1.784 Å, respectively. Four hydrogen bonds are seen in
one unit of the polymeric chain and their bond distances
fall in the normal range. The new motif has to be stron-
ger than the single hydrogen bond between each end of a
simple diamide. The result is a stair shaped molecular
ribbon made up of alternating subunits with the hydro-
gen-bonding network imposing the dimensions of the
ribbon (Fig. 4b). A wider separation of the two hydro-
gen-bonding regions would both minimize repulsive
interactions between the carboxyl groups and change
the binding specificity transforming longer dicarboxylic
acid substrates into a shorter length. The model studies
of the bond lengths, bond energies and the energy-min-
imized calculations of the different modes of this com-
plex suggest the presence of the polymeric ribbon
structure.12

Thus, this motif is unique in forming such syn–syn
hydrogen-bonded polymeric stair-like ribbons where
the benzene rings are oriented away from each other
and are possibly not involved in p-stacking interactions.
This finding is important in designing new supramole-
cular assemblies involving polymeric 1:1 host–guest
complexes instead of dimeric 1:1 complexes.

Supporting information: The crystallographic data for
the complex has been deposited with the Cambridge
Crystallographic Data Centre, CCDC 277485. Copies
of this information may be obtained free of charge from
the Director, CCDC, 12 Union Road, Cambridge, CB2
1EZ, UK (Fax: +44-1223-336033; e-mail: deposit@
ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).
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