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Synthesis and binding properties of a macrocycle with two binding
subcavities
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Abstract—A large, covalent macrocycle that can be served as an artificial allosteric model was prepared in a reasonable yield (36%)
through the template-directed synthesis. The macrocycle contains two topologically discrete subcavities, each of which consists of
four amide NHs of pyridine-2,6-dicarboxamide units. The macrocycle strongly binds two molecules of N,N,N 0,N 0-tetramethyl-
terephthalamide in positive cooperative manner by hydrogen-bonding interactions. The association constants were calculated to
be K1 = 1480 ± 90 and K2 = 5580 ± 150 M�1 with the Hill coefficient (h) of 1.6 at 25 �C in CDCl3.
� 2006 Published by Elsevier Ltd.
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Scheme 1. Coordination-driven self-assembly of metallocycles con-
taining two binding subcavities.
The design and synthesis of an artificial receptor is at the
heart of supramolecular chemistry to understand funda-
mental principles of molecular recognition. The receptor
needs to have a geometrically well-defined binding cav-
ity of complementary size, shape and functional group
to a guest. In particular, the receptor that contains
multiple binding cavities has attracted much attention
because it provides an opportunity not only to study
allosteric phenomena frequently found in the biological
system, but also to create artificial counterparts capable
of nonlinear amplification of binding affinities, reporting
signals and catalytic activities. A large number of
allosteric models have been developed for the last two
decades,1 but there are a limited number of artificial
receptors that show positive homotropic cooperativity
on the binding event.2

Utilizing coordination bond-driven self-assembly, we
previously described the preparation of metallocycles 1
from S-shaped bispyridyl ligands and a palladium com-
pound (Scheme 1).3 The metallocycles fold to generate
two binding subcavities, thus binding two molecules of
a diamide guest by hydrogen-bonding interactions in a
positive homotropic cooperative manner.The Hill coeffi-
cients (h), a measure of the cooperativity, depend on the
nature of the linkers (L) in between two cavities, ranging
from 1.4 to 1.8. We extended the self-assembly approach
0040-4039/$ - see front matter � 2006 Published by Elsevier Ltd.
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to prepare even larger metallocycle containing three
binding subcavities.4

Despite a great advantage in the synthesis, these metal-
locycles are kinetically and thermodynamically labile
owing to the presence of weak covalent bonds, which
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Scheme 2. Synthesis of macrocycle 7. Reagents and conditions: (a) i-Pr2NEt, CH2Cl2, 0 �C to room temperature (75%); (b) Pd(PPh3)2Cl2, CuI,
triisopropylsilylethyne, THF, Et3N, 60–65 �C (85%); (c) Bu4NF, THF, 50–60 �C (97%); (d) 5, N,N,N 0,N 0-tetramethylterephthalamide (10 equiv),
Pd(dba)2, CuI, PPh3, Et3N, toluene/CH3CN, 3 d, room temperature (36%).

Figure 1. A side view of energy-minimized structure (MM3* force
field, MacroModel version 7.1) of macrocycle 7.
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leads to many drawbacks in the purification, characteri-
zation, and application. Therefore, we here prepared a
much more stable covalent analogue 7 based on the tem-
plate-directed synthesis. The macrocycle possesses two
topologically discrete subcavities, each of which bears
four hydrogen-bonding donors, amide NHs of pyri-
dine-2,6-dicarboxamide units. The macrocycle strongly
binds two molecules of a guest, N,N,N 0,N 0-tetra-
methylterephthalamide, in positive cooperative manner
(Hill coefficient h = 1.6) by hydrogen-bonding interac-
tions.

The synthesis of macrocycle 7 is outlined in Scheme 2.
Compound 5 was prepared in 75% yield by dropwise
addition of diamine 35 and 4-iodo-2,6-dimethylaniline
(4) to a CH2Cl2 solution of pyridine-2,6-dicarbonyl
dichloride (2) under nitrogen. Then, 5 was converted
into compound 6 by palladium/CuI-catalyzed Sono-
gashira coupling6 followed by de-silylation with tetrabut-
ylammonium fluoride. Direct coupling between 5 and 6
was first carried out to synthesize 7 under various Sono-
gashira reaction conditions but yields were very low
(<10%) due to the formation of unidentifiable materials,
possibly polymeric species. The low yield is not so sur-
prising because the reaction requires the formation of
a large, 66-membered macrocycle, via twice Sonogashira
couplings.

Next, we carried out template-directed synthesis using
N,N,N 0,N 0-tetramethylterephthalamide which was cho-
sen as a template based on our previous studies with
metallocycles 1.3 After several attempts under different
conditions, the desired macrocycle 7 was obtained in a
reasonable yield (36%) when the reaction was performed
with 10 equiv of the template at room temperature in a
relatively nonpolar medium (1:20, v/v, CH3CN/tolu-
ene),7 the conditions of which possibly optimize the
hydrogen bond-mediated template effect.

The macrocycle 7 was fully characterized by elemental
analysis, MALDI-mass, 1H NMR, and 13C NMR spec-
troscopy.7 As seen in the energy-minimized structure8

(Fig. 1), a monocyclic compound 7 possesses two topo-
logically separated subcavities and its conformation
resembles a figure of eight. Each cavity consists of four
amide NHs, all of which are inward directed as a conse-
quence of intramolecular NH� � �N (pyridine) hydrogen
bond.9

The binding property of 7 was investigated at 25 �C with
N,N,N 0,N 0-tetramethylterephthalamide (G) in the 1H
NMR spectroscopy. When G was gradually added up
to approximately 3 equiv to a CDCl3 solution of 7
(2.00 mM), two NH signals were continuously shifted
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Figure 2. Proposed structure of the complex (above), experimental (·)
and theoretical (line) titration curves (below), and a Job plot (below,
inset) between 7 and N,N,N 0,N 0-tetramethylterephthalamide (G).
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from 8.97 and 9.02 ppm to 10.12 and 10.42 ppm, respec-
tively (Fig. 2). Nonlinear curve fitting analyses of the
titration data using the HOSTEST program10 afforded
the association constants of 1480 ± 90 and 5580 ±
150 M�1 for K1 (=[7ÆG1]/[7][G]) and K2 (=[7ÆG2]/
[7ÆG1][G]), respectively. The ratio of these constants im-
plies positive homotropic cooperativity, considering the
relationship of K2 = 1/4 K1 for non-cooperative binding.
The titration data were also analyzed by the Hill equa-
tion:11 log(y/(1 � y)) = h log[G] + logK, where h and K
are the Hill coefficient and binding constant, respectively,
and y = K/([G]�n + K). The magnitudes of h and log K
were obtained from the slope and the intercept of the lin-
ear plot of log (y/(1 � y)) versus log [G1]. The Hill coef-
ficient was found to be h = 1.6, which also supports the
positive cooperative binding. In addition, The continu-
ous variation (Job) method11 confirmed 1:2 (7/G) stoichi-
ometry of the complex, showing the maximal complex
formation at 0.33 mol fraction of 7 (Fig. 2).
The association constants between 7 and G are compa-
rable or higher than those obtained from tetralactam
analogues and diamide guests, the systems of which
were reported to form four hydrogen bonds.3,12 In
addition, when N,N-dimethylbenzamide, was used as a
monoamide guest capable of forming two hydrogen
bonds, the changes in the NH chemical shifts were very
small (<0.2 ppm on the addition of �4 equiv) compared
to those (1.2–1.4 ppm) induced by G. These observa-
tions are consistent with the formation of four simul-
taneous hydrogen bonds between 7 and G. Finally, the
aromatic signal of G when complexed was considerably
upfield-shifted (Dd = �0.7 ppm), suggesting that G
inserted into the cavity was surrounded by aryl planes
as shown in Figure 2.

In conclusion, a large, 66-membered macrocycle that
can be served as an artificial allosteric model was pre-
pared using the template-directed synthesis. The macro-
cycle possesses two topologically separated binding
cavities and therefore binds two molecules of the guest,
one to each cavity, in positive cooperative manner by
hydrogen-bonding interactions.
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