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In recent years, dynamic combinatorial chemistry1 has attracted
attention as a tool for selectively synthesizing molecules according
to function, made possible by covalent exchange and supramolecular
association to a target.2-9 Here we extend this to the length-specific
synthesis of foldamer-based receptors.10 In previous studies11 we
have shown thatm-phenylene ethynylene oligomers1 fold into
macromolecular receptors that bind hydrophobic ligands. These
molecules take a helical conformation in polar solvents such as
acetonitrile, while exhibiting a random conformation in solvophilic
solvents such as chloroform.11a-b In the helical conformation they
bind nonpolar ligands within the tubular hydrophobic cavity.11c-e

When the ligand is rodlike molecule2, the binding affinity was
found to exhibit a maximum for oligomers withn ) 20-22,11d-e

and this maximum is accentuated when2 is capped at its ends with
the triphenylmethyl group.11e We have also shown that imine
metathesis can be used as a reaction for the dynamic synthesis of
oligomers, and that the stabilizing energy derived from the helical
conformation can shift the equilibrium in favor of oligomers that
are folded.11f These results impelled us to test the selective synthesis
of oligomers using imine metathesis in the presence of the rodlike
ligand. Herein we report the size-sselective synthesis of oligomers
driven by folding and ligand binding.

The experimental design is illustrated in Figure 1 along with
the specific molecules we used. As the starting sequences, we
selected 4-mer3 having twoN-terminal imines, 6-mer4a, and 12-
mer 4b, each having oneC-terminal imine. Under conditions
suitable for imine metathesis, equilibration is established, resulting
in a mixture that consists of the three starting substrates, five new
oligomers (5a, 5b, 6a-c), and byproduct7. We performed the
reaction in both dry chloroform and dry acetonitrile at a concentra-
tion of 5 mM for each of the starting imines in both the absence
and presence (30 mM) of the rodlike molecule2b. The reactions
were run under nitrogen at room temperature with a catalytic amount
(5 mol % of total imine bonds) of oxalic acid. Equilibrium was
reached within 2 days as judged by the time-independent product
distribution. The final products were analyzed by1H NMR,
MALDI-MS, and silica gel HPLC. The1H NMR spectra of the
reaction mixtures showed that no significant hydrolysis took place
during the metathesis reaction, and the MALDI-MS spectra

exhibited signals for all of the possible products under each of the
conditions. The final product distributions of6a-c were quanti-
tatively determined by the silica gel HPLC analysis.12

The equilibrium constant for the imine metathesis reaction is
close to unity if there is no extrinsic driving force.13 Thus, the
product distribution of6a-c in chloroform, where the oligomers
have random conformations, is in reasonable agreement with the
calculated values based upon the assumption that all of the
equilibrium constants for the individual metathesis reactions are
unity (Table 1). Moreover, the product distribution in chloroform
was not affected by the presence of 2 equiv of ligand2b. Metathesis
in acetonitrile in the absence of2b showed that the formation of
6a-c was significantly increased, as expected.11f This equilibrium* To whom correspondence should be addressed. E-mail: moore@scs.uiuc.edu.

Figure 1. (a) Schematic diagram that illustrates the equilibrium shifting
driven by folding and ligand binding. The sequences are color coded. (b)
Chemical structure of oligomers used in the metathesis reaction.
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shifting is driven by the stabilizing energy of folding (∆Gfold),11b,f,14

thus disfavoring those oligomers that are not folded (3, 4a). In fact,
∆Gfold for independently synthesized6a and6c were determined
to be 5.5 and 7.5 kcal‚mol-1, respectively, as measured by solvent
denaturation experiments.11b,f This is comparable to∆Gfold of 1 (n
) 18, ca. 7.0 kcal‚mol-1) despite the presence of two imine bonds
that presumably could distort the helical conformation. The observed
ratio of 6a:6b:6c (ca. 1:2:1) can be rationalized on the basis of a
statistical product distribution. Oligomers6a and6c were formed
from 4a, 5a and4b, 5b, respectively, while6b was formed either
from 4a and 5b, or from 4b and 5a. The free energy change in
forming each of the high-molecular weight products6a-c is
expected to be similar.15

Most importantly, the product distribution of the metathesis
reaction in acetonitrile in the presence of2b shifts to favor6b, the
high-molecular weight oligomer of intermediate length (Figure 2).
As shown in Table 1, when 2 equiv of2b are present, the total
amount of oligomers6 increases even though the yields of6a and
6c decrease. This is because there is substantial increase in the
amount of6b. The selective formation of6b was predicted since
this chain length has the highest affinity for2b among the products
6a-c. To estimate the effect of adding the rodlike ligand2b to the
metathesis reaction, the binding affinities16 of 6 with 2b were
determined by circular dichroism (CD) measurements.17 The binding
constant for6 was comparable to that for1, and the affinity reached
its maximum for the 20-mer6 (n ) n′ ) 7), similar to the case of
1.11e The maximum binding constant of6 (n ) n′ ) 7) to 2b in
acetonitrile was 7.0× 103 M-1, corresponding to a binding energy
of 5.2 kcal‚mol-1. On the basis of an equilibrium model and
estimations of binding affinity for6a-6c,18 we conclude that the
enhancement of6b in the metathesis reaction in the presence of
2b was driven by ligand bindingsa form of dynamic templation.

In summary, we have shown that the imine metathesis equilibra-
tion of helical oligomers can be shifted by ligand binding to enhance
the formation of the oligomer with the highest affinity to this ligand.
Dynamic templation using a size-selective ligand was demonstrated
by selective synthesis of unsymmetrical oligomer6b. Since rodlike
ligands of different length can be synthesized, the method may be
extended to the size-selective synthesis of longer oligomers and
polymers.
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Table 1. Estimated Yield of 6a-c by HPLC

conditions estimated yield (%)a

solv equiv 2bb 6a 6b 6c total 6

CHCl3 0 6 ( 1 8 ( 1 5 ( 1 19
calcdc - 8 16 8 -
CH3CN 0 19( 1 37( 2 16( 1 72
CH3CN 2 10( 1 66( 3 9 ( 1 85

a Quantitative analysis using peak areas. Error estimates are based on
experimental reproducibility of duplicate runs.b Equivalents to total amount
of starting3 and 4. c Assumes all metathesis equilibria have equilibrium
constants of unity, as expected for CHCl3 data (see text).

Figure 2. HPLC traces after the metathesis reactions (a) in CHCl3, (b) in
CH3CN and (c) in CH3CN in the presence of2b.
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