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The helix is one of the most significant structural motifs
observed in biological[1] and synthetic[2] polymers. We have
previously shown that m-phenylene ethynylene oligomers 1
exhibit unique helical structures in polar solvents[3] and
possess a cavity which can bind hydrophobic molecules.[4]

The rodlike ligand 2 exhibited affinities to 1 that were
dependent on either the length of the oligomer or the height
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of the helical cavity. The association constants rose steadily as
the length of the oligomer increased from the decamer to the
octadecamer but then reached a plateau, with a weak
maximum at the icosamer. Only nonspecific, nondirectional
solvophobic interactions stabilize these complexes.

Intuitively, a capped rod, namely, a dumbbell-shaped
ligand, may exhibit greater specificity by blocking the strong
binding of oligomers which are too long to fit between the
caps. However, the ability of capped rods to function as
ligands depends on the presence of a kinetically accessible
complexation pathway. Two possible limiting mechanisms can
be imagined in a polar solvent that favors the folded state of 1:
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1) the chiral ligand threads into the helical cavity of a rigid
oligomer, or 2) a transiently unfolded oligomer winds around
the chiral ligand (Figure 1a). This mechanistic question
parallels that asked of many biological systems; that is, how
much reorganization of the folded receptor occurs upon
binding?[5] Here, we describe the high affinity and high
specificity of a dumbbell-shaped ligand, whose shape should
mimic the mode of binding of 2 to 1 and restrict the possible
mechanisms of complexation.

The dumbbell-shaped ligand 3 consists of N,N�-diphenylpi-
perazine 2 capped with triarylmethyl moieties at both ends of
the rod. Each terminal aryl group was para substituted with
triglyme (Tg) ethers to improve solubility. The ends of this
molecule should be too bulky to enter the cavity of a rigid
helical oligomer by threading (Figure 1b).[6] This assumption
was evaluated by molecular modeling; structures of the ligand
and helical oligomer were optimized by molecular mechan-
ics.[7] The diameter of the helical cavity was calculated to be
8.7 ä, while the diameter of the capping group (without side
chains) was calculated to be 10.2 ä. By comparison, the
diameter of the piperazine portion of the ligand was about
6.6 ä. Therefore, the observation of a high binding affinity
between 3 and oligomer 1 would suggest that a dynamic
mechanism such as pathway (2) (Figure 1a) is viable.

The synthesis of dumbbell-shaped molecule 3 is illustrated
in Scheme 1. Triarylmethanol 4 was prepared in 72% yield by
the reaction of methyl 4-bromobenzoate with p-methoxyphe-
nylmagnesium bromide. Bis(tetraarylmethane) 5a was ob-
tained in 50% yield by treatment of 4 in phenol with a
catalytic amount of HBr according to the procedure reported
by Gibson et al.[8] It should be noted that the use of a catalytic
amount of HCl resulted in a 1:1 mixture of 5a and 5b. After
removal of the methyl groups by treatment with BBr3 in
CH2Cl2 (93% yield), etherification of 6 with triglyme under
Mitsunobu conditions[9] gave 7 in 47% yield. Buchwald ±
Hartwig amination of 7 with (2S,5S)-2,5-dimethylpiperazine
afforded the monoadduct 8 (45% yield) and target 3, albeit in
low yield (10%). No epimerization of the piperazine ring was
observed during amination.
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Scheme 1. Synthesis of dumbbell-shaped ligand 3 : a) Mg, diethyl ether,
40 �C, 12 h; methyl 4-bromobenzoate, 40 �C, 18 h, 72%; b) phenol, HBr,
120 �C, 16 h, 50%; c) BBr3, CH2Cl2, RT, 2 h, 93%; d) CH3(OCH2CH2)3OH,
diethylazodicarboxylate, Ph3P, THF, RT, 18 h, 47%; e) [Pd2(dba)3], NaO-
tBu, 2-diphenylphosphanyl-2�-dimethylaminobiphenyl, cis-(2S,5S)-2,5-di-
methylpiperazine, toluene, 85 �C, 18 h, 10% of 3. dba� dibenzylideneace-
tone.

Induced circular dichroism (CD) signals were observed
upon mixing solutions of 3 and the members of oligomer
series 1 (n� 16, 18, 20, 22, 24), which indicates that the
presence of the capping groups did not prevent association.
Figure 2 (inset) shows a representative series of spectra
obtained from the addition of different concentrations of

Figure 1. Foldamer association with rodlike ligands. a) Two possible limiting mechanisms are the static, rigid case in which the chiral ligand threads through
the cavity of the helical oligomer without disruption of the helical structure (1), and the dynamic, flexible case in which the unfolded or partially folded
oligomer winds around the chiral ligand (2). b) Mechanistic probe.
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Figure 2. Plot of the�� value at 317 nm against the concentration of ligand
3 for its association with oligomer 1 (n� 20) in 40% H2O in CH3CN at
294� 1 K. [1]� 4.2 ��. The points represent the observed data, while the
line represents the nonlinear least-squares fit. The inset shows the
corresponding CD spectra.

enantiomerically pure 3 to the icosamer in 40% aqueous
acetonitrile. The CD spectra were very similar to those
observed for the 1:1 complex formed between 2 and 1,[4b] and
the stoichiometry of the complex formed between 3 and 1 was
also determined to be 1:1 from the quality of the nonlinear
least-squares fitting to the 1:1 binding isotherm.[10][11]

The binding affinities of 3 for members of oligomer series 1
were determined by these nonlinear fits.[12] As shown in
Figure 3, the value of the association constantK11 increased as
the length of the oligomer increased from the hexadecamer to
the docosamer.[13] The length dependence of the association
constants and the similarity of the CD spectra to those
observed previously for the 1:1 complex formed between 2
and 1 suggest that dumbbell-shaped ligand 3 also binds within
the helical cavity of the folded oligomer rather than in some
alternative geometry, such as transversely through the turns of
the helix or to a nonhelical conformation. The K11 value of 3
with the icosamer of 1[14] was calculated to be (1.0� 0.1)�
106 ��1. This value is more than 20 times stronger than the
K11 value of 2 with the icosamer. Not only is the affinity of 1
for ligand 3 larger than that of ligand 2 at each oligomer
length, the specificity of ligand 3 towards oligomers of
different lengths is also much greater than that of ligand
2.[15] For example, in the case of rodlike ligand 2, the
association of the icosamer is only 2.3 times larger than that
of the hexadecamer. However, this ratio is about 20:1 for
dumbbell-shaped ligand 3. This specificity can easily be seen
in Figure 3; the maximum in the plot of the K11 value versus
oligomer length is much more pronounced for 3 than for 2.

We previously assumed that the affinity depends on the
area of contact between the interacting molecular surfaces,
given the absence of any obvious, specific, directional inter-
actions.[4b] The predicted enthalpy of binding from molecular
mechanics models[16] increased nearly linearly as the oligomer
increased in size from the hexadecamer to the docosamer, but
decreased for the tetracosamer. Just as for the 1 ¥ 2 complexes,
no specific intermolecular interactions were evident in the
modeled 1 ¥ 3 complexes, with the exception of possible

Figure 3. Plot of logK11 values (circles) and modeled heat of association
(squares) against oligomer length for ligands 2 and 3. Experimental
K11 values for 2 (�) are taken from ref. [4b] for direct comparison to 3 (�).
All measurements were recorded in a mixed solvent of 40% H2O in
CH3CN at 294� 1 K. [1]� 4.2 ��. � represents the calculated heat of
association for 2 and � for 3. The energy scale is arbitrary since no
contribution from the entropy of binding is included.

aromatic ± aromatic interactions between the terminal oligo-
meric phenyl rings and the phenyl rings of the trityl capping
group. The modeled structures of all of the complexes 1(n�
16 ± 20) ¥ 3 revealed the ligand could be encapsulated within a
completely helical oligomer, whereas the 1(n� 24) ¥ 3 com-
plex could only form upon some twisting of the terminal
oligomeric phenyl groups out of the ideal helical conforma-
tion. The fully folded hexadecamer and octadecamer are too
short to interact with both of the capping groups; the affinity
is thus relatively low and the specificity for these lengths not
very high. However, the icosamer and docosamer are long
enough to potentially form energetically favorable contacts
with both tetraarylmethane capping groups. These stabilizing
interactions may be responsible for the large differences
between the K11 values of ligands 2 and 3, and the high chain
length specificity. The lower binding constant for the tetraco-
samer, as well as the perturbation of the helical structure of
the oligomer in the model of the 1(n� 24) ¥ 3 complex suggests
that the helix may be too long to fit between the capping
groups in its fully folded state. It is possible that some
deformation occurs to accommodate 3, such as alteration of
the pitch of the helix or fraying of the helix ends as seen in the
model.

The kinetics of the association of 1 with 2 and with 3 were
examined to further probe the mechanism of complexation.
As can be seen in Figure 4, the diastereomeric excess of the
1(n� 20) ¥ 2 complex is already present by the time the first
measurement is made at 60 seconds after mixing, and does not
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Figure 4. Kinetics of complexation of 2 and 3 with 1. The percentage of the
equilibrium signal is shown as a function of the time after mixing the ligand
and the oligomer. � represents the formation of the complex of 3 with 1
while � represents the complex of 2 with 1. The solid lines are nonlinear fits
to the data using a second-order kinetic model. The dashed line indicates
the absence of data for very short reaction times; the shape of the kinetic
curve in this region is undetermined. [1]� 4 ��, [2]� 45 ��, [3]� 10 �� in
40% H2O in CH3CN.

change appreciably over the next thirty minutes. This
observation suggests that the binding event is rapid, as is
possible for a direct threading mechanism such as pathway (1)
in Figure 1. Different kinetic behavior is observed for the
association of 1 and 3.

The growth of the CD signal was slower for the association
of 1 with 3 (Figure 4). It is reasonable to assume that the
slower establishment of the diastereomeric equilibrium is the
result of the greater degree of oligomer chain reorganization
required to accommodate ligand 3 within the helical cavity.
The transition state for this association would be both
entropically disfavored, because of the chain movements
required, and enthalpically disfavored, because of the dis-
ruption of the enthalpically favored helical state. The fact that
association does occur for 3 indicates that a mechanism which
involves a dynamic receptor, such as pathway (2) in Figure 1a,
is a viable process for foldamers 1. The different kinetic
behavior exhibited by the two ligands suggests that 1 and 2
associate by a mechanism more like pathway (1) in Figure 1a,
but a pathway that involves significant chain reorganization
(pathway (2)) cannot be ruled out.

In conclusion, we have demonstrated that the addition of
capping groups to rodlike ligand 2 to yield the dumbbell-
shaped ligand 3 does not block its binding to foldamers 1 and
has large, length-specific association energies. This result
allows the mechanistic conclusions that a dynamic pathway is
accessible for the inclusion of hydrophobic molecules in the
helical cavity of 1, and that the molecular recognition by
helical foldamers involves at least some deformation of the
fully folded helix. It remains to be shown if reorganization of
the helix is required or indeed kinetically competitive for
systems in which pathway (1) is allowed. Furthermore, the
higher affinity and oligomer length specificity of 3 relative to 2
may allow its use as a template for size-selective dynamic
syntheses[17] of foldamers structurally similar to 1.
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