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ABSTRACT: We describe the synthesis and characterization of a
new class of oligomers built from a terphenyl-based amino acid.
These oligomeric amides are of interest because the adoption of
specific conformations could potentially be driven by the coordinated
formation of inter-residue hydrogen bonds and aromatic interactions.
Although high-resolution structural data have proven inaccessible,
circular dichroism and nuclear magnetic resonance studies suggest
that the new oligomers fold concomitantly with discrete self-
association in chloroform.

Helices are the most common form of secondary structure
in folded proteins, and helical motifs dominate higher

order structure in nucleic acids. This prevalence has motivated
many efforts to identify non-natural oligomers that adopt
helical conformations.1−5 Synthetic, helix-forming foldamers
have tended to rely on amide connections between
subunits,6−8 although alternative linkages have been explored.9

In most systems, the backbone linkage contains both an H-
bond donor and an H-bond acceptor, as exemplified by
secondary carboxamides, but backbones that lack H-bond
donors7,10,11 or that lack H-bonding groups altogether12−16

have also been evaluated.
Two classes of helix-forming foldamers can be identified

among those with intersubunit linkages that offer H-bond
donor and acceptor sites (secondary amides or ureas). One
class contains sp3 atoms within the subunits, whereas the other
class exclusively contains sp2 atoms within the subunits
(aromatic oligo-amides).1−3,5,17−19 In the α-helix, which can
be seen as the prototype of the sp3 class, H-bonds occur
between CO and N−H groups in adjacent turns.
Comparable interturn H-bond connectivity is seen in
foldamers that contain β-, γ-, and δ-amino acid residues with
saturated backbones.20−23 In contrast, aromatic oligo-amides
display intraturn H-bonds.17 In these systems, stacking of
aromatic surfaces, rather than H-bonding, represents the
dominant interaction between adjacent helical turns. Huc
and co-workers have explored oligomers with alternation of α-
amino acid residues and aromatic amino acid residues;24 the
results suggest that interturn stacking and interturn H-bonding
may compete with rather than reinforce one another in these
systems.25 β-Peptides and oligoureas assemble into helix
bundles.18,20,26−29 The multiple noncovalent attractions
possible in synthetic foldamer helices (H-bonds, aromatic

stacking) open the door to diverse modes of intermolecular
interaction.25,30−34

Here we explore a new approach to combining sp2 and sp3

carbons within an oligomeric backbone in a search for novel
conformational behavior. The amino acid we employ contains
a single sp3 carbon that is attached to an ortho-terphenyl unit
(Figure 1). Most prior studies of aromatic oligo-amide
foldamers have featured subunits engineered to favor planarity
based on the fusion of aromatic rings or the formation of small-
ring H-bonds.2,17,35 In contrast, ortho-terphenyl must deviate
from planarity despite containing exclusively sp2 carbon atoms
to minimize internal repulsions.36 We hypothesized that if the
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Figure 1. Structure of terphenyl oligomers.
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new oligomers adopt helical conformations, then the rotation
about aryl−aryl bonds might allow the ortho-terphenyl units to
modulate their shape to optimize noncovalent attractions
between adjacent turns, potentially allowing both H-bonds and
aromatic−aromatic interactions. Although we have not been
able to obtain high-resolution structural insight for the new
oligomers, data from circular dichroism (CD) and nuclear
magnetic resonance (NMR) measurements in nonpolar
solvents suggest that these oligomers can fold concomitantly
with self-association in a process driven by H-bonding.
The synthesis of the new o-terphenyl-based amino acid

(Tph) necessary for the oligo-amide series shown in Figure 1
involved successive Suzuki couplings (Scheme S1). Homo-
chiral Tph oligomers were prepared via standard solution-
phase coupling reactions involving N-Boc derivatives (Scheme
S2). We use the notation R-Tph-N for these oligomers, where
N refers to the number of Tph subunits.
CD provided evidence that a discrete conformation is

adopted by longer R-Tph oligomers dissolved in chloroform at
room temperature. Figure 2 shows the CD data in terms of the

mean residue ellipticity (MRE), which normalizes the CD
intensities for the number of Tph subunits and the
concentration. At 0.1 mM and 25 °C, R-Tph-6, R-Tph-8,
and R-Tph-10 display a distinctive CD signature, with a strong
minimum at 258 nm and a strong maximum at 299 nm that
has a shoulder at a lower wavelength (Figure 2A). The
signature becomes more intense as the R-Tph oligomer is
lengthened. Under these conditions, R-Tph-2 and R-Tph-4
display a weak CD signature with a different pattern, including
a minimum at 282 nm and a maximum at 247 nm.
The CD signature of R-Tph-8 maintains the characteristic

shape but slightly loses intensity when the sample is diluted
from 0.1 to 0.03 mM (Figure S1). The concentration
dependence of the MRE observed for R-Tph-8 indicates that
the phenomenon giving rise to the strong CD signal requires
intermolecular association. The strong CD signatures in Figure
2A indicate that the longer Tph oligomers adopt a specific
conformation (or possibly a set of conformations) in the
associated state. The fact that CD signatures become more
intense with length suggests that increasing the Tph oligomer
length leads to more avid self-association.
Comparing MRE values among 0.1 mM samples (Figure

2B) indicates that the folded/self-associated state displays
length-dependent cooperativity;37 that is, this state becomes
more highly populated (more stable) as the number of

subunits increases. Such cooperativity is evident for α-helix
formation38 and for helical β-peptides39 and meta-phenyl-
acetylene oligomers.13

If the self-association of Tph oligomers involves enthalpically
favorable intermolecular contacts, such as H-bonds or
aromatic−aromatic interactions, then lower temperatures
should encourage association. Indeed, at −10 °C, the CD
signature of 0.1 mM R-Tph-4 resembles those of the longer
oligomers at 0.1 mM and 25 °C (Figure 3A) in terms of shape,

although the intensity is much lower than that observed for
longer oligomers. As the temperature is raised, the CD
spectrum gradually evolves into the different signature noted
above for R-Tph-4 at room temperature (Figure 2A). The
presence of an isodichroic point at 271 nm suggests that this
change in CD signature corresponds to a two-state trans-
formation at the molecular level. The CD signature of 0.1 mM
R-Tph-4 at 25 °C is observed for 1 mM R-Tph-2 at −10 °C
(not shown), leading us to conclude that this signature
represents an unfolded and monomeric state of R-Tph
oligomers in chloroform. Higher temperatures are required
to induce the unfolding/dissociation of longer oligomers at a
given concentration (Figure 3B), and this unfolding/
dissociation is reversible (Figure S4).
Figure 3B shows the effect of temperature on the MRE at

300 nm for four Tph oligomers. Collectively, these data
suggest that the fully unfolded/dissociated state for these
oligomers is favored by elevated temperatures. R-Tph-4 is fully
unfolded/dissociated over most of the temperature range,
whereas R-Tph-10 retains some structure even at the highest
temperature. The data for the three longer oligomers suggest
that two thermally driven structural transitions occur over the
accessible temperature range, with the MRE more sensitive to
temperature variation at higher temperatures. Variable-temper-
ature CD data for R-Tph-8 are indistinguishable for 0.1 and
0.05 mM samples, but further dilution to 0.03 mM shows a
slight diminution in normalized intensity at lower temperatures
(Figure S5). This observation suggests that self-association of
R-Tph-8 is maximal at 0.05 mM in this temperature range and
begins to diminish upon dilution to 0.03 mM.
The addition of methanol to a chloroform solution of R-

Tph-8 suppresses the CD signature characteristic of the
folded/associated state (Figure 4A). As the methanol
proportion is increased incrementally to 50 vol %, the CD
spectrum evolves toward the weak signature we have assigned
to the unfolded/dissociated state. The presence of an

Figure 2. Circular dichroism of terphenyl oligomers (0.1 mM, 25 °C,
CDCl3). (A) Full spectra of Tph oligomers of different chain lengths.
(B) Length-dependent cooperativity of folding. Ellipticity was
converted to mean residue ellipticity (MRE) to account for different
oligomer lengths.

Figure 3. Circular dichroism of terphenyl oligomers at 0.1 mM in
CDCl3. (A) R-Tph-4 from −10 to 90 °C; note that the vertical scale
matches Figure 2A. (B) Thermal denaturation of terphenyl oligomers.
Ellipticity was converted to mean residue ellipticity (MRE) to account
for different oligomer lengths.
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isodichroic point at 271 nm in the variable-methanol CD series
suggests that methanol-induced denaturation is a two-state
process. The effect of added methanol, a strong H-bond donor
and acceptor, suggests that the folded/associated state of Tph
oligomers in chloroform is stabilized by H-bonds formed
between backbone amide groups; the H-bonds could be
intramolecular, intermolecular, or both.
We turned to NMR spectroscopy to gain further insights

into the folding/association behavior of R-Tph oligomers. A
comparison of the 1H NMR spectra of R-Tph oligomers at 10
mM in chloroform (room temperature) shows that resonances
are sharp for R-Tph-2, slightly broadened for R-Tph-4, and
quite broad for the longer oligomers (Figure 4B). For R-Tph-6,

R-Tph-8, and R-Tph-10, the envelope of aromatic resonances
is shifted upfield relative to the envelope for R-Tph-2 and R-
Tph-4. Particularly noteworthy is the appearance of resonances
between 6.3 and 6.8 ppm for these longer oligomers. These
upfield NMR signals suggest that aromatic groups from
different Tph residues are near one another and cause
shielding of some ring protons, as might be expected upon
folding or intermolecular association. Broad resonances above
8.5 ppm are observed for only the longer three Tph oligomers
in chloroform. Two-dimensional NMR experiments (COSY
and HSQC) revealed that the hydrogen atoms responsible for
these broad, downfield resonances couple to the CH signals at
5.28 ppm and are not bonded to carbon (Figure S19). These
hydrogen atoms can be fully exchanged with deuterium
(Figure S15). We assign these broad resonances to amide
NH units engaged in H-bonds. The 1H NMR spectrum of 10
mM R-Tph-4 shares some features that are evident in the 1H
NMR spectra of the longer oligomers, which suggests that R-
Tph-4 may be partially folded/associated under these
conditions.
In DMSO, a solvent that is a strong H-bond acceptor, the

1H NMR spectra of all five Tph oligomers are nearly identical,
with sharp aromatic resonances clustered between 6.8 and 7.8
ppm (Figure S17). These sharp aromatic resonances, present
at consistent chemical shifts regardless of oligomer length,
suggest that all oligomers are unassociated and unfolded in
DMSO, supporting the hypothesis that H-bonds between or
within terphenyl oligomers are necessary for the folding/
association detected in chloroform.
To probe the self-association of the Tph oligomers, we

conducted diffusion NMR studies at room temperature in
CDCl3. Diffusion coefficients were measured for R-Tph-2, R-
Tph-4, and R-Tph-8 at different concentrations and
normalized to an internal standard (Table S1). The normalized
diffusion coefficient of R-Tph-2 did not vary significantly
between 0.1 and 50 mM, indicating that the size of the species
does not change over this concentration range. On the basis of
this result and the CD data previously discussed, we conclude
that R-Tph-2 is unassociated throughout this concentration
range. The normalized diffusion coefficient of R-Tph-8 did not
significantly vary between 0.03 and 5 mM. On the basis of this
result and the CD data discussed above, we conclude that R-
Tph-8 is fully folded/associated throughout this concentration
range. The relative diffusion coefficient of R-Tph-4 varied
significantly between 0.1 and 50 mM, and we conclude that the
folding/association state of R-Tph-4 changes substantially over
this concentration range, which is consistent with variations in
the NMR spectrum of R-Tph-4 over this range (Figure S24).
On the basis of CD data and NMR chemical shift data, we

conclude that R-Tph-4 is monomeric at 0.1 mM in chloroform
at room temperature. This conclusion can be used to estimate
the approximate particle volume of R-Tph-4 at higher
concentrations based on normalized diffusion coefficients
(SI). This analysis suggests that the volume increases relative
to the species at 0.1 mM by ∼1.2-fold at 1 mM, ∼1.4-fold at 10
mM, and ∼2.4-fold at 50 mM. The noninteger values of these
volumes suggest that equilibration between or among the
structured and unstructured states is rapid relative to the NMR
time scale. Moreover, these data indicate that the self-
association involves a small number of molecules and may
lead to a discrete oligomeric stoichiometry. This conclusion is
supported by the invariant diffusion coefficient measured for R-
Tph-8 over a ∼170-fold change in concentration in chloro-

Figure 4. (A) Methanol-dependent denaturation of R-Tph-8 shown
by circular dichroism (0.1 mM, 25 °C). Data are shown as volume
percent methanol in CDCl3. Ellipticity was converted to mean residue
ellipticity (MRE). (B) Aromatic and amide N−H region of 1H NMR
spectra of oligomers (10 mM, room temperature, 500 MHz, CDCl3).
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form. Dynamic light scattering measurements of R-Tph-8 at 10
mM in CHCl3 suggested a single species with a radius of 1.6
nm and polydispersity of 0.2 nm, consistent with an oligomeric
stoichiometry (SI).
To explore the hypothesis that R-Tph-8 does not form stable

helical structures as a single molecule, we investigated the
conformational behavior of an isolated R-Tph-8 molecule in
chloroform through a series of enhanced sampling molecular
dynamics simulations between 200 and 350 K (details in the
SI). The simulation results were consistent with the hypothesis
that an isolated R-Tph-8 molecule does not adopt a fully
helical conformation in chloroform. Our simulations focused
exclusively on isolated molecules, and they therefore cannot
provide insight into possible self-association.
Our data suggest that homochiral oligomers of a new

terphenyl-derived amino acid can undergo a coordinated
folding and self-association process in a nonpolar solvent. The
folded/associated state appears to be stabilized by H-bonds
between backbone amide groups that are intramolecular,
intermolecular, or both. Because all subunits are identical in
the Tph oligomers, we propose that the folded state is helical,
which would allow each subunit to adopt a similar local
conformation. Future work will be directed toward elucidating
the folded/associated structure at high resolution and
computationally investigating the stability of self-associated
structures.
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