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Abstract: Oligomers based on an o-phenylene ethynylene (oPE) backbone with polar substituents have
been synthesized using Sonogashira methods. Folding of these extremely short oligomers was confirmed
via 1D and 2D (NOESY) NMR methods. Utilizing electron-rich and electron-poor phenylene building blocks,
variations of these oPE oligomers have been synthesized to determine the folded stability of π-rich vs
π-poor vs π-rich-π-poor systems. Slight variations in temperature offer a route, aside from solvent
denaturation, to probe the stability of the folded structure. This is the first report of an NMR solution
characterization of folding for a PE backbone without hydrogen bonds.

Introduction

Foldamers have attracted great interest because of their
implications and similarity to folded proteins.1 Solvent, tem-
perature, metal-ligand interactions,2 electrostatic differences,3

hydrogen bonding,4 and structurally rigid design elements have
all promoted folding. These various interactions have been
studied for a wide variety of structures from those with
biological origin such asâ and other peptides,5 peptoids,6

saccharides,7 and nucleic acids8 to those that lack any biological
construct but similarly form helical, extended, and/or turned
structures.

Here we report the 1D and 2D solution NMR characterization
of new o-phenylene ethynylene (oPE) oligomers containing
polar triethylene glycol monomethyl ether (Teg) side chains.
NMR characterization shows that even the short tetrameric
oligomers of this backbone, shown in Figure 1, are capable of
folding. Previous work withm-phenylene ethynylenes (mPEs)

created systems that fold into pucklike helices upon solvent
change.9
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Figure 1. oPE tetramers1-3. Electron-rich (red) and electron-poor (blue)
rings are shown. Relevant protons for each tetramer are labeled. Each ring
of each oligomer has three protons that are labeled with respect to their
J-coupling and splitting pattern, respectively: a (8.4 Hz, d), b (2.1 Hz, d),
and c (8.4 and 2.1 Hz, dd).
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This system has been characterized using a variety of methods
including electron paramagnetic resonance (EPR),10 circular
dichroism (CD),11 and fluorescence.12a,bDespite these extensive
investigations, 2D solution NMR characterization of folded PE
structures, without extensive hydrogen bonds,4 has not been
reported.

In comparison to mPE oligomers, few oPE sequences have
been synthesized,12c-e and no folding systems have been
reported thus far. Computational and simple torsional consid-
erations suggest that the oPE oligomers have a high probability
of folding even with very short sequences.13 Moreover, the
aspect ratios for folded mPE and oPE oligomers are considerably
different, leading to distinct geometric shapes. For example,
dodecamers of mPE and oPE would form pucks and tall
cylinders, respectively. Therefore, the ability to create oPE
sequences that fold is being explored, and this is our initial report
that confirms folding in these systems.

Results and Discussion

The oPE oligomers reported here were synthesized using
standard Sonogashira methods reported earlier12d in good yield
to afford three tetramers of different electronic compositions.
The oligomers shown in Figure 1 include an electron-rich
tetramer,1 (Et4), where all of the Teg side chains are attached
to the oPE backbone through ethers, a mixed system,2 (EsEt3),
with one electron-poor ester ring and three electron-rich ether
rings, and an electron-poor tetramer,3 (Es4).

Previous work suggested halogenated solvents would promote
a predominantly random conformation14 while more polar
solvents drive a folded structure. If indeed these short tetramers
fold in solution, it is well documented thatπ-π stacking shifts
aryl protons upfield to smaller ppm values.16 A solvent titration
study shown in Figure 2a was conducted at constant temperature
and concentration to determine the effects ofπ-π stacking as
a function of solvent composition for the three tetramers. Each
graph represents a solvent titration series for each of the three
tetramers at increments of 10 vol % acetonitrile (ACN) in
chloroform (CDCl3) from 0% ACN to 100% ACN; all data were
referenced to the standard, tetramethylsilane. The ppm shifts
for protons a, b, and c of each ring were averaged to represent
a single data point per ring at each measured concentration.
The original 0% ACN (or 100% CDCl3) value was set to zero
to normalize all of the data, and then the change in ppm (∆ppm)
was plotted as a function of solvent composition.

∆ppm, when the solvent is changed from CDCl3 to ACN,
indicates a clear upfield shift for the aryl protons of rings 1 and
4 predicted to be involved inπ-π stacking for all three

tetramers1-3.17 At the same time, the protons expected to
experience noπ-π stacking interactions (rings 2 and 3) were
observed to remain at∆ppm ≈ 0 throughout the titration,
completely consistent with the expected folded structure.
Further, when all three oligomers are compared, the differences
in ∆ppm are also in agreement with expectations. Oligomer2
is expected to fold better than1 due to complimentary
electrostatics. Rings 1 and 4 of2 are π-poor and π-rich,
respectively, while these two rings in1 are bothπ-rich. The
electron-poor system of oligomer3 has the largest∆ppm for
rings 1 and 4, suggesting closer stacking interactions,13 although
π-poor systems may be more sensitive spectroscopically.18

The overall upfield shifting, or∆ppm, of the signals corre-
sponding to the protons on rings 1 and 4 in tetramer1 are
relatively small; however, it is clear that the signals from the
protons on rings 2 and 3 are not affected by a change in solvent
as evidenced in the top graph of Figure 2a. When the data for
tetramer2 are examined (middle graph of Figure 2a), it is again
very clear that the signals from the protons on rings 2 and 3 do
not shift upfield upon solvent change, indicating no conforma-
tional change that moves them to within proximity of a
π-stacking event, which is perfectly consistent with the expected
helical structure. The data obtained by solvent titration for
tetramer3 (bottom graph of Figure 2a) are even more dramatic.
It is clearly evident that the average upfield shifts (∆ppm) for
the signals corresponding to the protons on rings 1 and 4 are
greater than those for the signals corresponding to the protons
on rings 2 and 3, which strongly supports a helical folded
conformation.

Helical molecular models shown in Figure 2b19 predict and
confirm folded conformations for each tetramer; side chains have
been omitted for clarity. The variations in tetramer structures
are primarily seen in the slip-stacking angle and distance
between rings 1 and 4. A vertical line is shown for each tetramer
which is perpendicular to the plane of ring 4 along with a second
line extending from the center of ring 4 through the center of
ring 1. The angle between these lines helps approximate the
slip-stacking offset while the distances between rings are
measured through the center of each ring. Exact face to face
stacking of the rings would be indicated by an offset angle of
0° and a distance between rings similar to that of constrained
andπ-stacked benzene rings, or 3.4 Å.20 Given the conforma-
tional constraints of this oPE system, the electronics and/or
dipoles of each ring should have an influence on the details of
the geometry of the stacked rings,13 which in turn impacts the
folded conformation.21

The repulsion that might be expected for the electron-rich
rings of tetramer1 (Et4, top of Figure 2b) is observed by the
35° slip-stack angle between rings 1 and 4. For tetramers2
(EsEt3) and 3 (Es4) the slip-stack angle is approximately 20°
and 11°, respectively. These predictions fall directly in line with
the data shown in Figure 2a. The angle of slip-stack or offset
should directly correlate with the degree ofπ-π stacking
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experienced by each ring, which would therefore be reflected
in the magnitude of upfield shifting experienced by the protons
of rings 1 and 4. This is consistent with the observations here
in which the system with the smallest angle of offset (3, Es4) is
the system in which the largest degree of upfield shifting occurs.

In terms of the distances that can be measured from the center
of ring 1 to the center of ring 4, tetramers1-3 are separated
by approximately 4.3 Å (Et4), 4.1 Å (EsEt3), and 3.8 Å (Es4),
respectively. This again provides evidence to support the data
obtained in Figure 2a, suggesting that protons of tetramer3 (Es4)
are most affected in the helical conformation. In addition, the
tilt, or face-to-edge stacking, between rings 1 and 4 is very small.
The models show a trend in which this small tilt is observed to
increase from tetramer3 to tetramer1. Table 1 summarizes the
ring proton shifts (∆ppm) for the end points of the titrations of
tetramers1-3 and shows that in all cases rings 1 and 4 shift
upfield while rings 2 and 3 move very little, which is perfectly
consistent with the expected helical structure.

By examining the 1D NMR traces of all the aromatic protons
(Figure 3a) and coupling these observations with the molecular
models of tetramers1-3 (Figure 3b), more details regarding
the ppm shifting of each aryl proton can be found. Ring

assignments were made using a combination ofJ-coupled
correlation spectroscopy (COSY) and heteronuclear multiple-
bond correlation (HMBC) NMR experiments to identify which
protons are attached to each ring of the tetramers. For tetramer
1, the model shown at the top of Figure 3b suggests that protons
1a, 4a, and 4b would experience the largest change in chemical
environment. The NMR spectra shown alongside the model in
Figure 3a (top) support this observation as these three protons
experience the largest change from CDCl3 to ACN. Proton 4b
is influenced by the aromatic ring, while protons 1a and 4a are
influenced by the triazene and acetylene functionalities, respec-
tively. At the same time, very little upfield shift is observed for
proton 4c, while proton 1c actually shiftsdownfield. In general,
we observe this small downfield shift for the aromatic protons

Figure 2. (a) NMR titration curves of1-3 from CDCl3 to ACN. Upfield shifting of rings 1 and 4 is evident, while rings 2 and 3 do not move. Key: (top)
1, Et4, (middle) 2, EsEt3, (bottom) 3, Es4. (b) Energy-minimized (MMFF) conformation of tetramers1-3 folded into a helix. The Teg side chains are
omitted for clarity. Angles indicate the offset between rings 1 and 4 in the helical conformation. Distances given are between the centers of rings 1 and 4.

Table 1. Average ∆ppm (CDCl3-ACN) Shifts for Aryl Protons for
1-3

ring no. 1 (Et4) 2 (EsEt3) 3 (Es4)

1 -0.09 -0.13 -0.21
2 0.01 0.00 -0.04
3 0.02 0.00 -0.02
4 -0.05 -0.10 -0.19
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of model compounds which is most likely due to the change in
dielectric constant of the solvent.12b,17The standard tetrameth-
ylsilane corrects this shift. At the same time, the inherent
downfield shifting of the protons going from CDCl3 to ACN17

provides further support thatπ-π stacking of rings 1 and 4
cause the upfield shifts we observe in ACN. The overall upfield
shifts for 1 are the smallest of the three tetramers, again
indicating a very weak interaction between rings 1 and 4 overall.

For tetramer2 (EsEt3) the model indicates that the protons
of rings 1 and 4 that should be most affected by the folded
conformation are 1b, 1c, 4a, and 4b. Proton 1b is located under
the triazene group, proton 1c is influenced by the ester function,
proton 4a is located near the acetylene bond, and proton 4b is
located above ring 1. Interestingly, protons 1b and 4c of tetramer
1 as well as protons 1a and 4c of tetramer2 do not experience
significant upfield shift. These protons, although labeled dif-

ferently due to chemical connectivity, are found in the same
locations on the two foldamers (see Figure 3b, top and middle).
The molecular model of tetramer3 (Es4) indicates that the rings
are nearly on top of one another, suggesting that all of the
protons on rings 1 and 4 should be affected and all their signals
should shift upfield accordingly. Indeed, this is what is observed
in the NMR spectra at the bottom of Figure 3a. In fact, all of
the proton signals associated with rings 1 and 4 shift upfield
considerably more than those of tetramer1 or 2.

In addition to the 1D data, we speculated that the terminal
TMS (trimethylsilane) group would provide an excellent NMR
probe in NOESY experiments for two main reasons. The
chemical shift of the TMS falls at a unique region in the spectra
(∼0.2 ppm) compared to those of the rest of the protons in the
molecule, and the methyl groups extend beyond the aromatic
backbone plane by∼2.0 Å. Due to the inherent distance

Figure 3. (a) NMR traces for each concentration of ACN in CDCl3 for tetramers1-3 (1.25 mM, 400 MHz, 298 K). Individual signals from rings 1 and
4 have been labeled and were assigned by a combination of COSY and HMBC 2D NMR experiments. Tetramethylsilane was used as the reference: (top)
1, Et4, (middle)2, EsEt3, (bottom)3, Es4. (b) Top down views of molecular models.
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dependence of NOESY, which is typically 4-5 Å,15 and the
likelihood of similar stacking distances, this additional∼2.0 Å
plays an important role.

Tetramer2, EsEt3, was examined by 2D (NOESY)1H NMR
studies at room temperature in CDCl3 and ACN (Figures 4a
and 4b). The TMS peak appears at 0.2 ppm, and the aryl peaks
corresponding to ring 3 appear at 7.51 ppm (3a), 7.07 ppm (3b),
and 6.96 ppm (3c) in ACN. A strong NOE between the TMS
protons and proton 3c was observed in ACN but is completely
absent in CDCl3 as shown by the partial NOESY spectra in
Figures 4a and 4b. The NOE interactions are consistent with a
folded structure in which the electron-poor ring 1 stacks with
the electron-rich ring 4 (see Figure 3b, middle).

When tetramer3 was examined by 2D (ROESY)1H NMR
studies (Figure 5) at room temperature in CDCl3 and ACN, a
strong NOE cross-peak was observed between the terminal
TMS of the molecule and a methyl from the triazene end
group of ring 4only in ACN. This cross-peak is completely
absent in CDCl3, indicating tetramer3, Es4, folds in ACN but
not in CDCl3. This NOE further indicates the TMS group
continues in the progression of the helix, consistent with the

NOE observed for2 in Figure 4b, and that rings 1 and 4 are
closer to face-to-face stacking than face-to-edge stacking since
face-to-edge stacking would most likely move the two end
groups (triazene and TMS) away from each other. Extracting
distance data based on the integrals of the NOESY/ROESY
cross-peaks (see Table 2) confirms the close proximity of the
TMS and ring 3 (2, EsEt3) or the TMS and triazene end groups
(3, Es4).22 At room temperature, the TMS is ca. 2.29 Å away
from proton 3c of2 and the triazene is ca. 3.36 Å from the
TMS of 3.

When tetramer1 was examined by NOESY, no NOE signal
was observed. The lack of NOE peaks for tetramer1 is most
likely due to the presence of the two electron-rich rings which
are not expected to promote folding as strongly and/or force
the two rings (1 and 4) further apart due to the higher electron
density, which consequently pushes the TMS protons out of
the NOE distance correlation range (4-5 Å). The 1D proton
chemical shift values discussed in Figures 2 and 3 support
folding of this oligomer, but are also consistent with the lack
of NOE cross-peaks since the∆ppm is the smallest of all three
oligomers and the distance (measured by modeling) is the
largest.

Other NOESY studies on folding oligomers4 have
indicated that low temperature is required to obtain an NOE
cross-peak. All of the work presented thus far was collected at
room temperature. Taking into account this possible temperature
dependence, we performed a limited temperature study to
determine whether the NOE signals we observed for tetramer
2 were temperature dependent. Upon cooling of tetramer2,
EsEt3, to 288 K, a new NOE signal appears between the
TMS protons and proton 3a so that two NOEs are present
(Figure 4c). These signals correspond to distances of 2.42 and
2.97 Å, respectively, for protons 3c and 3a. Conversely, when
the temperature is increased to 310 K (Figure 4d), the NOE
for proton 3a completely disappears and the original proton
3c NOE is diminished by 95%. This temperature variation in
NOE is consistent with a folding pathway in which rings 1 and
4 would interact more strongly with one another as the
temperature is reduced, leading to the additional NOE
signal. Conversely, elevating the temperature reverses this
effect, resulting in the observed decrease in the two NOE
signals and intensities. A 1D study of tetramers2 and 3
(Figure 6) over the same temperature range reveals the
expected downfield shift of the aromatic protons on rings 1 and
4 with increasing temperature and tetramer3 shifts more
than tetramer2. The larger observed shifts for the protons
of tetramer3 are likely due to the fact that3 is stacked

(22) As the distance between protons a and c on one ring can be approximated
as 2.44 Å, a relation between the integration of the observed cross-peaks
and the distances can be determined (see the Supporting Information for
more details).

Figure 4. Partial NOESY spectra of2, EsEt3 (1.25 mM, 400 MHz, 299
K, mixing time 0.1 s), for the TMS and aryl regions in CDCl3 (a) and
ACN (b). No cross-peak is observed in CDCl3, while a strong NOE is
present in ACN. Partial NOESY spectra of2 (1.25 mM, 400 MHz, mixing
time 0.1 s) in ACN revealing the TMS to aryl interaction at 288 K (c) and
310 K (d).

Figure 5. Partial ROESY spectra of3, Es4 (1.25 mM, 600 MHz, 298 K,
mixing time 0.3 s), for the TMS and triazene regions in CDCl3 (left) and
ACN (right). No cross-peak is observed in CDCl3, while a strong NOE is
present in ACN.

Table 2. Calculated NOESY Distances

molecule
TMS to Xa

distance (Å)

2 (EsEt3) 2.29
3 (Es4) 3.36

a X ) proton 3c for2 and a methyl of triazene for3.
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more closely than2. This is consistent with the data discussed
above. In addition, since3 is more closely packed, a small
change in distance would influence the∆ppm more. Another
intriguing possibility is that2 is more stable due to compli-
mentary electrostatics. Iverson3 showed that complementary
π-systems (π-rich andπ-poor) associated more than twoπ-poor
systems by 1 order of magnitude. His study formed a charge-
transfer complex, unlike ours; however, the trend is similar.
Currently, we cannot distinguish these two possibilities, although
the first one in which3 packs more tightly is most consistent
with the data presented. What is clear is that the observations
in the 1D spectra (Figure 6) agree with the NOE variable-
temperature data.

When the TMS region for Figures 4 and 5 is examined
closely, it is evident that the signal for the TMS protons also
shifts upfield in ACN. The TMS end group of tetramer3 (Es4)
is most affected, shifting upfield 0.06 ppm. The magnitude of
shifting, although small, is directly related to the tetramer studied
and shows a larger shift going from1 to 3. This is additional
support that the TMS end group lies over the plane of ring 3.23

Conclusions

Very short novel oPE oligomers are reported and shown to
fold at room temperature by 1D and 2D NMR. NOESY provides
the first high-resolution data on solvent-driven PE oligomers
and confirms oPE as a versatile and suitable scaffold to construct
foldamers. Tetramers2 and 3 appear to fold best with the
potential to unfold at higher temperature, indicating an additional
route for denaturation. Additional studies to determine the
structure most suitable for stable helix formation with the oPE
systems is required. The 1D chemical shifts appear to be more
sensitive to aromatic stacking than NOE interactions. oPE
oligomers will generate high aspect ratio objects when folded
and are being studied for self-assembly into larger, tertiary-
like structures as well as for the display of chemical functions
in 3D space.
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Figure 6. NMR traces in ACN for tetramers2, EsEt3 (top), and3, Es4 (bottom), at 288, 299, and 310 K. Downfield shifting is evident as temperature is
increased. Tetramethylsilane was used to reference each spectrum. Individual signals from rings 1 and 4 have been labeled and were assigned by a combination
of COSY and HMBC 2D NMR experiments.
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