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We combine molecular modeling and NMR methods to better understand intramolecular hydrogen bonding
(H-bonding) in a frequently used arylamide foldamer building block, ortho-methoxy-N-methylbenzamide.
Our results show that solvents have a profound influence on the cumulative number and stabilizing effects of
intramolecular H-bonds, and thus conformational preferences, of foldamers based on this compound. While
intramolecular H-bonds are conserved in aprotic environments, they are significantly disrupted in protic solvents.
Furthermore, these solvent effects can be accurately quantified using the computational approach presented
here. The results could have significant implications in foldamer design, particularly for applications in aqueous
environments.

Introduction

Foldamers, synthetic oligomers that adopt defined, stable
secondary structures in solution, have many realized and
potential applications in a number of areas such as drug design
and structural biology.1 Aromatic oligoamides are among the
most widely studied foldamers.2 Their unique repetitive aromatic-
amide pattern allows for structural predictability and tunability
through the introduction of hydrogen bonds (H-bonds), π-π
stacking, and geometrical constraints into the molecular scaffold.
H-bonds have a prominent place among the interactions
employed in the foldamer design process, as they often provide
a straightforward means of stabilizing defined conformations.
For example, linear arylamide foldamers stabilized by H-bonds
have been designed as bioactive peptide analogues, such as
heparin antidotes3 and amphiphiles with antimicrobial function.4

Utilizing both intra- and intermolecular H-bonding, arylamide
strands have also been designed to self-assemble into molecular
duplexes which serve as recognition modules for the structured
assembly of supramolecular entities, such as �-sheets and block
copolymers.5 Other motifs of aromatic oligoamide foldamers,
such as macrocycles, hollow crescents, and helices, have also
been obtained by designing backbones rigidified through in-
tramolecular H-bonding.2b,5e,6-8 Since most of the conceivable
applications of foldamers will involve aqueous environments,
it is important to address the influence of the solvent on
H-bonding. As recently noted,2a systematic studies of the con-
formational preferences of foldamer building blocks at the
atomic level are much needed. In this Letter, we analyze the
intramolecular H-bonding behavior and related conformational
preferences of a commonly used arylamide foldamer building
block, and demonstrate that the effects of environments ranging

from protic to nonpolar can be accurately quantified by means
of computational approaches.

One of the most frequently used monomers in aromatic
oligoamides is ortho-methoxy-N-methylbenzamide (1, Figure
1a). On the basis of their relative positions, it is commonly
assumed that an intramolecular H-bond will be present between
the methoxy substituent and the N-H group of 1. The design
of various aromatic oligoamides, such as those mentioned above,
relies on the presence of this intramolecular H-bond to stabilize
desired conformations. As described herein, molecular dynamics
(MD) simulations and nuclear Overhauser effect (NOE) NMR
experiments carried out on 1 show that intramolecular H-bonds
are lost to a significant extent in protic solvents (methanol,
water) with respect to nonpolar environments (vacuum, chlo-
roform).

Results and Discussion

Our assessment of the effects of the intramolecular H-bonding
on the conformational preference of 1 began with a systematic
analysis of the torsional energy profiles around the Caromatic-
Cpeptide (Ca-Cp) bond using ab initio methods.3b This study
yielded torsional barriers for the Ca-Cp bond of 3.6 and 8.7
kcal/mol in N-methylbenzamide and 1, respectively, reflecting
the influence of intramolecular H-bonding. Using the general
AMBER force field (GAFF)9 modified according to these results
and restrained electrostatic potential (RESP) charges,10 we
performed MD simulations of 1 in the gas phase, as well as in
chloroform, methanol, and aqueous solutions. The Ca-Ca-
Cp-N dihedral angle distribution (Figures 1a and 2), intramo-
lecular H-bonds (O · · ·H-N), and intermolecular H-bonds
(O · · ·H-Osolv and Osolv · · ·H-N) were analyzed. An O · · ·H
distance of less than 2.5 Å and an O · · ·H-N or O · · ·H-O angle
larger than 120° were used as the criteria for the presence of
H-bonds. It is also worth noting that, based on our analysis,
Ca-Ca-Cp-N angles within -50 to 50° are most suitable for
the formation of the intramolecular H-bond.
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As expected, simulations in the gas phase and in chloroform
give virtually identical results. In both environments, the
Ca-Ca-Cp-N dihedral distribution has one peak centered at
0°, with ∼98% of the rotamers within the -50 to 50° region
(Figure 2). Following the distance and angle criteria for
H-bonding, about 80% of conformers exhibit intramolecular
H-bonds. By slightly loosening the angle criterion to 110°, the
percentage of H-bonded conformations increases to ∼94%,
which is consistent with the dihedral angle distribution. There-
fore, in the gas phase or nonpolar environment, compound 1
exhibits a persistent intramolecular H-bond between the methoxy
and N-H groups.

The structures of the monomers are markedly different in
methanol or water (Figure 2). The percentage of conformations
within the -50 to 50° dihedral region decreases from 98% in
vacuum or chloroform to 88% in methanol and 74% in water.
Both systems show peaks ranging from 120 to 180° and -180
to -120° in the Ca-Ca-Cp-N dihedral distribution, which give

rise to “reverse” conformations that make intramolecular
H-bonds unlikely. H-bonding analysis gives similar results.
Following the distance and angle criterion, the percentage of
intramolecular H-bonded conformations falls from 80% in the
gas phase or chloroform to 66% in methanol and 52% in water.
Loosening the angle criterion to 110° increases the percentage
of intramolecular H-bonded conformations in methanol and
water to 80 and 61%, respectively, which are in line with the
dihedral angle distribution.

The significant loss of intramolecular H-bonded conforma-
tions upon solvation is clearly due to competition between
intramolecular H-bonding and formation of H-bonds with the
protic solvents. Analysis shows that 18 and 44% of 1 exhibit
intermolecular H-bonds of the O · · ·H-Osolv and/or Osolv · · ·H-N
types in methanol and water, respectively. Furthermore, the
majority of the “reverse” conformations form H-bonds with
solvent molecules (60% in methanol and 80% in water). Figure
3 shows snapshots from the MD simulations in water depicting
the “reverse” conformations and intermolecular H-bonds be-
tween 1 and solvent molecules. In addition, a much smaller but
significant portion (14% in methanol and 32% in water) of the
conformations within the -50 to 50° window also forms
intermolecular H-bonds with the solvent. Unlike the intramo-
lecular H-bond case, loosening the angle criterion to 110° makes
no significant changes in the intermolecular H-bonds analysis.

To corroborate the results from our computational studies,
the conformational preferences of 1 in chloroform and both
protic solvents were investigated using gradient-enhanced 1D-
NOESY spectroscopy.11 In chloroform, selective inversion of
the N-H proton leads to an ∼0.4% enhancement of the methoxy
signal (Figure 4a). Inversion of the N-H proton in methanolic
solution causes a somewhat smaller NOE for the methoxy
protons (∼0.3%), as well as a minor but detectable ∼0.1%
enhancement of the H-6 aromatic proton signal (Figure 4b). In
water, the same experiment leads to an ∼0.3% enhancement of

Figure 1. Structure, numbering, and dihedral angle definition for 1 (a). Intramolecular H-bond stabilized linear arylamide foldamer (b) designed
as heparin antidote.3 Molecular duplex (c) formed in CHCl3 by the self-assembly of two aromatic oligoamide strands through intermolecular H-bonds.
Note that intramolecular H-bonds are introduced to preorganize individual strands for dimerization.5a Crescent-shaped (d)6a,b and “macrocyclic” (e)7

aromatic oligoamide foldamers with the backbone rigidified by intramolecular H-bonding.

Figure 2. Distribution of the Ca-Ca-Cp-N dihedral angles from MD
simulations of 1 in the gas phase, chloroform, methanol, and water.
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the methoxy signal, as well as to an ∼0.4% NOE for the H-6
proton (Figure 4c). These results confirm the presence of the
“reverse” conformation predicted by our simulations in protic
solvents. In particular, the progressive increase in the enhance-
ment of the H-6 resonance and the concomitant decrease in the
NOE of the methoxy signal observed when going from
chloroform to water, clearly depicted in Figure 4, show that
the “reverse” conformation becomes more populated in aqueous
environments. The effective interproton distances12 computed
from the MD trajectories and NOE enhancements are also in
good agreement. For example, the theoretical and experimental
effective distances between the N-H and methoxy protons are
3.30 Å (MD) and 2.97-3.06 Å (NMR) in chloroform, 3.39 Å
(MD) and 3.11-3.51 Å (NMR) in methanol, and 3.51 Å (MD)
and 3.35-3.55 Å (NMR) in water. An analogous analysis yields
effective distances between the N-H and H-6 protons of 4.35
Å (MD) in chloroform, which is consistent with the absence of
an NOE between these protons in this solvent, 3.72 Å (MD)
and 3.64-3.86 Å (NMR) in methanol, and 3.15 Å (MD) and
3.15-3.42 Å (NMR) in water.

Our combined computational and NMR study shows that the
percentage of 1 retaining an intramolecularly H-bonded con-
formation decreases considerably in water. This finding could
have significant implications in foldamer design, particularly
for applications in aqueous environments. To illustrate this, we
present here an example of how our approach can be used to
rationalize an experimental observation. As reported by Gong
and co-workers, the aromatic oligoamide strands shown in
Figure 1c self-assemble into a duplex in chloroform, but not in
water unless covalently cross-linked.13 Our analysis of the
conformational distribution of the strand obtained from MD
simulations with optimized force field parameters3b can help
explain this observation. Figure 5a shows that there are six
backbone torsions governing the alignment of the four vectors
defined by the NsH and CdO bonds (v1-v4). The Φ/Ψ
dihedral angle pair (blue) determines the alignment of v2 versus
v3, while the two arylamide dihedral angle pairs (Ca-Ca-N-Cp

(green)/Ca-Ca-Cp-N (red)) determine the alignment of v1

versus v2 and v3 versus v4. Their intervector angles ∠v1v2 and
∠v3v4 were calculated from the MD conformations and their

Figure 3. Snapshots from MD simulations of 1 in water showing the “reverse” conformations and intermolecular H-bonds to the solvent molecules.
The dotted yellow lines indicate the locations of H-bonds and their lengths.

Figure 4. 1D-NOE spectra of 1 obtained upon inversion of the N-H resonance in chloroform (a), methanolic (b), and aqueous (c) solution. A
mixing time of 600 ms was employed in all cases.
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distributions analyzed (Figure 5b). In chloroform, the distribution
of both angles peaks at <90°, indicating good alignments of v1

versus v2 and v3 versus v4. In water, on the other hand, the
distribution of both angles shifts largely to the antiparallel region
(>90°), indicating poor alignments of v1 versus v2 and v3 versus
v4. Analysis shows that the extensive loss of intramolecular
H-bonds between the ortho-methoxy and amide groups con-
tributes significantly to the antiparallel arrangement.

These results provide an atomistic explanation of the postu-
lated duplex-forming mechanism.5,13 In chloroform, the intramo-
lecular H-bonds between the ortho-alkoxy and amide groups
preorganize the arylamide strand, allowing complementary
donor-acceptor patterns that lead to duplex formation. On the
basis of our results, however, the probability of all intramo-
lecular H-bonds being present simultaneously in aqueous
solution would decrease as the number of monomers in the
strand increases. This disrupts the preorganization and rigidity
of the strand, and, together with nonspecific H-bonding with
the solvent, hinders duplex formation. As stated earlier, foldamer
conformation is controlled by a combination of structural
features and noncovalent interactions, and a more comprehensive
study of these effects is underway.

Conclusions

In summary, we have shown that solvents have a profound
effect on the cumulative number of intramolecular H-bonds,
and thus conformational preferences, of foldamers based on 1.
Furthermore, this effect can be accurately quantified following
the methodology presented here. As demonstrated above, MD
simulations with properly adjusted force field parameters are
indeed able to predict the conformational distribution of these
molecules in various solvents. Since the design strategy, at least
in a first approximation, relies on interactions between adjacent
structural elements,2a,c this approach can be used as a critical

step in the arylamide foldamer design process prior to embarking
on costly and time-consuming synthetic efforts.
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Figure 5. (a) Backbone torsions that govern the preorganization of
the single aromatic oligoamide strand and definitions of the donor and
acceptor vectors. (b) Distributions of intervector angles from the MD
simulations in chloroform and water.
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