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ABSTRACT: Because carbonyl groups can participate in both hydrogen bonds
and n→π* interactions, these two interactions likely affect one another. Herein,
enhancement of an amidic n→π* interaction is shown to reduce the ability of β-
keto amides to tautomerize to the enol, indicating decreased hydrogen-bonding
capacity of the amide carbonyl group. Thus, an n→π* interaction can have a
significant effect on the strength of a hydrogen bond to the same carbonyl group.

Intermolecular interactions are responsible for a wide variety
of chemical and biological phenomena, motivating character-

ization of these interactions and their interplay.1 Hydrogen
bonding has commanded special attention due to its ability to
organize complex molecular systems like proteins.2 The
strength of individual hydrogen bonds is crucial for establishing
the structure and ensuring the stability of proteins and has been
the focus of extensive research and debate.3 The varied
literature on the subject suggests that even small differences in
the energies of individual hydrogen bonds could cause dramatic
changes in protein stability when propagated throughout an
entire protein.
In proteins, hydrogen bonds often form simultaneously with

carbonyl−carbonyl n→π* interactions.4 In an n→π* inter-
action, lone pair (n) electron density from a carbonyl oxygen is
donated into the π* antibonding orbital of an adjacent carbonyl
group,5 thereby releasing upward of 0.27 kcal/mol of stabilizing
energy.6 These interactions are particularly prevalent in α-
helices,7 where over 70% of adjacent residues are poised to
engage in n→π* interactions4a along with the canonical
hydrogen bond within the main chain.8 In the α-helix, a
carbonyl oxygen donates electron density to two different
acceptors. Accordingly, changes in the strength of one of these
interactions should affect the strength of the other.
Context is known to affect hydrogen-bonding energies.9 Less

characterized is the influence of other noncovalent interactions
on hydrogen bonds. Given the prevalence of hydrogen bonds
and n→π* interactions in proteins, their interplay is especially
important and can occur in several distinct modes (Figure 1).
Donation of a hydrogen bond to the oxygen of a carbonyl
group is known to enhance the ability of that carbonyl group to
accept an n→π* interaction (AH in Figure 1).10 The influence
of an n→π* interaction on the ability of the carbonyl electron-
pair donor to accept a hydrogen bond is, however, unknown
(HD in Figure 1).
Because the electron density of the carbonyl oxygen is

limited, we hypothesized that increases in the strength of the
n→π* interaction would attenuate hydrogen bonds involving
that same oxygen atom. We set out to test this hypothesis by
constructing a model system in which both interactions could

form. Inspired by recent work on N-acyl homoserine lactones,13

we designed and synthesized β-keto amides 1−3 for our
analyses (Figure 2).
We next performed a natural bond orbital (NBO) analysis14

on β-keto amides 1−3. We optimized relevant structures in
vacuo with density functional theory calculations at the B3LYP/
6-311+G(2d,p) level of theory.15 We observed that the amide
group can donate an n→π* interaction to the terminal ester
(Figure 3A). In addition, upon enolization of the β-keto amide,
the amide carbonyl group can accept a hydrogen bond from the
enol (Figure 3B).16 Because the enol tautomer is stabilized by
the internal hydrogen bond, the ability of the amide carbonyl
group to act as a hydrogen-bond acceptor should affect the
extent to which the β-keto amide undergoes tautomerization.
The keto and enol tautomers interconvert slowly,16 so it is
possible to distinguish them by using NMR spectroscopy,
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Figure 1. Interplay of hydrogen bonds and n→π* interactions with a
single carbonyl group. The carbonyl group can accept a hydrogen
bond (H), accept an n→π* interaction (A), or donate an n→π*
interaction (D). HH,11 AH,10 and AA12 have been explored
previously. HD is explored herein.
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affording a convenient readout of the hydrogen-bonding
capacity of the central carbonyl group.
Having established enolization as a potential readout of

hydrogen-bond capacity, we perturbed the n→π* interaction by
employing a strategy evoked previously.17 Specifically, we
incorporated fluoro groups on the pyrrolidine ring, thereby
inducing a gauche effect to modulate the ring pucker of the
heterocycle.18 An electronegative substituent installed at the 4-
position with S stereochemistry (1) enforces an endo pucker of
the pyrrolidine ring, which alters the backbone ϕ dihedral angle
(C′i−1−Ni−Cα

i−C′i) and thereby increases the distance

between the carbonyl groups on either side of the ring.17b

The ψ dihedral angle (Ni−Cα
i−C′i−Ni+1) changes as well, due

to transannular repulsion between the 4S substituent and the
carbonyl group of the ester moiety.17b,19 The result is an
attenuation of the n→π* interaction. Conversely, electro-
negative substituents at the 4-position with R stereochemistry
(3) enforce an exo ring pucker, which decreases the distance
between adjacent carbonyl groups without steric repulsion,
enhancing the n→π* interaction.17b NBO analysis15 confirmed
that there is an increase in the strength of the n→π* interaction
from 1 to 2 and from 2 to 3 (Figure 4A).

The 1H NMR spectra of these compounds are congested due
to not only the complex multiplicity patterns of pyrrolidine
rings but also the presence of four distinct species (Figure 2).
In addition to the keto and enol forms of the β-keto amide, the
tertiary amide populates both the cis and trans conformations,
increasing spectral complexity. Importantly, however, the
alkenyl protons of the of β-keto amide are well-resolved and
easily assigned by their chemical shift (δ ≈ 5.0 ppm),
multiplicity (singlet), and carbon correlations in 1H−13C
HMBC spectra, providing a quantitation of the population of
the enol species. Here, we focused specifically on integration of
the 1H NMR signal from the trans enol, which reports on the
form of the molecule in which both the n→π* interaction and
the hydrogen bond are present (Figure 2). Moreover, 1H NMR
signals for the α-proton, as well as the γ-proton in compounds
1 and 3, are well-resolved from other proton signals. For these
two particular protons, the 1H NMR signals for all four species
coincide, allowing for quantitation of the total amount of β-keto
amide in a sample.
We observed a decrease in the population of the trans enol

species upon enhancement of the n→π* interaction (Figure 4).

Figure 2. Keto/enol tautomerization and trans/cis isomerization of β-
keto amides of substituted prolines. An n→π* interaction can occur in
the trans isomer. Integration of the 1H NMR signal of the alkenyl
proton (red) in the trans enol species reports on the effect of the
n→π* interaction on the hydrogen bond.

Figure 3. 3D orbital rendering of the trans endo conformation of the
enol tautomer of β-keto amide 2 in its optimized geometry. (A)
Overlap of the carbonyl n and carbonyl π* orbitals to form an n→π*
interaction. (B) Overlap of the carbonyl n and hydroxyl σ* orbitals to
form a hydrogen bond. Images were created with the program
NBOView 1.1.

Figure 4. (A) Energies of n→π* interactions in β-keto amides 1− 3, as
calculated in vacuo from second-order perturbation theory imple-
mented by NBO 5.9.20 (B) Percentage of β-keto amides 1 − 3
populating the trans enol form in CDCl3 at 25 °C, as determined by
1H NMR spectroscopy. Repeated integration yields values within 1%
of those depicted.
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In principle, the decrease in trans enol population could result
from either decreased population of the trans conformation
relative to the cis or decreased population of the enol relative to
the keto tautomer. Enhancement of the n→π* interaction is
known to cause an increase in the trans conformation,17 so a
decrease in the population of the trans enol form must arise
from a decrease in the enol tautomer upon enhancement of the
n→π* interaction. The confounding increase in the trans
conformation upon enhancement of the n→π* interaction
indicates that the decrease in trans enol population under-
estimates the effect of the n→π* interaction on keto−enol
tautomerization and therefore also underestimates its effect on
the strength of the competing hydrogen bond. As it is, an
increase in n→π* energy of 0.7 kcal/mol results in the ∼20%
decrease in the population of the hydrogen-bonded tautomer,
suggesting a substantial interplay between n→π* interactions
and hydrogen bonding. These results demonstrate that n→π*
interactions do compete with hydrogen bonds for carbonyl
electron density.
The observed competition between hydrogen bonds and

n→π* interactions demonstrates that the energy of an
individual n→π* interaction is significant and can affect other
intermolecular interactions. Indeed, these data suggest that
changes in the strength of competing hydrogen bonds can
provide an indirect readout of the strength of an n→π*
interaction, thereby enabling an additional strategy for
characterizing these interactions, supplementing extant analyses
by computation or consideration of high-resolution crystal
structures.17c,21 These data are also prognostic of a broad
impact of n→π* interactions, which, through their competition
with hydrogen bonds, likely affect the folding and stability of
many protein segments. For example, our findings are
consistent with recent work demonstrating that stronger
hydrogen-bonding energies are correlated with weaker and
less frequent formation of n→π* interactions in proteins22 and
indicate that the canonical hydrogen bonds in an α-helix8 are
undermined by concurrent n→π* interactions. We also
conclude that computational hydrogen-bonding potentials
could be improved by considering the possible presence of a
competing n→π* interaction. Moreover, molecular mechanics
methods could benefit from explicit accounting for n→π*
interactions.
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