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Abstract
Stereoelectronic effects modulate molecular structure, reactivity, and conformation. We find that
the interaction between the ester and carboxyl moieties of aspirin has a previously unappreciated
quantum mechanical character that arises from the delocalization of an electron pair (n) of a donor
group into the antibonding orbital (π*) of an acceptor group. This interaction affects the
physicochemical attributes of aspirin, and could have implications for its pharmacology.

INTRODUCTION
Stereoelectronic effects modulate molecular reactivity and conformation.1 For example, the
nucleophilic attack at a carbonyl carbon is preferred along the Bürgi–Dunitz trajectory.2
This orientational preference stems from a stereoelectronic effect arising from the
delocalization of an electron pair (n) of a nucleophile into an antibonding orbital (π*) of the
carbonyl group. Our experimental and theoretical studies have revealed an analogous
stereoelectronic effect that affects the conformation of peptides and proteins.3 In these
systems conformational stability is provided by delocalization of a lone pair of a carbonyl
oxygen into the π* orbital of a proximal carbonyl group. In such an interaction, termed the
n→π* interaction, the van der Waals surfaces of the donor oxygen and acceptor carbon
interpenetrate.3d,3k,3n,3o In addition to affecting the conformation of peptides and proteins,
an n→π* interaction has also been implicated in the origin of life by favorably orchestrating
the reactivity and stability of prebiotic molecules4 and in stabilizing conformations of (2S,
4S)-4-hydroxyproline, β-alanine, and γ-aminobutyric acid.5 Herein, we report on the
existence of an n→π* interaction in one of the oldest of drugs and discuss its implications
for structure and reactivity.

The medicinal benefits of salicylic acid have been known since the time of Hippocrates. Its
O-acetylated form, “aspirin”, was first synthesized in 18536 and marketed as an analgesic by
the German dye manufacturer Friedrich Bayer & Company in 1899.7 This year, daily aspirin
was shown to reduce the risk of cancer.8
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The molecular structure and reactivity of aspirin have been studied extensively.9 Upon
examining the crystal structure of aspirin (Figure 1), we observed that a lone pair of its
donor oxygen could be poised to interact with the π* orbital of its ester carbonyl group.
Moreover, the key signature of an n→π* interaction—the pyramidalization of the acceptor
carbonyl group3k,3o—is evident in this crystal structure. This observation motivated us to
perform a detailed conformational analysis of acetylsalicylic acid and its conjugate base.
The results reveal that electron delocalization via the n→π* interaction has significant and
heretofore unappreciated effects on the physical and chemical properties of aspirin.

RESULTS AND DISCUSSION
Gas phase geometry optimizations resulted in six different conformations of acetylsalicylic
acid, 1–6, with a considerable n→π* interaction (Figure 2). The conformation of lowest
energy, 1, has an n→π* interaction between the carbonyl oxygen of the acid and the ester
carbonyl group with an interaction energy, as estimated by using second-order perturbation
theory as implemented in Natural Bond Orbital 5.0 (NBO 5.0),10 of En→π* = 1.73 kcal/mol
(Figure 3; Table 1). In conformation 2, which has the hydroxyl oxygen rather than the
carbonyl oxygen of the acid as the electron-pair donor, En→π* = 0.95 kcal/mol. This
conformation most resembles that of the crystal structure in Figure 1. Conformation 3 is
stabilized by O–H···O hydrogen bond. The notable feature of conformation 4 is its
stabilization by two weak n→π* interactions, one involving the acid carbonyl oxygen as the
donor and the ester carbonyl group as the acceptor (En→π* = 0.16 kcal/mol), and another
with the ester carbonyl oxygen as the donor and the acid carbonyl group as the acceptor
(En→π* = 0.28 kcal/mol). Conformations 5 and 6 are similar to conformations 1 and 2, but
with the AcO–C bond rotated by nearly 180°. This rotation diminishes the strength of the
n→π* interaction (Table 1). Thus, our NBO analyses indicate that most of the low energy
conformations of acetylsalicylic acid have a significant n→π* interaction (Table 1).

A search for low energy conformations of acetylsalicylate revealed two conformers, 7 and 8
(Figure 4). The conformational preferences of acetylsalicylic acid and acetylsalicylate do not
overlap. A closer examination of 1 and 7 reveals the differences in their conformational
attributes. First, whereas the carboxyl group in 1 is nearly coplanar with the aromatic ring,
the carboxylate in 7 is not. Second, the O···C distance between the donor oxygen and
acceptor carbon is less in 7 (d = 2.71 Å) than in 1 (d = 2.83 Å). Additionally, the O···C=O
angle of the donor oxygen and the acceptor carbonyl group is closer to the optimal Bürgi–
Dunitz trajectory in 7 (θ= 104.6°) than in 1 (θ = 96.3°). NBO analyses of 7 reveal substantial
conformational stabilization by the n→π* interaction (En→π* = 4.87 kcal/mol, Figure 5).
Indeed, the deviation from coplanarity of the carboxylate with the aromatic ring in 7 can be
attributed, in part, to its enhanced n→π* interaction. The tilting of the carboxylate plane
away from that of the aromatic ring brings the donor oxygen closer to the acceptor carbon,
and also reduces the Pauli repulsion between the donor oxygen and the phenolic oxygen.3m

We note too that acetylsalicylic acid (pKa 3.48, ref. 11) is a stronger acid than benzoic acid
(4.20) or o-methoxybenzoic acid (4.09), consistent with a stronger n→π* interaction in its
conjugate base.

If an n→π* interaction is an important conformational determinant in aspirin, then altering
its strength should alter the distance between the donor oxygen and acceptor carbon. The
strength of the n→π* interaction can be altered by the introduction of electron-withdrawing
groups (EWGs)3g or electron-donating groups (EDGs) on the aryl ring. Towards this end,
we optimized several geometries of acetylsalicylate derivatives, installing a nitro or cyano
group as an EWG, and a methoxy or dimethylamino group as an EDG. All EWGs and EDGs
were located either para or meta to the carboxylate group (Figure 6). In the meta position,
EWGs are expected to strengthen the n→π* interaction by lowering the energy of the π*
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orbital of the ester carbonyl group;3g conversely, EDGs should attenuate the n→π*

interaction by increasing the energy of that orbital. Thus, the order of En→π* for the meta-
substituted acetylsalicylate is expected to be: nitro (9) > cyano (10) > acetylsalicylate (7) >
methoxy (11) > dimethylamino (12). Conversely, EDGs at the para position are expected to
strengthen the n→π* interaction by increasing the energy of the lone pair, whereas the
EWGs should attenuate the n→π* interaction. Thus, the order of En→π* for the para-
substituted acetylsalicylate is expected to be opposite of the meta substituted:
dimethylamino (16) > methoxy (15) > acetylsalicylate > cyano (14) > nitro (13). The
strength of the n→π* interaction in the low energy conformations of these molecules follows
this trend exactly (Table 2). As expected, shorter donor– acceptor distances (d) are observed
for conformations with a larger En→π*.

In addition to the correlation between En→π* and the donor–acceptor distance, we also
considered the effects of the EWGs and EDGs on the vibrational stretching frequency of the
ester carbonyl group. In the meta- and para-substituted systems, this frequency can be
influenced by the strength of the n→π* interaction and the electronic effects exerted by the
EDGs and EWGs.12 The n→π* interaction should lower the frequency. The perturbation of
the ester stretching frequency by other electronic effects of the EDGs and EWGs should be
less significant in the para position (which is meta to the ester). Hence, groups in the para
position are expected to affect the ester stretching frequency primarily via the n→π*

interaction, and the order of carbonyl stretching frequencies should be: nitro (13) > cyano
(14) > acetylsalicylate (7) > methoxy (15) > dimethylamino (16). Indeed, the calculated
frequencies of the para derivatives follow this trend (Table 2).

For the meta derivatives, the effect on the stretching frequency of the ester carbonyl group is
expected to be an interplay between the mesomeric effect exerted by a substituent in the
meta position (which is para to the ester) and the n→π* interaction. For the EWGs, the
mesomeric effect is expected to increase the frequency but the increased n→π* interaction is
expected to decrease the frequency; for the EDGs, the mesomeric effect is expected to
decrease the frequency but the decreased En→π* is expected to increase the frequency. We
found the order of the stretching frequencies for the meta derivatives to be: nitro (9) > cyano
(10) > acetylsalicylate (7) > methoxy (11) > dimethylamino (12) (Table 2), as with the para
derivatives. Apparently, the mesomeric effect is greater than the n→π* interaction in
modulating the frequency of vibration.

Next, we explored another signature of the n→π* interaction. The two canonical structures
of a carboxylate contribute equally to the resonance hybrid (Figure 7A). Due to the n→π*

interaction, however, the analogous resonance structures in acetylsalicylate are not
equivalent (Figure 7B). In other words, an n→π* interaction should cause the breakdown of
equivalency of the two resonance structures of the carboxylate in acetylsalicylate. To
confirm this hypothesis, we measured the bond lengths of the two C–O bonds in the
carboxylate of 7. We find that the two C–O bonds do indeed differ in length, by 0.01 Å. To
test that this difference was real and not an artifact of optimization, we optimized the
geometry of benzoate at the same level of theory. In the optimized geometry of benzoate, the
two C–O bond lengths differ by <0.0001 Å. To validate this hypothesis further, we repeated
the analysis with a nitro group instead of a carboxylate group as an electron-pair donor. We
find that non-equivalency of the canonical structures is observed with the nitro group as
well.

The existence of the n→π* interaction was validated further by conformational analysis of
yet another aspirin derivative. This derivative, 17, has a second carboxylate group ortho to
the ester, resulting in a potential plane of symmetry (Figure 8). Electron delocalization from
an n→π* interaction has the potential to raise the energy of the π* orbital of the ester
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carbonyl group, making it less able to participate in an n→π* interaction with a second
donor (Figure 8). In other words, the two carboxylate groups cannot partake in equally
strong n→π* interactions. This inequality could lead to the breakdown of symmetry, which
would be reflected in the optimized geometry of 17. Indeed, the optimized geometry of 17
lacks a plane of symmetry— one of the carboxylate oxygen donors is in a short contact with
the ester carbonyl group (d = 2.86 Å, En→π* = 1.55 kcal/mol), the other is much more distal
(d = 3.31 Å, En→π* = 0.22 kcal/mol).13

Chemical Implications
The n→π* interaction likely plays a role in the reactivity of aspirin. The van der Waals
surfaces of the donor oxygen and the acceptor carbon interpenetrate by as much as 0.5 Å in
low-energy conformation 7. Such short contacts are disfavored by steric effects and would
not occur in the absence of the n→π* interaction.3m Aspirin is known to have the character
of a mixed anhydride that can arise from transfer of the acyl group from the phenolic oxygen
to the carboxylate group.14 We postulate that the early events in the acyl transfer reaction
might be promoted by the n→π* interaction.

The n→π* interaction is also likely to play a role in the pKa of aspirin. The greater acidity of
aspirin (pKa 3.48, ref. 11) compared with p-acetoxybenzoic acid (4.38) has been attributed
to the “ortho effect” that arises from sterically induced non-coplanarity of the carboxylate
group with the aromatic ring.15,9k A close examination of low energy conformation 7
reveals, however, that coplanarity of the carboxylate and the aromatic ring would attenuate
the n→π* interaction by increasing the distance between the donor and acceptor groups.
Thus, the n→π* interaction could contribute to the anomalously low pKa of aspirin by
enforcing non-coplanarity.

Biological Implications
A number of physiological effects of aspirin, such as pain relief, stem from its ability to
inhibit cyclooxygenases. Aspirin acetylates a serine residue located near the active site of
cyclooxygenases, thereby rendering them inactive. Before doing so, aspirin must traverse a
paraffin-like channel with no persistent hydration sites.16 By shielding the donor oxygen
from solvent, an intramolecular n→π*interaction, like an intramolecular hydrogen bond in
other systems, could facilitate the passage of aspirin through this hydrophobic channel.

CONCLUSION
We have discovered previously unrecognized electron delocalization in a well-known
organic compound, aspirin. We found that the intimate interaction between the ester and
carboxyl moieties of aspirin has substantial quantum mechanical character, arising from the
delocalization of an electron pair (n) of a donor (e.g., a carboxyl or carboxylate oxygen) into
the antibonding orbital (π*) of an acceptor (e.g., the ester carbonyl group). We propose that
this interaction modulates the physical, chemical, and pharmacological properties of aspirin.

THEORETICAL PROCEDURES
Hybrid density functional theory as implemented in Gaussian ’0317 was employed to
determine the conformational preferences of acetylsalicylic acid, acetylsalicylate, and its
derivatives. The initial conformations of acetylsalicylic acid corresponded to the geometries
optimized by Glaser.9k Gas phase full geometry optimizations and frequency calculations
were performed at the B3LYP/6-311+G(2d,p) level of theory18 employing a Berny
algorithm and tight SCF convergence criteria. Frequency calculations of the optimized
structures yielded no imaginary frequencies, indicating the attainment of a true stationary
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point on the potential energy surface. The resulting self-consistent field (SCF) energies were
corrected by the zero-point vibrational energy (ZPVE) determined in the frequency
calculations, and are listed in Table S1. Optimized geometries were analyzed by NBO 5.0
(ref. 10) at the B3LYP/6-311+G(2d,p) level of theory.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Crystal structure of acetylsalicylic acid9m and its Bürgi– Dunitz parameters d = 2.90 Å and θ
= 99.5°, and pyramidalization parameters Δ = 0.011 Å and Θ = 2.49°.
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Figure 2.
Low-energy conformations of acetylsalicylic acid with a considerable n→π* interaction.

Choudhary et al. Page 8

J Org Chem. Author manuscript; available in PMC 2012 October 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
n→π* interaction in conformations 1 and 2. (A) Depictions of overlap between n and π*

orbitals in conformation 1 (overlap integral: 0.1077). (B) Depictions of overlap between n
and π* orbitals in conformation 2 (overlap integral: 0.1031).
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Figure 4.
Low-energy conformations of acetylsalicylate.
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Figure 5.
n→π* interaction in conformation 7. (A) Overlap of p-rich lone pair with the π* orbital
(overlap integral: 0.1423). (B) Overlap of s-rich lone pair with the π* orbital (overlap
integral: 0.1050).
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Figure 6.
Compounds 9–16.
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Figure 7.
Breakdown of resonance equivalence. (A) Equivalent resonance structures of benzoate. (B)
Nonequivalent resonance structures of acetylsalicylate.
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Figure 8.
Breakdown of symmetry and notional perturbation of the energy of the π* orbital by an
n→π* interaction in compound 17.
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