ChemComm
View Article Online

Published on 16 July 2013. Downloaded by New York University on 7/26/2020 4:22:52 PM.

COMMUNICATION

Cite this: Chem. Commun., 2013,
49, 8166
Received 18th June 2013,
Accepted 12th July 2013

View Journal | View Issue

An n-p* interaction reduces the electrophilicity of the
acceptor carbonyl group†
Amit Choudhary,a Charles G. Fry,b Kimberli J. Kamerc and Ronald T. Raines*bc

DOI: 10.1039/c3cc44573a
www.rsc.org/chemcomm

QO! ! !C 0QO 0 ) interactions are ubiquitous in
Carbonyl–carbonyl (CQ

both small and large molecular systems. This interaction involves
delocalization of a lone pair (n) of a donor oxygen into the
antibonding orbital (p*) of an acceptor carbonyl group. Analyses
of high-resolution protein structures suggest that these carbonyl–
carbonyl interactions prefer to occur in pairs, that is, one donor per
acceptor. Here, the reluctance of the acceptor carbonyl group
(C 0QO 0 ) to engage in more than one n-p* electron delocalization
is probed using imidazolidine-based model systems with one
acceptor carbonyl group and two equivalent donor carbonyl
groups. The data indicate that the electrophilicity of the acceptor
carbonyl group is reduced when it engages in n-p* electron
delocalization. This diminished electrophilicity discourages a
second n-p* interaction with the acceptor carbonyl group.

protein topology. Alternatively, the intrinsic electrophilicity of the
acceptor carbon could be reduced when it engages in an n-p*
interaction, presumably due to an increase in the energy of the p*
orbital.10,14 This reduction in electrophilicity would discourage
multiple n-p* electronic delocalization to a single acceptor
carbonyl carbon. We sought to determine if an n-p* interaction
alters the electrophilicity of the acceptor carbonyl.
Previously, we and others have used an AcProOMe model
system for the study of n-p* interactions (Fig. 1A).1,2,4,5,8,15–18
In this system, the trans conformation is stabilized differentially
over the cis conformation by an n-p* interaction. The equilibrium constant K1 reports on the strength of the n-p* interaction and can be measured readily with NMR spectroscopy. We
envisioned comparing the K1 of this system, which has one amide
donor and one acceptor, with K2 of an imidazolidine-based system

Intimate carbonyl–carbonyl (CQO! ! !C 0QO 0 ) interactions occur
frequently in both small molecules and large biomolecular
assemblies. In this ‘‘n-p* interaction’’, a lone pair (n) of a
donor oxygen (O) overlaps with the antibonding orbital (p*) of
an acceptor carbonyl group (C 0QO 0 ).1–11 The ensuing van der
Waals contact between the donor oxygen and the acceptor
carbon is reminiscent of the Bürgi–Dunitz trajectory.12
In a recent statistical survey of high-resolution proteins in the
Protein Data Bank (PDB), 57.8% of 1 210 099 residues had one
donor oxygen engaged in an n-p* interaction with the backbone
carbonyl carbon. Only 2.8% of these residues had two or more
donor oxygens engaging in an n-p* interaction with the same
backbone carbonyl carbon.13 The preference for one donor–one
acceptor over multiple donors–one acceptor could arise due to
a
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Fig. 1 Conformational equilibria of compounds (A) 1 (X = O), (B) 2 (X = O) and
4 (X = S), and (C) 3 (X = O) and 5 (X = S). Equilibrium constants K1, K2, and K3 refer
to compounds 1, 2, and 3, respectively.
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We suspected that the observed inequivalency in the
strength of the two carbonyl–carbonyl (CQO! ! !C 0QO 0 ) interactions should be observable in the trans,trans conformation of
2 in the solid and gas phases. Our previous studies indicated
that the strength of a carbonyl–carbonyl interaction correlates
inversely with the distance (d; Fig. 3) between the donor oxygen
(O) and the acceptor carbon (C 0 ).10 Accordingly, we sought
insight from X-ray diffraction analysis and gas-phase geometry
optimization using hybrid density functional theory (DFT).
Structural analyses indicated that the strength of the two
carbonyl–carbonyl interactions in the trans,trans conformation
of 2 are inequivalent. In the crystal structure (Fig. 2A; Table 1),
one donor oxygen is in van der Waals contact with the acceptor
carbon (d = 2.84 Å), whereas the other is not (d 0 = 3.26 Å). The
strength of carbonyl–carbonyl interactions also depends on the
angle (y) made by the donor oxygen (O) and the acceptor
carbonyl (C 0QO 0 ). The donor oxygen (y = 109.91) that is within
van der Waals contact is closer to the Bürgi–Dunitz trajectory
than is the other oxygen (y 0 = 126.51). Natural Bond Orbital
(NBO) analysis20–22 of the optimized trans,trans conformation
of 2 gave the two n-p* interaction energies (En-p*) as 0.75 and
0.01 kcal mol"1 (Fig. 2C and D), again inequivalent.
The inequivalency in the disposition of the two donor
carbonyls with respect to the acceptor carbonyl in the solid
and gas phases could arise from the inherent asymmetry of the
imidazolidine ring. To clarify the origin of this inequivalency,
we examined the trans,trans conformation of compound 3. If
the asymmetry in the carbonyl disposition in 2 arose from an
n-p* interaction, then it should be lost in 3. If, however, the
inequivalent disposition of the donor carbonyl oxygens arose
due to asymmetry in the imidazolidine ring, then it should be
preserved in 3. We found that the oxygen donors are disposed
symmetrically in 3 (d = d 0 , t = t 0 ) but asymmetrically in 2 (d a d 0 ,
t a t 0 ) in both the solid and gas phases (Table 1).
We have reported that n-p* electron delocalization induces
pyramidalization of the acceptor carbonyl carbon in a manner
reminiscent of nucleophilic addition to carbonyl groups.5,9,14 In 2,
the acceptor carbonyl is positioned to interact with two donor
oxygens. We reasoned that the direction of any acceptor carbonyl
pyramidalization would designate the stronger n-p* interaction.
As X-ray crystallography and hybrid density functional theory
revealed that the van der Waals surface of only one of the donor
oxygens overlaps to a significant extent with that of the acceptor
carbonyl carbon (Fig. 2), we expected the acceptor carbonyl carbon
to be displaced towards this donor. That was indeed observed in
both the crystal structure of 2 (D = 0.01 Å, Y = 1.361) as well as its
computationally optimized geometry. This finding aﬃrms the
inequivalency of the two n-p* interactions.

with two amide donors and one acceptor (Fig. 1B, X = O). If an
n-p* interaction does indeed reduce the electrophilicity of the
acceptor carbonyl, then K1 should be greater than K2.
We synthesized compounds 1–5 by known routes5,19 and
measured the equilibrium constants K1 and K2 in water using
NMR spectroscopy. In accord with our hypothesis, we found
that K1 = 5.1 is much greater than K2 = 1.7. This finding is made
more striking by the electrophilicity of the acceptor carbonyl in
2 being enhanced by inductive electron-withdrawal from two
(rather than one) amido groups.
The value of K2 could be diminished for a reason unrelated
to the electrophilicity of the acceptor carbonyl group. In the
trans,trans conformation of compound 2, the dipoles of the donor
carbonyl groups have a syn alignment; whereas in the trans,cis
conformation, they have more favorable anti alignment. To assess
this contribution, we explored the conformational preferences of
compound 3. As this compound lacks an acceptor carbonyl group,
the value of K3 reports solely on the intrinsic orientational
preferences of the donor carbonyl groups. In accord with our
hypothesis, we found that trans,cis is indeed the most stable
conformation in water, followed by trans,trans. The value of K3 =
0.6 is, however, close to unity. Thus, dipole–dipole interactions
diminish the value of K1, but not dramatically.

Fig. 2 Structures of N,N 0 -bisacylimidazolidine compounds 2 and 3. (A) Crystal
structure of 2. (B) Crystal structure of 3. (C) Strong n-p* interaction in 2;
magnitude of the overlap integral: 0.0873. (D) Weak n-p* interaction in 2;
magnitude of the overlap integral: 0.0370.

Table 1

Structural and energetic parameters of compounds 2–5

Crystallographic data

2
3
4
5

Computational data

d (Å) y (1)

d (Å) y (1) d (Å) t (1) d (Å) t (1) d (Å) y (1)

d 0 (Å) y 0 (1) d (Å) t (1) d 0 (Å) t 0 (1) En-p’* (kcal mol"1) E 0 n-p* (kcal mol"1)

2.84
—
3.27
—

3.26
—
3.69
—

3.34
—
3.78
—

0

109.9
—
113.4
—
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0

126.5
—
135.0
—

0

2.69
2.74
3.00
2.95

64.3
63.1
54.6
54.5

2.73
2.74
3.08
2.95

0

63.4
63.1
53.5
54.5
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2.94
—
3.30
—

108.8
—
108.4
—

129.3
—
141.4
—

2.72
2.74
3.03
3.02

63.9
63.6
54.3
54.5

2.77
2.74
3.10
3.02

62.9
63.6
53.2
54.5

0.75
—
1.14
—

0.01
—
0.00
—
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Fig. 3

Parameters used to characterize an n-p* interaction.

The sulphur of a thioamide is a stronger donor for an n-p*
interaction than is the oxygen of an amide.5,11 The poor
solubility of thioamide 4 in water prevented examination of
its conformational preferences in solution. The inequivalency
of its thiocarbonyl groups was, however, observed in its trans,trans
conformation in the solid and gas phases (Fig. 3). The sulphur
donors are disposed asymmetrically (d a d 0 , t a t 0 ; Table 1), and
the acceptor carbonyl carbon is displaced from its plane towards
the stronger donor (D = 0.01 Å, Y = 1.181). NBO analyses
indicated the two n-p* interactions to be worth 1.14 and
0.00 kcal mol"1. Thiocarbonyl equivalency was restored in the
trans,trans conformation of compound 5 (d = d 0 , t = t 0 ). We note
that the diminished symmetry in compounds 2 and 4 is reminiscent of Jahn–Teller distortion (Fig. 2 and 4).10,23
The reduction in electrophilicity of an acceptor carbonyl due to
an n-p* interaction had been suggested previously. For example,
an n-p* interaction has been invoked to explain the slow rate of
phosphate-mediated hydrolysis of a nucleoside in a putative
prebiotic synthetic route.7 More recently, Kent and coworkers
attributed the reduced rate of native chemical ligation at a proline
thioester to an n-p* interaction.24 This reduction in electrophilicity could have ramifications for protein folding. The development of protein secondary structures can occur concomitantly
with the development of n-p* interactions.6,25 By weakening

Fig. 4 Structures of N,N 0 -bisthioacylimidazolidine compounds 4 and 5. (A)
Crystal structure of 4. (B) Crystal structure of 5. (C) Strong n-p* interaction in 4;
magnitude of the overlap integral: 0.1088. (D) Weak n-p* interaction in 4;
magnitude of the overlap integral: 0.0305.
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interactions with the other face of a carbonyl, an n-p* interaction could deter a folding protein from veering towards oﬀpathway intermediates and thus contribute to the steepness of the
walls of the folding funnel. Finally, our results suggest that n-p*
interactions, in addition to providing thermodynamic stability,
endow chemical stability upon protein secondary structures by
deterring attack by water and other nucleophiles on backbone
carbonyl groups. This deterrence could contribute to the remarkable longevity of the strands in a collagen triple helix. These
strands have resisted chemical degradation for 80 million years,26
and each peptide bond (other than that of the N-terminal residue)
accepts an n-p* interaction.27
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