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ABSTRACT: Amide carbonyl groups in proteins can engage in C=0---C=0
and C—X:--C=O0 interactions, where X is a halogen. The putative involvement
of four poles suggests that these interactions are primarily dipolar. Our survey J\\
of crystal structures with a C—X:-+C=0 contact that is short (i.e., within the
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sum of the X and C van der Waals radii) revealed no preferred C—X:-C=0
dihedral angle. Moreover, we found that structures with a short X™---C=0 contact display the signatures of an n—z* interaction.
We conclude that intimate interactions with carbonyl groups do not require a dipole.

B INTRODUCTION

The amide carbonyl groups in the main chain of proteins are
the foci for many noncovalent interactions. For example, this
main-chain carbonyl group engages in a C=O0--C=0
interaction with another main-chain carbonyl group in common
secondary structures.'" Many protein—ligand complexes are
stabilized by analogous C—X:-C=0 interactions, where X is a
halogen located on the ligand.> Two well-known examples
include a serine protease—inhibitor complex, which is stabilized
by a C—F--C=O0 interaction,” and the histamine N-
methyltransferase—quinacrine complex, which is stabilized by
a C—Cl--C=0 interaction.* The possible involvement of at
least four poles in these interacting pairs has led to the proposal
that such interactions are primarily dipolar.” According to this
argument, the functional group interacting favorably with the
carbonyl group must have a dipole.

We were skeptical of this proposal for several reasons. In
many interacting pairs, the van der Waals surface of the
negative pole and that of the carbonyl carbon interpenetrate,
forming a short contact. The ensuing orbital overlap places
such interactions in the realm of quantum mechanics rather
than classical electrostatics. In addition, a short contact is
observed even when the interacting dipoles are not oriented
favorably. For example, the two adjacent carbonyl dipoles are in
a repulsive orientation in an a-helix® Yet, a short contact is
observed between these carbonyl groups.'

An intimate C=0---C=0 interaction can be modeled as an
n—n* interaction. This n—7* interaction involves delocaliza-
tion of a lone pair (n) of the donor carbonyl group into the
antibonding orbital (7*) of the acceptor carbonyl group.
Evidence for n—z* interactions has been detected in small
molecules,® peptides,” peptoids,® proteins,"”? and nucleic
acids,'® and they have been postulated to stabilize transition
states.’ These interactions have three signatures. First, a short
contact exists between the donor atom and the acceptor
carbonyl carbon, allowing for orbital overlap. Second, the donor
atom approaches the carbonyl group along the Biirgi—Dunitz
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trajectory,'” maximizing that overlap. Finally, this interaction
pyramidalizes the acceptor carbonyl group.

We sought a means to determine whether a dipole was truly
necessary for an intimate interaction with a carbonyl group. We
reasoned that focusing on the interaction of a monopole with a
carbonyl group could provide insight. Accordingly, we analyzed
X~++-C=0 short contacts in detail (where X~ is a halide ion),
as well as C—X:--:C=0 short contacts. The latter serve as
surrogates for intimate C=O--C=0 interactions, as both
contain two interacting dipoles and have the potential for an
n—nm* interaction. Herein, we report on the results of these
analyses.

B RESULTS AND DISCUSSION

We began our analysis with a survey of C—X---C=0 short
contacts in crystal structures of the Cambridge Structural
Database (CSD). The n—z* interaction, unlike the dipolar
interaction, restricts the orientation of the negative but not the
positive pole of the dipole that interacts with the carbonyl
group. Typically, the negative pole of the dipole interacting
with the carbonyl group is located along the Biirgi—Dunitz
trajectory.'>"® Our analysis did not, however, reveal a preferred
C—X:-C=0 dihedral angle (Figure 1). In accord with this
finding, we have observed an orientational preference in the
O---C=0 angle, but not the C=0---C=0 dihedral angle, in
protein secondary structures with C=0---C=0 interactions.”
Because there is no orientational restriction on the positive pole
of the dipole that interacts with the carbonyl group, this result
is contrary to the expectations from a meaningful dipole—
dipole interaction.

Next, we examined X ---C=O0 short contacts. Our premise
was that the absence or presence of intimate interactions
between halide ions (which are monopoles) and carbonyl
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Figure 1. Values of C—X:--C=0 dihedral angles. The abscissa is used to distribute the values randomly. (A) X =F. (B) X=CL (C) X=Br. (D) X =

L

groups would reveal whether a dipole is required for a favorable
interaction with a carbonyl group. In addition, we reasoned that
an examination of orientational restriction on the halide ions
with respect to the carbonyl group in these interacting pairs
would illuminate the nature of an X ---C=O interaction.
Toward this end, we sought small-molecule crystal structures
containing short halide—carbonyl group contacts.

For fluoride, we found four structures that met these search
criteria, containing five fluoride—carbonyl short contacts.
Likewise, there were 110 structures for chloride with 130
short contacts, 22 structures for bromide with 27 short
contacts, and 6 structures for iodide with 7 short contacts.
For each of these short contacts, we determined the distance
(d) and the angle () of approach of the halide to the carbonyl
(Figure 2).

Figure 2. Definition of distance d and angles & and ©.

The X7---C=O0O angles between the halide donors and
carbonyl acceptors fall mainly within the Biirgi—Dunitz
trajectory (6 ~ 107°; Figure 3). Steric effects could contribute
to an orientational preference. Accordingly, we re-examined the
crystal structures for carbonyl pyramidalization, which can be
measured by the parameter ® (Figure 2). A positive © value
indicates that the acceptor carbonyl oxygen is displaced away
from the donor halide, while a negative value indicates that the
displacement is toward the halide donor. In general, we found
© to be >0 (Figure 4), consistent with the halide donating
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electron density into the carbonyl #* orbital in an n—n*
interaction and thus pulling the carbonyl carbon out of its
canonical planar geometry and toward the halide donor. To
confirm that these trends in the € and © values are indeed
meaningful, we examined “control” structures with chloride
ions located at 0.90—1.00 A beyond the sum of the van der
Waals radii of carbon and chlorine. We measured the distance,
d, and the angles 6 and © for these long CI™--C=0O
interactions. The values of d and 6 indicate that the chloride
ions are not necessarily located along the Biirgi—Dunitz
trajectory (Figure SA); moreover, the values of ® are not
indicative of carbonyl group pyramidalization toward the
chloride ions (Figure SB). We note that the location and effect
of the halide could be altered in some structures by the
accompanying cation (which maintains electrical neutrality).
Moreover, crystal packing forces could have some influence on
our observed geometrical preferences.'* We did not observe a
strong correlation between d and ©. The degree of
pyramidalization, ©, is a function of many variables besides
X™--C=0 distance. For example, the degree of pyramidaliza-
tion depends on the Biirgi—Dunitz angle (0) and the elasticity
of the acceptor carbonyl group. For the same X ---C=0O
distance, the degree of pyramidalization for an amide carbonyl
will be different from that of a ketone. The structures examined
in our search vary not only in the nature of the carbonyl group
but also in the 8 angle. Hence, we should not expect a strong
correlation between the degree of pyramidalization and the
X™---C=0 distance.

Finally, we note that an n—7z* interaction should not be
confused"® with an n—7* electronic transition, which is distinct
electronically and energetically (Figure 6). An n—7z* electronic
transition within a carbonyl group refers to the excitation of its
nonbonded electron (1) to its 7* orbital. An n—z* interaction,
on the other hand, refers to electron delocalization between a
donor atom and an acceptor carbonyl group. Moreover, an
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Figure 3. Plots of X™---C=0 distance (d) and angle (0). (A) X = F. (B)
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Figure 4. Values of carbonyl group pyramidalization induced by a sub-van der Waals X™---C=0 interaction. The abscissa is used to distribute the

values randomly. (A) X =F. (B) X=CL (C) X=Br. (D) X=1

n—m* electronic transition requires the addition of energy to
the system, whereas an n—7* interaction releases energy from
the system.
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Figure 5. Parameters for structures with a long CI™---C=0
interaction. (A) Plot of Cl™--C=0 distance (d) and angle (6). (B)
Values of carbonyl group pyramidalization. The abscissa is used to
distribute the values randomly.
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Figure 6. Orbital energy diagrams for two distinct electronic
phenomena of carbonyl groups. (A) n—z* electronic transition of a
single carbonyl group. The inset depicts the Zimmerman “circle-dot-y”
notation for the ground state and excited state in which “o” represents
an s-rich electron, “®” represents a 7 electron, and “y” represents a p-
rich electron.'® (B) n—z* interaction between two carbonyl groups.

Bl CONCLUSION

We have argued previously that intimate interactions between
carbonyl groups with interpenetrating van der Waals surfaces
involve significant delocalization of an electron pair of the
oxygen of the donor carbonyl group into the antibonding
orbital (7*) of the acceptor carbonyl group. Our current
findings support earlier ones"®™'' and suggest that these
intimate interactions involving carbonyl groups do not require a

dipole.
B EXPERIMENTAL SECTION

ConQuest and Mercury software were used to search CSD version
5.31 (updated November 2009) for structures with a sub-van der
Waals contact between a halide ion and a carbonyl group.'*
Specifically, we searched for structures where the distance (d in

2102

Figure 2) between the halide and the carbonyl carbon was <3.17 A,
<3.45 A, <3.55 A, and <3.68 A for fluoride, chloride, bromide, and
iodide, respectively. All of these structures have R < 5%, and none
have any errors or disorder. In addition, none were polymeric, and
none were organometallic or powder structures.
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