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The resonance model in amides has been questioned based on the changes that occur during the rotation of the
CÈN bond. The geometrical changes, electron population and electrostatic potentials calculated during the rotation
have been used to propose that the oxygen atom does not participate to a signiÐcant extent in the rotational
barrier. Our results based on X-ray analysis and ab initio calculations reveal that the resonance model is adequate
to explain the properties of amides and show the role that the oxygen atom plays in the rotation.

Internal rotation in amide CÈN bonds has been extensively
studied by means of theoretical calculations.1h3 Considering
the previously reported results, the question concerning the
role played by the oxygen atom on going from the ground
state to the CÈN rotated saddle point remains unsatisfactorily
answered. Whereas Wiberg et al.2 suggest that the oxygen
atom is merely a spectator, others3 support the more classical
thesis of the resonance theory of Pauling.

Based on ab initio (MP2/6-31G*) calculations on form-
amide CÈN rotation, Wiberg and colleagues explain that the
electronegative oxygen atom leads to polarization of the C2O
bond in the sense C`2O~. In the planar form, the nitrogen
atom assumes an sp2 hybridization and its lone pair can inter-
act with the electron deÐcient carbon atom. This stabilization
is lost upon a 90¡ rotation around the CÈN bond. WibergÏs
explanation is based on the following evidence : Ðrst, the car-
bonyl bond length decreases by only 0.01 whereas the CÈNA�
bond length increases by 0.08 upon a 90¡ rotation, indicat-A�
ing that the main changes are in the CÈN bond and that the
CÈO bond is una†ected by rotation. Second, the electron
population (AIM4) at the nitrogen atom was found to be
greater in the ground state than at the saddle point. The elec-
trons were taken from the carbon, and the electronic popu-
lation at the carbonyl oxygen atom was almost unchanged
during the rotation. Third, the kinetic energy between the
atoms in the structures connecting the planar and saddle
point conformers were evaluated using BaderÏs theory of
atoms in molecules.4 Again, most of the changes involve only
the carbonyl carbon and the amide nitrogen atoms, while the
changes at the carbonyl oxygen atom are small. It is worth
noting that there is not any experimental evidence supporting
WibergÏs model. However, both models (resonance and
WibergÏs) are able to explain the well-known amide reacti-
vity,5 although Brown et al.3b have used the relationship
between amidic distortion and ease of hydrolysis in base to
support the resonance theory for amides. All evidence put
forth by Wiberg et al. was mostly based on ab initio calcu-
lations of formamide at the MP2/6-31G* level, which has
been found to give bond lengths and angles in good agree-
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ment with experimental data.6 Structural and electronic
properties of saddle points are not experimentally observable
quantities and with it are all the uncertainties attached to
experimentally unveriÐable parameters. If the method is not
accurate enough in determining the C2O distance at the
saddle point, all the proofs and data could be worthless. An
erroneous C2O distance could a†ect not only geometrical
changes upon rotation, but also bond orders, electron popu-
lations, etc.

It is quite clear that without the results of crystallographic
experiments, molecular modeling would at best have been a
highly speculative activity. There have been major advances in
the accuracy of theoretical calculations, nevertheless many
researchers will wish to refer their results to crystallographic
experiments, if available. Crystal structures are so rich in
information that the systematic analysis of their geometry is
able to reveal e†ects that had not been noticed by the original
authors ; this is specially true for small molecules, which are
often studied simply to determine their chemical composition.

Recently, Kirby et al.7 have reported the preparation,
crystal structure and some chemistry of 1-aza-2-adamanta-
none, the most twisted amide, in which overlap of the lone
pair on the nitrogen atom with the p system of C2O is pre-
vented by the rigid geometry of the compound. This structure
can be considered as a real model of a saddle point (rotated
form) of a regular amide that can be studied experimentally.
The X-ray analysis of 1-aza-2-amantanone shows that the car-
bonyl group is strictly planar and the nitrogen atom is pyr-
amidal. The NÈC and C2O bond lengths are 1.475(11) and
1.196(5) substantially longer and shorter, respectively, thanA� ,
expected.8

In this paper, we report a study using the Cambridge Struc-
tural Database (CSD)9 to show the inÑuence of the rotation of
the CÈN bond in amides on the C2O distance as expected by
the resonance model description. The CSD appeared to us to
be a convenient and reliable storehouse for geometrical infor-
mation. The utility of small-molecule crystallography and the
CSD in analyzing geometrical parameters has been clearly
established.10 We also report ab initio (MP2/6-31G*) calcu-
lations on 1-aza-2-adamantanone. As stated above, Wiberg et
al.2 have used this level of theory to demonstrate that the
CÈO distance is not signiÐcantly a†ected by the rotation of
the CÈN bond in formamide. However, our results demon-
strate that this level of theory is unable to reproduce
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Fig. 1 Scatterplots of C2O distance vs. CÈNÈC2O dihedral angles
(top) and CÈB distances (bottom) and histogram of the C2O bond
length for 3274 structures (3426 amido groups) taken from the CSD.

accurately the geometrical characteristics of 1-aza-2-adaman-
tanone which will be mainly inÑuenced by p e†ects.11 Further-
more, the C2O distance predicted by ab initio calculations on
1-aza-2-adamantanone is signiÐcantly larger than the experi-
mental one. Keeping in mind the limitations on the compari-
son of structures optimized in the gas phase to those in the

Fig. 2 Ab initio optimized structure of 1-aza-2-adamantanone. Dis-
tances are in A� .

Fig. 3 Packing diagram of 1-aza-2-adamantanone, showing all mol-
ecules within the unit cell and those by extending it by a range of ]b.

crystalline state,12 both are expected to give similar trends as
far as coupled geometry perturbations are concerned. To
tackle this issue we give details about the crystal packing of
1-aza-2-adamantanone in order to analyze its molecular
environment. Moreover, we report results obtained from 17O
NMR theoretical calculations on formamide and its rotated
form. Dahn et al.13 have shown that the chemical shift values
in 17O NMR spectra are very clearly di†erent for doubly (2O)
and singly (ÈOÈ) bonded oxygen atoms and that both, but
particularly the former, are very sensitive to electronic inÑu-
ences and resonance e†ects. The 17O NMR technique is a
valuable tool to probe p-bond order or p-electron density
around oxygen atoms. In addition, Yamada14 has shown the
relationship between C(O)ÈN twist angles obtained by X-ray
crystallographic analysis and experimental 17O NMR chemi-
cal shifts in a series of twisted amides.

Computational methods
Geometries (see ESI) were optimized at the MP2/6-31G* and
MP2(full)/6-31]G* levels by using the GAUSSIAN 98
program package.15 Di†use functions were included in order
to treat the lone pairs properly.16 Absolute NMR shieldings
were calculated using the GIAO method17 at MP2/6-
311&G**//MP2(full)/6-31&G*.

Results and discussion
Fig. 1 shows a scatterplot of the CÈNÈC2O dihedral angle of
3274 X-ray structures taken from the CSD. There are around
15 000 X-ray organic structures with amido groups in the
CSD, but only those complying with the following requisites
were selected : Ðrst, the substituents of the nitrogen atom
should be sp3 carbon atoms in order to avoid additional con-
jugation of the nitrogen atom lone pair with sp2 groups (C2C,
C2O, C2N, etc.). Second, an sp3 carbon atom should be
attached to the carbonyl group in order to avoid conjugation
of the C2O that could interfere with the C2O distance upon
distortion of the amino group. It can be seen from the histo-
gram present in Fig. 1 that the C2O distance with the most
structures represented is 1.22È1.24 This value is in agree-A� .
ment with the computed distance for formamide (1.224 atA� )
the MP2/6-31G* level of theory. A more important Ðnding is
that most structures with a dihedral angle far from 0 or 180¡
(characteristic of a nitrogen atom with sp3 character) have a
C2O distance \1.22 Furthermore, the most distortedA� .
amides are in the region between 1.19 and 1.21 (see Fig. 1),A�
giving rise to the following conclusion : the rotation around
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Fig. 4 17O NMR chemical shifts (in parenthesis) and distances for
formamide and its rotated forms in ppm relative to water and A� ,
respectively. Distances in italics correspond to MP2/6-31]G* opti-
mized structures.

the CÈN bond has a remarkable inÑuence on the C2O dis-
tance, supporting the resonance model. A scatterplot (Fig. 1)
of the CÈN distance vs. the C2O distance of the 3274 X-ray
structures conÐrms that both distances behave the same way
as in conjugated p-systems.

The MP2/6-31G* optimized geometry of 1-aza-2-adaman-
tanone is shown in Fig. 2. The calculated C2O distance is
1.219 close to that calculated for the rotated formamide atA� ,
the same level of theory (1.212 but far away from thatA� ),
obtained by X-ray analysis [1.196(5) Therefore, this levelA� ].
of theory seems to fail for rotated amides, and is unable to
describe accurately the change in the C2O distance upon
either rotation or distortion of the CÈN bond. The use of
di†use functions does not improve the agreement between
theoretical and experimental distances in 1-aza-2-adamanta-
none, as shown in Fig. 2. The molecular environment of 1-aza-
2-adamantanone has been analyzed by exploring it in the
crystal via packing diagrams (see Fig. 3).18 As a result, we
have not noticed any signiÐcant perturbation of the amido
group. We have not found any intermolecular contact less
than the sum of the van der Waals radii.

The 17O NMR data of formamide are shown in Fig. 4. The
calculated 17O NMR chemical shift of formamide is 390 ppm,
in acceptable agreement with the experimental value13a of 304
ppm.19 The 90¡ rotated form of formamide gives a computed
chemical shift of 602 ppm, close to the experimental value of
acetone (569 ppm). These results conÐrm that there is a sub-
stantial change in the C2O bond upon rotation about the
CÈN bond. It is clear that the carbonyl group is not a specta-
tor and is an active participant in the CÈN rotation.

Bearing in mind the limitations of any qualitative model,
the present results support the validity of the amide resonance
model and provide an explanation for the apparent indepen-
dence of the C2O bond length on the CÈN rotation.
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