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ABSTRACT: The conformational preferences of 28 sterically
and electronically diverse N-aryl amides were determined
using density functional theory (DFT), using the B3LYP
functional and 6-31G(d) basis set. For each compound, both
the cis and trans conformers were optimized, and the
difference in ground state energy calculated. For six of the
compounds, the potential energy surface was determined as a
function of rotation about the N-aryl bond (by 5° increments)
for both cis and trans conformers. A natural bond orbital
(NBO) deletion strategy was also employed to determine the
extent of the contribution of conjugation to the energies of
each of the conformers. By comparing these computational
results with previously reported experimental data, an
explanation for the divergent conformational preferences of 2° N-aryl amides and 3° N-alkyl-N-aryl amides was formulated.
This explanation accounts for the observed relationships of both steric and electronic factors determining the geometry of the
optimum conformation, and the magnitude of the energetic difference between cis and trans conformers: except under the most
extreme scenarios, 2° amides maintain a trans conformation, and the N-bound arene lies in the same plane as the amide unless it
has ortho substituents; for 3° N-alkyl-N-aryl amides in which the alkyl and aryl substituents are connected in a small ring, trans
conformations are also favored, for most cases other than formamides, and the arene and amide remain in conjugation; and for
3° N-alkyl-N-aryl amides in which the alkyl and aryl substituents are not connected in a small ring, allylic strain between the two
N-bound substituents forces the aryl substituent to rotate out of the plane of the amide, and the trans conformation is
destabilized with respect to the cis conformation due to repulsion between the π system of the arene and the lone pairs on the
oxygen atom of the carbonyl. The cis conformation is increasingly more stable than the trans conformation as electron density is
increased on the arene because the more electron-rich arenes adopt a more orthogonal arrangement, increasing the interaction
with the carbonyl oxygen, while simultaneously increasing the magnitude of the repulsion due to the increased electron density
in the π system. The trans conformation is favored for 2° amides even when the arene is orthogonal to the amide, in nearly all
cases, because the C−N−C bond angle can expend at the expense of the C−N−H bond angles, while this is not favorable for 3°
amides.

1. INTRODUCTION

In contrast to 2° amides, for which the trans conformation is
nearly universally favored over the cis conformation (as shown
in Figures 1 and 2), N-alkyl-N-aryl 3° amides demonstrate the

opposite conformational preference. Both experimental and
computational results from dozens of independent researchers,
together studying hundreds examples of N-alkyl-N-aryl 3°
amides have clearly identified that the cis conformation is
generally favored over the trans conformation by between 0.5
and 5 kcal/mol.1−7 Multiple studies have even taken advantage
of this conformational preference, using 3° amides as cis
backbones for chelating ligands8 and macromolecular
architecture,9,10 for preorganization to facilitate synthesis of
lactams,11,12 or for restricting rotation.13−15 Okamoto et al.
synthesized 3° N-pyridyl amides and demonstrated that the
conformational preference can switch upon the addition of
acid16,17 or in solvents capable of hydrogen bonding.18
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Figure 1. Conformational preferences of nonlactam amides with
aromatic N-substituents.
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Many of the papers discussing the conformation of amides
focus solely on acetamide and N-methylacetamide, and those
preferences have been well established.2,3,19,20 There have been

significantly fewer studies of more complex systems. Shudo et
al.21,22 explored conformational preferences of N-methyla-
mides in solid state and solution, and the results were in good
agreement. They synthesized several polyphenylic amides, and
were able to switch from one all cis configuration (cis−cis) to
another (cis−cis′) based on temperature, provided that
enthalpy was moderate, entropy was large, and they were of
the same sign. In a separate work,23 they described how aryl
amides can fluoresce, and found the twisted structures were
stabilized in the excited state through charge separation
through the arene system, allowing fluorescence. Yamasaki et
al.6 explored the effects of electronically diverse aryl
substituents, experimentally comparing conformational equi-
libria of multiple electron-rich and electron-poor acetanilides
and benzanilides. Additionally, Ilieva et al.24 found a linear
relationship between the rotational energy barrier around the
amide and various substitutions in the para position.
Conformational preferences of 2° amides have been explored,
and found a correlation between the configuration and the
chemical shift in NMR spectra.4

There is less clarity as to why this conformation is preferred.
In many cases, especially when the alkyl substituent is a methyl
group, it may appear at first glance that purely steric
considerations predict the oppositeplacing the bulkier
aromatic substituent near the oxygen of the amide and the
less bulky methyl group near the larger organic portion (R1 in
Figure 1). In some cases,7,25 the steric strain between the
aromatic substituent and R1 is sufficiently unfavorable to
substantially distort the planarity of the amide itself, weakening
the N−C bond of the amide and enhancing the rate of
solvolysis7 or allowing insertion of transition metals into the
N−C bond.25

A few studies over the course of the last 30 years have
attempted to provide an explanation for this change in
conformational preference.3−6,19,24,26−28 In particular, a 1995
study by Saito et al.3 took a theoretical approach to the
problem, using ab initio Hartee-Fock modeling with the 4−
31G and 6-31G** basis sets to compare the energies of cis and
trans conformers of N-methylacetamide, acetanilide (1a), and
N-methylacetanilide (1b). The authors found that both levels
of theory were consistent with experimental findings (only N-
methylacetanilide preferred the cis conformation), and they
proposed that the conformational preference of the 3° amides
could be explained by steric strain between the phenyl ring and
the N-methyl substituent dominating over conjugation, forcing
the phenyl substituent out of the plane of the amide, and that,
due to its anisotropic steric profile, the steric repulsion
between the orthogonal phenyl ring and acetyl methyl group in
the cis conformation is less than the steric repulsion between
the two methyl groups in the trans conformation. However,
this explanation does not appear to be universally applicable to
more complex systems, and does not capture the effects of
electronic variations (vide infra).
In this manuscript, we revisit these theoretical studies using

density functional theory (DFT), with the B3LYP functional
and 6-31G(d) basis set and employing NBO deletion strategies
to distinguish between energy differences due to orbital mixing
and energy differences due to steric strain. We expand the
scope of modeled amides from three to 28, surveying sets of
sterically and electronically diverse amides and mapping
torsional energy landscapes of six systematically varied amides.
Additionally, we survey reported experimental data (both solid
state and solution state) of the conformational preferences of

Figure 2. Dihedral angles reported in the Cambridge Crystallographic
Database for 3° N-alkyl-N-aryl amides (a), 2° N-aryl amides (b), and
2° N-aryl amides bearing 2,6-disubstituted arenes (c). Class I defined
as structures for which 30° < ω1* ≤ 90° and 135° < ω2* ≤ 180°;
Class II defined as structures for which 0° ≤ ω1* ≤ 30° and 0° ≤ ω2*
≤ 45°; Class III defined as structures for which 30° < ω1* ≤ 90° and
0° ≤ ω2* ≤ 45°; Class IV defined as structures for which 0° ≤ ω1* ≤
30° and 135° ≤ ω2* ≤ 180°.
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several thousand amides to guide our analysis and corroborate
our findings.

2. THEORETICAL CALCULATIONS
All calculations were performed using the Gaussian 16 program
suite.29 Geometry optimizations were run with the hybrid
functional B3LYP and Pople’s 6-31G(d) basis set, followed by
frequency calculations to ensure all ground states were at a
local minimum. Natural bond orbital (NBO) analysis was also
carried out, allowing utilization of the $DEL keyword to delete
interactions between the amine lone pair and the π-orbitals in
the aryl system. Additionally, for selected structures, energetic
and geometric results obtained using B3LYP and Pople’s 6-
31G(d) basis set were compared to both the M06-2X
functional and the ab initio MP2 method with Dunning’s jul-
cc-pvdz basis set. For DFT calculations, Grimme’s empirical
D3 dispersion corrections were also calculed.30 Single point
MP4 calculations were also performed using the M06-2X/jul-
cc-pvdz geometry. Tomasi’s polarizable continuum model
(pcm)31 was also employed to model the dielectric constant of
dichloromethane. All ground state configurations can be found
in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Examination of Crystallographic Data. A key piece

of the puzzle comes from an evaluation of thousands of
reported crystal structures (for more info, see SI) of 3° and 2°
(nonlactam) amides bearing aromatic substituents on the
nitrogen. It appears that the primary predictor of the cis/trans
conformational preference of 3° amides (as defined by ω2* in
Figure 2) is the dihedral angle of the aromatic substituent with
respect to the amide (ω1* in Figure 2). In acyclic cases, allylic

(also known as A1,3) strain between the ortho substituents
(even H) on the aryl ring and the N-methyl (or alkyl) group
appears to force a rotation of the aryl ring out of the plane of
the amide, breaking conjugation. When considering 3° N-alkyl-
N-aryl amides, 1049 of 1258 (83.4%) compounds crystallize in
the cis conformation (ω2* is within 45° of 180°). Of these,
1046 (>99.5%) structures present with ω1* > 30° (defined as
Class I). And in 36 of 39 (92.3%) of cases for which ω1* ≤
30°, the trans conformation is favored (Class II). This class is
predominantly composed of amides in which aryl and alkyl
substituents are connected, forming a small (<7 atom) ring
containing the nitrogen atom of the amide. This small ring
enforces the nearly coplanar ω1*, but does not have an
immediately clear direct way to influence ω2*. Nevertheless,
when the aryl ring is close to coplanar with the amide, the cis
form appears to be generally disfavored.
Of the 1258 crystal structures of 3° N-alkyl-N-aryl amides

analyzed, only about 5% appear in Class III, crystallizing in the
trans conformation, while the aryl substituent is also rotated
out of plane (ω1* > 30°). This class appears to be primarily
populated with amides containing very sterically demanding R1
groups, allowing steric considerations to dominate, as well as
amides containing fluorinated aromatic rings, for which π-
stacking between molecules within the crystal may overcome
intramolecular factors. There are only three examples of
amides with nearly coplanar aryl substituents and cis
conformations (Class IV); however, these appear to be
examples of extremely distorted Class I compounds (ω1* >
20°). No examples of cis amides with ω1* < 20° were found.
Of the 7695 crystal structures of 2° (nonlactam) amides

with aromatic N-substituents, 5043 (65.5%) appear in Class II,
while only six appear in Class IV, and only two were found to

Table 1. Computational Method Validation by Comparison of the Difference in Energy (in kcal/mol) of cis and trans
Conformers, Computed at Different Levels of Theory and Found Experimentally

compound 1a 2a 3a 4a 1b 2b 3b 4b

R1 CH3 CH3 CH3 H CH3 CH3 CH3 H
R2 H H H H CH3 CH3 CH3 CH3

R3 H CF3 NO2 H H CF3 NO2 H
B3LYP/6-31G* 3.06 3.72 4.09 0.95 −2.51 −1.39 −0.65 −2.08

2.46a 3.22a 3.66a 1.10a −2.76a −1.68a −0.96a −2.09a

B3LYP/6-31G* w/PCM 3.86 3.89 4.40 1.05 −1.88 −0.86 −0.02 −1.80
2.64a 3.40a 3.95a 1.22a −2.14a −0.95a −0.37a −1.70a

M062X/jul-cc-pvdz 2.41 2.64 3.07 0.69 −2.23 −1.18 −0.78 −2.26
1.84a 2.63a 3.04a 0.68a −2.26a −1.22a −0.81a −2.25a

M062X/jul-cc-pvdz w/PCM 1.76 2.52 3.03 0.54 −2.20 −0.64 −0.19 −1.71
1.74a 2.50a 3.01a 0.53a −1.64a −0.67a −0.22a −1.70a

MP2/jul-cc-pvdz 1.90 2.12 2.42 0.79 −3.09 −2.04 −1.48 −2.01
MP2/jul-cc-pvdz w/PCM 1.12 1.94 2.26 0.56 −2.41 −1.62 −1.22 −1.52
MP4/jul-cc-pvdz spd 1.54 2.25 2.62 0.82 −2.84 −1.53 −1.11 −2.04
experimental >2b N/A N/A 0 < X < 1b −1.35c −0.92c −0.55c N/A

aCalculated with Grimme’s D3 dispersion corrections.30 bDetermined by IR in carbon tetrachloride.33 cDetermined by NMR in dichloromethane-
d2 at 213 K (Supporting Information of Yamasaki et al.6). dSingle-point calculation using M062X/jul-cc-pvdz geometry
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be in Class I, but these appear to be special cases in which the
significant portion of heteroatoms in the molecules may well
lead to dominant internal (or intermolecular) dipole−dipole
interactions. Gas-phase calculations (see the SI) of the
molecule reported by Irie et al.32 do indicate the cis form to
be ca. 0.4 kcal/mol more stable than the trans form. Even in
cases for which the aromatic substituent on the nitrogen atom
of the amide is forced out of plane by steric clashes (as is
observed for most 2° amides in which the aryl substituent is a
2,6-disubstituted phenyl ring), the trans preference is not
overcome, resulting in a Class III geometry being adopted.
3.2. Computational Method Validation. Kang19 and

Avalos et al.4 found B3LYP/6-31G* to be an appropriate level
of theory for amides, based on energy and geometry results.
However, to ensure this system would be appropriate for a
larger substrate scope, benchmark calculations made with
B3LYP/6-31G(d) were compared to those obtained using
M06-2X (which implicitly captures some dispersion) with a
larger basis set (jul-cc-pvdz). Since DFT methods do not
explicitly capture dispersion, Grimme’s empirical D3 correc-
tions30 were also employed for a comparison. The ab initio
MP2 method, which does explicitly capture dispersion was also
tested with jul-cc-pvdz. All results were then compared to
experimental results (Table 1). PCM was also used to model
the dielectric constant of DCM (used experimentally by
Yamasaki et al.), and it was found that in nearly all cases,
utilizing PCM had little to no effect on energy differences
between conformers. The differences in energy between cis
and trans isomers are consistent across all computational
methods (and consistent with limited experimental data)
insofar as the 2° amides show preference for the trans
conformation, while the 3° amides show preference for the cis
conformation. In addition to agreement on the computed
signs, the magnitudes of the computed energy differences are
also similar across computational methods and follow two
important experimental observations: the difference in energy
between conformers of p-substituted-N-methylacetanilides
increases with greater electron density in the arene (see
section 3.4), and the energy difference is substantially greater
for acetanilide than for formanilide. It was interesting to note
that dispersion corrections had little effect on the differences in
energy between cis and trans conformers, and in some cases,
the values obtained with the dispersion correction deviate even
further from experiment. Because of the general agreement of
all levels of theory, with each other and with experimental data,
and because the computational cost varied significantly
between the methods, B3LYP/6-31G(d) was ultimately
selected for all of the following computations (unless explicitly
stated otherwise).
3.3. Computational Analysis of Steric Contributions.

In an attempt to investigate the role of steric strain in these
systems, two series of anilides were modeled computationally
in both cis and trans conformations. In the first series (Table
2), the three positions on the anilide core were substituted
with either H or CH3, allowing comparisons of formanilides vs
acetanilides, 2° vs 3° amides, and phenyl vs 2,6-dimethylphenyl
aryl substituents. In the second series (Table 3), all amides are
the cyclic 3° amides in which the aliphatic substituent is an
ethylene bridge tethered to the ortho position of the aromatic
substituent. In the first series, all 2° anilides were more stable
in the trans conformation, and all 3° anilides were more stable
in the cis conformation. However, in the case of (2,6-
dimethylphenyl)formamide (5a), the two conformers were

nearly equal in energy. The differences in energy between the
two conformers were larger across the board for acetamides
than for formamides, with 2° acetamides more strongly
favoring trans than 2° formamides, and 3° acetamides more
strongly favoring cis conformations than 3° formamides.
The trans conformers with phenyl substituents were the only

cases in which the aryl substituents were coplanar with the
amide π system. It is not surprising that the addition of methyl
substituents ortho to the aryl group would induce a rotation
from planarity. However, it is noteworthy that all cis
conformations were substantially deviated from planar. Even
for formamides, where the hydrogen atom of the formyl group
is less sterically demanding that of the carbonyl oxygen, the cis
conformers deviate by at least 30° from planar, while the trans
conformers are completely planar (absent substitution on the

Table 2. Comparison of Computed ω1* and Ecis − Etrans
Values for a Series of Related Anilides

R1 R2 R3 compound ω1* Ecis − Etrans (kcal/mol)

H H H cis-4a 30° 0.95
H H H trans-4a 0°
H CH3 H cis-4b 41° −2.08
H CH3 H trans-4b 0°
CH3 H H cis-1a 43° 3.06
CH3 H H trans-1a 0°
CH3 CH3 H cis-1b 90° −2.51
CH3 CH3 H trans-1b 45°
H H CH3 cis-5a 60° 0.03
H H CH3 trans-5a 60°
H CH3 CH3 cis-5b 90° −1.57
H CH3 CH3 trans-5b 84°
CH3 H CH3 cis-6a 89° 1.19
CH3 H CH3 trans-6a 63°
CH3 CH3 CH3 cis-6b 89° −2.55
CH3 CH3 CH3 trans-6b 82°

Table 3. Comparison of 3° Amides in Which Alkyl and Aryl
Substituents Are Tethered in a Small Ring

R1 R2 compound ω1* Ecis − Etrans (kcal/mol)

H H cis-7 5° −0.39
H H trans-7 5°
H CH3 cis-8 27° −1.44
H CH3 trans-8 47°
CH3 H cis-9 11° 1.17
CH3 H trans-9 2°
CH3 CH3 cis-10 55° 1.32
CH3 CH3 trans-10 48°
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arene). This trend holds for acetanilide, but both cis and trans
conformers of N-methylacetanilide are nonplanar.
In the series of cyclic compounds, the degree of coplanarity

differed much less between cis and trans conformers. The
conformational preference appeared to be dominated by steric
repulsion between R1 and R2. In both formamides (R1 = H,
which is smaller than O), the more stable conformation placed
R1 and R2 close to each other. For the acetamides (R1 = CH3,
which is larger than O), the more stable conformation placed
R1 and R2 far from each other. In all cases, the magnitude of
the preference was greater when R2 was CH3 than when R2 was
H. Because the preference for cis compounds disappears when
R1 increases in size from H to CH3, it is expected that the trans
preference for this type of cyclic amide will extend to most
cases, and that formamides are the exception to the rule.
Taking the analyses of both series into account as well as the

crystallographic data discussed above, it appears that steric
considerations of R1 and the aromatic group are less important
in determining the cis/trans preference than the extent of
coplanarity (ω1*) is. There are four interactions that change
significantly as a function of ω1*: Ar-R1 steric repulsion in the
cis conformation, Ar−O steric repulsion in the trans

conformation, Ar-R2 steric repulsion (which should be the
same in both conformations), and the degree of conjugation of
Ar with the amide (which should be the same in both
conformations).

3.4. Torsional Analysis Using NBO Deletion Strategy.
To deconvolute and quantify the contributions of these four
factors, scans of ω1* from 0° to 90° (by 5° increments) were
performed with and without NBO deletions of the interaction
between the lone pair on nitrogen atom of the amide and the
arene π system. This computational approach, accessed by
using the $DEL keyword, allows specific orbital−orbital
interactions to be artificially forbidden. There is no way to
perform an analogous experiment with real molecular systems,
and the results are purely theoretical. However, this allows
determination of the contributions of these interactions
between natural bonding orbitals to the overall energy of a
system, or in this case, the difference in energies between
conformers.
By comparing potential energy surfaces of both cis and trans

conformers of formanilide (4a), N-methyl formanilide (4b),
acetanilide (1a), N-methylacetanilide (1b), N-(p-nitrophenyl)-
acetamide (3a), and N-methyl-N-(p-nitrophenyl)acetamide

Figure 3. Total energy, stabilization energy due to orbital mixing, and the difference between the two, plotted as a function of ω1* for cis and trans
conformers of formanilide (4a), N-methyl formanilide (4b), acetanilide (1a), N-methylacetanilide (1b), N-(p-nitrophenyl)acetamide (3a), and N-
methyl-N-(p-nitrophenyl)acetamide (3b).
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(3b) (Figure 3), with and without NBO deletions, the
stabilization due to orbital mixing can clearly be seen as a
function of ω1*. As expected, the maximum stabilization
energy occurs at ω1* = 0° in all cases, ranging from −5.0 kcal/
mol for phenyl-substituted amides to −6.6 kcal/mol for the
electron-deficient p-nitrophenyl-substituted amides, and tapers
to 0 kcal/mol at ω1* = 90°, when the orbitals are orthogonal.
There is essentially no difference in these stabilization curves
when comparing cis and trans, 2° and 3°, or formyl and acetyl
amidesonly by changing the electronic character of the p-
substituent is there a notable change in this curve. This makes
sense when considering delocalization of the amide’s π
electrons: the amide is a π-donor and intuitively should be
more stabilized by conjugation with a π-acceptor. That this
effect is essentially the same in all cases, suggests that it is not
the determining factor, however the slight changes related to
electronic character may contribute to the experimentally
observed relationship between the magnitude of the cis
preference in 3° anilides (see section 3.5).
For trans-2° amides, the energy of the conformers appears to

be determined almost purely by the stabilization of orbital
mixing, with no significant contribution from steric repulsion
or any other effects, as demonstrated by the nearly flat lines
observed when NBO mixing is deleted. This finding appears at
first to be in contrast with Saito et al.,3 in which repulsion
between the arene π system and lone pairs of the carbonyl
oxygen was assumed to be an important interaction for 2°
anilides when ω1* = 90°. It is possible that the repulsion
between the arene π system and lone pairs is almost perfectly
balanced by steric interactions between the ortho hydrogens
on the arene with the carbonyl oxygen atom and nitrogen-
bound hydrogen atom. This interpretation is supported by
comparing the difference in energies between cis and trans

conformers at ω1* = 90° (−1.77 kcal/mol, − 0.87 kcal/mol,
and +0.88 kcal/mol for 4a, 1a, and 3a, respectively). 3a, which
would have the least electron density in its arene π system, is
calculated to prefer the trans form at ω1* = 90°, while 4a and
1a favor the cis form at ω1* = 90°. (see section 3.5 for further
discussion).
For cis-2° amides, there appears to be one or more slightly

destabilizing effects that together are greater in magnitude than
the orbital mixing stabilization, being most destabilizing at ω1*
= 0° and least destabilizing at ω1* = 90°. Therefore, the overall
energy is minimized at an intermediate value of ω1*, in the
neighborhood of 30°. In the cases of the acetanilides, this
destabilizing interaction would apparently be ascribed to steric
interactions between the phenyl ring and the methyl fragment
of the acetyl group, however, this effect is also observed in the
formanilide case, for which steric interactions with the oxygen
in the trans conformation is expected to be greater than steric
interactions with the formyl hydrogen in the cis conformation.
This may be due to a destabilizing electrostatic interaction
between the formyl hydrogen and the nearest aromatic
hydrogen. In the trans configuration, the same phenylic
hydrogen interacts with the partially negative carbonyl oxygen,
which allows the molecule to stay planar. There is some
experimental support for this finding: while cis-4a has not been
crystallized alone, the analogous N-(p-tolyl)formamide has
been crystallized in the cis conformation, and displays an ω1*
value of 32°.34

For trans-3° amides, the relationship between stabilizing
energy of orbital mixing is the same as for trans-2° amides, but
there is significant steric repulsion between the N-methyl
substituent and the ortho hydrogens on the phenyl ring, which
is maximized at ω1* = 0° (ca. + 10 kcal/mol), and minimized
at ω1* = 90°. In the cis conformers, this effect is compounded

Table 4. Comparison of the Angles about the Nitrogen Atom of the 2° and 3° Amides Presented in Figure 3, in the trans
Conformation with ω1* = 90° and in the cis Conformation with ω1* = 90°

R1 R2 R3 compound α β γ α + β + γ

H H Ph trans-4a 123.9 118.5 117.4 359.8
cis-4a 115.5 119.6 124.6 359.7

H CH3 Ph trans-4b 120.2 118.0 121.8 360.0
cis-4b 120.2 119.0 120.8 360.0

CH3 H Ph trans-1a 123.1 117.7 118.2 359.0
cis-1a 113.0 118.2 127.3 358.5

CH3 CH3 Ph trans-1b 118.4 115.9 125.6 359.9
cis-1b 119.4 117.0 123.6 360.0

CH3 H 4-(NO2)Ph trans-3a 121.6 116.8 117.2 355.6
cis-3a 111.5 116.7 126.2 354.4

CH3 CH3 4-(NO2)Ph trans-3b 117.6 116.3 125.6 359.5
cis-3b 119.5 116.9 123.6 360.0

H H CH3 trans-11a 123.0 119.2 117.9 360.1
cis-11a 115.4 119.3 125.3 360.0

H CH3 CH3 11b 120.0 118.0 122.0 360.0
CH3 H CH3 trans-12a 122.6 118.7 118.8 360.1

cis-12a 113.2 118.2 127.2 358.6
CH3 CH3 CH3 12b 119.1 115.4 125.5 360.0
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by additional steric interactions with the methyl group of the
acetamide (+35−40 kcal/mol at ω1* = 0°).
3.5. Comparison of the Steric Interactions in Systems

with Orthogonal Arene and Amide Systems. Analysis of
the difference in energy between cis and trans conformers in
which the aryl substituent is set to be orthogonal (ω1* = 90°)
indicates that even for 2° anilides 4a and 1a, the cis forms are
favored when ω1* = 90° (−1.77 kcal/mol for 4a and −0.87
kcal/mol for 1a). In contrast, the trans conformers are favored
over cis for N-methylformamide (11a, + 0.84 kcal/mol) and
N-methylacetamide (12a, +2.39 kcal/mol). Because the energy
preference is opposite for anilides (ω1* = 90°) and for
methylamides, it appears that the R3-O repulsion is greater
when R3 is aromatic than methyl. And because the magnitude
of the cis preference of 4b and 1b is greater than the magnitude
of the trans preference for 11a and 12a, it appears that
repulsive interactions of the N-methyl substituent (R2) with O
and R1 is likely only a small part of the preference for 4b and
1b.
Additionally, there is a significant difference between 2° and

3° amides in which the aryl substituent is orthogonal (ω1* =
90°): in the case of 2° amides, the magnitude of difference in
energy (cis−trans) is less than 2 kcal/mol (−1.77 kcal/mol, −
0.87 kcal/mol, and +0.88 kcal/mol for 4a, 1a, and 3a,
respectively), while for 3° amides, the magnitude of this
difference in energy exceeds 2 kcal/mol, and all values are
negative (−3.33, − 4.17, and −2.06 kcal/mol for 4b, 1b, and
3b, respectively).
Thus, it appears that the repulsion between lone pairs of the

oxygen atom in the carbonyl and the π orbitals of the aromatic
system for amides in the trans conformer at ω1* = 90° are not
equivalent for 2° and 3° amides. This finding is in stark
contrast to the analysis performed by Saito et al.,3 in which this
repulsion was assumed to be equivalent for 2° and 3° amides
with the same dihedral angles.
Comparison of the cis−trans energy differences of 4a vs 1a

(ΔΔE = 0.90 kcal/mol) and 4b vs 1b (ΔΔE = 0.84 kcal/mol)
at ω1* = 90° indicate that there is a difference in the steric
interactions of the aryl substituent and R1 in the cis
conformation, but that this difference is less significant than
the differences between 2° vs 3°, and also less than cis vs trans
for any of the given compounds. Thus, R3-O interactions in
trans conformations appear to contribute more to cis−trans
differences than Ar-R1 cis interactions.
To explain the difference between 2° and 3° amides at ω1* =

90°, steric interactions between the geminal aryl and methyl
substituents is again invoked. Analysis of the bond angles about
the nitrogen atom, as shown in Table 4, appears to provide an
intuitive explanation. The nitrogen atom is almost perfectly
planar for all amides in Table 4, as indicated by the sum of the
bond angles being equal to or within 1.5° of 360.0°), so the
expansion or contraction of any one of these angles is
necessarily balanced by contraction or expansion of the other
two angles.
In trans-anilides, repulsion between the electron density of

the π system of the aryl substituent and the lone pairs on the
oxygen of the carbonyl forces α to increase beyond the ideal
120° geometry of the sp2-hybridized nitrogen atom, causing
the angle between the two N-substituents (β) to decrease. For
2° anilides, the small hydrogen atom allows α to expand at the
expense of β, while the bulkier alkyl substituents present in the
3° anilides reduces the extent to which this repulsion can be
accommodated. For all trans-2° amides shown in Table 4,

including N-methylformamide (11a) and N-methylacetamide
(12a), the angle (α), defined by the ipso carbon of the
aromatic substituent, the nitrogen, and the carbon of the
carbonyl, is substantially larger (3.0−4.7°) for 2° amides than
corresponding 3° amides.
This analysis also provides some insight as to why the cis

preference of 3° acetanilides is greater than that of 3°
formanilides (−2.51 kcal/mol for 1b vs −2.08 kcal/mol for
4b): minimal steric repulsion between R1 and R2 in the case of
trans-formanilides allows α and β to expand at the expense of γ,
while trans-acetanilides with significant steric repulsion
between R1 and R2 do not allow for this relaxation, thereby
increasing steric interactions between R2 and R3 (and therefore
R3 and O). Similarly, for cis cases, O-R2 repulsion propagates
to crowd the system, which is better accommodated by
formanilide systems due to decreased R1-R3 interactions, which
propagate. Unfortunately, because cis and trans conformers
differ in multiple ways, it is difficult to compare α and γ values.
The angle (β) between the two noncarbonyl substituents on

the nitrogen atom (R2 and R3) is useful for comparing steric
strain between cis and trans conformers because the
interaction between R3 and R2 is equivalent in both conformers
(in contrast with angles α and γ, which are difficult to compare
between conformers because the interactions R1-R3, O-R3, R1-
R2, and O-R2 interactions are all nonequivalent). In all cases
shown in Table 4, except for 3a and 11a, β is smaller for trans
conformers than for their corresponding cis conformers by
0.5−1.1°, indicating that trans conformers have an overall
increase in the steric strain across the amide (combined
repulsion from the O-R3 and R1-R2 interactions in the trans
conformer is greater than combined repulsion from the O-R2
and R1-R3 interactions in the cis conformer).
In the case of 11a, β is actually 0.1° larger in the trans

conformation. This is a special case because all of the
substituents involved are small and interact very little in either
conformation. That the difference in β between cis-4a and
trans-4a is so much larger than observed for 11a conformers
indicates that the R3-O interaction in trans-4a (R3 = Ph) is
more destabilizing than the R3-O interaction in trans-11a (R3 =
CH3). In the case of 3a, β is also 0.1° larger in the trans
conformation than in the cis conformation. This supports the
notion that π system-lone pair interactions play a dominant
role, as the electron deficient arene is expected to be least
repelled (electron-deficient 3b also has the smallest decrease in
β of all 3° amides when comparing cis and trans conformers).
Formanilides 4a and 4b were found to have very similar

changes in β, indicating little difference in the steric profile of
the conformers of 2° and 3° formamides. However, for 1a and
1b, in which R1 is larger, the steric crowding of the whole
system increases. Because 1b is more crowded than both 1a
and 4b, the R3-O interaction in trans-1b is more significant that
for 1a or 4b. And, because 1b has the largest change in β, and
because this change of β is more significant for 1a vs 4a (R3 =
Ph) than for 11a vs 12a (R3 = CH3), can be deduced that
these R3-O repulsions in the trans conformer are dominant
over R3-R1 and R2-O repulsions in the cis. This analysis is
another line of evidence that contradicts the findings of Saito
et al. which indicated that R1-R2 interactions are dominant.

3.6. Computational Analysis of Arene Electronics.
Given the differences between the phenyl and p-nitrophenyl
compounds observed above, and the fact that the electronic
character of the arene has previously been reported to have a
significant influence on experimentally determined cis-trans
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energy differences of 3° amides,6 this analysis should be
extended to a range of electronically distinct amides.
Solution-phase 1H NMR analysis6 of a dozen N-methylated

acetanilides with differing substituents on the phenyl ring, for
which the energy difference was small enough to observe the
equilibrium between both conformers, indicates a very strong
linear correlation (R2 > 0.95) between the Hammett parameter
(σ)35 of the aromatic substituent, and the difference in energy
between the cis and trans conformers.6 The more electron-rich
the aryl substituent, the stronger the preference for the cis
conformation, with a linear relationship defined by

σΔ ° = − +G (kcal/mol) 1.40 1.01

In cases for which both N-substituents on the 3° amide are
aromatic, the more electron-rich one preferentially rotates out
of plane, and sits cis to R1, while the less electron-rich one
remains conjugated to the amide, and sits trans to R1. The
energy differences for these N,N-diaryl amides less dramatic,
but still significant. For instance, for N-(p-methoxyphenyl)-N-
(p-nitophenyl)acetamide, the free energy difference between
the two conformers was found experimentally to be only 1.1
kcal/mol (vs 1.5 kcal/mol for N-methyl-N-(p-methoxyphenyl)-
acetamide).
This relationship between the conformational preferences of

substituted acetanilides and the Hammett parameters of the
substituents also manifests in computed gas-phase energies
(Figure 4). As expected, all six of the 2° anilides were found to

be more stable in the trans conformation, while their
corresponding 3° N-methyl analogs were found to be more
stable in the cis conformation. The cis−trans energy differences
followed the same general trend for both 2° and 3° acetanilides
(the more electron-deficient the arene, the more stable the
trans conformation). In both cases, the correlation is quite
strong (R2 > 0.98), though the slope was found to be much
steeper for the 3° acetanilides. This difference in slope can be
explained by considering the influence of N-methylation on α
(Table 4)increased electron density in the π system of the
aryl substituent has a greater influence on the cis−trans energy
difference in 3° amides than in 2° amides due to the proximity

of the π system and oxygen lone pairs that is enforced by the
bulky alkyl substituent. (Note that the slope and intercept for
3° compounds deviate from what was found via NMR by
Yamasaki et al.,6 however, they both exhibited the same general
trend. The difference can be attributed to differences between
gas phase and solution phase chemistry.)
For this series of p-substituted 2° acetanilides, the trans

conformers optimize to have a nearly perfectly planar geometry
(ω1* < 2.0°), with the π system of the arene in near-perfect
conjugation with that of the amide. When in the cis
configuration, the optimum geometries of the 2° acetanilides
showed a significant rotation of the arene out of plane, due to
steric strain between the arene and the methyl group of the
acetyl. The rotation is more extreme for more electron-rich
arenesup to 51° for p-OCH3 (cis-13a), the most electron-
rich of those modeled, while the least electron-rich arenes
retained a greater degree of planarity, as little as 31° for both p-
NO2 (cis-3a) and p-CN (cis-15a). This is consistent with the
competition between conjugation and steric strain noted in
section 3.4, for which there is an increased stabilization of
conjugation for more electron-poor arenes.
In the cases of the 3° acetanilides, for which the N-methyl

substituent imposes steric strain on the arene, even the trans
conformers showed significant deviation from planarity,
spanning from 38° for the electron-withdrawing p-NO2
(trans-3b) to 46° for the electron-donating p-OCH3 (trans-
13b). In the cis conformers, the electron-rich arenes p-OCH3
(cis-13b), p-OAc (cis-16b), p-CH3 (cis-14b), and unsubsti-
tuted (cis-1b), are almost completely perpendicular, while
increasingly electron-poor arenes lie increasingly closer to
planar, with the extreme example of p-NO2 (cis-3b) deviating
from planar by only 51°.
Thus, the addition of electron-donating substituents to the

arene contributes to the destabilization of trans conformers in
two ways: increased electron density in the aryl substituent
decreases the penalty for loss of conjugation, allowing the
arene to rotate further out of the plane of the amide, which in
turn orients the π system more toward the lone pairs of the
oxygen atom, and the magnitude of the repulsion increases
with greater electron density in that π system.

4. CONCLUSIONS
The conformational preferences of anilides appear to be
determined primarily by a complex interplay of steric and
orbital delocalization effects. For 2° anilides, with minimal
steric limitations, orbital delocalization dominates, strongly
favoring the coplanar geometry, for which the trans Class II
geometry is favored over the cis Class IV geometry due to the
greater steric bulk of the substituents on the carbonyl side of
the amide compared to the steric bulk of the carbonyl (except
for formanilides). For 2° anilides with sterically demanding aryl
substituents (such as 2,6-disubstituted arenes), orbital
delocalization can be overcome, allowing the aryl substituent
to rotate out of plane. Even for these noncoplanar arrange-
ments, the trans Class III geometry is more stable than the cis
Class I geometry because of the dramatic disparity in the size
of the arene and hydrogen substituents, and the fact that the
arene can tilt away from the carbonyl oxygen, toward the small
hydrogen.
In contrast, for 3° N-alkyl-N-aryl amides, steric strain

between the alkyl and aryl substituents is sufficient to rotate
the aryl substituent out of conjugation with the amide,
resulting in either the cis Class I or trans Class III

Figure 4. Computed energy differences between cis and trans
conformers of a series of p-substituted acetanilides and N-
methylacetanilides, compared to the Hammett parameter (σ) of the
p-substituent: OCH3 (13), CH3 (14), H (1), CF3 (2), CN (15), and
NO2 (3).
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conformations, the latter of which would place the electron
density of the aryl substituent in close proximity to that of the
lone pairs on the carbonyl oxygen atom, resulting in repulsion.
Finally, this repulsion is magnified for 3° amides because the
steric bulk of the alkyl substituent prevents the aryl substituent
from tilting away from the lone pairs, as can occur with 2°
amides. This final effect is responsible for the dramatic
disparity between the abundance of examples of Class III
structures for 2° N-aryl amides and 3° N-alkyl-N-aryl amides.
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R.; Jimeńez, J. L.; Palacios, J. C. Conformation of Secondary Amides.
A Predictive Algorithm that Correlates DFT-Calculated Structures
and Experimental Proton Chemical Shifts. J. Org. Chem. 2003, 68,
1834−1842.
(6) Yamasaki, R.; Tanatani, A.; Azumaya, I.; Saito, S.; Yamaguchi,
K.; Kagechika, H. Amide Conformational Switching Induced by
Protonation of Aromatic Substituent. Org. Lett. 2003, 5, 1265−1267.
(7) Bloomfield, A. J.; Chaudhuri, S.; Mercado, B. Q.; Batista, V. S.;
Crabtree, R. H. Facile Solvolysis of a Surprisingly Twisted Tertiary
Amide. New J. Chem. 2016, 40, 1974−1981.

(8) Jørgensen, M.; Krebs, F. C. A New Prearranged Tripodant
Ligand N,N′,N″-Trimethyl-N,N′,N″-Tris(3-Pyridyl)-1,3,5-Benzene
Tricarboxamidei s Easily Obtained Via the N-Methyl Amide Effect.
Tetrahedron Lett. 2001, 42, 4717−4720.
(9) Hirano, T.; Nasu, S.; Morikami, A.; Ute, K. The Effect of the N-
Substituents Trans to the Carbonyl Group of N-Methylacrylamide
Derivatives on the Stereospecificity of Radical Polymerizations. J.
Polym. Sci., Part A: Polym. Chem. 2009, 47, 6534−6539.
(10) Urushibara, K.; Masu, H.; Mori, H.; Azumaya, I.; Hirano, T.;
Kagechika, H.; Tanatani, A. Synthesis and Conformational Analysis of
Alternately N-Alkylated Aromatic Amide Oligomers. J. Org. Chem.
2018, 83, 14338−14349.
(11) Casolari, R.; Felluga, F.; Frenna, V.; Ghelfi, F.; Pagnoni, U. M.;
Parsons, A. F.; Spinelli, D. A Green Way to γ-Lactams Through a
Copper Catalyzed ARGET-ATRC in Ethanol and in the Presence of
Ascorbic Acid. Tetrahedron 2011, 67, 408−416.
(12) Clark, A. J. Copper Catalyzed Atom Transfer Radical
Cyclization Reactions. Eur. J. Org. Chem. 2016, 2016, 2231−2243.
(13) Ohnishi, Y.; Sakai, M.; Kitagawa, O. Notable Structural
Property of 2,4,6-Tri-Tert-Butylanilide Enolates: Interconversion
Between the Rotamers and Their Reactivity. Org. Lett. 2011, 13,
2840−2843.
(14) Ototake, N.; Nakamura, M.; Dobashi, Y.; Fukaya, H.; Kitagawa,
O. Highly Selective Stereodivergent Synthesis of Separable Amide
Rotamers, by Using Pd Chemistry, and Their Thermodynamic
Behavior. Chem. - Eur. J. 2009, 15, 5090−5095.
(15) Tsukagoshi, S.; Ototake, N.; Ohnishi, Y.; Shimizu, M.;
Kitagawa, O. Unique Structural Properties of 2,4,6-Tri-Tert-
Butylanilide: Isomerization and Switching Between Separable Amide
Rotamers Through the Reaction of Anilide Enolates. Chem. - Eur. J.
2013, 19, 6845−6850.
(16) Okamoto, I.; Nabeta, M.; Minami, T.; Nakashima, A.; Morita,
N.; Takeya, T.; Masu, H.; Azumaya, I.; Tamura, O. Acid-Induced
Conformational Switching of Aromatic N-Methyl-N-(2-Pyridyl)-
Amides. Tetrahedron Lett. 2007, 48, 573−577.
(17) Okamoto, I.; Terashima, M.; Masu, H.; Nabeta, M.; Ono, K.;
Morita, N.; Katagiri, K.; Azumaya, I.; Tamura, O. Acid-Induced
Conformational Alteration of Cis-Preferential Aromatic Amides
Bearing N-Methyl-N-(2-Pyridyl) Moiety. Tetrahedron 2011, 67,
8536−8543.
(18) Okamoto, I.; Nabeta, M.; Yamamoto, M.; Mikami, M.; Takeya,
T.; Tamura, O. Solvent-Dependent Conformational Switching of the
Aromatic N-Methyl Amides Depending Upon the Acceptor Proper-
ties of Solvents. Tetrahedron Lett. 2006, 47, 7143−7146.
(19) Kang, Y. K. Ab Initio MO and Density Functional Studies on
Trans and Cis Conformers of N-Methylacetamide. J. Mol. Struct.:
THEOCHEM 2001, 546, 183−193.
(20) Arjunan, V.; Santhanam, R.; Rani, T.; Rosi, H.; Mohan, S.
Conformational, Vibrational, NMR and DFT Studies of N-
Methylacetanilide. Spectrochim. Acta, Part A 2013, 104, 182−196.
(21) Azumaya, I.; Kagechika, H.; Yamaguchi, K.; Shudo, K.
Stereochemistries of Aromatic N-Methylamides in Crystal and
Solution. Temperature-Dependent Conformational Conversion and
Attracting Aromatic-Aromatic Interactions. Tetrahedron 1995, 51,
5277−5290.
(22) Yamaguchi, K.; Matsmura, G.; Kagechika, H.; Azumaya, I.; Ito,
Y.; Itai, A.; Shudo, K. Aromatic Architecture. Use of the N-
methylamide Structures as a Molecular Splint. J. Am. Chem. Soc.
1991, 113, 5474−5475.
(23) Azumaya, I.; Kagechika, H.; Fujiwara, Y.; Itoh, M.; Yamaguchi,
K.; Shudo, K. Twisted Intramolecular Charge-Transfer Fluorescence
of Aromatic Amides: Conformation of the Amide Bonds in the
Excited States. J. Am. Chem. Soc. 1991, 113, 2833−2838.
(24) Ilieva, S.; Hadjieva, B.; Galabov, B. Theory Supplemented by
Experiment. Electronic Effects on the Rotational Stability of the
Amide Group in p-Substituted Acetanilides. J. Org. Chem. 2002, 67,
6210−6215.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b04555
J. Phys. Chem. A 2019, 123, 7609−7618

7617

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpca.9b04555
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b04555/suppl_file/jp9b04555_si_001.pdf
http://orcid.org/0000-0001-9805-2308
http://dx.doi.org/10.1021/acs.jpca.9b04555


(25) Liu, C.; Szostak, M. Twisted Amides: From Obscurity to
Broadly Useful Transition-Metal-Catalyzed Reactions by N-C Amide
Bond Activation. Chem. - Eur. J. 2017, 23, 7157−7173.
(26) Koenigsmann, C.; Ding, W.; Koepf, M.; Batra, A.;
Venkataraman, L.; Negre, C. F. A.; Brudvig, G. W.; Crabtree, R. H.;
Batista, V. S.; Schmuttenmaer, C. A. Structure−Function Relation-
ships in Single Molecule Rectification by N-Phenylbenzamide
Derivatives. New J. Chem. 2016, 40, 7373−7378.
(27) Szostak, R.; Meng, G.; Szostak, M. Resonance Destabilization
in N-Acylanilines (Anilides): Electronically-Activated Planar Amides
of Relevance in N−C(O) Cross-Coupling. J. Org. Chem. 2017, 82,
6373−6378.
(28) Tojo, Y.; Urushibara, K.; Yamamoto, S.; Mori, H.; Masu, H.;
Kudo, M.; Hirano, T.; Azumaya, I.; Kagechika, H.; Tanatani, A.
Conformational Properties of Aromatic Oligoamides Bearing Pyrrole
Rings. J. Org. Chem. 2018, 83, 4606−4617.
(29) Frisch, M. J.; et al. Gaussian 16, Rev. B.01; Gaussian Inc.:
Wallingford, CT, 2016.
(30) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parameterization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.
(31) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical
Continuum Solvation Models. Chem. Rev. 2005, 105, 2999−3093.
(32) Irie, Y.; Koga, Y.; Matsumoto, T.; Matsubara, K. o-Amine-
Assisted Cannizzaro Reaction of Glyoxal with New 2,6-Diaminoani-
lines. Eur. J. Org. Chem. 2009, 2009, 2243−2250.
(33) Ilieva, S.; Hadjieva, B.; Galabov, B. Ab initio molecular orbital
and infrared spectroscopic study of the conformation of secondary
amides: derivatives of formanilide, acetanilide and benzylamides. J.
Mol. Struct. 1999, 508, 73−80.
(34) Zhao, M.-M. N-(4-Methylphenyl)Formamide. Acta Cryst. E
2012, 68, 1961.
(35) McDaniel, D. H.; Brown, H. C. An extended table of Hammett
substituent constants based on the ionization of substituted benzoic
acids. J. Org. Chem. 1958, 23, 420−427.

■ NOTE ADDED AFTER ASAP PUBLICATION
Due to a production error, this paper published ASAP on
August 26, 2019, with a graphic missing from Table 2 and the
wrong graphic in Table 3. The corrected version was reposted
on September 5, 2019.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.9b04555
J. Phys. Chem. A 2019, 123, 7609−7618

7618

http://dx.doi.org/10.1021/acs.jpca.9b04555

