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The cis-trans isomerization of (thio)amides was studied by DFT 
calculations to get the model for the higher preference for the cis 
conformation by guided predictive analyses, suggesting how to 
select the alkyl/aryl substituents on the C/N atoms that lead to the 
trans isomer. Multilinear analyses, together with cross-validation 
analyses, helped to select the best fitting parameters to achieve the 
energy barriers of the cis to trans interconversion, as well as the 
relative stability between both isomers. Double experimental 
check led to the synthesis of the best trans candidate with sterically 
demanding t-butyl substituents, confirming the utility of predictive 
chemistry, bridging organic and computational chemistry.

Considering the rich scope of applications of amides, in particular in 
medicinal chemistry and biochemistry, their synthesis has been one 
of the gold rushes of the last decades. The isolation of cis and trans 
conformations of the amide bond has become an utmost target. In 
addition, the continuing interest to switch from amides to 
thioamides is even higher,1 as sulphur is largely present in drugs.2 
Even though for acyclic amides the trans conformation predominates 
around the N−C(O) bond,3 the picture changes radically with N-
methylbenzanilides. Thus, in the nineties Itai and coworkers 
demonstrated the cis-preference of the amide bond in N-
methylbenzanilides.4 Nevertheless, still retaining substantial double 
bond character of the amide bond through nN→ π*C=O conjugation,5,6 
this class of N-alkylated amides may undergo a conformational 
switch arising from avoidance of unfavourable steric interactions.7 
This led to switch from trans to cis conformation by changing the 
substituents next to the amide.8 Among the possibilities of this cis-

trans equilibrium, oxygen was also exchanged by sulphur, thus 
paving the way for thioamides, hence to amide bond isoesters.9 On 
one hand, structurally, the radius of sulphur is 0.45 Å longer, and this 
length increase is identical to the C-S bond elongation. On the other, 
electronically, the electronegativity of sulphur (2.58) is much lower 
than of oxygen (3.44),10 but interestingly this leads to a major 
stabilization of proteins/natural products owing to a thioamide 
functional group11 by a stronger n→ π* interaction.12

The recent work by Szostak and coworkers on the increased 
contribution of cis thioamides in N-thioacyl-N-methylanilines with 
respect to homologous oxygen in amide structures emphasized the 
challenge of achieving trans isomer even more, and highlighted the 
point of conformational change in amides,13 even more challenging 
in thioamides. In the current work, we study with Density Functional 
Theory (DFT) calculations the mechanism of the cis-trans 
isomerization of thioamides or amides (see Figure 1). The study 
establishes the origin of the higher preference for the cis 
conformation, and expands to lead to trans amides/thioamides.13,14 
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Figure 1. Cis-trans equilibrium of N-methylbenzanilides.

Machine learning has a long history of applications in computational 
chemistry,15,16 used for the prediction of various chemical and 
biological properties. However, currently this approach still is in an 
exciting state of transition, where the integration of machine 
learning and big data science tools may revolutionize the discipline.17 
One aim is the generation of models that allow to make accurate 
predictions in a fraction of a second.18 However, how to link machine 
learning to trans amides? The use of predictive chemistry becomes a 
golden nugget.19 Thus, in the strong preference of the cis 
conformation in thioamides/amides in N‑thioacyl‑N‑methylanilines, 
the equilibrium must reach steric and/or electronic point where it is 
inverted. Predictive chemistry can overcome this hurdle from which 
there is the turning point by means of DFT calculations that can be 
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experimentally tested in the most accentuated systems with trans 
preference. The proposed solution of predictive chemistry is a 
strategy towards machine learning,20 and it leads to precise results. 
In addition, predictive chemistry and by extension predictive 
catalysis may seem like substitutes for machine learning, but it has a 
great comparative advantage since this approach compensates for 
the lack of the indispensable database that artificial intelligence 
needs. A small demand for limited calculations, that is, it is a question 
of making a minimal database from the great reliability that it has 
already achieved today through the DFT.

The sets of data 1-6 for thioamides and 7-12 for amides were 
recalculated with other combinations,14 up to 46, using t-Bu to 
increase the steric hindrance, and electron-withdrawing groups like 
NO2 and fluorinated ligands, as well as electron-donating groups like 
methoxy and NR2 (R = H, Me, Ph). Table 1 collects the relative stability 
of the trans isomer and the energy barrier to get it from the cis 
isomer. The increase of steric hindrance of complexes 17 and 22, by 
exchanging Ph by t-Bu group leads to the desired major stability for 
the trans isomer by 6.2 kcal/mol for the thioamide and 8.3 kcal/mol 
for the amide. On the other hand, the electronic point of view was 
also tested, and only the electron-donating capacity of the methoxy 
ligand is able to favour the trans isomer by 0.4 kcal/mol for the 
amide, whereas still it is not favoured by 0.9 kcal/mol for the 
thioamide. Furthermore, when mixing steric and electronic factors at 
the same time as with inputs 24 and 28 with the t-Bu groups and the 
fluorinated t-Bu, it is clear that both factors are important since there 
is still a stable trend towards the preference for the trans isomer, but 
still not enough and the cis isomer remains slightly more stable 
because of the electron-withdrawing character of the fluorine atoms 
compensating, and thus destabilizing the trans isomer. After the 
thermodynamics, comments are in order for the kinetics. Despite the 
existence of differences, the experimental temperature, 110ºC 
allows for any isomerization process, and thus thermodynamics is 
fundamental. It can be pointed out that the increase of steric 
hindrance between both R substituents, and the increase of the 
electron-withdrawing character of R increases the energy barrier.

Going to the detailed analysis of the steric effect of the two 
substituents, R and R', we proceeded to make an analysis using the 
steric index %VBur developed by Cavallo and collaborators.21 Table S1 
lists these values, as well as Table S2 with dihedral C-N-C-C angle (C-
N-C-O for methoxy or C-N-C-N for NO2 and NR2 substituents). The 
analysis of the %VBur values allows to get a trend where the higher 
the steric hindrance in the plane that crosses the C-N bond in the cis 
isomer, the lower the energy barrier. Steric maps in Figure 2 allow to 
explain the instability of the cis isomer in 22, to be compared with 
the null collision between R and R’ substituents in 12.22 However, the 
agreement with respect to the energy barrier of the transition state 
is R2 = 0.349. This leads to conclude that the steric effects that collide 
when going from trans to the cis conformation alone are not enough 
to explain such an isomerization.

Table 1. Relative Gibbs energies of (thio)amides with respect to the cis isomer (energies 
in kcal/mol; a = methyl on N is substituted by ethyl, in green the favourable trans 
structures).

Thioamides Amides
R R' Entry Gǂ Gcis-trans Entry Gǂ Gcis-trans

Ph Ph 1 14.7 1.8 7 12.1 2.6
C(Me)=CH2 Ph 2 13.8 1.7 8 11.4 2.3
cyclopropyl Ph 3 17.7 3.7 9 15.3 3.8
iPr Ph 4 19.9 3.9 10 15.2 2.1
t-Bu Ph 5 11.5 1.5 11 10.3 0.7
Me Ph 6 19.7 3.0 12 17.4 4.7
H Ph 13 23.9 1.5 18 17.0 0.3
NO2 Ph 14 20.4 1.2 19 17.6 0.5
NMe2 Ph 15 4.2 3.2 20 4.0 2.7
OMe Ph 16 14.9 0.9 21 11.0 -0.4
t-Bu t-Bu 17 0.7 -6.2 22 0.8 -8.3
CF3 Ph 23 18.0 0.7 27 18.8 2.7
C(CF3)3 Ph 24 6.6 0.4 28 10.7 0.7
NPh2 Ph 25 8.4 2.7 29 8.2 3.4
NH2 Ph 26 13.3 3.3 30 10.0 3.4
t-Bu 1-adamantyl 31 0.7 -5.5 35 0.1 -8.1
t-Bu 2-adamantyl 32 9.0 -2.8 36 8.3 -3.1
iPr 1-adamantyl 33 12.2 5.2 37 11.6 1.5
iPr 2-adamantyl 34 17.4 4.8 38 16.0 1.7
t-Bu 1-adamantyl 39a 2.7 0.1 43a 0.8 -5.4
t-Bu 2-adamantyl 40a 9.8 -1.1 44a 9.6 3.1
iPr 1-adamantyl 41a 14.5 4.2 45a 13.8 1.4
iPr 2-adamantyl 42a 20.6 -0.6 46a 17.1 0.2

Figure 2. Topographic steric maps (plane xy) and %VBur of the cis-amide structure in 
N‑thioacyl‑N‑methylanilines that lead to the aldehyde/ketone to generate (a) 12 and (b) 
22; with a radius of 3.5 Å. %VBur is the percent of buried volume. The midpoint between 
the two substituents (R and R’), R and R’ at the Z axis, whereas the midpoint of the C-N 
bond defines the xz plane (with a radius of 3.5 Å, the isocontour curves of the steric maps 
are given in Å).

Apart from reaching the perfect (thio)amide in trans conformation, 
also in the opposite direction this study allows us to achieve with 
clear certainty how to have only the cis isomer. The premises oblige 
us to avoid the collision of two bulky groups, such as t-Bu and 
adamantyl derived logically, sterically, but less intuitively, using 
phenyl as a reference R’ substituent on the N, electron-donating R 
groups must be avoided, because they help not only the 
thermodynamics of the trans conformation, but also drastically 
lower the cis to trans interconversion barrier. In quantitative detail, 
to put the data in order, a series of failed correlations could first be 
outlined, with no clear linear correlation between the kinetics and 
thermodynamics (R2 = 0.373). Interestingly, structurally the 
correlation between the energy barrier for the cistrans step with 
the C-N bond distance in the cis conformation is high (0.723), with 
the %τcis component of the Winkler analysis,23 decreasing up to 
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0.551, while electronically the NBO charge on the nitrogen of the cis 
isomer goes up to a R2 value of 0.701. Then, we applied a systematic 
statistics study to refer to several variables, but also to a broader 
range of variables, while searching for right correlations from linear 
regressions and multilinear analysis.24 The best combination was 
found with 6 variables with a coefficient agreement of 0.906 with the 
energy barrier, and slightly worse, 0.843, for the thermodynamics 
equilibrium cis-trans. The latter is more interesting since the 
thermodynamics computationally can be more rapidly checked than 
kinetics. In addition, since some of the variables are strictly not 
independent of each other, the best multilinear regression 
agreement with statistical significance of all variables was achieved 
for the energy barrier with the bond length for the cis conformation 
(d(C-N)cis), %τcis and %Ccis from the dihedral angle analysis, %VBur, 
and the NBO charge on selected atoms. In Figure 3, we plot the best 
results employing 4 significative variables, and in Eqs. 1-3 we present 
the corresponding formula and associated errors for 2, 3 and 4 
variables, respectively:

Gǂ = -0.183776·%τcis + 103.136·q(N)trans + 67.3267, with R2 = 0.834        (1)
Gǂ = -284.477· d(C-N)cis - 27.8078·q(S)cis - 17.3217 q(C)trans + 397.715, with R2 
= 0.864                                    (2)
Gǂ = -0.236961·%Ccis - 254.332·d(C-N)cis - 27.7536· q(S)trans - 17.5024·q(C)trans 
+ 357.741, with R2 = 0.887                                            (3)

We point out that the selected equations were not obtained by 
combining the independent variables in order to reach a maximum 
fitting R2 value, but by searching for the maximal leave-one-out 
cross-validation coefficient (R2

cv values equal to 0.805, 0.830 and 
0.849, respectively). This cross-validation procedure predicts the Gǂ 
value for each molecule at a time from an equation fitted with the 
data of the remaining molecules. Once a set of variables is selected, 
in Figure 3 the global fitting equation is found.

Figure 3. Computed theoretical Gibbs energies (Gǂ) in kcal/mol in front of the modeled 
ones according to the multilinear adjustment with 4 variables (%ccis; d(C-N)cis; q(S)trans; 
q(C)trans).

Experimentally, next the synthesis and characterization by x-ray 
crystallography was attempted for the best candidate, trans-
amide 22, and after many attempts succeeded by slow 
evaporation from CH2Cl2/hexane at -18 °C as shown in Figure 4. 
The amide features the predicted trans geometry with the 
Winkler-Dunitz distortion parameters of t = 7.8°, cN = 14.0° and 
cC = 1.7°. The additive Winkler-Dunitz distortion parameter 
(+N) = 21.8°,25 indicating that steric repulsion between t-
Bu/C=O and t-Bu/Me substituents does not significantly affect 
amide bond twist and pyramidalization, thus representing a 
good model for isomerization with a substantial nN→*C=O 
conjugation within the amide bond.

Figure 4. X-ray structure (CCDC 2166745) of the trans predicted amide 4 including 
relevant bond lengths in Å (computed values between parentheses).

In conclusion, the cis-trans isomerization of amide/thioamides 
bond has been studied through computational methodologies. 
Steric and electronic effects were tested and they play a key role 
in determining cis-trans preference. Beyond doubt, the steric 
element predominates when two large groups collide in cis 
conformation. Although it may seem utopia to arrive at an 
experimentally validated structure from computational 
prediction, here the predictive chemistry worked well, and the 
best predicted trans amide structure was confirmed with a 
trans conformation in the experimental study. Maybe it is a 
golden nugget, but it is certainly a step forward on the road to 
machine learning in amide bond conformational analysis. It 
should be noted that DFT calculations are not randomized, but 
use human intelligence on the existing experimental results to 
create a correlation between different parameters. A posteriori, 
simple experiments completely validate this prediction. The 
increase of steric hindrance (R=t-Bu, R’=t-Bu) leads to the 
desired major stability for the trans isomer. The electronic 
effects were also tested and only the electro-donating capacity 
of the methoxy ligand (R=OMe, R’=Ph) is able to favour the trans 
isomer in the amide, whereas still not favour in the thioamide 
counterpart. Mixing steric and electronic factors at the same 
time (R=C(CF3)3 and R’ = Ph) shows that both effects are 
important. The cis conformer remains only slightly more stable 
because of the electron-withdrawing character of substituents 
including fluorine atoms that destabilize the trans isomer.
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