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To what extent, if any, is the conformation of secondary amides revealed by theory? This question
has now been addressed by computational methods using calculations at the B3LYP/6-31G* level
of theory and 'H NMR spectroscopy. Both gas-phase and solvent studies predict a Z-anti
conformation to be the lowest in energy for an evaluated series of acetamides. Moreover, Z-anti
conformations may also be inferred from the chemical shifts of the N—CHa protons determined by
NMR spectroscopy. Thus, a proton situated anti to the N—H proton consistently appears ~0.8 ppm
further downfield than a proton situated gauche to the N—H proton. This finding, which could
only be derived by using the DFT calculations of conformational preference as a guide to interpret
the NMR data, might prove to be useful as a simple and convenient methodology for establishing

amide conformation experimentally.

Introduction

If there is a functional group relevant to life processes,
it must surely be the amide linkage. Dazzling proteins
and ubiquitous enzymes aside, amide bonds are the
building blocks of a series of important naturally occur-
ring substances that includes glycoproteins or sphin-
golipids, as well as synthetic polyamides and pharma-
ceuticals. The key structural features of amides, especially
short C—N bond lengths and hindered rotation about the
C—N bond, have long been known.? In fact, the determi-
nation of the barrier to rotation in amides and thioamides
has been a favorite domain of dynamic NMR and other
spectroscopic techniques,? not only in solution but also
in the gas phase.?

It is now well established that E/Z isomerism arises
from delocalization of the lone pair on nitrogen into the
ar* orbital of the carbonyl group, which gives the single
bond some double-bond character and slows rotation.
While this simple scheme has long held interest for
chemists, an alternative and otherwise complementary
vision supported by theoretical calculations has been
provided by Wiberg and his associates. This description
suggests a greater charge and energy distribution along
the C—N bond.*

The importance of this isomerization in amides lies
beyond the pure scope of structure and reactivity. A series
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of enzymes called immunophilins, which elicit immuno-
suppressive effects, catalyzes the interconversion of cis
and trans rotamers of peptidyl bonds.> These enzymes,
collectively known as “rotamases”, accelerate the other-
wise slow folding of proline-containing polypeptides.®”
Moreover, individual rotamers of certain drugs involving
amide or thioamide bonds are required for high-affinity
receptor binding.®

The rotational pathway is largely governed by steric
and electronic effects provided by substituents around
the C—N bond. Thus, the effects of carbonyl substituents®
and substituents at nitrogen'® on the barriers to rotation
for simple amides have been documented, yet no defini-
tive conclusions have been provided. Furthermore, varied
results are encountered in solution with respect to studies
in the gas phase.*!

The conformational preference of Z and E amides,
however, is still unclear, and opposite results can be
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Chart 1. Syn and Anti Conformations for Z and E
Isomers of N-Methylacetamide
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extracted from previous works. The rotational pathway
for N-methylacetamide as a function of the amide torsion
angles ¢ and ¢ is depicted in Chart 1.

Jorgensen and Gao encountered little orientational
preference in the gas phase for the methyl group on
nitrogen, and at the HF/6-31G* level of theory, the syn
conformer is lower in energy by 0.5 and 0.1 kcal/mol for
the Z and E isomers of N-methylacetamide, respectively.
In contrast, the rotated anti conformer is preferred at
the HF/3-21G* level for the Z isomer by 0.3 kcal/mol.*?
Moreover, studies on dimers of N-methylacetamide and
N-methylacetamide—water in order to elucidate hydrogen
bond strengths also reveal that syn conformers for both
Z and E isomers are the preferred orientations.'* In a
further study, in which geometrical parameters were
taken from reported crystal structures, Itai and co-
workers found again that the syn conformation was more
stable for Z and E isomers of N-methylacetamide by
means of ab initio Hartree—Fock calculations using the
standard 4-31G, 4-31G*, and 6-31G* basis sets.?® Like-
wise, Guo and Karplus have performed Hartree—Fock
(with 6-31G, 6-31G*, and 6-31G** basis sets) and MP2
(with the 6-31G* basis set) studies of hydrogen bonding
of N-methylacetamide complexes, in which this amide is
bonded to water and/or formamide. In contrast with
isolated N-methylacetamide, where the conformations
with the different methyl orientations have similar
energies (AE ~ 0.1 kcal/mol), all the hydrogen bonded
systems are predicted to have a syn conformation stabi-
lized by 0.2—0.9 kcal/mol.**

These findings clearly contrast the situation encoun-
tered in glycoamides,*>1¢ a key structural motif of some
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naturally occurring antibiotics, for which spectroscopic
and crystal data as well as semiempirical calculations
do support a prevalent anti conformation. In fact, a set
of empirical correlations can be obtained from NMR data
in solution,'® which have proved to be adequate for use
in structural assignment of E and Z isomers of ami-
dosugars.'” It is obvious, however, that the conforma-
tional preference of glycosyl amides and, in general,
geminally substituted amides at nitrogen cannot directly
be inferred from simple amides. Such complex derivatives
can support anomeric effects in the same way as their
carbon analogues such as acetals or aminals.’®1° In
addition, steric effects become crucial as the larger
substituent will adopt the orientation syn to the carbonyl
oxygen atom. Variable conformations may also be found
in twisted amides, possibly for simple steric consider-
ations.?®

Within this conformational context, it is also worth
mentioning a series of key contributions by Krimm and
co-workers who did calculations on the vibrational spec-
tra of N-methylacetamide and small peptides. These
studies were devoted to the assignment of bands proposed
to be characteristic of a structure.?® In general, such
calculations provide evidence for the existence of N-
methylacetamide conformations that differ in the orien-
tation of their methyl hydrogens, although two conform-
ers (syn and anti) dominate the spectra. The most stable
geometry of isolated cis N-methylacetamide was found
to have a C-methyl hydrogen eclipsing the oxygen and
an N-methyl hydrogen eclipsing the NH. The most stable
trans conformer had the same local eclipsed conforma-
tions. In a recent study as well, Tasumi and co-workers
have studied the effect of intermolecular hydrogen bond-
ing on the amide I mode of N-methylacetamide.?? These
authors found that hydrogen bonding to the carbonyl
group induces a 20—25 cm™! shift toward lower wave-
numbers, while those induced by bonding to the NH
group are 15—20 cm™!. Nevertheless, in the case of
N-methylformamide, ab initio calculations and the mi-
crowave spectrum in the frequency range of 18—40 GHz
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did not allow the equilibrium conformation of the methyl
group to be found.?® While the assignment of a conforma-
tion-sensitive band in the vibrational spectra of peptides
and proteins can make it a useful probe of their secondary
structure, it is dubious that ro-vibrational spectra can
compete with the modern and increasingly sophisticated
NMR methods for the direct determination of conforma-
tions for proteins (vide infra).

With the above-mentioned premises, we decided to
carry out a computational reinvestigation of the confor-
mational behavior of secondary amides 1—6 (Chart 2).
In addition to gas-phase studies, we have also examined
the role of the solvent in determining the stability of the
rotational isomers. As we shall see later, these models
have been shown to be quite adequate at reproducing
experimental magnitudes obtained from NMR spectra in
solution.

Results and Discussion

To minimize the computational cost, our preliminary
screening was performed by means of semiempirical MO
calculations at the PM3 level,2* a robust method that
often gives good agreement with experiment, and using
the Gaussian 94 package.?® Unfortunately, PM3 calcula-
tions yielded disparate results, and thus they predicted
an E-anti conformation for 2, 3, 5, and 6, whereas the
E-syn structure was more stable for 1. For 4, the Z-anti
disposition was found to be the lowest in energy, while
the E-syn orientation was also more stable than the
E-anti conformation. It has been suggested that because
amide is a highly polarized functional group, semiem-
pirical methods currently available cannot satisfactorily
reproduce its most stable structure.’?

Gratifyingly, consistent results could be obtained via
density functional calculations based on Becke's three-
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parameter hybrid?® involving the gradient-corrected cor-
relation functional of Lee, Yang, and Parr?’ and using
the standard 6-31G* basis set.?® This consistency rein-
forces the importance, which has become a tenet of
modern computational chemistry, of using theoretical
methods involving some type of electronic correlation
(either ab initio or DFT).?°

For each compound 1—6, and starting from only either
the Z or E amide, we performed a complete conforma-
tional analysis around the amide function, at the PM3
level of theory, by rotating the torsion angle about the
N—Ca bond with a 30° step and taking as the starting
reference the syn conformation (¢ = 0°). The most stable
conformers for Z and E amides obtained by this system-
atic procedure were optimized at that level, and finally,
such minima were fully optimized without any con-
straints at the B3LYP/6-31G* level of theory.

For amides 3, 4, and 6, bearing only one hydrogen atom
on Ca, the conformational pathway is similar to that
found previously for carbohydrate-derived amides,® with
two minima positioned close to syn and anti conforma-
tions (¢ = 0 and 180°, respectively). The results obtained
for these substances at the B3LYP/6-31G* level are listed
in Table 1, which predict that the most stable rotamers
correspond to an anti arrangement (AEgyn—ani ranges from
1.7 to 4.1 kcal/mol). It is likewise worth noting that this
rotated isomer (¢ = 158—176°) is preferred for Z amides.
The energy differences (AE = Eg.anti — Ez.ant) lie in the
range from 2.1 to 2.6 kcal/mol.

Concerning the disposition around the COCHj; group,
the staggered conformation is the conformation of lowest
potential energy for Z isomers, while an eclipsed confor-
mation is reached for the energy minima encountered in
the case of E isomers. The angle of torsion about the
NCO—CHj3; bond () is denoted in Chart 3.

Moreover, it should be noted that X-ray crystal struc-
tures for a number of simple amides and peptides reveal
a structural arrangement close to a Z-anti conformation.=°
Assuming that amides may be associated by hydrogen
bonds in the solid state, the orientation of the methyl
groups could result from such an intermolecular bonding
rather than the conformational preference. Thus, con-
formations obtained in both the gas phase and solution
cannot rigorously be inferred from results in the crystal-
line state.

N-Methylacetamide (1) offers an interesting situation
as there are three hydrogen atoms at Ca, and this
substance provides one of the simplest models for repro-
ducing the conformational characteristics of the peptide
bond in proteins. Energy calculations at the B3LYP/
6-31G* level were carried out by rotating the torsion
angle NH—CHa between 0° and 60° with a 5° step, while
other geometrical parameters were freed, to obtain a
complete conformational spectrum for this substance. The
electronic energies resulting from such a computation
have been collected in Supporting Information. As indi-
cated by these values and Figure 1, the Z amide structure
with a torsion angle ¢ close to 60° (or alternatively 180°
referred to H-2) is the most stable structure.
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Table 1. Energy Differences (kcal/mol) for Amides 3, 4, and 6 in the Gas Phase at the B3LYP/6-31G* Level

isomer ¢ W isomer ¢ W AE (syn — anti) AE (Eanti — Zanti)
3Esyn 15.85 17.23 3Eanti 167.38 0.68 3.66 2.62
3Zgyn 0.04 179.98 3Zanii 157.74 174.45 1.72
4Egyn 24.19 17.13 4Eanii 142.26 4.03 3.87 2.12
4Zgyn 332.99 169.93 4Zani 175.91 173.92 1.98
6Esyn 30.00 11.23 6Eanti 217.24 6.63 4.01 2.53
6Zsyn 337.52 164.44 6Zani 175.62 167.39 4.12
2.8 Table 3. Energy Differences (kcal/mol) and Torsion
E Angles (deg) for Amides 2 and 5 (B3LYP/6-31G* Level)
2.74 AE
264 isomer ¢ ¥ isomer ¢ y (Eanti — Zanti)
2Eani  163.00 1.62 2Z. 164.68 175.81 2.50
S 257 S5Eani 191.11 1.63 5Zau 169.50 173.89 3.23
£ 2
g 04 MP2/6-31G* and MP2/6-31+G** calculations predict a
= .- iy - R
~ Z-anti disposition, with the staggered conformation for
b 031 the COCH; group, as the low-energy conformer for
02 | 7z N-methylacetamide, whereas no local minimun could be
found for the alternative syn conformation. In stark
01 contrast, lower level calculations (HF/6-31G**) invariably
0 . suggest that an orientation close to a Z-syn conformer

0 5 10 15 20 25 30 35 40 45 S50 55 60

Figure 1. Computed variation in the energy for (Z)- and (E)-
N-methylacetamide with the torsion angle ¢ (deg). Energy data
have been arbitrarily referred (E = 0.00 kcal/mol) to a
conformation of lowest potential energy (¢ = 60°, E =
—155 950.890 kcal/mol).

Chart 3. Eclipsed (y = 0°) and Staggered (y =
180°) Conformations around the O—C—C—H Bond
RHN ¥ H RHN H

2 H —_— >_:—_4H
O H O H

Table 2. Energy Differences (kcal/mol) and Torsion
Angles (deg) for (Z)- and (E)-N-Methylacetamide

E isomer Z isomer
model chemistry 1) p ¢ p AE (E — 2)
B3LYP/6-31G* 28.97 1.41 179.99 179.99 2.46
MP2/6-31G* 29.98 1.53 176.32 159.45 2.24
MP2/6-31+G** 29.68 3.69 179.97 179.99 2.06
HF/6-31G** 18.61 2.25 24.60 158.14 2.54

Finally, the most stable conformers of E and Z isomers
were fully optimized without any constraints, and such
data are gathered in Table 2. The most stable structure
in the gas phase corresponds to a Z-anti arrangement (¢
= 180°) that is lower in energy by ~2.5 kcal/mol than
other rotamers for the E amide structure. A further
optimization of the maximum (¢ = 0°) was performed to
locate the saddle point consistent with a Z-syn conforma-
tion (¢ = 0.27°, v = 179.86°), the difference in energy
being 0.31 kcal/mol with respect to the Z-anti conforma-
tion. Such a transition structure was characterized by
one and only one imaginary frequency corresponding to
rotation around the CON—CH5; bond. It should be noted
that the greater stability of the Z isomer of N-methylac-
etamide (equivalent to the trans isomer)3! has been
previously documented, although the syn rotamer was
postulated as the most favorable conformation by Har-
tree—Fock calculations.'?13

To shed light, we have recalculated the conforma-
tional spectrum at a higher level of theory (Table 2). Both

(¢ = 24.6°) is about 2.5 kcal/mol more stable than the
E-syn form. Furthermore, when the most stable geometry
obtained at the HF/6-31G* level was fully optimized
without any constraints at the B3LYP/6-31G* level, then
the Z-anti conformation (with a staggered disposition for
the COCH3; group) was found anew to be the lowest in
energy. On the contrary, the most stable conformation
predicted by the B3LYP/6-31G* level, after its complete
optimization at the HF/6-31G** level, results in the Z-syn
disposition gathered in Table 2. Thus, it now becomes
clear that Hartree—Fock methods do predict a single
conformation but one different to that of higher level
calculations, both DFT and Mgller—Plesset calculations.

In the cases of N-ethylacetamide (2) and N-benzylac-
etamide (5), bearing two hydrogen atoms at Ca in both
structures, further optimizations were carried out at the
B3LYP/6-31G* level following the procedure previously
established for 3, 4, and 6. The potential energy varies
slightly with the torsion angle ¢, with the sole exception
of a sharp maximum observed for each Z or E isomer due
to eclipsing arrangements. Thus, in the case of E isomers,
the methyl group of the acetate function would be at the
eclipsed position to the a-substituent on nitrogen, either
methyl for 2 or phenyl for 5. Likewise, for Z isomers, the
local maximum occurs by an eclipsing of the carbonyl
group of the acetate to the a-substituent on nitrogen.

For both amides, syn conformations occur at torsion
angles ¢ = 0 and 120°, whereas anti rotamers are defined
by ¢ values of 180 and 300°, each corresponding to a pair
of enantiomeric rotational isomers. Table 3 summarizes
the results of the conformational analysis of 2 and 5.
Moreover, in a comparison of Z-anti and E-anti struc-
tures, the former was more stable by about 2.5—3.2 kcal/
mol at this level of theory. The torsion angles of the
corresponding Z-anti amides 2 and 5 narrow from 164.7
to 169.5°, respectively.

Effect of Solvent. Simulation studies going from the
gas phase to solution are especially important for amides

(31) Although rotation about the C—N bond in amides is generally
referred to as cis-to-trans isomerization, the definition of cis and trans
amides is ambiguous, and its use discouraged by the standard IUPAC
nomenclature: A Guide to IUPAC Nomenclature of Organic Com-
pounds. Recommendations 1993; Blackwell Scientific Publications:
Oxford, 1993.
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Table 4. Calculated Solvent Effects (kcal/mol) for N-(1-Methylbenzyl)acetamide at the B3LYP/6-31G* Level

solvent isomer ¢ y isomer ¢ y AE (syn — anti) AE (Eanti — Zanti)
CHCl3 4Egyn 23.68 17.25 4Eanti 141.36 4.22 3.75 1.92
4Zsyn 26.08 169.30 AZ ani 175.52 173.67 2.00
CH30H 4Egyn 23.43 15.72 4Eanti 140.95 4.44 3.68 1.84
AZsyn 25.60 169.59 AZ anti 175.34 174.50 2.01
H,0 4Egyn 23.40 15.49 4Eanti 140.87 4.49 3.68 1.83
4Zsyn 25.60 169.65 AZ anti 175.46 170.78 2.01

in order to obtain reliable models of the backbones of
proteins. In fact, elucidation of protein folding mecha-
nisms represents an ongoing activity of theoretical
biochemistry.3?

Early experimental studies involving dynamic NMR?112
have been supplemented by computational calculations
during the past decade.''® 9 Most of these studies con-
centrate on the effects of solvent parameters such as sol-
vent polarity or hydrogen-bond donor ability on the rota-
tional barrier. In general, amide bond rotation decreases
as either the polarity or the hydrogen bond formation in-
creases. Thus, it appears that the barrier for N,N-dimeth-
ylacetamide is higher in methanol than in acetonitrile
by 1.0 kcal/mol, even though both solvents have similar
dielectric constants.!* However, the energy differences
calculated at different levels of theory are different, and,
accordingly, caution should be paid to estimate solvent
effects. Anyway, the inclusion of such effects is found to
give barriers in good agreement with experiment, whereas
gas-phase ab initio methods show a tendency to give
smaller barriers than those observed experimentally.'2

A priori deductions cannot be invoked because calcula-
tions suggest that the transition state structures favored
for simple amides in the gas phase and in aprotic solvents
may be different from those found in an aqueous envi-
ronment.®® We have chosen N-methylacetamide (1) and
N-(1-methylbenzyl)acetamide (4) and have redetermined
the energy differences in three polar solvents, water (e
= 78.5), methanol (¢ = 32.7), and chloroform (e = 4.8).343%
The inclusion of chloroform is justified by the fact that
NMR spectra of numerous amides are often recorded in
this deuterated solvent, thereby providing a feasible
comparison with experimental data.

The self-consistent reaction field (SCRF) theory,% as
implemented in the Gaussian 94 package, has been used
with the B3LYP/6-31G* energies to model these amides
in solution and to calculate the solvation energy using
the simple, yet useful, Onsager dipole protocol.3” Opti-
mizations were performed without constraints starting

(32) (a) Protein Folding; Creighton, T. E., Ed.; W. H. Freeman: New
York, 1992. (b) Stein, R. L. Adv. Protein Chem. 1993, 44, 1-24. (c)
Ben-Naim, A. In Structure and Reactivity in Aqueous Solution; Cramer,
C. J., Truhlar, D. G., Eds.; ACS Symposium Series 568; American
Chemical Society: Washington, 1994; pp 371—380.

(33) Duffy, E. M.; Severance, D. L.; Jorgensen, W. L. J. Am. Chem.
Soc. 1992, 114, 7535—7542.

(34) Reichardt, C. Solvents and Solvent Effects in Organic Chemistry;
VCH: Weinheim, 1990; pp 408—410.

(35) Characterization of solvent polarity by means of the dielectric
constant may be ambiguous as this parameter simply represents the
ability of a solvent to separate charge and orient its dipoles, whereas
the overall solvation ability depends on several interactions. The
Dimroth—Reichardt transition energy parameter (Et) more accurately
reflects solvent polarity. The normalized E+ values for water, methanol,
and chloroform are 1.000, 0.762, and 0.259, respectively; see ref 34,
pp 363—371.

(36) (a) Tapia, O.; Goscinski, O. Mol. Phys. 1975, 29, 1653—1661.
(b) Rinaldi, D.; Ruiz-Lopez, M. F.; Rivail, J.-L. J. Chem. Phys. 1983,
78, 834—838. (c) Alagona, G.; Ghio, C.; lgual, J.; Tomasi, J. J. Am.
Chem. Soc. 1989, 111, 3417—3421. (d) Wong, M. W.; Wiberg, K. B.;
Frisch, M. J. 3. Chem. Phys. 1991, 95, 8991—-8998. (¢) Mennucci, B.;
Tomasi, J. J. Chem. Phys. 1997, 106, 5151—-5158.

Table 5. Calculated Solvent Effects (kcal/mol) for
N-Methylacetamide Rotamers at the B3LYP/6-31G* Level

AE
(Esyn - Zanti)

solvent isomer ¢ ¥ isomer ¢ p

CHClI3 1E 1942 234 1Z 179.98 179.95 1.79
CHsOH 1E 16.53 243 1Z 179.97 179.98 1.46
H>O 1E 16.13 243 1Z 179.98 179.87 1.42

from structures optimized previously in the gas phase
at the same level of theory. The results obtained from
applying the Onsager procedure to the four possible
conformers of 4 (as determined by their torsional angles)
are listed in Table 4. E-anti and Z-anti rotamers are
invariably the most stable structures irrespective of the
solvent considered, with energy differences between them
ranging from 1.8 to 1.9 kcal/mol.

As expected, the conformational stability increases as
bulk solvent polarity becomes larger. In the SCRF model,
the stabilization energy reflects the interaction between
the dipole moment of the amide (v E > u«Z) and the dipole
moment induced by solvation. Thus, the aqueous envi-
ronment has a more pronounced effect on the E isomer
than it has on the Z analogue with respect to the gas
phase, albeit small variations are found anyway. Going
from the gas phase to the water cage, the E-anti
conformation is stabilized by 1.28 kcal/mol, while the
same effect for the Z-anti conformer is 0.98 kcal/mol. It
is fair to say, however, that although the energy change
correlates well with solvent polarity, the effect of a
hydrogen bonding solvent, by incorporating for instance,
a water molecule hydrogen bonded to the oxygen atom,
has not yet been studied. A similar behavior can be
observed in the case of N-methylacetamide (1), although
the torsional angle found after energy optimization
without any constraints is close to that of an E-syn
conformation (Table 5, see also Figure 1 above). The
Z-anti conformation is preferred by about 1.4—1.8 kcal/
mol in the range of solvents studied. Again, the stabiliza-
tion obtained in water for the most stable conformation
of the E isomer is greater than for its Z analogue (3.23
kcal/mol vs 2.19 kcal/mol).

Previous NMR spectroscopy studies indicated that
N-methylacetamide exists as the cis isomer (E form) to
a minor extent (1—3%) in water, not changing much in
nonpolar solvents. The trans isomer (Z form) was found
to be lower in energy by ~2.5 kcal/mol. Computations
also suggest that in the low-energy conformer of N-
methylacetamide, the N-methyl group is oriented in such
a way that one of its hydrogen atoms is eclipsed by the
amide hydrogen atom, whereas the other methyl sub-
stituent is eclipsed by the carbonyl group.38:3°

It should be noted that solvent effects have also been
evaluated for stable Z and E conformers of secondary

(37) Onsager, L. 3. Am. Chem. Soc. 1936, 58, 1486—1493.

(38) Barker, R. H.; Boudeaux, G. J. Spectrochim. Acta 1967, 23A,
727—728.

(39) Radzicka, A.; Pedersen, L.; Wolfenden, R. Biochemistry 1988,
27, 4538—4541.
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amides by measuring their enthalpies of solvation, as this
parameter correlates well with the ability of the solvent
to donate a hydrogen bond to the amide oxygen.*® Such
studies were focused on two limiting cases: N-methyl-
propianamide, which is known to exist almost exclusively
in the Z conformation,** and 2-pyrrolidine in which ring
formation leads to the adoption of the less favorable E
conformation.#? Only in polar protic solvents, where
aggregation between two solutes should be minimal, the
enthalpies of solvation were the same for both amides.
Our results are, nevertheless, consistent with those
reported by Wolfenden et al., who found the population
of the Z conformer for N-methylacetamide to be 98.5%.%°
In addition, these authors observed that the population
of the E isomer slightly increases in CDCIl; and C¢Ds;
(2.8 and ~2%, respectively) with respect to D,O (1.45%).

NMR Correlation Studies. The magnetic anisotropy
induced by the amide function has been the subject of
numerous NMR studies, and its application still repre-
sents a valuable tool for determining barriers to rotation
as well as populations of Z and E isomers,? assuming that
in most cases such an interconversion is slow on the NMR
time scale. We have now envisaged that this anisotropic
effect might equally be utilized to predict conveniently
the preferential conformation around the N—Ca bond.

In determining the NMR chemical shift of a selected
nucleus, several empirical correlations are presently
available.*®* The Shoolery relationship has become the
most popular correlation for calculating approximate
chemical shifts for methylene protons in CDCl; solu-
tion.* The chemical shift for the deshielded methine
proton can be evaluated by means of a modified Shoolery
equation:#4d

Ocuxyz = 0.23+ oy + oy + 0, Q)
where oy, oy, and oz represent constants for the substit-
uents and the amide function. Accordingly, the observed
chemical shift (dops), experimentally measured on the
NMR spectrum, can be utilized to roughly estimate the
deshielding caused by the amide function (damige) ON &
particular proton:

o Oops — (0.23 + 0y + 0y) @)

amide ~

If one assumes that a Z-anti conformation should be
prevalent in solution, we can regard damiqe as a reflection
of the deshielding on anti and gauche hydrogen atoms.
The substituent other than hydrogen will then occupy a
gauche disposition.

B Oanei/N + (N—1)5uene/N 3)

amide — Qanti
where n represents the number of hydrogen atoms
located at Ca.. Obviously, the magnitude encountered for
Jamide 1S @an average shift as hydrogen atoms at Ca rotate
rapidly at room temperature. To obtain statistically
significant deshielding values, besides 1—6, we have also
incorporated the acyclic carboxamides 7—11 (Chart 4)*
to the present study.

Table 6 collects the chemical shifts measured in CDCl;
for secondary amides 1—11 and the deshielding caused
by the amide function on hydrogen atoms in anti and
gauche arrangements. These chemical shifts lie in the
range 2.36—2.47 and 1.63—1.74 ppm, respectively. Such
figures, on average, are found to be similar by considering
amides 1—-6 only or the more extended set of amides
1—-11, albeit in the latter case the statistical deviation
was slightly higher (danti — dgauche = 0.76 ppm, having a
statistical deviation of 5.30%).

Although the Shoolery equation is parametrized for
numerical data obtained in CDCl;, we have also applied
this relationship to the corresponding chemical shifts
obtained in D,O and DMSO-ds. In the latter cases, Oanti
and Jgauche Values were similar to those found in CDCls,

(40) Morgan, K. M.; Kopp, D. A. J. Chem. Soc., Perkin Trans. 2 1998,
2759—-2763.

(41) LaPlanche, L. A.; Rogers, M. T. 3. Am. Chem. Soc. 1964, 86,
337—-341.

(42) Pilcher, G. In The Chemistry of Acid Derivatives, Supplement
B; Patai, S., Ed.; Wiley: New York, 1992; Vol. 2, Chapter 2.

(43) Beauchamp, P. S.; Marquez, R. J. Chem. Educ. 1997, 74, 1483—
1485.

(44) (a) Shoolery, J. N. Varian Associates Technical Information
Bulletin; Palo Alto, CA; Vol. 2, No. 3. (b) Prestch, E.; Clerc, T.; Seibl,
J.; Simon, W. Tables of Spectral Data for Structure Determination of
Organic Compounds; Springer: New York, 1983; pp H5—H10. (c)
Friedrich, E. C.; Gates Runkle, K. J. Chem. Educ. 1984, 61, 830—832.
(d) Friedrich, E. C.; Gates Runkle, K. J. Chem. Educ. 1986, 63, 127—
129.

(45) Arévalo, M. J.; Avalos, M.; Babiano, R.; Cabanillas, A.; Cintas,
P.; Jiménez, J. L.; Palacios, J. C. Tetrahedron: Asymmetry 2000, 11,
1985—1995.



Conformational Preference of Amides

Table 6. Magnetic Deshielding (ppm Scale) Caused by
the Amide Function (danti, dgauche) 0N CON—CHa Protons
for Amides 1-11 in CDCl3

(Santi_
Compd (Sobs o 6amide 5anti (Sgauche égauche
1 2.80 (H,H) 1.89 2.42 1.63 0.79
2 3.28 (H,Me) 2.03 242 1.64 0.78
3 4.06 (Me,Me) 247 2472
4 517 (MePh) 243 2432
5 4.43 (H,Ph) 203 242 164 078
6 6.25 (Ph,Ph) 2.36 2.362
>n/n (RSD) 2.42 1.64 0.78
(partial) (2.30%) (0.35%) (0.74%)
7 2.82 (H,H) 191 242 1.66 0.76
8 3.29 (H,Me) 2.04 242 1.66 0.76
9 3.23 (H,EY) 2.08 242 1.74 0.68
10 4.05 (Me,Me) 246 2.462
11 3.75 —(CHy)s— 2.36 2.362
>n/n (RSD) 2.42 1.66 0.76
(total) (2.20%) (2.42%) (5.30%)

aValues taken for the averaging calculation. RSD, Relative
standard deviation.

albeit such data do not exhibit enough statistical confi-
dence.

It has been known that chemical shifts can also carry
useful information about the structure of proteins. Con-
tributions from the peptide group are particularly notice-
able for protons at the Ca position. It seems that Ca
protons are predominantly shifted downfield in -sheets
and upfield in a-helices, although such shifts are likely
influenced by hydrogen bonding both to carbonyl groups
and to solvent.*® Since most [¢] angles in proteins*’ lie
in the region from —180° to —60°, one should expect a
strong dependence of the Co proton shift on this angle.
Furthermore, helices will have mean [¢] values near —60°
and sheets mean values close to —120°. With these
considerations, Osapay and Case were able to calculate
the magnetic anisotropy of the peptide bond to the Ca
proton by varying the [¢] angle (conversely, the depen-
dence on the [y] angle is very weak).*¢ Unfortunately,
correlation between backbone conformers and chemical
shifts can be established only for the a-helical and 5-sheet
regions of the Ramachandran surface.*

A large number of conformations may, however, be
estimated by computation of NMR chemical shielding
anisotropy tensors at the GIAO-RHF level with the
6-31+G* and TZ2P basis sets. Such chemical shifts
correlate well with experimental results, a fact that
reinforces the key idea of employing chemical shifts alone
to establish a prevalent backbone folding.*® It is equally
worth mentioning the complete prediction of the proton
NMR spectrum of organic molecules by DFT calculations
of chemical shifts and spin—spin coupling constants.*°

(46) Osapay, K.; Case, D. A. J. Am. Chem. Soc. 1991, 113, 9436—
9444,

(47) Torsion angles for proteins have been labeled [¢] and [¢] to
avoid misinterpretation with the angles ¢ and v described for simple
amides through the present manuscript. The conformation of a
polypeptide, as far as the run of the backbone through the molecule
is concerned (i.e., the secondary structure), is therefore described
by a set of torsion angles for each amino acid residue. See inter alia:
(a) IUPAC—IUB Recommendations 1971; IUPAC: Pergamon, 1971;
IUPAC Information Bulletin No. 10. (b) Amino Acids, Peptides and
Proteins; Young, G. T., Ed.; The Chemical Society: London, 1972; Vol.
4, p 455.

(48) (a) Pastore, A.; Saudek, V. J. Magn. Reson. 1990, 90, 165—176.
(b) Reily, M. D.; Thanabal, V.; Omecinsky, D. O. J. Am. Chem. Soc.
1992, 114, 6251-6252. (c) De Dios, A. C.; Pearson, J. G.; Oldfield, E.
J. Am. Chem. Soc. 1993, 115, 9768—9773. (d) Le, H.-B.; Pearson, J.
G.; De Dios, A. C.; Oldfield, E. J. Am. Chem. Soc. 1995, 117, 3800—
3807.

J. Org. Chem., Vol. 66, No. 22, 2001 7281

In closing this section, it should be mentioned that the
search for a correlation between the chemical shift of the
a-protons and a particular conformation has been a long-
awaited assessment.552 |n their classical review, Stewart
and Siddall pointed out that “the presence of moderately
hindered rotation can lead to differences in the rela-
tive populations of the possible conformations. In this
case, the chemical shift for the a-protons will be a
weighted mean of those corresponding to each of the
conformations”.?2

A recent and thought-provoking report notes that the
relation between fast-exchange chemical shift and con-
former population is more complex than the situation
outlined in classical NMR reviews and assumed by most
experimentalists.>® Thus, for methylcyclohexane, the in-
consistency between the slow-exchange free-energy dif-
ferences and the fast-exchange equilibrium constants,
which were spread over a wide range for the various *3C
positions, has been demonstrated. Accordingly, Mueller
and Weitekamp conclude from this study that any fit
requires contributions to the chemical shift with a
temperature dependence that is greater than that mea-
sured in slow exchange. These authors have introduced
new terms in the spin Hamiltonian, referred to as
ALBATROSS, which should be important for experimen-
tally verifying the temperature dependence in other
conformational issues. Such an extrapolation to our
model should be taken with caution because variable-
temperature measurements have not been performed and
chemical shifts at ambient temperature are interpreted
from the observed fast-exchange line positions. Whether
or not the magnetic deshielding on gauche or anti protons
may be different after linear extrapolation to different
temperatures, it does not render invalid our results as
evidenced by the small statistical deviations. Simply, we
have established from experimental NMR data the
prevalent existence of a particular conformer, albeit the
conformational population cannot be determined with
complete accuracy. Anyway, Mueller and Weitekamp
clearly conclude in their final paragraph that “the new
equations of motion give intermediate-exchange line
widths that are very similar to those of the traditional
theory, and therefore, previously reported conformer
interconversion rates and activation barriers are not
likely to be as significantly affected”.53

Conclusions

The conformational analysis of simple acetamides, both
in the gase phase and in solution, is well reproduced by
theoretical calculations performed at the B3LYP/6-31G*
level of theory, which predict a Z-anti arrangement as
the most stable structure, also having a staggered
conformation with respect to the dihedral angle O—C—
C—H (y). The Ca—NH torsional angles (¢) widen from
157.7 to 180.0° in the gas phase, which is a reasonable
variation assuming that the ground state is planar.
Conformational minima have also been found for E
amides with torsion angles corresponding to anti orienta-
tions (and an eclipsed conformation for the angle ),

(49) Perczel, A.; Csaszar, A. G. Chem. Eur. J. 2001, 7, 1069—1083.

(50) Bagno, A. Chem. Eur. J. 2001, 7, 1652—1661.

(51) Siddall, T. H., Ill; Stewart, W. E. J. Chem. Phys. 1968, 48,
2928—-2935.

(52) Paulsen, H.; Todt, K. Angew. Chem., Int. Ed. Engl. 1966, 5,
899-900.

(53) Mueller, L. J.; Weitekamp, D. P. Science 1999, 283, 61—65.
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which are less stable than the Z isomer by 2.1—-3.2 kcal/
mol. N-Methylacetamide (1) deviates slightly from this
behavior because its most stable E conformer exhibits a
torsion angle ¢ close to 30°. In any event, the latter is
less stable than the corresponding Z-anti conformer by
2.5 kcal/mol. Similar conclusions were equally reached
with the aid of higher levels of theory: MP2/6-31G* and
MP2/6-31+G** methods. With respect to solvent effects,
the relative stability of both rotational isomers increases
in polar solvents, although there is a greater stabilization
of the more polar E isomer. Thus, the simple SCRF model
does reproduce for such amides dipole—induced dipole
interactions leading to Z-anti structures as the pre-
ferred rotamers in solution. Assuming the prevalent
existence of the latter orientation, we have also evaluated
the magnetic deshielding generated by the amide func-
tion on the hydrogen atoms positioned at the adjacent
carbon atom. Typical chemical shifts, having small
statistical deviations, have been found at d i = 2.42
(2.30%) ppm and Jgauche = 1.64 (0.35%) ppm, with danti —
Ogauche = 0.78 (0.74%) ppm. With a larger statistical basis,
a similar danti — dgaucne = 0.76 ppm is found, although the
statistical deviation raises to 5.30%. Such data should
provide a useful guide to assigning amide rotamers in
solution.

In addition, a simple estimation of populations from
the corresponding energy differences shows that, for
amides 3, 4, and 6, the Z-anti conformation exists almost
exclusively, ranging from 94.8 to 99.9%. In the cases of
amides 2 and 5, no minima attributable to a Z-syn
orientation could be found. Again, the major conflict is
found for N-methylacetamide (1), which has been the
subject of numerous and controversial studies, due to a
lower energy difference. Our DFT calculations, however,
have allowed us the unequivocal characterization of
its Z-syn and Z-anti conformations as a saddle point
and the lowest conformational minimun, respectively,
with a barrier to rotation of 0.31 kcal/mol around the
CON—CHj3; bond. Because of the similar deshielding for
the anti and gauche protons of 1 (and 7 as well) with
respect to other secondary amides, one might suggest
that deshieldings for the Z-anti and Z-syn conformers are
the same, which might have led to the overestimation of
the Z-anti geometry. This surmise, however, fully dis-
agrees with the well-known model for the anisotropic
effect of the amide group, which gives a greater deshield-
ing for anti protons.25!

As mentioned before, such results enable a further
understanding of average reference shifts for Ca protons
in proteins; sheets will have [¢] values of —120° (consis-
tent with a Z-anti conformation), whereas mean [¢]
values near 0° or +120° will correspond to Z-gauche
conformations and values close to +60° indicate a Z-syn
disposition.

Avalos et al.

Experimental Section

Materials and Methods. N-Methylacetamide (1) and N-
ethylacetamide (2) were commercially available and used
without further purification. Amides 3,5 4,5 556 6,57 and
7—11% were prepared according to procedures described in the
literature. NMR spectra for the latter substances having con-
centrations in the range of 5—12 mg/0.5 mL of CDCI; were
recorded at 20 °C using either a 200 or 400 MHz spectrometer.
Chemical shifts were referred to tetramethylsilane (TMS) as
the internal standard (6 = 0.00 ppm). The statistical confidence
of experimental data was analyzed using the Fischer method,%®
which utilizes the equation for the F-distribution that allows
statistical tests on random variables that deviate from normal
distributions. F-Values were obtained as the ratio of the
variances.

All structures were fully optimized using procedures imple-
mented in the Gaussian 94 MO package.? Preliminary semiem-
pirical calculations were performed at the PM3 level,?* whereas
DFT refinements were carried out using the Becke three-
parameter density functional theory with the Lee—Yang—Parr
correlation functional (B3LYP)?%?7 and the internal 6-31G*
basis set.?® In the case of N-methylacetamide, supplementary
calculations have also been performed using Hartree—Fock®®
and Magller—Plesset perturbation® theories. Solvent effects
were evaluated with DFT calculation in the self-consistent
reaction field theory (SCRF) using the standard dipole model
of Onsager.%”
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