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The conformational properties of some N-alkyl, N,N0-dialky, and tetraalkyloxalamides have been
investigated, in vacuo and in solvent using DFT methods at the B3LYP/6-31G** computational level.
Special emphasis has been given on oxalamides with substituents of the type eCH2CH2OH. In oxalamides
with the NeH group (N-alkyl and N,N0-dialky), the most stable conformations are those in which the
oxalamide moiety adopts a planar s-trans arrangement and the amide bonds are trans. A different
situation appears in the case of tetraalkyloxalamides, in which the oxalamide moiety always adopts
a skewed arrangement and there are conformations with similar energy. A careful study of 13C and 1H
NMR spectra together with theoretical calculations (GIAO method) allowed the assignment of the signals
of these conformers. The presence of the eCH2CH2OH chain produces numerous rotamers. The most
stable rotamers, in vacuo, are those with strong intramolecular hydrogen bonds, however in solvent,
hydrogen bonds are not crucial to establish the most stable specie and depend on the solvent used.

� 2011 Elsevier Ltd. All rights reserved.
Scheme 1. Low-energy conformations of N,N0-dimethyloxalamide.
1. Introduction

The new retro-bispeptides having the oxalamide moiety located
at the center has become of great interest. The retro-bispeptides
have been used in protein engineering to generate non coded
a-amino acids1 as well as to prepare bioactive peptides with
enhanced stability toward enzymatic degradation.2 Moreover,
oxalamide linkages are also of great importance in the material
science field, since they are included in the aliphatic polyamides,3,4

i.e., nylons.
On the other hand, the bis(amino acid)- and bis(amino alcohol)-

oxalamide gelators represent the class of versatile gelators
whose gelation ability is a consequence of strong and directional
intermolecular hydrogen bonding provided by oxalamide units.5

Understanding of the molecular and electronic structure of the
oxalamide group is essential to explain the conformational prop-
erties and dynamics of the molecules containing the oxalamide
moiety.

Oxalamide moiety may exist in two extreme dispositions, s-cis
or s-trans, respect to the dicarbonylic function. It is well known the
greater stability of the s-trans arrangement, however the COeCO
torsion angle (u2 in Scheme 1) in many cases takes a value of 180�

(pure s-trans), but in others it may vary between 90� and 180�.6e9 In
addition, the rotation around the COeN amide bond (u1 or u3 in
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Scheme 1) gives rise to several conformers. The result is a complex
mixture of conformers, some of which can be observed in the 1H
and 13C NMR spectra. For example, N,N0-dialkyloxalamides show
a simple spectrum,10 but the NMR spectra of tetraalkyloxalamides
are more complex due to the presence of several conformers of
similar stability.10,11

To our knowledge, only few systematic conformational studies
have been conducted in oxalamides. The conformational properties
of the simple N,N0-dimethyloxalamide have been studied in dif-
ferent environments using theoretical methods.12,13 There are three
minimum energy conformations, IeIII in Scheme 1.

The lowest energy minimum corresponds to the conformer I, in
which the two dihedral angles O]CeNeH (u1 and u3) are 180� and
the O]CeC]O torsion angle (u2) adopt a planar s-trans confor-
mation. The conformer II (u1 or u3¼0�), is 6.2 kcal/mol higher in
energy than the conformer I. Finally, the less stable minimum
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Scheme 3. Different conformations of N-(2-hydroxyethyl)oxalamide (1) and N,N0-bis
(2-hydroxyethyl)oxalamide (2).
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(12.7 kcal/mol relative to I) corresponds to the conformer III (u1 and
u3¼0�), in which the central dihedral angle u2 adopts a skew con-
formationwith avalueof 145�. Due to the largedifference in stability
of the conformer I toward II and III, this is the only conformation
observed in the 1H and 13C NMR spectrums.

In the present paper, a systematic and detailed conformational
study as well as an NMR study has been made with different oxa-
lamides and particular emphasis has been made on oxalamides
with substituents of the type eCH2CH2OH. In these cases the con-
formational study is very complex due to the presence of several
rotamers of the eCH2CH2OH chain and the possibility of hydrogen
bonds (HB) between the hydroxyl and other functional groups
present in the structure.

The theoretical study has been carried out in vacuum and in
several solvents in order to study the conformational and HB
changes in different media. A careful study of 13C and 1H NMR
spectra together with theoretical calculations (GIAO method) has
been made to allocate spectrum signals corresponding to different
conformers.

For the study of the oxalamides, five models (Scheme 2) were
chosen, grouped in two groups. The first group (compounds 1 and
2) corresponds to oxalamides with at least two NeH moieties and
the second group (compounds 3e5) corresponds to tetra alkyl
oxalamides. The compounds 1, 3, and 4 are simple models used to
simplify the subsequent study of more complex compounds 2
and 5.
Scheme 2. Models under study.
2. Computational methods

All calculations were carried out with the Gaussian 03 suite of
programs.14 Density functional theory15 calculations (DFT) have
been carried out using the B3LYP16 exchange-correlation func-
tionals, togetherwith the standard 6-31G** basis set.17 The inclusion
of solvent effects has been considered by using a relatively simple
self-consistent reaction field (SCRF) method18 based on the polar-
izable continuum model (PCM) of Tomasi’s group.19 Geometries
have been fully optimized with PCM. The solvent we have used was
Cl3CH (common solvent in NMR spectroscopy) and also dime-
thylsulfoxide (DMSO) or CH3OH. NMR calculations of absolute
shielding using gauge including atomic orbital method (GIAO) were
carried out using 6-311þþG** as basis set.
Fig. 1. Geometries of the more relevant stationary points involved in the conforma-
tional study of N-(2-hydroxyethyl)oxalamide (1) in Cl3CH. Strong HB are shown.
3. Results and discussion

Before starting the study of oxalamides, we consider interesting
to clarify the terminology used in this paper. There were some
confusions and inconsistencies about the naming of conformers in
amide groups in the existing literatures. We will follow the defi-
nition such that the cis or trans conformer is defined by the dihedral
angle made by COeCO and NeR bonds around the central COeN
bond (R¼highest priority group). Additionally we use the term
‘conformer’whenwe refer to conformers resulting from rotation of
the COeN amide bonds and ‘rotamers’ when we refer to con-
formers resulting from rotation of the side chains or COeCO bond.
3.1. Models 1 and 2

3.1.1. Model 1: N-(2-hydroxyethyl)oxalamide. The presence of two
different substituents on the N1 atom means that there are two
conformations as a result of rotation of the amide u1 bond, the t
(trans) and the c (cis) in Scheme 3. The rotation around N1eC7,
C7eC8, C8eO9 and the possibility of HB between the hydroxyl and
other functional groups present in the structure, increase the
number of rotamers.
We have made an extensive conformational study, in vacuo and
in Cl3CH, for N-(2-hydroxyethyl)oxalamide (1). Fig. 1 shows the
geometries (optimized in Cl3CH) and Table 1 the energies of the
more relevant conformers. The inclusion of the solvent does not
produce significant geometric changes. 1tae1tf rotamers have
a trans disposition around the amide u1 bond (Notation used:
1¼Model; t¼trans; a,b.¼rotamer). The two five-membered rings
formed by hydrogen bonding, N1eH/O6 and N4eH/O5, allows
the flat arrangement of the oxalamide group (dihedral angle O]
CeC]O about 180�). 1ca (Notation used: c¼cis) is the more rele-
vant rotamer with cis geometry and due to the absence of the
N1eH/O6 HB and the appearance of the O9eH/O6 HB (bond
length¼1.90 �A), adopt a skew conformation (dihedral angle O]
CeC]O is 163�).



Table 1
B3LYP/6-31G** Relative free energies (DG, in kcal/mol, 298.15 K, 1 atm) in vacuo
(DGvacuo), Cl3CH (DGCl3CH) and free energies of solvation (DGsol) of the stationary
points involved in the conformational study of N-(2-hydroxyethyl)oxalamide (1)

DGvacuo DGCl3CH DGsol
a

1ta 0.8 0.0 �12.8
1tb 1.0 0.7 �12.2
1tc 1.0 1.1 �11.8
1td 2.2 1.4 �12.7
1te 0.0 1.7 �10.2
1tf 4.5 3.7 �12.7
1ca 5.7 6.6 �11.0

a Obtained by difference between the free energies in Cl3CH and in vacuo.

Fig. 2. Geometries of the more relevant stationary points involved in the conforma-
tional study of N,N0-bis(2-hydroxyethyl)oxalamide (2) in Cl3CH. Strong HB are shown.

Table 2
B3LYP/6-31G** Relative free energies (DG, in kcal/mol, 298.15 K, 1 atm) in vacuo
(DGvacuo), Cl3CH (DGCl3CH), DMSO (DGDMSO) and free energies of solvation (DGsol) of
the stationary points involved in the conformational study of N,N0-bis(2-hydrox-
yethyl)oxalamide (2)

DGvacuo DGCl3CH DGsol
a DGDMSO DGsol

b

2tta 1.7 0.0 �12.5 0.3 �17.2
2ttb 0.0 0.8 �9.9 1.4 �14.4
2ttc 2.0 0.1 �12.8 0.0 �17.8

a Obtained by difference between the free energies in Cl3CH and in vacuo.
b Obtained by difference between the free energies in DMSO and in vacuo.
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As you can see from the Table 1, trans rotamers (1tae1tf) are
more stable than cis rotamer 1ca. 1ta presents an HB N1eH/O9
with a bond length of 2.57 �A. In 1tb, 1tc, and 1td, the eCH2OH is
situated perpendicular to the plane formed by the oxalamide group,
and correspond to the three staggered conformations resulting from
rotation of the CH2eCH2OH bond. 1tb and 1tc have a weak HB be-
tween O9eH/N1 (bond length¼2.84 �A) and O9eH/O5 (bond
length¼2.98 �A), respectively. The rotamer 1te present a strong HB
O9eH/O5 with a bond length of 1.84�A. Finally, 1tf corresponds to
the rotamer in which the bulky groups are located in an anti ar-
rangement and is the most unstable of all trans rotamers.

Looking at Table 1, we can see that the energy of 1ta to 1te
differs depending on the actual calculations are in vacuo or in
Cl3CH. In vacuo, most stable rotamers are those with strong HB. The
energy of rotamers follows the order 1te<1ta<1tb<1tc<1td,
consistent with the greater strength of intramolecular HB. Due to
increasing polarity by the presence of the hydroxyl group, the in-
clusion of the solvent produces a strong stabilization of all rotamers
(between 10.2 and 12.8 kcal/mol). This stabilization is lower in
rotamers with strong intramolecular HB (see 1te). Therefore, in
chloroform, intramolecular HB are not crucial to establish the most
stable rotamer.20 In fact, the most stable rotamer corresponds to
1ta, closely followed by 1tb (0.7 kcal/mol). These energy values
indicate that, in chloroform, 1 will exist primarily as trans con-
former with a fast conformational exchange between all trans
rotamers, predominant 1ta and 1tb. The 1H and 13C NMR spectra
will be simple and without duplication of signals.

3.1.2. Model 2: N,N0-bis(2-hydroxyethyl)oxalamide. In this com-
pound (Scheme 3) there are three main conformations, resulting
from rotation of the u1 and u3 bonds, corresponding to transetrans
(tt), transecis or cisetrans (tc/ct), and cisecis (cc) conformers. In
addition, each of these conformations will have a large number of
rotamers resulting from rotation of the eCH2CH2OH chain. To sim-
plify, we have to assume that the more stable conformer will be the
tt, as happens with the N,N0-dimethyloxalamide (see Scheme 1).
This assumption is also supported by the difference in stability ob-
served in the trans rotamers 1tae1tf in front of the cis rotamer 1ca
(see model 1).

We have made an extensive conformational study for the tt
conformer, but to simplify we only show the symmetric rotamers
2ttae2ttc. These rotamers are similar to 1ta, 1te, and 1tb,
respectively, in model 1. Dues to the insolubility of 2 in chloroform,
their experimental spectra have been recorded in deuterated
dimethylsulfoxide (DMSO-d6). Therefore, the conformational study
has been made in vacuo, Cl3CH and in DMSO. Fig. 2 shows the
geometries (optimized in Cl3CH) and Table 2 the energies of the
more relevant rotamers (2ttae2ttc).

The three rotamers 2ttae2ttc adopt a flat arrangement of the
oxalamide group (dihedral angle O]CeC]O about 180�) with two
five-membered rings formed by hydrogen bonding, N1eH/O6 and
N4eH/O5. In addition, 2ttb has two identical strong HB
O9eH/O5 and O12eH/O6 (seven-membered rings) with a bond
length of 1.85 �A, being the most stable rotamer in vacuo. 2tta has
two additional five-membered rings formed by NeH/O HB (bond
length¼2.55 �A). This rotamer has two three-center hydrogen
bonding interaction (THB), O9/H1/O6, and O12/H4/O5.21

Again, the inclusion of the solvent does not produce significant
geometric changes; however it produces a strong stabilization of all
species (between 9.9 and 12.8 kcal/mol in Cl3CH and between 14.4
and 17.8 kcal/mol in DMSO), being this stabilization lesser in 2ttb
with strong intramolecular HB. The result is that in Cl3CH the most
stable rotamer is the 2tta while in DMSO is 2ttc.

3.1.2.1. NMR study of N,N0-bis(2-hydroxyethyl)oxalamide. As
seen above, oxalamide 222 in solution (Cl3CH or DMSO) will be
mainly as a mixture of several rotamers (2ttae2ttc among others)
of the tt conformer. The rapid exchange between the rotamers
(2ttae2ttc), at room temperature, produces a single spectrum.23

The 1H and 13C NMR spectra, as consequence of the symmetry of
the molecule, have half of the signals (see Supplementary data).
The 13C NMR spectra, in DMSO-d6, show only three signals. The
amidic carbon chemical shifts at 160.2 ppm appear at higher field
that the chemical shifts of a monoamide (about 170 ppm). This
indicates that the nitrogen lone pair is delocalized over the
p-system of the adjacent carbonyl bond.24 The signals of C8/C11
atoms are observed at 59.4 ppm and those of C7/C10 at 41.8 ppm.

In the 1H NMR, in DMSO-d6, four signals appear. The amide
N1eH/N4eH protons display a triplet signal at 8.56 ppm (J 5.8 Hz)
by coupling with methylene protons (C7eH2/C10eH2). The O9eH/
O12eH protons appear at 4.76 ppm as a broad singlet. The triplet (J
6.2 Hz) at 3.45 ppm corresponds to the C8eH2/C11eH2 methylene
protons. And finally, the methylene protons C7eH2/C10eH2 appear
at 3.22 ppm as a quadruplet (J about 6 Hz). This last signal is, in
reality, a double triplet overlapped due to the coupling with the
near methylene protons (triplet, J 6.2 Hz) and the amidic protons
(triplet, J 5.8 Hz), with almost the same constants coupling.

DMSO, can exert a dominant influence on the NeH hydrogen
bonding behavior, acting as a proton quencher. The conformation in
theeCH2CH2OH chains exert a strong effect on the chemical shift of
the amide NeH protons. The NeH signal at 8.56 ppm points to
a highly flexible side chain without the formation of strong HB
between the OH and NH,6 in accordance with the theoretical re-
sults. In this case, the formation of the THB interaction (see 2tta) in
the stabilization of 2 in DMSO, seems to be not relevant.

Further evidence of the role played by THB interactionwas given
by the temperature dependence coefficients (�Dd/DT in ppb K�1) of
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the NeH chemical shift resonances in DMSO.6e8,21,25 Small values
of �Dd/DT (below 3 ppb), for the NeH hydrogen, is typical of sys-
tems with intramolecular HB, and support the formation of THB in
oxalamides. By contrast, high values (�Dd/DT above 4 ppb) corre-
spond to solvated NeH groups.7,8

The spectra of the oxalamide 2 were recorded, in DMSO-d6, at
298, 325, 350, 375, 400, and 425 K, and the results are shown in
Fig. 3. The experimental value of �Dd/DT¼5.2 (�0.3) ppb K�1 dis-
card the formation of a strong intramolecular hydrogen bonding
between the NeH and OeH groups, due to solvation of the NeH
group with DMSO. These results are again in agreement with the-
oretical studies.
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Fig. 3. d as a function of T(K) for the amide protons of N,N0-bis(2-hydroxyethyl)ox-
alamide (2) in DMSO.

Scheme 4. Different conformations of tetramethyloxalamide (3), N-(2-hydroxyethyl)-
N,N0 ,N0-trimethyloxalamide (4) and N,N0-bis(2-hydroxyethyl)-N-N0-dimethyloxalamide
(5).

Scheme 5. Different conformations and TS resulting from rotation of the amide and
COeCO bonds in tetramethyloxalamide (3).

Fig. 4. Geometries of the stationary points involved in the conformational study of
tetramethyloxalamide (3) in Cl3CH.
It should be noted that with increasing temperature, the signal
of the NeH group becomes a broad singlet. It also shows the vari-
ation of the methylene protons C7eH2/C10eH2 signal, which at
425 K turns into a triplet. As the temperature rises, the rapid in-
termolecular exchange between protons of the NeH group pre-
vents the coupling with the methylene group.

3.2. Models 3e5

3.2.1. Model 3: tetramethyloxalamide. Due to the presence of four
identical substituents on the nitrogen atom, the four conformations
(tt, tc, ct, and cc in Scheme 4) resulting from rotation of the amide
bond, are equal. With this simple model we have carried out, in
vacuo and in Cl3CH, a detailed conformational and rotational the-
oretical study (see Scheme 5). Fig. 4 shows the geometries (opti-
mized in Cl3CH) of conformations (3a¼3a0 and 3b) and transition
states (TS1, TS2syn, and TS2anti) involved in the rotation around
amide bond (u1 or u3) and COeCO bond (u2). The energies of the
relevant species are in Table 3.

The tetramethyloxalamide can adopt two staggered rotamers
resulting from rotation of the COeCO bond (3a and 3b). Both
rotamers have an axis of chirality, are two enantiomeric confor-
mations and therefore isoenergetic. The dihedral angle O]CeC]O
is 110� and �110� for 3a and 3b, respectively. The two nitrogen
atoms retain almost perfect planar geometry in both rotamers.

The free energy of activation in vacuo for 3ae3b interconversion
is equal to 4.8 kcal/mol and corresponds to the TS1. In the transition
state TS1, the oxalamide group adopts a planar arrangement, that is,
the dihedral angle O]CeC]O is 180� and nitrogen atoms retain
planar geometry. The low energy barrier associated with this TS
allows a rapid exchange between the two rotamers at room
temperature.

Rotation around the amide bond (u1 or u3) can lead to two
possible transition states, TS2syn and TS2anti, with syn or anti
orientation between the carbonyl oxygen and the nitrogen lone
pairs. In both transition states, nitrogen adopts a sp3 hybridization,
and therefore, a pyramidal conformation. The free energy of acti-
vation associated with these two transition states in vacuo are
21.7 kcal/mol for TS2syn and 20.9 kcal/mol for TS2anti. Thus,
TS2anti is about 0.8 kcal/mol more stable than TS2syn. This differ-
ence may be due to electronic repulsion between the lone pair of
electrons of nitrogen and carbonyl oxygen electron pairs in the
TS2syn. These energy values are close to those found for N,N0-



Table 4
B3LYP/6-31G** Relative free energies (DG, in kcal/mol, 298.15 K, 1 atm) in vacuo
(DGvacuo), Cl3CH (DGCl3CH) and free energies of solvation (DGsol) of the stationary
points involved in the conformational study of N-(2-hydroxyethyl)-N,N0 ,N0-trime-
thyloxalamide (4)

DGvacuo DGCl3CH DGsol
a

4ta 3.0 0.0 �9.6
4tb 4.4 1.5 �9.5
4tc 1.8 1.6 �6.7
4td 3.8 2.8 �7.6
4ca 0.0 0.3 �6.3
4cb 2.8 0.6 �8.8

a Obtained by difference between the free energies in Cl3CH and in vacuo.

Table 3
B3LYP/6-31G** Relative free energies (DG, in kcal/mol, 298.15 K, 1 atm) in vacuo
(DGvacuo), Cl3CH (DGCl3CH) and free energies of solvation (DGsol) of the stationary
points involved in the conformational study of tetramethyloxalamide (3)

DGvacuo DGCl3CH DGsol
a

3a 0.0 0.0 �5.8
3b 0.0 0.0 �5.8
TS1 4.8 7.1 �3.6
TS2syn 21.7 23.3 �4.2
TS2anti 20.9 22.3 �4.5

a Obtained by difference between the free energies in Cl3CH and in vacuo.
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dimethyloxalamide13 and for a typical amide bond.26 This high
rotational barrier slows down the exchange between the two
conformers (3a and 3a0). This means that in the case of two dif-
ferent alkyl substituents on nitrogen, both conformers can be
observed in NMR spectra.

The inclusion of the solvent (Cl3CH) stabilizes all species be-
tween 3.6 and 5.8 kcal/mol. This stabilization is greater in 3a and 3b
with respect toTSs and the overall result is an increase in rotational
energy barriers.

3.2.2. Model 4: N-(2-hydroxyethyl)-N,N0,N0-trimethyloxalamide. As
in the model 1, the presence of two different substituents on the N1
atommeans that there are two conformations as a result of rotation
of the amide u1 bond, the trans (t) and the cis (c) in Scheme 4. There
will also be a large number of rotamers as a result of the rotation
around N1eC7, C7eC8, C8eO9 bonds and the possibility of HB
between the hydroxyl and other functional groups present in the
structure. In addition, due to predictable loss of planarity in the
oxalamide group, the compound can adopt several staggered
rotamers resulting from rotation of the COeCO bond.

The conformational study has been made in vacuo and in Cl3CH,
for N-(2-hydroxyethyl)-N,N0,N0-trimethyloxalamide (4). Fig. 5
shows the geometries (optimized in Cl3CH) and Table 4 the ener-
gies of the more relevant conformers.
Fig. 6. Geometries of the more relevant stationary points involved in the conforma-
tional study of N,N0-bis(2-hydroxyethyl)-N-N0-dimethyloxalamide (5) in DMSO. Strong
HB are shown.

Fig. 5. Geometries of the more relevant stationary points involved in the conforma-
tional study of N-(2-hydroxyethyl)-N,N0 ,N0-trimethyloxalamide (4) in Cl3CH. Strong HB
are shown.
4tae4td corresponds to different rotamers all with a trans dis-
position around the amide u1 bond. 4ca and 4cb are the more
relevant rotamers with cis geometry. Due to the absence of the
NeH/O]C HB, all conformers adopt a skew disposition as a result
of rotation of the u2 bond. 4tae4tc and 4cae4cb have a similar
skewed arrangement, with a dihedral angle O]CeC]O between
109� and 115�. Each of these conformers has a corresponding
staggered rotamer with a negative dihedral angle O]CeC]O and
energy greater or similar to those shown. As an example of rotamer
with a negative dihedral angle, the Fig. 5 shows 4td that
corresponds to 4ta. Only 4tc and 4ca have a strong HB O9eH/O5
(bond length¼1.85�A), and O9eH/O6 (bond length¼1.85 �A),
respectively.

As before (model 1), in vacuo, most stable species are those with
strongHB. Theenergy follows the order4ca<4tc<4cb<4ta<4td<4tb,
consistent with the greater strength of intramolecular HB. The biggest
difference is that in this case the cis (4ca) arrangement has a lower
energy than the trans (4tae4td). Again, the inclusion of the solvent
(Cl3CH) produces a strong stabilization of all species (between 6.3 and
9.6 kcal/mol). This stabilization is less than in model 1, since the
presence of three N-methyl groups instead of three hydrogen atoms
decreases the polarity of the compound. This stabilization is less in
species with strong intramolecular HB (see 4ca and 4tc), and intra-
molecularHBarenot crucial to establish themost stable conformation.
In this situation, the most stable specie corresponds to 4ta, closely
followedby4ca (0.3kcal/mol). This smalldifference inenergy indicates
that, inchloroform, theoxalamide4will existasamixtureof the cisand
trans conformers and the 1H and 13CNMR spectrawill be complex and
with duplication of signals.

3.2.3. Model5:N,N0-bis(2-hydroxyethyl)-N,N0-dimethyloxalamide. This
is the most complex of all the compounds studied. There are four
conformations resulting from rotation of the amide bonds (u1 and u3
in Scheme 4), tt, cc, tc, and ct. In this case, because the substituents on
nitrogen atoms are the same, the conformations tc and ct are
equivalent, leaving only three different conformations. However, due
to loss of planarity in the oxalamide group, each of these three con-
formations adopts two staggered arrangements resulting from rota-
tion of the COeCO bond (see model 3 and model 4).

For cc, ct, and tt conformers, an exhaustive conformational
study in vacuo, DMSO, and CH3OH was made. For each conformer,
there are an enormous amount of rotamers resulting from rotation
of theeCH2CH2OH chains. In order to simplify we show only one of
these rotamers for each conformer and corresponds to the more
stable found in DMSO (5cc, 5ct, and 5tt in Fig. 6 and Table 5).
The three conformers 5cc, 5ct, and 5tt all adopt a staggered
arrangement of the oxalamide group (dihedral angle O]CeC]O
between 100� and 112� in DMSO). There are no large geometric
variations with different solvents. However, the inclusion of the
solvent produces a strong stabilization of all species and a consid-
erable variation of energies (see Table 5).



Table 6
13C NMR d shift (ppm) calculated (dcalcd; B3LYP/6-311þþG**), experimental (dexp)
and difference (Dif.) in DMSO for 5cc, 5ct, and 5tt

dcalcd dexp Dif.

5cc
C2/C3 166 165 1
C8/C11 58 58 0
C7/C10 52 52 0
C13/C14 31 32 �1
5tt
C2/C3 166 165 1
C8/C11 65 58 7
C7/C10 48 48 0
C13/C14 38 36 2
5ct
C2 166 165 1
C8 59 58 1
C7 51 52 �1
C13 30 32 �2
C3 170 165 5
C11 61 58 3
C10 49 48 1
C14 33 36 �3

Table 5
B3LYP/6-31G** Relative free energies (DG, in kcal/mol, 298.15 K, 1 atm) in vacuo
(DGvacuo), DMSO (DGDMSO), CH3OH (DGCl3CH) and free energies of solvation (DGsol) of
the stationary points involved in the conformational study of N,N0-bis(2-hydrox-
yethyl)-N-N0-dimethyloxalamide (5)

DGvacuo DGDMSO DGsol
a DGCl3CH DGsol

b

5cc 0.0 0.0 �11.1 0.2 �11.1
5ct 1.7 0.3 �12.6 0.4 �12.6
5tt 6.2 0.9 �16.4 0.0 �17.5

a Obtained by difference between the free energies in DMSO and in vacuo.
b Obtained by difference between the free energies in CH3OH and in vacuo.
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The symmetric conformation 5cc has two identical strong HB
O9eH/O6 and O12eH/O5 (eight-membered rings) with a bond
length of 1.85 �A, being the most stable conformer in vacuo and in
DMSO. The asymmetric conformation 5ct has only one strong HB
O9eH/O6 (eight-membered rings) with a bond length of 1.86 �A.
Finally, the symmetric conformation 5tt, with no hydrogen bridges,
is very unstable in vacuo, but is the most stable conformation in
CH3OH.

3.2.3.1. 13C and 1H NMR study of N,N0-bis(2-hydroxyethyl)-N,N0-
dimethyloxalamide. As calculated above (Table 5), in solution 527

can be found as mixture of three conformers (cc, ct/tc, and tt).
Each of these conformations will have a large number of rotamers
resulting from rotation of the eCH2CH2OH chain. Due to the high
rotational barrier of the amide bond, the three conformers, cc, ct/tc,
and tt, present different signals and the 1H and 13C NMR spectra
will be complex. Because of the symmetry, cc and tt conformers
will have half of the signals. However the ct/tc conformer presents
different signals for each of the amide fragments. In this section we
intend tomake an assignment of the observed experimental signals
in 13C and 1H NMR spectra, for each of the conformers. The ex-
perimental spectroscopic data for the compound were recorded in
DMSO-d6 and CD3OD (see Supplementary data).

The 13C NMR spectra in DMSO-d6 show sixteen signals. The
amidic carbon chemical shifts (C2/C3) appear at 165 ppm as four
signals. The signals of C8/C11 atoms are observed at 58 ppm, again
as four signals. The C7/C10 signals appear at 52 ppm (two signals)
and 48 ppm (two signals). Finally, the carbons of the N-methyl
groups (C13/C14) are shown as four signals, two at 36 ppm and two
more at 32 ppm. This is consistent with a mixture of cc, ct/tc, and tt
conformers. Four signals for each of the symmetrical conformers
(cc and tt) and eight signals for the asymmetric conformer (ct/tc).

Molecular orbital calculations can be used to good estimates 13C
NMR chemical shifts. Ab initio and DFT calculation of NMR
shielding at very accurate levels of approximation are available in
literature.28e31 The GIAO method, implemented in the Gaussian
package, is now widely used for these purposes. Good quality
shielding results depend on the quality of the basis sets selected.
Excellent results are obtained using B3LYP as DFT method and
6-311þþG** as basis set.30 The NMR calculations yield absolute
shielding constants (s) while experimental data is typically given as
relative shielding constants (d) to the tetramethylsilane (TMS).

Eq. 1 is used to convert computed absolute shieldings (scalcd), to
computed relative shieldings (dcalcd), which can be used to compare
to the experimentally measured relative shieldings (dexp).

dcalcd ¼ I þ Sscalcd (1)

The variable I represent the shielding of the TMS, and ideally S is
�1 for 13C shifts. The best results are achieved when I and S are
empirically determined by regressing scalcd against dexp over a di-
verse set of organic compounds. I is the resulting intercept of the
regression equation and S is the slope. We have used for I and S the
values of 175.0 and �0.961, respectively.30

Table 6 shows the values of computed relative shieldings (dcalcd),
experimentally assigned relative shieldings (dexp) and differences
(Dif.) between the value calculated and experimental for the
structures 5cc, 5ct, and 5tt in DMSO.

It should be noted that these calculations are referred to the
static molecule as represented in Fig. 6, while experimental NMR
spectra are averages affected by dynamic processes, such as con-
formational equilibrium. Remember that each of these structures,
has several rotamers resulting from rotation of the side chain
(eCH2CH2OH) and the COeCO bond. The discrepancy between
calculated and experimental values may be due to the contribution
of various rotamers in the experimental value.

As you can see from the Table 6, the calculated and experimental
values for 5cc are practically the same. This may indicate that
rotamer 5cc is probably the largest contribution to the conformer
cc. However, 5tt presents a greater difference between the exper-
imental and theoretical values. This indicates the contribution to
the tt conformer of the structure 5tt and other rotamers. The major
discrepancy (7 ppm) is in the C8/C10 carbons. These carbons are
adjacent to the hydroxyl group and are very sensitive to confor-
mational changes of the side chain. Finally, the asymmetric struc-
ture 5ct, has a side (left side in the Fig. 6) identical to both sides of
the 5cc structure, and shows little discrepancy between the
experimental and calculated values. Again, the right side (see
Fig. 6), similar to both sides of the 5tt structure, presents a greater
difference.
Despite the discrepancies, it is noteworthy that the carbons
adjacent to nitrogen atoms (C7/C10) are not altered by the presence
of several rotamers. The chemical shift of these carbons can be
accurately calculated and can be used for the assignment of the
different conformers resulting from rotation of the amide bond. For
example, in this case the C7/C10 signals appear at 52 (�1) ppm
when the amide bond adopt a cis conformation (see 5cc and left
side of 5ct) and at 48 (�1) ppmwhen the amide bond adopt a trans
arrangement (see 5tt and right side of 5ct). Also, although with less
precision, chemical shifts of the N-methyl groups (C13/C14) can be
used.

The 1H NMR spectra, in DMSO-d6 (500 MHz), show several
signals (the assignments are based in the analysis of the COSYGPSW
and 1He13C HSQC spectra). The hydroxyl protons appear at
4.74e4.82 ppm as a multiplet. A careful analysis shows that this
multiplet is formed by the overlap of four triplets, each with cou-
pling constants of about 5.5 Hz. The triplet is a consequence of the
hydroxyl proton coupling with the vicinal CH2 group. This type of
coupling is easily observable, due to slow exchange of hydroxyl



A. El Moncef et al. / Tetrahedron 67 (2011) 3677e3684 3683
protons in DMSO at room temperature. The complex multiplet
signal between 3.50 and 3.57 ppm correspond to the methylene
protons C8eH2 and C11eH2, coupled with the hydroxyl proton and
methylene protons adjacent to nitrogen atom. At 3.38 and 3.25 ppm
are two quadruplets, which correspond to the protons adjacent to
nitrogen atom (C7eH2/C10eH2). Each of these quadruplets is really
two overlapping triplets (J 5.5 Hz) centered at 3.39/3.38 ppm and
3.26/3.25 ppm, respectively (see spectrum at 300 MHz in DMSO-d6
and at 500 MHz in CD3OD). Finally, the NeCH3 signals appear at
2.928, 2.920, 2.888, and 2.882 ppm as four singlets.

In the 1H NMR spectra, in CD3OD (500 MHz), the hydroxyl
protons appear at 4.83 ppm as a singlet. The multiplet signal be-
tween 3.69 and 3.77 ppm correspond to the methylene protons
C8eH2 and C11eH2. This signal can be separated in four triplets (J
5.5 Hz). The quadruplet at 3.55 ppm (two triplets overlapped) and
the two triplets at 3.45/3.43 ppm correspond to the methylene
protons C7eH2/C10eH2. The NeCH3 signals are shown at 3.087,
3.069, 3.030, and 3.019 ppm as four singlets. Again, this is consis-
tent with a mixture of cc, ct/tc, and tt conformers.

The 1He13C HSQC spectra (in DMSO-d6) shows the correlation
between the signals 3.50e3.57(1H)/58(13C), 3.38(1H)/48(13C), 3.25
(1H)/52(13C), 2.928(1H)/35.52(13C), 2.920(1H)/36.05(13C), and 2.888,
2.882(1H)/31.92, 31.72(13C). The 13C signals at 52 (C7/C10) and 32
(NeCH3) ppm correspond to the cis arrangement of the amide bond
(see above), and therefore the 1H signals at 3.26/3.25 and 2.888/
2.882 ppm can be assigned to protons C7eH2/C10eH2, and NeCH3
in the cis amide conformation. Similarly 1H signals at 3.39/3.38 and
2.928/2.920 ppm can be assigned to protons C7eH2/C10eH2 and
NeCH3 in the trans amide conformation.

The assignment of the methyl groups can be done with a careful
analysis of the 1H NMR spectra. The integral relationship between
the two central methyl signals is practically the same in DMSO-d6
(signals at 2.920 and 2.888 ppm) and CD3OD (signals at 3.069 and
3.030 ppm). These signals can therefore be assigned to ct/tc con-
former. The signal at 2.928 ppm in DMSO-d6 (3.087 in CD3OD)
correspond to the two NeCH3 of the tt conformer, and also the
signal at 2.882 ppm in DMSO-d6 (3.019 in CD3OD) can be assigned
to the two NeCH3 of the cc conformer (see Table 7).
Table 7
1H NMR d shift (ppm) and multiplicity (J in Hz) in DMSO-d6 for cc, tt, and ct con-
formers of the N,N0-bis(2-hydroxyethyl)-N,N0-dimethyloxalamide (5)

cc tt ct

OH 4.74e4.82
(t, J¼5.5)

4.74e4.82
(t, J¼5.5)

4.74e4.82
(t, J¼5.5)

C7eH2/C10eH2 3.25 (t, J¼5.5) 3.38 (t, J¼5.5) 3.25/3.38 (two t, J¼5.5)
C8eH2/C11eH2 3.50e3.57 (m) 3.50e3.57 (m) 3.50e3.57 (m)
C13eH3/C14eH3 2.882 (s) 2.928 (s) 2.888/2.920 (two s)
4. Conclusions

The conformational properties of some N-alkyl, N,N0-dialky and
tetraalkyloxalamides have been investigated, in vacuo and in sol-
vent (Cl3CH, DMSO, CH3OH), using DFT methods at the B3LYP/63-
1G** computational level, have been given a special emphasis on
oxalamides with substituents of the type eCH2CH2OH.

The rotation of each COeN amide bond originates two different
conformers, cis and trans. On the other hand, COeCO torsion angle
angle may vary from 0� (s-cis) to 180� (s-trans) producing different
rotamers. Finally, the rotation of side chain (eCH2CH2OH), gives
rise to numerous additional rotamers.

In vacuo or in solvent, the geometrical results are similar;
however inclusion of solvent produces a strong stabilization of all
species and a considerable variation of energies.

In oxalamides with the NeH group (N-alkyl andN,N0-dialky), the
most stable conformations are those inwhich the oxalamidemoiety
adopts aplanar s-trans (COeCObond¼180�) arrangementand theall
amide bonds are trans. In these cases there is only one preferred
conformation and NMR spectra show no duplication of signals.

With substituents of the type eCH2CH2OH, most stable rotam-
ers (in vacuo) are those with strong intramolecular HB. However in
solvent, HB are not crucial to establish the most stable specie and
depend on the solvent used.

A different situation shows tetraalkyloxalamides, in which the
oxalamidemoiety always adopts a skewed arrangement (O]CeC]
O dihedral s180�). The theoretical study done on the tetrame-
thyloxalamide shows that the rotational barrier around the COeN
amide bond is high (DGCl3CH¼22.23 kcal/mol). These numerical
results can be extrapolated to the other oxalamides. Because of
hindered rotation about this COeN amide bond, each of the
resultant different conformers (cis and trans) can be observed in the
NMR spectra. As a result of the loss of planarity of oxalamide
system, each conformer, have several rotamers from the rotation
of the COeCO bond. However, the low free energy barrier
(DGCl3CH¼7.08 kcal/mol) associated to this rotation allow for a rapid
exchange between these rotamers at room temperature and do not
cause different signals in the NMR spectrum. There is also a fast
exchange between rotamers resulting from rotation of the side
chain (eCH2CH2OH). Again, the most stable rotamers in vacuo (but
not in solvent) are those with strong intramolecular HB. The cis or
trans disposition of the COeN amide bond have similar energies
and the result is a mixture of conformers that can be individually
observed in NMR spectra. A careful study of 13C and 1H NMR spectra
together with theoretical calculations (GIAO method) allow the
assignment of the signals of each of these conformers.
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