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ABSTRACT: The crystal structures of four diamides represented by the general formula CH3-
CONH(CH2)nNHCO-CH3 (n ) 2-5) were solved by X-ray diffraction in order to establish the
conformational preferences of the polymethylene segments. The results are complementary of our previous
works on diamides and diketones where the conformation of the dicarbonylic units were established.
The results appear useful to study the conformation of related compounds, as polyamides, where the
experimental data are scarce. A folding trend of the polymethylene segment, when the number of
methylenes is less than 4, can be deduced. The same conclusions were inferred from ab initio quantum
mechanical calculations at the MP2/6-31G(d)//HF/6-31(d) level.

Introduction1

A systematic effort has been recently carried out to
investigate the structure of aliphatic polyamides. More
specifically, to relate them with the well-known struc-
tures found in polypeptides. Thus, polyamides with
helical conformations similar to the intramolecular2,3 (R-
helix) or to the intermolecular3-5 (PG II structure)
hydrogen-bonded structures, characteristic of polypep-
tides, have been attained. Due to the scarce amount of
data available for synthetic polymers, these structures
have been supported with crystallographic6-8 data and
ab initio quantum mechanical calculations9,10 on model
compounds. Unusual folded conformations for diacid
derivatives8-14 as well as slight deviations from the all-
trans conformations for ω-amino acid derivatives7 have
been found. These results deserve further consider-
ations on macromolecular chemistry, which can be
summarized as follows.
1. Dicarbonylic derivatives are characterized by a

gauche conformation for the bond defined by the first
and second carbon atoms next to the carbonyl
groups.8-10,15 The same trend has frequently been
observed in the side chains of glutamine and asparagine
residues of both small peptides14,16,17 and proteins.14,16,18
This gauche conformation is in contradiction with force-
field calculations based on empirical potentials, which
indicate a trans conformation and suggest an erroneous
parametrization of such residues. Repercussions on the
structural determination of proteins with a low resolu-
tion are obvious.
2. The rigid all-trans conformation usually considered

for polymethylene segments would be doubtful as it was
also conclusively demonstrated from the librational
motion found in nylon 6,6 by molecular dynamics
simulations and experimental NMR spectroscopy.19
Furthermore, the refinement of some polyamides like
nylons n,3 was considerably improved when the poly-
methylene segment was allowed to deviate from the all-
trans conformation.13

3. The conventional sheet structures of nylons are
characterized by a single hydrogen bond direction.20
However, different assumptions with two or three
hydrogen bond directions have actually been done for
(a) quenched samples,21 (b) polyamides over their Brill
transition temperature,22 and (c) some specific nylons
derived from dicarboxylic acids with a low number of
methylene groups.23,24 The folded conformations found
in the analysis of model compounds explain this peculiar
behavior, since repulsive interactions between the car-
bonyl oxygen atoms favor the conformations where
amide groups are twisted, allowing more than one
hydrogen bond direction.
In this work, we complete our previous works carried

out for the dicarbonylic units. The conformational
preferences of a series of N,N′-oligomethylenedialkyl-
amides [R-CONH(CH2)nNHCO-R, R ) CH3, n ) 2-5]
have been explored in the solid state using X-ray
crystallography and in vacuo using ab initio quantum
mechanical calculations. Up to date, only aromatic
derivatives have been studied in the solid state as model
compounds of terephthalamides.17 Since packing in-
teractions between aromatic rings may influence the
molecular conformation in solid state,11 the study of
methyl derivatives becomes fundamental to the under-
standing of the intrinsic conformational preference of
the polymethylene segments of diamine compounds. The
results are an extension of our previous findings about
the folding of methylene units and appear useful to
simulate the respective structure of nylons containing
both diamine and diacid units.

Experimental Section

Characterization. Infrared (IR) spectra were obtained
from KBr pellets using an IRTF Perkin-Elmer 1600 spectro-
photometer in the 4000-500 cm-1 range. Proton and carbon
magnetic resonance (1H and 13C) spectra were obtained in
deuterated solvents as chloroform, dimethyl sulfoxide, or
trifluoroacetic acid using a Bruker AMX-3000 spectrometer.
Chemical shifts are reported in parts per million (δ) downfield
from internal standard tetramethylsilane (TMS). Chromato-
graphic purity was determined with an HPLC Shimadzu SCL-
6B analyzer, using an RP-18 Spherisorb ODS-2 column (25 ×
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0.4 cm; particle size, 5 µm). The column was eluted with 50%
MeOH in water, and the flow rate was kept at 1 mL/min (λ )
210 nm).
Synthesis. Compounds were obtained through the reaction

of the appropriate diamine (50 mmol) with acetic anhydride
(200 mmol) in a tetrahydrofuran-water mixture (9:1) solution.25
Triethylamine (200 mmol) was added in all cases as a proton
acceptor. The compounds were recrystallized from CHCl3/
EtOEt, giving white powders with 33, 62, 35, and 42% yield
for the ethylene, propylene, butylene, and pentylene deriva-
tives, respectively.
N-[2-(Acetylamino)ethylene]acetamide (aETa). Mp )

175-178 °C (uncorrected). IR (KBr, ν, cm-1): 3294, 3090,
2984, 2934, 2862, 1654,1560, 1446, 1366, 1288, 1249, 1105,
1039, 1001, 931, 746, 629, 606. 1H NMR (DMSO-d6, 300.1
MHz, δ, ppm): 1.79 (s, 6H, -CH3), 3.04 (d, 4H, -CH2-), 7.89
(m,2H, -NH-). 13C NMR (CDCl3, 75.5 MHz, δ, ppm): 22.54
(-CH3), 38.28 (-CH2-), 169.23 (-CO-). HPLC chromato-
graphic purity: 98%, elution time: 2.70 min.
N-[3-(Acetylamino)propylene]acetamide (aPRa). Mp

) 101-104 °C (uncorrected). IR (KBr, ν, cm-1): 3280,
3094, 2977, 2948, 2886, 1635, 1552, 1484, 1450, 1369, 1296,
1263, 1127, 756, 718, 632, 610, 600. 1H NMR (CDCl3, 300.1
MHz, δ, ppm): 1.57 (quint, 2H, -CH2CH2CH2-), 1.93 (s, 6H,
-CH3), 3.20 (q, 4H, -NHCH2-), 6.64 (m, 2H, -NH-). 13C
NMR (CDCl3, 75.5 MHz, δ, ppm): 22.93 (-CH3), 29.26
(-NHCH2CH2-), 35.93 (-NHCH2-), 170.78 (-CO-). HPLC
chromatographic purity: 98.8%. Elution time: 3.10 min.
N-[4-(Acetylamino)butylene]acetamide (aBUa). Mp )

141-142 °C (uncorrected). IR (KBr, ν, cm-1): 3301, 3074,
2950, 2879, 1634, 1542, 1486, 1364, 1295, 1102, 1044, 957, 715,
600, 513. 1H NMR (TFA-d, 300.1 MHz, δ, ppm): 1.80 (m, 4H,
-NHCH2CH2-), 2.50 (s, 6H, -CH3), 3.60 (m, 4H, -NHCH2-).

13C NMR (TFA-d, 75.5 MHz, δ, ppm): 20.76 (-CH3), 26.60
(-NHCH2CH2-), 43.83 (-NHCH2-), 179.13 (-CO-). HPLC
chromatographic purity: 97.8%. Elution time: 3.57 min.
N-[5-(Acetylamino)pentylene]acetamide (aPEa). Mp

) 129-131 °C (uncorrected). IR (KBr, ν, cm-1): 3294, 3090,
2984, 2934, 2862, 1654, 1560, 1446, 1366, 1288, 1249, 1105,
1039, 1001, 931, 746, 629, 606. 1H NMR (CDCl3, 300.1 MHz,
δ, ppm): 1.28 (quint, 2H, -NH(CH2)2CH2-), 1.46 (quint, 4H,
-NHCH2CH2-), 1.91 (s, 6H, -CH3), 3.16 (q, 4H, -NHCH2-),
5.86 (s, 2H, -NH-). 13C NMR (CDCl3, 75.5 MHz, δ, ppm):
23.22 (-CH3), 23.65 (-NH(CH2)2CH2-), 28.89 (-NHCH2CH2-
), 39.09 (-NHCH2-), 170.41 (-CO-). HPLC chromatographic
purity: 97%. Elution time: 4.02 min.
X-ray Diffraction. Crystals suitable for X-ray diffraction

were obtained by vapor diffusion of CHCl3/ether solutions
against mixtures enriched in ether which were used as
precipitants. Table 1 summarizes the crystallization condi-
tions. X-ray data were collected at room temperature using
an Enraf-Nonius CAD4 diffractometer with Cu KR graphite-
monochromatized radiation (λ ) 1.541 78 Å). Cell parameters
were refined by least squares on the basis of 25, 20, 20, and
25 independent reflections for aETa, aPRa, aBUa, and aPEa,
respectively. Three reflections were monitored every hour
during data collection and showed that fluctuation of intensity
was less than 2%, except for aPRa which showed a 7% decay.
aETa, aBUa, and aPEa intensity data were corrected for
Lorentz and polarization effects but not for absorption, whereas
aPRa intensity data was also corrected for absorption. The
structures were solved by direct methods using the SHELXS-
8626 computer programs package and assuming a P1h, P121/
n1, P1h, and Pbcb symmetry for aETa, aPRa, aBUa, and
aPEa, respectively. The E-maps were calculated and revealed
all the non-hydrogen atoms. The molecular structures were
then refined by a full-matrix least-squares procedure (SHELXL-
9327) with weights redetermined after each program run. In
all cases cycles of refinement and difference Fourier syntheses
showed only some of the hydrogen atoms. Those bonded to
the N atoms were placed in the positions found in the
difference Fourier maps. The remaining hydrogen atoms were
placed in stereochemically ideal positions and refined with
geometrical constraints (“ride model”). Anisotropic full-matrix
refinement for non-hydrogen atoms and isotropic for hydrogens

Table 1. Crystalization Conditions

CHCl3/ether proportions
compound

concentration
(mg/mL) solvent precipitant ether

aETa 1.0 5.8/4.2 5.5/4.5 dibutyl
aPRa 1.0 1/1 2/3 dibutyl
aBUa 1.0 3/2 1/1 diethyl
aPEa 1.0 3/2 5.5/4.5 dibutyl

Table 2. Crystallographic Data

compound aETa aPRa aBUa aPEa

molecular formula C6H12N2O2 C7H14N2O2 C8H16N2O2 C9H18N2O2
crystal size (mm3) 0.2 × 0.2 × 0.1 0.3 × 0.2 × 0.1 0.3 × 0.12 × 0.04 1.8 × 0.2 × 0.1
crystal system triclinic monoclinic triclinic orthorhombic
space group P1h P121/n1 P1h Pbcb
cell
a (Å) 4.909 (1) 10.800 (2) 4.892 (1) 5.39 (2)
b (Å) 6.847 (1) 4.806 (1) 5.264 (1) 8.86 (6)
c (Å) 7.083 (1) 17.078 (4) 9.339 (2) 22.335 (7)
R (deg) 116.78 (1) 90.00 (1) 87.86 (1) 90.00 (2)
â (deg) 104.67 (1) 99.40 (2) 89.53 (1) 90.00 (5)
γ (deg) 90.65 (1) 90.00 (2) 88.38 (1) 90.00 (2)

volume (Å3) 203 (2) 874 (2) 240 (1) 1066 (3)
Z (no. of asymetric units) 2 4 2 8
asymmetric unit (molecule) 1/2 1 1/2 1/2
calculated density (g/cm3) 1.177 1.202 1.191 1.160
scanning mode ω/2θ scan ω/2θ scan ω scan ω scan
collected reflections 831 (2θ < 136°) 3580 (2θ < 136°) 962 (2θ < 136°) 3912 (2θ < 136°)
unique reflections 736 1501 849 982
R(int) 0.0067 0.025 0.005 0.062
R(σ) 0.0149 0.021 0.014 0.040
observed reflections 588 (I > 2σ(I)) 1313 (I > 2σ(I)) 638 (I > 2.5σ(I)) 813 (I >2.5σ(I))
no, of refined parameters 62 157 66 96
goodnes-of-fit on F2 0.976 0.783 1.020 0.933
R factor 0.078 0.071 0.078 0.071
wR2 0.221a 0.191b 0.223c 0.197d
min/max heights (e/Å3) in the
difference Fourier map

0.31/-0.30 0.31/-0.26 0.26/-0.25 0.30/-0.21

a 1/w ) σ2(Fo2) + (0.1827P)2 + 0.09P where P ) [max(Fo2,0) + 2Fc2/3]. b 1/w ) σ2(Fo2) + (0.210P)2 + 0.37P where P ) [max(Fo2,0) +
2Fc2/3]. c 1/w ) σ2(Fo2) + (0.155P)2 + 0.16P where P ) [max(Fo2,0) + 2Fc2/3]. d 1/w ) σ2(Fo2) + (0.167P)2 + 0.47P where P ) [max(Fo2,0)
+ 2Fc2/3].
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converged to the standard agreement factors indicated for the
four structures in Table 2. The atomic scattering factors were
taken from the International Tables for X-ray Crystallography
(1974) and a micro-Vax 2000 computer was used for all the
calculations.
Quantum Mechanical Calculations. Minimum-energy

conformations for aETa and aPRa were obtained by geometry
optimizations at the Hartree-Fock level using the standard
6-31G(d)28 basis set. Force constant analysis was carried out
to verify the minimum nature of the optimized conformations
as well as to obtain the ZPE and to make the thermal
corrections. Basis set and electron correlation effects on aETa
were estimated by single-point calculations at the HF/6-31+G-
(d) and MP2/6-31+G(d)29 levels, respectively. Thus, a combi-
nation of MP2/6-31+G(d)//HF/6-31G(d) (level of energy calcu-
lation//level of geometry optimization) with the HF/6-31G(d)
frequencies gives our best estimations of the conformational
energies. All the calculations were performed with the Gauss-
ian-94 program30 on a SP2 computer of the Centre de Super-
computación de Catalunya (CESCA).

Results and Discussion

A schematic representation of the model molecules
aETa, aPRa, aBUa, and aPEa is shown in Figure 1
together with the definition of internal rotation angles,
while stereoscopic views of the four conformations found
by X-ray crystallography for the molecules are shown
in Figure 2. The list of final atomic coordinates and
their estimated standard deviations are given as Sup-
porting Information. Final molecular parameters as
selected internal rotation angles and hydrogen bond
geometry are reported in Tables 3 and 4. It should be
noted that the use of primed symbols does not imply
the presence of a symmetry element along the chain.
Experimental values for bond distances and bond angles
are consistent with known literature data for amide
groups and paraffin chains. Thus, in all cases the amide
group is almost planar, being the root-mean-square
distance of the atoms from the average plane less than
0.0042, 0,022-0.029, 0.0003, and 0.022 Å for aETa,
aPRa, aBUa, and aPEa, respectively.
N-[(2-(Acetylamino)ethylene]acetamide (aETa).

A representation of the crystalline structure of aETa
is given in Figure 3. The molecular symmetry is
characterized by an inversion center in the middle of
the ethylene segment. A system of linear and intermo-
lecular hydrogen bonds characterizes also the crystalline
structure. Thus, each molecule is hydrogen bonded,
along the a direction, with two neighboring molecules.
In this sense the structure differs from the data reported
for the related compound N,N′-ethylenedibenzamide,31
where the hydrogen-bonding interactions are estab-
lished between one molecule and its four neighboring
molecules. The molecular conformation is characterized
by a æ torsion angle value around 90° which strongly
deviates from the expected trans conformation. Such
behavior seems to be an intrinsic characteristic of the
molecule since hydrogen bonds are expected to be equal
or better with the extended conformation characteristic

of the R form of nylons. The æ torsion angle is relatively
close to the skew conformation characteristic of the γ
form of nylons, which is however expected to be favored

Figure 1. Atomic numbering and torsion angles for the model
compounds studied in this paper.

Figure 2. Stereopairs showing the conformation in the solid
state of the model molecules: aETa (a), aPRa (b), aBUa (c),
and aPEa (d). Note the folded conformation of the propylene-
diamine moiety and the rotation between the N-H directions
in the pentylenediamine moiety.
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for long polymethylene segments due to the improve-
ment of the van der Waals interactions.
Similar conformational angles have been found for the

model compounds available in Cambridge Structural
Data Base.17 Thus, values for the æ angle around 88.8°,
85.7° and 82.6° have been reported for N,N′-ethylene-
dibenzamide,31 N,N′-bis(2′-pyridinecarboxamide)-1,2-
ethane,32 and diethyl N,N′-ethylenediaminobis(4-oxo-
butenoate),33 respectively.
The intrinsic conformational preferences of aETa

have been investigated using ab initio quantum me-
chanical calculations. A complete exploration of the
conformational space has been performed at the HF/6-
31G(d) level. Since each of the three backbone torsion
angles (æ1, ν, and æ′1 in Figure 1) are expected to have
three minima, 27 minima may be anticipated for the
potential energy hypersurface E ) E(æ1,ν,æ′1). However,
due to the chemical and molecular symmetry of the
compound, the number of conformations required as
starting points in geometry optimizations is reduced.
In order to obtain a more accurate estimation of the
relative energies, single-point calculations at the HF/
6-31+G(d) and MP2/6-31+G(d) were performed on all
minima found. Results are displayed in Table 5.

Note that for all minima found at least one of the
torsion angles æ1 and æ′1 adopts a folded conformation,
i.e., skew or gauche. Indeed, only two of six minima
characterized (minima 1 and 6) retain an almost
extended conformation in æi angle. This structure is the
less favored conformation at the computative levels
used, being 6.9 kcal/mol unstabilized with respect to the
lowest energy minimum. A striking feature is the large
influence of electron correlation on conformational ener-
gies. Thus, the relative energy order between the
different conformers estimated at the HF level is
changed with respect to that estimated at the MP2 level.
An inspection to the different minima depicted in Figure
4 permits one to clarify these results. Minima 1 and 5
are stabilized by an intramolecular seven-membered
hydrogen bond system (C7 conformation). These two
minima have an asymmetric behavior on the æ1 and æ′1
dihedral angles, which must be attributed to the ten-
dency to form the intramolecular hydrogen bond. The
C7 intramolecular hydrogen bond geometries for 1 and
5 are characterized by [RH‚‚‚O ) 2.16 Å, <N-H‚‚‚O )
142.8°] and [RH‚‚‚O ) 2.84 Å, <N-H‚‚‚O ) 100.9°].
These hydrogen bond parameters correlate well with the
relative energies of 1 and 5. Thus, the former is the
lowest energy conformation at the HF level, whereas
the latter is unfavored by about 1.7 kcal/mol at the same
computational level.
Inspection of minimum 2 in Figure 4 permits one to

understand the dramatic influence of electron correla-
tion on conformational energies. Note that this struc-
ture is stabilized by the antiparallel stacking of the
amide groups. Thus, it is well-known that electron
correlation effects are required in order to provide a
reliable description of the stacking interactions.34 Mini-
mum 4 seems to be basically stabilized by the interac-
tions between the dipole moments of the amide groups.
Minimum 3 corresponds to the conformation determined
for aETa by X-ray crystallography. This conformation
is unfavored with respect to the global minimum by 0.7
and 3.0 kcal/mol at the HF andMP2 levels, respectively.
Note that 3 has an optimum conformation to form
infinite networks of hydrogen bonds, and therefore it
should be stabilized in the solid state. Unfortunately,
packing interactions cannot be introduced in our theo-
retical calculations, due to computational limitations.
Finally, it should be noted that the all-trans conforma-

Table 3. Selected Torsion Angles (deg)

angle aETa aPRa aBUa aPEa

ω1 179.2 (2) 177.0 (2) 180.0 (2) -178.3 (2)
æ1 93.2 (4) 175.2 (2) 172.5 (2) -166.5 (2)
ν1 180.0 (2) 172.8 (2) 180.0 (2) 180.0 (2)
ν2 180.0 (2) 178.9 (2)
ν′2 178.9 (2)
ν′1 -74.6 (2) 180.0 (2) 180.0 (2)
æ′1 -93.2 (4) -94.4 (2) -172.5 (2) -166.5 (2)
ω′1 -179.2 (2) 174.4 (2) 180.0 (2) -178.3 (2)

Table 4. Hydrogen Bond Geometry for the Model
Compounds

aETa aPRa aBUa aPEa

d(H3‚‚‚O2) (Å) 1.98 2.16 2.07
d(N3‚‚‚O2) (Å) 2.82 2.91 2.91
∠(N3H3‚‚‚O2) (deg) 168 171 166
d(H3‚‚‚O′2) (Å) 2.13,a 2.13b
d(N3‚‚‚O′2) (Å) 2.88,a 2.91b
∠(N3H3‚‚‚O′2) (deg) 176,a 169b

a Hydrogen bonds established between molecules related by a
2-fold screw axis. b Hydrogen bonds established between molecules
related by an inversion center.

Figure 3. Projections of the crystalline structure of aETa onto the ab plane (a) and the bc plane (b). The unit cell is shown by
thinner lines. Hydrogen bonds are established along the a direction and are indicated by dashed lines.
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tion has not been characterized as a minimum in the
potential energy hypersurface of aETa. Thus, a geom-
etry optimization of the all-trans conformation leads to
minimum 3, which is the conformation experimentally
observed. However, its conformational energy was
computed at the HF/6-31G(d) level by holding the æ1,
ν, and æ′1 torsion angles fixed at 180.0°, while all the
other geometrical parameters were relaxed. The final
structure was less stable than 1 by 4.7 kcal/mol.
N-[(3-(Acetylamino)propylene]acetamide (aPRa).

In spite of the symmetry configuration of the aPRa
molecule, the solid-state conformation becomes asym-
metric as deduced from the different values of the æ1
and æ′1 or ν1 and ν′1 torsion angles. The propylenedi-
amine moiety takes a TTGhSh (or TTGS) folded conforma-
tion which induces a ca. 141.14° rotation between its
two N-H directions. This peculiar conformation is simi-
lar to that found in the unique acyclic propylenediamine

derivative which appears on literature. Thus, values
of -140.3°, 176.1°, 64.1°, and 87.4° for æ1, ν1, ν′1 and æ′1
torsion angles have been reported for the N,N′-trimeth-
ylenedibenzamide35 compound. These results suggest
that the TG conformation is characteristic of the ali-
phatic segment. In the same way as the butylenedia-
mide derivatives (next section) the aliphatic or aromatic
nature of the substituent attached to the amide groups
influences preferentially the æi torsion angles.
aPRa crystallizes in a P121/n1 space group with four

molecules per unit cell (Figure 5). Two of them are
related by a 2-fold screw axis, whereas the other two
are generated by an inversion center and so their torsion
angles have opposite signs. The packing is essentially
different from that of other related diamides: each
molecule is connected by hydrogen bonding to three
others. Two identical hydrogen bonds are established
with the neighboring chain related by the inversion
center symmetry, and two additional hydrogen bonds
are established with the two neighboring chains related
by the screw axis. As can be seen in Table 4, the two
kinds of hydrogen bonds are slightly different, being
more linear than the hydrogen bonds established be-
tween molecules related by helical symmetry. It is
worth noting that the packing of the N,N′-trimeth-
yldibenzamide35 related compound is quite different,
with each molecule being in this case associated with
two others through hydrogen bonding. A different
packing where each molecule is hydrogen bonded to its
four neighbors has also been described for N,N′-pen-
tamethyldibenzamide,35 N,N′-bis(â-chloroethyl)glutara-
mide,36 and N,N′-bis(â-chloroethyl)pimelamide.37
The large size of aPRa precludes a complete explora-

tion of its conformational space at the ab initio level.
Therefore, only some selected geometries were used as
starting points in geometry optimizations. The effect
of electron correlation was investigated using a compu-
tational strategy previously applied to other related size
compounds.9,38 Thus, single-point calculations at the
MP2/6-31G level were performed on the HF/6-31G(d)
optimized geometries. Then, for each conformation the
correlation contribution computed at the MP2/6-31G
level was added to the HF/6-31G(d) energy. Results are
summarized in Table 6.
The starting conformations in geometry optimizations

were the structure found forN,N′-dipropylglutaramide,9
the extended conformation, and the structure found in
the present work for aPRa, which converge to minima
7, 8, and 9, respectively. These minimum-energy con-
formations are schematically depicted in Figure 6. Note
the large conformational flexibility of the methylene
segment, which is folded in all the structures. The
lowest energy conformation corresponds to ShGGSh struc-
ture, which is very similar to the minimum 2 found for
aETa. This structure is strongly favored by an anti-
parallel stacking of the amide group and therefore

Table 5. Ab Initio Dihedral Angles (deg) and Relative Energies (kcal/mol) of aETa Minimun-Energy Conformationsa

ω1 æ1 ν1 æ′1 ω′1
∆Eb

(HF/6-31G(d))
∆Eb

(HF/6-31+G(d))
∆Eb

(MP2/6-31+G(d))

1 -175.8 -177.1 -66.2 88.8 -179.0 0.0 0.0 1.2
2 17.3 -91.1 59.8 -91.1 170.2 0.0 0.8 0.0
3 -176.8 -80.4 180.0 80.3 177.0 1.0 0.7 3.0
4 175.1 77.5 59.5 77.6 174.9 1.3 1.1 2.6
5 -171.1 -93.8 68.5 77.3 -165.1 1.9 1.7 3.1
6 174.3 153.1 177.5 92.9 179.5 4.2 4.1 6.9
a Minimun energy conformers in the HF/6-31G(d) potential energy hypersurface. b Includes ZPE and thermal corrections computed at

the HF/6-31G(d) level.

Figure 4. Minimum-energy conformations of N-[2-(acetyl-
amino)ethylene]acetamide, numbering is according to
Table 5.
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strongly stabilized by electron correlation effects. Struc-
ture 8 results from geometry optimization of the all-
trans conformation and corresponds to theGhTTGh . This
structure was 2.0 kcal/mol less stable than 7 and is
similar to the so-called γ form of nylons. Geometry
optimization of the TGGT conformation leads to 7,
indicating that such a structure is not an energy
minimum on the potential energy surface of aPRa.
Finally, minimum 9 corresponds to the conformation
found in the solid state. It is only 0.9 kcal/mol less
favored than 8. Although the all-trans conformation
was not found as a minimum, its conformational energy
was computed by keeping all the æi and νi values fixed,
while all the other geometrical parameters were relaxed.

The all-trans conformer was 1.7 kcal/mol less stable
than 9 at the HF/6-31G(d) level. These results clearly
indicate that in aPRa the methylene segment tends to
fold to adopt a conformation able to form an infinite
network of hydrogen bonds. Such a conformation in the
solid state is stabilized by cooperative effects which
overcome the intramolecular interactions found in 7.
N-[4-(Acetylamino)butylene]acetamide (aBUa).

aBUa crystallizes in a P1h space group, with the molec-
ular symmetry being characterized by an inversion
center in the middle of the polymethylene segment.
Thus, the torsion angles of the half molecules are
identical but with opposite signs. The main features of
the aBUa structure are in good agreement with the R
form of nylons. So, the resulting chain conformation is
practically all-trans and a sheet structure with a single
hydrogen bond direction can be envisaged. Hydrogen-
bonded molecules are shifted along the molecular axis
(Figure 7) in order to optimize the hydrogen bond
geometry, whereas consecutive sheets are shifted along
the hydrogen bond and in the chain axis directions in
order to improve both the van der Waals and dipole-
dipole interactions. It is worth noting the slight devia-
tion from 180° observed for the æ1 and æ′1 torsion angles,
giving support to the idea that similar deviations should
be taken into account when the structure of related
polymers, as nylons, is modeled. Similar deviations
around the extended-chain value for the polymethylene
segment have also been postulated for nylons above the
Brill transition temperature. Previous data on buty-

Figure 5. Projections of the crystalline structure of aPRa onto the ab plane (a) and the ac plane (b). Hydrogen bonds are
established along the a direction and are indicated by dashed lines. Molecules with identical conformation had been indicated
with the same kinds of bonds (white or black).

Table 6. Ab Initio Dihedral Angles (deg) and Relative Energies (kcal/mol) of aPRa Minimun Energy Conformationsa

ω1 æ1 ν1 ν′1 æ′1 ω′1
∆Eb

(HF/6-31G(d))
∆Eb

(HF/6-31G(d))+MP2

7 173.9 -121.7 51.4 51.3 -121.7 173.9 0.00 0.00
8 175.7 -82.9 179.6 179.6 -83.1 175.4 0.54 2.00
9 174.1 166.7 -179.7 -63.9 -81.0 -176.3 1.34 2.88
a Minimun energy conformers in the HF/6-31G(d) potential energy hypersurface. b Includes ZPE and thermal corrections computed at

the HF/6-31G(d) level.

Figure 6. Minimum energy conformations of N-[3-(acetyl-
amino)propylene]acetamide obtained from selected starting
conformations. Numbering is according to Table 6.
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lenediamide compounds also indicate that the æi torsion
angles are rather variable. Thus, values close to the
trans (173.41° and 169.46° for the p,p′-dimethoxy-N,N′-
tetramethylenedibenzamide39 and benzoic40 deriva-
tives), skew (119.98° for p,p′-dicyano-N,N′-tetramethyl-
enedibenzamide39), and gauche (79.76° for p,p′-di-tert-
butyl-N,N′-tetramethylenedibenzamide39) conformations
have been experimentally observed.
Calculations on the aBUa molecule show that the

conformation found for the aETa compound, which is
related to the γ form of nylons, was characterized as a
minimum (æ1 ) -æ′1 ) 86.8°, ν1 ) -ν1 ) 178.2°, and ν2
) 180.1°), but not the all-trans conformation. However,

the energy difference at the HF/6-31G(d) level between
two such conformations was only 0.7 kcal/mol, whereas
for aPRa it was 3 kcal/mol at the same computational
level.
N-[5-(Acetylamino)pentamethylene]acetamide

(aPEa). aPEa crystallizes in a Pbcb space group, and
the unit cell contains four molecules, two of which are
identical and have the parameters given in Table 3. The
other two molecules are related by glide planes and are
their mirror images. Molecular symmetry is character-
ized by a binary axis through the central carbon atom
and so both molecule halves have the same conforma-
tional angles. Hydrogen bonds with lengths and angles

Figure 7. (a) Crystal packing of aBUa. The unit cell is shown by thinner lines, while the hydrogen bonds are indicated by
dashed lines. The hydrogen bond system runs practically parallel to the a axis. (b) Perpendicular view to the amide planes of
three hydrogen-bonded molecules. Note that the molecules are shifted in the molecular axis direction in order to improve the
hydrogen bond geometry. The structure becomes very similar to the diamine moiety in the R form of nylons.

Figure 8. (a) Crystal packing of aPEa. The c axis is vertical in the figure. (b) Projection of the crystalline structure onto the ac
plane. The mirror image molecules are at different levels in the b direction. Only the amide hydrogens are indicated in both
figures.
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within the standard range are formed between mol-
ecules related by a glide plane (Figure 8). It is worth
noting that they are established along two directions
([110] and [1h10]) in a way similar to that of the new
structures proposed for nylons with two hydrogen bond
directions.23,24 A ca. 30° rotation between the CO
directions is also a conformational characteristic, and
it is due to the slight deviation from the all-trans
conformation of the æi torsion angles (-166.5°). A
similar conformation has been reported for the dicar-
bonylic unit of nylon 6,5 in order to explain the two-
directional hydrogen bond geometry.23 In both cases an
unfavorable geometry is expected for the all-trans
conformation characteristic of the R form due to the odd
number of methylenes in the diamine or diacid moieties.
The influence of the groups attached to the carbonyl
carbons is in this case manifest, since a TGTG confor-
mation has been reported for the polymethylene seg-
ment in the dibenzamide derivative.35 A projection of
the structure is shown in Figure 8b. Note that there
are two layers of molecules along the c crystal axis and
that each layer is composed of both mirror images.

Conclusions

The results presented in this paper give the confor-
mational data of the methylene segments in Ψ[NHCO]
aliphatic diamides. These data complement the previ-
ous work on the conformational preferences of the
methylene units when they are placed in the dicarbo-
nylic moiety of the related diamides. Some relevant
conclusions on the understanding of the conformational
behavior can be inferred.
The gauche conformation characteristic of the dicar-

bonylic units has not been found as a general trend in
the diamine moieties. On the contrary, a great confor-
mational variability has been observed in the solid state
for the different compounds studied. Moreover, theo-
retical calculations on isolated molecules show a great
number of minimum-energy conformations for a given
compound. The energy differences between them are
low and strongly depend on the computational level due
to the influence of electron correlation effects.
The crystal structure of the even diamides is charac-

terized by a single hydrogen bond direction. The
conformation is all-trans for the butylenediamine de-
rivative and gives a structure similar to that of the R
form of nylons. In the ethylenediamine derivative a
particular conformation (æ1 ) -æ2 ∼ 90°) is character-
istic and approaches to the γ form of nylons where skew
bonds are present.
Odd diamides are interesting due to the unfavorable

hydrogen bond geometry expected for a trans conforma-
tion. In fact, the propylenediamine derivative presents
an asymmetric folded conformation in order to improve
the hydrogen bonds. When the number of methylenes
increases, the conformation approaches the extended
one. Hence, a slight deviation from 180° (in the same
direction) produces a good hydrogen bond system for the
pentamethylenediamine derivative. Amide groups be-
come rotated, and two hydrogen bond directions result
in the crystal. Similar conformations have recently been
postulated for nylons derived from diamines and diacids
with an odd number of methylenes,13,23,24 since the
extended-chain conformation is expected to be energeti-
cally unfavored.
The computational analysis on isolated molecules pre-

dicts the solid-state conformation for the N-[2-(acetyl-

amino)ethylene]acetamide compound. For all the com-
pounds analyzed, the extended-chain conformation was
not detected as a minimum energy in the respective
potential energy hypersurface. However, their energy
approaches the minimum when the number of methyl-
ene groups increases. So, differences of relative energies
of 3.7 and 0.7 kcal/mol with respect to the minima
predicted for the derivatives with two and four meth-
ylene groups were respectively computed at the HF/
6-31G(d) level. These results are also in clear agree-
ment with the solid-state observations.
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