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Abstract: A series of three homologous dimethyldiamides Ac-(Z )-�Phe-NMe2, Ac-L-Phe-NMe2 and Ac-DL-Phe-
NMe2 have been synthesized and their structures determined from single-crystal X-ray diffraction data.
To learn more about the conformational preferences of the compounds studied, the fully relaxed φ, ψ

conformational energy maps on the free molecules of Ac-�Ala-NMe2 and Ac-(Z )-�Phe-NMe2 were obtained
with the HF/3-21G method and the calculated minima re-optimized with the DFT/B3LYP/6-31G∗∗ method.
The crystal state results have been compared with the literature data. The studied dimethyldiamide Ac-�Xaa-
NMe2 combines the double bond in positions α, β and the C-terminal tertiary amide within one molecule. As
the representative probe with �Xaa = �Ala, (Z )-�Leu and (Z )-�Phe shows, in the solid state they adopt the
conservative conformation with φ, ψ ∼ −45°, ∼130° and with a non-planar tertiary amide bond, whatever
the packing forces are. This conformation is located on the Ramachandran map in region H/F, which is of
high-energy for common amino acids, but not so readily accessible to them. The free molecule calculations
on Ac-�Ala-NMe2 and Ac-(Z )-�Phe-NMe2 reveal that, in spite of dissimilar overall conformational profiles of
these molecules, this structure is one of their low-energy conformers and for Ac-(Z )-�Phe-NMe2 it constitutes
the global minimum. So, the theoretical results corroborate those experimental results proving that this
structure is robust enough to avoid conformational distortion due to packing forces. In contrast to Ac-�Xaa-
NMe2, the saturated Ac-L/DL-Xaa-NMe2 shows the constancy of the associative patterns but do not prefer
any molecular structure in the solid state. Copyright  2003 European Peptide Society and John Wiley &
Sons, Ltd.
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INTRODUCTION

An essential point in the strategy for peptide-
targeted molecular design is the introduction of a
specialized amino acid into the elaborated molecule,
which confers local constraints on the backbone
main chain and the side chain moiety [3–5]. A type
of specialized amino acids, found in both nature and
used by researchers, are the α, β-dehydro amino
acids. Their unique α, β-double bond with the β-
substituent(s) provides some steric conformational
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constraint to the peptide backbone torsion φ, ψ

angles and also restriction of the orientation of the
amino acid side chain. This decreases considerably
the flexibility of linear peptides and fixes the side
chain χ1 angle either to the (Z ) or (E) position.
Of the unsaturated amino acids, the most com-
monly used modifier is (Z )-dehydrophenylalanine.
On the other hand, many modifications of pep-
tides and peptidomimetics are based on the ter-
tiary amide bond. The C-terminus of some bioactive
peptides can be synthetically processed to N ′, N ′-
dimethylamide [6]. The tertiary amides constitute a
unit of N-methyl peptides that have been known for
a long time [7–13] and are the basic unit of peptoid
peptidomimetics, a relatively new class of potential
pharmacological tools and drugs [14]. For simplicity
of structural investigation, the tertiary amide can be
modelled by the N ′, N ′-dimethylamide group.

We synthesized Ac-(Z )-�Phe-NMe2, which com-
bines the (Z )-dehydrophenylalanine residue and the
N ′, N ′-dimethylamide grouping within one molecule,
and studied its conformational properties in the
solid state by X-ray diffraction and in the gas phase
by HF and DFT calculations. For structural com-
parisons, Ac-L-Phe-NMe2 and Ac-DL-Phe-NMe2 have
been synthesized and their crystal structures solved
and free molecule calculations performed on Ac-
�Ala-NMe2 of known crystal structure [1].

MATERIALS AND METHODS

General Synthetic Procedures

Ac-DL-Phe was obtained according to [15] and Ac-
(Z )-�-Phe according to [16]. The reaction progress
was monitored and the homogeneity of the products
roughly checked on silica gel plates (TLC aluminium
sheets, silica gel 60; Merck 105553) in the sol-
vent systems (v/v): CHCl3/dioxane/MeOH/NH4OH
concd. (12 : 5 : 4 : 1); CHCl3/Py/AcOH (21 : 2 : 1);
CHCl3/Py/AcOH (120 : 6 : 5); CHCl3/MeOH/ AcOH
(190 : 15 : 6); CHCl3/MeOH (5 : 1). Spots were visu-
alized with chlorine-tolidine reagent for saturated
compounds and with fluorescein-bromine for dehy-
drophenylalanine derivatives. The solvents from the
reaction mixtures and from the fractions after col-
umn chromatography were removed in vacuo on a
rotary evaporator at a bath temperature not exceed-
ing 30 °C. Melting points were determined using
a DSC-2010 calorimeter (Thermal Analysis Instru-
ments) under nitrogen in a closed copper vessel

with a heating rate of 10 °C·min−1. HPLC was per-
formed on a Beckman ‘System Gold’ chromatograph
consisting of a Model 126 programmable module, a
Model 168 diode array detector (working at 210 nm)
and a Model 210A injection. An Alltech Alltima, C18,
5 µm, 150 × 4.6 mm reversed-phase column and
0.1% TFA/acetonitrile (80 : 20) as a mobile phase
were used. 1H NMR spectra were recorded on a
spectrometer Tesla BS 567 (100 MHz) in CDCl3 with
internal tetramethylsilane standard.

Ac-(Z)-�Phe-NMe2

Isobutyl chlorocarbonate (0.65 ml, 5 mmol) was
added dropwise to a stirred and cooled (−15 °C)
solution of Ac-(Z )-�Phe (1.03 g, 5 mmol) and N-
methylmorpholine (0.55 ml, 5 mmol) in dimethyl
formamide (8 ml) and tetrahydrofuran (2 ml). After
15 min, this was followed by a 5 M solution
of dimethylamine (15 mmol) in tetrahydrofuran
(3.0 ml). Stirring was continued at −15 °C for 1 h and
at 20 °C overnight. The solvents were evaporated.
The residue was dissolved in ethyl acetate (50 ml)
and extracted with saturated NaHCO3 (10 ml), 5%
HCl (3 × 10 ml) and brine (3 × 10 ml). Ethyl acetate
was evaporated and the residue crystallized from
ethyl acetate/n-hexane. Yield: 0.72 g (62%). Mp
154.89 °C; HPLC: tR = 10.23 min, 99.2% purity.
NMR δ: 2.1 (s, 3H, Ac), 3.0, 3.1 (2s, 6H, NMe2),
5.7 (s, 1H, Cβ H), 7.4 (m, 5H, Ph), 9.0 (s, 1H, NH).
Analysis for C13H16N2O2 Calcd. C 67.21, H 6.94, N
12.06 Found C 67.18, H 6.89, N 12.11.

Ac-L-Phe-NMe2

Isobutyl chlorocarbonate (0.65 ml, 5 mmol) was
added dropwise to a stirred and cooled
(−15 °C) solution of Z-Phe (1.50 g, 5 mmol)
and N-methylmorpholine (1.10 ml, 10 mmol) in
tetrahydrofuran (7 ml). After 15 min, this was
followed by a 5 M solution of dimethylamine
(15 mmol) in tetrahydrofuran (3 ml). Stirring was
continued at −15 °C for 2 h and then at 7 °C
for 2 h. The solvent was evaporated, the residue
dissolved in ethyl acetate (20 ml) and extracted with
water (2 × 5 ml), saturated NaHCO3 (5× 5 ml), water
(2 × 5 ml), 10% HCl (5 ml) and water (2 × 5 ml).
Ethyl acetate was evaporated and the residue
dissolved in methanol (10 ml). Water (2 ml) and
Pd/C (300 mg) were added, hydrogen was bubbled
for 60 min and the catalyst was filtered off. The
solvents were evaporated and the residue was
dissolved in chloroform (15 ml), cooled to −15 °C
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and triethylamine (0.7 ml, 5 mmol) and acetyl
chloride (0.35 ml, 5 mmol) were added dropwise
under stirring. Stirring was continued at −15 °C for
1 h and chloroform evaporated. The white powder
was dissolved in water (15 ml), applied to a Dowex
2 × 8 column in OH− form (11.5 mmol) and eluted
with water. Appropriate evaporated fractions (0.85 g)
were dissolved in ethyl acetate (5 ml) and n-hexane
(2 ml) was added. The resulting precipitate was
filtered off and discarded. Ethyl acetate (1 ml)
was added to the filtrate and the product was
precipitated with n-hexane. Yield: 0.55 g (47%).
Mp 118.74 °C; [α]24.3

D = 55.04 ± 0.04°(c 1, water) (a
polarimeter Jasco DIP-1000); HPLC: tR = 10.8 min,
99.6% purity. NMR δ: 2.0 (s, 3H, Ac), 2.7, 2.9 (2s,
6H, NMe2), 3.0 (d, 2H, CH2), 5.2 (m, 1H, CαH), 6.9 (s,
1H, NH), 7.1 (m, 5H, Ph). Analysis for C13H18N2O2

Calcd. C 66.64, H 7.74, N 11.96 Found C 66.52, H
7.84, N 12.08.

Ac-DL-Phe-NMe2

Isobutyl chlorocarbonate (1.3 ml, 10 mmol) was
added dropwise to a stirred and cooled (−15 °C)
solution of Ac-DL-Phe (2.07 g, 10 mmol) and N-
methylmorpholine (1.1 ml, 10 mmol) in tetrahydro-
furan (10 ml). After 15 min, this was followed by a
5 M solution of dimethylamine (30 mmol) in tetrahy-
drofuran (6 ml). Stirring was continued at −15 °C

for 2 h and at −5 °C for 2 h, the solvent was
evaporated, the residue dissolved in water (10 ml),
applied to a Dowex 2 × 8 column in OH− form
(20 mmol) and eluted with water. The appropriate
evaporated fractions were crystallized from ethyl
acetate (10 ml)/n-hexane. Yield: 1.14 g (49%). Mp.
100.55 °C (lit. [17] mp 99° –100 °C); HPLC: tR = 10.8
min, 100.0% purity. NMR: as for L-compound. Anal-
ysis for C13H18N2O2 Calcd. C 66.64, H 7.74, N 11.96
Found C 66.73, H 7.51, N 11.67.

X-Ray Crystal Analysis

Data collection for single crystals was carried out at
room temperature on a four circle KM4 diffractome-
ter using CuKα radiation (λ = 1.54178 Å). Reflec-
tions were collected up to θmax = 80°, and corrected
for Lorentz and polarization effects. Crystal struc-
tures were solved by direct methods [18] and refined
by full-matrix least-squares on F2 using the program
SHELXL-97 [19]. H-atoms were positioned initially
on difference maps, and a ‘riding model’ was applied
during the refinement. The non-hydrogen atoms
were refined with anisotropic displacement parame-
ters. The crystallographic data and structure refine-
ments for three sample compounds are collected
in Table 1. Further details of the crystal structures
reported in this paper have been deposited at the
Cambridge Crystallographic Data Centre. Copies of

Table 1 Crystallographic Data and Structure Refinement Parameters for Ac-(Z )-�Phe-NMe2, Ac-L-
Phe-NMe2 and Ac-DL-Phe-NMe2

Ac-(Z)-�Phe-NMe2 Ac-L-Phe-NMe2 Ac-DL-Phe-NMe2

Crystal system Triclinic Orthorhombic Triclinic
Space group P1 P212121 P1
Z 2 4 2
Cell dimensions
a (Å) 8.354(2) 9.356(2) 7.589(2)
b (Å) 9.144(2) 9.441(2) 9.622(2)
c (Å) 9.423(1) 15.128(3) 10.643(2)
α (°) 67.11(3) 65.83(3)
β (°) 81.94(3) 70.64(3)
γ (°) 74.81(3) 70.00(3)
Calculated density (g·cm−3) 1.207 1.165 1.198
Volume (Å3) 639.4(2) 1336.3(5) 649.4(2)
Number of independent reflections [R(int)] 2232 [0.090] 1636 2701 [0.076]
Absorption coefficient [Cu Kα] (mm−1) 0.667 0.639 0.657
Extinction coefficient 0.019(3) 0.018(3) 0.17(2)
Final R indices [I > 2σ(I)] R1 = 0.0750 R1 = 0.0571 R1 = 0.0708

wR2 = 0.1529 wR2 = 0.1571 wR2 = 0.1905
Residual electron density max; min (e Å−3) 0.29; −0.18 0.21; −0.19 0.31; −0.24
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the data can be obtained free of charge on applica-
tion to the Director, CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK (fax: +44-(0) 1223-336033 or
e-mail: deposit@chemcryst.cam.ac.uk) and on quot-
ing the full journal citation.

Computational Procedures

Fully relaxed (φ,ψ) conformational energy maps
for the free Ac-�Ala-NMe2 and Ac-(Z )-�Phe-NMe2

molecules were performed with the HF/3-21G
method on a grid of points with 15° and 30° spacing,
respectively. The HF optimized conformers served
as starting structures for full re-optimization of all
degrees of freedom at the DFT level with the B3LYP
hybrid functional [20] and the 6-31G∗∗ basis set. All
calculations were carried out using the Gaussian 98
package [21]. Their detailed results can be obtained
on request from the corresponding author.

RESULTS

Molecular and Crystal Structure

The bond lengths and angles of the three sample
compounds, involving the sp2 Cα/Cβ atoms, are as
expected for common amino acid derivatives [22]
including Ac-Xaa-NMe2 [1]. For the �Phe moiety,
they agree with the average bond lengths and angles
given for this residue [23]. Figure 1 depicts the
stereo views and Table 2 lists the values of torsion
angles of these molecules. The torsion angles φ, ψ

defining the peptide main chain and the torsion
angle χ2 defining the orientation of the phenyl plane
were φ, ψ, χ2 = −49.5°, 132.6°, −26.4° for Ac-(Z )-
�Phe-NMe2; φ, ψ, χ2 = −99.3°, 148.5°, 94.1° for
L-compound, and φ, ψ, χ2 = −80.7°, 156.8°, 107.9°

for the DL-species. All secondary amides are trans
and the orientation of two carbonyl groups within
each molecule is cisoid. Figure 2 shows the fit of all
three molecules through the C1-C2-N2 fragment.
As seen, the C-termini, with its main feature
the dimethylamide, essentially assumes a similar
conformation. Angles ψ differ by not more than 24°.
However, the conformation of the N-termini and
phenyl ring position can vary significantly. While
the differences in angles φ, and χ2 between the L

and DL structures do not exceed 20°, these angles
are strongly affected by the α, β-double bond and
the difference between the L/DL- and �-compound
reaches ∼50° for angle φ and up to ∼130° for
angle χ2. The dimethylamide group out-of-plane

Ac-DL-Phe-NMe2

Ac-L-Phe-NMe2

Ac-(Z)-∆Phe-NMe2

Figure 1 Stereo drawing of the X-ray diffraction struc-
ture of Ac-(Z)-�Phe-NMe2, Ac-L-Phe-NMe2 and Ac-DL-Phe-
NMe2.

parameters [14,24,25] indicate a higher degree of
non-planarity within the �-molecule than within
the L/DL-species.

Figure 3 depicts the characteristic fragments of
crystal packing in the investigated compounds.
The main driving force for their association is the
NH. . .O C hydrogen bonding. Both Ac-�Phe-NMe2

and Ac-DL-Phe-NMe2 molecules form centrosymmet-
ric dimers with the N2H. . .O1 C hydrogen bonds.
Ac-L-Phe-NMe2 molecules bind in infinite chains by
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Table 2 Selected Geometric Parameters for Ac-(Z )-�Phe-NMe2, Ac-L-Phe-NMe2 and Ac-
DL-Phe-NMe2

Ac-(Z )-�Phe-NMe2 Ac-L-Phe-NMe2 Ac-DL-Phe-NMe2

Torsion angles (°)
� C(3)-N(2)-C(2)-C(1) −49.5(6) −99.3(6) −80.7(4)
1 N(1)-C(1)-C(2)-N(2) 132.6(5) 148.5(5) 156.8(3)
2 O(1)-C(1)-C(2)-N(2) −50.6(7) −34.9(8) −26.1(4)
3 O(1)-C(1)-C(2)-C(21) 119.0(6) 86.0(7) 95.4(4)
4 N(1)-C(1)-C(2)-C(21) −57.9(7) −90.6(6) −81.7(4)
ω1 C(2)-N(2)-C(3)-C(31) 173.0(4) 177.9(5) 178.7(3)
ω2

1 C(12)-N(1)-C(1)-C(2) 173.0(4) 176.3(7) 176.1(3)
ω2

2 O(1)-C(1)-N(1)-C(11) 168.3(5) −176.6(7) 179.0(3)
ω2

3 O(1)-C(1)-N(1)-C(12) −3.8(7) −0.2(10) −1.1(5)
ω2

4 C(11)-N(1)-C(1)-C(2) −14.9(7) 0.0(10) −3.8(5)
χ1 C(1p)-C(21)-C(2)-N(2) −8.4(9) −63.2(6) −69.5(4)
χ2 C(2p)-C(1p)-C(21)-C(2) −26.4(9) 94.1(6) 107.9(4)

Out-of-plane parameters of the tertiary amides (°)
χC −3.2 −3.5 −2.8
χN −7.9 3.6 0.1
τ 170.7 179.9 177.6

the N2H . . .O2 = C hydrogen bond, leaving the ter-
tiary amide free from strong interaction. In addition,
the molecules in each of three crystals are joined by
numerous C–H. . .O C intermolecular contacts [26]
involving both carbonyl groups (Table 3).

*

*
*

L

∆
DL

Figure 2 Three-point fit of three phenylalanine skeletons
through the C1-C2-N2 fragment.

Theoretical Conformational Analysis

Figure 4A and 4B show the HF/3-21G energy maps
in vacuo, in the φ, ψ torsion space for Ac-�Ala-NMe2

and Ac-(Z )-�Phe-NMe2, respectively, with the HF/3-
21G and DFT/B3LYP/6-31G∗∗ re-optimized minima.
For clarity, the maps have been confined to the level
of 7.0 kcal·mol−1. This cut-off was assumed on the
basis that 5.0 kcal·mol−1 is the limit between the
allowed and disallowed regions of the Ramachan-
dran map [27], plus 2.0 kcal·mol−1 as the maximum
uncertainty in ab initio energy calculations at vari-
ous levels [28], including our calculations (Table 4).
Table 4 lists the selected conformational parameters
of the above two molecules in the solid state and in
all their energy-minimized conformers.

The conformational map of Ac-�Ala-NMe2

(Figure 4A) shows three minima and their mirror
image with respect to inversion through the
(0°, 0°) origin. The fully extended H-bonded C5

conformer, φ,ψ = −179°, 154°, constitutes the
global, deep minimum. The second-lowest minimum
at φ,ψ = −37°, 124° is in region H of the
Ramachandran diagram [27]. This region is of high-
energy for common amino acids. The third minimum
represents the other extended, but open structure
D at φ,ψ = −178°, 41°. The conformational map
of Ac-(Z )-�Phe-NMe2 (Figure 4B) has four minima
plus their mirror image. The global minimum,
φ,ψ = −37°, 126°, is located in the area of the clearly
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Ac-(Z)-∆Phe-NMe2

Ac-L-Phe-NMe2

Ac-DL-Phe-NMe2

Figure 3 Association of molecules in the crystal structure.
Hydrogen bonds are marked by dashed lines.

distinct topology, in region H of the Ramachandran
diagram. The second-lowest minimum, φ,ψ =
−130°, 148°, with a small magnitude of separation
of only 1.1 kcal mol−1, lies in the region of C5

conformers (region E). The remaining minima are
positioned as follows: in the upper-right quarter of
the map, in region E∗ at φ, ψ = 126°, 157° and in
region D at φ,ψ = −114°, 44°. In all conformers,
the angle χ2, is relatively small, does not exceed
the value |34°|, indicating a π-coupling tendency
between the phenyl ring and the Cα Cβ bond.
The tertiary amide of both molecules in all their
conformers displays a significant non-planarity.

DISCUSSION

Folding Ac-(Z )-�Phe-NMe2 in the solid state, φ, ψ =
−49.5°, 132.6°, very much resembles the known
solid state conformers of two other dehydro
dimethylamides Ac-�Ala-NMe2 [1] and Ac-(Z )-�Leu-
NMe2 [29] as well as that of the only α, β-dehydro ter-
tiary dipeptide [30] (Table 5). The respective angles
φ, ψ, χ1 are strikingly similar and do not depend
on intermolecular contacts. All these structures
show some non-planarity [31] of the C-terminal
amide bond and are located in the high-energy
region H/F of the Ramachandran map for common
amino acids [27]. The free molecule calculations on
Ac-�Ala-NMe2 and Ac-(Z )-�Phe-NMe2, among the
low-energy minima, found one close to its crystal
conformer. This minimum with the identical back-
bone torsion angles for both molecules, φ,ψ = −37°,
125 ± 1° is positioned in region H of the Ramachan-
dran plot, and has the strongly deformed C-terminal
amide bond, in both cases identical (Table 4). The
distortion results from the steric repulsion between
the hydrogen atom in the β-position and that of the
N ′-methyl group. However, in the solid state, the
out-of-plane parameters of the amide, especially χN

defining the pyramidalization of the nitrogen atom
are, as usual [14], reduced with respect to the theo-
retical values.

As is visible from the energy maps (Figure 4) there
are essential differences in the overall conforma-
tional profile of the Ac-�Ala-NMe2 and Ac-(Z )-�Phe-
NMe2 molecules. For Ac-�Ala-NMe2, a significant
area of the φ,ψ space is not available. This avail-
able space encompasses flat or quite flat conformers
along and around the φ = ±180°, including those in
the region of φ = 180° ± 25° and ψ = 0 ± 50°, which
is disallowed for common amino acids [27,32–35].
On the contrary, the Ac-(Z )-�Phe-NMe2 molecule
experiences a great conformational freedom and
can accommodate a variety of structures, among
others, those which are accessible only to D-
amino acids [35], and those which the phenylalanine
residue attains only exceptionally [34]. Despite these
differences the localization of the energetic minima
and the crystal structures of Ac-�Ala-NMe2 and Ac-
�Pne-NMe2 are similar.

The above differences in overall conformational
profiles and similarities in particular conforma-
tional minima between Ac-�Ala-NMe2 and Ac-
�Phe-NMe2 can be explained by the influence of
the Cα Cβ double bond, which when introduced
into an α-amino acid diamide aims at a π-cross-
conjugated system [36,37]. This becomes the main
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Table 3 Hydrogen-Bond Geometry and Contacts with C. . .O less than 3.60 Åa

for Ac-(Z )-�Phe-NMe2, Ac-L-Phe-NMe2 and Ac-DL-Phe-NMe2

D· · ·A (Å) D-H (Å) H· · ·A (Å) � DHA (°)

Ac-(Z ) − �Phe-NMe2

N2–H...O1[2−x;1−y;1−z] 2.902(5) 1.02 1.92 159
C12–H...O1[2−x;2−y;1−z] 3.397(7) 0.96 2.74 126
C31–H...O1[2−x;1−y;1−z] 3.496(7) 0.96 2.68 143
C5p–H...O1[x;y−1;z+1] 3.452(7) 0.93 2.69 140
C12–H...O2[1−x;2−y;1−z] 3.455(7) 0.96 2.50 172

Ac-L-Phe-NMe2

N2–H...O2[x+0.5;0.5−y;1−z] 2.948(8) 0.86 2.11 165
C11–H...O1[1−x;0.5+y;0.5−z] 3.271(9) 0.96 2.81 111
C12–H...O1[1−x;0.5+y;0.5−z] 3.347(10) 0.96 2.89 111
C31–H...O2[x+0.5;0.5−y;1−z] 3.285(7) 0.96 2.41 152
C4p–H...O2[0.5−x;1−y;0.5+z] 3.551(9) 0.93 2.64 168

Ac-DL-Phe-NMe2

N2–H...O1[-x; 1-y; 2-z] 2.892(4) 0.86 2.05 167
C11–H...O2[-x; 2-y; 2-z] 3.223(5) 0.96 2.81 107
C31–H...O2[1-x; 1-y; 2-z] 3.481(5) 0.96 2.54 165
C31–H...O1[-x; 1-y; 2-z] 3.573(5) 0.96 2.75 144
C21–H...O2[x-1; y; z] 3.484(4) 0.97 3.02 111
C6p–H...O2[-x; 2-y; 2-z] 3.327(5) 0.93 2.43 161

a This cut-off has been assumed on the basis of the average value of 3.6 Å for the C-H...O
interactions in the crystal structures of dimethylformamide dimers [26].

Table 4 Selected Conformational Parameters of the Ac-�Ala-NMe2 and Ac-(Z )-�Phe-NMe2 Molecules in the
Solid State and in all their Energy-Minimized Conformers

Compound/Method Conformera Energy (kcal·mol−1) φ ψ χ2 χC χN τ

Ac-�Ala-NMe2

X-ray H/F — −42.4 127.2 — −5.5 −11.0 171.6
B3LYP/6 − 31**G E 0.0 179.0 153.9 — −2.1 −16.7 164.0

H 4.2 −37.3 123.8 — −6.6 −26.2 168.0
D 4.8 −178.3 40.7 — 3.9 31.9 −160.1

HF/3-21G E 0.0 −179.4 157.2 — −1.5 −15.5 160.8
D 3.4 −178.5 30.4 — 3.5 36.1 −150.7
F 5.7 −44.1 130.1 — −5.1 −26.8 162.4

Ac-(Z ) − �Phe-NMe2

X-ray F — −49.5 132.6 −26.4 −3.2 −7.9 170.7
B3LYP/6-31∗∗G H 0.0 −37.1 126.4 −29.7 −6.4 −26.2 167.6

E 1.1 −130.4 148.0 16.5 −2.5 −17.8 163.8
E∗ 3.1 126.4 157.0 −19.6 −1.3 −22.3 160.3
D 4.8 −114.7 44.4 −33.7 3.4 20.6 −164.1

HF/3-21G H/F 0.0 −43.3 132.2 −43.1 −4.9 −27.9 161.1
D 0.6 −111.2 34.1 −56.3 2.0 16.4 −161.3
H∗ 1.4 39.8 43.3 50.8 −3.5 3.3 −165.3
E 2.7 −129.1 149.4 31.7 −2.3 −18.1 160.2
E∗ 5.6 120.0 158.0 −28.0 −0.9 −22.5 155.7

a The conformers are labelled according to the name of the Ramachandran map regions [27].
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Figure 4 The energy maps of A) Ac-�Ala-NMe2 (15°

spacing) and B) Ac-(Z)-�Phe-NMe2 (30° spacing) in the φ,
ψ space in vacuo at the ab initio HF/3-21G level of theory.
The isopotential lines are spaced by 1 kcal·mol−1. + Crystal
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driving force for the conformational behaviour of
the α, β-dehydroamino acid diamides and is most
clearly seen for dehydroalanine, which deprived of
any β-substituent is capable of realising the π-
cross-conjugation most fully. For dehydroalanine
dimethyldiamide, the planar E conformer is the

global minimum. This conformer has the internal C5

hydrogen bond and significantly π-conjugated sys-
tem [1]. Therefore it constitutes the deep minimum
and the consecutive minima H and D, in which
some π-conjugation is expected [36,37], are much
richer in energy. The molecule has a determined
tendency to reside in this most π-conjugated state
and a significant area of conformational space is not
accessible for it. Within the dehydrophenylalanine
dimethyldiamide, the phenyl ring provides a steric
constraint on the backbone torsion angle φ and
repulsive electrostatic interaction at the carbonyl
oxygen of the acetyl group (Figure 5), which prevents
the molecule from assuming this fully extended con-
formation at its N-terminus, as adopted by the dehy-
droalanine counterpart. This along with another
constraint, provided by the dimethylamide group
on the backbone torsion angle ψ, causes the struc-
ture E of Ac-(Z )-�Phe-NMe2 to be strongly warped,
weakly H-bonded and with a small extent of π-
conjugation [37]. As a result, the other π-conjugated
conformer is that with the lowest energy. This is
conformer H, in which the amide hydrogen is appro-
priately oriented and at the right distance to the
nearest aromatic C atom (Figure 5), so a weak
attractive interaction NH· · · π between it and the
π-face of the phenyl ring can occur [38,39]. Various
weakly π-conjugated and energetically similar states
are possible for this free molecule and it can occupy
a large part of the conformational space.

The solvation by H-bond forming solvents [40,41]
or the packing in crystal [41] stabilizes preferen-
tially, sometimes by more than 3 kcal·mol−1, the
open structures that are energetically unfavourable
in the gas phase. This is expected in view of the
greater potential for intermolecular hydrogen bond-
ing possessed by these structures. Both Ac-�Ala-
NMe2 and Ac-(Z )-�Phe-NMe2 are proton-deficient,
each molecule contains only one N–H-bond. Of the
open conformers of these compounds, conformer H
only has this H-bond donor most exposed on the
outside of the molecule. Hence this conformation
forms the crystal phase.

Passing to the structural properties of the sam-
ple saturated analogues we find them to be in
line with other compounds in the series of L/DL

dimethylamides. The solid state conformer of Ac-
L-Phe-NMe2, φ,ψ = −99.3°, 148.5°, differs from that
of Ac-(Z )-�Phe-NMe2. It also differs from those of
other known acetyl-L-amino acid dimethylamides
(Table 5 in [1]). Its angles φ,ψ are halfway between
the angles of Ac-L-Ala-NMe2 and Ac-L-Met-NMe2, and
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Table 5 Selected Solid State Conformational Parameters and Molecular Association Patterns for Ac-�Xaa-NR2

Compound φ ψ χ1 χ2 χC χN τ Association
pattern

Ref.

Ac-�Ala-NMe2 −42.4 127.2 0.0 — −5.5 −11.0 171.6 Chain: N- to
C-terminus

[1]

Ac-(Z)-�Leu-NMe2 −42.2 127.3 −3.2 109.4 −4.9 −14.7 171.3 Centrosymmetric
dimer

[29]

Ac-(Z)-�Phe-NMe2 −49.5 132.6 −8.4 −26.4 −3.2 −7.9 170.7 Centrosymmetric
dimer

this work

Ac-(Z)-�Phe-Pro 1/2 H2O −56.8 148.7 −7.0 −39.8 −1.9 −6.8 174.6 Dimer around 2-fold
axis

[30]
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Figure 5 The E and H conformers of the Ac-(Z)-�Phe-NMe2

molecule obtained with the DFT/B3LYP/6-31∗∗G method.

far away from the angles of Ac-L-Val-NMe2. The con-
formation of the molecule of L-configuration in the
crystal of Ac-DL-Ala-NMe2 or Ac-DL-Phe-NMe2 is very
similar to that in the crystal of Ac-L-Ala-NMe2 or
Ac-L-Phe-NMe2, respectively, whereas in the pair of
analogous L/DL-Val compounds, there is no likeness.
So, in contrast to the conservative conformation of
the unsaturated amides Ac-�Xaa-NMe2, which is
independent of packing forces, the molecular con-
formations of the saturated Ac-L/DL-Xaa-NMe2 are
various, no regular resemblance can be found, and
additionally they can be strongly affected by the
packing mode.

Ac-(Z )-�Phe-NMe2 and Ac-DL-Phe-NMe2 associate
in the form of a centrosymmetric dimer with hydro-
gen bonding, which is characteristic of Ac-(Z )-�Leu-
NMe2 and typical of other Ac-DL-Xaa-NMe2, where
Xaa = Leu, Tle, Val (Table 5 in [1]). Ac-L-Phe-NMe2

associates in infinite chains, the N-terminus to the
N-terminus by the hydrogen bond, which is typical
of Ac-L-Xaa-NMe2 molecules, where X = Ala, Met,
Val. In contrast to the lack of one conformational
pattern, we see the constant associative pattern in
the analysed saturated compounds. Only the �Ala
and DL-Ala dimethylamides, with the shortest side
chain, atypically form infinite catemers [1].

CONCLUSION

The studied diamides Ac-�Xaa-NMe2 combine the
double bond in positions α, β and the C-terminal
tertiary amide within one molecule. As the repre-
sentative probe with �Xaa = �Ala [1], (Z )-�Leu [29]
and (Z )-�Phe (this work) shows, in the solid state
they adopt the conservative conformation with
φ,ψ ∼ −45°, ∼130° and with a non-planar tertiary
amide bond, whatever the packing forces are. This
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conformation is located on the Ramachandran map
in region H/F, which is of high-energy for com-
mon amino acids, but not so readily accessible to
them. The ab initio free molecule calculations on
Ac-�Ala-NMe2 and Ac-(Z )-�Phe-NMe2 reveal, that
in spite of the dissimilar overall conformational pro-
files of these molecules, this structure is one of their
low-energy conformers and for Ac-(Z )-�Phe-NMe2 it
constitutes the global minimum. So, the theoretical
results corroborate the experimental results prov-
ing that this structure is robust enough to avoid
conformational distortion due to packing forces. In
contrast to Ac-�Xaa-NMe2, the saturated Ac-L/DL-
Xaa-NMe2 shows the constancy of the associative
patterns but does not prefer any molecular structure
in the solid state.
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