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The conformational properties of
o,3-dehydroamino acids with a C-terminal
ester group

Dawid Siodtak,* Justyna Grondys and Matgorzata A. Broda

o,-Dehydroamino acid esters occur in nature. To investigate their conformational properties, a systematic theoretical analysis
was performed on the model molecules Ac-AXaa-OMe [AXaa = AAla, (E)-AAbu, (Z)-AAbu, AVal] at the B3LYP/6-311++G(d,p)
level in the gas phase as well as in chloroform and water solutions with the self-consistent reaction field-polarisable continuum
model method. The Fourier transform IR spectra in CCl; and CHCIl; have been analysed as well as the analogous solid state
conformations drawn from The Cambridge Structural Database. The AAla residue has a considerable tendency to adopt planar
conformations C5 (¢, ¥ ~ —180°, 180°) and 82 (¢, ¥ ~ —180°, 0°), regardless of the environment. The AVal residue prefers
the conformation 82 (¢, ¥ ~ —120°, 0°) in a low polar environment, but the conformations « (¢, ¥ ~ —55°,35°) and 8 (¢,
¥ ~ —55°, 145°) when the polarity increases. The AAbu residues reveal intermediate properties, but their conformational
dispositions depend on configuration of the side chain of residue: (E)-AAbu is similar to AAla, whereas (Z)-AAbu to AVal.
Results indicate that the low-energy conformation B2 is the characteristic feature of dehydroamino acid esters. The studied
molecules constitute conformational patterns for dehydroamino acid esters with various side chain substituents in either or

both Z and E positions. Copyright (©) 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

«,B-Dehydroamino acids with a C-terminal ester linkage are
present in naturally occurring peptides. Dehydroalanine methyl
ester is present in siomycins and thiopeptins, highly modified
sulfur-containing macrocyclic peptides. These thiopeptide an-
tibiotics largely inhibit the growth of Gram-positive bacteria
[1]. Dehydroalanine with a thioester group is present in anti-
tumor cyclic depsipeptide BE22179 [2]. (2)-Dehydrotyrosine with
C-terminal ester bond was found in bicyclodecadepsipeptide an-
tibiotic dityromycin [3]. All these peptides are produced by bacteria
of the genus Streptomyces. Cyrmenins, isolated from myxobacteria
strains Archangium gephyra and Cystobacter armeniaca are N-
acyldipeptides containing 3-O-methyl-(Z)-dehydroserine methyl
ester. They reveal promising antifungal activity and exhibit an
exceptionally low toxicity for animal cell cultures [4]. An interest-
ing example is phomalide, a selective phytotoxin produced by
the fungus Leptosphaeria maculans, responsible for leaf spot and
stem cankers (blackleg), one of the most damaging diseases of
oilseed Brassicas, particularly canola [5-10]. Phomalide is a cyclic
pentadepsipeptide containing an unusual (E)-dehydrobutyrine
residue with C-terminal ester linkage (Figure 1). Interestingly,
isophomalide containing (Z2)-dehydrobutyrine residue reveals no
activity, whereas the saturated analogue, dihydrophomalide,
causes chlorotic lesions on brown mustard but not on canola
[9,10]. These results indicate that not only the presence of
the dehydroamino acid residue but also its proper geometric
isomer is crucial for selective phytotoxicity. Although, there is
no data-concerning conformations adopted by the molecules
of phomalide and isophomalide, the example rises the prob-
lem of the conformational properties of the Z/E isomers of
«,B-dehydroamino acids and an influence they would have on

conformations of constituted molecules. Dehydrobutyrine is the
simplest dehydroamino acid which reveals the isomerisation Z/E
of the side chain, and thus it is convenient residue to investigate
this phenomenon. Additionally, the introduction of an ester in-
stead of amide group within «,8-dehydroamino acid residue can
potentially create a new structural unit having specific properties
that have not been studied so far. In this article, we report on the
first studies of the conformational properties of o, 8-dehydroamino
acids esters.

Experimental Methods
Theoretical Calculation

The conformational properties of «,8-dehydroamino acids were
studied on the basis of the following molecules of N-acetyl-«,8-
dehydroamino acid methyl esters: Ac-AAla-OMe, Ac-(E)-AAbu-
OMe, Ac-(2)-AAbu-OMe, and Ac-AVal-OMe (Figure 2) using the
Gaussian 09 package [11]. Calculations were performed on the
trans-amide bonds (wg, w1 ~ 180°). The ¢, ¥ potential energy
surfaces of the studied molecules were created on the basis of
84 points calculated at the B3LYP/6-311++G** level of theory. In
each of these structures, the geometrical parameters were fully
relaxed, except for the constrained torsion angles ¢ and . The
30° increment was applied for the ¢, ¥ main chain dihedral angles,
within the range —180° to 150° for the torsion angles ¢ and within
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Figure 1. The structure of naturally occurring phomalide and
izophomalide-containing dehydrobutyrine with an ester group.
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Figure 2. General formula of the model compounds containing the
residues studied in this work.

the range 0°-180° for the torsion angles . Due to the achiral
a-carbon, inversion through the centre of symmetry (¢, v = 0°,
0°) yields equivalent structures [i.e. (¢, ¥) — (—¢, —)]; therefore
full (¢, ¥) potential energy surface maps were able to be obtained
in this way. The energy surfaces were obtained using the Surfer
8 program with the radial basis function as a gridding method
(Golden Software, Inc. 2002, Golden, Colorado, USA). To estimate
the effects of environment (chloroform and water) on the shapes
of the energy surfaces, the calculations were conducted in each
grid point using a self-consistent reaction field model, with the
geometrical parameters fully relaxed, except for the constrained
torsion angles ¢ and . The polarisable continuum model (PCM)
was chosen [12,13]. The possible energy minima of every low-
energy region of the potential energy surfaces were checked
by full geometry optimisation of the selected structures at the
B3LYP/6-3114++4G** levelinvacuo as well as in the chloroform-and
water-mimicking environment using the PCM model. Frequency
analyses were carried out to verify the nature of the minimum
state of all the stationary points obtained and to calculate the
zero-point vibrational energies.

The notations applied in literature for conformations were
invented for standard amino acids. None fits dehydroamino acids,
which usually adopt the values of the main chain torsion angles
¢ and v close to borderline of the conformational regions of
standard analogues. Therefore, some conformers have not been
labelled strictly according to the nomenclature to avoid confusion.

Three common nomenclatures for diamide models were applied
in the tables [14] in order to provide better understanding and for
the convenience of the readers.

Synthesis

Ac-(Z2)-AAbu-OMe, Ac-(E)-AAbu-OMe, and Ac-AVal-OMe were
obtained according to the Schollkopf and Meyer method [15]. Ac-
AAla-OH was obtained according to Ref. 16. The reaction progress
was monitored and the homogeneity of products roughly checked
onsilica gel plates (Kieselgel 60 F254, Merck, Darmstadt, Germany).
Melting points were determined by differential scanning calorime-
try (DSC 2010, TA Instruments, New Castle, Delaware, USA). HPLC
was performed on a Beckman ‘System Gold’ chromatograph.

Ac-AVal-OMe

Purified by crystallisation from ethyl acetate. Crystal was obtained
by the slow evaporation of diethyl ether at a low temperature
(~5 °C). Purity 100% (HPLC). Melting point 85.84 °C. "H NMR §6.70
(TH, s), 3.75 3H, s), 2.17 (3H, s), 2.09 (3H, 5), 1.85 (3H, s); *C NMR
6168.9 (s), 165.3 (s), 146.4 (s), 121.0 (s), 51.8 (s), 23.1 (s), 22.7 (s),
21.34(s).

Ac-AAbu-OMe

The isomers Z and E were separated using flash column
chromatography using diethyl ether as the eluent. Ac-(2)-AAbu-
OMe: 100% purity (HPLC), "H NMR §6.90 (1H, s), 6.87-6.81 (1H, q,
J=17.2Hz),3.78 (3H, s), 2.15 (3H, s), 1.80-1.78 (3H, d, J = 7.2 Hz);
13C NMR §168.2 (s), 165.1 (s), 134.3 (s), 125.9 (s), 52.4 (s), 23.5 (s),
14.9 (s). Ac-(E)-AAbu-OMe: 91% purity (HPLC), "TH NMR §7.42 (1H,
s),7.21-7.15(1H,q,J = 7.6 Hz), 3.85 (3H, 5), 2.08 (3H, 5), 1.79-1.77
(3H,d,J = 7.6 Hz); *CNMR §168.8 (s), 165.1 (s), 128.7 (s), 125.6 (s),
52.3(s), 24.6 (s), 144 (s).

Ac-AAla-OMe

Ac-AAla-OH (0.129 g, T mm), KOH (0.056 g, 1 mm), and Mel (0.142 g,
1 mm) were dissolved in MeOH (6 ml). The mixture was vigorously
stirred using a magnetic stirrer at room temperature for 72 h. The
solvent was evaporated, Et,0 was added (20 ml), and the mixture
was filtered. The filtrate was evaporated and the remaining crude
product was purified using flash column chromatography using
AcOEt/hexane as the eluent. 100% purity (HPLC), 'H NMR §7.66
(1H, s), 6.54 (1H, s), 5.82 (1H, s), 3.78 (3H, s), 2.07 (3H, s); '*C NMR
8167.8 (s), 163.6 (s), 129.8 (s), 107.7 (s), 52.0 (s), 23.7 (s).

FTIR Spectroscopy

The IR spectra were recorded at 20 °C using a Nicolet 540 Magna
spectrometer equipped with DTGS detector and flushed with dry
nitrogen during the measurements. All spectra were recorded at
2 cm™! resolution and averaged using 256 scans. Solvent spectra
obtained under identical conditions were subtracted from sample
spectra. The spectra were analysed with the GRAMS/AI version
9.00 R2 (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
The number and position of component bands were obtained
by Fourier self-deconvolution techniques and by means of
the second derivative as an ‘initial guess’. Then the accurate
band positions were determined by the curve-fitting procedure
with a mixed (Gauss-Lorentz) profile. The thickness of the KBr
liquid cell was 0.6 mm. The concentration was varied between
5.8-7.0 x 1073 mol/l.
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Figure 3. The ¢, ¥ potential energy surfaces and conformers of the studied molecules calculated in vacuo.

Results and Discussion
Theoretical Calculations

The ¢, ¥ potential energy surfaces of the studied molecules
showed in Figures 3-5 and their conformers described in Table 1
show that the dehydroamino acid residue with a C-terminal
ester group is able to adopt four conformations: extended C5,
semi-extended B2, right-handed helical «, and collagen-like B.
Additionally, the lack of asymmetry of the «-carbon atom enables
the residue to adopt conformations having opposite signs of the
torsion angles but equal in energy, as it is shown on the maps.
The results of the calculations showed in Figure 3 and Table 1
show that in vacuo all the studied residues have two low-energy
conformations, C5 and B2. In the case of AAlathe conformation C5
is the lowest in energy and 2 the second lowest. For both AAbu
residues the orderis the same, however, the gapin energy between
these conformations is smaller. For AVal the order is reversed, the
lowest in energy is the conformation 82 and the second is the
conformation C5. Both conformations are stabilised primarily by
the N-H- - -O hydrogen bonds and also by the weaker C-H---O
interactions (Table 2). It should be noted that for the N-H---O
hydrogen bond in the conformation C5, the oxygen atom of the
C-terminal carbonyl group is the proton acceptor, whereas in the
conformation B2 the same role is played by the oxygen atom of
the alkoxy group. Thus, the strength of these N-H- - -O hydrogen
bonds is different. There is also a difference in the geometry

structure of the conformations C5 and 82 for AAla and (E)-AAbu
and for those for (Z)-AAbu and AVal. For AAla and (E)-AAbu,
the conformations C5 and B2 are completely planar with the
values of the torsion angles ¢, v equal to —180°,180° and —180°,
0°, respectively. The N-terminal amide bond, the C*=C# double
bond, and the C-terminal ester bond are coplanar. Therefore, a
m-electron conjugation expanded over these structural elements
must be considered as an important stabilising factor. For (2)-
AAbu and AVal, the values of the torsion angle ¢ deviate
from planarity. This is the result of a steric hindrance imposed
by the side chain substituent in the position Z. In results, the
n-electron conjugation can be considered only between the
C*=C# double bond and the C-terminal ester bond. The
parameters of the N-H- - -O hydrogen bonds are also worsened
(Table 2). It can be concluded, therefore, that both the N-H- --O
hydrogen bond and the m-electron conjugation stabilise more
efficiently the conformations C5 and 82 for AAla and (E)-AAbu
than for (2)-AAbu and AVal residues. This can be seen in the
relative energy differences between the conformations C5 and
B2 and the conformations « and 8, which are stabilised mainly
by dipole attraction between carbonyl groups [17]. For AAla
with no B-substituents at the side chain, the energy difference
is the highest. In contrast, it is the lowest for AVal with
two B-substituents. For AAbu residues, the gap in energy has
intermediate values, but again, the conformation « is relatively
lower in energy for (Z)-AAbu than for (E)-AAbu. The conformer
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Figure 4. The ¢, ¢ potential energy surfaces and conformers of the studied molecules calculated in a chloroform-mimicking environment.

was not detected for (2)-AAbu in vacuo by the theoretical method
used. However, it appears in the polar environment.

Figure4 and Table 1 show the results of the calculations
performed in a chloroform-mimicking environment. As can be
seen, a weakly polar environment barely changes the energetic
order of the conformations for the AAla and both AAbu residues.
The conformations C5 and B2 are still the lowest in energy.
However, the energy gap between the conformations C5 and 32
and the conformations « and 8 decreases considerably. Again the
conformations « and 8 seem to be much more easily accessible
for (2)-AAbu than those for (E)-AAbu. The greatest effect is for
the AVal residue. The conformation 2 is still the most preferred,
but the energy of the conformation « is almost equal and the
energy differences between the AVal conformations do not
exceed 0.8 kcal/mol.

In a more polar, water-mimicking environment (Figure 5 and
Table 1) greater differences in the conformational preferences of
the studied residues are revealed. The properties of the AAla
residue are similar to those in the gas phase. The conformation C5
is the most favourable and the second is the conformation 82. The
conformations « and g still remain considerably high in the energy
order and seem to be inaccessible. In contrast, the AVal residue
prefers the conformations «, and 8, then the conformations 2,
whereas the conformation C5 is disfavoured.

For AAbu residues, the differences among the conformations’
energies are diffused to a value as low as 0.8 kcal/mol for (E)-AAbu

and even 0.3 kcal/mol for (Z)-AAbu. Thus, all conformations seem
to be accessible. Nevertheless, for (E)-AAbu, the conformation
C5 should be preferred, and then the conformations « and
B2 of almost equal energy, but the conformation 8 should be
disfavoured. For (Z)-AAbu, the theoretical simulations predict that
the conformations « and B are very close in energy order to the
lowest conformation C5, but the conformation 52 should be rather
disfavoured.

Thus, the AAbu residues reveal intermediate conformational
properties in comparison with those of AAla and AVal. It should
be noted that the properties of the (E)-AAbu residue are rather
close to those of AAla, whereas the (Z)-AAbu residue rather
resembles those of AVal.

IR analysis

Figure 6 shows the vs(N-H)-stretching mode region of the Fourier
transform IR (FTIR) spectra of the studied molecules in non-
polar CCl4 and weakly polar CHCI3 solutions. All bands observed
in this region were assigned to the NH-stretching vibrations in
monomers, except for those absorptions at 3394 and 3386 cm™’
in the AVal residue spectrum, which are probably due to first
overtone of amide | modes.

In the CCl, solution, the bands at 3415-3418 cm™~" indicate
the internal N-H- - -O hydrogen bond and can be assigned to the
conformation C5. The bands are the most intense for the AAla
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Figure 5. The ¢, ¥ potential energy surfaces and conformers of the studied molecules calculated in a water-mimicking environment. Crosses depict the

conformations found in the solid state (Table 4).

and both AAbu residues. It means that for these residues the
conformation C5 is preferred. In contrast, for the AVal residue the
band at3418 cm~" has relatively low intensity. In the CCls solution,
the bands at 3409-3417 cm™' correspond to the conformations
C5 of the AAla and both AAbu residues. The band assigned to
conformation C5 is not present for AVal residue. The positions
of these bands, 3409, 3411, and 3417 cm™', respectively for
AAla, (E)-AAbu, and (2)-AAbu indicate the relative strength of
the N-H- - -O hydrogen bonds stabilising the conformations C5.
The band of the NH-stretching mode in the spectrum of the
saturated analogue Ac-Ala-OMe in CH,Cl, solution occurs at
3432 cm™" [18]. In the case of amides of dehydroamino acids,
the bands corresponding to the conformations C5 are observed at
3379-3411 cm~" [19,20]. It can be concluded, therefore, that the
C5-type N-H- --O hydrogen bond is stronger in dehydroamino
acid esters than for saturated analogues but slightly weaker than
for dehydroamino acid amides.

The vs(N-H) bands at 3438-3455cm~' in the CCl, and at
3430-3445 cm~" in the CHCl; solutions of the studied molecules
indicate that it is not only the conformation C5 which is present
in the solutions. Again, some similarities between the (Z)-AAbu
and AVal and the AAla and (E)-AAbu residues can be observed.
For the AVal residue, the bands at 3438 cm™' in CCl, and at
3430cm™" in CHCl3 are relatively narrow (Avy;, = 15 and

28 cm™', respectively). This means that they originate from a
single conformation. The position of these bands shows that an
N-H amide proton is involved in a hydrogen bond interaction, but
weaker in comparison to that in the conformation C5. Therefore,
it can be assigned to the conformation B2, where the N-H---O
hydrogen bond can be created using the oxygen atom of the
alcoxy group as a proton acceptor. For the (Z2)-AAbu residue,
similar bands are present (3440 cm~" in CCls and 3435cm™~! in
CHCl3), although with smaller intensities. These bands can be also
assigned to the conformation 2.

For both AAla and (E)-AAbu, the position of their second
vs(N-H) bands (3455 cm~" in CCl, and at 3445 cm™" in CHCl5) are
the same. The energy orders of the calculated conformers indicate
conformation 32 as the second choice for both residues. However,
the positions of the above mentioned bands are higher than those
for (Z)-AAbu and AVal, and are rather typical for free N-H groups.
Toassign these bandsto their proper conformations the theoretical
frequencies are shown in Table 3. Interestingly, the values do
not differ considerably for the conformations B2, «, and B.
Nevertheless, the calculated values are closer to the experimental
ones when the conformation 82 is considered. A possible reason
for the high position of the bands for AAla and (E)-AAbu is the
flatness of the N-terminal part of the molecules in the conformation
B2. Characteristic for such a conformation is the stabilisation
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Table 1. Conformers of the studied Ac-AXaa-OMe molecules
Conformer code® ¢ (°) ¥ (°)  Energy (hartrees) AE (kcal/mol) Conformer code® ¢ (°) ¥ (%) Energy (hartrees) AE (kcal/mol)
Ac-AAla-OMe Ac-(E)-AAbu-OMe

Invacuo In vacuo

cG BL E —180.0 180.0 —514.498700 0.00 G AL E —179.9 —179.9 —553.793993 0.00

B2 5L B —180.0 0.0 —514.495678 1.89 B2 SL B —180.0 0.0 —553.792399 1.00

a ol A —485 287 —514.488404 6.46 a aL A —-512 288 —553.788150 3.67

B el F —509 1526 —514.488120 6.64 B el F —51.6 145.7 —553.786922 4.44

Chloroform-mimicking environment Chloroform-mimicking environment

Cc5 AL E —180.0 180.0 —514.506405 0.00 G5 AL E —179.9 1794 —553.801634 0.00

B2 5L B —1799 0.0 —514.504390 1.27 p2 D B —-1795 86 —553.800499 0.71

B el F —515 1514 —514.499251 4.49 a ol A —524 =311 —553.798825 1.76

a ol A —495 —-307 —514.499155 4.55 B el F —52.1 144.2 —553.798093 2.22

Water-mimicking environment Water-mimicking environment

G5 BL E —180.0 180.0 —514.509697 0.00 G5 AL E —179.7  179.1 —553.804897 0.00

B2 6L B —1799 0.0 —514.508312 0.87 a  al B —-522 336 —553.804211 0.43

B el F —526 1520 —514.504522 3.24 p2 D A —-179.1  —101 —553.804169 0.45

a ol A —-50.0 -320 —514.504381 333 B el F —533 144.4 —553.803598 0.81

Ac-(Z2)-AAbu-OMe Ac-AVal-OMe

In vacuo Invacuo

Cc5 AL E —1294 1759 —553.795950 0.00 B2 yL B —118.1 0.3 —593.090513 0.00

B2 6D B —1256 —38 —553.794056 1.19 G5 AL E —123.1 —179.9 —593.090100 0.26

a oL A —580 —166 —553.791105 3.04 a ol A —547 —248 —593.088487 1.27
B el F —52.8 145.4 —593.087030 2.19

Chloroform-mimicking environment Chloroform-mimicking environment

G5 BL E —1262 1765 —553.804189 0.00 B2 yL B —114.9 6.0 —593.099596 0.00

B2 éD B —-1216 —1.8 —553.803280 0.57 a aL A —-549 283 —593.099488 0.07

a ol A —604 —17.6 —553.802347 1.16 G5 el E —1199 —1747 —593.098651 0.59

B el F —61.5 1628 —553.802072 1.33 B el F —53.5 1434 —593.098391 0.76

Water-mimicking environment Water-mimicking environment

G5 BL E —1232 1782 —553.808161 0.00 a oL A —546 -31.0 —593.104966 0.00

a oL A —60.8 —189 —553.807801 0.23 B el F —54.9 144.3 —593.104127 0.53

B el F —62.7 1634 —553.807717 0.28 B2 yL B -111.9 9.0 —593.104016 0.60

B2 oL B —-1196 —09 —553.807618 0.34 C5 el E —-1143 —-167.4 —593.102931 1.28

@ Each calculated conformer has its mirror counterpart.
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Figure 6. The FTIR spectra of the studied molecules in the v5(N-H) region in CCl, (a) and CHCl5 (b) solutions.
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Table 2. Structural parameters for the internal X-H- - -A and C=0 P -.-- « C=0 interactions in the B3LYP/6-311++G** conformers of the studied
molecules in gas phase
Ac-AAla-OMe Ac-(E)-AAbu-OMe Ac-(Z)-AAbu-OMe Ac-AVal-OMe
Parameters |,
Conformers — c5 B2 o B 5 B2 o B c5 B2 o B a5 B2 o B
N-H- - -O hydrogen bond?
rH---0 (A) 215 2.0 207 206 227 228 223 228
rN---0 (A) 265 260 261 258 269 263 264 264
ZN-H---0(°) 108.7 1083 1109 109.5 1033 986 955 102.7
ZC-0---H (") 849 902 862 904 837 884 880 847
C-H- - -O hydrogen bond®
rH---0 (A) 227¢ 226F 262 2548 213 215F 234y 2377 2358 245F 247F 239F 2507 2557 2277 232
2.40f  2.48F 220" 2617 258"  2.637 2207 2227
2617
rC---0 (A) 290 289 289 280 291 291 3.02 301 277 285 284 277 294 299 292 294
276 284 292 282 294 297 283 289
2.82
/C-H---0(°) 1159 1158 92.8 924 1269 1249 1188 1161 100.7 100.1 985 983 1028 1028 1167 1139
979 978 121.8  90.8 979 975 117.6 1146
90.8
Z/C=0---H(°) 1047 1049 773 819 1013 1023 949 942 865 803 798 851 1071 1093 942 913
878 809 109.9 994 1165 1146 99.9 106.9
99.4
C=0 -4 C=0 dipole attractions”
rcc...oN (A) 293 291 295 3.5 3.10  3.16 302 292
rcN...0¢ (A) 3.13 2.90 3.08 3.12
rC---C(A) 3.06 3.00 3.05 298 312 3.08 3.06 296
rO---0 (A) 294  3.08 301 3.6 3.07 323 378 3.0
Z(C=0)N...Cc(®) 845 826 83.2 817 80.0 785 803 798
ZON..(C=0)C (") 1226 86.7 1200 91.0 1282 859 1208 91.7
ZCN...(0=0)C (") 269 726 280 708 226 749 268 713
ZCN--(0=0)C (") 64.1 763 642 794 700 819 670 825

2 Data presented only for X—H- - -A (X=N, C; A=0) in which H- - -A <2.7 A and ZX-H---A >90°.#,7 denote C# -H.--Oand C” -H- - -O.

b Data presented only for the C=0 P .-« C=0 contacts, in which C---O <3.6 A according to Ref. 17. NC denote the N-terminal and C-terminal
carbonyl group.

¢ Data presented for the conformer g in chloroform.

Table 3. Theoretical amide mode frequencies vs(N-H) (per centimetre) of the studied compounds in CCls- and CHCl3-mimicking environment
calculated at the B3LYP/6-311++G** level

CCly CHCl5
Compound c5 B2 o B c5 B2 a B
Ac-AAla-OMe 3408 3448 3450 3454 3406 3442 3447 3450
Ac-(E)-AAbu-OMe 3406 3453 3455 3456 3404 3448 3452 3453
Ac-(Z2)-AAbu-OMe 3417 3442 3445 - 3423 3440 3444 3444
Ac-AVal-OMe 3418 3441 3440 3444 3423 3436 3440 3443

The factor 0.952 was applied to fit the calculated frequencies to the experimental results.

by the C#—H---0=C resonance-assisted intramolecular H-bond  Solid State Conformations

closing the six-member flat ring [21,22]. Forming a hydrogen

bond by the C=0 group, changes the electronic properties of
the whole amide moiety and influences the NH proton donor’s
abilities [23]. This is the reason for the different spectral features
of B2 conformations for AAla, (E)-AAbu and (2)-AAbu, AVal
residues.

The results of the IRanalysis indicate, again, the same similarities
between the (Z2)-AAbu and AVal residues as well as AAla and
(E)-AAbu ones.

Table 4 shows the solid state conformations of the dehydroamino
acid residue with a C-terminal ester bond found in the Cambridge
Structural Database [24].

As can be seen, the AAla residue adopts two conformations
C5 and B2 (and their mirror conformations) [25,27,28,30,33].
This indicates that the conformational properties of the AAla
residue remain almost unchanged regardless of the environment.
However, analysis of all the data, theoretical, IR, and solid state,
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Table 4. Conformations of «,8-dehydroamino acid esters found in the crystal state
Conformation CP-substituents Conformation CP-substituents
¢ () ¥ (°)  Code V4 E References o) ¥ (°)  Code V4 E References
Dehydroalanine (E)-Dehydrobutyrine analogue
—17033 —-17861 C5 -H -H 25 —176.63 16895 C5 -H -CN 26
176.23 177.75 -C5 -H -H
179.60 —17358 -C5 -H -H 27 Dehydrovaline analogues
156.20 17312 G5 -H -H 28 53.02 32.32 -« -CH,COOMe -Me 29
170.34 17846 -C5 -H -H 30 —45.17 —-37.76 o -COOMe -NHCOPh 31
175.81 —17987 -C5 -H -H 45.17 37.76 -o -COOMe -NHCOPh
—179.29 —17786 C5 -H -H 33.52 48.66 -a 2-Oxocyclopentylidene 32
17694 —17342 -C5 -H -H 33 —18.15 —106.75 « -PO(OEt); -NHCOPh 34
179.25 —1.38 -2 -H -H —-31.13  —=52.19 o -NHCOPh -PO(OEY);
179.25 —1.38 -2 -H -H 25 3.57 7414 -o -COOMe -COOMe 35
174.34 3.59 -2 -H -H —23.78 —62.87 o Z-lle-NH- -COOMe 36
17833 0.92 -2 -H -H —65.71 —286 o Z-lle-NH- -COOMe
—176.83 —1.54 B2 -H -H —45.02 —33.83 o Boc-NH- -COOMe
—179.59 237 B2 -H -H 45.02 33.83 - Boc-NH- -COOMe
175.93 8.26 -2 -H -H —62.75 —18.65 o Ph- -Me 37
—174.89 1.77 B2 -H -H —53.04 —-37.20 o Ph- -Me
174.69 8.02 -2 -H -H —67.73 —14.00 o Ph- -Me
177.70 —5.88 B2 -H -H —50.83 —35.28 o - -CHMe; 38
—43.51 —-32.76 o Boc-NH- -COOMe 36
(Z)-Dehydrobutyrine analogues —47.65 —4768 « Boc-NH- -COOBzI
—3251 —=5229 « -NO; -H 39 84.82 0.45 -« 2-(5-Hydroxymethyl)pyrrolidene 40
44,08 31.08 -« -(R)-3-t-Butoxycarbonyl- -H 41 2389 —111.56 -8 (EtO)MeCH- -COOMe 42
2,2-dimethyl-1,3-
oxazolidine
—4511  —-33.80 -a -(R)-3-t-Butoxycarbonyl- -H —32.72 12037 B -CF3 -Ph 43
2,2-dimethyl-1,3-
oxazolidine
45,67 34.81 -a  t-Butyl 2-pyrrolidine-1- -H 44 —33.75 118.23 B -C(COOMe)(CHNMe;) -COOMe 45
carboxylate
47.98 32.04 - -CH,CH,;CH(NO;)Me; -H 46 —3434 12259 B -C(COOEt)(CHNMe;) -CF3
52.95 33.85 -« -CHMe(NBzly) -H 47 3437 —12257 -B PHCONH- -COOMe 36
54.69 19.91 -a  -CHy-(B-Z-(Z)AAbu- -H 48 39.84 —12964 -8 Boc-Val-NH- -COOMe
OMe)
—54.69 —19.91 a  -CHy-(B-Z-(Z)AAbu- -H 4649 —14331 -8 Z-Pro-NH- -COOMe
OMe)
75.64 0.68 -« -NMe; -H 49 —5.97 91.16 B -COOMe -NHCOOtBu 50
57.53 —154.71 B -C=C+Bu -H 51 —3244 12214 B -N(Et)(COPh) -COOMe
—52.68 164.95 -8 —2S-(Boc-Pro-OFEt) -H 52 —5941 144.63 B -Ph -Me 53
—5868 16583 - -CH,CHPh; -H 54 —54.88  140.26 B -Me -Br 55
—58.68 165.83 - -CH,CHPh, -H 56 4719 —13446 - -Me -4-MeOPh
62.16 —173.41 B —3-(4,6-Dimethyl-2- -H 49 6.69 —94.22 -B -Me -NO, 39
pyrimidinylamine
—66.81 175.35 B -CHMe, -H 57 —40.68 135.39 B -Br -Ph 58
—-97.61 —17926 B -CHMe, -H —4742 129.87 B Boc-NH- -COOMe 36
67.31 179.05 ap -NHCOCHMe, -H 59 —40.91 137.70 B Boc-NH- -COOBzI
—121.38 2580 B2 Boc-NH- -COOBzI
—145.54  19.66 B2 -SOCH,- -Me 60

shows thatanincreasein the polarity of the environment promotes
the conformation 2.

Unfortunately, for the AAbu and AVal residues no data is
available. Nevertheless, if only the position of the g-substituents
is considered, rather than the type, then the analogous struc-
tures for AAbu and AVal residues can be analysed. It has been
found that the AVal analogues adopt primarily conformations

o and B [29,31,32,34-40,42,43,45,50,53,55,58,60]. The confor-
mation 82 can also be found [36,40]. This is consistent with
the theoretical calculations performed in a water-mimicking en-
vironment for the AVal residue. The (Z)-AAbu analogues also
adopt the conformations « and § [41,44,46-49,51,52,54,56,57,59].
Only one (E)-AAbu analogue was found having a cyanide
group in the side chain. It should be noted, however, that
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it adopts the conformation C5 [26], similarly to the AAla
residue.

The distribution of the solid state conformations again shows
some similarities between the AAla and the dehydroamino acid
with the B-substituent in the position E, as well as dehydroamino
acid residues with the B-substituent in the position Z, or both Z
and E.

Conclusions

The «,8-dehydroamino acids with the C-terminal ester bond reveal
well-defined conformational conservatism. They can only adopt
four conformations: extended C5, semi-extended B2, helical «,
and collagen-like B. The lack of asymmetry of the w-carbon atom
makes the mirror conformations, with opposite signs from the
torsion angles, equally probable.

The specific conformational feature of the studied «,
B-dehydroamino acids is the ability to adopt a semi-extended
conformation B2. This conformation is not found for saturated
depsipeptides [61]. The conformation 2 is predicted by theo-
retical calculations for analogous dehydroamino acid amides but
generally it has relatively high energy. Interestingly, although the
DFT calculations predict the low-energy conformer B2 for the
Ac-(Z)-AAbu-NHMe molecule [62], it is not confirmed by FTIR
analysis [20], neither is it adopted in the solid state [62]. Therefore,
the low-energy conformation B2 is the result of the non-additive
junction of both the C*=C# double bond and ester group within
the amino acid residue.

The B-substituents at the side chain have considerable impact
on the conformational preferences. The AAlaresidue adopts solely
the conformations C5 and B2, regardless of the environment. In
contrast, the AVal residue strongly prefers the conformation 52
in a low polar environment, but an increase in the environment
polarity promotes the conformations & and S.

The AAbu residues reveal intermediate preferences. In an
environmentwith low polarity, both (E)-AAbu and (Z)-AAbu prefer
first the conformation C5, and then, the conformation 82, as in the
case of the AAla residue. However, in an environment of higher
polarity, the (2)-AAbu residue tends to adopt the conformations «
and B, similar to the AVal residue. This is not the case for (E)-AAbu,
which has the properties similar to the AAla analogue, and prefers
instead the conformations C5 and 2.

These studies also show that the AAbu and AVal residues
constitute a basic conformational pattern for all dehydroamino
acids with a C-terminal ester bond which have the various
B-substituents in the positions Z or E, or both.

The results indicate that a relatively small change of the struc-
ture, like the position of the methyl group, can have considerable
influence on the conformation of the «,B-dehydroamino acid
residue. The change of the geometrical isomers Z/E, easily ob-
tained in nature, gives an access to diverse conformational feature.
Probably, this could be a reason of the presence of dehydrobu-
tyrine in the structures of phomalide and isophomalide.
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