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Abstract: The crystal-state conformations of two octapeptides, pBrBz-(D-Iva)8-OtBu (8I) and Ac-[L-(αMe)Val]8-
OH (8II), the heptapeptide Z-[L-(αMe)Val]7-OH (7), the hexapeptide Z-[L-(αMe)Leu]6-OtBu (6) and the
tetrapeptide alkylamide Z-(Aib)2-L-Glu(OMe)-L-Ala-L-Lol (5) were assessed by x-ray diffraction analyses.
Two independent molecules are observed in the asymmetric unit of each L-(αMe)Val homo-peptide. All four
homo-peptides are folded in a regular 310-helical structure (only the C-terminal H-bonded conformation of
the D-Iva octapeptide is distorted to a type-I β-turn). The hydroxyl groups of the C-terminal carboxyl moieties
of the two L-(αMe)Val homo-peptides participate in an oxy-analogue of the type-III β-turn conformation.
While the two L-(αMe)Val 310-helices are right-handed, the D-Iva and L-(αMe)Leu helices are left-handed. The
tetrapeptide alkylamide is 310-helical at the N-terminus, but it is mixed 310/α-helical at the C-terminus.
Copyright  2003 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Among the peptide and protein secondary structure
elements, helices represent a common observation.
The structural details of helices, with particular
emphasis on deviation from the ideal values that
conformational parameters may assume, are of
great relevance for our understanding of the
forces responsible for their stabilization. The two
most stable helical structures, the α- and 310-
helices [1–8], can be visualized as a succession
of C O· · ·H–N intramolecularly H-bonded cyclic
structures, the i ← i + 3 and i ← i + 4 forms (also
called C10- and C13-forms or β- [9–11] and α-
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[10,12–15] turns, respectively). In these two helices,
the number of residues per turn, the pitch, and the
φ,ψ backbone torsion angles are different [2].

A complete turn of 310-helix requires an acy-
lated tetrapeptide amide sequence (or the equiva-
lent acylated pentapeptide ester) with three succes-
sive i ← i + 3 intramolecularly H-bonded forms [2].
About 10% of all helical residues in globular proteins
are 310-helical [1]. However, this more elongated type
of helix has been authenticated at atomic resolution
only in model and in natural peptides based on Aib
(α-aminoisobutyric acid or Cα,α-dimethylglycine) and
other members of the family of Cα-tetrasubstituted
α-amino acids [16–20]. The longest peptides so
far investigated by x-ray diffraction are the acy-
lated (Aib)11 [21], (Aib)10 [22,23], (Aib)9 [24], (Aib)8
[25,26] and [L-(αMe)Val]8 [27] esters and the [L-Iva-L-
(αMe)Val]2-L-(αMe)Phe-L-(αMe)Val-L-Iva methylamide
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[28], characterized by at least six consecutive
intramolecular H-bonds of the C10-type (correspond-
ing to two turns of the 310-helix).

In this article the crystal-state 3D-structural
characterization of five peptides long enough to form
at least one complete turn of 310-helix is illustrated.
In particular, three of them expanded the limited
number of structures folded into two 310-helical
turns available in the literature to date. All five
peptides are heavily based on Cα-tetrasubstituted α-
amino acids. Their primary structures are as follows:

(i) pBrBz-(D-Iva)8-OtBu
(ii) Ac-[L-(αMe)Val]8-OH
(iii) Z-[L-(αMe)Val]7-OH
(iv) Z-[L-(αMe)Leu]6-OtBu
(v) Z-(Aib)2-L-Glu(OMe)-L-Ala-L-Lol

[pBrBz, para-bromobenzoyl; Ac, acetyl; Z, ben-
zyloxycarbonyl; OtBu, tert-butoxy; Iva, isovaline
or Cα-methyl-Cα-ethylglycine; (αMe)Val, Cα-methyl
valine or Cα-methyl-Cα-isopropylglycine; (αMe)Leu,
Cα-methyl leucine or Cα-methyl-Cα-isobutylglycine;
Lol, leucinol].

MATERIALS AND METHODS

Synthesis and Characterization of Peptides

Melting points were determined using a Leitz (Wet-
zlar, Germany) model Laborlux 12 apparatus and
are not corrected. Optical rotations were mea-
sured using a Perkin-Elmer (Norwalk, CT, USA)
model 241 polarimeter equipped with a Haake
(Karlsruhe, Germany) model D thermostat. Thin-
layer chromatography was performed on Merck

(Darmstadt, Germany) Kieselgel 60F254 precoated
plates using the following solvent systems: 1
(CHCl3 –EtOH, 9 : 1), 2 (BunOH–AcOH–H2O, 3 : 1 : 1),
3 (toluene–EtOH 7 : 1). The chromatograms were
examined by UV fluorescence or developed by chlo-
rine–starch–potassium iodide or ninhydrin chro-
matic reaction as appropriate. All the compounds
were obtained in a chromatographically homoge-
neous state. The solid-state IR absorption spectra
(KBr disk technique) were recorded with a Perkin-
Elmer model 1720 X FT-IR spectrophotometer.
The 1H-NMR spectra were recorded with a Bruker
(Karlsruhe, Germany) model AM 400 spectrometer.
Measurements were carried out in deuterochloro-
form (99.96% d; Aldrich, Milwaukee, WI, USA) with
tetramethylsilane as the internal standard.

X-Ray Diffraction

Colourless single crystals of the octapeptides pBrBz-
(D-Iva)8-OtBu (8I) dihydrate and Ac-[L-(αMe)Val]8-
OH (8II) TFE (2,2,2-trifluoroethanol) solvate, the
heptapeptide Z-[L-(αMe)Val]7-OH (7) chloroform
hemisolvate, the hexapeptide Z-[L-(αMe)Leu]6-OtBu
(6), and the tetrapeptide alkylamide Z-(Aib)2-L-
Glu(OMe)-L-Ala-L-Lol (5) ethanol solvate were grown
at room temperature from the solvents reported in
Table 1. Intensity data collections were performed
using a Philips PW1100 four-circle diffractome-
ter. Graphite-monochromated CuKα radiation (λ =
1.54178 Å) and θ/2θ scan mode up to θ = 60° were
employed. Cell parameters were obtained by least-
squares refinements of the angular settings of 48
carefully centred high angle reflections. The struc-
tures were solved by direct methods using either
the SHELXS 86 [29], or the SHELXS 97 [30], or the
SIR2002 [31] program (Table 1). Refinements were
carried out by applications of either the SHELXL 93
[32] or the SHELXL 97 [33] program (Table 1).

The trial solution corresponding to the best
combined figure of merit for the structure of the
octapeptide 8I allowed the location of 57 of 72
non-H atoms. The remaining atoms were located
on successive �F maps. Refinement was carried
out by full-matrix block least-squares on F2, using
all data, and allowing the positional parameters
and the anisotropic displacement parameters to
refine at alternate cycles. All non-H atoms were
anisotropically refined. The Cγ atom of the Iva2

residue was refined on two positions, C2G and
C2G′, with population parameters of 0.70 and
0.30, respectively. Restraints were applied to the
bond distances C2B1-C2G and C2B1-C2G′. The
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Table 1 Crystallographic Data for the Peptides Studied in This Work

8I × 2H2O 8II × TFEa 7 × 1/2 CHCl3
(×2)

6 5 × EtOH

Empirical formula C51 H89 Br N8 O12 C52 H95 F3 N8 O11 C101 H171 Cl3 N14 O20 C54 H94 N6 O9 C33 H55 N5 O10

Formula weight
(a.m.u.)

1086.2 1065.4 2007.9 971.4 681.8

Crystal system Monoclinic Triclinic Monoclinic Orthorhombic Triclinic
Space group P21 P1 P21 P212121 P1
a (Å) 14.740(2) 10.256(3) 23.164(4) 11.751(3) 8.872(2)
b (Å) 13.447(2) 16.708(5) 10.216(2) 22.310(5) 9.471(2)
c (Å) 15.559(2) 19.103(5) 24.408(4) 22.845(5) 13.334(3)
α (°) 90 89.52(10) 90 90 75.79(4)
β (°) 102.66(5) 95.81(9) 94.31(5) 90 71.54(3)
γ (°) 90 90.60(7) 90 90 65.51(3)
V (Å3) 3009.0(7) 3086(2) 5760(2) 5989(2) 958.6(4)
Z (molecules/unit
cell)

2 2 2 4 1

Density (calc.)
(g/cm3)

1.199 1.147 1.158 1.077 1.181

Independent
reflections

4696 9151 10182 5427 2802

Observed
reflections

2755 [I ≥ 2σ(I)] 3824 [I ≥ 2σ(I)] 5581 [I ≥ 2σ(I)] 2963 [I ≥ 2σ(I)] 2721 [I ≥ 2σ(I)]

Solved by SHELXS 86 SHELXS 97 SIR2002 SIR2002 SHELXS 97
Refined by SHELXL 93 SHELXL 97 SHELXL 97 SHELXL 97 SHELXL 97
S 0.950 0.875 0.895 0.927 1.057
Final R indices
[I ≥ 2σ(I)]

R1 = 0.044 R1 = 0.086 R1 = 0.077 R1 = 0.067 R1 = 0.069

wR2 = 0.101 wR2 = 0.209 wR2 = 0.199 wR2 = 0.159 wR2 = 0.189
R indices (all data) R1 = 0.110 R1 = 0.180 R1 = 0.120 R1 = 0.123 R1 = 0.069

wR2 = 0.122 wR2 = 0.252 wR2 = 0.222 wR2 = 0.182 wR2 = 0.191
Temperature (K) 293(2) 293(2) 293(2) 293(2) 293(2)
Radiation (λ, Å) CuKα (1.54178) CuKα (1.54178) CuKα (1.54178) CuKα (1.54178) CuKα (1.54178)
Crystallization
solvent

EtOAca TFEa/CHCl3 CHCl3/PEa CHCl3/PE EtOHa

Crystal size (mm) 0.20 × 0.20 × 0.15 0.40 × 0.30 × 0.20 0.60 × 0.25 × 0.15 0.50 × 0.20 × 0.10 0.50 × 0.35 × 0.25
�ρmax and �ρmin

(e Å−3)
0.246/−0.371 0.443/−0.324 0.668/−0.262 0.295/−0.261 0.306/−0.274

a EtOAc, ethyl acetate; TFE, 2,2,2-trifluoroethanol; PE, petroleum ether; EtOH, ethanol.

anisotropic displacement parameters of the C1G,
C1B2, C2G′, CT2 and CT3 atoms were restrained to
approach isotropic behaviour. The H-atoms of the
two co-crystallized water molecules were located on
a difference Fourier map. All other H-atoms were
calculated at idealized positions, and during the
refinement they were allowed to ride on the atom on
which they are bonded, with Uiso set equal to 1.2
(or 1.5 for the methyl groups) times the Ueq of the
carrying atom.

The trial solution with the best combined figure
of merit for the structure of the octapeptide 8II

allowed the location of most of the atoms of the
two independent peptide molecules. The positions
of the remaining atoms, including those of the two
co-crystallized TFE molecules, were recovered from
subsequent difference Fourier maps. Refinement
was carried out by full-matrix block least-squares on
F2, using all data, with all non-H atoms anisotropic,
and allowing the positional parameters and the
anisotropic displacement parameters of the non-H
atoms to refine at alternate cycles. The side chains
of residues 4A, 5A and 5B show rotational disorder.
They were each refined with one of the Cγ atoms
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split over two sites (CG2 and CG2′) with a population
parameter of 0.5, and a fully occupied CG1 atom,
common to both rotamers. Disorder is also likely
for the two co-crystallized solvent molecules, as
indicated by the large anisotropic parameters of
their atoms. However, despite extensive effort, the
data did not support a viable model to unravel such
disorder satisfactorily. Restraints were applied to
bond distances and bond angles involving side-chain
and solvent atoms, as well as to the anisotropic
displacement parameters of the solvent atoms (the
latter to approach isotropic behaviour). H-Atoms
were calculated at idealized positions and refined
as riding, with Uiso set equal to 1.2 (or 1.5 for
the methyl and hydroxyl groups) times the Ueq of
their parent atom. It has to be noted that the
two independent peptide molecules are related by
a pseudo two-fold screw axis parallel to the b-
direction, and the α and γ unit cell angles are
both close to 90°. Therefore, this triclinic structure
approaches the monoclinic symmetry. The backbone
atoms of the two independent peptide molecules can
be superimposed with a r.m.s. misfit of 0.114 Å, the
largest difference (0.219 Å) being observed for the
C5A· · ·C5B atom pair. However, larger differences
between corresponding atoms characterize the side
chains. Most notably: (i) the side chain of residue
4A in molecule A is disordered over two sites,
while only one rotamer could be detected for
the corresponding residue 4B in molecule B, and
(ii) although the side chains of residues 5A (molecule
A) and 5B (molecule B) are both disordered, the CG1
atom in the fully occupied position corresponds
to the gauche− disposition in molecule A while
to the trans disposition in molecule B. In the
unit cell molecule B is rotated by 3.3° along the
helix axis relative to molecule A. In addition, if
monoclinic, the dataset would have an Rint = 0.0891
and significant violations to the systematic absence
condition (0k0 : k = 2n) required by the P21 space
group. Attempts to refine the structure with a
single peptide molecule in space group P21 led at
best to the following results: R1 = 0.1434 [I > 2σ(I)],
wR2 = 0.4078 (on F2, all data), with large anisotropic
displacement parameters for most of the atoms, and
significant deviations from the regular geometry of
bond distances and bond angles.

The structure of the heptapeptide 7 was solved
using 794 strong E-values and the ‘Relax’ option
within the SIR2002 program [31], which allows the
repositioning of well oriented but misplaced molecu-
lar fragments through origin translation after expan-
sion of the reflections in space group P1, followed by

the recovery of the original symmetry. Despite infor-
mation being lacking about the presence of chlorine
atoms, the correct solution was generated within
the first four trials, allowing the location of 131 of
138 non-H atoms. The positions of the remaining
atoms, including those belonging to disordered side
chains, were recovered from subsequent difference
Fourier maps. The asymmetric unit consists of two
peptide molecules (A and B, respectively), and one
co-crystallized chloroform molecule. Refinement was
carried out by full-matrix block least-squares on F2,
using all data, with all non-H atoms anisotropic,
and allowing the positional parameters and the
anisotropic displacement parameters of the non-
H atoms to refine at alternate cycles. The phenyl
groups were constrained to the idealized geometry.
Some of the (αMe)Val side chains show rotational
disorder. Their Cγ2 atoms were refined on two sets
of positions, CG2 and CG2′, with population param-
eters of 0.70 and 0.30 (residues 2A and 4A), 0.65 and
0.35 (residue 2B), 0.60 and 0.40 (residue 4B) and
0.55 and 0.45 (residue 6B), respectively. Restraints
were applied to most of the bond distances and
bond angles, as well as to the anisotropic displace-
ment parameters of the non-H atoms, the latter to
approach isotropic behaviour. The location of the H-
atoms of the C-terminal hydroxyl groups was based
on H-bonding consideration, while the remaining
H-atoms were calculated at idealized positions. All
H-atoms were refined as riding, with Uiso set equal
to 1.2 (or 1.5 for the methyl and hydroxyl groups)
times the Ueq of the parent atom.

The trial solution with the best combined figure of
merit for the structure of hexapeptide 6 allowed the
location of 65 of 69 non-H atoms. The positions of
the remaining atoms were recovered from successive
�F maps. Refinement was carried out on F2,
using all data, by full-matrix block least-squares,
with all non-H atoms anisotropic, and allowing
the positional parameters and the anisotropic
displacement parameters of the non-H atoms to
refine at alternate cycles. The side chains of residues
1 and 2 are disordered. Their Cδ atoms were refined
on two sets of positions with population parameters
of 0.65 and 0.35, respectively, for both residues
(atoms C1D1, C1D2 and C1D3, C1D4 for the major
and minor conformers of residue 1; atoms C2D1,
C2D2 and C2D3, C2D4 for the major and minor
conformers of residue 2). Restraints were applied
to the bond distances and bond angles involving
atoms of the disordered parts, as well as to their
anisotropic displacement parameters. The phenyl
ring of the Z N-protecting group was constrained to
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the idealized geometry. H-atoms were calculated at
idealized positions and refined as riding, with Uiso

set equal to 1.2 (or 1.5 for the methyl groups) times
the Ueq of the parent atom.

The structure of the tetrapeptide alkylamide 5
was refined by full-matrix block least squares
on F2, using all data, with all non-H atoms
anisotropic, and allowing the positional parameters
and the anisotropic displacement parameters of
the non-H atoms to refine at alternate cycles.
The co-crystallized ethanol molecule is disordered.
Its atoms were refined on two sets of positions,
each with a population parameter of 0.50. The
phenyl ring of the Z moiety was constrained to the
idealized geometry. Restraints were applied to the
bond distances of the ethanol molecule and to the
anisotropic displacement parameters of the atoms
of the Z moiety and the ethanol molecule. H-atoms
were calculated at idealized positions and refined
as riding, with Uiso set equal to 1.2 (or 1.5 for the
methyl and hydroxyl groups) times the Ueq of the
parent atom.

All calculations were performed on a personal
computer under the Windows 2000 operating
system. The versions of the SHELXS 97, SHELXL
97 and ORTEP-3 programs used were those within
the WinGX suite of crystallographic programs [34].

CCDC-204790, 204791, 204792, 204793 and
204794 contain the supplementary crystallographic
data for the structures 8I, 8II, 7, 6 and 5, respec-
tively, described in this paper. These data can be
obtained free of charge at www.ccdc.cam.ac.uk/
conts/retrieving.html [or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK; fax: (internatl.) +44-1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk].

RESULTS AND DISCUSSION

Synthesis of Peptides

For the large scale production of the enantiomer-
ically pure D-Iva, L-(αMe)Val and L-(αMe)Leu an
economically attractive and generically applica-
ble chemo-enzymatic synthesis developed by DSM
Research a few years ago [35–37] was used. It
involves a combination of organic synthesis for the
preparation of the racemic α-amino amides followed
by the use of a broadly specific α-amino amidase to
achieve optical resolution.

During peptide bond formation involving the
sterically hindered (αMe)Leu residues the carboxyl

group of the Nα-protected amino acid was acti-
vated using the highly efficient EDC [N-ethyl-N′-(3-
dimethylaminopropyl)carbodiimide]/HOAt (7-aza-1-
hydroxy-1,2,3-benzotriazole) method [38]. For the
Iva-Iva couplings the EDC/HOAt or the 5(4H)-
oxazolone [39–41] method was exploited. In par-
ticular, the latter methodology was used for the
preparation of the homo-octamer with the 5(4H)-
oxazolone of Z-(D-Iva)4-OH and H-(D-Iva)4-OtBu.
Removal of the Z-urethane Nα-protecting group was
performed by catalytic hydrogenation, while that of
the OtBu ester C-protecting function by acidoly-
sis with diluted trifluoroacetic acid in methylene
chloride. 5(4H)-Oxazolones were prepared by treat-
ment of the Z-protected peptide free acids with EDC.
N-para-Bromobenzoylation of H-(D-Iva)8-OtBu was
achieved by use of pBrBz-OH and EDC/HOAt, while
N-acetylation of H-[L-(αMe)Val]8-OtBu with acetic
anhydride. The synthesis and characterization of
the tetrapeptide alkylamide 5 have already been
reported [42].

The physical properties and analytical data for
the newly synthesized peptides are listed in Table 2.
All compounds were also characterized by 1H-NMR
(data not shown).

Crystal-state Conformation

The molecular and crystal structures of pBrBz-
(D-Iva)8-OtBu (8I) dihydrate, Ac-[L-(αMe)Val]8-OH
(8II) TFE solvate, Z-[L-(αMe)Val]7-OH (7) chloroform
hemisolvate, Z-[L-(αMe)Leu]6-OtBu (6) and Z-(Aib)2-
L-Glu(OMe)-L-Ala-L-Lol (5) ethanol solvate were elu-
cidated by x-ray diffraction. The molecular struc-
tures are illustrated in Figures 1–5, respectively.
Nα-Protecting groups and backbone torsion angles
[43] are given in Table 3. Iva, (αMe)Val, (αMe)Leu
and Glu(OMe) side-chain torsion angles are listed
in Table 4. In Table 5 the intra- and intermolecular
H-bond parameters are reported.

Bond lengths and bond angles are in general
agreement with previously reported values for
the geometry of the benzyloxycarbonylamino [44]
moiety, the amide [45,46] and ester [47] groups, the
peptide unit [48,49], and the Iva [50,51], (αMe)Val
[27,52], (αMe)Leu [53] and Aib [54–56] residues.

The molecules of the terminally protected D-Iva
homo-octamer 8I are folded in left-handed 310-
helices, stabilized by six consecutive C O· · ·H–N
intramolecular H-bonds of the β-turn type. The
helix handedness corresponds to the prevailing
conformational bias of D-Iva [19,20,50,51]. The 310-
helical structure is regular from residue 1 to residue
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Table 2 Physical Properties and Analytical Data for the Newly Synthesized Peptides Studied in this Work and
their Synthetic Intermediates

Peptide Recryst. Mp (°C) [α]20
D

b TLC IR (cm−1)
solventa

Rf 1 Rf 2 Rf 3

Z-[L-(αMe)Leu]2-OtBu EtOAc/PE 96–97 +6.2 0.95 0.95 0.80 3386, 3291, 1721, 1662, 1532
Z-[L-(αMe)Leu]3-OtBu EtOAc/PE 108–109 −7.7 0.90 0.95 0.75 3363, 3296, 1720, 1657, 1530
Z-[L-(αMe)Leu]4-OtBu EtOAc/PE 145–146 −47.9 0.90 0.95 0.75 3351, 1719, 1675, 1654, 1526
Z-[L-(αMe)Leu]5-OtBu EtOAc/PE 230–231 −67.4 0.90 0.95 0.70 3323, 1729, 1699, 1668, 1530
Z-[L-(αMe)Leu]6-OtBu (6) EtOAc/PE 225–226 −94.7 0.85 0.95 0.60 3323, 1729, 1698, 1659, 1532
Z-[L-(αMe)Val]7-OH (7) CHCl3/PE 261–262 +7.7c 0.40 0.80 0.20 3313, 1739, 1704, 1655, 1524
Ac-[L-(αMe)Val]8-OtBu EtOAc/PE 349–350 +11.4d 0.70 0.95 0.30 3319, 1715, 1654, 1529
Ac-[L-(αMe)Val]8-OH (8II) TFA/DE 334–335 −15.1c 0.55 0.90 0.00 3309, 1739, 1652, 1525
Z-(D-Iva)2-OtBu EtOAc/PE 70–71 +2.1 0.95 0.95 0.70 3410, 3306, 1717, 1654, 1529
Z-(D-Iva)2-OH EtOAc/PE 147–148 +5.9 0.40 0.95 0.15 3383, 3323, 3273, 1722, 1658, 1532
5(4H)-Oxazolone from
Z-(D-Iva)2-OH EtOAc/PE 45–46 — 0.90 0.95 0.70 3405, 3338, 1818, 1724, 1667, 1507
Z-(D-Iva)3-OtBu EtOAc/PE 117–118 +9.1 0.90 0.95 0.50 3434, 3332, 3258, 1731, 1701,

1651, 1534
Z-(D-Iva)4-OtBu EtOAc/PE 176–177 +24.0e 0.80 0.95 0.45 3432, 3352, 3279, 1728, 1703,

1675, 1651, 1529
Z-(D-Iva)4-OH EtOAc/PE 168–169 +10.0 0.45 0.95 0.30 3309, 1738, 1701, 1659, 1527
5(4H)-Oxazolone from
Z-(D-Iva)4-OH EtOAc/PE 57–58 — 0.80 0.85 0.50 3434, 3346, 1815, 1704, 1670, 1522
Z-(D-Iva)5-OtBu EtOAc/PE 204–205 +11.9e 0.80 0.95 0.40 3429, 3408, 3314, 1726, 1699,

1666, 1639, 1535
Z-(D-Iva)8-OtBu EtOAc/PE 211–212 +5.0 0.75 0.95 0.35 3425, 3312, 1700, 1657, 1530
pBrBz-(D-Iva)8-OtBu (8I) EtOAc/PE 223–224 −6.6 0.65 0.95 0.35 3303, 1716, 1655, 1536

a EtOAc, ethyl acetate; PE, petroleum ether; TFA, trifluoroacetic acid; DE, diethyl ether.
b c = 0.5 (methanol).
c [α]20

546; c = 0.5 (2,2,2-trifluoroethanol).
d c = 0.5 (CHCl3).
e c = 0.3 (methanol).

6 and terminates with a non-helical type-I′β-turn
[9–11] involving the Iva6-Iva7 segment. The values
of the φ,ψ torsion angles, as averaged for the
first six residues, are 53.0°, 30.2°, close to those
typical for a peptide 310-helix (−57°, −30°) [2,3].
The C-terminal Iva8 residue is semi-extended (F*
region of the conformational space) [57]. The (amide
or peptide) C O· · ·H–N (peptide) H-bonds are of
normal strength for these types of interactions
[58–60].

The backbone of the two molecules (A and B) in
the asymmetric unit of the Nα-acetylated L-(αMe)Val
homo-octapeptide free acid 8II is very similar in that
both adopt a regular right-handed 310-helical struc-
ture, including the C-terminal residue. In addition to
six consecutive C O· · ·H–N intramolecular H-bonds
of the β-turn type, both molecules are characterized
by an unusual oxy-analogue of a β-turn [61] at the

C-terminus. The intramolecular O· · ·O separations
of the (peptide) C O· · ·H–O (carboxylic acid) H-
bonds are within the expected range [62,63]. These
results nicely parallel those previously reported for
other (αMe)Val homo-peptides [19,20,27,52]. The
average φ,ψ torsion angles for the eight residues are
−50.9°, −33.9° for molecule A, and −49.7°, −35.9°

for molecule B.
The conformation of the two molecules (A and

B) in the asymmetric unit of the Nα-protected L-
(αMe)Val homo-heptapeptide free acid 7 is quite
similar and strictly comparable to that of the two
molecules of the related octapeptide 8II. Indeed,
both molecules of 7 are regular, right-handed
310-helices. The intramolecular H-bonding pattern
incorporates five consecutive C O· · ·H–N and one
(C-terminal) C O· · ·H–O interactions. The average
φ,ψ torsion angles for the seven residues are −51.6°,
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Figure 1 X-ray diffraction structure of pBrBz-(D-Iva)8-OtBu (8I) with numbering of the atoms (for clarity the side-chain
atoms are not labelled). Only the major occupancy site of the disordered side chain of residue 2 is shown. The intramolecular
H-bonds are represented by dashed lines.

−34.6° for molecule A, and −51.9°, −38.2° for
molecule B.

Also the molecules of the terminally protected L-
(αMe)Leu homo-hexapeptide 6 are found in a regular
310-helical conformation (from residue 1 to residue
5). However, at variance with the helices formed by
L-(αMe)Val homo-peptides, this helix is left-handed
[19,20,53]. Also the C-terminal L-(αMe)Leu residue
adopts a conformation in the A* (helical) region [57],
but it has a handedness opposite to that exhibited
by the preceding residues, a common observation
for 310-helical peptide esters [18]. Four consecutive
C O· · ·H–N intramolecular H-bonds stabilize the
helical structure. The average φ,ψ torsion angles
for the five left-handed helical residues are +57.4°,
+36.9°.

In the N-protected tetrapeptide β-amino alcohol
(termed here 5 in that it has five amide N–H groups
as potential H-bonding donors) three C O· · ·H–N
intramolecular H-bonds are observed. Interestingly,
an intramolecularly H-bonded type-III β-turn con-
formation, spanning the -Aib-Aib- sequence, is fol-
lowed by two H-bonds involving the same peptide
carbonyl oxygen atom (O1) as a multiple acceptor
[64] (three-centre H-bonding [65,66]) and two con-
secutive N–H groups (N4 and N5) as the donors.
Thus, a β- and an α-turn coexist in the -Aib-
Glu(OMe)-Ala- sequence (characterized by two non
Cα-methylated α-amino acids in a row). It is rea-
sonable to assume that this rather uncommon
conformational architecture [67–69] would be asso-
ciated with the unusually expanded φ torsion angle

of Glu(OMe) [φ3 = −74.7(5)°] and particularly of Ala
[φ4 = −109.3(5)°]. Indeed, the O2· · ·N5 separation,
4.278(7) Å, is too long for a H-bond.

The distribution of the ethyl side-chain χ1 torsion
angles for the D-Iva residues in peptide 8I is four
t, one g+, and four g− (the side chain of D-Iva2

is disordered over two conformations, t and g−)
[50]. The major conformational difference between
molecules A and B of the L-(αMe)Val peptide 8II is
seen in the χ1,2 values of residue 4 (g−/g+ for the
two positions of molecule A, while g− for molecule B)
and in the χ1,1 and χ1,2 values of residue 5 (g−, t/g+

for the two positions of molecule A, and t, g+/g−

for the two positions of molecule B) [27,52]. The
χ1,1 and χ1,2 values of residues 1–3 and 6–8 are
very close in the two molecules (t, g− for residues
1, 3, 6–8, and g+, t for residue 2). Again, the major
conformational difference between molecules A and
B of the (αMe)Val peptide 7 is found in the χ1,1 and
χ1,2 values of residue 6 (g−, t for molecule A, while
g−, t/g+ for the two positions of molecule B). For the
other residues the χ1,1 and χ1,2 values are close in
the two molecules (t, g− for residues 1, 3, 5 and 7;
g+, t/g− for the two positions of residue 2; g−, t/g+

for the two positions of residue 4). The distribution
of the isobutyl side-chain χ1 torsion angles for the
L-(αMe)Leu residues in peptide 6 is five g− and one
t [53]. Most of the χ2,1 and χ2,2 angles are skew,
but the t disposition is also common. In peptide 5
the Glu(OMe)3 disposition for the χ1, χ2, χ3 and χ4

angles is g−, t, t, t, and the disposition for the χ1, χ2,1
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A

B

Figure 2 X-ray diffraction structures of the two independent molecules (A and B) in the asymmetric unit of
Ac-[L-(αMe)Val]8-OH (8II) with numbering of the atoms (for clarity the side-chain atoms are not labelled). Only one
conformer of the disordered side chains of residues 4A, 5A and 5B is shown. The intramolecular H-bonds are represented
by dashed lines.

and χ2,2 angles of the C-terminal Lol residue is g−

(g−, t).
All urethane, amide, peptide and ester groups (ω

torsion angles) are trans, with only the amide ω0

angle of peptide 8I, 166.4(6)°, and the urethane
ω0 angle, 159.9(5)°, and the peptide ω5 angle,
167.6(5)°, of peptide 6 deviating substantially (>10°)
from planarity. The conformation of the four Z-
urethane groups (molecules A and B of peptide 7,
peptide 6 and peptide 5), involving the θ1 and ω0

torsion angles, is the usual trans, trans or type-
b conformation [44]. The tert-butyl ester group of

peptide 8I adopts a conformation with respect to
the C8A-N8 bond between the synperiplanar and
synclinal conformations [70], the N8-C8A-C8-O8
torsion angle being 50.0(8)°, while that of peptide
6 with respect to the C6A-N6 bond is between the
anticlinal and antiperiplanar conformations, the N6-
C6A-C6-O6 torsion angle being 139.3(6)°.

In the packing mode of the D-Iva homo-octamer
8I dihydrate each water molecule acts as a bridge
connecting two helical peptide molecules. More
specifically, the W1 water molecule is H-bonded,
as the acceptor, to the N1-H group (within the same
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A

B

Figure 3 X-ray diffraction structures of the two independent molecules (A and B) in the asymmetric unit of
Z-[L-(αMe)Val]7-OH (7) with numbering of the atoms (for clarity the side-chain atoms are not labelled). Only the major
occupancy site of the disordered side chains of residues 2A, 4A, 2B, 4B and 6B is shown. The intramolecular H-bonds are
represented by dashed lines.

asymmetric unit) and as the H-bonding donor to the
(peptide) O6 and (ester) O8 carbonyl oxygen atoms of
a (1 + x, y, 1 + z) symmetry related peptide molecule.

It has to be noted that, in order for the O1W· · ·O8
H-bond to occur concomitantly to the O1W· · ·O6
H-bond, the C-terminal residue is forced to adopt
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Figure 4 X-ray diffraction structure of Z-[L-(αMe)Leu]6-OtBu (6) with numbering of the atoms (for clarity the side-chain
atoms are not labelled). Only the major occupancy site of the disordered side chain of residues 1 and 2 is shown. The
intramolecular H-bonds are represented by dashed lines.

the semi-extended conformation. Were it helical, the
ester carbonyl O8 atom would be replaced by the
OT oxygen atom of the ester group. Conversely, the
W2 water molecule accepts a H-bond from the N2-
H group (x, y, z), and donates one H-bond to the
O7 carbonyl oxygen atom of a (−x, −1/2 + y, −z)
symmetry related peptide molecule, and the other
H-bond to O1W within the same asymmetric unit.
Therefore, infinite head-to-tail peptide helical rows,
interleaved by W1 water molecules, are formed along
the 101 direction, while the W2 water molecule
bridges peptide molecules related by the twofold
screw axis in a zig-zag motif along the b direction.
Although the occurrence of water-mediated H-bonds
in the head-to-tail arrangement of peptide helices
has been previously observed [71], to the best of
our knowledge this structure represents the first
example of a 310-helical peptide where all NH and
C O potential H-bonds donors and acceptors not
satisfied by the intramolecular H-bonding scheme
participate to H-bonds with co-crystallized water
molecules.

In the packing mode of the (αMe)Val homo-
octapeptide 8II TFE solvate, molecule A is con-
nected to its (x, y, −1 + z) translational equivalent
through N1A· · ·O7A and N2A· · ·O8A N–H· · ·O C H-
bonds, while N1B· · ·O7B and N2B· · ·O8B H-bonds
link molecule B to its (x, y, 1 + z) translational
equivalent. As a result, rows of molecules linked
head-to-tail are formed along the c direction. Each
row is made of molecules of the same type (A or
B) and runs antiparallel to the other. The hydroxyl
groups of the two co-crystallized TFE molecules are
H-bonded, within the same asymmetric unit, one to
the O6A carbonyl oxygen atom of molecule A, and
the other to the corresponding O6B atom of molecule
B. It has to be noted that the O6A and O6B carbonyl
oxygen atoms act as double acceptors of H-bonds
[64], each being also intramolecularly H-bonded to
the C-terminal (carboxylic acid) OH group.

In the unit cell of the (αMe)Val homo-heptapeptide
7 the molecules A and B, chosen as the asymmetric
unit, lay antiparallel, both with the helix axis
along the 101 direction. Molecule A is head-to-tail
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Figure 5 X-ray diffraction structure of Z-(Aib)2-L-Glu(OMe)-L-Ala-L-Lol (5) with numbering of the atoms (for clarity the
side-chain atoms are not labelled). The intramolecular H-bonds are represented by dashed lines.

H-bonded to a (1 − x, −1/2 + y, −z) symmetry
equivalent of molecule B, through N1A· · ·O6B
and N2A· · ·O7B N–H· · ·O C H-bonds, whereas the
intermolecular H-bonds formed by the N1B and
N2B N–H groups of molecule B have the (hydroxyl)
OTA and the (carbonyl) O7A oxygen atoms as the
acceptors, respectively, of a (2 − x, 1/2 + y, 1 − z)
symmetry equivalent of molecule A. Thus, rows of
molecules, in which molecules A and B alternate,
are observed along the 101 direction. The single co-
crystallized chloroform molecule fills a cavity in the
packing. It is held in place by a C–H· · ·O interaction
between the (chloroform) C1S-H1S group and the
OUA urethane oxygen atom of molecule A within
the same asymmetric unit. The C· · ·O and H· · ·O
separations, 3.293(12) Å and 2.39 Å, respectively,
are well within the range usually observed for such
an interaction involving a chloroform C–H group
as the donor and an ethereal oxygen atom as the
acceptor [72]. The value of the C–H· · ·O angle, 153°,
providing good directionality, further supports the
view that this C–H· · ·O interaction is significant.

The shortest contacts observed between chlorine
atoms and the peptide molecules are Cl1· · ·C05A
(x, −1 + y, z) 3.645(10) Å, Cl1· · ·C1G1A (x, y, z)
3.760(8) Å, Cl2· · ·C5G2B (x, −1 + y, z) 3.733(14) Å,
Cl3· · ·C03B (x, y, z) 3.849(8) Å, and Cl3· · ·OUA (x, y,
z) 3.700(8) Å.

The packing mode of the (αMe)Leu homo-
hexapeptide 6 is characterized by a single inter-
molecular H-bond, between the N1-H group and
the O4 carbonyl oxygen of a (x − 1, y, z) symme-
try related molecule, generating rows of molecules
along the a direction. The remaining potential H-
bond donor not already intramolecularly engaged,
the N2-H group, is located at 3.425(6) Å from the O5
carbonyl oxygen atom (symmetry equivalence: x − 1,
y, z), and the related H· · ·O separation is 2.68 Å.
These values far exceed those generally accepted for
the occurrence of N–H· · ·O C H-bonds [58–60].

In the packing mode of peptide 5 ethanol solvate a
network of intermolecular H-bonds is observed. The
N1-H group is H-bonded to the O2 carbonyl oxygen
atom of a (x − 1, y, z) symmetry related molecule,
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Table 3 Nα-Protecting Group and Backbone Torsion Angles (°) for the Peptides Studied in This Work

Torsion angle 8I 8II 7 6 5

Mol. A Mol. B Mol. A Mol. B

θ2 — — — −151.2(11) 110.0(10) 172.2(5) 162.9(10)
θ1 — — — −172.5(11) 179.1(8) 178.7(5) −177.3(10)
ω0 166.4(6) −172.9(10) −173.6(11) −171.4(6) −177.0(6) 159.9(5) −173.0(4)
φ1 52.0(9) −53.2(13) −55.2(13) −50.6(8) −53.5(8) 60.1(7) −50.9(5)
ψ1 38.9(9) −42.7(11) −41.6(11) −39.9(8) −44.8(7) 45.2(6) −42.6(5)
ω1 174.0(5) −173.8(8) −175.3(8) −171.9(6) −166.6(5) 171.0(5) −173.4(4)
φ2 51.4(9) −49.2(12) −48.6(11) −54.0(8) −59.6(7) 59.9(6) −58.0(5)
ψ2 29.2(8) −34.0(12) −37.5(12) −29.4(8) −22.6(8) 25.8(7) −25.6(5)
ω2 176.7(6) −176.0(8) −172.9(9) −174.6(5) −178.1(5) 176.9(5) −179.9(4)
φ3 52.9(8) −55.6(12) −53.8(12) −55.6(7) −51.2(7) 52.4(6) −74.7(5)
ψ3 29.0(7) −29.2(13) −35.6(12) −31.1(7) −36.5(7) 34.0(7) −24.2(6)
ω3 173.3(5) −177.1(9) −174.0(8) −172.6(5) −170.1(5) 175.8(5) −171.6(4)
φ4 59.5(7) −52.4(12) −51.7(11) −55.3(7) −51.1(7) 55.0(7) −109.3(5)
ψ4 17.3(7) −28.6(11) −28.9(12) −28.1(7) −34.9(7) 35.4(7) −25.3(6)
ω4 179.2(5) −178.0(9) −177.9(9) −178.3(5) −175.0(5) 174.5(5) −174.7(5)
φ5 55.0(8) −50.4(12) −51.0(13) −49.2(8) −53.2(8) 59.7(6) −91.8(6)c

ψ5 24.0(8) −28.0(13) −28.8(14) −34.6(8) −34.7(10) 44.3(6) 167.3(6)d

ω5 −178.0(6) 179.2(9) 180.0(10) −173.9(5) −173.2(6) 167.6(5) —
φ6 47.2(8) −45.1(13) −47.6(15) −51.0(8) −51.3(10) −46.3(7) —
ψ6 42.6(7) −39.9(12) −38.4(13) −36.1(8) −37.3(9) −43.8(6)aV —
ω6 171.8(5) −172.7(8) −178.1(9) 177.6(6) −178.0(6) 178.7(5)bI —
φ7 78.8(7) −51.2(11) −44.4(12) −45.7(9) −43.8(9) — —
ψ7 −4.3(8) −33.3(12) −35.1(13) −43.1(10)aIII −56.6(9)aIV — —
ω7 173.4(5) 179.0(9) 176.9(9) — — — —
φ8 50.6(7) −50.1(13) −45.0(14) — — — —
ψ8 −135.8(5)a −35.3(14)aI −41.0(15)aII — — — —
ω8 179.1(5)b — — — — — —

a N8-C8A-C8-OT.
aI N8A-C8AA-C8A-OTA.
aII N8B-C8AB-C8B-OTB.
aIII N7A-C7AA-C7A-OTA.
aIV N7B-C7AB-C7B-OTB.
aV N6-C6A-C6-OT.
b C8A-C8-OT-CT1.
bI C6A-C6-OT-CT1.
c C4-N5-C5A-C5.
d N5-C5A-C5-O5.

thus linking molecules along the a direction. The
N2-H group is H-bonded to the O4 carbonyl oxygen
atom of a (x − 1, 1 + y, z) symmetry related molecule,
generating rows along the 110 direction. A third H-
bond, providing a link of molecules along the 101
direction, involves the C-terminal hydroxyl group
O5-H as the donor and the carbonyl oxygen O3E1
of the side chain of the Glu(OMe) residue (symmetry
equivalence: x + 1, y, z − 1) as the acceptor. The
co-crystallized ethanol molecule is disordered over
two sites. In both positions the hydroxyl group

(O1S′-H or O1S′′-H) is H-bonded to the O3 carbonyl
oxygen atom of a peptide molecule within the same
asymmetric unit.

CONCLUSIONS

The homo-peptides from D-Iva (8I), L-(αMe)Val (8II
and 7) and L-(αMe)Leu (6) investigated in this
work were prepared in the frame of our continuing
study of the induction of homochirality on Earth
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Table 4 Side-chain Torsion Angles (°) for the Peptides Studied in This Work

Torsion 8I 8II 7 6 5
angle

Mol. A Mol. B Mol. A Mol. B

χ1
1 −178.3(8) −62.3(8)

χ
1,1
1 166.7(10) 166.9(10) −66.9(7) −63.2(7)

χ
1,2
1 −64.4(12) −70.8(12) 167.8(7) 171.0(7)

χ
2,1
1 −124.5(14)/

42(2)
χ

2,2
1 93.6(12)/

173.4(15)
χ1

2 −64.8(11)/
−164(2)

−57.0(7)

χ
1,1
2 58.1(12) 59.0(12) 60.5(8) 64.8(8)

χ
1,2
2 −177.3(10) −176.6(9) −169.9(10)/

−70(2)
−70.8(16)/
−164.3(10)

χ
2,1
2 −5(2)/

167.6(8)
χ

2,2
2 138.3(18)/

−76.4(10)
χ1

3 −69.4(7) −54.2(10) −61.0(5)
χ

1,1
3 167.6(10) 166.7(9) 165.1(7) −162.5(6)

χ
1,2
3 −66.2(12) −69.5(11) −70.7(7) −70.7(7)

χ
2,1
3 1(2)

χ
2,2
3 −179.5(8)

χ2
3 176.3(5)

χ3
3 −175.6(7)

χ4
3 176.2(10)

χ1
4 −72.4(7) −54.6(10)

χ
1,1
4 173.0(11) 168.5(10) −64.5(8) −66.8(8)

χ
1,2
4 −70.7(13)/

68.2(15)
−70.6(11) 155.9(17)/

69.3(8)
65.4(9)/
175.2(13)

χ
2,1
4 −16(2)

χ
2,2
4 178.1(9)

χ1
5 −69.2(8) −75.0(7) −60.6(6)

χ
1,1
5 −66.7(15) −179.3(13) −70.8(7) 167.2(9)

χ
1,2
5 67.6(19)/

166.9(18)
73.1(18)/
−65.7(14)

166.1(7) −67.6(7)

χ
2,1
5 −172.4(6) −60.1(8)

χ
2,2
5 60.4(9) 175.6(7)

χ1
6 −174.0(6) 177.5(6)

χ
1,1
6 159.0(12) 164.3(15) −70.5(8) −69.3(9)

χ
1,2
6 −74.3(13) −72.8(14) 164.2(8) 71.6(12)/

160.7(11)
χ

2,1
6 112.2(8)

χ
2,2
6 −125.5(7)

χ1
7 66.4(7)

χ
1,1
7 −68.6(9) 162.5(10) −73.4(8) 167.8(8)

χ
1,2
7 166.0(9) −71.2(11) 163.5(8) −66.2(8)

χ1
8 −175.1(5)

χ
1,1
8 160.1(14) 161.8(14)

χ
1,2
8 −72.9(12) −70.9(13)
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Table 5 Intra- and Intermolecular H-bond Parameters for the Peptides Studied in This Work

Peptide Type Donor
D-H

Acceptor
A

Distance (Å)
D· · ·A

Distance (Å)
H· · ·A

Angle (°)
D-H· · ·A

Symmetry
operation of A

8I × 2H2O Intramolecular (1 ← 4) N3-H O0 3.039(6) 2.20 165 x, y, z
N4-H O1 2.994(6) 2.14 172 x, y, z
N5-H O2 3.107(6) 2.26 170 x, y, z
N6-H O3 3.190(5) 2.33 175 x, y, z
N7-H O4 3.001(6) 2.18 160 x, y, z
N8-H O5 2.995(6) 2.20 154 x, y, z

Intermolecular N1-H O1W 3.026(6) 2.17 171 x, y, z
N2-H O2W 3.088(7) 2.29 154 x, y, z
O2W-H2WA O1W 2.949(7) 2.08 151 x, y, z
O2W-H2WB O7 2.902(8) 2.13 139 −x,−1/2 + y,−z
O1W-H1WA O8 2.798(6) 2.00 156 1 + x, y, 1 + z
O1W-H1WB O6 2.837(5) 1.88 161 1 + x, y, 1 + z

8II × TFEa Intramolecular (1 ← 4) N3A-H O0A 3.027(12) 2.23 153 x, y, z
N4A-H O1A 2.988(11) 2.15 164 x, y, z
N5A-H O2A 3.100(11) 2.26 167 x, y, z
N6A-H O3A 3.058(11) 2.21 171 x, y, z
N7A-H O4A 2.949(10) 2.11 164 x, y, z
N8A-H O5A 2.961(11) 2.16 154 x, y, z
OTA-H O6A 2.745(12) 2.04 144 x, y, z
N3B-H O0B 3.039(12) 2.24 154 x, y, z
N4B-H O1B 3.000(11) 2.19 157 x, y, z
N5B-H O2B 3.089(11) 2.26 162 x, y, z
N6B-H O3B 3.083(11) 2.24 168 x, y, z
N7B-H O4B 2.970(11) 2.15 159 x, y, z
N8B-H O5B 2.992(12) 2.19 156 x, y, z
OTB-H O6B 2.748(13) 2.08 139 x, y, z

Intermolecular N1A-H O7A 3.028(11) 2.18 170 x, y,−1 + z
N2A-H O8A 3.106(11) 2.29 158 x, y,−1 + z
N1B-H O7B 2.986(11) 2.13 170 x, y, 1 + z
N2B-H O8B 3.127(12) 2.31 159 x, y, 1 + z
O1S-H O6A 2.76(2) 2.16 130 x, y, z
O2S-H O6B 2.87(3) 2.25 132 x, y, z

7 × 1/2 CHCl3 Intramolecular (1 ← 4) N3A-H O0A 3.054(7) 2.22 163 x, y, z
N4A-H O1A 3.089(6) 2.24 169 x, y, z
N5A-H O2A 3.165(6) 2.33 164 x, y, z
N6A-H O3A 3.046(6) 2.20 166 x, y, z
N7A-H O4A 3.025(7) 2.25 150 x, y, z
OTA-H O5A 2.663(6) 1.89 156 x, y, z
N3B-H O0B 3.252(7) 2.43 159 x, y, z
N4B-H O1B 3.198(6) 2.35 172 x, y, z
N5B-H O2B 3.249(6) 2.43 159 x, y, z
N6B-H O3B 2.975(6) 2.15 161 x, y, z
N7B-H O4B 3.179(7) 2.39 153 x, y, z
OTB-H O5B 2.994(8) 2.20 163 x, y, z

Intermolecular N1A-H O6B 2.960(7) 2.11 168 1-x,−1/2 + y,−z
N2A-H O7B 3.220(7) 2.40 161 1 − x,−1/2 + y,−z
N1B-H OTA 2.929(7) 2.12 158 2 − x, 1/2 + y, 1 − z
N2B-H O7A 3.255(6) 2.41 166 2 − x, 1/2 + y, 1 − z
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Table 5 (Continued)

Peptide Type Donor
D-H

Acceptor
A

Distance (Å)
D· · ·A

Distance (Å)
H· · ·A

Angle (°)
D-H· · ·A

Symmetry
operation of A

6 Intramolecular (1 ← 4) N3-H O0 3.131(6) 2.34 153 x, y, z
N4-H O1 3.076(5) 2.25 161 x, y, z
N5-H O2 3.000(5) 2.21 154 x, y, z
N6-H O3 3.111(6) 2.41 139 x, y, z

Intermolecular N1-H O4 2.835(6) 1.98 170 −1 + x, y, z

5 × EtOHa Intramolecular (1 ← 4) N3-H O0 2.912(5) 2.11 156 x, y, z
N4-H O1 2.965(4) 2.15 157 x, y, z

(1 ← 5) N5-H O1 3.085(5) 2.31 150 x, y, z
Intermolecular N1-H O2 2.963(5) 2.25 141 −1 + x, y, z

N2-H O4 2.909(5) 2.13 150 −1 + x, 1 + y, z
O5-H O3E1c 2.734(11) 2.28 116 1 + x, y,−1 + z
O1S′-Hb O3 2.790(12) 1.98 170 x, y, z
O1S′′-Hb O3 2.819(14) 2.01 167 x, y, z

a TFE, 2,2,2-trifluoroethanol; EtOH, ethanol.
b The solvent (EtOH) molecule is disordered over two positions.
c Carbonyl oxygen atom of the Glu(OMe)3 side-chain functionality.

by peptides based on chiral, Cα-tetrasubstituted α-
amino acids of extraterrestrial origin [73]. Peptide
5 is a synthetic fragment of the lipopeptaibol
metabolites LP237-F from the fungus Tolypocladium
geodes [42].

In this work it was found that all four
sequences (D-Iva)8, [L-(αMe)Val]8, [L-(αMe)Val]7 and
[L-(αMe)Leu]6 are 310-helical in analogy with the
published results of the 3D-structural analyses
of related homo-peptides [19,20,27,50–53]. Oxy-
analogues of the β-turn conformation [61] are
formed whenever possible, i.e. when the C-terminal
residue bears a free carboxylic acid moiety. The
present study confirms that in the crystal state
L-(αMe)Val homo-peptide helices are right-handed,
while L-(αMe)Leu and D-Iva homo-peptide helices
have a left-handed screw sense, thereby corrob-
orating our previous conclusions [53] that γ -
branched, Cα-methylated L-amino acids [e.g. L-
(αMe)Leu] behave like Cα-trisubstituted D-amino
acids. However, it is appropriate recalling here
that Seebach and coworkers [51] have reported
the concomitant occurrence of right- and left-
handed 310-helices in the crystal structures of
their (L-Iva)n (n = 3,4,6) homo-peptides. Moreover,
when a sequence of two Cα-trisubstituted α-
amino acids is incorporated at the C-terminus
in a peptide rich in Cα-tetrasubstituted residues
(peptide 5) a shift of the incipient 310-helix

towards a mixed 310/α-helical architecture is
observed.
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