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Abstract: The crystal-state conformations of the hexapeptide amide Pht-(Aib)s-NH-C(CH3)2-O-OtBu (7), the hexapeptide Ac-L-alle-
(Aib)5-OtBu (6), the pentapeptide Z-(Aib)s-L-Glu(OtBu)-Aib-O-(CHz)2-(1)Nap (5), the tetrapeptides Z-(Aib)s-L-His(N*-Trt)-Aib-OMe
(4 ) and Z-(Aib)2-L-Nva-Aib-OtBu (4 1I), the tripeptide Pyr-(Aib)s-OtBu (3 1), the dipeptide amides Pyr-(Aib)2-(4)NH-TEMPO (3 1I)
and Piv-(Aib)s-NH-C(CHs)2-O-OtBu (3 III), and the dipeptides Pht-Aib-SAcesc-OtBu (2 I), Pht-Aib-NH-C(CH3s)2-O-OtBu (2 II) and
Boc-gGly-mAib-OH (2 III) have been determined by X-ray diffraction analyses. All peptides investigated are characterized by one
or more turn/helix forming Aib residues. Except the three short dipeptides, all are folded into C=O---H-N intramolecularly
H-bonded 3;¢-helices, or into various types of -turns. In the structure of 6, two independent molecules of opposite screw sense
were observed in the asymmetric unit, generating diastereomeric 3;¢-helices. Copyright © 2007 European Peptide Society and

John Wiley & Sons, Ltd.
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INTRODUCTION

Aib (a-aminoisobutyric acid or C*“-dimethylglycine)
is the simplest achiral member of the family of
C“-tetrasubstituted «-amino acids [1-4]. Pioneering
theoretical conformational studies on Ac-Aib-NHMe (Ac,
acetyl; NHMe, methylamino) showed that the presence
of two methyl groups on the C“-atom (Thorpe-Ingold
effect) imposes a marked restriction on the available
¢, space [5-8]. Type UI/III' B-turns [9-11] and
helical structures of the 3,0 — or the «-helical type
[12-18] are significantly populated as opposed to more
extended structures. Conversely, the energy difference
and barrier between the 3,5- and «-helices are small.
While Aib may accommodate in position i + 2 either type
I/T or type II/II'; B-turns and y-turns [10,19], semi-
extended and fully extended (Cs) [10,20,21] structures
are extremely unusual for this residue. Aib peptides do
not tend to form B-sheet structures, and, in general,
their propensity to give strongly self-associated species
is low. For the same reason, Aib proved to be the
best g-sheet breaker ¢-amino acid [22]. This property
was helpful in designing g-sheet inhibitors as drug
candidates for conformational diseases [23,24].

The extremely strong propensity of Aib-based pep-
tides to form single crystals allowed detailed X-ray
diffraction analyses to be performed on a very high
number of compounds. The histogram in Figure 1
clearly shows the remarkable percentage (18.7%) of
X-ray diffraction structures of Aib-containing peptides
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published from 1973 to 2004 (a total of 305 struc-
tures) as compared to those of peptides not contain-
ing any C“-tetrasubstituted «-amino acid (a total of
1631).

In this paper, the crystal-state 3D-structural charac-
terization by X-ray diffraction of eleven peptides, eight
of which are long enough to form at least a single g-
turn, is presented. All peptides investigated are heavily
based on the Aib residue. Their primary structures are
as follows:

(i) Pht-(Aib)s-NH-C(CHj3)2-O-OtBu (7)
(ii) Ac-L-alle-(Aib)s-OtBu (6)

(iii) Z-(Aib)3-L-Glu(OtBu)-Aib-O-(CHs),-(1)Nap (5)
(iv) Z-(Aib)y-L-His(N'-Trt)-Aib-OMe (4 I)
(V) Z-(Aib),-L-Nva-Aib-OtBu (4 II)

(vi) Pyr-(Aib);-OtBu (3 I)

(vii) Pyr-(Aib),-(4)NH-TEMPO (3 II)

(viii) Piv-(Aib),-NH-C(CH3)2-O-OtBu (3 III)
(ix) Pht-Aib-BAcec-OtBu (2 I)
(x) Pht-Aib-NH-C(CH3),-O-OtBu (2 II)
(xi) and Boc-gGly-mAib-OH (2 III)

[Z, benzyloxycarbonyl; OMe, methoxy; Pht, phthaloyl;
OtBu, tert-butoxy; Nap, naphthyl; Trt, trityl or
triphenylmethyl; Pyr, 1-pyrenecarbonyl; TEMPO, 2,2,6,
6-tetramethylpiperidine-1-oxyl; Piv, pivaloyl or tert-
butylcarbonyl; BAcsc, trans-rac-2-aminocyclohexane-
carbonyl; gGly, ‘geminal Gly’; mAib, ‘malonyl Aib’. The
arabic numbers designate the number of amino groups
present in the molecule].
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Figure 1 Histogram showing the number of X-ray diffraction structures of Aib-containing peptides (black bars) deposited at the
Cambridge Structural Database from 1973 to 2004 as compared to all those not containing any C*-tetrasubstituted «-amino acid

(gray bars).

Table 1 Physical Properties and Analytical Data for the Newly Synthesized Peptides Studied in this Work

Peptide Recryst. Mp (°C) [e]p20P TLC IR (cm™1)
solvent®
Ril R2 R¢3
Ac-L-alle-(Aib)s-OtBu (6) EtOAc/PE 225-227 -2.2 0.70 0.95 0.45 3317, 1734, 1662, 1533
Z-(Aib)3-L-Glu(OtBu)-Aib-O-(CHz)2-(1)Nap (8) MeCN 190-191 -10.2 0.80 0.95 0.60 3307, 1734, 1704, 1668,
1650, 1540
Z-(Aib)o-L-His(N*-Trt)-Aib-Ome (4 1) EtOAc 205-207 -6.1 0.70 0.90 0.35 3344, 1739, 1681, 1659, 1530
Z-(Aib)o-L-Nva-Aib-OtBu (4 II) EtOAc/PE 166-167 —-8.1 0.75 0.90 0.25 3341, 1731, 1708, 1655, 1528
Pyr-(Aib)3-OtBu (3 I) CH3Cly/PE  200-202 — 0.60 0.95 0.25 3412, 3335, 1735, 1668,
1650, 1534
Pyr-(Aib)s-(4)NH-TEMPO (3 II) EtOAc/PE 232-233 — 0.55 0.90 0.10 3392, 1687, 1637, 1547
Piv-(Aib)o-NH-C(CH3)2-0O-OtBu (3 III) EtOAc/PE 147-148 — 0.75 0.50 0.20 3384, 3340, 1671, 1537
Pht-Aib-8Acegc-OtBu (2 I) EtOAc/PE 152-154 — 0.90 0.90 0.55 3353, 1775, 1716, 1701,

1677, 1528

2 EtOAc, ethyl acetate; PE, petroleum ether; MeCN, acetonitrile.
b ¢ = 0.5 (methanol).

MATERIALS AND METHODS

Synthesis and Characterization of Peptides

Melting points were determined using a Leitz (Wetzlar, Ger-
many) model Laborlux 12 apparatus and are not corrected.
Optical rotations were measured using a Perkin-Elmer (Nor-
walk, CT, USA) model 241 polarimeter equipped with a Haake
(Karlsruhe, Germany) model D thermostat. Thin-layer chro-
matography was performed on Merck (Darmstadt, Germany)
Kieselgel 60Fg54 precoated plates using the following sol-
vent systems: 1 (CHCls-ethanol 9:1), 2 (1-butanol-acetic
acid-water 3:1:1), 3 (toluene-ethanol 7:1). The chro-
matograms were examined by UV fluorescence or developed

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

by chlorine-starch—-potassium iodide or ninhydrin chromatic
reaction as appropriate. All compounds were obtained in a
chromatographically homogeneous state. The solid-state IR
absorption spectra were recorded with a Perkin—Elmer model
1720X FT-IR spectrophotometer. The 'H-NMR spectra were
recorded with a Bruker (Karlsruhe, Germany) model AM
400 spectrometer. Measurements were carried out in deute-
rochloroform (99.96% d; Aldrich, Milwaukee, WI, USA) with
tetramethylsilane as the internal standard. The physical prop-
erties and analytical data for the newly synthesized peptides
are listed in Table 1. All compounds were also characterized
by 'H-NMR spectrometry (data not shown). The syntheses and
characterizations of peptides 2 II [25], 2 III [26], and 7 [25]
have already been reported.

J. Pept. Sci. 2007; 13: 190-205
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X-Ray Diffraction

Single crystals of peptides 7-2 III were grown from the solvents
shown in Tables 2 and 3. Intensity data collections were
performed using a Philips PW1100 four-circle diffractometer
in the 6/20 scan mode. For 4 I data were collected with
graphite-monochromated MoKa radiation (A =0.71073 A). In
all other instances graphite-monochromated CuKa radiation
(» = 1.54178 A) was employed. Cell parameters were obtained
by least-squares refinements of the angular settings of
48 carefully centered, high-angle reflections.
were corrected for Lorentz and polarization effects, not for
absorption. The structures were solved by direct methods,
using the SHELXS 86 [27], SHELXS 97 [28], or the SIR 2002
[29] program (Tables 2 and 3). Refinements were carried out by
least-squares procedures on F2, using all data, by application
of the SHELXL 93 [30] or the SHELXL 97 [31] program, with
all nonH atoms anisotropic. H-atoms of all peptide molecules
were calculated at idealized positions and refined using a
riding model. Details specific to each individual structure are
given below.

In 7, disorder was found at the level of the C-terminal
-C(CHs)2-0-OtBu moiety. Its two oxygen atoms were refined
on two sets of positions (atoms OT1, OT2, and OT1/, OT2/),
each with a population parameter of 0.50. Restraints were

Intensities

imposed upon the anisotropic displacement parameters of the
disordered atoms.

The occurrence of two, conformationally distinct, indepen-
dent peptide molecules characterizes the structure of 6.

The asymmetric unit of 5 is composed of 4 independent
peptide molecules for a total of 240 nonH atoms. In addition
to the large number of atoms, structure solution was further
complicated by the weak diffracting power shown by the crystal
which, in turn, might be ascribed to the crystal thickness
(lowest dimension = 0.05 mm). Indeed, only 25 and 11% of
the collected reflections had I > 24 (1) in the 1.2-1.1 A and the
1.1-1.0 A resolution ranges, respectively. The structure was
eventually solved by the SIR2002 program in its default mode
for large structures by using 2687 E-values >1.2. Among 200
trials, that with the best figure of merit allowed the location of
107 atoms in three well recognizable peptide fragments. These
atoms were used as input in the SHELXS 97 program for
the structure expansion with the tangent formula using 4401
E-values > 0.9, which allowed the location of 47 additional
atoms. The positions of the remaining atoms, mostly belonging
to the Glu(OtBu) side chains and the C-terminal ethylnaphthyl
ester groups of the four peptide molecules, were recovered from
subsequent different Fourier maps. All phenyl and naphthyl
rings were constrained to the idealized geometry. Restraints
were applied to most of the bond distances, as well as to

Table 2 Crystallogaphic Data for the Longest Five Peptides Studied in this Work

7 6

5 41 411

Empirical formula Cs9 Hg1 N7 Ojo C32 Hsg Ng Og

C45 He1 N5 O10 Ca46 Hsz Ng O7 Ca9 Hye N4y O7

Formula weight (a.m.u.) 788.0 654.8
Crystal system Monoclinic Triclinic
Space group P2;/n P1

a (A) 9.081(3) 9.121(2)
b (A) 22.300(5) 11.801(2)
c @A) 24.099(5) 19.145(3)
a () 90 103.86(3)
B () 98.09(9) 102.24(4)
y () 90 96.46(5)
v (&%) 4832(2) 1926.1(6)
Z (molecules/unit cell) 4 2
Density (calc.) (g/cm?) 1.083 1.129
Independent reflections 7105 5711

Observed reflections

[R(int) = 0.063]
5303 [I > 20 ()]

5144 [I > 20 (I)]

Solved by SIR2002 SIR2002
Refined by SHELXL 97 SHELXL 97
S 1.286 1.087
Final R indices [I > 206(I)] R; =0.100 R; = 0.049

wRy = 0.302 wRy = 0.146
R indices (all data) R; =0.115 R; = 0.053

wRy = 0.312 WwRy = 0.154
Temperature (K) 293(2) 293(2)
Radiation (1, A) CuKa (1.54178) CuKa (1.54178)
Crystallization solvent EtOAc?/PE? EtOAc/PE
Crystal size (mm) 0.50 x 0.50 x 0.35 0.35 x 0.35 x 0.25
Apmax and Apmin (e'Afa) 0.502/-0.260 0.338/-0.169

832.0 800.9 562.7
Triclinic Monoclinic Orthorhombic
P1 P2, P2:2,12;
11.318(2) 9.686(2) 10.646(2)
16.574(3) 24.207(3) 15.696(3)
25.266(4) 10.218(2) 19.262(4)
85.29(6) 90 90
89.57(7) 116.2(1) 90
88.04(7) 90 90
4720.7(14) 2149.7(7) 3218.7(11)
4 2 4

1.171 1.237 1.161
9688 5295 2710

4181 [I > 20 (D)]

[R(nt) = 0.062]
1826 [I > 25(I)]

[Rint) = 0.010]
1724 [I > 20(D)]

SIR2002 SHELXS 86 SHELXS 97
SHELXL 97 SHELXL 93 SHELXL 97

0.897 0.815 0.902

R = 0.086 R) = 0.054 R; =0.038

wRy = 0.202 wWRy = 0.126 wRy = 0.081

R, =0.170 R; = 0.206 R, =0.076

wRy = 0.243 WwRy = 0.176 wRy = 0.093
293(2) 293(2) 293(2)

CuKe (1.54178)  MoKa (0.71073)  CuKe (1.54178)
EtOH? MeOH? EtOAc/PE

0.45 x 0.20 x 0.05 0.40 x 0.20 x 0.14  0.30 x 0.20 x 0.15
0.354/-0.385 0.191/-0.236 0.150/—0.145

2EtOAc, ethyl acetate; PE, petroleum ether; EtOH, ethanol; MeOH, methanol.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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the anisotropic displacement parameters of the nonH atoms
belonging to the OtBu side-chain protecting groups and to the
C-terminal ethylnaphthyl ester groups, to approach isotropic
behavior.

In the refinement of 4 I, the phenyl rings of the
benzyloxycarbonyl and trityl groups were constrained to the
idealized geometry. In the refinement of 3 III, restraints
were imposed upon the bond distances and anisotropic
displacement parameters involving atoms of the N- and C-
terminal groups.

It is worth pointing out that 3 I and 3 III, although
lacking chiral centers, crystallize in noncentrosymmetric space
groups. The chosen enantiomorphs are those giving the lowest
Flack parameter. However, in the absence of significant
anomalous scatterers, this choice does not imply any claim
on the absolute structure.

CCDC 627521-627 531 contain the supplementary crys-
tallographic data for the structures 7-2 III reported in
this paper. These data can be obtained free of charge
at www.ccdc.cam.ac.uk/data request/cif [or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; Fax: (+44)-(0)1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Statistical Analysis

Data on the occurrence of Aib-containing peptide crystal
structures, as compared to all those not containing any

C“%-tetrasubstituted «-amino acid, were retrieved from the
Cambridge Structural Database ver. 5.27, release of November
2005 [32]. Neither simple amino acid derivatives, nor metal-
organic compounds were included.

RESULTS AND DISCUSSION

The molecular and crystal structures of the eleven
peptides Pht-(Aib)s-NH-C(CHj3)2-O-OtBu (7), Ac-L-alle-
(Aib)5-OtBu (6), Z-(Aib)3-L-Glu(OtBu)-Aib-O-(CHz)s-
(1)Nap (8), Z-(Aib)y-L-His(N*-Trt)-Aib-OMe (4 I), Z-
(Aib),-L-Nva-Aib-OtBu (4 II), Pyr-(Aib);-OtBu (3 I),
Pyr-(Aib)2-(4)NH-TEMPO (3 II), Piv-(Aib);-NH-C(CHj)»-
O0-OtBu (3 III), Pht-Aib-BAcgc-OtBu (2 I), Pht-Aib-NH-
C(CHs3)2-0-0OtBu (2 II), and Boc-gGly-mAib-OH (2 III)
were elucidated by X-ray diffraction. The molecular
structures are illustrated in Figures 2-12. N*-Blocking
groups and backbone torsion angles [33] are given in
Tables 4 and 5. In Table 6 the intra- and intermolecular
H-bond parameters are reported.

Bond lengths and bond angles are in general agree-
ment with previously reported values for the geometry of
the benzyloxycarbonyl [34], tert-butyloxycarbonyl [35],
phthaloyl [36], and pivaloyl [37,38] moieties, the amide
[39] and ester [40] groups, the peptide unit [41,42], and
the Aib [43-45] residue.

coé co2

b co3

Co05
Co04

Figure 2 X-ray diffraction structure of Pht-(Aib)s-NH-C(CH3)2-O-OtBu (7) with numbering of the atoms. The five intramolecular
H-bonds are represented by dashed lines. The second conformer of the disordered, C-terminal, -O-OtBu moiety is omitted for

clarity. Only the right-handed helical structure is shown.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 3 X-ray diffraction structures of the two independent molecules (A and B) in the asymmetric unit of Ac-L-alle-(Aib)s-OtBu
(6) with numbering of the atoms. In each structure the four intramolecular H-bonds are represented by dashed lines.

The N*-protected hexapeptide amide 7 adopts a
folded conformation stabilized by five, consecutive
C=O0..-H-N intramolecular H-bonds. Specifically, the
sequence 1-2 is folded in a nonhelical type-II' g-turn
characterized by the semi-extended Aib' and right-
handed helical Aib?, in which one of the two carbonyl
oxygens of the phthaloyl N*-blocking group acts as the
H-bond acceptor. This bent portion of the sequence
is followed by a right-handed 3;o-helical structure

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

encompassing the Aib>-Aib® sequence and character-
ized by four consecutive C=O0O.--H-N intramolecularly
H-bonded type-III g-turns. The C=0-.--H-N H-bonds
are of normal strength for this type of interactions
[46-48].

The backbone of the two molecules (A and B) in
the asymmetric unit of the N*-acetylated hexapeptide
ester 6 is very similar, except for the handedness
which is opposite (left-handed for molecule A and

J. Pept. Sci. 2007; 13: 190-205
DOI: 10.1002/psc
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A CO3A QCO4A 03%1

CO02A

C Co5C

coac(y)
co3c (- C08C
co2c(,Jco1c

C25B2

of the four
Z-(Aib)3-L-Glu(OtBu)-Aib-O-(CHg2)2-Nap (8). In each structure the three intramolecular H-bonds are represented by dashed
lines.

Figure 4 X-ray diffraction structures

right-handed for molecule B). The observed 3;o-helices
are regular from residue 1 to 5 (with the single
exception of residue 1 of molecule A). The average
¢,¥ torsion angles are 57.0°, 35.7° (residues 2-5
of molecule A) and —57.3°, —37.0° (residues 1-5 of
molecule B). These angles should be compared with
those of a classical peptide 3ip-helix (+57°, +30°)
[13]. Also the C-terminal Aib residue adopts a helical
conformation, but it has a handedness opposite to that
exhibited by the preceding residues. This observation
is quite common for 3;0-helical peptide esters [2-4].
Four, consecutive C=0.--H-N intramolecular H-bonds
stabilize the helical structure of each molecule. The
occurrence of two diastereomeric helical molecules in
an Aib-rich peptide containing a single chiral residue at
the N-terminus is not an unprecedented finding [49].
All four independent molecules (A-D) in the asym-
metric unit of the fully protected pentapeptide ester
5 are right-handed 3,0-helical, characterized by three,
consecutive, C=0. - -H-N intramolecular H-bonds. The
four sets of ¢,y torsion angles are close to each other
and regular, except those of residue 4, L-Glu(OMe), of
molecules A and B, which generate a C-terminal type-
I B-turn, instead of the classical type-III g-turn of a

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

independent molecules

C15B1

co3B Ols
) C04B G134 1
cozB (?__ C13,
)cosB C13B1
N13
= Q

D C03D

034D2 C34D

é 034D1
C34E1
&

C34E3
C34E2

c31B2 cT9D

CT3D!

b (i\:)w
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normal 3;9-helix. Here too, the C-terminal Aib residue
is helical but of opposite screw sense.

Despite the similarity in sequence, -(Aib)s-L-Xxx-
Aib-, the folding motifs of the two fully protected
tetrapeptide esters 4 I and 4 II are quite distinct. For-
mation of two, consecutive, type-III g-turns (although
the C-terminal g-turn is slightly distorted) in a tetrapep-
tide such as 4 I is a common outcome. In contrast, the
backbone of 4 II starts as a type-II'-turn and is fol-
lowed by a highly distorted type-I g-turn. This result
implies that the Aib residue at position 1 of 4 I accom-
modates in the very unusual semi-extended (instead
of the classical helical) conformation. Again, the C-
terminal Aib residue of both tetrapeptides is helical but
of opposite screw sense.

Both the N“-blocked tripeptide ester 3 I and
dipeptide amide 3 III, although lacking chiral centers,
crystallize in noncentrosymmetric space groups. The
tripeptide ester 3 I is folded in a type-III B-turn
conformation, whereas the dipeptide amide 3 III is
folded in a B-turn conformation that, on the basis
of the backbone torsion angles, can be classified as
intermediate between type-III' and I'. Again, the C-
terminal Aib residue of the tripeptide is helical but
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Figure 5 X-ray diffraction structure of Z-(Aib)s-L-His(N®-
Trt)-Aib-OMe (4 I) with numbering of the atoms. The two
intramolecular H-bonds are represented by dashed lines.
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of opposite handedness with respect to the preceding
residues.

Conversely, the achiral, N*-blocked dipeptide amide
3 II crystallizes in a centrosymmetric space group,
as usual for achiral compounds, in which molecules
of both handedness are found. This dipeptide
amide is folded in a type-III (III') B-turn conforma-
tion.

The N“-phthaloyl dipeptide ester 2 I was prepared as
a racemate [only the torsion angles and the molecular
structure of the compound containing the (1R,2R)
enantiomer of the BAcgc residue are shown in Table 5
and Figure 10, respectively]. Its sequence is based on
an «-amino acid followed by a g-amino acid. The
Aib vy, torsion angle is indicative of the onset of
a helical conformation for this ‘imide-type’ residue
[25,36]. The B-amino acid is partially folded, with
the ‘¢o’, § (around the central C2B1-C2A bond), and
‘W’ torsion angles 144.6(2)°, —58.0(2)°, and —25.7(2)°,
respectively [50].

At variance with 2 I in the achirals N®-phthaloyl
a-amino amide 2 II the ‘imide-type’ Aib residue is
extended with ‘¢, 175.8(2)°. Conversely, the Aib-
based «o-aminodialkylperoxide moiety is folded [25].
Again, the torsion angles (Table 5) and molecular
structure (Figure 11) of only one enantiomer are
reported.

CT3

Figure 6 X-ray diffraction structure of Z-(Aib)s-L-Nva-Aib-OtBu (4 II) with numbering of the atoms. The two intramolecular

H-bonds are represented by dashed lines.
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Figure 8 X-ray diffraction structure of Pyr-(Aib)s-(4)NH-TEMPO (3 II) with numbering of the atoms. The intramolecular H-bond
is represented by a dashed line. Only the right-handed turn structure is shown.

The 3D-structures of the common part of the
sequence of the retro-peptides [51,52] Boc-gGly-mAib-
OH (2 III) and "Hy-gGly-mAib-OtBu [26] are quite
similar, both of them being mostly folded.

The two independent molecules in the asymmetric
unit of 6 also differ by the orientation of their L-alle'
side chains (g~ g* for molecule A and t g~ for molecule
B). In all four independent molecules in the asymmetric
unit of 5, the L-Glu(OtBu)® side chains (x! and x?2

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

torsion angles) are of the g-, t type. The ! torsion
angle of the L-His(r-Trt) residue of 4 I is g~ and the x?2
torsion angles are skew. In 4 II, the L-Nva !, x2? set
of torsion angles is g-, t. Such side-chain dispositions
are among those most commonly found for these amino
acid residues in peptides [53].

The cyclohexane ring of the BAcsc residue of 2 I
adopts a chair disposition. The puckering parameters
[54] are Q; = 0.583(3) A, 6, = 2.4(3)°, and ¢, = 245(6)°.
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Both the amino and carboxyl substituents occupy an
equatorial position.

All urethane, amide, peptide, and ester groups (o
or x* torsion angles, the latter for the L-Glu y-ester
function) are trans, with only ws of 7, wo and ws
(both molecules A and B) of 6, w; (molecule A) and
w4 (molecules B and C) of 8, w; and w3 of 4 I, wg
and w3 of 4 II, w; of 3 I, wyp and w, of 3 III, and wo
and wq of 2 II deviating substantially (>10°) from the
180° planar disposition. The conformation of the six
Z-urethane groups (molecules A-D of 5, 4 I, and 4 II)
and the single Boc-urethane group (2 III), involving
the 6! and w, torsion angles, is the usual trans,
trans or type-b conformation [34,35]. The piperidine
ring of the 4-amino-TEMPO moiety of 3 II is found
in a distorted chair (*C;) disposition, characterized
by the following puckering parameters [54] (relative
to the atom sequence NT2-CT4-CT5-CT1-CT2-CT3):
Qr = 0.500(4) A, 6, = 153.5(4)°, and ¢ = 11.1(10)° [55].

The packing mode of 7 is characterized by the
occurrence of a single, weak, intermolecular H-bond,
between the (peptide) N2-H group and the (peptide)

Cc2D C2G2

C2B2

C2A

302

Figure 10 X-ray diffraction structure of Pht-Aib-BAcgc-OtBu (2 I) with numbering of the atoms. Only the dipeptide from the

(1R, 2R) enantiomer is shown.

001

CT2

Figure 11 X-ray diffraction structure of Pht-Aib-NH-C(CH3)2-O-OtBu (2 II) with numbering of the atoms. Only one of the two

enantiomeric forms is shown.
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Figure 12 X-ray diffraction structure of Boc-gGly-mAib-OH (2 III) with numbering of the atoms. Only one of the two enantiomeric
forms is shown.

Table 4 N“-Blocking Group and Backbone Torsion Angles (°) for the Longest Five Peptides Studied in this Work

Torsion 7 6 5 41 411
angle

Mol. A Mol. B Mol. A Mol. B Mol. C Mol. D
62 — — — 74.0(17) 74.5(16) 72.8(16) 73.4(16)  168.5(5) 165.4(3)
6! — — — —174.9(13) —168.8(13) —166.4(13) —171.1(13) 176.4(5) —178.1(3)
wo 172.3(3)2/—-171.6(4)* 166.6(4) —165.7(4) 180.0(13) —173.6(12) —176.0(12) —172.1(12) 175.8(4) 166.5(3)
é1 45.7(5)°/-150.1(4)4  42.4(5) —63.8(5) -53.1(19) -57.2(19) -57.6(17) —60.1(17) —50.8(6) 53.7(4)
¥ —132.2(3) 57.0(4) —41.1(5) -42.2(19) -31.3(19) -32.8(17) -32.2(17) -42.06) -123.1(3)
w1 —162.7(3) 172.2(3) -176.6(4) —168.6(13) —172.0(12) —175.0(11) —172.8(11) —167.6(5) —171.8(3)
¢ —53.7(4) 52.6(5) —51.5(6) —56(2) -60.3(18) —56.2(17) —59.5(17) —59.5(7) —54.8(4)
Vo —30.9(4) 34.7(5) —34.8(5) -25.6(19) -26.2(17) -28.1(18) -—28.1(17) -30.3(6) —36.4(4)
ws —178.6(3) 174.0(3) —174.5(3) —179.4(11) 179.6(11) 177.9(12) —177.4(12) 180.0(4) —175.3(3)
#3 —52.6(4) 52.4(4) —-53.5(5) -53.3(17) -55.5(16) —53.1(18) -—55.4(17) —86.0(6) —102.5(4)
Vs —31.6(4) 36.4(5) —36.1(5) -32.7(16) -—31.3(17) -24.0(18) -27.9(17) -26.1(7) 25.5(5)
w3 —178.8(3) 172.1(3) -174.3(3) —176.5(11) —173.2(11) 178.5(12) -177.2(12) —167.1(5) 169.7(3)
b4 —52.5(4) 57.2(5) —54.7(5) -75.5(17) —80.5(16) —68.7(18) —61.1(18) 39.3(7) —50.4(4)
N —32.2(4) 35.8(5) —37.0(5) -11.5(19) -3.1(18) —24.0(19) —32(2) 46.6(6)4 —34.5(4)1
w4 —173.6(3) 175.6(3) —174.8(3) —175.1(13) —169.4(11) 169.9(12) 175.0(12) -176.5(5)" 173.7(3)
b5 —56.0(5) 65.7(5) —62.8(5) 52.0(18)  47.0(17) 45.8(17) 49.7(17) — —
Vs —30.0(5) 34.34) —-36.0(5) 31.6(19)! 43(2) 53.8(15)k  51.3(16)! — —
ws —173.7(4) 164.4(3) —164.7(4) 178.7(15)™ 171.5(18)* —178.7(12)° 178.1(13)P — —
b6 —68.3(5) —47.1(5)  48.2(5) — — — — — —
Ve —18.4(5) —45.2(4)°  45.4(5) — — — — — —
we —167.8(3) —175.0(4)¢ 174.2(4)2 — — — — —

aC01-CO8-N1-C1A.

b C06-CO7-N1-C1A.

¢ C08-N1-C1A-C1.
d4C07-N1-C1A-C1.

€ N6-C6A-C6-OTA.
fN12-C12A-C12-OTB.

€ CB6A-C6-OTA-CT1A.

h C12A-C12-OTB-CT1B.
IN5-C5A-C5-OTA.
JN15-C15A-C15-OTB.

kK N25-C25A-C25-0OTC.
IN35-C35A-C35-OTD.
m C5A-C5-OTA-CTIA.

n C15A-C15-OTB-CT1B.
° C25A-C25-OTC-CT1C.
P C35A-C35-0OTD-CT1D.
94 N4-C4A-C4-OT.

r C4A-C4-OT-CT.
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Table 5 N“-Blocking Group and Backbone Torsion Angles (°) for the Additional Six Peptides Studied in this Work

Torsion 31 311 3 II1 2 I [(1R, 2R) enantiomer] 211 2 III
angle

62 — — — — — —

o1 — — — — — 179.8(2)
o —172.0(6) —179.1(3) 167.1(6) —176.7(1)¢/177.6(2)4 —167.6(2)¢/168.9(2)4 175.4(2)
1 —43.2(9) —48.1(4) 51.2(8) —51.4(2)¢/137.9(2)f 88.7(2)¢/—70.0(2)f —90.3(2)™
v —50.2(8) —37.7(3) 45.1(8) —44.02) 175.8(1) —89.6(7)™
1 —169.0(6) —178.3(2) 170.2(6) —179.9(2) 176.8(2) 177.0(2)°
bo —60.0(9) —54.1(3) 69.9(8) 144.6(2)8 68.5(2) —135.9(2)°
Vo —27.9(9) —28.8(4) 13.6(8) —25.7(2)R 58.0(2)k 57.2(2)4
w9 —173.2(6) 177.1(2) 164.7(6) —177.6(1) —156.5(1)!

b3 53.8(9) — — — — —

Vs 46.9(8)2 — — — — —

w3 173.5(6)P — — — —

aN3-C3A-C3-OT.

b C3A-C3-OT-CT1.

€ C06-C07-N1-C1A.
4C01-C08-N1-ClA.
€C07-N1-C1A-C1.
fC08-N1-C1A-C1.
£C1-N2-C2B1-C2A.
h c2B1-C2A-C2-OT.
1C2A-C2-0OT-CT1.
JC1-N2-C2A-OT1.

kK N2-C2A-OT1-0OT2.
1C2A-OT1-OT2-CT1.
m C5-N1-C6-N2.
nN1-C6-N2-C7.
°C6-N2-C7-C8.
PN2-C7-C8-C11.
4C7-C8-C11-05.

0O5=C5b5 groupofa (5/2 — x, 1/2 +y, 1/2 + z) symmetry
related molecule (Table 6), giving rise to rows of
molecules, head-to-tail H-bonded, in a zig-zag motif
along the a direction.

In the unit cell of 6, molecules A and B, chosen
as the asymmetric unit, lay antiparallel, both with the
helix axis along the b direction. Molecule A is head-
to-tail H-bonded to its own (x, 1+ y, z) translational
equivalent, through N1-.--04 and N2.---05 N-H.--O=C
H-bonds. Similarly, the intermolecular H-bonds formed
by the N7 and N8 N-H groups of molecule B have the
010 and O11 carbonyl oxygen atoms as the acceptors,
respectively, of a (x, —1 + y, z) translational equivalent
of molecule B. Thus, rows of molecules of the same
kind are observed along the b direction.

In the packing mode of 5, each of the four
independent peptide molecules is intermolecularly H-
bonded to its own translational equivalents, giving
rise to rows of molecules of the same kind along
the a direction. Specifically, the H-bonds connect
the N-terminal N-H group to the C=0O group of the
penultimate residue of either a (x + 1, y, z) translational
equivalent (molecules A and C), or a (x-1, y, 2)
translational equivalent (molecules B and D). The N-H

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

group of the second residue of all four independent
molecules does not participate in the intermolecular
H-bonding scheme.

Two types of intermolecular H-bonds are found in
the packing mode of 4 I, one connecting the N1-H
group to the (imidazole) N3D atom of a (x,y,z+ 1)
symmetry related molecule, and the other between the
N2-H group and the O4 carbonyl oxygen atom of a
(x+1,y, z+ 1) symmetry related molecule. These two
interactions link molecules along the C and the ac
directions, respectively.

In the packing mode of 4 II, an intermolecular
H-bond between the N1-H group and the O3=C3
group (symmetry equivalence: —x,—-1/2+y, 1/2—2)
generates rows of molecules related by a two-fold
screw axis along the b direction. A second H-
bond, namely, N2-H.--02=C2 (symmetry equivalence:
—-1/2+x, 1/2 —y, —2z) links molecules, again related
by a two-fold screw axis, along the a direction.

A single type of intermolecular H-bond characterizes
the packing mode of 3 I, between the N1-H group and
the O1=C1 group ofa (1 —x, —1/2 + y, 1 — z) symmetry
related molecule, connecting molecules related by the
two-fold screw axis along the b direction. The N2-H

J. Pept. Sci. 2007; 13: 190-205
DOI: 10.1002/psc



202

Table 6 Intra and Intermolecular H-Bond Parameters for the Eleven Peptides Studied in this Work

CRISMA ET AL.

Peptide Type Donor Acceptor Distance (A) Distance (A) Angle (°) Symmetry
D-H A D---A H---A D-H.--A operation of A
7 Intramolecular N3-H 002 3.253(4) 2.52 143 X, Y,z
N4-H 01 2.948(3) 2.12 163 X, Y,z
N5-H 02 2.938(4) 2.11 162 x, Y,z
N6-H 03 3.146(4) 2.31 164 X, Y,z
N7-H 04 3.133(4) 2.30 164 X, Y,z
Intermolecular N2-H 05 3.075(4) 2.54 121 5/2-x,1/24y,1/2+z
6 Intramolecular N3-H OO0OA 2.953(4) 2.20 146 x, Y,z
N4-H 01 3.053(4) 2.24 157 X, Y,z
N5-H 02 3.104(4) 2.35 147 x, Y,z
N6-H 03 3.101(5) 2.32 151 X, Y,z
N9-H O0B 3.187(5) 2.45 145 x, Y,z
N10-H o7 2.958(4) 2.17 153 x, Y,z
N11-H 08 3.096(4) 2.33 149 X, Y,z
N12-H 09 3.069(5) 2.29 150 x, Y,z
Intermolecular N1-H 04 2.832(4) 1.98 174 x,1+y,z
N2-H 05 3.152(4) 2.36 154 x,14+y,z
N7-H 010 2.886(4) 2.04 170 x,—14+uyz
N8-H O11 3.232(4) 2.44 154 x,—14+y,z
5 Intramolecular N3-H OO0OA 3.127(13) 2.31 159 x, Y,z
N4-H 01 3.029(13) 2.20 161 x, Y,z
N5-H 02 3.025(15) 2.18 169 x, Y,z
N13-H O0B 3.052(13) 2.23 161 X, Y,z
N14-H 011 2.982(13) 2.16 161 x, Y,z
N15-H 012 3.112(15) 2.29 160 x, Y,z
N23-H 00C 3.087(14) 2.27 158 X, Y,z
N24-H 021 2.979(12) 2.13 170 x, Y,z
N25-H 022 3.038(14) 2.28 148 x, Y,z
N33-H O0D 3.189(14) 2.38 157 X, Y,z
N34-H 031 3.010(14) 2.17 166 x, Y,z
N35-H 032 2.981(13) 2.22 148 x, Y,z
Intermolecular N1-H 04 2.849(13) 2.00 167 1+x,y 2z
N11-H 014 2.895(13) 2.04 176 -14+x,y,2
N21-H 024 2.788(13) 2.02 149 1+x,y 2z
N31-H 034 2.795(14) 2.04 147 -1+4+x,y,z
41 Intramolecular N3-H (e]0] 3.161(7) 2.40 148 X, Y,z
N4-H (0] 3.005(6) 2.25 147 x, Y,z
Intermolecular N1-H N3D 3.267(8) 2.44 162 x,y l+z
N2-H 04 2.832(6) 2.14 137 1+x,y,1+z
4 11 Intramolecular N3-H (0]} 2.974(4) 2.27 139 X, Y,z
N4-H o1 2.992(3) 2.16 164 x, Y,z
Intermolecular N1-H 03 2.871(3) 2.28 126 -x,—-1/24+y,1/2 -2z
N2-H 02 3.124(3) 2.30 160 -1/24+x,1/2—-y, -z
31 Intramolecular N3-H (e]0] 3.018(8) 2.20 158 x, Y,z
Intermolecular N1-H o1 3.005(7) 2.32 137 l1-x,-1/24+y,1-2z
311 Intramolecular NT1-H (0]} 2.864(3) 2.06 155 X, Y,z
Intermolecular N1-H 02 2.880(3) 2.17 139 1+x,y 2z
N2-H oT 3.107(4) 2.43 136 l+x,1+y,2z
3 III Intramolecular N3-H O0 3.067(7) 2.23 165 X, Y,z
Intermolecular N1-H O1 3.233(7) 2.79 114 -1/2-x,-1/2+y,2—-2z
21 Intermolecular N2-H 02 2.988(2) 2.15 166 l-x, -y, 1-2z
211 Intermolecular N2-H 001 3.297(2) 2.45 170 -1/24+x,1—-y, z
2 111 Intermolecular N1-H 02 2.911(2) 2.08 166 1/24+x,1/2—-y, z
N2-H 03 2.999(2) 2.17 161 -1/2+x,1/2—y, z
O5-H 04 2.625(2) 1.81 175 2-x,1-y,1-z

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

J. Pept. Sci. 2007; 13: 190-205
DOI: 10.1002/psc



group does not participate in the intermolecular H-
bonding scheme.

In the packing mode of 3 II, the N1-H group
is H-bonded to the O2 carbonyl oxygen atom of a
(1 + x, y, z) symmetry related molecule, generating rows
of molecules along the a direction. A second H-bond is
observed between the N1-H group and the (nitroxide)
OT atom (symmetry equivalence: 1+ x, 1+ y, z). This
latter interaction connects molecules along the ab
direction. In addition, significant = stacking is found
between the pyrene aromatic ring and its (1 —x,
—y, —z) symmetry equivalent. This centrosymmetric
arrangement determines a full overlapping of the rings,
bringing the CO1 atom of one molecule close to the C12
atom of the other, CO7 to C16, C11 to C02, and so
on, with distances ranging from 3.69 to 3.74 A. On the
opposite face of the (x, y, z) pyrene ring, an additional
(2 — x, —y, —z) symmetry equivalent is located. In this
latter case, however, the two rings approach only
through their apical C13, C15 and C16 atoms, at
distances C16---C16, C13.--C15, and C15---C13 of
3.33, 3.80 and 3.80 A, respectively.

In the packing mode of 3 III, the only intermolecular,
relatively short, N-H..--O=C distance [3.233(7) Al is
observed between the N1-H group and the O1 carbonyl
oxygen atom (symmetry equivalence —1/2 —x, —1/2 +
Yy, 2 — z). However, the corresponding H---O distance
and the N-H- - -O angle (reported in Table 6) are outside
the generally accepted limits for the occurrence of
N-H.--O H-bonds. Interestingly, the N1-H group is
to some extent shielded by the methyl groups CO02
and C1B2 of the pivaloyl group and the Aib(1) residue,
respectively. Indeed, these latter two methyl groups
make short C-H---O intermolecular contacts with
the O1 atom mentioned above, with C..-O distances
between 3.53 and 3.58 A. These contacts connect
molecules related by a two-fold screw axis along the
b direction.

The packing mode of 2 I is characterized by the
occurrence of centrosymmetric dimers, held together by
(peptide) N2—-H- - -0O2=C2 (ester) (symmetry equivalence
1 — x, —y, 1 — z) intermolecular H-bonds.

In the packing mode of 2 II, the molecules
are connected by an N2-H---O01=CO07 (symmetry
equivalence —1/2 + x, 1 — y, 2z) intermolecular H-bond,
thus generating a zig-zag motif along the a direction.

In the packing mode of 2 III, each molecule is
connected on one side to its 1/2+x, 1/2—-y, z
symmetry equivalent through an N1-H.--O2=C5 H-
bond, and on the other side to its —1/2+x, 1/2 -y,
z symmetry equivalent through an N2-H...-03=C7
H-bond, thus generating rows of molecules of the
same handedness along the a direction. In addition,
each molecule is linked to its 2—x, 1—-y, 1-—
z centrosymmetric counterpart by formation of a
carboxylic acid---carboxylic acid dimer stabilized by
O5-H.--04=C11 intermolecular H-bonds.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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CONCLUSIONS

The homo-oligopeptide dialkyl peroxides 7, 3 III, and
2 II were serendipitously synthesized [25] during our
attempted preparation of the corresponding perox-
yesters [56]. In the same framework, the dipeptide ester
2 I is a synthetic precursor of the related peroxyester
[56]. The hexapeptide 6 is an additional example of our
synthetic and conformational work aimed at under-
standing the relationship between N-terminal «¢-amino
acid a-carbon chirality and helical screw sense of the
peptide molecule [49,57,58]. Peptides 5, 3 I, and 3
II, containing either the naphthyl or the pyrenyl flu-
orophore, were prepared in our continuing study of
molecular spacers for physicochemical investigations
based on turn/helical peptide structures [21]. The
tetrapeptide 4 I is a synthetic intermediate for the con-
struction of a catalytically active peptide template [59].
The tetrapeptide 4 II was prepared for a comparative
conformational study with the corresponding peptide
containing a residue of C”-methyl norvaline [60]. Boc-
gGly-mAib-OH (2 III) is a starting building block for
the synthesis of an oligomeric series of sequential retro-
peptide foldamers [26].

In this X-ray diffraction work it was found that all
Aib residues (except two) are folded, with sets of ¢,y
torsion angles falling in the helical regions A/A* of the
Ramachandran map [61]. The only two exceptions refer
to the semi-extended residue 1 of both the hexapeptide
amide 7 and the tetrapeptide 4 II. All potentially donor
N-H groups from position 3 in the sequences to the C-
terminal residue, or even to the C-terminal amide group
whenever present (peptides 7, 3 II, and 3 III), form
intramolecular H-bonds, thus originating the maximum
number of consecutive B-turns compatible with the
main-chain length. The present study also confirms
that a helical peptide molecule characterized by a single
chiral residue at the N-terminus (e.g. hexapeptide 6)
may produce a crystal containing two diastereomeric
compounds [49]. This phenomenon has also been found
when the single chiral residue is positioned either in an
internal position of the sequence or at its C-terminus
[67,58,62].
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