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Abstract: Two complete series of N-protected oligopeptide esters to the pentamer level from 1-amino-cy-
cloundecane-1-carboxylic acid (Ac11c), an a-amino acid conformationally constrained through a medium-
ring Ca

i lCa
i cyclization, and either the L-Ala or Aib residue, along with the N-protected Ac11c monomer and

homo-dimer alkylamides, have been synthesized by solution methods and fully characterized. The preferred
conformation of these model peptides has been assessed in deuterochloroform solution by FT-IR absorption
and 1H-NMR techniques. Furthermore, the molecular structures of one derivative (Z-Ac11c-OH) and two
peptides (the tripeptide ester Z-Aib-Ac11c-Aib-OtBu and the pentapeptide ester Z-Ac11c-(Aib)2-Ac11c-Aib-
OtBu) have been determined in the crystal state by X-ray diffraction. The experimental results support the
view that b-bends and 310-helices are preferentially adopted by peptides rich in Ac11c, the second largest
cycloaliphatic Ca,a-disubstituted glycine known. This investigation has allowed the authors to approach the
completion of a detailed conformational analysis of the whole 1-amino-cycloalkane-1-carboxylic acid (Acnc,
with n=3–12) series, which represents the prerequisite for their recent proposal of the ‘Acnc scan’ concept.
Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Medicinal chemists have frequently faced the prob-
lem of discovering small molecules that mimic phar-
macological profiles of bioactive peptides. To
stabilize an appropriate conformation and reduce

enzymatic hydrolysis, geometrical constraints have
often been introduced in peptidomimetic com-
pounds. Among the various types of recently pro-
posed stepping stones to facilitate the design of
small bioactive molecules, Ca,a-disubstituted
glycines have proven to be of great value [1–11]. In
this connection the prototypical a-amino acid of
this class (Aib) [12–16] is known to strongly favour
b-bend [17–19] and 310-/a-helical structures [20].
Similarly folded conformations are also typically ob-
served in peptides rich in other a-amino acids of
this class, more specifically those with Ca

i lCa
i cy-

clization (1-aminocycloalkane-1-carboxylic acids,
Acnc, with n=3–9, 12) [4,14,16,21,22].

Abbreviations: Acnc, 1-aminocycloalkane-1-carboxylic acid; Aib,
a-aminoisobutyric acid or Ca,a-dimethylglycine; OtBu, tert-butoxy;
NHiPr, isopropylamino; TEMPO, 2,2,6,6-tetramethylpiperidinyl-1-
oxy; Z, benzyloxycarbonyl.

* Correspondence to: Biopolymer Research Centre, CNR, Depart-
ment of Organic Chemistry, University of Padova, Via Marzolo 1,
35131 Padova, Italy; e-mail: biop02@chor.unipd.it
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The present conformational analysis of Ac11c in
selected model peptides was carried out with the
aim at expanding the available general picture of
the geometrical and structural preferences of the
Acnc residues. In this paper the synthesis, charac-
terization and solution conformational study (by
FT-IR absorption and 1H-NMR techniques) of two
complete series of terminally protected Ac11c/L-Ala
and Ac11c/Aib oligopeptides are reported. The re-
sults are corroborated by those on the Ac11c
monomer and homo-dimer alkylamides. One
derivate and two peptides gave single crystals which
were investigated by X-ray diffraction. Preliminary
accounts of a limited part of this work have been
reported elsewhere [23].

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 measured
using a Perkin–Elmer (Norwalk, CT, USA) model
241 polarimeter equipped with a Haake (Karlsruhe,
Germany) model D thermostat. Thin-layer chro-
matography (TLC) was performed on Merck (Darm-
stadt, Germany) Kieselgel 60F254 precoated plates
using the following solvent systems: 1 (CHCl3–
EtOH, 9:1), 2 (BunOH–AcOH–H2O, 3:1:1), 3 (tolu-
ene–EtOH, 7:1). The chromatograms were exam-
ined by UV fluorescence or developed by chlorine–
starch–potassium iodide or ninhydrin chromatic re-
action as appropriate. All the compounds were
obtained in a chromatographically homogeneous
state.

Infrared Absorption

The solid-state infrared absorption spectra (KBr
disc technique) were recorded with a Perkin–Elmer
model 580 B spectrophotometer equipped with a
Perkin–Elmer model 3600 IR data station and a
model 660 printer. The solution spectra were ob-
tained using a Perkin–Elmer model 1720 X FT-IR
spectrophotometer, nitrogen flushed, equipped with
a sample-shuttle device, at 2 cm−1 nominal resolu-
tion, averaging 100 scans. Cells with path lengths of

0.1, 1.0 and 10 mm (with CaF2 windows) were used.
Spectrograde deuterochloroform (99.8%, d) was
purchased from Merck (Darmstadt, Germany). Sol-
vent (baseline) spectra were recorded under the
same conditions.

1H-NMR

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) and
deuterated dimethylsulfoxide (DMSO) (99.96% d6;
Stohler, Waltham, MA, USA) with tetramethylsilane
as the internal standard. The free radical 2,2,6,6-
tetramethylpiperidinyl-1-oxy (TEMPO) was pur-
chased from Sigma (St Louis, MO, USA).

X-Ray Diffraction

Colourless single crystals of the amino acid deriva-
tive Z-Ac11cOH, the tripeptide Z-Aib-Ac11c-Aib-
OtBu, and the pentapeptide Z-Ac11c-(Aib)2-Ac11c-
Aib-OtBu were grown by slow evaporation at room
temperature from the solvents reported in Table 1.
Data collections were carried out on a CAD4 Enraf-
Nonius X-ray diffractometer of the Biocrystallogra-
phy Research Center, CNR, at the University of
Naples ‘Federico II’. Unit cell determinations were
carried out for all crystals by least-square refine-
ment of the setting angles of 25 high angle reflec-
tions accurately centred. No significant variation
was observed in the intensities of the standard re-
flections monitored at regular intervals during data
collection, thus implying electronics and crystal sta-
bilities. Lorentz and polarization corrections were
applied to the intensities, but no absorption correc-
tion was made. Crystallographic data for the three
compounds are listed in Table 1.

The three structures were solved by direct meth-
ods using the program SIR97 [24]. The solution with
the best figure of merit revealed the coordinates of
most of the non-hydrogen atoms; the remaining
ones and the statistical disorder for the ring of
Z-Ac11c-OH and of molecule B of the tripeptide were
recovered using difference Fourier techniques. Re-
finement of the three structures was performed by
full-matrix least-squares procedures with the pro-
gram SHELXL97 [25]. The occupancy factors for the
statistical side-chain atoms Co2

1 of Z-Ac11c-OH and
Cg2

2 of molecule B of the tripeptide were refined and
their final value was in both cases 0.5. All non-H
atoms were refined anisotropically. H-atoms of the
three compounds were calculated and during the

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 571–583 (2000)
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Table 1 Crystallographic Data for the Ac11c Derivative and Peptides

Z-Ac11c-(Aib)2-Ac11c-Aib-OtBuZ-Ac11c-OH Z-Aib-Ac11c-Aib-OtBu

Empirical formula C20H29NO4 C32H51N3O6 C48H79N5O8

Formula weight (a.m.u.) 347.4 854.2573.8
Crystal system Monoclinic Monoclinic Triclinic
Space group P21/n P21/n P1(
a (A, ) 16.736(5) 11.195(1)22.164(4)
b (A, ) 10.478(2) 19.129(4) 12.674(4)
c (A, ) 14.276(2) 18.607(7)17.066(5)
a (°) 90 90 103.5(1)
b (°) 129.8(1) 109.5(1) 99.3(1)
g (°) 90 96.8(1)90
V (A, 3) 2499(1)1922(1) 6819(3)
Z (molecules/unit cell) 4 28
Density (calc.) (g/cm3) 1.203 1.117 1.139
Independent reflections 3528 12902 9475
Observed reflections 2051 [I\2s(I)] 7258 [I\2s(I)]6707 [I\2s(I)]
Solved by SIR97 [24] SIR97 SIR97
Refined by SHELX97 [25] SHELX97 SHELX97
S 1.090 1.1301.437

R1=0.0825,Final R indices [I\2s(I)] R1=0.0720, R1=0.0771, wR2=0.233
wR2=0.207 wR2=0.234

R indices (all data) R1=0.0912, wR2=0.255R1=0.1188, R1=0.1341,
wR2=0.269wR2=0.244

Temperature (K) 293 293293
Radiation (l, A, ) Cu Ka (1.54178 A, ) Cu Ka (1.54178 A, ) Cu Ka (1.54178 A, )
Scan method u /2u u /2u u /2u

u range (°) 1–70 1–701–70
Crystallization solvent EtOAc/petroleum ether CHCl3/petroleum ether CHCl3/petroleum ether
Crystal size (mm) 0.5×0.2×0.3 0.5×0.3×0.3 0.2×0.3×0.3
Drmax and Drmin 0.461/−0.207 0.236/−0.2080.450/−0.319

refinement they were allowed to ride on their carry-
ing atoms, with Uiso set equal to 1.2 times the Ueq of
the attached atom.

The scattering factors for all atomic species were
calculated from Cromer and Waber [26]. Further
details of the crystal structures, including final
atomic parameters for the non-H atoms, have been
deposited with and are available on request from
the Director of the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK,
on quoting the full journal citation.

RESULTS

Synthesis of Ac11c and Its Derivatives and Peptides

Ac11c amide hydrochloride was prepared by treat-
ment of cycloundecanone with sodium cyanide, ace-
tic acid, and excess of ammonia, and subsequent
acid hydrolysis (HCl/HCOOH at 0–20°C) of the a-

aminonitrile intermediate (Strecker synthesis). A
more drastic acid hydrolysis (6 N HCl, under reflux)
of Ac11c amide hydrochloride afforded the free
amino acid [27].

The Z-protected L-Ala and Aib derivatives were
synthesized by treatment of the free amino acid
with Z-Cl in an acetone–water (pH 10.9) mixture.
The Z-protected Ac11c derivative was obtained by
reacting the free amino acid with N-(benzyloxycar-
bonyloxy)-succinimide in acetonitrile in the pres-
ence of tetramethylammonium hydroxide. The
Z-protected L-Ala and Aib tert-butyl esters were pre-
pared by treatment of the corresponding N-pro-
tected amino acids with isobutene in methylene
chloride in the presence of a catalytic amount of
sulphuric acid. The symmetrical anhydride (Z-
Aib)2O was synthesized in acetonitrile by inter-
molecular dehydration of the N-protected amino
acid with N-ethyl,N %-(3-dimethylaminopropyl)-car-
bodiimide in a 2:1 molar ratio.

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 571–583 (2000)
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Figure 1 FT-IR absorption spectra (N–H stretching region) of (A) Z-Ac11c-L-Ala-OtBu (2), Z-L-Ala-Ac11c-L-Ala-OtBu (3),
Z-(L-Ala)2-Ac11c-L-Ala-OtBu (4), and Z-Ac11c-(L-Ala)2-Ac11c-L-Ala-OtBu (5); (B) Z-Ac11c-Aib-OtBu (2), Z-Aib-Ac11c-Aib-OtBu
(3), Z-(Aib)2-Ac11c-Aib-OtBu (4), and Z-Ac11c-(Aib)2-Ac11c-Aib-OtBu (5); (C) Z-Ac11c-NHiPr (1) and Z-(Ac11c)2-NHiPr (2) in
CDCl3 solution (peptide concentration 1 mM).

L-Ala-L-Ala, L-Ala-Ac11c, Ac11c-L-Ala, Ac11c-Aib,
Ac11c-Ac11c and Ac11c-NH alkyl peptide (amide)
bond formation was obtained in methylene chloride
using N-ethyl,N %-(3-dimethylaminopropyl)-carbodi-
imide in the presence of 7-aza-1-hydroxy-1,2,3-ben-
zotriazole as the hydroxylamine-based additive [28].
On the other hand, formation of the Aib-Aib and
Aib-Ac11c peptide bonds was achieved by the sym-
metrical anhydride method in methylene chloride.
Removal of the Z-group was performed by catalytic
hydrogenation in methylene chloride.

The physical properties and analytical data for
Ac11c and its derivatives and peptides are listed in
Table 2. The newly synthesized compounds were
also characterized by 1H-NMR (data not shown).

Solution Conformational Analysis

The conformational preferences of the Ac11c-based
peptides in solution were assessed in a structure-
supporting solvent (CDCl3) by FT-IR absorption and
1H-NMR as a function of concentration (over the
range 10–0.1 mM).

Figure 1 shows the FT-IR absorption spectra (N–
H stretching region) of the terminally protected

Ac11c/L-Ala and Ac11c/Aib peptides (to the pentapep-
tide level) along with those of the Ac11c monomer
and homo-dimer alkylamides. The curves of the
dipeptide amide, tripeptides and higher oligomers
are characterized by two bands, at 3432–3426
cm−1 (free, solvated NH groups) and 3374–3345
cm−1 (H-bonded NH groups), respectively [29]. The
intensity of the low-frequency band relative to
the high-frequency band (AH/AF ratio) markedly
increases as the main-chain length increases.
Concomitantly, the absorption maximum shifts
significantly to lower wavenumbers. An inspection
of the spectrum of the homo-dimer alkylamide,
compared to those of the -Aib-Ac11c-Aib-, -L-Ala-
Ac11c-L-Ala-, and -Ac11c-L-Ala-L-Ala- esters (the
latter spectrum not shown), allows the deter-
mination of the rank order of the AH/AF ratios
as follows: Z-Ac11c-Ac11c-NHiPr\Z-Aib-Ac11c-Aib-
OtBu�Z-Ac11c-L-Ala-L-Ala-OtBu\Z-L-Ala-Ac11c-L-
Ala-OtBu. It can also be shown that, even at 10 mM

concentration, there are only negligible changes in
the spectra of all di-, tri-, and tetrapeptides exam-
ined (not shown). In the two pentapeptides, how-
ever, and particularly in the Aib/L-Ala compound, a

Copyright © 2000 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 6: 571–583 (2000)
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variation was observed, albeit small, in the AH/AF

ratio. In any case, in all peptides the H-bonding
band should be interpreted as arising from in-
tramolecular N–H···O�C interactions to a very large
extent.

This FT-IR absorption analysis has provided con-
vincing evidence that main-chain length dependent
intramolecular H-bonding is a factor of paramount
importance in biasing a folded conformation for the
N- and C-protected Ac11c peptides in CDCl3 solu-
tion. The findings also support the view that Ac11c
is not only a much stronger inducer of intramolecu-
larly H-bonded conformers than a typical protein
amino acid (Ala), but even slightly more effective
than Aib itself.

The delineation of inaccessible (or intramolecu-
larly H-bonded) NH groups of the terminally pro-
tected Ac11c peptides by 1H-NMR was performed
using: (i) solvent dependence of NH chemical shifts,
by adding increasing amounts of the strong H-
bonding acceptor solvent DMSO [30,31] to the
CDCl3 solution and (ii) free-radical (TEMPO) in-
duced line broadening of NH resonances [32]. As
typical examples, Figure 2 shows the behaviour of
the NH resonances of the Ac11c/L-Ala and Ac11c/Aib
pentapeptides upon addition of DMSO and TEMPO.
The upfield resonances in CDCl3 solution is unam-
biguously assigned to the urethane N(1)H proton
[29]. In any case, complete assignments of all NH
protons of the two peptides was achieved from
ROESY experiments. From an analysis of the spec-
tra as a function of concentration (10–1 mM) in
CDCl3 solution (spectra not shown), it could be
concluded that dilution induces a negligible shift
(50.02 ppm) to higher fields of all NH resonances of
di-, tri- and tetrapeptides, and the N(3)H to N(5)H
resonances of the pentapeptides. However, this ef-
fect become significant for the N(1)H and N(2)H
resonances of the pentapeptides, where shifts of
0.08–0.12 ppm for the N(1) resonances and 0.03–
0.06 ppm for the N(2)H resonances were found. In
the two Ac11c pentapeptides investigated in the
CDCl3–DMSO mixtures and in the presence of the
paramagnetic perturbing agent TEMPO two classes
of NH protons were observed. Class (i) [N(1)H and
N(2)H protons] includes protons whose chemical
shifts are sensitive to the addition of DMSO and
whose resonances broaden upon addition of
TEMPO. Interestingly, in both peptides the sensitiv-
ity of the N(1)H protons is higher than that of the
N(2) proton. Class (ii) [N(3)H to N(5)H protons] in-
cludes those displaying a behaviour characteristic
of shielded protons (relative insensitivity of chemi-

Figure 2 Plots of NH chemical shifts in the 1H-NMR
spectra of Z-Ac11c-(L-Ala)2-Ac11c-L-Ala-OtBu (A) and Z-
Ac11c-(Aib)2-Ac11c-Aib-OtBu (C) as a function of increas-
ing percentages of DMSO (v/v) added to the CDCl3
solution. Plot of bandwidths of the NH signals in the
1H-NMR spectra of Z-Ac11c-(L-Ala)2-Ac11c-L-Ala-OtBu (B)
and Z-Ac11c-(Aib)2-Ac11c-Aib-OtBu (D) as a function of
increasing percentages of TEMPO (w/v) added to the CDCl3
solution (peptide concentration 1 mM).

cal shifts to solvent composition and of line-widths
to the presence of TEMPO).

To summarize, the 1H-NMR results, described
here, allow one to conclude that in CDCl3 solution
at a concentration higher than 1 mM, the Ac11c-rich
peptides have some propensity to self-aggregate and
that in this process the urethane N(1)H and the
peptide N(2)H protons play a major role as inter-
molecular H-bonding donors. At lower concentra-
tions the N(3)H to N(5)H protons of the tri-, tetra-,
and pentapeptides are almost inaccessible to per-
turbing agents and are, therefore, most probably,
intramolecularly H-bonded. In view of these
findings and by analogy with the conformational
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Figure 3 X-ray diffraction structure of Z-Ac11c-OH with
the atoms numbered.

Figure 5 X-ray diffraction structure of Z-Ac11c-(Aib)2-
Ac11c-Aib-OtBu with the atoms numbered (for clarity only
the backbone atoms are labelled). The three intramolecu-
lar H-bonds are represented by dotted lines.

tendency of other cycloaliphatic Ca,a-disubstituted
glycines [4,14,16,21,22], it is reasonable to con-
clude that the most populated structures assumed
in CDCl3 solution by the N- and C-protected Ac11c
tri-, tetra- and longer peptides are the b-bend, two
consecutive b-bends (incipient 310-helix), and the
310-helix, respectively. These conclusions agree well
with those extracted from the FT-IR absorption in-
vestigation discussed above.

Crystal-state Conformational Analysis

The molecular and crystal structures of the follow-
ing Ac11c derivative and peptides were elucidated by
X-ray diffraction: Z-Ac11c-OH, Z-Aib-Ac11c-Aib-
OtBu (two independent molecules, A and B, in the
asymmetric unit), and Z-Ac11c-(Aib)2-Ac11c-Aib-
OtBu. The molecular structures with the atomic
numbering schemes are illustrated in Figures 3–5,
respectively. Relevant Na-protecting group, back-

bone and side-chain torsion angles [33] are given in
Table 3. In Table 4 the intra- and intermolecular
H-bond parameters are listed, while the average
bond lengths and bond angles characterizing the
Ac11c residue are reported in Table 5.

Bond lengths and bond angles are in general
agreement with previously reported values for the
geometry of the benzyloxycarbonylamino moiety
[34], the ester group [35], and the peptide unit
[36,37]. The average geometry for the Ac11c resi-
due has also been calculated. All parameters are
close to those reported in the literature for

Figure 4 X-ray diffraction structure of the two independent molecules (A and B) in the asymmetric unit of Z-Aib-Ac11c-Aib-
OtBu with the atoms numbered (for clarity only the backbone atoms are labelled). The intramolecular H-bond is
represented by a dotted line.
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Table 3 Selected Na-Protecting Group, Backbone and Side-chain Torsion Angles (°) for the Ac11c Derivative
and Peptides

Z-Ac11c-(Aib)2-Ac11c-Aib-OtBuTorsion angle Z-Ac11c-OH Z-Aib-Ac11c-Aib-OtBu

Mol. A Mol. B

u3,1 70.1(7)40.7(5) 61.2(5) −44.3(4)
u3,2 −139.0(4) −109.0(7)−117.9(4) 136.0(5)

79.6(8)u2 −164.5(3) 75.6(5) −81.2(5)
u1 177.4(3) −168.3(3) 174.3(3) −172.3(4)
v0 −176.9(3) −178.0(4)−172.9(3) 170.4(3)
f1 −49.5(3) −61.3(4) 61.2(5) −58.9(6)
c1 −49.2(3)a −24.8(6)−25.0(4) 26.2(5)
v1 176.9(3)−177.5(3) 178.9(3)
f2 −51.7(5)−56.2(4) 55.8(4)
c2 −33.0(4) −29.4(6)30.2(5)
v2 170.7(3) −177.7(3) 179.5(4)
f3 −54.2(5)54.6(5) −51.4(5)
c3 52.3(4)b −45.3(4)b −26.1(5)
v3 −179.5(3)175.4(3)c −179.1(3)c

f4 −51.8(6)
c4 −42.8(5)
v4 173.3(4)
f5 55.9(5)
c5 45.2(6)d

v5 174.1(5)e

x11,1 53.0(5)60.9(4)
x12,1 153.9(3) 155.8(5)
x13,1 −96.3(8)−70.6(5)
x14,1 −69.8(6) 85.4(19)
x15,1 139.0(8) −143.8(14)
x16 −56(3) [−106(1)]f 68(2)
x15,2 −41(3) [128.9(7)]f 78(2)
x14,2 83(2) [−79.4(8)]f −68.0(12)
x13,2 −126.8(9) [−70.3(6)]f −65.7(13)
x12,2 151.2(9)153.8(3)
x11,2 175.6(3) 174.1(4)
x21,1 48.1(4) −42.0(5)
x21,2 143.6(6) −155.5(5)
x21,3 −66.0(9) 68.4(9)
x21,4 −61.0(13) 85.3(10)
x21,5 137.7(10) −89.7(11)
x26 −130.2(11) −42.2(16)
x25,2 127.2(9) 145.7(18)
x24,2 −66.7(10) −43(3) [−104(2)]f

x23,2 −61.4(8) −104.5(10) [103.1(11)]f

x22,2 158.2(4) 133.2(7) [−134.2(7)]f

x21,2 175.4(3) 57.1(6) [160.0(7)]f

x41,1 56.7(5)
x42,1 135.0(7)
x43,1 −62(2)
x44,1 −71(2)
x45,1 145(2)

−96(5)x46

x45,2 91(3)
x44,2 −64(2)
x43,2 −61.2(19)

163.7(6)x42,2

x41,2 173.8(4)

a N1–Ca
1–C%1–OT; b N3–Ca

3-C%3–OT; c Ca
3–C%3–OT–CT; d N5–Ca

5–C%5–OT; e Ca
5–C%5–OT–CT; f The values in parentheses refer to

statistically positioned atoms.
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Table 4 Intra- and Intermolecular H-bond Parameters for the Ac11c Derivative and Peptides

Compound Type Donor Acceptor Length (A, ) Angle (°) Symmetry
operation(N···O) (C%�O···N)

Z-Ac11c-OH Intermolecular N1 −x+3/2, y−1/2,O1 3.061(3) 136.6(2)
−z+1/2
2−x, 1−y, 1−zOT O1 2.662(3) 126.5(2)

Z-Aib-Ac11c-Aib-OtBu Intramolecular x, y, zN3A O0 A 3.133(3) 129.8(2)
(1�4) N3B O0 B 3.043(4) 142.4(2) x, y, z

Intermolecular N1B O2A 2.972(3) 163.6(2) x, y, z

N1A x, y, 1+zO2B 2.978(3) 153.6(2)

x, y, zZ-Ac11c-(Aib)2-Ac11c-Aib-OtBu Intramolecular N3 O0 3.020(3) 127.8(3)
(1�4) N4 x, y, zO1 2.924(6) 133.4(3)

N5 O2 2.993(6) 131.6(3) x, y, z

Intermolecular N1 O4 2.958(8) −1+x, y, z137.9(4)

cycloundecylmethyl 1-naphthylcarbamate at 293 K
[38], the only compound with a system of 11 sp3

carbon atoms the structure of which has been
solved by X-ray diffraction. In particular, the aver-
age C–C bond length for the cycloundecyl ring is
1.51 A, (with the longest average distance of 1.66 A,
for the Cz1–Cz2 bond and the shortest average dis-
tance of 1.40 A, for the Co1–Cz1 bond), in good accord
with the literature average value of 1.52 A, for the
–CH2–CH2– length [39]. The values for the N–Ca,
Ca–C%, and C%�O bond lengths fit nicely with the
corresponding values for peptides based on protein

amino acids [36,37]. The average value for the bond
angles internal to the 11-membered ring is 115.0°,
significantly larger than the regular tetrahedral
value (109.5°). In particular, some of them, centred
at the Cb2, Cd1, Co1 and Co2 atoms, are remarkably
expanded (116–120°). This significant deviation is
also due to the large thermal ellipsoids shown by
some carbon atoms of the rings.

In addition, the bond angles indicate an asym-
metric geometry for the Ca atom. More specifically,
the bond angles involving the Cb1 atom are nar-
rower than those involving the Cb2 atom. This ob-
servation is common to Aib and Acnc-rich peptides
[14,22]. The average value for the conformationally
sensitive N–Ca–C% (t) bond angle, external to the
cyclic system, is 110.0°, comparable to that exhib-
ited by the Ca,a-disubstituted glycines forming regu-
lar bends and helices (110–111°) [14,22,40].

All five Ac11c residues (by taking into account
both independent molecules of the tripeptide) are
found in the helical region A (A*) of the conforma-
tional map [41]. The average value for the f, c

backbone torsion angles of the Ac11c residue com-
pletely involved in a bend/helical structure are
955.7°, 932.7°, close to those expected for a 310-
helix (957°, 930°) [20].

The -Aib-Ac11c- sequence of both molecules A and
B of the tripeptide is folded in a 1�4 C�O···H–N
intramolecularly H-bonded type III(III%) b-bend con-
formation. The intramolecular N3···O0 separation is
3.133(3) A, for molecule A and 3.043(4) A, for
molecule B, within the limits expected for such
H-bonds [42–44]. The major backbone conforma-
tional difference between molecules A and B is the

Table 5 Average Bond Distances and Bond Angles
for the Ac11c Residue

Bond angleBond distance
(A, ) (°)

N–Ca 1.463(6) N–Ca–C% 110.0(3)
Ca–C% 1.535(4) Cb1–Ca–Cb2 113.3(3)
C%–O 1.221(8) Ca–Cb1–Cg1 115.3(4)
Ca–Cb1 1.533(9) Cb1–Cg1–Cd1 115.2(5)
Cb1–Cg1 1.523(5) Cg1–Cd1–Co1 116.1(8)
Cg1–Cd1 1.49(1) Cd1–Co1–Cz1 116(1)
Cd1–Co1 1.54(2) Co1–Cz1–Cz2 111(1)

114(1)Cz1–Cz2–Co21.39(2)Co1–Cz1

Cz1–Cz2 1.66(2) Cz2–Co2–Cd2 120(1)
Cz2–Co2 1.42(2) Co2–Cd2–Cg2 112.3(7)
Co2–Cd2 1.52(2) Cd2–Cg2–Cb2 112.9(5)

1.58(1)Cd2–Cg2 119.0(4)Cg2–Cb2–Ca

Cg2–Cb2 1.464(9) N–Ca–Cb1 113.3(3)
Cb2–Ca 1.538(9) N–Ca–Cb2 106.1(3)

C%–Ca–Cb1 102.8(3)
C%–Ca–Cb2 107.2(3)
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opposite screw sense of the helical b-bend, left-
handed for molecule A and right-handed for
molecule B. The 1–4 sequence of the pentamer
forms a 310-helix [three consecutive type III(III%) b-
bend conformations] stabilized by three 1�4
C�O···H–N intramolecular H-bonds of normal
length. In molecules A and B of the tripeptide and in
the pentapeptide also the C-terminal Aib residue
adopts a conformation in the helical region, but it
has an handedness opposite to that shown by the
preceding residues, a common observation for heli-
cal Aib peptides [14].

In the four molecules only two significant devia-
tions of the v torsion angles (�Dv �\7.5°) from the
ideal value of the trans planar urethane, peptide
and ester units (180°) are observed: the urethane v0

value of molecule A and the peptide v2 value of
molecule B of the tripeptide, which differ by 9.6°
and 9.3°, respectively, from the trans planar value.
The trans arrangement of the u1 torsion angle of the
benzyloxycarbonylamino moiety, found for all of the
four molecules of the Z-protected Ac11c derivative
and peptides, is that usually exhibited by Z-amino
acids and peptides [34]. Not surprisingly, the values
of u2 are concentrated in three regions, viz. 909
15°, −9099°, and 180916°. In all three peptide
molecules the tert-butyl ester conformation with
respect to the preceding Ca–N bond is intermediate
between the anticlinal and the anti-periplanar con-
formations [45].

A comparison of the torsional angles for the 11-
membered rings experimentally found in this work
with the force-field torsion angles calculated for the
six low-energy conformations of cycloundecane
[46–50] shows that the ring tends to assume only
two different conformations (Figure 6). In particular,
these conformations are essentially identical to the
[335] and [12323] conformations discussed by Anet
and Rawdah [48], that represent the lowest energy
conformations. The [335] conformation of cycloun-
decane can be considered as derived from the
square [3333] conformation of cyclododecane by
ring contraction, whereas the [12323] conformation
is derivable from the [2323] conformation of cy-
clodecane by ring expansion [48]. In particular, in
each of the Ac11c residues in the [335] conformation
(i.e. in both statistic conformations of Z-Ac11c-OH,
in molecule A of the tripeptide, and in residue 4 of
the pentapeptide) the endocyclic side-chain x tor-
sion angles have the following set of average values:
�157.3, 964.2°, 966.4°, �142.8°, 963.5°, 9
67.7°, �123.5°, 9124.8°, �127.8°, 965.6°, and

Figure 6 Overlay of the Ac11c cycloaliphatic ring derived
from the X-ray diffraction structures discussed in this
work.

963.0°. On the other hand, in the Ac11c residues in
the [12323] conformation these dihedral angles
have the following set of average values: �141.1°,
988.3°, �89.1°, 9148.2°, �59.5°, �84.3°,
981.0°, 958.5°, �150.8°, 961.4°, and 969.1°.
The major differences with respect to the Anet and
Rawdal’s conformations [48] are found in the region
of the ring far from the Ca atom, where there are
large thermal ellipsoids. A comparison of these data
with the crystal state structure of cycloundecyl-
methyl 1-naphthylcarbamate [38] and the NMR
conformational studies on cycloundecane [47,48]
reveals that the two conformations found in the
present study are similar to those exhibited by the
other compounds reported in literature.

An additional point of interest is the occurrence in
each Ac11c ring of two consecutive x torsion angles
with the same absolute value of $60°. This ar-
rangement is responsible for the larger separation
between carbon atoms at relative positions 1:5, con-
comitantly offering enough space to the additional
carbon atoms to complete the cyclic structure.

In addition, it is worth noting that for all residues
the x1,1 and x1,2 side-chain torsion angles are in the
(t, g+) and (t, g−) conformations for right-handed
and left-handed Ac11c residues, respectively. The
only exception is found for one of the statistical
conformation of the molecule B of the tripeptide
that presents x1,1 and x1,2 side-chain torsion angles
in the (g−, g+) conformation.

The packing mode of the Z-Ac11c-OH molecules is
characterized by (carboxylic acid) OT–H···O1�C%1
(carboxylic acid) intermolecular H-bonds, giving rise
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to dimeric structures and by (urethane) N1–
H···O1�C%1 (carboxylic acid) intermolecular H-bonds
forming rows along the b direction. The geometrical
parameters for the N–H···O [42–44] and O–H···O
[51,52] intermolecular H-bonds are in the ranges
expected for such interactions.

The packing mode of Z-Aib-Ac11c-Aib-OtBu
tripeptide, with two independent molecules (A and
B) in the asymmetric unit, is characterized by two
(urethane) N–H···O�C(peptide) intermolecular H-
bonds [N1A–H···O2B�C%2B, and N1B–H···O2A�C%2A].
These intermolecular interactions, occurring along
the c direction, link together A and B molecules in a
head-to-tail fashion, thus producing rows of A-to-B
H-bonded peptide molecules. Hydrophobic interac-
tions held together rows of peptides in the other
directions.

The Z-Ac11c-(Aib)2-Ac11c-Aib-OtBu molecules
pack together along the a direction, producing rows
of molecule stabilized by (urethane) N–H···O�C
(peptide) intermolecular H-bonds [N1–H···O4�C%4]. In
addition, hydrophobic interactions link together
rows of peptide molecules running in the b and c
directions.

CONCLUSIONS

Overall, the solution and crystal-state data collected
in this work for the Ac11c-based peptides are con-
sistent with the contention that this medium-ring
cycloaliphatic Ca,a-disubstituted glycine is struc-
turally constrained and tends to exhibit f, c

backbone torsion angles characteristic of the
310-/a-helical region of the Ramachandran map
[41]. Therefore, the Ac11c residue can exert a confor-
mational bias in favour of the type III(III%) b-bend
(where it may occupy either position i+1 or i+2)
and the type I(I%) b-bend (where it may occupy posi-
tion i+1). It may also be located, although with
some energy cost, at position i+2 of either type I(I%)
or type II(II%) b-bend. Interestingly however, the set
of f, c torsion angles compatible with the semi-ex-
tended position i+1 of type II(II%) b-bend seems to
be precluded to Ac11c.

Recently, we have proposed that the series of Acnc
(n=3–12) residues, having increasing effective vol-
ume and hydrophobicity but possessing a similar
conformational preference, may represent a sound
basis for an ‘Acnc scan’ [53]. Actually, we believe
that the SAR data of analogues of relevant bioactive
peptides, incorporating this whole series of Acnc
residues at a selected position, may be of great

value in delineating the nature of the receptor-
bound conformation and in the production of highly
active agonists and antagonists. Recently, based on
this concept, Garcı́a-Echevarrı́a et al. [54] have ele-
gantly mapped the X+1 binding site of the Grb2-
SH2 domain. Detailed information on the synthesis,
characterization and conformational properties of
Ac10c [23], the last residue of this series to be
investigated, will be reported soon.
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