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ABSTRACT

In order to investigate the ability of the (S)-aminobicyclo[2.2.2]octane-2-carboxylic acid 1 (H-(S)-ABOC-OH) to induce reverse turns into peptides, two
model tripeptides, in which this bicyclic unit was incorporated into the second position, were synthesized and analyzed by FT-IR, CD, NMR, and
X-ray studies.

The reverse-turn has long been recognized as a signifi-
cant secondary structure element in globular protein
architecture.1 It is involved in protein folding2 and con-
stitutes an important site ofmolecular recognition inmany
biologically active peptides and proteins due to its frequent

localization in the exposed surface.3 Therefore, for more
than 30 years, this small secondary structural element has
been an attractive target to bemimicked by conformation-
ally constrained motifs that are able to induce secondary
structures found in peptides, proteins, or structuralmimics
thereof.4 Most of these motifs are based on dipeptide
mimetics.4 However, β-amino acids that are mono- or di
substituted on their 2- or 3-position have also been shown
to induce turns in peptides. They were particularly applied
to an important field of research that consists in the
construction of small synthetic oligomers, called folda-
mers. Depending on the β-amino acid unit, various well-
defined folding secondary structures, including a 14-, 12-,
10- and 8-helix, or even sheets were obtained.5 With the
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folding pattern being controlled by the monomeric motif
forming the β-peptides, the search for new scaffolds able to
modulate secondary structures appears to be of great
potential use.6 In this area, we have developed a research
program for the selection of conformationally constrained
motifs including β-turnmimics able to displaywell-defined
secondary structures by oligomerization.7 Among the
different motifs that have been selected, we have focused
on the (S)-aminobicyclo[2.2.2]octane-2-carboxylic acid 1
(H-(S)-ABOC-OH), a β2,3,3-trisubstituted cyclic β-amino
acid, as a potential turn inducer in peptides and a favorable
scaffold to induce structured oligomers.
We have recently reported the asymmetric synthesis of

this original rigid bicyclic β-amino acid 1 bearing an amino
group at the bridgehead (Figure 1).8 This compound is
particularly attractive because it combines both the struc-
tural properties of constrained cyclic compounds and
those of β-amino acids, which have been intensively used
as foldamer precursors.5a

The high level of constraint of the (S)-ABOCmotif, with
all adjacent methylene protons eclipsed and its carboxylic
acid and amino groups in a synclinal conformation, pro-
vides a template with drastically reduced conformational
freedom. This feature should allow a high degree of con-
servation ofABOCangles when incorporated into peptide/
protein sequences or foldamer compounds. The crystal
structure of Boc derivative 2 is represented in Figure 1.

To further explore its properties, we decided to synthe-
size and study the conformational behavior of two model
tripeptides 3 and 4 incorporating the constrainedABOC in
the central position, by means of CD, FT-IR, NMR
spectroscopies and XR diffraction. Their syntheses were
performed following the standard Boc protecting group
synthesis of peptides strategy in solution (Scheme 1).
We then investigated the structural features of 3 and 4 in

solution using several spectral analyses. Experiments were
carried out in CDCl3 or in CD3CN in accordance with the
peptide solubility and solvent transparency, i.e. CDCl3 for
infrared spectroscopy, CD3CN to record circular dichro-
ism spectra, and both solvents for NMR studies. No

significant differences were observed in NMR spectra in
CDCl3 or in CD3CN (Figure S3A�L and Tables S4 and
S5). In addition, FT-IR and NMR data of 3 and 4 were
compared to those obtained for a control tripeptide Z-Ala-
β-Ala-Phe-NHiPr 10 containing an unconstrained β-ami-
no acid replacing the rigid ABOC residue.

The extent of hydrogen bonding in 3 and 4 in CDCl3
was evaluated through FT-IR spectroscopy experiments
(Figure S1 A�H), DMSO-titration NMR experiments,
and temperature coefficients of amide protons in the 283 to
313 K range (Figure S5).
First, the solventaccessibilityof theNHprotonresonances

wasmeasuredbyaDMSO-titrationexperimentwithgradual
addition of DMSO-d6 to the CDCl3 solution (Figure S4). It
can be assumed that low temperature coefficients inDMSO-
d6 (<5 ppb/K) are related to inaccessible protons to the
solvent and lower values in CDCl3 e 2.4 ppb/K are related
not only to shielded protons (which remained shielded over
the temperature range) but also to accessible ones. Accord-
ingly only temperature coefficients significantly larger than
2.4 ppb/K in CDCl3 can be unambiguously assigned to NH
protons initially shielded, which become exposed to the
solvent in the course of the temperature range.9

A similar behavior was observed for the tripeptides
3 and 4. First, the large NH(Ala) temperature coefficient
values for 3 and 4 (4.4 and 5.2 ppb/K) in CDCl3 associated
to weak chemical shift variations with the addition of
DMSO-d6 (0.87 and 0.45 ppm) suggested solvent accessi-
bility. In contrast, theNH(ABOC) andNH(Phe) exhibited
low temperature coefficients in CDCl3 (1.4 and 3.0 ppb/K
for 3 and 0.9 and 1.0 ppb/K for 4). The conformational
stability imposed by the ABOC motif should influence
these temperature coefficients.

Scheme 1. Synthesis of Tripeptides 3 and 4

Figure 1. Crystal structure of the Boc-(S)-ABOC-OH 2.
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Despite border temperature coefficients in DMSO-d6,
small chemical shift variations (around 1 ppm) along the
DMSO-titration experiments indicated the participation
of these amide protons in an intramolecular hydrogen
bond. Finally, all measured parameters for the additional
NH(iPr) in 4, i.e. small temperature coefficient in CDCl3,
large value in DMSO-d6, and large chemical shift differ-
ence between CDCl3 and DMSO-d6 (ΔNH = 2.16 ppm),
indicated a solvent-accessible NH proton.
To gain further information on the hydrogen bond

network, FT-IR spectroscopy studies were undertaken.

As previously mentioned, frequencies of amide A and

amide I bands corresponding to NH and CO stretching

vibrations, respectively, depend on the involvement of

vibrators in hydrogen bonds.10 Typically, the frequencies

of stretching vibrations decrease with hydrogen bonding

formation. Those of the hydrogen bonded NH and CO

amide rise below 3400 and 1680 cm,�1 respectively, and

overlaps between “bound” and “free” bands are common

in the latter case. Moreover, with the time scale of infrared

spectroscopy being faster than that of NMR, an infrared

spectrum can contain the spectral contributions of all

components of a pool of conformers.11 Thus, for the same

CO or NH function, it should be possible to see both the

bonded and nonbonded forms.
In order to assign the positions of free NH and CO

vibrators of tripeptides 3 and 4, we first studied precursors

6, 7, 8, and 9 (Tables S1 and S2 and Figure S1A�D). For

these precursors, we found no evidence of strong bonded

NH absorption bands as could be observed in the intra-

molecular reverse turn or in intermolecular interactions.12

However, the (S)-ABOC motif led to a new band at 3398

cm�1 in precursor 8, suggesting a certain contribution of

H-bonded species (Figure S1A). In the case of 4 a broad

band at 3295 cm�1 suggested the existence of a stronger

hydrogen-bonding interaction and therefore a higher level

of structuration (Figure S1A). No distinguishable band

around 3300 cm�1 was observed for 3, but an enlargement

of the signal suggested anemergent hydrogenbond (Figure

S1B). Nevertheless for this tripeptide, a shoulder around

1655 cm�1 corresponding to a hydrogen bonded CO

stretchwas present (Figure S1D). The study of CO stretch-

ing vibrations of all compounds showed either a global

shift of vibrators to lower frequencies or shoulders, both

related to bonded carbonyls. Both FT-IR amide A and

amide I band analyses of 3 and 4 confirmed the involve-

ment of NH and CO groups in hydrogen-bonding inter-

actions. In addition, comparison of 10 with 4 showed a

higher level of structuration for the latter. Indeed, in the

amide A region (Figure S1G), 4 revealed a NH bonded

band at a lower frequency (3295 cm�1) than 10, which

showed a major band at 3343 cm�1 and a shoulder at

3300 cm�1. Moreover, the ratio of the integrated intensity

of the hydrogen-bonded NH bands to free NH bands

(AH/AF)
13 was much higher in the case of the ABOC

containing tripeptide (AH/AF = 1.94) than in the case of

the β-Ala analog (AH/AF= 0.89). This suggested a higher

involvement of NH groups in intramolecular interactions

in 4 compared to 10. Finally, in the amide I region (Figure

S1H), a free CO band at 1675 cm�1 was only observed for

10, which confirmed the previous observations of a higher

structuration level for 4.

To gain more insight into the conformation of com-
pounds 3 and 4 in solution, we recorded CD spectra in
CD3CN and performed NMR studies based on ROESY
spectra (10 mM, 298 K) in CDCl3 and CD3CN. As no
signal could be detected for 2, the similar CD spectra of
3 and 4with amaximum around 220 nm could indicate the
presence of comparable structuration (Figure S2). For
both compounds, ROE derived distances as upper bound
distances were used for structural calculations (Table S7).
The ROE long-range distances in CDCl3 are reported in
Figure 2. For the structure calculations using AMBER10,
21 and 19 distance restraints for 3 and 22 and 20 distance
restraints for 4 in CDCl3 and CD3CN respectively were
introduced. As expected, the set of ROEs observed on the
ROESY spectra were very close for 3 and 4 in both
solvents. The characteristic ROE long-range distances
between protons on each side of the ABOC residue sug-
gested a reverse turn scaffold for both compounds. The 15
lowest energy structures of 3 and 4 in CDCl3 and CD3CN
are reported in Figure S6. As indicated, the root-mean-
square deviations (rmsd) fit on backbone heavy atoms
were very low in the four calculated sets of structures and
decreased significantly when the terminal flexible moieties
were omitted (rmsd around 0.2). Indeed, we noticed that
the backbone trace ofAla-(S)-ABOC-Phewas particularly

Figure 2. ROE long-range distances (red arrows) in CDCl3 at
298 K for 3 and 4.
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well-defined in a reverse turn conformation in CDCl3 and
CD3CN. Figure 3 showed that 3 and 4 share similar
conformations retained in both solvents. For compound
10, 21 distance restraints were used for structure calculation
but only two long-range NOEs could be detected in the
ROESY spectrum in CDCl3. Indeed while, for 4, typical
NOEs involved theNH(Ala) and theNH,CH,orCH3of the
C-terminalNHiPrgroup, noneof themcouldbedetected for
10.As a result, the rmsd fit onbackboneheavyatoms for this
compound was higher than that of 3 and 4 (0.429 for 10 vs
0.160 and 0.131 for 3 and 4 respectively) indicating signifi-
cant structural discrepancies among theNMRlowest energy
structures despite a global turn shape (Figure S6E). The
significant standard deviation on the dihedral angle values
also underlined the higher conformational freedom of the
tripeptide 10 in comparison to 3 and 4 (Table S8).
For compounds 3 and 4 the turn was stabilized by two

hydrogen bonds, between the NH(Phe) and CO(Ala) and
the NH(Ala) and CO(Phe), which formed a “C8” and a
“C12” pseudocycle respectively. In addition, “C7 lateral
pseudocycles” were stabilized by hydrogen bonds between
the NH(ABOC) and CO(N-ter) for 3 and 4 and the NH-
(iPr) and CO(ABOC) for 4.
The crystals obtained in CH2Cl2 by slow evaporation

allowed us to obtain the solid state structure of the tripeptide
4 (Figure 4).Wenoticed that this peptide also adopteda turn
in the crystal butwith adifferent hydrogen bondnetwork. In
the crystal, two hydrogen bonds were present between the
NH(ABOC) and theCO(Phe), and theNH(Phe) andCO(Z)
forming a “C9” and a “C11” pseudocycle. However, as
observed in Figure 4, the reverse turn global conformation
in the solid state and solution were almost superimposed.
The main difference was the position of the benzyl moiety
rotated toward the phenylalanine side chain in the solid
state (Figure S7), which was, however, incompatible

with the long-rangeROEs previously described in solution
(especially between theNH(Ala) and the isopropyl group).
To further compare the (S)-ABOC turn in solution and

in the solid state, the backbone torsion angles φ, ψ, and
θ were determined (Table S8). As expected, backbone
torsion angles of compounds 3 and 4 were similar. The
characteristic θ angle value of the (S)-ABOC β-residue
was∼50��60�. The variation of the benzyl urethane group
position in solution and in the solid state was associated
to rotations of the alanine φ and ψ dihedral angles (i.e.,
�88.7� vs�48.9� and 31.1� vs 142.2� in solution and in the
crystal, respectively). The preferred conformation in the
crystal was stabilized by the CO(Z)-NH(Phe) hydrogen
bond.Nevertheless, in tripeptide 4, despite discrepancies in
the hydrogen bond network, other angles exhibited rela-
tively close values in solution and in the crystal.
In this paper, we developed a novel reverse turn scaffold

based on the β-residue (S)-ABOC conformationally re-
strained motif. We described its ability to induce a highly
stable turn in solution. Thus, it constitutes a new building
block to design original larger ABOC-based oligomers
providing original secondary structures (e.g., helices).
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Figure 3. Overlay of 3 (magenta) and 4 (green) average NMR
solution structures in CDCl3 and representation of the (S)-
ABOC-driven reverse turn. H-bonds are shown as dashed lines. Figure 4. Overlay of crystal structure (yellow) and average

NMR solution structure (green) in CDCl3 of 4. H-bonds are
shown as dashed lines.
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