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ABSTRACT: We investigated the preferred conformations of
two nonapeptides, Boc-(L-Leu-D-Leu-Aib)3-OMe (2) and its
enantiomer Boc-(D-Leu-L-Leu-Aib)3-OMe (ent-2), four dodec-
apeptides, Boc-(L-Leu-D-Leu-Aib)4-OMe (3), Boc-(L-Leu-Aib-
D-Leu)4-OMe (4), Boc-(Aib-L-Leu-D-Leu)4-OMe (5), and
Boc-(L-Leu-Aib-D-Leu-Aib)3-OMe (6), and a decapeptide,
Boc-L-Leu-(D-Leu-L-Leu-Aib)3-OMe (7), in solution and in
the crystalline state. The nonapeptide 2 formed a right-handed
(P) α-helix, and its enantiomer ent-2 formed a left-handed (M) α-helix. The dodecapeptides 3 and 5 were folded into (P) helices,
and 4 formed an (M) helical structure. As for 6, roughly equivalent amounts of (P) and (M) helices were observed in solution,
and two (M) α-helices were detected in the crystalline state. Furthermore, the decapeptide 7, which possesses four L-Leu residues
and three D-Leu residues, was folded into an (M) α-helix.

■ INTRODUCTION

The folding of oligomer and polymer molecules is intimately
associated with the functions of biomolecules, including DNA
and proteins. Among the folded structures found in
biomolecules, helices are considered among the most important
structures in a variety of fields, such as biology, chemistry, and
medicinal chemistry. Therefore, various helical oligomers
composed of rigid building blocks, such as α-peptides,1 β-
peptides,2 aromatic amide oligomers,3 and urea-type
oligomers,4 have been developed. Such helices exhibit right-
handed (P) or left-handed (M) screw senses depending on the
chirality of their building blocks. Natural α-helical L-peptides
usually have a (P) screw sense because they are composed of L-
amino acids (L-AA) with α-chiral centers.5 Conversely,
enantiomeric D-peptides have an (M) screw sense. On the
other hand, it is difficult for LD-oligopeptides with alternating
L-AA and D-AA residues to form one-handed α-helices,6 and
hence, they usually fold into wide-pore β- and π-helices with
semiextended LD-dipeptide conformations.7 We have recently
reported that the insertion of achiral α-aminoisobutyric acid
(Aib) residues into LD-peptides is useful for controlling their α-
helical structures.8 Herein, we describe the positional influence
of Aib residues on the helical structures of LD-peptides. That is
to say, we designed and synthesized two nonapeptides, Boc-(L-
Leu-D-Leu-Aib)3-OMe (2) and its enantiomer Boc-(D-Leu-L-
Leu-Aib)3-OMe (ent-2), and four dodecapeptides, Boc-(L-Leu-
D-Leu-Aib)4-OMe (3), Boc-(L-Leu-Aib-D-Leu)4-OMe (4), Boc-
(Aib-L-Leu-D-Leu)4-OMe (5), and Boc-(L-Leu-Aib-D-Leu-

Aib)3-OMe (6), and studied their preferred conformations in
solution and in the crystalline state. Furthermore, we also
analyzed the conformation of a decapeptide, Boc-L-Leu-(D-Leu-
L-Leu-Aib)3-OMe (7), containing four L-Leu and three D-Leu
residues to investigate whether it forms a (P) helical structure
(Figure 1). Conformational analyses of peptides 2−6 revealed
that alternating dipeptide L-Leu-D-Leu segments act as single
chiral inducers that control the helical screw sense of LD-
peptides and Aib residues have important effects on the folding
of the α-helical structures of LD-peptides. The dominant
conformation of 7 was an (M) α-helix, despite it possessing
four L-Leu residues and three D-Leu residues. This indicates
that the presence of three D-Leu-L-Leu segments within a
molecule, which would tend to produce an (M) helical screw
sense, has a stronger influence on the chirality of the molecule
than the presence of a single N-terminal L-Leu residue, which
would tend to induce a (P) helical screw sense.

■ RESULTS

Synthesis of Peptides. Nonapeptides Boc-(L-Leu-D-Leu-
Aib)3-OMe (2) and Boc-(D-Leu-L-Leu-Aib)3-OMe (ent-2),
dodecapeptide Boc-(L-Leu-D-Leu-Aib)4-OMe (3), Boc-(L-Leu-
Aib-D-Leu)4-OMe (4), Boc-(Aib-L-Leu-D-Leu)4-OMe (5), Boc-
(L-Leu-Aib-D-Leu-Aib)3-OMe (6), and decapeptide Boc-L-Leu-
(D-Leu-L-Leu-Aib)3-OMe (7) were synthesized by conventional
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solution-phase methods according to a fragment condensation
strategy using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDC) hydrochloride and 1-hydroxybenzotriazole (HOBt)
hydrate as coupling reagents (Scheme 1).9 After deprotection
of the Boc-protecting group in the hexapeptide Boc-(L-Leu-D-
Leu-Aib)2-OMe (1),10 the resultant N-terminal free hexapep-
tide was coupled with the tripeptide acid Boc-L-Leu-D-Leu-Aib-
OH to give the nonapeptide 2 in 52% yield. The dodecapeptide
3 was synthesized from the nonapeptide 2 in a 47% yield. The
enantiomeric nonapeptide ent-2 and dodecapeptides 4−6 were
prepared using similar methods. The decapeptide 7 was
synthesized via coupling with Boc-L-Leu and the nonapeptide
amine from ent-2 in a 73% yield.11

Conformational Analysis in Solution. The Fourier
transform infrared (FT-IR) spectra of peptides 3, 6, and 7 in
the NH-stretching region (amide A 3200−3500 cm−1) were
measured in CDCl3 solution. Representative examples are
shown in Figure 2. The weak bands around the 3420 cm−1

region were assigned to free peptide NH groups, and the strong
bands around the 3320 cm−1 region were assigned to peptide
NH groups with N−H···OC intramolecular hydrogen bonds.
These three IR spectra were very similar to those of helical
peptides in solution.12 The other peptides also exhibited spectra
that were indicative of helical peptides (data not shown).
The CD spectra of the synthetic peptides were measured in

2,2,2-trifluoroethanol (TFE) solution. The CD spectra of 2 and

Figure 1. Structures of the peptides used in this study.

Scheme 1. Synthesis of the Nonapeptides 2 and ent-2, the Dodecapeptides 3−6, and the Decapeptide 7
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3 showed negative maxima at around 209 and 224 nm,
indicating that they possessed a right handed (P) helical screw
sense (Figure 3A).13 However, both of these signals were weak,
suggesting that the screw senses of these peptides were not
tightly controlled. Based on the R ratios (θ224/θ209) of peptides
2 and 3, it was determined that both molecules form α-helices
as their dominant conformations (R = 0.7 for 2, R = 0.8 for
3).14 From considering the R values of 2 and 3, the α-helical
structure of the dodecapeptide 3 is more stable than that of the
nonapeptide 2.14,15 On the other hand, ent-2 formed a left-
handed (M) α-helix and displayed positive maxima at 209 and
224 nm (Figure 3B).1d,15

Figure 4 shows the CD spectra of 3−6. The peptide 4
displayed positive maxima at around 209 and 225 nm, giving it
an (M) helical screw sense. The R value of 4 was 0.9, suggesting
that it forms an α-helix as its preferred secondary structure. The
CD spectrum of 5 exhibited negative maxima at 206 and 223
nm (R = 0.5), which was indicative of a mixture of right-handed
(P) 310- and α-helices. On the other hand, 6 did not show the
characteristic maxima of a helical structure, which suggested
that roughly equivalent amounts of (P) and (M) helices were
present in 6.

Figure 2. Representative IR spectra of (a) Boc-(L-Leu-D-Leu-Aib)4-OMe (3), (b) Boc-(L-Leu-Aib-D-Leu-Aib)3-OMe (6), and (c) Boc-L-Leu-(D-Leu-
L-Leu-Aib)3-OMe (7) in CDCl3 solution. Peptide concentration: 2.0 mM.

Figure 3. CD spectra in the 190−260 nm region of the nonapeptides 2 and ent-2, and the dodecapeptide 3: (a) nonapeptide 2 (n = 3, red) and the
dodecapeptide 3 (n = 4, green); (b) nonapeptide 2 (red) and its corresponding enantiomer ent-2 (blue). Peptide concentration: 0.5 mM in TFE
solution.

Figure 4. CD spectra of the dodecapeptides 3 (green), 4 (purple), 5
(orange), and 6 (black). Peptide concentration: 0.5 mM in TFE
solution.
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The CD spectrum of 7, which contained a single L-Leu
residue at the N-terminus of its repeating D-Leu-L-Leu-Aib
sequence, contained a pattern similar to that of ent-2, indicating
that the helical screw sense of 7 was left handed (Figure 5).
Based on the R value of 7 (R = 0.6), its dominant
conformations were considered to include a mixture of (M)
310- and α-helices.

Conformations of Peptides 2−4, 6, and 7 in the
Crystalline State. The nonapeptide 2, the dodecapeptides 3,
4, and 6, and the decapeptide 7 produced suitable crystals for
X-ray crystallographic analysis via the slow evaporation of the
relevant solvents (1,4-dioxane/H2O for 2 and 3, MeOH/H2O
for 4 and 7, and MeOH/CH2Cl2 for 6) at room temperature.
The structures of the peptides were solved using the SHELXS
97 direct methods16 and expanded using the Fourier
technique.17 All non-H atoms were given anisotropic thermal
parameters, some H atoms were refined isotropically, and the
remaining H atoms were placed at the calculated positions.18

The crystal and diffraction parameters of the peptides, the
relevant backbone and side chain torsion angles, and intra- and
intermolecular hydrogen-bond parameters are summarized in
the Supporting Information.11

A right-handed (P) α-helix in which the C-terminal D-Leu
(8) residue had been flipped was detected in the nonapeptide
Boc-(L-Leu-D-Leu-Aib)3-OMe (2) (Figure 6). This C-terminal
flipping is referred to as a Schellman motif and is found in some
proteins.19 The mean ϕ and ψ torsion angles of its amino acid
residues (1−6) were −59.2° and −47.2°, respectively, which
are close to those of an ideal right-handed (P) α-helix (−60°
and −45°, respectively). The flipped ϕ and ψ torsion angles of
the D-Leu (8) residue were positive (ϕ = +64.7°, ψ = +39.4°).

One i← i + 3 type, three i← i + 4 type, and one i← i + 5 type
hydrogen bonds were found in the α-helical molecule.
Furthermore, a water molecule was captured by the hydrogen
bond between H−Ow and C(7)O(7). The helical con-
formers were connected by intermolecular hydrogen bonds to
form head-to-tail aligned chains.11

The dodecapeptide Boc-(L-Leu-D-Leu-Aib)4-OMe (3) ex-
clusively crystallized into a (P) α-helical conformer containing
1,4-dioxane and water molecules (Figure 7). The mean ϕ and ψ

torsion angles of its amino acid residues 1−10 were −59.4° and
−42.4°, respectively. The values of the flipped ϕ and ψ torsion
angles of the D-Leu(11) residue were ϕ = +85.0° and ψ =
+15.9°, and those of the Aib(12) residue were ϕ = +46.7° and
ψ = +38.2°. In the molecule, two i← i + 3 type, seven i← i + 4
type, and one i ← i + 5 type hydrogen bonds were detected. In
the packing mode, the α-helical molecules were connected by
water molecule-mediated intermolecular hydrogen bonds,
forming head-to-tail aligned chains.11

A left-handed (M) α-helix and a methanol molecule were
detected in the asymmetric unit of the dodecapeptide Boc-(L-
Leu-Aib-D-Leu)4-OMe (4) (Figure 8). The mean ϕ and ψ

torsion angles of its residues (1−10) were +57.9° and +42.5°,
respectively, which are close to those of an ideal left-handed
(M) α-helix (+60° and +45°, respectively). A reversal of the
Aib(11) torsion angles occurred; i.e., the ϕ and ψ torsion angles
of the residue turned negative (−58.1° and −50.7°,
respectively). Eight intramolecular hydrogen bonds were
found in the α-helical molecule of 4; i.e., two i ← i+3 type,
six i ← i+4 type hydrogen bonds were present. Furthermore, a
methanol molecule was held in the peptide backbone by the
two hydrogen bonds between H−N(12) and OM, and H−OM
and C(7)O(7). In packing mode, the α-helical conformers
were connected by two intermolecular hydrogen bonds,
forming head-to-tail aligned chains.11

Two independent crystallographic molecules, A and B, were
detected in the asymmetric unit of the dodecapeptide Boc-(L-

Figure 5. CD spectra of the nonapeptide ent-2 (blue) and the
decapeptide 7 (cyan). Peptide concentration: 0.5 mM in TFE solution.

Figure 6. X-ray diffraction structure of 2 (a) as viewed perpendicular
to the helical axis and (b) an ORTEP drawing as viewed along the
helical axis.

Figure 7. X-ray diffraction structure of 3 (a) as viewed perpendicular
to the helical axis and (b) an ORTEP drawing as viewed along the
helical axis. The 1,4-dioxane and water molecules have been omitted.

Figure 8. X-ray diffraction structure of 4 (a) as viewed perpendicular
to the helical axis and (b) an ORTEP drawing as viewed along the
helical axis. The methanol molecule has been omitted.
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Leu-Aib-D-Leu-Aib)3-OMe (6). Both molecules were folded
into left-handed (M) α-helices, in which the N- and C-terminal
residues were flipped (Figures 9 and 10). The two molecules

formed similar secondary structures but showed small differ-
ences in their side-chain conformations and N- and C-terminal
peptide backbones, as shown by the overlaid structures in
Figure 9b. The mean ϕ and ψ torsion angles of the α-helical
residues (2−10) were +57.4° and +45.4°, respectively, for A,
and +58.4° and +43.3°, respectively, for B. Regarding the
intramolecular hydrogen bonds in molecule A and B, two i ← i
+ 3 type and eight i ← i + 4 type hydrogen bonds were
observed, respectively. In packing mode, molecules A and B
were alternately connected by intermolecular hydrogen
bonds.11

The structure of the decapeptide Boc-L-Leu-(D-Leu-L-Leu-
Aib)3-OMe (7), which was solved using the spacer group P1,

was a left-handed (M) α/310-helix [α-helix from D-Leu(2) to D-
Leu(5); 310-helix from L-Leu(6) to D-Leu(8)] with an extended
L-Leu(1) residue conformation and a flipped L-Leu(9) residue
(Figure 11). The mean ϕ and ψ torsion angles of the amino

acid residues (2−8) were +61.3° and +37.2°, respectively. The
extended ϕ and ψtorsion angles of the D-Leu(1) residue were
−160.7° and +136.7°, respectively, and the flipped ϕ and
ψtorsion angles of the D-Leu (9) residue were −73.6° and
−29.8°, respectively. Three different types of intramolecular
hydrogen bond were observed: two i ← i+3 type, three i ← i+4
type, and an i ← i+5 type hydrogen bonds were detected. In
packing mode, the helical molecules were connected by two
intermolecular hydrogen bonds, forming head-to-tail aligned
chains.11

■ DISCUSSION

The preferred conformations of the Boc-(L-Leu-D-Leu-Aib)n-
OMe peptides (n = 3 for 2, n = 4 for 3) were right-handed (P)
α-helices both in solution and in the crystalline state, whereas
the enantiomeric peptide Boc-(D-Leu-L-Leu-Aib)3-OMe (ent-2)
folded into a left-handed (M) α-helix. L-AA have a propensity
to confer right-handedness on helical peptides because steric
repulsion arises between the β-carbon atoms of the side chains
(Cβ) and the oxygen atoms of the carbonyl groups (CO) in
α-helical L-peptides with a left-handed screw sense. Therefore,
it might be difficult for LD-oligopeptides containing equal
amounts of L-AA and D-AA residues to form one-handed α-
helices, and hence, they usually fold into β- and π-helices. We
suggest the following two reasons why the repeating L-Leu-D-
Leu-Aib peptides 2 and 3 were able to form (P) α-helices. The
first reason is that the dipeptide sequence L-Leu-D-Leu acts as a
single chiral inducer that controls the screw sense of helical
oligopeptides. In addition, Aib is an achiral amino acid and,
thus, does not induce a bias toward a particular helical screw
handedness. Therefore, the (P) helical screw senses of peptides
2 and 3 were controlled by the chiral centers of their L-Leu-D-
Leu segments. The second reason is that Aib residues are
strong promoters of helix formation and can induce LD-peptides
to fold into α-helices. The dodecapeptide 4 formed an (M) α-
helix for the same reason as the Boc-(L-Leu-D-Leu-Aib)n-OMe
peptides did; i.e., peptide 4 contains three D-Leu-L-Leu
segments, which promote a left-handed screw sense, in its
sequence. The dodecapeptide 5 formed a mixture of right-
handed (P) 310- and α-helices in solution because it contains
four (P) helix-inducing (L-Leu-D-Leu) segments in its sequence.
On the other hand, the dodecapeptide 6, which possesses an
alternating Leu-Aib sequence rather than a consecutive L-Leu-D-
Leu sequence, formed a mixture of (P) and (M) helices in

Figure 9. (a) X-ray diffraction structure of 6. (b) Superimposed
structures of molecules A (green) and B (blue).

Figure 10. X-ray diffraction structure of molecule A (a) as viewed
perpendicular to the helical axis and (b) an ORTEP drawing as viewed
along the helical axis.

Figure 11. X-ray diffraction structure of 7 (a) as viewed perpendicular
to the helical axis and (b) an ORTEP drawing as viewed along the
helical axis.
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solution. This suggests that consecutive L-Leu-D-Leu segments
act as chiral inducers that control the screw sense of helical LD-
peptides. In the crystalline state, two (M) α-helices were
detected in 6. The N-terminal L-amino acid with a type-II β-
turn may in fact prefer to induce an (M) screw sense than a (P)
screw sense when the next amino acid is an achiral Aib,
reported by Clayden.20 Therefore, (M) conformers would be
preferentially packed into the crystalline conformer. The
decapeptide 7, which contains four L-Leu and three D-Leu
residues within its sequence, formed an (M) α-helix both in
solution and in the crystalline state. This probably occurred
because the chirality of the three D-Leu-L-Leu segments, which
promote the formation of (M) helices, has a stronger influence
on the chirality of 7 than the chirality of the N-terminal L-Leu
residue, which promotes the formation of (P) helices (Figure
12). Futhermore, only two L-Leu(3) and L-Leu(6) residues out
of seven chiral Leu residues in 7, adopt uncomfortable torsion
angles, as L-Leu(1) is in a distorted type-II β-turn and L-Leu(9)
has the correct torsion angles for an L-residue.21 Therefore, 7
retained an (M) helical structure despite having four L-Leu
residues and three D-Leu residues within its sequence.

■ CONCLUSION

In conclusion, we synthesized four dodecapeptides, Boc-(L-Leu-
D-Leu-Aib)4-OMe (3), Boc-(L-Leu-Aib-D-Leu)4-OMe (4), Boc-
(Aib-L-Leu-D-Leu)4-OMe (5), and Boc-(L-Leu-Aib-D-Leu-
Aib)3-OMe (6), to investigate the positional influence of Aib
residues on the secondary structures of LD-peptides. Conforma-
tional analyses of these peptides revealed that Aib residues
promote the formation of α-helices in LD-peptides and
alternating L-Leu-D-Leu dipeptide segments act as single chiral
inducers that prefer to control the screw senses of helical
peptides. Furthermore, we synthesized the decapeptide Boc-L-

Leu-(D-Leu-L-Leu-Aib)3-OMe (7), which contains four L-Leu
residues and three D-Leu residues within its sequence, and
found that it formed an (M) α-helix as its dominant
conformation. This result indicates that the presence of three
D-Leu-L-Leu-segments, which promotes an (M) helical screw
sense, has a stronger effect on chirality than the presence of a
single N-terminal L-Leu-residue, which promotes a (P) helical
screw sense. These results provide valuable information that
will aid the design of well-defined helical LD-peptides and could
also be applicable to various fields such as organic, material,
bioorganic, and medicinal chemistry.

■ EXPERIMENTAL SECTION
Synthesis of peptides. The synthesis of peptides was carried out

according to the stepwise solution-phase method using EDC and
HOBT as coupling reagents. All compounds were purified by column
chromatography on silica gel. The spectroscopic data of peptides 2, 3,
and ent-2 were reported in ref 8.

Boc-(L-Leu-Aib-D-Leu)4-OMe (4): colorless crystals; mp 221−223
°C; [α]20D + 5.2 (c 1.0, CHCl3); IR (CDCl3, cm

−1) 3420, 3311, 2960,
2871, 1723, 1660; 1H NMR (400 MHz, CDCl3) δ8.16 (br s, 1H),
7.53−7.84 (m, 10H), 7.30 (br s, 1H), 4.46 (m, 1H), 3.79−4.10 (m,
7H), 3.66 (s, 3H), 1.24−1.97 (m, 57H), 0.87−0.99 (m, 48H); [HR-
ESI(+)-TOF] m/z calcd for C70H128N12O15Na [M + Na]+ 1399.9520,
found 1399.9525.

Boc-(Aib-L-Leu-D-Leu)4-OMe (5): colorless crystals; mp 225−227
°C; [α]20D + 8.1 (c 1.0, CHCl3); IR (CDCl3, cm

−1) 3421, 3311, 2960,
2871, 1735, 1654; 1H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 6.8 Hz,
1H), 7.80 (br s, 1H), 7.75 (br s, 1H), 7.74 (br s, 1H), 7.66 (d, J = 7.2
Hz, 1H), 7.48 (br s, 1H), 7.41 (br s, 1H), 7.26−7.29 (m, 3H), 6.84 (br
s, 1H), 5.80 (br s, 1H), 4.48 (m, 1H), 4.37 (m, 1H), 4.16 (m, 1H),
3.94−4.02 (m, 4H), 3.73 (s, 3H), 3.67 (m, 1H), 1.40−2.02 (m, 57H),
0.89−1.00 (m, 48H); [HR-ESI(+)-TOF] m/z calcd for
C70H128N12O15Na [M + Na]+ 1399.9520, found 1399.9519.

Boc-(L-Leu-Aib-D-Leu-Aib)4-OMe (6): colorless crystals; mp
282−283 °C; [α]20D − 24.7 (c 1.0, CHCl3); IR (CDCl3, cm

−1)

Figure 12. Cylindrical models of the sequences of the synthetic peptides.
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3421, 3317, 2960, 2871, 1734, 1656; 1H NMR (400 MHz, CDCl3) δ
7.54−7.84 (m, 10H), 7.36 (br s, 1H), 5.65 (br s, 1H), 4.40 (m, 1H),
3.82−3.92 (m, 5H), 3.68 (s, 3H), 1.46−1.87 (m, 63H), 0.84−1.00 (m,
36H); [HR-ESI(+)-TOF] m/z calcd for C66H120N12O15Na [M + Na]+

1343.8894, found 1343.8890.
Boc-L-Leu-(D-Leu-L-Leu-Aib)3-OMe (7): colorless crystals; mp

223−225 °C; [α]20D − 15.4 (c 1.0, CHCl3); IR (CDCl3, cm
−1) 3430,

3325, 2960, 2871, 1733, 1661; 1H NMR (400 MHz, CDCl3) δ 8.09 (d,
J = 5.2 Hz, 1H), 7.91 (br s, 1H), 7.64 (br s, 1H), 7.62 (br s, 1H), 7.61
(br s, 1H), 7.40 (br s, 1H), 7.39 (br s, 1H), 7.26 (br s, 1H), 7.06 (br s,
1H), 5.50 (br s, 1H), 4.26 (m, 1H), 4.09 (m, 1H), 3.83−3.95 (m, 5H),
3.67 (s, 3H), 1.38−2.01 (m, 48H), 0.79−1.00 (m, 42H); [HR-ESI(+)-
TOF] m/z calcd for C60H110N10O13Na [M + Na]+ 1201.8152, found
1201.8161.
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