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Abstract

Three long chain alanine-based amphiphiles (1e3) possessing either a saturated long alkyl chain group or unsaturated groups as the
self-assembling unit of a highly organized molecular architecture were synthesized. Their self-assembling properties were investigated using
EF-TEM, SEM, CD, XRD, and FTIR. The D-form (1) and the L-form (2) enantiomers showed the opposite CD signals. Furthermore, electron
micrographs of the self-assembled 1 and 2 exhibited right- and left-handed helical structures, respectively. The helical structures of amphiphiles
1 and 2 were developed into tubular structures by slow cooling. On the other hand, in the helical ribbon growth process, the helical pitch and
ribbon width were changed in fast cooling process. The findings strongly imply that the helical ribbon growth of alanine-based amphiphiles can
be induced by two different pathways. This mechanism, quite different from that observed for sugar- and cholesterol-based tubes, is a rare
example for a tube formation process.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The importance of chirality, or molecular handedness, has
long been recognized in many areas of chemistry and physics.
The interactions between chiral molecules change dramati-
cally when one molecule is replaced by its corresponding mir-
ror image structure. The advantage of chiral specificity has
been recognized by the pharmaceutical industry and is the
basis of a major effort to synthesize chiral drugs.1 Likewise,
in the area of liquid crystals, molecular chirality leads to the
formation of phases with long-range helical modulations,
such as the cholesteric phase.2
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Helical ribbon growth occurs by two different routes. It arise
from exclusive consequence happenings, which are the short-
ening of the helical pitch of the ribbon and the increase in
the tape width. Thus, one occurs with the former while the
latter does not change and vice versa for the other. For example,
sugar-based amphiphiles3,4 produced tubular structures by the
former process whereas cholesterol-based amphiphiles induced
tubule formation by the latter one.3,5 However, cases of helical
ribbon growth by widening of the tape with no concomitant
change in helical pitch (second route) are more common in
the literature than the former route. In almost all cases, the
importance of pitch or width changes in self-assembled amphi-
philes is not clear in the helical ribbon growth mechanism.

Helical ribbon structures in various systems of chiral organic
molecules, including diacetylenic lipids, surfactant, bile, and
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glutamates, were grown into tubules.6 In particular, the fabrica-
tion of tubular structures in phospho- and sugar-based lipids has
been investigated by the introduction of diacetylenic groups.7

However, the importance of diacetylenic units in the formation
of other tubular structures has not been studied. Only a few
examples of the mechanism of growth of tubules have appeared
in the literature.8 For examples, Kunitake and co-workers9

found that certain amphiphiles can form tubular structures by
way of a helical ribbon structure in aqueous solution, with
growth of the tubular structure occurring by an increase of
the width of the helical ribbon.

It is very well known that the various constituent molecules
play very important role in the formation of the helical ribbon
and tubular structures.3,6,8e10 Currently, most of the research
on the self-assembly of peptide amphiphiles were focused on
the preparation and physical properties of self-assembled nano-
fibers, helical ribbon, and tubular structures.11e13 However, the
mechanism of growth of these helical ribbon structures derived
from peptide-based amphiphiles was not conducted in any
them.9a,14 In this study, the growing mechanism and morpho-
logical control of the self-assembled peptide amphiphiles
were investigated.

With these objectives in mind, we have newly synthesized
a stereochemical series of alanine-based amphiphiles 1 and 2
as shown in Figure 1 and Scheme 1. Compound 3, in the
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Figure 1. Chemical structures of 1e3.
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Scheme 1. Synthetic routes for amphiphiles 1 and 2. (a) SOCl2, EtOH, 86%;

(b) DCC, HOBt, EA, 95%; (c) NaOH, MeOH, H2O, 95%. DCC¼1,3-dicyclo-

hexylcarbodiimide, HOBt¼1-hydroxybenzotriazole, EA¼ethyl acetate.
absence of diacetylene units, was synthesized as a reference
compound to confirm the critical roles for the hydrophobic
interactions between alkyl chain groups in the self-assembly
formation. We herein report on the morphological control
and the self-assembly behaviors of the self-assembled 1 and
2, respectively. We also provide clear evidence regarding the
growth mechanism of the helical ribbon structure of peptide-
based amphiphiles by two different mechanisms. This is the
first study that examines the effect of the introduction of diac-
etylenic units on tubule growth that ultimately leads to the
formation of the diacetylenic peptide-based amphiphiles.
The self-assembled morphologies were strongly dependent
on the stereochemical enantiomer and unsaturated bonds in
the lipophilic region. Furthermore, on the basis of circular
dichroism and powder X-ray diffraction experiments, we pro-
vide evidence for the chiral packing structures of self-assem-
bling superstructures of alanine-based amphiphiles.

2. Results and discussion

2.1. Synthesis of alanine-based amphiphiles

Two enantiomer alanine-based amphiphiles 1 and 2 were
synthesized as shown in Scheme 1. Coupling of 7 with
10,12-heptadecadiynoic acid 6 provides 4 in 70% yield. Simi-
lar reaction gives 5 with 75% yield. Then, treatment of 4 or 5
with NaOH gave desired 1 and 2 in 95 and 92% yield, respec-
tively. The products were purified using silica gel column
chromatography. Also, compound 3 possessing saturated
long alkyl chain group instead of the diacetylene unit was pre-
pared as a reference by similar methods to confirm the role of
the diacetylene unit (Supplementary data: Scheme S1).

2.2. Self-assembly and morphological observations

The self-assembled nanostructures of amphiphiles 1e3
were fabricated by two different methods as follows. Each al-
anine-based amphiphiles (1.0 mg) was dispersed into water
(10.0 mL) at temperatures above the corresponding melting
point (Tm) of the hydrated sample. In general, heating the mix-
ture at 95 �C for 30 min was sufficient to obtain a homoge-
neous transparent solution. During the heating process, the
sample flasks were wrapped with Al foil to prevent the
polymerization.

The aqueous solutions were allowed to cool to room tem-
perature at two different rates, 5.0 and 0.5 �C/min. Then, we
observed and compared the morphologies of the self-assem-
blies prepared with fast and slow cooling rates at same aging
step.

To precisely characterize the resultant morphologies and
their size dimensions, we observed the individual self-assem-
bled structures using energy-filtering transmission electron
microscopy (EF-TEM) and scanning electron microscopy
(SEM). In SEM and EF-TEM images of the self-assembled
1 prepared by cooling at 5.0 �C/min in aqueous solution
exhibited a right-handed helical ribbon structure with a width
of 4e10 mm and 24 mm of helical pitch (Fig. 2a), with all the
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Figure 2. SEM images of self-assembled (a) 1 and (b) 2 prepared by fast cooling with 5.0 �C/min. SEM images of self-assembled (c) 1 prepared by slow cooling

with 0.5 �C/min [inset, TEM image]. (d) SEM image of the self-assembled 3 prepared by fast cooling.
helicity possessing the right-handed helical motif. The self-
assembled 2, in contrast, exhibited all left-handed helical ribbon
structure, 5e10 mm wide and with an 18 mm helical pitch
(Fig. 2b). These results indicate that the helicity of self-assem-
bled nanostructures is strongly influenced by the stereoiso-
meric alanine unit.

On the other hand, when self-assembled 1 was prepared by
slow cooling at a rate of 0.5 �C/min, a helical ribbon morpho-
logy occurred, with an outer diameter of the intermediate mor-
phological construction equal to 260 nm and the morphology
of the final nanotubular structure exhibiting an inner diameter
of ca. 120 nm and a wall thickness of 70 nm (Fig. 2c). There-
fore, the cooling rate is an important factor in the production
of nanotubes through self-assembly. The helical pitch for the
tubular structure of self-assembled 1 prepared by slow cooling
has almost same value, indicating that the growth mechanism
for the self-assembled tubes 1 in slow cooling process is
different from that in fast cooling. Also, the similar result
was observed for the self-assembled 2 (Supplementary data:
Fig. S1).

To confirm the diacetylene unit effect in the formation of
helical structures, we introduced the saturated alkyl chain
group into the lipophilic region of 3 instead of diacetylene
unit of 1. The self-assembled 3 exhibits the linear and the
loosely helical structures with 50e200 nm of width
(Fig. 2d), further supporting the view that the morphology for-
mation of the alanine-based amphiphile depends strongly on
the nature of the diacetylene unit in the long alkyl chain group.

Photopolymerization of the self-assembled 1 and 2 by irra-
diation at 254 nm wavelength with 6 W UV lamp at a distance
of 10 cm for 30 min results in a red solution with an absorp-
tion maximum at 575 nm (Fig. 3). During irradiation process,
the self-assembled samples were maintained at 10 �C to pre-
vent the undesired side reaction. The color change from
colorless to red means that the non-covalented self-assembled
samples were polymerized via the diacetinyl group. So, the
polymerized red product has a reinforced form.

By comparing the physical properties (solubility and color
change) of two compounds before and after polymerization,
we also confirmed that the polymerization occurred. For
example, the product after irradiation became insoluble in or-
ganic solvents such as DMSO, DMF, THF, CHCl3, CH3OH,
and toluene. The insoluble product was isolated and its mor-
phology was observed by SEM. The well-ordered helical
structures of self-assembled 1 and 2 are still maintained after
polymerization (Fig. S2). This finding is a rare example for the
polymerized helical ribbon structure. However, the molecular
weight of the polymerized helical ribbons could not be deter-
mined because of its insolubility in organic solvents such as
DMSO, DMF, THF, CHCl3, CH3OH, and toluene.
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Figure 3. Solid UVevis absorption spectra for self-assembled 1 (a) before and

(b) after irradiation for 15 min and (d) 30 min.
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2.3. A possible mechanism for the helical ribbon growth

SEM images indicate that the self-assembled 1 prepared by
fast cooling possesses the helical ribbon structure with
various pitches (10e24 mm) and with various ribbon widths
(4e10 mm) in the initial stage (Fig. 4). Once again, both pitch
and ribbon width values were changed during the process of
helical ribbon growth. This finding strongly implies that the
helical ribbon growth of alanine-based amphiphiles can be
induced by two different pathways (Fig. 5). This is a rare
example that examines the effect of the introduction of diace-
tylenic units on tubule growth that ultimately leads to the for-
mation of the diacetylenic peptide-based amphiphiles.

We demonstrated the growth mechanism of the self-assem-
blies based on sugar and cholesterol derivatives in water or
organic solvents. For example, the sugar-based lipid was in-
duced by the mechanism illustrated in Figure 5a,4a whereas
the cholesterol-based amphiphile was induced by that shown
in Figure 5b.5f However, these self-assemblies 1 and 2 differ
markedly from those observed with sugar- and cholesterol-
based helical ribbons, which are formed by the mechanisms
shown in Figure 5a or b. The helical ribbon growth process
in these alanine-based amphiphiles is very rare, perhaps being
influenced by formation conditions, cooling times, and driving
forces related to hydrophobicity and hydrogen bond forma-
tion. However, the main factors that determine the mechanism
of helical ribbon growth are not clear.

On the other hand, the self-assembled tube 1 prepared by
slow cooling possesses a constant ribbon width (ca. 200 nm),

Figure 4. SEM or TEM images of the self-assembled helical ribbons with vari-

ous pitches and various widths obtained from 1.
which indicates that the tubular structure is occurred by one
process. However, it is not clear whether the tubular structure
is induced by the mechanism shown in Figure 5a or b because
the growth rate of the tubular structure is too fast for the inter-
mediate to observe. Once again, the growth mechanism of the
helical ribbon structure of self-assembled 1 prepared by fast
cooling is quite different from that of the self-assembled 1
prepared by slow cooling.

2.4. CD measurement

CD spectroscopy is very useful for ascertaining the chiral
molecular arrangement of self-assemblies.3e,6h For example,
recently, Schnur and our group have studied on the chiral
molecular architectures for self-assemblies of sugar or diace-
tylenic lipids by CD at different temperatures or solvents.3e,6h

In order to further test the effects of chirality, we have ob-
served the CD and UVevis spectra of the self-assembled 1e3
in water (see Fig. 6 and Fig. S3). In the CD spectra, lq¼0 for
the self-assembled 1 and 2 appeared at around 232 nm, which
are originated from the amide group of alanine moiety by
nep* transition.4a,15 On the other hand, the lmax value in the UV
absorption spectrum of 1 cannot be clearly observed due to the
strong water peak at around 200 nm, however, the shoulder
peak was observed at around 255 nm (Fig. S3). Thus it is
not clear that CD spectra of the self-assembled 1e3 were
induced by exciton coupling effect. However, the D-form (1)
and the L-form (2) enantiomers showed the opposite CD
signals as shown in Figure 6a and b, respectively. This result
indicates that the helical ribbon structures of the two enantio-
mers have chiral molecular architectures with the opposite
handedness, as would be expected. In addition, only weak
CD signal of the self-assembled 1 at temperatures above

Figure 5. Representation of possible helical ribbon growth mechanisms of 1

and 2: (a) the helical ribbon is formed by a change in the pitch length; (b)

the helical ribbon is formed by growth in the width.
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a phase transition temperature (70 �C) was observed (Fig. 6c),
which is probably composed of the monomers or small aggre-
gates, such as micelles or vesicles. A strong CD signal reap-
peared when the self-assembled helical ribbon structure
formed again after several hours.

We also measured CD spectrum of the self-assembled 1
prepared by slow and fast cooling to demonstrate different chi-
ral molecular arrangements. The CD signal intensity of self-
assembled 1 prepared by slow cooling (Fig. 6d) was much
stronger than that by fast cooling. These findings indicate
that the tubular form possesses the relatively well-ordered
helical packing structure. On the other hand, the CD spectrum
of the self-assembled 3 in aqueous solution showed a much
weaker negative band (Fig. 6e) in comparison to 1 and 2, sug-
gesting that the self-assembled 3 forms disordered chiral pack-
ing structures.

2.5. Powder XRD measurement

We demonstrated the growth mechanism of the self-assem-
blies based on sugar and cholesterol derivatives in water or
organic solvents. For example, the sugar-based lipid was in-
duced by the mechanism illustrated in Figure 5a,4a whereas
the cholesterol-based amphiphile was induced by that shown
in Figure 5b.5f However, these self-assemblies 1 and 2 differ
markedly from that observed with sugar- and cholesterol-
based helical ribbons, which formed by the mechanisms in
Figure 5a or b. The helical ribbon growth process in these
alanine-based amphiphiles is very rare, perhaps being influ-
enced by formation conditions, cooling times, and driving
forces related to hydrophobicity and hydrogen bond forma-
tion. However, the main factors that determine the mechanism
of helical ribbon growth are not clear.

Powder X-ray diffraction crystallography, a recently
reported technique for ascertaining the molecular packing of
self-assemblies,4a,10,16 was used to clarify the self-assembling
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mechanism. The d values correspond to the distance for regu-
larly arranged molecular packing. Particularly, if the self-
assemblies form bilayered structures with a same orientation,
the d value gives the relative distance for the interdigitated
hydrophobic interaction between alkyl chain groups, which
is related to the hydrophobic interaction. First, the molecular
lengths of three amphiphiles were calculated using CPK space
filling models and were determined to be highly similar. Sec-
ondly, X-ray diffraction patterns were measured. The d-spac-
ing value of crystalline 1 from the self-assembled structures
is shown in Figure 7. The small-angle diffraction patterns of
helical ribbons 1 and 2 prepared by fast cooling appeared at
4.02 nm (Fig. 7a and Fig. S4), whereas the self-assembled
tubes 1 and 2 prepared by slow cooling appeared at
4.29 nm. These values are smaller than twice the extended
molecular length of 1 or 2 (2.80 nm using the CPK space
filling model) but larger than the length of a single molecule.
These results strongly suggest that the self-assembled 1 and 2
form a bilayered structure with a relative small region interdig-
itated by hydrophobic interaction as shown in Figure 7, due to
the higher d value. Also, the hydrophobic interaction of the
self-assembled tube was relatively weaker than that of the
self-assembled helical ribbon.

On the other hand, the microcrystalline solid 3 (one molec-
ular length: 2.84 nm) formed a bilayer structure with 3.69 nm,
supporting the idea that 3 maintains a much larger interdigi-
tated bilayer (Fig. 7c and Fig. S4) structure between the lipo-
philic regions than do those of 1 and 2. The finding indicates
that the relative strength of the hydrophobic interaction was
dependent on the formation of the helical structure.

2.6. IR measurement

To confirm the morphological influences of the self-assem-
bled 1 and 2 prepared at different pH conditions, we observed
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ing with 5.0 �C/min, (b) self-assembled 1 prepared by slow cooling with
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IR spectra of the self-assembled 1 formed at pH¼4, 7, and 9,
respectively (Fig. 8). Clearly, the helical ribbon formed at
pH¼7 with strong hydrogen bonding between the amide group
and the highly organized, closely packed hydrocarbon chains
produced sharper IR bands relative to the monomer species
in aqueous solution at pH¼9. Prominent differences were
observed in a few regions. First, the helical ribbon 1 obtained
at pH¼7 displayed strong bands at 1701 and 1410 cm�1 for
COOH and COO� species, respectively. In contrast, the linear
fiber 1 obtained at pH¼4 showed only a single strong band at
1701 cm�1 for COOH. An alkaline solution of 1 (pH¼9)
shows a band for only the ionized COO� species at
1410 cm�1, which showed no solidified morphology. The
results indicate that the intermolecular hydrogen bonding in-
teractions between the COOH and COO� species display
a critical role to induce self-assembled superstructure of 1.
Secondly, amide function is characterized by three infrared
absorption bands corresponding to the NeH stretch
(nNHz3322 cm�1), the C]O stretch called the Amide I
band (nCOz1638 cm�1) and a combination of the NeH defor-
mation and the CeN stretch called the Amide II
(dNHþnCNz1566 cm�1). The intensities and wavenumbers
of these bands are directly related to the hydrogen bond
strength of the system. In the case of a transition from an
associated amide to a free amide, the Amide I band is shifted
to higher wavenumbers and the Amide II band to higher wave-
numbers. Furthermore, the self-assembled 3 was confirmed by
the intermolecular hydrogen bonding interaction between
amide groups (Fig. S5).

3. Conclusions

The present study has demonstrated that D- and L-alanine-
based amphiphiles possessing a diacetylene unit in the lipho-
philic region form right- and left-handed helical ribbon
structures, respectively, depending on the stereochemical en-
antiomer. Thus, the self-assembled morphological helicity
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can be easily controlled by the alanine units. Interestingly,
they form the tubular structure by slow cooling. However,
the saturated long chain alanine-based amphiphile revealed
the linear ribbon structure.

To the best of our knowledge, these results are a rare exam-
ple of a systematic study on the influence of the alanine unit as
a hydrophilic moiety and diacetylene unit in a hydrophobic
portion on self-assembled morphologies. Based on the CD
results, the self-assembled helical ribbon and nanotubular
structure showed a relatively stronger intensity than that of
the linear ribbon structure, indicating that the helical ribbon
and nanotube formed relatively well-ordered chiral packing
structures compared to the linear ribbon structure. Further-
more, in the XRD experiments, the relatively weak hydropho-
bic interactions of 1 and 2 formed with bilayered structures
between the lipophilic groups led to the formation of the heli-
cal ribbon and nanotubular structures.

4. Experimental

4.1. General

1H and 13C NMR spectra were recorded with a DRX-500
(Bruker, 500 MHz) or an Avance-300 (Bruker, 300 MHz)
NMR spectrometer. Preparative column chromatography was
performed on silica gel. The chromatographic purity of the
intermediates was monitored by thin-layer chromatography
(Kiesel gel 60 F254, Merck). The compounds were visualized
by spraying the plates with 5% sulfuric acid in methanol and
then charring them on a hot plate. The molecular lengths were
estimated by molecular mechanics calculations performed
with the CONFLEX-MM2 force field as implemented in
CAChe, version 4.1.1 (Fujitsu Co. Ltd., Japan). Circular
dichroism (CD) spectra were measured on a JASCO J-715
spectrophotometer (cell diameter 1 mm).

4.1.1. TEM observations
The aqueous dispersions of the nanostructures

(0.1 mg mL�1) were dripped onto an amorphous carbon grid
and excess water was blotted with filter paper. TEM was per-
formed with a Carl-Zeiss LEO912 instrument operated at
50 keV. Images were recorded on an imaging plate (Fuji Photo
Film Co. Ltd. FDL5000 system) with 20-eV energy windows
at 3000e250,000� and were digitally enlarged.

4.1.2. FTIR measurements
The FTIR spectra of the self-assembled nanostructures

were measured with a Fourier transform IR spectrometer
(JASCO FT-620) operated at 4 cm�1 resolution with an unpo-
larized beam, attenuated total reflection (ATR) accessory
system (Diamond MIRacle, horizontal ATR accessory with
a diamond crystal prism, PIKE Technologies, USA) and a mer-
cury cadmium telluride (MCT) detector. Several drops of the
aqueous dispersions of the self-assembly were dripped onto
the prism and dried under nitrogen stream prior to
measurement.
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4.1.3. XRD measurements
The XRD of a freeze-dried sample was measured with

a Rigakudiffractometer (Type 4037) using graded d-space
elliptical side-by-side multilayer optics, monochromated Cu
Ka radiation (40 kV, 30 mA) and an imaging plate (R-Axis
IV). The typical exposure time was 10 min with an 150-mm
camera length. Freeze-dried samples from 1 to 3 were vacuum
dried to constant weight and then put into capillary tubes,
without being powdered.

4.1.4. CD measurements
Circular dichroism (CD) studies were performed on

a JASCO J-715 spectropolarimeter operating between 190
and 500 nm. The samples (5.0�10�3 M) were placed in wa-
ter-jacketed quartz cells with path lengths of 0.1 mm. Temper-
ature control was provided by a water circulator, which
provided a thermal stability of about 0.2 �C. The spectrometer
was calibrated with ammonium-D-camphorsulfonate ([q]291¼
7910 deg cm2 dmol�1) and D-pantonyllactone ([q]219¼�16,140
in water, [q]223¼�12,420 in methanol).

4.1.5. pH adjustment of the self-assembled 1e3
Aqueous dispersion (10 mL) was prepared by adding de-

gassed distilled water to a weighted powder of 1e3 and
succeeding sonication at 25 �C. The pH values of aqueous dis-
persions were then adjusted with 0.1 M NaOH or 0.1 M HCl
solution. During the heating and irradiation processes, the
sample flask was wrapped with Al foil to prevent the
polymerization.

4.1.6. Compound 7
Thionyl chloride (12.5 mL) was added dropwise to stirred

and cooled (�10 �C) ethanol (50 mL), followed by the addi-
tion of D-alanine (4.46 g, 50 mmol). The temperature of the
solution was increased and maintained at 40 �C for 4 h. The
solvent was removed and crystallization from methanol/ethyl
ether yielded 4.65 g (86%). Mp 76e78 �C.17 1H NMR
(300 MHz, DMSO-d6, 25 �C): d 8.66 (s, 3H, NH3), 4.17 (q,
1H, J¼7.2 Hz), 4.00 (q, 2H, J¼7.2 Hz), 1.40 (d, 3H,
J¼7 Hz), 1.22 (t, 3H, J¼7.2 Hz).

4.1.7. Compound 8
Compound 8 was prepared by a method similar to that used

for 7 in 78% yield. Mp 76e78 �C. 1H NMR (300 MHz,
DMSO-d6, 25 �C): d 8.66 (s, 3H, NH3), 4.17 (q, 1H,
J¼7.2 Hz), 4.00 (q, 2H, J¼7.2 Hz), 1.40 (d, 3H, J¼7 Hz),
1.22 (t, 3H, J¼7.2 Hz).

4.1.8. Compound 4
Compound 6 (100 mg, 0.4 mmol) was dissolved in ethyl

acetate (4 mL), and DCC (105.6 mg, 0.51 mmol) and HOBt
(69.2 mg, 0.51 mmol) were added after cooling to 0 �C. The
mixture was stirred for 30 min whereupon compound 7
(55 mg, 0.36 mmol) and triethylamine (40 mg, 0.4 mmol)
were added. The reaction mixture was stirred at room temper-
ature overnight. The insoluble material was filtered off and the
solution was washed successively with saturated NaHCO3,
saturated NaHSO4, and saturated NaHCO3. After drying
with MgSO4 the solvents were removed under reduced pres-
sure. This crude product was purified by column chromatogra-
phy (ethyl acetate/hexane, 1/2) to give the product (70%). Mp
81.3e82.0 �C. 1H NMR (300 MHz, CDCl3, 25 �C): d 5.82 (s,
1H, NH), 4.58 (q, 1H, J¼6 Hz), 4.17 (q, 2H, J¼7.2 Hz), 2.18
(t, 2H, J¼6.9 Hz), 2.05 (m, 4H), 1.54e1.30 (m, 22H), 0.91 (t,
3H, J¼7.2 Hz); 13C NMR (75 MHz, CDCl3, 25 �C): d 176,
174, 71, 65, 60, 45, 32, 31e29, 21, 17, 15; IR (KBr):
~n¼3322, 2957, 2917, 2849, 1742, 1648, 1537, 1472, 1421,
1030, 951; MS (FAB) m/z 362 (MþH)þ. Anal. Calcd for
C23H45NO3: C, 73.09; H, 9.76; N, 3.87. Found C, 73.15; H,
10.01; N, 3.64.

4.1.9. Compound 5
Compound 5 was prepared by a method similar to that used

for 4 in 75% yield. Mp 80.8e82.0 �C. 1H NMR (300 MHz,
CDCl3, 25 �C): d 5.82 (s, 1H, NH), 4.58 (q, 1H, J¼6 Hz),
4.17 (q, 2H, J¼7.2 Hz), 2.18 (t, 2H, J¼6.9 Hz), 2.05 (m,
4H), 1.54e1.30 (m, 22H), 0.91 (t, 3H, J¼7.2 Hz); 13C NMR
(75 MHz, CDCl3, 25 �C): d 176, 174, 71, 65, 60, 45, 32,
31e29, 21, 17, 15; IR (KBr): ~n¼3322, 2957, 2917, 2849,
1742, 1648, 1537, 1472, 1421, 1030, 951; MS (FAB) m/z
362 (MþH)þ; Anal. Calcd for C23H45NO3: C, 73.09; H,
9.76; N, 3.87. Found C, 73.01; H, 9.57; N, 3.63.

4.1.10. Compound 1
Compound 4 (120 mg, 0.33 mmol) was dissolved in meth-

anol (5 mL) and 1 M NaOH (1 mL, 1 mmol) was added. The
mixture was stirred at room temperature for 4 h and 1 M
HCl (2.5 mL, 2.5 mmol) was then added. The methanol was
removed under reduced pressure and the solution thus ob-
tained was cooled in an ice bath and acidified with 1 M HCl
(3 mL) with vigorous stirring and extracted with ethyl acetate
(50 mL). The organic layer was dried over MgSO4. Removal
of the organic solvent in vacuo afforded a white solid. This
crude product was purified by column chromatography (etha-
nol/hexane) to give the product (95%). Mp 92.0e93.1 �C. 1H
NMR (300 MHz, CDCl3, 25 �C): d 8.01 (s, 1H), 4.45 (q, 1H,
J¼6 Hz), 2.24 (t, 2H, J¼6.9 Hz), 2.10 (m, 4 H), 1.58e1.35 (m,
19H), 0.93 (t, 3H, J¼7.2 Hz); 13C NMR (75 MHz, CDCl3,
25 �C): d 175, 174, 74, 68, 31, 31e29, 20, 16, 15; IR (KBr):
~n¼3315, 2915, 2839, 1696, 1633, 1565, 1518, 1449, 1405,
1300, 1231, 1078, 910, 705, 631, 565, 533; MS (FAB) m/z
334 (MþH)þ. Anal. Calcd for C20H31NO3: C, 72.04; H,
9.37; N, 4.20. Found C, 72.51; H, 9.51; N, 4.41.

4.1.11. Compound 2
Compound 2 was prepared by a method similar to that used

for 1 in 92% yield. Mp 91.5e93.5 �C. 1H NMR (300 MHz,
CDCl3, 25 �C): d 8.01 (s, 1H), 4.45 (q, 1H, J¼6 Hz), 2.24 (t,
2H, J¼6.9 Hz), 2.10 (m, 4H), 1.58e1.35 (m, 19H), 0.93
(t, 3H, J¼7.2 Hz); 13C NMR (75 MHz, CDCl3, 25 �C): d 175,
174, 74, 68, 31, 31e29, 20, 16, 15; IR (KBr): ~n¼3315, 2915,
2839, 1696, 1633, 1565, 1518, 1449, 1405, 1300, 1231, 1078,
910, 705, 631, 565, 533; MS (FAB) m/z 334 (MþH)þ. Anal.
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Calcd for C20H31NO3: C, 72.04; H, 9.37; N, 4.20. Found C,
72.55; H, 9.53; N, 4.31.

4.1.12. Compound 11
To a solution of 7 (1 g, 6.44 mmol) in dry THF (20 mL) at

56 �C under N2 was added TEA (4 g, 39.61 mmol). The reac-
tion mixture was stirred at 56 �C for 10 min. To the reaction
mixture were added stearoyl chloride and 8 (1.5 g,
4.95 mmol). After 1 h, the precipitate was removed by filtra-
tion. Then the solvent was removed by rotary evaporation to
produce a yellow solid. This crude product was purified by
column chromatography (ethyl acetate/hexane, 1/3) to give
the product 9 (1.41 g, 78%). 1H NMR (300 MHz, CDCl3,
25 �C): d 6.04 (s, 1H, NH), 4.60 (q, 1H, J¼6 Hz), 4.21 (q,
2H, J¼7.2 Hz), 2.22 (t, 2H, J¼7.2 Hz), 1.67 (m, 3H), 1.41e
1.27 (m, 33H), 0.89 (t, 3H, J¼6.9 Hz); 13C NMR (75 MHz,
CDCl3, 25 �C): d 173, 172, 61, 47, 36, 31e29, 25, 22, 18,
14; IR (KBr): ~n¼3322, 2957, 2915, 2849, 1742, 1648, 1537,
1472, 1415, 1381, 1201, 1165, 1030, 717, 668; MS (FAB)
m/z 384 (MþH)þ. Anal. Calcd for C23H45NO3: C, 72.01; H,
11.82; N, 3.65. Found C, 71.84; H, 12.01; N, 3.58.

4.1.13. Compound 3
Compound 3 was prepared by a method similar to that used for

1 in 43% yield. Mp 96.0e97.2 �C. 1H NMR (300 MHz, CDCl3,
25 �C): d 8.51 (s, 1H), 4.39 (q, 1H, J¼6.9 Hz), 3.3 (s, 1H), 2.24
(t, 2H, J¼7.5 Hz), 1.63 (m, 3H), 1.3 (m), 0.92 (t, 3H,
J¼6.9 Hz); 13C NMR (75 MHz, CDCl3, 25 �C): d 174.7, 174.6,
35, 31, 29e27, 25, 22, 16, 13; IR (KBr): ~n¼3316, 2905, 2848,
1707, 1645, 1541, 1467, 1415, 1247, 924, 716; MS (FAB) m/z
356 (MþH)þ. Anal. Calcd for C21H41NO3: C, 70.94; H, 11.62;
N, 3.94. Found C, 70.01; H, 11.2; N, 3.65.
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T.; Pessoa, J. C.; Marc~ao, S. Eur. J. Inorg. Chem. 2003, 2113.

http://dx.doi.org/doi:10.1016/j.tet.2007.11.062

	Self-assembled helical ribbon and tubes of alanine-based amphiphiles induced by two different formation mechanisms
	Introduction
	Results and discussion
	Synthesis of alanine-based amphiphiles
	Self-assembly and morphological observations
	A possible mechanism for the helical ribbon growth
	CD measurement
	Powder XRD measurement
	IR measurement

	Conclusions
	Experimental
	General
	TEM observations
	FTIR measurements
	XRD measurements
	CD measurements
	pH adjustment of the self-assembled 1-3
	Compound 7
	Compound 8
	Compound 4
	Compound 5
	Compound 1
	Compound 2
	Compound 11
	Compound 3


	Acknowledgements
	Supplementary data
	References and notes


