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The synthesis of a family of Gemini Amphiphilic Pseudopeptide (GAP) molecules by a reductive amina-
tion reaction has been carried out. The process is highly modular and can be efficiently performed with
different pseudopeptidic diamines as well as aliphatic and aromatic aldehydes. Preliminary studies
showed the abilities of the GAPs to self-assemble into supramolecular nanostructures.

� 2010 Elsevier Ltd. All rights reserved.
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The study of self-assembled organic nanostructures is an
emerging field in supramolecular chemistry and can be considered
as a bottom-up approach to nanoscience.1 Among all the possible
building blocks, those based on peptide-like structures are espe-
cially attractive due to their modular synthesis, good biocompati-
bility and large variety of possible non-covalent interactions.2

However, understanding and controlling the final nanostructures
is still a challenging work. Regarding that, some elegant examples
have been recently reported, using different stimuli to modulate
the size and shape of the supramolecular nanostructures.3 Follow-
ing our work in the field of supramolecular nanostructures based
on pseudopeptidic compounds,4 we envisioned to prepare simple
molecules able to display differential self-assembling properties
in different environments. Within this field, simple Gemini Amphi-
philic Pseudopeptide (GAP) molecules are good candidates due to
their structural properties, which can modulate their self-
assembling behaviour in different media. We designed a family
of C2 symmetrical gemini bis(amidoamines) (1) formed by two
amino acid units connected by an aliphatic flexible spacer and
bearing two hydrophobic tails (Fig. 1). With this design, the final
systems would have two hydrophobic tails, as well as a polar
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pseudopeptidic core bearing H-bonding donors and acceptors. This
would allow the modulation of their self-assembling properties in
environments of different polarity.

Considering the basic design of the GAPs, we proposed a retro-
synthetic analysis using simple bis(amidoamines) 2 and 3 previ-
ously synthesized by our research group (Fig. 1).5 Our initial
approach was based on the alkylation of the precursor diamines
(2–3) with alkyl halides (R0CH2X) in the presence of a base.5,6 We
tried different reaction conditions, varying the leaving group, sol-
vent, base and temperature. In all the cases we obtained a compli-
cated mixture of compounds, showing polyalkylation of the amino
nitrogens. Moreover, the isolation of the desired products was
additionally complicated by the formation of foamy crudes of reac-
tion during the work-up procedures. Considering these results we
envisioned to use a reductive amination reaction (Scheme 1) as a
RR
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Figure 1. Design of the GAP molecules.
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Table 1
Syntheses of GAPs by reductive amination reaction

Entry Diamine (n, R) Aldehyde (R0) Solven

1 2a (2, iPr) 4a (C6H4OC10H21) MeOH
2 2a (2, iPr) 4a (C6H4OC10H21) CH2Cl2

3 2a (2, iPr) 4a (C6H4OC10H21) CH3CN
4 2a (2, iPr) 4a (C6H4OC10H21) CH3CN
5 2a (2, iPr) 4a (C6H4OC10H21) CHCl3

6 2b (3, iPr) 4a (C6H4OC10H21) CHCl3

7 2c (4, iPr) 4a (C6H4OC10H21) CHCl3

8 3a (2, Bn) 4a (C6H4OC10H21) CHCl3

9 3b (3, Bn) 4a (C6H4OC10H21) CHCl3

10 3c (4, Bn) 4a (C6H4OC10H21) CHCl3

11 2a (2, iPr) 4b (C7H15) CHCl3

12 2b (3, iPr) 4b (C7H15) CHCl3

13 2c (4, iPr) 4b (C7H15) CHCl3

a Isolated yields.
b Not observed.

Table 2
Self-assembled nanostructures observed in the SEM micrographs of samples grown
from different solvents

Entry Compound CHCl3 (width in lm) MeOH (width in lm)

1 1a ‘Worm’ fibrils (�0.2) Not homogeneousa

2 1b Not observed Not observed
3 1c Not observed Fibres (�0.10–0.2)
4 1d Not observed Not observed
5 1e Not observed ‘Worm’ fibrils (�0.1)
6 1f Not observed Not observed
7 1g Tubes (�0.2–0.4) Fibres (�1–2)
8 1h Tapes (�10) Tapes (�5)
9 1i Not observed Fibres (�1–3)

a The SEM micrographs showed the formation of some fibres, although they do
not appear uniformly on the whole surface.

Figure 2. SEM micrographs of (A and B) 1g and (C and D) 1h compounds grown from ch
scale bars for every picture.
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selective method for the monoalkylation of the two primary amine
nitrogens.6,7 First, we used bis(amidoamine) 2a and aldehyde 4a as
a model system (Table 1, entries 1–5). Surprisingly, the conven-
tional reaction conditions for this process (formation of the imine
t Reducing agent Yield 1a (%) Yield 5a (%)

NaBH4 8 (1a) 17 (5a)
NaBH4 22 (1a) 33 (5a)
NaBH4 45 (1a) 33 (5a)
BH3�Py 27 (1a) 12 (5a)
BH3�Py 63 (1a) 5 (5a)
BH3�Py 68 (1b) 15 (5b)
BH3�Py 66 (1c) 19 (5c)
BH3�Py 66 (1d) 21 (5d)
BH3�Py 61 (1e) 19 (5e)
BH3�Py 74 (1f) 23 (5f)
BH3�Py 26 (1g) —b

BH3�Py 21 (1h) —b

BH3�Py 32 (1i) —b

loroform solutions. Two different magnifications are shown with the corresponding
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in methanol and subsequent reduction with NaBH4) rendered poor
yield, and a mixture of the intended dialkylated (1) and the unde-
sired monoalkylated (5) products (Table 1, entry 1). The use of less
polar (entry 2) or non-protic polar solvents (entry 3) slightly in-
creased the overall yield but still with low selectivity towards
the dialkylated product. The observed low yields were not due to
the low solubility of NaBH4 in non-protic solvents as confirmed
by the results obtained with borane pyridine complex (BH3�Py)
as the reducing agent (entry 4).8

Since the reaction comprises a one-pot two-steps process, we
decided to study the formation of the imine intermediate in differ-
ent solvents by NMR. The 1H NMR spectra (500 MHz, 303 K) of 2a
with a slight excess of 4a after equilibration (24 h) rendered a pro-
portion of the corresponding mono- and diimine of 50:50 (in
CD3OD) or 20:80 (in CD3CN). However, when performing the same
condensation in a less polar solvent like chloroform, the mixture
Figure 3. SEM micrographs of (A and B) 1g, (C and D) 1h and (E and F) 1i compounds
corresponding scale bars for every picture.
showed a quantitative conversion to the diimine. Thus, the forma-
tion of the desired intermediate seems to be favoured by non-polar
solvents. We decided to use these conditions for the reaction, by
shifting to BH3�Py as reducing agent, due to the very poor solubility
of NaBH4 in CHCl3. Satisfyingly, using this combination of solvent
and reductant (entry 5), we obtained very good yield and selectiv-
ity, after the work-up and the chromatographic purification pro-
cesses.9 The reaction can be carried out from bis(amidoamines)
having spacers with different lengths (entries 6 and 7), and both
aliphatic (entries 5–7) and aromatic side chains (entries 8–10) with
good yields and reasonable selectivity. However, when doing the
reaction with aliphatic aldehydes (entries 11–13) the yields were
lower. Since we did not observe starting materials or the corre-
sponding monoalkylated derivatives, we ascribed the lower yields
to problems in the purification process, because compounds 1g–i
showed a high trend to self-aggregate (see below) and thus,
grown from methanol solutions. Two different magnifications are shown with the
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lower solubility in organic solvents (both polar and non-polar).
Despite the moderate isolated yields observed with these com-
pounds, the complete selectivity towards the dialkylated products
made the reaction a useful synthetic applicability.

Preliminary study of the self-assembling behaviour of the syn-
thesized GAPs has also been carried out. The morphology of the ob-
tained self-assembled nanostructures was initially studied by
scanning electron microscopy (SEM). Since the compounds are
amphiphilic, we assayed different environments from non-polar
(chloroform) to polar (MeOH) medium. Samples for SEM were pre-
pared by dissolving the corresponding compound in a given sol-
vent (�1–3 mg/mL), placing the solution directly onto the sample
holder and slowly evaporating at room temperature. A summary
of the results obtained for the compounds 1a–i is shown in Table 2.
Different nanostructures were observed, such as worm-like fibrils
(entries 1 and 5), hollow tubes (entry 7), fibres (entries 3, 7 and
9) or tapes (entry 8). As a general trend, the self-assembling is
more effective in MeOH than in chloroform. Besides, the Val deriv-
Figure 4. SEM micrographs of 1c grown from (A) chloroform and (B and C) methanol and
like in (B). Scale bars are shown for every picture.
atives are more efficient that the Phe derivatives, which can be ex-
plained by the shielding effect of intermolecular interactions with
aromatic side chains, previously observed for structurally related
compounds.10 With regards to the length of the spacer, no obvious
trends were observed.

As previously commented, the GAPs bearing exclusive aliphatic
tails showed a higher tendency to aggregate (entries 7–9). Ultra-
structure analysis from chloroform solutions showed that 1g self-
assembled in hollow tubes (Fig. 2a and b) while 1h aggregated in
large straight tapes (Fig. 2c and d). Since 1g and 1h only differ in
one methylene of the aliphatic spacer, the observed differences
can be ascribed to distinct relative disposition of the H-bonding
groups in both compounds, which could dictate the geometry of
the established intermolecular interactions.

Studies performed from a polar medium (MeOH) with the same
compounds (Fig. 3) showed the formation of fibres for 1g and 1i,
while tapes for 1h. These data suggest that, in the case of the GAPs
with exclusive aliphatic tails, the self-aggregation process is
(D) 2:1 methanol/water solutions. (E and F) Unstained TEM micrographs of samples
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efficient in different environments. Besides, the shape of the nano-
structures suggested the establishment of the intermolecular inter-
actions along a preferred direction.

Interestingly, the Val derivatives with the butylenic spacer
showed differential self-aggregation abilities in solvents of differ-
ent polarity (see entries 3 and 9 in Table 2). Thus, for instance,
the SEM study of samples of 1c grown from chloroform showed
the lack of self-assembled nanostructures (Fig. 4a), while the same
compound from methanol showed nanometre-sized fibres
(Fig. 4b). The width of the fibres were in the range of 100–
200 nm and they were grouped in bunches of several micrometres
(Fig. 4c). The morphology and size of the fibres of 1c did not sub-
stantially change by using 2:1 methanol/water as the solvent
(Fig. 4d), although we observed a more efficient and homogenous
coverage of the surface. These results suggest that the hydrophobic
interactions between the tails in 1c were playing an important role
in the self-assembling process. Additionally, TEM analysis of un-
stained samples (Fig. 4e–f) confirmed the formation of fibrous
nanostructures. The different behaviour of some of these GAPs in
solvents of different polarity is especially interesting for the future
preparation of a second generation of self-assembling pseudopep-
tides able to respond to external stimuli.

In order to get deeper structural information of 1c in solution,
we studied its 1H NMR spectra both in polar and in non-polar sol-
vent, below the critical concentration for the aggregation (Fig. 5).
The chemical shift (>7.00 ppm) and temperature dependence
(DdNH/DT = �3.5 ppb/K) of amide NH protons signal in CDCl3 sug-
gested the presence of partially H-bonded amide groups. The high
chemical shift values of protons at a and b positions are also in line
with this proposal. Besides, the methylene vicinal to the amide
group (A in Fig. 5) showed chemical non-equivalence [Dd
(HA/A0) = 0.052 ppm at 294 K] which was decreased upon heating
[Dd (HA/A0) = 0.038 ppm at 323 K]. All these observations supported
that the pseudopeptidic moiety is intramolecularly H-bonded in a
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Figure 5. 1H NMR spectra of 1c (500 MHz, 303 K) in
relatively rigid conformation in chloroform. However, when
acquiring the 1H NMR spectrum in methanol, the signals corre-
sponding to the protons from the pseudopeptidic moiety (a, b, c
and A) moved up-field, while those from the hydrophobic tails
did not significantly change. More importantly, the methylenes
in A position lost their chemical non-equivalence, appearing as a
broad triplet. These observations were consistent with the break-
ing of the intramolecularly H-bonded pseudopeptidic structure,
leading to an unfolded conformation in solution. Thus, in non-polar
medium, the molecule tends to fold into a turn/hairpin conforma-
tion while in MeOH, the interactions with the solvent would pro-
duce an unfolding of the pseudopeptidic moiety to an extended
flexible conformation. With the aim of connecting this soluble
structure with the self-assembling process, the formation of the
nano-fibres of 1c was studied by ATR FT-IR spectroscopy. Thus,
we followed the evolution of representative bands during the con-
centration of the sample by slow evaporation of the solvent di-
rectly on the ATR sample holder (Fig. 6). Accordingly, we
monitored the amide A (N–H stretching at 3100–3500 cm�1), the
amide I (C@O stretching at 1600–1700 cm�1) and the aliphatic re-
gion (CH stretching at 2800–3000 cm�1). In methanolic solution,
all the bands were relatively broad, suggesting the presence of a
mixture of different conformations in solution. The slow evapora-
tion of the solvent produced a gradual sharpening of the bands,
which implies a conformational ordering of the molecules. The fi-
nal values in the dried fibres were 3300 cm�1 (amide A),
1636 cm�1 (amide I), 2921 cm�1 (mass C–H) and 2853 cm�1 (msym

C–H), showing the formation of strongly H-bound b-stacks11 of
the pseudopeptidic core and a crystal-liquid phase12 for the ali-
phatic tails. These spectroscopic evidences highlighted the impor-
tance of both polar (H-bonding) and non-polar interactions in the
self-assembling process.

In summary, herein we report on the synthesis of new GAPs by
a reductive amination reaction. Preliminary studies suggest that
1.01.41.82.8
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Figure 6. Evolution (1–3) of the ATR FT-IR spectra of 1c form MeOH solutions to dried fibres obtained upon slow evaporation. Selected bands are shown for (A) amide A, (B)
amide I and (C) C–H stretching regions.
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the formation of self-assembled nanostructures can be accom-
plished by a delicate tune of the polar and non-polar intermolecu-
lar interactions, in some cases allowing the control of the process
by changing the polarity of the medium. Besides, we have found
that some structural features are needed for the modulation of
the self-assembling properties. The Val derivative with a relatively
flexible spacer and bearing two hydrophobic tails does not self-
assemble in non-polar solvent but self-assemble in fibres from a
polar medium. This fact pointed these systems as good candidates
for further development of stimulus responsive self-assembling
nanostructures. Studies on the effect of these and other structural
variables are undergoing in our laboratories.
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