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Structural Diversity in the Self-Assembly of Pseudopeptidic Macrocycles
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Abstract: The self-assembling abilities
of several pseudopeptidic macrocycles
have been thoroughly studied both in
the solid (SEM, TEM, FTIR) and in
solution (NMR, UV, CD, FTIR) states.
Detailed microscopy revealed large dif-
ferences in the morphology of the self-
assembling micro/nanostructures de-
pending on the macrocyclic chemical
structures. Self-assembly was triggered
by the presence of additional methyl-
ene groups or by changing from para
to meta geometry of the aromatic
phenylene backbone moiety. More in-
terestingly, the nature of the side chain
also plays a fundamental role in some
of the obtained nanostructures, thus
producing structures from long fibers
to hollow spheres. These nanostruc-
tures were obtained in different sol-

vents and on different surfaces, thus
implying that the chemical information
for the self-assembly is contained in
the molecular structure. Dilution NMR
studies (chemical shift and self-diffu-
sion rates) suggest the formation of in-
cipient aggregates in solution by a com-
bination of hydrogen-bonding and n—x
interactions, thus implicating amide
and aryl groups, respectively. Electron-
ic spectroscopy further supports the m—
7 interactions because the compounds
that lead to fibers show large hypo-
chromic shifts in the UV spectra.
Moreover, the fiber-forming macrocy-
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cles also showed a more intense CD
signature. The hydrogen-bonding inter-
actions within the nanostructures were
also characterized by attenuated total-
reflectance FTIR spectroscopy, which
allowed us to monitor the complete
transition from the solution to the
dried nanostructure. Overall, we con-
cluded that the self-assembly of this
family of pseudopeptidic macrocycles
is dictated by a synergic action of hy-
drogen-bonding and m—x interactions.
The feasibility and geometrical disposi-
tion of these interactions finally render
a hierarchical organization, which has
been rationalized with a proposal of a
model. The understanding of the pro-
cess at the molecular level has allowed
us to prepare hybrid soft materials.

Introduction

[b]
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The preparation and study of new hierarchically self-assem-
bled organic materials is one of the most interesting re-
search topics in supramolecular chemistry.'! The controlled
formation of supramolecular entities within the micro/nano-
metric scale from simple and accessible building blocks is of
enormous importance for technological® and biomedical ap-
plications.”! Among all the possible building blocks, those
based on peptidic moieties are especially attractive, as they
allow a large structural diversity through side-chain replace-
ments.[ In addition, they usually show good biocompatibil-
ity and chemical stability, thus making them highly interest-
ing for biotechnological applications.”! Recently, very ele-
gant designs inspired by nature have been described. Thus,
cage-like structures,’”’ amphyphilic molecules,” and helical®
or B-sheet!” sequences have been used as starting templates
for further modification and development. However, the
complete understanding of the aggregation process remains
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elusive because very small structural changes can lead to
strikingly different sizes and shapes of the self-assembled
nanostructures.'” Therefore, for the bottom-up construction
of peptide-like self-assemblies, deep knowledge of the impli-
cated intermolecular interactions is mandatory. Unfortu-
nately, that information has not been always possible to ex-
tract from experimental data. With this aim, the availability
of a wide family of relatively simple compounds with sys-
tematic structural modifications should be desirable.

In regard to that aim, we recently reported versatile syn-
thetic methodologies for the preparation of large-size pseu-
dopeptidic macrocycles by changing many different structur-
al variables in a modular fashion.''! On the other hand,
smaller related compounds efficiently self-assemble in differ-
ent organic solvents, thus leading to the formation of supra-
molecular gels."?! Accordingly, we selected some representa-
tive pseudopeptidic macrocycles (Scheme 1) to study their
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Scheme 1. Chemical structure of pseudopeptidic macrocycles.

self-assembly behavior by using different techniques both in
the solid (SEM, TEM, FTIR) and solution (NMR, UV, CD,
FTIR) states. More importantly, the transition from the so-
lution to the nanostructure was monitored in situ by attenu-
ated total reflectance FTIR (ATR-FTIR) for the first time.
The compounds were selected for mapping the effects of
several structural variables, such as the aromatic backbone
(paralmeta) geometry, the aliphatic spacer (n=0, 1), or the
nature of the amino acid side chain (aliphatic/aromatic).
This study allowed us to obtain very valuable information
on the self-assembly process, which led us to the preparation
of hierarchical hybrid nanostructures.

Results and Discussion

Study of the morphology of the solid-state self-assembled
nanostructures: We used SEM for visualization of self-as-
sembled structures on the micro/nanometric scale. Samples
were prepared by dissolving 2-3 mg of the corresponding
compounds in chloroform containing a small amount of
methanol (typically 5-10% MeOH, approximately 1-
2mgmL™" final concentration of macrocycle). These solu-
tions were carefully added onto the SEM sample holder
(aluminum) and slowly evaporated at room temperature.
The SEM images of the dry residues of some selected exam-
ples are shown in Figures 1-3. The corresponding para de-
rivatives with the shortest spacer (n=0; 1a,b) did not show
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any detectable nano-/microstructure, thus leading to amor-
phous materials upon drying (see Figures S1 and S2 in the
Supporting Information). However, increasing the aliphatic
spacer between the peptidic moieties (n=1, 2) had an im-
portant impact on the SEM images. Compound 2a derived
from valine (Figure 1a) showed the formation of small

Figure 1. SEM images of a)2a, b)3a, and c)2b grown from CHCly/
MeOH (9:1) on an aluminum surface.

fibers (length: ca. 20 um, width: ca. 160 nm). Very similar
microstructures were obtained with additional methylene
groups in the aliphatic spacers for 3a (n=2; Figure 1b). On
the other hand, the phenylalanine counterpart of 2a (2b,
n=1; Figure 1¢) also showed the formation of self-assem-
bled fibrils of similar width (~150 nm) but were significantly
shorter (1-3 um). In addition, they form an interpenetrated
network that left curved spaces between the fibrils (Fig-
ure 1c¢). Interestingly, the meta derivative m-1la (R=iPr, n=
0) self-assembled into straight fibers (Figure 2a). These
fibers are long (50-150 um) with a width of about 500 nm
(Figure 2b). They uniformly covered the whole surface of
the holder and showed a more regular distribution than
those from 2b or 3a. Similar, though slightly smaller, fibrilar
suprastructures of m-la were also obtained by using differ-
ent solvents (e.g., CH;CN/MeOH 3:1; Figure 2¢) or on top
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Figure 2. SEM images of m-la grown from a,b) CHCl;/MeOH (9:1) dried onto an aluminum surface,
c) CH;CN/MeOH (3:1) dried onto an aluminum surface, and d) CHCl;/MeOH (9:1) dried onto a glass surface.

of a different surface (e.g., glass; Figure 2d). These experi-
ments suggest that the self-assembly process is effective in
different environments, such as solvent composition and/or
surface nature.

Surprisingly, when the side chains of the peptidic moieties
were replaced by benzyl groups in the meta derivative (m-
1b), spherical structures with a diameter of approximately
0.5-3 um were obtained (Fig-
ure 3a,b). These spheres were
reproducible in shape and size
on different surfaces (alumi-
num, glass, mica, or holey
carbon; see Figure 3¢ and Fig-
ures S4-S6 in the Supporting
Information) or from several
solvents (CH;CN/MeOH 3:1;
Figure 3d), and they were not
accompanied with other mor-
phologies, such as small fibrils
or tapes.' A detailed inspec-
tion of the SEM images
showed the presence of a hole
in some of these spheres (Fig-
ure 3b,d), most likely due to
the rapid evaporation of the
contained  solvent  during
vacuum metalation for SEM
analysis.”®! This behavior sug-
gests that the spherical struc-
tures have a hollow vesicular

ure 3¢). Overall, the microsco-
py showed the influence of dif-
ferent structural parameters on
the self-assembly abilities of
the pseudopeptidic macrocy-
cles. Thus, completely different
morphologies and sizes were
obtained by simple and con-
trolled structural changes in
the macrocyclic building block.
In addition, the experiments
carried out with different sol-
vents and on different surfaces
suggest that the self-assembly
is dictated by the chemical in-
formation contained in the mo-
lecular structures, with only
small effects from external fac-
tors.

NMR solution studies: The in-
triguing behavior of the self-as-
sembly of these pseudopeptidic
macrocycles led us to study
their structure in solution to
further detect the key intermolecular interactions that lead
to the final self-assembled nanostructures. All the com-
pounds studied herein showed an averaged D, symmetry on
the NMR timescale, which suggests a relatively high flexibil-
ity of the macrocyclic rings in solution. However, some of
them showed a concentration dependence of the chemical
shifts of representative signals. Thus, for instance, when in-

=100 nm

Figure 3. a,b) SEM images of m-1b grown from CHClL;/MeOH (9:1) dried onto an aluminum surface; c) TEM

nature, which was further con-
firmed by TEM analysis (Fig-
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image of m-1b grown from a CHCIl;/MeOH (9:1) onto a holey carbon copper grid; d) SEM image of m-1b
grown from a CH;CN/MeOH (3:1) dried onto an aluminum surface.
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creasing the global concentration of m-la from 0.41 to
41.0 mM, the corresponding 'HNMR spectra showed a
downfield shift of the amide NH proton signal (Ad=
0.18 ppm) and an upfield shift (Ad =—0.05-0.08 ppm) of the
protons from the m-phenylene moiety (Figure 4a,b). The
signs of the chemical shift Ad suggest the existence of inter-
molecular hydrogen-bonding and - stacking interactions,
thus implicating amide and aromatic groups, respectively.']
Within all the concentration range studied herein, we ob-
served a single set of signals, thus implying a fast exchange
regime on the NMR timescale (Figure 4a) for the self-as-
sembly process as well. The nonlinear fitting of the chemical
shift of the NH proton signal to an isodesmic self-aggrega-
tion model™ (see Figure S8 in the Supporting Information)
rendered an association constant of K=35.7+9.8m L1 The
self-diffusion rate of m-1a was also measured by DOSY ex-
periments at different overall concentrations.'”! The appar-
ent D value, measured with the methyl protons of the iPr
group, decreased from D=6.35+0.10x10"""m?s™! at 1.6 mm
to D=5.434+0.06x10""m?s! at 32.0 mm. These changes
would imply an increase of approximately 60 % in the aver-
age volume of the species in solution, and an apparent ag-
gregation number of 5-8 within this concentration range

H

amide NH

FULL PAPER

(see Table S1 in the Supporting Information). All these
NMR spectroscopic data strongly support the formation of
incipient self-assembled nanostructures in solution.

We performed similar experiments with m-1b, which self-
assembled into spherical nanostructures (Figure 4c). In this
case, we also observed a downfield shift of the amide NH
proton and upfield shifts of the aromatic protons. However,
the significantly smaller downfield shift of the amide pro-
tons (A0=0.10 ppm) suggests a lower participation of hy-
drogen bonding in the intermolecular interactions. On the
other hand, the concentration-dependent shielding of the
protons of the benzylic side chains (Ad=—0.04-0.05 ppm)
were slightly larger than those for the m-phenylene moiety
(A0 =-0.03-0.04 ppm), thus highlighting the main impor-
tance of the m—m stacking of the aromatic side chains in the
self-assembly process of m-1b. Additionally, the isodesmic
model fitting of the NH signal yielded weaker binding (i.e.,
K=9.6+23m""; see Figure S8 in the Supporting Informa-
tion). The moderate binding constants obtained herein must
be considered taking into account that a mixture of competi-
tive solvents for both hydrogen-bonding (methanol) and hy-
drophobic (chloroform) interactions were used for the ex-
periments. Furthermore, similar dilution experiments per-
formed with the corresponding
para derivatives (1a,b) pro-
duced very small changes in

H2
a) A U\T the 'H NMR spectra (see Fig-
004M_J L_’%_JV MU ures S9 and S10 in the Sup-
porting Information), thus sug-
gesting a much weaker inter-
oo1tm A A ; i ion.l8!
S [ molecular interaction.
0.0083 M :': Electronic absorbance and CD
i i spectroscopy: The self-assem-
j bly process in solution was ad-
0.0027 M Y. A ditionally studied by absorb-
ance and CD electronic spec-
0.00041 M troscopy. Compound  1a
: . e H (U | S VO showed an UV spectrum with
ko o e 7k 7he 7h 7h The b aw two almost equally intense
3/ppm bands at 1=240 and 260 nm
77 due to the aromatic phenylene
b) - C)7s5f amide NH k././l electronic  transitions  (Fig-
(a3 amide NH/./'/./ 74lmm m ure Sa, gray). The spectrum of
(A — 3L m m-la showed a large hypo-
£ 74l £ 72| gﬁ:g:g:g:w\\g chromic shift, especially in the
a = .
o o (@) band at 1=260 nm (Figure Sa,
75 73L (5) w0 fTifrvy—¥v "> ¥ ——y oy . .
e ——8g ‘g o ol E—E—EW_E—BLFI—H—-E_‘_; black). This lower absorbance
[£2 S &) e, g | is not related to the different
71} @ 1\1& 2 @ aromatic-ring substitution be-
= b &—i—l‘—aﬁ-mﬂ .
70 ‘ . 6.8 @ , cause the other para-deriva-
0.001 0.01 0.001 0.01 tives 2a and 3a yielded a very
conc./M conc./M .. .
similar spectrum (Figure Sa,

Figure 4. a) Selected partial '"H NMR spectra of m-1a (500 MHz, 30°C, CDCly/MeOH 9:1) at different overall
concentrations. Plot of the concentration (log scale) dependence of '"H NMR spectroscopic data of b) m-1a
and c¢) m-1b (both at 500 MHz, 303 K). Arbitrary atom numbering of the m-phenylene moiety is shown in
Scheme 1, whereas ortho (0), meta (m), and para (p) refers to the positions on the aromatic side chains of m-

1b.

Chem. Eur. J. 2010, 16, 12461255

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dashed black and dashed gray
for 2a and 3a, respectively).
Interestingly, SEM images had
shown the formation of fibrils
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Figure 5. a) UV and b) CD spectra (0.85 mm, CHCL/MeOH 95:5) of 1a
(gray), m-1a (black), 2a (dashed), 3a (dashed gray), and m-1b (dotted).

for m-1a, 2a, and 3a, but not for 1a. Therefore, there is a
direct relationship between the hypochromic shift in the UV
spectra and the self-assembly trends. A similar hypochromic
shift had been previously observed in aromatic self-assem-
bled systems and was ascribed to establishing n— 7 stacking
interactions.”” The CD spectra of these derivatives were
also informative (Figure 5b). The negative cotton effect at
A =240 nm was larger for the macrocycles that showed fibril
formation (m-1a, 2a, and 3a) than for 1a. This behavior is
consistent with a decreased conformational freedom within
the self-assembled supramolecular structure and is also in
agreement with reported data in other fiber-forming chiral
systems.” On the other hand, the CD spectra of m-1b
(forming self-assembled spherical structures) showed a less
intense negative Cotton effect at A=240 nm. The additional
CD signal at A =250-260 nm could be assigned to the dispo-
sition of the aromatic side chains in a chiral environment. It
is difficult to directly compare m-1a and m-1b, as the latter
has a much more intense UV spectrum. However, the some-
how lower relative CD signal of m-1b can be related to the
sphere formation.??!

ATR-FTIR vibrational spectroscopy: Vibrational spectros-
copy has several singularities that make it especially useful
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for studying these self-assembly processes. First, because the
frequency range for vibrations has a very different value,
fast processes on the NMR timescale can be accessible and
differentiable by using IR spectroscopic analysis. On the
other hand, IR spectroscopy can be easily performed on vir-
tually any state of matter. Thus, we performed ATR-FTIR
measurements with slowly evaporated samples of m-la
(fibers) and m-1b (spheres), whereas 1a was used as the
control (Table 1). Several types of C=0O bands were ob-

Table 1. ATR-FTIR data (cm™") of 1a and m-1a-b obtained from slowly
evaporated samples.

Compound Amide I Amide II Amide A
1a 1636, 1646, 1652 1507-1559 3400, 3306
m-1a 1636 1553, 1541 3278
m-1b 1636, 1650, 1655 1523, 1548 3289

served for 1a, thus showing B-sheet, random, and turn con-
formations.’”! In addition, the high amide A frequency at
3400 cm™! implies little hydrogen-bonding aggregation, thus
explaining the absence of self-assembling structures in SEM
analysis. For m-1b, we also observed the presence of differ-
ent carbonyl conformations, although the amide A band
suggests some degree of hydrogen bonding. Therefore, we
can hypothesize the partial participation of hydrogen bond-
ing in the formation of the microspheres of m-1b. On the
other hand, a strongly hydrogen-bonded carbonyl group was
observed upon the formation of the fibers with m-1a. The
values of the vibrational frequencies correspond to the for-
mation of P-sheet/B-stack-type aggregation motifs.®! The
observation of only one carbonyl type for the fibers of m-1a
suggests that the molecule shows a highly symmetrical con-
formation within the self-assembled fiber. Remarkably,
ATR-FTIR measurements were performed on a ZnSe sur-
face, which again indicate that the self-assembly processes
do not rely on the nature of the surface.

We further attempted to obtain a more precise image of
the complete process that leads from the self-assembled
structures in solution to the nano-/microstructures in the
solid state. With this aim, we prepared samples of m-1a,b
(40 mm in CHCly/MeOH 9:1) and studied the time depend-
ence of the FTIR spectra during the slow evaporation of the
solvent onto an ATR sample holder (Figure 6). The key
bands (amide A, I and II) for selected spectra were decon-
voluted into the corresponding vibrational peaks (see Fig-
ures S11-S16 in the Supporting Information). Thus, for in-
stance, the amide A band was decomposed into the vibra-
tions that correspond to associated NH and free NH groups
(<3300 and 3400 cm™, respectively). In both cases, the slow
evaporation of the solvent was accompanied with an in-
crease in the hydrogen-bonded associated peak. This transi-
tion was practically complete for m-1a (see Figure 6a and
Figure S11 in the Supporting Information), whereas for m-
1b (see Figure 6b and Figure S14 in the Supporting Infor-
mation) a considerable amount of non-hydrogen-bonded
NH protons were still present in the dried sample. This find-
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the macrocycles could shed
some light onto the different
behavior for the formation of
the corresponding nano-/mi-
crostructures. A stochastic con-
formational search was applied
without restrictions to each

wavenumber/cm™’

wavenumber/cm™’

compound (a Monte Carlo
search followed by a Merck

Abs./a.u.
Abs./a.u.

molecular force-field (MMFF)
minimization; Figure 7 A-D).
The theoretical data suggest
that 1a with the short spacer
(n=0) and para substitution
(Figure 7 A) tends to set the ar-
omatic rings perpendicular to
the macrocyclic main pla-

1700 1680 1660 1640 1620 1600 1700 1680 1660

wavenumber/cm™!

Figure 6. Solvent evaporation evolution for selected sections of the ATR-FTIR spectra of A) amide A for m-

1a, B) amide A for m-1b, C) amide I for m-1a, and D) amide I for m-1b.

ing suggests that the intermolecular hydrogen bonds are
more important for the formation of the fibers than for the
formation of the spheres. The deconvolution of amide I
bands was also very informative. The FTIR spectrum of m-
1a in solution showed the presence of a pB-stack (1636 cm™)
and turn or random (1650-1670 cm™') conformations (see
Figure 6¢ and Figure S12 in the Supporting Information).
During the drying process, the proportion of the (-stack
structures increased up to being practically exclusive within
the fibers of m-1a. These observations imply that the dy-
namic flexible structure present in solution (several carbonyl
groups) undergoes a conformational transition to a more
rigid and symmetrical conformation (only one carbonyl
group) within the solid aggregates. On the other hand, the
same study with m-1b showed the presence of [ sheets ac-
companied with turn conformations during all the drying
process (see Figure 6d and Figure S15 in the Supporting In-
formation). Parallel results were obtained by comparing the
corresponding amide II bands in m-1a,b (see Figures S13
and S16 in the Supporting Information). Thus, we can con-
clude that different types of amide groups are present in the
final spherical self-assembly due to either intramolecular
folding of the molecule or the coexistence of different con-
formations.?!

Molecular modeling: We also performed molecular-model-
ing calculations on the isolated macrocycles 1a, 2a, m-1a,
and m-1b to visualize the conformational effects produced
in the macrocyclic core by the different structural variables.
The three-dimensional disposition of the different functional
groups must define the feasibility and geometry of the po-
tential intermolecular interactions (hydrogen bonding, s,
hydrophobic). According to our experimental results, the
noncovalent intermolecular contacts ultimately dictate the
self-assembly process. Thus, the conformational analysis of

Chem. Eur. J. 2010, 16, 12461255
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1640 1620 1600 ne,["**<l thus avoiding the pos-
sibility of establishing intermo-
lecular aromatic-aromatic in-

E

Figure 7. Upper view of the superposition of the energetically accessible
local minima for A)1la, B)2a, C)m-la, and D)m-1b. The global
minima for E) 1a, F) m-1a, and G) m-1b are shown with possible intra-
molecular hydrogen bonds in dashed lines.
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teractions in a stacked-ring self-aggregation model (see
below). However, increasing the aliphatic spacer (2a; Fig-
ure 7B, n=1) or changing the substitution of the aromatic
phenylene ring from para to meta (m-la; Figure 7C)
changes the relative disposition of the aromatic rings and
sets them nearly in the same plane of the macrocyclic ring.
Therefore, we hypothesize that in these systems (i.e., 2a and
m-1a) there is the possibility of establishing aromatic stack-
ing interactions in the direction perpendicular to the macro-
cyclic ring."® In the case of m-1b, the Monte Carlo analysis
rendered similar results to m-1a, although a slightly more
flexible ring was found (Figure 7D). Furthermore, in this
case, the aromatic side chains tend to fold over the amide
bonds, thus protecting them from forming intermolecular
hydrogen bonds. For a better visualization of the hydro-
gen-bonding pattern that implicates amide NH protons, the
global minima for 1a, m-1a, and m-1b are shown in Fig-
ure 7E-G, respectively. In all the cases, they form intramo-
lecularly hydrogen-bonded turns, as expected for isolated
systems of this type. In solution, we experimentally observed
a clear D, symmetry of the 'H and “CNMR signals,'!!
which means that the optimized geometries must be in fast
equilibrium with the complementary ones to finally render
the observed average molecular symmetry. On the other
hand, these structures are in very good agreement with the
solution FTIR spectral data, which showed the presence of
turn conformations for all the tested compounds. As the
timescale for both spectroscopic techniques is very different,
the experimental observations are consistent with the theo-
retical conformational analysis: the fluxionality of the mac-
rocycles seems to be fast on the NMR timescale but slow on
the IR timescale.

Proposal of a self-assembling mechanism: Taking into ac-
count all the experimental and theoretical results, we pro-
pose a reasonable model for the observed self-assembly pro-
cesses. All the compounds show a fluxional conformation in
solution by NMR spectroscopic analysis. The molecular-
modeling studies suggest that they tend to form intramolec-
ular hydrogen-bonded turns, which is consistent with the
FTIR spectral data in solution. Thus, we can propose a con-
formational equilibrium as depicted in Scheme 2 for m-1a,
in which complementary intramolecularly hydrogen-bound
conformers (I and II) are in equilibrium with the fully sym-
metric flat conformation (III). The interconversion of the
species (I-III) would explain both the observed average
symmetry by NMR spectroscopic analysis and the different
carbonyl groups detected by using solution FTIR spectros-
copy. The symmetrical conformer III allows synergic estab-
lishment of intermolecular hydrogen-bonding (detected by
'HNMR and FTIR) and n-m (detected by 'H NMR and
UYV) interactions, thus leading to its aggregation. Within this
model, the two interactions responsible for the assembly
would take place at both faces of the ring and in the same
direction, namely, perpendicular to the macrocyclic plane.
The consecutive self-association along this preferred direc-
tion, followed by packing of the tubes thus-formed would
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Scheme 2. Proposed model for the self-assembly of m-1a.

eventually produce the growth of fibers (Scheme 2). The
molecules of m-1a within these fibers must show only one
type of carbonyl group with a -sheet/B-stack vibrational
frequency, exactly as experimentally observed for the dried
fibers of m-1a. Therefore, this model explains the observa-
tion of fibers by SEM analysis and is consistent with the ex-
perimental data obtained in solution for m-1a (NMR, UV,
FTIR) and the transition from a flexible conformation to a
[B-stacked structure, as observed by using ATR-FTIR spec-
troscopy to monitor the drying process.

This model also allowed us to explain the observed differ-
ences between the other derivatives. For the formation of
the fiber, both hydrogen bonding and m-m stacking must
take place in the direction of the growth. The short para de-
rivatives (1a and 1b) tend to set the aromatic phenylene
unit perpendicular to the macrocyclic main ring (Fig-
ure 7A,D for 1a), thus precluding the proposed m—m inter-
actions and disfavoring the self-assembly. This behavior is
consistent with the SEM, NMR, UV, and FTIR spectroscop-
ic data of 1a. However, increasing the aliphatic spacer with
para derivatives (2a and 3a) favors the setting of the aro-
matic rings in the macrocyclic main plane, as shown by mo-
lecular modeling (Figure 7B). Once again, this disposition
would allow the establishment of m—x interactions at both
faces of the macrocycle and perpendicular to it. The stack-
ing of the aromatic rings agrees with the hypochromic shift
in the UV spectra of 2a and 3a. Thus, this model also ex-
plains the formation of fibers in derivatives bearing longer
aliphatic spacers (n=1, 2). The particular case of the
spheres obtained with m-1b is a bit more difficult to ration-
alize. The molecular modeling data suggests that the aro-
matic side chain could shield the amide NH groups from in-
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termolecular interactions.” This behavior would imply that
conformers I and I (Scheme 2) would prevail in solution, as
detected by FTIR spectroscopic analysis. Under those cir-
cumstances, self-assembly is mainly dictated by the n—mr in-
teractions of the side chains (as suggested by NMR), which
must be less directional and finally produces spherical self-
assembled microstructures. Within these spheres, different
carbonyl conformations would be present (structures I and
IT in Scheme 2), in good agreement with the FTIR spectro-
scopic data of dried samples of m-1b.

Hierarchical self-assembly for the construction of hybrid
mixed nanostructures: We also studied the ability of the sys-
tems to self-aggregate hierarchically into hybrid microstruc-
tures.”! We focused on the meta derivatives m-1a,b, which
led to fibers or hollow spheres. We prepared equimolecular
solutions of m-la+m-1b (CHCl;/MeOH 9:1) and the ob-
tained mixture was added onto the SEM holder then slowly
dried. The SEM micrographs showed the formation of ho-
mogeneous spherical microstructures (Figure 8 A-D). These

Figure 8. A,B) SEM images of a mixture of solutions of m-1a and m-1b
in CHCL/MeOH (9:1). C,D)Magnified sections of (A) and (B).
E) Sample obtained by the consecutive addition of solutions of 1) m-1a
and 2) m-1b in CHCly/MeOH 9:1. F,G) SEM images of a mixture of m-
1a and m-1b grown from CH;CN/MeOH (3:1). All the samples were
grown onto aluminum surfaces.

spheres are grouped in bunches (Figure 8 A) or connected in
necklace-like microstructures (Figure 8 B). This observation
suggested that the surface of the spheres was covered by a
fibril-like material that interpenetrates to render the ob-
served junctions. A more careful inspection of the micro-
structures supported that hypothesis (the connecting fibrils
are marked with arrows in Figure 8 C,D).
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An explanation for these results could be that the forma-
tion of the spheres of m-1b occurs faster, then the molecules
of m-1a deposit and self-assemble on the surface of the pre-
formed spheres of m-1b. We also obtained similar results by
sequentially adding m-1a and m-1b, thus leading to hairy
spherical morphologies, most likely produced by the cover-
age of the vesicles of m-1b with fibrils of m-1a (Figure 8E).
These experiments confirmed the proposal of different rates
of formation of both microstructures. The slower growth of
the fibers of m-1a can be rationalized from the microscopic
point of view: the self-assembly of the macrocycles into
straight fibers requires a conformational transition, as ob-
served by monitoring the process with ATR-FTIR spectro-
scopic analysis. Considering our hypothesis, the growth of
the spheres must be slowed down to get self-discrimination
of separated fibers and vesicles. We could slow down the
growth by performing the experiments in CH;CN/MeOH
(3:1) as the solvent. As this mixture evaporates more slowly
than the previous, the macrocycles were able to hierarchical-
ly self-organize to segregate into straight fibers and hollow
vesicles (Figure 8F,G), with a very similar morphology to
the structures obtained from pure samples of either m-1a or
m-1b.

Conclusions

Herein, we have used the combination of different spectro-
scopic techniques (NMR, UV/CD, FTIR) to obtain funda-
mental information on the forces that direct the self-assem-
bly of this family of pseudopeptidic macrocycles, thus lead-
ing to the formation of different nano-/microstructures, as
observed by microscopy. Thus, the self-assembly process was
triggered either by the presence of additional methylene
groups in the aliphatic spacers or by the change from para
to meta substitution of the aromatic backbone. Even more
interestingly, the nature of the amino acid side chain can de-
termine the morphology of the obtained nanostructure from
long fibers to spherical vesicles. In addition, the self-assem-
bly seems to be weakly dependent on external factors, such
as solvent composition or surface nature. Therefore, the ob-
tained nano-/microstructure must be a supramolecular ex-
pression of the chemical information stored in the molecular
structures.

Studies using different techniques (NMR, UV, CD, ATR-
FTIR) support the incipient self-assembly in solution
through the cooperative action of hydrogen bonding and m—
7 stacking interactions. The combination of the strength and
geometrical disposition of those contacts finally leads to dif-
ferent nanostructures. Additionally, we could monitor the
structural changes that accompany the formation of the dif-
ferent nanostructures by following the drying process by
ATR-FTIR spectroscopic analysis. We observed the forma-
tion of fibers for systems that allow the cooperative forma-
tion of amide hydrogen-bonding and aromatic n—mw stacking
interactions, both in the same direction, namely, perpendicu-
lar to the macrocyclic ring. For this disposition, the amide
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bond plane has to be aligned with the fibril axis, whereas
the aromatic ring should be set perpendicular to that direc-
tion and thus parallel to the macrocyclic main plane. The
particular case of vesicle formation has also been rational-
ized by the structural/conformational characteristics of the
chemical structure of the macrocyclic building block. Over-
all, this family of macrocycles displayed a widely diverse
self-assembly behavior, which helped us to understand the
molecular basis of the supramolecular process. We envision
that our study will help to further design and prepare similar
systems that could show interesting potential applications in
bionanotechnology.

Experimental Section

General: Reagents and solvents were purchased from commercial suppli-
ers (Adrich, Fluka, or Merck) and were used without further purification.
Compounds 1a,b, 2a,b, 3a, and m-1a,b were prepared as previously de-
scribed."!

Electron microscopy: SEM was performed either on a LEO 4401 or in a
JEOL 7001F microscope with a digital camera. Samples were obtained
by slow evaporation of a solution of the macrocycles (ca. 1-2 mgmL '
either in CHCI;/CH;OH 9:1 or CH;CN/CH;OH 3:1) directly onto the
sample holder and were conventionally coated prior to the measurement.
TEM was carried out on a JEOL 2100 microscope at 120 kV. The micro-
graphs of m-1b were obtained from solutions of approximately
1 mgmL~" in CHClyMeOH 9:1 on a holey carbon copper grid. The sam-
ples were sonicated for 10 min prior to the measurement and one drop
was added onto the grid then collected directly without staining.

NMR spectroscopy: The NMR spectroscopic experiments were carried
out on a Varian INOVA 500 spectrometer (500 and 125 MHz for 'H and
BC NMR, respectively). The chemical shifts are reported in ppm using
trimethylsilane (TMS) as a reference. For the diffusion measurements,
the standard DgesteSL (DOSY Gradient Compensated Stimulated Echo
with Spin Lock) sequence was used. The diffusion parameters were opti-
mized for every sample to obtain 90-95% on signal intensity decay. An
array of 15-30 values of gradient strength was acquired with 32-128
scans per value (depending on the sample concentration). The data were
processed with the DOSY macro available in the Varian software. For
the quantitative measurements, the isopropyl methyl signals were used to
obtain the best signal-to-noise ratio. We used TMS (10 mm) as an internal
standard in all the samples to check that the viscosity of the medium re-
mained constant for all the samples and equal to the pure solvent mix-
ture (CDCly/CD;OD 9:1). The measurements were repeated at least
three times, thus yielding equal D values within the experimental error.
IR spectroscopy: FTIR spectra were acquired on a JASCO 6200 equip-
ment with a MIRacle single-reflection ATR diamond/ZnSe accessory. We
prepared a sample of the corresponding macrocycle (40 mm, CHCly/
CH;O0H 9:1) and we seeded it onto the ATR sample holder. We sequen-
tially collected the FTIR spectra until complete solvent evaporation was
reached. The raw IR spectral data were processed with the JASCO spec-
tral manager software, and the deconvolution of the bands was per-
formed with the Origin software using Gaussian-shaped ideal peaks.

UV and CD spectroscopy: Spectra were recorded with on a JASCO J-
810 spectropolarimeter at room temperature.

Molecular modeling: All the theoretical calculations were performed
using the Spartan ‘06 program. The optimized geometries for the corre-
sponding minima were obtained as follows: A stochastic conformational
search was applied (a Monte Carlo Search followed by MMFF minimiza-
tion) without restrictions to each compound. A complete number of
10000 conformers were generated and at least 100 conformers were se-
lected with an energy cut-off point of 10 kcalmol™'. The obtained struc-
tures were ordered by their energies and analyzed. The Boltzmann distri-
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bution at 298 K and the molecular volume of m-1a were also calculated
with Spartan ‘06. The superposition of the energetically accessible local
minima was carried out by using the same software package.
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