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Concepción Foces-Foces,c,* Peter M. Tolstoy,d Hans H. Limbach,d

Ezequiel Q. Morales,a Ricardo Péreza and Julio D. Martı́na,*
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Abstract—In a model formed by hydroxy acids with a general structure (� )-1, we found that solid-state structures depend on steric
interactions. Thus, with the exception of molecules 1b and 1e, compounds (� )-1a-(�)-1m, which possess bulky and con-
formationally rigid substituents, aggregate by forming tapes and sheets by alternating (+) and (�) subunits held together via car-
boxylic acid to alcohol hydrogen bonds. Homologue (� )-1n with conformationally flexible substituents, which allow
conformational deformation gives, by way of the incorporation of water molecules, an efficient hexagonal assembly, which extends
to the third-dimension to form tubular H-bonding networks. Each puckered channel can be described as being interconnected by
closely packed hexagons in chair-like conformations. The ethyl groups presented in (� )-1n provided the volume required to lock
the inner hexagonal wall into a rigid structure.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

In biology, water and ions channels are molecular devi-
ces which facilitate large fluxes of water and ions across
cell membranes in response to osmotic water regulation
gradients1 and electrical signals.2 In such dynamic pro-
cesses, the magnitude of the flux is strictly regulated by
sophisticated designs of selection filters and conducting
pathways, where a careful combination of hydrophobic
and hydrophilic regions procure an isoenergetic envir-
onment which allow the efficient moving of ions, water
or others small uncharged molecules across cell mem-
branes. Thus, the way in which evolution has fine-tuned
the amphipathic nature of the aquaporin-13 (AQP1)
water channel has a key role in the rapid and reversible
transport of water molecules, a property that is pre-
served along the large family of aquaporins.1,4 Simi-
larly, the non-polar water-filled cavity of the bacterial
KcsA K� channel helps not only to overcome the
dielectric barrier for potassium ions transport caused by
the cell membrane,5 but also constitutes the receptor site
for the inactivation gate6 and hydrophobic cation inhi-
bitors.7 However, many issues still await full compre-
hension. For example, how can the energy cost of the
passage of water through the hydrophobic sections of a
pore be saved?. One possibility could be that the water
molecules arranged on the walls of the pore not be sta-
tic, but rather in a dynamic exchange process, which
would permit the permanent ‘wetting’ of the pore’s
interior. In other words, the hydrophobic configuration
that results from static observation could be less so
when (probable) dynamic processes of structural water
diffusion are made to intervene procuring a continuous
wetting path along the entire pore.

The internal radius of the water-filled hydrophobic cav-
ity of KcsA K� channel is about 5 Å; that of an aqua-
porin is, on average, 2 Å. However, the interpretation of
these dynamic processes, which are based only on the
static data that structural biology offer, is not straight-
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forward, and complementary modelling studies are
required to obtain a truly atomistic description of bio-
logical performance.8,9 Thus, for example, a recent
molecular dynamic simulation study that examines the
behaviour of water within a (6, 6) carbon nanotube of
4.1 Å radius suggests that water molecules form H-bond
chains that rapidly move through the tube in spurs.10

This finding about hydrophobic pore wetting should be
relevant for the mechanism of gating (opening and
closing) of natural channels, and additional it is intrin-
sically important as a finding, since extends our general
knowledge about water diffusion. Although much of the
progress in this area come from theoretical studies,11

complementary experimental efforts are doubtless needed.
2. Results and discussion

The hydrophobic effect12 at aqueous biphasic systems
influences not only the structure of the surface water but
also the behavior of a wide variety of solutes in the
interfacial region.13 Simple considerations based on our
knowledge of hydrophobicity at submolecular scale,
lead to the expectation that equilibrium concentrations
of small amphiphilic solutes should increase from both
bulk phases to the interface, with their hydrophilic part
exposed to the aqueous medium.13,14 This equilibrium
at the interface site induces ordered amphiphatic
arrangements with consequences in the nucleation and
packing of the solute molecules in the solid state.15

For a molecule that possesses axially oriented hydroxyl/
carboxylic acid functions, the ‘like-to-unlike’ carboxylic
acid-to-alcohol H-bonds was considered to be the most
favorable arrangement in terms of energy, since pro-
curing an extended H-bonding array, oriented to the
water subface at the time that the hydrophobic coun-
terpart, remain immersed in the nonpolar subface
(Fig. 1).

Based on this argument, we have reported16 the synth-
esis of a new class of organic tubular material by selec-
tion, among the homologues of a family of general
structure (� )-1, hydroxy/acids 1a–q (Chart 1), the
molecule with the optimized elements which achieve a
hexameric cyclic assembly at the H2O/CCl4 interface,
according to the course depicted in the Scheme 1. Of the
sixteen homologues studied (Chart 1),16b only three:
(� )-1b, e and n, provided 3-D networks by incor-
poration of water molecules, in the crystalline state.
Two of these hydrated structures (� )-1b1/2H2O and
(� )-1eH2O, derived from interdigitated single-stranded
head-to-tail chains composed of pure enantiomers. The
hexameric structure of (� )-1n.H2O corresponds to the
cyclic aggregate of a hydrated head-to-tail single-stran-
ded chain made up of alternating (+)- and (�)-1n
molecules (Scheme 1). The rest of compounds studied
generated anhydrous packing composed of double-
stranded head-to-tail arrays. These results demonstrate
that when structurally robust H-bonded patterns are
Figure 1. Schematic illustration of the equilibrium expected for an
amphiphilic hydroxy/acid at the H2O/organic solvent interface (A)
and bulk nonpolar subface (B).
 Chart 1.
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employed, it is once more the combined steric require-
ments and the conformational flexibility of the sub-
stituents that govern which framework is adapted. We
argue, at the same time, that the architecture of the tar-
get material can be reached by systematic changes in the
size of monomers.

Crystals from all compounds were slowly grown under
identical conditions using a previously water-saturated
mixture of carbon tetrachloride/n-hexane as solvent.
The structural organization present in the single-crystal
study was shown to be representative of the bulk solid
material structure by high resolution solid-state MAS-
NMR spectroscopy.17 Thus, the hexameric mono-
hydrate (� )-1nH2O converts to polymorphic anhydrous
forms when conditions are altered due to its ability to
lose water from hydration. When the monohydrate is
placed in vacuum at 25 �C and �10�2 mbar for 24 h,
the resulting material has a HMAS-NMR spectrum
distinctly different from that of the monohydrate.
Broader resonances arise from the presence of a sig-
nificant amorphous phase in the sample. Although the
stability of this amorphous anhydrate is not exactly
known it is thought to crystallize very slowly and even-
tually reconvert to the monohydrate.16b Another form
for compound (� )-1n that has been obtained as a pure
phase is a crystalline anhydrate. This material was made
via fast crystallization from the H2O/CCl4 interface and
shown, by single-crystal X-ray study, to be made up of
double-stranded enantiomorphic chains of (+)- and
(�)-1n molecules joined in a head-to-tail fashion (Fig.
2a). This crystalline anhydrate is the most stable anhy-
drous form when crystallization occurs in the absence of
water,16b or at the H2O/CCl4 interface in the presence of
methylamine. In the methylamine salt, the ammonium
cations join molecules into double-stranded chains
(N+...O�=2.725(3), 2.771(3) and 2.690(3) Å), in an also
head-to-tail fashion (Fig. 2b) avoiding incorporation of
water molecules. These strands are then assembled into
layers by means of hydroxyl to carboxylate hydrogen
bonds (O...O�=2.697(3)Å). All attempts to obtain
amorphous or crystalline material including bulkier
primary amines (ethyl-, n-propyl- or isopropyl-amine)
Scheme 1. Schematic representation that illustrates the hydration and crystal growth processes of hydroxy acids of general structure (�)-1 based on
their anhydrous H-bonding pattern. It was expected the incorporation of water molecules into the double-stranded head-to-tail chains, I or II, will
lead to hydrated single chains formed by unique enantiomers, III and IV, or alternating enantiomers, V, respectively. Thus, their packing expecta-
tion should depend on the course of the hydration equilibria.
Figure 2. (a) Secondary structure of (� )-1n displaying a double-strand
(1-D) network. (b) View of the 2-D network in (�)-1nMeNH2 salt.
The MeNH2 molecules joins (+)- and (�)-1n molecules (dotted lines).
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or diamines (1,3-diaminopropane or 1,4-diaminobu-
tane) were unsuccessful. Albeit indirectly, these results
demonstrate that the incorporation of water molecules
into the H-bonding pattern to provide a hexameric
structure, is sequential and follows the course depicted
in the general Scheme 1.

Such behavior contrasts sharply with the preferences
observed for this family of hydroxy/acids in the bulk
organic solvent solution. We detail the next experiments
based on 1H NMR studies of compound (� )-1n, which
demonstrate that in nonpolar solvent solutions, the
compound dimerises preferentially through the car-
boxylic acid functions, forming a cyclic assembly.

The samples were prepared by dissolving a certain
amount of the dried compound (� )-1n in CD2Cl2 and
then preparing diluted samples by adding solvent. After
plotting results of chemical shifts and line widths in
dependence with temperature at four different con-
centrations, some trends have been identified for the
signals belonging to the acid proton (d=12.5 ppm) and
the alcohol proton (d=2.5 ppm). We began these series
of experiments thinking that the line shape of these sig-
nals might give some information about the complexes
eventually formed or preformed. For this purpose it was
necessary to reach a considerable slow exchange regime,
which was achieved by lowering the temperature. Sig-
nals could be observed below 213 K. Taking into
account the acid proton signal and examining the
behavior of the line width for a given concentration
when lowering the temperature, it can be observed that
at the highest temperature, where the signal first
appears, the line is very broad (probably meaning there
is still a dynamic exchange process taking place). At
lower temperatures the line width begins to decrease
and reaches a first minimum at 193 K, after that it
begins to broaden again until the last temperature mea-
sured for some of the concentrations, 153 K (Fig. 3a).
This behavior, first showing a sharpening of the line,
then a broadening and again a sharpening which
remains constant for all concentrations, is perhaps
indicative that two separate dynamic processes are tak-
ing place. If the different concentrations are taken into
account, for example comparing the line width at a cer-
tain temperature, some differences in the values are
observed. However, it is difficult to assign a specific
tendency when diluting the samples, because at some
temperatures the most concentrated sample shows the
broadest line (for example at 213 K or at 193 K) and at
other temperatures it shows the sharpest (at 163 K or
at 153 K). Another feature that is of some importance is
that the differences in line width in relation to concen-
tration decrease when lowering the temperature, even
overlapping in some cases (i.e., 193 K and 163 K)
(Fig. 3a).

When regarding the alcohol proton (Fig. 3b), the fol-
lowing features can be summarized: for a given concen-
tration, the signal is broad at the higher temperature,
starts to decrease when lowering the temperature and at
a certain value begins to broaden again, until it finally
disappears. Again it seems that a certain exchange is
slowed down at the beginning, and then another one
starts to be fast enough to cause a broadening of the
signal. This behavior is consistent for the range of
studied concentrations, although the individual values
of the line widths for each concentration become smal-
ler with dilution. In contrast with the acid proton, there
is no overlapping and only the last two concentrations
values become closer. There is, therefore, a dependence
on the line width in relation to concentration in this
particular case.

The minimum of line broadness for the alcohol proton
signal is found at 193 K for the two more concentrated
samples and at 203 K for the both less concentrated
ones. In the case of the acid proton the first sharpening
occurs at 193 K for three of the concentrations and at
183 K for the remaining one (Fig. 3a). This could sug-
gest that, at these temperatures, both protons are taking
part in an exchange process that is slow down, and
when the temperature decreases ‘diverge’ and experi-
ment different dynamic processes. In any case, it seems
that for the acid proton, this other process is also being
slowed when lowering the temperature below 173 K.

If we focus on the chemical shift, there is a general fea-
ture common to both signals: as temperature decreases,
the chemical shifts increases, that is, the signal appears
at lower field. If both protons are involved in hydrogen
bond bridges, this could be consistent with the theory
that the number of hydrogen bonds increases when
lowering temperature (Fig. 4a,b).
Figure 3. (a) Change when lowering temperature of the line width
signal corresponding to the acid proton of 1n in the 1H NMR spectra.
Initial concentration 23.5 mM solution in CD2Cl2. Serial of half-dilu-
tion. Concentrations: 23.5 mM, 11.7 mM, 5.8 mM,

2.9 mM. (b) Change of the line width signal of the alcohol proton
of 1n when lowering the temperature.
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When only taking into account the acid proton signal, it
is not possible to establish certain trends when changing
concentrations. For a given temperature, the values of
the shifts are quite close to each other and do not
always follow a sequence; for example, at 193 K the
most concentrated sample is the one with the smallest
chemical shift and the most diluted sample is the one
with biggest chemical shift, this is exactly the opposite at
173 K. Maybe it would be possible to say that the
increase in chemical shift takes place in a smoother way
for the more diluted samples; in fact, the largest differ-
ence between two adjacent values is found for the more
concentrated sample at 183 K and 173 K (Fig. 4a).

When examining the alcohol proton signal, a somewhat
striking feature is that the two more concentrated sam-
ples, even following the general rule of increasing the
chemical shift when lowering temperature, have an
abrupt stop in this increase at the lowest temperature
measured. Observing the graph (Fig. 4b), one can see
that the slopes of the first two lines decrease and in the
case of the most concentrated sample, it even becomes
negative, as if the chemical shift would first increase and
then decrease. When the dependence of the chemical
shift regarding concentration is examined, a very clear
tendency is observed: the more diluted the samples are,
the smaller the chemical shift is. That is to say, for a
given temperature, the less concentrated samples show a
signal at a higher field. The lines that bind the points for
each concentration never overlap, so the differences can
be clearly observed.
After this description of line width and chemical shift
behavior values in relation to temperature and concen-
tration, the first generalized feature can be emphasized:
the tendencies in both parameters show clear differences
when examining both the acid and the alcohol signals.
This difference can be briefly described as a dependence
of the line width and chemical shift on the concentration
in the case of the alcohol proton signal, and the corres-
ponding non-dependence in the case of the acid proton
signal. This might suggest that, at low temperatures, some
associations are formed that involve these two functions
in different ways. Perhaps a coherent suggestion is the
formation of cyclic dimers or trimers involving hydrogen
bridges between carboxylic functions keeping the alcohol
groups free. Under temperatures low enough to make
these eventual lifetime associations long enough to be
observed, the non-dependence of the chemical shift of
the acid proton signal with relation to concentration
could be explained as the hydrogen bonds between car-
boxylic acids should not be significantly affected by the
presence of greater or lesser number of molecules.

On the other hand, the ‘free’ hydroxyl groups may, at
the same temperatures, have the possibility of forming
weaker hydrogen bonds to other OH groups and their
existence could be affected by concentration levels.
When these ‘free’ OH are able to meet a large number of
other ‘free’ OH in their surroundings, the number of H-
bonds formed between them will be higher, and the
other way around. This would explain why the alcohol
proton signal shifts to a higher field when the concen-
tration is lowered. The number of H-bonds involving
this alcohol proton would decrease, thus leading to the
proton to stay closer to the oxygen and therefore more
shielded. The shift to a lower field when temperature is
decreased can be explained, as mentioned above, by an
increasing of the H-bond number in both cases.

However, although the line width dependence on con-
centration suggests the presence of a structure where the
carboxylic acid and the alcohol are involved in various
H-bonded assemblies, the subsequent broadening and
sharpening of the signals remain unexplained. The general
sharpening of the signals when lowering concentration
of the alcohol proton signal could mean an increase in
the lifetime of some associations, perhaps because of a
slow down in the molecular exchange in the more diluted
samples. Trying to explain the trends at the lower temp-
erature, where the lines become broader, in accordance
with the hypothesis expressed above, it would seem that
the proton exchange between alcohol groups of different
associations is not being slowed enough at the tempera-
tures measured. It is also important to mention that when
diluting the samples by adding solvent, traces of water
dissolved in the CD2Cl2 were being added at the same
time. The exchange that seems to take place involving
the alcohol group could also involve this water,
although the temperatures are low enough to expect the
water to be already frozen. In addition, the behavior of
the acid proton signal line width remains unclear.

As a continuation of this study, we investigated the 1H
NMR spectra of a series of diastereomeric salts prepared
Figure 4. (a) Change when lowering temperature of the chemical shift
of the acid proton of 1n in the 1H NMR spectra. Serial of half-dilution
under the same conditions as given in Figure 3. (b) Change of the
chemical shift of the alcohol proton signal of 1n when lowering
the temperature. Concentrations: 23.5 mM, 11.7 mM,
5.8 mM, 2.9 mM.
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from compounds of general structure (� )-1 (1a–q) and
l-(�)-a-methylbenzylamine in CDCl3. With no excep-
tions, it was found that these salts form diastereomeric
dynamic systems the 1H NMR spectra of which show
typical anisochronism of the diastereotopic hydro-
xymethyl protons. This is due to the fact that in non-
polar solvents, particularly in those having weak ioniz-
ing properties, the distereomeric salts exist according to
the following equilibrium (eq. 1):
 ð1Þ

ed. Chem. 12 (2004) 1305–1314
Figure 5. (a) Crystal packing of (�)-1a. (b) Crystal packing of (�)-1f. (c,d) Two views of the 1-D network in the l(�)-a-methylbenzylamine/(�)-1n
(monoacetate) salt. (e) 1-D network of (�)-1f.
1310 N. Pérez-Hernández et al. / Bioorg. M



Free enantiomeric acids, or cyclic dimers, and free opti-
cally active bases, as well as the completely dissociated
components; i.e., enantiomeric anions and ammonium
cations, cannot cause non-equivalence. It can be caused
only by the non-dissociated forms of the salt, the exis-
tence of which in the form of ion aggregates is favored
by nonpolar solvent and low temperatures.

In agreement with these observations, Figures 5a and b
show the crystal structures of monoacetates (� )-1a and
(� )-1f, which consist of dimers formed by the assembly
of both enantiomers around inversion centers via the
carboxylic acid groups (O...O distances, 2.654(2) and
2.631(2)Å). Figures 5c and d, show the structure of the
diastereomeric salt pair: L(�)-a-methylbenzylamine/
(�)-1n (monoacetate). There are no independent ion
pairs consisting of one acid molecule and one base
molecule linked to one another. In the diastereomer
presented, each ammonium group is short linked to
three oxygen atoms through equivalent hydrogen bonds
(2.786(5), 2.880(5) and 2.725(5) Å). In the salt, columns
formed from four ions (two acids and two bases, Fig.
5d) are wrapped around helical 21 axes. Two types of
intermolecular interactions are thus distinguished:
strong hydrogen bonds, which form the molecular col-
umn, and weak van der Waals interactions between
columns, which are responsible for the cohesion of the
packing. Pure (�)-1n enantiomer18 results to be an oily,
non-crystalline substance. However, application of same
protocol to the resolution of (� )-1f homologue gave
pure (�)-1f, which crystallizes from H2O/CCl4 similarly
to what happened with its racemic mixture,16b that is,
forming double-stranded head to tail chains (Fig. 5e).
These selected results, which are general for all the
homologues studied, demonstrate that in bulk nonpolar
organic solutions the dimeric H-bonding assemblies,
among carboxylic acids, rule the nucleation and crystal
growth and allow, in contrast to what was observed at
Figure 6. (a) Hexameric association of (�)-1næ H2O down the three-fold inversion axis. (b) Partial packing of two hexameric units (three molecules
on each) showing the water molecules environment involved in the cohesion of the tubular structure. (c) Inner Conolly surface19 through the channel
with lipophilic potential mapped on to it. Z-axis clipping is done to observe the surface clearly.
N. Pérez-Hernández et al. / Bioorg. Med. Chem. 12 (2004) 1305–1314 1311



the H2O/CCl4 interface, the smooth insertion of pri-
mary amines in their H-bonding array.

2.1. Hydrophobic tubular structure

The structure of (� )-1nH2O is dominated by a hexa-
meric ring of alternating (+)- and (�)-1n molecules
held together by O2-H2� � �O4H-bonds (Fig. 6a). This
ring system, which is the striking feature of this mole-
cular assembly, joins by c translation to another one via
hydrogen bonds involving six water molecules, each one
using one of its hydrogen atoms for that link to O2.
Moreover, they act as donors of another hydrogen bond
to O1 and accept a strong hydrogen bond from O3,
which reinforces the ring system. The rings stack in
this way to give columns defining c axis (Fig. 6b), all
through the crystal, creating a pore, which holds
disordered water molecules. The interior surface char-
acteristics of the channels alternate between the hydro-
phobic domains created by the ethyl moieties, and the
more hydrophilic interior at the ring-stacking sites (Fig.
6c). Nonstructural water molecules near the hydro-
phobic domains are considerably more disordered, dis-
playing only a weak residual electron density. A
disordered water molecule (O6) was located on a 3-fold
inversion axis (Fig. 6a) and was allowed to refine up to a
site-occupancy factor of 0.20 (6) and isotropic thermal
vibration. The maximum positive peak in the final dif-
ference map (0.91 e Å�3) occurs in positions close to the
O6 molecule (1.67 Å) that could be considered as pos-
sible alternative locations for the O6 molecule although
it was impossible to refine.16a Thus, the observed elec-
tron density for water (O6) is the time-average of water
molecules binding at several overlapping sites, which
suggest a facile movement of loosely held water mole-
cules within the cavity. In the extended nanotube struc-
tures, the electron density forms a discontinuous wetting
path through the entire pore.

The proven stability of hydrated cyclic aggregates from
the optimised homologue (� )-1n, suggests that such a
supramolecular structure might also reasonably be
found in a lipid membrane environment. Thus, at the
water-membrane interface, compound (� )-1n is expec-
ted to aggregate as in aqueous biphasic systems; that is,
the hydrophilic face of the ring buried in water while the
hydrophobic face remain exposed to the nonpolar
environment formed by the hydrocarbon lipids tails.
The expected hydrophobic tubular structure by ring
stacking should insert into the membrane in a parallel
direction to the lipid molecules. This suggestion, which
is reinforced by the ionophoric activity shown by (� )-
1n in phospholipid bilayers,16a is, however, tentative
and thus requires further investigation.

Obviously, if the observed solid-state structure for (� )-
1n is formed in a bilayer, the predominantly hydro-
phobic water-filled pore should contribute to the sta-
bilization of ions. Because its inside is lined with
hydrophobic ethyl chains, it is unlikely that a permeant
ion will shed its hydration shell. Then, it would be
interesting to know if such a simple model could over-
come the dielectric barrier presented by the membrane,
providing a water-filled pathway that allows passive flux
of hydrated cations through the central and mostly
hydrophobic pore.20
3. Conclusions

Much dynamic takes place in organic crystals at room
temperature.21 The reversion of these associations
allows a continuous change in its constitution by inter-
nal molecular rearrangements or by exchange, incor-
poration, and extrusion of components. This model
shows that the addition of water molecules displaces the
dynamic equilibrium toward the preferential formation
of the optimum H-bonding pattern, in a target-driven
selection of the fittest.

This paper also tries to show that the application of
general thermodynamic principles can predict the over-
all hydration behavior of a family of compounds. It is
impossible, however, to unmistakably link the behavior
of a particular homologue with a pre-defined crystalline
state in advance and its need to be optimised from a
family of homologues. This example illustrates how the
assembly of hydrophobic structures requires the
removal of water molecules from their H-bonding pat-
tern in terms of enthalpy/entropy compensation. The
generalization drawn from here might have relevance to
the noncovalent complexes that are involved in certain
biological functions. Finally, this model suggests that
resolving the uncertainty of the incorporation of water
molecules into organic H-bonding arrays requires the
solution of a cause/effect22 (molecular recognition)
problem, that is, finding the best symmetric arrange-
ment pattern for the optimum close-packing.
4. Experimental

4.1. X-ray crystallography

Crystal data were collected using a Nonius Kappa CCD
diffractometer (l(MoKa)=0.7107Å) equiped with an
Oxford Cryosystem cryostream. Data for (� )-
1nMeNH2, l(�)-a-methylbenzylamine/(�)-1n mono-
acetate, (�)-1f, and (S)-1-phenylethan-1-yl-(S)-phenyl-
ethan-1-yl-carbonate were collected at 170K whereas
data for (� )-1a and (� )-1f monoacetates were recorded
at 149 K. Data reduction and cell refinement were car-
ried out with the programs DENZO23 and COLLECT.
24 The structures were solved by direct methods25 and
the refinement process has been carried on F2 against all
data using SHELX97.26 Detailed crystal data and geo-
metrical parameters are deposited in the Supporting
Information (CIF files).27
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