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Formation of a one-dimensional helical alignment
of water molecules within a water-mediated supramolecular

helix using molecular self-assembly of a water-soluble
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Abstract—The reported pseudopeptide 1 adopts a double turn molecular conformation consisting of an intramolecular 9-membered
turn together with a water-mediated 11-atom turn and this pseudopeptide 1 self-assembles to form a water-mediated supramolecular
helical structure with internal water molecules, which are aligned in a 1D helical array.
� 2006 Elsevier Ltd. All rights reserved.
Helicity is an important property and it is ubiquitous in
nature. It is present in many biological systems including
the tobacco mosaic virus (TMV) coat protein assembly,
a-helical structures in proteins, the collagen triple helix
and the DNA double helical structure. Helicity can be
induced in artificial chemical systems using suitable
molecular building blocks. Significant efforts have been
directed to construct supramolecular helices in non-nat-
ural systems using conformational restriction of macro-
molecules, hydrogen bonding functionalities, and metal
ion chelation.1 Water can also play a key role in forming
and stabilizing the supramolecular helical architecture
through hydrogen bonding.2 Water is of great interest
to chemists and biologists as it is the basis of life and
it plays a crucial role in many biological and chemical
processes.3 Among different types of water clusters,4

one-dimensional water chains5 have attracted a great
deal of attention because of their vital role in the biolog-
ical transport of water, protons and ions.3 The transport
of water molecules across cell membranes in biological
systems is significantly enhanced by the presence of aqu-
aporins6 through the arrangement of a single chain of
water molecules. One-dimensional helical arrays of
water molecules are rare in synthetic crystal hosts. There
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are a few examples of one-dimensional helical chains of
water molecules inside a helical coordination polymer.7

These examples include encapsulation of a hydrogen-
bonded 1D helical chain of water molecules inside a
staircase-like helical coordination polymeric architec-
ture of a Ni2+ complex,7a a 1D helical chain of hydro-
gen-bonded water molecules with both handedness
within a dicopper(II) containing supramolecular helical
coordination polymer7b and a 1D water chain inside a
supramolecular helix of a Zn2+ complex.7c However, a
helical alignment of water molecules inside a water-med-
iated supramolecular helical architecture without any
metal ion is barely reported in the literature. Parthasara-
thi and co-workers have examined a series of synthetic
tripeptides2 that form extended helical structures with
intervening water molecules between two consecutive
peptide molecules and they have demonstrated the
hydrated helix pattern in crystals. However, water mole-
cules are not entrapped within these water-mediated
supramolecular helical channels. In this report, we pres-
ent the formation of a one-dimensional helical align-
ment of water molecules within a water-mediated
supramolecular helix using molecular self-assembly of
a water-soluble pseudopeptide 1.

Pseudopeptide 1 bis(N-a-amido-a-aminoisobutyric
acid)-1,1-cyclopropane dicarboxylate was synthesized
by conventional solution phase methodology,8 purified,
characterized and studied in detail. Colorless tetragonal
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Table 1. Selected torsional angles (deg) of pseudopeptide 1

Torsion angle Value (deg)

C4–N3–C2–C1 (/1) �57.9 (4)
N3–C2–C1–O11 (w1) 150.6 (3)
C6–N7–C8–C9 (/2) 53.3 (4)
N7–C8–C9–O91 (w2) 34.5 (4)

Figure 2. Molecular conformation of pseudopeptide 1 showing a 9-
membered intramolecular hydrogen bond and an 11-membered water-
mediated hydrogen bond. The other water molecule present in the
asymmetric unit is omitted for clarity. Hydrogen bonds are shown as
dotted lines.

Table 2. Intramolecular and intermolecular hydrogen bonding para-
meters of pseudopeptide 1 in the crystal state

D–H� � �Aa H� � �A (Å) D� � �A (Å) D–H� � �A (deg)

N3–H3� � �O91 2.40 3.256 (5) 173
N7–H7� � �O4 (a) 2.03 2.882 (5) 174
O11–H11� � �O200 1.77 (4) 2.597 (5) 171 (5)
O200–H21� � �O12 (b) 1.96 (6) 2.813 (6) 179 (7)
O200–H22� � �O6 (b) 1.95 (6) 2.795 (5) 162 (5)
O91–H91� � �O100 (c) 1.81 (4) 2.614 (5) 167 (4)
O100–H100� � �O6 (d) 2.34 (6) 3.194 (5) 165 (4)
O100–H101� � �O92 2.14 (6) 2.882 (5) 166 (6)

a Symmetry elements: (a) �1/2 + y, 1/2 � x, 1/2 � z; (b) 1/2 � x, 3/
2 � y, 1/2 + z; (c) y, 1 � x, 1 � z; (d) 1 � x, 1 � y, z.
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crystals of pseudopeptide 1 suitable for X-ray diffraction
study (Fig. 1a and b)9 were obtained from aqueous solu-
tion by slow evaporation. Pseudopeptide 1 crystallizes in
space group I-4 with two water molecules in the asym-
metric unit. We have used the conformationally con-
strained Aib residue to enhance crystallinity and to
increase the helical nature of the pseudopeptide back-
bone. Dihedral angles around the Ca of Aib [/1 =
�57.9 (4)�, w1 = 150.6 (3)�, /2 = 53.3 (4)�, w2 = 34.5
(4)�] fall within the helical region of the Ramachandran
plot10 except for the w1 value of one of the Aib residues
which deviates from the ideal helical w value (Table 1).
Thus the overall molecular backbone of this pseudopep-
tide adopts a folded structure with the formation of an
intramolecular hydrogen-bonded 9-membered ring con-
formation11 (N3–H3� � �O91 angle 173�) which is one
atom shorter than the usual 10-membered hydrogen-
bonded b-turn conformation12 and it also forms an
11-membered13 water-mediated C6@O6� � �H22–O200–
H21� � �O12@C1 hydrogen-bonded folded turn confor-
mation (Fig. 2). The introduction of this hydrogen-
bonded water molecule can perturb the helicity of one
of the Aib residues and it is manifested by the adoption
of the non-helical value of w1. The hydrogen bonding
parameters are listed in Table 2. The pseudopeptide
1Æ2H2O is self-assembled to form a 1D helical array of
water molecules within a water-mediated supramolecu-
lar helix along the crystallographic a axis (Fig. 3a
and b). Between two water molecules in the asymmet-
ric unit, H2O(100) is involved in the outer supramolecu-
lar helix formation and H2O(200) is involved in the
inner one-dimensional helix formation. The outer
supramolecular helix is formed through O100–
H101(water)� � �O92@C9(carboxyl), O91–H91(carboxyl)
� � �O100(water) and N7–H7� � �O4@C4(amide) hydrogen
bonds and shows a hydrated helix pattern with a helical
pitch length of 9.52 Å (Fig. 4). The interior of the water-
mediated supramolecular helical channel is hydrophilic
due to the presence of backbone –CONH moieties and
–COOH groups with approximate dimensions of
6.36 · 5.44 Å. This water-mediated pseudopeptide based
Figure 1. (a) Schematic representation of pseudopeptide 1. (b) ORTEP diagram with atomic numbering scheme of pseudopeptide 1. Thermal
ellipsoids are shown at 30% probability level. Two water molecules are present in the asymmetric unit.



Figure 3. Capped-stick model (a) and space-filling model (b) of a 1D
helical array of water molecules within a water-mediated supramole-
cular helix along the crystallographic a axis. Hydrogen bonds are shown
as dotted lines. The side-chain hydrogen atoms of Aib and cyclopropyl
groups are omitted for clarity.

Figure 5. The entrapped 1D helical array of water molecules
[H2O(200)], which are stabilized through hydrogen bonding with the
wall of the outer helical channel.
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supramolecular helical structure acts as a host to stabi-
lize the one-dimensional helical array of water mole-
cules. The exterior of the outer supramolecular helix is
hydrophobic due to the presence of the side chains of
Aib and cyclopropyl groups. The entrapped 1D helical
array of water molecules within the water-mediated
supramolecular helical channel is stabilized through
C1@O12(carboxyl)� � �H21–O200(water), O11–H11(car-
boxyl)� � �O200(water) and C6@O6(carbonyl)� � �H22–
O200(water) hydrogen bonds (Fig. 5). It is interesting
to note that the oxygen atoms of the encapsulated water
molecules [H2O(200)] are in relatively close contact and
are not bridged by a hydrogen atom. This structure dif-
fers from the aquaporin water channel, because both
Figure 4. Space-filling representation of the water-mediated outer
supramolecular helical assembly of pseudopeptide 1 using hydrogen
bonding with a helical pitch length of 9.52 Å. Nitrogen atoms are blue,
oxygen atoms are red and carbon atoms are grey.
hydrogen atoms of H2O(200) point towards the wall
of the outer helical channel, rather than to the neighbor-
ing water molecules, but each water molecule in the aqua-
porin water channel forms one hydrogen bond with the
wall of the protein and one with an adjacent water mole-
cule.6 Antonijevic and his co-workers also reported a
helical channel, occupied by water molecules, which
forms a one-dimensional chain in which water molecules
are not bridged via hydrogen bonds.7c This result is sim-
ilar to that found in the present work with a non-hydr-
ogen-bonded helical array of trapped water molecules.
However, the outer helix in their study was not a
water-mediated supramolecular helix as found here.
Pseudopeptide 1 also forms a hydrophobic cleft using
four pseudopeptide molecules through N7–H7� � �
O4@C4 intermolecular hydrogen bonds around the
crystallographic c axis with S4 symmetry and approxi-
mate dimensions of 3.65 · 3.65 Å (see Supplementary
data, Fig. 5). The crystal structure further revealed that
this supramolecular architecture forms higher order
supramolecular arrays of open framework-like architec-
ture around the crystallographic c axes (see Supplemen-
tary data, Fig. 6) through hydrogen bonding and other
non-covalent interactions.

We have studied the thermal stability of the water mole-
cules in pseudopeptide 1Æ2H2O by TGA–DTA (TGA:
thermogravimetric analysis, DTA: differential thermal
analysis) experiments (Fig. 6). The TGA experiment
showed that two water molecules were removed in a sin-
gle step with a weight loss of 10.96% in the temperature
range 25–125 �C. The observed value compares well with
the theoretical value of 10.71% for the loss of two water
molecules, which is in good agreement with the X-ray
crystal structure. Decomposition of the framework starts
at�230 �C and no chemical decomposition was observed
between these temperatures. The DTA plot shows
one endotherm centered at �80 �C due to the loss of
two water molecules. Elemental analysis also showed
that two water molecules were present in the asymmetric
unit.



Figure 6. TGA–DTA plot showing the loss of two water molecules in a single step with a weight loss of 10.96%.
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In conclusion, we have presented the formation of a 1D
helical alignment of water molecules within a water-
mediated supramolecular helix through molecular self-
assembly of the water-soluble pseudopeptide 1 by way
of various types of intra and intermolecular hydrogen
bonds. A remarkable feature is that the reported
water-soluble pseudopeptide 1 forms a water-mediated
11-membered hydrogen-bonded folded turn conforma-
tion which may allow deviation from the helical value
of one of the Aib residues (w1). Another noteworthy fea-
ture is that water molecules play a crucial role in form-
ing and stabilizing both inner and outer helical
frameworks. This water-mediated supramolecular outer
helical structure forms a nanoscopic hole of dimensions
6.36 · 5.44 Å, which is occupied by a helical alignment
of water molecules stabilized by hydrogen bonding
interactions with the outer supramolecular helix. The
loss of two water molecules at 80 �C indicates that the
structure is quite stable and that the encapsulated water
molecules are tightly held.
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