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Inspired by the fascinating structural features of helices that
exhibit cooperative self-assembly and recognition, as well as
remarkable functions such as chemical transport and screen-
ing by membrane channels in biological systems, helicity has
been successfully introduced into artificial systems by chem-
ists working in the field of metallo-supramolecular chemis-
try.[1] As a result, today helical polymers are among the most
explored and best investigated supramolecular architec-
tures.[2] As hydrogen bonds and other noncovalent interac-
tions are the main driving forces behind this self-assembly
process, supramolecular chemistry is now in a phase of
characterizing and understanding various hydrogen-bonded
water clusters in the form of hexamers,[3,4] octamers,[5,6]

decamers,[7] (H2O)15(CH3OH)3 clusters[8] and one-dimen-
sional (1D) infinite water chains[9, 10] in diverse environments
of various crystal hosts. Zeolite-like 3D network structures
with chiral channels filled with highly ordered water mole-
cules are well known.[11]

At this juncture, 1D water chains are attracting a great
deal of attention because of their vital role in the biological
transport of water, protons, and ions.[12] It was recently found
that transport of water or protons across the cell involves the
assembly of highly mobile hydrogen-bonded water molecules
into a single chain at the positively charged constricted pore
of the membrane-channel protein aquaporin-1.[13] While 1D
water chains play crucial roles in stabilizing the native
conformation of biopolymers, such helical water chains are
extremely rare in synthetic crystal hosts.[9, 10] Here we report
an interesting staircaselike helical coordination polymeric
architecture of a NiII complex that hosts a 1D helical chain of
lattice water molecules in a helical pore through hydrogen
bonding.

The single-crystal X-ray structure of [(H2O)2�{Ni(Hs-
glu)(H2O)2}]·H2O (1; H3sglu=N-(2-hydroxybenzyl)-l-gluta-
mic acid) was determined unambiguously.[14] Compound 1
crystallizes in the monoclinic system with two independent
molecules in the asymmetric unit. Each NiII unit has
octahedral geometry (Figure 1), and the Hsglu2� ligand is
coordinated through the phenolic oxygen atom (Ni1�O1

2.089(4) =, Ni2�O6 2.101(3) =), secondary amine N atom
(Ni1�N1 2.084(4) =, Ni2�N2 2.082(4) =), and carboxylate a-
oxygen atom (Ni1�O2, 2.047(4) =, Ni2�O7 2.042(4) =) in a
fac manner, along with two aqua ligands, and another
carboxylate oxygen atom from the neighboring molecule.
The intermolecular connectivity via the second carboxylate O
atom generates a left-handed staircaselike coordination
polymeric architecture with a pseudo-41 screw axis. In this
helical staircase, the aqua ligands trans to phenolic oxygen
atoms (i.e., O11 and O13) point into the tube, normal to the
helical axis. The NH and OH protons form hydrogen bonds to
the carboxylate oxygen atoms along the surface of the helical
staircase, as shown in Figure 2; hydrogen-bond parameters
are given in Table 1.

The square-shaped chiral channel has dimensions of
7.654> 7.529 = (based on Ni···Ni distances; Figure 3). Of
the six lattice water molecules present in the asymmetric unit,
four are inside the helical pore, and two outside. Two of the
former water molecules (O15 and O16, Figure 1) are hydro-
gen-bonded to produce a 1D helical polymer with a pseudo-41
screw axis. This helical water chain, as the pole of the helical
staircase, supports and stabilizes its orientation by maintain-
ing hydrogen bonding to aqua ligands. The other two water
molecules (O17 and O18) propagate hydrogen bonding with
both the helical water chain and the aqua ligands, and their
hydrogen bonding tendency appears to have facilitated the
positioning and orientation of the water molecules forming
the helical chain.

The total solvent volume in the lattice, including that
occupied by the helical-chain and lattice water molecules, is
405.1 =3 (22.7% of the unit cell).[14] All the tubular coordi-

Figure 1. A view of the coordination environments at the two NiII cen-
ters in 1. Selected bond lengths [�]: Ni1-O(12) 2.043(4), Ni1-O2
2.047(4), Ni1-O(11) 2.051(4), Ni1-O(9) 2.059(3), Ni1-N1 2.084(4),
Ni1-O1 2.089(4), Ni2-O(14) 2.039(4), Ni2-O(7) 2.042(4), Ni2-O(5)
(�x+1, y�1=2, �z+1) 2.048(4), Ni2-O(13) 2.070(3) Ni2-N2 2.082(4),
Ni2-O6 2.101(3).

[*] B. Sreenivasulu, Prof. J. J. Vittal
Department of Chemistry
National University of Singapore
Science Drive 3, Singapore 117543 (Singapore)
Fax: (+65)6779-1691
E-mail: chmjjv@nus.edu.sg

[**] We thank the National University of Singapore for financial support
(Grant No. R143-000-153-112).

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Angewandte
Chemie

5893Angew. Chem. 2004, 116, 5893 –5896 DOI: 10.1002/ange.200460516 � 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



nation polymers are aligned along the b axis, and two more
water molecules (O19 and disordered O20) occupy the empty
space in the lattice outside the helical channels. The TG
analysis of 1 revealed weight loss in the temperature range
26–232 8C. The total weight loss observed (21.6%) agrees with
the calculated value (22.5%) for the loss of five water
molecules per Ni atom. The single crystal crumbles on
removal of water and on cooling to �50 8C.[15] The structure
is not expected to be robust when dehydrated, because these

coordination polymers are not supported by strong non-
covalent interactions (Figure 3).

In contrast to 1, in the crystal structure of [Cu(Hsglu)-
(H2O)]·H2O (2)[16] the connectivity of the neighboring car-
boxylate oxygen atoms with CuII centers results in a 1D zigzag
coordination polymer (Figure 4).

As in the majority of the supramolecular syntheses, self-
assembly of metal ions and ligands resulted in the formation
of single-, double-, triple-, and quadruple-stranded helical

structures.[2] However, a helical chain inside
a helical structure is very rare. Recently a
hydrogen-bonded helical supramolecular
host was found to be anchored by hydrogen
bonding to alternate water molecules in a
single-stranded, both right- and left-handed,
helical chain of water molecules.[17] How-
ever, the structure of 1 has a hydrogen-
bonded helix inside a helical 1D coordina-
tion polymer. This highly ordered helical
stream of water molecules inside another
helical polymer is striking and is a unique
structural feature among existing porous
helical structures[2c,18–20] and other patterns
of water structures observed in diverse
environments of inorganic[5, 7] and organic
hosts[3, 4,9] and 2D supramolecular (H2O)12
rings.[21] Whereas designing chiral materials
from achiral molecular compounds is a
promising theme in materials science,
using simple and available chiral precursors
as an alternative is another practical
approach. The structure of 1 exemplifies
the feasibility of such an approach.[22]

In conclusion, the structure of the left-
handed helical coordination polymer 1

Figure 2. a) Hydrogen-bonded helical water chain inside the staircase coordination polymer in 1. b) Hydrogen-bonded helical water stream in the
channel. c) Top view of the staircase polymer filled with the helical water stream.

Table 1: Relevant hydrogen-bonding parameters in compound 1.[a]

D�H···A D�H [�] H···A [�] D···A [�] aD�H···A [8] Symmetry equivalent
operators

O1�H1[b]···O10 0.93 2.14 2.484(5) 100
N1�H1A[b]···O3 0.91 2.08 2.953(6) 161 x, y+1, z
N2�H2[b]···O8 0.91 2.06 2.937(6) 161 x, y+1, z
O6�H6[b]···O4 0.93 1.98 2.453(9) 109 x�1, y�1=2, z-1
O11�H11C···O15 0.89(3) 1.84(3) 2.713(6) 165(3)
O11�H11D···O17 0.89(2) 2.10(3) 2.801(6) 135(4)
O12�H12A···O2 0.89(2) 1.87(2) 2.745(5) 167(3) x, y+1, z
O12�H12B···O19 0.90(3) 1.83(3) 2.695(9) 160(1)
O13�H13A···O18 0.89(2) 2.03(3) 2.774(5) 141(4) x, y+1, z
O13�H13B···O16 0.89(2) 1.84(2) 2.724(6) 172(2)
O14�H14A···O20B 0.09(3) 2.35(5) 2.803(15) 111(3) x�1, y�1=2, z-1
O14�H14B···O7 0.90(3) 1.99(4) 2.773(6) 145(5) x, y+1, z
O15�H15A···O16 0.90(3) 1.92(4) 2.772(7) 158(4) x�1, y+ 1=2, z�1
O15�H15B···O17 0.89(4) 1.86(4) 2.727(7) 163(5) x, y�1, z
O16�H16A···O15 0.90(4) 1.88(4) 2.767(7) 169(4)
O16�H16B···O18 0.90(5) 1.93(5) 2.732(7) 148(5)
O17�H17A···O5 0.89(4) 2.26(4) 3.120(6) 162(4)
O17�H17A···O13 0.89(4) 2.35(3) 2.943(6) 124(3) x�1, y+ 1=2, z�1
O17�H17B···O3 0.90(4) 1.99(4) 2.842(6) 157(4) x, y+1, z
O18�H18A···O8 0.90(3) 1.86(3) 2.729(6) 164(4)
O18�H18B···O9 0.89(4) 2.11(4) 2.996(6) 161(3) x, y�1, z
O18�H18B···O11 0.89(4) 2.49(4) 3.011(5) 118(3) x, y�1, z
O20B�H20C···O4 0.90(4) 2.26(3) 3.035(15) 145(4)

[a] A=acceptor, D=donor. [b] The hydrogen atoms have been placed in the calculated positions.
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encapsulating a hydrogen-bonded helical stream of water
molecules exhibits novel cooperative assembly and recogni-
tion of water molecules in the inorganic crystal host. These
results exemplify the maxim that the structural constraints
acting on the orientation of water by its surroundings and vice
versa can be very significant. The captivating structure of 1, in
which a helical chain of water molecules supports a helical
coordination polymer staircase, suggests another fascinating
model for the water chains in membrane aquaporin proteins
for the transport of water or protons, and it appears to be
extremely rare among metal coordination polymers till
now.[23] The 1D zigzag coordination polymeric structure
containing the same ligand in 2 demonstrates that the overall
topology depends on the nature of the metal and the
coordination geometry at the metal centers.

Experimental Section
H3sglu: Salicylaldehyde (0.57 g, 4.7 mmol) was added to a solution of
l-glutamic acid (0.69 g, 4.7 mmol) and NaOH (0.37 g, 9.4 mmol) in
MeOH/H2O (v/v (1:1), 20 mL), and the resulting yellow solution was
stirred for 30 min and cooled in an ice bath prior to reduction with a
slight excess of NaBH4 (0.19 g, 5.1 mmol). The yellow color dis-
appeared immediately, and stirring was continued for a further
20 min. The pH of the mixture was adjusted to 5–6 by adding acetic
acid, and it was to stirred for a further 45 min. The solvent from the
resulting clear solution was completely removed on a rotary
evaporator. The sticky mass was treated with EtOH (25 mL). The
white product was collected by filtration, washed with EtOH and
Et2O, and dried under vacuum. Yield: 0.85 g (71%). M.p. 247–2488C
(decomp). Elemental analysis (%) calcd for C12H15NO5: C 56.9, H 5.9,
N 5.5; found: C 56.4, H 5.8, N 5.6. 1H NMR (300 MHz, D2O): d=
6.78–7.27 (m, 4H, ArH), 3.92–4.12 (m, JAB= 13.2 Hz, 2H, CH2), 3.36–
3.55 (t, J= 6.42 Hz, 1H, CH), 2.24–2.30 (t, J= 8.4 Hz, 2H, CH2), 2.0–
2.02 ppm (m, J= 6.4 Hz, 2H, CH2). IR (KBr): ñ= 3460 (OH), 2960
(NH), 1573, 1388 (COO�), 1276 cm�1 (phenolic CO).

1: A clear solution of H3sglu (0.25 g, 1 mmol) in water (2.5 mL)
was allowed to diffuse slowly into a clear solution of nickel nitrate
hexahydrate (0.29 g, 1 mmol) in water (2.5 mL). Greenish rodlike
crystals suitable for X-ray diffraction studies were obtained after one
week from the solution on slow evaporation. Yield: 0.28 g (70%).
Elemental analysis (%) calcd for C12H23NNiO10: C 36.0, H 5.8, N 3.5;
found: C 36.2, H 5.6, N 3.7. IR (KBr): ñ= 3368 (OH), 2746 (NH),
1623, 1348 (COO�), 1253 cm�1 (phenolic CO). UV/Vis (Nujol): lmax=
385 (CT), 737 nm (d–d). TGA: weight loss (%) calcd for 5H2O: 22.5;
found: 21.6.

2 : A clear solution of H3sglu (0.25 g, 1 mmol) in water (2.5 mL)
was allowed to diffuse slowly into a clear solution of copper nitrate
trihydrate (0.24 g, 1 mmol) in water (2.5 mL). Dark blue blocks
suitable for single-crystal X-ray diffraction studies were obtained
after 1 d. Yield: 0.26 g (74%). Elemental analysis (%) calcd for
C12H17CuNO7: C 41.0, H 4.9, N 4.0; found: C 40.7, H 4.8, N 4.2. IR
(KBr): ñ= 3429 (OH); 3118 (NH); 1650, 1429 (COO�), 1262 cm�1

(phenolic CO). UV/Vis (Nujol): lmax= 285 (CT), 613 nm (d–d). TGA:
weight loss calcd for 2H2O: 10.4; found: 10.8.
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