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a b s t r a c t

A new inorganic–organic hybrid chiral molecule [Co(H2O)6][C5H6N]H4[CoW12O40]NO3�3H2O has been
prepared by the hydrothermal method and was characterized by elemental analysis, IR and UV
spectra, TG-DTA and single crystal X-ray diffraction techniques. The asymmetric unit consists of
[CoW12O40]6� and NO3

� anions, the charge of which are counterbalanced by one octahedral [Co(H2O)6]2+

cation, a pyridinium [C5H6N]+ ion and 4H+ ions. The molecular structure of the title complex reveals a 3D
supramolecular framework formed through intermolecular hydrogen bonds. This constitutes the first
example in which a chiral architecture has been generated from achiral building blocks, where centro-
symmetrically related cobalt octahedra and polyoxoanion tetrahedra are entangled through pairs of
hydrogen bonds in a double helical way with a channel that houses a 1D water–NO3

� double helix. This
chiral POM shows good efficiency in the oxidation of common olefins in the presence of an environmen-
tally benign oxidant, H2O2, under mild conditions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The design and synthesis of chiral polyoxometallates (POMs)
have become a topic of immense interest owing to their intriguing
variety of architectures and topologies. Their uniqueness is also
manifested by their potential applications in medicine and asym-
metric catalysis [1]. As chirality is a crucial issue in fields ranging
from chemistry to material as well as biological sciences, the prep-
aration of chiral POMs is consequently a goal for many polyoxo-
metallate chemists, as it would provide ultimate control of the
synthesis of these nano-sized objects. However, only a handful of
chiral compounds containing polyoxoanions have been reported
so far [2]. In general, two different synthetic strategies have been
adopted to build chiral POM based architectures. These are: (i)
stitching of chiral organic linkers or chiral metal complexes with
achiral POMs clusters, transferring the chirality from the chiral
source to the final architectures; [3–5] (ii) use of achiral ligands
for breaking of the symmetry with spontaneous resolution without
any chiral auxiliaries which yields a conglomerate, i.e. a racemic
mixture of chiral crystals [6]. However, the second approach, lead-
ing to the formation of chiral POM based 3D architectures, faces
some fundamental questions, like: (a) how is a chiral block gener-
ated from achiral components without a chiral auxillary? (b) how
can the highly symmetric POM loses its symmetry and allow the
structure to get crystallized in a non-centrosymmetric space
group? Therefore, the search for suitable achiral organic molecules,
metal cations and POM building units to be applied in the con-
struction of chiral 3D frameworks is one of the most challenging is-
sues in synthetic chemistry and materials science. Among the
many different types of POMs, the most well known are the Keggin
heteropolyanions. Although it has been amply demonstrated that
these clusters can be linked into low-dimensional (0D, 1D or 2D)
structures using metal cations or their coordination complexes as
linkers, [7] the process of assembling Keggin POMs into 3D frame-
works is still in its infancy; perhaps owing to its steric demands
and the deficient charge density at its surface oxygen atoms. Re-
cently, a chiral framework composed of achiral building units in
enantiomorphic crystals was reported, but here the covalent
assembly of achiral metal-complex linkers and achiral POM build-
ing blocks were involved [8]. To our understanding there might be
another approach where chirality may also be imposed into the
architecture generated through non-bonding interactions among
different achiral entities, like transition metal complexes, organic
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ligands and the POM unit. To the best of our knowledge, there is no
such single report on this approach. Not only that, to date only a
restricted number of chiral assemblies of Keggin POM based com-
pounds have been observed, and most of them are discrete or low-
dimensional structures [9,10]. In the case of the trilacunary Keggin
[a-PMo9O31(OH2)3]3�, the longer bond length to the aqua ligand
shortens the trans Mo–O bond, which in turn lengthens the next
O–Mo bond, and so on, resulting in two enantiomers [9]. Miwa
and co-workers [10] demonstrated that Keggin-type heteropolya-
nions of the general formula [XM12O40]n� (with X = CoII, ZnII, 2H+

and AlIII) presented induced Cotton effects in the presence of
L-brucinium cations, and optical resolutions were carried out using
a chiral protonated amino acid, but no structures were reported.
Here, we have attempted to explore a hydrothermal route for the
preparation of such a chiral hybrid material based on a Keggin het-
eropolyanion using simple reactants and have reported the struc-
ture and properties of a new chiral inorganic–organic hybrid
Keggin complex, [Co(H2O)6][C5H6N]H4[CoW12O40][NO3]�3H2O, that
generates a 3D motif through H-bonding interactions. The most
striking features are the generation of a chiral channel through
the entangling of [Co(H2O)6]2+ and [CoW12O40]6� units, which suit-
ably houses a double helical chain constructed from water mole-
cules and NO3

� anions. Effective conversions of various olefins
via liquid phase oxidation reactions are also observed over this chi-
ral molecule due to the presence of its oxidizing metal environ-
ment [11].
2. Experimental

2.1. Materials

Chemicals like Na2WO4 (AR Loba, India), Co(NO3)2�6H2O (AR
Loba, India), pyridine (Merck, India) etc. were of reagent grade
and were used as received. Deionized water was used as the
solvent.
Table 1
Crystal data and structure refinement parameters for 1.

Formula C5H24Co2N2O52W12

Formula weight 3268.32
2.2. Physical measurements

Elemental analyses were carried out using a Perkin–Elmer 240
elemental analyzer. The FTIR spectra were recorded as Nujol mulls
at ambient temperatures between the ranges 400–4000 cm�1. The
spectra were recorded on a Nicolet Magna IR 750 series-II FTIR
spectrophotometer using KBr pellets. TG analyses were performed
on a Perkin–Elmer Pyris Diamond TGA/DTA Analyzer in flowing N2

with a heating rate of 10 �C min�1.

Crystal system hexagonal
Space group P6222 (No.180)
a (Å) 12.0914(14)
b (Å) 12.0914(14)
c (Å) 33.296(8)
V (Å3) 4215.8(12)
Z 6
Dcalc (g/cm3) 4.049
M(Mo Ka) (mm) 50.243
F(000) 4514
Crystal size (mm) 0.02 � 0.21 � 0.32
T (K) 298
Radiation (Å) Mo Ka 0.71073
h Min–Max (�) 1.8–20.6
Dataset �11: 11; �11: 11; �31: 32
Tot., Uniq. Data, Rint 26077, 1428, 0.104
Observed data [I > 2.0r(I)] 1347
Nref, Npar 1428, 208
R, wR2, S 0.0518, 0.1344, 1.21
Max. and Av. Shift/Error 0.01, 0.00
Flack 0.97(7)
Min. and Max. Resd. Dens. (e/Å3) �1.24, 1.74
2.3. Catalytic reactions

Liquid phase oxidation reactions of styrene and cyclohexene
were carried out using this material as the catalyst and hydrogen
peroxide (H2O2) as the oxidant. The overall reaction was performed
in a two necked round-bottomed flask fitted with a condenser and
using a temperature-controlled oil bath on a magnetic stirrer. In a
typical procedure, 0.5 g of the substrate was taken with the same
molar ratio of H2O2 (30%, Merck, India) in 5.0 ml acetonitrile sol-
vent, containing the required amount of the catalyst. The temper-
ature of the reaction was maintained at 60 �C and the products
were collected at regular intervals. The progress of the reaction
was monitored with an Agilent 7890D gas chromatograph (FID
detector) fitted with a capillary column. The products were identi-
fied by comparing with known standards. The products of cyclo-
hexene oxidation were confirmed by GCMS-Shimadzu-QP5050A
GCMS-E1 analysis.
2.4. X-ray crystallography

X-ray diffraction data for 1 were collected at 298(2) K on a Bru-
ker SMART APEX CCD X-ray diffractometer using graphite-mono-
chromated Mo Ka radiation (k = 0.71073 Å). Determination of
integrated intensities and cell refinement were performed with
the SAINT [12] software package using a narrow-frame integration
algorithm. An empirical absorption correction [13] (SADABS) was ap-
plied. The structure was solved by direct-methods with SHELXS-97
and refined using full-matrix least-squares techniques against F2

with anisotropic displacement parameters for non-hydrogen
atoms with SHELXL-97 [14], except for water molecules of crystalli-
zation. Hydrogen atoms (except those for water of crystallization)
were placed at calculated positions using suitable riding models
with isotropic displacement parameters derived from their carrier
atoms. In the final difference Fourier maps there were no remark-
able peaks except the ghost peaks surrounding the tungsten atom
and near disordered water molecules. A summary of the crystal
data and relevant refinement parameters for 1 are provided in
Table 1.
2.5. Synthesis of the complex [Co(H2O)6][C5H6N]
H4[CoW12O40][NO3]�3H2O (1)

The title compound was prepared by the hydrothermal method
from a vigorously stirred, as well as heated, acidic mixture
(acidified by adding 10 ml of 6(N) HNO3) of 2.97 g (9 mmol)
Na2WO4�2H2O and 0.58 g (2 mmol) Co(NO3)2�6H2O in 25 ml of
water. The resulting pH was adjusted to 5.0 by the dropwise
addition of 5 ml of pyridine. The entire mixture was then trans-
ferred into a Teflon jacket in a PTTE-lined stainless steel pressure
vessel and was kept in an oven at 160 �C for five consecutive days
under autogeneous pressure. The solution was cooled by decreas-
ing the temperature at regular intervals of 5 �C over one day. After
cooling the autoclave to room temperature, green block-shaped
crystals were obtained, filtered, washed several times with dis-
tilled water and dried in air (yield 25% based on W). The composi-
tion of the complex was determined by elemental Anal. Calc. based
on C5H28Co2N2O52W12: C, 1.83; H, 0.86; N, 0.86. Found: C, 1.85;
H, 0.88; N, 0.87%. The following chemical reaction is expected:
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2CoðNO3Þ2 þ 12Na2WO4 þ C5H5Nþ 21HNO3 þH2O

¼ ½CoðH2OÞ6�½C5H6N�H4½CoW12O40� �NO3 � 3H2Oþ 24NaNO3
2.6. Structural description

The crystal structure is composed of a Keggin-type [CoW12O40]6�

anion, one hexa aqua cobalt [Co(H2O)6]2+ counter cation and three
water molecules of crystallization, along with one NO3

� group and
one pyridinium [C5H6N]+ ion. The oxygen atom (O14) of the solvent
water molecules in 1, located near (1, 0, 1/6) was disordered be-
tween two centrosymmetrically related positions. The dodeca-
tungstocobaltate [CoW12O40]6� consists of four vertex-sharing
trinuclear W3O13 triad units, each of which is made up of three
edge-sharing WO6 octahedra around the CoO4 central tetrahedron
(Fig. 1) [15,16]. According to the different coordination fashions of
the oxygen atoms in the Keggin unit, the O atoms can be classified
into three groups, i.e. unshared or terminal O atoms ‘Ot’, bridging O
atoms (Ob) connecting two W atoms, and O atoms (Oc) of the central
CoO4 unit. The W–Ot bond lengths vary between 1.66(2) and
1.73(2) Å, while the W–Ob and W–Oc bond distances lie in the range
1.88(2)–1.97(2) and 2.13(2)–2.20(2) Å, respectively. In the CoO4

tetrahedron, the metal center (Co1) is seated at the intersection of
three two-fold rotation axes with coordinates (½, 0, 0). The coordi-
nation geometry around the Co atom is distorted tetrahedral, which
is reflected by the central Co–O bond lengths [1.88(2) Å] and the O–
Co–O angles [108.1(14)–111.8(14)�]. From the variation of the W–O
distances and the bond angles around the W atoms, it is evident
that there is considerable distortion in the WO6 octahedra in the
complex. This is consistent with the structural features of polyoxo-
tungstates exhibiting Keggin structures [16–18]. Another part of
compound 1 is the presence of a discrete cobalt complex, where
the metal atom is surrounded by six molecules of water forming
the cation. The Co (Co2) atom is in a nearly regular octahedral coor-
dination geometry, with Co–O distances between 1.99(4) and
2.07(4) Å, and angles ranging from 87.4(12)� to 92.6(12)�,which
are comparable with the reported values for related hexa aqua
Fig. 1. ORTEP view (30% ellipsoidal probability) of the title compound 1.
cobalt complexes [19–21]. Four oxygen atoms lying on the mirror
plane, O12 and those generated by the symmetry operations
(�x + 2, �x + y + 1, �z + 1/3, x, x � y, �z + 1/3, �x + 2, �y + 1, z), de-
fine the basal plane and the remaining two oxygen atoms, O11 and
the symmetry (�x + 2,�x + y + 1,�z + 1/3) related oxygen atom, ly-
ing on the four-fold axis occupy the axial sites. Selected bond dis-
tances and angles are given in Table 2. The hexa aquo cobalt(II)
units play a decisive role in the 3D supramolecular organization
of the complex. Each hexa aquo cobalt(II) unit acts as a nodal point
of a tetrahedral network (Fig. S1) through strong O–H� � �O (Table 3)
hydrogen bonds connecting four adjacent POM units in a tetrahe-
dral geometry. A part of this network propagating along the [001]
direction is shown in Fig. 2. Here centrosymmetrically related co-
balt octahedra and polyoxoanion tetrahedra are connected through
pairs of O12–H12A� � �O4 (1�x, 1 � x + y, 1/3 � z) hydrogen bonds,
which according to the graph-set notation can be described as an
R6

6(36) ring (Fig. 3). Intermolecular O11–H11� � �O6 (1 � x, 1 � y,
z) and O12–H12� � �O3 (1�x, 1 � y, z) hydrogen bonds link the
[Co(H2O)6]2+ cation and the polyoxoanion. Along the [001] direc-
tion, the [Co(H2O)6]2+ units and the POM units are wound in a dou-
ble helical way (Fig. 4a), generating a channel along the
crystallographic c-axis (Fig. 4b) which encapsulates a unique 1D
H2O–NO3

� double helical assembly (Fig. 4c). Adjacent [Co(H2-

O)6]2+–H4[CoW12O40]2� double helices are fused with each other
and a 3D supramolecular chiral tetrahedral network is formed. It
should be pointed out that due to the relatively larger size of the
POM units than the hexa aquo cobalt(II) units, even after fusion of
successive helices there remains an inter-groove vacant space
which accomodates pyridinium ions. The pyridinium ion acts as a
suitable H-donor for the Keggin terminal O acceptors, simulta-
neously donating to four O atoms of the same Keggin POM unit that
vertically land on the centre of the cap of the Keggin unit (Fig. 5).
The pyridinium ion also establishes a bifurcated CH� � �O bond with
two other Keggin units on the other sides, leading to 2D layers
(Fig. 6) and interact with [Co(H2O)6]2+ units in a plane with the Keg-
gin units lying above and below this plane (Fig. S2). Double helical
compounds generally consist of the same coordination, supramo-
lecular or covalent chains [22], and here we observed the unique
double helix constructed through supramolecular assemblies
(Fig. S3). It is noted that the achiral ligand and metal ion may not
produce a helical structure that is exclusively right-handed or
left-handed, which always results in a racemic mixture of right-
and left-handed helical products. In the present structure, the
hexa-aquo cobalt cation is responsible for induction of chirality in
the assembly, resulting a racemic mixture. The coordinated water
molecules to Co in the [Co(H2O)6]2+ ion act as hydrogen bond do-
nors for the Keggin POM units. In the octahedral coordination
geometry of Co, two adjacent water molecules, one attached axially
Table 2
Selected bond lengths (Å) and angles (�) with esd’s in parentheses for 1.

W(1)–O(10) 1.66(2) W(2)–O(1) 2.13(2)
W(1)–O(2) 1.92(2) W(3)–O(9) 1.68(2)
W(1)–O(4) 1.92(3) W(3)–O(7) 1.89(2)
W(1)–O(7)#1 1.95(2) W(3)–O(5) 1.90(2)
W(1)–O(8) 1.95(2) W(3)–O(6) 1.91(2)
W(1)–O(1) 2.20(2) W(3)–O(2) 1.97(2)
W(2)–O(3) 1.73(2) W(3)–O(1) 2.17(2)
W(2)–O(8)#2 1.88(2) Co(1)–O(1) 1.88(2)
W(2)–O(4) 1.91(2) Co(2)–O(11) 1.99(4)
W(2)–O(5)#3 1.92(2) Co(2)–O(12) 2.07(4)
W(2)–O(6) 1.95(3)
O(1)#1–Co(1)–O(1)#2 108.1(14) O(11)#4–Co(2)–O(12)#4 87.4(12)
O(1)–Co(1)–O(1)#1 111.8(14) O(11)–Co(2)–O(12)#4 92.6(12)

Symmetry codes: #1 x � y, �y, �z #2 �x + 1, �y, z #3 �x + y + 1, y, �z #4 �x + 2,
�x + y + 1, �z + 1/3.



Table 3
Intermolecular contacts of the compound (Å, �).

D–H� � �A (D–H) d(H� � �A) d(D� � �A) D–H� � �A

N(1)–H(1)� � �O(4)i 0.85 2.56 3.11(8) 123
N(1)–H(1)� � �O(8)i 0.85 2.45 3.15(9) 141
O(11)–H(11)� � �O(6)ii 0.87 2.26 3.08(4) 157
O(12)–H(12)� � �O(3)ii 0.88 2.14 2.97(5) 158
O(12)–H(12A)� � �O(4)iii 0.81 2.27 2.97(6) 145
C(3)–H(3)� � �O(9)iv 0.93 2.28 3.00(5) 134

Symmetry codes: (i) x, x � y, 1/3 � z (ii) 1 � x, 1 � y, z (iii) 1 � x, 1 � x + y, 1/3 � z
(iv) x � y, 1 � y, �z.

Fig. 4. (a) The supramolecular assembly of [Co(H2O)6]2+ and H4[CoW12O40]2� units
giving rise to channels arranged in a hexagonal symmetry; (b) The channel formed
by double helically wound Keggin POM units (blue) and [Co(H2O)6]2+ units (yellow)
with a channel inside; (c) The H2O–NO3

� double helix that resides inside the
channel. (Colour online.)
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and the other equatorially, simultaneously donate water protons to
a particular Keggin unit. This simultaneous H-bonding of equatorial
and axial water molecules to four adjacent Keggin units by a partic-
ular hexa aquo cobalt unit is responsible for the appearance of
helicity and chirality in the assembly. Moreover, as the cluster as
a whole is neutral, it follows from the charge balance that the cobalt
atom of both the hexaaqua cobalt ion and the cobalt atom of the
CoO4 tetrahedron in the Keggin polyoxoanion must prevail in the
+2 oxidation state. In order to confirm these valence-state attribu-
tions, bond valence sum (BVS) calculations [23–25] were performed
for each cobalt, tungsten and oxygen centre. On the basis of charge
balance, the oxidation state of the central atom could be confidently
ascertained from bond valence sum (BVS) calculations. The working
formula is BVS = Rexp [(r0 � r)/B] where r is the observed bond dis-
tance and r0 and B are empirically determined parameters;
Fig. 2. Intermolecular O11–H11� � �O6 (red) and O12–H12� � �O3 (blue) hydrogen bonds lin
chain propagating along the [001] direction. (Colour online.)

Fig. 3. Pairs of O12–H12AO4 hydroge
r0 = 1.921 Å for W6+–O2�, r0 = 1.692 Å for Co2+–O2� and B = 0.37,
which is a constant. The BVS values of tungsten atoms in the poly-
oxo moiety, listed in SUP Tables 4a–c, i.e. for W(1), W(2) and W(3),
k the hexa aqua cobalt cation and polyoxoanion to form a one-dimensional infinite

n bonds forming an R6
6 (36) ring.



Fig. 5. The hydrogen bonded pyridinium ion.

Fig. 6. The supramolecular assembly of POMs and pyridinium ions.

Table 4
Variation of solvents for the oxidation of styrene.

Solvent Product conversion (%)

Water No conversion
Acetonitrile 49.1
Dichloromethane 2.0
Toluene 0.4

Fig. 7. TGA of the complex [Co(H2O)6][C5H6N]H4[C
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are 6.36, 6.32 and 6.48 respectively, which gives an average value of
6.38 for the calculated oxidation state of W. The BVS values of co-
balt (2.40) and tungsten (6.38) in the polyoxoanion [CoW12O40]6�

and cobalt (2.33) in [Co(H2O)6]2+, listed in Tables S1–S3, beautifully
agreed with a +2 valence state of cobalt and +6 valence state of
tungsten in [CoW12O40]6� and +2 valence state of cobalt in
[Co(H2O)6]2+. In short, all the atoms fall within the expected bond
valence limits. Besides this, charge balance considerations also
dictate that in addition to the two protons associated with the tung-
sten core, there must be an additional protonation site at the
periphery of the polyoxo cluster accomodating two additional
protons. Valence sum calculations on the four triply bridging
oxo-groups (W3O) which lie in the cavity of the cluster provide oxy-
gen valences of 1.5, clearly consistent with two protons delocalized
over these sites. Correspondingly, the crystallographic data does
not allow a definite assignment of the protonation site.
2.7. IR analysis

The IR spectrum of the title compound has some characteristic
bands for the polyoxoanion at 941, 878, 770 and 448 cm�1, which
are attributed to m(W@Ot terminal), m(W–Ob–W octahedral edge
sharing), m(W–Oc–W octahedral corner sharing) and m(Co–O tetra-
hedral), respectively, whereas for the pyridinium cation, bands
have been observed at 685, 7465, 1255, 1385, 1483, 1546, 1691
and 3170 cm�1. Features at 1255, 1483 and 1691 cm�1 are attrib-
uted to stretching vibrations of (C–H), (C–C) and (C@N) bonds
respectively. The m(N–H) vibrations appear at 3170 cm�1 in the
IR spectrum of pyH+. The m(Co–O) band of the discrete octahedral
hexa aquo Co(II) cation is assigned at 502 cm�1. In addition, a
strong broad peak observed at 3570 cm�1 is assigned to a
m(�OH) absorption along with hydrogen bonds, which proves the
oW12O40][NO3]�3H2O in the range 40–575 �C.



Table 5
Oxidation of olefines over this chiral POM.

Substrate Conversion (%) Main product Selectivity (%)

Styrene 49.10 Benzaldehyde 85.44
Cyclohexene 97.04 Cyclohexene-1-one 79.65

Reaction conditions: 0.50 g substrate, 0.55 g 30% H2O2, 5 ml acetonitrile, 0.02 g
catalyst, 60 �C temperature, maximum time 24 h.
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presence of lattice water. Comparing with the IR spectrum of
[CoW12O40]6�, the vibrational frequencies of the W–O bonds have
shifted to lower wavenumbers, showing the interaction of the
polyoxoanions and cations as well as lattice water (Fig. S4) [26].
Fig. 9. Cyclohexene conversion and cyclohexene oxide formation with respect to
time.
2.8. Thermogravimetric analysis

The thermal decomposition profile (Fig. 7) of the title com-
pound gives a total weight loss of 11.17% (calculated 11.53%) in
the range 40–575 �C. The mass loss in the two initial phases may
arise from the reaction: [Co(H2O)6]2+ + NO3

� + PyH+ + 3H2O + 5OH�

4H+ ? CoO + NO2 + Py + 14 H2O, and the corresponding weight loss
is 11.53%. The first phase of weight loss in the TGA curve may cor-
respond to the overall loss of 6 water molecules (3 lattice water
molecules plus two from Co(H2O)6

2+ [27] and 1 from surface pro-
tonated OH groups of the POM moiety, leading to a weight loss
of 3.30% (experimental 3.56%). In the second stage, the weight loss
of 8.23% (experimental 7.61%) in the range 175–410 �C corre-
sponds to the overall decomposition of the [Co(H2O)4]2+ ion, lead-
ing to the loss of 4H2O and rest of the surface OH- groups (2H2O),
one pyridine molecule and one NO3

� anion, giving a weight loss of
8.23%. These are followed by two endothermic peaks at 128 and
290 �C respectively in the DTA curve. After that the compound
undergoes thermal decomposition.
2.9. Catalysis

We investigated the catalytic activity of this chiral polyoxomet-
allate for the oxidation of styrene and cyclohexene in the presence
of hydrogen peroxide. Acetonitrile under homogeneous conditions
has been proven to be an appropriate solvent for this reaction, be-
cause other polar and non-polar solvents fail to produce any signif-
icant yield. The data is shown in Table 4. The results of oxidation
are presented in Table 5. In the case of styrene, although the total
conversion is quite low after 6 h reaction (only 48.05%), the selec-
tivity towards benzaldehyde is quite high (87.80%), and after a
Fig. 8. Styrene conversion and benzaldehyde/styrene oxide formation with respect
to time.
prolonged reaction time of 24 h, only a small amount of benzoic
acid is produced (7.16%). The styrene conversion and formation
of products after different time intervals are graphically shown in
Fig. 8. The conversion of styrene oxide was very low and a maxi-
mum was reached after 2 h (ca. 6%). The total conversion of cyclo-
hexene after 24 h was very high with cyclohexene-1-one as the
main product, though cyclohexene oxide was found with a maxi-
mum yield after 6 h of 13.6% (confirmed by GCMS). Afterwards this
oxide was readily converted to cyclohexene-1-ol and then cyclo-
hexene-1-one, owing to further oxidation which is evident from
the disappearance of the cyclohexene oxide peak after 6 h. There
is another product, cyclohexene-1-ol, which is obtained in about
15% after 24 h. A graphical plot, given in Fig. 9, shows the change
of reactant and product amounts with time. There is no observable
conversion of the products at room temperature.
3. Conclusions

A novel inorganic–organic hybrid compound composed of Keg-
gin tungstocobaltate has been synthesized by a hydrothermal
method in a one-pot reaction by the interaction of the composing
elements without the need for any polyoxoanion precursor species,
and its crystal structure was solved by single crystal X-ray diffrac-
tion techniques. The molecular structure of the title complex re-
veals the formation of a three-dimensional supramolecular
framework by a combination of intermolecular hydrogen bonds.
Here, we disclose for the first time the generation of a chiral archi-
tecture from achiral building blocks comprising of a metal ion, a
carbon ammonium ion and a Keggin POM through non-covalent
(H-bonding) interactions. The [Co(H2O)6]2+ unit plays a crucial role
in the 3D supramolecular organization, acting as a nodal point of a
tetrahedral network through strong O–H� � �O hydrogen bonds, con-
nected to four adjacent POM units in a tetrahedral geometry. The
centrosymmetrically related cobalt octahedra and polyoxoanions
tetrahedra are entangled through pairs of hydrogen bonds in a
double helical way with a channel that houses a 1D water-
NO3

- double helix. This chiral POM shows good efficiency in the
oxidation of common olefins in the presence of the environmen-
tally benign oxidant H2O2 under mild conditions.
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Appendix A. Supplementary data

CCDC 865046 contains the supplementary crystallographic data
for 1. These data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.poly.2013.10.027.
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