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A rare earth contained polyoxometalate (RECP) hybrid, {(Yb
(PDCH;);(PDCH))-Na(H,0),+(Na(PDCH)(H,0)2)}2[P2W15062]-14H,0
(1) based on [P,W130¢,]¢" cluster anions and cationic Yb & Na
complex units of pyridine 2,6-dicarboxylic acid (PDCH;) has been
synthesized under normal reaction conditions, which exhibited
supramolecular 3-D framework structure in the crystal lattice.
Hybrid 1 acts as a green catalyst for the selective oxidation of
sulfides in water with H,0, as the reagent.

Polyoxometalates (POMs) are a class of inorganic materials
consisting of discrete, soluble, anionic oxide clusters of early
transition metals like Mo, W, V, Nb and Ta.! Incorporation of
rare earth (RE) ions into POM framework enhances their
properties including Lewis acidity, polarity, solubility and
electron transfer properties leading to their improved
applications in materials science and catalysis.2 A large number
of RECPs reported over the last few decades have been
reviewed recently and it was noted that a majority of these
RECPs are purely inorganic in nature.3 Therefore, the
development of novel organic—inorganic hybrid RECPs has been
projected as one of the potential new research directions in
RECP chemistry.? Using appropriate multi-functional organic
ligands, novel organic—inorganic hybrid RECPs or high-
dimensional frameworks with new properties could be
achieved.* However, the synthesis and characterization of new
hybrid RECPs is a challenging task as the oxophilic lanthanides
often react rapidly with oxygen rich POM units resulting in quick
precipitation. Therefore, the development of new synthetic
strategies that allow the isolation of crystalline hybrid RECPs is
of fundamental importance. Also, synthetic procedures that
allow disassembly and re-assembly of POM building units during
synthesis are important as they lead to totally new structural
assemblies.> In terms of materials applications, RECP hybrids
containing large plenary POM units are of special interest as
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larger clusters exhibit better redox properties in comparison to
smaller cluster archetypes.® Nevertheless, RECP hybrids based
on large plenary clusters like [P;W13062]6~ ({P2W18}) are rare in
the literature.”

Meanwhile, the development of green
methodologies is one of the focus areas in synthetic organic
chemistry. Synthetic protocols relying on environment friendly
solvents and reagents are of prime importance in view of
environmental safety. Particularly, reactions that use water as
solvent have great advantages.8 Selective oxidation of sulfides is
an important reaction in organic chemistry because of the
versatile roles of sulfoxides in pharmaceuticals, petroleum
industry, polymer materials, asymmetric catalysis, natural
products and oxygen transfer reagents.® Sulfoxidation is
generally achieved by using oxidizing agents like m-
chloroperbenzoic acid, NalO4, UHP, NaClO, dimethyldioxirane
and oxone; many of which are known to exhibit undesirable
traits like toxicity, by-product generation, longer reaction times,
low yields etc.1® Therefore, development of new methodologies
for sulfoxidation using eco-friendly solvents and reagents such
as water and H,0; would be of considerable interest.?

Here in, we report a simple and flexible synthetic procedure
in which coordination complex of a lanthanide metal ion (Yb)
was prepared starting from a multidentate carboxylate ligand
(pyridine-2,6-dicarboxylic acid, PDCH;) in water, which on in situ
reaction with a lacunary POM building block [P2W3150s6]12~
generated a new organic-inorganic hybrid RECP {(Yb
(PDCH>)>(PDCH))-Na(H20),-(Na(PDCH)(H20)2)}2[P2W150¢2]- 14H>
O (1) containing a plenary POM cluster {P2W18} (PDCH denotes
singly deprotonated PDCH;). Under the present reaction
conditions, the lacunary POM building block [P2W150s6]12~ gets
transformed into a plenary cluster {P2W18}. Hybrid 1 exhibits
an interesting supramolecular framework structure in solid
state assembled through H-bonding interactions between the
cluster oxygens and PDCH,/PDCH units of Yb & Na complexes.
Catalytic property of hybrid 1 towards the oxidation of a variety
of sulfides under green reaction conditions has also been
tested.

reaction
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The synthetic scheme of hybrid 1 is shown in Figure 1.
Hybrid 1 was characterized by various analytical and
spectroscopic techniques including IR, UV-visible, EDX, thermo
gravimetric analyses (TGA) and single crystal X-ray diffraction
studies, see ESIT for details.

l
Yb(NO3);.5H,0  + HOL s ~~OH
0] 0]

20 ml H,0, 24 h stirring at RT

Hybrid-1

Figure 1. Synthetic route of hybrid 1. Colour code: WOs - dark blue polyhedra,
POs— pink polyhedra, Na —cyan, Yb - pale green, C- grey, O - red and N - blue.

The single crystal X-ray analysis revealed that hybrid 1
crystallizes in monoclinic C2/c space group, see ESIT Table S1 for
crystallographic data and Table S2 for selected bond lengths and
angles. The asymmetric unit consists of a) half of the {P2W18}
cluster anion, b) a cationic complex {(Yb
(PDCH,)2(PDCH))-Na(H,0),:(Na(PDCH)(H20)2)}3* (cat3*) and c)
seven water molecules. Major contents of the asymmetric unit
are shown in Figure 2(A). Out of the four PDCH; units present in
cat3*, two are singly de-protonated.

As shown in Figure 2, the structure of hybrid 1 can be
thought of as consisting of two major structural sub-units:
{P2W18} polyanions and cat3* cations. The {P2W18} polyanion
in hybrid 1 exhibits the classical Wells—Dawson structure,
containing two a-A-[PWs034]°-units originating from the a-
Keggin polyoxoanion by removal of a suite of three corner-
sharing WOg octahedra. The structure of cat3*subunit (Figure 2
(B)) consists of two differently coordinated sodium ions. The
central six coordinated sodium ion (Nal) is connected to a Yb
complex ion [Yb(PDCH,),(PDCH)]?* on one side and to a sodium
complex (Na(PDCH)(H,0),) on the other. Additionally, Nal is
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Figure 2. Asymmetric unit of hybrid 1, (A); cationic complex
{(Yb(PDCH2)2(PDCH))-Na(H20)2:(Na(PDCH)(H20)2)}** (cat3*) (B). All
hydrogens have been omitted for clarity. Colour code: WOs- dark blue
polyhedra, POs— pink polyhedra, Na - cyan, Yb - pale green, C - grey, O -
red and N - blue.

connected to the terminal oxygens (015 and 041) of two
{P2W18} units and hence act as a bridging unit between two
adjacent {P2W18} structural sub-units. The remaining two
coordination sites of Nal are satisfied by water molecules. In
the Yb complex ion [Yb(PDCH;),(PDCH)]?*, each of the three
ligands (of which one is singly deprotonated) coordinate to the
Yb center through two carbonyl oxygens and pyridine nitrogen
in the expected tridentate coordination mode resulting in a
tricapped trigonal prismatic Yb complex having D3, symmetry as
shown in Figure 3(B). This type of coordination geometry is
common for nine-coordinated Ln(lll) complexes with tris
chelated tridentate ligands.1? The coordinated carbonyl oxygen
atoms from the three PDCH,/PDCH ligands form the two
trigonal faces of the trigonal prism defined by the atoms {030,
034, 038} and {032, 036, 040} while the coordinated pyridine
nitrogens (N1, N2, and N3) form a plane perpendicular to the
molecular Cs axis. The trigonal faces of the trigonal prism are
almost parallel, being inclined by ca. £1.2°. The distortion from
the ideal Dsn symmetry arises due to a rotation of the trigonal
faces with respect to each other about the Cs axis, by ca. 15°.
The Yb complex ion present in hybrid 1 is structurally very
similar to some of the previously reported Ln(lll) complexes
based on PDCH; based ligands.??The sodium center Na2 is penta
coordinated with one PDCH ligand coordinated to Na2 in
tridentate manner. The remaining coordination sites of Na2 are
satisfied by two water molecules, see Figure 2(B).

In the crystal structure of hybrid 1, each {P2W18} cluster
unit is connected to four cat3* moieties as shown in Figure 3(C).
However, each of these cat3* units is shared between two
adjacent {P2W18} cluster units. Therefore, in effect, there are
two cat3* units per {P2W18} cluster anions in hybrid 1 balancing
the charge. In the crystal lattice, each {P2W18} building unit is
connected to two adjacent {P2W18} units on either side
through bridging cat3* units in a zig-zag 1-D chain fashion as
shown in Figure 3(D). Each of these independent chains are
further connected to its neighbouring chains in a 3-D manner
through extensive hydrogen bonding interactions between the
{P2W18} cluster oxygens and the organic PDCH,/PDCH ligands
of the Yb & Na complexes. The details of these H-bonding
interactions are given in Table S3, ESIT. The formation of 1-D zig-
zag chains from {P2W18} units through bridging cat3* units and
the inter-connection of these chains in 3-D manner through
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Figure 3. Coordination modes of {P,Wis} with NA1 atom, (A); Yb complex
[Yb(PDCH),(PDC)]?*, (B); figure showing {P2W18} unit connected to four cat3*
units, the Yb complex is shown as green polyhedra, (C); zig-zag 1-D chain-like
arrangement of {P2Wag} units in hybrid 1, (D). Colour code: WOe - dark blue
polyhedra, POs— pink polyhedra, Na - cyan, Yb —dark green, C - grey, O - red
and N - blue.

various H-bonding interactions lead to the formation of a 3-D
supramolecular framework structure in the crystal lattice of
hybrid 1 as shown in Figure 3(D). Solvent water molecules
occupy the void space in the framework structure. The total
void volume of the structure is calculated to be 14.28 %.13

Framework structures based on Keggin or octamolybdate
clusters, PDCH, based ligands and RE metal ions have been
achieved earlier through hydrothermal synthetic methods.14
However, the formation of hybrid
supramolecular 3-D framework structures based on plenary
{P2W18} clusters and RE complexes under conventional
reaction conditions is rarely reported in the literature.

organic-inorganic

Catalytic studies

POMs and their derivatives are known to act as oxidation
catalysts while a few POM hybrids have also been reported as
sulfoxidation catalysts.’> As hybrid 1 is soluble in water, we
decided to explore its homogeneous catalytic activity towards
the selective oxidation of various sulfides in water solvent. The
catalytic experimental conditions were optimized using the
oxidation of 4-(methylthio)phenol by H,0; as a model reaction,
see Scheme 1. Various optimization studies showed that 0.012
mol % of catalyst at 85 °C reaction temperature was enough to
afford the sulfoxide products in very good yields and selectivity.
In absence of the oxidizing agent H,0,, there was no reaction
whereas the absence of catalyst led to poor yields (29%). These
results showed that both H,0, and catalyst are indispensable
for the optimum yield of the products. The catalytic capabilities

This journal is © The Royal Society of Chemistry 20xx
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OH Hybrid-1 (0.12 mol %) 0

H203 (1.2 equiv)
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H»0, 5 min, 85 °C 0.
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-

1 2 3
Sulfoxide 100% Sulfone 0%

Scheme 1. Optimized model catalytic reaction: sulfoxidation of 4-
(methylthio)phenol using hybrid 1 as catalyst.

of the constituents of hybrid 1, i.e. Na12[P,W150s6], PDCH; and
Yb(NOs3)3-5H,0 as well as {P2W18} cluster, were also tested as
controls and were found to exhibit less catalytic abilities than
hybrid 1 under the given experimental conditions. These studies
revealed that the hybrid 1 as a whole has better catalytic
efficiency as compared to its constituents taken separately, see
Table S4, ESIT for details. The catalytic oxidation of 4-
(methylthio)phenol using [P2W1s0s6]12~ in combination with
sodium salt of PDCH; was also tested in order to assess the role
of lanthanide ion in the catalysis. It was noted that a
combination of these starting materials gave poor yields and
selectivity in comparison to hybrid 1 confirming the influential
role of the lanthanide ion in the catalytic property exhibited by
hybrid 1, see Table S4, ESIt.

After optimization of the reaction conditions, we tested

successfully a variety of sulfides for sulfoxidation using hybrid 1
as catalyst, see Table 1. The results show that hybrid 1 catalyses
the sulfoxidation of sulfides bearing varying functional groups -
from electron-withdrawing ester group to electron-donating
hydroxyl group - producing the desired sulfoxides in moderate
to excellent yields with good selectivity. For water insoluble
substrates, ethanol-water mixed solvent system was found to
be useful. The substrates bearing electron-donating functional
groups were found to give better yields than those with electron-
withdrawing groups, see Table 1. It was also noted that hybrid 1 is
useful for the selective oxidation of sulfide functional group in
substrates bearing additional functional groups such as thiophene,
-CH,0H, -NH; etc. Oxidation of such additional functional groups
along with sulfide moiety was reported earlier in similar catalytic
sulfoxidation reactions.1> However, in the present case, we did not
observe such additional oxidations, see Table 1, entry numbers 15
and 17.

A possible mechanism for the oxidation of sulfides using hybrid 1
as catalyst is given in ESIT Figure S5, which is in accordance with
similar reports.’>@ The interaction of H,0, with POM cluster
generates an electrophilic intermediate which leads to an
electrophilic attack on the S atom of the sulfide generating the
corresponding sulfoxide, ESIT Figure S5. However, time dependant
product analyses suggest the formation of sulfone with time
indicating the participation of sulfoxide formed in the reaction as a
substrate. The mechanism for the oxidation of sulfoxide to sulfone
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involves the formation of a POM-sulfoxide intermediate through the
nucleophilic attack on W atom of the POM unit by the oxygen of the
sulfoxide followed by a nucleophilic attack by H,0, on the sulfur
atom in POM-sulfoxide intermediate, see see ESIT Figure S5. The
selectivity and efficiency of such reactions are susceptible to
different reaction parameters.’> We believe that the optimized
reaction conditions employed in the current study promotes the
selective formation of sulfoxides over sulfones as presented in Table
1 and in ESIt, Table S4. Moreover, the incorporation of POM

Table 1. Selective oxidation of various sulfides under optimized reaction
conditions

Hybrid-1 (0.12 mol %)
H205 (1.2 equiv)
B —
R sowentja=H,00rB R
R’S = EtOH/HZ0 (1:2, viv)], R’S°
1-60 min, 85 °C

Aromatic sulfide
©:NH1 NH,
Ny
1}

4, A, 15 min, 85%

Aromatic sulfoxide

?“Nﬂﬁ.’
—

8, B, 25 min, 36%

NH, NH,

s

25

5, A, 15 min, 73% 6, B, 25 min, 44% 7, A, 8 min, 94%

Q
a
. H,C H._ 0 PN e
io

.S

el ~S2 25 PN
9, A, 30 min, 54%; 19, g, 25 min, 83% 11, B, 30 min, 100% 12,8,30min, 138,25 min, 14,8, 30 min, 91%
B, 30 min, 91%

&@ééé

15, B, 30 min, 75% 16, B,45min, 72% 17, A, 50 min, 100% 18, B, 60 min, 86% 19, B, 60 min, 79%

units into porous framework structures are known to increase
their catalytic performances due to the improvement in their
specific surface area, stability under catalytic conditions etc.16
Probably, this could be one of the reasons behind the improved
catalytic performance of hybrid 1 as compared to the individual
POM building units. The catalytic recyclability of hybrid 1 was
tested using the oxidation of 4-(methylthio)phenol as a model
reaction. These studies suggested that hybrid 1 could be reused
for at least three times without significant reduction in catalytic
activity, see ESIT Table S5, Figure S6.

Conclusions

Herein, we have reported a simple and flexible synthetic
procedure to develop a new organic-inorganic hybrid
supramolecular 3-D framework RECP based on Yb & Na cationic
complex units of pyridine 2,6-dicarboxylic acid and plenary
Wells-Dawson type cluster anions [P2Wi13062]". In the
framework structure, [P;W15062]%" cluster building units are
connected together in a zig-zag 1-D chain fashion by bridging

4| J. Name., 2012, 00, 1-3

cationic complex units which in turn are inter;connested
through H-bonding interactions leading B&tRR fEAhati6A2ettd
supramolecualr 3-D framework structure. Hybrid 1 was found
to act as a selective oxidation catalyst for a variety of sulfides
including those having additional interfering functional groups
like thiophene, -CH,OH, —NH; etc. under safe, mild and greener
reaction conditions.
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