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Cationic D4R zinc phosphate-anionic polyoxometalate
hybrids: synthesis, spectra, structure and catalytic
studiest

Alok Ch. Kalita,? Catherine Roch-Marchal® and Ramaswamy Murugavel*?

A facile synthetic strategy for the generation of a new class of inorganic—organic—inorganic hybrids is
reported. Replacement of labile DMSO ligands from the preformed Double-Four-Ring (D4R) zinc phos-
phate cluster [Zn(dipp){(CH3),SO}]4 by the addition of 4-aminopyridine (4-ampyr) results in the isolation
of another discrete D4R cluster [Zn(dipp)(4-ampyr)]4 (1), which forms a hydrogen-bonded framework in
solid-state. If 1-methyl-4,4'-bipyridinium salts are employed instead, tetra-cationic D4R cluster [Zn(dipp)-
(L)]4[PFels (2) and [Zn(dipp)(L)]4[ClO4]4 (3) (L = 1-methyl-4,4'-bipyridinium, dipp = 2,6-di-iso-propylphenyl-
phosphate) are isolated. Compound 2 was reacted with three different polyoxometalates,
[TBA]4[M0ogO56] (POM-1), [TBA]4[PM04:VO40] (POM-2), and [TBA]4[SiM0;5040] (POM-3) to obtain amor-
phous hybrids, [Zn(dipp)(L)]a[MogOss] (4), [Zn(dipp)(L)]a[PM0o11VO40] (5), and [Zn(dipp)(L)]4[SiM01,040]
(6), respectively. All the hybrid materials have been characterized by analytical and spectroscopic studies.
The molecular structure of 1 has also been determined by single-crystal XRD measurements. N, gas sorp-
tion analyses show moderate BET surface area and also establish the mesoporous nature of the hybrids
4-6. The catalytic potential of hybrids 4, 5 and 6 has been explored towards epoxidation of cyclohexene.

Introduction

Polyoxometalates (POMs) display a wide range of applications
in diverse areas such as structural chemistry, surface chem-
istry, electrochemistry and catalysis." High stability of POMs
towards oxidizing conditions, enormously effective surface and
multiple electron accepting ability have made them attractive
catalysts for a variety of oxidative transformations.”> The syn-
thesis of organic-inorganic hybrid materials based on polyoxo-
metalates (POMs) has developed into a fertile area of research
due to their architecture, properties and potential in a wide
range of applications.>* Hybrid POMs substituted by trans-
ition metals have found wide application in oxidative trans-
formations with various oxygen donors.> Neumann et al. have
reported hybrid POMs prepared by mixing Q,Nas[WZnZn,-
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(H20),][(ZnWo034)2] (Q = tetrabutylammonium) with methyl
sulfate salts of tripodal polyammonium cations.° These
hybrid materials were found to be very effective and selective
towards epoxidation of allylic alcohols and oxidation of second-
ary alcohols to ketones using hydrogen peroxide as oxidant.

We have shown earlier that the reaction of Zn(OAc),-2H,0O
with 2,6-di-iso-propylphenyldihydrogen phosphate (dippH,) in
methanol produces zinc phosphate [Zn(dipp)(CH;0H)],.”®
Replacing methanol by a relatively stronger Lewis bases such
as dimethylsulfoxide and subsequent structural determination
led us to unambiguously establish that in solid-state these
compounds posses a cubane structure, which resembles the
D4R SBU of zeolitic materials. It was further established that
the relatively labile dimethylsulfoxide ligands on the four zinc
centres are replaceable by almost all other stronger Lewis
bases belonging to the pyridine family (Chart 1).

While this substitution of DMSO/methanol ligands by func-
tionalized pyridines and ditopic spacer ligands would be a
facile synthetic route for assembling hierarchical structures, it
was envisaged in this present study that this strategy could also
be used for the preparation of charged (anionic/cationic) cubanes
by appropriate modification of N-donor ligands used. The suc-
cessful application of the strategy for assembling tetra-cationic
cubanes, [D4R]"", and their use as precursors for the eventual
preparation of [D4R][POM] hybrid structures are reported in
this contribution.
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Chart 1 Synthesis of D4R phosphates.

Result and discussion
A. Zinc phosphate [Zn(dipp)(4-ampyr)],[CH;0H], (1)

Synthesis. The reaction of Zn(OAc),-2H,0 with dippH, in
solvent methanol produces [Zn(dipp)(CH;OH)],.”® Addition of
small amounts of dimethylsulfoxide (DMSO) to this reaction
mixture however produces the tetrameric zinc phosphate, [Zn-
(dipp){(CH3),SO}], (Chart 1), in view of the difference in the
Lewis basicity between methanol and DMSO. Interestingly, the
DMSO ligands on the zinc centres of the cubane can be
further replaced by stirring a solution of [Zn(dipp)}{(CH3),SO}],
with 4-aminopyridine in methanol to yield [Zn(dipp)-
(4-ampyr)], (Scheme 1). The product was isolated by crystalliza-
tion from methanol solution and characterized by elemental
analysis, spectroscopic techniques and single crystal X-ray
diffraction studies. In the FT-IR spectrum, strong absorption
band appearing at 1177, 1015 and 915 cm™" were due to the
P=0 stretching vibrations and M-O-P asymmetric and sym-
metric stretching vibrations respectively (Fig. S1t).” The 'H
NMR spectrum of 1 shows well-separated peaks for all the
protons of dipp and 4-aminopyridine in a 1:1 ratio. The pres-
ence of three peaks in the range 7.39-6.40 ppm correspond to
the aromatic and NH, protons of the 4-aminopyridine ligand.
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Scheme 1 Synthesis of zinc phosphate cubane species.
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The peaks at 6.90 (m), 3.60 (septet) and 0.9 (d) ppm corres-
pond to aromatic CH and CH; protons of the 2,6-di-iso-propyl-
phenyl phosphate moiety (Fig. S17).

Molecular structure of 1. X-Ray-quality single crystals of 1
were obtained from a methanol solution by slow evaporation
of the solvent over a period of 48 h at room temperature.
Single crystal X-ray structure determination reveals that the
compound crystallizes in the monoclinic space group P2,/n
forming a cubane like structure with four zinc and four phos-
phorus atoms at the alternate vertices via oxygen bridge.

The cubane-like core structure of 1 resembles the D4R sec-
ondary building unit and is similar to the previously reported
zinc phosphate cages.® A perspective view of the molecular
structure of 1 is shown in Fig. 1. The observed average P-O
and Zn-O distances inside the cage are 1.512 A and 1.940 A,
respectively, while the Zn-O-P angles vary over a range of
114.8(2)°-159.9(2)°. All zinc and phosphorus atoms display
tetrahedral geometry (O-Zn-O 101.2(2)-119.3(2)° and O-P-O
104.0(2)-116.1(2)°). The D4R cages are connected through
intermolecular hydrogen-bonding via N-H protons of 4-amino-
pyridine, phosphate oxygen and lattice methanol molecules
(Fig. 2). There are strong n-n interactions of phenyl rings as
shown in Fig. 3. Seven unique intermolecular hydrogen bonds
are present in the crystal structure of 1 (Table 1). The crystallo-
graphic details of 1 are given in Table 2.

B. Tetra-cationic zinc phosphate cubanes 2-3

Synthesis and spectra. The ease of substitution of DMSO
from [Zn(dipp){(CH;),SO}], by 2-aminopyridine to yield 1
opens up new avenues. The four free -NH, groups on the
cubane can be protonated to yield a tetra-cationic species such
as [Zn(dipp)(NCsH,NH;")], which can be used as the cationic
building block. To test this possibility, 1 was reacted with
triflic acid or hydrochloric acid in methanol or DMSO to
produce a clear solution (Scheme 1) which shows a single reso-
nance in the *'P NMR spectrum at —7 ppm, which corresponds
to the protonated form of dippH, ligand itself. Thus, it
appears that the addition of a protic source to tetrameric

Fig. 1 Molecular structure of 1 (hydrogen atoms and solvent molecules are
omitted for clarity).
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Fig. 2 Schematic diagram showing hydrogen bonding network in 1 (hydrogen
atoms, 2,6-di-iso-propylphenyl groups and solvent molecules are omitted for
clarity).

Fig. 3 Schematic diagram showing n—x interaction in 1 (minimum distance
between phenyl rings is about 3.2 A, hydrogen atoms, 2,6-di-iso-propylphenyl
groups and solvent molecules are omitted for clarity).

Table 1 Hydrogen bonding parameters for 1

dD-H)  dH--A) dD-A)  <(D-H-A)

D-H--A (A) (A) (A) ©)

N(2)-H(2W1) --0(6)  0.842(5)  2.176(3)  2.986(6)  161.6(4)
N(4)-H(4W1) --O(20)  0.942(5)  2.006(6)  2.948(7)  178.9(4)
N(4)-H(4W2) ---0(10)  0.908(4)  2.209(4)  3.055(6)  154.8(4)
N(6)-H(6W1) --O(19)  0.894(5)  2.081(4)  2.925(6)  157.0(5)
N(6)-H(6W2) --0(21)  0.975(6)  2.331(1)  3.232(2)  153.4(4)
N(8)-H(8W1) --O(19)  1.102(6)  2.169(4)  3.037(7)  133.7(3)
N(8)-H(8W2) --0(12)  1.158(6)  1.911(3)  3.022(7)  159.2(3)

cluster 1 not necessarily protonates the cluster but completely
destroys it, producing the protonated ligand [H-dippH,]",
along with concomitant formation of either zinc triflate or
zinc chloride, respectively. Hence an alternate design for gen-
eration of cationic D4R cluster was envisaged.

This journal is © The Royal Society of Chemistry 2013
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Table 2 Crystal data for 1

Compound [Zn(dipp)(4-ampyr)]4(CH;0H); (1)
Formula C71Hg,NgO,0P,Zn,
Formula weight 1762.89
Temperature/K 293(2)
Wavelength/A 0.71073
Crystal system Monoclinic
Space group P21/n

alA 17.174(4)
b/A 22.619(4)
c/A 22.403(5)
al® 90

pl° 103.887(2)
7/° 90
Volume/A® 8447.8(3)

VA 4

Density (calculated)/Mg m ™ 1.386
Absorption coefficient/mm™" 1.267

F (000) 3656
Reflections collected 61274

Rint 0.0359
Data/restraints/parameters 14 834/1/964
Goodness-of-fit on F* 1.066

Ry, WR, [I> 20(I)]
Ry, WR, (all data)

0.0560, 0.1636
0.0861, 0.1732

An easier way of introducing the cationic centers on the
cubane would be to use pyridine ligands that already bear a
positive charge. One of the most well studied compounds
belonging to this class of ligands is mono-N-methylviologen.
The ruthenium and other organometallic complexes of
N-methyl viologen have been well studied in the literature.’
Hence the reaction of [Zn(dipp){(CH3),SO}], with 1-methyl-
(4,4"-bipyridinium) salts were investigated instead of 4-amino-
pyridine as described above. Thus stirring a solution of
[Zn(dipp){(CH3),SO}], with 1-methyl-4,4-bipyridinium salts
(Scheme 2) in methanol at room temperature yield tetra-cat-
ionic species [Zn(dipp)(L)]4[PFe]s (2) and [Zn(dipp)(L)]a[ClO4]4
(3)- The isolated compounds 2 and 3 are air and moisture
stable and are soluble in polar solvents. These tetra-cationic
zinc phosphate cubanes were characterized by elemental analy-
sis, FT-IR, 'H and *'P NMR spectroscopic methods and also
analyzed by PXRD studies. The elemental analysis values
obtained for these compounds support the chemical formu-
lation [Zn(dipp)(L)]sX4 (X = PFs and ClO,).

The IR spectrum shows strong absorption at 1174 cm™" for
2 and 1189 em™" for 3 due to the P=O stretching vibrations.
Bands at 1020 and 917 em™" for 2 and 1034 and 912 em™" for

.
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Scheme 2 Synthesis of tetra-cationic species 2 and 3.
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3 were due to the M-O-P asymmetric and symmetric stretching
vibrations (Fig. S21).” The absence of any absorptions at
around 2350 cm™' indicates that there is no P-OH group of
the phosphate ligand left in the complexes.

The 'H NMR spectrum of 2 shows well separated peaks for
all the protons of dipp and 1-methyl-4,4"-bipyridinium units in
a 1:1 ratio. The presence of four doublets in the range
9.1-8.0 ppm and a singlet at 4.3 ppm corresponds to the aro-
matic and methyl protons of 1-methyl-4,4-bipyridinium
ligand. Similarly the appearance of peaks at 6.9 (m), 3.6
(septet) and 1.1 (d) ppm correspond to aromatic, -CH and
-CH; protons of 2,6-di-iso-propylphenylphosphate moiety
(Fig.4 and S371). In the *'P NMR spectrum of 2, a singlet is
observed at —5.2 ppm corresponding to the phosphorous of
the dipp phosphate ligand, while the observed septet centered
at —144 ppm arises out of the PFs anion (Fig. S47). The relative
integration of these two sets of peak indeed reveals that the
DMSO ligands have been quantitatively replaced by mono-N-
methylviologen ligand. The "H and *'P NMR spectra of 3 also
show similar spectral characteristics (Fig. S3 and S4f). The
high crystalline nature of these tetra-cationic materials were
confirmed by PXRD studies (Fig. S5 and S6t). These com-
pounds with exo-cubane cation centers can readily serve as
ideal starting material for the synthesis of inorganic-organic—
POM hybrid materials.

C. Syntheses of hybrid materials 4-6

Synthesis. The D4R-POM hybrid compounds 4-6 are readily
prepared by stirring a solution of 2 in acetonitrile with an
acetonitrile solution of POMs (Scheme 3). Compounds 4-6 can
also be obtained starting from 3 instead of 2. In a typical reac-
tion, stirring the reaction mixture for a few hours results in the
precipitation of the desired hybrid polyoxometalate. The
elemental analysis values obtained for all the hybrid

9758 | Dalton Trans., 2013, 42, 9755-9763
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Scheme 3 Synthesis of hybrid species 4-6.

compounds indicate the elimination of NR,PFs or [TBA]PFs
from the reaction to yield [D4R]*[POM]*~ hybrids. Minor devi-
ations observed in the found carbon values of 5 and 6 (see
Experimental) are probably due to any small deviations in the
1:1 stoichiometry of the hybrids or the presence of TBA-PF,
within the pores of hybrids (repeated washing of the hybrids
with methanol did not substantially improve the observed
values).

Spectra. The FT-IR spectrum of 4 shows strong bands at
1174, 1019 and 912 cm™', which correspond to the P=0
vibrations and M-O-P asymmetric and symmetric stretching
vibrations (Fig. S71).” The 'H NMR spectrum of 4 shows well
separated peaks for the zinc cubane which are similar to com-
pound 2 except for the peaks due to the TBA protons (Fig. 5). As
expected, the *'P NMR spectrum shows no peak in the region
of —144 ppm, suggesting the complete replacement of PFs~
anions by POM anions in compound 4 (Fig. S71). The 'H and
3P NMR spectra of 5 and 6 show a similar pattern to those of
4 (Fig. 5 and Fig. S8 and S97). The *'P NMR spectrum of 5 is
particularly revealing since PO, moieties are available both in

'H NMR spectra *'P NMR spectra
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Fig. 5 "H NMR and *'P NMR spectra of 2 and 4-6 in DMSO-ds.
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Fig. 6 TGA profiles of 2 and hybrids 4-6 under N, at heating rate of
10 °Cmin~".

[POM] and [D4R] parts in a 1:4 ratio in the hybrids; as
expected two single resonances in a 1:4 ratio appear at —4.5
and —5.2 ppm. This observation clearly provides further con-
vincing evidence for the formation of 1:1 D4R-POM hybrids
in these systems where the cationic and anionic parts are sepa-
rated by the “MeQ” spacers which probably results in a porous
structure (vide infra).

TGA studies. Thermal behaviour of 1-6 has been investi-
gated in the temperature range 25-800 °C under a stream of
nitrogen gas. The TGA profiles of the tetra-cationic D4R
cubane 2 along with those of the hybrids 4-6 are shown in
Fig. 6. The most striking feature of Fig. 6 is the significant
enhancement in the thermal stability of hybrids 4-6 compared
to cubane 2. Barring the loss of any solvent molecules such as
methanol and occluded water from the porous structure, the
new hybrid structures are stable until 310-350 °C whereas the
decomposition of 2 sets in even before 250 °C. For the D4R
cubane 2, a three step weight loss corresponding to the loss of
77% of the total weight of the sample results in the residual
mass of 23%. This corresponds to the formation of Zn,P,0-,
which is consistent with the thermal decomposition product
of zinc di-tert-butylphosphate complexes reported by us
earlier.'® In the case of hybrids 4-6, the single step weight loss
corresponds to the loss of organic groups from the D4R tetra-
cation amounting to roughly 40% of the total mass.

Morphology and porosity. The morphology of the hybrids
have been established by electron microscopy. Fig. 7 (plate A)
shows that the hybrid 4 exists as plates which grown to some
extent in an irregular fashion. Compound 5 (plate B) forms
spherical nano-islands with granule size of about 30-40 nm.
Compound 6 (plate C) forms plates of nearly 200 nm size with
spherical nano-island spreading in between the plates. It is
evident from the SEM analyses that hybrid compounds have
smaller grain size and hence are amorphous in nature 6 (C).
Powder X-ray diffraction pattern of these compounds further
supports the highly amorphous nature of all the three hybrids

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 SEM images of hybrid 4 (A), 5 (B) and 6 (C).

(Fig. S12-S14f), as has been observed for other organic-
inorganic hybrid polyoxometalates.®

Gas adsorption measurements were performed on parent
POMs (POM-1 to POM-3) as well as the hybrids 4-6 to assess
the effect of hybrid formation on surface area and porosity.
The N, gas adsorption measurements were performed at 77 K
after drying the as synthesized samples under a dynamic
vacuum at 100 °C to remove any guest molecules. The BET
surface area of 4, 5, and 6 were found to be 10.0, 49.6 and
29.1 m* g~', while those of the corresponding parent TBA-
POMs were found to be only 1.6, 5.2, and 7.8 m> g™, respect-
ively. From the measured multipoint adsorption isotherms,
the pore diameters were derived by assuming cylindrical pore
geometry and their average values were found to be 6.3, 40.0,
and 8.0 nm for hybrids 4, 5, and 6, respectively. Fig. 8 shows
the adsorption isotherm for 5, which is characteristic of meso-
porous solids where the rapid adsorption takes place at P/P°
values of 0.95."" The mesoporous nature of the hybrids, albeit
with moderate surface area, is responsible for the high cataly-
tic activity of these hybrids (vide infra). For comparison, the
organic-inorganic hybrids employed by Neumann et al,
{WZnZn,(H,0),}{(ZnWo034),}][Y]s (Y = tripodal poly
ammonium cation), showed a similar surface area (27 and
51 m”> g~") but were also found to be mesoporous with average
pore diameter of 3.6 nm.*

Catalytic studies. The utility of polyoxometalates as oxi-
dation catalysts has been well established in the literature.
However, the as synthesised polyoxometalates are non-porous
solids showing very low surface area (vide supra; 1-8 m*> g~* for
the pure POMs used in this study). Mesoporous hybrid
materials such as compounds 4-6, on the other hand, are good
heterogeneous catalysts for oxidation reactions in the presence
of hydrogen peroxide (Scheme 4)."> Hence we have carried out

Dalton Trans., 2013, 42, 9755-9763 | 9759
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Scheme 4 Epoxidation of cyclohexene.

epoxidation of cyclohexene to establish the superior activity of
the three hybrid polyoxometalates over the parent POMs
themselves.

Thus two sets of epoxidation reactions were carried out; one
set with POM-1, POM-2, and POM-3, and the other set with
hybrid-1, hybrid-2, and hybrid-3. In order to check any effect
the D4R zinc phosphate could have in the catalysis, a plain
catalytic run with 2 as the only catalytic component was also
carried out. All the epoxidation reactions have been performed
under the following conditions: 0.2 mmol cyclohexene, 5 mL
(30%) H,0,, 0.035 mmol catalyst; reaction temperature 85 °C.
The products obtained were monitored by GC measurements.

As expected, the cationic component of the hybrids, namely
the D4R cubane, is totally inactive showing no formation of
epoxide even after 8 hours (Table 3, entry 1; Fig. 9). The three
pure POMs show 80, 77, and 90% of epoxide formation in
8 hours at the conditions mentioned above. Switching from

Table 3 Cyclohexene epoxidation by D4R cubane, pure POMs and hybrids

Catalyst Time (h) Epoxide (%)
Tetra-cationic-D4R cubane

[Zn(dipp)(L)]a[PFs]s (2) 8 0
Pure POMs

[TBA],[M0gO,4] (POM-1) 8 80
[TBA],[PMo0,,VO,,] (POM-2) 8 77
[TBA]L[SiM0,,0,,] (POM-3) 3 89
D4R-POM hybrids

[Zn(dipp)(L)h[MOsts] (4) 6 90
[Zn(d{PP)(L)L[P.MOnVOm] (5) 8 89
[Zn(dipp)(L)]a[SiM01,040] (6) 5 100
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Fig. 9 Diagram shows the efficiency of different catalysts for epoxidation of
cyclohexene.

these simple non-porous TBA-POMs to mesoporous hybrids
4-6 increases the epoxide yields at least by 10% in each case,
achieving a yield of 100% for catalyst 6 within 5 hours
(Table 3). The silico-molybdate anion is catalytically more
efficient both in non-porous pure and mesoporous hybrid
forms (89 and 100% conversion to epoxide respectively).
Although the porosity of the hybrid material increases the cata-
Iytic activity, the relative efficiency of the POM anions remain
unaffected by the hybrid formation (e.g. 5 is more porous than
6, but still 6 is more active because its parent POM is more
active).

Conclusion

A new strategy of using D4R zinc phosphates as counter
cations in hybrid polyoxometalate chemistry has been demon-
strated for the first time. Neutral D4R cubane, [Zn(dipp)-
(4-ampyr)],, originally prepared for this purpose did not undergo
clean protonation reaction at the 4-amino position and instead
led to the demetallation of the D4R cubane. Change of
N-donor ligand on the zinc centres to mono-N-methylviologen
resulted in the isolation of clean tetra-cationic D4R cubanes 2
and 3. The interaction of these cationic D4R cubane 2 with
suitable tetra anionic polyoxometalates of different structural
types led us for the first time to isolate [D4R][POM] hybrids
4-6. These thermally stable amorphous hybrid materials,
albeit exhibiting moderate surface areas, are found to be meso-
porous by N, adsorption studies (pore diameters up to 40 nm),
were demonstrated to be excellent epoxidation catalysts, exhi-
biting conversion up to 100%. We are currently designing
similar hybrid systems with other types of complex cations
and evaluating their properties and catalytic behaviour.

Experimental section
Instruments and methods

The melting points were measured in glass capillaries and are
reported uncorrected. IR spectral measurements were carried
out using a Bruker Alpha-P Fourier transform spectrometer.
Elemental analyses were performed at the Microanalytical
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Laboratory of the Ruhr-Universitit Bochum. "H and *'P NMR
spectra were recorded using a Bruker Advance DPX-250
spectrometer. The peaks which are not labeled are always
solvent peaks and methylbipyridinium protons are labeled as
a, b, ¢ and d (see ESIf). Thermogravimetric analysis was
carried out with a Perkin Elmer Pyris thermal analysis system,
under a stream of nitrogen gas at the heating rate of 10 °C
min~'. The film morphologies of the hybrid materials were
investigated by using a LEO1530 Gemini Scanning Electron
Microscope. Prior to the measurements being recorded, the
samples were coated with a thin carbon film.

The starting materials and the products described in this
study were found to be stable towards moisture and air, and
hence no specific precautions were taken to rigorously exclude
air. Commercial grade solvents were purified by employing
conventional procedures. The chemicals such as 2,6-di-iso-pro-
pylphenol, 4-aminopyridine, 4,4-bipyridine, ammonium hexa-
fluorophosphate (NH,PFs), sodium perchlorate (NaClO,),
methyl iodide (Mel), and zinc acetate dihydrate (S.d. Fine-
Chem.) were used as received. 1-methyl-4,4"-bipyridinium salts
and 2,6-di-iso-propylphenyl dihydrogenphosphate (dippH,)
were prepared according to literature reported methods.">**
[Zn(dipp)}{(CH;),SO}], was also synthesized as white crystals by
employing a protocol developed in our laboratory earlier."”

Synthesis of [Zn(dipp)(4-ampyr],.[CH;0H]; (1). To a clear
solution of [Zn(dipp){(CH;),SO}]; (0.399 g, 0.25 mmol) in
methanol (20 mL), a methanolic solution of 4-amino pyridine
(0.094 g, 1 mmol) was added. The resulting clear solution was
kept on the bench-top for crystallization. After one day, the
product crystallizes as colourless crystals. The product was
thoroughly washed with cold methanol and dried under
vacuum. Yield: 0.31 g (64%). M.p: >275 °C. Anal. Calcd for
C,1Ho,NgO,0P,Zn,: C, 48.28; H, 6.08; N, 6.26. Found: C, 48.04;
H, 591; N, 6.31. FT-IR (KBr, cm™'): 3476(br), 3353(br),
3225(br), 2964(vs), 2867(vs), 1639(vs), 1619(w), 1561(w),
1522(vs), 1460(w), 1440(w), 1382(w), 1361(w), 1338(w), 1256(w),
1177(vs), 1063(vs), 1026(vs), 1015(w), 915(vs), 771(vs), 554(s)
and 527(vs). 'H NMR (DMSO-d,, 400 MHz): 6 7.39 (br, 2H, Ar),
6.90 (m, 3H, Ar-dipp), 6.68 (br, 2H, NH,), 6.4 (d, 2H, *Jyy =
6.59 Hz, Ar), 3.6 (septet, 2H, *Jjyy = 6.9 Hz, 'Pr-CH), 0.9
(d, 12H, *Jy = 6.7 Hz, 'Pr-CH;) ppm. >'P NMR (DMSO-d,,
160 MHz): § —4.5 ppm.

Synthesis  of  [Zn(dipp)(L)]s[PFe]s:(CH;0H),-[(CH;),SO],
(2). To a stirred solution of [Zn(dipp){(CH3),SO}], (0.16 g,
0.10 mmol) in methanol (20 mL), 1-methyl-4,4"-bipyridinium
hexafluorophosphate (0.12 g, 0.40 mmol) in methanol (15 mL)
was added. The reaction mixture was stirred for 3 hours while
the product precipitated as white solid. The precipitate was
thoroughly washed with methanol and dried under vacuum.
Yield: 0.14 g (50%). M.p: >275 °C. Anal. Caled for
CogH132F24NgO0,0PgS,Zn4: C, 42.47; H, 4.80; N, 4.04. Found: C,
41.98; H, 4.71; N, 3.88. FT-IR (neat, cm™"): 2966(br), 1619(s),
1421(w), 1335(w), 1174(vs), 1077(w), 1020(vs), 917(s), 832(vs),
776(s), 750(s), 731(w), 668(w). "H NMR (DMSO-ds, 250 MHz): &
9.1 (d, 2H, *Juy = 6.9 Hz, Ar), 8.8 (d, 2H, *Jiz3; = 6.0 Hz, Ar), 8.5
(d, 2H, *Jyqy = 6.7 Hz, Ar), 8.0 (d, 2H, *J = 6.1 Hz, Ar), 6.9 (m,
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3H, Ar-dipp), 4.39 (s, 3H, CH;-N"), 3.6 (septet, 2H, *Jyy =
6.9 Hz, 'Pr-CH), 1.1 (d, 12H, %y = 6.7 Hz, 'Pr-CH;) ppm. >'P
NMR (DMSO-dg, 100 MHz): § —5.24 (s, 1P, dipp), —144 (septet,
1P, “Jpr = 710 Hz, PF) ppm. '°F NMR (DMSO-ds, 250 MHz):
0 —68.8, —=71.8 ppm.

Synthesis of [Zn(dipp)(L)]4[ClO4]4(CH;0H), (3). To a solu-
tion of [Zn(dipp){(CH;),SO}], (0.041 g, 0.025 mmol) in metha-
nol (20 mL), 1-methyl-4,4"-bipyridinium perchlorate (0.027 g,
0.1 mmol) in methanol (15 mL) was added. The reaction
mixture was stirred for overnight while the product precipi-
tated as a white solid. The precipitate was filtered, thoroughly
washed with methanol and dried under vacuum. Yield: 0.016 g
(26%). M.p: >275 °C. Anal. Caled for Co4H;50Cl4NgO3,P4Zn,: C,
46.40; H, 4.97; N, 4.60. Found: C, 46.25; H, 4.69; N, 4.50. 'H
NMR (DMSO-de, 250 MHz): & 9.1 (d, 2H, *Ju; = 7.1 Hz, Ar-d),
8.8 (d, 2H, *Juy = 6.0 Hz, Ar-a), 8.6 (d, 2H, *Juy = 6.7 Hz, Ar-c),
8.0 (d, 2H, *Jy = 6.3 Hz, Ar-b), 7.0 (m, 3H, Ar-dipp), 4.38
(s, 3H, CH;-N"), 3.6 (septet, 2H, *Ji;;y = 6.9 Hz, 'Pr-CH), and 1.1
(d, 12H, *Jy = 6.7 Hz, 'Pr-CH;) ppm. *'P NMR (DMSO-dg,
100 MHz): § —5.2 ppm.

Synthesis of [Zn (dipp)(L)]s-[M0gO,6] (4). To a solution of
[Zn(dipp)(L)]4[PFsls (0.53 g, 0.21 mmol) in acetonitrile (15 mL),
a solution of [(TBA),(Mo0gO,¢)] (0.43 g, 0.20 mmol) in aceto-
nitrile (15 mL) was added. The reaction mixture was stirred for
four hours while the desired product precipitated as a white
solid. The precipitate was filtered and thoroughly washed with
methanol (30 mL) and acetonitrile (30 mL). The compound
was dried under vacuum. Yield: 0.50 g (60%). M.p: >275 °C.
Anal. Caled for Cy,H;1,M0gNgO,,P,Zn,: C, 35.02; H, 3.58; N,
3.55. Found: C, 34.66; H, 3.93; N, 3.46. FT-IR (neat, cm™'):
2962(br), 1619(s), 1422(w), 1332(w), 1256(w), 1174(vs), 1079(w),
1046(w), 1019(vs), 912(vs), 843(s), 811(s), 779(vs), 714(s), 665(s).
'H NMR (DMSO-ds 250 MHz): § 9.2 (d, 2H, *Juy = 6.6 Hz,
Ar-d), 8.9 (d, 2H, *Jyy = 6.1 Hz, Ar-a), 8.7 (d, 2H, *Juy = 6.6 Hz,
Ar-c), 8.1 (d, 2H, [y = 6.1 Hz, Ar-b), 7.1 (m, 3H, Ar-dipp), 4.4
(s, 3H, CH;-N"), 3.7 (septet, 2H, [y = 6.7 Hz, 'Pr-CH), and 1.2
(d, 12H, *Jy = 6.9 Hz, 'Pr-CH;) ppm. *'P NMR (DMSO-dg,
100 MHz): § —5.2 ppm.

Synthesis of [Zn(dipp)(L)]s-[PM0;1VOy4] 12H,0 (5). To a
solution of [Zn(dipp)(L)]s[PFe]s (0.07 g, 0.02 mmol) in aceto-
nitrile (5 mL), a solution of [(TBA),(PMo,,VO,,)] (0.06 g,
0.02 mmol) in acetonitrile (5 mL) was added. The reaction
mixture was stirred for four hours while the product precipi-
tated as a yellowish solid. The precipitate was filtered and
thoroughly washed with acetonitrile (40 mL) and dried under
vacuum. Yield: 0.08 g (77%). M.p: >275 °C. Anal. Caled for
CosH136M0,,NgOsgP5VZn,: C, 29.48; H, 3.01; N, 2.99. Found: C,
27.87; H, 3.46; N, 2.83. FT-IR (neat, cm™'): 2992(br), 1620(s),
1464(w), 1330(w), 1176(br), 1074(s), 1055(s), 1019(vs), 945(vs),
872(s), 789(vs). 'H NMR (DMSO-ds, 250 MHz): 6 9.1 (d,
2H, *Jyy = 7.1 Hz, Ar-d), 8.8 (d, 2H, */yy = 6.0 Hz, Ar-a), 8.6 (d,
2H, *Jun = 6.9 Hz, Ar-c), 8.0 (d, 2H, *Jyy = 6.1 Hz, Ar-b), 7.0 (m,
3H, Ar-dipp), 4.4 (s, 3H, CH;-N"), 3.7 (septet, 2H, *Ji; = 6.7 Hz,
'Pr-CH), and 1.1 (d, 12H, Juy = 6.9 Hz, 'Pr-CH;) ppm.
*'P NMR (DMSO-ds, 100 MHz): § —4.5 (POM), —5.2 (zinc
cubane) ppm.
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Synthesis of [Zn(dipp)(L)],[SiM0,,046] (6). To a solution of
[Zn(dipp)(L)]4[PFs])s (0.05 g, 0.02 mmol) in acetonitrile (5 mL),
a solution of [TBA],[(SiM0;,0,0)] (0.054 g, 0.02 mmol) in aceto-
nitrile (5 mL) was added. The reaction mixture was stirred for
four hours while the desired product precipitated as greenish
solid. The precipitate was filtered and thoroughly washed with
acetonitrile (40 mL) and dried under vacuum. Yield: 0.07 g
(76%). M.p: >275 °C. Anal. Calcd for CgyH;1,M01,NgO56P,-
Sizn,: C, 29.15; H, 2.98; N, 2.96. Found: C, 27.93; H, 2.75; N,
2.87. FT-IR (neat, cm™"): 2963(br), 1622(s), 1467(w), 1332(w),
1177(s), 1012(s), 944(s), 899(vs), 785(vs). "H NMR (DMSO-ds,
250 MHz): 6 9.2 (d, 2H, *Jyy = 6.9 Hz, Ar-d), 8.9 (d, 2H, *Jyy =
6.1 Hz, Ar-a), 8.7 (d, 2H, *Juy = 6.9 Hz, Ar-c), 8.1 (d, 2H, *Jyy =
6.1 Hz, Ar-b), 7.1 (m, 3H, Ar-dipp), 4.4 (s, 3H, CH;-N"), 3.7
(septet, 2H, *Jyy = 6.7 Hz, 'Pr-CH), 1.2 (d, 12H, *Ji = 6.9 Hz,
'Pr-CH;) ppm. *'P NMR (DMSO-ds, 100 MHz): § —5.2 ppm.

Single crystal X-ray diffraction studies

The X-ray diffraction intensities for compound 1 were collected
on Oxford Xcalibur 2 diffractometer with a Sapphire2 CCD
detector. All the calculations pertaining to structure solutions
and refinement were carried out using the programs included
in the WinGX module.'® The structure solution was achieved
by direct methods using SIR-92."” The final refinement of the
structure was carried out using full least-squares methods on
F* using SHELXL-97."®

N, sorption measurements

Gas adsorption measurements were performed using a Quan-
tachrome Autosorb 1-C analyzer. UHP-grade gases were used
in measurements without further purification. The N, adsorp-
tion measurements were performed at 77 K. Prior to gas
adsorption measurements, the samples were activated at room
temperature for 24 h and at 100 °C for 48 h under ultrahigh
vacuum (10~% mbar).

General procedure for the catalytic oxidation by phosphate-
polyoxometalate hybrids

A two-necked round bottom flask connected with a condenser
and Schlenk adaptor was charged with substrate (0.2 mmol)
and hydrogen peroxide (30%, 5 mL). Catalyst (hybrid polyoxo-
metalate, 0.35 mmol) was added to the above solution under
N, atmosphere. Reaction mixture was then heated at 85-90 °C
at constant stirring. Reaction was monitored by GC or GCMS
by collecting sample and analyzing at regular intervals.
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