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A Manganese(II) Sandwich-Type Phosphotungstate Complex — Synthesis,
Structural Characterization and Catalytic Activity towards Liquid-Phase
Aerobic Epoxidation of Alkenes
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The dimeric, tetranuclear manganese(ll)-substituted sand-
wich-type phosphotungstate complex has been synthesized
in high yield using a straightforward one-pot synthesis by
reacting commercially available H3[PW;,0,0] with MnCl,.
The complex has been characterized by single-crystal X-ray

structure analysis. The complex is oxidatively and solvolyti-
cally stable and has been used as a heterogeneous catalyst
in the efficient, selective aerobic epoxidation of styrene, cy-
clohexene and cis-cyclooctene.

Introduction

The enormous disparity in topology, size, electronic
properties and elemental composition of polyoxometalates
(POMs) provide the basis for expanding research into their
chemistry.! They have potential applications in areas such
as catalysis, separation, sorption, ion exchange, electro-
chemistry, electrochromism, functional materials, magnetic
and supramolecular chemistry.>* However, the mechanism
for the formation of POMs is still not well understood and
commonly described as self-assembly. Hence, systematic
structural design of novel POMs and derivatization of
known POMs remains a challenge for synthetic chemists.
Among POMSs, trivacant lacunary POMs are of particular
interest because they present the opportunity to modify the
surface properties of metal-oxide-like structural units
through the replacement of several adjacent high-valent
tungsten centres with low-valent transition metals.’] These
sandwich-type POMs accommodate a number of transition
metal cations between the two lacunary polyoxoanions.[f]

Although Mn! is a commonly used transition metal,
tetranuclear Mn2* sandwich-type POM complexes have sel-
dom been documented. The available literature reports the
synthesis of sandwich-type complexes from dilacunary[’
and trilacunary’®l POMs and from the individual salts!’
in complex and tedious processes. In 1993 Coronado et al.
reported the synthesis and structural characterization of a
Keggin-type tetranuclear sandwich complex [Mny(H,0),-
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(PW403,)]'" with detailed magnetochemistry.’® The re-
ported compound was the first example of an oxo-bridged
manganese cluster in +2 oxidation state with potassium
countercations.

To the best of our knowledge, a one-pot synthesis for a
Keggin-type tetranuclear sandwich complex [Mn4(H>O),-
(PW4034)]'% has not been reported. Nevertheless, up to
now catalytic epoxidation® using sandwich-type phospho-
tungstate complexes is limited to alkenes due to complica-
tions in the synthesis of the material.

In this work, [Mn,(H,0)>(PWo054)]'" was synthesized
by a straightforward one-pot route from commercially
available H;PW,04, and MnCl, (Scheme 1). Our intention
is to use the tailored, effective and nontoxic [Mny(H,0),-
(PW5034)]'" as a catalyst to achieve reduced costs in indus-
try under ecologically benign conditions, with high product
selectivity and reaction rates at ambient temperatures. The
complex was isolated as a cesium salt and characterized by
elemental analysis, thermogravimetric analysis (TGA), FTIR
and ESR spectroscopy and single-crystal X-ray analysis.
Furthermore, we explored the catalytic activity of the com-
plex for liquid-phase aerobic epoxidation of alkenes.
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Scheme 1. Synthesis of 1.
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Results and Discussion

Analytical Techniques and Crystal Structure

The observed values for the elemental analysis of the iso-
lated complex are in good agreement with the theoretical
values. The number of water molecules present was calcu-
lated from the TGA curve based on the total weight loss,
and corresponds to the loss of 13 water molecules. From
the elemental and thermal analyses the chemical formula is
proposed to be Cs;o[Mngy(H>0),(PWo034),]:13H,0 (1). The
elemental analysis for tungsten was carried out on the fil-
trate, and the observed percentage of W was found to be
16.56, which corresponds to the loss of three equivalents of
tungsten from H3;PW,04y-nH,0.

Crystal Structure
Compound 1 crystallized in the triclinic space group Pl

with @ = 11.977(2), b = 12.664(3) and ¢ = 16.234(3) A. The
crystal data are presented in Table 1.

Table 1. Crystal data and structural refinement.

Empirical formula

Formula weight

Crystal system, space group
Unit cell dimensions

Temperature

Volume

Z, calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected/unique
Completeness to 6 = 26.41
Absorption correction
Max./min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?
Final R indices [/>20(])]
R indices (all data)

Largest diff. peak and hole

Cs9.37Mny074P,WisH ),
6116.20
triclinic, P1
a=119772) A, «a
b=12.66403) A, B
c=1623403) A, »
2932) K
2216.2(8) A3

1, 4.583 Mg/m?
27.972 mm!

2616
0.20%0.16 X 0.10 mm

1.34 to 26.41°

-l4=h=14

“15=k=15

20=1/=20

23574/8981 [R(int) = 0.0495]
98.9%

empirical

0.1663/0.0713

full-matrix least-squares on F?
8981/0/548

1.080

Ry = 0.0467, wR2 = 0.1084
R, =0.0568, wR2 = 0.1130
3.246 and ~1.875e A3

102.10(3)°
102.69(3)°
105.66(3)°

Single-crystal X-ray diffraction analysis shows that 1 ex-
hibits an asymmetric dimeric structure, composed of two
associated [0-PWoOs,4]” anions with four rhomb-like Mn?*
ions leading to a sandwich-type structure (Figure 1, left)
with idealized C,, point symmetry. Bond valence sum
(BVYS) calculations of all the manganese atoms indicate that
they are all +2 valence (2.14 and 2.17 for Mnl and Mn2,
respectively).
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Figure 1. Left: sandwich structure of compound 1, right: rhomb-
like {Mn4016} unit.

BVS sum calculations for 1 indicate that the terminal
oxygen atoms associated with two of the four transition
metal ions (Mn?") in the central plane are the only proton-
ation sites of the polyanion.”) The rhomb-like {Mn,O;¢}
unit (Figure 1, right) at the core of 1 contains four edge-
sharing Mn?* octahedra with coplanar manganese atoms,
which are sandwiched by two unprecedented [a-PWoOs,4]°
units. This basic building block, [0-PW¢Os,]°, in 1 is sim-
ilar to the well defined trivacant Keggin-type poly-
oxoanions, which comprise a tetrahedral PO, group sur-
rounded by three edge sharing W50 5 triads.

The P-O bond lengths are in the range of 1.527(11)-
1.545(11) A with an average of 1.53 A, and the O-P-O
angles range from 107.6(5) to 112.0(5)°. The O34 oxygen
atom links the centrosymmetric Mn atoms to each [o-
PWy03,]°" unit with four octahedrally coordinated Mn?*
centres in the core. Thus, in the arrangement of the central,
rhomb-like Mn,O;4 group the Mn?* ions are all octahe-
drally coordinated. Two are found in the two internal posi-
tions and coordinated by two [0-PWyO1,4]°~ ligands, and the
other two are found in the external positions and have
bonding interactions with terminal water ligands in ad-
dition to the two [a-PWOs34]°~ fragments. The relevant
Mn-O bond lengths are in the range of 2.082(11)-
2.325(12) A. The four Mn atoms lie at the corners of the
Mn4O;¢ unit, two opposite sides of which differ in length.

The crystal structure analysis shows that the Mn ions are
not present as countercations, and only the Cs atoms were
found to be present as countercations. The crystallographic
refinement of 1 suggests the presence of 9.37 Cs atoms as
counter cations, whereas the elemental analysis confirms
the presence of ten Cs atoms in the formula. Based on the
structural and elemental analysis, the formula of 1 is con-
firmed as Cs;o[Mny(H,0),(PWy034),]:13H,0. The differ-
ence between the structural and elemental analeses may be
due to the loss of water during single-crystal XRD data
collection. The elemental composition of 1 based on X-ray
diffraction is fully supported by the elemental analysis.

The powder XRD pattern of 1 is presented in Figure
S1 (Supporting Information) together with the simulated
pattern using the data set obtained by single crystal analy-
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sis. The experimental and simulated patterns are similar in-
dicating that the single crystal and bulk structures are iden-
tical.

Spectral Analysis

All the characteristic vibrational frequencies for 1
(Table 2) decrease compared with those of PW;,0,y, which
is attributed to the increase of the negative charges of the
anions.'” The characteristic vibrational modes of the PO,
unit show that there is a loss of local symmetry as expected
for the trivacant Keggin unit. The asymmetric stretching
vibration of W-O-W splits into three peaks when the corre-
sponding sandwich species are formed. In addition, the ter-
minal W-O and bridging W-O-W stretches characteristic
of all POMs are present.

Table 2. FTIR frequency data.

POMs FTIR band frequencies [cm ]

P-O wW=0 W-O-W Mn-O-W
[PW,040]>" 1080 982 893, 812 -
[Mny(H,0), 1032 940 877 499
(PWoO34),]'0" 771, 740

A low-temperature ESR spectrum was recorded for 1 in
the range of 3200-2000 G. The low temperature spectrum
is well resolved showing six lines (Figure 2) with g = 2.1,
which indicates the presence of Mn'! ions in an octahedral
environment.

WM”/

[
3200
Gauss

Figure 2. ESR spectrum of 1.

Epoxidation of Alkenes

A reaction without catalyst was carried out, which
showed no conversion for the substrate indicating that no
auto-oxidation takes place. In order to study the role of
tert-butyl hydroperoxide (TBHP), the same reactions were
carried under two different sets of conditions: (i) alkene +
oxidant + TBHP and (ii) alkene + oxidant + 1. In both
the cases the reaction did not progress significantly. These
observations indicate that the liberation of O, from TBHP
was not sufficient to induce the reaction. Hence it may be
concluded that in the present study TBHP acts as an initia-
tor only.

The O,-based oxidation of three representative alkenes
catalyzed by 1, and the distribution of alkene derived prod-
ucts obtained are reported in Table 1. It is worth noting
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that, especially in case of cyclohexene, only cyclohexene ox-
ide is obtained selectively. This unusual result may be due
to the structure of the catalyst.

Oxidation of cyclic olefins generally follows two mecha-
nisms: (i) oxidation and (ii) bond cleavage. In the case of
cyclohexene, allylic attack (oxidation) is preferred, which re-
sults in further oxygenated products. Furthermore, it is also
known that if the oxidation is carried out with an acidic
catalyst using a strong oxidant with a high content of active
oxygen, the bond cleavage mechanism is preferred over al-
lylic attack resulting in the formation of cyclohexanol or
cyclohexanone.['?]

In this study, epoxidation was observed, which gave rise
to cyclohexene oxide. This could be explained by the nature
of the catalyst. Compound 1 is not acidic and the high elec-
tron density on the catalyst could be responsible for the
stabilization of the epoxide formed.

However, it has been shown previously that decreased
catalytic activity was observed when Mn'' is substituted
into POMs.18:834] The presence of two sets of two adjacent
Mn"! centers in our POM and their effect on the catalytic
activity were therefore of interest.

Epoxidation of alkenes using H;PW;,0,4, under the same
conditions was carried out. In the case of styrene only 12%
conversion with 98% selectivity for benzaldehyde was ob-
tained. For cyclohexene and cyclooctene no conversion was
obtained. As seen from Table 3, Css[PMn(H,O)W ;O3]
4H,0 showed 61 % conversion for styrene with >99 % selec-
tivity towards benzaldehyde and far less conversion for cy-
clohexene and cyclooctene. The difference in the catalytic
activity can be explained by the structural difference be-
tween Css[PMn(H,O)W;;03,]-4H,0"] and 1. For transi-
tion metal substituted POMs, the catalytically active site is
at the substituted transition metal centre, and the POM
functions as a ligand with a strong capacity for accepting
electrons. The incoming reactant (e.g. an alkene) directly

Table 3. Epoxidation of alkenes.

Alkenes'!  Conversion Products  Selectivity TON'
(%) (%)
@—/ 58161 17614/8507™!
< > \  28/>99M
\0
@ 42121 ()o >99b 102041%1/2781)
O 34l730) O>o >0t 833300/4180

[a] Epoxidation of alkenes catalyzed by 1. [b] Epoxidation of alk-
enes catalyzed by Css[PMn(H,O)W;,059]-4H,0. [c] Conversion
based on substrate; substrate (100 mmol); oxidant: O, (4 mL/min);
TBHP (0.15 mmol); catalyst: 1 (4.08 pmol); reaction time 4 h (for
styrene) or 24 h (for cyclic olefins). [d] TON: turnover number
based on conversion.
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binds to the Mn!! centre, which is responsible for conver-
sion. In Css[PMn(H,0)W,05,]4H,0 only one Mn"! centre
is present, whereas 1 has two Mn'! centres, which are avail-
able for binding with the incoming reactant and higher ac-
tivity is observed.

Conclusions

We report here the first example of a sandwich-type com-
plex synthesized directly from commercially available 12-
phosphotungstate. This synthetic procedure opens up a new
route to establish the well-known sandwich-type structures
directly from their Keggin analogues. Compound 1 is an
attractive heterogeneous catalyst for the epoxidation of al-
kenes. The superiority of the catalyst lies in its good conver-
sion with high TON as well as selective products.

Experimental Section

Materials: All chemicals used were of A.R. grade. 12-Tungsto-
phosphoric acid, H3PW,040'nH,0 (Loba Chemie, Mumbai), so-
dium hydroxide, MnCl,-4H,O, cesium chloride, styrene, cyclohex-
ene, cis-cyclooctene and TBHP were obtained from Merck and
used as received.

[Mny(H,0)>,(PWoO3)]'% (1): H;PW ,04'nH,0 (2.88 g) was dis-
solved in water (10 mL) and the pH of the solution was adjusted
to 7.2 using NaOH solution (3 m). The solution was heated to
90 °C with stirring. To this hot solution, was added MnCl,-4H,O
(0.396 g) dissolved in water (10 mL). The solution was heated to
90 °C with stirring for 1h and filtered while hot. A saturated solu-
tion of CsCl (10 mL) was added and the resulting mixture was
allowed to stand overnight at room temperature. Yellow crystals
of 1 were collected by filtration (yield 87.9%) and dried at 50 °C.
H;3(Cs10Mn 043P, W 5 (6278.06): caled. Cs 21.18, W 52.69, P 0.98,
Mn 3.50, O 21.14; found Cs 20.83, W 52.38, P 0.96, Mn 3.32, O
20.58.

Characterization of 1

Single Crystal Analysis: The single-crystal X-ray analysis was per-
formed at 298(2) K with a Bruker SMART APEX CCD area detec-
tor system [A(Mo-K,) = 0.71973 A], graphite monochromator, 2400
frames were recorded with an w scan width of 0.3°, each for 10 s,
crystal-detector distance 60 mm, collimator 0.5 mm. The data were
reduced by using SAINTPLUS and a multiscan absorption correc-
tion using SADABS!'3 was performed. Structure solution and re-
finement were performed using SHELX-97.1'*1 All non-hydrogen
atoms were refined anisotropically. During the crystallography,
39039 reflections were collected among which 8981 were unique
and used to solve the structure [R(int) = 0.0495].

Analytical Techniques: Elemental analysis was carried out using a
Prodigy high dispersion ICP (Teledyne Leeman Labs). The total
weight loss was calculated by the TGA method with a Mettler To-
ledo Star SW 7.01 up to 600 °C. FTIR spectra of the samples were
recorded as KBr pellets with a Perkin—Elmer instrument. ESR
spectra were recorded with a Varian E-line Century series X-band
ESR spectrometer (77 K, scanned from 2000 to 3200 Gauss). The
XRD pattern was obtained using a PHILIPS PW-1830 [Cu-K,, ra-
diation (1.54 A)].

Epoxidation of Alkenes: The catalytic activity was evaluated for the
solvent-free oxidation of alkenes using molecular oxygen as an oxi-
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dant and TBHP as a co-oxidant. Oxidation reactions were carried
out in a batch reactor operated under atmospheric pressure. In a
typical reaction, a measured amount of catalyst was added to a
three-necked flask containing the alkene and TBHP (0.014 g) at
80°C (for styrene) and 50°C (for cyclic alkenes). The reaction was
started by bubbling O, into the reaction medium with continuous
stirring.

For the oxidation of styrene: after completion of reaction the reac-
tion mixture was allowed to cool to room temperature and then
Na,COj3 (10% aqueous solution) was added with constant stirring.
The resultant mixture (organic and aqueous) was allowed to stand
for 15-20 min in order to separate the two distinct layers. The aque-
ous layer was collected and concentrated aqueous HCl was added
slowly with constant stirring. A white precipitate (benzoic acid) was
separated and weighed (0.04 gm). The remaining organic layer was
washed with dichloromethane and analyzed with a gas chromato-
graph (Nucon 5700 model) with a flame ionization detector and an
BP1 capillary column (30 m, 0.25 mm internal diameter). Product
identification was carried out by comparison with authentic sam-
ples and by a combined GC-MS (Hewlett—Packard) using an HP1
capillary column (30 m, 0.5 mm internal diameter) with EI (70 eV).

For the oxidation of cyclohexene: after completion of the reaction,
the neat reaction mixture was analyzed with a gas chromatograph
(Nucon 5700 model) with a flame ionization detector and BP1 cap-
illary column (30 m, 0.25 mm internal diameter), in a programmed
oven (injector temperature: 200 °C, detector temperature: 250 °C,
column temperature: 220 °C, ramping rate: 2.5 °C/min). No adipic
acid was detected in the reaction mixture. The GC-MS spectrum
of the reaction mixture was also recorded in order to confirm the
absence of adipic acid. The cyclooctene oxidation product was ana-
lyzed using the same column and conditions.

The percentage-conversion of the substrate and the percentage-
selectivity of the products in the epoxidation reaction are calculated
as shown below.

Conversion (%) = (initial mol-%) - (final mol-%) x 100

Initial mol-%

Selectivity (%) = product formed (moles) x 100

Substrate converted (moles)

CCDC-422258 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental and simulated powder XRD patterns for 1.
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