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ABSTRACT: The present study further explores the behavior of
polyoxometalate-based hybrid compounds as catalysts for liquid-
phase cyclooctene epoxidation with H2O2. Precisely, it unveils the
nature of the relevant active species derived from the hybrid based
on Keggin polyoxometalate (POM) and bipyridines (bpy) of
formula (2,2′-Hbpy)3[PW12O40] (1). Whereas (i) it is generally
accepted that the catalytic oxidation of organic substrates by H2O2
involving Keggin HPAs proceeds via an oxygen transfer route from
a peroxo intermediate and (ii) the catalytically active peroxo
species is commonly postulated to be the polyperoxotungstate
{PO4[W(O)(O2)2]4}3− complex (PW4), we show that the studied
epoxidation reaction seems to be more sophisticated than
commonly reported. During the catalytic epoxidation, 1 underwent a partial transformation into two oxidized species, 2 and 3.
Compound 3 corresponding to 2,2′-bipyridinium oxodiperoxotungstate of formula [WO(O2)2(2,2′-bpy)] was shown to be the main
species responsible for the selective epoxidation of cyclooctene since 2 (in which the POM is associated with a protonated mono-N-
oxide derivative of 2,2′-bpy of formula (2,2′-HbpyO)3[PW12O40]) exhibited no activity. The structures of 1, 2, and 3 were solved by
single-crystal X-ray diffraction and were independently synthesized. The speciation of 1 was monitored under catalytic conditions by
1H and 1H DOSY NMR spectroscopies, where the formation in situ of 2 and 3 was revealed. A reaction mechanism is proposed that
highlights the pivotal, yet often underestimated, role of H2O2 in the reached catalytic performances. The active species responsible
for the oxygen transfer to cyclooctene is a hydroperoxide intermediate species that is formed by the interaction between the anionic
structure of the catalyst and H2O2. The latter operates as a “conservative agent” whose presence in the catalytic system is required to
prevent the catalysts from deactivating irreversibly.

■ INTRODUCTION
Polyoxometalates (POMs) are discrete metal-oxide clusters
composed of early transition-metal ions and oxo ligands.1

Keggin heteropolyanions (HPAs) of general formula
[XM12O40]n− (mainly M = Mo or W and X = P, Si, or Ge)
are one of the most explored subsets of POMs in catalytic
applications, particularly in the oxidation of organic sub-
strates.2−6 Much of the interest in these anions has emerged
from their catalytic efficiency in oxidation reactions when
combined with H2O2 as an oxidant. Relevant examples involve
homogeneous7,8,17−23,9−16 and heterogeneous oxidations24−33

catalyzed by Keggin HPAs. One of the most successful routes
to prepare active Keggin-based oxidation catalysts lies in the
preparation of organic−inorganic hybrid materials. Typically,
this is accomplished by combining Keggin HPAs with organic
compounds, predominantly nitrogen-containing ligands. This
method is, in fact, one of the most promising strategies in
oxidation catalysis. The convenience of this method relies on
the huge modularity, and therefore overall reactivity, provided

by the organic−inorganic hybrid platform. Combining the
intrinsic redox properties of the inorganic Keggin with those of
the organic ligands (e.g., hydrophobic properties) has resulted
in the development of novel functionalities relevant for
catalytic applications, especially when combined with H2O2
for the epoxidation of olefins or oxidation of alcohols.34−40 It is
generally accepted that the catalytic oxidation of organic
substrates by H2O2 involving Keggin HPAs proceeds via an
oxygen transfer route from a peroxo intermediate (generated
from the degradation of HPA with H2O2) to the olefin. The
postulated catalytically active peroxo species is commonly
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reported as the polyperoxotungstate {PO4[W(O)(O2)2]4}3−

complex (PW4) that Venturello identified as the oxygen
transfer agent derived from the catalytic oxidation it-
self.9,11,18,20 In most cases, a large excess of H2O2 (with
respect to the substrate) is used with the intention of
“repairing” the catalyst’s peroxo group after the oxygen
transfer, thus making the process catalytic. These mechanistic
studies are typically based on two theories postulated in the
1970s by Mimoun et al.41,42 and Sharpless et al.,43 which have
been supported by later theoretical studies.44 Nevertheless, as
part of our continuous research on the catalytic and structural
role of Keggin/bipyridine hybrids in the epoxidation of olefins
with H2O2,

45,46 we show in the present study that the
epoxidation reactions (specifically that of cyclooctene) seem to
be more sophisticated than commonly reported. Herein, we
disclose the identity of novel species derived in situ from the
degradation of a Keggin/bipyridine hybrid with H2O2 during
the cyclooctene epoxidation reaction. H2O2 is found to play an
unusual role acting as both a conservative and oxygen transfer
agent. This enabled us to derive a more accurate reaction
mechanism which is crucial for rational optimization of the
process.

■ EXPERIMENTAL SECTION
Materials. 2,2′-Bipyridine (2,2′-bpy) (99%) and n-hexane (96%)

from TCI chemicals; hydrochloric acid (HCl, 37 wt %) and hydrogen
peroxide (H2O2, 30 wt %) from Carl Roth; cyclooctene (C8H14,
95%), dibutyl ether (C8H18O, 99%, stabilized with BHT), and
acetonitrile (C2H3N, for HPLC, isocratic grade) from VWR
chemicals; ortho-phosphoric acid (H3PO4, 85%) from Merck; and
cyclooctene oxide (C8H14O, 99%) and 2,2′-bipyridine N-oxide (98%)
from Sigma-Aldrich were purchased and used as received.
Phosphotungstic acid (PTA) was purchased from Sigma-Aldrich in
the form of H3PW12O40·xH2O (reagent grade). Before further use, the
fully hydrated PTA powder was placed under a vacuum (ca. 1.8 ×
10−2 mbar) overnight at room temperature in order to evacuate its
physisorbed water and obtain the hexahydrate form H3[PW12O40]·
6H2O.
Synthesis. Synthesis of (2,2′-Hbpy)3[PW12O40] (1). To an

aqueous mixture of PTA (1 mmol, 2.9881 g) in 9.5 mL of distilled
water was added 2,2′-bpy (3 mmol, 0.4733 g), and it was magnetically
stirred (500 rpm) for 1 h at room temperature. The resulting
suspension was transferred to a sealed stainless-steel autoclave (70
mL) equipped with a Teflon jacket and heated to 120 °C for 5 h, then
cooled to room temperature. The resulting white precipitate was
filtered, rinsed several times with distilled water, and dried overnight
under a vacuum (ca. 1.8 × 10−2 mbar) at room temperature.

Preparation of Single Crystals of 1. Approximately 2 g of solid 1 is
mixed with 28.5 mL of distilled water inside a sealed stainless-steel
autoclave (70 mL) equipped with a Teflon jacket. The sealed system
was then gradually heated over a period of 2 h from room temperature
to 180 °C and then maintained at that temperature for 96 h.
Subsequently, the system was gradually cooled to room temperature
over a period of 18 h (10 °C h−1) and maintained at that temperature
for 8 h to allow crystallization.

Synthesis of Bipyridinium Salt. The synthesis was conducted
according to the method previously described by our group.46 Within
the objective to probe the protonation state of the ligands in the
hybrid, a fully protonated salt of 2,2′-bipyridine (2,2′-bpy; 99%) was
prepared as reference material. To an aqueous solution of HCl (7.9
mL, 0.2 mol·L−1) was added 0.0473 g of 2,2′-bpy (0.3 mmol), and it
was magnetically stirred (500 rpm) for 1 h. The obtained solution was
evaporated to dryness under a vacuum (ca. 1.8 × 10−2 mbar)
overnight at room temperature. The obtained light pink colored solid
was later stored in a desiccator for further characterization.

Synthesis of (2,2′-HbpyO)3[PW12O40] (2). Compound 2 was
synthesized based on the synthesis of compound 1 using the ligand
2,2′-bipyridine N-oxide (3 mmol, 0.5271 g).

Synthesis of [WO(O2)2(2,2′-bpy)] (3). A “direct” synthesis of 3 was
carried out according to the method previously described by our
group.45 H3[PW12O40]·6H2O (1 mmol, 2.9881 g) was added to 30 wt
% H2O2 (100 mmol, 10.2 mL). After reaction for 1 h at room
temperature, H3PO4 (2 mmol, 135 μL) was added. After stirring (500
rpm) for 1 h, the solid ligand 2,2′-bpy (3 mmol, 0.4733 g) was added
to the aqueous solution. The resulting suspension was stirred for 1 h,
and the solid was then separated from the solution by filtration. The
collected white particles were rinsed several times with water and
dried overnight under a vacuum (ca. 1.8 × 10−2 mbar) at room
temperature. Typically, 3.26 g of 3 is obtained along this synthesis
corresponding to a yield of 64.7% (calculated on the basis of the
amount of W engaged in the synthesis as Keggin acid vs that of W
present in the particles of 3 recovered). In this case, however, the use
of an autoclave is not needed to enhance crystallinity as was the case
for 1 and 2. More importantly, it is not recommended. If used, the
peroxo groups of 3 decompose to oxygen, leading to uncontrolled
production of O2, resulting in pressure build-up and, thus, a possible
explosion.

Precipitation of Dissolved Species. The precipitation procedure
was conducted with the idea of studying the dissolved species that
catalyze the reaction by characterization techniques in the solid state
(e.g., PXRD, IR, Raman). This was accomplished by adding, after 24
h of catalytic reaction (under typical catalytic condition), n-hexane
(610 μL) to a hot-filtrated mixture tested with or without H2O2 and
leaving it stirring (500 rpm) overnight at 3 °C. Then, the obtained
precipitated solid was separated by centrifugation (8000 rpm at 3 °C)
and dried overnight under a vacuum (ca. 1.8 × 10−2 mbar) at room
temperature. It is important to mention that centrifugation must be
conducted at a low temperature (<15 °C) and rotational speeds of
<8000 rpm. A small opening in the tube’s cap must also be performed
to decrease the pressure of the system during centrifugation. These
precautions must be taken to prevent undesired explosions in the
centrifugation tube due to the decomposition of peroxo groups,
leading to uncontrolled production of O2 and the accompanied
pressure build-up.

Characterization of Samples. Single-crystal X-ray diffraction
(SCXRD) was performed on a MAR345 image plate detector using
Mo Kα (λ = 0.71073 Å) generated by a Rigaku Ultra X18S Rotating
anode (FOX3D mirrors) or an Incoatec IμS microfocus source
(focusing Montel multilayer optics ELM33). Suitable crystals were
selected under an optical microscope and measured under ambient
conditions or flash-cooled to the reported temperature. Data
reduction was carried out using the CrysAlisPRO software package.
Structure solution and the refinement by full-matrix least-squares on
F2 have been performed using SHELXT and SHELX-2014/7,
respectively. Non-hydrogen atoms were refined anisotropically; H
atoms are added in calculated positions and allowed to ride on the
parent atoms, with isotropic displacement factors set to 1.2 Ueq of the
parent atoms (1.5 Ueq for methyl and OH hydrogens). Symmetry
analysis and validation were carried out using PLATON. Pictures
were made using the molecular visualization software Mercury 4.1.3.

CCDC 2231872−2231874 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/structures.

1H NMR analyses were recorded at room temperature (295 K) on
a Bruker Avance 500 operating at the Larmor frequency of 500 MHz.
Experiments were run under TopSpin program (Bruker) using a
BBO{1H,X} probehead equipped with a z-gradient coil. 1H DOSY
NMR spectra were performed using the standard Bruker ledbpgp2s
pulse program with gradient pulse periods (P30) of 0.7 ms and
diffusion times (D20) of 100 ms. Gradient recovery delays of 150 ms
followed the application of each gradient pulse. Data were
systematically accumulated by linearly varying the diffusion encoding
gradients over a range from 2% to 95% for 16 gradient increment
values. The signal decay dimension on the pseudo-2D data was
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generated by Fourier transformation of the time-domain data.
Individual rows of the quasi-2D diffusion databases were phased
and baseline corrected. Processing of NMR data were performed
using Dynamics Center software (by Bruker supplier). Diffusion
coefficients were calculated by fitting intensity data to the Stejskal-
Tanner equation.

Powder X-ray diffraction (PXRD) patterns were recorded at room
temperature on a Bruker-D8 Advance diffractometer (Bragg−
Brentano geometry), equipped with a LYNXEYE XE-T detector,
using Cu Kα radiation (λ = 0.15418 nm). The X-ray source was
operated with a tension of 40 kV and a current of 30 mA.
Diffractograms were collected between 5° and 80° (2θ) with 0.015°
increments and 0.15 s per integration step. The sample was rotated at
5 rpm. All samples were analyzed using a Bruker silicon low
background sample holder with a diameter of 20 mm. To aid the
sample in adhering to the surface of the sample holder, a thin layer of
a conventional cosmetic cream was applied prior to addition of the
powder.

Raman spectra were recorded on a Bruker spectrometer (type
RFS100/S) equipped with a liquid nitrogen detector and a Nd:YAG
laser supplying the excitation line at 1064 nm with a power of 100
mW. The spectra were collected recording 32 scans in the range of
400 to 4000 cm−1 at 4 cm−1 in resolution and analyzed with OPUS
software.

Fourier transform infrared spectra (IR) were recorded in a Bruker
Equinox 55 with a DTGS detector equipped with a Bruker ATR
platinum cell with a diamond crystal. The spectra were obtained by
recording 500 scans from 400 to 4000 cm−1 with 4 cm−1 resolution in
transmittance mode and analyzed by the software OPUS.

Thermogravimetric analysis−mass spectrometry (TGA-MS) was
performed in a Mettler Toledo TGA/DSC 3+ apparatus coupled with
a Pfeiffer Vacuum ThermoStar mass spectrometer. The samples were
initially stabilized at 25 °C for 15 min and subsequently heated from
25 to 900 °C at 10 °C/min under synthetic air flow (50 mL/min, 80%
N2 and 20% O2 Alphagaz 1 Air Liquide).

Catalytic Experiments. The catalytic tests were carried out at 70
°C under air in a closed 10 mL round-bottomed two-neck flask
reactor equipped with a reflux condenser, oil bath, and magnetic
stirring rod (500 rpm). Typically, the reactor was loaded with a
catalyst (mass adjusted to 0.02 mmol of W atoms in the reactor);
solvent CH3CN (9.6 mL); internal standard dibutyl ether (1 mmol);
30 wt % aq. H2O2 (1 mmol); and cyclooctene (1 mmol). Before olefin
addition, the reaction was preheated at the desired reaction
temperature; the reaction time was counted immediately after olefin
addition. The catalytic reaction was monitored every hour using a
Shimadzu GC-2010 PLUS equipped with a capillary column
(Shimadzu SH-Rtx-1 15 m × 0.25 mm) and a flame ionization
detector. Assignments of reagents and products were made by
comparison with authentic samples. Hot filtration tests, to explore the
eventual occurrence of leaching of active species from the solids to the
reaction liquid medium, were carried out under typical catalytic
conditions for 2 h, after which the solid was separated from the
reaction medium by filtration with a syringe equipped with a 0.2 μm
VWR membrane filter. The remaining solution was subsequently
monitored by GC at 70 °C.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Compound 1.

Compound 1 was prepared by the hydrothermal reaction of
phosphotungstic acid (PTA) and 2,2′-bpy in the molar ratio
1:3. Quantities were based on the measured pH (pH = 0.63) of
the PTA solution and theoretical pKa values of monoproto-
nated 2,2′-bpyH+ (pKa2 = 4.4;47 4.548) and diprotonated 2,2′-
bpyH2

+ (pKa1 = −0.2;47 −0.548) bipyridine species. The
formation of 1 was confirmed by PXRD where new diffraction
lines emerged from PTA and 2,2′-bpy precursors demonstrat-
ing the efficient integration of the precursor units in the crystal
lattice (Supplementary Figure S1). Single crystals of 1 were

prepared under a sealed autoclave system with controlled
temperature gradients (see details in the Experimental Section)
and analyzed by single-crystal X-ray diffraction (SCXRD). The
SCXRD ana lys i s confirmed the formula (2 ,2 ′ -
Hbpy)3[PW12O40] for 1.

Compound 1 crystallizes in the triclinic space group P1̅
(table S1) and consists of a Keggin [PW12O40]3− (hereafter
POM for short) anion surrounded by three protonated [2,2′-
bpyH]+ ligands (Figure 1a). The packing arrangement of 1

(Figure 1b) shows isolated POM anions with the bipyridine
cations hydrogen bonded to terminal oxygen atoms of the
Keggin anion, through the N−H proton. One of the bipyridine
cations bridges two Keggin anions in a bifurcated hydrogen
bond interaction (see Table S4 for the list of hydrogen bond
interactions and Figure S11 for a more detailed graphical
representation). Characterization of the bulk material was
performed to support the SCXRD data. TGA-MS confirmed
that the stoichiometric POM/ligand ratio of 1 is 1:3 (Figure
S2). The IR (4000−400 cm−1) spectrum of 1 shows the
presence of the Keggin anion49,50 in the range of 1100−600
cm−1 and bipyridine51 between 1660 and 1130 cm−1 (Figure
S3). IR analysis comparing neutral 2,2′-bpy and a prepared
fully protonated bipyridine salt (preparation details in
Experimental Section) demonstrates that the hybridized
bipyridines in 1 are protonated (Figure S4). This was based
on the occurrence of bands at 1582 cm−1 due to ring stretching
and 1620 cm−1 caused by N−H bending modes in 1, similar to
what is observed in the protonated ligand but not in neutral
2,2′-bpy.52 The same comparative analysis was done using
Raman where 1 exhibits stretching bands of pyridinium above
1600 cm−1 and pyridine at 1570 cm−1, indicating that the
ligands in 1 are monoprotonated cis-2,2′-bpyH+ species47,53,54

(Figure S5). A PXRD comparison of bulk 1 and respective
simulated (S) patterns calculated from the SCXRD data shows
excellent agreement (Figure 2). Therefore, the bulk analysis
validates the formula (2,2′-Hbpy)3[PW12O40] for 1 where
three H+ ions locate between the N atoms of bipyridine in
cisoidal-conformation.

The structure of 1 is equivalent to the one reported by Yan
et al., but in that case the compound is obtained from a more
complex five-component association of Na2WO4·2H2O,
powder metal W, H3PO4, Mn(CH3CO2)2, and 2,2′-bpy.55

Figure 1. Polyhedral representation of 1 (a) and 3D view of the
molecular packing between POM and bipyridine units in the bc plane
(b).
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Catalytic Epoxidation of Cyclooctene with H2O2.
Structural Identification of Species Derived from 1
during the Reaction. The catalytic properties of 1 were
explored in the epoxidation of cyclooctene with H2O2. Little
conversion was shown when the catalytic components were
introduced in the sequence 1/CH3CN/H2O2/olefin (Table 1,

entry 1), similar to the 5% conversion observed without
catalyst. When 1 was exposed to H2O2 for 1 h before adding
the olefin, the conversion slightly improved (Table 1, entry 2).
Regardless of the addition order, 1 was shown to operate in the
homogeneous phase as comparable activity was obtained after
removing by filtration the apparent insoluble powder from the
reaction mixture (Figure S6). Interestingly, when the hot
filtration test (HFT) was applied, trace amounts of white solid
particles labeled as xpp (where “x” stands for unknown, and
“pp” refers to precipitate) were formed inside the reactor after
24 h of reaction (Scheme 1).

To disclose the structural identity of xpp, single crystals for
SCXRD analysis were prepared by gradually evaporating the
filtrate catalytic mixture (i.e., after applying the hot filtration as
depicted in step b of Scheme 1). This was achieved by
transferring the filtrate from the reactor to a closed glass vessel
equipped with a lid that was pierced with a syringe needle for
gradual evaporation. The vessel was then placed in a dark
environment at ambient temperature over a period of two
months. During this time, three types of crystals were obtained,
which formed at different rates, and subsequently analyzed by
SCXRD. The SCXRD data revealed that one of the crystals
corresponds to compound 1 (Figure 3). A second crystal, that
crystallized in the rhombohedral space group R3c (Tables S2),
consists of a novel hybrid in which a POM is associated with
three protonated mono-N-oxide derivatives of 2,2′-bpy of
general formula (2,2′-HbpyO)3[PW12O40] (labeled as 2;
Figure 3). The POM is located on a 3-fold axis, and the
central PO4 is showing inversion disorder (58/42 ratio). The
bipyridine rings are not entirely planar but are inclined about
16° from each other. While one nitrogen is oxidized (N−O),
the other is protonated (N−H). Also, here disorder is observed
on the nitrogens (N−O/NH), refining to a 53:47 ratio. The
third crystal crystallized in the monoclinic space group P21/n
(Tables S3) and concerns an oxodiperoxo complex of formula
[WO(O2)2(2,2′-bpy)] (labeled as 3; Figure 3). The complex
presents a WVI center coordinated to two peroxo groups (O−
O), one terminal oxo moiety (W�O), and a N,N′-chelated
2,2′-bpy ligand. The structure of 3 is isostructural to the one
reported in 2015 by Amarante et al., where the complex is
independently synthesized by reacting a tungsten oxide/2,2′-
bpy hybrid of formula [WO3(2,2′-bpy)]·2H2O with H2O2 in

Figure 2. Simulated (S; blue) and bulk (black) PXRD patterns of
compounds 1, 2, 3, and xpp (which stands for unknown precipitate).

Table 1. Cyclooctene Epoxidation with H2O2 in the
Presence of Either 1, 2, or 3a

entry catalyst conversion (%)

1 1/H2O2/cyclooctene 10
2 (1/H2O2) 1 h/cyclooctene 17
3 2 5
4 3 86
5 3/no H2O2

b 14
aReaction conditions: catalyst (0.02 mmol W), H2O2 (1 mmol),
cyclooctene (1 mmol), 70 °C, 8 h. bH2O2 is not used. All tests
showed 100% selectivity toward cyclooctene oxide.

Scheme 1. Illustration of the Hot Filtration Protocol Carried out for 1a

aStep a depicts the reactor loaded with 1 in an apparent solid/liquid mixture; step b illustrates the homogeneous mixture after removal of solid 1;
step c shows precipitated white particles labelled xpp formed after 24 h from the homogeneous mixture.
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CH3CN,56 which is also isotopical to the MoIV complex
reported in 1984 by Schlemper et al.57

Based on the structural details obtained from SCXRD data,
2 and 3 were independently synthesized. Compound 2 was
successfully obtained by hydrothermally reacting PTA with
2,2′-bipyridine N-oxide in water in a molar ratio of 1:3,
identical to the procedure followed to prepare bulk 1. The
“direct” synthesis of 3 was also achieved on a relatively large
scale by degrading PTA with H2O2 (see details in the
Experimental Section). The diffraction profiles of bulk 2 and 3
vs their respective simulated patterns (i.e., 2 vs s2 and 3 vs s3
in Figure 2) show excellent agreement, demonstrating the
successful synthesis of both compounds. IR analysis was also
used to verify the identity of 2 and 3 (Figure S7). In the range
of 1100−600 cm−1, the presence of the POM structure in 2 is
evidenced by the presence of bands of the phosphorus-bound
oxygen (P−O), tungsten terminal oxygen (W�Ot), tungsten
oxygen corner-sharing (W−Oc−W), and tungsten oxygen
edge-sharing (W−Oe−W) bonds at 1076, 974, 892, and 754
cm−1, respectively.46 The presence of 2,2′-bipyridine N-oxide58

is shown in the range of 1651−1143 cm−1 in which the N−O
stretching mode appears at 1234 cm−1. In the range of 1000−
500 cm−1, the oxodiperoxotungstate moiety of 3 is evidenced
by the presence of stretching bands of groups W�O, O−O,
and W(O2) at 940, 830, and 538 cm−1, respectively. The
presence of bipyridine is shown in the range of 1650−1150
cm−1. The coordination of bipyridine is manifested by the
emergence of the ring stretching vibration of pyridyl rings at
1603 cm−1 exhibiting an intermediate character between
protonated and neutral species.45

Dynamic Speciation Analysis of 1, 2, and 3. The
precipitation process that leads to the formation of xpp from
1 was monitored by liquid-state 1D 1H and 2D 1H DOSY
NMR spectroscopy. The idea of the analysis is to track the
hybridized aromatic protons during precipitation, thus
indirectly bringing information about the nature of the anionic
part of the compounds. More precisely, it is aimed at following
the chemical changes around the bipyridine environment from
step B to step C of Scheme 1. Under catalytic conditions, the
1D 1H NMR spectrum of the filtrate mixture, measured
immediately after hot filtration (labeled as 1, t = 2 h in Figure
4), shows a set of signals in the aromatic region from ca. 9 to

7.5 ppm. After 24 h, some of the signals of the mixture almost
disappear (peaks marked in red from 1, t = 2 h to t = 24 h)
while others remain relatively unchanged (black peaks). We
suggest that the species with resonance signals highlighted in
red were precipitated and the ones in black remain in solution
(solid white particles were observed to precipitate inside the
NMR tube after 24 h). Note that the baseline of the spectra
under catalytic conditions is not flat. This is due to the
presence of H2O2 in the system, which generates a wide big

Figure 3. Mixed ball-and-stick and polyhedral representation of the crystal structures of 1, 2, and 3 (bottom). Above each hybrid is the crystal
packing representation of the chain in the ab plane and respective unit cell.

Figure 4. 1H NMR spectra in CD3CN of the filtrate mixture of 1 at
time t = 2 h and after 24 h under typical catalytic conditions. The 2D
DOSY 1H NMR spectrum of the catalytic mixture at t = 2 h is shown
between the two 1D 1H NMR spectra. Red-colored peaks in the 1D
and 2D spectra highlight the species that are consumed (precipitated)
over time. The 1H NMR spectra of bulk 3, 1, and 2 were prepared
only in CD3CN.
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peak above 8.6 ppm. The 2D DOSY 1H NMR spectrum of the
reaction mixture at t = 2 h (red and black ovals in-between the
two 1D spectra) revealed that, in the mixture, there are two
main species with different diffusion coefficients. The faster-
diffusing species (δ 8.63, 8.56, 8.36, 8.18, 7.98, and 7.60 ppm)
presents an average diffusion coefficient of ca. 3.66 × 10−10 m2

s−1 (red ovals), whereas the one that diffuses slowly (δ 8.78,
8.45, 8.32, and 7.79 ppm) has an average diffusion coefficient
of ca. 2.36 × 10−10 m2 s−1. Hence, the DOSY spectrum
indicates that the filtrate mixture contains two types of
hybridized bipyridine species at t = 2 h. The species
highlighted in red that eventually precipitates at t = 24 h is
the smaller-sized molecule (diffuses faster than the one that
remains in solution). To identify the nature of these hybridized
bipyridine species, filtrated solutions of compounds 1, 2, and 3
in CD3CN were independently prepared and subsequently
analyzed by 1H NMR.

The filtrates were obtained by making a saturated solution of
the compound (0.5−1.0 g) with CD3CN (5 mL) and stirring
for 2 h at room temperature. Afterward, the suspension was
filtered off and the filtrate was analyzed (Figure 4). The
spectrum of 3 shows seven apparent resonance peaks in the
aromatic region (ca. 7.61, 7.98, 8.20, 8.36, 8.56, 8.62, and 9.47
ppm). Integration of the signals with respect to the one at 9.47
ppm (peak shown in Figure S8) shows five signals with a 1:1
ratio (ca. 7.61, 7.98, 8.20, 8.56, 8.62 ppm) and one (8.36 ppm)
with a 1:2 ratio, indicating that the spectrum of 3 contains
eight aromatic protons in total (two of them overlap at a
resonance of 8.36 ppm). The occurrence of eight protons
agrees well with the unequivocal structure of 3 determined by
SCXRD, demonstrating that those peaks correspond to an
unsubstituted N,N-chelated 2,2′-bpy species. The resonance
peaks of 3 match very well with the set of peaks consumed by
precipitation in the catalytic mixture of 1 from t = 2 h to t = 24
h (red peaks). On the other hand, 1 (green spectrum) displays
four apparent resonance peaks in the aromatic zone (ca. 7.60,
8.12, 8.45, and 8.73 ppm, and integrals approaching the 1:1:1:1
ratio, similar to 2,2′-bpy in Figure S8), which also shows good
agreement with the solved structure of 1 where bipyridines
appear as monoprotonated species in cis conformation
electrostatically interacting with the POM. The presence of
four equivalent protons of each hybridized pyridyl ring is then
expected as it is typical for each aromatic proton of
bipyridine.59 In other words, each NMR peak integrates two
protons due to the symmetry of bipyridine. These peaks
moreover exhibit a multiplicity very similar to the NMR signals
present in the catalytic mixture of 1 from t = 2 h to t = 24 h
(peaks in black), suggesting that these peaks correspond to
2,2′-Hbpy+ contained in 1. The fact that the resonance
frequencies of 1 are not the same as those that remained in
solution at t = 24 h may be explained by the fact that 1 was
prepared only in CD3CN, whereas the filtrate catalytic mixture
contains H2O2 and H2O, causing shifts in the aromatic
protons. These results are also in good agreement with the
calculated diffusion coefficients of the species. Compound 3
diffuses faster (smaller size) than 1 (larger size).

However, according to the NMR results of Figure 4, only 3
appears to precipitate from the filtrate mixture after 24 h,
which differs from the composition of the precipitate xpp (i.e.,
a mixture of 1, 2, and 3). This can be explained by the fact that
the 1H NMR spectrum of 2 (in blue) exhibits very small,
barely noticeable peaks in the aromatic region due to its poor
solubility in acetonitrile. This suggests that as soon as 2 is

formed during the catalytic reaction, it precipitates, making it
unnoticeable in liquid-state 1H NMR spectroscopy. On the
other hand, the precipitation of 1 appears to occur in such a
way that only a small fraction of the total solubilized portion
precipitates, leaving most of solubilized 1 in solution.

Role of H2O2. Compounds 2 and 3 were individually tested
in the epoxidation of cyclooctene with H2O2. Compound 2
showed no catalytic activity as it reached only 5% conversion
(C) after 8 h, similar to that observed without a catalyst (Table
1, entry 3). Compound 3, prepared along its “direct” synthesis,
on the other hand, exhibited significantly higher conversion
(86% C) under comparable catalytic conditions (Table 1, entry
4). These results suggest that the little conversion achieved by
1 after 8 h is most likely due to the presence of small amounts
of active compound 3 produced throughout the catalytic
reaction. The catalytic performance of 3 was also evaluated in
the absence of H2O2. In this case, very low conversion is
observed in comparison to when H2O2 is present in the
reaction medium after 8 h (14% C vs 86% C). In both cases, 3
was shown to operate entirely in the homogeneous phase (see
HFTs in Figure S9). As the reaction occurs in the
homogeneous phase, attempts were made to isolate the
soluble portion (dissolved active species) of compound 3
and then precipitate it in order to characterize the species in
the solid state by Raman and PXRD. This was accomplished by
adding n-hexane, after 24 h, to the hot-filtrated mixture tested
with or without H2O2 (see Experimental Section). The
collected solids were respectively labeled as “p3/H2O2-run1”
for tests with H2O2 after the first catalytic run and “p3/
noH2O2-run1” for those without H2O2, where the symbol “p”
stands for “precipitation”. PXRD analysis of the samples was
conducted and compared to pristine 3 (Figure 5a). The

diffractogram of p3/H2O2-run1 (Figure 5b) closely resembles
that of pristine 3, confirming that 3 retains its structure after
the first catalytic run with H2O2. To the contrary, p3/noH2O2-
run1 (Figure 5c) displays an overall amorphous phase with two
small new and unknown peaks at a low angle (10.2° and
11.1°), indicating that 3 was structurally affected by the
epoxidation when H2O2 was not present in the reaction
medium. To test whether the damaged structure of 3/noH2O2-
run1 could be regenerated with fresh H2O2 and thus recover its

Figure 5. PXRD patterns of (a) 3, (b) p3/H2O2-run1, (c) p3/
noH2O2-run1 (d), p3/H2O2-run2, and (e) p3/noH2O2-run2. Symbol
* indicates peaks of 3.
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initial catalytic performance, the sample was tested in a second
catalytic run with fresh H2O2.

The same catalytic test was also done for 3/H2O2-run1 for
comparison. To run the second catalytic tests, a hot-filtrated
mixture of 3 was initially allowed to react in a first run with or
without H2O2 for 24 h. Then, the filtrate containing soluble 3
was evaporated to dryness, leaving a pale-yellow residual paste.
The reactor was then charged with fresh solvent, H2O2, and
olefin, giving samples denoted respectively as 3/H2O2-run2
and 3/noH2O2-run2. Blank tests were also carried out to detect
whether any amounts of olefin and/or epoxide were present in
the residual paste after evaporating the solution from the first
run. In this case, the residual paste was only mixed with solvent
(10 mL of CH3CN), stirred for 1 h, and then analyzed by GC.
Only trace amounts of epoxide were detected, which were
accounted for in the second run calculations. During the first 8
h, sample 3/H2O2-run2 showed less activity than its first run
3/H2O2-run1 (52% C vs 86%) but reached the same
conversion values after 24 h (94% C; Figure 6). Conversely,

during the first 8 h, the activity of 3/noH2O2-run2 did not
improve and was the same as its first run 3/noH2O2-run2 (14%
C). Only a slight improvement in conversion was detected
after 24 h (from 28% C to 37% C). To characterize the spent
soluble species of 3 after the second run, the dissolved species
were precipitated with n-hexane, using the same aforemen-
tioned procedure giving solids denoted as p3/H2O2-run2 and
p3/noH2O2-run2. The diffraction patterns of p3/H2O2-run2
(Figure 5d) resemble those of its first run (Figure 5b) but with
less intense peaks. On the other hand, the diffraction profile of
p3/noH2O2-run2 (Figure 5d) closely resembles that of
amorphous p3/noH2O2-run1 with the exception of the
appearance of small diffraction peaks of crystalline 3.

The fact that sample p3/H2O2-run2 shows relatively well-
defined diffraction peaks compared to the overall amorphous
profile of p3/noH2O2-run2,suggests that the structure of the
latter was irreversibly damaged as a result of its initial run
conducted without H2O2. The diffraction data also correlates
well with the catalytic data shown in Figure 6. In all cases, the
conversion decreases when precipitated 3 is less crystalline. For
example, the modest catalytic improvement after 24 h of

poorly active p3/noH2O2-run2 compared to its previous run
p3/noH2O2-run1 is reflected by the appearance of small peaks
of 3 (see * in Figure 5e) in the second run but not in the first
one (Figure 5c). The activity/crystallinity relationship is
likewise observed when 3 is permanently used with H2O2.
The superior catalytic performance of the first run with respect
to the second is linked to the better preservation of crystalline
3 species. To further evaluate whether the structural damage of
p3/noH2O2-run2 could be reversed or not, an additional
independent experiment was carried out. In this case, solid p3/
noH2O2-run1 was allowed to react exclusively with an excess of
H2O2 (1 mmol of H2O2 with respect to the molar mass of p3,
which is less than the 0.02 mmol of W that was initially
charged in the reactor) for 2 h at 70 °C to force its structural
regeneration. After evaporation at room temperature under a
vacuum overnight, the collected white solid was analyzed by
PXRD. The obtained diffraction pattern closely resembles that
of p3/noH2O2-run2, demonstrating that the structural
regeneration is almost irreversible (Figure S10). In other
words, the catalyst is permanently damaged if H2O2 is not used
in the epoxidation. The precipitated samples were also
analyzed by Raman and compared to pristine 3 (Figure 7a).

In the low-frequency region (ca. 1000−500 cm−1), 3 shows
bands at 945, 845, and 547 cm−1 due, respectively, to W�O,
O−O, and W(O2) groups.45 The spectrum of p3/H2O2-run1
(Figure 7b) is very similar to that of pristine 3, showing a well-
defined band of its peroxo O−O groups (see zoomed
comparison in Figure 7 inset 2, a vs b). On the other hand,
p3/noH2O2-run1 appears different (Figure 7c).

The sample does not display peaks in the zone where bands
of oxo and peroxo groups of 3 fall. Instead, it displays unknown
bands at 931, 865, and 539 cm−1. A closer look at the O−O
vibrational region (inset 2c Figure 7) depicts a flat line proving
the absence of peroxo groups in p3/noH2O2-run1. The
appearance of unknown Raman bands in p3/noH2O2-run1
also coincides with the unknown diffraction peaks at a low
angle (10.2° and 11.1°) observed in Figure 5c. The Raman
profile of p3/H2O2-run2 (Figure 7d), on the other hand,
resembles that of its first run and pristine 3 (see O−O groups

Figure 6. Epoxidation of cyclooctene catalyzed 3 with or without
H2O2 after respective first and second catalytic runs (conditions in
Table 1). Figure 7. Raman spectra of (a) 3, (b) p3/H2O2-run1, (c) p3/

noH2O2-run1 (d), p3/H2O2-run2, and (e) p3/noH2O2-run2 in the
mid- and low-frequency regions. Inset 1 depicts a zoomed view of the
stretching vibrations of pyridyl rings, and inset 2 depicts peroxo O−O
bands.
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in inset 2 Figure 7) showing well-defined bands of W�O, O−
O, and W(O2) groups, in line with its structural preservation
(Figure 5d). As expected, sample p3/noH2O2-run2 exhibits a
combination of small bands of oxo and peroxo groups together
with unknown ones showing that its structure is damaged
(bands at 931, 865, and 539 cm−1), and a fraction of it contains
traces of crystalline 3 (little band of O−O groups, inset 2e
Figure 7). When utilized without H2O2, the structural collapse
of 3 also affects the vibrational frequency of bipyridine. For
example, in the midfrequency region (ca. 1610−1580 cm−1),
the pyridyl rings of pristine 3 vibrate at 1600 cm−1. However,
the position of the band moves toward lower frequencies as the
structural damage of 3 increases. In the case of the most
structurally affected p3/noH2O2-run1, the band moves from
1600 cm−1 (pristine 3) to 1596 cm−1 (see inset 1, Figure 7).

In summary, the absence of H2O2 in the reaction medium
appears to have a detrimental catalytic and structural effect on
compound 3. The amorphous structure of p3/noH2O2-run1
together with the unknown Raman bands of its inorganic
skeleton indicate that its anionic WO(O2)2 structure was
completely altered. Specifically, the absence of peroxo O−O
bands and vibration of the bipyridine toward lower frequencies
suggest that 3 gradually spent all its active structural oxygens at
the end of the catalytic reaction (24 h). Due to this, the atomic
bonding environment of tungsten in the WO(O2)2 sphere
likely changed, inducing a rearrangement of W−O bonds in a
less ordered pattern. This presumably led to its amorphous
structure and unknown skeletal bands in the low-frequency
region of the Raman spectrum. Furthermore, the shift of the
pyridyl rings toward lower frequencies (from 1600 to 1597
cm−1) confirms the alteration of the ligand/anion coordination
sphere, likely due to a change in the overall anionic charge of
the cluster. The situation persisted even when the structurally
affected p3/noH2O2-run1 was allowed to react exclusively with
an excess of H2O2 for 2 h at 70 °C to force its structural
regeneration, demonstrating that the process is almost
irreversible and that the catalyst is permanently damaged if
H2O2 is not used in the epoxidation. This was not the case for
sample p3/H2O2-run1. Its PXRD and Raman profiles, which
are close to that of pristine 3, prove that during the
epoxidation, H2O2 could efficiently regenerate its peroxo
(WO(O2)2) groups and hence retain its overall structure.

Mechanism of the Epoxidation. All of these findings, as
well as a better understanding of the catalytic process involving
compounds 1, 2, and 3, open new questions from a
mechanistic point of view. In fact, the mechanism of the
reaction, which is of the utmost importance for rational
optimization of the process, has been the subject of an
unresolved controversy for decades.60 The first suggestion of
the possible oxygen transfer process was made by Mimoun et
al. in 1970.41,42 In this mechanism, the author proposes a
multiple-step reaction process.

The first step involves the coordination of the olefin to the
metal followed by the formation of a five-membered peroxo-
metallocyclic adduct (Scheme 2a). The epoxide is then
released by a cycloreversion reaction leaving a metal oxide
species that further reacts with H2O2 to form the fresh peroxo
complex in a catalytic cycle. Alternatively, in 1972, Sharpless et
al.43 suggested a direct nucleophilic attack of the olefin on the
electrophilic peroxo ligand via a “butterfly” transition state
(Scheme 2b). In recent years, these long-lasting mechanistic
representations based on kinetic studies have been further
addressed by theoretical studies. According to the theoretical
calculations, the epoxidation proceeds in a single-step reaction
via direct attack of the nucleophilic olefin to an electrophilic
peroxo oxygen as the one proposed by Sharpless et al.44 They
also concluded that a mechanism via a five-membered
metallacycle adduct, as proposed by Mimoun et al., is
unfavorable. In our case, however, none of the mechanisms
reflect our catalytic results. For example, in our case, the
conversion of 3 at 1 h/3 h leads to 18%/46% when H2O2 is
present in the reaction medium. However, when H2O2 is not
present, the same reaction at 1 h/3 h shows conversion values
of 2%/6% (Figure 6). Based on the mechanisms proposed by
Mimoun et al., Sharpless et al., and theoretical studies, the
oxygen that is transferred to the olefin comes from the peroxo
ligand η2-coordinated to tungsten (Scheme 2a,b).

Therefore, if the complex is the one that transfers the oxygen
atom to the olefin, and such a complex is subsequently
“repaired” by H2O2 during the epoxidation reaction, then the
conversion evolution with 3 conducted without H2O2 should
display a different profile. For instance, one would expect a
conversion profile somewhat similar to that of a catalytic
solution after a hot filtration test, where the solid catalyst is
removed after 2−3 h to validate its heterogeneous nature. In

Scheme 2. Schematic Representation of the Two Possible Oxygen Transfer Routes for the Epoxidation of Olefins Catalyzed by
Molybdenum(VI) or Tungsten(VI) Peroxo Complexesa

aPath a corresponds to the mechanism suggested by Sharpless,43 and path b by Mimoun41,42.
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other words, a rapid oxygen transfer to the olefin at the
beginning of the reaction was followed by a nearly constant
horizontal conversion line due to the lack of repaired peroxo

complex. If the rate of the epoxidation depends on how many
“dissolved” peroxo complexes are available in the reactor, then
the conversion of 3 without H2O2 at early stages (i.e., 1 h/3 h)

Scheme 3. Proposed Reaction Mechanism (Based on Literature Data61,62) for Epoxidation of Cyclooctene with H2O2
Catalyzed by 3a

aThe drawings are based on the SCXRD data and so represent genuine structures. For the sake of clarity, the real PW12 structure was replaced, at
the same position, by a circle.
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should be close to 18%/46% and not 2%/6%. Furthermore, we
proved that when the peroxo groups of 3 are completely spent
after a 24 h catalytic run, the structure cannot be regenerated
back to its original form when reacting with excess H2O2. In
fact, the spent 3 structure is irreversibly degraded. However, it
appears that when H2O2 participates in the epoxidation, it not
only could, presumably, restore the spent peroxo groups of the
complex but, rather, it seems to accelerate the catalytic
epoxidation. Therefore, the above-proposed mechanisms are
inconsistent with our catalytic and spectroscopic data. In fact,
the central question resides in whether 3 functions as the
effective active species or as a catalyst precursor.

A more consistent mechanism supported by spectroscopic
studies and kinetic data was reported by Thiel et al.61,62 The
authors used a series of synthesized oxodiperoxo molybdenum
complexes chelated with pyrazolylpyridine ligands as catalysts
in the epoxidation of olefin with t-BuOOH or H2O2. The study
concluded that the complexes do not catalyze the olefin
epoxidation by transferring an oxygen atom of a peroxo ligand
but by activating H2O2, which gives rise to a new reaction
mechanism. Inspired by the coherence of this mechanism with
our spectroscopic and catalytic observations, as well as the
unequivocally solved structures derived from the epoxidation
reaction, a reaction mechanism for the epoxidation of
cyclooctene with H2O2 catalyzed by 3 is proposed (Scheme
3). In the first step, compound 1, which acts as a precatalyst, is
degraded by H2O2 producing the catalytically inactive N-oxide
PW12 derivative 2 and the oxodiperoxo compound 3. Then, the
oxidizing agent H2O2 coordinates to the Lewis-acidic W(VI)
center (A) followed by a proton transfer from coordinated
H2O2 to one of the η2-peroxo ligands of 3 (B). η2-
Coordination to tungsten activates the hydroperoxo ligand
(highlighted in blue) derived from H2O2 (C). The epoxidation
then occurs via an O-atom transfer from the active hydro-
peroxo ligand site to the olefin. The resulting alcoholato (W−
O−H) ligand (D) abstracts the proton from the hydroperoxo
group, which regenerates the diperoxo complex 3. Therefore,
based on this mechanism, 3 would function as an “activator” of
the oxidizing agent H2O2 and compound B would act as the
true active species. Hence, coordination of the Lewis-acidic
metal center plays a central role in the activation of the
hydroperoxide ligand and thus the epoxidation activity. The
N,N′-chelating effect of 2,2′-bpy to the WVI center is also
assumed to play a role in the coordination step, according to
previous studies of our group.45,46 Based on the logic of this
mechanism, a more elaborated argument for the catalyst
deactivation can be derived. At this point, it is evident that, in
addition to the kinetically competent reaction catalyzed by the
oxidizing agent, which is activated by the peroxo complex,
there is also an oxygen transfer, albeit kinetically less relevant,
derived from the η2-peroxo ligands of the 3 structure itself
(step A′ and dotted box in Scheme 3). In other words, there
are two parallel catalytic events taking place during the
epoxidation reaction. One is where H2O2 is rapidly spent via
the activator-complex route. This one is the most catalytically
relevant process in the epoxidation. The second event involves
the direct epoxidation of the olefin, which occurs at a much
slower rate, by the peroxo oxygen atoms in 3. The structure of
which is later damaged after the oxygen transfer. Therefore, the
catalytic inactivation occurs because H2O2 cannot coordinate
with the damaged structure of 3 anymore. In other words, the
conversion decreases because the population of fresh 3 species

in the reaction mixture, namely the key for the activation of
H2O2, reduces irreversibly with time.

■ CONCLUSION
Compound 1 of formula (2,2′-Hbpy)3[PW12O40] was shown
to generate in situ two oxidized compounds of formulas (2,2′-
bpyHO)3[PW12O40] (2) and [WO(O2)2(2,2′-bpy)] (3) in the
epoxidation of cyclooctene with H2O2. The poor epoxidation
activity of 1 was related to the little amount of 3 produced
throughout the reaction. When “directly” synthesized (i.e., not
from 1) on a relatively large scale and tested in the
epoxidation, 3 was the only catalytically relevant species as 2
was shown to be inactive. When 3 is tested without H2O2, the
epoxidation activity and the structure of the catalyst are highly
compromised, but not when H2O2 is present. Apart from
hardly catalyzing the epoxidation, the lack of H2O2 in the
system leaves the structure of 3 irreversibly damaged,
rendering it ineffective for further use. Even when the broken
catalyst is heated and mixed exclusively with an excess of H2O2,
the structure remains amorphous along with a totally altered
anionic WO(O2)2 skeleton. Based on the gathered data, a
reaction mechanism was proposed which was shown to be
coherent with our spectroscopic and catalytic evidence. In this
case, the presumably catalytically active species 3 does not
catalyze the cyclooctene epoxidation by transferring a peroxo
oxygen atom from its structure but by activation of H2O2
which gives rise to a new catalytically active hydroperoxide
species. Based on this mechanism, it was postulated that the
deactivation of the catalyst is due to the irreversible loss of 3
peroxo groups throughout the catalytic process which are
unable to activate H2O2 and generate the active hydroperoxide
species required to catalyze the epoxidation. Finally, the
formation, speciation, and reactivity aspects covered here are
helpful to design and develop potential heterogeneous catalytic
systems that incorporate Keggin POMs or oxodiperoxotung-
state catalysts based on bipyridine or any other equivalent
ligand. At this stage of the study, after having elucidated the
nature of the active species and its reaction mechanism in the
epoxidation of cyclooctene, it would be interesting to validate
the here reported findings in the case of other olefins. Also
addressing the scale-up of the “direct” preparation of the active
species, namely 3, even more than what has been achieved
here, and improving its yield, would be interesting. As the
“direct” synthesis protocol of 3 proposed here does not imply
complicated unit operations nor hazardous/expensive chem-
icals, one can be optimistic. In this regard, a preliminary
alternative to the synthesis protocol of 3 described here may be
found in ref 63.
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