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ARTICLE INFO ABSTRACT

Keywords: Herein, we report the preparation of four compounds obtained by the reaction of H3PW12040/H3PO4/H202 with

V.entu'retllo 2,2’-bpy (a-22) or 4,4’-bpy (a-44) and H3PW12040/H205 with 2,2’-bpy (b-22) or 4,4’-bpy (b-44) for the catalytic

Elpyr}dme epoxidation of cyclooctene with HyO, under monophasic conditions. The anions of the four compounds are
eggin

composed of oxodiperoxotungstate WO(O2)2 moieties and their overall anionic structures are less condensed
than the pristine [PW12040]°~ polyoxometalate (PW12) precursor (Raman and IR spectroscopies). The peroxo
anions and bipyridine interact in a way differing from one bpy isomer to the other. Isomer 4,4’-bpy interacts
electrostatically with the peroxo species and 2,2’-bpy in a coordinative mode. Compounds synthesized with
isomer 2,2’-bpy (a-22 and b-22) are more epoxidation-active than those containing 4,4’-bpy (a-44 and b-44).
Compounds a-22 and b-22 share the same structure (PXRD), but a-22 exhibits substantially better catalytic
activity. This superior catalytic efficiency is associated to the presence of phosphatooxoperoxotungstates PW, (n
= 1; 2; 3; 4) species with high n value (namely PW,4 > PW3 >> PWy) (3'P NMR and Raman spectroscopies). The
PW,, species are produced before reaction with bipyridine as a result of the degradation of PW;, with HyOy
which, under the employed conditions, is complete after 30 min. In the aqueous solution, the PW,, species are
present in different concentrations and coexist in a fast-dynamic equilibrium. Under the operated catalytic
conditions, our materials outperform the homogeneous benchmark catalyst of Venturello
((C6H13)4N+)3[PW4024]3’) which shows poor activity. The most active a-22 and b-22 catalysts are partially
dissolved in the liquid medium, but they precipitate as the epoxide builds in the reaction medium, allowing for
potential catalyst separation and reuse. It is revealed that HyO3 is required not only to generate epoxidation
activity, but to preserve the structure of the catalyst, since without it, the structural damaged appears
irreversible.

Heteropoly compounds
Epoxidation

Introduction

The undeniable success of polyoxometalates (POMs) in catalytic
oxidation reactions, has continuously encouraged research groups to
exploit and value their intriguing chemical properties [1]. Many of these
efforts have been directed towards the development of meticulous cat-
alytic systems combining HyO, as a green oxidant [2] and POMs,
especially those with Keggin [XM12040]"~ (where M=W, Mo; X=P)
structure to oxidize different organic substrates. Particular attention has
been given to tungsten-based Keggin anions that, compared to their
molybdenum analogues, have shown to be the most catalytically effi-
cient Keggin subsets in oxidation reactions [3,4]. One relevant example
is that of Ishii et al. who, in the mid-1980s, developed a promising
biphasic system combining Keggin HsPW;2040 phosphotungstic acid
(PTA) and the phase transfer agent cetyl pyridinium chloride [5,6] to
selectively epoxidize olefins and allylic alcohols. Independently,
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Venturello et al. were able to isolate and solve the molecular structure of
the polyperoxotungstate {PO4[W(O)(02)2]4}3’ complex (PW4) from a
tungstate-phosphate association under biphasic conditions [7,8]. The
postulated catalytically active peroxo species was later identified as the
oxygen transfer agent in the Ishii-system [9]. Further spectroscopic and
kinetic evidence revealed that PW4 was not only the dominant epoxi-
dizing agent, but the most kinetically significant one among other pol-
ytungstophosphate species derived from the catalytic oxidation itself,
and by the reaction with HyO5 [10-12]. Since then, the chemistry of
Ishii-Venturello has sparked a substantial amount of scientific research
devoted to further optimize these systems. A variety of selective
oxidation strategies have been developed combining PW4 with new
quaternary ammonium cations (QACs) possessing phase-transfer prop-
erties to work under biphasic conditions [13-19]. Other groups have
achieved the heterogenization of PW,4 on a number of different supports
[20-25]. Yet, besides QACs, scarce amount of research has been
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conducted to explore new kinds of ligands across the plethora of
accessible organic molecules. Alongside this, organonitrogen ligands,
such as pyrazine, phenanthroline, terpyridine, and bipyridine, have
proven to present structure-directing properties in metal oxide networks
[26-29], as well as serve as organic platforms with highly modular
hydrophobic and redox properties [30-33]. This ability, coupled with
the inherent redox properties offered by the chemistry of
Ishii-Venturello, could potentially determine desired physicochemical
properties in a controllable and predictable manner. As part of our
continuous research on the catalytic and structural role of bipyridine
isomers in compounds made of Keggin PTA [34], we report here the
study of bipyridine-based catalysts synthesized under Ishii-Venturello
conditions. The present study has been undertaken for four reasons.
Firstly, no catalytic data, to the best of our knowledge, has yet been
proposed for compounds prepared from bipyridine and the Ishii
PW1,055/H20; system. Secondly, the catalytic and structural properties
of compounds synthesized by combining bipyridine with
PW1203 /H>05 or PW;5035 /H202/H3POy4 systems, have not been sys-
tematically investigated. Thirdly, little attention was given to the study
of the effects of ligand isomerism in POM-based catalytic systems. This
could potentially serve as a tactic to redirect or control the formation of
targeted hybrid compounds, and in turn, provide desired catalytic out-
comes. The fourth and primary motivation for this study, is the
intriguing challenge of developing new and efficient epoxidizing func-
tional materials with a good level of prediction, understanding their
structure/activity relationship, and widening the avenues covered by
the Ishii-Venturello chemistry.

Experimental section
Materials

2,2’-Bipyridine (2,2’-bpy) (99 %) and 4,4’-bipyridine (4,4’-bpy)
(98%) from TCI chemicals; hydrogen peroxide (H2O2, 30 wt.%) and
benzene (C¢Hg, 99%) from Carl Roth; cyclooctene (CgHi4, 95%), dibutyl
ether (CgH180, 99%, stabilized with BHT) and acetonitrile (CoH3N, for
HPLC, isocratic grade) from VWR chemicals; ortho-phosphoric acid
(H3POy4, 85%) from Merck; cyclooctene oxide (CgH;40, 99%), tungstic
acid (HoWOg4, 99%), trimethyl phosphate (C3HgO4P 99%) and tetra-
hexylammonium chloride (C24Hs2CIN, 96%) from Sigma Aldrich, were
purchased and used as received. PTA was purchased from Sigma Aldrich
in the form of H3gPW12040-xH20 (reagent grade) and later dried under
vacuum to obtain its hexahydrate form H3[PW12040]-6H20.

Synthesis

Preparation of compounds a-22 and a-44 (method (a))

H3[PW12040]-6H20 (1 mmol, 2.9881 g) was added to 30 wt% Hs0»
(100 mmol, 10.21 mL). After reaction for 1h at room temperature,
HsPO4 (2 mmol, 134.8 pL) was added. After stirring (500 rpm) for 1h,
the solid ligand 2,2’-bpy (3 mmol, 0.4733 g; a-22) or 4,4’-bpy (1.5
mmol, 0.2343 g; a-44) 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 vacuum (ca. 1.8 x 1072
mbar) at room temperature.

Preparation of compounds b-22 and b-44 (method (b))
The same protocol as method (a) was followed, but without addition
of H3PO4.

Preparation of Q3{PO4[W(0)(02)2]4} (Q" = tetrahexylammonium)

The synthesis is achieved according the method described by Ven-
turello et al. [7,8]. Tungstic acid (10 mmol, 0.5237 g) was treated with
30 wt.% hydrogen peroxide (70 mmol, 7 mL). After 60 min reaction at
60 °C, and then filtration, H3PO4 (2.5 mmol, 168.6 pul) was added. The
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solution was stirred 15 min, and then tetrahexylammonium chloride (4
mmol, 1.6255 g) dissolved in benzene (40 mL) was added dropwise over
2 min. The obtained white precipitate (hereafter noted IV-PW,4) was
separated by filtration from the biphasic mixture, which was washed
with a small amount of water, benzene, and diethyl ether, and dried
overnight under vacuum (ca. 1.8 x 1072 mbar) at room temperature.

Preparation of compounds (2,2’-Hbpy)3[PW12040] and (4,4 -
Hbpy)1.5[PW12040]-1.5H20

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, for (2,2’-
Hbpy)3[PW;12040]) or 4,4’-bpy (1.5 mmol, 0.2343 g, for (4,4’-
Hybpy)1.5 [PW12040] -1.5H20) and stirred (500 rpm) during 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 vacuum (ca. 1.8 x 1072 mbar) at room
temperature.

Characterization of samples

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 Ka ra-
diation (A = 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° (20) and rotated to 5 rpm with a 0.015° increment and 0.15 s
per integration step.

Thermogravimetric analysis—mass spectrometry (TGA-MS) was per-
formed in a Mettler Toledo TGA/DSC 3+ apparatus coupled with a
Pfeiffer Vacuum ThermoStar mass spectrometer. The samples were
initially stabilized at 25 °C during 15 min, and subsequently heated from
25 °C to 900 °C at 10 °C/min under air flow (50 mL/min, 80% N5 and
20% O3 Alphagaz 1 Air Liquide).

The weight percentages of W and P were measured by inductively
coupled plasma-atomic emission spectrometry (ICP-AES) on an ICAP
6500 Thermo Scientific equipment. The samples were calcined at 500 °C
and subsequently decomposed by addition of sodium peroxide.

Fourier transform infrared spectra (FTIR) were recorded in a Bruker
Equinox 55 with a DTGS detector equipped with a Bruker ATR platinum
cell with diamond crystal. The spectra were obtained by recording 500
scans from 400 to 4000 cm ™! with 4 cm ™! resolution in transmittance
mode.

Raman spectra for solid samples were recorded on a Bruker spec-
trometer (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
400-4000 cm™! at 4 em™! in resolution. Liquids were analysed with a
Thermo Scientific DXR Raman Microscope apparatus. The spectra were
collected by recording 32 scans in the range 1300-300 cm ™' with a
resolution of 5 cm ™! using a laser of 532 nm with a power of 10 mW.

Diffuse reflectance ultraviolet-visible spectroscopy (DR-UV-Vis) was
recorded in a Shimadzu UV-3600 plus apparatus equipped with a Har-
rick Praying Mantis diffuse reflection accessory. The background of the
samples was referenced to a BaSO4 pellet material and recorded from
600 to 190 nm wavelength range with a sample interval of 0.5 nm and a
slit width of 2 nm. The reflectance values were automatically trans-
formed to Kubelka-Munk with the integrated software UVProbe 2.62.

31p NMR analyses were recorded at room temperature (295 K) on a
Bruker Avance 500 operating at 11.7 T (202 MHz for 31P). Experiments
were run under TopSpin program (Bruker) using a BBO{H,X} probe-
head equipped with a z-gradient coil. Quantitative 3!P NMR analyses
were carried out by using the standard Bruker zg pulse program with an
acquisition time of 1.6 s, collecting 16 scans and applying a relaxation
delay of 45 s.
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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 the catalyst (mass adjusted to 0.02 mmol of W
atoms in the reactor); solvent CH3CN (9.59 mlL); internal standard
dibutyl ether (1 mmol); 30 wt% aq H20» (1 mmol); and cyclooctene (1
mmol). Before olefin addition, the reaction was pre-heated 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 x 0.25 mm), and a flame ionization detector. Assignments
of reagents and products were made by comparison with authentic
samples. All tests were treated with estimated standard deviation, which
was less than 3% in all cases. Hot filtration tests, to investigate the
possibility 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 pm VWR membrane filter.
The evolution of the remaining solution was subsequently monitored by
GC, at 70 °C. Post-characterization tests after the first catalytic cycle
were carried out by evaporating the reaction mixture to dryness at 70 °C.
Subsequently, the remaining residual solid was employed as such for
further characterization analysis.

Results and discussion

As we previously reported [34], reaction of Keggin H3PW12040
(PTA) with bipyridine is beneficial for the catalytic epoxidation of
cyclooctene if PTA is pre-activated with HoO5 before reacting with 2,
2’-bpy or 4,4’-bpy. The pre-activation yielded two “pre-activated com-
pounds” composed of peroxotungstate moieties without a Keggin
structure. The pre-activated compounds were considerably more active
than their Keggin-based analogues (i.e., (2,2’-Hbpy)3[PW12040] and (4,
4’-Hybpy)1 5[PW12040]-1.5H20) in which PTA directly reacts with
bipyridine. In the present study, the structure, identity, and catalytic
properties of the pre-activated compounds are further investigated. In
addition, two additional pre-activated compounds are prepared. In this
case, the pre-activation of PTA with H,05 is followed by the addition of a
phosphorus source (H3PO4) with the aim of increasing the concentration
of PW, species [20]. The synthesis of the four compounds (Scheme 1)
was carried out by stoichiometrically reacting an aqueous mixture of
H3PW12049/H205/H3PO4 (ratios 1:100:2, method (a)) with solid 2,
2’-bpy (a-22) or 4,4’-bpy (a-44) (ratios 3:1.5), or reaction of

(2,2’-bpy)

(4.4"-bpy)
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H3PWj5040/H20; (ratios 1:100, method (b)) with solid 2,2’-bpy (b-22)
or 4,4’-bpy (b-44) (ratios 3:1.5). Quantities were based on the measured
pH (pH = 0.63) of the PTA solution and pK, values of monoprotonated 2,
2-bpyH" / 4,4-bpyH" (pKs2 = 4.4/4.9 [35]) and diprotonated 2,
2’-bpyH3 / 4,4’ bpyH3 (pKa1 = —0.2/2.5 [35]) species.

Analysis of the solid compounds

PXRD analysis was performed to verify the formation of the com-
pounds. In all cases, they showed new emerging diffraction lines when
compared to their respective precursors (Fig. S1), confirming the
effective structural integration of both organic and inorganic units in a
new crystal lattice. The diffraction lines of a-22 and b-22 (Fig. 1) indi-
cate that they are structurally very similar, regardless of their different
preparation methods (with and without H3PO,4 addition). On the con-
trary, the structures of a-44 and b-44 appear different, indicating that
the synthetic methodology produces a change in the structural frame-
work of the compounds when the 4,4’-bpy isomer is used.

The catalytic properties of the compounds were tested in the epox-
idation of cyclooctene with HoO5 and compared with IV-PW, prepared
according to Venturello et al. [7] (see experimental). The compounds
built from the isomer 2,2’-bpy show superior activities than those con-
taining 4,4 -bpy (Fig. 2). The structural similarity of a-22 and b-22 is not
mirrored in their catalytic behaviour as a-22 is substantially more active
than b-22. Conversely, the structurally different a-44 and b-44 exhibit
lower but similar catalytic activities. On the other hand, IV-PW, displays
high activity only during the first hour but then rapidly deactivates and
exhibits the poorest activity at the end.

The thermal stability of the compounds was examined by TGA-MS
(Fig. 3). The isostructural a-22 and b-22 present different thermal
profiles. The most significant weight loss takes place in stage 1 where a-
22 (23.3%) loses less weight than b-22 (25.7%) up to 200 °C. Between
200 and 550 °C (stage 2) a-22 (15.0%) and b-22 (15.2%) display similar
weight losses that are identified, in both stages, as due to evolutions of
H30 and CO,. Above 550°C, the residual inorganic content of a-22
(62.2%) is higher than that of b-22 (59.2%) in agreement with the
elemental analysis displayed in Table S1. Besides, Table S1 also shows
that a-22 presents an atomic weight content of W and P superior than
that of b-22, as expected. Considering that both compounds have the
same crystalline structure, the additional content of W and P could be
related to an amorphous phase present in low quantities in a-22, and not
(or less) in b-22 (see inset of Fig. 1).

The thermogravimetric profiles of a-44 and b-44, on the other hand,
appear different from those of a-22 and b-22. In stage 1, the weight
losses up to 200°C of a-44 (15.2%) and b-44 (11.9%) are lower than a-

PXRD - IR - Raman
TGA-MS - ICP-AES

a-22
b-22
a-44
b-44

(2,2"-bpy)
>

or

1 HPW,,0,

15 /= =

l—» (Solution A)
aw _31P NMR
- Raman

100 H,0,
2 HPO.*

*
with H3PO, = method a
without H;PO, = method b

(Solution B)
3P NMR

Scheme 1. Illustration of the synthesis and characterization steps of compounds a-22 (H3PW15040/H202/H3PO4 + 2,2°-bpy), b-22 (H3PW;2040/H205 + 2,2’-bpy), a-
44 (H3PW,5040/H20,/HsPO, + 4,4-bpy), and b-44 (HsPW;2040/H,05 + 4,4°-bpy).
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22 (23.3%) and b-22 (25.7%) and only an evolution of H,O is detected.
From 200 to 600 °C, a-44 (23.8%) releases a mixture of H,O and CO5 in
a succession of overlapping events, whereas b-44 (23.2%) only emits
COa.

Above 600 °C, the inorganic content of b-44 (64.8%) is higher than
a-44 (60.9%), which is also in agreement with the elemental analysis
(Table S1). In summary, the elemental and thermogravimetric results
show that all compounds present different compositions, with in
particular, their W and P atomic concentrations not being equivalent.
The thermal fragmentations of compounds built from 2,2-bpy and 4,4-
bpy are substantially different, which echoes their structural and cata-
lytic differences.

A direct correlation between epoxidation activity and phosphorus
content is observed. The compounds with a high phosphorus content
appear more active in the epoxidation reaction. Notice that the quantity
of all the catalysts engaged in the tests was normalized to the number of
W atoms (i.e., 0.02 mmol of W) making that the phosphorus content in
the respective tests is not the same. For instance, a-22 (prepared with
addition of H3PO4) considered isostructural with b-22 (prepared
without addition of H3PO4) presents a higher concentration of phos-
phorus and, with the same W loading in the reactor, is significantly more
active. Method (a), however, shows to increase only the phosphorus
content of compounds formed with 2,2’-bpy whereas it leads to lower
phosphorus content with 4,4’-bpy. Note that, during the first 8 h, the
activity of a-44 (wt.% P = 0.02) is slightly higher than that of b-44 (wt.
% P = 0.07). However, the latter is more active after 24 h, which sup-
ports the observed correlation. Nevertheless, the phosphorus/activity
relationship seems to apply only to compounds based on bipyridine and
not to IV-PW, Venturello’s hybrid, which, let us remind it, despite
having the highest phosphorus content (Table S1) shows the poorest
catalytic activity (Fig. 2).

To collect information about the functional groups present in the
compounds, the samples were examined by IR and Raman spectros-
copies. The vibrational assignments of the anionic skeleton structures of
the compounds were ascribed based on the known vibrational data of
the PW4 anion of IV-PW, and related anionic peroxotungstate species
(Table 1).

The IR and Raman spectra of the four compounds and IV-PW, pre-
sent several bands due to their associated organic ligands whose spectral
comparison is shown in Figs. S3-S6. In the low-frequency region of Fig. 4
(ca. 1150-400 cm™Y), the IR bands of the anionic skeleton of IV-PWy
show the presence of P-O (1088, 1049 cm’l), W=0 (971 cm’l), 0-0
(841 cm_l), and W(Og) groups (area marked in yellow). Based on the
crystal structure of IV-PWy, these bands correspond to four WO(O3)s
units linked by a central tetrahedral PO4 moiety [7]. On the other hand,
the spectra of a-22 and b-22 appear almost identical but vary from that
of IV-PW,. In the P-O region (ca. 1150-1100 crn’l), both compounds

Table 1
Vibrational spectroscopic data in the low-frequency region (em™).?
Compound UWW=0) v(0-0) Vas, Vs (W(O2)) v(P-0) Refs.
IV-PW, 971 841 571 1088 [8]
526 1049
984 858 592 [10]
575
538
a-22 940 833 540 [9,10,36-39]
947 848 594
550
b-22 940 833 540
947 848 594
550
a-44 953 826 525
957 848 561
b-44 953 517
952 846 556

# Raman data in italics; bands due to ligands are not listed.
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display only weak bands of 2,2’-bpy ligand at 1037 cm™!. Below 1100
em™! (areas highlighted in grey on Fig. 4), three bands are tentatively
assigned as W=0, 0-0O, and W(O5) groups whose vibrational positions
shift to lower wavenumbers relative to IV-PW,4 (see bands listed in
Table 1). The spectra of a-44 and b-44, which also contain W=0, 0-O,
and W(Oy) groups, present less resemblance between them than the
resemblance between a-22 and b-22 spectra. b-44 for instance, exhibits
a strong broad band centred at 790 cm™! that masks the vibrational
region of the O-O group, but it clearly shows bands associated to W=0
and W(Oy) groups respectively at 953 and 517 cm™'. On the other hand,
a-44 displays a distinguishable 0-O band at 826 cm ™! accompanied with
bands of W=0, and W(O3) groups respectively at 953 and 525 em ™),
which apart from W=O0, vibrate at higher frequencies relative to b-44.
The Raman spectrum of IV-PWy (Fig. 5) displays the typical bands
associated to its WO(O,), moieties (Table 1); however, the bands
attributed to the tetrahedral central PO4 group expected at ca.
1036-1065 cm ™! are not visible [10].

In the low-frequency region, the Raman bands of a-22 and b-22 at
947, 848, 594 and 550 cm ™! are almost identical and clearly show the
presence of W=0, 0-0O, and W(O5) groups respectively which, similar to
IR, vibrate at lower frequencies with respect to IV-PW4. Typically, bands
located between 500 and 600 cm ™}, as reported for oxodiperoxo com-
plexes of molybdenum and substituted bipyridine [43] or pyrazolypyr-
idine [44] ligands, correspond to the stretching modes of M(O2)z (M=
Mo, W) groups. Therefore, we suggest that the anions of a-22 and b-22
are composed of oxodiperoxotungstate WO(O3), moieties. The Raman
spectrum of b-44 displays a sharp line associated with the vibration of
an 0-O group at 846 cm ™!, including the band W=0 at 952 cm ™! and W
(0) at 556 cm ™}, and thus confirms that the anion is composed of WO
(02)2 moieties. The same vibrational groups appear for a-44 but are
slightly shifted to higher wavenumbers compared to b-44. Based on the
vibrational data of the compounds in the low-frequency region, the
presence of a Keggin PW;, structure is excluded as no bands of P-O,
W=0;, W-O,W, and W-O.-W in IR [45,46], nor W=0; in Raman are
observed [45]. This is consistent with the PXRD analysis (Fig. S1) of the
compounds with their respective Keggin PWjp-based analogues (2,
2’-pry)3[PW12040] and (4,4’-H2bpy)1_5[PW12040]-1.5H20 [34] where
no diffraction agreement is observed. The protonation state of the hy-
bridized bipyridine ligands was examined in the IR and Raman
mid-frequency regions (ca. 1700-1500 cm™!). Generally, bands above
1600 cm ! are typical of protonated pyridyl rings, and bands between
1550 and 1600 cm ! are characteristics of neutral rings [35].

The IR of hybridized 4,4’-bpy samples show the pyridyl rings
vibrating at 1628 cm ™! with a shoulder at 1588 cm™! (pink and light
blue sections in Fig. 4). The compounds were compared with neutral and
protonated bipyridine species (Figs. S3 and S4) confirming that the
hybridized 4,4 -bpy ligands in a-44 and b-44 are protonated. On the
other hand, the pyridyl rings of hybridized 2,2’-bpy in a-22 and b-22
appear vibrating at the boundary between protonated and neutral spe-
cies. Raman, which can provide information about the conformation and
protonation of bipyridine, shows the vibration of pyridyl rings in hy-
bridized 2,2’-bpy and 4,4’-bpy at 1602 and 1644 cm™' respectively
(Fig. 5). Based on the spectral Raman comparison between protonated
and neutral bipyridine species (Figs. S5 and S6) the ligands in a-44 and
b-44 were identified as 4,4’—bpyH%+ species. On the other hand, the
Raman spectra of a-22 and b-22 suggest that the hybridized 2,2’-bpy
ligands, which exhibit an intermediate character between protonated
and neutral species, are likely to be in a coordinated mode, as observed
in earlier vibrational studies of 2,2’-bpy adsorbed on silica, alumina,
zirconia and titania [47,48]. Complementary C and N elemental ana-
lyses of the compounds show that the W/N molar ratios of a-44 and
b-44, vs a-22 and b-22 are different (Table S1). For example, the ones
composed of 2,2’-bpy (W/N of a-22 = 0.6 and W/N of b-22 = 0.5)
contain one bipyridine per tungsten atom, i.e., one 2,2’-bpy per WO
(02)2 moiety, whereas those made of 4,4’-bpy present 1/2 bipyridine per
WO(03)2 moiety. Therefore, it is likely that the W center of the
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oxodiperoxo moiety in a-22 and b-22 directly coordinates with a N,
N’-chelated 2,2’-bpy. Isomer 4,4’-bpy, on the other hand, does not
directly coordinates with the metal center, presumably due to its
structure which does not allow a cis or trans conformation, making that it
cannot act as a tweezer organic ligand.

In summary, the vibrational examination indicates that compounds
a-22 and b-22 present the same anion structures containing WO(Oz2)2
moieties likely coordinated with 2,2’-bpy. On the other hand, the nature
of a-44 and b-44, also composed of WO(0O,), moieties, appears to be
ionic as the ligands are protonated (4,4’-bpyH3" species) and therefore,
interact electrostatically with the anion. Unlike IV-PW4, our four com-
pounds only display weak bands of bipyridine in the P-O region, which
may indicate that the hybridized anionic structures are less condensed
(smaller or less confined atomic assembly) than Keggin PWi, or PW4
anions. As matter of fact, the presence of a PO3~ tetrahedral unit typi-
cally allows a greater assembly of more than one WO(O3), moiety. These
results, therefore, suggest that the observed relationship between ac-
tivity and phosphorus content may not be the only factor to consider, as
the nature of the compounds may also play a role in the catalytic reac-
tion. The difference in the number of bipyridines per WO(O2)2 unit
obtained by selecting 2,2'-bpy or 4,4'-bpy, which in principle makes the
a-22 and b-22 group more hydrophobic than a-44 and b-44, could also
influence how the compounds interact with the hydrophobic olefin and
the less hydrophobic epoxide product.

The electronic properties of the compounds and IV-PW,4 were ana-
lysed by DR-UV-Vis in order to collect the reduction potential (oxidation
power) and relate it with the catalytic activity. The samples were
initially measured in diffuse reflectance (DR) and later transposed to
Kubelka-Munk function F(R,,) to obtain absorption values which are
attributed to the ligand-metal charge transfer (LMCT) 0% - weét
[49-51] (Fig. S7). This allowed the Tauc’s relation [F(Roo)hv]l/ 2 ys.
photon energy to be applied and obtain the band gap energy (Eg) which
is associated with the reduction potential [52-54]. The Eg values were
determined by finding the energy intercept of a straight-line drawn
tangent to the inflection point of the curves (Fig. 6). IV-PW4 has the
highest Eg value, i.e., presents the lowest reduction potential (lowest
oxidative power) which, compared to the compounds, increases in the
order IV-PW,4 < a-22 < b-22 < b-44 < a-44. In other words, the most
catalytically active a-22 displays the lowest oxidative power and the less
active a-44 the highest. It is generally accepted that the catalytic
oxidation of organic substrates by hydrogen peroxide involving transi-
tion metals proceeds primarily via a heterolytic mechanism. In other
words, it does not necessarily involve a change in the oxidation state of
the metal, rather, the substrate is oxygenated in the coordination sphere
of the metal complex, and decomposes to give the epoxide and the metal
dioxo complex [55-57]. Interestingly, aside from IV-PW,, the E; values
of the compounds, as well as their phosphorus content (Table S1) and
catalytic activity (Fig. 2, at 24 h) rise in the same sequence (a-44 < b-44
< b-22 < a-22).

In short, the characterization of the compounds demonstrates that
the most active catalysts are those with the highest phosphorus content,
highest Eg (i.e., lowest reduction potential and thus lowest oxidation
power), and non-ionic character (coordinated). This correlation does not
apply to IV-PW, of Venturello, as it is the species with the highest E; and
phosphorus content but exhibiting the weakest catalytic activity.

To investigate the poor performance of IV-PW, under the employed
catalytic conditions, the solid, collected via evaporation of the homo-
geneous catalytic mixture after the first run (see experimental), was
analyzed by IR (Fig. S8). The spectrum displays strong sharp bands of
the counter-cation (tetrahexylammonium) at 1454 and 1372 cm landa
set of weak unidentified bands in the low-frequency region (1126-400
em™!) where the PW4 anion vibrates. When compared to the anionic
bands of fresh IV-PW4 (in the low-frequency region) it can be deduced
that the PWy structure of the spent IV-PW, catalyst was altered. The
absence of the anionic vibrational bands of the spent catalyst suggests
that the anion was not efficiently reoxygenated by HyO, under the
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employed catalytic conditions. Furthermore, judging from its catalytic
profile (Fig. 2), the high activity displayed during the first hour (similar
to the most active a-22) is likely due to the complete exhaustion of its
structurally active peroxo oxygens that later, unlike a-22, were not
efficiently regenerated by HyO5. Notice that in our system, the HyOo/W
molar ratio (50/1) is higher than those of Ishii et al. [5] (~31/1), and
Venturello et al. [7] (~40/1), therefore, there is in principle sufficient
H»0; to stoichiometrically regenerate the PW4 anion of IV-PW, after the
oxygen transfer forming the epoxide, and make the process catalytic.
However, contrary to the biphasic catalytic conditions employed by
Ishii-Venturello, in our monophasic system, the anion PWy4 of IV-PW4
coexists in the same phase as aqueous H0,, where the rate of the
catalyst regeneration may have been affected or hampered by (i) the
high hydrophobicity of the associated cation ((CeH; 3)4N™), (ii) solvation
of the hydrophilic PW,4 anion by water (H,02/H20 = 30/70%) or by the
dipolar aprotic solvent CH3CN. This is not the case for the
bipyridine-based compounds. As determined by IR, the anionic struc-
tures of the compounds are retained after the first catalytic cycle
(Fig. S9), proving that the reaction proceeds catalytically. Furthermore,
hot filtration tests (see experimental section) carried out for a-22, b-22,
a-44, and b-44 revealed that the catalysis occurs mainly in the homo-
geneous phase as much of the activity was detected after removing the
apparent insoluble powders by filtration. Additional experiments to
investigate the effect of H2O3 in the catalytic medium were conducted.
The most catalytically active a-22 and a-44 were tested in the epoxi-
dation in absence of H,0,. When H,0;, was not present, the activities of
a-22 and a-44 dropped dramatically in contrast to when HyOy was
present in the reaction medium (Fig. S10). To post-characterize in the
solid state the samples tested in absence of Hy0, after the first catalytic
cycle, the catalytic mixtures were first hot-filtrated (by removing the
solids after 2 h) and then evaporated to dryness. The remaining residual
paste (ca. 1.5 mg) was then analyzed by Raman (Fig. S11). The spectra
clearly show the lack of O-O and W(O); bands in both cases compared to
their respective fresh equivalents. On the other hand, the terminal oxo
(W=0) and bipyridine ring stretching bands are shown shifted to lower
wavenumbers, presumably due to the altered structures of the anions. To
check whether the structure of the compounds was irreversible degraded
by running the reaction without H,O, after the first catalytic cycle, the
residual paste was exposed to fresh H,O, and then analyzed by PXRD.
This was accomplished by mixing for 1 h at 70 °C an excess of HyO2 (=5
mL of HyO2 per 1-2 mg of solid) with the leftover paste and subsequently
evaporating the mixture to dryness under vacuum at room temperature.
The diffractograms of the two samples display an overall amorphous
phase in contrast to the well-defined diffraction peaks of their fresh
counterparts (Fig. S12). Therefore, the presence of HoO; in the catalytic
medium appears pivotal not only in terms of epoxidation activity but
also in the structural preservation of the catalytic material itself. These
findings also open new questions from a catalytic point of view. In this
case HyOy does not seem to act as a simple reoxygenating agent as
proposed by Mimoun et al. [55,56] and Sharpless et al. [58] in the 1970s
or by more recent theoretical studies [59]. The fact that the compounds
are catalytically incompetent in the absence of HoO2 and then unable to
regenerate or “repair” their structural peroxo groups with fresh HyOo,
argues in favor of the existence of a different mechanism. Based on this
reasoning, we hypothesize that HyO; itself could be the species that
likely catalyzes (directly or indirectly) the epoxidation reaction, as the
mechanism proposed by Thiel et al. [60,61] and later studies [62] where
H,0; forms an active intermediate species with the peroxo catalyst (i.e.,
a hydroperoxo intermediate species), that is believed to be the true
active species.

Additionally, we noticed that, under typical catalytic conditions (and
with Hz03), the hot-filtrated mixture of a-22 showed the presence of
white solid particles inside the reactor after 24 h of reaction. The solid
was separated by centrifugation and analyzed by PXRD (Fig. S13). The
analysis revealed that the structure of the collected precipitate is
equivalent to the corresponding fresh a-22. This demonstrates that the



G. Hidalgo et al.

dissolution of the catalyst in the reaction medium is temporary, and
eventually that the catalyst returns to an insoluble state without struc-
tural changes. Limited by the traces of precipitated material obtained,
which makes its collection, washing and weighing difficult, it was not
possible to recycle the catalyst in a second catalytic cycle.

Nevertheless, to further explore the cause of this last precipitation, in
a control experiment, the catalytic mixtures of a-22 and b-22 (without
addition of olefin) were hot-filtered after 2 h of reaction and immedi-
ately transferred to a new vessel in which they were allowed to stand at
ambient temperature for 1 week. As no sign of precipitation was
observed, the same experiment was repeated, but this time 1 mmol of
the epoxide (equivalent to 100%C) was added to each vessel immedi-
ately after hot filtration. After standing for 24 h at room temperature,
the vessel containing a-22 showed the presence of white particles that
were later identified by PXRD as fresh a-22. At the opposite, 7 days were
required for the soluble particles of b-22 to precipitate. These control
experiments prove that the precipitation of the catalysts is caused by the
produced epoxide. Finally, with the information gained through the
analysis of the solid, the study was extended to analyse the aqueous
solutions before (solution A) and after (solution B) ligand addition by
means of liquid Raman and 31p NMR spectroscopies.

Spectroscopic analysis of solution A

In order to monitor the degradation of the PW;s precursor with
H,0,, and thus identify the peroxo species that are formed, the aqueous
solution A was analysed in situ by Raman spectroscopy (Fig. 7). The
aqueous solution was monitored over a period of 125 min and measured
at intervals of 10 min. For every interval of 10 min five scans were
recorded (i.e., one scan every 2 min; see groups of black and grey lines in
Fig. 7). The starting PWi5 solution (highlighted in blue) shows two
bands at 1012 and 995 cm ! due to the Vs(W=0) and v,5(W=0) terminal
oxygen vibrations [63] (see drawing of PW;5 structure), whereas HyO»
(black line in bold) displays a single strong signal at 876 cm™L. After 1
min of reaction, the bands associated with the PW15 structure and HyO5
start rapidly to decrease during the measurement (5 scans). At the same
time, six bands emerge at 965, 854, 647, 619, 559, and 321 em!
attributed to ¥(W=0), 1(0-0), V(PO4), vas(W(02)), vs(W(0O>)), and v(W
(OH)3) groups respectively [9]. After 30 min, the PW;5 bands disappear
completely indicating that the PW 5 structure was completely degraded.
Between 30 and 60 min, all bands remain stable without appreciable
changes. Addition of H3PO4 after 60 min (and measured at 70 min)
causes a shift on the Y(W=0) band from 965 to 969 cm ! (see inset (a)).
Besides, the intensity of the v,5(W(0O3)) signal at 619 cm ! (see inset (b))
decreases, while the intensity of the scarcely visible band of v(PO4) at
647 cm ! increases.

The recorded in situ spectra indicate that under our synthesis con-
ditions, the polyanionic structure of the PW15 precursor is completely
degraded by H20; after 30 min. The rapid initial decrease of the HoOo
signal and simultaneous formation of new peroxo species, evidence the
high dynamic rate at which the PW;, structure is degraded. The sys-
tematic vibrational shift of the emerged W=O0 signal and decrease of the
W(O5) band after addition of H3PO4, suggest that the concentration of
the peroxo species changed (a more detailed examination on these shifts
is provided below by 3'P NMR in Fig. 8). In addition, the increased signal
of v(POy4) at 647 cm~! which remains after the addition of H3POy4, im-
plies that there is a portion of H3PO4 that did not react. The fact that the
new peroxo species emerged at lower wavenumbers relative to PWj,
confirms the formation of peroxide clusters that contain a smaller
number of tungsten atoms [9]. The bands of these new aqueous peroxo
species, which are present prior reaction with bipyridine, also coincide
with the Raman bands of the compounds in the solid state (Fig. 5).
Finally, the fact that Raman spectroscopy is not capable of distinguish-
ing between different peroxometalate species in a mixture, but instead,
provides the total sum of vibrations of a family of peroxo species,
prompted us to investigate the complex speciation of solution A by !p
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NMR.

H3PWj2040 and H3PO4 (in absence of HpO5 to prevent the degra-
dation of the PWj, structure) were initially analysed in order to distin-
guish their individual resonance signals under our synthesis conditions.
The resonance signal of H3PW;504¢ appears as a singlet at —14.8 ppm in
the most shielded part of the spectrum while at the opposite side, H3PO4
shows a singlet at 0.37 ppm (Fig. 8a).

The H3PO4 signal is upfield-shifted from 0.37 to —0.24 ppm when
combined with H,0; in the absence of PWj, (Fig. 8b). The aqueous
system H3PW15040/H202, immediately analysed after 1 h of reaction
(Fig. 8c), displays four lines that, based on their chemical shifts, sz_p
coupling constants, and relative intensities of the satellites with respect
to the central line (see details in Table S2), were identified as PW, PW5,
PW3, and PW4 species in close agreement with earlier studies [10,11].
Interestingly, to obtain well-resolved satellites and permit an unam-
biguous assignment of the different PW, (n = 1-4), the spectra acqui-
sition was fixed to 16 scans since at lower numbers the 2Jyy.p satellites
did not have sufficient resolution, and at higher numbers, the satellite
lines were severely broadened and flanked by unresolved humps. The
satellite resolution problem was primarily due to the formation of
paramagnetic oxygen bubbles in the NMR tube, which affected the
resolution of the spectra. The displayed four PW, species, and the
absence of signals due to the resonances of PW;, and PO?( species,
corroborate the Raman kinetic data (Fig. 7) demonstrating that the
structure of the PWj, precursor is fully degraded after 1 h of reaction,
and that at the same time, new PW),, peroxo species are formed. Let us
recall that the degradation of PW;5 also generates inorganic perox-
otungstates by-products without phosphorus, which are typically
detectable by 183w NMR [9,11] and thus, are also present in the
H3PWj5040/H20, system. Upon addition of H3POs4 to the
H3PW;2040/H204 system (Fig. 8c), the relative intensities of the mono-,
bi-, tri- and tetranuclear PW,, species increase.

The use of trimethyl phosphate (TMP) as internal standard (decuplet
at ~3.5-2.6 ppm) allowed to integrate the relative intensities of the
phosphorus signals to compare the spectra before and after the addition
of H3POy4. The integrated signals show that the concentration of PW,
species increases in the order PW4 < PW3 < PWy < PW when H3POy is
added (inset of Fig. 8). In other words, the increment is higher for species
with richer phosphorus content (less W atoms). For example, the con-
centration of PW increases more than 3 times over PW,4 and 2 times over
PW3. Furthermore, the appearance of a small singlet at —0.32 ppm due
to the resonance of PO%’ is consistent with the Raman signal of v(PO,4) at
647 cm_l, which also increases upon addition of H3PO4 (Fig. 7, inset
(b)). This indicates that either, a fraction of the 2 mmol of H3PO4 added
to the HgPW;5040/H204 system does not react and remains in excess, or
that some remaining H3POy4 is fully consumed and stays in equilibrium
with the four PW, species (see Scheme 2). Additionally, the fact that
H3PO,4 causes a change in the PW,, concentration also agrees with the
systematic Raman shift of the Y(W=0) bands (Fig. 7, inset (a)) when
H3PO, is added after 1 h of reaction, which appears to be caused by the
unequal increased of peroxo species holding a tungsten-oxygen double
bond. In short, the 3'P NMR spectra of Fig. 8 reveals that there are four
different phosphorous species present before bipyridine is added to so-
lution A (method (b)). Addition of H3PO4 (method (a)) does not generate
additional phosphorus species. Rather, it increases the concentration of
the pre-existing PW,, species, preferentially those with fewer W atoms.
Moreover, the amount of H3PO4 added shows to be partially consumed,
a part likely remaining in equilibrium with the PW,, species. Finally, the
synthesis methodologies (a) and (b) differ primarily in terms of con-
centration of PWj, species.

Examination of the filtrate solution B (Scheme 1) by 3lp NMR was
conducted in order to analyse the residual phosphorus species that were
not hybridized, and thereby indirectly identify the precipitated PW,
species that were collected by filtration. This is based on the assumption
that if a certain phosphorus species is selectively precipitated
(consumed) by a matching ligand, the intensity of its resonance signal, in
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Scheme 2. Representation of the PW,, species likely coexisting in fast equilibrium and possibly interconverted through {WO(O5),} units (inspired from [65,66]).
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Fig. 1. PXRD patterns of compounds a-22, a-44, b-22, b-44. The inset plot
compares b-22 and a-22 at low theta angle.
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Fig. 2. Epoxidation of cyclooctene catalyzed by a-22, b-22, a-44, b-44, and IV-
PW, compounds. Reaction conditions: molar ratios W:olefin:H,0, = 1:50:50, in
CH3CN at 70 °C. All tests showed > 99% selectivity towards cyclooctene oxide.
Separation of the reaction mixture by GC is shown in supplementary (Fig. S2).

the aqueous solution, should decrease proportionally to the amount
precipitated. The two-component association system (HaWO4/H3PO4)
of Venturello [7] was first analysed to afterwards use it as reference
system to then investigate our compounds with bipyridine, as the qua-
ternary ammonium salt tetrahexylammonium chloride (THACI) was
shown to selectively isolate the PW,4 anion of Venturello [8]. The
aqueous system HyWO4/H02/H3PO4 of Venturello (Fig. 9a) displays
four phosphorus resonances of which one is as a singlet and three are
triplets with well-resolved satellites. Analysis of intensities and coupling
constants of the tungsten satellites showed different values compared to
the H3PW12040/H202/H3PO4 system, however, the data showed to
follow the same trend.

The species with more tungsten atoms (e.g., PW4 > PW3) present the
most shielded values (towards more negative displacement), longest
2Jw.p coupling constants, and highest percentage of satellites/central
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Fig. 3. TGA profiles of the four compounds (under air, 10 °C/min).
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Fig. 4. IR spectra of the four compounds and IV-PW, in the mid- and low-
frequency regions. Abbreviations: bend. stands for bending, ofp stands for
out-of-plane (band assignment of ligand from [40,41]).

line ratios (see details in Table S2). Therefore, the resonance signals
were identified, from high to low frequency as PO%‘, PW,, PW3 and PW,4
species. Notice that in this system the PW species is absent. The filtrate
solution, obtained after filtrating the precipitated PW4 (i.e., IV-PWy),
shows the same four signals as the fresh solution but with different in-
tensities (Fig. 9b). Comparison of the integrated signals of each spectrum
(inset Fig. 9) reveals that in the filtrate solution, the concentration of the
PW,, species was decreased in the order PW4 > PW3 > PW,, while the
concentration of the uncoordinated PO; ion was increased. As ex-
pected, the 3!P spectrum of the collected precipitate IV-PW (solubilized
in CD3CN/CDCl3 (9:1)) appears as pure PW,4 (see inset of Fig. S14, and
W/P in Table S1) with no traces of PW3 or PW5 species presumably
present in the solid (based on its diminished integrals).

In order to rule out the possibility that PW3 and PW,, species actually
precipitated but were washed off or removed as impurities in the IV-PWy4
recrystallization process, the solid was analysed as such, without
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washing and purification steps. The spectra of the recrystallized and as
such samples show pure signals of PWy (Fig. S14) [67]. A plausible
interpretation of these results may be given based on the dynamic
equilibrium of the PW,, species (Scheme 2).

Namely, if the concentration of PW, in the aqueous solution de-
creases due to hybridization, the equilibrium that is momentarily out of
balance shifts instantaneously to produce more PW, (at the expense of
the other PW,, species) and therefore rebalances to self-compensate for
the generated loss. Hence, in the Venturello system, during the dynamic
interconversion of species, those that most contributed to the compen-
satory formation of PW4 were PW3 followed by PWy, i.e., the species
with the highest degree of condensation or richest tungsten content.
Therefore, based on the spectroscopic data acquired from the Venturello
system, the analysis of the filtrated solution B was then extended to our
system. The samples showing the highest (a-22) and lowest (a-44)
phosphorus contents (Table S1) and corresponding highest and lowest
catalytic activities (Fig. 2) were examined. In addition, the THACI ligand
was included in the hybridization process, to evaluate whether under
the H3PWj2040/H202/H3PO4 conditions, PW4 can also be selectively
precipitated (hereafter noted K-PW,).

The spectra of the filtrated solutions (Fig. 10b—d) display all signals
slightly moved downfield compared to those in solution A (Fig. 10a).
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This shift is presumably due to the lower concentration of HO3 in the
filtrate since the opposite behavior was observed when the signal of
PO%’ (without Hy05) was upfield-shifted in the presence of HyO9
(Fig. 8b).

For a better visual comparison, the integrated signals of each spec-
trum were grouped by type of species (inset of Fig. 10). The ligand
THACI (Fig. 10d) shows to have consumed most of the PW, species
followed by 2,2’-bpy (Fig. 10b), and 4,4 -bpy (Fig. 10c). These results
are also consistent with the atomic phosphorus content of each of the
collected hybridized solids (Table S1).

Notice that, the relative integral decay of the PW, species in the
filtrates appears to follow the same consumption order as in the Ven-
turello HoWO4/H202/H3POy4 system. In other words, the tungsten-rich
PW,, species are the most consumed by the ligands (i.e., PW4 > PW3 >
PW,), while the phosphorus-rich PW,, species such as PO3~ and PW, tend
to increase their concentrations due to equilibrium (except for THACI
which slightly consumes PW).

31p NMR analysis of the solid precipitated by THACI (Fig. 10d), i.e.,
K-PWy,which is fully soluble in CD3CN/CDCls (9:1) shows only the
presence of PWy (see Fig. S15, and Table S1), confirming that THACI
selectively precipitates PW4 from the H3PW;5040/H202/H3PO4 system.
On the other hand, the 3'P NMR spectra of precipitates a-22 and a-44,
whose liquid samples were obtained by filtering the suspension formed
in CD3CN/CDCl;3 (9:1), do not display phosphorus signals (Fig. S15).
Their 'H NMR spectra, however, show resonance signals in the range of
7.3-9.5 ppm (Fig. S16). Comparison with neutral 2,2-bpy and 4,4-bpy
ligands confirms the presence of hybridized bipyridine species dis-
solved in the reaction medium. The increase of proton signals in a-22
relative to neutral 2,2’-bpy, proves that 2,2’-bpy in a-22 is coordinated
to a tungsten atom [68]. On the other hand, the position and number of
peaks of hybridized 4,4’-bpy are similar to those of neutral 4,4 -bpy,
indicating that the two pyridyl rings of hybridized 4,4’-bpy are equiv-
alent and thus likely protonated.

Let us recall that among all compounds, a-22 has the highest phos-
phorus content and closest W/P (9/1) atomic ratio compared to IV-PWy4
(4/1). Since a-22 exhibits activity after hot filtration and proton signals
when dissolved in CD3CN/CDCl; (9:1), phosphorus signals in the 3'P
NMR spectrum are then expected. The fact that no appreciable 3'P NMR
peak was observed, indicates that only a small portion of the total
phosphorus content is soluble in the reaction medium, and possibly, in a
concentration where the intensity of the peak is at the level of 3!P NMR
noise signal and thus unnoticeable. Finally, based on the spectra of
Fig. 10, it can be concluded that the phosphorus content detected by the
elemental analysis and presumably a key player in the catalytic reaction,
corresponds to phosphatooxoperoxotungstates species (PW,) species.
However, the low solubility of the hybridized phosphorus content in the
employed solvents limits the possibility to exactly identify these species
by means of liquid 3'P NMR. Nevertheless, based on the selective pre-
cipitation of PW4 by THACI in the H3PW12049/H202/H3PO4 and Ven-
turello HoWO4/H202/H3PO4 systems, it can be indirectly stated that
these species correspond to high-nuclearity PW,, species, predominantly
PW, and in a lesser extent PW3 > PW,.

Conclusion

Isomers of bipyridine were shown to effectively form new inorganic-
organic compound materials under Ishii-Venturello conditions. The
external H3PO4 source added to the Ishii H3PW;5040/H202 system
triggers a structural change in compounds composed of isomer 4,4’-bpy
but maintains the structure of those with 2,2’-bpy. Regardless of the
H3PO4 addition, compounds constructed from 2,2’-bpy are substantially
more active in the epoxidation than compounds containing 4,4 -bpy.
Thermogravimetric and elemental analysis show that compounds of
2,2’-bpy contain more phosphorus than those with 4,4’-bpy. Compound
with higher phosphorus content are found to be more active in the
epoxidation reaction. DR-UV-Vis reveals that the most active catalysts
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Fig. 7. Raman spectra depicting the degradation kinetics of the PW;, structure (PW;,035) with H,O, in solution A at room temperature. Addition of HzPO, was
performed after 60 min and measured at 70 min. Inset (a) depicts a zoomed view of the PW;, terminal W=0; and (b) shows the vibrational region of PO?{. PWi,
drawing reproduced from [64].
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Fig. 8. 31P NMR spectra (202 MHZ) of: (a) H3PW12040/H3P04 (12), (b) HzOz/H3PO4 (100'2), (C) H3PW12040/H202 (1:100), and (d) H3PW12040/H202/H3P04

(1:100:2) aqueous systems at room temperature in 10% D50 and 2% of trimethyl phosphate (TMP) as internal standard. The inset depicts the integrals of the PW,
species of spectra (c) and (d) with respect to TMP.
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Fig. 9. 31p NMR spectra (202 MHz) of: (a) HoWO,4/H»0,/H3POy4 (ratios 4:28:1) and (b) refers to the filtrate of solution (a) after precipitation with THACI, in 10%
D,0 and 2% TMP. The Inset plot compares the relative integration values (in percentage) of the PW,, resonant signals of each spectrum.
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Fig. 10. P NMR spectra (202 MHz) of: (a) H3PW;2040/H204/H35P04 (1:100:2); (b), (c), and (d) refer to the filtrate of solution (a) after addition of 2,2’-bpy, 4,4'-
bpy, and THACI respectively, in 10% D,0 and 2% TMP. The inset depicts the integrated signals of PW,, species of each spectrum organized by group of species.

present the highest band gap energy and, in turn, the highest phosphorus which interact electrostatically with 4,4’-bpy and in a coordination
content. Vibrational spectroscopies show that the anionic part of the mode with 2,2’-bpy. The benchmark IV-PW4, which shows the poorest
compounds is composed of oxodiperoxotungstate WO(O3)2 moieties catalytic activity under the employed conditions, is not effectively
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reoxygenated by HyO,, and therefore has its initial structure damaged.
On the contrary, the more active and partially soluble 2,2'-bpy-based
catalysts show to epoxidize momentarily in the homogeneous phase and
later precipitate as the epoxide product builds up, providing a valuable
opportunity for separation and reuse. The role of HyO, was demon-
strated to be critical not only for inducing the epoxidation activity, but
for its pivotal role as conservative agent. The absence of HyO; in the
reaction medium caused an irreversible damage to the catalysts struc-
ture, shedding light on its participation as a presumably key interme-
diate species in the reaction mechanism rather than just a simple
reoxygenating agent. Further liquid >'P NMR and Raman analysis
revealed that during the synthesis of the compounds, the PW;2 anion of
PTA is completely degraded by H,0- after 30 min and consequently, the
reaction produces five phosphatooxoperoxotungstates PW, (n = 1; 2; 3;
4) species. The PW,, species are formed prior reaction with bipyridine,
and their concentration increases upon reaction with H3POg4. The
phosphorus content initially detected, was indirectly identified by liquid
31p NMR as PW,, specie(s) predominantly with high n value. This was
deduced from the observed dynamic interconversion of PW, species
during the selective precipitation of PW4 with THACI under identical
conditions. Finally, this study shows that bipyridine ligands, or any
other related organonitrogen compound, are ideal candidates to expand
the limited library of cations used in Ishii-Venturello system and,
thereby, could provide more possibilities for the development of inno-
vative type of epoxidation catalysts of increased complexity.
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