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constituents on the binding, stability, and catalytic
properties of hybrid (pre)catalysts†

Jana Pisk, a Višnja Vrdoljak, *a Mirna Mandarić,a Tomica Hrenar, a

Dominique Agustin bc and Mirta Rubčić a

The assembly of MoVIO2
2+ and methoxy-substituted salicylaldehyde nicotinoyl hydrazone ligands afforded

two classes of hybrid polyoxometalates (POMs). In the Class I architectures, [MoO2(HL1−3)(D)]2[Mo6O19]$

xCH3COCH3 (D = CH3COCH3 or H2O, x = 0 or 2, and L1–3 = ligands bearing the OMe group at position

3, 4 and 5, respectively), the main driving force for self-assembly is the electrostatic interaction between

the components. Class II architectures are composed of a POM anion covalently linked to two Mo-

complex units through the terminal Ot or bridging m2-OPOM oxygen atoms, as found in Lindqvist-based

hybrids [{MoO2(HL
1–3)}2Mo6O19]$xCH3CN (x = 0 or 2) and the asymmetrical b-octamolybdate-based

hybrid [{Mo2O4(HL
2)(H2L)}{MoO2(HL2)}2Mo8O26]$CH3CN$H2O. Quantum chemical calculations were

applied to evaluate the impact of the POM hybrid constituents on the hybrid-type stability, showing that

it strongly depends on the ligand substituent position and ancillary ligand nature. Hybrids were tested as

catalysts for cyclooctene epoxidation using tert-butyl hydroperoxide (TBHP in water or decane) and with

or without the addition of acetonitrile (CH3CN) as an organic solvent. The catalytic results provided by

the use of TBHP in decane are the best ones and classify all the prepared catalysts as very active, with

the conversion of cyclooctene >90%, and high selectivity towards epoxide, >80%. We also examined the

influence of the ligand structure, POM's hybrid type, and coordination mode on the Mo-hybrid activity

and selectivity.
Introduction

Polyoxometalates (POMs) have attracted attention in many
elds of science due to their structural diversity, compositional
adjustability, and numerous chemical features.1–5 They have
particularly received attention in catalysis,6,7 contributing to the
atomically efficient and energetically sustainable objectives.
Namely, POMs are highly effective catalysts in various relevant
processes, such as in oxidation reactions of olens,8–10 alco-
hols,11,12 aldehydes,13 or amines.14 The development of new POM
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functional materials with unique properties is therefore essen-
tial for the continuous progress in that research eld. In this
context, their derivatization by organic components15–19 or
transition metal complexes20–25 has proven to be a convenient
method.

Among various catalysts, MoVI complexes have been partic-
ularly useful for the epoxidation of cyclic olens.26–30 The met-
allosupramolecular species with long Mo–Nligand bonds were
particularly effective.31–34 It was, therefore, reasonable to
combine MoVI coordination compounds with POMs into
organic–inorganic hybrid architectures. In principle, POMs
should be a suitable substitute for any ligand, but due to steric
hindrance effects, one might expect their coordination to Mo
with a long Mo–O bond. However, their controlled assembly in
organic media is less straightforward. To date, only two exam-
ples of crystalline species [{MoO2(HL)}2{Mo6O19}] have been
structurally characterized and in both of them, POM links two
Mo-complex fragments through POM terminal oxygen
atoms.35,36

The coordination of Lindqvist anion to Mo-complex through
the bridging m2-OPOM is not yet known, although the bridging
oxygen atoms are more nucleophilic and basic than the Ot

terminal sites.37 This drawback may be due to steric hindrance
imposed by POM and organic ligands. Only one example of the
RSC Adv., 2024, 14, 19029–19040 | 19029
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Lindqvist m2-OPOM coordination to Cu-complex has been re-
ported so far.38 Additionally, a few examples of such a-Keggin-
type hybrid structures with transition metal complex moieties
are known.39–42 Furthermore, according to the Cambridge
Structural Database,43 the formation of asymmetrically
anchored Mo hybrid systems has never been reported.

So far, more results have been achieved in the synthesis of
various MoVI POM hybrid salts. POM anions tend to associate
with cationic Mo-complexes via multiple non-covalent interac-
tions and give ionic hybrids (Class I).44–46 However, investigation
of their potential was limited by their low stability. Coordina-
tion of POM to metal centres offers a way to overcome this issue
and allows the discovery of new POM coordination modes.

Herein, we report the successful self-assembly of individual
building units into ionic hybrids [MoO2(HL1–3)(D)]2[Mo6O19]$
xsolv (Class I) consisting of coordination cations and POM
anions, and their conversion into the corresponding covalently
linked architectures [{MoO2(HL1–3)}2Mo6O19]$xsolv (Class II). As
organic ligands, we selected methoxy-substituted salicylalde-
hyde nicotinoyl hydrazones H2L

1–3, (Scheme 1), considering the
feasibilities for the ne-tuning of structural features and their
tendency towards reversible protonation and deprotonation.

All hybrids were characterized using the single-crystal and
powder X-ray diffraction (XRD) methods, infrared (IR-ATR) spec-
troscopy, thermogravimetric analysis (TGA), and elemental analysis.
In the case of Class II assemblies, both coordinationmodes through
the terminal Mo = Ot and bridging m2-O oxygen atoms to two
peripheral Mo-coordination subunits were successfully obtained.
The b-octamolybdate hybrid [{Mo2O4(HL2)(H2L

2)}{MoO2(HL
2)}

Mo8O26]$2CH3CN$H2O corresponds to the rst example of an
asymmetrical arrangement of Mo-fragments around the POM
anion.

Quantum chemical calculations were employed to support
experimental results and estimate the inuence of the ancillary
ligand, hydrazone substituent, and POM coordination type on
the hybrid-class formation.

We envisaged those POM-hybrid architectures, combining
favourable properties of coordination and inorganic moieties,
as promising catalysts for the epoxidation of olens. The cova-
lently anchored ones would be particularly appealing because
the activity of Mo-complexes could be directly related to the
POM bonding nature. In our research, the catalytic activity of
hybrids in the selective oxidation of cyclooctene was evaluated
using tert-butyl hydroperoxide (TBHP) as the oxidant (in water
or decane) and with or without the addition of the organic
solvent (CH3CN).
Scheme 1 Nicotinoyl hydrazonato ligands in neutral zwitterionic and
singly-deprotonated (HL−) forms bearing OMe group at positions 3
(H2L

1), 4 (H2L
2), and 5 (H2L

3).

19030 | RSC Adv., 2024, 14, 19029–19040
Results and discussion
Synthesis and characterization of hybrids

Ligands H2L
1–3 (Scheme 1) were prepared by the reaction of

isonicotinyl hydrazine with an appropriate aldehyde according
to the published procedures.26,47 The synthetic pathways for
POM-based hybrids and a list of all hybrids are provided in
Scheme 2. Almost all assemblies accommodate lattice solvent
molecules. Their formulae are consistent with analytical, spec-
troscopic and X-ray diffraction data. A corresponding designa-
tion of compounds can be found in Scheme 3.

Reactions of [MoO2(acac)2] (acac = acetylacetonate) and
hydrazone ligands H2L

1–3 in a molar ratio of 3.3 : 1 in acetone
resulted initially in orange suspensions, indicating the MoVI

hydrazone complex formation. A signicant quantity of the
orange solids was separated. A comparison of the PXRD
patterns identied them to be a metallosupramolecular species
[MoO2(L

1–3)]n, known from our previous investigation.26,31 Upon
standing the ltrate at room temperature, the condensation of
the remainingmetal oxo-units led to the formation of the Class I
assemblies [MoO2(HL1–3)(D)]2[Mo6O19]$2CH3COCH3, where D
= acetone in 1Ha$2CH3COCH3, or water in 2Hw$2CH3COCH3

and 3Hw$2CH3COCH3. The red crystals deposited aer about
one to two weeks.

The reactions of [MoO2(acac)2] with H2L
1 and H2L

3 in a molar
ratio of 10 : 1 in acetonitrile proceeded similarly. Despite the
presence of a higher amount of [MoO2(acac)2], which is more
favourable for the formation of octamolybdates,45 the reactions
with H2L

1 and H2L
3 always resulted in the formation of hexamo-

lybdate hybrids [MoO2(HL1)(H2O)]2[Mo6O19] (1Hw) and
[{MoO2(HL3)}2Mo6O19]$2CH3CN (3H$2CH3CN). This could be due
to the better stability of the hexamolybdate anion in acetonitrile in
the presence of Mo-complexes with these two ligands. The result-
ing hybrids 1Hw and 3H$2CH3CN, belong to Class I and Class II,
respectively. However, in the case of H2L

2, the condensation always
resulted in the asymmetrical Class II hybrid [{Mo2O4(HL2)(H2L

2)}
{MoO2(HL2)}Mo8O26]$CH3CN$H2O (2O$CH3CN$H2O). To our
knowledge, this is the rst example of a POM-based hybrid with
octamolybdate covalently expanded by three Mo–hydrazone
complex units.

Traces of moisture in the solvents are crucial for the poly-
oxometalate anion formation. The addition of acetic acid
during the reactions increased the purity of the compounds, but
there was no difference in nal hybrid product formation. The
powder X-ray diffraction (PXRD, Fig. S1, see ESI†) patterns of the
bulk products are well-matched with the calculated ones.
However, the yields depend on the quantity of the formed
coordinated polymers. It should be mentioned that the reaction
in acetone in a molar ratio of 10 : 1 yielded each time a gelati-
nous reaction mixture, whereas the synthesis in acetonitrile in
a molar ratio of 3.3 : 1 gave a mixture of products.

Solvothermal treatment of the corresponding hybrid salts
1Ha$2CH3COCH3, 1H

w, 2Hw$2CH3COCH3, and 3Hw$2CH3COCH3

in dry acetonitrile resulted in the exclusion of coordinated solvent
molecules (acetone or water) and POM anion immobilisation. This
approach resulted in [{MoO2(HL1–3)}2Mo6O19]$xCH3CN, x = 0 or 2
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Compounds designation – N = 1, 2, and 3 correspond to
hybrids with L1, L2, and L3 within the [MoO2(HL)(D)]

+ cation. Hexam-
olybdates and octamolybdate are abbreviated as H andO, respectively,
whereas a and w represent ancillary ligand D, acetone and water.

Scheme 2 Summary of POM-based hybrids (Class I and Class II). Black arrows depict the syntheses carried out at room temperature in acetone
or acetonitrile. Orange and blue arrows stand for the solvothermal transformations carried out in acetone and acetonitrile, respectively.
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(1H, 2H, and 3H$2CH3CN), Class II hybrids. The condensation
under solvothermal conditions in dry acetonewas successful in the
transformation of 1Ha$2CH3COCH3 and 3Hw$2CH3COCH3 into
1H and 3H, respectively. In the case of 1Hw and 2Hw$2CH3COCH3,
such conversion failed to proceed.

Attenuated Total Reectance Infrared (ATR-IR) spectra for all
compounds are consistent with the formation of hybrids
(Fig. S2–S4, see ESI†). Whereas, the vibrations around 950 cm−1

could be assigned to the n(Mo]O) in the POM anion and the
bands in the region of 942−886 cm−1 corresponds to the
terminal n(Mo]O) of the Mo–hydrazonato complex. The bands
in the range of 789 cm−1 to 712 cm−1 may be assigned to the
n(Mo–O–Mo) vibrations of the hexamolybdate Mo-oxo groups,
while those in the range of 689 cm−1 to 642 cm−1 are related to
n(Mo–O–Mo) vibrations of the octamolybdate cluster.48,49

Crystals of solvates 2Hw$2CH3COCH3, 3H
w$2CH3COCH3, and

3H$2CH3CN exhibit excellent stability and retain their structural
integrity at room temperature for long periods without decom-
posing. According to the thermal analysis (Fig. S2 and S3, see ESI†),
they lose the coordinated and/or non-coordinated solvent mole-
cules in one mass loss step in the range 122–161 °C (2Hw$2CH3-
COCH3), 158–187 °C (3Hw$2CH3COCH3), and 167–222 °C
(3H$2CH3CN). In the second step,mass loss started around 290 °C.
© 2024 The Author(s). Published by the Royal Society of Chemistry
However, in the case of 1Ha$2CH3COCH3 and
2O$CH3CN$H2O, a complete loss of lattice solvent occurred at
room temperature aer a few minutes. The analysis of residuals
indicates that they are of the composition 1Ha and 2O. Ther-
mogravimetric curves of 1Ha and 1Hw exhibit two separate mass
loss steps (Fig. S2 and S3†). The rst mass loss between 130 °C
and 157 °C and between 182 °C and 213 °C corresponds to the
loss of coordinated acetone and water molecules, respectively.

Solvent-free hybrids 1, 2, 2O, and 3 are very stable. As shown
in Fig. S3 and S4†, the mass loss starts at 275 °C, 243 °C, 295 °C,
and 317 °C, respectively, with the decomposition of the metal-
oxo cluster. In all the cases, the nal step mass losses agree
with the calculated values, considering the product of the
decomposition to be the MoO3.
Description of molecular and crystal structures

Within the structures of the ionic type one can distinguish those
where the complex cation is of the [MoO2(HL)(D)]+ kind (Fig. 1),
where HL− denotes a singly deprotonated form of the ligand and
D represents ancillary ligand, acetone or water molecule, ful-
lling the deformed octahedral coordination environment of the
Mo atom (1Ha$2CH3COCH3, 3Hw$2CH3COCH3, 2Hw$2CH3-
COCH3 and 1Hw). In all structures of ionic type of hybrids, pol-
yoxometalate anions are classical Lindqvist ones, Mo6O19

2−.
Within the class of covalently linked hybrids, one nds those in

which the Lindqvist anion Mo6O19
2− acts a bridging unit between

two [MoO2(HL)]+ fragments (1H, 2H, 3H, and 3H$2CH3CN), and
the one where b-octamolybdate bridges [Mo2O4(HL)(H2L)]

3+ and
[MoO2(HL)]+ fragments, 2O$2CH3CN$H2O.

It should be highlighted that in all structurally characterized
compounds, except the 2O$2CH3CN$H2O one, the hydrazone
ligand coordinates in the monoanionic form via O1, N1 and O2
atoms, which is evident from the relevant bond distances
(Scheme 1, Tables S1 and S2 in the ESI†), and also consistent
with previously reported examples.45 It is also interesting to note
that coordinated ligands assume in most cases an essentially
RSC Adv., 2024, 14, 19029–19040 | 19031
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Fig. 1 Molecular structures of 1Ha$2CH3COCH3 with the atom-
labeling scheme as illustrative example of ionic structures described in
this work. Ellipsoids are drawn at 30% probability level. Hydrogen
atoms are presented as spheres of arbitrary small radii. The O11 oxygen
atom is situated on an inversion center, and for clarity, only one of the
two equally occupied positions for the non-coordinated acetone
molecule is shown. Dihedral angles between the planes of the pyridyl
and the phenyl ring of the aldehyde residue amount to 5°.

Fig. 2 Molecular structures of: (a) 3H$2CH3CN and (b)
2O$2CH3CN$H2O, and (c) 3H with the atom-labeling scheme. Ellipsoids
are drawn at 30% probability level, whereas hydrogen atoms are
shown as spheres of arbitrary small radii. In (a) O11 and in (c) O9
atoms are situated on an inversion center. For the clarity of presentation,
in (b) solvent molecules are omitted. Dihedral angles between the planes
of the pyridyl and the phenyl ring of the aldehyde residue for
3H$2CH3CN and 3H, respectively amount to ca. 33.3° and ca. 2.2° (for
2O$2CH3CN$H2O are discussed below).
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planar conformation (Fig. 1, 2 and S5, see ESI†), while the
largest deviations from planarity are observed for the ligands in
3H$2CH3CN and 2O$2CH3CN$H2O.

Molecular structures of ionic hybrids 1Ha$2CH3COCH3,
3Hw$2CH3COCH3, 2H

w$2CH3COCH3 and 1Hw contain Lindqvist
anions, Mo6O19

2−, and complex cations of the type [MoO2(HL)(D)]+

(D=CH3COCH3 orH2O), in which theMo atoms assume distorted
octahedral environments (Fig. 1 and S5b–d†). As expected for
octahedral coordination geometry, the longest distances within
the coordination sphere of the Mo atom of the [MoO2(HL)(D)]+

units are those positioned trans to Mo]O functionalities, namely
Mo1–O6 and Mo1–N1 bonds. The presence of additional donor
molecules at the sixth coordination site of molybdenum in
[MoO2(HL)(D)]+ cations along with the presence of solvent mole-
cules in 1Ha$2CH3COCH3, 3H

w$2CH3COCH3, 2H
w$2CH3COCH3

lead to diverse packing scenarios (Fig. S6–S9, see ESI†). The crystal
structure of 1Ha$2CH3COCH3 unveils strong hydrogen bonding
between the protonated pyridine moiety and non-coordinated
acetone molecule in a discrete D1

1(2) graph-set motif. In the
absence of further strong hydrogen bond donors, hexamolybdate
anions remain involved only in C–H/O interactions with the
[MoO2(HL)(D)]+ units and the solvent molecules within the crystal
structure (Fig. S6†). The same, evidently robust D1

1(2), hydrogen
bond motif, established between the protonated pyridine moiety
and the acetone molecule is also found in the structures of
2Hw$2CH3COCH3 and 3Hw$2CH3COCH3 (Fig. S7 and S8†).

In contrast to 1Ha$2CH3COCH3, the presence of additional
hydrogen bond donors, i.e. coordinated water molecules in
[MoO2(HL)(H2O)]

+, affords a complex hydrogen bonded
networks in both cases. Namely, in the 2Hw$2CH3COCH3 the
coordinated water molecule forms hydrogen bonds with the
Lindqvist anion, and with the acetone molecule yielding thus
complex supramolecular chains along the crystallographic a-axis
(Fig. S8, see ESI†). On the other hand, in 3Hw$2CH3COCH3 one
observes supramolecular dimers of [MoO2(HL)(H2O)]

+ units,
19032 | RSC Adv., 2024, 14, 19029–19040
formed via O6–H6A/N2 hydrogen bonds, which are bridged by
Mo6O19

2− anions. Crystal structures in both cases are stabilized by
plethora of C–H/O interactions (Fig. S7, S8 and Table S3, see
ESI†). Supramolecular architecture of 1Hw differs from the previ-
ously described ones, as there are no solvent molecules present in
the structure. Here the [MoO2(HL)(H2O)]

+ units associate via
O–H/O and N–H/O interactions into complex assemblies which
are joined by hydrogen-bond anchored Lindqvist anions (Fig. S9†).
It is interesting to note that in the absence of the solventmolecules
in 1Hw, i.e. acetone, the protonated pyridine moiety establishes
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Supramolecular assemblies observed in the crystal structures of: (a) 1H, and (b) 3H$2CH3CN. In (a) N3–H3/O4 hydrogen bonds yield
a R2

2(16) motif, and N3–H3/O15 a C1
1(12) motif. In (b) N3–H3/O4 and N3–H3/N4 hydrogen bonds yield R2

2(16) and D1
1(2) motifs.
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hydrogen bond with one of the oxygen atoms of the {MoO2}
2+ core

of the [MoO2(HL)(H2O)]
+ unit.

In the structures of neutral complexes polyoxomolybdate
anions, Mo6O19

2− in 1H and 3H$2CH3CN and Mo8O24
4− in

2O$2CH3CN$H2O, act as bridging entities (Fig. 2). Polyoxoanions
in these structures coordinate via their terminal oxygen atoms to
molybdenum atoms of the {MoO2(HL)} fragments, thus providing
the Mo atoms of the later octahedral environment.

Structure of 2O$2CH3CN$H2O is unique as the Mo8O26
4− unit

bridges one dinuclear [Mo2O4(HL)(H2L)]
3+ and one mononuclear

[MoO2(HL)]+ entity (Fig. 2b). In the dinuclear unit one nds the
coordinated ligand both in singly-deprotonated HL− as well as in
the neutral zwitterionic form H2L (Scheme 1), whereas in mono-
nuclear unit [MoO2(HL)]+ ligand is coordinated in its singly-
deprotonated form (Scheme 1). In this structure one can observe
substantial differences in the conformation of zwitterionic form of
H2L with respect to singly-deprotonated ones, HL−. Namely, the
angle between the pyridyl and aldehyde rings of the zwitterionic
form of H2L amounts to ca. 2.5°, in the case of HL− in the
[Mo2O4(HL)(H2L)]

3+ unit it is ca. 35.4° and for the [MoO2(HL)]+ is
z21.9°. It is worthwhile to note that singly-deprotonated forms of
the ligand are found both with syn- and anti- oriented pyridyl
moieties with respect to the coordinating ONO compartment of
HL−. The crystal structure reveals a rich assortment of hydrogen
bonds. Namely, hydrogen atoms of the protonated pyridylmoieties
of all three coordinated ligands afford bifurcated hydrogen bonds
with the octamolybdate anions. Additional hydrogen bonding
involves crystal water molecules and the octamolybdate anions, as
well as the hydrazinic N–H group (zwitterionic form H2L) and the
oxygen atoms of the {MoO2}

2+ core, forming thus a complex
supramolecular network (Fig. S10†). It should be noted that
acetonitrile molecules are not involved in strong intermolecular
interactions, which explains the observed positional disorder,
related to acetonitrile molecules, in the structure. So far, only Class
I octamolybdate hybrids with coordinated solvent molecules on
the {MoO2}

2+ core have been studied, offering valuable insight into
their structural properties.45,46

When comparing the structures of 1H and 3H$2CH3CN, one
observes the difference in the engagement of the protonated
pyridine moiety in the hydrogen bonding due to the presence of
solvent molecules in 3H$2CH3CN (Fig. 3). Namely, in 1H
© 2024 The Author(s). Published by the Royal Society of Chemistry
hydrogen atom of the protonated pyridine moiety participates
in bifurcated hydrogen bond, N3–H3/O4 and N3–H3/O15,
forming thus supramolecular layers in the ab-plane (Fig. S11,
see ESI†).

Molecular and crystal structures of the hybrids 2H and 3H
are similar. Namely, in both cases molecular structures consist
of the [MoO2(HL)]+ type of cations which are bridged by
Lindqvist anions, Mo6O19

2−, to afford overall neutral species
(Fig. 2c and S5a†). It is interesting to observe that in both 2H
and 3H bridging oxygen atoms of the {Mo6O19} units coordinate
to Mo1 atoms of the complex unit {MoO2(HL)}, with the corre-
sponding distances being 2.723(5) for 2H and 2.705(6) for 3H (in
both cases Mo1–O6 distances), Table S4, see ESI†.

Similarity in molecular structures of 2H and 3H is also re-
ected in their packing arrangements. In both cases, such
complexes associate via N–H/O hydrogen bonds involving
both {[MoO2(HL)]} and {Mo6O19} fragments (Fig. 4), which are
further associated through C–H/O interactions (Fig. S12, S13
and Table S4, see ESI†).

Finally, it is interesting to observe that in the Lindqvist con-
taining hybrids, 2H and 3H have their pyridyl moieties-oriented
anti with respect to the coordinating ONO compartment of the
HL−, whereas in the structures of (1Ha$2CH3COCH3,
3Hw$2CH3COCH3, 2H

w$2CH3COCH3, 1H
w, 1H and 3H$2CH3CN)

one observes both syn and anti-arrangements.
Quantum chemical calculations

In order to explain possible paths of crystallization, structures
of [MoO2(HL1–3)(D)]2[Mo6O19] and [{MoO2(HL1–3)}2Mo6O19]
were built starting from the crystallographically determined
structures, and their geometries were optimized. For each
optimized geometry, calculations of harmonic frequencies were
performed and thermodynamic properties were computed.
Relative differences in standard Gibbs energies of binding
DbG

�
rel (Tables 1 and 2) were calculated using the calculated

standard Gibbs energies of formation.
Analysis of calculated structures for [MoO2(HL1)(D)]2[Mo6O19]

revealed that themost stable complex should be the one where the
metal ion is coordinated with MeOH. This complex has the lowest
relative standard Gibbs energy of binding DbG

�
rel. However, for
RSC Adv., 2024, 14, 19029–19040 | 19033
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Fig. 4 Supramolecular assembly observed in the crystal structure of 2H. {[MoO2(HL)]} units of the 2H structure is engaged in N3–H3/O4
hydrogen bonds forming C1

1(8) chains (along the b-axis), while the {Mo6O19} fragments participate in N3–H3/O11 hydrogen bonds shaping
C1

1(10) motif.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 5
:4

6:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
other complexes [MoO2(HL2,3)(D)]2[Mo6O19] the complexes with
the lowest DbG

�
rel were the ones with coordinated H2O molecule.

Depending on the orientation of the pyridyl moieties of the
HL− ligand, being oriented anti or syn (Fig. 5), the hybrids have
different Gibbs binding energies. By considering the Gibbs
binding energy for the structures having syn-orientation,
Fig. 5a, in the case of Mo complex containing the ligand HL1,
coordination of POM via the terminal oxygen atom is preferred
over the bridging one, while in the case of ligands HL2 and HL3,
the coordination via the bridging oxygen atom is more stable.
Table 1 Calculated relative differences in standard Gibbs energies of bind
complex of minimal energy (B3LYP-D3/Def2TZVP level of the theory). Syn
compartment of HL− in the complex cation

DbG
�
rel=kJ mol�1

[MoO2(HL1–3)(D)]+ syn-orientation

D HL1 HL2 HL3

CH3CN 9.22 3.31 4.24
H2O 4.86 0.00 0.00
CH3OH 0.00 5.05 5.15
CH3COCH3 14.28 6.80 7.58
Experimental 1Hw 2Hw$2CH3COCH3

Table 2 Calculated relative differences in standard Gibbs energies of bi
complex of minimal energy (B3LYP-D3/Def2TZVP level of the theory). Sy
compartment of HL− in the complex cation

DbG
�
rel=kJ mol�1

[{MoO2(HL1–3)}2(Mo6O19)] syn-orientation

POM donor atom HL1 HL2 H
m2-OPOM 555.21 507.65 4
Ot-POM (terminal) 535.94 530.90 5
Experimental 1H 3

19034 | RSC Adv., 2024, 14, 19029–19040
Those differences in Gibbs energies amount to 31.1 kJ mol−1.
Even so, hybrid 3H$2CH3CN (coordinated through Ot) crystal-
lized depending on the reaction conditions. This could prob-
ably be due to the stabilization through the hydrogen bonding
implied by the presence of solvent molecules in 3H$2CH3CN
and sterical hindrance directly related to the size of the POM.
Nevertheless, in the case of the nicotinic hydrazone moiety anti-
orientation, shown in Fig. 5b, the POM coordination via the
bridging oxygen atom is more favourable. The results are in line
with the experimental results for 1H, 2H, and 3H. The strong
ing at 298.15 K and 1 atm for [MoO2(HL1–3)(D)]2[Mo6O19] relative to the
- and anti-orientation of pyridyl moieties relative to coordinating ONO

[MoO2(HL1–3)(D)]+ anti-orientation

HL1 HL2 HL3

3.46 4.17 3.75
0.00 0.00 0.00
8.76 2.77 4.90
12.26 7.46 6.99
1Ha$2CH3COCH3 3Hw$2CH3COCH3

nding at 298.15 K and 1 atom for [MoO2(HL1–3)Mo6O19] relative to the
n and anti-orientation of pyridyl moieties relative to coordinating ONO

[MoO2(HL1–3)(Mo6O19)] anti-orientation

L3 HL1 HL2 HL3

96.88 521.87 508.11 514.77
27.98 536.42 527.50 530.88
H$2CH3CN 2H 3H

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representation of (a) syn- and (b) anti-orientation of pyridyl moieties relative to coordinating ONO compartment of HL− in the complex
cation.
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hydrogen bonds identied in those structures involve terminal
oxygen atoms.
Table 3 Relevant catalytic results for the cyclooctene epoxidation.
Reaction conditions: time, 6 h; temperature, 80 °C, catalyst/cyclo-
octene/TBHP molar ratio: 0.025/100/200 for all compounds

Catalyst Conversiona/% Selectivityb (%) TOFc TONd

Oxidant: TBHP in decane, no organic solvent added
1Ha 93 89 952 1233
1Hw 97 87 1090 1292
1H 99 82 1605 1332
2Hw$2CH3COCH3 99 85 876 1325
2H 99 83 1256 1329
2O 98 86 850 1300
3Hw$2CH3COCH3 99 84 1441 1313
3H$2CH3CN 99 84 6546 1329
3H 99 65 1520 1321

Oxidant: TBHP in water, no organic solvent added
1Ha$ 45 54 413 582
1Hw 78 95 245 1032
1H 78 68 800 1034
2Hw$2CH3COCH3 87 95 570 1164
2H 85 75 570 1121
2O 61 87 408 706
3Hw$2CH3COCH3 87 84 492 1157
3H$2CH3CN 98 96 587 1309
3H 97 80 494 1268

Oxidant: TBHP in water, CH3CN added
1Ha$ 41 44 410 548
1Hw 69 71 646 926
1H 80 71 264 1067
2Hw$2CH3COCH3 63 97 966 836
2H 53 87 568 710
2O 52 59 503 705
3Hw$2CH3COCH3 65 95 500 879
3H$2CH3CN 84 84 560 1119
3H 96 56 512 1098

a Conversion of cyclooctene = n(cyclooctene converted)/n(cyclooctene
engaged) calculated aer 6 h. b n(Cyclooctene oxide formed)/
n(cyclooctene converted) aer 6 h. c TOF = n(cyclooctene
transformed)/3 × n(catalyst)/time at 20 minutes. All potential “active
species” were considered, i.e. three potential active “sites” per species.
The concept of three potential sites was adopted from our earlier
published research, which considers two active sites originating from
two mononuclear coordination complexes, along with one active site
arising from POM.51 d TON is dened at the end of the reaction
n(cyclooctene transformed)/3 × n(catalyst).
Catalytic studies

Those hybrid species are interesting since they bear two active
parts, one with the cationic [MoO2(HL)]+ complex and the other
one with the anionic [Mo6O19]

2−. The different interaction
between both entities could potentially inuence their reactivity.
To test the catalytic activity of the prepared catalysts in the
cyclooctene epoxidation reactions, the following parameters
were studied: (i) inuence of the oxidant (TBHP in water vs.
TBHP in decane) and (ii) addition of the organic solvent (CH3CN)
to the reaction media. The purpose of parameter variations was
to evaluate the impact of green chemistry principles, based on
the use of ecologically more appropriate oxidant (TBHP in water)
and no addition of organic solvent to the reaction media, on the
catalytic activity of the tested catalysts.

Relevant catalytic parameters are summarized in Table 3. As
expected, the catalytic results provided by the use of TBHP in
decane are the best ones and classify all the prepared catalysts
as very active, conversion of cyclooctene >93%, and highly
selective towards epoxide, >82% (Table 3 and Fig. S5, see ESI†).
This is following the fact that solubility in the organic phase of
the MoO2(LH) moiety is favoured and the expected reactivity
goes mainly through the transition metal complex. It is worth
noting that epoxide can undergo further transformation into
the corresponding diol, which is predominantly found in the
water phase but also partially in the organic phase. Our analysis
via GC primarily targets the organic layer of the reaction
mixture, where the substrate, oxidizing agent, and desired
product naturally reside. Given that TBHP is utilized in the
water phase, the diol would be distributed across both phases,
potentially affecting the accuracy of our determinations. Hence,
considering the various oxidizing agents tested, our research
was tailored specically towards the epoxide.

The activity of the complex 3H$2CH3CN should be highlighted,
Fig. 6 and 7. TOF20min is extremely high (value of 6546), implying
very fast and abrupt activation of the complex towards active
species. The observation correlates with the results obtained for
the theoretical calculations above, where 3H$2CH3CN is less stable
than 3H, faster transforming into catalytically active species. For all
the catalysts the rst 60min of the reaction were carefully followed
and different trends can be observed. For the reactions with the
complex 2Hw$2CH3COCH3 induction time could be distinguished,
implying slower activation than in the case of other studied cata-
lysts. This could be due to the presence of the coordinated water
© 2024 The Author(s). Published by the Royal Society of Chemistry
molecule to molybdenum. The same type of phenomenon was
seen in the case of 1Hw, with the slowest activity in the rst 20 min
of the reaction (Table 3).

In general, the use of TBHP in water, as environmentally
friendly media, resulted in very good activity and high
RSC Adv., 2024, 14, 19029–19040 | 19035
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Fig. 6 Kinetic profile for cyclooctene conversion when using TBHP in
decane as oxidant with the catalysts 3H$2CH3CN (red), 3Hw (blue) and
3H (black).

Fig. 7 Kinetic profile for cyclooctene conversion when using TBHP in
water as oxidant with the catalysts 3H$2CH3CN (red), 3Hw (blue) and
3H (black).
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selectivity, for most of the tested catalysts, justifying the green
chemistry concept pursued in this research (Fig. 7). The
complex 3H, obtained from H2L

3 ligand, operates the best
under eco-friendly conditions. It can be assumed that the water
is promoting epoxide ring opening and the formation of the diol
that was not quantied through GC measurements since only
the organic layer was analysed. On the other hand, the addition
of CH3CN surprisingly inhibited the catalytic activity, but the
selectivity towards epoxide did not seem strongly affected. The
reverse observation was noted for the tungsten metal complexes
coordinated by a similar class of ligands.50

Having in mind that the self-assembly of organic–inorganic
POM-based salts in the presence of hydrazone ligands is rare, we
compared the catalytic performance of the investigated
compounds with the one previously reported,
[MoO2(HL)]2Mo6O19$2CH3CN, where HL presents mono-
deprotonated ligand obtained by the condensation of pyridoxal
and nicotinic acid hydrazide.51 The compound
[MoO2(HL)]2Mo6O19$2CH3CN provides the cyclooctene conversion
of 72% with selectivity towards epoxide of 58% when using TBHP
in water, without adding organic solvent. For the presented
19036 | RSC Adv., 2024, 14, 19029–19040
investigation, no clear distinction and correlation could be
concluded for the nature of ligands (position of OMe group)
inuencing the catalytic performance of the tested catalysts.
Further, all the tested complexes in this research showmuch better
activity and selectivity than the previously tested “referent” system
(Bu4N)2Mo6O19,51 justifying the role of [MoO2L] species (conversion
parameter 30%, selectivity towards epoxide 53%, TOF 42, TON 123,
under the same reaction conditions).

Further comparison was made considering Mo tetranuclear
and polynuclear coordination compounds obtained from H2L

1–3

ligands (Table S7, see ESI†).26,31 With TBHP in decane conversion
was 74% and selectivity towards epoxide 85%, while with TBHP
in water, the investigated parameters were much lower (27% and
56%, respectively). In this case, it seems that the presence of
polyoxomolybdate anion positively inuences the catalytic
performance of the tested catalyst, supporting the fact that the
Lindqvist-type anion is one active site of the catalyst.
Experimental section
Materials and instruments

The commercially available acetylacetone, nicotinic acid
hydrazide, 2-hydroxy-3-methoxybenzaldehyde, 2-hydroxy-4-
methoxybenzaldehyde, 2-hydroxy-5-methoxybenzaldehyde, and
organic solvents were purchased from Alfa Aesar or Aldrich.
Unless otherwise mentioned, all solvents were used without
further purication. [MoO2(acac)2] (acac = acetylacetonate),52

and ligands26,47 were synthesised following the previously pub-
lished procedures. Dry solvents were used for the solvothermal
reactions. Acetonitrile was dried by the use of phosphorus
pentoxide and then distilled. Acetone was dried with anhydrous
potassium carbonate for at least 48 hours and then distilled
prior to use. Light was excluded from all reactions using foil to
avoid Mo reduction.

Attenuated Total Reectance Infrared (ATR-IR) spectra were
recorded at room temperature on a PerkinElmer Spectrum One
spectrometer tted with an ATR reectance attachment. All data
were processed in OMNIC soware. NMR data for organic
compounds was recorded on a Bruker Avance 400 MHz at room
temperature.

Thermal stability was examined by conducting thermogravi-
metric analysis (TGA) on a Mettler-Toledo TGA/SDTA851 at
a heating rate or 5 °C min−1. The samples were heated from
25 °C to 600 °C in an oxygen atmosphere (ow rate: 20mLmin−1)
using Al2O3 crucibles. The results were developed by applying the
Mettler STARe evaluation soware. Elemental analysis (C, H, and
N) was determined by the Analytical Services Laboratory of the
RuCer Boškovíc Institute, Zagreb.
X-ray crystallography

The powder X-ray diffraction data were collected using a Mal-
vern Panalytical Aeris powder diffractometer in the Bragg–
Brentano geometry with a PIXcel1D detector, using CuKa radi-
ation (l = 1.5418 Å). Samples were contained on a Si sample
holder. Powder patterns were collected at room temperature (5 <
© 2024 The Author(s). Published by the Royal Society of Chemistry
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2Q < 40°). The data were collected and visualized utilizing the
Malvern Panalytical HighScore Soware Suite.53

High-quality single crystals of 1Ha$2CH3COCH3,
2Hw$2CH3COCH3, 3Hw$2CH3COCH3, 1Hw, 1H, 2H,
2O$2CH3CN$H2O, 3H, 3H$2CH3CN were grown by crystallization
from the corresponding solutions. Diffracted intensities were
collected on Rigaku XtaLAB Synergy diffractometer equipped with
Dualex source using CuKa radiation (l = 1.54184 Å) for
1Ha$2CH3COCH3, 3H

w$2CH3COCH3, 2H, 2O$2CH3CN$H2O, 3H
and 3H$2CH3CN, as well as MoKa (l = 0.71073) for
2Hw$2CH3COCH3, 1H

w, 1H and HyPix detector via u-scans. The
crystals were kept at 150 K or 170 K during data collection (see
Table S1 in the ESI†). Data were processed using the CrysAlis
program package. A summary of general and crystal data, intensity
data collection and nal renement parameters are presented in
Table S5 and S6 (see ESI†). The structures were solved with dual
space methods using SHELXT. The renement procedure by full-
matrix least-squares methods based on F2 values against all
reections included anisotropic displacement parameters for all
non-H atoms. Hydrogen atoms bound to carbon atoms were
placed in geometrically idealized positions and rened by the use
of the riding model with Uiso = 1.2Ueq of the connected carbon
atom or as ideal CH3 groups with Uiso = 1.5Ueq. Acetonitrile
molecules in 2O$2CH3CN$H2O are heavily disordered and for one
of them hydrogen atoms of the methyl group could not be satis-
factory modelled and were thus omitted form the model. In the
structure of 1Ha$2CH3COCH3 acetone molecule in the crystal
lattice was disordered over two positions with equal occupancies
0.5. Hydrogen atoms attached to heteroatoms were located in the
difference Fourier maps at the nal stages of the renement
procedure except for one of the coordinated ligands in
2O$2CH3CN$H2O, where hydrogen atom on the N2 was ascribed
based on geometrical considerations and the charge, while
considering also themost reasonable hydrogen bond geometry. All
renements were performed using SHELXL, which was operated
within the Olex2 suite. Geometrical calculations and molecular
graphics were done with Mercury and Platon.54,55

Catalytic studies

The Agilent 7820A chromatograph, outtted with a Flame
Ionization Detector (FID) and an HP5-MS capillary column
(dimensions: 30 m × 0.32 mm × 0.25 mm), was utilized for
chromatogram production. Parameters for the gas chromatog-
raphy (GC) analysis were established through the examination
of genuine reactant and product samples. The analysis focused
on quantifying the transformation of olens into their respec-
tive epoxides, employing calibration curves for precise
measurement. Acetophenone served as the internal standard
throughout this process, ensuring accuracy in quantication.

Quantum chemical calculations

Optimizations of geometries for all computed complexes were
performed using the hybrid functional B3LYP56 with the D3
version of Grimme's dispersion57 in combination with the
Def2TZVP58,59 basis set. Initial geometries were taken from
crystallographically determined structures. To conrm that the
© 2024 The Author(s). Published by the Royal Society of Chemistry
obtained geometries were local minima, harmonic frequency
calculations were performed.60,61 The standard Gibbs energies
of formation were calculated at T= 298.15 K and p= 101 325 Pa.
Strengths of the intramolecular interactions were estimated by
the calculation of relative differences in the standard Gibbs
energies of binding DbG

�
rel according to the formula:

DbG
�
relðMoLS1Þ � DbG

�
relðMoLS2Þ ¼ DfG

�ðMoLS1Þ � DfG
�ðS1Þ

�DfG
�ðMoLS2Þ þ DfG

�ðS2Þ

All quantum chemical calculations were carried out using
the Gaussian 16 program package.62

Procedure I – synthesis of 1Ha$2CH3COCH3,
2Hw$2CH3COCH3, and 3Hw$2CH3COCH3. Hydrazone H2L

1–3

(0.05 g, 1.84× 10−4 mol) was added to a solution of [MoO2(acac)2]
(0.2 g, 6.13 × 10−4 mol) in acetone (80 mL), and the reaction
mixture was le to stir at room temperature for three hours and
le overnight. The deposited solid was separated, the ltrate
evaporated under vacuum to 1/3 of its volume and le at room
temperature for about one week. Slow crystallization yielded crys-
tals of hybrids which were separated by ltration.

[MoO2(HL1)(CH3COCH3)]2[Mo6O19]$2CH3COCH3

(1Ha$2CH3COCH3). Orange product was obtained. Isolated
59 mg, 35.8% yield based on H2L

1. Calc. for 1Ha,
C34H36Mo8N6O31 (1792.19): C, 22.79; H, 2.02; N, 4.69%. Found:
C, 22.54; H, 1.78; N, 4.36%. TG: Calc. CH3COCH3, 6.48; MoO3,
64.25%. Found: CH3COCH3, 6.66; MoO3, 63.66%. Selected IR data
(cm−1): 1632 (CO), 1614 (CN), 1348 (CO), 1256 (CO),
957 (MoOt)POM, 942, 920, 908 (MoO2), 777, 755 (MoOb), 600
(d(ObMoOt)).

[MoO2(HL2)(H2O)]2[Mo6O19]$2CH3COCH3

(2Hw$2CH3COCH3). Dark red product was obtained. Isolated
71 mg, 42.3% yield based on H2L

2. Calc. for 2Hw$2CH3COCH3,
C34H40Mo8N6O33 (1828.22): C, 22.34; H, 2.21; N, 4.60%. Found:
C, 22.12; H, 1.98; N, 4.43%. TG: Calc. CH3COCH3, 6.35; Calc. H2O,
1.97; MoO3, 62.99%. Found: CH3COCH3 + H2O, 8.24; H2O; MoO3,
62.99%. Selected IR data (cm−1): 1669 (CO), 1607 (CN), 1357 (CO),
1225 (CO), 959 (MoOt)POM, 939, 926, 908 (MoO2), 789, 761 (MoOb),
591 (d(ObMoOt)).

[MoO2(HL3)(H2O)]2[Mo6O19]$2CH3COCH3

(3Hw$2CH3COCH3). Dark red product was obtained. Isolated
59 mg, 35.1% yield based on H2L

3. Calc. for 3Hw$2CH3COCH3,
C34H40Mo8N6O33 (1828.22): C, 22.34; H, 2.21; N, 4.60%. Found:
C, 22.10; H, 2.12; N, 4.45%. TG: Calc. CH3COCH3, 6.35; Calc.
H2O, 1.97; MoO3, 62.99%. Found: CH3COCH3 + H2O, 8.03;
MoO3, 62.87%. Selected IR data (cm−1): 1666 (CO), 1605 (CN),
1338 (CO), 1244 (CO), 957 (MoOt)POM, 927, 903, 895 (MoO2), 776,
712 (MoOb), 584 (d(ObMoOt)).

Procedure II – synthesis of 1Hw, 2O$CH3CN$H2O, and
3H$2CH3CN. Hydrazone H2L

1–3 (0.054 g; 0.2 mmol) was added
to a solution of [MoO2(acac)2] (0.65 g; 2.0 mmol) in a mixture of
80 mL acetonitrile and 200 mL of acetic acid. The reaction
mixture was le to stir at room temperature for 3 hours and le
overnight. The deposited solid was separated by ltration aer 2
days, and the clear solution le at room temperature. Slow
crystallization yielded crystals within two weeks.
RSC Adv., 2024, 14, 19029–19040 | 19037
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[MoO2(HL1)(H2O)]2[Mo6O19] (1Hw). Dark red product was
obtained. Isolated 32 mg, 18.1% yield based on H2L

1. Calc. for
1Hw, C28H28Mo8N6O31 (1712.06): C, 19.64; H, 1.65; N, 4.91%.
Found: C, 19.54; H, 1.32; N, 4.77%. TG: Calc. H2O, 2.10; MoO3,
67.25%. Found: H2O, 2.42; MoO3, 66.89%. Selected IR data
(cm−1): 1607 (CN), 1349 (CO), 1261 (CO), 950 (MoOt)POM, 938,
922, 909, 886 (MoO2), 776 759, 730 (MoOb), 600 (d(ObMoOt)).

[{MoO2(HL2)}3Mo8O26]$CH3CN$H2O (2O$CH3CN$H2O).
Brownish-orange product was obtained. Isolated 25 mg, 15.8%
yield based on H2L

2. Calc. for 2O, C42H37Mo11N9O41 (2379.11): C,
21.20; H, 1.57; N, 5.30%. Found: C, 21.03; H, 1.24; N, 5.13%. TG:
Calc. MoO3, 66.55%. Found: MoO3, 66.43%. Selected IR data
(cm−1): 1616 (CN), 1354 (CO), 1228 (CO), 948 (MoOt)POM, 934, 907
(MoO2), 856, 838 (O]Mo–O), 734, 689, 664, 649, 642 (MoOb), 555
(d(ObMoOt)).

[{MoO2(HL3)}2Mo6O19]$2CH3CN (3H$2CH3CN). Dark red
product was obtained. Isolated 68.5 mg, 40.7% yield based on
H2L

3. Calc. for 3H$2CH3CN, C32H30Mo8N8O29 (1757.87): C, 21.86;
H, 1.72; N, 6.37%. Found: C, 21.68; H, 1.53; N, 4.72%. TG: Calc.
CH3CN, 4. 88; Calc. MoO3, 65.50%. Found: CH3CN, 4. 84; MoO3,
65.28%. Selected IR data (cm−1): 1607 (CN), 1343 (CO), 1271 (CO),
959, 951 (MoOt)POM, 916, 907, 891 (MoO2), 777 (MoOb), 575
(d(ObMoOt)).

Procedure III – synthesis of 1H, 2H, and 3H. Procedure I was
repeated. The obtained crystals of 1Ha$2CH3COCH3, 2H

w$2CH3-
COCH3, and 3Hw$2CH3COCH3 were ltered in glove box and
transferred in 30mL Teon-lined autoclave together with 25mL of
dry acetonitrile or acetone and acetic acid (100 mL) and heated at
125 °C for 24 h. Crystals were obtained overnight.

[{MoO2(HL1)}2Mo6O19] (1H). Red product was obtained from
acetonitrile. Isolated 39 mg, 25.2% yield based on H2L

1. Calc.
for 1H, C28H24Mo8N6O29 (1676.03): C, 20.07; H, 1.44; N, 5.01%.
Found: C, 19.79; H, 1.15; N, 4.87%. TG: Calc. MoO3, 68.70%.
Found: MoO3, 68.50%. Selected IR data (cm−1): 1604 (CN), 1350
(CO), 1265 (CO), 952 (MoOt)POM, 918, 901 (MoO2), 869
(O]Mo–O), 782 754, 731 (MoOb), 577 (d(ObMoOt)).

[{MoO2(HL2)}2Mo6O19] (2H). Red product was obtained from
acetonitrile. Isolated 37 mg, 23.9% yield based on H2L

2. Calc.
for 2H, C28H24Mo8N6O29 (1676.03): C, 20.07; H, 1.44; N, 5.01%.
Found: C, 19.90; H, 1.16; N, 4.92%. TG: Calc. MoO3, 68.70%.
Found: MoO3, 68.40%. Selected IR data (cm−1): 1606 (CN), 1354
(CO), 1292 (CO), 955, 951 (MoOt)POM, 931, 908, 891 (MoO2), 862
(O]Mo–O), 761, 729 (MoOb), 558 (d(ObMoOt)).

[{MoO2(HL3)}2Mo6O19] (3H). Red product was obtained from
acetone. Isolated 32 mg, 20.0% yield based on H2L

3. Calc. for
3H, C28H24Mo8N6O29 (1676.03): C, 20.07; H, 1.44; N, 5.01%.
Found: C, 19.87; H, 1.22; N, 4.91%. TG: Calc. MoO3, 68.70%.
Found: MoO3, 68.42%. Selected IR data (cm−1): 1609 (CN), 1357
(CO), 1277 (CO), 953 (MoOt)POM, 921, 910, 886 (MoO2), 866
(O]Mo–O), 764, 722 (MoOb), 573 (d(ObMoOt)).
General procedure for the epoxidation of cyclooctene using
TBHP (in water or decane)

In a typical reaction, cyclooctene (2.76 mL, 20 mmol), aqueous
TBHP (70% w/w, 40 mmol) or TBHP in decane (5.5 mol dm−3, 40
mmol) and acetophenone (0.1mL) andmolybdenum (pre)catalyst,
19038 | RSC Adv., 2024, 14, 19029–19040
0.005 mmol, were used, and the reaction mixture was stirred for
5 h at 80 °C. The reaction was monitored by withdrawing small
aliquots at certain time intervals and analyzing them by GC.
General procedure for the epoxidation of cyclooctene using
TBHP in water with the addition of CH3CN

The procedure was the same as without CH3CN, except the 2 mL
of CH3CN was added to the reaction mixture before the catalyst
was added.
Conclusions

Mo-POM organic–inorganic hybrids were successfully prepared by
conventional and solvothermal methods. In the Class I hybrids
[MoO2(HL1–3)(D)]2[Mo6O19], POM anions tend to associate with
cationic Mo-complexes via multiple non-covalent interactions.
However, in Class II architectures [{MoO2(HL1–3)}2Mo6O19], POM
serves as a sterically hindered ligand and completes the coor-
dination sphere of two Mo atoms from peripheral coordination
subunits either through the terminal or bridging oxygen atoms.
2H and 3H are the rst examples of polyoxometalates that
incorporate bridging POM coordinated architectures. The
preference of Mo-complex cations for coordination with solvent
and terminal or bridging oxygen groups on the POMmoiety was
estimated by calculation of complexes' relative standard Gibbs
energies of binding. Density functional theory was utilized for
the calculation of standard Gibbs energies of formation, which
were used for the estimation of binding energies. In most of the
complexes, there is a clear preference for coordination with
water molecules, whereas the bridging oxygen group of the POM
is preferred in coordination with POM moiety.

The assembly process is additionally sensitive to the ligand's
methoxy group position. Thus, the condensation with H2L

2

resulted in the unsymmetrical octamolybdate-based hybrid
[{MoO2(H2L

2)}{MoO2(HL2)}Mo8O26{MoO2(HL2)}], covalently
expanded by three Mo–hydrazone complex units. All Class II
hybrids have long bonds Mo–OPOM due to sterical hindrance.

In this study, the catalytic activity of all compounds was
investigated and compared. With TBHP in decane as an
oxidant, all the prepared catalysts showed excellent catalytic
activity towards the cyclooctene oxidation, where >90%
conversion and >80% selectivity could be obtained. Notably,
3H$2CH3CN catalyst operates the best under eco-friendly
conditions. The addition of CH3CN surprisingly inhibited the
catalytic activity when TBHP in water is used as oxidant, but the
selectivity towards epoxide remained almost the same.
Data availability

The data supporting this article have been included as part of
the ESI.† Crystallographic data for 1Ha$2CH3COCH3, 1H

w, 1H,
2Hw$2CH3COCH3, 2H, 3Hw$2CH3COCH3, 2O$CH3CN$H2O, 3H,
3H$2CH3CN has been deposited at the Cambridge Structural
Data base under with deposition numbers CCDC 2335829–
2335837.
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review and editing. Vǐsnja Vrdoljak: conceptualization, super-
vision, investigation, writing – original dra preparation, visu-
alization, review and editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work has been fully supported by the Croatian Science
Foundation under the project (IP-2016-06-4221). We acknowl-
edge the support of project CIuK co-nanced by the Croatian
Government and the European Union through the European
Regional Development Fund–Competitiveness and Cohesion
Operational Programme (Grant KK.01.1.1.02.0016). LCC CNRS
and Chemistry Dept of IUT Paul Sabatier are acknowledged for
providing the equipment for catalysis experiments. We thank
Matea Pajski and Silvija Mrkonja for their technical help with
catalytic studies.

Notes and references

1 J. J. Walsh, A. M. Bond, R. J. Forster and T. E. Keyes, Coord.
Chem. Rev., 2016, 306, 217.

2 Y. Dong, Y. Yang, L. Qiu, G. Dong, D. Xia, X. Liu, M. Li and
R. Fan, ACS Appl. Energy Mater., 2019, 2, 4224.

3 A. Bijelic, M. Aureliano and A. Rompel, Angew. Chem., Int.
Ed., 2019, 58, 2980.

4 L. S. van Rompuy and T. N. Parac-Vogt, Curr. Opin.
Biotechnol., 2019, 58, 92.

5 E. Coronado, C. Gimenez-Saiz, C. J. Gomez-Garcia and
S. C. Capelli, Angew. Chem., Int. Ed., 2004, 43, 3022.

6 S.-S. Wang and G.-Y. Yang, Chem. Rev., 2019, 115, 4893.
7 S. Roy, V. Vemuri, S. Maiti, K. S. Manoj, U. Subbarao and
S. C. Peter, Inorg. Chem., 2018, 57, 12078.

8 K. Kamata, K. Yonehara, Y. Sumida, K. Yamaguchi,
S. Hikichi and N. Mizuno, Science, 2003, 300, 964.

9 N. Mizuno, K. Yamaguchi and K. Kamata, Coord. Chem. Rev.,
2005, 249, 1944.

10 L. Salles, J.-Y. Piquemal, R. Thouvenot, C. Minot and
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J. Lovrić, M. Cindrić and V. Vrdoljak, CrystEngComm, 2018,
20, 1804.

48 A. J. Bridgeman and G. Cavigliasso, Chem. Phys., 2002, 279,
143.
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