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Introduction

Mechanochemical synthesis, solvent-controlled
coordination, and catalytic oxidation activity of
furoic acid-based Mo(vi) complexes

Josipa Sarjanovi¢, (2 @ Béla Fiser (2 ®“9 and Jana Pisk (2 *®

Polynuclear and mononuclear molybdenum(vi) complexes coordinated with water or methanol were syn-
thesized using Schiff base ligands derived from the condensation of 2-furoic hydrazide with 2-hydroxy-
benzaldehyde (H,LY) or 2-hydroxy-5-nitrobenzaldehyde (H,L?), emphasising a mechanochemical syn-
thetic pathway. The complexes were characterized using comprehensive spectroscopic techniques, while
single-crystal X-ray diffraction provided definitive structural elucidation for [MoO,(L})(MeOH)] (1) and
IMoO,(LY)(H,0)] (3). Thermogravimetric analysis revealed insights into the thermal stability and decompo-
sition pathways of the complexes. DFT calculations showed that solvent donor ability controls Mo(wi)
coordination and aggregation, rendering p-oxo dimer formation thermodynamically unfavourable. The
catalytic performance of six Mo(vi) complexes was investigated for the oxidation of benzyl alcohol using
tert-butyl hydroperoxide (TBHP) in agueous medium, with systematic optimization of the oxidant-to-sub-
strate ratio. To explore greener alternatives, H,O, was also evaluated as an oxidant, and the influence of
acetonitrile as a co-solvent and reaction temperature on catalytic efficiency was thoroughly studied.
These results highlight the importance of ligand structure and solvent coordination in modulating catalytic
activity. Overall, this study demonstrates that these Mo(vi) complexes serve as highly efficient and tunable
catalysts for selective alcohol oxidation under mild and environmentally benign conditions. This work pro-
vides new insights into the design of molybdenum-based oxidation catalysts and emphasizes the potential
of fine-tuning reaction parameters to achieve optimal catalytic performance.

flavour, fragrance and pharmaceuticals sectors.'® Consequently,
efficient catalytic methods for the synthesis of high-purity

The selective oxidation of primary alcohols to aldehydes is a
cornerstone transformation in both laboratory-scale synthesis
and industrial chemical production,'™ owing to the pivotal
role aldehydes play as intermediates and high-value products
in the pharmaceutical,> food,® and fragrance industries.”
Among aromatic aldehydes, benzaldehyde ranks as one of the
most significant, second only to vanillin in importance for per-
fumery and food applications.®® The global benzaldehyde
market was valued at about 374.4 million USD in 2024 and is
projected to grow at a compound annual growth rate (CAGR) of
~5.6% between 2025 and 2030. In Europe, the demand is
expected to increase significantly over the forecast period,
driven by rising consumption in the personal care, cosmetics,
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benzaldehyde are of considerable interest, particularly those
that meet the stringent purity standards required in cosmetics
and flavouring industries. Conventionally, benzaldehyde is
produced via the hydrolysis of benzyl chloride'" or by the oxi-
dation of toluene.'”> However, these processes suffer from
notable drawbacks, including contamination with organic
chlorine or benzoic acid, posing environmental and purity
concerns. As a result, alternative synthetic approaches that
provide chlorine-free, selectively oxidized benzaldehyde have
been actively pursued.

In recent decades, both gas-phase and liquid-phase cata-
Iytic oxidation of benzyl alcohol (BnOH) to benzaldehyde
(BnCHO) has been extensively investigated. Gas-phase oxi-
dation, while effective, is hampered by significant carbon loss
due to over-oxidation and the formation of carbon oxides,
reducing both selectivity and yield."*™™ In contrast, liquid-
phase oxidation offers superior selectivity and minimizes the
formation of undesirable by-products, such as benzoic acid,
benzyl benzoate and benzyl ether, making it a more suitable
method for producing high-purity benzaldehyde under milder
and environmentally benign conditions.'®*®
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Liquid-phase catalytic systems often employ molecular
oxygen (O,), hydrogen peroxide (H,0,), or tert-butyl hydroper-
oxide (TBHP) in aqueous medium as oxidants, either in the
presence or absence of a co-solvent.'®?°>> The nature of the
catalyst and reaction conditions critically influence the selecti-
vity and efficiency of the transformation. Depending on these
factors, side reactions such as over-oxidation to benzoic acid
and benzoate,>*** disproportionation to yield toluene and
water,”>*® and dehydration leading to dibenzyl ether may
occur.”® Therefore, fine-tuning catalytic systems to suppress
these side reactions is essential for achieving high selectivity
towards benzaldehyde.

Transition metal-based catalysts, including V, Co, Mo, Ni,
and Cu, have shown promising activity in this context.?°~>227:28

Their use supports the development of more sustainable
oxidation processes aligned with green chemistry principles, a
key objective of which is to minimize hazardous substances,
reduce waste, and improve energy and resource efficiency.
Green chemistry also emphasizes the use of safer reagents and
methodologies that lower the environmental impact while
maintaining high reaction efficiency and selectivity. Applying
these principles ensures that reactions are not only effective,
but also environmentally responsible, meeting both industrial
performance requirements and regulatory standards for safety
and purity. One approach that embodies the principles of
green chemistry is mechanochemical synthesis, which aligns
closely with these goals by enabling solvent-free or low-solvent
use for the preparation of catalysts for oxidation reactions.

Our recent investigation has shown that vanadium coordi-
nation complexes exhibit high conversion efficiency in the oxi-
dation of benzyl alcohol; however, they often suffer from poor
selectivity over extended reaction times due to overoxidation to
benzoic acid.***" To address this limitation, we aimed to syn-
thesize novel molybdenum coordination complexes as selective
catalysts for the oxidation of benzyl alcohol, with the goal of
minimizing overoxidation. For this purpose, 2-furoic hydrazide
was employed as a ligand constituent (Scheme 1). Notably,
coordination complexes of this type of hydrazide are mostly
coordinated to V,2°7*' Pd,**?3 Sn,**?> or Cu centres,*®?” with
only a few structures reported for Mo,*®?* highlighting the
novelty of our investigation. The aim of this work is twofold: (i)
to prepare simple molybdenum-based coordination complexes
with a 2-furoic hydrazide ligand (SI Scheme X) that is sporadi-
cally represented in the literature and (ii) to investigate their
catalytic performance in the selective oxidation of benzyl
alcohol to benzaldehyde.

Results and discussion

Synthesis, infrared spectroscopy and thermal characterisation
of ligands and molybdenum(vi) compounds

The ligands H,L"' and H,L* were synthesized mechanochemi-
cally by the reaction of 2-furoic hydrazide with salicylaldehyde
and 2-hydroxy-5-nitrobenzaldehyde, respectively (Scheme 1).
The reactions were carried out in the presence of a small
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Scheme 1 Solution-based synthesis of the ligands used for the pre-
sented investigation.

amount of solvent (20 pL of MeOH for H,L' and 30 uL of
MeOH or EtOH for H,L?) at 25 Hz for 30 min. In parallel, a
conventional solution-based synthesis in methanol was also
employed in an attempt to obtain single crystals. The solution-
based synthesis provided good yields of 61% for H,L" and 77%
for H,L”. Notably, a suitable single crystal of the brown ligand
H,L" was successfully obtained, enabling the determination of
its crystal and molecular structure (vide infra).

DSC analysis provided insight into the ligands’ melting
point and purity (SI Fig. S1 and S2). The DSC curve of the
ligand H,L' exhibited a sharp endothermic peak at 173 °C,
while that of the ligand H,L> showed a sharp endothermic
peak at 277 °C. In both cases, the endothermic peak was
attributed to the melting process. The absence of secondary
peaks in both thermograms confirmed the completion of the
reactions and the high purity of the obtained ligands. Infrared
attenuated total reflectance (IR-ATR) spectroscopy further
confirmed the successful formation of the ligands (SI Fig. S3
and S4). A strong absorption band corresponding to the
C=0 stretching vibration was observed at 1655 cm™" for the
ligand H,L" and at 1669 cm™" for the ligand H,L?, indicating
the presence of the keto form. The C=N (imine) stretching
bands were recorded at 1609 cm™' (H,L') and 1611 cm™"
(H,L?). Broad bands centred at 3228 cm™' (H,L') and
3275 ecm™' (H,L?) were attributed to O-H stretching
vibrations from the phenolic group.*>*' Comparison of the
ligands obtained by solution-based synthesis and mechano-
chemical synthesis was confirmed by IR-ATR spectroscopy
(SI Fig. S5 and S6).

Following the successful mechanochemical synthesis of
both ligands (H,L"' °* ?), the same green chemistry approach
was applied to the mechanochemical preparation of molyb-
denum complexes. Two molybdenum complexes were success-
fully obtained using this method.

This journal is © The Royal Society of Chemistry 2026
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The orange complex was synthesized by milling the ligand
H,L' with [MoO,(acac),] for 60 min at 25 Hz with 30 pL of
MeOH. IR analysis of the obtained compound indicated that
all the precursors reacted completely. Subsequently, reactions
involving the same molybdenum starting compound and the
ligand H,L> were investigated. After optimization of the reac-
tion conditions (see SI Table S1), the yellow complex was also
successfully synthesized mechanochemically. This reaction
required 120 min of milling at 25 Hz with the addition of
30 pL of MeOH, with a 10 min pause after 60 min during
which the milling jar was opened. Opening the jar allowed the
release of volatile byproducts, such as acetylacetone, thereby
preventing pressure buildup and excessive heating during the
milling process. Consequently, solution-based synthesis was
explored, in which ligands H,L' or H,L> reacted with
[MoO,(acac),] in a 1:1 molar ratio in various solvents (see SI
Scheme S1). Reactions of H,L" with the {M0O,}*" core yielded
an orange complex, while H,L? resulted in the formation of a
yellow complex, regardless of the solvent used (methanol,
acetonitrile, dichloromethane or acetone). IR-ATR spectra of
complexes synthesized in non-methanolic solvents were identi-
cal, indicating that the same products were obtained regard-
less of solvent choice.

Characterization of the orange complex (1), obtained from
MeOH with H,L', and the yellow complex (2), obtained from
MeOH with H,1? revealed C=N stretching bands at 1609 and
1614 cm™', respectively (SI Fig. S7 and S8). C-O stretching
appeared at 1271 cm™" for orange complex (1) and 1272 cm ™"
for yellow complex (2), suggesting coordination through ONO
donor atoms.>>*>*3"** The sharp Mo=0 asymmetric stretching
vibrations were observed at 910 and 898 cm™" for the orange
complex (1), and at 939 and 913 cm™" for the yellow complex
(2). A distinct band at 1046 cm™" (1) and 1054 cm™" (2) implies
the presence of a coordinated methanol molecule.***”

Thermogravimetric analysis (TGA) results for complexes (1)
and (2) are presented in SI Table S2. The calculations were per-
formed using the proposed molecular formula [MoO,(L" °* ?)
(MeOH)] based on the IR-ATR data. The orange complex (1)
exhibited a two-step weight loss, as shown in SI Fig. SX. The
first step, observed between 140 °C and 235 °C, corresponded
to the release of MeOH, with a mass loss of 8.57% (calcd
8.24%) and was accompanied by an endothermic peak in the
DSC curve. In the second step (280-550 °C), the exothermic
peaks observed in the DSC curve were attributed to the
decomposition of the complex, as indicated by the TG analysis,
leaving a residue of 36.62%, which aligns with the theoretical
MoO; value of 36.84%. IR-ATR spectra of the residue matched
those of commercial MoO;, confirming its identity. Similarly,
the yellow complex (2) underwent two decomposition steps (SI
Fig. S9 and $10). The first, from 175-210 °C, corresponded to
methanol release, with a mass loss of 8.63% (theoretical:
7.39%). This process was additionally observed as an endother-
mic peak in the DSC curve. The second decomposition stage
(305-490 °C) led to a final residue of 33.01%, which aligns
with the expected MoO; content (29.02%), supporting the for-
mation of [MoO,(L?)(MeOH)] (2).

This journal is © The Royal Society of Chemistry 2026
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For the complexes formed in non-methanolic solvents,
similar spectroscopic features were observed (SI Fig. S11 and
$12). The orange complex (3), from H,L', and the yellow
complex (4), from H,L?, exhibited C=N stretching bands at
1612 cm™' and 1609 cm™’, respectively. C-O stretches were
detected at 1270 em™" (3) and 1275 cm ™" (4), suggesting ONO
coordination.*****” Sharp Mo—O asymmetric bands were
found at 909 and 871 cm™* for the orange complex (3), and
945 and 918 cm™' for the yellow complex (4). Notably, both
complexes exhibited additional bands at 1647 cm™" (3) and
1633 cm™" (4), corresponding to O-H vibrations, indicative of
water coordination to the metal center.*”*® Based on the
IR-ATR data, the complex was proposed to have the formula
[MoO,(L" °* ?)(H,0)]. The TGA curve of the orange complex (3)
revealed a first mass loss of 5.11% between 145 and 195 °C,
consistent with the loss of one water molecule (calcd 4.81%),
see SI Fig. S13. The second stage of decomposition
(295-545 °C) resulted in a residue of 38.22%, closely matching
the theoretical MoO; content of 37.60%. The expected compo-
sition for the orange complex is [MoO,(L')(H,O)] (3). The
yellow complex (4) exhibited similar decomposition behaviour
(SI Fig. S14). The first step, occurring between 180 and 215 °C,
corresponded to the release of one water molecule, with an
observed mass loss of 5.10% (theoretical: 4.29%). The sub-
sequent decomposition between 305 and 465 °C yielded a final
residue of 34.12%, in agreement with the theoretical value of
30.16%, confirming the formulation of the yellow complex as
[MoO,(L*)(H,0)] (4). As in the methanol-coordinated com-
plexes, the first step in the DSC curve showed an endothermic
peak attributed to solvent release, followed by exothermic
peaks in the second step.

After identification by IR-ATR spectroscopy and TG analysis,
which confirmed the molecular formulas of the synthesized
complexes, the orange and yellow complexes obtained via
mechanochemical synthesis were compared with complexes
prepared by conventional solution-based methods using
IR-ATR spectroscopy (see SI Fig. S15 and S16). The spectro-
scopic data showed excellent agreement between the mechano-
chemically and solution-synthesized complexes, and the
orange complex was identified as [MoO,(L")(MeOH)] (1), while
the yellow complex corresponded to [MoO,(L?)(H,0)] (4).

Heating any of the methanol- or water-coordinated mono-
nuclear complexes to 250 °C for one hour resulted in the for-
mation of brown complexes (5) and (6) from H,L' and H,L?
respectively. These new complexes remained unchanged upon
cooling to room temperature and showed no signs of reverting
to the original mononuclear structures. IR-ATR spectra of the
brown complex (5) showed C=N stretching at 1618 cm™" and
C-0 at 1270 cm™ ", while the brown complex (6) showed C=N
stretching at 1606 cm™" and C-O at 1263 cm ™" (SI Fig. S17 and
$18). Broad bands at 856 cm™ (5) and 833 cm™' (6) were
assigned to Mo=O---Mo bridging vibrations, indicative of a
polynuclear structure.*****® The absence of bands related to
methanol or water coordination further supports this assign-
ment. Analysis of the IR-ATR data indicated that the complex
can be formulated as [MoO,(L" °* ?)],. When heated under an

Dalton Trans.
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oxygen atmosphere, the brown complex (5) exhibited a single-
step mass loss between 295 and 555 °C, accompanied by an
exothermic peak in the DSC curve, resulting in a residue of
41.80%, closely matching the calculated MoO; content of
40.26%. Similarly, complex (6) decomposed between 315 and
480 °C with an exothermic DSC signal, leaving a residue of
32.05%, in agreement with the calculated value of 35.65%.
These results indicate the formation of polynuclear complexes
[MoO,(LY)], (5) and [MoO,(L*)], (6) (SI Fig. S19 and S20).

Description of molecular and crystal structures

In this study, three crystal structures were determined (SI
Tables $3-S5): the ligand H,L" and two mononuclear dioxomo-
lybdenum(vi) complexes, [MoO,(L")(MeOH)] (1) and [MoO,(L")
(H,0)] (3). The structure of hydrazone ligand H,L"' was pre-
viously reported in the database as references CCDC 788397 *°
and 1529788.°°

The dioxomolybdenum(vi) complexes (SI Fig. S21 and S22),
derived from H,L', exhibit structural features consistent with
similar literature-known compounds.***>*
plexes, the dianionic ligand L*>~ adopts the enol-imino tauto-
meric form (SI Table S4) and coordinates via an ONO donor
set, creating a chelating pocket. The sixth coordination site of
the {MoO,}*" core is occupied by a methanol or water mole-
cule. The coordination geometry around molybdenum in both
structures is best described as distorted octahedral, defined by
cis-arranged oxygen atoms, the tridentate ONO ligand, and an
ancillary solvent molecule (either water or methanol).

In [MoO,(L")(MeOH)] (1) (Fig. 1(a)), the absence of a ditopic
hydrogen-bond donor leads to the formation of discrete, non-
interacting homodimers. These dimers are stabilized through
Omeon*H-Namide hydrogen bonds between symmetry-equi-
valent molecules. Two geometrically distinct but structurally
similar dimer types are observed, both further stabilized by
weak C-H---O interactions (SI Table S5). Together, they arrange
into a zig-zag pattern throughout the crystal lattice, as shown
in Fig. S21(b).

In contrast, [MoO,(L")(H,0)] (3) assembles into supramole-
cular chains through directional hydrogen bonding: O,-
H--‘Namide Wwith one neighbouring molecule and Oy~

In both com-

(a) (b)

Fig. 1 Molecular and crystal structures of (a) [MoO,(LY)(MeOH)] and (b)
[MoO,(LY)(H,0)], showcasing the difference in hydrogen bonding (green
lines).
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H---O=Mo with another (Fig. 1(b)). These chains are further
interconnected by multiple Mo=0,,--H-C contacts, yielding
an overall linear arrangement in the solid state (SI Table S4).

Molecular modelling results

Density functional theory (DFT) calculations were performed
to rationalize the experimentally observed coordination behav-
ior and aggregation modes of the Mo(vi) complexes. In particu-
lar, the calculations were aimed at elucidating the role of
solvent coordination. Previous studies indicate that Mo(vi)
complexes formed in strong donor solvents usually exhibit
solvent coordination at the sixth coordination site, while those
formed in weakly coordinating solvents often contain oxygen
atoms. In contrast, our experimental results show that reac-
tions conducted in MeCN lead to the formation of water-co-
ordinated species, an uncommon outcome in the reported lit-
erature. By comparing monomeric and dimeric models, the
computational study provides a molecular-level explanation for
the solvent-dependent speciation and the absence of p-oxo
dimers under experimental conditions.

Based on the determined crystal structures, two Mo(vi)
mononuclear complexes were considered. One of them is
methanol (1), while the other is water coordinated (3) (Fig. 2).
To compare the energetic and structural properties of the com-
pounds, DFT calculations were conducted. The distance
between the azo nitrogen and molybdenum is slightly longer
in the case of the methanol-coordinated complex compared to
the water-coordinated scenario, but the difference is less than
0.01 A. On the other hand, the distance between the oxygen of
methanol and Mo compared to the water-Mo distance is

methanol water

22796 A

B Mo --- solvent

252484

2

2.5697 A
&,

~

17217 A
1.9705 A

2.0096 A
— )

(o) )Q Mo - O
1.9685 A 17191 A

20474

1.7053 & 17038 4

Fig. 2 Optimized structures of the studied methanol (left) and water
(right) coordinated Mo(v) complexes. For both complexes three
different orientations are shown (A, B, and C). The corresponding struc-
tural information is also depicted in A. Optimizations were conducted at
the B3LYP/6-31G(d,p)/SDD level of theory.

This journal is © The Royal Society of Chemistry 2026
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shorter by slightly more than 0.04 A in the optimized struc-
tures (Fig. 2B).

The other main interactions between the Mo centre and the
two terminal oxygens and the oxygens of the ligand are also
very similar in both cases. The largest difference is 0.0051 A
(Mo---0), while the smallest is 0.0015 A (Mo—O0) (Fig. 2C).

From these mononuclear structures, two specific types of
oligomer - dimers - can be achieved. Dimers were chosen as
the simplest type of oligomer. The first type is the solvent-
assisted case, in which the dimer is formed via coordinated
solvent molecules (methanol or water) (Fig. 3, left and middle)
and other non-covalent interactions.

The second type is a p-oxo dimer within which two metal
centres (Mo atoms) are bridged via an oxygen directly forming
a covalent Mo-O-Mo linkage (Fig. 3, right).

To model the structural features of the compounds and to
understand the specific driving force behind why only solvent-
assisted dimers were achieved experimentally, additional cal-
culations were carried out. From a structural point of view,
solvent-assisted dimers are again very similar and symmetrical
(Fig. 3). The two Mo---N distances in both methanol and water-
assisted dimers are basically identical. Furthermore, the differ-
ence between these structural features, when the two solvent-
assisted cases are compared, is only 0.002 A. The two molyb-

methanol

2.4268 A

- 1.7136 A

1.9685 A solvent --- N

1.7053 A

water

-- solvent ;

A )

1.7067 A
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denum-nitrogen interactions in the p-oxo dimer are also iden-
tical (2.3426 A). However, when compared to the solvent-
assisted scenarios, the Mo---N distance is about 0.04 A longer
in the p-oxo dimer (Fig. 3). Similarly, the Mo---solvent and
solvent---N interactions are very close to each other regardless
of whether methanol or water coordination occurs. The differ-
ence is only 0.014 and 0.008 A, respectively. Considering the p-
oxo dimer, it has its own specific symmetry as well. In the HO-
Mo-O-Mo-OH backbone, the two HO-Mo and Mo-O bonds
are almost identical to their counterparts in the chain, and the
difference is only 0.0017 and 0.0078 A, respectively.

Besides the obvious structural similarities and differences
between the two specific types of dimers (solvent-assisted and
p-oxo types), their formation differs significantly. In the case
of the solvent-assisted scenario, dimerization of the mono-
meric Mo(vi) complexes occurs via the formation of stabilizing
hydrogen bonds due to the presence of solvents (methanol or
water) (Fig. 4, middle and bottom). On the other hand, the for-
mation of the p-oxo dimer was envisaged as a condensation
process between two monomeric units, involving deprotona-
tion of a coordinated water molecule, protonation of a term-
inal oxo ligand, and subsequent elimination of water to yield a
Mo-O-Mo bridge (Fig. 3, right, Fig. 4, top and SI Fig. 523). As
a first step, deprotonation of a coordinated water molecule

p-0xo0

Mo --- N

2.3024 A

2.4266 A

Fig. 3 Optimized structures of the studied Mo(vi) dimers: methanol (left), water (center), and p-oxo (right). For each dimer three different orien-
tations are shown (A, B, and C). The corresponding structural information is also depicted in A. Optimizations were conducted at the B3LYP/6-31G(d,

p)/SDD level of theory.

This journal is © The Royal Society of Chemistry 2026

Dalton Trans.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00558f

Open Access Article. Published on 02 June 2026. Downloaded on 6/4/2026 5:21:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

-

10.48 kcal/mol
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0.00 kcal/mol -22.63 kcal/mol

(R 1 t ? r
2 W W
0.00 kcal/mol -23.87 keal/m:

Fig. 4 Studied hypothetical reaction channels of the Mo(v) com-
pounds. Solvent coordinated dimerisations are indicated with blue,
while the pathway leading to the formation of a dimer with an oxo
bridge is indicated with orange. The water/methanol exchange was also
studied and marked in grey. The corresponding reaction Gibbs free
energies (DG,) are also shown in kcal mol™ calculated at the B3LYP/6-
31G(d,p)/SDD level of theory.

from one of the corresponding monomers and protonation of
terminal oxo ligands occur, leading to the formation of OH
groups. Thus, the HO-Mo-O-Mo-OH backbone is achieved.
The additional water molecule from the second monomer
leaves the system as a side product (Fig. 4, top).

From a thermodynamic point of view, solvent-assisted
dimerization is feasible in both water- and methanol-co-
ordinated cases. In both cases, dimer formation is preferred
by —22.63 and —23.87 kcal mol™" for the water- and methanol-
assisted systems, respectively. Considering the p-oxo dimer,
the reaction is endergonic, and the corresponding reaction
Gibbs free energy is 10.48 keal mol~". All in all, the significant
preference for the solvent-assisted dimers might be the key
reason why the p-oxo dimer was not obtained during the
preparation of the compounds.

Alternative p-oxo motifs, such as symmetric Mo,0, four-
membered ring systems with two bridging oxo ligands, have
been reported in the literature.®® However, their formation
would require a more extensive reorganization of the coordi-
nation sphere, which is not supported by the present experi-
mental observations. In addition, the calculated positive Gibbs
free energy indicates that p-oxo dimer formation is thermo-
dynamically disfavored under applied conditions.

Catalytic studies

The selective oxidation of benzyl alcohol to benzaldehyde, a
key intermediate in pharmaceuticals,*® food® and fragrance
synthesis,” has driven the search for efficient, environmentally
benign catalysts that work under mild conditions with green
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oxidants such as hydrogen peroxide and tert-butyl hydroperox-
ide in aqueous medium. In this study, a series of six molyb-
denum(vi) coordination complexes (1-6) were evaluated as cat-
alysts for the oxidation of benzyl alcohol using TBHP in
aqueous medium as the oxidant. The influence of oxidant
loading on conversion and product selectivity was systemati-
cally investigated. Additionally, to gain further insight into the
catalytic behaviour and co-solvent effects, two methanol-co-
ordinated complexes (1 and 2) were tested using H,O, as the
oxidant in the presence of different amounts of acetonitrile as
a co-solvent. Furthermore, the effect of reaction temperature
(60 °C, 70 °C and 80 °C) on the performance of these two cata-
lysts (1 and 2) was investigated to determine optimal con-
ditions for maximising benzaldehyde selectivity. This study
aims to identify operational parameters governing catalytic
efficiency and selectivity in benzyl alcohol oxidation.

Oxidant role. The effect of oxidant loading on catalytic per-
formance was systematically investigated by comparing two
oxidant-to-substrate molar ratios (4:1 and 2:1) in the oxi-
dation of benzyl alcohol. This approach was designed to evalu-
ate how oxidant availability influences both conversion and
product selectivity, providing insight into the interplay
between oxidant concentration and catalyst efficiency. All
experiments were conducted under identical conditions
(80 °C, five hours) to ensure direct comparison. Key perform-
ance indicators are presented in Table 1 and Fig. 5 to highlight
the influence of the oxidant amount on catalytic behaviour.

When comparing the catalytic performance of the investi-
gated complexes (1-6) in terms of conversion, the mono-
nuclear methanol-coordinated systems clearly outperform the
other groups. [MoO,(L")(MeOH)] (1) exhibited the highest
overall conversion of 43% at a lower 2:1 oxidant ratio, while
[MoO,(L*)(MeOH)] (2) reached 37%. In the literature it has
been reported that nitro-substituted ligands generally enhance
the catalytic activity of molybdenum complexes due to their
electron-withdrawing character, which increases the electro-
philicity of the metal centre and facilitates substrate acti-
vation.>® Although the electron-withdrawing nitro group is
expected to enhance oxidation by increasing the metal centre’s
redox potential, this effect does not appear to translate into
improved catalytic performance at the lower oxidant-to-sub-
strate ratio (2:1). Under tested conditions, [MoO,(L")(MeOH)]
(1) shows higher conversion than [MoO,(L?)(MeOH)] (2). This
suggests that, in this system, electronic modulation by the
nitro group offers limited benefit when oxidant availability is
low, and that non-electronic factors such as steric influences
or coordination stability may play a more significant role.
When examining a higher oxidant-to-substrate ratio (4:1), a
slight improvement is observed, with complex 2 showing a
higher conversion rate than complex 1 (27% vs. 21%).

The water-coordinated analogues, [MoO,(L")(H,0)] (3) and
[MoO,(L*)(H,0)] (4), were less active, showing conversions
below 12% at a 2:1 ratio and around 21-22% at a 4:1 ratio.
The similarity in their performance suggests that ligand vari-
ation has minimal influence on catalytic activity under these
conditions.

This journal is © The Royal Society of Chemistry 2026
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Table 1 Catalytic results of benzyl alcohol oxidation
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Catalyst [MoO,(L")(MeOH)] (1) [M0O,(L*)(MeOH)] (2) [MoO,(L")(H,0)] (3) [M0O,(L*)(H,0)] (4) [MoO,(L)],(5) [MoO,(L*)], (6)
TBHP in aqueous medium
Oxidant
Substrate  Benzyl alcohol
4:1° Con“/% 21 27 21 22 22 6
Sel?/% 64 67 65 65 64 85
TOF,0 min ¢ 10 11 30 19 5 3
TON¢ 42 52 42 42 44 12
2:17 conY% 43 37 11 8 11 10
Sel?/% 65 59 77 71 71 79
TOF»0 min© 45 65 18 7 7 7
TON? 88 78 22 15 22 19

Reaction conditions: time, 5 h; temperature, 80 °C. * Substrate consumed at the end of the reaction. ? Formed aldehyde per converted alcohol at
the end of the reaction. ° n(substrate)transformed/n(catalyst)/time(h) at 20 min. ? n(substrate)transformed/n(catalyst) at the end of the reaction.
¢ n(catalyst)/n(benzyl alcohol)/n(oxidant) = 0.1 mmol/20 mmol/80 mmol. / n(catalyst)/n(benzyl alcohol)/n(oxidant) = 0.1 mmol/20 mmol/40 mmol.

TBHP in aqueous medium was used as the oxidant.
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Fig. 5 Kinetic profiles of benzyl alcohol conversion for six molybdenum(vi) complexes (1-6). Reaction conditions: time, 5 h; temperature, 80 °C: (a)
n(catalyst)/n(benzyl alcohol)/n(oxidant) = 0.1 mmol/20 mmol/80 mmol. (b) n(catalyst)/n(benzyl alcohol)/n(oxidant) = 0.1 mmol/20 mmol/40 mmol.

TBHP in aqueous medium was used as the oxidant.

Lastly, the polynuclear systems [MoO,(L")], (5) and
[MoO,(L*)]. (6) afforded similar conversions (6-22%) to the
water-coordinated system. When the ratio was 2 : 1, the conver-
sion results were comparable (10-11%); however, at a 4:1
ratio, complex 5 exhibited a significantly higher conversion
(22%) compared to complex 6 (6%). This difference could be
attributed to the possible steric hindrance imposed by the
nitro group in the polymeric arrangement, which may limit
substrate coordination under these conditions.

Selectivity trends, however, reveal a different picture. The
methanol-coordinated complexes (1 and 2) produced moderate
selectivity towards benzaldehyde (59-67%), consistent with
their higher activity, which may accelerate over-oxidation path-
ways. In contrast, the water-coordinated complexes (3 and 4)
exhibited higher selectivity (65-77%), suggesting that their
lower reactivity imposes a more controlled oxidation process
and restricts further oxidation. The polymeric complex
[MoO,(LY)]. (5) showed similar selectivity to the water-co-
ordinated complex (3). In contrast, the highest selectivity was

This journal is © The Royal Society of Chemistry 2026

observed for the polynuclear complex [MoO,(L*)], (6), which
consistently achieved 79-85% selectivity despite its moderate
conversion. This could imply that its rigid polynuclear frame-
work suppresses secondary transformations, favouring cleaner
oxidation to benzaldehyde. Such a property could be particu-
larly valuable in contexts where product purity is more critical
than yield.

TON and TOF,, min values reveal key differences in catalyst
efficiency and initial activity. At a lower oxidant ratio (2:1),
[MoO,(L")(MeOH)] (1) showed the highest TON (88) and a high
TOF,0 min (45), indicating strong long-term performance and
rapid initiation under mild conditions. Complex [MoO,(L?)
(MeOH)] (2) exhibited the highest TOF,y min (65), at 2:1,
reflecting very fast initiation, although its TON (78) was slightly
lower, suggesting somewhat reduced sustained activity. Water-
coordinated complexes (3 and 4) displayed lower TON and TOF
values under both conditions, with little variation between
ligands, suggesting limited influence of the ligand structure in
these systems. Polynuclear complexes (5 and 6) showed the
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lowest turnover, with TON values ranging between 12 and 44
and TOF,, min values ranging between 3 and 7. This behaviour
is consistent with reduced active site accessibility arising from
steric constraints imposed by the polynuclear framework.
Overall, methanol-coordinated complexes deliver the best cata-
Iytic efficiency, with complex 1 excelling in TON and complex 2
in TOF,, min, While water-coordinated and polynuclear cata-
lysts show somewhat lower activity.

The conversion-selectivity plot (Fig. 6) offers a complemen-
tary perspective on catalytic behaviour, revealing how the com-
plexes cluster at different oxidant ratios. At a 2:1 ratio, the
methanol-coordinated complexes (1 and 2) form a distinct
group in the high-conversion/medium-selectivity region,
reflecting their ability to sustain higher activity even under
reduced oxidant input, with selectivity in the range of 59 to
65%. In contrast, complexes 3, 4, 5, and 6 group together at
lower conversions but higher selectivity (71-79%), indicating a
shift towards more controlled oxidation in systems where co-
ordinated water or polynuclear frameworks impose steric and
electronic constraints on the active site.

At a 4:1 oxidant ratio, complexes 1, 3, 4, and 5 cluster
closely in the moderate conversion (21-22%) and moderate
selectivity (64-65%) range. This convergence of methanol-,
water-, and polynuclear-based catalysts indicates that a higher
concentration of TBHP in aqueous medium equalises the reac-
tivity of otherwise distinct systems. This supports the idea that
excess oxidant does not necessarily enhance catalytic turnover,
but instead reduces the influence of the catalyst environment,
leading to comparable performance across different catalyst
classes.

Overall, these groupings show that under mild oxidant con-
ditions, the metal centre coordination environment strongly
dictates the performance: methanol promotes activity, while
water and polynuclear environments favour selectivity.
However, under higher oxidant conditions this effect is lost.
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Fig. 6 Conversion vs. selectivity in benzyl alcohol oxidation using Mo
(v1) catalysts (1-6) (TBHP in aqueous medium to benzyl alcohol at 4:1
(green) and 2: 1 (red) ratios).
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Acetonitrile role. The methanol-coordinated molybdenum
(vi) complexes (1 and 2) were chosen for further study because
initial screening with TBHP in aqueous medium identified
them as the most promising candidates, showing the best
balance of conversion and selectivity among the tested series.
While TBHP in aqueous medium is often used as an oxidant
in catalyst development due to its high reactivity, we shifted to
hydrogen peroxide (H,0,) in further studies because it is a
greener oxidant, producing only water as a by-product and is
therefore more attractive for sustainable catalytic oxidation.>?
Although reactions with TBHP in aqueous medium performed
at a lower oxidant-to-substrate ratio (2:1) gave better results
than the H,0, experiments, a 4:1 ratio was selected for
further testing because preliminary trials at 2:1 showed very
low conversion.

Moderate amounts of organic co-solvents (acetonitrile,
acetone, chloroform, and methanol) are frequently employed
in H,0, oxidations to balance solubility with selective oxidant
activation.>**® In this context, acetonitrile (MeCN) was intro-
duced as a co-solvent, since literature reports consistently
highlight its ability to improve substrate and catalyst solubility,
stabilize metal-peroxo intermediates and moderate the reactiv-
ity of aqueous H,0,.°**"°® Guided by these results, three
MeCN volumes (1.5, 3.0, and 6.0 mL) were examined to
capture the effects of low, intermediate, and relatively high co-
solvent loadings. The reaction temperature was set at 70 °C,
slightly lower than the 80 °C used in the earlier testing with
TBHP in aqueous medium, because hydrogen peroxide is
more prone to thermal decomposition and milder conditions
improve oxidant efficiency and selectivity. The catalytic results
are summarized in Fig. 7 and 8.

At 1.5 mL MeCN, both complexes exhibited the highest sub-
strate conversion (57% for 1 and 58% for 2), indicative of rapid
peroxide activation at low organic content. Selectivity toward
benzaldehyde was comparatively low (2-3%), consistent with a
highly reactive oxidizing environment.

At 3 mL MeCN, the conversion decreased (29% for 1 and
28% for 2) as the increased organic fraction partially diluted
the aqueous phase, thereby moderating peroxide availability.
These conditions afforded a marked improvement in the
selectivity (60% for 1 and 58% for 2), suggesting that a moder-
ate MeCN content facilitates a more controlled oxidation
pathway, potentially through stabilization of metal-peroxo
intermediates and improved solubilization of the substrate
and product.

At 6 mL MeCN, the conversions were further reduced (13%
for 1 and 2), reflecting decreased peroxide activation. The
selectivity was further enhanced (67% for 1 and 59% for 2),
consistent with slower peroxide activation and reduced radical
character.

Analysis of TON and TOF, i, reveals distinct trends across
solvent conditions. Low MeCN loading (1.5 mL) delivered the
highest TOF, min (262 for 1 and 242 for 2) and TON values
(118 for 1 and 123 for 2). At 3 mL MeCN, TOF,, i, decreased
(33 for 1 and 74 for 2), while TON values were 57 for both com-
plexes, indicating a balance between the reaction rate and

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Catalytic results of benzyl alcohol oxidation. Reaction con-
ditions: time, 5 h; temperature, 70 °C, n(catalyst)/n(benzyl alcohol)/
n(oxidant) = 0.1 mmol/20 mmol/80 mmol. H,O, was used as the
oxidant with the addition of acetonitrile. (a) Substrate consumed at the
end of the reaction. (b) Aldehyde formed per converted alcohol at the
end of the reaction. (c) n(substrate)transformed/n(catalyst)/time(h) at
20 min. (d) n(substrate)transformed/n(catalyst) at the end of the
reaction.
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Fig. 8 Kinetic profiles of benzyl alcohol conversion for [MoO,(LY)
(MeOH)] (1) (red) and [MoO,(L?)(MeOH)] (2) (green) when H,0, was used
as the oxidant with different amounts of acetonitrile added. Triangle —
1.5 mL, circle — 3 mL and square — 6 mL.

selectivity. At 6 mL MeCN, both TOF,, min and TON were
reduced (TOF,y min = 8 for 1 and 22 for 2; TON 25), while
selectivity reached its maximum under these conditions. This
variation in the initial catalytic activity with an increase in
MeCN content likely reflects the beneficial role of co-solvent
composition in modulating oxidant-catalyst interactions: a
higher organic content can moderate the rate at which the
oxidant reaches the active site, thereby offering finer control
over the initiation of the oxidation process.

Complex 2 consistently exhibited a higher initial TOF,g min,
particularly at an intermediate MeCN content, indicating a
kinetic advantage in the early stages of the reaction. This
faster initial rate reflects more rapid catalyst activation, which
enhances early conversion but may influence the overall
selectivity and catalyst stability. Such behaviour may be attribu-
ted to the effects of the nitro-substituted ligand discussed
earlier. Overall, an intermediate MeCN (3 mL) content offers
optimal catalytic performance.

Temperature role. Following the identification of 3 mL of
MeCN as an optimal co-solvent volume for maintaining a
balance between catalytic activity and selectivity in the oxi-
dation of benzyl alcohol, a temperature screening study was
conducted to further evaluate the influence of thermal input
on the catalytic performance. Two complexes [MoO,(L")
(MeOH)] (1) and [MoO,(L*)(MeOH)] (2) were selected as repre-
sentative systems, since previous results demonstrated that
methanol-coordinated complexes exhibit greater catalytic per-
formance compared to their water-coordinated analouges.
Methanol-coordinated Mo(vi) complexes 1 and 2 were tested
across different temperatures (60, 70 and 80 °C), while the
polynuclear analogues [MoO,(L")], (5) and [MoO,(L?)], (6) were
examined only at 70 °C due to their limited catalytic efficiency.
Reactions were carried out using H,O, as an oxidant, main-
taining a catalyst: benzyl alcohol:oxidant molar ratio of
0.1:20:80 mmol. All experiments were conducted over a
period of five hours. The key catalytic metrics are presented in
Table 2 and Fig. 9.

A clear temperature-dependent trend was observed for com-
plexes 1 and 2, with the catalytic activity generally increasing
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Table 2 Catalytic results of benzyl alcohol oxidation
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Mo(VI) catal

Benzyl alcohol (20 mmol)

yst (0.1 mmol)

H,0, (80 mmol), 3 mL MeCN

60/70/80 °C, 300 min
Catalyst [MoO,(L")(MeOH)] (1) [MoO,(L*)(MeOH)] (2) [MoO,(LY], (5) [MoO,(L?)],, (6)
80 °C CO?“/% 28 70 — —
Sel®/% 50 9 — —
TOFZdO min® 17 70 — —
TON 57 139 — —
70 °C Con“/% 29 28 16 23
Sel?/% 60 58 43 1
TOF50 min ‘ 33 74 33 62
TON 57 57 31 46
60 °C Con“/% 16 20 — —
Sel?/% 80 74 — —
TOFZRp min® 86 52 — —
TON 31 39 — —

“Substrate consumed at the end of the reaction. ” Formed aldehyde per converted alcohol at the end of the reaction. © n(substrate)transformed/n-
(catalyst)/time(h) at 20 min. ¢ n(substrate)transformed/n(catalyst) at the end of the reaction.
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Fig. 9 Kinetic profiles of benzyl alcohol conversion for (a) [MoO,(L)(MeOH)] (1) (red) and (b) [MoO,(L?)(MeOH)] (2) (green) with H,O, and 3 mL of

acetonitrile at different temperatures. Circle — 60 °C, square — 70 °C and

with temperature. At 80 °C, complex 2 exhibited the highest
conversion within the series, reaching 70%, whereas complex
1 achieved 28% conversion. Selectivity toward benzaldehyde
decreased under these conditions, with values of 9% for
complex 2 and 50% for complex 1. The observed decline in
selectivity may be due to accelerated overoxidation processes,
possibly leading to benzoic acid or further oxidative degra-
dation, consistent with trends in some Mo(vi)-based catalytic
systems.”””® This temperature effect reflects a trade-off
between increased catalytic activity and diminished selectivity.
Corresponding TON values were 139 for complex 2 and 57 for
complex 1, with TOF,, nin values of 70 and 33, respectively.

At 70 °C, the conversions were similar for both methanol-
coordinated mononuclear complexes, with 29% for complex 1
and 28% for complex 2. The selectivity was moderate, measur-
ing 60% for complex 1 and 58% for complex 2. TON values
were 57 for complex 1 and 56 for complex 2, while TOF, min

Dalton Trans.

triangle — 80 °C.

values showed a notable difference, 33 for complex 1 and 74
for complex 2, reflecting the faster initial turnover rate of complex
2, likely due to the electron-withdrawing nature of ligand H,L>
containing a nitro group. These values are consistent with earlier
findings, where complex 2 demonstrated faster kinetic perform-
ance across varying co-solvent amounts and oxidant ratio
systems. At 60 °C, both complexes displayed reduced conversions,
with 16% for complex 1 and 20% for complex 2.

Selectivity toward benzaldehyde was significantly improved
under milder conditions, reaching 80% for complex 1 and
74% for complex 2. TON values were 32 for complex 1 and 40
for complex 2, with TOF,, min values of 18 and 38, respectively.
Again, complex 2 exhibited better results than complex 1, poss-
ibly due to the nitro effect mentioned before. The obtained
results are consistent with the literature, indicating that an
increase in temperature leads to higher conversion but lower
selectivity.”®°0°

This journal is © The Royal Society of Chemistry 2026
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The polynuclear complexes 5 and 6 were evaluated at 70 °C
as a representative temperature. Their catalytic performances
were modest, with conversion values of 16% (5) and 23% (6).
However, selectivity values were lower than their mononuclear
counterparts: 43% for complex 5 and 41% for complex 6. Their
corresponding TONs of 31 (5) and 46 (6) and TOFy, mi, values
(33 for complex 5 and 62 for complex 6) indicate that complex
6 was more reactive during the early phase of the reaction.
Given these comparatively lower efficiencies, temperature-
dependent screening was not extended to complexes 5 and 6,
as the data at 70 °C suggested limited potential for improve-
ment under more favourable thermal conditions.

A plausible mechanistic exploration, together with a com-
parison to other Mo(vi) systems, has been added to the SI
under the headings “Plausible mechanistic explanation” and
“Evaluation against comparable catalysts”.

Experimental
Materials

The starting compounds included commercially available alde-
hydes and hydrazide (Fluka AG, BLDpharm, and ALDRICH), as
well as the solvents MeCN, MeOH, DCM and acetone (Fluka),
which were used without further purification. The starting
complex [MoO,(acac),] (acac = CsH,0, = acetylacetonate) was
prepared as described in the literature.®***

Ligand synthesis

Solution-based synthesis:

The ligands were synthesized via the condensation of
2-furoic hydrazide (0.1923 g, 1.524 mmol) with either salicylal-
dehyde (0.160 mL, 0.1862 g, 1.524 mmol) to form H,L', or
2-hydroxy-5-nitrobenzaldehyde (0.2510 g, 1.524 mmol) to form
H,1? in a 1:1 molar ratio using methanol (30 mL) as the
solvent.

Brown crystals were obtained for the ligand H,L' and a
yellow powder was obtained for the ligand H,L?. The products
were filtered and analysed by IR-ATR spectroscopy, DSC ana-
lysis and SCXRD.

Mechanochemical-based synthesis:

The ligands H,L' and H,L? were synthesized via a mechan-
ochemical method.

For the preparation of H,L', 2-furoic hydrazide (0.0200 g,
0.1585 mmol) and salicylaldehyde (16.6 uL, 0.0387 g,
0.3171 mmol) were placed in a Teflon milling jar with a Teflon
ball. Methanol (20 pL) was added, and the mixture was milled
at 25 Hz for 30 minutes. The reaction afforded a light brown
powder as the product.

For the synthesis of H,L?, 2-furoic hydrazide (0.0200 g,
0.1585 mmol) and 2-hydroxy-5-nitrobenzaldehyde (0.0265 g,
0.1585 mmol) were placed in a Teflon jar with a Teflon ball,
followed by the addition of methanol or ethanol (30 pL) as the
grinding aid. The mixture was milled under the same con-
ditions (25 Hz, 30 min), affording a light-yellow powder. The

This journal is © The Royal Society of Chemistry 2026
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products were analysed by IR-ATR spectroscopy and compared
to the products obtained from solution-based synthesis.

Mechanochemical synthesis provided yields of >99%.

H,L'

Colour: brown; yield for solution-based synthesis: 61.4%.
IR-ATR (cm™): 3228 (O-H), 3116 (C-H), 3056 (C-H), 1655
(C=0), 1609 (C=N). DSC: onset = 173 °C, E = 26.41 k] mol .

H,L?

Colour: yellow; yield for solution-based synthesis: 77.0%.
IR-ATR (em™): 3275 (O-H), 3101 (C-H), 3062 (C-H), 1669
(C=0), 1611 (C=N). DSC: onset = 277 °C, E = 39.83 k] mol .

Molybdenum(vi) complexes

Mononuclear complexes

Methanol-coordinated complexes [MoO,(L' ° ?)(MeOH))].
Solution-based synthesis:

H,L' (0.0500 g, 0.2172 mmol) was dissolved in methanol
(30 mL) in a 100 mL round-bottom flask. [MoO,(acac),]
(0.0708 g, 0.2172 mmol) was then added to the solution in a
1:1 molar ratio. The reaction mixture was refluxed for three
hours and then allowed to cool to room temperature. Orange
crystals were obtained, filtered off, dried and analysed by
IR-ATR spectroscopy, TGA/DSC analysis and SCXRD.

The same procedure was used to synthesize the complex
with the ligand H,L?. The ligand H,L* (0.0500 g, 0.1816 mmol)
was dissolved in methanol (30 mL), followed by the addition of
[MoO,(acac),] (0.0592 g, 0.1816 mmol) in a 1:1 molar ratio,
resulting in the formation of a yellow powder. The solid
product was filtered, dried and analysed by IR-ATR spec-
troscopy and TGA/DSC.

Mechanochemical-based synthesis:

The same mononuclear complex [MoO,(L')(MeOH)] (1) was
obtained by mechanochemical synthesis. The ligand H,L"
(0.0200 g, 0.0868 mmol) and [MoO,(acac),] (0.0283 g,
0.0868 mmol) were placed in a Teflon jar with a Teflon ball.
30 pL of methanol was added and milled for 60 min at 25 Hz.
A yellow powder product was obtained. The product was ana-
lysed by IR-ATR spectroscopy and compared to the product
obtained from solution-based synthesis (SI Fig. S15).

[MoO,(L")(MeOH)] (1)

Colour: orange; yield: 74.7%. IR-ATR (cm™'): 3138 (C-H),
2938 (C-H) 1609 (C=N), 1516 (C=C), 1271 (C-O), 1046
(MeOH), 910 and 898 (Mo=O0). TGA: MeOHco: 8.24%,
MeOH ¢,p: 8.57%, MOOj3¢heo 36.84%, MOOsexp: 36.62%.

[Mo00O,(L*)(MeOH)] (2)

Colour: yellow; yield: 67.8%. IR-ATR (cm™'): 3142 (C-H),
1614 (C=N), 1509 (C=C), 1272 (C-0), 1054 (MeOH), 939 and
913 (M0=0). TGA: MeOHeo: 7.39%, MeOHep: 8.63%,
MOO5heot 33.01%, MOOj3exp: 29.02%.

Water-coordinated complexes [MoO,(L" ° °)(H,0)]. Solution-
based synthesis:

H,L"' (0.0500 g, 0.2172 mmol) was dissolved in 30 mL of
acetonitrile, acetone, or dichloromethane in a 100 mL round-
bottom flask. To this solution, [MoO,(acac),] (0.0708 g,
0.2172 mmol) was added, maintaining a 1:1 molar ratio. The
mixture was refluxed for three hours and then allowed to cool
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to room temperature. The resulting orange crystals were fil-
tered, dried and analysed by IR-ATR spectroscopy, TGA/DSC
analysis and SCXRD.

The same procedure was used to synthesize the complex
with the ligand H,L>. The ligand H,L* (0.0500 g, 0.1816 mmol)
was dissolved in acetonitrile, acetone, or dichloromethane
(30 mL), followed by the addition of [MoO,(acac),] (0.0592 g,
0.1816 mmol) in a 1:1 molar ratio, resulting in the formation
of a yellow powder. The solid product was filtered, dried and
analysed by IR-ATR spectroscopy and TGA/DSC.

Mechanochemical-based synthesis:

The same mononuclear complex [MoO,(L*)(H,0)] (4) was
obtained by mechanochemical synthesis. The ligand H,L>
(0.0200 g, 0.0727 mmol) and [MoO,(acac),] (0.0283 g,
0.0868 mmol) were placed in a Teflon jar with a Teflon ball.
30 pL of methanol was added and milled for 120 min at 25 Hz.
The jar was opened at 60 min for 10 min. A yellow powder
product was obtained. The product was analysed by IR-ATR
spectroscopy and compared to the product obtained from solu-
tion-based synthesis. The optimised reaction parameters are
presented in SI Table S1.

[Mo0,(L")(H0)] (3)

Colour: orange; yield: 20.4%. IR-ATR (cm™'): 3127 (C-H),
1647 (H,0), 1612 (C=N), 1554 (C=C), 1270 (C-O), 909 and
871 (M0=0) TGA: HyOtneot 4.81%, HyOcxp: 5.11%, M0Ostheo:
38.22%, M0Oseyp: 37.60%.

[Mo0,(L*)(H,0)] (4)

Colour: yellow; yield: 40.0%. IR-ATR (cm™'): 3463 (O-H),
3145 (C-H), 3084 (C-H), 1633 (H,0), 1609 (C=N), 1503 (C=C),
1275 (C-0), 945 and 918 (M0=0). TGA: H,Oeo: 4.29%,
H,O0exp: 5.10%, MOOs¢heo: 34.12%, M0Oseyp: 30.16%

Polynuclear complexes. If the mononuclear complex
[MoO,(L' °* ?)(MeOH)] or [MoO,(L" °* ?)(H,0)] is heated at
250 °C it turns into the brown polynuclear complex [MoO,(L"
or 2)]n~

[MoO,(LY)], (5)

Colour: brown; yield: 100%. IR-ATR (cm™'): 3136 (C-H),
3039 (C-H), 1618 (C=N), 1526 (C—=C), 1270 (C-O), 856
(M0=0). TGA: M0Ostheo: 40.26%, M0O3eyp: 41.80%.

[M0O,(L?)] (6)

Colour: brown; yield: 100%. IR-ATR (cm™): 3092 (C-H),
3000 (C-H), 1606 (C—=N), 1515 (C—=C), 1263 (C-O), 833
(M0=0). TGA: M0Ostheo: 35.65%, M0Osexp: 32.05%.

Methods

The prepared compounds were characterized by infrared atte-
nuated total reflectance (IR-ATR) spectroscopy, thermo-
gravimetric analysis (TGA), differential scanning calorimetry
(DSC) and single crystal X-ray diffraction (SCXRD).

IR-ATR analysis was performed using a PerkinElmer
Spectrum Two spectrometer equipped with a diamond ATR
attachment. The measurement was carried out in the
4000-400 cm™" range with four scans. The spectra were pro-
cessed and analysed using Excel.

A Mettler-Toledo DSC823e instrument was used for differ-
ential scanning calorimetry (DSC) analysis in the range of
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25-300 °C under an inert N, atmosphere with a flow rate of
50 mL min~' and a heating rate of 10 °C min .
Measurements were conducted using closed aluminium con-
tainers featuring a single perforation in the lid. The obtained
data were processed using Mettler STARe Evaluation Software
v18.00.

Thermogravimetric (TGA) analysis was performed using a
Mettler-Toledo TGA/DSC 3+ instrument in aluminium oxide
crucibles equipped with lids containing a single perforation.
All experiments were performed under an O, atmosphere with
a flow rate of 200 cm® min™" and a heating rate at 10 °C min™".
The measurements were carried out over a wide temperature
range of 25-600 °C. The results were processed using Mettler
STARe Evaluation Software v18.00.

Crystallography

Single crystals of [MoO,(L")(MeOH)] (1) and [MoO,(L")(H,0)]
(3) of suitable quality were selected for X-ray diffraction
studies. Data collection was performed using a Rigaku XtaLAB
Synergy-S diffractometer equipped with a Dualflex source
using Cu Ka radiation (4 = 1.54184 A) and a HyPix detector.
Diffraction data were acquired using w-scan techniques at
170 K for compounds (1) and (3). The data were processed
with the CrysAlisPro software package.®® The initial structural
solution was achieved using dual-space methods implemented
in SHELXT,*® followed by full-matrix least-squares refinement
on F* using SHELXL.®” Refinement included anisotropic dis-
placement parameters for all non-hydrogen atoms. Hydrogen
atoms bonded to carbon were positioned geometrically and
refined using a riding model, with U, values set to 1.2U.q for
CH and CH, groups and 1.5U.q for methyl groups. Hydrogen
atoms bound to heteroatoms were located from difference
Fourier maps during the final refinement stages. All SHELX
operations were carried out within the Olex2 crystallographic
interface.® Geometric calculations were performed using
PLATON,”® and molecular graphics were generated with
Mercury.”® A summary of crystallographic data is provided in
Tables S2-S4 (SI). Crystallographic data have been deposited
with the Cambridge Crystallographic Data Centre under depo-
sition numbers CCDC 2528700 and 2528701.

Molecular modelling methods

The positions of heavy atoms and hydrogens were taken from
experimentally determined crystal structures and used to
create the corresponding input files for computational chem-
istry calculations. Additional structures were also designed by
combining information from different sources. Density func-
tional theory (DFT) calculations were carried out, and the
initial structures were optimised using the B3LYP method.”
The 6-31G(d) split valence basis set was used for the nonmetal
atoms in the structures, while the Stuttgart-Dresden (SDD)
effective core potential was applied for the metal atom
(Mo).”>”7* Frequency calculations were carried out at the same
B3LYP/6-31G(d,p)/SDD level of theory to confirm that all opti-
mized structures were true minima. Grimme’s dispersion cor-
rection was taken into account to improve the accuracy of the
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results.”> The Gaussian 16 program package was employed to
carry out all calculations.”®

Catalysis

The catalytic liquid-phase oxidation of benzyl alcohol was per-
formed using molybdenum-based coordination complexes as
catalysts in a magnetically stirred, three-necked 50 mL round-
bottom flask equipped with a reflux air condenser. The reac-
tion system comprised benzyl alcohol (20 mmol), an oxidant
either TBHP in aqueous medium (40 or 80 mmol) or H,0,
(80 mmol) in the presence of variable amounts of acetonitrile
(for H,0,-based systems), biphenyl (0.75 mmol) as an internal
standard, and a catalyst (0.1 mmol). The reactions were con-
ducted at 80 °C for TBHP systems and at 60, 70, or 80 °C for
H,0,/acetonitrile systems, under continuous stirring for five
hours. At defined time intervals, aliquots were withdrawn,
immediately diluted with diethyl ether, and subjected to gas
chromatography (GC) analysis.

GC analyses were carried out using an Agilent 8860 gas
chromatograph (Agilent Technologies, Santa Clara, CA, USA)
equipped with a flame ionization detector (FID) and an HP-5
capillary column (30 m x 0.32 mm x 0.25 pm), with helium as
the carrier gas. The injection port and detector temperatures
were maintained at 250 °C and 200 °C, respectively.
Quantification was achieved using calibration curves generated
from authentic standards of all relevant species. Benzyl
alcohol conversion and aldehyde formation were calculated
relative to the biphenyl internal standard, with calibration
curves exhibiting excellent linearity (r* = 0.999).

All reactions were conducted under homogeneous con-
ditions, with the catalyst being fully dissolved as a molecular
species in the reaction medium; thus, conventional hetero-
geneous catalyst recycling protocols were not applicable.

Conclusions

Six new Mo(vi) complexes, including mononuclear and poly-
nuclear species, were synthesized using mechanochemical and
solution-based approaches and fully characterized. Emphasis
was placed on evaluating mechanochemical synthetic path-
ways and catalytic oxidation using environmentally benign oxi-
dants, especially H,O, in aqueous media, in line with green
chemistry principles. Catalytic studies revealed a strong depen-
dence on the coordination environment and nuclearity:
methanol-coordinated mononuclear complexes exhibited the
highest activity and turnover numbers, whereas water-co-
ordinated and polynuclear systems showed lower activity but
enhanced selectivity toward benzaldehyde. The influence of
oxidant ratio, co-solvent volume, temperature, and ligand elec-
tronics enabled rational tuning of conversion-selectivity
relationships, providing guidance for the design of efficient
and sustainable Mo(vi)-based oxidation catalysts. DFT calcu-
lations showed that solvent donor ability dictates the coordi-
nation environment of the Mo(vi) centre. In methanol, the
solvent readily coordinates, yielding a methanol-bound
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complex, whereas in weakly coordinating acetonitrile, trace
water preferentially occupies the coordination site. In both
cases, dimerization proceeds via strongly favoured solvent-
assisted hydrogen-bonding interactions, while p-oxo dimer for-
mation through terminal oxo ligands is thermodynamically
disfavoured. This pronounced energetic preference rationalizes
the experimentally observed coordination behaviour and the
absence of p-oxo dimers under applied conditions.
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