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High-valent oxovanadium metallosupramolecular
species as catalysts for the oxidation of benzyl
alcohol derivativest
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Coordination-driven  synthesis has been successfully utilized to prepare vanadium-based
metallosupramolecular species. By systematically varying synthesis methods and reaction conditions, two
series of isostructural oxovanadium(v) coordination polymers [VO(SIH)(OR)], (where SIH?>~ represents
salicylaldehyde isonicotinoylhydrazonate, and R corresponds to CHsz (1B-0.25CH3OH), CyHs (2ee and
2B-0.25C,Hs0OH), C3H5 (3a), C4Hg (4o and 4B), and CsHyy (5B)), were synthesized. Additionally, a phase-
pure tetranuclear compound [VO(SIH)(OCH3)l4-4CHsOH (1t-4CHsOH) was also prepared. In these
compounds the [VO(SIH)] units, featuring the isonicotinoylhydrazonate heterocyclic moiety, are
interconnected through V—Nisonicotinoyt COOrdination bonds. This linkage enables formation of the one-
dimensional (1D) zig—zag chain compounds and zero-dimensional (0D) metallocycle, as determined by
single crystal X-ray crystallography. This study further explored the formation and transformation of the
assemblies, thereby emphasizing the influence of the ancillary OR™ ligand. The compounds were also
characterized by powder X-ray diffraction, chemical analysis, thermogravimetric (TGA) measurements,
and spectroscopic methods (IR-ATR, UV-Vis, and NMR). The catalytic activity of vanadium coordination
entities 1t and 1B was tested for the oxidation of benzyl alcohol and its derivatives, including 2-
nitrobenzyl, 2-chlorobenzyl, and 2-methylbenzyl alcohol. Several oxidizing agents were used, including
tert-butyl hydroperoxide (TBHP) in aqueous and decane solutions, as well as hydrogen peroxide (H,O,).

The study also assessed the impact of different solvents, such as toluene, acetonitrile, and methanol,

rsc.li/rsc-advances

Introduction

High-valent metal-organic species are widely recognized as
active oxidants in the catalytic oxidation of organic compounds,
serving as a cornerstone in both academic research and
industrial applications.™ Their utilization requires careful
consideration of several factors to optimize performance and
efficiency. These factors include not only the selection of the
central metal but also the choice and variation of ligands.
Ligand substituents significantly influence the solubility,

“University of Zagreb, Faculty of Science, Department of Chemistry, Horvatovac 102a,
10000 Zagreb, Croatia. E-mail: jana.pisk@chem.pmf.hr; visnja.vrdoljak@chem.pmf.
hr

*University of Zagreb, School of Medicine, Department of Chemistry and Biochemistry,
Salata 3, 10000 Zagreb, Croatia

T Electronic supplementary information (ESI) available: (1) Powder diffraction
patterns, (2) additional figures for compounds, (3) tables of selected bond
distances and angles and of hydrogen bonds parameter, (4) UV-Vis spectra, (5)
NMR spectra ATR-IR spectra, (6) TGA curves, (7) crystallographic data sets for
the structures 1t-4CH;0H, 2e, 3, 40, 13-0.25CH;0H, 2B-0.25C,H;0H and 5.
CCDC 2367532-2367538. For ESI and crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d4ra09073j

© 2025 The Author(s). Published by the Royal Society of Chemistry

thereby enhancing the understanding of these systems.

stability, electronic structure, and steric properties of the
complex system, all of which ultimately affect catalyst
performance.

Among these systems, oxovanadium complexes are particu-
larly notable due to the advantageous characteristics of the
vanadium metal center.’” Vanadium exhibits a variety of
oxidation states, different coordination numbers, enhanced
oxophilicity, and a good Lewis acidity.*® These properties make
vanadium-based catalysts highly effective in promoting the
oxidation of organic substrates, including saturated, aromatic,
and olefinic hydrocarbons.'*** Despite these advantages, the
development and application of high-valent oxovanadium
metallosupramolecular compounds as catalysts remain rela-
tively underexplored. High-valent vanadium complexes tend to
form oxo- or alkoxo-bridged compounds, limiting their use in
creating well-defined supramolecular structures.'*™'* To the best
of our knowledge, there are only rare examples of VO coordi-
nation polymers or cyclic assemblies [VO(L)(L')], (L, L' =
ligands) comprising nitrogen and oxygen donor ligands.**2°

In contrast, significant progress in this area has been made
for high-valent metallosupramolecular species, such as molyb-
denum(vi) and tungsten(vi) assemblies bearing terminal oxo co-
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ligands.”*** These species are synthesized using carefully
designed organic ligands and strict control of the reaction
conditions, preventing oligomerization of the highly reactive
metal-oxo units through the oxygen atom.>*** The size, shape of
these assemblies, and the functional groups of all building
units are also essential and determine their properties and
potential application.>*>*

From a structural perspective, one could anticipate obser-
vations of multiple crystal forms for the same metal-
losupramolecular assembly, however, polymorphism in metal-
organic chemistry is seldom reported on; less than 0.5% of
metal-organic structures in the Cambridge Structural Database
have corresponding polymorphs. Moreover, the occurrence of
polymorphism is unevenly distributed, particularly among first-
row transition metals. Among these, iron and copper
compounds exhibit the highest frequency of polymorph occur-
rence, aligning with their abundant entries in the database.
Vanadium compounds, however, stand out as an exception
compared to their periodic table neighbours, displaying a rela-
tively high number of polymorphs compared to the total
number of published crystal structures (Fig. 1).

Focusing on neutral vanadium complexes, a few studies have
reported polymorphs of vanadium(m), oxovanadium(wv),
(alkoxo)oxovanadium(v), and dioxovanadium(v) species. These
polymorphs are associated with a variety of ligands, including
pyridine derivatives,*** Schiff bases,”?' hydrazones, and
related compounds.**** Additionally, polymorphism has been
observed in heteropolymetallic coordination polymers con-
taining dioxovanadium(v) ions*?** and vanadium complexes
with porphyrin derivatives.****' Interestingly, polymorphism is
predominantly found in compounds lacking strong directional
intermolecular interactions, such as hydrogen or halogen
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bonding. This suggests that vanadium compounds are prone to
polymorphism in the absence of significant supramolecular
synthons. However, this observation also implies that incorpo-
rating well-defined supramolecular synthons in the ligand
design might hinder exploration of the polymorphic landscape.

Despite these findings, the structural chemistry of vanadium
remains relatively underexplored compared to other transition
metal complexes. Consequently, these insights should be
regarded as preliminary rather than definitive, until more
structural data is collected.

Although constructing metallosupramolecular architectures
with oxovanadium(v) building blocks is more challenging, the
potential of these types of compounds is highly promising and
worth exploring.*> In this study, we therefore explored their
synthesis by employing a coordination-driven self-assembly
methodology as an effective tool for constructing discrete or
polynuclear architectures.***” The [VO(SIH)] structural unit,
incorporating the salicylaldehyde isonicotinoylhydrazonate
ligand (SIH>") has been selected since the ligand features
a heterocyclic moiety that provides a coordinating platform with
a nitrogen donor atom. The choice of this ligand without
additional substituents ensures that neither electron donating
nor electron withdrawing groups interfere with the formation of
the desired superstructures. In the presence of primary alcohols
ROH (C,H,,+1OH, n = 1-5) building units can combine and
yield metallocyclic [VO(SIH)(OR)], or polymeric assemblies
[VO(SIH)(OR)],. We also explored transformation of the
assemblies by alkoxo OR™ ligand exchange.

By changing synthesis method and reaction conditions, two
series of isostructural polymorphs were obtained (where R =
CH; (1B-0.25CH;0H), C,H; (20t and 2B-0.25C,H;0H), C;H,
(3et), C4Hy (4o and 4B), and CsHy4 (5B)). The structures of these

[9%] s3113u3 40 13quiny [e30Y/5d016 ydiowAjod 4o Jaquiny

0.0

Fig. 1 Periodic table of polymorph occurrence among crystal structures containing metal or semi-metal elements in Cambridge Structural
Database. Polymorph group was defined as set of structures with the same refcode root and distances between reduced unit cell vectors of at
least 0.5. Number in bold font represents number of polymorph groups (i.e. groups of crystal structures with same composition and molecular
structure, but different unit cell or packing of molecules). Number in regular font represents total number of entries containing a particular
element. Colour of element box (1) maps normalized polymorph occurrence or (2) is black if number of found polymorph groups is less or equal

to 10.
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oxovanadium(v) polymers and metallocyclic compound
[VO(SIH)(OCH3)]4-4CH3;0H  (1t-4CH3;0H), were elucidated

using single-crystal X-ray diffraction (SCXRD) and powder X-ray
diffraction (PXRD) analysis. They were further characterized
using elemental analysis, infrared (IR-ATR), UV-Vis, and NMR
spectroscopic methods. The thermal stability of the assembled
structures was also studied using thermogravimetric analysis
(TGA).

These above mentioned findings suggest that similar strat-
egies could be employed to advance the field of high-valent
oxovanadium catalysts, opening new avenues for the develop-
ment of efficient and selective oxidation processes. Due to it, we
chose to investigate the oxidation of benzyl alcohol as it is
extensively used as a precursor in the synthesis of various
products.*®*** Common oxidizing agents for the oxidation
processes, potassium permanganate and sodium dichromate,
are causing environmental issues.”® While nitric acid is another
commonly used and cost-effective oxidant its use leads to the
formation of side products that are both toxic and environ-
mentally polluting. Environmentally acceptable oxidants would
be hydrogen peroxide or molecular oxygen which were tested for
benzaldehyde oxidation assisted by transition metals such as
Co, Fe, Sn-W, V and Au.?**®

Our research was focused on the catalytic performance of V-
coordination entities 1t and 18 whose activity was compared to
the compounds [VO,(HSIH)] (6), V,0s5, and [MoO,(SIH)],..*” They
were assessed in oxidizing benzyl alcohol and its derivatives: 2-
nitrobenzyl, 2-chlorobenzyl, and 2-methylbenzyl alcohol. The
oxidation of benzyl alcohol derivatives to the corresponding
carbonyl compounds was explored using various oxidizing

Table 1 Synthetic procedures and obtained metallosupramolecular
isomer and polymorphic forms

[VO(SIH)(OR)], OR x Procedure
1t-4CH,;0H OCH; 4 1
1B-0.25CH;0H OCH; n I

20 OC,Hj; n I or III
2B-0.25C,Hs0H OC,H; n I

3o OC3H, n I or III

4o OC4Hy n T orII or IIT
4B OC,H, n I

5B OCsHy, n I or III

Procedure |
NH4VO3

L0
= C\\N/N\\C

] H H
N

[VO acac),]

Procedure Il

/TN
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agents, including tert-butyl hydroperoxide (TBHP) in aqueous
and decane solutions, as well as hydrogen peroxide (H,O,),
while also evaluating the influence of different solvents such as
toluene, acetonitrile, and methanol.

Results and discussion

Synthesis and characterization of metallocycle and two series
of coordination polymers

The hydrazone derived from salicylaldehyde and iso-
nicotinoylhydrazide was synthesized as described in the litera-
ture.”® Supramolecular coordination complexes were afforded
through the reaction of NH,VO; or [VO(acac),], hydrazone
(H,SIH), and the corresponding primary alcohol (C,H,,+1OH, n
=1-5) (Table 1, Scheme 1, Procedures I and II). The solvent was
evaporated leaving a dark red coloured solution from which
a crystalline precipitate formed. All compounds were charac-
terized using various analytical and spectroscopic methods and
were identified as tetranuclear metallocyclic
[VO(SIH)(OCH3;)],-4CH30H (1t-4CH30H), and infinite zig-zag
chain products [VO(SIH)(OR)], (where R = CH; (1B-0.25CH;-
OH), C,H; (2 and 2B-0.25C,H;0H), C;H; (3a), C4Ho (4o and
4B), and CsH;4 (5B), Table 1). Their formation was driven by the
denticity of the ligand and donor atom positions within the
linking unit. The crystalline powders were analysed using PXRD
and the results were then compared to the simulated powder
patterns obtained from the SCXRD data (Fig. S1-S3, see ESIY).
In the case of polynuclear assemblies, two series of polymorphic
forms were characterized. The structures of 2a, 3o, and 4«
belong to the first arrangement (Fig. S27), while the structures
of 1B-0.25CH;0H, 2B-0.25CH;0H, 4B, and 5B belong to the
second one (Fig. S3). The observed similarities in the powder
diffractograms within each series facilitate the determination of
the polymorphic type associated for each compound. Despite
our attempts, we didn't obtain 1e, 3, and 5a forms by the
mentioned procedures. Following Procedure I, 4B polymorph
can be isolated upon the evaporation of the reaction solution on
the same day. In contrast, the 4a form is generated when the
solution remains undisturbed for an extended period.
Furthermore, by immersing crystals of the tetramer
[VO(SIH)(OCHj;)],-4CH3;0H (1t-4CH;OH) in an appropriate
coordinating solvents ROH (R = C,H,,.4, n = 2-5), the ancillary
ligand was replaced with a different one, OR. However, in the

TN

[VO(SIH)(OR)l, [VO(SIH)]y

W

Procedure IlI

Scheme 1 Structure of the H,SIH ligand and synthetic pathways to oxovanadium(v) supramolecular species.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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case of ethanol and butanol, it resulted in a mixture of poly-
morphs 2a and 2B-0.25CH;O0H, 4o and 4B, respectively. A
similar result was obtained by higher alkoxo ligand substitution
when submersing crystals in methanol. Polymer and tetramer
with coordinated methoxo ligand were achieved as a mixture.

We were therefore interested in studying the thermally
assisted structural transformation of [VO(SIH)(OCHj;),-
-4CH30H (1t-4CH30H) in solvent-free conditions. Consistent
with findings on its thermal stability (vide infra), a crystalline
sample of 1t-4CH;0H was gradually heated from the ambient
temperature up to 165 °C with a heating rate of 10 °C min™".
After being held at that temperature for one hour, the amor-
phous residue of the thermally activated complex [VO(SIH)],
was immersed in the corresponding ROH for one week (Proce-
dure III). This procedure resulted in the formation of 1t, 2a, 3a,
4o, and 5B which were identified by IR-ATR and X-ray powder
diffraction method (Fig. S4, see ESIt). The formation of poly-
mers can be explained by the cleavage of the V-Nisonicotinoyl
bonds in the metallocycle and formation of new V-Nisonicotinoyl
bonds in solution. It is worth noting that the formation of
a supramolecular architecture indirectly through the solid-state
transformation of vanadium supramolecular complex has never
been reported.

In the reaction between the NH,VO; and hydrazone ligand in
methanol, followed by the evaporation in an airstream, the
[VO,(HSIH)] (6) compound crystallized. A single-crystal X-ray
study of 6 confirmed the structure to be mononuclear.
However, it was previously reported (CSD refcode LAMLES).*

Description of molecular and crystal structures

High-quality single crystals suitable for single crystal X-ray
diffraction were obtained for total of 7 compounds, namely
1t-4CH,0H, 20, 3a, 4o, 1B-0.25CH,0H, 2B-0.25C,H;0H and
5B. General and crystallographic data can be found in ESI,
Tables S1-S2 and Fig. S5-S7.T Determined crystal structures
represent a diverse set of metallosupramolecular assemblies
based on the same building block - {VO(OR)(L)} (Fig. 2, top left).
The geometry of the monomeric building unit is practically
identical across the observed structures: vanadium center is
situated in an expected ONO coordination environment
provided by a doubly deprotonated hydrazonato ligand in its
enolato-imino tautomeric form (Fig. S57). In each compound,
oligomerization or polymerization is facilitated through coor-
dination of the nitrogen atom from an ancillary pyridyl func-
tional group on the sixth coordination site of the
oxovanadium(v) centre.

Tetranuclear complex 1t crystallizes in the tetragonal space
group I4. Although the complex has a fourth order rotoinversion
symmetry (Fig. 2, top right), the complex conforms to a shape of
a diagonally folded square, with vanadium centers significantly
shifted from the tetramer equatorial plane (Fig. S7t). Moreover,
the complex molecules are stacked along the ring axis, forming
large channels comprising up to 20.7% of unit cell volume. This
arrangement of molecules is certainly unexpected and could
represent a new moment in supramolecular metal-organic
frameworks (sMOF), and the detailed investigations are

3550 | RSC Adv, 2025, 15, 3547-3561
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[VO(OR)(L)]
monomer N

1t:14

na: Pbca np:Ibca
densely packed porous 1D
1D polymer polymer

Fig. 2 [VO(OR)(L)] monomer (L = SIH) can oligomerize into porous
tetramer 1t, or polymerize into polymorphs a (densely packed 1D
chains) or B (porous assembly of 1D chains). Structures of e and B are
shown as structural overlays of complexes with 2 and 3 different alkoxy
chain lengths, respectively, emphasizing the isostructurality of the
assemblies.

underway. The contents of the void volume could not be
modelled from the difference Fourier map, but according to the
TGA analysis the voids are natively filled with residual solvent
molecules with ratio V: CH;O0H equal to unity.

Besides this tetranuclear complex, two major groups of
compounds representing (pseudo)polymorphic pairs were
identified, na and nf, although a complete structural determi-
nation of both polymorphs was only achieved for compound 2,
namely 2o and 2-0.25C,H;OH.

Crystallographic analysis showed that compounds in the
o form crystallize as densely packed 1D polymeric chains in
space group Pbca, whereas those in the B form crystallize in
space group Ibca with a different arrangement of 1D polymeric
chains, but with the same 2C1 underlying topology (Fig. 2,
bottom, Fig. S61). As evidenced by the structural data, as well as
PXRD data, the isolated o and B solid forms are isostructural
within each group, up to a difference in the alkoxy chain. The
coordination environment of vanadium ion remains consistent
throughout the structures. The arrangement of chains in
B polymorphs allows for significant void volume in the struc-
tures. For instance, 1B contains approximately 9.7% void
volume, 2P contains about 12.7%, and 5B also has an appre-
ciable void volume, but its determination is obstructed by
disordered pentoxy chains, which partially occupy the voids. It
is nevertheless inferred that B-type polymorphs generally
permit the formation of channels enclosed by partially disor-
dered alkoxy groups. As in the case of 1t, the difference Fourier

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra09073j

Open Access Article. Published on 04 February 2025. Downloaded on 4/1/2026 4:48:31 PM.

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

(cc)

Paper

map in the channels is featureless, so the final composition is
inferred from the void volume, solvent molar volume and TGA
analysis.

All three types of assemblies are characterized by the lack of
strong or directed supramolecular interactions, as there are no
suitable hydrogen bond donors. In line with the introductory
findings, the lack of supramolecular interactions favours the
existence of polymorphs. However, to the best of our knowl-
edge, the a—p polymorphic system could be the first one where
such a stark difference in porosity is observed. This fact, along
with no significant stability differences between the poly-
morphs, could serve as motivation for investigation of this
polymorphic system (and related systems lacking strong
supramolecular interactions) as solid-state porosity-on-demand
materials.

Principal component analysis

We focused on gaining a more profound comprehension of this
reaction system. The reaction between NH,VO; and H,SIH (with
initial reactant concentrations of 4.0 x 10~> mol dm™?) was
studied in methanol at ambient temperature using time-
dependent UV-Vis spectroscopy (Fig. 3). The time-dependent
spectra were analyzed by employing principal component
analysis, a 2"%-order tensor decomposition tool. The results

— omin

— 15min
! \ 30 min
— 100 min

1000 min
0,6
0,4

0,2

0

200 250 300 350 400 450 500 A/nm 550

Fig. 3 Time-dependent UV-Vis spectra of a reaction mixture of
NH4VOsz and H,SIH in methanol at room temperature.
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indicated that two principal components could accurately
represent the initial dataset (comprising 221 spectra). These
components accounted for more than 98% of the total variance
in the original data.

The first principal component accounted for 80.79% of the
total variance highlighting a significant reaction involving the
coordination of the hydrazonato ligand to vanadium. The
second component accounted for 17.35% of the total variance,
reflecting a secondary reaction occurring within the system
(Fig. 4). Furthermore, the analysis of the UV spectra from the V-
hydrazonato complex showed a complete conversion of the
initially formed hydrazonato complex into the related dioxova-
nadium(v) species in very dilute methanolic solutions.

Spectroscopic characterization

UV-Vis spectra. The UV-Vis spectra of H,SIH and coordina-
tion complexes 1t and 1-6 were recorded in methanol and
acetonitrile. The results of these spectral analyses are illustrated
in Fig. S8 and S9, see ESLT The summarized spectral data,
including maximum wavelengths (A,.x) and molar absorptivity
values (¢), are presented in Table S4, see ESL.t

In methanolic solution, H,SIH exhibits distinct absorption
maxima at wavelengths of 214 nm, 288 nm, and 333 nm, along
with several shoulder peaks (see ESIt). The absorption band at
214 nm is associated with T — 7* transitions occurring in the
aromatic rings. The bands observed at 288 nm and 333 nm
correspond to T — 7w* and n — T* transitions, respectively,
which are associated with the azomethine and carbonyl func-
tionalities.®*** In the spectra of methanolic solutions of
complexes 1t and 1-6, these intraligand transitions are exhibi-
ted at around 230 nm and 320 nm alongside the band at about
404 nm that is assignable to charge transfer from the coordi-
nated hydrazonato ligand to vanadium (LMCT band).*

NMR spectra. The "H NMR spectra of compounds 1t and 1-5
in CD3;0D displayed a single set of well-resolved and upfield/
downfield-shifted chemical resonances for the protons of
coordinated SIH>~ unit. The azomethine H1 proton of the
hydrazone-based ligand (SIH>”) was significantly shifted
downfield by 0.28 ppm. The protons H7,9 and H6,10 of the
isonicotinoyl moiety were slightly upfield and downfield shif-
ted, respectively, in comparison to the free ligand (Scheme S1,

06 | 4
08 | 4

PCO02 ( 17.35 %)

-10 | 4

12 .

-1.4 L 1 L 1 1
0 10000 20000 30000 40000 50000 60000 70000

t/s

80000

Fig. 4 Principal component scores for the reaction of NH4VO3 and H,SIH in methanol at room temperature monitored in time by UV-Vis

spectrophotometry.
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Fig. S10, Table S4, in the ESIT). This indicates that in diluted
CD;0D solution the nitrogen atom is not coordinated to the
metal ion. The phenyl protons H16 and H13 appeared as
a doublet of doublets, while a triplet of doublets with a notice-
able upfield shift was observed for H14 and H15.

The "H NMR spectra of 1-5 are similar, except for resonances
attributed to free ROH. The *C NMR spectra revealed
deshielding of the chemical shifts for C1, C4, and C12 carbons,
with maximum shifts of 3.00 ppm, 6.81 ppm, and 5.99 ppm,
respectively, because of metal complexation. On the other hand,
in highly diluted deuterated methanol solutions, it appears that
the coordination of the pyridine ring to the coordinatively
unsaturated vanadium center is not maintained. The iso-
nicotinoyl carbons C5-C10 exhibited minimal changes in
chemical shifts compared to the free ligand, with a maximum of
A6 = 0.98 ppm.

ATR-IR spectra. The O-H, =N-NH, and C=O bands (at
3200 cm ™', 3180 cm™ ', and 1683 cm™ ", respectively),*® which
are characteristic of free hydrazone ligand H,SIH, disappeared
upon vanadium-ligand complexation (Fig. S11 and S12 in the
ESIt). The presence of bands belonging to C=Njnine (at about
1620 ecm "), C-Ohydrazonato (at about 1345 cm™ "), and C-Ophenotic
(at about 1275 cm™ ') in the spectra of 1t and 1-5 indicated
SIH>~ coordination to the metal centre via oxygen and nitrogen
donor atoms.”** This is further confirmed by the weaker
intensity bands for V-Nimine at 750 ¢m™', V-Opydrazonato at
580 cm ™', and V-Ophenolato at 560 c¢cm™'. The spectra also
exhibited a medium-intensity stretching band at 1600 cm™*
associated with C=N of the isonicotinoyl pyridine ring moiety.
This band is shifted to a lower wavenumber, when compared to
free hydrazone, indicating coordination of the isonicotinic-
nitrogen atom to the {VO}*" core. A medium intensity band
observed at 970 cm ' was assigned to N-N stretching
vibrations.®

Bands at about 710 ecm™ characteristic for V-N bonds
corroborated the metallosupramolecular complex formation.
The coordination of RO~ in complexes 1t and 1-5 was sup-
ported by a new absorption band typical of C-Ocpy at approxi-
mately 1040 cm ™~ *.%* This band was missing in the spectra of the
thermally activated complex [VO(SIH)],. It should be noted that
C-Oor stretching frequencies in metallosupramolecular species
slightly differ from those in the corresponding free alcohol.

The spectra of complexes 1t and 1-5 displayed intense bands
in the region of 970-956 cm ' (Fig. S11 and S127), which were
characteristic of the {VO}** core.® It should be noted that there
is a certain similarity of spectra belonging to the same series of
polymorphs.

It is worth noting that the absence of coordinated iso-
nicotinoyl moiety and alkoxide co-ligand in the case of the
mononuclear complex 6 resulted in a slightly lower intensity
stretching bands at 953 cm ™" and 942 cm ™' belonging to the
{0=V=0}" core. The bands characteristic for C-Ophenolic; C=
N, and C-Otydrazone Were accompanied by the broad band in the
range of 2400-2600 cm ' assigned to the N-H stretching
vibration of the protonated HSIH™ ligand.*

Thermogravimetric analyses. Metallocycle 1t-4CH;OH and
polymers 1B-0.25CH;OH and 2B-0.25C,HsOH, when left in

1
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a desiccator at room temperature for a weak, showed the
gradual loss of solvent of crystallization. Whereas crystals of
1B-0.25CH;0OH and 2p-0.25C,H;OH were stable at —15 °C, in
the case of metallocycle 1t-4CH3;OH partial desolvation of
crystals occurred and yielded 1t-2CH;OH.

The thermal stabilities of all compounds were studied using
thermogravimetric analysis (Fig. S13-S17 in the ESIt) by heating
the crystalline sample in the temperature range of 25-600 °C
under an oxygen atmosphere. The TGA analysis of solvates
showed a steady decline at the beginning of the thermogram
due to the loss of the lattice solvent molecules followed by the
escape of oxidized alkoxide products in the temperature ranges
of 29-153 °C and 154-237 °C (for 1t-2CH30H), 25-77 °C and
148-256 °C (for 1B-0.25CH3;0H), and 40-144 °C and 148-259 °C
(for 2B-0.25C,H50H). The onset temperatures of the first step in
TGA are very low, signifying the presence of weak noncovalent
interactions in the solid state.

All desolvated polymeric compounds exhibited a comparable
pattern of thermal decomposition steps. The mass loss process,
due to the oxidation of one alkoxide for each metal-organic
unit, started above 100 °C (at 148 °C (for 1B), 165 °C (for 2a),
148 °C (for 2B), 185 °C (for 3a), 135 °C (for 4e), 114 °C (for 4B),
149 °C (for 5B)) with the butoxide derivative being the most
unstable and propoxide the most stable. This step was followed
by the final hydrazone decomposition of the corresponding
complex.

Catalytic studies. To examine the catalytic behaviour of
synthesized vanadium complexes, the study utilized complexes
1t and 1B, whose activity was compared to the compounds
[VO,(HSIH)] (6), [MoO,(SIH)],, [VO(SIH)], and V,0s;. The
objective was to evaluate the catalytic efficiency of these
complexes in benzyl-, 2-nitrobenzyl-, 2-chlorobenzyl and 2-
methylbenzyl alcohol oxidations. Benzyl alcohol was selected as
the reference substrate due to its relatively simple structure and
neutral electronic properties, providing a baseline for compar-
ison. The inclusion of 2-nitrobenzyl and 2-chlorobenzyl alco-
hols was intended to explore the influence of electron-
withdrawing substituents on the reactivity and behaviour of
the system, with the nitro and chloro-groups serving as proto-
typical electron-withdrawing moieties. Conversely, 2-methyl-
benzyl alcohol was chosen to evaluate the effect of an electron-
donating substituent, as the methyl group can impart steric and
inductive effects that modulate electronic density in the
aromatic ring. This systematic selection enabled a comprehen-
sive investigation of electronic substituent effects on the
substrate's chemical properties and reaction mechanisms.

Benzyl alcohol oxidation. The oxidation of benzyl alcohol
was systematically studied using various oxidizing agents,
including tert-butyl hydroperoxide (TBHP) in both aqueous and
decane solutions, as well as hydrogen peroxide (H,0,). When
TBHP in water was employed as the oxidant, the influence of
different solvents, such as toluene, acetonitrile, and methanol,
was explored to assess their impact on the reaction. For the
oxidation involving hydrogen peroxide, acetonitrile was added
to the reaction mixture as a co-solvent. These variations were
investigated to evaluate how the choice of oxidant and solvent
environment affects the efficiency and selectivity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Kinetic profile of benzyl alcohol conversion with catalyst 1t. Light blue presents the reaction with TBHP in decane, purple with TBHP in
water, orange with TBHP in water and toluene, yellow with TBHP in water and methanol, grey with TBHP in water and acetonitrile and green with

hydrogen peroxide and acetonitrile.

oxidation process. The obtained results are compiled in Fig. 5
and Table 2.

Catalysts 1t and 1B show consistently high conversions
across various conditions, particularly with TBHP in decane
(85%) and TBHP in water (>85%). These values are comparable
to 6 [VO,(HSIH)], suggesting its effectiveness. TOF,y min values
are among the highest (346 for 1t and 402 for 1B with TBHP in
decane), indicating rapid catalytic activity. Selectivity remains
moderate to low across most conditions. For instance, aldehyde
selectivity for 1t is only 16% with TBHP in decane and 18% with
TBHP in water. This indicates the catalyst prioritizes reactivity
over specificity. Catalyst 1B performs slightly better than 1t,
with TBHP in decane, it achieves a conversion of 60% and
a selectivity of 38%, striking a better balance between reactivity
and selectivity. TOFy min values for 1p (402 with TBHP in
decane) are larger than 1t, making it a faster-acting catalyst in
benzyl alcohol oxidation. The selectivity parameter is similar for
1B than 1t in aqueous TBHP-driven systems. Fig. 5 illustrates
the performance comparison of the tested conditions for cata-
lyst 1t. The data reveal that 1t exhibits the highest activity when
TBHP is utilized in decane or water as the oxidant, whereas its
activity is significantly reduced when H,0, and MeCN are
employed. Furthermore, the choice of solvent added to TBHP in
water substantially affects the conversion rate, with the activity
following the order: toluene > methanol > acetonitrile. However,
aldehyde selectivity is the highest when TBHP in water and
MeCN or MeOH were applied as oxidants. Catalyst [VO,(HSIH)]
(6) showed good conversion rates in oxidant-rich conditions,
especially with TBHP in water and decane, 75 and 84%,
respectively. Aldehyde selectivity in the same oxidants is
moderate (13 and 29%, respectively), highlighting its preference
for reactivity over product-desired aldehyde.

[Mo0O,(SIH)],, has low conversion parameters under all the
tested conditions, although the aldehyde selectivity is quite
high, spanning to 90% when hydrogen peroxide with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

addition of acetonitrile is used as an oxidant. It can be noted
that the Mo catalyst is not very active for the benzyl alcohol
oxidations, no matter the oxidant chosen or solvent added to
the reaction mixture.

V,0s exhibits high conversion rates with TBHP in water
(78%) and decane (82%). Conversion decreases in aqueous
TBHP-driven systems when the solvent is added. Aldehyde
selectivity with TBHP in water is 27%, while in decane is 20%. In
contrast, the addition of solvent to TBHP in water increases the
selectivity (79% in toluene, 65% in MeCN, 55% in MeOH). It has
to be noted that the aldehyde selectivity remains the same
through all the reactions and does not decrease with time,
highlighting that the overoxidation of aldehyde to the corre-
sponding carboxylic acid is not present.

[VO(SIH)], has been tested with TBHP in water, decane and
H,0,. It can be observed that in TBHP benzyl alcohol oxidation
is quite high, but the aldehyde selectivity remains low, while
with H,0, as an oxidant, the conversion of benzyl alcohol and
aldehyde selectivity achieve similar values (30% of selectivity
and 42% of conversion).

2-Nitrobenzyl, 2-chlorobenzyl and 2-methylbenzyl alcohol
oxidations. Two different oxidants, TBHP in water and TBHP in
decane were evaluated, Fig. 6 and Table 3. The reactions were
monitored for 2 hours, as for some tested catalysts, no aldehyde
remained in the reaction mixture beyond this time due to its
oxidation to carboxylic acid, Table 3.

For 2-chlorobenzyl alcohol, the catalysts 1t, 1B, [VO,(HSIH)],
and [VO(SIH)], achieved high conversion rates (>84%) with both
oxidants. Selectivity toward aldehyde at the reaction's conclu-
sion was moderate regardless of the oxidant. However, after 20
minutes, aldehyde selectivity was notably higher with TBHP in
water, peaking at 96% with [VO,(HSIH)]. V,05; exhibited
a higher conversion rate with TBHP in decane compared to
water (86% vs. 58%), while aldehyde selectivity was superior
with TBHP in water (62%) compared to decane (29%). TON

RSC Adv,, 2025, 15, 3547-3561 | 3553


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra09073j

View Article Online

Paper

RSC Advances

"UOIIOEI JO PUd 3y} Je (3SA[eIed)u/pauLiojsues)
(rensqns)u , ‘urwt 0z 38 (y)swn/(3sA[ered)u/pawiojsuen) (syensqns)u , "UONOEII Y3 JO PUI Y} I8 [0YOd[E PalIau0d 1od 9PAYIP[E PawIod , “UOLDEAI 3Y) JO PUS Y3 I8 PIWNSUOD NeHSqNS ,

S8 89 (44 89T 18 TL NOL

L9 TLT 4 18T L6T S9T AT (o)

9/ 0€ 8¥ 6¢ 66 06 6¥ 97 8¢ 9¢ i o¥ K1A1303138
11 44 8¢ €€ ¥ 11 8¢ LL 0¢ 8¢ (4 €€ UOISI2AUOD NDOIN
“0°H

09T 69T 9t 191 SLT €91 NOL

¥8¢C T8¢ 43 9CT 0V )% hE (o)

6€ 61 €S 0¢ 9% 89 8% 91 1€ €1 8¢ 91 A1A109108
6% 4] 9% 78 9 ¥ 0¥ ¥8 L9 L8 09 S8 UOISIdAU0D JUIA[OS ON
aueddp Ul JHAL

4] 1C 16 70T €6 NOL

S¥ ST LT 4 €9 haE (o)

€9 SS 8% 0¢ 88 ¥S 06 6¥ 89 6¥ A1a109108
8 St T (1] € LY ¥ 4 k48 €S UOISIdAU0D HOSN

4] (4s SL 20T €8 NOL

6% LT 0L 19 9% hE (o)

€9 S9 6¢ €S <33 19 S8 8¢ 06 99 A1a109108
8 (54 € 9 Tt 6¢ 11 ¥S 6 L¥ UOISIdAU0D NDSW

TS (0] 00T €CtT 9¢T NOL

se € 1C €6 PIT W o0TIoL

TL 6L €9 LY 68 9s 0L (54 0L € A1a109108
— L 0€ 1 S € 0S 9T €9 6T 89 UOISIdAUOD Juan[oL,

€91 543 0¢ 6¥T 891 VLT »NOL

€T 44 65 6 16€ 0¥t S 0T IoL

09 9t T LT 1€ 0S LL 6¢ €€ (48 74 8T ANATDIPS
9¢ 6L € 8L 6 ¥ 9T SL 0L 06 €T c8 ,UOISISAUOD JUSA[OS ON
13em ur JHAL

02 02ZT 02 14} 02 114 02 14 02 02CT 0T 0¢T urw/QuwlLL

(H1S)oA] f0°A “[(H1S)%00IN] 9 dr 1 1sA[ereD

JoWIW Of/10WW O0Z/I0WW T'0 = (JUePIXO)U/(joyod)e 1Azuag)u/(1sAieied)u ‘D, 08 ‘@injedadwial ‘Y g ‘oull} :SUOIRIPUOD UONDRY "UOKEPIXO |0YOoD|e 1AZusd JO synsaJ dikleleD  z aiqel

'30URD1T PALOdUN O'E IDBLULIODUON-UOING LY suowwo aAes.) e epun pasusolisiapnesiy L |IEREEL (20)
"INd TE'8Y 9202/T /i U0 POpeO|uMOd G20z AJeniged v0 Uo Pausand 91Uy ssey usdo

© 2025 The Author(s). Published by the Royal Society of Chemistry

3554 | RSC Adv, 2025, 15, 3547-3561


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra09073j

Open Access Article. Published on 04 February 2025. Downloaded on 4/1/2026 4:48:31 PM.

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

(cc)

Paper

100

View Article Online

RSC Advances

[ €0
oo
O @00

< o
= [ J
5 8 8
] (@)
2 50 ¢
S ° o °
_g °
25
(&)
< ° o)
@
0O O
0 40 80 120
time (min)

Fig. 6 Kinetic profile of benzyl alcohol conversion with catalyst 1t. Blue circles presents the reaction with 2-nitrobenzyl alcohol, green circles
with 2-chlorobenzyl alcohol and red circles with 2-methylbenzyl alcohol. Full circles are reaction with TBHP in water and empty circles with

TBHP in decane.

values for the catalysts 1t, 1B, [VO,(HSIH)], and [VO(SIH)], are
similar, no matter the oxidant used, achieving values 171-213,
while V,05 shows the lowest value of 126 with TBHP in water.
TOF values for all the catalysts with TBHP in decane are almost
two times higher than with TBHP in water.

For 2-nitrobenzyl alcohol, the catalytic activity in water is
notably lower compared to decane, whereas selectivity toward the
aldehyde shows the opposite trend. The oxidative conversion of
aldehyde to carboxylic acid, evident from the comparison of
selectivity parameters at 20 and 120 minutes, is less pronounced
than in the case of 2-chlorobenzyl alcohol. This difference is likely
due to the electron-withdrawing nitro group stabilizing the alde-
hyde, thereby reducing its susceptibility to overoxidation. Catalysts
1t, [VO,(HSIH)], and [VO(SIH)],, demonstrate similar performance
trends. Alcohol conversions in water hover around 50%, with
aldehyde selectivity at the reaction's conclusion reaching approx-
imately 65%. In decane, alcohol conversions increase to ~58%,
while aldehyde selectivity decreases significantly to ~30%. Catalyst
1B displays consistent activity irrespective of the oxidant,
achieving alcohol conversions exceeding 70%. However, aldehyde
selectivity is higher in water, reaching 42% at the reaction's end.
Notably, at 20 minutes, aldehyde selectivity in water is nearly
maximal, peaking at 98%. The TON values for all catalysts are
lower for 2-nitrobenzyl alcohol than for 2-chlorobenzyl alcohol,
with slightly higher values observed in decane. The TOF,y min
values, however, are significantly higher with TBHP in decane,
reaching a maximum of 298 for 1t. These findings highlight the
delicate interplay between catalyst, oxidant, and substrate elec-
tronic properties in determining reaction efficiency and selectivity.

A comparison of the oxidation reactions of 2-chlorobenzyl
alcohol and 2-nitrobenzyl alcohol reveals that 2-nitrobenzyl
alcohol is a superior substrate for selective oxidation to alde-
hydes. This superiority arises from the strong electron-
withdrawing properties of the nitro group, which significantly
increase the electrophilicity of the benzyl carbon, thereby

© 2025 The Author(s). Published by the Royal Society of Chemistry

facilitating the oxidation process under milder conditions.
Furthermore, the aldehyde product derived from 2-nitrobenzyl
alcohol is stabilized by the resonance and inductive effects of
the nitro group, reducing its susceptibility to overoxidation into
the corresponding carboxylic acid. In contrast, the weaker
electron-withdrawing inductive effect of the chloro substituent
in 2-chlorobenzyl alcohol renders the benzyl carbon less elec-
trophilic, necessitating severe oxidation conditions and result-
ing in a less stable aldehyde product.

The conversion of 2-methylbenzyl alcohol is high, whether
TBHP is used in water or decane. However, the aldehyde
selectivity showed very low values. The obtained results seem to
not favour 2-methylbenzyl alcohol as a substrate. The methyl
group is an electron-donating group due to its inductive effect
that could reduce electrophilicity at the benzyl position and
destabilization of the intermediates compared to the 2-chloro-
and 2-nitro-benzyl alcohol. Furthermore, the methyl group
introduces significant steric hindrance near the benzyl alcohol
group. As expected, the desired aldehyde is less stabilized and
more prone to overoxidation to the carboxylic acid under strong
oxidative conditions present in the reaction.

Experimental

General details

[VO(acac),], [MoO,(SIH)],, and salicylaldehyde isonicotinoyl
hydrazone (H,SIH), were synthesized according to the proce-
dures described in the literature.*”**** Ammonium meta-
vanadate, salicylaldehyde, and isonicotinoyl hydrazide were
commercially available. All chemicals and solvents were used
without further purification. They were purchased from Alfa
Aesar or Aldrich. Details about the instruments and character-
ization methods (elemental and thermal analyses, ATR-IR, UV,
NMR spectroscopies, PXRD, and SCXRD methods) and obtained
data can be found in the ESI.f The crystals obtained from the

RSC Adv, 2025, 15, 3547-3561 | 3555
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Table 3 Catalytic results of 2-chloro, 2-nitro and 2-methyl benzyl alcohol oxidation. Reaction conditions: time, 2 h; temperature, 80 °C,

n(catalyst)/n(alcohol)/n(oxidant) = 0.0165 mmol/3.30 mmol/6.60 mmol

Catalyst 1t 1B 6 V,05 [VO(SIH)],
Time/min 120 20 120 20 120 20 120 20 120 20
2-Chloro benzyl alcohol

TBHP in water

Conversion® 87 42 89 55 84 44 58 7 90 45
Selectivityb 32 73 26 58 37 96 62 96 27 73
TOF50 min” 251 395 28 44 275

TONd 176 213 173 126 181

TBHP in decane

Conversion 88 74 87 61 88 51 86 68 89 74
Selectivity 30 42 31 40 26 58 29 39 24 43
TOF20 min 460 382 334 439 422

TON 182 180 192 184 171

2-Nitro benzyl alcohol

TBHP in water

Conversion 54 10 71 24 48 11 22 3 53 17
Selectivity 65 98 411 87 70 70 93 51 64 60
TOF,0 min 55 132 66 19 93

TON 103 130 93 39 96

TBHP in decane

Conversion 76 56 78 50 78 24 71 39 79 51
Selectivity 32 48 28 42 29 57 36 69 28 49
TOFy20 min 298 240 142 201 273

TON 133 125 157 122 142

2-Methyl benzyl alcohol

TBHP in water

Conversion 83 21 93 30 90 6 78 3 93 32
Selectivity 8 73 3 60 5 97 12 87 33 53
TOF30 min 117 170 27 15 185

TON 156 178 144 144 184

TBHP in decane

Conversion 93 65 95 41 86 67 93 67 93 72
Selectivity 3 7 2 22 6 11 3 15 7 8
TOFy20 min 429 258 479 441 463

TON 205 200 207 205 199

“ 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. ¢

reaction were used directly for the IR-ATR and X-ray crystallo-
graphic studies. The samples for elemental analysis were
completely desolvated until constant weight and were analysed.
The samples for TG measurements were transferred into
a desiccator and placed in a freezer (at —15 °C).

Synthesis of the metallosupramolecular compounds

Procedure I. NH,VO; (0.023 g, 0.20 mmol) was added to
a solution of H,SIH (0.051 g, 0.21 mmol) in alcohol (30 mL). The
reaction mixture was refluxed for 3 h and left to stand at room
temperature. The solution was concentrated under reduced
pressure (see below for details). Dark red-black crystals, formed
over one week, were isolated via filtration and dried to constant
mass in a desiccator (at —15 °C). This procedure afforded
1t-4CH,OH, 20, 30, 4a., 4B, and 5P.

Procedure II. [VO(acac),] (0.053 g, 0.20 mmol) and H,SIH
(0.0483 g, 0.20 mmol) were suspended in alcohol (3 mL). The

3556 | RSC Adv, 2025, 15, 3547-3561

n(substrate) transformed/n(catalyst) at the end of reaction.

reaction mixture was stirred with a glass rod in a in a nitrogen-
filled glovebox for 15 minutes and the suspension was left to
stand at room temperature in a closed flask. Dark red-black
crystals formed over several weeks were isolated via filtration
and dried to constant mass in a desiccator (at —15 °C). This
procedure afforded 1B-0.25CH;0H and 2B-0.25C,H;OH.

Procedure III. The crystalline sample of [VO(SIH)(OCHj;)],-
-4CH30H (0.02 g, 0.014 mmol) was heated for one hour at 165 °©
C and the obtained solid was cooled and then added to 1 mL of
the corresponding primary alcohol ROH (C,H,,+,OH, n = 1-5).
The sample of each setup was taken out after one week and
immediately examined by ATR-IR spectroscopy and PXRD
method. This afforded the corresponding compounds 1t, 2e,
3a, 4o, and 5B, respectively.

[VO(SIH)(OCH,)],-4CH3;0H (1t-4CH3;0H). The complex was
prepared by Procedure I in methanol. The solution was
concentrated after two days to about 5 mL. Yield: 0.040 g; 54%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Anal. caled for 1t, C5¢H,5N;1,016V,4 (1348.817): C, 49.87; H,
3.59; N, 12.46. Found: C, 49.68; H, 3.27; N, 12.33%. TG for
1t-2CH30H: CH30H, 4.18 (caled 4.54%), CH30, 8.53 (caled
8.79%); V,0s, 25.88% (caled 25.75%). Selected IR data (cm™'):
1622, 1601 (C=N), 1349 (C-Ohydrazone)> 1274 (C-Ophenolate), 1041
(C-Oaikoxo)y 964 (N-N), 956 (V=0), 759 (V-Nimine), 713 (V-
Nisonicotinoyl)o 627 (V_O)alkoxm 582 (V_O)hydrazonatm 563 ( -
O)phenolato-

[VO(SIH)(OCHS)],,- 0.25CH;0H (18- 0.25CH;0H). The complex
was prepared by Procedure II in methanol. Yield: 0.056 g; 81%.
Anal. calcd for 1B, C;,H;,N30,V (337.204): C, 49.87; H, 3.59; N,
12.46. Found: C, 49.68; H, 3.25; N, 12.12%. TG for
1B-0.25CH;0H: CH,;0H, 1.97 (calcd 2.32%), CH;0, 8.58 (calcd
8.99%); V,0s, 25.99% (caled 26.34%). Selected IR data (cm™'):
1616, 1600 (C=N), 1345 (C-Ohydrazone) 1279 (C-Ophenotate), 1051
(C-Oaikoxo)y 973 (N-N), 959 (V=0), 750 (V-Nimine), 709 (V-
Nisonicotinoyl)y 623 (V_O)alkoxm 570 (V_O)hydrazonatm 559 ( -
O)phenolam-

[VO(SIH)(OC,H5s)], (2a). The complex was prepared by Proce-
dure Iin ethanol. The solution was concentrated after one day to
about 20 mL and a small amount of precipitated solid filtered
the next day. The product 2o was obtained from the filtrate.
Yield: 0.027 g; 39%. Anal. caled for 2a, C15H;4,N30,V (351.230):
C, 51.29; H, 4.02; N, 11.96. Found: C, 51.03; H, 3.86; N, 11.78%.
TG for 2a: C,H50, 12.56 (caled 12.83%); V.05, 25.99% (caled
25.89%). Selected IR data (cm™): 1620, 1599 (C=N), 1349 (C-
Ohydrazone)s 1278 (C-Ophenotate), 1046 (C-Oaiioxo), 969 (N-N, V=
O)’ 756 (V_Nimine)y 710 (V_Nisonicotinoyl); 633 (V_O)alkoxm 587 ( -
O)hydrazonato; 562 (V_O)phenolato-

[VO(SIH)(OC,Hj3)],+ 0.25C,HsOH  (28-0.25C,Hs0H).  The
complex was prepared by Procedure II in ethanol. Yield: 0.063 g;
87%.

Anal. caled for 2B, C;5H4N30,V (351.230): C, 51.29; H,
4.02; N, 11.96. Found: C, 50.98; H, 3.79; N, 11.75%. TG for
2B-0.25C,H;OH: C,H;0H, 3.12 (caled 3.18%); C,H50, 12.56
(caled. 12.42%); V,0s5, 24.82% (caled 25.07%). Selected IR data
(em™"): 1615, 1598 (C=N), 1344 (C-Onydrazone)y 1277 (C-
Ophenolate)y 1038 (C-Oaiioxo)s 974 (N-N), 964 (V=0), 750 (V-
Nimine); 709 (V_Nisonicotinoyl)y 630 (V_O)alkoxm 574 (V_O)hydrazonato;
560 (V_O)phenolato-

[VO(SIH)(OC3H5)], (3). The complex was prepared by Proce-
dure I in 1-propanol. The solution was concentrated after one
day to about 20 mL. Yield: 0.062 g; 85%. Anal. calcd for 3a,
C16H6N30,4V (365.257): C, 52.61; H, 4.42; N, 11.50. Found: C,
52.45; H, 4.32; N, 11.36%. TG for 3a: C3;H,O, 16.44 (calcd
16.18%); V,0s5, 24.62% (caled 24.90%). Selected IR data (cm™'):
1617, 1596 (C=N), 1348 (C-Ohydrazone), 1277 (C-Ophenolate), 1049
(C-Oaikoxo), 9727 (N-N), 970 (V=0), 756 (V-Nimine), 706 (V-
Nisonicotinoyl)y 629 (V_O)alkoxm 590 (V_O)hydrazonatm 562 ( -
O)phenolam-

[VO(SIH)(OC,Hy)],, (4a). (a) The complex was prepared by
Procedure I in 1-butanol. After the reaction, the solution was left
at room temperature for 5 days and evaporated to 10 mL. The
resulting crystalline product was filtered the next day. Yield:
0.054 g; 71%. (b) The complex was also prepared by Procedure I
in 1-butanol. Yield: 0.053 g; 70%. Anal. caled for 4a,
Cy17HsN304V (379.284): C, 53.83; H, 4.78; N, 11.08. Found: C,

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

52.62; H, 4.56; N, 10.84%. TG for 4a: C,H,O, 18.85 (Calcd.
19.28%); V,05, 24.24% (Caled. 23.98%). Selected IR data (cm™):
1614, 1598 (C=N), 1348 (C-Opydrazone)s 1277 (C-Ophenotate), 1042
(C_Oalkox0)7 972 (N_N), 969 ( :O)? 754 (V_Nimine)a 699 ( -
Nisonicotinoy]); 630 (V_O)alkoxoy 585 (V_O)hydrazonatoy 561 ( -
O)phenolato~

[VO(SIH)(OCHy)], (48). The complex was prepared by Proce-
dure I in 1-butanol. After completion of the reaction, the solu-
tion was evaporated to about 10 mL the same day. The resulting
crystalline product was filtered the next day. Yield: 0.023 g; 30%.
Anal. caled for 4B, C;;H;3N3;0,4V (379.284): C, 53.83; H, 4.78; N,
11.08. Found: C, 53.66; H, 4.43; N, 10.88%.

TG for 4B: C;Hy0, 19.12 (caled 19.28%); V5,05, 24.32% (calcd
23.98%). Selected IR data (cm™): 1621, 1598 (C=N), 1343 (C-
Ohydrazone)y 1276 (C_OphenolatE)v 1060 (C_Oalkoxo)y 968 (N_N)’ 957
( =O), 750 (V_Nimine)7 694 (V_Nisonicotinoyl)y 629 (V_O)a]koxoy 577
(V_O)hydrazonato; 560 (V_O)phenolato-

[VO(SIH)(OCsH;;)], (58). The complex was prepared by
Procedure I in 1-pentanol. The solution was concentrated after
one day to about 10 mL. Yield: 0.053 g; 67%. Anal. calcd for 58,
C1sH,0N;0,V (393.310): C, 54.97; H, 5.13; N, 10.68. Found: C,
54.77; H, 4.96; N, 10.48%. TG for 5B: CsH,,0, 21.85 (caled
22.16%); V,05, 23.28% (caled 23.12%). Selected IR data (cm™):
1621, 1598 (C=N), 1344 (C-Opydrazone)s 1275 (C-Ophenotate), 1040
(C-Oaikoxo)y 968 (N-N), 958 (V=0), 749 (V-Nimine), 694 (V-
Nisonicotinoyl]; 629 (V_O)alkoxoy 578 (V_O)hydrazonatoy 560 ( -
O)phenolat(y

Synthesis of the mononuclear compound

[VO,(HSIH)] (6). NH,VO; (0.023 g, 0.2 mmol) was added to
a solution of H,SIH (0.057 g, 0.21 mmol) in methanol (30 mL)
and the reaction mixture was left to stand at room temperature
for two weeks. The obtained solution was concentrated in an
airstream to a third of its volume. An orange powdered product
formed at room temperature over one week. Complex 6 was
isolated and dried to constant weight. Yield: 0.025 g; 38%. Anal.
caled for 6, C,3H,,N;0,V (323.177): C, 48.31; H, 3.12; N, 13.00.
Found: C, 48.13; H, 3.02; N, 12.87%. TG for 6: V,0s5, 27.90%
(caled 28.13%). Selected IR data (cm ™ *): 1635, 1603 (C=N), 1351
(C_Ohydrazone)y 1258 (C_Ophenolate)v 969 (N_N)v 953, 942 ( :O),
739 (V_Nimine), 571 (V_Ohydrazonato)y 555 (V_Ophenolat0)~

Catalytic investigation

Reaction protocols for different alcohols

Bengzyl alcohol. A reaction mixture was prepared with benzyl
alcohol (2.16 g, 20 mmol), biphenyl (0.1152 g, 0.75 mmol) as the
internal standard, and catalyst (0.1 mmol). The mixture was
heated to 80 °C prior to the addition of aqueous tert-butyl
hydroperoxide (TBHP, 70% w/w, 5.54 mL, 40 mmol) or heated to
70 °C before the addition of hydrogen peroxide (H,0,) (4.12 mL,
40 mmol) in the presence of 3 mL of acetonitrile.

2-Nitrobenzyl alcohol. A reaction mixture was prepared with 2-
nitrobenzyl alcohol (0.51 g, 3.3 mmol), acetophenone (0.412 g,
3.43 mmol) as the internal standard, and catalyst (0.0165
mmol). The mixture was heated to 80 °C before the addition of
aqueous TBHP (70% w/w, 0.91 mL, 6.6 mmol).
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2-Chlorobenzyl alcohol. A reaction mixture was prepared with
2-chlorobenzyl alcohol (0.47 g, 3.3 mmol), acetophenone
(0.412 g, 3.43 mmol) as the internal standard, and catalyst
(0.0165 mmol). The mixture was heated to 80 °C prior to the
addition of aqueous TBHP (70% w/w, 0.91 mL, 6.6 mmol).

2-Methylbenzyl alcohol. A reaction mixture was prepared with
2-methylbenzyl alcohol (0.40 g, 3.3 mmol), dodecane (0.225 g,
1.34 mmol) as the internal standard, and catalyst (0.0165
mmol). The mixture was heated to 80 °C prior to the addition of
aqueous TBHP (70% w/w, 0.91 mL, 6.6 mmol).

The reaction progress was monitored over a two-hour period
by collecting 0.1 mL aliquots of the organic phase at predefined
time intervals (0, 20, 40, 60, and 120 minutes). Each aliquot was
diluted with 1.4 mL of diethyl ether and subjected to gas
chromatography (GC) analysis to assess the conversion and
formation of reaction products.

Principal component analysis

Data acquired through time-dependent UV-Vis spectropho-
tometry during the monitored chemical reaction were exported
in ASCII format and arranged into a matrix of numerical entries.
This process resulted in a 2"%-order data tensor characterized by
dimensions corresponding to the number-of-spectra x
number-of-wavelengths. We then applied principal component
analysis (PCA), a second-order tensor reduction technique, to
decompose the dataset. PCA facilitates the identification of the
best linear projections for a high-dimensional data set based on
the least-squares approach. The resulting scores represent the
projections of the original sample points on the principal
component (PC) direction, thereby enabling a comprehensive
description of the reactions in a reduced space. Consequently,
each point in the score plots corresponds to one sample UV-Vis
spectra. Data were mean-centered and PCA of the covariance
matrix was performed utilizing the NIPALS algorithm, which
was implemented within our software application, moonee.*

Conclusions

This research contributes to a better understanding of the
vanadium-based metallosupramolecular polymorphic assem-
blies, particularly regarding their formation and properties.
Namely, two series of isostructural oxovanadium(v) coordina-
tion 1D zig-zag chain polymers were synthesized. These include
[VO(SIH)(OR)],, with R representing different alkyl groups (R =
CH; (1B-0.25CH;0H), C,H; (2o and 2pB-0.25C,H;OH), C;H,
(3a), C4Hg (4o and 4B), and CsHy, (5B)). The synthesis involved
combining salicylaldehyde isonicotinoylhydrazonate (SIH>")
and the corresponding alkoxide (OR™) with {VO}*" units. The
similarity observed in the powder diffractograms across the
series allowed the identification of each compound's poly-
morphic type. Although detailed studies are still needed, initial
results suggest that the formation of the pure phase may be
controlled by the suitable reaction conditions - solution
concentrations, crystallization temperatures, evaporation rates,
solvent selection, and the chosen synthesis method. The
occurrence of concomitant polymorphs likely arises from the

3558 | RSC Adv, 2025, 15, 3547-3561

View Article Online

Paper

capacity of the {VO}*" ion and SIH?>" ligand to form two crys-
talline phases with only slight differences in formation energy.
Additionally, a phase-pure metallocyclic supramolecular isomer
[VO(SIH)(OCH3)],-4CH;0H (1t-4CH;OH), was identified. This
compound features the interconnection of the mononuclear
units into 0D squares through V-Njgnicotinoyt COOrdination
bonds, which adds to the diversity of the compounds studied.
The research also emphasizes the potential of vanadium-based
metallosupramolecular architectures in catalytic applications,
further contributing to a better understanding of the structure-
activity relationships in these complex systems.
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