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A systematic investigation of coordination-driven vanadium assemblies reveals a rich structural landscape

in which tetrameric metallacycles [VO(VanNH)(OR)]4 and 1D polymeric species [VO(VanNH)(OR)]n form

selectively, depending on reaction conditions and the nature of auxiliary alkoxide ligands (VanNH =

o-vanillin nicotinoylhydrazone; R = CnH2n+1, n = 1–5). Additionally, several polymorphs and structural

isomers are identified, along with a rare reversible, temperature-dependent phase transformation. The

assemblies can be classified into three distinct structural types based on the intramolecular orientation of

the pyridyl moieties: (i) type I featuring alternating ‘syn’/‘anti’ arrangements, (ii) type II with a uniform ‘anti’

motif, and (iii) type III composed exclusively of ‘syn’ units. Quantum-chemical calculations reveal that

polymers adopting the alternating ‘syn’/‘anti’ motif are thermodynamically most stable, primarily due to

more exothermic enthalpies of formation. In contrast, polymeric structures dominated by ‘anti’ arrange-

ments become favored for longer alkoxo ligands, whereas the tetranuclear metallocycles exhibit only

modest stabilization across the alkoxide series. The pronounced structural diversity arises from a subtle

interplay among electronic, steric, and crystal-packing effects that governs phase selection and crystalli-

zation behavior. In the catalytic oxidation of Cl- and NO2-substituted benzyl alcohols using tert-butyl

hydroperoxide (TBHP), the tetranuclear complexes initially exhibit high selectivity toward aldehyde for-

mation, while the polymeric species achieve superior overall conversion. The results highlight a funda-

mental trade-off between catalytic activity and selectivity, strongly modulated by catalyst nuclearity and

alkoxo ligand length. The insights gained provide valuable design principles for developing vanadium-

based assemblies with tunable properties.

Introduction

Vanadium stands out among transition metals because of its
accessible oxidation states, pronounced redox activity, and flex-
ible coordination geometries.1–4 These properties have facili-
tated the use of vanadium complexes in various chemical
transformations, particularly oxidation reactions. The oxophi-
lic nature of vanadium, particularly in its higher oxidation
states (VIV and VV), promotes the activation of oxidants such as
H2O2 and tert-butyl hydroperoxide (TBHP) for converting a
wide range of substrates. Consequently, vanadium compounds
are extensively studied for catalytic hydrocarbon oxidation,5,6

oxidative dehydrogenation,7 oxidative coupling reactions,8 and

asymmetric oxidations.9 Additionally, their relatively low tox-
icity and versatile coordination chemistry make them appeal-
ing candidates for bioinorganic chemistry, materials science,
and the development of functional materials.10–13

The ligand environment plays a crucial role in stabilizing
vanadium oxidation states and influencing its catalytic
behavior.14,15 Through electronic donation, steric effects, and
chelating geometry, hydrazone ligands can fine-tune the redox
properties of the vanadium center, thereby influencing the
accessibility and stability of higher oxidation states (V(IV), V(V)).
These factors, in turn, directly affect the efficiency, selectivity,
and mechanistic pathways of vanadium-catalyzed reactions.

Recent studies highlight the effectiveness of vanadium–

hydrazone systems in selective oxidations. For instance, H.
Hosseini Monfared et al. reported a silica-anchored oxovana-
dium(V) aroylhydrazone complex capable of hydrocarbon oxi-
dation with H2O2, achieving turnover frequencies above
2500 h−1.16 More recently, oxovanadium(V) metallosupra-
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molecular complexes with isonicotinoylhydrazonate ligands
efficiently catalyzed the oxidation of benzyl alcohol and its
derivatives using TBHP or H2O2, achieving over 80% conver-
sion with high selectivity under mild conditions.17,18 The
main challenge in this reaction is maintaining high selectivity
for benzaldehyde and avoiding over-oxidation to benzoic acid,
especially under green or mild conditions.19

When coordinated with hydrazone ligands, vanadium
readily forms stable and structurally diverse complexes.
Nevertheless, the structural landscape of vanadium-based
metallosupramolecular systems, particularly regarding isomer-
ism and polymorphism, remains insufficiently explored. To
address this, we focused on hydrazone ligands featuring nicoti-
noyl groups, selected for their capacity to chelate metal centres
and to support metallosupramolecular structure assembly.19–21

Specifically, we employed the {VO(VanNH)} structural unit
(Scheme 1), derived from the o-vanillin nicotinoylhydrazonato
ligand (VanNH2−), in combination with various alkoxides
(RO−). The ligand bridges vanadium centers, facilitating the
formation of either discrete metallocyclic tetranuclear species
[VO(VanNH)(OR)]4, or extended polymeric assemblies [VO
(VanNH)(OR)]n.

However, the same building blocks can self-assemble in
different ways, resulting in various possible outcomes. They
depend on differences in ligand orientation, or network topo-
logy, and are influenced by subtle variations in reaction
conditions.22–24 Gaining a fundamental understanding of the
parameters that influence such divergent assembly outcomes
is therefore essential for the rational design of functional

materials within this class. To accomplish this, we used
quantum-chemical calculations to compare the relative
thermodynamic stabilities of cyclic tetrameric architectures
and extended polymeric structures of various types.

Although polymorphism has been observed in neutral
vanadium complexes spanning oxidation states III to V, par-
ticularly those incorporating hydrazones,25–29 Schiff bases,30–32

and pyridine derivatives,33,34 such phenomena typically occur
in systems lacking strong directional interactions. A notable
example is the vanadium(IV) porphyrin complex V(O)TMeOPP,
which undergoes a reversible, temperature-dependent phase
transformation between two polymorphs, driven by subtle
changes in supramolecular packing and weak hydrogen
bonding.35

Variations in supramolecular arrangement and crystal
packing within these architectures can lead to distinct physical
and functional properties. In particular, bulky alkoxide ligands
are known to hinder close molecular packing, often promoting
the formation of more open frameworks with larger void
volumes.18 These structural features can directly affect
diffusion pathways and, consequently, the catalytic perform-
ance of the resulting assemblies.

To evaluate their catalytic activity, the complexes were
tested in the oxidation of 4-chlorobenzyl alcohol and 4-nitro-
benzyl alcohol to the corresponding aldehydes, using aqueous
tert-butyl hydroperoxide (TBHP) as a green and efficient
oxidant. For comparison, the catalytic behavior of [VO(acac)2]
and (NH4)VO3 was also assessed under identical conditions.
This comparative approach allowed for a systematic analysis of
how ligand structure and coordination environment influence
both catalytic efficiency and selectivity, providing useful design
principles for developing more effective and sustainable oxi-
dation catalysts.

Results and discussion
Synthesis and structural characterization of vanadium
assemblies

The hydrazone derived from o-vanillin and nicotinoylhydrazide
(H2VanNH) was synthesized following literature procedures.36

A series of vanadium-based metallosupramolecular coordi-
nation compounds was then prepared by reacting NH4VO3 or
[VO(acac)2] with H2VanNH in the presence of various alcohols
(CnH2n+1OH, n = 1–5), as outlined in Table 1.

High-quality crystals of 1, 2, 3t, 3α, 3β, 3tiso, 4α, 4β, 4tert,
5tα, and 5tβ were analysed with single-crystal X-ray diffraction,
and their crystal structures were determined (Table S1, see SI).
Across the series, each oxovanadium(V) center adopts the
expected pseudooctahedral ONO coordination from the doubly
deprotonated VanNH2− ligand in its enolato-imino tautomeric
form, while the remaining sites are occupied by an alkoxide
ligand and a pyridyl nitrogen that enables the interconnection
of monomeric units (Fig. 1, top). Selected bond metrics
(Fig. S2, see SI) show a highly conserved first coordination
sphere, consistent with this assignment.

Scheme 1 Schematic representation of the {VO(VanNH)(OR)} with ‘anti’
(top) or/and ‘syn’ (middle) arrangements of building units in polymeric
and metallocyclic assemblies. R corresponds to CH3, C2H5, C3H7, CH
(CH3)2, C4H9, C(CH3)3, and C5H11. Grey squares denote potential posi-
tions of vanadium centres within the resulting metallosupramolecular
assemblies, while blue squares indicate potential nitrogen donor atoms.
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Reactions involving small alkoxide ligands, such as methox-
ide and ethoxide, consistently resulted in the formation [VO
(VanNH)(OCH3)]n (1) and [VO(VanNH)(OCH2CH3)]n (2). They
crystallize as one-dimensional (1D) coordination polymers in
the space group P21/c.

As the alkoxide groups became bulkier, interesting struc-
tural diversities were observed (Table 1). Specifically, the use of
n-propanol led to the formation of both a discrete tetranuclear
metallacycle, [VO(VanNH)(OC3H7)]4 (3t), and a polymorphic
pair of chain polymers [VO(VanNH)(OC3H7)]n (3α and 3β).
They crystallize in the space group P1̄, Pbca, and Pna21,
respectively. Complex 3t is formed as the only product when
[VO(acac)2] serves as the starting material. In contrast, when
ammonium vanadate is employed, the formation of the tetra-
mer 3t along with polymorphs, 3α and 3β is possible, depend-
ing on the reaction or crystallization conditions. If these con-
ditions are not carefully optimized, these compounds may
crystallize concomitantly.

This coexistence of structurally distinct species highlights the
sensitivity of metallosupramolecular isomerism and polymorph-
ism to synthetic parameters such as solvent, concentration, and
crystallization conditions. Similarly, the isopropoxide derivative,
[VO(VanNH){OCH(CH3)2}]4 (3tiso), was obtained exclusively as a
discrete tetramer. This preference is attributed to the increased
steric hindrance imposed by the alkoxide group.

Repeated attempts to isolate discrete cyclic species with
either n-butoxyde or tert-butoxyde ligands were unsuccessful
under the investigated conditions. Instead, these co-ligands
consistently yielded one-dimensional polymeric structures [VO
(VanNH)(OC4H9)]n (4α (P21/c), 4β (R3̄), for n-butoxide, and 4tert

(Fdd2) for tert-butoxide).
Interestingly, for the n-pentoxide derivative, two tetrameric

polymorphs, [VO(VanNH)(OC5H11)]4 (5tα and 5tβ) with P1̄ sym-
metry were identified (at 170 K and at RT). They interconvert
reversibly with temperature changes, with 5tα being the low-
temperature form. These conformers exhibit subtle structural
differences, underscoring the pronounced thermal and struc-
tural adaptability of the metallosupramolecular architectures.

The content of the asymmetric units reveals pronounced
conformational diversity: except for the high-symmetry struc-
tures 4β and 4tert, all crystals contain more than one indepen-
dent monomeric unit (Z′ > 1, see SI, Fig. S2), which can be
ascribed to monomer flexibility and conformational disorder
of the alkoxide ligands. Such behavior is well known to accom-
pany packing frustration in molecular crystals, and recent ana-
lyses of high-Z′ structures might extend this interpretation to
metallo–organic assemblies.37

The presence of multiple symmetrically inequivalent mono-
meric units is a consequence of multiple orientations of
pyridyl fragments needed to build the polymeric species. Still,
the condition is not present in all of the structures. Herein, we
will define the orientation of the pyridyl nitrogen atom
towards the hydrazonato oxo group in the same monomer as
‘syn’, and opposite orientation as ‘anti’ (Scheme S1, see SI).
Most of the structures, including cyclic tetramers and poly-
mers (1, 2, 3α, 3t, 3tiso, 4α, 5tα, and 5tβ), conform to type I
arrangement and show alternating ‘syn’/‘anti’ orientations in
neighbouring monomeric units (Fig. 1, middle). However, the
structures of 3β and 4tert, classified as polymeric type II, show
only ‘anti’ orientations, whereas the structure of 4β (polymeric
type III) shows only ‘syn’ orientations (Fig. 1, bottom).

Fig. 1 Top: A molecular structure of a representative monomeric unit
(as found in 3tiso). Middle: Diagrams of 1D polymeric chains (left) and
tetramers (right) for polymeric type I. In polymeric chains, consecutively
connected ‘syn’/‘anti’ dimers are coloured differently. In tetramers,
hydrogen atoms are omitted for clarity. Bottom: Examples of polymeric
types II and III are shown as two connected monomers.

Table 1 Metallosupramolecular isomers and polymorphic forms
obtained from different alcohols

Comp. Solvent Formula

1 Methanol [VO(VanNH)(OCH3)]n
2 Ethanol [VO(VanNH)(OCH2CH3)]n
3t n-Propanol [VO(VanNH)(OC3H7)]4
3α n-Propanol [VO(VanNH)(OC3H7)]n
3β n-Propanol [VO(VanNH)(OC3H7)]n
3tiso Isopropanol [VO(VanNH){OCH(CH3)2}]4
4α n-Butanol [VO(VanNH)(OC4H9)]n
4β n-Butanol [VO(VanNH)(OC4H9)]n
4tert tert-Butanol [VO(VanNH){OC(CH3)3}]n
5tα n-Pentanol [VO(VanNH)(OC5H11)]4
5tβ n-Pentanol [VO(VanNH)(OC5H11)]4
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The 1D chains in 1, 2, 3α, 3β, 4α, 4β, and 4tert are con-
structed by V–pyridyl–N coordination bonds into linear, unino-
dal nets that can be described by the ubiquitous 2C1 topology
(two-connected 1D net). Densities extrapolated to 170 K (see
SI, Fig. S3–S5) show that α polymorphs pack more efficiently
than β forms. The void volumes are generally small, indicating
dense packing across the series.

The polymorphism observed in 3 and 5, albeit rarely
encountered in metal–organic polymers, is expected for con-
formationally flexible monomeric units and often arises in
systems lacking strong directional hydrogen bonds, which is
precisely the case here, where deprotonation removes classical
donors, and packing is governed by weak contacts.
Representative studies document polymorphism, concomitant
crystallization, and solid-state transformations in both poly-
mers and MOFs, providing precedents for the observation of α/
β pairs.38

Additional features worth noting include the slight but sys-
tematic increase of void volume with alkyl chain length (yet
remaining negligible in absolute terms), and the absence of
strong hydrogen bonding across all structures. Both obser-
vations are consistent with densely packed vanadium–hydrazo-
nato frameworks stabilized by numerous weak C–H⋯O con-
tacts rather than specific supramolecular synthons.

Overall, the crystallographic landscape – conserved ONO
coordination, frequent Z′ > 1 as a consequence of pyridyl frag-
ment orientation, chain/tetramer isolation based roughly on
auxiliary ligand choice, α/β polymorphism of chains – paints a
coherent picture of a flexible {VO(VanNH)(OR)} building unit
exploring a narrow conformational space between discrete and
polymeric assemblies.

Quantum chemical calculations

To gain deeper insights into the factors driving the formation
of distinct structural isomers, extensive quantum chemical cal-
culations were performed. The stability of tetrameric com-
plexes was analyzed using experimental structures, which were
subjected to geometry optimizations and harmonic frequency
calculations. For complexes for which experimental structures
were unavailable, equivalent geometries were generated for cal-
culations. Standard Gibbs binding energies for tetramer
models were calculated by subtracting the energy of four
monomers, each with the pyridine molecule occupying the
sixth coordination site, from the tetramer energy. Labels ‘syn’
and ‘anti’ refer to the monomer in which the nitrogen atom of
the nicotinoyl moieties is oriented towards the oxo group and
opposite to the oxo group, respectively (Fig. 2 and 3).

ΔbG°ðtetramer; cycleÞ ¼ ΔfG°ðtetramer; cycleÞ
� 2ΔfG°

synðmonomer; pyÞ � 2ΔfG°
antiðmonomer; pyÞ

þ 4ΔfG°ðpyÞ
ð1Þ

Based on the calculated standard Gibbs binding energies
(eqn (1), Table 2), the formation of cyclic tetramers over mono-
mers is predicted to be thermodynamically favorable for all
investigated structures.

To further evaluate tetramer stability, additional calcu-
lations were performed using chain-tetramer models. For each
ligand, a tetranuclear chain was constructed with the sixth
coordination site of the terminal metal center occupied by a
pyridine molecule, ensuring a consistent coordination environ-
ment across all models. Due to the possibility of different
assembly motifs, two tetrameric chain structures are con-
sidered: type I, with alternating ‘syn’ and ‘anti’ building
blocks, and type II, which features only ‘anti’-oriented struc-
tural units. The standard Gibbs binding energies of these tet-

Fig. 2 Optimized monomer geometries with the VanNH2− ligand and
the pyridine nitrogen atom directed opposite to the oxo groups at the
B3LYP-D3BJ/6-31G(d) level of theory. The structures are ordered by the
increasing length of the alkyl chain (R = CnH2n+1, n = 1–5).

Fig. 3 Optimized geometries of monomers with VanNH2− ligand and
pyridine nitrogen atom oriented towards oxo groups at B3LYP-D3BJ/6-
31G(d) level of theory. Structures are ordered by increasing alkyl chain
length (R = CnH2n+1, n = 1–5).

Table 2 Standard enthalpies, entropies and Gibbs binding energies of
tetrameric cycle structures compared to monomeric ones calculated
using density functional theory at the B3LYP-D3BJ/6-31G(d) level of
theory (at T = 298.15 K and p = 101 325 Pa)

Ligand ΔbH°/kJ mol−1 ΔbS°/J K
−1 mol−1 ΔbG°/kJ mol−1

–OCH3 −92.06 19.57 −97.89
–OC2H5 −115.45 −33.43 −105.49
–OC3H7 −93.49 18.16 −98.90
–OC4H9 −84.20 53.53 −100.16
–OC5H11 −73.20 55.10 −89.63
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ramers, compared to their respective monomers, were then
calculated.

ΔbG°
Iðtetramer; chainÞ ¼ ΔfG°

Iðtetramer; chainÞ
� 2ΔfG°

synðmonomer; pyÞ � 2ΔfG°
antiðmonomer; pyÞ

þ 3ΔfG°ðpyÞ
ð2Þ

ΔbG°
IIðtetramer; chainÞ ¼ ΔfG°

IIðtetramer; chainÞ
� 4ΔfG°

antiðmonomer; pyÞ þ 3ΔfG°ðpyÞ ð3Þ

It was found that the first chain assembly type (Table 3) is
more stable than the second (Table 4). This is supported by
the consistently more negative ΔbG°

I calculated for the alter-
nate arrangement, indicating an increasing overall driving
force for polymer assembly. The higher stability of type I chain
mainly arises from its notably more exothermic binding
enthalpies (ΔbH°), which compensate for the entropic effects
involved in polymer assembly.

Conversely, the ‘anti’ chain type (Table 4) is characterized
by a systematically more negative ΔbS°II. This reduces the
overall thermodynamic favorability of this chain type II, par-
ticularly for shorter alkoxy co-ligands. However, for longer alk-
oxides like –OC4H9 and –OC5H11, the ‘anti’ motif becomes
more favorable due to the total constant entropy contribution
within the series. The chain model with all ‘syn’ orientations
was not included in the calculations, as it is obtained in only
one polymeric structure, 4β.

The difference in standard Gibbs energies of formation of
cyclic tetramers compared to chains of the corresponding

length. ΔΔfG°(tetramer, cycle − tetramer, chain) was calcu-
lated as

ΔΔfG°ðtetramer; cycle� tetramer; chainÞ
¼ ΔfG°ðtetramer; cycleÞ � ΔfG°ðtetramer; chainÞ
þ ΔfG°ðpyÞ

ð4Þ

The results indicate that the chain structures with alternat-
ing ‘syn’ and ‘anti’ building units are not only thermo-
dynamically more stable than the ‘anti’ chain type, but also
more stable than their corresponding cyclic tetramers across
the examined alkoxy series (Tables 5 and 6). The cyclic tetra-
mers offer modest enthalpy stabilization, making them less
stable as the alkoxy-ligand size becomes larger.

An interesting outlier in the series is the absence of tetra-
meric assembly for complexes derived from the n-butoxide
ligand, whereas such assemblies were isolated for the n-prop-
oxide, isopropoxide, and n-pentoxide ligands. However, in this
series, there are certainly multiple interactions in a delicate
balance – packing efficiency, alkoxide chain setting, position
of the pyridyl nitrogen atom, slight variations in ligand confor-
mation, and small differences in solubility, which together
might force the crystallization into (only) one type of network.
A detailed understanding of this behaviour would require sig-
nificant additional data in both the chemical and external
parameter domains (e.g. temperature or moisture level).

PXRD

Although slight changes in reaction conditions and auxiliary
alkoxide ligands affect the resulting structures, all complexes
were obtained in pure form. Crystalline powders were analysed

Table 3 Standard enthalpies, entropies and Gibbs binding energies of
tetrameric chain structures, type I, with alternating ‘syn’ and ‘anti’ build-
ing units compared to monomers calculated using density functional
theory at the B3LYP-D3BJ/6-31G(d) level of theory (at T = 298.15 K and
p = 101 325 Pa)

Ligand ΔbH°
I =kJmol�1 ΔbS°I=J K

�1 mol�1 ΔbG°
I=kJmol�1

–OCH3 −157.07 −193.12 −99.49
–OC2H5 −176.75 −224.41 −109.84
–OC3H7 −188.24 −223.62 −121.57
–OC4H9 −185.43 −190.39 −128.67
–OC5H11 −191.34 −194.55 −133.33

Table 5 Relative standard enthalpies, entropies and Gibbs formation
energies of tetrameric cyclic structures compared to the chain type I
structures calculated using density functional theory at the B3LYP-D3BJ/
6-31G(d) level of theory (at T = 298.15 K and p = 101 325 Pa)

Ligand ΔΔfH°/kJ mol−1 ΔΔfS°/J K
−1 mol−1 ΔΔfG°/kJ mol−1

–OCH3 65.01 212.69 1.59
–OC2H5 61.29 190.98 4.35
–OC3H7 94.75 241.78 22.67
–OC4H9 101.23 243.92 28.50
–OC5H11 118.14 249.65 43.71

Table 4 Standard enthalpies, entropies, and Gibbs binding energies of
tetrameric chain structures, type II, with ‘anti’-oriented structural units
compared to monomers calculated using density functional theory at
the B3LYP-D3BJ/6-31G(d) level of theory (at T = 298.15 K and p =
101 325 Pa)

Ligand ΔbH°
II=kJmol�1 ΔbS°II=J K

�1 mol�1 ΔbG°
II=kJmol�1

–OCH3 −131.95 −215.65 −67.65
–OC2H5 −142.53 −239.20 −71.21
–OC3H7 −159.38 −242.34 −87.13
–OC4H9 −176.02 −209.46 −113.57
–OC5H11 −191.34 −219.79 −125.81

Table 6 Relative standard enthalpies, entropies and Gibbs formation
energies of tetrameric cyclic structures compared to the chain type II
structures calculated using density functional theory at the B3LYP-D3BJ/
6-31G(d) level of theory (at T = 298.15 K and p = 101 325 Pa)

Ligand ΔΔfH°/kJ mol−1 ΔΔfS°/J K
−1 mol−1 ΔΔfG°/kJ mol−1

–OCH3 40.22 233.90 −29.52
–OC2H5 27.25 204.17 −33.62
–OC3H7 56.39 228.79 −11.83
–OC4H9 86.42 261.71 8.39
–OC5H11 108.39 265.66 29.18
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using the powder X-ray diffraction (PXRD) method, and their
experimental patterns were compared to simulated diffracto-
grams derived from single-crystal X-ray diffraction (SCXRD)
data. In all cases, the PXRD patterns matched the corres-
ponding simulated diffractograms, confirming phase purity
and the absence of polymorphic or isomeric impurities
(Fig. S6, see SI).

ATR-IR spectra

The infrared spectra of the synthesized complexes showed
clear evidence of ligand coordination through the dis-
appearance of characteristic vibrational bands associated with
the free hydrazone ligand. Specifically, the O–H (3300 cm−1),
CvO (1671 cm−1), and N–NH (3186 cm−1) stretching bands
were no longer observed upon complexation with vanadium
(Fig. S7 and S8, SI). Their disappearance was accompanied by
the emergence of new absorption features, confirming coordi-
nation via both oxygen- and nitrogen-donor atoms. Notably,
bands observed near 1610 cm−1 (CvNimine), 1350 cm−1

(C–Ohydrazonato), and 1255 cm−1 (C–Ophenolic) confirmed metal–
ligand binding via the hydrazone backbone.

Further support for complex formation came from weaker-
intensity metal–ligand vibrations, including bands at approxi-
mately 740 cm−1 (V–Nimine), 590 cm−1 (V–Ohydrazonato), and
580 cm−1 (V–Ophenolato). A moderate-intensity band around
1610 cm−1 was assigned to the CvN stretch of the nicotinoyl
pyridine moiety. Its shift to a lower wavenumber compared to
the free ligand indicated coordination of the pyridine nitrogen
to the {VO}3+ core. Additionally, a distinct band at near
970 cm−1 was attributed to N–N vibrations, while a medium-
intensity band around 720 cm−1 was consistent with V–N
stretching, further supporting metallosupramolecular
assembly.

The coordination of the alkoxide group was evidenced by
the appearance of a new absorption band near 1030 cm−1,
typical for C–OOR stretches. Slight variations in this region
across complexes reflect differences among the coordinated
alcohols relative to their free forms. All complexes in the series
exhibited intense bands near 960 cm−1 range, characteristic of
the {VO}3+ oxo-core.

Additionally, differences observed in the spectral features of
complexes reflect variations in overall molecular and crystal
architectures. These differences are consistent with the for-
mation of polymorphic forms or metallosupramolecular
isomers, likely arising from variations in packing, hydrogen
bonding, and the spatial arrangement of coordinating ligands
and alkoxide groups within the assemblies.

NMR spectra

In CD3OD solution, the 1H NMR spectra of vanadium com-
pounds exhibited a well-defined set of signals, consistent with
ligand coordination (Scheme S2, Table S2, Fig. S9 and S10 see
SI). The azomethine proton (H1) exhibited a notable downfield
shift of 0.22 ppm compared to the free ligand, indicative of
coordination to the vanadium center. In contrast, only subtle
chemical shift changes were observed for the nicotinoyl

protons: H8, H9 and H10 shifted slightly upfield, while H6
exhibited a minor downfield shift. These observations suggest
that, in dilute methanolic solution, the pyridine nitrogen of
the nicotinoyl group is not coordinated to the metal center.
Additionally, the 1H and 13C NMR spectra exhibit a single,
well-defined set of ligand-based resonances with narrow lines.
If chain or tetranuclear structures were preserved, broadened
signals would be expected due to different assembly motifs.
Therefore, NMR data suggest that, in diluted CD3OD solutions,
the oligomeric framework disassembles and mononuclear, sol-
vated complexes form, rather than preserving the original
tetrameric or polymeric structure.

The aromatic region of the spectrum provided further con-
firmation of coordination. Protons H14 and H16 appeared as
doublets of doublets, while H15 was observed as a triplet with
a noticable upfield shift, reflecting changes in the electronic
environment induced by metal coordination. The overall spec-
tral features were generally consistent across the series of
vanadium compounds. All complexes displayed very similar
spectra (Fig. S11, see SI), chemical shift values, and multiplici-
ties for the ligand-derived resonances, confirming that the
metal–hydrazone complex unit is preserved in solution. The
only noticeable differences among the spectra arose from
additional resonances attributable to residual free alcohols,
whose nature depended on the originally coordinated alkoxo
ligand (RO). This observation suggests that upon dissolution
of the complexes in CD3OD, the ancillary RO ligand is readily
replaced by CD3O

−, thereby releasing the corresponding free
alcohol into solution. Such solvent-induced ligand exchange is
consistent with the lability of alkoxo ligands in protic sol-
vents,39 such as alcohols, and is in good agreement with our
previous findings.17 Unfortunately, the low solubility of all
investigated compounds prevented a detailed NMR analysis in
non-coordinating solvents.

The 13C NMR spectra further supported ligand coordi-
nation, revealing significant deshielding for carbon atoms in
proximity to the coordination sites (Table S2 and Fig. S10, see
SI). In particular, carbons C1, C4, and C12 exhibited pro-
nounced downfield shifts of up to 3.77 ppm, 6.91 ppm, and
7.35 ppm, respectively. In contrast, the carbon atoms of the
nicotinoyl ring (C6–C10) showed minimal chemical shift
changes (Δδ ≤ 1 ppm), supporting the conclusion that the pyri-
dine nitrogen does not remain coordinated under the studied
conditions.

Thermogravimetric analyses

The thermal stability of all assemblies was also investigated,
revealing a consistent two-step decomposition process
(Fig. S12, see SI). The initial mass loss, attributed to the oxi-
dation of alkoxide groups, commenced within the temperature
range of 142 °C to 181 °C, respectively, indicating improved
thermal stability of the alkoxide ligands within the polymeric
frameworks. The lowest oxidation onset temperatures were
observed for the tetrameric complexes 3tiso and 5tβ, at 146 °C
and 142 °C, respectively. In contrast, the highest thermal stabi-
lity was found for polymers 1 and 2, with onset temperatures
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of 181 °C and 173 °C, respectively, corresponding to the oxi-
dation of methoxy and ethoxy co-ligands, respectively. These
mass losses are consistent with the release of aldehyde frag-
ments, in line with previously reported thermal decomposition
pathways of alkoxo-vanadium(V) complexes.18,40 The second
step involved decomposing the hydrazone ligands, occurring
between 227 °C and 318 °C. In all cases, the final residues
clearly indicated the formation of vanadium pentoxide, as con-
firmed by the residual mass percentages.

Catalytic performance

The catalytic study involved vanadium-based complexes bearing
various coordinated alkoxo ligands, alongside NH4VO3 and [VO
(acac)2] as two independent reference systems. The substrates
tested were 4-chlorobenzyl alcohol and 4-nitrobenzyl alcohol,
with TBHP in water serving as the oxidizing agent. Due to the
limited solubility of the aldehyde obtained from 4-chlorobenzyl
alcohol substrate, 3 mL of acetonitrile was added to the reaction
mixture as a co-solvent. All catalysts were classified as molecular
ones based on their solubility in the reaction medium. Although
0.5 mol% of each catalyst was introduced in all reactions, the
complexes exhibit different dissolution rates and extents in the
reaction medium; therefore, the effective concentration of cataly-
tically active species in solution may differ, which can contribute
to the observed variations in catalytic activity. The reactions were
monitored over a 2-hour period, and the results are summarized
in Tables 7 and 8.

The catalytic performance in the oxidation of 4-chloroben-
zyl alcohol to 4-chlorobenzaldehyde highlights catalysts 3, 4,
and 4tert, all polymeric in nature, as the most effective in terms
of conversion after 2 hours of reaction. These catalysts
achieved conversion values of 79, 77, and 74%, respectively.
However, when assessing catalyst activity at an earlier stage
(after 20 minutes), catalysts 3 and 4 showed moderate activity,
reaching approximately 25% conversion.

In contrast, the selectivity toward 4-chlorobenzaldehyde was
highest for catalysts 5t and 3t, both tetranuclear complexes.

After 2 hours, these catalysts maintained selectivities of 75%.
Remarkably, after just 20 minutes, selectivity was even higher,
97% for 5t and 89% for 3t, indicating their strong ability to
favor aldehyde formation in the early stages of the reaction.

An interesting trend emerges when comparing catalyst
types over time: tetranuclear catalysts sustain high selectivity
throughout the reaction, while polymeric catalysts, although
initially selective (within 20 minutes), show a significant
decline in aldehyde selectivity as the reaction progresses. For
instance, catalysts 3 and 4 display a marked drop, with final
selectivities decreasing to approximately 40% after 2 hours.
This suggests that polymeric catalysts may be more prone to
overoxidation or side reactions during prolonged reaction
times.

The reference catalyst [VO(acac)2] demonstrated the highest
conversion after 2 hours, reaching 87%, significantly outper-
forming the other catalysts in 3tiso terms of substrate oxi-
dation. In comparison, NH4VO3 achieved a moderate conver-
sion of 56%, a value comparable to those observed for the
polymeric catalysts 1, 2, and tetranuclear 3tiso. However, in
terms of selectivity toward 4-chlorobenzaldehyde, [VO(acac)2]
performed poorly, exhibiting the lowest selectivity at just 25%,
likely due to overoxidation to the corresponding acid or side
products. Conversely, NH4VO3 offered a more favorable selecti-
vity profile, reaching 65%, which is again comparable to the
selectivities observed for catalysts 1, 2, and 3tiso.

The polynuclear catalysts 1, 2, 3, 4, and 4tert exhibited mod-
erate to high conversions after 120 minutes of oxidation reac-
tion of 4-nitrobenzyl alcohol. Among them, catalyst 4 demon-
strated the highest activity, achieving a conversion of 86.95%,
closely approaching the performance of the most active tetra-
nuclear system (3tiso). At the early stage (20 minutes), conver-
sion across the polynuclear series was modest, ranging from
approximately 9 to 29%.

In terms of aldehyde selectivity, catalysts 1 and 2 stood out,
maintaining exceptionally high selectivity values of >95% at
20 minutes, and still performing well after 2 hours (82% and

Table 7 Conversion and selectivity parameters for 4-chlorobenzyl
alcohol to 4-chlorobenzaldehyde oxidation

Temperature
80 °C

Oxidant

TBHP in water + 3 mL MeCN

Conversion/% Selectivity/%

Catalyst (0.5 mol%) 120 min 20 min 120 min 20 min

1 56 9 64 83
2 59 13 62 83
3t 42 6 75 89
3 79 26 43 83
3tiso 57 9 64 85
4 77 24 45 81
4tert 74 21 47 85
5t 43 7 75 97
[VO(acac)2] 87 43 29 71
NH4VO3 56 14 65 85

Table 8 Conversion and selectivity parameters for 4-nitrobenzyl
alcohol to 4-nitrobenzaldehyde oxidation

Temperature
80 °C

Oxidant

TBHP in water + 3 mL MeCN

Conversion/% Selectivity/%

Catalyst (0.5 mol%) 120 min 20 min 120 min 20 min

1 54 9 82 98
2 49 12 87 95
3t 88 33 49 79
3 54 17 76 73
3tiso 86 26 53 64
4 87 29 50 92
4tert 63 12 76 88
5t 35 3 92 93
[VO(acac)2] 96 57 27 78
NH4VO3 21 4 90 82

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2026 Dalton Trans., 2026, 55, 4237–4249 | 4243

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

6:
35

:3
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt03088a


87%, respectively). In contrast, catalysts 3, 4, and 4tert showed
a marked decline in selectivity over time, likely due to pro-
gressive overoxidation to the corresponding acid. For example,
catalyst 4 showed a significant drop in selectivity from 92% at
20 minutes to 50% at 120 minutes.

The tetranuclear catalysts 3t and 3tiso exhibited high conver-
sions after 2 hours (88% and 86%, respectively), ranking
among the most active systems tested. However, their aldehyde
selectivity decreased with time. 3t and 3tiso initially showed
reasonable selectivity (79% and 64% at 20 minutes), but these
values declined to approximately 50% after 2 hours, again
suggesting overoxidation during extended reaction periods.

In contrast, tetranuclear catalyst 5t demonstrated lower con-
version (35%) but excellent selectivity, maintaining values
above 91% at both 20 and 120 minutes. This indicates a slower
but highly chemoselective oxidation process, favoring aldehyde
formation and minimizing overoxidation.

Among the reference catalysts, [VO(acac)2] exhibited the
highest overall conversion (96% at 120 min, 57% at 20 min),
but the lowest selectivity (27% at 2 h), confirming its tendency
to promote complete oxidation, likely to the corresponding
acid. On the other hand, NH4VO3 was significantly less active
(21% conversion at 2 h), but highly selective (90%), resembling
the behavior of catalyst 5t. This makes NH4VO3 more suitable
for mild and selective oxidation, although its low conversion
limits its overall efficiency.

Overall, the trends in conversion and selectivity reported in
Tables 6 and 7 reflect the influence of the alkoxo chain length.
Short-chain catalysts (1 and 2) show moderate conversions due
to limited solubility, whereas intermediate linear chains (3
and 4) achieve the highest conversions for both substrates, as
a result of improved catalyst–substrate interactions. This
increase in activity is accompanied by lower selectivity, indicat-
ing a greater tendency toward over-oxidation at higher conver-
sion levels. In contrast, the longer-chain catalyst (5) and the
branched analogues (3tiso, 4tert) demonstrate reduced conver-
sions but enhanced selectivities, consistent with increased
steric hindrance limiting substrate access to the metal center.
These data demonstrate that conversion is maximized at inter-
mediate chain lengths, while selectivity increases with steric
bulk, in full agreement with the relationship structure and
activity discussed above.

Among the polymeric catalysts, catalyst 3 demonstrated
exceptional activity in the oxidation of 4-chlorobenzyl alcohol,
with a Cl-TOF of 150.8, positioning it among the most active
systems within its class (Fig. 4 and Fig. S13 see SI). In contrast,
catalyst 4 exhibited superior performance in the oxidation of
4-nitrobenzyl alcohol, achieving a NO-TOF of 170 and a
NO-TON of 172, closely matching the efficiency of the tetranuc-
lear catalyst 3t. Meanwhile, catalyst 4tert showed good catalyst
durability, as evidenced by its high TON values, although its
NO-TOF (72) was comparatively lower than that of catalyst 4,
indicating reduced initial activity.

Within the tetranuclear catalyst group, catalyst 3t emerged
as the most effective for 4-nitrobenzyl alcohol oxidation, deli-
vering the highest NO-TOF (197) among all tested systems,

even surpassing that of [VO(acac)2]. This underscores its suit-
ability for fast, efficient oxidation under mild conditions.
Catalyst 3tiso also demonstrated well-balanced catalytic per-
formance, maintaining high activity across both Cl- and NO-
substituted alcohols, with consistent TOF and TON values,
making it a versatile and robust system.

In contrast, catalyst 5t, although previously noted for its
excellent selectivity, exhibited significantly lower catalytic
efficiency, with a NO-TOF of just 18 and NO-TON of 68, indicat-
ing slower turnover and limited utility for extended oxidation
processes.

The overall mechanism has been discussed previously,19

above starting with rapid alkoxide–water exchange, forming
the hydroxo complex [LVO(OH)], followed by substrate coordi-
nation where benzyl alcohol replaces the OH ligand to give
[LVO(OCH2Ar)]. Addition of TBHP produces a hydroxo–tert-
butylperoxo intermediate [LVO(OH)(OCH2Ar)(OOtBu)], which
is poised for the key six-membered transition-state hydrogen
transfer from the benzylic CH2 group. This step is the rate-
determining step and leads to a transient species that col-
lapses to release the aldehyde, tBuOH, and regenerate [LVO
(OH)], completing the cycle.

Additionally, the basicity of the RO− influenced by the elec-
tronic effects of the solvent, as reflected by alcohol pKa, is
expected to play a relevant role in determining catalytic
efficiency. Thus, a more basic alkoxide should be more readily
protonated and displaced, thereby facilitating the formation of
catalytically active species. Consequently, both the steric
requirements and the basicity of the OR ancillary ligand could
influence the formation of reactive intermediates. However,
due to the similar pKa values of solvents used (ranging from
15.5 to 17), no significant impact was observed.

Among the reference catalysts, NH4VO3 showed moderate
activity toward chlorinated substrate (Cl-TOF = 79), but was
dramatically less active in the oxidation of nitro-substituted
alcohols (NO-TOF = 22). In contrast, [VO(acac)2] outperformed
all catalysts in both substrate classes, with TOF and TON
values of 248 and 166 (Cl) and 322 and 182 (NO), respectively.
While its high reactivity is undeniable, this catalyst is well-
documented for its poor selectivity, which significantly limits
its applicability.

Fig. 4 Comparison of TOF20 min and TON values for 4-chloro and
4-nitrobenzyl alcohol oxidations.
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In our previous investigation involving vanadium catalysts
derived from (5-methoxy)salicylaldehyde and nicotinic acid
hydrazide,19 tested for the oxidation of 4-nitrobenzyl alcohol,
the polymeric catalyst [VO(5OMeSalNH)(OPr)]n exhibited the
highest alcohol conversion, reaching 86% after 120 minutes.
However, consistent with the general trend observed for all
tested systems, selectivity decreased over time, with the best
value at 120 minutes recorded for [VO(SalNH)(OPr)]n (66%).
These findings suggested that bulkier alkoxide ligands, such
as propoxyde, may reduce the rate of overoxidation, thereby
helping to preserve aldehyde selectivity during extended reac-
tion times. Additionally, [VO(5OMeSalNH)(OEt)]n showed
exceptionally high early-stage selectivity towards aldehyde,
achieving 97% at 20 minutes, which is comparable to poly-
meric catalyst 2.

Experimental
General details

Commercially available reagents, including ammonium meta-
vanadate, o-vanillin, nicotinoyl hydrazide, and solvents, were
purchased from Alfa-Aesar or Aldrich and used without further
purification. The vanadium precursor [VO(acac)2],

41 and the
hydrazone H2VanNH

36 were prepared according to literature-
reported methods.

Crystalline products obtained from the reactions were used
directly for ATR-IR spectroscopy and SCXRD studies.
Thermogravimetric analysis (TGA) samples were carefully
handled, stored in a desiccator, and kept at −15 °C. Detailed
descriptions of characterization techniques, including elemental
and thermal analyses, ATR-IR, NMR spectroscopy, PXRD, and
SCXRD, along with the corresponding data, are available in the SI.

Synthesis of the metallosupramolecular compounds

Procedure I. Ammonium metavanadate (NH4VO3, 0.023 g,
0.20 mmol) was added to a solution of H2VanNH (0.057 g,
0.21 mmol) in the corresponding alcohol (30 mL). The reaction
mixture was refluxed for 3 hours and then cooled to room
temperature. The resulting solution was concentrated under
reduced pressure (solvent-specific details are outlined in the
descriptions of each compound, see below). Upon standing
undisturbed at room temperature, dark red-black crystals
formed after one week. The crystals were collected by filtration
under a dry atmosphere and dried to constant mass in a desic-
cator maintained at −15 °C.

Procedure II. Bis(acetylacetonato)oxovanadium(IV), [VO(acac)2]
(0.053 g, 0.20 mmol), and H2VanNH (0.0483 g, 0.20 mmol) were
suspended in the appropriate alcohol (30 mL), refluxed for
3 hours and then allowed to cool to room temperature and left
to stand undisturbed at room temperature in a sealed flask.
After several weeks, dark red-black crystals were collected by fil-
tration under a dry atmosphere and dried to constant mass in a
desiccator at −15 °C.

[VO(VanNH)(OCH3)]n (1). The complex was prepared by
Procedure I in methanol. The solution was concentrated to

about 10 mL after 1 day and left at room temperature. Yield:
0.038 g; 52%. (b) The complex was also prepared by Procedure
II in methanol. The solution was concentrated after three
weeks to about 20 mL. Yield: 0.011 g; 15%. Anal. calcd for
C15H14N3O5V (367.23): C, 49.06; H, 3.84; N, 11.44. Found: C,
48.95; H, 3.63; N, 11.29%. TG: CH3O, 8.31 (calcd 8.45%); V2O5,
24.45% (calcd 24.76%). Selected IR data (cm−1): 1608
(CvN)imine, 1601 (CvN), 1348 (C–Ohydrazone), 1252 (C–
Ophenolato), 1034 (C–Oalkoxo), 970 (N–N), 957 (VvO), 740 (V–
Nimine), 720 (V–Npy), 604 (V–Oalkoxo), 596 (V–Ohydrazonato), 581
(V–Ophenolato).

[VO(VanNH)(OCH2CH3)]n (2). The complex was prepared by
Procedure I in ethanol and left at room temperature. Yield:
0.049 g; 64%. (b) The complex was also prepared by Procedure
II in ethanol. Yield: 0.039 g; 51%. Anal. calcd for C16H16N3O5V
(381.26): C, 50.40; H, 4.23; N, 11.02. Found: C, 50.26; H, 4.18;
N, 10.88%. TG: C2H5O, 11.64 (calcd 11.82%); V2O5, 23.65%
(calcd 23.85%). Selected IR data (cm−1): 1615 (CvN)imine,
1610, 1592 (CvN), 1351 (C–Ohydrazone), 1252 (C–Ophenolato),
1033 (C–Oalkoxo), 961 (N–N), 956 (VvO), 740 (V–Nimine), 700 (V–
Npy), 604 (V–Oalkoxo), 595 (V–Ohydrazonato), 581 (V–Ophenolato).

[VO(VanNH)(OC3H7)]4 (3t). The complex was prepared by
Procedure I in n-propanol. The solution was placed in the
refrigerator the following day. Yield: 0.034 g; 43%. (b) The
complex was also prepared by Procedure II in n-propanol. The
solution was concentrated to about 20 mL and placed in the
refrigerator. Yield: 0.042 g; 53%. Anal. calcd for C17H18N3O5V
(1581.132): C, 51.65; H, 4.59; N, 10.63. Found: C, 51.52; H, 4.45;
N, 10.48%. TG: C3H7O, 14.66 (calcd 14.95%); V2O5, 22.80%
(calcd 23.01%). Selected IR data (cm−1): 1611 (CvN)imine, 1599
(CvN), 1348 (C–Ohydrazone), 1255 (C–Ophenolato), 1032 (C–Oalkoxo),
970 (N–N), 958 (VvO), 733 (V–Nimine), 717 (V–Npy), 602 (V–
Oalkoxo), 596 (V–Ohydrazonato), 587 (V–Ophenolato).

[VO(VanNH)(OC3H7)]n (3α). The complex was prepared by
Procedure I in n-propanol. The solution was concentrated to
about 15 mL after 1 day and left at room temperature. Yield:
0.022 g; 28%. Anal. calcd for C17H18N3O5V (395.283): C, 51.65;
H, 4.59; N, 10.63. Found: C, 51.52; H, 4.41; N, 10.44%. TG:
C3H7O, 14.65 (calcd 14.95%); V2O5, 22.72% (calcd 23.01%).
Selected IR data (cm−1): 1615 (CvN)imine, 1608, 1597 (CvN),
1348 (C–Ohydrazone), 1257 (C–Ophenolato), 1032 (C–Oalkoxo), 971
(N–N), 957 (VvO), 730 (V–Nimine), 721 (V–Npy), 602 (V–Oalkoxo),
594 (V–Ohydrazonato), 587 (V–Ophenolato).

[VO(VanNH)(OC3H7)]n (3β). The complex was prepared by
Procedure I in n-propanol. The reaction mixture was heated,
then evaporated to about 10 mL without disturbing the flask,
and left at room temperature. Yield: 0.038 g; 48%. Anal. calcd
for C17H18N3O5V (395.283): C, 51.65; H, 4.59; N, 10.63. Found:
C, 51.45; H, 4.42; N, 10.46%. Found: C, 51.39; H, 4.33; N,
10.31%. TG: C3H7O, 14.54 (calcd 14.95%); V2O5, 22.71% (calcd
23.01%). Selected IR data (cm−1): 1616 (CvN)imine, 1608, 1598
(CvN), 1350 (C–Ohydrazone), 1255 (C–Ophenolato), 1032 (C–
Oalkoxo), 962 (N–N), 959 (VvO), 734 (V–Nimine), 717 (V–Npy),
600 (V–Oalkoxo), 583 (V–Ohydrazonato), 566 (V–Ophenolato).

[VO(VanNH){OCH(CH3)2}]4 (3tiso). The complex was prepared
in isopropanol by Procedure I. The solution was concentrated
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to about 10 mL after 1 day and left at room temperature. Yield:
0.066 g; 83%. Anal. calcd for C17H18N3O5V (1581.132): C,
51.65; H, 4.59; N, 10.63. Found: C, 51.49; H, 4.46; N, 10.49%.
TG: C3H7O, 14.88 (calcd 14.95%); V2O5, 22.71% (calcd
23.01%). Selected IR data (cm−1): 1615 (CvN)imine, 1610, 1594
(CvN), 1352 (C–Ohydrazone), 1256 (C–Ophenolato), 1029 (C–
Oalkoxo), 971 (N–N), 956 (VvO), 735 (V–Nimine), 718 (V–Npy),
601 (V–Oalkoxo), 590 (V–Ohydrazonato), 575 (V–Ophenolato).

[VO(VanNH)(OC4H9)]n (4α). The complex was prepared by
Procedure II in n-butanol and left at room temperature. Yield:
0.006 g; 7%. Anal. calcd for C18H20N3O5V (409.31): C, 52.82; H,
4.93; N, 10.27. Found: C, 52.73; H, 4.69; N, 10.15%. TG:
C4H9O, 17.58 (calcd 17.86%); V2O5, 22.03% (calcd 22.22%).
Selected IR data (cm−1): 1616 (CvN)imine, 1612, 1594 (CvN),
1357 (C–Ohydrazone), 1253 (C–Ophenolato), 1030 (C–Oalkoxo), 971
(N–N), 959 (VvO), 738 (V–Nimine), 719 (V–Npy), 600 (V–Oalkoxo),
580 (V–Ohydrazonato), 568 (V–Ophenolato).

[VO(VanNH)(OC4H9)]n (4β). The complex was prepared by
Procedure I in n-butanol. The solution was concentrated to
about 10 mL after 1 day and left at room temperature. Yield:
0.059 g; 72%. Anal. calcd for C18H20N3O5V (409.31): C, 52.82;
H, 4.93; N, 10.27. Found: C, 52.74; H, 4.79; N, 10.12%. TG:
C4H9O, 17.58 (calcd 17.86%); V2O5, 21.99% (calcd 22.22%).
Selected IR data (cm−1): 1616 (CvN)imine, 1612, 1594 (CvN),
1357 (C–Ohydrazone), 1253 (C–Ophenolato), 1030 (C–Oalkoxo), 971
(N–N), 959 (VvO), 738 (V–Nimine), 719 (V–Npy), 600 (V–Oalkoxo),
580 (V–Ohydrazonato), 568 (V–Ophenolato).

[VO(VanNH){OC(CH3)3}]n (4tert). The complex was prepared
according to Procedure I in tert-butanol under reflux for
6 hours. The solution was concentrated to about 10 mL after 1
day and left at room temperature. Yield: 0.072 g; 88%. Anal.
calcd for C18H20N3O5V (409.31): C, 52.82; H, 4.93; N, 10.27.
Found: C, 52.78; H, 4.73; N, 10.11%. TG: C4H9O, 17.57 (calcd
17.86%); V2O5, 21.95% (calcd 22.22%). Selected IR data
(cm−1): 1615 (CvN)imine, 1612, 1594 (CvN), 1349 (C–
Ohydrazone), 1254 (C–Ophenolato), 1033 (C–Oalkoxo), 975 (N–N), 959
(VvO), 735 (V–Nimine), 723 (V–Npy), 599 (V–Oalkoxo), 587 (V–
Ohydrazonato), 578 (V–Ophenolato).

[VO(VanNH)(OC5H11)]4 (5tβ). The complex was prepared by
Procedure I in n-pentanol. The solution was concentrated to
about 5 mL after 1 day. Yield: 0.015 g; 17%. Anal. calcd for
C19H22N3O5V (423.336): C, 53.91; H, 5.24; N, 9.93. Found: C,
53.78; H, 5.13; N, 9.69%. TG: C5H11O, 20.24 (calcd 20.58%);
V2O5, 21.17% (calcd 21.48%). Selected IR data (cm−1): 1616
(CvN)imine, 1596 (CvN), 1350 (C–Ohydrazone), 1262 (C–
Ophenolato), 1043 (C–Oalkoxo), 970 (N–N), 962 (VvO), 750 (V–
Nimine), 708 (V–Npy), 602 (V–Oalkoxo), 580 (V–Ohydrazonato), 571
(V–Ophenolato).

Quantum chemical calculations

Optimizations of geometries for all computed complexes were
performed using the hybrid functional B3LYP42 with the D3
version of Grimme’s dispersion43 and Becke–Johnson
dumping in combination with the 6-31G(d)44,45 basis set.
Initial geometries were taken from crystallographically deter-
mined structures. To confirm that the obtained geometries

were local minima, harmonic frequency calculations were
performed.46,47 The standard Gibbs energies of formation were
calculated at T = 298.15 K and p = 101 325 Pa. Strengths of the
intramolecular interactions were estimated by the calculation
of relative differences in the standard enthalpies, entropies
and Gibbs energies of binding ΔbG° and ΔΔfG°.

48 All
quantum chemical calculations were carried out using the
Gaussian 16 program package.49

Catalysis

The catalytic oxidation of 4-nitrobenzyl alcohol and 4-chloro-
benzyl alcohol was performed using vanadium-based coordi-
nation complexes as catalysts in a magnetically stirred, three-
necked 50 mL round-bottom flask equipped with a reflux con-
denser. The reaction system comprised 4-nitrobenzyl alcohol
or 4-chlorobenzyl alcohol (3.30 mmol), an oxidant TBHP in
aqueous medium (6.60 mmol), acetophenone (3.43 mmol) as
an internal standard, the catalyst (0.0165 mmol) and 3 mL of
acetonitrile. Reactions were conducted at 80 °C under continu-
ous stirring for two hours. At defined time intervals, aliquots
were withdrawn, immediately diluted with acetonitrile, and
subjected to gas chromatographic (GC) analysis.

Conclusions

A series of tetrameric and polymeric coordination-driven
assemblies was obtained depending on reaction conditions
and the auxiliary alkoxide ligands. Although tetramers are gen-
erally more stable than monomers, comparison with chain
models shows that the polymers featuring alternating ‘syn’ and
‘anti’ units have significantly more exergonic binding energies,
making them thermodynamically preferred over tetramers
across the alkoxide series. This stabilization arises primarily
from its higher exothermic binding enthalpy, which exceeds
the entropic contribution associated with the akoxide chain
length. Conversely, the polymeric type with the anti-motif is
favored for longer alkoxo ligands. The observed structural
diversity, reflects a delicate balance of electronic, steric, and
packing effects that determine which species crystallize.

The oxidation of 4-chlorobenzyl and 4-nitrobenzyl alcohols
revealed apparent performance differences among vanadium
catalysts. Polymers 3, 4, and 4tert delivered the highest conver-
sions (up to 79–87% for 3 and 4), though their selectivity
dropped significantly over time due to overoxidation. In con-
trast, polymers 1 and 2 maintained excellent selectivity in the
nitro-series (>95% at 20 min).

Among tetranuclear complexes, 3t and 3tiso showed high
activity (up to 88% conversion for 3t), with 3t giving the
highest TOF20 min (197) of all tested systems. Tetranuclear 5t,
although less active (35% conversion), consistently showed
exceptionally high selectivity (>91% at both time points),
making it the most selective catalyst. Overall, the results high-
light a fundamental trade-off: highly active catalysts (3, 4, 3t,
[VO(acac)2]) tend to lose selectivity, whereas highly selective
systems (1, 2, 5t, NH4VO3) operate more slowly. Catalyst nucle-
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arity and alkoxo ligand structure strongly influence this
balance, offering key design principles for future vanadium
oxidation catalysts.
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