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Influence of ancillary ligands on the formation and functionality of 
oxovanadium(V) metallosupramolecular assemblies: advanced 
computational and catalytic analysis

Edi Topić,a Josipa Sarjanović,a Danijela Musija,b Mirna Mandarić,a  Andrea Cocut,a Tomica Hrenar,a 
Dominique Agustin,c,d Jana Pisk,*a and Višnja Vrdoljak*a

Coordination-driven self-assembly approach offers opportunity for designing metallosupramolecular 
architectures with tailored properties. Applying this strategy, we present the synthesis and detailed 
characterization of tetranuclear and polynuclear vanadium(V) compounds with an aroylhydrazone ligand. 
These assemblies were obtained using the 3-methoxy-2-hydroxybenzaldehyde isonicotinoyl hydrazone ligand 
(H2VIH) and NH4VO3 in presence of primary aliphatic alcohols of increasing carbon chain length (from one to 
five carbon atoms). Reactions in lower alcohols selectively yielded metallocyclic compounds [VO(VIH)(OR)]4 (1, 
2, and 3, where R = CH3, C2H5, and C3H7, respectively), while reactions in higher alcohols afforded infinite zig-
zag chain polymers [VO(VIH)(OR)]n (4 and 5, where R = C4H9 and C5H11, respectively). Their formation was 
studied experimentally and computationally. Quantum chemical calculations using density functional theory 
provided valuable insights into the stability of both cyclic and chain assemblies. The solid-state structures of 
1–5 and pseudopolymorphs of [VO2(HVIH)] (60.5H2O0.5CH3OH and 62H2O) were confirmed using single-
crystal and powder X-ray diffraction methods. The oxovanadium(V) species were tested as catalysts for 
cyclooctene and benzyl alcohol oxidation, with results correlated to those for analogous molybdenum 
complexes [MoO2(VIH)]4 (7) and [MoO2(VIH)(C2H5OH)] (8). The influence of the metal centre, nuclearity, and 
ancillary ligand identity on catalytic performance was also investigated, revealing that the vanadium metal 
center influences the catalytic activity due to its capacity to form robust structures.

Introduction
Transition metal oxo complexes in high oxidation states, 
particularly those of Group 5 and 6, play significant roles in 
various chemical and biological processes. Complexes 
containing VIV,V,1-7  MoVI,8-11  and WVI,12-14 are commonly used as 
(pre)catalysts in oxidation reactions with oxidants such as O₂, 
H₂O₂, or tert-butyl hydroperoxide (TBHP). Notably, related 
discrete metal complexes can feature multiple coordination 
pockets which further enhance their catalytic versatility.15-17 

Alternatively, {MoVIO2}2+ metallosupramolecular complexes are 
gaining attention for their effectiveness as epoxidation 
catalysts.18-22 Metal–organic frameworks STA-12(Co), STA-
12(Ni), and STA12(Ni+20% Co) effectively catalyse the oxidation 
of benzylic alcohols.23 Zn-based MOF (ZIF-8), and its Co(II)- and 
Cu(II)-modified assembles, also showed good catalytic 
activity.24 Moreover, an Fe(phthalocyanine) complex 
demonstrated high effectiveness for alcohol oxidation using 
TBHP and H2O2 without organic solvents.25 
However, reports on oxovanadium(V) metallosupramolecular 
architectures, involving polydentate organic ligands and {VO}3+ 
units remain relatively rare. The complex [VO2(2,2’-bpy)}2(tp)]n 
is the first 1D vanadium(V) coordination polymer containing 
bipyridine and terephthalate ligands.26 Rare examples of VIVO 
assemblies include the cyclic complex [VO(3HPA)]4 (3HPA = 3-
hydroxypicolinic acid), and coordination polymers [VO(dod)2]X2 
(dod=1,4-diazoniabicyclo[2,2,2] octane-1-4-diacetate).27,28 A 
compelling example is interconvertible vanadium-seamed 
hexameric pyrogallol[4]arene nanocapsules.29 To the best of 
our knowledge, oxovanadium(V) complexes with isonicotinoyl 
or nicotinoyl moiety represent rare examples where the 
hydrazone ligand coordinates two metal centres to form a 
polymer.30–32
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A coordination-driven self-assembly method is a powerful tool 
for developing metallosupramolecular architectures.33-37 The 
assembly outcomes are influenced by a variety of factors, 
including the metal ion’s coordination geometry, ligands’ 
denticity spacer unit flexibility, and donor atom positions.38,39 

The process involves reversible metal-ligand bond formation 
and cleavage,40,41 resulting in diverse supramolecular isomers, 
from discrete entities to complex networks. Structures that 
maximize metal–ligand bonding interactions typically have 
increased enthalpy, while smaller assemblies may benefit from 
entropic effects,42-45 allowing for the design of functional 
materials with tailored properties.
Building on our prior research,21,22,46-49 we aimed to develop 
vanadium-based assemblies utilizing coordination-driven self-
assembly method. We selected 3-methoxy-2-hydroxy-
benzaldehyde isonicotinoyl hydrazone (H2VIH, Scheme 1) to link 
vanadium mononuclear building units into higher dimensional 
structures. We aimed to determine whether primary alcohols 
ROH (CnH2n+1OH, n = 1–5) could facilitate the assembly of 
specific supramolecular structure. We conducted quantum 
chemical calculations to evaluate the stability of cyclic tetramer 
complexes and compared them to chain configurations. By 
examining their unique structural properties and interactions, 
we aimed to uncover their potential applications in various 
fields, including catalysis. 
The preliminary evaluations of their catalytic potential were 
conducted through two oxidation reactions: cyclooctene 
epoxidation and benzyl alcohol oxidation. The production of 
epoxides is crucial in industry, especially in production of 
plastics, adhesives and coatings, highlighting their significance 
in a variety of applications.50,51 On the other hand, 
benzaldehyde, utilized in fragrances and pharmaceuticals52,53 is 
often produced through conventional synthesis methods that 
tend to generate harmful by-products. 54,55 Therefore, exploring 
more sustainable synthesis pathways is essential for minimizing 
environmental impact while meeting industrial needs.

Scheme 1  A schematic presentation of doubly deprotonated ligand VIH2–, ancillary ligand 
OR–, and metallosupramolecular assemblies [VO(VIH)(OR)]4 (1, 2, and 3, where R = CH3, 
C2H5, and C3H7, respectively) and [VO(VIH)(OR)]n (4 and 5, where R = C4H9 and C5H11, 
respectively).

Results and discussion
Metallosupramolecular assemblies
We have previously reported the synthesis of the 3-methoxy-2-
hydroxybenzaldehyde isonicotinoyl hydrazone (H2VIH) as part 
of our work on a series of aroylhydrazones.56 Refluxing a slight 
excess of H2VIH with one equivalent of NH4VO3 in the 
corresponding alcohol (CnH2n+1OH, n = 1–5) led to the isolation 
of dark red, almost black crystalline solids. These coordination 
assemblies were characterized by X-ray crystallography along 
with spectral and analytical methods. They were identified as 
metallosupramolecular tetranuclear [VO(VIH)(OR)]4 (1, 2, and 3, 
where R = CH3, C2H5, and C3H7, respectively) and polymeric 
products [VO(VIH)(OR)]n (4 and 5, where R = C4H9 and C5H11, 
respectively), Scheme 1.  
The three tetranuclear complexes 1, 2, and 3 crystallize in the 
tetragonal space group 𝐼41/𝑎 and exhibit remarkably similar 
crystal structures, as evidenced by powder patterns (see ESI†, 
Fig. S1) as well as the obtained structural model (Fig. 1a1, Table 
S1, Fig. S2a-c, see ESI†). Crystal structure of 2 has been reported 
previously (refcode: CAZVIM).57 Each tetranuclear unit in these 
compounds consists of four [VO(VIH)] monomers linked 
through oxovanadium-pyridyl V–Npy coordination bonds, which 
are oriented approximately perpendicular to the chelation 
plane. This arrangement yields a robust metallocycle, 
representing a unique structure among the oxovanadium(V) 
compounds.
In contrast, compounds 4 and 5, which feature disordered n-
butoxy and n-pentoxy ancillary ligands, assemble differently. 
These compounds crystallize in orthorhombic 𝑃𝑐𝑎21 space 
group, and form isostructural 1D coordination polymers (Fig. 
1b1, Table S2, Fig. S2d-e, see ESI†), albeit with similar overall 
geometry and connectivity to observed metallocycles – 
differing only by the relative orientation of the neighbouring 
monomers. The chains can be described with ubiquitous 2C1 
topology, i.e. 2-node one-dimensional periodic net (Fig. 1b2).58

Among the tetranuclear complexes, complex 1 is particularly 
noteworthy due to its significant porosity (Fig. 1a2, Fig. S3, see 
ESI†). The spherical probe pore volume is approximately 30 Å³ 
per monomer unit, corresponding to about 9.2% of the unit cell 
volume.59 This substantial pore space within the methoxy 
complex suggests a possible potential for guest inclusion or 
adsorption, although the nature of included chemical species in 
the measured crystal could not be conclusively determined 
from the diffraction data. This pore volume contrasts with the 
more compact structures observed in compounds 2–5, which 
lack notable porosity, indicating that the smallest alkoxy ligand 
uniquely supports this open framework structure. Alongside, an 
interesting trend is noticed when observing monomer volumes 
and pore volumes for the whole series – while monomer 
volumes increased approximately linearly with the number of 
carbon atoms in the ancillary ligand, the pore volume decreased 
exponentially (Fig. 1d).
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Fig. 1 a1) Structure overlay of tetranuclear [VO(VIH)(OR)]4 species 1 (light green), 2 (light red) and 3 (light blue). a2) Packing of tetramers in 1, showing significant crystal voids. b1) 
Infinite polymeric chains found in 4. b2) Packing of infinite polymeric chains of 4. c) Coordination environment of vanadium(V) core with mean and standard deviations of relevant 
bond lengths across compounds 1–5. d) Monomer volume and logarithm of spherical probe pore volume per monomer across in relation to ancillary chain length for compounds 
1–5. Packing of molecules/polymeric chains in (a) 1, (b) 4, shown in polyhedral style. Voids in 1 are represented by the yellow surface.   

The relevant metal–ligand distances in the oxovanadium core 
(Fig. S4, see ESI†) remain fairly consistent regardless of the 
selected ancillary ligand (Fig. 1c), with bond lengths varying by 
only a few percent from the mean values, reflecting the well-
known robustness of the ONO coordination environment of the 
doubly deprotonated ligand in enolato-imino tautomeric form 
(Fig. S5, see ESI†). However, in the tetranuclear complex 1, two 
specific deviations stand out: the vanadium–methoxy oxygen 
bond distance is notably shorter than in the other compounds, 
while the vanadium–hydrazonato nitrogen bond distance is 
elongated. One factor that appears to be correlated with 
formation of discrete over polymeric compounds is the torsion 
angle between the pyridyl and aryl rings of the VIH2– ligand. For 
complexes 1, 2, and 3, the interring torsion angles are 9°, 24°, 
and 14°, respectively, suggesting a relatively small degree of 
distortion that enables the formation of compact, closed 
assembly. In contrast, the polymers 4 and 5 exhibit significantly 
larger interring torsion angles of approximately 44° and 40°. 
This increased torsional angle, probably mediated by the bulk of 
the ancillary ligand, might favour an open chain-like polymeric 
structure. 
Regarding intermolecular interactions, no significant hydrogen 
bonding is observed within these structures – all potential 
hydrogen bond donors are lost through ligand deprotonation 
and coordination. However, numerous C–H···O contacts are 

observed throughout the crystal structures, particularly in the 
1D polymers, where these contacts contribute to stabilize the 
extended framework. 

Quantum chemical calculations. To further understand the 
factors that lead to the formation of distinct assemblies, 
extensive quantum chemical calculations were performed. To 
analyze the stability of tetramer complexes, experimental 
structures from 1, 2 and 3 were taken and geometry 
optimizations together with harmonic frequency calculations 
were performed. For complexes with butoxy and pentoxy 
groups where there are no appropriate experimental 
structures, equivalent geometries were created and 
calculations were performed. The standard Gibbs binding 
energies for tetramer models were calculated as a difference 
from tetramer energy to 4 monomer energies where in 
monomer the last binding place was filled up with a pyridine 
molecule.

∆b𝐺○(tetramer) = ∆f𝐺○(tetramer) ― 4∆f𝐺○(monomer,py) + 4∆f𝐺○(py)
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Table 1 Standard Gibbs binding energies for tetramer models calculated at the B3LYP-
D3BJ/6-311++G(d,p) level of the theory

Ligand ∆b𝐺○(tetramer) / kJ mol−1

OCH3 –20.36
OC2H5 –23.24
OC3H7 –24.78
OC4H9 –32.97
OC5H11 –31.29

Fig. 2 Overlaid crystal structures of 1, 2, and 3 where the distance from the hydrogen 
atom of the prophy group to the nearest atom is highlighted. Extension in the alkoxy 
group with an additional methylene –CH2– group in the same configuration is impossible 
due to the steric repulsions.

According to the calculated standard Gibbs energies of binding 
(in Table 1), tetramers for all structures should exist. But, 
besides electronic effects, steric effects of packing should also 
be considered. The overlay of crystal structures for 1, 2, and 3 is 
presented in Fig. 2. It is clear that the smallest distance between 
hydrogen atoms in the crystal structure of 3 is 2.407 Å. The 
addition of another methylene –CH2– group would cause steric 
repulsion, confirming that steric reasons are the most 
important for the crystal packing.
Stability was also cross-checked according to the chain polymer 
models. For each ligand, a chain tetramer model where the last 
binding place was filled up with a pyridine molecule was 
created. The difference in standard Gibbs energies of tetramer 
formation ∆∆f𝐺○(cyclic ― chain) was calculated as

∆∆f𝐺○(cyclic ― chain) = ∆f𝐺○(cyclic) ― ∆f𝐺○(chain)
+ ∆f𝐺○(py)

Table 2 Difference in standard Gibbs energies of tetramer cyclic vs chain formation ∆∆f
𝐺○(cyclic ― chain) calculated at the B3LYP-D3BJ/6-311++G(d,p) level of the theory

Ligand ∆∆f𝐺○(cyclic ― chain) / kJ mol−1

OCH3 –35.23
OC2H5 –29.55
OC3H7 –26.35
OC4H9 –46.62
OC5H11 –35.78

Corresponding differences in standard Gibbs energies of 
tetramer formation are presented in Table 2. In each case, the 
cyclic tetramer structures were lower in energy reflecting the 
fact that cyclic tetrameric structures with all ligands should 
exist. Therefore, the only possible explanation for different 
crystal packing remains steric reasons.

Mononuclear complexes
The reaction carried out in methanol at room temperature 
produced a dark-coloured solution after two weeks. 
Evaporation of the solution in an airstream yielded orange 
crystals of [VO2(HVIH)]0.5H2O0.5CH3OH (60.5H2O0.5CH3OH). 
Upon prolonged exposure of the filtrate to air, a few crystals of 
[VO2(HVIH)]2H2O (62H2O) also formed. 
The two pseudopolymorphs were characterized by SCXRD (ESI, 
Table S3, Fig. S1f-g). The dihydrate 62H2O crystallizes in 𝑃1 
space group forming an intriguing supramolecular chain 
mediated by V=O···water···water···Npy hydrogen bonds (ESI, Fig. 
S6). On the other hand, hemihydrate hemimethanolate 
60.5H2O0.5CH3OH crystallizes in the monoclinic space group 
𝐶𝑐 with four symmetrically inequivalent molecules of 
[VO2(HVIH)] in the asymmetric unit. The relative orientation and 
difference density map between the neighbouring pyridyl 
fragments suggest partial protonation of the pyridyl moieties, 
forming a hydrogen bond between the pairs of neighbouring 
[VO2(HVIH)] molecules. Although the structure of solvent 
molecules could not be determined satisfactorily, electron 
density of refined solvent mask suggests the aforementioned 
composition. More precise conclusions about the nature of 
hydrogen bonding in the 60.5H2O0.5CH3OH would require a 
structural probe more sensitive to hydrogen atom position. 
However, the molecular structures of the complexes are in line 
with the expectations – {VO2}+ core coordinated by ONO 
chelating pocket of a deprotonated ligand, in an enolato-imino 
form (Fig. S5, see ESI†).

Molybdenum(VI) assemblies
For comparison purpose in the catalytic part of this research, 
we prepared molybdenum complexes [MoO2(VIH)]4 (7) and 
[MoO2(VIH)(C2H5OH)] (8), known from our previous study.46 The 
crystal structure of [MoO2(VIH)(C2H5OH)] (8), not reported 
previously, has been described in short in ESI (Fig. S6, see ESI†).

Principal component analysis
Next, we focused on gaining a deeper understanding of this 
reaction system. The reaction between NH4VO3 and H2VIH (with 
the initial concentrations of the reactants being 4.0×10–5 mol 
dm–3) was studied in methanol at room temperature by time-
dependent UV-Vis spectrophotometry. 
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Fig. 3 Time-dependent UV-Vis spectra of a reaction mixture of NH4VO3 and H2VIH 
in methanol at room temperature. 

Time-dependent UV-Vis spectra (Fig. 3) were decomposed using 
the 2nd-order tensor decomposition tool principal component 
analysis. The obtained results showed that the original dataset 
(389 spectra) could be correctly represented using only 2 
principal components. These two components described 98% of 
the variance in the original data. The first principal component 
was responsible for 74.04% of the total variance and describes 
a major reaction involving the coordination of the hydrazonato 
ligand to vanadium. The second component describes 23.88% 
of the total variance and represents a secondary reaction in the 
system (Fig. 4). The analysis of the UV-Vis spectra of the V-
hydrazonato complex (Fig. S7, see ESI†) revealed a final 
transformation of the initially formed hydrazonato complex into 
the corresponding dioxovanadium(V) species in the very diluted 
CH3OH solutions.

Spectroscopic characterization
UV-Vis spectra. The UV-Vis spectra of H2VIH and complexes 1–
8 were recorded in both methanol and acetonitrile (Fig. S8–S10, 
see ESI†). The spectral data (λmax and ε) are given in Table S5, 
see ESI†. In methanol, H2VIH gives absorption maxima at 221 
nm, 304 nm and a shoulder around 342 nm that are ascribed to 
transitions ππ* of the aromatic rings, ππ* and nπ* of the 
azomethine and carbonyl moieties, respectively.60,61 In the 
spectra of complexes 1–8 these absorption bands are red-
shifted, indicating enolization and deprotonation of hydrazone 
ligand.60 For example, in the spectrum of methanolic solution of 
1, they are present at 231 and 315 nm with the shoulder at 

approximately 340 nm and attributed to intraligand ππ* and 
nπ* transitions, respectively.6,60,61 Two additional bands 
appearing in the spectrum at 425 nm and 272 nm are assigned 
to ligand-to-metal charge-transfer (LMCT) transitions. The band 
at 425 nm can be attributed to charge transfer from the 
coordinated hydrazonato ligand to vanadium(V) while the 
character of the band at 272 nm is mainly LMCT for coordinated 
hydrazonato, methoxo and oxo ligands and to some extent 
ππ* of hydrazonato ligand.6,60,62

In the UV-Vis spectrum of methanolic solution of 7, the 
intraligand ππ* transitions are observed at 225 nm and 317 
nm and nπ* at 365 nm, while the bands appearing at 280 nm 
and 420 nm can be assigned to LMCT transitions.6,63 

NMR spectra. The complexes are diamagnetic, and the NMR 
spectra in CD3OD show the expected signals for the VIH2– ligand. 
1H and 13C NMR chemical shifts of H2VIH, [VO(VIH)(OCH3)]4, and 
[MoO2(VIH)]4 (Table S6, Scheme S1, Fig. S11–S14, see ESI†) are 
assigned by 1H, APT, HMQC, and HMBC NMR experiments in 
CD3OD. Due to the very low solubility of samples, the 
quaternary carbon signals were detected in some cases from 
the well-resolved cross peaks in 2D spectra. Complexes 1–5 
display similar spectra, suggesting complete RO– alkoxo ligand 
exchange in CD3OD solution. Signals belonging to the 
corresponding alcohol were also detected in 1H NMR spectra of 
complexes 1–5. Table S6 therefore lists the 1H and 13C NMR data 
for [VO(VIH)(OCH3)]4. Singlets at 8.83 ppm and 3.92 ppm are 
assigned to CH=N and OCH3 groups, respectively. The signals at 
8.07 ppm and 8.68 ppm are due to isonicotinoyl protons 
(H6,H10 and H7,H9, respectively), whereas those in the range 
7.26–6.91 ppm are assigned to aromatic ring protons. The most 
significant coordination-induced difference between signals is 
noticed for imine CH=N, up to 0.18 ppm. A similar observation 
was also noted in the spectrum of the molybdenum complexes, 
showing greater differences in chemical shifts (up to 0.27 ppm 
for imine CH=N).
In the 13C NMR spectra, the chemical shifts for C1, C4, and C12 
carbons experience deshielding effects up to 4.28 ppm, 6.78 
ppm, and 6.84 ppm, respectively. The signals for the 
isonicotinoyl carbons C5–C10 do not exhibit appreciable change 
in chemical shifts when compared to those of the free ligand 
(max Δδ = 0.64 ppm), confirming that the 
metallosupramolecular nature of complexes found in the crystal 
structures is not retained in very diluted CD3OD solutions. 

Fig. 4 Principal component scores for the reaction of NH4VO3 and H2VIH in methanol at room temperature monitored in time by UV-Vis spectrophotometry.
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Unfortunately, the low solubility of all investigated compounds 
prevented a detailed NMR analysis in non-coordinated solvents. 
The 1H NMR spectra of the partially dissolved complexes in 
CDCl3 show characteristic resonances for the V–OCH3 or V–
OCH2 protons on the alkoxide ligand. They are significantly 
shifted compared to the signals of the corresponding free 
alcohols. Specifically, the resonances are at 5.38 ppm for 1, 5.63 
ppm for 2, 5.58 ppm for 3, 5.63 ppm for 4, and 5.62 ppm for 5.30 
A representative 1H NMR spectrum of 3, partially dissolved in 
CDCl3 after 24 hours, is shown in Fig. S15, see ESI†. 

ATR-IR spectra. In the ATR-IR spectra of the hydrazone, the two 
bands observed at 3202 cm–1 and 1688 cm–1 respectively 
correspond to the N–H and C=O stretches.56 These bands are 
absent in the spectra of the complexes (Fig. S16, see ESI†), 
suggesting the occurrence of hydrazone tautomerization N–
NH–C=ON–N=C–OH and deprotonation. Moreover, the bands 
belonging to C−Ophenolato (at 1260 cm–1), C=Nimine (at 1615 cm–1), 
and C−Ohydrazonato (at 1350 cm–1) indicate ligand coordination to 
vanadium through ONO donor atoms.18–20 Weaker intensity 
bands for V−Nimine at 780 cm–1, V−Ohydrazonato at 580 cm–1, and 
V−Ophenolato at 570 cm–1, corroborate the ONO ligand 
coordination on the vanadium. The formation of 
metallosupramolecular assemblies is suggested by the 
emergence of a new absorption band at 710 cm−1 for the V−Npy 
bond, which results from the isonicotinoyl nitrogen atom 
binding on the vanadium-free site of the neighbouring complex. 
Additionally, the coordination of alkoxide is confirmed by a 
newly observed band in the range of 1034–1064 cm−1 for 
C−OOR,64 as well as a band for V–OOR at 590 cm−1. All 
assignments are supported by high level quantum chemical 
calculations.
The spectra also show a very intense peak at 962 cm–1 (for 1, 2, 
and 3) and 957 cm–1 (for 4 and 5), indicating the presence of 
{V=O}3+ core.65 It is noteworthy that these bands of 
vanadium(V) complexes are found at higher frequencies 
compared to those of the corresponding molybdenum(VI) 
compounds.18–20 Additionally, the presence of the 
dioxovanadium(V) VO2

+ group is inferred from the band at 930 
cm–1 and 890 cm–1 for 6,66 which is attributed to V=O stretching. 
6,67,68 

Thermogravimetric analyses
The compounds were thermally analysed in an oxygen stream. 
The gases that evolved during the analysis were monitored in 
real time using FT-IR. Fig. S17–S21 (see ESI†) present the 
thermograms of compounds 1 and 5 along with a 3D graphical 
representation of the TG–FT-IR spectra. The thermograms of 
crystalline samples revealed a two-step decomposition for 
compounds 1–5. The temperature at which the alkoxide 
oxidation occurs, (198 °C for 1, 183 °C for 2, 166 °C for 3, 185 °C 
for 4, and 162 °C for 5), suggests the stability of alkoxide OR 
ligands which decreases with alkyl chain length in the 
metallocyclic and polymeric series. The thermograms clearly 
demonstrate the correlation between the release of gaseous 
products and the observed mass loss. Gaseous compound 

identification was facilitated through a library search based on 
the obtained FT-IR spectrum. The presence of the 
corresponding aldehyde was indicated by the main band found 
at approximately 1760 cm–1. These results are consistent with 
theoretical calculations published for the thermal 
decomposition of vanadium alkoxo complex.69

Furthermore, the partial decomposition of formaldehyde in the 
case of compound 1 was detected, likely due to the gas carrier 
tube being at 200 °C. In the second step, residuals 1*–5* 
exhibited significant mass loss with decomposition 
temperatures ranging from 229 °C to 244 °C. In all the cases, the 
final residual corresponds well with the formation of V2O5.
For 60.5CH3OH0.5H2O, the thermal gravity curve displays 
three distinct steps. The initial two steps indicate the loss of 
methanol and water (the onset temperatures are 25 °C and 63 
°C, respectively). The most significant mass loss, occurring 
between 158 °C and 409 °C, is attributed to the decomposition 
of hydrazone.

Catalytic studies
The initial screening of catalytic activity involved vanadium 
catalysts 1–6 in cyclooctene epoxidation, using TBHP in decane 
as oxidant. This reaction was selected based on our prior work 
on epoxidation reactions with tetranuclear molybdenum-based 
catalysts derived from aroylhydrazones. 18,21 The oxidant choice 
was supported based on previous investigation with similar 
vanadium catalysts, prioritising high selectivity and yields 
towards the desired epoxide, and high catalytic turnover.49 In 
this study, the performance of the vanadium catalysts was 
compared with the molybdenum analogue catalysts 7 and 8. 
As expected, cyclooctene conversion and selectivity towards 
the corresponding epoxide were higher with TBHP in decane, 
approximately 10% greater than with TBHP in water. According 
to the nature of the mixture, water might lower the reactivity 
since it can compete with TBHP by coordinating the vanadium 
center, then slowing the oxygen transfer process. Regardless of 
the oxidant used, the measured parameters for all vanadium 
catalysts were relatively consistent (Fig. S22, see ESI†). 
Cyclooctene conversion with TBHP in decane ranged from 80% 
to 85%, being the highest for catalyst 2 and lowest for catalysts 
3 and 5, while in water, it ranged from 76% (catalyst 1) to 81% 
(catalyst 4). Epoxide selectivity with TBHP in decane was 
between 63 (catalysts 2 and 3) and 76% (catalyst 6), compared 
to 64% (catalyst 2) to 72% (catalysts 4 and 5) with TBHP in water. 
To compare with Mo catalyst 7, it is obvious that the conversion 
for 7 is higher either with TBHP in decane (93%) or in water 
(71%), while the selectivity towards epoxide is around 85% no 
matter the oxidant used. Catalytic profiles for V catalysts, with 
TBHP in decane are presented in Fig. S23, see ESI†. Catalyst 2 
exhibits the slowest conversion to catalytically active species, 
whereas catalyst 6 converts the fastest, presumably linked to 
the nature of the coordination between molecular species, as 
discussed above. 
The presented results with the catalyst 6 can be correlated to 
investigation performed previously, with VV mononuclear 
compounds obtained by the pyridoxal-based ligands.49 Given 
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that the catalyst loading was ten times less in the previous 
investigation, a corresponding decrease in catalytic 
performance was anticipated. This is reflected in the observed 
31% conversion of cyclooctene and a notably lower epoxide 
selectivity of 10%. Furthermore, the presented investigation 
included different mechanistic pathways for the catalyzed 
oxygen atom transfer to olefins that were systematically 
investigated using density functional theory (DFT) calculations. 
Among the examined pathways, two were identified as 
energetically feasible. Notably, one of these pathways exhibited 
a lower energy span, corresponding to an H-bond-assisted 
oxygen transfer mechanism to an external olefin. A similar 
mechanism has been previously explored in the context of MoVI 
systems, but its applicability to VV systems has not been 
investigated prior to the published study (Fig. S25, see ESI†). 
The catalytic potential of vanadium catalysts 1–6 was futher 
investigated towards benzyl alcohol oxidation. The study 
examined the effect of different oxidizing agents, including 
TBHP (commercially available in decane or water) and H2O2 
(with acetonitrile addition). The use of H2O2 as an oxidant, 
without addition of acetonitrile, was also explored. However, 
the results were negligible, with minimal catalytic activity and 
selectivity towards the desired product observed under these 
conditions. Due to the lack of significant outcomes, these 
results are not included in the present study. Reactions using 
TBHP as oxidant were monitored for 5 hours. In contrast, when 
H2O2 with MeCN was employed as the oxidant, the reactions 
were followed for only 50 minutes due to rapid conversion of 
the aldehyde into benzoic acid, a by-product of the studied 
reaction. The obtained results are compiled on Figure 5 and 
Table 3. The comparison of benzyl alcohol conversion and 
selectivity towards benzaldehyde, as presented in Fig. 5 is 
discussed at two key time points: 20 minutes from the reaction 
start and at the end of the reaction. A reaction time of 20 min 
was chosen because alcohol conversion reaches its peak at this 
point, then decreases over time, suggesting a subsequent 
conversion to other by-products of the reaction. The benzyl 
alcohol conversions using TBHP, whether dissolved in decane or 
water, exhibit very similar trends. Across all vanadium catalysts 
(1–6), the conversion values exceed 80% at 300 min and 
approach 60% or more at 20 min of the reaction. 
It can be concluded that the water, obtained by decomposition 
of H2O2, influences the reaction environment. Increased water 

content seems to hinder benzyl alcohol oxidation. On the other 
side, during the reaction, TBHP decomposes into tert-butanol, 
an organic solvent, meaning it is less likely to interfere the 
oxidation reaction and might even act as co-solvent.21,49

Fig 5 Comparison of alcohol conversion (grey-edged bar) and aldehyde 
selectivity (pink-edged bar) after 300 min (full-coloured bar) and 20 min 
(white-coloured bar) with vanadium and molybdenum-analogue catalysts, 
with different oxidants applied.

Table 3 Catalytic results of benzyl alcohol oxidation. Reaction conditions: time, 5 h; temperature, 80 °C, n(catalyst)/n(cyclooctene)/n(oxidant) = 0.1 mmol/20 mmol/40 mmol

Oxidant
TBHP in decane TBHP in water H2O2 with CH3CN

Cona / % Selb / % Cona / % Selb / % Cona / %        Selb / %
Reaction time / min

Catalyst 300 20 300 20 300 20 300 20 50 20 50 20
[VO(VIH)(OCH3)]4  (1) 88 61 16 40 91 55 10 38 34 30 34 30
[VO(VIH)(OC2H5)]4 (2) 87 72 16 33 89 65 12 33 32 30 32 30
[VO(VIH)(OC3H7)]4 (3) 87 62 16 41 90 56 10 32 34 29 34 29
[VO(VIH)(OC4H9)]n (4) 89 62 14 31 94 67 10 33 40 31 40 31
[VO(VIH)(OC5H11)]n (5) 87 70 16 34 91 60 10 39 32 29 32 29
[VO2(HVIH)] (6) 88 63 15 39 87 60 14 38 34 29 34 29
[MoO2(VIH)]4 (7) 45 19 52 34 67 12 45 54 18 14 18 14
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a alcohol consumed at 20 min and at the end of reaction. b n(alcohol) transformed/n(catalyst)/time(h) at 20 min and at the end of the reaction.

Benzaldehyde selectivity demonstrates a different trend. At 300 
minutes, the selectivity values are approximately 16% with 
TBHP in decane and 10% with TBHP in water. These values are 
lower compared to those at 20 minutes, where selectivity 
ranges from 30 to 40% with TBHP in decane and 32–39% with 
TBHP in water, and around 30% with H2O2, across all vanadium 
catalysts (1–6), implying that after 20 min of the reaction 
benzaldehyde is slowly converted to the corresponding 
carboxylic acid, confirmed by characteristic peak in 
chromatogram. 
It seems that the organic solvent presence in the system 
facilitates the formation of the desired product by enhancing 
the solubility of the reactants and stabilizing catalytic 
intermediates. In contrast, the water content adversely impacts 
the reaction by potentially disrupting catalyst activity, and 
reducing the efficiency of substrate-catalyst interactions. The 
exact amount of benzoic acid was not quantified due to the 
instrumentation limitations. This phenomenon is more 
pronounced when employing hydrogen peroxide as oxidizing 
agent. The conversion parameter remains largely consistent 
between 20 and 50 minutes, indicating a plateau in the kinetic 
profile is established. Meanwhile, in contrast to catalysts 1–6, 
catalysts 7 and 8 exhibit a different pattern. While the benzyl 
alcohol conversion with TBHP as an oxidant is much lower 

compared to vanadium catalysts 1–6, the selectivity towards 
benzaldehyde is significantly higher, reaching approximately 
50% for catalyst 7, but very low for 8. Conversely, Mo catalysts 
perform poorly with H2O2 as the oxidant, which is in contrast to 
the reported data with a similar class of ligands.70,71 As observed 
in Fig. 6, all vanadium catalysts (1-6) exhibit very similar kinetic 
profiles, achieving over 50% conversion at the onset of the 
reaction and improving further as the reaction progresses. 
Initial conversion values range from 55% for catalyst 1 to 67% 
for catalyst 4, indicating the highest TOF20min for catalyst 4 (404) 
and the lowest TOF20min for catalyst 1 (327). This further implies 
that all catalysts follow a similar reaction mechanism, 
transitioning to catalytically active species at comparable rates, 
depending on the alcohol coordinated to the vanadium metal 
centre. By the end of the reaction, all catalysts achieve 
conversion rates within a narrow range of 89–93%, resulting in 
similar TON values across all catalysts (176–190), Fig. 7. 
Fig. 6 and S24 (see ESI†) illustrate that the kinetic profiles for 
catalysts 1–6 are remarkably similar, irrespective of whether 
TBHP is used in decane or water, respectively. The TOF20min 
values are slightly elevated when TBHP is employed in water, 
with catalyst 2 exhibiting the highest TOF20min at 432, and 
catalyst 6 the lowest at 366. By the end of the reaction, the TON 
values range from 160 to 183, Fig. 7.

Fig. 6 Kinetic profiles of benzyl alcohol conversion with V catalysts. The reaction temperature was 80 °C and TBHP in decane was used as the oxidizing agent. Reaction conditions: 
time, 5 h; temperature, 80 °C, n(catalyst)/n(cyclooctene)/n(oxidant) = 0.1 mmol/20 mmol/40 mmol.
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Fig. 7 Comparison of TOF20min and TON values for V catalysts 1–6 and Mo catalysts 7 and 8, with TBHP in decane and water as the oxidizing agent, for the benzyl alcohol oxidation.

In comparison to Mo catalysts, 7 and 8, all vanadium catalysts 
1–6 have higher TOF20min values, no matter the media in which 
TBHP is available. However, for catalyst 7, TON of 122 in decane 
is lower in comparison to TON 181 in water, while the values for 
the catalyst 8 are extremely low.  
We extended our investigation to evaluate the catalytic 
potential of [VO(acac)2] and V2O5 as reference systems 
specifically for benzyl alcohol oxidation. The results from these 
reference systems are detailed in the Supplementary Material 
section (Table S7, see ESI†). The results obtained using 
[VO(acac)2] as a catalyst with TBHP in water or H2O2 in MeCN as 
oxidants closely mirror those achieved with vanadium catalysts 
1–6. However, when employing TBHP in decane, the catalytic 
performance differed significantly. In this case, the benzyl 
alcohol conversion reached only 72% after 300 minutes of 
reaction, with a conversion of just 22% observed at the 20-
minute mark. These findings suggest that the catalytic system 
requires a longer activation than catalysts 1–6. Interestingly, the 
aldehyde selectivity was initially high at 71% after 20 minutes 
but decreased substantially to 37% by the end of the reaction. 
This trend further supports the hypothesis that TBHP is a more 
effective oxidant for this reaction than hydrogen peroxide, likely 
due to its superior ability to activate the catalyst and sustain 
high selectivity during the reaction. Furthermore, the results 
obtained with V2O5 as a catalyst, regardless of the oxidant 
employed, yielded outcomes that are consistent with those 
observed for catalysts 1–6. This indicates that V2O5 exhibits 
comparable catalytic efficiency and selectivity under similar 
reaction conditions.
The mechanistic pathway for benzyl alcohol oxidation has not 
been addressed in this manuscript and remains a focal point for 
future investigations.

Experimental
General details

3-methoxy-2-hydroxybenzaldehyde isonicotinoyl hydrazone 
(H2VIH),56 [VO(acac)2],72 [MoO2(acac)2] (acac = acetylacetonate),73 
[MoO2(VIH)]4,46

 and [MoO2(VIH)(C2H5OH)],46 were synthesised 
following the previously published procedures. 3-Methoxy-2-
hydroxybenzaldehyde and isonicotinyl hydrazine were commercially 
available. All chemicals and solvents were used without further 
purification. They were purchased from Alfa Aesar or Aldrich. 
Additional characterization details (elemental and thermal analyses, 
ATR-IR, UV-Vis, NMR, PXRD, and SCXRD methods), and figures as 
noted in the text can be found in the supporting information. 

Synthesis of [VO(VIH)(OR)]4 (1, 2, and 3) and [VO(VIH)(OR)]n 

(4 and 5). NH4VO3 (0.023 g, 0.2 mmol) was added to a solution of 
H2VIH (0.057 g, 0.21 mmol) in alcohol (30 mL). The reaction mixture 
was refluxed for 3 h and left overnight. The solution was 
concentrated under reduced pressure to a third of its volume and left 

to stand at room temperature. Dark red-black crystals formed over 
one week were isolated by filtration and dried in vacuo. 

[VO(VIH)(OCH3)]4 (1): The complex was prepared in 
methanol. Yield: 0.036 g; 49%. Anal. Calcd. for C60H56N12O20V4 
(1468.921): C, 49.06; H, 3.84; N, 11.44. Found: C, 48.94; H, 3.63; 
N, 11.27%. TG: CH3O, 8.53 (Calcd. 8.45%); V2O5, 24.51% (Calcd. 
24.76%). Selected IR data (cm−1): 1616 (C=N)imine, 1596 (C=N), 
1350 (C−Ohydrazone), 1262 (C−Ophenolato), 1043 (C−Oalkoxo), 970 (N–
N), 962 (V=O), 750 (V−Nimine), 708 (V−Npy), 602 (V−Oalkoxo), 580 
(V−Ohydrazonato), 571 (V−Ophenolato).

[VO(VIH)(OC2H5)]4 (2): The complex was prepared in ethanol 
(30 mL). Yield: 0.063 g; 82%. Anal. Calcd. for C64H64N12O20V4 
(1525.027): C, 50.40; H, 4.23; N, 11.02. Found: C, 50.23; H, 4.19; 
N, 10.89%. TG: C2H5O, 12.13 (Calcd. 11.82%); V2O5, 23.67% 
(Calcd. 23.85%). Selected IR data (cm−1): 1615 (C=N)imine, 1595 
(C=N), 1349 (C−Ohydrazone), 1262 (C−Ophenolato), 1034 (C−Oalkoxo), 
971 (N–N), 961 (V=O), 751 (V−Nimine), 710 (V−Npy), 600 
(V−Oalkoxo), 578 (V−Ohydrazonato), 569 (V−Ophenolato).

[VO(VIH)(OC3H7)]4 (3): The complex was in n-propanol (30 
mL). Yield: 0.061 g; 77%. Anal. Calcd. for C17H18N3O5V 
(1581.132): C, 51.65; H, 4.59; N, 10.63. Found: C, 51.51; H, 4.46; 
N, 10.47%. TG: C3H7O, 14.12 (Calcd. 14.95%); V2O5, 22.87% 
(Calcd. 23.01%). Selected IR data (cm−1): 1614 (C=N)imine, 1594 
(C=N), 1350 (C−Ohydrazone), 1261 (C−Ophenolato), 1060 (C−Oalkoxo), 
971 (N–N), 962 (V=O), 751 (V−Nimine), 707 (V−Npy), 598 
(V−Oalkoxo), 574 (V−Ohydrazonato), 570 (V−Ophenolato).

[VO(VIH)(OC4H9)]n (4): The complex was prepared in n-
butanol (30 mL). Yield: 0.075 g; 91%. Anal. Calcd. for 
C18H20N3O5V (409.31): C, 52.82; H, 4.93; N, 10.27. Found: C, 
52.70; H, 4.78; N, 10.03%. TG: C4H9O, 17.17 (Calcd. 17.86%); 
V2O5, 22.00% (Calcd. 22.22%). Selected IR data (cm−1): 1616 
(C=N)imine, 1598 (C=N), 1351 (C−Ohydrazone), 1258 (C−Ophenolato), 
1064 (C−Oalkoxo), 974 (N–N), 957 (V=O), 756 (V−Nimine), 708 
(V−Npy), 599 (V−Oalkoxo), 574 (V−Ohydrazonato), 565 (V−Ophenolato).

[VO(VIH)(OC5H11)]n (5): The complex was prepared in n-
pentanol (30 mL). Yield: 0.064 g; 74%. Anal. Calcd. for 
C19H22N3O5V (423.336): C, 53.91; H, 5.24; N, 9.93. Found: C, 
530.77; H, 5.04; N, 9.76%. TG: C5H11O, 20.09 (Calcd. 20.58%); 
V2O5, 21.51% (Calcd. 21.48%). Selected IR data (cm−1): 1615 
(C=N)imine, 1598 (C=N), 1351 (C−Ohydrazone), 1256 (C−Ophenolato), 
1067 (C−Oalkoxo), 972 (N–N), 958 (V=O), 756 (V−Nimine), 709 
(V−Npy), 599 (V−Oalkoxo), 574 (V−Ohydrazonato), 565 (V−Ophenolato).

Synthesis of [VO2(HVIH)]0.5CH3OH0.5H2O (60.50.5H2O)

NH4VO3 (0.023 g, 0.2 mmol) was added to a solution of H2VIH 
(0.057 g, 0.21 mmol) in methanol (30 mL). The reaction mixture 
was left to stand at room temperature for two weeks. The 
solution was concentrated in an airstream to a third of its 
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volume and left to stand in a refrigerator. An orange powdered 
product formed over one week. Complex 60.5CH3OH0.5H2O 
was isolated by filtration and dried. Upon further evaporation, 
a few crystals of [VO2(HVIH)]2H2O (62H2O) also formed.

[VO2(HVIH)]0.5CH3OH0.5H2O (60.5CH3OH0.5H2O): 
Yield: 0.027 g; 35%. Anal. Calcd. for C14H12N3O5V (388,227): C, 
47.61; H, 3.42; N, 11.90. Found: C, 47.45; H, 3.12; N, 11.64%. TG: 
CH3OH, 3.70 (Calcd. 3,92%); TG: H2O, 3.70 (Calcd. 3,92%); V2O5, 
22.13% (Calcd. 22.28%). Selected IR data (cm−1): 1608 (C=N)imine, 
1599 (C=N), 1348 (C−Ohydrazone), 1249 (C−Ophenolate), 973 (N–N), 
930, 890 (V=O), 756 (V−Nimine), 579 (V−Ohydrazonato), 572 
(V−Ophenolato).

Quantum chemical calculations

Optimizations of geometries for all computed complexes were 
performed using the hybrid functional B3LYP74 with the D3 version of 
Grimme's dispersion75 and Becke-Johnson dumping in combination 
with the Def2TZVP76 basis set. Initial geometries were taken from 
crystallographically determined structures. To confirm that the 
obtained geometries were local minima, harmonic frequency 
calculations were performed.77,78 The standard Gibbs energies of 
formation were calculated at T = 298.15 K and p = 101 325 Pa. 
Strengths of the intramolecular interactions were estimated by the 
calculation of relative differences in the standard Gibbs energies of 
binding ∆b𝐺○. All quantum chemical calculations were carried out 
using the Gaussian 16 program package.79

Principal component analysis

Data obtained by time-dependent UV-Vis spectrophotometry of the 
monitored chemical reaction were exported to the ASCII format and 
arranged in the matrix (numbers written in a free format). Thus 
obtained 2nd-order data tensor with dimensions number-of-
spectra×number-of-wavelengths was decomposed using the 2nd-
order tensor reduction tool principal component analysis (PCA). PCA 
enables one to find the best linear projections for a high dimensional 
set of data in the least-squares sense. Scores represent projections 
of the original sample points on the principal component (PC) 
direction and can be used for representation of reactions in a 
reduced space. Therefore, each point in the score plots represents 
one sample UV-Vis spectra. Data were mean-centered and PCA of 
covariance matrix was performed using a NIPALS algorithm 
implemented in our own program moonee.77,80

Conclusions
This study explores the synthesis, characterization, and catalytic 
activity of a series of vanadium(V) metallosupramolecular 
complexes with an aroylhydrazone ligand, demonstrating the 
potential of these complexes in oxidation reactions. Employing 
3-methoxy-2-hydroxybenzaldehyde isonicotinoyl hydrazone 
(H₂VIH) and NH₄VO₃ with primary alcohols, we successfully 
synthesized and characterized both tetranuclear metallocycles 
and one-dimensional polymeric chains—resulting from varying 
the alkoxy ligand. 

Through quantum chemical calculations, we assessed the 
stability of these assemblies, providing insights into the 
energetic favorability of cyclic versus polymeric forms and 
identifying key structural influences, such as the torsion angle 
between ligand rings and metal–ligand bond lengths. These 
findings indicate that ligand steric influence and torsional 
flexibility can significantly impact the formation and stability of 
these supramolecular structures, suggesting avenues for tuning 
structural properties through ligand modification.
Catalytic testing of the vanadium complexes in the epoxidation 
of cyclooctene and the oxidation of benzyl alcohol revealed 
their efficacy and consistency, with minor variations in 
conversion and selectivity depending on the specific vanadium 
complex and oxidant used. When compared with molybdenum 
analogues, the vanadium catalysts demonstrated competitive 
activity, though molybdenum retained a slight advantage in 
conversion and selectivity. Additionally, mechanistic studies 
using time-dependent UV-Vis spectrophotometry and principal 
component analysis allowed us to monitor reaction 
intermediates and transformations, revealing that the primary 
reaction pathway involved hydrazonato ligand coordination to 
vanadium, followed by the formation of stable dioxo species 
under dilute conditions.
The findings in the described series of oxovanadium(V) 
coordination compounds illustrate how subtle changes in 
ancillary ligand size and flexibility can dictate not only the 
dimensionality of the structures, but also influence critical 
geometric and packing features, as well as catalytic 
performance. Expanding the studies to even longer or branched 
alkoxy ancillary ligands might provide a way to control the 
assembly of the monomers into tailor-made discrete or 
polymeric species as even more performant functional 
materials.
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