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Oxidovanadium(v) coordination compounds based
on 1,5-bis(2-hydroxy-3-methoxybenzylidene)
carbohydrazide: from discrete to polymeric
assemblies
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The reaction of NH,VOs3 or VO(acac), with 1,5-bis(2-hydroxy-3-methoxybenzylidene)carbohydrazide (H4L)
has led to the formation of new homometallic dinuclear and tetranuclear V(v) coordination compounds,
namely (NH4)2[(VO,),(L)]-2H,O (1) and [(VOL)(VO)(EtO)(HL)I>-2EtOH (2). The introduction of alkali metal
cations (Na* and Cs*) into the reaction resulted in the formation of the heterometallic hexanuclear
[Nax(H20)4l[(VO2)4(HL)5]- 16H,O compound 3 and the {[Cs,(H,0),][(VO,),(L))}, coordination polymer 4.
Their composition and structure were determined by IR, *H and *C NMR spectroscopy, and ESI-MS
spectrometry. Single-crystal X-ray diffraction analysis of 1 reveals that the hexadentate L+ ligand
coordinates to two V(v) atoms via an ONN and an ONO donor set, resulting in the formation of
a dinuclear vanadium-based complex dianion, [(VO,),(L)]?>~. The charge is compensated by two NH4*
cations. In 2, two dinuclear vanadium-based [(VO,)(VO)(EtO)(HL)] entities, each containing the
hexadentate Schiff base ligand HL®~, which utilizes a set of donor atoms in a manner analogous to that
in 1, are bridged through oxido (V-O-V) bonds into a tetranuclear cluster. In compound 3, the
hexadentate HL®~ utilizes additional donor atoms to bind sodium cations to two [(VO,),(HL)I~ moieties.
The [Na,(H,0)41?* cations are sandwiched by the oxygen atoms of the methoxy groups of the HL®~
ligands and the oxide atoms of the VO, core resulting in the formation of a hexanuclear cluster in 3. The
structure of compound 4 is based on the mutually linked clusters containing monomeric [(VO,),(L)]?~

rsc.li/rsc-advances

Introduction

Vanadium compounds play a significant role in processes
related to living organisms and the environment. For example,
vanadate-containing haloperoxidases found in algae and
certain bacterial species are well-documented,"® while other

vanadium-containing enzymes are capable of fixing
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moieties and water-alkali chains {[Cs,(H,O),l}, to form a 3D coordination framework.

nitrogen.'*** The metabolism of these bacteria involves the
conversion of vanadate into oxidovanadium(iv). In addition,
vanadium complexes catalyse oxidation reactions in industrial
processes™**¢ and are used in the production of high-capacity
lithium vanadate batteries, supercapacitors, energy-saving
smart windows, optoelectronic devices, and others."”*®* Within
the polyoxometalate family, vanadates also exhibit a variety of
structures and  properties, including mixed-valence
complexes.”?" A plethora of studies have demonstrated that
vanadium compounds have a wide array of biological functions
and exhibit antibacterial, antiviral, antiparasitic, and antimi-
crobial properties.”*?* These compounds are under investiga-
tion as a promising class of metal-containing pharmaceutical
drugs for the treatment of serious medical conditions,
including diabetes®*** and cancer.*>*!

The design and synthesis of vanadium complexes involve the
use of organic ligands that possess multiple coordination
centres and exhibit the capacity to stabilize vanadium in its
highest oxidation state. In this regard, R-CO-NH-NH, hydra-
zides and their corresponding hydrazones are particularly
effective. The denticity and functionality exhibited by these

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra02540d&domain=pdf&date_stamp=2026-05-22
http://orcid.org/0000-0003-4160-8752
http://orcid.org/0009-0009-5653-4814
http://orcid.org/0000-0002-1222-4373
http://orcid.org/0000-0002-0433-752X
http://orcid.org/0000-0002-3377-9474
http://orcid.org/0000-0002-1624-8217
http://orcid.org/0000-0001-6104-4320
http://orcid.org/0000-0002-2121-2091
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02540d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016030

Open Access Article. Published on 22 May 2026. Downloaded on 6/15/2026 1:54:04 PM.

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

(cc)

Paper
OCH;, OCH;, OCH, |K©\OCH3
OH o HO OH _N  OH
o HN
/N\N)]\N’N\ T /N‘N o
H H N

Scheme 1 View of the syn (left) and anti (right) conformers of the H,L
ligand.

organic compounds can vary depending on the nature of
substituents attached to the hydrazone unit. Salicylaldehyde (2-
hydroxybenzaldehyde) and its derivatives are advantageous
carbonyl precursors for the synthesis of such ligand systems.
For instance, symmetrical bis-hydrazones comprising two
binding fragments (provided, for example, by an oxalic, adipic,
terephthalic central fragment) based on salicylaldehyde and
having clearly defined and separated binding sites are widely
utilized. The dinuclear®>* and polymeric** vanadium coordi-
nation compounds based on such ligands exhibit high catalytic
activity and other useful properties. In this context, a symmetric
1,5-bis(2-hydroxy-3-methoxybenzylidene) carbohydrazide,
prepared by the reaction of 2-hydroxy-3-methoxybenzaldehyde
(o-vanillin) and carbohydrazide, represents a promising di-
topic polydentate ligand with multiple potential N,O-donor
coordination sites and several coordination clusters based on
it have already been reported.’**® It is noteworthy that this
symmetrical carbohydrazone has the ability to adopt syn and
anti geometric conformations associated with the rotation
around a single C-N bond in the amide C(O)-NH fragment
(Scheme 1).39%°

In continuation of our research on the design and synthesis
of carbohydrazone-based coordination compounds,***>
report here new oxidovanadium(v) coordination compounds
with the 1,5-bis(2-hydroxy-3-methoxybenzylidene)
carbohydrazide (H,L) ligand. These include the homometallic
dinuclear (NH,),[(VO,),(L)]-2H,0 (1) and tetranuclear [(VO,)(-
VO)(EtO)(HL)],-2EtOH (2) clusters, as well as the heterometallic
hexanuclear [Na,(H,0)4][(VO,)4(HL),]- 16H,O (3) cluster and the
{[Cs,(H,0),][(VO,)2(L)]}» (4) coordination polymer (Scheme S1).
The characterization of compounds 1-4 in the solid state has
been conducted through elemental analysis, infrared (IR)
spectroscopy, and single-crystal and powder X-ray diffraction
studies. These structural determinations in the solid state have
been complemented by NMR spectroscopy and ESI-MS spec-
trometry measurements, which have provided additional
insights into molecular conformation of the compounds in
solution.

we

Results and discussion
Spectroscopic and spectrometric characterization

Synthesis. The 1,5-bis(2-hydroxy-3-methoxybenzylidene)car-
bohydrazide (H4L) ligand (Scheme 1) has been obtained by the
condensation reaction of carbohydrazide with 2-hydroxy-3-
methoxybenzaldehyde in a water-ethanol mixture. The reac-
tion of H,L with NH,VO; in a molar ratio of 1 : 2 in a methanol-
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ammonium hydroxide solution mixture led to the formation of
the dinuclear compound 1, (NH,),[(VO,),(L)]-2H,0, with a 78%
yield. Compound [(VO,)(VO)(EtO)(HL)],-2EtOH (2) has been
prepared by the reaction of VO(acac), and H,L in an ethanol
solution, resulting in a yield of 48%. While compound 1 is ionic,
consisting of a dinuclear complex [(VO,),(L)]>~ anion and two
NH," cations, the tetranuclear complex 2 is neutral. In both
cases, solvate water and ethanol molecules are incorporated
into the crystal lattices. The introduction of the alkali cations
(Na® or Cs") into the reaction process resulted in the formation
of the heterometallic hexanuclear cluster [Na,(H,0),]
[(VO,)4(HL),]-16H,O (3) in 85% yield, and the coordination
polymer {[Cs,(H,0),][(VO,)2(L)]}» (4), with yield of 41%.

IR spectroscopy. A comparative analysis of the IR spectra of
the ligand and complexes 1-4 (see Fig. S1-S5) showed the
following results. Weak broad bands in the 3463-3157 cm ™"
region in the spectra of compounds 1-4 are attributed to the
stretching vibrations of the »(O-H) and »(N-H) groups. The
absence of the strong »(C=0) band of amide I at 1665 cm ™" in
the spectra of the complexes can be explained by the enolization
of the carbonyl group and its subsequent coordination. The
observed shift of the imine »(C=N) stretching frequencies to
the low-frequency region (1606-1598 cm ') is attributed to the
coordination of the azomethine nitrogen atom to the vana-
dium(v) atom. All complexes exhibit strong and broad bands
centred at 888 (1), 871 (2), 882 (3), and 887 (4) cm ™, which are
related to the vibrations of the cis-VO, group.

ESI mass spectrometry. The ESI mass spectrum of 1 in
methanol, measured in the negative ion mode, shows peaks at
m/z 521.0 and 535.0, which were assigned to [(VO,),(HL)]™
(10%) and [(VO,)(VO)(L)(CH30)]” (100%), respectively, fitting
the theoretical isotopic distribution patterns well (Fig. S6). The
methanolic solution of 2 exhibits signals at m/z 520.9 and 534.9,
which are attributable to the same two ions (Fig. S7). The
positive ion mass spectrum of 3 in DMSO shows a base peak
corresponding to {[(VO,),(L)] + 3Na}" cations. A peak with 50%
relative intensity was well matched with the species of type
{[(VO,),(L)] + 2Na}" (Fig. S8). Finally, the positive ion mode
spectrum of 4 shows the presence of cations corresponding to
{[(VO,)5(L)] + 2Cs}" and {[(VO,)»(L)] + 3Cs}" at m/z 786.4 and
918.9, respectively (Fig. S10). All negative mode mass spectra of
heterometallic compounds 3 and 4 contain a peak of 100%
relative intensity corresponding to the [(VO,),(HL)]™ species
(Fig. S9 and S11).

NMR spectroscopy. The NMR spectra of the HyL ligand and
its coordination compounds 1-4 are shown in Fig. S12-S23. The
"H NMR spectra of 1-4 display characteristic signals of func-
tional groups, as follows: peaks at approx. 3.77-3.74 ppm
correspond to the two methoxy groups; aromatic signals appear
in the 7.36-6.60 ppm range; and sets of signals around 9.57-
9.24 and 8.40-8.55 ppm are assigned to inequivalent aldimine
protons (C9H and C7H). These signals reflect the deprotonation
of the ligand and the formation of two different sets of binding
donor atoms ONN and ONO. The "H NMR spectra of 2 (Fig. $17-
S19) suggest that the complex retains a dinuclear structure in
solution. The dissociation of the tetranuclear cluster 2 in DMSO
is supported by mass spectrometry, specifically the peaks at m/z

RSC Adv, 2026, 16, 27906-27914 | 27907


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02540d

Open Access Article. Published on 22 May 2026. Downloaded on 6/15/2026 1:54:04 PM.

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

(cc)

RSC Advances

520.9 ([(VO,).(HL)]") and m/z 534.9 ([(VO,)(VO)(L)(CH;0)] ).
Furthermore, aliphatic signals for both coordinated EtOH (1.53
for CH; and 5.83-5.75 ppm for CH,), and outer-sphere EtOH
(1.05 for CH; and 3.43 ppm for CH,) are observed (Fig. S19).
Notably, compounds 3 and 4, which contain alkali metals,
exhibit lower solubility in common organic solvents, with the
coordination polymer 4 being the least soluble. While such
extended structures typically dissociate in donor solvents, the
strong coordination ability of DMSO specifically promotes the
cleavage of the polymeric framework into discrete molecular
species.

Crystal structures

Dinuclear and tetranuclear V(v) clusters 1 and 2. Compound
1, (NH,4),[(VO,),(L)]-2H,0, crystallizes in the triclinic space
group P1 (Table S1). The asymmetric unit consists of a dinuclear
[(VO,)»(L)]*~ complex anion, two NH," cations, and two solvate
water molecules. The structure of complex 1 is shown in Fig. 1
and S24. The values of the bond distances in the organic ligand
(Table S2) confirm its stabilization in the enolic form.

Within the complex anion, the fully deprotonated hexa-
dentate ligand L'~ coordinates to two oxidovanadium(v) ions
via its ONN and ONO donor sets, resulting in a V---V distance of
5.006(2) A. In 1, the V1 and V2 atoms are pentacoordinated,
exhibiting distorted square-pyramidal N,O; (t = 0.252) and NO,
(r = 0.302) environments, respectively (where t = 0.00 and 1.00
represent ideal square-pyramidal and trigonal-bipyramidal
arrangements*®). These distorted square-pyramidal geometries
(SPY-5) are further supported by SHAPE analysis,** which yiel-
ded deviation values of 1.858 and 1.105 for V1 and V2, respec-
tively (see Table S4). The V-O bond distances range from
1.881(2) to 1.940(2) A, while the V-N and V=0 bond distances
are in the ranges of 2.046(2)-2.199(2) A and 1.621(2)-1.641(2) A,
respectively (Table S2). The bond distances and valence angles
within the coordination polyhedra of the V(v) ions in 1 are
comparable to those observed in related vanadium complexes
with hydrazone-based ligands.*>** In the crystal lattice, the di-
nuclear anions, NH," cations and crystallization water mole-
cules participate in N-H:--O and O-H---O intermolecular
hydrogen bonds (Table S3), forming a three-dimensional (3D)
supramolecular structure, as shown in Fig. S25.

Fig.1 The structure of [(VO,),(L)]?>~ anion in 1 with thermal ellipsoids
shown at the 50% probability level and partial atom numbering.
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Compound 2, [(VO,)(VO)(EtO)(HL)],-2EtOH, crystallizes in
the monoclinic space group P2,/c (Table S1). The asymmetric
unit contains one-half of the centrosymmetric, neutral tetra-
nuclear complex [(VO,),(VO),(HL),(EtO),] and a solvate ethanol
molecule (Fig. 2 and $26). The core of the cluster is composed of
two VO and two VO," units.

The tetranuclear cluster [(VO,),(VO),(HL),(EtO),] is shown in
Fig. 2b. In 2, the ligand coordinates to the V1 and V2 atoms as
a trianionic HL®~ species, forming two five-membered and two
six-membered chelate rings and adopting a nearly planar
configuration with the dihedral angle between the two phenyl
rings of 1.620°. The coordination environments of V1 and V2

(a)

Fig. 2 The asymmetric unit of compound 2 with thermal ellipsoids
shown at the 50% probability level (a) and the structure of tetranuclear
[(VO,)(VO)HL)(EtO)]» cluster (b) in 2. Solvent EtOH molecules are
omitted for clarity. The supramolecular layer formed in 2 via hydrogen
bonds between solvent EtOH molecules and tetranuclear V(v) clusters
viewed along the b axis. Hydrogen bonds are shown as blue dotted
lines (c).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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atoms in 2 are different. The V1 atom exhibits a penta-
coordinate geometry, with an N,0; donor atom set. The calcu-
lated © value was determined to be 0.509, indicating an
intermediate position between two geometries, but a slight shift
towards trigonal-bipyramidal geometry. The calculation of
coordination geometry for the V1 atom, as performed by SHAPE
analysis,* also indicates a preferable trigonal-bipyramidal
configuration (TBPY-5), with a deviation value of 2.946,
compared to 3.656 for the square-pyramidal alternative
(Table S4).

The V=0 bond distances are 1.621(2) and 1.631(2) A, the
V-0 bond distance is 1.884(2) A, and the V-N bond distances
equal 2.086(2) and 2.168(2) A. In contrast, the coordination
environment of the V2 atom can be described as a distorted NO5
octahedral geometry. It is characterized by a displacement of
the V2 atom by 0.295(2) A from the main plane defined by donor
atoms N4, 03, 04, and 09 toward the O8 oxido ligand, and
a significantly long bond distance of 2.308(2) A between V2 and
06 (Table S2). This geometry is further confirmed by SHAPE
analysis** with a deviation value of 1.043 for the octahedral
geometry (vOC-5). The remaining V=0 and V-O bond distances
are 1.590(2) and 1.762(2)-1.983(2) A, respectively, while the V-N
bond distance is 2.169(2) A. All bond distances for the oxido and
dioxidovanadium sites in 2 are in good agreement with those
reported for other tetranuclear V(v) compounds.”” The solvate
ethanol molecules function as both donors and acceptors of
hydrogen bonds, thereby joining neighbouring tetranuclear
clusters via 020-H20---07[—x, y + 1/2, —z+ 3/2] = 2.912(2) A and
N2-H2--020 = 2.769(3) A to form a supramolecular layer
(Fig. 2b and S27).

Hexanuclear Na-V(v) cluster 3. Compound 3, [Na,(H,0),]
[(VO,)4(HL),]-16H,0, crystallizes in the monoclinic space group
P2,/c. The unit cell contains two crystallographically indepen-
dent, centrosymmetric, neutral hexanuclear [Na,(H,0),]
[(VO,)4(HL),] clusters, denoted as A and B, along with solvate
water molecules (Fig. 3a, b and S28). Similar to 2, the triply
deprotonated HL?~ ligand coordinates to two oxidovanadium(v)
cations via the ONN and ONO donor sets. Two such residues are
linked together through the coordination of the methoxy and
hydroxy oxygen atoms of the HL>~ ligands, as well as one of the
ox0-O atoms of the VO, cores, to two sodium cations, thereby
forming a hexanuclear aggregate as shown in Fig. 3c. This
assembly can also be defined as a dimer composed of two di-
nuclear anionic [(VO,),(HL)]™ units bridged by two [Na(H,0),]"
cations (Fig. S29a).

All vanadium atoms in 3 exhibit a pentacoordinate geometry
with a N,O; square-pyramidal configuration (V1A, V1B, and
their symmetry-equivalent sites) or a NO, square-pyramidal
environment (V2A, V2B, and their symmetry-equivalent sites).
This ia indicated by t values of 0.188 (V1A), 0.023 (V2A), 0.132
(V1B), and 0.005 (V2B). The deviation values of 1.740 (V1A),
0.924 (V2A), 1.386 (V1B), and 0.809 (V2B), determined by SHAPE
analysis,** provide further support for the adoption of a square
pyramidal geometry (SPY-5) for all vanadium atoms. The V-Oyy;,
bond distances range from 1.880(4) to 1.963(3) A, while the V-N
and V=0 bond distances vary between 2.038(3)-2.173(4) A and
1.617(3)-1.650(4) A, respectively (Table S2).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(d)

Fig. 3 View of the asymmetric unit of compound 3, showing one-half of
each of the two crystallographically independent, centrosymmetric
clusters A (a) and B (b). Atoms are labelled with suffixes A and B respec-
tively. Displacement ellipsoids are shown at the 50% probability level.
Structure of the neutral hexanuclear [Nax(H,O)4ll(VO,)4(HL),] cluster,
denoted as Ain 3 (c). Top view of the crystal packing of hexanuclear V-Na
clusters with Na* ions shown in polyhedral model in 3, highlighting the
formation of channels filled with water molecules (d).

RSC Adv, 2026, 16, 27906-27914 | 27909
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The coordination environment of the Na" ions (Na1A and
Na1B, and their symmetry-equivalent sites) consists of three O
atoms from two HL®>~ ligands (Na-Oyy, 2.353(4)-2.739(5) A),
and two terminal O atoms (Na-O, 2.425(4)-2.923(4) A) of the
VO, core. The heptacoordinated Na* ion is complemented by
two water molecules, with Na-O bond distances ranging from
2.309(7) to 2.409(6) A (Table S2). The observed Na-O bond
distances are consistent with the bond distances distribution
for seven-coordinated Na* ions bonded to oxygen.* According
to SHAPE analysis,** NalA adopts a capped trigonal-prismatic
geometry (CTPR-7) with a deviation value of 3.286, whereas
Na1B adopts a geometry intermediate between a capped octa-
hedron (COC-7, 3.015) and a capped trigonal prism (CTPR-7,
3.159) (Table S5).

Notably, the coordinated water molecule (O1WB) partici-
pates in the formation of hydrogen bonds of 2.796(8) A with the
O atom (O4A) of the VO, cores of neighbouring hexanuclear
{Na,V,} clusters, connecting them into one-dimensional (1D)
hydrogen-bonded chains (Fig. S29b). The packing of these
hexanuclear clusters creates channels filled with highly disor-
dered solvent water molecules, as shown in Fig. 3d. The total
potential solvent area of the channels, as calculated by PLA-
TON,*” amounts to 1559 A®, which constitutes 25.5% of the unit
cell volume.

Cs-V(v) coordination polymer 4. Compound 4, {[Cs,(H,0),]
[(VO,)(L)]}n, crystallizes in the C2/c space group of the
monoclinic system (Table S1) and possesses a polymeric

(a) Cs2

Fig. 4 The asymmetric unit of 4 with thermal ellipsoids shown at the
50% probability level (a). View of the 3D coordination polymer of 4
along the c axis, with Cs atom shown in polyhedral design. Hydrogen
atoms are omitted for clarity (b).

27910 | RSC Adv, 2026, 16, 27906-27914
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structure (Fig. 4 and S30-S31). In 4, the fully deprotonated L*~
ligand coordinates to VO," and Cs' ions through all its O-
and N donor atoms, as shown in Fig. S30b. The vanadium-
based moieties are interconnected via Cs2 atoms to form
ribbons (Fig. S31a). Furthermore, the coordinated water
molecules, O2W and O3W, and Cs1 atoms link these ribbons
into a 3D framework (Fig. 4b and S31b). Similar to compounds
1-3, all V(v) atoms in 4 exhibit a five-coordinate. However, the
V1 and V2 atoms have different geometries. The V1 atom
adopts a square-pyramidal environment (t = 0.138; SHAPE
analysis - SPY-5, deviation 0.824), whereas the V2 atom
exhibits a trigonal-bipyramidal geometry (t = 0.521; SHAPE
analysis - TBPY-5, deviation 2.433) (Table S4). The V-O bond
distances range from 1.622(3) to 1.964(3) A, and the V-N bond
distances equal 2.027(3) and 2.165(3) A.

Cesium cations in 4 adopt different coordination geome-
tries (Table S5). The Cs1 atom is eight-coordinate, exhibiting
a distorted elongated trigonal-bipyramidal Cs1NO, geometry
(ETBPY-8, deviation 13.430), with Cs-O bond distances
ranging from 3.038(3) to 3.556(5) A and a Cs1-N bond
distance of 3.505(3) A. The O2W and O3W atoms, with occu-
pancies of 50% and 33%, respectively (Cs1-02W, 2.993(2) A;
Cs1-03W, 3.375(9) A), contribute to the coordination geom-
etry of Csl, resulting in a deca-coordinated (Cs1NOy) struc-
ture that can be characterized as a pentagonal prism (PPR-10)
with a deviation value of 9.163. For Cs2, the Cs20, coordi-
nation geometry is best described as a Johnson elongated
triangular pyramid J7 (JETRY-7, deviation 11.288) (Table S5).
The Cs-O bond distances are in the range of 3.083(3)-3.311(3)
A (Table S2).

The experimental powder X-ray diffraction (PXRD) patterns
of compounds 1-4 were compared with the simulation results
obtained from the single crystal X-ray diffraction data set (see
Fig. $32-535). The results indicate that the single crystals are
representative of the bulk microcrystalline materials.

Experimental

Materials and methods

The chemicals NH,VO;, VO(acac),, 2-hydroxy-3-
methoxybenzaldehyde, carbohydrazide, 28% ammonium
hydroxide solution, and solvents (ACS reagent) were obtained
from commercial sources and were used without further puri-
fication. Powder XRD measurements were performed on freshly
prepared samples of 1-4 on a RIGAKU MiniFlex 600 diffrac-
tometer. IR spectra were recorded on a PerkinElmer FTIR
spectrophotometer (H,L ligand and compounds 1 and 2) and
a Tensor 37 spectrophotometer in the 4000-400 em ™! region
(compounds 3 and 4). ESI mass spectra for compounds 1-4 were
recorded on MS spectra Varian 310 - MS LC/MS/MS triple
quadrupole mass spectrometer fitted with an electrospray
ionization interface (ESI). All NMR (‘H and “C NMR)
measurements were recorded on a Bruker Avance III Ultrashield
Plus spectrometer operating at 11.74 T, corresponding to the
resonance frequency of 500.13 MHz for the 1H nucleus at 25 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Crystallography

X-ray data sets for compound 1, 3 and 4 were collected a Rigaku
XtaLAB Synergy-S diffractometer, and for 2 on an Oxford
Diffraction SuperNova area-detector diffractometer equipped
with monochromated Mo Ka radiation. All experimental data-
sets were processed using the CrysAlisPro software.*®* The
structures were solved either by direct methods or an intrinsic
phasing approach and refined by full-matrix least-squares on
weighted F* values for all reflections using the SHELXL suite of
programs.* The non-hydrogen atoms were refined anisotropi-
cally. All H-atoms were placed in geometrically calculated
positions and refined using a riding model where each H-atom
was assigned a fixed isotropic displacement parameter. The
crystal structures 3 contained large areas filled with strongly
disordered solvent molecules that could not be modelled using
atomic sites, therefore the Mask option of Olex2 (ref. 50) was
used to model the contribution of disordered solvent molecules
to structure factors. The solvent masked volume constitutes
1559 A® (25.5%) in one void per unit cell, which is consistent
with the presence of 13 water molecules per formula unit. In 4,
the cesium cations Cs1 to be disordered over two positions with
0.89/0.11 site occupancies. Crystallographic data and structure
refinements of 1-4 are summarized in Table S1, selected bond
distances are given in Table S2, and the details of the hydrogen
bonding interactions are shown in Table S3. The figures were
drawn using the Mercury program.®

Crystal data for 1 at 293(2) K: C;;H,¢NO011V,, M = 592.32 ¢
mol %, 0.2 x 0.05 x 0.05 mm, triclinic, P-1, a = 9.4298(5), b =
10.8957(6), ¢ = 11.9941(8) A, a = 85.710(5), § = 75.669(5), v =
86.699(4)°, V = 1189.661(12) A®, Z = 2, 17723 reflections
collected, 5998 independent (R, = 0.0382), R; = 0.0377 and
WR, = 0.0980 [I > 2 sigma (I)], R; = 0.0532 and wR, = 0.1042 (all
data).

Crystal data for 2 at 100(2) K: C4,H5,NgO50Vy, M, = 1192.68 g
mol ™", 0.2 x 0.05 x 0.03 mm, monoclinic, P2,/c, a = 12.607(3),
b =18.2159(4), c = 10.6813(3) A, § = 93.299(2)°, V = 2448.87(11)
A%, Z =2, 14 830 reflections collected, 4666 independent (R, =
0.0301), R; = 0.0364 and wR, = 0.087 [I > 2 sigma (I)], R, =
0.0484 and wR, = 0.0878 (all data).

Crystal data for 3 at 200(2) K: C34H5¢ 7,3NgNa,0353,V4, M; =
1455.33 g mol %, 0.1 x 0.05 x 0.05 mm, monoclinic, P2,/c, a =
22.3715(2), b = 21.0369(2), ¢ = 13.4229(12) A, 8 = 103.7215(9)°,
V = 6136.92(10) A%, Z = 4, 49 553 reflections collected, 12 155
independent (R;,; = 0.0325), R; = 0.0760 and wR, = 0.2303 [I > 2
sigma (J)], R, = 0.0850 and wR, = 0.2399 (all data).

Crystal data for 4 at 200(2) K: Cy;H;3Cs;N,0411V,, M, =
821.29 g mol™, 0.18 x 0.15 x 0.05 mm, monoclinic, C2/c, a =
16.247(2), b = 16.4323(2), ¢ = 19.9683(2) A, § = 111.623(1)°, V=
4955.9(9) A%, Z = 8, 15 673 reflections collected, 4377 indepen-
dent (Rj,¢ = 0.0394), R; = 0.0332 and wR, = 0.0906 [I > 2 sigma
()], R, = 0.0339 and wR, = 0.0913 (all data).

Synthetic procedures

The  1,5-bis(2-hydroxy-3-methoxybenzylidene)carbohydrazide
(H4L) was obtained according to a modified procedure previ-
ously described in 8. To the solution obtained by dissolving
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carbohydrazide (0.225 g; 2.5 mmol) in 15 mL of a water-ethanol
mixture (1:2 by volume), 2-hydroxy-3-methoxybenzaldehyde
(0.76 g; 5 mmol) was added and the resulting mixture was
kept under reflux for 1 hour. The resulting suspension was
filtered off and the precipitate was washed with ethanol and
dried in air. Yield: 0.81 g (90%). IR (v, cm™%): 3228, 3145, 3049,
2999, 2935, 2832, 1665, 1577, 1518, 1460, 1247, 1081, 727.

Synthesis of (NH,),[(VO,),(L)]-2H,O (1). The mixture of 1,5-
bis(2-hydroxy-3-methoxybenzylidene)carbohydrazide (H4L)
(0.90 g, 0.25 mmol) and NH,VO; (0.059 g, 0.5 mmol) in
a methanol : ammonium hydroxide solution (28%) (10 mL, 1: 1)
was stirred at room temperature for 2 h. The resulting suspen-
sion was filtered, and the orange microcrystalline precipitate
was air-dried. Yield: 0.115 g (78%, 0.194 mmol). Single crystals
of 1 suitable for X-ray measurements were obtained by recrys-
tallization of 0.010 g of the precipitate from a methanol-
ammonium hydroxide solution (10 mL, 1:1). Anal. calcd for
(NH,),[(VO,),(L)]- 2H,O0 (1), C1,H,6Ng01,Vs: C, 34.47; H, 4.42; N,
14.19%. Found: C, 33.94; H, 4.30; N, 13.39%. FT-IR (v, cm ™ ):
3463 br.w, 3157 sh, 2981 br.m, 2833 sh, 1606 m, 1558 m, 1523 s,
1454 sh, 1435 vs, 1374 sh, 1356 s, 1292 sh, 1269 sh, 1249 s,
1228 s,1173 m, 1153 s, 1118 sh, 1106 m, 1095 sh, 1079 m, 1042
m, 975 m, 965 sh, 954 m, 926 sh, 899 sh, 888 vs, 865 s, 771 s,
732's, 720 5. "H NMR (500 MHz, DMSO-dg, 6 ppm, J Hz): 9.27 (s,
1H, CH=N), 8.40 (s, 1H, CH=N), 7.01-6.97 (m, 2H, H,,), 6.89-
6.85 (m, 2H, Hy,), 6.73 (t, 1H, Hy,, 7.8 Hz), 6.63 (t, 1H, Hy,, 7.8
Hz), 3.76 (s, 3H, OCHj,), 3.74 (s, 3H, OCH;) ppm. **C NMR (125
MHz, DMSO-d,, 6 ppm): 153.2, 149.4, 149.2, 149.0, 143.1, 123.1,
122.8, 121.6, 121.0, 116.6, 115.9, 113.8, 113.7, 113.0, 112.9, 55.7,
55.5 ppm. ESI-MS in methanol (negative): m/z 521.0
[(VO,),(HL)]” (caled for C;;H;5N,O06V,: 520.97); mjz 535.0
[(VO,)(VO)(L)(CH30)] ™ (caled for C;5H;7N409V,: 534.99).

Synthesis of [(VO,)(VO)(EtO)(HL)],-2EtOH (2). The mixture
of 1,5-bis(2-hydroxy-3-methoxybenzylidene)carbohydrazide
(H4L) (0.045 g, 0.125 mmol) and VO(acac), (0.066 g, 0.25
mmol) in EtOH (20 mL) was stirred at room temperature for 2
hours to obtain a brown, cloudy solution, which was filtered and
the filtrate was left for slow evaporation. The brown crystals of 2
suitable for single X-ray diffraction analysis were filtered off in
two days and dried in air. Yield: 0.036 g (48%, 0.030 mmol).
Anal. caled for  [(VO,)(VO)(EtO)(HL)], 2EtOH (2),
CapHeuNgO,0Va: C, 42.30; H, 4.39; N, 9.40%. Found: C, 42.64; H,
4.73; N, 9.78%. FT-IR (v, cm~'): 3447 br.m, 3222 sh, 3069 sh,
2971 br.m, 2933 sh, 1601 vs, 1557 s, 1511 s, 1450 sh, 1435 vs,
1380 m, 1363 m, 1251 vs, 1228 s, 1194 sh, 1174 sh, 1097 sh, 1079
m, 1035 m, 948 m, 896 sh, 871 s, 769 m, 733 m, 702 m. *H NMR
(500 MHz, DMSO-ds, 6 ppm, J Hz): 12.66 (s, 1H, NH), 9.57 (s, 1H,
CH=N), 8.55 (s, 1H, CH=N), 7.36 (d, 1H, Hy,, 7.4 Hz), 7.25-7.22
(m, 2H, Hy,), 7.15-7.11 (m, 1H, Hy,), 6.91 (t, 1H, Ha,, 7.9 Hz),
6.83-6.80 (m, 1H, Hy,,), 5.83-5.75 (m, 2H, CH, (Et)), 3.85 (s, 3H,
OCH,), 3.78 (s, 3H, OCHj), 1.53 (t, 3H, CH; (Et), 7.0 Hz) ppm.
ESI-MS in methanol (negative): m/z 520.9 [(VO,),(HL)]™ (caled
for C;;H;5sN,00V,: 520.97); m/z 534.9 [(VO,)(VO)(L)(CH;0)]~
(caled for C;gH;7N400V,: 534.99).

Synthesis of [Nay(H,0)4][(VO,)4(HL),]-16H,O (3) and
{[Cs2(H20)][(VO2)2(L)]}x (4). To a solution of VO(acac), (0.066 g,
0.25 mmol) in acetonitrile (for 3) or ethanol (for 4) (5 mL) 1,5-
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bis(2-hydroxy-3-methoxybenzylidene)carbohydrazide (H4L)
(0.045 g, 0.125 mmol) was added and the mixture was stirred for
1 hour until a clear brown solution was obtained. To this
solution, an aqueous solution (5 mL) of alkali metal carbonate
[Na,CO; (0.027 g, 0.25 mmol) for 3; or Cs,CO; (0.082 g, 0.25
mmol) for 4] was added, and stirring was continued for another
hour. The resulting reddish solution was filtered, then left to
crystallize. After 10 days the red-brown crystals of 3 and 4 were
filtered off and dried in air.

[Na,(H,0),][(VO,)s(HL),]- 17H,0 (3). Yield: 0.063 g (85%,
0.042 mmol). Anal. caled for 3, C3,H33NgNa,0,,V,-nH,0, n =
13: C, 29.28; H, 4.63; N, 8.03%. Found: C, 29.67; H, 4.37; N,
7.92%. IR (v, cm™*): 3368 br.m, 1598 m, 1560 m, 1506 s, 1471 s,
1441 sh, 1379 sh, 1358 s, 1290 m, 1250 s, 1228 s, 1148 m, 1110
m, 1078 m, 1037 m, 977 sh, 924 sh, 882 vs, 771 m, 734 sh, 639 sh,
606 vs 'H NMR (500 MHz, DMSO-de, 6 ppm, J Hz): 9.25 (s, 1H,
CH=N), 8.40 (s, 1H, CH=N), 7.00-6.96 (m, 2H, H,,), 6.88-6.85
(m, 2H, Hy,), 6.72 (t, 1H, Ha;, 7.8 Hz), 6.62 (t, 1H, Hy,, 7.8 Hz),
3.76 (s, 3H, CH3), 3.75 (s, 3H, CH;) ppm. °C NMR (125 MHz,
DMSO-dg, 6 ppm): 175.3, 153.2, 153.1, 149.4, 149.2, 146.7, 144.7,
123.0, 122.7, 121.7, 121.2, 116.6, 115.8, 113.6, 112.8, 55.7,
55.5 ppm. ESI-MS in DMSO (negative): m/z 521.1 [(VO,),(HL)]™
(caled for C;7H;5N,09V,: 520.97). ESI-MS in DMSO (positive): m/
7 566.8 {[(VO,),(L)] + 2Na}" (caled for C;,H;4N,0oNa,V,: 565.94);
mlz 588.9 {[(VO,),(L)] + 3Na}" (caled for C;;H;4;N,OoNazV,:
589.2).

{[Cs,(H0),][(VO,)o(L)]}. (4). Yield: 0.045 g (41%, 0.054
mmol). Anal. caled for {[Cs,(H,0),][(VO.).(L)I}x (4),
C,,H,14Cs,N,04,V,: C, 24.84; H, 2.21; N, 6.82%. Found: C, 24.92;
H, 2.39; N, 6.64%. IR (v, cm™): 3366 br.m, 1599 m, 1559 m,
1511 s, 1467 s, 1443 sh, 1427 s, 1380 m, 1357 s, 1282 m, 1247 s,
1228 s, 1170, 1157, 1120, 1093, 1034, 977, 942, 928, 887, 866,
768, 733 vs, 721 m, 640 m, 614 s, 590 vs, 523 sh, 472 s, 442 s, 417
vs "H NMR (500 MHz, DMSO-d,, 6 ppm, ] Hz): 9.24 (s, 1H, CH=
N), 8.40 (s, 1H, CH=N), 7.00-6.97.00 (m, 2H, Hy,), 6.88-6.85 (m,
2H, Hy,), 6.72 (t, 1H, Ha,, 7.8 Hz), 6.62 (t, 1H, Ha,, 7.8 Hz), 3.76
(s, 3H, OCHj,), 3.74 (s, 3H, OCH3) ppm. *C NMR (125 MHz,
DMSO-dg, 6 ppm): 153.1, 149.4, 149.2, 123.0, 122.8, 121.7, 121.1,
116.5, 115.9, 113.6, 112.8, 55.6, 55.4 ppm. ESI-MS in DMSO
(negative): m/z 521.2 [(VO,),(HL)]™ (caled for C;7H;5N4O9Vs:
520.97). ESI-MS in DMSO (positive): m/z 786.4 {[(VO,),(L)] +
2Cs}" (caled for C;,H;4N,06C8,V,: 786.0); m/z 918.9 {[(VO,),(L)]
+3Cs}" (caled for Cy,H;4N,0oCs;V,: 918.9).

Conclusions

The interaction of the polytopic 1,5-bis(2-hydroxy-3-
methoxybenzylidene)carbohydrazide ligand (H4,L) with
NH,VO; or VO(acac), in an alcohol solution resulted in the
formation of the dinuclear or tetranuclear homometallic vana-
dium(v)-based clusters, (NH,4),[(VO,),(L)]-2H,0 (1) and [(VO,)(-
VO)(EtO)(HL)],-2EtOH (2). In dinuclear cluster 1, the ligand acts
as a tetraanion (L*7) and accommodates two homovalent VO,
ions, whereas in 2 two different oxido and two dioxidovanadium
cores (VO, and VO) are incorporated by the two trianion (HL?")
ligands into a tetranuclear assembly via long V-O-V bonds. In
both clusters, the ligand binds V(v) atoms via its ONN or ONO
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sets of donor atoms. The versatility of the ligand's coordination
capabilities is further demonstrated by the introduction of Na*
and Cs" cations into the reaction between VO(acac), and H,L. In
the heterometallic hexanuclear cluster [Na,(H,0),][(VO,)4(HL),]
-16H,0 (3), the ligand additionally involves its methoxy oxygen
donor atom in the coordination to Na' cations, whereas in
{[Cs5(H,0),][(VO,)2(L)]}» (4) coordination polymer all O and N
donor atoms of the L*~ ligand are participated in the coordi-
nation to metal centres. The presented work highlights the
effectiveness  of  1,5-bis(2-hydroxy-3-methoxybenzylidene)
carbohydrazide as a versatile polytopic ligand, and the suit-
ability of the oxovanadium(v) and dioxovanadium(v) cores in the
development of discrete and extended metal-organic
architectures.
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