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Isovalent µ-oxo divanadium(V) compounds [L1VO(µ-O)VO(salen)]
(1) and its bromo derivative [L2VO(µ-O)VO(salen)]‚CH3CN (2) (both
H2L1 and H2L2 are tridentate dithiocarbazate-based ONS ligands)
with ligands providing donor set and coordination number asym-
metry in tandem have been synthesized for the first time;
confirmations in favor of these unsymmetrical molecular structures
have come from single-crystal X-ray diffraction analysis, as well
as from NMR (both 1H and 51V) spectroscopy.

To our knowledge, all theµ-oxo divanadium compounds
containing a V2O3

n+ core (n ) 4, 3, and 2) reported thus far
have symmetrical structures involving identical ligand mol-
ecule(s) attached to both the metal centers.1-6 When the
vanadium centers have octahedral geometry,1-3 the majority
of these compounds2,3 have a linear V-O-V bridge with
the terminal oxo- groups in mutually trans positions (anti-

linear structure).4b On the other hand, when the vanadium
centers have square pyramidal geometry,4-6 the bridging and
terminal oxygen atoms have diverse range of arrangements,
from anti-linear5k,5l to syn-angular4,5a,bthrough anti-angular5c-j

and twist-angular6 structures. Herein, we sought to explore
further the electronic and molecular structures ofµ-oxo
divanadium(V) compounds with a heretofore unknown
unsymmetrical combination involving an octahedral and a
square pyramidal vanadium(V) center coupled together by
a µ-oxo bridge. For this to happen, we have chosen [VO-
(salen)] as the precursor compound to generate the octahedral
vanadium site. This compound in solution is known to get
aerially oxidized to [VVO(salen)]+ in the presence of added
anions, viz. ClO4

-, BF4
-, etc.7 The vanadium centers in these

oxidized compounds have octahedral geometry with the
incoming anions being accommodated in to the vacant
coordination site of the metal ion, trans to the terminal oxo-
group. In order to generate the square pyramidal vanadium-
(V) center, we have chosen the tridentate biprotic ligands,
S-methyl-3-(2-hydroxyphenyl)methylenedithiocarbazate (H2L1)
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and its bromo derivative (H2L2). These ligands can generate
square pyramidal cis-dioxo anionic species [LVVO2]- when
H2L (L ) L1 and L2) is refluxed with [VO(acac)2] in
acetonitrile in the presence of an added cation.8 In the
synthetic strategy outlined in Scheme 1, stoichiometric
amounts of [VIVO(acac)2], H2L, and [VIVO(salen)] (1:1:1 mol
ratio) were refluxed in acetonitrile and subsequently exposed
to atmospheric oxygen to get both [VVO(salen)]+ and
[LV VO2]- species together, thus allowing the anionic species
to be accommodated in to the vacant coordination site of
[VO(salen)]+, leading to the desired products1 and 2 as
brown crystalline solids. The formation of [VVO(salen)]+,
we believe, is favored by the anion ([LVVO2]-)-assisted
oxidation of [VIVO(salen)],7 while that of [LVVO2]- is
facilitated by the cation ([VVO(salen)]+)-assisted oxidation
of the putative species [LVIVO(solvent)].8 The infrared
spectrum of1 displays two strong bands at 953 and 917 cm-1

(964 and 911 cm-1 for 2) due to terminal VdO stretchings,
corresponding to the individual vanadium centers.

An unambiguous description of the coordination geometry
around the vanadium centers in these compounds has been
obtained through single-crystal X-ray diffraction analysis.9

An ORTEP view of 2 is displayed in Scheme 1 as a
representative example. The two halves of the molecule,
bridged by an oxygen atom, O6, have different geometry.
The coordination environment around V1 is octahedral, while
that about V2 is square pyramidal. The angles at the
vanadium centers made by the bridging and terminal oxo
atoms, viz. O1-V1-O6 173.25(13)° (the corresponding
angle in 1 is 171.89(8)°) and O4-V2-O6 108.11(18)°
(108.54(9)°) are as expected for a nearly ideal octahedral
and square pyramidal geometry, respectively. The V1-O6-
V2 bridge angle of 157.79(16)° (166.20(9)°) is in between
the values expected for symmetric divanadium compounds
with octahedral (ca. 180°)2 and square pyramidal (ca.
145°)4,5a,bmetal centers. The V2O3 core in these compounds
has a rare twist-angular structure,6 somewhat intermediate
between the regular anti-linear and syn-angular modes. Of
particular interest here is the trans location of the bridging
oxygen atom O6 relative to the terminal oxo- atom O1
attached to the octahedral V1. Such a trans arrangement is
unique in divanadium compounds containing V2O3

n+ core.1-6

Consequently, the V1-O6 distance 2.140(3) Å (2.1416(16)
Å) is significantly enlarged due to trans-labilizing influence
of the terminal oxo- atom O1, compared to the other bridging
distance V2-O6 1.669(3) Å (1.6733(16) Å). In effect, the
enlarged V1‚‚‚V2 separation in2, 3.739 Å (3.792 Å), is by
far the largest among its peers (divanadium compounds
containing the V2O3 core) reported thus far in the literature.1-6

To understand more about the electronic and molecular
structures of these compounds in solution, both1H and51V
NMR spectra have been measured in DMSO-d6 solution at
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Scheme 1. Synthetic Strategy for the Preparation of the Unsymmetrical Complexes and an ORTEP View of2 (Acetonitrile Molecule and the
Hydrogen Atoms have been Omitted for Clarity).a

a Conditions: (i) VO(acac)2, CH3CN, reflux; (ii) cation-assisted aerial oxidation; (iii) anion-assisted aerial oxidation in CH3CN. Selected interatomic
distances (Å) and angles (deg) in2: V(1)-O(1) 1.587(3), V(1)-O(2) 1.816(3), V(1)-O(3) 1.855(3), V(1)-N(1) 2.081(3), V(1)-N(2) 2.081(3), V(1)-O(6)
2.140(3), V(2)-O(4) 1.596(3), V(2)-O(5) 1.881(3), V(2)-N(3) 2.178(3), V(2)-S(1) 2.3694(13), V(2)-O(6) 1.669(3), V(1)-O(6)-V(2) 157.79(16), O(1)-
V(1)-O(6) 173.25(13), O(4)-V(2)-O(6) 108.11(18).
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room temperature. The1H NMR spectrum of 1 (data
summarized in the Supporting Information) is shown in
Figure 1, which displays a pair of singlets at 9.35 and 8.98
ppm (2:1 intensity ratio) corresponding to the presence of
two different kinds of azomethine moiety in this molecule.
Also deserving of mention is the triplet at 7.38 ppm due to
the H11 proton. Substitution of bromine at C12 in compound
2 makes the same proton (H11) to appear as a pair of
doublets (Figure S1) centered at ca. 7.48 ppm (J ) 2.5 Hz)
due to ortho-meta couplings. All these and the remaining
signals along with their corresponding splitting patterns are
in conformity with the presence of unsymmetrical coordina-
tion environments in these molecules as exist solution.

In the51V NMR spectrum, two signals have been observed
as displayed in Figure 2 for compound1. One of these
appearing at-467 ppm (relative to VOCl3 as standard) is
due to the vanadium center included in the VVOL part,4b

while the other at-575 ppm is arising from the VVO(salen)
moiety.10 Corresponding signals in the spectrum of2 appear
at -466 and-575 ppm, respectively, and are in compliance
with the unsymmetrical vanadium coordination environ-

ments. The ESI mass spectrum (Figure S2) of compound1
in CH3CN shows the molecular ion peak atm/z ) 641 [M
+ H]+ (100% relative abundance) with the expected isotope
distribution.

The cyclic voltammogram (Figure S3) of2 in DMSO
shows a cathodic reversible process atE1/2 ) 0.45 V vs Ag/
AgCl reference (25°C, Pt working electrode, 100 mV s-1

scan rate), as confirmed by steady-state voltammetry. Results
of constant potential coulometry (EW ) 0.2 V) indicate
single-electron stoichiometry for this process, thus confirming
the generation of a mixed-oxidation divanadium(IV/V)
product [2-] during the course of electrolysis. The EPR
spectrum at room temperature (Figure S4) of the electrolyzed
solution displayed an eight-line (51V, I ) 7/2) hyperfine
pattern (<g> ) 1.990,<A> ) 88× 10-4 cm-1) indicating
a trapped-valence nature of the reduced product in the EPR
time scale.1c Electronic spectrum of the catholyte solution
failed to show any characteristic band in the NIR region,
expected for a possible intervalence charge-transfer, lending
support to the results of EPR spectroscopy in confiming the
trapped-valence nature of the reduced mixed-oxidation
species. The valence-trapped situation probably is arising
here from the bent V-O-V bridge, preventing the sym-
metry-constrained vanadium dxy orbitals, containing the odd
unpaired electron, to overlap effectively via the pπ orbital
of the bridging oxygen atom.11

In summary, a novel synthetic route has been developed
for the synthesis ofµ-oxo divanadium(V) compounds
containing a hitherto unknown V2O3 core involving vanadium
centers with separate donor atoms set. The identities of the
compounds have been conclusively established both in
solution, as well as in the solid state. The V‚‚‚V separations
in these compounds are by far the largest, 3.792 Å (3.739 Å
for 2), among their peers due to the trans-labilizing influence
of a terminal oxo-group. The V2O3 core in these compounds
has a twist-angular structure6 somewhat intermediate between
the anti-linear and syn-angular modes, often encountered in
symmetrical divanadium compounds.4b
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Figure 1. 1H NMR spectrum of compound1 in DMSO-d6 solution at
293 K.

Figure 2. 51V NMR spectrum of compound1 in DMSO-d6 solution at
room temperature.
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