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Binuclear mixed valence oxovanadium(IV/V) complexes of
general formula [V2O3L] containing a [OVIV(µ-Ooxo)-
(µ-Ophen)VVO]2+ core have been synthesised using conforma-
tionally labile N4O3-coordinating heptadentate ligands
(H3L). The X-ray structure of one complex has been exam-
ined. Solution EPR spectra revealed that the unpaired elec-
tron of the complexes is delocalised between the two vana-

Introduction
The chemistry of mixed valence vanadium complexes has

been of considerable interest. The main interest arises from
the complete or partial delocalisation of the single 3d elec-
tron of the vanadium() over both vanadium centres or its
complete localisation on one vanadium centre. A sizeable
number of oxo-bridged binuclear mixed valence oxovanadi-
um(/) complexes have been cited in the literature[1–14]

and depending on the geometry of [V2O3]3+ core, the struc-
turally characterised mixed valence binuclear complexes
have been classified into several categories. For the [V2O3]3+

core, containing a linear V–O–V bridge[1a,2,5,10,12,13] with
the terminal oxo groups in mutual trans position, delocali-
sation is anticipated because of significant metal dxy orbital
overlap with the px orbital of the oxo bridge. Schulz et al.[7]

reported that for the nearly trans V=O groups with a bent
V–O–V moiety, the delocalisation of the odd electron be-
tween the two vanadium centres depends on the pi-donating
ability of the equatorial ligands. Localised electronic struc-
tures have also been documented[6] for angular V–O–V moi-
eties with syn or twist V=O groups, which probably occur
due to insufficient overlap between the metal dxy orbitals.

Recently we have found[15] complete delocalisation of the
unpaired electron between the two vanadium atoms in a
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dium centres. The simulated EPR spectrum of one complex
confirms this experimental observation. DFT studies have
been performed using crystallographic coordinates in order
to obtain further insight into the electronic structure of this
type of molecule.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

mixed bridged mixed valence species containing the
[OVIV(µ-Ox)(µ-Ophen)VVO]2+ moiety, which has an angular
V–O–V group and nearly syn V=O groups. However the
reason for the delocalisation of the odd electron is not clear.
Thus, further studies of this type of system are required to
allow for a better understanding of the behaviour of the
unpaired electron.

In connection with our previous work,[15] herein we de-
scribe the synthesis of a series of mixed bridged mixed val-
ence binuclear oxovanadium(/) complexes incorporating
N4O3-coordinating heptadentate ligands. The crystal struc-
ture of one representative case is reported. A simulated
EPR spectrum is found to be similar to the EPR spectra of
the complexes observed in solution at room temperature. In
addition, DFT calculations have enabled us to understand
qualitatively the nature of the delocalisation of the unpaired
electron.

Results and Discussion

In this paper four heptadentate ligands H3L7–H3L10 (ge-
neral abbreviation, H3L) have been used (Scheme 1).

Treatment of a solution of VO(acac)2 in acetone under
air with the heptadentate ligands in a 2:1 ratio afforded
green coloured complexes with the general formula
[VIVVVO2L] in good yields. The oxygen in the air is believed
to act as the oxidant in this synthesis. The data for the char-
acterisation of these binuclear mixed valence species are
listed in the experimental section. All the compounds dis-
play a strong V=O stretch near 950 cm–1in their IR spectra,
and the V–O–V vibration occurs near 752 cm–1. The green
solution of the complexes absorb at ca. 1030 and ca. 660 nm
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Scheme 1.

respectively. The band near 1030 nm in their UV/Vis spectra
is assigned to the inter valence charge transfer transition,[15]

and the absorption at 660 nm is due to ligand field exci-
tation. The complexes exhibit an irreversible anodic re-
sponse near 0.45 V vs. SCE. The stabilisation of the mixed
valence oxovanadium(/) binuclear species by the tri-
anionic heptadentate ligand is reflected in the irreversible
[OVV(µ-Ooxo)(µ-Ophen)VVO]3+ – [OVIV(µ-Ox)(µ-Ophen)-
VVO]2+ anodic response. All the compounds are paramag-
netic, and the magnetic moment value is, µ � 1.75 BM per
molecule.

Crystal Structure

The X-ray structure of 1 has been determined, and the
molecular structure is shown in Figure 1. Selected inter
atomic distances and bond angles relevant to the coordina-
tion sphere are given in Table 1.

In 1 the vanadium centres are linked asymmetrically by
a bridging oxygen atom, O5, and the central phenolato oxy-
gen, O6. The V1–O5–V2 and V1–O6–V2 angles are
116.11(10)° and 91.79(7)° respectively. The geometry of
each vanadium atom appears to be distorted octahedral.
In the VO4N2 environment, the V=O, V–O and V–N bond
lengths are as expected[15] and are in the ranges of 1.605–
1.615 Å, 1.798–2.212 Å and 2.188–2.251 Å respectively. In
the octahedral coordination environment, the tripodal ni-
trogen atom (N1 for V1 and N3 for V2) is trans to the O5
atom, while the terminal nitrogen atoms (N2 and N4) oc-
cupy positions trans to the terminal phenoxide groups (O2
and O4). The V2–O4 [1.871 (2) Å], V2–O5 [1.885 (2) Å] and
V2–O6 [2.212 (2) Å] bond lengths are slightly longer than
the respective V1–O2 [1.838 (2) Å], V1–O5 [1.798 (2) Å] and
V1–O6 [2.140 (2) Å] bonds. The V1–N bond lengths are
slightly longer than the V2–N distances, and this can be
ascribed to the short V1–O2 and V1–O5 bonds.
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Figure 1. Perspective view and atom labeling scheme for [V2O3L7]
CH2Cl2. The solvent molecule is excluded. All non-hydrogen atoms
are represented by 30% thermal probability ellipsoids.

Table 1. Selected bond lengths [Å] and angles (°) for
[V2O3L7] CH2Cl2.

Distances

V1–O1 1.605(2) V2–O3 1.615(2)
V1–O2 1.838(2) V2–O4 1.871(2)
V1–O5 1.798(2) V2–O5 1.885(2)
V1–O6 2.140(2) V2–O6 2.212(2)
V1–N1 2.238(2) V2–N3 2.188(3)
V1–N2 2.251(3) V2–N4 2.231(3)
V1···V2 3.125(5)

Angles

O1–V1–O2 98.53(10) O3–V2–O4 97.08(11)
O1–V1–O5 104.65(10) O3–V2–O5 104.54(11)
O1–V1–O6 169.44(10) O3–V2–O6 171.63(10)
O1–V1–N1 94.36(10) O3–V2–N3 98.39(11)
O1–V1–N2 85.41(10) O3–V2–N4 85.16(10)
O2–V1–O5 95.12(10) O4–V2–O5 89.69(10)
O2–V1–O6 91.42(8) O4–V2–O6 91.22(9)
O2–V1–N1 82.85(9) O4–V2–N3 86.46(10)
O2–V1–N2 159.60(9) O4–V2–N4 165.27(11)
O5 –V1–O6 77.80(8) O5–V2–O6 74.28(8)
O5–V1–N1 160.96(9) O5–V2–N3 157.05(9)
O5–V1–N2 103.28(10) O5–V2–N4 103.89(10)
O6–V1–N1 83.31(8) O6–V2–N3 83.18(8)
O6–V1–N2 84.04(8) O6–V2–N4 87.10(8)
N1–V1–N2 76.87(9) N3–V2–N4 78.81(10)
V1–O5–V2 116.11(10) V1–O6–V2 91.79(7)

EPR Spectra

EPR spectra of the complexes were recorded at 300 K
and 77 K. Resonance parameters are shown in Table 2.

The complexes exhibit 15 nearly equally spaced lines,
with isotropic structure, in dichloromethane solution (Fig-
ure 2, a). The 15 line spectrum arises from the hyperfine
interaction of the unpaired electron with the two vanadium
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Table 2. EPR spectral data.

Complex Matrix giso Aiso ×104 g� g� gav
[a] A� ×104 A� ×104 Aav

[b] ×104

[cm–1] [cm–1] [cm–1] [cm–1]

CH2Cl2, 300 K 1.974 49.3
[V2O3L7] CH2Cl2/toluene, 77 K

solid, 77 K 1.984 1.984 1.966 1.972 168.8 66.5 100.2
CH2Cl2, 300 K

[V2O3L8] CH2Cl2/toluene, 77 K 1.984 51
solid, 77 K 1.972 1.986 1.981 169.2 69.9 103

1.989
CH2Cl2, 300 K

[V2O3L9] CH2Cl2/toluene, 77 K 1.972 48.1
solid, 77 K 1.973 1.982 1.979 166.9 62.35 97.2

1.986
CH2Cl2, 300 K

[V2O3L10] CH2Cl2/toluene, 77 K 1.977 50.2
solid, 77 K 1.946 1.997 1.980 164 68.75 100.5

1.985

[a] gav = 1/3[2 g� + g�]. [b] Aav = 1/3[2A� + A�].

nuclei (nuclear spin I = 7/2), which appear to be equivalent
on the EPR timescale. The difference in the separation of
the hyperfine lines at the lowest and highest fields is less
than 2 gauss, suggesting that the second order shift[16] in
the line position is small. We neglected this small shift, and
determined the isotropic hyperfine coupling constant due
to vanadium to be 49.3±0.2 G. In the same way, neglecting
the second order shift, the centre of the EPR spectrum was
assumed to be the centre of the middle hyperfine line, and
the g value for the complex was determined to be
1.9741±0.0005. The isotropic coupling constant and the g
value are typical for binuclear complexes,[15] and the value
of the isotropic hyperfine coupling constant is about half of
the value observed in oxovanadium() complexes.[17] This
indicates that in solution at 300 K, the single unpaired elec-
tron is shared by the two vanadium nuclei. The observed
line width in not same for all the hyperfine lines. The depen-
dence of the line width on the hyperfine lines of the EPR
spectrum in solution has been modelled theoretically, using
a model that incorporates incomplete motional narrowing,
the anisotropic g-tensor, and hyperfine tensor interac-
tions.[18,19] Using the Kivelson’s model[18] the line width,
∆H, of a hyperfine line associated with the nuclear spin
component MI is given as equation (2) in ref.[20]

Where the parameters α, β, γ and δ are functions of the
principal values of the g-tensor, hyperfine coupling tensor,
and rotational correlation time. The line width expression
given in [Equation (1)] has been highly successful in ex-
plaining the variation in the widths of the EPR lines in the
spectrum of vanadyl acetylacetonate in toluene,[20] and has
been used to obtain the anisotropic EPR parameters from
solution spectra of copper complexes.[21,22] We have as-
sumed that Equation 1 is approximately applicable to our
binuclear complex, and have simulated the EPR spectrum
based on this line width expression with MI = –7, –6, ...,
+6, +7, corresponding to the two equivalent vanadium nu-
clei. The simulated spectrum is shown in Figure 2 (b). Here
we simply note that the simulated spectrum reproduces the
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Figure 2. EPR spectra for [V2O3L7] (a) in DCM at 300 K. Instru-
ment settings: microwave frequency, 9.45385 GHz; microwave
power, 2.0 mW; modulation frequency, 100 kHz; modulation am-
plitude, ca. 1 G. (b) Simulated EPR spectrum using isotropic hyper-
fine coupling constant = 49.3±0.2 G, and Kivelson’s parameters α
= 21.21 G, β = 0.2943 G, γ = –0.1538 and δ = 0.0007 G.

essential features of the experimental EPR spectrum of the
binuclear complex at room temperature.

∆H = α + βMI + γMI
2 + δMI

3 (1)

The complexes display axial spectra at 77 K (Figure 3).
The hyperfine structure can be attributed to the coupling
of the unpaired electron to a single 51V centre (I = 7/2), at
least on the EPR timescale.[6,8]

In frozen solution (77 K) and fluid solution (300 K) the
spectral parameters are related by the following equa-
tions:[23]

gav � giso

Aav � 2Aiso

From the above relationships it may be deduced that the
unpaired electron is equally delocalised between the two va-
nadium atoms, at least on the X-band EPR timescale, and
the complexes behave as class III type[5,24,25] mixed valance
species at room temperature.
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Figure 3. EPR spectra for [V2O3L7] in DCM/toluene at 77 K. In-
strument settings: microwave frequency, 9.1 GHz; microwave
power, 30 dB; modulation frequency, 100 kHz; modulation ampli-
tude, 12.5 G; sweep centre, 3200 G.

DFT Study

DFT calculation have been performed on the full molec-
ular structure using the crystallographic coordinates for
[V2O3L7] and the previously reported [V2O3L1] complex[15]

(ligand H3L1 is shown in Scheme 1) in order to get a better
insight into the electronic structure of µ-oxo µ-phenoxo
bridged binuclear oxovanadium(/) complexes. The spin
density, singly occupied molecular orbital (SOMO), and the
lowest unoccupied molecular orbital (LUMO) plots for the
complexes are shown in Figure 4, Figure 5 and Figure 6
respectively.

Figure 4. Spin density plots (a). [V2O3L7] (b). [V2O3L1].

The spin density population of the electron between the
two vanadium atoms is 0.5700 and 0.4300 for [V2O3L7], and
0.5664 and 0.4336 for [V2O3L1]. It is clear from the spin
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Figure 5. SOMO plots (a). [V2O3L7] (b). [V2O3L1].

Figure 6. LUMO plots (a). [V2O3L7] (b). [V2O3L1].

density plots (Figure 4) that the unpaired electron is delo-
calised between the two vanadium centres.

It is interesting to note that the bridging oxo oxygen
atom takes part in the construction of the SOMO, while the
contribution of the bridging phenoxy oxygen to the SOMO
is zero (Figure 5). The pz orbital of the bridging oxo oxygen
atom interacts with the dxz orbital of the vanadium atoms
asymmetrically in the [V2O3L7] complex, and symmetrically
in the [V2O3L1] complex. These results are consistent with
the V–Ooxo–V bond lengths observed in these complexes. It
is found from the LUMO plots that the bridging oxo oxy-
gen (Figure 6) and the bridging phenoxy group do not in-
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teract with the metal orbital. The above results suggest that
the delocalisation of the electron between the two vanadium
centres takes place via a dxz–pz–dxz super exchange pathway
in the ground state.

In summary, DFT studies reveal that in case of binuclear
mixed valence oxovanadium(/) complexes containing a
[OVIV(µ-Ooxo)(µ-Ophen)VVO]2+core with a bent V–O–V
moiety, only the bridging oxo group is responsible for the
unpaired electron delocalisation, and as such the delocalis-
ation occurs via a dxz–pz–dxz super exchange pathway.

Conclusion

Binuclear mixed valence oxovanadium(/) complexes
containing the [OVIV(µ-Ooxo)(µ-Ophen)VVO]2+ moiety have
been synthesised using N4O3-coordinating heptadentate li-
gands. In [V2O3L7], the V1–O5–V2 moiety is angular, and
the V1–O5 and V2–O5 bond lengths are slight different
[V1–O5 = 1.798(2) and V2–O5 = 1.885(2) Å]. Solution EPR
spectra reveal that the unpaired electron is delocalised be-
tween the two vanadium atoms, which is attested by the
simulated EPR spectrum. We have also found some impor-
tant trends in the electronic structure, and hence in the be-
haviour of the unpaired electron, from the DFT studies.
DFT calculations show that the bridging phenoxo group
has no role to play in the electron delocalisation. Although
the V–O–V group is angular, the delocalisation in such sys-
tems is anticipated to occur via an dxz–pz–dxz exchange
pathway involving the oxo oxygen atom.

Experimental Section
Materials: Bis(acetylacetonato)oxovanadium()[26] and the li-
gands[27] were prepared as reported in the literature. All the starting
chemicals were analytically pure and used without further purifica-
tion, and the solvents were purified by standard procedures.[28]

Physical Measurements: UV/Vis spectra were recorded on a Perkin–
Elmer LAMBDA 25 spectrophotometer, and IR spectra were mea-
sured with a Perkin–Elmer L-0100 spectrometer. Electrochemical
measurements were performed (acetonitrile solution) on a CH
620A electrochemical analyzer using a platinum electrode. Tetra-
ethylammonium perchlorate (TEAP)[29] was used as the supporting
electrolyte, and the potentials are referenced to the standard calo-
mel electrode (SCE) without junction correction. Magnetic suscep-
tibilities were measured on a PAR-155 vibrating-sample magne-
tometer.

The room temperature solution EPR spectra were recorded for 1
in the following manner: the complex (ca. 10 m in dichlorometh-
ane) was placed in a glass tube, and degassed by repeated freeze-
pump-thaw cycles with a vacuum line working at a pressure of
about 10–4 Torr., and then sealed off. This sealed sample was used
for recording the CW-EPR spectrum at room temperature, using a
home-built EPR spectrometer,[30] which was further modified.[31]

Low microwave power (ca. 2 mW) and 100 kHz magnetic field
modulation (ca. 1 gauss) were used to avoid distortion of the EPR
lines. A proton NMR magnetometer was used to calibrate the scan
range of the magnetic field. An Agilent frequency counter, model
53181A, equipped with a highly stable oven-controlled time base,
was used to measure the microwave and NMR frequencies. For
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determining the g value of the complex, a very small amount of
DPPH powder (g = 2.0037±0.0002)[32] was attached to the outside
wall of the sealed sample, and the EPR spectrum of the complex
with DPPH was recorded.

The room temperature solution EPR spectra of the other com-
plexes, and the low temperature spectra for all the complexes, were
recorded on a Varian E-109C X-band spectrometer. Elemental
analyses (C, H, N) were performed on a Perkin–Elmer 2400 Series
II elemental analyzer.

DFT Calculation: DFT calculations were performed using the
Gaussian-03 program.[33] The complexes were described in the un-
restricted formalism using the B3LYP hybrid density function in
combination with a standard 3-21 G basis set.

Crystallographic Studies: Single crystals of suitable quality for sin-
gle-crystal X-ray diffraction studies were grown by the slow dif-
fusion of hexane into a dichloromethane solution containing
[V2O3L7] CH2Cl2. The X-ray intensity data were measured at 293 K
on a Bruker AXS SMART APEX CCD diffractometer (Mo-Kα, λ
= 0.71073 Å). The detector was placed at a distance of 6.03 cm
from the crystal. A total of 606 frames were collected over a scan
width of 0.3° at different settings of φ. The data were reduced with
SAINTPLUS[34] and an empirical absorption correction was ap-
plied using the SADABS package.[24] Vanadium atoms were located
by Direct Methods, and the rest of the non-hydrogen atoms
emerged from successive Fourier syntheses. SHELXL-97[35] was
used for structure solution, and for full-matrix least-squares struc-
ture refinement on F2. All non-hydrogen atoms were refined aniso-
tropically. All the hydrogen atoms were included at calculated posi-
tions. The dichloromethane solvent molecule is disordered over two
positions. The disorder was modelled using the PART instruction
in SHELXTL, with an initial occupancy of 0.5, which after refine-
ment gave a final value of 0.583(5). Molecular structure plots were
drawn using ORTEP.[36] Relevant crystal data are given in Table 3.

Table 3. Crystal data and structure refinement parameters for
[V2O3L7]·CH2Cl2.

[V2O3L7]·CH2Cl2

Formula C31H40Cl3N4O6V2

Formula weight 772.90
Crystal system monoclinic
Space group P21/c
a [Å] 16.181(3)
B [Å] 13.986(3)
c [Å] 15.024(3)
β [°] 97.16(3)
V [Å3] 3373.6(12)
T [K] 293(2)
Z 4
Dcalcd. (mg·m–3) 1.522
µ [mm–1] 0.841
R1,[a] wR2

[b] [I � 2σ(I)] 0.0490, 0.1121
R1,[a] wR2

[b] [all] 0.0616, 0.1196
Rint, Rsigma 2.65, 2.47
G.O.F on F2 1.058

[a] R1 = ∑|Fo| – |Fc|/ ∑|Fo|. [b] wR2 = [∑w(Fo
2 – Fc

2)2/ ∑w(Fo
2)2]1/2.

CCDC-281762 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Synthesis of Complexes: The complexes were prepared by the same
general method. Details are given here for a representative case.
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[V2O3L7]: To a stirred solution of [VO(acac)2] (0.10 g, 0.37 mmol)
in 20 mL acetone was added the H3L7 ligand (0.098 g, 0.19 mmol).
The reaction mixture was then stirred for 2 h at ambient tempera-
ture in air, and a green precipitate separated from the solution. The
solution was filtered, washed with acetone, and then dried in vacuo
over fused calcium chloride. Yield: 0.116 g (90%).
C30H38ClN4O6V2 (687.5): calcd. C 52.36, H 5.53, N 8.15; found:
C 52.61, H 5.70, N 8.31. UV/Vis (CH2Cl2): λmax (ε) = 1031 nm
(255 –1 cm–1); 640 (700). IR (KBr): ν(V=O) 950, ν(V–O–V)
752 cm–1. Epa ([OVV(µ-Ooxo)(µ-Ophen)VVO]3+/[OVIV(µ-Ox)(µ-Ophen)
VVO]2+): +0.56 V (irr). µeff = 1.76 BM.

[V2O3L8]: Yield: 0.117 g (87%). C32H42ClN4O6V2 (701.5): calcd. C
53.66, H 5.87, N 7.82; found: C 53.75, H 5.99, N 7.95. UV/Vis
(CH2Cl2): λmax (ε) = 1036 nm (590 –1 cm–1), 650 (785). IR (KBr):
ν(V=O) 947, ν(V–O–V) 755 cm–1. Epa ([OVV(µ-Ooxo)(µ-Ophen)-
VVO]3+/[OVIV(µ-Ooxo)(µ-Ophen)VVO]2+): +0.55 V (irr); µeff =
1.79 BM.

[V2O3L9]: Yield: 0.121 g (85%). C30H36Cl3N4O6V2 (757.5): calcd.
C 47.5, H 4.88, N 7.39; found: C 47.64, H 4.96, N 7.54. UV/Vis
(CH2Cl2): λmax (ε) = 1032 nm (458 –1 cm–1), 665 (1217). IR (KBr):
ν(V=O) 955, ν(V–O–V) 745 cm–1. Epa ([OVV(µ-Ooxo)(µ-Ophen)-
VVO]3+/[OVIV(µ-Ooxo)(µ-Ophen)VVO]2+): +0.49 V (irr); µeff =
1.75 BM.

[V2O3L10]: Yield: 0.130 g (88%). C32H40Cl3N4O6V2 (784.5): calcd.
C 48.94, H 5.09, N 7.14; found: C 49.12, H 5.21, N 7.25. UV/Vis
(CH2Cl2): λmax (ε) = 1036 nm (590 –1 cm–1), 650 (785). IR (KBr):
ν(V=O) 958, ν(V–O–V) 748 cm–1. Epa ([OVV(µ-Ooxo)(µ-Ophen)-
VVO]3+/[OVIV(µ-Ooxo)(µ-Ophen)VVO]2+): +0.56 V (irr); µeff =
1.72 BM.
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