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Dinuclear vanadium() complexes, [V2(µ-O)(phen)4Cl2]Cl2�2Me2CO (1) and [V2(µ-O)(dpya)4Cl2]Cl2 (2) [phen =
1,10-phenanthroline; dpya = bis(2-pyridyl)amine], have been synthesized from the reaction of VCl3 or VCl3(THF)3

with bidentate nitrogenous ligands. The ligand substitution reaction between NaNCS and 2 yields a brown dinuclear
complex, [V2(µ-O)(dpya)3(NCS)4]�2THF (3), in which each vanadium ion has a different coordination environment,
and an orange mononuclear complex, [V(dpya)(NCS)4]�(Hdpya)�THF (4). Complexes 1–3 contain singly bridged
[V–O–V]4� cores. From the temperature dependence of the magnetic susceptibilities, weak magnetic interactions are
observed for 1–3. UV-Vis and resonance Raman spectra of these complexes are described. The 1H NMR spectrum
of 1, in which two vanadium ions are coupled antiferromagnetically, and those of its analogs have been measured
and assigned.

Introduction
Oxo-bridged polynuclear vanadium() complexes have been
the subject of considerable interest in recent years. Study of
these species is motivated by interest in their structural, mag-
netic and spectroscopic properties.1 Basic structural motifs
for oxo-bridged polynuclear vanadium() complexes can be
divided into two groups;2 (1) unsupported, singly bridged µ-oxo
species 3–7 and (2) tribridged species in which the oxo-bridge is
supported by two co-bridging carboxylate, thiolate or phos-
phate groups. These include molecules with di-, tri-, octa- 1b,3,8–16

and tetranuclear cores.17,18 Recent interest in these oxo-bridged
vanadium() polynuclear complexes has been related to their
unusual magnetic and spectroscopic properties.1b,18 Some divan-
adium() oxo-bridged species show strong ferromagnetic (FM)
exchange interactions which switch to antiferromagnetic
(AFM) upon protonation of the oxo bridge.3e,f,11 Another inter-
esting class of oxo-bridged vanadium complexes is tetranuclear
vanadium() complexes. These exhibit spin frustration effects
and/or single-molecule magnet behavior.17,18

Although several studies on the structural, magnetic and
spectroscopic properties of polynuclear vanadium() com-
plexes have been published, only a few attempts have been made
to study their reactivity. Oxygen atom transfer and ligand sub-
stitution reactions in mononuclear vanadium() complexes
have been studied.3d,4,19–21 An oxo-bridged vanadium() dimer
has been isolated as an intermediate of the oxygen atom trans-
fer reaction.3d,19,20 Substitution reactions at the V–Cl bond have
also been studied, since the chloride ions are quite labile.4,21,22

Although the nature of the substituent influences the redox
potential of the metal, which can be an electron donor to a
variety of substrates,21 only a few attempts have so far been
made to study ligand substitution reactions of monobridged

† Electronic supplementary information (ESI) available: 1H NMR spec-
trum of complex 1. See http://www.rsc.org/suppdata/dt/b1/b106517n/

dinuclear vanadium() complexes with X-ray crystallographic
characterization of the reaction products. The singly bridged
dinuclear vanadium() complex described here has two V–Cl
bonds which may be substituted. Our interest in the substi-
tution reaction is primarily directed towards the structure and
properties of the products.

In addition to single-crystal X-ray structural information, the
characterization of singly bridged dinuclear vanadium()
complexes in solution is of use for the investigation of their
structural and bonding properties in the solution state.23–25

Spectroscopic techniques, including UV-Vis and resonance
Raman spectroscopies, have been applied previously to the
investigation of these properties.2,3,26,27 While the 1H NMR
spectra of tribridged species have been measured before,1b,8,15,28

NMR data for singly bridged species are scarce.29 We have,
therefore, obtained the 1H NMR spectra for the antiferro-
magnetically coupled system and discuss the interaction between
the two vanadium ions.

Herein, we describe the synthesis and crystal structures of
novel singly bridged dinuclear vanadium() complexes and a
substitution product with two types of vanadium environ-
ments within the molecule, together with its spectroscopic and
magnetic properties.

Experimental
All manipulations were carried out using standard Schlenk
techniques. Solvents were purified by standard methods before
use. 1,10-Phenanthroline (1,10-phen), 4,7-dimethyl-1,10-phen-
anthroline (4,7-Me2phen), 5,6-dimethyl-1,10-phenanthroline
(5,6-Me2phen) and 3,4,7,8-tetramethyl-1,10-phenanthroline
(3,4,7,8-Me4phen) were purchased from Tokyo Kasei Co. VCl3,
sodium thiocyanate and bis(2-pyridyl)amine (dpya) were pur-
chased from Aldrich Chemical Co. and used without further
purification. VCl3(THF)3 was prepared according to the liter-
ature method.30 IR spectra were measured using KBr disks
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on a Hitachi I-5040-FT IR spectrometer. Raman spectra were
measured with Ar� ion excitation using a JASCO R600
spectrometer. A 90� scattering geometry was employed. UV-Vis
spectra were recorded on a Hitachi U-3500 spectrophotometer.
EPR spectra were recorded at X-band frequency with a
modulation frequency of 100 kHz and a modulation amplitude
of 1 mT using a JEOL RE-3X spectrometer. Resonance
frequencies were measured on an Anritsu MF76A microwave
frequency counter. Magnetic fields were calibrated by an
ECHO Electronics EF 2000AX NMR field meter. NMR
spectra were measured with a JEOL GSX-270 FT-NMR
spectrometer or an EX-400 FT-NMR spectrometer. Variable
temperature magnetic susceptibility data were recorded over the
temperature range 3 to 300 K using a Quantum Design SQUID
susceptometer interfaced with an HP Vectra computer system.
All data were corrected for diamagnetism, which was calculated
from Pascal’s table.

Preparation of [V2(�-O)(phen)4Cl2]Cl2�2Me2CO (1)

VCl3 (62 mg, 0.4 mmol) was dissolved in 4 ml of ethanol. To
this solution, phen (0.2 g, 1.2 mmol) in ethanol was added. The
solution mixture was stirred and a violet colored solution was
obtained. Acetone was diffused slowly into this solution until
violet crystals of 1 were obtained (yield 42%). Anal. found:
C, 57.89; H, 4.14; N, 10.22%. Calcd for V2O3C54N8Cl4H44:
C, 59.14; H, 4.04; N, 10.22%.

Other vanadium complexes of phen derivatives were syn-
thesized via procedures similar to that used for the preparation
of 1.

Preparation of [V2(�-O)(dpya)4Cl2]Cl2 (2)

VCl3(THF)3 (0.3 g, 0.8 mmol) was dissolved in 4 ml of ethanol
and an ethanolic solution of dpya (0.27 g, 1.6 mmol) was
added. The solution mixture was stirred and a violet solution
was obtained. After stirring for two hours, acetone was
allowed to diffuse into the obtained violet solution. Violet
crystals of 2 were formed within a month (yield 65%). Anal.
found: C, 46.47; H, 4.04; N, 16.10%. Calcd for V2OC40N12-
Cl4H36: C, 50.87; H, 3.84; N, 17.80%. Raman (cm�1) 1290,
648, 411.

Preparation of [V2(�-O)(dpya)3(NCS)4]�2THF (3) and [V(dpya)-
(NCS)4]�(Hdpya)�THF (4)

A suspension of sodium thiocyanate (0.09 g, 2.4 mmol) in 4 ml
of THF was added to the violet solution prepared as described
for 2. The color changed from violet to brown. The mixture was
stirred and filtered to remove NaCl. THF was layered slowly on
the resulting brown solution. Air and moisture sensitive brown
crystals of complex 3 and orange crystals of complex 4 were
obtained within two weeks. These crystals were separated
mechanically. The yields could not be calculated. Anal. found
(for complex 3): C, 48.45; H, 4.35; N, 18.19%. Calcd for
V2O3C42N13S4H43: C, 50.05; H, 4.30; N, 18.06%. Raman (cm�1)
1327, 1244, 1156, 662 for 3 and 1240 and 1150 for 4. IR ν(C–N)/
cm�1: 2069 for 3 and 2046 for 4.

X-Ray crystallography and structure solution

Data for complex 1 was collected on a Rigaku AFC5R. Com-
plexes 3 and 4 were collected on a Rigaku AFC7R. Both
diffractometers employ graphite monochromated Mo-Kα
radiation. The data were collected at room temperature. An
empirical absorption correction was applied. The data were
corrected for Lorentz and polarization effects. The structure
was solved by direct methods and expanded using Fourier tech-
niques.32 The non-hydrogen atoms were refined anisotropically.
The final cycle of full-matrix least-squares refinement was
based on the number of observed reflections [I > 3.00σ(I )] and
n variable parameters, and converged (large parameter shift was

σ times its e.s.d.) with weighted and unweighted agreement fac-
tors of R = Σ||Fo| � |Fc||/Σ|Fo|, Rw = [Σw(|Fo| � |Fc|)

2/Σw|F |o
2]1/2.

No extinction corrections have been applied.
For complexes 1 and 3, a crystal was mounted in a glass

capillary to avoid oxidation and loss of solvent molecules of
crystallization. Over the course of data collection, the standard
reflections decreased by �19.9% (3). A linear correction factor
was applied to the data to account for this phenomenon. For
complexes 3 and 4, the thermal parameters for the solvent
molecules indicate the presence of disorder. Crystallographic
data is given in Table 1.

CCDC reference numbers 167774, 167776 and 167777.
See http://www.rsc.org/suppdata/dt/b1/b106517n/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion

The structure of 1

The structure of [V2(µ-O)(phen)4Cl2]
2� with a singly bridged

V–O–V moiety is shown in Fig. 1. Oxygen atom O(1) lies on a

two-fold crystallographic axis and the cation thus has 2-fold
imposed symmetry. Selected bond lengths and angles are given
in Table 2. The bond angles and distances observed for complex
1 indicate that the geometry is quite similar to that found in the
previously reported structure of [V2O(phen)4Cl2]Cl2�8H2O,
containing water molecules in the crystal lattice.5 The octa-
hedral coordination around the vanadium() atom is com-
posed of the bridging oxo group, the nitrogen atoms of the
phen ligand and the chloride ion, to afford a VON4Cl coordin-
ation environment. The V–N distances are similar to those
found in complexes of pyridine derivatives.3,6 The V–Ooxo dis-
tances in complex 1 [1.778(2) Å] are in the range of those found
in other singly bridged dinuclear vanadium complexes.2–7,33–39 It
appears to be a general trend among vanadium complexes that
the vanadium to ligand distances do not vary with changes
in the formal oxidation state.33 The V(1)–N(1) distance
[2.183(7)Å] is lengthened due to the trans influence of the bridg-
ing oxo group. The trans influence of the bridging oxo group
has been observed in other oxo-bridged dinuclear vanadium()
complexes.3

Although a few complexes exhibit small V–O–V angles,39,40

most of the V–O–V angles for crystallographically character-
ized complexes fall within the range 180 to 173.5(3)�.2–7,29

Despite the fact that complex 1 contains acetone molecules
instead of water molecules, it crystallizes in the same space
group. Complex 1 also exhibits characteristic π–π stacking
interactions between the nearly parallel phen rings [nearest
neighbor C(17)–C(20�) distance: 3.37 Å].5 The π–π stacking
interaction decreases the V–O–V angle in complex 1 [168.0(5)�].

Fig. 1 ORTEP drawing of [V2(µ-O)(phen)4Cl2]
2� (1), showing the

atom-labeling scheme, with thermal ellipsoids at the 50% probability
level. Hydrogen atoms are omitted for clarity.
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Table 1 Summary of crystal data and experimental parameters for the X-ray crystallographic studies of [V2(µ-O)(phen)4Cl2]Cl2�2Me2CO (1),
[V2(µ-O)(dpya)3(NCS)4]�2THF (3) and [V(dpya)(NCS)4]�(Hdpya)�THF (4)

Complex 1 3 4

Empirical formula VCl2ON4C27H22 V2O3C42N13S4H43 VOC28N10S4H27

Formula weight 548.34 1008.01 698.77
Crystal system Orthorhombic Monoclinic Triclinic
Space group Pbcn P21/n P1̄
a/Å 18.209(8) 16.980(2) 13.331(3)
b/Å 10.673(3) 17.057(4) 17.890(2)
c/Å 25.087(8) 18.199(2) 8.405(1)
α/�   93.41(1)
β/�  103.592(9) 91.08(1)
γ/�   107.11(1)
V/Å3 4876(5) 5123(1) 1911.2(5)
Z 8 4 2
Dc/g cm�3 1.494 1.307 1.214
µ(Mo-Kα)/cm�1 6.44 5.77 5.12
F(000) 2248.00 2080.00 720
θ range (max.) 24.98 27.56 27.56
hkl range 0 < h < 19 0 < h < 22 0 < h < 17
 0 < k < 12 0 < k < 22 �23 < k < 22
 �29 < l < 0 �23 < l < 23 �10 < l < 10
No. observations [I > 3.00σ(I )] 1535 4596 3407
No. variables 321 532 368
R 0.057 0.080 0.100
Rw 0.070 0.101 0.158

The X-ray structural analyses of [V2O(-his)4]�2H2O (-his = -
histidinate) 2,3a and [V2O(phen)4Cl2]Cl2�8H2O

5 reveal unusually
small bent angles of 153.9(2) and 169.6(3)�, respectively, due to
the intramolecular hydrogen bonding interaction of -his and
π–π stacking interactions between the ligands. The V–O–V
angle is flexible and easily distorted in response to a number
of weak interactions, such as π–π stacking and hydrogen bond-
ing.2,3a,d,5 The planar phen rings of complex 1 show bond-over-
ring π–π stacking interactions.

The structure of 3

The X-ray crystal structure of complex 3 reveals the presence of
a neutral dinuclear [V2(µ-O)(dpya)3(NCS)4] complex with three
well-separated THF molecules of crystallization. The mole-
cular structure of the complex [V2(µ-O)(dpya)3(NCS)4] is shown
in Fig. 2. Selected bond lengths and angles are given in Table 3.
The molecule is a singly bridged dinuclear vanadium() com-
plex. Each vanadium() atom is in a pseudooctahedral
environment comprising dpya ligands, thiocyanato ligands and
a bridging oxygen atom (VON5 coordination sphere). The
V–O–V angle of complex 3 [173.6(4)�] is in the same range
as those found in other singly bridged vanadium() com-
plexes.2–7,29 It is worth noting from Fig. 2 that each vanadium()
atom has different donor ligands. While terminal ligation at the
V(1) atom is provided by one thiocyanato ligand and two dpya
ligands, the V(2) atom is coordinated by one dpya ligand and
three thiocyanato ligands. This asymmetric dinuclear complex is
a unique example among crystallographically characterized
vanadium() complexes. The V–Ooxo distances of 1.771(6) and
1.778(6) Å are comparable with those of complex 1 and other

Table 2 Selected bond distances (Å) and angles (�) for 1

V(1)–O(1) 1.778(2) V(1)–Cl(1) 2.351(3)
V(1)–N(1) 2.183(7) V(1)–N(2) 2.103(8)
V(1)–N(3) 2.119(8) V(1)–N(4) 2.118(8)
 
Cl(1)–V(1)–O(1) 101.3(3) Cl(1)–V(1)–N(1) 88.1(2)
Cl(1)–V(1)–N(2) 89.8(2) Cl(1)–V(1)–N(3) 94.3(3)
Cl(1)–V(1)–N(4) 165.7(2) O(1)–V(1)–N(1) 167.5(2)
O(1)–V(1)–N(2) 95.2(3) O(1)–V(1)–N(3) 97.7(3)
O(1)–V(1)–N(4) 90.9(3) N(1)–V(1)–N(2) 76.4(3)
N(1)–V(1)–N(3) 89.8(3) N(1)–V(1)–N(4) 81.0(3)
N(2)–V(1)–N(3) 165.5(3) N(2)–V(1)–N(4) 96.4(3)
N(3)–V(1)–N(4) 76.6(3) V(1)–O(1)–V(1�) 168.0(5)

Fig. 2 ORTEP drawing of [V2(µ-O)(dpya)3(NCS)4], showing the atom-
labeling scheme, with thermal ellipsoids at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Table 3 Selected bond distances (Å) and angles (�) for 3

V(1)–O(1) 1.778(6) V(1)–N(1) 2.118(8)
V(1)–N(3) 2.182(8) V(1)–N(4) 2.128(8)
V(1)–N(6) 2.128(8) V(1)–N(7) 2.041(9)
V(2)–O(1) 1.771(6) V(2)–N(8) 2.135(9)
V(2)–N(10) 2.126(8) V(2)–N(11) 2.055(9)
V(2)–N(12) 2.048(9) V(2)–N(13) 2.079(9)
 
O(1)–V(1)–N(1) 93.7(3) O(1)–V(2)–N(8) 91.4(3)
O(1)–V(1)–N(3) 175.3(3) O(1)–V(2)–N(10) 90.4(3)
O(1)–V(1)–N(4) 92.3(3) O(1)–V(2)–N(11) 96.0(3)
O(1)–V(1)–N(6) 93.4(3) O(1)–V(2)–N(12) 94.1(3)
O(1)–V(1)–N(7) 96.7(3) O(1)–V(2)–N(13) 175.1(3)
N(1)–V(1)–N(3) 82.6(3) N(8)–V(2)–N(10) 83.9(3)
N(1)–V(1)–N(4) 90.9(3) N(8)–V(2)–N(11) 171.5(4)
N(1)–V(1)–N(6) 172.2(3) N(8)–V(2)–N(12) 93.1(4)
N(1)–V(1)–N(7) 91.9(3) N(8)–V(2)–N(13) 84.8(3)
N(3)–V(1)–N(4) 84.9(3) N(10)–V(2)–N(11) 91.7(3)
N(3)–V(1)–N(6) 90.2(3) N(10)–V(2)–N(12) 174.6(4)
N(3)–V(1)–N(7) 86.4(3) N(10)–V(2)–N(13) 86.0(3)
N(4)–V(1)–N(6) 85.5(3) N(11)–V(2)–N(12) 90.7(4)
N(4)–V(1)–N(7) 170.4(3) N(11)–V(2)–N(13) 87.6(3)
N(6)–V(1)–N(7) 90.6(3) N(12)–V(2)–N(13) 89.3(4)
V(1)–O(1)–V(2) 173.6(4)   
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related crystallographically characterized complexes.2–7,33–39 The
V(1)–N(3) bond distance [2.182(8) Å] is longer (0.06 Å)
than the other V–Ndpya distances due to the trans influence of
the bridging oxo group. The V(2)–N(13) bond [2.079(9) Å] of
the thiocyanato ligand in the trans position with respect to the
bridging oxygen is very similar in length to the V(2)–NNCS

bonds [2.055(9) and 2.048(9) Å]. The structural influence of the
µ-oxo group is also observed in complex 3 (V–NNCS bond
lengthened by 0.03 Å). The relatively small trans influence on
the V–NNCS distance is due to anionic character of the NCS�

ligand. This trans influence has also been observed in other
crystallographically characterized oxo-bridged dinuclear com-
plexes.2,3 The V(1)–NNCS bond distance [2.041(9) Å] is shorter
than the V(2)–NNCS distances in 3.

The structure of 4

The crystal structure of complex 4 reveals the presence of two
THF molecules and a metal-free Hdpya� as the counter ion
of the [V(dpya)(NCS)4]

� anion. The structure of [V(dpya)-
(NCS)4]

�, with the atomic numbering scheme, is given in Fig. 3.

Selected bond distances and angles for complex 4 are shown in
Table 4. THF molecules of crystallization are hydrogen bonded
to the Hdpya� cations and coordinated dpya. The vanadium
atom shows a slightly distorted octahedral geometry with a
VN6 donor environment. The V–Ndpya distances and chelate
angle are 2.098(8) and 2.099(8) Å, and 83.1(3)�, respectively.
Both complexes 3 and 4 contain the same [V(dpya)(NCS)3]
unit. The bond distances of the [V(dpya)(NCS)3] unit in
complex 4 are shorter than those found in 3. This difference is
associated with the bridging oxo group.

Fig. 3 ORTEP drawing of [V(dpya)(NCS)4]
�, showing the atom-

labeling scheme, with thermal ellipsoids at the 50% probability level.
Hydrogen atoms are omitted for clarity.

Table 4 Selected bond distances (Å) and angles (�) for 4

V(1)–N(1) 2.098(8) V(1)–N(3) 2.099(8)
V(1)–N(4) 2.011(10) V(1)–N(5) 2.028(9)
V(1)–N(6) 2.03(1) V(1)–N(7) 2.01(1)
 
N(1)–V(1)–N(3) 83.1(3) N(3)–V(1)–N(4) 174.8(4)
N(1)–V(1)–N(4) 92.0(3) N(3)–V(1)–N(5) 91.2(3)
N(1)–V(1)–N(5) 174.3(3) N(3)–V(1)–N(6) 89.9(3)
N(1)–V(1)–N(6) 88.7(3) N(3)–V(1)–N(7) 88.1(3)
N(1)–V(1)–N(7) 89.0(4) N(5)–V(1)–N(6) 91.0(4)
N(4)–V(1)–N(5) 93.7(4) N(5)–V(1)–N(7) 91.2(4)
N(4)–V(1)–N(6) 91.7(4) N(6)–V(1)–N(7) 177.1(4)
N(4)–V(1)–N(7) 90.1(4)  

The reactions of 2

The reaction between VCl3(THF)3 and dpya affords violet
crystals of [V2(µ-O)(dpya)4Cl2]Cl2 (2). Even when a crystal of 2
was mounted in a glass capillary, it readily decomposed. How-
ever, we did manage to determine an outline view of the µ-oxo
dinuclear structure. 2 crystallizes in a monoclinic unit cell
with a = 35.158(8), b = 16.984(4), c = 20.180(8) Å, β = 112.09(3)�,
V = 11165(5) Å3, space group C2/c.41 This structure is consistent
with UV-Vis and Raman spectroscopic measurements. Substi-
tution of the chloride ions by thiocyanate changes the color of
the solution from violet to brown. Sodium salts of thiocyanate,
azide and cyanate have been used in reactions with mono-
nuclear vanadium() and vanadium() complexes.4,21,22

Because complexes 3 and 4 are unstable in air, we could not
obtain good elemental analyses. However, based on the X-ray
crystallographic studies, we can identify the reaction products
as two vanadium() species, which are the µ-oxo dinuclear
complex 3 and the mononuclear complex 4. As shown in
Scheme 1, there are two types of dpya coordination with respect
to the bridging oxo group in complex 2. The first example dis-
plays cis–cis (type A) coordination of the pyridyl groups. The
second example is cis–trans(type B) coordination of the pyridyl
group with respect to the bridging oxo group. The thiocyanate
ligands substitute not only the two chloride ligands but also one
dpya coordinated in the trans position. For complex 3, a dpya
(type B) is selectively substituted due to the trans effect of the
bridging µ-oxo group, and the [V–O–V]4� core is retained dur-
ing the substitution reaction. However, the reason why only one
half of the type B ligand is replaced is not clear at this stage.

Magnetic properties

Powdered samples of 1, 2 and 4 gave no EPR spectra both at
room and liquid nitrogen temperatures. In octahedral environ-
ments, vanadium() complexes have an orbital triplet ground
state and spin–orbit coupling is operative to give large zero-field
splitting and short spin-lattice relaxation times, which make
EPR spectra undetectable.31,42,43 Only in a special case has the
vanadium() state has been detected by EPR spectroscopy at
low temperature.44,45 Thus, it is reasonable to assume that
complexes 1, 2 and 4 are formally trivalent.

Variable temperature magnetic susceptibility studies have
been performed on powdered samples of µ-oxo vanadium()
dimers over the temperature range 9 to 172 K for 1 and from
3 to 300 K for 2 and 3. The effective magnetic moment of
complex 1 was measured in solution, and an Evans NMR
determination of its magnetic moment in CD3OD yielded a
value of 3.24 µB per vanadium at room temperature. The effec-
tive magnetic moments of solid samples of 2 and 3 at 300 K are
3.19 and 3.31 µB per vanadium, respectively, which are larger
than the spin-only value of 2.83 µB per vanadium for an octa-
hedral vanadium() complex. The effective magnetic moments
of these complexes decrease at lower temperature (2.28 and
2.91 µB per vanadium at 3 K for 2 and 3, respectively). These
complexes exhibit similar Curie–Weiss behavior, with θ =
�3.69, �1.58 and �1.62 K for complexes 1, 2 and 3, respect-
ively. This behavior is indicative of weak antiferromagnetic
interaction between the vanadium() (d2) ions. A reasonable fit
to the data was not obtained by using the isotropic exchange
Hamiltonian H = �2JS1�S2, where S1 = S2 = 1 for the van-
adium() dimer without a zero-field splitting constant. As a
result of a weak magnetic interaction, the J values of these
complexes are comparable to the zero-field splitting constant.
Consequently, it is difficult to analyze the temperature depend-
ence of the magnetic susceptibility using an isotropic exchange
Hamiltonian without a zero-field splitting constant.

Singly oxo-bridged dinuclear vanadium() compounds
exhibit variations in magnetic behavior. 1–3 show intramole-
cular antiferromagnetic interactions, as does [V2O(bpy)4Cl2]-
Cl2 (3.17 µB per vanadium, θ = �0.64).6 [V2O(SCH2CH2-
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Table 5 Spectroscopic properties of (µ-oxo) dinuclear complexes a

Complexes V–O–V angle/�
Electronic
spectrum/nm

Raman bands
[2νas(V–O–V)/cm�1]

Coordination
environment Ref.

[V2O(SCH2CH2NMe2)4] 177.84(25) 463  ON2S2 7
[V(BH4)2(PMe3)2]2(O) 178.7(1)   OH4P2 29
[V2OCl4(THF)6] 180 482  O4Cl2 3d
[V2OCl4(py)6] 180, 178.7(8) 538  ON3Cl2 19
[L2V2(acac)2(O)]I2 180 539  O3N3 3c
[V2(-his)4(O)] 153.9(2) 478.5 1437 O2N4 2, 3a
[{VBr(tpa)}2(O)] 175.3(2) 540 1324 ON4Br 4
[{VCl(bpy)2}2O]Cl2 173.5 546, 656  ON4Cl 6
[{VCl(phen)2}2O]Cl2 168.0(5), 169.6(3) 480(sh), 542, 662  ON4Cl This work, 5
[V2(dpya)3(NCS)4}2O] 173.6(4) 538, 614 1327 ON5 This work
a L = 1,4,7-trimethyl-1,4,7-triazacyclononane, -his = -histidinate, tpa = tetrapyridylamine. 

Scheme 1

NMe2)4] exhibits no appreciable superexchange interaction,7

possibly because of its five-coordinate geometry.4 Intra-
molecular ferromagnetic spin–exchange coupling (S = 2 ground
state) is also found in [L2V2(acac)2(µ-O)]I2�2H2O and [V2(µ-O)-
Br2(tpa)2]Br (L = 1,4,7-trimethyl-1,4,7-triazacyclononane, tpa =
tetrapyridylammonium ion).3c,4

Spectroscopic properties

Spectroscopic data for all the singly bridged dinuclear
vanadium() systems synthesized and characterized by X-ray
crystallography to date are listed in Table 5. The electronic
spectra of all the oxo-bridged complexes display intense
absorption maxima (ε > 3000 M�1 cm�1) in the visible region:
480(sh), 542 and 662 nm for 1, 548 and 634 nm for 2, 538 and
614 nm for 3. It has been recognized that complexes containing
linear [V–O–V]4� cores exhibit an intense absorption maximum
in the visible region.46 The absorption band is due to a ligand-
to-metal charge transfer (LMCT, µ-O2� to V3�) band of the
[V–O–V]4� unit.3a,26

Raman spectra of powdered samples of 2–4 in KBr pellets
were measured. Both complexes 3 and 4 show Raman bands at
∼1240 and ∼1150 cm�1 attributed to ν(NCS). The Raman bands
at 1290 and 1327 cm�1 can be assigned to the 2νas(V–O–V) of
binuclear complex 2 and 3, respectively. In the case of complex
1, the antisymmetric V–O–V stretching band was hardly
observed because of the weak intensity. Resonance Raman
spectroscopic investigations for oxo-bridged dinuclear van-
adium() complexes have been studied.1b,2,3a,b,26,47 While the
2νas(V–O–V) bands for several singly bridged dinuclear van-
adium() complexes having an aminopolycarboxylato ligand
are observed near 1500 cm�1,3c the 2νas(V–O–V) bands of com-
plexes 2 and 3 is found at significantly lower frequencies. It has
been found that 2νas(V–O–V) increases as the energy of the oxo
to vanadium() charge-transfer transition increases for singly

bridged dinuclear vanadium() complexes.13 Coordination of
bromide, pyridyl nitrogen and imidazolyl nitrogen decreases the
energy of the V–O–V stretching and the LMCT transition.3c As
can be seen in Table 5, the ON4X (X = Cl or Br) and ON5

chromophores of the singly bridged [V–O–V]4� cores exhibit
intense absorption maxima in the visible region (ca. 540 nm)
and show 2νas(V–O–V) bands at ca. 1300 cm�1 in their Raman
spectra. This result indicates that the NCS� group exhibits the
same influence on the energy of V–O–V stretching and the
LMCT transition.

1H NMR spectra

In order to examine the vanadium species in solution, their 1H
NMR spectra were obtained. The 1H NMR signals of mono-
nuclear paramagnetic vanadium() complexes are often broad-
ened. On the other hand, when two vanadium() ions are close
to each other, so that antiferromagnetic interaction occurs, their
1H NMR signals can be observed, due to the narrowing of
isotropic shifts and linewidths.23,25

Complex 1 gave eight broad 1H NMR signals in the region 45
to �40 ppm (∆ν1/2 = 200 to 2000 Hz), illustrating that the effect-
ive antiferromagnetic interaction in solution is maintained, as it
is in the solid state (see ESI). The eight signals can be classified
in two groups according to the linewidths: the broader four
signals, denoted by (B) are shifted to a greater degree than the
narrower ones (A). Crystallographic studies (Fig. 1) indicate the
existence of cis-phen and trans-phen around the bridging O
atom. The superexchange interaction of spins on the van-
adium() dπ orbitals occurs through the pπ orbital of the O
bridge and the transmission of spin densities on cis- and trans-
phen could be different for 1. Therefore, the two types of
signals, A and B, are attributed to cis- and trans-positions.
However, further assignment of the signals A or B to cis- or
trans-phen is beyond the scope of this experiment.24,48 The
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Table 6 Observed 1H NMR chemical shifts and linewidths at half height for dinuclear vanadium() complexes

 
δ a/ppm (∆ν1/2/Hz)

 3,8-H (A) b 3,8-H (B) 5,6-H (A) 5,6-H (B) 2,9-H (A) 2,9-H (B) 4,7-H (A) 4,7-H (B)

[V2Cl2(phen)4(µ-O)]Cl2 (1) 17.5 37.2 7.5 13.6 4.1 �2.1 �17.2 �32.7
 (570) (1350) (290) (200) (250) (300) (950) (2100)
[V2Cl2(4,7-Me2phen)4(µ-O)]Cl2 18.8 35.0 6.8 13.0 — c �2.3 32.9 (Me) 50.4 (Me)
 (1200) (1650)  (450)  (525) (1350) (1500)
[V2Cl2(3,4,7,8-Me4phen)4(µ-O)]Cl2 �10.5 (Me) �25.6 (Me) 7.2 13.3 �2.8 �12.6 31.9 (Me) 49.5 (Me)

(825) (1575) (300) (300) (525) (825) (1350) (1800)
[V2Cl2(5,6-Me2phen)4(µ-O)]Cl2 17.5 37.5 �1.7 (Me) �7.3 (Me) 4.2 0.5 �17.3 �31.4
 (825) (1950) (150) (300)   (1050) (1500)
[V2Cl2(bpy)4(µ-O)]Cl2 21.1 40.1 9.7 17.5 5.6 �17.0 �32.6 �47.0
 (840) (1560) (540) (780)  (900) (2340) (3360)
a Observed 1H NMR chemical shifts in CD3OD at 23 �C from TMS. b (A) and (B) refer to phen or bpy (A) and phen or bpy (B), respectively.
c Overlapping with other signals. 

temperature dependence of the 1H NMR chemical shifts are
plotted against 1/T  in Fig. 4. The apparent straight lines
demonstrate that all eight 1H NMR signals can be attributed to
the same compound over the temperature range studied, indic-
ative of the main species being the oxo-bridged dinuclear
complex.

In order to assign each of the four 1H NMR signals to phen
protons, analogous dinuclear vanadium() complexes were
prepared using phen derivatives and their 1H NMR spectra
were measured in CD3OD at 23 �C (Fig. 5). All the spectral
patterns are quite similar to each other, indicating that these
dinuclear vanadium() complexes have same coordination
environments. The spectra were compared with those of 1. In
the spectrum of the 4,7-Me2phen complex, two signals which
appear at �17.2 and �32.7 ppm for 1 disappear and two new
peaks due to the methyl groups in the 4 and 7 positions appear
at 50.4 and 32.9 ppm. For the 3,4,7,8-Me4phen complex, four
signals seen at 37.2, 17.5, �17.2 and �32.7 ppm for 1 dis-
appear and four new resonances appear at 49.5, 31.9, �10.5
and �25.6 ppm. Furthermore, in the spectrum of the 5,6-
Me2phen complex, two peaks due to the Me groups were
observed at �1.7 and �7.3 ppm, while the two signals observed
at 13.6 and 7.5 ppm in the specrum of 1 disappeared. Similarly,
the 1H NMR signals due to the the 2 and 9 position of phen
were examined using a 2,9-phen compound. On the basis of
these results, all the 1H NMR signals were assigned and are
listed in Table 6. 1H NMR signals for the methyl-substituted
complexes were observed in the range 45 to �55 ppm, similarly
to [V4O2(O2CEt)7 (bpy)2](ClO4).

18 The resonances display the
alternating shift pattern characteristic of contact shifts result-
ing from spin delocalization onto the ligand via a π-delocal-

Fig. 4 The temperature dependence of the 1H NMR chemical shifts
for 1.

ization pathway.18,24 These patterns are similar to those found
for [V4O2(O2CEt)7 (bpy)2](ClO4).

18

On the basis of this results, an analogous dinuclear van-
adium() complex, [V2Cl2(bpy)4(µ-O)]Cl2 (5) (bpy = 2,2�-
bipyridine), was synthesized and its 1H NMR spectrum was
measured. The crystal structure of 5, which was obtained from
preparations in water, has already been reported.6 Similar to
dinuclear vanadium() phen complexes, 5 provides a oxo-
bridged dinuclear structure with a cis-bpy and trans-bpy. Eight
broad 1H NMR signals were found in the spectrum of 5 at 23 �C
in CD3OD 45 to �55 ppm, as was the case for 1.18 These 1H
NMR signals can be classified into two types [(A) and (B)], as
for phen. Plotting the temperature dependence of the 1H NMR
chemical shifts against 1/T  also gives apparently linear
correlations, showing that the main species is an oxo-bridged
dinuclear complex. On the basis of the data for the dinuclear
vanadium() phen complexes, all eight 1H NMR signals of
5 were assigned and the chemical shift values are listed in Table
6. All of the 1H NMR signals due to coordinated bpy in the
spectrum of 5 are shifted. The coordinated bpy resonances

Fig. 5 1H NMR signals of analogous dinuclear vanadium()
complexes with phen analogue measured in CD3OD at 23 �C
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display a contact shifted pattern similar to that seen for
[V4O2(O2CEt)7 (bpy)2](ClO4).

18

In conclusion, the 1H NMR signals of antiferromagnetic
oxo-bridged dinuclear vanadium() complexes with bidentate
N-donor ligands can be readily observed and behavior in
solution as well as in the dinuclear structure can be examined.
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