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Abstract: Complexes of vanadium(III) and vanadium(IV) were synthesized with the tripodal quadridentate ligands, N,N-
bis(2-pyridylmethyl)-2-aminoethanol (Hbpmae) and N,N-bis(2-imidazolylmethyl)-2-aminoethanol (Hbimae). The chemi-
cal structures and geometries were determined by X-ray crystallography or spectral measurements. Vanadium(III) formed 
structurally similar, oxo-bridged, dinuclear complexes with both ligands and exhibited intense absorption bands in the 
visible region. Upon exposure to air, the vanadium(III) complexes oxidized spontaneously, yielding the respective vana-
dium(IV) complexes. The geometry of the vanadium(IV)-Hbpmae complex was very similar to that of the monomeric unit 
in the corresponding vanadium(III) dimer. The alkoxo group in all four complexes coordinated to a metal center in a pro-
tonated form. The geometrical arrangements of the vanadium(IV)-Hbpmae and -Hbimae complexes were different with 
each other. The intense absorption bands in the visible region of the oxo-bridged dinuclear vanadium(III) complexes were 
assigned based on molecular orbital calculation. 
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1. INTRODUCTION 

 Certain species of ascidians are known to accumulate 
vanadium from seawater selectively and intensively.[1]. Va-
nadium accumulated is reduced to the +III oxidation state 
and stored in vacuoles of vanadocytes (vanadium-containing 
blood cells). However, the physiological function of vana-
dium(III) in ascidian blood cells has not yet been clarified. In 
order to understand the role of vanadium(III) in ascidians, 
we have studied the development of coordination chemistry 
of vanadium(III) in details.  

 The structure of a vanadium(III) complex depends highly 
on the chemical structure of the ligands, the chelate ring size 
and the nature of the coordinating groups. For example, 
hexadentate amino polycarboxylate ligands such as ethyle-
nediamine-N,N,N’,N’-tetraacetate (edta) [2] and quadriden-
tate amino polycarboxylate ligands such as nitrilotriacetate 
(nta) [3], form solely five-membered chelate rings, yielding 
heptacoordinate vanadium(III) complexes. Conversely, the 
ligands that form six-membered chelate rings such as 1,3-
propanediamine-N,N,N’,N’-tetraacetate (1,3-pdta) [4] and 
N,N-bis(carboxymethyl)- -alanate ( -alada) [5] yield hexa-
coordinate mononuclear vanadium(III) complexes. Hexaco-
ordinate mononuclear vanadium(III) produces an oxo-
bridged dinuclear complex upon base hydrolysis, whereas 
heptacoordinate vanadium(III) complexes do not [5, 6]. In 
acidic solution, the substitution of acetate group(s) in nta by  
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2-pyridylmethyl group(s) results in the formation of a hexa-
coordinate mononuclear species. In basic solution, an oxo-
bridged dinuclear complex is formed, as observed in 1,3-pdta 
and -alada complexes [7]. An oxo-bridged dinuclear struc-
ture has also been observed in a complex that has a tridentate 
ligand containing an imidazolylmethyl group (histidine) 
[8,9]. However, the substitution of two acetate groups in edta 
by two 2-pyridylmethyl groups produces a heptacoordinate 
mononuclear complex [10]. These studies suggest that the 
introduction of pyridyl functional groups into a polydentate 
ligand does not necessarily yield oxo-bridged dinuclear 
complexes.  

 The replacement of an acetate group in nta [11] or edta 
[12] by a hydroxyethyl group (as opposed to a pyridylmethyl 
group) results in the formation of dialkoxo-bridged dinuclear 
complexes. Therefore, it is of interest to determine the struc-
tural characteristics of vanadium(III) complexes formed with 
tripodal quadridentate ligands containing an alkoxo group 
and pyridylmethyl or imidazolylmethyl groups. Here, we 
report the synthesis, structural characterization, and spectro-
scopic analysis of vanadium(III) complexes with N,N-bis(2-
pyridylmethyl)-2-aminoethanol (Hbpmae) and N,N-bis(2-
imidazolylmethyl)-2-aminoethanol (Hbimae) (Scheme 1). 
The molecular structures of the corresponding vanadium(IV) 
complexes were examined for comparison.  

2. EXPERIMENTAL SECTION 

2.1. Preparation of Ligands 

 Hbpmae was prepared according to a previously pub-
lished method [13]. Hbimae was similarly prepared by the 
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above method, except that 4-imidazolecarboxaldehyde was 
substituted in place of 2-pyridinecarboxaldehyde. 
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Scheme 1. Ligands. 
 

2.2. Preparation of Complexes 

 All synthetic procedures involving vanadium(III) com-
plexes were performed in an N2-filled glove box or in an Ar 
atmosphere using standard Schlenk techniques.  

2.2.1. [V
III

2(μ-O)Cl2(Hbpmae)2]Cl2·3.5H2O (1) 

 Vanadium(III) chloride (0.21 g; 1.3 mmol) was stirred 
into an aqueous solution (30 ml) of Hbpmae (0.31 g; 1.3 
mmol), resulting in a reddish brown solution. After evaporat-
ing to dryness, the resulting reddish purple solid was dis-
solved in 8 ml of ethanol containing 0.1 ml of water at 70 
°C. Reddish brown crystals (0.20 g, 46% yield) were formed 
by cooling the solution slowly. Elemental analysis: C, 42.49; 
H, 5.16; N, 10.20%. Calcd for C28H41N6O6.5V2Cl4: C, 41.55; 
H, 5.11; N, 10.38%. Selected IR data (KBr disk): 1607, 
1447, 1290, 1093, 1037, 1027, 992, 883, 802, 765, 727, 650 
cm-1. 

2.2.2. [V
IV

OCl(Hbpmae)]Cl (2) 

 Barium chloride dihydrate (0.24 g; 1.0 mmol) was added 
to an aqueous solution (5 ml) of Hbpmae (0.24 g; 1.0 mmol). 
This solution was then mixed with an aqueous solution (5 
ml) of VOSO4·3H2O (0.23 g; 1.0 mmol) and stirred for 1 

Table 1. Summary of X-Ray Data Collection and Refinement 

 [VIII
2(μ-O)Cl2(Hbpm-ae)2]Cl2·3.5H2O (1) [VIVOCl(Hbpmae)] (2) [VIVOCl(Hbimae)]Cl·1.5C2H5OH (4) 

Empirical formula C28H41N6O6.5Cl4V2 C14H17N3O2Cl2V C13H24N5O3.5Cl2V 

Formula weight 809.36 381.15 428.21 

Crystal system triclinic orthorhombic monoclinic 

 

Space group 

 - 

P1 (#2) 

  

Fdd 2 (#43) 

 

P21/n (#14) 

a /Å 8.789(4) 17.722(7) 13.9306(5) 

b /Å 10.744(4) 30.132(11) 14.5273(4) 

c /Å 11.651(6) 12.165(8) 20.0705(7) 

/° 70.16(3)   

/° 72.10(4)  108.5770(5) 

/° 87.37(3)   

V /Å3 982.7(7) 6496(5) 3850.1(2) 

Z 1 16 4 

T /K 296 296 183 

calcd/g cm-3 1.368 1.559 1.477 

(Mo K )/Å 0.7107 0.7107 0.7107 

μ(Mo K )/cm-1 7.92 9.49 8.16 

F(000) 417 3120 1776 

No. of measured 

reflns 

6014 2465 30484 

No. of unique reflns 

No. of obsd reflns  

5730 

1719 (I >2 (I )) 

2465 

1209 (I >2 (I )) 

8768 

6799 (I >2 (I )) 

No. of params  232 199 501 

R, Rw 0.0892, 0.2395 0.0516, 0.1274 0.0634, 0.2148 

GOF 1.002 1.033 1.002 
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day. The barium sulfate precipitate was filtered off and the 
filtrate was evaporated to dryness. The blue powder thus 
obtained was dissolved in 7 ml of methanol at 60 °C. Slow 
cooling of the solution yielded blue crystals (0.16 g; 42% 
yield). The same compound was obtained by air oxidation of 
the corresponding vanadium(III) complex. Elemental analy-
sis: C, 43.91; H, 4.41; N, 10.83%. Calcd for 
C14H17N3O2VCl2: C, 44.12, H, 4.50; N, 11.03%. Selected IR 
data (KBr disk): 1607, 1452, 1419, 1293, 1107, 1089, 1062, 
1033, 971, 888, 802, 772, 730 cm-1. 

2.2.3. [V
III

2(μ-O)Cl2(Hbimae)]Cl2·0.5C2H5OH·2H2O·4LiCl 

(3) 

 Vanadium(III) chloride (0.16 g; 1.0 mmol) was dissolved 
in an aqueous solution of Hbimae (0.22 g; 1.0 mmol) and 
LiOH·H2O (0.02 g; 0.5 mmol), producing a reddish brown 
solution. After evaporating to dryness, the reddish purple 
solid was dissolved in 5 ml of ethanol and allowed to stand 
at room temperature. The precipitate was filtered, washed 
with ethanol, and dried in a vacuum desiccator, resulting in a 
reddish brown powder (0.30 g; 33% yield). Further purifica-
tion was unsuccessful because of significant oxidation. Ele-
mental analysis: C, 27.43; H, 4.40; N, 15.23%. Calcd for 
C21H40N10O5.5V2Cl8Li4: C, 27.63; H, 4.41; N, 15.34%. Se-
lected IR data (nujol mull): 1378, 1270, 1081, 1048, 1009, 
981, 722 cm-1. 

2.2.4. [V
IV

OCl(Hbimae)]Cl·1.5C2H5OH (4) 

 Vanadium(III)-Hbimae complex obtained by the above 
method was dissolved in 8 ml of ethanol. Air oxidation of 
the complex resulted in a pale blue solution. The solution 
allowed to stand at 50 °C, yielding pale blue crystals (0.19 g; 
44% yield). The same compound was obtained with a lower 
yield by a reaction of VIVOSO4 with Hbimae in a similar 
procedure as [VIVOCl(Hbpmae)]. Elemental analysis: C, 
32.17; H, 4.33; N, 18.54%. Calcd for C10H17N5O3VCl2 = 
[VIVOCl(Hbimae)]Cl·H2O: C, 31.84; H, 4.55; N, 18.57%. 
Since the crystals display significant efflorescence, ethanol 
molecules of crystallization, which were evident in the X-ray 
crystal structure, were exchanged with water molecules un-
der air at room temperature. Selected IR data (KBr disk): 
1502, 1461, 1345, 1270, 1104, 1080, 1016, 979, 800, 673, 
618 cm-1.  

2.3. Measurements 

 UV-visible absorption spectra were measured using a 
Shimadzu UV-3100PC spectrophotometer. The spectra of 
vanadium(III) complexes were obtained in an Ar atmos-
phere. Infrared absorption spectra were recorded on a 
JASCO FT/IR-8000S. Magnetic susceptibility at 298 K was 
measured using Sherwood Scientific MSB-AUTO. 

2.4. X-Ray Structure Determination 

 The crystallographic data are summarized in Table 1. A 
crystal of [VIII

2(μ-O)Cl2(Hbpmae)2]Cl2·3.5H2O (1), [VI-

VOCl(Hbpmae)]Cl (2), or [VIVOCl(Hbimae)]Cl·1.5C2H5OH 
(4) was mounted on a glass fiber, coated with epoxy resin as 
a precaution against solvent loss, and centered on a Rigaku 
AFC7R (complex 1), a Rigaku AFC7S (complex 2), or a 
Rigaku Mercury CCD system (complex 4) using graphite-
monochromated Mo K  radiation. Diffraction data on com-
plexes 1 and 2 were collected at 23 °C . Crystals of complex 

4, however, displayed significant efflorescence at room tem-
perature in air, causing a loss of ethanol molecules of crys-
tallization. Diffraction data for complex 4 were therefore 
obtained at -90 °C.  

 Structural data were obtained using the direct methods 
SIR2004 [14] for complexes 1 and 4, and SHELX97 [15] for 
complex 2. Some remaining atom positions were found by 
successive Fourier techniques, DIRDIF99 [16]. All of the 
non-hydrogen atoms were refined anisotropically. Hydrogen 
atoms, except those of water, were included but not refined. 
All calculations were performed using CrystalStructure 
[17,18] for complexes 1 and 4, and SHELX97 for complex 2 
[15]. Crystallographic data were deposited with Cambridge 
Crystallographic Data Centre: deposition numbers 671279-
671281. Copies of the data can be obtained free of charge via 
http://www.ccdc.cam.ac.uk/conts/retreiving.html (or from 
the Cambridge Crystallographic Data Centre, 12, Union 
Road, Cambridge, CB2 1EZ, UK: fax: +44 1223 336033; e-
mail: deposit@ccdc.ccam.ac.uk ). 

2.5. Theoretical Calculations 

 Electronic structure calculations of complex 1 were car-
ried out using the X-ray structure at a density functional the-
ory (DFT) level with Gaussian 98, revision A 11.3 [19]. A 
density functional of Becke’s style three-parameter hybrid 
functional for the Perdew-Wang exchange-correlation 
(B3PW91) was used [20]. The basis functions used were 
Dunning-Hay’s split-valence double-  for C, H, and N atoms 
(D95) and the Hay-Wadt double-  with a Los Alamos rela-
tivistic effective core potential for V and Cl atoms 
(LANL2DZ) [21]. Energies and properties for electronic 
excitations were calculated at a time-dependent DFT level 
using the B3PW91 functional. The molecular orbitals were 
drawn using MOLEKEL [22] 

3. RESULTS AND DISCUSSION 

3.1. Structural Description of Complex 1 

 A perspective view of the cationic part of complex 1 is 
shown in Fig. (1), and the selected bond distances and angles 
are summarized in Table 2. The X-ray crystal structure re-
vealed that complex 1 is a single oxo-bridged dinuclear 
complex with a crystallographically enforced center of 
symmetry on the bridging oxo atom. Although such a strictly 
linear V(III)-O-V(III) bridging mode has been observed in 
[VIII

2O(NH3)10]I4 [23], the V(III)-O-V(III) moiety usually 
takes a slightly bent configuration because of some weak 
inter- and/or intramolecular interactions such as  stack-
ing [24, 25] and hydrogen bond formation [8, 9]. In a mono-
nuclear unit, the vanadium(III) center adopts a distorted oc-
tahedral geometry. The two pyridyl nitrogen atoms of the 
quadridentate Hbpmae ligand are bound to the vanadium(III) 
center in a trans configuration. This coordination mode re-
sults in a fairly small trans angle (N2-V1-N3: 159.2(3)°) 
compared with the ideal trans angle of an octahedron (180°). 
The alkoxo oxygen atom is situated in the trans position of 
the bridging oxo atom. Consideration of the charge balance 
of complex 1 indicates that the alkoxo groups of the ligand 
coordinate to vanadium(III) in a protonated form (Hbpmae). 
The V-O(alcohol) distances support this speculation. The 
V1-O2 bond length (2.141(10) Å) is greater by 0.1-0.15 Å 
than that of the coordination bond length of a deprotonated 
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alkoxo group [11, 12], reflecting weak coordination by the 
protonated alkoxo group. The sixth coordination position is 

occupied by a chloro ligand. The bond length between the 
vanadium(III) center (V1) and the bridging oxo atom (O1) in 
complex 1 compares well with the corresponding bond 
lengths of other hexacoordinate oxo-bridged dinuclear vana-
dium(III) complexes [7, 23, 24, 26]. The bond length(s) be-
tween the vanadium(III) center and the amino nitrogen or 
pyridyl nitrogen atoms in complex 1 also agree well with 
those found in the hexacoordinate oxo-bridged dinuclear 
vanadium(III) complex, [VIII

2(μ-O)Br2(tpa)2]
2+ (tpa: tris(2-

pyridylmethyl)amine) [7], but are slightly shorter than those 
found in the heptacoordinate mononuclear vanadium(III) 
complex, [VIII(bpedda)(H2O)]+ (bpedda: N,N’-bis(2-
pyridylmethyl)-1,2-ethanediaimine-N,N’-diacetate) [10], 
reflecting a lower coordination number (six vs. seven). 

 The coordination stereochemistry of vanadium(III) com-
plexes depends highly on the coordinating group chemistry 
and chelate ring sizes [27]. In vanadium(III)-Hbpmae com-
plex, the pyridyl group is more likely to induce the formation 
of an oxo-bridged dinuclear complex by base hydrolysis than 
the alkoxo group is of a dialkoxo-bridged dinuclear complex. 
It is possible that  accepting character of the pyridyl group 
may have compensated an increase in electron density of 
vanadium(III) center induced by coordination of an oxo 
group with  donating character. 

 

 

 

 

 

 

 

 

 

 

 
Fig. (1). Perspective View of the Cationic Part of Complex 1. 

Table 2. Selected Bond Distances (Å) and Angles (°) for [VIII
2(μ-O)Cl2(Hbpmae)2]Cl2·3.5H2O (1) and [VIVCl(Hbpmae)]Cl (2) 

1 2 

V1-Cl1 2.365(3) V1-Cl1 2.327(2) 

V1-O1 1.784(2) V1-O1 1.604(6) 

V1-O2 2.141(10) V1-O2 2.202(5) 

V1-N1 2.137(7) V1-N1 2.101(6) 

V1-N2 2.125(9) V1-N2 2.079(8) 

V1-N3 2.088(9) V1-N3 2.117(7) 

Cl1-V1-O1 101.34(13) Cl1-V1-O1 103.6(2) 

Cl1-V1-O2 87.1(2) Cl1-V1-O2 84.30(16) 

Cl1-V1-N1 165.6(3) Cl1-V1-N1 160.87(19) 

Cl1-V1-N2 98.7(2) Cl1-V1-N2 100.4(2) 

Cl1-V1-N3 100.9(2) Cl1-V1-N3 97.8(2) 

O1-V1-O2 170.4(2) O1-V1-O2 171.9(3) 

O1-V1-N1 93.0(3) O1-V1-N1 95.4(3) 

O1-V1-N2 93.2(3) O1-V1-N2 94.9(3) 

O1-V1-N3 89.7(3) O1-V1-N3 95.1(3) 

O2-V1-N1 78.6(4) O2-V1-N1 76.7(2) 

O2-V1-N2 89.9(4) O2-V1-N2 82.0(3) 

O2-V1-N3 84.2(3) O2-V1-N3 85.2(2) 

N1-V1-N2 79.2(3) N1-V1-N2 79.7(3) 

N1-V1-N3 80.1(3) N1-V1-N3 78.2(3) 

N2-V1-N3 159.2(3) N2-V1-N3 156.4(3) 

V1-O1-V1’ 180.0   



Structures of Vanadium(III) and -(IV) Complexes The Open Inorganic Chemistry Journal, 2008, Volume 2    29 

3.2. Solution Properties of Complex 1 

 Diffuse reflectance (powder) and absorption (ethanol 
solution) spectra of complex 1 are shown in Fig. (2). The 
spectra correspond well with each other, indicating that the 
solid-state structure was maintained upon dissolution in 
ethanol. The very intense absorption bands observed in the 
visible region for the known oxo-bridged dinuclear vana-
dium(III) complexes (for complex 1, the band at 518 nm 
with  = 2990 mol-1dm3cm-1) have been assigned to the 
ligand-to-metal charge transfer (LMCT) transition of the 
V(III)-O-V(IIII) moiety based on resonance Raman studies 
[9, 28-30]. This assignment is discussed in greater detail 
later. 

 

 

 

 

 

 

 

 
 
 
Fig. (2). Diffuse Reflectance and Absorption Spectra of complex 1 
and Absorption Spectrum of Complex 3, both in Ethanol (1.0 mM). 

 
 Complex 1 was moderately stable in the crystalline state, 
yet was sensitive to air oxidation in solution. The LMCT 
absorption band at 518 nm completely disappeared after 150 
min in ethanol under aerobic conditions, yielding a light blue 
solution. This color change suggested the oxidation of vana-
dium(III) to vanadium(IV). The X-ray crystal structure of 
this resulting vanadium(IV) complex (2) was determined to 
obtain structural data that may explain the instability of 
complex 1. 

3.3. Structural Description of Complex 2 

 A perspective view of the cationic part of complex 2 is 
shown in Fig. (3). The selected bond distances and angles are 
stated in Table 2, along with those of complex 1. The vana-
dium(IV) atom has a distorted octahedral structure. On the 
whole, the coordination geometry of complex 2 is very simi-
lar to that of the mononuclear unit in complex 1, except that 
the bridging oxo atom in complex 1 replaces the terminal 
oxo atom in complex 2. The alkoxo group in complex 2 also 
coordinates to vanadium(IV) in a protonated form as in 
complex 1. A similar coordination mode of alkoxo groups 
has been observed in [VIVO(OH2)(Hhida)] (Hhida: N-(2-
hydroxyethyl)iminodiacetate) [31]. The alcohol oxygen of 
complex 2 is situated in a trans position to the oxo group, 
whereas that in the Hhida complex is in a cis position. As a 
result of the strong trans influence of the oxo group, the 
V(IV)-O(alcohol) distance is longer in complex 2 (2.202(5) 
Å) than in the Hhida complex (2.070(5) Å). The short V1-O1 
distance (1.604(6) Å) indicates considerable -bond charac-
ter. The differences in other coordination bond lengths be-
tween complex 1 and complex 2 are relatively small despite 

a reduction in the ionic radius of vanadium by 0.06 Å as a 
result of oxidation from III to IV [32]. The bond angles in 
complex 2 also compare well with the corresponding angles 
in complex 1. This small rearrangement of atomic positions, 
i.e., a small energetic barrier to oxidation, may be one of the 
reasons that complex 1 is easily oxidized to complex, 2. 

3.4. Structural Estimation and Properties of Complex 3 

 We evaluated the changes in structural and spectroscopic 
properties caused by the substitution of the pyridyl groups in 
Hbpmae by the imidazole groups in Hbimae. The coordina-
tion chemistry of imidazole groups is of importance in bioi-
norganic chemistry because imidazole groups are biologi-
cally relevant heterocyclic compounds. The molecular struc-
ture of complex 3 was based on the visible absorption spec-
trum and elemental analysis, because crystals of complex 3 
were not attainable with sufficient quality for X-ray crystal-
lography. 

 

 

 

 

 

 

 

 

 

 

Fig. (3). Perspective View of the Cationic Part of Complex 2. 

 
 The absorption spectra of complexes 1 and 3 are very 
similar (Fig. 2). The LMCT transition of the V(III)-O-V(III) 
moiety at 494 nm indicates that complex 3 also has an oxo-
bridged dinuclear structure. The elemental analysis and 
charge balance suggests that the alkoxo group in complex 3 
is coordinated to the vanadium(III) center in a protonated 
form as observed in complex 1. 

 Complex 3 was extremely labile toward oxidation upon 
exposure to air in both solution and solid powder form. 
When exposed to air, powder sample of complex 3 changed 
from reddish brown to light blue within 12 h, indicative of 
the oxidation of vanadium(III) to vanadium(IV). In an aero-
bic ethanol solution, the LMCT band completely disappeared 
after 1 h, presumably attributable to the formation of vana-
dium(IV) complex. This oxidation reaction is much faster 
than in complex 1, suggesting that the substitution of pyridyl 
groups in Hbpmae with imidazolyl groups resulted in the 
destabilization of the vanadium(III) complex. 

3.5. Structure and Properties of Complex 4 

 The perspective view of [VIVOCl(Hbimae)]+ is shown in 
Fig. (4), and the selected bond distances and angles are 
summarized in Table 3. The unit cell of the crystal contains 
two crystallographically independent complex ions with 
similar geometries. Complex 4 has a distorted octahedral 
structure composed of a quadridentate Hbimae ligand, a 
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chloro ligand, and an oxo ligand. As observed in complexes 
1-3, the alkoxo group coordinates to the vanadium(IV) cen-
ter in a protonated form. The coordination arrangement of 
the Hbimae ligand is similar to that of Hbpmae in complex 2 
with the two imidazole groups occupying trans positions 
relative to each other. The trans angle in complex 4 (av. 
148.51(14)°) is significantly smaller than the corresponding 
angle in complex 2 (156.4(3)°). Interestingly, the positions 
of the chloro and oxo ligands in complex 4 were inter-
changed relative to their positions in complex 2, i.e., the oxo 

ligand is positioned trans to the amino nitrogen in complex 
4, whereas it is positioned trans to the chloro ligand in com-
plex 2. This considerably weakens the coordination bond 
strength of the amino nitrogen (N1) in complex 4 because of 
the strong trans influence of the oxo ligand. The net result is 
manifest in a lengthening of the V1-N1 bond distance in 
complex 4 (av. 2.365(3) Å) relative to the corresponding 
bond length in complex 2 (2.101(6) Å). Additionally, the 
bond length between the vanadium(IV) atom and the alkoxo 
oxygen is shortened in complex 4 (av. 2.083(2) Å) relative to 
that in complex 2 (2.202(5) Å). If we assume that the vana-
dium(III) complex with Hbimae (complex 3) has an identical 
donor atom arrangement as complex 4, then the exchange of 
positions between the bridging oxo atom and the chloro atom 
in complex 1 relative to complex 3 may also help to explain 
the observed difference in the stability of the two vana-
dium(III) complexes. 

3.6. Assignment of the Intense Visible Band  

 Oxo-bridged dinuclear vanadium(III) complexes exhibit 
an intense band in the 400-550 nm region as observed in 
ethanol solution of complex 1. Based on the resonance Ra-
man studies, this intense band was assigned to a charge 
transfer transition between the bridging oxo atom and vana-
dium(III) atom [9, 28-30]. A qualitative molecular orbital 

 

 

 

 

 

 

 

 

 

Fig. (4). Perspective View of the Cationic Part of Complex 4. 

Table 3. Selected Bond Distances (Å) and Angles (°) for [VIVOCl(Hbimae)]Cl·1.5C2H5OH 

V1-Cl1 2.3291(11) V2-Cl2 2.3353(13) 

V1-O1 1.623(3) V2-O3 1.601(3) 

V1-O2 2.089(2) V2-O4 2.076(3) 

V1-N1 2.355(3) V2-N6 2.375(3) 

V1-N2 2.082(3) V2-N7 2.091(3) 

V1-N4 2.083(3) V2-N9 2.089(3) 

Cl1-V1-O1 101.94(11) Cl2-V2-O3 101.63(12) 

Cl1-V1-O2 165.42(9) Cl2-V2-O4 165.13(8) 

Cl1-V1-N1 88.95(8) Cl2-V2-N6 90.25(8) 

Cl1-V1-N2 88.81(9) Cl2-V2-N7 89.12(10) 

Cl1-V1-N4 89.12(9) Cl2-V2-N9 88.03(10) 

O1-V1-O2 92.33(13) O3-V2-O4 93.07(14) 

O1-V1-N1 168.91(14) O3-V2-N6 168.04(14) 

O1-V1-N2 104.40(16) O3-V2-N7 105.29(16) 

O1-V1-N4 106.51(15) O3-V2-N9 106.27(18) 

O2-V1-N1 76.92(11) O4-V2-N6 75.11(11) 

O2-V1-N2 90.57(12) O4-V2-N7 89.11(14) 

O2-V1-N4 83.88(13) O4-V4-N9 85.72(14) 

N1-V1-N2 73.41(12) N6-V2-N7 73.23(12) 

N1-V1-N4 75.40(12) N6-V2-N9 75.15(14) 

N2-V1-N4 148.77(13) N7-V2-N9 148.24(14) 
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diagram for the V(III)-O-V(III) moiety was proposed by 
Bond et al. [28]. To obtain further insight on the intense 
band of the oxo-bridged dinuclear vanadium(III) complexes, 
a detailed molecular orbital diagram for vanadium(III)-
Hbpmae (complex 1) was calculated. The effective magnetic 
moment of complex 1 at 298 K is 3.06 μB, which is larger 
than the spin-only value for d2 (2.83 μB), indicating a ferro-
magnetic coupling between two vanadium(III) centers. Thus, 
the ground state of complex 1 is reasonably assumed to be 
S=5. 

 A dinuclear complex containing a linear M-O-M moiety 
(M = ruthenium(IV), rhenium, tungsten, and vanadium(III)) 
with a D4h point group exhibit strong interaction between the 
metal dxy, dyz, and dzx orbitals, and oxygen px and py orbitals, 
yielding molecular orbitals (MOs) with the order eu < (b2g, 
b1u, eg) < eu*, where eu is bonding dzx-px-dzx and dyz-py-dyz 
MOs and eu* is the corresponding antibonding MO. The or-

bitals in parentheses are approximately degenerate nonbond-
ing MOs [28, 33, 34]. Transition moment calculations indi-
cate that the intense transition in the visible region is ascrib-
able to the eg eu*, a metal-localized *-like transition 
within M-O-M moiety [34, 35] 

 DFT calculations for complex 1 also indicate that the 
intense visible band originates from the eg eu* transition. 
Fig. (5) shows the energy diagram of MOs for complex 1 
calculated at an unrestricted DFT level with an excess of 
four alpha-spin electrons, i.e., S=5. The unrestricted model 
uses separate spatial orbitals for the alpha-spin and beta-spin 
electrons. Features of alpha-spin electrons are shown in Fig. 
(5). Whereas the interaction of the V(III)-O-V(III) moiety 
with the Hbpmae ligands complicates the electronic struc-
ture, it is readily observed that unoccupied MO156 and 
MO157 MOs correspond to eu* and occupied MO154 and 
MO155 MOs are eg. The other nonbonding MOs, i.e., b1g and 
b2u, are MO152 and MO153, respectively. MO158 and 
MO159 are * orbitals mainly on the Hbpmae ligands. 
MO148-MO151 MOs result from a combination of non-
bonding 3p orbitals on the chloride ions. MO146-MO147 
MOs are composed of  orbitals of the pyridyl moieties and 
3p (Cl) orbitals. 

 Table 4 summarizes the excitation energies and oscillator 
strengths (f) of the low-lying 20 electronic transitions for 
complex 1. Transition 12 exhibits the greatest f value at 2.57 
eV ( f = 0.180, 482 nm), corresponding to the intense band 
observed at approximately 520nm in Fig. (2). This transition 
results from the combination of two one-electron eg eu* 
transitions in the V(III)-O-V(III) moiety: MO154  MO157 
and MO155  MO156. Thus, the intense visible absorption 
band observed in ethanol solution of complex 1 is ascribed 
on a theoretical basis to a *-like transition within the 
V(III)-O-V(III) moiety. Transitions 10 and 11, which exhibit 
relatively low oscillator strengths(f = 0.006 + 0.013) are lo-
cated on the low-energy side of the intense visible band. 
These weak transitions are characterized as LMCT from de-
generate MO152 and MO153 orbitals involving 3p (Cl) and 

(pyridine) orbitals to eu* of the V(III)-O-V(III) moiety 
(MO157). 

 In previous work [29], the Raman band due to an anti-
symmetric V-O-V stretching mode was strongly resonance-
enhanced upon excitation on the low-energy side of the in-
tense visible absorption band. Because TD-DFT calculations 
indicate that this intense band is caused by the nondegener-
ate transition 12 (Table 4), it is unlikely that the excited state 
that is formed by the excitation of the intense band under-
goes Jahn-Teller distortion. However, the LMCT transitions 
10 and 11 are almost degenerate because of very weak elec-
tronic interactions with 3p orbitals of the chloride ions. 
Therefore, excitation into the LMCT band is most likely to 
cause localization of the excited state on one of the V(III)-Cl 
moieties. Because the localization is accompanied by the 
Jahn-Teller distortion breaking the point symmetry of the V-
O-V moiety, the LMCT excitation would be coupled to an 
antisymmetric V-O-V stretching mode. Thus, this coupling 
would induce a strong enhancement in the antisymmetric 
Raman V-O-V stretching mode in oxo-bridged dinuclear 
vanadium(III) complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). Molecular Orbital Energy Diagram Calculated for Com-
plex1 at the Unrestricted B3PW91/LANL2DZ Level. 
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Fig. (6). Molecular Orbitals for Alpha-spin Electrons Calculated for Complex 1 at the Unrestricted B3PW91/LANL2DZ level. 

 

Table 4. Calculated Excitation Energies, Oscillator Strengths (f in Parentheses), and Major Electronic Configurations for Complex 1 

Excited State Excitation Energy/eV Major Electronic Configurations 

1 0.338 154  157 155  156  

2 0.691 154  156 155  157  

3 1.150 154  156 155  157  

4 1.206 152  156 153  157  

5 1.229 152  157 153  156 153  157 

6 2.288 (0.001) 154  166   

7 2.363 (0.001) 155  166   

8 2.447 (0.001) 153  167   

9 2.454 152  167 153  168  

10 2.480 (0.006) 152  157 153  156  

11 2.493 (0.013) 152  157 153  157  

12 2.570 (0.180) 154  157 155  156  

13 2.694 154  167 155  168  

14 2.756 (0.009) 154  158 154  168 155  167 

15 2,877 (0.001) 155  158   

All molecular orbitals refer to those of alpha spin electrons. 
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4. CONCLUSIONS  

 Vanadium(III) and -(IV) complexes with a tripodal 
quadridentate ligand containing an alkoxo group and two 
pyridyl (or imidazolyl) groups were prepared and structur-
ally characterized by X-ray crystallography and/or spectro-
scopic analysis. The vanadium(III) complexes had an oxo-
bridged dinucler structure, indicating that the pyridyl or imi-
dazolyl group is more likely to induce the formation of an 
oxo-bridged dinuclear complex than the alkoxo group is of a 
dialkoxo-bridged dinuclear complex. The alkoxo group co-
ordinated in a protonated form for both vanadium(III) and - 
(IV) complexes. The vanadium(III) complexes were very 
labile toward air oxidation, yielding the corresponding vana-
dium(IV) complexes. The intense visible absorption band 
and the low-energy shoulder band of complex 1 were as-
signed to a *-like transition within the V(III)-O-V(III) 
moiety and an LMCT transition from 3p (Cl) and (pyridine) 
orbitals to the V(III)-O-V(III) moiety, respectively, based on 
theoretical calculations. 
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