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Schiff base VO2
V and VOV complexes with long 4-substi-

tuted alkoxy chains have been synthesised from the corre-
sponding VOIV complexes, [VO{(4-CnH2n+1O)xsalen}] [x = 1,
2, n = 3–16 and salen = N,N�-ethylenebis(salicylideneimin-
ato)], in solutions in the absence or presence of HClO4 under
aerobic conditions. The green single-crystals of the VOIV

complexes (x = 2, n = 3, 4, 6) coexisting with solutions without
HClO4 turned slowly to the yellow single-crystals of the spe-
cies with n = 3 (1) and 4 (2), a process which took several
months. An X-ray crystallographic analysis revealed that the
VOIV complexes are transformed into the dimeric VO2

V com-
plexes with the tridentate sal-en (sal-en = N-salicylidene-
ethylenediamine) ligand from the tetradentate salen moieties.
However, the single crystals of the VOIV complexes with
longer alkoxy chains of n � 8 did not yield the corresponding
yellow crystals of the VO2

V complexes. This crystal-to-crystal
transformation is discussed in relation to the crystal packing

Introduction

Vanadium complexes have been a growing topic of inves-
tigation because of their versatile physico-chemical proper-
ties, bioactivities and catalytic properties in organic and in-
organic transformations.[1–3] With regards to the physico-
chemical properties, the liquid crystals with transition-
metal core groups such as VOIV and PtII, known as metall-
omesogens, are a fascinating branch of nanostructural ma-
terials because the self-assemblies of coordinated metal
complexes enhance the physico-chemical properties with
new functionalities thereby increasing their potential range
of applications.[4–5] Schiff base ligands provide a wide range
of ways for modifying liquid crystal compounds so that the
possibility and nature of mesomorphic properties have been
investigated.[6–8] The chemistry of VOIV and VOV Schiff
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structures of the VOIV complexes. In contrast, addition of
HClO4 solution to two series with one and two alkoxy chains
in the 4-positions immediately afforded the corresponding
blue VOV perchlorate complexes, [VO{(4-CnH2n+1O)xsalen}]-
ClO4 (x = 1, 2) without transformation of the salen moieties.
The structure of 8·MeOH·0.5H2O determined from an X-ray
crystallographic analysis was a unique dimeric structure sup-
ported by electrostatic stacking and CH–π interactions in an
octahedral environment. The DFT calculations were studied
to obtain the stabilisation energy for the dimerisation.
Furthermore, in methanol solution, the effects of the alkoxy
chain lengths on the ion association were investigated by
conductivity measurements. The ion-association state in
methanol solution is discussed with the solid-state structure.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

base complexes with square pyramidal structures that do
not have long alkoxy or alkyl chains has been extensively
studied[9–11] and has been shown to be dominated by the
stable oxidovanadium (V=O) groups which retain their
functions and are responsible for their unique structures.[12]

For the VOIV salen [salen = N,N�-ethylenebis(salicylidenei-
minato)] complexes containing Schiff base ligands with two
long alkoxy chains at the 5-positions on aromatic rings, the
occurrence of the liquid crystalline phase of the smectic A
(SA) or C (SC) phase has been reported at higher tempera-
tures.[8d] However, the VOIV 5-alkoxysalpn complexes [salpn
= N,N�-propylenebis(salicylideneiminato)] do not exhibit li-
quid crystallinity because of the strong interactions through
the linear V=O chains. To date, there has been no system-
atic investigation concerning the molecular assemblies and
metallomesogens of VOIV salen and salpn complexes with
two long alkoxy chains at the 4-positions compared with
those with 5-substituted derivatives.[8d,8e] We recently re-
ported the syntheses, crystal structures and liquid proper-
ties of a series of matal-salen and -salpn complexes contain-
ing 4-substituted alkoxy chains of aromatic rings, [M{(4-
CnH2n+1O)2salen}] (M = VOIV,[13a] NiII,[13b] CuII,[13c] n = 3–
20) and [VO{(4-CnH2n+1O)2salpn}] (n = 8–18).[13a] The
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VOIV complexes with n = 16–20 transfer from the bilayer
crystal to the novel bilayer metallomesogens [M(Pa21) me-
sophase]. On the other hand, the 4-alkoxysalpn complexes
show the unusual rectangular columnar mesophase (Colr)
with the linear chain via the V=O units. The mesomorphic
properties of metallomesogens can be remarkably varied by
the selection of the metal ion and the positions of the sub-
stituents on the aromatic rings of the salen moieties.

In this study we describe the synthesis, structures and
ion-association properties of a series of Schiff base oxidova-
nadium(V) complexes with long 4-substituted alkoxy
chains. In particular, to date, there have been few reports
on the structures and characteristics of VO2

V and VOV

complexes with long alkoxy chains. We have found that the
green single-crystals of the VOIV complexes, [VO{(4-
CnH2n+1O)2salen}] (n = 3, 4, and 6) turn slowly to the yel-
low single-crystals of the VO2

V complexes in solutions over
several months under aerobic conditions but when crystals
of the VOIV complexes were completely dissolved, the re-
sultant green solutions did not change into the yellow solu-
tions. The crystal structures of the VO2

V complexes of n =
3 (1) and 4 (2) have been determined by X-ray crystallo-
graphic analyses. Interestingly, the VOIV complexes with
alkoxy chains longer than n = 8 did not turn to the corre-
sponding yellow single-crystals of the VO2

V complexes. This
crystal-to-crystal transformation is discussed in relation to
the crystal packing structures of the VOIV complexes.[13a] In
contrast, [VO{(4-CnH2n+1O)xsalen}]ClO4 with one (x = 1
and n = 3–16) and two (x = 2 and n = 3–10) long alkoxy
chains in the 4-positions of the aromatic rings (Scheme 1)

Scheme 1.
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have been prepared in solutions in the presence of HClO4

under aerobic conditions. The single point DFT molecular
orbital calculations using the B3LYP method were carried
out based on the crystal coordinates of [VO{(4-C3H7O)2-
salen}(MeOH)]ClO4·0.5H2O (8·MeOH·0.5H2O) which
shows a unique dimeric structure supported by electrostatic
stacking and CH–π interactions between the aromatic rings
and alkoxy chains in an octahedral environment. Moreover,
in methanol solution, the effects of the alkoxy chain lengths
on the ion-association state between [VO{(4-CnH2n+1O)x-
salen}]+ and ClO4

– were investigated by the conductometric
method and the ion-association state in methanol solution
is discussed along with that of the solid-state. It is of funda-
mental interest to elucidate the physico-chemical properties
such as the ion-association state in solution.

Results and Discussion

Synthesis and Characterisation of Complexes 1–10

Complexes 1 and 2 were obtained by the crystal-to-crys-
tal transformations of the crystals of the VOIV complexes,
[VO{(4-CnH2n+1O)2salen}] (n = 3, 4), coexisting with solu-
tions under aerobic conditions. When the crystals of the
VOIV complexes were completely dissolved, the green VOIV

complexes did not change into the yellow VO2
V complexes.

As shown in Table 1, the IR spectra of 1 and 2 show strong
bands at 931 cm–1 and 838 cm–1 for 1 and 939 cm–1 and
848 cm–1 for 2 which can be assigned to asymmetric and
symmetric vibrations of the cis-VO2 groups, respectively, in
agreement with the case of the reported complexes with cis-
VO2 groups.[14] The EPR spectra for 1 and 2 were silent,
indicating that 1 and 2 are changed to the +V oxidation
state from the +IV oxidation state. The structures of 1 and
2 were determined by X-ray crystallography as described in
the following section.

Table 1. Absorption maxima (br. = broad) and E1/2 values in DMF
and the characteristic IR bands for complexes 1–10.

Abs. in DMF CV in DMF IR (V = O)
n λ1/nm logε λ2(br.)/nm logε E1/2 vs. Ag/Ag+ cm–1

1 3 298 4.408 360 4.044 – 931, 838
2 4 297 4.229 361 3.898 – 939, 848

3 0 284 4.275 570 3.104 –0.076 981

4 3 293 4.348 581 3.214 –0.073 981
5 8 294 4.353 582 3.210 –0.072 983
6 12 294 4.378 582 3.211 –0.072 983
7 16 294 4.328 582 3.217 –0.072 983

8 3 301 4.451 588 3.251 –0.050 988
9 8 301 4.382 589 3.227 –0.047 988
10 10 302 4.382 589 3.227 –0.047 988

In contrast, the addition of an HClO4 solution to two
series with one and two alkoxy chains in the 4-positions,
[VO{(4-CnH2n+1O)xsalen}] (x = 1, 2), under aerobic condi-
tions immediately afforded the corresponding blue VOV

perchlorate complexes [VO{(4-CnH2n+1O)xsalen}]ClO4 [x =
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1 (4–7), x = 2 (8–10)] without transformation of the salen
moieties.[9b] The electronic absorption spectra of 4–10 ex-
hibited broad absorption bands at 581–582 nm and 588–
589 nm with the one (4–7) and two alkoxy chain substitu-
ents (8–10) on the aromatic rings, respectively. These are
shifted to longer wavelengths compared with a value of
570 nm for [VO(salen)]ClO4 (3) in DMF. The IR data are
slightly dependent on the alkoxy chain lengths of the aro-
matic rings. The values of the V=O stretching vibrations for
3–10 are between 981 and 988 cm–1 in which the inter-
molecular interactions between V=O groups does not
occur. The presence of the linear chain interaction
(···V=O···V=O···) usually shifts the absorption to lower en-
ergy (ca. 870 cm–1). The E1/2 values of –0.072 to –0.073 V
vs. Ag/AgCl attributed to the VOV/VOIV redox couple for
4–7 are negatively shifted compared with those of –0.047 to
–0.050 V for 8–10 in DMF. The EPR silence of 3–10 con-
firms the +V oxidation state as well as in 1 and 2.

X-ray Crystal Structure Determination of Complexes 1 and 2

The ORTEP diagrams and crystal packings of 1 and 2
are given in parts a and b of Figures 1 and 2, respectively.
The selected bond lengths and angles are listed in Tables 2

Figure 1. ORTEP plot (a) and crystal packing (b) of [VO2{(4-C3H7O)sal-en}][(VO2{(4-C3H7O)sal-en}2)]·DMF (1). The hydrogen atom is
omitted.
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and 3. Complex 1 has a 1:1 stoichiometric ratio of a mono-
mer and a bis(µ-oxido)-bridged dimer, [VO2{(4-C3H7O)-
sal-en}][(VO2{(4-C3H7O)sal-en})2]·DMF, accompanying
the change in the oxidation state from IV to V. The tetra-
dentate Schiff base ligand transforms to a tridentate Schiff
base ligand by releasing the one moiety of two aromatic
moieties. The monomer in 1 shows a distorted trigonal-bi-
pyramidal coordination geometry with the weak hydrogen-
bonding interaction between the salen moiety and the pro-
ton of a neighbouring DMF molecule (O7···H41 2.55 Å).
Tridentate Schiff base ligand is coordinated to the V2 atom
meridionally by the amine nitrogen (V2–N3 2.140 Å), the
imine nitrogen (V2–N4 2.121 Å) and the phenolate oxygen
(V2–O7 1.910 Å) atoms. The imine nitrogen N4 atom and
two oxido ligands with O5 (V=O) and O6 (V=O) atoms
occupy the equatorial positions (V2–O5 1.620 Å and V2–
O6 1.631 Å). The VV atom sits almost in the least-triangu-
lar N4, O5, O6 plane. The V2–O5 and V2–O6 bonds show
typical V=O distances but the O7–V2–N3 angle of 159.14°
is far from 180°. The structure of the monomer in 1 is very
similar to that of the VO2(tridentate) complex of a distorted
trigonal-bipyramidal structure.[15] The bis(µ-oxido)-bridged
dimer in 1 has a crystallographic inversion centre with the
pair of VO2

V atoms (V1···V1* 3.1120 Å) in an edge-sharing
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distorted octahedral geometry. The equatorial plane is oc-
cupied by the tridentate sal-en and oxido ligands (V1–N1
2.124 Å, V1–N2 2.165 Å, V1–O3 1.917 Å, and V1–O2
1.677 Å). The axial positions are coordinated by the ter-
minal oxido ligand (V1–O1 1.625 Å) and the bridging oxido
ligand with the weak interaction of the inversion related
VO2

+ group (V1–O2* 2.320 Å). The O1–V1–O2 angle of
105.04° is larger than 90° but the O1–V1–O2* angle of
171.21° is close to 180°. There are a few reports of struc-

Figure 2. ORTEP plot (a) and crystal packing (b) of [(VO2{(4-
C4H9O)sal-en})2] (2). The hydrogen atom is omitted.
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tures similar to the bis(µ-oxido)-bridged dimer in 1.[14]

However, this is the first sample with the two different coor-
dination geometries of which one is the distorted trigonal-
bipyramidal monomer structure and the other is the bis(µ-
oxido)-bridged dimer structure with the same Schiff base
ligand in the crystal. The V=O distance for the bridging
oxido ligand is much longer than those for the non-bridged
oxido ligands in the monomer or dimer. The crystal struc-
ture of 1 clearly demonstrates that the van der Waals inter-
actions between the monomer and dimer occur exclusively
by the close contact between the sal-en moieties. The inter-
actions which are shorter than 4 Å are C3···C13 3.544 Å,
C4···C13 3.569 Å, C8···C15 3.406 Å and O4···C21 3.353 Å.
In the light of the C11–H23···Carom distances with

Table 2. Selected bond lengths [Å] and angles [°] for complex 1.

V1–O1 1.625(4) V1–O2 1.677(2)
V1–O2* 2.320(3) V1–O3 1.917(3)
V1–N1 2.124(3) V1–N2 2.165(3)
V2–O5 1.620(3) V2–O6 1.631(3)
V2–O7 1.910(3) V2–N3 2.140(4)
V2–N4 2.121(4) O3–C5 1.327(5)
O4–C7 1.364(6) O4–C10 1.438(6)
O8–C19 1.354(6) O8–C22 1.433(7)
O3–C5 1.327(5) O7–C17 1.327(5)
O1–V1–O2 105.04(16) O1–V1–O2* 171.21(14)
O1–V1–O3 102.36(17) O1–V1–N1 90.97(17)
O1–V1–N2 97.58(16) O2–V1–O2* 78.97(17)
O2–V1–O3 96.26(14) O2–V1–N1 96.00(14)
O2*–V1–N1 80.76(15) O2*–V1–N2 77.78(14)
O3–V1–N1 158.86(15) O3–V1–N2 84.74(14)
N1–V1–N2 77.22(14) O5–V2–O6 110.77(18)
O5–V2–O7 102.46(16) O5–V2–N3 91.49(16)
O5–V2–N4 117.50(19) O6–V2–O7 98.50(18)
O6–V2–N3 90.78(18) O6–V2–N4 130.02(16)
O7–V2–N3 159.14(14) O7–V2–N4 83.58(15)
N3–V2–N4 76.19(15) V1–O2–V1* 101.03(14)

Table 3. Selected bond lengths [Å] and angles [°] for complex 2.

V1–O1 1.613(4) V1–O2 1.686(4)
V1–O2* 2.308(4) V1–O3 1.923(4)
V1–N1 2.168(5) V1–N2 2.188(5)
V2–O5 1.605(4) V2–O6 1.699(4)
V2–O6* 2.264(4) V2–O7 1.919(4)
V2–N3 2.156(5) V2–N4 2.190(4)
O4–C7 1.368(7) O3–C5 1.327(5)
O8–C20 1.358(7) O4–C10 1.459(7)
O7–C18 1.333(7) O8–C23 1.443(7)
O1–V1–O2 105.0(2) O1–V1–O2* 169.6(2)
O1–V1–O3 100.9(2) O1–V1–N1 91.4(2)
O1–V1–N2 96.8(2) O2–V1–O2* 79.77(18)
O2–V1–O3 97.89(19) O2–V1–N1 96.6(2)
O2–V1–N2 157.3(2) O2*–V1–O3 87.49(17)
O2*–V1–N1 78.72(18) O2*–V1–N2 77.71(17)
O3–V1–N1 157.9(2) O3–V1–N2 84.10(19)
N1–V1–N2 76.20(19) O5–V2–O6 105.4(2)
O5–V2–O6* 169.6(2) O5–V2–O7 101.6(2)
O5–V2–N3 90.7(2) O5–V2–N4 95.0(2)
O6–V2–O6* 79.95(17) O6–V2–O7 98.9(2)
O6–V2–N3 96.6(2) O6–V2–N4 158.6(2)
O6*–V2–O7 86.13(18) O6*–V2–N3 76.69(18)
O6*–V2–N4 78.96(17) O7–V2–N3 156.8(2)
O7–V2–N4 83.08(19) N3–V2–N4 76.2(2)
V1–O2–V1* 100.2(2)
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H23···C16 3.859 Å, H23···C18 3.683 Å, H23···C19 3.080 Å,
H23···C20 2.857 Å, H23···C21 3.268 Å, a CH–π interaction
can be considered to have formed between the methylene
proton of the alkoxy chains in the dimer and the aromatirc
ring in the monomer. In addition, the amino protons in the
dimer (N1–H1, N1–H2) and monomer (N3–H3, N3–H4)
form the hydrogen bonds with the neighbouring oxygen
atoms (H1···O5 2.053 Å, H2···O2 2.528 Å, H2···O3 2.385 Å,
H2···O6 2.615 Å H3···O1 2.346 Å, H3···O2 2.703 Å,
H4···O1 2.596 Å, H4···O2 2.577 Å, and H4···O3 2.734 Å).

In the case of n = 4 (Figure 2), 2 includes two bis(µ-
oxido)-bridged dimers with slightly different V1···V1* and
V2···V2* bond lengths of 3.0905 Å and 3.0584 Å, respec-
tively, in the crystal (Table 4). The structure of 2 resembles
that of the dimer in 1 which has an edge-sharing distorted
octahedral geometry with similar bond lengths and angles.
The CH–π interaction occurs exclusively between the di-
mers (C12–H21···C17 3.890 Å, H21···C18 4.072 Å,
H21···C19 3.710 Å, H21···C20 3.139 Å, H21···C21 2.912 Å,
H21···C22 3.320 Å). Furthermore, the oxygen atoms are hy-
drogen-bonded with the neighbouring amino group protons
(N1–H37, N1–H38, N3–H35, N3–H36) with H37···O6
2.333 Å, H38···O2 2.498 Å, H38···O3 2.342 Å, H35···O2
2.590 Å, H36···O1 2.657 Å, H36···O6 2.488 Å, H36···O1
2.415 Å forming the hydrogen bonding network.

Table 4. Selected bond lengths [Å] and angles [°] for complex
8·MeOH·0.5H2O.

V1–O1 1.826(8) V1–O2 1.829(8)
V1–O5 1.601(8) V1–O6 2.298(8)
V1–N1 2.056(9) V1–N2 2.066(10)
N1–C1 1.46(1) N2–C2 1.45(1)
C7–O3 1.36(1) C13–O4 1.35(1)
O1–V1–O2 106.6(3) O1–V1–N1 85.9(4)
O2–V1–N2 86.2(4) N1–V1–N2 76.7(4)
O1–V1–O5 102.8(4) O2–V1–O5 99.2(4)
O5–V1–N1 97.6(4) O5–V1–N2 90.6(4)
N1–V1–O6 80.2(3) O5–V1–O6 173.2(4)
C7–O3–C17 18.7(9) C14–O4–C20 115.1(6)
O3*–C13 3.77(2) O3*–C14 3.59(1)
O4–C7* 3.71(2) O4–C8* 3.77(2)
C6*–C15 3.55(2) C7*–C14 3.69(2)
C8*–C20 3.59(2)

Though the green crystal of the VOIV complex with n =
6 changed to the yellow crystals, a single-crystal suitable for
X-ray crystallography could not be obtained. Interestingly,
the green crystals of the VOIV complexes with longer alkoxy
chains of n � 8 did not change to the yellow crystals of
the VO2

V complexes. This crystal-to-crystal transformation
depends significantly on the single-crystal structures of the
square pyramidal VOIV complexes with longer alkoxy
chains.[13a] The VOIV complexes of n � 8 form the bilayer
structure assembled by only the VOIV complex of which two
alkoxy chains are arranged in the same direction. Thus, the
neighbouring salen moiety penetrates into the space be-
tween two alkoxy chains with a dihedral angle of ca. 56°
between the coordination planes. The stacking leads to a
1D structure layered to form a lamellar structure. The metal
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backbones interact by van der Waals contacts with each
other in a lamellar structure. Thus, the molecules sit in the
ridged crystal packings. In addition, the V=O groups as
well as the planar salen moieties are not parallel with each
other. Consequently, the VOIV complexes with n � 8 could
not transfer easily to form the (VO)2 core of the bis(µ-ox-
ido)-bridged dimer accompanying with the structural
change from the square pyramidal to the octahedral geome-
try in addition to the transformation of the ligand and the
oxidation state change from IV to V in the crystal. In con-
trast, the VOIV complexes of n = 3, 4 and 6 form a dimeric
structure with face-to-face van der Waals interactions.[13a]

The dimeric complexes lead to a 1D stacking structure.
Since the V=O groups as well as the planar salen moieties
in the crystal are in parallel with each other, the oxygen
atoms of the V=O groups are located near the neighbouring
V atoms. Thus, the VOIV complexes of n = 3, 4 and 6 may
be able to transform to the VO2

V complex of the bis(µ-ox-
ido)-bridged dimer without the larger structural changes in
the crystals.

X-ray Crystal Structure and DFT Calculation of Complex
8·MeOH·0.5H2O

The VOV complex cation of 8·MeOH·0.5H2O, [VO{(4-
C3H5O)2salen}(MeOH)]+ exhibits a distorted octahedral
structure with the salen moiety forming the equatorial
plane by means of the O1, O2, N1 and N2 atoms (V1–
O1 1.826 Å, V1–O2 1.829 Å, V1–N1 2.056 Å, and V1–N2
2.066 Å), an oxido ligand and a methanol molecule occupy-
ing the axial sites (V1–O5 1.601 Å and V1–O6 2.298 Å),
respectively (Table 4 and Figure 3). The V ion sits in the
equatorial least square plane. The methanol oxygen atom
weakly coordinates to the V atom and further interacts with
the oxygen atom of the ClO4

– counter anion through a hy-
drogen bond (O6···O7 2.76 Å and O6···H22 1.83 Å). In the
crystal packing, the two complex cations form a dimeric
structure without interaction between the two V=O groups
(Figure 3). The VOV and VOIV complexes with 5- and 3-
substituted salen derivatives, [VO(salen)](ClO4),[9b] [VO(5-
MeOsalen)(H2O)](NO3)H2O[11] and [VO(3-EtOsalen)]-
H2O,[9d] show monomeric structures in the solid state and,
consequently, the alkoxy chain group of the salen aromatic
ring at the 4-postions should be responsible for the dimer
formation. The octahedral monomers in 8·MeOH·0.5H2O
are coupled with a crystallographically imposed centre of
symmetry and the two V atoms are separated by 6.108 Å
with the two O–V=O axes parallel each other. The dimer
structure is supported exclusively by interactions between
the aromatic rings of the ligands with the close contacts
shorter than 4 Å (O3*···C13 3.77 Å, O3*···C14 3.59 Å,
O4···C7* 3.71 Å, O4···C8* 3.77 Å, C6*···C15 3.55 Å,
C7*···C14 3.69 Å, and C8*···C20 3.59 Å) (Figure 4). In ad-
dition, one of the methylene protons (H8 and H11) of the
C17 and C20 atoms points directly to one of the phenyl
rings. The quadruple CH–π interactions are present be-
tween the two complex cations (H8*···C12 2.95 Å,



Schiff Base Oxidovanadium(V) Complexes

H8*···C13 3.07 Å, H11···C4* 2.96 Å, H11···C8* 2.92 Å, and
H11···C9* 2.79 Å). In general, the CH–π interaction has
been regarded as one of the important attractive interac-

Figure 3. ORTEP plot (a) and crystal packing (b) of [VO{[4-
CH3(CH2)2O]2salen}(MeOH)]ClO4·0.5H2O (8·MeOH·0.5H2O).
H2O molecule and the hydrogen atom are omitted.

Figure 4. Mulliken charge population on the structures of the dimers (parts in which both electrostatic stacking and CH–π interactions
are generated) and CH–π interaction distances less than 3.28 Å.
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tions in organic crystalline compounds although its individ-
ual energy is smaller than 1 kcalmol–1.[16a]

In the case of 1 and 2, the crystal packings show poly-
meric structures resulting from the van der Waals forces,
hydrogen bonding and CH–π interactions. However,
[VO{(4-C3H5O)2salen}(MeOH)]+ in 8·MeOH·0.5H2O
forms the dimeric structure by only the electrostatic and
CH–π interactions. With regards to these interactions, sin-
gle point DFT molecular orbital calculations using the
B3LYP method were carried out on the dimeric and the
monomeric structures of 8·MeOH·0.5H2O based on the
crystal coordinates obtained in this work. The stabilisation
energy for the dimer from the two separated monomers was
calculated as 5.3 kcalmol–1 (0.23 eV) which is small but ap-
preciable and indicates the presence of weak attractive in-
teractions between the 4-substituted salen aromatic rings.
Mulliken charge population for the dimer shows that the
alkoxy-substituted phenyl carbons (C7* and C14) are posi-
tively charged (+0.34 and +0.36) and are electrostatically
stacked with the negatively charged ether oxygen atoms
[O3* (–0.31) and O4 (–0.26)] of the counterpart (Figure 4).
From these structural and electronic features, the dimer
structure of 8·MeOH·0.5H2O should be supported by both
the electrostatic stacking and CH–π interactions between
the alkoxy groups and the salen aromatic rings. A related
dimer structure formed by both π-π stacking and CH–π
interactions has been reported in the square planar NiII

complex with the 5-butyl-substituted salen ligand[16b] but
the present type of oxidovanadium dimer is, however, quite
unusual.

Ion Association between [VO{(4-CnH2n+1O)xsalen}]+

(x = 0, 1, 2) and ClO4
– in Methanol

Figure 5 shows the observed molar conductivities (Λ) of
[VO{(4-CnH2n+1O)xsalen}]ClO4 as a function of the square
root of the molar concentration (c). The conductivity data
have been analysed using the Fuoss–Justice equation (see
Exp. Sect.).[17] The values of Λ�, KA and a obtained are
listed in Table 5. To investigate the specific behaviour of the
individual ions comprising these complex salts, it is neces-
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Table 5. Limiting molar conductivities of complex salts (Λ�), limiting molar conductivities of complex ions [VO{(4-CnH2n+1O)xsalen}]+

(λ+
�), Walden products (λ+

�η), Stokes radii (rs), ion association constants (KA) and the closest distances (a) between [VO{(4-CnH2n+1O)x-
salen}]+ and ClO4

– in MeOH.

Complex (x) n Λ� λ+
� λ+

�η rs KA a
Scm2 mol–1 Scm2 mol–1 Scm2 mol–1 mPa s Å mol–1 dm3 Å

3 (0) 0 112.7�0.6 41.7 22.7 3.61 60�5 5.94

4 (1) 3 124.6�0.3 53.6 29.2 2.81 88�3 6.38
5 (1) 8 123.6�0.6 52.6 28.7 2.86 91�5 6.26
6 (1) 12 123.6�0.9 52.6 28.7 2.86 84�8 6.23
7 (1) 16 119.2�0.7 48.2 26.3 3.12 88�9 6.26

8 (2) 3 111.3�1.2 40.3 22.0 3.73 71�8 5.79
9 (2) 8 113.8�1.1 42.8 23.3 3.52 85�9 5.82
10 (2) 10 113.7�0.9 42.7 23.3 3.52 95�9 6.19

sary to divide the Λ� values into the molar ionic conductivi-
ties, λ+

� and λ–
�, where Λ� = λ+

� + λ–
�. Using a value of

70.97 Scm2 mol–1 for λ–
� (ClO4

–),[18] the values of λ+
� for

the complex cations were estimated and are listed in
Table 5, together with those of the Walden product, λ+

�η,
and the Stokes radius, rs [Å] = 82.0/(λ+

�η).

Figure 5. Molar conductances of [VO{(4-CnH2n+1O)xsalen}]ClO4

(x = 0, x = 1, n = 3, 8, 12, 16 and x = 2, n = 3, 8, 10) in methanol
solutions at 25 °C.

The λ+
� values of the complex ions are 52.6–

53.6 Scm2 mol–1 for 4–6 with one alkoxy chain and 40.3–
42.8 Scm2 mol–1 for 8–10 with two alkoxy chains. These λ+

�

values are almost independent of the alkoxy chain length in
each series. The λ+

� value of the complex ion for 3, [VO-
(salen)]ClO4, without alkoxy chains is 41.7 Scm2 mol–1

smaller than those for 4–7 with one alkoxy chain but close
to those for 8–10 with two alkoxy chains. These tendencies
are quite different from the case of the tetraalkylammonium
ions for which λ+

� values (Scm2 mol–1) decrease with an
increase in the alkyl chain length, that is, Me4N+(68.7) �
Et4N+(60.5) � Pr4N+(46.1) � Bu4N+(38.9) in methanol at
25 °C.[18,19] Although the complex ions of 4–7 have one alk-
oxy chain, their rs values of 2.81, 2.86, 2.86 and 3.12 Å,
respectively, are significantly smaller than 3.61 Å for [VO-
(salen)]+ without alkoxy chains. This singular result can be
interpreted for the following reason. The complex ion [VO-
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(salen)]+ may migrate with some rotational or rolling mo-
tion along the external electric field. When the complex ion
has an alkoxy chain at its 4-position, the alkoxy chain may
follow behind the salen moiety where the positive charge
located at the central V atom responds to the external elec-
tric field, reducing the rotational and/or rolling motions of
the salen moiety. This leads the plane of the planar salen
ligand to become possibly parallel to the direction of the
external electric field, reducing the friction between the
salen moiety and the solvent. This reduction effect for the
friction may be large enough to cause the rs values of
[VO{(4-CnH2n+1O)salen}]+ to be smaller than that of [VO-
(salen)]+ in spite of the alkoxy chain introducing the ad-
ditional friction with the solvent. The similarities in the rs

values of the complex ions of 4–6 indicates that the increase
of the friction between the alkoxy chain and the solvent
with increasing the alkoxy chain length is cancelled out by
the further reduction of the friction around the salen moi-
ety based on the above-mentioned effect. The reason why
the rs values of 3.52–3.73 Å for the complex ions of 8–10
with two alkoxy chains are larger than those of 2.81–3.12 Å
for 4–7 with one alkoxy chain may be the increase in fric-
tion due to the second alkoxy chain extending in a quite
different direction from that of the first alkoxy chain, as
shown in Figure 3 (a).

The values of the closest distance of approach, a, ob-
tained for 3–10 are 5.8–6.4 Å. These values are not so dif-
ferent from each other. According to the ion-association
theory of Yokoyama–Yamatera,[20] considering Coulombic
interactions between ions, the values of KA are expected to
be 10.5 mol–1 dm3 (a = 5.8 Å) and 9.4 mol–1 dm3 (a = 6.4 Å)
for the ion association between the univalent cation and
anion in methanol at 25 °C. The observed KA values for 3–
10 are 60–95 mol–1 dm3 which are significantly larger than
the theoretical values, suggesting the presence of some extra
interactions between [VO{(4-CnH2n+1O)xsalen}]+ (x = 0, 1,
2) and ClO4

–. The a values of 5.8–6.4 Å are close to the
distance between the V atom and the centre of the perchlo-
rate ion when one methanol molecule lies between them.
The opposite approach of the perchlorate ion toward the
V=O group may be improbable because the V=O oxygen
atom is negatively charged and repulsive against the per-
chlorate ion. Therefore, the ion-association state most prob-
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able is one in which the methanol molecule lies between the
V atom and the perchlorate ion. Considering such an ion-
association state, the following extra interactions may act
between the ions. The first is the hydrogen bonding between
the perchlorate ion and the methanol molecule which coor-
dinates to the V atom as seen in their arrangement in the
crystal structure of 8·MeOH·0.5H2O shown in Figure 3.
The second is the ion–dipole interaction in addition to the
ion–ion interaction because the complexes have not only
electric charges but also some dipole moment roughly in
the direction of the V=O bond axis. The values of KA seem
to be slightly increased by the introduction of the alkoxy
groups from 60 mol–1 dm3 for 3 to 71–95 mol–1 dm3 for 4–
10. This suggests the strengthening of the hydrogen-bond-
ing and/or the ion–dipole interaction due to some charge-
distribution change within the complexes which might be
introduced by the alkoxy groups.

Conclusions

Two series of Schiff base VO2
V and VOV complexes have

been prepared from the Schiff base VOIV complexes with 4-
substituted long alkoxy chains on the aromatic rings. The
crystal-to-crystal transformations from the VOIV to the
VO2

V complexes occur when they have shorter alkoxy
chains of n = 3, 4 and 6, and these accompany the transfor-
mation of the tetradentate ligand to the tridentate ligand.
However, the crystal-to-crystal transformations did not
occur for the VOIV complexes with longer alkoxy chains of
n � 8. The formation of the VOV complexes is significantly
influenced by the crystal packing structures of the VOIV

complexes. The complex salts of [VO{(4-CnH2n+1O)x-
salen}]ClO4 with one (x = 1 and n = 3–16) and two (x = 2
and n = 3–10) alkoxy chains in the 4-positions were pre-
pared in HClO4/acetonitrile solution under aerobic condi-
tions. The KA values obtained from the conductivity mea-
surements for methanol solutions of [VO{(4-CnH2n+1O)x-
salen}]ClO4 are larger than those estimated by the ion-asso-
ciation theory, probably due to some extra interactions such
as the hydrogen bonding between the complex ion and
ClO4

– through a methanol molecule. This ion-association
state may be similar to that in the solid state.

Experimental Section
Reagents and Instrumentation: All chemicals and solvents of rea-
gent grade were used without further purification. For the spectro-
scopic measurements, cyclic voltammetry and conductivity mea-
surements, organic solvents of superfine reagent grade were dried
with molecular sieves prior to use. The water content in methanol
solution was confirmed to be 5–10 mmoldm–3 by the Karl Fischer
method. The electronic absorption and the infrared spectra in KBr
media were recorded on a Shimadzu UV-240 spectrophotometer
and a JASCO FTIR-8900µ instrument, respectively. Cyclic voltam-
metry was performed using a Hokuto Denko HZ-1A apparatus.
The measurements were carried out in DMF solution containing
nBu4NClO4 (0.1 mol dm–3) as a supporting electrolyte. A three-
electrode cell was used, including a glassy carbon working elec-
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trode, a platinum counter electrode and an Ag/Ag+ reference elec-
trode. Density functional calculations were performed using the
B3LYP method with a lanl2dz basis set on a Silicon Graphic Oc-
tane Station with the Gaussian-94 program.

Conductivity Measurements: The electrical conductivity measure-
ments were performed on methanol solutions of the complex salts,
[VO{(4-CnH2n+1O)xsalen}]ClO4 (x = 0, 1, 2), at 25.0 °C by using a
Yanagimoto Conductimetric Apparatus MY-8. The observed mo-
lar conductivities (Λ) were analysed by using Equations (1), (2),
(3), (4), and (5) to obtain the limiting molar conductivity, Λ�, the
ion-association (ion-pair formation) constant, KA, and the closest
distance of approach of the ions, a.

Λ = α{Λ� – S(αc)1/2 + E(αc) log(αc) + J1(αc) � J2(αc)3/2} (1)

KA = (1 � α)/(α2cy2) (2)

log y = –A|z+z–|(αc)1/2/{1 + Ba(αc)1/2} (3)

A = 1.8246�106(εrT)–3/2 (4)

B = 5.029�109(εrT)–1/2 (5)

α is the degree of dissociation (the fraction of free ions), y is the
mean activity coefficient of free ions, εr is the relative dielectric
constant of the solvent, z is the charge number of ions, T is the
absolute temperature, and Equation (3) is the Debye–Hückel equa-
tion. For the conductivity, the Fuoss–Justice equation[17] [Equation
(1)] was used. The values of εr and the viscosity coefficient η in the
parameters (S, E, J1, J2) of Equation (1) were taken as 32.62 and
0.5445 mPas, respectively, at 25.0 °C in methanol.[18] The values of
Λ�, KA, and a were determined to give a minimum of Σ{Λ(calcd.)
� Λ(obsd.)}2 where Λ(calcd.) and Λ(obsd.) are the calculated and
observed molar conductivities, respectively.

[VO2{(4-C3H7O)sal-en}][(VO2{(4-C3H7O)sal-en})2]·DMF (1), [(VO2-
{(4-C4H9O)sal-en})2] (2) and [VO(salen)]ClO4 (3): [VO{(4-CnH2n+1O)2-
salen}] (n = 3, 4) and [VO(salen)]ClO4 (3) were prepared following
the procedure described in the literature.[13a,9b] The complexes of 1
(n = 3) and 2 (n = 4) were obtained from the slow transformation
of the single crystals of [VO{(4-CnH2n+1O)2salen}] coexisting with
N,N-dimethylformamide (n = 3) and acetonitrile solutions (n = 4),
respectively under aerobic conditions. This process took several
months.

[VO{(4-CnH2n+1O)salen}]ClO4 [n = 3 (4), 8 (5), 12 (6), 16 (7)]: Ethyl-
enediamine (12.5 mmol) was added to a solution of 2,4-dihydroxy-
benzaldehyde (12.5 mmol) and 2-hydroxybenzaldehyde
(12.5 mmol) in ethanol (40 mL) and the mixture was stirred at
60 °C for 30 min. The resultant (4-OH)salenH2 (20 mmol) and
VOSO4·nH2O (ca. 20 mmol) in the presence of CH3COONa in eth-
anol (60 mL) was stirred at room temperature for 24 h. The precipi-
tate was filtered off and washed with water, ethanol and diethyl
ether. The reaction of [VO{(4-OH)salen}] (10 mmol) with
BrCnH2n+1 (n = 3, 8, 10, 12, 16) (40 mmol) in the presence of
K2CO3 in DMF (150 mL) for several days gave the VOIV complexes
[VO{(4-CnH2n+1O)salen}] which were purified by passing through
a silica-gel column, eluent was CH2Cl2/MeOH [20–25:1 (v/v)].
C19H20N2O4V (n = 3) (391.31): calcd. C 58.31, H 5.15, N 7.16;
found C 58.25, H 5.30, N 6.87. C24H30N2O4V (n = 8) (461.45):
calcd. C 63.86, H 6.70, N 6.21; found C 63.45, H 6.50, N 6.20.
C28H38N2O4V·0.5H2O (n = 12) (526.56): calcd. C 63.89, H 7.42, N
5.32; found C 63.91, H 7.23, N 5.57. C32H46N2O4V (n = 16)
(573.66): calcd. C 64.96, H 8.18, N 4.73; found C 64.86, H 8.08,
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Table 6. Crystallographic and experimental data for complexes 1, 2 and 8·CH3OH·0.5H2O.

1 2 8·CH3OH·0.5H2O

Empirical formula C27H41N3O19V2 C13H19N2O4V C23H31ClN2O10.50V
Formula weight 681.53 318.25 589.9
Crystal colour, habit yellow, plate yellow, block dark-blue, prismatic
Crystal dimensions [mm] 0.20�0.20�0.05 0.35�0.30�0.20 0.48�0.25�0.15
Crystal system triclinic triclinic monoclinic
Space group P1̄ (no. 2) P1̄ (no. 2) P21/c (no. 14)
a [Å] 9.0396(5) 9.557(4) 7.263(7)
b [Å] 22.444(3) 17.662(8) 14.978(6)
c [Å] 8.0829(5) 8.451(2) 25.259(10)
α [°] 91.948(18) 91.82(3)
β [°] 90.63(7) 92.07(4) 90.63(7)
γ [°] 86.186(15) 83.42(3)
V [Å3] 1544.2(2) 1415.5(10) 2747(2)
Z 2 4 4
Dcalc [g cm–3] 1.466 1.493 1.426
µ (Mo-Kα) [cm–1] 6.637 7.147 5.15
2θmax [°] 54.8 55 50
Observed reflections 10195 [I � 2.00σ(I)] 1600 [I � 2.00σ(I)] 2317 [I � 3.00σ(I)]
Variables 398 400 237
Temperature [°C] –120 –120 –120
Residuals: R1; wR2

[a] 0.0614; 0.1630 0.0929; 0.2088 0.096; 0.133

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. wR2 = {[Σw(Fo
2 – Fc

2)2]/Σ[(wFo
2)2]}1/2.

N 4.93. The obtained [VO{(4-CnH2n+1O)salen}] (n = 3, 8, 12, 16)
(4.5 mmol) was dissolved in HClO4/acetonitrile solution
(7.6 mmol). The green solution immediately turned blue and was
stirred for 1 h. After evaporation of the solvent, the precipitate was
filtered and washed with water, ethanol and diethyl ether. The ob-
tained precipitates were purified on Sephadex LH-20 (solvent:
MeOH). These complexes were examined by elemental analysis and
ESI-MS. C19H20ClN2O8V·3H2O (n = 3) (544.81): calcd. C 41.89,
H 4.81, N 5.14; found C 41.70, H 4.50, N 5.30. ESI-MS: 391.4.
C24H30ClN2O8V·3H2O (n = 8) (614.94): calcd. C 47.66, H 6.00, N
4.63; found C 47.52, H 5.80, N 4.50. ESI-MS: 461.4.
C28H38ClN2O8V·H2O (n = 12) (635.02): calcd. C 52.96, H 6.35, N
4.41; found C 52.68, H 6.25, N 4.60. ESI-MS: 517.6.
C32H46ClN2O8V·H2O (n = 16) (691.13): calcd. C 55.61, H 7.00, N
4.05; found C 55.82, H 7.12, N 4.25. ESI-MS: 574.2.

[VO{(4-CnH2n+1O)2salen}]ClO4 [n = 3(8), 8(9), 10(10)]: [VO{(4-
CnH2n+1O)2salen}] (n = 3, 8, 10) was prepared and the analyses
were satisfactory as described elsewhere.[13a] [VO{(4-CnH2n+1O)2-
salen}]ClO4 [n = 3(8), 8(9), 10(10)] as well as [VO((4-CnH2n+1O)-
salen)]ClO4 were prepared by the procedure as described above.
Elemental analyses: C22H26N2O9ClV·0.5H2O (n = 3) (557.85):
calcd. C 47.37, H 4.88, N 5.02; found C 47.42, H 4.86, N 5.14.
ESI-MS: 449.7. C32H46ClN2O9V·2H2O (n = 8) (725.14): calcd. C
53.00, H 6.95, N 3.86; found C 52.89, H 6.68, N 3.98. ESI-
MS:589.31. C36H54ClN2O9V·0.5H2O (n = 10) (754.22): calcd. C
66.04, H 8.47, N 4.28; found C 66.00, H 8.34, N 4.28. ESI-MS:
m/z = 645.78.

X-ray Crystallographic Analyses: Single crystals of complexes 1 and
2 suitable for X-ray crystallography were obtained from the slow
transformation of the single crystals of [VO{(4-CnH2n+1O)2salen}]
present in N,N-dimethylformamide and acetonitrile solutions,
respectively. Slow evaporation of a methanolic solution containing
8·0.5H2O at room temperature yielded single crystal
8·MeOH·0.5H2O suitable for X-ray crystallography. The X-ray dif-
fraction data of 1 were collected at –120 °C on a Rigaku/MSC
Mercury CCD diffractometer equipped with graphite-monochro-
mated Mo-Kα radiation using a rotating-anode X-ray generator.
The diffraction data of 2 and 8·MeOH·0.5H2O were recorded on a
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Rigaku AFC8 and AFC7R instrument, respectively. The crystallo-
graphic data and experimental conditions are listed in Table 6. For
1 and 2, a total of 1440 and 2160 oscillation images, covering the
whole sphere of 2θ � 54.8° and 55.0°, were collected with exposure
rates of 240 and 128 s/° by the ω scan method (–70 � ω � 110°
and –62 � ω � 118°) and the crystal-to-detector (70�70 mm) dis-
tance was set to 60.27 and 59.51 mm, respectively. The data were
processed using the Crystal Clear program[21a] and corrected for
Lorentz polarisation and absorption effects. The structures were
solved by direct methods (SIR92)[21,21b] and refined on F with the
full-matrix least-squares techniques using the teXsan crystallo-
graphic software package.[21c] All non-hydrogen atoms were refined
with anisotropic thermal parameters and the positions of the hy-
drogen atoms were calculated with d(C–H) = 0.95 Å and fixed in
the refinement. All calculations were carried out on a Silicon
Graphics O2 workstation running teXsan and on a Pentium®-
based Personal Computer running the Crystal Structure pack-
age.[21,21d]

CCDC-630645 (for 1), -630646 (for 2) and -630647 (for 8) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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