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In an acetonitrile/water mixture, reactions of the N,N’-bis(di-
acetyl)hydrazine (H,diah), bis(acetylacetonato)oxidovanadi-
um(IV) [VO(acac),] and monodentate N-coordinating hetero-
cycles (hc) in a 1:2:2 mol ratio provide yellow divanadium(V)
complexes of formula [(hc)O,V(u-diah)VO,(hc)] (1, hc = imid-
azole; 2, hc = pyrazole; 3, hc = 3,5-dimethyl pyrazole). On the
other hand, in the same solvent mixture reactions of the same
reagents in a 1:4:2 mol ratio produce green linear tetravana-
dium(IV,V,VIV) complexes of formula [(acac),OV(u-O)VO-
(hc)(p-diah)(hc)OV(n-O)VO(acac),] (4, hc = imidazole; 5, hc
= pyrazole; 6, hc = 3,5-dimethyl pyrazole). The complexes 1-
6 have been characterized by elemental analysis, magnetic
susceptibility, and various spectroscopic and electrochemical
measurements. The X-ray crystal structures of 1, 3 and 6
have been determined. In all three structures, the diazine li-
gand diah? is in trans configuration. Metal-centred bond pa-
rameters are consistent with the localized electronic structure

of the two trans-bent {OV(u-O)VO}3* cores present in 6. The
pentavalent metal centres in 1, 3 and 6 are in a distorted
trigonal-bipyramidal N,O3; coordination environment, while
the terminal tetravalent metal centres in 6 are in a distorted
octahedral Og coordination sphere. The eight-line EPR spec-
tra of the tetravanadium species (4-6) in dimethyl sulfoxide
at ambient temperature indicate the rare valence localized
electronic structure in the fluid phase. All the complexes are
redox active and display metal-centred electron transfer pro-
cesses in dimethyl sulfoxide solution. A reduction within
-0.78 to -0.94 V (vs. Ag/AgCl) is observed for the divanad-
ium(V) species 1-3, while a reduction and an oxidation are
observed in the potential ranges —0.82 to —-0.90 V and 0.96
to 1.12'V (vs. Ag/AgCl), respectively, for the tetravanadium
species 4-6.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

The chemistry of multinuclear oxido-bridged vanadium
complexes has been a subject of continuous interest over
the past two decades because of the biochemical impor-
tance of these species and their potential use as therapeutic
agents and oxidation catalysts.'! We have been working on
oxidovanadium(IV/V) complexes with acid hydrazide based
Schiff bases for some time.[?! Recently we reported a coordi-
natively unsymmetrical complex (variation in the ligands
bonded to the two metal centres) of the mixed valence syn-
{OV(u-O)VO}3* core that is of trapped valence character
in the solid state as well as in solution at ambient tempera-
ture.? Before this, there was a solitary report on a complex
with the same core, where the two tridentate ligands at-
tached to the two metal centres differ only in the substituent
on the aromatic fragment,! and there were very few exam-
ples of the {OV(u-O)VO}3* with a valence localized elec-
tronic structure in the fluid state.[3&3-31 Compared to dinu-
clear species, tetranuclear complexes composed of two
{OV(u-O)VO}>* units are extremely rare. To the best of our
knowledge only three structurally characterized complexes
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of this type are known (Scheme 1).[1 Each of these species
has a pair of dinucleating ligands. The dinucleating ligand
contains two tripodal ends connected by a spacer having
one or two additional coordinating sites. The tripodal ends
of each ligand bind two {OV(p-O)VO}3* units and as a
result these complexes have cyclic structures. In one of these
three complexes the metal centres of the {OV(u-O)VO}3*
cores are coordinatively unsymmetricall*®! and in the re-
maining two complexes they are symmetrical
(Scheme 1).#a4¢1 A]l these complexes are trapped valence in
the solid state. However, EPR studies of only one of them
are reported and the complex has valence delocalized elec-
tronic structure in solution at ambient temperature.*b!

In the present work, we report a series of dinuclear diox-
idovanadium(V) complexes, [(hc)O,V(p-diah)VO,(he)],
with the deprotonated O,N,NO-donor N,N’-bis(diacetyl)-
hydrazine (diah*") as the bridging ligand and neutral mono-
dentate N-donor heterocycles (hc) as ancillary ligands and
the linear tetravanadium(IV,V,V,IV) complexes, [(acac),OV-
(1-O)VO(he)(p-diah)(he)OV(n-O)VO(acac),],  containing
two unsymmetrical {OV(u-O)VO}3* units formed by the at-
tachment of two [VO(acac),] (acac’ = acetylacetonate)
molecules at the two ends of the dinuclear species
(Scheme 1). The electronic structure of the coordinatively
unsymmetrical {OV(u-O)VO}3* units in the tetravanadium
species has been scrutinized. Molecular structures of repre-
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Scheme 1. Previously reported cyclic tetravanadium complexes con-
taining two {OV(u-O)VO}3* units and the complexes reported in
the present work.

sentative dinuclear dioxidovanadium(V) and tetravanadi-
um(IV,V,V,IV) complexes have been confirmed by single-
crystal X-ray diffraction analysis.

Results and Discussion

Syntheses

The divanadium(V) complexes, [(hc)O,V(u-diah)VO,-
(he)] (1-3), were synthesized in an acetonitrile/water mix-
ture under aerobic conditions using H,diah, [VO(acac),],
and the corresponding heterocycle (hc) in a 1:2:2 mol ratio
in moderate yields. Here the oxygen in air acts as the oxi-
dant for the oxidation of the metal centre from a +4 to
+5 state. These yellow complexes are insoluble in common
organic solvents except for dimethyl sulfoxide. The linear
tetravanadium(IV,V,V,IV) complexes, [(acac),OV(u-O)VO-
(he)(p-diah)(he)OV(n-O)VO(acac),] (4-6), were synthesized
by the same general procedure used for 1-3 using H,diah,
[VO(acac),], and the corresponding heterocycle (hc) in a
1:4:2 mol ratio. Thus the twofold increase of the metal ion
starting material, [VO(acac),], results in the attachment of
the excess amount at the two ends of 1-3 and hence the
formation of two coordinatively unsymmetrical {OV(u-O)-
5392
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VO}3* motifs in 4-6. These complexes are green in colour
and like 1-3 they are also soluble only in dimethyl sulfoxide.
Electronic spectroscopic measurements indicate the forma-
tion of the tetravanadium species (4-6) in solution by the
addition of 2 equiv. of [VO(acac),] to yellow dimethyl sulf-
oxide solutions of the divanadium(V) complexes (1-3). The
microanalysis data are consistent with the molecular for-
mula of the complexes. In dimethyl sulfoxide, all the com-
plexes are electrically nonconducting. The divanadium(V)
complexes are diamagnetic, while the tetravanadium com-
plexes are paramagnetic. The effective magnetic moments
(terr) of 4-6 at 298 K are within 2.31-2.37 ug. These values
are consistent with the two unpaired electrons present at
the two terminal vanadium(IV) centres of these complexes.

X-Ray Structures

The molecular structures of 1, 3 and 6 are shown in Fig-
ures 1 and 2 and the bond parameters associated with the
metal centres are listed in Tables 1 and 2. In each of the
three structures, the two halves of the molecule are related
by a crystallographically imposed inversion centre situated
at the middle of the N-N bond of the dinucleating ligand
diah>. The N=C [1.298(6)-1.308(4) A] and the C-O
[1.284(3)-1.292(6) A] bond lengths in diah? are consistent
with the iminolate form [-N=C(O)-] of the amide func-
tionalities.[’*2¢l The metal centres in 1 and 3 are in an O;N,
coordination sphere constituted by the imine-N and the
amide-O of diah?", the imine-N of the heterocycle, and the
two terminal oxido groups (Figure 1). In both complexes,
the sum of the three O-V-O angles (359.9°) indicates that
the metal atom is essentially at the centre of the O5 triangu-
lar plane. The O-V-O angles are in the ranges 108.74(11)-
130.78(9)° and 109.45(13)-132.29(11)° in 1 and 3, respec-
tively. The N1-V-N2 angle in 1 is 155.75(9)° and that in 3
is 154.09(9)°. These values may indicate that the geometry
of the O3N, coordination sphere is close to trigonal-bipy-
ramidal, where the three O atoms form the trigonal plane
and the two N atoms occupy the axial positions. For a bet-
ter understanding of the nature of coordination geometry
we have calculated the 7 valuel® for both 1 and 3. The 7 is
defined as (f — a)/60, where [ is the larger and a is the
smaller trans bond angle in the basal plane. For ideal
square-pyramidal and trigonal-bipyramidal geometries the
7 will be zero and unity, respectively. Considering the bond
angles (Table 1), a distorted square-pyramidal geometry can
be thought of in each case, where the N1, N2, O’ and O3
form the basal plane and the O2 atom occupies the apical
position. The t values obtained are 0.42 and 0.36 for 1 and
3, respectively. Thus the metal centres in both complexes
are in a coordination geometry that is intermediate between
trigonal-bipyramidal and square-pyramidal and is a little
closer to the latter. The V-N(imine) and the V-O(amide)
bond lengths are similar to the corresponding bond lengths
observed in vanadium(V) complexes having the same coor-
dinating atoms.!”) The V—N(heterocycle) bond lengths in 1
and 3 are significantly shorter than the corresponding bond
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lengths reported for vanadium(IV) complexes.[®! The V=0
bond lengths are unexceptional when compared with the
same in pentavalent vanadium complexes.> ! The V1--V1’
distances are 4.9292(8) and 4.953(2) A in 1 and 3, respec-
tively. The V1--V1’ distance [4.946(2) A] in 6 is very similar
to that in 3. Except for the V1-O2 bond length, the remain-
ing bond parameters in this central dinuclear fragment of 6
(Figure 2) are also similar to the corresponding bond pa-
rameters found in complex 3. As in 1 and 3 the O3N, coor-
dination sphere around each pentavalent vanadium centre
(V1 and V1’) of 6 is slightly more towards square-pyrami-
dal than trigonal-bipyramidal (r = 0.39). The lengthening
of V1-02 in 6 is due to its coordination to the metal centre
of the terminal [VO(acac),] unit at the trans position with
respect to its oxido atom O(8). The V2-O2 bond length is
2.418(4) A. As a consequence of this coordination, the V—
O(acetylacetonate) bond lengths [1.977(4)-1.986(4) A] of
the terminal distorted octahedral vanadium(IV) centres of
6 are marginally longer than those [1.967(1)-1.970(1) A] ob-
served in the structure of [VO(acac),] where the metal cen-
tre is in square-pyramidal geometry.[’] For the same reason
the displacement of the vanadium(IV) centre from the Oy
square-plane formed by the two acetylacetonate ligands
towards the terminal oxido group is significantly less
[0.365(2) A] in 6 than the displacement [0.5447(4) A] ob-
served in the structure of [VO(acac),].l” However, the
V2=08 bond length [1.585(4) A] is very similar to that
[1.584(2) A] of isolated [VO(acac),].”? The V1--V2 distance
and the V1-02-V2 bridge angle in the {OV(u-O)VO}3*
cores of 6 are 3.951(1) A and 154.0(2)°, respectively.

(@) (b)

Figure 1. Molecular structures of (a) [(Himdz)O,V(p-diah)VO,-
(Himdz)] (1) and (b) [(Hdmpyz)O,V(u-diah)VO,(Hdmpyz)] (3)
with the atom numbering schemes. All non-hydrogen atoms are
represented by their 50% probability thermal ellipsoids.

The configuration of the mixed-valent {OV(u-O)VO}3*
core has been found to be very important with respect to
its electronic structure.?&3! So far three configurations,
namely anti-linear, anti-bent and syn-bent, have been de-
tected in structurally characterized complexes of this co-
re.?34 Here “anti” or “syn” refers to the relative orienta-
tion of the two terminal oxido groups in the {O=V(u-O)-
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Figure 2. Molecular structure of [(acac),OV(u-O)VO(Hdmpyz)(p-
diah)(Hdmpyz)OV(u-O)VO(acac),] (6) with the atom numbering
scheme. All non-hydrogen atoms are represented by their 30%
probability thermal ellipsoids. All hydrogen atoms except for the
NH hydrogen atom are omitted for clarity.

Table 1. Selected bond lengths [A] and angles [°] for 1-2H,0O and
3.

Complex 1-2H,0M 300
VI-NI 2.0751(19) 2.082(2)
VI-N2 2.070(2) 2.089(3)
VI-02 1.6172(19) 1.622(2)
VI-03 1.6152(18) 1.607(2)
V1-01’ 1.9921(17) 2.0165(19)
NI-VI-N2 155.75(9) 154.09(9)
NI-VI-02 98.12(9) 99.16(10)
NI-VI-03 97.18(9) 95.78(11)
NI-VI-Ol’ 74.70(7) 74.17(8)
N2-VI-02 98.14(9) 99.16(10)
N2-VI-03 94.47(9) 95.22(11)
N2-VI-Ol’ 81.58(7) 81.08(3)
02-V1-03 108.74(11) 109.45(13)
02-VI-Ol’ 120.42(9) 118.12(11)
03-VI-01’ 130.78(9) 132.29(11)

[a] Symmetry transformations used to generate equivalent atoms:
—~x+1,-y,—z.[b] x,—yp+1,—=z+ 1.

Table 2. Selected bond lengths [A] and angles [°] for 6.1

VI-NI1 2.088(4) VI-N2 2.090(4)
V1-02 1.632(4) V1-03 1.589(4)

vi-ol' 1.990(3)

V2-02 2.418(4) V2-04 1.986(4)

V2-05 1.977(4) V2-06 1.979(4)

V2-07 1.983(3) V2-08 1.585(4)

NI-VI-N2 156.30(16) ~ NI1-V1-02 97.34(16)
NI1-V1-03 98.73(17) NI1-V1-Ol' 74.35(14)
N2-V1-02 94.05(16) N2-V1-03 97.02(18)
N2-V1-Ol' 82.66(15) 02-V1-03 109.18(19)
02-V1-0Ol' 13291(18)  03-V1-Ol 117.86(17)
02-V2-04 77.97(14) 02-V2-05 80.08(14)
02-V2-06 81.39(15) 02-V2-07 78.11(13)
02-V2-08 178.41(17)  04-V2-05 90.00(15)
04-V2-06 159.34(16)  04-V2-O7 85.47(15)
04-V2-08 100.51(18)  05-V2-06 87.40(16)
05-V2-07 158.19(15)  05-V2-08 100.46(18)
06-V2-07 89.36(15) 06-V2-08 100.12(18)
07-V2-08 101.34(17)

[a] Symmetry transformation used to generate equivalent atoms:
-x,—y+1,—z+ 1.
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V=0}3* unit and “linear” or “bent” refers to the V-O-V
angle. For ideal anti and syn configurations the O=V--V=0
torsion angles are 180 and 0°, respectively. There is a single
example of a configuration that is in between syn- and anti-
bent.’" Here the O=V++-V=0 torsion angle is 83.7°. Such
a configuration is also called “twist-angular”.?! In all these
species, the two (bridging)O-V=0 angles are similar and
less than 180°. The same is true for the two V+-V=0 angles.
Interestingly, the bent {OV(u-O)VO}3* cores in 6 are very
different with respect to these angles. The O2-V1-03 angle
is 109.18(19)°, but the O2-V2-08 angle is 178.41(17)°. The
V2:--V1-0O3 and VI--V2-O8 angles are 124.6(1) and
168.4(2)°, respectively. These variations in the two halves of
the {OV(u-O)VO}3* core are primarily due to the differ-
ences in the coordination geometries around the V1 (inter-
mediate between trigonal-bipyramidal and square-pyrami-
dal) and V2 (distorted octahedral) and the frans relation-
ship between the bridging and the terminal oxido groups at
the V2. However, in relation to only the O3-V1---V2-O8
torsion angle [-166.2(7)°], the {OV(u-O)VO}3* cores in 6
fall in the trans-bent category. So far the largest V---V dis-
tance reported is 3.7921(7) A for a divanadium(V) species
containing an unsymmetrical “twist angular” {OV(u-O)-
VO} core.®! Possibly the unusually large V1--V2 distance
[3.951(1) A] in 6 is due to the atypical configuration of the
{OV(u-O)VO}3* core. Interestingly the V-V distance
[3.3084(6) A] in an unsymmetrical complex of {OV(u-O)-
VO}** unit where one metal centre is square-pyramidal and
the other one is distorted octahedral with a configuration
very close to that observed in 6 is significantly smaller.[®!

Hydrogen Bonding and Self-Assembly

We have scrutinized all three structures for possible N—
H---O type hydrogen bonding interactions as these complex
molecules contain the heterocycle N-H group and fairly ba-
sic vanadium(IV/V)-bound oxido groups as well as metal-
coordinated O atoms. Two water molecules are also present
in the unit cell of 1, which can participate in hydrogen-
bonding interactions as a donor and as an acceptor.

In the case of 1-2H,0, the Himdz N-H group partici-
pates in an intermolecular N-H---O hydrogen bond involv-
ing the O4 atom of the lattice water as acceptor. The
N3--04 distance and the N3-H--O4 angle are 2.786(3) A
and 170°, respectively. The lattice water itself acts as a do-
nor in two intermolecular O-H-+-O hydrogen bonds involv-
ing the two metal-coordinated oxido groups O2 and O3 as
acceptors. The O4---O2 and O4---O3 distances are 2.846(3)
and 2.871(3) A, respectively. The O4-H-+02 and O4—
H---O3 angles are 173(5) and 174(4)°, respectively. Because
of these three intermolecular hydrogen-bonding interac-
tions, 1:2H,O units assemble into a two-dimensional sheet
structure (Figure 3). There is no other significant interac-
tion between these parallel layers in the crystal lattice.

The Hdmpyz N-H group of 3 is involved in an intermo-
lecular hydrogen-bonding interaction with one of the metal-
bound oxido group O2. Here, the N3---O2 distance and the
5394
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Figure 3. (a) Two-dimensional network of 1-2H,O and (b) one-di-
mensional chain structure of 3.

N3-H--02 angle are 2.979(4) A and 140°, respectively. Be-
cause of this N-H---O interaction the molecules of 3 forms
a one-dimensional chain-like structure in the crystal lattice
(Figure 3). The N-H group is also close to the metal-coor-
dinated amide O1’ atom. The N3-+Ol’ distance and the
N3-H--Ol’ angle are 2.701(3) A and 112°, respectively
(Figure 1). These parameters perhaps indicate the involve-
ment of the N-H group in bifurcated hydrogen bonds of
inter- and intramolecular types.

In the case of 6, there is no intermolecular hydrogen
bonding and hence the molecules exist as discrete units in
the crystal lattice. However, the Hdmpyz N-H group par-
ticipates in an intramolecular N-H---O hydrogen bond in-
volving one of the metal-coordinated acetylacetonate O
atoms (Figure 2). The N3---O7 distance and the N3-H---O7
angle are 3.114(6) A and 153°, respectively. Interestingly,
this hydrogen bond indicates that there is a difference in the
orientation of the Hdmpyz ring in the central dinuclear unit
of 6 when compared with the isolated dinuclear species 3
where the N-H group is near the amide O1 atom (Figure 1).
An approximately 180° rotation of the Hdmpyz ring along
the V1-N2 will take away the N-H group from the amide
Ol atom and bring it near the acetylacetonate O7 atom
coordinated to the terminal metal centre V2 (Figure 2).

Spectroscopic Characteristics

The infrared spectra of 1-6 display a strong band in the
range 1564-1545 cm™!'. This band is assigned to the C=N
stretch of the dinucleating ligand diah?>. A strong and a
moderately strong band are observed in the ranges 959-932
and 898-850 cm™! in the spectra of complexes 1-3. These
are attributed to the y,, and y, stretches of the VO,*
unit.l?¢2¢l Complexes 4-6 display a pair of strong bands in
the 995-959 and 936-900 cm™! regions due to the VV=0
and VV=0 stretches, respectively.

Eur. J. Inorg. Chem. 2009, 5391-5398
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Electronic spectral profiles of 1-3 in dimethyl sulfoxide
are very similar (Table 3). The spectra display two strong
absorptions at about 308 and 275 nm due to ligand-to-
metal and ligand-centred transitions.*i318 Complexes 4-6
display two similar strong absorptions at about 313 and
274 nm. In addition to these two absorptions, they also dis-
play two weak absorptions in the ranges 575-550 and 415-
423 nm (Table 3). Considering the trapped valence charac-
ter of 4-6 in solution at room temperature (vide infra), it is
very unlikely that any of these weak absorptions is due to
intervalence transition.”™8 The electronic spectrum of
[VO(acac),] in dimethyl sulfoxide displays three absorptions
at 650 (¢ = 330 M 'cm™), 453 (¢ = 73 M 'em™!) and 280 nm
(e = 875m 'em™). Thus the weak absorptions observed in
the visible region for 4-6 are assigned to the d—d transitions
associated with the terminal vanadium(IV) centres.}i-318]

Table 3. Electronic spectroscopic® and cyclic voltammetrict?-?]
data.

Complex ;Lmax [nm] EI/Z[C] [V] (AEp[d] [mV])
(103 Xxe M em™]) Reduction Oxidation

1-2H,0 308 (6.7), 270 (6.3) —0.94l -

2 309 (9.3), 277 (6.3) ~0.81 380) -

3 306 (11.4), 271 (64)  —0.78 (260) —

4 56017 (0.05), 42011 —0.90kl 0.96 (260)
(0.09), 312 (20.9), 27311
(16.8)

5 57511 (0.03), 41511 -0.86 0.99 (290)
(0.22), 313 (21.5), 27311
(15.5)

6 55007 (0.12), 42301 -0.82f 1.12fel
(0.23), 313 (21.2), 27511
(17.3)

[a] In dimethyl sulfoxide (298 K). [b] At a scan rate of 100 mVs™'.
[c] Evpp = (Epa + Epc)/2, where E,, and E,, are anodic and cathodic
peak potentials, respectively. [d] AE, = E,, — Eyc. [€] Epe. [f] Shoul-
der. [g] Epa.

The 'H NMR spectra of 1-3 have been recorded in
(CD3),S0O. All the spectra display a singlet corresponding
to three protons at 0 = 2.50-2.52 ppm. This resonance is
assigned to the methyl group of the dinucleating ligand
diah®. The heterocycle NH proton appears as a broad sing-
let in the range 12.03-13.15 ppm. In the case of 1, the three
imidazole CH protons are observed as singlets at 6 = 6.25,
7.60 and 8.18 ppm. Three singlets observed at ¢ = 6.26, 7.59
and 9.68 ppm for 2 are assigned to the three CH protons
of the pyrazole ring. The 3- and S5-methyl protons of the
Hdmpyz of 3 are observed as two singlets at 6 = 2.27 and
2.11 ppm, respectively. The lone CH proton of the Hdmpyz
resonates as a singlet at § = 5.73 ppm. The >'V NMR spec-
tra of all three complexes display a singlet in the region
0 = —516 to —542 ppm. These chemical shifts are compar-
able with the chemical shifts observed for similar dioxidova-
nadium(V) complexes.”!

As expected, the diamagnetic dinuclear complexes 1-3
are EPR inactive. The paramagnetic tetranuclear complexes
4-6 in dimethyl sulfoxide at room temperature (298 K) dis-
play a clear eight-line 3!V (I = 7/2) hyperfine structure due
to the terminal vanadium(IV) centres. The g;,, and 4;,, val-
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ues are within 1.97-1.98 and (94-97) X 10* cm™!, respec-
tively. In frozen (120 K) solution, all three complexes dis-
play typical well resolved axial spectra (g = 1.95-1.96, 4,
= 166-173x10%cm ! and g, = 1.97-1.98, 4, = 57—
63X 10~* cm™!). Representative room temperature and fro-
zen solution spectra are depicted in Figure 4. Observation
of the room-temperature eight-line solution spectra instead
of the 15-line spectra indicates the very rare solution phase
localized electronic structure of the {OV(u-O)VO}3* cores
in 4-6.121-32.3:31 Thuys in fluid condition the valence delocal-
ization commonly observed for mixed-valence {OV(p-O)-
VO}3* species is not favoured in 4-6 because of the very
different coordination environment around the vanadi-
um(IV) and vanadium(V) centres.

3300 3600 3900

H[G]

3000

2500 3000 3500 4000

Figure 4. X-band EPR spectra of [(acac),OV(u-O)VO(Hdmpyz)(p-
diah)(Hdmpyz)OV(pu-O)VO(acac),] (6) in dimethyl sulfoxide at
298 K (top) and 120 K (bottom).

Electrochemical Properties

Electron-transfer properties of 1-6 in dimethyl sulfoxide
have been investigated with the help of cyclic voltammetry.
The potential data have been listed in Table 3 and represen-
tative cyclic voltammograms are shown in Figure 5. The di-
vanadium(V) complexes 1-3 display a reduction in the po-
tential range —0.78 to —0.94 V (vs. Ag/AgCl). On the other
hand, the tetravanadium(IV,V,V,IV) complexes (4-6) dis-
play a reduction as well as an oxidation in the potential
ranges —0.82 to —0.90 V and 0.96 to 1.12'V (vs. Ag/AgCl),
respectively. All these responses are irreversible because of
unequal anodic and cathodic peak currents and large AE,
or the complete absence of the E,, or E,. (Table 3, Fig-
ure 5). The deprotonated bridging ligand (diah?>") and the
heterocycles do not show any such redox response in the
above potential range. Thus the reduction response ob-
served for all the complexes is assigned to the vanadium(V)
— vanadium(IV) process, while the oxidation response ob-
served for only the tetravanadium species (4-6) is attributed
to the terminal vanadium(I'V) — vanadium(V) process. The
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one-electron nature of these responses has been validated
by comparing the peak currents with known one-electron
transfer processes under identical conditions.!>!% It may be
noted that the reduction potentials (£, values) of 4-6 are
higher than the corresponding values of 1-3. This anodic
shift of the vanadium(V) — vanadium(IV) reduction is
possibly the consequence of the weakening of the VV=0
bond in the central dinuclear unit of 4-6 because of the
coordination of the oxido group to the terminal vanadi-
um(IV) centre.

IIOpA
T

12 06 00 06 12
E [V] vs. Ag/AgCl

Figure 5. Cyclic voltammograms (scan rate 100 mVs!) of (a)
[(Hpyz)O,V(u-diah)VO,(Hpyz)] (2) and (b) [(acac)OV(p-O)-
VO(Hpyz)(p-diah)(Hpyz)OV(pn-O)VO(acac),] (5) in dimethyl sulf-
oxide (0.1 m TBAP) at 298 K.

Conclusions

Dinuclear dioxidovanadium(V) complexes [(hc)O,V(p-
diah)VO,(he)] 1-3 with O,N,N,O-donor N,N’-diacetyl hy-
drazine (H,diah) and neutral N-donor heterocycles (hc)
have been synthesized using [VO(acac),] as the metal ion
source. In these complexes, the metal centres are in the tri-
gonal-bipyramidal N,O; coordination sphere. Use of
double the amount of [VO(acac),] required for the synthesis
of 1-3 provides linear tetravanadium(IV,V,V,IV) species
[(acac),OV(u-0O)VO(he)(p-diah)(hc)OV(pu-O)VO(acac),] 4-6
containing two unsymmetrical {OV(u-O)VO}3* cores. X-
ray structure of one of the tetravanadium species reveals
that the mixed-valence core is in a trapped valence situation
and it has a very unusual configuration with the largest
V-V separation for this type of core.[®! Electronic spectra
of 1-3 exhibit only ligand-to-metal charge transfer and li-
gand-based transitions in the UV region, while those of 4-
6 show additional ligand field transitions in the visible re-
gion. The EPR results exhibit very rare valence localized
electronic structures for 4-6 in the fluid matrix. All com-
plexes are redox active. The divanadium(V) species display
a vanadium(V) to vanadium(IV) reduction, while the tetra-
vanadium(IV,V,V,IV) species display an additional vanadi-
um(IV) to vanadium(V) oxidation with the metal-centred
reduction.
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Experimental Section

Materials: Bis(acetylacetonato)oxidovanadium(IV), [VO(acac),],
was prepared by following a reported procedure.''l All other chem-
icals and solvents used in this work were of analytical grade avail-
able commercially and were used without further purification.

Physical Measurements: Elemental (C, H, N) analysis data were
obtained with the help of a Thermo Finnigan Flash EA1112 series
elemental analyzer. Solution electrical conductivities were mea-
sured using a Digisun DI-909 conductivity meter. Magnetic suscep-
tibility measurements were performed with a Sherwood Scientific
balance. Diamagnetic corrections calculated from Pascal’s con-
stants!'?! were used to obtain the molar paramagnetic susceptibilit-
ies. Infrared spectra were collected by using KBr pellets on a Jasco-
5300 FTIR spectrophotometer. A Cary 100 Bio UV/Vis spectro-
photometer was used to record the electronic spectra. The 'H
[Si(CH3), as internal standard] and *'V (VOCI; as external stan-
dard) NMR spectra were collected with the help of Bruker
200 MHz and 400 MHz NMR spectrometers, respectively. A CH-
Instruments model 620A electrochemical analyzer was used for cy-
clic voltammetric measurements with dimethyl sulfoxide solutions
of the complexes containing tetrabutylammonium perchlorate
(TBAP) as the supporting electrolyte. The three-electrode measure-
ments were carried out at 298 K under dinitrogen with a glassy
carbon working electrode, a platinum wire auxiliary electrode and
an Ag/AgCl reference electrode. Under identical conditions the
Fc*/Fc couple was observed at 0.65 V. The potentials reported in
this work are uncorrected for junction contributions.

Synthesis of the Complexes

[(Himdz)O,V (n-diah)VO,(Himdz)|-2H,O (1-:2H,0): An aqueous
solution (5 mL) of N,N’-bis(diacetyl)hydrazine (116 mg, 1.0 mmol)
was added to an acetonitrile solution (25mL) of imidazole
(136 mg, 2 mmol) and [VO(acac),] (530 mg, 2 mmol) and the mix-
ture was boiled under reflux for 6 h and then filtered. The clear
light yellow filtrate thus obtained was kept at 5 °C. A yellow crys-
talline complex started separating after about 3-4 d. The mixture
was allowed to stay at low temperature for about 7 d to obtain
the maximum yield and then the deposited crystalline material was
collected by filtration washed with acetonitrile and dried in air;
yield 185 mg (41%). C,oH sNgOgV, (452.18): caled. C 26.56, H
4.01, N 18.59; found C 26.37, H 4.18, N 18.42. 'H NMR in (CD3),-
SO: 6 = 2.50 (s, CH3), 6.25, 7.60, 8.18 (s, s, s, Himdz C-H protons),
13.15 (br. s, N-H) ppm. 'V NMR in (CD3),SO: § = —542 (s) ppm.

[(Hpyz)O,V (n-diah)VO,(Hpyz)] (2): This complex was synthesized
in 48% yield by following an identical procedure as described for
1-2H,0 except for the heterocycle being pyrazole instead of imid-
azole. C;oH4NsO4V, (416.14): caled. C 28.86, H 3.39, N 20.19;
found C 28.54, H 3.17, N 19.83. 'H NMR in (CD3),SO: 6 = 2.50
(s, CH3), 6.26, 7.59, 9.68 (s, s, s, Hpyz C-H protons), 12.71 (br. s,
N-H) ppm. 3'V NMR in (CD;),SO: § = —536 (s) ppm.

[(Hdmpyz)O,V (p-diah)VO,(Hdmpyz)] (3): Using 3,5-dimethylpyr-
azole as the heterocycle this complex was obtained in 47% yield by
following the same procedure used for the previous two complexes.
C4H2»NgOgV, (472.26): caled. C 35.61, H 4.70, N 17.80; found C
35.49, H 4.78, N 17.64. '"H NMR in (CD;3),SO: § = 2.11 (s, 5-CHj3
of Hdmpyz), 2.27 (s, 3-CH; of Hdmpyz), 2.52 (s, CH3), 5.73 (s,
Hdmpyz C-H proton), 12.03 (br. s, N-H) ppm. >'V NMR in (CD5),-
SO: 6 = 516 (s) ppm.

[(acac),OV(p-0O)VO(Himdz)(p-diah)(Himdz)OV (p-O)VO(acac),]
(4): This complex was prepared in 31% yield by following an iden-
tical procedure as described for 1-:2H-O using H,diah, Himdz and
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[VO(acac),] in a 1:2:4 mol ratio. Here the green complex started to
crystallize within 2-3 d and it was isolated after keeping the reac-
tion mixture at 5°C for about a week to obtain the best yield.
C30H4oNO 6V, (946.46): caled. C 38.07, H 4.47, N 8.88; found C
37.94, H 4.49, N 8.69. At 298 K o [ug]: 2.37. X-band EPR in
(CH3),S0: giso = 1.98, 4o = 94X 104 cm ! at 298 K; g = 1.96, 4
=173X10%*cm ' and g, = 1.98, 4, =63X10*cm! at 120 K.

[(acac), OV (u-O)VO(Hpyz)(p-diah)(Hpyz)OV (n-O)VO(acac),] (5):
A procedure identical to that described for 4 was used to prepare
this complex in 26% yield using pyrazole instead of imidazole.
C30H42NgO16V4 (946.46): caled. C 38.07, H 4.47, N 8.88; found C
37.81, H 4.24, N 8.52. At 298 K pier. [1eg]: 2.31. X-band EPR in
(CH;),80: giso = 1.97, Ao = 96X 104 cm ! at 298 K; g = 1.95, 4
=166X10%cm ' and g, =197, 4, =57X10*cm ! at 120 K.

[(acac),OV(p-O)VO(Hdmpyz)(p-diah)(Hdmpyz) OV (p-O)VO-
(acac),] (6): This complex was prepared in 32% yield using 3,5-
dimethylpyrazole as the heterocycle and a procedure identical to
that used for the previous two complexes. Ci3HsoNgO16Vy
(1002.56): caled. C 40.73, H 5.03, N 8.38; found C 40.49, H 5.15,
N 8.16. At 298 K pegr. [1g]: 2.36. X-band EPR in (CH;),SO: gis, =
1.97, Aiso = 97X 10* cm™' at 298 K; gy = 1.95, 4; = 169 X 10* cm'!
and g, =198, 4, =58X10*cm ! at 120 K.

X-Ray Crystallography: Single crystals of 1-:2H,O, 3 and 6 were
collected directly from the products obtained during their synthe-
ses. For each crystal, a Bruker-Nonius SMART APEX CCD single-
crystal diffractometer, equipped with a graphite monochromator
and a Mo-K, fine-focus sealed tube (1 = 0.71073 A) operated at
2.0 kW was used to determine the unit cell parameters and to col-
lect the intensity data. The detector was placed at a distance of
6.0 cm from the crystal. Data were collected at 298 K with a scan
width of 0.3° in w and an exposure time of 10 s/frame. The SMART
software was used for data acquisition and the SAINT-Plus soft-
ware was used for data extraction.'?l The absorption corrections
were performed with the help of the SADABS program.['¥) The
structures were solved by direct methods and refined on F? by full-
matrix least-squares procedures. In all the structures, the non-hy-
drogen atoms were refined using anisotropic thermal parameters.
The water hydrogen atoms in 1-:2H,O were located in a difference
map and refined with Ujo(H) = 1.5U;,(O). All other hydrogen

Table 4. Crystallographic data for 1-2H»0, 3 and 6.

Complex 1-2H,0 3 6
Empirical formula CoH gNgOgV,  Ci4H»nNgOgV, CayHsgNgO16V4
Formula mass [gmol ']  452.18 472.26 1002.56
Crystal system triclinic monoclinic triclinic
Space group Pl P2i/c PI

a A 7.3716(9) 7.196(3) 7.5769(15)
b A 7.4285(9) 18.252(8) 10.388(2)
c[A] 9.0578(11) 8.082(4) 15.675(3)
a ] 106.516(2) 90 76.922(4)
AN 96.129(2) 112.156(7) 76.429(4)
7 [°] 107.765(2) 90 72.404(4)
VA3 442.58(9) 983.1(8) 1127.1(4)
Z 1 2 1

o [mm '] 1.108 0.994 0.875
Measured reflections 4645 9294 12878
Unique reflections 1744 2303 5130
Reflections 7 = 2a(1) 1537 1508 3235

Parameters 125 130 278
Ry, wR, [I = 20(1)] 0.0358, 0.0929  0.0498, 0.1036 0.0724, 0.1689

R, wR, (all data) 0.0417, 0.0964  0.0875, 0.1146 0.1176, 0.1868
GOFon P> 1.062 0.946 1.038
Apoe Mpmin €A 0.379,-0202 0530, -0.326  0.670, -0.329
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atoms were included in the structure factor calculations at idealized
positions by using a riding model. The SHELX-97 programs!!3!
available in the WinGX package!'® were used for structure solution
and refinement. The ORTEX6al'”l and Platon!'® packages were
used for molecular graphics. Selected crystal and refinement data
are listed in Table 4.

CCDC-737096 (for 1-2H,0), -737097 (for 3) and -737098 (for 6)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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