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ABSTRACT:

The diamagnetic VO2þ-iminobenzosemiquinonate anion radical (LRIS
•-, R = H, Me) complexes, (L-)(VO2þ)(LRIS

•-):
(L1

-)(VO2þ)(LHIS
•-)•3/2MeOH (1•3/2MeOH), (L2

-)(VO2þ)(LHIS
•-) (2), and (L2

-)(VO2þ)(LMe
IS
•-)•1/2 LMe

AP (3•1/2
LMe

AP), incorporating tridentate monoanionic NNO-donor ligands {L = L1
- or L2

-, L1H = (2-[(phenylpyridin-2-yl-methyle-
ne)amino]phenol; L2H = 1-(2-pyridylazo)-2-naphthol; LHIS

•- = o-iminobenzosemiquinonate anion radical; LMe
IS
•- =

o-imino-p-methylbenzosemiquinonate anion radical; and LMe
AP = o-amino-p-methylphenol} have been isolated and characterized by

elemental analyses, IR, mass, NMR, andUV-vis spectra, including the single-crystal X-ray structure determinations of 1•3/2MeOH
and 3•1/2 LMe

AP. Complexes 1•3/2MeOH, 2, and 3•1/2 LMe
AP absorb strongly in the visible region because of intraligand (IL) and

ligand-to-metal charge transfers (LMCT). 1•3/2MeOH is luminescent (λext, 333 nm; λem, 522, 553 nm) in frozen dichloro-
methane-toluene glass at 77 K due to πdiimine f πdiimine* transition. The V-Ophenolato (cis to the VdO) lengths, 1.940(2) and
1.984(2) Å, respectively, in 1•3/2MeOH and 3•1/2 LMe

AP are consistent with the VO2þ description. The V-Oiminosemiquinonate

(trans to the VdO) lengths, 2.1324(19) in 1•3/2MeOH and 2.083(2) Å in 3•1/2 LMe
AP, are expectedly∼0.20 Å longer due to the

trans influence of the VdO bond. Because of the stronger affinity of the paramagnetic VO2þ ion to the LHIS
•- or LMe

IS
•-, the V-

Niminosemiquinonate lengths, 1.908(2) and 1.921(2) Å, respectively, in 1•3/2MeOH and 3•1/2 LMe
AP, are unexpectedly shorter.

Density functional theory (DFT) calculations using B3LYP, B3PW91, and PBE1PBE functionals on 1 and 2 have established that
the closed shell singlet (CSS) solutions (VO3þ-amidophenolato (LRAP

2-) coordination) of these complexes are unstable with respect to
triplet perturbations. But BS (1,1) Ms = 0 (VO

2þ-iminobenzosemiquinonate anion radical (LRIS
•-) coordination) solutions of these

species are stable and reproduce the experimental bond parameters well. Spin density distributions of one electron oxidized cations
are consistent with the [(L-)(VO2þ)(LRIQ)]

þ descriptions [VO2þ-o-iminobenzoquinone (LRIQ) coordination], and one electron
reduced anions are consistent with the [(L•2-)(VO3þ)(LRAP

2-)]- descriptions [VO3þ-amidophenolato (LRAP
2-) coordination],

incorporating the diimine anion radical (L1
•2-) or azo anion radical (L2

3-). Although, cations and anions are not isolable, but
electro-and spectro-electrochemical experiments have shown that 3þ and 3- ions are more stable than 1þ, 2þ and 1-, 2- ions. In all
cases, the reductions occur with simultaneous two electron transfer, may be due to formation of coupled diimine/azo anion radical-
VO2þ species as in [(L•2-)(VO2þ)(LRAP

2-)]2-.

1. INTRODUCTION

Chemical researchers have been intrigued by the biological
role of vanadium compounds.1 The existence of vanadate-
dependent haloperoxidases,2 vanadium-nitrogenase3 that cata-
lyze multi-electron transfer reactions, vanabins4 and vanadates
that alleviate diabetes mellitus symptoms5 and are used potent
inhibitors of several phosphate-metabolizing enzymes,6 like
ribonucleases, mutases, and phosphatases, have inspired scien-
tists to mimic the same enzymatic and medicinal activities with

model coordination compounds of vanadium synthesized in the
laboratory.7 The investigations have revealed that the bioactivity
of vanadium depends on its oxidation state,1,7 and in this context,
we have been persuaded to study the electron transfer series of
oxidovanadium complexes with redox non-innocent o-amino-
phenolato ligands. Oxidovanadium complexes with redox active
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organic ligands, particularly catecholate,8 p-hydroquinone,9 2-an-
ilino-4,6-di-tert-butylphenol, and its derivative10 that undergo
multi-electron transfer, have been investigated in many aspects.
The impact of VO2þ and VO3þ, two active oxidovanadium cores,
the former being one electron paramagnetic, with a paramagnetic
benzosemiquinonate or iminobenzosemiquinonate anion radi-
cal, has been worth analyzing. Two VO2þ/3þ cores potentially
can afford four types of binding with dianionic catecholato types
and monoanionic o-benzosemiquinonate or o-iminobenzosemi-
quinonate radicals as in Chart 1. In the literature, only the species
of type I with D = O, i.e., catecholate species of VO3þ, have been
reported,8 and surprisingly, not a single species incorporating II,
III, IV, or V chelate has been authenticated so far. In most cases,
o-aminophenolates produce nonoxido vanadium species except
one with a modified penta-dentate aminophenol ligand.10a

Recently, Keramidas et al. found a stronger affinity of the p-
benzosemiquinonate anion radical toward the paramagnetic
VIVO ion in a series of binuclear and tetranuclear OVV and OVIV

skeletons incorporating redox non-innocent 2,5-bis[N,N-bis-
(carboxymethyl)aminomethyl]hydroquinone, a dinucleating
ligand.9 The work disclosed that the VIV-Osemiquinonate bond is
stronger than the VIV-Ocatecholato bond. In this work, we have
successfully augmented this novel chemistry with o-aminophenol
(D = NH) ligands by reporting coordination type III, i.e., an
o-imino-p-R-benzosemiquinonate anion radical (LRIS

•-, R = H,
Me) coordinated to a VO2þ core as in (L-)(VO2þ)(LRIS

•-):
(L1

-)(VO2þ)(LHIS
•-)•3/2MeOH (1•3/2MeOH), (L2-)-

(VO2þ)(LHIS
•-) (2), and (L2-)(VO2þ)(LMe

IS
•-)•1/2 LMe

AP

(3•1/2 LMe
AP) {L1H = (2-[(phenylpyridin-2-yl-methylene)-

amino]phenol; L2H = 1-(2-pyridylazo)-2-naphthol; LHIS
•- =

o-iminobenzosemiquinonate anion radical; LMe
IS
•- = o-imino-p-

methylbenzosemiquinonate anion radical; and LMe
AP = o-amino-

p-methylphenol}. Both L1H and L2H are monodeprotonable

tridentate NNO-donor ligands as shown in Figures 2 and 4.
Experimental data and broken symmetry density functional theory
(BSDFT) calculations have predicted three types of electron transfer
series of these species as shown in Scheme 1.

The investigation has inferred that closed shell singlet (CSS)
solutions of these complexes are unstable, and the o-imino-p-R-
benzosemiquinonate anion radical (LRIS

•-)-VIVO spin-coupled
ground state (S = 0) stabilizes 1•3/2MeOH, 2, and 3•1/2 LMe

AP

complexes.

2. EXPERIMENTAL SECTION

2.1. Materials and Physical Measurements. Reagents or
analytical grade materials were obtained from commercial suppliers
and used without further purification. Spectroscopic grade solvents were
used for spectroscopic and electrochemical measurements. The syn-
thetic precursor, VO(acac)2, was prepared by the reported procedure.

11

After evaporating MeOH solvents of the sample under high vacuum,
elemental analyses and spectral measurements have been performed.
The C, H, and N content of the compounds were obtained from a
Perkin-Elmer 2400 series II elemental analyzer. Infrared spectra of the
samples were measured from 4000 to 400 cm-1 with the KBr pellet at
room temperature on a Perkin-Elmer Spectrum RX 1, FT-IR spectro-
photometer. 1H NMR spectrum in CDCl3 and DMSO-d solvents were
carried out on a Bruker DPX-300 MHz spectrometer with tetramethyl-
silane (TMS) as an internal reference. ESI mass spectrum was recorded
on a micro-mass Q-TOF mass spectrometer. Electronic absorption
spectrum in solution at 298 K was carried out on a Perkin-Elmer
Lambda 25 spectrophotometer in the range of 1100-200 nm. Magnetic
susceptibility at 298 K has been measured on Sherwood magnetic
susceptibility balance. Emission spectra at 77 K were recorded in
CH2Cl2-toluene glass using a quartz sample tube on a Perkin-Elmer
LS 55 fluorescence spectrophotometer equipped with a Perkin-Elmer
low-temperature luminescence accessory. The electro analytical instru-
ment, BASi Epsilon-EC, has been used for cyclic voltamometric and
spectro-electrochemistry experiments.
2.2. Syntheses. (L1

-)(VO2þ)(LHIS
•-)•3/2MeOH (1•3/2MeOH).To

a MeOH solution (25 mL) of 2-benzoyl pyridine (366 mg, 2.0 mmol),
o-aminophenol (436 mg, 4.0 mmol) was added, and the resulting
solution was heated to reflux for 90 min. The reaction mixture was
cooled at 40 �C. To this solution VO(acac)2 (534 mg, 2.0 mmol),
CH2Cl2 (5 mL), and methanol (25 mL) were added successively and
allowed to evaporate slowly in air. After 2-3 days, dark brown crystals

Chart 1 Scheme 1
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of 1•3/2MeOH separated out, which were filtered and dried in air. Yield:
537 mg (60% with respect to vanadium). ESI (positive ion)- MS in
CH3OH; m/z: 448.01(1

þ). 1H NMR (CDCl3, 300 MHz, 300 K): δ
(ppm) = 14.11(b, N-H), 8.31 (b, 1H), 7.79 (t, 1H), 7.68 (m, 3H), 7.50
(b, 1H), 7.39 (b, 1H), 7.18 (d, 1H), 7.09 (t, 1H), 6.85 (d, 1H), 6.74 (b,
1H), 6.48 (m, 4H), 6.25 (t, 1H), 6.16(d, 1H). Anal. Calcd for
C24H18N3O3V (1): C, 64.43; H, 4.05; N, 9.39. Found: C, 64.32; H,
4.01; N, 9.35. IR (KBr, νmax/cm

-1): 3441(m, MeOH), 3210(s, N-H),
1576(vs, CPh=N-), 1548(s), 1475(vs), 1458(vs), 1443(s), 1313(vs),
1269(vs), 1144(vs), 1028(s), 947(vs, VdO), 758(s), 739(s), 706(s),
576(s), 503(m).
(L2

-)(VO2þ)(LHIS
•-) (2). To a MeOH (30 mL) solution of 1-(2-

pyridylazo)-2-naphthol (L2H, 50 mg, 0.2 mmol), 2-aminophenol (22
mg, 0.2 mmol) was added, and the resulting solution was heated at 60 �C
for 10-15 min. The solution was cooled to room temperature and
filtered. To this filtrated VO(acac)2 (52 mg, 0.2 mmol), CH2Cl2 (5 mL)
andMeOH (15 mL) were added successively, and the resulting solution
was allowed to evaporate slowly in air. After 2-3 days, a dark brown
crystalline compound of 2 separated out, which was filtered and dried in
air. Yield: 43 mg (51% with respect to vanadium). Mass spectrum (ESI,
positive ion, CH3CN): m/z 423{2}

þ. 1H NMR (DMSO-d6, 300 MHz,
300 K): δ (ppm) = 16.19 (s, N-H), 9.31 (d, 1H), 8.23-8.09(m, 3H)
7.92 (t, 2H), 7.75(t, 1H), 7.53(t, 1H), 7.45(t, 1H), 6.97(d, 1H), 6.67
(t, 1H), 6.45(d, 1H), 6.35(t, 1H), 6.22(d, 1H). Anal. Calcd for
C21H15N4O3V: C 59.58, H 3.57, N 13.23. Found: C 59.48, H 3.45, N
13•10. IR (KBr, νmax/cm

-1): = 3206(s, N-H), 1588(s, -NdN-),
1507(m), 1473(s), 1355(vs), 1247(vs), 1147(s), 952(vs, VdO),
833(m), 760(m), 557(w), 505(w).
(L2

-)(VO2þ)(LMe
IS
•-).1/2LMe

AP (3•1/2LMe
AP). This was prepared by

the same procedure as 2, using 1-(2-pyridylazo)-2-naphthol (L2H, 50
mg, 0.2 mmol), o-amino-p-methylphenol (LMe

AP), 25 mg, 0.2 mmol),
and VO(acac)2 (52 mg, 0.2 mmol). Dark brown crystals of 3•1/2 LMe

AP

separated out within 2-3 days, incorporating half of a molecule of o-
amino-p-methylphenol (1/2 LMe

AP). Single crystals for X-ray structure
determinations have been collected from this product. Yield: 55 mg
(56% with respect to vanadium). Mass spectrum (ESI, positive ion,
CH3CN):m/z 437{3}

þ. 1HNMR (CDCl3, 300MHz, 300 K): δ (ppm) =
15.76 (s, N-H), 13.78 (s, NH2), 9.35 (d, 1H), 8.41 (d, 1H), 7.91-
7.27 (m, 6H), 7.62 (b, 3H), 7.50 (d, 2H), 7.40 (d, 3H), 7.13 (b, 2H),
6.95 (d, 2H), 6.68 (d, 1H), 6.58 (d, 2H), 6.40 (d, 1H), 6.30(s, 1H). Anal.
Calcd for C22H17N4O3V.1/2(C7H9ON): C 61.39, H 4.34, N 12.63.
Found: C 61.22, H 4.12, N 12.49. IR (KBr,νmax/cm

-1) = 3198(s,
N-H), 1605(s), 1587(vs, -NdN-), 1473(vs), 1356(vs), 1327(vs),
1251(vs), 1149v(s), 1018 (s), 937 (vs, VdO), 828(s), 759(m), 553(m),
507(s).
2.3. X-ray Crystallographic Data Collection and Refine-

ment of the Structures. Dark brown single crystals of 1•3/2MeOH
and 3•1/2 LMe

AP were picked up with nylon loops and weremounted on
a Bruker Kappa-CCD diffractometer equipped with aMo target rotating
anode X-ray source and a graphite monochromator (Mo KR, λ =
0.71073 Å). Final cell constants were obtained from least-squares fits
of all measured reflections. The structures were readily solved by direct
method and subsequent difference Fourier techniques. The crystal-
lographic data of 1•3/2MeOH and 3•1/2 LMe

AP are listed in Table 1.
ShelX9712 was used for the structure solution and refinement. All non-
hydrogen atoms were refined anisotropically, except the LMe

APmolecule
of 3•1/2 LMe

AP. All the hydrogen atoms were located by a difference
Fourier map and refined isotropically. The oxygen atom of one of
the MeOH is disordered and has been refined with 50% occupancy. The
LMe

AP molecule of 3•1/2 LMe
AP is severely disordered with respect to

the center of inversion.
2.4. Density Functional Theory (DFT) Calculations. All

calculations reported in this article were done with the Gaussian
03W13 program package supported by GaussView 4.1. The DFT14

calculations have been performed at the level of Becke three parameter
hybrid functional with the nonlocal correlation functional of Lee-
Yang-Parr (B3LYP),15a-c with the nonlocal correlation provided by
Perdew/Wang 91 (B3PW91)15d-h and with a hybrid exchange-correla-
tion functional, PBE1PBE.15i-l Gas-phase geometries of the hard
complexes, 1 and 2, and a model soft complex, (L1

-)(VO3þ)(gly2-)
(4), have been optimized with Pualy’s Direct Inversion16 in the Iterative
Subspace (DIIS), “tight” convergent SCF procedure17 ignoring sym-
metry, with singlet and triplet spin states. The geometry of 1 has been
optimized with all three functionals for comparison. Stabilities of all the
singlet solutions have been checked, and the unstable solutions have
been reoptimized. Singlet solutions of all these species are unstable, but
the broken symmetry (BS) (1,1) solutions, converging to Ms = 0
solutions, are stable indicating that the open shell electronic structure
correlating bond parameters well. Geometries of the cations (1þ, 2þ)
and anions (1-, 2-) have been optimized using only a hybrid functional
(B3LYP). All the calculations have been performed with a LANL2DZ
basis set,18 along with the corresponding effective core potential (ECP)
for vanadium, 6-31G(d,p)19 basis set for C, O, N atoms, and 6-31G20 for
H atoms. BS DFT calculations have been performed using quadratic
SCF convergent. The 60 lowest singlet excitation energies on the
optimized geometry of 1 with singlet spin state have been calculated
by the TDDFTmethod.21 The nature of transitions has been calculated
by adding the probability of the same type among the molecular orbitals.
Origins and excitation energies of these transitions with oscillator
strength greater than 0.04 at 400-600 nm have been analyzed. Analyses
have established mainly two types of transitions, intra-L2

- to L2
- (π*)

charge transfer (ILCT) and LIS
•- to d-orbitals of vanadium charge

transfer (LMCT), which are responsible for the absorption of these
species at 400-600 nm.

Table 1. Crystallographic Data of 1•3/2MeOH and 3•1/2LMe
AP

formula C24H18 N3O3V•3/
2MeOH

C44H34N8O6V2•LMe
AP

fw 495.42 995.82

crystal color dark brown dark brown

crystal system monoclinic triclinic

space group P21/c P1

a (Å) 8.059(1) 13.073(1)

b (Å) 15.123(1) 13.084(1)

c (Å) 19.229(1) 14.355(2)

R (deg) 97.372(2)

β (deg) 90.901(1) 97.313(2)

γ (deg) 111.245(1)

V (Å3) 2343.70(7) 2229.4(4)

Z 4 2

T (K) 296(2) 293(2)

calcd (g cm-3) 1.404 1.483

unique reflections 4076 8711

refection [I > 2σ(I)] 3751 7011

λ (Å), μ (mm-1) 0.71073/0.463 0.71073/0.486

F(000) 1028 1028

R1a [I > 2σ(I))]/ GoF b 0.0440/1.179 0.0534/1.014

R1a (all data) 0.0479 0.0658

wR2c (I > 2σ (I)) 0.1075 0.1487

no. of parameters/restr. 320/0 647/0

residual density (eÅ-3) 0.560 0.799
aR1 = ∑ )Fo| - |Fc )/∑|Fo|. bGooF = {∑[w(Fo

2 - Fc
2)2]/(n - p)}1/2.

cwR2 = {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2 where w = 1/[σ2(Fo

2) þ
(aP)2 þ bP], P = (Fo

2 þ 2Fc
2)/3.
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3. RESULTS AND DISCUSSION

3.1. Syntheses and Characterization. The diamagnetic
oxidovanadium(IV) complexes, (L-)(VO2þ) (LRIS

•-) (R = H,
Me; L = L1 and L2 are two tridentate NNO-donor ligands),
incorporating iminobenzosemiquinonate anion radicals (LRIS

•-)
isolated in this work, are listed in Chart 2.
The tridentate diimine ligand L1H has not been preisolated

(L1H = 2-[(phenylpyridin-2-yl-methylene)amino]phenol). But
the complex of L1, 1•3/2MeOH, has been isolated in good yield
from a single step reaction of 2-benzoyl pyridine, 2-aminophenol
and VO(acac)2 in a mixture of solvents using air as an oxidizing
agent. Compounds 2 and 3•1/2 LMe

AP have been synthesized by
reacting L2H (L2H = 1-(2-pyridylazo)-2-naphthol), VO(acac)2
and corresponding aminophenol (LRAP) in methanol and di-
chloromethane under air. N-H stretching vibrations of 1•3/
2MeOH, 2 and 3•1/2 LMe

AP complexes resonate at 3210, 3206,
and 3198 cm-1 and VdO stretching vibrations appear respec-
tively at 946, 952, and 937 cm-1.
Compounds 1•3/2MeOH, 2, and 3•1/2 LMe

AP absorb
strongly in the visible region (Figure 1). The absorptions data
are summarized in Table 2. In dichloromethane, 1•3/2MeOH is
very weakly luminescent, but it is moderately luminescent in
frozen dichloromethane-toluene glass at 77 K (λext, 333 nm;

λem, 522 and 553 nm). The luminescence feature is very similar
to that of the brightly luminescent (L1

-)ZnX species in solution
at room temperature.22 DFT calculations on (L1

-)ZnX have
assigned the πdiimine f πdiimine* transitions as the origin of
luminescence. Thus, compound 1•3/2MeOH is luminescent in
solution because of the coordinated L1

- chromophore.
Other than the strong absorption band at around 445 nm,

complexes 2 and 3•1/2 LMe
AP show a strong absorption band

with the maximum at around 585 nm. TD DFT calculations on
the singlet state of 2 have assigned the intra-ligand charge transfer
(ILCT) and ligand-to-metal charge transfer (LMCT) as the
origins of absorption of these species in the visible region
(Section 3.3).
3.2. X-ray Structures. 1•3/2MeOH. The geometry of 1•3/

2MeOH has been confirmed by the single-crystal X-ray structure
determination. It crystallizes in the P21/c space group. An
ORTEP plot of the molecule and the atom-labeling scheme are
illustrated in Figure 2. Table 3 summarizes the significant bond
parameters. The meridionaly coordinated tridentate monoan-
ionic diimine ligand (L1

-), excluding the pendent phenyl ring, is
planar with amean deviation of 0.05 Å.With respect to this plane,
the vanadium atom is about 0.3 Å displaced toward the terminal
oxido atom. The o-aminophenolato ligand coordinates the
vanadium ion with the phenolato oxygen trans to the terminal
oxido bond.
The bond parameters of the octahedral coordination sphere

are informative to assign the VOnþ state. The terminal VdO
bond is not expected to depend much on the VIVO or VVO state.
In 1•3/2MeOH, the V1-O1 length is 1.610(2) Å. The length is
longer than those reported in the mononuclear VVO species with
similar types of coordination environments.8,23,24,26 The V(1)-
O(1) length rather compares very well with the average VIV=O
length, 1.600 Å, calculated from 1000 structures deposited in
CCDC.25 The length of V(1)-O(3), a V-Ophenolato bond cis to
the VdO, is significant as it sharply depends on the VO2þ or
VO3þ chromophore. It is reported that the average V-Ophenolato

distance is 1.81 and 1.91 Å for oxidovanadium(V) and
oxidovanadium(IV), respectively.26 So far, the shortest VIV-
Ophenolato distance is 1.887(4) Å, reported in a weakly diffracting
oxidovanadium(IV) complex of 1-(2-hydroxybenzamido)-2-(2-
pyridinecarboxamido)benz ligand.26d In 1•3/2MeOH, the
V(1)-O(3) length, 1.939(2) Å, is comparable with those in
VIV-Ophenolato bonds cis to the VdO bond, prompting the
presence of VIVO. This length trend of VV/IV-Ophenolato bonds
cis to a VdO bond has been authenticated in many other
mononuclear8-10,23,24 and binuclear mixed valence species.23a

The bond parameters of the coordinated redox non-innocent
o-aminophenolate are important to assign its oxidation level and
the oxidation state of the vanadium ion. In 1•3/2MeOH, it can
exist either as a diamagnetic bidentate dianionic o-amidopheno-
lato ligand (LHAP

2-) coordinated to a diamagnetic VO3þ core or
Figure 1. Electronic spectra of 1•3/2 MeOH in MeOH (green),
2 (red), and 3•1/2 LMe

AP (black) in dichloromethane.

Table 2. Electronic Spectra of 1•3/2 MeOH, 2, and 3•1/2LMe
AP and Electrochemically Generated 3þ and 3- Ions in

Dichloromethane at 20�C

complexes λmax (nm) (ε, 104 M-1 cm-1)

1•3/2 MeOH 604 (0.5), 507(0.8), 442 (1.4), 340 (1.1), 264 (1.5)

2 685(0.3), 620(1.2), 583(2.5), 544(1.9), 447(1.9),316(1.3) 277(2.3)

3•1/2 LMe
AP 682(0.2), 621(0.66), 585(1.7), 545(1.3) 447(1.3), 316(0.9), 278(1.5)

3- 688(0.9), 625(1.1), 581(1.7), 546(1.6) 492(1.5),446(1.9), 313(1.7), 281(2.1)

3þ 681(0.6), 620(0.9), 577(1.2), 543(1.1) 495(1.3),460(1.5),338(0.9), 306(1.2), 286(1.2)

Chart 2. Isolated (L-)(VO2þ)(LRIS
•-) Complexes
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as a one electron paramagnetic bidentate iminobenzosemiqui-
nonate anion radical (LHIS

•-) coordinated to the paramagnetic
VO2þ core (Figure 3). The bond parameters of this NO chelate
show comparatively shorter O(2)-C(6) and C(1)-N(1) dis-
tances and a quinoidal distortion of the aromatic ring with the
adjacent long-short-long-short C-C bonds: C(1)-C(2),
1.399(4); C(2)-C(3), 1.368(4); C(3)-C(4), 1.412(4); and
C(4)-C(5), 1.366(4) Å as shown in panel (B) of Figure 3. The
features correlate satisfactorily to the bond parameters of LHIS

•-

coordinated to a transition metal ion, established precisely by
Wieghardt et al.27 and other groups.28 This trend of bond
parameters does not support the type I coordination of LHAP

2-

as shown in panel (a) of Figure 3. In 1•3/2MeOH, LHIS
•- thus

coordinates to a VO2þ core (type III, Chart 1) as shown in panel
(b) of Figure 3.
The V(1)-O(2) bond, 2.131(2) Å, is longer compared to the

V(1)-O(3) bond because of the trans influence of the VdO
bond. It has been observed that the V-Ophenolato bond trans to
VdO isg0.20 Å longer than the V-Ophenolato bond cis to VdO
in the same coordination sphere. This lengthening parameter has
been extracted from the reported oxidovanadium(V) complexes
of catecholates.8a-d,9 Subtracting the lengthening (0.20 Å) due
to trans influence, the V(1)-O(2) bond distance, 1.931 Å, in 1•3/
2MeOH is consistent with the VIV-Ophenolato description.

8c,26c It is
noted that in 1•3/2MeOH, the V(1)-N(1) bond, 1.908(2) Å, is
shorter than the reported VV-Namidophenolato bond, g1.946(3)
(Å), cis to a VdO bond.10a It signifies the stronger affinity of
OVIV toward the iminobenzosemiquinonate anion radical
(LHIS

•-) than that of the o-amidophenolato dianion (LHAP
2-).

The result correlates well to the higher affinity of OVIV to the
p-benzosemiquinonate anion radical than to phenolato oxygen,

Table 3. Selected Experimental Bond Lengths (Å) and Angles (deg) of 1•3/2MeOH and Calculated Parameters of 1, 1þ and 1-,
using B3LYP, B3PW91, and PBE1PBE Functionals

calcd

exp 1 1þ 1-

1•3/2 MeOH BS (1,1) Ms = 0a BS (1,1) Ms = 0b BS (1,1) Ms = 0c Ms = 1a Ms = 1/2a Ms = 1/2a

V(1)-O(1) 1.610(2) 1.600 1.594 1.588 1.599 1.582 1.606

V(1)-O(2) 2.131(2) 2.116 2.096 2.090 2.192 2.323 2.158

V(1)-O(3) 1.940(2) 1.920 1.910 1.903 1.938 1.875 1.913

V(1)-N(1) 1.908(2) 1.888 1.877 1.868 2.063 2.011 1.907

V(1)-N(2) 2.110(2) 2.128 2.110 2.104 2.174 2.124 2.112

V(1)-N(3) 2.120(2) 2.174 2.159 2.148 2.144 2.119 2.090

O(2)-C(6) 1.312(3) 1.299 1.297 1.295 1.281 1.248 1.295

N(1)-C(1) 1.362(3) 1.367 1.365 1.365 1.330 1.313 1.370

O(3)-C(7) 1.325(3) 1.309 1.305 1.303 1.306 1.363 1.353

C(1)-C(2) 1.399(4) 1.408 1.405 1.402 1.424 1.434 1.404

C(2)-C(3) 1.368(4) 1.387 1.387 1.385 1.378 1.364 1.395

C(3)-C(4) 1.395(5) 1.412 1.408 1.407 1.423 1.450 1.407

C(4)-C(5) 1.366(4) 1.388 1.387 1.386 1.380 1.362 1.393

C(5)-C(6) 1.391(4) 1.415 1.411 1.409 1.423 1.444 1.416

C(6)-C(1) 1.419(4) 1.435 1.429 1.428 1.472 1.499 1.437

N(3)-C(13) 1.297(3) 1.302 1.305 1.296 1.303 1.305 1.350

O(1)-V(1)-O(2) 171.06(9) 166.63 166.44 166.48 166.09 165.45 166.13

O(1)-V(1)-N(1) 95.51(10) 94.26 93.83 93.95 98.82 95.36 92.23

O(2)-V(1)-N(1) 76.92(8) 76.97 77.16 77.30 75.08 72.79 75.56

O(1)-V(1)-O(3) 101.11(9) 102.31 102.07 103.19 103.63 105.46 100.50
aB3LYP. bB3PW91. c PBE1PBE.

Figure 2. ORTEP plot of 1•3/2MeOH (40% thermal ellipsoids;
solvent molecules are omitted for clarity).

Figure 3. (a) o-Amidophenolato dianion (LHAP
2-) coordinated to

VO3þ (type I coordination). (b) Iminobenzosemiquinonate anion
radical (LHIS

•-) coordinated to a VO2þ ion (type III coordination).
Experimental and calculated (in parentheses) bond lengths (Å) of the
fragment, respectively, in 1•3/2MeOH and BS (1,1) Ms = 0 state of 1.
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revealing a comparatively shorter VIV-Osemiquinonate length
(1.880(2)-1.937(2) Å).9 However, in the literature, no struc-
ture of LHIS

•- coordinated to VO2þ/3þ chromophore has been
reported so far to be compared.
3•1/2LMe

AP. The molecular geometries of 2 and 3•1/2 LMe
AP

in crystals have been confirmed by single-crystal X-ray structure
determination of 3•1/2 LMe

AP. The complex 3 crystallizes with
half of an o-amino-p-methylphenol molecule (1/2 LMe

AP), which
is severely disordered in the lattice. It crystallizes in the P1 space
group. An ORTEP plot of the molecule and the atom-labeling
scheme are illustrated in Figure 4. Selected bond parameters are
listed in Table 4. The geometrical features and bond parameters
of 3•1/2 LMe

AP are similar to those found in 1•3/2MeOH.
Themeridionally coordinated tridentate monoanionic azo ligand
(L2

-) is completely planar with a mean deviation of 0.04 Å, and

the vanadium atom is displaced toward the terminal oxido atom
only by 0.08 Å.
The bond length trend in 3•1/2 LMe

AP strongly supports the
VIVO description as in 1•3/2MeOH. The V(1)-O(1) length is
1.621(2) Å. The V(1)-O(3), a V-Ophenolato bond cis to the
VdO, length is 1.984(2) Å, even longer than those found in 1•3/
2MeOH and other reported VIVO phenolato species.8-10,23,24,26

The V(1)-O(2) bond, 2.083(2) Å, is longer due to the trans
influence of the VdO bond as observed in 1•3/2MeOH.
Comparatively shorter O(2)-C6 and C(1)-N(1) distances
and a quinoidal distortion of the aromatic phenyl ring with the
adjacent long-short-long-short C-C bonds: C(1)-C(2),
1.409(4); C(2)-C(3), 1.373(4); C(3)-C(4), 1.414(4); and
C(4)-C(5), 1.375(4) Å as in Figure 5, correlate well to the
coordinated bidentate o-imino-p-methylbenzosemiquinonate
anion radical (LMe

IS
•-) as shown in panel (b) of Figure 5. The

bond length trends do not favor coordination of LMe
AP

2- to
VO3þ as shown in panel (a) of Figure 5. Thus, in 3•1/2 LMe

AP,

Table 4. Selected Experimental Bond lengths (Å) and Angles (deg) of 3•1/2LMe
AP and Calculated Parameters of 2, 2þ, and 2-

using UB3LYP Functional

calcd

exp 2 2þ 2-

3•1/2 LMe
AP BS (1,1) Ms = 0 Ms = 1 Ms = 1/2 Ms = 1/2

V(1)-O(1) 1.621(2) 1.598 1.596 1.579 1.605

V(1)-O(2) 2.083(2) 2.108 2.226 2.323 2.144

V(1)-O(3) 1.984(2) 1.976 1.993 1.925 1.929

V(1)-N(1) 1.921(2) 1.891 2.071 2.014 1.908

V(1)-N(2) 2.081(3) 2.109 2.141 2.100 2.097

V(1)-N(4) 2.102(2) 2.142 2.091 2.095 2.089

O(2)-C(6) 1.307(4) 1.299 1.280 1.246 1.295

N(1)-C(1) 1.356(4) 1.365 1.333 1.312 1.370

O(3)-C(22) 1.300(4) 1.285 1.286 1.305 1.314

C(1)-C(2) 1.409(4) 1.409 1.425 1.434 1.404

C(2)-C(3) 1.373(4) 1.384 1.377 1.364 1.394

C(3)-C(4) 1.414(5) 1.414 1.425 1.452 1.407

C(4)-C(5) 1.375(4) 1.387 1.379 1.361 1.393

C(5)-C(6) 1.399(5) 1.415 1.425 1.445 1.415

C(6)-C(1) 1.417(4) 1.435 1.471 1.501 1.436

N(3)-N(4) 1.285(3) 1.291 1.292 1.292 1.332

O(1)-V(1)-O(2) 171.70(9) 168.99 170.69 167.04 166.36

O(1)-V(1)-N(1) 94.82(11) 93.89 98.33 95.49 91.91

O(2)-V(1)-N(1) 76.91(9) 76.83 99.18 72.71 75.66

O(1)-V(1)-O(3) 97.60(11) 100.27 102.47 103.66 100.43

Figure 5. (a) o-Amido-p-methylphenolato dianion (LRAP
2-) coordi-

nated to VO3þ (type I coordination). (b) o-Imino-p-methylbenzosemi-
quinonate anion radical (LMe

IS
•-) coordinated to VO2þ (type III

coordination). Experimental and calculated (in parentheses) bond
lengths (Å) of the fragment, respectively, in 3•1/2 LMe

AP and BS
(1,1) Ms = 0 state of 2.

Figure 4. ORTEP plot of 3•1/2 LMe
AP (40% thermal ellipsoids, LMe

AP

molecule is omitted for clarity).
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LMe
IS
•- coordinates to a VO2þ core confirming the existence of

type III coordination as in 1•3/2MeOH.
3.3. Electrochemical Activities and Spectroelectrochem-

istry.The electrochemical activities of 1•3/2MeOH, 2, and 3•1/
2 LMe

AP to assess the stabilities of the corresponding one electron
oxidized and reduced species in solutions have been studied at
20 �C by cyclic voltammetry in CH2Cl2 containing 0.2 M tetra-
butyl ammonium hexafluorophosphate as supporting electrolyte.
All the experiments were performed with different scan rates.
The reduction potential data have been referenced versus
ferrocenium/ferrocene, Fcþ/Fc, couple and are summarized in
Table 5. The compound 1•3/2MeOH exhibits one electron
transfer waves with the peak atþ0.32 V due to 1þ/1 and another
two electron transfer wave with the peak at-1.36 V due to 1/12-

couples. The voltammogram is given in panel (a) of Figure 6,
which shows that both couples are irreversible in all scan rates,
showing both the oxidized and reduced species are unstable in
solutions. The electron transfer events in 2 are also irreversible
(Figure 6b) with a quasi-reversible peak at-1.04 V. The electron
transfer events are more reversible in 3•1/2 LMe

AP (Figure 6c),

and reduction occurs by transfer of consecutive two electrons.
However, the one electron oxidized (S = 1/2) and reduced
species (S = 1/2) are unstable in solutions, and we failed to
record reproducible EPR spectra of them even at 77 K.
The origin of the absorption spectrum of 2 with singlet spin

state has been investigated by TD-DFT calculations. Analyses of
transition types and excitation energies of the transitions with
oscillator strength greater than 0.04 at 400-600 nm have shown
that two types of transitions are responsible for the absorptions at
600-400 nm. These are iminobenzosemiquinonate anion radi-
cal (LHIS

•-) to the unoccupied d-orbital of vanadium charge
transfer (LMCT) and π to πazo* of L2

- charge transfer (ILCT).
The low-energy absorption bands at 580-550 nm of 2 and 3•1/2
LMe

AP are weaker in 1•3/2MeOH. The origin of this strong
absorption band in 2 and 3•1/2 LMe

AP has been assigned to
transition to πazo* of L2

- ligand (ILCT). Electronic structures of
1-, 2- and 1þ, 2þ ions have been predicted as [(L1

•2-)(VO3þ)
(LHAP

2-)]- (1-), [(L2
•2-)(VO3þ)(LHAP

2-)]- (2-), and
[(L1

-)(VO2þ)(LHIQ)]
þ(1þ), [(L2

-)(VO2þ)(LHIQ)]
þ (2þ) by

DFT calculations (Section 3.4). Calculations show that oxidation
occurs at LRIS

•- rendering coordinated o-iminiquinone (LRIQ)
unaffecting the tridentate NNO-donor ligands (L1

-/L2
-) in 1þ

and 2þ, while in 1- and 2-, reduction of LRIS
•- to LRAP

2-

concomitantly transforms uncoupled VO2þ to VO3þ ions reducing
L1

-/L2
- to coordinated diimine/azo anion radicals (L1

2-• /L2
2-•).

Changes of absorption spectra upon one electron reduction or
oxidation of 3•1/2 LMe

AP in dichloromethane solvent at 298 K have
beenmonitored by spectroelectrochemistry experiments (Figure 7).
Panel (a) of Figure 7 shows the conversion of 3 to 3þ with several
isosbestic points changing the absorption features at 400-600nm. It
occurs by lowering the intensity of the band maxima at 583 nm and
shifting the absorption band maxima at 447 to 460 and 495 nm.
These features corroborate well with the change of the electronic
structures of the LRIS

•- ligand in 3þ. But conversion of 3 to 3- does
not show any significant change of spectral features (Figure 7b) of 3
except the intensity, correlating well with the same electronic
structures of the anion radical ligand (LRIS

•-) in 3-.
In all complexes, irrespective of the tridentate ligands, reduc-

tion processes occuring by two electron transfer generating 12-,
22-, and 32- may be due to the easy formation of coupled
VO2þ-diimine/azo anion radical complexes, [(L•2-)(VO2þ)
(LRAP

2-)]2- from monoreduced uncoupled diimine/azo anion
radical species, [(L•2-)(VO3þ)(LRAP

2-)]-.
3.4. BS-DFT Calculations. In conjunction with the experi-

mental efforts, the electronic structures of 1•3/2MeOH, 2, and
3•1/2 LMe

AP to correlate bond parameters and spectral features
have been elucidated by density functional theory (DFT)
calculations on 1 and 2, using B3LYP, B3PW91, and PBE1PBE
functionals. For, comparison the geometry of a soft complex,
(L1

-)(VO3þ)(gly2-) (4), incorporating a redox innocent ethy-
lene glycolate dianion (gly2-) and acting as a model compound
of VO3þ (type I coordination, Chart 1) has been optimized to
establish the trend of bond parameters (Scheme 2). DFT

Figure 6. Cyclic voltammograms of (a) 1•3/2MeOH, (b) 2, and (c)
3•1/2 LMe

AP in dichloromethane at 20 �C. Conditions: 0.10 M [N(n-
Bu)4]PF6 supporting electrolyte; scan rate, 100 mv s-1; glassy carbon
working electrode.

Table 5. Redox Potential of 1•3/2MeOH, 2, and 3•1/2LMe
AP Determined by Cyclic Voltammetry at 20�C in Dichloromethane

complexes E1/2 (V) (ΔE, mV) (þ1/0) E1/2 (V) (ΔE
a, mV) (0/-1) E1/2 (V) (ΔE, mV) (-1/-2)

1•3/2MeOH þ0.32b -1.36c

2 þ0.41b -1.04(72) -1.48(100)

3•1/2 LMe
AP þ0.28(65) -0.98(60) -1.41(80)

a Peak-to-peak separation. bAnodic peak. cCathodic peak.
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calculations are to confirm the electronic structures of 1-3, and
the question is which type of core species 1-3 incorporate,
VO3þ (type I) or VO2þ (type III), as shown in Figures 3 and 5.
Initially, the geometries of 1 and 2 have been optimized using

singlet spin state at the RB3LYP, RB3PW91, or PBE1PBE level
of the theory. Molecular orbital analyses of these restricted
solutions of 1 and 2 have shown that in both cases HOMOs
are composed of vanadium and aminophenol ligand as shown in
Figure 8. The contribution of the vanadium d-orbital to HOMOs
is of concern in elucidating the electronic structures of 1 and 2.
Thus, the stabilities of the singlet self-consistent field (SCF)
solutions of 1 and 2 were tested. Surprisingly, it is observed that
the closed shell singlet (CSS) solutions of these oxidovanadium
complexes are unstable with respect to triplet perturbations as
the lowest Hessian eigenvalues are negative for all these species.
For 1, it is -0.0211with B3LYP, -0.01700 with B3PW91,
and -0.018 with PBE1PBE functionals due to HOMO to

LUMOþ1 excitations. Both these orbitals are composed of
vanadium metal and o-aminophenolate ligand. But the major
contribution of the HOMO is o-aminophenol ligand, while the
major contribution of the LUMOþ1 is the vanadium d-orbital
(Figure 8).
Similar features have been observed in 2 also, and the lowest

Hessian eigenvalue here is-0.0224 with B3LYP functional again
due to HOMO to metal LUMOþ1 excitation. These negative
lowest eigenvalues of excitations of these species contradict the
closed shell singlet (CSS) as a stable ground state. It implies that
either the lowest energy wave function is a singlet diradical
instead of a closed shell singlet and requires an unrestricted
broken symmetry (BS) solution for proper descriptions or the
triplet state (S = 1) is energetically more favorable than the
lowest lying singlet state. Stability analyses followed by reopti-
mization of the singlet states using the BS method leads to
solutions with a large amount of diradical character in 1 and 2
(1 = 71% with B3PLYP, 68% with B3PW91, and 74% with
PBE1PBE functionals; 2 = 73% with B3PLYP functional),
depicting the LHIS

•- coordinated to the one electron paramag-
netic oxidovanadium(IV) ion confirming type III coordination in
1 and 2 as shown in Figures 3 and 5. To define, the system is
divided into two fragment,s and the notation BS (1,1) refers to a
broken symmetry state with 1 unpaired spin-up electron on a
LHIS

•- fragment and 1 unpaired spin-down electron essentially
localized on a VO2þ core. Bond parameters of the BS (1,1)
Ms = 0 solutions of 1 and 2 are similar to those found in CSS
solutions, but the BS (1,1) Ms = 0 solutions are stable under the
perturbations considered. The geometries of 1 and 2 with triplet
states (S = 1, type III coordination) have also been optimized for
comparison using similar basis sets for vanadium ion and other
nonmetal atoms. It has been established that among the CSS, BS
(1,1) Ms = 0 and triplet (S = 1) solutions, the unrestricted BS
(1,1) Ms = 0 solutions of 1 and 2 with B3LYP, B3PW91, and
PBE1PBE functionals, corroborating singlet diradicals, have the
lowest ground state energy.
On the contrary, the CSS solution of the model soft

compound 4 incorporating a redox innocent gly2- ligand
(Scheme 2) under similar coordination sphere and calculation
parameters is stable. Unlike 1or 2, HOMO of 4 does not have
any vanadium contribution (Scheme 2). The wave function
has no instability due to triplet perturbations. It prompts the
coordination of the dianionic ligand to the oxidovanadium(V)
ion in 4 (type I coordination). Calculated bond distances of
this oxidovanadium(V) complex incorporating dianionic
gly2- are different from those of oxidovanadium(IV) species
(1 and 2), incorporating the iminobenzosemiquinonate anion
radical. Selected calculated distances are listed in Table 6. The

Figure 8. Closed shell singlet (CSS) solutions of 1 and 2.

Scheme 2. Compound 4 (Type I Coordination) and the
HOMO

Figure 7. Spectroelectrochemistry of 3•1/2 LMe
AP showing the elec-

tronic spectra of electrochemically generated (a) 3þ and (b) 3- in
dichloromethane at 20 �C.
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bond length trend is noteworthy. The calculated VdO dis-
tances in 1, 2, and 4 are comparable as observed in VO2þ and
VO3þ complexes experimentally. But in 4, the calculated V-
O(phenolato), V-O(4), length cis to the VdO bond is only
1.870 Å, which is 1.940 (calcd, 1.920 Å for 1) and 1.984 Å
(calcd, 1.976 Å for 2), respectively, in 1•3/2MeOH and 3•1/2
LMe

AP complexes. This proves that the V-O(phenolato)
bond length (cis to VdO) remarkably depends on the
VO2þ/3þ states as observed experimentally, too.26 Another
significant outcome of the calculations on 4 is that the V-
O(2) length is longer than the V-O(3) length by ∼0.16 Å
because of the trans influence of the VdO bond, which has
already been noted in experimental V-O(2) lengths of 1•3/
2MeOH and 3•1/2 LMe

AP complexes.
Although, one electron oxidized cations and one electron

reduced anions of 1 and 2 have not been successfully isolated, the
geometries of these species have been optimized to investigate
the trend of change of bond parameters of the coordinated o-
aminophenolate ligand. The calculated lengths are listed in
Tables 3 and 4. The electron transfer states of these species are
shown in Scheme 1. The trend of lengths of the vanadium sphere
as well as the coordinated ligand of neutral, oxidized, and reduced
species is worthy to establish the electronic structure of 1-3
species unambiguously.
(L1

-)(VO2þ)(LHIS
•-) (1) (Type III Coordination). With the

B3LYP functional, the BS (1,1) Ms = 0 solution (type III
coordination) of 1 is stabilized by 6.3 and 20.2 KJ/mol compared
to the CSS (type I coordination) and the triplet (S = 1, type III
coordination) solutions, respectively. The bond parameters of
the BS (1,1) Ms = 0 (with B3LYP, B3PW91, and PBE1PBE
functionals) and open shell triplet (S = 1) solutions are listed in
Table 3 for comparison. The calculated bond parameters of the
triplet solution, particularly V(1)-O(2), V(1)-N(1), V(1)-
N(2), O(2)-C(6), and C(1)-N(1), are significantly different
from the experimental lengths. Excellent agreement of the
calculated bond parameters of BS (1,1) Ms = 0 state of 1 with
those found in the single-crystal X-ray structure of 1•3/2MeOH
favor the spin-coupled type III coordination as shown in Figure 3.
Mulliken spin density distributions are depicted in Figure 9,
which affirm the d1 electronic configuration of the oxidovana-
dium ion (beta spin). The alpha spin is delocalized over the
coordinated bidentate LHIS

•- ligand with the maximum at the
Niminosemiquinonate (N1) atom. Both V(1)-N(1) and V(1)-
O(2) lengths of the LHIS

•- chelate have been reproduced well.
Two calculated V(1)-Ophenolato lengths, V(1)-O(2) (2.116 Å)
and V(1)-O(3) (1.920 Å), are significantly different as observed
experimentally. Because of the trans influence of the VdO bond,
the V(1)-O(2) length is higher than expected and that has also

been established by calculation on the model compound 4
(Scheme 2, Table 6). The calculated C(1)-N(1) and O(2)-
C(6) lengths, respectively, 1.367 and 1.299 Å, are characteristic
for an iminobenzosemiquinonate anion radical (LHIS

•-). The
calculation has identified a quinoidal distortion of the aromatic
phenyl ring with the adjacent long-short-long-short C-C
bonds (Figure 3) that has also been observed in the experimental
lengths of 1•3/2MeOH. Thus, compound 1 has been described
as a vanadyl species of type (L1

-)(VO2þ)(LHIS
•-) as shown in

panel (b) of Figure 3.
[ (L1

-)(VO2þ)(LHIQ)]
þ (1þ) (Type V Coordination). The spin

density distribution (Figure 9) explains the [(L1
-(VO2þ)(LHIQ)]

þ

description of the 1þ cation (LHIQ = iminobenzoquinone). This
observation strongly supports the presence of a VO2þ ion and
a LHIS

•- anion radical in the neutral compound 1, one electron
oxidation of which results in the oxidation of LHIS

•- furnishing the
coordinated iminobenzoquinone (LHIQ) to the VO2þ ion. In 1þ,
the alpha spin density is localized on the oxidovanadium ion, thus
omitting the possibility of VO3þ-LHIS

•- coordination (type IV),
so far not reported in literature. The quinoidal distortion of the
phenyl ring and much shorter C(1)-N(1) (1.312 Å) and O(2)-
C(6) (1.248 Å) lengths are consistent with the iminobenzoquinone
structure of the coordinated aminophenol in 1þ ion. Expectedly,
both calculated V(1)-N(1) and V(1)-O(2) distances are com-
paratively longer in the cation. It is noted that the bond parameters
of the tridentate diimine liganddonot change in the1þ ion significa-
ntly.
[ (L1

•2-)(VO3þ)(LHAP
2-)]- (1-) (Type I Coordination). The

spin density distribution in the anion (1-) is unexpected. The
anion 1- is best described as [(L1

•2-)(VO3þ)(LHIS
2-)]-, which

incorporates a diimine anion radical and an OVV ion as shown in
Scheme 1. The alpha spin density is localized in the tridentate
diimine ligand (Figure 9). The calculation does not show any
quinoidal distortion of the phenyl ring of the o-aminophenol
ligand. Reduction of the iminobenzosemiquinonate anion radical
(LHIS

•-) to the dianionic amidophenolato (LHAP
2-) ligand

Figure 9. Spin density plot of 1, 1-, and 1þ (yellow, R spin; red, β spin) and values fromMulliken spin population analyses (spin density, 1: V,-0.71,
N1, 0.26, O2, 0.10, O1, 0.10, C4, 0.10, C6, 0.08. 1-: N2, 0.14, N3, 0.22, C3, 0.15, C13, 0.22. 1þ:V, 0.83).

Table 6. Selected Calculated Bond Lengths (Å) of 4 (Type I
Coordination)

V-O(1) 1.611

V-O(2) 1.962

V-O(3) 1.804

V-O(4) 1.870

V-Npy 2.167

V-Nimine 2.209

O4-C3 1.320

-N=CPh- 1.297



2497 dx.doi.org/10.1021/ic102296p |Inorg. Chem. 2011, 50, 2488–2500

Inorganic Chemistry ARTICLE

results in the transfer of an uncoupled d1 electron of OVIV to the
diimine fragment of the tridentate (L1

-) ligand furnishing a
coordinated diimine anion radical (L1

2-•).This finding shows that
the VO2þ-amidophenolato (LHAP

2-) coordinated fragment is
strongly reducing and is unstable in solution. So far, a single species
of VO2þ-amidophenolato (LHAP

2-) or catecholate (2-) coordi-
nation (type II) have been reported in the literature. On the other
hand, it augments the experimental findings of formation of only
VO3þ-amidophenolato (LHAP

2-) or catecholate (2-) com-
plexes (type I) by reacting VO2þwith amidophenolate (LHAP

2-)
or catecholate (2-) ligands. In conjunction with the spin density
distribution and bond parameters of both tridentate and biden-
tate ligands, formulation of 1- is convincing. The bond distances
of the diimine fragment are different from those calculated in 1
and 1þ. In 1-, the CdNdistance, 1.350 Å, is longer than those in
1 (1.302 Å) and 1þ (1.305 Å). This trend of length of the diimine
fragment corroborates well to the formation of the diimine anion
radical (L1

•2-), bond parameters of which are well established in
many transition metal diimine coordination compounds by
experimental and theoretical studies by Wieghardt et al.29

Compounds 2, 2þ, and 2-. The similar features have been
established in the calculations of 2, 2þ and 2- as shown in
Scheme 1. The monoanionic tridentate azo ligand in 2 and 3 is
more π-acidic than the tridentate diimine ligand in 1. Experi-
mentally, it has been observed that the electron transfer events in
2 and 3 are more reversible, and thus, electronic structures of 2þ

and 2-, although not isolable, have been elucidated by DFT
calculations.
(L2

-)(VO2þ)(LHIS
•-) (2) (Type III Coordination). The BS (1,1)

Ms = 0 solution (type III coordination) of 2 is stabilized by 7.14
and 24.42 KJ/mol compared to the closed shell singlet (type I
coordination) and the triplet (S = 1, type III coordination)
solutions, respectively. The bond parameters of the BS (1,1)
Ms = 0 state and open shell triplet (MS = 1) solutions are listed in
Table 4. The calculated bond parameters of the triplet (MS = 1)
state do not correlate with experimental lengths, but the bond
parameters of the BS (1,1) Ms = 0 state of 2 are consistent with
those found in the single-crystal X-ray structure of 3•1/2 LMe

AP

and favor the spin-coupled ground state of 2 and 3•1/2 LMe
AP,

incorporating one electron paramagnetic VO2þ and one electron
paramagnetic LRIS

•- (type III coordination) as shown in panel
(b) of Figure 5. Mulliken spin density distributions are shown in
Figure 10, which confirm the localization of spin density only on
vanadium (beta) and the aminophenol fragment (alpha spin)
only. Experimental bond lengths have been reproduced well by
this BS (1,1) Ms = 0 state (Table 4). The calculated compara-
tively shorter C(1)-N(1) (1.365 Å) and O2-C6 (1.299 Å)
lengths and a quinoidal distortion of the aromatic phenyl ring
with the adjacent long-short-long-short C-C bonds
(Table 4, Figure 5) support the presence of LHIS

•- in 2 as in 1.

[ (L2
-)(VO2þ)(LHIQ)]

þ (2þ) (Type V Coordination). The spin
density distribution (Figure 10) explains the [(L2

-(VO2þ)(LHIQ)]
þ

description (coordination V) of the 2þ cation as a diamagnetic
o-iminobenzoquinone (LHIQ) coordinated to the one electron para-
magnetic VO2þ core as shown in Scheme 1. Similar to 1þ, it also
disfavors the hither-to-unknown VO3þ-LIS

•- (type IV) coordina-
tion. The alpha spin density is localizedmainly on the oxidovanadium
ion. Shorter C(1)-N(1) (1.313 Å) and O(2)-C(6) (1.248 Å)
lengths and a quinoidal distortion of the phenyl ring are consistent
with the iminobenzoquinone structure of the coordinated o-amino-
phenolate ligand in 2þ ion.
[ (L2

•2-)(VO3þ)(LHAP
2-)]- (2-) (Type I Coordination). Similar

to 1-, in 2-, the spin density is distributed on the tridentate
NNO-donor ligand (Figure 10). In 2-, it is mainly localized on
the azo function making the tridentate ligand a dianionic azo anion
radical.The anion2- is best described as [(L2

•2-(VO3þ)(LHIS
2-)]-,

which incorporates an azo anion radical and o-amidophenolato
(LHAP

2-) ligand coordinated to a VVO ion (type I coordination).
The calculation does not show any quinoidal distortion of the phenyl
ring of the o-aminophenol ligand. Similar to 1, VIVO-amidopheno-
lato coordination (type II) reduces the azo function of the L2 ligand
furnishing a coordinated azo anion radical (L2

•2-) and type I
coordination. The NdN distance in 2-, 1.332 Å, is longer than those
in 2 (1.291 Å) and 2þ (1.292 Å) and is consistent with azo anion
radical formation.30 Optimization of the first excited state of 2- to
establish the type II coordination as in [(L2

1-)(VO2þ)(LHAP
2-)]-

results in type III coordination, incorporating dianionic azo anion
radical (L2

•2-) and iminobenzosemiquinonate anion radical as in
[(L2

•2-)(VO2þ)(LHIS
•-)]-.

The change of electronic states of the oxidovanadium ion
(VOnþ) and the coordinated ligands in 1, 1þ, 1- and 2, 2þ, 2-

are unprecedented. The VO2þ state is only stable in the presence
of the iminobenzosemiquinonate anion radical (LRIS

•-). Calcu-
lations show that in the cations VO2þ is present, but the
compounds are not isolable. Even after reduction, the VO2þ

state does not exist in 1- or 2-, rather it forms diimine or azo
anion radicals (L1

•2- and L2
•2-) itself being oxidized to the

VO3þ, informing the instability of the OVIV core in absence of
LRIS

•-. In this context, the notably shorter V-Niminosemiquinonate

and V-Oiminosemiquinonate lengths in 1•3/2MeOH and 3•1/2
LMe

AP are significant, prompting the higher binding ability of the
one electron paramagnetic iminobenzosemiquinonate anion
radical (LHIS

•-) to the one electron paramagnetic VO2þ core.
Thus, only isolated stable complexes 1•3/2MeOH, 2, and 3•1/2
LMe

AP are with type III coordination having a spin-coupled
ground state (S = 0).

4. CONCLUSIONS

So far, unexplored coordination chemistry of redox non-
innocent o-aminophenols (LRAP, R = H, Me) with a redox
non-innocent VOnþ (n = 2 or 3) core has been investigated.
Deprotonated o-aminophenolates can coordinate to VOnþ cores
having the following electronic structures: (i) dianionic o-ami-
dophenolates (LRAP

2-) coordinated to VO3þ core (S = 0) (type
I), (ii) dianionic o-amidophenolate (LRAP

2-) coordinated to
VO2þ core (S = 1/2) (type II), (iii) o-iminobenzosemiquinonate
anion radicals (LRIS

•-) coordinated to VO2þ core (S = 0 or 1)
(type III), (iv) o-iminobenzosemiquinonate anion radicals
(LRIS

•-) coordinated to VO3þ core (S = 1/2) (type IV), and
(v) o-iminobenzoquinone (LRIQ) coordinated to VO

2þ core (S =
1/2) (type V). But so far, not a single species of oxidovanadium

Figure 10. Spin density plot of 2, 2-, and 2þ (yellow, R spin; red, β
spin) and values from Mulliken spin population analyses (spin density,
2: V, -0.73, N1, 0.26, O2, 0.11, O1, 0.11, C4, 0.10, C6, 0.08. 2-: N2,
0.10, N3, 0.14, N4, 0.31, C20, 0.18, C22, 0.15. 2þ:V, 0.87).
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(VOnþ) incorporating LRAP
2-, LRIS

•-, or LRIQ has been re-
ported in the literature. In this work, we have disclosed the
coordination o-aminophenols (LRAP) to VOnþ cores by report-
ing type III coordination as in (L1

-)(VO2þ)(LHIS
•-)•3/2MeOH

(1•3/2MeOH), (L2
-)(VO2þ)(LHIS

•-) (2), and (L2
-)(VO2þ)

(LMe
IS
•-)•1/2 LMe

AP (3•1/2 L
Me

AP) to those incorporate o-imino-
p-R-benzosemiquinonate anion radicals (LRIS

•-) and tridentatemono-
anionicNNO-donor ligands, L1

- or L2
- {L1H= (2-[(phenylpyridin-

2-yl-methylene)amino]phenol; L2H = 1-(2-pyridylazo)-2-
naphthol; LHIS

•- = o-iminobenzosemiquinonate anion radical;
LMe

IS
•- = o-imino-p-methylbenzosemiquinonate anion radical;

LMe
AP = o-amino-p-methylphenol}. Both experimental data and

BS-DFT calculations have established that the VO2þ state is
stable in these complexes in the presence of organic anion
radicals. Higher affinity of the one electron paramagnetic
VO2þ ion toward the iminobenzosemiquinonate anion radical
has been reflected in the very short VIV-Niminobenzosemiquinonate

bond lengths. The spectroelectrochemical experiments have
revealed that the uncoupled VO2þ cores are unstable in solutions
in one electron reduced [(L2

•2-)(VO3þ)(LRAP
2-)]- and one

electron oxidized [(L2
-)(VO2þ)(LRIQ)]

þ complexes. DFT cal-
culations show that reduction of the coordinated LRIS

•-- to
LRAP

2- results in the transfer of the uncoupled VO2þ electron to
a diimine/azo fragment rendering a VO3þ core and diimine/azo
anion radical. These findings are significant and open up a new
area of research to stabilize a paramagnetic VO2þ unit with the
support of a paramagnetic chelate.
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