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Introduction

Coordination of o-benzosemiquinonate,
o-iminobenzosemiquinonate, 4,4’'-di-tert-butyl-
2,2'-bipyridine and 1,10-phenanthroline anion
radicals to oxidovanadium(iv)}

Madhusudan Shit,® Suvendu Maity,® Sachinath Bera,® Thomas Weyhermuller® and
Prasanta Ghosh*?

This article reports on the stabilization of organic radical anions promoted by the oxidovanadium(v} ion.
A 3,5-di-tert-butylcatecholate (®“catH™) complex of oxidovanadiumiv) of the type H{L%ono2 IIVO)(BUcatH )]
(1) was isolated using tridentate (E)~N'-({3-hydroxynaphthaten-2-yl)methylene}benzohydrazide (L?onoHs) as a
coligand, whereas o-benzosemiquinonate (sq°~) and p-nitro-o-iminobenzosemiguinonate (N°%isq® ) radical
anion complexes of oxidovanadium(iv) of the types {Lano XVO?*)sg° )] (2) and [Lano VO I(Nisg® )] (3)
were ‘successfully isolated using (1ZN'E}-N’-(phenyl{pyridin-2-ylmethylene)benzohydrazonic acid
(LanoH) as a coligand. Oxidovanadium(v) complexes of the types [(L°ono )VOZ*)phen)] 4) and
{LPono? " NVO?)(BUbpy)] (5}, which undergo. reversible reduction to the 4,4'-di-tert-butyl-2,2'-bipyridine
radical anion {®¥bpy*~) and the 1,10-phenanthroline radical anion {phen®~) to afford the coupled states
[(LPono® VO )(phen® )™ (47} and {LPono® HVO**N®Ubpy* )]~ (57), respectively, were isolated
{L°onoHz = (E)-N'-(2-hydroxybenzylidenelbenzohydrazide). The molecular geometries of the complexes
were confirmed by the single-crystal X-ray structure determinations of 1, 3 and 4. In 1, the V~Ognenotato
tength cis to V=0 is 1.879(2) A and the dissimilar V-0 and V-OH lengths corresponding to the ®“catH~
ligand are 1.832(2) and 2.312(2) A, respectively. In 1, the average C-O lengths in ®YcatH™ are 1.351(3) A,
whereas in 3 the average C-0 and C-N lengths in N%2isq®~ are 1.293(4) and 1.355(5) A, respectively.
in 4, the V-Opnenciato length cis to V=0 (1.937(3) A} is relatively longer. The 5!V NMR spectrum of 1
displays a signal at —~337.2 ppm, whereas the signals for 2 and 3 are deshielded to +382.4 and
+71.8 ppm, respectively. The closed-shell singlet {CSS) solutions of 3 and 5~ at the B3LYP/DFT level
are unstable and the open-shell singlet (OSS) solutions are 0.5 and 7.3 kcal mol™* lower in energy,
respectively, than the CSS solutions. In 3 and 57 the alpha spin (100%) is localized on the vanadium ion,
whereas the beta spin is delocalized across the aminophenol and bipyridine fragments. 2 and 3 exhibit lower-
energy absorption bands at 785 and 585 nm, which are defined as CSS — OSS perturbation transitions.

cycles has been disclosed in many cases.® Recent studies reveal
that the coordination of organic radicals expands the range of
activity of the central metal ion.* Thus, the detection of organic

Chemists have been interested in organic radicals since 1900.!
From a fundamental perspective and for the investigation
of new activities, the characterization of organic radicals that
enable several important reactions in chemistry is worthwhile.?
The participation of radical intermediates in biology and catalytic
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radicals in the laboratory is a subject of topical interest. Organic
radicals are short-lived species and their isolation is a challenge in
experimental research. The stabilization of such radicals in coor-
dination complexes of transition metal ions has been successful in
the laboratory and various types of transition metal complexes
containing organic radicals have been reported.® The coordination
of reactive organic radicals to transition metal jons is successfully
detected in solution in many cases,®

The participation of vanadium in several biological redox
reactions has provided an impetus to the faster growth of
oxidovanadium chemistry in the laboratory.” However, the
coordination chemistry of organic radicals with oxidovanadium
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ions has lacked the proper attention. Only a few oxidovanadium
complexes of organic radicals have been reported so far.® The
isolation of coordination complexes of oxidovanadium ions
(VO™) that contain organic radicals is a part of our ongoing
research program.” The VO®* state of the redox-active VO™ ion
is diamagnetic, whereas the VO®" state is paramagnetic.
Recently, it was disclosed that the VO* jon is an agent that
can stabilize organic radicals in complexes.” Oxidovanadium(wv)
complexes of the o-benzosemiquinonate and o-iminobenzo-
semiquinonate . radical anions were successfully isolated, but
surprisingly no organic radical complex of the VO** ion has
been documented. Moreover, no radical anion complexes of
oxidovanadium ions other than those of o/p-benzosemiquinonate
and o-iminobenzosemiquinonate have been reported so far. In
this study, in addition to new complexes of the 3,5-di-tert-
butylcatecholate (*®“catH™), o-benzosemiquinonate (sq*~) and
p-nitro-o-iminobenzosemiquinonate (Y°%isq®~) radical anions,
which were isolated as crystalline materials, the coordination of
the heterocyclic a-diimines like 4,4’-di-tert-butyl-2,2"-bipyridine
and 1,10-phenanthroline radical anions ®®bpy*~ and phen®~ to
oxidovanadium(v) was successfully detected.

The oxidovanadium(iv/v) complexes [(L2ono>" YVO**)(PHcatH )]
(1), (o )VO™)sq* )] (2), [(lano )VOX)(*isq™™)] (3),
[(L°no0”")(VO**)(phen)] (4) and [(L°owo’ )(VO™)(**bpy)] (5)
isolated in this work are summarized in Chart 1 (L%onoH, =
(E)-N'-((3-hydroxynaphthalen-2-yl)methylene)benzohydrazide,
L°onoH: = (E)-N'-(2-hydroxybenzylidene)benzohydrazide and
LanoH = (E)-N'<(phenyl(pyridin-2-yl)methylene)benzohydrazide).

L2 ono " HVOM)(Beatt)] (1) [(Lano VO )sq ) (2)

1L ono HYOH NP bpy)i (5)
Chart 1 Isolated complexes of oxidovanadium{v/v).
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In this article, the syntheses and molecular and eléctronic
structures of 1-5 are reported. 1-5 were characterized by IR, mass,
UV-vis, 'H and *'V NMR and EPR spectra and cyclic voltammetry,
including. single-crystal X-ray diffraction studies of 1, 3 and 4.
27, 4%, 47, 5" and 5 were generated by constant-potential
coulometric experiments. The coordination of phen*” and
Bubpy*~ to the oxidovanadium(w) ion in 4~ and 5~ was
investigated by spectroelectrochemical measurements and
density functional theory (DFT) calculations.

Experimental section

Materials and methods

3,5-Di-tert-butylcatechol (PUeatH,), p-nitro-o-aminophenol (V*?apH,),

1,10-phenanthroline (phen) and 4,4'-di-tert-butyl-2,2"-bipyridine
{*®"bpy) were purchased from Sigma-Aldrich, and other reagents
or analytical-grade materials were obtained from commercial
suppliers and were used without further purification. Spectroscopic-
grade solvents were used for spectroscopic and electrochemical
measurements. The synthetic precursors VO(acac),, (E)-N"-((3-
hydroxynaphthalen-2-yl)methylene)benzohydrazide (L°onoHz),
(E}-N'-(2-hydroxy benzylidene)benzohydrazide (L°onoH,) and
(12,N'E)-N'-(phenyl(pyridin-2-yl)methylene)benzohydrazonic acid
(LanoH) were prepared by reported procedures.™ The C, H, and
N contents of the compounds were determined using a PerkinEl-
nier 2400 Series II elemental analyzer. The-elemental analyses
were performed after evaporating solvents under high vacuum.
Infrared spectra of samples were recorded from 4000 to 400 cm ™!
with KBr pellets at 295 K using a PerkinElmer Spectrum RX 1
Fourier transform infrared (FT-IR) spectrophotometer. 'H and *'v
NMR spectra were recorded in CDCl; with a Bruker DPX 500 MHz
spectrometer. Electrospray ionization (EST}) mass spectra were
recorded using a micro mass Q-TOF mass spectrometer. Electronic
absorption spectra of solutions of the complexes were recorded
with a PerkinElmer Lambda 750 spectrophotometer in the range
of 3300-175 nm. X-band EPR spectra were recorded using a
Magnettech GmbH MiniScope MS400 spectrometer (equipped with
a TC HO3 temperature controller), where the microwave frequency
was measured with an FC400 frequency counter. The EPR spectra
were simulated using EasySpin software. A BASi Epsilon-EC electro-
analytical instrument was used for cyclic voltammetric experiments
in CH,Cl, containing 0.2 M tetrabutylammonium hexafluoro-
phosphate as the supporting electrolyte. A BASi platinum working
electrode, a platinum auxiliary electrode, and a Ag/AgCl reference
electrode were used for the measurements. The redox potential
data were referenced to those of the ferrocenium/ferrocene (Fc'/Fc)
couple. A BASi SEC-C thin-layer quartz glass spectroelectrochemical
cell kit (light path length of 1 mm) with a platinum gauze working
electrode and an SEC-C platinum counter electrode were used for
spectroelectrochemistry measurements.

Syntheses

[(Lono”")(VO*) (P 'catH )] (1). To (E)-N'-((3-hydroxynaphthalen-
2-yl)methylene)benzohydrazide (LonoHs) (292 mg, 1 mmol) in a
round-bottom flask, MeOH (20 mL) was added and the resulting
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mixture was heated at 325 K for 5 min, then cooled to RT and
filtered. To this solution, solutions of VO(acac), (262 mg, 1.0 mmol)
in CH,Cl, (2 mL) and methanol (5 mL) followed by 3,5-di-tert-
butylcatechol (FcatH,, 222.0 mg, 1.0 mmol) in MeOH (5 mL) were
added. The reaction mixture was allowed to evaporate slowly in air.
After 2-3 days, crystals of 1 separated out, which were collected
by filtration and dried in air. Yield: 240 mg (~42% with respect
to vanadium). Mass spectral data [electrospray ionization (ESI),
positive ion, CH3OH]: m/z 576 for [1]'. Anal. caled for
C3H33N,05V: C, 66.66; H, 5.77; N, 4.86; found: C, 66.12; H,
5.72; N, 4.83. "H NMR (DMSO-d6, 300 MHz, 295 K): § 10.8 (-OH),
9.88 (s, 1H), 9.50 (s, 1H), 8.92 (d, 1H), 8.52 (d, 1H), 8.15 (t, 2H),
7.92-7.47 (m, 3H), 7.22 (d, 1H), 7.26 (d, 1H), 7.19 (s, 1H), 6.96
(s, 1H), 6.14 (s, 1H), 1.50 (s, 9H), 1.32 (s, 9H) ppm. IR/em™* (KBr):
v 3430(br), 2958(m), 2926(m), 2853(m), 1603(s), 1548(m), 1516(m),
1495(m), 1467(m), 1448(m), 1405(m), 1382(m), 1285(m), 990(s),
980(m). ,

[(Lano")(VO™)(sq* )] (2). To (E)-N'-(phenyl(pyridin-2-yl)-
methylene)benzohydrazide (LnnoH) (300 mg, 1 mmol) in a
round-bottom flask, MeOH (20 mL) was added and the result-
ing mixture was heated at 325 K for 5 min, then cooled to RT
and finally filtered. To this solution, solutions of VO(acac),
(262 mg, 1.0 mmol) in CH,Cl, (2 mL) and methanol (5 mL)
followed by catechol (110.04 mg, 1.0 mmol) in acetonitrile (5 mL)
were added. The reaction mixture was allowed to evaporate slowly

in air. After 2-3 days, red crystals of 2 separated out, which were .

collected by filtration and dried in air. Yield: 340 mg (~71% with
respect to vanadium). Mass spectral data [electrospray ionization
(EST), positive ion, CH;OH): m/z 498 for [2 + Na]", Anal. caled for
CpsH,oN;0,V: C, 62.90; H, 4.22; N, 8.80; found: C, 62.67; H, 4.20;
N, 8.75. TH NMR (CDCl;, 300 MHz, 295 K): 6 8.25 (d, 1H), 8.06
(d, 2H), 7.91 (t, 1H), 7.81 (d, 1H), 7.62-7.58 (m, 4H), 7.47-7.41
(m, 3H), 7.30 (t, 2H), 6.64 (br, 4H) ppm. IR/em™* (KBr): v 1502(m),
1489(m), 1460(s), 1424(s), 1371(s), 1337(m), 1322(m), 1302{m),
1258(s), 1140(s), 1079(s), 954(s), 710(s), 690(s).

[(Lavo")(VO*)(¥2isq")] (3). To (£)-N'-(phenyl(pyridin-2:yl)-
methylene)benzohydrazide (LynoH) (300 mg, 1 mmol) in a
round-bottom flask, MeOH {20 mL) was added and the resulting
mixture was heated at 325 K for 5§ min, then cooled to RT and
filtered. To this solution, solutions of VO{acac), (262 mg,
1.0 mmol) in CH,Cl, (2 mL) and MeOH (5 ml) followed by
p-nitro-o-aminophenol (Y°*AP, 154.0 mg, 1.0 mmol) in aceto-
nitrile (5 mL) were added. The reaction mixture was allowed to
evaporate slowly in air. After 2-3 days, green crystals of 3
separated out, which were collected by filtration and dried in
air. Yield: 390 mg (~75% with respect to vanadium), Mass
spectral data [electrospray ionization (ESI), positive ion, CH;OH]J:
m/z 520 for [3]". Anal. caled for CpsH,5NsO5V: C, 57.81; H, 3.49; N,
13.48; found: C, 57.57; H, 3.48; N, 13.43. 'H NMR (CDCl,,
300 MHz, 295 K): & 14.83 (s, 1H), 8.25 (d, 1H), 8.08 (d, 2H),
8.03 (t, 1H), 7.98 (t, 3H), 7.61 (d, 4H), 7.44-7.22 (m, 5H), 6.47
(d, 1H) ppm. IR/em™" {KBr): » 3252(br), 1564(s), 1579(s), 1503(s),
1488(s), 1461(s), 1428(s), 1363(m), 1318(s), 1249(m), 1076(s),
965(s), 947(m), 704(m), 691(m).

[(LPono?")(VO?*)(phen)] (4). To (E)-N'-(2-hydroxybenzylidene)-
benzohydrazide (LPonoH;) (240 mg, 1 mmol) in a round-bottom
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flask, MeOH (20 mL) was added and the resulting mixture was
heated at 325 K for 5 min, then cooled to RT and filtered. To this
solution, solutions of VO(acac), (262 mg, 1.0 mmol) in CH,Cl,
(2 mL) and methanol (5 mL) followed by 1,10-phenanthroline
(phen, 180 mg, 1.0 mmol) in MeOH (5 mL) were added. The
reaction mixture was allowed to evaporate slowly in air. After
2-3 days, red crystals of 4 separated out, which were collected
by filtration and dried in air. Yield: 380 mg (~ 78% with respect
to vanadium). Mass spectral data [electrospray ionization (ESI),
positive ion, CH;0H}: m/z 486 for [4 + HJ'. Anal. caled for
C,6H13N403V: C, 64.34; H, 3.74; N, 11.54; found: C, 64.03; H,
3.73; N, 11.50. IR/em™" (KBr): » 1609(m), 1591(m), 1540(m),
1510(s), 1492(m), 1469(m), 1442(m), 1419(m), 1350(s), 1149(m),
963(m), 955(s), 848(m), 726(m), 705(m).

[(LPono® YVOX (B bpy)] (5) To (E)-N'-(2-hydroxybenzylidene)-
benzohydrazide (LPonoHz) (240 mg, 1 mmol) in a round-bottom
flask, MeOH (20 mL}) was added and the resulting mixture was
heated at 325 K for 5 min, then cooled to RT and filtered. To this
solution, solutions of VO(acac), (262 mg, 1.0 mmol) in CH,CI,
(2 mL) and methanol {5 mL) followed by 4,4’-di-tert-butyl-2,2’-
bipyridine (®"bpy, 268.00 mg, 1.0 mmol) in MeOH (5 mL) were
added. The reaction mixture was allowed to evaporate slowly in
air. After 2-3 days, red crystals of 5 separated out, which were
collected by filtration and dried in air. Yield: 395 mg (~69% with
respect to vanadium). Mass spectral data [electrospray ionization
(ESY), positive ion, CH;0H]: m/z 574 for [5 + H]". Anal. calcd for
Cs2HaaN,03V: C, 67.01; H, 5.97; N, 9.77; found: C, 66.83; H, 5.94;
N, 9.73. IR/em™ (KBr): v 2965(br), 1610(s), 1539(m), 1513(m),
1494(m), 1468(m), 1444(m), 1406(m), 1357(m), 1149(m), 1037(m),
951(s), 899(m), 703(m). .

(Lo )VO*)(cat™ )™ (27), [(LPono® )(VO*)(phen)]" (47),
[(LPono® )(VO>")(phen* )] (47), [(LPono® )(VO* ) bpy)]* (5*)
and [(L°ono”")(VO**)(™®"bpy* )]~ (57). These complexes were
not isolated but were generated by constant-potential coulo-
metric experiments in CH,Cl, at 296 K for spectroelectro-
chemical measurements and EPR spectroscopy. 27, 4™ and 5~
were generated by the reduction of 2, 4 and 5, respectively, at
—1.00, —2.40, and 2.50 V with respect to the Fc'/Fc couple,
whereas 4” and 5 were produced by the oxidation of 4 and 5,
respectively, at +1.0 and +0.05 V.

Single-crystal X-ray structure determination
(CCDC no. 1489208, 1489210 and 1508431)

Dark single crystals of 1, 3 and 4 were picked up with nylon
loops and mounted on a Bruker AXS D8 QUEST ECO diffracto-
meter equipped with a Mo target rotating-anode X-ray source
and a graphite monochromator (Mo Ka, 4 = 0.71073 A). Final
cell constants were obtained from least-squares fits of all
measured reflections. Intensity data were corrected for absorp-
tion using intensities of redundant reflections. The structures
were readily solved by direct methods and subsequent difference
Fourier techniques. The Siemens SHELXS-97°* software package
was used for solution, SHELXL-972% was used for refinement and
XS. Ver. 2013/1,% XT. Ver. 2014/4°° and XL. Ver. 2014/7°* were
used for structure solution and refinement. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were placed
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at the calculated positions and refined as riding atoms with
isotropic displacement parameters.

A split-atom model was also used to account for the severe
disorder of both ligands in 1. Part of the naphthyl unit in 1
containing atoms C13, C14, and C19-C22 was split into two
positions, giving occupation factors of 0.66 and 0.34, respectively.
The EADP, ISOR, SAME and SADI instructions were used to
restrain parts. The two t-butyl groups were split into two
(C37-C40) and three orientations (C33-C36), giving occupation
ratios of about 0.745:0.255 and 0.46:0.35:0.19, respectively.
The EADP, SADI, and ISOR restraints were employed. Platon/
SQUEEZE*”¥ was used to remove residual density peaks (max.
3.2 e A7%) of a highly disordered unknown solvent molecule.
The volume of the void was calculated to be about 340 A%,

A split-atom model was also used to account for disorder in
the crystal of compound 3. A phenyl ring (C57-C62), which was
found to be disordered by rotation, was treated as explained
above. The occupation ratio of the two parts was refined to a
value of about 0.77:0.23 in this case. The nitro group N33-035
attached to C29 was also split into two slightly skewed positions.
The occupation factors were refined to values of about 0.53 and
0.47. Some minor residual density peaks (below 1.9 e A™%) were
detected in a void with a volume of about 100 A>. 1t is very likely
‘that these density peaks originated from the solvent of crystal-
lization (probably CH;OH, which was used with CH,Cl, to grow
single crystals for X-ray diffraction studies), which almost com-
pletely evaporated from the crystal before or at the time of data
collection. Platon/SQUEEZEY¥ was used to remove these peaks
from the refinement.

Density functional theory (DFT) calculations

All calculations reported in this article were performed with the
Gaussian 03W?! program package supported by GaussView 4.1.
The DFT** and time-dependent (TD) DFT* calculations were
performed at the level of the Becke three-parameter hybrid func-
tional with the nonlocal correlation functional of Lee-Yang-Parr
(B3LYP).** The gas-phase geometries of 3, 5* and 5~ were optimized
in the singlet spin state, whereas 5 was optimized in the doublet
spin state, using Pulay’s direct inversion in the iterative subspace
(DIIS) “tight” convergent self-consistent field procedure®® ignoring
symmetry. All the calculations were performed with the LANL2DZ
basis set,”” with the corresponding effective core potential (ECP) for
vanadium, the 6-31+G*(d,p)*® basis set for C, O, and N atoms, and
6-31G™ for H atoms. The closed-shell singlet (CSS) solutions of 3
and 5~ are unstable. In both cases, the energies of the corre-
sponding open-shell singlet (OSS) solutions, which are stable, are
lower than those of the CSS solutions. The 60 lowest singlet
excitation energies for each of the optimized geometries of 3 and
5~ were determined by TD DFT calculations.

Results and discussion
Syntheses and characterization

(E)-N'-(2-Hydroxybenzylidene)benzohydrazide (L°onoH,) and
(E)-N'-(phenyl(pyridin-2-yl)methylene)benzohydrazide (LynoH)

10308 | New J. Chem, 2016, 40, 10305-10315
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were prepared by the reported procedures.’® L2onoH, was
prepared by following the synthetic procedure of LPonoHs.
The reaction of VO(acac), with L%;noH, and 3,5-di-tert-butyl-
catechol (BUcatH,) in MeOH afforded 1, where the VO*" ion was
oxidized to the VO** jon in air. The similar reaction with
catechol (cat) and LynoH produced 2, where cat was oxidized
to sq*~. However, in the presence of triethylamine, ®“catH™ i

1 underwent deprotonation and reduced the VO** ion, Wthh
yielded an EPR-silent [(L%ono0”")(VO*)(®¥sq" 7)]” (1a) state. The
reaction of VO(acac), with LynoH and p-mtro-o-ammophenol
(Y°%ap) promoted the oxidation of ™ap to N%isq*” in air,
which generated 3. The reactions of VO(acac), with L ONOHZ
and 4,4'-di-tert-butyl-2,2"-bipyridine (®"bpy) and 1,10-phénan-
throline (phen) yielded 4 and 5. Details of the syntheses are
outlined in the experimental section. The IR spectrum of 1
displayed a broad absorption band at 3430 cm™* due to
aromatic -OH functions, which was absent in 2. The peak
due to the N-H stretchmg vibration of 3 appeared at 3252 ¢m %,
The peak due to the V=0 stretching vibration of 1 was observed
at 990 cm™*, whereas those of the V=0 stretching vibrations of
2-5 appeared at 955 + 10 cm™?, and the trend correlates well with
those reported in the literature.® :

Electrochemical studies and EPR spectroscopy

The redox activities of 1-5 were investigated by cyclic voltam-
metry in CH,Cl, at 295 K and the redox potential data referenced
to those of the ferrocenium/ferrocene (Fc'/Fc) couple are sum-
marized in Table 1. The cyclic voltammograms -are illustrated in
Fig. 1.

Both the cathodic and anodic waves of 1 are irreversible.
The cathodic wave of 2 at —0.78 V, which is assigned‘to the
$q°~/cat® redox couple, is reversible, whereas the anodic peak
due to the g/sq®~ couple at +0.74 V is irreversible. The cyclic
voltammogram of 3 is different from that of 2. Both the
cathodic and anodic peaks of 3 at —0.97 V and +1.39 V,.which
are due to the isq" /ap?~ and ig/isq"~ redox couples, respectively,
are irreversible (q = o-benzoquinone, ig = o-iminobenzoquinone;
ap®>~ = o-amidophenolato). The cyclic voltammograms of 4 and 5
are illustrated in Fig. 1{d and e), respectively. 4 exhibits one
reversible anodic wave at —0.09 V owing to the VO*'/VO*" redox
couple, whereas the equivalent redox wave of 5 appears at
—0.16 V. The VO**/VO™ redox waves of 4 and 5 are similar to
those reported in cases of [VVO(L)(bpy)] and [VVO(L)(phen)]
complexes,”* where L is an ONO donor dianionic tridentate
ligand. No redox waves of [VO(L)(bpy)] and [VVO(L)(phen)]

Table 1 Redox potential data referenced to the Fc*/Fc couple determined
by cyclic voltammetry in CH,Cly (0.20 M [N(n-Bu)4}PFg) at 295 K

Compound Ey2' (V) (AE®, mV) Ey," (V) (AEY, mV)
1 +0.12° -1.23¢

2 +0.74 ~0.78 (155)

3 +1.39 -0.97

4 ~0.09 (140) ~2.16 (175)

5 ~0.16 {140) ~2.23 (190)

2 Peak-to-peak separation in mV. ® Anodic peak. © Cathodic peak.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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(a)

f/ )

05 4.6 10 05 06 05 40
Polential (V) Potential (V)
d
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T 2 -3
Potential (V)

Fig. 1 Cyclic voltammograms of (a} 1, (b} 2, (c} 3, (d} 4 and (e) 5 in CH,Cl,
(0.20 M [N{n-Bu),4lPFg) at 295 K.

complexes at the.cathode were successfully detected. However, 4
and 5 display reversible cathodic waves at —2.16 and ~2.23 V,
respectively, which are assigned to the phen/phen®” and
Bubpy/®bpy*~ redox couples. The corresponding cathodic
wave of the 2,2"-bipyridine (unsubstituted) analogue
[(Lono®7)(VO**)(bpy)] is not quite reversible (AE > 250 mV)
and this complex is not included in this report. The coordination
of phen®~ and ®“bpy*~ to the oxidovanadium(wv) ion is unprece-
dented and the origin of its formation is attributed to the higher
anti-ferromagnetic coupling constant between two paramagnetic
centers (see below).

The fluid-solution EPR spectra of 4 and 5 are illustrated in
Fig. 2(a and b), respectively. The EPR spectral parameters are
listed in Table 2. The spectra exhibit hyperfine splitting due to
1V nuclei (I = 7/2). The g-parameters obtained from simula-
tions of the EPR spectra are 1.965 and 1.964, respectively. The
EPR spectrum of 27 is similar to those of 4 and 5, as shown in
Fig. 2{c), which confirms that 2~ is an oxidovanadium(w)
complex of the type [(Lano ™ )J(VO**)(PUcat?>)]™ (27).

Assignment of the electronic states of the complexes

In conjunction with the EPR spectroscopy, X-ray bond parameters,
Iy NMR spectroscopy and density functional theory (DFT)
calculations were used to confirm the electronic states of the
complexes.

X-ray crystallography

The crystallographic data of 1, 3 and 4 are summarized in
Table 3. 1 crystallizes in the P2,/c space group. The molecular
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Table 2 X-band EPR spectral parameters of 4, 5 and 27 ions in CH,Cl; at

295K
Complex 14 A(G) Iw
4 1.965 80 (°'v, I=7/2) 2.1
5 1.964 80 (°'v, I=7/2) 2.2
2" 1.965 92 *'v, I=7/2) 3

Table 3 Crystallographic data for 1, 3 and 4

CCDC no. 1(1508431) 3 (1489210) 4 (1489208)
Formula C32H33N,05V  CpsH gN;O5V CpeHygN, O3V
w 576.54 519.38 485.38
Crystal system Monoclinic  Orthorhombic Monoclinic
Crystal color Black Green Red
Space group P24/c P242,2, C2/c
a 4 11.1788(5)  13.8584(5) 21.5463(13)

b (A) 18.3320(9)  16.1145(6) 8.3435(5)
c (&) 17.6872(8)  22.9607(9) 25.3092(15)
o (deg) 90 90 90
B (deg) 107.635(2) 90 107.290(2)
7 (deg) 90 90 90
V (A4) 3454.3(3) 5127.6(3) 4344.3(5)

4 8 8

T (X) 293(2) 293(2) 293(2)
20 54.98 54.00 63.9
p caled (g em™) 1.109 1.346 1.484
Refl. collected 49527 78927 30617
Unique refl. 7878 11180 6679
Reflections (I > 20()) 6245 8993 5386
F(000) 1208 2128 1992
No. of params/restr. 423/431 654/124 308/0
A (A)/p (mm™Y) 0.71073/0.323 0.71073/0.430 0.71073/0.495
RI“[I > 26()J)GOF®  0.0637/1.033  0.0403/1.037  0.0857/1.242
WR, [I > 20(l)] 0.1727 0.0859 0.1745
Residual density (e A™%) 0.396 0.229 0.554

“Rl SlFol = |Fe]/TIFol. * GOF = {T(w(Fs* — FFY(n - p)}™
¢ wR2 = {3 [wF,? - FEFYSw (1?‘,’)2]}”z where w = 1/[0*{(F,?) + (aP)* + bP],
P = (F,2 +2F.2)3.

structure of 1 in crystals and the atom labelling scheme are
illustrated in Fig. 3(a). Selected bond parameters are summarized

This journal is © The Royal Society of Chemistry and the Centre Nationat de la Recherche Scientifique 2016 New J. Chem., 2016, 40, 10305-10315 | 10309
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Fig. 3 Molecular geometries of {a) 1 (disordered atoms refined by the
split-atom model have been labelled with an X), {b) dimeric 1 and (¢} 3 in
crystals {30% thermal ellipsoids; H atoms are omitted for clarity).

in Table 4. L%no”" is a tridentate dianionic ligand and coordi-
nates to the oxidovanadium(v) ion meridionally. Both the Lono”

and ®catH, ligands are severely disordered and a split-atom
model, as stated in the experimental section, was used to refine
the structure, The bond lengths are approximately close to those in
the Ph-C(O™)=N-N=CH-Ar-O~ resonance state of the ligand.
The V-Obenzopt and V-Nimine lengths are 1.972(2) and 2.072(2) A,
respectively. The V=0 (1.582(2) A) and V-Opnenotato {1.879(2) A)
bonds cis to V=0 are relatively shorter and correlate well with
those of VO** complexes.”> The catechol and o-aminophenol
ligands can generate versatile electronic states with oxidovanadium
ions.®” The two V-O bonds corresponding to the ®¥cat ligand in 1
are significantly different. The V-0O(32) (cis to V=0) length is
1.832(2) A, whereas, because of the stronger o-effect of the
oxido bond, the V-0(25) bond (2.312(2) A) trans to V==0 is

10310 | New J. Chern, 2016, 40, 10305-10315
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Table 4 Selected experimental bond lengths (A) in 1 and 3 and calculated
bond lengths (A} in 3

1 3
Calc.
Bond Exp. Exp. CSs BS(l1)S=0
V=0yido 1.582(2) 1.593(3)/1.596(2) 1.586 1.586
V(1)-0(1), V-obemy, 1.972{2) 1.980(3)/1.977(2) 1.962 1.993
V(1)-N(10), V-Nimine  2.072(2) 2.083(3)/2.091(3) 2.120 2.067

V{1}-N(17), V-Npyridine
V(1)-0(18), V-Ophenotato 1-879(2)
V{1}-0(25), V-OHae  2.312(2)
V(1)-0(25), V-Ojq 2.144(3)/2.106(3) 2.164 2.271
V{1)-N(32), V-Nigq 1.895(3)/1.903(3) 1.879 2,114
V(1)-0(32), V-Ocar 1.832(2)

2.114(3)/2.122(3) 2.129 2.162

0o(1)-C(2) 1.284(3) 1.287(4)/1.300(4) 1.295 1.293
C(2)-N(9) 1.311(3) 1.318(5)/1.316(5) 1.334 1.340
N(9}-N(10) 1.398(3) 1.380(4)/1.376(4) 1.349 1.350

N(10)-C(11)
0(25)-C(26)
¢(31)-0(32)
C(31)-N(32)
c{26)-C(31)
C(26)-C(27)
C(27)-c(28)
C(28)-C(29)
©(29)-Cf30)
c{30)-c(31)

1.292(3) 1.295(5)/1.292(5) 1.305 1.306
1.355(3) 1.299(4)/1.286(4) 1.291 1.270
1.346(3)

1.359(5)/1.351(4) 1.373 1.331
1.400(4) 1.419(5)/1.427(5) 1.440 1.478
1.387(4) 1.405(5)/1.400(5) 1.420 1.431
1.395(4) 1.366(6)/1.382(6) 1.383 1.375
1.395(4) 1.383(7)/1.392(6) 1.413 1.424
1.393(4) 1.380(6)/1.369(5) 1.394 1.381
1.407(3) 1.404(5)/1.392(5) 1.397 1.422

relatively longer. The bond parameters of the ®catH™ ligand
are similar to those of the oxidovanadium(v) complexes con-
taining mono-deprotonated catechol and 3,5-di-tert-butyl-

‘catechol ligands reported by Chakravorty et al'® In these

complexes, the two C-O lengths (averages) are 1.364(4) and
1.350(5) A, respectively. In 1, the corresponding lengths are
0(25)-C(26), 1.355(3) A and 0(32)-C(31), 1.346(3) A. No qui-
noidal distortion of the C~C lengths in the aromatic ring in 1
was recorded. In 1, the OH (025) functional group exhibits
strong H-bonding with the imine nitrogen (N9) of an adjacent
molecule and promotes dimerization, as illustrated in Fig. 3b.

3 crystallizes in the P2,2,2, space group. The molecular
geometry of 3 in crystals and the atom labelling scheme are
depicted in Fig. 3(c). The unit cell contains two independent
molecules, of which the bond parameters that are not the same
are listed in Table 4. The Ph-C(O™)==N-N==CH-pyridine state
of the tridentate monoanionic ligand Lyno ™~ coordinates to the
vanadium(wv} ion in a meridional fashion. The V-Openzop and
V-Nimine lengths are 1.980(3) and 2.083(3) A, respectively. The
V-Npyridine length is 2.114(3) A, whereas the V=0 length is
1.593(3) A. It is notable that the V-Openzop and V=0 lengths'in 3
are relatively longer than those in 1, owing to the VO** state in 3.
The bond parameters of the redox-active aminophenol ligand are
significant for analyzing the electronic state of 3. The average C-O
and C-N lengths in the chelate, which are 1.293(4) and 1.355(5) A
respectively, are relatively shorter and correlate well with those
reported in o-iminobenzosemiquinonate radical anion complexes
of oxidovanadium(iv).> The C-C lengths in the aromatic ring
exhibit quinoidal distortion, by which the C27-C28 and C29-C30
lengths are relatively shorter (see Table 4). These features corre-
spond to the N%%isq® ~ state of the coordinated aminophenol ligand
in 3. Characteristicaily, the average V-Ni, length of 1.899(3) A in 3

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 4 Molecular geometry of 4 in crystals {40% thermal ellipsoids;
H atoms are omitted for clarity).

is relatively shorter than that observed in other o-iminobenzo-
semiquinonate radical anion complexes of oxidovanadium(w),
whereas the average V-O;q bond (2.115(3) A) trans to V=0 is
relatively longer.

4 crystallizes in the C2/c space group. The molecular geo-
metry of 4 in crystals and the atom labelling scheme are shown
in Fig. 4. Selected bond lengths are listed in Table 5. The
resonance state of the Lono~ ligand is Ph~C(O™)==N-N=CH-
sal{O™), as was observed in the case of 1. The V-Opengopn and
V-Nimize lengths in 4 are 2.014(3) and 2.047(3) A, respectively.
The trend in the V-Openzoy lengths is as follows: 4 > 3 > 1. The
V=0 length in 4 is 1.602(3) A. The V-Opnenolato bond cis to V=0
(1.937(3) A) is relatively longer than that in 1 and correlates well
with those in oxidovanadium(v) complexes. The two V-Nphen
lengths in 4 differ significantly: the V-Nypeny bond (2.351(3) A)
trans to V=0 is relatively longer than the V-Npnen, bond
(2.155(3) A) trans to V-Nigine and the Cp-Cp, length is
1.429(5) A.

5 crystallizes in the C2/c space group,'* but the diffraction
data are not satisfactory because Rj,. > 0.10. However, we were

Table 5 Selected experimental bond lengths (A in 4 and calculated bond
lengths (A) in 5,5 and 5~

1 5 5 5"
Bond Exp. Cale. Cale. Cale.
V(1)-0(1), V-Ophenotato 1.937(3) 1.944 1.819 2.015
V(1)-0(2), V-Openzoy 2.014(3) 1.995 1.886 2.048
V(1)}-N(1}, V-Nimine 2.047(3) 2.058 2.093 2.119
V(1)-N(3), V-Nphen 2.155(3) 2.218 2.176 2.013
V(1)-N(4), V-Nphea 2.351(3) 2.412 2.298 2.327
V(1)-0(3), V=0 1.602(3) 1.591 1.575 1.602
C(1)-0(1) 1.320(4) 1.313 1.344 1.295
N(1)}-C(7) 1.291(4) 1.303 '1.306 1.302
N(1)-N(2) 1.408(4) 1.386 1.368 1.385
N(2)-C(8) 1.310(4) 1.319 1,307 1.322
0(2)-c(8) 1.300(4) 1.305 1.328 1.290
N(3)-C(26) 1.364(4) 1.353 1.357 1.390
C(25)-C(26) 1.429(5) 1.486 1.480 1.444
N(4)-C(25) 1.351(4) 1.344 1.348 1.363

Paper

successful in refining the structure and the gross geometry is
similar to that of 4, as shown in Fig. S1 (ESI}). The bond
parameters obtained from the single-crystal X-ray diffraction
study of 5 were not further used for analysis.

1y NMR spectroscopy

The *'V NMR spectra of 1-3 were recorded in CDCl; and the
spectra of 2 and 3 are shown in Fig. 5. It was established that
the *'V resonance signal of oxidovanadium(wv) coupled to an
organic radical is significantly deshielded.'® The *'V resonance
signal of 1, which contains oxidovanadium(v), appears at
d = —337.23 ppm and correlates well with those reported in
cases of oxidovanadium(v) catecholato complexes." In contrast,
the **V chemical shift of 2 is deshielded to & = +382.4 ppm. This
feature is similar to those of oxidovanadium(iv) complexes that
contain o-benzosemiquinonate radical anions.® Similarly, the 5'v
signal of 3 is deshielded to 6 = +71.8 ppm, which correlates with
those of o-iminobenzosemiquinonate radical anion complexes of
oxidovanadium(wv). The chemical shifts of the *'V nucleus imply
that 1 is an oxidovanadium(v) complex of catecholate, whereas 2
and 3 are complexes of oxidovanadium(iv) coupled to organic
radicals.

DFT calculations

DFT calculations were employed on 3, 5, 5" and 5~ to determine .
the electronic structures of the complexes and their oxidized
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Fig. 5 5 NMR spectra of 2 and 3 in CDCls.
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and reduced analogues. The gas-phase geometry of 3 was
optimized in singlet and triplet spin states. Analysis of the
stability of the solution confirmed that the closed-shell singlet
(CSS) solution of 3 is unstable owing to the open-shell singlet
(0SS) perturbation, and this was further reoptimized in the OSS
state. The OSS solution, which has 60% diradical character, is
0.5 kcal mol™" lower in energy than the CSS solution. The
triplet solution is 1.6 kcal mol™ higher in energy than the CSS
solution, However, the broken-symmetry (BS) 1] state of 3 is
only 0.6 kcal mol™" higher in energy than the CSS state
{1 denotes an unpaired spin-up electron on fragment 1 and |
denotes an unpaired spin-down electron essentially localized
on fragment 2). The optimized bond parameters of the CSS and
BS (| 1) states are summarized in Table 4. The calculated V=0,
V-Obenaoyty V-Nimine and V-Npyriqine lengths in 3 correlate well
with those obtained from the single-crystal X-ray diffraction
study of 3. The calculated shorter C-O (1.291 &) and C-N (1.373 A)
lengths and the quinoidal distortion of the C-C lengths of the
coordinated o-aminophenol ligand correspond well to those of
coordinated g-iminobenzosemiquinonate radical anions.’® The
C-0 and C-N lengths obtained from the BS (} 1) calculation are
relatively shorter (see Table 4). Moreover, the localization of
the alpha spin on the vanadium ion and the beta spin on the
o-aminophenol fragment, as depicted in Fig. 6(a), revealed by the
BS(| 1) solution confirms a major contribution of the diradical

.. singlet state to the ground electronic state of 3, which is defined as-

a “%isq®~ complex of oxidovanadiumf{w): Irt 3, the atomic'spin is

predominantly localized on the nitrogen atom (41%), which results:*

in stronger anti-ferromagnetic ¢oupling with the VO™ jon, and the
V-Nisq length of 1.879 A (exp, 1.896(4) A) is relatively shorter.
The calculated bond parameters of 5 in the doublet state are
similar to those found for the single-crystal X-ray structure of 4,
in which the atomic spin is predominantly localized on the
vanadium ion, which corresponds to the oxidovanadium(iv)

{a)

c)

Fig. 6 Atomic spins of (a) 3 (V, 1.15; N32, —0.41; 025, -0.13; C31, -0.17;
C30, —0.14; 036, —0.14; C26, —0.08), (b} 5 and (c) 57 (V, 1.04; N3, -0.19;
N4, -0.17; C16, -0.12; C17, -0.15; C23, -0.16; C25, -0.03; C26, —0.24)
obtained from Mulliken spin population analyses.

NJC

1
\_/ \_/
bonds {A)

complex 1 2 3

(Cnv‘cw) (C'N) (C'N)
5 1.486 1.344 1.353
5" 1.480 1.348 1.357
5 1.444 1.363 1.389

Chart 2 Calculated bond lengths in the 2,2'-bipyridine fragment of 5, 5*
and 57,

state. However, the calculated V=0, V~Opnenotator V-Obenzoyl
and V-Njine lengths in the 5% ion in the singlet spin state are
relatively shorter than those in 5; in particular, the shorter
V=-Ophenotato bond (1.819 A) cis to V=0 is a marker of the
oxidovanadium(v) state.”>” This implies that the 5* ion is an
oxidovanadium(v) complex of the type [(Lono’")(VO*")(bpy)]".
In contrast, the calculated V-Opnenotator V-Obenzoyt and
V-Nimine lengths in the 57 ion in the singlet spin state are
relatively longer than those in 5. Moreover, the CSS solution of
the 57 ion is unstable owing to OSS perturbation. It was
observed that the OSS solution of the 57 ion with 100%
diradical character is lower in energy than the CSS solution
by 7.3 keal mol™. In the 5™ ion the alpha spin is localized on
the vanadium ion (1.04), whereas the beta spin is delocalized
on the bpy fragment; as depicted in Fig. 6(c). It is notable that
the triplet state of 5~ is also 5.2 kcal mol™" lower in energy than
the singlet state. The bond.parameters of the bpy fragment of
57 obtained for the CSS and triplet states are significantly
different from those of 5 and the 5 ion, as stated in Chart 2.
- The Cpy~Cpy length of 1.444 A in 57 is relatively shorter than
those (average Cpy~Cp, = 1.483 A) in 5 and 5*, whereas the
average C-N lengths of 1.376 A are relatively longer. Notably,
this feature is consistent with those observed in bpy*~ com-
plexes of alkali and transition metal ions.*® Thus, the 57 jon is
defined as a bpy® ™ complex of the oxidovanadium(wv) ion of the
type [(Lono” " )(VO**)(bpy*™)]”. The coupling constant (J) was
calculated using the Yamaguchi approach.® The value of J, is
—750 cm™* and the coupling scheme is (VO**)1(bpy*")|. It is
predicted that the higher exchange energy due to coupling of
the unpaired electrons of the oxidovanadium(rv) ion and bpy®~
and phen®” radical anions is an important factor in the
coordination of these reactive radical anions to the paramag-
netic oxidovanadium(wv) ion in the 4™ and 5~ ions.

Electronic spectra

The UV-vis/NIR absorption spectra of LonoH, and complexes
1-5 were recorded in CH,Cl, at 295 K and the spectra are
illustrated in Fig. 7. The free ligand Lbonon absorbs strongly at
327 nm owing to a = — ©* transition. In addition to a band at
330 nm, a band at around 400 nm appears for all complexes
owing to this transition. The electronic spectrum of 1 displays a
band at 580 nm (& = 0.10) owing to “*catH™ — VO charge
transfer (LMCT type). The electronic spectrum of 2 displays an
absorption maximum at 785 nm, which is absent in that of 1.

10312 | New J. Chemn. 2016, 40, 10305-10315  This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016



NJC

2 3
(O] {b)
. -
e 57
8 -
! &
% 21
&
0 . , 0 g/—\'—
400 600 800 400 600 800 1000
Afnin xiom
1
) 2 @
ko %
8 3
z 4
hos 53
0 - - - L ;
400 600 800 1000 400 600 800 4000
Alnm Alom
(e)
2
&
0
i
=
%1
b
w
[} - , y
400 600 800

Amm

Fig. 7 UV-vis/NIR absorption spectra of (a} LonoHz, (b) 1 (black), 1a (red),
{c) 2, (d) 3, (e} 4 (blue), and 5 (pink) in CH,Cl, at 295 K.

Table 6 Electronic spectral data of 1~5, 1a, 4%, 5%, 27, 4~ and 5™ in
CH,Cl at 295 K

Complex Amax (nm) (¢, 10° M~ cm™Y)

1 580 (0.10), 420 (0.83), 345 (1.60), 280 (2.24)
la 770 (0.52), 450 (0.75), 390 (0.68), 330 (1.30), 275 (2.43)
2 785 (0.27), 515 (0.28), 407 (0.80), 280 (0.90)
2" 785 (0.11), 515 (0.13), 405 (0.37), 290 (0.99)
3 585 (0.75), 400 (2.10), 285 (1.60)

1 415 (0.42), 325 (0.63), 270 (1.7)

4 410 (0.31), 320 (0.76), 290 (1.12)

' 425 (0.17), 315 (0.83), 290 (1.24), 270 (1.88)
5 415 (0.92), 330 (1.12), 300 (2.12)

5 410 (0.62), 330 (1.23), 290 (2.30)

5" 400 (0.34), 330 {1.12), 290 (3.23)

R T e—

The electronic spectrum of 2 corresponds well to those of
oxidovanadium(v) complexes of o-benzosemiquinonate radical
anion complexes reported recently.®® DFT calculations on the
singlet state of 2 were performed to determine the excitation
energies in MeOH. The value of 4., is 692.9 nm ( f= 0.05) owing
to dioxolene — vanadium (LMCT) and dioxolene — Lonn~
(ILCT) transitions. ILCT is the origin of A at 678.3 nm
{f = 0.03). The former transition of 2 is assigned to CS§ —
OSS perturbation transitions (LMCT type), where the CSS
solution is unstable (Table 6).

A violet solution of 1 in CH,Cl, upon the addition of
triethylamine turned blue, which indicated a bathochromic
shift in the absorption maximum. The electronic spectrum of
this solution was recorded and is illustrated in Fig. 7(b). This
spectrum is similar to that of 2 (Fig. 7c), with a lower-energy
absorption maximum at 770 nm. Analyses predict that in the
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Fig. 8 Changes in UV-vis/NIR absorption spectra during the conversions
of(@2 ~ 2" (b)4 - 4%,(c)4 - 47,(d)5 > 5 and (e} 5 — 5™ recorded by
spectroelectrochemical measurements.

presence of triethylamine ®“catH™ is deprotonated to ®cat®",
which reduces oxidovanadium(v) to oxidovanadium(iv) and is
itself oxidized to the “sq*~ state, affording an EPR-silent
coupled state. This implies that in the presence of a base and
air 1 undergoes a facile conversion to a ®“sq*~ complex of the
type [(Lono® )(VO*")(®"sq*~)]™ (1a), which displays a CSS —
OSS transition at 770 nm and is isoelectronic to 2.

The electronic spectrum of 3 displays a lower-energy absorption
band at 585 nm (Fig. 7{d)). The comesponding values of Acy
obtained from TD DFT calculations on 3 in CH,Cl,, which are
due to AP - Loxn~ (ILCT) and AP — vanadium (LMCT) transi-
tions, are 579.1 and 537 nm. These features are similar to those of
2, 1a and reported oxidovanadium(iv) complexes that contain an
¢-iminobenzosemiquinonate radical anion,®’

4 and 5 exhibit characteristic bands at 415 nm (Fig. 7(e)), the
origin of which is LLCT. As expected, the intensity of the
maxima of these bands sharply decreased upon reduction to
phen®~ and bpy®~ radical anions, as depicted in Fig. 8(c and e).
In comparison, the conversions of 4 —» 4" and 5§ — 5" blue-
shifted the maxima of the bands at 410 nm, as illustrated in
Fig. 8(b and d).

Conclusions

This article discloses the coordination of o-benzosemiquinonate
(sq°”), o-iminobenzosemiquinonate (isq"~), 1,10-phenanthroline
(phen®") and 4,4'-di-tert-butyl-2,2"-bipyridine (®"bpy*~) radical
anions to an oxidovanadium(iv) ion. Oxidovanadium complexes
of the types [(Lono™ )(VO™)(*catt™)] (1), [(Lawo™)(VO™)(sq" )]
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(2), (Lo JVO*)(*%isq )] (3), [(Lono)(VO*")(phen)] (4) and
[(LPono0? ™ )VO*)( bpy)] (5) (L%ono”~s LPono®~ and Lyno~ are
tridentate ligands) were isolated. In the presence of triethylamine
and air, 1, which is a catecholato complex of oxidovanadium(v),
affords an sq*~ complex of oxidovanadium(w) of the type
[(LPono? )VO™)(®sq* )] {1a). 4 and 5 undergo reversible
reduction to give phen®~ and ®'bpy*~ complexes of the types
[ ono™ ) (VO™)(phen® 7)]™ (47) and [(Lono™ )(VO™)(**bpy" )]~
{57). The °'V resonance signals of 2 and 3 are sharply different
from that of 1. In 2 and 3 the signals are deshielded to +382.4
and +71.8 ppm, respectively, whereas the signal is shielded to
—357.5 ppm in 1. DFT calculations confirmed that the closed-shell
singlet solutions (CSS) of 3 and 5~ are unstable. The open-shell
singlet (OSS) solutions of 3 and 5~ with diradical character are
lower in energy than the corresponding CSS solutions. It was
established that the larger anti-ferromagnetic coupling constants
between oxidovanadium(iv) and phen®~/®'bpy*~ are the driving
force of the coordination of these reactive radical anions to the
paramagnetic oxidovanadium(wv} ion.
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