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ABSTRACT: A new series of nonoxido vanadium(IV)
compounds [VL,] (L = L'=L?*) (1—3) have been synthesized
using dithiocarbazate-based tridentate Schiff-base ligands
H,L'-H,L% containing an appended phenol ring with a tert-
butyl substitution at the 2-position. The compounds are
characterized by X-ray diffraction analysis (1, 3), IR, UV-vis,
EPR spectroscopy, and electrochemical methods. These are
nonoxido V!V complexes that reveal a rare distorted trigonal
prismatic arrangement around the “bare” vanadium centers.
Concerning the ligand isomerism, the structure of 1 and 3 can
be described as intermediate between mer and sym-fac isomers.
DFT methods were used to predict the geometry, g and *'V A
tensors, electronic structure, and electronic absorption

spectrum of compounds 1—3. Hyperfine coupling constants measured in the EPR spectra can be reproduced satisfactorily at
the level of theory PBE0/VTZ, whereas the wavelength and intensity of the absorptions in the UV-vis spectra at the level CAM-
B3LYP/gen, where “gen” is a general basis set obtained using 6-31+g(d) for S and 6-31g for all the other elements. The results
suggest that the electronic structure of 1—3 can be described in terms of a mixing among V-d,,, V-d,,, and V-d,, orbitals in the
singly occupied molecular orbital (SOMO), which causes a significant lowering of the absolute value of the *'V hyperfine
coupling constant along the x-axis. The cyclic voltammograms of these compounds in dichloroethane solution display three one-
electron processes, two in the cathodic and one in the anodic potential range. Process A (E;/, = +1.06 V) is due to the quasi-
reversible V(IV/V) oxidation while process B at E;/, = —0.085 V is due to the quasi-reversible V(IV/III) reduction, and the third

one (process C) at a more negative potential E;/,, = —1.66 V is due to a ligand centered reduction, all potentials being measured

vs Ag/AgCl reference.

B INTRODUCTION

Vanadium is an important trace element for different
. 1 : .

organisms. It is present in at least two enzymes, such as
vanadium-dependent haloperoxidases” and nitrogenases,” and it
is accumulated in concentrations up to 0.3 M in the
vanadocytes of ascidians and polychaete worms.* Vanadium
also has an important role in the human organism, and it is
probably involved in the regulation of phosphate metabolism.”
Over the last years, it has been demonstrated that many
vanadium compounds have therapeutic effects,”®
structure—activity’ and reactivity—activity relationship,'® and
biotransformation in the blood has been recently inves-
: 11,12

tigated.

whose
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The most stable V oxidation states in nature are +3, +4, and
+5.° In its higher oxidation states (+4 and +5), vanadium is
oxophilic and forms a large varieties of oxido species both in
solution as well as in the solid state involving terminal and
bridging V—O bonds." Between these types, the multiply
bonded V=0 terminal bond is extremely inert (T,/, for O-
exchange with bulk water is ca. 400 min) with unusually high
V=0 bond energy (atomization energy, 140 kcal/mol). This is
primarily because of the strong pr — dn donation from the
terminal oxido group to the vanadium center.
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Scheme 1. Schematic Presentation for the Formation of Compounds 1-3
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The formation of nonoxido or “bare” vanadium(IV)
complexes is a somewhat uncommon, because the strong
V=0 bond must be broken and the oxido ligand may have to
leave the complex, probably as a water molecule. However,
rather interestingly in biological domain, two V species free of
oxido group exist.">'* One of these is a blue compound
(named amavadin), isolated from a particular variety of
Amanita mushroom,”'® which is structurally verified to be an
eight-coordinated nonoxido vanadium(IV) complex.'® The
second form of nonoxido vanadium is found in the co-factor
of an alternative form of nitrogenase, called VNase, which
catalyzes the biological conversion of atmospheric dinitrogen to
bioavailable ammonia.>'* It is a V—Fe cluster compound
containing a “bare” VY center, which is believed to have an
analogous structure to FeMoco co-factor of nitrogenase.'®

All these information have inspired the coordination
chemists to synthesize and investigate nonoxido V" and V"
complexes over the last 30 years. Unfortunately until to date,
such compounds are limited in number, because of the extreme
inertness of the V=O terminal bonds that stood as an
impediment to their facile synthesis. A search within the
Cambridge Structural Database'” shows that the number of
nonoxido V species still remains relatively scarce, and almost all
of these compounds have vanadium centers in six coordina-
tion."* ™% The formation of these “bare” species is significantly
favored by the preorganization of the tridentate ligand, as in the
case of cis-inositol derivatives.’® Recently, four- and five-
coordination nonoxido V!V species with VO,”” and VNO,**
coordination have been reported. In the six-coordinated
species, the ligand determines the geometry (octahedral or
trigonal prismatic),”** the ground state (d,, or d;2)* the
isomerism (facial or meridional when the ligand is tridenta-
te),”™2% and the spectroscopic behavior (EPR and UV-vis
responses).'*>** However, the electronic structure of these
species and their relationship with EPR and electronic
absorption spectral properties is still remaining unclear.

We recently reported the synthesis, structures, spectroscopic
properties, and redox chemistry of many oxido vanadium
compounds using a variety of phenol-based dithiocarbazato
Schiff-base ligands.>" The vanadium centers in these com-
pounds are various types of oxido species. Herein, we report a
new family of nonoxido vanadium(IV) compounds (1-3)
through a single-pot synthesis using similar type of
dithiocarbazate-based ligands (H,L'-H,L*) involving the
mandatory presence of tert-butyl group as substituent at 2-
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position of the phenol ring (the ligands are shown in Scheme
1). The compounds have been characterized by single-crystal
X-ray diffraction analysis that confirms a rare trigonal prismatic
structure for these compounds. Their unusual spectroscopic
properties (both UV-vis and EPR) have been interpreted for
the first time by simulation studies involving rigorous DFT
calculations.

B EXPERIMENTAL AND COMPUTATIONAL SECTION

Materials. The solvents were reagent-grade, dried by standard
procedure®® and distilled under nitrogen prior to their use. The ligands
H,L'-H,L* were prepared according to literature procedure.*
[VVO(acac),] was synthesized by a reported method.** All other
reagents were commercially available and used as-received.

Synthesis of the Complexes. [VVY(L"),] (1). To a stirred solution
of [VVO(acac),] (0.066 g, 0.25 mmol) in acetonitrile (30 mL) was
added the solid ligand H,L' (0.15 g, 0.5 mmol) and the solution was
allowed to reflux for 4 h. The resulting dark solution was then cooled
to room temperature and filtered. The filtrate volume was reduced to
ca. 15 mL by rotary evaporation and kept in the air for slow
evaporation when dark green crystals of compound 1 were obtained
after ~2 days. These were collected by filtration, washed with
acetonitrile and dried over CaCl,. Yield: 0.083 g (52%). Anal. Calcd
for CpgHyN,0,8,V: C, 52.56%; H, 5.67%; N, 8.76%. Found: C,
52.47%; H, 5.53%; N, 8.73%. FT-IR bands (KBr pellet, cm™) 1575 m,
1543 vs, 1332’5, 1294 5, 1263 m, 1205 m, 1022 5, 973 s, 844 5, 775 m,
557 s. ESI-MS (positive) in CH,Cl,: m/z 640.13 [M+H]*, 662.10 [M
+Na]™.

[V’V(Lz)z] (2). This compound was prepared following an identical
method as described for compound 1, using the ligand H,L* instead of
H,L" Yield: 0.103 g (57%). Anal. Calcd for CyH,N,0,8,V: C,
56.41%; H, 6.68%; N, 7.74%. Found: C, 56.63%; H, 6.52%; N, 7.78%.
FT-IR bands (KBr pellet, cm™) 1577 s, 1539 vs, 1473 m, 1361 m,
1299 m, 1271 m, 1249 s, 1020 s, 977 s, 848 s, 775 w, 551 s. ESL-MS
(positive) in CH,Cl,: m/z 724.22 [M+H]".

[\/V(L3)2] (3). This compound was prepared following an identical
method as described for compound 1, using the ligand H,L? instead of
H,L". Yield: 0.090 g (54%). Anal. Calcd for C,gHyN,0,S,V: C,
50.06%; H, 5.40%; N, 8.34%. Found: C, 49.31%; H, 5.21%; N, 8.22%.
FT-IR bands (KBr pellet, cm™) 1604 m, 1585 m, 1549 s, 1417 w,
1382 w, 1338 m, 1288 m, 1211 m, 1161 m,1058 s, 985 s, 777 vs, 702
w, 605 w, 567 w, 493 w. ESI-MS (positive) in CH,Cl,: m/z 672.11 [M
+H]*

Physical Measurements. Elemental analyses (for C, H, and N)
were performed at IACS on a Perkin—Elmer Model 2400 Series II
CHN Analyzer. IR spectroscopic measurements were made on
samples prepared as KBr pellets using a Shimadzu Model 8400S
FT-IR spectrometer. For UV-visible spectra in solution, a Perkin—
Elmer Model Lambda 950 UV/vis/NIR spectrophotometer was
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employed. The electrospray ionization mass spectra (ESI-MS) (in
positive ion mode) were measured on a Micromass QTOF YA 263
Mass Spectrometer. EPR spectra were recorded in toluene on a JEOL
Model JES-FA 300 X-band spectrometer, equipped with a standard
low-temperature (77 K) apparatus and data processing system
(ESPRIT 330). Cyclic voltammograms (CVs) of the compounds
were recorded in dichloroethane or dichloromethane solution using a
BAS model 100 B/W electrochemical workstation coupled with a
glassy carbon working and a platinum wire counterelectrode. Ag/AgCl
was used for reference and Fc/Fc" couple as the internal standard.>®
Solutions were ~1.0 mM in samples and contained 0.1 M TBAP as
supporting electrolyte. Bulk electrolyses were carried using a platinum-
gauze working electrode at 298 K.

X-ray Crystallography. Diffraction quality crystals of compound 1
(block, dark green, 0.23 mm X 0.19 mm X 0.11 mm) and compound 3
(block, dark green, 0.18 mm X 0.16 mm X 0.12 mm) were collected
from their respective reaction pots containing acetonitrile solvent.
Unfortunately, diffraction-quality crystals of compound 2 could not be
grown, despite of our repeated attempts. The crystals were mounted
on glass fiber without any protection. Intensity data for the
compounds were measured at 298 K, employing a Bruker SMART
APEX II CCD diffractometer equipped with a monochromatized Mo
Ka radiation (4 = 0.71073 A) source. No crystal decay was observed
during the data collections. The intensity data were corrected for
empirical absorption. In all cases, absorption corrections based on
multiscans using the SADABS software® were applied. The structures
were solved by direct methods®” and refined on F? by a full-matrix
least-squares procedure,®® based on all data minimizing R = Y IIF,| — |
EJ/YIE, wR = [ S w(EE — F2P1/ 3(E21, and § = (3 Tw(Ry? -
E2)?)/(n — p)]% SHELXL-97 was used for both structure solutions
and refinements.*® All non-hydrogen atoms were refined anisotropi-
cally. The hydrogen atom positions were calculated and isotropically
fixed in the final refinements [d(C—H) = 0.95 A, with the isotropic
thermal parameter of Uy (H) = 12U, (C)]. The SMART and
SAINT-plus software packages®® were used for data collection and
reduction, respectively. Crystallographic diagrams were drawn using
the DIAMOND software package.*

DFT Calculations. The geometries of compounds 1-3 were
optimized in the gas phase with Gaussian 09 (revision C.01)
software,*' using the hybrid exchange-correlation functional
B3P86,"* and a general basis set obtained using 6-311+g(d)** for
S and 6-311g* for all other atoms. The functional B3P86 ensures a
good degree of accuracy in the prediction of the structures of first-row
transition-metal complexes,* and particularly of vanadium com-
pounds.*®

The g and 'V A tensor were calculated using the functional PBE0*
and VTZ basis set with ORCA software,*® according to the procedures
published in the literature.*” It must be taken into account that, for a
VI species, the A, value is usually negative, but its absolute value is
usually reported in the literature. The theory background was
described in detail elsewhere.’**"

Time-dependent density functional theory (TD-DFT) calcula-
tions®* were used to predict the excited states of 1 and obtain the
expected electronic absorption spectrum. The calculations were carried
out using a general basis set (6-31g set for V, O, C, H, and N and 6-
31+g(d) for S) and changing the functional on the geometry simulated
in the g phase. The following functional were used: VSXC,**
HCTH,** BP86,*>° BILYP,***” B3LYP,**** PBEO,*” mPW1PW91,%
HSEHIPBE,”® BHandHLYP," APFD,* WB97XD,** and CAM-
B3LYP.®® The electronic absorption sgectrum of 1 was generated
using Gauss View version 4.1 software. +

B RESULTS AND DISCUSSION

Syntheses. Nonoxido vanadium(IV) compounds [V*V(L),]
(L = L'-L? compounds 1—3) are obtained in moderate yields
(ca. 50%) when stoichiometric amounts of the tridentate
dithiocarbazate-based Schiff-base ligands (H,L'—H,L?) and the
vanadium(IV) precursor compound [V™VO(acac),] are refluxed
for ~4 h in acetonitrile under aerobic environment (Scheme 1).

In some of our earlier communications, it has been reported
that the reactions of [V'VO(acac),] with similar types of
tridentate ONS donor ligands (H,L) have produced solvated
compounds [VWVOL(solvent)] as putative intermediates which
ultimately get transformed into the products of the type
[LOV!VB]*™ in the presence of various nitrogenous bases (B)
or into anionic cis-dioxido [VYO,L]™ products when allowed to
interact with various cationic substrates.>'*f Thus, in all the
previous reports, the products were oxido-vanadium com-
pounds in the oxidation states +4 and +S5. However, in the
present case, we get the nonoxido vanadium(IV) compounds as
the exclusive product with the ligands H,L'—H,L? all of which
show mandatory presence of tert-butyl group as substituent in
2-position of the phenol ring in the ligand framework (Scheme
1). Presence of this substituent probably increases the donor
strength of the phenolate oxygen, resulting in strong ¢ and 7
donation to the vanadium(IV) center and thus compensates for
the strong 7-electron donation from the terminal oxido ligand
and helps in removing the oxido group as water to generate the
“bare” VIV products. Similar influence of ligands with associated
tert-butyl group in the formation of nonoxido vanadium
compounds has been reported earlier.”®

IR spectra of compounds 1—3 have been summarized in the
Experimental and Computational Section. The spectra show all
the characteristic bands of the participating dithiocarbazate
ligands, which include a strong si¥nature band at ~1577—1583
cm™" due to v(C=N) vibration,>'® together with a strong band
in the region near ~1539—1550 cm™, because of v(C—0O/
phenolate) stretching.>'® The loss of oxido ligand in the
products is confirmed by the complete absence of the stron
characteristic ¥(V=0) stretch in the 900—1000 cm ™" region,
thus indicating the “bare” vanadium status in these compounds.

Mass Spectrometry. ESI-mass spectrometric data (in the
positive ion mode), measured in dichloromethane, for
complexes 1—3 have been listed in the Experimental and
Computational Section. Compounds 1—3 show molecular ion
peaks due to the [M+H]* species. Compound 1 also shows an
additional peak due to an [M+Na]*-type ionic entity. The
observed isotopic distributions and their simulation patterns are
in agreement with these assigned formulations, as shown in
Figure 1 for the representative compound 1.

Description of Crystal Structures. Crystal and molecular
structures of compounds 1 and 3 have been determined. A
summary of their relevant crystallographic data and the final
refinement details are given in Table 1. Figures 2 and 3 display
the molecular structures and atom labeling schemes for 1 and 3,

640.13 (a) 639.90 (b)

640.89

642.84

"m/z 'm/z
Figure 1. Molecular ion peak in the ESI mass spectrum (positive) for
complex 1, measured in dichloromethane, with (a) simulated and (b)
observed isotope distribution.
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Table 1. Summary of X-ray Crystallographic Data for
Complexes 1 and 3

parameter 1 3

composition CygH36N,O,S,V CysH36N, 0,5,V

formula wt 639.79 671.79

crystal system triclinic monoclinic

space group PT P2,/n

a(A) 10.0076(17) 12.1166(11)

b (A) 13.069(2) 18.6745(16)

¢ (A) 13.828(2) 13.8081(13)

a (deg) 66.593(3) 90

B (deg) 81.005(3) 92.784(5)

7 (deg) 69.513(3) 90

vV (A% 1554.4(5) 3120.7(5)

Peac (g em™) 1.367 1.430

temp (K) 298(2) 298(2)

2, Mo Ka (&) 0.71073 0.71073

Z 2 4

F(000) (¢ mm™") 670/0.620 1404/0.626

20,1 (deg) 52.00 $5.15

reflections collected/unique 15912/6096 44244/7039

R;,/GOF on F* 0.0274/1.093 0.0761/1.105

No. of parameters 364 380

R1(F,), wR2(F,) (all data) 0.0381, 0.1283 0.0557, 0.1481
0.267, —0.670 0.973, —0.526

largest diff. peak, deepest hole
(&

Figure 2. Molecular structure and atom labeling scheme for
compound 1 with thermal ellipsoids drawn at the 30% probability
level. Hydrogen atoms have been omitted for clarity.

respectively. These structures provide confirmatory evidence in
support of the presence of nonoxido vanadium center in these
complexes. Their selected metrical parameters are summarized
in Table S1 in the Supporting Information. The compounds
have grossly similar structures and a generic description of
these will be provided, considering 1 as a representative
example. Identical atom-labeling schemes have been adopted
for both the structures for easy comparison of their relevant
metrical parameters. Compound 1 crystallizes in triclinic space
group P1 with two molecular mass units accommodated per
unit cell, whereas compound 3 crystallizes in the monoclinic
space group P2,/n with four molecular mass units accom-
modated per cell.

The vanadium(IV) center in this mononuclear complex is
six-coordinated, completed by a pair of doubly deprotonated
tridentate ONS donor ligands, providing a highly distorted
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Figure 3. Molecular structure and atom labeling scheme for
compound 3 with thermal ellipsoids drawn at the 30% probability
level. Hydrogen atoms have been omitted for clarity.

geometry as revealed from a skeletal view of the compound
(Figure 4). The trans angles N3—V1—N1, 162.14(6)°

Figure 4. Skeletal view of the trigonal prismatic structure in
compounds 1 and 3.

[162.37(9)° for 3]; O1-V1-S1, 147.75(4)° [147.88(7)°];
and 02-V1-S3, 148.21(5)° [149.29(7)°] have shown
substantial deviation from linearity, approaching more toward
a trigonal prismatic arrangement (expected angle = 135°) of
distorted nature as reported in the literature with related
tridentate biprotic ligands.>***' Each tridentate ligand in this
complex forms a five- and a six-membered chelate ring. The
dihedral angles between these ring planes are 18.77° and 16.23°
(21.31° and 15.00° for 3), thus providing folded ligand
structures that contribute to the overall trigonal prismatic
geometry. As shown in Figure 4, the donor atoms O(1), S(3),
and N(3) form one triangular face of the trigonal prism while
N(1), S(1), and O(2) form the other triangular face. The
dihedral angle between these two triangular faces is 9.38° in
compound 1 and 9.52° in 3. Both these tridentate ligands
(H,L) are fully deprotonated, each contributing with two
negative charges to generate neutral [V'VL,]-type complexes.
The V-0, V—N, and V—S distances are in the normal range as
reported in the literature.”***

DOI: 10.1021/acs.inorgchem.5b00359
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A hexa-coordinated structure formed by a tridentate ligand
can be described in terms of three isomeric forms, viz.
meridional (mer), symmetric facial (sym-fac) and unsymmetric
facial (unsym-fac). These three possibilities are depicted in
Scheme 2 for an ONS donor ligand such as L' (1), L* (2), and

Scheme 2. Possible Isomers for Hexacoordinated Nonoxido
V! Structures Formed by a Tridentate ONS Ligand: (a) mer,
(b) sym-fac, and (c) unsym-fac

o)

\ OW
0////,,%'“ / ‘““\\\\N O////// / ‘\“\\N>

(b) (€)

L® (3). A high planarity of the ligand favors the meridional
coordination, as with V" complexes of 3,5-bis(2-hydroxyphen-
yl)-1-phenyl-1H-1,2,4-triazole (H, hyghph) and 2,6-bis(2-
hydroxyphenyl)pyridine (H,bhpp).*#***” For tridentate li-
gands with a flexible backbone, the facial as well as the
meridional coordination modes are possible; for example, w1th
iminodiacetic acid, the facial coordination is preferred,®®
whereas the reverse behavior has been reported for
methylamino-N,N-bis(2-methylene-4,6-dimethylphenol).®’
With 2,2'-dihydroxyazobenzene (Hdhab) and a-(2-hydroxy-S-
methylphenylimino)-o-cresol (Hmpic) ligands, the nonoxido
VY compounds have distorted unsymmetric facial isomeric
form.>*

The structures of complexes 1 and 3 can be described by
several geometrical parameters: (i) the twist angle ®, which
measures the angle between the two triangular faces of side s
describing the coordination polyhedron (60° for an octahedron
with the two triangles staggered and 0° for a trigonal prism with
the two triangles echpsed), (ii) the angle ©, formed by the
donors in trans to the vanadium (180° for an octahedron and

135° for trigonal prism); (iii) the angle €, formed by the two
external donors of each ligand with vanadium (180° for mer and
90° for fac isomers); (iv) the angle ¥, formed by the two
external donors of each ligand molecule with the central donor;
(v) the ratio s/h and s/a, where h is the distance between the
two triangles and a is the mean metal—ligand bond length (they
are 1.225 and 1.414 for an octahedron, and 1.000 and 1.309 for
a trigonal prism). The values for the angles @ and ©, as
revealed from the X-ray crystal structures of 1 and 3, are in the
range 26.8°-27.2° and 152.7°—153.2°, while those of the
parameters s/h and s/a are 1.361 and 1.100; all these values are
intermediate between those expected for a regular octahedron
and a trigonal prism (see also Table 2). Concerning the ligand
isomerism, the structures of 1 and 3 can be described as
intermediate between mer and sym-fac. In particular, the angle
€, which should be 180° for the mer isomer and 90° for the fac
isomer, is 148.0° for 1 and 148.6° for 3 (mean values).

Optimization of the V!V Structures and Comparison
with the Experimental X-ray Structures. The geometry of
compounds 1—3 was optimized with Gaussian 09 software
through DFT methods. The optimized structures are shown in
Figure S. It can be noticed that the prediction of the structural
details (bond lengths and angles) is very good; in particular, the
V—donor (donor = O, N, S) distances are very close to the
experimental values. The optimization of the structure of
compound 2 suggests that it should be very similar to 1 and 3.
The experimental and calculated parameters are summarized in
Table 2.

It can be noticed that the distortion of a potential meridional
toward a facial structure (probably induced by the long V—S
length) results in a significant distortion of the octahedral
geometry toward the trigonal prism with experimental ® values
of 26.8° and 27.2° (calculated in the range 30.9°—32.1°). Also,
the angle Q is indicative of the arrangement of the ligands, with
respect to the metal jon, and assumes the values of 148.0°—
148.6° (experimental) and 150.2°—151.1° (calculated).

EPR Spectroscopy and Prediction of the >'V Hyperfine
Coupling Constants. EPR spectroscopy is the tool used

Table 2. Experimental and Calculated Geometrical Parameters for Complexes 1—3“

1 2 3

complex experimental calculated calculated experimental calculated
bond length, A
V-0 1.858, 1.865 1.858, 1.863 1.860, 1.963 1.858, 1.861 1.855, 1.864
V-N 2.104, 2.099 2.104, 2.104 2.104, 2.106 2.098, 2.118 2.101, 2.112
v-§ 2.364, 2.366 2.385, 2.377 2.385, 2.375 2.357, 2.385 2.375, 2.383
bond angle, deg
0-vV-0 112.3 107.6 108.3 110.6 107.0
N-V-N 162.3 165.1 164.2 162.4 165.4
S-V-§ 74.7 74.4 74.2 74.6 74.3
o? 26.8 315 309 272 321
e 152.7 158.5 154.9 153.2 155.9
fokd 148.0 150.8 150.2 148.6 151.1
v’ 96.6 97.3 97.2 96.6 97.4
s/af 1.361 1.374 1.372 1.361 1.376
s/h® 1.100 1.128 1.124 1.100 1.132

“Structure simulated through DFT methods at the level of theory B3P86/gen with a general basis set obtained using 6-311g for V, O, C, H, and N
and 6-311+g(d) for S. bTwist angle: 60° for octahedral and 0° for trigonal prismatic geometry “Angle formed by the donors in trans position with
vanadium (mean value): 180° for octahedral and 135° for trigonal prismatic geometry. Angle formed by the two external donor atoms of the ligand
with vanadium (mean value): 180° for mer and 90° for fac isomers. “Angle formed by the two external donors of the ligand with the central one
(mean value) s/a = 1.414 for an octahedron and 1.309 for a trigonal prism. &s/h = 1.225 for an octahedron and 1.000 for trigonal prism.
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Figure S. Structures of (a) 1, (b) 2, and (c) 3, optimized with the DFT methods at the B3P86/gen level of theory (“gen” is a general basis set
obtained using 6-311+g(d) on S and 6-311g on the other atoms). The hydrogen atoms have been omitted for clarity.

frequently for the characterization of V!V complexes.>®’® The
X-band EPR spectra of the complexes were recorded both at
room temperature (in toluene), as well as in the frozen state
(dichloroethane/toluene 1:1 v/v). A representative spectrum
for compound 1 is displayed in Figure 6. Hamiltonian
parameters (¢ and A) determined experimentally for com-
pounds 1—3 are summarized in Table 3.

330 350 370 390 410

Magnetic field/ mT

270 290 310
Figure 6. Anisotropic X-band EPR spectrum of 1: experimental (trace
a) and calculated (trace b) by DFT methods at the level of theory
PBEO/VTZ. The parameters reported in Table 4 were used to
generate the spectrum in trace b.

EPR spectra of hexa-coordinated V'V complexes can be
divided into two groups: those with g, < g, ~ g, < 2.0023 and
A, > A, ~ A, (type 1, d,, ground state and geometry close to
the octahedral one) and those with g, ~ 8 < g ~ 2.0023 and
A, = A, >A, (type 2, d ground state and geometry close to
the trigonal prismatic one).”" In particular, the change in the

EPR behavior has been related to the switch of the ground state

from d,, to d?, depending, in its turn, on the transformation of
an octahedron toward a trigonal prism.'%?72 We recently
demonstrated that, for a tridentate ligand that forms nonoxido
vV species, mer isomers show type 1, whereas fac isomers show
a type 2 spectrum.”** On the basis of data summarized in Table
3, 1—-3 are characterized by an intermediate behavior with g, <
g ¥ g < 2.0023 and A, > A, > A_. For this reason, for the
singly occupied molecular orbital (SOMO), a mixing between
V-d,, and V-orbitals with component along the z axis is
expected, caused by the distortion of the octahedral geometry
toward the trigonal prismatic one.

Nowadays, the prediction of *'V hyperfine coupling constant
tensor A is possible through the DFT methods. For a nonoxido
VY species, a calculation with ORCA software, which includes
the second-order spin—orbit effects, using PBEO functional and
VTZ basis set gives a good agreement with the experimental
data.2%2'?%* The results are listed in Table 4.

From a comparison of Tables 3 and 4, it can be noted that
DFT calculations correctly predict the order A, > A, > A_. The
percent deviation from the experimental value of A, and 4, is
moderate: <4% in the first and <7% in the second one. It is
slightly larger for A, (in the range of 10%—13%), but consistent
with the results previously reported.***'%*¥* In Figure 6, the
comparison between the experimental (trace a) and calculated
(trace b) spectrum is shown, with the difference being due to
the underestimation of A, value by DFT methods (recall Table
4).

Recently, we noticed that the arrangement of the ligand
molecules, mer or fac, has marked influence on the electronic
structure of a nonoxido VIV complex.m"’k In particular, the
values of A can be correlated with the angle €, i.e., the angle
formed at the metal center by the two external donors of the
tridentate ligand, which is 180° for a mer isomer and 90° for a
fac isomer. The values of A; (i = «, z), as a function of Q for
some tridentate ligands, are shown in Figure 7. Three types of
ligands were considered: (i) cyclic ligands that form fac
structures, such as 1,3,5-triamino-1,3,5-trideoxy-cis-inositol

Table 3. Experimental g Factors and >'V Hyperfine Coupling Constants (A) for Complexes 1—3“

xpcth

complex Siso is0 8« &
1 1.958 1.957 1.941 1.964
2 1.957 1.957 1.940 1.964
3 1.958 1.958 1.942 1.964
b

“Values of A reported in terms of 107 cm™.

Sis

&
1.967
1.967
1.967

Ao AT Ay 4, A,
—65.8 —64.6 -119.6 -91.2 17.0
-67.1 —65.9 -119.8 —-91.8 14.0
—65.0 —64.6 -120.0 -89.8 16.0

=P is the value of g, expected on the basis of the formula g, = '/5(g, + g+ g.), with g, 8 &

measured from the anisotropic spectrum. “A, ;P is the value of A, expected on the basis of the formula A, = '/;(A, + A, + A,), with A, A, A,

measured from the anisotropic spectrum.
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Table 4. Calculated g Factors and *'V Hyperfine Coupling Constants (A) with DFT Methods for Complexes 1-3%°

complex 8iso 8x & & Aiso
1 1.968 1.949 1.975 1.981 —66.7
2 1.969 1.950 1.975 1.981 —66.5
3 1.968 1.949 1.976 1.981 —67.1

A, A A, %lA,,|° %lAJ° %l14,I°
—-105.3 —-87.0 =79 +1.4 —-12.0 —4.6
—104.3 —87.8 —-7.5 —0.9 —12.9 —44
—108.0 —84.0 -9.3 +3.2 —10.0 —6.5

“Calculations performed at the level of theory PBE0/VTZ. bValues of A reported in terms of 10~ cm™L. “Percent deviation from the experimental
value (see Table 3) calculated as 100 X [(IA[d — 14,**%) /|A[=*1], with i = iso, , or y.

150.0 -
140.0 -
" mer
TE 130.0
o P Intermediate
L 1200 ‘ * w= | OpEN-chain
- 4. ligands
<
110.0 A
100.0 - fac
cyclic
ligands
90.0 T T T T 1
80.0 100.0 120.0 140.0 160.0 180.0
Qangle

Figure 7. A; (as the absolute values) for nonoxido V!V complexes as a
function of the angle Q. The pink squares indicate complexes 1-3. A,
(i = x or z) is the largest values of the *'V hyperfine coupling tensor A.
The dotted gray line represents the best linear fitting of the 13 points.

2621 ,3,5-trideoxy-1,3,5-tris(dimethylamino)-cis-inositol

(taci),

(tdci),*** and cis-inositol (ino);26b (ii) open-chain ligands that
form fac structures, such as 2,2'-dihydroxyazobenzene
(Hdhab),>**  a-(2-hydroxy-5-methylphenylimino)-o-cresol
(Hhmpic),>* calmagite (H,calm),*** anthracene chrome red
A (Hjanth),** and complexes 1-3; and (iii) open-chain
ligands that form mer structures, such as 3,5-bis(2-hydrox-
yphenyl)-1-phenyl-1H-1,2,4-triazole (H,hyph™),*¥ 2,6-bis(2-
hydroxyphenyl)pyri-dine (H,bhpp),”¥ and bis(3,5-dimethyl-2-
hydroxyphenyl)trimethylamine (H,L~).** From an examina-
tion of Figure 7, a correlation between A; and € emerges. The
ligands can be divided into three groups: on one end of the
plot, the meridional complexes, characterized by € values of
~180° and A; (A,) larger than 140 X 10~ cm™'; on the other
end, the facial complexes formed by cyclic ligands, characterized
by Q values of ~90° and A; (A,) smaller than 100 X 10™* cm™;
and, in the middle, the facial species formed by open-chain
ligands, characterized by intermediate values of Q (110°—160°)
and A; ((110—130) X 107* cm™'). The results in Figure 7
confirm that the EPR behavior of nonoxido V!V compounds is
more influenced by the angle Q than the twist angle ®@. As
expected, for 1—3, which are characterized by Q values of
~150° and a geometry intermediate between the mer and fac
isomers, values of A, in the range of (110—130) X 107* cm™*
are expected.

Prediction of the Electronic Structure of Compounds
1-3. For a distorted octahedral VYO complex, such as
[VO(H,0),]*, the energy order of the five d orbitals is d,, <
d,~d, <dp < d2">"* the SOMO being the d,, orbital. For
a nonoxido V"V species with a hexacoordinated geometry
distorted toward a trigonal prismatic one, an increasing mixing
of d,, with the excited orbitals, such as d,,, d,,, and d, is

%y
expected.”"
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The analysis of the electronic structure and molecular orbital
composition for compounds 1—3 has been carried out choosing
a coordinate system in which the N—V—N direction is oriented
along the z-axis, and two S—V—O directions roughly occupy
the x- and y-axes. The energy levels of the molecular orbitals
(MOs) derived from V-d orbitals are shown in Scheme 3. For

Scheme 3. Relative Energy Levels of V-d Orbitals for
Compounds 1-3“

dy2 (96.0) dy2 (95.5)

6.0 dy2(96.1)
dy_y2(935 dyey2(93.1 -
ha-y2(93.5) heoy2(93.1) dyo_y2(95.5)

5.0

dyy (73.0) + dy (13.1)

404 +dy (11.4)

0yz (36.9) + dy; (33.7)

dyy (71.9) + dy, (13.3)
+dyz (11.9)

dy, (37.6) + dy; (31.8)

dyy (74.1) + dy, (11.3)
+dy, (11.9)

>
()
= +dyy (29.3) +dyy (29.8) dyz (39.7) + dy, (28.9)
< e —_— + dyy (30.2)
o =
& 3.0
o
=
©
&
2.0
1.0

dyz(36.5) + dyz (33.3)
+ dyy (29.0)

dy, (37.4) + dy (31.6)
+dyy (29.6)

dy, (39.5) + dy, (28.7)
+dyy (30.0)

0.0-

1 2 3

“Boldface font indicates the V-d atomic orbital that contributes the
most to the MO. Values shown in parentheses represent the total
percentage contribution of the V-d orbital, with respect to the total V
contribution in the specific MO.

the sake of clarity, the energy of the MOs is relative to SOMO,
set as reference at 0.0 eV. The percentage amount reported
refers to the total contribution of V orbitals in the specific MO.
For example, in the molecular orbital LUMO+S, the percentage
contribution of V orbitals is 61.9% and, of this amount, 59.4%
belongs to d. (relative contribution of 96.0% among V
orbitals). Therefore, it can be considered that LUMO+5 is
derived exclusively from V-d: Also, LUMO+4 is derived
almost exclusively from V-d;2_p. In the other cases (SOMO,
LUMO, and LUMO+1), the contribution of V atomic orbitals
is divided between d,,, d,,, and d,, (this mixing results in a
lowering of the *'V hyperfine coupling constant discussed
below).

The energy order of the five MOs originated from V-d
orbitals is very similar, and it is d,,,. < d.,,,, < d,, < dg2_p < d.
Only for compound 3, a slight decrease of the energy of the
virtual orbitals, with respect to the SOMO, set at 0.0 eV, is
predicted. It can be observed that, whereas d,>_,> and d,* are not
combined with other d orbitals, a strong mixing among d,, d,.,
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Figure 8. Molecular orbitals for 1: (a) SOMO (mixing of V-d,, V-d,,, and V-d,.); (b) LUMO (mixing of V-d,,, V-d,,, and V-d.); (c) LUMO+1

(mixing of V-d,,

Xy

V-d,,, and V-d.); (d) LUMO+4 (V-d2_3); and (e) LUMO+5 (V-d2).

and d,, orbital exists and all the three atomic orbitals contribute
with a comparable percentage to the composition of the MOs
SOMO, LUMO, and LUMO+1. In particular, such a mixing is
rather evident in LUMO+1 (Figure 8c), where it is observable
that this MO does not occupy only xy but also xz and yz planes.
In Figure 8, some selected molecular orbitals for 1 are shown.

From these results, it emerges that the mixing of V-d,, V-d,,,
and V-d, orbitals in the SOMO takes place. The lowering of
the A; values (here, for the sake of simplicity, i = z; see Figure
7) for compounds 1—3, with respect to the hyperfine coupling
constant of a V'VO complex, is due to the linear combination of
V-d,, and V-d,,/V-d,, orbitals. It can be explained considering
that A, « P; X *(—k — 2/7) when the SOMO is a pure v,
orbital and that A, o P; X y*(—k + 2/7) when the SOMO is a
pure V-d,, orbital, with P4 being the dipolar term (128 X 107*
cm™ for VIV),”® k being the isotropic or Fermi contact (~0.85
for VIV),”® and f8 and y, the coefficients of the atomic orbital in
the SOMO.”° It must be noticed that, in the first case, —4/7 is
added to —k to give a negative term large in absolute value,
whereas in the second one, 2/7 is added to —k to give a
negative term but smaller than the previous one in absolute
value. For example, if for Py and k the values reported by
Pecoraro and co-workers are used,”” A, « —f* X 182 x 107*
cm™ when SOMO is based on V-d,, orbital, A, o —f* X 72 X
107* cm™" when SOMO is based on V-d,, orbital. Therefore,
the mixing of V-d,, with V-d , orbital in the SOMO causes a
marked lowering of the absolute value (experimentally
measured) of the *'V hyperfine coupling constant along the
z-axis. As an example, if SOMO is composed by 50% V-d,, and
50% V-d,,, A, « —f* X 127 X 107 cm™, which is comparable
with the experimental values for 1-3.
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Prediction of the UV-vis Spectrum. The electronic
absorption spectra of complexes 1—3 are grossly identical. A
representative spectrum for compound 1 recorded in toluene
between 270 nm and 850 nm shows a broad absorption in the
visible range with a main band centered at 575 nm and a
shoulder at ca. 645 nm, and two other absorptions at ca. 380
(shoulder) and 308 nm in the near UV region (see Figure 9).
Attempts have been made to simulate this spectrum by TD-
DFT methods, according to procedures reported in the
literature.'%8>'9*%76 The functionals and basis sets used are
listed in the Experimental and Computational Section. Thus, in
Figure 9, also shown are the spectra calculated with one long-
range corrected functional (CAM-B3LYP), one half-and-half
hybrid functional (BHandHLYP), and one hybrid functional
(BILYP) for comparison. It can be noticed that the UV band is
predicted by all the functionals; in contrast, the absorptions in
the visible region are well-reproduced by CAM-B3LYP,
whereas BHandHLYP and BILYP predict too low energies
for them. Generally, the order of performance of the tested
functionals is long-range corrected > half-and-half hybrid >
hybrid > standalone.

Differently from an oxidovanadium(IV) species, for which
the bands observed in the visible range (up to 400 nm) are
mainly pure d—d transitions with very low oscillator strength
(corresponding to a molar absorption coefficient lower than
200 M~' em™'), for 1, the absorptions in the 400—800 nm
region are mainly ligand-to-metal charge transfer (LMCT)
transitions with large values of the oscillator strength (& > 2000
M™' cm™), particularly those from the molecular orbitals
formed by the z-system of imine and a lone pair of S (all
perpendicular to the backbone of the ligand) toward the
orbitals V-d,,, V-d,,, and V-d,,. This finding confirms what has
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Figure 9. Experimental and calculated electronic absorption spectra of 1 (legend: black, the experimental spectrum; red, spectrum calculated by the
CAM-B3LYP functional; blue, spectrum calculated by the BHandHLYP functional; and green, spectrum calculated by the BILYP functional). In the
inset, the visible regions (400—800 nm) of these spectra are shown in magnified scale; the transitions predicted by the three functionals are indicated
by the dotted lines.

Table S. Main Calculated and Experimental Electronic Transitions for 1, up to 300 nm*®

main transition character” A€ f(x 1094 JIE it
H(a) — L(a)/H-1(a) — L(a) A(Nipine) + Ip(S) = V-d./Ip(S) = V-d,, 666.6 880 645/6170 sh'
H-1(a) - L(a) Ip(S) — Ved,, 563.1 1110 575/8100
H(p) — L(p) A(Nuine) + 1p(S) = V-do/Ip(S) — V-d., 41638 1300 380/23220 sh’
H-1(8) — L(p) Z(Nimine) + 1p(S) + z(phenol) - V-d,./Ip(S) — V-d,, 4112 3030
H-2(8) — L+2()/H-1(f) — L+1(B) Ip(S) = V-do/A(Nipyine) + Ip(S) + #(phenol) — 7*(imine) 343.7 5040
H-2(f) — L+1(8)/H-1(8) — L+2(p) Ip(S) — #*(imine)/7(Nipine) + Ip(S) + #(phenol) — V-d,, 3343 4210
H-10(a) — L+1(a) #(phenol) — V-d, 302.1 9810 308/52320

“Calculations performed at the level of theory CAM-B3LYP/gen, with “gen” indicating a general basis set obtained using 6-31+g(d) for S and 6-31g
for all the other elements. b“lp” indicates a lone pair; even if L(a) and L+1(«) are formed by the combination of V-d,y, V-d,., V-d,. orbitals, we
indicated, for them, only V-d,, and V-d,,, which, among the three orbitals, have the largest contribution in the specific MO. A values measured in
nm. “Oscillator strength. “e measured in M™" cm™". sh indicates a shoulder of a more intense absorption.

Table 6. Summary of Electrochemical Data”

Process A Process B Process C
compound (Bih (V) AE, (mV)* (Eyn (V)" AE, (mV)* n (Eym (V)° AE, (mV)*
1 +1.06 120 —0.085 130 0.98 + 0.03 —1.66 120
2 +1.06 120 —0.086 110 0.97 + 0.05 -1.67 110
3 +1.02 90 —0.106 95 1.01 + 0.03 —1.66 100

“All potentials vs. Ag/AgCl reference. YE, n= O.S(EPC + Epa), calculated from CV data. “AE, = E,, — E,, at a scan rate of 200 mV s7h

been proposed by Raymond and co-workers, ie., that for Electrochemistry. Cyclic voltammograms of compounds
nonoxido vanadium(IV) species, all the transitions must be 1-3 have been recorded at a glassy carbon working electrode
considered LMCT in which the metal orbitals involved are d,, under an atmosphere of purified dinitrogen in dichloroethane
dyy d,,, and d2_p (see Table 5 and Scheme 3)."*¢ The oscillator solution (0.1 M TBAP) at 25 °C in the potential range from
—2.0 V to +1.5 V vs. Ag/AgCl reference. The ligands are

electrode active in this potential range, showing an irreversible
reduction wave at a potential of E,. & —1.65 V (see Figure S1
in the Supporting Information). All three compounds showed
similar voltammetric features, each displaying three electro-
chemical responses: two in the cathodic potential range and
one in the anodic potential range. The data are summarized in
Table 6. The voltammogram for compound 1 is shown in

strength for the excitations in the visible range was generally
more than 3 orders of magnitude larger than that for the V'VO
complexes (for example, & is >10 000 M~! cm™ at 400 nm and
>50000 M~ cm™" at 300 nm). Even if, as observable in Figure
9, a quantitative agreement with the experiments cannot be
obtained, TD-DFT calculations reproduce the experimental
spectrum well, mainly if a long-range corrected functional such

as CAM-B3LYP is used. In Table 5, the most important Figure 1043, as a representative example, and that for compound
calculated electronic transitions, expressed by absorption 2 is displayed in Figure S2 in the Supporting Information. It
wavelength and oscillator strength, are compared with the involves an oxidation process at (E,;;); = +1.06 V (process A)
experimental results. and a couple of reduction processes at (E;;,); = —0.085 V
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Figure 10. (a) Cyclic and (b) normal pulse voltammogram of
compound 1 in dichloroethane. Potentials vs. Ag/AgCl, 0.1 M TBAP
at a glassy carbon working electrode, scan rate: 200 mV s™".

(process B) and (E, ;)i = —1.66 V (process C). While process
A is anodic, the processes B and C appear to be cathodic, as
revealed from their differential pulse voltammograms (shown in
Figure 11 for compound 2 as representative example) as well as

24
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w N
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-
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-24 T T T

T T T

T T
-0.4 0.4 1.2
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2.0

Figure 11. Differential pulse voltammogram of compound 2 in
dichloroethane at 298 K, peak to peak amplitude is 25 mV.

from their steady-state voltammograms (using an ultra-
microelectrode, 10 yM diameter), all involving an identical
number of electron(s), also established by normal pulse
voltammetry (NPV), shown in Figure 10b. On the basis of
comparison with the ferrocenium/ferrocene couple (AE, = 95
mV at a scan rate of 200 mV s '), all the electrochemical
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responses in compounds 1 and 2 may be appropriately
described as quasi-reversible (AE, ranges between 110 and
130 mV), while those with compound 3 are almost reversible.
The reversibility of one-electron oxidation and reduction has
been already observed in the literature for some other nonoxido
VY complexes and can be explained postulating that the “bare”
vanadium structure is maintained during the redox processes.”’

Electron stoichiometry for the reduction process B of 1-3
has been confirmed by constant potential coulometric (CPC)
experiments with a platinum-gauze working electrode, done at a
potential past the reduction process (E,, set at —0.4 V vs. Ag/
AgCl). Results (n = 0.98 + 0.03 for 1, 0.97 + 0.0S for 2 and
1.01 + 0.03 for 3) are in conformity with the single-electron
stoichiometry for this process. Unfortunately, no meaningful
results have been obtained by CPC experiments for the
remaining two processes (A and C) due to unidentified
electrode reaction(s). However, combining the results of
differential and normal pulse voltammetry, as well as those of
CPC, one can conveniently conclude that all the three
electrochemical responses in these compounds have mono-
electron stoichiometry, as summarized by eq 1.

Process B Process A
+e
—_—

(Ey/2)u

Process C

[VILL te —e
(Er/2)m

VL) = (VL = VL
(E1/2)
(1)

We believe that process A is due to a V'V/V" oxidation, while
process B is due to a VI/V™ reduction, as reported earlier with
nonoxido vanadium(IV) complexes.24g Process C, at a much
negative potential, is possibly a ligand-based electron transfer,
as observed with the free ligands (see Figure S1 in the
Supporting Information).

From a closer look at Table 6, it appears that both V*/V¥
oxidation and VIV/V™ reduction are occurring almost at the
same potentials in compounds 1 and 2. However, with
compound 3, the oxidation becomes comparatively easier (at
+1.02 V, compared to +1.06 V in 1 and 2), while the
corresponding reduction is somewhat difficult (occurring at
—0.106 V with 3 compared to ca. —0.086 V with compounds 1
and 2). This is as expected, because of the presence of an
electron-donating methoxy group in the aromatic ring of the
coordinated ligand (F,L*) that makes the V" center in 3
comparatively electron richer.

Bl CONCLUSIONS

A new family of nonoxido vanadium(IV) compounds with
[VIVL,] stoichiometry (1—3) have been synthesized using
dithiocarbazate-based tridentate biprotic Schiff-base ligands
H,L'-H,L* and structurally characterized by single-crystal X-
ray diffraction analyses, which reveal a rare distorted trigonal
prismatic geometryzzk"’l’78 for these compounds. The spectro-
scopic properties (both EPR and electronic absorption spectra)
of these compounds are quite unusual, compared to the VYO
compounds having d,, ground state. Their electronic spectra in
the visible region feature several high-intensity (LMCT-type)
bands, compared to low-intensity d—d bands of the oxido
vanadium(IV) compounds. Furthermore, the anisotropic EPR
spectra are characterized by a significantly smaller value of the
'V hyperfine coupling constant ((119—120) X 107* cm™)
than that for V'VO species (usually in the range of (150—180)
X 107* cm™). Experimental EPR spectra have been simulated
by rigorous DFT calculations. The results suggest a mixing of
V-d,, V-d,,, and V-d,, orbitals in the singly occupied molecular
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orbital (SOMO), which causes a marked lowering of the
absolute value of the *'V hyperfine coupling constant along the
x-axis. This peculiar electronic structure is due to the isomerism
intermediate between mer and fac imposed by the open-chain
H,L'-H,L* ligands. DFT methods indicate also that a good
agreement between the calculated and experimental electronic
absorption spectra can be obtained if the TD-DFT calculations
are carried out using a long-range corrected functional such as
CAM-B3LYP. Their redox property is characterized by three
electron-transfer processes, each of monoelectron stoichiom-
etry: one in the anodic potential range due to the VV/VV
oxidation and two in the cathodic range due to the V'V/V'!' and
a ligand-based reduction. The V'V/V" oxidation and V'V/V'!
reduction are quasi-reversible in nature suggesting that the
“bare” structure is maintained during these redox processes.
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Cyclic voltammogram of the free ligand (H,L?), as well as that
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