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We report a synthesis and structure of the most highly distorted
four-coordinate d3 ion known to date that also serves as the second
known example of a bis(biphenolato) transition metal complex. We
demonstrate the application of density functional theory to
calculate the magnetic parameters derived from the experimental
and simulated EPR spectra.

Interest in the development of divalent vanadium coordination
chemistry featured in a biphenolate ligand donor environment
stems from the discovery that systems incorporating V"
complexes with related anionic oxygen donor-atom ligands
display
processes’® and the catalytic conversion of dinitrogen and

interesting reactivity, such as nitrogen fixation
hydrazine to ammonia.?10

An investigation by Becker and Posin demonstrated that
aromatic dihydroxy derivatives with V! generated in situ were
capable of dinitrogen fixation.? Conditions reported for the
conversion required methanolic solutions of V' with 1,2-, 2,3-,
or 1,8-dihydroxynaphthalenes (along with 2,3-dihydroxy-
quinoxaline) in the presence of excess base, such as sodium or
lithium methoxide at room temperature and ambient pressure.
However, the original study lacked characterization of the
reactive or resultant metal-containing species, presumably due
in part to the degradation of the N»-fixing system via proton
reduction in a protic solvent.

Otherwise motivated on the above grounds to study the
coordination chemistry of V" biphenolates, there has been
recent interest in the preparation of coordinatively unsaturated
V! species that are expected to be reactive towards a variety of
reducible substrates given the precedence and significance of
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dinitrogen chemistry. In recent years, sterically encumbered
amido ligands have been used to prepare unprecedented
examples of stable two and three-coordinate V!
compounds.11.12

In this report, we demonstrate the approach of using an
aprotic environment for the preparation of V! biphenolates that
eliminates possible decomposition of initial reactive species due
to proton reduction when otherwise formed in a protic solvent.
Additionally, our approach of incorporating bulky biphenolate
ligands permitted the preparation of a four-coordinate V'
compound with an unusual geometry which allowed for
detailed structural and spectroscopic characterization and
preliminary reactivity studies. Results of a DFT study
demonstrated ab initio calculation of the magnetic parameters

Figure 1. The X-ray crystal structure of compound 1 with thermal
ellipsoids at 50% probability of all non-carbon atoms for clarity (hydrogen
atoms omitted). Selected interatomic bond lengths [A] and angles [deg]:
V1-04 1.991(5), V1-03 2.001(5), V1-01 2.013(5), V1-02 2.011(6), V1-Li2
2.78(2), V1-Li1 2.81(1), O3-Li1 1.86(1), 02-Li2 1.91(2), O1-Li1 1.92(2), O4-
Li2 1.83(2), 05-Li1 2.04(1), O7-Li2 1.97(2), 01-V1-02 108.6(2), 03-V1-04
109.8(2), 01-V1-03 84.5(2), 02-V1-04 84.3(2), 01-V1-04 139.51(8), 02-
V1-03 140.98(8), Li2-V1-Lil 177.9(6), O3-Li1-O1 91.3(6), 06-Li1-05
81.1(5), 04-Li2-02 92.0(7), O7-Li2-08 81.2(6).
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obtained from the experimental and simulated EPR spectra of
the V' compound.

The featured compound was prepared by reacting 0.23 g (0.63
mmol) of dilithiated 3,3’-di-tert-butyl-5,5’,6,6’-tetramethyl-1,1’-
biphenyl-2,2’-diol racemic ligand (Li,TBDMPD)T with 0.2 g (0.31
mmol) of an infrequently used and not often referenced V" starting
material, [V(THF)4(CF3S0s),],* in rigorously dried THF solution. The
reaction mixture changed colour from sky blue to a light brown
homogeneous solution, was stirred overnight, pumped to dryness,
extracted with a minimum amount of Et,0 to remove Li(CF3S03), and
subsequently filtered. Removal of solvent resulted in
[V(TBDMPD),{Li(THF)},]-2Et,0 solid in 78% vyield as characterized by
elemental analysis and spectroscopic measurements.t Cooling the
Et,0 filtrate described above for 12 h at 0° C with a small added
amount of dimethoxyethane (DME) formed dichroic green-brown
blocks of 1 as [V(TBDMPD),{Li(DME)},]-2Et,0 that were suitable for
X-ray crystallography.

The crystal structure of 1 is presented in Figure 1 with a list of
selected bond distances and bond angles.t The average V-0 bond
distance of 2.004 A in 1 is nearly identical (0.02 A shorter) to the
corresponding distance in the four-coordinate tetrakis(2,6-
diisopropylphenolate) V" analogue, [V(DIPP)4{Li(THF)},].13 However,
in stark contrast to the nearly square planar configuration of
[V(DIPP)4{Li(THF)},], compound 1 is significantly distorted away from
a square planar geometry. As a consequence of steric crowding
imposed by 6,6’-methyl substituents in the TBDMPD? ligand, the
aromatic rings are observed to be almost perpendicular (average
84.3°) and the anionic oxygen donors around V' are arranged in a
geometry that is approximately halfway between a square planar
and tetrahedral configuration. Moreover, the binding of the
{Li(DME)}* moieties stabilize compound 1 given the short average Li-
Ophenolate bond distance of 1.88 A and contribute to the distortion of
V! coordination environment through the observed acute O-V-O
bond angles, e.g., VOaLi (ring oxygens), with values of 84.3° and
84.5°, compared to biphenolate bite angles of 108.6° and 109.8°.

In order to completely define the distortion in compound 1, we
use V1-01 as a reference vector and select a second oxygen atom to
automatically define two intersecting planes. Selection of 02 defines
two intersecting planes 01-V1-02 and 03-V1-04 that form an angle
of 49.3° (biphenolate ‘bite planes’), while the selection of O3 defines
planes 01-V1-03 and 02-V1-04 with an angle of 60.8°(VO,Li planes),
and finally selection of 04 defines the planes 01-V1-04 and 02-V1-
03 that form an angle of 76.1°. Although a few mononuclear four-
coordinate V" species have been structurally characterized
previously (vide infra), compound 1 is the only distorted tetrahedral
case and, to our knowledge, only the second structurally
characterized bis(biphenolato) transition metal complex to be
reported in literature. The other transition metal species is a Zn"
compound that features two 3,3’,5,5'-tetra-tert-butyl substituted
biphenolate ligands.1* In the structurally related Zn" analogue, the
corresponding plane angles are more obtuse; the angle made by
biphenolate bite planes is 56.7°, ZnO,Li planes is 66.6°, and the angle
between the remaining intersecting planes is 78.8°.

Stereochemical analysis of compound 1 revealed that it is the
most highly distorted tetracoordinate d3 ion that is known to date.
Figure 2 displays a shape map?® for structures of tetra-coordinated
d3 metal complexes in the Cambridge Structural Database (CSD).161
The continuous curved-line connecting the axes represents the
minimum distortion path between an ideal square planar (SP-4) and
tetrahedral (T-4) geometry, S(SP-4) = 0.00 and S(T-4) = 0.00,
respectively. Compound 1 places very close to the minimum

2 | Chem. Commun., 2020, 00, 1-5

distortion path with a deviation of 7%, practically midway between
the two ideal geometries (i.e., a tetrahedron flattened by 47%
towards square planar), which renders it the most distorted of the d3
ions and of all tetracoordinate vanadium compounds in any
oxidation state.t The only other proximal V! structure in the
compiled shape map in Figure 2 corresponds to a bis(diamido)
complex by Cummins and co-workers that deviates by 16% from the
path.17 All other V" structures are closer to either a tetrahedral or a
square planar geometry. Nearly square planar geometries are
favored by Pr or tBu substituents in the proximity of the donor
atoms, namely [V(DIPP)4{Li(THF)},] which is 77% planarized!® and a
bis(phenolate)bis(pyridine) V" derivative that is practically square
planar,’® or by a tridentate pincer ligand.® A theoretical study
predicted such intermediate geometries for S = 3/2 d? systems and
calculations on a model tetramethyl V! complex presented 41%
planarization, with barely a 2% deviation from the minimal distortion
path.1°

Continuous-wave (cw) X-band electron paramagnetic resonance
(EPR) spectroscopy was used to explore the electronic structure of
compound 1. The central V" ion of compound 1 has a d? electronic
state and its EPR spectra serve as a sensitive probe of the
environment surrounding the metal center. The cw EPR spectrum of
[V(TBDMPD),{Li(THF)},] in THF at 4 K (black trace) and the
corresponding numerical simulation (red trace) are shown in Figure
3. A frozen solution of compound 1 displays an EPR spectrum with
two features centered at a magnetic field, B, of 175 mT and 335 mT.
The spectrum is characteristic of a Kramers half-integer electron spin
S = 3/2 species. Moreover, the low- and high-field spectral features
in Figure 3 display an 8-line splitting pattern that arises from the

Figure 2. Distribution of tetracoordinate d® structures by their continuous
shape measures (CSMs)!> derived from the X-ray data in the Cambridge
Structural Database (CSD).!6 The lines corresponding to different
distortions of ideal square planar or tetrahedral geometries are labelled,
e.g. plier, umbrella. Compound 1 is practically midway between ideal
square planar and tetrahedral geometries and very close to the spread
minimal distortion path exhibiting only a 7% deviation. Circles correspond
to vanadium(ll), triangles to other d® ions.

This journal is © The Royal Society of Chemistry 2020
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Figure 3. The X-band experimental (black) and simulated (red) continuous-
wave EPR spectrum of compound 1. Shown as an inset is the high-field ‘8-
line pattern’ of hyperfine splittings from the magnetic coupling of the
electron spin, S, of 3/2 and nuclear spin, /, of 7/2 of the central >*V" ion.
The experimental spectrum was acquired at a temperature of 4 K at an
operating microwave frequency of 9.660 GHz with modulation frequency
and amplitude of 100 kHz and 0.4 mT, respectively. The V" spectral
simulations yielded ZFS parameters, D and E (2.66 cm™ and 0.058 cm™),
and a hyperfine A-tensor [-108, -55, -84] MHz.

electron-nuclear hyperfine coupling of the electron spin, S =3/2, with
the nuclear spin, I = 7/2, of >1V.

Numerical simulations of an electron spin, S = 3/2, with electron-
nuclear hyperfine interactions for a single vanadium 51V ion (nuclear
spin, I =7/2, 99.75% isotopic abundance) provided an excellent fit of
the experimental EPR spectrum of compound 1 in THF at 4 K (Figure
3). Experimental EPR parameters, such as, the electronic g tensor [gx,
gy, gz], hyperfine A tensor, [Ax, Ay, Az], isotropic hyperfine coupling
constant or Fermi contact interaction, Aiso, and the zero-field splitting
parameters, D and E, that were extracted from simulations reflect
the coordination environment of 31V in compound 1. The g-tensor of
[2.047,2.015, 1.95] that was obtained from the numerical simulation
was consistent with a small rhombic symmetry for compound 1 and
the numerically simulated spectrum using the magnetic parameters
in Table 1 is in excellent agreement with the experimental EPR
spectrum (Figure 3).

The axial and rhombic zero-field splitting parameters, D and E,
respectively, of the S = 3/2 51V ion of compound 1 were also obtained
from the EPR spectral simulations. The ratio of the zero-field
splittings, E/D, or rhombicity is important as it is a measure of the
extent of deviation of the system from axial symmetry. In the
presence of perfect axial symmetry, the ratio of the zero-field-
splittings, E/D, is zero and in the presence of a completely rhombic
symmetry, E/D = 1/3.20 In the case of compound 1, the zero-field-
splitting parameters, D and E, were determined to be 2.66 cm™ and
0.058 cm, respectively, with an E/D ratio of 0.022. This was
indicative of a nearly axial zero-field symmetry. In comparison with
the rhombicity of the EPR spectrum that was previously observed for
[V(DIPP)4{Li(THF)},] (E/D ratio of 0.07),* compound 1 exhibits a
smaller rhombic distortion which is supported by its E/D ratio of
0.022. The smaller ZFS rhombicity parameter for compound 1 can be

This journal is © The Royal Society of Chemistry 2020
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interpreted as an indication that both chiral (D;-symmetric) V!
complexes are present in solution in near equal amounts considering
that the original ligand, H,TBDMPD, was racemic. On steric grounds,
it is unlikely compound 1 displays fluxional behaviour in THF solution
and improbable that the small rhombicity parameter can be
attributed to 1 exhibiting square planarity, as that requires rotation
of the biphenyl moiety through a high energy coplanar geometry.
The ZFS parameters derived from the spectral simulations for
compound 1 are in agreement with the hyperfine couplings
previously reported for vanadium(ll) species.?1-23

DFT calculations were performed with the software program,
ORCA 4.0%%25 to calculate the magnetic parameters and better
understand the electronic structure of compound 1. It was previously
demonstrated that the isotropic hyperfine coupling constant, A, for
VWV species predicted by DFT depended on the exchange-correlation
functional that was employed in the calculations.2627 This was
because the isotropic or Fermi contact interaction, Ao, is related to
the electron spin density at the magnetic nucleus and inclusion of
spin polarization effects of the core s-orbitals of vanadium were
particularly important for the accurate prediction of Aj.2831
Therefore, the functional and basis set that were used in this study
were optimized by: (i) fixing the basis set and varying the functional
(B3LYP, BHLYP, BHandHLYP, B3PW91 and ®B97X-D3), and (ii) fixing
the functional and changing the basis set (6-311g(d,p), TZVP, QZVP,
SVP and pc-3).

The suitable functional and basis set for the DFT calculations
were determined by comparing the calculated and experimental

hyperfine coupling constant, Aiso, for 51V in compound 1 (Table S1).T
A closer agreement between the predicted and experimental value
of Ai, was obtained with a BHLYP correlation functional (a
combination of Hartree-Fock theory and local DFT) with a pc-3 basis
set.3233 This is in agreement with previous observations by Larsen
and co-workers where Gaussian DFT calculations of A, with the
hybrid functionals (BHLYP, BHP86, and BHPW91) yielded the best
agreement with experimental results for 51VVV species.?32° The results
are also consistent with Munzarova and Kaupp who observed that
the calculated Ajs, value for transition metal complexes depends on
the functional and in the case of >V, the best quantitative
agreement with the experimental A, was found with a hybrid
functional as the mixing of exact exchange with the hybrid functional
enhanced the spin polarization of s-type metal core orbitals.?’ In
terms of the basis set, it was previously demonstrated that using a 6-
311g(d,p) basis set in conjunction with the above functionals yielded
deviations of ~5% and the use of more complete basis sets resulted
in marginal improvement.3*

The DFT calculations indicate that the unpaired electron spin
density predominantly resides on the central V' ion suggesting that
the reactivity of the compound would likely be determined by the
oxidation state of the metal ion rather than the coordination
geometry (Figure 4). Moreover, the relative energies of the highest
occupied MOs that are predominately metal in character, e.g., dx,
dx;, and d,,, differ only slightly in energy, with one MO lower in
energy (-5.13 eV) relative to the other two occupied MOs that are

Table 1. Comparison of the dipolar and isotropic hyperfine coupling
constants of compound 1 that were obtained from the cw EPR spectra
(Figure 3) with the couplings predicted by DFT calculations using a
BHLYP correlational functional with a pc-3 basis set.

Method A« (MHz) A, (MHz) A;(MHz) A, (MHz)
EPR -108.00 -55.00 -84.00 -82.30
DFT -108.50 -28.33 -52.33 -63.05

Chem. Commun., 2020, 00, 1-5 | 3
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nearly degenerate and a bit higher in energy (-4.81 and -4.75 eV). The
arrangement of these energy levels from the DFT calculations is
consistent with orbital diagrams for distortion of a square planar to
tetrahedral MLy complex as presented by Albright et al.35

While compound 1 is distinct from [V(DIPP)4{Li(THF)};] in terms
of coordination geometry, spectroscopy, and steric considerations,
e.g., four tert-butyl groups shield V" as compared to eight isopropyl
groups in [V(DIPP)4{Li(THF)};]3, the two compounds show similar
reactivity based on preliminary studies with comparable substrates.
Compound 1 reacts with CO at room temperature analogous to
[V(DIPP)4{Li(THF)},], with ligand redistribution and redox chemistry
such that the principal products obtained are [V(CO)¢]" (as confirmed
by IR spectroscopy) and a V" species as judged by an EPR-silent
species at 77 K (most likely [V(TBDMPD),]).13 Compound 1 is also
highly sensitive to oxygen. A polyoxo VV complex crystallized from a
freshly prepared solution of [V(TBDMPD),{Li(THF)},] that was
inadvertently exposed to O, was identified by X-ray crystallography
as [VsLio(p-TBDMPD)3(pt-0)7(pu-OTEH{Li(THF)},{Li(Et,0)},] Et,0.5

Inspection of a space-filling model of the DFT structure of
compound 1 indicates that V" is shielded by a rather sterically
demanding ligand environment, therefore reaction with 1,2-
diphenylhydrazine is thought to proceed via outer sphere electron
transfer. The addition of 1,2-diphenylhydrazine to a THF solution of
Compound 1 resulted in isolation of [V(TBDMPD),], compound 2, as
thin brown rods after solvent removal, extraction with Et,0,
filtration, and standing at 0° C overnight. (Note: GC-MS of an acidified
aqueous reaction mixture aliquot showed the reduction product to
be aniline). The room temperature EPR spectrum of compound 2
using toluene as a solvent displayed an isotropic 8-line patternat g =
1.974T which is typical of VV, as seen for V=02 species (Figure
S1A).36 Vanadium(IV) is characterized by a 3d* electronic state and is
an electron spin % system (S = %). The 8-line spectrum is the result of
the electron-nuclear hyperfine interaction of the electron spin, S =
1/2, with the nuclear spin, I = 7/2, of 3V. A frozen solution of
compound 2 in toluene at 9 K displayed a rigid-lattice spectrum
(Figure S1B) that allowed for the determination of the g- and A tensor

through numerical simulations.t

{

Figure 4. The overall unpaired electron spin density distribution in
compound 1 as observed in the DFT calculations (BHLYP with pc-3 basis).
Electron spin density is primarily localized on the V" ion with a very small
amount of the spin density delocalized on the oxygen atoms coordinated
to the V" ion. Hydrogen atoms omitted for clarity.

4 | Chem. Commun., 2020, 00, 1-5

Figure 5. The X-ray crystal structure of compound 2 with thermal ellipsoids
at 50% probability of all non-carbon atoms for clarity (hydrogen atoms
omitted). Selected interatomic bond lengths [A] and angles [deg]: V1-04
1.822(4), V1-03 1.812(4), V1-01 1.804(4), V1-02 1.805(4), V1-C48
2.343(6), 01-V1-02 107.1(2), 03-V1-04 111.3(2), 01-V1-03 112.9(2), 02-
V1-04 105.9(2), 01-V1-O4 116.8(2), 02-V1-03 101.2(2), C48-04-V1
93.0(3).

The crystal structure of compound 2 is presented in Figure 5 with a
list of selected bond distances and bond angles.t

The most remarkable feature of compound 2 is the phenolate
ring of 04 which is ‘folded-over’ the V'V center. The V1-04-C48 angle
is rather acute (93°) compared to the average of the remaining V-O-
Caryl angles (118°). The distance between V1-C48 (2.343(6) A)
indicates an 1?2 bonding mode for this phenolate group bound to
vanadium  (Figure 5). The interaction produces a
metallacyclopropane comprising the V-O-Caryi moiety with an acute
C48-V1-04 angle of 36°. According to the CSD® this type of M2
bonding mode is very rare.37:38

In conclusion, the combination of experimental and DFT methods
presented in this work demonstrate that a greater level of clarity for
the high reactivity of unusually distorted V" species can be achieved
when both EPR spectroscopy and DFT are used in conjunction with
each other. In the future, we plan to probe additional reactivity of
compound 1 by lithium ion removal/sequestration and also the
coordination chemistry of reactivity of V" with less sterically
encumbered biphenolate ligands.
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out to 20 = 45° yielding 10,162 independent reflections.
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