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Synthesis and molecular structural studies of
racemic chiral-at-vanadium(V) complexes using an
unsymmetric achiral phenolic bidentate ligand†

Koichi Nagata,‡a Ayako Hino,a Hitoshi Ube, a Hiroyasu Satob and
Mitsuhiko Shionoya *a

Mononuclear oxovanadium(V) complexes [V(O)XL (1: X = Ot-Bu, 2: X = Cl)] [H2L: 2,2’-methylene bis(4,6-

di-tert-butylphenol)(4’-tert-butyl-6’-(1-adamantyl)phenol)] directed towards asymmetric catalysis have

been synthesised as racemic compounds using an unsymmetric and achiral phenolic bidentate ligand

(H2L), and NMR and UV-vis absorption spectroscopies, single-crystal X-ray diffraction, and IR spec-

troscopy revealed their racemic chiral-at-vanadium structures in solution and in the crystal. In addition,

theoretical calculations revealed that the HOMO–LUMO energy gap is smaller for unsymmetric ligands,

which promotes d-orbital splitting of the metal centre.

Introduction

Chiral-at-metal complexes, which have chirality only at the
metal centre due to the asymmetric arrangement of the achiral
ligands, have attracted much attention in recent years and are
widely used for asymmetric catalysis and chiroptical
properties.1,2 However, most of them are related to relatively
inert octahedral metal complexes, and the control of metal
centre chirality of tetrahedral metal complexes has remained
an open question due to their lability and rapid racemisation.3

Recently, we have reported the successful asymmetric con-
struction of a tetrahedral chiral-at-zinc complex with high con-
figuration stability using a designed unsymmetric tridentate
ligand, opening up new possibilities for tetrahedral chiral-at-
metal complexes that can be used as asymmetric catalysts.4

Vanadium is known as an important element in catalytic
reactions as well as bioactive systems, and there has been
much research on ligand design to improve the catalytic reac-
tivity of oxovanadium complexes in particular.5–11 Recently,
enantiomeric excess (ee) measurements of chiral compounds

have been reported using the absorption properties of oxova-
nadium complexes with aminotriphenolate-type tetradentate
ligands, which are expected to serve as molecular sensors
specific to their coordination structures.12

Vanadium(V) complexes can form a variety of coordination
structures. For example, V(O)(OMe)3 forms an oligomeric
structure in the crystal, and the vanadium centre adopts an
octahedral structure.13 On the other hand, when bulky alkox-
ides or phenoxides are used as ligands, the complex exists as a
monomer and the vanadium centre exhibits a tetrahedral
structure.14–17 In general, vanadium complexes are reported to
be more stable in a higher-coordinated structure than in a
four-coordinate structure.18 This is because the early-tran-
sition-metal, vanadium(V), is electron-deficient, and the alkoxy
bridges the central metal to the electron-rich structure.
Vanadium complexes with a variety of coordination structures
have been synthesised and their reactivity and optical pro-
perties have been investigated, but most of them are penta- or
hexacoordinate vanadium complexes.19 Here we report the syn-
thesis and structural characterisation of mononuclear oxovana-
dium(V) complexes (1 and 2) with a tetrahedral structure using
an unsymmetric bidentate ligand with bulky substituents to
introduce chirality to the metal centre, and the stability and
electronic properties of these racemic chiral-at-vanadium com-
plexes in solution and in the solid state. Furthermore, the
d-orbital splitting of the metal centre coordinated by the
unsymmetric achiral ligand was promoted, and so its effect on
their electronic properties was revealed by its NMR and UV-vis
absorption spectroscopies, single-crystal X-ray diffraction, IR
spectroscopy and DFT calculations.

†Electronic supplementary information (ESI) available: Experimental details,
characterisation, single X-ray diffraction data, selected spectra and theoretical
calculation details. Cartesian coordinates for the calculated structures (xyz file).
CCDC 2210585 and 2210598. For ESI and crystallographic data in CIF or other
electronic format see DOI: https://doi.org/10.1039/d2dt03436k
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Results & discussion
Characterisation of oxovanadium(V) complexes 1 and 2

The reaction of V(O)X3 (X = Ot-Bu, Cl) with the unsymmetrical
achiral bidentate ligand H2L in CHCl3 at room temperature
gave monomeric tetrahedral oxovanadium(V) complexes
rapidly and quantitatively (Scheme 1). The 1H NMR spectra of
oxovanadium(V) complexes 1 and 2 showed diastereotopic
methylene proton signals split into doublets [1: 4.40, 3.60 ppm
( J = 13.7 Hz); 2: 4.74, 3.72 ppm ( J = 14.6 Hz)]. The 51V NMR
spectrum of complex 1 showed a singlet at δ = −498.1 ppm
(w1/2 ≈ 198 Hz), which is comparable to the reported chemical
shift values of the tetrahedral complexes.19,20 In addition, 2
showed a singlet at δ = −244.3 ppm (w1/2 ≈ 347 Hz), which was
shifted further downfield than that of 1. The different chemi-
cal shifts of the signals of 1 and 2 are due to the different elec-
tron-withdrawing or electron-donating strengths of the coordi-
nating chlorine atom or alkoxide and phenoxide, respectively.
The solid-state ATR-IR spectra of 1 and 2 showed signals
assigned to their VvO stretching vibrations at 1002 (νcalcd =
1101 cm−1) and 1007 cm−1 (νcalcd = 1116 cm−1), respectively.

The tetrahedral structures of oxovanadium(V) complexes 1
and 2 were determined by X-ray crystallographic analyses
(Fig. 1), and the geometries of their V(1) centres are τ4 = 0.98
and 0.96 for 1 and 2, respectively,21 with the internal coordi-
nation sphere angles from 107.12(5)° to 111.80(5)°. Both 1 and
2 have a monomeric structure and no intermolecular contacts
within ca. 2.7 Å. Their V(1)vO(1) bond distances [1: 1.5862(10)
Å, 2: 1.581(10) Å] are almost the same as those of the reported
tetrahedral complexes (ca. 1.58 Å).14,15,19,20,22 The V–O single
bonds for 1 [V(1)–O(2) 1.7902(10) and V(1)–O(3) 1.7892(10)] are
slightly longer than those of 2 [V(1)–O(2) 1.771(10) and V(1)–O
(3) 1.744(9)]. This difference between structures of 1 and 2 can
be attributed to the strong electron-withdrawing nature of the
chlorine ligand of 2, which shortens the V–O bond lengths of
the coordinated oxygen atoms due to the strong donating
natures of the oxygen atoms attached to the vanadium(V)
centre. The eight-membered chelate ring of 2 adopts a boat–
boat conformation (Fig. 1d), as does the reported complex [V
(O) (ultra)Cl; ultra = 2,2′-CH2(4-Me,6-t-BuC6H2O

−)2],
22 while 1

adopts a boat–chair conformation (Fig. 1b).

DFT calculations

To obtain further information with respect to their geometry,
density functional theory (DFT) calculations at the B3LYP23/
Def2SVP24 theoretical level were performed for the complete
molecular structures of oxovanadium(V) complexes 1 and 2.
The molecular structures of 1 and 2 in the crystalline state
were reproduced in the DFT calculations, as can be seen by
comparing the selected bond lengths and angles of the
crystal structures with the optimised geometries of I and IV
(Table 1). Among the structures calculated for the oxovana-
dium complexes [V(O)XL], boat–boat conformations I and II

Scheme 1 Synthesis of tetrahedral oxovanadium(V) complexes (1 and 2).

Fig. 1 Molecular structures of 1 (a) and 2 (c). Side views of the eight-
membered chelate ring (b: 1, d: 2). Thermal displacement ellipsoids are
set at the 50% probability level; hydrogen atoms have been omitted for
clarity. Two crystallographically independent molecules of 2 were found
in the unit cell. Only one of them is shown here (for details, see Fig. S35
and S36 in the ESI†).

Table 1 Structures of the four minima on the calculated single poten-
tial energy surface of V(O)XL

● = C or CH2
I II III IV

X = Ot-Bu
θ [°] 147.2 143.6 130.1 131.7 [127.67(5)]c

142.6 137.2 129.3 134.8 [129.91(5)]c

d [Å] 3.22 3.26 3.37 3.45 [3.419(5)]c

ΔGa,b 0.00 +1.95 +6.46 +2.12

X = Cl
θ [°] 149.8 [147.0(3)]c 145.7 145.7 135.8

148.0 [142.2(3)]c 136.0 136.1 131.1
d [Å] 3.29 [3.216(3)]c 3.27 3.27 3.47
ΔGa,b 0.00 +2.70 +2.78 +2.31

a Calculated at the B3LYP/Def2SVP theoretical level. b At 298.15 K, in
kcal mol−1. c XRD results. Substituents of the bidentate ligand have
been omitted for clarity.
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and boat–chair conformations III and IV were found as the
energy equilibrium structures on the potential energy hyper-
surface in the ground state. For the hydrocarbon cyclooctane,
the boat–chair conformation is more stable than the boat–
boat structure due to steric hindrance.25–27 Furthermore, the
bulky substituents tend to be located in the equatorial posi-
tions. In contrast, for the oxovanadium complexes, the DFT
calculations suggest that form I is the most stable structure
in the cases of 1 and 2. The distance (d ) between the
vanadium and carbon atoms of the CH2 moiety in the boat–
boat structure (I) is shorter than the sum of their van der
Waals radii (3.75 Å),28 suggesting electronic interactions
between them. Even if an equilibrium exists among these
structures, the low equilibrium constant suggests that struc-
ture I is predominant in solution.

To evaluate the stabilizing effect of the boat–boat structure
I, NBO calculations29 for I–IV were performed at the B3LYP/
Def2SVP theoretical level. In the NBO calculations, the NBO
7.0 program was used to estimate the second-order pertur-
bation of I–IV based on the donation of the lone pairs of O/Cl
atoms to π*(VvO) orbitals or vacant 3d(V) orbitals. These
interaction energies were highest for the boat–boat structure I,
where the VvO site is equatorial (for the details; see Fig. S31
and Table S5 in ESI†). Furthermore, interactions between the π
(C–H) and vacant π*(VvO) orbitals of the bridged CH2 moiety
were observed only in the boat–boat structure I, with the inter-
action energies estimated to be 1.87 (X = Ot-Bu) and 1.41 kcal
mol−1 (X = Cl), respectively. These results mean that oxovana-
dium(V) complexes 1 and 2 are most similar to structure I in
solution and are also consistent with their UV-vis spectra. The
HOMO and LUMO orbitals of 1 and 2 represent the π orbitals
on the aromatic rings of the bidentate ligand and the vacant
3d(V) orbitals, respectively (Fig. 2).

UV-vis absorption spectra

The UV-vis absorption spectra of oxovanadium(V) complexes 1
and 2 provided further insight into their structure in solution.
In CHCl3, 1 showed a broad absorption band with a maximum
at 419 nm (ε = 6600). Time-dependent density functional
theory (TD-DFT) calculations of 1 suggested that a broad
absorption band with a maximum at 419 nm was considered
to be a ligand-to-metal charge-transfer (LMCT) [π (bispheno-
late ligand) → V(3d)] transition, and that the minimum energy
absorption band at 330 nm (ε = 6900) was considered to be an
intraligand charge transfer (ILCT) [π → π* (bisphenolate
ligand)] transition (see Tables S1, S2 and Fig. S29 in the ESI†).

The UV-vis spectrum of 2 in CHCl3 also showed character-
istic absorption maxima at 472 nm (ε = 8800) and 592 nm
(shoulder, ε = 4200), consistent with LMCT [π (bisphenolate
ligand) → V(3d)] (see Tables S3, S4 and Fig. S30 in ESI†). The
maximum absorption wavelength of 2 was red-shifted com-
pared to that of 1, possibly due to the chlorine substituent
effect, which lowers the LUMO [V(3d)] and reduces the
HOMO–LUMO gap (Fig. 3).

To discuss the effect of the unsymmetric bidentate ligand,
we synthesised an oxovanadium(V) complex [V(O)(Ot-Bu)L′]
(3) with a symmetrical bidentate ligand 2,2′-methylenebis[4,6-
di-tert-butylphenol] (H2L′). The absorption coefficient of 1
was larger than that of 3 (see Fig. S28 in the ESI†), suggesting
that the use of an unsymmetric ligand promotes d-orbital
splitting of the metal centre of 1. DFT calculations also
suggested that the LUMO energy level of 1 (−2.66 eV) was
slightly lower than that of 3 (−2.46 eV), but that of the HOMO
is similar (−5.90 eV for 1 and −5.91 eV for 3). Thus, the
HOMO–LUMO energy gap is smaller for 1 (3.24 eV) than for 3
(3.45 eV) (Fig. S32†).

Fig. 2 An energy diagram showing the frontier Kohn–Sham orbitals
and energy values for 1 (left) and 2 (right) calculated at the B3LYP/
Def2SVP theoretical level (isosurface level: 0.04 e au−3).

Fig. 3 UV-vis absorption spectra (red lines) of (a) 1 (1.1 × 10−3 M) and
(b) 2 (4.0 × 10−5 M) in CHCl3 (293 K), along with the computed spectrum
of V(O)XL (black lines) at the B3LYP/Def2SVP (PCM: CHCl3) theoretical
level.
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Conclusion

The synthesis, structure and photophysical properties of the
racemic tetrahedral oxovanadium(V) complexes 1 and 2 with
chirality at the metal centre are described above. These com-
plexes are thermally stable solids, and their molecular structures
have been clearly assigned on the basis of spectroscopic and
crystallographic analyses and theoretical calculations. Since the
structure of the V(O)XL synthesised in this study is chiral, the
conversion of racemic compounds to diastereomeric complexes
by ligand exchange with chiral alcohols is being investigated for
the asymmetric induction of the metal-centered chirality.

Experimental
Materials and methods

All the manipulations were performed under a nitrogen atmo-
sphere, either by the Schlenk technique or in a glove box. All
solvents were purified by standard methods, and trace
amounts of oxygen and water remaining in the solvents were
thoroughly removed by the freeze–pump–thaw method and
activated MS4A, respectively. 1H, 13C, 51V and 2D NMR spectra
were measured on a Bruker AVANCE III-500 (500 MHz) spectro-
meter. Tetramethylsilane was used as the internal standard for
1H NMR measurements when chloroform-d was used as the
solvent. When chloroform-d (δ 77.16 ppm) was used as the
solvent, the residual solvent signal was used to calibrate the
13C NMR measurements. 51V (132 MHz) NMR spectra were
recorded on a Bruker AVANCE III-500 spectrometer using V(O)
Cl3 in chloroform-d (δ 0 ppm) as an external standard. ESI-TOF
mass data were recorded on a Micromass LCT Premier XE
mass spectrometer. Unless otherwise noted, experimental con-
ditions were as follows (ion mode, positive; capillary voltage,
3000 V; sample cone voltage, 30 V; desolvation temperature,
150 °C; source temperature, 80 °C). UV-vis absorption spectra
in CHCl3 were recorded on a JASCO V-770 UV-vis spectrophoto-
meter. IR spectra were recorded on a Jasco FT/IR 4200 with an
ATR equipment. Elemental analysis was performed at the
Microanalytical Laboratory of the University of Tokyo. 6,6′-
Methylenebis(2,4-di-tert-butylphenol),30 2,4-di-tert-butyl-6-(5-
tert-butyl-2-hydroxybenzyl)-methylphenol30 and oxovanadium
(V) tri-tert-butoxide [V(O)(Ot-Bu)3]

31 were prepared according to
a literature.

Synthetic procedures

Synthesis of rac-V(O)(Ot-Bu)L (1): complexation of H2L with
V(O)(Ot-Bu)3. V(O)(Ot-Bu)3 (14.0 mg, 48.9 µmol, 1.0 eq.) and
H2L (24.6 mg, 48.9 µmol, 1.0 eq.) were mixed in 2.5 mL of
CHCl3 and the resultant solution was stirred at room tempera-
ture for 10 min. The solvent and t-BuOH generated was then
removed by evaporation, 2.5 mL of CHCl3 was added again
and the solution was stirred at room temperature for 15 h. The
solution was filtered through a glass fibre filter paper and the
solvent was removed by evaporation to afford 1 as a brown
solid (30.0 mg, 46.8 µmol, 96% yield). 1H NMR (500 MHz,

CDCl3): δ 7.37 (m, 3H), 7.23 (s, 1H), 7.19 (s, 1H), 4.51 (d, J =
13.7 Hz, 1H), 3.41 (d, J = 13.7 Hz, 1H), 2.10 (m, 9H), 1.78 (s,
6H), 1.71 (s, 9H), 1.42 (s, 9H), 1.32 (s, 18H); 51V NMR
(132 MHz, CDCl3): δ −498.1 (broad, w1/2 198 Hz); 13C{1H} NMR
(126 MHz, CDCl3): δ 162.6 (C, ipso-Ar), 162.4 (C, ipso-Ar), 146.3
(C, p-Ar), 146.1 (C, p-Ar), 136.5 (C, o-Ar), 136.5 (C, o-Ar), 128.3
(C, o-Ar), 128.3 (C, o-Ar), 125.4 (C, o-Ar), 125.1 (CH, m-ArH),
122.9 (CH, m-ArH), 122.7 (CH, m-ArH), 41.8 (CH2, Ad), 38.0 (C,
1-Ad), 37.2 (CH2, Ad), 35.7 (C, o-Ar(t-Bu)), 34.74 (CH2, benzyl),
34.68 (C, p-Ar(t-Bu)), 31.7 (C, p-Ar(t-Bu)), 31.7 (C, p-Ar(t-Bu)),
30.9 (2C, CH3, p-Ar(t-Bu)), 29.3 (CH3, o-Ar(t-Bu)).

Synthesis of rac-V(O)ClL (2): complexation of H2L with V(O)
Cl3. V(O)Cl3 (10.0 µL, 0.106 mmol, 1.0 eq.) and H2L (53.8 mg,
0.107 mmol, 1.0 eq.) were mixed in 5 mL of CHCl3 and the
resultant solution was stirred at room temperature for 10 min.
The solvent and HCl generated was then removed by evapor-
ation, 5 mL of CHCl3 was added again and the solution was
stirred at room temperature for 15 h. The solution was filtered
through a glass fibre filter paper and the solvent was removed
by evaporation to afford 2 as a dark purple solid (57.9 mg,
0.096 mmol, 90% yield). 1H NMR (500 MHz, CDCl3): δ 7.37 (m,
2H), 7.23 (d, J = 2.2 Hz, 1H), 7.17 (d, J = 2.2 Hz, 1H), 4.74 (d, J =
14.6 Hz, 1H), 3.72 (d, J = 14.6 Hz, 1H), 2.13 (m, 9H), 1.82 (q, J =
12.0 Hz, 6H), 1.46 (s, 9H), 1.32 (s, 9H), 1.31 (s, 9H); 51V NMR
(132 MHz, CDCl3): δ −244.3 (broad, w1/2 ≈ 347 Hz); 13C{1H}
NMR (126 MHz, CDCl3): δ 171.8 (C, ipso-Ar), 171.1(C, ipso-Ar),
150.0(C, p-Ar), 149.6(C, p-Ar), 141.4(C, o-Ar), 141.0(C, o-Ar),
138.3(C, o-Ar), 137.6(C, o-Ar), 125.3 (CH, m-ArH), 125.0 (CH,
m-ArH), 122.2 (CH, m-ArH), 122.2 (CH, m-ArH), 41.7 (CH2, Ad),
38.2 (C, 1-Ad), 37.1 (CH2, Ad), 35.9 (C, o-Ar(t-Bu)), 35.5 (CH2,
benzyl), 35.1 (C, p-Ar(t-Bu)), 35.1 (C, p-Ar(t-Bu)), 31.5 (2C, CH3,
p-Ar(t-Bu)), 30.6 (CH3, o-Ar(t-Bu)), 29.2 (CH, Ad); elemental
analysis (calcd for C35H48ClO3V (V(O)ClL), found): C (69.70,
70.57) H (8.02, 8.01).
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