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Three oxovanadium(IV) complexes of the pyridoxal Schiff bases have been newly synthesized and
characterized. The used Schiff bases were N,N’-dipyridoxyl(ethylenediamine), N,N’-dipyridoxyl(1,3-
propanediamine) and N,N’-dipyridoxyl(1,2-benzenediamine). Also, the optimized geometry, assign-
ment of the IR bands and the Natural Bond Orbital (NBO) analysis of the complexes have been computed
using the density functional theory (DFT) methods. Dianionic form of the Schiff bases (L?>~) acts as a
tetradentate N,O> ligand. The coordinating atoms of the Schiff base are the phenolate oxygens and imine
nitrogens, which occupy four base positions of the square-pyramidal geometry of the complexes. The oxo
ligand occupies the apical position of the [VO(L)] complexes. In the optimized geometry of the com-
plexes, the coordinated Schiff bases have more planar structure than their free form. Due to the high-
energy gaps, all of the complexes are predicted to be stable. Good agreement between the experi-
mental values and the DFT-computed results supports suitability of the optimized geometries for the
complexes. The investigated complexes show high catalytic activities in synthesis of the tetrahydrobenzo
[b]pyrans through a three-component cyclocondensation reaction of dimedone, malononitrile and some
aromatic aldehydes. The complexes catalyzed the reaction in solvent free conditions and the catalysts
were found to be reusable.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

such as insulin enhancing properties [13,21—-23]. In addition to the
antidiabetic activities, many vanadium complexes show important

Due to selectivity and sensitivity towards the metallic ions, the
Schiff bases are of great importance in coordination chemistry
[1—4]. In addition, the Schiff bases and their complexes show
important role in a variety of areas such as catalyst [5], photo-
chemistry [6] and especially various biological activities including
antibacterial [7,8], antifungal [8—10], antimicrobial [11,12], antidi-
abetic [10,13] and in treatment of a broad spectrum of cancers
[8,14,15].

Vanadium compounds exhibit significant role in biological sys-
tems such as treatment of type Il diabetes [16,17]. Some of the
vanadium complexes mimic the insulin [18—20]. Also, oxovana-
dium(IV) complexes of the Schiff bases exhibit biological activities
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biological properties such as the anticancer [20,24—28], antimi-
crobial [29—31] and spermicidal activities [32].

The pyridoxal is a close analogue of pyridoxine (Vitamin Bg)
[33], acts as a cofactor in many enzymatically-catalyzed-
biosynthetic process such as transamination [34], dehydration of
serine and threonine, decarboxylation and racemization of amino
acids [35]. The pyridoxal has anticancer activity [36,37]. Its metallic
complexes have displayed several biological activities such as
antiproliferative agent [38,39]. Metal complexes of the pyridoxal
Schiff bases play important role in identification of the mechanism
of action of the pyridoxal as well as developing compounds with
biological applications such as the anticancer agents [40,41]. Va-
nadium complexes of the pyridoxal Schiff bases exhibit important
biological activities such as phosphatase inhibitor [42], antimicro-
bial [43] and antioxidant [44] agent. Vanadium complexes of the
Schiff bases with N and O donor sites exhibit insulin enhancing
properties [13,45], too. Since, vanadium complexes of the pyridoxal
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Schiff bases are particularly interesting in this regard. It is expected
that the use of the pyridoxal Schiff base yield no toxic metabolites
and improve solubility of the final complex. Based on these reasons,
we report synthesis and experimentally characterization of three
new V(IV) complexes of the Schiff bases derived from the pyridoxal.
The used Schiff bases were N,N’-dipyridoxyl(ethylenediamine)
[ = HaL1], N,N’-dipyridoxyl(1,3-propanediamine) [ = HL2] and
N,N’-dipyridoxyl(1,2-benzenediamine) [ = H,L3]. The V(IV) com-
plexes of these Schiff bases are named as the [VO(L1)], [VO(L2)] and
[VO(L3)], respectively. In addition, geometry optimization, theo-
retical assignment of the IR spectra as well as the NBO analyses of
the complexes have been computed by using the DFT methods.
Computed structural parameters of the complexes and assignment
of their vibrational-IR frequencies can be useful in identification of
the similar compounds, too.

Because of high atom economy and high selectivity, the multi-
component reactions are of great importance in modern organic
synthesis and medicinal chemistry. These reactions are used in
synthesis of significant organic molecules and effective biological
compounds from simple materials [46—51]. The vanadium com-
plexes are known to be active as catalyst in organic reactions
[52—54]. Catalytic activity of the vanadium complexes of the pyri-
doxal Schiff bases in organic synthesis has been reported, previ-
ously [55]. Another aim of this work is usage of the synthesized
oxovanadium(IV) complexes as the catalyst in a three-component
cyclocondensation reaction.

2. Experimental
2.1. Material and methods

The three used Schiff bases were synthesized as we reported
previously, HoL1 [56], HoL2 [57] and HaL3 [58]. Other used chem-
icals were obtained from the Merck Company, which were used
without any further purification. The melting points were deter-
mined using an electrothermal 9100 melting point apparatus. The
IR spectra were recorded on a Bruker Tensor 27 spectrophotometer
from KBr disks. The elemental analysis for C, H and N were per-
formed on a Heraeus elemental analyzer CHN—O-Rapid. Percentage
of the V2* metal ion of the complexes was measured by using a
Hitachi 2—2000 atomic absorption spectrophotometer. Also, the
mass spectra were recorded on a Shimadzu-GC-Mass-Qp 1100 Ex,
where the used method was atmospheric pressure chemical
ionization.

2.2. Synthesis of the oxovanadium(IV) complexes

0.5 mmol of the H,L Schiff-base ligand was dissolved in 15 mL
methanol. Then, 1 mmol of the NEt3 base was added to solution of
the ligand. A solution of 0.5 mmol (1.265 g) of VO(SO4)-5H,0 in
10 mL methanol was added slowly to solution of the Schiff-base.
The mixture was stirred for 3 h in 40—50 °C. Color of the ob-
tained precipitates for the [VO(L1)] and [VO(L2)] complexes were
green, while the [VO(L3)] one is dark-orange. The precipitates were
filtered off, washed with methanol and dried in oven. Yields of the
[VO(L1)], [VO(L2)] and [VO(L3)] complexes were 67, 63 and 71%,
respectively and their melting points were 230.2, 220.1 and
226.3 °C, respectively.

3. Computational details

Theoretical calculations including the geometries optimization,
frequency calculations and the NBO analyses have been carried out
with the UB3LYP functional [59] as implemented in the Gaussian 03
program [60]. The 6-311 + G(d,p) basis set was used except for the

vanadium atom, where the LANL2DZ basis set [61] was employed
with considering its the effective core potential functions.

The full-optimized geometries do not show any imaginary fre-
quencies, confirming that the optimized structures represent a true
local minimum in the potential energy surface. The optimized ge-
ometries of the complexes were employed to calculate their
vibrational frequencies and the NBO analyses. The DFT-predicted
vibrational frequencies are usually higher than the experimental
values. Since, we used the scale factor of 0.9614 for correction of the
calculated frequencies [62]. The NBO analysis of the investigated
complexes were done to identify their frontier orbitals and
exploring important bond orders. All structures were visualized by
employing the Chemcraft 1.7 program [63].

4. Results and discussion

In this work, three complexes of the pyridoxal Schiff bases have
been synthesized and characterized by various techniques. The
elemental analysis results of the complexes are gathered in Table 1.
These data confirms the [VO(L)] formula for all of the complexes,
where the dianionic L?>~ Schiff base is coordinated to the V4" metal
ion. In the mass spectra of the VO(L1)], [VO(L2)] and [VO(L3)]
complexes, the molecular ion peaks, m/z (M"), were observed at
423, 437 and 471, respectively. These molecular ion peaks are in
consistent with the proposed formula weights for the complexes,
confirming correctness of the proposed formulas for three inves-
tigated complexes. Based on the CHN analysis, percentage of the
V4" metal ion and the molecular ion peaks, the 1:1 ratio of the L2~
ligand and V** metal ion is proposed in structure of the investi-
gated complex as the [VO(L)] formula.

4.1. Geometry optimization

As mentioned in previous section, the [VO(L)] formula was
proposed for the investigated complexes, where the L~ can act as a
tetradentate ligand. Geometries of the investigated complexes have
been optimized, which are shown in Fig. 1. Also, their structural
parameters are listed in Table S1 in the Supplementary Material file.
The optimized geometries and structural parameters of the H,L1,
H2L2 and H,L3 free Schiff bases have reported in Refs. [56—58],
respectively. For comparison, the optimized geometry and struc-
tural parameters of the HL3 Schiff base are given in Fig. 2 and
Table S1, respectively. None of the three Schiff bases has a planar
optimized geometry, but two pyridine rings are in a separate plane
and make approximately a 40° dihedral angle to each other.
However, in comparison with the free H,L ligands, the coordinated
L2~ ligand shows a more planar structure in the optimized geom-
etries of the complexes. For example, the calculated C6—N2—
N4—-C10, 01-02—N4—-N2, N1-C2—C9—-N3 and C5-C3—C8-C11
dihedral angles of the free HoL Schiff base ligands are
about —150, —150 and —130°, respectively, which are about 0° for
the [VO(L)] complexes (Table S1).

For complexation, the H,L ligand is firstly deprotonated. Then,
the dianionic L>~ species acts as a tetradentate ligand. Two
deprotonated phenolate oxygens (O1 and 02 atoms) and two
azomethine nitrogens (N2 and N4 atoms) are four coordinating
atoms of the investigated Schiff base ligands. In the square-
pyramidal geometry of the V(IV) complexes, these four donor
atoms lie in the same plane, occupy four coordinating positions of
the square base (Fig. 1). It is noticeable that the V4* ion is not in the
same plane with the donor atoms of the Schiff base, where the
calculated 01-02—N4—V and O1—-N2—-N4-V dihedral angles are
about 25°. The apex position of the complexes is occupied with the
oxo ligand (05). As seen in Table S1, the V=05 bond length is
significantly lower than the V—01 and V—-02 ones.
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Table 1
The elemental analysis of the investigated oxovanadium(IV) complexes.
Compound Calculated (%) Found (%)
C H N Vanadium C H N Vanadium
[VO(L1)]= C18H20N405V 51.07 4.76 13.24 12.03 50.84 5.03 13.61 11.58
[VO(L2)]= C19H22N405V 52.18 5.07 12.81 11.65 51.67 4.59 1343 10.99
[VO(L3)]= C22H20N405V 56.06 428 11.89 10.81 55.62 5.31 11.52 10.70
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Fig. 1. Optimized geometries of the investigated oxovanadium(IV) complexes together
with their labeling.

Rotations around the C17—N2 and C18—N4 single bonds provide
structural necessities for the complex formation, which put the two

Fig. 2. Optimized geometry of the H,L3 free Schiff base.

sides of the L?>~ species in the same plane. In the free HoL Schiff
bases, the calculated C1-01—02 and C6—N2—N4 angles are about
140° [56—58], which are 160—170° for the V(IV) complexes,
respectively. Also, the calculated C6—N2—-C17—-C18 and
C6—N2—C17—C22 dihedral angle of the free H,L3 ligand are 138.4
and 43.3°, respectively, which are —160.0 and 22.2° for the [VO(L3)]
complex, respectively.

The computed C=C and C=N bond lengths of the aromatic
rings are in the expectable range [13,31,44,55—58,64—69]. The
pyridine-C bond lengths for the —CH,OH and —CH3 substitutions
are about 150 pm, which are appropriate sizes for the pyridine-
carbon bonds. All of the substituted groups as well as the azome-
thine moieties are essentially in the same plane with the pyridine
rings (Table S1).

In comparison with the free HoL Schiff bases, coordination of the
N2 and N4 azomethine nitrogens to the V4* jon results in elonga-
tion of the C6=N2 and C10 = N4 bonds. While, the C1-01 and
C7—02 bond lengths are decreased in the complexes. Deprotona-
tion of the phenolic oxygens causes to a decrease in theses bond
lengths. The DFT-computed structural parameters for the investi-
gated complexes are good in agreement with the reported values
for the similar compounds [13,31,43—45,55—58,64—69].

4.2. Vibrational spectroscopy

Theoretical assignment of the spectra is a useful tool in identi-
fication of the chemical compounds. In this research, the vibra-
tional modes of the synthesized complexes have been analyzed by
comparing their experimental and DFT-predicted IR frequencies.
The experimental and theoretical IR spectra of the three investi-
gated complexes are given in the Supplementary Material file.
Three investigated complexes show essentially a similar IR spec-
trum. Since, important vibrational frequencies of the [VO(L3)]
complex are only gathered in Table 2 together with the selected
vibrational frequencies of its ligand, the H,L3 Schiff base, for
comparison. Selected IR frequencies of the [VO(L1)] and [VO(L2)]
complexes are discussed in text, too.
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Selected experimental and calculated IR vibrational frequencies (cm~") of the HoL3 Schiff base and its [VO(L3)] complex.

Experimental Calculated frequencies

Vibrational assignment

frequencies
H,L3 [VO(L3)] H,L3 IR Intensity (km.mol~!)  [VO(L3)] IR Intensity (km.mol ')
538 (m) 526 139 Vasym(01—V—03)+ Uzeym(N1—V—N4)
650 (w) 725, 652 29,39 u(V—0, V-N) of the L1 ligand
752 (m) 765 (m) 743 34 735 66 dop(C—H) aromatic
838 (w) 813 118 - - dip(O—H) phenolic
969 (s) 963 69 984 93 Usym(PY-C—0)aic
1021 94 1033 72 Uasym(PY-C—0)aic
1016 (m) — - 1029 170 u(V—05)
1026(s) 1096 (m) 1058 136 1064 102 v(C7—02) + u(C22—04)
1208 s) 1191 (s) 1176 147 1171 248 u(C=C, C=N) of the aromatic rings+ u(C15—N1, C13—N4)
1261 (m) 1276 (s,sh) 1266 60 1288 109 u(C=C, C=N) of the aromatic rings+ v(py-C)
1298 (s) 1320 (s) 1342 68 1384 67 [3 wag(CHa)+ dip(OH)]alc
1357 74 1378 115 u(py-C)
1384 (vs) 1399 (vs) 1369 198 1402 213 u(C—0) phenolic
1476 (m) 1512 (m) 1550 93 1551 31 u(C=C) of the benzene ring
1615 (vs) 1576 (s,sh) 1572 57 1555 247 v(€2—01, C17-03) +u(C=C, C=N) of the pyridine rings
1603 (vs) 1659 239 1642 318 u(C21—-N4)+ v(C4—N1)
2877 37 2844 64 Usym(CH)arc
2497 (m) 2916 16 2917 22 Uasym(CH) Me
2606 (s) 2935 13 2865 60 Vasym(CH2)alc
2833 (s) 2952 37 3012 17 u(C4—H1)+ u(C21-H19)
2945 (sbr) 2916 (s,br) 3016,2961 13,20 3016, 9, Uasym(CH) Me
3175 (s,br) 3144 (sbr) 3073-3048 46,32, 14 3091-3063 4-13 v(C—H) aromatic
3078,3063 468, 299 — — u(O—H) phenolic
3674 38 3708 80 u(0O—H)aic

Abbreviation:wag, wagging; op, out-of-plane; ip, in-plane; alc, substituted —CH,OH groups; w, weak; m, medium; s, strong; vs, very strong; sh, shoulder.

In the IR spectra of the Schiff bases, a very intensive band at
1660-1500 cm ™! region is related to the C=N stretching vibration
of the azomethine group [58,64—66,68—76]. The symmetrical
stretching modes of C6=N2 and C10 = N4 bonds result in a very
intensive band at 1640, 1632 and 1615 cm ™' of the IR spectra of the
H,L1, HoL2 and H,L3 Schiff bases, respectively. These intensive
bands shift to lower frequencies in the IR spectra of the complexes,
appear at 1626, 1626 and 1603 cm™! of the IR spectra of the
[VO(L1)], [VO(L2)] and [VO(L3)] complexes, respectively. This
confirms coordination of the L>~ ligands via the azomethine ni-
trogens (N2 and N4 atoms), which reduces electron density and
bonding order of the C6=N2 and C10 N4 bonds
[56—58,64—66,75,76].

In the 3600-2000 cm ™! region of the IR spectra, overlapping of
the O—H, N—H and C—H stretching vibration modes causes to band
broading [56—58,64—66,70,75—77]. Assignment of this spectral
region of the [VO(L3)] complex is given in Table 2. As seen, the most
intensive band of the complexes is related to the stretching

vibrations of the alcoholic O—H bonds.

Deprotonation of the phenolic oxygens increases the electron
density in the bonding region of the C1-01 and C7—02 bonds.
Since, the C1—-01 and C7—02 stretching vibrations of the com-
plexes appear at higher frequencies than the corresponding free
Schiff bases. The phenolic u(C—O0) vibrations result in a very strong
band at 1388, 1387 and 1384 cm™lof the IR spectra of the HyL1,
H,L2 and H,L3 free Schiff bases, respectively, which appear at 1401,
1402 and 1399 cm ™! of the IR spectra of the [VO(L1)], [VO(L2)] and
[VO(L3)] complexes, respectively.

4.3. NBO analysis

The NBO analysis has been shown various applications such as
investigation of atomic charges, molecular orbitals, charge transfer
of the chemical compounds and so on [56—58,64,66,74]. Shapes of
the highest-occupied-molecular orbital (HOMO) and the lowest-
unoccupied-molecular orbital (LUMO) are similar for all of the

HOMO

LUMO

Fig. 3. The HOMO and LUMO frontier orbitals of the [VO(L3)].
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(0]
H
O
2a-2f
. CN catalyst
o) CN 110 °C, solvent-free
1 3 4a-4f
4a: R=H
2a:R=H 4b: R= 4-Cl
2b: R=4-CI 4c: R= 4-OH
2c: R=4-OH 4d: R=4-NO,
2d: R=4-NO, 4e: R= 4-Me
2e: R=4-Me 4f: R=4-OMe
2f: R=4-OMe

catalyst: [VO(L1)], [VO(L2)] and [VO(L3)]
Scheme 1. The V(IV) complexes catalyzed the synthesis of the tetrahydrobenzo[b]

pyran derivatives.

Table 3
Effect of the catalyst amount and temperature on the model reaction.

Entry Catalyst(g) T(°C) Time (min) Yields (%) in presence of the
catalysts
[VO(L1)]  [VO(L2)]  [VO(L3)]
1 - 120 240 - - -
2 0.01 100 30 71 78 70
3 0.01 110 15 78 80 76
4 0.01 120 20 80 81 80
5 0.03 100 30 75 83 73
6 0.03 110 15 83 83 80
7 0.03 120 20 85 85 83
8 0.05 100 30 88 87 86
9 0.05 110 15 90 90 90
10 0.05 120 20 90 90 90
11 0.07 110 15 90 90 90

three investigated V(IV) complexes. For example, the 3D-shapes of
the HOMO and LUMO orbitals of the [VO(L3)] complex are shown in
Fig. 3.

Both of the HOMO and LUMO orbitals of the complexes are
mainly localized on the aromatic rings and the azomethine groups.
The VO moiety contributes only in the LUMO orbital. The —CH3 and
—CH,0H substitutions of the pyridine rings have no role in the
frontier orbitals (Fig. 3).

The energy difference between the HOMO and LUMO orbitals
plays essential role in photochemical reactions, electric properties
and electronic spectra of the chemical compounds. The calculated-
energy gap for the [VO(L1)], [VO(L2)] and [VO(L3)] complexes are
3.21, 3.21 and 3.13 eV, respectively. These large energy gaps be-
tween the frontier orbitals confirm high stability of the investigated

complexes [56—58,64,66,74,78].

The NBO analysis shows that the bond order of the C6=N2 and
C10 = N4bonds decreases from 1.68 in the free H,L3 ligand to 1.47
in the [VO(L3)] complex. But, the C1-01 and C7—02 bond order
increases from 1.12 in the H3L3 to 1.30 for the [VO(L3)] complex.
These results are good in agreement with the IR spectral data. In
comparison with the free HpL3 Schiff base, the C=N stretching
vibrational mode of azomethine groups shifts to the lower energies,
but the phenolic C—O stretching vibration shifts to higher energies
in the IR spectrum of the [VO(L3)] complex.

4.4. Catalytic performance of the V (IV) complexes

Based on the catalytic activities of the vanadium complexes
[52—55] and importance of the multicomponent reactions in
organic synthesis [50,51], we have utilized three synthesized
vanadium(IV) complexes as catalyst in a three-component cyclo-
condensation reaction of dimedone 1, aromatic aldehydes 2a-2f
and malononitrile 3 to give the tetrahydrobenzo[b]|pyrans 4a-4f
(Scheme 1).

For the preparation of the tetrahydrobenzo[b]pyrans 4a-4f, a
mixture of dimedone 1 (1 mmol), aryl aldehydes 2a-2f (1 mmol)
and malononitrile 3 (1 mmol), and a catalytic amount of the V(IV)
complex was heated in an oil bath in the appropriate temperature
and time (Table 3). The reaction was monitored by the TLC. Upon
completion of the transformation, the reaction mixture was cooled
to room temperature and boiling ethanol was added. This resulted
in the precipitation of the catalyst, which was collected by filtra-
tion. The product was collected from the filtrate after cooling to the
room temperature and recrystallized from ethanol in high yields.

To optimize the reaction conditions, dimedone 1 (1 mmol),
benzaldehyde 2a (1 mmol) and malononitrile 3 (1 mmol) were
selected as model reaction in different sets of conditions and the
best results are summarized in Table 3. We used the catalysts in the
various solvents such as H,O, CHyCl,, CH3CN and EtOH; but the
product yield was very low. Therefore, we utilized the complexes in
the solvent-free conditions. As seen in Table 3, without any catalyst
even after prolonged reaction time, no product was observed (entry
1). The best results both in terms of time and yield were obtained
when the reaction was conducted without solvent at 110 °C in the
presence of 0.05 g of [VO(L1)], [VO(L2)] and [VO(L3)] as the catalyst
(entry 9).

To evaluate the generality of this method, the scope of the re-
action was investigated with a variety of aromatic aldehydes under
optimized reaction conditions (Table 3, Entry 9). The obtained re-
sults are presented in Table 4.

The [VO(L)] catalysts could be readily recovered from the reac-
tion mixture. We found that the catalysts could be used again with
only a slight reduction in activity. The structural retention of the
catalysts was confirmed by comparing the FT-IR spectra of the
recovered catalysts with the its fresh form (Fig. 4).

Table 4
The catalytic synthesis of the tetrahydrobenzo[b]|pyran derivatives 4a-4f by using the [VO(L)] complexes as the catalyst.
Entry Ar Product Time (min) Yields (%) in the presence of the catalysts m.p. (°C)
[VO(L1)] [VO(L2)] [VO(L3)] Found Reported [79]
1 CgHs 4a 15 90 90 90 230-231 230
2 4-CICgHa 4b 15 95 90 93 208—-209 206
3 4-OHCgH4 4c 20 85 80 83 208-210 210
4 4-MeCgH4 4d 10 90 87 91 216-218 218
5 4-NO,CgHay 4e 15 89 80 86 175177 177
6 4-OMeCgH4 af 10 93 88 90 204-206 203
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Fig. 4. The FT-IR spectra of fresh catalysts (a, ¢, e) and the recovered catalysts (b, d, f)
for the synthesis of the species 4a.

4a-4f

5. Conclusion

In this work, three oxovanadium(IV) complexes of the pyridoxal
Schiff bases have been newly synthesized and characterized
experimentally and theoretically. The complexes have the [VO(L)]
formula, where the dianionic L2~ of the H,L Schiff base acts as a
tetradentate ligand. Two phenolate oxygens and two azomethine
nitrogens are donating atoms of the Schiff bases, occupy four co-
ordination positions of the base in the square-planar geometry of
the complexes. The Schiff bases show more planar structure in
optimized geometry of the complexes than their free forms. The
vanadium atom is shifted from the square plane upward the
deprotonated L?>~ ligand. The apical position of the complexes is
occupied by the oxo ligand.

There is good consistency between the calculated structural
parameters of the complexes and the reported values for the similar
compounds. The IR-frequencies of the investigated complexes have
been assigned theoretically. Good agreement between the
experimental-IR frequencies and the DFT-calculated frequencies
support suitability of the optimized geometries for the complexes,
too. The high HOMO-LUMO energy gaps approve stability of the
complexes.

The synthesized complexes were used as a catalyst in a three-
component-cyclocondensation reaction of the dimedone and
malononitrile with various aryl aldehydes to produce the tetrahy-
drobenzo[b]pyrans. In various solvent, no valuable yield of the
product was observed. The optimum reaction conditions for the
benzaldehyde as a reactant is 0.05 g of the catalyst, T = 110 °C and
t = 15 min in free solvent condition.

CN

NH,

2a-2f

Scheme 2. A plausible mechanism for the formation of benzo[b]pyrans in the presence of the V(IV) complexes as the catalyst.

A plausible mechanism for this reaction is provided in Scheme 2.
It is reasonable to assume that the V(IV) complexes can play a dual
role [47]. Thus, we propose that the vanadium ion induces the
polarization of the carbonyl group of the species 2, whereas the
oxygen atoms are slightly basic in the vanadium complexes and can
activate the reactants (species 1 and 3) and also the intermediates
in this reaction. As shown in Scheme 2, the product, species 4, may
be formed either through the path A or through the path B. We
propose that the V(IV) complexes facilitate catalytically the for-
mation of the intermediates I and II, which subsequently react
together to give the final products 4a-4f.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.molstruc.2017.10.007.
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