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a b s t r a c t

For the first time, two new oxovanadium and dioxomolybdenum Schiff base complexes, VOL(OMe) and
MoO2L, were synthesized through the reaction of a ONO tridentate Schiff base ligand (H2L) derived from
the condensation of 5-bromosalicylaldehyde and nicotinic hydrazide with oxo and dioxo acetylacetonate
salts of vanadium and molybdenum, [VO(acac)2 and MoO2(acac)2], respectively. The synthesized ligand
and complexes were characterized by various spectroscopic techniques like FT-IR, 1H NMR, 13C NMR, ele-
mental analysis (CHN) and the most authentic single crystal X-ray diffraction analysis (SC-XRD). The
geometry around the central metal ion in MoO2L was distorted octahedral as revealed by the data col-
lected from diffraction studies. Non-covalent interactions that are responsible for crystal packing are
explored by Hirshfeld surface analysis. Theoretical calculations of the synthesized compounds, carried
out by DFT at B3LYP/Def2-TZVP level of theory, indicated that the calculated results are in agreement
with the experimental findings. Moreover, the catalytic activities of both complexes were investigated
for the selective oxidation of benzylic alcohols using urea hydrogen peroxide (UHP) in acetonitrile.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

At present, it is necessary to look for the development of sus-
tainable green technologies to be adopted in chemical synthesis
to overcome energy crises. The use of revolutionary, innocuous
and benign precursors and the employment of new catalytic sys-
tems with greater potency is the need of hour [1,2].

Aldehydes and ketones are considered as one of the most
demanding reagents produced by the catalytic oxidation of benzyl
alcohol (BzOH) [3]. This is because of extensive utilization of these
carbonyls as precursors or intermediates in pharmaceutics, per-
fumes and vitamins [4]. The selective oxidation of BzOH is pre-
ferred to avoid generation of harmful and toxic by-products. This
is generally carried out with the help of Cr(VI), I(VII), Mn(VII)
and DMSO coupled with (COCl)2 (Swern oxidation) [5,6]. These oxi-
dizing agents are corrosive, expensive, toxic, difficult to handle,
less selective and create serious environmental issues [7]. More-
over, by-products of Swern oxidation, methylthio methane, has
not only the foul odor but also it is volatile, and the oxalyl chloride
(COCl2) is highly sensitive to humidity and its vapors are very toxic
especially for respiratory systems [8,9].

In order to replace these traditional oxidants several transition
metals complexes of iron, copper, cobalt, palladium, manganese
[10–14], etc. have been outlined in literature. Moreover, oxovana-
dium(V) and dioxomolybdenum(VI) [15–19] complexes have been
regarded as effective and valuable catalyst with high selectivity for
the oxidation of BzOH in the presence of clean oxidants like molec-
ular oxygen and hydrogen peroxide [20,21]. Molecular oxygen is
considered as a perfect oxidant but it has poor selectivity and
needs severe reaction conditions like elevated temperature and
pressure. Hydrogen peroxide with 47% of oxygen contents may
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be regarded as an appropriate oxidant due to its inexpensive nat-
ure, safe storage, good solubility and icing on cake, it generates
water as a by-product [22–26]. But, the rate of oxidation reaction
by hydrogen peroxide is very low due to its weak oxidizing capa-
bility and hence it is needed to be activated by using some suitable
activating agents like sodium tungstate or hydrogen bromide
[27,28]. So, instead of using highly unsafe liquid H2O2, the solid
urea-hydrogen peroxide (UHP) in combination with oxovana-
dium(V) and dioxomolybdenum(VI) complexes is regarded as
safer, greener and suitable substitute due to its easy availability,
high stability and high hydrogen peroxide contents [29,30].

Hence, in culmination and continuation of our previous work
[31], we are hereby reporting a novel and effective procedure for
the selective oxidation of BzOH to aldehydes catalyzed by oxo-
vanadium(V) and dioxomolybdenum(VI) complexes using urea
hydrogen peroxide as oxidizing agent.
2. Experimental

2.1. Material and methods

All the chemicals employed in the current work were 99.9%
pure and purchased from well renowned suppliers like Sigma-
Aldrich and Merck. Elemental analysis was carried out by Heraeus
CHN-O-FLASH EA 1112 instrument. 1H and 13C NMR spectra were
measured at ambient temperature by using BRUKER AVANCE
400 MHz spectrometer in the presence of tetramethylsilane
(TMS) as an internal standard. Coupling constant (J) and chemical
shift (d) values were reported in Hz and in ppm, respectively. Four-
ier transform infrared spectra of the synthesized compounds were
taken, by making KBr pellets, with the help of IR Prestige-21
(Shimadzu).

2.2. Synthesis

2.2.1. Synthesis of ONO-tridentate Schiff base ligand (H2L)
Nicotinic hydrazide (1.37 g, 10 mmol) and 5-bromosalicylalde-

hyde (2.01 g, 10 mmol) were dissolved separately in approximately
25 mL of hot methanol. After complete dissolution, both solutions
were mixed dropwise with continuous stirring. The resulting mix-
ture was refluxed for 3 h and the completion of reaction was
ensured by ongoing monitoring with the help of TLC. On allowing
the reaction mixture to attain the room temperature, the product
was settled down leaving behind the impurities in the solvent.
Finally, the desired product was collected by filtration, aided by
suction apparatus and washed thrice with cold methanol to
remove impurities if any. The prepared H2L was finally crystalized
from absolute ethanol to get the single crystal suitable for SC-XRD
analysis.

H2L: Yield 75%. Anal. Calc. for C13H10BrN3O2: C, 48.77; H, 3.15;
N, 13.13, Found: C, 48.84; H, 3.19; N, 13.21%. FT-IR (KBr, cm�1);
3269 (mN–H); 1678 (mC=O); 1610 (mC=N); 1591, 1477 (mC=c); 1188
(mC-O); 1026 (mN-N). 1H NMR (400 MHz DMSO d6, ppm): 6.91 [1H,
(H-C2), d, 3J = 8.8 Hz], 7.44 [1H, (H-C3), dd, 3J = 8.8 Hz, 4J = 2.4 Hz],
7.58 [1H, (H-C12), dd, 3J = 7.8 Hz, 3J = 4.9 Hz], 7.82 [1H, (H-C5), d,
4J = 2.4 Hz], 8.28 [1H, (H-C13), dd, 3J = 6.5 Hz, 4J = 1.7 Hz], 8.63
[1H, s, (CH = N)], 8.78 [1H, (H-C11), d,3J = 3.9 Hz], 9.09 [1H, (H-
C10) br], 11.18 [1H, s, (–NH)], 12.32 [1H, s, (–OH)]. 13C NMR
(100 MHz, DMSO d6, ppm): 110.5 (C2), 118.7 (C6), 121.3 (C12),
123.6 (C4), 128.6 (C9), 130.2 (C5), 133.7 (C3), 135.5 (C13), 145.9
(C7), 148.6 (C10), 152.4 (C11), 156.4 (C1), 161.6 (C8).

2.2.2. Synthesis of VOL(OMe) complex
The new VOL(OMe) complex, where L = (E)-N’-(5-bromo-2-

hydroxybenzylidene)nicotinohydrazide, was synthesized by treat-
2

ing [VIVO(acac)2] (1 mmol, 0.265 g, acac = acetylacetonate) with
H2L (1 mmol, 0.320 g) in methanol (50 mL). The mixture was kept
under reflux for 3 h to obtain the solid product in the form of pre-
cipitates which were filtered off and then washed thoroughly with
equal amounts of water, methanol and diethyl ether, separately.

VOL(OMe): Yield 61%. Anal. Calc. for C14H11BrN3O4V: C, 40.41;
H, 2.66; N, 10.10, Found: C, 40.33; H, 2.69; N, 10.16%. FT-IR (KBr,
cm�1); 1614 (mC@N); 1460 (mC@N-N@C); 1286 (mCAO); 1029 (mNAN);
995 (mV=O); 499 (mV-O); 476 (mV-N). 1H NMR (400 MHz, DMSO d6,
ppm): 3.88 [3H, s, (–OCH3)], 7.01 [1H, (H-C2), t, 3J = 8.9 Hz], 7.55–
7.59 [2H, (H-C12, H-C3), m], 7.88 [1H, (H-C5), d, 4J = 2.7 Hz], 8.32
[1H, (H-C13), dt, 3J = 8.0 Hz, 4J = 1.8 Hz], 8.77 [1H, s, (CH = N)],
8.98 [1H, (H-C11), br], 9.15 [1H, (H-C10), br]. 13C NMR (100 MHz,
DMSO d6, ppm): 66.3 (–OCH3), 120.6 (C4), 121.5 (C), 124.0 (C6),
124.9 (C12), 125.9 (C9), 133.0 (C5), 134.4 (C3), 135.5 (C13), 148.8
(C10), 152.5 (C11), 155.7 (C1), 158.1 (C7), 167.7 (C8).

2.2.3. Synthesis of MoO2L complex
Equimolar amounts of H2L (1 mmol, 0.320 g) and [MoVIO2(-

acac)2] (1 mmol, 0.330 g) were suspended in 100 mL of methanol
in a round bottom flask equipped with a magnetic bar for steady
stirring to attain the uniformity. The mixture was kept under reflux
over a water bath for a period of 3 h until the solid product was
precipitated out. The MoO2L complex was then filtered off and
washed meticulously with equal amounts of water, methanol
and diethyl ether, separately, to remove impurities/by products if
any. The precipitates were dried in vacuo and finally crystallized
from CH3CN to get orange-colored crystals.

MoO2L: Yield 67%. Anal. Calc. for C13H8BrMoN3O4: C, 35.00; H,
1.81; N, 9.42, Found: C, 35.12; H, 1.87; N, 9.33%. FT-IR (KBr,
cm�1); 1616 (mC@N); 1462 (mC@N-N@C); 1265 (mCAO); 1018 (mNAN);
935 (mO=Mo=O) asym; 914 (mO=Mo=O) sym; 569 (mMo-O); 480 (mMo-N).
1H NMR (400 MHz, DMSO d6, ppm): 6.95 [1H, (H-C2), t,
3J = 8.8 Hz], 7.57 [1H, (H-C12), dd, 3J = 7.3 Hz, 3J = 4.7 Hz], 7.68
[1H, (H-C3), dd, 3J = 8.8 Hz, 4J = 2.6 Hz], 8.00 [1H, (H-C5), d,
4J = 2.6 Hz], 8.32 [1H, (H-C13), d, 3J = 8.0 Hz], 8.78 [1H (H-C11),
br], 8.98 [1H, s, (CH = N)], 9.16 [1H (H-C10), br]. 13C NMR
(100 MHz, DMSO d6, ppm): 112.4 (C2), 120.9 (C6), 122.1 (C12),
124.0 (C4), 125.9 (C9), 135.5 (C5), 136.0 (C3), 137.2 (C13), 148.8
(C10), 152.5 (C11), 155.6 (C1), 158.5 (C7), 167.7 (C8).

2.3. X-ray crystallographic data collection H2L ligand and MoO2L
complex

Single crystal X-ray studies of H2L and MoO2L were carried out
on a STOE IPDS-II diffractometer by using Mo-Ka radiations
monochromated by graphite. The data was collected at 298(2) K
in a series of x-scans in 1� oscillations and integrated by using
the Stöe X-AREA [32] software package. A numerical absorption
correction was applied using the X-RED [33] and X-SHAPE [34]
software for the prepared compounds. The data was corrected for
Lorentz and Polarizing effects. The structures were solved by direct
methods using SIR2004 [35]. The non-hydrogen atoms were
refined anisotropically by the full-matrix least-squares method
on F2 using SHELXL [36]. The collected crystallographic data of
the ligand and its Mo complex are listed in Table S1.

2.4. Computational details

Density functional theory (DFT) calculations were performed
with the Gaussian 09 package [37] at B3LYP level of theory [38]
by using Def2-TZVP basis set [39]. The solution phase was mod-
eled by using IEFPCM with the consideration of solvent (CH3CN)
[40]. Geometry optimizations were tested by frequency analysis
to ensure that they are at the local minima on the molecular
potential energy surface (PES). The results showed that there is
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Scheme 1. Synthesis of H2L Schiff base ligand and its respective VOL(OMe) and MoO2L complexes.
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Scheme 2. Oxidation of benzylic alcohols using UHP carried out by homogeneous
catalysts, VOL(OMe) and MoO2L complexes.
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no imaginary frequency. The 1H and 13C NMR magnetic isotropic
shielding tensors were calculated by the standard Gauge-Inde-
pendent Atomic Orbital (GIAO) approach in the solution phase
3

[41–43]. Chemical shift values of compounds were calculated by
using B3LYP/Def2-TZVP level and IEFPCM model as implicit model
of solvent and compared with experimental data in DMSO d6. The
same solvent was used for all IEFPCM calculations for ligand, Mo
complex and TMS. Chemical shifts were calculated by subtracting
the appropriate isotropic part of the shielding tensor from that of
TMS di = rTMS - ri. The isotropic magnetic shielding tensors for
TMS calculated in the solution phase at the B3LYP/Def2-TZVP
level of theory were equal to 31.92 and 184.52 ppm for the 1H
nuclei and the 13C nuclei, respectively. The Chemissian program
was used to draw contour plots of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
[44].



Table 1
The selected experimental and calculated bond lengths (Å) and angles (�) of H2L ligand and MoO2L complex.

Bond lengths Experimental Calculated Bond Angles Experimental Calculated

H2L Ligand
C(7)–N(1)
C(1)–O(1)
N(1)–N(2)
N(2)–C(8)
C(8)–O(2)
C(1)–C(6)

Mo Complex
Mo(1)–O(1)
Mo(1)–O(2)
Mo(1)–O(3)
Mo(1)–O(4)
Mo(1)–N(1)
Mo(1)–N(3)
N(1)–C(7)
N(2)–C(8)
N(1)–N(2)
C(1)–O(1)
C(8)–O(2)

1.262(7)
1.361(7)
1.382(7)
1.341(7)
1.231(7)
1.411(7)

1.935(4)
1.993(4)
1.677(4)
1.700(5)
2.246(4)
2.493(5)
1.289(7)
1.326(8)
1.384(7)
1.358(7)
1.313(8)

1.283
1.332
1.353
1.382
1.212
1.416

1.953
2.016
1.690
1.698
2.300
2.598
1.288
1.302
1.372
1.332
1.314

O(1)–C(1)–C(6)
C(1)–C(6)–C(7)
C(6)–C(7)–N(1)
C(7)–N(1)–N(2)
N(1)–N(2)–C(8)
N(2)–C(8)–O(2)

O(1)–Mo(1)–O(2)
O(1)–Mo(1)–O(3)
O(1)–Mo(1)–O(4)
O(2)–Mo(1)–O(3)
O(2)–Mo(1)–O(4)
O(3)–Mo(1)–O(4)
O(1)–Mo(1)–N(1)
O(2)–Mo(1)–N(1)
O(3)–Mo(1)–N(1)
O(4)–Mo(1)–N(1)
N(1)–Mo(1)–N(3)

122.8(5)
121.8(5)
118.6(5)
120.0(5)
117.6(5)
122.3(6)

149.16(14)
99.20(18)
103.71(18)
97.54(19)
96.35(17)
105.77(19)
82.02(18)
71.43(16)
92.88(19)
159.10(19)
80.58(17)

122.92
122.09
121.57
118.97
120.25
122.67

144.95
100.00
104.24
99.48
97.42
107.14
79.53
70.32
95.47
141.28
77.28

Table 2
Hydrogen-bond geometry (Å, �) for H2L and MoO2L.

Compounds D—H���A D—H H���A D���A D—H���A
H2L O1—H1���N1 0.81 (7) 1.91 (7) 2.592 (7) 142 (7)

N2—H2A���O1i 0.86 2.26 3.121 (6) 176
C5—H5���O2ii 0.93 2.43 3.268 (7) 150
C11—H11���N3iii 0.93 2.56 3.439 (10) 158

MoO2L C2—H2���N2iv 0.93 2.50 3.340 (9) 150
C5—H5���O4v 0.93 2.43 3.149 (8) 134

Symmetry codes: (i) � x + 1/2, y + 1/2, z � 1/2; (ii) � x + 1/2, y + 1/2, z + 1/2; (iii) � x, �y + 1, z � 1/2; (iv) � x, y � 1/2, �z + 1/2; (v) � x, y + 1/2, �z + 1/2
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2.5. General procedure for the selective oxidation of benzylic alcohols
catalyzed by VOL(OMe) and MoO2L complexes

The VOL(OMe) or MoO2L catalyst (0.006 mmol) was added to a
solution of benzylic alcohol (1 mmol) and UHP (2 mmol) in CH3CN
(10 mL), and the reaction mixture was refluxed with continuous
stirring for the specified intervals of times as listed in Table 9.
The conversion of reactants into the products was observed contin-
uously with the help of TLC plates by taking aliquots from reaction
mixture. For this purpose, a mixture of n-hexane and ethyl acetate
(7:3) was employed as an eluent. On complete conversion, the
resultant mixture was filtered off and then the solvent was evapo-
rated under reduced pressure. The corresponding benzaldehydes
were finally obtained in pure form with the help of column chro-
matography using silica gel.

All products were known compounds, and also acknowledged
by comparing their physicochemical characteristics, FT-IR and
NMR spectra with those of authentic samples.
3. Results and discussion

3.1. Syntheses

A tridentate Schiff base ligand (H2L) was prepared via reaction
of equimolar amounts of nicotinic hydrazide with 5-bromosalicy-
laldehyde in methanolic medium. Reaction of VO(acac)2 and
MoO2(acac)2 with H2L in the refluxed methanol, produces the tar-
geted metal complexes (Scheme 1). After successful syntheses and
characterization, the catalytic activity of the complexes was sur-
veyed for the oxidation of various benzylic alcohols using UHP as
a source of oxygen (Scheme 2).
4

3.2. Crystal structure determination

In H2L (Figure S1, Table S1), 4-bromophenol ring A (C1-C6/O1/
Br1), N’-methyleneformohydrazide moiety B (C7/C8/N1/N2/O2)
and pyridine ring C (C9-C13/N3) are found to be planar with
respective root mean square (r.m.s) deviation of 0.0034, 0.0266
and 0.0082 Å. N’-methyleneformohydrazide moiety B is orientated
at dihedral angles of 7.7 (4)� and 28.8 (3)� with respect to rings A
and C, respectively. Dihedral angle between ring A and C is 35.4
(2)�. The selected bond length and bond angles are stated in Table 1
and are found to be comparable to those observed in some closely
related structures [45]. The molecular configuration is stabilized by
intramolecular H-bonding of type NAH. . .O to form S (6) loop. The
molecules are connected with each other through NAH. . .O bond-
ing to form C7 zigzag chain that extends along ½110� crystallo-
graphic direction as displayed in Figure S2a. The molecules are
also interlinked by comparatively weak CAH. . .O, CAH. . .N, and
CAH. . .Br bonding, displayed in Figure S2b. All the important
parameters related to H-bonding geometry are specified in Table 2.
In addition to hydrogen bonding, crystal packing is also stabilized
by the presence of off-set p. . .p stacking interaction as displayed in
Figure S3.

In MoO2L (Fig. 1, Table S1) the coordination sphere around cen-
tral Mo-atom comprises of two O-atoms and one N-atom from the
chelating ligand, two O-atoms of oxo groups and one N-atom from
pyridine ring of symmetry related molecule i) 1 � x, �1/2 + y,
1/2 � z. In the coordination sphere, equatorial sites are occupied
by (N1/O1/O2/O4) atoms whereas, axial positions are engaged by
(O3/N3i) atoms. Bond lengths and bond angles in coordination
sphere are such that a distorted octahedral geometry is formed.
Selected bond lengths and bond angles are specified in Table 1.
The Mo–O and Mo–N bond lengths in the complex are comparable



Fig. 1. ORTEP diagram representing polymeric form of MoO2L. The Figure is drawn at probability level of 50% and H-atoms are displayed by small circles of arbitrary radii. i)
1 � x, �1/2 + y, 1/2 � z, ii) 1 � x, 1/2 + y, 1/2 � z.
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to those observed in other oxomolybdenum complexes with
hydrazone ligands [46]. In accordance with the previously reported
bond lengths of the N1–N2 [1.1.385(6) Ǻ] and the iminic N1–C7
[1.280(6) Ǻ] groups were increased upon coordination to molybde-
num center. The twoMo = O bond distances and the subtended O3-
Mo1-O4 bond angle are comparable to the previously reported
molybdenum complexes in literature [47]. The bromophenyl ring
A (C1-C6/Br1) and pyridine ring B (C9-C13/N3) are found to be pla-
nar with respective r.m.s (root mean square) deviations of 0.0159
and 0.0091 Å with dihedral angle of 13.86 (4)� between ring A
and B. Crystal structure is polymeric as shown in Fig. 4. Each poly-
meric chain is stabilized by CAH���O and CAH���N hydrogen bond-
ing between molecules as displayed in Fig. 2 and specified in
Table 2. Polymeric chains are interlinked by a weak interaction
between aromatic rings known as off-set p. . .p stacking interac-
tion. Bromo substituted phenyl ring of a molecule of a polymeric
chain is found to be engaged with pyridine ring of another poly-
meric chain through off-set p. . .p stacking interaction with inter-
centroid separation of 3.757 Å and ring off-set value of 1.298 Å as
shown in Fig. 3.

3.3. Optimized structural parameters

To determine and analyze the exact structures of the ligand and
its complexes, DFT method at the B3LYP/Def2-TZVP level of theory
in the gas phase was used. The optimized structures of compounds
are shown in Fig. 4 and the selected experimental and calculated
bond lengths and bond angles of the H2L ligand and MoO2L com-
5

plex are listed in Tables 1. As shown in Table 1, the theoretical
and experimental results are comparable. The differences between
the theoretical and experimental values may emanate from this
fact that the experimental data belong to the solid state, while
the calculated values describe a single molecule in the gaseous
state. In accordance with X-ray crystal structures, the coordination
of nitrogen and oxygen atoms to the metal center of Mo complex in
the gas phase exhibit the distorted octahedral geometry.

3.4. FT-IR spectra

The FT-IR spectra of the H2L ligand and its oxovanadium and
dioxomolybdenum complexes are presented in Figure S4. A care-
ful comparison of the FT-IR spectra of the synthesized compounds
was carried out to look deeply into the sites of coordination of
ligands to metals. The FT-IR spectrum of the ligand showed two
bands in the region of 3269 and 1678 cm�1 which correspond
to the stretching vibrations of the m(NH) and m(C@O). These bands
disappear in the spectra of the complexes which is in accordance
with the enolization of the amide functional group, followed by
deprotonation to attach with metal ions. The X-ray diffraction
data also confirm the same mode of coordination of the ligand.
The particular stretching vibration of azomethine group (–
HC = N) in ligand appeared at 1610 cm�1 also showed a slight
shift on complexation. New bands emerging at 1265 and
1286 cm�1 are attributed to enolic m(CAO) moiety in molybde-
num and vanadium complexes, respectively. In addition, the
appearance of two new bands at 914 and 935 cm�1 are assigned



Fig. 2. Packing diagram of MoO2L indicating that polymeric chains are stabilized by hydrogen bonding.

Fig. 3. Graphical representation of off-set p. . .p interaction for MoO2L. Distance is measured in Å and H-atoms are omitted for the sake of clarity.
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to symmetric and asymmetric stretching vibrations of the cis-Mo
(O)2 moiety which are in accordance with similar structures
reported previously in the literature [48,49]. Similarly, oxovana-
dium complex also gives its characteristics peak of V = O at
995 cm�1 which is very close to the values for the similar oxo-
6

vanadium Schiff base complexes already reported in the literature
[48–50]. Moreover, some new M�O and M�N peaks are also vis-
ible at 569 and 480 cm�1 for Mo complex and at 499 and
476 cm�1 for V complex, respectively, which are also in agree-
ment to the similar complexes reported earlier [51–54].



Fig. 4. Optimized structures of H2L ligand (keto and enol forms) and MoO2L1L2 complex.

Table 3
Selected experimental and calculated FT-IR frequencies of the H2L ligand and MoO2L complex (cm�1).

Assignment H2L MoO2L
Exp. Calc. Relative error (%) Exp. Calc. Relative error (%)

C@N 1610 1551 �3.66 1616 1660 2.72
CAO 1188 1270 6.90 1265 1296 2.45
M�O – – – 569 606 6.50
M�N – – – 480 479 �0.21

Table 4
Experimental and calculated 1H and 13C NMR shifts of H2L ligand and MoO2L complex (ppm).

Protons 1H NMR Carbons 13C NMR

H2L MoO2L H2L MoO2L
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.

OH 12.32 11.85 – – C8 161.6 169.6 167.7 175.8
NH 11.18 9.23 – – C1 156.4 168.7 155.6 167.8
CH(10) 9.09 9.29 9.16 9.83 C11 152.4 161.5 152.5 161.1
CH(11) 8.78 9.15 8.78 9.09 C10 148.6 154.4 148.8 158.7
HC = N 8.63 8.43 8.98 9.18 C7 145.9 154.5 158.5 167.5
CH(13) 8.28 8.65 8.32 8.56 C13 135.5 144.7 137.2 143.6
CH(5) 7.82 7.66 8.00 7.95 C3 133.7 142.3 136.0 148.4
CH(12) 7.58 7.82 7.57 7.76 C5 130.2 141.3 135.5 145.1
CH(3) 7.44 7.67 7.68 7.95 C9 128.6 136.9 125.9 131.9
CH(2) 6.91 7.27 6.95 7.25 C4 123.6 135.4 124.0 139.9

C12 121.3 130.6 122.1 130.0
C6 118.7 126.5 120.9 127.2
C2 110.5 124.1 112.4 126.1
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Table 5
The Mulliken atomic charges of the H2L ligand and MoO2L complex.

Atoms H2L MoO2L Atoms H2L MoO2L

M1 – 1.609 C3 �0.125 �0.126
Br1 �0.095 �0.069 C4 0.089 0.102
O1 �0.377 �0.566 C5 �0.237 �0.255
O2 �0.327 �0.541 C6 0.102 0.041
O3 – �0.536 C7 �0.017 0.047
O4 – �0.545 C8 0.286 0.445
N1 �0.165 �0.248 C9 0.055 0.011
N2 �0.169 �0.166 C10 �0.101 �0.069
N3 �0.208 �0.201 C11 �0.026 �0.020
C1 0.200 0.400 C12 �0.082 �0.093
C2 �0.197 �0.186 C13 �0.150 �0.138

Fig. 5. DFT-optimized frontier molecular orbitals for H2L ligand (keto and enol) and MoO2L complex.

Table 6
The HOMO and LUMO energies and the energy gaps of the H2L ligand and MoO2L
complex.

E (eV) H2L (keto) H2L (enol) MoO2L

EHOMO �6.282 �6.377 �6.847
ELUMO �2.388 �2.575 �3.397
*Energy gap 3.894 3.802 3.477

*Eg = ELUMO - EHOMO
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Selected experimental and theoretical vibrational modes of the
H2L ligand and MoO2L complex are listed in Table 3, which shows
that there is a good correlation between theoretical data and
experimental results.
8

3.5. 1H and 13C NMR spectra

The 1H and 13C NMR spectra of H2L, VOL(OMe) and MoO2L
recorded in DMSO d6 are presented in the experimental section
and also shown in Figures S5-S10. Two signals appearing at
d = 12.32 and 11.18 ppm in the 1H NMR spectrum of the ligand cor-
respond to OH (phenolic) and NH protons, respectively, disappear
on treatment with V and Mo salts, demonstrating that the sites
of coordination are phenolate and enolate oxygens of the ligand
with the metals. This also ascertains the occurrence of keto-imine
tautomerism upon complexation. Moreover, a singlet signal of
azomethine proton (–HC = N) at d = 8.63 ppm observed in the spec-
tra of the ligand was shifted downfield at d = 8.77 in VOL(OMe) and
d = 8.98 ppm in MoO2L showing the deshielding due to the
decrease in the electronic density upon the coordination of azome-
thine nitrogen with the metal center. This is in accordance with the
FT-IR spectra of the complex, where m(HC = N) appears at higher



Fig. 6. Molecular electrostatic potential (MEP) for H2L ligand (keto and enol) and MoO2L complex with color range along with scale.

Table 7
Sum of the electronic and the zero-point energy (EZPE), enthalpy (H), and Gibbs free energy (G) of the ligand. All values are in Hartree unit.

H2L (keto) H2L (enol)
Gas phase Solution phase Gas phase Solution phase

EZPE �3390.373 �3390.390 �3390.365 �3390.376
H �3390.355 �3390.366 �3390.348 �3390.353
G �3390.420 �3390.449 �3390.412 �3390.437

1 Hartree = 627.5095 kcal.mol�1

Table 8
Effect of the solvent, temperature, oxidant and catalyst amount for the oxidation of 4-chlorobenzyl alcohol catalyzed by VOL(OMe) and MoO2L complexesa.

Entry Oxidant Catalyst (mmol) Solvent Condition VOL(OMe) MoO2L

Time (min) Yield (%) Time (h) Yield (%)

1 UHP 0.006 EtOH Reflux 10 50 2 37
2 UHP 0.006 Acetone Reflux 10 78 2 55
3 UHP 0.006 MeOH Reflux 10 68 2 53
4 UHP 0.006 MeCN Reflux 10 92 2 90
5 UHP 0.006 DCE Reflux 10 33 2 20
6 UHP 0.006 CHCl3 Reflux 10 30 2 22
7 UHP 0.006 CCl4 Reflux 10 15 2 5
8 UHP 0.006 CH2Cl2 Reflux 10 5 2 Trace
9 UHP 0.006 MeCN r.t. 10 Trace 2 Trace
10 UHP 0.006 MeCN 50 �C 10 50 2 45
11 UHP 0.006 MeCN 70 �C 10 82 2 81
12 No oxidant 0.006 MeCN Reflux 10 0 2 0
13 NaIO4 0.006 MeCN Reflux 10 20 2 25
14 H2O2 0.006 MeCN Reflux 10 40 2 50
15 (Bu)4NIO4 0.006 MeCN Reflux 10 10 2 10
16 TBHP 0.006 MeCN Reflux 10 60 2 50
17 UHP 0 MeCN Reflux 10 0 2 0
18 UHP 0.002 MeCN Reflux 10 45 2 40
19 UHP 0.004 MeCN Reflux 10 68 2 65
20 UHP 0.008 MeCN Reflux 10 92 2 91

a Reaction conditions: 4-chlorobenzyl alcohol (1 mmol), oxidant (2 mmol), catalyst, solvent (10 mL) under different temperatures
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R
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Scheme 3. Selective oxidation of benzyl alcohols by oxo-V(V) and dioxo-Mo(VI) complexes.

Table 9
Selective oxidation of benzylic alcohols to benzaldehydes with UHP catalyzed by VOL(OMe) and MoO2L complexesa.

Entry Alcohol Aldehydeb VOL(OMe) MoO2L

Time (min) Yield (%)c Time (h) Yield (%)c

1 10 94 2 91

2 20 93 2.5 90

3 10 92 2 89

4 15 88 2.5 91

5 20 91 2.5 89

6 10 92 2 90

7 15 93 2.5 91

8 10 90 2 89

9 10 92 2 90

10 20 94 3 90

a Reaction conditions: benzylic alcohol (1 mmol), UHP (2 mmol), catalyst (0.006 mmol), CH3CN (10 mL) under reflux conditions
b All products were identified by comparison of their physical and spectral data with those of authentic samples
c Isolated Yield

H. Kargar, M. Bazrafshan, M. Fallah-Mehrjardi et al. Polyhedron 202 (2021) 115194
wavenumber in comparison with the corresponding free ligand. All
the signals of aromatic protons in the 1H NMR spectrum of the
ligand were observed in the expected range of d = 6.91–9.09 ppm.
There is a slight shift in the positions of signals of aromatic protons
of the ligand upon complex formation (d = 7.01–9.15 ppm in VOL
(OMe) and d = 6.95–9.16 ppm in MoO2L).

The 13C NMR spectra of the ligand and its V and Mo complex are
shown in Figures S8-S10. The signals for the carbonyl, phenolic and
methine carbon in the V complex were observed at d = 167.7, 158.1
10
and 155.7 ppm, respectively and in the Mo complex were observed
at d = 167.7, 158.5 and 155.6 ppm, respectively. The chemical shift
values of the carbons present in vicinity of the coordinating atoms
(i.e. C8, C1 and C7) showed appreciable change in their position
due to coordination-induced shifts confirming the association of
these functionalities in coordination. The other aromatic carbons
of ligand and its complexes appeared in their respective regions
according to the literature [55]. The experimental and calculated
1H and 13C NMR chemical shifts of the ligand and its Mo complex
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are given in Table 4. It is obvious from the table that the theoretical
data are in agreement with the experimental findings.

3.6. Mulliken atomic charges distribution

From Mulliken charge data of H2L ligand and its dioxomolybde-
num complex (Table 5) it can be seen that the Mulliken charge at
the central atom is + 1.609e in Mo complex. The metal atom charge
is considerably lower than formal charge 6 + for molybdenum,
which indicates that the significant amount of charge density is
transferred from the ligand to the metal atom. Also, the highest
charge density in the ligand was found on C1 and C8 atoms, which
increases, from 0.200 to 0.400 for C1, and from 0.286 to 0.445 for
C8, in the gas phase, after the complexation with molybdenum.

3.7. Electronic properties

The frontier highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) are the most nec-
essary orbitals to describe the chemical activity of the compounds.
To obtain the electronic distribution of frontier orbitals, the HOMO
and LUMO energy levels of the ligand and its Mo complex, were
computed by B3LYP/Def2-TZVP level of theory. The results are pre-
sented in Fig. 5. The HOMO and LUMO energies for the compounds
and their energy gaps (DE) are listed in Table 6. The energy gaps for
theH2L (keto), H2L (enol) andMoO2Lwere found to be 3.894, 3.802
and 3.477 eV, respectively. The energy gap of H2L (keto) is slightly
greater than that of H2L (enol), which can be attributed to higher
stability of keto tautomeric form of the ligand.

Molecular electrostatic potential (MEP) can be used for the
recognition of the chemical activity of the molecules and to look
for the relationship of molecular structures with physicochemical
properties. The MEP can display electrophilic sites (positive
regions) and nucleophilic sites (negative regions) of the molecule
based on their electrostatic potentials, which are represented by
blue and red colors, respectively. The MEP diagrams and values
of electrostatic potentials of H2L ligand and MoO2L complex are
presented in Fig. 6. There is a significant difference between elec-
trostatic potential values of enol and keto forms of H2L ligand. In
keto form, the more negative site is located between the oxygen
atoms of phenolic and carbonyl groups, with electrostatic value
of � 57 kcal.mol�1, while in enol form, the blue color can be
observed between two hydroxyl groups which means this area
has electrophilic property and has positive electrostatic potential
(�38 kcal.mol�1). In the dioxomolybdenum complex with electro-
static potential value of � 38 kcal.mol�1, the metal atom is the cen-
ter of positive potential represented by blue color which means it
is a good candidate for attack by a nucleophile. These results are
consistent with the Mulliken atomic charges (Table 5).

The sum of the electronic and the zero-point energy (EZPE),
enthalpy (H), and Gibbs free energy (G) of both enol and keto forms
of H2L Schiff base ligand are reported in Table 7. Data showed that
keto form is more stable in both gas and solution phases. This is in
agreement with the results from the molecular electrostatic poten-
tial (MEP) values and from the comparison of energy gaps between
HOMO and LUMO of keto and enol tautomeric forms of the ligand
(See Figures 17 and 18).

3.8. Catalytic activity studies

Oxovanadium and dioxomolybdenum complexes have
attracted particular attention as prominent catalysts, especially
in oxidation reactions [56,57]. Compared to the reported species,
the present two complexes have excellent efficiency. The catalytic
activity of VOL(OMe) and MoO2L complexes was studied for the
11
selective oxidation of benzylic alcohols to the corresponding ben-
zaldehydes under various reaction conditions.

In order to optimize the conditions, the oxidation of 4-
chlorobenzyl alcohol (1 mmol) using UHP (2 mmol) was chosen
as a model reaction, and the influence of different factors, that
may affect the reaction, were investigated (Table 8). First, various
solvents like acetonitrile, acetone, methanol, ethanol, 1,2-dichlor-
oethane (DCE), chloroform, carbon tetrachloride and dichloro-
methane were tested in the presence of UHP as oxidant, and
oxovanadium or dioxomolybdenum complexes as the catalyst.
The results showed that the use of acetonitrile imparts a higher
yield of 4-chlorobenzaldehyde both for V and Mo complexes
(Entries 1–8).

By changing the reaction temperature, the catalytic oxidation
reaction of 4-chlorobenzyl alcohol with UHP in the presence of V
or Mo complexes in CH3CN was performed (Entries 4, 9–11). It
can be found that the rate of reaction increases with the increase
of temperature, resulting in the enhancement of 4-chlorobenzalde-
hyde yield in the same period of time. For all kinds of substrates,
the best yield was observed under reflux conditions which requires
10 min. for VOL(OMe) complex and 2 h for MoO2L complex to
complete the reaction.

The effect of different oxidants (2 mmol) including NaIO4, H2O2,
urea H2O2 (UHP), Bu4NIO4 and tert-BuOOH (TBHP) was also inves-
tigated and the results showed that UHP is the best oxygen source
in this reaction (Entries 4, 12–16).

Different amounts of the catalysts were used (Entries 4, 17–20)
and it was observed that in the absence of the catalyst the reaction
failed to proceed. The rate of conversion was increased with the
increase in the amount of catalyst and complete transformation
was cropped up when 0.006 mmol of the catalyst was used.

The generality of this procedure for the oxidation of various
substituted benzylic alcohols was demonstrated in the presence
of VOL(OMe) and MoO2L complexes as homogeneous catalysis
under the optimal conditions (Scheme 3, Table 9). As shown in
Table 9, a variety of benzylic alcohols, with both electron-donating
and electron-withdrawing groups, are treated with UHP to give the
corresponding substituted benzaldehydes in excellent yields.

The chemoselectivity of the procedure was remarkable. The
benzylic hydroxyl groups were oxidized under the affection of this
catalytic system and the desired benzaldehydes were obtained in
100% selectivity. The most important advantage of this method is
that there is no evidence of overoxidation to the production of car-
boxylic acid in all the studied substrates.
4. Conclusion

In this research, we synthesized a new tridentate ONO-donor
Schiff base ligand and its V(V) and Mo(VI) complexes and charac-
terized them by various physicochemical techniques. The molecu-
lar structures of ligand and dioxomolybdenum complex were
determined by single crystal X-ray crystallography. The coordina-
tion geometry around Mo metal center was found to be distorted
octahedral. Non-covalent interactions are explored by Hirshfeld
surface analysis. Theoretical calculations of the Schiff base ligand
and its Mo complex were performed using DFT at B3LYP/Def2-
TZVP level of theory. The results showed that theoretical data is
in good consensus with the experimental outcomes. The catalytic
activities of the complexes were also investigated for the selective
oxidation of benzylic alcohols to benzaldehydes by the use of UHP
in acetonitrile under reflux conditions. This method has numerous
ascendancies such as high yield, short reaction time and excellent
selectivity to produce corresponding benzaldehydes without
overoxidation to carboxylic acids.
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