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Abstract

A new oxidovanadium(V) complex, [VOL(OCH;)(CH;0H)], where H,L = 4-bromo-N’-(2-hydroxybenzylidene)benzo-
hydrazide, has been synthesized and fully characterized on the basis of CHN elemental analysis, FT-IR, UV-Vis, 1H and
13C NMR spectroscopy. Structures of the free hydrazone and the complex were further characterized by single crystal
X-ray diffraction, which indicates that the V atom in the complex adopts octahedral coordination, and the hydrazone
ligand behaves as a tridentate ligand. The catalytic epoxidation property of the complex was investigated.
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1. Introduction

Schift bases are a kind of interesting ligands in coor-
dination chemistry.! The metal complexes with Schiff bas-
es have attracted remarkable attention due to their facile
synthesis and special biological, catalytic and industrial
applications.? Catalytic epoxidation of olefins is an impor-
tant reaction in chemistry. Many transition metal com-
plexes are active catalysts for this process.> However,
among the complexes, vanadium and molybdenum com-
plexes seem more interesting because of their excellent
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Scheme 1. The hydrazone H,L.

catalytic ability in the oxidation of olefins and sulfides.? In
this paper, a new vanadium(V) complex derived from
4-bromo-N’-(2-hydroxybenzylidene)benzohydrazide
(H,L, Scheme 1) was prepared and studied for its catalytic
epoxidation property on cyclooctene.

2. Experimental

2. 1. Materials and Methods

4-Bromobenzohydrazide, salicylaldehyde and VO(a-
cac), were purchased from Alfa Aesar and used as re-
ceived. Reagent grade solvents were used as received. Mi-
croanalyses of the complexes were performed with a Vario
EL IIT CHNOS elemental analyzer. Infrared spectra were
recorded as KBr pellets with an FTS-40 spectrophotome-
ter. Electronic spectra were recorded on a Lambda 900
spectrometer. 'H and !3C NMR spectra were recorded on
a Bruker spectrometer at 500 MHz. The catalytic reactions
were followed by gas chromatography on an Agilent 6890A
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chromatograph equipped with an FID detector and a DB5-
MS capillary column (30 m x 0.32 mm, 0.25 pm). Molar
conductance measurements were made by means of a
Metrohm 712 conductometer in acetonitrile.

2. 2. Synthesis of 4-Bromo-N’-(2-Hydroxyben-
zylidene)benzohydrazide (H,L)

4-Bromobenzohydrazide (10 mmol, 2.15 g) and sa-
licylaldehyde (10 mmol, 1.22 g) were refluxed in methanol
(50 mL). The reaction was continued for 1 h in oil bath
during which a solid compound separated. It was filtered
and washed with cold methanol. The crude product was
recrystallized from methanol and dried over anhydrous
CaCl,. Yield: 2.36 g (74%). IR data (KBr pellet, cm™!): 3445
v(O-H), 3220 v(N-H), 1643 v(C=0), 1612 v(C=N).
UV-Vis data in methanol (nm): 287, 298, 327, 388. Analy-
sis: Found: C 52.55, H 3.56, N 8.71%. Calculated for
C,,H,;BtN,0,: C 52.69, H 3.47, N 8.78%. '"H NMR (500
MHz, d°-DMSO): § 12.18 (s, 1H, OH), 11.22 (s, 1H, NH),
8.65 (s, 1H, CH=N), 7.90 (d, 2H, ArH), 7.78 (d, 2H, ArH),
7.57 (d, 1H, ArH), 7.33 (t, 1H, ArH), 6.93 (t, 2H, ArH). 13C
NMR (126 MHz, d°-DMSO) § 162.72, 158.59, 143.07,
133.15, 130.79, 129.43, 129.39, 128.55, 128.49, 127.97,
127.69, 119.53, 118.15, 116.48.

2. 3. Synthesis of the Complex [VOL(OCH5)
(CH;0H)]

The hydrazone compound H,L (1.0 mmol, 0.32 g)
and VO(acac), (1.0 mmol, 0.26 g) were refluxed in metha-
nol (30 mL). The reaction was continued for 1 h in oil bath
to give a deep brown solution. Single crystals of the com-
plex were formed during slow evaporation of the reaction
mixture in air. The crystals were isolated by filtration,
washed with cold methanol and dried over anhydrous
CaCl,. Yield: 0.23 g (51%). IR data (KBr pellet, cm™!): 3438
v(O-H), 1607 v(C=N), 1390 v(C~Oppenolate)> 1157 v(N-N),
953 y(V=0). UV-Vis data in methanol (nm): 268, 323,
400. Molar conductance (103 mol L}, methanol): 27 Q!
cm? mol™'. Analysis: Found: C 43.12, H 3.75, N 6.17%.
Calculated for C;4H;(BrN,O5V: C 42.98, H 3.61, N 6.26%.
'H NMR (500 MHz, d°>-DMSO): § 13.93 (s, 1H, OH), 9.11
(s, 1H, CH=N), 7.78 (d, 1H, ArH), 7.72 (t, 2H, ArH), 7.58
(t, 1H, ArH), 7.47 (t, 1H, ArH), 7.42 (t, 1H, ArH), 7.01 (t,
1H, ArH), 6.90 (d, 1H, ArH), 3.45 (s, 3H, CH;), 2.12 (d,
3H, CH;OH). '3C NMR (126 MHz, d®-DMSO) § 167.40,
163.44, 156.14, 135.46, 133.70, 133.23, 132.25, 131.96,
131.11,127.58,120.87,120.03,119.07, 116.06, 40.02, 16.41.

2. 4. Crystal Structure Determination

Data were collected on a Bruker SMART 1000 CCD
area diffractometer using a graphite monochromator Mo
Ko radiation (A = 0.71073 A) at 298(2) K. The data were
corrected with SADABS programs and refined on F? with

Siemens SHELXL software.” The structures of H,L and the
complex were solved by direct methods and difference
Fourier syntheses. All non-hydrogen atoms were refined
anisotropically. The amino H atom (H2) in H,L and the
methanol H atom (H5) in the complex were located from
difference Fourier maps and refined isotropically. The re-
maining hydrogen atoms were placed in calculated posi-
tions and included in the last cycles of refinement. Crystal
data and details of the data collection and refinement are
listed in Table 1.

Table 1. Crystallographic Data for H,L and the Complex

Parameters H,L The complex
Empirical formula C4H;BrN,0, C,6H6BrN,O5V
Formula weight 319.16 447.16
Crystal system Monoclinic Triclinic
Space group P2,/n P-1
a[A] 5.9246(9) 7.7967(11)
b[A] 29.6219(12) 11.1240(13)
c[A] 7.5728(11) 11.6316(12)
a o] 90 66.901(1)
B[] 92.303(1) 83.748(1)

[°] 90 71.652(1)
VA3 1327.9(3) 880.6(2)
Z 4 2
Pealea. [g cm™3] 1.596 1.686
u [mm] 3.094 2.861
F(000) 640 448
Measured reflections 7903 5279
Independent reflections 2468 3274
Observed reflections 1661 1677

(I>20(D))

Parameters 176 229
Restraints 1 1
Final R indices [I > 20(I)] 0.0384, 0.0729 0.0581, 0.0856
R indices (all data) 0.0732, 0.0845 0.1438,0.1140
Goodness-of-fit on F? 1.013 1.005

Largest difference in peak 0.266 and -0.207 0.422 and -0.463
and hole (e A-3)

2. 5. Catalytic Epoxidation Process

A mixture of cyclooctene (2.76 mL, 20 mmol), ace-
tophenone (internal reference) and the complex as the cat-
alyst (0.05 mmol) was stirred and heated up to 80 °C be-
fore addition of aqueous tert-butyl hydroperoxide (TBHP;
70% w/w, 5.48 mL, 40 mmol). The mixture is initially an
emulsion, but two phases become clearly visible as the re-
action progresses, a colorless aqueous one and a yellowish
organic one. The reaction was monitored for 5 h with with-
drawal and analysis of organic phase aliquots (0.1 mL) at
required times. Each withdrawn sample was mixed with 2
mL of diethylether, treated with a small quantity of MnO,
and then filtered through silica and analyzed by GC.
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3. Results and Discussion
3. 1. Synthesis

The hydrazone compound H,L and the complex were
synthesized in a facile and analogous way (Scheme 2).

CHO Br
H
+ _N
OH HoN
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i
N X
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Scheme 2. The synthesis of the hydrazone H,L and the complex

The hydrazone H,L acts as a tridentate dianionic
ONO donor ligands toward the VO** core. The vanadium
complex was obtained from a refluxing mixture of the hy-
drazone and VO(acac), in 1:1 molar proportion in metha-
nol. The complex was isolated as brown single crystals
from the reaction mixture by slow evaporation at room
temperature. Crystals of the complex are stable at room
temperature and are found to be fairly soluble in most of
the common organic solvents such as methanol, ethanol,
acetonitrile, DMF and DMSO. The low molar solution
conductance of the complex in methanol indicates its
non-electrolyte behavior.

3. 2. IR and Electronic Spectra

The IR spectrum of the hydrazone H,L shows bands
centered at 3220 cm™! for v(N-H), 3445 cm™! for v(O-H),
and 1643 cm™! for v(C=0).° The peaks attributed to
v(N-H) and v(C=0) are absent in the spectrum of the
complex as the ligand binds in dianionic form resulting in
losing proton from carbohydrazide group. Strong band
observed at 1607 cm™ for the complex is attributed to
v(C=N), which is located at lower frequencies as compared
to the free hydrazone ligand, viz. 1612 cm™'.” The complex
exhibits characteristic band at 953 cm! for the stretching
of V=0 bond.? Based on the IR absorption, it is obvious
that the hydrazone ligand exists in the uncoordinated form
in keto-amino tautomer form and in the complex in imi-
no-enol tautomeric form. This is not uncommon in the
coordination of the hydrazone compounds.’

Electronic spectrum of the complex recorded in
methanol displays strong absorption band centered at
400 nm, which is assigned as charge transfer transi-
tions of N(pm)-Mo(dn) LMCT. The medium absorp-
tion band centered at 323 nm for the complex is as-

Br

MeOH N

Br

signed as charge transfer transitions of O(pm)-Mo(dmn)
LMCT.!0

3. 3. Description of the Structure of H,L

The perspective view of H,L together with the atom
numbering scheme is shown in Figure 1. Selected bond
lengths and angles are given in Table 2. The molecule
adopts an E configuration with respect to the methylidene
unit. The methylidene bond, with the distance of 1.264(4)
A, confirms it a typical double bond. The shorter distance
of the C8-N2 bond (1.343(4) A) and the longer distance of
the C8-02 bond (1.225(4) A) for the amide group than
usual, suggests the presence of conjugation effects in the
hydrazone molecule. The presence of intramolecular O1-
H1---N1 hydrogen bond, as well as the conjugation effects,
result in the two benzene rings form a dihedral angle of
6.8(5)°. In the crystal structure of the compound, the
hydrazone molecules are linked by intermolecular

o1 02

Figure 1. ORTEP plots (30% probability level) and numbering
scheme for H,L.
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Table 2. Selected Bond Lengths (A) and Angles (°) for H,L and the

Complex
H2L
C7-N1 1.264(4) NI1-N2 1.386(3)
C8-N2 1.343(4) C8-02 1.225(4)
Complex
V1-01 1.849(4) V1-02 1.948(4)
V1-03 1.582(4) V1-04 1.757(4)
V1-05 2.358(5) V1-N1 2.119(5)
03-V1-04 103.4(2) 03-V1-01 99.7(2)
04-V1-01 101.1(2) 03-V1-02 96.2(2)
04-V1-02 94.8(2) 01-V1-02 154.2(2)
0O3-V1-N1 97.0(2) 04-V1-N1 157.9(2)
O1-V1-N1 83.5(2) 02-V1-N1 74.5(2)
03-V1-05 173.7(2) 04-V1-05 81.3(2)
01-V1-05 83.3(2) 02-V1-05 79.0(2)
N1-V1-05 77.7(2)

Table 3 Hydrogen bond distances (A) and bond angles (°) for H,L

and the complex

D-H---A d(D-H) d(H--A) d(D--A) Angle
(D-H--A)

H,L

O1-H1.-N1  0.82 1.92 2.627(3) 144(5)
N2-H2--02!  0.90(1) 1.97(1)  2.851(3) 168(3)
C7-H7--02! 093 2.55(2)  3.261(3) 134(3)
Complex

O5-H5--N2ii  0.85(1) 2.01(2)  2.828(6) 163(7)

Symmetry codes: (i) %2 +x, %2 -y, %2 + z; (ii) - x, 1 -y, 1 - 2.

Figure 2. The molecular packing diagram of H,L, viewed down the
a axis. Hydrogen bonds are shown as dashed lines.

N2-H2---02 and C7-H7---O2 hydrogen bonds, to form 1D
chains running along the ¢ axis (Table 3, Figure 2).

3. 4. Description of the Structure of the
Complex

The perspective view of the complex together with
the atom numbering scheme is shown in Figure 3. The
coordination geometry around the V atom reveals a dis-
torted octahedral environment with NOs chromophore.
The hydrazone ligand behaves as a dianionic tridentate
ligand binding through the phenolate oxygen, the enolate
oxygen and the imine nitrogen, and occupies three posi-
tions in the equatorial plane. The fourth position of the
equatorial plane is occupied by the deprotonated metha-
nol ligand. The neutral methanol ligand occupies one axi-
al position of the octahedral coordination, and the other
axial position is defined by the oxido group. The vanadi-
um atom is found to be deviated from the mean equatori-
al planes defined by the four donor atoms by 0.310(2) A.
The V1-O5 bond length is longer than the normal single
bond lengths (2.358(5) A against 1.9-2.0 A). This shows
that the neutral methanol ligand is loosely attached to the
V center. This is due to the trans effect generated by the
oxido group. The remaining V-O bond lengths of 1.58—
1.95 A and the V-N bond length of 2.12 A are similar to
the corresponding bond values observed in other vanadi-
um(V) complexes.!! The C8-02 bond length in the com-
plex is 1.311(7) A, which is closer to single bond length
rather than C=0 double bond length. However, the short-
er length compared to C-O single bond may be attributed
to extended electron delocalization in the ligand.!? Simi-
larly shortening of C8-N2 bond length (1.308(7) A in-
stead of normal 1.38 A) together with the elongation of
N1-N2 bond length (1.398(6) A) also supports the elec-
tron cloud delocalization in the ligand system. The hydra-
zone ligand forms a five-membered and a six-membered
chelate rings with the V center. The five-membered metal-
lacycle ring is thus rather planar, but the six-membered
metallacycle ring is clearly distorted. The two benzene
rings form a dihedral angle of 4.3(5)°. The trans angles are
in the range 154.2(2)-173.7(2)°, indicating considerable

Figure 3. ORTEP plots (30% probability level) and numbering
scheme for the complex.
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distortion of the coordination octahedron around the V
center.

In the crystal structure of the complex, adjacent two
complex molecules are linked by intermolecular O5-
H5---N2 hydrogen bonds (Table 3), to form dimers (Table
3, Figure 4).

Figure 4. The molecular packing diagram of the complex, viewed
down the ¢ axis. Hydrogen bonds are shown as dashed lines.

3. 5. Catalytic Epoxidation Results

Before addition of aqueous TBHP at 80 °C, the com-
plex dissolved completely in the organic phase. The aqueous
phase of the solution was colorless and the organic phase
was brown, indicating that the catalyst is mainly confined in
the organic phase. TBHP is mainly transferred into the or-
ganic phase under those conditions, and for that reason the
reactant and products in the organic layer were analyzed.

Cyclooctene and cyclooctene oxide are not significantly sol-
uble in water, therefore the determination of the epoxide
selectivity (epoxide formation/cyclooctene conversion) is
expected to be accurate. For the cyclooctene epoxidation by
using aqueous TBHP, with no extra addition of organic sol-
vents, the present study shows effective activity. Kinetic pro-
files of the complex as catalyst are presented in Figure 5. No
induction time was observed. The cyclooctene conversion
for the complex is 93% after 5 h, and the selectivity towards
cyclooctene oxide is 67%. Possible mechanistic considera-
tion involves coordination of TBHP as a neutral molecule,
with the hydrogen bond O-H--O (Scheme 3).

100+

Conversion (%)
()] 0
T %
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o
1
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o
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Figure 5. Kinetic monitoring of cis-cyclooctene epoxidation with
TBHP-H,0 in the presence of the complex.

4. Conclusion

In summary, a new hydrazone compound 4-bro-
mo-N"-(2-hydroxybenzylidene)benzohydrazide was pre-
pared and structurally characterized. With the hydrazone

- tBUOOH Br
N /—_\ \N\/ «
\ o
o—y—° o—v=____
/V\\ K\o D
O SO

+ tBuOH

Scheme 3. Proposed mechanism for the catalytic process of the complex.
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compound, a new oxidovanadium(V) complex was syn-
thesized and characterized. Single crystal structures of the
hydrazone compound and the oxidovanadium(V) com-
plex were determined. The hydrazone compound coordi-
nate to the V atom through the NNO donor set. The V
atom of the complex is in octahedral coordination. The
complex can catalyze the epoxidation of cyclooctene, with
high conversion and selectivity.

5. Supplementary Data

CCDC numbers 1916011 for H,L and 1916013 for
the complex contain the supplementary crystallographic
data. These data can be obtained free of charge via http://
www.ccde.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Center, 12, Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336 033; or e-mail:
deposit@ccdc.cam.ac.uk.
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Povzetek

Sintetizirali smo nov oksidovanadijev(V) kompleks, [VOL(OCH;)(CH;0H)], kjer je H,L = 4-bromo-N’-(2-hidroksibe-
nziliden)benzohidrazid, in ga okarakterizirali z CHN elementno analizo, FT-IR, UV-Vis, 'H in 13C NMR spektroskopijo.
Strukturi prostega hidrazona in kompleksa smo okarakterizirali tudi z monokristalno rentgensko difrakcijo, ki je razkri-
la, da ima V atom oktaedri¢no koordinacijo ter da je hidrazon trovezni ligand. Raziskali smo tudi kataliti¢ne lastnosti
pri epoksidaciji.
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