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Abstract

Two new cis-dioxomolybdenum(VI) complexes with general formula [MoO,L(MeOH)], where L = L' = N’-(3,5-dibromo-
2-hydroxybenzylidene)-4-trifluoromethylbenzohydrazide for complex 1, and L = L? = N’~(3-bromo-5-chloro-2-hydroxy-
benzylidene)-4-trifluoromethylbenzohydrazide for complex 2, have been synthesized and fully characterized on the basis
of elemental analysis, FT-IR, molar conductivity, and electronic spectra. The complexes are also characterized by single
crystal X-ray diffraction. The complexes have distorted octahedral structures in which the aroylhydrazones behave as dia-
nionic ligands. It is also revealed from the crystal structures that the Mo(VI) center adopts NO, donor environment, and the
octahedral coordination is furnished by two oxido groups and oxygen atoms of neutral methanol molecules. The catalytic
properties were investigated for epoxidation of cyclooctene using aqueous zert-butyl hydroperoxide as the oxidant.
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1. Introduction

In the last 60 years, Schiff base ligands and their
transition metal complexes have attracted considerable at-
tention, not only for their facile synthesis, but also for po-
tential biological, catalytic and industrial applications.' In
recent years, vanadium complexes with hydrazones have
been widely studied, either from the structural or catalytic
aspect.” As we know, catalytic epoxidation of olefins is an
important reaction in organic synthesis. Many transition
metal complexes are active catalysts for this process.® Yet,
among the complexes, molybdenum complexes have a
unique place in coordination chemistry and have displa-
yed very high catalytic activities in the oxidation of ole-
fins and sulfides.* In the present work, two similar
aroylhydrazone Schiff bases, N’-(3,5-dibromo-2-
hydroxybenzylidene)-4-trifluoromethylbenzohydrazide
(H2L') and N’-(3-bromo-5-chloro-2-hydroxybenzylide-
ne)-4-trifluoromethylbenzohydrazide (HZLQ), were prepa-

red and used to prepare dioxomolybdemum(VI) comple-
xes with [MoO,(acac),] in methanol. The catalytic proper-
ties were investigated for epoxidation of cyclooctene us-
ing aqueous fert-butyl hydroperoxide as the oxidant.

2. Experimental
2. 1. Materials and Methods

4-Trifluoromethylbenzohydrazide was prepared as
described in the literature.” 3,5-Dibromosalicylaldehyde
and 3-bromo-5-chlorosalicylaldehyde were purchased
from Alfa Aesar and used as received. [MoO,(acac),] was
prepared as described in the literature.® Reagent grade sol-
vents were used as received. Microanalyses of the com-
plexes were performed with a Vario EL IIT CHNOS ele-
mental analyzer. Infrared spectra were recorded as KBr
pellets with an FTS-40 spectrophotometer. Electronic
spectra were recorded on a Lambda 900 spectrometer. The
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catalytic reactions were followed by gas chromatography
on an Agilent 6890A chromatograph equipped with an
FID detector and a DB5-MS capillary column (30 m x
0.32 mm, 0.25 ym). Molar conductance measurements
were made by means of a Metrohm 712 conductometer in
acetonitrile. "H NMR spectra were recorded on a Bruker
spectrometer at 300 MHz.

2. 2. Synthesis of the Aroylhydrazone Schiff
Bases

The aroylhydrazone Schiff bases H,L' and H,L* were
synthesized in a similar way by refluxing a methanolic solu-
tion (30 mL) of 4-trifluoromethylbenzohydrazide (10 mmol,
2.04 g) with 3,5-dibromosalicylaldehyde (10 mmol, 2.80 g)
and 3-bromo-5-chlorosalicylaldehyde (10 mmol, 2.35 g),
respectively. Reflux was continued for 1 h in oil bath during
which a solid compound separated. It was filtered and was-
hed with cold methanol. The crude product was recrystalli-
zed from methanol and dried over anhydrous CaCl,.

H2L1: Yield: 3.73 g (80%). IR data (KBr pellet,
cm™): 3351 (O-H), 3218 V(N-H), 1653 w(C=0), 1615
v(C=N). UV-Vis data in methanol (nm): 283, 362, 425.
Analysis: Found: C 38.50, H 2.02, N 5.93%. Calculated
for C,H,Br,F,N,0,: C 38.66, H 1.95, N 6.01%. '"H NMR
(300 MHz, d®-DMSO0): §12.13 (s, 1H, OH), 11.22 (s, 1H,
NH), 8.71 (s, 1H, CH=N), 7.92 (d, 2H, ArH), 7.72-7.85
(m, 4H, ArH).

H,L* Yield: 3.85 g (91%). IR data (KBr pellet,
cm™): 3347 W(O-H), 3227 v(N-H), 1655 w(C=0), 1617
v(C=N). UV-Vis data in methanol (nm): 281, 360, 425.

Table 1. Crystallographic Data for the Complexes

Analysis: Found: C 42.91, H 2.23, N 6.55%. Calculated
for C,;H,BrCIF,N,O,: C 42.73, H 2.15, N 6.64%. 'H
NMR (300 MHz, d°-DMSO): § 12.37 (s, 1H, OH), 11.15
(s, 1H, NH), 8.72 (s, 1H, CH=N), 7.92 (d, 2H, ArH), 7.83
(d, 2H, ArH), 7.49-7.56 (m, 2H, ArH).

2. 3. Preparation of the Complexes

The complexes [MoOle(MeOH)] (1) and [Mo-
OZLZ(MeOH)] (2) were prepared in a similar way by ref-
luxing a methanolic solution (30 ml) of [MoO,(acac),]
(1.0 mmol, 0.33 g) with methanolic solutions of H2Ll (1.0
mmol, 0.47 g) and HZL2 (1.0 mmol, 0.42 g), respectively.
Initially on mixing the two components immediately an
orange yellow color was observed. The mixture was reflu-
xed for 1 h. Orange crystals were formed during slow eva-
poration of the reaction mixture. The resulting orange cry-
stals were filtered, washed with cold methanol and dried
over anhydrous CaCl,.

[MoO,L'(MeOH)] (1): Yield: 0.40 g (69%). IR data
(KBr pellet, cm™): 3461 v(O-H), 1606 v(C=N), 1326
V(C=0 enotare)» 1135 VIN=N), 948 v, (cis-MoO,). 852
V,sym(€is-M0O,). UV-Vis data in acetonitrile (nm): 293,
305, 335, 407. Molar conductance (10~ M, acetonitrile):
25 Q7" cm?- mol™. Analysis: Found: C 33.32, H2.03, N
4.75%. Calculated for C, H,,BrCIF;MoN,O,: C 33.16, H
1.91, N 4.83%. '"H NMR (300 MHz, d°-DMSO): 6 10.56
(s, 1H, OH), 8.37 (s, 1H, CH=N), 8.11 (d, 2H, ArH), 7.63-
7.85 (m, 4H, ArH), 3.35 (s, 3H, CH,).

[MOOZLZ(MGOH)] (2): Yield: 0.35 g (56%). IR data
(KBr pellet, cm™): 3450 v(O-H), 1605 v(C=N), 1324

1 2
Empirical formula C,(H,,Br,F;MoN,0, C,(H,,BrCIF;MoN,O,
Formula weight 624.03 579.57
Crystal system monoclinic monoclinic
Space group P2,/c P2,/c
alA] 14.9598(10) 14.8713(9)
b[A] 7.7777(5) 7.7280(6)
c[A] 17.2464(10) 17.2061(11)
BI°] 92.323(2) 93.017(2)
VA3 2005.0(2) 1974.7(2)
Z 4 4
Pegtea g cm™] 2.067 1.949
u [mm™] 4.698 2.881
F(000) 1200 1128
Measured reflections 11309 10411
Independent reflections 3724 3671
Observed reflections (I > 20(0)) 2529 2608
Parameters 265 266
Data completeness 1.023 1.017

Final R indices [I > 20(])]

R indices (all data)

Goodness-of-fit on F?

Largest difference in peak and hole (¢ A~)

0.0444, 0.0905
0.0790, 0.1057
1.023

0.810 and —-0.894

0.0406, 0.0936
0.0669, 0.1043
1.017

0.751 and -0.757
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V(C=0 jenotae)s 1132 VIN-N), 947 v (cis-M0O,), 853

Vasy a(cis-Mo0O,). UV-Vis data in acetomtrlle (nm): 293,
304 325, 409 Molar conductance (107> M, acetonitrile):
23 Q7' cm?- mol™!. Analysis: Found: C 30.67, H 1.85, N
4.56%. Calculated for C,H, ,Br,F;MoN,O,: C 30.80, H
1.78, N 4.49%. '"H NMR (300 MHz, d®-DMSO): § 10.47
(s, 1H, OH), 8.37 (s, 1H, CH=N), 8.11 (d, 2H, ArH), 7.69
(d, 2H, ArH), 7.50 (s, 1H, ArH), 7.56 (s, 1H, ArH), 3.35
(s, 3H, CH,).

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 10\) at 298(2) K. The data were
corrected with SADABS programs and refined on F> with
Siemens SHELXL software.” The structures were solved
by direct methods and difference Fourier syntheses. All
non-hydrogen atoms were refined anisotropically. The
methanol hydrogen atoms were located from difference
Fourier maps and refined isotropically, with O—H distances
restrained to 0.85(1) A. The remaining hydrogen atoms
were placed in calculated positions and included in the last
cycles of refinement. Crystal data and details of the data
collection and refinement are listed in Table 1. Selected
coordinate bond lengths and angles are listed in Table 2.

2. 5. Catalytic Epoxidation Process

A mixture of cyclooctene (2.76 mL, 20 mmol), ace-
tophenone (internal reference) and the complexes as ca-
talysts (0.05 mmol) was stirred and heated up to 80 °C be-
fore addition of aqueous tert-butyl hydroperoxide (TBHP;
70% wiw, 5.48 mL, 40 mmol). The mixture is initially an
emulsion, but two phases become clearly visible as the
reaction progresses, a colorless aqueous one and a yello-
wish organic one. The reaction was monitored for 5 h with

X Cc

Br

Br
Me

SN7
_\
/

25 H

HO CF,
H
+ N
OH H,N
0
: p

Table 2. Selected Bond Lengths (A) and Angles (°) for the Com-

plexes
1 2
Mol1-01 1.930(4) 1.923(3)
Mo1-02 2.004(4) 2.002(3)
Mo1-03 1.680(4) 1.681(4)
Mol1-04 2.321(4) 2.318(3)
Mo1-05 1.699(3) 1.688(3)
Mol-N1 2.262(4) 2.257(3)
03-Mo1-05 105.6(2) 105.66(16)
03-Mo1-01 98.6(2) 98.97(18)
05-Mo1-01 103.24(18) 103.11(14)
03-Mo1-02 95.9(2) 96.00(17)
05-Mo1-02 98.37(17) 98.08(13)
O1-Mo1-02 149.54(15) 149.57(12)
03-Mo1-N1 94.44(17) 94.44(14)
0O5-Mol1-N1 158.47(17) 158.32(14)
O1-Mo1-N1 80.88(15) 81.18(12)
02-Mo1-N1 71.39(15) 71.34(11)
03-Mo1-04 169.59(15) 169.78(13)
05-Mo1-04 84.13(16) 83.86(13)
O1-Mo1-04 82.32(16) 82.10(13)
02-Mo1-04 78.80(15) 78.70(12)
N1-Mol1-04 75.42(13) 75.63(11)

withdrawal and analysis of organic phase aliquots (0.1 m-
L) 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.

3. Results and Discussion

3. 1. Synthesis

The aroylhydrazone Schiff bases and their comple-
xes were synthesized in a facile and analogous way
(Scheme 1).

ooh
|

CF

MeOH

MoO,(acac),

MeOH

X = Brfor (1), Cl for (2)

Scheme 1. The synthesis of the aroylhydrazone Schiff bases and the complexes
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The aroylhydrazone Schiff bases act as tridentate
dianionic ONO donor ligands toward the M0022+ core.
Both Mo(VI) complexes were obtained from a refluxing
mixture of the respective ligand and [MoO,(acac),] in 1:1
molar proportion in methanol. Complexes of the general
formula [MoO,L(MeOH)] were isolated as orange single
crystals from the reaction mixture by slow evaporation at
room temperature. The complexes are stable at room tem-
perature and are found to be fairly soluble in most of the
common organic solvents such as methanol, ethanol, ace-
tonitrile, DMF and DMSO. The low molar solution con-
ductance of the complexes in acetonitrile, indicates the
complexes have non-electrolyte behavior.

3. 2. IR and Electronic Spectra

IR spectra of the aroylhydrazone Schiff bases show
bands at about 3220 cm™ for v(N-H), 3350 cm™! for
V(O-H), and 1654 cm™! for v(C=0).% The peaks attributed
to V(N-H) and v(C=0) are absent in the spectra of the
complexes as each ligand binds in dianionic form resul-
ting in losing proton from carbohydrazide group. Strong
bands observed at 1606 cm™ for 1 and 1605 cm™ for 2 are
attributed to v(C=N), which are located at lower frequen-
cies as compared to the free aroylhydrazone Schiff bases,
viz. 1615 cm™ for H2L1 and 1617 cm™ for H2L2.9 The two
molybdenum complexes exhibit two characteristic bands
at 948 cm™' and 852 cm™ for asymmetric and symmetric
stretching of cis-MoO,** core, respectively.'” Due to IR
data, it is obvious that ligands exist in the uncoordinated
form in keto-amino tautomer form and in the complexes in
imino-enol tautomeric form. This is not uncommon in the
coordination of aroylhydrazone Schiff bases.!!

Electronic spectra of the complexes recorded in ace-
tonitrile solution display strong and medium absorption
bands centered at 408 and 293 nm. These peaks are assig-
ned as charge transfer transitions of the type
N(pm)-Mo(dm) and O(pm)-Mo(drn), respectively,’ as the
ligand based orbitals are either N or O donor types. The

Table 3. Hydrogen Bonding for the Complexes

slight change of A values within each set of peaks may
be due to the difference of electron donating capacity of

the ligands.

3. 3. Description of Structures

The perspective view of complexes 1 and 2 together
with the atom numbering scheme are shown in Figures 1
and 2, respectively. The coordination geometry around the
molybdenum(VI) atom in the complexes reveals a distor-
ted octahedral environment with NO; chromophore. The
aroylhydrazone Schiff base behaves as dianionic tridenta-
te ligand binding through the phenolate oxygen, the eno-
late oxygen and the imine nitrogen, and occupies three po-
sitions in the equatorial plane. One oxo group is located
trans to the imine nitrogen in the equatorial plane. The ot-
her oxo group and the methanol oxygen are located at the
axial positions. The two terminal oxo groups are hence cis
to each other and exhibit typical Mo=0O double bond di-
stances.'> The chelate rings are fused along Mol-N1
bonds. The molybdenum is found to be deviated from the
mean equatorial plane defined by the four donor atoms by
0.311(1) A for 1 and 0.314(1) A for 2. The Mo-O__, |
bond lengths in the complexes are longer than the normal
single bond lengths (2.31-2.33 A against 1.9-2.0 A). This
shows that the methanol molecule is loosely attached to
the Mo(VI) center.'® The remaining Mo—O bond lengths
are similar to other molybdenum(VI) complexes.!* The
bond between Mo and the azomethine nitrogen in comple-
xes 1 and 2 are 2.262(4) A and 2.257(3) A, respectively,
which is comparatively longer than the normal Mo—N sin-
gle bonds. This is due to the trans effect generated by the
oxo group trans to the Mo—N bond.”® The C(8)-0(2) bond
lengths in the complexes are 1.30-1.32 /f\, which corres-
pond to single bond length of the C, ~OH type. However,
the shorter length compared to C—O single bond may be
attributed to extended electron delocalization in the li-
gands.9b Similarly shortening of C(8)-N(2) bond length
(1.31 A instead of normal 1.38 A) together with the elon-

D-H-A dD-H) (A) dH~A) (A) dD~A) (A) Angle(D-H--A) (°)
1

03-H3---N2! 0.85(1) 2.00(2) 2.836(5) 167(7)
C6-H6---04' 0.93 2.49(2) 3.359(5) 157(6)
C7-H7--05' 0.93 2.55(2) 3.119(5) 120(6)
C19-H19B--05" 0.96 2.46(3) 3.279(6) 143(6)
2

O4-H4--N2" 0.85(1) 1.99(2) 2.826(4) 169(5)
C6-H6--05" 0.93 2.46(3) 3.331(5) 156(5)
C7-H7--03" 0.93 2.52(3) 3.091(5) 120(6)
C16-H16B---03"i 0.96 2.49(3) 3.286(5) 140(5)

Symmetry codes: (i) 1 —x,—y,—z; (i) x, 1/12—y, =172+ z; (iii)) l =x, 1 =y, =z (V) x, =1 +y, 25 (V) 2—x, 1 —y, 1 —z; (vi) x, 3/2 =y, —1/2 + z; (vii)

—-x, 1=y, —z (viii)x, l +y, z.
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gation of N(1)-N(2) bond length also supports the elec-
tron cloud delocalization in the ligand system.”® The
aroylhydrazone Schiff base ligand forms a five-membered
and a six-membered chelate rings with the Mo center. The
dihedral angle between the two phenyl rings is 6.8(3)° for
1 and 5.9(5)° for 2. The trans angles between the donor
atom of the methanol ligand and the oxo atom are
169.57(15)° for 1 and 169.78(13)° for 2, indicating consi-
derable distortion of the coordination octahedron around
the Mo(VI) center. It is usually that -Cl and -Br analogous
derivatives perform isostructurality in the solid-state due

Figure 1. ORTEP plots (30% probability level) and numbering
scheme for 1.

Figure 2. ORTEP plots (30% probability level) and numbering
scheme for 2.

Figure 3. Hydrogen bond (dashed lines) linked structure of 1, vie-
wed down the ¢ axis.

Figure 4. Hydrogen bond (dashed lines) linked structure of 2, vie-
wed down the ¢ axis.

to similar unit cell parameteres and moreover analogous
crystal packings motifs.

The crystal packing diagrams of the complexes are
quite similar (Figure 3 and Figure 4). The two adjacent
complex molecules are linked by two O-H:--N hydrogen
bonds (Table 3), to form dimer. The dimers are further lin-
ked through intermolecular hydrogen bonds of C-H---O,
to form one-dimensional chains running along b axis.

3. 4. Catalytic Epoxidation Results

Before addition of aqueous TBHP at 80 °C, the
molybdenum complexes dissolve completely in the orga-
nic phase. The aqueous phase of the solution was color-
less and the organic phase was yellowish, indicating that
the catalyst is mainly confined in the organic phase.
TBHP is mainly transferred into the organic phase under
those conditions, and for that reason the reactant and pro-
ducts in the organic layer were analyzed. Cyclooctene and
cyclooctene oxide are not significantly soluble in water,
therefore the determination of the epoxide selectivity
(epoxide formation/cyclooctene conversion) is expected
to be accurate. The obtained results are given in Table 4.
For the cyclooctene epoxidation by using aqueous TBHP,
with no extra addition of organic solvents, the present
study shows effective activity. Kinetic profiles of the
molybdenum complexes as catalysts are presented in Fi-
gure 5. No induction time was observed. The cyclooctene
conversion for the molybdenum complexes is high after 5
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Table 4. Catalytic Results for the Cyclooctene Epoxidation by

Aqueous TBHP*
Conversion Selectivity TOF .
Catalyst (%) (%) (h1)? TON
1 87 55 362 377
2 85 56 365 382
[MoO,(acac),] 73 82 387 405

* Reaction conditions: time, 5 h; temperature, 80 °C. Molybdenum
complex/cyclooctene/TBHP molar ratio: 0.25/100/200. ° For
cyclooctene, calculated after 5 h. © Formed epoxide per converted
olefin after 5 h. ¢ n(cyclooctene transformed)/n(catalyst)/time at
20 minutes. ° n(cyclooctene transformed)/n(catalyst at 5 h).

" | | | I I J i T T T T
P —8 ]
80 P |
- = |
2 60- / |
S .
k=] | / |
L
S 40 |
=
=]
@)
204 |
0 T ; l | | |
0 50 100 150 200 250 300
Time / min

Figure 5. Kinetic monitoring of cis-cyclooctene epoxidation with
TBHP-H,0 in the presence of the molybdenum complexes. e re-
presents 1, m represents 2.

h, viz. 87% for 1 and 85% for 2. A negative control expe-
riment using [MoO,(acac),] as catalyst has been perfor-
med for comparison. The cyclooctene conversion for

[MoO,(acac),] is lower than the complexes, however, the
selectivity is higher than the complexes. The usage of Mn-
0O, is to decompose of excessive fert-butyl hydroperoxide.
MnO, itself cannot oxidize cyclooctene to epoxycyclooc-
tane.

Possible mechanistic consideration involves coordi-
nation of TBHP as a neutral molecule, with the hydrogen
bond O-H:--O (Scheme 2). Even though high conversion
of cyclooctene is observed, selectivity towards cycloocte-
ne oxide is not high, 55% for 1 and 56% for 2.

4. Conclusion

In summary, two new structurally similar cis-dioxo-
molybdenum(VI) complexes with tridentate aroylhydra-
zone ligands have been synthesized and characterized.
The Mo atoms of the complexes are in octahedral coordi-
nation. The complexes can catalyze the epoxidation of
cyclooctene, with high conversion but low selectivity.

5. Supplementary Material

CCDC numbers 1433321 and 1433322 contain the
supplementary crystallographic data for the complexes 1
and 2, respectively. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrie-
ving.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 dva nova cis-dioksomolibdenova(VI) kompleksa s splo§no formulo [MoO,L(MeOH)], kjer je L = L'=
N’-(3,5-dibromo-2-hidroksibenziliden)-4-trifluorometilbenzohidrazid (1) oziroma L = L? = N’-(3-bromo-5-kloro-2-
hidroksibenziliden)-4-trifluorometilbenzohidrazid (2) ter ju okarakterizirali z elementno analizo, FT-IR, molsko
prevodnostjo in UV-Vis spektroskopijo. Kompleksa sta bila strukturo okarakterizirana tudi z monokristalno rentgensko
difrakcijo. Kompleksa imata popaceno oktaedri¢no strukturo z aroilhidrazonom kot dianionskim ligandom. Iz kristalne
strukture je razvidno, da ima Mo(VI) center NO, donorsko okolje ter da sta del oktaedri¢ne strukture dve oksido skupi-
ni in atom kisika iz molekule metanola. Kataliticne lastnosti so bile raziskane na primeru epoksidacije ciklooktena z
uporabo vodne raztopine terc-butil hidroperoksida kot oksidanta.
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