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Synthesis and Crystal Structures of Dioxomolybdenum(VI)
Complexes With Catalytic Property

Nan-Yan Jin and Wen-Hui Li
College of Chemical Engineering and Pharmacy, Jingchu University of Technology, Jingmen Hubei,
P. R. China

Two new dioxomolybdenum(VI) complexes, [MoO2L1(CH3

OH)] (1) and [MoO2L2(CH3OH)] (2), where L1 and L2 are the
dianionic form of isonicotinic acid (1-methyl-3-oxobutylidene)
hydrazide and nicotinic acid (1-methyl-3-oxobutylidene)hydra-
zide, respectively, were prepared and structurally characterized
by physicochemical and spectroscopic methods and single crystal
X-ray determination. The complexes are mononuclear molybde-
num compounds. The Mo atom in each complex is in octahedral
coordination. The catalytic property of the complexes indicates
that they are effective catalyst for sulfoxidation.

Keywords catalytic property, crystal structure, hydrazone, molybde-
num complex, synthesis

INTRODUCTION
The mechanism of molybdenum oxotransferase has been

received considerable interest for a long time. The synthe-
sis, characterization, and reactivity studies of a number of
dioxomolybdenum complexes with Schiff bases have been re-
ported.[1–4] Some of the complexes have been shown to possess
oxygen atom transfer properties as they were found to oxidize
thiols, hydrazine, polyketones, and tertiary phosphines.[5,6] Sul-
foxidation activity has been reported for molybdenum salts,
composite metal oxides, molybdate doped porous carbons, and
molybdenum-containing molecular sieves.[7–10] The catalytic
ability of dioxomolybdenum(VI) complexes with hydrazone lig-
ands toward the oxidation of sulfides has received satisfactory
results.[11,12] However, the number of documented dioxomolyb-
denum(VI) complexes catalyzing the peroxidic oxidation of sul-
fides is still very limited. The search in the Cambridge Crystal-
lographic Database (version 5.31 with addenda up to August,
2010)[13] revealed that there were only 36 mono- and dinuclear
molybdenum(VI) complexes with hydrazone ligands have been
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reported. In the present article, two new dioxomolybdenum(VI)
complexes, [MoO2L1(CH3OH)] (1) and [MoO2L2(CH3OH)]
(2), where L1 and L2 are the dianionic form of isonicotinic
acid (1-methyl-3-oxobutylidene)hydrazide (H2L1; Scheme 1)
and nicotinic acid (1-methyl-3-oxobutylidene)hydrazide (H2L2;
Scheme 1), respectively, are reported. The catalytic property
of the complexes indicates that they are effective catalysts for
sulfoxidation.

EXPERIMENTAL
All chemicals and solvents were of analytical reagent grade,

and were purchased from Beijing Chemical Reagent Com-
pany (China). Microanalyses (C, H, N) were performed using
a Perkin-Elmer 2400 elemental analyzer (Shanghai, China). In-
frared spectra were carried out using the JASCO FT-IR model
420 spectrophotometer (Japan) with KBr disk in the region
4000–200 cm−1. Electronic spectra were recorded on a Shi-
madzu UV 3101 spectrophotometer (Japan).

Syntheses of [MoO2L1(CH3OH)] (1)
A hot methanol solution (15 mL) of MoO2(acac)2 (0.33 g,

1 mmol) was added to a hot methanol solution (15 mL) of
isonicotinohydrazide (0.14 g, 1 mmol). The mixture was stirred
for 30 min at reflux, and then cooled to room temperature to give
yellow solution. Single crystals suitable for X-ray diffraction
were formed by slow evaporation of the methanol solution of
the complex in air for a few days. Yield: 45%. Anal. Calcd. for
C12H15MoN3O5: C, 38.2; H, 4.0; N, 11.1. Found: C, 38.0; H,
4.1; N, 11.2%.

Syntheses of [MoO2L2(CH3OH)] (2)
A hot methanol solution (15 mL) of MoO2(acac)2 (0.33 g,

1 mmol) was added to a hot methanol solution (15 mL) of
nicotinohydrazide (0.14 g, 1 mmol). The mixture was stirred for
30 min at reflux, and then cooled to room temperature to give
yellow solution. Single crystals suitable for X-ray diffraction
were formed by slow evaporation of the methanol solution of
the complex in air for a few days. Yield: 61%. Anal. Calcd. for
C12H15MoN3O5: C, 38.2; H, 4.0; N, 11.1. Found: C, 38.1; H,
4.1; N, 11.2%.
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SCH. 1. The hydrazone ligands H2L1 (left) and H2L2 (right).

X-Ray Structure Determination
X-ray measurements were performed using a Bruker Smart

1000 CCD diffractometer (Germany) with graphite monochro-
mated Mo Ka radiation (λ= 0.71073 Å) using the ω-scan tech-
nique. Determination of the Laue class, orientation matrix, and
cell dimensions was performed according to the established pro-
cedures where Lorentz polarization and absorption corrections
were applied. Absorption corrections were applied by fitting a
pseudoellipsoid to theψ-scan data of selected strong reflections
over a wide range of 2θ angles. The positions of non-hydrogen
atoms were located with direct methods. Subsequent Fourier
syntheses were used to locate the remaining non-hydrogen
atoms. All non-hydrogen atoms were refined anisotropically.
The methanol H atoms in both complexes were located from
difference Fourier maps and refined isotropically, with O–H
distances restrained to 0.85(1) Å. The remaining hydrogen
atoms were placed in calculated positions and constrained to
ride on their parent atoms. The analyses were performed with
the aid of the SHELXS-97 and SHELXL-97 suite of codes
(Germany).[14,15] The crystallographic data for the complexes
are summarized in Table 1. Selected bond lengths and angles
are given in Table 2. Hydrogen bonds are listed in Table 3.

RESULTS AND DISCUSSION
The dioxomolybdenum(VI) complexes were synthesized by

the reaction of the MoO2(acac)2 with isonicotinohydrazide and
nicotinohydrazide, respectively, in methanol in a 1:1 mole pro-
portion at reflux. The ligands H2L1 and H2L2 were formed by
the condensation reaction of isonicotinohydrazide and nicoti-
nohydrazide with acetylacetone come from MoO2(acac)2, re-
spectively. The reaction progress (Scheme 2) is accompanied
by a color change of the solution from colorless to yellow. We
attempted to prepare and grow diffraction quality crystals from
various solvents; however, good quality crystals were finally
obtained from methanol. The chemical formulae of the com-

TABLE 1
Crystal data for the complexes

1 2

Chemical formula C12H15MoN3O5 C12H15MoN3O5

Fw 377.2 377.2
Crystal shape/color Block/yellow Block/yellow
Crystal size (mm) 0.32 × 0.30 0.32 × 0.30

× 0.30 × 0.30
T (K) 298(2) 298(2)
λ (MoKα) (Å) 0.71073 0.71073
Crystal system Monoclinic Monoclinic
Space group Cc P21/n
a (Å) 14.279(2) 7.847(1)
b (Å) 7.676(1) 8.012(1)
c (Å) 14.087(2) 23.477(2)
β (◦) 112.216(1) 96.597(2)
V (Å3) 1429.4(3) 1466.2(3)
Z 4 4
µ (MoKα) (cm−1) 0.943 0.919
T (min) 0.752 0.852
T (max) 0.765 0.859
Dc (g cm−3) 1.753 1.709
Reflections/parameters 2532/196 3161/196
Restraints 3 1
Unique reflections 2161 2674
Goodness of fit on F2 1.034 1.108
Rint 0.0163 0.0218
R1 [I ≥ 2σ (I)] 0.0232 0.0325
wR2 [I ≥ 2σ (I)] 0.0547 0.0723
R1 (all data) 0.0290 0.0419
wR2 (all data) 0.0585 0.0765

plexes have been confirmed by elemental analyses, IR spectra,
and X-ray single-crystal structure determination.

Structure Description of the Complexes
The molecular structures of the complexes are shown in Fig-

ures 1 and 2, respectively. The structures of the complexes are
very similar to each other. In each of the complexes, the co-
ordination geometry around the Mo atom can be described as
slightly distorted octahedral, with one imino N and two enolic

SCH. 2. The preparation of the complexes. For 1, X = N, Y = C; for 2, X = C, Y = N.
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TABLE 2
Selected bond lengths (Å) and angles (◦) for the complexes

1
Bond lengths
Mo1-O1 2.008(2) Mo1-O2 1.958(3)
Mo1-O3 2.351(3) Mo1-O4 1.681(3)
Mo1-O5 1.698(3) Mo1-N3 2.214(3)
Bond angles
O4-Mo1-O5 105.3(2) O4-Mo1-O2 98.0(1)
O5-Mo1-O2 101.4(1) O4-Mo1-O1 97.6(1)
O5-Mo1-O1 96.4(1) O2-Mo1-O1 152.2(1)
O4-Mo1-N3 97.8(1) O5-Mo1-N3 155.7(1)
O2-Mo1-N3 82.1(1) O1-Mo1-N3 73.1(1)
O4-Mo1-O3 173.0(1) O5-Mo1-O3 81.6(1)
O2-Mo1-O3 81.2(1) O1-Mo1-O3 80.6(1)
N3-Mo1-O3 75.2(1)
2
Bond lengths
Mo1-O1 2.000(2) Mo1-O2 1.946(2)
Mo1-O3 2.376(2) Mo1-O4 1.694(3)
Mo1-O5 1.704(2) Mo1-N3 2.226(2)
Bond angles
O4-Mo1-O5 105.7(1) O4-Mo1-O2 97.9(1)
O5-Mo1-O2 101.7(1) O4-Mo1-O1 98.0(1)
O5-Mo1-O1 96.6(1) O2-Mo1-O1 151.5(1)
O4-Mo1-N3 97.9(1) O5-Mo1-N3 155.3(1)
O2-Mo1-N3 81.9(1) O1-Mo1-N3 72.6(1)
O4-Mo1-O3 173.2(1) O5-Mo1-O3 81.1(1)
O2-Mo1-O3 80.2(1) O1-Mo1-O3 81.3(1)
N3-Mo1-O3 75.4(1)

TABLE 3
Distances (Å) and angles (◦) involving hydrogen bonding of

the complexes

Angle
D−H···A d(D−H) d(H···A) d(D···A) (D−H···A)

1
O3−H3···N1i 0.85(1) 1.84(1) 2.676(4) 171(5)
2
O3−H3···N1ii 0.85(1) 1.88(1) 2.724(3) 178(4)

Symmetry codes: i) 1/2 + x, –1/2 – y, 1/2 + z; ii) 1 – x, 1 – y, 1 – z.

O atoms of the dianionic hydrazone ligand, and with one oxo
O atom defining the equatorial plane, and with one O atom
of a methanol ligand and the other oxo O atom occupying the
axial positions. The hydrazone ligands coordinate to the Mo
atoms in meridional fashion forming five- and six-membered
chelate rings with bite angles of 73.1(1) and 82.1(1)◦ for 1, and
72.6(1) and 81.9(1)◦ for 2. The displacement of the Mo atoms

FIG. 1. Molecular structure of 1 with 30% probability thermal ellipsoids.

from the equatorial mean planes toward the apical oxo atoms
O4 are 0.335(2) Å for 1 and 0.342(2) Å for 2. The hydrazone
ligands are coordinated in their dianionic enolic forms, which
are evident from the C6–O1, C6–N2, C8–C9, and C9–O2 bond
lengths (Table 2). The Mo–O, Mo–N, and Mo = O bonds are
within normal ranges and are similar to those observed in similar
dioxomolybdenum(VI) complexes.[16–20]

In the crystal structure of 1, the complex molecules are linked
through intermolecular O—H···N hydrogen bonds to form 1D
chains, as shown in Figure 3. In the crystal structure of 2, ad-
jacent two complex molecules are linked through intermolec-
ular O—H···N hydrogen bonds to form a dimer, as shown in
Figure 4.

IR Spectra
The weak bands centered at about 3435 cm−1 in the IR spec-

tra of the complexes can be assigned to the νOH vibrations of the
methanol ligands. For both complexes, the Mo O stretching

FIG. 2. Molecular structure of 2 with 30% probability thermal ellipsoids.
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1170 N.-Y. JIN AND W.-H. LI

FIG. 3. Molecular packing of 1, viewed along the b axis. Hydrogen bonds are
drawn as thin dashed lines.

modes occur as a pair of sharp strong bands at about 940 and
910 cm−1, assigned to the antisymmetric and symmetric stretch-
ing modes of the dioxomolybdenum(VI) moieties. The bands
due to the νC O and νNH were absent in the complexes, and
new C–O stretches appear at 1252–1260 cm−1. This suggests
occurrence of ketoimine tautomerization of the hydrazone lig-
ands during the coordination. The strong bands indicative of the
C N–N C groups in the complexes are shifted to 1612 cm−1

for the complexes. The new weak peaks observed in the range
350–800 cm−1 may be attributed to the Mo–O and Mo–N vi-
brations in the complexes. The IR spectra of the two com-
plexes are similar to each other, indicating the complexes are of
the similar structures, as evidenced by the single crystal X-ray
determination.

FIG. 4. Molecular packing of 2, viewed along the b axis. Hydrogen bonds are
drawn as thin dashed lines.

Catalytic Property
The catalytic oxidation tests of the complexes on the oxida-

tion of sulfides under homogeneous conditions in solution using
methyl phenyl sulfide (thioanisol) as substrate were carried out
according to the literature method.[12] As oxidant hydrogen per-
oxide was used in a slight excess of 1.25 equivalents based
on the sulfide substrate. Reactions were run with 1 mol% of
catalyst based on the substrate at a temperature of 10◦C. The
reaction was started by the addition of hydrogen peroxide. A
control reaction under the same condition without any complex
present leads to less than 1% sulfide conversion within 4 h. In
the presence of the complexes conversions of about 76% for 1
and 73% for 2 of sulfide to the corresponding sulfoxide within
30 min reaction time were observed. After about 2 h in all cases
the conversions of total amount of sulfide were complete. Under
the given conditions no over oxidation to the sulfone could be
detected.

CONCLUSION
In summary, two new dioxomolydenum(VI) complexes

with similar hydrozone ligands isonicotinic acid (1-methyl-
3-oxobutylidene)hydrazide and nicotinic acid (1-methyl-3-
oxobutylidene)hydrazide, respectively, have been prepared and
structurally characterized. The hydrazone ligands coordinate to
the Mo atoms through the imino N and ethanolic O atoms. The
Mo atoms in the complexes are in octahedral coordination. The
complexes have effective catalytic property to the oxidation of
sulfides. The position of the N atom in the pyridine ring plays
no obvious role for the catalytic procedure.

SUPPLEMENTARY MATERIALS
CCDC 854396 (1) and 854397 (2) contain the

supplementary crystallographic data for the com-
plexes. These data can be obtained free of charge via
http://www.ccdc.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44)1223–336-033; or email:
deposit@ccdc.cam.ac.uk.

REFERENCES
1. Szklarzewicz, J. Oxo-tricyano complexes of molybdenum(IV) with salicy-

laldehydehydrazone. Transition Met. Chem. 2001, 26, 189–194.
2. Tangestaninejad, S.; Moghadam, M.; Mirkhani, V.; Mohammadpoor-

Baltork, I.; Ghani, K. Alkene epoxidation catalyzed by molybdenum sup-
ported on functionalized MCM-41 containing N-S chelating Schiff base
ligand. Catal. Commun. 2009, 10, 853–858.

3. El-Tabl, A.S.; Issa, R.M.; Morsi, M.A. Synthesis and characterization of
chromium(III), molybdenum(III), ruthenium(III) and osmium(III) com-
plexes with N2O2-Schiff bases of 2-hydroxy-1-naphthaldimines. Transition
Met. Chem. 2004, 29, 543–549.

4. Grivani, G.; Tangestaninejad, S.; Halili, A. A readily prepared, highly
reusable and active polymer-supported molybdenum carbonyl Schiff base
complex as epoxidation catalyst. Inorg. Chem. Commun. 2007, 10,
914–917.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
Sa

nt
a 

C
ru

z]
 a

t 1
8:

20
 2

5 
N

ov
em

be
r 

20
14

 



DIOXOMOLYBDENUM(VI) COMPLEXES 1171

5. Sheikhsoaie, I.; Rezaeffard, A.; Monadi, N.; Kaafi, S. A novel tridentate
Schiff base dioxo-molybdenum(VI) complex: Synthesis, crystal structure
and catalytic performance in green oxidation of sulfides by urea hydrogen
peroxide. Polyhedron 2009, 28, 733–738.

6. Rao, S.N.; Kathale, N.; Rao, N.N.; Munshi, K.N. Catalytic air oxidation
of olefins using molybdenum dioxo complexes with dissymmetric triden-
tate O,N,S-donor Schiff base ligands derived from o-hydroxyacetophenone
and S-benzyldithiocarbazate or S-methyldithiocarbazate. Inorg. Chim. Acta
2007, 360, 4010–4016.

7. Karunakaran, C.; Venkataramanan, R. Mo(VI)-catalysis of perborate oxi-
dation in acetic acid: Oxidation of dimethyl and dibenzyl sulfoxides. Catal.
Commun. 2006, 7, 236–239.

8. Choi, S.; Yang, J.D.; Ji, M.; Choi, H.; Kee, M.; Ahn, K.H.; Byeon, S.H.;
Baik, W.; Koo, S. Selective oxidation of allylic sulfides by hydrogen per-
oxide with the trirutile-type solid oxide catalyst LiNbMoO6. J. Org. Chem.
2001, 66, 8192–8198.

9. Drago, R.S.; Burns, D.S. Molybdate and tungstate doped porous carbons
as hydrogen peroxide activation catalysts for sulfide oxidations. J. Catal.
1997, 166, 377–379.

10. Raghavan, P.S.; Ramaswamy, V.; Upadhya, T.T.; Sudalai, A.; Ramaswamy,
A.V.; Sivasanker, S. Selective catalytic oxidation of thioethers to sulfoxides
over Mo-silicalite-1 (MoS-1) molecular sieves. J. Mol. Catal. A 1997, 122,
75–80.

11. Debel, R.; Buchholz, A.; Plass, W. Structural and catalytic aspects of
dioxomolybdenum(VI) complexes with omega-hydroxy functionalized N-
salicylidene hydrazides. Z. Anorg. Allg. Chem. 2008, 634, 2291–2298.

12. Mancka, M.; Plass, W. Dioxomolybdenum(VI) complexes with amino acid
functionalized N-salicylidene hydrazides: Synthesis, structure and catalytic
activity. Inorg. Chem. Commun. 2007, 10, 677–680.

13. Allen, F.H. The Cambridge Structural Database: a quarter of a million
crystal structures and rising. Acta Crystallogr. 2002, B58, 380–388.

14. Sheldrick, G.M. SHELX-97, Program for Crystal Structure Solution and
Refinement; University of Göttingen, Germany, 1997.

15. Sheldrick, G.M. SHELXTL Version 5; Madison, WI: Siemens. Industrial
Automation, 1995.

16. Zhai, Y.-L.; Xu, X.-X.; Wang, X. Synthesis and characterization of
cis-dioxomolybdenum(VI) complex of the Schiff-base salicylaldehyde
soncoyhydrazone (SAIH) and the crystal-structure off [MoO2(ortho-
C6H4CH NN COC5H4N)CH3OH]. Polyhedron 1992;11, 415–
418.

17. Dinda, R.; Ghosh, S.; Falvello, L.R.; Tomas, M.; Mak, T.C. W. Synthe-
sis, structure, and reactivity of some new dipyridyl and diamine-bridged
dinuclear oxomolybdenum(VI) complexes. Polyhedron 2006, 25, 2375–
2382.

18. Dinda, R.; Sengupta, S.; Ghosh, S.; Mayer-Figge, H.; Sheldrick, W.S. A
family of mononuclear molybdenum-(VI), and -(IV) oxo complexes with
a tridentate (ONO) ligand. J. Chem. Soc., Dalton Trans. 2002, 23, 4434–
4439.

19. Gupta, S.; Barik, A.K.; Pal, S.; Hazra, A.; Roy, S.; Butcher, R.J.; Kar,
S.K. Oxomolybdenum(VI) and (IV) complexes of pyrazole derived ONO
donor ligands—synthesis, crystal structure studies and spectroelectrochem-
ical correlation. Polyhedron 2007, 26, 133–141.

20. Bansse, W.; Ludwig, E.; Schilde, U.; Uhlemann, E.; Weller, F.;
Lehmann, A. Ligand-exchange reactions of bis(acetylacetonato)dioxo-
molybdenum(VI)- crystal-structures off [salicylaldehyde-benzoylhyd-
razonato]dioxo-methanol-molybdenum(VI) and [benzoylacetone-benzoyl-
hydrazonato]dioxo-triphenylphosphaneoxide-molybdenum(VI). Z. Anorg.
Allg. Chem. 1995, 621, 1275–1281.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
Sa

nt
a 

C
ru

z]
 a

t 1
8:

20
 2

5 
N

ov
em

be
r 

20
14

 


