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Abstract. Oxo-molybdenum chemistry is of great interest since such units are found in the active sites of a
majority of molybdo-enzymes. In order to mimic the biological systems, a number of oxo-molybdenum com-
plexes have been synthesised and studied. This review describes synthesis, structure and applications of oxo-
molybdenum complexes particularly cis-MoO,(L)(D) where L stands for a dianionic tridentate ONO ligand
and D for a donor solvent molecule/monodentate ligand. The ligand moieties are derived from Schiff base,
hydrazide Schiff base and other related tridentate ligands L(H),. The coordination geometry around the Mo
center in these complexes can be best described as a distorted octahedron in which the ONO-tridentate ligand
occupies meridional position with two anionic oxygen donors mutually trans and are cis to the oxygen centers
of the cis-dioxo group. Mostly the applications of cis-MoO,-(ONO) type complexes seen in literature are oxo

transfer reactions like epoxidation, sulfoxidation and phosphine oxidation reactions.
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1. Introduction

Molybdenum has been found to be an important ele-
ment in biological systems. It possesses a large num-
ber of stable and variable oxidation states as well as
coordination numbers which can vary from four to
eight. Although only a minor constituent of the earth’s
crust, molybdenum is readily available to biological
systems because of the solubility of molybdate salts
in water. Molybdenum is found in the active sites of
enzymes such as nitrogenase, aldehyde oxidase, xan-
thine oxidase, sulfite oxidase, nitrate reductase and xan-
thine dehydrogenase.! In contrast to the multinuclear
iron- and molybdenum-containing centers in bacterial
nitrogenases (responsible for fixing atmospheric nitro-
gen into the biosphere), the active sites of all other
well-characterized molybdenum-containing enzymes
are mononuclear. The vast majority of these enzymes
possess at least one Mo=O unit in their active sites and
are often referred to as oxo-molybdenum enzymes.'
The fact that molybdenum—oxygen bonds are present
in molybdo enzymes has stimulated research in molyb-
denum complexes with oxygen environments. In order
to mimic the biological systems, a number of oxo-
molybdenum compounds have been synthesized and
studied.

*For correspondence
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Several industrial processes such as ammoxidation
of olefins,?* olefin epoxidation®® and olefin metathe-
sis?¢ are performed over molybdenum catalysts. The
reactivity of selected cis-dioxomolybdenum(VI) com-
pounds is recently reviewed by Jeyakumar and Chand,?
also by Sanz and Pedrosa.* We have surveyed the
literature on synthesis and reactivity of Mo(VI)-
ONO type complexes. In the year 1989 Syamal and
Maurya published a review on Schiff base com-
plexes of molybdenum® which also accounted cis-
dioxomolybdenum(VI)-tridentate Schiff base ligands.
This document covers the chemistry of several cis-
dioxomolybdenum complexes of dianionic tridentate
ONO ligands, mostly Schiff bases, with particular
emphasis on the recent progress.

2. Synthesis and structure

Schiff base ligands are typically prepared by the con-
densation of aldehydes or ketones with primary amines.
These condensation reactions have been realized in dif-
ferent reaction conditions. The presence of a dehydrat-
ing agent e.g., MgSO, normally favours the formation
of Schiff bases. The water produced in the reaction can
also be removed by azeotropic distillation with toluene
or benzene. Methanol or ethanol is also used as solvents
for the preparation of Schiff base ligands. Condensation
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Scheme 1. Synthesis of cis-dioxomolybdenum(VI) Schiff base complexes.
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Figure 1. Various ONO type Schiff base ligands L(H), used for the preparation of cis-dioxomolybdenum(VI) complexes

[cis-MoO,(L)(D)] (reference numbers are given in brackets).

of salicylaldehyde or its derivatives with amino-alcohol
or amino-phenol results in the formation of a Schiff
base ligands, L(H),. A general scheme for the synthesis
of a majority of the cis-MoO,(ONO) type complexes,

is shown in scheme 1 and more examples are included
in figure 1.°3° This family of complexes, intro-
duced by Rajan and Chakravorty,®’ has been prepared
by reacting Schiff bases with suitable molybdenum
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Figure 2. Coordination geometry of monomeric, dimeric, and oligomeric Mo(VI) complexes.
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Scheme 2. The isomers suggested due to conformational changes (i.e., A—§,
A—A, B-6 and B-A) of a monomeric Mo(VI) complex.

tridentate ligands are of the following types: monomeric
[cis-MoO,(L)(D)], which is dominant, or dimeric
[(MoO(u-O)(L)),] with asymmetric double oxygen
bridge, or polymeric with single oxygen bridge (figure

precursors such as MoQO,(acac),, MoO,(sal),, molyb-

dates or molybdenum dichloride dioxide in alcohol.
Molecular formula of these complexes can be rep-

resented as [cis-MoO,(L)(D)] where L stands for a

dianionic tridentate ligand and D for a donor sol-
vent molecule/monodentate ligand. Dioxomolybdenum
complexes of comparable types have also been prepared
with Schiff bases derived from o-hydroxyacetophenone
and derivatives.®** Depending on the method of prepa-
ration, molybdenum precursor of choice and reaction
conditions, the complexes synthesized with dianionic

2). The coordination geometry around the Mo center
in a mononuclear complex can be best described as a
distorted octahedron in which the ONO-tridentate lig-
and occupies meridional position with two anionic oxy-
gen donors mutually frans and are cis to the oxygen
centers of the cis-dioxo group (figure 2). The usual
octahedral geometry of a molybdenum center is
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Scheme 3. Proposed pathway showing inter-conversion of the isomers A and B.

additionally completed by a coordinated solvent
molecule or monodentate neutral ligand (D). The labile
coordination site of molybdenum occupied by D allows
favourable uptake and activation of substrates during
the Lewis acid catalysed transformations. However, this
site can also be responsible for dimerization and oilgo-
merization/polymerization of mononuclear complexes.
The coordination polymer of a polynuclear dioxo-
molybdenum(VI) complexes generally exhibits a lin-
ear Mo=0O""Mo=O"" chain where the axial oxo-ligand
participates in bridging. The arrangement gives rise to
a structure where one (MoO(p-O)(L)) unit coordinates
to the sixth site of the molybdenum atom of an adjacent
unit. Tri/tetranuclear cyclic structures having three/four
such units cyclised to give six/eight-membered rings
or even higher nuclearity cyclic structures are also
known. %

The mononuclear complexes exhibit two stretch-
ing frequencies [V(O=Mo=0)] in the region 910—
950 cm~! and 890-925 cm™! indicating the presence of
cis-MoO, fragment. However, oligomeric compounds
show only one v(Mo=O) vibrational stretching fre-
quency in the region 930 cm™' and a strong character-
istic band around 800 cm™' due to Mo=0-Mo=0""
interaction. Thus, IR spectroscopy can be used to dis-
tinguish an oligomeric complex from a monomeric
complex.’

The oligomers react with a wide variety of unidentate
neutral ligands, (D) such as aldehydes, amides, amines,
sulfoxides, phosphine oxides, water, alcohols and phos-
phines to form mononuclear complexes. Further, the
mononuclear molybdenum complexes can undergo lig-
and substitution reactions where (D) can be substituted
by (D’) as shown in equation 1.

cis-MoO, (L) (D) 4 D'—>cis-MoO, (L) (D) + D.
(1)
On the basis of ligand displacement reactions, the
binding of some D (or D’) increases in the order of

acetaldehyde < benzaldehyde < ethanol < anisalde-
hyde < dimethylformamide < picoline < dimethyl
sulfoxide < imidazole < pyridine-N-oxide.’ The com-
plexes are found to be non-electrolyte and diamag-
netic as expected for a 4d° system, however, ligand to
metal charge transfer (LMCT) band can be seen in the
electronic spectrum. ”:1°

Nakajima et al. have discussed structural proper-
ties of a monomeric complex in the solid and solu-
tion states.'® The cis-dioxomolybdenum(VI) complex
of the chiral Schiff base ligand, 2b derived from
2-hydroxy-1-naphthaldehyde and (R)-2-aminobutanol
can potentially give four possible isomeric structures
i.e., A—5, A—A, B=§ and B—X due to the conformational
changes of the non-planar five-member ring as shown
in scheme 2.

Observation of only one set of signals in the pro-
ton NMR spectrum of the complex, even at low
temperature, suggests rapid exchange of the isomers
in NMR time scale. However, the X-ray crystal struc-
ture revealed the existence of the A—§ isomer, in solid
state. Fast puckering of the conformation of the chelate
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Figure 3. Four isomers of the monomeric complex gener-
ated from a prochiral ligand. The complex B—R is the mirror
image of A—S, and B—S is the mirror image of A—R.
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Scheme 4. Selective synthesis of monomeric and dimeric Mo(VI) complexes.

ring of aminoalcohol moiety is suggested as a factor
responsible for the dynamic equilibrium between 6 and
A isomers. Inter-conversion between the isomers A and
B would also proceed by dissociation of monodentate
ligand followed by rotation of cis-dioxo moiety and
recoordination of the ligand (scheme 3).

On the other hand, prochiral Schiff base ligand, 1q
derived from salicylaldehyde and 2-amino-2-methyl-
1,3-propanediol becomes chiral upon coordination to
form the Mo(VI) complex (figure 3).2!

Gtlowiak and coworkers reported an independent
method for the synthesis of monomeric and dimeric
complexes (scheme 4).3° A monomeric complex con-
taining one extra zwitterionic ligand is also prepared.
The authors suggested that the formation of different
dioxomolybdenum(VI) complexes mainly depend on
the basicity of the nitrogen atom of the Schiff base,
synthetic methodology and reaction conditions.

The formation of monomeric and dimeric Mo(VI)
complexes based on solvent effect and its intercon-
version in cases of a tridentate amino-bisphenol lig-
and system (scheme 5) is explained by Lehtonen
et al** Reaction of the tridentate ligand with
MoO,(acac), in methanol leads to the formation of
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Scheme 5. Formation of monomeric and dimeric Mo(VI)
complexes of a tridentate amino-bisphenolate ligand.
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Scheme 6. Synthesis of a Mo(VI) Schiff base complexe by selective inversion at C—1 carbon of a sugar-based ligand.

monomeric dioxomolybdenum(VI) complexes of gen-
eral formula [cis-MoO,(L)(CH;OH)]. Similar reaction
in acetonitrile solvent leads to dimeric dioxomolyb-
denum(VI) complexes of formula [(MoO(u-O)(L)),]
(scheme 5). The mononuclear complex undergoes slow
dimerization when suspended in acetonitrile or kept
under vacuum. Similarly, the dimeric complexes when
recrystallised from methanol gave monomeric complex.

Molybdenum(VI) complexes bearing sugar derived
chiral Schiff base ligands of general molecular for-
mula cis-MoO,(L)(D) have been prepared using the
sugar-based ligand 10a and MoO,(acac),.** The com-
plexation reaction leads to the inversion at C—1 carbon
atom of the glucose ring in order to reach the optimal
coordination geometry (scheme 6).

The ligand 10b was prepared by acetylation of 10a
where upon all the alcohol groups of the sugar-based
chiral ligand are protected. When complexation was
performed using 10b the Lewis acid catalysed deacety-
lation followed by selective inversion at C—1 center of
the glucose ring was observed (scheme 7).

Hydrazide Schiff base ligands are also examples
of dianionic tridentate ligands (figure 4). The Schiff
base ligands produced from salicylaldehyde and appro-
priate hydrazide form aquo complexes of the type
[cis-MoO,(L)(D)] (where, L is a dianionic tridentate
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Scheme 7. Synthesis of Mo(VI) Schiff base complexes by
deacetylation followed selective inversion at C—1 carbon of a
sugar-based ligand.

ligand and D is water) with ammonium molybdate as
shown in equation 2. These aquo complexes are gen-
erally prepared by reacting dilute sulfuric acid solution
of ammonium or sodium molybdate with dilute sodium
hydroxide solution of selected Schiff base at pH 6.3

(NH4)2 MOO4 + LH2

H,SO4

e [MoO, (L) (H,0)] + (NH4),SO4.  (2)
Similarly, the solvent coordinated complexes can be
prepared by ligand exchange reactions of Schiff base
ligands with MoO,(acac), in alcohol as shown in
scheme 8.3

The shift of IR band due to C=N towards lower
energy by 10-30 cm™' in these complexes as com-
pared to the free Schiff base value of 1620-1640 cm™!
suggest the coordination of azomethine nitrogen to
molybdenum center. Further, disappearance of the band
due to C=0 around 1640-1655 present in free Schiff
bases indicates the destruction of carbonyl moiety due
to enolisation. Thus, the IR data indicate that the
Schiff bases behave as tridentate ligands coordinating
through phenolic oxygen, enolic oxygen and azome-
thine nitrogen.**? The coordination geometry around
molybdenum can also be described as distorted octa-
hedral in which the dianionic ligand is ligated in a
planar tridentate manner forming one five-membered
and another six-membered metallocycle involving cis-
dioxomolybdenum moiety.

Some other variety of ONO ligands (figure 5) are
also employed to prepare analogues complexes. Diox-
omolybdenum(VI) dipicolinate complexes have been
reported using ligand 19 which was prepared by react-
ing equimolar amount of dipicolinate with DMF or
DMSO adducts of MoO,Cl,, followed by addition of
appropriate ligand*® (scheme 9).

Barbaro et al. reported oligomeric complexes con-
taining MoO, (L) units which could be prepared from
complexation of chiral amino diols containing three
asymmetric centers with MoO,(acac), (scheme 10).%
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Figure 4. Various hydrazide Schiff bases reported for preparation of dioxomolybdenum(VI) complexes. (Reference

numbers are given in brackets).
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Scheme 8. Synthesis of molybdenum(VI) hydrazide Schiff base complexes.
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Figure 5. Various other tridentate ligands used for preparing dioxomolybdenum(VI) complexes.
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Scheme 9. Synthesis of dioxomolybdenum(VI) pyridine-2,6-dicarboxylate.
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Scheme 10. Dioxomolybdenum(VI) complexes containing enantiomerically pure amino diol ligands. The structure shown
here is the repeating unit of the linear oligomeric complex (see figure 2).
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Scheme 11. Dioxomolybdenum(VI) complexes with pyridine-diol ligand.
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Scheme 12. Formation of oxomolybdenum(IV) from dioxomolybdenum(VI) during the oxo transfer reaction.

The amino diols are prepared by using the methodol-
ogy of nucleophilic attack of required amine on epox-
ide. The metal centre in the complex is coordinated
in a distorted octahedral geometry displaying a cis-
dioxo unit and two trans-alkoxo atoms. The coordi-
nation polyhedron is completed by a nitrogen atom
and by a bridging oxo-oxygen atom from an adjacent
unit leading to a linear polymer as shown in figure 2.
It is suggested that the linear polymeric chain con-
nected through Mo=O""Mo bridges in solid state is
most likely cleaved by the solvent molecule to form the
mononuclear complex.

Bellemin—Laponnaz et al. have reported a C,-
symmetric dioxomolybdenum(VI) complex with a chi-
ral pyridine-diol ligand derived from menthone as
shown in (scheme 11). The NMR spectrum of
the molybdenum complex showed only one set of
resonance for two menthol groups on the chiral
pyridine-diol ligand supporting its symmetry.

Dioxomolydenum(VI) complexes can also be pre-
pared with Schiff bases of amino acids.'"!* The general
method for the preparation of such complexes follows
the same procedure as shown in (scheme 1). The Schiff
base which contains phenolic, carboxylic and imine
groups acts as dianionic tridentate ligand which when
complexed with suitable Mo-precursor give cis-dioxo
Mo(VI) complexes.

3. Applications

Major focus with respect to applications of cis-
MoO,-(ONO) type complexes have been oxo transfer
reactions like epoxidation, sulfoxidation and phosphine
oxidation reactions. Besides the oxidation reaction, the
complexes prepared from a bisphenol ligand shown
in scheme 5 along with Et, AICI are used as catalysts
for ROMP of norbornene.** The molybdenum complex
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with Schiff base derived from 3-formyl salicylic acid
and o-hydroxybenzylamine is supported on polymer
and used as catalysts for the oxidation and oxidative
bromination of organic substrates.*® In a separate line,
novel bimetallic complexes have also been reported in
order to study the metal-metal interaction. Some of
these applications are discussed in this section.

3.1 Oxygen atom transfer reactions

It has been assumed for several years that the pres-
ence of sulfur atoms coordinated to molybdenum is a
requisite for oxygen atom transfer reactions in order
to mimic oxotransferases enzymes. However, certain
molybdenum(VI) complexes of dibasic tridentate ONO
ligands having no S center are found to oxidize a variety
of tertiary phosphines, thus mimicking the active sites
of oxo transfer enzymes. Although tertiary phosphines
are not physiological substrates, they are the most com-
monly used model substrates for studying oxygen atom
transfer reactions. Topich and Lyon III observed the
formation of oxomolybdenum(IV) complexes during
the oxo transfer process mediated by some Mo(VI)
complexes.*” Boyd and Spence have reduced Mo(VI)
complexes using tertiary phosphines where upon in
some cases monomeric Mo(IV) and other cases -
oxo-dimolybdenum(V) compounds are formed. *® Thus,
whether dimer formation is an essential characteristic
of the oxotransfer reaction or not is being debated.

The Mo(VI) complexes i.e., cis-MoO,(L)(C,HsOH)
prepared from ligands 18a or 18b react with PPh; in
acetonitrile under dry nitrogen, in presence or absence
of bpy to give OPPh; (scheme 12). The other prod-
ucts formed during the oxidation study are MoO(L) or
MoO(L)(bpy) which support the formation of Mo(IV)
intermediates during the oxotransfer process.*'** This
reaction is a good model of the oxo transfer reactions
exhibited by molybdoenzymes. The Mo(VI) complexes
derived from aminodiol 20 can oxidise PPh; catalyti-
cally in DMSO. The mechanism involve formation of
Mo(IV) species as intermediate as shown in scheme
13.4

3.2 Catalytic epoxidation

Molybdenum complexes are considered to be very
efficient catalysts for epoxidation reactions using
alkyl hydroperoxide as oxidants.?* The dioxomolyb-
denum(VI) complexes with Schiff base, derived from
tris(hydroxymethyl)amino methane and substituted sal-
icylaldehyde show good catalytic activity (up to 100%
yield) and selectivity in the epoxidation of cyclohex-

o o PPh,
ay
S K/(L\o OPPh;
Hsc/ \CHa
0]
Me——N——Mo—=0

Scheme 13. Proposed mechanism for the catalytic oxo
transfer reaction from DMSO to PPh;.

ene with #-butylhydroperoxide. Introduction of electron
withdrawing group to the salicylidene ring of complex
strongly increases the effectiveness of a catalyst. The
initial step involved in the process is the dimerisation
of the complex which reacts with the peroxide to give
a mononuclear intermediate complex MoO,(L)(TBHP)
where peroxo oxygen is activated followed by epoxi-
dation of the substrate (scheme 14). The sugar-based
Schiff base Mo(VI) complexes prepared from ligand
10 show high catalytic activity for epoxidation. The
enantiomeric excess up to 30% was obtained in case of
cis-B-methyl styrene.* In case of epoxidation of allylic
alcohol, the Schiff base Mo(VI) complexes from amino
acids induce enantiomeric excess up to 15%. "3

3.3 Catalytic oxidation of sulfide

The oxidation of various organic sulfides by urea hydro-
genperoxide in presence of a Mo(VI) catalyst has been
reported by Sheikhshoaie et al. (scheme 15).%° The for-
mation of sulfoxide and sulfone can be well-controlled
by utilizing the suitable molar ratio of oxidant and
substrate. Further, this catalyst shows excellent chemo-
selectivity. A sulfide having double bond was also trans-
formed into sulfoxide in good yield without affecting
it. The sulfides having benzylic and phenyl substituent
were selectively oxidized to their corresponding sul-
foxide without undergoing oxidation at the benzylic
carbon.
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-2 CH;0H
2Mo00,(L)(MeOH) [MoO(u-O)(L)],
+2 CH;0H
Me;COOH
(0]
_____ ’ S
N / f @
o)

Me;COH
/
(0]

Me;COOH
! M i
NG

Scheme 14. Proposed mechanism for catalytic epoxidation reaction.

/S\ . 5 mol% MOOZ(L)(CH3OH)=
R EtOH rt

R

\N/\/
LH2= OH
OH

Scheme 15. Selective oxidation of sulfides to sulfoxides and sulfones.
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R =H or 5-Cl

Ry
| X X0 o
OH  MoO,(acac)
M + B 2 /
AL~ . el CH,OH N/[\O
OH ~_|]~

R,= CH; or C,H; or CH,OH

Rajan Deepan Chakravarthy and Dillip Kumar Chand

CH;0H | Cu(CH;C00),

Cu,Mo,0,[C4H,(0)CH=NC(R)(CH,0),],(CH;0),

Compound having cubane like core

Scheme 16. Synthesis of mixed metal complex of Mo(VI) with Cu(Il) ions.

3.4  Synthesis of mixed metal complexes containing
cubane like core

Mixed metal complexes are prepared by reacting
MoO,(L)(CH;0H) with copper(Il) acetate aiming to
study metal-metal interaction.* Such types of struc-
tures are also found in biological systems. The uncoor-
dinated alcoholic group of the molybdenum complexes
and methanol are deprotonated followed by complex-
ation with Cu(Il) ions (scheme 16) to give a novel
tetarnuclear cube like structure as shown in figure 6.
Mo(VD)-Cu(Il) Schiff base complexes having
cubane-like cores of formula Cu,Mo,0, can be de-
scribed as strongly distorted cube in which four corners
are occupied by two molybdenum and two copper

Et N|\ ,/O 0 /CH3
Cu—ao |~
vl N\
Mo ~_
o
/
/O\ 7M0§O
/Cu O
(0] \/O
/N CHs
Et

Figure 6. Molecular structure of the mixed cube like
complex.

atoms. The cube is completed by four oxygen atoms
from the two Schiff base molecules and two methoxy
ligands.

4. Conclusion

The chemistry of dioxomolybdenum(VI)-(ONO) type
complexes is discussed in this review. The general syn-
thesis for the preparation of complexes using Schiff
base, hydrazide Schiff base and other related tridentate
ligands is covered. This review also focuses on various
structural properties of molybdenum complexes and the
applications of some complexes particularly in oxygen
transfer reactions. These complexes may act as poten-
tial catalysts for application in organic synthesis which
is not yet well explored. Chiral complexes of similar
formulations can be probed for affecting asymmetric
synthesis. We are now paying attention to the chemistry
of chiral cis-MoO,(ONO) complexes.
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