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The flexibly-bridged hexadentate tetraanionic ligands, LH4 [LH4=Schiff’s bases obtained by the con-
densation of methylene- or dithio-bis(salicylaldehyde) with S-methyldithiocarbazate and S-benzyldithio-
carbazate], react with [MoOz(acac)z] in a 1:2 molar ratio in refluxing methanol to give complexes of the
type [(MoOz)2L]. These complexes show an intense »(Mo=0) band at 924—948 cm~* and a broad but strong
band at ca. 850 cm™' due to weakened v(Mo=0) as a result of Mo===O—Mo interactions. An oligomeric

structure, in which each Mo(VI) ion achieves a pseudo-octahedral structure via Mo===O—Mo bridging, has
been suggested for these complexes. [(M0oOgz)2L] reacts with monodentate ligands (D) like pyridine, 4-meth-
ylpyridine, and dimethylsulfoxide and forms six-coordinated complexes of the type [(MoQO2)2L(D)2] which
are monomers. Cyclic voltammetry measurements indicate that these MoY!Oy complexes are resistant to

MoV O reduction.

The coordination complexes of molybdenum in higher
oxidation states are generally associated with an oxo-

group.'—® The oxomolybdenum unit (Mo=0 or Mlcl)zO)
was shown to be present in various enzymes.? In
these enzymes, molybdenum cycles between the +VI
and +IV oxidation states by a reversible oxo-trans-
fer reaction.>® Although the chemistry of mononuclear
MoVY10, Schiff’s base complexes has been extensively
investigated and is well understood,* binuclear MoV!0,
complexes have only recently been reported by us.”®
The binuclear MoV!Oy complexes of flexibly-bridged
hexadentate tetraanionic (ONO™ONO donor) Schiff’s
base ligands are oligomers in which each Mo(VI) ion
achieves a pseudo-octahedral structure via oxo bridging.
Cyclic voltammetry measurements show irreversible to
quasireversible reduction of the MoV!O, complexes to
the MoV O species, with a cathodic reduction poten-
tial of —0.83 to —0.85 V vs. SCE at a scan rate of 200
mV s~!. We now report the binuclear MoV, com-
plexes of new flexibly-bridged hexadentate tetraanionic
(SNO™ONS donor) Schiff’s base ligands (A) (Chart 1).
The spectral and electrochemical properties of the iso-
lated complexes are presented here.

Experimental

Materials. Ammonium molybdate(VI) tetrahy-

(A)
X R Abbreviations
1 CH2 CH3 CH2 (HgS&l-SMDTC)z
2 CH2 CH206H5 CHQ(HzS&l-SBDTC)z
3 S-S CHs S2(Hssal-SMDTC),
4 S-S CHyCeHs Sy(H,sal-SBDTC),

Chart 1.

drate, salicylaldehyde, and acetylacetone were procured
from standard sources and were of analytical reagent
grade. Acetylacetone and salicylaldehyde were dis-
tilled before use. S- Methyldithiocarbazate,” S-benzyl-
dithiocarbazate,'?) methylenebis(salicylaldehyde),11) dithio-
bis(salicylaldehyde),'? and [MoOz(acac)2]*® (acacH=ace-
tylacetone) were prepared by the literature methods.
Preparation of the Schiff’s Bases. A hot methanol-
ic solution (ca. 10 cm®) of methylenebis(salicylaldehyde)
(0.256 g, 1 mmol) or dithiobis(salicylaldehyde) (0.306 g, 1
mmol) was added to a hot solution of the respective dithio-
carbazate (2 mmol) in 10 cm® of methanol and the reaction
mixture was refluxed for 3 h on a water bath. After reduc-
ing the solvent to ca. 10 cm®, the solution was cooled to
10 °C overnight. The separated solid was filtered, washed



M. R. Maurya et al.

with methanol, dried at ambient temperature, and finally
recrystallized from hot methanol; yield: 70—80%.

Preparation of the Complexes. [(MoOz)2(CH:
{sal-SMDTC};)]. To a hot solution of the ligand
CH2(H2sal-SMDTC)2 (0.464 g, 1 mmol) in methanol (40
cm?), [MoOs(acac)z] (0.66 g, 2 mmol) was added with vig-
orous shaking. The resulting turbid solution was filtered
and then refluxed on a water bath for 6 h. After reducing
the volume of the solution to ca. 10 cm?, it was cooled to 10
°C overnight. The separated solid was filtered, washed with
methanol, and dried in air at 100 °C; yield: 70%.

Other complexes listed in Table 1 were prepared following
the above method, or with slight variations thereof, in 70—
80% yields.

[(Mo0O2)2(CH2{sal-SMDTC};)(D).] (D=DMSO,
Py, pic).'¥  [(MoO)2(CH2{sal-SMDTC}2)] (0.20 g) was
dissolved in a respective solvent (5 cm®) by heating on a
water bath. Partial evaporation of the solvent to about 2
cm® under vacuum produced a solid compound which was
filtered, washed with ether, and dried under vacuum; yield:
80%.

The analytical and other physicochemical data for the
new Schiff’s bases and their MoY'0, complexes are pre-
sented in Table 1.

Measurements. Elemental analyses of the ligands
and complexes were carried out at the microanalytical sec-
tion of the National Chemical Laboratory. Details of other
techniques were reported in our previous papers.7’8)

Results and Discussion

A freshly-prepared solution of the methylene- and
dithiobis(salicylaldehyde) reacted with S-methyldithio-
carbazate or S-benzyldithiocarbazate in a 1:2 molar
ratio to give flexibly-bridged hexadentate tetraanionic
Schiff’s bases 1, 2, 3, and 4. While the elemental and
physicochemical data suggested the formation of the
Schiff’s bases, the spectral data (vide infra) confirmed
the existence of these in their thione form as shown by
structure (A).

The reaction of the flexibly-bridged ligands with
[MoOz(acac)z] in a 1:2 molar ratio proceeded as fol-
lows [Eq. 1] in refluxing methanol and complexes of the
type [(MoO3);L] were formed.

2 [MoO2(acac)2] + LHy4 [(MoO2)2L] +4 acacH (1)

MeOH
The analytical data support the formation of the com-
plexes by complete removal of the coordinated acetyl-
acetone group under the present reaction conditions.
These complexes do not undergo any weight loss on
heating up to 200 °C which suggests the formation
of the five-coordinated complex [(MoO3);L] and not
the expected octahedral complex [(MoOg3),L-2MeOH].
Weakly-coordinated monodentate ligands like methanol
in complexes of the type [MoOsL-MeOH] are known to
undergo cleavage even at room temperature.®> However,
strong coordinating ligands (D) like DMSO, pyridine,
and 4-methylpyridine do form octahedral complexes,
[(M0O32)2L(D)3] when the complexes are dissolved in
them. All the complexes are non-electrolytes (4.4—
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5.5 Q7! mol~! cm?) in DMF and are diamagnetic as
expected for the 4d° system. They are soluble in co-
ordinating solvents such as DMSO, DMF, THF, and
pyridine. The high decomposition temperature (>250
°C) of the complexes indicates their increased thermal
stability.

IR and Electronic Spectral Studies. A par-
tial listing of the IR spectral data of the ligands and
MoY10, complexes is given in Table 2. The Schiff’s
bases exhibit a strong band at 10301052 cm~! due
to the v(C=S) band which indicates the thione nature
of the ligands.'® This is further supported by the pres-
ence of a band in the region 3095—3248 cm ™! due to the
v(NH) band of the hydrazide residue. The disappear-
ance of bands due to ¥(C=S) and v(NH) in the spectra of
the complexes supports the thioenolization of the >C=S
group and coordination of the sulphur to molybdenum.
A broad band around 3400 cm~! is assigned to the
v(OH) (phenolic) band and the absence of this band in
the complexes suggests the coordination of the phenolic
oxygen atom. This is further supported by the shift of
the v(C-0) (phenolic) band from 1510—1539 cm~?! of
the Schiff’s bases to 1539—1552 cm ™! in the complexes.
The v(C=N) (azomethine) band of the ligands appears
at 1607—1624 cm~! and this band is shifted to a lower
frequency by 16—18 cm™! in the complexes, indicating
coordination through the azomethine nitrogen atom.!®
Thus the IR data suggest that both the Schiff’s base
units attached to the -CHs or —S—S— groups behave as
dibasic tridentate ONS donor ligands. The coordina-
tion of the monodentate ligands in the adducts has also
been confirmed by the presence of their characteristic
vibrational mode(s).'”

The [(MoOs)2L] complexes exhibit a sharp single
band (two bands in 4a) at 924—948 cm™! due to the
v(0=Mo=0) stretch and a strong but broad band at ca.
850 cm~! due to the Mo=——=0O—Mo interaction.) How-
ever, in adducts [(MoO3)zL(D)s] the 850 cm~! band
is uniformly absent and they show two characteris-
tic IR bands at 950 and 920 cm™' due to the vsym
and Vagym (O=Mo=0) modes of the cis-MoO, struc-
ture. These observations suggest the presence of an
oligomeric (pseudooctahedral) structure for [(MoOg)2L]
in which each Mo(VI) ion achieves a pseudooctahe-
dral structure through an oxygen bridge involving an
oxygen of the MoO, moiety. A probable oligomeric
structure through Mo=—=-0O—Mo bridging is shown in
Fig. 1. Adduct formation essentially accounts for the
disappearance of the 850 cm™! band due to break-
ing of the Mo===O—Mo bridge and the appearance
of the doublet characteristic of the cis-MoQO, species.
The observation of v(C-0) (phenolic) at identical po-
sitions in la and its adducts (e.g.[(MoOz2)2(CHy{sal-
SMDTC}2)], 1552; [(MoO3)2(CHz{sal- SMDTC}5)-
(DMSO)s], 1551; [(MoO2)2(CH2{sal-SMDTC}5)(py)2],
1552; [(MoO2)2(CHz{sal-SMDTC}5)(pic)s], 1552 cm™?!)
further supports the presence of an oligomeric bridge
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Table 1. Analytical and Physicochemical Data of the Ligands and Complexes®

S 1o, Compound Color ‘Mp Found (Caled)/%
stoichiometry C H N S
1 CH;(H3sal-SMDTC), Yellow 222 49.49 4.68 12.21 27.81
C19Ha2oN4 0254 (49.11)  (4.34) (12.06) (27.60)
2 CH2(H2sal-SBDTC)2 Pale 220 59.97 4.90 9.23 20.62
C31H2sN402S4 yellow (60.36) (4.58) (9.08) (20.79)
3 S2(Hasal-SMDTC), Yellow 226 42.26 3.82  10.62 37.15
C1sH18N402S6 (42.00) (3.52) (10.88) (37.38)
4 So(Hzsal-SBDTC), Yellow 198 53.76 3.71 8.57 28.59
C30H26N40256 (54.02) (3.93) (8.40) (28.85)
la [(M0Og2)2(CH2{sal-SMDTC};)] Brown >250  31.81 1.97 7.53 17.61
C10H16N406Ss Moy (31.85) (2.25) (7.82) (17.90)
2a [(M0O2)2(CH2{sal-SBDTC}2)]  Orange >250  42.45 2.84 6.23 14.93
C31H24N406S4Mos (42.86) (2.78) (6.45) (14.76)
3a  [(M0O2)2(S»{sal-SMDTC}2)]  Brown >250 2849  1.97  7.06  25.06
C18H14N4OgSeMo2 (28.20) (1.84) (7.31) (25.10)
4a  [(M0O2)2(S2{sal-SBDTC};)]  Orange >250 39.03 229  6.01  21.10
C30H22N406S6Moz (39.22) (2.41) (6.10) (20.88)

a) Abbreviations: As under Structure A.

Table 2. IR and Electronic Spectral Data (cm™")
Compounds IR Amax (loge)
v(C=8S) v(C=N) v(0O=Mo=0) vr(Mo=—=—=0—Mo)
1 1039 1623 38,000 (4.43), 30,864 (4.63), 27,932 (4.75)
la 1605 924 816 37,735 (4.65), 31,153 (4.68), 24,449 (4.07)
2 1030 1624 38,022 (4.67), 33,444 (4.77), 30,769 (4.70),
26,455 (5.00) .
2a 1606 948 853 37,735 (4.69), 31,055 (4.68), 24,691 (4.08)
3 1052 1608 37,878 (4.54), 30,674 (4.58), 27,472 (4.61)
3a 1592 931 888 37,735 (4.46), 34,965 (4.36), 24,691 (3.82)
4 1040 1607 38,168 (4.59), 33,557 (4.70), 25,706 (4.75)
4a 1591 947, 910 837 37,593 (4.86), 30,769 (4.76), 24,570 (4.18)
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AV N
LN Py
~ ——N\x _N——-- -5
Sl’ 0

X=C H, or S,
Fig. 1. Proposed oligomeric structure of [(MoO2).L].
via an oxygen of the MoQO2 group as oligomerization

via phenolic oxygen bridging would show a significant
change in the C-O stretch.'® Similar oligomeric struc-

tures for other MoY'O, and WV'O, complexes having
tridentate dibasic ONS and ONO donor ligands have
been suggested.>!?

The spectral data presented in Table 2 also show that
all these Schiff’s bases exhibit three or four electronic
spectral bands. These bands are also observed in the
complexes. In addition, a broad shoulder observed at
around 24000 cm~! is assigned to the ligand-to-metal
charge transfer (Imct) band between the lowest empty
d-orbital of molybdenum and the highest occupied li-
gand molecular orbital. The appearance of the lmct
band as a shoulder with a relatively high extinction co-
efficient (see Table 2) is probably due to merging of the
25700—27472 cm~?! band of the free Schiff’s bases with
the lmct band in the complexes.

ITHNMR Studies. The 'HNMR spectra of
the Schiff’s bases and the complexes were recorded in
DMSO-ds and the chemical shifts (§ in ppm) are re-
ported relative to DMSO-dg (2.40 ppm). The spectral
data of the Schiff’s bases and their complexes are sum-
marized in Table 3. All the Schiff’s bases exhibit a
singlet at 10.05—10.65 ppm due to the —-NH proton.
The presence of -NH proton resonance and the absence
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Table 3. 'HNMR Spectral Data (§ in ppm)®

Compounds® —CH=N- Aromatic protons -SCH, —-CH,- —CHs -NH -OH
1 8.45 (s, 2H) 6.75 (d, 2H), 7.13 (d, 2H), 3.80 (s, 2H) 2.47 (s, 6H) 10.05 (s, 2H) 13.30 (s, 2H)
7.45 (d, 2H)
la 8.95 (s, 2H) 6.93 (d, 2H), 7.45 (d, 2H), 3.95 (s, 2H) 2.55 (s, 6H)
7.70 (d, 2H)
2 8.50 (s, 2H) 6.80 (d, 2H), 7.50 (d, 2H), 4.50 (s, 4H) 3.75 (s, 2H) 10.10 (s, 2H) 13.35 (s, 2H)
7.35 (m, 12H)

2a 8.95 (s, 2H) 6.92 (d, 2H), 7.30 (m, 6H),
7.45 (d, 6H), 7.70 (d, 2H)

4.40 (s, 4H) 3.80 (s, 2H)

3 8.45 (s, 2H) 6.88 (d, 2H), 7.42 (d, 2H), 2.50 (s, 6H) 10.60 (s, 2H) 13.27 (s, 2H)
7.85 (d, 2H)

3a 8.95 (s, 2H) 7.00 (d, 2H), 7.70 (d, 2H), 2.65 (s, 6H)
8.00 (d, 2H)

4 8.47 (s, 2H) 6.88 (d, 4H), 7.32 (m, 10H), 4.50 (s, 4H) 10.65 (s, 2H) 13.35 (s, 2H)
7.77 (d, 2H)

4a 9.05 (s, 2H) 7.00 (d, 2H), 7.28 (m, 6H),
7.45 (d, 4H), 7.68 (d, 2H),
8.05 (d, 2H)

4.45 (s, 4H)

a) Letters given in parentheses indicate the type of signal. s=singlet, d=doublet, m=multiplet.

Table 1.

of —SH proton resonance further supports the conclu-
sion drawn from the IR spectra, namely the thione na-
ture of the ligand. Usually -SH proton resonance is
observed when such ligands exist in their tautomeric
thiolo forms. The disappearance of the signal due to
the -NH proton in the spectra of the complexes sug-
gests the involvement of the -NH proton in the thio-
enolization of the >C=S group and subsequent coordi-
nation of the sulphur atom after proton replacement.
The signal due to the phenolic proton, appearing at
13.27—13.35 ppm in the free Schiff’s bases, is also ab-
sent on coordination and this indicates the deprotona-
tion of the phenolic proton as a result of complex for-
mation. The sharp singlet at 8.45—8.50 ppm due to
the azomethine proton shifts downfield, indicating the
coordination of the lone pair of electrons of the azo-
methine nitrogen.?” The coordination of pyridine and
4-methyl pyridine to the molybdenum in the adducts
is evidenced by the appearance of two or three new
signals in the aromatic region. In addition, the meth-
yl protons of 4-methylpyridine resonate at 2.30 ppm
in [(MoO3)2(CH2{sal-SMDTC}3)(pic)z]. Other reso-
nances due to —CHy— protons, -SCH,— protons, —SCH3
protons, and aromatic protons in the complexes appear
in almost the same positions as in the respective Schiff’s
bases. The presence of a singlet at 3.75—3.95 ppm due
to —CHy— protons attached to two benzene rings in the
Schiff’s bases CHy(H2sal-SMDTC), and CHy(Hasal-SB-
DTC); and their complexes indicates that the two diba-
sic tridentate Schiff’s base units are still attached to the
methylene group.

Electrochemical Study. Cyclic voltammetry
measurements of all the complexes were carried out at
different temperatures (25—50 °C) and at various scan
rates in DMF under dry nitrogen using 0.1 M tetra-
butylammonium perchlorate (1 M=1 moldm~3) as a

b) For abbreviations see

supporting electrolyte. However, no detectible reduc-
tion or oxidation waves were observed in any cyclic
voltammogram. This is contrary to the observation
reported for mononuclear MoV!O, complexes of very
similar ONS donor ligands where all the complexes
showed irreversible to quasireversible single electron re-
duction waves in their cyclic voltammograms.?") The
cyclic voltammograms of even MoV!O, complexes of
flexibly-bridged ligands having an ONO™ONO donor
system showed irreversible to quasireversible reduction
of the Mo(VI) to Mo(IV) species.®

The authors are thankful to Dr. K. Vijaya Mohanan
for carrying out the cyclic voltammetry measurements.
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the Head of the Department of Chemistry.
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