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Abstract

The thermal decomposition of several Mo(VI)- and Mo(V)-complexes with salicylaldehyde S-methylisothiosemicarbazone
(H,L) of general formula Mo(VI)O,(L), Mo(VI)O,(L)S (S = MeOH, EtOH, Py, DMF, DMSO), (Mo(V)O(HL)CI),O and
(Mo(V)O(HL)C1),0-Me,CO were investigated. These complexes and the previously prepared Mo(VI) complexes were
characterized by spectroscopic (IR, UV-VIS, NMR) and thermal (TG, DTG and DSC) methods. The molar conductivity and
magnetic susceptibility of the complexes were also determined. Structure of some decomposition products were determined
and a decomposition schemes were proposed. © 1997 Elsevier Science B.V.
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1. Introduction

Because of the importance of molybdenum in living
organisms there are numerous papers and monographs
[2,3] concerning the chemistry and role of molybde-
num. Molybdenum is an important cofactor of several
enzymes catalyzing redox reactions [4]. The mechan-
ism of these reactions has not been completely solved
yet. The use of suitable model molecules may be of
great help in these studies. The complexes of MoO%Jr
with tridentate ligands of general formula MoO,(L)S
(§ = solvent molecule) can serve this purpose. These
complexes are potential catalysts as the coordinated
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solvent may be replaced by the activated enzyme
molecule. Hence, the desolvation temperature may
provide useful information about this process. It has
been shown [5,6] that at least one sulphur atom is
essential for these complexes to be suitable for model
molecules, but the reaction may occur also with the
NNN ligands [7]. However, to our knowledge, the
catalytic behaviour of complexes with an ONN ligand,
to which group belongs salicylaldehyde S-methyli-
sothiosemicarbazone, has not been investigated.
These complexes are potential candidates for model
molecules in further enzyme activity studies.

In a previous paper [1], the synthesis and X-ray
characterization of the octahedral cis-dioxo com-
plexes of molybdenum(VI) and tridentate ONN sali-
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cylaldehyde S-methylisothiosemicarbazone (H,L) of a
general formula MoO,(L)S (S = MeOH, EtOH, Py)
were reported. The present paper deals with the
preparation of (Mo(V)O(HL)CI);OMe,CO and
Mo(V)YO(HL)CI),O together with Mo(VI)O,(L) and
Mo(VI)O5(L)S (S = DMF, DMSO) complexes of the
same ligand. These complexes and the previously
prepared Mo(VI) complexes [1], were characterized
by spectroscopic (IR, UV-VIS, NMR) and thermal
(TG, DTG and DSC) methods. The molar conductivity
and magnetic susceptibility of the complexes were
also determined.

2. Experimental

IR spectra of the compounds were recorded in the
450-4000 cm ™! range on a Perkin—Elmer 457 spectro-
photometer and on a Perkin-Elmer System 2000 FT-
IR spectrometer at room temperature using the KBr
pellet technique. The latter spectra were obtained with
a resolution of 4 cm™! and with the co-addition of 16
scans.

NMR spectra were obtained with a Bruker AC 250
E FT spectrometer operating at 250.13 MHz in a
dimethyl-dg sulphoxide solvent.

Thermogravimetric measurements were carried out
using a DuPont 990 TA system. Sample 4 (~ 5 mg)
was heated in a platinum crucible in flowing-air and
argon atmospheres to 973 K at a rate of 10 K min™".
All other thermogravimetric measurements were con-
ducted only in flowing air and a heating rate of
10 K min~",

For DSC measurements, the DSC cell of a DuPont
990 TA system was employed. The samples (~ 5 mg)
were weighed in an open aluminium pan, using an
empty aluminium pan as reference. Samples were
heated at a rate of 10 Kmin™' in flowing argon.
DSC curves were recorded to 623 K.

EGA measurements of samples 7 and 8 were
accomplished on a DuPont 916 TEA (Thermal Evolu-
tion Analyzer) instrument in flowing nitrogen and a
heating rate of 8 K min~' to 600 K. The sample mass
was ~ 5 mg.

The molar conductivity of freshly prepared
10> mol dm * solutions was measured at room tem-
perature using a digital conductivity meter (Jenway
4010).

Magnetic susceptibility measurements were con-
ducted at room temperature using a magnetic suscept-
ibility balance MSB-MKI, Shewood, Cambridge, UK.
The data were corrected for diamagnetic susceptibil-
ities.

3. Results and discussion

3.1. Synthesis, general physico-chemical
characteristics and geometry of the complexes

The coordination formulae of the investigated
complexes are given in Table 1. The previously
described MoO,(L)S (S = MeOH, EtOH, Py) com-
plexes were prepared by the reaction of warm
solutions of MoO,(acac), and H,L in MeOH, EtOH,
or MeOH/Py [1]. The analogous DMF and DMSO

Table 1

Some physico-chemical properties of the complexes

Sample Complex Colour et AM
No. (BM) (27 cm? mol ")
1 MoO,(L) Orange diam. 22°
2 MoO,(L)MeOH Orange diam. 56°
3 MoO,(L)EtOH Orange diam. 6.1°
4 MoO,(L)DMS Orange-red diam. 43°2
5 MoO,(L)Py Orange-red diam. 09°
6 MoO,(L)DMF Orange-red diam. 57¢
7 (MoO(HL)CI),0 Dark-green 1.64 25°%
8 (MoO(HL)C1),0-Me,CO Dark-green 1.61 41°
2 MeOH.

® Me,CO.
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Scheme 1.

complexes were synthesized in a similar way. The
desolvated complex MoOy(L) was made by the
reaction of MoQO,(acac), and H,L in CHClj. It can
also be obtained by heating a solvated MoO,(L)S
complex at 380 K to constant mass, as shown in
Scheme 1.

The desolvated Mo(V)-complex (MoO(HL)CI1),0
was prepared by the reaction of warm ethanolic solu-
tions of H,L and MoOCl;, which was obtained by
dissolving K;(MoOCls) and separating the KCI pre-
cipitate. = The Me,CO  solvate, (MoO(HL)-
Cl1),0-Me,CO, was prepared by recrystallization of
the (MoO(HL)CI1),O-complex from Me,CO. The
results of the elemental analysis of the newly synthe-
sized complexes were in agreement with the expected
values.

All the complexes are crystalline substances, and all
lose the solvent completely by isothermal heating at
ca. 380 K. The complexes are soluble in DMF, DMSO,
Me,CO and MeOH, less soluble in EtOH, Et,0O and
CHCl; and insoluble in H,O. Some physico-chemical
properties of the complexes are given in Table 1. All
the Mo(VI) complexes are diamagnetic, which is in
agreement with the d° configuration of the central
atom. As can be expected, the Mo(V) complexes are
paramagnetic with a p.¢ that is somewhat less than the
spin-only value for the system with s = 1/2. Molar
conductances of the complexes (Table 1) suggest their
nonelectrolytic character resulting from the coordina-
tion of H,L in a dianionic form, i.e. with deprotonation
of OH- and NH,-group [1]. Conversely, for the Mo(V)
complexes, this ligand is coordinated as a monanion,
via the deprotonated OH-group.

All Mo(VI)-complexes show characteristic IR
absorptions in the ranges of 930-940 (v,) and 910-
895 cm™' (v,,), due to the vibrations of cis-MoO,
group. The solvated complexes, MoO,(L)S, have an
octahedral configuration with the sixth coordination
site occupied by a molecule of solvent, which was
unambiguously proved by X-ray diffraction analysis
[1] of the complexes with MeOH and Py. The newly

synthesized complexes with DMF and DMSO have
most probably the same structure. The position of
Vic=0y (1650 cm™") and vs_g) (995 cm™") bands in
the IR spectra of the DMF and DMSO complexes,
respectively, are indicative of the expected coordina-
tion of the solvent through oxygen [8,9], as Mo(VI)
belongs to hard acids.

For the desolvated MoO,(L) complex, a less cus-
tomary pentacoordinated structure can be postulated,
because of the absence of absorption due to the
Mo=0- - -Mo bridge [2] at ~ 800 cm™".

It is most probable that Mo(V) complexes have a -
oxo-octahedral configuration. The very low Ay value
(Table 1) of these complexes is related to the coordi-
nated chlorine atoms. The Me,CO solvate,
(MoO(HL)C1),0-Me,CO, shows a sharp high-inten-
sity IR absorption at 1680 cm !, due to the V(c=0)
vibrations of the solvent. The same complex shows a
very strong band at 962 cm™ due to trans terminal oxo
ligands (Fig. 1). However, the desolvated complex in
this range shows two absorption bands of similar
intensities, but which are somewhat less intensive
compared to the corresponding band of the solvated
complex, suggesting a cis-configuration [2] for the
desolvated complex. The asymmetric stretching vibra-
tions of the Mo=0---Mo bridge [2] appear at ca.
760 cm ™.

Electronic absorption spectra of Mo(VI) complexes
show an absorption maximum at ca. 23 500 cm™'
(e=(27-34)x103dm’mol 'em™') due to
CT-type L—M transition. The electronic absorption
spectral characteristics of Mo(V) complexes are simi-
lar to those of Mo(VI) complexes. Hence, the Mo(V)
complexes in the visible part of the spectra show no
absorption belonging to d—d transitions, most prob-

o 0|
o—y I — \Mo o
o <, K )@
HC= N\Cl N HzN —CH
\s s/
CH, HsC

Fig. 1. The proposed structure of the trans-Mo(V) complex.
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Table 2

'H and '3C chemical shifts with the assignation to the marked atoms of the Mo-complexes I and 11

@( \Wo/ [@(

\WO/\

/
/ II
4 / \ HC-N C' N=CH
5 HC / SNHe C-NH/
\ \S -
N-C\ o 7 NH2
S—CHj, CH3
() (I
6, ppm
Atom 1 2 3 4 5 6 7 8 9
/6 'H — 6.83 7.41 6.95 7.59 — 8.52 — 247
s ’c 159.86 118.18 133.45 120.31 133.55 120.59 150.73 170.14 14.06
s 3¢ 159.55 117.99 132.90 119.06 133.49 119.06 150.44 169.76 14.06
157.32 116.13 132.50 118.56 133.35 118.56 148.12 165.10 —

ably because of the oxidation of Mo(V) to Mo(V]) in
the solution. The brown colour of the MeOH solution
of Mo(V) complexes is in agreement with this assump-
tion.

The 'H and '*C NMR data of the MoOx(L),
(MoO(HL)CI1),0Me,CO and (MoO(HL)CI1),O com-
plexes are presented in Table 2. The resonance of the
N-H proton of MoO,(L) complexes appears at
6 =9.17 ppm. All spectral data are consistent with
the given structure.

As the Mo(V) complexes are paramagnetic, the 'H-
spectrum of the (MoO(HL)C1);0-Me,CO complex
shows a strong signal broadening. Conversely, a par-
tial decomposition of this sample is observed in
DMSO-dg. The presence of only one signal for
CH3-(S) in both 'H and '*C NMR spectra of the
(MoO(HL)C1);0Me,CO complex, together with a
low-field signal at 6§ = 169.76 ppm (C=S) in '*C
NMR spectrum indicated that S-demethylation takes
place during the experiment. This evidence is strongly
supported by the presence of a low-field signal in the
'"H NMR spectrum at 6§ = 8.58 ppm (=N-NH-), con-
firming thus that one of the =N-N-C= groups is

transformed to a =N-NH-C= function. The resonance
of one of the -NH, groups appears at § = 9.65. To the
second -NH, group belong two signals, most probably
because of the -N=C-NH, — ~-NH-C=NH- transfor-
mation (6 = 10.45/9.25 ppm). The signals of all other
carbon atoms in the *C NMR spectrum of Mo(V)
complex are duplicated with respect to the signals of
the Mo(VI) complex, confirming thus a dimeric struc-
ture. The resonance of the C=0 from the solvated
acetone appears at 6 = 206.27 ppm while the signal
corresponding to both CHai-groups appears at
6 = 30.67 ppm. The 'H and >C NMR data of the
dissolved (MoO(HL)Cl),0-Me,CO complex are in
good agreement with structure II in Table 2.

The dissolution of the unsolvated (MoO(HL)C1),0O
complex in DMSO leads to complete decomposition
of the sample, so its NMR spectra are of no use for
assignments.

3.2. Thermal decomposition of samples

The thermal decomposition of sample 4 was inves-
tigated in flowing-air and argon atmospheres. The
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Fig. 2. TG, DTG and DSC curves of MoO,(L)-DMS (heating rate
10 K min™"); — in argon; and — in air.

corresponding TG, DTG and DSC curves are pre-
sented in Fig. 2. The course of the decomposition is
similar in both atmospheres to ~ 650 K. In an air, the
decomposition of the sample is complete at ~ 900 K
with MoOj as a final product, while in argon above
650 K, the decomposition rate decreases. All other
measurements were carried out in an air.

The TG and DTG curves of samples 1-6 are pre-
sented in Figs. 3 and 4 while the DSC curves are
shown in Figs. 5 and 6. The first decomposition step is
the evaporation of the solvent. In all the cases the
solvent is lost in an endothermic process in the 450—
340 K range. Samples 5 and 6 contained traces of
solvent probably remained after recrystallization. The
mass loss for the freshly prepared samples agrees with
the composition given by elemental analysis. How-
ever, the solvent content of the older samples, as can
be seen in Table 2, is somewhat lower.

In the next step, the decomposition of the desol-
vated complex begins. As expected, the course of
decomposition and the decomposition temperature
are the same for all the complexes. The process
involves a sharp endothermic reaction followed imme-

Am/ %

5%
01 m_g/min
dm /mg .
dt/min 1 AN
i
i
1l
i
Jod
0 =

300 400 500 600

700 T/K

Fig. 3. TG and DTG curves for the samples: 1 ~ MoOx(L); 2 —
MoO;(L)-MeOH; and 3 — MoO,(L)-EtOH.

diately by an exothermic one. The resulting product is
relatively stable over a temperature range of ~ 50 K.
The mass loss corresponds most likely to the elimina-
tion of a molecule of water and dimethyl sulphide
from two complex molecules giving a p-oxo-dimer.
The most probable course of the reaction is shown in
Scheme 2.

That the reduction of Mo(VI) to Mo(V) occurs is
manifested in the paramagnetism of the formed pro-
duct (uerr = 0.98 B.M.). The lower value of g with
respect to the spin-only value for the system with
s =1/2 is a consequence of a dimeric structure. To
prove the assumed course of the reaction, the IR
spectrum of the product was recorded. Compared with
the spectra of the starting compounds the IR spectrum
of the product shows significant changes: the NH and
SCH; vibrations have almost completely vanished
from the spectrum of the product. The strong band
at 1599 cm™! in the sample spectrum is splitted while
the sum of the integrated area of the two peaks (1602
and 1587 cm™') remained the same compared to the
other unchanged bands of the spectra. The 1599 cm™!
band in the starting compounds was assigned to the
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Fig. 4. TG and DTG curves for the samples: 4 - MoO,(L)-DMSO;
5 — MoO,(L)-Py; and 6 — MoO,(L)-DMF.
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Fig. 5. DSC curves for the samples: 1 — MoOy(L); 2 -
MoQO,(L)MeOH; 3 — MoO,(L)-EtOH; 4 — MoO,(L)-DMSO; 5 —
MoO,(L)-Py; and 6 — MoO,(L)-DMF.

Scheme 2.

overlapping vc-n) and Vc—c(ar) Vvibrations. The
V(c=N) vibrations are in general weak, thus the new
peak at 1587 cm™! can be attributed to an aromatic
V(c=c(ar)) Vibration. The presence of two aromatic ring
vibrations ~ 1600 cm ™' indicates a structure invol-
ving two aromatic rings. The spectroscopic proof of a
dimeric u-oxo-structure of the decomposition product
is the vanishing of the (rp00,) band from the spectrum
and the appearance of bands for ymeon and

V(Mo—Ob—Mo) Vibrations at 961 cm ! (sharp, very

strong) and 757 cm™! (weak), respectively. These
two bands also appear in the spectrum of the decom-
position product of the (MoO(HL)C1),0O-Me,CO
complex. The elemental analysis of the product
confirmed the previous assumption. (Calculated for
Ci16H10NgOsSMo, (M,=590.24): C-325;H-1.7; O
—~135;N-14.2; §-5.4%. Found: C-324;H-2.2;0
-13.0; N-11.5, S - 8.3%.)
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Table 3
Thermal decomposition data for complexes 1-6
Sample Complex Temperature Mass loss (%) Temperature Mass loss (%) Temperature Mass loss (%)
No. range (K) range (K) range (K)

found calculated found calculated found calculated

1 MoOy(L) — — 500-545 12.5 12.05 600-910 59.3 57.06
2 MoO,(L)MeOH 390420 8.0 8.72 510-550 11.3 11.00 615-915 61.5 60.80
3 MoO,(L)EtOH 340-390 11.5 12.08 510-550 10.1 10.59 610-910 63.7 62.25
4 MoO,(L)DMSO 380450 18.4 18.90 530-560 10.4 9.77 600-900 67.5 65.18
5 MoO,(L)Py 380450 18.3 19.09 520-550 9.5 9.75 600-910 65.9 65.26
6 MoO,(L)DMF 360410 17.3 17.90 510-550 10.0 9.89 600-910 65.1 64.75

In the interval of 590-920 K the complete degrada-
tion of the samples occurs with a final product of
MoO; in the air.

The data for thermal decomposition of Mo(VI)
complexes in air for samples 1-6 are given in Table 3.

The only difference between samples 7 and 8, both
with Mo(V), is that sample 8 contains additionally a
molecule of Me,CO. However, the thermal decom-
position of these samples is completely different
(Fig. 6), most probably due to the different (cis/trans)
configuration of the complexes.

The endothermic thermal decomposition of sample
7 begins at ~ 540 K with a corresponding mass loss of
~ 2%. The EGA data for this step give an organic

dm/mg
dt/min

200 500 600 700 800 TIK

Fig. 6. TG and DTG curves for the samples: — (MoO
(HL)CI);0-Me,CO; — (MoO(HL)C),0.

carbon degradation product. The mass loss corre-
sponds to the elimination of a CH, molecule. A further
decomposition follows almost immediately. The DSC
curve indicates a rather complex process beginning
with an endothermic effect. This is followed by an
exothermic reaction that is immediately accompanied
by endothermic effects (Fig. 7). The final product of
the decomposition is MoQOs. However, the amount of
the MoOj; formed is only half of the expected mass. A
possible explanation of this phenomenon is the for-
mation and evaporation of MoO,Cl, while the remain-
ing molybdenum in an air gives one mole of MoO,
(calculated — 19.79%, found — 20.6%).

dH
at/™W| psc
) S R i
PImw Vo N
H ‘\‘ ',‘
0
[ 7EA T
IiOmW,." "'.
oA

30 400 450 500 550 600 G50 T/K
Fig. 7. DSC and EGA curves for the samples: — (MoO
(HL)C1);0-Me,CO; — (MoO(HL)C1),0.
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Sample 8 contains a coordinated molecule of acet-
one which is lost in the interval of 390-420 K (Fig. 6).
The amount of the acetone is less than that given by
elemental analysis and corresponds to the composition
of (MoO(HL)C1);,0-0.80Me,CO. After the solvent
evaporation at ~ 470 K an endothermic mass loss
begins. The EGA (Fig. 7) curve of the sample shows
an organic decomposition product at the same tem-
perature as in the case of sample 7. However, from this
point onwards, the mechanism of further decomposi-
tion is completely different (Fig. 6). While sample 7
decomposes completely, sample 8 gives an intermedi-
ate product that is almost stable starting at 550 K (up
to 600 K). The complete mass loss for the intermedi-
ary compound corresponds to the elimination of a
CH,, a CH38H and two HCl molecules. The IR
spectrum of this compound is identical to the spectrum
of the product of the MoO,(L) decomposition. The
degradation is completed at ~ 900 K in the air atmo-
sphere giving two moles of MoO; (found — 35.5%,
calculated ~ 36.69%) as a final product.

4. Conclusions

The tridentate ONN ligand of salicylaldehyde S-
methylisothiosemicarbazone (H,L) stabilizes molyb-
denum in +6 and 45 oxidation states giving octahe-
dral Mo(VI)O,(L)S complexes (S = MeOH, EtOH,
DMSO, DMF, Py) and also octahedral p-0xo dimer
(Mo(V)O(HL)CI),0, respectively.

The desolvation of the octahedral Mo(VI)O,(L)S
solvate (L = dianion of the salicylidene S-methyli-
sothiosemicarbazide ligand) complexes takes place in
the 340-450 K range. The product is a desolvated
complex with an unusual pentacoordinated structure
which is stable to 500 K. In the next step of thermal
decomposition a relatively stable p-oxo-dimer forma-
tion occurs. The same product is formed by thermal
decomposition of the (Mo(V)O(HL)C1),0-Me,CO
solvate. However, the course of thermal decomposi-
tion of the desolvated (Mo(V)O(HL)CI),0 complex is
different. It decomposes completely in the 590-800 K

range. The difference in the thermal behaviour of the
complexes is due to different configuration of the
complexes. The final product of decomposition is
MoO; in all the cases. However, the amount of
MoO; formed by decomposition of the desolvated
Mo(V)-complex (sample 7) is half of the expected
mass, most probable because of formation and eva-
poration of MoO,Cl,.

The high thermal stability of the pentacoordinated
Mo(VI)-complex formed by desolvation may refer to a
hindered p-oxo-molybdenum(V) dimer formation in
this case.
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