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2,4-Dihydroxybenzaldehyde S-allylisothiosemicarbazone hydrobromide, H,L, reacts with dioxo-
molybdenum acetylacetonate in methanol to form a stable complex of dioxomolybdenum(VI). The
ligand and complex are characterized with analytical and spectroscopic techniques. Single-crystal
X-ray crystallography has been also carried out for the complex, showing it has distorted octahe-
dral geometry. H,L is a tridentate dianionic ligand bonded as an ONN donor to molybdenum.
Thermogravimetric analysis of the complex shows MoOj3 as the final product above 780 °C. The
results obtained from density functional theory calculations for the optimization and frequency
analysis are in agreement with the experimental data. Natural bond orbital calculations show that
the majority of the electron density of the donors tends to the molybdenum, since the calculated
Mulliken charge for the central ion is much lesser than the formal value.

Keywords: Isothiosemicarbazone; Molybdenum(VI) complex; TG; Crystal structure; DFT

1. Introduction

Molybdenum is a trace element in nature and plays an important role in metabolism of
plants and animals [1, 2]. As potential models for biologically active molybdenum com-
pounds, Schiff base complexes of molybdenum have been used in applications related to
catalytic, enzymological and oxygen transfer reactions [3]. Tridentate dibasic Schiff base
complexes such as cis-MoO,L(D) (D=solvent) are good substrates for redox reactions
because of the ability of D replacement with other solvent [4]. There are a number of crys-
tal structures of molybdenum(VI) complexes of this class in all of which molybdenum
coordinates to an S-alkyl-isothiosemicarbazone, two oxo ligands and solvent [5].

There is interest in new molybdenum complexes of these types due to the unique
properties and potential for biological and catalytic activities. With the X-ray structures,
density functional theory (DFT) computations [6] can be carried out to more fully charac-
terize the complexes through calculation of optimized structures, vibrational frequencies
and assessment of Natural bond orbitals (NBO’s) [7-9].

*Corresponding author. Email: r.takjoo@um.ac.ir
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In this article, we have synthesized and characterized a new 2,4-dihydroxybenzaldehyde
S-allylisothiosemicarbazone hydrobromide (H,L) and its molybdenum complex
cis-MoO,(L)(MeOH) via spectral studies, Thermogravimetric (TG), X-ray and DFT
calculations.

2. Experimental
2.1. Reagents and physical measurements

All chemicals were of analytical reagent grade and used without purification. Fourier trans-
formation-infrared (FT-IR) spectra were recorded as KBr pellets from 400 to 4000 cm
on a FT-IR 8400-SHIMADZU spectrophotometer. '"H NMR spectra were recorded in
DMSO-dg on a Bruker BRX 100 AVANCE spectrometer. UV—Vis spectra of the com-
pounds were run in methanol on a SHIMADZU model 2550 UV—Vis spectrophotometer,
from 210 to 600 nm. Carbon, hydrogen, and nitrogen analyses were carried out using a
Thermo Finnigan Flash Elemental Analyzer 1112EA instrument. The molar conductance
of 107*M solution of the metal complex in methanol was measured at room temperature
using a Metrohm 712 Conductometer. Thermogravimetric (TG) analysis was carried out by
a TGA-50 SHIMADZU under air from 20 to 850°C with a heating rate of 10°Cmin .
Diffraction data were measured using a Bruker Smart APEX CCD diffractometer.

2.2. Preparation of 2,4-dihydroxybenzaldehyde S-allylisothiosemicarbazone
hydrobromide (H,L)

A mixture of allyl bromide (2.66g, 22mM) and thiosemicarbazide (2g, 22 mM) was
refluxed in 15 ml ethanol until the solid disappeared (ca. 1h). 2,4-Dihydroxybenzaldehyde
(3.04 g, 22 mM) was added to the solution and the reflux continued for 1h. After cooling
the solution, the yellow precipitate was collected, washed with cold ethanol and dried in
vacuum over silica gel.

Yield: 5.2g, 85%. m.p.: 190°C. Anal. Calcd for C;;H;3BrN;0,S (331.21gM71): C,
39.77; H, 4.25; N, 12.65. Found (%): C, 39.56; H, 4.17; N, 12.51. FT-IR (KBr, cm_l):
v(O4-H) 3,694 w, v,((NH,) 3,250 ms, v(NH,) 3,144 ms, v(O3-H) 3,150 w, v(C-H) 2,820~
2950w, W(C=C)uy1+J0CH, 1,650w, dip,(O3H) +0NH, +1(C=C)+w(C1=N1) 1,627,
WC8=N2)+1(C=C)+oNH, 1,581vs, v(C5,7-0) 1,157ms, v(N-N) 1,060w, J,,p(C—H)
794 mw. '"H NMR (100 MHz, DMSO-dg, ppm): 10.4 (s, 1H, O3H); 9 (s, 1H, O4H), 8.4 (s,
1H, CH=N), 7.4 (d, 1H, C4H), 6.4 (d, 1H, C3H), 6.2 (s, 1H, C6H), 5.8 (m, 1H, C10H), 5.2
(d, 2H, C9H,), 4.2 and 3.4 (s, syn/anti:1/1, 2H, NH,), 3.7 (d, 2H, C12H,). UV—Vis (metha-
101, Amax (nm), log &, LM ™" em™"): 240 (4.2), 288 sh (4.19), 300 sh (4.23), 330 (4.46).

2.3. Preparation of cis-dioxo-methanol-(2,4-dihydroxo-salicylaldehyde
S-allylisothiosemicarbazone)molybdenum(VI) (cis-MoO,(L)(MeOH))

A methanolic solution (3 ml) of H,L (0.066 g, 0.2 mM) was added to a solution of dioxo-
molybdenum acetylacetonate (0.065g, 0.2mM) in methanol. The solution was stirred
under reflux at 100 °C for 1h. Red parallelepiped crystals were obtained after two days in
a refrigerator. The product was filtered, washed with cool methanol and finally dried in
vacuo over CaCls,.
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Yield: 0.06g, 77%. m.p.: 225°C. Anal. Caled for C;,H;sMoN;05S (409.29gM*1): C,
35.21; H, 3.69; N, 10.28. Found (%): C, 35.45; H, 3.68; N, 10.36. FT-IR (KBr, cm ):
wO5H) 3,567vw, wO4H) 3,483vw, v(NH) 3379m, w(CH) 2,923-3,068 vw,
WC=C)apy1+0CH,  1,640w,  WCI=N1)+»(C=C),ing+INH)  1,596vs, w(CI=N1)
+(C8=N2)+W(C=C)ying 1,550ms, Jipp(NH)+W(C1=N1)+1(C=C),iny 1,543s, W(C8=N2)
+9ipp(NH) +W(C1=N1) 1,443 ms, 0ipp(C1H)+ ipp(N-H)+ ;,(O4H) 1,287 m, (C5,7-0)
1,172mw, v(N-N) 1,036 vw, vy(cis-Mo=(0),) 9425, v, (cis-Mo=(0),) 910, Jopn(C—H)
768 m, v(Mo—0) 609 m, v(Mo-N) 570m. '"H NMR (100 MHz, DMSO-ds, ppm): 12.9 (s,
1H, O5H), 10.3 (s, 1H, NH), 9.8 (s, H, O4H), 8.8 (s, 1H, CH=N), 7.9 (d, 1H, C4H), 6.3 (d,
2H, C3H), 6.2 (s, 1H, C6H), 5.8 (m, 1H, C10H), 5.2 (d, 2H, C9H,), 4 (d, 2H, C12H,), 3.7
(s, 3H, C11H3). UV—-Vis (methanol, Ay (nm), log &, LM™~'em™"): 246 (4.33), 330 (4.39),
332sh (4.26), 440 (3.65). Molar conductivity (I x 10 °ML™"; MeOH) 23 Q' em*M .

2.4. Theoretical calculations

The geometry was fully optimized by DFT and all calculations performed using the hybrid
B3LYP exchange correlation functional [10]. The calculations were done using the 6-
311Gsx(d,p) [11] basis set for the H, C, N, O and S atoms and Lanl2dz [12] basis set for
molybdenum in gas phase by GAUSSIAN 98 [13]. The Mo(VI) complex and H,L were
fully optimized. No symmetry constraints were applied in the calculations. The optimized
structures have been used for the frequency calculations. The lack of negative numbers for
the frequencies provided evidence for full optimization of the structures. Analysis of the
NBO was done by the NBO-code included in Gaussian 98 [14].

2.5. Structure determination

A red parallelepiped crystal of the Mo complex, obtained by slow evaporation of a metha-
nolic solution of the complex, was mounted on a Cryoloop® with a film of Paratone® oil
and placed in the cold nitrogen stream on the Smart APEX diffractometer. Diffraction data
were obtained from three sets of 400 frames, each of width 0.5° in w, collected at
¢ =0.00, 90.00 and 180.00°, and two sets of 800 frames, each of width 0.45° in ¢, col-
lected at @ =—30.00 and 210.00° under control of the APEX2 software package [15]. The
scan time was 20 s/frame. The raw data were converted to F~ values with SAINT [16],
which also performed a least-squares optimization of unit cell parameters using 9,840
reflections. Corrections for absorption and merging of equivalent reflections were per-
formed with SADABS [17] and the structure was solved by Patterson and Patterson expan-
sion methods (SHELXS [18]). The structure was refined by full-matrix least squares and
hydrogens attached to carbon placed in calculated positions (SHELXL [18]). Hydrogens
attached to nitrogen and oxygen were placed in the locations obtained from a difference
map and all hydrogens were included as riding contributions with isotropic displacement
parameters tied to those of the attached atoms. Other calculations were performed with
SHELXTL [19], and the details are presented in table 1.

3. Results and discussion

By using S-allylisothiosemicarbazone hydrobromide (H,L) as ligand and dioxo-molybde-
num(VI) acetylacetonate in methanol, cis-MoO,(L)(MeOH) has been synthesized and
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Table 1. Crystal, collection and refinement data for cis-MoO,(L)(MeOH).

Chemical formula C,H5sMoN;05S
Formula weight 409.27

T/K 100(2)

Crystal system Monoclinic

Space group P2,/n

a (A) 7.5347(8)

b (A) 18.3928(19)

¢ (A) 11.1854(12)

B (°) 107.741(1)

v (A%, z 1476.4(3), 4
Density (g/cm®) 1.841

u (mm~") 1.507

F(000) 824

Crystal size (mm) 0.21x0.08x0.05
0 range for data collection 2.21-29.09°
Index ranges —9<h<10, —25<k<25, —15<I<15
Refl. coll., max. 0 25,184, 29.10°
Indep. refl. 9,840 (R;n;=0.0568)
Data/restraints/parameters 3,827/0/200
Goodness-of-fit on F? 1.142

R, wR (I>2(])) 0.0370, 0.0939

R, wR (all data) 0.0416, 0.0967
Max. peak and hole (e/A%) 1.15,—0.765

characterized by elemental analysis, solution electrical conductivity, FT-IR, 'H NMR, UV-
vis and X-ray crystallography. The single crystal X-ray diffraction study indicates that the
ligand is present in its dianionic form. The complex is stable in air and soluble in most
common solvents except H,O and CHCl;. The molar conductivity for the complex in
methanol (23 Q™' em?M ") is in agreement with non-electrolyte behavior [20].

3.1. General optimization

The crystal structure of the molybdenum(VI) complex has been used as initial geometry
for geometry calculation. Unfortunately, attempts to obtain suitable crystals of H,L were
ineffective despite using a variety of solvents. Some important bond lengths and angles of
the complex are given in table 2, from which it can be seen that the calculated values are
in agreement with experimental ones. The maximum deviation of the calculated structure
parameters from the crystal structure is observed for the Mo(1)-O(5) bond (cc. 0.26 A),
but this is for the coordinated methanol, which is the longest (and presumably weakest)
bond in the coordination sphere and could be due to steric effects in the crystal packing
[21]. For all the structures, vibrational frequency calculations have been done as a check
for the optimized structures.

3.2. Vibrational frequencies analysis

A number of important vibrational modes of the H,L and [cis-MoO,(L)(MeOH)] are
collected in table 3. Both molecules belong to the C1 symmetry group, and the normal
vibrational modes belong to the A1 mode.
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Table 2. Selected, calculated, and experimental bond lengths (A) and angles (°) for cis-MoO,(L)(MeOH) with
esd’s in parentheses.

Bond type Exp. Caled Angle type Exp. Caled
Mo1-02 1.697(3) 1.712 0O1-Mo1-05 82.41(9) 79.51
Mol1-01 1.722(2) 1.725 01-Mo1-03 104.1(1) 105.66
Mol1-05 2.351(2) 2.612 01-Mo1-02 105.7(1) 106.63
Mo1-03 1.933(2) 1.981 O1-Mol-N3 96.0(1) 93.71
Mol1-N3 2.038(3) 2.069 N1-Mol1-05 77.66(9) 74.57
Mol-N1 2.235(2) 2.282 N1-Mol-03 82.1(1) 80.26
C9-S1 1.822(4) 1.852 NI1-Mo1-02 94.5(1) 99.70
C8-S1 1.750(3) 1.773 N1-Mol-N3 71.2(1) 69.88
C8-N3 1.345(5) 1.350 Mo1-03-C7 138.7(2) 137.62
C8-N2 1.315(4) 1.304 03-C7-C2 122.1(3) 122.25
NI-N2 1.410(3) 1.390 C7-C2-Cl1 123.3(3) 122.77
C1-N1 1.299(4) 1.299 C2-C1-N1 124.8(3) 125.99
C7-03 1.340(4) 1.322 CI-NI1-N2 115.1(3) 115.65
C5-04 1.361(4) 1.360 NI1-N2-C8 108.4(3) 109.49
Cl1-C2 1.438(4) 1.431 N2-C8-N3 122.6(3) 122.40
c2-C7 1.411(5) 1.421 C8-N3-Mol 119.5(2) 120.22
C2-C3 1.415(5) 1.412 C8-S1-C9 103.7(2) 102.25
C3-C4 1.374(4) 1.377 S1-C9-C10 106.4(2) 108.96
C4-C5 1.406(5) 1.404 C9-C10-C12 122.8(3) 124.03
C5-Coé 1.387(4) 1.390 Mol1-05-Cl11 123.9(2) 121.16
Co-C7 1.400(4) 1.400

The fully optimized structures of the compounds are confirmed by seeing positive values
for all calculated frequencies. The calculated frequency values have been multiplied by a
suitable scale factor [22] accord with the experimental results. In addition, the calculated
and experimental vibrational spectra are given in figure S1 (Supplementary Material). The
slight differences between the experimental and computational values indicate appropriate
choice of 6-311++G(d,p) hybridization for the calculation. The maximum discrepancies
between the experimental and the computational values are in the asymmetric and symmet-
ric stretching modes of NH,. The asymmetric and symmetric stretching vibrations of NH,
are at 3,250 and 3,144cm”' [23] in the experimental spectrum, and at 3,341 and
3,187cm™ " in the computed spectrum. This difference is perhaps due to the lack of inter-
actions in the gas phase computation which would be present in condensed phases.
Because of the similarity between IR spectra of the ligand and its Mo(VI) complex from
1,450 to 1,627 cm ™" and for better analysis of complex formation, the observed peaks in
this region should be individually assigned. Some bending vibrations (scissoring) and in-
plane bending of OH, NH, and NH, groups appear at 1,500—1,650 cm™"' [24, 25]; this can
affect other stretching vibrations such as C=C and C=N.

Bands at 1,627, 1,581, and 1,504cm™ ' are attributed to, respectively, O3—(H) in-plane
bending +aromatic C=C stretching + C1=N1 stretching, C8=N2 stretching + aromatic C=C
stretching + NH, scissoring and C8=N2 stretching+NH, scissoring+CI1=N1 stretching.
The computed values are 1,596, 1,575, and 1,505 cm !, respectively.

In the IR spectrum of the molybdenum complex, the O3—H and NH, bending modes
disappear and the new N3-H bending vibration mixes with the vibration modes of C=C
and C=N stretches. Accordingly, bands at 1,596, 1,550, 1,543, and 1,443 cm~ ! are
attributed to, respectively, C1=N1 stretching +aromatic C=C stretching+N3—-H in-plane
bending, C1=N1 stretching + C8=N2 stretching +aromatic C=C stretching, N3-H in-plane
bending+C1=N1 stretching +aromatic C=C stretching and C8=N2 stretching+N3-H
in-plane bending+C1=N1 stretching.
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Table 3. Selected experimental and calculated IR vibrational frequencies (cm™ ") of the ligand and cis-MoO(L)
(MeOH).

Ligand Complex

Exp. v (em™)*  Scaled v (cm’l) Exp. v (em™")  Scaled v (cm™") Assignment

486 mw 493 498 w 492 Aromatic C—C—C flipping

N-e N-e 570 m 562 Mo—N stretching

N-e N-e 609 m 603 Mo-O stretching

717 770 740 w 732 C8-S1 stretching + N2-C8-N3
scissoring

794 mv 798 768 m 782 Aromatic and azomethine C—H out of
plane bending

848 m 867 870 ms 859 Allyl C12, C9—(H), rocking

N-e N-e 910s 926 cis—Mo=(0), asymmetric stretching

N-e N-e 942s 945 cis—Mo=(0), symmetric stretching

N-e N-e 994 w 987 C11-(0) alcohol stretching

1060 w 987 1036 vw 1001 NI1-N2 stretching

1143 ms 1146 1064 w 1135 04—(H) and aromatic C—(H) in plane
bending

N-e N-e 1126 m 1143 N3—(H) and O4—(H) in plane bending

1157 ms 1165 1172 mw 1171 C5, C7—0) stretching + aromatic C—H
and O4—(H) in plane bending

N-e N-e 1287 m 1312 Azomethine C—H, N3—(H) and O4—(H)
in plane bending

1383 m 1426 1409 vw 1420 Allyl C12, C9—(H), scissoring

N-e N-e 1443 ms 1487 C8-N2 and C1=NI1 stretching + N3—
(H) in plane bending

N-e N-e 15435 1524 N3—(H) in plane bending + C1=N1 and
aromatic C=C stretching

1504 ms 1505 N-e N-e C8=N2 and C1=N1 stretching + NH,
scissoring

N-e N-e 1550 ms 1571 C1=N1, C8=N2 and aromatic C=C
stretching

N-e N-e 1596 vs 1579 C1=N1 and aromatic C=C stretching
+N3—(H) in plane bending

1581 vs 1575 N-e N-e C1=N1, C8=N2 and aromatic C=C
stretching + NH, scissoring

1627 vs 1596 N-e N-e 03—(H) in plane bending +aromatic
C=C, C1=N1 stretching

N-e N-e 2908 w 2898 C11—(H); alcohol symmetric stretching

N-a 2916-3024 2950-3168 vw  2950-3169 Allyl, azomethine C—(H) stretching

N-e N-e 3050w 3027 C11—(H); alcohol asymmetric
stretching

2820-2950 w 3157-3190 2923-3068 vw  3042-3178 Aromatic C—(H) stretching

3150w 3066 N-e N-e 0O3—(H) stretching

3144 ms 3187 N-e N-e NH, symmetric stretching

N-e N-e 3379m 3448 N3—(H) stretching

3250 ms 3341 N-e N-e NH, asymmetric stretching

3694w 3634 3483 vw 3672 04—(H) stretching

N-e N-e 3567 vw 3683 0O5—(H) alcohol stretching

“Wavenumber.

Abbreviations: vs: very strong; s: strong; ms: medium strong; m: medium; w: weak; vw: very weak; N-e:
Inactive.

By ignoring the bending vibrations of O3—(H) and NH, in the infrared spectrum of the
ligand, and disregarding the N3—(H) bend in the IR spectrum of the molybdenum complex,
we would see the stretch of C=N1 at 1,627 and 1,581 cm ! in H,L red shifting to 1,596
and 1,550 cm ' in the complex. These indicate coordination of the ligand through the azo-
methinic nitrogen (N1) [26].



Downloaded by [Renmin University of China] at 10:47 13 October 2013

1860 R. Takjoo et al.

The absence of v,((NH,) and v((NH,) in the IR spectrum of the complex also confirms
that the ligand is coordinated by deprotonated thioamide nitrogen (N3).

The C—H stretch of the methyl of coordinated methanol is at 2,908-3,050 cm ™! in the
experimental spectrum and 2,898-3,027cm™' in the computed spectrum [26]. The C-O
stretch is at 1,157 cm™ " in the infrared spectrum of the free ligand, shifting to lower fre-
quency by 15¢cm™! upon coordination (1,172 cm™"). These values are computed at 1,165
and 1,171 cm™" for the ligand and complex, respectively. Very weak peaks at 3,567 and
994 cm™! for the Mo(VI) complex are related to stretching vibration of O5-H and C11-
05 of coordinated methanol [27] which are calculated at 3,683 and 987 cm ™.

The symmetric and anti-symmetric stretching vibrations of O=Mo=0 are at 910 and
942cm™ "' as two distinct peaks with calculated values at 926 and 945cm ™', respectively
[28]. The existence of two bands with the same intensity reveals cis oxygens [29].

3.3. Electronic charge distribution

The HOMO and LUMO of the complex are given in figure 1. The HOMO is located pre-
dominantly on the donors and the LUMO is located on molybdenum. The calculated partial
electronic charges (Mulliken analysis) of participating atoms in bonding are collected in
table S1. The data show that N3 and O3 have Mulliken values less than the formal charge
of —1. Calculated charge values for Ol and O2 are —0.639 and —0.634 a.u., respectively,
less than the formal charge —2 expected for oxides. The calculated value of 0.050 a.u. for
N1 indicates that this nitrogen gives an electron pair to molybdenum and does not contrib-
ute negative charge to the system. These results together with the 2.331a.u. charge on
molybdenum, in comparison with the expected formal charge (+6), indicate that most of the
donor atoms transmit electron density to molybdenum [30]. For bond formation, Mo, N-
and O-donors of the ligand use 5s and 4d orbitals, 2s and 2p orbitals, respectively.
Additional NBO data are given in table 4. According to the NBO calculations for cis-
MoO,, there are four ¢ and 7 bonding orbitals, and four ¢* and 7* antibonding orbitals.
The bonding orbitals are filled whereas the remainder are empty. The ¢ bonding orbitals of
{Mo=0} are mainly polarized toward O1 and O2 (respectively 74.5 and 73.99%). In these
bonds, molybdenum uses the 5s and 4d valence bonding orbitals and the 2s and 2p
valence orbitals are used by oxygens (O1, 02). The © bonding electrons are polarized by
68.04 and 68.52% toward O1 and O2, respectively. For formation of the = bond, molybde-

]

HOMO Mo LUMO Mo

Figure I. HOMO and LUMO for cis-MoO,(L)(MeOH).
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Figure 2. ORTEP drawing of cis-MoO,(L)(MeOH) with atom numbering. Thermal ellipsoids are shown at the
50% probability level.

Table 4. The occupancy, hybrids and coefficient for the cis-MoO, unit.

Bond Bond type Coefficients Percentage Hybrids Occupancy
Mo(1)-O(1) o 0.5045 Mo 25.45 s 687861 1.96260
0.8634 O 74.55 §220077:32
Mo(1)-0(1) n 0.5653*Mo 31.96 @88 1.965
0.8249*0 68.04 9.93
Mo(1)-0(2) o 0.5100*Mo 26.01 §194q708 1.95320
0.8602*0 73.99 2157841
Mo(1)-0(2) T 0.5611*Mo 31.48 7" 1.95320
0.8278"0 68.52 p%-78
Mo(1)-0(1) o 0.8634*"Mo 74.55 §!6-87¢82.61 0.25559
—0.5045*0 25.45 §2260,77:32
Mo(1)-O(1) T 0.8249*Mo 68.04 a8 0.23116
—0.5653*0 31.96 p?%%
Mo(1)-0(2) o 0.8602*Mo 73.99 §19:46479-89 0.20198
—0.5100*0 26.01 §2 1507841
Mo(1)-0(2) T 0.8278*Mo 68.52 a7 0.25428
—0.5611*0 31.48 p ™

num and oxygen use d and p orbitals, respectively. According to table 4, the ¢* and *
antibonding orbitals are polarized toward molybdenum.

3.4. 'H NMR and electronic spectra

Scheme 1 shows the numbering of the ligand and the ORTEP drawing of the Mo(VI)
complex is used to assign of the proton resonances. In the "H NMR spectrum of the ligand,
the O4H and O3H appear at 10.4 and 9 ppm, respectively. After complexation O3H reso-
nance disappears, indicating coordination occurs through the deprotonated oxygen. The azo-
methine proton (CH=N) at 8.4ppm in the spectrum of the ligand shifts to 8.8 ppm after
coordination, confirming that N1 coordinates to Mo. The presence of the isothiosemicarbaz-
one in Z and E (scheme 1) configurations in the solution is well known [31]. In the E iso-
mer, S—R lies #rans to N1 while in the Z isomer they are cis (scheme 1) [32, 33]. The
existence of both tautomeric structures in solution is confirmed by the presence of two sig-
nals for NH, at 4.2 and 3.4 ppm and only one set of coupling constants and chemical shifts
are observed for other protons in the ligand. The appearance of a new broad singlet at
10.3 ppm related to N3H with omission of the NH, signals in the '"H NMR of the complex
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shows coordination of the deprotonated thioamide nitrogen. Two signals of CH; and O5H
of coordinated methanol are revealed at 3.7 and 12.9 ppm, respectively. The position of these
bands confirm that methanol is not coordinated to molybdenum in the presence of DMSO.

Electronic absorption data of the ligand and the Mo-complex are summarized in Sec-
tions 2.2 and 2.3. The UV-vis spectra are given in figure S2. The spectrum of H,L has
two bands at 240 (4.2) and 288 nm (4.19) which are attributed to =— x* transitions of the
aromatic ring and the azomethine, respectively. Bands at 300 (4.23) and 330 nm (4.46) are
attributed to n— 7" transitions of the azomethine and thioamide, respectively [34]. In the
electronic spectrum of the complex, the band at 246 nm (4.33) is assigned to 7 — 7™ transi-
tion of the aromatic ring, whereas the n — " transition of azomethine and thioamide are at
330nm (4.39). The complex also exhibits a band at 440 nm (3.65), due to N — Mo(VI)
and O — Mo(VI) (LMCT) charge-transfer transitions. These transitions would be from the
p-orbital of the ligand to the lowest empty molybdenum d-orbitals [35].

3.5. Thermal studies

The TG and differential TG analyses of the Mo-complex have been determined to
1,000 °C using a heating rate of 10°C min~'. Figure S3 gives the thermal analysis curve
of the complex. The compound is stable to 125 °C, then its decomposition occurs in five
steps. In the first step, loss of the coordinated methanol occurs at 127-150°C with a
weight loss of 7.83% (calcd 7.7%). The second step takes place by mass loss of 3.92%
(caled 3.9%) from 228 to 243 °C. A NH fragment separates from the residue. In a broader
temperature range, from 244 to 426 °C, the third decomposition corresponds to loss of an
allyl with a weight decrease of 11.19% (calcd 11.4%). The fourth weight loss of 41.54%
(calcd 40.8%) takes place from 430 to 625 °C, corresponding to a fragment, which is prob-
ably HOPh(O)C(S)=N. The ultimate residue with 29.98% (calcd 30%) weight, probably
MoOs, can be seen above 780 °C.

3.6. Crystallography

Table 1 lists the crystal data and structure refinement results, while an ORTEP view of the
compound with the atom numbering is shown in figure 2; pertinent bond distances and
inter-bond angles appear in table 2. The coordination geometry can be described as dis-
torted octahedral with bond angles at molybdenum varying from 71.2(1)° to 105.7(1)°
(table 2). The angle between the oxo ligands (O1-Mo1-02) is the largest. While bending
Ol away from O2 and out of the equatorial “plane” could be attributed to the strong
hydrogen bond with the phenolic —OH in a neighboring molecule at 1 —x, 2—y, 1—z
(table 5), this geometry must be largely electronic in origin, since this angle is also
calculated to be the largest (table 2). The coordination sphere has mer configuration with
the tridentate Schiff base coordinated in the syn conformation through the anionic phenol

5. 2
PE N S c

2
ﬁo \\Tﬁ N \\?"/ SoT R c/CQC/C\\N/NQC/NHZ
9 7 3 Il | |
OH4/C\ o N, C\ 4(: S

—
~N
3 ~——
c o Ho” ¢ o L\

Scheme 1. General structures of the isothiosemicarbazone; (a) E and (b) Z.
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Table 5. Hydrogen bonds for cis-MoO,(L)(MeOH) [A and °].

D H-A d(D-H) d(H--A) d(D--A) /(DHA)
04-H4---01* 0.84 1.89 2.725(3) 179
05-H50---N2° 0.84 1.88 2.722(4) 176
N3-H3N---04° 0.88 2.33 3.168(4) 159
C9-HYB---cg’ 0.99 278 3.70 155

Symmetry transformations used to generate equivalent atoms: *—x+1, —y+2, —z+1; "—x+2, —yp+2, —z+2;
C—x+3/2, y—1/2, —z+3/2; dcg is the centroid of the ring C2—C9 at 1—x, 2—y, 2—=z.

oxygen, the neutral azomethine nitrogen and the anionic thioamide nitrogen forming one
unit and the two oxo ligands and the coordinated methanol the other. The ligand shows a
slight concave distortion from planarity in the direction of the coordinated methanol, as
indicated by the dihedral angle of 12.3(1)° between the mean planes of the aromatic ring
and the N1, N2, C8, N3 portion of the ligand backbone. The Mo=0 distances differ
significantly with that involving O1, which forms a strong hydrogen bond, being longer.
We attribute the lengthening to the hydrogen bonding interaction as the calculated
Mo1-O1 distance, which does not involve hydrogen bonding, essentially the same as the
Mo1-02 distance. Similar differences in the two Mo=0 bond lengths are seen in a variety
of analogous complexes of closely related Schiff base ligands, although in a number of
cases the difference is smaller than that found here [5]. The difference in frans influences
of the central nitrogen of the Schiff base and methanol with the former being the better
donor could also be important. The hydrogen bonding interactions O5-HS5--*N2 and
0O4-H4---O1 (table 5) create a 1-D chain of bilayers along 101 which are then weakly
associated, approximately, along b via a C—H---m interaction between C9—HO9b, and the
centroid of the aromatic ring containing C2—C9 in the molecule at 1 —x, 2 —y, 2 —z.

4. Conclusion

We have prepared red crystalline cis-MoO,(L)(MeOH) by reaction of 2,4-dihydroxybenzal-
dehyde S-allylisothiosemicarbazone hydrobromide (H,L) with MoO;(acac), in methanol.
The X-ray crystal structure shows a distorted octahedral coordination that possesses the
mer conformation. The ligand is a dinegative tridentate chelate in its deprotonated form
and coordinates to the metal via the azomethine nitrogen, the thioamide nitrogen and the
phenolate oxygen. Two oxo ligands and a methanol occupy the remaining coordination
sites.

The thermal stability of the complex is low with methanol being removed first and the
last step forming MoO;. Comparison of the vibrational frequencies calculated by DFT
methods with the experimental results showed satisfactory agreement and allowed assign-
ments of many bands in the infrared spectra. NBO analysis indicated that the HOMO and
LUMO were located on the donor atoms and molybdenum, respectively.

Supplementary data

Full crystallographic data (CCDC No. 871938) for the complex has been deposited at the
Cambridge Crystallographic Data Center and are available on request from the Director,
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CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (Fax: +44-1223-336,033; E-mail:
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk). The cartesian coordinates of com-
pounds, figures S1, S2, S3, and table S1 are presented in supplementary materials.
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