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ABSTRACT: The cationic thiosemicarbazone complex of nickel containing triphenylphosphine as coligand was.synthesized through the
isopropanol-assisted hydrogen transfer reaction. The thiosemicarbazone ligand (LH,) and its cationic nickel complex,
[Ni(LH)(PPh3)]*CI".(CH3),CHOH, were characterized by elemental analysis, IR, 'H-NMR and UV-Vis. spectroscopies. The molecular
structure of the complex was also determined by single crystal X-ray diffraction technique. In addition computational studies at
B3LYP/6-311G(d,p) (main group) and LANL2DZ (Ni) level were carried out for theoretical characterization of the ligand and complex.
Structural analysis of the complex indicated the presence of square-planar coordination geometry (ONNP) about nickel in which the
thiosemicarbazone ligand coordinated as mononegative tridentate. Isopropyl alcohol catalyzed efficiently the transfer hydrogenation and
the cationic complex formed through inter conversion azinyl-azinylidene. All spectral data support the formation of the ligand and its
nickel complex and the results calculated using theoretical methods coincide well with the experimental findings. The thermal degradation
of the complex was investigated using thermogravimetric and differential thermal analyses techniques in nitrogen and oxygen atmosphere.
The oxidative-thermal decomposition of the compound showed volatilization of nickel as unexpected behavior unlike nitrogen atmosphere.

Keywords: Thiosemicarbazone, Transfer hydrogenation, Nickel, X-Ray diffraction, Isopropyl alcohol.

1. Introduction

Thiosemicarbazones are of great importance because of biological, medicinal, pharmacological and analytical properties[1-11]. They
have more than one binding site for metal ions and their properties change depending on metal atom, coordination modes, connected alde-
hyde or ketone and substituents on aldehyde/ketone[12-16].

Thiosemicarbazones possess different coordination ' modes, can be in neutral or anionic form because of thione-thiol tautomerism and
give generally neutral or rarely cationic metal complexes (Scheme 1) [17-25].
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Supramolecular structures have attracted great attention in recent years and take place as a result of an intermolecular hydrogen bonding,
pi-pi interactions, electrostatic effects, hydrophobic forces, metal coordination and van der Waals forces[26]. The noncovalent interactions
are extremely significant in catalysis. Although there are a great number of papers on thiosemicarbazones owning more than one donor
atom, the papers are limited on supramolecular structures of metal complexes based on thiosemicarbazone[27-29].

As a continuation of our interest on thiosemicarbazone and its metal complexes, we present here the synthesis, structural,
thermogravimetric and spectroscopic features of 5-bromo-2-hydroxy-benzaldeyde-S-methly-isothiosemicarbazido triphenylphosphine
nickel chloride isopropyl alcohol. In this study, we isolated rarely occurring nickel complex salt form of S-methyl isothiosemicarbazone
and triphenylphosphine, also containing one mole isopropyl alcohol as solvent in formula [Ni(LH)(PPh3)]"Cl".(CH3),CHOH. Moreover,
this solute-solvent complex has supramolecular structure (I). Despite many attempts in previous study, we were unable to put solvent
molecule in the same crystal lattice as stable complex and the crystal did not contain chloride anion and the complex was in neutral form,
[NiLPPh;], (Scheme 2)[30]. By this study, we not only obtained rarely occurring cationic complex salt (I) by changing polarity of solvent,
but we also saw that the isopropyl alcohol catalyzed efficiently the transfer hydrogenation and caused to supramolecular structure's for-
mation.

Moreover, thermal decomposition of this crystal (I) showed an unexpected behavior in oxygen and nitrogen atmosphere. The oxidative
decomposition of the complex unlike nitrogen atmosphere displayed volatilization of nickel. This property is preferable for volatile solid
metallo-organic precursors for use in CVD applications for preparing thin films of metallic nickel[31,32].
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Scheme 2.Formation of [NiLPPh;] and [Ni(LH)(PPh;)]*CI".(CH;),CHOH (I)
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2. Experimental
2.1. General Remarks

All chemicals were of reagent grad and used as commercially purchased without further purification. The elemental analyses were de-
termined on a Thermo Finnigan Flash EA 1112 Series Elemantar Analyser and Varian Spectra—220/FS Atomic Absorption spectrometer.
IR spectra of the compounds were recorded on KBr pellets with a Mattson 1000 FT-infrared spectrometer. The 'H-Nuclear Magnetic Res-
onance spectra were recorded in DMSO on Bruker AVANCE-500 model spectrometer. UV—Vis spectra were obtained with a Shimadzu
2600 UV-Visible Spectrometer as 5.x 10° M solutions in CHCl;. Magnetic measurements were carried out at room temperature by the
Gouy technique with an MK I'model device obtained from Sherwood Scientific. The molar conductivities of the compounds were meas-
ured in 107> M DMSO solution at 25+1°C using a digital WPA CMD 750 conductivity meter. Thermal study of complex was carried out
on a Seiko Exstar 6000 TG/DTA 6300 instrument between the 0 and 1000 °C at a heating rate of 5 °C/ min. under air and nitrogen atmos-
phere using platinum crucibles.

2.1.1.Synthesis of 5-Bromo-2-hydroxy-benzaldeyde-S-methly-isothiosemicarbazone (LH,). The ligand was prepared according to
common procedures[30]. The color; m.p. (°C); yield (%); elemental analysis; UV-Vis. [Ay.(€): nm (mM~'em™); IR (cm™) and 'H-NMR
(ppm, J in Hz) data of the ligand were given as follows: Yellow; 199; 91; Anal. Calc. for CoH;oBrN;OS (288.16 g/mol): C 37.51, H 3.50,
N 14.58, S 11.13, Found: C 37.53, H 3.49, N 14.57, S 11.11%; UV-Vis.: 241 (4.05), 298 (5.12), 309 (4.06), 342 (4.06), 356 (4.01); IR:
vJ(NHs) 3476; v(NH,) 3276; v(OH) 3084; ANH,) 1632; w(C=N") 1620; v(C=N?) 1607; »(C-O) 1153; 'H-NMR: 11.65, 10.79 (cis/trans
ratio: 3/2, s, 1H, OH), 8.43, 8.33 (syn/anti ratio:2/3, s, 1H, CH=N"), 7.01 (s, 2H, N*H,), 7.76 (d-d, J=2.52, 1H, ¢), 7.35 (m, 1H, b), 6.86 (d-
d, J=1.52,J=8.7, 1H, a), 2.45, 2.39 (cis/trans ratio:3/2, s, 3H, S-CHj).

2.1.2. Synthesis of [Ni(LH)(PPh3)]'Cl~(CH;),CHOH. The compound (I) was prepared with small modifications of literature method
(Scheme 2)[33]. [Ni(PPh3),ClL,](0.65 g, 1 mmol) in 25 mL absolute alcohol was added to the solution of LH, (0.29 g, 1 mmol) in mixture
of ethanol, isopropyl alcohol and dichloromethane (20 ml: 60 mL: 20mL). The reaction mixture was refluxed for 48 h. After standing for
six days, the precipitated dark red crystals were filtered off and washed with n-hexan (10 ml). The color; m.p. (°C); yield (%); Ueg. value
(BM); molar conductivity (ohm™'cm’mol™); elemental analysis; UV-Vis. [Ay.(€): nm (mM~'em™)]; IR (cm™) and 'H-NMR (ppm, J in
Hz, p-t are the symbols for the PPh; protons) data of the nickel complex were given as follows: Red; 177-178; 63; 0.12; 32; Anal. Calc. for
C30H3,BrCIN;NiO,PS (703.68 g/mol): C 51.21, H 4.58, N 5.97, S 4.56, Found: C 51.38, H 4.41, N 6.09, S 4.62%; UV-Vis.: 239 (4.13),
263 (4.12), 355 (3.53), 386 (3.49), 406 (3.55) 529 (2.66); IR: v(NH) 3265, 3123, &ANH) 1630, w(C=N) 1562, 1520, w(C-S) 750, v(PPhs)
1435, 1100, 696, isopropyl v(C-H) 2965, 2920, 2814; "H-NMR: 11.61, 10.75 (N*H, 1H), 8.41, 8.30 (CH=N, 1H), 7.61 (s, 1H, c¢), 7.39 (brd



s, 9H, p, ¢, r), 7.91, 6.99 (brd N*H, 1H), 7.35 (dd, J=2.44, J= 8.78, 1H, b), 7.22 (brd s, 6H, q, s), 6.83 (d, J= 8.79, 1H, a), 2.41 (s, 3H, S-
CH3;), isopropyl alcohol: 4.30 ppm (s, 1H, OH), 3.75 (m, 1H, -CH), 1.02 (d, J=5.86, 6H, -CH3).

2.2. X-ray analysis.Intensity data of the compound (I) were collected on a STOE IPDS II diffractometer at room temperature (296 K)
using graphite-monochromated Mo Ka radiation (A=0.71073 A) by applying the @-scan method. Data collection and cell refinement were
carried out using X-AREA[34] while data reduction was applied using X-RED32[34].The structure was solved by direct methods using
SHELXS-2013[35] and refined with full-matrix least-squares calculations on F using SHELXL.-2014[35]implemented in WinGX[36]
program suit. All H atoms were inserted in idealized positions and treated using a riding model, fixing the bond lengths at 0.82, 0.86, 0.93,
0.98 and 0.96 A for OH, NH, aromatic CH, methine CH and CHj atoms, respectively. The displacement parameters of the H atoms were
fixed at Ujo(H) = 1.2Uq (1.5U,q for OH and CHj3) of their parent atoms.

2.3. Computational details. The ligand and title compound were optimized using the spin-restricted hybrid DFT (B3LYP) method[37,
38].In the optimization process, nickel has been represented by the widely used quasi-relativistic LANL2DZ basis set (Los Alamos effec-
tive core pseudo-potential plus double-{)[39-41], while 6-311G(d,p) basis set[42,43] has been assigned to the remaining atoms. The 'H-
NMR chemical shifts were calculated within the gauge-independent atomic orbital (GIAO) approach[44,45] applying the same method and
the basis sets as used for geometry optimization. All the calculations were performed by using Gauss View molecular visualization pro-
gram[46] and Gaussian 03W program package[47]. The effect of solvent on the theoretical NMR parameters was included using the de-
fault model IEF-PCM (Integral-Equation-Formalism Polarizable Continuum Model)[48] provided by Gaussian 03W. Dimethylsulfoxide
with a dielectric constant (¢) of 46.7 was used as solvent. Chloroform with a dielectric constant (&) of 4.90 was used as solvent. All the
geometry optimizations were followed by frequency calculations and no imaginary frequencies were found, approving the stable nature of
the optimized structures. A scaling factor of 0.9811 was used to correlate the calculated vibrational frequencies with the experimental ones.
The electronic absorption spectra were calculated using the time-dependent density functional theory (TD-DFT) method[49,50].

3. Results and Discussion

In this study, we have synthesized a new supramolecular complex structure (I) from the reaction of 5-bromo-2-hydroxy-benzaldeyde-S-
methly-isothiosemicarbazone with triphenylphosphine in the presence of nickel(Il) in a proper solvent mixture. The ligand and nickel
complex are soluble in common organic solvents such as CH,Cl,, CHCl;, EtOH, DMSO, ethyl acetate, etc. The ligand and complex were
characterized by a combination of FT-IR, 'H-NMR, UV-Vis. and elemental analysis. Theoretical characterization of the ligand and com-
plex was achieved using the density functional theory (DFT) method.

Interesting results were obtained from thermal analysis (TGA and DTA) of the formed complex. The structure of the complex was ob-
tained by single-crystal X-ray diffraction technique. By this study, we not-only obtained rarely occurring cationic complex salt (I) by
changing polarity of solvent, but we also saw that the isopropyl alcohol catalyzed efficiently the transfer hydrogenation and caused to
tautomeric interconversion azinyl-azinylidene type and to supramolecular structure.

3.1. Experimental and theoretical structure.To confirm the exact structure of the complex, X-ray crystallographic analysis has been
carried out. The details of the data collection and structure solution are collected in Table 1. ORTEP-3[36] diagram of the complex is
shown in Fig. 1, while the important bond lengths and angles are given in Table 2. The complex crystallizes in the triclinic space group P1
with an isopropyl alcohol molecule in the asymmetric unit.

Table 1.
Crystal Data and Structure Refinement Parameters for the Title Compound
CCDC deposition no. 1044168
Color/shape Brown/prism
Chemical formula [Ni(CoHyBrN;0S)(CsH,sP) ] CI™- C3HgO
Formula weight 703.68
Temperature (K) 296
Wavelength (A) 0.71073 Mo Ka
Crystal system Triclinic
Space group PT (No. 2)
Unit cell parameters
a,b, c (A) 8.9868(6), 10.9945(7), 17.2003(12)
o By 71.220(5), 76.089(5), 84.943(5)
Volume (A%) 1561.71(19)
z 2
Deac (glem®) 1.496
u (mm™) 2.136
Absorption correction Integration
Tnins Tinax 0.5115, 0.8284
Fooo 720
Crystal size (mm”) 0.62 x 0.28 x 0.09
Diffractometer STOE IPDS II
Measurement method @ scan
Index ranges -11<h<11,-14<k<14,-22<1<22
6 range for data collection (°) 1.957<6<27.590

Reflections collected 28874



Independent/observed reflections 7198/5297

Rin 0.0508

Refinement method Full-matrix least-squares on F*
Data/restraints/parameters 7198/0/361

Goodness-of-fit on F* 1.041

Final R indices [ >20(1)] Ry =0.0403, wR,=0.0908

R indices (all data) R, =0.0619, wR,=0.0977
Prnaxs Apmin (€/A%) 041, -0.50

Fig. 1. (a)A view of the title complex showing 20% probability displacement ellipsoids and the atom-numbering scheme. For clarity, on-
ly H atoms involved in hydrogen bonding (dashed lines)have been included. [Symmetry codes: '—x+ 1, -y + 1,—z+ 1;"x + 1, y — 1, z.] (b)
Atom-by-atom superimposition of the structures calculated (red) over the X-ray structure (black) for the cationic complex. Hydrogen at-
oms are omitted for clarity.

In the complex, the thiosemicarbazone ligand is coordinated to nickel by using its phenolic oxygen, azomethine nitrogen and
isothioamide nitrogen atoms and behaved as a monobasic O,N,N tridentate donor by forming five- and a six-membered chelate rings with
N—Ni—N and O—Ni—N bite angles of 82.44(9)° and 93.46(8)°, respectively. A phosphorus atom of the triphenylphosphine ligand
satisfies the fourth coordination site in the complex. In the molecule, the charge of the cationic complex is neutralized by a CI” anion.



Fig. 2. Part of the crystal structure of the title complex. Broken lines show the intermolecular interactions. For clarity, H atoms not in-
volved in H-bonds have been omitted.

In the square-planar coordination, atoms Nil, P1, O1, N1 and N3 deviate by —0.0116(8), 0.0724(9), —0.0748(11), —0.0788(11) and
0.0928(11) A, respectively, from the mean plane through these five atoms. The thiosemicarbazone ligand is planar with an r.m.s. deviation
of the non-H atoms being 0.0239 A, and makes a dihedral angle of 4.704(8)° with the coordination plane. The order of bond distances to
the Nil center is Nil—O1 < Nil—N3 < Nil—NI1 < Nil—P1, and these distances are comparable with those reported for other nickel(II)
complexes having an O,N,N tridentate thiosemicarbazone and a triphenylphosphine as ligands[30,51,52]. As can be seen from the cis and
trans angles in Table 2, the Ni" ion has a distorted square-planar environment.

Table 2.

Experimental and Optimized Geometrical Parameters of the Title Compound
Parameters Experimental Calculated
Bond lengths (A)

Nil—P1 2.2292(7) 22804
Nil—Ol 1.8272(18) 1.8384
Nil—N1 1.867(2) 1.8806
Nil—N3 1.864(2) 1.8785
Brl—C6 1.904(3) 1.9186
SI—C1 1.782(4) 1.8320
SI—C2 1.744(3) 17703
01—C9 1.315(3) 1.3092
N1—C2 1.302(3) 1.3185
N2—C2 1.333(3) 1.3344
N2—N3 1.393(3) 1.3870
N3—C3 1.294(3) 1:3019
Bond angles (°)

O1—Nil—N3 93.46(8) 93.8369
O1—Nil—N1 174.07(9) 176.3664
N3—Nil—N1 82:44(9) 82.5382
O1—Nil—P1 90.02(6) 88.8247
N3—Nil—P1 173.70(7) 177.3306
N1—Nil—P1 94.46(7) 94.8012
C2—S1—Cl 103.16(14) 104.5154
C2—N2—N3 112.6(2) 112.4968
C3—N3—N2 117.22) 117.7887
N1—C2—N2 116.9(2) 117.6404
N1—C2—S1 122.2(2) 120.7150
N2—C2-S1 120.9(2) 121.6431
N3—C3—C4 122.0(2) 122.9362

In the crystal structure, the cationic complex is connected to the anion via N2—H2.--C11 and C3—H3---C11 hydrogen bonds forming
an R3(6) ring[53]. Besides, isothioamide nitrogen atom N1 and triphenylphosphine carbon atom C17 act as hydrogen-bond donor to iso-
propyl oxygen atom 02, so forming together anR3 (8) ring (Fig. 2). The molecules translated linearly along [110] direction are linked to
each other by means of C—H---Br interactions forming a molecular chain. Finally, inversion-related molecular chains are connected to
each other by one O—H:--ClI and one n—r stacking interactions. In these interactions, isopropyl oxygen atom O2 in the molecule at (x, y,
7) acts as hydrogen-bond donor to the CI” anion in the molecule at (—x + 1, —y + 1, =z + 1), while the C4-C9 benzene ring in the molecule at



(x, y, 2) stacks above the ring at (—x, —y + 2, —z + 1) with a distance of 3.7103(18) A between the ring centroids. Full details of the hydro-
gen-bonding interaction are given in Table 3.

Table 3.

Hydrogen Bonding Geometry for the Title Compound

D—H:---A D—H (A) H---A (A) D---A (A) D—H:--A (°)
02—H20---ClI'  0.82 238 3.168(3) 161
Cl—HIA---Brl® 096 2.84 3.749(3) 158
Cl7—HI7---02 093 245 3.301(5) 153
N2—H2---Cl1 0.86 233 3.100(3) 150
N1—HI---02 0.86 2.26 3.025(3) 148
C3—H3---Cll 093 2.63 3.417(3) 143

"x+ L-y+ L, —z+ L%+ L,y—1,2

The molecular structure of the title compound was studied theoretically, and the calculated geometrical parameters are also given in Ta-
ble 2. As can be seen from the table, the agreement between the experimental and theoretical structures is quite satisfactory.

Bond distances agree within 0.05 A, while the largest deviation of bond angles appears to be 3.63°. Theoretically, the dihedral angle be-
tween the thiosemicarbazone ligand and coordination plane has been calculated at 2.622°. Although the experimental structure belongs to
solid phase and theoretical structure belongs to gaseous phase, the calculated values adequately describe the experimental geometry and
can be used to compute the other parameters.

Subsequent attempts to find the global energy minimum structure of the azine form of the title complex by theoretical calculations were
not successful, and this confirms that the azinylidene form is stable than the azine form.

3.2. Atomic charge and molecular electrostatic potential. The NPA (Natural Population Analysis) atomic charge distributions on the
atoms of the title complex and singly deprotonated thiosemicarbazone ion were calculated by applying the same method and the basis sets
as used for geometry optimization. According to the calculated NPA atomic charges, the transferred electronic number from the
thiosemicarbazone ion to central Ni(Il) ion to form the title complex is found to be —0.90349 e.

Fig. 3 shows the molecular electrostatic potential (MEP) plot of the compound. Potential increases in the order red < orange < yellow <
green < blue. The color code of the map is in the range between —0.082 a.u. (deepest red) and 0.037 a.u. (deepest blue) in the compound,
where blue indicates the strongest attraction and red indicates the strongest repulsion. According to the MEP map, the minimum negative
potential is localized on the chloride anion while the maximum positive region is localized on the H atom of the isopropyl oxygen atom. In
addition, the electrostatic potentials on the bromine and isothioamide nitrogen H atoms are found to be —0.030 and 0.026 a.u. Consequent-
ly, Fig. 3 supports the existence of intermolecular interactions observed in the solid state.

Fig. 3. Molecular electrostatic potential map of the title compound with an isodensity value of 0.0004 a.u.

3.3. IR spectra.The three bands at 3476, 3276 and 1632 cm™ corresponding to asymmetric stretching, symmetric stretching and in-
plane bending modes of (N*—H),), respectively, for the ligand were absent in the IR spectra of the complex. These bands have been calcu-
lated at 3641, 3524 and 1607 cm™, respectively. A medium intensity band appeared at 3084 cm™ corresponding to phenolic v(O—H)
vibration in the ligand, which was determined theoretically at 3220 cm™, disappeared in the spectra of the complex indicating
deprotonation. These are strong evidences that the ligand is coordinated to the metal ion via the amine nitrogen and phenolic oxygen at-
oms. A band that observed at 1153 cm™ due to phenolic ¥(C—O) stretching in the free ligand has been shifted to higher frequency by 25
cm™ in the complex further corroborating the coordination through the phenolic oxygen atom. These bands were appeared at 1280 and
1306 cm™ in the theoretical spectra of the ligand and complex, respectively. The IR spectra of the uncomplexed thiosemicarbazone ligand
showed strong absorptions at 1627 and 1607 cm™ due to the azomethine v(C=N) groups, which were calculated at 1629 and 1608 cm™,



respectively. These absorptions at the complex have been shifted to lower frequencies at 1562 and 1520 cm™ that have been calculated at
1608 and 1522 cm™, respectively, in the complex indicating the coordination of the azomethine nitrogen to nickel ion.

In the complex spectra, stretching frequency of N—H was monitored at 3265 cm™ as the broad band, and the other band assigned to
W(N—H) was at 2650 cm™' because of the hydrogen bonding association between N>’—H and Cl[54].The IR bands at 2965, 2920, 2814
cm™ corresponding to v(C—H) vibrations are characteristic for isopropyl alcohol. However the stretching frequency of isopropyl alcohol
O—H could not be clearly observed due to the expanded band of N—H stretching vibrations and the intermolecular hydrogen bonding.

3.4. "TH-NMR spectra. The formation of the complex was also confirmed by its "H-NMR spectrum. The most remarkable peaks are to
which was assigned to N°H and N*H. The hydrazinic N*-H proton were observed downfield (at 11.61 and 10.75 ppm) because of acidic
character and intramolecular interaction, while N*H proton were observed upfield (at 7.91 and 6.99 ppm). These signals have been ob-
tained at 11.35 and 4.69 ppm theoretically. In addition, C-H signal of imine group on the ligand was observed at 8.41 and 8.30 ppm in the
complex due to intermolecular interaction that has been calculated at 10.02 ppm. All of these signals were appeared with line broadening.
The broadening is because of the formed hydrogen bonds between N”H and Cl atom, and between N*H and isopropyl alcohol (Fig. 2).

Consequently, the "H-NMR chemical shifts of the thiosemicarbazone ligand and complex are in agreement with the direct bonding
through Ohydroxyl, Nimines Namine groups of the ligand with the metal center.

3.5. Electronic absorption spectra.The UV-vis spectra of the ligand and complex were shown in Fig. 4. The UV-Vis. spectrum of the
ligand shows bands at 241, 298, 309, 342 and 356 nm attributed to n— m* and n— =* transitions corresponding to aromatic ring and phe-
nol, the latter to azomethine and thioamide groups. The absorption spectrum of the complex exhibits the bands at 239, 263, 355, 386, 406
and 529 nm attributed to n— n* and n— n*, Sorent band (B band), charge transfer and d-d transitions. By comparing these two spectra, the
absorbance at 239 nm increases on complexation of PPh;, and the shifts of the bands approve that thiosemicarbazone coordinates to nickel
center by hydroxyl and amine moieties and are consistent with square-planar geometry of the complex[55-57].
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Fig. 4.UV-Vis. spectra of the ligand and complex.

Electronic absorption spectra of the ligand and complex were calculated by the TD-DFT method using the same basis set. The major
contributions of the transitions were designated with the aid of GaussSum program[58].The most important orbitals in a molecule are the
frontier molecular orbitals, called highest occupied molecular orbital (HOMO; H hereafter) and lowest unoccupied molecular orbital
(LUMO; L hereafter). The frontier molecular orbitals play an important role in the electric and optical properties, as well as in UV-Vis.
spectra and chemical reactions[59].

The frontier molecular orbitals of the ligand and complex are given in Fig. 5 and 6, respectively.

Fig. 5.Molecular orbital surfaces of the ligand. The positive phase is red, and the negative phase is green.



L+1
Fig. 6.Molecular orbital surfaces of the complex. The positive phase is red, and the negative phase is green.

TD-DFT calculations predict absorptions at 227 nm [major contributions: H-4—L (70%) and H-1—L+1 (12%)], 249 nm [major con-
tributions: H—L+1 (75%) and H-4—L (13%)], 298 nm [major contributions: H-1—L (71%) and H-2—L (19%)] and 344 nm [major
contribution: H—L (96%)] for the ligand, and at 326 nm [major contributions: H-1—L+1 (50%) and H-1—L (32%)], 380 nm [major
contribution: H—L+1 (82%)], 389 nm [major contribution: H—L (63%)], 500 nm [major contributions: H-1—L (18%) and H-12—L
(16%)], 574 nm [major contributions: H-3—L (50%) and H-3—L+1 (26%)] and 617 nm [major contributions: H—L (21%), H-1—L
(18%)] and H—L+1 (10%)] for the complex. In addition, the value of the energy separation between the H and L is 4.058 eV for the ligand
and 3.519 eV for the complex, indicating the stable nature of the compounds.

3.6. Thermal analysis. Fig. 7 shows the thermal (in nitrogen atmosphere) and thermal-oxidative decomposition (in air atmosphere) of
the complex. TGA and DTA curves of the complex were obtained in the nitrogen and air atmosphere, and the curves of the complex in
both atmosphere were different from each other. The thermal decompositions of the thiosemicarbazone complexes have been studied by
many researchers and show similar thermal decomposition behavior. The observed trend is the formation of NiO or NiS as final resi-
due[60].However, the synthesized nickel complex in this study showed unexpected behavior.

In the first decomposition step in air atmosphere, there was a weight loss of 8.60% in the region 35-147°C. The first decomposition
product was isopropyl alcohol and this step was endothermic. The first decomposition step is different in nitrogen atmosphere than in air
atmosphere. There was a weight loss of 6.70 % assigned to S—CH; part in the region 121-150°C[61].

It was observed unusual state in air atmosphere. We expected the formation of metal oxides as final residue. However, volatilization of
nickel took place in air atm[31,32,60,62]. The mass of the remaining product equals only 4.49% of the complex mass at the 986°C. This
step was endothermic and completely different in the nitrogen atmosphere. The complex was thermally more stable with 22.76% remain-
ing after 985°C in nitrogen atmosphere than in air atmosphere.
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Fig. 7.TGA and DTA curves of the complex [TGA curves (dark solid line: in air atm., light solid line: in nitrogen atm.); DTA curves
(long dash: in air atm., dash dot: in nitrogen atm.)].



3.7. Transfer hydrogenation of imine. The conversion of imine to amine is an important reaction in industrial applications, pharmaceu-
tical processes and organic synthesis[63]. In this hydrogenation reactions, the catalysts have been used, such as 5% Pt-C, as a colloidal
palladium (Skita), 10% Pd/C, platinum catalyst and a lot of transition metal complexes[64-68]. Isopropyl alcohol have been also used as
hydrogen source in the reduction of imines to amines in the presence of metal complexes[69-72].

Unlike those of other studies, this paper presents that isopropyl alcohol catalyzes efficiently the transfer hydrogenation in solvent having
appropriate polarity.

After our investigation results, we saw that there are fewer researches on tautomerizations of azinyl structures[73-77].It is known that an
increase in the solvent polarity on azinyl2 azinylidene equilibrium leads to favor of ylidene tautomer[71,75,78,79].

We know that crystalline neutral complex was mainly in azine form in our previous study[30]. However, in this study, ionic
tautomerization occured by orientation of the double bond in azine structure in mixture of ethanol, isopropyl alcohol and dichloro-
methane(v/v/v:1/3/1) in contrast to mixture of ethanol and dichloromethane, and azinylidene structure is formed by intramolecular proton
transfer. This situation is unusual and unexpected for thiosemicarbazone complex. We imagined the following possible mechanism
(Scheme 3).

In the reaction between thiosemicarbazone ligand and [Ni(PPh;),Cl,], nickel bearing triphenylphosphine groups and a chlorine atom is
connected to hydroxyl group of thiosemicarbazone ligand, while one HC] molecule removes from the reaction media (Scheme 3). Howev-
er, large chlorine atom and bulky triphenylphosphine groups cause to steric effect around nickel atom and this case brings about unstable
structure. As a result of instability, a rearrangement occurs in the structure. The system will try to create the most stable structure with
minimum energy. This situation is provided the following ways: the chlorine atom and hydrogen atom of N*q. leaves as hydrogen chlo-
ride especially on treatment with isopropyl alcohol, later forms thioamide ion (this was shown with resonance in scheme 3, yellow field)
and coordinates to nickel center. Meanwhile, one of bulky triphenylphosphine molecules left from the structure, too. (Scheme 3)

Scheme 3.The Proposed Reaction Mechanism of the Complex I Formation
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The reaction of isopropyl alcohol with the released hydrogen chloride acid, the lone pairs on the oxygen of the alcohol make it a Lewis
base and allocates the proton from acid and forms chloride anion with oxonium cation (Scheme 3, yellow field). The oxonium ion supplies
hydrogen for thioamide ion. So, isopropyl alcohol behaves as hydrogen transporter. This rearrangement is characterized by a 1,3-shift of an
hydrogen atom from the N* atom to the N* atom site either in a stepwise mechanism or in a concerted one as depicted in Scheme 3. Elec-
trophilic reagents such as Lewis acids can also promote this kind of rearrangement. The azinyle azinylidene equilibrium leads to favor of
ylidene tautomer. The stable structure A through A 2 B 2 C transformations is obtained [73,75-77].

The results obtained experimentally and proposed mechanism were in good agreement with DFT values. The energy difference between
structures A and C is found as 5.23 kcal mol™ while structure B is not obtained due to the relative instability. Structure A is considerably
stabilized by intermolecular hydrogen bonding between N?H atom of the cationic complex and chloride anion, and is the most stable one
according to the DFT calculations.

4. Conclusions



As a result, the reaction of S-methyl-isothiosemicarbazone compound and [Ni(PPh;),Cl,] gave chloride salt of cationic
thiosemicarbazone complex, [Ni(LH)PPh;]*Cl - (CH3),CHOH. The cationic form was successfully formed via hydrogen transfer. Isopropyl
alcohol catalyzed efficiently the transfer hydrogenation by providing appropriate polarity media and the compound (I) formed through
interconversion azinyl-azinylidene. The spectral data and x-ray analysis proved that azinylidene structure was stabilized by intramolecular
proton transfer and by intermolecular interactions and hydrogen bondings.

X-ray analysis reveals that the thiosemicarbazone ligand coordinated to nickel as a tridentate monobasic chelator via O,N,N atoms. The
crystalline lattice involves a chloride ion and an isopropyl alcohol molecule, also. The isopropyl alcohol has two acceptors (electron pairs
of O atom) and only one donor (H atom), and give three hydrogen bonds. That is, H atom of the alcoholic hydroxyl group forms a hydro-
gen bond with Cl atom of the other molecule, and O atom of hydroxyl group forms two hydrogen bonds with hydrogen atoms of N1-H of
thiosemicarbazone and of C17-H of PPh;. Thus, the hydrogen bridges between protons of isopropyl alcohol, thiosemicarbazone and
triphenylphosphine, and six-membered ring between chlorine atom and hydrogen atoms of N2-H and C3-H of thiosemicarbazone complex
provide extra stability in formed solute-solvent complex structure. So, the structure is fixed by the hydrogen bonds. This framework is
prepared from molecules "self-associate" via multiple hydrogen-bonding interactions.

The DFT calculations show that structure A is more stable than the other tautomers.

The decomposition of the compound was investigated by using thermogravimetry. The synthesized nickel complex showed unexpected
behavior. The oxidative thermal decomposition shows volatilizing nickel complex of thiosemicarbazone nature as unusual.

Appendix A. Supplementary data

CCDC 1044168 contains the supplementary crystallographic data for the compound reported in this article. These data can be obtained free
of charge via http://www.ccdc.cam.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 e-mail: deposit@ccdc.cam.ac.uk.
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Synopsis:

The large energy gap of 3.519 eV between the HOMO (H) and the LUMO (L) indicates that the com-
plex,[Ni(LH)(PPh3)]"CI".(CH3),CHOH, is very stable. This paper presents that isopropylalcohol cata-
lyzes efficiently the transfer hydrogenation and a supramolecular structure forms. The oxidative thermal
decomposition shows volatilizing nickel complex.
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