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Synthesis, characterization and molecular structures of
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The dinuclear Cu(II) and Ni(II) complexes, [{M(Oxsbz)}2], [{M(Oxtsc)}2] (M = Cu or Ni), [{Cu
(HOxsbz)}2](NO3)2, and [{Cu(HOxsbz)Cl}2], as well as the mononuclear [Ni(Oxtsc)HIm] and [Ni
(Oxtsc)HPyr], where H2Oxsbz and H2Oxtsc refer, respectively, to diacetylmonooxime
S-benzyldithiocarbazonate and diacetylmonooxime thiosemicarbazone, have been prepared and
characterized by IR, UV–Vis and 1H NMR spectral measurements as well as ESI mass spectra. The
magnetic properties of [{Cu(Oxsbz)}2], [{Cu(Oxtsc)}2], [{Cu(HOxsbz)}2](NO3)2, and [{Cu
(HOxsbz)Cl}2] have also been studied. The single-crystal diffraction studies indicated that in [{Cu
(HOsbz)Cl}2], each Cu(II) is in a distorted square pyramidal environment and the Cu(II) centers are
connected by chloride bridges. In both [Ni(Oxtsc)HIm] and [Ni(Oxtsc)HPyr], HIm = imidazole and
HPyr = pyrazole, Ni(II) is in a distorted square planar environment, bound to the Oxtsc dianion via
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deprotonated oxime nitrogen, imine nitrogen, and deprotonated thiol sulfur; the fourth coordination
site is occupied by the heterocyclic nitrogen.

Keywords: Diacetylmonooxime thiosemicarbazone and S-benzyldithiocarbazonate; Copper(II) and
nickel(II) complexes; Magnetic properties; X-ray crystal structures

1. Introduction

Diacetylmonooxime has been used as a starting material for the synthesis of NNN [1–4]
and NNO [5, 6] tridentate oxime containing Schiff bases, as well as NNO tridentate acyl/
aroylhydrazone oximes [7–9]. Condensation of diacetylmonooxime with thiosemicarbazide
and S-benzyldithiocarbazide affords the diacetylmonooxime thiosemicarbazone (H2Oxtsc)
(I, R=NH2) [10] and diacetylmonooxime S-benzyldithiocarbazonate (H2Oxsbz) (I,
R = S.CH2C6H5) [11]. H2Oxtsc and H2Oxsbz contain the oxime (C=N–OH) and thioamide
(–NH-C=S) moieties. As a ligand, the oxime is potentially ambidentate [12] and can coordi-
nate either through nitrogen [13–16] or oxygen [17]. N-coordination of the oxime leads to
an increase in its acidic character, and the formation of the oximate ligand is favored [18].
The oximate can coordinate to one metal ion through nitrogen and to another metal ion
through oxygen forming μ1,2 (N,O) oximato-bridged dimers [5, 19–22], homometallic
[23–26], or heterometallic [27, 28] polynuclear clusters. Thiosemicarbazone (C=N–NH–C
(S)–NH2) coordinates either in the protonated thione or deprotonated thiolate form [29–32].
There exist examples of metal thiosemicarbazone complexes, in which both protonated
thione and deprotonated thiolate forms of the ligand are present in the same complex
[33–35]. However, in thiocarbazonate metal complexes, thiocarbazonate (C=N–NH–CSSR)
exclusively coordinates in the deprotonated thiolate form [36, 37] (scheme 1).

The coordination chemistry of diacetylmonooxime thiosemicarbazone gives both mono-
and dinuclear metal(II) complexes [10, 38–43]. Mononuclear metal(III) complexes have
also been described [44, 45]. Diacetyl monooxime thiosemicarbazone is a neutral NNS tri-
dentate ligand, and both five-coordinate square pyramidal [Cu(H2Oxtsc)Cl2]·H2O and mer
octahedral [Ni(H2Oxtsc)]Cl2·H2O complexes [39] have been reported. It can also be a
monoanionic NNS tridentate ligand through deprotonation of the thiolimide residue, form-
ing both mononuclear [Pd(HOxtsc)Cl] [42] and dinuclear [{Cu(HOxtsc)Cl}2]·H2O [10]
complexes. In [{Cu(HOxtsc)X}2] complexes, the Cu(II) centers may be bridged by thiolate

N
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R

R = NH2

R = SCH2C6H5

(H2Oxtsc)

(H2Oxsbz)N N OH

CH3 CH3

I

Scheme 1.
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sulfur or by the mononegative coligand X [10]. The X-ray crystal structure of [{Cu
(HOxtsc)Cl}2] suggests thiolate-bridged dimer. The dinuclear metal(II) complexes [{M
(Oxtsc)}2] (M = Ni and Pd) have also been prepared, in which both oxime and thiolimide
residues are deprotonated and oximato-bridged dimeric structure has been proposed [43].
Mononuclear metal(III) complexes, [M(HOxtsc)2]X, [M(HOxtsc)(Oxtsc)], and K[M
(Oxtsc)2] (M = Fe(III), Co(III), and Rh(III), X = Cl−, Br−, NO�

3 , N
�
3 , or NCS

−), have also
been described [44, 45]. Diacetylmonooxime S-benzyldithiocarbazonate, on the other hand,
can be a dianionic NNS tridentate ligand, and the dimeric [{Ni(Oxsbz)}2] complex has been
isolated where both oxime and thiolimide residues are deprotonated [11]. The reaction of
[{Ni(Oxsbz)}2] with either imidazole (HIm) or pyrazole (HPyr) gave the corresponding
mononuclear square planar complexes [Ni(Oxsbz)B] (B = HIm or HPyr) [11]. In the present
work, reactions of H2Oxtsc and H2Oxsbz with copper(II) and nickel(II) salts have been
studied, and the isolated copper(II) and nickel(II) complexes are characterized by elemental
analyses, ESI mass spectrometry, FT-IR, UV–vis, and NMR spectroscopic techniques. Vari-
able temperature magnetic susceptibility measurements for copper(II) complexes have also
been discussed. The X-ray crystal and molecular structures of [{Cu(HOxsbz)Cl}2], [Ni
(Oxtsc)HIm], and [Ni(Oxtsc)HPyr] have been determined.

2. Experimental

2.1. Materials

Diacetylmonooxime was obtained from Acros, while pyrazole and imidazole were obtained
from Aldrich and used without purification.

2.2. Preparation of metal free organic ligands

2.2.1. Preparation of diacetylmonooxime S-benzyldithiocarbazonate (H2Oxsbz). Di-
acetylmonooxime S-benzyldithiocarbazonate was prepared as previously described by con-
densation of diacetylmonooxime with an equimolar amount of S-benzyldithiocarbazate in
ethanol [11]. Yield: 75%. M. p. 210 °C. IR (KBr) (cm−1): 3412 ν(OH); 3288 m ν(N–H);
1640 m ν(C=N)hy; 1605 m ν(C=N)ox.

2.2.2. Preparation of diacetylmonooxime thiosemicarbazone (H2Oxtsc). Diacetyl-
monooxime (1.01 g, 0.01 mol) in ethanol (30 mL) and thiosemicarbazide (0.91 g, 0.01 mol)
in water (10 mL) were mixed and acidified with a few drops of acetic acid. The resulting
mixture was heated under reflux for 3 h, and the white precipitate which separated was
removed by filtration, recrystallized from EtOH, and dried under vacuum. Yield: 80%. M.p.
265 °C, Anal. Calcd. for C5H10N4OS: C, 34.47; H, 5.79; N, 32.18. Found: C, 34.51; H,
5.42; N, 32.11. IR (KBr) (cm−1): 3417s ν(O–H); 3280sh νasym(NH2); 3235s νsym(NH2);
3156s ν(N–H); 1615s ν(C=N)hy; 1565 m ν(C=N)ox. UV–vis (EtOH, λmax/nm (log ε): 296
(4.45); 245(4.01). 1H NMR (DMSO-d6, TMS, ppm): 11.59 (1H, oxime OH); 10.20 (1H,
CSNH); 8.33 (1H, amine NH); 7.71 (1H, amine NH); 2.05 (3H, s, CH3C=NN); 1.95 (3H, s,
CH3C=NO). EI MS (m/z (RA%), 174 (100), 159 (17.6), 116 (76.4), 98 (15.5), 75 (8.8), 60
(20.3), 42 (39.8).

Copper(II) and nickel(II) complexes 2149
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2.3. Preparation of Cu(II) complexes

2.3.1. Preparation of [{CuOxsbz)}2]·H2O (1). To a solution of H2Oxsbz (0.281 g,
1 mmol) in methanol (40 mL), a solution of copper(II) acetate monohydrate (0.217 g,
1 mmol) in methanol (30 mL) was added dropwise with constant stirring. On refluxing the
reaction mixture, with constant stirring, for 3 h, a green precipitate formed. It was filtered
while hot, washed with hot methanol (3×5 mL), and dried under vacuum over anhydrous
calcium chloride. Yield: 68.0%. Anal. Calcd. for C24H28N6O3S4Cu2 (%): C, 40.95; H, 4.01;
N, 11.94. Found: C, 41.33; H, 3.69; N, 11.95. IR (KBr) (cm−1): 1625 m ν(C = N)hy;
1594 m ν(C = N)ox. UV–Vis (saturated solution in DMF, λmax/ nm): 280, 333, 375 sh, 425
sh, 580 b. ESI (+) MS (DMSO) m/z Calcd. (RA): 344.0 (343.9401) (35.38), [(Cu(Oxsbz) +
H]1+; 366.0 (365.9221) (30.77), [Cu(Oxsbz) + Na]1+; 405.0 (404.9894) (35.0), [{Cu
(Oxsbz)}2(DMSO)] + 2Na]2+; 422.0 (422.0749) (21.54), [Cu(Oxsbz)(DMSO) + H]+; 521.3
(522.1915) (20.0), [Cu(Oxsbz)(DMSO)2 + Na]1+; 625.4 (625.3421) (12.30), [Cu
(HOxsbz)2 + H]1+; 687.0 (686.8724) (100.0), [{Cu(Oxsbz)}2] + H]1+; 765.0 (765.0072)
(13.85), [{Cu(Oxsbz)}2(DMSO) + H]1+.

2.3.2. Preparation of [{Cu(Oxtsc)}2]·2H2O (2). This complex was prepared from reaction
of Cu(OAc)2·H2O with H2Oxtsc using the same procedure described in Section 2.3.1.
Yield: 75.0%. Anal. Calcd. for C10H24N8O6S2Cu2 (%): C, 22.10; H, 4.45; N, 20.61. Found:
C, 21.99; H, 4.20; N, 20.24. IR (KBr) (cm−1): 3285s, νasym(NH2); 3220 νsym(NH2); 1592s,
ν(C = N)hy; 1510s, ν(C = N)ox. UV–Vis (saturated solution in DMF, λmax/ nm): 275, 333,
425sh, 580 b. ESI (+) MS (DMF) m/z Calcd. (RA): 236.2 (236.7444) (60.23), [Cu(Oxtsc)
+ H]1+; 257.6 (258.7462), (48.07), [Cu(Oxtsc) + Na]1+; 308.5 (309.8588) (32.1),[Cu(Oxtsc)
DMF + H]1+; 382.1 (382.9531) (23.7), [(Cu(Oxtsc)(DMF)2 + H]1+; 471.2 (472.5207) (100),
[{Cu(Oxtsc)}2 + H]1+; 493.8 (494.5027) (20.5), [{Cu(Oxtsc)}2 + Na]1+.

2.3.3. Preparation of [{Cu(HOxtsc)}2](NO3)2 (3). A solution of Cu(NO3)2·3H2O (0.24 g,
1.0 mmol) in ethanol (20 mL) was added dropwise with constant stirring to a solution of
H2Oxtsc (0.174 g, 1.0 mmol) in ethanol (30 mL). The reaction mixture was stirred at room
temperature for 2 h, and the formed complex was filtered, washed with ethanol, then dried
under vacuum. Yield: 66.0%. Anal. Calcd for C10H18N10O8S2Cu2 (%): C, 20.10; H, 3.04;
N, 23.44. Found: C, 20.41; H, 3.14; N, 22.82. IR (KBr) (cm−1): 3405 m νasym(NH2);
3342s, 3280s, νsym(NH2); 3160s ν(N–H) 1619s ν(C = N)hy; 1555 m ν(C = N)ox; 1385s,
1030s, 826 m, ionic nitrate. Electronic spectrum (saturated solution in DMF, λmax/ nm):
304, 355sh, 425, 600 b. ESI (+) MS (DMSO) m/z Calcd. (RA): 236.2 (236.7644) (66.67),
[Cu(Oxtsc) + H]1+; 301.2 (299.7771) (3.33), [Cu(HOxtsc)(NO3) + H]1+; 412.3 (410.9906)
(30.0), [Cu(HOxtsc)2 + H]1+; 471.2 (472.5207) (100), [{Cu(Oxtsc)}2 + H]1+; 629.9
(628.7904) (3.33), [{Cu(Oxtsc)}2(DMSO)2 + H]1+; 708.0 (708.2772) (47.78), [{Cu
(Oxtsc)}3 + H]1+; 769.9 (770.2821) (2.22), [{Cu(Oxtsc)}3(NO3) + 2H]1+; 1004.8
(1007.031) (4.4), [{Cu(Oxtsc)}4NO3 + 2H]1+.

2.3.4. Preparation of [{Cu(HOxsbz)Cl}2] (4). A solution of H2Oxsbz (1.0 mmol,
0.281 g) in ethanol (50 mL) was mixed with a solution of CuCl2·2H2O (1.0 mmol, 0.170 g)
in ethanol (30 mL). The reaction mixture was heated under reflux, with constant stirring,
for 2 h, during which a green precipitate formed. It was collected by filtration, washed with
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ethanol, then dried under vacuum. Recrystallization from tetrahydrofuran gave diffraction
quality crystals. Yield: 65.0%. Anal. Calcd for C24H28N6O2S4Cl2Cu2 (%): C, 37.99; H,
3.72; N, 11.07. Found: C, 37.95; H, 3.59; N, 10.92. IR (KBr) (cm−1): 3316s ν(O–H);
1604 m ν(C = N)hy; 1550 m ν(C = N)ox. Electronic spectrum (CHCl3, λmax/nm (logε)): 334
(4.29), 438(3.82), 550sh, 640sh. ESI (+) MS (THF) m/z Calcd. (RA): 417.1 (416.0468)
(25.0), [Cu(Oxsbz)(THF) + H]1+; 487.1 (488.1533) (100), [Cu(Oxsbz)(THF)2 + H]1+; 500.1
(502.8716) (83.33), [Cu2(HOxsbz)3Cl + 2H]2+; 986.2 (990.2562) (6.0), [Cu2(HOxsbz)2
(Oxsbz) + Na]1+; 1174.2 (1174.0178) (1.3), [{Cu(Oxsbz)}3(THF)2 + H]1+.

2.4. Preparation of Ni(II) complexes

2.4.1. Preparation of [{Ni(Oxsbz)}2] (5). Compound 5 was prepared as previously
described [11] from the reaction of H2Oxsbz with Ni(OAc)2·4H2O in methanol using (1:1)
molar ratio. Anal. Calcd for C24H26N6O2S4Ni2 (%): C, 42.63; H, 3.88; N, 12.34. Found: C,
42.33; H, 3.85; N, 12.46. IR (KBr) (cm−1): ν(C = N)hy 1600 m; ν(C = N)ox 1518 m. Elec-
tronic spectrum (CHCl3, λmax/nm (logε)): 271(4.16), 314(4.22), 352(4.06), 366sh, 614sh,
660(2.47). 1H NMR (DMSO-d6, TMS, ppm), 7.10–7.30 (5H, m, aromatic), 4.20 (2H, s,
SCH2), 1.90 (3H, s, CH3C = NN), 1.72 (3H, s, CH3C = NO). FD MS, m/z = 674 (100%).

2.4.2. Preparation of [{Ni(Oxtsc)}2] (6). A solution of Ni(OAc)2·4H2O (0.281 g,
1.0 mmol) in ethanol (30 mL) was added to a solution of H2Oxtsc (0.174 g, 1.0 mmol) in
ethanol (50 mL). The resulting mixture was treated with a solution of KOH (2.0 mmol) in
ethanol (20 mL). On refluxing the reaction mixture with constant stirring for 1 h, a red pre-
cipitate formed. It was then filtered, washed with hot ethanol (3 × 5 mL), and dried under
vacuum over anhydrous calcium chloride. Yield: 68%; Anal. Calcd for C10H16N8O2S2Ni2
(%):C, 26.01; H, 3.49; N, 24.27. Found: C, 26.05; H, 3.55; N, 23.42. IR (KBr) (cm−1):
3486 m, 3294 m νasym(NH2); 3146s νsym(NH2); 1590 ν(C = N)hy; 1550s ν(C = N)ox. Elec-
tronic spectrum (DMF, λmax/nm (logε)): 301(4.26), 354(3.96), 556sh. 1H NMR (DMSO-d6,
TMS, ppm): 7.25 (2H, NH2), 1.83 (3H, s, CH3C = NN), 1.54 (3H, s, CH3C = NO). ESI (+)
MS (DMF) m/z Calcd. (RA): 231.2 (231.9083) (78.3), [Ni(Oxtsc) + H]1+; 252.6 (253.8903)
(53.8), [Ni(Oxtsc) + Na]1+; 304.4 (305.0028) (37.2), [Ni(Oxtsc)DMF + H]1+; 378.3
(378.0971) (23.2), [(Ni(Oxtsc)(DMF)2 + H]1+; 462.2 (462.8088) (100), [{Ni
(Oxtsc)}2 + H]1+; 485.1 (484.7906) (80.3), [{Ni(Oxtsc)}2 + Na]1+; 534.7 (535.9030) (18.7),
[{Ni(Oxtsc)}2(DMF) + H]1+.

2.4.3. Preparation of [Ni(Oxtsc)HIm] (7). To a suspension of dimeric [{Ni(Oxtsc)2}]
(0.231 g, 1.0 mmol) in ethanol (50 mL), a sufficient amount of solid imidazole (5.0 mol,
0.34 g) was added and the reaction mixture was heated under reflux until complete dissolu-
tion. The reaction mixture was filtered to remove any unreacted starting material, and the
filtrate was evaporated to half its volume. On cooling, the imidazole nickel complex sepa-
rated out, was filtered, washed with diethyl ether (3 × 5 mL), and dried under vacuum.
Yield: 59%; Anal. Calcd for C8H12N6OSNi (%): C, 32.14; H, 3.44; N, 28.11. Found: C,
32.18; H, 4.04; N, 27.58. IR (KBr) (cm−1): 3438 m νasym(NH2); 3237 m νsym(NH2);
3134 m ν(N–H); 2932 m, 2825w [ν(N–H) + ν(C–H)]; 1637 ν(C=N)hy; 1559s ν(C=N)ox;
1507s, 1450s, 1325 m, 1250 m, 1234 m, 1112 m, 1050 m, 913w. Electronic spectrum
(DMF, λmax/nm (logε)): 304(4.12), 348(3.79), 370(3.81), 552sh. 1H NMR (DMSO-d6,
TMS, ppm): 7.87 (1H, NH-imidazole)), 7.15 (3H, imidazole), 6.63 (2H, NH2), 1.97, 1.84
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(3H, s, CH3C=NN), 1.69, 1.54 (3H, s, CH3C=NO). ESI (+) MS (DMF/MeOH) m/z Calcd.
(RA): 230 (231.9083) (23.13), [Ni(Oxtsc) + H]1+; 256.2 (253.8903) (23.88), [Ni(Oxtsc) +
Na]1+; 326.4 (326.9846) (100), [Ni(Oxtsc)(DMF) + Na]1+; 461.0 (462.8088) (23.13), [{Ni
(Oxtsc)}2 + H]1+; 483.0 (484.7906) (83.58), [{Ni(Oxtsc)}2 + Na]1+; 691.0 (693.7091)
(5.97), [{Ni(Oxtsc)}3 + H]1+; 713.0 (715.5911) (21.64), [{Ni(Oxtsc)}3 + Na]1+; 944.9
(946.5915) (32.09), [{Ni(Oxtsc)}4 + Na]1+.

2.4.4. Preparation of [Ni(Oxtsc)HPyr] (8). The pyrazole complex [Ni(Oxtsc)HPyr] was
prepared from reaction of [{Ni(Oxtsc)}2] with excess pyrazole using the same procedure
described for the corresponding imidazole complex. Anal. Calcd for C8H12N6OSNi (%): C,
32.14; H, 3.44; N, 28.11. Found: C, 32.32; H, 3.93; N, 27.85. IR (KBr) (cm−1): 3288 m,
νasym(NH2) + νsym(NH2); 3163 m ν(N–H); 2863 m, 2838w [ν(N–H)+ν(C–H)]; 1605
ν(C = N)hy; 1559s ν(C = N)ox. Electronic spectrum (DMF, λmax/nm (logε)): 303(4.24), 366
(3.96), 530sh. 1H NMR (DMSO-d6, TMS, ppm): 7.84 (1H, NH pyrazole), 7.30–6.82 (3H,
pyrazole), 6.26 (2H, NH2), 2.01 (3H, s, CH3C = NN), 1.95 (3H, s, CH3C = NO). ESI (+)
MS (DMF/MeOH) m/z Calcd. (RA): 230.2 (231.9083) (12.78), [Ni(Oxtsc) + H]1+; 256.3
(253.8903) (6.77), [Ni(Oxtsc) + Na]1+; 298.3 () (12.78), [Ni(Oxtsc)(HPyr) + H]1+; 326.4
(326.9846) (70.68), [Ni(Oxtsc)(DMF) + Na]1+; 482.9 (484.7906) (100), [{Ni
(Oxtsc)}2 + Na]1+; 715.0 (715.5911) (20.30), [{Ni(Oxtsc)}3 + Na]1+; 946.9 (946.5915)
(39.1), [{Ni(Oxtsc)}4 + Na]1+.

2.5. Physical measurements

Elemental analyses (C, H, and N) were performed at the Micro analytical Laboratory, Institut
für Organische Chemie Technische Universität, Darmstadt, Germany. Infrared spectra were
recorded on a Perkin–Elmer 1430 Data system and/or a Perkin–Elmer (FT-IR) Paragon 1000
PC spectrophotometer. Solid samples were examined as KBr disks. The UV–vis absorption
spectra were recorded on a V-530 Jasco, recording spectrophotometer, using 10-mm quartz
cells and/or a double-beam ratio-recording Lambda 4B Perkin–Elmer spectrophotometer. 1H
NMR spectra were recorded on a Bruker WM 300 using tetramethylsilane (TMS) as an inter-
nal standard. ESI mass spectra were recorded on an Esquire-LC from Bruker Daltonic Nebu-
lizer 10psi (dry gas 8 L min-1, dry temperature 250 °C). Theoretical isotopic distribution
patterns for ionic species were generated using ISOFORM program and/or Sheffield Univer-
sity Chemputer software [46]. Magnetic susceptibilities of powdered dried samples were
recorded on a Faraday-type magnetometer using a sensitive computer controlled D-200 Cahn
RG microbalance. The magnetic field applied was ~1.5 T [47]. Experimental susceptibility
data were corrected for the underlying diamagnetism using Pascal’s constants.

X-ray diffraction data for 4, 7, and 8 were collected on an Oxford Diffraction Xcalibur
(TM) single-crystal X-ray diffractometer with Sapphire CCD detector. Graphite monochro-
mated Mo Kα radiation (λ = 0.71013 Ǻ) was used. The structures were solved by direct meth-
ods with SHELXS-97 [48] and refined with full-matrix least squares on F2 using SHELXL-97
[48]. Hydrogens were positioned with idealized geometry using a riding model and were
refined with isotropic displacement parameter. Drawings of the molecules were produced with
ORTEP3 [49] or PLATON [50]. Parameters of hydrogen bonds, and other non-covalent bond
interactions were measured using PLATON [50] and MERCURY (CCDC) [51]. Crystal data
and details concerning data collection and structure refinements for [{Cu(HOxsbz)Cl}2] (4),
[Ni(Oxtsc)HIm] (7), and [Ni(Oxtsc)HPyr] (8) are collected in table 1. Selected bond distances
and angles for 4 are listed in table 2, while those of 7 and 8 are given in table 3.
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3. Results and discussion

3.1. Synthesis and stoichiometry

The reaction of H2Oxsbz and H2Oxtsc with Cu(OAc)2·H2O in hot methanol using 1:1 M
ratio gave, respectively, the neutral dinuclear copper(II) complexes [{Cu(Oxsbz)}2]·H2O (1)

Table 1. Crystal data and structure refinement for [Cu(Oxsbz)Cl]2, [Ni(OxtscHIm)], and [Ni(Oxtsc)HPyr)].

[Cu(Oxsbz)Cl]2 (4) [Ni(Oxtsc)HIm] (7) [Ni(Oxtsc)HPyr)] (8)

Empirical formula C24H28Cl2Cu2N6O2S4 C8H12N6NiOS C8H12N6NiOS
Formula weight 758.74 299.01 299.01
Temperature (K) 299(2) 293(2) 299(2)
Wavelength (Å) 0.71073 0.71073 0.71093
Crystal system Triclinic Orthorhombic Monoclinic
Space group P-1 Pca21 P21/c
Unit cell dimensions
a (Å) 8.380(1) 19.2800(10) 18.106(4)
b (Å) 8.966(1) 33.228(2) 18.121
c (Å) 11.833(2) 7.4243(5) 7.316(2)
α (°) 104.22(1) 90 90
β (°) 91.50(1) 90 94.45(2)
γ (°) 115.77(1) 90 90
Volume (Å3) 770.30(18) 4756.3(5) 2393.1(10)
Z 1 16 8
Calculated density (Mg/m3) 1.636 1.670 1.660
Absorption coefficient (mm−1) 1.859 1.800 1.789
F(000) 386 2464 1232
Crystal size (mm) 0.40×0.18×1.02 0.40×0.40×0.18 0.52×0.12×0.02
Θ range for data collection (°) 4.16 to 26.37 4.12 to 27.23 4.12 to 25.69
Limiting indices −7≤h≤10, −11≤k≤10,

−14≤l≤14
−24≤h≤23,
−42≤k≤40, −9≤1≤8

−22≤h≤21,
−22≤k≤22, −6≤1≤8

Reflections collected / unique 5189 / 3099 (Rint =
0.0433)

44,155 / 9881 [R(int)
= 0.0695]

14,541 / 4517 [R(int)
= 0.1341]

Completeness to θ 26.37 98.3% 27.23 96.5% 25.69 99.5%
Refinement method Full-matrix least–squares

on F2
Full-matrix least–
squares on F2

Full-matrix least–
squares on F2

Data / restraints / parameters 3099 / 0 / 181 9881 /1 / 604 4517 / 0 / 307
Goodness-of-fit on F2 1.156 1.026 0.980
Final R indices [I>2σ (I)] R1 = 0.0796, wR2 =

0.1688
R1 = 0.0460, wR2 =
0.1219

R1 = 0.0795, wR2 =
0.0954

R indices (all data) R1 = 0.0915, wR2 =
0.1152

R1 = 0.0641, wR2 =
0.1321

R1 = 0.2424, wR2 =
0.1402

Largest diff. peak and hole (e.A−3) 0.640 and −0.609 0.950 and −0.406 0.368 and −0.375

Table 2. Selected bond distances (Å) and angles (°) for [{Cu(Oxsbz)Cl}2] (4).

Cu1–N3 2.016(5) N3-Cu1-Cl1 93.10(14)

Cu1–N1 1.955(5) N3-Cu1-Cl1# 87.03(15)
Cu1–S1 2.2603(17) N3-Cu1-N1 78.28(19)
Cu1–Cl1 2.2489(15) N1-Cu1-S1 85.08(14)
Cu1–Cl1# 2.8305(18) N1-Cu1-C11# 98.67(14)
Cu1…Cu1 3.605 N1-Cu1-Cl1 167.14(15)

N3-Cu1-S1 163.20(14)
Cl1-Cu1-Cl1# 90.30(6)
Cu1-Cl1#-Cu1 98.32(6)

Symmetry transformations used to generate equivalent atoms: #1 −x,−y + 1,−z + 1.
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(II, M = Cu, R = S·CH2C6H5) and [{Cu(Oxtsc)}2]·2H2O (2) (II, M = Cu, R = NH2). The
same reaction with Ni(OAc)2·4H2O in ethanol also afforded the dinuclear [{Ni(Oxsbz)}2]
(5) (II, M = Ni, R = S·CH2C6H5) and [{Ni(Oxtsc)}2] (6) (II, M = Ni, R = NH2) complexes,
respectively. The reaction of H2Oxsbz with an equivalent amount of Cu(NO3)2·3H2O in hot
methanol proceeded with deprotonation of both oxime and thiolimide and eventually gave
the neutral dinuclear [{Cu(Oxsbz)}2]·H2O (1) (II, M = Cu, R = S.CH2C6H5) similar to that
obtained from the reaction with Cu(OAc)2·H2O. However the reaction of H2Oxtsc with Cu
(NO3)2·3H2O gave the dimeric nitrate complex [{Cu(HOxtsc)}2](NO3)2 (3) (III, M = Cu,
R = NH2). Different from the reaction of CuCl2·2H2O with H2Oxtsc which was reported to
give the monomeric [Cu(H2Oxtsc)Cl2]·H2O [39], the reaction of CuCl2·2H2O with
H2Oxsbz proceeded with the formation of the dinuclear [{Cu(HOxsbz)Cl}2] (4) (scheme 2).

Table 3. Selected bond distances (Å) and angles (°) for [Ni(Oxtsc)HIm] (7) and [Ni(Oxtsc)HPyr] (8).

[Ni(Oxtsc)HIm] (7)
Ni1–mol. unit Ni2–mol. unit Ni3-mol. unit Ni4-mol. unit

Ni1–N1 1.903(8) Ni2–N7 1.905(9) Ni3-N13 1.902(9) Ni4–N19 1.913(7)

Ni1–N2 1.848(7) Ni2–N8 1.909(6) Ni3–N14 1.784(7) Ni4–N20 1.863(8)
Ni1–S1 2.156(3) Ni2–S2 2.175(2) Ni3–S3 2.160(2) Ni4–S4 2.164(3)
Ni1–N4 1.924(9) Ni2–N10 1.927(6) Ni3–N16 1.860(7) Ni4–N22 1.876(8)
N1–Ni1–N4 100.2(4) N7–Ni2–N10 97.9(3) N13–Ni3–N16 96.0(3) N19–Ni4–N22 96.9(3)
N2–Ni1–N1 81.5(3) N8–Ni2–N7 83.9(3) N14–Ni3–N13 83.0(3) N20–Ni4–N19 84.6(3)
N4–Ni1–S1 92.0(3) N10–Ni2–S2 92.9(2) N16–Ni3–S4 93.0(2) N22–Ni4–S4 92.5(3)
N2–Ni1–S1 86.3(2) N8–Ni2–S2 85.2(2) N14–N3–S3 87.9(2) N20–Ni4–S4 86.0(3)
N1–Ni1–S1 167.5(3) N7–Ni2–S2 169.1(2) N13–Ni3–S3 170.82(19) N19–Ni4–S4 170.5(2)
N2–Ni1–N4 178.1(4) N8–Ni2–N10 177.2(4) N14–Ni3–N16 177.2(4) N20–Ni4–N22 177.3(4)
[Ni(Oxtsc)HPyr] (8)

Ni1–mol. unit Ni2-mol. unit

Ni1–N1 1.893(8) Ni2–N7 1.829(7)
Ni1–N2 1.847(7) Ni2–N8 1.983(7)
Ni1–S1 2.150(3) Ni2–S2 2.041(3)
Ni1–N4 1.854(8) Ni2–N10 2.019(8)
N1–Ni1–N4 97.6(4) N7–Ni2–N10 100.2(4)
N2–Ni1–N1 82.7(4) N7–Ni2–N8 79.9(4)
N4–Ni1–S1 93.0(3) N10–Ni2–S2 92.2(3)
N2–Ni1–S1 86.7(3) N8–Ni2–S2 87.7(2)
N1–Ni1–S1 169.4(3) N7–Ni2–S2 167.5(3)
N2–Ni1–N4 179.6(4) N8–Ni2–N10 179.5(3)
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Scheme 2.
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The ternary Ni(II) complexes [Ni(Oxsbz)HIm] and [Ni(Oxsbz)HPyr] have been previ-
ously prepared from reaction of the neutral dimer [{Ni(Oxsbz)}2] with excess (5-10 equiva-
lents) imidazole (HIm) or pyrazole (HPyr) [11]. In this work, both [Ni(Oxtsc)HIm] (7) and
[Ni(Oxtsc)HPyr] (8) have been similarly prepared from the reaction [{Ni(Oxtsc)}2] with
five equivalents of imidazole or pyrazole, respectively. Attempts to prepare the ternary Cu
(II) complexes [Cu(Oxsbz)B] and [Cu(Oxtsc)B] (B = HIm and HPyr) by reacting the corre-
sponding dinuclear [{Cu(Oxsbz)}2] and [{Cu(Oxtsc)}2] with excess imidazole or pyrazole
were unsuccessful, and the starting dinuclear dimers were recovered. Similarly, the reaction
of H2Oxsbz and H2Oxtsc with Cu(OAc)2·H2O in the presence of excess imidazole or pyra-
zole failed to give the expected ternary Cu(II) complex but proceeded with formation of the
neutral dinuclear [{Cu(Oxsbz)}2] and [{Cu(Oxtsc)}2] complexes. This behavior implies that
neither imidazole nor pyrazole can rupture the oximate bridges in [{Cu(Oxsbz)}2] or [{Cu
(Oxtsc)}2].

3.2. Infrared and mass spectra

The IR and (+) ESI mass spectral data for H2Oxsbz and H2Oxtsc as well as their Cu(II) and
Ni(II) complexes are given in the Experimental section. The IR spectra of Cu(II) (1 and 2)
and Ni(II) (5 and 6) complexes lack absorptions which could be attributed to oxime ν(OH)
and thione amide ν(NH). The ν(C = N)hy and ν(C = N)ox of the diimine residue in the spec-
tra of Cu(II) and Ni(II) complexes appear at lower frequencies as compared to those of
H2Oxsbz and H2Oxtsc, respectively. The stoichiometry and the IR spectral data recorded
for 1, 2, 5, and 6 suggest deprotonation of both oxime and thiohydrazone residues and a
dimeric structure with two oximate bridges (II, M = Cu or Ni and R = NH2 or CH2C6H5)
for these complexes. Their (+) ESI mass spectra display base peaks of 100% relative inten-
sity corresponding to either dimeric monoprotonated and/or solvated dinuclear cations, con-
firming the dimeric nature of these complexes. The spectra also show peaks corresponding
to the protonated mononuclear cations originating from rupture of the oximate bridges.
Deprotonation of the mononuclear cations followed by self-assembly leads to tri- and
tetranuclear species.

The IR spectrum of [{Cu(HOxtsc)}2](NO3)2 (3) shows an intense absorption at
3160 cm−1 due to thioamide ν(N–H), implying that the thiosemicarbazone oxime in 3 is a
mononegative NNS tridentate ligand where the oxime residue is deprotonated while the
thiosemicarbazone remains in the thioamide [-NH-(C = S)] form. Deprotonation of the
oxime leads to formation of the dimeric structure (III, M = Cu, R = NH2), where the two
Cu(II) are linked by oximate bridges. The presence of a base peak at m/z = 471.2, in the
(+) ESI mass spectrum of 3, corresponding to the protonated dinuclear cation [{Cu
(Oxtsc)}2 + H]1+ is in agreement with the dinuclear structure of the Cu(II) complex. More-
over, the presence of ionic nitrate is revealed by intense bands at 1384, 1030, and 824 cm−1

in the IR spectrum of this complex [52].
No absorption due to the thione amide ν(N–H) has been observed in the IR spectrum of

[{Cu(HOxsbz)Cl}2] (4). The spectrum, however, displays a strong absorption at 3316 cm−1

due to oxime hydrogen-bonded ν(OH). This indicates that the carbodithioate oxime in 4 is
coordinated to Cu(II) via oxime nitrogen, imine nitrogen, and deprotonated thiolimide sul-
fur. The X-ray crystal structure of [{Cu(HOxsbz)Cl}2] (Section 3.5.1) reveals a dinuclear
structure where the two Cu(II) ions are linked through two chloride bridges. Although the
dimeric nature of 4 has been confirmed by X-ray crystal structure, the (+) ESI mass
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spectrum in THF shows the base peak at m/z = 487.1 corresponding to the mononuclear
solvated cation [Cu(Oxsbz)(THF)2 + H]1+, due to rupture of the chloride bridges in the
coordinating THF solvent.

3.3. Electronic spectra

The solution electronic spectra of 1, 2, and 3 in DMF are similar and show absorptions
from 330 to 380 nm attributable to different intraligand (L–L*) transitions. The spectra also
show absorption at ca. 425 nm which can be attributed to LMCT (S→Cu) transition from
the S donor to Cu(II) [53–55]. The d–d spectra appear as a broad absorption at 570–
600 nm due to the energetically close 2B1g → 2A1g,

2B2g, and
2Eg electronic transitions of

Cu(II) in a square planar environment [56]. The electronic spectrum of 4 in CHCl3 shows
L–L* intraligand absorptions at 334 and 360 sh nm, while the LMCT (S→Cu) absorption
is at 435 nm [53–56]. The d–d absorption bands at 550 nm with a well-defined shoulder at
640 nm are consistent with a square pyramidal geometry [56].

3.4. Molecular structures and self–assembly

3.4.1. [{Cu(HOxsbz)Cl}2] (4). The structure of 4, figure 1, consists of a discrete dicopper
(II) molecular unit, in which the two copper(II) ions are bridged by two chlorides. The
coordination geometry around copper(II) is best described as distorted square pyramidal as
evident from the magnitude of the trigonality index (τ = 0.067) [τ = β–α / 60, α = N3–Cu1–
S1 = 163.20, β = N1-Cu1–Cl1 = 167.14; for perfect square pyramidal τ = 0, while for
trigonal bipyramid τ = 1] [57]. The four basal positions are occupied by oxime N3
(Cu1–N3 = 2.015(4) Å), hydrazone N1 (Cu1–N1 = 1.957(4) Å), and the deprotonated thio-
lamide S1 (Cu1–S1 = 2.259(16) Å) of the mononegative NNS tridentate hydrazone oxime
ligand. The fourth equatorial coordination site is occupied by one of the two chlorides
(Cu1–Cl1 = 2.248(14) Å), while the apical fifth coordination site is occupied by the other
chloride (Cu1–Cl1 = 2.831(17) Å).

The four equatorial donors around copper(II) are nearly coplanar, with the Cu1 displaced
by 0.100 Å from the mean basal plane toward the apical Cl1. The two chlorides in the
Cu2Cl2 plane make a four-membered ring where the Cu1–Cl1–Cu1 and Cl1–Cu1–Cl1
angles are 89.68° and 90.32°, respectively, while the Cu–Cu distance is 3.606 Å. The
Cu2Cl2 plane is nearly planar and makes an angle of 85.00° with the basal mean plane (N1,
N3, Cu1, S1, Cl1).

The oxime O1H1 proton of one Cu(HOxsbz)Cl is involved in intramolecular hydrogen
bond formation with the thiolimide S1 of the other Cu(HOxsbz)Cl unit [O1H1···S1,
O1···S1 = 3.413 Å] giving a seven-membered ring of graph set R1

1(7) [58]. The dimeric
units are interconnected by two reciprocal intermolecular CH–π interactions [59] between
the acidic methylene C4H4A proton and the π1–system of the phenyl ring (C5–C10) of the
adjacent dimeric unit (C4H4A···Cg1 = 2.752 Å, C7–Cg1–H4A = 98.56° and C10–Cg1–
H4A = 81.06°). These CH–π interactions lead to formation of a chain of dimers propagating
along the c-axis. In the basal plane, the two five-membered chelate rings with delocalized
π–system can behave as aromatic rings [60] and be involved in π–π interactions. Conse-
quently, the dimers are connected via two reciprocal π–π interactions between the diimine
(N1C2C3N3Cu1) (Cg2) chelate ring and the hydrazone (N1N2C1S1Cu1) (Cg3) chelate ring
of the adjacent dimer [Cg2–Cg3 = 3.520 Å, forming a 1–D assembly along the a-axis. In
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this assembly, the π–π stacking between chelate rings results in an alternating short
intramolecular Cu–Cu separation (3.605 Å) within the Cu2Cl2 bridge and a long inter-
moleclar Cu–Cu distance (4.782 Å) between the basal planes. Both CH–π interactions along
the c-axis and π–π interactions along a-axis give the two-dimensional sheet extended
parallel to the ac-plane.

3.4.2. [Ni(Oxtsc)HIm] (7). The crystal structure of 7, figure 2, consists of four crystallo-
graphically independent molecular units, Ni1-, Ni2-, Ni3-, and Ni4- molecular units. In
these molecular units, the central Ni(II) is in a distorted square planar environment, bound
to the thiosemicarbazone oxime via deprotonated oxime nitrogen, imine nitrogen, and
deprotonated thiol sulfur forming 5,5–bicyclic chelate rings. The fourth coordination site is
occupied by the imidazole nitrogen. The average bond distances between Ni(II) and oxime
nitrogen (N1, N7, N13, and N19) (1.906 Å), imine nitrogen (N2, N8, N14, and N20)
(1.851 Å), deprotonated thiol sulfur (S1, S2, S3, and S4), (2.164 Å), and imidazole nitrogen
(N4, N10, N16, and N22) (1.897 Å), table 3, are within the normal range for similar square
planar Ni(II) complexes derived from dianionic NNS tridentate thiosemicarbazones and
dithiocarbazates [11]. Deviation from idealized square planar arrangement in 7 is evident
from the values, table 3, of both cis and trans bond angles around the central Ni(II).
In Ni1−, Ni2−, Ni3−, and Ni4 mol units, the imidazole plane is not coplanar with the
corresponding Ni(II) coordination plane but makes angles of 32.69°, 51.80°, 50.79°, and
36.33°, respectively.

The Ni1 mol. units are interconnected via (N6H62···N3, N6···N3 = 3.518(12) Å) hydro-
gen bonds between the aminic N6H62 proton and hydrazinic N3 nitrogen (open chain ami-
nic–hydrazinic interactions, figure 3, table 4, forming a one-dimensional C(4) chain [58]
(Ni1-chain) extending parallel to the c-axis. In this chain, the Ni1 units are arranged in

Figure 1. ORTEP representation of [{Cu(HOxsbz)Cl}2] (4) with atom labeling scheme; displacement ellipsoids
are drawn at 50% probability level.
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horizontal–vertical fashion where the angle between the successive Ni1 coordination planes
(N1, N2, S1, Ni1, N4) is 79.76°. The Ni1 units of Ni1 chain are linked to adjacent Ni2
units through imidazole–oximate interactions, figure 4, table 4, where the imidazole N5H51
proton of Ni1 unit is involved in hydrogen bond formation with the oximate O2 of adjacent
Ni2 unit (N5H51···O2, N5···O2 = 2.853(13) Å), while the imidazole N11H111 proton of
this Ni2 unit forms a (N11H111···O1, N11···O1 = 2.736(13) Å) hydrogen bond with oxime
O1 of the next parallel Ni1 unit in the same Ni1-chain. These imidazole–oximate interac-
tions give a C(8) [58] Ni1-Ni2 chain. The formed chains are further linked through two
pairs of reciprocal (N12H122···O1, N12···O1 = 2.886(8) Å) hydrogen bonds between the
oximate O1 oxygens of Ni1 units and the aminic N12H122 protons of the Ni2 units of the

Figure 2. ORTEP representation of [Ni(Oxtsc)HIm] (7) with atom labeling scheme; displacement ellipsoids are
drawn at 50% probability level.

aminic N6H6 proton

N3

H62

N3

H62

N3

H62

hydrazinic
N3

Ni1

Ni1

Ni1

Figure 3. Diagrammatic representation of the open chain aminic–hydrazinic hydrogen bonding in [Ni(Oxtsc)HIm]
(7).
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symmetry inverted adjacent chain, thus giving two-dimensional layer of Ni1–N2 chains
extending parallel to the ac-plane (Ni1–Ni2 layer).

Table 4. Non-covalent bond interactions in [Ni(Oxtsc)HIm] (7).

D–H···A Symmetry code D–H (Å) H···A (Å) D···A (Å) D–H···A (°)

Open chain aminic–hydrazinic interactions
Ni1- chain formation
N62H62···N3 −½–x, y, −½+z 0.859 2.742 3.518(12) 151.04
Ni4- chain formation
N24H242···N21 ½–x, y, −½+z 0.861 2.808 3.556(12) 146.19

Imidazole–oximate interactions
Ni1-Ni2 chain formation
N11H111···O1 x, y, 1+z 0.860 1.88 2.736(13) 175.0
N5H51···O2 x, y, 1+z 0.860 2.12 2.853(13) 143.0
Ni4-Ni3 chain formation
N17H171···O4 ½–x, y, −½+z 0.860 1.86 2.705(12) 168.0
N23H231···O3 ½+x, −1–y, 1+z 0.860 2.13 2.820(11) 137.0

Aminic–oximate interactions
2D Ni1-Ni2 layer formation
N12H122···O1 −½+x, −1–y, −1+z 0.860 2.10 2.886(8) 153.0
2D Ni4-Ni3 layer formation
N18H182···O4 x, y, −1+x 0.8660 2.16 2.936(10) 149.0

Cyclic aminic–hydrazinic interactions
3D framework formation
N6H61···N15 x, y, 1+z 0.860 2.31 3.161(11) 168.0
N18H181···N3 x, y, −1+z 0.860 2.07 2.918(10) 169.0
N24H241···N9 ½–x, −1+y, −1.5+z 0.860 2.29 3.141(12) 169.0
N12H121···N21 −x, −1–y, −1.5+z 0.860 2.14 2.999(9) 174.0

imidazole H51

O2

Ni2

N11
H111

O1

Ni1

N5

H51

O2

Ni2

H111

N11

O1

oximate

O2

Ni1

N5
H51

Figure 4. Diagrammatic representation of the imidazole–oximate hydrogen bonding in [Ni(Oxtsc)HIm] (7).
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Similarly the Ni4 units are also interconnected via (N24H242···N21, N24···N21 = 3.556
(12) Å) hydrogen bonds between the aminic N24H242 proton of Ni4 unit and the hydrazi-
nic N21 of the adjacent unit, forming a one-dimensional C(4) [58] Ni4-chain propagating
parallel to the c-axis. In this Ni4-chain, the angle between successive Ni4 coordination
planes (N19, N20, S4, Ni4, N22) is 81.25°. Here again, each Ni4 unit of the Ni4-chain is
joined to Ni3 unit through a (N23H231···O3, N23···O3 = 2.820(11) Å) hydrogen bond
(imidazole–oximate interactions) while the imidazole N17H171 proton of the Ni3 unit is
involved in hydrogen bond formation with the oximate O4 of the adjacent Ni4 unit
(N17H171···O4, N17···O4 = 2.705(12) Å), forming a one-dimensional C(8) [58] interwo-
ven Ni4–Ni3 chain running parallel to the c-axis. The Ni4-Ni3 chains are further linked via
two reciprocal pairs of (N18H181···O4, N18···O4 = 2.936(10) Å) hydrogen bonds between
the aminic H182 protons of the Ni3 units and oxime O4 oxygens of Ni4 units, giving two-
dimensional layer of Ni4–Ni3 chains extending parallel to the ac-plane (Ni4–Ni3 layer).

The Ni1 units of Ni1-Ni2 chains in Ni1-Ni2 layer and the Ni3 units of Ni4-Ni3 chains in
Ni4-Ni3 layer are paired through (N18H181···N3, N18···N3 = 2.918(10) Å) and
(N6H61···N15, N6···N15 = 3.161(11) Å) hydrogen bonds (cyclic aminic–hydrazinic
interactions, figure 5, table 4, to form an 8-membered hydrogen-bonded ring [R2

2(8)] [58].
Similarly, the Ni4 units of Ni4-Ni3 chains in the Ni4-Ni3 layer and Ni2 units of Ni1-Ni2
chains in the Ni1-Ni2 layer are also linked by R2

2(8) hydrogen-bonded rings generated by
(N12H121···N21, N12···N21 = 2.999(9) Å) and (N24H241···N9, N24···N9 = 3.141(12) Å)
hydrogen bond motifs. The interconnection between Ni1-Ni2 and Ni4-Ni3 layers through
cyclic aminic–hydrazinic interactions, figure 5, leads to a three-dimensional framework.

3.4.3. [Ni(Oxtsc)HPyr] (8). The crystal structure of 8, figure 6, consists of two crystallo-
graphically independent molecular units, Ni1 and Ni2 units. Selected bond distances and
bond angles for both Ni1 and Ni2 units are listed in table 3. In both units, the Ni(II) is in a
distorted square planar environment. In the Ni1 unit, the pyrazole plane (C4, C5, C6, N5,
N4) is almost coplanar with the corresponding Ni1 coordination plane (N1, N2, S1, N4,
Ni1) (dihedral angle = 2.15°), while the angle between the Ni2 coordination plane (N7, N8,
S2, N10, Ni2) and the pyrazole plane (C12, C13, C14, N11, N10) is 7.36°.

O3

Ni3

N16

N15

H61

H181

N3 Ni1

N4

N3
N15

H62

Figure 5. Diagrammatic representation of the cyclic aminic–hydrazinic hydrogen bonding in [Ni(Oxtsc)HIm] (7).
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In both Ni1 and Ni2 units, the pyrazole N5H5 and N11H11 protons are involved in
intramolecular hydrogen bonds (N5H5···O1, N5···O1 = 2.496 Å) and (N11H11···O2,
N11···O2 = 2.616 Å) with the corresponding oximate O1 and O2 (table 5). In the crystal
lattice of 8, the adjacent Ni2 units are held together by (N12H122···N9, N12···N9 = 3.266
(10) Å) hydrogen bonds between the aminic N12H122 proton of one unit and the hydrazi-
nic N9 of the adjacent Ni2 unit (open chain aminic–hydrazinic interaction), table 5, forming
a one-dimensional C4 chain [58] running parallel to the c-axis (Ni2-chain). The Ni2–chain
is further stabilized by (N12H122···N12, N12···N12 = 3.718 Å) and CH–π interactions
between the methyl C15H15B proton and the π-system of the pyrazole ring

Figure 6. ORTEP representation of [Ni(Oxtsc)HPyr} (8) with atom labeling scheme; displacement ellipsoids are
drawn at 50% probability level.

Table 5. Non-covalent bond interactions in [Ni(Oxtsc)HPyr] (8).

D–H···A Symmetry code D–H (Å) H···A (Å) D···A (Å) D–H–A (°)

Intramolecular hydrogen bonds
N5H5···O1 x, y, z 0.860 1.753 2.496(11) 143.21
N11H11···O2 x, y, z 0.860 1.922 2.616(11) 136.66

Intermolecular hydrogen bonds
Ni2 – chain formation
N12H122···N9 x, 1.5–y, −½+z 0.860 2.502 3.266(10) 148.50

x, y, −1+z
N12H122···N12 x, 1.5–y, −½+z 0.860 2.967 3.718 142.12

x, y, −1+z
C15H15B···Cg 0.961 2.727 3.644 159.9

Ni1–Ni2 chain formation
N12H121···N3 −x, 1–y, 1–z 0.860 2.458 3.317(10) 177.04
N6H62···N9 −x, 1–y, 1–z 0.861 2.204 3.048(10) 166.43

2D layer formation
N6H62···O2 x, y, z 0.859 2.058 2.899(9) 165.88

Copper(II) and nickel(II) complexes 2161
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(C15H15B···Cg = 2.727 Å), table 5. In this chain, each Ni2 unit is linked to a Ni1 unit
through two hydrogen bonds: (i) (N12H121···N3, N12···N3 = 3.317(10) Å) between the
aminic N12H121 proton of Ni2 unit and the hydrazinic N3 nitrogen of the adjacent Ni1 unit
and (ii) (N6H61···N9, N6···N9 = 3.048(10) Å) between the aminic N6H61 proton of the
Ni1 unit and hydrazinic N9 nitrogen of the adjacent Ni2 unit, giving a R2

2(8) [58] eight-
membered hydrogen-bonded ring between Ni1 and Ni2 units (cyclic aminic–hydrazinic
interactions). These non-covalent bond interactions lead to a tubular Ni1-Ni2 chain propa-
gating parallel to the c-axis. The formed chains are further interconnected through two pairs
of reciprocal (N6H62···O2, N6···O2 = 2.899(9) Å) hydrogen bonds between aminic
N6H62 proton and oximate O2 oxygen, giving a two-dimensional layer of Ni1–Ni2 chains
extending parallel to the bc-plane.

3.5. Magnetic measurements

At room temperature (298 K), the neutral [{Cu(Oxsbz)}2] (1) and [{Cu(Oxtsc)}2] (2), as
well as the cationic nitrate complex [{Cu(HOxtsc)}2](NO3)2 (3), show subnormal magnetic
moments of 0.96, 1.07, and 0.86 μB, respectively, indicating antiferromagnetic coupling
between the Cu(II) centers, consistent with a dimeric structure [61]. Variable temperature
(4–300 K) magnetic susceptibility measurements recorded for 1, 2, and 3 were fitted to the
revised Bleaney–Bowers equation [62] (equation 1) using isotropic (Heisenberg)
(H = −2JS1. S2) for two interacting S = ½ centers,

vm ¼ ð1� qÞ 2NLlb2g
2expð2J=kTÞ

kðT� h½ð1þ 3expð2J=kTÞ� þ q
2NLlb2g

2

4kT
þ 2Na (1)

where χm is expressed per two Cu(II) ions, Nα is the temperature-independent paramag-
netism [60 × 10−6 cm3 mol−1 per Cu(II)], ρ is the fraction of monomeric impurity, and θ is
a correction term for interdimer interactions. A nonlinear regression analysis was carried
out, and the best fit magnetic parameters (−2 J, g, ρ, and θ) are listed in table 6. The
variation of molar magnetic susceptibility, χm, and magnetic moment, μeff, as a function of
temperature for 1 are shown in figure 7. Similar behavior has been recorded for 2 and 3.
The −2 J values estimated for these complexes, table 6, are within the range reported for
other oximate-bridged dicopper(II) complexes [1–4, 8, 9, 19, 20] and the dinuclear structure
(II, M = Cu and R = CH2C6H5 or NH2) can be proposed for 1 and 2. Similarly, structure
(III, M = Cu and R = NH2) can be adopted for 3.

The room-temperature magnetic moment (per Cu(II)) recorded for the dinuclear [{Cu
(HOxsbz)Cl}2] (4) [1.85 μB (298)] is within the normal range reported for magnetically
diluted Cu(II) complexes [61]. However, fitting the values of the magnetic susceptibilities

Table 6. The best fit magnetic parameters for Cu(II) complexes derived from diacetylmonooxime thiosemicar-
bazone and diacetylmonooxime S-benzyldithiocarbazonate.

Complex μeff (μB) (297) −2 J (cm−1) g θ (K) ρ (%)

[{Cu(Oxsbz)}2]·H2O 0.96 687.0 2.08 0.66 1.20
[{Cu(Oxtsc)}2]·2H2O 1.07 670.0 2.08 0.34 1.96
[{Cu(HOxtsc)}2](NO3)2 0.86 652.0 2.08 2.14 2.60
[{Cu(HOxsbz)Cl}2] 1.85 6.5 2.08 2.53 1.13

2162 N.M.H. Salem et al.

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
34

 2
8 

D
ec

em
be

r 
20

15
 



measured from 4 – 300 K, in equation 1, suggest weak antiferromagnetic interaction with –
2 J = 6.52 cm−1. The variation of molar magnetic susceptibility, χm, and magnetic moment,
μeff, as a function of temperature for [{Cu(HOxsbz)Cl}2] is depicted in figure 8.
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Figure 7. Magnetic susceptibilities χM (•) and magnetic moments μeff (o) vs temperature for [{Cu(Oxsbz)}2]·H2O
(1). Solid lines represent the best least squares fit to Bleany–Bowers equation with −2 J = 687.0 cm−1, θ = −0.66,
g = 2.08, and ρ = 1.20 (%).
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Figure 8. Magnetic susceptibilities χM (•) and magnetic moments μeff (o) vs temperature for [{Cu(HOxsbz)Cl}2]
(4). Solid lines represent the best least squares fit to Bleany–Bowers equation with -2 J = 6.5 cm−1, θ = −2.53,
g = 2.08, and ρ = 1.13 (%).
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Different from [{Cu(Oxtsc)Cl}2] where the Cu(II) centers are bridged by thiol sulfur
[38], the X-ray crystal structure of [{Cu(HOxsbz)Cl}2] (Section 3.4.1) reveals that the two
Cu(II) ions have square pyramidal geometry and are bridged by two chlorides such that the
square pyramids are arranged sharing a basal-apical edge with parallel basal planes. This
type of chloride-bridged Cu(II) complex, Type II [63], is expected to show either weak anti-
ferromagnetic or ferromagnetic behavior depending on the angle at the Cu–Cl–Cu bridge
(ϕ) as well as the bond length of the longest out of plane Cu–Cl bond (R) [64, 65]. In case
of 4, the value of ϕ / R is 31.90° / Å (ϕ = 90.32o and R = 2.831 Å), is lower than 32.6,
which is in agreement with the observed antiferromagnetic interaction [65]. Different from
[{Cu(HOxsbz)Cl}2] (4), the Cu(II) centers in [{Cu(HOxtsc)Cl}2]·H2O are bridged by two
thiolate sulfurs [38]. The different bridging modes assigned for [{Cu(HOxsbz)Cl}2] (4) and
[{Cu(HOxtsc)Cl}2]·H2O can be related to the differences in the electronic effects of the
terminal – SCH2C6H5 in [{Cu(HOxsbz)Cl}2] as opposed to –NH2 in [{Cu(HOxtsc)
Cl}2]·H2O.

4. Conclusion

Dinuclear complexes [{Cu(Oxsbz)}2]·H2O (1), [{Cu(Oxtsc)}2]·2H2O (2), [{Cu(HOxtsc)}2]
(NO3)2 (3), [{Cu(HOxsbz)Cl}2] (4), [{Ni(Oxsbz)}2] (5), and [{Ni(Oxtsc)}2] (6) as well as
the mononuclear mixed ligand Ni(II) complexes [Ni(Oxtsc)HIm] (7) and [Ni(Oxtsc)HPyr]
(8) have been prepared and characterized by elemental analysis and spectroscopic tech-
niques (IR, UV–vis, 1H NMR, and ESI mass). Variable temperature magnetic susceptibility
measurements for [{Cu(Oxsbz)}2]·H2O, [{Cu(Oxtsc)}2]·2H2O, and [{Cu(HOxtsc)}2](NO3)2
revealed strong antiferromagnetic behavior. The -2 J values (650–690 cm−1) are within the
range reported for other oximate-bridged dicopper complexes. The dinuclear [{Cu(HOxsbz)
Cl}2], however, showed weak antiferromagnetic behavior (− 2 J = 6.52 cm−1) suggesting a
dichloro-bridged dicopper complex. Single-crystal X-ray diffraction of [{Cu(HOxsbz)Cl}2]
confirmed the dimeric structure where each Cu(II) is in square pyramidal environment and
the two Cu(II) centers are linked by two chloride bridges. This bridging mode differs from
that reported for the analogous thiosemicarbazone oxime complex [{Cu(HOxtsc)
Cl}2]·2H2O where the Cu(II) centers are connected by thiolate rather than chloride bridges.
X-ray diffraction studies on both [Ni(Oxtsc)HIm] and [Ni(Oxtsc)HPyr] showed that the cen-
tral Ni(II) is in a distorted square planar environment, bound to Oxtsc dianion via the
deprotonated oxime nitrogen, imine nitrogen, and deprotonated thiol sulfur. The fourth
coordination site is occupied by the heterocyclic nitrogen.
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Supplementary data

CCDC 999,736, 999,674 and 999,675 contain the supplementary crystallographic data for [{Cu(HOxsbz)Cl}2], [Ni
(Oxtsc)HIm], and [Ni(Oxtsc)HPyr], respectively. These data can be obtained free of charge via http://www.
ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data Center, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: (+44) 1223–336-033; or E-mail: deposit@ccdc.cam.ac.uk.
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