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Abstract. New trinuclear Co'" complexes, [{Co(apaet),}.Co]X, (apaet- = 2-[(3-
aminopropyl)amino]ethanethiolato; X = SCN (1), ClO4 (2), NO5 (3), Cl (4), Br (5), I (6)) and
[{Co(apampt)2}.Co] X, (apampt™ = 1-[(3-aminopropyl)amino]-2-methylpropane-2-thiolato; X =
NOs(7), ClO4 (8), CI (9), Br (10), I (11)), and mononuclear Co"' complexes, [Co(apaet)2]X (X =
ClOs (12), NOs (13)), were synthesized. Single-crystal X-ray crystallography of 1 and 7
confirmed that the trinuclear complexes have a linear arrangement of octahedral Co''S;N4-
tetrahedral Co""S4-octahedral Co"'S;N4 chromophores where two thiolate ligands are coordinated
to each terminal Co atom in a mer coordination mode and the two thiolato S atoms are further
bound to the central Co atom, which is consistent with the electronic spectra and
antiferromagnetic properties.

Keywords: thiolato complex, cobalt complex, mononuclear Co(l11) complex, trinuclear Co(ll)
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1. Introduction

The synthesis and crystal structures of a great number of metal thiolates have appeared in the literature
over the past fifty years, since there have been their diverse coordination compounds of many kinds of
metal atoms with redox reactions in metal-assembling [1-8]. The growing interests in metal thiolates
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have stimulated research efforts for the efficient synthesis and synthetic methods of thiolate ligands have
been developed [8,9,23]. Metal thiolates are also of interest from a point of view that their metal
complexes have similar functionalities to those of active sites of metallo-enzymes containing cysteine
residue in catalyzing organic oxidation or electron-transfer reactions. We are interested in using organic
thiolate ligands containing nitrogen atoms besides thiolate sulfur atom, because synthesis of metal
thiolates may be controlled by the formation of chelate rings by the combination of donor set [9-32].
Reactions of metal ions and tridentate-N, N, S-thiolates (Figure 1) such as 2-[(3-
aminopropyl)amino]ethanethiol (abbreviated as Hapaet), we isolated trinuclear thiolates of homonuclear
[{M(apaet).}:M](CIOs), (M = Mn'" [17], Fe" [18], Cd" [24]) as well as heterometal
[{M(apaet)2}.M’](Cl04), (M = Mn", Fe!', Co", Ni"; M* = Zn"", Cd", Hg") [19], which have a linearly
arranged trinuclear metal ions with octahedral S;N4, tetrahedral S4, and octahedral SN, coordination
environments. The linear trinuclear structure seems to be most favorable for metal thiolates with apaet.
In addition to the trinuclear species, dinuclear nickel(Il) [12], dinuclear iron(Il) [18], dinuclear
molybdenum(V) [30], cyclic trinuclear zinc(Il) [22], mixed-valent trinuclear molybdenum(V,VI) [31],
tetranuclear palladium(I1) [20,21], adamantane-like teranuclear manganese(ll) and iron(I1) [23], mixed-
valent hexanuclear and octanuclear copper(l,11) [25,26,28], infinite polynuclear manganese(ll) [14,17]
and zinc(ll) [22] species also have been isolated in these systems. In the case of 2-[(2-
pyridylmethyl)amino]ethanethiol, a mononuclear rhenium thiolate was isolated [29]. It is well known
that cobalt(l11) ion favours an octahedral geometry because of the crystal field stabilization energy,
resulting in the mononuclear octahedral Co(lll) species, [Co(apaet).](ClO,), and dinuclear octahedral
cobalt(I11) species, [Co2{SCH(CH2CH2NH).}3](ClO.)s, for Hapaet and Hdpet (Hdpet = 1,5-diamino-3-
pentanethiol), respectively [10,27,32].

2
N~ N \/\SH 2 \/\/ o
Hapaet Hapampt
Figure 1. Tridentate-N, N, S-thiolates

In this study, we made an effort to extend cobalt thiolate chemistry by synthesizing new cobalt thiolates
in addition to the mononuclear thiolates, because the isolated compounds may have relevance to model
compounds of metallo-enzymes in bacteria, Co-nitrile hydratases, which have non-corrinoid Co atom
with N and S donor-atoms and catalyze the hydration of nitriles to the corresponding amides [33-35].
Crystallographic study of the Co-nitrile hydratases has revealed that the metal is coordinated by two
deprotonated carboxamide-N and three cysteine-S atoms which can be converted to cysteine-sufenic
and -sulfinic group as like those of Fe-nitrile hydratases [36,37]. We synthesized a series of cobalt
thiolates with apaet-, using a variety of cobalt salts, and further, synthesized 1-[(3-aminopropyl)amino]-
2-methylpropane-2-thiol (Hapampt), which corresponds to an analogous tridentate-N, N, S-thiol
substituted the a-methylene hydrogens by methyl groups, and performed synthesis of cobalt thiolates
with apampt-. We report herein the synthesis, crystal structures, electronic spectral and magnetic
properties of the isolated cobalt thiolates,

2. Research Methods

2.1. Synthesis of Complexes

All commercial chemicals and solvents were used without further purification. Methanol was dried using
standard laboratory techniques. The thiolate ligands, Hapaet and Hapampt, were synthesized according
to literature procedure [12,25]. All manipulations were performed under an argon atmosphere using
Schlenk techniques.
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Safety Notes. Warning! Cobalt(Il) perchlorate hexahydrate are potentially explosive and should only
be handled in small quantities with great care.

[{Co(apaet),}>C0](SCN),-:CH30H-2H,0 (1-CH30H-2H,0)

To a mixed solution of 4 mL of methanol and 2 mL of N,N-dimethylacetamide containing Hapaet (34
mg, 0.25 mmol) and triethylamine (two drops) was added 4 mL of methanol solution of cobalt(ll)
thiocyanate (44 mg, 0.25 mmol). The solution was stirred for 5 min at room temperature and was left
standing without disturbance for several days. The deposited crystals were filtered off, washed with
methanol, and dried. Yield 26 mg (49%). Anal. Calcd for CxsHesoN100O3SsCos: C, 30.98; H, 6.48; N,
15.67%. Found: C, 31.44; H, 6.50; N, 15.64%. IR (KBr, pellet) vicm=t1(N-H) 3288(m), 3239(m); L C-
H) 2930(m), 2866(m), 2840(m); {SCN) 2051(s). Diffused reflectance spectra Amax/nm 264, 326, 636,
732, 784, 1360, 1598, 1700. Mer(300 K)/pg 6.95, perr(4.5 K)/pp 4.58.

[{Co(apaet).}.C0](ClO4).-H-0 (2-H,0)

To a mixed solution of 4 mL of methanol and 2 mL of N,N-dimethylacetamide containing Hapaet (34
mg, 0.25 mmol) and triethylamine (two drops) was added 4 mL of methanol solution of cobalt(ll)
perchlorate hexahydrate (93 mg, 0.25 mmol). The solution was left standing without disturbance at room
temperature for several days. The deposited crystals were filtered off, washed with methanol, and dried.
Yield 12 mg (21%). Anal. Calcd for C2HssNgOeS4ClCos: C, 25.92; H, 5.87; N, 12.09%. Found: C,
25.84; H, 5.80; N, 11.97%. IR (KBr, pellet) vicm™ 1{N-H) 3327(m), 3282(m); 1{C-H) 2930(m),
2823(m); CI-0O) 1145(s), 1100(s), 1080(s), 623(s). Diffused reflectance spectra Amax/nm 272, 342(sh),
458(sh), 666, 730, 782, 1368, 1630. Electronic absorption spectra in dmf (N,N-dimethylformamide)
Amax/nm (/ldm®mol-tcm?) 673 (300), 731 (370), 786 (870), 1355 (94). Mer(300 K)/ug 5.11, He(4.5
K)/us 3.55.

[{Co(apaet),}.Co](NO3)2-3H-0 (3-3H20)

To a mixed solution of 4 mL of methanol and 2 mL of N,N-dimethylacetamide containing Hapaet (34
mg, 0.25 mmol) and triethylamine (two drops) was added 4 mL of methanol solution of cobalt(Il) nitrate
hexahydrate (73 mg, 0.25 mmol). The solution was left standing without disturbance at room
temperature for several days. The deposited crystals were filtered off, washed with methanol, and dried.
Yield 38 mg (69%). Anal. Calcd for C2oHs6N1007S4Cos: C, 27.06; H, 6.58; N, 15.18%. Found: C, 27.37;
H, 6.25; N, 15.33%. IR (KBr, pellet) vicm=t »{N-H) 3301(m), 3265(m); {C-H) 2931(m), 2882(m); N-
0) 1382(s), 1336(s). Diffused reflectance spectra Amax/nNm 276, 342(sh), 486(sh), 636, 726, 782, 1358,
1642.

[{Co(apaet).}.Co]Cl,-2CH30H-2H,0 (4-2CH30H-2H,0)

To a mixed solution of 4 mL of methanol and 2 mL of N,N-dimethylacetamide containing Hapaet (34
mg, 0.25 mmol) and triethylamine (two drops) was added 4 mL of methanol solution of cobalt(ll)
chloride hexahydrate (60 mg, 0.25 mmol). The solution was left standing without disturbance at room
temperature for several days. The deposited crystals were filtered off, washed with methanol, and dried.
Yield 34 mg (61%). Anal. Calcd for C2HgNgO4S4Cl,Cos: C, 30.00; H, 7.32; N, 12.72%. Found: C,
30.42; H, 7.44; N, 12.70%. IR (KBr, pellet) vicm™ 1{N-H) 3204(m), 3148(m); {C-H) 2925(m),
2875(m), 2820(m). Diffused reflectance spectra Amax/nm 266, 316, 626, 724, 778, 1366, 1644. L.+(300
K)/Hg 6.45, per(4.5 K)/ug 3.67.

[{Co(apaet),}.Co]Br,-2CH3;0H-4H,0 (5-2CH3;0H-4H,0)

This complex was prepared in the same manner as complex 4-2CH3;OH-2H-0 using cobalt(l1) bromide
hexahydrate. Yield 20 mg (32%). Anal. Calcd for C,,HssNgOsS4Br.Cos: C, 26.27; H, 6.82; N, 11.14%.
Found: C, 26.30; H, 6.51; N, 11.06%. IR (KBr, pellet) vicm?* »N-H) 3194(m), 3147(m); {C-H)
2926(m), 2866(m), 2842(m). Diffused reflectance spectra Amax/nm 274, 350, 380, 664(sh), 778, 1364,
1650.

[{Co(apaet),}.Co]l2-2CH30H-2H,0 (6-2CH;0H-2H,0)

This complex was prepared in the same manner as complex 4-2CH3;0H-2H,0 using cobalt(ll) iodide.
Yield 26 mg (38%). Anal. Calcd for Co2HsaNgO3S41.Cos: C, 24.84; H, 6.06; N, 10.53%. Found: C, 24.57;
H, 5.85; N, 10.30%. IR (KBr, pellet) vicmt1{N-H) 3186(m), 3129(m); 1{C-H) 2926(m), 2866(m),
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2798(m). Diffused reflectance spectra Amax/nm 348, 728, 664(sh), 782, 1352, 1658. (300 K)/ug 4.86,
Ueff(4.5 K)/IJ.B 2.60.

[{Co(apampt);}.C0](NO3)2-2CH30H (7-2CH30H)

To a mixed solution of 5 mL of methanol and 2 mL of N,N-dimethylacetamide containing Hapampt (41
mg, 0.25 mmol) and triethylamine (two drops) was added 5 mL of methanol solution of cobalt(l1) nitrate
hexahydrate (73 mg, 0.25 mmol). The solution was stirred for 5 min at room temperature and was left
standing without disturbance for several days. The deposited crystals were filtered off, washed with
methanol, and dried. Yield 39 mg (64%). Anal. Calcd for CsoH76N100sS4Cos: C, 35.67; H, 7.58; N,
13.87%. Found: C, 35.84; H, 7.79; N, 14.22%. IR (KBr, pellet) vicm*1(N-H) 3324(m), 3238(m); 1{C-
H) 2947(m), 2839(m); (N-0) 1402(s), 1384(s), 1325(s). Diffused reflectance spectra Amax/nm 288, 336,
434(sh), 696, 754(sh), 796, 1392, 1744. pe(300 K)/ps 6.60, Merr(4.5 K)/pp 4.52.
[{Co(apampt);}.Co](ClO4).-dmac-H20 (dmac = N,N-dimethylacetamide) (8-dmac-H,0)

This complex was prepared in the same manner as complex 7-2CHsOH using cobalt(ll) perchlorate
hexahydrate. Yield 12 mg (16%). Anal. Calcd for Cs2H7gN9010S4Cl2Cos: C, 33.60; H, 7.14; N, 11.02%.
Found: C, 33.75; H, 7.01; N, 10.81%. IR (KBr, pellet) v/cm™ 1{N-H) 3331(m), 3285(m), 3264(m); {C-
H) 2928(m), 2843(m); VCI-O) 1106(s), 1058(s), 1014(s), 626(s). Diffused reflectance spectra Amax/nm
290, 348(sh), 694, 754(sh), 798, 1384, 1730. Electronic absorption spectra in dmf Amax/nm (&/dm3mol-
lem1) 687 (390), 742 (540), 794 (1140), 1389 (130). Mer(300 K)/pg 6.84, Hef(4.5 K)/ug 4.57.
[{Co(apampt)z}zco]Clz-CHgOH-HzO (9-CH30H-H20)

To a mixed solution of 5 mL of methanol and 2 mL of N,N-dimethylacetamide containing Hapampt (41
mg, 0.25 mmol) and triethylamine (two drops) was added 5 mL of methanol solution of cobalt(ll)
chloride hexahydrate (60 mg, 0.25 mmol). The solution was stirred for 5 min at room temperature and
was left standing without disturbance for several days. The deposited crystals were filtered off, washed
with methanol, and dried. Yield 15 mg (26%). Anal. Calcd for C2H74NsO.S4Cl.Cos: C, 36.94; H, 7.91;
N, 11.88%. Found: C, 36.86; H, 7.77; N, 11.79%. IR (KBr, pellet) vicm= 1{N-H) 3244(m), 3204(m);
UC-H) 2954(m), 2921(m), 2865(m). Diffused reflectance spectra Amax/nm 216, 260, 294(sh), 340(sh),
506(sh), 694, 754(sh), 794, 1504, 1580, 1758.

[{Co(apampt),}.Co]Brz-CH;OH (10-CH3;0H)

This complex was prepared in the same manner as complex 9-CHsOH-H;O using cobalt(ll) bromide
hexahydrate. Yield 14 mg (22%). Anal. Calcd for Co9H72NsOS4Br.Cos: C, 34.36; H, 7.16; N, 11.05%.
Found: C, 34.28; H, 7.01; N, 10.96%. IR (KBr, pellet) vicm™ »N-H) 3244(m), 3204(m); {C-H)
2954(m), 2921(m), 2865(m). Diffused reflectance spectra Amax/nm 280, 338, 442(sh), 694, 754(sh), 794,
1394, 1502(sh), 1730. pes (300 K)/pg 6.02, Hei(4.5 K)/us 2.93.

[{Co(apampt),}.Co]l,-CH3;0H (11-CH3;0H)

This complex was prepared in the same manner as complex 9-CH3;OH-H,0 using cobalt(l1) iodide. Yield
16 mg (22%). Anal. Calcd for C9H72NgOS4l2Cos: C, 30.96; H, 6.63; N, 9.95%. Found: C, 31.04; H,
6.62; N, 9.96%. IR (KBr, pellet) vicm=t {N-H) 3205(m), 3147(m); (C-H) 2945(m), 2839(m). Diffused
reflectance spectra Amax/nm 288, 340(sh), 696, 754(sh), 796, 1386, 1732, 1782. Me#(300 K)/ug 5.71,
Met(4.5 K)/ug 3.24.

[Co(apaet)2]Cl04-CH30H (12-CH30H)

This complex was prepared according to the method reported recently [32].

[Co(apaet)2]NO3-H,0 (13-H,0)

To 3 mL of methanol containing Hapaet (34 mg, 0.25 mmol) and triethylamine (two drops) was added
3 mL of methanol solution of cobalt(ll) nitrate hexahydrate (36 mg, 0.18 mmol). The solution was left
standing without disturbance at room temperature for several days. The deposited crystals were filtered
off, washed with methanol, and dried.-Yield 45 mg (70%). Anal. Calcd for C1oHs4N504S,Co: C, 29.63;
H, 6.96; N, 17.27%. Found: C, 29.66; H, 6.56; N, 17.40%. IR (KBr, pellet) vicm™ »(N-H) 3252(m),
3213(m), 3142(m); LC-H) 2969(m), 2928(m); YN-0O) 1372(s), 1348(s). Diffused reflectance spectra
Amax/nm 272, 348(sh), 492, 838, 916, 1370, 1584, 1712, 1748, 1782, 1928.

0210102-4



2.2 Measurements

C, H, and N elemental analyses were carried out by the use of a Perkin-Elmer 2400 Series Il CHNS/O
Analyzer. IR spectra (4000—600 cm-?) were recorded on a JASCO MFT-2000 FT-IR Spectrometer
with the samples prepared as KBr pellets. Electronic spectra (200—2000 nm) were recorded on a
Shimadzu UV-3100 Spectrophotometer. Magnetic susceptibility measurements in the temperature range
4.5—300 K were performed with a Quantum Design MPMS-5S SQUID magnetometer at an applied
field of 0.5 T. The data were corrected for diamagnetic contributions calculated from Pascal’s constants
for all constituent atoms [38].

The X-ray data were collected at room temperature with a Bruker CCD diffractometer (SMART
APEX) with Mo-K « radiation. The data collection and refinement processes are summarized in Table
1. The structures were solved by direct methods and refined by full-matrix least-squares method, using
the SHELXTL program package [39]. All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were located on calculated positions.

Table 1. Crystal data and structure refinement details for 1 and 7.

Compounds 1 7
Empirical Formula C24Hs0C03N1002S6 C30He0C03N1007S4
Formula weight 889.97 977.91
Temperature / K 293 293
Crystal dimensions / mm 0.31x0.30x0.14 0.40x0.39x0.20
Crystal system Monoclinic Tetragonal
Space group C2/c 14/m
alA 24.728(6) 12.9269(11)
b/A 9.415(2)
c/A 18.336(5) 28.238(4)
ple 104.178(3)
v/ A3 4138.8(18) 4718.7(8)
YA 4 4
dcalcd 1.428 1.377
u/ mm™! 1.527 1.268
F(000) 1868 2044
Reflections collected 10932 10567
Independent reflections 4533 1751
@range for data collection 1.70 to 28.27° 1.73 t0 23.23°
Data / Restraints / Parameters ~ 4533/0/206 1751/0/129

R1, wR2[I>20(1)]”

0.1008, 0.2823

0.0387, 0.1340

R1, wR2[all data]®

0.1182, 0.3160

0.0503,0.1387

Goodness-of-fit on F?

1.218

1.122

CCDC number

1953679

2073611

aR1 =31 | Fol=|Fel I/S1Fol; wR2 = [Sw(Fo2—F)Y/Stw(Fo2)2] 12

3. Results and Discussion

3.1 Synthesis and Structural Characterization of Co Thiolates

Our previous studies showed that the reactions of Hapaet with Mn(I1) [17], Fe(ll) [18], and Cd(ll) [24]
afforded trinuclear thiolate complexes, [{M(apaet).}.M]X2, where the three metal atoms are arranged
linearly with Oh-Td-Oh geometries. In this study, we isolated analogous trinuclear Co(ll) complexes
with apaet™ and apampt-, [{Co(apaet),}Co]X2 (X = SCN (1), ClO4 (2), NO3(3), ClI (4), Br (5), | (6)) and
[{Co(apampt).}2Co]Xz2 (X = NO3(7), ClO4 (8), Cl (9), Br (10), I (11), under the similar condition with
equivalent molar ratio of the thiolate ligand : metal salt.
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Figure 3. Packing Diagram of 1

The results of the elemental analyses suggest that the cations of these complexes should consist of three
cobalt atoms and four thiolato ligands, apaet™ or apampt™. The infrared spectra of these complexes are
essentially the same except for the bands due to the counter anion X, showing the characteristic bands
of apaet™ and apampt- deprotonated ligands with the 1{N-H) bands at 3327—3129 cm-* and the 1{C-H)
bands at 2969-2798 cm* and without the 1{S-H) band around 2500 cm* [40,41]. If we use an excess
amount of thiolate ligand to metal salt with 1.4:1 molar ratio, mononuclear cobalt(lll) thiolates,
[Co(apaet)2] X2 (X = ClOs4 (12) and NO; (13)) were isolated as described in the previous paper [32]. X-
ray structure analysis was performed for the single crystals of 1 and 7. The crystal structure of 1 contains
trinuclear complexes, [Co{Co(apaet).}.]?*, thiocyanate anions, and methanol molecules in a 1:2:2 molar
ratio. An ORTEP diagram of [Co{Co(apaet).}.]?* is depicted in Figure 2. The three cobalt atoms are
arranged almost linearly (Co2-Col-Co2' = 179.57(3)°). The cation has a C,-symmetry, where the
crystallographic C, axis passes through the Col atom and the midpoint of S1 and S1° atoms. The Col
atom is bonded to four thiolato-sulfur atoms of apaet in a distorted tetrahedral geometry, while each of
the Co2 and Co2' atoms is coordinated by two thiolato-sulfur atoms and four amino-nitrogen atoms of
apaet” in a distorted octahedral geometry. Each apaet™ ligand is coordinated to the terminal cobalt atom
in a meridional mode to form a fused chelate with six- and five-membered rings. The bond distances of
the terminal octahedral cobalt atoms [C02-S 2.524(2)—2.526(2) A] are longer than those of the central
tetrahedral cobalt atom [Col-S 2.331(2)—2.340(2) A]. The bond distances of Co2-S and Co1-S are
similar to the Co-S bonds of octahedral and tetrahedral thiolato Co(ll) complexes, respectively [19,27].
The Co2-N distances [2.203(5)—2.224(5)A] are also similar to the Co-N bonds of octahedral Co(ll)
complexes [19,27]. The Co2-S1-C1-C2-N1 and Co2-S2-C6-C7-N3 chelate rings are in a gauche form
which is common for five-membered chelate ring, whereas the Co2-N1-C3-C4-C5-N2 and Co2-N3-C8-
C9-C10-N4 chelate rings are in a chair form. The complex cation structure is similar to that of
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2-2dmac-2CHs0OH (dmac = N,N-dimethylacetamide) [27]. In the crystal, thiocyanate ions and methanol
molecules are arranged among the trinuclear cations as like separating these molecules (Figure 3). The
crystal structure of 7 contains trinuclear complexes, [Co{Co(apampt).}.]?*, nitrate anions, methanol
molecules, and water molecules in a 1:2:0.5:0.5 molar ratio. An ORTEP diagram of
[Co{Co(apampt).}.]?* is depicted in Figure 4. The trinuclear structure of the complex cation is similar
to those for 1-2CH3OH and 2-2dmac-2CH3;OH [27]. However, the three cobalt atoms are arranged in a
crystallographical line (Co2-Col-Co2” = 180°). The cation has a C,-symmetry, where the
crystallographic C; axis passes through the Col atom and the midpoint of S1 and S1’ atoms. The Col
atom is bonded to four thiolato-sulfur atoms of apampt in a distorted tetrahedral geometry, while each
of the Co2 and Co02” atoms is coordinated by two thiolato-sulfur atoms and four amino-nitrogen atoms
of apampt in a distorted octahedral geometry. Each apampt- ligand is coordinated to the terminal cobalt
atom in a meridional mode to form a fused chelate with six- and five-membered rings. The bond
distances of the terminal octahedral Co2-S [2.477(1) A] are significantly shorter than those of
1-2CH30H and 2-2dmac-2CH30H [2.509(4)-2.526(2) A]. As the electron density of the sulfur atom is
increased, compared with that of apaet-, by the methyl groups which are attached at the alpha position
of the sulfur atom, bond lengths between the octahedral Co and the sulfur atoms would be appreciably
shortened. The bond distances of the Co2-N [2.204(3)-2.232(3) A] are comparable to those of
1-2CH3OH and 2-2dmac-2CH30H [27], which are normal as the Co-N bond lengths of octahedral Co(ll)
complexes [42]. On the other hand, the bond distances of the central Co1-S [2.334(1) A] are significantly
longer than those of 1-2CH3;OH and 2-2dmac-2CH3OH [Co1-S 2.305(4)—2.340(2) A] [27], reflecting
the steric hindrance with the methyl groups attached to the alpha carbon atom of the thiolato sulfur atom.

Figure 4. ORTEP Diagram of Trinuclear Complex Cation in 7.

The Co02-S1-C1-C2-N1 five-membered chelate ring is in a gauche form, whereas the Co2-N1-C3-C4-
C5-N2 six-membered chelate ring is in a chair form. The nitrate anion is considered to be hydrogen-
bonded to the nitrogen atoms of the thiolate ligand as indicated by the distances O1(NQOs)---N2 3.052(6)
A, O1(NO3)---N2' 3.057(6) A, and O1(NO3)---N1' 3.171(6) A (Figure 5).

0210102-7



e
i

Vot
Foied oo Fid

ke

730 A, —> 4T4(F)
1368 1630
[{Co(apaet),},Co]l, (6)

[{Co(apaet)2},CoICl, (4)

[{Co(apaet)o},ColBr; (5)

{Co(apaet)o},Col(SCN) (1)

Absorbance(Arbitrary Scale)

[{Co(apaet),},Co](Cl04) (2)

[{Co(apaet),},Col(NOs)- (3)

200 500 1000 1500 2000

Wavelength [nm]

Figure 6. Diffuse Reflectance Spectra of Trinuclear Co(ll) Complexes with apaet-

Ay >4T4(P)

Ay T ATy(F)

[{Co(apampt),},Co]Br, (10)

[{Co(apampt),},Col(NO3), (7)

{Co(apmpt),}2Co]l (1)

Absorbance(Arbitrary Scale)

{Co(apampt),},Co](ClOy) (8)

KCo(apampt)},Co]Cl (9)

200 500 1000 1500 2000
Wavelength [nm]
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3.2 Electronic Spectra of Co Thiolates

Diffuse reflectance spectra of the trinuclear cobalt complexes with apaet- 1—6 are shown in Figure 6.
These spectra show essentially the same feature, having a broad band attributable to thiolato-sulfur-to-
cobalt(I1) charge transfer transition at around 350 nm, three bands at around 670, 730, and 780 nm, and
two broad bands at around 1370 and 1630 nm, which may be attributed to d-d transition bands of high-
spin tetrahedral cobalt(I1) [43]. D-d transitions of octahedral cobalt(ll) can be considered to be obscured
by the stronger tetrahedral d-d transition bands [43]. As shown in Figure 7, diffuse reflectance spectra
of the trinuclear cobalt(ll) complexes with apampt- 7—11 are similar to those of 1—6, exhibiting a
broad band attributable to thiolato-sulfur-to-cobalt(ll) charge transfer transition at around 350 nm, three
bands at around 690, 750, and 790 nm, and two broad bands at around 1390 and 1730 nm, which may
be attributed to d-d transition bands of high-spin tetrahedral cobalt(Il) species (*A,—*Ti(P) and
4A,—*T.(F), respectively) [43]. These d-d transition bands are located at a little lower frequency side
compared with those of the unmethylated thiolato complexes 1—6. We can ascribe this weak
coordination field of the methylated thiolato complexes 7—11 to the steric crowdedness with the methyl
groups as indicated in the bond lengthening of the central Co-S bonds. The electronic absorption spectra
of 2 and 8 in dmf are essentially the same as those in the solid state (Figure 8). The three absorption
band at visible and near infra-red region can be attributed to ligand field absorptions for high-spin
tetrahedral Co(ll). The ligand field absorptions for 8 show red-shift features and molar absorption
coefficients are slightly large compared with those of 2. This result suggests that the crystal field of the
central cobalt atom is weaker than that of 2 and the deviation from the tetrahedral arrangement may be
smaller by adding methyl groups to the alpha-carbon atom of the thiolato sulfur atom. The differences
between the bond distances and angles around the central cobalt atoms of 1, 2, and 7 [Co1-S 2.305(4)—
2.322(2) A, S-Col-S 100.60(5)—119.9(2)° for 1 and 2; Col-S 2.334(1) A, S-Col-S 99.35(5),
114.76(3)° for 7] are consistent with this result. The diffuse reflectance spectra of the mononuclear
cobalt (I11) complexes with apaet™ are shown in Figure 9. The three ligand field absorptions at around
480—930 nm can be ascribed as octahedral d-d transitions of low-spin cobalt (I11) *A1g—1T2g T1g, 3T2g)
[43].
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Figure 8. Electronic Absorption Spectra of 2 and 8
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3.3 Magnetic Properties of Co Thiolates

Variable-temperature magnetic data were measured for the complexes 1, 2, 4, 6, 7, 8, 10, and 11 in the
temperature range of 4.5—300 K (Figures 10 and 11). The effective magnetic moments at 300 K of 1,
2,4,6,7,8,10,and 11 are 6.95, 5.11, 6.45, 4.86, 6.60, 6.84, 6.02, and 5.71 us, per trinuclear molecule,
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respectively, showing generally lower values, compared with the spin-only magnetic moment (6.71 g)
for a non-interacted spin system of high-spin octahedral d’-tetrahedral d’-octahedral d’. The magnetic
moments decrease upon cooling from room temperature to 4.58, 3.55, 3.67, 2.60, 4.52, 4.57, 2.93, and
3.24 pg, respectively, at 4.5 K, suggesting an overall antiferromagnetic interaction in these systems.

4. Conclusions

In this study, we synthesized and characterized a series of thiolato-bridged trinuclear cobalt (II)
complexes by the use of two kinds of tridentate thiolate ligands, 2-[(3-aminopropyl) amino] ethanethiol
and 1-[(3-aminopropyl) amino]-2-methylpropane-2-thiol. Although no large structural, spectral, and
magnetochemical changes were found in this series of trinuclear complexes, whether or not for the
existence of the added methyl groups at the alpha position of the sulfur atom, some minor differences
were observed. We also isolated mononuclear cobalt (111) complexes for the former thiolate ligand by
changing the reaction condition, but not for the latter thiolate ligand. The mononuclear thiolate
complexes may react with hydrogen peroxide, resulting in the sulfinato species [32].

Acknowledgements
This work was partially supported by the MEXT (the Grants-in-Aid for Scientific Research No.
17K05820).

References

[1] 1. G. Dance, "The Structural Chemistry of Metal Thiolate Complexes," Polyhedron, vol. 5, pp.
1037-1104, 1986.

[2] P.J. Blower and J. R. Dilworth, "Thiolato-complexes of the Transition Metals,” Coord. Chem.
Rev., vol. 76, pp. 769-788, 1991.

[3] B. Krebs and G. Henkel, "Transition-Metal Thiolates: From Molecular Fragments of Sulfidic
Solids to Models for Active Centers in Biomolecules," Angew. Chem. Int. Ed. Engl., vol. 30,
pp.769-788, 1991.

[4] 1. R. Dilworth and J. Hu, “Complexes of Sterically Hindered Thiolate Ligands," Adv. Inorg.
Chem., vol. 40, pp. 411-459, 1993.

[5] A.C. Marr, D. J. E. Spencer, and M. Schrdder, "Structural mimics for the active site of [NiFe]
hydrogenase,” Coord. Chem. Rev., vol. 219-221, pp. 1055-1074, 2001.

[6] T. Konno, "Aggregation of Octahedral Thiolato Complexes by Forming Sulfur-Bridged
Structures with Transition Metal lons,"” Bull. Chem. Soc. Jpn., vol. 77, pp. 627-649, 2004.

[71 H. Fleischer, “Structural chemistry of complexes of (n - 1)d'® ns™ metal ions with 3-N-donor
substituted thiolate ligands (m = 0, 2),” Coord. Chem. Rev., vol. 249, pp. 799-827, 2005.

[8] M. H. Asim, M. ljaz, A. C. Rosch, and A. Bernkop-Schnurch,"Thiolated cyclodextrins: New
perspectives for old excipients,” Coord. Chem. Rev., vol. 420, p. 213433, 2020.

[91 M. Mikuriya, K. Miyoshi, S. Kurano, J. Taguchi, T. Kotera, and D. Yoshioka, "Synthesis and
Crystal Structure of 1,4,7-Tris(2-mercaptoethyl)-1,4,7-triazacyclononane,” X-ray Struct. Anal.
Online, vol. 31, pp. 59-60, 2015.

[10] M. Mikuriya, S. Kida, S. Ueno, and I. Murase, "Crystal and Molecular Structure of a Triply-
thiolate-bridged Binuclear Cobalt(111) Complex, [Co{SCH(CH,CH2NH2)2}3](ClO4)2-H20," Bull.
Chem. Soc. Jpn., vol. 58, pp. 1857-1858, 1985.

[11] M. Mikuriya, S. Kida, and I. Murase, "Crystal and Molecular Structure of a Thiolate-bridged
Binuclear Nickel(1l) Complex, [Ni2{SCH(CH2CH2NH2)2}2]Br2," Bull. Chem. Soc. Jpn., vol. 60,
pp. 1180-1182, 1987.

[12] M. Handa, M. Mikuriya, J. Z. Zhuang, H. Okawa, and S. Kida, "Synthesis, Properties, and Crystal
Structure of Binuclear Nickel(11) and Palladium(11) Complexes of Tridentate Thiolic Ligands with
NNS-Donor Set," Bull. Chem. Soc. Jpn., vol. 61, pp. 3883-3887, 1988.

[13] M. Mikuriya, S. Shigematsu, M. Handa, and T. Kohzuma, "Redox properties of thiolate-bridged

0210102-11


https://doi.org/10.1016/S0277-5387(00)84307-7
https://doi.org/10.1016/S0277-5387(00)84307-7
https://doi.org/10.1016/0010-8545(87)85003-8
https://doi.org/10.1016/0010-8545(87)85003-8
https://doi.org/10.1002/anie.199107691
https://doi.org/10.1002/anie.199107691
https://doi.org/10.1002/anie.199107691
https://doi.org/10.1016/S0898-8838(08)60187-7
https://doi.org/10.1016/S0898-8838(08)60187-7
https://doi.org/10.1016/S0010-8545(01)00396-4
https://doi.org/10.1016/S0010-8545(01)00396-4
https://doi.org/10.1246/bcsj.77.627
https://doi.org/10.1246/bcsj.77.627
https://doi.org/10.1016/j.ccr.2004.08.024
https://doi.org/10.1016/j.ccr.2004.08.024
https://doi.org/10.1016/j.ccr.2020.213433
https://doi.org/10.1016/j.ccr.2020.213433
https://doi.org/10.2116/xraystruct.31.59
https://doi.org/10.2116/xraystruct.31.59
https://doi.org/10.2116/xraystruct.31.59
https://doi.org/10.1246/bcsj.58.1857
https://doi.org/10.1246/bcsj.58.1857
https://doi.org/10.1246/bcsj.58.1857
https://doi.org/10.1246/bcsj.60.1180
https://doi.org/10.1246/bcsj.60.1180
https://doi.org/10.1246/bcsj.60.1180
https://doi.org/10.1246/bcsj.61.3883
https://doi.org/10.1246/bcsj.61.3883
https://doi.org/10.1246/bcsj.61.3883
https://doi.org/10.1007/BF01024325

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]

[29]

[30]

[31]

binuclear nickel(11) complexes and correlation of their electronic spectra, Transition Met. Chem.,
vol. 16, pp. 532-534, 1991.

M. Mikuriya, F. Adachi, H. lwasawa, M. Handa, M. Koikawa, and H. Okawa, "A novel thiolate-
bridged polynuclear manganese(ll) complex with 2-[2-(2-pyridyl)ethylamino]ethanethiol,"
Inorg. Chim. Acta,, vol. 179, pp. 3-5, 1991.

M. Mikuriya, M. Handa, S. Shigematsu, S. Funaki, F. Adachi, and H. Okawa, "Thiolate-Bridged
Binuclear Nickel(Il) Complexes with a Mixed-Spin State,” Bull. Chem. Soc. Jpn., vol. 65, pp.
512-516, 1992.

M. Mikuriya, M. Handa, S. Shigematsu, S. Funaki, T. Fujii, H. Okawa, K. Toriumi, T. Koshiba,
and H. Terauchi, "Synthesis and Characterization of Thiolate-Bridged Dinuclear Nickel(ll)
Complexes with Thioether Pendant Arms," Bull. Chem. Soc. Jpn., vol. 66, pp. 1104-1110, 1993.
M. Mikuriya, F. Adachi, H. lwasawa, M. Handa, M. Koikawa, and H. Okawa, "Syntheses and
Characterization of Thiolate-Bridged Manganese(ll) Complexes with NNS-Tridentate Thiolic
Ligands," Bull. Chem. Soc. Jpn., vol.67, pp. 3263-3270, 1994.

M. Mikuriya, T. Kotera, F. Adachi, M. Handa, M. Koikawa, and H. Okawa, "Synthesis and
Structural Characterization of Dinuclear and Trinuclear Iron(1l) Complexes of Tridentate Thiolic
Ligands with an NNS Donor Set," Bull. Chem. Soc. Jpn., vol. 68, pp. 574-580, 1995.

M. Mikuriya, H. Tsutsumi, R. Nukada, M. Handa, and Y. Sayama, "Synthesis and
Characterization of Thiolato-Bridged Trinuclear Heterometal Complexes with 2-[(3-
Aminopropyl)amino]ethanethiol,” Bull. Chem. Soc. Jpn., vol. 69, pp. 3489-3498, 1996.

T. Kawahashi, H. Tsutsumi, and M. Mikuriya, "A Novel Tetranuclear Palladium(ll) Complex
with 2-[(3-Aminopropyl)amino]ethanethiol,” Polyhedron, vol. 15, pp. 169-171, 1996.

T. Kawahashi, M. Mikuriya, R. Nukada, and J.-W. Lim, "Synthesis and Structural
Characterization of Thiolato-Bridged Tetranuclear Palladium(ll) Complexes with N,N,S-
Tridentate Ligands," Bull. Chem. Soc. Jpn., vol. 74, pp. 323-329, 2001.

M. Mikuriya, J. Xiao, S. lkemi, T. Kawahashi, and H. Tsutsumi, "Synthesis and Structural
Characterization of Thiolato-Bridged Zinc(ll) Complexes with NNS-Tridentate Ligands," Bull.
Chem. Soc. Jpn., vol. 71, pp. 2161-2168, 1998.

M. Mikuriya and T. Kotera, "Novel Thiolato-Bridged Tetranuclear Manganese(ll) and Iron(l1)
Complexes with Adamantane-like Cores,"” Chem. Lett., pp. 971-972, 1998.

M. Mikuriya, J. Xiao, S. Ikemi, T. Kawahashi, H. Tsutsumi, A. Nakasone, and J. -W. Lim,
"Synthesis and characterization of thiolato-bridged cadmium(ll) complexes with NNS-chelating
thiolic ligands,” Inorg. Chim. Acta, vol. 312, pp. 183-187, 2001.

T. Kotera and M. Mikuriya, "Thiolato-Bridged Hexanuclear Cu'Cu'' Mixed-Valence Complex,"
Chem. Lett. vol. 31, pp. 654-655, 2002.

T. Kotera, A. Fujita, M. Mikuriya, and M. Handa, "Thiolao-bridged copper complexes with
N,N,S-tridentate ligands," Materials Science (Poland), vol. 21, pp. 171-179, 2003.

T. Kotera, A. Fujita, M. Mikuriya, H. Tsutsumi, and M. Handa, "Cobalt complexes with 2-[(3-
aminopropyl)amino]ethanethiol,” Inorg. Chem. Commun., vol. 6, pp. 322-324, 2003.

T. Kotera, T. Sugimoto, and M. Mikuriya, "A thiolato-bridged Octanuclear Copper(l,11) Mixed-
Valence Complex with N,N,S-Tridentate Ligand,” Chem. J. Moldova. General, Industrial and
Ecological Chemistry, vol. 2(1), pp. 102-107, 2007.

M. Mikuriya, T. Watanabe, A. Suyama, and D. Yoshioka, "Rhenium Complex with 2-[(2-
Pyridylmethyl)amino]ethanethiol," X-ray Struct. Anal. Online, vol. 31, pp. 3-4, 2015.

M. Mikuriya, K. Kusunoki, T. Kotera, D. Yoshioka, and K. Ogasawara, "Synthesis, Crystal Str
ucture, and DFT Calculation of a Dioxido-bridged Dinuclear Oxidomolybdenum(V) Complex
with 2-(2-Aminoethyl)aminoethanethiol,” X-ray Struct. Anal. Online, vol. 33, pp. 37-39, 2017.
M. Mikuriya, K. Kusunoki, T. Kotera, D. Yoshioka, S. Takemura, and K. Ogasawara, "Synthesis,
Crystal Structure, and Relativistic DV-Xo Calculation of a p-Oxido-p-molybdato(V1)-bridged
Dinuclear Oxidomolybdenum(V) Complex with 2-(3-Aminopropyl)aminoethanethiol,”" X-ray
Struct. Anal. Online, vol. 34, pp. 19-21, 2018.

0210102-12


https://doi.org/10.1007/BF01024325
https://doi.org/10.1007/BF01024325
https://doi.org/10.1016/S0020-1693(00)85364-5
https://doi.org/10.1016/S0020-1693(00)85364-5
https://doi.org/10.1016/S0020-1693(00)85364-5
https://doi.org/10.1246/bcsj.65.512
https://doi.org/10.1246/bcsj.65.512
https://doi.org/10.1246/bcsj.65.512
https://doi.org/10.1246/bcsj.66.1104%22%3ehttps:/doi.org/10.1246/bcsj.66.1104%3c/a%3e
https://doi.org/10.1246/bcsj.66.1104%22%3ehttps:/doi.org/10.1246/bcsj.66.1104%3c/a%3e
https://doi.org/10.1246/bcsj.66.1104%22%3ehttps:/doi.org/10.1246/bcsj.66.1104%3c/a%3e
https://doi.org/10.1246/bcsj.67.3263
https://doi.org/10.1246/bcsj.67.3263
https://doi.org/10.1246/bcsj.67.3263
https://doi.org/10.1246/bcsj.68.574
https://doi.org/10.1246/bcsj.68.574
https://doi.org/10.1246/bcsj.68.574
https://doi.org/10.1246/bcsj.69.3489
https://doi.org/10.1246/bcsj.69.3489
https://doi.org/10.1246/bcsj.69.3489
https://doi.org/10.1016/0277-5387(95)00227-J
https://doi.org/10.1016/0277-5387(95)00227-J
https://doi.org/10.1246/bcsj.74.323
https://doi.org/10.1246/bcsj.74.323
https://doi.org/10.1246/bcsj.74.323
https://doi.org/10.1246/bcsj.71.2161
https://doi.org/10.1246/bcsj.71.2161
https://doi.org/10.1246/bcsj.71.2161
https://doi.org/10.1246/cl.1998.971%22%3ehttps:/doi.org/10.1246/cl.1998.971
https://doi.org/10.1246/cl.1998.971%22%3ehttps:/doi.org/10.1246/cl.1998.971
https://doi.org/10.1016/S0020-1693(00)00364-9
https://doi.org/10.1016/S0020-1693(00)00364-9
https://doi.org/10.1016/S0020-1693(00)00364-9
https://doi.org/10.1246/cl.2002.654
https://doi.org/10.1246/cl.2002.654
https://doi.org/10.1016/S1387-7003(02)00755-4
https://doi.org/10.1016/S1387-7003(02)00755-4
https://doi.org/10.2116/xraystruct.31.3
https://doi.org/10.2116/xraystruct.31.3
https://doi.org/10.2116/xraystruct.33.37
https://doi.org/10.2116/xraystruct.33.37
https://doi.org/10.2116/xraystruct.33.37
https://doi.org/10.2116/xraystruct.34.19
https://doi.org/10.2116/xraystruct.34.19
https://doi.org/10.2116/xraystruct.34.19
https://doi.org/10.2116/xraystruct.34.19

[32]

[33]

[34]

[35]
[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

T. Kotera, A. Fujita, M. Mikuriya, D. Yoshioka, T. Shibahara, K. Nishimoto, and M. Handa,
“Cobalt Thiolates with Organic N,N,S-Tridentate Ligand: Conversion of Thiolate Complex to
Sulfinate Complex via Sulfenate,” in IOP Conference Series: Materials Science and Engineering,
vol. 835, p. 012024, 2020.

P. K. Mascharak, "Structural and functional models of nitrile hydratase,”" Coord. Chem. Rev., vol.
225, pp. 201-214, 2002.

T. C. Harrop and P. K. Mascharak, "Fe(l11) and Co(lll) Centers with Carboxamide Nitrogen and
Modified Sulfur Coordination: Lessons Learned from Nitrile Hydratase," Acc. Chem. Res., vol.
37, pp. 253-260, 2004.

J. A. Kovacs, "Synthetic Analogues of Cysteinate-Ligated Non-Hem Iron and Non-Corrinoid
Cobalt Enzymes," Chem. Rev., vol. 104, pp.825-848, 2004.

W. Huang, J. Jia, J. Commings, M. Nelson, G. Schneider, and Y. Lindqgvist, "Crystal structure of
nitrile hydratase reveals a novel iron centre in a novel fold," Structure, vol. 5, pp. 691-699, 1997.
S. Nagashima, M. Nakasato, N. Dohmae, M. Tsujimura, K. Takio, M. Okada, M. Yoshida, N.
Kamiya, and 1. Endo, "Novel non-heme iron center of nitrile hydratase with a claw setting of
oxygen atoms," Nature Struct. Biol., vol. 5, pp. 347-351, 1998.

0. Kahn, Molecular Magnetism, VCH Publications, New York, U.S.A. 1993, pp.3-4, ISBN 1-
56081-566-3.

G. M. Sheldrick, "A short history of SHELX," Acta Crystallogr. Sect A, vol. 64, pp.112-122,2008.
K. Nakanishi, P. H. Solomon, and N. Furutachi, Infrared Absorption Spectroscopy (in Japanese),
Nankodo, Tokyo, Japan, 1978.

K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination Compounds, Part B,
6th ed., John Wiley & Sons, Hoboken, U.S.A., 2009, pp. 64-67, ISBN 978-0-471-74493-1.

R. Grobelny, M. Melnik, and J. Mrozinski, Cobalt Coordination Compounds: Clasification and
Analysis of Crystallographic and Structural Data, Dolnoslaskie Wydawnictwo Edukacyjne,
Woroclaw, Poland, 1996.

Y. Murakami and K. Sakata, "Electronic Spectra of Metal Complexes," in Kireto Kagaku (in
Japanese), K. Ueno, Ed., Nankodo, Tokyo, Japan, 1976, vol.1, pp. 91-396. (in Japanese)

0210102-13


https://doi.org/10.1088/1757-899X/835/1/012024
https://doi.org/10.1088/1757-899X/835/1/012024
https://doi.org/10.1088/1757-899X/835/1/012024
https://doi.org/10.1088/1757-899X/835/1/012024
https://doi.org/10.1016/S0010-8545(01)00413-1
https://doi.org/10.1016/S0010-8545(01)00413-1
https://doi.org/10.1021/ar0301532
https://doi.org/10.1021/ar0301532
https://doi.org/10.1021/ar0301532
https://doi.org/10.1021/cr020619e
https://doi.org/10.1021/cr020619e
https://doi.org/10.1016/S0969-2126(97)00223-2
https://doi.org/10.1016/S0969-2126(97)00223-2
https://doi.org/10.1038/nsb0598-347
https://doi.org/10.1038/nsb0598-347
https://doi.org/10.1038/nsb0598-347
https://doi.org/10.3390/magnetochemistry7030035
https://doi.org/10.3390/magnetochemistry7030035
https://doi.org/10.1134/S1087659616060092
https://doi.org/10.1002/bbpc.19780821138
https://doi.org/10.1002/bbpc.19780821138

