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ABSTRACT 

A mononuclear platinum(II) complex with two monodentate-S H4tg– ligands, [Pt(H4tg-κS)2(bpy)] 

(1), was newly synthesized by the reaction of [PtCl2(bpy)] (bpy = 2,2’-bipyridyl) with NaH4tg 

(NaH4tg = 1-thio-β-D-glucose sodium salt) in water. Complex 1 reacted with additional 

[PtCl2(bpy)] in water to give an S-bridged dinuclear complex, [Pt2(μ2-H4tg-κ1S:κ1S)2(bpy)2]2+ 

([2]2+), in which a square-planar [Pt(H4tg)2(bpy)] unit binds to a [Pt(bpy)]2+ moiety through two 

thiolato groups. Treatments of 1 with Cu2+ and Ni2+ in water in the presence of bpy produced S-

bridged dinuclear complexes, [PtCu(μ2-H4tg-κ1S:κ2O,S)2(bpy)2]2+ ([3]2+) and [PtNi(μ2-H4tg-

κ1S:κ2O,S)2(bpy)2]2+ ([4]2+), respectively, in which a square-planar [Pt(H4tg)2(bpy)] unit binds to 

a [M(bpy)]2+ (M = CuII, NiII) moiety through two thiolato and two hydroxyl groups to form a 

chiral [M(N)2(O)2(S)2] octahedron with the Δ configuration. On the other hand, similar treatment 

with Cd2+ in the presence of bpy resulted in the formation of an S-bridged trinuclear complex, 

[Cd{Pt(μ2-H4tg-κ1S:κ2O,S)(μ2-H4tg-κ1S:κ1S)(bpy)}2]2+ ([5]2+), in which each of two square-planar 

[Pt(H4tg)2(bpy)] units binds to a CdII ion through two thiolato and one hydroxyl groups to form a 

chiral [Cd(O)2(S)4] octahedron with the Λ configuration. Of two geometrical configurations, syn 

and anti, which arise from the relative arrangement of two β-D-pyranose moieties, [2]2+ adopts 

the syn configuration with symmetric bridging sulfur atoms, while each of [3]2+, [4]2+, and [5]2+ 

has the anti configuration with R configurational bridging sulfur atoms. All the complexes were 

fully characterized by electronic absorption, CD, and NMR spectroscopies, along with single-

crystal X-ray crystallography. 
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INTRODUCTION 

1-Thio-β-D-glucose (H5tg = C6H12O5S) is one of the simplest thiol-containing hexoses.1 It has 

been used as starting material for a variety of synthetic S-glycosides in organic chemistry and as 

a coating reagent for gold nanoparticles and electrodes in material science.1-3 In coordination 

chemistry, the development of transition-metal complexes with H5tg was initially motivated by 

the finding that some AuI-thiolate compounds show an anti-rheumatoid activity.4 During the late 

1920’s, Landé and Pick independently reported that Aurothioglucose ([Au(H4tg-S)]n) has an 

effect on rheumatic disease.5a,b The subsequent studies established an excellent anti-rheumatoid 

activity for this complex, which has been attributed to its hydrophilicity and biocompatibility of 

the sugar backbone.4,5 The investigation of this class of complexes was extended to include a 

phosphine compound as a co-ligand, and a number of related AuI complexes such as [Au(H4tg-

S)(PEt3)], [Au2(H4tg-S)2(dppe)] (dppe = 1,2-bis(diphenylphosphino)ethane), and [Au(Ac4tg-

S)(PEt3)] (auranofin) were prepared and their anti-rheumatoid activities were studied.4,6 On the 

other hand, reports on the synthesis of coordination compounds from H5tg in combination with a 

transition metal ion other than AuI are relatively limited,7-10 despite the presence of both soft 

thiol and hard hydroxyl groups in H5tg available for coordination to a variety of metal centers. In 

particular, only a few transition metal complexes that are fully characterized have been presented 

to date,8 and to the best of our knowledge, [Co(H3tg-S,O)(en)2]+ (en = ethylenediamine) and 

[ReO(SSS)(H4tg-S)] (SSS = 2,2'-thiodiethanethiolate) are the only transition metal complexes 

that have been structurally characterized by single-crystal X-ray crystallography.9,10 This is most 

likely because of the significant hydrophilicity of glycosyl moiety in H5tg, which makes it 

difficult to isolate target species in a pure form from a reaction mixture in solution.11 
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As part of our continuing interest in chiral coordination compounds having thiolato donor 

groups, which potentially function as an S-donating chiral metalloligand,12-16 we started to 

investigate the rational preparation of an inert thiolato platinum(II) system by using H5tg as a 

chiral ligand. Our strategy is the introduction of a hydrophobic diimine-type co-ligand in a 

platinum(II) coordination system, which should compensate the hydrophilicity of glycosyl 

moieties to facilitate the isolation and crystallization of a platinum(II) complex from a polar 

reaction medium that is required to dissolve H5tg. In this study, we employed 2,2’-bipyridyl 

(bpy) as a diimine-type co-ligand. This ligand is expected to show intermolecular π-π 

interactions that also contribute to decrease the solubility of a platinum(II) complex in a polar 

solvent.17 Indeed, we were able to isolate a new transition metal complex with two H4tg– ligands, 

[Pt(H4tg-S)2(bpy)] ([1]), by a simple 1:2 reaction of [PtCl2(bpy)] and H4tg– in water (Scheme 1). 

Furthermore, [1] was found to react with a second transition metal ion (M = PtII, CuII, NiII, CdII), 

giving S-bridged dinuclear or trinuclear complexes with retention of the mononuclear structure 

in [1] (Scheme 2). In this paper, we report on the synthesis and characterization of these new 

coordination compounds containing H4tg– ligand. Notably, all the four dinuclear or trinuclear 

complexes obtained were structurally characterized by single-crystal X-ray diffraction. This 

study demonstrates the functionality of [1] as a versatile chiral metalloligand available for the 

chiralselective construction of S-bridged multinuclear structures, as well as the effectiveness of 

the introduction of a diimine-type co-ligand to isolate coordination compounds with hydrophilic 

glycosyl moieties. 
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Scheme 1. Synthetic routes for [1] and [2]2+. 

 

Scheme 2. Synthetic routes for [3]2+, [4]2+, and [5]2+. 
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EXPERIMENTAL SECTION 
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bpy), 3.82 (2H, d, J = 12.2 Hz, H4tg–), 3.62 (1H, d, J = 6.1 Hz, H4tg–), 3.59 (1H, d, J = 5.9 Hz, 

H4tg–), 3.51-3.34 (10H, m, H4tg–).  

Preparation of [Pt2(μ2-H4tg-κ1S:κ1S)2(bpy)2](ClO4)2 ([2](ClO4)2).  

Method A. To an orange suspension of [1]∙2H2O (0.05 g, 0.06 mmol) in water (50 mL) was 

added a solid sample of [PtCl2(bpy)] (0.03 g, 0.07 mmol). The mixture was stirred at 50ºC for 

2.5 h to give a yellow-brown solution. After a small amount of unreacted [PtCl2(bpy)] was 

filtered off, the filtrate was concentrated to dryness using a rotary evaporator. The yellow green 

residue was dissolved in 10 mL of water, and an aqueous NaClO4 solution (0.5 mL, 5 M) was 

added to it. The solution was allowed to stand at room temperature for 10 days. The resulting 

yellow block crystals were collected by filtration. Yield: 0.06 g (64%). One of the crystals thus 

obtained was used for X-ray analysis. Anal. Calcd for [Pt2(μ2-H4tg-κ1S:κ1S)2(bpy)2](ClO4)2∙9H2O 

([2](ClO4)2∙9H2O = C32H56N4Cl2O27Pt2S2): C, 26.43; H, 3.88; N, 3.85%.  Found: C, 26.37; H, 

3.69; N, 3.89%. 1H NMR (D2O): δ 8.92 (d, 2H, J = 5.65 Hz, bpy), 8.77 (d, 2H, J = 5.34 Hz, bpy), 

8.23 (t, 4H, J = 7.55 Hz, bpy), 8.10 (d, 4H, J = 8.09 Hz, bpy), 7.80 (t, 2H, J = 6.48 Hz, bpy), 7.74 

(t, 2H, J = 6.48 Hz, bpy), 5.03 (d, 2H, J = 9.16 Hz, H4tg–), 3.41-3.23 (m, 12H, H4tg–). 13C{1H} 

NMR (D2O): δ 157.5 (bpy), 157.4 (bpy), 151.0 (bpy), 150.2 (bpy), 144.8 (bpy), 144.7 (bpy), 

130.6 (bpy), 130.5 (bpy), 126.7 (bpy), 126.5 (bpy), 86.56 (H4tg–), 83.07 (H4tg–), 79.61 (H4tg–), 

76.81 (H4tg–), 71.30 (H4tg–), 62.76 (H4tg–). ESI-MS (in MeOH) m/z: 546.1 ([M]2+). 

Method B. To a yellow suspension of [PtCl2(bpy)] (0.10 g, 0.24 mmol) in water (60 mL) was 

added a solution of NaH4tg (0.06 g, 0.27 mmol) in water (5 mL). The mixture was stirred at 50ºC 

for 3 h to give a yellow solution. After a small amount of unreacted [PtCl2(bpy)] was filtered off, 

the filtrate was concentrated to ca. 20 mL using a rotary evaporator. An aqueous NaClO4 

solution (0.5 mL, 5 M) was added to the yellow concentrated solution, followed by allowing it to 
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stand at room temperature for 5 days. The resulting yellow block crystals of [2](ClO4)2∙9H2O 

were collected by filtration. Yield: 0.12 g (70%).   

Preparation of [PtCu(μ2-H4tg-κ1S:κ2O,S)2(bpy)2](NO3)2 ([3](NO3)2). To a suspension of 

[1]∙2H2O (0.05 g, 0.06 mmol) in water (10 mL) was added a solution of [CuCl2(bpy)]19 (0.02 g, 

0.07 mmol) in water (5 mL). The mixture was stirred at room temperature for 1 h, and an 

aqueous NaNO3 solution (1 mL, 5 M) was added to it. The solution was allowed to stand at room 

temperature for 2 days to give green block crystals, which were collected by filtration and 

washed with a small amount of water. Yield: 0.04 g (55%, based on Pt). Anal. Calcd for 

[PtCu(μ2-H4tg-κ1S:κ2O,S)2(bpy)2](NO3)2∙2H2O ([3](NO3)2∙2H2O = C32H42N6CuO18PtS2): C, 

34.27; H, 3.77; N, 7.49%.  Found: C, 34.29; H, 3.69; N, 7.50%. 

Single crystals of [3](ClO4)2∙2H2O used for X-ray analysis were obtained by the following 

method: To a suspension of [PtCl2(bpy)] (0.08 g, 0.19 mmol) in water (10 mL) was added a 

solution of NaH4tg (0.09 g, 0.41 mmol) in water (2 mL). The mixture was stirred at room 

temperature for 4 h to give an orange suspension, to which a solution of [CuCl2(bpy)] (0.06 g, 

0.21 mmol) in 5 mL of water was added. The mixture was stirred at room temperature for 2 h to 

give a green suspension. After insoluble materials were filtered off, to the green filtrate was 

added a small amount of saturated NaClO4 aqueous solution. The solution was allowed to stand 

at room temperature for 3 days to give green block crystals of [3](ClO4)2∙2H2O. 

Preparation of [PtNi(μ2-H4tg-κ1S:κ2O,S)2(bpy)2](NO3)2 ([4](NO3)2). To a suspension of 

[1]∙2H2O (0.05 g, 0.06 mmol) in water (10 mL) was added a solution of Ni(NO3)2∙6H2O (0.02 g, 

0.07 mmol) in water (2 mL). The mixture was stirred at 40ºC for 1 h to give a yellowish brown 

solution. A solid sample of bpy (0.01 g, 0.06 mmol) was added to it, and the mixture was stirred 

at 40ºC for 2 h to give a yellow-brown solution.  To this reaction solution was added an aqueous 
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NaNO3 solution (1 mL, 5 M), followed by allowing it to stand at room temperature for 12 days. 

The resulting pale green crystals were collected by filtration and washed with a small amount of 

water. One of the crystals thus obtained was used for X-ray analysis. Yield: 0.04 g (57%, based 

on Pt). Anal. Calcd for [PtNi(μ2-H4tg-κ1S:κ2O,S)2(bpy)2](NO3)2∙H2O ([4](NO3)2∙H2O = 

C32H40N6NiO17PtS2): C, 34.99; H, 3.67; N, 7.65%.  Found: C, 34.74; H, 3.68; N, 7.69%. 

Preparation of [Cd{Pt(μ2-H4tg-κ1S:κ2O,S)(μ2-H4tg-κ1S:κ1S)(bpy)}2](ClO4)2 ([5](ClO4)2).   

Method A. To an orange suspension of [1]∙2H2O (0.025 g, 0.03 mmol) in water (5 mL) was 

added a solution of CdCl2∙2.5H2O (0.008 g, 0.04 mmol) in water (1 mL). The mixture was stirred 

at 40ºC for 2 h to give a yellow solution. A solid sample of bpy (0.005 g, 0.03 mmol) was added 

to it, and the mixture was stirred at 40ºC for 1 h to give a yellow suspension. After a small 

amount of colorless solid was filtered off, to the yellow filtrate was added an aqueous NaClO4 

solution (10 drops, 1 M). The solution was allowed to stand at room temperature for 5 days. The 

resulting yellow block crystals were collected by filtration and washed with a small amount of 

water. Yield: 0.005 g (16%, based on Pt). Anal. Calcd for [Cd{Pt(μ2-H4tg-κ1S:κ2O,S)(μ2-H4tg-

κ1S:κ1S)(bpy)}2](ClO4)2∙6H2O ([5](ClO4)2∙6H2O = C44H72N4CdCl2O34Pt2S4): C, 27.77; H, 3.81; 

N, 2.94%.  Found: C, 27.88; H, 3.70; N, 2.95%.  

Method B. To a suspension of [1]∙2H2O (0.05 g, 0.06 mmol) in water (10 mL) was added a 

solution of CdBr2 (0.009 g, 0.03 mmol) in water (2 mL). The mixture was stirred at room 

temperature for 15 min to give a yellow solution. To this solution was added an aqueous NaClO4 

solution (8 drops, 5 M), followed by allowing it to stand at room temperature for 6 days. The 

resulting yellow block crystals of [5](ClO4)2∙6H2O were collected by filtration. One of the 

crystals thus obtained was used for X-ray analysis.  Yield: 0.044 g (72%, based on Pt).   
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Caution! Perchlorate salts of metal complexes are potentially explosive and should be handled 

with great care. 

Measurements. The electronic absorption spectra were recorded with JASCO Ubest-55, V-

570, or V-660 spectrophotometer, and the CD spectra were recorded with JASCO J-820, J-700, 

or J-600 spectrophotometer at room temperature. The diffuse reflection spectra in the solid state 

were recorded on a JASCO V-570 spectrophotometer using MgSO4. The IR spectra were 

measured with a JASCO FT/IR-550 infrared spectrophotometer using KBr disks. The 1H and 

13C{1H} NMR spectra were recorded with a JEOL EX-270 or a GSX-500 spectrometer at the 

probe temperature in D2O. Sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS) was used as 

the internal reference. Elemental analyses (C, H, N) were performed with Yanaco CHN Corder 

MT-5. The X-ray fluorescence analyses were made on a HORIBA MESA-500 spectrometer. The 

molar conductivities were measured with a HORIBA DS12 conductivity meter. Electrospray-

ionization (ESI) mass spectra were recorded in a positive-ion mode on ABsciex QSTAR Elite 

controlled by Analyst QS 2.0 software package. The data of electronic absorption, CD, IR, and 

1H NMR spectra together with molar conductivity are summarized in Tables S6 and S7.  

 

X-ray Structure Determinations. Single-crystal X-ray diffraction measurements for 

[2](ClO4)2∙9H2O, [4](NO3)2∙2H2O and [5](ClO4)2∙6H2O were made on a Rigaku RAXIS RAPID 

imaging plate diffractometer with a graphite monochromated Mo-Kα radiation (λ = 0.7107 Å) at 

293 K, 200 K and 200 K, respectively. Unit cell parameters were determined by a least-squares 

refinement. The intensity data were collected by the ω scan mode up to 2θmax = 54.94º for 

[2](ClO4)2∙9H2O, to 2θmax = 54.98º for [4](NO3)2∙2H2O and to 2θmax = 54.96º for 

[5](ClO4)2∙6H2O. Empirical absorption corrections were also applied. The 10740, 8915 and 7149 
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independent reflections with I > 2σ(I) of the measured 23133, 29367 and 40029 reflections were 

considered as “observed” and used for the structure determinations of [2](ClO4)2∙9H2O, 

[4](NO3)2∙2H2O and [5](ClO4)2∙6H2O, respectively. The structures were solved by the direct 

method with SHELXS-97 and expanded using Fourier techniques.20 The non-hydrogen atoms 

except oxygen atoms of water and ClO4
– molecules were refined anisotropically by full-matrix 

least-squares techniques on F2 using SHELXL-97.20 The asymmetric unit contained a half of 

complex-cation for [5](ClO4)2∙6H2O. In [2](ClO4)2∙9H2O and [5](ClO4)2∙6H2O, one of two 1-

thio-β-D-glucose moieties was disordered over two positions ([2](ClO4)2∙9H2O: C32A-O10A and 

C32B-O10B, [5](ClO4)2∙6H2O: C12A-O10A and C12B-O10B). Several solvated water 

molecules in [5](ClO4)2∙6H2O were disordered. 

A single-crystal X-ray diffraction measurement for [3](ClO4)2∙2H2O was made on a Rigaku 

AFC-7R four-cycle diffractometer with a graphite monochromated Mo-Kα radiation at room 

temperature. The intensity data were collected by the ω-2θ scan mode up to 2θmax = 55.08˚. The 

intensities were corrected for Lorentz and polarization effects. Empirical absorption correction 

based on Ψ scans was also applied. The 5593 independent reflections with I > 2σ(I) of the 

measured 5593 reflections were considered as “observed” and used for the structure 

determination. The structure was solved by the direct method with SHELXS-97 and expanded 

using Fourier techniques.20 The non-hydrogen atoms except oxygen and chlorine atoms of water 

and ClO4
– molecules were refined anisotropically by full-matrix least-squares techniques on F2 

using SHELXL-97.20 Several solvated water molecules in [3](ClO4)2∙2H2O were disordered. 

All calculations were performed using the Crystal Structure crystallographic software package 

and SHELXL-97 program. Hydrogen atoms except those of water molecules were located at 

calculated positions and refined as riding models. 
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The selected bond distances and angles of [2](ClO4)2∙9H2O, [3](ClO4)2∙2H2O, [4](NO3)2∙2H2O, 

and [5](ClO4)2∙6H2O, as well as their crystallographic data, are summarized in Supporting 

Information (Tables S1-S5).  

RESULTS AND DISCUSSION 

Synthesis and Characterization of [Pt(H4tg-κS)2(bpy)] ([1]). The reaction of [PtCl2(bpy)] 

with NaH4tg in a 1:2 ratio in water gave an orange solution, from which an orange fiber product 

([1]) was isolated in a good yield. The elemental analytical data of [1] were consistent with the 

formula for [Pt(H4tg)2(bpy)], and its neutral charge was implied by the molar conductivity in 

water (3.7 S cm2 mol–1). The presence of H4tg– and bpy ligands in [1] in a 2:1 ratio was indicated 

by its 1H NMR spectrum in D2O (Figure S1), which shows aliphatic proton signals (δ 3.3-3.8) 

and aromatic proton signals (δ 7.6-9.6) in an integration ratio of 7:4. The electronic absorption 

spectrum of [1] in water shows an intense visible band at 392 nm (ε = 2.44 x 103 M–1 cm–1), 

besides more intense near-UV band at 298 nm (ε = 1.21 x 104 M–1 cm–1) that is typical for a bpy 

π-π* transition (Figure 1, Table S6).21 The visible band is reminiscent of a thiolato-to-diimine 

charge transfer (LL’CT) band observed for related [Pt(diimine)(thiolato)2]-type complexes.21c,22 

From these results, [1] is assigned to a mononuclear platinum(II) complex, [Pt(H4tg-κS)2(bpy)], 

which contains two monodentate-S H4tg– ligands. Compatible with the presence of H4tg– ligands, 

[1] is optically active, showing positive CD bands in the LL’CT and π-π* transition regions 

(Figure 1). 
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Figure 1. Absorption and CD spectra of [1] (solid line) and [2](ClO4)2 (dashed line) in H2O. 

Synthesis and Characterization of [Pt2(μ2-H4tg-κ1S:κ1S)2(bpy)2]2+ ([2]2+). To investigate the 

functionality of [1] as an S-donating metalloligand, the reaction of [1] with [PtCl2(bpy)] was 

carried out. When [1] was treated with 1 molar equiv of [PtCl2(bpy)] in water, an orange 

suspension turned to a yellow-brown solution, from which yellow crystals ([2](ClO4)2) were 

isolated in a satisfactory yield by the addition of an aqueous solution of NaClO4. The elemental 

analytical data of [2](ClO4)2 were in agreement with the formula for [Pt2(H4tg)2(bpy)2](ClO4)2, 

and the divalent charge of its complex-cation was implied by the molar conductivity in water 

(191.0 S cm2 mol–1). The presence of ClO4
– as a counter anion was indicated by its IR spectrum 

(Figure S2), which shows a strong band at 623 cm–1 characteristic for ClO4
–.23 As in the case of 

[1], the 1H NMR spectrum of [2](ClO4)2 in D2O exhibits aliphatic proton signals in a region δ 

3.2-5.0 and aromatic proton signals in a region δ 7.8-8.9 (Figure S1). However, the integration 

ratio of the aliphatic and aromatic proton signals is 7:8, indicating that [2]2+ contains H4tg– and 
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bpy ligands in a 1:1 ratio. Based on these results, [2]2+ is assigned to a diplatinum(II) complex, 

[Pt2(μ2-H4tg-κ1S:κ1S)2(bpy)2]2+, in which two [Pt(bpy)]2+ units are spanned by two H4tg– ligands 

through sulfur-bridges.24,25 This assignment was confirmed by single-crystal X-ray analysis for 

[2](ClO4)2∙9H2O. 

The asymmetric unit of [2](ClO4)2∙9H2O contains a complex-cation and two perchlorate anions, 

besides solvated water molecules. The number of perchlorate anions implies that the complex-

cation is divalent, consistent with the molar conductivity. As shown in Figure 2, the complex-

cation [2]2+ consists of a [Pt(H4tg)2(bpy)] unit that chelates to a [Pt(bpy)]2+ moiety through 

thiolato S atoms, forming an S-bridged dinuclear structure in [Pt2(μ2-H4tg-κ1S:κ1S)2(bpy)2]2+ with 

a PtII
2S2 diamond core (av. S-Pt-S = 82.02(2)º, Pt-S-Pt = 96.8(6)º). This implies that [Pt(H4tg-

κS)2(bpy)] ([1]) acts as a bidentate-S,S’ chelating metalloligand toward a PtII center. 

Alternatively, it is considered that this dinuclear structure in [2]2+ is constructed by the 

connection of two [Pt(bpy)]2+ units with use of two bridging H4tg– ligands. Indeed, [2](ClO4)2 

was also obtained by the direct reaction of [PtCl2(bpy)] with NaH4tg in a 1:1 ratio in water 

(Scheme 1). Each PtII atom in [2]2+ has a square-planar cis-N2S2 geometry (av. N-Pt-N = 

79.78(14)º, N-Pt-S = 99.1(15)º), coordinated by a bidentate-N,N’ bpy and two monodentate-S 

H4tg– ligands. The Pt-N (av. 2.046(5) Å) and Pt-S (av. 2.296(7) Å) bond distances are 

comparable with the normal Pt-N (av. 2.054 Å) and Pt-S (av. 2.308 Å) distances for 

[PtII(N)2(S)2]-type complexes.26 The bond distances and angles about each H4tg– ligand are very 

similar to those found in KH4tg,27 having the β-D-pyranose ring with the usual chair 

conformation. Considering the relative arrangement of two β-D-pyranose moieties, two 

geometrical configurations, syn and anti, are possible for this type of dinuclear complexes 

(Figure 3). As shown in Figure 2, [2]2+ adopts the syn configuration that appears to be sterically 
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crowded. To avoid the steric repulsion, the two PtN2S2 planes are deviated from co-planarity 

with a dihedral angle of 164.36(4)º. In packing structure, each diplatinum(II) complex-cation is 

connected to 4 adjacent complex-cations through intermolecular π-π interactions between bpy 

ligands (av. C···C = 3.34(6) Å), constructing a 2D layer structure with a hydrophilic surface 

covered with β-D-pyranose moieties and a hydrophobic surface covered with bpy ligands (Figure 

S4). These layers are stacked in an (AB)n fashion such that wide hydrophilic and narrow 

hydrophobic 2D coordination spaces are alternately formed. There exist interlayer π-π 

interactions between bpy ligands in the hydrophobic spaces (av. C···C = 3.30(3) Å), while 

hydroxyl groups of β-D-pyranose moieties form hydrogen bonding networks with ClO4
– anions 

and water molecules in the hydrophilic spaces (av. OOH···Oanion = 2.871(6) Å, OOH···Owater = 

2.8(2) Å). It seems that these multiple π-π and hydrogen-bonding interactions are responsible for 

the formation of the syn configuration in [2]2+, rather than the anti configuration.  

 

Figure 2. Perspective view of [2]2+. Pt: green, S: yellow, O: pink, N: blue, C: gray, H: light gray. 
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Figure 3. Syn and anti configurations for a dinuclear complex. 

The absorption spectrum of [2](ClO4)2 in water in the near-UV region resembles that of [1], 

showing a bpy π-π* transition band at a similar wavelength (Figure 1). In the visible region, 

however, no clear LL’CT band is observed for [2](ClO4)2. This is most likely due to the 

formation of a μ2-thiolato structure in [2]2+, which stabilizes the HOMO of the thiolato donor and 

causes the blue shift of the LL’CT band. In parallel with the absorption spectral feature, 

[2](ClO4)2 does not show any detectable CD bands in the visible region, although several CD 

bands are observed in the near-UV region (Figure 1).  

Synthesis and Characterization of [PtCu(μ2-H4tg-κ1S:κ2O,S)2(bpy)2]2+ ([3]2+) and 

[PtNi(μ2-H4tg-κ1S:κ2O,S)2(bpy)2]2+ ([4]2+). To clarify the possible coordination mode of [1] 

toward transition metal ions that can take both square-planar and octahedral geometries, the 

reactions of [1] with Cu2+ and Ni2+ in the presence of bpy were studied. Treatment of an aqueous 

suspension of [1] with [CuCl2(bpy)] in a 1:1 ratio gave a green solution, from which green 

crystals ([3](NO3)2) were isolated in a moderate yield by the addition of an aqueous solution of 

NaNO3. Similar treatment of [Pt(H4tg-κS)2(bpy)] with a 1:1 mixture of Ni(NO3)2∙6H2O and bpy 

in water, followed by the addition of NaNO3, afforded pale green crystals ([4](NO3)2). X-ray 

fluorescence spectrometry indicated the presence of Cu and Ni atoms in [3](NO3)2 and [4](NO3)2, 

respectively, besides Pt atoms, and the elemental analytical data of [3](NO3)2 and [4](NO3)2 were 
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consistent with the formulas for [PtCu(H4tg)2(bpy)2](NO3)2 and [PtNi(H4tg)2(bpy)2](NO3)2, 

respectively. The divalent nature of the complex-cations in [3](NO3)2 and [4](NO3)2 was implied 

by their molar conductivities in water (192.7 S cm2 mol–1 for [3](NO3)2, 210.2 S cm2 mol–1 for 

[4](NO3)2), and the presence of NO3
– as counter anions was indicated by the appearance of an IR 

band at 1382 cm–1 characteristic for NO3
– (Figure S2).23 The PtIICuII and the PtIINiII dinuclear 

structures in [3]2+ and [4]2+ were established by single-crystal X-ray crystallography for 

[3](ClO4)2∙2H2O and [4](NO4)2∙2H2O, respectively.  

The asymmetric unit of [3](ClO4)2∙2H2O contains a complex-cation and two perchlorate anions, 

besides solvated water molecules. The number of perchlorate anions implies that the complex-

cation is divalent. As shown in Figure 4, the complex-cation [3]2+ consists of a square-planar 

[Pt(H4tg)2(bpy)] unit that chelates to a [Cu(bpy)]2+ moiety through thiolato S atoms, forming an 

S-bridged PtIICuII dinuclear structure with a PtIICuIIS2 diamond core (av. S-Pt-S = 84.94(8)º, Pt-

S-Cu = 95.8(10)º, S-Cu-S = 83.14(9)º, Pt-S = 2.288(9) Å, Cu-S = 2.33(3) Å). It is interesting to 

note that thiolato-bridged dinuclear complexes with a PtII-S-CuII linkage have not been reported 

to date. The bond distances and angles about the PtII center in [3]2+ (av. N-Pt-N = 79.6(4)º, N-Pt-

S = 97.8(9), Pt-N = 2.052(11) Å), as well as the chair conformational β-D-pyranose ring of H4tg–, 

are very similar to those in [2]2+. In [3]2+, however, two hydroxyl O atoms from two H4tg– 

ligands also bind to a CuII center at apical positions, with one shorter and the other longer Cu-O 

distances (Cu1-O2 = 2.386(4) Å, Cu1-O7 = 2.680(6) Å), such that the CuII atom is situated in a 

Jahn-Teller distorted octahedral geometry with a trans(O)-N2O2S2 donor set. This implies that 

[Pt(H4tg-κS)2(bpy)] acts as a tetradentate-O,O’,S,S’ metalloligand toward a CuII center by using 

two thiolato and two hydroxyl groups. Unlike in [2]2+, the two H4tg– ligands in [3]2+ adopt the 

anti configuration, which allows the two H4tg– ligands to chelate to the CuII center through 



 17 

thiolato and hydroxyl groups. Of two chiral configurations, Δ and Λ, which arise from the skew 

pair of a N,N’-bpy and two O,S-H4tg– chelate rings, the CuII center in [3]2+ has the Δ 

configuration. This chiral configuration regulates the two asymmetric bridging S atoms of H4tg– 

to have the R configuration. The five-membered O,S-chelate rings of H4tg– adopt a gauche form 

with the λ conformation that is thermodynamically stable.28 Molecular model examinations 

reveal that the two O,S-chelate rings are enforced to have an unfavorable envelop form when the 

CuII center has the Λ configuration. Moreover, there exists a non-bonding interaction between a 

C2 proton of H4tg– and a bpy aromatic ring of [Pt(bpy)]2+ in the Λ configuration. The selection 

of the Δ configuration in [3]2+ is most likely ascribed to these steric factors that are caused by the 

presence of the rigid, bulky H4tg– ligands with the β-D-pyranose ring. In packing structure, the 

complex-cations [3]2+ are connected with each other through intermolecular π-π interactions (av. 

C…C = 3.45(10) Å) between bpy ligands, forming a 2D sheet-like structure (Figure S5). The 2D 

sheets are further connected by intermolecular hydrogen bonds between hydroxyl groups of 

H4tg– (av. O…O = 2.748(3) Å), which completes a 3D network structure. 
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Figure 4. Perspective view of [3]2+. Pt: green, Cu: brown, S: yellow, O: pink, N: blue, C: gray, 

H: light gray. 

The asymmetric unit of [4](NO3)2∙2H2O contains a complex-cation and two nitrate anions, 

besides solvated water molecules. The number of nitrate anions implies that the complex-cation 

is divalent. As shown in Figure 5, the complex cation [4]2+ consists of a square-planar 

[Pt(H4tg)2(bpy)] unit that binds to a [Ni(bpy)]2+ moiety through two thiolato S and two hydroxyl 

O atoms from two H4tg– ligands, forming an S-bridged PtIINiII dinuclear structure in [PtNi(μ2-

H4tg-κ1S:κ2O,S)2(bpy)2]2+ with a PtIINiIIS2 diamond core (av. S-Pt-S = 86.40(4)º, Pt-S-Ni = 

96.0(1)º, S-Ni-S = 80.71(4)º, Pt-S = 2.30(2) Å, Ni-S = 2.43(3) Å). The overall dinuclear structure 

in [4]2+ with anti configurational H4tg– ligands corresponds well with that in [3]2+, except the 

presence of NiII atom in place of CuII atom. In particular, the bond distances and angles about the 

PtII atom in [4]2+ (av. N-Pt-N = 79.69(15)º, N-Pt-S = 97(2)º, Pt-N = 2.058(1) Å) are very similar 

to those in [3]2+. The Ni-S bond distances in [4]2+ are longer than the Cu-S distances in [3]2+, 

while the Ni-O bond distances in [4]2+ (2.139(3) Å, 2.145(3) Å) are much shorter than the Cu-O 

distances in [3]2+. In addition, the O-Ni-O angle in [4]2+ (176.77(12)º) is very close to 180º, 

compared with the O-Cu-O angle in [3]2+ (166.83(15)º). Thus, the NiII atom in [4]2+ has an 

octahedral geometry more ideal than the CuII atom in [3]2+, which is understood by the absence 

of the Jahn-Teller distortion for a d8 metal center. Like the CuII center in [3]2+, the NiII center in 

[4]2+ is chelated by a bidentate-N,N’ bpy and two bidentate-O,S H4tg– ligands to have the Δ 

configuration, with two bridging S atoms being fixed to the R configuration. A related S-bridged 

PtIINiII dinuclear complex with two terminal bpy ligands, [PtNi(μ2-aet-κ1S:κ2S,N)2(bpy)2]2+ (aet = 

2-aminoethanethiolate), has been reported, although a pair of enantiomers (ΔRR/ΛSS) with the Δ/Δ 

configurational Ni center and the R/S configurational S center is formed in this structure because 
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of the use of achiral aet ligands.29 In the packing structure, the complex-cations are connected 

with each other through intermolecular π-π interactions to form a 1D chain (av. C…C = 3.48(12) 

Å) in [4](NO3)2∙2H2O, and the 1D chains are further connected by intermolecular hydrogen 

bonds between hydroxyl groups of H4tg– (av. O…O = 3.0(2) Å) to complete a 3D network 

structure (Figure S6). 

 

Figure 5. Perspective view of [4]2+. Pt: green, Ni: yellow-green, S: yellow, O: pink, N: blue, C: 

gray, H: light gray. 

The absorption spectrum of [3](NO3)2 in water is characterized by a weak visible band at 616 

nm (ε = 4.2 x 102 M–1 cm–1), which is typical for a d-d transition band found in CuII species,30 

besides an intense near-UV band at 310 nm (ε = 2.61 x 104 M–1 cm–1) due to a bpy π-π* 

transition (Figure 6). This absorption spectral feature is essentially the same as that of its diffuse 

reflection spectrum in the solid state (Figure S7). In addition, the CD spectrum of [3](NO3)2 in 

water gives a negative CD band at 603 nm (Δε = –3.33 M–1 cm–1) in the visible d-d band region, 

which is also found in its CD spectrum in the solid state. Thus, it is reasonable to assume that the 
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S-bridged PtIICuII dinuclear structure in [3]2+ is retained in water, although a partial Cu-O bond 

cleavage may not be ruled out. 

 

Figure 6. Absorption and CD spectra of complexes [3](NO3)2 (left) and [4](NO3)2 (right) in H2O 

(solid line) and MeOH (dashed line). 

When [4](NO3)2 is dissolved in water, its absorption and CD spectra does not give any 

detectable band in the visible region, and their spectral features are very similar to those of [1] 

([Pt(H4tg-κS)2(bpy)]) over the whole region (Figure 6). In the solid state, [4](NO3)2 exhibits a 

characteristic weak visible band (574 nm) assignable to a d-d transition for an octahedral NiII 

center31 and a negative CD band (569 nm) in this d-d band region (Figure S8). Thus, it is 

considered that the S-bridged PtIINiII structure of [4]2+ found in the crystal is decomposed into 

the mononuclear [1] and aqua NiII species in water. This seems to be related to the longer Ni-S 

bonds in [4]2+, which facilitates the cleavage of Ni-S bonds in water. On the other hand, the 

absorption spectrum of [4]2+ in methanol shows a weak d-d band at 571 nm (ε = 29 M–1 cm–1), 
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besides a bpy π-π* transition band at 305 nm (ε = 2.7 x 104 M–1 cm–1) (Figure 6). In addition, a 

negative CD band is observed in the d-d band region (568 nm), as in the case of the CD spectrum 

in the solid state. This is suggestive of the retention of the S-bridged PtIINiII dinuclear structure 

in methanol, which is understood by a weaker coordination ability of MeOH compared with that 

of H2O. 

Synthesis and Characterization of [Cd{Pt(μ2-H4tg-κ1S:κ2O,S)(μ2-H4tg-κ1S:κ1S)(bpy)}2]2+ 

([5]2+). We also investigated the coordination ability of [1] toward thiophilic Cd2+ that can take 

various coordination geometries, including tetrahedron and octahedron. When [Pt(H4tg-

κS)2(bpy)] was treated with a 1:1 mixture of CdCl2∙2.5H2O and bpy in water, we obtained a 

yellow reaction solution, from which yellow block crystals ([5](ClO4)2) were isolated by the 

addition of NaClO4. Compound [5](ClO4)2 is almost insoluble in any common solvents, 

including water and alcohol, and thus, its characterization in solution could not be carried out. 

The presence of bpy and H4tg– ligands in [5](ClO4)2, besides ClO4
– ions, was confirmed by the 

IR spectrum that is similar to the spectrum of [2](ClO4)2 (Figure S2), the diffuse reflection 

spectrum that shows characteristic π-π* transition bands centered at 325 nm, and the solid-state 

CD spectrum that gives a negative band at 341 nm (Figure S9). However, the elemental 

analytical data for [5](ClO4)2 is not in agreement with a formula for an expected PtIICdII 

dinuclear complex but for a PtIICdIIPtII trinuclear complex, [Cd{Pt(H4tg)2(bpy)}2](ClO4)2. In 

addition, X-ray fluorescence spectrometry implies the presence of Pt and Cd atoms in a 2:1 ratio 

in [5](ClO4)2, rather than in a 1:1 ratio. These results indicate that [5]2+ contains [Pt(H4tg)2(bpy)] 

and CdII in a 2:1, with the lack of an additional bpy ligand bound to a CdII center. Consistent 

with this, yellow block crystals of [5](ClO4)2 were obtained in a reasonable yield by the 2:1 

reaction of  [1]∙2H2O with CdBr2 in water, followed by the addition of NaClO4, without the 
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addition of bpy to the reaction mixture. The PtIICdIIPtII trinuclear structure in [5]2+ was 

unambiguously determined by single-crystal X-ray analysis for [5](ClO4)2∙6H2O.  

As shown in Figure 7, the complex cation consists of two square-planar [Pt(H4tg)2(bpy)] units 

and one CdII atom. Each of two [Pt(H4tg)2(bpy)] units chelates to the CdII atom through two 

thiolato S atoms (av. Cd-S = 2.65(4) Å, S1-Cd-S1 = 93.42(8)º, S1-Cd-S2 = 75.00(5)º, S2-Cd-S2 

= 118.82(8)º), forming an S-bridged PtIICdIIPtII trinuclear structure with a crystallographic C2 

symmetry. An interesting structural feature of [5]2+ is the coordination of a hydroxyl group from 

one of two H4tg– ligands in each [Pt(H4tg)2(bpy)] unit (Cd-O = 2.446(5) Å), such that the CdII 

center is situated in a highly distorted octahedral geometry with a trans(O)-O2S4 donor set (O-

Cd-O = 145.0(2)º, trans S-Cd-S = 163.08(6)º). Thus, [5]2+ is formulated as [Cd{Pt(μ2-H4tg-

κ1S:κ2O,S)(μ2-H4tg-κ1S:κ1S)(bpy)}2]2+, in which each [Pt(H4tg)2(bpy)] unit acts as a tridentate-

O,S,S’ metalloligand. This coordination mode of [Pt(H4tg)2(bpy)] is distinct from the modes 

found in [2]2+, [3]2+, and [4]2+, although the bond distances and angles about the [Pt(H4tg)2(bpy)] 

unit (av. S-Pt-S = 89.56(7)º, N-Pt-N = 78.9(2)º, trans N-Pt-S = 173(2)º, Pt-S = 2.293(4) Å, Pt-N 

= 2.076(6) Å) are very similar. Like in [3]2+ and [4]2+, the four bridging S atoms in [5]2+ adopt 

the R configuration, and the two O,S-chelate rings of H4tg– have a gauche form with the λ 

conformation. However, the Cd center in [5]2+ is regulated to have the Λ configuration, which is 

opposite to the Δ configurational CuII and NiII centers in [3]2+ and [4]2+. Thus, the bis(O,S-

chelation) mode to an octahedral metal center from two [Pt(H4tg)2(bpy)] units leads to the chiral 

configuration opposite to that formed by the bis(O,S-chelation) mode from one [Pt(H4tg)2(bpy)] 

unit. Molecular model examinations indicate that the O,S-chelate rings are enforced to have an 

unfavorable envelop form when the CdII center adopts the Δ configuration. Moreover, there 

exists a non-bonding interaction between a C2 proton of H4tg– and a lone-pair on bridging S 
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atom from different [Pt(H4tg)2(bpy)] unit in the Δ configuration. Notable are the existing 

intramolecular hydrogen bonds between hydroxyl groups of H4tg– from different 

[Pt(H4tg)2(bpy)] units in [5]2+ (av. O···O = 2.68(5) Å), which appear to sustain the PtIICdIIPtII 

trinuclear structure with the Δ configurational CdII center. In packing structure, each complex-

cation [5]2+ is hydrogen-bonded with 6 adjacent complex-cations through hydroxyl groups of 

H4tg– (av. O···O = 2.78(5) Å), constructing a 3D network structure (Figure S10). The 3D 

network structure is reinforced by hydrogen bonds between hydroxyl groups of H4tg– and ClO4
– 

ions (av. O···O = 2.91(3) Å). It is considered that these multiple hydrogen-binding interactions 

are responsible for the insolubility of [5](ClO4)2 in any common solvents. 

 

Figure 7. Perspective view of [5]2+. Pt: green, Cd: purple, S: yellow, O: pink, N: blue, C: gray, 

H: light gray. Dashed lines indicate O-H···O hydrogen bonds. 

CONCLUDING REMARKS 

In this study, we showed that Cl– ions in [PtCl2(bpy)] are readily replaced by H4tg– in water to 

form the mononuclear [Pt(H4tg-κS)2(bpy)] ([1]). Compound [1] further reacted with [PtCl2(bpy)] 

to give the diplatinum(II) complex, [Pt2(μ2-H4tg-κ1S:κ1S)2(bpy)2]2+ ([2]2+), in which two 

[Pt(bpy)]2+ moieties are spanned by two H4tg– ligands through thiolato S atoms. This result 
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indicates that [1] functions as a bidentate-S,S’ metalloligand toward a square-planar metal center 

due to the high nucleophilicity of H4tg– thiolato groups bound to a PtII center. Interestingly, [1] 

was found to serve as a tetradentate-O,O’,S,S’ metalloligand to M = CuII, NiII in the presence of 

bpy, affording the heterometallic dinuclear structures in [PtCu(μ2-H4tg-κ1S:κ2O,S)2(bpy)2]2+ 

([3]2+) and [PtNi(μ2-H4tg-κ1S:κ2O,S)2(bpy)2]2+ ([4]2+), which contain an octahedral metal center 

bound by two thiolato and two hydroxyl groups, besides a bpy ligand. While several metal 

complexes with H4tg– or H3tg2– have been reported,5-10 coordination of a hydroxyl group toward 

a metal center has not been recognized.32 A similar reaction with Cd2+ led to the formation of the 

PtIICdIIPtII trinuclear complex, [Cd{Pt(μ2-H4tg-κ1S:κ2O,S)(μ2-H4tg-κ1S:κ1S)(bpy)}2]2+ ([5]2+), in 

which each of two molecules of [1] binds to an octahedral CdII center in a tridentate-O,S,S’ mode. 

Thus, the present study showed that [1] functions as a versatile multidentate metalloligand, the 

coordination modes of which are varied with response to the coordination environment of a 

metal center. Of two geometrical configurations, syn and anti, [2]2+ adopted the syn 

configuration so as to form both of the intermolecular O-H···O hydrogen bonds between 

hydroxyl groups of H4tg– and the intermolecular π-π interactions between bpy ligands. On the 

other hand, [3]2+, [4]2+, and [5]2+ selected the anti configuration, which permits H4tg− in [1] to 

chelate to a metal center through thiolato and hydroxyl groups to complete an octahedral 

geometry. The most remarkable structural feature in the present system is the formation of the Δ 

configurational metal center in [3]2+ and [4]2+ and the Λ configurational metal center in [5]2+, 

indicative of the availability of [1] as the chiralselective construction of S-bridged multinuclear 

structures. This is explained by the steric demand around an octahedral metal center, which is 

regulated by the coordination of chiral H4tg– with a rigid, bulky β-D-pyranose ring. It is worth to 

mentioning that the PtIICuII structure in [3]2+ is retained in water, while the PtIINiII structure in 
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[4]2+ is decomposed into [1] in water, although [4]2+ is fairly stable in methanol. The difference 

in stability between [3]2+ and [4]2+ in water is most likely ascribed to the stronger Cu-S bonds in 

[3]2+, which is induced by the Jahn-Teller elongation of axial CuII-O bonds. Finally, it should be 

noted that only a few transition metal complexes with H4tg– or H3tg2– have been isolated and 

crystallographically characterized to date.9,10 The successful preparation and structural 

determination of all the multinuclear complexes obtained in this work are thanks to the use of the 

chiral metalloligand with H4tg–, which leads to the stereoselective formation of a single isomer 

for each complex, as well as thanks to the introduction of a hydrophobic co-ligand of bpy in the 

hydrophilic H4tg– system. A similar strategy could be applicable for the isolation and structural 

characterization of other monosaccharide coordination systems.  
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