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Highlights: 

 A series of binuclear thiolate complexes of group-5 metals have been synthesised and the role of 

metal and associated thiolate ligands influencing the structural and electronic properties of 

these complexes has been described. 

 The experimental results have been complemented and rationalized through DFT studies. 
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Abstract: 

The chemistry of group-5 transition metals, namely vanadium, niobium, and tantalum supported 

by thiolate ligand framework, has been described. Special emphasis has been given to the 

electronic and structural properties of binuclear thiolate complexes of group-5 metals exhibiting 

interesting coordination modes of the chelating thiolate ligands. The mild thermolysis of 

[(CH2S2)4B]Na5 with [Cp*VCl2]3 afforded the divanadium trithiocarbonate complex, 

[(Cp*V)2(μ-CS3-κ
2
S,S')(μ-H2CS2-κ

2
S'',S''')] (1) along with [{S(CH2S)2}VOCp*] (2). The single 

crystal X-ray structure of 1 illustrates that the trithiocarbonate and methanedithiolate ligands are 

symmetrically coordinated to two {Cp*V} units. However, the reaction of the heavier group-5 

metal precursor, [Cp*NbCl4] with [(CH2S2)4B]Na5 at 60 °C in toluene produced a bimetallic 

trithiolate complex [(Cp*Nb)2(μ-SCS2-κ
1
S:κ

3
C,S',S'')(μ-S)2] (3) along with [(Cp*Nb)2(μ,η

2
:η

2
-

SH3B)(μ-S)(μ-H2CS2-κ
2
S,S')]. In a similar manner, [Cp*TaCl4] led to the formation of 

ditantalum thiolate complexes [(Cp*Ta)2(μ-S)(μ-S2CH2CHS2-κ
2
S:κ

2
S',S'')(μ-H)(μ-S2CH2-

                  



κ
2
S''',S'''')] (4) and [Cl(Cp*Ta)2(μ-H)(μ-S2CH2-κ

2
S,S')(μ-S)(μ-S2CH2-κ

2
S'':κ

1
S''')] (5) along with 

[(Cp*Ta)2(μ-S){μ-(BH2S)(CH2S)2(BS3)-κ
2
B:κ

2
S:κ

4
S',S'',S''',S''''}]. However, the reaction of 

LiBH4·THF with [Cp*TaCl4] followed by the thermolysis in presence of S2C·PPh3 led to the 

formation of [(Cp*Ta)2(μ-S)(μ-S2CH2-κ
2
S,S')(μ-H)(μ-CHS3-κ

2
S'':κ

2
S''',S'''')] (6) along with 

[(Cp*Ta)2(μ-S2CH2-κ
2
S,S')2(μ-H)(μ,η

2
:η

2
-B2H5)] (I) and [(Cp*Ta)2(μ,η

2
:η

2
-B2H6)2] (II). 

Complex 3 is an example of trithiolate {CS3} stabilized bimetallic niobium complex. The 

(dimercaptomethyl)-methanedithiolate ligand (C2H3S4) in 4 is coordinated to both the tantalum 

centres via three sulfur donors and displayed exclusive bonding mode (μ,κ
2
S:κ

2
S',S''). Complex 5 

consists of two methanedithiolate ligands (S2CH2) with different coordination towards the metal 

centres, whereas methanetrithiolate (HCS3) and methanedithiolate (S2CH2) units are 

symmetrically coordinated to both the tantalum centres in complex 6. This study demonstrates 

that the electronic properties of these complexes vary depending on the metal centres and thiolate 

ligands. This is reflected in the paramagnetic behaviour of the vanadium complex 1. In contrast, 

the niobium and tantalum thiolate complexes 3, 4, 5 and 6 are diamagnetic. Further, theoretical 

investigations provided the insights into the electronic structures and bonding of these group-5 

metal thiolate complexes. 

Keywords: Thiolate, Tantalum, Niobium, Vanadium, Paramagnetic 

1. Introduction 

The chemistry of early transition metal complexes incorporating thiolate ligands has received 

considerable attention over the years for several reasons. The close relevance of these transition 

metal thiolates to certain biological systems and industrial catalysts,
1,2

 their potentiality in the 

chemistry related to S–C bond cleavage and desulfurization,
3
 their efficacy in the synthesis of 

metal sulfide as well as organosulfur materials by MOCVD processes,
4a

 are some of the 

                  



motivating facts which led to the development of their chemistry. The increasing interest in these 

complexes stems from their resemblance with the metalloproteins such as metallothioneins or 

nitrogenase.
2
 Moreover, the long-known polymetallic thiolate clusters act as synthetic models for 

biologically active sites, whereas polyoxometalates have shown promising biological and 

biochemical effects recently with their antiviral, antitumoral, and antibiotic properties.
4b

 

Although the diamagnetic transition metal thiolates are an enormously rich class of 

compounds, the chemistry of paramagnetic metal thiolates appears to be relatively less explored 

and thus becomes an exciting and active research field. The isolation of first homoleptic 

paramagnetic group-5 thiolate complex [V2(SCH2CH2S)4] in 1983 spurred the chemistry of 

transition metal thiolates exhibiting paramagnetic behaviour and became the focus for many 

inorganic and organometallic chemists.
5
 The detailed investigation on magnetic as well as the 

structural properties of these paramagnetic complexes is important for understanding the nature 

of exchange interactions between the paramagnetic metal ions. In particular, the contribution 

from direct exchange through M–M bonds and from super exchange via bridged ligands can be 

estimated. Therefore, a thorough investigation in this matter becomes of interest. 

Our recent studies are focused on the syntheses of transition metal complexes containing 

metal centres bridged by thiolate/dithiolate ligands.
6-9

 In our previous report, we have isolated 

and structurally characterised a classical [B2H5]
-
 ion, [(Cp*Ta)2(μ-S2CH2-κ

2
S:κ

2
S')2(μ-

H)(μ,η
2
:η

2
-B2H5)], I.

9
 Later, we developed a new methodology to synthesize different thiolate 

complexes of group-5 metals that exhibit novel coordination modes of sulfur-containing ligands 

with interesting electronic properties.
8
 For example, the room temperature reaction of 

[(CH2S2)4B]Na5
10

 with [Cp*VCl2]3 generated diamagnetic as well as paramagnetic thiolate 

complexes. In contrast, niobium and tantalum yielded only diamagnetic species. Thus, we were 

                  



interested to know the role of transition metal ions as well as thiolate ligand that determined the 

nature of the thiolate complexes. Thus, we have revisited this system with different reaction 

conditions. This report provides a detailed account of the chemistry of group-5 metal precursors 

with [(CH2S2)4B]Na5. In addition, the density functional theoretical calculations were carried out 

to provide a clear picture of the bonding, electronic structures and transitions of these thiolate 

complexes. 

2. Results and discussion 

2.1 Reactivity of [(CH2S2)4B]Na5 with [Cp*VCl2]3 

The reaction of [(CH2S2)4B]Na5 with [Cp*VCl2]3 at 60 °C over 6 h allowed the formation of 

[(Cp*V)2(μ-CS3-κ
2
S,S')(μ-H2CS2-κ

2
S'',S''')], 1, and [{S(CH2S)2}OVCp*]

8
, 2, in 11 and 32% 

yield, respectively (Scheme 1). The structural characterisation of 1 was carried out by single 

crystal X-ray diffraction study and its identity is described below. 

(Scheme 1 near here) 

To our surprise, the 
1
H NMR spectrum of 1 did not show any meaningful chemical shifts in 

the diamagnetic region. The mass spectrometric data of 1 displayed an ion peak at m/z = 

559.0039 [M+H]
+
 with the isotope distribution pattern corresponding to the molecular formula 

C22H32S5V2 (Fig. S3). This spectrometric data was not sufficient to propose the structure of 1. 

The slow evaporation of CH2Cl2/hexane (30:70) solution of 1 at 5 °C produced the single 

crystals appropriate for X-ray diffraction. 

As shown in Fig. 1, the solid-state X-ray structure of 1 displays that the methanedithiolate 

(CH2S2) and trithiocarbonate (CS3) ligands symmetrically coordinated to two {Cp*V} units in 

{μ,κ
2
} fashion. The mirror plane is passing through the molecule which contains both 

                  



methanedithiolate and trithiocarbonate ligands. Both the metal centres in 1 adopted a pseudo-

octahedral coordination geometry. The trithiocarbonate ligand in 1 shows two types of C–S bond 

distances, 1.747(4) (C21–S1) and 1.622(4) Å (C21–S3), corresponding to single and double bond 

distances, respectively.
12

 The V–V single bond length of 2.5548(7) Å is shorter as compared to 

those of reported bimetallic vanadaborane complexes, such as [(CpV)2(μ,η
2
:η

2
-B2H6)2]

11 

(2.787(2) Å) and [(Cp*V)2(μ,η
2
:η

2
-BH3S)(μ-SPh)2],

12a
 (2.6816(12) Å). The C22–S4 (1.835(4) Å) 

and C22–S5 (1.833(4) Å) bond distances are in the single bond range and similar to tungsten 

methanedithiolate complex, [(Cp*W)2(μ-S2CH2-κ
2
S,S')(μ-S)2]

13
 (c.a. 1.85 Å). In addition, the 

Cp* ligands are in eclipsed positions with respect to the V1–V2 bond. The V–S–V angles in the 

range of 62.77–63.61° are comparable to other bimetallic vanadium thiolate complexes.
13

 The 

importance of complex 1 can be correlated to [(CpMo)2(μ-S2CH2-κ
2
S,S')(μ-S)2], which 

participated in the hydrogenation of olefins.
14

 Therefore, 1 is a unique entry to the family of 

bimetallic thiolate complexes. 

(Fig. 1 near here) 

Density functional theory (DFT) calculations at the BP86/def2-TZVP level were performed to 

understand the electronic and bonding situation in 1. The optimized geometry of 1 matches well 

with the solid-state structure. An energy gap of 0.85 eV between its HOMO and LUMO is 

observed in the molecular orbital (MO) analysis of 1 and that is consistent with its 

thermodynamic stability. Based on MO analysis, the α-SOMO-2 of 1, discloses the overlap of 

the dz
2
 orbitals of both the vanadium centres indicating a strong bonding interaction between the 

two vanadium centres (Fig. 2a). This is further confirmed by the Wiberg bond index (WBI) of 

V–V bond (0.91) and the contour line diagram of 1 (Fig. 2d). As shown in Fig. 2b, the α-SOMO-

9 of 1 shows the localization of electron density on all the sulfur atoms except S3 atom, in which 

                  



the electron density is delocalized over S3 and C21 atoms by the side-to-side overlap of the 

atomic orbitals i.e., π-bonding and confirms the presence of C=S double bond. The α-SOMO-13 

of 1 shows the d-p orbital interaction between vanadium and sulfur. Furthermore, the Laplacian 

electron density plot of 1 shows the bonding scenario of the plane consisting CS3 and CH2S2 

ligands, which is perpendicular to the V–V bond (Fig. 2e). A negative natural charge on carbon 

and a positive natural charge on sulfur atoms of the methanedithiolate and trithiocarbonate 

ligands are observed by performing the natural bond orbital (NBO) analysis of 1 (Table S1). 

(Fig. 2 near here) 

Vanadium is found in several oxidation states that vary from (-1) to (+5), and among them 

vanadium ions in +2, +3 and +4 oxidation states are paramagnetic.
15

 Vanadium(III) is generally 

found in marine invertebrates, cofactor of nitrogenase, nitrogen-fixing bacteria and other species. 

Recent investigation suggested that vanadium(III) thiolate complexes are stable in physiological 

conditions.
16

 Therefore, the electronic properties of vanadium thiolate complexes are of interest. 

To get information in this regard, complex 1 was subjected to EPR spectroscopy. 

Vanadium(III) complexes are generally EPR silent in conventional conditions due to their large 

zero-field splitting and integer spin number (S = 1). For such systems, high-frequency or high-

field electron paramagnetic resonance (HFEPR) techniques are required to understand the 

magnetic properties of vanadium(III) species.
17

 However, conventional X-band EPR 

spectroscopy is often useful in understanding the electronic structure of half-integer spin 

vanadium (II) (S = 
3
/2) or vanadium (IV) (S = 

1
/2) complexes. Interestingly, the X-band EPR 

spectrum of the solid sample of 1 at 77 K displays the eight-line pattern for vanadium (
51

V; I = 

7
/2) with anisotropic g and A values (Fig. 3). In addition, each vanadium hyperfine exhibits eight-

line superhyperfine splitting. These unique splitting patterns in the EPR spectrum do not arise 

                  



from a monomeric complex, rather two vanadium centres are connected to each other. In this 

case, the nuclear spins of one vanadium centre interact with the electron spin on the other 

vanadium centre. Thus, the spectral data confirms the existence of a strong bonding interaction 

between the two vanadium centres, as observed in the single crystal X-ray diffraction data and 

DFT calculations. 

(Fig. 3 near here) 

The experimental spectrum was simulated taking the above-mentioned electronic scenario 

into consideration. Simulation of the experimental spectrum yields the parameters gx = 1.990, gy 

= 1.995, gz = 1.95, and the hyperfine coupling constants Ax = 50 x 10
-4

 cm
-1

, Ay = 60 x 10
-4

 cm
-1

, 

and Az = 113 x 10
-4

 cm
-1

. The super-hyperfine coupling constants are calculated to be Ax = 13.3 

x 10
-4

 cm
-1

, Ay = 20 x 10
-4

 cm
-1

, and Az = 10 x 10
-4

 cm
-1

. The EPR parameters with all g values 

<2 and large Az value indicate that the unpaired electron resides in the dxy orbital of vanadium. 

The energy gap between the dxy and        orbitals is larger compared to that between dxz/dyz 

and dxy orbitals of vanadium. An increased covalency in the equatorial plane likely responsible 

for low gz value in the complex. As shown in Fig. 4, the molecular orbitals housing the two 

unpaired electrons indicate non-orthogonality of the d orbitals of vanadium in the α and β 

subspaces. Therefore, it is expected that the electrons on two vanadium centres would interact 

with each other. While the electrons in the     orbitals are involved in V–V bonding, the dxy 

orbitals of vanadium do not overlap appreciably due to the small V–S–V angle (vide supra). As a 

result, the electron in the dxy orbital of each vanadium centre of the weakly interacting symmetric 

dimer gives rise to the EPR signals. 

(Fig. 4 near here) 

                  



2.2 Reactivity of [(CH2S2)4B]Na5 with [Cp*MCl4] (M = Nb and Ta) 

Mild thermolysis of [Cp*NbCl4] with [(CH2S2)4B]Na5 in toluene yielded [(Cp*Nb)2(μ-SCS2-

κ
1
S:κ

3
C,S',S'')(μ-S)2], 3 and [(Cp*Nb)2-(μ,η

2
:η

2
-SH3B)(μ-S)(μ-H2CS2-κ

2
S,S')]

8
 (Scheme 2). 

Whereas In case of tantalum, the reaction of [(CH2S2)4B]Na5 with [Cp*TaCl4] at room 

temperature yielded [(Cp*Ta)2(μ-S)(μ-S2CH2CHS2-κ
2
S:κ

2
S',S'')(μ-H)(μ-S2CH2-κ

2
S''',S'''')], 4, 

and [Cl(Cp*Ta)2(μ-H)(μ-S2CH2-κ
2
S,S')(μ-S)(μ-S2CH2-κ

2
S'':κ

1
S''')], 5, in 28 and 15% yields, 

respectively (Scheme 2). The reaction also yielded [(Cp*Ta)2(μ-S){μ-(BH2S)(CH2S)2(BS3)-

κ
2
B:κ

2
S:κ

4
S',S'',S''',S''''}]

8
. The spectroscopic and structural characterisations of complexes 3-5 

are discussed below in detail. 

(Scheme 2 near here) 

Complex 3 was isolated as a green solid with 16% yield. The 
1
H NMR spectrum of 3 shows 

resonance at δ = 2.17 ppm corresponding to the methyl protons of Cp* units which is further 

supported by the 
13

C{
1
H} NMR spectrum (Figs S4 and S5). The 

11
B{

1
H} NMR spectrum 

showed no resonance indicating the absence of boron. The mass spectrometric analysis showed a 

molecular ion peak at m/z 628.9130 consistent with the molecular formula of C21H31Nb2S5 

([M+H]
+
) (Fig. S6). The green crystals of 3 were obtained by slow evaporation of the 

CH2Cl2/hexane (30:70) solution of the complex at 5 °C. 

The single crystal X-ray diffraction studies revealed the identity of 3 as [(Cp*Nb)2(μ-SCS2-

κ
1
S:κ

3
C,S',S'')(μ-S)2] (Fig. 5). Note that, here we have discussed the data of one amongst the two 

independent molecules present in the asymmetric unit of 3. The structure of 3 clearly displays 

that a trithiolate (S3C) ligand is coordinated to two {Cp*Nb} units through one carbon and three 

sulfur atoms in a unique binding mode which can be described as {μ,κ
1
S:κ

3
C,S',S''}. The mirror 

plane is passing through the molecule, which contains both the Nb atoms along with C31 and S5 

                  



atoms of {CS3} unit. The {CS3} moiety of trithiolate ligand is nearly planar with the sum of S-C-

S bond angles of 359.64° (S1-C31-S2 112.26(14)°, S1-C31-S5123.46(16)° and S2-C31-S5 

123.92(15)°). The Nb–Nb bond length of 2.9705(3) Å is in accord with that of other binuclear 

niobium complexes, for example, [(Cp*Nb)2(CH2SiMe3)2(μ-S)2] (2.978 Å) and 

[(Cp*Nb)2(C3H5)2(μ-S)2] (3.141 Å).
18

 The C–S bond distances (C31-S1 1.756(3) Å, C31-S2 

1.746(3) Å, C31-S5 1.776(3) Å) of trithiolate ligand in 3 are fall within single C–S bond distance 

observed in various metal thiolate complexes.
12b-c, 19

 

(Fig. 5 near here) 

In addition, the average Nb–S distance for Nb2 is 2.323 Å, which is relatively smaller 

compared to that for Nb1 (2.4865 Å). This may be due to the unsymmetrical bonding of the 

trithiolate ligand towards the metal centres in 3. The Nb–S–Nb angles Nb1-S3-Nb2 (75.81(2)°) 

and Nb1-S4-Nb2 (76.36(2)°) are comparable with the sulfur bridged niobium complex 

[(Cp*Nb)2(CH2Si-Me3)2(μ-S)2]
18

 78.8(1)°. One of the interesting aspects of complex 3 is the 

unique binding mode adopted by {CS3} moiety of trithiolate ligand which differs significantly 

from those found in the previously reported complexes such as [(OC)5(Cp*Mo)2(μ-η
2
:η

1
-

CS3)]
13c

, and [{(η
5
-C5H3)2(SiMe2)(CMe2)Mo(CO)2}2(μ-η

1
:η

2
-CS3)]

20
 and complex 1 (Table 1).

21
 

The different types of coordination modes known for the {CS3} ligand in bimetallic systems are 

listed in Table 1. The bonding mode of trithiolate ligand present in 3 belongs to the type D where 

one carbon and two sulfur atoms are directly bonded to one metal centre while the third sulfur 

atom is attached to the other metal centre. Whereas, complex 1 resembles to the type C where the 

trithiocarbonate ligand binds with two metals through two sulfur donors in {κ
2
-S,S'} fashion. 

(Table 1 near here) 

                  



The MO analysis of 3 disclosed that the HOMO-LUMO gap of 3 (1.32 eV) is greater than that 

of 1. The Nb–Nb bonding interaction is depicted in HOMO-1 of 3, where the d orbitals of both 

the Nb centres are delocalized to form the Nb–Nb bond (Fig. 6a). This Nb–Nb bonding is also 

verified by WBI of 0.45. The HOMO-8 of 3 reveals the bonding interaction (d-p) of Nb1-C31 

and anti-bonding interaction of Nb2-C31 (Fig. 6b). The considerable WBI for the Nb1-C31 bond 

(0.535) indicated a meaningful bonding interaction between Nb1 and C31, which is also 

supported by the contour line diagram along Nb2-C31-Nb1 plane (Fig. 6d). The HOMO-25 of 3 

showed the end-to-end p-p orbital overlap between C and S that indicated the presence of σ-(C-

S) bonds of CS3 moiety (Fig. 6c). In addition, the computed C–S bond lengths (C31-S1, C31-S2 

and C31-S5) of 1.757, 1.762 and 1.787 Å are comparable to those observed in 3. The Laplacian 

electron density plot along the S1-S2-S5 plane displayed a high amount of charge concentrations 

and the BCPs between C31-S1, C31-S2 and C31-S5 bonds specified strong bonding interactions 

(Fig. 6e). 

(Fig. 6 near here) 

Complexes 4 and 5 were characterised by multinuclear spectroscopy, mass spectrometry as 

well as single crystal X-ray diffraction analysis. The 
11

B{
1
H} NMR spectra of both 4 and 5 

showed no resonances which suggested the formation of non-boron species. The 
1
H chemical 

shifts at δ = 2.32, 2.26 ppm (for 4) and 2.31, 2.24 ppm (for 5) were observed and that correspond 

to the methyl protons of two chemically and magnetically inequivalent Cp* ligands (Figs S9 and 

S12). The presence of Cp* units in complexes 4 and 5 is further corroborated by their respective 

13
C{

1
H} NMR spectrum (Figs S8 and S11). Along with the Cp* ligands, the 

1
H chemical shifts 

in the range of δ = 7.47-2.90 ppm (for 4) and δ = 7.43-4.15 ppm (for 5); and the 
13

C{
1
H} 

chemical shifts at δ = 55.7-47.8 ppm (for 4) and δ = 56.7-43.3 ppm (for 5) confirmed the 

                  



presence of methylene units. The molecular ion peak at m/z 898.9876 ([M+H]
+
) and 821.0310 

([M-Cl]
+
) were observed corresponding to the molecular formula of C23H37Ta2S7 (for 4) and 

C22H35Ta2S5 (for 5), respectively (Figs S10 and S13). Storage of concentrated hexane/CH2Cl2 

(40:60) solutions at 5°C allowed the isolation of diffraction quality purple and orange crystals of 

4 and 5, respectively.  

The solid-state X-ray structure of 4, shown in Fig. 7 (left), consists of two (Cp*Ta) units 

which are bridged by a sulfur, a methanedithiolate (S2CH2) and a (dimercaptomethyl)methane-

dithiolate (S4C2H3) unit. The methanedithiolate ligand is bridged via two sulfur atoms in 

{μ,κ
2
S''',S''''} fashion, whereas the other C2H3S4 moiety is bridged in {μ,κ

2
S:κ

2
S',S''} fashion. 

Notably, the coordination of (dimercaptomethyl)methanedithiolate unit towards the tantalum 

centres is exclusive as it coordinates to both the tantalum centres with three sulfur atoms. The 

unsymmetrical Ta–S bond distances (2.5641(14) vs 2.4470(13) Å) clearly indicate that the 

bridged sulfur atom is more loosely bonded with metal centres as compared to the terminal ones 

of the C2H3S4 ligand. The bridged sulfur atom (S6) of this ligand forms an acute bridge (∠Ta1-

S6-Ta2 = 73.49(4)°) with metal centres. The geometry around the sp
3
 hybridized carbon atoms 

(C22 and C23) of this ligand are slightly deviated from the regular tetrahedron (∠S4-C22-S5 = 

120.2(3)° and (∠S6-C23-S7 =118.7(3)°). The average C–S bond distance (1.820 Å) of the 

C2H3S4 unit is in the range of single bond length. The decrease in the Ta–Ta bond distance in 4 

(3.1156(3) Å), as compared to that of [(Cp*Ta)2(μ-S2CH-κ
2
C:κ

2
S,S')(μ-S)(μ-CHS3-

κ
2
S'':κ

2
S''',S'''')] (3.171 Å)

8
, is the resultant of decrease in the corresponding Ta-S-Ta angle. On 

the other hand, the sp
3
 hybridized carbon atom of methanedithiolate ligand lies in a distorted 

tetrahedral configuration (∠S1-C21-S2 = 115.9(3)°). 

(Fig. 7 near here) 

                  



In contrast, the solid-state X-ray structure of 5 consists of two {Cp*Ta} units which are 

bridged by methanedithiolate (S2CH2) ligands in two different coordination modes (Fig. 7 

(right)). One of the methanedithiolate moiety bridged two Ta centres through two sulfur atoms in 

{μ,κ
2
S,S'} fashion, whereas the other one is bridged in {μ,κ

2
S'':κ

1
S'''} fashion. Interestingly, this 

difference in the coordination of methanedithiolate units towards the tantalum centres is unique. 

Note that, the structure of 5 is disordered over two components with a site occupancy ratio of 

0.64:0.36 (Fig. S1). The bridged sulfur atom (S4) of the S2CH2 ligand in 5 also makes an acute 

bridge (∠Ta1-S4-Ta2 = 75.00(5)°) with the metals as observed in 4. This increase in Ta-S-Ta 

angle results in a longer Ta–Ta bond distance in 5 (3.1483(8) Å). All the four C–S bond lengths 

in methane-dithiolate ligands (C21-S1 = 1.85(2) Å, C21-S2 = 1.77(2) Å, C22-S4 = 1.90(2) Å and 

C22-S5 = 1.81(3) Å) are in range of a typical C–S single bond distance.
21

 In addition to the two 

methanedithiolate ligands, a chlorine atom is directly bonded to one of the tantalum centres with 

a Ta1-Cl1 bond distance of 2.463(14) Å which is similar to that observed in complexes 

[(Cp*TaCl)2(B5H11)] (2.465 Å), [Ta2(PMe3)4(Cl)4(H)2] (2.418 Å), and [(Cp*TaCl)2(B5H10Cl)] 

(2.441 Å).
22 

The computational analyses of 4 and 5 revealed that the structural parameters of their 

optimized geometries are in good agreement with the experimentally observed values. The MO 

analyses revealed a larger HOMO-LUMO gap for 5 (1.91 eV) than that of 4 (1.70 eV). The 

HOMO-11 of 4 shows the Ta1-H36-Ta2 interaction (Fig. S16a) which is also confirmed by the 

Contour-line diagram of the Laplacian of the electron density along the Ta1-H36-Ta2 plane (Fig. 

S16b). The HOMO-18 of 5 shows end-to-end Cl1-Ta2 (pz-   ) overlap of atomic orbitals (or the 

presence of Cl1-Ta2 covalent bond) (Fig. S17a) which is also supported by the contour line 

diagram along the Ta1-Ta2-Cl1 plane (Fig. S17b). 

                  



2.3 Synthesis of tantalum thiolate complex, 6 

Isolation of classical [B2H5]
-
 ion, I was achieved from the reaction of LiBH4·THF with 

[Cp*TaCl4] in presence of S2C·PPh3. Complex I was stabilized by binuclear tantalum template 

and methanedithiolate ligands.
9
 In order to isolate other diborane species, we reinvestigated this 

reaction under different reaction conditions. As a result, reaction of LiBH4·THF with [Cp*TaCl4] 

followed by thermolysis in presence of S2C·PPh3 was carried out. Although we did not able to 

isolate any diborane complexes, reaction yielded [(Cp*Ta)2(μ-S)(μ-S2CH2-κ
2
S,S')(μ-H)(μ-CHS3-

κ
2
S'':κ

2
S''',S'''')], 6 along with I and [(Cp*Ta)2(μ,η

2
:η

2
-B2H6)2]

22
, II (Scheme 3). The 

1
H chemical 

shift at δ = 2.23 ppm, corresponding to the Cp* protons in 6, are observed (Fig. S13) and further 

supported by the 
13

C{
1
H} NMR spectrum (Fig. S14). The absence of 

11
B{

1
H} signal for 6 

suggested a non-boron species. The mass spectrum of 6 displayed a molecular ion peak at m/z 

874.9845 [M+Na]
+
 (Fig. S15). Several attempts to obtain good crystals of 6 for single crystal X-

ray diffraction studies were unsuccessful. However, all the spectroscopic and mass spectrometric 

data along with the X-ray diffraction studies of a weakly diffracted crystal provided the core 

structure of 6 as [(Cp*Ta)2(μ-S)(μ-S2CH2-κ
2
S,S')(μ-H)(μ-CHS3-κ

2
S'':κ

2
S''',S'''')] (Fig. S2). 

Complex 6 consists of methanetrithiolate (HCS3) and methanedithiolate (H2CS2) ligands 

symmetrically bridged between two {Cp*Ta} units in {μ,κ
2
S,S'} and {μ,κ

2
S'':κ

2
S''',S''''} fashion. 

It is interesting to note that complexes 4, 5 and 6 are analogous to each other containing 

{S4C2H3}, {S2CH2} and {S3CH} ligands, respectively, in addition to the presence of a common 

methanedithiolate unit. 

(Scheme 3 near here) 

In order to understand the bonding situation in 4, 5 and 6, the computational studies were 

performed at the BP86/def2-TZVP level of theory. The MO analyses revealed that the HOMOs 

                  



of these complexes are localized over the S atoms (p orbital) whereas the LUMOs are mostly 

centred on both the tantalum atoms (d-orbital) along with a little contribution from the ligand. 

The WBI values of 0.32, 0.31 and 0.32 in 4, 5 and 6, respectively revealed a weak Ta–Ta 

bonding interaction. Further, the MO analysis showed that the HOMO-LUMO energy gap 

increases in the order 4 < 5 < 6 (Fig. 8). The NBO analyses revealed that the natural charge on 

both the Ta atoms is negative and quantitatively similar in 4 and 6. Whereas, in the case of 5, 

although the natural charge on Ta1 is negative as usual, it is positive on Ta2. This may be due to 

the direct Ta2-Cl bonding in which Cl atom acted as an electron withdrawing group. The natural 

charges on all the S atoms are positive due to charge transfer to metal centre except the bridging 

sulfur which is also reflected by the higher natural valence population as compared to other 

sulfur atoms. 

(Fig. 8 near here) 

Having a series of binuclear metal thiolate complexes in hand, we were interested to examine 

their structural parameters with other transition metal thiolate species, listed in Table 2.
8,23

 

Amongst the listed complexes, it is observed that as the metal centre varies, there is a change in 

M−M, M−S bond lengths as well as the M−S−M bond angle. For example, on moving from V-

complex 1 to Ta-complex 5, there is an increase in the M−M and avg. M−S bond distances from 

2.5548 Å to 3.1483 Å and 2.439 Å to 2.478 Å, respectively, which is further supported by 

calculated values (Table S1). The M−S−M bond angle also increases from 62.77° to 81.43°. This 

may be attributed to the increase in the atomic radius of the transition metal on moving from 

vanadium to tantalum, which results in the elongation of M−M and M−S bonds and causes the 

M−S−M bond angles to become less acute.
24

 In addition, the 
2
JH-H coupling constant for the 

                  



methanedithiolate protons in the listed tantalum thiolate complexes were found to be in the range 

of 10-13 Hz.  

(Table 2 near here) 

2.4 UV-vis absorption studies of complexes 1, 3, 4, 5 and 6 

The UV-vis absorption spectroscopy helped to measure the optical properties of complexes 1, 

3, 4, 5 and 6. Their UV-Vis spectra reveal multiple bands around 280-600 nm (Fig. 9). The high-

energy absorption bands around 280-290 nm are for the π−π* transition of Cp* ligands and that 

is characteristic of most of the Cp* based-metal complexes.
25

 The low-energy bands around 340-

550 nm are assigned to charge transfer bands.
8,26 

(Fig. 9 near here) 

To get information about the electronic transitions, time dependent DFT calculations were 

carried out. These calculations suggest that the possible numbers of transitions are more in 

complex 1 compared to those of 3, 4, 5 and 6 (Table S2-S6, Fig. S18-S22). This accounts for the 

paramagnetic behaviour observed in 1, showing α and β subspaces, whereas complexes 3, 4, 5 

and 6 are diamagnetic in nature. The molecular orbitals related to the most intense electronic 

transitions for 1, 3, 4, 5 and 6 are shown in Fig. S23-S27. In complex 1, the absorption near 341 

nm may be assigned to the electronic transition corresponding to HOMO-1(α)LUMO(α), 

HOMO-1(α)LUMO+2(α), which may be considered as an intramolecular MLCT transition. 

The low intensity absorptions near 463 and 543 nm could be the intramolecular LMCT 

transitions corresponding to HOMO(α)LUMO(α) and HOMO(α) LUMO+5(α), respectively. 

The absorption band at 347 nm for complex 3 corresponds to MLCT transitions, whereas the 

absorptions near 458 and 533 nm seem to be intramolecular LMCT transitions. Similarly, the 

absorptions at ~ 370 nm for complexes 4, 5 and 6 appear due to MLCT transitions, whereas 

                  



those in 432-511 nm region are mainly due to intramolecular LMCT transitions. A comparison 

among the low-intensity absorption bands ranged from 432-543 nm reveals a blue shift from V 

to Nb to Ta, which is also in accord with their HOMO-LUMO energy gaps. In contrast, a red 

shift is observed in case of high intensity absorption bands ranged from 341-371 nm. 

3. Conclusions 

In this report, we have demonstrated a series of binuclear thiolate
 
complexes of group-5 

metals  

and the studies show that the metal as well as the associated ligands play important roles in 

tuning the structural and electronic properties of these complexes. The V–V bond in the 

binuclear vanadium complex 1 influences the electronic properties of the complex. Furthermore, 

the vanadium thiolate complex provides structural model systems, which might be useful for the 

identification and understanding of vanadium-sulfur centres in metallobiomolecules. In the latter 

context, we have discussed the niobium complex 3, which shows a unique binding mode of 

trithiolate ligand. In addition to this, the tantalum complexes 4, 5 and 6 display a variety of 

thiolate ligands, such as (dimercaptomethyl)methanedithiolate, methanedithiolate and 

methanetrithiolate, coordinated to the tantalum centres. These complexes show diamagnetic 

behaviour in contrast to the vanadium complex 1. 

4. Experimental details 

4.1 General procedures and instrumentation 

All the syntheses were performed under argon atmosphere using standard Schlenk line and 

glove box techniques and all the solvents were purified by distillation method in presence of 

proper drying agents. CDCl3 was degassed through three freeze-pump-thaw cycles. The starting 

                  



materials [Cp*VCl2]3,
27

 [Cp*NbCl4],
28

 [Cp*TaCl4],
29

 [S2C·PPh3]
30

 and [(CH2S2)4B]Na5
7,8

 were 

synthesized following the corresponding literature. Thin-layer chromatography was performed 

using 250 mm aluminium supported silica gel TLC plates. Chemical shifts are referenced to 

residual solvent signals (
1
H/

13
C{

1
H}; CDCl3: δ = 7.26/77.16 ppm). The 6545 Qtof LC/MS 

instrument was used for recording mass spectra of all compounds. JEOL Model JES FA200 

instrument was used for the measurement of the electron paramagnetic resonance spectrum. UV-

vis spectra were recorded on a JASCO V–650 spectrometer. 

 

4.2 Synthesis of compound 1 

A freshly prepared solution of [(CH2S2)4B]Na5 (0.013 mmol in 10 mL tetrahydrofuran, 

0.0013 mol/L) was added dropwise in the toluene (10 mL) solution of [Cp*VCl2]3, (0.05g, 0.065 

mmol), taken in a flame dried Schlenk tube, over 15 min at -78 °C. The reaction mixture was 

stirred vigorously and kept at 60 °C for 6 hours. Then the solvent was dried using vacuum and 

the solid deposit was extracted using the hexane/THF (90:10 v/v) solution mixture and ran 

through a G3 sintered frit partially filled with cotton. Then the volatiles were removed under 

vacuum and the chromatographic workup was carried out on silica gel TLC plates using the solid 

residue. The hexane/toluene (80:20 v/v) solution mixture was used as eluent and that allowed us 

to isolate yellow 1 (0.003 g, 11%) and 2
8
 (0.007 g, 32%). 

1: MS (ESI
+
) calcd for C22H33V2S5

+
 [M+H]

+
 m/z 559.0064, found 559.0039; UV-Vis 

[CH2Cl2, λ, nm]: 341, 463, 543. Well-grounded solid powder of complex 1 (~7 mg) was 

loaded into a sample holder under argon atmosphere and the X-band EPR spectrum was 

recorded at 77 K using the following parameters. Microwave frequency = 9136.87 MHz, 

                  



microwave power = 0.99800 mW, modulation frequency = 100.00 kHz, modulation 

amplitude CH1= 100.0, CH2 = 2.0, field centre = 400 mT, time constant CH1 = 0.1 s, 

CH2 = 0.03 s and sweep time = 2.0 min. 

4.3 Synthesis of compound 3 

A freshly prepared solution of [(CH2S2)4B]Na5 (0.027 mmol in 10 mL 

tetrahydrofuran, 0.0027 mol/L) was added dropwise in the toluene (10 mL) solution of 

[Cp*NbCl4], (0.05g, 0.136 mmol), taken in a flame dried Schlenk tube, over 15 min at -78 

°C. The reaction mixture was stirred vigorously and kept at 60 °C for 6 hours. Then the 

solvent was dried using vacuum and the solid deposit was extracted using the 

hexane/CH2Cl2 (60:40 v/v) solution mixture and ran through a G3 sintered frit partially 

filled with cotton. Then the volatiles were removed under vacuum and the 

chromatographic workup was carried out on silica gel TLC plates using the solid residue. 

The hexane/CH2Cl2 (60:40 v/v) solution mixture was used as eluent and that allowed us 

to isolate green 3 (0.005 g, 16%), and [(Cp*Nb)2(μ,η
2
:η

2
-SH3B)(μ-S)(μ-H2CS2-κ

2
S,S')]

8
 

(0.005 g, 11%). 

3: MS (ESI
+
) calcd for C21H31Nb2S5

+ 
 [M+H]

+
 m/z 628.9157, found 628.9130; 

1
H 

NMR (CDCl3, 500 MHz, 22 ºC): δ = 2.17 ppm (s, 30H; 2×Cp*); 
13

C{
1
H} NMR (CDCl3, 

125 MHz, 22
 
ºC): δ = 12.8 ppm (s, C5Me5); UV-Vis [CH2Cl2, λ, nm]: 347, 458, 533. 

4.4 Synthesis of compounds 4 and 5 

A freshly prepared solution of [(CH2S2)4B]Na5 (0.022 mmol in 10 mL 

tetrahydrofuran, 0.0022 mol/L) was added dropwise in the toluene (10 mL) solution of 

[Cp*TaCl4], (0.05g, 0.110 mmol), taken in a flame dried Schlenk tube, over 15 min at -78 

°C. The reaction mixture was stirred vigorously and kept at 60 °C for 6 hours. Then the 

                  



solvent was dried using vacuum and the solid deposit was extracted using the 

hexane/CH2Cl2 (40:60 v/v) solution mixture and ran through a G3 sintered frit partially 

filled with cotton. Then the volatiles were removed under vacuum and the 

chromatographic workup was carried out on silica gel TLC plates using the solid residue. 

The hexane/CH2Cl2 (40:60 v/v) solution mixture was used as eluent and that allowed us 

to isolate purple 4 (0.009 g, 28%) and orange 5 (0.005 g, 15%) along with [(Cp*Ta)2(μ-

S){μ-(BH2S)(CH2S)2(BS3)-κ
2
B:κ

2
S:κ

4
S',S'',S''', S''''}]

8
 (0.012 g, 24%). 

4: MS (ESI+) calcd for C23H37Ta2S7
+
 [M+H]

+
 m/z 898.9900, found 898.9876; 

1
H 

NMR (CDCl3, 500 MHz, 22 °C): δ = 9.46 (s, 1H, Ta-H-Ta), 7.47 (s, 1H, CHS3), ), 6.45 

(d, 
2
JH−H = 10.2 Hz, 1H, CH2S2), 4.28 (d, 

2
JH−H = 10.7 Hz, 1H, CH2S2), 3.24 (d, 

2
JH−H = 

7.7 Hz, 1H, CH2S2), 2.90 (d,
 2

JH−H = 10.7 Hz, 1H, CH2S2), 2.32, 2.26 ppm (s, 30H, 

2×Cp*); 
13

C{
1
H} NMR (CDCl3, 125 MHz, 22

 
°C): δ = 120.5, 120.0 (s, C5Me5), 55.7 (s, 

CHS3), 49.9, 47.8 (s, CH2S2), 12.7, 12.6 ppm (s, C5Me5); UV-Vis [CH2Cl2, λ, nm]: 371, 

511. 

5: MS (ESI+) calcd for C22H35Ta2S5
+
 [M-Cl]

+
 m/z 821.0302, found 821.0310; 

1
H 

NMR (CDCl3, 400 MHz, 22 °C): δ = 10.77 (s, 1H, Ta-H-Ta), 7.43 (d, 
2
JH−H = 11.1 Hz, 

1H, CH2S2), 5.95 (d, 
2
JH−H = 10.6 Hz, 1H, CH2S2), 4.55 (d, 

2
JH−H = 10.6 Hz, 1H, CH2S2), 

4.15 (d,
 2

JH−H = 10.6 Hz, 1H, CH2S2), 2.31, 2.24 ppm (s, 30H, 2×Cp*); 
13

C{
1
H} NMR 

(CDCl3, 100 MHz, 22 °C): δ = 120.9, 119.4 (s, C5Me5), 56.7 (s, CH2S2), 43.3 (s, CH2S2), 

12.6, 12.3 ppm (s, C5Me5); UV-Vis [CH2Cl2, λ, nm]: 369, 432, 504. 

4.5 Synthesis of compound 6 

                  



A 2.0 M LiBH4.THF solution (0.7 mL) was added dropwise in the toluene (10 mL) 

solution of [Cp*TaCl4], (0.100 g, 0.22 mmol), taken in a flame dried Schlenk tube, over 

15 min at -78 °C. The mixture was allowed to stir for 1 hour, then the freshly prepared 

solution of excess S2C·PPh3 (0.075 g of PPh3 dissolved in 6 mL of CS2) was added over 

5 min and the reaction mixture was stirred vigorously and kept at 60 °C for 6 hours. The 

reaction mixture color changed from yellow to brown. Then, the solvent was dried using 

vacuum and the solid deposit was extracted using the hexane/CH2Cl2 (40:60 v/v) 

solution mixture and ran through a G3 sintered frit partially filled with cotton. Then the 

volatiles were removed under vacuum and the chromatographic workup was carried out 

on silica gel TLC plates using the solid residue. The hexane/CH2Cl2 (40:60 v/v) solution 

mixture was used as eluent and that allowed us to isolate orange 6 (0.014 g, 15%) and 

[(Cp*Ta)2(μ-S2CH2-κ
2
S:κ

2
S')2(μ-H)(μ,η

2
:η

2
-B2H5)]

9
 7 (0.0125 g, 14%) and 

[(Cp*Ta)2(B2H6)2]
22

 (0.025 g, 33%). 

6: MS (ESI+) calcd for C23H37Ta2S7Na
+
 [M+Na]

+
 m/z 874.9842, found 874.9845; 

1
H  

NMR (CDCl3, 500 MHz, 22 °C): δ = 11.34 (s, 1H, Ta-H-Ta), 7.37 (s, 1H, CHS3), 7.34 

(dd, 
2
JH−H = 10.4 Hz, 1H, CH2S2), 6.02 (d, 

2
JH−H = 10.4 Hz, 1H, CH2S2), 2.23 ppm (s, 

30H, 2×Cp*); 
13

C{
1
H} NMR (CDCl3, 125 MHz, 22

 
°C): δ = 119.6 (s, C5Me5), 68.1 (s, 

CHS3), 

25.8 (s, CH2S2), 12.4 ppm (s, C5Me5); UV-Vis [CH2Cl2, λ, nm]: 370, 473. 

4.6 X-ray structure determination 

The crystal data of 1 and 6 were collected and integrated using Bruker APEX3 

diffractometer with graphite monochromated Mo-Kα (λ = 0.71073 Å) radiation at 296(2) K. The 

                  



crystal data of 3 and 4 were collected and integrated using D8 VENTURE Bruker AXS 

diffractometer with graphite monochromated Mo-Kα (λ = 0.71073 Å) radiation at 150(2) K. The 

crystal data of 5 was collected and integrated using Bruker APEX2 diffractometer with graphite 

monochromated Mo-Kα (λ = 0.71073 Å) radiation at 296(2) K. The molecular structure of 1 was 

solved by heavy atom methods using SHELXT-2014/5 and refined using SHELXL-2018/3.
31

 

The structures of 3 and 4 were solved by heavy atom methods using SHELXT-2014/4 and 

refined using SHELXL-2017/1.
31

 The structures of 5 and 6 was solved by heavy atom methods 

using SHELXS-97 and refined using SHELXL-2018/3.
31

 Olex
2
 software was used to draw all the 

molecular structures.
32

 The non-hydrogen atoms were refined with anisotropic displacement 

parameters. All hydrogens could not be located in the difference Fourier map for compound 4. 

(Table 3 near here) 

4.7 Computational details 

Geometry optimizations and electronic structure calculations were carried out on the 

Gaussian 09 program
33

 package using the BP86 functional
34

 and the triple-ζ quality basis set 

def2-TZVP
35

. In compound 1 both the vanadium centers are in (+III) oxidation state i.e. d
2
 

electronic configuration. So, there are possibilities of both, low spin diamagnetic singlet state 

(multiplicity = 1) configuration and high spin triplet state (multiplicity = 3) configuration. And 

calculation shows that the triplet spin state (E = -4737.74600201 a.u.) is more stable than 

diamagnetic singlet spin state (E = -4737.73137247 a.u.) by 0.01462954 a.u. In case of 

compound 3, 4, 5 and 6 both the metal centers are in (+V) oxidation state i.e. d
0
 electronic 

configuration. So, there is the only possibility of the low spin diamagnetic singlet state 

configuration. Therefore, for the optimization and other theoretical analyses of compound 1, 

multiplicity = 3 and for other molecules, multiplicity = 1 has been considered. Vibrational 

                  



analyses were carried out for all structures, and the absence of any imaginary frequency 

confirmed that all structures represent minima on the potential energy hypersurface. The gauge 

including atomic orbital (GIAO)
36

 method was employed to calculate the NMR chemical shifts 

of the BP86/def2-TZVP optimized geometries using the hybrid Becke−Lee−Yang−Parr 

(B3LYP)
37

 functional and aforementioned basis set. For computing 
1
H NMR chemical shift, 

TMS(SiMe4) has been taken as the internal standard (shielding constant 31.92 ppm). Natural 

bonding analyses were performed with the NBO partitioning scheme, as implemented in the 

Gaussian 09 suite of programs.
38

 Wiberg bond indexes (WBI) were obtained on NBO analysis.
39

 

All the optimized structures and orbital plots were generated by using visualization programs, 

such as Gaussview
40

 and Chemcraft
41

. In order to understand the nature of bonding of the 

synthesized molecules in greater detail, the topological properties of the resultant electron 

density, ρ, obtained from the wave functions of all of the optimized structures were analyzed 

with the quantum theory of atoms in molecules (QTAIM).
42

 QTAIM analysis was carried out 

utilizing the Multiwfn, V.3.6, package
43

 whereas the wave functions were generated with 

Gaussian 09 at the same level of theory as that used for geometry. 
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Scheme 1 Syntheses of vanadium thiolate complexes. 

Scheme 2. Syntheses of thiolate complexes of niobium and tantalum. 

Scheme 3. Synthesis of thiolate complex of tantalum 6. 

 

Fig. 1. Molecular structure and labelling diagram of 1. Selected bond lengths (Å) and 

angles (°) are: V1-S1 2.4550(10), V1-S2 2.4484(10), V1-S4 2.4256(10), V1-S5 

2.4247(10), V1-V2 2.5548(7), V2-S1 2.4504(10), V2-S2 2.4507(10), V2-S4 

2.4318(10), V2-S5 2.4228(10), C21-S1 1.747(4), C21-S2 1.751(4), C21-S3 

1.622(4), C22-S4 1.835(4), C22-S5 1.833(4); V1-S1-V2 62.77(3), V1-S2-V2 

62.87(3), V1-S4-V2 63.47(3), S1-C21-S2 106.24(18), S4-C22-S5 99.43(19). 

Fig. 2. (a) α-SOMO-2, (b) α-SOMO-9 and (c) α-SOMO-13 of 1. Contour values are 

±0.04 (e/bohr
3
)
1/2

. (d) and (e) Contour line diagram of the Laplacian of the 

electron density (∇2
ρ(r)) in V1-S1-V2 plane and the perpendicular plane with 

respect to V–V bond. The dashed black line displays the area of charge depletion 

(∇2
ρ(r) > 0) and the solid red line shows the area of charge concentration (∇2

ρ(r) 

< 0). Deep Brown line indicates the bond path whereas blue dot depicts the bond 

critical point (BCP). 

Fig. 3.  X-band EPR spectrum of the solid sample of complex 1 recorded at 77 K with 

microwave frequency of 9.136 GHz. 

Fig. 4. Molecular orbitals showing α and β subspaces for the antiferromagnetically 

coupled vanadium centres in 1. Contour values are ±0.05 (e/bohr
3
)
1/2

. 

Fig. 5. Molecular structure and labelling diagram of and 3. The protons of Cp* rings are 

not shown for clarity. Selected bond lengths (Å) and angles (
ο
) are: Nb1-S1 

2.4557(7), Nb1-S2 2.4412(7), Nb1-Nb2 2.9705(3), C31-S1 1.756(3), C31-S2 

1.746(3), C31-S5 1.776(3), Nb2-S5 2.3977(7), Nb1-C31 2.259(2); S1-C31-S2 

                  



112.26(14), S1-C31-S5 123.46(16), S2-C31-S5 123.92(15), C31-S5-Nb2 

86.26(8), S5-C31-Nb1 125.15(13). 

Fig. 6. (a) HOMO-1, (b) HOMO-8 and (c) HOMO-25 of 3. Contour values are ±0.04 

(e/bohr
3
)
1/2

. (d) and (e) Contour line diagram of Laplacian of the electron density 

∇2
ρ(r) in Nb2-Nb1-C31 and S1-S2-S5 plane, respectively. The dashed black line 

displays the area of charge depletion (∇2
ρ(r) > 0) and the solid red line shows the 

area of charge concentration (∇2
ρ(r) < 0). Deep Brown line indicates the bond 

path whereas blue dot depicts the bond critical point (BCP). 

Fig. 7. Molecular structure and labelling diagram of 4 (left) and 5 (right). The bridging 

hydrogen atom and the protons of Cp* rings are not shown for clarity. Selected 

bond lengths (Å) and angles (°) are: 4: Ta1-S1 2.4389(14), Ta1-S4 2.4470(13), 

Ta1-S6 2.5641(14), Ta2-S5 2.4419(14), Ta1-Ta2 3.1156(3), S1-C21 1.826(6), S4-

C22 1.826(6), S6-C23 1.838(6), S7-C23 1.792(6), S7-C22 1.821(6); C21-S1-Ta1 

106.7(2), Ta2-S3-Ta1 80.72(4), C22-S4-Ta1 113.1(2). 5: Ta1-S3 2.411(4), Ta1-

S1 2.392(6), Ta1-S4 2.600(2), Ta1-S5 2.544(16), Ta1-Ta2 3.1483(8), Ta2-Cl1 

2.463(14), Ta2-S4 2.590(17), S1-C21 1.850(2), S4-C22 1.900(2); C21-S1-Ta1 

108.7(7), Ta2-S3-Ta1 81.43(13), C22-S4-Ta1 93.00(9). 

Fig. 8. Comparison of frontier molecular orbitals of 4, 5 and 6; respectively. Contour 

values are ±0.04 (e/bohr
3
)
1/2

. 

Fig. 9.  Combined UV-vis spectra of 1, 3, 4, 5 and 6 in CH2Cl2. 

Table 1.  Examples of transition metal complexes with unique coordination modes of 

bridging {μ-CS3} ligand. 

Table 2. Selected structural and spectroscopic parameters of binuclear metal thiolate 

complexes. 

Table 3. Crystal data and structure refinement details for compounds 1, 3, 4 and 5. 

                  



Scheme 1 

 

 

Scheme 2 

 

 

 

Scheme 3 

 

 

 

 

 

                  



 

Fig. 1  

 

 

 

Fig. 2  

                  



 

Fig. 3 

 

Fig. 4 

                  



 

Fig. 5 

 

 

 

 

                  



 

Fig. 6 

 

Fig. 7 

                  



 

 

 

 

 

 

Fig. 8 

                  



 

Fig. 9 

 

                  



Table 1 

Complex Metal (M) ∠S-C-S (°)
a
 Ref. 

 

Mo, Ni
b
, 

Pd
b
, Re

b 
110.6  12c, 21a,b 

 

 

Mo 

 

119.6 

 

20 

 

 

Mo, Rh,  

Au, V (1) 

 

121.8 (Mo), 119.9 (Rh), 

120.0 (Au), 114.8 (V) 

 

19a, 21c,d, 

This work 

 

 

Nb (3) 

 

119.9 

 

This work 

a
 = Average, 

b
 = structural data not available. 

                  



Table 2 

Complex Structural parameters Spectroscopic data Ref. 

d(M-M) (Å) davg(M-S) (Å) M-S-M (°) δH (ppm, 
2
JH-H (Hz))

a
 

 

 

2.698(3) 

 

2.419 

 

67.8 

 

- 

 

23 

 

 

2.5548(7) 

 

2.439 

 

62.77 

63.47 

 

- 

 

this work 

 

 

2.9705(3) 

 

2.417 

 

75.81 

76.36 

 

- 

 

this work 

 

 

3.173 (Nb) 

 

3.171 (Ta) 

 

2.441 (Nb) 

 

2.457 (Ta) 

 

77.90 (Nb) 

88.04 (Nb) 

77.99 (Ta) 

82.61 (Ta) 

 

6.93, 6.33 

 

7.07, 5.55 

 

8 

 

 

3.1155(3) 

 

2.472 

 

73.49 

80.71 

 

6.45 (10.2), 4.28 (10.7), 

3.24 (7.7), 2.90 (10.7) 

 

this work 

 

 

3.1483(8) 

 

2.478 

 

75.00 

81.43 

 

7.43 (11.1), 5.95 (10.6), 

4.55 (10.6), 4.15 (10.6) 

 

this work 

 

 

 

- 

 

 

- 

 

 

- 

 

 

7.34 (10.4), 6.02 (10.4) 

 

 

this work 

 

 

2.9882(5) 

 

2.490 

 

70.39 

 

6.68 (13.7), 6.24 (10.7), 

4.61 (13.7) 

 

8 

a
 = for methylene or methine protons, avg = average, V = Cp*V, Nb = Cp*Nb and Ta = Cp*Ta 

                  



Table 3 

Complex 1 3 4 5 

CCDC no. 1945969 1945970 1945975 2071639 

Empirical formula C22H32V2S5 C21H30Nb2S5 C23H35Ta2S7 C22H35Ta2S5Cl 

Formula weight 558.65 628.57 897.83 857.15 

Crystal system Monoclinic Triclinic Monoclinic Monoclinic 

Space group P21/c P-1 P21/c P21/c 

a (Å) 10.4292(3) 9.1745(3) 16.8392(6) 11.9775(17) 

b (Å) 14.6090(4) 15.1004(5) 13.6634(5) 29.366(3) 

c (Å) 16.9179(4) 19.1683(7) 16.1271(6) 8.2341(9) 

α (°) 90 103.318(2) 90 90 

β (°) 103.869(2) 101.8920(10) 107.345(2) 109.978(2) 

γ (°) 90 100.3930(10) 90 90 

V (Å
3
) 2502.47(12) 2455.20(15) 3541.8(2) 2722.0(6) 

Z 4 4 4 4 

ρcalcd (g/cm
3
) 1.483 1.700 1.684 2.092 

μ (mm
-1

) 1.172 1.365 6.597 8.525 

F(000) 1160 1272 1724 1640 

R1 0.0397 0.0315 0.0332 0.0516 

wR2 0.0720 0.0779 0.0695 0.1140 

Independent 

reflections 

3511 9334 6598 3537 

2θ≤ (°) 50.00 54.966 54.966 50.00 

Parameters 272 525 299 313 

 

 

                  



 

                  


