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SYNOPSIS 

The chemistry of molybdenum with sulfur donor ligands is unique when compared to 

other transition metal ions'. The diversity in structural and reactivity characteristics of 

Mo/S complexes is an important reason for the continuing research in this rapidly growing 

field. Interest in sulfur containing compounds of Mo and W is also due to their 

implications in bioinorganic chemistry and industrial catalysis 2 . Sulfur coordinated 

transition metals engage in facile electron and proton transfer processes which are 

important for active-site turnover in biosystems. In industry, metal sulfides such as MoS2 

and WS2  are central to hydrotreating catalysis including removal of sulfur 

(hydrodesulfurisation), nitrogen (hydrodenitrogenation), oxygen (hydrodeoxygenation) 

and metals (hydrodemetalation) from petroleum fractions. In view of their importance in 

existing systems and their potential use in future systems a better understanding of metal 

sulfide complexes may prove valuable in the design of the next generation catalysts and 

newer materials with novel properties. In this context, the present work has been 

undertaken on the synthetic and reactivity aspects of Mo/W-S chemistry and the results of 

these investigations are presented in the thesis entitled, "Synthesis and Spectroscopic 

Characterization of Sulfur Bridged Heterometal Complexes Derived from 

Tetrathiomolybdate and Tetrathiotungstate Ligands". The thesis consists of five 

chapters. 

The metals Mo and W exhibit a wide variety of stereochemistries in addition to the variety 

of oxidation states and their chemistry has been described as the most complex of the transition 

elements3. The metals occur in nature as molybdenite (MoS 2,), wulfenite (PbMoO 4), 

wolfmmite (FeWO4), scheelite (CaWO4) and stolzite (PbWO4). The oxometalate anions 

(M04)2-  (M=Mo,W) with the metals in their highest oxidation states namely +6 are routinely 

used as starting materials to develop the synthetic inorganic chemistry of these metals. An 

extensive chemistry of the oxomolybdates and oxotungstates has been developed and is well 

documented in the literature. The chemistry of isopolymetalates and heteropolymetalates 

derived from (M04) 2-  ions is included in all standard inorganic chemistry textbooks 3. On the 

contrary, the chemistry of the corresponding thioanions (MS 4)2-  differs considerably from that 

of the corresponding oxoanions and is relatively less explored 4 . 
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The second chapter outlines the scope of the present work. The thiomolybdates and 

thiotungsates are versatile reagents in synthetic inorganic chemistry as they are ligands 

which are purely inorganic in nature and differ in reactivity from their corresponding 

oxoanalogs. These can give rise to S-bridged homo and hetero bi, tri, tetra and 

multinuclear complexes which exhibit interesting structural features or have unusual 

electronic properties due to marked electronic delocalisation. A typical feature of many 

heterobimetallic complexes is the presence of a unique S-bridged four membered ring 

system {M'(.t-S) 2  M} with different formal valencies of M and M' 4 . 

The reactions of the thiomolybdates and thiotungstates with bivalent metals like Ni, 

Pd, Pt etc in the presence of a counter cation like tetraalkylphosphonium results in the 

formation of the bis(thiometalate) complexes of the formula [M'(MS 4)2] 2  as shown in 

equation 1. 

M'(II) + 2(MS4) z + 2(13 114FT 	> (Ph4P)2[M'(MS4)2] 	... eq. 1 

M'(II) + (MS4) 2-  	> M'S + MS3 	... eq. 2 

M'(II) + (MS4) 2-  + n L 	> [1.1\4'(1-t-S)2MS2] 	... eq. 3 

However in the absence of cation the only products that are obtained are a mixture of 

amorphous metal sulfides M'S and MS 3  as shown in equation 2. A synthetic strategy to 

prevent the sulfide formation and to produce discrete heterometal complexes is outlined. 

The strategy involves the use of neutral coligand (L) 6  in the place of counter cation which 

can lead to the isolation of a mixed ligand complex as shown in equation 3. Although the 

thiometalates have been complexed with several metals (both transition and non 

transition), no report of the Pb-thiometalate complexes is available in the literature. The 

corresponding oxometalate complexes like PbMoO 4  are well documented and are 

routinely encountered in gravimetric analysis. The affinity of Pb for S donor ligands and 

the paucity of Pb thiometalate promises that this aspect is worth investigating. Most of the 

earlier reports have utilised the ligational behavior of the thiometalates but little attention 

has been directed on the use of thiometalates as counter anions. It is of interest to explore 

the use of tetrathiometalates as counter anions to stabilize cationic metal complexes. 
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The third chapter presents the experiments directed towards this research endeavor 

and has been divided into eight sections. Section 3.1 describes the methods of analysis and 

work-up of newly prepared complexes. Section 3.2 presents the procedure for the 

preparation of the ammonium salts of tetrathiometalates and the organic diammonium 

(dicationic) salts of tetrathiometalates. Sections 3.3 and 3.4 describe the synthesis of 

discrete neutral hexacoordinated mixed ligand thiometalate of Ni(II) and Fe(II) of the 

general formula [L2M'(.t-S) 2MS2] and the other series of cationic complexes [L3MIMS41 

The amines used in this investigation include 1,2-diaminoethane (en), 1,3-diaminopropane 

(1,3-pn) and 1,2-diaminopropane (1,2-pn). Section 3.5 discusses the synthesis of S-

bridged heterobimetallic hexacoordinate neutral complexes of Zn and Cd in the presence 

of aromatic diimines like o-phenanthroline and 2,2'-bipyridine. The reactions of lead(II) 

with thiometalates have been investigated in the absence as well as in the presence of 

counter cations. Both alkali metal ions as well as quaternary ammonium salts have been 

used as counter cations and the details of these reactions are incorporated in section 3.6. 

Section 3.7 details the synthetic procedures for the formation of cationic amine complexes 

of Zn(II) and Mn(II) using thiometalates as counter anions having the general formula 

[L,IM1[MS4] where M' = Zn, Mn; L = NH3 , en, 1,2-pn and 1,3-pn and n can be 3, 4 or 6. 

A few Mn doped Zn amine complexes have also been prepared. The reactions of vanadium 

sources and chromium (III) sources with thiometalates are summarized under section 3.8. 

The synthetic aspects and physicochemical as well as the structural investigations of 

the newly synthesized complexes are elaborated in chapter 4. The reactions of Zn(II) and 

Cd(II) with aromatic diimines and (NH4)2MS4 in the ratio 1:2:1 in an aqueous alcoholic 

medium results in the formation of the S-bridged complexes in high yield. The attempted 

exchange of ammonium ions of thiometalates for divalent metals like Ni(II), Zn(II) etc. 

results in the formation of X-ray amorphous sulfides whereas the use of hexammine 

complexes produce discrete cationic amine salts. These salts exhibit interesting reactivity 

characteristics like reversible uptake of ammonia as shown below. 

[WNHA]MS4  	[M'MS4] + n NH3 	 ... eq. 4 
where M' = Ni, Zn; M = Mo and W; n = 6 or 4. 



By suitably altering the reaction conditions and using aliphatic diamines like en, 1,2-pn, 

and 1,3-pn as coligands, the discrete S-bridged hexacoordinate complexes as well as the salts 

of thiometalates are formed in very good yield. The formation of neutral as well as the salts 

depends on the nature as well as on the amount of amine used in the reaction. The complex 

[(1,3-pn)3Ni]MS4  is converted to the S-bridged mixed ligand complex [(1,3-pn)2Ni(g-S)2MS2] 

by stirring in water. The synthesis of the trinuclear bis(thiometalato) complexes of Pb in the 

presence of bulky counter cation have been achieved in aqueous and non aqueous conditions. 

These complexes are soluble in organic solvents. 

The complexes have been studied by elemental analysis, vibrational, electronic and 

electron spin resonance spectroscopy, magnetic susceptibility measurements, X-ray 

powder diffraction, TG/DTA, isothermal weight loss studies, and cyclic voltametry. The 

bidentate nature of the thiometalate ligands and the presence of the S-bridged bimetallic 

moiety {M'(µ-S) 2M} in the hexacoordinate mixed ligand complexes has been 

unambiguously identified by means of characteristic infra red signatures. The electronic 

spectra of the neutral S-bridged hexacoordinate complexes show essentially ligand internal 

transitions corresponding to those of the free thiometalate ions as well as the diimines. The 

Mn(II) complexes have been investigated by esr and the Mn(II) doped Zn(II) complexes 

exhibit characteristic hyperfine esr spectra. The hexacoordinate neutral complexes of 

Ni(II) are paramagnetic and are inferred to have octahedral structure. The coordinated S-

bridged bimetallic compounds of Ni(II), Fe(II), Zn(II), Cd(II) and the cationic complexes 

when thermally decomposed 8  lose two or three molecules of the coordinated diamine or 

diimine at temperatures above 350°C, resulting in the formation of mixed metal sulfides 

under inert conditions. The X-ray powder pattern of the complexes indicate that these 

compounds are isostructural. The structure of the ethylenediammonium 

tetrathiomolybdate (Fig.2) has been characterized by single crystal X-ray crystallography 9 . 

This compound crystallizes in the orthorhombic space group P212 1 21 with the following 

unit cell dimensions for C 2H i oN2S4.Mo (M=286.3) a=8.582(5) A, b=9.276(5) A, 

c=11.792(5) A, a = = y = 90° v=938.7(8) A', Z=4, De= 2.026 g.cm-3  11=2.214 cm' 

R 1 =0.0293, R,F0.0828 for 1226 reflections with I2.06 (I). 



S2 

N1 

N2 

S1 

Fig.2. Molecular structure and crystallographic numbering scheme 
employed for ethylenediammonium tetrathiomolybdate. 
H atoms have been omitted for clarity. 

The last chapter summarizes the results of the present investigations. A few important 

conclusions are as follows: 

1) Passage of H2S gas into an aqueous solution of (Mo0 4 )2" in the presence of en, results 

in the formation of the stable ethylenediammonium tetrathiomolybdate, which has been 

characterized by single crystal X-ray crystallography. 
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2) The ligand characteristics of thiometalates have been fully exploited and several new 

S-bridged neutral heterometal complexes of the bivalent metal ions like Zn(II), Cd(II) 

Ni(II), and Fe(II) have been synthesized and characterized. 

3) The complex, [Ni(1,3-pn)3][MS 4] can be readily converted to the S-bridged bimetallic 

complex [( 1 , 3-PONi(11- S)2MS2i. 

4) Tetrathiometalates have been used as counter anions to stabilize cationic amine 

complexes of Zn(II), Ni(II) and Mn(II). These complexes exhibit interesting reactivity 

characteristics like reversible uptake of ammonia. 

5) The first example of a Pb-thiometalate complex stitched via S bridges is reported. 

6) The complexes synthesized can be useful precursors for the preparation of mixed metal 

sulfides.  

The thesis ends with some recommendations for future work. 
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CHAPTER 1 

INTRODUCTION 

The chemistry of molybdenum with sulfur donor ligands is unique when 

compared to other transition metals [1]. The diversity in structural and reactivity 

characteristics of Mo/S complexes is an important reason for continuing research in 

this rapidly growing field. Interest in sulfur containing compounds of Mo and W is 

also due to their implications in bioinorganic chemistry and industrial catalysis [2, 3]. 

Sulfur coordinated transition metals engage in facile electron and proton transfer 

processes which are important for active site turn—over in biosystems. In industry 

metal sulfides such as MoS2 and WS Z  are central to hydrotreating catalysis including 

removal of sulfur (hydrodesulfurization), nitrogen (hydrodenitrogenation) and metal 

(hydrodemetalation) from petroleum fractions. In view of their importance in existing 

systems and their potential use in future systems a better understanding of metal 

sulfide complexes may prove valuable in the design of the next generation catalysts 

and newer materials with novel properties. In this context, the present work has been 

undertaken on the synthetic and reactivity aspects of Mo/W—S chemistry and the 

results of these investigations are presented in this thesis. The thesis is subdivided 

into five chapters. The first chapter introduces the chemistry of thiomolybdates and 

thiotungstates. A systematic survey of these compounds encompassing their synthetic 

aspects, physical properties, chemical reactivity and spectroscopic investigations will 

be discussed. The chemistry of related thiovanadates, thiorhenates and 

selenometalates has been included for comparative purpose . 

The metals Mo and W exhibit a wide variety of stereochemistries in addition to 

a variety of oxidation states and their chemistry has been described as the most 

complex of the transition elements [4]. Mo and W are similar chemically although 

they differ noticeably in their reactivities towards various reagents. Molybdenum has 

a high affinity for sulfur as can be seen from the natural occurence of molybdenum as 

molybdenite (MoS2). The other sources of Mo and W are wzdfenite (PbMoO4), 



wulfrarnite (FeW04), scheehte (CaWO4) and stolzite (PbWO 4). Molybdenum is the 

only second row transition element which is widely available to biological systems 

due to solubilities of its high-valent oxides in water and is found as an integral 

component of the multinuclear M center of nitrogenases [5] and as mononuclear 

active sites of much more diverse group of enzymes that function catalytically in 

oxygen transfer [6]. It occurs in more than thirty enzymes, it may be replaced in some 

by W and V. W is the only element in the third transition series known to have 

biological functions. W occurs in enzymes that usually contain Mo. However there 

are now well established tungsten enzymes as well [7]. 

The oxometalates anions (Mo00 2-  M = Mo, W with the metals in their highest 

oxidation states namely VI are routinely used to develop the synthetic chemistry of 

these metals. Sulfur can replace oxygen isomorphously in several compounds but 

such substitution when applied to molybdenum often leads to the formation of 

molybdenum sulfur compounds entirely unrelated to those containing only oxygen 

[4]. Many oxygen containing molybdenum compounds have no corresponding sulfur 

analogs as in the case of isopoly and heteropoly compounds [8]. Similarly the oxo 

and peroxo analogs of polythiomolybdates like (Mo3S13) 2-, (Mo2S12) 2 , and 

(Mo2S02-  are unknown. The chemistry of isopoly and heteropolymetalates derived 

from (Mo04)2-  is included in all standard inorganic text books. In addition to the 

traditional iso and hetero polyanions several high nuclearity polyoxometalates with 

fascinating structures like [(Moi54(N0)14042o(OH)28(H20)70)] (2515)-  which has a wheel 

like structure [9], [Asi2Cal6(H20)36W1480154] 76-  [10] and the inorganic super 

fullerene and Keplerate [11] based on molybdenum oxide containing 132 Mo have 

been synthesized. This area has been recently reviewed [12, 13]. The corresponding 

sulfur analogs are unknown. Since the present work describes Mo-W/S chemistry, 

only the chemistry of Mo/W compounds with S donor ligands will be emphasized. 

The existence of many molybdenum sulfides has been reported in the literature. 

Of these only MS2, MS3, Mo2S3, Mo2S5 are well established. The solution chemistry 

of these sulfides is unknown owing to their high insolubility and mainly solid state 

studies have been carried out [14]. The disulfides of Mo/W fall into two broad 



classes. One class consists of layered compounds with the MoS2 structure and other, 

compounds containing discrete bridged sulfido groups. 

The amorphous trichalcogenides MX 3  (M = Mo, W, X = S, Se) also have 

interesting electrochemical and physical properties. The structure of these have been 

investigated by X—ray absorbtion spectroscopy. The EXAFS studies clearly indicate 

metal—metal bonding in all the MX 3  compounds [15]. The structural changes that take 

place during the lithiation of X—ray amorphous materials MX3 have been studied by 

EXAFS analysis [16]. An increase in number of M—M bonds and significant decrease 

in M—M distance have been observed [14]. Based on these observations a reasonable 

structure for the fully lithiated Li 4MoS3 has been proposed. Brown hydrous MoS3 

obtained on passing H2S into slightly acidified solutions of molybdates dissolves on 

digestion with alkali sulfide solution to give brown red thiomolybdates. 

The isolation and characterization of the Chevrel phases which are ternary 

molybdenum chalcogenides having general formula M'„Mo6S8 M' = Pb, La, Cu, etc. 

has aroused great interest in chemistry of mixed metal sulfides because Chevrel 

phases display remarkable superconductivity [17, 18]. In addition to M6S8 based 

cluster there is a plethora of other cluster compounds of Mo and W in which number 

of M atoms range from 3 to 5. Technologically important MoS2, MoS3 and mixed 

metal sulfides can be prepared from the thiometalate precursors. 

The coordination behavior of sulfur is quite different from that of oxygen. 

Sulfur is softer and less electronegative than oxygen, it therefore has a broader span 

of oxidation states and stronger affinity for the softer metals of the d—block. The 
results 

tendency of sulfur to catenate in the formation of polysulfides 52 2-, 532-  etc. which 

serve as chelating ligands towards metal centers that are not highly oxidizing giving 

rise to variety of sulfur coordination modes as seen in (Mo202S6) 2-, (Mo2S12) 2-, 

(Mo3S 1 3)2-  etc. The diversities in structural and reactivity characteristics of Mo/S 

complexes derives mainly from a close matching of the S-3p and Mo-4d orbital 

energies [19] which provide low—energy superexchange pathways for the 

intramolecular electron transfer processes [20]. The latter allow for the ligand 



transformations concomitant with Mo valence state interconversions that span 

oxidation states III, IV, V and VI. 

The affinity of Mo for S donor ligands especially sulfides is evident from the 

isolation of several {Mo—S} as well as {W—S) containing species in recent years. 

Representative examples of Mo—sulfido anions as well as W— sulfido anions are 

illustrated in Fig. 1.1 & Fig. 1.2. In case of simple molybdates (Mo04) 2-  and 

tungstates (W04) 2  partial and total substitution of oxygen by sulfur has been 

effected. The tetrathiometalate anions derived by the sulfur substitution from 

oxoanalogs have interesting chemical properties and occupy a special position in 

coordination chemistry and are considered to be the building blocks for the synthesis 

of several Mo/W—S compounds. 

1.1 Tetrathiometalates [MS 4 1 2-  M = Mo, W, 

The first report on thiomolybdates appeared in the literature as early as 1826, when J. 

J. Berzelius investigated their formation by passing H 2 S gas into aqueous solutions of 

molybdates (Mo04)2  [21]. Sixty years later Kruss [22] and Corleis [23] reported the 

synthesis of (NH4)2MoS4 and (NH 4)2WS 4  respectively. However a systematic 

chemistry of thiometalates has been developed only in the last three decades 

primarily by Muller and coworkers in Germany [24-28]. The transition metals V, 

Nb, Ta, and Re also form tetrahedral strongly colored thioanions endowed with 

remarkable properties. The general term thiometalate is used to refer to any of the 

soluble sulfido anions of the early transition elements. In this thesis, the word 

tetrathiometalate refers to the tetrahedral (MS4) 11  (M = V, n = 3 ; M = Mo, W, n = 2 ; 

M = Re, n = 1) anions. Although the thesis deals with the chemistry of (MS4) 2-  (M = 

Mo, W), the thiometalates of other metals like V, Nb, Ta and Re are included for 

comparative purposes.The chemistry of Se and Te analogs wherever reported has also 

been incorporated. Thiometalates can be formed by solid state reactions or in solution 

from oxometalates. 
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1.2 Preparation of thio and selenometalates [29-54] 

The thiometalate complexes of early transition metals can be obtained by a variety of 

methods which include 

1) The action of H2 S on oxometalates in strongly alkaline solutions. 

2) The reaction of oxo or alkoxido complexes with (Me 3 Si)2 S. 

3) Oxidative decarbonylation of metal carbonyls with polychalcogenides and 

4) High temperature solid states synthesis from the elements. 

Another important route is by cation exchange reaction of a preformed 

thiometalate with an organic cation. This method is especially important in view of 

the fact that the thiometalates of organic cations are soluble in variety of organic 

solvents, thus permiting investigations in organic media. The known preparative 

procedures for all the tetrahedral thio as well as selenometalates are summarized in 

Table 1. L The preparative procedure for the metals V, Re, Nb, and Ta have also been 

included for comparative purposes. It is interesting to note that H 2Q (Q = S, Se) 

treatment of oxometalate solutions continues to be most widely used for the 

preparations of thio and selenometalates of Mo and W. 

H2Q 	 H2Q 	 H2Q 	-112Q 
(M04)2 	>(M03Q)2- 	> (MO2Q2)2- 	> (M0Q3)2'› (MQ4)2-  

-- I . 

(M = Mo, W ; Q = S, Se) 

This method is also applicable for the synthesis of (VS 4)3-  and (ReS4)- . 

However the use of the oxometalates of Mn and Cr results in the reduction of 

Mn(VII) to Mn(II) and Cr(VI) to Cr(III). These methods suffer from disadvantage 

that they are not applicable to the metals Nb and Ta which can be produced by solid 

state reactions of the elements. 

The reaction of hexavalent oxides of Mo , W with organic amines affords the 

thiometalate salts of organic cations.Thioperrhenate [ReS 4]-  has been obtained by 

reacting methanolic polysulfide solution rather than H 2 S, with the oxoperrhenate 

anion by warming at 45°C for a short duration as its red violet tetraethylammonium 

salt. The corresponding tetrabutylammonium salt having violet color has also been 

- 



Table 1.1 

Synthetic procedures for the preparation of tetrathio and 
tetraselenotnetalates 

Reaction Medium Chalcogen 
Source 

Thio- or Selenometalate 
Product 

Ref 

(N11,) 6Mo702, + NH2 OH H, S (N1-1,),MoS, 29,30 
H2W0, + NH2OH H2 S (NH4) 2WS, 29,30 

*MO3 + pyrrolidine H,S (pyrH)2  MS, 31 

*M03  + piperidine H2 S (pipH)2  MS, 31 

*MO3  + hexamine H2 S (C 6 H13 1\1 4 )2MS 4  32 

(N1-14)6Mo70„ + en H2 S (en112)MoS4  33 

(Nf14)6Mo70„ + NH4 OH + Cs` H2 S Cs 2 MOOS 3 30,34 

Na2Mo04  + KOH + KCI H2 S K 3 [MOS JCI 35 

H2Mo04  + Et,NH H2 S (EV-12),Mo 0S 3  36 

(NH) VO3  + NH4OH H,S (NH4)3 VS 4  40 

Re20, +NH2OH + n-Bu4NCI H2S (n-Bu4N) 2ReS4  40,4 1 

Et4NCI + CH3 CN (NH4)2Mo S4  (Et4N)2MoS4  37 

Et4NOH + H2 O (NH,) 2Mo S4  (Et4N),MoS4  30 

[PhCH2NEt3 JC 1 + H2 0 (NH,) 2MoS, [PhCH2NEt3],MoS4  38 

PPh4C + H2O (NI-14)2 Mo S4  (PP h,),Mo S 4  39 

9 



Li 2 S + DMF (NH4)3 VS4  Li[VS4].2DMF 42 

(Mo207)2.-+ PP1141\103  (Me3 Si)2 S (PP11),[MoS 3(OSIMe3)] 43 

LiOMe + VO(OMe)3  (Me3Si),S Li3 [VS4KH3CN 44 

LiOMe + "M(OEt), + 4 semen (Me3 Si),S Li3[MS Jetemen 44 

Re207 + (Et4N)Br (NH4),Sx  (Et4N)Re S4  46 

'MC1 5  + (Et4Nr NaBuS + S (Et4N)[Nb(S)3(BuS)] 45 

*M(C0)6PPh4Br K 2 S (PP19Mo S4  47 

K + '1\4 S K3(MS 4) 48 

(NH4)6Mo7O24  + NH4OH H2 Se (N1-14)2Mo S e4  49 

W03  + NH4OH H,Se (NH4) 2WSe4  50 

Na2Mo 04  + Et4NC 1 + Et3N (dmos),Se (Et4N) 2MoSe4  51 

(NH4)2W04  + NH4OH (dmos),Se (NH4) 2WSe4  51 

(NH4)3 VO4+ Et4NC 1 + Et3 N (dmos),Se (V 2 Se 13 ) 2-  52 

W(t-NBu 2 ) (t-NHBu), H,Se (t-BuNH 3 )2 WSe4  49 

PPh4 C 1 + H 2 O (NH4),MoSe4  (PPh4),MoSe4  49 

*M(C0)6  + PPh4Br + THF K 2 Se3  (PPh 4) 2MSe4  47,53,54 

*M=Mo or W ; M = Nb or Ta 



isolated by passing H2S through oxoperrhenate solution. The cation exchange 

reactions are simple metathesis reactions and are used to prepare the stable 

thiometalate salts of organic cations. 

The use of hexamethyldisilthiane (Me3Si)2S as an alternate chalcogen source in 

place of H2S affords the thiometalates of V, Nb, and Ta as the temen solvates in good 

yields. However the reaction of (Me3Si)2S with the dinuclear (Mo207) 2-  affords the 

tetrahedral trithio [MoS3(OSiMe3)] species. In all these reactions, the reaction 

conditions, the solvent medium, counter cation used as well as the reaction 

stoichiometries are quite crucial for the isolation of a particular product. The initial 

attempt to isolate (MS4) 2-  (M = Nb, Ta) by using (Me3Si)2S resulted in the formation 

of the hexanuclear clusters (M6S17) 4-  which possess an unprecedented five fold 

symmetric cage structure. The direct reaction of NbCI 5  with t—butylthiolate in the 

presence of S affords the mixed sulfido thiolato complexes of Nb and Ta. The 

chemistry of Nb and Ta chalcogenides is in an infant stage and further efforts are 

required to systematize it [55-58]. 

Kolis et al have introduced the oxidative decarbonylation method for the 

synthesis of thiometalates of Mo, W and this methodology has also been extended to 

the selenometalates. Although H 2 Se as an chalcogen source works well with for the 

preparation of the selenometalates of Mo, W the toxidity as well as the high cost of 

H2 Se has prompted the search of other reagents. The use of bis(dimethyloctylsily1) 

selenide (dmos)2Se as the source of Se in place of H 2 Se affords the tetraselenides of 

Mo, W while the same reaction with V yields the product (V2Sei3) 2-  which has been 

structurally characterized. Although several soluble binary selenides have been 

prepared, the isolation of the simplest tetraselenides of Re and V still remains elusive. 

The solid state routes seem to be quite useful for the direct synthesis of (MQ4) 3-  (M 

= Nb, Ta ; Q = S, Se) ions. 

The chemistry of metal tellurides is an area of intense research investigations in 

the last decade and it is found that the metal tellurides have no known analogs of 

sulfur and oxygen while few selenideanalogs are known. Tellurometalates cannot be 

obtained by passing H2Te as H2Te is unstable and air sensitive. The oxidative 

decarbonylation methodology useful for the synthesis of (MQ4) 2- (M = MO,W ; Q = 



S, Se) anions give rise to an alltogether different product as per the following — 

equation : 

M(CO)6 + K2Te4  + 2[(C6H04.1]2 —> [(C6H5)4112[C041VITe4]--1.2 

A vast new coordination chemistry of tellurium remains to be discovered, rationalised 

and systematized [59-62]. 

Since all the thiometalates have strong and characteristics absorbtion bands in 

the uv-vis region, reactions in which they are formed and decomposed can be 

followed by spectroscopic methods. The kinetics of thiomolybdate formation has 

been investigated by many authors [63, 64]. The electronic spectra of (Mo04) 2-/ H2S 

reaction system as a function of time is represented in Fig. 1.3. 

When H2S gas is passed into an aqueous solution of oxometalate a change in 

the electronic spectrum is observed. The bands characteristics of all the species 

(M04,Sn)2-  (n = 1- 4, M = V, Mo, W, Re) appear in succession. The rate of 

formation of thiometalates depends markedly on the nature of the central atom. The 

greater the electron density on the oxygen, higher the rate. Thus thiomolybdate form 

more rapidly than thiotungstates. The rate falls markedly as the sulfur content of the 

anion is increased. The duration of passage of hydrogen sulfide gas, the temperature, 

the concentration and counter cation are important factors to be considered for 

preparation and isolation of various thiometalates. The monothioanions (MOS •-) 2-  (M 

= Mo, W) have been shown to exist only in solution and pure compounds have not 

been isolated [65]. The dithiometalates (MOS 2 )2-  are prepared from cold oxometalate 

solutions [30]. The trithiometalates (MOS ) 2-  can be easily prepared as cesium salts s • 
[30]. The ammonium salts of (MOS3) 2  have been prepared by passing H 2 S at 0°C 

over the surface and rapidly isolated from cold propanol. The (Mo04) 2  ion forms the 

tetrathio species readily while the preparation of tetrathiotungstate requires drastic 

conditions (60°C, 9h ) [30]. Analogous selenium compounds such as (Mo0Se3) 2-, 

(MoSe4)2  mixed sulfide selenium species and mixed sulfur selenium oxygen 

compounds have also been reported [27]. 
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1.3 Reactivity of tetrathiometalates 

The reactivity of thiometalates is attributed to the transfer of electrons across the M = 

S bond, in view of the presence of the highly charged M(VI) metal and reducing 

group like S2-  present together. Although the thioirnetalates of many metals like Mo, 

W, Re, V, Nb and Ta are known to exist with the metal in the highest oxidation state, 

the corresponding thiometalates of Cr and Mn do not exist in view of the strong 

oxidising nature of Cr(VI) or Mn(VII). The thiometalates are versatile reagents in 

inorganic synthesis and undergo a variety of reactions with various reagents. All these 

reactions can be broadly classified into the following two types: 

1) Reactions of thiometalates with reagents like elemental S, polysulfide, thiol, 

organic disulfides and acids, resulting in the formation of sulfur rich 

polythiometalates 

2) Reactions of thiometalates resulting in the formation of heterometal aggregates. 

1.4 Formation of polythiometalates 

Soluble metal sulfides of Mo and W constitute a new class of transition metal 

compounds. Several soluble Mo—S anionic complexes showing a wide range of 

metal—sulfur stoichiometries (Mo S9) 2-, (Mo2 S8)2-, (MO2 S 102 , (MO2 S 12)2-, (Mo3 S9)2- , 

(Mo3 S 13 )2- etc have been synthesized and structurally characterized. Comparatively 

tungsten forms less extensive set of structurally defined thiometalates for e.g. 

(W3S8)2-, (W3S9) 2 , (W4S12)2-, (W2S12)2- . Mo is well known for its ability to form 

numerous compounds with S donor ligands in various oxidation states. 

1.5 Reactions of thiometalates with polysulfides 

A great variety of binary M—Q complex anions can be isolated from the reactions of 

(MoQ4)2-  (Q = 0, S) with polysulfides. Metal polysulfides are a diverse class of 

compounds as in these complexes the polysulfide ions can coordinate either as 

tetrasulfido (S 4)2-, pentasulfido (S5)2-  etc. due to its versatile coordination behavior 

[661 It is quite evident from the available literature that the reactions of polysulfides 

with thio and oxometalates give rise to a variety of sulfur rich compounds in different 

stoichiometries, with metal in different oxidation states and a variety of S 



coordination modes. The reactions of thiometalates with polysulfides are summarized 

in Table 1.2 [67-80]. The nature of the products formed in these reactions depends on 

a) the amount of sulfur used for the polysulfide preparation b) the type of counter 

cation used for the isolation of the complex anions and c) the type of solvent 

employed in the synthetic procedure. In addition,the presence of other reactants like 

NH2OH or bpy can alter the course of the reaction to give rise to unu*l products. 

While it is difficult to rationalise the formation of the final product, certain general 

conclusions can be drawn. These are as follows : 

i) Polysulfides can reduce the metal to a lower oxidation state like for example 

Mo(VI) is reduced to Mo(V) in (Mo2 S12)2  or Mo(IV) in (MoS9) 2- . Polysulfide 

reduces Re(VII) to Re(IV) while diselenide reduces Mo(VI) to Mo(IV). 

ii) W(VI) is more stable to reduction and in the presence of a reducing agent can be 

reduced to W(V) [72, 74]. 

iii) The very many products isolated from a similar reaction medium suggests that 

many polysulfido complexes are in equilibrium and the product formed is 

dependent on reaction conditions of the several polysulfide complexes. The 

complexes (MoS9)2-, (Mo2S12) 2-  and (Mo3S13) 2-  deserve some comment. 

The reaction of (N1-14)2S3 with (NR4)2MoS4 in presence of (NEt 4)Cl results in 

the formation of (Et 4N)2 [Mo1v S(S4)2]. This complex abbreviated as (MoS9) 2-  has also 

been prepared by other methods (vide supra). The first sulfur rich molybdenum 

compound [Mov2(S2)6] 2-  (abbreviated as [Mo2S12] 2 ) the only compound with 

exclusively (S2) 2-  ligands was prepared by reducing molybdate with a polysulfide 

solution containing a high proportion of sulfur. However at elevated temperatures,the 

same reaction produces [Mo3 1v(S)(S2)6} 2- . Eventhough the preparation of these sulfur 

rich species has been achieved starting from heptamolybdate, tetrathiomolybdate is 

formed in situ which undergoes further reactions to give the final products. This is 

demonstrated by the conversion of dioxodithiomolybdate to (Mo2S12) 2-. The 

corresponding W analogs are not known. (Mo2S12) 2-  which has a M:S ratio of 1:6 has 

been the subject of investigation by many authors and can exist as two isomers 

(F ig. 1. 4). 

itt 



Table 1.2 

Reactions of thiometalates with polysulfides 

Reactant Polysulfide Product Ref 

(NI-14)2MoS4 (NH4)2S3 [MO"'  S(S4)2] 2-  67 

(Mo7024)6-  (NH4)2S, [Mo3 1 ''(S)(S2)6] 2  68-70 

No7024)6  (NF14)2S, [Mo2 \  (S2)6] 2  70-72 

(1\11-14)2[M002S2] (NI-14)2S, [Mo2Af (S2)6] 2  70 

(Mo7024) 6  (NH4)2Sx+ NH2OH [Mo4(NO)4(S)3(S2)5] 4-  73 

(Mo7024)6  (NH4)2S, [Mo2 `02 (1.1-S)2(S2)(S4),] 2-  74, 75 

(WW2' + (NCS) 

+ Fr 

(NH4)2S, [W2 v02(P.-S)2(S2)(S4)it 

[W2 v02(1-S)2(S4)2] 2 ± (PP 114)-  

75, 76 

(Mo7024)6  (NH4)2S + bpy [Movi O(S2)2(bPY)] 77 

(W04) 2.  + (NH4) 

SCN + HCI 

(NH4)2S + bpy [WA' 1 0(S2)2(bpy)] 77 

VOCI4 S + Li2S+ bpy [V`0(S2)2(bPY)i -  78 

Mo03 + Me4NCI Na2Se2 [Mo3 I ` Se 1 3] 2-  79 

(Re207) (\TI-14)2 S3 [Re i  S( S4)2] or [Re2S16] 1  46, 80 



i(S4)(MO2S4)(S4)1 2- 

 FIG. 1.4 (A) 

11(S2)2M 0(1-1-S)1212- 

 Fig. 1.4 (B) 
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Thus the ammonium salt prepared by the polysulfide route transforms to 

[MO2(1.-S)2(S4)2(S)2] [81]. (Mo2S12) 2-  is reported to be a good reagent for the 

generation of {Mo2S 4 } core [82]. (Mo2S12) 2-  has also been used as a reagent in 

organic synthesis for the preparation of thiols and disulfides from alkyl halides, 

sulfuryl and sulfonyl chlorides [83]. (Mo3S 1 3)2-  is the first transition metal sulfur 

cluster in an isolated species, and the metal is in +4 oxidation level. The cluster Fig. 

1.1 has three Mo atoms at the vertices of a triangle with a unique S at the center. The 

compound contains three terminal (S 2)2-  ligands and three bridging (S2) 2-  ligands. 

This compound has been studied extensively by Muller et al and its thermal 

decomposition product is MoS 2  which has been used to study HDS processes [84]. 

The Se analog of (Mo 3 S 13)2-  has also been synthesized under hydrothermal 

conditions using Na2 Se2  as the chalcogen medium. From this reaction two other [79] 

polyselenides have also been isolated by Kanatzidis. In addition to (Mo2S12) 2-  and 

(Mo3S 1 3)2-, the Mo (V) compound [Mo202(1.-S)2(S2)(S4)] 2-  has also been isolated 

which has a bridging sulfido, terminal oxo, disulfido and tetrasulfido ligands. The 

corresponding W(V) analog has been obtained by using SCN -  and 1-1+  in the reaction 

medium. The versatality of the (Mo04) 2-  polysulfide reaction mixture is further 

evidenced by the isolation of the M(VI) (M = Mo, W) persulfido compounds 

[MO(S2 )2 (bpy)] by using bpy as a coligand. In these compounds the metal retains its 

+6 state. Interestingly the corresponding V compound [VO(S2)2(bpy)f has been 

obtained starting from (VOC1 4)2-  where V is in the +4 oxidation state. Here the V(IV) 

has been oxidized to V(V) [78]. 

The use of hydroxylamine in the oxomolybdate / polysulfide reaction medium 

results in the formation of polynuclear nitrosyl molybdenum clusters [73, 85-87] The 

reactions of (Re0 4)-  with polysulfides gives rise to a variety of reaction products like 

the simple tetrathioperrhenate (Re v11 S4)-, [RevS(S4)2]-  or [ReO(S4)2] 2-  or 

[Re2S i d2-depending on the reaction conditions and counter cations used [46, 80]. 

[Re2S16] 2-  has been structurally characterized and formulated as 

[Re2v(S4)2(11.2-S)2(1.-S3)2] 2-  with the bridging sulfido, bridging trisulfido and 

tetrasulfido ligation. 
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1.4.2 Reactions of thiometalates with elemental S / Se 

Elemental S reacts with (MoS4) 2-  under ambient conditions to form the novel sulfur 

ring complex (MoS9)2-  in excellent yields as shown below 

(Et4N)2MOS4 5/8 S8 

 

	> (Et4N)2(MolvS9)   1.3 

 

The above reaction can also be carried out using dibenzyltrisulfides as active sulfur 

reagent [88] or by using polysulfides [67]. The use of (PPh 4)+  instead of (NEt 4)÷  in 

the above equation results in the formation of an alltogether different compound 

(Mo2 S10)2-  formulated as [Mo2S2(.1—S)2(S4)(S2)1 2-  [67]. 

All these observations indicate that the (Mo 1vS9)2-  which is obtained by the 

reaction of (MoS 4)2-  with various sulfur reagents is a component of a complex 

equilibrium mixture which contains various thio anions like (MO2S10)
2- and 

(Mo2S12)2-etc. The dinuclear (Mo 2 S i o)2  has also been obtained by the sulfur 

abstraction from (Mo2(S2)6) 2  [89] giving credence to the complex nature of the 

equilibrium mixture of metal—polysulfide anions. A , scheme which attempts to 

correlate the various (MoS4) 2-  derived thioanions is shown in (Fig.1.5) was proposed 

involving several intermediates which involve (Mo2S6)2-, (mo2s7)2-, (mo2s9)  2-  etc. 

several of which were prepared in later years [ 	91]. 

The use of (Mo0S3 )2-  in equation 1.3 results in the formation of (Mo0S8) 2- 

 which can be also prepared by the hydrolysis of (MoS9)2-  in wet DMF. The 

corresponding Se analogue of (MoS9) 2-  ie. (MoSe6e)4)2-  is also known as also the W 

analogue of (MoS9) 2-  have already been mentioned. The tellurium analog of 

(Mo0S8)2-  has also been prepared. [92.] by reacting MoCI 5  with K2Te as shown in 

Table 1.3. 

The complex nature of the reaction of S with (MS4) 2  is further borne out by the 

fact that at elevated temperatures, the reaction leads to the formation of dinuclear 

(M2S12)2-  complexes [93]. The (M2S12) 2-  formed in this reaction is formulated as 

[MS2(11—S)2(S4)2] 2-. Interestingly W is also reduced to W(V) but at elevated 

temperatures. The novel compound containing the dithiosulfato ligand 

iq 
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Table 1.3 

Reactions of S with thiometalates 

Thiometalate 

Reagent 	— 

Active S 

Reagent 

Product formed Ref 

(Et41\1)2Mo S4 S or BzS3Bz (NEt4)2(MoS(S4)2) 88 

(PPh4)2Mo S4 BzS3Bz (PP114)2[Mo2S2(u-S)2(S 4)(S2)] 67 

(Et4N)2Mo0 S3 S (Et4N)2[MoO(S4)2] 67 

(Et2NH)2Mo0 S3 S (Et4NH)2[MoO(5 4)2] 36 

(NH4)2MoS4  S at 95 °C (Et4N)2[MO252(1-5)2(54)2] 93 

(N1-14)2W54 S at 110 °C (Et4N)2[W252(P,S)2(54)2] 93 

(1\1Et4)2Mo S4 S RS2)0M0 S2Mo(0)(S3 02)] 2" 94 

(NEt4)2MoSe4 Se (PP114)2[MoSe(Se4)2] 51 

(AsPh4)2WSe4 Se (PPh4)2[WSe(Se4)2] 51 

MoC15  + PPh4C1 K2Te2 (PPh4)2[MoO(Te4)2] 92 

1.0 



[(S2)0MoS 2Mo(0)(S302)] 2-  has been obtained by reacting from (PPh 4)2MoOS3 with 

S [94]. The reactivity studies of (MS 9)2-  with CS2 and activated acetylenes have been 

carried out and several complexes have been structurally characterized. The reaction 

of (MoS9) 2-  with activated acetylenes (DMAD = dimethyl acetylene dicarboxylate) 

results in the formation of the trigonal prismatic tris(dithiolene) complexes. The 

dithiolene complexes of Mo and W are relevant in modeling the metal active sites of 

some Mo and W enzymes [108]. 

1.4.3 Reactions of thiometalates with organic disulfides_ 

The reaction of ammonium tetrathiomolybdate with PhSSPh in DMF at 90 °C results 

in the dimerization of (MoS4) 2-  to give (Mo2S8) 2-  as given below [95]. 

2(MoS4)2  + PhSSPh 	>  [Mo2(1—S)2 (S)2(S2)2] 2-  + 2 PhS-  --- 1.4 

The above reaction where the metal center has been reduced by one electron and the 

organic disulfide by two electrons can be termed as an example of an induced 

electron transfer reaction. Stiefel and coworkers have studied similar reactions 

extensively [95-103] using a variety of oxidants and thiometalate reagents. For 

"book—keeping purposes", the following redox reactions can be envisaged. 

4S2 

 PhSSPh + 2e-

2Mo(V1) + 2e- 

 

2(S 2 )2-  + 4e-

2PhS- 

2Mo(V) 

 

 

 

2Mo(VI) + 4S2-  PhSSPh 	>  2Mo(V) + 2PhS-  + 2(S2)2-  ---1.5 

The four electrons required for the formation of each (Mo2S8) 2-  are provided by the 

oxidative coupling of four sulfido to two disulfido ligands. The conversion of 

(MoS4)2-  to (Mo2S8)2-  can also be effected by diphenyl disulfiide at 90 °C. 

The reaction of thiometalates with tetramethylthiuram disulfides (TMDS) yields 

dithiocarbamate complexes. An eight coordinate Mo(V) complex is obtained by the 



reaction of MoS42-  with TMDS _ 	[99]. On the contrary the reaction of (WS4) 2-  

and [MoO2S2]2-  with TMDS result in the formation of a seven coordinate W(VI) and 

Mo(VI) complexes respectively [101]. 

(MoS4)2-  + TMDS 

(WS4)2-  + TMDS 

(MoO2 S2)2-  + TMDS 

   

■  [Morn  (S2) (S2CNR2)3] ---1.6 

>  [W(v1)(S) (S2)2 (S2CNR2)2] —1.7 

   

   

  

	> 	[Mov10 (S2) (S2CNR2)2] ---1.8 

  

The above reactions clearly indicate that the formation of the Mo (v)  dithiocarbamate 

complex involves an internal metal—ligand redox process while the formation of 

W(VI) complex involves purely a ligand based redox reaction. 

The species (WSe4) 2-  undergoes induced electron transfer similar to that of (MoS4) 2- 

 but different from the reactivity of (W54)2-  as predicted by the formation of 

[WSe2(R2NC(S)2)3] R = Et, t—Bu by the reaction of (WSe4) 2  with tetraalkylthiuram 

disulfide in CH3 CN according to the following reaction [98]. 

(Wv1 Se4)2-  + R2NC(S)S—S C(S)NR2 —> [Wv1( Se2)(R2NC S 2)3] ---1.9 

W(vI)  is reduced to Wcv)  and thiuramdisulfide is reduced to dithiocarbamate ligand 

with bound (Se)2-  functioning as reductant being oxidised to (Se 2 )2- . The reaction of 

red violet (Et4N)(ReS4) with tetraalkylthiuram disulfide in CH 3CN forms 
[Re2m0(1._s)2(s2cNRiv, 

) .1 [100] which undergoes induced internal electron transfer 

in the presence of tetraalkylthiuramdisulfide and lewis acid or with [Cp 2Fe][PF6] 

leading to the Rem—_Re(III)dimer, f(Re2")(11—S)S2CNRIv)2(S2CNR2)31 +  which 

contains two thiocarbamate ligands. Tetraalkylthiuram disulfides acting as an oxidant 

induces an unprecedented 3C reduction of Re (v11)  centre of (ReS4)-  to give neutral 

Re(Iv)  dimer. Further the reaction of (ReS4) -  with tetraalkylthiuram disulfide in a 

mixture of dichloromethane and acetonitrile gives mononuclear Re (v)  species 

[Re(S2CN(R2)4]Cl in high yield. 

2(ReS 4)-  + 3 [R2NCS2] 	>  [Re2iv(p.—S)2(S2CNR2)4] + 6S ---1.10 

+ 2 (CR2NCS2)-  

22'" 



The reaction of dithiobenzoate disulfide with Et4N[ReS4] gives the Re(III) product 

[Rem( S2CC6H5)(S3CC6H5)21 [1 02 b] 

The important role of both ligand and tetrathiometalate in induced internal 

electron transfer process has been highlighted, by comparing the internal redox 

reactions of dialkylxanthogen disulfide (ROCS2)2, dithiobenzoate disulfide 

(C6H5CS2)2 and tetraalkylthiuramdisulfide [R2NCS2)2] with [Et 4N]ReS4  

The reaction of [Et4N]ReS 4  and dialkylxanthogen disulfide [CH3CHCH2OCS2] in dry 

CH3 CN under inert atmosphere produces the Re ly  dimer [Et4N] 

[Reiv2(W-S)2(1-S2)(S2COCH2CH(CH3)2)3] according to the reaction [102 b]. 

2[RevIIS4] + 2[ROCS2]2 	/ [Reiv2(1-1,-S)2(1-S2)(S2COR)3] --1 . 11 

+ 4S°  + [ROCS2] • 

In the reaction between [ReS4] -  and tet)aalkylthiuramdisulfide Re vil  undergoes a 3e-

reduction to Re ly  forming the neutral dimer [Re2(p.-S)2(S2CNR2)4]. In contrast Re vII 

 undergoes an unprecedented 4e-  reduction to Rem  in the reaction of dithiobenzoate 

disulfide with (ReS4)-  producing neutral mononuclear complex according to the 

following scheme. 

[E t 4N] vi !Re S + 2(C 6H5 C S 2 )2 

 

Rem  (S2 CC6I-15)(S3CC6H5) 2] —1 . 12.. 

+ 2S°  + [Et4N] S2 CC6H5 

 

Reaction of dithiobenzoate disulfide with (MoS4) 2-  and (WS4)2-  shows that Mo 

undergoes a 2e-  reduction to form [Mo lv(S2CC6H5)4] and tungsten [W vIS (S2) 

(S2CC6H5)2] by pure ligand redox reaction. 

Reactions of VS43-  with oxidising tetraalkyl thiuram disulfides has been found 

to produce [V2Iv(t-S2)2(R2dtc)4] [90] here the reduction of the metal is coupled by 

the oxidation of the S 2-  ligands that form the (S 2 )2-  disulfido groups, while the 

formation of [V3 S7(Me2dtc)3 ]-  has been achieved by the reaction of VS 43-  with 
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Me2dtc and PhS-  . Based on the literature reports it can be inferred that the induced 

electron transfer reaction across Mo = S bond is more facile compared to that across 

W = S bond. The similarity of W—Se compounds to Mo—S compounds in these 

reactions suggest that W—Se electron transfer is equally facile. 

1.4.4 Reactions of thiometalates with thiols 

Reaction of ammonium tetrathiomolybdate in DMF with thiophenol under argon at 

90°C yields the black trinuclear species (Mo3S9) 2  in good yield [29]. The W analog 

(W3S9) 2  has also been obtained by an analogous procedure at higher temperature 

(110-130°C). [Mo") S(S4)21 2-  has been converted to (Mo (vI)S4)2-  using dithiol as an 

external reductor. With mercaptans like 1,2—ethanedithiol (edtH2) and 

o—aminobenzenethiol(abtH2), thiolato complexes of the type [M2S4(edt)2] 2-  and 

[M2S4(abt)2]2-  [106] are formed. These reactions do not take place when (XR4)2M0S4 

(X = N, P, As) is used as the starting material indicating the need for a proton source. 

1.4.5 Reactions of thiometalates with organic reagents 

The conversion of disulfides to thiols via an induced electron transfer reaction has 

prompted the study of investigations of thiometalates with other organic substrates. 

these investigations have led to the identification of tetrathiometalates especially 

benzyltriethylarnmonium tetrathiomolybdates as an effective sulfer transfer reagent. 

Chandrasekaran et al have used this reagent to prepare a variety of novel organic 

compounds under mild reaction conditions [38, 109-115]. 

1.4.6 Reactions of thiometalates with acids 

The condensation reactions of oxometalates in aqueous solution have been well 

studied in contrast to very little work done on thiometalates. The condensation 

reaction subsequent to the protonation of thiometalates ions take place at a lower pH 

than that of oxoanions. Since the proton affinity of sulfur is appreciably lower than 

that of oxygen. Further the investigations with thiometalates are more difficult owing 

to the formation of the amorphous trisulfides [16]. The dimeric anion (Mo20S7) 2-  is 



the only product to have been isolated as the tetra n—butylammonium salt by the 

reaction of (MoS4) 2  with HC1 in air [127]. (NBu 4)2(Mo2OS7)has also been isolated 

by heating the mixture of (NBu4)2(MoS4) and ethanol in air and allowing to stay for a 

week. (Mo20S7)2-  has been alternatively synthesized by heating (N114)2(MoS4) in air 

which involves induced electron transfer [116]. 

Another report [128] describes the preparation of (Mo20S7) 2-  from an 

ill—defined mixture consisting of cobalt sulphate, (MoS 4)2-  and NaBH4 . Interestingly 

Co has not been incorporated into the system eventhough Cobalt—thiometalate 

complexes are known. (Mo20S7)2-  can be prepared by other methods. The 

condensation behaviour of (WS 4)2-  differs considerably from that of (MoS 4)2-  since 

protonation takes place at relatively low pH values [116]. When (NI-I 4)2(WS 4) is 

acidified with H2SO4, a mixture of condensed species like (W3S8) 2-, (W3S9)2-, 

(W30S8)2- , (W4S12)2  are formed besides [(SH)WS 3 ]- . The isolation of particular 

polythiotungstate depend on the reaction conditions employed and the counter cation 

used. 

Secheresse and coworkers have reported the synthesis of polythiotungstates 

species like (W4S12)2-, (W2Si1H)-  by the reaction of (PPh4)2WS4 dissolved in either 

acetonitrile or dichloromethane with HCI or acetic acid [118, 1 1 9] . 

Tetraethylammonium salt of (W4S12) 2  has been obtained when HBr is added to the 

suspension of (Et4N)2WS4 in CH2Cl 2  [120]. 

The transient species formed during the controlled acidification of (WS4) 2-  by HX in 

MeCN has been trapped by the chelating agents like 2,2' bipyridine and the new 

dimer [W2S202X2(bpy)2] MeCN (X = Cl, Br) [126]. The binuclear thiohalide 

complexes (Et4N) 2 [W2S4X4] has been obtained by treating (Et4N)2WS4 with HX (X = 

CI, Br) in CH2Cl2  [129].  

An attempted synthesis of [Mn(WS4)2] 2-  from (PPh4)2WS4  in CH3CN acidified 

with small amounts of glacial acetic acid in the presence of MnC12 has resulted in the 

formation of pure binary W—S species, [W2(.1—S)(S)2(S2)4 2-  [117]. When LiC1 was 

used (W3S9)2-  was isolated and the use of CrCI 3  resulted in the formation of 



(W4S12)2- . When (PPh4)2MoS4 was used in above reaction with MnC12 only the 

complex (Mo3S9)2-  was isolated. When [Mn(NCS)4j 2-  is used instead of MnC12, a 

mixture of [W2(1—S)2(S)2(S2)4] 2-  and [W2(1—S)2(0)2(S2)4] 2  are isolated [123]. The 

heterometal has not been incorporated into the MoIW system. It may be noted that 

Mn(II) is not involved in the reduction of W centre but brings about the oxidation of 

coordinated sulfido group to disulfido group. 

Controlled acidification of a methanolic solution of (NFI4)2WS4 with gaseous 

HCl forms the (W3Sio) 2-  [122] with new WS5 2  ligand in the mixed crystal compound 

(PPh4)2[W3S1d 0.7[W3S 9 j0.3  DMF in presence of MnC12  via intramolecular redox 

process with the formation of an (S2) 2-  group ie [SW1v(Wv1 S4)(Wv1 S3(S2)] 2-rather 

than [WvIS4W2 vS4(S2)] 2-  in (W3S9)2-. Acidification of (NFI4)2(WSe4) with CH3COOH 

in methanol and (PPh4)C1 afforded (PPh 4)2[W3Se9] [124]. The species [W3Se9] 2-zrvi. 

[W30Se8]2-  [120] have been prepared by acidification of (NH4)2WSe 4  with acetic 

acid. 

The acidification reaction of (MS 4)2-  in the presence of reducing agents like 

NaBH4  have been extensively studied [130] by Shibhahara et al and this area has 

been reviewed [132]Thesereactions lead to the formation of compounds which have a 

{IVI4S4} cubane core or {M3S4} incomplete cubane core. 

1.5 Heterometal aggregates 

1.5.1 Reactivity studies of tetrathiometalates towards transition metals 

The reactivity studies of tetrathiometalates towards transition metals is an area of 

research which has witnessed an explosive in the past three decades. The interest in 

this area is due to the relevance of Fe—thiomolybdate complexes as models for the 

Mo site of nitrogenase and the importance of Cu—thiomolybdates to understand 

Cu—Mo antagonism. The use of Co—Mo—S and Ni—Mo—S based catalysts for 

hydrodesulfurization reactions and the unusual structures and interesting electronic 

properties of transition metal—thiometalate complexes are the other factors which are 



responsible for continued interest in these systems. All these studies have used a 

single property of the tetrathiometalates namely that (MS4) 2  can function like a 

bidentate ligand coordinating to a low valent metal via its S sites. The 

tetrathiometalates are purely inorganic in nature and can function like bidentate 

ligand, using two of the sulfurs or like a bis(bidentate) ligand using all the four 

sulfurs. 

In addition to the bidentate mode of bonding which is the commonly observed 

feature in many known metal thiometalate complexes, examples are now available in 

the literature where in the thiometalates functions like bis(bidentate) ligand or a 

tridentate ligand. An example of Ru-thiometalate complex where in only one S is 

bound to ruthenium is also reported, indicating the versatile ligational behavior of 

thiometalates [199]. In general tetrathiometalate stabilize lower oxidation states of 

metals. It is to be noted that sulfido bridges separate the low valent metal from the 

high valent (d°) Mo(VI) or W(VI). The presence of the bimetallic moiety 

{M'(p,-S)2M} is a characteristic structural feature of many of these complexes. 

The utility of tetrathiometalates as purely inorganic chelating ligands started 

with the reported synthesis of the bis(tetrathiotungstato)nickelate(II) complex 

[Ni(WS4)2] 2-  [133] by Muller and Diemann. These workers have studied the 

ligational behavior of the thiometalates and synthesized several heteronuclear 

complexes where the central metal ion can be either a transition metal or a 

non-transitional metal and thiometalate can be any member of the series (MS4-nOn) 2- 

 [M = Mo, W ; n = 0-2] [133-140]. The preparation of bis(thiometalato) complexes 

involves the reaction of bivalent metal salts in the presence of bulky cation with 

thiometalates in aqueous medium. The general reaction for the formation of the 

bis(thiometalato) complexes can be written as follows: 

(M')2+  + 2(XPh4)+  + 2(MS4-n002  —› (XPh4)2[M'(MS4...„On] 	—1.13 

where M' =Fe, Co, Ni, Pd, Pt, Zn ; M = Mo, W ; X = As, P ; n = 0, 1, 2. The 

following points have been observed in the above reactions. 

1) Bulky cations are essential to trap the dinegative complex anions [133]. 
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2) When thiomolybdates are used, in addition to complex formation there is also the 

formation of amorphous products which necessiates purification steps [135]. 

3) The central metal is tetracordinated and the coordination is always through the 

sulfur ends in all the cases [8]. 

4) The combination of M' = Fe and M = Mo does not form any discrete 

bis(thiometalato) complex [139] while the W analog can be readily prepared. 

5) Depending upon the nature of the central metal atom there can be squareplanar or 

tetrahedral arrangement of the sulfur atoms around the heterometal. Thus the 

bis(thiometalato) complexes of Ni(II), [67] Pd(II) and Pt (II) are squareplanar 

while those of Fe(II), Co (II) and Zn (II) are tetrahedral. 

In coordinate solvents like DMF, DMSO or pyridine the [Fe(WS 4)]2-  complex 

anion forms base adducts of the type [Fe(WS4)2DMF2] 2-  41]. Fe (H) has octahedral 

coordination in the above complex having two bidentate [WS4] 2-  ligands and two 

DMF molecules in trans arrangement. Structures of squareplanar, tetrahedral and 

octahedral complexes having thiometalate ligands are presented in Fig. 1.6. 

A systematic chemistry of the transition metal—thiometalate (M = Mo, W) 

complexes reported in the literature is presented below. The complexes of the related 

selenometalates, thiovanadates and thioperrhenates where available are also included. 

The bis(thiometalato) complexes of Ti, V, Cr and Mn are not known. In fact no 

examples of complexes wherein the thiometalate ligands are coordinated to the first 

row transition metals Ti, V and Cr have been reported till date. 

Complexes with different stoichiometries of the central metal and thiometalate 

also exists in addition to simple 1:2 complexes. The 2:4 complex anion [Sn2(WS4)4]' 

[143] demonstrates the tridentate nature of the tetrathiotungstates. In 

[Sn2 (WS 4)4]4-  the two of the tetrathiotungstate are tridentate while the other two are 

bidentate. The 2:2 complex [Au2(WS4)2] 2-  [144] has also been reported. In the 2:1 

complex [(PPh3)AgS] 2MS2 (M = Mo, W) each heterometal is coordinated to one 

sulfur [145] the remaining two are terminal sulfurs. 



[Ni ( WS 

[Co (WS ) 

0 

Fe (DMF)2 (WS 4)21 [  

SQUARE PLANAR, TETRAHEDRAL AND OCTAHEDRAL 
STRUCTURES OF COMPLEXES WITH (WS 4 )2 
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1.6 Mn—thiometalate complexes 

The bis(thiometalato) complexes of Mn(II) cannot be prepared according to eq. 1.3. 

The attempted synthesis of [Mn(WS4)2] 2-  under nonaqueous conditions has resulted 

in the formation of a pure binary W—S species [W2(µ—S)(S)2(S2)41 2-  (vide supra). 

However the use of the chelating ligands o—phen or bpy in the reaction system Mn(II) 

/ (MS4)2  leads to the formation of mixed ligand complexes of the type 

[(L)2Mn(S)2MS2] (L= bpy or phen) [142]. The N—donor ligands stabilize the 

S—bridged bimetallic core f Mn(1.1—S)2MS21. In the absence of coligands, no complex 

formation takes place. These are the only Mn—thiometalate complexes known till 

date. 

1.7 Fe — thiometalate complexes 

The observation that the iron—molybdenum cofactor (Fe—Mo—Co) isolated from the 

Fe—Mo component protein of the enzyme nitrogenase consists of approxiamtely 2Mo, 

28-32 Fe and 30 acid labile S [142] and the report that (MoS 4)2-  is one of the acid 

hydrolysis products of the enzyme [147], were the two factors responsible for 

extensive research in this area. These studies have resulted in the synthesis & 

structural characterization of several iron—thiomolybdate complexes. The main aim of 

many of these reports was to model the Mo — site of nitrogenase based on the 

available EXAFS data as single crystal data of the enzyme was not available till 1992 

[148]. The structure determinations of the Fe—Mo—S center in nitrogenase have put in 

perspective the relevance of numerous synthetic Fe—Mo—S clusters that have been 

proposed or synthesized as analogs for the enzyme active site [149, 150, 151]. All the 

model complexes synthesized till date can be classified into two types namely i) the 

cubane models and ii) the linear models. It is to be noted that all these syntheses, 

have been generally carried out in non—aqueous media. 
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1.7.1 Cubane models 

The cubane model complexes have been obtained by the spontaneous self assembly 

reactions (SSA). SSA reactions are similar to the ones introduced by Holm for the 

isolation of model complexes for Fe4S 4  proteins [152]. 

The self assembly of the double cubane clusters has been achieved by the reaction of 

ferric chloride with alkyl or aryl thiolates and tetrathiometalates in alcoholic solvents, 

which can be written as follows : 

FeCl3  + RS-  +(MS4) 2- 	>  double cubane clusters 	1.14 

Six distinct types of anionic double cubane clusters have been prepared till date from 

the "self assembly" reactions of Fe 3+ , RS-  and [M54] 2-  (M = Mo, W). They are as 

follows ; 

[M2F e6S9(SR)8] 3- , [153-155]; (1\4 2F e6S8(SR)9] 3- , [158-160]; [IVI2Fe6S8(SR)6(OR') 3 ]3- , 

[160, 161]; [M2Fe7S8(SR)12] 3  , [155-157]; [M2Fe7S8(SR)12] 4-, [155-157]; 

[Mo2Fe6S8(8 2 )2(SR)6] 4  , [165]. REt41\03[MoFe3S4C14(C204)] [204]. 

The structures of the different types of double cubane clusters are shown in Fig. 

1.7. The isolation of a particular products depends upon the nature of the substituent 

R, the choice of M = Mo or W, solvent, reaction time, cation, and ratio of iron and 

thiolate to tetrathiometalate. All of these products of "self assembly" reactions 

contain two {MFe3 S 4 } cubes connected by a variety of bridging groups [203]. 

Stiefel has reported [54] on the synthesis of the corresponding Se analogues i.e. 

[MoFeSed by using (MoSe4) 2-  instead of (MoS4) 2- . The Se analogues were prepared 

under similar reaction conditions used for the [MoFe3S 4] double cubanes. This work 

indicates that selenomolybdate has a similar reaction chemistry as that of 

tetrathiomolybdate. By using (V5 4)3-  or (ReS 4)-: Holm has extended this methodology 

and prepared the corresponding double cubanes [MFe3S 4] (M = V or Re) of V and 

rhenium. Based on this work Holm has predicted that a [TcFe3S 4] cluster is also 

stable. However [TcS4]-  is not stable. 

It is remar ..kable to note that such cubane type of clusters were proposed as 

models for the active site of the enzyme nitrogenase based on EXAFS evidence much 

before the single crystal structure of the enzyme was reported. The single crystal 

structure of the enzyme shows that the Fe—Mo protein of nitrogenase consists two 

3 



3- 
RS 	 SR -- 

Fk--S 	S 	S -ye 
RS / N 	- 	\,SR , 

z\ • Fg S-M-S-M-S / Fe-'S 
\ X/\/\X/ Fe-5 	S 	S - Fe 

RS/  SR 

R =Et  

	

RS 	 SR 

	

\ 	R 	I 

	

RS /
Fe\-S 	5 	S- Fe cr., 

S 
)....... / \ / \ / x >....,,.,rt 

S-Fc \ --,M-5,--)A- fe-'S 
\ X / \ K/ \ / 

e
/ 

	

Fe- S 	5 	S-4' 

	

/ 	R 	\ 

	

RS 	 2 	
SR 

R=EtiR=Ph;R=CH2CH2OH 

RS 	 SR 
\ 	RI 	I 
Fe -S 	0 	S -Fe SR  

riD >./.  y \ / \ x  
\S- V- Qr-Jvi- S Fe -'S 

\ / \ / \ X 
FeS 	0, 	S - Fe 
/ 	R 	\ 

RS 	 SR  

R 	 SR S 

	

\ 	R 	R 	/ 

	

Fe- S 	S 	S 	S-Fe SR 
/ X \ / \ / \ / X - 

S - k S— M-S- Re 5 -- M-S\  Fe-5 
; < x / \R/ \ K/ \ X / 

	

RS Fe-S 	S 	 S- Fe 

	

/ 	R 	 \ 

	

RS 	 SR 

3- 

3- 

3- 

R = Ph R 1 =Me 3 R = Et 
4 

s  
4- 

4- 

RS Fe S 	 4e rX /_/\/V1/ .\  ‘/ / 
S -F4( S-M--Fe-5-M-

S-

S Fe-'S 

RS 

RS 	 SR 

/ \ / \ / \ / \, \/ 

\ 	R 	R 	/ 

/ 	 \ 

Fe -S 	S 	S 	S-fe sR 

SR 

5 R = CH7Ph  

c  S 	M, 	S 	Fe-SR 

Fe -f ---S  

—  / 

Fe-- —S 	Fe- —S 
// 	// 

S 

RS SR 	
I 

SR SR 

Br 

6 

M=Mo; R = 

SCHEMATIC OF THE STRUCTURALLY CHARACTERIZED MoFe 3 S4  DOUBLE CUBANE 

CLUSTERS. 
FIG. 1.7 



cuboidal subunits {Fe 4S3 } and {MoFe3S3} bridged by two or three sulfido anions 

with homocitrate acting as a bidentate ligand coordinated to Mo. 

Based on this evidence it can be said that the double cubanes can be considered 

as structural analogs for the active metal center in the enzyme. Although none of 

these compounds have been shown to be functional models i.e. found effective in the 

reduction of nitrogenase substrates, they continue to be used as precursors to 

synthesize the ultimate model compound. In this context the cubane model complexes 

compared by Coucouvanis deserve mention. The cubane cluster 

[(cat)MoFe 3 S4(C1 3 ).L12-  (L = CH3 CN, cat = substituted catecholate) has been found to 

catalyze the reduction of hydrazine to ammonia [168]. Other structurally 

characterized cubane type clusters from VS4 3  and ReS4-  are 

(Et4MV2Fe2S4(Me2dtc)5]1901 and (Et41\1)[Re2Fe7S8(SEt)12]  [167, 174, 175] and are 

schematized in Fig. 1.8. 

1.7.7- Linear [Fe—M—S] clusters 

All the linear [Fe—M—S] clusters have the unit {Fe(11.—S)2M} (M = Mo, w) in 

common and are generally synthesized by the reactions of ferrous sources of iron 

with thiometalates. Linear [Fe—M—S] clusters with various stoichiometries of iron and 

M have been synthesized and structurally characterized. The synthesis of the different 

types of linear [Fe—M—S] clusters is schematised in Fig. 1.9 [162-164]. 

All these reactions are generally performed in nonaqueous media, as products are 

obtained under aqueous conditions. 

The Re analogues of 7a and 10 namely [Cl2FeS2ReS2] 2-  and [169] 

[C12FeS2ReS 2FeCl2I and the V analog of [170] 10 have been prepared under 

identical conditions employed for the Mo, W compounds. The V analogue of 7a is 

not known. 

However the thiolato analogue of 10 where Cl is replaced by (PhS) -  [Fe2(SPh)4VS4] 

is known while the corresponding analogs of Mo and Re do not form under identical 

conditions. Based on these studies it has been inferred that the binding affinity of 

thiometalates towards FeCl2 is ReS4 < MoS42--= WS42 < VS4 3- . 
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The reactions of (WS4) 2  with Fe(III) porphyrins have been studied by NMR. 

The use of (MoS4) 2-  in these reactions results in reductions of Fe(III) to Fe(II) 

indicating that (WS4) 2-  is a weaker reducing agent compared to (MoS 4)2- . Based on 

ESR studies (vide infra), probable structures are proposed [172]. 

1.6 Thiometalate complexes of Cobalt and Nickel 

The interest in the thiometalate complexes of Co and Ni is mainly due to the 

relevance of [M'-M-S] (M' = Co, Ni) systems in hyrdrodesulfurization (HDS) 

catalysts. It has been reported that the decomposition products of Co and Ni 

thiometalates act as excellent hydrodesulfurisation catalysts [176]. There are only a 

few complexes reported in the literature, which are mostly bis(thiometalato) 

complexes [134, 137]. The structurally characterized Co-thiometalato co .mplexes 

reported in the literature are [Co(WS4)2] °-  (n = 2, 3) and [Co(N0)(WS4)t 

The squareplanar bis(thiometalato)nickel complexes of the type 

[Ni(MS4,0n)2] 2-  (M = Mo, W ; n = 0-2) are known [59-63]. The thermal 

decomposition product of [Ni(WS4)2] 2  acts as a good EDS catalyst [173]. Of late 

there has been some interest in [Ni-M-S] chemistry to synthesize Ni-thiometalate 

complexes which can be used as precursors to HDS catalysts. 

A thiotungstate complex containing tetramethylcyclobutadiene (C4Me4), and 

(PMe2Ph) as coligands (C4Me4)NiWS 4(PMeP2Ph) has been structurally characterized 

[177]. The Se analog of [Ni(WS4)2] 2-  has also been reported. In addition the novel 

complex which contains a coordinated (Se2) 2-  i.e. [(Se2 )NiSe2WSe2] has also been 

structurally characterized. The corresponding S analogues are not known indicating 

that (MoS4) 2  and [MoSe 4 ] 2-  reactivities do differ [178]. 

1.5 Thiometalate Complexes of the coinage metals 

The aqueous reaction of cupric salts with (N1 -14)2MoS4 results in the reduction of 

cupric to cuprous and the formation of a polymeric species NE4CuMoS 4  [179]. These 

polymeric Cu-Mo compounds consists of chains of CuS4- and MoS4- tetrahedra 

connected via the edges. The polymerization of the above copper thiometalate system 
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can be inhibited by the presence of N— and P— donor ligands at the Copper site. This 

strategy has been used & number of mixed ligand complexes of copper have 

synthesized and studied by various physical methods [27]. 

The Cu—thiometalate chemistry has been studied in detail in an effort to 

understand the chemical implications of Cu—Mo antagonism [180] and several 

Cu—thiometalates with varying Cu:(MoS4) 2-  stoichiometry ranging from 1:1, 2:2, 3:1 

arid even 6:1 have been prepared. In all the copper—thiometalate complexes prepared 

till date Cu is present as Cu(I) and all these complexes contain either N—donor 

(amines) or P—donor (phosphine) coligands. The interest in this area is mainly due to 

the fascinating structures exhibited by these systems [187]. The structural diversity 

encountered in Cu—thiometalate chemistry is presented in Fig. 1.13. 

From Fig. 1.13, it is clear that various Cu:thiometalate stoichiometries are 

possible and examples belonging to each structural class is now available [187]. The 

versatile nature of thiometalate is demonstrated in this group of compounds. For 

example in structural type 'ef the thiometalate forms as many as 6 Cu—S bonds. 

Cubane type compounds (g), double cubane type compounds (i) and the (Cu6Mo) 

cluster which results from the saturation of the six S—S edges of the MS4 tetrahedron 

by six CuCI groups which can be decribed as a distorted octahedron of copper 

enclosing the tetrahedral thiometalate further demonstrates the versatile ligational 

behavior thiometalate. Another important structural feature observed in these systems 

is that the CuI attains either a trigonal or squareplanar geometry. 

Examples of complexes containing Ag or Au analogous to the known copper 

complex have also been reported. The gold(I) complex [MoS4Au(PPh3)2] belonging 

to structural class 'b' has been structurally characterized [186]. 

Since most of these complexes are prepared by reacting CuCI as the source of 

copper, with thiometalate and a coligand which can be phosphine or aromatic diimine 

like phen, it has been proposed that several of these complexes are in equilibrium. By 

subtle changes of reaction conditions and alteration of stoichiometry a desired 

product is obtained. 

The novel one dimensional polymeric anion (PPh 4)2(ReS4)Cu4I5 [181] and the T 

shaped (PPh3)4Cu3(VS4) have also been synthesized and structurally characterized 



L 

/"Ns z  
cu—L z  MN\ 

 S,N  S 

c 

L 	(h) 

n = 1 / S\  ,S 

L —Cy 	ki 

Z  \ S 	S 

n = 2 /S\ \ 
L Cu\ 	 L 

(a) 

0 	
PPh3 

L\ (S\m/S\ L  

PAN 

L 	S 	S 	
I 	i  

S 

(b) 	 (c) 
	

(d) 
	PR), 

I. 
 

/ I. 	 x 	/ 

i  --i- 	 7 .Tj  1 

	

L -'Cu/S\ 

	

\ 	 I„.„---C4J1-1
s 

\ z
m 
 \ /., Cu — L 	 S 	 S 	cu 

S 	S 	 \ 	 \ 
L L 

	

(e) 	 ( f) 	 (g) 

n = 3 

Cl 	 / CI \ 	CI _.„.1.u17S -c.L 
ci

.,  
c,u I  CI  ' I s+—.  I  s 

./. 	,.., 	„.., 

--cu 	s 	0., 
Cl 	 N Cl 

(i ) 

C I 
CI 

C I—Cu Cr a)  
NI" I °j\ci S\ /S 

	/
CI 

r (1) 	
CI 

Repesentation of the characterized structures in 

which [MS4] 2" [M = Mo, W] serves as a polydentate 

ligand.n-reperesnts the CuiM ratio 

FIG. 1.1 . 3 

n = 4 

n = 5 

n = 6 

39 



[183] and the other novel low dimensional solids structurally characterized are 

[NPr4]2[(ReS4Cu5I6] and [NEt4]2 [ReS4Cu3I4] -  [182]. In addition, the novel trimetallic 

system (NEt4)2[(PPh3)2AgS2MoS2Cu(CN)]  has been reported [189]. 

In all the thiometalate complexes of the coinage metals Cu, Ag and Au the 

coinage metal is in +1 state. Most of these complexes are synthesized in non—aqueous 

media in low to moderate yield using CuCI, AgNO3 or [Au(PPh 3)C1] as the coinage 

metal source. A novel one dimensional polymeric cluster [W4Ag5S idn 

[Ln(DMF)g]and the double chain polymeric [WS4Ag.NH3C(CH2OH)3.H20],, [194] 

has been stucturally characterized [192, 193]. Hexanuclear complex anion with 

double cubane like structure [CI7Cus(ReS 4)]3-1184] and the heterometallic sulfide 

cluster [V2Ag2S4(R2dtc)2(Phs)21 2-  has also been isolated [90] from (Reg - .and 

(VS4)3  respectively. The list of structurally characterized polynuclear clusters of 

copper are (Et 4N) 2 [W2Cu 5 S 8(S2CNMe2)3] [188], (NBu4)2  [MOS4Cu4C1 4] [189] 

(Et4N)2  [MoS4Cu10E112] [190], and [Et4N]4[M4Cu4S1204] [191] and 

[VS4Cu6 (PPh3 )5C13] [90].. 

Although the coinage metals which are d i°  metals form a variety of thiometalate 

complex, only a few complexes of Zn(II) which is also d i°  are known. Excepting the 

bis(thiometalato) complexes (vide supra) and the analogous Se derivatives no 

complexes have been structurally characterized. 

110 Thiometalate complexes of group 4d and 5 d metals 

The chemistry of the thiometalate complexes of 4d and 5d metals is a rapidly growing 

area. Thiometalates have been complexed with several metals like Mo, Ru, Os, Ir, Pd, 

Pt [195-199]. The (Et 4N)2[(Co)4MoWS4] complex obtained from [Mo(CO) 4(dtc)f 

complex and (WS 4)2-  has been structurally characterized [202]. This compound is 

interesting since the two metals Mo and W are in different oxidation states namely 0 

and 6, and are bridged by sulfido ligands. 

The reactivity of the thiometalate complexes with organometallic complexes of 

Ru, Rh, Ir, Os, Pt and Pt have been investigated. The bis(thiometalato) complexes of 

Pd and Pt are well established. The Ru complex [(bpy)2RuS2WS2Ru(bpy)2] has been 

structurally characterized. All these complexes can be readily synthesized by the 

fro 



reaction of the corresponding organometallic complex with (PPh4)2(MoQ4) (Q = S, 

Se) under inert conditions [49]. The synthesis of some organometallic complexes of 

Rh eg, [(r1 5—05Me5)RhC1]2WS4 [195] and Os eg. (NBu4)[0s(N)(CH2SiMe3)2WS4] 

[200] are presented in Fig. 1.12 and 1.11 respectively. The Ru—thiorhenate complex 

(MeCp)(dppe)RuSReS 3  which has been structurally characterized [199] is the first 

example of a monodentate thiometalate complex. The corresponding Mo and W 

analogs are also known. 

The reactivity studies of thiometalates has also been studied with main group 

elements. In addition to the [Sn2WS4] 4-  complex mentioned earlier, the spectacular 

As complex (As4S14Mo202) obtained from the reaction of (MoS 4)2-  and AsS 4  has 

been structurally characterized. A report on the synthesis of bis(thiometalato) 

complex of Bi(III) has also appeared [207] in the literature. 

1. 11 Spectroscopic investigations 

The free thiometalates and the coordinated th >lometalates have been studied 

by a variety of physical methods and useful information on the structure, nature of 

chemical bonding and stability of these compounds has been obtained. The results of 

these investigations are presented below. 

1.13.1 Electronic spectroscopy 

Tetrathiometalates are intense UV/Vis chromophores and have been isol-

ated as discrete ions in simple salts. The first indication of the type of bonding is 

given by the metal—sulfur bond lengths which are significantly shorter than the sum 

of the ionic or covalent radii and thus suggest the bond order >1 i.e. the involvement 

of 7C bonds [208-209]. The Mo—S bond length in (MoS4) 2-  lies between those for a 

double bond and single bonds. The involvement of the 7C bonding is also 

demonstrated by various physical measurements [26, 210] and by MO—calculations. 

A simplified molecular orbital diagram for [MS4]" - ions with Td symmetry is 

given in Fig. 1.15. The proportion of it contributions in the respective metal—sulfur 

bonds of analogous species increases in the sequence V<Mo<W<Re. It is appreciably 

higher compared to the thioanions of the main group elements [211]. Unambiguous 
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assignment is only possible for the longest wavelength band v 1  that is ti 	2e using 

magnetic circular dichroism measurements [25, 212]. Assignments to higher energy 

transitions v2, v3  are not straight forward. On the basis of empirical considerations the 

tentative assignments vt = 3 t2---2e and v3 = 4t2 have been made [212]. The 

electronic spectral data of some thiometalates are presented in Table 1.4 [25]. 

The MO's of (MoS4)n— that are involved in electronic transitions above 200 

nm are the filled 3t2 and it '  (HOMO) and the empty 2e* (LUMO) and 4t 2 * orbitals 

[27]. The 1 t i  level is a pure sulfur orbital that is slightly antibonding with respect to 

the sulfur—sulfur interaction. The 3t 2  level is largely composed of the sulfur orbitals 

(-90%) with a minor contribution by the metal (-10%). This 3t 2  orbital is weakly 

S—S bonding. The empty MO'S 2e* and 4t 2 * which are antibonding with respect 

metal—ligand interaction, are composed of comparable portions of metal and ligand 

orbitals. It follows that all electronic transitions are of the LMCT type and are 

associated with the transfer of the considerable fraction of charge from the ligand to 

the metal. The longest wavelength band of (MoS4) 2-  at kmax = 468 nm is assigned to 

the it '  2e* the ordering of the higher transitions (3t2 2e*, lt i  4t2*, 3t2 

4t2 *) is not quite clear. Due to the the charge transfer nature of the electronically 

excited states of (MoS4) 2-  and related complexes such an intramolecular ligand to 

metal electron transfer may easily occur as a photochemical reaction. (MS4) 2 ' 

photolyze in solution in the presence of air according to the stoichiometry [205], 

(MS4)2 +02 --> (MO202S2)2-+ S2 

(MS4)n- + h v - — --> (MS4)n-* 	light absorption 

(MS4)n * --> (MS4)n- 	radiationless deactivation 

(MS4)n-* ---> (MS2 )°-+ S2 reductive elimination 

(MS2)n-+52,----> (MS 4)n- 	recombination 

(MS2)n-  + 02 ----> (MO202S2)n-  oxidative addition 

4S2 	 S8 

The electronic spectra of the coordinated thiometalates are entirely different 

from that of the free thiometalates. Various physical measurements have 

demonstrated that in thiometalato complexes with central metal possessing open 



Table 1.4 

Infrared — electronic spectral data of some thiometallates [133, 138] 

Compound Infrared (cm -1 ) UV / Visible nm (6) 

;R `4S) 7(mo) 11 72 73 

(NH4)2MoS4 476 463 (1.30) 316 (1.80) 241 (2.95) 

(NE14)2 WS 4  458 391 (1.85) 276 (2.85) 

Cs2IVIo0S3 473 854 460 (0.23) 392 (0.87) 319 (0.60) 

Cs2WOS3 457 872 380 (0.30) 330 (1.13) 270 (0.72) 

(NR4)2M002S2 490 830, 792 394 (0.30) 319 (0.6) 288 (0.30) 

(NH4)2W02S2 470 850, 795 327 (0.40) 273 (0.69) 244 (0.39) 

* (MoO3S)2-  392 288 

* (WO3 S)2-  327 244 

E values x 104  in parentheses (1. ma-1 .cm- ) 

* exists only in solution 



d—shells, there are strong metal—ligand interactions. The known complexes of the 

type [M'(MS4)2] 2-  (M = Fe, Co, Ni, Pd, Pt) show characteristic absorption bands 

whose positions are only roughly comparable to those in free thiometalates [27]. 

The reduction of the symmetry due to complex formation leads to the splitting 

of the bands. The spectra in the region of the ligand internal transitions depend 

markedly on the nature of the central metal because of strong M' — L (L = 

thiometalate) interactions. Thus there is a characteristic splitting of the vi band of the 

free [WS4] 2-  in the [Ni(WS4)]2-  complex. Contrary to this, the longest wavelength 

band in [Ni(MoS4)2]2-  is strongly red shifted. This bathochromic shift suggests strong 

(Ni) interactions with the ligand orbitals in [Ni(MoS 4p The [Fe—M—S] 

complexes show a broad absorption band with considerable structure centered around 

1000 nm which has been tentatively assigned to Fe—Mo(W) transitions by 

Coucouvanis [141]. 

The electronic spectra of the complexes with (I I°  central metals Zn(II), Cu(II) 

show essentially ligand internal transitions corresponding to those of the free 

thiometalate ions. Amongst the three ligand internal transitions the first (vi) and the 

third (v3) bands are changed in their structure by complex formation while the second 

(v2) band is practically unaltered in its position, intensity and half width. The 

tetraselenometalates (MSe4) n-  (n = 2 or 3) M = Mo, W, V, Nb, or Ta [27], exhibit 

intense bands in their uv—visible absorbtion spectra. Selenium rich monomers 

MQSe82-  (Q = 0, S, Se) and oligomers W3Se8 2-, W2Se92-  and W2Se 1 02-  show no 

characteristics band in their uv spectra [213]. Transition metal tellurides are also 

usually uv/vis silent. Some heterometallic selenates show intense bands in their 

uv—vis spectra. [NiSe 2(WSe4)] 2-  (510, 472, 364, 336 nm), [Ni(WSe4)2] 2-  (512, 394, 

332 nm) anda3d(WSe4)T-  (470, 338, 364 and 326),[Pt(WSe4)212-(488, 355, 335 nm) 

[213 ]. 

(V54)3-, (NbS4)3-  and (TaS4)3-  chromophores are purple red, yellow and 

colorless respectively. Indeed the spectrum of this ion is of [MS 4] 3-  is sensitive to the 

cation and the medium [44]. The origin of the splitting is very probably ion—pair 

association between the anion and Li(TMDA) +, which in the crystal lowers the anion 

47 



symmetry to D2d. The spectra of the [NbS 4]3-  and [TaS4]3-  are strongly blue shifted 

compared to that of [VS4] 3- . 

The polymeric species of Cu(I), (R)[CuMoS4] exhibit the absorption bands 

[234] at 520, 350, 300 nm. These are assigned to ici(S) d(Mo) charge transfer 

transitions. The neutral hexacoordinate complex [(bpy)2MnS2MoS2] exhibits 

electronic spectra in the range 530, 478, 322, 282 nm and that of [(bpy)2MnWS4] in 

the range 440, 400, 330 and 284 nm which are characteristics of the perturbed 

(MS4) 2  groups as expected on bidentate coordination [142]. 

1.11.2 Vibrational spectroscopy 

Vibrational spectroscopy is a powerful tool for the inorganic chemist which provides 

valuable structural information. It helps in detection of the (MS4) 2-  and to make the 

distinction between the different modes of coordination. The free thiometalates have 

characteristic M = S and M = 0 (M = Mo, W) stretching vibrations [vods )  400-500 

cm-1 ; v(MO) 800-1000 cm-1] in their infra red (IR) and Raman spectra [214]. The 

vibrational spectral data of a few thiometalates are listed in Table 1.4. 

The vibrational spectra of many thiometalato complexes have been studied in 

detail and complete normal coordinate analyses have been performed on many 

bis(thiometalato) complexes by the isotope substitution technique. The structure of 

the complexes of the type [M'(WS4)2] 2  predicted by the combination of vibrational 

analysis, electronic spectra and magnetic measurements were later confirmed by 

single crystal X—ray structure analysis [215-217]. The bidentate nature and the sulfur 

ligation of the thiometalate ligands can be unambiguously arrived at by the 

characteristic infra red signatures in the region between 400 cm' to 500 cm -1 . 

As a representative example, the IR analysis of the complex dianion 

[Ni(MS4)2] 2-  is discussed [218]. The IR spectra of the free and coordinated [W54] 2- 

 is presented in Fig. 1.14. In the free [WS4]2-  ion which has Td symmetry, the IR 

active triply degenerate W—S stretch occurs at about 455 cm -1  and the Raman active 

totally symmetric stretch is at 479 cm -1 . Upon complexation the symmetry is reduced 

to C2v  and four bands are expected to appear in the IR spectrum with two bands 
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Table 1.5 

Electronic spectral data of some thiometallate complexes [12, 74] 

Complex Color Band Maxima (nm) 

[Cl2FeMoS4] 2-  Dark brown 585, 521,472, 435, 313, 285 

[Fe(MoS4)2] 3  Violet 629, 578, 507, 410 

[Fe(WS4)2] 3  Orange 555, 492, 434, 360 

[Fe(WS4)2] 2  Green 613, 426, 375 

[(C12Fe)2MoS4] 2-  Brown 595, 565, 475, 399, 320 

[Co(WS4)2] 2  Olive-green 1163, 819, 387 

[Co(WOS3)2] 2  Olive green 1205, 724, 367, 330 

[Ni(MoS4)2] 2  Dark brown . 512, 395, 333 

[Ni(WS4)2] 2  Red brown 699, 420, 380 

[Ni(Mo0S3)2] 2  Brown 458, 362, 322 

[Ni(WOS3)2] 2  Brown 683, 380, 332 

[Pd(MoS4)2] 2-  Red 471, 383,349, 316 

[Pd(WS4)2] 2  Brown-red 397, 367, 313 

[Pt(MoS4)2]2- Red 513, 411, 363, 307 

[13t(WS4)2] 2-  Brown-orange 416, 312 

[Zn(MoS4)2] 2  Brown 571, 467, 313, 247, 233 

[Zn(WS4)2] 2-  Orange 460, 395 

[Cd(WS4)2] 2  Orange 462, 395 

[1-1g(WS4)2] 2  Orange 448, 395 
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increasing in frequency corresponding to v (W = S term) and two bands decreasing in 

frequency corresponding to v (W—Sb r). In agreement with this prediction, two closely 

spaced intense bands at 490 cm-1  and one broader intense band at 450 cm -1  are 

observed. In practice, the terminal M = S groups are characterized by one or two 

vibrational frequencies between 480-510 cm -1  and the bridging M—S groups by 

frequencies between 430 and 460 cm The The IR spectrum of the polymeric complex 

[Fe(MoS4)2]. is conspicuous by the presence of broad unresolved bands in the 500 

cm-1 — 400 cm-1  region unlike the other discrete thiometalate complexes [215]. • 

The ligand internal transitions in thiometalato complexes roughly correspond 

to those of the free thiometalates. Hence all the thiometalato complexes exhibit well 

resolved resonance Raman spectra. In these spectra the bands due to the totally 

symmetric vibrations of the (MS 4)2  chromophores are enhanced in intensity 

[219-221]. The resonance Raman effect can be used a sensitive probe for the 

detection of (MS 4)2-  ligands and to make distinction between the different modes of 

coordination for eg. Whether two of the S atoms are bridging or all the four S atoms 

are bridging of the thiometalates. By using this technique the structure of the 

trinuclear complex [(PPh 3)2AgS 2MoS2Ag(PPh3)2] for which the single crystal could 

not be obtained, has been convincingly proved [219]. 

Unlike the identification of the metal sulfides, identification of selenides on 

the basis of the v(M—Sering  ) and v(Se—Se) modes is not a easy task as these modes 

fall in the same low frequency IR region (200 — 340 cm -1 ). The absorbance in the 

range 320-340 cm -1  has been assigned to the v(Se—Se) [213] eg. the W2Se1o 2- / 

(W2Se9)2-  anion mixture exhibits absorptions at 330 and 280 cm -1  and these have 

been assigned to v(Se—Se) and v(W—Se) respectively [213]. 

1.11.3 Magnetic resonance spectroscopy 

Proton magnetic resonance spectroscopy has been used to check the purity of 

the double cubane clusters mentioned earlier. The RS -  ligands (R = alkyl or aryl) 

exhibit characteristics 'H NMR signals [44]. The advent of commercially available 

fourier transform spectrometers equiped with superconducting magnets has enabled 

SI 



the use of 95Mo NMR as a sensitive probe to investigate the metal metal 

envioronment in molybdenum complexes [222]. The 95Mo resonances are 

characteristic of the oxidation state of the metal and its environment.The 95Mo NMR 

spectra of the Nickel group bisthiometalato complexes have recently been reported 

[223]. The coordination of the (MoS4) 2  to Ni(II), Pd(II) and Pt(II) results in an 

increased shielding of the Mo nucleus is indicated by the 95Mo chemical shifts. The 

octanuclear and dodecanuclear complexes of Cu(II) having the formula 

[Mo4Cu4 S1204] and [MO4Cui204(Cutemen)4] respectively were examined by 95Mo 

NMR [191]. However all the resonances are shielded relative to [Mo0S3] 2-  and the 
95Mo chemical shift decreases by 200-400 ppm upon addition of each Cu(I) cation to 

Itxvs 
the (Mo0S3)2-  core. 77Se NMR studies have been used byet al in the characterization 

of soluble metal—selenides [178]. 

The EPR spectrum of the complex [Fe(MoS4)2] 3-  is similar to that of the 

Mo—Fe—cofacter of Nitrogenase. The detailed magnetic and theoretical studies have 

been done and the complex has been formulated as an Fe(I) (S = 3/2) complex [225] 

coordinated to two (MoS 4 )2-  ligands. However, the isoelectronic cobalt complex 

[Co(MoS4)2] 2-  does not show any EPR signals even at temperaturs as low as 10°K. 

However the magnetic susceptibility data for the cobalt complexes are consistent with 

an S = 3/2 formalism [27]. 

EPR studies of the reactions of MoS4 2-  with Roussin's salt [Fe2(SR)2(NO)4] and 

[Fe4S3 (NO)7]-  has detected the formation of nitrosyl complexes such as 

[Fe(NO)2(S2MoS2)]-  and [Fe(No)(S2M0S2)2] 2-  [1, 141]. The EPR pectrum of the 

neutral hexacoordinate complexes [(bpy)2MnS2MS2] shows that the ground state for 

Mn(II) in these complexes is found to be 6 S512 (liefe for the Mo analog being 6.12 1,1,B 

and for the W analog 6.14 pl3). The epr spectra of the complex doped in a Zinc lattice 

shows well resolved six line hyperfine spectrum. 

1.11.4 Mossbauer Spectroscopy 
57Mossbauer spectra provide a direct means of investigating the electronic 

envioronment about Fe atoms [141]. The "Fe Mossbauer spectra of the {MoFe3S4} 



double cubane complexes exhibit an asymmetric quadrupole doublet suggesting that 

the Fe atoms are not strictly equivalent. Using known Fe-S complexes and Fe-S 

phases as standards the observed isomer shifts for the {MoFe3S 4) units in the double 

cubane clusters have been attributed to the mean oxidation of the Fe of +2.5 to 2.67. 

The "Fe isomer shifts of the linear [Fe-M-S] complexes are intermediate in 

magnitude to values reported for the tetrahedral Fe(II)S4 and Fe(III) S4 chromophores 

suggesting a formal oxidation state between +2 and +3 for the iron atoms and provide 

a direct evidence for the Fe -^ M charge transfer in these complexes 

The complexes with more electronegative ligands on Fe like [C12FeMoS4] 2- 

 [162], [(PhO)2Fe(MoS40]2  [226], exhibit larger isomer shifts and quadrupole 

splittings indicating significantly greater Fe (II) character and therefore less electron 

donation from Fe to Mo. The isomer shift values for the trinuclear complexes 

[(FeC12)2MS4] 2  [141] is indicative of a formal +2 oxidation state of the iron atoms. 

This apparent reduction in the charge transfer in the trimers is not surprising since the 

two iron atoms compete for charge transfer to the central Mo or W. The interaction of 

(WS4)2  with Fe(III) porphyrin has been studied by esr and based on these studies an 

unusual structure for the Fe(III) porphyrin : (WS4) 2  adduct has been proposed [172]. 

1.11.5 Magnetic susceptibility measurements 

Magnetic measurements have been mainly used to clarify the structures of Ni and Co 

complexes. The bis thiometalato complexes of [Mi(MS4,0,02] 2-  (M' = Ni, Pd, Pt, M 

= Mo, W) are all diamagnetic and thus all these complexes are square planar 

[134-140]. The magnetic moments of the Co-thiometalato complexes are essentially 

closer to the spin only values of typical compounds with a tetrahedral CoS4 

chromophore because of the strong Co -^ M electronic delocalization [227]. The 

linear [Fe-M---S] clusters exhibit a variety of spin states [27, 141]. The complex 

trianion [Fe(MoS4)2] 3-  obeys Curie-Weiss law with C = 1.85± 0.002 and 0 = -1.4 ± 

0.09 °K in the temperature range 200-6 °K [225]. The room temperature magnetic 

momenta of the dimeric complexes [X2Fe(MoS4)] 2  (X = Cl or RS] are very close to 

the spin only value of 4.93 BM per formula unit, with a high spin Fe(II)-Mo(VI) 



formulation. The dinitrosyl compounds [(NO)2FeMoS4] 2- are diamagnetic. The 

magnetic moments of the trinuclear complexes [(FeC12)2MS4] 2-  [141] complexes are 

lower than that expected for two, noninteracting, high spin (S = 2) Fe(II) ions. The 

temperature dependence studies of the magnetic susceptibilities of these complexes 

show weak antiferromagnetic behavior. 

1.11.6 Electrochemistry 

The ability of the tetrathiometalate ligands to stabilize relatively reduced oxidation 

states of the central metal ions M' in complexes such as [M'(MS4)2]' is demonstrated 

by the existence of the three—membered electron transfer series, 

[M'(MS 4)2] 2 	
> [NC(MS4)2] 3- 	> [MWS4)2] 4- 

	
1.18 

where M' = Co, Ni, Pd, Pt ; M = Mo, W and by the isolation of the trianionic species 

of the type [Fe(MS4)2] 3  and [Co(MS4-n002] 3  

The bis(thiometalato) complexes of Ni(II), show two isolated and sequential 

reversible one—electron reduction waves [140]. The bis(thiometalato) complexes of 

Pd(II) exhibit two sequential reductions. The first reduction is reversible while the 

second reduction is irreverisible. All the bis(thiometalato) complexes of Ni, Pd, and 

Pt show irreversible, multielectron oxidations, probably localized on the terminal 

sulfur atoms of the thiometalates [140]. From the electrochemical data it has been 

concluded that the reduction potentials for the bis(thiometalato) complexes increase 

in the order. Fe < Co < Ni< Pd < Pt. It is also evident that increasing the oxygen 

content of the thiometalate ligand results in an increasing difficulty of reduction. The 

complex [(bipy)2RuMoS4] displays an irreversible anodic and two quasireversible 

cathodic waves in its cyclic voltammogram. The irrevers ible anodic wave has been 

attributed to the oxidation process of Ru(II) to Ru(III) and the cathodic waves have 

been assigned to the reduction of 2,2'—bipyridine [228]. 

1.11.7 X—ray diffraction studies 

A single crystal examination of (NFI4)2MoS4 has shown it to be isomorphous with 

f3—K2SO4  [208]. The alkali metal and ammonium salts of the thiometalates have been 



shown that all are isostructural, barring the Ti salts and (NH4)2Mo2S2 [229, 230]. The 

Mo—S bond length in (NI-14)2MO2S2 is 2.19 A which is intermediate between that of a 

Mo—S single bond and Mo = S double bond indicating the involvement of 

7c—bonding. 

The versatile ligational nature of the disulfide and polysulfide ligands are 

witnessed in the poly(thiometalates) described earlier [66, 231]. The strucutres of the 

homometallic complexes [M 3 S9] 2+ (M = Mo, W) consists of two tetrahedral bidentate 

[MoS4]2+ units bound to a central square pyramidal (MS) 2+  unit [29]. Similarly the 

trimetallic complex [W3 S8 ] 2+ consists of a central W2+  bound by two [WS 4] 2  units 

one on each side [116]. The central W atom has a squareplanar coordination of S 

atoms, while the terminal W atoms have a tetrahedral coordination. In general the 

M—Stem, bond lengths are shorter than the M—Sbr bonds. 

The Mo—S bond length in the polymeric complex NH4CuMoS4 is 2.19 A. The 

structure of this complex consists of a tetrahedral arrangement of S atoms around 

each Mo and Cu atoms, with each tetrahedron sharing two corners with two of its 

neighbours [179]. The thiomolybdate can be visualized as a doubly bridging ligand in 

this complex. 

The structures of many thiometalato complexes have been solved by single 

crystal X—ray studies. Selected structural parameters are listed in Table 1.6 [27, 141]. 

A feature common to all of these complexes is the nearly planar VW (11—S)21\4) 

dimetallic unit. The M—Sbr  and M—Sterin  distances in all the thiometalato complexes lie 

in the range 2.25 ± 0.01 A and 2.16 ± 0.02 A respectively while the M—S bond length 

in the free ligand [MoS4] 2+ is 2.18 A. The M—S bond distances suggest a formal 

oxidation state of +6 for M = Mo, W in all these complexes. 

In bis(thiometalato) complexes of the type [M'(MS4)2] 2  the arrangement of the 

S atoms around the heterometal depends upon the nature of the central metal. When 

M' = Ni, Pd, Pt, the complexes are square—planar whereas the complexes with M' = 

Co, Zn are tetrahedral. In all these comlexes the M—S ter,„ bond lengths are shorter 

than that of the M—Sbr bond length. The M' M separation is of the order —2.8 A 

(Table 1.6) [215-217]. In the trinuclear complex [(FeC12)2MoS4] 2+ where the 
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Table 1.6 

X-ray data of some thiometallato complexes 

Complex NI-Shy  M-St,„, 

A 

M 	M' M-S-M 

angle 

(N114)2M0S4 2.178 

(enH2)MoS4 2.1789 - 109.47 

(NEt4)2(MoS 4) 2.177 109.47 

(NH4)3 VS4  2.153 

(NR4)CuMoS4 2.19 - 2.70 

[C12FeMoS4] 2  2.775 75.6 

[(PhS)2FeMoS4] 2-  2.246 2.154 2.750 75.5 

[(S)5FeMoS4] 2-  2.253 2.145 2.731 74.3 

[(S)5FeWS 4 ] 2-  2.254 2.157 2.753 74.9 

[(FeC12) 2 7vIoS 4] 2  2.204 2.775 76.1 

[(Fe(MoS4)21 3  2.256 2.171 2.740 74.8 

[Fe(WS 4 )2(DMF)2] 2-  2.213 2.164 3.044 80.0 

[Co(WS42] 2-  2 219 2.139 2.798 77.4 

[Ni(MoS4)2] 2  2.227 2.151 2.798 77.9 

[Ni(WS4)2] ." 2.232 2.151 2.817 78.2 

[Zn(WS42] 2  2.233 2.156 2.927 78.5 



[MoS4]2-  bridges the two FeC12 units, all the sulfurs are bridging sulfurs and the 

Mo—S bond length is 2.204 A. 

1,11.8 TG/DTA studies 

The relevance of TG/DTA studies of the thiometalates and the heterometallic 

thiometalate compounds lies in the fact -that the decomposition products of these 

species has been the subject of significant research. Metal sulfides MoS 2, MoS3 are 

central to hydrotreating catalysis in industry [2]. Apart from it's natural form MoS2 

can be synthesized by the thermal decomposition of ammonium tetrathiomolybdate 

[27] or amorphous trisulfides. The thermoanalytical techniques have been employed 

to study the decomposition of some of the thiomolybdate complexes under inert gas 

atmosphere or vacuum [233]. 

It has been reported that (NH4)2MoS4 and (NH4)2WS4 decompose on heating 

as shown below [231]: 

(N1-14)2MS4 	> 	NH3  + H2 S + MS3 	M = Mo, W 	1.19 

The thermal decomposition of free uncoordinated thiometalate results in the 

formation of trisulfide at low temperature and at higher temperature above 800°C, the 

disulfide is obtained. The di and trisulfide products are formed under inert or 

reducing conditions, while in air, decomposition can lead to the mixture of oxo as 

well, as sulfido products. The decomposition under both inert and reductive 

atmosphere of the compounds (NH4)2MoS4, (NH4)2(Mo2(S2)6).2H20 and 

(NH4)2(Mo3S(S2)6) 1.85 H 2 O employing thermal analysis techniques such as 

TGA/TPR has been studied [233], which results in the formation of the stoichiometric 

MoS2  at temperature higher than 800 °C. However in the presence of H2 1MoS2 has 

been formed at temperatures lower than 450°C. 

In another report characterization of MoS2 has been discussed on the basis of 

TG/DTA studies which showed that the decomposition of (NH4)2MoS4,takes place as 

[14 ].  

2(NI-14)2MoS4 	--> MoS3+ MoS2  + 2H2 S   1.20 

in the range 160-270 °C.and the third decomposition 

MoS3  ---) MoS 2 + S   1.21 
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in the expected range 270 — 370 °C leading to the expected mass loss ratio. The 

thermal decomposition studies of the complexes viz (R 4N)[CuMoS 4] in air shows that 

the organic cation is removed around 420°C. and leads to the formation of the 

corresponding metal oxides as revealed by the it and the XRD data [234]. While the 

isothermal weight loss studies of [Zn(bpy)2MS4] complexes indicate loss of the 

organic amine molecules above 350°C [235]. 



CHAPTER 2 

SCOPE OF THE WORK 

The synthetic aspects, reactivity characteristics and spectroscopic investigations 

of the tetrathiometalates of group VI metals reported in the literature have been 

reviewed in the preceding chapter. From the literature survey it is now quite evident 

that the thiomolybdates and thiotungstates are versatile reagents in synthetic 

inorganic chemistry, as they are ligands which are purely inorganic in nature, and 

differ considerably in their reactivity from the corresponding oxoanalogs. The 

thiometalates can be readily prepared as the water soluble alkali metal or ammonium 

salts in very good yields. The ammonium salts of the thiometalates are routinely used 

for the preparation of several compounds ranging from insoluble sulfides like MoS3, 

MoS2 ans Chevrel phases to soluble sulfur rich binary and tertiary thiomolybdates. 

They function as bidentate ligands coordinating to a variety of transition metal ions 

forming novel sulfur bridged multimetallic complexes which exhibit interesting 

structural features as well as have unusual electronic properties due to marked 

electronic delocalization. The metal sulfides such as MoS2 and MoS3 are central to 

hydrotreating catalysis in industry. MoS3 is considered a potential candidate as a 

cathode material in secondary lithium batteries [236]. 

Piperidinium tetrathiotungstate (C5H12N)2WS4 [109] and benzyltriethyl-

ammonium tetrathiomolybdate (PhCH2NEt3)2MoS4 [38] have been introduced by 

Chandrasekaran et al as reagents in organic syntheses for the synthesis of several 

novel organic sulfur compounds. Of these two reagents (PhCH 2NEt3)2MoS4 has been 

shown to be quite useful for the transformation of a variety of organic substrates to 

novel organic sulfur compounds, in view of its solubility in organic solvents like 

CH2 C12, CHC13 etc as compared to (C5H12N)2WS4 which is soluble only in DMF. The 

facile solubility in organic solvents added to the ready availability of (PhCH2NEt 3 )Cl 

at reasonable cost seem to be the important factors taken into consideration for 

studying the reactivity of this system (PhCH2NEt3)2MoS4 towards a variety of organic 

substrates. Although the (XPh 4) 2MS4 (X = P, As), salts are soluble in a variety of 



organic solvents, the very high cost of (PPh 4)C1 needed to prepare the 

tetraphenylphosphonium or arsonium salts is one disadvantage which works against 

the use of these compounds in large scale synthetic manipulations. The 

benzyltriethylammonium tetrathiomolybdate can be readily prepared by a simple 

cation exchange reaction in very good yields as shown below. 

(NH4)2MoS4  + 2 (PhCH2NEt3)CI —) (PhCH2NEt3)2MoS44 ,  + 

Although the cation exchange reactions of (MS4) 2- are well documented in the 

literature there is a need to investigate this particular aspect in view of the following 

considerations: 

i) The counter cation alters the solubility characteristics of the thiometalate and thus 

permits investigations to be performed in non-aqueous media. 

ii) The thiometalates containing 	organic cations are relatively more stable 

compared to ammonium thiometalates and can be stored for longer periods of 

time. 

iii) Thiometalates (especially tetrathiomolybdates) are emerging as very important 

reagents in synthetic organic chemistry. 

The above factors combined with the well known report [112] that (NH 4)2MoS4 

 slowly decomposes via an induced electron transfer reaction to the dinuclear 

(Mo202S6)2Justifies that the cation exchange reactions of thiometalates is an area worth 

investigating. It is to be noted that the detoriation of (NH4)2MoS4 is quite facile under 

laboratory conditions and hence it is always recommended to either use of freshly 

prepared sample or a sample of (NH 4)MoS4 stored under inert atmosphere, in all 

synthetic manipulations. In this context, it may be noted that all known salts of 

(MS4)2-  are made up of two monovalent cations which are either ammonium, 

tetraalkylammonium, tetraphenylphosphonium etc. So far no organic dicationic salt is 

reported in the literature. 

The use of dications in the cation exchange reactions assumes importance in 

view of the known fact that the charge on the cation is crucial for the stabilization of 

the particular anion. This fact is well demonstrated by the isolation of the penta-

coordinate [Ni(CN)5] 3-  complex by using the [Cr(en) 3 ] 3+  cation [237]. In view of the 
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above mentioned considerations it is proposed that the use of diamines like 

.ethylenediamine which can function as a source of alkyldiammonium cation, may 

result in products which have different solubility characteristics. The reactivity 

characteristics of the thiometalates thus prepared can then be explored with the 

transition metals like Fe(II), Zn(II) etc. and thus compared with the reactivity of the 

known ammonium salts. 

The tetrathiometalate anions constitute an important area of the inorganic 

chemistry of these metals as they can function like bidentate ligands coordinating to a 

variety of transition metal ions forming novel sulfur bridged multimetallic complexes. 

Although several reports have appeared in the literature on the ligational behavior of 

thiometalates, relatively less attention has been directed on the use of thiometalates as 

counter anions to stabilize cationic metal complexes. In these reactions it is proposed 

to use a dicationic metal complex which is coordinatively saturated. 

For these studies complexes of the type [M'(en) 3 ] 2+  where M = Zn, Ni, Mn, Fe 

etc. may be a suitable choice as these complexes are dicationic and the metal is 

coordinatively saturated. The choice of such dicationic complexes is also due to the 

fact that the tris(ethylenediammine) complexes can act like templates for the 

solvothermal synthesis of metal chalcogenide system. Using [M'(en)3] 2+  as templates 

the syntheses and structural characterization of several metal chalcogenides like 

[M'(en)3 ]Sn2Q6 M' = Mn, Zn Q = Se,Te, [Mn(en) 3 ]Hg2Te9, [Fe(en)3]2Sb2Se5 etc. have 

been accomplished [238]. 

It will be of interest to see whether the reactions of [M'(en) 3 ]2+  with ammonium 

thiometalates will result in cation exchange or whether the thiometalate will compete 

with the coordinated en to form S—bridged heterobimetallic complex. The use of 

ammonia or other diamines in place of en can offer some clues on the reactivity 

characteristics of these systems. It is to be noted that the synthetic strategy planned 

here is similar to the one outlined earlier for the cation exchange reactions mentioned 

above using organic dications, the only difference being that complexes of the type 

[M(en)3 ]2+  are proposed to be used as dications instead of alkyldiammonium cations. 

Based on literature reports it is possible to outline some general trends in the 

cation exchange reactions of ammonium tetrathiometalates. The aqueous reactions of 
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the ammonium thiometalates with bulky cations like Cs +, PPh4+  etc. result in the 
of 

exchange (NH4) +  by the bulky cation as follows: 

(NH4)MS4  + 2X+ 	) X2MS4  + 2N1-14+ 	 2.2 

where X = Rb, Cs, PPh 4, AsPh4. 

The attempted exchange of the ammonium ions for divalent metal cations like 

Fe, Co, Ni, Zn results in the instantaneous formation of a mixture of X—ray 

amorphous sulfides as shown below [239]. 

(NH4)2MoS4 + M'Cl 2 	>  MoS3 + M'S + 2NH4C1 

M' = Fe, Co, Ni, Zn. 

When (WS4)2  is used instead of (MoS4) 2-  in the above reaction similar 

products are obtained. However these reactions are slow. The use of Cu(II) as the 

bivalent metal source in the above equation results in the reduction of Cu(II) to Cu(I) 

and the formation of the polymeric species NH4CuMoS 4. This indicates that 

thiometalates can also function like reducing agents (vide supra). 

The aqueous reactions of thiometalates with bivalent metal ions like Ni(II), 

Pd(II) etc. in the presence of counter cations like (PPh 4) +  leads to the formation of 

bis(thiometalato) complexes of the general formula (M'MS 4)2-  (M' = Fe, Co, Ni, 

Pt, Zn). An example of one such reaction using Ni(II) is shown in equation 2.4 

Ni2+  + (PPI14)+ 	(MoS4)5 	(PPh4)2 [Ni(Mo S4)2] 	2.4 

Ni2+  + (M ) oS4 2-  	 + 	MoS3 4, 	2.5 

In a typical reaction an aqueous solution containing the bivalent transition metal 

salt and (PPI14)+  is reacted with the aqueous thiometalate solution. A very important 

point to be noted is that the bulky counter cation should already be present in the 

reaction medium, prior to the mixing of the transition metal salt with thiometalate. In 

the absence of a counter organic cation, the reaction of bivalent transition metal with 

(MoS4)2-  results in the immediate formation of insoluble sulfides as shown in 
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equation 2.5. So the clue to the formation of such discrete complex anions lies in the 

use of bulky organic cations which can trap the trimetallic complex anions. In the 

case of Fe(II), even the use of (PPI1 4)+  does not afford any discrete complexes but 

only a polymeric species of approximate composition (Pph4)2[Fe(MoS4)2]. 

From powder diffraction studies, it has been concluded that catena units of the 

type shown below are present in the polymeric species. 

N/Nm/s 	 s Nmf 
s/ Xs/ N s/ N s/mN 8/ Ns  

Catena structure for the mixed metal sulfide 

Fig. 2.1 

One way to overcome polymerization, is by not performing the reaction under 

aqueous conditions. The reactions can be performed in CH 3 CN or in DMF. This 

strategy has been used to isolate the trimetallic complex [Fe(MoS4)2] 3- and also the 

mixed ligand complexes like [Cl2FeMS4] 2- . 

The polymerisation tendency and the sulfide formation in the aqueous reactions 

of thiometalates with transition metals can be effectively stopped by the use of 

coligands which can coordinate to the heterometal resulting in the formation of 

discrete mixed ligand heterometallic complexes. The use of a neutral coligand 

precludes the use of a counter cation, as the negative charge on thiometalate can be 

balanced by the charge on the metal. The usefulness of the coligands can be 

rationalized from the reaction of copper systems with thiometalates. As stated earlier, 

Cu+2  with (NH4)2MoS4  gives the polymeric Na4CuMoS4. However, the same 

reaction in the presence of aromatic diimines or triphenylphosphine can terminate 

polymerization and discrete compounds can be isolated [27]. 



As part of this study thiourea was chosen as a coligand. The choice of thiourea 

as coligand is due to the fact that thiourea is readily available, freely water soluble, is 

a neutral ligand and has a S donor site. The reactions of thiometalates with a few 

bivalent 3d metals were investigated in the presence of thiourea. However all these 

reactions resulted in the formation of black insoluble compounds [240]. In view of 

this, N—donor ligands like bpy and phen were chosen as coligands. 

The aromatic diimines 2,2'—bipyridine and 1,10—phenanthroline are well known 

and frequently used as ligands in coordination chemistry. The metal complexes of 

these and related ligands have been well documented in the literature [241]. The 

tris(diimine)complexes of iron(II) [Fe(L—L)3] 2+  are especially interesting as they 

undergo ligand displacement reactions with monodentate and bidentate anionic 

ligands and a rich chemistry of such neutral complexes is well established [242]. 

Thus the use of aromatic diimines in the reaction system Fe 2+/(MoS4)27H20 provides 

a tailor—made Fe source which can undergo both ligand displacement reactions and 

afford a stable coligands on the Fe site preventing polymerization. The use of these 

neutral ligands also excludes the use of bulky cations. The racemic complex 

[Fe—(phen)3] 2+  can be resolved into its optical antipodes and thus offers the 

possisbility of investigating the reaction of a chiral cation with the thiometalate. The 

use of these ligands in the reaction system, Mn 2+/(MS4)27H20 has been reported to 

yield the first Mn—tetrathiometalate complex. In this context, it will be of interest 

to study the use of aliphatic diamine ligands like en, 1,2—pn, 1,3—pn as these are 

readily available and have other required properties namely the diamines are neutral 

and function like bidentate ligands. 

Although the thiometalates have been complexed with several metals, 

surprisingly very few reports of the Pb—thiometalate complexes is available in the 

literature. The study of these systems assumes importance in view of the importance 

of Chevrel phases in superconductivity research. C.N.R. Rao et al have reported on 

the convenient synthesis of Chevrel phases like PbMo6S8 and related compounds via 

precursor methods [18]. In a typical synthesis the reaction of PbC12 with (NH4)2MoS4 

in DMF at —90°C under N2 resulted in the formation of the precursor complex 

Pb(NH4)0.5(Mo3S9). This precursor on high temperature treatment under H2 results in 



the formation of the Chevrel phase. The oxometalate complexes of Pb are well 

documented in the literature and are routinely encountered in the gravimetric analysis 

[243]. The affinity of Pb for S donor ligands and the paucity of Pb—thiometalate 

complexes as well as the importance of the Pb—Mo—S systems in superconductivity 

promises that this area is worth studying. In view of the report by Rao et al that the 

thiometalate complexes can behave like a precursor for the preparation of metal 

sulfides which are technologically important materials, a study of the thermal 

decomposition reactions is worth investigating. 

The compounds isolated using the above mentioned synthetic strategies can be 

subjected to physicochemical studies to gather useful information on the structure and 

nature of bonding. 
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CHAPTER 3 

EXPERIMENTAL DETAILS 

3.1 GENERAL CONSIDERATIONS 

All the reactions were carried out in air unless specified otherwise. Distilled water, 

ethanol as well as acetonitrile were used in the preparation of the complexes. The 

metal salts, amines like en, 1,2—pn, 1,3—pn, temen, diethylenetriamine etc and the 

cations like tetraethylammonium bromide, tetrabutylammonium bromide, 

benzyltriethylammonium bromide, cetyltrimethylammonium bromide, diimmines 

like 2,2'—bipyridine,1,10— phenanthroline were of reagent grade and were used as 

purchased. 

3.1.1 Methods of analysis 

The elements C, H, N were analyzed by standard microanalytical techniques at IIT 

Kanpur. The procedures employed for the analysis of other elements are as follows : 

Sulfur 

About 150 mg of S containing compound was oxidized with an excess of alkaline 

bromine water. The excess bromine water was evaporated off by warming the 

solution slowly. To the resulting solution HCl was added gradually and the liberated 

bromine was again evaporated off The solution was filtered and the sulfate in the 

filtrate was estimated gravimetrically as barium sulfate by standard method [243]. 

Metal ions 

An amount of the bivalent metal ion containing compound (200 mg) was 

decomposed by treating with an excess of aqua regia. The resulting solution was 

evaporated to dryness and the aqua regia treatment was repeated twice to ensure 

complete decomposition of the compound. The residue was redissolved in conc. HCI 

and the solution was evaporated to dryness. The residue was washed well with warm 

water and washings containing the metal ions were collected after filtering. The 



the filtrate was estimated gravimetrically as the dimethylglyoximate by the standard 

method as well as titrimetrically, using bromopyrogallol indicator. Fe(III) obtained 

was first reduced and estimated titrimetrically using dichromate solution and 

diphenylamine as internal indicator. Zn(II), Cd(II), Mn(II) ions were estimated by 

EDTA titrations using standard procedure [243]. In case of Zn(II) and Cd(II) 

thiometalate systems containing aromatic diamines the complexes were heated in a 

silica crucible on a Bunsen burner to remove the coordinated bpy or phen ligand 

before the acid decomposition of these complexes. 

Pb(II) in the Pb—thiometalate complexes was analyzed by decomposing an amount of 

Pb containing compound (200 mg) by alkali hydrolysis using NaOH or igniting the 

complex with Na2CO3 in nickel crucible. Then the residue was treated with conc. 

HCI, and evaporated to expel the H2S completely, the mass formed was then 

exrtracted with dil. HNO 3  and filtered. The Pb(II) in the filtrate was estimated 

gravimetrically as chromate as well as by EDTA titrations using xylenol orange 

indicator as per the standard procedures. Mo was estimated gravimetrically as its 

oxine by standanrd procedure and coordinated ammonia was first converted to 

ammonium ion by controlled acidification and then determinetlas the ammonium 

tetraphenyl borate. 

3.2 SYNTHESES OF THIOMOLYBDATES &THIOTUNGSTATES 

3.2.1 Preparation of ammoniumtetrathiomolybdate [29, 30] 

Ammonium heptamolybdate (5 g) was dissolved in a mixture of conc. ammonium 

hydroxide (30 ml) and water (10 ml) and the solution filtered. H2S gas was passed 

rapidly into the filtrate. The color of the solution initially was yellow and gradually 

changed to red. After passing H2S for —30 min. red crystals started depositing. The 

passing of H2S gas was stopped. The deep red colored solution was cooled at 0°C for 

20 min. The red crystals were isolated by filtration washed with little cold water, 

isopropanol and ether and dried in vacuum. The compound gave characteristic band 

at 480 cm-1  in the IR spectrum due to (Mo--S) stretching vibration. It gives bright 

orange precipitate with [Ni(en) 3]C12  complex forming [Ni(en)3]MoS4. 



3.2.2 Preparation of ammoniumtetrathiotungstate 	30] 

Tungstic acid (5 g) was dissolved in a-mixture of conc. ammonium hydroxide (30 ml) 

and water (10 ml) and the solution was warmed to 60°C. H2S gas was bubbled rapidly 

into the filtrate for 9 h maintaining the temperature at 60°C. The solution was cooled 

to 15°C to yield orange yellow ammonium tetrathiotungstate. The product was 

isolated by filtration, washed with little cold water, isopropanol and ether and dried in 

vacuum. The compound gave a characteristic band at 460 cm -I  in the IR spectrum 

due to (W—S) stretching vibration. It gives bright yellow precipitate with [Ni(en) 3 ]C1 2 

 complex forming [Ni(en)3 ]WS4. 

3.2.3 Preparation of ethylenediammonium tetrathiomolybdate [33] 

Method 1 A steady stream of hydrogen sulfide gas was passed through an aqueous 

solution of ammonium heptamolybdate (2 g in 20 ml) containing 6 ml of 99% 

ethylenediamine (en). The reaction temperature was maintained at 60°C. After 30-40 

min. of gas passing, copious amounts of garnet red crystals slowly separated. The gas 

passing was stopped and the reaction mixture cooled in an ice bath for 15 min. The 

red crystals were filtered at the pump, washed with a little amount of ice cold water, 

followed by isopropanol and ether and dried in vacuo. Yield 80%. 

Anal. Found (Calcd. for C2HI0N2MoS4): C 8.36 (8.39), H 3.7 (3.50), N 9.98 (9.79), 

S 44.25 (44.75) %. 

Method 2 Freshly prepared ammonium tetrathiomolybdate (260 mg, I mmol) was 

dissolved in water (15 ml). To this solution en (1 ml) was added and the reaction 

mixture filtered and kept in the refrigerator for crystallization. After 3-4 days deep 

garnet red blocks of the title compound had formed. The crystals were isolated by 

filtration washed with small amounts of water followed by isopropanol and ether and 

air dried. Yield 60%. The compound gave satisfactory elemental analysis. 

3.2.4 Preparation of ethylenediammonium tetrathiotungstate 

Method 1 A steady stream of hydrogen sulfide gas was passed through an aqueous 

solution of tungstic acid (2 g in 20 ml) containing 6 ml of 99% en. The reaction 



temperature was maintained at 60°C. After 6-8 h. of gas passing, copious amounts of 

orange yellow crystals slowly separated, upon refrigeration. The orange crystals were 

filtered at the pump washed with a little ice cold water followed by isopropanol and 

ether and dried in vacuo. Yield 70%. 

Method 2 Freshly prepared ammonium tetrathiotungstaste (348 mg, 1 mmol) was 

dissolved in water (15 ml). To this solution en (0.5 ml) was added and the reaction 

mixture filtered and kept in the refrigerator for crystallization. After 15 days deep 

yellow blocks of the title compound had formed. The crystals were isolated by 

filtration washed with small amounts of water followed by isopropanol and ether and 

air dried. Yield 60%. 

Anal.  Found (Calcd. for C2HioN2WS4): C 6.34 (6.41), H 2.51 (2.67), S 33.84 (34.22), 

N 7.53 (7.48)%. 

3.2.5 Preparation of 1,3—propanediammonium tetrathiomolybdate 

Method 1 A steady stream of hydrogen sulfide gas was passed through an aqueous 

solution of ammonium heptamolybdate (2 g) in water (20 ml) containing 6 ml of 

1,3—pn. The reaction temperature was maintained at 60°C. After 30-40 min. of gas 

passing, copious amounts of garnet red crystals slowly separated. The gas passing 

was stopped and the reaction mixture cooled in an ice bath for 15 min. The red 

crystals were filtered at the pump, washed with few ml of ice cold water followed by 

isopropanol and ether and dried in vacuo. Yield 80%. 

Method 2 Freshly prepared ammonium tetrathiomolybdate (260 mg, 1 mmol) was 

dissolved in water (15 m1). To this solution, 1,3—pn (1 ml) was added and the reaction 

mixture filtered and kept in the refrigerator for crystallization. After a week deep 

garnet red blocks of the title compound had formed. The crystals were isolated by 

filtration, washed with small amounts of water followed by isopropanol and ether and 

air dried. 



3.2.6 Preparation of N,N,N,N tetramethylethylenediammonium tetrathio-

molybdate 

Freshly prepared ammonium tetrathiomolybdate (260 mg, 1 mmol) was dissolved in 

water (15 nil). To this solution ternefl ',(0.5 nil) was added and the reaction 

mixture filtered and kept in the refrigerator for crystallization. After a week deep 

garnet red blocks of the title compound had formed. The crystals were isolated by 

filtration washed with small amounts of water followed by isopropanol and ether and 

air dried. yield 757. 

3.2.7 Preparation of benzyltriethylammonium tetrathiomolybdate 

This compound was prepared by following a published procedure [38]. Freshly 

prepared ammonium tetrathiomolybdate (13 g) in water (20 ml) was added to a 

solution of benzyltriethylammonium chloride (23.3 g) in water (50 ml) and the 

reaction mixture was stirred at room temperature for 2 h. The solid which separated 

was filtered, washed with isopropanol, ether and dried under high vacuum to obtain 

the benzyltriethylammonium salt in 75% yield. 

3.2.8 Preparation of cetyltrimethylammonium tetrathiomolybdate 

This compound was prepared by following an analogous procedure as mention above. 

The use of cetyltrimethylammonium bromide in ethanol instead of 

benzyltriethylammonium chloride afforded the title compound in 75% isolated yield. 

3.3 SYNTHESES OF Ni-THIOMETALATE COMPLEXES 

3.3.1 Preparation of [Ni(en)31MoS4 

An aqueous solution of [Ni(H20)6]C12 (240 mg, —1 mmol) and en (-1 ml, 3 mmol) in 

water (10 ml) forms a violet colored solution. This was added in drops to a stirred 

aqueous solution of (1\11-14)2MoS4 (260 mg, 1 mmol) in water (15 ml). This resulted in 

the immediate precipitation of bright orange colored [Ni(en)3]MoS4 in near 

quantitative yield. The stirring was continued for an h. and the product was isolated 

by filtration, washed well with water followed by isopropanol and ether and dried 

under vacuum. 



Anal. Found (Calcd. for C6H24N6NiMoS4): Ni 12.46 (12.68), C 15.39 (15.56), 

S 26.05 (27.66), N 17.76 (18.15) %. 

3.3.2 Preparation of [Ni(en)31WS4 

An aqueous solution containing [Ni(H20)6]C12 (240 mg, —1 mmol) and en (-1 ml, 

3 ' mmol) in water (10 ml) was added in drops, to a stirred aqueous solution of 

(NH4)2WS4 (348 mg, 1 mmol) in water (15 ml). This resulted in the immediate 

precipitation of bright yellow colored [Ni(en)3]MS4 in near quantitative yield. The 

stirring was continued for an h. and the product was isolated by filtration, washed 

well with water followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C6H24N6NiWS4): Ni 10.58 (10.65), C 13.26 (13.07), S 22.87 

(23.24), N 15.36 (15.25) %. 

3.3.3 Preparation of [Ni(1,3—pn)31M0S4 

Method 1 An aqueous solution containing [Ni(H20)6]C12 (240 mg, —1 mmol) and 

1,3—pn (-1 ml, 3 mmol) in water (10 ml) was added in drops to a stirred aqueous 

solution of (NH4)2MoS4 (260 mg, 1 mmol) in water (15 ml). This resulted in the 

immediate precipitation of bright orange colored [Ni(1,3—pn)3]MoS4 in near 

quantitative yield. The stirring was continued for an h. and the product was isolated 

by filtration washed well with water followed by isopropanol and ether and dried 

under vacuum. 

Anal. Found (Calcd. for C9H301\16NiMoS4): Ni 11.47 (11.40), C 20.83 (21.06), 

S 25.67 (24.96), Mo 19.32 (18.72), N 15.5 (16.38) %. 

Method 2 An aqueous solution of [Ni (1,3—pn)3]C12 (351.7 mg, 1 mmol) in water 

(20 ml) was added in drops to a stirred aqueous solution of (NH4)2MoS4 (260 mg, 

1 mmol) in water (15 ml). This resulted in the immediate precipitation of bright 

orange colored [Ni(1,3—pn)3]MoS4 in near quantitative yield. The stirring was 

'continued for an h. and the product was isolated by filtration, washed well with water 

followed by isopropanol and ether and dried under vacuum. The X—ray powder 
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pattern of the compound thus obtained was identical with that of the compound 

obtained from the method 1. The compound gave satisfactory elemental analysis. 

3.3.4 Preparation of [Ni(1,3—pn)31WS4 

Method 1 An aqueous solution containing [Ni(H20)6]C12 (240 mg, —1 mmol) and 

1,3—pn (-1 ml, 3 mmol) in water (10 ml) was added in drops to a stirred aqueous 

solution of (NI-14)2WS4 (348 mg, 1 mmol) in water (15 ml). This resulted in the 

immediate precipitation of bright yellow colored complex [Ni(1,3—pn)3]\VS4 in near 

quantitative yield. The stirring was continued for an h. and the product was isolated 

by filtration, washed well with water followed by isopropanol and ether and dried 

under vacuum. 

Anal. Found (Calcd. for C9H30N6NiWS4): Ni 9.5 (9.90), C 17.98 (18.22), S 22.08 

(21.59), N 13.78 (14.17) %. 

Method 2 An aqueous solution of [Ni(1,3—pn) 3 ]C1 2  (351.7 mg, 1 mmol) in water 

(20 ml) was added in drops to a stirred aqueous solution of (NH 4)2WS4  (348 mg, 1 

mmol) in water (15 ml). This resulted in the immediate precipitation of bright yellow 

colored [Ni(1,3—pn) 3 ]WS4  in near quantitative yield. The stirring was continued for 

an h. and the product was isolated by filtration washed well with water followed by 

isopropanol and ether and dried under vacuum. The compound gave satisfactory 

elemental analysis. 

3.3.5 Preparation of [(1,3—pn)2NiS2MoS2] 

Method 1 An aqueous solution of [Ni(H20)6]C12 (240 mg, —1 mmol) and 1,3—pn, 

(— 0.3 ml, 2 mmol) in water (10 ml) forms a blue colored solution which was added in 

drops to a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) in water (15 

ml). This resulted in the immediate precipitation of dark brown colored 

[(1,3—pn)2NiS2MoS2] in near quantitative yield. The stirring was continued for an h. 

and the product was isolated by filtration, washed well with water followed by 

isopropanol and ether and dried under vacuum. 
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Anal. Found (Calcd. for C6H2oN4NiMoS4): Ni 13.87 (13.62), C 15.85 (16.40), S 26.4 

(29.17), Mo 23.52 (21.88.) %. 

Method 2 [Ni(1,3—pn) 3 ]MoS4  (512.7 mg, 1 mmol) was stirred in water (50 ml) for 

about three h. when the compound changes its orange color to dark brown 

[(1,3—pn)2NiS 2MoS2] in near quantitative yield. The product was isolated by 

filtration, washed well with water followed by isopropanol and ether and dried under 

vacuum. The compound gave satisfactory elemental analysis. 

3.3.6 Preparation of [(1,3—pn)2NiS2WS2] 

Method 1 An aqueous solution of [Ni(H20)6]C12 (240 mg, —1 mmol) and 

1,3 diaminopropane (-0.3 ml, 2 mmol) in water (10 ml) forms a blue colored solution 

which was added in drops to a stirred aqueous solution of (N1-14)2WS 4  (348 mg, 1 

mmol) in water (15 ml). This resulted in the immediate precipitation of orange brown 

colored [(1,3—pn)2NiS 2WS2] in near quantitative yield. The stirring was continued for 

an h. and the product was isolated by filtration, washed well with water followed by 

isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C6H2oN4NiWS4): Ni 11.34 (11.32), C 12.28 (13.88), S 22.80 

(24.67), H 4.00 (3.85), N 9.70 (10.79) %. 

Method 2 [Ni(1,3—pn) 3 ]WS4 (592.7 mg, 1 mmol) was stirred in water (50 ml) for 

about three h. when the compound changes its bright yellow color to orange brown 

[(1,3—pn) 2NiS2WS2] in near quantitative yield. The product was isolated by filtration 

washed well with water followed by isopropanol and ether and dried under vacuum. 

The it spectrum of the compound thus obtained was identical with that of the 

compound obtained from the method 1. The compound gave satisfactory elemental 

analysis. 
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3.3.7 Preparation of [Ni(1,2—pn)31M0S4 

An aqueous solution of [Ni(H20)6]C12 (240 mg, —1 mmol) and 1,2—pn (-25 drops, 

3 mmol) in water (10 ml) which forms a violet colored solution, was added in drops 

to a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) in water (15 ml). This 

resulted in the immediate precipitation of bright orange colored [Ni(1,2—pn) 3]MoS4  in 

near quantitative yield. The stirring was continued for an h. and the product was 

isolated by filtration, washed well with water followed by isopropanol and ether and 

dried under vacuum. 

Anal. Found (Calcd. for C9H30N6NiMoS4): Ni 11.29 (11.40), C 20.45 (21.06), 

S 24.32 (24.96), Mo 17.98 (18.72), N 16.42 (16.38) %. 

3.3.8 Preparation of [Ni(1,2—pn) 31WS4  

An aqueous solution of [Ni(H20)6]C12 (240 mg, —1 mmol) and 1,2—pn (-25 drops, 

3 mmol) in water (10 ml) which forms a blue colored solution, was added in drops to 

a stirred aqueous solution of (NH4)2WS4 (348 mg, 1 mmol) in water (15 ml). This 

resulted in the immediate precipitation of bright yellow colored [Ni(1,2—pn) 3]WS4  in 

near quantitative yield. The stirring was continued for an h. and the product was 

isolated by filtration, washed well with water followed by isopropanol and ether and 

dried under vacuum. 

Anal. Found (Calcd. for C 9H30N6NiWS4): Ni 9.78 (9.90), C 17.89 (18.22), S 20.67 

(21.59), N 13.86 (14.17) %. 

3.3.9 Preparation of [(1,2—pn)2NiS2MoS2I 

An aqueous solution of [Ni(H20)6]C12 (240 mg, —1 mmol) and 1,2—pn (-8 drops, 

2 mmol) in water (10 ml) which forms a blue colored solution, was added in drops to 

a stirred aqueous solution of (NH4)2MoS4  (260 mg, 1 mmol) in water (15 ml). This 

resulted in the immediate precipitation of dark brown colored [(1,2—pn)2NiS2MoS 2 ] 

in near quantitative yield. The stirring was continued for an h. and the product was 

isolated by filtration, washed well with water followed by isopropanol and ether and 

dried under vacuum. 
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Anal. Found (Calcd. for C6H20N4NiMoS4): Ni 13.48 (13.62), C 16.05 (16.40), 

S 30.00 (29.17), N 11.85 (12.76) %. 

3.3.10 Preparation of [(1,2—pn)2NiS2WS2] 

An aqueous solution containing [Ni(H20)6]C12 (240 mg, —1 mmol) and 1,2—pn 

(8 drops, 2 mmol) in water (10 ml) was added in drops to a stirred aqueous solution 

of (NI-14)2WS4 (348 mg, 1 mmol) in water (15 m1). This resulted in the immediate 

precipitation of orange brown colored [(1,2—pn)2NiS2MoS2] in near quantitative 

yield. The stirring was continued for an h. and the product was isolated by filtration, 

washed well with water followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C6H20N4NiWS4): Ni 11.6 (11.32), C 13.45 (13.88), S 23.5 

(24.67), N 10.64 (10.79) %. 

3.3.11 Preparation of [(1,3—pn)2NiAloS4 Ni(1,3—pn)21MoS4 

An aqueous solution of [Ni(H20)6]C12 (120 mg, 0.5 mmol) (10 ml) was added to an 

aqueous solution of [Ni (1,3—pn)3]C1 2  (351.7 mg, 1 mmol) to give a blue colored 

solution, which was then added in drops to a stirred aqueous solution of (NH4)2MoS4 

(260 mg, 1 mmol) in water (15 ml). This resulted in the immediate precipitation of 

dark brown [(1,3—pn)2NiMoS 4  Ni(1,3—pn)2]MoS4 in near quantitative yield. The 

stirring was continued for an h. and the product was isolated by filtration, washed 

well with water followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C12H4oN8Ni2MO2S8): Ni 13.39 (13.62), C 16.56 (16.40), 

S 31.00 (29.17), N 12.50 (12.76) %. 

3.3.12 Preparation of [(1,3—pn)2Ni WS4 Ni (1,3—pn)2]WS4 

An aqueous solution of [Ni(H20)6]C12 (120 mg, 0.5 mmol) was added to an aqueous 

solution of [Ni(1,3—pn)3]C12 (351.7 mg, 1 mmol) to give a blue colored solution. This 

was then added in drops to a stirred aqueous solution of (NI-14)2WS4 (348 mg, 

1 mmol) in water (15 nil). This resulted in the immediate precipitation of maroon 

brown [(1,3—pn)2NiWS4Ni(1,3—pn)2]WS4 in near quantitative yield. The stirring was 



continued for an h. and the product was isolated by filtration, washed well with water 

followed by isopropanol and ether and dried under vacuum, 

Anal. Found (Calcd. for C12H40N8Ni2W2S8): Ni 11.9 (11.32), C 13.56 (13.88), 

S 24.00 (24.67), N 11.03 (10.79) %. 

3.3.13 Preparation of [(1,2—pn)2Ni MoS4Ni(1,2—pn)21MoS4 

An aqueous solution of [Ni(H20)6]C12 (120 mg, 0.5 mmol) was added to an aqueous 

solution of [Ni (1,2—pn)3 ]C12  (351.7 mg, 1 mmol) to give a blue colored solution. 

This was then added in drops to a stirred aqueous solution of (NH4)2MoS 4  (260 mg, 

1 mmol) in water (15 ml). This resulted in the immediate precipitation of dark brown 

colored complex [(1,2—pn)2Ni MoS4Ni(1,2—pn)2]MoS 4  in near quantitative yield. The 

stirring was continued for an h. and the product was isolated by filtration, washed 

well with water followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C12F1401•18Ni2Mo2S8):  Ni 12.90 (13.62), C 16.39 (16.40), 

S 27.97 (29.17), N 12.37 (12.76) %. 

3.3.14 Preparation of [(1,2—pn)2Ni WS4Ni(1,2—pn)2MS4 

An aqueous solution of [Ni(H20)6]C12 (120 mg, 0.5 mmol) was added to an aqueous 

solution of [Ni(1,2—pn) 3 ]C12  (351.7 mg, 1 mmol) to give a blue colored solution. This 

was then added in drops to a stirred aqueous solution of (NH4)2WS4 (348 mg, 

1 mmol) in water (15 ml). This resulted in the immediate precipitation of maroon 

brown colored compound [(1,2—pn) 2Ni WS4Ni(1,2—pn) 21WS4  in near quantitative 

yield. The stirring was continued for an h. and the product was isolated by filtration, 

washed well with water followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C12H 40N8Ni 2W2 S 8): Ni 11.47 (11.32), C 12.36 (13.88), 

S 24.82 (24.67), N 10.53 (10.79) %. 
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3.4 SYNTHESIS OF Fe-THIOMETALATE COMPLEXES 

3.4.1 Preparation of [Fe(en)3]MoS4 

An aqueous solution containing Mohr's salt (392 mg, 1 mmol) was added in drops to 

a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) and en (-1.5 ml, 3 

mmol) in water (15 ml). This resulted in the immediate precipitation of bright orange 

colored [Fe(en)3]MoS 4  in near quantitative yield. The stirring was continued for about 

thirty min. and the product was isolated by filtration, washed well with water 

followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C6H24N6FeMoS4): Fe 11.89 (12.17), C 15.32 (15.65), N 

18.34 (18.26), S 28.76 (27.82), Mo 19.04 (20.86) %. 

3.4.2 Preparation of [(en)2FeS2MoS2] 

An aqueous solution of Mohr's salt (392 mg, 1 mmol) in water (20 ml) was added in 

drops to a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) and en (-0.5 

ml, 2 mmol) in water (15 ml). This resulted in the immediate precipitation of dark 

greenish brown colored [(en)2FeS 2MoS2 ] in near quantitative yield. The stirring was 

continued for an h. and the product was isolated by filtration, washed well with water 

containing en followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C4K6N4FeMoS4): Fe 14.21 (14.0), C 12.03 (12.00), N 13.56 

(14.0), S 30.54 (32.0), Mo 22.09 (24.0) %. 

3.4.3 Preparation of [Fe(en)3]WS4 

An aqueous solution containing Mohr's salt (392 mg, 1 mmol) was added in drops to 

a stirred aqueous solution of (NH4)2WS4 (348 mg, 1 mmol) in water (15 ml) and en 

(— 1.5 ml, 3 mmol) in water. This resulted in the immediate precipitation of bright 

yellow colored [Fe(en) 3 ]WS4  in near quantitative yield. The stirring was continued 

for an h. and the product was isolated by filtration, washed well with water followed 

by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C6H24N6FeWS4): Fe 9.67 (10.20), C 12.86 (13.13), N 14.67 

(15.32), S 24.00 (23.35) %. 
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3.4.4 Preparation of [(en)2FeS2WS2] 

An aqueous solution containing Mohr's salt (392 mg, 1 mmol) was added in drops to 

a stirred aqueous solution of (NI -14)2WS4 (348 mg, 1 mmol) in water (15 ml) and en 

(-1 ml, 3 mmol) in water. This resulted in the immediate precipitation of maroon 

colored [(en)2FeS 2WS2] in near quantitative yield. The stirring was continued for an 

h. and the product was isolated by filtration, washed well with water followed by 

isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C4H16N4FeWS4): Fe 11.67 (11.47), C 8.78 (9.83), N 10.67 

(11.47), S 25.08 (26.23) %. 

3.4.5 Preparation of [Fe(1,2—pn)3]M0S 4  

An aqueous solution containing Mohr's salt (392 mg, 1 mmol) was added in drops to 

a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) in water (15 ml) and 

1,2diaminopropane (-1 ml, 3 mmol) in water. This resulted in the immediate 

precipitation of bright orange colored complex [Fe(1,2—pn) 3 ]MoS4  in near 

quantitative yield. The stirring was continued for an h. and the product was isolated 

by filtration, washed well with water followed by isopropanol and ether and dried 

under vacuum. 

Anal. Found (Calcd. for C9H30N6FeMoS 4): Fe 10.94 (11.15), C 20.75 (21.51), 

N 15.63 (16.73), S 26.00 (25.49), Mo 15.85 (16.73) %. 

3.4.6 Synthesis of [(1,2—pn)2FeS2MoS2] 

An aqueous solution containing Mohr's salt (392 mg, 1 mmol) and 1,2 

diaminopropane (A.3 ml, 2 mmol) in water was added in drops to a stirred aqueous 

solution of (NI-14)2MoS4 (260 mg, 1 mmol) in water (15 ml). This resulted in the 

immediate precipitation of dark green colored complex [(1,2—pn)2FeS2MoS2] in near 

quantitative yield. The stirring was continued for an h. and the product was isolated 

by filtration, washed well with water followed by isopropanol and ether and dried 

under vacuum. 

Anal. Found (Calcd. for C6H20N4FeMoS4): Fe 12.68 (13.08), C 15.39 (16.82), 

N 13.21 (13.08), S 27.76 (29.90) %. 
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3.4.7 Preparation of [Fe(1,2—pn)3]WS4 

An aqueous solution containing Mohr's salt (392 mg, 1 mmol) & 

1,2—diaminopropane (-1 ml, 3 mmol) in water was added in drops to a stirred 

aqueous solution of (NH4)2WS4 (348 mg, 1 mmol) in water (15 ml). This resulted in 

the immediate precipitation of bright yellow colored complex [Fe(1,2—pn)3JWS 4  in 

near quantitative yield. The stirring was continued for an h. and the product was 

isolated by filtration, washed well with water followed by isopropanol and ether and 

dried under vacuum. 

Anal. Found (Calcd. for C9H30N6FeWS4): Fe 9.86 (9.49), C 18.06 (18.30), N 15.00 

(15.32), S 23.21 (23.35) %. • 

3.4.8 Preparation of [(1,2—pn)2FeS2WS2] 

An aqueous solution containing Mohr's salt (392 mg, 1 mmol) and 

1,2 diaminopropane (-0.3 ml, 2 mmol) in water was added in drops to a stirred 

aqueous solution of (NH4)2WS4 (348 mg, 1 mmol) in water (15 ml). This resulted in 

the immediate precipitation of maroon red colored complex [(1,2—pn) 2FeS2WS 2] in 

near quantitative yield. The stirring was continued for an h. and the product was 

isolated by filtration, washed well with water followed by isopropanol and ether and 

dried under vacuum. 

Anal. Found (Calcd. for C 6H20N4FeWS4): Fe 11.16 (10.85), S 24.76 (24.80), C 12.73 

(13.95),N 9.87 (10.85) %. 

3.5 SYNTHESES OF Zn & Cd THIOMETALATE COMPLEXES 

3.5.1 Preparation of [(bpy)2ZnS2MoS2] 

An aqueous alcoholic solution containing ZnSO 4 .7H2 0 (287 mg. 1 mmol) in water 

(5 ml) and bpy (312 mg, 2 mmol) in ethanol (20 ml) was added in drops to a stirred 

aqueous solution of ammonium tetrathiomolybdate (260 mg, 1 mmol) in water 

(10 ml). This resulted in the immediate precipitation of reddish brown colored 

[(bpy)2ZnS2MoS2] in near quantitative yield. The stirring was continued for 2h. and 

the product was isolated by filtration, washed well with water, followed by 

isopropanol and ether and dried under vacuum. 



Anal. Found (Calcd. for C2oH16N4ZnMoS4): Zn 9.8 (10.8), S 22.00 (21.28), C 41 

(39.9), H 2.5 ( 66), N 10 (9.31) %. 

3.5.2 Preparation of [(bpy)2ZnS2WS2] 

An aqueous alcoholic solution containing ZnSO4.7H20 (287 mg. 1 mmol) in water 

(5 ml) and bpy (312 nig, 2 mmol) in ethanol (20 nil) was added in drops to a stirred 

aqueous solution of ammonium tetrathiotungstate (348 mg, 1 mmol) in water (10 ml). 

This resulted in the immediate precipitation of yellow colored [(bpy)2ZnS2WS2] in 

near quantitative yield. The stirring was continued for 2h. and the product was 

isolated by filtration, washed well with water, followed by isopropanol and ether and 

dried under vacuum. 

Anal. Found (Calcd. for C2oH16N4ZnWS4): Zn 9.42 (9.48), S 19 (18.56), C 35 

(34.83), N 8.2 (8.12) %. 

3.5.3 Preparation of [(bpy)2CdS2MoS2] 

An aqueous alcoholic solution containing CdC12.H20 (200 mg. 1 mmol) in water 

(5 ml) and bpy (312 nig, 2 mmol) in ethanol (20 nil) was added in drops to a stirred 

aqueous solution of ammonium tetra thiomolybdate (260 mg, 1 mmol) in water (10 

ml). This resulted in the immediate precipitation of orange red colored 

[(bpy)2CdS2MoS2] in near quantitative yield. The stirring was continued for 2h. and 

the product was isolated by filtration, washed well with water, followed by 

isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C2oH16N4CdMoS4): Cd 16.75 (17.33), S 20.76 (19.74), 

C 35.76 (37.0), N 9.0 (8.63) %. 

3.5.4 Preparation of [(13py)2CdS2WS2] 

An aqueous alcoholic solution containing CdC12.H20 (200 mg, 1 mmol) in water 

(5 ml) and bpy (312 mg, 2 mmol) in ethanol (20 ml) was added in drops to a stirred 

aqueous solution of ammonium tetrathiotungstate (348 mg, 1 mmol) in water (10 ml). 

This resulted in the immediate precipitation of yellow colored [(bpy)2CdS2WS 2] in 

near quantitative yield. The stirring was continued for 2h. and the product was 



isolated by filtration, washed well with water, followed by isopropanol and ether and 

dried under vacuum. 

Anal. Found (Calcd. for C2oH16N4CdWS4): Cd 15.20 (15.26), S 17.09 (17.38), 

C 33.07 (32.6), N 7.43 (7.60) %. 

3.5.5 Preparation of Rphen)2ZnS2M0S21 

An aqueous alcoholic solution containing ZnSO4.7H20 (287 mg. 1 mmol) in water 

(5 ml) and phen (396 mg, 2 mmol) in ethanol (20 ml) was added in drops to a stirred 

aqueous solution of ammonium tetrathiomolybdate (260 mg, 1 mmol) in water 

(10 ml). This resulted in the immediate precipitation of maroon red colored 

[(Phen)2ZnS2MoS2] in near quantitative yield. The stirring was continued for 2h. and 

the product was isolated by filtration, washed well with water, followed by 

isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C24H16N4ZnMoS4): Zn 9.24 (10.06), S 20.4 (19.69), (14.77), 

C 45.5 (44.32), N 8.02 (8.17) %. 

3.5.6 Preparation of Rphen)2ZnS2WS2I 

An aqueous alcoholic solution containing ZnSO4.7H20 (287 mg, 1 mmol) in water 

(5 ml) and phen (396 mg, 2 mmol) in ethanol (20 ml) was added in drops to a stirred 

aqueous solution of ammonium tetrathiotungstate (348 mg, 1 mmol) in water (10 ml). 

This resulted in the immediate precipitation of yellow colored [(phen)2ZnS2WS2] in 

near quantitative yield. The stirring was continued for 2h. and the product was 

isolated by filtration, washed well with water, followed by isopropanol and ether and 

dried under vacuum. 

Anal. Found (Calcd. for C24H16N4ZnWS4): Zn 7.90 (8.86), S 16.89 (17.35), C 40.00 

(39.05), N 6.87 (7.6) %. 

3.5.7 Preparation of [(phen)2CdS2MoS2] 

An aqueous alcoholic solution containing CdC12.H20 (200 mg, 1 mmol) in water 

(5 ml) and phen (396 mg, 2 mmol) in ethanol (20 ml) was added in drops to a stirred 

aqueous solution of ammonium tetrathiomolybdate (260 mg, I mmol) in water 
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(10 ml). This resulted in the immediate precipitation of pinkish red colored 

[(phen)2CdS2MoS2] in near quantitative yield. The stirring was continued for 2h. and 

the product was isolated by filtration, washed well with water, followed by 

isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C241116N4CdMoS4): Cd 14.85 (16.14), S 20.00 (18.38), 

C 40.3 (41.35), N 7.76 (8.04) %. 

3.5.8 Preparation of [(phen)2CdS2WS2] 

An aqueous alcoholic solution containing CdC12.H20 (200 mg, 1 mmol) in water 

(5 ml) and phen (396 mg, 2 mmol) in ethanol (20 ml) was added in drops, to a stirred 

aqueous solution of ammonium tetrathiotungstate (348 mg, 1 mmol) in water (10 ml). 

This resulted in the immediate precipitation of yellow colored [(phen) 2 CdS2WS2 ] in 

near quantitative yield. The stirring was continued for 2h. and the product was 

isolated by filtration, washed well with water, followed by isopropanol and ether and 

dried under vacuum. 

Anal. Found (Calcd. for C2oH16N4CdWS4): Cd 13.40 (14.33), S 17.00 (16.31), 

C 37.02 (36.70), N 6.57 (7.14) %. 

3.6 SYNTHESES OF Pb-THIOMETALATE COMPLEXES 

3.6.1 Preparation of (Et4N)2[Pb(MoS4)2] under aqueous conditions 

Method 1 An aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in water 

(20 ml) was added in drops to a stirred aqueous solution containing 

tetrathiomolybdate (260 mg, 1 mmol) and tetraethylammoniumbromide (210 mg, 

1 mmol). This resulted in precipitation of dark red precipitate of complex 

(Et4N)2[Pb(MoS4)2]. The stirring was continued for about an h. The compound was 

isolated by filtration, and washed well with water and isopropanol and then with 

ether, yield 90 %. 

Anal. Found (Calcd. for C161 -140N2PbMO2S8): Pb 22.5 (22.62), C 19.43 (20.98), 

S 28.54 (27.9), N 3.0 (3.06) %. 



Method 2 An aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in water 

(20 ml) was added into an aqueous solution of tetraethylammoniumbromide (210 mg, 

1 mmol) resulting in the precipitation of lead bromide the entire slurry was added to a 

stirred aqueous solution of tetrathiomolybdate (260 mg, 1 mmol) in water (20 ml) to 

produce dark red precipitate of (Et4N)2[Pb(MoS4)2]. The stirring was continued for 

about an h. Compound was isolated by filtration, and washed well with water and 

isopropanol and finally with ether. The compound gave satisfactory elemental 

analysis. 

f' 
Method 3 An aqueous solution, sodium chloride (10%) was added in drops to an 

aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in water (20 ml), to obtained 

a clear solution of [PbC14] 2- . This was then added to the stirred aqueous solution 

(20 ml) containing tetraethylammoniumbromide (210 mg, 1 mmol) and 

tetrathiomolybdate (260 mg, 1 mmol). This resulted in the formation of dark red 

precipitate of (Et4N)2[Pb(MoS 4)2]. The stirring was continued for about an h. The 

compound was isolated by filtration, and washed well with water and isopropanol and 

finally with ether. The compound gave satisfactory elemental analysis. 

3.6.1 Preparation of (Et4N)2[Pb(MoS4)2] under nonaqueous conditions 

Method 1 Ammoniumtetrathiomolybdate (260 mg, 1 mmol) and tetraethyl 

ammoniumbromide (210 mg, 1 mmol) were stirred in dry acetonitrile (15 ml) for 

about 15 min. when a red solution with some partly undissolved thiomolybdate is 

formed. To this slurry, solid powder of PbCl2 (139 mg, 0.5 mmol) was added and the 

stirring continued for about an h. A dark red colored precipitate of 

(Et4N)2 [Pb(MoS 4)2 ] formed, was isolated by vacuum filtration, washed thoroughly 

with water, isopropanol and then with ether. 

Anal. Found (Calcd. for Ci6H40N2Pb1\402S8): Pb 23.01 (22.62), C 21.04 (20.98), 

S 26.6.(27.9), Mo 21.5 (20.98), N 3.1 (3.06) %. 

Method 2 Ammoniumtetrathiomolybdate (260 mg, 1 mmol) and 

tetraethylammoniumbromide (210 mg, 1 mmol) were stirred in dry acetonitrile 
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(15 ml) for about 15 min. when a red solution with some partly undissolved 

thiomolybdate, is formed. To this slurry solid PbBr2 (184 mg, 0.5 mmol) was added 

and the stirring continued for about an h. A red colored precipitate is formed which 

was isolated by vacuum filtration, washed thoroughly with water, isopropanol and 

then with ether. The compound gave satisfactory elemental analysis. 

Method 3 Ammoniumtetrathiomolybdate (260 mg, 1 mmol) and 

tetraethylammoniumbromide (210 mg, 1 mmol) were stirred in dry acetonitrile 

(15 ml) for about 15 min. when a red solution with some partly undissolved 

thiomolybdate is formed. To this slurry solid PbI2  (231 mg, 0.5 mmol) was added and 

stirring continued for 30 min. A dark red colored precipitate formed, was isolated by 

vacuum filtration, washed thoroughly with water isopropanol and then with ether. 

The compound gave satisfactory elemental analysis. 

3.6.2 Preparation of (Et4N)2[Pb(WS4)2] under aqueous conditions 

Method 1 An aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in (20 ml) was 

added to a stirred aqueous solution of tetraethylammoniumbromide (210 mg, 1 mmol) 

and tetrathiotungstate (348 mg, 1 mmol) in water (20 ml) when a bright yellow 

coloured crystalline precipitate was obtained. The stirring was continued for one h. 

and the reaction mixture filtered. The solid product was washed well with water, 

isopropanol and finally with ether and dried under vacuum.yield 80%. 

Anal.  Found (Calcd. for C16H4oN2PbW2S8): Pb 19.43 (18.97), C 18.87 (17.59), 

S 24.68 (23.46), N (2.56), H 4.37 (3.66) %. 

Method 2 An aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in (20 ml) was 

added in an the aqueous solution of tetraethylammoniumbromide (210 mg, 1 mmol) 

resulting in the precipitation of PbBr 2 . The entire reaction mixture was then added 

into a stirred aqueous solution of tetrathiotungstate (348 mg,1 mmol) in water (20 ml) 

resulting in the formation of yellow precipitate of (Et4N)2[Pb(WS4)2]. The stirring 

continued for about an h. The compound was isolated by filtration, and washed well 



with water, isopropanol and finally with ether. The yield 51%. The compound gave 

satisfactory elemental analysis. 

Method 3 An aqueous solution of sodium chloride (10%) in water (10 ml) was added 

slowly to an aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in water (20 ml), 

till the PbC12 initially formed redissolved to give [PbC1 4]2- . This solution was then 

added to a stirred aqueous solution containing tetraethylammoniumbromide (210 mg, 

1 mmol) and ammonium tetrathiotungstate (348 mg, 1 mmol) in water (20 ml). This 

resulted in the formation of yellow precipitate of (Et4N)2[Pb(WS 4)2]. The stirring was 

continued for about an h. The compound was isolated by filtration, and washed well 

with water, isopropanol and finally with ether. The precipitate is unstable and turns 

black upon exposure to air. 

3.6.2 Preparation of (Et4N)2[Pb(WS4)2] under nonaqueous conditions 

Method 1 Ammoniumtetrathiotungstate (348 mg, 1 mmol) and tetraethyl ammonium 

bromide (210 mg, 1 mmol) were stirred in dry acetonitrile (15 ml) for about 15 min. 

when an yellow colored solution with some partly undissolved thiotungstate, is 

formed. To this slurry solid PbC12 (139 mg, 0.5 mmol) was added and stirring 

continued for about an h. A bright yellow colored crystalline precipitate of 

(Et4N)2[Pb(WS 4)2] formed, was isolated by vacuum filtration, washed thoroughly 

with water, isopropanol and finally with ether and dried. Yield 85%. 

Anal.  Found (Calcd. for Ci6H40N2PbW2S8): Pb 18.64 (18.97), C 18.52 (17.59), 

S 22.89 (23.46),N 2.34 (2.56), H 3.54 (3.66) %. 

Method 2 Ammoniumtetrathiotungstate (348 mg, 1 mmol) and tetraethyl 

ammoniumbromide (210 mg, 1 mmol) were stirred in dry acetonitrile (15 ml) for 

about 15 min. when an yellow solution with some partly undissolved thiotungstate is 

formed. To this slurry, solid PbBr2 (184 mg, 0.5 mmol) was added and the stirring 

continued for about an h. A bright yellow crystalline precipitate of (Et4N)2[Pb(WS4)2] 

formed, was isolated by vacuum filtration, washed thoroughly with water and 



isopropanol and then with ether. Yield 63%. The compound gave satisfactory 

elemental analysis. 

3.6.3 Preparation of (n—Bu4N)2[Pb(MoS4)2] 

An aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in (20 ml) was added 

dropwise to a stirred solution of tetrabutylammoniumbromide (322 mg, I mmol) in 

alcohol (5 ml) and tetrathiomolybdate (260 mg, 1 mmol) in water (15 ml), when a 

dark red crystalline precipitate of (n—Bu4N)2[Pb(MoS4)2] was obtained. The stirring 

was continued for about an h. and then filtered in vacuum, washed well with water 

and isopropanol and then with ether and dried. Yield 90%. 

. Anal. Found (Calcd. for CI6H40N2PbMO2S8):  Pb 17.58 (18.17), C 33.21 (33.71), 

S 23.00 (22.47), N 2.07 (2.45),.1-1 5.96 (6.3) %. 

3.6.4 Preparation of (n—Bu4N)2[Pb(VS4)2] 

An aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in (20 ml) was added in 

drops to the stirred solution containing tetrabutylammoniumbromide (322 mg, 

1 mmol) in alcohol (5 ml) and ammoniumtetrathiotungstate (348 mg, 1 mmol) in 

water when a yellow coloured crystalline precipitate of (n—Bu4N)2[Pb(WS4)2] was 

obtained. The stirring was continued for an h. and the reaction mixture was filtered. 

The yellow product was washed well with water, isopropanol and finally with ether 

and dried. Yield 90%. 

Anal. Found (Calcd. for C16H40N2PbW2S8): Pb 14.86 (15.74), C 28.79 (29.20), 

S 24.00 (23.46), N 2.5 (2.56) %. 

3.6.5 Preparation of (C6H5CH2Et3N)2[Pb(MoS4)2] 

An aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in (20 ml) was added in 

drops to a stirred solution containing benzyltriethyl ammoniumbromide (227 mg, 

1 mmol) in alcohol (5 ml) and ammoniumtetrathiomolybdate (260 mg, I mmol) in 

water (5 ml) when a red crystalline precipitate was obtained. The stirring was 

continued for an h. and the reaction mixture was filtered. The product was washed 

well with water, isopropanol and finally with ether and dried. Yield 70%. 



3.6.6 Preparation of (C6H5CH2Et3N)2[Pb(WS 4)2 ] 

An aqueous solution of Pb(OCOCH3)2 (190 mg, 0.5 mmol) in (20 ml) was added in 

drops to a stirred solution containing benzyltriethyl ammoniumbromide (227 mg, 

1 mmol) in alcohol (5 ml) and ammoniumtetrathiotungstates (348 mg, 1 mmol) in 

water (5 ml) when a yellow crystalline precipitate was obtained. The stirring was 

continued for an h. and the reaction mixture was filtered. The product was washed 

well with water, isopropanol and finally with ether and dried. Yield 65%. 

3.6.7 Preparation of [BaxPbo-x)WS4] 

An aqueous solution of Pb(NO3) 2  (330 mg, 1 mmol) in water (15 ml) was added to a 

stirred aqueous solution of Ba(NO3) 2  (261 mg, 1 mmol) and tetrathiotungstate 

(696 mg, 1 mmol) in water (20 ml) when a dark red coloured crystalline precipitate 

was obtained. The stirring was continued for one h. and the reaction mixture filtered. 

The solid product was washed well with water, isopropanol and finally with ether and 

dried under vacuum. Yield 85%. 

3.7 SYNTHESES OF Zn AND Mn CATIONIC AMINE 

THIOMETALATE COMPLEXES 

3.7.1 Preparation of [Zn(NH3)4]MoS 4  

An aqueous solution of ZnSO4.7H 20 (287 mg, 1 mmol) in water (15 ml) was added 

in drops to a stirred solution containing (NH4)2M0S4 (260 mg, 1 mmol) in water 

(15 ml) and ammonia (15 ml). This resulted in the immediate precipitation of bright 

orange colored [Zn(NH3)4]MoS4 in near quantitative yield. The stirring was continued 

for an h. and the product was isolated by filtration, washed well with 1:1 

ammonia/water mixture followed by isopropanol and ether and dried under vacuum. 

Anal.  Found (Calcd. for N4H12ZnMoS 4): Zn 18.3 (18.29), S 34.20 (35.81), Mo 25.00 

(26.86), N 14.00 (15.56), NH3  20.00 (19.02) %. 

3.7.2 Preparation of [Zn(N113)4]WS4 

An aqueous solution of ZnSO 4 .7H2 0 (287 mg, 1 mmol) in water (15 ml) was added 

in drops to a stirred solution containing (NH4)2WS4 (260 mg, 1 mmol) in water 



(15 ml) and ammonia (15 ml). This resulted in the immediate precipitation of bright 

yellow colored [Zn(NH3) 4]WS 4  in near quantitative yield. The stirring was continued 

for an h. and the product was isolated by filtration, washed well with 1:1 

ammonia/water followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for N4H,2ZnWS4): Zn 15.00 (14.67), S 29.70 (28.73), 

NH3 14.10 (15.26) %. 

3.7.3 Preparation of [Zn(en)3]MoS4 

An aqueous solution of ZnSO4.71-120 (287 mg, 1 mmol) in water (15 ml) was added 

in drops to a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) and en 

(-1 ml, 3 mmol) in water (15 ml). This resulted in the immediate precipitation of 

bright Orange colored [Zn(en)3]MoS4 in near quantitative yield. The stirring was 

continued for an h. and the product was isolated by filtration, washed well with water 

followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C6H24ZnN6MoS4): Zn 14.10 (13.92), C 16.00 (15.33), 

S 28.00 (27.27), Mo 22.00 (20.45) %. 

3.7.4 Preparation of gn(en)3MS4 

An aqueous solution of ZnSO4.7H20 (287 mg, 1 mmol) in water (15 ml) was added 

in drops to a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) and en 

(-1 ml, 3 mmol) in water (15 ml). This resulted in the immediate precipitation of 

bright yellow colored [Zn(en)3]WS4 in near quantitative yield. The stirring was 

continued for an h. and the product was isolated by filtration, washed well with water 

followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C6H24ZnN6WS4): Zn 11.50 (11.72), C 13.30 (12.91), S 23.2 

(22.96) %. 

3.7.5 Preparation of [Zn(1,2 —pn)3]MoS4 

An aqueous solution of ZnSO4.7H20 (287 mg, 1 mmol) in water (15 ml) in water was 

added in drops to a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) and 

1,2—pn (-1 ml, 3 mmol) in water (15 ml). This resulted in the immediate precipitation 



of orange colored [Zn(1,2—pn)3]MoS4 in near quantitative yield. The stirring was 

continued for an h. and the product was isolated by filtration, washed well with water 

followed by isopropanol and ether and dried under vacuum. 

Anal.  Found (Calcd. for C9H3 0N6ZnMoS4): Zn 12.80 (12.78), C 22.00 (21.12), 

S 26.00 (25.03), Mo 19.00 (18.38) %. 

3.7.6 Preparation of gn(1,2— pn)31WS4 

An aqueous solution of ZnSO4.7H 20 (287 mg, 1 mmol) in water (15 ml) was added 

in drops to a stirred aqueous solution of (NH4)2WS4 (348 mg, 1 mmol) and 1,2—pn 

(-1 ml, 3 mmol) in water (15 ml). This resulted in the immediate precipitation of 

bright yellow colored [Zn(1,2—pn) 3]WS4 in near quantitative yield. The stirring was 

continued for an h. and the product was isolated by filtration, washed well with water 

followed by isopropanol and ether and dried under vacuum. 

Anal.  Found (Calcd. for C9H30N6ZnWS4): Zn 11.00 (10.90), C 18.00 (18.02), 

S 22.00 (21.35), W 30.00 (30.69) %. 

3.7.7 Preparation of [Mn(NH3)61 M0S4 

Powdered MnC12 .4H20 (198 mg, 1 mmol) was added slowly to a stirred solution 

containing (NH4)2MoS4 (260 mg, 1 mmol) in ammonia (15 ml). This resulted in the 

immediate precipitation of bright orange colored [Mn(NH3)6]MoS4 in near 

quantitative yield. The stirring was continued for about 15 min. The product was 

isolated by filtration, washed well with ammonia followed by isopropanol and ether 

and dried under vacuum. 

Anal.  Found (Calcd. for N6H18MnMoS4): Mn 14.00 (14.43), S 32.76 (33.59), 

Mo 24.56 (25.19), N 21.45 (22.0) %. 

3.7.8 Preparation of [Mn(NH3)61 WS4 

Powdered MnC12 .4H20 (198 mg, 1 mmol) was added slowly to a stirred solution 

containing (NH4)2WS4 (348 mg, 1 mmol) in ammonia (15 ml). This resulted in the 

immediate precipitation of bright yellow colored [Mn(NH3)6JWS4 in near quantitative 

yield. The stirring was continued for about 15 min. The product was isolated by 



filtratioh, washed well with water followed by isopropanol and ether and dried under 

vacuum. 

Anal.  Found (Calcd. for N6H18MnWS4): Mn 11.80 (11.72), S 27.00 (27.29), N 18.02 

(17.91), NH3 19.06 (21.74) %. 

3.7.9 Preparation of [ Mn(en) 3] MoS4 

An aqueous solution of MnC12.4H20 (198 mg, 1 mmol) in water (15 ml), was added 

in drops to a stirred solution containing (NH4)2MoS4 (260 mg, 1 mmol) in water 

(15 ml) and en (-1.5 ml, 3 mmol). This resulted in the immediate precipitation of 

bright orange colored [Mn(en)3]MoS4 in near quantitative yield. The stirring was 

continued for about thirty min. and the product was isolated by filtration, washed well 

with water followed by isopropanol and ether and dried under vacuum. 

Anal.  Found (Calcd. for C6H24MnN6MoS4): Mn 12.07 (11.98), C 16.00 (15.68), 

S 29.2 (27.88), Mo 20.00 (20.91), N 17 (18.3), H 5.0 (5.22) %. 

3.7.10 Preparation of [ Mn(en) 3] WS4 

An aqueous solution of MnC12.4H20 (198 mg, 1 mmol) in water (15 ml) was added in 

drops to a stirred solution containing (N1-14)2WS4 (348 mg, 1 mmol) in water (15 ml) 

and en (-1.5 ml, 3 mmol). This resulted in the immediate precipitation of bright 

yellow colored [Mn(en)3]WS4 in near quantitative yield. The stirring was continued 

for about thirty min. and the product was isolated by filtration, washed well with 

water followed by isopropanol and ether and dried under vacuum. 

Anal.  Found (Calcd. for C6H24N6MnWS4): Mn 10.00 (10.05), C 12.50 (13.16), 

S 24.00 (23.4), N 15.24 (15.35), H 4.02 (4.38) %. 

3.7.11 Preparation [ Mn(1,2 — pn)3] MoS4 

An aqueous solution of MnC12.4H20 (198 mg, 1 mmol) in water (15 ml), was added 

in drops to a stirred solutioncontaining (NH4)2MoS4 (260 mg, 1 mmol) in water 

(15 ml) and 1,2—pn (-1.00 ml, 3 mmol). This resulted in the immediate precipitation 

of bright orange colored [Mn(1,2—pn)3]MoS4 in near quantitative yield. The stirring 
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was continued for an h. and the product was isolated by filtration, washed well with 

water containing 1,2—pn followed by isopropanol and ether and dried under vacuum. 

Anal.  Found (Calcd. for C9H30N6MnMoS4): Mn 11.04 (10.97), C 20.00 (21.55), 

S 26.00 (25.54), Mo 18.5 (19.16), N 16.44 (16.76), H 5.51 (5.98) %. 

3.7.12 Preparation of [ Mn(1,2—pn)3] WS4 

An aqueous solution of MnC12.4H20 (198 mg, 1 mmol) in water (15 ml) was added in 

drops to a stirred solutioncontaining (NI14)2WS4 (348 mg, 1 mmol) in water (15 ml) 

and 1,2—diaminopropane (-1.0 ml, 3 mmol). This resulted in the immediate 

precipitation of bright yellow colored [Mn(1,2—pn)3]WS4 in near quantitative yield. 

The stirring was continued for an h. and the product was isolated by filtration, washed 

well with water containing 1,2—pn followed by isopropanol and ether and dried under 

vacuum. 

Anal.  Found (Calcd. for C9H3oN6MnWS4): Mn 9.57 (9.33), C 18.05 (18.33), S 21.58 

(21.73), N 13.78 (14.26), H 4.67 (5.09) %. 

3.7.13 Preparation of Mn doped [Zn(en)3]MoS4. 

An aqueous solution containing mixture of 9.9 ml of ZnSO4.7H20 (2.87 g in 100 ml, 

10 mmol) and 1.0 ml of MnSO4 (16.9 mg in 100 ml, 0.01 mmol) in water (15 ml) was 

added in drops to a stirred aqueous solution of (NH4)2MoS4 (260 mg, 1 mmol) and en 

(-1 ml, 3 mmol)) in water (15 ml). This resulted in the immediate precipitation of 

bright orange coloredgn (0.99)Mno.01)(en)31M0S4 in near quantitative yield. The stirring 

was continued for an h. and the product was isolated by filtration, washed well with 

water followed by isopropanol and ether and dried under vacuum. 

Anal.  Found (Calcd. for C6H24ZnN6MoS4): Zn 12.65 (13.92), C 16.00 (15.33), 

S 28.00 (27.27), Mo 22.00 (20.45) %. 

3.7.14 Preparation of Mn doped [Zn(en) 3]WS4 

An aqueous solution containing mixture of 9.9 ml of ZnSO4.7H20 (2.87 g in 100 ml, 

10 mmol) and 1.0 ml of MnSO4 (16.9 mg in 100 ml, 0.01 mmol) in water (15 ml) was 

added in drops to a stirred aqueous solution of (NH4)2WS4 (348 mg, 1 mmol) and en 
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(-1 ml, 3 mmol) in water (15 ml). This resulted in the immediate precipitation of 

bright yellow colored[Zno.99)Mn(o.oi#031WS4in near quantitative yield. The stirring 

was continued for an h. and the product was isolated by filtration, washed well with 

water followed by isopropanol and ether and dried under vacuum. 

Anal. Found (Calcd. for C6H24ZnN6WS4): Zn 11.50 (11.72), C 13.30 (12.91), S 23.2 

(22.96) %. 

3.7.15 Preparation of ItZn(en)21o3(enH2)0.71MoS4 

A steady stream of hydrogen sulfide gas was passed through a mixture of ZnSO4 

(287 mg, 1 mmol) aqueous solution of ammonium heptamolybdate (528 mg, 3 mmol) 

(20 ml) containing 3 ml of 99% en. The reaction temperature was maintained at 60°C. 

After 30-40 min. of gas passing, copious amounts of garnet red crystals slowly 

separated. The gas passing was stopped and the reaction mixture cooled in an ice bath 

for —15 min. The garnet red fine crystals were filtered at the pump washed with few 

ice cold water followed by isopropanol and ether and dried in vacuo. Yield 80%. 

Anal. Found (Calcd. for C7.81-131.2ZnN7.8Mo3S12): Zn 6.59 (6.73), C 16.00 (15.33), 

S 28.00 (34.59), Mo 22.00 (20.45) %. 

3.8 V AND Cr THIOMETALATE COMPLEXES 

3.8 1 Synthesis of (Et4N)2[VO(WS4)21 

Method 1 An aqueous solution of VOSO4 (126 mg, 0.5 mmol) in (5 ml) was reacted 

with BaC1 2  (122 mg, 0.5 mmol) in (20 ml), resulting in the precipitation of BaSO4. 

The BaSO4 thus formed was filtered off and the filtrate along with the washings was 

added in drops to a stirred solution of tetraethylammoniumbromide (210 mg, 1 mmol) 

and ammonium tetrathiotungstate (348 mg, 1 mmol) in water when a green coloured 

crystalline precipitate was obtained. The stirring was continued for an h. and the 

reaction mixture was then filtered. The product was washed in small amounts of 

water, isopropanol and finally with ether. Yield 40%. 

Method 2 Ammoniumtetrathiotungstate (348 mg, 1 mmol) and tetraethyl 

ammoniumbromide (210 mg, 1 mmol) were stirred in dry acetonitrile (15 ml) for 
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about 15 min. when the yellow colored solution with some partly undissolved 

thiotungstate, is formed. To this solution VOC12 in acetonitrile (126 mg, 0.5 mmol) 

was added and the stirring continued for about 4 h. under nitrogen atmosphere. A 

reddish brown colored precipitate formed, was dissolved in CHC13 and allowed to 

crystallize in the refrigerator. The orange crystals of (Et4N)2[VO(WS4)2] obtained 

were then isolated by vacuum filtration, washed with isopropanol and finally with 

ether. Yield 50%. 

3.8.2 Preparation of [Cr(en)3]MoS4. 

An aqueous solution of chrome at um (500 mg, 0.5 mmol) in water (15 ml), was 

reacted with BaC1 2  (244 mg, 1 mmol), resulting in the precipitation of BaSO 4 . The 

precipitate was filtered and washed well. The washings were added to the filtrate and 

a piece of zinc metal was added into it. This was followed by addition of en (1.5 ml, 

3 mmol) and (NH4)2MoS 4  (260 mg, 1 mmol) in water (15 ml). The whole mixture 

was stirred for about 6-7 h. and the bright orange colored precipitate thus formed was 

filtered, washed well with water, followed by isopropanol and ether and air dried. The 

compound analyzed satisfactory for [Cr(en)3]Mo S4. 
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CHAPTER 4 

SYNTHETIC STRUCTURAL AND 

PHYSICOCHEMICAL INVESTIGATIONS OF THE 

SYNTHESIZED COMPLEXES 

4.1 Synthetic aspects and reactivity of the complexes 

The synthesis of ethylenediammonium tetrathiomolybdate has been achieved by the 

H2S treatment of a heptamolybdate solution in the presence of en. This method is 

similar to the well known method for the synthesis of thiometalates the only 

difference being en is used in the reaction medium to isolate the required salt. The 

reaction can be represented as shown below 

en 	 H2S 
(NH4)6M0-7024 	 (enH2)Mo04 	>  (enH2)M0S4 	4.1 

The first step in the reaction is  the formation of tetraoxomolybdate which on 

reaction with H2S results in the desired product. The use of WO3 in the above 

reaction results in the formation of the corresponding W analog. The use of other 

diamines like 1,2-pn or 1,3-pn results in the formation of the corresponding 

diammonium thiomolybdates which have been isolated in good yields. 

(enH2)MoS4  can also be obtained by reacting (NH4)2MoS4 with en i.e. by a cation 

exchange process. This reaction can be shown as below 

(NI-14)2M0S4 + en (excess) 	>  (enH2)MoS4 + 2NH3 	4.2 

The stronger base en displaces the ammonium as ammonia and desired product is 

formed. This methodology appears to be a general methodology as using this, the 



corresponding (1,2—pnH 2)2+, (1,3—pnH2) 2+, (temenH2) 2+  salts of tetrathiomolybdate 

have been obtained. 

The dialkylammonium tetrathiomolybdates obtained in both the methods are 

red in color and less soluble in water compared to the ammonium salt. It has been 

observed by us that these salts are extremely stable unlike the ammonium salt which 

slowly decomposes via an induced electron transfer process. The stability of 

(enH2)MoS4  is so unusual that this salt does not form any amorphous sulfide on 

treatment with Fe SO 4. On the contrary, the reaction of (NH4)2MoS4 with Fe 2+  in 

water results in the instantaneous formation of insoluble sulfides. We attribute the 

extra stability of all these diammonium salts to the dicationic nature of the counter 

cation. This proposal gains credence from the infrared as well as X-ray investigations 

of (enH2)MoS4  (vide infra). 

The use of a bivalent metals like Fe +2  or Ni+2  alters the course of the reaction 

4.2. Thus when Ni(II) is used as an additional reagent in reaction 4.2, the [Ni(en) 3 ] 2+ 

 complex which is formed in situ acts as a bulky cation to precipitate the thiometalate. 

This reaction can be written as shown below. 

(NH4)2MoS 4  + en + Ni2+ 	>  [Ni(en) 3 ]MoS4  ----4.3 

Reaction 4.3 was investigated by using other diamines and varying the reagent 

concentrations when an excess of the diamine was used the product isolated was the 

thiometalate salt of the tris[M(L) 3 ] 2+  (L = diamine). When reduced quantities of L 

was used i.e. bivalent metal:L was 1:2. The products isolated were the neutral 

S—bridged bimetallic complexes. In these complexes, the (MS4) 2  functions like a 

bidentate ligand. Interestingly, we have not been able to isolate the [(en) 2NiS2MS2]. 

The reason for this may be the extraordinary stability of [Ni(en)3] 2+. 

In general, we have used similar reaction conditions and studied the ligational 

behavior of thiometalates towards a few bivalent metals as shown below. 

ma+ 4. L  (ms4)2- ----4.4 >  [W(p.—S)2L2(p.—S)21\4] 



[M' = Ni, Fe, Zn, Cd L = aliphatic diamine or aromatic diimine M = Mo,W]. 

In the case of Zn(II) and Cd(II) the coligands used were the aromatic diimines 

while in the case of Ni and Fe the coligands used were en, 1,2—pn and 1,3—pn. 

As mentioned earlier, use of excess ligand results in uncoordinated (MS4) 2- 

 while the 1:2 stoichiometry results in the formation of neutral S—bridged bimetallic 

complexes. 

Of these complexes the [Ni(1,3—pn) 3 ]MS4  deserves mention. These complexes 

just by stirring in water change into the corresponding S—bridged bimetallic 

complexes as shown below. 

[Ni( 1 ,3—pn)3]MS4 	>  [( 1 ,3—pn)2NiS2MS2] + 1,3—pn ----4.5 

However this reaction does not take place with [Ni(1,2—pn)3]MS4. The reason 

for this difference in reactivity is not very clear. It is very likely that the ring size of 

the bivalent metal—diamine may be one factor as (1,3—pn) forms a 6 membered ring 

while 1,2—pn forms a 5 membered ring. The spectroscopic characterization of these 

complexes (vide infra) does not give us much of a clue for this difference in 

reactivity. In the case of the metal complexes which are formed with bpy or phen, 

these reactions always result in the formation of the S—bridged product even when 

excess or reduced amounts are used indicating the high formation tendency. 

The reactions of Zn(II) d m  and Mn(II) d 5  have been investigated with 

tetrathiometalates in the presence of amines which can be either NH 3  or a diamine as 

shown below. 

M' + 0■454)2-  + L 	)  [(L)4M'] [M54] - 	4.6 

In all these reactions the metal amine complexes function like a bulky cation 

and precipitate the thiometalate. In the case of Zn(II) and (NH3) only tetraamine 

complexes are obtained while in the case of Mn(II) hexammine complexes are 

formed. The [Mn(NH4)6]MS4 are relatively more stable compared to [Mn(NH 4)6]C1 2  
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and can be readily obtained. When aliphatic diamines are used as coligands the 

bivalent metal is six coordinate in both Zn(II) and Mn(II). The use of aromatic 

diimines in the Mn(II) system has been reported [142] to result in the formation of 

S—bridged bimetallic complexes. This indicates that aliphatic diamines cannot 

stabilize {MnS2MS2 } unlike phen or bpy. Interestingly, en can stabilize the 

corresponding Fe moiety to form [(en)2FeS2MS2], while phen cannot. 

The reaction of [Fe(bpy)3] 2+  with the thiometalate results in the formation of the 

sulfur bridged, neutral bimetallic complexes, whereas the reaction of the 

[Fe(phen)3 ] 2+  with thiometalate gives only the [Fe(phen) 3 ] 2+  salt of the thiometalate. 

All the attempts to synthesize the [(o—phen)2FeS2MoS 2 ] were unsuccessful. 

Preparation of 1 and d tris(o—phen)Iron(II)perchlorate trihydrate was achieved and 

then reacted with (MoS 4)2-, even after stirring for a long duration resulted in the 

formation of only the salt like species namely the (d)[Fe(phen) 3 ]MoS4  and 

(1)[Fe(phen) 3 ]MoS4. Here no ligand exchange takes place with phen and 

[Fe(phen) 3 ]2+  simply act as bulky cation to trap the thiometalate. 

The zinc systems have also been investigated by directly using Zn(II) as a 

reagent in the formation of (M54) 2 . Thus when a solution of heptamolybdate 
,to 

containing Zn(II) and en was reacted this gave rise, the mixed cationic complex 

[(Zn(en)2) 0.3 (enH2)0.7]MoS4. This indicates that en cannot stabilize the bimetallic core 

in Zn and Mn. 

The reactions of Pb(II) with thiometalates has been investigated by us inorder to 

prepare Pb—thiometalate complexes. These reactions have been performed in both 

aqueous and non—aqueous media. The aqueous reactions of Pb(II) with thiometalates 

result in the formation of insoluble sulfides. Discrete organic soluble complexes were 

obtained by using counter cation. The counter cations used are the tetraalkyl 

ammonium cations. The high formation tendency of the bis(thiometalate) complexes 

of Pb(II) is evident from these reactions, as the same product is obtained under 

different reaction conditions and the products formed are not also dependent on the 

Pb source. All Pb halides yielded the same product. The use of Ba 2+  as a counter 

cation to isolate the inorganic bis(thiometalato) Pb complex, Ba[Pb(WS4)2] resulted 

in the formation of Pbi_ xl3ax[WS4]. In addition the reactions of thiometalates were 
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investigated with other metals sources like [Co(en) 2 C12] }, VOC12 etc. However these 

reactions gave variable products and in some cases, the products (like the V 

reaction) were not stable and these reactions were not investigated in detail. 

Structural aspects and physicochemical investigations of the synthesized 

complexes 

The complexes synthesized in this work have been studied by vibrational, 

infrared, electronic and magnetic resonance spectroscopy, X—ray powder diffraction, 

TG—DTA, magnetic suscesptibility measurements and cyclic voltammetry. The 

tetrathiometalate (enH2)Mo S4 has been studied by single crystal X—ray 

crystallography and its structure determined. The results of these studies are 

presented in this section : 

4.2. Infrared Spectroscopy: 

The infrared spectra were recorded on a Shimadzu DR-8031 FTIR instrument. The 

samples were prepared as KBr pellets and referenced to polystyrene bands, and the 

spectra were recorded down to 400 cm -1 , at a resolution of 4 cm -1 . 

This technique is qui to useful in eluciding the bonding nature of the 

tetrathiometalates as all tetrathiometalates have characteristic infrared signatures in 

the 400-500cm-1  region. The usefulness of infrared spectroscopy in the determining 

the structural features of thiometalato complexes has already been outlined in the 

introductory chapter. All the complexes synthesized in this work can be classified 

into two types namely: 

i) compounds in which tetrathiometalate is uncoordinated (free tetrathiometalate). 

ii) componds in which the tetrathiometalate functions like a bidentate ligand 

resulting int the formation of S—bridged heterometallic complexes. 

In the compounds of the first type, the cation can be either an organic 

diammonium for example ethylenediammonium or [M(L—L)3] 2'. The formula of 

these compounds have been arrived at based on elemental analysis. The compounds 

wherein the tetrathiometalate is uncoordinated can be readily characterized by their 

characteristic M—S stretching frequencies. Infrared spectra of this type of compounds 
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have certain characteristic features and deserve mention. In all these compounds the 

Mo= S stretching frequency occurs around 470 cm-1  while the corresponding W = S 

stretching frequency around 450 cm The spectra of free tetrathiomolybdate and its 

corresponding W analog are nearly identical. This will be further illustrated with 

examples. 

The M-S stretching vibrations of the tetrathiometaJaks with organic 

diammonium cations are collected in Table 4.2. For comparison the (M-S) of 

ammonium salt is also included. The infrared spectra of (enH2)MoS 4, (enH2)WS4  and 

(enH2)C12 are reproduced in Fig. 4.2.1 while the infrared spectra of (1,3-pnH 2)Mo S4 

and (temenH2)MoS 4  are shown in Fig. 4.2.2. 

In all these compounds VM-S can be readily assigned . 	(enH2)MoS4 exhibits 

V(Mo —asymmetric)  at 474 cm 1  while the corresponding W analog exhibits this signal at 

450 cm'. This is in accordance with the expected trend. The infrared spectra of both 

(enH2)MoS4  and (enH2)WS4 are identical but for the lowering of the M-S stretching 

fluency in the W analog indicating both these compounds are isostructural. The 

change of the cation from (enH 2)2÷  to (1,3-pnH2) 2+  does not alter much the M-S 

stretching frequency, as this compound exhibits M-S stretch at 475 cm'. 

The changes in the M = S stretching frequencies of all the compounds listed in 

Table 4.2.1 are very minor and this is attributed to the cation effect, based on 

literature precedence. The observation of Mo = S signal at 470 cm -I  in (NEt4)2MoS4 

 compared to 480 cm-1  in (NH4)2MoS4 has been attributed to cation effect [30]. 

Another notable feature of the infrared spectra of (enH2)MoS4, (enH2)WS4, 

(temenH2)MoS 4, (1,2-pnH2)MoS4  and (1,3-pnH2)MoS4  is the appearance of a broad 

signal around 3000 cm-I  (Fig. 4.2.1 and Fig. 4.2.2) No infrared signals are seen 

beyond 3000 cm'. The simple salt (enH2)C12 exhibits a broad infrared absorption at 

3192 cm-I  and this spectrum was recorded under identical conditions on the same 

instrument as for the (enH2)M S4 (M = Mo, W) compounds. The Aldrich library of 

FT-IR spectra quotes this value as 3187.9 cm -1  for enH2Cl2. The infrared spectrum of 

(enH2)C12  is reproduced in Fig. 4.2.1. The large shift of this band in (enH2)C12 at 3192 

cm-1  to -3000 cm' in (enH2)MoS4 clearly indicates that there is some sort of 
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Table 4.2.1 

Infrared spectral data of diammonium tetrathiometalates 

Complex M-S bands and vibrations due to cations cm'' 

(enH2)C12 818.9, 1006, 1035, 1087.8, 1316, 1351, 1602, 

2058, 2923.7, 3017.3192.7 

ONH42MoS4 479.8, 1386, 3099 

(enH2)MoS 4  475, 805, 885, 970, 1010, 1030, 1080, 1305, 

1325, 1440, 1460, 1570, 3000 

(enH2)WS4 450.5, 807, 889, 965, 1023, 1310, 1432, 1462, 

1573, 1638, 3005 

(1,3-pnH2)MoS4 475, 750, 945, 1100, 1200, 1320, 1400, 1480, 

1550, 3000 

(temenH2)2MoS4 469, 516, 941, 1460, 2700, 2950, 3010 

(PhCH2NEQ2MoS4  468, 700, 730, 1000, 1050, 1450, 1470, 2990, 

3300 

(cetylMe3) 2 MoS4 470, 720, 910, 950, 1000, 1460, 1650, 2840, 

2920, 3450 
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interaction between the cation and anion in the diammonium tetrathiomolybdates. 

The band around 3000 cm-I  must be due N-H stretching vibration. The spectra of the 

corresponding (enH2)80 4  and (enH2)(C104)2 have also been recorded by us and their 

N-H stretching frequencies occur at still higher energies compared to that of 

(enH2)C12. 

The existence of cation-anion interaction via H-bonds gains credence from the 

crystal structure analysis (vide infra). We attribute the broad signal observed at -3000 
-1 i cm in all the diammonium tetrathiometalates to be due to a combination of N-H as 

well as C-H stretching frequencies. This assignment is due to the fact that C-H 

stretching vibration is also expected for a saturated organic compound at -3000 cm -1 . 

The existence of H- bonding interaction between cation and anion has also been 

reported by Muller [245] for (NH4)2Mo2S2 (M = Mo, W) based on the lowering of 

N-H stretching frequency in these compounds compared to that of (NH4)C10 4 . The 

N-H stretching frequency of (NH4)2MO2S2 occurs below 3000 cm -1  (M = Mo, 2930cm . ' 

M = W,2950 cm-1 ) compared to that of 3290 cm-1  in (NH4)C10 4  [246]. 

In the case of the tetrathiomolybdate salts of (NEt 4)+  and (PhCH2NEt3) +  there is 

no question of H-bonding between cation and anion as the nitrogen here are fully 

alkylated. Further these are mono cations:The (PhCH2NEt3)2M o S 4  which has been 

used extensively as a reagent inprganic synthesis has been characterized only by 

uv-vis spectroscopy. We report here its infrared spectral characteristics. This 

compound absorbs at 468 cm-1  while the corresponding cetyltriethylammonium salt 

absorbs at 470 cm-1 . In all these tetrathiometalates, all the other infrared signals are 

attributed to as originating from the organic cation. 

All the free tetrathiometalates which have been isolated by using [M(L)3] 2+  [M 

= Mn(II), Zn(II) and Ni(II) ; L = en, 1,2-pn, or 1,3-pn], exhibit several bands in the 

infrared region which are characteristic of the coordinated organic ligand to the 

bivalent metal, in addition to the metal sulfur stretching frequencies which are 

observed as expected i.e. around 470 cm -1  for Mo systems and around 450 cm-1  for 

the W systems. The it spectra of the [M'(en) 3]MS 4  (M = Mo, W ; M = Mn or Zn). 



complexes are strikingly similar indicating these compounds have similar 

structure as no change is observed by changing the bivalent metal. The isostructural 

nature of these compounds can also be inferred from their X—ray powder diffraction 

(Vide infra). A similar trend is observed for the corresponding complexes when en is 

changed 1,2—pn or 1,3—pn. The infrared spectral data of these compounds are 

collected in Table 4.2.2. 

The infrared spectra of the [Zn(NH3)4]MS4 complexes and the corresponding 

[Mn(NH3)6]MS4 complex exhibit signals characteristic of free tetrathiometalates (Mo 

= 475 cm-1  W = 455 cm-I ). However these spectra are not identical and this is due to 

the presence of a tetracoordinated cation in the Zn complexes as compared to that of a 

hexacoordinated cation in the corresifding Mn complex. 

The Fe complexes where d [Fe(phen) 3 ] 2+  or 1 [Fe(phen)3 ] 2+  are used as cations 

show identical spectra and the presence of free uncoordinated (MoS4) 2-  is evidenced 

by the observation a single M = S stretching frequency. The compound 

Bai_„Pbx [WS4] shows a single line it spectrum (strong signal at 470 cm -I ). No other 

signals are observed in this case. 

The infrared spectral characteristics of the free uncoordinated tetrathiometalates 

reported in this work can be summarized as follows : 

1) All free tetrathiometalates exhibit characteristic M -S stretching vibrations, and 

the W—S vibration occurs at lower energies compared to that of its Mo analog. 

2) The small differences in the M—S stretching frequencies can be attributed to the 

cation effect. 

3) The (enH2 )2+, (1,2—pnH2)2+  and (1,3—pnH2)2+  salts exhibit broad signals at 3000 
-1 cm due to H—bonding interactions between cation and anion. 

-t. 
4) The signals other than that due 4 M—S stretching frequencies originate from the 

cation. 

The spectra of this class of compounds is reproduced in Fig. 4.2.11 to Fig. 4.2.16. 

In addition to the free uncoordinated tetrathiometalates, other complexes 

wherein the tetrathiometalate functions like a bidentate ligand , have also been 

prepared in this work. Under this category there are three types of compounds namely 
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Table 4.2.2 

Infraxed spectral data of thiometalates containing INU(L)„1 2 ' cation 

Complex M-S band and diamine vibrations cm - ' 

[Zn(NH3)4]MoS 4  427, 474, 725, 1222, 1257, 1403, 1690, 3274 

[Zn(NH3)4]WS 4  455, 730, 1200, 1300, 1395, 3120, 3300 

[Zn(en)3]MoS4 460, 630, 960, 1000, 1060, 1270, 1325, 1560, 2870, 2920, 

3220, 3300 

[Zn(en)3]WS 4  455, 500, 630, 800, 960, 1010, 1030, 1100, 1275, 1350, 

1455, 1610, 2880, 2920, 3240, 3300 

[Zn(1,2-pn) 3]MoS 4  475, 650, 830, 430, 1010, 1330, 1460, 1550, 2870, 2920, 

2950, 3260 

[Zn(1,2-pn)3 ]WS 4  455, 650, 930, 1000, 1190, 1450, 1570, 2870, 2920, 2970, 

3280 

[NIn(NH3)6]M0S4 475, 600, 1020, 1190, 1390, 1590, 3220, 3320 

[Mn(NH3)6]WS4  460, 600, 800, 1200, 1390, 1590, 3220, 3260 

[NIn(en)3]MoS.4  473, 620, 960, 1000, 1150, 1250, 1350, 1450, 2860, 2920, 

3225, 3250, 3300 

[Mn(en)3]WS 4  450, 610, 670, 810, 870, 900, 1000, 1320, 1460, 1500, 

1580, 2870, 2920, 3230, 3300 

[Mn(1,2-pn)3]MoS4 475, 600, 660, 750, 780, 850, 870, 920, 950, 1000, 1300, 

1375, 1450, 1570, 2870, 2920, 2960, 3280 

[Mn(1,2-pn)3]WS 4  455, 600, 930, 1000, 1140, 1300, 1370, 1450, 1570, 2870, 

2920, 2960, 3290 

[ {Zn(enH2)0 71 {(en2)0 3 } ]M0S4 491.5, 800, 900, 920, 1030, 1430, 1450, 3000, 3450 
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i) neutral S—bridged bimetallic complexes having the general formula 

[Isir(L—L) 2MS4] (M' = Mn, Fe, Ni, Zn and Cd ; L—L = en, 1,2—pn, 1,3—pn, bpy, 

phen ; M = Mo, W). 

ii) bis(thimetalato) complexes of Pb, (R 4N)2[Pb(MS4)2] R = ethyl, n—butyl or 

benzyltriethyl and iii) the tetranuclear complexes of Nickel—thiometalates where 

(M54)2  functions both as a bidentate as well as a free thiometalate. 

Although, the analytical data of the complexes are useful in arriving at the final 

formula of the complexes, infrared spectroscopy is useful in determining the nature of 

bonding in these complexes. A procedure similar to the one reported in the literature 

[218] has been employed by us to identify the mode of thiometalate bonding . 

The free tetrathiometalate has a Td symmetry (all S are identical) which is 

reduced to C2v on bidentate coordination. When (M54) 2  functions as a bidentate 

ligand coordination all the 4 sulfurs are no longer equivalent as now there are two 

distinct sets of S namely bridging S (Sbr) and terminal S (S term). The correlation of 

v(M—S) vibrations of the (M5 4)2  group in these symmetries are shown below. 

Td 	 C2v 

A i  (R) 	 Ai  (IR,R) 

E (R) 	 Ai  (IR,R) + A2 (R) 

E2 (IR,R) 	 A 1  (IR,R) B i (IR3R) + B2 (IR,R) 

Thus the vi(Ai) vibration of the free (M54) 2  ion retains its totally symmetric 

nature even after coordination and this vibration is of the v s  type. However, the 

asymmetric vibration v3(E2) is split. In practice, the terminal (M = S) groups are 
--1 characterized by one or two vibrational frequencies between 480-510 cm and the 

bridging (M—Sb r) groups by frequencies between 430-460 cm-1 . The thiometalate 

complexes reported in this work have the aromatic diimines, aliphatic diamines, as 

coligands and the organic cations. These do not absorb in the region 430-520 cm -1 , 

thus making the identification and assignment of the metal sulfur vibrations simple 

and straight forward. 

The IR spectra of the complexes synth6ized by us are characteristic of the 

coordination of (MS 4)2-  qnits resulting in the formation of the sulfur bridged 



bimetallic unit {M'(11-S)2M}. The infra red spectra of the synthesized complexes 

containing coordinated thiometalates are depicted in Fig. 4.2.3 to Fig. 4.2.10 and Fig. 

4.2.17 to 4.2.20. And the assignments to the v(M-S ty,„) and v(M-Sb r) vibrations are 

listed in Table 4.2.3 -4.2.6. 

The infrared spectra of the neutral tetrathiometalato complexes of Ni, Fe, Zn 

and Cd and the trimetallic bis(tetrathiometalato) complexes of Pb show the 

characteristic splitting nature of the free tetrathiometalate bands which result upon 

complexation. From the Table 4.2. It is quite clear that the spectra of the synthesized 

complexes are in accordance with the theoretical predictions. The v(M = S tem) occurs 

at higher frequency than that of the free thiometalate while the v(M-Sbr) occurs at a 

lower frquency. A common trend that has been observed in many tetrathiometalate 

complexes reported till date is the appearance of a single band for v(M-Sbr), two 

bands for v(M = Sterm) and a single band for the v(M = Stem) vibrations in their it 

spectra. 

The IR spectra of the [(L-L) 2FeS 2MS2] complexes are striking since they 

exhibit four distinct bands in the 400-500 cm -1  region two of which can be assigned 

to v(M = St,,,) and the other two to v(M-Sb r) vibrations. The v(W-Sterm) and 

v(W-Sbr) vibrations generally appear at a lowerfrequency compared to v(Mo -Sterm) 

and v(Mo-Sbr) vibrations of the corresponding Mo analog and these observations are 

consistent with the expected trend. The bidentate nature and the sulfur ligation of the 

thiometalate in the Pb-thiometalate complexes has been unambiguo usly arrived at 

from the infrared spectral data. The IR spectra of these complexes exhibit the 

characteristic two v(M = S tem) vibrations above 450 cm -1  and one or two v(M-Sbr) 

vibration below 450 cm-1  as expected for the Td[MS4] 2  anions which assume as C2v 

microsymmetry on bidentate coordination. The IR spectral frequencies of the cation 

do not interfere with these assignments. 

When (MS4)2-  functions like a bis bidentate ligand i.e. all the 4 sulfurs are 

ligated to two metals then the microsymmetry is further reduced to D2d. in such a 

situation all the sulfurs are bridging sulfurs and a single band is predicted at around 

450 cm-1  for much cases. In the complexes [(L-L)2NiS2MS2Ni(L-L) 2]MS4  (M = Mo, 
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Table 4.2.3 

Infrared spectral data of coordinated thiometalates of Ni(H) 

Complex Color M-S bands and diamines vibrations cm -1  

[Ni(en)3]Mo S4 orange red 475, 520, 650, 960, 1035, 1100, 1275, 1375, 

1450, 1560, 2890, 2910, 3255, 3265, 3300 

[Ni(en)3]WS 4  yellow 455, 520, 650, 960, 1035, 1100, 1275, 1375, 

1450, 1560, 2890, 2910, 3255, 3265, 3300 

[Ni(1,3-pn)3]MoS4  orange red 465, 620, 880, 1010, 1060, 1100, 1135, 1150, 

1175, 1275, 1320, 1465, 2890, 2910, 3210, 

3250 

[Ni(1,3-pn)2MoS4] brown 475, 440, 500, 620, 880, 900, 1000, 050, 1065, 

1080, 1130, 1275, 1375, 1460, 1575, 2880, 

2910, 2950, 3200, 3260,3300 

[Ni(1,3-pn)31WS 4   yellow 450, 620, 880, 660, 1010, 1060, 1100, 1125, 

1150, 1175, 1275, 1320, 1465, 1575, 2880, 

2920, 3200, 3250 

[Ni(1,3-pn) 2WS 4 ] brown 455, 480, 645, 900, 1000, 1055, 1065, 1150, 

orange 1270, 1460, 1555, 1575, 28880, 2910, 2950, 

3200, 3210, 3260, 3300 

[Ni(1,3-pn)3]WS4--> brown 450, 480, 645, 900, 1000, 1055, 1065, 1130, 

[Ni(1,3-pn) 2WS 4 ] orange 1150, 1270, 1460, 1535, 1575, 2880, 2920, 

2950, 3200, 3220, 3260, 3300 

[Ni(1,3-pn)2M0S4]2 brown. 470,650,850,900,1000,1060,1130,1560,2880,2 

920,2950,3200,3270. 

[Ni(1,3-pn)2WS4]2 maroon 460, 475, 650, 900, 1000, 1130, 1460, 1510, 

1540, 1575, 2000 2880, 2910, 2950, 3260, 

3300 



Complex Color M-S bands and diamines vibrations cm -1  

.[Ni(1,2-pn)3]MoS4 reddish 465, 650, 935, 1020, 1045, 1455, 1510, 1550, 

brown 2880, 2920, 2960, 3290 

[Ni(1,2-pn)2MoS4] brown 475, 485, 650, 1000, 1455, 1570, 1550, 1130, 

1140, 2280, 2920, 2960, 3400 

[Ni(1,2-pn)3]WS 4  yellow 468, 661, 1023, 1053, 1200, 1300, 1375, 1450, 

1564, 3262 

[Ni(1,2-pn)2WS4] orange 455, 497, 645, 760, 1010, 1200, 1200, 1300, 

brown 1450, 1560, 2880, 2920, 2960 

[(1,2-pn)2NiMoS4]2 dark 470, 650, 850, 900, 1000, 1060, 1130, 1560, 

brown 2880, 2920, 2950, 3200, 3270, 3430 

[(1,2-pn)2NiWS4]2 dark 470, 650, 900, 1000, 1060, 1130, 1560, 2280, 

brown 2920, 3200, 3270, 3450 

12.-3 



Table 4.2.4 

Infra red spectral data of coordinated thiometalates of Fe(H) 

Complex NI-S band and diamine vibrations cm - 

[Fe(en)3]Mo S4 465, 650, 800, 910, 1010, 1275, 1330, 1460, 1560, 2890, 

2930, 3230, 3290 

[Fe(en)2  MoS4] 425, 450, 480, 470, 500, 620, 670, 960, 1000, 1020, 1120, 

1270, 1320, 1450, 2920, 3220, 3280 

[Fe(en)3]WS4 455, 630, 800, 960, 1010, 1100, 1275, 1330, 1460, 1560, 

2890, 2930, 3230, 3290 

[Fe(en)2  WS44 430, 450, 475, 485, 650, 880, 970, 1000, 1030, 1270, 1320, 

1450, 1570, 3230, 3280 

[Fe(1,2-pn)3JMoS 4  430, 450, 480, 500, 610, 780, 830, 1000, 1130, 1200, 1265, 

--->[Fe(1,2-pn) 2M0S4] 1370, 1450, 1575, 2890, 2960, 3220, 3280 

[Fe(1,2-pn) 2  NfloS 4] 430, 450, 480, 500, 610, 780, 830, 1000, 1130, 1200, 1265, 

1370, 1450, 1575, 2890, 2960, 3220, 3280 

[Fe(1,2-pn)3]WS 4  455, 920, 1010, 1200, 1300, 1380, 1450, 1575, 2880, 2920, 

2960, 3290 

Fe(1,2-pn) 2  WS 4] 445, 470, 480, 530, 600, 930, 	1000, 	1050, 	1140, 1260, 

1450, 1560, 1575, 2960, 3230, 3280, 3290, 3330 

(+) [Fe(o-phen) 3 ]MoS4  465, 720, 760, 845, 1140, 1420, 1510, 1630, 3400 

(-) [Fe(o-phen)3JMoS4 465, 720, 760, 845, 1140, 1420, 1510, 1630, 3400 

0- 



Table 4.2.5 

Infra red spectral data of coordinated thiometalates of Zn(II) and Cd (II) 

Complex Colour M-S (terminal) M- S (bridging) 

[(bpy)2ZnMoS 4] Reddish brown 495, 480 460, 440 

[(bpy)2ZnWS4] Yellow 490, 475 460, 440 

[(bpy)2CdMoS4] Orange red 500, 490 450, 440 

[(bpy)2CdWS 4 ] Yellow 495, 480 450, 435 

[(phen) 2ZnMoS 4 ] Maroon red 495, 475 445 

Rphen)2ZnWS41 Yellow 485, 475 465 

[(phen) 2CdMoS4] Pinkish red 490, 480 450, 430 

[(phen)2CdWS 4 ] Yellow 490, 480 450, 430 

Table 4.2.5 

Selected infrared bands (only strong and medium) due to the dimine ligands in 

the synthesized complexes 

Coligand Selected Diimine (phen or bpy) bands cm -1  

bpy 1590, 1470, 1440, 1320, 1250, 1170, 1020, 

775, 735, 650, 420 

phen 1630, 1535, 1520, 1420, 1145, 1100, 870, 

845, 775, 720, 640, 420 



Table 4.2.6 

Infra-'red spectral data of coordinated Pb (bis-thiometalato) complexes 

Compound Source MS(term) Ms(br)  

(Et4N)2[Pb(MoS4)2] Pb-acetate 512, 467 435 

(Et4N)2[Pb(WS4)2] Pb-acetate 496, 455 437 

(Et4N)2 [Pb(MoS4)2] PbI2 500, 460 440 

(Et4N)2 [Pb(WS4)2] PbI2  495, 450 435, 430 

(Et4N)2[Pb(MoS 4)2] PbCl 2  500, 465 438 

(Et4N)2 [Pb(WS 4)2] PbCl2  495 435, 430, 

(Et4N)2 [Pb(MoS4)2] PbBr2  500, 460 440 

(Et4N) 2 [Pb(WS 4)2 ] PbBr2 495, 450 435, 430 

(Et4N) 2 [Pb(MoS4)2] PCl 2  495, 450 435, 430 

(Et4N)2[Pb(MoS4)2] Pb(NO3)2 496, 450 435 

(Et4N)2 [Pb(WS 4 )2 ] Pb(NO3)-2 495, 490 443 

(Bu4N)2[Pb(MoS4)2] Pb-acetate 514, 473 438 

(Bu4N)2 [Pb(WS 4)2 ] Pb-acetate 495, 460, 445 435 

(PhCH2 Et4N)2[Pb(MoS4)2] Pb-acetate 500, 470 450, 440 

(PhCH2Et4)2 [Pb(WS 4 )2] Pb-acetate 490, 480 440 

(Et4N)2 [V '(WS 4)2 ] VOSO4 510, 490 450, 435 

Table 4.2.6 

Selected infra red bands due to organic cations 

Cation Bands due to organic cations cm - ' 

(Et4N)' 800, 1000, 1020, 1200, 1350, 1400, 1500, 

2950, 3350 

(Bu4N)` 740, 890, 1050, 1150, 1375, 145, 1620, 

1640, 2877, 2970, 3450 

(C6H5CH2Et3N) f  700, 750, 1000, 1150, 1450, 3450 
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W; L-L = 1,2-pn or 1,3-pn) one (MS 4)2  is free while the other is bis(bidentate). The 

IR spectra of these complexes are different from that of [(L -L)2NiS2MS2] even 

though the analytical data match as the Ni : (L-L) : (MS 4) ratio is the same 1:2:1 in 

both cases. These complexes exhibit infrared signals characteristic of a free 

thiometalate and in addition another band at lower energies which can be assigned to 

the v(M-Sbr) 

4.3 Electronic Spectroscopy 

The electronic spectra of the synthesized complexes were recorded on a 

Systronics-119 Spectrophotometer and Shimadzu UV-1601 instrument using 

matched quartz cells. 

The electronic spectra of the thiometalato complexes described in this work 

show characteristic bands whose positions are comparable to those in the free 

uncoordinated thiometalates. The electronic spectra of the several free uncoordinated 

tetrathiometalates reported in this work are relatively easy to explain as these are 

essentially similar to the reported spectra of the alkali metal or ammonium 

tetrathiomolybdates in terms of band position, line width and intensity. 

A typical example is the electronic spectrum of (en112)MoS 4  [33] which exhibits 

bands at 466, 316 and 240nm. In general the free (MoS 4)2-  complexes exhibit v, 

bands around 460nm while free (WS 4)2  around 390nm Table 4.3. A similar trend is 

observed for the [Ni(L-L)3]MS4 complexes. In these cases the d-d transitions which 

are weak in nature may lie under the envelope of the strong ligand to metal charge 

transfer of the tetrathiometalate. When the thiometalate functions like a bidentate 

ligand the v 1  band arising from the S —> M charge transfer (LMCT) due to t 1  —> 2e 

transition for the free tetrathiometalate is split due to the lowering of symmetry in the 

coordinated thiometalato complexes. This aspect has already been discussed in 

chapter 1. 

In the reactions of (M54) 2  with Ni(II) or Fe(II) in presence of aliphatic 

diamines two different products can be isolated depending on reaction conditions 

wherein one contains the free uncoordinated (MS4) 2- . The observed electronic spectra 

are indicative of this. For example [Fe(en)3]WS 4  shows bands at 396 and 284 nm 



Table 4.3 

Electronic spectral data of the synthesized complexes 

Complex Band Maxima (nm) 

(NH4)2MoS4 463, 316, 240 

(\TH4)2WS4 394 , 279, 218 

(Et4N)2[Pb(WS4)2] 391.6, 278.8 

(Et4N)2[Pb(MoS4)2] 458.8, 386.8, 305 , 250.0 

Ba.,13b1_,(WS4) 396.4, 281 	, 264 

(nBu4N)2[Pb(MoS 4 ) 2 ] 465.5, 389, 310.5 

(n-Bu4N)2[Pb(WS 41) 395, 320, 280 

[Zn(bpy)2WS4] 401, 286, 262 

[Cd(bpy)2WS 4] 394, 281 

[Zn(phen)2 WS 4 ] 401, 259.6, 269 

[Zn(N1-13)4]MoS4 275, 310, 480 

[Zn(NH3)4]WS4 285, 360, 405 

[Zn(en)3]MoS 4  275, 330, 400, 470 

[Zn(en)3]WS 4  282, 398 

[Zn(1,2-pn)3]MoS 4  275, 330, 400, 475 

[Zn(I,2-pn)3]WS 4  285, 355, 390 

[IVIn(N1-1 3 )6]MoS 4  275, 450 

[Mn(NH3)6]WS 4  285, 410 

[Mn(en)3]MoS4 280, 460, 550 

[Mn(en)3]WS 4  284. 395 

[N1n(1,2-pn)3]MoS4 274.5, 318, 473 

[Mn(1,2-pn)3]WS4 285, 401 

I SI- 



Complex Band max nm 

(enF12)Mo S4 466, 316, 240 

(en21-12)WS 4  397 5 281 

(temenH2)2MoS 4  476, 324, 282 

[Ni(1,3-pn)3]MoS4 475, 320, 280 

[Ni(1,3-pn)2MoS 4 ] 540, 360, 280 

[M(1,3-pn) 3 ]ArS 4  405, 282 

[Ni(1,3-pn)2WS 4 ] 435, 385, 280 

[Ni(1,3-pn)2M0S4]2 520, 280 

[Ni(1,3-p02WS-1]2 435, 280 

[Ni(1,2-pn)3]MoS4 480, 330, 285 

[Ni(1,2-pn)2MoS 4 ] 535, 354, 281 

[Ni(1,2-pn)3]VS 4  400, 285 

[Ni(1,2-pn)2WS 4 ] 430, 385, 283 

[Ni(1,2-pn)2MoS 4]2 525, 282 

[Ni(1,2-pn)2WS 4 ] 2  440, 285 . 

[Fe(en)3]MoS4 460, 310, 280 

[Fe(en)2 MoS ] 555, 475, 280 

[Fe(1,2-p n)2Mo S4] 550, 465, 300 

[Fe(1,2-p03]WS4 391, 296 

[Fe(1,2-pn)2WS 4 ] 550, 465, 290 

[Fe(en)3]WS4 396, 284 

[Fe(en)2WS4] 450, 390, 287 



while [(en)2FeS2WS2] shows bands at 450 and 390 nm. The electronic spectral data of 

the synthesized complexes are collected in Table 4.3 and a few representative spectra 

are reproduced in Fig. 4.3.1 to 4.3.5. 

The electronic spectra of the neutral hexacoordinate thiometalate complexes of 

Zn(II) and Cd(II) containing bpy or phen as coligands show essentially ligand internal 

transitions corresponding to those of the free thiometalate ions as well as the bpy and 

phen around 460 and 280 nm for Mo complexes and 390 and 280 nm for W 

complexes [142]. It will be difficult to assign the v 3  band of coordinated thiometalate 

in these mixed ligand complexes as this transition appears in the same region where 

the intraligand charge transfer of bpy and phen takes place. 

The assignment of these transitions are based on the reported assignments for 

the corresponding [Zn(MS4) 2] 2  complexes [27]. The electronic spectra of the 

bis(tetrathiometalato) are essentially similar to that of the free tetrathiomolybdate 

even though the (MS4) 2  is coordinated. This is probably due to the fact that Pb(II) is 

a closed shell system and hence this shows a feature similar to that of the d mZn(II) 

[27]. 

Fe, Ni, Cd etc. M = Mo, W. 

The magnetic properties of the open d shell M' ions can give rise to interesting 

structural features. The solubility restrictions of the complexes precluded the 

evaluation of the magnetic data by the NMR method [12]. So the EPR spectra of the 

complexes were recorded and the results are discussed below. The complexes with 

M' = Zn, Fe, Ni, Cd do not show any room temperature EPR signals. However when 

M' = Mn a broad isotropic spectrum has been observed for which dilution studies 

were undertaken both in solid and solution phases and results are explained below. 

4.4 Magnetic resonance studies 

The compounds synthesized in this study have the 'general formula [M'(L—L)3]MS4, 

[(L—L)2M'S2MS2] and (R4N)2[Pb(MS4)2]. L—L = aromatic dimine, M' = Zn (II), Mn, 
ca I p 	76 et;o,,line, 

t 
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4.4.1 HNMR spectral investigation 

The compound (enH2)M0S4 has been studied by 'H NMR spectroscopy. The 

spectrum of the compound was recorded in D20 on a Bruker WT 300 MHz FTNMR 

spectrophotometer at the National Institute of Oceonography, Dona Paula, Goa. The 

1 H NMR spectrum is reproduced in Fig. 4.4.1. The PMR signal at 3.05 (singlet) is 

assigned to the methylene protons. The signal of the ammonium protons could not be 

assigned as this is marked by the strong solvent D20 peak due to the residual protons. 

It is insttictive to compare the 1 H NMR spectrum of (enH2)MoS4 with that of the 

(enH2) C12. (enH 2) Cl2 exhibits two signals at 8 3.4 (singlet,—CH2—) and 8 4.85 

(broad, (NH3 )+). The NMR data of the dichloride in D 2 0 quoted here has been taken 

from the Aldrich library of 13 C and 'H FT—NMR spectra. The methylene protons in 

(enH2)MoS4 are shielded upfield to 8 3.05 from 8 3.4 in the dichloride, indicating 

shielding of the methylene protons in the tetrathiomolybdate. It is not clear whether 

the observed shift in (enH2)MoS 4  is due to the cation— anion interactions as seen in 

the solid state X—ray structure. However it is to be noted that the infrared spectral 

data of the two compounds were quite different esplcially in the —NH— region 

indicating that (enH2)MoS4  cannot be thought of as consisting discrete cations and 

anions. Experiments are presently underway to investigate all the diammonium 

tetrathiometalates and also the salts like (enH 2)C12, (enH2)SO4, (enH2)(CI04)2. etc. in 

d6—DMSO to understand this phenomenon. 

4.4.2 EPR spectra of Mn—Thiometalate complexes 

The EPR spectra were recorded using a varian E-109. Spectrometer operating at 

X—band. DPPH was used as a frequency calibrant. A microwave power of —2 mw 

was used for all the spectra. The spectra of all the complexes were recorded at room 

temperature. All the EPR absorption have been shown in the first derivative form, and 

the field marking is indicative of DPPH resonance positions. 

MI 41) is d5  system and in the complexes [Mn(L—L)3]MS 4  is of high spin nature. 

The ground state is an orbital singlet 6 S5,2 which to first order should not interact with 

the crystalline electric field. However to higher order the combined action of an 
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electric field gradient and the spin—spin interaction does split the energy levels. The 

magnitude of this zero field splitting is expressed by the axial field splitting 

parameter, D for the case of axial distortion. The spin Hamiltonian is given by 

H = 	H. S + D [S,2- 1 /3S (S+1)] + A S I 

where H is the mage:ltic field vector, g is the spectrocopic splitting factor, p is 

the Bohr magneton, A is the Mn hyperfine splitting constant, S is the electronic spin 

vector, I is the nuclear spin vector. S = 5/2 and Sz is the diagonal spin operator: 

Neglecting the nuclear hyperfine splittings, five transitions corresponding to A Ms = 

± 1 would be expected in an oriented single crystal since Ms can have the values ± 

5/2, ± 3/2, ± 1 /2 The transitions are 

± 5/2  <—> ± 3 /2  h y = g 13 h 2D (2cos20-1) 

± 3/244 ± 1 /2  h y = g 3 h ± D (3cos20-1) 

± 1 /24-> — 1 /2  h = g f3 h 

where 0 is the angle between the applied magnetic field and the direction of the 

axial distortion. In a polycrystalline specimen, only the + 1 /2 <—> — 1 /2  transition is 

observed. Since the angular dependence of the ± 5 /2 <-4 ± 3 /2 and + 3/2 <-4 ± 1 /2 

transitions broadens these peaks beyond resolution. For Mn(II) each of these lines is 

further split into a sextet by the nuclear hyperfine interaction of 55Mn (I = 5/2  , 

abundance 100%). This may be explained as arising due to the core polarisation of 2S 

and 3S electrons by the net spin of 3d electrons. 

The polycrystalline EPR spectra of some Mn—thiometalate complexes are 

depicted in the Fig.4.4.3 to Fig. 4.4.5. These spectra show a broad isotropic signal 

around g 2.001. The broadness of the spectra is due to spin exchange interactions 

and dipolar interactions.Mn(II)—thiometalates reported in this work are soluble only 

in DMF or DMSO. When the spectrum of the Mn —thiometalate complexes were 

recorded in solution (a dilute solution of DMF) no EPR signal could be observed. It 

has been reported that the complexes [(bpy) 2MnS2MS2] exhibit a six line hyperfine 

spectrum in DMF [142]. This observation coupled with the above mentioned report 

clearly indicates that Mn(II) is lost in same form. In this context it may be noted that 

the UV—visible spectrum of Mn—thiomeplate complexes exhibit essentially 
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transitions due to the free thiometalate. The exact nature of the productformed is not 

clear. In view of this, for solid state dilution of the Mn complex, the corresponding 

Zn(II) lattice was chosen as the host lattice. 

The magnetic dilution has been achieved in solid states by doping Mn(II) in the 

analogous Zn(II) complex as the host lattice whereby six line hyperfine spectra is 

observed. In this case between the two hyperfine lines, we observed also the 

quadrupole induced forbidden transitions (A Ms # 1). These lines are almost burned 

in noise and controlled dilution studies are required to resolve this feature. Zero field 

splitting parameter of this complexes could not be evaluated due to difficulty in 

obtaining single crystals of this complexes. Other observed EPR parameters ( g and 

A) values are reported in Table 4.4. One may conclude the following from the data. 

1) Mn(II) exists in a perfect octahedral environment (isotropic spectra g g e  ) 

2) There is near constancy in the g and A values of all the complexes irrespective of 

nature of the ligands. 

4.5 Single crystal X-rayCrystallography 

The structure of the compound (enH2)MoS4 has been investigsted by the single crystal 

X-ray method. The X-ray structure determination was performed at the National 

Single Crystal X-ray facility at IIT Kanpur. Ethylenediammonium tetrathiomolybdate 

crystallizes in the orthorhombic space group P2 1 2121 with the following unit cell 

dimensions for C2H1oN2S4Mo (M=286.3) a=8.582(5) A, b=9.276(5) A, c=11.792(5) 

A, a = = y = 90° v = 938.7(8) A3, Z=4, De= 2.026 

The details of the structure as well as the procedures employed are presented 

below. 

X-ray crystallographic procedure 

Crystals suitable for the X-ray study were grown by the slow evaporation of an 

aqueous solution of (enH2)MoS4 in the presence of excess ethylenediamine. A single 

crystal suitable for X-ray diffraction was chosen from this crop and mounted on an 

Enraf-Nonius CAD4 four-circle diffractometer for the cell determination and 



Table 4.4 

EPR spectral data of Mn–Thiometalate Complexes 

Complex gay, iia, (gauss) 

[Mn(NH3)6]MoS4 2.0096 — 

[Mn(NH3)6]WS4 .2.01053 :  — 

[Mn(en)3]MoS4 1.9933 

[Mn(en)3]WS4 1.9887 — 

[Mn(1,2–pn)3 ]MoS4 2.01 40 

[Mn(1,2–pn)3]WS4 1.995b, 

[(bpy)2MnS2M0S2] 2.03 # 

[(bpy)2IVInS2WS2] 2.145 # 

Mn(II)doped in 

[Zn(en)3]WS4  

2.0126 80 

[(bpy)2MnS2WS2] 	doped 	in 

[(bpy)2CoS2WS2] 

2.002 84 # 

[Mn(PMT)6](C104)2 doped in 

[Fe(P.MT)6](C104)2 

2.001 84.4 * 

* values taken from ref. - 250 

# values taken from ref - 142 



intensity data collection employing Mo—lc., radiation. Intensity data for. the crystal 

were obtained with the use of a 0-20 step scan technique. Lattice parameters were 

obtained by the least—square analysis of 25 machine centered reflections. The 

intensities of three standard reflections were monitored periodically (every 97 

reflections) throughout the course of data collection and no significant decay was 

detected. Other details pertaining to data collection and refinement are listed in Table 

4.5.1. 

The data were reduced [247] and the structure was solved using the WinGX 

program [248] (Version 1.63) and incorporating SHELXL-97 [249] for refinement 

by least—square methods based on F 2 . The non hydrogen atoms were refined with 

anisotropic displacement parameters and hydrogen atoms were included in the model 

at their calculated positions. Selected interatomic parameters are collected in Table 

4.5.2 and the crystallographic numbering scheme is shown in Fig. 4.5.1 which was 

drawn with ORTEP—III at 50% probability ellipsoids. The fractional atomic 

coordinates for non hydrogen atoms are collected in Table 4.5.3 while the anisotropic 

thermal parameters are tabulated in Table 4.5.4 

Crystal structure of (enf12)MoS4 

The thermal ellipsoid plot of (enH2)MoS4 showing the immediate 

coordination environment around the central metal is shown in Fig 4.5.1. The 

hydrogen atoms have been omitted from the structure for clarity. The compound 

crystallizes in the orthorhombic space group P2 1 2 1 2 1 . The Mo(VI) ion is 

tetracoordinated and all the four sites are occupied by the sulphido ligands. The 

central metal is in a near tetrahedral environment and the S—Mo—S bond angles are 

very close to the tetrahedral values ranging from 108.39(8) °  to 110.20(7) °. The metal 

sulphur bond lengths are nearly equal ranging from 2.1735(18)A to 2.1846(17) A. 

The crystal structures of the ammonium [251] and the tetraethylammonium [252] 

tetathiomolybadates are the only ones of the mononuclear, tetrathio type, reported in 

the literature, to our knowledge.The crystal structure of (NEt 4)2MoS4  has been 

reported by Coucouvanis. In this compound, there are two crystallographically 

independent (MoS 4)2-  anions per asymmetric unit with no imposed symmetry. The 
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Table 4.5.1- Crystal data and structure refinement for 
(enH2)MoS4 

Identification code 	 (enH2 )MoS 4  

Molecular formula 	 C2H1 0M0N2S4 

Formula weight 	 286.30 

Temperature 	 293(2) K 

Wavelength 	 0.71069 A 

Crystal system, space group 	orthorhombic, P2 1 2 1 2 1  

Unit cell dimensions a 	= 	8.582(5) A alpha = 90.000 deg. 
b 	= 	9.276(5) A 	beta = 90.000 deg. 
c 	= 	11.792(5) A gamma = 90.000 deg. 

Volume 938.7(8) 	A3  

Z, 	Calculated density 4, 	2.026 	g.cm-3  

Absorption coefficient 2.214 mm-1  

F(000) 	 568 

Crystal size 	 .2 x .2 x .2 mm 

Theta range for data collection 2.79 to 22.55 deg. 

Limiting indices 	 -9<=h<=0, -9<=k<=0, -12<=1<=12 

Reflections collected / unique 1403 / 1226 [R(int) = 0.0688] 

Completeness to theta = 22.55 	99.5 % 

Refinement method 	 Full-matrix least-squares on F 2  

Data / restraints / parameters 1226 / 0 / 122 

Goodness-of-fit on F2 	 0.786 

Final R indices [I>2sigma(I)] 	R1 = 0.0293, wR2 = 0.0828 

R indices (all data) 	 R1 = 0.0304, wR2 = 0.0840 

Absolute structure parameter 	0.00(8) 

Largest diff. peak and hole 	0.559 and -0.829 e.A3  
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Table 4.5.2 

- Bond lengths [A]and bond angles [deg]for*R2W0S4 

S(4)-Mo(1) 
S(2)-Mo(1) 
C(1)-N(1) 
C(1)-C(2) 
N(2)-C(2) 
Mo(1)-S(3) 
Mo(1)-S(1) 

N(1)-C(1)-C(2) 
S(2)-Mo(1)-S(3) 
S(2)-Mo(1)-S(1) 
S(3)-Mo(1)-S(1) 
S(2)-Mo(1)-S(4) 
S(3)-Mo(1)-S(4) 
S(1)-Mo(1)-S(4) 
N(2)-C(2)-C(1) 

2.1846(17) 
2.1735(18) 
1.474(11) 
1.493(10) 
1.478(10) 
2.1783(17) 
2.1792(19) 

113.3(6) 
109.41(7) 
108.39(8) 
109.51(7) 
109.83(7) 
109.49(7) 
110.20(7) 
113.2(6) 

Symmetry transformations used to generate equivalent atoms 

Table 4.5.3 - Fractional Atomic coordinates ( x 10 4 ) and 
equivalent isotropic displacement parameters (A 2  x 10 2 ) for 
(enH2 )MoS 4 . U(eq) is defined as one third of the trace of the 
orthogonalized Uij tensor 

x 	 y 	 z 	 U(eq) 

S(4) 7534(2) 2909(2) -304 (1) 30(1) 
S(2) 5866(2) 6103(2) 861(2) 29(1) 
C(1) 8152 (9) -760(8) 1367 (7) 39(2) 
N(2) 5679(7) 580(8) 1641(6) 31(1) 
Mo(1) 7717(1) 4520(1) 1040(1) 19(1) 
N(1) 9304(8) 419(9) 1338(6) 30(1) 
S(1) 9947(2) 5636(2) 932(2) 30(1) 
C(2) 6800(8) -459(8) 2128 (6) 32(2) 
S(3) 7518(2) 3467(2) 2685(1) 29(1) 



Table 4.5.4 - Anisotropic displacement 
parameters (A2x10 3 ) for 	(enH2)MoS4 

U12 
Ull U22 U33 U23 U13 

S (4) 33(1) 29(1) 27(1) -6(1) -3(1) 
0(1) 
S(2) 25(1) 32(1) 30(1) -1(1) -1(1) 
6(1) 
C(1) 29(4) 30(4) 56(5) -10(3) 6(4) 
1(3) 
N(2) 12(3) 47(4) 34(3) 3(3) 7(3) 
2(3) 
Mo(1) 15(1) 23(1) 20(1) -1(1) 0(1) 
0(1) 
N(1) 24(3) 32(4) 34(4) 2(3) 4(3) 
7(3) 
S(1) 21(1) 42(1) 28(1) -3(1) 2(1) 
7(1) 
C(2) 32(4) 28(4) 35(4) 4(3) 2(3) 
3(3) 
S(3) 30(1) 34(1) 22(1) 5(1) 0(1) 
1(1) 

The anisotropic displacement factor exponent takes the form: 

-27c2 [1: 2  a* 2U 11  + 	+ 2 hka*b*U12] 



metric parameters namely Mo-S bond lengths and S-Mo-S bond angles, vary slightly 

in the two crystallographically independent (MoS 4)2" anions. These variations are 

very small and insignificant. The Structure of this compound ( mean value of Mo-S 

and S-Mo-S 2.177 (6) A S-Mo-S 109.47° ) has been described as consisting of 

Closely packed discrete (MoS4) 2-  anions and (NEW+  ions. The crystal structure of 

ammonium tetrathiomolybdate has been shown to be isomorphous with I3-K2SO4. 

The average Mo-S bond length in the ammonium salt is 2.178 A while it has been 

mentioned [27] that the deviations of the mean bond lengths in salts with other 

cations such as Cs +  and (PPh4)+  cannot be significantly interpreted. The M-S bond 

length in (NI-14)2MoS4 is intermediate between that of a Mo-S single bond and Mo=S 

double bond, indicative of the involvement of it—bonding. We propose a similar 

formulation for (enH2)MoS4 based on the above consideration. The C-C and C-N 

bond lengths and bond angles are typical of a saturated amine. 

The detailed analysis of the structure indicates the existence of cation and 

anion interactions via hydrogen bonds. Interestingly, the sulfido ligands in 

(enH2)MoS4  indulge in two types of hydrogen bonding, both N-H---S and C-H---S 

bonding interactions with the organic cation resulting in the formation of an extended 

three dimensional network in the solid state. Fig 4.5.2 presents a view of the two-

dimensional hydrogen bonded sheet of (enH2)MoS4 viewed down the c axis. These 

hydrogen bonded sheets further link together resulting in the formation of an 

extended three dimensional polymeric network Fig 4.5.3. Although the presence of 

strong hydrogen bonds has been reported [254] in the ammonium salt of 

dioxodithiomolybdate, to our knowledge, there is no precedence for such hydrogen 

bonding network in tetrathiomolybdate chemistry. These hydrogen-bonding 

interactions seem to be responsible for the extraordinary stability of (enH 2)MoS4 . 

Overall, the structure of (enH2)MoS4 can be described as consisting of tetrahedral 

tetrathiomolybdate anions, which are linked to the ethylenediammonium cations, with 

the aid of N-H---S as well as C-H---S hydrogen bonding interactions resulting in the 

formation of an extended network in the solid state.The crystal packing diagram of 

(enH2)MoS4 is shown in Fig. 4.5.4. 



View of the two dimensional hydrogen bonded sheet 
viewed down the c axis Fig 4.5.2 



View down the a axis showing the three dimensional 
hydrogen bonded network in (enH2M0S4) 

Fig 4.5.3 



Crystal packing diagram of (enH2MoS 4) 

Fig. 4.5.4 



4.6 X—ray powder diffraction 

X—ray powder patterns were recorded on a PHILLIPS HOLLAND, PW-3710 

diffractometer using Cu—K a  radiation at the University Science Instrumentation 

Centre, USIC (CFC), Shivaji University, Kolhapur. 

The X—ray powder diffractograms have been recorded to confirm the crystalline 

nature of the complexes as well as to compare the structures of the Mo compounds 

with the analogous W compounds,Complexes prepared in this work which were 

studied by X—ray powder method exhibit sharp signals indicating crystalline nature of 

the product. 

The interplanar spacings for the most prominent peaks in the X—ray powder 

diffractograms are collected in Table 4.6 and the X—ray powder patterns of some of 

the synthesized complexes are presented in Fig. 4.6.1 to 4.6.12. Inspection of this data 

reveals that all the neutral hexacoordinate complexes show similar powder pattern 

and hence they belong to the same structural class. The small differences in d 

spacings may be due to small differences in unit cell dimensions. The differences in 

intensities may be due to grinding and packing effects combined with the increase in 

metal scattering power in going from Mo to W. In each group compounds the X—ray 

powder data include indicate that a Mo compound and its corresponding W analog 

are isotypic clearly indicating that under the reaction conditions employed by us both 

(MoS 4)2-  and (WS 4)2-  have similar reactivity. The X—ray powder pattern of 

(enH2)WS4 deserves mention, as its pattern is nearly identical compared to that of its 

Mo analog i.e. (enH 2)MoS4  whose structure has been determined by single crystal 

X-ray crystallography. The compound (enH 2)WS4 has not been investigated by single 

crystal method. As mentioned earlier, the IR spectra of (enH2)MoS4 and (enH2)WS4 

are identical except for the lowering of v(W = S). Further the IR spectra of both the 

compounds exhibit the same feature around 3000 cm -I . Based on the above 

mentioned points we propose that the structure of (enH2)WS4 is also similar to that of 

(enH2)MoS4. In other words the presence of an extended H—bonding network with the 



Table 4.6 

X—ray Powder data of the synthesize complexes 

Complex Interplanar (d) spacings of the most prominant peaks A 

(enH2)MoS4 6.3363(s), 4.9886(w), 4.8810(vs), 4.6392(w), 3.3676(s), 

3.0548(w), 2.8199(w) 

(enH2 )WS4 6.3026(vs), 4.9998(w), 4.8836(m), 4.6597(m), 4.3111(m), 

3.8711(w), 3.7255(w), 3.3720(m), 3.0548(w), 2.7560(w), 

2.3107(w), 2.1600(w), 1.8182(w) 

[Zn(NH3) 4]MoS4 5.8838(s), 4.8236(w), 3.6028(m), 3.4949(m), 3.2218(m), 

3.0718(m), 3.0025(s), 2.9431(s), 2.4001(m), 2.1711(w), 

2.1460(w), 1.9179(w), 1.8414(s), 1.7993(m), 1.7402(w), 

1.7184(w) 

[Zn(NH3)4]WS 4  5.9111(s), 4.8492(w), 3.6194(m), 3.4855(m), 3.2310(w), 

3.0713(w), 3.0184(m), 2.3455(m), 2.4079(w), 2.2770(w), 

1.8485(m), 1.8048(w) 

[Zn(en)3]Mo S4 4.3593(s), 4.2278(m), 4.1108(m), 3.9789(w), 3.9080(w), 

3.7526(m), 3.6260(w), 3.3783(m), 3.2298(w), 3.1896(m), 

2.9971(w), 2.9346(s), 2.8778(w), 2.6245(m), 2.6189(m), 

2.5888(m), 2.4964(w), 2.2387(w), 2.2111(w) 

[Zn(en)3]WS4 7.4339(m), 6.5729(S), 5.0435(vs), 4.3I73(w), 4.0855(w), 

3.3601(w), 2.9196(m), 2.6089(w) 

[Zn(I,2—pn)3]MoS4 4.2179(m), 3.8129(s), 3.6762(m), 3.5194(w), 2.6670(w), 

2.4512(w), 2.3798(w), 2.04$9(w) 

[Zn(1,2Pn)3]WS 4  4.2458(s), 3.8422(s), 3.4609(m), 2.9426(w), 2.6759(m), 

2.4633(w), 2.3887(m), 2.0558(w), 1.8795(w) 



Complex Interplanar (d) spacings of the most prominant peaks A 

[Mn(NH3)6]MoS4 7.3417(w), 5.4186(s), 3.8811(m), 3.6859(m), 3.4582(s), 

3.2275(m), 3.0697(w), 2.9421(w), 2.7655(m), 2.7014(w), 

1.8502(w), 1.8143(w) 

[Mn(en)3]MoS4 4.3849(m), 4.2358(s), 4.0689(m), 3.8162(w), 3.7557(w), 

3.6628(w), 3.6021(s), 3.3764(w), 3.2264(m), 3.1293(w), 

2.9607(m), 2.9280(s), 2.7680(w), 1.8455(w) 

[Mn(en)3]WS4 7.5800(s), 7.2814(w), 6.7170(m), 5.1349(s), 4.5647(m), 

4.3817(w), 3.7746(w), 2.9393(w), 2.6399(w), 2.5123(w) 

[Mn(1,2—pn)3]MoS4 5.4972(vs), 5.2604(vs), 4.7100(s), 4.5682(s), 4.2169(s), 

3.8097(s), 3.5208(w), 2.6650(w), 2.3850(w) 

[Mn(1,2—pn)3]WS4 7.1726(m), 5.6380(m), 5.6025(s), 5.3585(s), 5.3296(s), 

4.7882(m), 4.6308(m), 4.6040(m), 4.2569(s), 3.8529(s), 

3.5547(w), 2.9512(w), 2.6880(w), 2.6558(w), 2.5353(w), 

2.4665(w), 2.3960(w), 2.0600(w) 
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Complex Interplanar (d) spacings of the most prominant peaks A 

[Ni(en)3]MoS4 4.1344(w), 4.0099(m), 3.7977(vs), 3.6702(m), 3.3682(m), 

3.0749(m), 2.9360(w) 

[Ni(1,2—pn)3]MoS4 5.5623(vs), 5.3344(vs), 4.7690(s), 4.6011(s), 4.2599(s), 

3.8381(s), 3.5401(w), 2.6763(w) 

[Ni(1,3—pn)3]MoS 4  7.5606(w), 6.6891(m), 5.1020(vs), 4.3424(w), 4.1249(w), 

2.9219(w) 

[Ni(1,2—pn)2MoS 4 ] 7.8469(vs), 7.7545(vs), 5.4104(s), 4.4513 (m), 4.3795(w), 

4.1278(m), 3.4242(m), 3.3342(w), 3.1657(w), 2.85289(w) 

[Ni(1,3—pn)2WS4] 7.7624(vs), 6.2715(s), 5.4236(s), 4.4613(m), 4.4097(w), 

4.1373(s), 3.4249(w) 

[Ni(1,2—pn)2MoS42 8.6690(s), 8.08143(vs), 6.1629(s), 5.0407(vs), 4.8152(s), 

4.4892(m), 4.3614(w), 4.1845(s), 3.9780(w), 3.7730(vs), 

3.6620(s), 3.4761(m), 3.2924(w), 3.1874(m), 3.0320(w) 

[Ni(1,2—pn)2WS4]2 8.1813(vs), 6.5032(w), 5.9032(w), 5.3794(w), 4.9914(s), 

4.3028(m), 3.5173(w), 3.4178(vw). 

[Ni(1,3—pn)2MoS4 ]2 7.6618, 5.3216, 4.4075, 3.8178, 2.8312.  

[Ni(1,3—pn)2WS4]2 7.6917(vs), 6.2102(w), 5.5941(w), 4.4392(m), 4.1195(m), 

3.4126(w), 3.1298(w) 

[Fe(en)2M0S4] 4.3689, 4.02779, 3.8073, 3.5638, 3.4882, 3.3884, 2.9374, 

2.7735, 2.3528, 2.3216, 2.2406, 2.0980, 1.4955 

[Fe(1,2—pn)2M0S 4 ] 4.2599, 3.8316, 3.5547, 3.4602, 3.3545, 3.1212, 2.9341, 

2.6708, 2.5910, 2.5170, 2.3555, 2.2820, 2.1637, 2.0589 

[Fe(1,2—pn)2WS4] 8.0294, 6.1629, 5.9427, 4.8348, 4.8062, 4.7450, 3.8291, 

3.4949, 2.9660 



Complex Interplanar (d) spacings of the most prominant peaks A 

[(Et4N)2[Pb(MoS4)2] 7.4060, 4.7627, 4.4602, 4.3028, 4.2782, 

3.3589, 3.2541, 3.0194, 2.8035, 2.7113, 

2.1215, 2.0739, 2.0358 

3.8397, 3.6406, 

2.6133, 2.2200, 

[(Et4N)2[Pb(WS4)2] 7.4, 5.843, 5.518, 4.667, 4.139, 3.342, 3.218, 3.124, 3.021, 

2.70, 2.631, 2.551, 2.434 

[(Et4N)2[Zn(WS4)2] 7.622, 6.189, 5.656, 4.178, 3.342, 2.696, 2.164 

[Pb(WS4)] 3.431, 3.30, 2.976, 2.761, 2.097, 2.070, 1.791 

[13a,,PID(i_x)(WS4)] 6.254, 5.941, 5.587, 5.122, 4.924, 3.815, 

2.847, 2.795, 2.609, 2.523, 2.437, 2.202 

3.156, 2.962, 

[Cd(bpy)2MoS4] 8.3430, 7.6256, 7.4122, 6.2276, 4.8452, 

3.9570, 3.8202, 3.2361, 2.4610 

4.7525, 4.6841, 

[Cd(bpy)2WS4]. 8.1813, 7.6618, 7.4215, 6.2233, 5.0722, 

3.9561, 3.8218, 2.4607 

4.8439, 4.6976, 

I t11- 



L. I] iris f 

(enH2)MoS4 

IN
T

E
N

SI
T
Y

 -
›  

jug 	111, 	L 
Pi 11 	111) 11 	/ 

" 	 111• y 

(enH2)WS4  

1 

?II 	!I 1 o  I 	11 11'1 1)1 1 1i 
t,e 	IrO 'Y 	41  4  

111. 
1 115,1 . • , 

L. 
, 	Ihrl 	.,„e) 

4 	j1.0"4. 	%low • 	1:7,1' 

40 
	

60 	 80 

X-RAY POWDER DIFFRACTOGRAMS 20 

FIG. 4.6.1 

I )3 



iNi(1 ,2-pn)2M0S41 2  
llsii(1,3-pn)2WS41 2 

1 	11 

1: 1  I r,  
i ll 	, 	, 	1..

111
) 

v 

X-RAY POWDER DIFFRACTOGRAMS 20 [ 1° —> 



40 Z 6 

X-RAY POWDER DIFFRACTOGRAMS 20 1  1° -> 

FIG. 4.6.3 

[Ni(1,3-pn)31MoS4 

( 

• 

IN
T

E
N

SI
T

Y
  

1 



[Mn(en)31WS4  [Mn(en)31M0S4  

5 

It 

1 

LI 

X-RAY POWDER DJFFRACTOGRAMS 20 [ ] -> 

FIG. 4.6,4 

311 4 0 



i1 

1 

     

     

     

     

     

ths  

IN
T

E
N

SI
T

Y
 

    

     

     

     

[(1,2-pn)2FeS2WS2] [(1 2-pn)2FeS2MoS 21 

  

I 	. 

2E1 

I 	i 

1 	II
I 

1,11  II I 	I 	iii 
i 	2  

	

 I 
	

I,I 	II 	i 	i I 	it 11 	ill 	,. 	I I 	ii 	,.1  h 	1 	11  1 i 

	

1 f I 	0 f 	if 1.-.: ,  0 

	

fl 	ilh'Li  
i 	■ 	I 	1 	I 	I 	i I 	!!! i 	 :  — 

aci  4 	2.fi 

X-RAY POWDER DIFFRACTOGRAMS 20 [ 

FIG. 4.6.5 



IMn(1,2-pn)3 1WS4  

1 

h 
it 

I 	I 1 T 

2 40 

I Mn ( 1 ,2-pn)3]MoS4  

X-RAY P( - VDER DIFFRACTOGRAMS 20 [ 1° ---> 

FIG. 4.6.6 



! 	1 	1 	1:1. 
A 

p I 	.1  

29 40 

INi(1,3—pn)31MoS4 [Ni(1 ,3-pn)2MoS4] 

1: 
1 I 

X-RAY POWDER DIFFRACTOGRAMS 20 [ 1° ----> 

FIG. 4.6.7 



7.:
=

::
e
n

tm
u
n
ar

m
u
m

m
um

ou
tin

ca
tt

on
ti

n
.u

n
in

u
al
u

n
.n

,  

[Zn(1 ,2—pn)31WS4  

I 	I 

411 3 0 

IZa(1,2-pn)31MOS4  

X-RAY POWDER DIFFRACTOGRAMS 20 [ 1° ---> 

FIG. 4.6.8 : 

I! 

IN
T

E
N

SI
T
Y

 -3
 • 



I 	: 

[Zn(en)31WS4  

11 

-4 

1 	II
I 	ii I 1 	rA 	

111)111111 IL 

▪II 	I I Ii l l 	f i  
if 	i I  	'ill 	II , I 	

A 

▪ 141. ? 	 1, 	 1., 	11)1 

	

F 	
I 	" 

ry 

IN
T

E
N

S
IT

Y
 

          

[Zn(en)3jMoS4  

           

           

           

           

           

          

          

         

         

         

         

         

         

         

         

         

         

         

2 Et 4 

X-RAY POWDER D1FFRACTOGRAMS 20 1  1° ----> 



3 Fi 

[Zn(N113)41MOS4 [Zn(N113)41WS4 

  

1 	I 
I 

I 
I 

! . 

kf  I i 	2 
i 	I H  : s 
i J 	

2 i 

	

1 	ril 

	

i'i 1 	 I 
ri i i 

s,. 	 :::`,1 	i 	I.4  	i 	'-',. i 	'E- '1 	,',.1 	 . 	-9'  
$ 	$ i-., 	$ .;$ 	$ ,,..,;:....:_ 	..  

	

I 	
: 	. ; 	• 	 .• 	 . 

AEI = 	. 

• 

, , 

X-RAY POWDER DIFFRACTOG .RAMS 20 1  1° --> 

FIG. 4.6.10 



X-RAY POWDER DIFFRACTOGRAMS 20 [ 1° --> 

IN
T

E
N

S
IT

Y
 

[Cd(phen)2M0S41 

2 Li 

I COPY)2WS41 

2E7 



IN
T

E
N

SI
T

Y
 

,; 	 • 

Et4N )2 I Pb(MOS 4 ) 2 1 

• 	r- 	"" 1" 	1 	r" • -"I• 	; 	; 	; 

	

; 	• 

X-RAY POWDER DIFFRACTOGRAM 20 [ 1° --> 

FIG. 4.6.12 



aid of N-H- — -S as well as C-H--- -S hydrogen bonding interactions between the 

organic cation and (WS 4)2-  is predicted in (enH2)WS4. 

The X-ray powder pattern of the bis(thiometalato) complexes of Pb(II) are 

comparable with that of the known [Zn(WS41] 2-  complex indicating that the geometry 

of Pb is tetrahedral in the [Pb(MS4)2] 2  complexes. The powder data of the 

[M'(L)n]MS4 where (M' = Mn, Zn ; L = NH3 , en, 1,2-pn and 1,3-pn ; M = Mo, W) 

have been indexed using the software package, "PowdMult - an Interactive Powder 

Diffraction Data Interpretation and Indexing Program (version 2.3) developed by 

E.Wu, School of Physical Sciences,l9Flinders University of South Australia, 

Australia. All these complexes crystallize in the monoclinic space group„ 

4.7 Isothermal Weight Loss Studies 

The isothermal weight loss studies were performed in a temperature controlled 

electric furnace in air. 

During the analysis for bivalent metals like Zn & Cd, it was observed that the 

usual method of decomposing the complex in aqua regia followed by HCl extraction 

of the bivalent metal did not give reproducible results. The reason for this turned out 

to be that bpy or phen ligand in the original complex could not be completely 

removed even after heating the complex in aqua regia. This difficulty was overcome 

by heating the complex in a silica crucible over a Bunsen flame for 15 minutes and 

then extracting .the residue in acid. This procedure gave reproducible metal analytical 

data. An interesting observation was made while investigating the reactivity of 

thiometalates with Ni(II) in the presence of ammonia. The reaction of Ni(II) with 

(MoS4)2-  in presence of ammonia immediately precipitated the red orange 

[Ni(NH3 )6]MoS4  in near quantitative yield. However, when the reaction mixture was 

filtered to isolate the product, the product turned black, when all the solvent was 

removed under vacuum. The addition of aqueous ammonia into the Buchner funnel 

immediately restored the color. Based on analytical data, it is proposed that the black 

insoluble compound formed is [NiS.MoS3] and this phenomenon is designated as 

reversible ammonia uptake. These observations prompted us to study the isothermal 

weight loss studies of the Zn, Cd and Ni thiometalates. 

I 7 s/- 



It has been reported that (NH4)2MS4  on heating decompose as follows [233]. 

(NH4)2MS4 	> NH3 + H2S + MS3 (M = Mo, W) 

The thermal decomposition of free uncoordinated thiometalate results in the 

formation of the trisulfide at lower temperatures while at higher temperatures (above 

800°C) the disulfide is obtained. The di or trisulfide products are formed under inert 

r.  educing conditions while in air the decomposition can lead to a mixture of oxo as 

well as sulfido products. With a view to prepare mixed metal sulfides exploiting the 

above reaction the thermal decomposition reactions of the S—bridge bimetallic 

complexes were investigated. 

[L2M'S 2MS2] (L = bpy, phen ; M' = Zn, Cd; M = Mo, W) 

The isothermal weight loss of the complexes have been studied at different 

temperatures 150, 200, 250, 300, 350 and 700 °C and thermally decomposed products 

were analyzed by chemical as well as infrared techniques. The weight loss datax350°C 

are presented in Table 4.7. At lower temperatures, the coordinated bpy or phen is not 

completely removed as shown by the IR spectra of the products. Weight loss studies 

in a vacuum oven at 120 °C and at 100 mm Hg pressure showed negligible weight 

loss, while at higher temperatures (700 °C) oxide formation is also favored. At 350 °C, 

both the coordinated bpy and phen ligands are removed as revealed by the absence of 

the characteristics IR bands of bpy and phen in the product. In addition, the phase 

formed is assigned as ZnMOS 3  for the Zn complexes and CdSMS 3  (M = Mo, W) for 

the Cd complexes based on the weight loss data. This observation is in agreement 

with the fact that a heavier metal has more affinity for the S donor. 

The isothermal weight loss studies of Ni(II) systems containing aliphatic 

diamines have been studied which indicate that above 400 °C the coordinated diamine 

is removed and further decomposition in air clearly shows the oxide formation, as 

seen in the IR spectra of the products. 

The thermal decomposition studies of the Zinc—thiometalates deserve mention. 

The orange—red compound [Zn(NH3) 4]MoS4  exhibits visual color change to brown 

upon heating at 150°C. The weight loss indicates that four ammonia molecules are 
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Table 4.7 

Isothermal weight loss data of S— bridged heterobimetallic complexes. 

Complex Temperatu 

re in °C 

experimental 

weight loss% 

probable solid 

product 

Calculated 

weight loss% 

(NH4)2MoS4 120-160 26.2 MoS3 26.18 

(N1-14)2WS4  145-300 19.5 WS 3  19.54 

[Zn(bpy)2MoS4 ] 350 55.6 ZruMo0 S3 54.57 

[Zn(bpy)2WS4] 350 47.6 ZnWO S3 47.52 

[Cd(bpy)2MoS4] 350 42.4 CdSMoS3 48.15 

[Cd(bpy)2WS4 ] 350 43.6 CdSWS3 42.39 

[Zn(phen)2MoS4 ] 350 58.4 ZnMoOS3 57.93 

[Zn(phen)2WS4] 350 51.0  ZnW0S3 51.00 

[Cd(phen)2MoS4] 350 52.0 CdSMoS3 51.74 

[Cd(phen)2WS 4 ] 350 41.4 CdSWS 3  45.91 
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lost. The product formed does not show the characteristic infrared signature of free 

uncoordinated (MoS4) 2-  at 470 cm-I . Based on the feature-less infrared spectrum 

obtained, this compound is formulated as ZnS.MoS 3 . Interestingly, the product regain 

its original color when it is kept over ammonia in a closed dessicator, forming 

[Zn(NH3 ]MoS4, thus indicating that the coordinated NH 3  can be reversibly removed. 

When [Zn(en)3]MoS4 is decomposed at 375 °C, it loses two en molecules and 

the product formed can be formulated as ZnenMoS 4. The isothermal weight loss data 

of this compound is in close agreement with the TG—DTA profile. The compound 

exhibits a characteristic infrared spectrum Fig. 4.2.12 similar to that of 

Catena—M—ethylendiamine complex [M(en)C1 2 ] [244]. However, the v(M—S) region 

does not show any characteristic signal. Based on this observation the product is 

formulated as [(en)ZnS.MoS 3 ]. 

Interestingly, the coordinated en can also be removed by controlled 

acidification. Thus when [Zn(en) 3 ]MoS4  is kept in glacial acetic acid for 24 hours and 

filtered, it is found that the product obtained shows a weight loss equivalent fp: toss 

of,en molecules. The % weight loss for the acid decomposed product is 26.85 and this 
A 

value is comparable to that of the weight loss on thermal decomposition which is 

25.75. However, the acid decomposed product exhibits a totally feature ,less infrared 

spectrum indicating that the phase formed is different from that of the one formed on 

thermal decomposition. Although the nature of the acid decomposed product is not 

known, the present studies do indicate that Zn, Cd & Ni thiometalates can be used as 

precursors for the formation of mixed metal sulfides. 

4.8 TG/DTA studies 

The TG/DTA studies were performed at the University Science Instrument 

Centre, USIC (CFC), Shivaji University, Kolhapur on a SDT-2960 Thermal Analyser 

manufactured by TA instruments. The thermograms were recorded under inert 

atm osphere (flowing N 2) from RT to 1000°C at 10°C min -I  interval. The TG/DTA 

studies were carried out in order to understand the mechanism of thermal 

decomposition of free as well as coordinated thiometalates. The TG/DTA results can 

also be used to better understand the nature of phases formed at different 
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temperatures. The results of the TG/DTA studies of some compounds synthesized in 

this work are summarized in Table 4.8. From Table, it is evident that the thermal 

behavior of (enH2)MoS 4  is quite different from that of (NH4)2MoS4 which 

decomposes to MoS3 with the evolution of H2 S and NH3 (vide supra). The first step 

in the thermal decoposition of (enH2)MoS4 is the loss of en between 150-215 °C 

resulting in the formation of H2MoS4 which then eliminates a molecule of H 2 S to 

form MoS3. The decomposition process can be written as 

(enH2)MoS4 	
, 

 H2MoS4  + en 	> MoS3 + H2 S 	4.8 

A general inference that could be drawn from the thermosmnalytical data is that the 

coordianted diamines are lost in the temperature range 150-400°C. It has been 

observed that the coordinated diamines are lost in the temperature range of 150-

400°C. It has been observed that the coordinated diamine in case of the cationic 

diamine complexes is lost in two steps. In the first step the weight loss approximately 

corresponds to two diamines in the range 150-400°C, giving rise to the phase 

[M'(en)MS 4] and subsequently followed by the loss of the third coordinated diamine. 

This ultimately results in the formation of the mixed metal sulfides in the second step. 

These results are in agreement with the isothermal weight loss studies. However in 

the case of some of the neutral hexacordinate complexes both the coordinated 

diamines are removed together as shown as shown in the sharp step in the TG region 

150-400°C, while the two steep plateaus in this region can be attributed to the 

stepwise loss of both the diamines. The simultaneous TG/DTA traces of the 

synthesized complexes are depicted in the Fig. 4.8.1 to Fig. 4.8.8. 

4.9 Magnetic Susceptibility Measurements 

In the thiometalates the metal Mo and W are in their highest oxidation states 

and these metals are d °  systems and hence these are diamagnetic. However in some of 

the compounds prepared )other bivalent metals like Mn, Fe, Ni, Zn & Cd. Of these the 

open d—shell elements Mn, Fe, & Ni are expected to show magnetic properties. Of 

these compounds the Mn(II) systems have been examined by EPR. The spectra have 

been explained based on a high spin Mn(II). The room temperature magnetic 

susceptibility studies done on a Pushpa Scientific Guoy Balance using [HgCo(SCN)4] 

)7 9 



'Table 4.8 

Thermal Analysis data for decomposition of complexes in N2 atmosphere 

Compound Temp. range °c Experimental wt. 

Loss % 

Probable solid 

products 

calculated wt. 

Loss% 

DTA peak 

[Zn(NH3)4]MoS4 150 — 200 18.00 ZnS MoS3 19.02 145 endo 

420 exo 

[Mn(NH3)6]M0S4 100 — 400 27.86 MnS MoS3 26.77 100exo hump 

390exo 

[Zn(en)3]MoS4 150 — 370 25.97 Zn(en)MoS4 25.56 200 endo 

450 — 510 36.00 • ZnS MoS3 38 ..34 485 endo 

[Zn(en)3]WS4 200-400 20.80 Zn(en)WS4 21.52 200 endo 
1400-Zoo 27.00 ZnS WS3 32.30 475endo 

[Mn(1,2-'''t )3]MoS4 200-400 32.58 Mn(1,2-pn)MoS4 30.00 170 exo 

200-600 45.33 MnS MoS3 4411, 600 exo 

[Mn(1,2- .. b)3]WS4 200-470 26.00 Mn(1,2-pn)WS4 25.23 170 exo 

200-800 36.00 MnS WS3 38.00 480 exo 

(enH2)[MoS4] 150-215 20.00 1-12MoS 4  20.95 170 endo 

215-425 15.00 MoS3 11.80 425 exo 



Compound Temp. range °c Experimental wt. 

Loss % 

Probable solid 

products 

calculated wt. 

Loss% 

IYFA peak 

[Ni(1,2-pn)2MoS4] 200 — 300 35.00 NiS WS3 34.36% 285 exo 

425 exo 

[Ni(1,2-pn) 3 ]WS4  200 — 300 

200 — 590 

26.50 

38.00 

[Ni(1,2-pn)2]WS 4  

NiS WS3 

24.9% 

37.5% 

265 exo 

600 endo 

[Ni(1,3-pn)3]WS4 150 — 200 

150— 510 

12.37 

38.00 

[Ni(1,3-pn)2]WS 4 

 NiS WS3 

12.48 

37.45% 

165 exo 

550 endo 

[Ni(1,3-pn)2WS4] 150 — 420 29.55 NiS WS3 28.50 220 endo 

[Ni(1,3pn)3]WS44[Ni 

"(1,3-pn)2WS4[ 

150 — 400 29.00 NiS WS3 28.50 225 exo 

[Fe(en)3]WS4 150 — 230 21.00 Fe(en)WS4 21.89 200 exo 

[Fe(en)2MoS4] 150 — 220 30.80 FeS MoS3 30.00 200 exo 

[Zn(bpy)2MoS4] 200 — 750 52.00 ZnS MoS3 51.88 275 exo 

725 exo 

[Zn(bpy)2WS4] 200 — 450 49.64 ZnS WS3 45.25 250 endo 

650 exo 

[Cd(phen)2MoS4] 200 — 400 45.00 CdS MoS3 51.69 230 exo 

320 exo 

650 exo 
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as calibrant do indicate that all complexes of the type [(L—L)3Mn]MS4 exhibit Peff 

around 5.9-6.0 BM indicating that this behavior is as expected for five unpaired 

electrons. The magnetic susceptibility data of few Ni(II) complexes were recorded by 

Dr. N. Y. Vasanthacharya, Solid State and Structural Chemistry Unit, Indian Institute 

of Science Bangalore. The neutral hexacoordinate complex [(1,2—pn)2NiS2WS2] 

exhibits a p.eff of 2.77 BM and this is in accordance with the expected behavior of 

Ni(II) octahedral system which has 2 unpaired electrons. On the contrary the p.,ff of 

[(1,2—pn)2NiS2WS2Ni(1,2—pn)2 ]WS4  in which both coordinated and free (W5 4)2-  are 

present, is 4.29 BM. The expected value for 4 unpaired electrons 2 e for each Ni(II) 

is 4.90 BM. Although the reason for this reduction is not clear the different magnetic 

behavior clearly indicate that these two complexes are different. It may be noted that 

both the complexes have the same analytical data as the ratio of Ni:diaminee(WS 4)2- 

 is 1:2:1 in both. 

The complexes [Ni(1,3—pn) 3 ]WS4  and [Ni(1,2—pn) 3 ]WS4  show magnetic 

moments of 3.0 BM and 1.91 BM respectively. While the value of the former is close 

to the expected value for 2 unpaired electron 2.83 BM, the magnetic moment of 

[Ni(1,2—pn) 3 ]WS 4  is quenched. Both these compounds also differ in their reactivity 

(vide supra) as [Ni(1,3—pn) 3 ]WS 4  can be readily converted to [(1,3—pn)2NiS2WS2] by 

just stirring in water, [Ni(1,2—pn) 3]WS4  cannot be converted to the S—bridged 

complex 

4.10 Cyclic Voltammetry: 

The cyclic voltammetry data on a few Pb—thiometalate complexes reported in this 

work were provided by Dr. P. K. Chaudhury, Department of Chemistry, Poona 

University. The cyclic voltammograms were recorded on a Bioanalytical systems 

CV-27 voltammograph connected to a C1B—cell stand. The experiments were 

performed in a standard electrode configuration using an auxiliary Pt electrode, a Pt 

working electrode and a saturated calomel electrode under dinitrogen atmosphere at 

room temperature. Distilled CH 3 CN was used as the solvent and (NEt4) 004 was 

used as the supporting electrolyte. The cyclic voltammogram . were scanned in the 

1 CIA') 



potential window +1.0V to —1.60V. The [Pb(WS4)2] 2  complexes do not undergo any 

redox event in the positive scan indicating that the complexes cannot be oxidized. It 

has been reported that [(bpy) 2MnWS4] undergoes two oxidation at 400 and 673 my 

which are attributed to the oxidation of bivalent metal (400 my) and oxidation of the 

coordinated sulfido ligand [142]. 

In the negative scan an irreversible reduction at around —1.3V is observed for 

[Pb(WS4)2] 2- . The reason for this is not clear. However, all the Pb—thiometalates 

irrespective of the cation exhibit a similar phenomenon indicating that the redox 

events are centered on the Pb—thiometalate. 
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CHAPTER 5 

Conclusion 

The chemistry of metal sulfides is an important area of research in inorganic 

chemistry. Interest in chemistry of these compounds is due to their implications in 

bioinorganic chemistry, industrial catalysis, organic syntheses and materials science. 

Metal sulfides such as MoS2 and WS2 are widely used as catalysts in industry. Benzyl 

triethylammonium tetrathiomolybdate and piperidium tetrathiotungstate have been 

introduced as reagents in organic syntheses for the facile formation of novel organic 

sulfur compounds. MoS 3  is a potential candidate as a cathode material and in 

secondary lithium battery. Ammonium salt of tetrathiomolybdate is routinely used as 

starting material in synthetic Mo/S chemistry for the preparation of several 

compounds ranging from insoluble sulfides like MoS 3, MoS2 and chevrel phases to 

soluble sulfur rich binary and tertiary thiomolybdates. 

Although the thiomolybdates are known since 1826, the study of 

thiomolybdates and the related thiotungstates have been taken up by many 

researchers in last two decades and an extensive chemistry has been developed. The 

chemistry of the corresponding thioperrhenates and thiovanadates is being established 

in a parallel manner in recent years. Soluble metal selenides and tellurides reveals an 

exciting incipient chemstry that promises to differ significantly from the chemistry of 

soluble metal sulfides. The comparative study of the thiometalates and 

selenometalates and the reactions of thiometalates leading to the formation of 

poly(thiometalates) and heterometal aggregates has been discussed in detail in the 

introductory chapter. An important aspect of the thiometalate chemistry is the 

formation of S—bridged multimetallic complexes. The characteristic feature of all 

these complexes is the presence of nearly planar {M'S2M} M = Mo, W, M' = 

heterometal unit. 

In this study the ligational behavior of thiometalates has been fully exploited 

and several new S—bridged neutral heterometal complexes of bivalent metal ions like 

Zn(II), Cd(II), Ni(II), Fe(II) and Mn(II) have been synthesized and characterized in 



presence of N donor ligands like bpy, phen, NI-13, en, 1,2—pn, 1,3—pn. The infra red 

spectra of the complexes are characteristic of the bidentate coordination of 

thiometalate ligands through two of the sulfur ends. Incase of Ni(II) and Fe(II) 

depending upon the amount of diamine and reaction conditions used, two different 

types of complexes could be isolated viz ionic, a species having the general formula 

[Mi(L—L)3]MS4  and the other neutral S—bridged [M'S2(L—L)2MS2]. The complex 

[Ni(1,3—pn)3 ]MS4  can be ready converted to the S—bridged bimetallic complex 

[(1,3—pn) 2NiS2MS2 ]. 

The reactivity characteristics of cationic ammine complexes towards 

thiometalates and the use of thiometalates as counter anions to stabilize the cationic 

ammine complexes of Zn(II) and Mn(II) has been investigated. Some of these 

complexes exhibit reversible ammonia uptake. A few Mn(II) doped Zn complexes 

prepared in this study exhibit characteristic hyperfine spectra. 

TG/DTA studies of the cationic as well as neutral complexes provides an easy 

route for the characterization of these complexes, as the amines are lost at particular 

temperature and the decomposition products are the mixed metal sulfides which are 

potential materials and next generation catalysts. The magnetic succesptibility studies 

of some of the Ni(II) thiometalate complexes exhibit lower effective magnetic 

moment values, than the expected values for two unpaired electrons. A thorough 

study of the magnetic properties of all the Ni(II)—thiometalate complexes at different 

field strengths and various temperature could be investigated as future work. 

The synthesis and the single crystal X—ray structure characterization of the 

stable (enH2)MoS4 has been achieved. The structure consists of tetrahedral 

thiomolybdate anions, which form an extended H—bonding network in solid state 

with the aid of N—H---S as well as C—H---S hydrogen bonding, interactions with the 

organic cation. The analogous tetrathiotungstate has been synthesized which has 

characteristic peaks in the it region and both are isostructural as revealed by the 

powder pattern data. The corresponding Mo analogs (1,3—pnH 2)MoS4  and 

(temenH2)MoS4 have been synthesized and the detailed study of these salts sounds a 

promising area of investigation for future work. 



A few important conclusions are as follows : 

1) Passage of H2S gas into an aqueous solution of (Mo04) 2  in the presence of en, 

results in the formation of the stable ethylenediammonium tetrathiomolybdate, 

which has been characterized by single crystal X—ray crystallography. 

2) The ligand characteristics of thiometalates have been fully exploited and several 

new S—bridged neutral heterometal complexes of the bivalent metal ions like 

Zn(II), Cd(II), Ni(II), Fe(II) and Mn(II) have been synthesized and characterized 

in the presence of N—donor ligands. 

3) The complex, [Ni(1,3—pn)aMS 4  can be readily converted to the S—bridged 

bimetallic complex [( 1 ,3—Pn)2Ni(1-t — S)2MS2i. 

4) Tetrathiometalates have been used as counter anions to stabilize cationic amine 

complexes of Zn(II) and Mn(II). These complexes exhibit interesting reactivity 

characteristics like reversible uptake of ammonia. 

5) The first example of a Pb—thiometalate complex stitched via S—bridges is 

reported. 

6) The complexes synthesized can be useful precursors for the preparation of mixed 

metal sulfides. 



REFERENCES 

1) D. Coucouvanis, Adv. Inorg. Chem., 45, 1, (1998). 

2) E.I. Stiefel, Prog. Inorg. Chem, 22, I, (1977). 

3) E.I. Stiefel and K. Matsumoto, Transition Metal Sulfur Chemistry: Biological and 

Industrial Significance, (ACS symposium series; 653, Americal Chemical Society, 

Washington DC), 1996. 

4) F.A. Cotton, G.Wilkinson, C.A. Murillo and M. Bochmann, Advanced Inorganic 

Chemistry 6 th  ed. John Wiley, New york, 1999. 

5) J.B. Howard and D.C. Rees, Chem. Rev., 96, 2951, (1996). 

6) R. Hille, Chem. Rev., 96, 2757, (1996). 

7) M.K. Johnson, D.C. Rees and M.W.W. Adams, Chem. Rev., 96, 2817, (1996). 

8) M.T. Pope, "Heteropoly & Isopoly Oxometalates" Springer, Berlin, 1983. 

9) A. Muller, E. Krickemeyer, J. Meyer, H. Bogge, F. Peters, W. Plass, E. Diemann, 

S. Dillinger, F. Nonnenbruch, M.Randerath and C. Menke, Angew. Chem. Int. 

Ed. Engl., 34, 2122, (1995). 

10) K. Wassermann, M. H. Dickmann, and M.T. Pope, Angew. Chem. Int. Ed. Engl. 

36, 1445, (1997). 

11) A. Muller, E. Krickemeyer, H. Bogge, M. Schimdtmann, and F. Peters, Angew. 

Chem. Int. Ed. Engl., 37, 3360, (1998). 

12) A. Muller and F.Peters, M. T. Pope and D. Gatteschi, Chem. Rev., 98, 239, 

(1998). 

13) A. Muller and C. Serain, Acc. Chem. Res., 33, (2000). 

14) H.W. Wang, P. Skeldon, G. E. Thomson and G. C. Wood, J. Mater. Sci, 32, 

497, (1997). 

15) S.P. Cramer, K.S. Liang, A.J. Jacobson, C.H. Chang and R.R. Chianelli, 

Inorg.Chem., 23, 1215, (1984). 

16) R.A. Scott, A.J. Jacobson, R.R. Chianelli, W-H. Pan, E.I. Stiefel, K.O. Hodgson 

and S.P. Cramer, Inorg: Chem., 25, 1461, (1986). 

1 



17) Superconductivity in ternary compounds I and II, C. Fischer, M.B. Maple, Eds, 

Springer-Verlag: West Berlin, (1982); J. M. Tarascon, F.J Disalvo, J.V. 

Waszczak, G. W. Hull, Phys. Res. and Condens. Matter. B 31, 1012, (1985). 

18) K.S. Nanjudaswamy, N.Y. Vasanthacharya, J. Gopalakrishnan and C.N.R. Rao, 

Inorg. Chem., 26, 4286, (1987). 

19) E. Clementi and C. Roetti, Atomic Data and Nuclear Data Tables, 14, 3, (1974). 

20) M.D. Carducci, C. Brown, E.1. Solomon and J.H. Enemark, J. Am. Chem. Soc., 

116, 11856, (1994). 

21) J.J. Berzelius, Poggendorff's, Ann.Phys. Chem., 7, 262, (1826). 

22) G. Kruss, Justus Liebigs, Ann-Chem. 225, 29, (1884). 

23) E. Corleis, Justus Liebigs, Ann-Chem. 232, 244, (1886). 

24) E. Diemann, A. Mailer, Coord. Chem. Rev., 1, 79, (1973). 

25) A, Muller, E. Diemann,C.K. Jorgenson, Structure and Bonding, 1 4, 23, (1973). 

26) K.H. Schmidt, A. Muller, Coord. Chem.Rev., 14, 115, (1974). . 

27) A. Mailer, E Diemann, R. Jostes and H. Btigge, Angew. Chem. Int. Ed. Engl., 

20, 934, (1981). 

28) A. Muller, Polyhedron, 5, 323, (1986). 

29) -W.-H. Pan, M.E. Leonowicz & E.I. Stiefel, Inorg. Chem. 22, 672, (1983). 

30) J.W. McDonald, G.D. Friesen, L.D. Rosenhein and W.E. Newton, Inorg. Chim. 

Acta, 72, 205, (1983). 

31) M.R. Udupa, Curr. Sci. 44, 305, (1975). 

32) M.R. Udupa and G. Aravamudan, Curr. Sci, 42, 677, (1973). 

33) B.R. Srinivasan, B.K.Vernekar and K. Nagarajan, Indian J. Chem. 400,5 63 

(2001), 

34) A. Muller, Z. Anorg. Allg. Chem., 371, 136, (1969). 

35) A. Muller, H. Schulze, W. Sievert, N. Weinstock, Z. Anorg. Allg. Chem., 403, 

310, (1974). 

36) M.A. Ansari, J. Chandrasekaran and S. Sarkar, Inorg. Chim. Acta., 133, 133, 

(1987). 

I 



37) T.E. Wolff, J.M. Berg, K.O. Hodgson, R.B. Frenkel and R.H. Holm., J. Am 

Chem. Soc., 101, 4140, (1979). 

38) A.R. Ramesha and S. Chandrasekaran, Syn. Comm., 22, 3277, (1992). 

39) A.I. Hadjikyriacou and D. Coucouvanis, Inorg. Synth., 27, 39, (1990). 

40) Y. Do, E.D. Simhon and R.H. Holm, Inorg. Chem., 24, 4635, (1985). 

41) A. Muller, E. Diemann, and V.V.K. Rao, Chem. Ber., 103, 2961, (1970). 

42) Y.P. Zhang and R.H. Holm, Inorg. Chem., 27, 3875, (1988). 

43) Y. Do, E.D. Simhon,and R.H. Holm, Inorg. Chem., 24 1831, (1985). 

44) S.0 Lee, J. Li, J.C. Mitchell and R.H. Holm, Inorg. Chem., 31, 4333, (1992). S. 

C. Lee and R.H. Holm, J. Am. Chem. Soc, 112, 9654, (1990). 

45) D. Coucouvanis, S.J. Chen, B.S. Mandimutsira and C.G. Kim, Inorg, Chem, 33, 

4429, (1994). 

46) A. Muller, E. Krickemeyer, H. Btigge, M. Penk, D. Rehder, Chimia, 40, 50, 

(1986). 

47) S.C. O'Neal, J.W. Kolis, Inorg. Chem., 28, 2780, (1989). 

48) M. Latroche and J.A. Ibers, Inorg. Chem., 29, 1503, (1990). 

49) K.E. Howard, T.B. Rauchfuss and S.R. Wilson. Inorg. Chem., 27, 1710, (1988). 

50) V. Lenher and A.G. Freuhan J. Am. Chem. Soc., 76, 4930, (1927). 

51) R.W.M. Wardle, C.H. Mahler, C.N. Chau and J.A. Ibers, Inorg. Chem., 27, 

2790, (1988). 

52) C.N. Chau, R.W.M. Wardle, J.A. Ibers, Inorg. Chem., 26, 2740, (1987). 

53) S.C. O'Neal and J.W. Kolis, J. Am. Chem. Soc., 110, 1971, (1988). 

54) M.A. Greaney, C.L.Coyle, R.S. Pilato and E.I. Stiefel, Inorg. Chim. Acta, 189, 

81, (1991). 

55) J. Sola, Y. Do, J.M. Berg and R.H. Holm, Inorg. Chem., 24, 1706, (1985). 

56) D. Coucouvanis, S.A. Ahmad, C.G. Kim and S.M. Koo, Inorg. Chem., 31, 2996, 

(1992). 

57) B.S. Mandimutsira, S.J. Chen, K.D. Demadis and D. Coucouvanis, Inorg. 

Chem., 34, 2267, (1995). 



58) S. Schreiner, L.E. Aleandri, D. Kang, and J.A. Ibers, Inorg. Chem., 28, 393, 

(1989). 

59) W.A. Flomer S.C. O'Neal, J.W.Kolis, D. Jeter, and A.W. Cordes, Inorg. Chem., 

27, 969, (1988). 

60) W.A. Flomer, and J.W. Kolis, J. Am. Chem. Soc., 110, 3682, (1988). 

61) L.C. Roof, W.T. Pennington and J.W. Kolis, J. Am. Chem. Soc., 112, 8172, 

(1990). 

62) M.A. Ansari, J.M. Mc.Connachie, and J.A. Ibers, Acc. Chem. Res., 26, 574, 

(1993). 

63) P.J. Aymonino, A.C. Ranade, E. Diemann and A. Muller, Z. Anorg.lg. 

Chem., 371, 300, (1969); Z. Naturforsch., B24, 1247, (1969). 

64) M.A. Harmer and A.G. Sykes, Inorg. Chem., 19, 2881, (1980). 

65) A. Muller, H. Dornfeld, H. Schulze, and R.C. Sharma, Z. Anorg. Aug.l Chem., 

468, 193, (1980). 

66) M. Draganjac, and T.B. Rauchfiiss, Angew. Chem. Int. Ed. Engl., 24, 742, 

(1985). 

67) M. Draganjac, E. Simhon, L.T. Chan, M. Kanatzidis, N.C. Baenziger and D. 

Coucouvanis, Inorg. Chem., 21, 3321, (1982). 

68) A. Muller, S. Sarkar, R.G. Bhattacharya, S. Pohl, M. Dartmann, Angew. Chem. 

Int. Ed. Engl., 17, 535, (1978). 

69) A. Muller, S. Pohl, M. Dartmann, J.P. Cohen, J.M. Bennet, R.M. Kirchner, Z. 

Naturforsch., B 34, 434, (1979). 

70) A. Muller, E. Krickemeyer; Inorg. Synth., 27, 47, (1990). 

71) A. Muller, W. 0. Nolte, B.Krebs, Angew. Chem. 90, 286, (1978). 

72) A. Muller, W. 0. Nolte, B.Krebs, Inorg. Chem.19, 2835, (1980). 

73) A. Muller, W.Eltzner and N.Mohan, Angew. Chem. Int. Ed. Engl. 18, 168, 

(1979). 

74) D. Coucouvanis, A. Toupadakis, and A. Hadjikyriacou, Inorg. Chem., 27, 3273, 

(1988) 



75) R.G. Bhattacharya, P.K. Chakraborty, P.N. Ghosh, A.K. Mukherjee, D. Podder 

and M. Mukherjee, Inorg. Chem., 30, 3948, (1991). 

76) P.K. Chakraborty, P.N. Ghosh, R.G. Bhattacharya A.K. Mukherjee, M. 

Mukherjee, and M. Helliwell, Polyhedron, 15, 1443, (1996). 

77) P.K. Chakraborty, S. Bhattacharya, C.G.Pierpont, and R.G. Bhattacharya, Inorg. 

Chem., 31, 3573, (1992). 

78) S.L. Crasto, J.D. Martin, and G. Christou. Inorg. Chem., 32, 2978, (1993). 

79) Ju.H, S.Liao, J.Li, and M.G. Kanatzidis, Inorg. Chem., 34, 2658, (1995). 

80) A. Muller, E. Krickemeyer, V. Wittenben, H. BOgge, M. Lemke, Angew Chem. 

Int. Ed. Engl., 30, 1512, (1991). 

81) D. Coucouvanis, A. Hadjikyriacou, A. Toupadakis, S.M. Koo, 0 Illeperuma, M. 

Draganjac and A. Salifoglou, Inorg.Chem., 30, 754, (1991). 

82) K.F. Miller, A.E. Corbin, J.L. Wherlands, and E.I. Stiefel, J. Am. Chem. Soc., 

102, 5102, (1980). 

83) D.N. Harpp and J.G. Mc.Donald, Tetrahedron Lett., 25, 703, (1984). 

84) E. Diemann, Th. Weber and A. Muller, J. Catalysis, 148, 288, (1994). 

85) A. Muller and W. Jaegermann, and Inorg. Chem., 18, 2631, (1979). 

86) A. Willer, W. Eltzner, H. Wcigge and S. Sarkar, Angew. Chem. Int. Ed. Engl., 

21, 535, (1982). 

87) A. Muller, W. Eltzner, H. BOgge and E. Krickemeyer, Angew. Chem. Int. Ed. 

Engl., 22, 884, (1983). 

88) E.D. Simhon, N.C. Baenziger, M. Kanatzidis, M. Draganjac and D. 

Coucouvanis. J. Am. Chem. Soc., 103, 1218, (1981). 

89) W. Clegg, G. Christou, C.D. Garner and G.M. Sheldrick, Inorg. Chem., 20, 

1562, (1981). 

90) Y. Deng, Q. Liu, Y. Yang, Y. Wang, Y-Cai, D. Wu, C. Chen, D. Liao, B. 

Kang.and J. Lu, Inorg.Chem., 36, 214, ( 1997). 

91) A.I. Hadjikyriacou, and D. Coucouvanis, Inorg. Chem. 26, 2400, (1987). 

D.Coucouvanis and S.M. Koo, Inorg. Chem., 28, 5, (1989). 

A.I. Hadjikyriacou, and D. Coucouvanis, Inorg. Chem., 28, 2169;  (1989). 

99 



92) W.A. Flomer and J. W. Kolis, Inorg. Chem., 28, 2513, (1989). 

93) S.A. Cohen and E.I. Stiefel, Inorg.Chem., 24, 4657, (1985). 

94) A. Muller, Reinsh-Vogell, E. Krickemeyer and H. Btigge, Angew. Chem. Int. 

Ed., 21, 786, (1982). 

95) W.-H. Pan, M. A. Harmer, T.R. Halbert and E. I. Stiefel, J. Am. Chem. Soc., 

106, 459, (1984). 

96) C.L. Coyle, M.A. Harmer, G.N. George, M. Daage and E.I. Stiefel, Inorg. 

Chem., 29, 14, (1990). 

97) W.-H. Pan, T.R.Halbert, L.L. Hutchings and E.I. Stiefel, J. Chem. Soc. Chem. 

Commun, 928, (1985). 

98) Y. Gea, M.A. Greaney, C.L. Coyle and E.I. Stiefel, J. Chem. Soc., Chem. 

Commun., 160, (1992). 

99) T.R. Halbert, W. H. Pan and E.I. Stiefel, J. Am. Chem. Soc., 105, 5476, (1983). 

100) H.H. Murray, L. Wei, S. E. Sherman, M.A. Greaney, K.A. Eriksen, B. 

Cartensen, T.R. Halbert and E. I. Stiefel, Inorg. Chem., 34, 841, (1995). 

101) M. A. Harmer,T.R Halbert, W.-H. Pan, C.L. Coyle, S.A. Cohen and E. I. Stiefel, 

Polyhedron, 5, 341, (1986). 

102)(a) C.A. Mc.Connachie and E.I. Stiefel, Inorg. Chem., 38, 964, (1999). 

(b) C.A.Mc.Connachie and E. 1 Stiefel, Inorg. Chem., 36, 6144, (1997). 

103) L. Wei, T.R. Halbert, H..H. Murray and E.I. Stiefel, J. Am. Chem. Soc., 112, 

6431, (1990). 

104) K.Wang, J.M. Mc.Connachie and E I. Stiefel, Inorg. Chem., 38, 4334, (1999). 

105) S.Sarkar and M. A. Ansari, J.Chem. Soc., Chem. Commun., 324, (1986). 

W. Rittner, A. Willer, A. Neumann, W. Bather and R.C. Sharma, Angew. Chem. 

Int. Ed. Engl., 18, (1979). 

S. Sarkar, M.A. Ansari, J. Chandrasekaran, Polyhedron, 4, 471, (1988). 

106) W.-H. Pan, T Chandler, J.H. Enemark and E.I. Stiefel Inorg. Chem., 23, 4265, 

(1984). 

107) M. Draganjac, A. Hadjikyriacou, M.G. Kanatzidis and O'Illeperuma, Polyhedron, 

5, 349, (1986). 

2.P0 



108) S.K. Das, D. Biswas, R. Maiti and S.Sarkar, J. Chem. Soc., 118, 1387, (1996). 

109) P.Dhar, R. Ranjan, and S. Chandrasekaran, J. Org . Chem., 55, 3728, (1990). 

110) P. Dhar, R. Ranjan, and S. Chandrasekaran, J. Org . Chem., 54, 2998, (1989). 

111) A.R. Ramesha and S. Chandrasekaran, J. Org . Chem., 59, 1354, (1994). 

112) J. Chandrasekaran, M.A. Ansari and S. Sarkar, J. less common metals, 134, L23, 

(1987). 

113) D. Bhar, and S. Chandrasekaran, Synthesis, 785, (1994). 

114) A.R. Ramesha, S. Bhat, and S. Chandrasekaran, J. Org . Chem, 60, 7682, 

(1995).; P. Ilakumaran, A.R. Ramesha & S. Chandrasekaran,Tetrahedron letts, 

36, 8311, (1995). 

115) D. Bhar, and S. Chandrasekaran, Indian. J. Chem., 36B, 793, (1997). 

S. Sinha, P. Ilankumaran and S. Chandrasekaran, Tetrahedron letts., 40, 771, 

(1999). 

116) S. Bhadhuri, and J.A. Ibers, Inorg. Chem. 25, 3, (1986). 

117) J..M. Manoli, C. Potvin and F. Sbdcheresse, Inorg. Chem., 26, 340,(1987) 

118) F. Sercheresse, J. Lefebvre, J.C. Daran and Y. Jeannin, Inorg.Chem., 21, 1311, 

(1982). 

119) F. SeCheresse, J.M. Manoli and C. Potvin, Inorg. Chem., 25, 3969, (1986). 

120) R.W.M. Wardle, S. Bhaduri, C.N. Chau, and J.A. Ibers, Inorg. Chem., 27, 1747, 

(1988). 

121) J. Chandrasekaran, M.A. Ansari and S. Sarkar, Inorg. Chem:, 27, 3663, (1988). 

122) A. Muller, E. Diemann, U. Weinboker and H. Wipe, Inorg. Chem., 28, 4046, 

(1989). 

123) J. M. Manoli, C. Potvin, and F. Sedcheresse, Inorg. Chim. Acta, 133, 27, (1987). 

124) R.W.M. Wardle, C.N. Chau and J.A. Ibers, J.Am. Chem. Soc., 109, 1859, 

(1987). 

125) X. Xin, N.L. Morris, G.B. Jameson and M.T. Pope. Inorg. Chem., 24, 3482, 

(1985). 

126) C.S. Jegat, R.A. Toscano, F. Robert, J.C. Daran and F. Se'cheresse, J. Chem. 

Soc. Dalton. Trans., 1311, (1994). 

lei 



127) W-H. Pan, M.E. Leonowicz and E.I. Stiefel, Inorg. Chem. 22, 672, (1983). 

128) A. Muller, M. Romer, C. Romer, U-Reinsch-Vogell, H. Bogge and U. 

Schimanski, Monash Chem, 116, 711, (1985). 

129) V.P. Fedin, Y.V. Mironov, M.N. Sokolov, Y.I .Mironov. and V.E. Fedorov, 

Inorg. Chim. Acta, 163, 55, (1989). 

130) T. Shibahara, M. Yamasaki, G. Sakane, K. Minami, T. Yabuki and A. Ichimura, 

Inorg. Chem., 31, 640, (1992).; Y. Yao, H. Akashi, G. Sakane, T. Shibahara and 

H. Ohataki, Inorg. Chem., 34, 42, (1995). 

131) T. Shibahara, M. Yamasaki, T. Watase, A. Ichimura, Inorg. Chem., 33, 292, 

(1994).; T. Shibahara, M. Yamasaki, Inorg. Chem. 30, 1687, (1991). 

132) T.S. Shibahara, Cord. Chem. Rev., 123, 73, (1993). 

133) A. Muller and E. Diemann, J. Chem. Soc. Chem. Commun., 65, (1971). 

134) A. Muller and E. Diemann, and H.H. Heinsen, Chem. Ber., 104, 957, (1971) 

135) A. Muller, E. Ahlborn and H.H. Heinsen, Z. Anora. Alla. Chem., 383, 102, 

(1971). 

136) A. Muller and H.H. Heinsen, Chem. Ber., 105, 1730, (1972). 

137) A. Muller;  H.H. Heinsen and G. Vandrish, Inorg. Chem.13, 1001, (1974). 

138) E. Koniger-Ahlborn and A. Minter, Angew. Chem. Int. Ed. Engl., 13, 672, 

(1974). 

139) A. Muller and S. Sarkar, Angew. Chem. Int. Ed. Engl., 16, 705, (1977). 

140) A. Muller, M.C. Chakravorti and H. Dornfeld, Z. Naturforsch, B 30, 162, 

(1975); K.P. Callahan and P.A. Piller°, J.Chem. Soc., Chem. Commun, 13, 

(1979); Inorg. Chem., 19, 2619, (1980). 

141) D. Coucouvanis, Acc. Chem. Res., 14, 201, (1981); P. Stremple, N.C. Baenziger 

and D. Coucouvanis, J. Am. Chem. Soc., 103, 4603, (1981). 

142) B.R. Srinivasan and S. Sarkar, Inorg. Chem. 29, 3898, (1990). 

143) A. Muller, I. Paulat-Boschen, &Krebs and H. Dornf eld, Angew. Chem. Int. Ed. 

Engl., 15, 633, (1976). 

144) A. Muller, H. Dornfeld, G. Henkel, B. Krebs and M.P.A. Viegers, Angew. 

Chem. Int. Ed. Engl., 17, 52, (1976). 

e 



145) E. Koniger-Ahlborn and A. Muller , Angew. Chem. Int. Ed. Engl., 15, 680, 

(1976). 

146) V.K. Shah, and W.J. Brill, Proc. Natl. Acad. Sci., U.S.A., 74, 3249, (1977). 

147) W.G. Zumft, Eur. J. Biochem., 91, 345, (1978). 

148) J. Kim and D.C. Rees; Science, 257, 1677, (1992).; J. Kim and D.C. Rees, 

Nature, 360, 553, (1992). 

149) R.H. Holm and E.D. Simhon, in Molybdenum Enzymes (Edited by T.Spiro), 1, 

Wiely Inter Science, New York, (1985). 

150) D. Coucouvanis, Acc. Chem. Res., 24, 1, (1991). 

151) P.A. Eldredge, D.E. Barber, R.F. Byan, E. Sinn, A. Reingold and B.A. Averill, 

Inorg. Chem, 30, 2365, (1991). 

152) R.H. Holm, Chem. Soc. Rev, 10, 455, (1981). 

153)T.E. Wolff, J.M. Berg, P.P. Power, K.O. Hodgson and R.H. Holm, and R.B. 

Frankel, J. Am. Chem. Soc., 100, 4630, (1978). 

154) T.E. Wolff; J.M. Berg, K.O. Hodgson, R.B. Frankel and R. H. Holm, J. Am. 

Chem. Soc., 101, 4140, (1979). 

155) T.E. Wolff, J.M. Berg, P.P. Power, K.O. Hodgson and R.H. Holm, and R.B. 

Frankel, J. Am. Chem.Soc., 101, 5454, (1979). 

156) T.E. Wolff, P.P. Power, K.O. Hodgson, R.B. Frankel, and R.H. Holm J. Am. 

Chem. Soc., 102, 4694, (1980). 

157) T.E. Wolff, J.M. Berg, P.P. Power, R.B. Frankel and R.H. Holm, J. Am. Chem. 

Soc., 101, 5454, (1979). 

158) G. Christou, C.D. Garner, T.J. King, and F.E. Mabbs, J. Chem. Soc. Chem. 

Commun., 740, (1978). 

159) S.R. Scott, G. Christou, C.D. Garner, T.J. King, F.E. Mabbs and R.M. Miller, 

Inorg. Chim, Acta, 35, L 337, (1979). 

160) G. Christou, C.D. Garner, J. Chem. Soc. Dalton Trans., 2354, (1980). 

161) G. Christou, C.D. Garner, F.E. Mabbs and M.G.B. Drew, J. Chem. Soc., Chem. 

Commun., 503, (1979). 

2-e3 



162) R.H. Tieckelmann, H.C. Silvis, T. A. Kent, B.H. Huynh, J.V. Waszczak, B.K. 

Teo and B.A. Averill, J. Am. Chem. Soc., 102, 5550, (1980). 

163) A. Muller, H.G. Tolle, H. BUgge, Z. Anorg. Allg. Chem., 471, 115, (1980). 

164) A. Muller, H. Bi5gge, H.G. Tolle, R. Jostes, U. Schimanski and M. Dartmann, 

Angew. Chem. Int. Ed. Engl., 19, 654, (1980). 

165) J.A. Kovacs, J.K. Bakshin and R.H. Holm, J. Am. Chem. Soc., 107, 1784, 

(1985). 

166) J.A. Kovacs, and R.H. Holm, Inorg. Chem., 26, 702, (1987). 

167) S. Ciurili, M. Carrie and R.H. Holm, Inorg. Chem. 29, 3493, (1990). 

168) D. Coucouvanis, P.E. Mosier, K.D. Demadis,S. Patton, S. Malinak, C.G. Kim 

and M. Tyson, I Am. Chem. Soc., 115, 12193, (1993). 

169) A. Muller, E, Krickemeyer and H. Bogge, Z. Anorg. Allg. Chem., 61, 554, 

(1987). 

170) S. Ciurli, M.J. Carney, R.H. Holm and G. C. Papaefthymiou, Inorg. Chem., 29, 

2696, (1989). 

171) Y. Do, E.D. Simhon, and R.H. Holm, J. Am. Chem. Soc., 105, 6731, (1983). 

172) Y.H. Kim, B. Song and H.M. Goff, Inorg. Chem., 32, 1304, (1993). 

173) W. Eltzner, M. Breysse, M. Lacroix and M. Vrinat, Polyhedron, 5, 203, (1986). 

174) S. Ciurli, and R.H. Holm, Inorg. Chem., 28, 1685, (1989). 

175) J.A Kovacs and R.H..Holm, J.Am. Chem.Soc, 108, 340, (1986) . 

J.A. Kovacs, and R.H. Holm, Inorg. Chem, 30, 743, (1991). 

176) J.L. Brito, F. Severino, N.N. Delgado, J. Laine, Appl. Cat.A. General., 173, 193, 

(1998).  
177) K.E. Howard, J.R. Lockemeyer, M. A. Massa, T.B. Rauchfuss, S.R. Wilson, and 

X. Yang, Inorg. Chem., 29, 4358, (1990). 

178) M.A. Ansari, C.N. Chau, C.H. Mahler and J.A. Ibers, Inorg. Chem., 28, 650, 

(1989). 

179) W.E Binnie, M.J. Redman and W.J. Mallio, Inorg. Chem., 9, 1449 (1970). 

180) S. Sarkar, and S.B.S. Mishra, Coord. Chem.Rev., 59, 239, (1984). 



181) A. Muller, E. Krickemeyer and M. Penk, J. Chem. Soc., Chem. Commun., 321, 

(1990). 

182) D. Shaowu, Z. Nianyong, C. Pengecheng, W. Xintao, L. Jiaxi, J.Chem. Soc. 

Dalton Trans, 339, (1992). 

183) A. Muller, J. Schimanski and H. Bogge, Z. Anorg. Aug.l Chem., 544,107, 

(1987). 

184) A. Muller, E. Krickemeyer and H. Rogge, Angew. Chem. Int. Ed. Engl., 25, 

990, (1986). 

185) A. Muller, E. Krickemeyer, A. Hildebrand, H. BEigge, K. Schneider and M. 

Lemke, J. Chem.Soc. Chem. Commun., 1685, (1991). 

186) J.M. Charnock, S. Bristow, J.R. Nicholson and C.D. Garner, W. Clegg, J. Chem. 

Soc. Dalton Trans., 303, (1987). 

187) Y. Jeanin, F. Secheresse, S. Bernes, and F. Robert, Inorg. Chim. Acta, 198, 493, 

(1992). 

188) X. Lei, Z. Huang, M. Hong, H. Liu, Inorg. Chim. Acta., 164, 119, (1989). 

189) F. Setheresse, S. Bernes, F. Robert, Y. Jeanin, J. Chem. Soc., Dalton Trans., 

2875, (1991). 

190) D. Wu, M- Hong, R. Cao, and H. Liu, Inorg. Chem., 35, 1080, (1996). 

191) Q. Huang, X. Wu, Q. Wang, T. Sheng, and J. Lu., Inorg. Chem., 35, 893, 

(1996). 

192) Q. Huang, X. Wu, Q. Wang, T. Sheng, and J. Lu., Angew. Chem. Int. Ed. Engl., 

35, 868, (1996). 

193) Q.Huang, X. Wu, and J. Lu., Polyhedron, 16, 833, (1997). 

194) Q. Huang, X. Wu, T. Sheng, Q. Wang and J. Lu, Polyhedron, 16, 217, (1997). 

195) K.E. Howard4T.B. Rauchfuss, J. Am. Chem. Soc, 108, 297, (1986). 

196) C. Potvin&J.M. Manoli, Inorg. Chim. Acta, 134, 9, (1987). 

197) K.E. Howard, T.B. Rauchfuss, and S.R. Wilson, Inorg. Chem., 27, 3561, (1988). 

198) M.A. Greaney,C.L. Coyle, M.A. Harmer, A. Jordan, and E.I. Stiefel, Inorg. 

Chem., 28, 912, (1989). 

199) M.A. Massa, T.B. Rauchfuss, and S.R. Wilson, Inorg. Chem., 30, 4667, (1991). 

2,08`" 



200) P.A. Shapely, Z. Gebeyehu, N. Zhang, and S.R. Wilson, Inorg. Chem., 32, 5646, 

(1993). 

201) P.A. Shapely, Z. Gebeyehu, N. Zhang, and S.R. Wilson , J. Am. Chem. Soc., 

115, 7866, (1993). 

202) B.Zhuang, P. Yu, L. Huang and J. Lu, Inorg, Chim. Acta. 162, 121, (1989). 

203) R.J. Anglin, F. Bonomi, and Jr. M.K. Donald, Inorg. Chem. 27, 3434, (1988). 

204) D. Coucouanis, K.D. Demadis, C.G. Kim, R.W. Dunham, and K.W Kamf J. Am. 

Chem. Soc., 115, 3344, (1993). 

205) A.R. Rogler and H. Kunkely, Inorg Chem., 27, 504, (1988). 

206) G. A. Zank, T.B. Rauchfuss and S. R. Wilson, J. Am. Chem. Soc., 106, 7621, 

(1984). 

207) B.R. Srinivasan and P.K. Bhardwaj, Inorg. Chim., Acta, 178, 165, (1990). 

208) K.Sasvari, Acta Crystallogr., 16, 719, (1963). 

209) A. Muller and W. Sievert, Z. Anorg. Allg. Chem., 403, 251, (1974). 

210) R. Kebabcioglu, A. Muller, and W. Rittner, J. Mol. Struct., 9, 207, (1971). 

211) A. Muller, E. Diemann and M.J. F. Leroy, Z. Anorg. Allg. Chem., 372, 113, 

(1970). 

212) R.H. Petit, B. Briat, A. Muller and E. Diemann, Mol. Phys., 27, 1373, (1974). 

213) M.A. Ansari and J.A. Ibers, Cord. Chem. Rev., 100, 223, (1990). 

214) K. Nakamoto, " Infrared and Raman Spectra of Inorganic and Coordination 

compounds" 4 ed. ( John Wiley) 1986. 

215) I. Sotofte, Acta Chem. Scand., Ser.A, 30, 157, (1976). 

216) A. Muller, N. Mohan and H. adgge, Z. Naturforsch., B33, 978, (1978). 

217) I. Paulat-Boschen, B. Krebs, A. Muller, E. Koniger- Ahlborn, H. Dornfeld and 

H. Schulze, Inorg. Chem., 17, 1440, (1978). 

218) A. Cormier, K. Nakamoto, E. Ahlborn and A. Muller, J. Mol. Struct. 

25, 43, (1975). 

219) A. Muller, A.M. Domrose, W. Jaegermann, E. Krickemeyer and S. Sarkar, 

Angew. Chem. Int. Ed. Engl., 20, 1061, (1981). 

220) A. Muller and W. Hellmann, Spectrochim. Acta, 41A, 359, (1985). 

D._ 



221) R.J.H. Clark, T.J. Dines and G.P. Proud, J. Chem. Soc., Dalton Trans., 2299, 

(1983) 

222) M. Minelli, J.H. Enemark, R.T.C. Brownlee, M.J. O'Connor and A. G. Wedd, 

Coord. Chem. Rev., 68, 169, (1985). 

223) M.J. Toohey, C.D. Scattergood and C.D. Garner, Inorg. Chim. Acta, 129. L19 , 

(1987). 

224) J.R. Grabril, D. Jonston and M. J.O. Powell, Proc. Roy. Soc, A 264, 503, 

(1961). 

225) G.A. Bowmaker, P.D.W. Boyd, R.J. Sorenson, C.A. Reed and J.W. McDonald, 

Inorg. Chem., 26, 3, (1987). 

226) H.C. Silvis and B.A. Averill, Inorg. Chim. Acta, 54, L 37, (1981). 

227) A. Muller, R. Jostes, W. Hellmann, C. Romer, H. Bbgge, U. Schimanski, B. 

Zhuang, L.D. Rosenhein, J.W. Mc.Donald and W.E. Newton, Z. Anorg, Aug.l 

Chem., 533, 125, (1986). 

228) K. Tanaka, M. Morimoto and T. Tanaka, Inorg. Chim. Acta, 56, L61, (1981). 

229) G. Gattow and A. Franke, Z. Anorg. Aug.l Chem., 352, 11, (1967). 

230) A. Muller, E. Diemann and H. Schulze, Z. Anorg. Aug.l Chem., 376, 120, 

(1970); A. Muller, E. Diemann and U. Heidborn, Z. Anorg. Allg. Chem., 376, 

125, (1970). 

231) A. Muller, W. Jaegermann and J.H. Enemark, Cord. Chem. Rev.,46, 245, 

(1982). 

232) T.P. Prasad, E. Diemann and A. Muller, J. Inorg. Nucl. Chem., 35, 1895, 

(1973). 

233) J.L. Brito, M. Ilija, and P. Hernandez, Thermochim. Acta, 256, 325, (1995). 

234) V. Lakshamanan, K.S. Nagraja and M.R. Udupa, Indian J. Chem. 33A, 772, 

(1994). 

235) B. K. Vernekar and B.R. Srinivasan, Thermans, 135, (2000). 

B. K. Vernekar and B.R. Srinivasan, Res. J. Chem. & Env.,3 (4), 29, (1999). 

236) S. Ye, F. Girard, D. Belanger, J. Phys. Chem., 97, 12373, (1993). 

2P 7 



237) N.N. Greenwood and A. Earnshaw, Chemistry of the Elements, 1 st  Edn 

(pergamon, Exeter), 1348, (1986). 

238) J. Li, Z. Chen, R.J. Wang, D.M. Proserpio, Coord. Chem. Rev., 190, 707, 

(1999). 

239) G.M. Clark and W.P. Doyle, J. Inorg. Nucl. Chem., 28, 381, (1966). 

240) B.K. Vernekar and B.R. Srinivasan, (unpublished results) 

241) W.R. Mc.Whinnie and J.D. Miller, Adv. Inorg. Radio. Chem., 12, 135, (1969). 

242) S. Savage (nee Roquet-Covarrubias), Z. Jia-long and A.G. Maddock, J. Chem. 

Soc. Dalton Trans., 991, (1985). 

243) A.I. Vogel, A Textbook of Quantitative Inorganic Analysis, Fourth Edition, 

Longmans Green, London. (1978). 

244) T. Iwamoto, & D. F. Shriver, Inorg. Chem. 10, 2428, (1971). 

245) A. Muller, E. Diemann and E.J. Baran, Z. Anorg. Allg. Chem. 375, 87, (1970) 

246) T.C. Waddinton, J. Chem. Soc. (A), 4340, (1958). 

247) K. Harms and S. Wocaldo, XCAD4-CAD4: Data Reduction : University of 

Murburg, Germany, (1995). 

248) L. J. Farrugia, J. Appl, Cryst., 32, 837, (1999). 

249) G.M. Sheldrick, SHELXL-97: program for Crystal Structure Refinement 

(University of Gottingen, Germany), (1997). 

250) H.A. Kuska, F.M. D'itri & A.I. Popav, Inorg. Chem., 5, 1272, (1966). 

251) J. Lapasset, N. Chezeau and P. Belougne. Acta Crystallogr, B32, 3087, 

(1976). 

252) M.G. Kanatzidis and D. Coucouvanis, Acta Crystallogr, C 39, 835, (1983). 


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224

