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Structural and Redox Interconversions of Sulfur Ligands of Transition 

Metal Complexes 

The interactions between transition metals and sulfur have long been studied for 

potential applications in catalysis and energy storage and due to the relevance of 

these motifs in biological and geological systems. Complexes with sulfur-

containing ligands can undergo redox transformations centered on sulfur as well 

as at the metal. Sulfur also readily catenates with other sulfur centers to form 

polysulfur motifs. Here, the synthesis and structures of notable examples of metal 

complexes with sulfur-containing ligands (sulfido, polysulfido, and 

polysulfanido) are described. Aspects of sulfur-centered redox, including 

spectroscopic and structural considerations, and future research opportunities are 

highlighted.  

Keywords: transition metals; sulfur; redox 

1. Introduction 

Interactions between transition metals and sulfur in Nature are common, serving 

both structural and functional roles. These motifs are found in heterogeneous materials 

like metal sulfide minerals and in sulfur-containing metalloenzymes with coordinating 

cysteine or other residues. This connection has given rise to proposals that biological 

iron-sulfur clusters arose from bacterial incorporation of surrounding iron sulfide 

minerals.[1-2] Sulfur-centered reactions at coordinating thiolates and at metal-bound H2S, 

HS−, or S2− ligands are common for metalloenzymes and metallocofactors in biological 

systems. Figure 1 shows selected examples of metal centers in biology that display 

sulfur-centered redox chemistry. For example, hydrosulfide oxidation at heme centers in 

hemoglobin, myoglobin, and cytochrome c oxidase form thiosulfate and 

hydropolysulfides,[3-4] and can also participate in sulfur transfer to other substrates or to 

the porphyrin itself.[5] Persulfide species have also been shown to play a role in the self-

assembly of multimetallic sites like Fe4S4 clusters,[6] or at structural zinc finger 
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proteins.[7] Metal-sulfur-containing compounds are also commonly used in industrial 

applications ranging from petroleum hydrodesulfurization to photovoltaic energy 

conversion.[8-9] For these reasons, the rational synthesis of compounds containing metal-

sulfur interactions to model these structures and understand their fundamental reaction 

mechanisms has been an ongoing area of research for the past century.  

In transition metal-sulfur compounds, chemistry at the sulfur center often 

contributes heavily to the properties and reactivity of the compounds, in some cases as 

much as the metal center itself. Reduced sulfur species such as sulfide anions also 

exhibit relatively positive electrochemical potentials, meaning that they are readily 

oxidized (Eo(S/S2‒) = ‒0.447 V vs. NHE).[10] As a result, sulfur-centered redox 

processes can occur at similar potentials as metal-centered redox. Compared to oxygen, 

sulfur is both larger and “softer,” and M‒S bonds can display high degrees of 

covalency.[11] From a structural perspective, the large and diffuse 3p orbitals of sulfur 

form weaker π-interactions with metal centers or with other atoms, meaning that sulfur 

tends to form bridging rather than terminal interactions with transition metals. Between 

sulfur centers, catenation and formation of S‒S bonds commonly results in polysulfur 

products, for example in the abundant cyclo-S8 allotrope of elemental sulfur or in 

anionic polysulfides, in which sulfide (S2−) is catenated by other, formally S0, sulfur 

atoms.[12-15] Polysulfur compounds are also often dynamic in solution, resulting from 

exchange between species with different polysulfur chain lengths.[13] 

Interactions between neighboring sulfur centers can dramatically change the 

properties of polysulfur-containing species due to inductive effects and lone pair-lone 

pair repulsion. For example, perthiol compounds (RSSH, R = aryl or alkyl) are more 

reducing than the corresponding thiols (RSH). Where RSH is a cysteine moiety with 

pKa ~ 8.8, Eo(RSS∙/RSS−) = 0.68 V and Eo(RS∙, H+/RSH) = 0.96 V vs. NHE.[16]  This 
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sulfur-sulfur interaction also changes the reactivity at the terminal sulfur center – 

perthiols have been estimated to be more acidic than the parent thiol by two to four pKa 

units, depending on the substituent.[17-19] Deprotonated persulfide anions have also been 

proposed to exhibit the α-effect, that is, that heteroatoms adjacent to the nucleophilic 

moiety result in higher nucleophilicity than expected due to lone pair-lone pair 

repulsion.[17-18] However, this effect is well established only for 2p elements, and such 

effects for 3p elements like sulfur are controversial.[20] Polysulfur-containing 

compounds can be electrophilic as well, reacting with nucleophiles to cleave the S‒S 

bond and release sulfide or thiolate anions. Polysulfur-containing compounds are also 

prone to disproportionation, releasing sulfur in the form of S8 and yielding shorter 

polysulfur analogs. Due to this rich sulfur-centered chemistry, transition metal-sulfur 

chemistry is very diverse, and understanding the formation, interconversion, and 

subsequent reactivity of sulfur or polysulfur ligands remains highly relevant.  

The purpose of this Comment is to discuss trends in the coordination chemistry 

and sulfur reactivity of synthetic transition metal complexes with sulfido or polysulfur-

containing ligands. Figure 2 shows the scope and organization of the review, as well as 

the nomenclature that will be commonly used throughout. First, reagents and methods 

relevant to the synthesis of these compounds will be presented. Second, salient 

examples of transition metal complexes of all-inorganic sulfido (S2−) and polysulfido 

(Sx2−) will be mentioned. Third, examples of polysulfanido complexes (metal complexes 

with RSx− ligands, R = alkyl, aryl, etc.) will be discussed. In each section, synthetic 

strategies and important examples will be noted, as well as further discussion of salient 

structural and electronic characteristics, including redox properties, structural 

interconversion, and further reactivity, with particular attention to the sulfur-centered 
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chemistry. Last, we will discuss the relevance of these species toward broader areas of 

study as well as ongoing synthetic targets and opportunities in the field.  

2. Metal Hydrosulfide, Sulfido, and Polysulfido Compounds 

2.1. Synthesis of Transition Metal Sulfido and Hydrosulfido Complexes 

Scheme 1 shows general synthetic strategies for metal sulfido or hydrosulfido 

complexes. Broadly speaking, metal-sulfido motifs can be prepared by addition of 

sulfur as sulfide (S2−, Scheme 1A) or by the reductive addition of elemental sulfur (S8, 

Scheme 1B). 

Gaseous H2S is a commonly used reagent and can form M‒S bonds by 

protonolysis of basic transition metal species like metal alkyls, hydrides, hydroxides, or 

alkoxides (for H2S, pK1 6.98, pK2 > 17 at 25 °C in H2O).[19] H2S can be purchased 

commercially in lecture bottles or gas cylinders, or can be generated by the addition of 

acid to sulfide salts.[21] H2S has an unpleasant odor and is toxic in high concentrations, 

and should be handled only in fume hoods and quenched using aqueous zinc solutions 

to form ZnS.[22] Sulfide and hydrosulfide salts can be used as alternative, non-volatile 

sulfide sources (Scheme 1A). While alkali salts such as NaHS and Na2S are minimally 

soluble in organic solvents, the more soluble tetrabutylammonium hydrosulfide 

(Bu4NSH) reagent can be prepared for use instead.[23] 

Other sulfide synthons form M‒S bonds from M‒O bond-containing precursors 

promoted by the driving force for formation of more stable oxygen-containing 

byproducts (e.g. (Me3Si)2O, triarylphosphine oxide, etc.).[24-27] The thermodynamics of 

sulfur transfer have been broadly reviewed for other reagents.[27] 

Bis(trimethylsilyl)sulfide [(Me3Si)2S] is a commonly used sulfur transfer reagent in 

both organic and organometallic chemistry,[28] and has also been used in the synthesis of 
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metal sulfide nanomaterials.[29-31] Other commonly used reagents include Lawesson’s 

reagent (2,4-bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-2,4-dithione), B2S3, 

CS2, and thiocarbamates.  

More oxidized sulfur sources have also been used to form metal sulfido species, 

but typically require reduction prior to M‒S bond formation (Scheme 1B). Elemental 

sulfur is an attractive feedstock due to its abundance and low cost. S8 is stable to air and 

moisture, non-volatile, and can be readily purified by sublimation or by recrystallization 

from hot toluene. However, the low solubility of S8 in both water (4.9 μg L−1 at 25°C) 

and organic solvents can present a disadvantage.[32-34] For the addition of small 

quantities of S8 in organic solvents, a stock solution in toluene (ca. 10 mg/mL) can be 

prepared. Outside of synthetic applications (e.g. in biochemical studies), encapsulating 

compounds (e.g. cyclodextrins or cucurbiturils) or charged surfactants have been 

employed to increase the solubility of S8 in water.[35-37] Alternatively, it is possible to 

prepare polysulfide anions (S3∙ − and Sx2‒, x = 5 in aqueous solution, 4 & 6 in THF) upon 

addition of sulfide to S8 or by reduction of S8 using external reductants or bases.[38-39] 

These species exchange readily in solution, but can also act as soluble sources of S0.[13, 

40] Polysulfide anions are readily oxidized and should be handled under inert 

atmosphere. 

Other sulfur transfer reagents rely on weak S‒S or C‒S bonds that are readily 

cleaved. For example, benzyl trisulfide has been used as a soluble S0 source that 

releases dibenzyl disulfide as a byproduct.[41] Thiiranes like propylene sulfide or styrene 

sulfide have also been used to transfer sulfur and extrude the corresponding alkene.[27] 

In some cases, cleavage of thiol or thiolate C‒S bonds for sulfur transfer can also occur; 

this can proceed under mild conditions[42-43] and is also commonly used at high 

temperatures in the synthesis of metal sulfide nanomaterials.[44-45] Other M‒S, S‒S, and 
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C‒S bonds can be formed by the addition of nucleophilic species to electrophilic sulfur 

precursors. For example, phthalimido compounds containing weak N—S bonds have 

been shown to transfer RS+ fragments with concomitant phthalimide protonation or 

metal coordination.[46-47] Sulfur halides like SCl2 and S2Cl2 are also commercially 

available or can be readily prepared for use as S2+ or S22+ synthons.[48] 

Transition metal sulfido and polysulfido complexes are typically characterized 

structurally using standard methods used for organometallic and coordination 

compounds like 1H NMR spectroscopy and single crystal X-ray diffraction (XRD). The 

latter method is of primary use in measuring M‒S and S‒S bond distances and 

characterizing π-bonding interactions. While 33S is spin-active (I = 3/2), it is of low 

abundance and low sensitivity, and is not typically employed in characterizing these 

compounds.[49] X-ray absorption spectroscopy (XAS) methods have been primarily used 

to study the covalency of M‒S bonds in proteins,[11] but have also been applied to 

synthetic compounds. 

The vibrational spectroscopy of terminal metal sulfido complexes show 

stretching vibrations ν(MS) in characteristic regions (400-500 cm−1), but the low 

energies of these bands are therefore of less diagnostic use than those of the 

corresponding metal oxo complexes, which occur at slightly higher energies (800-1000 

cm−1).[50] The vibrations of sulfur-sulfur bonds in organic disulfide compounds show 

characteristic Raman signals at ν(SS) ~ 500 cm−1.[51-52] The spectra of S8 and the 

polysulfide anions have also been measured.[52-53] The use of these energies in 

conjunction with isotopic labeling and computation can provide information about 

structure and bonding within these compounds. 

Many transition metal sulfides are highly colored with intense ligand-to-metal 

charge transfer (LMCT) bands, which are often low in energy due to the readily 
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oxidizable sulfur centers. Polysulfide anions themselves can be highly colored; the 

trisulfur radical anion (S3∙ ‒) is an intense blue color, while dimerization to the S62‒ 

dianion becomes intensely red.[54] In aqueous solution, other polysulfide anions tend to 

be yellow.[13] 

2.2. Transition Metal Hydrosulfido and Sulfido Complexes 

Figure 3 shows the coordination modes of the hydrosulfide (HS‒) ligand, which 

can exhibit both terminal[55-57] and bridging (μ2- and μ3-) coordination modes. Synthetic 

transition metal hydrosulfido complexes have been prepared as models of biological 

metal hydrosulfido species and also as intermediates toward the synthesis of transition 

metal sulfido complexes. Pluth and Tonzetich have comprehensively reviewed synthetic 

examples of recently reported transition metal hydrosulfido complexes,[58-59] and this 

section will focus the discussion upon sulfur-centered reactivity.  

As biological Zn2+ centers commonly display four-coordinate, tetrahedral 

geometries with NxS4-x binding motifs, tris(pyrazolyl)borate ligands and their 

derivatives have been used to model these systems.[60] Scheme 2 shows examples of 

reactions of tris(pyrazolyl)borate-supported zinc hydrosulfido complexes (1-4). In most 

cases, the hydrosulfide ligand acts as a typical nucleophilic base. For example, 

protonolysis of the hydrosulfide ligand with a thiol (R′SH, R′ = 4-NO2C6H4, Et, iPr, Bn, 

2-EtSH, 3-PrSH) or oxygenic acid (2,4,6-trinitrophenol, benzoic acid, phenylacetic acid, 

hexafluoroacetylacetone) releases H2S and forms the corresponding zinc thiolate, 

alkoxide, or carboxylate complexes. The hydrosulfide moiety can also be alkylated by 

treatment with methyl iodide to form CH3SH and the corresponding zinc iodide 

complex.  

The hydrosulfide ligand can also act as a Brønsted acid. Zinc hydrosulfido 

species 1-4 can be deprotonated to form heterogeneous ZnS and free 
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tris(pyrazolyl)borate ligand. Deprotonation of other transition metal hydrosulfido 

complexes results in the formation of sulfido-bridged molecular species. Scheme 3 

shows an example in which the di(hydrosulfido) complex Cp2Zr(SH)2 (5) is 

deprotonated to form a bimetallic bridged-sulfido complex, [Cp2Zr(μ2-S)]2 (6).[61] Other 

multimetallic bridged-sulfido clusters form by self-assembly upon addition of other 

sulfide-transfer reagents. 

As with transition metal hydrosulfido complexes, transition metal sulfido 

complexes have been extensively reviewed,[8] and only select examples will be 

discussed below. Sulfido ligands can bridge between two and four metal centers and 

have been shown to enhance electronic communication between the metal centers. 

Compared to analogous bridging oxo motifs, the more diffuse orbitals of sulfur are 

proposed to effect greater charge distribution and subsequently better magnetic 

exchange between metal centers.[62-63] Sulfide ligands have also been considered to play 

functional roles, for example as sites of protonation during N2 reduction by the FeMo 

cofactor of nitrogenase.[64] More recently, a μ4-sulfido ligand of a synthetic [4Cu:1S] 

model of N2O reductase (7) has been proposed to act as a participating site in N2O 

reduction, based on computational and XAS studies (Figure 4).[65] This additional 

reactivity is proposed to be facilitated by the high degree of covalency between Cu and 

S in this complex.  

The isolability and stability of less common terminal metal sulfido complexes 

are dictated by occupation of M‒ S π* orbitals in a similar fashion as terminal metal 

oxido complexes. Figure 5 shows the molecular orbital diagram of a terminal metal 

sulfido complex with tetragonal geometry.  As predicted by this orbital diagram, 

terminal sulfido ligands are commonly observed for electron-deficient (d0‒d2) 

complexes, which permits M‒S π-bonding interactions.[9] These π-bonding interactions 
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have been assigned primarily based on the shorter M‒S bonds measured by XRD as 

well as based on DFT calculations.[24, 66-68]  

Although there are relatively few examples of transition metal sulfido 

complexes with group III and IV metals, Bergman and co-workers prepared and 

structurally characterized a d0 zirconium(IV) complex,  Cp*2Zr=S(L) (9, L = py) by 

deprotonation of the corresponding hydrosulfide complex Cp*2Zr(SH)I, followed by 

trapping of the [Cp*2Zr=S] intermediate using pyridine or other Lewis bases (Scheme 

4).[69] The solid-state bond lengths measured by single crystal XRD indicate Zr−S π-

bonding [d(Zr−S) = 2.316Å, while Zr‒S single bonds range from 2.42‒2.5 Å]. The 

analogous Cp*2Ti=S(L) complex has also been isolated.[70] The terminal sulfido ligands 

of 10 are nucleophilic and can add to unsaturated substrates like 3-hexyne or 

benzonitrile to form sulfur-containing metallacycle products.[69]  

There are many examples of terminal sulfido complexes of the transition metals 

from groups V-VII, particularly for V, Mo, W, and Re. The homoleptic thiometalate 

anions like MoS42−, WS42−, and ReS4− are common, readily prepared, and in many cases 

commercially available (Figure 6 left).[50, 71-72] Additional mixed thiometallate anions 

MOxS4-xn− have also been prepared. Heteroleptic variants of these complexes with 

ancillary supporting ligands have been isolated and structurally characterized. For 

example, Enemark and Young prepared sulfidomolybdenum(IV) complexes supported 

by tris(pyrazolyl)borate ligands (Figure 6 right, 11).[73] These complexes are readily 

prepared by conversion of the corresponding oxometallate anions to the thiometallate 

derivative by replacement of oxygen for sulfur by treatment with H2S in the presence of 

base or by addition of bis(trimethylsilyl)sulfide and formation of hexamethyldisiloxane. 

Alternatively, Parkin and co-workers synthesized d2 L4W(S)2 complexes (L = PMe3, 

CNR [R = iPr, tBu, cyclohexyl]) by deprotonation of H2S by a W(IV) tetrahydrido 
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precursor.[74] In many cases, the final sulfido-containing complexes are more highly 

colored than the oxido or hydrido precursors due to intense SM charge transfer bands, 

permitting monitoring of reaction progress using electronic absorption spectroscopy. 

Due to the π-bonding characteristics of these complexes, terminal sulfido 

ligands can act as both nucleophiles and electrophiles. As an example of the former 

pathway, Rauchfuss and co-workers demonstrated that the tetrathioperrhenate anion 

reversibly forms metallacycle adducts with alkenes (Scheme 5).[75-78] A similar reaction 

has been demonstrated with WSe42− and electron-poor alkynes like dimethyl 

acetylenedicarboxylate (DMAD).[79] As an example of electrophilic reactivity, MoO3S2− 

and MoO2S22− react with cyanide to form SCN− as well as cyano complexes of reduced 

molybdenum.[80] 

There are fewer examples of terminal metal sulfido complexes of the later 

transition metals, due to population of M−S π* orbitals. Hayton has recently reviewed 

these complexes and only a brief overview is presented here.[81] Phosphine-supported 

nickel sulfido complexes have been transiently formed by thermolysis and 

deprotonation of a hydrosulfide precursor complex.[82-83] Figure 7 shows examples of 

isolated and structurally characterized late transition metal terminal sulfido compounds. 

In each of these examples, the sulfide moiety is further stabilized, whether through 

hydrogen-bonding interactions with the supporting ligand framework (M = Fe, 13)[84] or 

by stabilizing interactions with a nearby Lewis acid (e.g. [K(18-crown-6)]+ and 

[K(2,2,2-cryptand)]+, M = Ni and Zn, 15 and 16, respectively).[42, 85] Due to the scarcity 

of these examples, the sulfur reactivity of these species has been far less explored. 
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2.3. Transition Metal Polysulfido Complexes 

Transition metal polysulfido complexes are related to metal sulfido complexes 

by the catenation of additional formally “S0” centers to the sulfide center. These Sx2− 

ligands (x = 4‒9) typically form chelates to a single metal center, although bimetallic 

bridged examples have also been isolated.[86] Polysulfido complexes of metals spanning 

the d block have been isolated and structurally characterized. These complexes have 

been reviewed by Rauchfuss and others.[87-88] Figure 8 shows some selected examples.  

Homoleptic chiral late transition metal complexes of Pt with all-inorganic 

polysulfide ligands have been prepared by treatment of the corresponding metal halide 

salt with polysulfide solutions generated by addition of sulfide to S8 (Fig. 8, 17).[89-90] 

Coucouvanis and co-workers synthesized a series of all-inorganic metal polysulfide 

compounds (M = Mn, Ni, Zn) by the addition of dibenzyl trisulfide to the corresponding 

metal thiolate salts.[91] Interestingly, despite the similarity between these complexes, the 

structures exhibit a range of different polysulfide lengths (Fig. 8). For example, the 

nickel congener (18) is coordinated by two S42− ligands, while the manganese congener 

(19) displays both a S62− chelate as well as an S52− chelate. 

Heteroleptic transition metal polysulfido complexes with supporting ligands 

have also been prepared. The titanocene pentasulfide complex, Cp2TiS5 (20) was first 

prepared by addition of S8 to Cp2Ti(CO)2 and has also been prepared by the addition of 

polysulfide anions to Cp2TiCl2. Rauchfuss and co-workers pioneered a synthesis of zinc 

polysulfide complexes by the in situ reduction of sulfur to polysulfide anions by Zn0 in 

the presence of amine donors.[92] In these systems, the supporting amine ligand 

influences both the polysulfide chelate ring size as well as sulfur reactivity (21 and 

22).[93] These compounds are capable of transfer of polysulfide moieties or S2‒ to 

various substrates, including to SeCl2,[94] CS2, and electron-poor alkynes.[93]  
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Transition metal sulfido and polysulfido can interconvert by the addition of “S0” 

equivalents or by sulfide oxidation, particularly when sulfur oxidation occurs at similar 

potentials as metal-centered redox. For example, oxidation of MoS42− (e.g. by addition 

of an organic disulfide) results in the oxidation of the sulfides to disulfido anions (S22−) 

and forms a bimetallic [Mo2S8]2− species 23 (Scheme 6). Addition of S8 to MoS42− 

results in the formation of coordinated S42− polysulfide ions and reduction of MoVI to 

MoIV (24).  

Other examples of sulfido/polysulfido interconversion have been demonstrated 

with transition metal centers whose redox potentials are less accessible than those of 

sulfur (or with redox-inactive metal ions). Scheme 7 shows the oxidation of a sulfido-

bridged yttrium cluster (25) by the addition of S8 to form bimetallic η2-disulfido-bridged 

complexes (26). Further addition of S8 forms a monomeric yttrium pentasulfido 

complex (27).[95] This intriguing example therefore demontrates stepwise sulfur-

centered interconversion by the addition of controlled amounts of S8. This final 

pentasulfido moiety is nucleophilic and can transfer sulfur to alkyl-substituted silyl 

chloride reagents or to alkyl halide compounds.  

The reverse process (metal polysulfido reduction) can also occur. Pluth and co-

workers have recently demonstrated that a tris(pyrazolyl)borate-supported molybdenum 

tetrasulfido complex can undergo nucleophilic attack by hydrosulfide, resulting in 

hydrosulfide oxidation and formation of a molybdenum center with three terminal 

sulfido moieties.[96] The η2-disulfido complex Cp*2Ti(S2) (28) has also been shown to 

undergo sulfur-centered reduction to form Cp*2Ti(SH)2 (29) upon treatment with H2 

(Scheme 8).[97] In short, hydrosulfido, sulfido, and polysulfido complexes can be 

reversibly interconverted.  
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Disulfido ligands in particular display interesting redox activity. The 

diphosphine-supported nickel disulfido complex (30) was oxidized to release S8 and 

bridge to a second nickel center (Scheme 9). A related N-heterocyclic-carbene-supportd 

disulfido-bridged dinickel complex was also shown to undergo reduction to form the 

di(μ2-sulfido) dinickel complex.[98] Recent structural, spectroscopic, and computational 

work by Berry and co-workers have demonstrated that disulfido ligands can, in some 

cases, coordinate as the “subsulfido” ligand (S23−), which exhibits a S‒S half-bond.[99] A 

survey of existing complexes showed that the oxidation states of transition metal-bound 

disulfido and diselenido (E2) units are quantized, ranging from 2 E2−, E23−, and E22−, and 

not a continuous progression of E−E bond orders. We note, however, that this type of 

“half-bond” interaction is limited to disulfido (or other dichalcogenido) ligands, and 

does not extend to longer polysulfido chains that do not exhibit η2 coordination motifs.  

As shown above, a principal difference between sulfido and oxido ligands in 

these complexes is the accessibility of structures with [Sx]2− ligands where x > 2. 

Questions regarding redox and steric control over polysulfur speciation and reactivity in 

these polysulfide complexes remain challenges, however. For chelate structures, the 

polysulfide ring size appears to be thermodynamically controlled, and kinetic access to 

other ring sizes has not been demonstrated. 

3. Metal Polysulfanido Complexes 

3.1. Synthesis of Metal Disulfanido Complexes 

Polysulfanido anions are thiolate anions with S0 centers catenated to the thiolate 

sulfur center (RSx‒, R = alkyl or aryl, x > 2). The majority of characterized transition 

metal polysulfanido complexes are disulfanido complexes ([M]SSR, where R= alkyl or 

aryl). These species have been accessed by a variety of synthetic routes, as shown in 
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Scheme 10. These methods can be broadly characterized as 1) C‒S, 2) S‒S, and 3) M‒S 

bond-forming reactions, or as 4) sulfur insertion reactions, in which multiple types of 

bonds are formed. 

 Metal polysulfanido species have been generated by the formation of C‒S bonds 

upon nucleophilic alkylation of metal polysulfido complexes (Scheme 10a). For 

example, molybdenum, manganese, and nickel polysulfide chelates (34, 18, 19) were 

shown to perform nucleophilic attack on carbon disulfide to form the tetrathiocarbonate 

species (32, 33, 35, Scheme 11).[91, 100-101] It is notable that these reactions are selective 

for five-membered chelate products—the tetrasulfido moiety loses two sulfane atom 

equivalents during the nucleophilic addition reaction, suggesting the stability of the 

resulting five-membered ring exceeds that of other products with more sulfur atoms. 

Although polysulfido ligands are known to be electrophilic, metal polysulfanido 

synthesis through this route has not yet been demonstrated. 

Polysulfanide moieties can also be generated by the formation of new S‒S bonds 

(Scheme 10b). For example, treatment of a metal hydrosulfido complex by a “RS+” 

synthon such as a N-thiophthalimide compound can be used to form the corresponding 

metal polysulfanido complex (Schemes 20 and 21, vide infra).[102-104] Scheme 12 shows 

an alternate example, in which a ruthenium-bound thiosulfonate ligand (36) undergoes 

nucleophilic attack by an organic thiolate.[105] In contrast with previous studies 

suggesting sulfur nucleophiles do not attack the S−S bond of metal thiosulfonates and 

instead favor ligand exchange similar to the above zinc example, this attack favors the 

proximal sulfur atom, forming the ruthenium disulfanido (37) with the release of 

phenylsulfinate. This unique reactivity was attributed to the slow substitution of 

ruthenium-bound sulfur ligands combined with the presence of good leaving groups.  
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As a third route, metal polysulfanido compounds can be generated by the 

formation of M‒S bonds (Schemes 10c and 10d). For example, diphenyl trisulfide or N-

(phenyldithio)phthalimide can oxidatively add across a titanium center in Cp2Ti(CO)2 

(Scheme 13).[104] This reaction mirrors that of organodisulfide oxidative addition to 

form metal dithiolate complexes.[106-108] Interestingly, the reaction with diphenyl 

trisulfide breaks an S‒S bond to form two Ti‒S bonds (39) while the phthalimide-

terminated reagent undergoes oxidative cleavage of the N‒S bond (38). 

As metal polysulfido complexes have been prepared by the addition of 

polysulfide anions to metal precursors, it should in principle be possible to synthesize 

metal polysulfanido complexes by the addition of the corresponding organo-substituted 

hydropolysulfide or polysulfanide anions (Scheme 10d). Perthiols or hydropolysulfides 

can protonolyze basic metal precursors (e.g. metal hydroxides) to form the resulting M‒

S bond.[109] Artaud and co-workers demonstrated that treatment of substituted 

tris(pyrazolyl)borate zinc hydroxide complexes with independently synthesized 

perthiols (RSSH, R = Ph3C or tBu) formed the corresponding zinc disulfanido species 

(40, 41, Scheme 14).[109] Product isolation relies on the greater stability toward 

exchange of the protonated organic perthiol compound compared to the deprotonated 

disulfanide anions. Conversion of 40 or 41 to the corresponding metal hydrosulfido 

complexes is possible via reduction by deprotonated thiol, forming an organic disulfide 

compound and releasing free thiol. This complex was also shown to reversibly 

interconvert to a zinc thiolate complex upon treatment with the corresponding thiol in 

an initial ligand exchange step rather than thiolate attack on the S−S bond. 

We note that the formation of metal polysulfanido complexes by addition of 

polysulfanide anions has not yet been demonstrated. Free polysulfanide anions have 

been synthesized by treatment of thiolate anions with elemental sulfur or other S0 
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donors[110-114] and examples of phenyl- and tert-butyl-substituted disulfanide and 

tetrasulfanide anions with organic countercations (Et4N+, PPh4+, and PNP+, PNP = 

bis(triphenylphosphine)iminium) or with transition metal cations have been isolated and 

structurally characterized by XRD, in some cases by fractional crystallization.[115-116] 

While these studies demonstrate that polysulfanide anions can be stable in the solid 

state, the same polysulfanide anions of different sulfur chain lengths have been 

demonstrated to exchange rapidly in solution. Due to this dynamic solution-phase 

behavior, it is likely that addition of these anions to metal halides or other related 

precursors would form a mixture of products. 

Last, metal polysulfanido complexes can be formed via insertion of elemental 

sulfur (S8) into either a metal-carbon bond to simultaneously form M‒S and S‒C bonds 

(Scheme 10e) or into a M‒S(thiolate) bond to form new M‒S and S‒S bonds (Scheme 

10f). We note that the insertion of sulfur into metal hydride bonds to form the 

corresponding hydrosulfido compound has been demonstrated for a platinum hydride 

complex.[56] This particular reaction appears to be more facile than that of insertion into 

the metal-carbon bond; the Pt-methyl moiety in the same molecule does not insert 

sulfur. Energetic factors governing this insertion have been previously published,[117] 

and other considerations will be further discussed below. 

Early examples of the above approaches have been demonstrated for complexes 

containing M-Sx-SR motifs, specifically those containing dithiocarboxylate or 

trithiocarbonate ligands. Fackler and co-workers showed that elemental sulfur can insert 

into the M-S bond of dithiocarboxylate- or trithiocarbonate-supported nickel or zinc 

complexes to form the oxidized trithiocarboxylate ligand (43, 44, Scheme 15).[118-119] 

We note that Scheme 15 shows the insertion of “S0” between the dithiocarboxylate 

ligand and the metal center for simplicity. However, isotopic labelling of added sulfur 
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during these studies revealed that the mechanism is more complex and that labelled 

sulfur is incorporated into other positions of the resulting trithiocarboxylate ligand. 

Insertion of more than one sulfur atom into a metal-carbon bond to form a 

disulfanide complex in an intriguing stepwise fashion was demonstrated by Legzdins 

and Sanchez.[120] In this reaction, an initial sulfur atom insertion into a W‒CH2SiMe3 

bond formed a tungsten thiolate moiety, followed by a second sulfur atom insertion step 

to form an η2-disulfanide ligand. This second sulfur atom was observed to slowly 

migrate into another tungsten-carbon bond to form the final tungsten dithiolate 

complex. A later report by Ji and co-workers proposed that a stable ruthenium 

disulfanido complex was formed by migratory insertion of two sulfur atoms into the 

Ru—C bond of a diruthenium complex featuring a tetramethylfulvene ligand.[121]  

A number of disulfanido-bridged bimetallic complexes and multimetallic 

clusters have been reported with structural characterization. Unlike bridging disulfido 

moieties, which can bind through both sulfur atoms in end-on or side-on fashions to the 

metal centers, disulfanido ligands bridge solely at the terminal sulfur center. These 

complexes have been synthesized by similar methods as discussed above, such as 

thiolate attack on bridging disulfides[122-124] or sulfur insertion into M‒(μ-S) bonds.[125-

128] In one example, Fe2(S2)(CO)6 was observed to insert thiobenzophenone upon UV 

irradiation, resulting in the bridging alkyl disulfanido complex (45, Scheme 16).[129] 

Many bridging disulfanido complexes are formed by self-assembly upon 

addition of CS2,[130-131] RCS2− (e.g. dithiocarbamates, dithiocarbonates),[132-134] or 

similar reagents to various metal precursors, including metal sulfides and carbonyls.[135-

137] Because of the required C−S bond cleavage of one ligand equivalent to convert 

another equivalent to a disulfanide, these syntheses often require heat and/or extended 

reaction times and result in lower (10-20%) yields. In the synthesis of a tetracopper 
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cluster bridged by trithiocarboxylates,[133] C−S bond cleavage of dithiocarboxylate was 

proposed to result in copper-mediated formation of thiocarboxylate in the presence of 

water, along with reduction of Cu2+ to Cu+ (46, Scheme 17). 

3.2. Higher Order Metal Polysulfanido Complexes (MSxR, x > 2) 

There are fewer examples of structurally characterized metal polysulfanido 

complexes with longer polysulfur moieties. In one example, refluxing a xylenes solution 

of Cp2TiS5 (20) results in thermal rearrangement and nucleophilic attack upon the Cp 

ligand by the pentasulfide moiety (Scheme 18).[138] Proposed to be initiated by the short 

C−S distance between one of the Cp carbon atoms and the β-position sulfur atom in the 

solid state, three sulfur atoms migrate to dearomatize one of the cyclopentadienyl 

fragments, forming a trisulfanido moiety bound to the metal in an unprecedented η2 

fashion (47). Based on the formation of a dithiolene moiety as determined by structural 

parameters, the mechanism for this transformation is thought to be complex and 

involves an internal hydrogen migration. The authors make no note of spontaneous 

desulfurization or decomposition in solution, perhaps due to the chelating nature of the 

ligand and/or the η2 interaction of the trisulfane fragment to the metal center. This 

complex was reported to be obtained in 40% yield among several species, suggesting a 

complicated mechanism of formation. 

While not structurally characterized, 20 was also shown to form trisulfanido 

complexes by intermolecular nucleophilic attack on carbon electrophiles. Treatment 

with sulfide (S2−) is proposed to ring-open the pentasulfido chelate and dissociate two 

sulfur atom equivalents, likely in the form of S8 (Scheme 19). The resulting metal-

bound terminal polysulfido ligands then attack electrophilic substrates such as geminal 

dihalomethanes or ketones.[139] While the bis(disulfanido) chelate (48) was observed to 
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be the major product upon addition of most electrophiles, the addition of the 

comparatively unhindered electrophile dibromomethane to this intermediate also 

yielded the unsymmetric thiolate-trisulfanide chelate (49) as a minor product that was 

isolable by chromatography and was assigned spectroscopically. 

In a second example of nucleophilic formation of a trisulfanide moiety, 

treatment of the hydrosulfido complex Cp2Ti(SH)2 (50) with two equivalents of ArS-

imide (Ar = Ph or p-tolyl, imide = phthalimide or succinimide) forms a S‒S bond 

between the hydrosulfido moiety and the “ArS+” moiety to afford the titanium 

thiolato/trisulfanido complex (51, 52, Scheme 20).[103] The selectivity of this reaction is 

dependent on the phthalimide substituent; aryl-substituted phthalimides are selective for 

trisulfanido formation, whereas alkyl analogs yield the bis-disulfanido product (53). 

This selectivity is attributed to the ability of aryl thiolates to act as better leaving groups 

than alkyl thiolates. In the formation of 51 and 52, the addition of the first equivalent of 

ArS-imide forms the mixed disulfanido/hydrosulfido complex Cp2Ti(SH)(SSAr). This 

intermediate is proposed to undergo intramolecular nucleophilic attack of the 

hydrosulfide ligand upon the disulfanide ligand,  rearranging to a hydropersulfido 

intermediate (Cp2Ti(SAr)(SSH) which proceeds to react with the second equivalent of 

N-(phenyldithio)phthalimide and form the trisulfanido product 51 or 52. While the 

trisulfanide moiety was not reported to spontaneously desulfurize in solution to give the 

disulfanido or thiolate species, the complex was observed to decompose giving mixtures 

of organopolysulfides, highlighting the general instability of monodentate polysulfanido 

species.  

In a similar reaction, a ruthenium trisulfanido complex (55) was generated upon 

treatment of the hydrosulfido complex 54 with N-(propyldithio)phthalimide (Scheme 

21).[140] Remarkably, this monodentate trisulfanide ligand is stable in solution and more 
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resistant to air exposure than its disulfanido analog. This reactivity contrasts to that of 

the previous titanium trisulfanido examples (51, 52) as well as the similarly synthesized 

CpW(CO)3(S3R) (R = Ch2Ph or p-C6H4CH3),[141] which spontaneously desulfurize in 

solution. In addition to the structurally characterized 1-propyl-substituted trisulfanido 

complex, the 2-propyl and 4-methylphenyl analogs were also confirmed 

spectroscopically and observed to be similarly stable; as such, the factors governing the 

stability of these linear trisulfanido ligands remain poorly understood. 

A zinc tetrasulfanido complex supported by a pentadentate 

bis(carboxamide)pyridine framework (57) was recently shown to form through selective 

insertion of three atom equivalents of S0 into one of the Zn−S bonds of a zinc dithiolate 

complex (56) upon treatment with 3/8 equivalents of S8 (Scheme 22).[142] This complex 

is currently the only example of a metal tetrasulfanido complex and is also the only 

metal polysulfanido complex synthesized by S8 insertion into a metal-organothiolate 

bond. This complex has been a useful platform for conducting studies on transition 

metal polysulfanido reactivity and for comparison to the transition metal polysulfido 

complexes discussed above. 

3.3. Stability, Selectivity, and Reactivity of Metal Polysulfanido Complexes 

In contrast to metal polysulfido complexes, many of which share well-established 

synthetic routes, the energetic factors responsible for formation of stable metal 

polysulfanido complexes is a key unresolved question, as there are fewer examples and 

fewer general synthetic strategies or precursors. Many reported syntheses are limited in 

scope to complexes with similar organic substituents terminating the sulfur chain or 

similar ancillary ligands such as terminal sulfides acting as sulfur donors. 
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In particular, the factors governing selectivity of polysulfanido ligand speciation 

(i.e., chain length) are currently unclear. The majority of metal disulfanido and 

polysulfanido complexes discussed above are chelates; for these examples, ring strain 

within the metallacycle is likely one energetic factor that dictates selectivity. As a 

demonstration of selectivity, the abstraction of sulfur from 57 by addition of PPh3 forms 

the zinc dithiolate precursor complex 56 even in substoichiometric amounts, with no 

formation of smaller polysulfanido chelates.[142] Despite this thermodynamic stability, 

57 is dynamic in solution; mass spectrometry of an acetonitrile mixture of 34S8 and 

unlabelled 57 shows the expected 1:3:3:1 statistical distribution of masses with 0‒3 

incorporated 34S atoms within the tetrasulfanido moiety.[143] The 8-membered 

metallacycle is suggested to play a significant role in the stability of the complex, 

consistent with the improved stability of chelating di- and trisulfanido ligands compared 

to the monodentate examples. 

The structural data of crystallographically characterized metal disulfanido and 

polysulfanido complexes (Tables 1 and 2) reveal a range of bond lengths and angles 

typical of other organic or inorganic sulfur-containing molecules. The lack of 

exceptional structural parameters from these data suggest other contributors to stability 

must also be considered. 

While a number of other thermodynamic factors have been proposed in 

discussing syntheses of polysulfanido complexes, particularly stable monodentate 

species, many of them have proven individually insufficient in predicting general 

stability. For example, an inverse relationship between the S−S bond dihedral angle and 

bond length in organic disulfides has been attributed to bond-weakening lone pair-lone 

pair repulsions that experience a minimum at a dihedral angle of 90°.[144] Some reports 

have postulatd a similar correlation for metal disulfanido complex stability.[141, 145] In 
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support of this, crystallographic characterization of the free phenyltetrasulfanide anion 

shows expected S−S dihedral angles of 88-89°.[116] However, structural data of an air-

stable ruthenium disulfanido complex[140] and a copper disulfanido complex[146] with the 

shortest reported metal polysulfanido S−S bond distance reveal dihedral angles of 78.0° 

and 98.6°, respectively. Both complexes feature sterically unhindered, monodentate 

disulfanide ligands, and a survey of metal polysulfanido complexes in the literature also 

shows no obvious relationship between these parameters, making such generalizations 

difficult.  

Additional factors may further complicate identification of these types of trends, 

such as the degree of covalency between sulfur and the metal centers. Delocalization of 

electron density from sulfur onto the metal center or the terminal organic substituent 

may also impact the overall stability of the ligand. This effect has been demonstrated in 

computational studies of gas-phase sulfanes[147] and has also been used to explain 

shortened S−S bond distances of the phenyltetrasulfanide anion in the solid state.[116] 

The trend of progressively decreasing S−S contact lengths is also evident in the 

structural data of stable polysulfanido species (Table 2). Electron delocalization may 

also play an energetic role in the formation of the titanium trisulfanido complexes (53, 

54) reported by Shaver and coworkers discussed above, where π-accepting aryl 

substituents were observed to promote trisulfanide formation vs. the bis(disulfanido) 

complexes formed with alkyl groups. 

Steric protection via the use of bulky organic groups on ancillary ligands to 

protect reactive functionalities is a common strategy across all fields of coordination 

chemistry and may be similarly effective in preventing spontaneous desulfurization of 

polysulfanido ligands. The tris(pyrazolyl)borate zinc disulfanido complexes reported by 

Artaud and coworkers feature isopropyl (40) or phenyl (41) groups surrounding the 
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monodentate disulfanide ligand.[109] However, this hypothesis is complicated by the 

existence of disulfanido and even trisulfanido complexes with no apparent steric 

protection, such as the ruthenium propyltrisulfanido complex (55) reported by Shaver 

and coworkers[140] and highlights that such considerations are not a strict requirement 

for the stability of these compounds. Taken together, there is a clear need for a more 

complete understanding of the requisite electronic and structural features for stabilizing 

metal polysulfanido complexes. 

Although the reactions of metal polysulfanido complexes have not been 

extensively studied, certain examples have demonstrated the ability to undergo a variety 

of sulfur-centered reactions. Oxidation of 57 by one electron results in rearrangement to 

a bimetallic complex with two ligand equivalents bridged by a diaryl trisulfide 

moiety—the remaining four sulfur atom equivalents presumably extruded as S8 

(Scheme 23). Reduction of 57 also occurs at sulfur; treatment with cobaltocene 

regenerates the dithiolate precursor 56, releasing S3∙ ‒.  

In contrast to zinc, where redox occurs primarily at the sulfur-containing 

ligands, the oxidation or reduction of complexes featuring redox-active metals has been 

shown to affect the S−S bond of a bound disulfanido moiety, as reported in a study of 

the disulfanide S−S linkage of a Tp-supported MoVI complex (Scheme 24).[148] 

Reduction of a MoIV-oxo-pyridinedisulfanido complex (58) breaks the perthiolate S−S 

bond and forms a reduced terminal sulfide and an overall oxidized MoV center (59). The 

pyridine-containing ligand also undergoes rearrangement to a monodentate thiolate. 

Oxidation from the starting disulfanide complex was shown to occur primarily at the 

metal center (60). The tungsten congener (61) was later reported with similar 

transformations (62, 63) and was found to be less reducible than the Mo example.[149] 

These reports suggest that electron-rich metal centers can better stabilize bound sulfane-
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containing species, while more oxidized complexes favor breaking the S—S bond to 

extrude S0 or, in the case of the molybdenum or tungsten complexes above, form redox-

active terminal sulfide ligands. 

In another example of interconversion between sulfido and sulfanido moieties, a 

disulfido-bridged dirhenium complex (64, Scheme 25) reversibly forms a bridged bis-

disulfanido species (65) in the presence of Lewis acids such as trimethylsilyl 

trifluoromethanesulfonate (Me3SiOTf) or LiCl.[135] In this reaction, the ReIV-ReIV 

complex undergoes an induced internal electron transfer in a formal 2e− reduction to 

form the ReIII-ReIII trithiocarbamate species. The reverse reaction is possible with 

reduction of disulfanido back to dithiocarbamate, which oxidizes to the thiuram 

disulfide during aqueous workup. 

Like di/polysulfido ligands, metal polysulfanido moieties are also nucleophilic. 

Treatment of 57 with iodomethane results in stepwise conversion of the tetrasulfanido 

and thiolate to the methyl thioethers (Scheme 26). In a more complex reaction, 

treatment of 57 with dimethylacetylenedicarboxylate (DMAD), known to accept sulfur 

atoms from metal polysulfides,[93] results in rearrangement to two new zinc complexes 

(Scheme 26). The first zinc equivalent becomes bound to two ligand equivalents linked 

by two trisulfide bridges and formally contains two of the three added sulfane atoms of 

the starting tetrasulfanido complex. The second zinc ion is coordinated by two DMAD-

derived dithiolene moieties. Finally, the tetrasulfanido moiety was demonstrated to be a 

weaker nucleophile compared to the thiolate moieties of both the tetrasulfanido complex 

(57) itself and of the related zinc dithiolate complex (56) towards alkyl electrophiles as 

well as in its ability to catalyze the exchange of alkyl disulfides.[20] 

 While these reports hint at the broad potential for metal polysulfanido reactivity, 

the literature still lacks comprehensive study on the mechanism of sulfur insertion, 
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sulfur abstraction, or nucleophilic reactions of polysulfanide complexes. Important 

details such as whether sulfur insertion occurs through dissociative or concerted 

pathways, which sulfur atoms in a polysulfanido chain act as nucleophilic or 

electrophilic sites, or the effects of metal, ligand, and/or polysulfur chain length on 

polysulfanido redox potentials may greatly inform future studies on metal polysulfanido 

complexes. 

4. Outlook 

4.1. Biologically relevant reactions 

Beyond the metal-sulfide, -polysulfide, and -polysulfanide interactions discussed above, 

there are additional opportunities and open questions in metal-sulfur chemistry that are 

relevant to biological processes. In particular, the interactions between transition metals 

and sulfur/NO or sulfur/CO compounds are relevant to biological “crosstalk” between 

H2S, CO, and NO, gasotransmitters responsible for biological redox signaling.[150-153] 

The metal-free interconversions of related compounds and anions have been well 

studied. For example, S8 and NO (or NO2−) form perthionitrite (SSNO−), polysulfide 

anions, and other oxidized sulfur and nitrogen products in both aqueous and nonaqueous 

conditions that have been characterized through a combination of spectroscopic 

methods.[154-156] Equations 1‒3 show selected reactions of these important sulfur-

nitrogen species. 

1
2

H2S2 + NO∙ ⇌  HSNO (1) 

RS𝑥𝑥∙ +NO∙ ⇌  RS𝑥𝑥NO  (2) 

S8 + NO2
-  ⇌ S2NO‒  (3) 

Transition metal-mediated reactions and interconversions of NO/H2S cross-talk species 

have also demonstrated that these cross-talk species are intimately related to the sulfur- 
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and transition-metal centered redox reactions discussed in previous sections. The 

existence of relevant, metal-bound intermediates has been inferred from interconversion 

between S-nitrosothiols and their nitrogen oxide and H2S or thiol components on 

dinitrosyl iron complexes (DNICs) or synthetic model complexes.[157-159] Pluth and 

coworkers have shown that reaction of bioavailable reagents Fe2+ and SNO− or SSNO− 

forms mononitrosyl (66) or dinitrosyl (67) iron complexes, respectively (Scheme 

27).[160] Sulfur abstraction from 67 by treatment with PPh3 afforded a sulfide-bridged 

diiron complex 68, implicating these sulfur-containing substrates in the synthesis of 

biorelevant iron-sulfur clusters. Additionally, nitrosylation of a synthetic [Fe4S4] cubane 

cluster has suggested nitrosyl moieties bound to iron-sulfur clusters are intermediates in 

biological NO sensing.[161] Nitrosylation has also been implicated in the interconversion 

between sulfido, thiolato, and disulfanido motifs. Treatment of the dichromium complex 

69 featuring bridging sulfido and thiolato ligands with nitric oxide results in transfer of 

the alkyl thiolate, forming the bridging disulfanido complex 70 (Scheme 28).[162] 

S-nitrosothiol compounds are known products of thiolate attack on metal-bound 

nitrite to release NO and are involved in NO/NO2− interconversion. There are a number 

of structurally characterized synthetic transition metal complexes of such NO/H2S 

crosstalk species. For example, metal S-nitrosothiol adducts have been isolated and 

characterized through treatment of iridium nitrosyl with organic thiols[163-164] as well as 

a tris(pyrazolyl)borate CuII-bound trityl thiolate that demonstrated reversible NO 

insertion to form a CuI S-nitrosothiol complex.[158] 

Nitrosothiols are known to further react with polysulfides to form perthionitrite, 

which acts in biology as sulfane, polysulfide, and nitric oxide reserves.[165] However, 

HSNO, HSSNO, and their respective anions are extremely reactive species that act as 

nitrosating agents within H2S/NO crosstalk pathways. Due to their instability, the metal 
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complexes of these species have been difficult to characterize and study, with the 

exception of salts with redox-inactive countercations. However, recent studies have 

demonstrated isolation of transition metal-bound thionitrite and related species. Warren 

and coworkers reported the synthesis of a tris(pyrazolyl)borate-supported zinc 

perthionitrite complex via sodium perthionitrite salt (71, Scheme 29).[166] Reductive 

abstraction of one sulfur atom with triphenylphosphine results in both the anti and syn 

isomers of the zinc thionitrite complex (72). Hayton and coworkers showed that the 

masked terminal Ni2+ and Zn2+ sulfido complexes 15 and 16 can capture N2O to form 

metal-bound thiohyponitrite moieties (Scheme 30, 73 and 74). The zinc complex 76 was 

observed to exhibit longer O−N and shorter N−N distances than the nickel congener, 

suggesting the contribution of a [SNN=O]2− resonance form in addition to [SN=NO]2−.  

The possibility of biorelevant H2S chemistry with the gasotransmitter CO at 

metal centers has also been explored. CO dehydrogenase has been proposed to first 

react by insertion of CO into a Cu‒S bond within a [CuSMo(O)OH)] cluster,[167] and 

sulfide- or thiolate-supported metal carbonyl clusters (e.g. in hydrogenase mimics or 

CO-terminated iron-sulfur clusters) are well-known, but the conditions that enable CO 

activation remain unclear. Sita and coworkers have demonstrated that a molybdenum 

complex supported by Cp* and an amidinate ligand (75) can catalytically generate COS 

from S8 and CO gas under photoexcitation (Scheme 31).[168] These studies were also 

extended to isoelectronic isocyanide substrates, which were shown to form 

isothiocyanates upon reaction with sulfur.[169] Hayton has also studied the reaction of 

nickel sulfides with CO to yield a coordinated COS ligand.[170] 

4.2. Materials and Energy-Related Applications 

The advancement of synthetic metal-sulfur complexes and their diverse structural 
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motifs present new opportunities for materials or colloidal nanomaterials applications. 

From a synthetic perspective, development of new molecular metal sulfur complexes 

could be adapted toward more controlled syntheses of metal chalcogenide nanocrystals. 

Established syntheses of metal sulfide nanocrystals previously relied on the use of 

reagents like (Me3Si)2S and polysulfide solution formed from the reaction between S8 

and amines,[171] while Owen and co-workers demonstrated that the use of different 

reagents such as thioureas increases synthetic control of product size and dispersity.[172-

173]  As such, new sulfur transfer reagents may enable the synthesis of next-generation 

materials including ternary lattices or lead-free chalcogenide perovskites.[174-175] The 

formation and redox interconversion of metal sulfur species and clusters is also of 

interest for understanding the monomer species that are involved in colloidal 

nanomaterials growth. These metal sulfur species are related to nanoparticle nucleation 

and growth, and as such their speciation and reactivity dynamics are of crucial 

importance in controlling nanocrystal synthesis.[176] Although metal dithiocarbamates 

have been used for controlled nanocrystal synthesis, there have been fewer studies for 

the use of metal polysulfide or polysulfanide species for these syntheses. The use of 

such compounds as single-source precursors could present an opportunity for 

controlling the metal:sulfur stoichiometry and redox state that would be of use in 

controlling the phases of the products.[44] 

The sulfur-centered reactions of metal polysulfido and polysulfanido complexes 

described above may also inform the design of functional motifs for new materials for 

energy storage applications. For example, sulfur-based electrodes in batteries have been 

targeted due to their high theoretical energy densities, but commercialization has been 

challenging due to the solubility and diffusion of polysulfide anions.[177] Many new 

electrode architectures have been developed as methods for polysulfide and sulfur 
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sequestrations or capture, with variable success.[178-180] Lessons from transition metal 

polysulfido and polysulfanido complexes may provide further opportunities in electrode 

or battery design. 

Conclusions 

The synthesis of new transition metal-sulfur complexes has advanced over the past 

several decades, but new coordination motifs and reactions continue to be discovered 

due to sulfur’s versatile bonding and redox reactivity. Understanding the 

thermodynamic and kinetic factors that govern structural selectivity remains an ongoing 

challenge that will be important for using these species as relevant models for biological 

sulfur chemistry or in energy-related applications. In particular, we anticipate that the 

reactions of polysulfanido complexes can offer opportunities in sulfur transfer catalysis 

and other sulfur redox transformations, including in cooperative reactions with other 

small molecules. 
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Table 1. Structurally characterized metal disulfanido complexes categorized by ligand 

substituent with selected parameters.  

 M Bond Distances (Å) Bond Angles (°) Ref. 

[M]
S

S S

R  
Mn, Co, Ni, 
Cu, Zn, Mo, 

Tc, W, Re, Pt 

M−S:      
S−S:  

 S−C:  

2.122(2) – 2.506 
1.985(3) – 2.124(3) 
1.60(2) – 1.84(2) 

M−S−S:   
S−S−C: 

95.85 – 111.42 
103.66 – 112.94 

[101, 
181-
185] 

S
SR[M]

R = alkyl  
Ti, Cu, Zn, 
Mo, Ru, W, 
Re, Pt, Au 

M−S: 
S−S: 
S−C:  

2.221(2) – 2.4379 
2.02(1) – 2.140(3) 
1.718(7) – 1.878(1) 

M−S−S:  
S−S−C: 

92.35 – 114.12 
96.25 – 109.16 

[109, 
139, 
146, 
186-
187] 

S
SR[M]

R = aryl  
W M−S: 

S−S: 
S−C: 

2.5062 
2.0533 
1.7560 

M−S−S:  
S−S−C: 

113.32 
104.16 

[145] 

[M]
S

N
S

R  

Cr, Fe, Co, 
Mo, W 

M−S: 
S−S: 
S−C:  

2.179(1) – 2.387(1) 
2.040(2) – 2.107(3) 
1.701(6) – 1.76(1) 

M−S−S:  
S−S−C: 

96.71 – 103.08 
100.41 – 102.71 

[148, 
188-
190] 

S SR
[M]

[M]  
Cr, Mn, Fe, 
Ni, Cu, Mo, 

Re, Os 

M−S: 
S−S: 
S−C: 

2.202(2) – 2.668(2) 
2.011(4) – 2.225(3) 
1.657 – 1.847(8) 

M−S−S: 
S−S−C: 

98.08 – 116.28 
96.77 – 109.46 

[124, 
132, 
134, 
191-
192] 

Table 2. Structurally characterized metal polysulfanido complexes with selected 

parameters.  

 Bond Distances (Å) Bond Angles (°) Ref. 

Cp2Ti
S1

S2
S3Ph

SPh  

Ti−S1: 
S1−S2: 
S2−S3: 
S3−C: 

 

2.439(3) 
2.053(3) 
2.011(3) 
1.756(8) 
 

Ti−S1−S2:  
S1−S2−S3:  
S2−S3−C:  

115.48 
109.26 
106.74 

[103] 

CpTi

S S

S1
S2 S3

 

Ti−S1: 
Ti−S2: 
S1−S2: 
S2−S3: 
S3−C: 

2.470(3) 
2.545(3) 
2.028(3) 
2.084(3) 
1.831(9) 

Ti−S1−S2:  
Ti−S2−S1:  
Ti−S2−S3:  
S1−S2−S3:  
S2−S3−C:  

68.09 
64.22 
111.22 
113.65 
106.72 

[138] 

Ru

Cp

OC

Ph3P
S1

S2

S3

C3H7  

Ru−S1: 
S1−S2: 

S2−S3: 

S3−C: 

2.370(3) 
2.043(4) 
2.005(5) 
1.95(1) 

Ru−S1−S2:  
S1−S2−S3:  
S2−S3−C:  

110.04 
109.61 
105.94 

[140] 

N
O

N

O

N

S4

Zn

2–
S3
S2

S1S

 

Zn−S1:  
S1−S2:  
S2−S3:  
S3−S4:  
S4−C:  

2.3900(7) 
2.0370(9) 
2.0561(8) 
2.0587(8) 
1.777(2) 

Zn−S1−S2:  
S1−S2−S3:  
S2−S3−S4:  
S3−S4−C:  

111.95 
110.07 
107.54 
103.84 

[142] 
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Figure Captions:  

Figure 1. Examples of metal-sulfur species in biology with sulfur-centered reactivity. 

Hydrosulfide coordination at the heme center of cytochrome P450 (left). An example of 

a His2Cys2 zinc finger site (right). 

Figure 2. Scope and nomenclature of metal-sulfur complexes discussed. 

Scheme 1. Synthesis of metal sulfide complexes by (A) sulfide addition or (B) 

reduction of S8. 

Figure 3. Coordination modes of transition metal hydrosulfido complexes. 

Scheme 2. Sulfur-centered reactions of a tris(pyrazolyl)borate-supported zinc 

hydrosulfido complex.[193] 

Scheme 3. Deprotonation of 5 forms sulfido-bridged bimetallic complex 6.[61] 

Figure 4. A μ4-sulfido ligand has been proposed to participate in N2O activation.[65] 

Figure 5. Relative energies of valence d orbitals for a model metal terminal sulfido 

complex with C4v symmetry. 

Scheme 4. Synthesis and nucleophilic reactivity of a terminal zirconium sulfido 

complex (9). 

Figure 6. Examples of terminal sulfido complexes of group VI metals. 

Scheme 5. Tetrathioperrhenate addition to norbornene. 

Figure 7. Examples of late transition metal terminal sulfido complexes. 

Figure 8. Selected examples of transition metal polysulfido complexes. 

Scheme 6. The thiomolybdate anion can undergo both sulfur- and molybdenum-

centered redox processes.[194] 
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Scheme 7. Sulfur insertion to a tris(pyrazolyl)borate-supported yttrium sulfido cluster 

forms yttrium disulfido and pentasulfido clusters. 

Scheme 8. Reduction of polysulfido complexes to hydrosulfido or sulfido species. 

Scheme 9. Oxidation of nickel-bound disulfido results in formation of S8. 

Scheme 10. Synthetic routes towards metal polysulfanido complexes. 

Scheme 11. Polysulfide nucleophilic attack on CS2.  

Scheme 12. Ruthenium disulfanido complex synthesis via thiolate attack on 

thiosulfonate ligand. 

Scheme 13. Synthesis of titanium disulfanido complexes through oxidative addition 

across S−S or S−N bonds. 

Scheme 14. Synthesis of tris(pyrazolyl)borate-supported zinc disulfanido complexes. 

Scheme 15. S8 insertion into chelating dithiocarboxylates. 

Scheme 16. Diiron bridging disulfanido synthesis via disulfide attack upon 

thiobenzophenone. 

Scheme 17. Proposed pathway for disulfanide-bridged tetracopper cluster formation. 

Scheme 18. Migratory insertion of trisulfur fragment into a Ti−C bond results in a 

titanium trisulfanido complex. 

Scheme 19. Electrophile-dependent divergence of titanium di- or trisulfanido complex 

formation. 

Scheme 20. Titanium trisulfanido complex formation via sulfur atom migration 

between disulfanido ligands. 

Scheme 21. Ruthenium trisulfanido complex synthesis via hydrosulfido attack upon a 

formal RSS+ donor. 

Scheme 22.  S8 inserts reversibly into a Zn−S(thiolate) bond to form a zinc 

tetrasulfanido complex. 
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Scheme 23. Oxidation of a zinc tetrasulfanido complex leads to a dizinc species with 

organotrisulfide-containing ligand, while reduction reforms 58 and releases S3∙ ‒. 

Scheme 24. Redox reactions of MoIV and WIV disulfanido complexes show the 

interplay between metal center and disulfanide S−S bond. 

Scheme 25. Interconversion of dirhenium complexes between bridging disulfido and 

bridging bis-disulfanido moieties. 

Scheme 26. Nucleophilic reactivity of zinc tetrasulfanido complex. 

Scheme 27. Perthionitrite addition to FeCl2 forms sulfido-bridged and polysulfido-

supported DNICs.[160] 

Scheme 28. Conversion of dichromium sulfide to disulfanido complex via nitrosylation.  

Scheme 29. Synthesis of zinc perthionitrite and thionitrite (both anti and syn isomers) 

complexes. 

Scheme 30. N2O trapping by masked terminal M2+ sulfide complexes forms chelating 

thiohyponitrite ligands. 

Scheme 31. Light-mediated, reversible formation of COS from a molybdenum 

disulfide-CO adduct.  
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