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A. INTRODUCTION 

(i) Background 

Metal complexes of diatomic species are of academic, biological and 
catalytic interest. Complexes of stable diatomic ions and molecules (e.g. 0,, 
N,, CO, NO, CN-) are well known and have been extensively studied. 
Much less is known about metal complexes containing Se, [l-6], Te, [7], P2 
[8], As, [9] and S, [lo], the subject of this review. In recent years a number of 
metal complexes containing one or more coordinated S, units have been 
prepared and rigorously characterized by X-ray structure determination, 
vibrational spectroscopy and other physical methods. It is now clear that 
metal complexes with S, units can be formed for many metals under a 
variety of conditions and that coordinated S, ligands exhibit a rich chem- 
istry. 

This review provides the first comprehensive summary of this relatively 
novel but rapidly growing area of chemistry. The emphasis is on molecular 
complexes. Solid-state structures with S, moieties have been described 
elsewhere [lOa], and only new results and those which provide additional 
understanding of disulfur ligands will be considered here. Complexes of 
other S,( x 3 3) units are also outside the scope of this review. The chemistry 
and bonding in such complexes is considerably different from that in 
disulfur complexes [ 111. 

It is hoped that this review of disulfur complexes will be pedagogically 
useful, will stimulate further research and provide a framework for assessing 
the possible significance of such complexes in biochemistry and in catalytic 
reactions of industrial importance such as the desulfurization of oil and coal. 

(ii) Biochemical implications 

There is as yet no definitive evidence for the presence of disulfur com- 
plexes in biological systems. However, it has been suggested that the reaction 
of xanthine oxidase with cyanide to yield thiocyanate and the inactive 
desulfo form of the enzyme involves abstraction of a sulfur atom from a 
disulfur complex [ 121 or from a persulfido group [ 131. Another biochemical 
reaction which may involve disulfur complexes is the oxidation of sulfhydryl 
(SH) groups to a disulfur (S-S) group; this oxidation is still poorly under- 
stood [ 141. The widespread occurrence of metal-sulfur clusters in electron 
transfer proteins and the growing number of known disulfur compounds 
have led Vergamini and Kubas to suggest that disulfur units may occur in 
some natural metal-sulfur clusters. Such units would not be easily detected 
from analytical data because of the difficulty in obtaining accurate metal: 
sulfur ratios for proteins [ 151. 
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(iii) Nomenclature 

A variety of names has been used for the S, unit when coordinated to 
metals, including: persulfido, disulfido and disulfur. Persulfido implies an 
Si- unit and emphasizes the similarity to peroxide complexes. Disulfido is 
the recommended name for the $- ligand. However, this name is also 
frequently used for complexes which contain two sulfido groups but no S-S 
bond. The name disulfur clearly implies an S-S bond and is consistent with 
the recommended nomenclature for diatomic molecules (e.g. N, and 0,) 
coordinated to transition metals. The name disulfur is used throughout this 
review to indicate an S, unit coordinated to transition metals. The name does 
not imply any particular charge distribution or formal oxidation state for the 
ligand. The probable charge on the disulfur ligand in complexes is discussed 
in subsequent sections. 

B. STRUCTURAL CHEMISTRY 

(i) Structural variety 

The known disulfur complexes show an astonishing variety of structures. 
This variety results from extension of the fundamental structures Ia (side-on 
coordination) and IIa and IIb (cis and tram end-on bridging coordination) 
which are known for dioxygen complexes [ 16,171 by using the remaining lone 
pairs of electrons on sulfur to coordinate additional metal atoms. 

Ia 

M-S \ S-M 

IIa(tr am) 

S-S 
M’ ‘M 

II b (as> 

Such coordination of additional metal atoms occurs for all three fundamen- 
tal structural types (Ia, IIa and IIb), and representative examples of all of the 
known structures are summarized in Table 1. In contrast to dioxygen, end-on 
coordination of a disulfur ligand to a single metal atom to give a terminal 
MS, moiety is unknown. 

Another type of structural unit found in many disulfur-metal cluster 
compounds is III, in which both sulfur atoms of the disulfur ligand are 
bonded to each of two metal atoms. 

The S-S bond is orientated approximately normal to the metal-metal 
vector. 
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TABLE 1 

Typical geometries of disulfur complexes 

Structural type Example G-S) (pm) Ref. 

Ia /= 

M\s ~W4veM%)1+ 207 3, 18 

Ib 

Id 

[Mo,(N%(% )ss, 1 4- 205 19 

Ic Mn4C%MC% 207 20, 21 

Mn4C%MW,, 209 20, 21 

IIa [(NH,),Ru(S,)Ru(NH,),14+ 201 22, 23 

Ilb CP, Fe#%)Wt), 202 24, 25 

'\M 

IIC CP4CO4@,)*S, 201 26 

Ild 
v\S/M 

I 
M/‘\M 

w%(w,M%) 204 27, 28 

III 

m 

? 

/\ 
M 

/AM 

7 

M/‘\M 

bW%M- 204 29, 30 

210 31 

a Cp’ = Me, Cp. 
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Very recently a new type of bridging disulfur ligand was discovered in 
which two metal atoms are attached to the same sulfur atom of the ligand 
(structure type IV). 

(ii) Complexes with type I structures 

Complexes with type I structures are listed in Table 2 along with their S-S 
distances and S-S vibrational frequencies. The most common mode of 
coordination of disulfur is structure type Ia in which the disulfur ligand 
occupies two coordination sites of the metal atom. One example of this type 
of binding is the structurally characterized complex [Ir(dppe),(S,)]Cl (1) 

TABLE 2 

Disulfur complexes with side-on coordinated ligands (type I) 

Complex Type d(S-S) a v(S-S) a 

(pm) (cm-‘) 
Color Ref. 

M%-N2(S2)1+ Ia 207 

IRh(dmpW%)l+ Ia - 
RhLl(S,)Cl b Ia .- 

Gs(CG)~(PPh,),(S,) Ia - 
W(vdiaUS,)l+ ’ Ia 

Fh(L2)*(%)1+ d Ia - 
[MoG(S,),(mtox)]2- ’ Ia 201 

MoO(S, XWz ’ Ia 202 

Cp,Mo(S,) Ia - 

Cp, Nb(S, )Cl Ia - 

Cp,Nb(Ss)Me Ia 201 

lMo,W,(S,M*- Ia 208 

P402W2XW12- Ia 207 

1M04(NO)4(S2)5S314- Ia 204 
lMo,(N%(%P,14- Ib 205 

Cp, Pez(S2 ),CG Ib 199 

Mn4(S2)2(CG),s Ic 207 

Mn4(S2)2(CG),, Id 209 

528 s 
525 
546 

554 
- 

530 
558 
536 
540 
540 
510 

- 

536 * 
550 s 

Orange 3, 18 
Orange 3 
Orange 32, 33 
Orange 4, 34 
Red-brown 35 
Brown 36 
Dark red 37, 38 
Blue 39, 40 
Red 41 
Red 42 
Orange 43, 44 
Red-orange 45, 46,47 
Red-violet 48 
Red 19 
Red 19 
Green 49 
Red 20,21 
Red 20,21 

a Mean value. b Ll kPPh(CH,CH,CH,PPh,),. ’ vdiars= PhsAsCHCHAsPh,. d L2= 
R,PNHPR,. ’ mtox = O,CCOS*- . f dtc = S,CNPr; . * Ref. 50. 
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[3,18] whose dioxygen analogue exhibits a similar structure [51]. The Ir atom 
is in a distorted octahedral environment, as would be expected for a 
six-coordinate metal with a d6 electron configuration. Structurally similar 

complexes are formed by other Group VIII metals, e.g. [Rh(dmpe),(S,)]Cl 
[3], RhL(S,)Cl [L = PPh(CH,CH,CH,PPh,),] [32,33], Os(CO),(PPh,),(S,) 
and Ru(CO),(PPh,),(S,) [4,34], [Rh(vdiars),(S,)]X (vdiars = 
Ph,AsCHCHAsPh,; X = Cl, PF,) [35] and [Rh(R,PNHPR,),(S,)]X (X = 
Cl, PF,) [36]. 

Higher coordination numbers are found for complexes of the early transi- 
tion elements. In Cs,[MoO(S,),(C,O,S)] (2) the MO atom adopts a pentago- 
nal bipyramidal coordination geometry with the S atoms of the disulfur 
ligand and of the thiooxalate ligand in the pentagonal plane /37,38]. 

(2) 

Pentagonal bipyramidal coordination of the MO atom also occurs in 
MoO(S,)(dtc), [39,40]. Again the disulfur ligand is found in the equatorial 
plane. 

High coordination numbers of the central metal atom often occur for type 
I disulfur complexes. For example, the complex Cp,Mo(S,) (3) [41] has an 
effective formal coordination number of eight for the MO atom and is the 
disulfur analogue of the well known molybdocene dichloride Cp, MoCl,. In 
Cp,Nb(S,)Cl [42] the Nb atom has a formal coordination number of nine. 
The unusually short S-S distance of 170 pm originally reported for this 
complex is an artifact of disorder in the crystal structure. Redetermination of 
the structure gives a long,er S-S distance [38]. An X-ray structure determina- 
tion for the related compound Cp,Nb(S,)Me (4) [43,44] shows an S-S 
distance of 201 pm. 

Several binuclear Ma(V) complexes contain type Ia disulfur ligands. Fig. 1 
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shows the structure [45,46] of the anion in (NMe.,),[MozO,S,(S,),]. The 
central { MoO( q2-S)2M00}2+ structural unit has the Mo=O groups in syn 
stereochemistry [52], as is common with bidentate ligands [53]. There is a 
metal-metal bond between the MO atoms [d(Mo-MO) = 283 pm] [46,54]. It 
is interesting to note that with NMe,“ as the cation both of the S, ligands are 
asymmetrically bonded to the MO atoms (MO-S = 242.4, 243.2, 238.3, 239.0 
pm) [45,46], whereas with NEta as the cation the bonding of the S, ligands is 
much more symmetric (MO-S = 238.1-240.9 pm) [47]. Replacement of the 
Mo=O group by the Mo==S group yields structurally similar complexes 
[48,55] which contain one S, ligand and one S, ligand [48]. The correspond- 
ing complex with two S, ligands also exists [55]. 

Disulfur ligands of structure type Ib are formed in the interesting com- 
pound (NH4)JMo4(NO),(S2),SJ - 2 H,O (Fig. 2) [19] which contains sulfur 
atoms in five different bonding situations. Four of the five disulfur ligands 
unsymmetrically bridge pairs of MO atoms (structure type Ib) and one 
disulfur ligand is side-on coordinated to a single MO atom (structure type 
Ia). The complex also contains three sulfido ligands. Two sulfido ligands 
bridge groups of three MO atoms, while one sulfido ligand is coordinated to 
all four MO atoms. The complex contains no metal-metal bonds. Similar 
unsymmetrical type Ib coordination of disulfur occurs in Cp, Fe,(S, ),(CO) 

1491. 
Structure types Ic and Id (Table 1) in which the disulfur ligand is 

coordinated to three and four metal atoms, respectively, both occur in 
Mn,(S,),(CO),, (5) [20,21]. Neither the S-S distances nor the Mn-S dis- 

Fig. 1. Structure of the [Mo,0,S,(S,),12- ion. 

Fig. 2. Structure of the [Mo~(NO),(S,),S,]~- ion. 
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tances show any significant variations for the two kinds of disulfur ligands. 
There are no unusual steric interactions, and the carbonyl ligands are 
coordinated so that each Mn atom has nearly octahedral geometry. This 
highly unsymmetrical structure has no metal-metal bonds. 

I 
Mn(CO)5 

(5) 

(iii) Complexes with type II structures 

Many diatomic ligands including N,; CO, CS, CN- and NO favor end-on 
coordination to a single metal atom. This mode of coordination is also 
known for several 0, complexes, although bridging end-on coordination 
(structural types IIa and IIb) is more common [16]. For the disulfur ligand 
only type IIa and type IIb structures are known. This may be due to the 
greater “softness” of sulfur compared to oxygen. Complexes with type II 
structures are listed in Table3 along with their S-S distances and S-S 
vibrational frequencies. 

There are several examples of disulfur complexes of structure type IIa 
(planar bans end-on bridging coordination). Vibrational spectroscopy indi- 
cates that this structure occurs in [(CN),Co(S,)Co(CN)$- (6) [5] and that 
the central { CO(S,)CO}~’ unit should be planar as in the analogous di- 
oxygen complex [64]. A trans arrangement of the metal atoms (structure type 
IIa) has been proven by X-ray structure determination for 
[(NH,)~R~(S,)RU(NH,),~C~, P&231, CP(CO),Mn(S,)MnCp(CO), WI and 
for K,Re,S, [57-591 [{(Re6Ss)S4,,(S,)&},]. The latter compound contains 
a polymeric anion in which the S, ligands and sulfido ligands bridge Re$, 
clusters. Structure type IIa is also likely for the {Cr(S,)Cr}4+ unit [65]. 

KNk,Co /s 
\S,CdCN’S 

(6) 

Structure type IIb, cis end-on bridging coordination, is found in 
Cp2Fe#,)(SEt), (7) where it is dictated by the two bridging SEt groups 
[24,25]. The Fe(S,)Fe group is planar in (7) just as with type IIa structures. 

/s-s\ 
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The same kind of disulfur bridging occurs in [Mo~(NO),(S,),O]~- (Fig. 3) 

[611. This complex consists of a distorted tetrahedral cage of MO atoms with 
an interstitial four-coordinate oxygen atom. Two non-adjacent edges of the 

Fig. 3. Structure of the [Mo~(NO),(S,),O]~- ion. 

the tetragonal bisphenoid are bridged by type III> disulfur ligands. The 
remaining four edges are bridged by disulfur ligands of structure type III 
[see Section B(iv)]. Each MO atom has approximate pentagonal bipyramidal 
coordination geometry with the sulfur atoms in the equatorial plane. 

The compound (Me,Cp),Mo$3,)s (8) contains three different kinds of 
disulfur ligands [62]. The most unusual feature is a non-planar type II 
disulfur ligand with a MO-S-S-MO torsion angle of 59.7’. The two MO 
atoms are also bridged by two type Ib disulfur ligands and each MO contains 
one type Ia terminal disulfur ligand [62]. Expansion of structures IIa and IIb 
through coordination of additional metal atoms to the disulfur ligand 
destroys the planarity of the central { M(Sy)M} unit. 

The complex Cp,Co,(S,),S, (9) [26] has a cage structure with two disulfur 
ligands, each of which bridges three Co atoms. The complex also has two 
bridging sulfido ligands. Each Co atom achieves the rare gas electron 
configuration without forming metal-metal bonds. In contrast the analogous 
iron complex, Cp,Fe,(&),S, requires a metal-metal bond for each Fe atom 
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in order to satisfy the 1 g-electron rule [ 151. 

CP 
lco / s-p Pp 

15’ 

I I ‘s \ 
s/co &d 

A few complexes have been structurally characterized in which a disulfur 
ligand bridges four metal atoms (structure type IId, Table 1). In the cluster 
compound { SCo,(CO),},(S,) (10) the disulfur ligand is bonded to one edge 
of each of two Co, triangles [27,28]. The resulting structure consists of two 
Co& planes which have a common S, edge. The dihedral angle between 
these planes is ca. 120’. A similar mode of coordination for disulfur may 
occur in { CpMn(NO)(S,)}, [63]. The cation [{ Cp,Fe,(S,),S,},Ag]+ which is 
prepared from Cp,Fe,(S,),S,, also contains disulfur ligands coordinated to 
four metal atoms [15,60]. In this case the coordination is very asymmetric 
and there are no planar M2(SZ) fragments. 

(CO)* (CO)* 

/p+r\ 
ccol,co~~ 1 \vcoIco~s 

co-s- co 
Ko)* (CO)* 

(IO) 

(iv) Complexes with type III structures 

Another class of complexes containing bridging disulfur ligands are those 
with structure type III in which the S-S bond is oriented approximately 
perpendicularly to the metal-metal vector so that each sulfur atom is 
bonded to both metal atoms. These complexes are listed in Table 4. Of 
particular interest are the cluster anions which contain only molybdenum 
and sulfur. The unusual binuclear cluster (NH,),[Mo,(S,),] - 2 H,O (Fig. 4) 
contains only disulfur ligands [29,30]. Two of the S, ligands bridge the two 
MO atoms (type III) and four of the S, ligands are bonded to a single MO 
atom [type Ia structure, see Section B(ii)]. An unusual feature of the crystal 
structure is the orientation of the two independent [Mo#&]*- anions 
relative to the crystallographic C, axes. One anion has a C, axis along the 
MO-MO vector; the other has a C, axis perpendicular to the MO-MO vector. 
The idealized symmetry for each anion is D,. The coordination geometry 
about each MO atom is a distorted dodecahedron, similar to that found for 
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TABLE 4 

Disulfur complexes with side-on bridging ligands (type III) 

Complex d(S-S) a v(S-S) a 

(pm) (cm- ‘) 
Color Ref. 

W3W2M2- 
MG%S,MX, 
Fe,@, XC% 
Ta2(S2)2P%)2 
Mo,( n-BuCp),(S, )Cl, 
Mo,(S,)(S,CzEh&, 
Nb,S(S,)Br,(tht), b 

[Mo,(S,XSG,XCN),14- 

204 
198 
203 
202 
203 
201 
205 
202 
204 
201 
200 

550 c 
561’ 
588 
545 = 
562 ’ 
555 

- 
- 

518 
_ 

520 

Green-black 29, 30 
Dark brown 66 
Brown 6, 67, 68 
Red 69, 70 
Red 66 
Red 71-73 
Grey 74 
Black 75, 76 
Green-black 77 
Green 78 
Violet 79 

a Mean value. b tht = Tetrahydrothiophene. ’ Ref. 50. 

the [Mo(0,),12- [80] and the [Cr(02),13- anions [81] which contain two 
perpendicular M(O,), units. The coordination of the individual 0, and S, 
ligands in these complexes is slightly asymmetric [see Section B(v)]. Although 
[Cr(02),13- exists as a mononuclear Cr(V) complex with a single unpaired 
electron in an orbital which is primarily Cr 3d, the hypothetical isoelectronic 
[Mo(S2),]3- ion “dimerizes” to form [Mo~(S,),]~- which has a metal-metal 
bond and bridging S, ligands. The presence of the metal-metal bond is 
indicated by the short MO-MO distance (283 pm), magnetic measurements, 
and by EH-SCCC calculations [82]. 

An interesting feature of the type III bridging S, ligands is the asymmetric 
bonding of the S, ligand to the MO atoms. The averages of the pairs of 

Fig. 4. Structure of the [Mo2(S2),12- ion. Fig. 5. Structure of the [Mo,S(S,),]~- ion. 
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crystallographically independent MO-S distances show differences of ca. 10 
pm (249.4 and 239.4 pm). Asymmetric MO-S distances appear to be a 
common feature of disulfur complexes of structure type III (vide infra). 

Another cluster anion with type III disulfur ligands and which contains 
only molybdenum and sulfur atoms occurs in (NH,),[Mo,S(S,),] * nH,O 
(n = O-2; with variable non-stoichiometric amounts of water, which are 
disordered in the crystal lattice [83]) (Fig. 5) [69,70,84,85]. Each edge of the 
triangle of MO atoms is bridged by an S, ligand. In addition a type Ia S, 
ligand is coordinated to each MO atom. Again the MO-S distances for the 
type III disulfur ligands fall into two groups (249 and 242 pm) (an additional 
discussion of the structure and its similarity to that of [Moz(S,)J2- may be 
found in ref. 85). 

Type III disulfur ligands also occur in several polymeric solid-state 
structures. These include: Mo~(S~)~C1,[~Mo~(S~)~C1,Cl,,~~,] [66]; 

Nb,(S,),Cl, Wb2@2)2C18,2LI Ki71; Ta2(S2)2(W2 HTa2(S2)2P%)2LI 
[74] and Mo,S(S,),CI, [{Mo~S(S2)3C12Cl,,2},] [66]. The latter compound 
can be formally derived from [Mo$(!?&]~- [69,70,84,85] by replacement of 
each of the type Ia disulfur ligands by two Cl atoms. 

Other binuclear compounds with type III disulfur ligands as the only 
bridging ligands include Fe,(S,)(CO), (11) [71,72] and Mo2( n-BuCp),(S,)Cl, 
[75,76]. The latter compound shows slight asymmetry in the bonding of the 
S, ligand [242.6(2) and 239.3(2) pm]. 

ICO) 3 ,A, (CO) -* 3 

(II) 

Type III disulfur ligands have been established by X-ray structure de- 
termination for binuclear complexes which also contain other bridging 
ligands. These include: Mo,(S,)(S,C,Ph,),, with bridging SR groups [77] 
(Fig. 6); Nb,S(S,)Br,(tht), [78]; (PPh4)4[Mo2(S2)(S02)(CN)s] - 6 H,O, with 

Fig. 6. Structure of Mo&32)(S2CZPhz)4; phenyl groups omitted for clarity. 
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bridging SO, [79]. Type III bridging has been inferred from vibrational 
spectroscopy and/or other physical measurements for Cp,Mo,(S,), [86,87], 
{Mn(C%(PMe,)),(S,)(CO) WI7 Mn,(W(COh VW and MC+, (X = 
halogen) [68,89]. 

In Cp;Cr,S(S,), the two Cr atoms are bridged by a type III disulfur 
ligand, by a sulfido group and by a type IV disulfur ligand (12). This 
compound is the first example of a type IV disulfur ligand. Both the type III 
and IV S-S distances are unusually long, 215 and 210 pm, respectively [31]. 

3 A s\ CpXrK;TCr-Cp’ 

I 

(u) General structural features of disuifur complexes 

Several common features of the structures of disulfur complexes can be 
noted. 

(a) Structural diversity is exhibited by disulfur complexes through the 
utilization of the non-bonded pairs of electrons on the S, ligand to coordi- 
nate additional metal atoms. This feature is common to both type I and type 
II structures. 

(b) S-S distances of known complexes range from 198 to 215 pm, with 
standard deviations of 0.2 pm or larger for individual determinations. Most 
S-S distances are intermediate between the distance of 189 pm for S,( ‘Z, ) 
[90,91] and 213 pm for S,Z-(‘Z,+ ) in Na,S, [92]. The mean S-S distances 
show no systematic trend with structural type: type Ia, 204(3) pm (seven 
compounds, Table 2); types IIa and IIb, 204(4) pm (six compounds, Table 3); 
type III, 202(3) pm (11 compounds, Table 4). 

However, average S-S distances for a wide variety of compounds could 
easily conceal small systematic variations in S-S distances as a function of 
structure type. Consequently, it is more useful to compare different structure 
types in the same compound so that all of the S, ligands are bound to the 
same metal in the sama oxidation state. The data collected in Tables 2-4 
enable three such comparisons to be made among type Ia, type IIb and type 
III ligands. 

The average type Ia S-S distances for [MoZ(S,),]*- [29,30,82] and 
[Mo,S(S,),]*- [69,70,84,85] are slightly longer than the average type III S-S 
distances (0.6-4.0 pm, 1-3~). The data for [Mo4(NO),(S,),0]*- [61] indi- 
cate that type IIb S-S distances may be slightly longer than type III S-S 
distances (1.8 pm, 3-6~). Caution must be exercised in interpreting these 
trends because of the known tendency for type III ligands to be slightly 
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asymmetrically bound to the metal (see below). 

(13) (14) 

Partial disorder of an asymmetrically bound type III disulfur ligand between 
structures (13) and (14) will be manifest as a slightly shorter S-S distance. 
But a slightly shorter S-S distance for type III ligands is also consistent with 
vibrational spectra (see Section E). 

(c) High coordination numbers of the metal atom are favored for type I 
and type III structures by the small coordination angle of the bidentate 
disulfur ligand. In [Moz(S,),12- each MO atom is coordinated to eight S 
atoms. High coordination numbers also protect the metal center from 
nucleophilic attack, an important factor in stabilizing metal-metal bonds. 

(d) M-S distances are similar to those for metal complexes of other simple 
sulfur-containing ligands. Several complexes with structure types Ia and III 
ligands exhibit slightly asymmetric M-S distances. This inequality is usually 
3-4 pm [45,46], however, it can be as large as 6-8 pm in complexes which 
contain structural units such as (15) in which the sulfur atoms from two 
different disulfur ligands are approximately trans to one another [37,38]. 
Similar asymmetries are found for some 0, complexes in which the ligand is 
coordinated side-on to the metal [82,85]. 

(15) 

(e) Other coordination types for disulfur complexes can be envisaged in 
addition to those of Table 1. If the disulfur ligand is formally regarded as 
Sz- then, in principle, six electron pairs are available to coordinate to 
metals. This suggests that complexes with units such as Ie, IIe and IIf might 
be accessible under appropriate conditions. 

M\ /M 
M 
j\,i\ 

M 

Ie 

M\ /M 
M-s-s 

M\ /M 
M' 'M 

M-S-S-M 
M' ‘M 

lie Ilf 
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C. SYNTHESES 

Disulfur complexes have been prepared by various methods, in contrast to 
dioxygen complexes which can only be prepared by two principal routes, 
namely oxidative addition of 0, to a low-valent metal complex, and reaction 
of a metal complex with H,O, [ 161. The preparative routes to disulfur 
complexes can be grouped into five classes. 

(i) Reactions of low-valent metal complexes with elemental sulfur 

Oxidative addition of elemental sulfur to an electron-rich metal which is 
coordinatively unsaturated is a convenient method for preparing disulfur 
complexes. Reaction (1) 

ML, + S, + ML,@,) (1) 

has a high yield for metal atoms with d8 electron configurations such as Ir’, 
Rhr, Rue and OS’ [3,4,32-361. The additional ligands (L) are a-acceptor 
ligands such as CO and PPh,. Upon addition of disulfur the coordination of 
the central metal atom changes from square planar to distorted octahedral. 

However, not all reactions of low-valent metal complexes with elemental 
sulfur proceed in such a straightforward manner. Many reactions produce 
mixtures of various metal-sulfur complexes, often in low yield [26- 
28,40,43,49,62,63,93]. 

(ii) High-temperature reactions of metals or metal halides with S, and/or &Cl, 

Several compounds with network structures which contain disulfur units 
can be prepared by high-temperature (250-700°C) reactions. Examples are 
MO&)$&, Mo$(S,),Cl,, Nb,(S,),Cl, and Na,Re$,, (see Section B) 
[6,57-59,66,68,74,78,89]. The sulfur-containing reagent is S&l, or a mixture 
of Ss and S,Cl,. The metal is reacted in elemental form or as a low-valent 
chloride. For S,Cl,, the reaction involves the reduction of the formally 
positively charged Si’ unit [see eqn. (2)] [6]. 

Nb + S&l, + Nb& )zCl, (2) 

An example of a reaction of a metal halide with sulfur and S,Cl, is [66] 

MoCl, + S,/S,Cl 2 + MoASACl, + MoASACl, (3) 

The conditions under which these S,-containing cluster compounds are 
formed illustrate their high stability. 
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(iii) Reactions of metal complexes with Si- 

One method for directly introducing the disulfur ligand is by substitution 
of Sz- for other ligands. For this purpose Na,S, [41] [eqn. (4)] 

Cp,MoCl, + Na,S, + Cp, Mo( S,) + 2NaCl (4) 

or a polysulfide solution [94,95] can be used [eqns. (5) and (6)]. 

[MO$,(CN),]‘- +s,‘- +[Mo$(s,),]*- (5) 

Mo,S(S,),Cl, + S,2- +[Mo$(S,),]*- (6) 

Aqueous polysulfide solutions are especially useful reagents for the synthesis 
of disulfur complexes [5,19,29,37,38,61,69,96-981. The solutions are prepared 
by saturating an aqueous solution of ammonia after addition of sulfur with 
H,S. The Raman spectra of such solutions show that St- is a major 
component of the solutions [99]. 

With MOO:- the Mo(V1) is reduced and the products obtained depend 
upon the sulfur content of the polysulfide solutions. From polysulfide 
solutions of 6 g S per 500 ml H,O the Mo(IV) cluster (NH,),[Mo$(S,),] - n 
H,O (n = O-2) (Fig. 5) is precipitated at 90°C. The Ma(V) complex 
(NH,),[Mo(S,),] - 2 H,O (Fig. 4) is obtained from, the corresponding filtrate 
at lower temperatures [96]. The tetranuclear complex [Mo~(NO),(S,),S,]~- 
can also be obtained from this solution in presence of NH,OH [98]. If a 
-more concentrated polysulfide solution is used (90 g S per 500 ml H,O) then 
a nearly quantitative yield of (NH,),[Mo,S(S,),] - nH,O is obtained [98]. 
However, (NH,),[Mo,(S,),] - 2 H,O can also be obtained from this reaction 
by heating up to 70°C for only a few minutes [lOO]. The compound 

FW,bb(S,M can be prepared directly in non-aqueous media by heat- 
ing (PPh,),MoS, in DMSO with methanolic polysulfide solution [ lOO]. 

(iv) Oxidation of sulfur-containing ligands 

An interesting way of forming disulfur ligands is by the oxidation of two 
SR ligands. One example is [65,87] eqn. (7). 

Fe(CO)4(SH)2 2 Fe2(S2)(CO), (7) 

Such a reaction also proceeds when R is a good leaving group, e.g. SnMe, 
Pll* 

Intramolecular redox reactions within metal-sulfido moieties are another 
important route to disulfur complexes. An example is the formation of 
[Mo,O,S,(S,),]~- from [MoO,S,]~- [45,47] where the following redox 
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processes might be involved 

Mov’ ‘2 MO” 

(MO” + Mov’ + 2 MO' ) 

2 S2- Zs;- 

(0) Reactions with other sulfur-containing reagents 

The formation of S, complexes by other sulfur-containing reagents such as 
H,S [22,39,42], P,S,, [40], COS [22,56], Na,S, or Na,S [5], R,S, 
[15,22,24,86,87] and Na,SO, [28] has also been reported. Here, however, it is 
not possible to make a clear statement ,about the mechanism. 

D. REACTIONS 

(i) Electron transfer and intramolecular redox reactions 

The redox behavior of S, complexes is of particular interest because it can 
probably provide a foundation for understanding the course of reactions in 
enzymes and catalysts (especially desulfurization catalysts). Oxidation and 
reduction reactions related to type Ia disulfur ligands can be summarized by 
reaction scheme (11) 

I j_ 
\s _ii 

,/5 I iii M + s 
\, T-- 

S 
(11) 

(2S2_) (Zq2-) ( s,O, 

Examples of reaction (i) of (11) are provided by the oxidations of =S and 
-SR groups described in Section C(iv) [21,45,46,65,101]. Reaction (ii) of (11) 
involves reduction of the S-S bond to form two sulfido groups [102,103]. 

The reduction of a djsulfur complex can follow reaction paths other than 
(ii). For example, electrochemical reduction of [Ir(dppe),(S,)]+ results in 
dissociation of SF from the complex [ 1041. 

Reaction sequence (12) proposed by Stiefel et al. [ 1051 for molybdenum 
enzymes is directly related to reactions (i) and (ii) of (11). In this context it is 
interesting to note that organic disulfides as well as disulfur complexes 
undergo reactions with low-valent metal complexes to form complexes with 
two sulfido ligands [ 102,103] or trinuclear sulfido-bridged complexes 
[102,106-1081. 



263 

(12) 

Reaction sequences (i) and (ii) of (11) and the proposal of Stiefel et al. 
(12) also give new importance to the methylation reactions of S, complexes 
in which the S-S bond remains intact [4,34,42,109]. An example of reaction 
(iii) of (11) is the thermal decomposition of Cs,[Mo,(S,),] - n H,O to give S, 
as the main gaseous product [see Section D(iv)]. 

Examples of reaction (iv) of (11) are provided by the syntheses of disulfur 
complexes from reactions employing elemental sulfur [see Section C(i)]. 

The electrochemical one-electron oxidation of Cp2Fez(S,)(SEt), (7) results 
in the formation of a metal-metal bond rather than in extrusion of sulfur 
[reaction (iii) of (1 l)] or the coupling of the two SEt groups [sequence (12)]. 
The chemical two-electron oxidation of (7) in MeCN results in the elimina- 
tion of disulfur and the formation of [Cp,Fe,,(MeCN),(SEt),12+ [15,60,1 lo]. 

(ii) Reactions with nucleophiles (abstraction of So) 

A characteristic reaction of disulfur ligands is the abstraction of a sulfur 
atom by nucleophiles (N) such as PPh,, SO:-, SR- , CN- and OH-, e.g. 
reaction (13) for type III ligands [15,109,111-1151 

“1 +N 
Mis,Mfl -- 03) 

The reaction involves loss of a neutral sulfur atom from the complex with no 
change in the formal oxidation state of the metal atoms. This reaction occurs 
especially in disulfur complexes in which there is a substantial transfer of 
electron density from the ligand to the metal so that the population of the 
ligand ?r* level is decreased [ 15,109,11 l] [see Section F]. 

In this regard the reaction of [MoJS(S2)J2- with CN- is particularly 
interesting as a possible model for the inhibition of xanthine oxidase by 
CN- with the concomitant formation of SCN- [ 12,131. The bridging di- 
sulfur ligands are converted to bridging sulfido ligands and the terminal S, 
ligands are replaced by CN- groups [ 1111. 

Reactions of [Mo2(S2),12- with nucleophiles also convert the bridging S, 
ligands to bridging sulfido ligands. With weak nucleophiles the units 

(for example, the interesting species [Mo,O,S,(S,),]~- with aqueous am- 
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monia, Fig. 1) and 

[48,113,115] 

are formed. With the strong nucleophile CN- the final product is 

0141 

and the molybdenum atoms have been reduced from oxidation state V to III 
(discussion in ref. 114). Clearly, [Moz(S,),]‘- is a useful starting material for 
the generation of other molybdenum-sulfur compounds. 

In [Mo,(NO),(S,),(S,);O]~- both the end-on bridging S, ligands of type 
IIb and the type III bridging S, ligands react with CN- to produce a 
strongly distorted {MoqS4} cube ( 14) [ 1121 

[Mo,&NO)~(S~)~(S~);O]~- +CN- -+[Mo,S,(NO),(CN),]~- +SCN- (14) 

The cube results from abstraction of a sulfur atom from each of the four 
type III ligands by reaction (13). 

A reasonable mechanism for the reaction of the two type IIb disulfur 
ligands is the stepwise sequence (15) 

Mo”/s-s\Mo” + CN- -MO"= S 
+ CN- 

-SCN;-MO" -SCN-_ MO”-* (15) 

where a pair of two-electron reductions occurs forming two metal-metal 
bonds within the {MO,&} cube [ 1121. 

Type III bridging S, ligands are more susceptible to nucleophilic attack 
with extrusion of a neutral sulfur atom than are type Ia disulfur ligands. This 
is consistent with a generally lower electron density on the S atoms of type 
III disulfur ligands (bonded to two metal atoms) than of the type Ia ligands 
(bonded to one metal atom; see Section F for additional discussion). 

(iii) Oxidation of the ligand by external agents 

In Ir(dppe),(S2)C1 the disulfur ligand can be oxidized stepwise on the 
metal to form S,O and S,O, complexes [ 116,117]. A complex with a bridging 
S,O ligand is also known [40]. The reaction of Os(S,)(PPh,),(CO), with I, 
to form elemental sulfur and OsI,(PPh,),(CO), provides chemical evidence 
for a negatively charged disulfur ligand [4]. 
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(iv) Thermal decomposition of disulfur complexes (generation of S,) 

The main gaseous product of thermal decomposition at rather low temper- 
atures (loo-200°C) of Cs,[Mo&),]: nH,O is the S, molecule, which 
results from a reductive elimination process. This has been proven by mass 

I 

7co 730 720 710 h-n-‘1 

Fig. 7. Induced IR absorption band of S, in an argon matrix at 15 K (Ar/S, =200). 

spectroscopy and matrix isolation Raman, UV/VIS and IR spectroscopy 
[ 1181 (Fig. 7). (The IR intensity of the fundamental is induced by intermolec- 
ular interactions in the matrix [ 1191.) The solid residue contains 
Cs,[Mo,S(Sy),] at 270°C [SO]. Other S, species (x = 4,6) in addition to S, 
can be seen in the matrix spectra and probably result from &. In the thermal 
decomposition of (NH,),[Mo#,),] - 2 H,O the NH: cations are also in- 
volved, and NH, and H,S are produced in addition to S,. The final product 
is MoS, at 380°C [50]. 

The thermal decomposition of (NH,),[Mo$(S,),] - n H,O (n = O-2, with 
variable non-stoichiometric amounts of water) at 270°C produces initially 
one mole of NH, and half a mole of H,S per mole of trinuclear complex 
[83]. The persistence of trinuclear MO-S clusters in the intermediate 
amorphous product is strongly suggested by its IR spectrum [83] and by the 
formation of [Mo$,(CN),$- upon reaction of it with CN- [IOO]. 

E. PHYSICAL MEASUREMENTS 

(i) Vibrational spectra 

In disulfur complexes the v(S-S) frequencies range from ca. 480 to 600 
cm-‘. Comparison of the v(S-S) values for the discrete diatomic sulfur 
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species S,( ‘2; : 725 cm-‘) [118,120], S;(‘II,: 589 cm-‘) [121,122] and 
s;-(izg+: 446 cm-‘) [50] leads to the conclusion that the approximate 
charge distribution in disulfur complexes is somewhere between that for ST 
and that for S,Z-. However, in this comparison the strong coupling of the 
v(S-S) vibration with the v(M-S) vibrations which lead to higher v(S-S) 
values must also be considered. This coupling is indicated by the shift of l-2 
cm-’ in v(S-S) upon substitution of 92Mo by iWMo in [Mo2(S2)J2- and 
[Mo3S(S2)J2- [82,84,123]. 

The frequencies of the type III bridging disulfur ligands are generally 
higher than those for type I structures (Table5). This is illustrated by 
comparison of the spectra of Mo,S(S,),Cl, and [Mo3S(S2),12- (Fig. 8). Both 
clusters contain the same central Mo3S(S2)3 unit [see Section B(iv) and 
Fig. 51 with type III disulfur ligands. Since Mo,S(S,),Cl, contains only type 
III disulfur ligands the vibration at 562 cm-’ is due to v(S-S) of the type III 
ligand. For [Mo3S(S2)J2- the vibration at 544 cm-’ can then be assigned to 
the type III ligands and the bands at 504 and 510 cm-’ to the type I disulfur 
ligands. The higher frequencies found for type III disulfur ligands are 
consistent with the slightly shorter S-S distances for this structure type [see 
Section B(v)]. 

The intensities of the Y(S-S) bands of’type III ligands are normally high 
in the IR as well as in the Raman spectra. The type Ia ligands show intense 
v(S-S) bands in the IR, but in the Raman spectrum these bands are usually 
weak (Fig. 9) [50]. 

The v(M-S) bands in the known complexes are observed between 250 and 
420 cm-’ (Table 5). 

For type Ia structures the symmetric M-S stretching vibration of the 

Type of Coordination compound us-Sl 

600 s%l 500 (50 h-l 

0 Na2S2 I 

la [Ir(dppe)262l]CI I 
1a.m lW)&403S(S2)~] I II 
m I f4oSq3C12c14/2 1, I 

m [Nb2(S$&t,l,, I 

Ua Ktj[(CNkjCoIS21Co(CN)S] I 
llb.rn CNH&4o,lNO,,lS2,~0] II I 

600 550 90 Lsolcm-9 
Fig. 8. v(S-S) frequencies for disulfur ligands of various stnktural types. 



I 
600 500 coo 300 200 100 km-11 

"+(Mo-MO)" 

Fig. 9. IR (top) and Raman (bottom) spectra of the [Mo3S(S2),J2- ion (NH: salt; IR in 
polyethylene). 

S 
Mo’ 1 unit shows a larger isotope shift ( 92M~/100M~m 7cm-‘) than does 

‘S 
the antisymmetric one ( 92M~/ ““‘MO = 2 cm-‘). The symmetric stretching 
vibration also has a higher frequency (> 350 cm-‘) [50]. 

For structure type IIa ligands both the v(S-S) and the totally symmetric 
v(M-S) vibrations are practically forbidden in the IR spectrum, but the 
corresponding bands (very intense and strongly polarized) can easily be 
observed in the Raman spectrum [61]. 
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TABLE 6 

Approximate stretching force constants for S-S and M-S bonds in disulfur complexes 

Complex 
0 

&-s,(mdyn A- ’ ) 
s 

JM-s,(mdyn A- ’ ) Ref. 

Fe2(S2XW6 2.5 1.6 128 
Nb,(ShCl, 2.5 1.2 126 
W$@,M2- 2.0 1.5 123 
Pfo202S2(S2>212- 2.0 1.4 124 
s2 5.0 a - 
SF 3.3 a - 
S;- 1.9 a - 

‘Calculated from the frequencies of S,(725 cm-’ [118]), S;(589 cm-’ [121,122]) and 
Sz-(446 cm-’ [SO]). 

Approximate normal coordinate analyses have been carried out for several 
disulfur complexes. Comparison of the force constants of the S-S bond with 
those of S;- (n = O-2) species confirms the conclusion drawn from the S-S 
frequencies, that is, the S-S bond strength in disulfur complexes lies between 
that for ST (bond order = 1.5) and that for Si- (bond order = 1.0) (Table6). 

(ii) XP spectra 

The X-ray photoelectron spectra of disulfur complexes have been mea- 
sured in order to obtain additional information about the effective charge on 

TABLE 7 

Binding energies of sulfur in disulfur complexes (calibrated to C 1s =285.0 eV) [50] 

Complex S2P s 2s 

Ea (ev) Ea (ev) 

164.1 
163.2 
163.9 
163.5 
164.4 
163.2 
163.2 
163.2 
162.9 
163.6 

228.1 
227.0 
228.2 
228.8(?) B 
228.3(?) a 

227.1 
227.4 
227.7 
227.6 

’ Not clearly resolved. 
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the sulfur atoms in these ligands. The results are summarized in Table 7. 
The sulfur 2p binding energies lie between 162.9 and 164.4 eV, indicating 

that the sulfur atoms are generally more negatively charged than in neutral 
sulfur [ E,(2p) for S, is 164.2 eV] [ 1291. The corresponding binding energy 
for sulfur in complexes with reduced sulfur-containing ligands such as S2-, 

I I I 
-C-S, -C-S-C- or >C=S are in the range 161.5-163.5 eV [130]. 

I I 
Na,S has a binding energy of 162.0 eV [ 1291 and thiometallates have binding 
energies of 162.2-163.4 eV [131]. Thus, the S 2p binding energies for 
disulfur complexes are consistent with the conclusion drawn from S-S bond 
distances and from vibrational spectroscopy, i.e. the effective charge on the 
sulfur atoms in the disulfur ligand in metal complexes is between 0 and -2. 

The sulfur binding energies depend upon the electronegativity of the other 
ligands attached to the metal. This is illustrated by the higher sulfur binding 
energy for Nb2(S2)2C14 compared to Nb,(S,),Br, and for Mo$(S,),Cl, 
compared to [M0$(S2)J2- (Table7). For each pair the metal binding 
energy is nearly identical (Table8). Taken together the metal and sulfur 

TABLE 8 

Comparison of the electron binding energies in molybdenum compoundsC (calibrated to 
C 1s =285.0 eV) 

Coinpound Oxidation Mo JP,,, MO%,, 
state Ea (ev) Ea (ev) 

Ref. 

MOO, +6 

(NK,)zMoQ, +6 
Cs, MoS., +6 

MoO(S, Xdtc)z t6 
MoCl 5 +5 

Mo,(S,),Cl, +5 

W-UPW%l -1-5 

(NMe,),[Mo,O,S,(S,),l +5 

MOO, +4 

(NK,),IMo$(S,),l +4 

Mo,W,),Cl, +4 

(NH, )K[Mo,(NO),(S, )a 01 +4b 

(NH~)~[Mo~(NO),(S,),S~I +4b 

WMo&,(CN),,I +3 
MO 0 

Mo(CO), 0 

- 
- 

396.9 
- 

397.3 
397.1 
397.2 

- 

395.3 
395.6 
395.6 
395.9 
395.1 

232.5 132 
232.1 132 
231.7 131 
231.3 50 
231.0 132 
231.3 50 
230.3 50 
230.6 50 
230.9 132 
230.8(?) a 50 
230.1(?) 50 
229.7(?) a 50 
230.1 50 
229.0 133 
226.1 132 
226.6 132 

a Not clearly resolved. b Taking NO as NO-, which seems reasonable. ’ No water of 
crystallization given in any of the Tables. 
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binding energies indicate that the disulfur ligand is an effective electron 
donor to the metal, and that donation from the disulfur ligand increases as 
the electronegativity of the other ligands increases. 

Additional evidence about the oxidation state of the sulfur can be 
obtained by comparison of the metal binding energies in disulfur complexes 
to the metal binding energies in complexes in known oxidation states. 
Table 8 summarizes the metal binding energy data for a series of molybdenum 
complexes. In particular it is clear that the MO binding energies of 

PW%>,12- and P4%W2),12- can be understood if the disulfur ligands 
are formulated as (S2)2- units rather than neutral S, fragments [84] (Fig. 10). 
Similar results are found for the metal binding energies of Ir and OS 
complexes of disulfur ligands [4,134]. 

In summary both the sulfur and metal XPS results are consistent with the 
disulfur ligand having an effective negative charge of about -2. However, 
neither the sulfur nor the metal XPS data are sufficiently sensitive to 
distinguish among the various modes of coordination of the S, ligand 
summarized in Section B. A recent XPS survey of several molybdenum 
complexes with a variety of sulfur ligands showed that the range of S 2p 
binding energies for sulfide and thiolate ligands is only - 1 eV [ 1351. 

225 230 235 WI 

Fig. 10. XP spectra of [MoS412-, [Mo~(S,),]~- and [Mo~S(S~),]~- in the region of the MO 
3d binding energies (‘NH: salts). The decrease in the metal binding energies in this series is 
consistent with a change in oxidation state from VI to IV. 
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(iii) Electronic absorption spectra 

Table9 lists the electronic absorption maxima and extinction coefficients 
for disulfur complexes. For bonding type Ia the s* orbital of Sz- splits into 
a strongly interacting rc orbital in the MS, plane and a weakly interacting 
VT,* orbital perpendicular to the MS, plane. The longest wavelength band in 
the complexes Cp,Nb(S,)X (X = Cl, Br, I), and MoO(S,)(dtc), occurs at 
- 20 kK and is assigned to a LMCT (ligand-to-metal charge transfer) of the 
type T,*(S) + d(M) [ 171. This assignment is probably also correct for other 
complexes of structure type Ia which contain metal atoms in a high oxida- 
tion state, e.g. [Moz02S,(S,)J2-. 

The position of this first band is influenced by the oxidation state of the 
metal, by the metal-metal bonding and by the nature of the other ligands, 
which determine the energy of the LUMO and its metal character and 
thereby influence the optical electronegativity of the metal. 

For disulfur complexes of structure type III the corresponding absorption 
band is expected to occur at higher energy because both r* orbitals of the 
ligand interact strongly with the metals. Thus for Nb,(S,),X, (X = Cl, Br), 
Mo,(S,),Cl, and Mo,S(S,),Cl, the low-energy electronic absorption bands 
G 20 kK are probably due to transitions within the metal-metal bond 
system. The same situation applies in Fe,(S,)(CO),, for which several MO 
calculations have been performed [ 137- 1391. 
_i Especially interesting is the very intense band at 14.2 kK in 

[(NH,),Ru(S,)Ru(NH,),]Cl,. A comparable band is not found in the 
related compounds with type IIa structures, [(CN),Co(S2)Co(CN),]6- and 
aqueous { Cr(S2)Cr}4+. It has been proposed that the central unit in 

[(NH,),Ru(S,)Ru(NH,),14+ is best formulated as Run-(S,)--Run’ [22,23]. 
Such a mixed valence complex could exhibit the intense band observed [ 1401. 
The isoelectronic mixed valence structure Fe”-(S,)) -Fe”’ has been pro- 
posed [24] for Cp2Fe2(S,)(SEt), (7) (structure type IIb) which exhibits an 
intense band at 11.9 kK [60]. 

F. DISCUSSION OF THE BONDING 

One bonding framework for discussing the properties of metal complexes 
of diatomic molecules is to partition conceptually the complex into Mm+ 
and Yf- . The values for m and n are determined by comparing the physical 
properties of the complex [Y-Y distance, v(Y-Y) (band position and 
intensity), electronic spectra, XP spectra, magnetic properties] with those of 
the isolated YT- species. This empirical basis for interpreting the physical 
data of dioxygen complexes has been discussed in detail elsewhere [ 16,171. 
Here it is sufficient to note that complexes have been divided into super- 
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TABLE 10 

Comparison of the distances and frequencies for Xi- (X=0, S; n =0-2) 

Parameter 

W-OWN 121 a 133” 149” 
d(S-S)(pm) 189b 200 = 213 d 
v(O-O)(cm-‘) 1580 a 1097 a 802 = 
v(S-S)(cm-‘) 725 e 589 f 446 ’ 

a Ref. 16. b Refs. 90 and 91. ’ Estimated value [122]. d Ref. 92. e Ref. 50. f Ref. 122. 

oxide complexes (0; ) and peroxide CO,‘- ) complexes, primarily on the 
basis of O-O distance and ~(0-0) (Table 10). The superoxide ligand has 
d o_o - 130 pm and ~(0-0) - 1125 cm-‘; the peroxide ligand has do_, - 145 
pm and ~(0-0) - 860 cm-’ [ 161. The electronic spectra of the complexes 
have also been used to classify dioxygen complexes [ 17,141]. 

For the known disulfur complexes, however, a similar empirical classifica- 
tion is not possible. The S-S distances are in the continuous range 198-215 
pm, and do not strongly correlate with structure type [Section B(v)]. The 
Y(S-S) frequencies are in the continuous range 480-600 cm-‘. Moreover the 
Y(S-S) vibration is strongly coupled to the v(M-S) vibrations so that the 
v(S-S) frequencies are not a simple indicator of the formal charge on the S, 
ligand. However, comparison of the S-S distances and frequencies in Table 
10 with those in Tables 2-4 indicates that an effective charge on the ligand 
in disulfur complexes between - 1 and - 2 seems reasonable. A similar 
conclusion can be drawn from the sulfur and metal binding energies of the 
ESCA spectra. All the physical data are consistent with a charge delocalisa- 
tion from the polarizable (soft) Si- ligand to the metal. 

The YZ- ligand seems to be less important for disulfur complexes than for 
dioxygen complexes. Most disulfur complexes are diamagnetic, although a 
few show a weak paramagnetism. Consequently EPR spectroscopy cannot be 
used to probe the electron distribution in the HOMO in these complexes. 
The SF classification has been advocated for the ligand in 

WH,),Ru(S,)Ru(NH,),I 4+ from analysis of the electronic spectra [22,23], 
and for Cp,Fe,(S,)(SR), [24,1 lo] from similarities of the ligand geometry to 
the geometry of the 0, ligand in superoxide complexes. 

An alternative approach to describe the bonding in MY, complexes is to 
consider the triatomic MY, unit as a covalent inorganic functional group. 
Enemark and Feltham have shown [ 1421 that the diverse properties of metal 
nitrosyl complexes can be conveniently interpreted by describing the com- 
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plexes as derivatives of the { MNO}” group, where n is the total number of 
electrons in the d orbitals of the metal and the r* orbitals of the nitrosyl 
ligand. This qualitative concept has been extended to other diatomic ligands 
[ 1431. Particularly germane to this review is the analysis of the bonding in n* 
(side-on) MO, complexes which show that the primary bonding interaction 
involves the metal d,, orbital and the rr,*( rrz) orbital of the 0, ligand 
(m-bonding) (17) and the dz2 orbital and the rrz( rr,,) orbital (u-bonding) (16) 

CT- bonding h,e dz2) r-bonding (e- d,,) 

(16) (17) 

according to the qualitative Dewar-Chatt-Duncanson bonding scheme 
[ 144- 1461 [the interaction of the rY( rrV) and the 7Ty*( rz) orbitals are consid- 
ered to be negligible]. The major contribution is the r-bonding as shown by 
more quantitative molecular orbital calculations of side-on MO, complexes 
[ 1471. 

For type Ia disulfur complexes the a-bonding should also be the major 
bonding interaction. For type III { Ml-S,-M2) complexes this bonding 
interaction (17) would occur twice, once between 1~=* of S, and Ml and once 
between 7~; of S, and M2. If M2 is a positively charged metal ion with few d 
electrons then there should be less electron density on the disulfur unit in a 
type III complex relative to a type Ia complex. Such depopulation of the rr* 
orbitals of the disulfur ligand is consistent with the greater susceptibility of 
type III complexes to nucleophilic attack and with the shorter S-S distances 
and higher Y(S-S) values for such complexes. These properties are consistent 
with the s-donor character of the disulfur ligand and the empirical assign- 
ment of the charge on the ligand as approximately -2. 

The facile formation and cleavage of S-S bonds in chemical reactions 
suggests that the a*(p) orbital of the S-S bond in disulfur complexes may 
also be relatively close in energy to the metal d and disulfur rr* orbitals. In 
fact, the u* orbital of the coordinated S, ligand is of the same symmetry as 
the major component of the bonding (17) between the metal and the S, 
ligand. Further interpretation of the properties of disulfur complexes must 
await more quantitative descriptions of the bonding. 
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G. CONCLUSION 

The chemistry of disulfur complexes is still in its early stages. However, 
there is no other simple ligand that is as versatile in its coordination to 
metals. The range of structures and chemical reactions already known augur 
well for the future of this area of metal-sulfur chemistry. 
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