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ABSTRAtX 

The coordination complexes of polychalcogenide ligands with metal ions are reviewed. In the past two 
decades, the chemistry of metal polysultides has been extensively studied, while a great deal of attention is cur- 
rently being paid to metal polyselenides and polytelhuides. Compounds of metal heavy polychalcogenides are 
primarily of interest regarding their stnmture and reactivity, but they also provide potential for being used as 
soluble precursors to some technologically relevant metal chalcogenides. This article focuses on coordination 
compounds of metal polyselenides and polytellurides, both homoleptic species and organometallic complexes 
with heavy polychalcogenide co-ligands, 6om the synthetic and structural point of view. After giving a 
comprehensive survey of the compounds known to date according to the periodic table, some applications and 
an outlook in this research area are discussed. 

ABBREVIATIONS 

acac 
B&N+ 
BusP 

CP 
crypt 

DMAD 
DMF 
dIllOS 

hpo 
DMSO 

dppe 
en 
Et4N+ 
Me4N+ 
N-MeIm 
OTf 
PhsP 
PhJP+ 
PPN+ 
THF 
tmeda 
triphos 

acetylacetonate anion, [CHsC(O)CHC(O)CHs]- 
tetrabutylammonium cation 
tributylphosphine 
cyclopentadienyl, CSHS 
4,7,13,16,21,24-hexaoxa-l,lO-diazabicyclo[8,8,8]hexacos~e, 
N(CH2CH20CH2CH20CH2CHz)jN 
dimethyl acetylene dicarboxylate 
N,Wdimethylformamide, HC(O)N(CH& 
dimethyloctylsilyl, (C7H&H2)Si(CHs)s 
1,2-bis(dimethylphosphino)ethane, (CH&PCHzCHzP(CH& 
dimethylsulfoxide, (CH&SO 
1,2-bis(diphenylphosphino)ethane, Ph2PCH2CH2PPh2 
ethylenediamine, H2NCH&H2NH2 
tetraethylammonium cation 
tetramethylammonium cation 
N-methylimidazole 
trifluorometha.tresulfonate or triflate, CF$Os- 
triphenylphosphine 
tetraphenylphosphonium cation 
bis(triphenylphosphino)iminium cation, [(PhsP)zN]’ 
tetrahydrofuran, CaHsO 
N,ZVJV’J’-tetramethylethylenediamine, (CHs)2NCH&H,N(CH& 
1 , 1,l -tris(diphenylphosphinomethyl)ethane, (Ph2PCH2)sCCHs 
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A. INTRODUCTION 

All three elements of Group 16, S, Se and Te, have a tendency to catenate. This re- 
sults not only in rings or chains of their several elemental forms [ 11, but also in the poly- 
chalcogenide Qn2- (Q = S, Se, Te; n = 2-6) ions that can exist in sohrtions [2,3] or in the 
solid-state [4-221 in various sizes. The versatile chelating abilities of these polyhomo- 
atomic anions towards virtually all metal ions have and continue to breed a new branch of 
coordination chemistry which is largely characterized by extensive structural diversity. In 
the past two decades, the coordination chemistry of metal polysulfides has been exten- 
sively studied because this system is believed to be relevant to many important processes, 
such as hydrodesulfurization (I-IDS) of crude oil [23], hydrogenation of unsaturated and 
aromatic hydrocarbons [24], biosynthesis of metalloproteins [25], and even the hydro- 
thermal conversion of metals to their binary chalcogenide minerals in nature [26]. The 
chemistry of metal polysulfides is rich and diverse. Interested readers are encouraged to 
consult any of the comprehensive review articles available in the literature [27,28]. 
However, until ca. 1987, the chemistry of metal heavy polychalcogenides (i.e. poly- 
selenides and polytelhuides) failed to keep abreast with that of metal polysulfides, as wit- 
nessed by the very few sporadic reports of metal compounds containing polyselenide or 
polytelhtride ligands, namely MeC(CH2PPh2)sCo(Se.+) (1) [29], [(dmpelzIr(Se.+)]Cl (2) 

1301, (Wpk’Wsed (3) [311, (t15-QkWed (4) 1321, W-CpkM@ed (M = MO, W 
(58 1331, WPkF’e~~e~Chkl (7) 1341, O+lH&(Te)2(Tezk(Te3)21 (8) 1351 and 
(Ph4P)2[Hg2(Te)(T%)2] (9) [35]. Two reasons seem to be primarily responsible for this 
delayed development. First, the most convenient method for synthesizing metal polysul- 
fide complexes involved the use of H2S, and this was found to be unattractive for the 
polyselenide or polytelluride systems (H2Se is extremely poisonous and H2Te is highly 
unstable). Second, initial perception that the chemistry of metal heavy polychalcogenides 
would more or less parallel that of metal polysulfides had greatly hindered research en- 
thusiasm in this area. As a result, much of our understanding of metal polychalcogenide 
chemistry up to the mid- 1980s had been derived from the metal polysulfide system. 

The synthesis, characterization and chemistry of M/SeX2- and M/TeX2- compounds 
became an active area of research with the use of non-aqueous solvents (i.e. DMP, 
CH3CN and en, etc.), and the extraction of so-called Zintl phases of polychalcogenides 
(M2Se,, or M2Te,,, M = alkali metal, n = 2-6) in such solvents as the starting materi- 
als[36-381. The initial synthetic efforts in this field were mostly invested on broad explo- 
ration throughout the periodic table in order to establish the feasibility of different ap- 
proaches to new compounds. Three review articles summarizing the various activities of 
specific research interests have already appeared [39-41]. Since then, investigations have 
covered almost every group of p-block and d-block elements with a fair degree of success 
at least for the polyselenide system. Thus, it becomes timely to comprehensively review 
the state of the art at this stage of its development. The compounds known to date are 
surveyed according to the periodic table. In addition to covering homoleptic complexes, 
for the first time, organometallic complexes (mainly Cp and/or C@containing com- 
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pounds) in which the metal centers have a partial polychalcogenide environment are also 
included. This reflects our own interest as well as the considerable research that is being 

carried out in this particular field of organometallic chemistry [42-45], and the fact that 
there appears to be no fundamental change in the behavior of Qz- ligands in going &om 
homoleptic, to mixed ligand and to o~~ome~lic complexes. 

Reseamh in ~ly~h~cogenide chemistry has been mostly driven by the motiv~on 
to expand our knowledge of structural and bonding principles in these ligands. Therefore, 
the emphasis is primarily placed on fundamental chemistry rather than on practical appli- 
cations. However, the potential of using some of these compounds as soluble low tem- 
perature precursors to solid-state materials should not be overlooked [4GI8]. To illus- 
trate how this can provide practical incentives for the study of these complexes, a few ex- 
amples of using such soluble complexes to fabricate solid-state thin films or nanoclusters 
of technologically relevant binary and ternary metal chalcogenides are given [49-531. 

We must clarify at this point which compounds qualify to be included in this re- 
view. The term “soluble” for describing the molecular complexes formed between metal 
ions and polychalcogenide ligands has been used extensively, and this convention is also 
followed here. However, the solubility of these compounds varies greatly, ranging f+om 
soluble to completely insoluble in common organic solvents. Actual solubility is appar- 
ently not the qualification for the compound to be included in this review. Furthermore, 
compounds are found to have polymeric tieworks, so even “molecular” is invalid as 
the term “soluble” often implies in this field. On the other hand, solid state compounds 
that contain extensive Q-Q bonds are included, as they are distinct from the extended 
solids of binary or ternary rnon~~~g~id~. In metal ~lyc~lcogenide networks, co- 
ordination forces are usually responsrble for the stabilization of recognizable localized 
structural units, which are ii&d via bridging interactions to give rise to polymeric enti- 
ties. Sometimes, van der Waals forces or ionic interactions are responsible for the forma- 
tion of such solid-state structures. Our coverage of extended structures is not comprehen- 
sive, but rather they are included when deemed relevant to the discussion regarding corre- 
sponding molecular species. While such species are included in the same category with 
coordination compounds, monochalcogenides, the classical pyrite-type dichalcogenides 
MQz (Q = S, Se and Te; M = Fe, Ru, 0s) [54] and trichalcogenides MQ3 (Q = S and Se; 
M = Ti, Zr, Hf, Nb and Ta) [55] are not discussed. 

B. SURVEY OF SYNTHESES AND STRUCTURES OF SOLUBLE METAL POLYSELENIDES AND 
POLYTELLURIDES 

(i) Homoleptic comp1exe.s 

Most main group or transition metal ions can form coordination complexes with the 
polychalcogenide Q,,2- anions being the only ligands. Such compounds are often called 
“homoleptic” complexes. The synthesis and structural characterization of these com- 
Rounds are given here in sequence according to the new notation of the periodic table, For 
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the purposes of this review, Groups 1 and 2 polychalcogenides are not considered coordi- 
nation complexes and they are only discussed briefly. 

(a) The chemistry of Group 1 and Group 2 elements (alkali and alkaline-earth metals) 
It has been known since the turn of the century that the electropositive elements, 

such as alkali or alkaline-earth metals, can partially reduce elemental chalcogens forming 
polyhomoatomic chalcogen anions [2]. Among the earliest systematic investigators to 
study the solution chemistry of the electropositive metals and many post-transition non- 
metals were Zintl, Klemm and their co-workers [2e,fj. Thus, compounds like AzQn 
(A = alkali metal) or BQ, (B = alkaline earth metal) are often referred to as Zintl phases . 

By using cryptands to sequester the alkali ions, Corbett and co-workers were able to iso- 
late some of these compounds in single-crystal form, and studied their structures by X-ray 
difl?action [19,20a,56]. The interactions between the electropositive metal ions and the 
polychalcogenide anions are mostly ionic. The only exception to this may be 
[Li(tmeda)]&SJ where the S6*- acts as a bridging ligand, along with two amine mole- 
cules, to form coordinative bonds to two Li+ centers [57]. Studies of the free polychalco- 
genide ligands themselves are found in these references [5-!3,9a-b, 11,12,13b,c,14a,c,f,g, 
19,20c,21b,c,22a,b]. The predominantly ionic bonding between the alkali metals and 
chalcogens in these species renders them good starting materials for synthesizing other 
metal polychalcogenide complexes. Two simple methods for making these materials are 
(a) heating the stoichiometric amount of metal and chalcogen at elevated temperatures 
(usually below SOOV), and (b) allowing them to react in liquid ammonia, respectively. A 
detailed discussion on preparing these materials and their use as reagents is given in the 
synthetic section of this review. 

(a) The chemistry of Group 3 elements (lanthanides and actinides) 
Due to the high oxophilicity of the lanthanide and actinide metals, homoleptic 

complexes cannot be easily prepared in polar organic solvents. The use of molten alkali 
metal polychalcogenides as both reactants and reaction media provides the great advan- 
tage of eliminating possible oxygen sources from the solvent [58]. However, such reac- 
tions often give solid-state compounds rather than molecular species. With the reaction 
temperatures kept within the range of 200-400°C, where most alkali metal polychalco- 
genides melt, meta-stable phases including some molecular species can be obtained. This 
is best illustrated by the synthesis of the first example of an f-block metal polyselenide 
compound, K$J(Se2),] (10) [59]. Compound 10 was synthesized from a mixture of 
K2Se, U and Se in 2: 1:8 ratio. The reaction was conducted in a sealed Pyrex ampoule at 
300°C for 10 days (cooling 2”Ck). The structure of [v(Se&j6 anion is shown in Fig. 1. 
The most conspicuous feature of this molecule is that the entire anion forms a triangulated 
dodecahedron (see Fig. 2). Eight Se atoms are located at the comers of two trapezoids 
which lie orthogonal to each other. However, the [v(Se&lb is distorted from an ideal 
dodecahedron in two respects. First, the bases of the Se trapezoids intersect at the U 
center, leaving the four basal Se atoms in a nearly square-planar arrangement; in an ideal 



514 MG. Kanatzidis and&P. Huang/Coord Chem. Rev. 130 (1994) 509-621 

Fig. 1. The structure of [U(Se&] 4- . 

dodecahedron, the trapezoids slice further into each other. Secondly, the presence of the 
SeSe bonds necessitates that the corresponding Se-U-Se angle be smaller than in an 
ideal dodecahedron (49.05” versus 73.69”). The U-Se bond distances are in the range of 
2.840(3) to 2.923(3) A, while the Se-Se bond distances are 2.385(4) and 2.401(4) A. 
Strong paramagnetic behavior, conforming to the Curie-Weiss law, was observed for 
K@(Se,),] from 120 K upwards. Below this region, a transition is observed at ca. 90 K, 
and is then followed by antiferromagnetic ordering which has a critical temperature of 
65 K. The peff at 300 K is 3.8&, consistent with an P (U4+) configuration where L f 0. 

No other f-metal polychalcogenides with molecular structures are known to date. As 
mentioned above, the molten salt synthesis otten produces solid-state compounds. For 
example, under the same conditions, the molten salt synthesis with Ce in place of U gave 
a solid-state compound, K[Ce(Se&] (ll), which has a two-dimensional structure contain- 
ing eight-coordinated Ces+ centers bridged by the Sez2- ligands [60]. 
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(c) The chemistry of Group 4 elements (Ti, Zr and Hfl 
To the best of our knowledge, no molecular homoleptic campounds of poly- 

selenides or polytelhuides containing any of these elements have been reported. 

(d) The chemistry of Group 5 elements (v, Nb and Ta) 
Compound (Et$l)2[V~(Se~)~(Ses)] (12), formed by the reaction of mV03 with 

(dmos)#e in a toluene/acetonitrile solution in the presence of EbNCl .and Et3N [61], was 
the fust vanadium polyselenide. The generation of diselenide and pentaselenide ligands in 
this molecule is believed to be achieved by the redox reaction between V5+ and the 
“selenization” agent (dmos)#e. The formal oxidation state of the vanadium in the struc- 
ture is 4+. The structure of the diamagnetic [V,(Se,),(Se#- anion is shown in Fig. 3. 
Four Sez2- ligands are split into two different groups according to their coordination 
modes. Two of these act as ,u~*-type ligands to bridge the vanadium centers, others are 
each chelated to a vanadium atom. Finally, a Se5*- chain spans two metal centers, 
completing the heptacoordination at the vanadium atoms. In addition, the V-V distance of 
2.779(5) A suggests a single metal-metal bond. The molecule possesses a pseudo-, seven- 
membered V2SeS ring which adopts a chair conformation (Fig. 3). The average V-Se 
bond distances are 2.518(6) A to the p-q* Sez2- units, 2.350(11) and 2.428 A to the ter- 
minal Sez2- ligands, and 2.505(2) A to the Ses2- chain. 

Methanothermal reactions of vanadium metal with K2Se4 at 135°C lead to the 
formation of two dimeric compounds &[V202Se2(Se&] -2MeOH (13) and 
KJV202Sez(Se2)(Se4)]*0.65MeOH (14) [62]. Compound 13 was prepared by carrying 
out the reaction in a sealed Pyrex tube for 4 days, while 14 was obtained when the reac- 
tion was run in an autoclave for 30 days. Although not strictly homoleptic, the obvious 
structural and electronic relationship of these compounds to homoleptic W/Se and MO/Se 

Fig. 2. An ideal triangulated dodecahedron. The intersecting trapezoids are bounded by A,,, apex 
positions, and B,,, basal positions. In the case of [v(Se$&, the center of the dodecahedron and 
the points Br, Bi, Al, and Ai lie in the same plane. 
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Fig. 3. Two views of [v#e&(Se5)]2-. 

complexes (vide infra) makes it useful to discuss these complexes here. Compound 13 
crystallizes in the space group Pnc2 (No. 30) with two crystallographically independent, 
but structurally similar [V202S%(Se.,)2]’ anions. Figures 4 and 5 depict the structures of 
the anions [V202Se2(SeJ214- (two independent molecules) and [V202S%(Se2)(Se4)]2-, re- 
spectively. In both compounds the vanadium is coordinated in a square-pyramidal fashion 
by a bidentate tetraselenide Se42- (or a Sez2-), two ,+SeZ- and an apical Oz- ligand. The 
oxygen atoms are thought to originate from MeOH or trace H20. The average V-Se bond 
distances are 2.459 A in 13 and 2.451 A in 14, and the average V-O bond distances are 
1.61 A in 13 and 1.64 A in 14. The V-V distances of 2.93(l) A in 13 and 2.958(7) A in 
14 are much longer than that found in 12, suggesting significantly weaker V-V mterac- 
tions. It is found that, in the competition between oxygen, sultk, selenium or tellurium for 
the apical positions in this type of compounds, oxygen often wins [63-65]. For the 
significantly oxophilic vanadium, this tendency is even greater. Although compounds of 
this type are rather common in the MO(W) polychalcogenide chemistry, which displays a 
homologous family with the formula [M2X2(t&)(Q,,)]2- (M = MO, W; X = 0, S, Se; Q = S, 
Se) [63,64a,6667], this is the first time such a compound is observed for a metal outside 
Group 6. With V4+ replacing Mos+ (W5+) in the structure, the d’ electronic configuration 
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SE4 

SE2 
SE3 

Fig. 4. Structures of the two [v,0$3e~(Se_+)2]4- anions found in the K,p202Se2(Se&] *2MeOH 
crystal lattice. 

?n I 

-& SE4 

SE3 

Fig. 5. The structure of [V20$3e#3e,,)(Se&. 
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is retained, but the molecule becomes a tetraanion. Having twice the negative charge of its 
MO analog, the V complexes are less likely to crystallize readily with four of the same 
large organic cations except perhaps with a great deal of solvent co-crystallization. OII 
this account, the use of a small alkali ion such as K+, coupled with the methanothermal 
technique, has allowed for the isolation of these two compounds. 

Niobium also forms a cluster with polyselenide ligands. K,@Jb4Se4(Se&] (15), syn- 
thesized through the reaction of K#e, Nb and Se in a 3: 1: 10 ratio at 375OC for 100 h 

WI. The [Nb4Se4(Se2)91 6- anion is a tetramer, consisting of two [Nb2Se2(Se2),12- dimers 
linked by a trans+-$,t]‘-Se2 unit, as shown in Fig. 6. Each niobium is surrounded by 
seven selenium atoms of either terminal Se2-, side-on Se22-, bridging trans-p -qr,$-Se2 
or ~-$,~2-Se2 ligands. All metal centers have a formal oxidation state 5+, which ac- 
counts for the observed long Nb...Nb distance (i.e. 3.679(3) A). The Nb-Se and Se-Se 
bond distances average 2.683(3) and 2.358(3) A, respectively. 

The reaction of NbCls with K2Te4 in DMF in the presence of PbPBr afforded an 
unusual tellurium-rich complex (Ph,,P)sfNbTer&DMF (16) [36a]. This molecule is pecu- 
liar in that the decatelhtride ligand forms a “teepee” of tellurium inside which a niobium 
atom is nested as shown in Fig. 7. First, three tellurium atoms constitute a Tes ring at the 
base of the teepee. They are each bound to another tellurium atom, giving a second trian- 
gular layer, lying slightly above the first. A third layer is obtained by three more tellurium 
atoms eclipsed to the second one. Finally, an apical tellurium atom closes the teepee at the 
top. Thus, the molecule possesses a pseudo-C3 axis running through the apex and the cen- 
ter of the Tes base. The niobium atom is coordinated by seven telhuium ligands, three 
from each of the second and third tellmium layers and one apical telhnium. The geometry 
around this atom is best described as a capped trigonal prism. Unlike ordinary polychal- 
cogenide ligands where each atom is usually defined as either “internal” or “terminal” for 
bookkeeping purposes on the formal charge, simple valence bond theory seems to pro- 
duce little information on the formal charge of this polytelhuide ligand. This makes it 
difftcult to clarify the oxidation state of the niobium in this structure. The compound is 

Fig. 6. The structure of [Nb4Se4(Se&] b . 
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Tel71 

Fig. 7. The structure of mbTelo]3-. 

found to be diamagnetic in the solid state. So any bonding consideration for this molecule 
should be consistent with this observed magnetic behavior. The Nb-Te bond distances 
vary from 2.757(2) to 2.857(2) A, while the Te-Te distances exhibit considerable dis- 
crepancy throughout the structure, ranging from 2.818(2) to 3.161(2) A. Recently, an ex- 
tended Hiickel calculation on this molecule has shed some light on its electronic structure 
[69]. Complementary to the localized bonding picture described above, the calculation 
did suggest that strong mixing between Te and Nb orbitals, caused by the similar electro- 
negativities of the two elements (i.e. 2.1 versus 1.8), is the most important factor for stabi- 
lizing the cluster. TeTe antibonding interactions are responsible for the observed long 
Te-Te bond distances. It is also pointed out that two-electron oxidation of this species 
might be possible, which should result in shorter bonds in the base of the Tel0 cage. 

(e) The chemistry of Group 6 elements (0, MO and w) 
A number of monomeric compounds in the family of [MX(Q.&12-, whereby M is 

molybdenum or tungsten, X can be oxygen, sultur or selenium, and Q selenium or tellu- 
rium, are readily accessible by simple synthetic methods. These complexes are analogous 
to the known polysulfide ions m&k]” (X = 0, S; M = MO, n = 2 [63], M = Re, n = 1 
[70]). So far, the strncturally characterized species include [MoSe(Se4)J2- (17) obtained 
by reacting [MoSeJ2- with grey [71] or red [64b] elemental selenium, [MoO(Se&12- (18) 
[64b] obtained by reacting [MoSe,12- with (NCSHlo)2S~, [WS(Se_,),12- (19) [64b] ob- 
tained by reacting [WSeJ2- with SeS2, [MoO(TeJ212- (20) [72], and [WO(Te&12- (21) 
[72] by reacting K2T% with MoCls or WC&, respectively. In addition, [WSe(Se&12- 
(22), [WO(Se,),12- (23) and [MoS(Se&12- (24) were also prepared in a similar marmer 
[64b]. Scheme 1 depicts the structure of these ions. They all show a square-pyramidal 
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Scheme 1. Structure of the wX(Q&]*; where A4 = MO or W, X = 0, S or Se and Q = Se or Te. 

metal center surrounded by two Se d2- (or Ted2-) ligands along with a terminal atom of se- 
lenium, sulfur or oxygen. The metal centers are often displaced from the basal planes to- 
wards the apical atoms. In almost all structures, the MwXarrd bond distances are shorter 
than expected, suggesting a significant multiple bond character [64b,71,72]. The MSe,, in 
17,18 and 19 rings are all puckered while the MTe4 rings in 20 and 21 have an envelope 
conformation. 

Formation of the five-membered MQ4 rings in this monomeric series may prove to 
be thermodynamically favored. No matter what polychalcogenide is involved, the mole- 
cule invariably contains tetrachalcogenide ligands. Furthermore, the apical positions of all 
structures are readily susceptible to oxygen attack. 

It is found that the Q-Q bond distances in the above structures alternate within each 
MQ4 ring. Typically, the internal Q-Q bonds are somewhat shorter than the external ones 
[73]. This is very common for five-membered metal-polychalcogenide rings, with some 
more pronounced than others. A plausible explanation may be that M(drr)-Q(dz) 
interactions depopulate the HOMO of the Qd2- ligand, and therefore decrease the 
antibonding effect between the two internal chalcogen atoms[74,75]. From this point of 
view, the degree of alternation in the Q-Q bond distances is the consequence of certain 
dn orbital overlap between the metal and chalcogen, thus it is subject to variation from 
compound to compound. Generally, complexes of d2 and d* metals show a pronounced 
Q-Q bond alternation whereas die metal complexes do not. Table 1 compares the 
distances of the internal and external Q-Q bonds in various compounds containing MQ4 
rings. 

A common phenomenon observed in tungsten polyselenide chemistry is that differ- 
ent species often co-crystallize from the same reaction solution due to the complex equili- 
bria involving multiple components. This is also prevalent in many polysulfide systems of 
this group [63,66a]. When a methanol solution of [WSe,12- was acidified by CH&OOH, 
a co-crystallizate of (P~P)2[(W$e&~(WsOSes)& (25) was obtained with the ratio 
derived from the X-ray crystallographic results [64a,76]. The presence of oxygen was 
also qualitatively confirmed by Auger spectroscopy. Longer reaction times seemed to in- 
crease the proportion of (PbP)2[W,0Ses] in the product. Pure (PbP)JW$e9] (26) can 
be prepared by refluxing [WSe,J2- in acetonitrile [64a]. When this thermal reaction was 
carried out in DMF at 85”C, the product contained pure 26 (35% yield) and another co- 

crystalli=te ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (27) (45% yield) 
[64a,76]. If [WSe412- is refluxed with elemental selenium in acetonitrile, two isomers of 

0%P)2W2%d, i.e. (Ph4P)2[W2Ses(Se2)(Se4)1 (28) and W.PkW&d%kl (2% we 



M. G. Kanatzidis and S.-P. Huang / Coord Chem. Rev. 130 ( 1994) 509-62 1 521 

TABLE 1 

Comparison of the Q-Q bond distances in the MQ+x_mtaining compounds 

oa 

/ 
a, 

\ 
I a, 

/Q 
a, d2 

Compound 4 and 4 (A) 4 (A) Reference 

[v2We2CW(Se4P 
IV2We2(Se4k14- 
molecules A and B 

[Mose(se4)21*- 

WoWe4)21*- 

WWe4)212- 

PWM’W12- 
WGM’h)12~ 
[We4(%2X8e4)12- 
l?WSe4)212- 
molecules A and B 

KdvMr@ed1*- 
molecules A and B 

lW$k12- 
P-Wakl*- 

[--%WSe4k12- 
PMWd“- 
molecules A and B 

2.385(4), 2.473(5) 
A: 2.385(6), 2.447(6) 
B: 2.376(6), 2.424(6) 
2.384(S), 2.461(5) 
2.395(5), 2.446(5) 
2.390( 1), 2.446(2) 
2.399(2), 2.425(l) 
2.416(2), 2.514(2) 
2.419(2), 2.458(2) 
2.763(2), 2.838(2) 
2.778(2), 2.858(2) 
2.381,2.399 
2.365,2.419 
2.705(l), 2.750(l) 
2.703( 1), 2.764(2) 
2.3 14,2.327 
A: 2.325(5), 2.328(5) 
2.318(6), 2.333(5) 
B: 2.336(5), 2.338(5) 
2.329(6), 2.365(8) 
2.354(5), 2.357(8) 
2.323(9), 2.327(9) 
2.346(l), 2.353(l) 
2.339(l), 2.369(l) 
A: 2.340(3), 2.340(3) 
B: 2.305(4), 2.305(4) 
2.344(l), 2.398(l) 
2.340(2), 2.352(2) 
2.353(3), 2.362(2) 
2.330(5), 2.337(5) 
2.342(5), 2.343(5) 
2.338(5), 2.342(5) 
2.754(2), 2.764(2) 
2.763(2), 2.768(2) 
2.332(3), 2.357(3) 
A: 2.722(4), 2.722(4) 
2.716(4), 2.726(4) 
B: 2.713(4), 2.746(4) 

2.338(5) 
A: 2.342(7) 
B: 2.342(6) 
2.291(5) 
2.307(5) 
2.303(2) 
2.304(2) 
2.300(2) 
2.301(2) 
2.686(2) 
2.682(2) 
2.310 
2.342 
2.717(l) 
2.719(l) 
2.282 
A: 2.339(5) 
2.346(5) 
B: 2.340(5) 
2.395(7) 
2.3 16(9) 
2.325(9) 
2.323( 1) 
2.3 15(l) 
A: 2.301(5) 
B: 2.251(7) 
2.321(l) 
2.329(3) 
2.330(3) 
2.342(2) 
2.342(5) 
2.3 15(5) 
2.705(2) 
2.695(2) 
2.304(2) 
A: 2.743(4) 
2.774(4) 
B: 2.722(4) 

WI 
WI 

[711 

Wbl 

W-4 

[74 
[721 
[135b] 

11531 
11531 
1761 
1851 

[1711 

11761 

[301 

[861 
[14dl 

1981 

194al 

HO81 
11051 
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TABLE 1 (continued) 

Compound 

[Ag2(Tehld 
molecules A and B 

[Wse4)212- 

[Cd(Se&12- 

1WSe&12- 

[In2f+2@e4>212- 
[In2(se4)4CW14- 

[In3se3(se4)313- 

DJ3Se3W4)313- 

[NW@idSe4M5- 
[T14Se4&2)2W4hl” 
Mse4)312- 

dl and dz (A) 

A: 2.732(2), 
2.743(2) 
2.725(2), 2.732(2) 
B: 2.733(2), 
2.741(2) 
2.323(3), 2.323(3) 
2.338(3), 2.338(3) 
2.332(4), 2.332(4) 
2.344(4), 2.344(4) 
2.3 13(4), 2.3 13(4) 
2.331(3), 2.331(3) 
2.320(3), 2.325(3) 
2.245(6), 2.412(6) 
2.177(6), 2.251(7) 
2.337(4), 2.346(4) 
2.343(7), 2.419(5) 
2.328(4), 2.369(4) 
2.323(8), 2.351(8) 
2.324(8), 2.359(8) 
2.265(12), 2.371(10) 
2.345(6), 2.351(6) 
2.300(10), 2.351(9) 
2.327(4), 2.341(4) 
2.320(4), 2.337(4) 
2.308(4), 2.319(4) 

d3 (A) 

A: 2.750(2) 
2.780(2) 
B: 2.745(2) 

2.334(5) 
2.321(4) 
2.340(8) 
2.321(6) 
2.341(5) 
2.324(4) 
2.340(4) 
2.446(6) 
2.436(7) 
2.330(4) 
2.3 19(7) 
2.320(4) 
2.333(8) 
2.325(8) 
2.271(13) 
2.314(7) 
2.319(8) 
2.302(4) 
2.328(4) 
2.332(4) 

Reference 

DO51 

Pl51 

[1151 

ill51 

r1301 
11271 

11301 

P301 

11311 
11331 
[135a] 

obtained in a ratio of 73% to 27% [64a,76]. The formation of four-membered MSe3 rings 
in 29 seems to be unique because it only occurs in the M*/SeX2- system. No metal poly- 
sulfide compounds containing MS3 rings are known. Attempts to separate these two iso- 
mers were said to be unsuccessful. The structures of all these anions are reproduced in 
Fig. 8. The representative bond distances and bond angles are given in each drawing. 
Except for 25 which contains no Se-Se bonds, these molecules only differ in the size of 
their MSe, rings. Again, all metal centers have a distorted square-pyramidal coordination 
geometry. In addition, there are metal-metal bonds in all structures. 

Compared to the tungsten system, little is known about the oligomeric molybdenum 
polyselenide chemistry. This may be attributed to the fact that under the same conditions 
molybdenum polychalcogenide compounds are more difficult to crystallize than their 
tungsten analogs. The following compound seems to be the only isolated and structurally 
characterized molybdenum species in the above family. Cs21JvI%02Se2(&J2] (30) was 
prepared by the hydrothermal method at 110°C [77]. Figure 9 shows the structure of the 
[Mo202Se2(Se2)2] anion. 

Recently, the application of the hydrothermal technique to the synthesis of transi- 
tion metal polychalcogenide compounds has suddenly opened up a new avenue to the 



A4.G. KanatzidiscmdS.-P. Huang/Coord. Gem. Rev. 130 (1994) 509-621 523 

Fig. 8. The structures of [W$$]*; [W$3e@g)(Ses)]*-, [W#e~(Se2)(Se,)]*- and [W$YJe~(Se&]. 

cluster chemistry of molybdenum polyselenides. This was first demonstrated by the pre- 
paration of a large cluster K12[Mo12Ses(Se2),8(Se3)4] (31) as the prelude [78,79]. Com- 
pound 31 was prepared by reacting MO metal (0.5 mmol) with 2 equiv. of K2Se., and 
0.3 ml of water in a sealed Pyrex tube at 140°C for 60 h. The struuture of [Mo12Ses_ 
(Se2)is(Se,),11*- is shown in Fig. 10. It is a cluster made up of four smaller trinuclear sub- 
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CF> 

Fig. 9. The structure of [M~O$3ez(Se&12-. 

Cluster (B) 

Cluster (Cl 

Fig. 10. The structure of ~o,*Ses(S~)lg(Se3)41 12-. The black circles represent MO &oms. The 
open circles represent Se atoms. 
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Cluster (A) 

Cluster (B) 

Fig. 11. The structures of three different subclusters in the FIotzSes(Se2)t*(Se3)~]t2- anion. 

clusters with slightly different structures. These subclusters can be divided into three 
different types, i.e. A, B and C, whose structures are shown in Fig. 11. Since B and C are 
both connected to A and also bisected by a crystallographic mirror plane, the main cluster 

[Mo12se8(Se2)18se3)41’2- contains two A units, one B and one C unit connected together 
in the sequence of A-B-A-C. There is extensive M-M bonding in each,Mo3 units with an 
average Mo-MO distance of 2.75(2) A. If we neglect the Mo-MO bonds, the molybdenum 
atoms have heptacoordination with a formal oxidation state of 4+. The most striking fea- 
ture of these subclusters is that an extra selenium atom interacts with @e selenium atoms 
of the three Se22- ligands as shown in Fig. 10 and Scheme 2, forming a [Se# umbrella- 

Scheme 2. Structure of the umbrella-like [Se#- fragment in 31. 
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0 
0 

0 

0 

Fig. 12. A stereoview of two “interlocking” zigzag chains in [Mo@e(Se&(Se$o(e&J82’-. The 
isolated circles are K atoms. 

Fig. 13. Structure of the repeating unit [Mo$e(Se&(Se&3e.#-. 
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like iiagment with the Se~w$ie~~j distances ranging from 2.%(l) to 3.03(l) A (average 
2.76(15) rr>. 

Further exploration of this system under hy~o~e~al conditions revealed that this 
is a very fertile area in metal polychalcogenide chemistry. For instance, the reaction of 
MO metal, K2Se4 and HZ0 in 1: 1 A222 ratio at 135°C for 3 days yielded Kr[MosSe(Se& 
(Se3)(Se&J (32) [80]. The reaction of MoOx, I&S% and HZ0 in I:2922 ratio under the 
same conditions as above yielded K&vI~(Se)~(Se&j.4HZ0 (33) [80]. Compound 32 is 
the first known molybdenum polyselenide polymer. 

The structure of [MosSe(Ser)s(Ses)(Se,)21nZ” is illustrated in Fig. 12. It consists of 

a zigzag chain structure made up of the repeating unit shown in Fig. 13. In this unit, the 
same trinuclear [Mo3@3-Se)(,uz-Se2)s]4+ cluster core, as found in 31 is also recognizable 
as a building block. The one-dimensional chain is formed through the cross-linking at 
MO(~) and Mo(3) by bridging Se4*- ligands. In addition, a terminal selenium atom from 
the Ses*- ligand at Mo( 1) stretches out to the center of three selenium atoms of three p2- 
Se**- ligands of the [Mo3(,f+Se)@2-Se&]4+ cluster in a neighboring chain, as shown in 
Fig. 14. This generates a similar [Se,] s- “umbrella” as shown in Scheme 3. Such an un- 

Fig. 14. Interaction between the Sq” ligand and the [Mo~(B~-S~)Q+-S~$~]~’ core in 
iMo3se(s~2)~ts~3)(se4)21~~. 
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Scheme 3. Structure of a different type of the umbrella-like [Se# fragment in 32. 

usual bridging interlocks the different chains, and gives the structure a two-dimensional 
character. The average disumce between Se and Se is 3.15(16) A, while the average 
Mo-MO distance is 2.77( 1) A with the molybdenum atoms all in the 4+ oxidation state. 

The ~M~(Se)~(S~),sJ~ anion is also assembled with the same trinuclear fMo$&- 
Se)@&e,)s]4’ core. It contains a linear array of three such clusters designated as A, B 
and C along with an encapsulated selenium atom sitting in a pocket created by two trian- 
gular rings of six selenium atoms from each three peLz-Sezz- ligands in E and F, as shown in 
Fig. 15. Such an interaction creates an intriguing [Ser#- “double-umbrella” as shown in 
Scheme 4. 

On the other hand, the prSe2- ligand from B now acts as an apical selenium atom 
to the triangular ring of three selenium atoms from tbe three ,u2-Sez2- ligands in A, 
resulting in yet another type of [Se,] TV “umbrella”, as shown in Scheme 5. Finally, there is 
an ~usually short intercluster Se~28~,..S~28) distance of 2.98(l) !i between two dit%erent 
[~o~(Se~4(Se~),s]~ clusters involving a terminal diselenide &and in C. These two clus- 
ters are related by a crystallographically imposed inversion center as shown in Fig. 16. 
The distance between the Seta,,) atom and the six Se atoms in the double umbrella ranges 
from 2.80(2) to 3.182(9) A, while that between the Se(,) atom and the three Se atoms in 
the single umbrella has an average value of 3.13(6) A. The average Mo-MO distance in 
all clusters is 2.77(l) A. 

Scheme 4, Structure of the double umb~ila-Iike [Set#- fragment in 33. 
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Fig. 15. The structure of [Mog(Se)4(Se$&-. Top: ORTEP representation d labeling scheme of 
the [Mo&3e)&4e2)18]s- anion. Bottom: stereoview of the [Mog(Se)4(Se$lg] anion. Black circles 
represent MO atoms. 
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Scheme 5. Structure of a third type of the umbrella-like [Se,]& fragment in 33. 

Slight variation of the reaction conditions in the Mo0&Se2/H20 system leads to 
the isolation of different clusters. For example, increase in the reaction time gives rise to 
K,JMoa(Se),(Se&] *4H20 (34) [81], which can be thought of as an excised f?agment 

1) A 

Fig. 16. The intercluster relationship between two [Mog(Se)&e&s]& anions. 
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Fig. 17. The structure of [Mo&e)3(Se2)i2]. 

from 33. This cluster simply contains the same subclusters found in 33 without any 
intercluster SeSe interaction (Fig. 17). Prolonged heating (up to 30 days) will eventually 
degrade the product to the isolated trinuclear cluster Kz[Mos(Se)(Se&] (35). Figure 18 
shows the structure of [Mos(Se)(Se2)J2-. The sulfur analog of this cluster has been known 
for some time [82]. It is found that the cluster [Mos(Se)(Se2)J2- can best be made with 
MeaN+ as the counterion [8 13. 

The reaction of Me(OOCHs), with K2Te4 in en in the presence of cryptand results 
in the very interesting cluster compound [K(crypt)]2[Mo4(Te$s(Tel)zo41 (36) [37] 
which contains two face-sharing Mo=Mo6+ subunits connected together by a p4-Te22- 
and two p2-Tes2- ligands as illustrated in Fig. 19. Between each MomMo6+ subunit reside 
two p2,q1-Te22- ligands. The octahedral coordination of the molybdenum is completed by 
a bidentate en molecule. The cluster possesses virtual C, symmetry with a crystal- 
lographically imposed inversion center at the midpoint of the pa-Te22-. The Mo-MO bond 
distances are 2.469(3) A in the MomMo6+ subunits. 
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Fig. 18. The structure of [Mo3(Se)(Se&, 

TeW ( 

Q Te6’ 

‘et5 u N2 c2 

d Te6 Te6 

Fig. 19. Two different views of [Mo4(Te&(Te3)z(en)& 
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The chemistry of chromium appears to be profoundly different. Thus far, analogs of 
the aforementioned compounds that contain high-valent metal cen~rs have not been 
obtained with chromium. Instead, chromium forms two trinuclear cl- with the heavy 
polychalcogenides in which the metal is found to be invariably in the .3+ oxidation state 
[36b]. Compounds (PbP)3[Cr,(Se4),] (37) and (Ph,,P)3[Cr,(Te4),J (38) have a similar 
structure, although they crystallize in different unit cells. They were prepared by react- 
ing CrC13 with K2Se3 or KzT% in DMF. Figure 20 shows the structure of the 

Qt4) 

QI 1’1 

wQ(I 0) 

Q!ll, 

Fig. 20. The structure of [Cr$Q&]3- (0 = Se or Te). The top view emphasizes the metal 
coordination and the bottom view shows the S6 molecular symmetry. 
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[Cr,(Q&J3- (Q = Se or Te) anion. With Q = Se, two crystallographically independent 
anions were found in the same unit cell. These linear clusters can be viewed as being 
formed by two [Cr(Q4)J3- molecules coordinating to a third CrJ+ each through one of the 
triangular Q3 faces defined by three adjacent terminal atoms in the chelating Qd2- ligands. 
All chromium atoms are thus octahedrally coordinated. Both compounds are 
paramagnetic with ,u,,r= 5.25~~ for 37 and 5.74~~ for 38 at 300 K, respectively, 
consistent with a S = 3/2 spin system with reasonably strong antiferromagnetic coupling in 
each case. It is noteworthy that [Cr(Q,)3]3- belongs to the [M(bidentate)J system, and 
should give rise to optical isomerism [83]. With an inversion center located at the central 
metal atom in 37 and 38, the molecules possess S, symmetry with the improper axis 
running through the chromium atoms. Thus, these compounds are two rare examples of 
purely inorganic meso compounds. The Cr-Cr distances of 3.20 A in 37 and 3.41 A in 38 
rule out any possibility for metal-metal bonding in these two structures. Interestingly, 
homoleptic chromium polysulfide complexes have not been reported to date [27,28]. 

@I The chemistry of Group 7 elements (Mn and Re) 
The only homoleptic compound found in this group is (Ph4P)2[Mn(SeJ2] (39) 

[U-86]. This compound is either isostructural, or has a structurally similar anion to the 

Fig. 21. Structures of the two [Mn(Se4)2]2- anions found in the (Ph4P)$Mn(Se,),] crystal lattice. 
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many metal octachalcogenide analogs in which the divalent transition-metal atoms have a 
tetrahedral or square-planar coordination with two bidentate Qd2- (Q f: S, Se or Te) lig- 
ands (vide i&a) [87]. Compound 39 can be readily prepared by reacting MnC12*4Hz0 
with LizSee in DMP [85], or by reacting anhydrous MnC12 with KzSq in the same solvent 
[86]. In addition, the complete oxidative decarbonylation of Mn2(CO)10 by K2Ses also 
provides a convenient access to this compound [84]. This compound, regardless of its 
preparation route, crystallizes in the space group P2r (No. 4) with two crystallo- 
graphically inde~nd~t anions in the same unit cell. Figure 2 1 shows the two s~c~lly 
similar anions found in the crystal lattice. The metal centers are each tetrahedrally 
coordinated by two Se4 2- ligands with all the MSe4 rings having an envelope 
conformation. The average Mn-Se bond distance is 2.545 A, while the Se-Se distances 
range from 2.292 to 2.327 I% [84]. 

(@ The chemistry of Group 8 elements (Fe, Ru and OS) 
Compound (Ph.+P)z[FezSe,(Se,)z] (7) is among the fmt homoleptic species of tran- 

sition metal heavy polychalcogenides whose structures have been authenticated early by 
X-ray single-crystal analysis [34]. Compound 7 was prepared by reacting FeClz with 
6 equiv. of elemental selenium in the presence of sodium metal in DMF at 70°C. This 
compound was found to have almost the same structure as its sulfur analog 
(Ph,P)2[Fe2S2(S,)2] (40) [88]. The structure of [Fe2Se2(Se,)2]2- anion is shown in Fig. 22. 
This Spiro-tricyclic molecule consists of a central Fe2Se, rhomb and two FeSes rings. The 
former is situated on a c~s~llo~phic inversion center giving rise to a perfectly planar 
FezS2 ring. The six-membered FeSef rings have a chair co~fo~ation with a dihedral an- 
gle of 72.3’. Two Fern atoms are ~~~11~ c~rdinated by monoselenide SG- and pen- 
taselenide Ses2- ligands. The molecule possesses idealized C, symmetry. The Fe-Se 
bond distances are Fe-Se( 1) 2.329(2), and Fe-Se(1’) 2.3 17(2) it. The average S&Se dis- 
tance is 2.337 A, while the Fe-..Fe distance is 2.787 A. Recently, this [Fe$Se2(Se5)2]2- 
molecule has been obtained again as the PPN+ salt through the reaction between 

Fig. 22. The structure of [Pe#q(Se&]” anion found in the (PhPk[Fe$k#e&]. 
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FeCp(CO)I and Li+q in DMF at 100°C [89]. (PPN)z[Fe$@(Se&]-2DMF (41) contains 
the same anion as found in 7. 

The easy isolation of the Fe”’ complex from the above two redox reactions between 
the Fe** salt and polyselenide ligands might have suggested that Fern is the only 
“compatible” oxidation state with exclusively polyselenide ligands. Thus, the Fe” species 
had not been seriously sought until recent careful scrutiny on this system in our laboratory 
revealed that the Fen does form a stable homoleptic polyselenide compound, under proper 
conditions [go]. The (PbP)z[Fe(Se&] (42) can be readily obtained by reacting FeC12 
with 2 equiv. of NazSq in DMF at room temperature and crystallizes in two different 
space groups. a-(P~P)2[Fe(Se4)2] is isostructural with the (Ph,,P)2[Mn(Se&] (39) (space 
group P2r (No. 4); vide supra), having two crystallographically independent [Fe_(Se&]*- 
anions in the same unit cell, while the /&form crystallizes in the space group PI (No. 2) 
with only one [Fe(Se&]*- anion in the asymmetric unit. Nevertheless, X-ray single- 
crystal structure studies show that all [Fe(Se,)2]2- anions have a similar structure as 
illustrated in Fig. 23. The compound is paramagnetic, obeying Curie-Weiss law in the 
temperature range of 10 K to 300 K. The pu,ff is consistent with a high spin tetrahedral d6 
configuration. 

Numerous unsuccessful attempts have been made in our laboratory to prepare ho- 
moleptic polysulfido(selenido) complexes of ruthenium by using various ruthenium salts 
such as RuC13, Ru(DMSO)~C~~ or Ru(acac)J, etc. as starting materials [91]. Due to com- 
plex electron transfer processes between Run+ and Q*- (Q = S or Se, x = 24), these 
reactions often yielded very ill-defined mixtures possibly containing ruthenium in differ- 
ent oxidation states. Furthermore, pure species could not be extracted from such mixtures 
by fractional crystallization. So far, there are no reports of homoleptic complexes of poly- 
chalcogenides for ruthenium or for its heavy congener osmium [27,28]. The first Ru/Sez2- 
complex contains CO co-ligands and it is described elsewhere in this review. 

Fig. 23. The structure of [Fe(Se&]*- anion found in/?-(PhdP)2[Fe(Se&J. 
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Fig. 24. The structure of [Co3(Se4)6]3-. 

(I$ The chemistry of Group 9 elements (Co, Rh and Ir) 
From the three elements in this group, only cobalt forms a homoleptic complex. 

(PP~3[Co~(Se~)~J*2D~ (43) can be prepared by rea&g CoCl~.6H~O with L&S+ in 
DMF in the presence of PPNCl at 100°C [g9]. The structure of [Co@e&]3-, as shown in 
Fig. 24, is analogous to the two @’ ~lychal~~~d~, &‘?r3(Q&J3- (Q = Se or Te, vide 
supra}. The average Co-Se distance is 2.37 A, and the avemge !k-Se distance 2.36 A. 

Q) The chemistry of Group 10 elements &Vi, Pd and Pr) 
In this group we find a rare example in which polysulfides, polyselenides and 

polytellurides form analogous isostructural complexes of the type Fz(q,)J2- (M = Zn, 
Cd, Hg, Mn, Ni or Pd, vide i&a). Otherwise, such a similarity is rather an exception than 
a rule in Mn+/QX2- systems. The representative structure ‘formed by the elements of this 
group with polychalcogenide ligands is the square-planar assembly shown in Scheme 6 
with the formula [M(Q4)2]2- (when Q = S or Se, M = Ni or Pd and when Q = Te, M = Pd). 
Thus, along with the known JNi(Sd)2]2- [87a,b]-end Ipd(S4)2]2- [Ua], the [Ni(Se&12- 
186,921, [Pd(Se4)J2- [ 14d,86] and [Pd(TeJ2]2- [93,94] were synthesized and structurally 
characterized. All of these anions have essentially the same structure which contains a 
square-planar metal center chelated by two Qh2- ligands. ~4P)2~i(Se~k] (44) [92a] and 

Scheme 6. The structure of the [M(Q.+).& anions, where M = Ni or Pd; Q = Sd or Te. 
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(PlbP)IIPd(Se&] (45) [14d] are isostructural to each other (space group P21 (No. 4)), 
but (Ph4P)2[Pd(Te.&] (46) [931 crystallizes in a different space group (Pi (No. 2)). In 44, 
both MSe4 rings have the half-chair conformation [92a]. In (PEtPh&[Ni(Se&] (47) [86], 
the molecule is situated on an inversion center and the NiSe.+ ring has a distorted envelope 
conformation. In (Ph_,P)2[Pd(Se&] (45), both PdSe, rings have the half-chair 
conformation [14d]. In 46, both PdTe4 rings have the half-chair conformation while in 
(Ph,P)2[Pd(Te&] *DMF (48) [94] both PdTe4 rings have the envelope conformation. 

The existence of polyselenide species containing the square-planar Pt2+ is nebulous 
although claims have been made, based on spectroscopic data and elemental analyses, that 
[Pt(SeJ212- [14d,86] are stable in both solution and in the solid state. In the polysulfide 
system, X-ray diffraction studies confirmed that all [Pt(Ss)3]2- [95,96], [pt.+S4(S3)#- and 
[Pt(S&]2- [97] are stable compounds. To date, only the high-valent platinum poly- 
selenide complexes [Pt(Se&12- [98] and [Pt$e4(Se&J4- [97] are structurally confirmed. 
The (PbP)2[Pt(Se4)s] *DMF (49) can be prepared by reacting Pt(xanthate)2 with Li2Se, 
(generated in situ) in DMF in the presence of PhPCl [98]. The structure of the 
[Pt(Se4)s12- anion consists of a central Pt? ion chelated by three Seb2- 1igand.s as shown in 
Fig. 25. The coordination geometry of Pt“+ in this complex is octahedra1 approaching D3 
symmetry, with the P&Se bond distance varying from 2.479(4) to 2.491(4) A. All PtSe4 
rings have the envelope conformation. The Pl?’ center in the molecule was generated by 
the redox reaction between the Pt2+ and the polyselenide. It should be noted that this 
molecule can give rise to optical isomerism. The above compound is a racemic mixture 
similar to the [M(bidentate)3] class of complexes [83]. 

It is now generally recognized that polyselenide ligands are more tolerant than their 
sulfur counterparts towards the different oxidation states of metal centers to which they 
are bound, The ability of polyselenides to stabilize the higher oxidation state as well as 

Fig. 25. The structure of [pt(Se&]2-. 
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Fig. 26. The structures of (A) ~@e#e&(Se.+)]” and (Et) [Ni,+Te4(Te&(Te&]“. 

the “normal” oxidation state of the transition metal is manifested by the formation of 
compounds where the metal centers can adopt different oxidation states. In the systems 
Au*/SeX2- (n = 1,3) (vide i&a), FeVSeX2- (n = 2,3) (vide supra), and NiVSe,*- 
(n = 2,4), complexes with the metal in either oxidation state can form. In the correspond- 
ing ~lysul~d~s, only one oxidation state of the metal is found to forq a stable complex. 
This is best illustrated by the existence of two Ni4+K& clusters. The 
~~N)~~i4Se~(Se~)~(Se4)] -xEt,NCl (x = 0, 1) (50) can be obtained by a spontaneons as- 
sembly reaction involving a redox process between NP+ (z - I or 2) d Se,Z- [99). The 

T [Ni4Se8(Se&(Se#- anion, whose strncture is shown in Fig. 26(A), c nsists of four dis- 
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Fig. 27. The structure of [~Se,(Se&,]4-. 

torted octahedral Ni4+ centers (d6 configuration) each bridged by three j+%‘- ligands in 
the cubane framework and three terminal selenium atoms of the Ses2- chelating chains (or 
the Sed2- chain between Ni(2) and Ni(4)) that span each two nickel centers. The Ni-Se 
bond distances range from 2.338(8) to 2.442(8) A. This cubane-like structure is adopted 
in the polytelhnide analog, (Et4N)4[Ni4Te4(Te2)2(Te3)4] (51) from similar reaction condi- 
tions [99b]. In [Ni4Te4(Te2)2(Te3)4]6, two Te2 *- ligands are on opposite faces of the cu- 
bane while four Tes2- ligands criss-cross the reset of the cubane faces as shown in Fig. 
26(B). The Ni-Te bond distances range from 2.492(2) to 2.667(2) A. The average Ni-Ni 
distances of 3.50(6) A in 50 and 3.7(l) 8, in 51 indicate that there is no Ni-Ni metal 
bonding. However, the presence of the Sed2- in 50 and the Te22- in 51 imposes distortion 
on these two cubanes. This structure is also found in [Pt4Q4(Q3)J4- (Q = S (52), Se (53)) 
[97]. Both compounds are prepared similarly by hydrothermal reactions. Compared to 50, 
these two cubanes are less distorted because all bridging ligands are Qs2-. Figure 27 
shows the structure of [Pt.+Se,(Se&J4-. 

The structural diversity of the polychalcogenide chemistry of this group is not limit- 
ed to the above examples. One notable compound is (NHJ2[PdS1r] (54) [ 1001 which was 
reported to have a polymeric layered structure containing Ss2- and disordered Sb2- 
ligands. A salient feature of this compound is, that it has a small counterion which is prob- 
ably responsible for its structural departure from the typical molecular motif. We explored 
a similar behavior by using small alkali ions such as Na+, K+ and Cs+ as counterions, 
coupled with the hydrothermal technique (for overcoming the solubility problem of the 
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alkali salts in organic solvents). Based on our previous experience, the counterions used 
to crystallize the labile anionic complexes formed between metal ions and polychalco- 
genide ligands often have a most profound influence on the structures of the crystallized 
products (vide infra). 

The hydro~e~al reaction of PdClz with KzSed in the presence of KOH and Hz0 in 
the 1:5:5:40 ratio in a sealed Pyrex tube at 110% for 1 day produced Kz[PdSeIe] (55) 
1.101 J. This compound is polymeric, featuring interpenetrating frameworks formed by two 
remarkable macroauions of [Pd(Se.&]2- and [Pd(Se6)@. in these twcr macroanions, pal- 
ladium atoms still have the square-planar geometry. However, both Sed2- and Ses2- lig- 
ands, instead of being chelated to the same metals, are now acting as extended zigzag 
chains to bridge diRerent metal centers. Figure 28 shows the repeatiug units [Pd(Se&]2- 
and [Pd(Se&J2-. The frameworks thus formed penetrate into each other’s voids witb the 
PdSe4 square planes from one framework stackiug directly above and below those of the 
other (6.44 A apart). Figure 29 depicts this iuterpenetrating behavior. There are no co- 
valent or ionic bonds rather than van der Waals interactions between the two frameworks. 
However, it is almost impossible to describe the complex arrangement of the Se,Z- (X = 4 

Se6’ 

Fig. 28. Sutures of the repeating units [pd(Se&J” and [Pd(Se&$ in K&dSerc]. 
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(A) 

Fig. 29. Schematic view of the interpenetrating behavior of [Pd(Se&]*- and [Pd(Se,)2]2- frame- 
works. 

(W 

Fig. 30. Stereoview of the individual substructures of (A) [Pd(Se&]*- and (B) [Pd(Se6)2]2- 
frameworks looking down the c-axis. Filled circles are Pd atoms. 
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Fig. 31. Stereoview of the [Pd(Se&12- substructures looking down (A) the u-axis and (B) the b- 
axis, illustrating the large one-dimensional channels. 

(B) 

Fig. 32. Stereoview of the [Pd(Se&12- substructures looking down (A) the q-axis and (B) the b- 
axis illustrating the large one-dimensional channels. 
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Scheme 7. (A) Stable assembly of mutually screened Ph,+P+ cations and [Pd(Se&12- anions. (B) 
Substitution of large Ph,P+ for K+ results in short anion-anion contacts developing destabilizing 
repulsive interactions. The latter are represented by dotted lines. (C) A stable assembly is possible 
by converting chelating Sex2- ligands to bridging. 
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or 6) chains and Pd atoms in 55 by verbal expression. Thus, we show three figures in the 
following to illustrate the individual structures of [Pd(Se,&12- and fpd(Se&12- (Fig. 30), 
large one-dimensional tunnels in the kuneworks of [Pd(Se&#- (Fig. 31) and 
fPd(Se&]2- (Fig. 32), respectively. The average P&Se distance is 2,462(S) A, and the 
average Se-Se distauce 2.35(2) A. The angles around pail~i~ atoms are 90”. 

The fact that the same anion [Pd(Se&]*- can be either discrete molecular (when 
crystallized with PI@+) or polymeric (when crystallized with K+) illustrates the impor- 
tance of the counterion size in determining the structures of many of these anionic com- 
plex species. This can be explained by the “ion screening effecf’ in the crystal lattice. As 
shown in Scheme 7, when the large Ph#+ cation is replaced by the much smaller K+, the 
[Pd(Se&]2- anions can no longer be effectively screened, resulting in des~bili~g 
repulsions. One way in which the system responds to such a change is to convert the Se.,*-- 
ligauds from chelating one palladium center to bridging two neighboring palladium 
atoms, thus leading to elimination of Coulombic repulsions and a decrease in the lattice 
energy. The K2[PdSelo] is a semiconductor material with a well defined optical band gap 
of 1.5 eV. The solid state optical absorption spectrum of this compound is shown in Fig. 
33. 

2 4 

Energy (eV) 

6 

Fig. .33. Solid-state optical abortion spectrum of K#dSelo]. 
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Se6 

Se 

Fig. 34. The structure of [Cu,(Se&Se&]4-. 

ci;i The c~ern~~ of Group 1 I e~~rne~~~ (Cu, Ag and Au) 
Compared to the plethora of ~lysul~d~ complexes known for copper [102], the 

number of co~es~n~ng ~lyselenide and pol~elI~ide ~ornpo~~ that have been 
isolated and s~c~lly characterized is small. There are four complexes known so 

f=, (PhsP>4[Cu2tse4)(se,),l (56) W311 (Ph4P)2[Cu4(S~4)2.4(Se510.61 (57) E1041, OW% 
[Cuz(Te4&J (58) [ 1051 and ~Me4N)[Cu(Te4)] (59) [106]. Compound 56 was prepared by 
reacting CuCl with 2 equiv. of L&Se6 (generated in situ) in the presence of PbPBr in 
DMF at 120°C [103]. The structure of the [Cu2(Se4)(Se&J4- anion, as shown in 

13A 

ttB Se38 

Fig. 35. The structure of [CW4(Se4)2.4(Se5)o.6]2-. 
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Scheme 8. Structure of the hypothetical [Cuj(Se&]3- trimer. 

Fig. 34, consists of a five-membered C&Se4 ring and a six-membered CuSeS ring bridged 
by a Ses2- chain. Both copper atoms have a trigonal planar geometry. The C&Se bond 
distances range from 2.26( 1) to 2.38( 1) A. Compound 57 was prepared from the reaction 
of mixing CuC12*2H20, Na, Se and PbPBr (in the ratio 1.9:10.4:30.4:3.8) in a DMF/ 
CH3CN solution at 60°C [104]. The anion [C~(Seb)2,4(Ses)o,6]2- is a cluster, featuring a 
tetrahedral array of copper atoms held together by three Sed2- ligands, as shown in Fig. 
35. It thus contains a highly distorted Cu.$e6 central adamantane-like core in which all 
copper atoms assume trigonal planar coordination. It is noticeable in this figure that ring 
C is disordered, being either Ses2- (59%) or Sed2- (41%). Otherwise, all CuSe4 rings have 
an envelope conformation. Alternatively, the structure can be regarded as being derived 
from the cyclic [Cu3(Se4),]’ trimer shown in Scheme 8 by folding up the terminal 
selenium atoms to bind to the fourth copper atom which approaches the trimer from the 
direction of the C3-axis. 

The (Ph,P),[Cu2(TeJ3] (58), obtained from the reaction of CuCl with Na2Te3 in the 
presence of Ph.,PBr in DMF [105], has a similar structure to (P~P)&u2(Se,)(Se,)2] (56). 
However, two five-membered CuTed rings are now bridged by a Ted” instead of TeS2- 
chain, as shown in Fig. 36. Copper atoms again have a trigonal planar geometry. The 
Cu-Te bond distances range from 2.465(5) to 2.520(4) A. When Me4NCl was used as the 
counterion in the reaction of (Ph3P)3CuCl with K2Te4 in DMF, a polymeric copper 
tetratellmide compound, (MeJ)[Cu(Te,)] (59), was obtained [106]. Compound 59 is a 
two-dimensional compound, composed of [Cu(Te& layers and non&eracting Me4N+ 
cations situated between the layers, as shown in Fig. 37. Figure 38 is a close look at an 
individual layer. Also shown in this figure are the layers formed by interconnection of the 
basic building blocks, five-membered CuTe, rings. These CuTe, rings are connected to 
each other through an unusual bridging mode, for a Ted2- ligand, as shown below: 

cu\ 
Te -Te 

T( /\ Te 

cu ‘cu 
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Tell 

Tel&. 

Te2 

Fig. 36. The strnctures of two ctystallogmphically independent [Cu#‘e,+)#- anions. 

Copper atoms have a distorted tetrahedral ~oor~mation. The Cu-Te bond distances 
rauge from 2.578(Z) to 2.725(3) A, 

As a consequence of the polymerization mode of the CuTe4 ring, the layers possess 
large holes made of 14-membered rings (see Fig. 38) with dimensions of 

Fig. 37. The ~~imensional structure of ~e~N)[Cu(T~~)]. 
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Fig. 38. A view of one [Cu(Te.,)]- layer. 

6.034(2) x 6.195(3) A. The conformation of this ring is puckered with the four Te atoms 
(two Te(4) and two Te(2)) pointed inwards defining a square planar site. The MeaN+ cat- 

ions assemble as a double layer between the [CuTe& layers (see Fig. 37), raising the 
possibility for ion-exchange studies with other cations. (Me#l)[CuTeb] represents a new 
addition to the already known AMQ, family (A = Ph,,P, MedN, K, Rb, Cs; M = Cu+, Ag+, 
Au+; Q = S, Se, Te) all of which feature low-dimensional structures. 

(Me&)[Cu(Te,)] is a diamagnetic semiconductor with a room temperature electri- 
cal conductivity 10m3 S/cm. This material starts to strongly absorb light in the near-i&a- 
red region, as shown in the optical spectrum in Fig. 39, suggesting a band gap 
(determined Tom diffise reflectance measurements) of 0.82 eV. 

The chemistry of silver polyselenides has proven to be equally versatile since sev- 
eral compositionally and structurally different species are readily isola le from a common 
reaction solution by using different counterions, as shown in eqn. (1) I 071: P 
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Fig. 39. Solid-state optical absorption spectrum of (Me4N)[Cu(Te& 

AgN03 + Na2Ses + &NC1 + [(~N),Ag,,(Se,,),] + NaCl + NaN03 (1) 
(or Ph,PCI) (or KPh4~M~,(Wz1) 

The KW9Ag(Se4)ln W), KWJYvdWl4 (61) and KMOJ)Ag(Se~)1, (62) be- 
long to the general family [Ag(Sex)ln”-. However, 60 and 62 have polymeric structures 
while 61 is a molecular cluster. Figure 40 shows three different views of an individual 
[Ag(Se4)],,“- chain in 60 [38a,107]. The one-dimensional chain is generated through the 
bridging between a terminal selenium atom and the silver atom in two neighboring AgSe4 
rings. The coordination geometry of the silver atom is trigonal planar. The four-mem- 
bered AgSe4 ring has an envelope conformation. The average Ag-Se bond distance is 
2.59(4) A. The structure of the [Ag(Se&,,“- in 62 differs from that of [Ag(Se4)],,“- in two 
ways as can be seen in Fig. 4 1. First, in 62, both terminal selenium atoms from the AgSe4 
ring are engaged in bridging, one directly bound to a neighboring silver atom and the 
other to an extra selenium atom which is subsequently coordinated to another silver atom 
as shown below. 

-Se r \ 
AtJ~se\Ag/-se\Ag 
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Fig. 40. Three different views of the one-dimensional [Ag(Se,&“- chain. 

Therefore, the molecule contains SeS2- instead of Sed2-, although the AgSe., ring is easily 
recognizable; Second, the silver atom in 62 assumes tetrahedral geometry. 

The structure of the [Ag(Se&4- tetrameric cluster in 61 can be regarded as assem- 
bled by four AgSe4 rings (Fig. 42). Four silver atoms are symmetrically disposed around a 
crystallographic inversion center, forming a planar rhombus. They are then “glued” to- 
gether via two different types of bridging terminal selenium atoms, i.e. two SeJ2- ligands 
each have one terminal selenium atom being p2-type, the other two Se42- ligands 

Fig. 4 1. The structure of the one-dimensional [Ag(Se&“- chain. 
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Se(G) 

Se(a) 

Fig. 42. The structure of [AgSe& 4- . 

have all the terminal selenium atoms of~&pe. The silver atoms are found to have two 
different coordination spheres, distorted tetrahedral (Ag( 1) and Ag( 1)‘) and trigonal 
planar (Ag(2) and Ag(2)‘). Both twisted-boat (Ag( l)-containing AgSe, ring) and envelope 
(Ag(2)-containing AgSe4 ring) conformations are found for the AgSe., rings. 

When the counterion is changed to Pr,N+, a different composition will be adopted 
by the system to yield (PqN)z[A&(Se&] (63). The structure of [Ag,,(Se,),]*- is analo- 
gous to the aforementioned trinuclear copper polyselenide cluster, (Ph,,P)2[Cu.,(Se4)2,4 
(Se&J (57) (see Fig. 35). Its Ph$+ salt is also known and found to have disorder 
containing either Se,+” or SeS2- in the molecule [ 1041. The actual composition was found 
to be (Ph,tP)z[A&(Se&t(Se&J (64) as derived from the X-ray crystallographic results 
[ 1041. Unlike the anion in 64, no disorder is found for the SeJ2- ligands in 63. 

The first silver polytelluride compound was (PbP)4[Ag2(Te4)s] (65), prepared from 
the reaction of AgNOs with K2Te3 in the presence of Ph,,PBr in DMF [ 1051. It is isostruc- 
tural to (Ph,,P),[Cu2(Te,&] (58). The structure of the [Ag2(Tes)#- anion is similar to the 
copper analog and warrants no further comments. Recently, we have isolated a new sil- 
ver-polytelluride (Me4N)[Ag(Te4)] (66) which is isomorphous to the layered polymeric 
(Me4N)[Cu(Te4)]. (Me&I)[Ag(TeJ] is also a diamagnetic semiconductor with a band gap 
(determined from optical measurements) of 0.8 eV. 

Interestingly, further structural diversity is encountered in the gold polyselenide sys- 
tem. It is largely due to a vacillating redox chemistry between Au* (n = 1,3) and Sez2-. In 
DMF solution, the reaction of AuCls with Na2Ses resulted in the isolation of a- 
(Ph4P)2[Se(Ses)2] (67), an oxidation product of Se5 2- by Ad+ [ 1081. The existence of this 
peculiar molecule had been mentioned before in a review article [ 1091, and its structure is 
discussed later along with those in the [A(Qs)212- (A = Te, Q = S, Se or A = Se, Q = Se) 
family. The above redox process is avoided if AuCN is used as the starting material. 
Surprisingly, a reverse redox reaction occurs in this case, that is, Au+ is oxidized by the 
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Fig. 43. The structure of [AuzSe#e&J2-. 

Ses2- to Au3+, yielding the dimeric complex (PPN)z[Au2Se2(Se&] (68) [108]. This com- 
pound contains two square-planar (d* configuration) Au3+ atoms bonded by two ,u2-Se2- 
and two bidentate chelating Se, 2- ligands, shown in Fig. 43. The four-membered 
[AuzSe2]*+ core is perfectly planar because this molecule is situated on a crystallographic 
inversion center (at the midpoint of the AWAU vector). The AWAU distance of 
3&O{ I) A in the structure represents a non-m&acting situation of two gold atoms in the 
molecule. The five-membered AuSe ring has a twist-boat conformation. The AuSe bond 
distances are in the range of 2444(2) to 2.461(2) A, The fo~~on of 68 was speculated 
through an internal two-electron transfer f&m the Au+ to the terminal Se-Se bond of the 
SeS2- @and. Scheme 9 i&strates this process. Although the Au+ intermediate, 
[Au2(Se,)-J2-, has not been isolated or detected, such a complex is structurally similar to 

tAU2(s4)212- (69). 
In a fbrther attempt at stabilizing the gold(I) polyselenide compounds, shorter 

polyselenide Se,2- (x = 2-4) ligands were used [l lo]. Three new compounds containing 
Au’+ were consequently obtained. The (P~Pk[Au2(Sez)(Se3)] (70) and (PPN)2[Au2(Se2) 
(Se3)] (71) were synthesized in a similar manner as above using Na2Se2 or Na2Se3 while 

Scheme 9. Transformation from [Au2(Se&]*- to [Au2Se2(Se&J2- via an internal electron transfer 
process. 
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Sef4f 

Se(2) Se(i) 

Set21 

Fig. 44. Two views of the [Au@Q)(S~,)]~- anion. 

(P~P)z[Au~(Se&SeJ)] (72) was obtained using NazSe4. Compounds 70 and 71 contain 
the same anion [Au2(Se2)(Sq)]“- whose structure is represented in Fig. 44 by the 
~~~llo~aphically refined anion in 70. This envelope-shaped seven-membered ring is 
made up of two linearly coo~inated Au+ atoms bridged by a Se22- and a Sq2- ligand. It 
has C, molecular symmetry. Two Au+ atoms show d*“-dto interaction at 3.004(2) A. The 
average Au-Se bond distance is 2.397(5) A. The [AuZ(Se2)(Se,)]2- anion in 72 is 
structurally similar to [Au2(SeZ)(Se#, as shown in Fig. 45. It has C2 molecular 
symmetry with the twofold axis running across the center of the AWAU and Se( 1 )-Se(l) 
vectors. The Au-Se bonds to Se22- are long at 2.433(5) A, while those to Sed2- are short 
at 2.355(5) A. The AWAU separation is also longer at 3.132(3) A, presumably due to the 
presence of the Sea2- ligand. 

The isolation of [Se, J2- and the Au+ and Au3+ complexes suggests that the Au+ ver- 
sus Au3+ interplay is largely influenced by the size of the SeX2- ligands. This is an excep- 
tion to a wide perception in this field that ligand preference of the metal ions are more 
important in determining structure than the sizes of the SeX2- ligands used. 

The only known pol~llu~de of gold is the planar symmetric [Au2(Te2)2]2- ring 
complex. This anion can be crystallized as (PP~2[Au2(Te2)2J (73) [ll I] and 
(Ph~P~[Au~(Te2)2J (74) [I 121. Figure 46 shows the struc.ture of this anion found in 74. 
The molecule is situated on a c~stallo~phic inversion center. The AWAU distance is 
2.905(2) A. The selenium analog of [Au2(Te2)r’J2- cannot be made even if Na2Sq is used 
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Fig. 45. Two views of the [Au#e$(Se~)]*- anion. 

as the starting material. This is because of the inability of the Se**- unit (-2.4 A) to ac- 
commodate two gold atoms 2.9-3.0 A apart. In other words, such a molecule would force 
the gold atoms to severely deviate from linear coordination. 

fi) The chemistry of Group 12 elements (Zn, Cd and HS;, 
The predominant structure for the divalent metal ions in this group is once again the 

tetrahedral molecule with two bidentate Q4*- ligands. The a-(PfbP)JM(Se&] (i.e. the 
monoclinic phase) is known for M = Zn (75) [92a] and Cd (76) [92a], and (Ph4P)* 
[Zn(Se4)*] is also found in triclinic form (77) (i.e. the /I-form) [113]. Interestingly, 

Tetl) Au 

Fig. 46. The structure of [Au2(Te2)2]2- found in (Ph4P)2[Au2(Te2)2]. 
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Se(S) 

Se(ll) 

Se171 

Fig. 47. The structure of [Hg(Se&Zn(Se,)12-. 

(PbP)2[Hg(Se&] also forms two crystal modifications, but neither is isostrnctural to the 
two known (Ph4P)2[M(Se4)2] phases (i.e. a- or j3-form). The a-(Ph.,P)$Hg(Se&] (78) 
[92a] and &(PbP)2[Hg(Se4)2] (79) [ 1141 both crystallize in the same space group @2,/c, 
No. 14) with different unit cells. Two strncturally similar, but conformationally different 
spirocycles of the [Hg(Se.,)J2- occur in the a-form while the B-form contains only one 
[Hg(Se&12- anion in the asymmetric unit. 

The easy access to these metal octaselenides are attested by the repeated X-ray 
structure detonation of the same anions with various counterions by several research 
groups. The following is a collection of those reportedz ~a(l5~0~-5)]2~(Se~)~] 
(M = Zn, Cd or Hg) [ 1151, (P~P)~[M~Se~k]~[WSe~] * DMF (M = Zn and Hg; co-crystal- 
lized with WSe42-) [116], [Li,( ~2~~~~~02CCH~)][Cd(Se~)2] [I 171, (p( I S-crown- 
6)]2[Hg(Se&])2 [ 1171 (a dimer formed through K+e interactions in the crystal lattice), 
[Ba( I 8-crown-6)(DMF)4][Cd(Se.&] [I 181. 

A heteronuclear compound containing two different metal atoms from this same 
group has been synthesized. The (Et4N)2[Hg(Se.&Zn(Se4)1 (80) [ 1191, obtained from the 
reaction of [Hg(SeJ212- with ZnC12 in DMF, consists of the [Hg(Se,)zZn(Se,)]2- anion 
formed by the chelating of the [Hg(Se4)2]2- molecule, via its two terminal selenium atoms, 
to a ZnSe4 ring, as shown in Fig. 47. A limited postional disorder exists between Zn and 
Hg. Interestingly, this compound can give rise to a coordination isomer, (Et$J)2[Zn(Se4)2 
Hg(Se3] (81), i.e. by switching the positions of Hg and Zn. However, the latter has not 
been prepared thus far. 

Isolation of new complexes other than the octaselenides in this group is also achiev- 
able by changing the reaction con~tions. For instance, [Zn(Se~~Se~)12- (82) [120] is ob- 
tained by using [Rb( 18-crown-6)]+ as the connterion. The zinc atom is now chelated by 
Se42- and See” ligands. In addition, there is a unique interaction between the Rb+ ions and 
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Fig. 48. Tbe structure of [Rb(l8-crown-6)]2[Zn(Se4)(Se,)], showing the interaction between Rb+ 
ions and Sed2- ligand. 

the selenium atoms of the Sed2- ligand, as shown in Fig. 48. The [Hg2(Se&J2- (83) was 
crystallized with two different counterions PbP’+ and [Cs( 18-crown-6)]+ [ 1141. The 
[Hg2(Se4)s]2- anion is the homonuclear analog of [Hg(Se4)2Zn(Se4)]2-. Figure 49 shows 
the structure of the [Hg2(Se4)s]2- anion. In addition, there are also extensive interactions 
between the Cs+ ions and the Sed2- ligands in the crystal lattice as shown in Fig. 50. 

Se 

Se 
2 

Se 

Fig. 49. The structure of the [Hg2(Se&]2- anion. 



+ 
+ Fig. 50. The interactions between Cs ions and the Se.& figands in [C~lg-crown-6)12CSe4~31 

crystal lattice. 

Fig. SI . Two views of ~Hg~(Se)s(~~)~4- (top}, and the one~imeusion~ connectivity of the clusters 
(bo~am). 
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Te2 Tel 

Te5 

Tel’ Te2’ 

Fig. 52. The structure of [M4(Te)2(Te&(Te&]k (M = Cd, Hg). 

If shorter polyselenide ligands, such as NazSez, are reacted with HgC12, a multi- 
nuclear cluster, (Et4N),,[Hg7(Se)s(Se,)] (84) is produced [121]. As shown in Fig. 51, the 
[Hgr(Se)s(Se,)]” anion in 84 can be best described as “a basket with two handles”. It 
contains four tetrahedral and three linear mercury atoms held together by a p4-Se2*- and 
eight p2- orps-Se*- ligand. The weak interactions of HgSe, at 3.256(5) and 3.235(5) A, 
between the clusters results in a linear chain of clusters running parallel to the 
crystallographic (1 1 0) direction. The Hg-Se bond distances around the tetrahedral mer- 
cury atoms ranges horn 2.508(6) to 3.101(7) A, while those around the linear mercury at- 
oms are between 2.399(5) and 2.452(5) A. 

By treating the ethylenediamine extract of the ternary alloy K2Hg2Te, with a 
methanolic solution of Bu,NBr or Ph,,PBr, two novel mercury polytelhrride compounds, 

(Bu4N)4[H&(Te)2(Te2k(Te3)21 (8) [351 and (Ph4PMHg2(Te)(Te&l (9) [351, are ob- 
tained. Figure 52 shows the structure of the [Hg.+(Te)2(Te2h(Te3)2]k anion. The structural 
similarity between the current cluster and [Hg,(Se)s(Se2)]” is apparent. A comparison of 
the two structures is given in Fig. 53. Conceptually, the structure of [HgT(Se)s(Se2)]” can 
be derived by replacing the Te3*- handles with two linear Se-Hg-Se units and one ,u4- 
Te2*- unit with another linear Se-Hg-Se unit. The Hg-Te bond distances are split into 
two groups: the average distance involving two coordinate tellurium atoms is 2.737 A, 

Fig. 53. Comparison between the [H&(Te)2(Te&(Te&]” and [Hg7(Se)@e&“. 
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Fig. 54. Two views of the [Hg2(Te)(Tez)& chain. 

while that involving three coordinate tellurium atoms is 2.954 A. Recently, we have pre- 
pared the cadmium analog of this pol~ell~de cluster, (Et4N)1IIC~{Te~,(Te2)2(Te3)2] 
(85) [ 1221. The [Hg~(Te~Te2)2]2- anion in 9 is a oRe-~~e~sional polymer, co~is~g of 
HgzTeS five-membered rings bridged by Tez2- units (Fig. 54, top). This one-d~e~ion~ 

chain is essentialIy planar, featuring trigonal planar geometry around the two mercury at- 
oms (Fig. 54, bottom). The average Hg-Te bond distance is 2.71 A. 

In the presence of (l %rown-5), zinc or mercury acetate reacts with K2Te3 in DMF 
to form [K(15-crown-5)2]2[MTeT] (M = Zn, He;) (86,%7) at 0°C (M = Zn) or -55°C 
(M = Hg) [ 1231. X-Ray difi+action studies show that both compounds have two- 

(B) 

Fig. 55. The structure of the unusual [HgTq]” anion. 
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(4 & 

a211 

Te(2d) 

(b) . h 

Fig. 56. The structure of the [ZnTq12-’ anion. 

dimensional disorder. Although the two compounds have similar unit cell parameters, 
their molecular structures are different. [HgTe712- is very unusual and contains formally 
Ted” and a Tes2- ligands. The Hg2+ center is trigonal planar and is c~rd~ted by one Te 
atom of a Tes2- ligand and chelated by another Ted2- ligand, as shown in Fig. 55(A). 
Figure 55(B) shows how these anions are arranged in the crystal lattice and the 
orientational disorder. The other terminal Te atom of the Tes2- fragment, is interacting 
with a Te atom from Teh2- via a close Te--Te contact of 3.258 A. This novel bonding 
arrangement results in the new Te, 4- ligand. The Te--Te interactions between atoms of 
different ligands are reminiscent of similar interactions described above in the Mo/SeX2- 
and Nb/TeX2- systems. It is noteworthy that two of the T+Te bond distances, i.e. 
Te(l)-Te(5) = 2.588(8) A and Te(2)-Te(5) = 2.657(9) A, are unusually short. The 
[ZnTe712- anion can be viewed as a Zn2+ bonded by a bidentate Te42- ligand and an ql- 
type Te32- ligand, producing a rare trigonal planar geometry for this ion. Figure 56 shows 
the arrangement of these anions in the lattice via Te..Te interactions and the disorder of 
the Tes2- fragment. 

(r) The &en&try of Group 13 &men& (Ga, In and To 

The scarcity of polych~cogenide complexes with Group 13 elements [27,28,39-41, 
1241, fueled with the search for soluble precursors to the semi~nducting compounds 
In2Sq, InSe, TISe and CuInSq, prompted a systematic investigation in our laboratory 
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into the synthesis of new soluble polychalcogenide complexes. In addition to the conven- 
tional solution method, exotic approaches such as hydrothermal techniques [79], and mol- 
ten salt methods, using the polychalcogenides of organic cations (e.g. (Ph4P),Ses) as 
fluxes, have been introduced for the preparation of new compounds [58]. These studies 
have not only benefited the chemistry of heavy polychalcogenides with Group 13, but also 
expanded significantly the field of polysulfldes because several new polysulflde com- 
plexes of this group have also been obtained. They are [In#4)2(S&(S7)]4- [125], 

[WC%XW2- W51, P?sW~XS&%)12- l?W, b@4XSdX12- (X = Cl and BO 
[125,126] and [T12(S4)212- [125]. 

The first reported polyselenide complex was (Ph4P)4[Inz(Se4)4(Se,)l (88) [ 1271. 
This selenium-rich dimer is prepared by reacting InC& with Na2SeS in DMF in the pres- 
ence of Ph,PCl. The anion [In2(Se4)4(Se,)]4- consists of two [In(Se4)2]- spirocyclic rings 
bridged by a Se52- chain, as shown in Fig. 57. Each indium atom is chelated by two Se42- 
ligands and bound to a terminal selenium atom of the Ses2- chain, resulting in an uncom- 

W7) 

Fig. 57. Two different conformations of the [In2(Se4)4(Se,)]4- in the crystal lattice. 
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Fig. 58. Two different conformations of the [In$5ej(Se&]3- resulting from disorder of the Sed2- in 
In(2). 

mon trigonal-bipyramidal geometry for the metal centers. The terminal selenium atom 
from the Ses2- chain is found to occupy one of the equatorial positions. Such a coordina- 
tion geometry is uncommon in indium chalcogenide chemistry. All InSeA rings adopt an 
envelope conformation. Despite the lack of centrosymmetry in this molecule, there is an 
inversion center located half way between the In...In vector, causing a positional disorder 
in the Ses2- chain. 

Often the formation and crystallization of metal polychalcogenide complexes can be 
greatly influenced by the nature of the counterions (vide supra). For some systems, com- 
positionally and structurally different compounds were isolated from the same reaction 
just by the selection of different counterions [35,107,128,129]. This was also probed for 
the In3+/Se,2- system by using various organic counterions to crystallize the complexes 
but no apparent dependence on counterion was found, as evidenced by the isolation of the 
same complex with two other cations Pr.,N+ and Et.,N+. The structures of (Pr4N)4 
[In2(Se&(Se5)] (89) and (Et4N)4[In2(Se4)4(Ses)] (90) were established by the X-ray 
single-crystal analysis [130]. The anions in 89 and 90 were found to be identical (within 
experimental error) to that in 88. However, when the above reaction was carried out in 
CH3CN solution in the presence of Et4NBr a different compound, (Et4N)3[In3Se3(Se4)3] 
(91), was obtained [130]. The molecule can be viewed as being’ formed by three 
[In(Sed]+ rings connected together through three p2-Se2- ligands. It therefore contains a 
six-membered In3Se3 ring with a puckered conformation. Three InSed rings adopt two 
different conformations. The one containing In(l) is like a twisted boat, and the others 
have an envelope conformation. The Se4 2- ligand chelating to In(2) has a positional 
disorder on two selenium atoms, leading to two different conformations of this InSe., ring 
as shown by the two ORTEP presentations in Fig. 58. All indium atoms are found to be in a 
tetrahedral environment. 
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internal e- 
transfer 

c 

Scheme 10. Transformation from [Tl~(Se&]3- to [T1$3e3(Se&]3- via an internal electron transfer 
process. 

ThalIium(II1) forms an analog to (Et4N)3[In@e3(Se,)3] (91) [131]. The structure of 
(Et~N)3~Tl~Se~(Se~)3] (92) is identical to 91, and shows no disorder in any of its T&e4 
rings. Since the synthesis of 92 is accomplished by reacting TIC1 with Na2Ser, the forma- 
tion of this Tin’ compound is thought to occur through an internal two-electron transfer 
fkom the Tl+ to the terminal Se-Se bond of the Se$*- ligand involving a precursor complex 
of TI’, [T13(Se5)3]33- (93). This is similar to what has been suggested in the Au+/Se52- sys- 
tem (vide supra), as shown in Scheme 10. 

Since the use of different solvents (i.e. DMF or CH$N) gives different complexes, 
the structural dependence on solvent was fbrther probed using water. In order to 
overcome the solubility problem of the starting materials as well as the products (i.e. 
quaternary phosphoni~ or Adonis salts) in water at room temperature and pressure, 
the hy~o~e~al technique was applied. Several new compost have been prepared 
[ 13 I]. The structures of these compounds are assembled with the proper number of 
[M(Se,)]+ units and an equal number of monoselenide ligands. For example, the simplest 
combination of these two ingredients leads to a dimer, [In2Se,(Se&]2-, shown in Fig. 59. 
It crystallizes with either Pr,,N+ or PPN+, giving (Pr4N)2[In2Se2(SeJ2] (94) and 
(PPN)2[In2Se2(Se4)2] (95). Both anions have essentially the same structure, featuring tet- 
rahedrally-coordinated Id* chelated by Se 42- ligands as well as two bridging Se” ligands. 
However, Ga3+ adopted Ses2- ligands forming (PlhP)2[Ga2S~(Se&J (96) (see Fig. 60) 

Fig, 59. The structure of [In$Sez(Se&J2- in (Pr~N~[In2Se2{Se~)~]. 
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Fig. 60. The structure of [GaSq(Se&]? 

[132]. (P~P)2[GazSez(Se&] is isomorphous to (PbPh[Fe2Q2(Q&] (Q = S or Se). It 
should be noted that the gallium dimer was prepared by the reaction of GaCls with NazSeS 
in DMF in the presence of Ph.tPCl. Interestingly, (Et,$I)JNaIn,$e~(Se&] (97) [131] 
contains a much larger ring. This time, the number of the structural units is sextupled, 
giving another homologue of the [InSe,,(SeJ,J* family. The molecule contains a large 
puckered I&Se6 ring which creates a pocket with an octahedral environment, as shown in 
Fig. 61. A Na+ ion is found to be encapsulated in this cavity. In view of its structural 
analogy to crown ethers, this compound may be seen as an inorganic crown ether. 

Fig. 61. The structure of [NaIn&#e&]s-. 



566 M.G. Kanatzidis and S. -P. Huang / Coord. Chem. Rev. 130 (1994) 509-621 

Fig. 62. The structure of lT14Se&e&(Se&]4-. 

When the hydrothermal technique is applied to the Tl/Se,Z- system, a novel tetramer 
is obtained. (Ph4P)4[T14Se4(Se2)2(Se4)2] (98) is prepared in a sealed Pyrex tube by the re- 
action of TlCl, K2Se4 and Ph,PCI in a 1: 1: 1 molar ratio at 100°C for 1 day [ 1331. The 
structure of the [T14Se4(Se2)z(Se4)2]4- anion is shown in Fig. 62. The molecule consists of 
four, almost linearly arranged, tetrahedral TP+ centers which are upheld by two chelating 
Se42-, two bridging Se22- and four bridging Se2- ligands. The Tl(l)-Tl(lkTl(2) angle is 
164.7“. [T14Se4(Se2)2(Se4)z]” is situated on an inversion center. The Tl( l)-Tl( 1) distance 
is 3.583(6) A, and the Tl( l)-Tl(2) distance is 3.834(4) A. Each five-membered TlSe4 ring 
has an intermediate conformation between envelope and half-chair. The Tl-Se bond dis- 
tances range from 2.584(7) to 2.802(B) A with an average of 2.665 A. 

Further exploration of the solvent dependence came across the use of (Ph,P),Se, as 
the reaction medium as well as reagent [58]. The reaction of Ga, In or Tl with (PhP)#es 
in the presence of elemental selenium in a sealed Pyrex tube at 200°C yielded three 
isotypic compounds, (Ph,P)[Ga(Se&] (99), (Ph4P)[In(Se&] (100) and (Ph.,P)[Tl(See)2] 
(lOl), respectively [134]. The [M(Se&]- (M = Ga, In or Tl) anions form an unprece- 
dented two-dimensional framework with large channels filled with Ph4P+ cations, as 
shown in Fig. 63. Figures 64 and 65 show two different views of this layered framework. 
The structure contains tetrahedral M3+ centers each bridged by four See2- chains. The 
layers thus formed stack perfectly one on top of the other, giving rise to the large one- 
dimensional channels parallel to the c-axis. The Ph,P+ cations are situated in the layers, 
presumably acting as templates. To date, no aluminum polychalcogenide complex has 
been reported. Generally, polychalcogenide compounds are thermally unstable and 
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decompose upon melting. However, ~~P)[In(Se~k] is remarkably stable up to 35O*C 
and it melts at 242*C without decomposition. On cooling, a glassy state is formed which, 
upon subsequent reheating, recrystallizes at 16OOC. This unusual melt-glass-crystalli 
tion property suggests that (PhP)[In(Se&] could have potential applications as energy 
storage as well as optical information storage material. Figure 66 shows the optical 
spectrum of (PbP)[In(Se&] which features an optical band gap of 1.42 eV. 

(m) The chemistry of Group 14 elements (Sn and Pb) 
Thus far, only two molecular polyselenide compounds are known for this group. 

Tin and lead each form a complex with polyselenides. (Ph.,Pfi[Sn(Se&] (102) has been 
prepared by reacting either SnCg or SnClr.2HzO with Na$Ses in DMF [ 1351. The struc- 
ture consists of a central Sn4+ ion chelated by three Se42- ligands, as shown in Fig. 67. 
This is very similar to the structure of fPt@e4)J2- (vide supra). The ~~rd~ation geome- 
try for the St++ is octahedral approaching I& seem, with an average Sri-Se bond dis- 

Fig. 63. A single unit cell ofthe (Ph4P)[M(Se&]. 
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Fig. 64. The structure of [M(Se&],,“- layers along the crystallographic ab plane with the Ph,P+ 
cations omitted. 

tance of 2.709(13) A, and a Se-Sri-Se angle of roughly 90”. Both envelope (i.e. 
SnSe(l)Se(2)Se(3)Se(4)) and puckered (i.e. SnSe(s)Se(6)Se(7)Se(8) and SnSe(9)Se(lO) 
Se( 1 l)Se( 12)) conformations are adopted by the SnSe4 rings. It should be noted that this 
complex can also give rise to optical isomerism, and the isolated product is a racemic 
mixture [83]. 

The reaction of PbCl,, Na metal and elemental selenium in DMF in the presence of 
PbPBr gave (P~P)JPb(Se&] (103) [92a]. Figure 68 shows the odd-shaped structure of 
the [Pb(Se,),12- anion. The metal center is chelated by two Sed2- ligands with an irregular 
geometry. This is because the lone electron pair of the Pb2+ ion occupies one of the 
equatorial positions of what can be described overall as the trigonal bipyramidal shape, as 
predicted by the valence shell electron pair repulsion (VSEPR) model. 
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Fig. 65. A different view of the (Ph4P)[M(Se&] layers. 
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Fig. 66. Optical abso~tion spectrum of solid ~h~P)[In(S~~]. 
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Fig. 67. The structure of [Sn(Se&]2-. 

(n) The chemistry of Group 15 elements (As, Sb and Bi) 
A number of soluble heteroatomic polyanionic clusters of the type [As,QJ- 

(Q = S, Se or Te) have been synthesized and structurally characterized. These include 
[AsSe& [136a], [As~Q~]~- (Q = Se or Te) [136b-d], [As3SeJ3- [136e], [As4Qa12- (Q = S, 

, Se) [136c,fl, [As$e,]- [136g] and [As,~Q~]~- (Q = Se, Te) [136h,i]. However, only 
[As2Qs12- contains Q-Q bonds (see Fig. 69). It consists of a six-membered As2Q4 ring in 
a chair formation. Two extra chalcogen atoms each complete the trigonal pyramidal co- 
ordination of the arsenic atom. 

Pb 

Fig. 68. The structure of [Pb(Se&12-. 
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Q(l) 

Fig. 69. The structure of [As2Q,#- (Q = Se, Te). 

(0) The chemistry of Group I6 elements (Se and Te) 
In general, the polychalcogenide ligands exist as open chains in solutions and heli- 

cal structures in the solid state. However, under the conditions of oxidation-reduction, an 
oxidized chalcogen atom (in the +2 or +4 oxidation state) itself can be chelated by poly- 
chalcogenide ligands to form a closed cyclic structure, acting as the central metal. In a 
structural sense, these mixed-valence polychalcogenides are no different from the metal 
complexes described in this review, and thus, they warrant a separate treatment from the 
open-chain anions. 

In the [A(Qs)z]2- (when A = Se, Q = Se and A = Te, Q = S or Se) family of the 
homo- and heteropolychalcogenides, either a selenium or a tellurium atom acts like a 
“metal”, being in the formal oxidation state 2+, and chelated by two Ses2- or Sz2- ligands. 
The molecules are spirocyclic, and reminiscent of [M(Q4)J2- (M = Ni, Pd; Q = S, Se and 
Te). Thus far, the structurally characterized ones include (PbP)2[Se(Se,)2] (67) (two 
crystal modifications) [108,109,137,138], (PbP)2[Te(SS)J (104) [137], [K(222- 
crypt)]2[Te(SeS)2] (105) [139] and [Ba(222crypt)(en)][Te(Se&] *0.5en (106) [139]. Fig- 
ure 70 shows the structures of [Se(Se5)2]2- (in b-form) and [Te(S&12-. Figure 71 shows 
the structure of [Te(Se32]2- in 105 and 106. The X-ray single-crystal structure studies on 
these compounds reveal that the central atoms have the expected square-planar geometry. 
The bond distances of the central atom to the four chelating atoms are significantly longer 
than the sum of the corresponding covalent radii, suggesting a strong ionic character for 
these bonds. 

In order to put the above description of mixed-valence polychalcogenides in per- 
spective, two more related free polyselenides are worthy of discussion here. The 
(PPN)2[Se1,,]-DMF (107) [I401 and [Sr(15-crown-5)2][Seg] (108) [18], crystallized fkom 
a DMF solution of polyselenides with PPN+ or S$+ respectively in the presence of the 
crown ether, represent two incredible examples of how large polyselenide ligands stabi- 
lize themselves in the absence of metal ions. The [Seu,12- anion forms a decalin-like 
molecule, i.e. it consists of two tied six-membered Se6 rings as shown in Fig. 72. The 
molecule is situated on a crystallographic C2 axis (perpendicular to Se&Se’, Se3Se3’ and 
Se5-Se5’ vectors), and both individual rings have chair conformation. The reason for this 
is electronic. First, two selenium atoms in the central Se-Se unit have a distorted trigonal- 
bipyramidal geometry, and are linked together through one of the equatorial positions of 
each atom. The Se-Se bond distance of 2.460(2) A in the central 6% unit is slightly 
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Fig. 70. The strwtures of [Se(Se&12- and [Te(S&J2-. 

longer than typical Se-Se distances in most unbranched Sex2- chains (e.g. Se-Se 
2.38(5) A in Na2Se2). Secondly, Se(3) forms two long bonds with Se(2) and Se(4) at 
2.759(3) and 2.572(3) A. Therefore, the molecule might be conveniently described as a 
{ Se2}2+ unit chelated by two Se4 2- ligands with bonds having ionic character. 

In a large polyselenide system such as [Seu,12-, the catenation ability of selenium 
may not allow the anion to maintain an unbranched helical chain structure in the solid 
state. A more stable system is achieved through internal electron transfer. This is also 
found to be operative in the [Ss12- system. Figure 73 shows the structure of the [Ss12- 
anion in 109 [18]. Instead of being a zigzag chain, this molecule is somewhat related to 
[SeJ2-. Topologically, [Seg12- can be viewed as formed through the [SeJ2- by removing 



a terminal selenium atom fi-om one of the Se42- Qmds. The remaining & ring still has 
the chair conformation as shown in Fig. 73. Although the bond distance of the “central’ 
Sq unit, i.e. Se(s)-Se(6) at 2.473 A, is comparable to that in [Sete]*-, the normal bond 
distance of Se4SeS at 2.341(4) A, as well as the weak interaction between Se(l) and 
Se(6) (i.e. 2.953(4)& gives the molecule certain characteristics of the open chain 
structure. This clearly indicates a transition state of the molecule from abandoning the 
unbranched helical chain structure by seeking a similar electronic configuration to that in 
[Selo]*- or [Set,]*-. 

Another mixed-valence polyselenide, Cs,[Se(Se,),] (llO), is prepared by the 
methanothermal reaction of Cs2C03 with elemental selenium at 160°C [ 1411. The 
[Se(Ses)s]- anion contains a square-planar S&+ center coordinated by three SeS2- chains, 
of which one chelates while the other two act as rnon~~~te ligands, resulting in a struc- 
ture of a six-membered ring on one side with two Se5*- “tails” dangling on the other (see 
Fig. 74). As in [Se(Ses)2]2-, [Se(Se&]” shows four long Se-Se bond distances around 
the Se=+ atom. 

SCJ 

St 

St5 

Sal{ Y 

se2 

Fig. 71. The structure of fre(Se&12- anion in [K(222~~t)]*~~S~~k] and [Ba(222- 
crypt)(en)][Te(Sesh] ‘0.5en 1. 
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Fig. 72. The decalin-like structure of [Se,& 

(ii) Organometailic compounds of metal/polychalcogenides 

(a) The chemistry of Group 4 elements (Ti, Zr and H$ 
The polychalcogenide chemistry of this group is exclusively dominated by com- 

pounds containing cyclopentadienyl ligands. All three metals in this group form bis(r,& 
cyclopentadienyl)(pentaselenido)metal complexes ($-Cp)2M( Ses), M = Ti (111) 
[ 142,143], Zr (112) [ 1431 and Hf (113) [ 1431. These compounds can be readily prepared 
by the metathetical reaction of Cp2MC12 with alkali polychalcogenides (e.g. L&Se5 or 
NazSes)[ 142,143]. This method was used first in the late 1960s for the synthesis of the ti- 

SeW 

Se(l) 

Se(J) 

Fig. 73. The structure of [Se#-. 
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Fig. 74. The structure of [Se(Se&: 

tanium complex, for which a correct structure was proposed based on spectroscopic and 
elemental analytical data [3 11. Figure 75 shows the structure of these complexes. The six- 
membered MSes ring has a chair conformation. The metal center is essentially in a tetra- 
hedral environment, i.e. in addition to two M-Se bonds two other vertkes are pointed to 
the centroids of two Cp rings. When Cp,TiCl:! reacts with a THF solution of a mixture of 
lithium polyselenide and lithium polysulfide at different molar ratios, a series of mixed 
selenide-sulfides, [(qWp)~TiSe,&.] can been obtained [144]. This class of compounds 
has the same structure as the (~5~~M(~*) as shown by the X-ray structure determina- 
tion on one specific crystal. The MQs ring is disordered with all positikms partially occu- 
pied by both sulfur and selenium [ 1441. It is interesting to note that Group 4 metals also 

Fig. 75. Tote structure of ($-Cp),M(Se,) (M = Ti, 23 or Hf). 
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Fig. 77. The structure of [(rlS-MeCphTi)zOlz-s)21. 



have known polysulfide analogs [45]. However, no polytelhuide analogs have been re- 
ported. 

When exposed to air, (q5-Cp)zHf(Ses) was found to transform to a ~2-0 bridged 
dimer, [(~5-C~Hf)&2-O)@-o)cuz-se,)l (114) [ 1431. The structure of this complex, as shown 
in Fig. 76, contains an unusual seven-membered Hf20Se,, ring. On the other hand ($- 
RCphTi(Ses) (R = H, Me or ‘Pr) reacts with selenium abstracting reagents such as PhsP 
or BusP, to condense to a symmetric dimer [((~S-RQ~Ti>z(@e&] !(115) [145]. This 
compound is also accessible by the direct reaction between (RCp)rTiC12 and L&S+ [ 1451. 
In the structure of [((tls-MeCpkTi}z(c(TSe2)2], shown in Fig. 77, the so-m~bered 
T&Se4 ring also adopts the chair conformation. The T&Se and Se-Se bond distances of 
2563(l) and 2.343(l) A are comparable to those found in the monomer. 

Reaction of CpTiC& with (MqSi)#e in THP leads to the formation of a tetranu- 
clear compound [(~5-Cp)~Ti.+(u~-O)@~-Se)@s-SehOLJ-Se2)2] containing a diselenide unit 
(116) [ 1461. This cluster contains four titanium atoms arrayed in a tetrahedral fashion. An 
oxygen atom, probably originating tirn THF, is encapsulated in the center as shown in 
Fig. 78. The four tetrahedral faces are alternately capped by two ,u3-Set and two ~s-s@~- 
ligands while an edge (Til-Ti4) is bridged by a fz2-Se2- ligand. All titanium atoms have 
distorted octahedral geometry. 

(b) The cbern~~ o~~roup 5 elements fv: Nb cd T’] 

Thus far, successful synthesis of heavy ~lych~cog~id~on~~~g compounds 
has been limited to the vanadium system. The preferred motif found either in the polysul- 
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Fig. 79. The structure of [tlJ-MeCpzV,(Crz-Se)(rr2-Se~~*-~2-S~)]. 

fides or in the heavy polychalcogenides seems to be binuclear complexes containing 
metal-metal bonding. 

Although the existence of a monomeric cyclopentadienyl pentachalcogenide 
complex of vanadium, (r$-Cp),V(Q,) (Q = S, Se), was reported as early as 1971 [32], 
their X-ray structure studies were never substantiated. Nevertheless, if the ($- 
MeCp)zV(Se5) (generated in situ from (M~CP)~VC~~ and H2Se) is allowed to thermolyze 
in THF, the diamagnetic compound [(~S-MeCp)zV2@2-Se)@2-Se&.+-$-Se2)] (117) can 
be obtained [147]. A better method of making this compound is to react Cp2VC12 with 
(SiMes)2Se [148]. Figure 79 shows the structure of the [q5-MeCp2V,(Cr2-Se)@2-Se2)($2- 
v2-Se2)]. Unlike the dimers in Group 4, the V-V distance of 2.779(4) A in 117 indicates a 
metal-metal bond. 

Fig. 80. The structure of the [(~5-Cp)h40(Se~)$ anion. 
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Similar to the homoleptic compounds of this group, these three elements demon- 
strate rich organometallic/poIychaIcogenide chemistry. The compoun 

$ 

(q%p)zM(Se,) 

(M = MO, W) (56) form upon the reaction of CpMClz with an eth olic solution of 

NazSes [33]. Their identities were deduced corn elemental analyses and molecular 
we@hts, determined cryoscopically. However, a cyclopentadienyl complex of molyb- 
denum containing Sed2- ligands has recently been prepared and structurally characterized. 
The (PbP)[($-Cp)Mo(Se4)2] (118) was obtained by the reaction of [CpzMo(CO)J2, Na, 
Se and PbPBr at 60°C in DMF [135b]. The structure of the [($-Cp)Mo(SeJ,]- anion is 
shown in Fig. 80. If the Cpgroup is viewed as occupying one coordination site, this struc- 
ture is similar to that of [MoX(Q~)~J~- (X = 0, S, Se; Q = S, Se, Te) anions. The average 
Mo-Se bond distance is 2.50 A, and the Se-Se distances range from 2.343 to 2.419 A. 

When [CP~M~CO)~]~ is allowed to react with te~e~yl~oni~ ~ly~lenide at 
room temperature in ethanol, ~~~[(~s~p)Mo(Se~~CO)2] (119) can be obtained [149]. 
In the structure, the molybdenum atom is surrounded by a $-Cp ring, two c&-CO groups 
and the side-on q2-Se2 2- ligand as shown in Fig. 81. The Mo-Se bond distances are 
2.596( 1) and 2.598( 1) A, while the Se-Se distance is 2.3 lO(2) A. This Mo2+ compound is 
the precursor to the [(q5-Cp)Mo(Se,)2]- in which the formal oxidation state of MO is 4+. 
Reaction of the [(q5Cp)Mo(Q2)(CO)2] (Q = S, Se) with elemental selenium leads to the 
completely decarbonylated compound [($-Cp)Mo(Q&]- [4 1,150]. By analogy, when 
[Cp2Cr(CO)3]2 reacts with elemental selenium, one of the products isolated is [($- _~ 
Cp)&kz(Se&CO),] (120) [151]. As shown in Fig. 82, the structure of 120 contains the 
similar [($-Cp)M(Sez)(CO)~ fragment to the molybdenum monomer. The diselenide lig- 
and, having a short bond of 2.277 A, has some multiple bond character, and is now ap- 
q2,q2-type ligand. Interes~gly, an asymmetric dimer [(~5-Cp*~Cr~(Se2~CO)5] (121) is 
also known to form [ 1521. It contains one more CO group than 120. The diselenide ligand 
in this ~~e~~ dimer was speculated to adopt the ,e-$,?I* bonding mode as shown in 
Scheme I 1. 

Fig. 81. The structure of the [(q’-Cp)Mo(Se&CO)$’ anion. 
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Fig. 82. The structure of [($-Cp)$&(Se,)(CO),]. 

Kolis and co-workers have found that reactions between metal carbonyls and alkali 
polychalcogenides KzQ,, (A = alkali metal; Q = S, Se or Te; n = 2-6) provide a conven- 
ient route, via either simple substitution of CO or oxidative decarbonylation, for intro- 
ducing polychalcogenide ligands into metal centers. For instance, the reaction of M(C0)6 
(M = Cr, MO, W) with an equimolar amount of KzTe4 in DMF gave the simple CO- 
substitution products, [M(Te4)(CO)#- [ 1531. (Ph4P)z[Cr(Te4)(CO)4] (122) and 
(Ph.,P)JW(Te,)(CO),] (123) are isostructural to each other. The anions contain a metal 
octahedrally surrounded by a chelating Te4 2- ligand and four CO groups, as shown in Fig. 
83. The five-membered MTe4 ring is found to adopt an envelope conformation. The aver- 
age Cr-Te bond distance is 2.727 A, while the average W-Te distance 2.838 A. The re- 
action involving MOM under the same conditions gave solutions with similar IR spec- 

Scheme 11. 
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Fig. 83. The structure of [M(Te4)(CO)d12- (M = Cr, W). 

tra as the other metals, but isolation of the products resulted in oily solids [ 1531. On the 
other hand, the reactant stoichiometry, the length of polytelhuide ligands used, and the 
reaction temperature in this system all have great influence on the final products. Thus, 
another two chromium carbonyl polytelluride clusters, (P~P)z[Cr,(Te&COks] (124) and 
(Ph4P)z[Cr,(Tes)(COk,1 (129, can be obtained by reacting excess Cr(CO)6 with K2Te or 
K2Te3, respectively [ 1541. The structures of the [Cr,(Te2)(CO)20]2- and [Cr.,(Tes) 
(CO)20]2- ions are very similar, containing a p-q2-Tez2- or ,wq2-Tes2* ligand bonded to 
four Cr(CO)S fragments as shown in Fig. 84. The Cr-Te bond distances average 
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Fig. 84. The structures of [Crd(Te,)(CO),,12- and [Cr,(Te,)(CO)&. 

2.749(2) A in 124 and 2,76(l) in 125, and the Te-Te distances are 2.784(2) A in 124, 
2.734(l) and 2.738(l) A in 125. 

The [Ws(Te2)(CO)i,] (126), obtained by HCl acidification of a mixture of 
[ {(CO),W}sSn] and Al*Tes, possesses an unusual Te22- ligand [155]. It is fmt side- 
bonded to a W(CO)s, then bridges another two W(CO)s fragments as shown in Scheme 
12. The two W-Te bond distances are W(l)-Te = 2.881(3) and W(2)-Te = 2.739(2) A, 
while the Te-Te distance of 2.686(4) A is extremely short implying a double bond char- 
acter. 

When threefold amount of W(CO)6 was reacted with the (PbP)2Te4 at 1OO’C in 
DMF, the novel oxidative decarbonylation product, (PbP)2[W,(Te2)4(CO),,1 * CH2C12 
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Scheme 12. The structure of [W3(Tez)(CO)15]. 

(127), was obtained [156]. Figure 85 shows the structure of the [Ws(Te&(CO)ts]2- clus- 
ter. First, two tellurium atoms in the central Te2- unit are each side-bound to three metal 
atoms. The six tungsten atoms are in bigonal prismatic arrangement, allowing each two 
tungsten atoms to form a metal-metal bond. Thus, this WsTe-TeWs fragment is similar to 
the CH3CHJ molecule in an eclipsed conformation. In addition, three p4_t1*-Te2*- ligands 
are distributed in the cluster periphery. The octahedral coordination of each tungsten is 
completed by three CO groups. If we ignore the CO groups, the cluster core looks like a 
“pinwheel” as shown Fig. 86. The W-Te bond distances range from 2.706 to 2.882 A. 
The average TeTe distance is 2.851(2) A, and the average W-W distance 3.088(9) A. 
Recently we have found that the molybdenum analog of this “pinwheel” cluster can be 
prepared hydrothermally in high yield. The reaction of MOM with NazTez in the pres- 
ence of Ph4PCl in Hz0 in a sealed Pyrex tube at 1 10°C gave crystals of 

Fig. 85. The structure of [W~(Te,)4(CO)&. 
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Fig. 86. Stru~re of the cluster [w~(Te~)~(CO)~s~*- care with CO groups omitted. 

(Ph~P)~[Mo~(Te~)*~CO)~s] (128) in 3 days. The [Mo~(T~~)~~CO),~]~- anion has essentially 
the same structure as that of the tungsten cluster, but the compound crystallizes in a 
different space group [ 1571. 

(d) The chern~~~~ of Group 7 &ments (34~~ and Re) 
Along with the nei~boring elements in Group 6, these two metals are emerging as 

the active area of research. 
The [($-Cp*)Mn(Se&COk] (129), obtained fkorn a reaction between C~II&I(CO)~ 

and elemental selenium, is isoelectronic to the [(~s-~p)Mo~S~)(CO)2]-, and has a similar 

Fig. 87. The structure of [(~S-Cp)~Mn~(Q~)(CO),l (Q * S, Se). 
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Fig. 88. The structure of [~~3P)4~n2~~~CO~~]. 

molecular structure [I581 (see Fig. 81). The Mu-Se bond distances average 2.463(4) A, 
while the Se-Se distance of 2.263(S) A also has some double bond character. The struc- 
ture of another complex. [($-Cp)2Mn,(Ss)(CO)~] (130), formed from the reaction of 
C~MII(CO)~(THF) with COSe, was proposed to be the same with its sulfur analog [($- 
Cp)$4n2(S&CO),] (131) shown in Fig. 87 [159]. 

A manganese telluride compound, ~(Et~P)~~2(Te2~CO)~] (132), obtained by re- 
acting ~2(CO)~~ with 2 equiv. of EtsPTe in refhtxing toluene, is also found to contain a 
tpans ,u2-Te22- ligand fldO], The molecule consists of two distorted octahedral Mnf cen- 
ters bridged by the Te22- unit in a truns fashion as shown in Fig. 88. Two phosphine lig- 
ands on each metal center are in truns positions. The Mn-Te distance is 2.718(l) A, and 
the Te-Te distance is 2.763(l) A. A rhenium telhuide dimer with the same formula as 
131 adopts a different structure, underscoring the significantly different intrinsic chemis- 
try of tellurium. [($Cp*)zRe2(Te&CO))41 (133) can be prepared by reaction of 
CpRe(CO)2(THF) with H2Te (generated with A12Tes/HC1), followed by 30 min of UV ir- 

Fig. 89, The structure of [{~5-Cp)zRe2(T~)O)~~. 
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Fig. 90. The structure of [Mn#e&(CO),]2-. 

radiation [ 1611. Figure 89 shows the structure of this compound, The main difference lies 
on the bonding mode of the ditelhuide unit which is ap-$,q2-type ligand. The short bond 
distance of 2.632 A for Re(l)-Te(1) was explained by invoking a Re-Te double bond. 
The distances of two tellurium atoms to Re(2) are 2.793(l) and 2.806(l) A, and the 
Te-Te distance is 2.703( 1) A. 

Two structuraIIy related compounds can be obtained by the oxidative decarbonyla- 
tion of Mn2(CO)rs with SeX2-. The (ph4P)2[Mnz(~),(eO),3.Et20 (134) is prepared by 
reacting Mn2(CO),~ with 1 equiv. of K2Se3 in DMF at room temperature, and 
~~P)2~~2(Se~~(CO)~] (135) is produced under the same conditions using 2 equiv. of 
K2Se3 [84]. The cen~s~e~c ~Mn2(~~~(CO)~]2- dimer is formed from two am 
fragments bridged by two Se2 2- ligands as shown in Fig. 90. The coordination mode of 
the Se22- Iigands can be described asy-$,q2-type, i.e. the Sq2- is bonded to a manganese 
center in the side-on fashion, while one selenium atom bridges another manganese 

Fig. 91. The structure of [Mn2(Se&(CO)~12-. 
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center. The structure of the [Mnz(Se&(CO),J2- anion is similar to that of the 
[Mn2(Se2)2(CO),]2- as shown in Fig. 91. The molecule is centrosymme ‘c, and the MSe4 

ring adopts a puckered conformation. (P~P)2[Mn2(Se,)2(CO),] $ (1 5) can also be 

prepared by reacting (P~P)#4n2(S~2(CO),J with elemental selenium [84]. Heating of 
[Mn2(Se,)2(CO)J2- at 90°C in DMF leads to complete decarbonylation of the metal cen- 
ter, producing [Mn(SeJ2]*- [84]. In fact, reaction of Mn2(CO)t0 with K2Ses in a I:2 molar 
ratio in the presence of PbPBr at 100°C in DMF constitutes another clean route to 
(PbP)2[Mn(Se,)2] (39) [84]. Similar reaction between Re2(CO)t0 and 2 equiv. of K2Se3 
gave (Ph4P)2[Re2(Se,)2(CO)b] (136), an isostructural compound to (135) [162], whose 
structure is identical to the Mn analog (see Fig. 91). 

Oxidative decarbonylation reactions of Mn2(CO)t0 with Na2Q2 (Q = S, Se, Te) lig- 
ands in the sealed Pyrex tube under methanothermal conditions (i.e. 80°C) gave novel 
cluster compounds (P~P)2[Mn3(Q2)2(QCH~)(CO)~] (137-139) [ 1631. Although crystal- 
lized in different space groups, the anions of these three compounds have essentially the 
same structure. Figure 92 is an ORTEP representation of the ~s(Q$2(QCHs)(CO),]2- 
(Q = S, Se or Te) anion. The two dichalcogenide Q2*- units in these clusters have 
different coordination modes. The methylated monochalcogenide CHjQ- acts as a p2-type 
ligand. Its formation probably originates from electrophilic attack of the solvent molecule 
(i.e. CH30H) on the monochalcogenide ligand under solvothermal conditions. The metal 
centers are octahedrally coordinated with formal oxidation state 1+, and possess idealized 

Fig. 92. The structure of [Mn2(Q&(QCH$(CO)9]*- (Q = S, Se or Te). 
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Fig. 93, The structure of [Re4(Tq)~(TeCHj)(CO)t~]3-. 

C,, local symmetry. It should be noted that these compounds are met&able under the 
reaction conditions. The me~ylation of the ~halcogenide iigands tongues upon further 
heating of the above reactions. The final products are the dimeric me~yl~h~cogenides 

tP~P)tMn2(QCH~)3J 1163). 
Interestingly~ the reaction of CpRe(COjS with Na2Tes under the same conditions 

gave (Ph~P)3[Re4(Te2)3(TeCH3)(CO)t2] - CH30H (140) [ 1631. Ahhough the reaction is 
now metathetical, methylation of the monotelhnide ligand in the cluster also takes place 
under these conditions. Figure 93 shows the structure of the [Re~~e2)~(TeCH~~CO~,~]3- 
anion. The mole&e possesses a pseudo-C3 axis, i.e. passing through Te(7) and Re(4), 
that divides four rhenium atoms into two different types. Three of them are in the triangu- 
lar base of a tetrahedron bridged by the @2H3Te- ligand. Three Te22- ligands then each 
connect two of these basal rhenium atoms, creating a cavity of Te atoms all pointing in 
the same direction, This cavity is capped by a Re(CO)j tkagment to form the tetranuclear 
cluster. All metal centers have the formal oxidation state l-t-, and are octahedrally sur- 
rounded by three Te atoms and three CO groups, possessing idealized CS, local symme- 

try* 

(e) The chemtiifhy of Group 8 elements (Fe, Ru and OS) 

Compounds of this group, represented by the dichalcogen-containing iron carbon- 
yls, are probably among the earliest chalcogen-containing organometallic species whose 
structures and reactivities have been thoroughly investigated. 
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Fig. 94. The structure of ~e*(Se*xCO)~]. 

The binuclear iron carbonyl dichalcogenides [Fe2(Qz)(CO),] (Q = S, Se) (141,142) 
were first prepared by Hieber and Gruber in 1958 by the reaction of [Fe(CO).,12- with 
SOs2- and Se0j2-, respectively [164]. Although the structure of this molecule was pro- 
posed to be analogous to the [Fe2(SC2H,)2(CO),] based on IR spectroscopic and dipole 
moment studies [ 1651, an X-ray single-crystal structure determination showed the pres- 
ence of Q-Q bonding in the structure [166]. Figure 94 shows the structure of 142 which 
possesses C2, symmetry. The [Fe2(Te2)(CO)6] (143) proved to be elusive until some 
20 years later [167]. 

The (P~P)2[Fe4Se2(S~)(CO)12] (MI), obtained from the methanothermal reaction 
of Fe(CO)r with Na2Se2, can be regarded as a reductive coupling product of two 

Fig. 95. The structure of [FesSe$&z&CO)~2]2: 



]Fe#k+J(CO)~] molecules [ 1681. In fact, the isostructural sulfur analog ~~P~[Fe~~(S~) 
(CO)t2] (145) was syuthesized by reduction of ~e&I,)(C!O)~] with LiEt$?II [169]. Tbe 
structure of the [Fe~Se*(Se~)(CO)~~]2- anion, as shown in Fig. 95, can be viewed as two 
butterflies joining their wings in a side-by-side k&ion. This is caused by breaking two 
~~-rnol~ul~ Se-Se bonds and forming one its-molecule Se-Se bond between two 
FezSe,(CO), units. However, the distance of the mter-molecular Se-Se Ihkage is long at 
2.467(7) A, approaching the upper limit of a single Se-Se bond, while the in&a-molecular 
Se-Se distance of 2.847(5) A is si~i~c~tiy shorter than their van der Waals contact (i.e. 
3.8-4.0 A). This indicates that the valence electrons in the selenium atoms are more or 
less delocalized among these four atoms. It appears that Se(l) and Se(2) form a partial 
bond by removal of electron density Tom these atoms and transfer to the Se( Q--Se(l) 

Sell) ( 
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Cl0 

010 

Te3 

Fig. 97. The structure of [Fq@e)(Te2)(CO),]*-. 

bond and to the CO ligands. Finally, the coordination geometry around the iron atoms is 
best described as distorted octahedral because, in addition to the normal chemical bonds 
to selenium atoms and CO groups, the iron atoms are very close to each other at 
2.555(6) A, forming a metal-metal bond. 

Two different routes are available to prepare the diamagnetic octahedral FeZ+ 
polyselenide ~e(Se,)2(CO)2]2-. When Fe(CO)S reacts with Na2Ses in DMF in the pres- 
ence of PhPCl, (Ph,+P)2[Fe(Se&(CO)J (146) is obtained in high yield [ 1701. Whereas 
the reaction of Fe(CO)s with N-MeIm suspension of grey selenium leads to [Fe(N- 
MeIm)6][Fe(Se~)2(CO)2] (147) [171]. Both anions in these two compounds have essen- 
tially the same structure, i.e. two CO groups occupy the cis positions with respect to two 
FeSe4 rings (Fig. 96). 

Reaction of Fe(C0)3(q4-butadiene) with excess K2Te4 in ethylenediamine in the 
presence of crypt gave [(K-crypt)2][Fe2(Te)(Te2)(C0)6] * %en (148) [ 1721. This peculiar 
molecule contains ap2-TeZ- and a,u2-$-Te2*- ligand which bridges two iron centers using 
one tellurium atom while another tellurium atom assumes a terminal position. The whole 
molecule has a “butterfly” structure as shown in Fig. 97. The Te-Te distance for the T%*- 
is 2.71(2)& representing a typical single bond, while the Te-Te distance between the 
Te*- and TQ*-, i.e. Te(l)-Te(2) is 3.23(2) A, can be considered non-bonding. The Fe-Fe 
bond is 2.626( 12) A. 

The reaction of CpzFe2(C% with 2 equiv. of EtsPTe in reflhxing toluene gave 
[Cp2Fe2(Te2)(Et,Ph(C0)2] (149) [ 1731. Compound 149 is a stable, crystalline material. 
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Fig. 98. The structure of [Fe~Te~(Te2)(COho]2-. 

The ‘H, 3*P and izsTe NMR spectroscopic studies showed that this compound is a mix- 
ture of two diastereomers. 

The largest structurally characterized cluster in the iron telluride system thus far is 
(Ph4P)z[FesTes(Tez)(CO)201 (150). This compound is accessible by either hydrothermal 
synthesis using Fe(CO)s, Na2T% and PbPCl as starting materials at 110°C 11681 or con- 
ventional solution method of reacting Fe(C0)5 with (PhP)2Te4 in DMF at 85% [ 1741. 
The ~esTes(Te*)(CO~~]*- anion contains two Fe4Ted cubane-like cages bridged by a 
Tez2- unit, as shown in Fig. 98. The octahedral coo~ation geometry of at1 the iron at- 
oms in this compound, being completed by pj-T$- ligands and terminal CO groups, dif- 
fers Tom many iron-sul%r cubanes which are omnipresent in iron-sulfur chemistry [ 1751. 
The Te-Te distance in the bridging unit is 2.829(2) A and considered a normal single 
bond. If the charge of both the ditelluride and the monotellmide ligands in this structure is 
taken as 2-, the eight iron atoms would have a formal oxidation state 2+. Consistent with 
this oxidation state, the observed long Fe-Fe distances in both cubanes (the shortest dis- 
tauce is 3.75 A) exclude any possible M-M bondiug in 150. The average Fe-Te bond dis- 
tance is 2.6 19(4) A. 

(Et~N)l,liNa&Ru(Se,)2(CO)2] (151), the first structurally characterized ruthenium 
polyselenide complex, was obtained 6om Ruj(CO)i2 with NazSeS in the presence of 
Et4NCl in acetone 11761. The anion in this compotmd has a similar molecular structure to 
its iron analog, i.e. [Fe(Se4)2(CO)2]2; as shown in Fig. 99. However, in the crystal lattice, 
a Na+ ion (situated on an inversion center) is found to be encapsulated in an ~~~a1 
pocket created by two ~u(Se~k(COk]*- anions. Figure 100 shows the ~t~ctions be- 
tween this Na+ ion and the Se(2), Se(4) and Se@) atoms. Important bond distances are 
Ru-Se 2.55 A, Se-Se 2.34 A, and NaSe from 2.921(l) to 3.148(l) A. 
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Fig. 99. The structure. of ~u(Se~)~(CO~2-, 

Oxidative addition of elemental selenium to CpRu~h~P~~Tf or (MeCp)Ru 
(Ph$?)2OTf in CH2C12 resulted in two cationic species [177], ~~C~RU(P~~P~~]~S~](OT~~ 
(152) and [{(MeCp)Ru(Ph~P))@&](OTf)z (153) (using excess Se). The structure of 

[{CpRu(Ph3P)2}2se212+, as shown in Fig. 101, contains an end-on trarrsJz-q1,q1-Se2 unit. 

This type of bonding mode was also observed in kQJNb4Se4(Se2b] (15). The Ru-Se bond 
distances are 2.377(2) and 2.341(2) A, while the Se-Se distance is 2.492(2) A. Figure 
102 shows the structure of [{(MeCp)Ru(Ph3P)}2(Se2)2]2+. The two +q1,q2-Se2 ligands in 
this molecule are relatively common, as already encountered in several other compounds, 
such as [($-Cp*hRe2(T%)(CO),l and [M~I~(S~J~(CO)~]~-. The RuSe bond distances 
are 2.473( 1) and 2.556( 1) A, and the Se-Se distance is 2,279(l) A in this structure. 

A novel Ru2+/Te22- clustet has been obtained by hy~e~al synthesis in this 
laboratory. The reaction of Ru3(CO)r2 with Na2Te2, Ph.+PCl and H20 at 110% in a sealed 
Pyrex tube gave ~~P~~R~(T~,(CO),2] (154) [178]. The ~R~(T~~(CO~,2]2- anion 
features a hexanuclear cluster whose framework is establiihed by an octahedral array of 
six Ru atoms upheld by a central ditelhuide Tez2- unit and bridged by seven other Tez2- 

Fig. 100. Interactions of the Na+ with two [Ru(Se&(COk]2- anions in the crptal lattice. 
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Fig. 101. The structure of f(CpRu(ph3P)2)2Se,]“. 

ligands in the periphery as shown in Fig. 103, In addition, each genie is capped by 
two cis CO groups, resulting in octahedral coordination. The molecule bears a remarkable 
structural resemblance to the fundamental building block of pyrite-type RuTez, i.e. its 
central (R&(Te&)*- core is reminiscent of an excised fragment of the RuTe2 pyrite-type 
lattice. A comparison of this {Rt.re(Te&}*- core with a small fragment of RuTe2 is given 
in Fig. 104. The relationship between the Ru3Te--TeRu3 fragment in this compound and 
the WsTe-TeWs in (Ph,tP)2[W6(Te2)J(CO),,1*CH2C12 (127) is that the six metal atoms 
are arranged either octahedrally (for Ru atoms) or prismatically (for W atoms) around the 
Tez2- unit, resulting in a staggered or eclipse conformation. All ruthenium atoms in 154 
have a formal oxidation state 2+. The mean Te-Te and Ru-Te bond distances are 
2.748( 10) A and 2.709(80) A, respectively. 

Only one structurally characterized compound is known for osmium. The 
(Ph~P~Os(Se2XC~~ (155), prepared from the reaction of Os(CO~(Ph~P)~ with red sele- 
nium in benzene, contains a side-on $-Se2*- ligand, two c&CO and two trclns-PhsP 

Fig. 102. The structure of r((MeCp)Ru(Ph~P~(Se2k12+. 
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Fig. 103. The structure of [Rug(Te&(CO)12]*-. 

groups as shown in Fig. 105 [179]. The Os-Se bond distances are 2.540(l) and 
2.553(l) A, while the Se-Se distance is 2.321(l) A. 

@ The chemistry of Group 9 elements (Co, Rh and Ir) 
Although some polychalcogenide chemistry is known for Rh and Ir, very little is 

known for Co. The Me-C(CH2PPh2)&o(Se4) (1) can be readily formed by reaction of 
T*l6) 

(A) (B) 
Fig. 104. Comparison between the {RQTe&}*- core (left) and a small-core fragment of RuTe2 

OWN. 
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Fig. 105. The structure of (Ph~P)2~s(Se~~(CO~~. 

~~(CH~P~h~)~Co~CS)~ witb Na$e, [29]. However, its s~c~l identity has never 
been revealed, except that a five-membe~d CoSeJ ring was proposed to occur based on 
IR and elemental analytical data. Recently, a dimeric cobalt telluride compound has been 
synthesized and structurally characterized [ 1801. The reaction of Co2(CO)s with 2 equiv. 
of Et3PTe in toluene at 100°C in the presence of Et3P gave [(Et3P)&s(Te2)(CO)J (156). 
The structure of 156 consists of two distorted trigonal bipyramidal Co+ centers as shown 
in Fig. 106. Two phosphine ligands on each meta are in axial positions. The Co-Te dis- 
tance is 2.6 I4(2) A, and the Te-Te distance is 2.765(2) A. 

Two selenium-rich compounds, [($-Cp*)2M2(Se)(Se4)] @I = Co, Rh) (157-X58), 
are formed as the final products of stepwise addition of eleme~~1 selenium to the M-M 

PEt30) 

Fig. 106. The structure of [(Et~P)dco~(Te~)(CO)d]. 
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Fig. 107. The structure of [(Cp*hMz(Se)(SeJ] (M = Co, Rh). 

double bond of [($-Cp*)2M2(CO)z] (M = Co, Rh) [ 1811. In these two compounds, a S$- 
and a Se4*- ligand form a nearly planar pseudo five-membered Se5 ring, which intersects 
the M.+.M vector and is perpendicular to this axis as shown in Fig. 107. Two terminal se- 
lenium atoms in the Se4*- ligand and the S$- ligand form an almost equilateral triangle 
with separations of about 3.06 A (in Co compotmdj and 3.10 A (in Rh compound), much 
shorter than the. sums of the van der Waals radii of two selenium atoms (3.80 A). This 
indicates a significant electron delocalization among this pseudo five-membered ring. The 
M-Se and Se-Se bond distances average 2.35 and 2.36 A (for Co compound), and 2.47 
and 2.37 A (for Rh compound). 

The structure of the cationic [(triphos)2Rh2(Se2)J2+ (159) [182] features a similar 
bonding mode for two Se**- ligands as found in [ {(MeCp)Ru(PhsP)}2(Se&](OTfh (153). 
Two ~-#,~*-Se2*- ligands in this molecule are related to each other by a crystallographic 
inversion center as shown in Fig. 108. The average Rh-Se bond distance is 2.53 A, and 
the Se-Se distance 2.298(l) A. 

Fig. 108. The structure of [(triphos)zRh#k&]*+. 
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(W 

Fig. 109. The structures of (a) [(dppe)$@q)]” and (b) [(dmpe)zIr(Se&. 

Oxidative addition of elemental selenium to [Ir(dppeh]Cl gave [(dppe)zIr(Sez)]CI 
(160) [183], while the reaction yielded a mixture of [(dmpe)21r(Se4)]Cl (major product) 
and [(dmpe)@(Se2)]C1 (161) (minor product) if [Ir(dmpe)2]C1 was used [30]. Both 
structures were established by X-ray single-crystal structure studies. Except for the differ- 
ent IrSe, ring sizes, the two structures are very similar, featuring an octahedral iridium 
atom chelated by three bidentate ligands as shown in Fig. 109. The IrSe4 ring in 160 
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adopts a half-chair conformation. The average lr-Se bonding distances are 2.54 a in 160 
and 2.53 i! in 161, while the Se-Se distances are 2.32 A (average) and 2.312 A in 161. 
SCF-&-SW calculations on [(dmpe)$r(Se~)]+ indicate that the Se, group in the complex 
is best described as an excited Se4 molecule. b-Se bonding is mainly via the overlap of Ir 
5d, 54 and 6p, orbitals with Se 4p orbitals, while the Se-Se bonding in the Se, ligand 
is or type [30]. 

(@ The chemistry of Group 10 elements (Ni, Pd and Pt) 

Organometallic compounds of heavy polychalcogenides are scarce for metals in this 
group. Two nickel telluride clusters from a family of metal-centered or empty icosahedral 

Ni(3) 

Ni(2a) 

Figure 110. The structures of (a) miNigTe3(CO),,]2- and (b) [NigTe4(Co)12]2- 
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cages [Ni,,Nit~_,Q&O)J2- (Q = Se, Te; n = 1, 0) seem to meet our criterion of having 
Q-Q bonding in the molecule. The [NiN&Te3(CO)15J2- (162) and pisTe4(CO)t212- (163), 
both obtained from reaction of @I&(CO)12]2- with Ph2TQ in THF, contain tellurium at- 
oms in adjacent positions in the icosahedron, thus forming a Te22- @pnent in the chtster 
[184]. Pigure 110 shows the structures of these two clusters. The metal-centered cl~ter 
~iNi~Te~(CO~~~]2- possesses one Te-Te contact at 3.13 A, while the empty cluster 
[MgTe4(C0)12]2- has two To-Te contacts at 2.88 A. It appears the longer Te-Te disumce 
in 158 is the result of electron donation to an antibonding Te-Te orbit81 from the low va- 
lent Ni atoms in the cluster. 

C. SUMMARY OF SYNTHETIC METHODS 

(i) Use ofpolychaicogenide anions generated in situ as reagents 

The simplest method of producing ~l~ul~de ligands is to pass 8 stream of H2S 
through an aqueous NH3 solution in the presence of elemental sulfur. The polysulfide ani- 
ons generated ti-om such a procedure c8n then react with appropriate metal salts. This has 
been very successful in preparing met81 polysulfides. Thus, the most rational synthetic 
approach for metal heavy polychalcogenides would be to duplicate this reaction. 
However, H2Se gas is expensive and poisonous, and H2Te is highly unstable. Such a pre- 
parative route is actually impmctical, and potentially irreproducible. 

In non-protic solvents, reactions of 8lk8li metals with elemental chalcogens can also 
generate the polychalcogenide anions in situ Another advantage of using non-aqueous 
solvents is to allow the use of various organic couuterions. When appropriate metal salts 
are added to these solutions, metal complexes will form. The first corn~~d prepared by 
this method was (P&P)2[Fe2Se(Ser)2] [34]: 

DMF, 70°C 
6Na + 12Se + 2FeC12----+ [P~P]7[Fe2Sez(Se&] I- 6NaCl 

Ph,PcI 
(2) 

Many other met81 complexes have now been prepared in a similar nmnner, they in- 
clude (P&P)2[Sn(Se&] [ 135b], (PbP)2[M(Se&] (M = Ni, Zn, Cd, Hg and Pb) [92a], 

tPh2P)2tC~(se,>2.4(se5)o.61 WI, (PhzPhCA&(se4~.l(se,)osl WI, (P~~P)]($-CP)M~ 
(Se,)2 [135b]. Al~ou~ the current preparative examples all involve polyselenide 
compounds, the method itself is extendible to the pol~ell~de system. The only draw- 
back seems to be the use of reactive alkali metals, which makes the reaction heterogene- 
ous and control of stoichiometry difficult. A synthetic modification of using AzSe, 
(A = alkali metal, x = 1, 2) and elemental selenium is often used (eqn. (3) [1 IS], eqn 

(4X] 144): 
DMF 

2NazSe + 6Se + M(Ac12 ----+ i[Na( 1 5-crown-5)z]2[M(Se4)2] + 2NaAc (3) 
15-WOWIb5 
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DMF 
2NazSe2 + 4Se + PdClr - (PbP),[Pd(Se,&] + 4NaCl 

2Ph4Fcl 
(4) 

By far this is the most successful synthetic method for making metal heavy poly- 
chalcogenide compounds. It is generally applicable to sulfide, selenide and telluride sys- 
tems. Many of these phases can be obtained fkom either high-temperature or liquid am- 
monia reactions of alkali metals and chalcogens. 

The extraction of the AzQn (A = alkali metal; Q = Se, Te; n = 2-6) phases into polar 
organic solvents such as en, CII$N, and DMP generates polychalcogenide anions suit- 
able for the preparation of metal complexes. When shnple metal salts such as halides or 
oxides are used as starting materials, the reactions leading to metal complexes are mostly 
rne~~~ical (eqn. (5) [ 1131, eqn. (6) [106]). 

DMF 

&Cl2 + 2Na2Se, + 2Ph4PCl -(ph,,P)2[Zn(Sed)z] + 4NaCI 

DMF 
K2Te4 + (Ph3P)sCuCl -(Me&)[Cu(Te,)] + 2KCl -t 3Ph3P 

MC,NCl 

(6) 

(6) 

Occasionally, redox processes can also occur [ 1081: 

2AuCN + 2Na2Ses + 2PPNCl -(PPNh[Au2Se#e&] + 2NaCl + 2NaCN (7) 

Oxidative or metathetical decarbonylation of metal carbonyls by polychalcogenide 
ligands Qn2- (Q = S, Se and Te; n = 2-6) provides another convenient route for introduc- 
ing chalcogen-atoms into metal centers [4 11. Depending on the reactivity of the metal 
carbonyl and the polychalcogenide ligand, the product isolated can be either homoleptic 
or CO-containing complexes (eqn (8) [7 13, eqn. (9) { 1531): 

DMF 

M(CO)e + nK2Se3- wSeJ2- or &fSe(Se.&]2- + 6C0 (8) 

M=M0,W 

M(C0)6 + K2Te4 + ZPhPBr- (Php)2[M(Te4)(co)4I + 2co + 2KBr (9) 

M=Cr,Mo,W 

This shows that the reactions are often controlled by redox 
metal center and the ~lychalcogenide ligand. Since most of the 



yls are readily available, this synthetic method has been successfully applied to the prepa- 
rations of many transition metal polychalcogenide compounds. 

Despite the successful application of hy~o~e~al techniques to the p~p~ation of 
many theologically important materials, such as a-quartz and zeolites, the hy~~e~l 
synthesis of chalcogenides is little studied [78,79]. Several examples of preparing 
monochalcogenides under hydro(methano)thermal conditions are known [79]. These re- 
actions often employ alkali carbonates as “mineralizers” (complexing agents) to increase 
dissolution of reactants as well as to facilitate crystal growth [79]. We have found that 
under hydro(solvo)thermal conditions, alkali metal polychalcogenides can act as reagents 
as well as “mmeralizers”, The latter help or promote crystal growth. These reactions 
provide a unique route to novet metal ~lyselenide clusters, most of which have, thus f&r, 
proven to be inaccessible by other synthetic methods 1783: 

HzO, MIT for 60 h 

MO + 2We4 ------+ Kl2[Mol2Se~SS)rs(Se3)41 
se&d tube 

W) 

In addition, such a synthetic method is also ~pli~b~e to metal car- 
~ny~poly~hal~oge~des. Many ~teres~g dusters have been ~~es~d by this tech- 
nique (eqn. (11) [178], eqn. (12) (1631: 

HzO, 1 WC for 65 h 

Ru3(CO)rz + 5Na2Tez------+ (Ph4P>2[Rus(Te2)7(CO>121 
6Ph,PCI, sealed tube 

(11) 

MeOH, SOT for 48 h 

CpRe(CO)3 + 2Na2Te2 ------+ o”h4P)~iRe4(Te2)~tTeCH3)(Co),,3 
4Ph,PCI, sealed tube 

(12) 

The use of molten alkali metal ~iychalcogenides for making solid-state compounds 
is a very active area of research [39]. As far as the synthesis of molecular compounds is 
concerned, the molten salt method differs from conventional, non-aqueous reactions in 
many respects. For example, reaction temperatures attainable by molten salts are higher 
than those using organic solvents. Tbis tends to affect reaction pathways. The highly ionic 
nature of the melts provides enhanced solubili~ for many otherwise insoluble com- 
pounds. A significant advantage is the elimination of any %et” solvent which could make 
the system oxygen-free. This may prove to be important in the synthesis of early transition 
metal, or lanthanide and actinide compounds; which tend to abstract oxygen atoms from 
solvent molecules (e.g. DMF, THF). Thus far, we have seen several such examples (eqn. 
(13) [60], eqn. (14) [68]): 
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300°C 
U + 2K2Se + 8Se - K4FJ@2~41 1. days (13) 

375°C 
Nb + 3KzSe + lOSe_ K6[Nb4Se4&991 

lOOh 
(14) 

The recent application of polychalcogenide salts of large organic cations (e.g. 
Ph,P+) as reactive flares opened up a new synthetic dimension in this research area. The 
use of organic counterions in place of alkali metal ions not only lowers the melting point, 
but also results in new and oflen open structure types (i.e. size or template effect). For ex- 
ample, three isomorphous compounds with a layered structure have been prepared as fol- 
lows [ 1341: 

M + W@%Se, - (Php)~(se6)21 

M=Ga,InorTl 

(15) 

Large channels caused by the presence of PbP+ cations are found in the com- 
pounds. However, it should be noted that these compounds have an extended polymeric 
structure. In general, the molten salt technique favors formation of solid-state compounds. 
The synthesis of molecular compounds by molten salt methods has been occasional, and 
little is known about how to control the reactions from which small molecular anions can 
be reproducibly obtained. 

(v) Use of elemental chalcogens as reagents 

In order to achieve a successll addition of elemental chalcogen to a metal ion, the 
reaction requires that a coordinatively unsaturated electron-rich metal complex, or a com- 
pound containing metal-metal bonds be used as the starting material. Such a process often 
results in change of the metal oxidation state, and is bound to produce compounds with a 
partial chalcogenide-coordination environment. This is usually because no metathesis can 
take place between the all ancillary groups and the elemental chalcogen atoms. Thus, this 
method is responsible for the syntheses of most organometallic compounds. Examples are 
given in eqns. (16) [30] and (17) [152]: 

r.t. for 8 days 
[(dmpe)2Ir]Cl+ %Ses - K~pekWSedlC1 (16) 

THFMe 

(17) 

M=Co,Rh 



However, due to the lack of suitable starting metal complexes, which possess 
enough reactivity towards elemental chalcogen, this method is not general. Organo- 
metallic compounds of ~l~ell~des have not been prepared Idiom this route, either 
because the reactivity of elemental tellurium is lower than that of selenium or, perhaps, 
because no such reactions have been extensively pursued. 

Elemental selenium is readily incorporated into some metal monoselenide com- 
pounds, forming metal polyselenide rings via a redox process (eqn. (18) [64a,76], eqn. 

(19) [711): 

cH,cN, 85°C 
2[WSe.#- + ‘/Se* - [WzSeu#- (two isomers) (18) 

DMF, at r.t. 

[MoSeh12- + 5Se - [MoSe(Se,)2]2- (19) 

The above results are ar$ogous to those known earlier for sulfur [63,66]. 
Similar reactions between complexes containing Se-Se bonds and elemental sele- 

nium can also take place, resulting in MSe, ring augmentation [84]: 

Recently, Rauchfbss and co-workers have discovered that ~-a~l~~les can 
greatly promote the reactivity of elemental chalcogens (i.e. S and Se) towards low valent 
metal species, particularly metal powders and metal carbonyls. Thus, the ZV-alkylimida- 
zole suspension of elemental selenium is found to react with Fe(CO)s or even zinc dust to 
produce polyselenide complexes: 

N-Mdm, 25’C 

2Fe(CO)$ t- Ses - [Fe(N-MeIm)6][Fe(Se4)2(C0)2] + 8C0 (21) 

N-M&, LOOT 

Zn + %Ses - [Zn(Se&N-MeIn&] (22) 

The mixed-ligand coordination of zinc in [Zn(Se&N-MeIm)2] is the result of com- 
petition of the solvent Z?-methylimidazoie which is a strong o-donor ligand. This approach 
seems to be widely applicable to most metals and chalcogens. The five membered ZnSe4 
ring found in the structure is similar to that of [Zn(Se4)2]2-_ 

Some ternary or quaternary alkali metal alloys can be “solubilized” in polar organic 
solvents (e.g. en). Such a process often involves the disruption of solid-state bonding with 
the assistance of a strongly coordinating solvent. As a result, metal polychalcogenide 
clusters can be isolated by addition of organic counterions (eqn. 23 [35], eqn. (24) [ 11 II): 
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ClzmcJ 

KAuTez (or K*AuAsTes, KsAuGeTes)- PPWAu2Ue&l (24) 

(vii) Use of other reagents 

(a) Bis(triai~My~selenides 
It is known that bis(trimethylsilyl)sulfide (MesSi)$ can be used in place of H2S to 

synthesize sulfido complexes [ 1861. However, this reagent and its Se analog, despite be- 
ing highly reactive, are extremely malodorous and must be handled with great care. Ibers 
and co-workers explored the use of several bis(trialkylsilyl)selenides as possible 
“selenization” agents, and found that [(CH&CsHt7Si)]$e provides the best compromise 
between reactivity and odor control [61,64b]. Use of this reagent as well as the other 
bis(triallqlsilyl)selenides (mainly [MqSi]$e) was found in the synthesis of 

(EWhM%hCWl[6 1 I, Frse412- (M = MO, W Wbl, [(r15-Cp)4T~~4-oXuz-se)(rr3- 
Se)z@3-Se2)2] [ 1461, [$-MeCp2Vz(Crz-Se)(,+Sez)Cu2-Se~] [ 1481. It should be pointed 
out that bis(trialkylsilyl)selenides are monoselenide-transfer agents, as can be seen in the 
synthesis of a large number of metal monoselenide clusters by Fenske et al. [ 1481. 

(6) Hydogen chalcogenides 
H#e was employed to synthesize [(q5-MeCp)2Vz(Crz-Se)@z-Se2Xuz_t72-Se,)] [ 1481. 

Because of its poor stability, HzTe was generated from reaction of A12Te3 with HCl and 
used in situ to prepare [(q5-Cp*)2R%(T%)(CO)4] [ 1611. Again, hydrogen chalcogenides 
are conceivably monoselenide-transfer agents. Generation of Q-Q bonds in the products 
must rely on a redox process during the reaction. 

(c) Reactivity of Qx2- ligamh towar& organic phosphines 
With abstraction of internal selenium atoms from MSe, rings, this reaction can lead 

to compounds with shorter Se,Z- ligands [30]. 

c%m 
[(dmpe)zIr(Se4)]C1 + 2Ph3P -[(dmpe)$r(S~)]Cl + 2Ph3PSe (25) 

Sometimes these shorter ligands are highly reactive and can only be generated in 
situ They oRen condense to give rise to larger clusters. For instance [ 1451: 

R=H,Me,% 
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(d) Other chdcugen-contaiing agents 
Many other ch~cogen-conning reagents, such as SeOs2-, TeQ2-, COSe and 

CSq, have all been occasionally used to synthesize metal chalcogenide complexes 
[ 164,167], Reactions involving these reagents lack rationale, so their synthetic value is 
limited. 

(viii) Thermolysis 

Thermal rearrangement reactions have been used to prepare new compounds. The 
(~5-M~p~2V(Se5~ is ~sfo~ed to {(715-MeCphV2(crrSe~r~~-~2-S~)] at reflw 
in THF [ 147): 

Heating a DMF solution of [Mn~(Se&(CO),]2- at 90°C leads to the homoleptic 
complex [Mn(Se,&]2-. IR spectroscopic studies suggest that the process is a thermally 
induced disproportionation reaction [ 841: 

DMF, 90°C 

[~2&%)2(co)6]2-- [Mn(Se4)2]2- + %h@&Olo + CO (291 

D. SPEC~OSCOPY 

Both IR and UVfvis spectroscopic studies are not very informative in the structural 
ch~acte~~tioR of metal heavy ~lychalcogenides. Unless CO groups are present in the 
molecules, the mid-IR region is invariably dominated by the hydrocarbon skeletons of 
ancillary ligands or the organic counterions. In the fat-IR region, M-Se and Se-Se often 
show absorptions in the range 200-400 cm-r with the corresponding M-Te and Te-Te 
bands shilling to even lower energies. IR spectroscopy could be used to confirm the pres- 
ence of Q-Q bonds in the compound. However, one should be cautious in assigning these 
bands in view of the absence of any systematic studies using isotope labeling. 

The problem associated with UVlvis spectroscopy is twofold. First, some metal 
coml?lexes do not retain their identity in polar solvents such as DMF or CH$X If mono- 
valent M+ ions are involved, such a dissociation is likely. In this case, the UVlvis spec- 
trum of the metal complex is similar to that of the Gree polychalcogenide ligand. Second, 
most compounds that remain intact in polar solvents, show featureless UVlvis spectra 
yielding no information about the coordination environment of the metal ions. The 
following example is one of the very few occasions when the UVfvis spectra are useful in 
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identifying the different species present in solution. DMF solutions of [FezSe#e5)J2- 
give five absorption maxima at 3 12(sh), 386(sh), 415(sh), 498 and 67O(sh) run, which are 
characteristic of this Fen’ species[34], while the UVZvis spectrum of I[Fe(Se,),12- in the 
same solvent is featureless [90]. 

(ii) NM? spectroscopy 

Both selenium and tellurium have spin-half nuclei with moderate NMR receptivity. 
77Se (I= l/2, natural abundance = 7.58%, receptivity relative to 13C = 2.98), lz5Te 
(I= l/2, natural abundance = 6.99%, receptivity relative to t3C = 12.5) and lz3Te (I= l/2, 
natural abundance = 0.87%, receptivity relative to i3C = 0.89) are all NMR active, but 
123Te is seldom used because of its lower natural abundance [187]. In 77Se and lzsTe 
NMR studies, the convention is that their chemical shifts are referenced to (CH&Se and 
(CH3)2Te, respectively, at 6 = 0 ppm with the downfield shift associated with positive 
ppm values. 77Se NMR spectroscopy has been applied to a larger extent than iz5Te, al- 
though both have the potential for characterizing metal complexes in solutions. The 
chemical shifts of both 77Se and 125Te are found to be extremely sensitive to their chemi- 
cal environments. Due to low natural abundance of these two nuclei, the Se-Se, or Te-Te 
coupling is often unobservable. Occasionally, M-Q bond coupling to an NMR active 
metal can be observed. In a typical metal polychalcogenide complex, the ligand atoms are 
often in very different chemical environments (metal-bound, internal or bridging, etc.), 
thus the resonance pattern in its NMR spectrum can be very complex. In the absence of 
any homo-nuclear coupling information, the assignment of the different NMR resonances 
is not easy but several assignments have been made. For example, in the series of 
[MX(Q,),12- (M = MO, W, X = 0, Se; Q = Se, Te) and [M(Se&12- (M = Ni, Pd, Pt, Zn, 
Cd, Hg) complexes, the NMR spectra have been completely assigned. 

Within the [WQ(SeJ212- (Q = 0, S, Se) series, the resonances corresponding to the 
metal-bound selenium atoms all exhibit couplings to W (183W, Z= l/2, natural abun- 
dance = 14.3%) [64a,b]. This observation helps in assigning the resonances of the both 
the terminal and internal selenium atoms in the compounds. By analogy, similar assign- 
ments are then extended to the MO (two quadrupolar nuclei: 95M~, Z = 5/2, natural abun- 
dance = 15.7%; 97M~, I= 5/2, natural abundance = 9.5%) analogs of the above com- 
pounds [64b], as well as to the [MO(TeJ212- (M = MO, W) system, where the Mo-Se, 
Mo-Te or W-Te couplings are not observed [72]. Table 2 gives the NMR data of these 
compounds. 

Within the [M(Se4)2]2- (M = Ni, Pd, Pt) series, Pt has a spin-half nucleus (i9?t, 
Z = l/2, natural abundance = 33.8%). In solution the [Pt(Se4)2]2- species generated in situ 
gives a two-line 77Se NMR spectrum with 6 = 727 and 642 ppm. The resonance at 
727 ppm shows coupling to 195Pt, and is assigned to metal-bound selenium and the 
642 ppm signal to the inner two selenium atoms of the Se42- ligand. By analogy, simi- 
lar assignments are made for the Ni and Pd analogs [86]. Detailed data are given in Table 
2. 
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TABLE 2 

77Se and lz5Te NMR data for the [Mx(Q,&]” (M = MO, W, X = 0, S, Se; Q = Se, Te) and 
[M(Se&]*- (M = Ni, Pd, Pt, Zn, Cd, Hg) series 

Compound Metal d 8 (‘J(Q-M) a) (ppm) 
elecrron 
configuration Metal-bound Ring Apical 

Reference 

;: 

d* 
d* 
d* 

;: 

;: 

d’O 
d’O 
d*O 

828(98) 
993(106) 

1034(108) 
946 

1122 
1163 
903 
717(98) 
820 
893 
727(384) 
127 
62(255) 
76(1265) 

280 - 
313 - 
324 1787 
380 - 
396 - 
403 2357 
120 - 
89 - 

748 - 
758 - 
642 - 
598 - 
608 - 
594 - 

Wbl 
[@bl 
Wbl 
[f-l 
Wbl 
Wbl 
r721 
1721 
[861 
1861 
1861 
1861 
[861 
[861 

Within the [M(Se4),]*- (M = Zn, Cd, Hg) series, both Cd and Hg have spin-half 
nuclei (1riCd, Z= l/2, natural abundance = 12.3%; l13Cd, Z= l/2, natural abundance = 
12.8% and lrqHg, Z= l/2, natural abundance = 16.8%)). The observed couplings in these 
two complexes allow unequivocal assignments for their 77Se NMR spectra. The 77Se 
NMR spectrum of the [Zn(Se4jJ2- is then assigned by analogy as shown in Table 2 [86]. 

By comparing the above assignments, a general shielding argument based on the 
metal d electron configuration has been advanced [86]. In the Ike Q4*- ligands, shielding 
arguments would predict that the terminal atoms resonate upfield of the internal atoms in 
accordance with the formal charge assignments on these atoms. Upon chelating to a metal 
ion with partially filled d orbitals, the electron density of these terminal (now metal- 
bound) atoms will decrease because of electron donation from the Q4*- ligand to the d 
orbitals of the metal. This will lead to NMR signals downfield of the resonances due to 
non-metal bound selenium atoms (see Table 2). However, if the metal ion has filled d 
orbitals (i.e. Zn, Cd or Hg), the electron donation from the ligand to the metal is claimed 
to be negligible leading to resonances upfield of the non-metal bound selenium atoms 
(Table 2). 

It should be noted that the 77Se NMR spectrum of [Pt(Se4)3]2- gives two signals at 
680 and 790 ppm. The resonance at 680 ppm is assigned to the metal-bound Se atoms be- 
cause of the observed Se-R coupling [98]. This is opposite to the trend defined above. 
Apparently, other factors must also be operative in affecting the resonance positions of Se 
atoms in polyselenides. 
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77Se NMR spectroscopy was used to chamc&ixe the solution behavior of the 
In/Se,Z- fbmily of corners. The ‘?Se NMR spectra of ~2(Se4)4(Se5)1~, 
[I@er(Se@- and [InzSe2(Se,h]*- in DMF solutions are all identical and show three 
peaks in 2:2:1 ratio at 643 ppm, 197 ppm and -244 ppm, respectively. This suggests that 
all complexes give rise to the same species in solution. It has been proposed that the most 
stable complex in solution is [I@es(Se&$+-. The peak at 643 ppm can be tentatively as- 
signed to resonance from the terminal Se atoms of the chelating Se4” ligauds and 
197 ppm from the hmer atoms of the Se42- ligauds while the -244 ppm is more reasonably 
assigned to the bridging Se2- l&and. Thii assignment is consistent with the 77Se NMR 
results reported for other metal polyselenide complexes discussed above. ~~itively, one 
would expect the dimeric [I~r~%#e&]~- anion to possess higher energy rhtg-strain 
compared to the trhneric homologue, and therefore anticipate the la#er to be the final 
solution product. Another destabilizing f&or for the [III#~]~+ -core relative to the 
[In3SeJ3+ core would be the stronger hi--In Coulombic repulsion due to the closer 
proximity of the two In3+ atoms in the former. This repulsive force is somewhat dissipated 
in [In3Se@e4)s]2- due to the longer In--In distances in the co~n~mg [In$es]3+ core 
(3,336 A versus 3.69 A, vide sup@. Thus, it is reasonable to propose a solution 
rearrangement of [In2S~(Se4)zJz- to the more stable fIn$&(Se&jz- [130,131]. 

E. APPLICATIONS 

Concep~ly, thermal d~om~sition of homoleptic complexes should eventually 
lead to binary metal chalcogenides. However, our thermal decompositibn studies on vari- 
ous metal polyselenide compounds> using thermal gravimetric analysis (TGA), show that 
the final decomposition products sometimes depend on the decomposition properties of 
the precursor complexes. In addition to the bonding energetics in the different metal com- 
plexes, which afTect the d~om~sition pathways9 the counterions also have spout in- 
fluence. The leaving mechanism of these hN+ (or R@+) cations is provided by 
nucleophilic attack to an R- group by polyselenide to form volatile R2SeX (x = 12) spe- 
cies. Thus, some compounds give clean bhnny solid-state phases by thermal decomposi- 
tion, others do not. For example, thermal decomposition of (Ph.,P)2[M(Se&] (M = Zn, 

Cd), (PWhKWWl~ PhPh[WfW3l~ 0PhdP)2CCuz(se,Mse411, (ph4W?%@ed~ 
(Se,)] and (Et4N)3[M3Se3(Se4)3] (M = In, Tl), under inert atmosphere, gave single-phase 
products of their co~es~d~g binary ~rnpo~~, Z&e, CdSe, SnS%, C!u2_$e, @- 
In2Se3 and TlSe, while ~~P~~Hg(Q4k] (Q = Se, Te) decomposes to Hg vapor and Se or 
Te. 

Figure 1 I I shows typical TGA diagrams of (Ph&&do&d();j, (Ph,+P)2[Cy(Se4)3] 
and (P~P)z[Cuz(Ser)2(Se4)], while eqn. (30) gives a possible reaction route for the tber- 
ma1 decomposition of (Ph.,P)2[Cd(Se4&j [ 13 11: 
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(PbP)2[Cd(Se&] & CdSe + Ph2Se + PhsP + Ph3PSe + Se (30) 

In the cases where the thermal decomposition yields single phases of binary com- 
pounds, the metal complexes can be used as single source precursors for making thin 
films of solid-state chalcogenides. Investigations were carried out in this laboratory to 
fabricate crystalline films of CdSe, Cu2 _ .Se, /I-InzSes, TlSe, and CuInSez (co-thermoly- 
sis of Cu+/Se,*- and In3+/Sez2- complexes in appropriate molar ratio) from the following 
procedure [ 13 11: 

casting 
inert * 

Reheated 
substrate.150 ‘C 

LIzz2Y . . El ClptdliE 
film 

The phase identification and characterization of these metal chalcogenide films 
have been carried out by X-ray diffraction, scanning electron microscope (SEM), trans- 
mission electron microscope (TEM) and infislred spectroscopy [ 13 11. One of the limita- 
tions of the molecular precursor method is the large weight-loss associated with pyrolysis 
which can result in cracked and discontinuous films. Although this can be avoided by 
preparing good precursor films, molecular precursors with high M/Se ratio are desired to 
help solve this problem. 

0 400 800 

TEMPERATURE (‘C) 

Figure 111. Typical TGA diagrams of QWhW(Wd~ UWWCu~@e.d~l and 
(Ph4P)4[Cu2(se5)2(se,)1. 
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It is well known that PhsP, BusP and Cl?- can abstract sulfur atoms f?om polysul- 
fide compounds. This type of reaction has also been extended to polyselenide complexes. 
Except for the aforementioned reactions of (RCp)sTiSes with PhsP (or BusP) to give 

[{(llr5-RCpkTi}zOU2-seZ)Z1, ad KdmpekWSeN with Ph# TV give K~~kWWl+, 
other examples involving transformations of different polyselenide complexes are rare. 
However, the use of chalcogen-abstracting agents for removing all excess selenium atoms 
in a meta polyselenide complex should, in principle, lead to the bii solid-state com- 
poond. This cheesy has been extensively studied at this laboratory in hope of develop- 
ing non-pyrolytic, low temperature routes to the te~~olo~~ly hnportant metal chalco- 
genide semiconductors [46+. The virtue of this approach is that by controlling the re- 
action conditions, different particle sizes of semiconductors, ranging from quannmr-size 
to bulk regime, can be obtained. This is because the growth of particles depends on the 
condensation of highly ~r~~tive~ unsaturated species generated during the reaction. 
The follow~g is a general reaction scheme of this Se-abstracthtg chemi~: 

CdSe is formed from the exhaustive removal of Se by KCN or ~Bu)~P Tom 
[Cd(Se4)2]*- in DMP and DMSO. The particle size of CdSe is in the quantum size regime” 
The maximum crystallite size is obtained under reflux conditions. T~bu~lphosp~~e 
yields 60 A crystallites, while KCN yields 120-150 A crystallites. By comp~son, other 
methods available for the synthesis of quantum-size CdSe yield particle sixes in the 
neighborhood of 35 A [46,47]. 

The reaction of an appropriate mixture of @t&l&n 
(PbP)&Ju$$et2] [104] with the appropriate amount of KCN (or 



60-I W’C produces CuInSe2 in 70% yield. Successive darker&g of the solution is ob- 
served to form a colloidal suspension of CuInSq which eventually precipitates. CtrInSez 
deposits directly in crystalline form and thus a subsequent annealing step is not required. 
When this Se-abstraction reaction is carried out individually with [InsSe,#- or 
[CySe&- the corresponding binary In$@ and CuSe are obtained. It is thus very inter- 
esting that a phase-- mixture of In$es and CuSe does not form. It is plausible 
that extremely small “embryo” clusters of h@es and CuSe form iirst which pliably 
react to form &In&, The driving force for this would be the very high surface area of 
such small clusters, their intimate state of mixing, the i%vorable entropic component of the 
reaction (due to the formation of a ternary phase) and the considerable lattice energy gain 
from the formation of .the very stable chalcopyrite stmcture. CuInSe, was uniquely iden- 
tified by its X-ray powder diction pattem which is remarkably clean with regard to 
other ~s~ll~e phases. TEl’vi studies reveal that the CuInSez particles are in the submi- 
crometer range. 

The chalcogen-abstraction reaction is also suitable for the preparation of solid solu- 
tions (e.g. Cdl _ xHg$e, Cd, _&&Se) fiom which interesting materials such as dilute 
maguetic semiconductors could be obtained. Table 3 summarizes some nanocrystalline 
solid chalcogenides prepared by this method. In addition to being a mild and convenient 
route to solid chalcogenides this method also provides an opportunity to obtain and study 
many semiconductors in the quautum-size regime. This is especially useful in cases where 
the publ~hed methods (which work well for II-VI materials) cannot be generalized to 
other binary and p~ic~~ly ternary ~micondu~o~. 

TABLE 3 

~~~~line solid chal~genides prepared from molecular ~lych~~g~id~ 

Compound Structure Precursor Reagent Max. particle 
size (A) 

CdSe Wurtzite 

HgSe 

CuSe 

SnSe 
h&Se 
HgTe 
CuInSez 

Cdl -J&Se 

Sphalerite 

CuS type 

GeS type 
WultZite 
Sph&&e 
Chal~pyrite 

Wlrl%Zite 

-60 
-150 
-100 

-looooa 
-240 
450 

-1W 
-500 

-5W 
-100 

-SW 
-200-500 

All panicle size d~~~o~ were made using rhe Scherrer formula, except where indicated. 
attained on a opinion electron microscope. 
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(iii) Reactions with activated acetylerxs 

Similar to the metaI polysulfide complexes, reactions of MQ&or&ining (Q = Se, 
n = 2-5; Q = Te, n = 4) ~rn~~~ with activated acetylenes give s&nolene and tel- 
lurolene complexes (eqns. (3 l), (32) [188], eqn. (33) [ 1891, eqn. (34) [72]): 

(33) 

This type of chemistry closely parallels that of metal ~l~u~~es reported earlier 
by Cou~uv~~ et al. ( WO]. 

Although great progress has been made in the last 6 years, we h@e that the readers 
have been convinced that metal heavy ~~c~cog~de chemistry is still an emerging 
field with a great deal of qu~o~ ~rn~rng to be answered. ‘I’%@ div~i~ can be 
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chiefly attributed to the fact that polychalcogenide ligands are keen to respond, by adjust- 
ing their coordination modes, to the demands of the metal ions, whether these demands 
are of electronic or steric nature. The versatile coordination abilities of these ligands are 
then manifested by the variety of s~c~es exhibited by their metal complexes which can 
be discrete molecules, clusters and even polymeric networks. Of course, all this also un- 
dermines our ability to predict their structures at the current stage. On the other hand, dif- 
ferent synthetic methods, such as conventional solution reactions, hydro(solvo)thermal 
techniques and molten salt syntheses are now begitming to emerge as powerful tools in 
this area The exploration of these different approaches promises to broaden the horizon of 
the c~rdi~ation chemistry of metal ~lychalcogenides. Despite the large munber of poly- 
chal~ogenide ~ompo~ds synthesized, many aspects of their reaction chemistry remain 
unexplored, and mechanistic issues have seldom been addressed thus far. Furthermore, 
the reactivity of these compounds towards other molecules also remains unexplored. 
Interest in this area, along with the synthesis of yet new metal heavy polychalcogenide 
compounds, is expected to grow. 

NOTE ADDED IN PROOF 

A nice review article dealing with the coordination chemistry of inorganic selenide 
and telluride ligands has recently been published [ 19 11. A novel el~herni~~ synthesis 
of ~~N)~~Au~Te~] and (Ph*P)~~Au~Te~] was reported [192]. Several recent reports by 
Ibers et al. described the preparation of (phrP)~[Ni4Te4(Te2h(Te~)43 and (PbP).+ 
[P&Te&Te&] ]193] and the synthesis of the unusual metal polytelluride species 
(Et&l)l[AuTe,] [194]. The compounds (Ph@)2@4N)[AgTe,] and (P&P)z[HgTe7] [195] 
and the Et4N+ salts of [Mz(Te&14- (M = Cu and Ag) [196] also appeared since the 
submission of the present review. The PbP+ salts of [M&Te&]” anions were reported 
earlier by Dehnicke [105]. Finally, the X-ray single-crystal socks of [Cs(lS-crown- 
6)]2Se5 - DMF, [Rb(222-crypt)]$e6, @a( 1 S-crown-5),]Se6 * DMF and /Na( 1%crown- 

4)]$e7 were reported [ 1971. 
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