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Abstract

The use of mononuclear metal sulfide ligands to construct heterometallic sulfide clusters is an area of inorganic chemistry that has

received ever-increasing attention in recent years. This article reviews the advances that have been made in the synthesis and

coordination chemistry of organometallic trithio complex, [PPh4][(h5-C5Me5)MS3] (M�/W, Mo). From a set of 24 W(Mo) j Cu(Ag,

Au, Pd) j S clusters containing (h5-C5Me5)MS3 moiety, three basic cluster fragments along with a rare fragment are topologically

outlined. Each specific structure is briefly discussed and particular emphasis is put upon how the specific cluster array is assembled

via these fragments or their certain combination is highlighted.

# 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Synthesis of transition metal sulfide clusters continues

to be a major objective in inorganic chemistry [1�/15].

Use of thiometallates is a popular method for prepara-
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tion of metal sulfide clusters with various nuclearity, and

in particular thiotungstates and thiomolybdates have

served as key building blocks for a wide variety of

homo- and hetero-metallic sulfide clusters. The clusters
obtained from these precursors have shown rich chem-

istry of their own [16�/27], and may be relevant to

biological systems [27�/32], industrially important cata-

lysis [33�/37], and optoelectronic materials [38�/42]. On

the other hand, we have succeeded in the synthesis of a

series of organometallic trisulfido complexes [(h5-

C5Me5)MS3Li2(THF)2]2 (M�/Nb [43], Ta [44]) and

[(h5-C5Me5)MS3]� (M�/W [45], Mo [46]). The niobium
and tantalum complexes were obtained from reactions

of [(h5-C5Me5)MCl4] with Li2S2 in THF, and the lithium

cations were readily replaced by late transition metals,

forming heterometallic sulfido clusters [47]. However,

the tungsten and molybdenum complexes were isolated

from reactions of [(h5-C5Me5)MCl4] with thiolates

followed by C�/S bond-cleaving reactions of thiolates,

and exhibited high reactivity toward alkynes to afford
1,2-enedithiolates [46]. Having noted that these trisul-

fido complexes may be viewed as derivatives of tetra-

thiometallates and can serve as potential building blocks

for heterometallic sulfide clusters, we have examined the

reactions of these anions, especially those of tungsten

and molybdenum, with transition metals such as cop-

per(I), silver(I), etc. Indeed, a new family of

Mo(W) j Cu(Ag) j S clusters has been generated there-
from, many of which exhibit unusual cluster frameworks

[48�/56]. In this review we focus on the synthesis and

coordination chemistry of the clusters containing the

(h5-C5Me5)MS3 (M�/W, Mo) moiety we have isolated

so far, and if necessary, compare their chemistry with

those of [MES3]2� (M�/W, Mo; E�/O, S) species.

2. Synthesis of [PPh4][(h5-C5Me5)MS3] (M�/W, Mo)

In 1993, Geoffroy et al. reported that the reaction of

[(h5-C5Me5)WCl4] with H2S in the presence of NEt3

produced a small amount of the trithio complex
[NEt3H][(h5-C5Me5)WS3] along with anti -[(h5-

C5Me5)WS2]2, [(h5-C5Me5)2W2S2(S2)2], and

[NEt3H][(h5-C5Me5)WOS2] [57]. As shown in Scheme

1, we found other better routes to isolate, in 83% yield,

rather pure [PPh4][(h5-C5Me5)MS3] (M�/W, 1; M�/

Mo, 2) [45,46]. A facile C�/S bond cleavage reaction is

believed to occur during the reaction of [(h5-
C5Me5)WCl4] with Li2edt. The synthesis of the molyb-

denum analogue [PPh4][(h5-C5Me5)MoS3] (2) is not so

straightforward. Therefore, another route was ‘de-

signed’ to isolate it in pure form, Scheme 2. Reactions

of [(h5-C5Me5)MoCl4] with LiStBu in THF afforded

[(h5-C5Me5)Mo(StBu)3] in a rather high yield. Addition

of 1/4 equiv. of S8 to [(h5-C5Me5)Mo(StBu)3] in THF

formed a dark green solution, which may contain a
mixture of [(h5-C5Me5)MoS2(StBu)], [(h5-C5Me5)M-

oOS(StBu)], anti -[(h5-C5Me5)MoS2]2 and an unidenti-

fied green compound. On further treatment with excess

Li2S2, subsequent purification produced dark red com-

pound 2 in 40�/60% yield. X-ray analysis of 1 and 2

confirmed that the [(h5-C5Me5)MS3]� anion has a

three-legged piano stool structure with the S3 plane

parallel to the (h5-C5Me5) ring. The mean W�/S and
Mo�/S bond lengths, 2.192 and 2.188 Å, are longer than

those of (NH4)2[WS4] (2.177 Å)and (NH4)2[MoS4]

(2.178 Å) [16]. The steric bulkiness and electron-donor

character of h5-C5Me5 may contribute to this unusual

trend.

3. Synthesis of copper or silver clusters containing [(h5-

C5Me5)MS3]� (M�/W, Mo) moiety

As shown in Scheme 3, the (h5-C5Me5)MS3 moiety

has a pyramidalized geometry with three S�/S edges.

When one M?, two M?, and three M? atoms (M?�/Cu(I)
or Ag(I)) are bound to these S�/S edges in a stepwise

manner, three basic cluster fragments, [(h5-C5Me5)M-

S3M?] (a), [(h5-C5Me5)MS3M?] (b), and [(h5-C5Me5)M-

S3M?] (c), are formed. Therefore, if the ratio between

[PPh4][(h5-C5Me5)MS3] and M? salt is carefully con-

trolled, clusters with fragments a, b and c can be

isolated, respectively. Examples are [(h5-C5Me5)W-

S3Au(PPh3)], [(h5-C5Me5)WS3(CuPPh3)2Br], and [(h5-
C5Me5)WS3Cu3(PPh3)3(NO3)](NO3) [48,52,55]. Frag-

ments a and b possess terminal S and/or doubly-bridging

S atoms, which may further bind more M? atoms during

Scheme 1.
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the reaction. Thus clusters with mixed fragments such as

[{(h5-C5Me5)WS3}2Ag3(PPh3)3](NO3) and [{(h5-

C5Me5)WS3}3Cu7(MeCN)9](PF6)4 have been observed

[52,56]. Furthermore, some preformed clusters are good

precursors to generate new types of clusters. For

example, [PPh4]2[(h5-C5Me5)WS3(CuBr)3]2 [48] reacts

with excess Li2S2 to form [PPh4][{(h5-C5Me5)WS3-

Cu2}3S2] [51]. In addition, it is also possible that only

one sulfur of the (h5-C5Me5)MS3 moiety coordinates

one M? center, forming a rare cluster fragment (d),

which was observed when HgCl2 reacts with (h5-

C5Me5)WS3 moiety [58]. So far, a total of 24

W(Mo) j Cu(Ag, Au, Pd, Hg) j S clusters containing

(h5-C5Me5)MS3 moiety (3�/26) have been prepared

and structurally characterized. More than ten types of

cluster skeletal structures have been confirmed, most of

which consist of each of the three cluster fragments or

certain combination of these fragments.

Scheme 2.

Scheme 3.
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4. Specific cluster structures

According to the ratio of M and M? in these 24

compounds, they are classified into nine categories:
MM?, MM ?2, MM ?3, M2M?, M2M?, M2M?, M3M ?6,

M3M ?7 and M4M ?4; we briefly discuss their synthesis

and important structural features in the following

subsections.

4.1. MM?-type clusters

There are only two compounds available: [(h5-

C5Me5)WS3Au(PPh3)] (3) and [(h5-C5Me5)WS3Pd(dp-

pe)]Cl (4). The facile reactions of 1 with equimolar

[AuCl(PPh3)] or [PdCl2(dppe)] in MeCN afforded 3 and

4 in very good yield [52]. Both the molecular structure of

3 and the structure of the cation of 4 contains a (h5-

C5Me5)WS3M? fragment (a), i.e. one [(h5-C5Me5)WS3]
moiety binds one Au(I) or Pd(II) through two S atoms

to form a dinuclear structure with a four-membered

M(m2-S)M? ring. The coordination geometry of the Au

atom adopts exactly trigonal-planar (Fig. 1), and the

observed W�/Au distance of 2.8279(5) Å is close to those

of [WS4(AuCH2PPh3)2] (2.820(2) Å) [59] and

[WS4(Au(PPh2CH3)2] (2.840(1) Å) [60]. On the other

hand, Pd(II) is tetrahedrally coordinated by two m2-S
and two P atoms of the dppe ligand (Fig. 2), and the W�/

Pd distance of 2.9042(8) Å is slightly longer than

[WS4Pd(dppe)] [61] and [WS4{Pd(allyl)}2] [62]. So far,

no similar copper or silver analogues have been isolated.

4.2. MM ?2-type clusters

Four compounds have been reported: [(h5-

C5Me5)WS3(M?PPh3)2Br] (5: M?�/Cu; 6: M?�/Ag),

[PPh4][(h5-C5Me5)WS3(CuCN)2] (7), and [(h5-

C5Me5)WS3Ag2X]� (8: X�/Br; 9: X�/CN).

Compound 5 was obtained from the reaction of 1 with

2 equiv. of CuBr and excess PPh3 in CHCl3 [55] while 6

was isolated from the reaction of 8 with excess PPh3 in

CHCl3 [49]. As 5 and 6 are isomorphous and their

structures are very similar, only the structure of 5 is

shown in Fig. 3. They all have a butterfly-shaped (h5-

C5Me5)WS3M ?2 fragment (b) where two M? (M?�/Cu or

Ag) atoms are bound to the (h5-C5Me5)WS3 moiety

across two S�/S edges with an acute angle M?�/W�/M?�/

64.18(4)8 (5) or 61.52(2)8 (6). A bromide further bridges

the two M? atoms with a small angle of M?(1)�/m2-Br�/

M?(2)�/668 (5) and 708 (6). However, the bridging

bromide moves out of the triangular face of M?(1),

S(1) and M?(2). The seven-atom [WS3M ?2Br] cluster

geometry in 5 and 6 may be regarded as an intermediate

between the six-atom [WS3M ?2] skeleton in

[WOS3M ?2(PPh3)3] [63�/65] and the eight-atom cubane

structure of [WS3M ?3Br] in [WS3M ?3(PPh3)3Br] (M?�/Cu

[66], M?�/Ag [67]). Each M? atom in 5 and 6 is bound to

two sulfides, one bromide, and one PPh3 ligand, forming

a distorted tetrahedral coordination geometry. The

Fig. 1. Molecular structure of [(h5-C5Me5)WS3Au(PPh3)] (3) with

50% thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Reproduced with permission from Ref. [52].

Fig. 2. Structure of the cation of [(h5-C5Me5)WS3Pd(dppe)]Cl (4) with

50% thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Reproduced with permission from Ref. [52].

Fig. 3. Molecular structure of [(h5-C5Me5)WS3Cu2(PPh3)2Br] (5) with

50% thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Reproduced with permission from Ref. [55].
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average W�/Cu and W�/Ag bond lengths, 2.704(1),

3.0483(5) Å, are comparable to those in

[WOS3M ?2(PPh3)3] [63�/65] and [WS4M ?3(PPh3)3Br]

(M?�/Cu [66], M?�/Ag [67]).

Treatment of an acetonitrile solution of 1 in MeCN

with 2 equiv. of CuCN led to the formation of red

crystals of 7 [58]. The structure of the anion of 7 also

contains a similar (h5-C5Me5)WS3Cu2 fragment (b).

However, each copper adopts a typical trigonal-planar

coordination geometry with one CN and two S atoms.

Therefore, the average W�/Cu length of 2.6539(8) is

shorter than that of 5. The Cu(1)�/m3-S�/Cu(2) bond

angle of 97.47(6)8 is remarkably larger than the corre-

sponding one of 5 (78.05(8)8) (Fig. 4).
Reactions of 1 with 3 equiv. of AgBr or AgCN in

MeCN instantly gave rise to dark red products of 8 or 9

in nearly quantitative yield [49,54]. Compounds 8 and 9

have a very similar chemical formula. However, they

display a completely different polymeric chain structure

in the solid state. As shown in Fig. 5, 8 possesses an

unusual ladder-shaped one-dimensional chain structure.

The geometries of two crystallographically independent

[(h5-C5Me5)WS3]2Ag4 clusters in the chain are practi-

cally identical, and an inversion center resides in the

middle of each cluster core (Fig. 6). The repeating unit

[{(h5-C5Me5)WS3}2Ag4Br2] in 8 could be regarded as

built up of two (h5-C5Me5)WS3Ag2 fragments (b) via

additional Ag�/S (e.g. Ag(1)�/S(3*) and Ag(1*)�/S(3);

Ag(3)�/S(6*) and Ag(3*)�/S(6)) and Ag�/Ag (e.g. Ag(1)�/

Ag(2*) and Ag(2)�/Ag(1*); Ag(3)�/Ag(4*) and Ag(3*)�/

Ag(4)) interactions. The Ag(1)�/Ag(2*) and Ag(3)�/

Ag(4*) distances of 2.916(2) and 2.895(2) Å are shorter

than those in [(PPh3)4Ag4(mt)4] (3.089(2)�/3.110(1) Å,

mt�/2-mercaptothiazoline) [68] and [{Ag(2-Me3-

SiC6H4S)}4]2 (3.065(4)�/3.320(5) Å) [69], which indicates

the presence of weak interactions between the Ag atoms.

Within the cluster, the Ag(1) atom (or Ag(3)) bridges

two sulfur atoms of one (h5-C5Me5)WS3 moiety, and is

also bound to a sulfur atom of the other (h5-

C5Me5)WS3 moiety, resulting in a distorted tetrahedral

AgS3Br coordination geometry. On the other hand,

Ag(2) (or (Ag(4)) assumes an ca. trigonal-planar geo-

metry with two S atoms of a (h5-C5Me5)WS3 moiety

and a Br bridge. The mean W�/Ag length of 3.005(2) Å

is comparable to those found in

[Nd(DMF)8]n [W4S16Ag4]n (2.964(2) Å) [70] and [g-

MePyH]n [WS4Ag]n (2.971(2) Å) [71]. We compare the

core geometry of [{(h5-C5Me5)WS3}2Ag4Br2] in 8 with

the geometry of the closely related compounds

[(MS4)2Ag4(PPh3)4] (M�/Mo, W) [72,73]. The

M2S6Ag4 skeleton of the latter cluster is hexagonal

prismatic, while in the former cluster unit, two Ag�/S

bonds, Ag(1)�/S(1) and Ag(1*)�/S(1*) (or Ag(4)�/S(4)

Fig. 4. Structure of the anion of [PPh4][(h5-C5Me5)WS3(CuCN)2] (7)

with 50% thermal ellipsoids. Hydrogen atoms are omitted for clarity

[58].

Fig. 5. Ladder-shaped 1D structure of [(h5-C5Me5)WS3Ag2Br]� (8). Reproduced with permission from Ref. [49].

Fig. 6. Structure of a repeating unit of 8 with 50% thermal ellipsoids.

Hydrogen atoms are omitted for clarity. Reproduced with permission

from Ref. [49].
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and Ag(4*)�/S(4*), are broken. The difference may arise

from the steric hindrance occurring between adjacent

h5-C5Me5 rings and bromides in the polymeric structure

of 8.

On the other hand, the one-dimensional chain back-

bone of 9 is made of pentanuclear {[(h5-C5Me5)W-

S3]2Ag3} clusters and m-CN anions (Fig. 7). Each CN

links two clusters through interactions with Ag(2) of one
cluster and Ag(3*) of another, forming an intriguing

helical array of the repeating {[(h5-C5Me5)W-

S3]2Ag3(CN)} units. Because 9 crystallizes in a centro-

symmetric space group P21/c , there are two helical

strands with opposite chirality in a unit cell. The Ag�/

CN�/Ag portion is practically linear, with the Ag(2)�/

C(21)�/N(1) and C(21)�/N(1)�/Ag(3*) angles being

173(1) and 179(1)8, respectively. The structure of the
repeating pentanuclear cluster unit is shown in Fig. 8.

This cluster is made of two (h5-C5Me5)WS3Ag frag-

ments (a) that are connected by Ag(1). Alternatively, it

may be visualized as a combination of a (h5-C5Me5)W-

S3Ag fragment (a) and a (h5-C5Me5)WS3Ag2 fragment

(b) through the interaction between Ag(1) and S(4).

Coordination of S atoms at Ag(1) occurs in an asym-

metric way. Bonding with the three sulfur atoms, S(1),
S(2), and S(4), is relatively strong, forming a slightly

pyramidalized Y-shape coordination geometry. In addi-

tion, we noticed a weak interaction between Ag(1) and

S(5) (2.81 Å). Because of the unsymmetrical coordina-

tion environment at Ag, W�/S bond lengths also vary

substantially from 2.185(4) to 2.321(4) Å. The mean W�/

Ag distance (2.952 Å) is not unusual as compared with

those of 8. Although CN-bridged metal polymers are
ubiquitous, those having helical chain structures are

very rare. Examples are [(OC)Pd(m-CN)Mn(h-

C5H4Me)(CO)2]4 (orthogonal arrangement of helical

units) [74] and K[Cu(m-CN)(CN)] (spiral chain) [75].

4.3. MM ?3-type clusters

Clusters belonging to this group include: [(h5-

C5Me5)MS3Cu3(EPh3)2Br2] (10: M�/Mo, E�/P; 11:

M�/W, E�/P; 12: M�/W, E�/As), [PPh4][(h5-

C5Me5)WS3Cu3Br3(dppm)] (13); [(h5-C5Me5)WS3-

Cu3(PPh3)3(NO3)](NO3) (14); [(h5-C5Me5)WS3-

Fig. 7. Extended structure of [(h5-C5Me5)WS3Ag2CN]� (9) looking

down the c -axis. Reproduced with permission from Ref. [54].

Fig. 8. Structure of the repeating unit of 9 with 50% thermal ellipsoids.

Hydrogen atoms are omitted for clarity. Reproduced with permission

from Ref. [54].

Fig. 9. Molecular structure of [(h5-C5Me5)WS3Cu3(PPh3)3Br] (11)

with 50% thermal ellipsoids. Hydrogen atoms are omitted for clarity.

Reproduced with permission from Ref. [53].
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Cu3(PPh3)3Cl](PF6) (15), [(h5-C5Me5)WS3Cu3Cl-

(MeCN)(pz)]�(PF6)� (16).

Treatment of [PPh4]2[(h5-C5Me5)WS3(CuBr)3]2 (21)

[48] with excess AsPh3, PPh3, and dppm in MeCN led to

the formation of 10�/13 in good yield [53]. Since 10�/12

are isomorphous, only the structure of 11 was deter-

mined. As shown in Fig. 9, the main structural feature of

11 resembles that of [NEt4]3[WOS3Cu3Br4] �/ 2H2O [76],

and consists of a distorted WS3Cu3Br cube where the

Cu(3)�/Br(1) bond is broken. Alternatively, it can be

described as having an incomplete (h5-C5Me5)WS3Cu3

fragment (c) with a m2-Br(1) linking Cu(1) and Cu(2)

atoms. The Cu(3) atom assumes a trigonal-planar

geometry, coordinated by one terminal Br and two m3-

S atoms. On the other hand, Cu(1) and Cu(2) atoms

have a distorted tetrahedral geometry, coordinated by

one m2-Br, one P(PPh3), and two m3-S atoms. Because of

the different coordination geometry, the W�/Cu(3)

distance of 2.674(2) Å is 0.03 Å shorter than the average

of the W�/Cu(1) and W�/Cu(2) distances. In comparing

the core structure with that of 5 note that formally, the

structure of 11 is made by addition of one CuBr group

to the cluster framework of 5. Similar to that discussed

in 5 or 6, the bridging Br(1) atom moves out of the plane

of Cu(1), S(3), and Cu(2), tilting away from the Cu(3)

atom. This results in a very long Cu(3)� � �Br(1) distance

of 3.15 Å and an acute Cu(1)�/Br(1)�/Cu(2) angle of

68.03(7)8.
Similar to 11, the structure of the anion of 13 also

consists of an incomplete (h5-C5Me5)WS3Cu3 fragment

(c) and may be envisaged as a dppm adduct of

[PPh4][(h5-C5Me5)WS3(CuBr)3] (Fig. 10). There are

three CuBr groups, and two of them are bridged by a

dppm ligand. Therefore, the Cu(1) atom has a trigonal-

planar geometry, coordinated by one terminal Br and

two m3-S atoms, while the Cu(2) and Cu(3) atoms have a

distorted tetrahedral geometry, coordinated by one

terminal Br, one P(dppm), and two m3-S atoms. Again,

because of the different copper coordination geometries,

the W�/Cu(3) distance of 2.6387 Å is 0.14 Å shorter than

the mean distance of W�/Cu(1) and W�/Cu(2). A notable

difference between the structures of 11 and 13 is that, in

the former structure, the Cu(1) and Cu(2) atoms are

bridged by a Br atom, while in the latter structure, a

dppm ligand links the Cu(1) and Cu(2) atoms. The Cu�/

S(1)�/Cu(2) bond angle of 100.28(6)8 in 13 is 198 larger

than the corresponding angle (Cu(1)�/S(3)�/Cu(2)) in 11.

Compounds 14�/15 were isolated from reactions of 1

with either [Cu(PPh3)2NO3] or [Cu(MeCN)4](PF6)/PPh3/

LiCl in MeCN [52,58]. As shown in Figs. 11 and 12, X-

ray analysis confirmed that both of them have almost

the same incomplete (h5-C5Me5)WS3Cu3 fragment (c),

and a PPh3 ligand is coordinated at each Cu site.

Interestingly, the void of the incomplete cube of 14 or

15 is filled by a NO3 group or Cl in two different ways.

Fig. 10. Structure of the anion of [PPh4][(h5-C5Me5)WS3-

Cu3Br3(dppm)] (13) with 50% thermal ellipsoids. Hydrogen atoms

are omitted for clarity. Reproduced with permission from Ref. [53].

Fig. 11. Structure of the cation of [(h5-C5Me5)WS3Cu3(PPh3)3-

(NO3)](NO3) (14) with 50% thermal ellipsoids. Phenyl groups and

hydrogen atoms are omitted for clarity. Reproduced with permission

from Ref. [52].

Fig. 12. Structure of the cation of [(h5-C5Me5)WS3Cu3(PPh3)3-

Cl](PF6) (15) with 50% thermal ellipsoids. Phenyl groups and hydrogen

atoms are omitted for clarity. Reproduced with permission from Ref.

[58].
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In the structure of the cation of 14, one NO3 anion is

strongly bound to Cu(1) (Cu(1)�/O(1)�/2.25(2) Å), and

weakly interacts with Cu(2) and Cu(3) through O(3),

with the distances of 2.60 and 2.43 Å. Due to the

interactions with nitrate oxygen atoms, three copper

atoms distort from a trigonal-planar to tetrahedral

coordination geometry by varying degrees. Although

the W�/Cu(1) bond length of 2.716(2) Å is normal, the

W�/Cu(2) and W�/Cu(3) lengths, 2.693(2) and 2.688(2)

Å, are somewhat longer than those containing three-

coordinated Cu clusters such as 11 and 13. However, in

the cation of 15, a Cl atom directly fills on the void of

the WS3Cu3 incomplete cube with three long Cu�/Cl

distances (mean value�/2.698 Å), forming a strongly

distorted cubane structure. The resulting WS3Cu3Cl

cube is closely related to those of neutral clusters

[WES3Cu3(PPh3)3Cl] (E�/O, S) [77]. The three Cu

atoms are not equivalent, and their coordination

variability ranges from a strongly distorted tetrahedron

(Cu(1) and Cu(3)) to a nearly trigonal-planar coordina-

tion (Cu(2)) with a long Cu(2)�/Cl interaction (2.746(2)

Å). Because of the different coordination geometries of

the copper atoms, the W�/Cu(2) distance of 2.6967(14) Å

is shorter than the mean distance of W�/Cu(1) and W�/

Cu(2) bonds (2.7429(13) and 2.8859(15) Å).
The last member (16) of this group was obtained by

treatment of [{(h5-C5Me5)WS3}3Cu7(MeCN)9](PF6)4

(24) with pyrazine (pz) in MeCN in the presence of

LiCl [56]. Figs. 13 and 14 display its two-dimensional

sheet structure, and the repeating unit of the 2D

network and connectivity. The repeating cluster [(h5-

C5Me5)WS3Cu3(MeCN)] also contains an incomplete

(h5-C5Me5)WS3Cu3 fragment (c), which closely resem-

bles those of 11, 13, 14, and 15. It is interconnected by

pyrazine through interactions with Cu(1) and Cu(2?), to

form zigzag chains extending along the a axis where the

orientation of the [(h5-C5Me5)WS3Cu3(MeCN)] unit is

alternating. The chains are then connected by m2-Cl at

Cu(2*) and Cu(3) along the c axis. The resulting 2D

network forms a parallelogrammic mesh, and each

cavity is filled by a PF6
� anion. The surfaces of each

layer are covered with (h5-C5Me5)WS3 rings, and the

thickness of the layers is estimated to be ca. 9.9 Å. The

layers are separated by ca. 3.5 Å, and no inter-layer

bonding interactions are observed. Cu(1) is coordinated

by N(pz) and two m3-S atoms, and the W�/Cu(1)

distance is relatively short (2.654(2) Å). On the other

hand, the Cu(2) and Cu(3) are coordinated by N (pz or

MeCN), m2-Cl and two m2-S atom, and the W�/Cu

interactions are slightly weaker (2.673(2) and 2.722(2)

Å).

Fig. 13. Extended 2D layer structure of [(h5-C5Me5)WS3Cu3-

(CH3CN)Cl(pz)]�(PF6)� (16) looking down the b -axis. Reproduced

with permission from Ref. [56].

Fig. 14. Structure of a repeating unit of 16 with 50% thermal

ellipsoids. Hydrogen atoms are omitted for clarity. Reproduced with

permission from Ref. [56].

Fig. 15. Molecular structure of [{(h5-C5Me5)WS3}2Hg] (17) with 50%

thermal ellipsoids. Hydrogen atoms are omitted for clarity. Repro-

duced with permission from Ref. [58].
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4.4. M2M?-type clusters

Only one compound is known: [{(h5-C5Me5)WS3}2-

Hg] (17) [58]. Reaction of 1 with 0.5 equiv. of HgCl2 in
DMF formed thin brown crystals of 17 in a relatively

high yield. As depicted in Fig. 15, the neutral cluster

consists of a slightly bent linear structure (S(1)�/Hg�/

S(1*) bond angle�/174.6(3)8) in which each of the two

[(h5-C5Me5)WS3]� species act as monodentate ligand to

bind the central Hg via one S atom. Such a coordination

(fragment d) is unprecedented in thiometallate chemis-

try. The Hg�/S bond length of 2.31 Å is 0.29 Å shorter
than that in [(WS4)2Hg]2� (2.603 Å) [21] while the W�/

S(1)�/Hg angle of 93.28 is remarkably larger than that in

[(WS4)2Hg]2� (78.78). In the trinuclear complexes

[(MS4)2M?]z� (z�/2, M�/Mo, W; M?�/Ni [78,79],

Mn [80], Fe [81�/83], Rh [84], Pd [85], Zn [86], Hg [21];

z�/3, M�/Mo, W; M?�/Fe [21], Cu [21], Ag [21], Co

[87,88]), the central M? is surrounded by four doubly

bridging sulfur atoms belonging in pairs to two MS4

fragments; the geometry of the M? atom adopts either a

distorted tetrahedral or a square-planar geometry (d8

metal ions such as Ni2�, Pd2�).

4.5. M2M ?3-type clusters

The only compound [{(h5-C5Me5)WS3}2Ag3(P-

Ph3)3](NO3) (18) was prepared through the reaction of
1 with [Ag(PPh3)2(NO3)] in MeCN [52]. As shown in

Fig. 16, the structure of the cation of 18 may be

regarded as a composite of one [(h5-C5Me5)WS3Ag]

fragment (a) and one [(h5-C5Me5)WS3Ag2] fragment (b),

which are connected in a complicated way through Ag�/

S interactions. The A(1) and Ag(2a) atoms show a

strongly distorted tetrahedral coordination geometry,

while the Ag(3) adopts a pyramidalized Y shape

coordination geometry, though we noticed the presence

of a weak Ag(3) and S(3) interaction (2.89 Å). The inter-

fragment Ag�/S lengths vary from Ag(2a)�/S(1)�/

2.663(3) Å to Ag(1)�/S(6)�/2.715(2) Å, while the Ag�/S
lengths within each fragment range from 2.503(3) to

2.664(3) Å. The W�/Ag lengths, ranging from 3.016(1) to

3.18 Å, are longer than those of 9. Interestingly, these

inter-fragment Ag�/S interactions bind the two frag-

ments tightly, and they are not dissociated easily even in

acetonitrile solution according to the ESI-MS analysis

[52].

4.6. M2M ?6-type clusters

Four clusters [PPh4]2[(h5-C5Me5)MS3(CuX)3]2 (19:
M�/Mo, X�/Br; 20: M�/W, X�/Cl; 21: M�/W,

X�/Br; 22: M�/W, X�/SCN) have been synthesized.

Octanuclear clusters 19�/22 were obtained from the

reactions of 1 or 2 with 3 equiv. of CuX (X�/Cl, Br,

SCN) in MeCN [48,53] in almost quantitative yield.

Although 19�/21 are isomorphous, only the structure

of the dianion of 19 is shown in Fig. 17. Compound 19

contains two incomplete (h5-C5Me5)MoS3Cu3 frag-
ments (c), which are interconnected by a couple of

weak Cu�/Br�/Cu bridges. There is a crystallographic

inversion center located at the center of the dianion. The

Cu(1) atom adopts a distorted tetrahedral geometry

while the Cu(2) and Cu(3) atoms are trigonal-planar.

Therefore, the Mo�/Cu(1) length (2.660(1) Å) is slightly

longer than those of the Mo(2) and Mo�/Cu(3) lengths

(2.652(2) and 2.644(2) Å). Within the CuBr2Cu ring, the
Cu(1)�/Br(1*) and Cu(1*)�/Br(1) lengths (2.919(4) Å) are

significantly longer than the Cu(1)�/Br(1) and Cu(1*)�/

Br(1*) bonds (2.345(1) Å). The same phenomenon is

also observed for 20 and 21.

Fig. 16. Structure of the cation of [{(h5-C5Me5)WS3}2Ag3-

(PPh3)3](NO3) (18) with 50% thermal ellipsoids. Only one of the

distorted Ag(2) atom, i.e. Ag(2a), is shown, that was refined with site

occupancy factor of 0.85, and phenyl groups and hydrogen atoms are

omitted for clarity. Reproduced with permission from Ref. [52].

Fig. 17. Structure of the dianion of [PPh4]2[(h5-C5Me5)MoS3(CuBr)3]2
(19) with 50% thermal ellipsoids. Hydrogen atoms are omitted for

clarity. Reproduced with permission from Ref. [53].
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On the other hand, two incomplete (h5-

C5Me5)WS3Cu3 fragments (c) in the structure of 22

are linked via interactions between the sulfur end of one

NCS ligand in each fragment and three copper atoms of

the other fragment (Fig. 18). Thus like the triply-

bridging Cl in 15, the NCS sulfur fills a void of the

WS3Cu3 incomplete cubane. The occurrence of triply-
bridging NCS sulfur is unprecedented, although double

bridging was observed in the polymeric structures of

[PyH][Cu2(NCS)3] [89] and [NEt4]3[WS4Cu4(NCS)5]

[90]. The eight-membered Cu(1)N(1)C(11)S(4)Cu-

(1*)N(1*)C(11*)S(4*) ring is nearly planar. The coordi-

nation geometry at each copper atom is ca. trigonal-

planar, to which an NCS sulfur is weakly bound from

the direction perpendicular to the plane. The mean Cu�/

S(SCN) distance of 2.952(4) Å is remarkably longer than

other Cu�/S distances (average value�/2.230(2) Å). The

mean W�/Cu length is 2.652(2) Å, which resembles those

containing three-coordinated Cu clusters in 11, 13, and

16.

An important feature for 19�/22 is that both Cu�/Br�/

Cu and Cu�/NCS�/Cu bridges are weak, and they may

be cleaved easily in a donor solvent and/or in the
presence of strong donor ligands. In fact, only the

monoanion [(h5-C5Me5)WS3(CuX)3]� was detected in

MeCN by ESI-MS experiments. Thus dissociation of

[(h5-C5Me5)WS3(CuX)3]2
2� may precede the reactions

with AsPh3, PPh3 and dppm in MeCN. The observed

ESI-MS spectrum of 19 with the calculated isotopic

distributions for [(h5-C5Me5)MoS3(CuX)3]� and [(h5-

C5Me5)MoS3(CuX)3]2
2� are displayed in Fig. 19.

4.7. M3M ?6-type clusters

Compound [PPh4][{(h5-C5Me5)WS3Cu2}3S2] (23) was

obtained from the reaction of 21 with excess Li2S2 in

MeCN [51]. The structure of the anion of 23 can be
described as three chemically equivalent [(h5-

C5Me5)WS3Cu2] cluster fragments (b) interconnected

by two triply bridging S2� ligands (Fig. 20). Alterna-

tively, the main frame of the structure may be viewed as

a face bicapped trigonal prism made by six copper

atoms and two sulfur atoms, and each of the three non-

bonded Cu� � �Cu edges is bound to one (h5-C5Me5)WS3

moiety. This core structure resembles that of

[NEt4]4[(WSe4Cu2)3Se2] [91], in which three [WSe4]2�

moieties bridge two Cu3 triangles. One Cu3 (Cu(1),

Cu(4), Cu(5)) triangular plane is nearly parallel (1.48) to

the opposite Cu3 (Cu(2), Cu(3), Cu(6)) plane. The

Cu� � �Cu distances within the trigonal planes range

from 2.91 to 3.06 Å, while those connecting the planes

are somewhat longer, being 3.11�/3.18 Å. The two sulfur

Fig. 18. Structure of the dianion of [PPh4]2[(h5-

C5Me5)WS3(CuNCS)3]2 (22) with 50% thermal ellipsoids. Hydrogen

atoms are omitted for clarity. Reproduced with permission from Ref.

[48].

Fig. 19. Comparison between the observed ESI-MS for 19 (a) and the

calculated isotopic distributions for [(h5-C5Me5)MoS3(CuBr)3]� (b)

and [(h5-C5Me5)MoS3(CuBr)3]2
2� (c). Reproduced with permission

from Ref. [53].
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atoms, S(10) and S(11), sit 1.37 Å above (or below) the

corresponding triangular Cu3 planes. The dihedral

angles between the S3 planes of the three (h5-

C5Me5)WS3 moieties are all close to 608, implying the
core possesses an approximate 3-fold symmetry, and the

pseudo C3 axis runs through S(10) and S(11). Each Cu

adopts a trigonal-planar coordination geometry with

three sulfur atoms of different types. The W�/Cu

distances of 2.665(2)�/2.683(2) Å are also short, and

are comparable to those observed in 20�/22.

4.8. M3M ?7-type clusters

Compound [{(h5-C5Me5)WS3}3Cu7(MeCN)9](PF6)4

(24) was isolated from the reaction of 1 with 3 equiv.

of [Cu(MeCN)4](PF6) in MeCN [56]. The tetracationic

cluster [{(h5-C5Me5)WS3}3Cu7(MeCN)9]4� contains

three (h5-C5Me5)WS3 moieties linked by two copper

atoms Cu(3) and Cu(5), five more copper atoms chelate

the sulfur ends to form a W3Cu7S9 core (Fig. 21).
Alternatively, the core structure of 24 can be viewed as

built up via three corner-shared triply-fused incomplete

(h5-C5Me5)WS3Cu3 fragments (c). While the bridging

copper atoms are tetrahedrally surrounded by four

sulfur atoms, a total of nine MeCN molecules further

coordinate to the latter five copper atoms to complete

their coordination geometries. Interestingly, the cluster

structure is asymmetric in that Cu(2) coordinates only
one MeCN molecule while each of the other copper

atoms coordinates two MeCN molecules. It is rather

surprising that one copper, Cu(2), assumes a trigonal-

planar coordination geometry with N(MeCN) and m3-S

atoms, despite the fact that the cluster was synthesized

and recrystallized using MeCN as a solvent. The W�/Cu

distances of 24 can be classified into three groups: a

short W(1)�/Cu(2) bond of 2.620(3) Å, long W�/Cu(3,5)
bonds of 2.759(3)�/2.779(3) Å, and the remaining W�/Cu

bonds with intermediate distances of 2.695(3)�/2.720(4)

Å. The observed trend of W�/Cu bond lengths correlates

with the number of bonding interactions at the Cu

centers. The long W�/Cu distances occur at Cu atoms,

Cu(3) and Cu(5), each of which interacts with four S

atoms and two W atoms, while the short W�/Cu distance

is observed for Cu(2) which interacts with three ligands
and one W atom.

4.9. M4M ?4-type clusters

Only two clusters were isolated: [(h5-C5Me5)WS3M?]4
(25: M?�/Cu [55]; 26: M?�/Ag [54]). The former was
separated from reaction of 1 with equimolar CuBr in

CHCl3 while the latter was obtained from reaction of 1

with equimolar [Ag(MeCN)4](PF6) in MeCN. As shown

Fig. 20. Structure of the anion of [PPh4][{(h5-C5Me5)WS3Cu2}3S2]

(23) with 50% thermal ellipsoids. Hydrogen atoms are omitted for

clarity. Reproduced with permission from Ref. [51].

Fig. 21. Structure of the tetracation of [{(h5-C5Me5)WS3}3-

Cu7(CH3CN)9](PF6)4 (24) with 50% thermal ellipsoids. For clarity,

hydrogen atoms are omitted, and the MeCN molecules coordinated at

the Cu atoms are represented by the pivotal N atoms. Reproduced

with permission from Ref. [56].

Fig. 22. Molecular structure of [(h5-C5Me5)WS3Cu]4 (25) with 50%

thermal ellipsoids. Hydrogen atoms are omitted for clarity. Repro-

duced with permission from Ref. [55].
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in Fig. 22, X-ray analysis of 25 revealed that four

corner-shared [(h5-C5Me5)WS3Cu2] cluster fragments

(b) are quadruply-fused into a ‘four-flier pin-wheel’

structure with an approximate S4 symmetry. The

W4Cu4 core structure resembles those of

[NEt4]4[MOS3Cu]4 (M�/Mo, W) [92], in which four

[MOS3]2� moieties are linked by four copper atoms via

S bridges. Within the W4Cu4 cluster core, the four W

and the four Cu atoms are nearly coplanar, with the

maximum deviation from the least-squares plane being

0.3 Å. Each Cu atom moves inward from the midpoint

of each edge of the W4 square, and the average W�/Cu�/

W angle is 1728. The (h5-C5Me5)WS3 moieties are

situated alternatively above and below the W4Cu4

mean plane, and so are the bridging sulfur atoms.

Each Cu is tetrahedrally coordinated by four S atoms.

The mean W�/Cu length of 2.751(3) Å is similar to that

of [NEt4]4[WOS3Cu]4 (2.747 Å) [92].

On the other hand, the molecular structure of 25 is

constructed of four [(h5-C5Me5)WS3Ag] cluster frag-

ments (a) connected in a head-to-end manner (Fig. 23).

Although the W4Ag4 core structure of 26 roughly

resembles that of the W4Cu4 core in 24, it has some

other interesting structural features not evident in its

copper analogue. In 25, one W�/S bond of the (h5-

C5Me5)WS3 moiety remains intact, and the coordination

geometry at Ag is a slightly pyramidalized Y-shape. The

W�/Ag distance of 2.948(2) Å, comparable to that of 8,

is substantially shorter than the W�/Ag* length of
3.266(3) Å.

5. Concluding remarks

In this article we have reported the synthesis of a

relatively young family of new heterobimetallic sulfide

clusters containing [PPh4][(h5-C5Me5)MS3] (1: M�/W;

2: M�/Mo). A range of unusual structures including a
1D ladder-like chain, a 1D helical chain, a 2D network,

and a corner-shared triply-fused incomplete cubane

cluster framework have been presented. These unusual

structures demonstrate that 1 and 2 can be used as

versatile building blocks in the assembly of interesting

heterometallic sulfide clusters. These mononuclear metal

sulfide ligands complement and extend the chemistry of

their homoleptic congeners such as [MS4]2� (M�/Mo,
W). We are currently developing the chemistry reported

here in the pursuit of materials with good third-order

non-linear optical properties and in an endeavor to

model the FeMoco structure in nitrogenases.

Fig. 23. Molecular structure of [(h5-C5Me5)WS3Ag]4 (26) with 50% thermal ellipsoids. Hydrogen atoms are omitted for clarity. Reproduced with

permission from Ref. [54].
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