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Abstract

Treatment of a preformed cluster {(g5-C5Me5)WS3}3Cu7(MeCN)9](PF6)4 (1) in MeCN with excess pyridine afforded a tetranu-

clear cationic cluster [(g5-C5Me5)WS3Cu3(Py)6](PF6)2 (2). On the other hand, reactions of 1 with excess PPh3 under the presence of

LiBr gave rise to the other tetranuclear cationic cubane-type cluster [(g5-C5Me5)WS3Cu3Br(PPh3)3](PF6) (3) while analogous reac-

tions of 1 with dppm and LiCl followed by addition of excess pyridine generated an intriguing pentanuclear cationic cluster [(g5-

C5Me5)WS3Cu4(Py)Cl(dppm)2](PF6)2 (4). Compounds 2–4 were fully characterized by spectroscopy and X-ray crystallography. The

cluster dication of 2 adopts an incomplete WS3Cu3 cubane-like structure while the cluster cation of 3 contains a WS3Cu3Br cubane-

like structure. The structure of the cluster dication of 4 consists of an unique WS3Cu4Cl framework in which an open cubane-like

WS3Cu3Cl fragment and a Cu(dppm)2 fragment are connected by one Cu–Cl bond and two Cu–dppm–Cu bridges. The optical lim-

iting (OL) properties of the MeCN solutions of 1–4 were investigated with 7-ns laser pulses at 532 nm.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In the past decades, synthesis of Mo(W)/Cu/S clus-

ters has attracted much interest due to their interesting
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chemistry [1–11], and their potential applications in

biological systems [1,4,10] and electro/photonic materi-

als [7,8f,9f,9g,11]. There are several approaches to the

construction of the Mo(W)/Cu/S clusters. The first one

is the ‘‘one-pot’’ synthesis, in which thiometallates

(e.g. [MO4� nSn]
2� (M = Mo, W; n = 1–4) and [(g5-

C5Me5)MS3]
� (M = Mo, W)) were mixed with Cu(I)

salts or complexes in organic solvents to generate vari-

ous Mo(W)/Cu/S clusters, which could be found in
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numerous literatures [1–9,11]. The second one is that a

preformed small Mo(W)/Cu/S cluster is used to react

with certain donor ligands (e.g. S2�, 4,4 0-bipy), yielding

larger clusters or polymeric clusters [3,5c,6b,9e–9g]. The

third one, which is less explored, is involved in the for-

mation of a smaller cluster from the reaction of a pre-
formed cluster with donor ligands (e.g. 2,2 0-bipy and

PPh3) [9c,9e,12]. For example, reaction of [NEt4]4[WS4-

Cu5Cl7] with 2,2 0-bipyridine and PPh3 afforded

[WS4Cu3Cl(2,2
0-bipy)]n and [WS4Cu3(PPh3)3Cl], respec-

tively [12a]. In the two reactions, the [WS4Cu5] frame-

work was turned into a smaller incomplete WS4Cu3
cubane-shaped core.

On the other hand, we have been interested in the
preparation and third-order non-linear optical proper-

ties of Mo(W)/Cu/S clusters over the last ten years

[8b,8c,8e,8f,9]. We once communicated an interesting

reaction in which [{(g5-C5Me5)WS3}3Cu7(MeCN)9]-

(PF6)4 (1) reacted with 1,4-pyrazine (1,4-pyz) under the

presence of LiCl, forming an interesting 2D polymer

{[(g5-C5Me5)WS3Cu3Cl(MeCN)(1,4-pyz)](PF6)}1 [9e].

In this reaction, the triple incomplete cubane-like
[W3S9Cu7] framework of 1 was turned into a smaller

incomplete WS3Cu3 cubane-like framework. In addi-

tion, we are involved in the construction of Mo(W)/

Cu/S clusters from some preformed clusters with lumi-

nescent or optical limiting properties [9g,9f]. As dis-

cussed later in this paper, the solution of compound 1

exhibited slightly better optical limiting (OL) perfor-

mance than that of C60. Therefore, is it possible to use
1 as a useful precursor to make other new W/Cu/S clus-

ters with better OL properties via its reactions with

other donor ligands? With the question in mind, we car-

ried out reactions of 1 with Py, PPh3, and dppm, and

some in the presence of LiX (X = Cl, Br). Three novel
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Scheme 1
smaller W/Cu/S clusters [(g5-C5Me5)WS3Cu3(Py)6]-

(PF6)2 (2) [(g5-C5Me5)WS3Cu3Br(PPh3)3](PF6) (3)

and [(g5-C5Me5)WS3Cu4(Py)Cl(dppm)2](PF6)2 (4) were

produced in relatively high yields. Furthermore, we have

also examined the OL properties of 1–4 in acetonitrile

with 7-ns laser pulses at 532 nm. Herein, we report their
preparation and structural characterization along with

their OL properties in solution.
2. Results and discussion

2.1. Synthesis and spectral characterization

As shown in Scheme 1, reaction of 1 in MeCN with

excess Py formed a homogeneous solution, from which

[(g5-C5Me5)WS3Cu3(Py)6](PF6)2 (2) was isolated as

dark red plates in 65% yield. We once reported that lith-

ium halide sometimes proved to be useful in making

cluster-based supramolecular compounds [9e,9f]. For

example, reactions of [PPh4][(g
5-C5Me5)WS3Cu3(CN)3]

with 1,4-pyrazine under the presence of LiCl yielded a
supramolecular cube [{(g5-C5Me5)WS3Cu3}8Cl8(CN)12-

Li4] [9f]. In the structure of this compound, each chlo-

ride interacts weakly with three copper atoms of the

(g5-C5Me5)WS3Cu3 core, which may stabilize the result-

ing cluster framework. However, analogous reaction of

1 in MeCN with excess Py in the presence of LiCl (4

equiv.) gave rise to the same cluster 2 in 60% yield.

When excess PPh3 was added into the acentonitrile solu-
tion of 1, it formed a clear red solution, from which a

red product was isolated after a workup. According to

its elemental analysis, X-ray fluorescence analysis and

IR spectrum, we tentatively assumed its chemical for-

mula to be [(g5-C5Me5)WS3Cu3(PPh3)3](PF6)2. Interest-
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ingly, when we added 2.4 equiv. of LiBr into its red solu-

tion, a similar workup generated [(g5-C5Me5)WS3Cu3Br-

(PPh3)3](PF6) (3) as red prisms in 68% yield. In the

presence of LiCl, the analogous reaction of 1 with

PPh3 afforded a similar product to 3. However, numer-

ous attempts to grow its crystals of good quality failed.
On the other hand, treatment of 1 in MeCN with ex-

cess dppm also gave rise to a clear solution, from which

a dark red product was isolated after a workup. How-

ever, attempts to characterize the identity of the result-

ing product failed according to its elemental analysis,

X-ray fluorescence analysis and IR spectrum. When

LiCl was introduced into its solution, a red precipitate

was gradually formed. The resulting solid was insoluble
in common organic solvents, which excluded the further

characterization of its identity. Considering that pyri-

dine (Py) can be used a solvent and a ligand [9g], we

treated the mixture with pyridine to produce [(g5-

C5Me5)WS3Cu4(Py)Cl(dppm)2](PF6)2 (4) as red crystals

in 46% yield.

Compounds 2–4 are air and moisture stable in the so-

lid state. They are slightly soluble in CH2Cl2, CHCl3,
and MeOH, but readily soluble in MeCN, DMF, and

DMSO. The elemental analysis of 2–4 is consistent with

their chemical formula. The FT-IR spectra of 2–4 dis-

played bands arising from the W–Sbr stretching vibra-

tions at 425/408 (2), 425/410 (3), and 417/409 (4) cm�1,

respectively. For 2–4, strong peaks arising from PF6 also

appeared at 841 and 556 (or 557) cm�1. The 1H NMR

spectra of 2–4 in CD3CN, measured at ambient temper-
ature, showed a single resonance of g5-C5Me5 group at

2.14 (2), 2.18 (3), and 2.12 (4) ppm, respectively. For 4,

the methylene protons of each dppm ligand split into

two broad multiplet signals. As shown in Fig. 1, the

UV–Vis spectra of 1–2 in MeCN are characterized by

one band at 406 (1) or 402 nm (2), while those of 3–4

in MeCN have two absorptions at 326/398 nm (3) or
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Fig. 1. Absorption spectra of 1–4 in MeCN with a 1-mm optical

length.
328/398 nm (4). As the electronic spectrum of

[PPh4][(g
5-C5Me5)WS3] in MeCN has a strong absorp-

tion band at 381 nm [13], the bands at 406 (1), 402 (2),

398 (3), and 398 (4) nm observed in the UV–Vis spectra

of 1–4 are red-shifted, and they are probably dominated

by the S ! W(VI) charge-transfer transitions of g5-
(C5Me5)WS3 moiety [9c,9g]. The crystal structures of

2–4 were further confirmed by single-crystal X-ray

analysis.

2.2. Crystal structure of [(g5-C5Me5)WS3Cu3(Py)6]-

(PF6)2 (2)

Compound 2 crystallizes in the monoclinic space
group C2/c, and the asymmetric unit contains one dis-

crete dication [(g5-C5Me5)WS3Cu3(Py)6]
2+, two [PF6]

�

anions, and one pyridine solvated molecule. Fig. 2

shows the structure of the cluster [(g5-C5Me5)WS3Cu3
(Py)6]

2+ dication of 2, and Table 1 lists its selected bond

distances and angles. The cluster dication of 2 contains

an incomplete [WS3Cu3] cubane-like structure in which

a [(g5-C5Me5)WS3]
� anion is coordinated by three

[Cu(py)2]
+ cations via S atoms. The oxidation states

for W and Cu atoms are retained as +6, and +1, respec-

tively. This structure is closely related to [MOS3Cu3-

(4-pic)6][Mo2O7]0.5 and [MOS3Cu3(4-pic)6](BF4) (M =

Mo, W, 4-pic = 4-picoline) [14]. The [(g5-C5Me5)WS3]
�

anion of 2 has a slightly distorted three-legged piano

stool structure. The mean W–l3-S bond length

(2.2857(14) Å), is elongated by 0.02 Å compared with
that of [PPh4][(g

5-C5Me5)WS3] [13] as a consequence

of coordination of S atoms to Cu atoms. Each copper

atom in 2 exhibits a distorted tetrahedral geometry,

coordinated by two l3-S and two N(Py) atoms. The

mean W� � �Cu contact of 2.6933(7) Å of 2 is close to that
Fig. 2. The perspective view of the cluster dication of 2. The thermal

ellipsoids are drawn at the 50% probability level and the hydrogen

atoms are omitted for clarity.



Fig. 3. The perspective view of the cluster cation of 3. The thermal

ellipsoids are drawn at the 50% probability level and the hydrogen

atoms are omitted for clarity.

Table 1

Selected bond lengths (Å) and angles (�) of 2

W(1)� � �Cu(1) 2.6970(7) W(1)� � �Cu(2) 2.6965(7)

W(1)� � �Cu(3) 2.6865(7) W(1)–S(1) 2.2883(12)

W(1)–S(2) 2.2841(12) W(1)–S(3) 2.2846(13)

Cu(1)–S(1) 2.2387(14) Cu(1)–S(2) 2.2450(14)

Cu(2)–S(1) 2.2555(14) Cu(2)–S(3) 2.2502(14)

Cu(3)–S(2) 2.2328(14) Cu(3)–S(3) 2.2423(15)

Cu(1)–N(1) 2.141(4) Cu(1)–N(2) 2.024(4)

Cu(2)–N(3) 2.111(4) Cu(2)–N(4) 2.018(4)

Cu(3)–N(5) 2.108(4) Cu(3)–N(6) 2.041(4)

Cu(1)� � �W(1)� � �Cu(2) 82.02(2) Cu(1)� � �W(1)� � �Cu(3) 81.74(2)

Cu(2)� � �W(1)� � �Cu(3) 79.18(2) S(1)–W(1)–S(2) 105.35(4)

S(1)–W(1)–S(3) 105.92(5) S(2)–W(1)–S(3) 105.44(5)

S(1)–Cu(1)–S(2) 108.38(5) S(1)–Cu(1)–N(1) 110.54(13)

S(2)–Cu(1)–N(1) 104.56(13) S(1)–Cu(1)–N(2) 115.53(13)

S(2)–Cu(1)–N(2) 121.27(13) N(1)–Cu(1)–N(2) 94.75(17)

S(1)–Cu(2)–S(3) 108.22(5) S(1)–Cu(2)–N(3) 101.67(12)

S(3)–Cu(2)–N(3) 108.30(12) S(1)–Cu(2)–N(4) 122.87(12)

S(3)–Cu(2)–N(4) 112.22(13) N(3)–Cu(2)–N(4) 101.99(17)

S(2)–Cu(3)–S(3) 108.64(5) S(2)–Cu(3)–N(5) 106.69(14)

S(3)–Cu(3)–N(5) 109.39(14) S(2)–Cu(3)–N(6) 121.09(13)

S(3)–Cu(3)–N(6) 115.81(14) N(5)–Cu(3)–N(6) 93.22(17)

W(1)–S(1)–Cu(1) 73.12(4) W(1)–S(1)–Cu(2) 72.80(4)

Cu(1)–S(1)–Cu(2) 103.90(5) W(1)–S(2)–Cu(1) 73.09(4)

W(1)–S(2)–Cu(3) 72.98(4) Cu(1)–S(2)–Cu(3) 103.76(6)

W(1)–S(3)–Cu(2) 72.97(4) W(1)–S(3)–Cu(3) 72.80(4)

Cu(2)–S(3)–Cu(3) 99.56(5)

Table 2

Selected bond lengths (Å) and angles (�) of 3

W(1)� � �Cu(1) 2.702(1) W(1)� � �Cu(2) 2.7087(9)

W(1)� � �Cu(3) 2.7414(8) W(1)–S(1) 2.286(2)

W(1)–S(2) 2.274(1) W(1)–S(3) 2.270(2)

Br(1)–Cu(1) 2.770(1) Br(1)–Cu(2) 2.733(1)

Br(1)–Cu(3) 2.636(2) Cu(1)–S(1) 2.255(2)

Cu(1)–S(3) 2.263(3) Cu(2)–S(2) 2.263(2)

Cu(2)–S(1) 2.269(2) Cu(3)–S(2) 2.277(2)

Cu(3)–S(3) 2.298(2) Cu(1)–P(1) 2.230(3)

Cu(2)–P(2) 2.221(2) Cu(3)–P(3) 2.230(2)

Cu(2)� � �W(1)� � �Cu(1) 68.94(3) Cu(3)� � �W(1)� � �Cu(1) 69.90(3)

Cu(3)� � �W(1)� � �Cu(2) 67.36(3) S(2)–W(1)–S(1) 105.10(7)

S(3)–W(1)–S(1) 105.59(8) S(3)–W(1)–S(2) 105.54(6)

Br(1)–Cu(1)–S(1) 100.73(5) Br(1)–Cu(1)–S(3) 96.81(6)

Br(1)–Cu(1)–P(1) 103.72(7) S(3)–Cu(1)–S(1) 106.86(9)

P(1)–Cu(1)–S(1) 119.99(9) P(1)–Cu(1)–S(3) 123.16(9)

Br(1)–Cu(2)–S(1) 101.44(6) Br(1)–Cu(2)–S(2) 100.26(6)

Br(1)–Cu(2)–P(2) 106.13(6) S(2)–Cu(2)–S(1) 106.04(8)

P(2)–Cu(2)–S(1) 118.16(8) P(2)–Cu(2)–S(2) 121.39(8)

Br(1)–Cu(3)–S(2) 102.82(7) Br(1)–Cu(3)–S(3) 99.75(7)

Br(1)–Cu(3)–P(3) 113.24(7) S(3)–Cu(3)–S(2) 104.54(7)

P(3)–Cu(3)–S(2) 116.33(8) P(3)–Cu(3)–S(3) 117.89(8)

Cu(1)–S(1)–Cu(2) 85.22(7) Cu(1)–S(3)–Cu(3) 86.27(8)

Cu(2)–S(2)–Cu(3) 83.47(8) Cu(2)–Br(1)–Cu(1) 67.62(3)

Cu(3)–Br(1)–Cu(1) 70.41(4) Cu(3)–Br(1)–Cu(2) 68.48(4)

W(1)–S(1)–Cu(1) 73.04(7) W(1)–S(1)–Cu(2) 72.98(6)

W(1)–S(2)–Cu(2) 73.30(6) W(1)–S(2)–Cu(3) 74.07(5)

W(1)–S(3)–Cu(1) 73.17(7) W(1)–S(3)–Cu(3) 73.76(6)
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found in [WOS3Cu3(4-pic)6](BF4) (2.7037(10) Å) [14],

but shorter than those reported in [WS4Cu4(dppm)4]-

(PF6)2 (av. 2.760(2) Å) [8c] and [(g5-C5Me5)WS3Cu]4
(av. 2.749(3) Å) [9d]. The mean Cu–l3-S bond lengths

of 2.2441(14) Å is shorter than those found in [(g5-

C5Me5)WS3Cu]4 (2.290(7) Å), [WOS3Cu3(4-pic)6](BF4)

(2.295(2) Å), and [WS4Cu4(dppm)4](PF6)2 (av. 2.351(4)

Å). The mean Cu–N length (2.104(4) Å) is longer than
those observed in [WOS3Cu3(4-pic)6](BF4) (2.064(7) Å)

and [Cu(Py)4]ClO4 (2.046(3) Å) [15].

2.3. Crystal structure of [(g5-C5Me5)WS3Cu3Br-

(PPh3)3](PF6) (3)

Compound 3 Æ 0.5C6H6 crystallizes in the monoclinic

space group P21/a, and the asymmetric unit contains one
independent cation [(g5-C5Me5)WS3Cu3Br(PPh3)3]

+,

one [PF6]
� anion, and one half of a benzene solvated

molecule. Fig. 3 shows the perspective view of the cluster

cation of 3 and Table 2 lists the selected bond distances

and angles of the cluster cation of 3. The cluster cation

of 3 consists of a strongly distorted WS3Cu3Br cubane

structure in which Br(1) fills into the void of the incom-

plete [WS3Cu3] cube with one short and two long Cu–Br
distances (Cu(3)–Br(1) = 2.6374(9) Å, Cu(1)–Br(1) =

2.7355(9) Å, Cu(2)–Br(1) = 2.7693(10) Å). The resulting

cube is closely related to those found in neutral Mo(W)/

Cu/S clusters, e.g. [MOS3Cu3(PPh3)3X] (M = Mo, W;

X = Cl [16]; M = Mo, E = O, X = Br [1b]). The three

Cu atoms in the cube of 3 are not equivalent, and their
coordination variability ranges from a strongly distorted

tetrahedron (Cu(3)) to a nearly trigonal planar coordi-
nation (Cu(1) and Cu(2)) with a long Cu–Br(1) interac-

tion. Because of the different coordination geometries of

the copper atoms, the W� � �Cu separations are different:

W(1)� � �Cu(1) = 2.702(1) Å, W(1)� � �Cu(2) = 2.7087(9)

Å, and W(1)� � �Cu(3) = 2.7414(8) Å, which correlates

with the number of bonding interactions at Cu centers.



Table 3

Selected bond lengths (Å) and angles (�) of 4

W(1)� � �Cu(1) 2.631(2) W(1)� � �Cu(2) 2.687(2)

W(1)� � �Cu(3) 2.700(2) W(1)–S(1) 2.285(4)

W(1)–S(2) 2.277(4) W(1)–S(3) 2.296(4)

Cu(1)–S(1) 2.215(5) Cu(1)–S(2) 2.216(4)

Cu(2)–S(2) 2.242(4) Cu(2)–S(3) 2.243(4)

Cu(3)–S(1) 2.252(4) Cu(3)–S(3) 2.259(4)

Cu(2)–Cl(1) 2.871(3) Cu(3)–Cl(1) 2.673(3)

Cu(4)–Cl(1) 2.393(3) Cu(2)–P(1) 2.206(4)

Cu(3)–P(4) 2.225(4) Cu(4)–P(2) 2.266(4)

Cu(4)–P(3) 2.282(4) Cu(1)–N(1) 1.913(12)

Cu(1)� � �W(1)� � �Cu(2) 72.46(6) Cu(1)� � �W(1)� � �Cu(3) 72.91(8)

Cu(2)� � �W(1)� � �Cu(3) 71.36(6) S(1)–W(1)–S(2) 105.75(15)

S(1)–W(1)–S(3) 105.27(13) S(2)–W(1)–S(3) 105.11(13)

S(1)–Cu(1)–S(2) 110.33(16) S(1)–Cu(1)–N(1) 130.8(4)

S(2)–Cu(1)–N(1) 117.6(4) Cl(1)–Cu(2)–S(2) 106.22(14)

Cl(1)–Cu(2)–S(3) 92.67(12) Cl(1)–Cu(2)–P(1) 106.10(13)

S(2)–Cu(2)–S(3) 108.10(16) S(2)–Cu(2)–P(1) 109.57(16)

S(3)–Cu(2)–P(1) 130.58(16) Cl(1)–Cu(3)–S(1) 107.13(14)

Cl(1)–Cu(3)–S(3) 97.73(14) Cl(1)–Cu(3)–P(4) 103.46(14)

S(1)–Cu(3)–S(3) 107.60(15) S(1)–Cu(3)–P(4) 112.11(16)

S(3)–Cu(3)–P(4) 126.22(15) Cl(1)–Cu(4)–P(2) 119.54(14)

Cl(1)–Cu(4)–P(3) 109.45(14) P(2)–Cu(4)–P(3) 124.68(15)

Cu(2)–Cl(1)–Cu(3) 68.92(8) Cu(2)–Cl(1)–Cu(4) 71.4(1)

Cu(3)–Cl(1)–Cu(4) 78.54(11) W(1)–S(1)–Cu(1) 71.52(13)

W(1)–S(1)–Cu(3) 73.04(13) Cu(1)–S(1)–Cu(3) 89.71(16)

W(1)–S(2)–Cu(1) 71.66(12) W(1)–S(2)–Cu(2) 72.96(11)

Cu(1)–S(2)–Cu(2) 90.28(14) W(1)–S(3)–Cu(2) 72.57(11)

W(1)–S(3)–Cu(3) 72.70(12) Cu(2)–S(3)–Cu(3) 88.49(15)
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The short W(1)� � �Cu(1) and W(1)� � �Cu(2) contacts are
in-between those observed in clusters containing

trigonally-coordinated Cu such as [PPh4][{(g
5-C5Me5)-

WS3-Cu2}2S2] (2.665(2)–2.683(3) Å) [9b] and [WOS3Cu3-

(PPh3)3Cl] (2.721(2)–2.730(2) Å) [16]. The long

W(1)� � �Cu(3) separation is longer than that of 2 de-
scribed above. The various Cu–l3-S bond lengths also

show the different coordination modes of the three Cu

atoms in 3. For a trigonally-coordinated Cu, the average

Cu–l3-S bond length (2.254(2) Å) is slightly longer than

those reported in other trigonally-coordinated Cu clus-

ters such as [PPh4]2[(g
5-C5Me5)WS3Cu3Br3]2 (2.234(2)

Å) [9a] and [PPh4][{(g
5-C5Me5)WS3Cu2}2S2] (2.230(6)

Å) [9b]. For a tetrahedrally-coordinated Cu, the mean
Cu–l3-S bond length (2.286(2) Å) is somewhat longer

than that of 2. The mean Cu–l3-Br length of 2.741(1)

Å is ca. 0.1 Å longer than those observed in [MoOS3-
Cu3(PPh3)3Br] (av. Cu–l3-Br = 2.635(1) Å) [1b]. The

mean W–l3-S distance of 3 (2.277(2) Å) is slightly shorter

than that of 2.

2.4. Crystal structure of [(g5-C5Me5)WS3Cu4(Py)-

Cl(dppm)2](PF6)2 (4)

Compound 4 crystallizes in the orthorhombic space

group Pbca, and the asymmetric unit contains one dis-

crete [(g5-C5Me5)WS3Cu4(Py)Cl(dppm)2]
2+ dication,

two [PF6]
� anions, and two MeCN solvated molecules.

Fig. 4 shows only the structure of the cluster dication

of 4 and Table 3 lists the important bond distances
and angles of the cluster dication of 4. The cluster dica-

tion of 4 contains a WS3Cu4Cl core structure in which a
Fig. 4. The perspective view of the cluster dication of 4. The thermal

ellipsoids are drawn at the 50% probability level and the hydrogen

atoms are omitted for clarity.
[(g5-C5Me5)WS3Cu3(Py)Cl]
+ fragment and a

[Cu(dppm)2]
+ fragment are connected by the Cu(4)–

Cl(1) bond and a pair of Cu–dppm–Cu bridges. To

our knowledge, such a cluster framework has no coun-
terpart in the thiometallates. The main structural feature

of the [(g5-C5Me5)WS3Cu3(Py)Cl]
+ fragment in 4 con-

sists of a distorted WS3Cu3Cl cube where the Cu(1)–

Cl(1) bond is broken, which resembles those of

[(g5-C5Me5)WS3Cu3Br2(PPh3)2] [9c] and [NEt4]3[WOS3-

Cu3Br4] Æ 2H2O [17]. Cu(1) assumes a trigonal-planar

geometry, coordinated by one N(Py) and two l3-S
atoms. On the other hand, Cu(2) and Cu(3) atoms adopt
a distorted tetrahedral geometry, coordinated by one l3-
Cl, one P(dppm) and two l3-S atoms. Therefore the dif-

ferent coordination modes of the three Cu atoms results

in the difference of the W(1)� � �Cu contacts within the

[(g5-C5Me5)WS3Cu3(Py)Cl]
+ fragment. The trigonally-

coordinated W(1)� � �Cu(1) contact (2.631(2) Å) is shorter

than those of the corresponding ones of 3. However,

the mean W� � �Cu contact for four-coordinated Cu,
2.694(2) Å, is close to that of 2, but shorter than that

of the corresponding ones of 3. The mean Cu–l3-S dis-

tances for Cu atoms with two different coordination

modes are shorter than those of the corresponding ones

of 3. The mean Cu–N(Py) length of 1.913(12) Å of 4 is

shorter than observed in clusters containing trigonally-

coordinated Cu such as [Cu(2-MePy)3]ClO4 (1.99(3) Å)

[18]. As the sum of the bond angles around Cu(4) is

353.7�, the coordination geometry of Cu(4) atom in a
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[Cu(dppm)2]
+ fragment may be considered to be a

‘‘compressed’’ trigonal pyramidal, coordinated by a

l3-Cl and two P(dppm) atoms. The Cu(2)–l3-Cl(1)
and Cu(3)–l3-Cl(1) bond lengths, 2.871(3) Å and

2.673(3) Å, are significantly longer than that of Cu(4)–

l3-Cl(1) bond (2.393(3) Å). The three Cu–l3-Cl(1)
lengths are comparable to those observed in [WOS3-

Cu3(PPh3)3Cl] (2.457(5)–2.744(5) Å) [16]. The mean

Cu-P length of 4 (2.245(4) Å) is close to those found

in [(g5-C5Me5)WS3Cu3(PPh3)2Br2] (2.247(4) Å) and

[PPh4][(g
5-C5Me5)WS3Cu3Br3(dppm)] (2.270(5) Å) [9c].

The mean W–l3-S distance and S–W–S angles of 4 are

normal compared to those of the corresponding ones

of 2 and 3.

2.5. Optical limiting properties of 1–4

As shown in Fig. 1, compounds 1–4 have little

absorption at 532 nm, which promises low intensity loss

and little temperature change by photon absorption,

when the laser pulse propagates in these materials. The

fluence-dependent transmission measurements of 1–4
are depicted in Fig. 5. For 1 and 2, the light energy

transmitted starts to deviate from normal linear behav-

ior as soon as the input light fluence reaches about

1.0 J/cm2, and the material becomes increasingly less

transparent as the light fluence rises. We define the lim-

iting threshold as the incident fluence, at which the sam-

ple transmittance falls to 50% of the corresponding
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Fig. 5. Optical limiting responses to 7-ns, 532 nm laser pulses, of 1–4

in MeCN and C60 in toluene. Solutions with 92% transmittance at

532 nm correspond to 2.60 · 10�4 M (1), 3.00 · 10�4 M (2),

2.10 · 10�4 M (3), 1.51 · 10�4 M (4), and 9.00 · 10�4 M (C60),

respectively.
linear transmittance. The limiting threshold of com-

pound 1 and 2 are 10 and 9.6 J/cm2, respectively. Unfor-

tunately, no OL effect manifests itself in compounds 3

and 4. Even though the concentration of C60

(9.0 · 10�4 M) is higher than those of 1 (2.6 · 10�4 M)

and 2 (3.0 · 10�4 M), the OL performance of 1 and 2
is somewhat better than that of C60 measured under

identical conditions. Although the concentrations of 1

and 2 in solution are limited because of their poor solu-

bility, better OL effects for them would be anticipated if

higher concentrations are attained.
3. Conclusions

We demonstrated the successful isolation of three

new W/Cu/S clusters 2–4 from the reactions of 1 with

Py, PPh3 and dppm in the presence or absence of LiX

(X = Cl, Br). This method may be a useful route to the

construction of new W/Cu/S clusters. X-ray analysis re-

vealed that compounds 2 and 3 show an incomplete

WS3Cu3 cubane-like structure and a WS3Cu3Br cu-
bane-like structure, respectively. Compound 4 contains

a half-open cubane-like WS3Cu3Cl fragment and a

[Cu(dppm)2]
+ fragment, forming a WS3Cu4Cl structure,

which is not observed in the chemistry of the corre-

sponding tetrathiometallates. Compounds 2–4 may be

viewed as a set of WS3Cu3-based clusters. We assumed

that, in all three cases, the triply-fused incomplete cu-

bane-like framework of 1 may be converted into a smal-
ler incomplete cubane-like WS3Cu3 species in solution.

The different donor ligands are further coordinated to

three Cu atoms of this species to yield 2–4. Although

the OL properties of the resulting products in this paper

are not impressive, it is still worthwhile to make efforts

to screen more clusters formed from the reactions of 1

with other donor ligands. Studies on this respect are cur-

rently under way in our laboratory.
4. Experimental

4.1. General

All manipulations were carried out under argon using

standard Schlenk-techniques. [{(g5-C5Me5)WS3}3Cu7-
(MeCN)9](PF6)4 (1) was prepared as reported previously

[9e]. Other chemicals were obtained from commercial

sources and used as received. All solvents were predried

over activated molecular sieves and refluxed over the

appropriate drying agents under argon. The IR spectra

were recorded on a Nicolet MagNa-IR500 FT-IR spec-

trometer (4000–400 cm�1). 1H NMR spectra were re-

corded at ambient temperature on a Varian
UNITYplus-400 spectrometer. UV–Vis spectra were

measured on a Hitachi UV-3410 spectrophotometer.
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The elemental analyses for C, H, and N were performed

on a Carlo-Erba CHNO-S microanalyzer.

4.2. Synthesis

4.2.1. Preparation of [(g5-C5Me5)WS3Cu3(Py)6]-

(PF6)2 (2)
Compound 1 (0.126 g, 0.05 mmol) was dissolved in

10 mL of pyridine. The resulting mixture was stirred at

room temperature for 1 h to give a dark-red homoge-

neous solution. Diethyl ether (5 mL) was carefully

layered onto the solution to form dark-red plates of

[(g5-C5Me5)WS3Cu3(Py)6](PF6)2 Æ Py (2 Æ Py) which were

isolated by filtration, washed with Et2O, and dried in
vacuo. Yield: 0.089 g (65% based on W). Anal. Calc.

for C40H45Cu3F12N6P2S3W: C, 35,05; H, 3.32; N, 6.13.

Found: C, 35.37; H, 3.36; N, 6.42%. IR (KBr disk):

1485 (m), 1447 (s), 1096 (m), 841 (vs), 756 (m), 702 (s),

556 (s), 425 (w), 408 (w). UV–Vis (MeCN) (kmax/nm

(�/M�1cm�1)): 402 (2700) nm. 1H NMR (CD3CN,

400 MHz, 25 �C): d 7.37–8.54 (m, 35H, py), 2.14

(s, 15H, g5-C5Me5).

4.2.2. Preparation of [(g5-C5Me5)WS3Cu3Br(PPh3)3]-

(PF6) (3)
To a red solution of 1 (0.126 g, 0.05 mmol) in MeCN

(10 mL) was added PPh3 (0.085 g, 0.325 mmol). After

stirring for 5 min, LiBr (0.01 g, 0.12 mmol) was added

into the resulting clear red solution. The mixture was fur-

ther stirred at room temperature for 1 h and then filtered.
A mixed solvent containing benzene (2 mL) and diethyl

ether (10 mL) was carefully layered onto the filtrate to

form red needles of [(g5-C5Me5)WS3Cu3Br(PPh3)3]-

(PF6) Æ 0.5C6H6 (3 Æ 0.5C6H6), which were isolated by fil-

tration, washed with Et2O, and dried in vacuo. Yield:

0.11 g (68% based on W). Anal. Calc. for C64H60Cu3
BrF6P4S3W: C, 47.52; H, 3.75. Found: C, 47.86; H,

3.83%. IR (KBr disk): 1482 (s), 1436 (s), 1378 (m),
1185 (w), 1097 (s), 1027 (m), 995 (m), 841 (s), 746 (s),

695 (s), 556 (m), 521 (s), 507 (m), 425 (w), 410 (m)

cm�1. UV–Vis (MeCN) (kmax/nm (�/M�1cm�1)): 398

(1300), 328 (1800). 1H NMR (CD3CN, 400 MHz,

25 �C): d 7.36–7.80 (m, 45H, PPh3), 2.18 (s, 15H, g5-

C5Me5).

4.2.3. Preparation of [(g5-C5Me5)WS3Cu4(Py)-

Cl(dppm)2](PF6)2 (4)
A solution of 1 (0.126 g, 0.05 mmol) in MeCN

(10 mL) was treated with dppm (0.125 g, 0.325 mmol).

After stirring for 5 min, LiCl (0.005 g, 0.12 mmol) was

added into the resulting clear solution. The mixture

was stirred for 30 min and a large amount of red precip-

itate was gradually developed. Pyridine (1 mL) was

dropwise added into the mixture, which was further stir-
red for 30 min and then filtered. A similar work-up to

that used in the isolation of 3 afforded dark-red prisms
of [(g5-C5Me5)WS3Cu4(Py)Cl(dppm)2](PF6)2 Æ 2MeCN

(4 Æ 2MeCN). Yield: 0.042 g (46% based on W). Anal.

Calc. for C65H64ClCu4F12NP6S3W: C, 42.37; H, 3,51;

N, 0.76. Found: C, 42.52; H, 3.56; N, 0.84%. IR (KBr

disk): 1481 (w), 1435 (m), 1381 (m), 1103 (w), 1026

(w), 841 (vs), 775 (w), 744 (m), 698 (s), 557 (m), 509
(m), 417 (w), 409 (w) cm�1. UV–Vis (MeCN) (kmax/nm

(�/M�1cm�1)): 398 (7300), 326 (9900). 1H NMR

(CD3CN, 400 MHz, 25 �C): d 7.65–8.47 (m, 5H, py),

6.98–7.54 (m, 40H, PPh2), 3.47 (m, 2H, CH2), 3.23 (m,

2H, CH2), 2.12 (s, 15H, g5-C5Me5).

4.2.4. X-ray diffraction crystallography

All measurements were made on a Rigaku Mercury
CCD X-ray diffractometer (3 kV, sealed tube) at

�80 �C by using graphite monochromated Mo Ka
(k = 0.71070 Å). A dark-red plate of 2 Æ Py with dimen-

sions 0.25 · 0.20 · 0.05 mm3, a red prism of 3 Æ 0.5C6H6

with dimensions 0.25 · 0.20 · 0.10 mm3, and a red plate

of 4 Æ 2MeCN with dimensions 0.20 · 0.15 · 0.05 mm3,

were mounted at the top of a glass fiber. Diffraction data

were collected at x mode with a detector distance of
35 mm (2 Æ Py and 3 Æ 0.5C6H6) or 55 mm (4 Æ 2MeCN)

to the crystal. Indexing was performed from 6 images

each of which was exposed for 10 s (2 Æ Py) or 20 s

(3 Æ 0.5C6H6 and 4 Æ 2MeCN). A total of 720 (2 Æ Py and

3 Æ 0.5C6H6) or 1080 (4 Æ 2MeCN) oscillation images were

collected in the range 4.4� < 2h < 62.0� for 2 Æ Py,
4.0� < 2h < 62.0� for 3 Æ 0.5C6H6, and 2.8� < 2h < 61.0�
for 4 Æ 2MeCN. The collected data were reduced by using
the program CrystalClear (Rigaku and MSC, Ver. 1.3,

2001), and an empirical absorption correction was ap-

plied which resulted in transmission factors ranging from

0.419 to 0.838 for 2 Æ Py, from 0.394 to 0.699 for

3 Æ 0.5C6H6, and from 0.564 to 0.862 for 4 Æ 2MeCN.

The reflection data were also corrected for Lorentz and

polarization effects.

The structures of 2 Æ Py, 3 Æ 0.5C6H6 and 4 Æ 2MeCN
were solved by direct methods [19], and expanded using

Fourier techniques [20]. For 2 Æ Py, all non-hydrogen

atoms were refined anisotropically. For 3 Æ 0.5C6H6,

three phenyl groups showed sign of disorder. Two atoms

(C(12) and C(13)) of the phenyl group C(11)–C(16) were

modeled over two sites each with 50% occupancy. The

second phenyl group C(23)–C(28) was found to be disor-

dered over two orientations, and C(24)/C(24a), C(25)/
C(25a), C(27)/C(27a) and C(28)/C(28a) were refined with

occupancy factor of 0.5/0.5. The third phenyl group

C(41)–C(46) were split into two orientations and C(41)/

C(41a), C(42)/C(42a), C(43)/C(43a), C(44)/C(44a),

C(45)/C(45a) and C(46)/C(46a) were refined as rigid

groups with occupancy factors of 0.55/0.45. The non-

hydrogen atoms except the C atoms of the three phenyl

groups were refined anisotropically. In the case of
4 Æ 2MeCN, the relatively high thermal parameters of

the atoms of the pyridyl group showed sign of disorder.



Table 4

Summary of crystal data for the structures of 2 Æ Py, 3 Æ 0.5C6H6 and 4 Æ 2MeCN

2 Æ Py 3 Æ 0.5C6H6 4 Æ 2MeCN

Formula C45H50Cu3F12N7P2S3W C67H63BrCu3F6P4S3W C69H70ClCu4F12N3P6S3W

Fw 1449.56 1656.69 1924.82

Crystal system Monoclinic Monoclinic Orthorhombic

Space group C2/c P1/a Pbca

a (Å) 42.719(6) 17.944(2) 16.294(9)

b (Å) 15.872(2) 20.723(2) 25.077(13)

c (Å) 16.150(2) 19.211(3) 36.67(2)

b (�) 97.848(3) 113.534(3)

V (Å3) 10848(2) 6549.4(14) 14984(14)

Z 8 4 8

Dc (g cm
�3) 1.775 1.680 1.706

l (mm�1) 3.529 3.576 2.968

Reflections collected 64252 77955 150981

Unique reflections 15389 (Rint = 0.061) 18685 (Rint = 0.057) 22272 (Rint = 0.095)

Reflections (I > 3.00r(I)) 9033 11374 7666

Parameters 708 735 861

Ra 0.034 0.054 0.060

Rw
b 0.038 0.065 0.073

GOFc 1.021 1.008 1.163

Largest residual peaks and hole/e Å�3 0.90 and –0.98 1.59 and –1.01 1.73 and –1.50

a R =
P

iFoj � jFci/
P

jFoj.
b Rw = {w

P
(jFoj � jFcj)2/

P
w Foj2}1/2.

c GOF = {
P

w(jFoj � jFcj)2/(MN)}1/2, where M is the number of reflections and N is the number of parameters.
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However, attempts to refine this disorder failed. All non-

H atoms except those of the two [PF6]
� anions and two

MeCN molecules were refined anisotropically. In the

three cases, hydrogen atoms except those of the three dis-

ordered phenyl groups of 3 Æ 0.5C6H6 were placed on the

idealized positions and included in the final structure-
factor refinements. For 3 Æ 0.5C6H6, the largest residual

electron density (1.59 e/Å3) in the final Fourier map is

close to W(1) atom (1.1 Å). For 4 Æ 2MeCN, the largest

residual electron density (1.73 e/Å3) in the final Fourier

map is close to W(1) atom (1.25 Å). Neutral atom scat-

tering factors were taken from Cromer and Waber [21].

Anomalous dispersion effects were included in Fcalc

[22]. All calculations were performed on a Dell worksta-
tion using the CrystalStructure crystallographic software

package (Rigaku and MSC, Ver. 3.0, 2002). A summary

of the key crystallographic information for 2 Æ Py,
3 Æ 0.5C6H6 and 4 Æ 2MeCN is given in Table 4.

4.2.5. Optical limiting measurements

Samples 1–4 were respectively dissolved in MeCN.

Their solutions with concentrations of 2.60 · 10�4 M
(1), 3.00 · 10�4 M (2), 2.10 · 10�4 M (3), and

1.51 · 10�4 M (4) were contained in a 1-mm-thick quartz

cuvette. Optical limiting experiments were performed

with a Q-switched, frequency-doubled Nd:YAG laser

(k = 532 nm) with linearly polarized 7-ns pulses. The

interval between the laser pulses was set at 10 s so that

every pulse of light was assured to meet fresh molecules

in the sample to eliminate the influence of any photo-deg-
radation. The optical limiting phenomenon was demon-

strated by measuring fluence-dependent transmission.
The laser pulses were focused on to the sample by using

a focusing mirror of 25-cm focal length. The spot radius

of the laser pulses at the cuvette was measured to be of

35 ± 5 lm (half width of 1/e2 maximum in irradiance).

Both incident and transmitted laser pulses were moni-

tored simultaneously by using a calibrated beam splitter
and two energy detectors (from Laser Precision, Rjp-735

energy probes). The detectors were linked to a computer

by an IEEE interface. The linear (low-intensity) trans-

mittance of all the samples was adjusted to 92%. Fuller-

ene (C60) dissolved in toluene (9.00 · 10�4 M) was used

as a standard sample since its optical limiting perfor-

mance had been well-documented [23].
Acknowledgements

This work was supported by the National Natural

Science Foundation of China (No. 20271036), the

NSF of Jiangsu Province (No. BK2004205), the Key

Laboratory of Structural Chemistry of FJISM (No.

030066), and the Scientific Research Foundation for
the Returned Overseas Chinese Scholars, State Educa-

tion Ministry of China. The authors highly appreciated

the helpful comments and suggestions of the editor and

the reviewers.
Appendix A. Supplementary data

Crystallographic data for the structural analyses have

been deposited with Cambridge Crystallographic Data
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Union Road, Cambridge CB2 1E2, UK (fax: +44 1223

336033; email: deposit@ccdc.cam.ac.uk or www.ccdc.

cam.ac.uk/retrieving.html). Supplementary data associ-
ated with this article can be found, in the online version,

at doi:10.1016/j.jorganchem.2005.06.003.
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