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Syntheses, Crystal Structures and Optical Limiting Properties of
Three Novel Organometallic Tungsten-Copper-Sulfur Clusters:
[PPh,][(n*>-CsMes)WS3(CuCN),], [(n>-CsMes)WS;3Cuy(PPh;)(p-CN)], and
[PPhy][{(1n>-CsMes)WS;Cu,(CN)(Py)},(n-CN)]

Jian-Ping Lang,*!*! Qing-Feng Xu,!?! Wei Ji,!l Hendry Izaac Elim,/*! and
Kazuyuki Tatsumi!!!
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Reactions of [PPh,][(n®-CsMes)WS3] with two equivalents of
CuCN in MeCN produced a novel trinuclear butterfly-
shaped cluster [PPh,][(n°-CsMes5)WS3(CuCN),] (1) in a 70%
yield. Treatment of 1 with excess PPh; or Py gave rise to two
different hexanuclear clusters [(n°-CsMes)WS;Cu,(PPhs)(p-
CN)]; (2) and [PPh,][{(n®-CsMes)WS3Cu,(CN)(Py)}>(1-CN)]
(8), respectively. Compounds 1-3 were fully characterized by
spectroscopy and X-ray crystallography. The structure of the
cluster anion of 1 contains a butterfly-like WS;Cu, fragment
in which each Cu atom is coordinated to one p-S atom, one
Hz-S atom, and one terminal CN group. The neutral com-

pound 2 has a double butterfly-shaped structure in which
two WS;3Cu, fragments are interconnected by two Cu—p-
CN-Cu bridges. The anion of 3 adopts another type of
double butterfly-shaped structure in which the two WS3Cu,
fragments are linked by a single Cu—p-CN-Cu bridge. Com-
pared with Cgg in terms of the optical limiting (OL) properties
measured under identical conditions, 1 and 2 exhibit a rela-
tively good OL performance, whereas the OL effect is not
observed for 3.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The reactions of thiomolybdates and thiotungstates
[MO,4_,S, >~ (M = Mo, W) with various transition metal
halides has been extensively investigated as a result of their
rich chemistry.l' ~# Their relation to industrial catalysis,!]
biological systems,® and electro/photonic materials has
also been demonstrated.* > However, only a few reactions
have been reported that are involved in the utilization of
metal cyanides such as CuCN and AgCN.1! So far, a dozen
Mo(W)/Cu(Ag)/S clusters containing either a terminal or
bridging cyano group around their cluster framework have
been prepared.®”71 Among them, the polymeric clusters
{[EtsNLIMS,Cuy(CN)4]}. (M = Mo, W) were reported to
exhibit large optical limiting (OL) effects in DMF.["]
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We have recently reported on a series of mixed-metal
clusters prepared from the reactions of the organometallic
trisulfido complex anions [(n3-CsMes)MS5]~ (M = Mo, 84
WIBb)) with metal halides.”! Intriguingly, when [PPhy][(n’-
CsMes5)WS;] was treated with AgCN, a cyano-bridged
helical polymer {[(n°>-CsMes)WS;],Ags(CN)}., was pro-
duced.l'” In order to extend the chemistry of [PPhy][(n°-
CsMes)WS;], we carried out the reaction of [PPhy][(n’-
CsMes)WS;] with CuCN. A discrete trinuclear anionic clus-
ter [PPhy][(n°-CsMes)WS5(CuCN),] (1) was the only prod-
uct that was isolated. As discussed later in this paper, the
anion of 1 contains two three-coordinate Cu atoms and two
terminal CN groups. The coordination geometry around
the Cu atoms may be completed, substitution of the CN
groups may take place, and the formation of new clusters
may be anticipated if suitable donor ligands are used. In
this context, the reactions of 1 with excess PPh; or Py were
performed, and two novel hexanuclear cyano-bridged
clusters  [(n°-CsMes)WS;Cus(PPhs)(u-CN)l,  (2)  and
[PPhy][{(n>-CsMes)WS;Cuy(CN)(Py)},(0-CN)] - (3)  were
obtained. Furthermore, in our continued efforts to search
for good OL materials,58 > we have also examined the OL
properties of 1—3 in solution with 7-ns laser pulses at
532 nm. Herein we report on the syntheses and crystal
structures of 1—3, along with their OL properties in solu-
tion.
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Results and Discussion

Synthesis and Spectral Characterization

As depicted in Scheme 1, addition of 2 equiv. of CuCN
to a red solution of [PPhy][(n°-CsMes)WS;] in MeCN gen-
erated a darkened solution, which was stirred for 1 h and
filtered. The filtrate was layered with Et,O, affording
[PPh,][(n°-CsMes)WS3(CuCN),] (1) as red crystals in a 70%
yield. Treatment of 1 in MeCN with excess PPh; or Py re-
sulted in a homogeneous solution. Subsequent standard
workups produced two new clusters, [(1°-CsMes)W-
S;Cuy(u-CN)(PPhs3)], (2) as red plates, and [PPhy][{(n°’-
CsMes)WS;Cu,(CN)(Py)}»(u-CN)]  (3) as  orange-red
needles, respectively. Compounds 1—3 are relatively air and
moisture stable in the solid state. Compounds 1 and 3 are
soluble in DMF and slightly soluble in MeCN. Both 1 and
3 are insoluble in CH,Cl, and CHCl;. Compound 2 dis-
solves in CH,Cl, and CHCI;, and not in MeCN and DMF.
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Scheme 1

The FT-IR spectra of 1—3 display bands assigned to the
W =S8, stretching vibrations at 433/410 (1), 434/417/409 (2)
and 445/430/413 (3) cm ™!, respectively. The IR spectrum of
1 shows a strong terminal C=N stretching vibration at 2119
cm ™!, while that of 2 shows a bridging C=N stretching vi-
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bration at 2139 cm~'. Compound 3 exhibits both a ter-
minal C=N stretching vibration at 2053 cm ™' and a bridg-
ing C=N stretching vibration at 2130 cm™'. The '"H NMR
spectra of 1 and 3 in CD3;CN and of 2 in CDCl; at ambient
temperature display a single resonance assigned to the n°-
CsMes group at 2.05 (1), 2.05 (2), and 2.08 (3) ppm, respec-
tively. The UV/Vis spectra of 1 in MeCN and of 3 in DMF
are characterized by three bands at 435, 390, and 214 nm
(1), 452, 393, and 321 nm (3), while that of 2 in CH,Cl,
exhibits only one absorbance band at 394 nm. As the elec-
tronic spectrum of [PPhy][(n°-CsMes)WS;] in MeCN shows
a strong absorbance band at 381 nm,®! the bands at 390
(1), 394 (2), and 393 (3) nm observed in the UV/Vis spectra
of 1, 2, and 3 are red-shifted (Figure 1), and they are prob-
ably dominated by the S—WV! charge-transfer transitions
of the (n3-CsMes)WS; moiety.l°! The crystal structures of
1-3 were further confirmed by single crystal X-ray analysis.

2

Absorptivity (A)

300 400 500 600 700

Wavelength (nm)

Figure 1. Absorbance spectra of 1 in MeCN, 2 in CH,Cl,, and 3
in DMF with a 1-mm optical length

Crystal Structure of [PPh,][(3-CsMes)WS3(CuCN),| (1)

Compound 1-MeCN crystallizes in the orthorhombic
space group Pna2; and the asymmetric unit contains one
discrete anion [(M>-CsMes)WS3(CuCN),]~, one [PPhy]"
cation, and one MeCN solvated molecule. The [PPhy]" cat-
ion does not interact with the cluster anion and all the bond
lengths and angles related to this cation are typical. There-
fore, Figure 2 only shows the structure of the cluster anion
of 1, and Table 1 lists the selected bond lengths and angles
of the cluster anion of 1. The cluster anion of 1 consists of
a (n>-CsMes)WS; unit bound to two CuCN groups via one
ps3-S and two p-S atoms. Alternatively, the anion of 1 may
be described as containing a butterfly-shaped WS;Cu, frag-
ment, which has previously been observed in
[MoOS;(CuSPh),]>~,103] [(3-CsMes)WS;Cu,(PPhs),Br],Pd
[MoOS;M'5(PPh3);] (M = W, Mo; M’ = Cu!, Agh),[!1a11b]
and [WS4Cu,(dppm);].["' The (n°-CsMes)WS5 unit of 1
has a slightly distorted three-legged piano stool structure.
The mean W—p-S and W—p3-S bond lengths, 2.237 A and
2.308 A, are elongated by 0.05 A and 0.12 A, respectively,
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relative to that of [PPh,][(n>-CsMes)WS5],2°1 due to the co-
ordination of the sulfur atoms to the Cu atoms. Each Cu
atom adopts a trigonal planar geometry, coordinated by
one p-S atom, one p3-S atom, and one terminal CN group.
The mean W-+Cu distance of 2.660 A is similar to those
found in the three-coordinate Cu clusters such as
[PPhy,[(n°-CsMes)WS5CusBrs,  (2.661  A)Pal  and
[PPh,][{(n%-CsMes)WS;Cus,},S,] (2.677 A).[121 The average
Cu—S length of 2.230 A is similar to those of [PPhy],[(n°-
CsMes)WS;5CusBrsl,  (2.234 A)  and  [PPhy][{(n’-
CsMes)WS;Cu, )-S5, (2.222 A). The average terminal
Cu—C length (1.892 A) in 1 compares with those found in
[7-PryN][MoS4(CuCN)] (1.880 A) and [AsPhy][MoS,(-
CuCN),] (1.886 A).[6<1

Figure 2. The perspective view of the anion of 1. The thermal ellip-
soids are drawn at the 50% probability level and the hydrogen
atoms are omitted for clarity

Table 1. Selected bond lengths [A] and angles [°] of 1

W(1)-Cu(1) 2.6556(14) W(1)-Cu(2) 2.6765(14)
W(1)—S(1 2.2103)  W(1)—-S(2) 2.263(3)
W(1)—-S(3) 2.30822)  Cu(1)—S(1) 2.211(3)
Cu(1)-S(3) 2.2503)  Cu(2)—S(3) 2.226(3)
Cu(2)-S(2) 2212(3)  Cu(l)-C(11) 1.88(1)
Cu(2)—C(12) 1.903(12) N(1)—C(11) 1.148(13)
N(2)—C(12) 1.113(15)

Cu(l)W(1)Cu(2) 78.47(4)  S(H)—-W(1)—=S(2)  104.29(13)
S(H-W(1)=S3)  106.4(1)  SQ)—W(1)—=S(3)  104.8(1)
S(H—Cu(1)-S3)  108.4(1)  S(1)—Cu(1)—C(11) 124.9(3)
S(3)—Cu()—C(11) 126.73)  SQ2)—Cu(2)—S(3) 109.31(11)
S(2)—Cu(2)—C(12) 122.4(4)  S(3)—Cu(2)—C(12) 128.2(4)
Cu(l)=N(1)—C(11) 175.010)  Cu(2)—C(12)—N(2) 177.5(13)
Cu()-S3)—Cu(2) 97.3(1)

Crystal Structures of [(1°-CsMes)WS;Cu,(PPhs)(u-CN)|,
(2) and [PPhy][{(n*-C5sMes)WS;Cuy(CN)(Py)}»(n-CN)] (3)
Compound 2 crystallizes in the monoclinic space group
P2,/n and the asymmetric unit contains half a molecule of
[(M°-CsMes)WS;Cus(PPhs)(u-CN)J; 3-1.25Py crystallizes in
the triclinic space group PI and the asymmetric unit con-
sists of one discrete [{(1n°-CsMes)WS;Cu,(CN)(Py)}(u-

88 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CN)]” anion, one [PPhy]" cation, and 1.25 molecules of
pyridine as solvated molecules. The refinements of the
structures of 2 and 3 showed that the bridging cyanide
groups between the Cu atoms have two orientations (i.e. the
bridging cyanide groups are either coordinated through the
C atoms, or through the N atoms). All the relevant C and
N atoms were refined with a 50% probability of being C or
N over each orientation. The derived Cu—C and Cu—N
distances at the same site [e.g. Cu(l1)—C(1) and
Cu(l)—N(la) in 2, and Cu(1)—N(2) and Cu(1)—C(26a) in
3] are identical and really express the average value. It is not
known whether the distances in an ordered system would be
equal. Therefore, Figure 3 shows the structure of 2 with the
orientation of the bridging cyanide containing C(1) and
N(1), while Figure 4 depicts the perspective view of the
[{(n°-CsMes)WS;Cu,(CN)(Py)}»(u-CN)]~ anion of 3 with

Figure 3. The perspective view of the molecular structure of 2 with
50% thermal ellipsoids. The C and N atoms of the bridging cyanide
are disordered and only one orientation [C(1) and N(1)] is shown,
and the hydrogen atoms are omitted for clarity.

Figure 4. The perspective view of the anion of 3 with 50% thermal
ellipsoids. The C and N atoms of the bridging cyanide are dis-
ordered and only one orientation [C(26) and N(2)] is shown, and
the hydrogen atoms are omitted for clarity.
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Table 2. Selected bond lengths [A] and angles [°] of 2

W(l)--Cu(l) 2.657(2)  W(1)=-Cu(2) 2.768(2)
W(1)—S(1) 2.220(4) W(1)=S(2) 2.229(5)
W(1)—S(3) 2.291(4) Cu(1)=S(2) 2.199(5)
Cu(1)-S(@3) 2.219(5) Cu(1)—C(1) 1.919(10)
Cu(2)—-S(1) 2.272(5) Cu(2)—S(3) 2.314(5)
Cu(2¥)—N(1) 2.040(9) Cu(2)—P(1) 2.251(5)
N(1)—C(1) 1.135(12)

Cu(1)=W(1)---Cu(2) 70.12(6) S(1)—=W(1)—S(2) 105.3(2)
S(1)=W(1)—S(3) 104.6(2) S(2)—W(1)—S(3) 105.1(2)
S(2)—Cu(1)—S(3) 108.6(2) S(2)—Cu(1)—C(1) 120.5(3)
S(3)—Cu(1)—C(1) 130.9(3) S(1)—Cu(2)—S(3) 102.2(2)
S(1)—Cu(2)—P(1) 117.8(2) S(3)—Cu(2)—P(1) 108.4(2)
S(3)—Cu(2)—N(1*) 108.80(13) P(1)—Cu(2)—N(1*) 103.9(2)
S(1)—Cu(2)—N(1*) 115.5(2) Cu(1)-S(3)—Cu(2) 86.9(2)
Cu(1)=C(1)=N(1)  170.9(8) Cu(2*)—=N(1)-C(1) 160.7(7)
Table 3. Selected bond lengths [A] and angles [°] of 3
W(1)--Cu(l) 2.711(2)  W(1)--Cu(2) 2.657(2)
W(2)--Cu(3) 2.716(2) W(2)--Cu(4) 2.664(2)
W(1)—-S(1) 2.218(4) W(1)—S(2) 2.231(3)
W(1)-S(3) 2.290(4) W(2)—S(4) 2.221(4)
W(2)-S(5) 2.235(3) W(2)—S(6) 2.295(4)
Cu(1)—S(1) 2.259(4) Cu(1)-S(3) 2.265(4)
Cu(1)—N(2) 1.939(7) Cu(1)-N(4) 2.11(2)
Cu(2)-S(2) 2.209(4) Cu(2)—S(@3) 2.216(4)
Cu(2)—C(25) 1.892)  Cu(3)—S(4) 2.265(5)
Cu(3)—S(6) 2.262(4) Cu(3)—C(26) 1.945(8)
Cu(3)—N(5) 2.165(13) Cu(4)—S(5) 2.202(5)
Cu(4)—S(6) 2.219(4) Cu4)—C(27) 1.90(2)
N(1)—C(25) 1.142)  N(2)—C(26) 1.154(11)
N(3)—C(27) 1.12(2)

Cu(1)*W(1)=+-Cu(2) 77.89(6)  Cu(3)-W(2)--Cu(4) 76.77(6)
S(H)-W(1)=S(2)  1043(1)  S(H-W(1)-S3)  106.4(1)
S(2)-W(1)—S(3) 105.35(13)  S(4)—W(2)—S(5) 104.9(2)
S(5)—W(2)—S(6) 104.9(1) S(4)—W(2)—S(6) 106.2(2)
S(1)—Cu(1)—S(3) 105.9(2) S(1)—Cu(1)-N(2) 115.8(2)
S3)—Cu(1)-N(2) 11582)  S()—Cu(l)-N@) 102.8(4)
S(3)—Cu(1)-N@) 113.4(4)  N@2)—-Cu(1)-N@) 102.6(4)
S(2)—Cu(2)—S(3) 108.7(2) S(2)—Cu(2)—C(25) 122.0(5)
S(3)—Cu(2)—C(25) 129.1(5) S(4)—Cu(3)—S(6) 105.9(2)
S(4)—Cu(3)—N(5) 101.3(4) S(6)—Cu(3)—N(5) 115.4(3)
S(4)—Cu(3)—C(26) 117.2(3) S(6)—Cu(3)—C(26) 114.1(2)
N(5)—Cu(3)—-C(26) 102.6(5) S(5)—Cu(4)—S(6) 108.6(2)
S(5)—Cu(4)—C(27) 123.9(5) S(6)—Cu(4)—C(27) 127.4(5)
Cu(1)=-S(3)—Cu(2) 97.7(2) Cu(4)—S(6)—Cu(3) 96.4(2)
Cu(1)-N(2)—C(26) 179.0(6)  Cu(2)—C(25)—N(1) 177.0(17)
Cu(3)-C(26)-N(2) 179.4(7)  Cu(4)—C(27)-N(@3) 178.3(15)

the orientation of the bridging cyanide containing C(26)
and N(2). Tables 2 and 3 list the selected bond lengths and
angles for 2 and 3 with the orientation of the bridging cyan-
ide consisting of C(1) and N(1) in 2, and C(26) and N(2) in
3, respectively. The molecular structure of 2 can be viewed
as a double butterfly-shaped structure in which two [(n°-
CsMes)WS;Cu,] fragments are interconnected by a pair of
Cu—p-CN—Cu bridges. Meanwhile, the anion of 3 presents
another type of double butterfly-shaped structure in which
two [(n3-CsMes)WS;Cu,] fragments are linked by a single
Cu—pu-CN—Cu bridge. To the best of our knowledge, the
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two structures are unprecedented in the tetrathiometallates.
In both structures, each [(n>-CsMes)WS;Cu,] fragment
shows a very similar structure to that of 1. However, the
two Cu atoms in each [(n3-CsMes)WS;Cu,] fragment of 2
and 3 exhibit a somewhat different coordination geometry
from that of 1. One Cu atom adopts a similar trigonal
planar geometry, while the other Cu atom is coordinated
by two S atoms, one CN group and one PPh; (2) or Py (3)
group, thus exhibiting a distorted tetrahedral coordination
geometry. Therefore, the different coordination geometries
around the Cu atoms results in different W---Cu distances
within the same [(1°-CsMes)WS;Cu,] fragment. The mean
W-:-Cu distances for the three-coordinate Cu atom [2.657(2)
A in 2 and 2.661(2) A in 3] are similar to that of 1. How-
ever, the mean W---Cu distance for the four-coordinate Cu
atom in 2 [2.768(2) A] is similar to those of
[WS,Cuy(dppm)s](PFg)> (2.760 A),l''l but longer than
those found in 3 [2.714(2) A] and other clusters containing
tetrahedral Cu atoms such as [(n°-CsMes)WS;.

Cu,(PPh3),Br] (2.704 A),od] [EtsN][WS,Cuy(NCS),] (2.691
A),13al [Et,N], [WS,4Cuylg] (2.692 A),138] and [WS,Cuy(y-
MePy)g][W4O1] (2.686 A).[13¢ The mean Cu—p3-S—Cu an-
gle of 97.1(2)° in 3 is similar to that of 1; however, it is
about 10° smaller than that in 2. The reason may be as-
cribed to the larger steric bulk of the two PPh; ligands co-
ordinated at Cu(2) and Cu(2*) in 2. The effect is also re-
flected in the linearity of the Cu—u-CN—Cu bridges of 2
and 3. The Cu—p-CN—Cu portion in 2 is slightly bent,
with Cu(1)—C(1)—N(1) and C(1)—N(1)—Cu(2*) angles of
170.9(8)° and 160.7(7)°, respectively. However, the Cu—p-
CN—-Cu bridge in 3 is practically linear, with
Cu(1)=N(22)—C(26) and Cu(3)—C(26)—N(2) angles of
179.0(6)° and 179.4(7)°, respectively. The Cu—C/N and
Cu—N/C distances of the bridging cyanide groups in 2 and
3 range from 1.910(6) A to 2.048(14) A, which are similar
to those found in [Cu(4-CNPy)(u-CN)] [Cu—N/C =
1.907(2) A and Cu—C/N = 1.999(2) A].l'34 The mean
Cu—P length of 2.251(5) A in 2 is similar to those found in
[(n°-CsMes)WS;Cus(PPhs),Br,] (2.247 °A) and [PPhg][(n’-
CsMes)WS;CusBrs(dppm)]  (2.270  A).P9 The mean
Cu—N(Py) length of 2.138 A in 3 is longer than those found
in [WS,Cuy(y-MePy)s][W60,9] (2.02 A)3 and [Cu(Py),]-
ClO,4 (2.046 A).l'Y1 The mean W—p-S, W—p5-S, and Cu—S
distances in both 2 and 3 compare with those found in 1.

Optical Limiting (OL) Properties of 1—3

As shown in Figure 1, compounds 1—3 have a low ab-
sorbance at 532 nm. This promises low intensity loss and
small temperature changes by photon absorption when the
laser pulse propagates in these materials. The fluence-de-
pendent transmission measurements of 1—3 are depicted in
Figure 5. For 1, the light energy transmitted begins to devi-
ate from normal linear behavior as soon as the input light
fluence reaches about 0.4 J/cm?, and the material becomes
increasingly less transparent as the light fluence rises. We
define the limiting threshold as the incident fluence at
which the sample transmittance falls to 50% of the corre-
sponding linear transmittance. The limiting threshold of
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compound 1 is 7.5 J/cm?. For 2, when the input light flu-
ence reaches about 2.6 J/cm?, the light energy transmitted
begins show less than linear behavior. The limiting thresh-
old for compound 2 is larger than 10 J/cm?. Unfortunately,
no OL effects are observed for compound 3. Although the
concentration of Cgy (9.02:10~* M) is higher than the con-
centrations of 1 (3.57-107* m) and 2 (1.20:10~* M), the OL
performance of 1 is about 3 times better than that of Cg
measured under identical conditions, while the OL perform-
ance of compound 2 is similar to Cgy. The poor solubility
of compounds 1 and 2 prohibits higher concentrations to
be attained, and hence limits their OL performance. Better
OL effects would be expected for higher concentrations of
these compounds.
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Figure 5. Optical limiting responses to 7-ns, 532 nm laser pulses,
of 1 in MeCN, 2 in CH,Cl,, 3 in DMF, and Cgq in toluene. Solu-
tions with 92% transmittance at 532 nm correspond to 3.57-10 4 M
(}),11 20-107* M (2), 1.69-107* M (3), and 9.02:10~* m (Cgy), respec-
tively

Conclusion

We demonstrated the facile synthesis of 1 and its reactiv-
ity towards PPh; and Py. The successful isolation of 2 and
3 shows that compound 1 can be a useful precursor for the
construction of new W—Cu—S clusters in the presence of
suitable donor ligands. The structures of 1—3 have been
fully characterized by spectroscopy and X-ray analysis.
Compounds 2 and 3 exhibit two types of double butterfly-
shaped structures, which have not previously been observed
in the chemistry of the corresponding tetrathiometallates.
The OL properties of 1—3 in solution have been measured,
and 1 and 2 exhibit relatively good OL performances when
compared with Cg. As some preformed clusters may be
assembled into supramolecular compounds via the bridging
ligands such as 4,4’-bipy, and their NLO performances may
be improved,! it is still worth screening more compounds
formed from the reactions of 1 with hooking ligands such
as the one mentioned above. We are currently investigating
this.

Experimental Section

General: All manipulations were carried out under argon using
standard Schlenk-techniques. [PPh,][(n°-CsMes)WS;] was prepared
as reported previously.®®) Other chemicals were obtained from
commercial sources and used as received. All solvents were pre-
dried over activated molecular sieves and refluxed over the appro-

90 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

priate drying agents under argon. The IR spectra were recorded on
a Nicolet MagNa-IR500 FT-IR spectrometer (4000—400 cm™').
'H NMR spectra were recorded at ambient temperature on a
Varian UNITYplus-400 spectrometer. UV/Vis spectra were meas-
ured on a Hitachi UV-3410 spectrophotometer. The elemental
analyses for C, H, and N were performed on a Carlo—Erba
CHNO-S microanalyzer.

Reaction of [PPhy][(n®-CsMes)WS;] with CuCN: CuCN (0.023 g,
0.26 mmol) was added to a red solution of [PPh,][(n>-CsMes)WS5]
(0.10 g, 0.13 mmol) in MeCN (10 mL). The solution quickly turned
dark red and the mixture was stirred at room temperature for 1 h
and then filtered. Diethyl ether (20 mL) was carefully layered
onto the filtrate, forming red prisms of [PPhy][(n’-
CsMes)WS3(CuCN),]'-MeCN (1-MeCN), which were isolated by
filtration, washed with Et,O, and dried in vacuo. Yield: 0.085 g
(70%). C36H35CusN,PS;W: caled. C 47.02, H 4.51, N 4.49; found
C46.78, H 3.90, N 4.31%. UV/Vis (MeCN) [Apax/nm (e/M~lem™1)]:
435 (1700), 390 (6300), 314 (8600). IR (KBr disk): v = 2119 (s),
1586 (s), 1483 (s), 1439 (vs), 1377 (m), 1318 (w), 1186 (w), 1109
(vs), 1025 (m), 995 (m), 754 (s), 724 (vs), 692 (s), 531 (s), 433 (W),
410 (m) cm~'. '"H NMR (CDs;CN, 400 MHz, 25 °C): § =
7.26—7.89 (m, 20 H, PPh,"), 2.05 (s, 5 H, n-CsMes) ppm.

Reaction of 1 with PPh;: Treatment of a solution of 1 (0.042 g,
0.05 mmol) in MeCN (5 mL) with PPh; (0.026 g, 0.1 mmol) gave
rise to a homogeneous solution, which was allowed to stir for
30 min. Diethyl ether (5 mL) was carefully layered onto the filtrate,
forming red plates of [(1°-CsMes)WS;Cu,(u-CN)(PPhs)], (2),
which were isolated by filtration, washed with Et,O, and dried in
vacuo. Yield: 0.071 g (85%). Cy9H3oCu,NPS;W: caled. C 41.53, H
4.01, N 1.75; found C 41.89, H 3.90, N 1.68%. IR (KBr disk): ¥ =
2139 (s), 1480 (m), 1435 (s), 1376 (m), 1097 (m), 1027 (m), 747 (s),
723 (w), 695 (vs), 518 (s), 434 (m), 417 (w), 409 (w) cm~!. UV/Vis
(CH,CL,) [Amax/nm (/™M™ lem™1)]: 394 (5600). 'H NMR (CDCls,
400 MHz, 25 °C): § = 7.27—7.89 (m, 15 H, PPh3), 2.05 (s, 5 H, n°-
CsMes) ppm.

Reaction of 1 with Py: Compound 1 (0.042 g, 0.05 mmol) was dis-
solved in 1.5 mL of pyridine. The mixture was stirred at room tem-
perature for 30 min, giving a clear solution. Diethyl ether (5 mL)
was carefully layered onto the filtrate to form orange-red
needles of [PPhy][{(n’-CsMes)WS;Cu,(CN)(Py)},(u-CN)J-1.25Py
(3-1.25Py), which were isolated by filtration, washed with Et,O,
and dried in vacuo. Yield: 0.063 g (80%). Co9H3oCu,NPS;W: calcd.
C 48.42, H 4.50, N 4.12; found C 48.18, H 4.21, N 3.97%. IR (KBr
disk): v = 2130 (m), 2053 (m), 1483 (m), 1436 (s), 1376 (m), 1108
(vs), 996 (m), 753 (m), 724 (vs), 690 (vs), 527 (vs), 445 (w), 430 (w),
413 (w) em~'. UV/Vis (DMF) [Apa/nm (/M 'em™1)]: 452 (20200),
393 (7700), 321 (5400). '"H NMR (CDCl;, 400 MHz, 25 °C): § =
8.62 (br. s, 2 H, Py), 7.64—7.90 (m, 28 H, Py+PPh,™), 2.08 (s, 5
H, n’°-CsMes) ppm.

X-ray Diffraction Crystallography: All measurements were per-
formed on a Rigaku Mercury CCD X-ray diffractometer (3 kV,
sealed tube) at —80 °C, using graphite monochromated Mo-Ka
(A = 0.71070 10%). A red chip of 1-MeCN with dimensions 0.60 X
0.40 X 0.20 mm, a red prism of 2 with dimensions 0.10 X 0.05 X
0.05 mm, and a red platelet of 3-1.25Py with dimensions 0.55 X
0.15 X 0.05 mm, were mounted at the top of a glass fiber. Diffrac-
tion data were collected at @ mode with a detector distance of
55mm (1-MeCN and 2) or 35mm (3-1.25Py) to the crystal. In-
dexing was performed from 6 images, each of which was exposed
for 15 s. A total of 1080 (1-MeCN) or 720 (2 and 3-1.25Py) oscil-
lation images were collected in the range 1.95° < 20 < 54.96° for
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Table 4. Summary of the crystal data for the structures of 1:MeCN, 2, and 3-1.25Py

1-MeCN 2 3-1.25Py
Empirical formula C38H3SCUZN3PS3W C58H60CU4N2PQS6W2 C63A25H66‘25CU4N6A25PS6W2
F, 974.83 1661.32 1575.38
Crystal system Orthorhombic monoclinic triclinic
Space group Pna2, P2,/n P1
a [A] 33.919(8) 12.199(2) 9.215(1)
b [A] 7.626(2) 15.248(3) 17.811(3)
¢ [A] 15.342(3) 16.173(3) 20.900(4)
a[°] 88.383(9)
B[] 91.879(9) 82.249(9)
v [°] 80.901(8)
VA3 3968.6(15) 3006.9(10) 3356.0(10)
Z 4 2 2
D, [g em ™3] 1.631 1.835 1.559
p [mm™1] 4.185 5.504 3.209
Reflections [/>3.00c(/)] 3670 2220 8875
Parameters 456 210 583
R 0.032 0.043 0.058
R, 0.049 0.044 0.069
GOF i 1.144 0.962 1.474
Largest residual peaks and hole [e-A ™3] 0.80 and —0.81 0.92 and —1.15 1.84 and —1.41

@l R = SF| — [FJJIE). ' R, = (WE(F,| — |E)/EWEHY2 € GOF = {Sw(F,| — [FJ)*(M — N)}'"2, where M is the number of reflec-

tions and N is the number of parameters.

1-MeCN, 1.97° < 26 < 50.04° for 2, and 1.60° < 26 < 61.86° for
3-1.25Py. The collected data were reduced by using the program
CrystalClear (Rigaku and MSC, Ver. 1.3, 2001), and an empirical
absorption correction was applied which resulted in transmission
factors ranging from 0.266 to 0.433 for 1:MeCN, from 0.610 to
0.759 for 2, and from 0.623 to 0.852 for 3-1.25Py. The reflection
data were also corrected for Lorentz and polarization effects.

The structures of 1-MeCN and 2 were solved by direct methodsl'¢4]
while that of 3-1.25Py by heavy-atom Patterson methods,!'®®! and
expanded using Fourier techniques.l'®! For 1-MeCN, all non-hy-
drogen atoms except those of the MeCN crystal solvent molecule
were refined anisotropically. For 2, W, Cu, S, and P atoms were
refined anisotropically, while C and N atoms were refined iso-
tropically. In both cases, all hydrogen atoms were introduced at the
calculated positions and included in the structure-factor calcu-
lations. Crystal 3-1.25Py contains 1.25 Py solvated molecules in an
asymmetric unit. One Py solvent molecule is refined isotropically.
The other is located on a center of symmetry and is refined with
one-quarter occupancy. All non-H atoms except those of CN, Py,
and n3-CsMes were refined anisotropically. Hydrogen atoms except
those of the two Py solvent molecules were placed on the idealized
positions and included in the final structure-factor refinements. In
the structure of 2 or 3-1.25Py, the orientation of the bridging cyan-
ide group was found to be disordered, and the C and N atoms were
refined with a 50% probability of being C or N, i.e. C(1)/N(la) =
0.5:0.5 and N(1)/C(1a) = 0.5:0.5 (2), C(26)/N(2a) = 0.5:0.5, and
N(2)/C(26a) = 0.5:0.5 (3-1.25Py). Neutral atom scattering factors
were taken from Cromer and Waber.['73] Anomalous dispersion ef-
fects were included in F.,qq 7" All calculations were performed
on a Dell workstation using the CrystalStructure crystallographic
software package (Rigaku and MSC, Ver. 3.0, 2002). A summary
of the key crystallographic information for 1-MeCN, 2, and
3-1.25Py is given in Table 4. CCDC-202420 (1), 202421 (2), and
202422 (3) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge at http:/
www.ccde.cam.ac.uk/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge

Eur. J. Inorg. Chem. 2004, 86—92 www.eurjic.org

CB2 1EZ, UK; Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Optical Limiting Measurements: Samples were dissolved in MeCN
(1), CH,Cl, (2), and DMF (3). The solutions with concentrations
of 3.57-107* m (1), 1.20-107* m (2), and 1.69-10~* m (3) were con-
tained in a 1-mm-thick quartz cuvette. Optical limiting experiments
were performed with a Q-switched, frequency-doubled Nd:YAG
laser (A = 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-degradation. The optical limiting phenom-
enon was demonstrated by measuring fluence-dependent trans-
missions. The laser pulses were focused on to the sample using a
focusing mirror of 25-cm focal length. The spot radius of the laser
pulses at the cuvette was measured to be of 355 um (half width
of 1/¢*> maximum in irradiance). Both incident and transmitted
laser pulses were monitored simultaneously 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) transmittance of all the
samples was adjusted to 92%. Fullerene (Cgg) dissolved in toluene
(9.02:10* M) was used as a standard sample since its optical limit-
ing performance had been well-documented.!'8!
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