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Treatment of [Et4N]2[WSe4] with the trinuclear trigonal-bipy-
ramidal copper(I) complexes [Cu3(µ3-X)2(µ-L)3]X [X = I, L =
bis(diphenylphosphanyl)methane (dppm) (1a); X = Cl, L =
bis(diphenylphosphanyl)amine (dppa) (1b)] affords the tetra-
nuclear cluster compounds [(µ3-WSe4)Cu3(µ-X)(µ-L)2] [X = I,
L = dppm (2a); X = Cl, L = dppa (2b)], which exhibit an open
butterfly configuration. Interaction of [Et4N]2[WSe4] with
[Cu(MeCN)4][PF6] and L gives the pentanuclear cluster com-
pounds [(µ4-WSe4)Cu4(µ-L)4][PF6]2 [L = dppm (3a), dppa (3b)]

Introduction

The coordination chemistry of [MS4]2– anions (M = Mo,
W) with transition metal ions has been well developed
owing to their relevance to biological systems,[1–3] special
optical properties,[4–6] and rich structural variations.[7] How-
ever, analogous heterometallic complexes with [MSe4]2–

anions have not been well explored. Heterometallic sele-
nium complexes are of significance, in part, due to their
interesting nonlinear optical and electronic properties.[8–10]

Studies of the interaction of [MSe4]2– with the coinage-
metal cations, namely Cu+, Ag+, and Au+, have resulted in
the isolation of a series of heterometallic selenium clusters
with various structural types, including linear, cubane, in-
complete cubane, co-planar T-frame and open cross-frame,
crown, cage, and pin-wheel shapes, and polymeric frame-
works.[11–19] We have a long-standing interest in hetero-
metallic selenium cluster compounds based on the
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which contain an open co-planar WCu4 core. The solid-state
structures of cluster compounds 2a, 2b, and 3a have been
established by X-ray crystallography. The nonlinear optical
properties of 2a and 3a have been examined by z-scan tech-
niques with 7-ns pulses at 532 nm. The pentanuclear co-
planar cluster 3a exhibits a large optical limiting effect (the
limiting threshold is about 0.40 Jcm–2).
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

[MSe4]2– anions.[20] It is noteworthy that the structure of
coinage-metal/[MSe4]2– clusters is closely related to the
number of coinage metal ions coordinated to the six MSe2

edges of the tetrahedral [MSe4]2– moiety, which depends
upon the reaction conditions, especially the M�/[MSe4]2–

(M� = coinage metal) ratio, and the peripheral ligands.[21]

In this context, we report here the synthesis of two types of
heterometallic selenium W–Se–Cu cluster compounds,
namely tetranuclear butterfly-like [(µ3-WSe4)Cu3(µ-I)-
(µ-L)2] [L = dppm (2a), dppa (2b)] and pentanuclear open
co-planar [(µ4-WSe4)Cu4(µ-L)4][PF6]2 [L = dppm (3a), dppa
(3b)], from reactions of tetraselenotungstate anion with
copper species in the presence of the bridging phosphane
ligands bis(diphenylphosphanyl)methane (dppm) and
bis(diphenylphosphanyl)amine (dppa). The nonlinear op-
tical data of the newly prepared heterometallic selenium
clusters have been investigated to provide some evidence re-
garding the structure/property relationships of this class of
cluster compounds.

Results and Discussion

Syntheses and Spectral Characterizations

It has been reported previously that reactions of copper
halides with dppm give a series of trinuclear trigonal-bipy-
ramidal complexes [Cu3(µ3-X)2(µ-dppm)3]X (X = Cl,[22]

Br,[23] I[24]). Similarly, treatment of [CuCl] powder with
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Scheme 1.

1 equiv. of dppa in CH2Cl2 affords the complex [Cu3(µ3-Cl)2-
(µ-dppa)3]Cl (1b) in nearly quantitative yield. It is therefore
not surprising to find a similar behavior between the bridg-
ing ligands dppa and dppm in their reaction with copper
halides. A similar reaction in thf solution results in the for-
mation of the same cationic complex but with a [CuICl2]–

anion, which seems to be easily formed in thf.[25] The
31P{1H} NMR spectrum of 1b shows one singlet at δ =
38.2 ppm assignable to the dppa ligands.

The reaction of [Et4N]2[WSe4] with 1a and 1b affords the
neutral tetranuclear cluster compounds [(µ3-WSe4)Cu3(µ-
I)(µ-dppm)2] (2a) and [(µ3-WSe4)Cu3(µ-Cl)(µ-dppa)2] (2b),
respectively (Scheme 1). This implies that the formation of
2a and 2b involves the metathesis of [Cu3(µ3-X)2(µ-L)3]+ (L
= dppm and dppa) with the [WSe4]2– anion. It seems that
the displacement of one halide ion and one L molecule
from [Cu3(µ3-X)2(µ-L)3]+ gives an unsaturated intermediate
[Cu3(µ3-X)(µ-L)2]2+, which subsequently coordinates to
[WSe4]2–. The trigonal Cu3 core in these compounds is
maintained after the cluster formation, as confirmed by X-
ray crystallography (see below). The treatment of [Et4N]2-
[WSe4] with [Cu(MeCN)4][PF6] in the presence of the bi-
dentate phosphane ligands dppm and dppa affords the cat-
ionic pentanuclear cluster compounds [(µ4-WSe4)Cu4(µ-
dppm)4][PF6]2 (3a) and [(µ4-WSe4)Cu4(µ-dppa)4][PF6]2 (3b),
respectively (Scheme 2). In this reaction, dppm and dppa
act as bridging ligands for the construction of a dinuclear
[Cu2(L)]2+ species obtained from the 1:1 mixture of
[Cu(MeCN)4]– and L.[26] Formation of the pentanuclear
cluster 3 is not surprising for a co-planar WCu4 core be-
cause the four faces of the tetrahedral [WSe4]2– anion are

Scheme 2. dppx = dppm for 3a and dppa for 3b.

www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 2189–21972190

equally capable of coordinating to CuI species in polar dmf
solution. A similar cluster compound [(µ4-WSe4)Cu4(µ-
dppm)4][ClO4]2 has been reported previously.[27]

The IR and electronic spectra for 2 and 3 are in agree-
ment with those observed for other known [WSe4]2– anion
derivatives.[11–13,16–19] The W–Se stretching modes of the
clusters can be identified as sharp peaks in the low-wave-
number region below 400 cm–1.[11,20,28] The terminal W–Set

absorptions at 316 cm–1 for 2a and 319 cm–1 for 2b appear
at higher wavenumber than the ν(W–Se) absorption
(305 cm–1 in the [WSe4]2– anion).[1] The bridging W–Se vi-
brations are observed in the range 285–300 cm–1, at lower
wavenumbers relative to that of [WSe4]2–.[1] The strong ab-
sorption at 2011 cm–1 in the IR spectrum of 2b may be at-
tributed to the C�N stretching vibration of the co-crystalli-
zation acetonitrile solvent. The electronic absorption spec-
trum of each cluster shows several intense bands in the UV
region with weaker bands in the visible region (see Fig-
ure 1). These bands are not of the d-d type but probably
arise from ligand-to-metal charge transfer. Band assign-
ments for heterometallic selenium complexes containing the
[WSe4]2– anion have been reported in the litera-
ture.[11–19,28,29] The patterns for both the intense and weaker
bands can be assigned to the internal Se-to-W charge-trans-
fer transition of the [WSe4]2– moiety and a relatively weak
ligand [WSe4]2–-to-copper interaction, respectively. It is
interesting to note that the [WSe4]2–�Cu charge-transfer
transition peaks at 470–478 nm in the present clusters are
blueshifted by around 20 nm with respect to the
[WSe4]2–�Ag charge-transfer transition peaks (450–
460 nm) in the argentoselenotungstate clusters, while the
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Se�W charge-transfer peaks at 310–325 nm are less influ-
enced by the different coinage metals in the heteroseleno-
tungstate clusters containing phosphane ligands.[11,18]

Figure 1. Electronic absorption (UV/Vis) spectra of 2a (dash) and
2b (solid), both as 2.75�10–4  CH2Cl2 solutions. The optical path
is 1 cm.

The 31P{1H} NMR spectrum of 2a shows two singlets at
δ = 6.34 and 9.16 ppm, which suggests that there are two
magnetically inequivalent phosphorus atoms in the open
butterfly cluster. Similarly, two singlets at δ = 41.6 and
47.2 ppm in the 31P NMR spectrum of 2b may be ascribed
to the two phosphorus atoms with different coordination
environments. Two 31P signals at δ = 2.57 and –142.5 ppm
for 3a are assigned to the phosphorus atoms of the dppm
ligand and [PF6]– anion, respectively. Similar 31P signals at
δ = 34.3 and –141.2 ppm are observed in the 31P NMR
spectrum of 3b. The FAB+ mass spectra of compounds 2
and 3 exhibit molecular ions corresponding to [M+ + 1] and
[M+ – 2 [PF6]–], respectively, with the appropriate isotopic
distribution patterns.

Crystal Structures

The structure of 1b·0.5CH2Cl2 comprises a well-sepa-
rated cation and anion along with the lattice solvent. The
molecular structure of the [Cu3(µ3-Cl)2(µ-dppa)3]+ cation in
1b is illustrated in Figure 2, and selected bond lengths and
angles are listed in Table 1. Similar to the structures of
[Cu3(µ3-X)2(µ-dppm)3]+ (X = Cl, Br, I),[22–24] two chloride
ions cap the triangle from both sides to form a [Cu3Cl2]
trigonal bipyramid. Each dppa bidentate ligand bridges one
Cu···Cu edge to give a roughly planar [Cu3P6] structure.
The average distance between two copper atoms in
1b·0.5CH2Cl2 [2.988(2) Å] is slightly shorter than those ob-
served in [Cu3(µ3-X)2(µ-dppm)3]+ [X = Cl 3.210(4),[22] Br
3.081(3),[23] I 3.214(2) Å[24]], possibly due to the relatively
stronger phosphorus σ-donor of dppa (amide) vs. dppm
(methane).[25]
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Figure 2. Molecular structure of the [Cu3(µ3-Cl)2(µ-dppa)3]+ cation
in 1b.

Table 1. Selected bond lengths [Å] and angles [°] for 1b·0.5CH2Cl2.

Cu(1)–P(2) 2.265(3) Cu(1)–P(3) 2.274(3)
Cu(2)–P(1) 2.239(3) Cu(2)–P(6) 2.248(3)
Cu(3)–P(4) 2.236(4) Cu(3)–P(5) 2.252(3)
Cu(1)–Cl(1) 2.529(3) Cu(1)–Cl(2) 2.528(3)
Cu(2)–Cl(1) 2.500(3) Cu(2)–Cl(2) 2.470(3)
Cu(3)–Cl(1) 2.533(2) Cu(3)–Cl(2) 2.465(3)
Cu(1)···Cu(2) 3.040(2) Cu(2)···Cu(3) 2.937(2)
P(2)–Cu(1)–P(3) 125.49(12) P(2)–Cu(1)–Cl(2) 107.32(11)
P(3)–Cu(1)–Cl(2) 113.31(11) P(2)–Cu(1)–Cl(1) 109.86(11)
P(3)–Cu(1)–Cl(1) 104.50(11) P(1)–Cu(2)–P(6) 119.64(13)
P(1)–Cu(2)–Cl(2) 108.02(11) P(6)–Cu(2)–Cl(2) 114.71(11)
P(1)–Cu(2)–Cl(1) 112.07(11) P(6)–Cu(2)–Cl(1) 106.45(11)
P(4)–Cu(3)–P(5) 119.97(12) P(4)–Cu(3)–Cl(2) 108.40(11)
P(5)–Cu(3)–Cl(2) 111.05(12) P(4)–Cu(3)–Cl(1) 108.80(11)
P(5)–Cu(3)–Cl(1) 112.98(11) Cl(2)–Cu(1)–Cl(1) 90.68(9)
Cl(2)–Cu(2)–Cl(1) 92.71(9) Cl(2)–Cu(3)–Cl(1) 92.03(9)
Cu(2)–Cl(1)–Cu(1) 74.40(8) Cu(2)–Cl(1)–Cu(3) 71.39(7)
Cu(1)–Cl(1)–Cu(3) 74.84(7) Cu(3)–Cl(2)–Cu(2) 73.06(8)
Cu(3)–Cl(2)–Cu(1) 76.05(8) Cu(2)–Cl(2)–Cu(1) 74.93(8)

The structures of 2a and 2b·CH3CN were also deter-
mined by X-ray diffraction. The molecular structures of 2a
and 2b are shown in Figures 3 and 4, respectively, and se-
lected bond lengths and angles are listed in Tables 2 and
3, respectively. The structural frameworks in both neutral
compounds 2a and 2b have an open butterfly configuration.
The structures of 2a and 2b·CH3CN consist of trigonal
[Cu3(µ-I)(µ-dppm)2]2+ and [Cu3(µ-Cl)(µ-dppa)2]2+ frag-
ments, respectively, that are bound to a tetrahedral
[WSe4]2– moiety. The coordination geometry of the W atom
in 2a or 2b remains nearly tetrahedral with the Se–W–Se
angles ranging from 107.10(12)° to 114.60(15)° in 2a and
from 108.05(8)° to 110.92(10)° in 2b. The W–Se bond
lengths fall into three categories: the W–Set, W–µ-Se, and
W–µ3-Se bond lengths are 2.254(3), 2.310(3) (av.), and
2.479(3) Å, respectively, in 2a [2.251(3), 2.325(3) (av.), and
2.429(2) Å, respectively, in 2b]. There are three different
types of copper atoms in 2: one has a tetrahedral geometry
(bonded to two selenium atoms, one halide ion, and one
phosphorus atom) and the other two have a trigonal-planar
geometry (one is bonded to two selenium atoms and one
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phosphorus atom, and the other to two phosphorus atoms
and one halide ion). The Cu–Se distances in 2 are slightly
influenced by the coordination modes of Se and Cu. For
example, the Cu–Se distances involving µ-Se and three-co-
ordinate Cu, µ-Se and four-coordinate Cu, µ3-Se and three-
coordinate Cu, and µ3-Se and four-coordinate Cu are
2.369(4), 2.391(4), 2.396(4), and 2.430(4) Å, respectively, in
2a. A similar situation is observed in 2b (see Table 3). The
Cu(3)–Se(3) bond in 2a [2.702(4) Å] and the Cu(3)–Se(4)
bond in 2b [2.742(2) Å] are much longer than those ob-
served in related systems such as [Cu4(dppm)4(µ4-Se)]-
[PF6]2 [Cu–µ4-Se: 2.384(3)–2.387(3) Å][30] and [Cu8(µ8-
Se){Se2P(OiPr)2}6] [Cu–µ8-Se: 2.539(3)–2.624(3) Å],[31]

which is indicative of no bonding between the µ3-Se and
Cu(XP2) moieties. The W···Cu separations for the three-co-
ordinate copper atom [2.718(3) Å in 2a and 2.698(3) Å in
2b] are obviously shorter than those for their four-coordi-
nate counterparts [2.779(4) Å in 2a and 2.780(3) Å in 2b].
The Cu(1)···Cu(3)···Cu(2) angles of 66.62(11)° in 2a and
69.30(8)° in 2b are more obtuse than those in 1a [60.36(2)°]
and 1b [61.91(5)°], respectively; such an enlargement of the
trigonal Cu3 angles is due to the coordination of [Cu3(µ-

Figure 3. Molecular structure of the [(µ3-WSe4)Cu3(µ-I)(µ-dppm)2]
cation in 2a.

Figure 4. Molecular structure of the [(µ3-WSe4)Cu3(µ-Cl)(µ-dppa)2]
cation in 2b.
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X)(µ-L)2]2+ species to the [WSe4]2– anion. Accordingly, the
Cu(1)···Cu(3) separations bridged by the halide ion
[2.763(4) Å in 2a and 2.795(3) Å in 2b] are much shorter
than those in 1a [3.214(2) Å][24] and 1b [2.988(2) Å], which
is suggestive of weak metal–metal interactions between the
[Cu2(µ-X)] moieties of the present clusters. The Cu(1)–I(1)–
Cu(3) bond angle in 2a [61.23(10)°] is more acute than the
Cu(1)–Cl(1)–Cu(3) bond angle in 2b [68.95(10)°], whereas
the average Cu–I bond in 2a [2.709(3) Å] is longer than the
average Cu–Cl bond in 2b [2.465(3) Å].

Table 2. Selected bond lengths [Å] and angles [°] for 2a.

W(1)–Se(1) 2.254(3) W(1)–Se(2) 2.334(3)
W(1)–Se(3) 2.479(3) W(1)–Se(4) 2.287(4)
Cu(1)–Se(2) 2.391(4) Cu(2)–Se(3) 2.396(4)
Cu(1)–Se(3) 2.430(4) Cu(3)–Se(3) 2.702(4)
Cu(2)–Se(4) 2.369(4) Cu(1)–I(1) 2.788(4)
Cu(3)–I(1) 2.630(3) Cu(1)–P(1) 2.214(8)
Cu(2)–P(4) 2.196(7) Cu(3)–P(3) 2.263(6)
Cu(3)–P(2) 2.271(7) W(1)···Cu(1) 2.779(4)
W(1)···Cu(2) 2.718(3) Cu(1)···Cu(3) 2.763(4)
Cu(2)···Cu(3) 3.020(4)
Se(1)–W(1)–Se(4) 114.60(15) Se(1)–W(1)–Se(2) 107.25(12)
Se(4)–W(1)–Se(2) 111.40(14) Se(1)–W(1)–Se(3) 107.10(12)
Se(4)–W(1)–Se(3) 108.53(10) Se(2)–W(1)–Se(3) 107.67(11)
W(1)–Se(2)–Cu(1) 72.04(11) W(1)–Se(3)–Cu(2) 67.73(10)
W(1)–Se(3)–Cu(1) 68.95(11) W(1)–Se(3)–Cu(3) 121.46(11)
Cu(2)–Se(3)–Cu(3) 72.36(11) Cu(1)–Se(3)–Cu(3) 64.88(11)
P(1)–Cu(1)–Se(2) 107.7(2) P(1)–Cu(1)–Se(3) 119.1(2)
Se(2)–Cu(1)–Se(3) 107.44(16) P(1)–Cu(1)–I(1) 106.3(2)
Se(2)–Cu(1)–I(1) 111.88(15) Se(3)–Cu(1)–I(1) 104.50(13)
P(4)–Cu(2)–Se(4) 112.8(2) P(4)–Cu(2)–Se(3) 128.8(2)
Se(4)–Cu(2)–Se(3) 108.65(16) P(3)–Cu(3)–P(2) 117.2(3)
P(3)–Cu(3)–I(1) 107.49(19) P(2)–Cu(3)–I(1) 113.03(19)
P(3)–Cu(3)–Se(3) 109.30(19) P(2)–Cu(3)–Se(3) 107.10(19)
I(1)–Cu(3)–Se(3) 101.60(12) Cu(3)–I(1)–Cu(1) 61.23(10)
Cu(1)···Cu(3)···Cu(2) 66.62(11)

Table 3. Selected bond lengths [Å] and angles [°] for 2b·CH3CN.

W(1)–Se(1) 2.251(3) W(1)–Se(2) 2.332(2)
W(1)–Se(3) 2.318(3) W(1)–Se(4) 2.429(2)
Cu(1)–Se(2) 2.377(3) Cu(2)–Se(3) 2.350(3)
Cu(2)–Se(4) 2.348(3) Cu(1)–Se(4) 2.425(3)
Cu(3)–Se(4) 2.742(2) Cu(1)–P(1) 2.194(5)
Cu(2)–P(4) 2.170(5) Cu(3)–P(3) 2.245(4)
Cu(3)–P(2) 2.264(4) Cu(1)–Cl(1) 2.570(4)
Cu(3)–Cl(1) 2.359(3) W(1)···Cu(1) 2.780(3)
W(1)···Cu(2) 2.698(3) Cu(1)···Cu(3) 2.795(3)
Cu(2)···Cu(3) 3.036(3)
Se(1)–W(1)–Se(3) 109.58(12) Se(1)–W(1)–Se(2) 109.98(11)
Se(3)–W(1)–Se(2) 109.52(10) Se(1)–W(1)–Se(4) 110.92(10)
Se(3)–W(1)–Se(4) 108.76(7) Se(2)–W(1)–Se(4) 108.05(8)
Se(1)–W(1)–Cu(2) 133.90(12) W(1)–Se(2)–Cu(1) 72.36(8)
W(1)–Se(3)–Cu(2) 70.61(9) W(1)–Se(4)–Cu(3) 120.42(7)
W(1)–Se(4)–Cu(2) 68.75(8) W(1)–Se(4)–Cu(1) 69.86(7)
Cu(2)–Se(4)–Cu(1) 88.17(11) Cu(2)–Se(4)–Cu(3) 72.76(9)
Cu(1)–Se(4)–Cu(3) 65.15(8) P(1)–Cu(1)–Se(2) 112.04(15)
P(1)–Cu(1)–Se(4) 118.68(15) Se(2)–Cu(1)–Se(4) 106.70(11)
P(1)–Cu(1)–Cl(1) 106.89(17) Se(2)–Cu(1)–Cl(1) 111.27(13)
Se(4)–Cu(1)–Cl(1) 100.69(12) P(4)–Cu(2)–Se(4) 132.35(17)
P(4)–Cu(2)–Se(3) 112.42(16) Se(4)–Cu(2)–Se(3) 110.49(12)
P(3)–Cu(3)–P(2) 115.27(16) P(3)–Cu(3)–Cl(1) 112.95(16)
P(3)–Cu(3)–Se(4) 109.76(13) P(2)–Cu(3)–Se(4) 105.33(12)
P(2)–Cu(3)–Cl(1) 114.02(16) Cl(1)–Cu(3)–Se(4) 97.62(11)
Cu(3)–Cl(1)–Cu(1) 68.95(10) Cu(1)···Cu(3)···Cu(2) 69.30(8)
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The structure of the [(µ4-WSe4)Cu4(µ-dppm)4]2+ cluster

cation in 3a is shown in Figure 5, and selected bond lengths
and angles are listed in Table 4. Similar core structures have
been found previously in pentanuclear clusters with a co-
planar WCu4 core, such as the anionic cluster [Et4N]2[(µ4-
WSe4)(CuS2CNMe2)4],[32] the neutral cluster [(µ4-WSe4)-
Cu4Cl6(py)4][33] (py = pyridine), and the cationic cluster
[(µ4-WSe4)Cu4(µ-dppm)4][ClO4]2.[27] The W atom is at the
center of a slightly distorted tetrahedral WSe4 unit with an
average W–Se bond length of 2.347(1) Å and Se–W–Se

Figure 5. Molecular structure of the [(µ4-WSe4)Cu4(µ-dppm)4]2+

cation in 3a.

Table 4. Selected bond length [Å] and angles [°] for 3a.

W(1)–Se(1) 2.3490(8) W(1)–Se(2) 2.3490(12)
W(1)–Se(3) 2.3456(9) W(1)–Se(4) 2.3457(8)
Cu(1)–Se(1) 2.4594(14) Cu(1)–Se(2) 2.4461(10)
Cu(2)–Se(2) 2.4617(12) Cu(2)–Se(3) 2.4520(14)
Cu(3)–Se(3) 2.4523(10) Cu(3)–Se(4) 2.4458(11)
Cu(4)–Se(4) 2.4560(10) Cu(4)–Se(1) 2.4317(10)
Cu(1)–P(1) 2.2763(16) Cu(1)–P(8) 2.2667(18)
Cu(2)–P(2) 2.2697(16) Cu(2)–P(3) 2.2676(17)
Cu(3)–P(4) 2.2663(16) Cu(3)–P(5) 2.2656(18)
Cu(4)–P(6) 2.2662(19) Cu(4)–P(7) 2.2729(18)
W(1)···Cu(1) 2.8096(12) W(1)···Cu(2) 2.8357(14)
W(1)···Cu(3) 2.8075(12) W(1)···Cu(4) 2.8285(14)
Se(3)–W(1)–Se(4) 111.77(4) Se(3)–W(1)–Se(1) 105.44(3)
Se(4)–W(1)–Se(1) 110.81(4) Se(3)–W(1)–Se(2) 111.24(4)
Se(4)–W(1)–Se(2) 105.85(3) Se(1)–W(1)–Se(2) 111.85(3)
W(1)–Se(1)–Cu(4) 72.53(4) W(1)–Se(1)–Cu(1) 71.47(3)
W(1)–Se(2)–Cu(1) 71.70(3) W(1)–Se(2)–Cu(2) 72.19(4)
W(1)–Se(3)–Cu(2) 72.43(4) W(1)–Se(3)–Cu(3) 71.59(4)
W(1)–Se(4)–Cu(3) 71.70(4) W(1)–Se(4)–Cu(4) 72.14(4)
Cu(4)–Se(1)–Cu(1) 108.15(4) Cu(1)–Se(2)–Cu(2) 109.89(4)
Cu(2)–Se(3)–Cu(3) 108.75(4) Cu(3)–Se(4)–Cu(4) 108.97(4)
Se(2)–Cu(1)–Se(1) 104.98(4) Se(3)–Cu(2)–Se(2) 104.10(4)
Se(4)–Cu(3)–Se(3) 104.92(4) Se(1)–Cu(4)–Se(4) 104.49(4)
P(8)–Cu(1)–P(1) 132.26(7) P(8)–Cu(1)–Se(2) 105.80(5)
P(1)–Cu(1)–Se(2) 107.49(6) P(8)–Cu(1)–Se(1) 104.86(5)
P(1)–Cu(1)–Se(1) 98.46(5) P(3)–Cu(2)–P(2) 131.77(6)
P(3)–Cu(2)–Se(3) 106.99(5) P(2)–Cu(2)–Se(3) 103.06(5)
P(3)–Cu(2)–Se(2) 104.64(5) P(2)–Cu(2)–Se(2) 103.49(6)
P(5)–Cu(3)–P(4) 128.05(7) P(5)–Cu(3)–Se(4) 105.33(6)
P(4)–Cu(3)–Se(4) 105.81(6) P(5)–Cu(3)–Se(3) 108.20(5)
P(4)–Cu(3)–Se(3) 102.56(5) P(6)–Cu(4)–P(7) 127.67(6)
P(6)–Cu(4)–Se(1) 105.65(5) P(7)–Cu(4)–Se(1) 105.17(6)
P(6)–Cu(4)–Se(4) 103.06(6) P(7)–Cu(4)–Se(4) 108.76(5)
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angles in the range 105.44(3)–111.85(3)°. Four copper
atoms are almost symmetrically bound to the four WSe2

edges of the tetrahedral [WSe4]2– anion. Four distorted
chair-type six-membered CP2Cu2Se rings around the
[WSe4]2– anion enhance the structural stability of the cat-
ionic cluster 3a. The five metal atoms in the WCu4 core are
nearly coplanar with deviations of not more than 0.01 Å
from the least-squares plane. The average W–Cu distance
of 2.820(1) Å in 3a is similar to those in [(µ4-WSe4)Cu4(µ-
dppm)4][ClO4]2 [2.815(2) Å][27] and (µ2-WSe4)[Cu-
(PMe2Ph)2]2 [2.873(2) Å], which contain σ-donor phos-
phane ligands,[11] but clearly longer than those in [Et4N]2-
[(µ3-WSe4)(CuS2CNEt2)3] [av. 2.737(2) Å] and [Et4N]2[(µ4-
WSe4)(CuS2CNMe2)4] [av. 2.707(2) Å], which contain π-
conjugated dithiocarbamate ligands.[32]

NLO Properties

The nonlinear absorption component of cluster com-
pounds 2a and 3a was evaluated by a z-scan experiment in
an open-aperture configuration (see Figure 6). Although
the detailed mechanism is still not clear, it is interesting to
note that the NLO absorption data obtained under the con-
ditions used in this study can be well described by Equa-
tions (1) and (2), which describe a third-order NLO process,
where α0 and α2

eff are the linear and effective third-order
NLO absorptivities, respectively.[34,35]

T(Z) = {1/[π1/2q(Z)]} �
�

–�

ln[1 + q(Z)]e–τ2
dτ (1)

q(Z) = α2
effI0[(1 – e–α0L)/α0] (2)

Figure 6. z-Scan data of cluster compounds 2a (circle) and 3a (dia-
mond) in 2.75�10–4  CH2Cl2 solution. The data were collected
in an open-aperture configuration. The solid curves are fits based
on theoretical calculations.

The best fit of the theoretical curve (the solid curve in
Figure 6) to the experimental data clearly illustrates that the
absorption increases as the incident light irradiance arises,
which is characteristic of a reverse saturable absorption
(RSA) process.[34] The origin of the observed RSA in cluster
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compounds 2a and 3a can be attributed to excited-state ab-
sorption. Figure 7 shows the z-scan data measured with the
aperture and indicates that the two cluster compounds 2a
and 3a have a negative sign for the refractive nonlinearity,
which gives rise to self-defocusing. The measurements con-
firm that the observed NLO effects are effectively third-or-
der in nature, which implies that both the absorption coeffi-
cient and refractive index should be expressed as α = α0 +
α2I and n = n0 + n2I, respectively, where α0 and α2 are the
linear and nonlinear absorption coefficients and n0 and n2

are the linear and nonlinear refractive indices, respectively,
and I is the irradiance of the laser beam within the sample.
By applying the z-scan theory, the solid curves in Figures 6
and 7 can be fitted to the experimental data. The best fits
reveal that α2 = 1.74�10–6 mW–1 –1 and n2 =
–5.32�10–13 m2 W–1 –1 for cluster 2a, and α2 =
2.56�10–6 mW–1 –1 and n2 = –1.54�10–12 m2 W–1 –1 for
cluster 3a.

Figure 7. z-Scan data of cluster compounds 2a (circle) and 3a (dia-
mond) in 2.75�10–4  CH2Cl2 solution. The data were obtained
by dividing the normalized z-scan data obtained in a closed-aper-
ture configuration by the normalized z-scan data obtained in an
open-aperture configuration. The solid curves are fits based on
theoretical calculations.

The optical limiting effects of cluster compounds 2a and
3a are depicted in Figure 8. At very low fluences, they re-
spond linearly to the incident light and therefore obey Be-
er’s law. Deviation from the linear response takes place
when the incident fluence reaches about 0.35 Jcm–2 for 2a
and 0.12 Jcm–2 for 3a. The cluster materials become in-
creasingly less transparent as the light fluence rises. Experi-
ments with the solvents alone showed no detectable optical
limiting effect. These observations indicate that solvent con-
tributions are negligible. The limiting threshold, which is
defined as the incident fluence at which the actual transmit-
tance falls to 55% of the corresponding linear transmit-
tance, was found to be 1.2 Jcm–2 for 2a and 0.4 Jcm–2 for
3a. Cluster 2a, which has a butterfly configuration, there-
fore has a higher threshold than that of cluster 3a, which
has an open co-planar WCu4 core, an obvious indication of
the influence of structural types on the non-linear optical
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properties. The butterfly-shaped clusters have two different
types of coordinated selenium atoms, therefore the elec-
tronic interactions between µ-Se- and µ3-Se-bridged metal
atoms may result in different electron delocalization in the
cluster molecule, which needs a higher pump energy to gen-
erate the plasma and further leads to degradation of the
limiting effect.[36] Similar to the butterfly-shaped clusters,
the clusters of other structural types, including incomplete
cubane-like, T-frame, and nest-shapes with non-equivalent
bridging selenium or sulfur atoms, have lower optical limit-
ing effects.[32,37,38] Previous reports have shown that cluster
compounds with an open co-planar cross MCu4 (M = Mo,
W) core, for example the neutral clusters [(µ4-MS4)-
Cu4(SCN)2(py)6] (0.3 Jcm–2)[39] and [(µ4-MS4)Cu4(CN)2-
(py)6] (0.1 Jcm–2),[40] the anionic clusters [{Et4N}2{(µ4-
MS4)Cu4(CN)4}]n (0.2 Jcm–2)[41] and [{Et4N}2{(µ4-WSe4)-
Cu4(CN)4}]n (0.3 Jcm–2),[18] and the cationic clusters [(µ4-
WSe4)Cu4(µ-dppm)4][ClO4]2 (0.35 Jcm–2), have a large op-
tical limiting effect.[27] These clusters have four equivalent
µ4-Se atoms, therefore the plasma in the polarized nanose-
cond pulses may be generated at a lower pump energy, and
lower limiting thresholds are therefore found for this class
of clusters.[42] The lower limiting threshold of cluster com-
pound 3a (0.40 Jcm–2) may provide effective proof for this
class of clusters that possess an open co-planar structure.

Figure 8. Optical limiting effect of cluster compounds 2a (circle)
and 3a (diamond) in 2.75�10–3  CH2Cl2 solution.

Conclusion

We have investigated the reaction of the anion [WSe4]2–

with copper(I) species in the presence of bridging phos-
phane ligands dppm and dppa and have isolated two types
of heterometallic selenium cluster compounds, namely
tetranuclear, butterfly-like [(µ3-WSe4)Cu3(µ-X)(µ-L)2] and
pentanuclear, open co-planar [(µ4-WSe4)Cu4(µ-L)4][PF6]2
(X = Cl, I; L = dppm, dppa). The open co-planar cluster
with a WCu4 core structure has a relatively large optical
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limiting effect and therefore may be considered as a promis-
ing candidate for a nonlinear optical limiting cluster mate-
rial. We are currently investigating the design and synthesis
of new heterometallic selenium clusters with strong NLO
properties.

Experimental Section

General: All reactions were performed using Schlenk techniques
under nitrogen. [Et4N]2[WSe4][43] and [Cu3(µ3-I)2(µ-dppm)3]I[24]

(1a) were prepared according to literature methods. [Cu(MeCN)4]-
[PF6] was synthesized by the reaction of Cu2O powder with HPF6

in acetonitrile.[44] Bis(diphenylphosphanyl)amine (dppa) was syn-
thesized by the reaction of Ph2PCl with (Me3Si)NH(SiMe3) in tolu-
ene.[45] CuI and bis(diphenylphosphanyl)methane (dppm) were pur-
chased from Aldrich Ltd. and used without further purification. IR
spectra were recorded with a Digilab FTS-40 spectrophotometer.
Electronic spectra were recorded with a Hitachi U-3410 spectro-
photometer. NMR spectra were recorded with a Bruker ALX 300
spectrometer operating at 300 and 121.5 MHz for 1H and 31P,
respectively; chemical shifts (δ in ppm) are quoted relative to SiMe4

(1H) and H3PO4 (31P). Mass spectra were recorded with a Finnigan
TSQ 7000 spectrometer. All elemental analyses were performed
with a Perkin–Elmer 2400 CHN analyzer.

[Cu3(µ3-Cl)2(µ-dppa)3]Cl (1b): A mixture of CuCl powder (150 mg,
0.15 mmol) and dppa (578 mg, 0.15 mmol) in CH2Cl2 (20 mL) was
stirred at room temperature overnight. The resulting colorless solu-
tion was filtered and the volume of filtrate was reduced to about
10 mL. Colorless block crystals of [Cu3(µ3-Cl)2(µ-dppa)3]Cl (1b)
were obtained by layering hexane on top of the filtrate at room
temperature. Yield: 746 mg (96%). IR (KBr): ν̃ = 3335 [br ν(N–
H)]; 531 (s), 509 (s), 492 (m) [ν(P–C)] cm–1. 1H NMR (CDCl3): δ
= 8.05 (br., 3 H, NH), 7.21–7.52 (m, 60 H, Ph) ppm. 31P{1H} NMR
(CDCl3): δ = 37.2 (s) ppm. MS (FAB): m/z = 1414 [Cu3(µ3-Cl)2-
(µ-dppa)3]+, 512 [[Cu2(µ-dppa)]+ – 1]. C72H63Cl2Cu3N3P6·0.5CH2Cl2
(1495.5): calcd. C 58.2, H 4.28, N 2.81; found C 57.7, H 4.15, N,
2.78.

[(µ3-WSe4)Cu3(µ-I)(µ-dppm)2] (2a): A solution of 1a (346 mg,
0.25 mmol) in CH2Cl2 (15 mL) was added to a solution of [Et4N]2-
[WSe4] (152 mg, 0.20 mmol) in dmf (5 mL). After stirring at room
temperature for 45 min, the mixture was filtered through a filter
paper to provide an orange filtrate. Slow addition of Et2O resulted
in the formation of orange block crystals suitable for single-crystal
X-ray diffraction analysis, which were subsequently identified as
2a. Yield: 183 mg (52%). UV/Vis (CH2Cl2): λmax (ε) = 315
(6.94�10–3), 475 (2.91�10–3 –1 cm–1) nm. IR (KBr): ν̃ = 312 (s),
295 (m), 291 (w) [ν(W–Se)] cm–1. 1H NMR (CDCl3): δ = 7.33–7.51
(m, 40 H, Ph), 5.42 (s, 4 H, CH2) ppm. 31P NMR (CDCl3): δ =
6.34, 9.16 ppm. MS (FAB): m/z = 1587 [M+ + 1]. C50H44Cu3I2P4-
Se4W (1585.9): calcd. C 37.8, H 2.77; found C 37.3, H 2.76.

[(µ3-WSe4)Cu3(µ-Cl)(µ-dppa)2] (2b): This compound was prepared
similarly to 2a but using 1b (291 mg, 0.20 mmol) instead of 1a. It
was recrystallized from CH2Cl2/MeCN/Et2O. Yield: 168 mg (46%).
UV/Vis (CH2Cl2): λmax (ε) = 318 (5.63�10–3), 472
(3.04�10–3 –1 cm–1) nm. IR (KBr): ν̃ = 311 (s), 298 (m), 292 (w)
[ν(W–Se)] cm–1. 1H NMR (CDCl3): δ = 7.84 (br., 2 H, NH), 7.23–
7.45 (m, 40 H, Ph) ppm. 31P NMR (CDCl3): δ = 41.6, 47.2 ppm.
MS (FAB): m/z = 1496 [M+ + 1]. C48H41ClCu3N2P4Se4W·CH3CN
(1536.5): calcd. C 39.0, H 2.86, N 2.73; found C 38.1, H 2.74, N
2.71.
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[(µ4-WSe4)Cu4(µ-dppm)4][PF6]2 (3a): A mixture of [Cu(MeCN)4]-
[PF6] (300 mg, 0.80 mmol) and dppm (320 mg, 0.80 mmol) in
CH2Cl2 (20 mL) was added to a solution of [Et4N]2[WSe4] (152 mg,
0.20 mmol) in dmf (10 mL). After stirring at room temperature for
45 min, the mixture was filtered through a filter paper to provide
an orange-red filtrate. Slow addition of Et2O afforded red block-
shaped crystals suitable for a single-crystal X-ray diffraction analy-
sis, which were subsequently identified as 3a. Yield: 279 mg (73%).
UV/Vis (CH2Cl2): λmax (ε) = 324 (6.62�10–3), 478
(3.06�10–3 –1 cm–1) nm. IR (KBr): ν̃ = 312 (s), 297 (m), 290 (w)
[ν(W–Se)] cm–1. 1H NMR (CDCl3): δ = 7.16–7.52 (m, 80 H, Ph),
5.42 (s, 8 H, CH2) ppm. 31P NMR (CDCl3): δ = 2.57, –142.5 ppm.
MS (FAB): m/z 2291 [M+ – 2 PF6]. C100H88Cu4F12P10Se4W
(2581.3): calcd. C 46.5, H 3.41; found C 46.2, H 3.37.

[(µ4-WSe4)Cu4(µ-dppa)4][PF6]2 (3b): This compound was prepared
similarly to 3a but using dppa (320 mg, 0.80 mmol) instead of
dppm. It was recrystallized from CH2Cl2/MeCN/Et2O. Yield:
184 mg (49%). UV/Vis (CH2Cl2): λmax (ε) = 319 (6.82�10–3), 473
(2.75�10–3 –1 cm–1) nm. IR (KBr): 313 (s), 298 (m), 294 (w)
[ν(W–Se)] cm–1. 1H NMR (CDCl3): δ = 8.06 (br., 4 H, NH), 7.32–
7.57 (m, 80 H, Ph) ppm. 31P NMR (CDCl3): δ = 34.3, –141.2 ppm.
MS (FAB): m/z = 2290 [M+ – 2 PF6]. C96H84Cu4F12N4P10Se4W
(2585.2): calcd. C 44.6, H 3.25, N 2.17; found C 44.2, H 3.18, N
2.13.

Crystal Structure Determination: Data for 1b·0.5CH2Cl2 were col-
lected at 293 K with a Bruker SMART-CCD area detector dif-
fractometer with a graphite monochromator using Mo-Kα radia-
tion (λ = 0.71073 Å). Data for 2a, 2b·CH3CN, and 3a were col-
lected at 153 K with a Siemens Stoe-IPDS diffractometer (Mo-Kα

radiation; λ = 0.71073 Å) equipped with an imaging plate area de-
tector and a rotating anode. The intensities were corrected for Lo-
rentz, polarization, and absorption effects. The structures were
solved by direct methods using the SHELXTL software package.[46]

The positions of all W, Se, Cu, I (Cl), and P atoms were revealed
on the first refinement. Other non-hydrogen atoms were located
from subsequent difference Fourier syntheses. The structures were
refined by full-matrix least-squares methods on F2. All non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms were in-
cluded but not refined. Two of the phenyl rings of the dppm ligands
in 2b·CH3CN were refined with bond-length restraints due to dis-
order. Further details of the structure analyses are given in Table 5.
CCDC-628300 (1b·0.5CH2Cl2), -628301 (2a), -628302
(2b·CH3CN), and -628303 (3a) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Optical Measurements: A CH2Cl2 solution of cluster 2a or 3a was
placed in a 1-mm quartz cuvette for nonlinear optical measure-
ments, which were performed with linearity polarized 7-ns pulses at
532 nm generated from a Q-switched frequency-doubled Nd:YAG
laser. Both clusters are stable toward air and laser light under these
conditions. The spatial profiles of the pulsed laser were focused on
the sample cell with a 30-cm focal length mirror. The spot radius
of the laser beam was measured to be 55 µm (half-width at 1/e2

maximum). The incident and transmitted pulse energies were mea-
sured simultaneously with two energy detectors (Laser Precision
Rjp-735), which were linked to a computer by an IEEE inter-
face.[34,35] The NLO properties of the samples were manifested by
moving the samples along the axis of the incident laser irradiance
beam (z-direction) with respect to the focal point and with the inci-
dent laser irradiance kept constant (z-scan methods). The closed-
aperture curves are normalized to the open-aperture curves. An
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Table 5. Crystal data and structure refinement for [Cu3(µ3-Cl)2(µ-dppa)3]Cl·0.5CH2Cl2 (1b·0.5CH2Cl2), [(µ3-WSe4)Cu3(µ-I)(µ-dppm)2]
(2a), [(µ3-WSe4)Cu3(µ-Cl)(µ-dppa)2]·CH3CN (2b·CH3CN), and [(µ4-WSe4)Cu4(µ-dppm)4][PF6]2 (3a).

Compound 1b·0.5CH2Cl2 2a 2b·CH3CN 3a

Formula C72.5H64N3Cl4P6Cu3 C50H44P4ICu3Se4W C50H44N3ClP4Cu3Se4W C100H88F12P10Cu4Se4W
Formula weight 1495.51 1585.94 1536.52 2581.25
Crystal system triclinic monoclinic monoclinic triclinic
Space group P1̄ P21/c P21/c P1̄
a [Å] 13.5358(17) 18.878(4) 18.094(4) 15.048(3)
b [Å] 14.4773(18) 14.238(3) 14.237(3) 15.268(3)
c [Å] 20.357(3) 21.255(4) 21.249(4) 25.010(5)
α [°] 76.984(7) 90 90 78.97(3)
β [°] 75.046(7) 108.90(3) 103.82(3) 83.64(3)
γ [°] 87.325(7) 90 90 62.96(3)
V [Å3] 3754.9(8) 5405.1(19) 5315.4(18) 5021.3(17)
Z 2 4 4 2
Dcalcd. [g cm–3] 1.323 1. 949 1.920 1.707
Temperature [K] 293(2) 153(2) 153(2) 153(2)
F(000) 1530 3016 3128 2544
µ(Mo-Kα) [mm–1] 1.153 6.075 6.288 3.652
No. reflections measured 47388 41609 35233 40271
No. unique reflections 13181 11652 10417 20409
No. observed reflections 7262 9239 7779 16200
No. parameters 806 568 551 1180
Rint 0.0722 0.0571 0.0605 0.0687
R1,[a] wR2

[b] [I � 2σ(I)] 0.0753, 0.1342 0.0618, 0.0901 0.0690, 0.0956 0.0480, 0.1297
R1,[a] wR2

[b] (all data) 0.0971, 0.2133 0.0828, 0.1455 0.1021, 0.1549 0.0624, 0.1450
GoF[c] 1.097 1.012 1.043 1.073
Final diff. peaks [eÅ–3] +1.015, –1.060 +1.778, –1.669 +1.147, –1.229 +1.946, –1.493

[a] R1 = ||Fo| – |Fc||/|Fo|. [b] wR2 = [w(|Fo
2| – |Fc

2|)2/w|Fo
2|2]1/2. [c] GoF = [w(|Fo| – |Fc|)2/(Nobs – Nparam)]1/2.

aperture of 0.2 mm radius was placed in front of the detector to
measure the transmitted energy when assessment of laser beam dis-
tortion was needed. To eliminate scattering effects, a lens was
mounted after the samples to collect the scattered light.
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