
Coordination Chemistry Reviews 224 (2002) 35–49
www.elsevier.com/locate/ccr

Heteroselenometallic cluster compounds with tetraselenometalates

Qian-Feng Zhang a, Wa-Hung Leung b, Xinquan Xin a,*
a Coordination Chemistry Institute and Department of Chemistry, Nanjing Uni�ersity, Nanjing 210093, People’s Republic of China

b Department of Chemistry, The Hong Kong Uni�ersity of Science and Technology, Clear Water Bay, Kowloon,
Hong Kong, People’s Republic of China

Received 17 November 2000; received in revised form 5 February 2001; accepted 26 March 2001

Contents

Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2. Survey of syntheses and structures of heteroselenometalates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.1 Mono-Mo(W) center cluster compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.2 Poly-Mo(W) center cluster compounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3. Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.1 UV–vis and IR spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.2 NMR spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4. NLO properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.1. Optical limiting effect and the limiting threshold . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

5. Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

Abstract

The coordination cluster compounds of tetraselenomolybdate and tetraselenotungstate anions with metal ions are reviewed.
New heteroselenometallic cluster compounds are primarily of interest regarding their structures and reactivities, and their
potential as non-linear optical (NLO) materials. This article focuses from a synthetic and structural point of view on coordination
cluster compounds with tetraseleno-molybdate and -tungstate anions as polydentate ligands. A comprehensive survey is presented
of the heteroselenometallic clusters known to date according to the number of center [MSe4]2− (M=Mo, W) anions.
Representative spectroscopic and NLO properties of these clusters are also discussed. © 2002 Elsevier Science B.V. All rights
reserved.

Keywords: Molecular structures; Crystal structures; Heteroselenometalates; Selenide clusters; Tetraselenometalates; Spectroscopic data; Non-linear
optical properties

1. Introduction

In the past two decades, the coordination chemistry
of thiometalates has been extensively studied because
this system is believed to be relevant to many important
processes such as hydrodesulfurization (HDS) of crude
oil [1], hydrogenation of unsaturated and aromatic
hydrocarbons [2], and biosynthesis of metalloproteins
[3]. Their rich structural chemistry has also received
great attention and interesting investigation [4]. The
chemistry of [MOnS4−n ]m− (M=Re, m=1; M=Mo
and W, m=2; M=V, m=3; n=0–2) is rich and

Abbre�iations: acac, acetyacetonate anion [CH3C(O)CHC(O)CH3]−;
DMFN, N-dimethylformamide HC(O)N(CH3)2; DMSO, dimethyl-
sulfoxide (CH3)2SO; dppe, 1,2-bis(diphenylphosphino)ethane
Ph2PCH2CH2PPh2; dppm, 1,1-bis(diphenylphosphino)methane
Ph2PCH2PPh2; Et4N+, tetraethylammonium cation; NLO, non-linear
optical; PhMe2P, dimethylphenylphosphine; Ph3P, triphenylphos-
phine; Ph4P+, tertaphenylphosphonium cation; py, pyridine C5H5N;
THF, tetrahydrofuran C4H8O.
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diverse [5–8]. However, until ca. 1990 [9], the chemistry
of selenometalates failed to keep abreast with that of
the corresponding thiometalates, as witnessed by the
sporadic reports of tetraselenometalates such as
[MoSe4]2− and [WSe4]2−. The delayed development of
the chemistry of selenometalates is attributable to the
following reasons. First, the most convenient method
for synthesizing thiometallic anions involved the use of
H2S, and this was found to be unattractive for se-
lenometallic anions because of the extreme toxicity of
H2Se. Second, an initial perception that the thiometa-
late and selenometalate systems are more or less chemi-
cally and structurally similar hindered research
enthusiasm in the selenometallic area. As a result, much
of our understanding of tetraselenometallic anion
chemistry up to 1992 had been derived from the te-
trathiometalate system [10].

There has been a facile method for synthesis of the
tetraselenometallic anions [MSe4]2− (M=Mo, W)
which were prepared in satisfactory yield simply from
the oxidative reaction of polyselenide Sex

2− (x=2–4)
with M(CO)6 in DMF solution [11]. Müller et al. first
reported a classic cubane-like cluster compound
[OMoSe3Cl(CuPPh3)3] [12]. Afterwards, Ibers and co-
workers synthesized a series of coinage-metal/[WSe4]2−

cluster compounds with linear, cubane and planar
skeletons, in which the [WSe4]2− anion was shown to
act as a versatile ligand coordinating to one to four
coinage-metal atoms [10,13–16]. Three review articles
partly summarizing the structural chemistry of het-
eroselenometallic clusters have already appeared
[8,17,18]. Since then, investigations have been made on
the syntheses and structures of polynuclear and poly-
meric heteroselenometalates [19,20]. Our research in

heteroselenometalate chemistry has been driven by the
motivation to expand our knowledge of the reactivities
and structures of tetraselenometallic ligands. Although
there is a similarity between thiometalates and se-
lenometalates with respect to reactivity and structure,
the impetus in the study of selenometalate chemistry
centers on the semiconducting and photoconducting
properties, for which detailed structural characteriza-
tion of the molecular forms is required [21]. Based on
our knowledge of heterothiometallic clusters, especially
their third-order non-linear optical properties [22], the
research interest in the heteroselenometallic clusters has
shifted from purely structural investigations towards

the study of the structure–property relationship for
NLO properties of metal clusters.

This review describes the preparations, structural and
spectroscopic characterizations of heterometallic clus-
ters with tetraselenometallic anions [MSe4]2− (M=
Mo, W) as well as the NLO properties of these clusters.
The emphasis is on recent progress in this area of
research; however, older literature is also cited when
appropriate.

2. Survey of syntheses and structures of
heteroselenometalates

2.1. Mono-Mo(W) center cluster compounds

The binuclear cluster compounds [(MSe4)(M�X)] with
a M:M� (M=Mo, W; M�=Cu or Au) ratio of 1:1 were
isolated from the reaction between equal molar
amounts of [MSe4]2− anions and metal complexes M�L
(L=CN−, SCN− and Cl−) in CH3CN solution [14,16].
The strong � donor ligand Me2PhP can substitute CN−

anion to coordinate metal atoms. With excess Me2PhP,
trinuclear cluster compounds [Ph4P]2[(CN)Cu(�-
Se)2M(�-Se)2Cu(CN)] decompose to give binuclear clus-
ter compounds [Ph4P]2[(CN)Cu(�-Se)2MSe2] and a
small complex specie (Me2PhP)3Cu(CN) [14]. An un-
successful attempt to fashion a trimetallic het-
eroselonometalate containing three different metal
centers resulted in the formation of a monoanionic
heteroselenometallic cluster [Ph4P][(Me2PhP)2Cu(�-
Se)2MoSe2] [16]. There are no monoanionic heterosulfi-
dometalates derived from the [MS4]2− moiety (Eqs. (1)
and (2)).

(1)

(2)

The coordination coinage-metal atoms show two
types of trigonal and tetrahedral coordination, as illus-
trated in Fig. 1. The Mo–Set (t= terminal) bond dis-
tance in binuclear cluster compounds is similar to that
in the [MoSe4]2− anion (2.293(1) A� ). The Mo–Cu
distance of 2.857(1) A� in [(Me2PhP)2Cu(�-Se)2-

Fig. 1. Two structural sketches of bimetallic clusters with [MSe4]2−

(M=Mo or W; M�=Cu or Au; L= ligands).



Q.-F. Zhang et al. / Coordination Chemistry Re�iews 224 (2002) 35–49 37

Table 1
Comparison of selected bond parameters of heteroselenometallic clusters

Mo(W)–Cu (A� ) Angle at Mo/W (°)Compound ReferenceMo(W)–Se (A� )

Cupro-selenometalates
2.674(1) 108.39(5)–111.39(5)2.288(1)–2.368(1) [14][PPh4]2[Se2Mo(�-Se)2Cu(CN)]

2.294(1)–2.355(1)[PPh4]2[Se2Mo(�-Se)2Cu(PMe2Ph)2] 2.857(1) 108.25(3)–110.19(3) [16]
2.684(1)–2.685(1)[PPh4]2[(NC)Cu(�-Se)2Mo(�-Se)2Cu(CN)] 108.93(3)–110.44(3)2.331(1)–2.346(1) [14]
2.868(1)–2.877(2) 108.85(5)–110.01(3)2.317(1)–2.327(1) [10](�-WSe4)[(PMe2Ph)2Cu]2
2.699(2) 109.14(6)–109.97(4)[NEt4]2[�-WSe4][(SC4H3)SeCu]2 [13]2.338(1)–2.344(1)
2.736(5)–2.768(5) 108.2(1)–112.0(3)2.184(6)–2.388(4) [30a](�3-Cl)(�3-MoSe4)[(PPh3)Cu]3

2.262(1)–2.383(1)(�3-Br)(�3-MoSe4)[(PPh3)Cu]3 2.757(1) 108.4(1)–110.6(1) [47]
2.769(3)–2.795(4) 107.3(1)–112.4(6)2.384(3)–2.385(4) [32](�3-I)(�3-MoOSe3)[(PPh3)Cu]3

2.201(4)–2.394(3)(�3-Cl)(�3-WSe4)[(PPh3)Cu]3 2.733(3)–2.771(3) 108.13(8)–111.4(1) [10]
[PPh4]2[(�3-MoOSe3)(CuCl)3py] 2.391(1)–2.400(1) 2.667(2)–2.757(2) 109.18(5)–109.67(6) [33]

2.724(2)–2.739(2) 108.4(1)–110.4(1)2.317(2)–2.373(2) [19][NEt4]2[(�3-MoSe4)(Et2NCS2Cu)3]
2.731(2)–2.747(2) 108.16(7)–110.05(7)[NEt4]2[(�3-WSe4)(Et2NCS2Cu)3] [34]2.316(2)–2.373(2)
2.717(2)–2.731(2) 107.1(1)–110.4(1)2.362(2)–2.371(2) [19][NEt4]2[(�4-MoSe4)(Me2NCS2Cu)4]

2.337(2)–2.349(2)[NEt4]2[(�4-WSe4)(Me2NCS2Cu)4] 2.693(2)–2.710(2) 106.34(7)–110.88(6) [34]
2.712(1)–2.755(1) 107.9(1)–110.1(1)2.360(2)–2.371(2) [36][(�4-MoSe4)Cu4py6Cl2]

2.3206(7)[(�4-WSe4){Cu(dppm)}4][ClO4]2 2.8172(8) 108.12(4)–111.40(2) [37]
2.378(2)[Et4N]4[(�6-MoSe4)Cu10(�-SPh)12] 2.844(3)–2.886(2) 109.1(1)–110.2(1) [19]

2.734(3)–2.741(2) 109.3(1)–110.2(1)2.289(2)–2.400(2) [31][Et4N]4[(�3-WSe4)3(Cu3)2(�3-Se)2]
2.3382(10){[Et4N]2[(�4-WSe4)Cu4(CN)4]}n 2.850(2)–2.907(2) 108.80(5)–109.68(5) [20]

Argento-selenometalates
2.9120(12)–3.0797(12) 106.99(7)–113.36(6)2.320(1)–2.345(2) [26b](PPh3)Ag(�-Se)2W(�-Se)2Ag(PPh3)2

2.264(3)–2.398(3)(�-C5H5NS)(�-WSe4)[(PPh3)Ag]2 3.011(2)–3.017(2) 106.9(1)–113.98(8) [27]
2.247(2)–2.374(2)(�3-Cl)(�3-MoSe4)[(PPh3)Ag]3 2.991(2)–2.979(2) 107.0(2)–111.96(9) [30b]

2.984(3) 107.3(1)–111.6(1)2.221(4)–2.384(3) [30c](�3-Br)(�3-WSe4)[(PPh3)Ag]3
2.994(1)–3.026(2) 107.4(3)–111.5(2)(�3-I)(�3-MoSe4)[(PPh3)Ag]3 [28]2.237(2)–2.384(2)
2.998(3)–3.079(2) 107.3(3)–111.8(3)2.255(3)–2.372(4) [28](�3-I)(�3-WSe4)[(PPh3)Ag]3

2.262(1)–2.384(1)(�3-I)(�3-WSe4)[(Me2PhP)Ag]3 2.976(1) 106.93(2)–111.89(2) [15]
2.9737(13)–3.0266(11) 106.43(6)–114.16(5)2.2732(17)–2.3758(12) [20]{[La(Me2SO)8][(�-WSe4)3Ag3]}n

Auro-selenometalates
[PPh4]2[Se2Mo(�-Se)2Au(CN)] 2.281(2)–2.367(2) 2.795(4) 108.32(9)–112.7(1) [16]

2.852(1) 108.16(5)–112.38(5)2.278(1)–2.381(1) [16][PPh4][Se2Mo(�-Se)2Au(Me2PhP)]
2.283(1)–2.378(1)[PPh4][Se2W(�-Se)2Au(Me2PhP)] 2.872(1) 108.19(3)–112.14(3) [16]

2.812(1)–2.819(1) 107.03(4)–113.59(4)(�-MoSe4)[(PPh3)Au]2 [25]2.335(1)–2.351(1)
2.854(3)–2.858(3) 105.7(2)–112.8(2)2.332(8)–2.350(6) [10](�-WSe4)[(PMe2Ph)Au]2

2.353(2)–2.362(2)(PPh3)Au(�-Se)2W(�-Se)2Au(PPh3)2 2.8642(12)–2.8893(13) 107.42(8)–113.06(7) [12]
2.854(5)–3.138(5) 107.1(4)–113.3(4) [26b](�-WSe4)[(PPh3)Au]2 2.318(10)–2.356(10)

Other metal-selenometalates
2.703(1)[PPh4]2[(Se2)Ni(�-Se)2WSe2] 106.44(3)–111.23(6)2.281(1)–2.357(1) [23]
2.866(1) 103.62(3)–111.22(3)2.285(1)–2.350(1) [23][PPh4]2[Se2W(�-Se)2Ni(�-Se)2WSe2]

[MoFe3Se4(Et2NCS2)6] 2.364(2)–2.401(2) 2.741(2)–3.024(2) 107.9(1)–109.0(1) [44]
2.793(2) 104.1(1)2.479(1) [42][NEt4]3[Mo2Fe6Se8(SEt)9]

2.481(1)–2.499(1)[NEt4]3[Mo2Fe7Se8(SEt)6(SC6H4Cl)6] 2.747(2)–3.316(1) 103.2(1)–105.4(1) [42]
2.283(1)–2.352(1)[PPh4]4[Pb2(WSe4)4] 3.679(1)–3.872(1) 105.12(4)–112.41(5) [45]

2.9382(8)–2.9496(8) 107.71(14)–110.66(15) [40][(�3-WSe4)2(Pd2)2(�-dppm)2] 2.2699(14)–2.4149(10)

MoSe2]2− is long compared with those in other Mo/
Cu/Se binuclear clusters, and is slightly longer than the
Mo–Au separations in Mo/Au/Se clusters [16].
Categorized according to coordination geometry/num-
ber/mode and the kind of coordinated metal atom,
selected structural data of heteroselenometallic clusters
are collected in Table 1.

The reaction of Ni(acac)2 with [NH4]2[WSe4] in the
presence of [Ph4P]·Cl produced a binuclear W/Ni clus-
ter compound [Ph4P]2[Se2W(�-Se)2Ni(Se2)] [23]. The
only source of Se2

2− in the dianion for this reaction is

from the decomposition of the [WSe4]2− anion. Very
few examples for the formation of Se2

2− from decompo-
sition of the [WSe4]2− anion have been reported. The
structure of the [Se2W(�-Se)2Ni(Se2)]2− anion (Fig. 2) is
unique, having no sulfur analog in the literature. The

Fig. 2. The structural sketch of the [Se2W(�-Se)2Ni(Se2)]2− anion.
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Se–Se bond distance is 2.328(1) A� . The W atom center
has a tetrahedral coordination geometry, while the ge-
ometry about the Ni atom is highly distorted square-
planar.

The trinuclear cluster compounds [Ph4P]2[(CN)M�(�-
Se)2M(�-Se)2M�(CN)] (M=Mo, W; M�=Cu, Au) were
prepared by reacting [Ph4P]2[MSe4] with 2 equiv. of
M�CN in CH3CN solution [14]. In the presence of
ligand Me2PhP, this reaction led to replacement of
CN− groups to afford neutral clusters [(Me2PhP)Au(�-
Se)2M(�-Se)2Au(Me2PhP)], in which the Au atoms keep
the trigonal coordination, and [(Me2PhP)2Cu(�-Se)2

M(�-Se)2Cu(Me2PhP)2], in which the Cu atoms have
tetrahedral coordination [10]. Under similar reaction
conditions, for the reaction of Ag(PPh3)Cl or
Au(PPh3)Cl with [Ph4P]2[MSe4], the [MSe4]2− anions
simply link the two univalent units [Ag(PPh3)]+ and
[Au(PPh3)]+ to give rise to clusters [(PPh3)Ag(�-
Se)2W(�-Se)2Ag(PPh3)] [24] and [(PPh3)Au(�-Se)2Mo(�-
Se)2Au(PPh3)] [25], respectively. Using Ag(PPh3)2(NO3)
in place of Ag(PPh3)Cl, [(PPh3)Ag(�-Se)2W(�-Se)2-
Ag(PPh3)2], in which one Ag atom is trigonally coordi-
nated and the other is tetrahedrally coordinated, was
obtained [26]. Thus, the linear trinuclear clusters can be
further classified into three types according to the coor-
dination geometry of the coinage-metal atoms, as
shown in Fig. 3.

On addition of excess C5H5NS to a CH2Cl2 solution
of [(PPh3)Ag(�-Se)2W(�-Se)2Ag(PPh3)2], C5H5NS at-
taches to the framework, one PPh3 ligand is detached,
resulting in the formation of an incomplete cubane
cluster [(�-WSe4)(AgPPh3)2(�-C5H5NS)] [27]. Thus, the
linear structure can be converted to a butterfly configu-
ration (Eq. (3)).

In the reaction of [Et4N]2[WSe4] and Li[(CN)Cu-
(C4H3S)], it is interesting to note that the active Se
atom is released from the [WSe4]2− anion and is in-
serted into the Cu–C bond of the Cu(C4H3S) moiety to
afford the 2-selenothophene ligand. Then the complex
CuSe(C4H3S) coordinates with the [Et4N]2[WSe4] to
form a novel linear trinuclear cluster compound
[Et4N]2[(�-WSe4){(SC4H3)SeCu}2] [13]. The geometry
about the Cu atom is roughly trigonal with the angle of
the metal-bridging Se atoms being significantly less
than the angles of the inserted Se atom. Bond lengths
for the Cu and metal-bridging Se atoms (2.331(2) and

Fig. 3. Three types of structural modes of trinuclear linear heterose-
lenometallic clusters (M=Mo or W; M�=Cu, Ag or Au; L= lig-
ands).

Fig. 4. Selenium insertion reaction and cluster coordination reaction.

2.336(2) A� ) are obviously longer than the Cu–Seinsertion

bond length (2.284(2) A� ) (Fig. 4).
Tetranuclear cubane-like cluster compounds were

isolated easily from the reactions of [M(PR3)]+ (M=
Cu, Ag; R=Ph, PhMe2, t-Bu) with the [MSe4]2− anion
in a 3:1 Cu(Ag):M ratio in the presence of a halides,
suggesting that the cubane-like structure is quite stable
[10,15,28]. In fact, these kinds of clusters are not only
air- and moisture-stable, but also photo-stable in the

(3)

solid state as well as in solution [29]. The stability of
these cubane-like clusters may be due to weak interac-
tions between Cu(I) or Ag(I) and halides. The average
Cu(Ag)–X interatomic distance increases on going
from Cl− to I−. Interestingly, two types of Cu–X
distance are found in the Cu-containing cubane-like
cluster (one short and two long bonds), while the
Ag-containing cubane-like clusters have three long Ag–
X bonds [28,30]. The distortion of the cubane-like
structure for {MM�3Se3X}(PR3)(Se) (M=Mo, W; M�=
Cu, Ag) is dependent upon the halide located at one
vertex of the cubane core {MM�3Se3X}2+ (see Fig. 5).
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The average Cu(Ag)–X–Cu(Ag) bond angle deviates
from 90° and decreases on going from Cl− to I−. The
utility of the cubane-like {MM�3Se3X}2+ as a promising
synthon to construct polynuclear clusters with novel
structural modes is a very fertile area. For instance,
reaction of [(�3-WSe4)(�3-Cl)(CuPPh3)3] with Li2Se in
the presence of [Et4N]·Cl yielded a pinwheel-shaped
cluster [Et4N]4[(�-WSe4)3(Cu3)2(�3-Se)2] (see below) [31].
Also, if the cubane-like clusters {MM�3Se3X}(PPh3)(Se)

(M=Mo, W; M�=Cu, Ag) are treated with a little
water, the O atom of water may slowly substitute the
terminal Se atom of the cluster. Only a few clusters
with a terminal Mo–O bond have been reported
[12,32].

To date only one example of a heteroselenometallic
cluster, [Ph4P]2[(�3-MoOSe3)Cu3Cl3(py)] which has a
structural type similar to the incomplete cubane, has
been reported [33]. The structure of [(�3-MoOSe3)-
Cu3Cl3(py)]2− shown in Fig. 6 consists of an open-nest
shaped MoCu3Se3 core. There are two kinds of Cu
atoms: (a) the tetrahedral Cu atom coordinates to two
Se, one Cl and one N of py; (b) the trigonal Cu atom
bonds to two Se and one Cl atom.

Treatment of [Et4N]2[MSe4] with CuCl and R2NCS2-
Na (R=Et, PhCH2 or R2=C4H8, C5H10) resulted in
the formation of tetranuclear clusters [Et4N]2[(�3-
MSe4)(R2NCS2Cu)3]. Intriguingly, with Me2dtcNa, the
pentanuclear clusters [Et4N]2[(�4-MSe4)(Me2NCS2Cu)4]
were isolated [19,34]. The formation of pentanuclear
clusters may be attributed to the smaller steric demand
and stronger �–� conjugation effect of the methyl
group in Me2NCS2

− than other large alkyl groups in
R2NCS2

−. This gives rise to stabilization of the cluster
containing Me2dtcM units and leads to a variety of
novel cluster structures [35]. The structural types of the
cluster anions [(�3-MSe4)(Et2NCS2Cu)3]2− and [(�4-
MSe4)(Me2NCS2Cu)4]2− (shown in Fig. 7) are differ-
ent. However, it is noteworthy that the metal atoms in
both the MCu3 and MCu4 cores are nearly coplanar.
The dialkyldithiocarbamate ligands and the coordina-
tion geometries of the Cu atoms seem to have little
effect on the Cu–Se bond lengths in these heterose-
lenometallic clusters.

Similar to pentanuclear planar MCu4 sulfur cluster
compounds containing mixed ligands py and halide or
pseudo-halide, the clusters [(�4-MSe4)Cu4(py)6X2] (X=
Cl, Br, CN and SCN) may be easily synthesized from
the reaction of [Et4N]2[MSe4] with CuX in a DMF/py
mixture, in which py acts as both a ligand and a
co-solvent [13,36]. The structure of [(�4-MoSe4)Cu4-
(py)6Cl2], as shown in Fig. 8a, is composed of a MoSe4

moiety coordinated by four Cu atoms with chloride and
pyridine mixed ligands. Another pentanuclear WCu4

cross-planar cluster compound [(�4-WSe4){Cu-
(dppm)}4][ClO4]2 was prepared by the reaction of
[Cu(MeCN)4][ClO4] with [Et4N]2[WSe4] in the presence
of excess dppm [37]. This preparation seems specific for
the dppm ligand, as similar clusters were not obtained
with PPh3 or dppe. The structure of the cluster cation
[(�4-WSe4){Cu(dppm)}4]2+ (Fig. 8b) is different from
that of the sulfuric analog [(�3-WS4){Cu(dppm)}3]+

[38]. Four copper atoms are bound to the WSe4 moiety
in which each is symmetrically attached to one edge of
the tetrahedral, and are in a square arrangement in

Fig. 5. Structural sketch of the typical cubane-like cluster, the differ-
ence in halide ion is shown (M=Mo or W; M�=Cu or Ag; Q=O or
Se).

Fig. 6. Structural sketch of the [(�3-MoOSe3)Cu3Cl3(py)]2− anion.

Fig. 7. Two structural types of heteroselenometallic clusters with
dithiocarbamate ligands: (a) [(�3-MSe4)(Et2NCS2Cu)3]2− and (b)
[(�4-MSe4)(Me2NCS2Cu)4]2− (M=Mo or W).

Fig. 8. Structural sketches of heteroselenometallic clusters with MCu4

core cross-frame: (a) [(�4-MoSe4)Cu4(py)6Cl2], (b) [(�4-
WSe4){Cu(dppm)}4]2+.
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which each edge is doubly bridged by a dppm ligand. It
is interesting to note that the six-membered ring com-
prising a dppm ligand, two chelated adjacent Cu atoms
and the bridging Se atom has a distorted chair forma-
tion. Four such six-membered rings are around
[WSe4]2− anion. The average W–Cu separation is
2.815(8) A� .

Two different routes are available for the synthesis of
the undecanuclear cage-shaped cluster anion [(�6-
MoSe4)Cu10(�-SPh)12]4−. When [Et4N]2[(CN)Cu(�-
Se)2Mo(�-Se)2Cu(CN)] reacts with [Et4N]2[Cu(PhS)3],
[Et4N]4[(�6-MoSe4)Cu10(�-SPh)12] is obtained in a rela-
tively high yield. The same product is also obtained
from the reaction of [Et4N]2[MoSe4] with excess
[Et4N]2[Cu(PhS)3]. The final product can be easily iso-
lated because of the high solubility of the thiopheno-
late-containing cluster [19]. The inner core {MoSe4Cu6}
of the cluster anion [(�6-MoSe4)Cu10(�-SPh)12]4− (illus-
trated in Fig. 9) consists of a central MoSe4 tetrahedron
encapsulated by six tetrahedral-coordinated Cu atoms

across the six edges of the MoSe4 moiety. The other
four trigonally coordinated Cu atoms are attached to
this core by 12 �-SPh bridging ligands. The four Mo–
Se distances are equal to 2.378(2) A� , which is slightly
longer than those in other selenomolybdate cluster
compounds. The average Mo–Cu separation is 2.856(3)
A� .

2.2. Poly-Mo(W) center cluster compounds

Müller et al. reported a series of anionic mixed-metal
sulfides [M�(MS4)2]2− (M=Mo, W; M�=Fe, Co, Ni,
Pd, Pt, Zn, Cd, Hg) [39]. These anions all feature two
nearly tetrahedral, bidentate MS4 units bound to a M�
center. The coordination geometry about the central
metal can be tetrahedral or square planar. On the basis
of the mixed-metal sulfide chemistry, reaction of

Fig. 9. Structure of the cage-shaped cluster anion [(�6-MoSe4)Cu10(�-
SPh)12]4−.

[WSe4]2− with Ni(acac)2 would be expected to produce
[Ni(WSe4)2]2−. Similarly reaction of PdCl2(PhCN)2

with [PPh4]2[WSe4] afforded [PPh4]2[Pd(WSe4)2] [23]. X-
ray powder photography indicated that [PPh4]2-
[Pd(WSe4)2] and [PPh4]2[Ni(WSe4)2] are isostructural. In
the [Ni(WSe4)2]2− anion, the Ni center is square-planar
and bonded to two slightly distorted tetrahedral WSe4

groups. The average Ni–W and Ni–Se bond distances
are 2.866(1) and 2.350(1) A� , respectively (Eq. (4)).

(4)

Treatment of [Et4N]2[WSe4] with [Pd2(�-dppm)2Cl2]
in a CH2Cl2–DMF mixture solvent afforded a novel
neutral heterohexanuclear palladium(I) cluster [(�3-
WSe4)2(Pd2)2(�-dppm)2]·2DMF which was formed by
displacement of two chlorides and one dppm ligand in
complex [Pd2(dppm)2]Cl2, and by two [WSe4]2− anions
[40] (Eq. (5)).

(5)

Each palladium atom is asymmetrically surrounded
by one �3-Se, one �-Se, one Pd and one P atom,
forming a highly distorted square-planar arrangement.
The dppm bridging the Pd–Pd distance is similar to
that of [Pd2(�-dppm)2Cl2], indicating that the cluster
still belongs to the so-called class of A-frame com-
pounds [41]. Due to strong d–p hybridization between
the Pd and �3-Se atoms the average Pd–�3-Se bond
length is slightly shorter than the average Pd–�-Se
bond length. The average W–Pd separation is 2.9439(8)
A� .
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Reaction of FeCl3 with [MSe4]2− (M=Mo, W) in
the presence of a monodentate thiolate ligand led to a
‘self-assembly’ type process and the formation of dou-
ble-cubane clusters. Stiefel has reported three types of
selenide-containing double-cubane clusters, of which
two were structurally characterized by single-crystal
X-ray diffraction [42]. The ‘self-assembly’ of double-
cubane clusters using the substitutionally labile
monodentate thiolate ligands is based upon methods
developed by Holm for the analogous sulfur clusters
[43].

[MSe4]2− +3.5FeCl3+ (9�12)NaSEt

�
[M2Fe6Se8(SEt)9]3−

[M2Fe7Se8(SEt)12]3− (6)

[M2Fe7Se8(SEt)12]3− +6HSAr

� [M2Fe7Se8(SEt)6(SAr)6]3− (7)

Similar to their [MS4]2− analogs, the [MSe4]2− an-
ions reacted with Fe(III) salts to give the corresponding
selenium double-cubane clusters. This indicates that
[MSe4]2− can effectively deliver all four selenium atoms
in the assembly process even though one of the sele-
nium atoms is no longer covalently bound to the cen-
tral M atom. Further investigation showed that the
single-cubane clusters were formed by a similar sponta-

neous assembly process when [MoSe4]2− reacted with
FeCl2 in the presence of bidentate thiolate ligands [44].

[MoSe4]2− +3FeCl2+6NaS2CNR2

�MoFe3Se4(S2CNR2)6 (R=Me, Et) (8)

The structure of the anions in both [M2Fe6Se8-
(SEt)9]3− and [M2Fe7Se8(SEt)6(SC6H4Cl)6]3− is of the
‘double-cubane’ type containing trigonally distorted
MoFe3Se4 subclusters which are linked through the Mo
atoms. In the former, linkage between two MoFe3Se4

subclusters is by three �-ethanethiolate ligands; in the
latter, the bridge is accomplished by a Fe(SEt)6 dis-
torted trigonal anti-prismatic moiety. The structures, as
shown in Fig. 10, are similar to the analogous sulfur
double-cubanes, with the major structural difference
being the more acute bridging Mo–Fe–Se angles
within the MoFe3Se4 subclusters. The mean Mo–Se
bond distance of 2.490(4) A� and the mean Fe–Se bond
distance of 2.388(8) A� are 4% longer than the mean
Mo–S (2.357(7) A� ) and Fe–S (2.270(12) A� ) distances in
the corresponding sulfur clusters. In the sulfur analog
the mean Mo–Fe–S angle is 72.4°, whereas in the
selenium analog it is diminished to 69.3°. This observa-
tion suggests that the stability of the MoFe3Se4 cubane
subcluster may be enhanced by the maintenance of an
optimum metal-to-metal distance with the cubane [42].
No statistically significant variation in the Fe–Se bond
lengths of Fe-containing heteroselenometallic clusters is
observed in accord with a delocalized model with for-
mally Fe2.67+ ions, as opposed to a localized model
with Fe3+ and Fe2+ ions.

Although cubane-like clusters are well known, their
reaction chemistry has not been well probed. Only one
example has been reported of a reaction involving a
cubane-like cluster as a building block for novel clusters
[31]. Treatment of [(�3-WSe4)(�3-Cl)(CuPPh3)3] in DMF
with Li2Se in the presence of [Et4N]·Cl affords the novel
cluster [Et4N]4[(�3-WSe4)3(Cu3)2(�3-Se)2] (Fig. 11). The
precipitation of LiCl, heat, and insolubility of the
[Et4N]+ salt of the cluster anion provide the driving
force for this reaction. The cubane is opened upon
reaction with Se2− and these remnants are linked by Se
atoms. The structure frame of the [(�3-WSe4)3(Cu3)2(�3-
Se)2]4− anion looks like a ‘pinwheel’ shape, which
consists of two Cu3 triangles bridged by the tridentate
[WSe4]2− moieties and capped by two �3-Se atoms. The
Cu–Cu distances within the equilateral Cu3 triangles
have an average value of 2.880(3) A� , while others
between the eclipsed Cu3 triangles range from 3.518(3)
to 3.580(3) A� . The average W–Cu separation of 2.738
A� in the WSe4Cu2 moiety is shorter than that in the
cubane cluster (2.753(3) A� ) [10].

The reaction in DMF of PbCl2 or SnCl2 with
[NH4]2[WSe4] in the presence of [PPh4]Br yielded the
clusters [PPh4]4[M2(WSe4)4] (M=Pb, Sn). The structure

Fig. 10. Structural sketches of two Mo–Fe–Se double-cubane cluster
anions: [Mo2Fe6Se8(SEt)9]3− (up) and [Mo2Fe7Se8(SEt)6-
(SC6H4Cl)6]3− (down).

Fig. 11. Structural sketch of a pinwheel-shaped cluster anion [(�3-
WSe4)3(Cu3)2(�3-Se)2]4−.
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Fig. 12. Sketch of the structure of the [Pb2(WSe4)4]4− anion.

an individual chain. This chain is made up of two sets
of helices which propagate alternately along the chain.

The CuCN, KCN and [Et4N]2[WSe4] reaction system
either in DMF/2-picoline or in the solid state at 80°C
resulted in the formation of a novel three-dimensional
cluster {[Et4N]2[(�4-WSe4)Cu4(CN)4]}n [20]. The
[Cu(CN)2]− anionic species is the key to the formation
of the polymeric cluster in the reaction. The framework
of the polymeric anion, as shown in Fig. 14, is con-
structed from the WSe4Cu4 units bridged by cyanide
ligands. In the WCu4 core, five metal atoms are entirely
co-planar with the Cu–W–Cu angles of 180° concern-
ing the two mutually trans Cu atoms, which forms an
ideal crystallographic D2d symmetry for the WSe4Cu4

aggregate. Two cis Cu atoms have a distorted tetrahe-
dral geometry with their tetrahedral apices occupied by
two triply bridging Se atoms and two cyanide bridging
C or N atoms, forming a CuSe2C2 or CuSe2N2 unit,
respectively. These two kinds of tetrahedra are mutu-
ally linked by bridging cyanide ligands, thus forming a
polymeric three-dimensional network of the basic for-
mula {[(�4-WSe4)Cu4(CN)4]2−}�.

3. Spectroscopy

3.1. UV–�is and IR spectroscopy

Although both electronic and infrared spectroscopies
are of use in the characterization of soluble metal
sulfides [5,6], their application to the characterization of
soluble metal selenides is limited. The problem associ-
ated with IR spectroscopy is that M–Se (M=Mo, W)
bond stretching vibrations often show absorption in the
range 200–400 cm−1 in the far-IR region. Thus, one
should be cautious in assigning these bands in view of
other vibrational absorptions in the lower wavenum-
bers. Most of the heteroselenometalates synthesized
until now show intense bands in their electronic absorp-
tion spectra. The UV–vis electronic spectra are useful
for primitive identification but not for definitive charac-
terization. A possible reason may be due to the fact
that the greater spin orbit coupling of the heterose-
lenometalates compared with the thiometalates makes
interpretation of the UV–vis data much more difficult.
So, in contrast to NMR spectroscopy, UV–vis and IR

of [PPh4]4[Pb2(WSe4)4] was determined by X-ray crys-
tallography [45]. The [Pb2(WSe4)4]4− anion consists of
two distorted PbSe6 edged-shared octahedra (Fig. 12).
There are two crystallographically distinct W atoms in
this structure. Each is tetrahedrally coordinated by four
Se atoms. One WSe4 tetrahedron is edge shared to a
PbSe6 octahedron while the other contributes the Se
vertices that are edge shared between PbSe6 octahe-
dron. The distances from Pb to �2-Se are 2.904(1) to
3.121(1) A� , which are shorter than those to the �3-Se
atoms (3.124(1)–3.185(1) A� ). No bonding interactions
are found between W and Pb atoms.

Although a few heterometallic polymeric clusters of
tetrathiometalates have been isolated and structurally
characterized [46], the corresponding clusters of tetrase-
lenometalates have not been extensively investigated.
Two polymeric clusters containing the [WSe4]2− anion
were synthesized and structurally characterized in our
laboratory [20]. [PPh4]2[WSe4] reacts with an equal
equivalent of [Ag(MeCN)4][ClO4] in DMF to afford a
linear polymeric cluster {[Ph4P][(�-WSe4)Ag]}n. Treat-
ment of {[Ph4P][(�-WSe4)Ag]}n with excess La(NO3)3·
3H2O in DMSO solution resulted in the formation of a
helical chain polymeric cluster {[La(Me2SO)8][(�-
WSe4)3Ag3]}n [20]. The transformation of the anion
cluster skeletons originates from the correlation of the
cation counterion size by the self-assembly reaction in
the solution. The macroanions [(�-WSe4)3Ag3]3− form
an infinite one-dimensional chain running parallel to
the monoclinic symmetric axis. The basic repeating unit
is a butterfly-type SeWSe3Ag2 containing the bridging
�-WSe4

2− group, which is linked through interactions
with the Ag atom of one fragment and Ag atom of
another to form an intriguing helical array of repeating
[(�-WSe4)3Ag3]3− cluster units. Fig. 13 shows a view of

Fig. 13. A view of the structure of the polymeric anion {[(�-WSe4)3Ag3]3−}n with three repeating units.
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Fig. 14. A perspective view of the polymeric anion {[(�4-WSe4)Cu4(CN)4]2−}�. (Reprinted by permission from Inorg. Chem. 39 (2000) 423.
Copyright 2000 ACS.)

spectroscopies of heteroselenometalates were not exten-
sively discussed in the literature [10,16,19].

However, the UV–vis electronic spectra of [MSe4]2−

(M=Mo, W) were studied by Müller in 1981 [5]. The
visible absorption maxima are red shifted 60–80 nm in
the selenides compared with those for the correspond-
ing sulfides. The possible reason is that there is a
greater orbital overlap in the selenometalates than in
the thiometalates due to the larger covalent radius of
the selenium atom relative to sulfur. All heterose-
lenometallic clusters have intense bands in their elec-
tronic absorption spectra, typically a broad peak in the
450–490 nm range and a less intense band between
320–380 nm. With reference to the electronic spectra of
the free [MSe4]2− anions, absorption bands in this
region have been assigned as charge-transfer bands of
the type (�(Se)�d(M)) arising from the MSe4 moieties.
A relatively weak [MSe4]2− to coordinated metal inter-
action may be inferred from a comparison of the band
positions for heteroselenometallic clusters with those
for free [MSe4]2− anions [10,23]. The absorption bands
for heteroselenometalates are observed at higher ener-
gies than those for the [MSe4]2− anions, indicative of
strong interactions between the coordinated-metal and
the [MSe4]2− anion moiety. Additionally, the Se�M
charge-transfer bands are blue shifted by ca. 40 nm
when Mo is replaced by W in the clusters [47]. This is
expected for LMCT, owing to the higher optical elec-
tronegativity of MoVI versus WVI [48]. A very intense
band in the range 250–300 nm is tentatively attributed
to an intraligand transition from the peripheral ligands
of the clusters.

The Mo–Se stretching vibrations for heterose-
lenometallic clusters occur in the range 300–380 cm−1,

while the corresponding W–Se stretches are shifted to
even lower energies. The �(Mo–Set) (terminal) vibra-
tions at 375–380 cm−1 for cubane-like selenomolyb-
date clusters are higher than that for the free
[MoSe4]2− moiety (ca. 341 cm−1), whereas �(Mo–Seb)
(bridging) were found at lower energies (ca. 330–320
cm−1) [49]. The wavenumbers for �(Mo–Seb) are re-
lated to the number of Se-bridges. In fact, it is not
difficult to understand that the difference in �(Mo–Se)
should parallel the change in Mo–Se bond length. For
example, in [(MoSe4)(AuPPh3)2], �(Mo–�-Seb) is found
at 338 cm−1 and the corresponding d(Mo–�-Seb) is
2.344(2) A� [25]; in [(MoSe4)(AgPPh3)3Cl], �(Mo–�3-
Seb) is found at 326 cm−1 and d(Mo–�3-Seb) is
2.364(2) A� [30b]; in [Et4N]4[MoCu10Se4(PhS)12], �(Mo–
�4-Seb) is found at 292 cm−1 and d(Mo–�4-Seb) is
2.378(2) A� [19]. For selenotungstate clusters, the �(W–
Se) frequencies are found in the expected range 280–
310 cm−1. With reference to �(W–Se) absorption of
the free [WSe4]2− at 305 cm−1 [5], the �(W–Se)
stretching modes in the selenotungstate clusters have a
smaller shift than in the selenomolybdate clusters [34].
IR spectroscopy may be used to confirm the presence of
peripheral ligands such as PPh3, py and R2NCS2

− in the
clusters. There is no overlap between the typical IR
bands for these ligands and �(M–Se).

3.2. NMR spectroscopy

Incontrast to electronic and infrared spectroscopies,
NMR spectroscopy can provide very useful characteri-
zation of heteroselenometallic clusters. Table 2 lists
77Se, 95Mo and 31P NMR data for some heterose-
lenometallic clusters. No 183W NMR results of seleno-



Q.-F. Zhang et al. / Coordination Chemistry Re�iews 224 (2002) 35–4944

Table 2
Multinuclear NMR spectroscopic data for heteroselenometallic clusters a

95Mo (� ppm) 31P (� ppm)Species Reference77Se (� ppm)

3339 c[MoSe4]2− t 1643 b

[WSe4]2− t 1235 [50b]
[(NC)Cu(�-Se)2MoSe2]2− t 1832, b 1030 [14]

t 1383, b 782 [14][(NC)Cu(�-Se)2WSe2]2−

b 1195[(�-MoSe4){Cu(CN)}2]2− [14]
[(�-WSe4){Cu(CN)}2]2− [14]b 920

b 906, o −18.1 [13][(�-WSe4){(SC4H3)SeCu}2]2−

t 1399,b 855,mbr 608[(Se2)Ni(�-Se)2WSe2]2− [23]
[Se2W(�-Se)2Ni(�-Se)2WSe2]2− t 1628, b 994 [23]

t 1673, b 1135 [14][Se2W(�-Se)2Pd(�-Se)2WSe2]2−

t 1627, b 949[Se2W(�-Se)2Pt(�-Se)2WSe2]2− [14]
−40.1[(�-WSe4){Cu(Me2PhP)}2] [10]b 1044
−36.0b 1092 [10][(�-WSe4){Ag(Me2PhP)}2]

b 1234[(�-WSe4){Au(Me2PhP)2}2] −34.3 [10]
−20.5[(�-WSe4){Au(MePh2P)}2] [10]b 1244

24.7t 1651, b 1232 [10](�3-Cl)(�3-WSe4)[(PPh3)Cu]3
(�3-Cl)(�3-MoSe4)[(PPh3)Cu]3 1303 14.0 [30a]

23.6(�3-Cl)(�3-MoSe4)[(PBut
3)Cu]3 [54]

1301 12.7 [30a](�3-Br)(�3-MoSe4)[(PPh3)Cu]3
(�3-I)(�3-MoSe4)[(PPh3)Cu]3 1316 9.38 [30a]
(�3-Cl)(�3-MoSe4)[(PPh3)Ag]3 1377 3.57 [25]

1372 3.12, 35.9 d [30b](�3-Br)(�3-MoSe4)[(PPh3)Ag]3·SePPh3

t 1674, b 1182(�3-Br)(�3-WSe4)[(PPh3)Ag]3 5.47 [20]
5.21, 35.8 d(�3-Cl)(�3-WSe4)[(PPh3)Ag]3·SePPh3 [26b]

2323 13.7, 11.2 [25](PPh3)Cu(�-Se)2Mo(�-Se)2Cu(PPh3)2

(PPh3)Ag(�-Se)2Mo(�-Se)2Ag(PPh3)2 2407 3.45, 3.14 [25]
26.7, 28.0(PPh3)Cu(�-Se)2W(�-Se)2Cu(PPh3)2 [26b]

3.74, 3.91 [26b](PPh3)Ag(�-Se)2W(�-Se)2Ag(PPh3)2

(�-MoSe4)[(PPh3)Ag]2 2429 5.92 [25]
2326 53.0(�-MoSe4)[(PPh3)Au]2 [25]

52.5 [26b](�-WSe4)[(PPh3)Au]2
[(�3-MoSe4)(Et2NCS2Cu)3]2− 2086 [19]
[(�4-MoSe4)(Me2NCS2Cu)4]2− −1.50 [19]

b 742 [20][(�4-WSe4)Cu4Br2(py)6]
[(�6-MoSe4)Cu10(�-SPh)12]4− −1.30 [19]
{[(�-WSe4)3Ag3]3−}n [20]t 1612, b 953 792

a Key: t terminally bonded Se atom; b bridging Se atom; mbr metal-bound ring Se atom; o Se atom bound to organic fragment.
b Ref. [49].
c Ref. [52].
d This chemical shift is due to SePPh3.

tungstate clusters have been reported, although 183W is
an NMR active nucleus (spin 1/2, natural abundance
14.3%). The 1H NMR absorption signals for the dia-
magnetic heteroselenometallic clusters are very close to
those for the free ligands and cations.

Selenium has a spin-half nucleus with moderate
NMR receptivity (for 77Se: I=1/2, natural abundance
7.58%, receptivity relative to 13C 2.98) and can be
studied by NMR spectroscopy. Ibers and coworkers’
studies have shown that the 77Se NMR chemical shifts
for soluble transition-metal selenide compounds have a
wide range from 100 to 2200 ppm [9a,50]. With this
scale of 77Se chemical shift established, 77Se NMR
spectroscopy has become an important analytical tool
for soluble transition-metal selenide chemistry. In the
closed d10 coinage-metal clusters (�-WSe4)[(PMe2Ph)2-

M�] (M=Cu, Ag and Au), the 77Se resonances shift
downfield on going from Cu+ to Au+, a trend that can
be ascribed to a smooth increase in M�–Se orbital
overlap [10]. The resonances for bridging and terminal
selenide groups in the cubane-like and linear dinuclear
clusters are shifted upfield and downfield, respectively,
compared with that for the free [WSe4]2− (�Se=1235
ppm). For example, two peaks are found as expected in
the 77Se NMR spectrum of (�3-Cl)(�3-WSe4)[(PPh3)-
Cu]3, one at 1651 ppm arising from the terminal Se and
the other at 1232 ppm from the Se nuclei in the cubane
core [10]. A similar trend is observed in the seleno-
molybdate compound [PPh4]2[(NC)Cu(�-Se2)MoSe2]
(�(Set)=1820 ppm, �(Seb)=1030 ppm) by comparison
with [MoSe4]2− (�=1643 ppm) [14]. Interestingly, the
chemical shifts of the equivalent Seb atoms in symmet-
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ric cluster anions such as [(NC)Cu(�-Se2)W(�-
Se2)Cu(CN)]2− (�(Seb)=920 ppm) and [(NC)Cu(�-
Se2)Mo(�-Se2)Cu(CN)]2− (�(Seb)=1195 ppm) are
higher than those in the asymmetric cluster anions such
as [(NC)Cu(�-Se2)WSe2]2− (�(Seb)=782 ppm) and
[(NC)Cu(�-Se2)MoSe2]2− (�(Seb)=1030 ppm) [14].
Thus, the Seb atoms are shielded and the Set atoms are
deshielded with respect to the Seb nuclei in the symmet-
ric anions.

Since the heterometals among the heteroselenometal-
lic clusters are different, it is not surprising that a large
difference in their 77Se chemical shifts is observed. For
clusters with the same metal in a different coordination
environment, the difference in their chemical shifts is
also obvious. In the open d-shell metal clusters
[PPh4]2[Se2W(�-Se2)M�(�-Se2)WSe2] (M�=Ni, Pd and
Pt), the central heterometal affects the chemical shifts
of both bridging and terminal Se atoms. The resonance
for a Se bonded to a third-row transition metal is
usually more upfield than that for a Se bonded to a
second-row transition metal. Thus, the 77Se chemical
shifts for the Pd-containing cluster anion are downfield
from those for the Ni or Pt congener [23]. In addition,
the heterometal affects the chemical shift for the Seb

atoms more than that for the Set atoms, presumably
because of the closer proximity to the Seb atoms. This
trend is different from that for close d-shell coinage-
metal clusters. The 77Se NMR spectrum of [Et4N]2[(�-
WSe4){CuSe(SC4H3)}2] shows two resonances: a peak
at 905.8 ppm is due to metal-bridging Se atoms and a
peak at −18.1 ppm is attributable to Se atoms bearing
organic substituents [13]. As expected, three peaks at �

1612, 953, and 792 ppm were found in the 77Se NMR
spectrum of {[La(Me2SO)8][(�-WSe4)3Ag3]}n, which are
tentatively assigned to the terminal Se, the bridging
�-Se and �3-Se, respectively. The 77Se NMR spectrum
of [(�4-WSe4)Cu4(CN)2(py)4] exhibits a broad singlet at
742 ppm which arises from the �4-Se atoms [20]. The
77Se NMR spectrum of [PPh4][(Se2)Ni(WSe4)] shows
three resonances at � 1399, 855, and 608 ppm, suggest-
ing that there are three types of Se environment: termi-
nal Se bonded to W and two kinds of bridging Se
bound to W and Ni, respectively. In addition, weak
satellites due to Se–Se coupling (2JSe–Se=138 Hz) are
observed, consistent with the Se2

2− bonding mode and
its chemical shift of 608 ppm [23].

NMR spectroscopic studies have also been extended
to the selenomolybdate clusters because 95Mo (spin 5/2,
natural abundance 15.7%) is an NMR-active nucleus.
Actually, the 95Mo NMR technique has been used to
identify unknown Mo/Cu/S clusters in solution based
on the sensitive probe of the coordination environments
of the molybdenum atom [51]. A series of Mo/Cu(Ag,
Au)/Se clusters with different structural modes has been
examined by 95Mo NMR spectroscopy. The remote
deshielding effect on the Mo nucleus from the different
coinage-metals in the tetraselenomolybdate system ex-

hibits the trend Au�Cu�Ag [25], which is similar to
that in the corresponding tetrathiomolybdate system
[52]. However, the deshielding effect of the coinage
metal in the tetraselenometalate system is smaller that
that in the sulfide system. This may be explained by the
larger orbital overlap between Se and Mo than that
between S and Mo. A nearly linear correlation with the
95Mo chemical shift was formed for the products of the
additional coordination reaction [MoS4]2− with CuX
(X=halide, PPh3 or S2CNR2) [53], however, no regu-
larity of the 95Mo chemical shifts was observed for the
products of the reaction of [MoSe4]2− with CuX [54].
Therefore, it is evident that 95Mo chemical shifts are
very sensitive to structural variations in the tetrase-
lenometallic clusters. In addition, 95Mo NMR spec-
troscopy was used to monitor ligand-substitution and
cluster skeleton-transformation reactions processes. The
results show that the influence of peripheral ligands on
the 95Mo chemical shift may be neglected, and the Mo
nucleus in the MoSe4Cu4 core has an almost saturation
deshielding effect [19].

31P NMR spectroscopy is a useful technique to probe
the structure of phosphine-containing heterose-
lenometallic clusters. For (�-WSe4)[M(PMe2Ph)2]2
(M=Cu, Ag and Au), as the size of the coinage-metal
increases, the 31P resonance shifts downfield. The
deshielding shift from Cu+ to Au+ is due to the
increased M–Se orbital overlap because of Cu+, Ag+

and Au+ all being d10 systems [10]. A similar trend is
found for {MoCu3Se3X}(PPh3)3Se (X=Cl, Br and I),
i.e. the 31P resonances shift upfield as X changes from
Cl− to I−, and can also be ascribed to a smooth
decrease in orbital overlap between copper and halide
[30a]. However, this phenomenon is not observed in the
corresponding Ag-containing clusters [30b], possibly be-
cause of three long Ag–X bonds. No 31P–107Ag cou-
pling was observed in argentoselenometalates, probably
because of phosphorus exchange. Furthermore, the co-
ordination geometry of the coinage-metal in the het-
eroselenometallic cluster may also be inferred from the
31P chemical shift. For example, the observation of two
singlets in the 31P NMR spectrum of (WSe4)(AgPPh3)-
[Ag(PPh3)2] indicates the presence of two chemically
inequivalent phosphorus atoms, and further implies
trigonal and tetrahedral coordination of Ag atoms in
this cluster compound [26b].

4. NLO properties

Non-linear optics (NLO) is a study that deals mainly
with various new optical effects and novel phenomena
arising from the interactions of intense coherent optical
radiation with matter. Strong NLO properties include
relatively large indexes of NLO absorption and refrac-
tion. Both the absorption coefficient and refractive
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index can be expressed as �=�0+�2I and n=n0+n2I,
respectively, where �0 and �2 are the linear and non-lin-
ear absorption coefficient, n0 and n2 are the linear and
non-linear refractive index, respectively, and I is the
irradiance of the laser beam within the sample.

NLO research in the last decade has been largely
focused on semiconductors, conjugated polymers, and
discrete organic molecules [55]. Recently, the fullerene
C60 has also attracted much attention [56]. By contrast,
inorganic clusters, a very promising group of com-
pounds, have received little attention [57]. This is unfor-
tunate because metal clusters may possess the combined
strength of both organic polymers and semiconductors.
Unlike the case of semiconductors in which little struc-
tural modification can be implemented, both the skele-
ton and terminal elements of the clusters can be altered
and/or removed so that modification of NLO proper-
ties can be realized through structural manipulation.
Also, the incorporation of heavy atoms introduces
more sublevels into the energy hierarchy as compared
to organic molecules with the same number of skeletal
atoms, and this permits a greater number of allowed
electron transitions to take place and hence larger NLO
effects. Therefore, the incorporation of heavy atoms
into clusters may be especially beneficial to NLO appli-
cations if the linear absorption can be kept low. With
metal clusters, this can be accomplished via proper
choice of constituent elements, structural type and pe-
ripheral ligands of the cluster [58].

In the past five years, our efforts on thiometalate
[MOnS4−n ]2− (M=Mo or W; n=0–2) derivatives
have been largely devoted to preparing heterobimetallic
sulfur-containing clusters using the low-heating solid-
state reaction method and exploring the structure–
property relationships with the NLO properties [8,22].
The clusters studied include linear, butterfly, nest,
cubane-like, incomplete-cubane, cross-frame and cage
shaped types. We have noticed that structural alter-
ations of the clusters give rise to variations in the NLO
properties, and substitution of skeletal atoms induced
larger effects. For example, nest-shaped clusters
[NBun

4]2[MoCu3OS3BrCl2] and [NBun
4]2[MoCu3OS3-

(NCS)3] [59], a supercage-shaped cluster [NBun
4]4-

[Mo8Cu12O8S24] [60], a twin nest-shaped cluster
[NEt4]4[Mo2Cu6O2S6Br2I4] [61], a hexagonal prism-
shaped cluster [W2Ag4S8(PPh3)4] [62], and linear clus-
ters [MAu2S4(AsPh3)2] (M=Mo, W) [63] show strong
NLO behavior. Butterfly-shaped clusters [MCu2OS3-
(PPh3)n ] (M=Mo, W; n=3, 4) [64], half-open cage-
shaped clusters [NEt4]3[W(CuBr)3OS3Br] [65] and
[MoCu3OS3(PPh3)3{S2P(OBun)2}] [66] and one-dimen-
sional linear chain polymeric clusters {[NBun

4][MS4Tl]}n

(M=Mo, W) [67] exhibit large NLO refraction.
Cubane-like clusters [NBun

4]3[MM�3S4BrX3] (M=Mo,
W; M�=Cu, Ag; X=Cl, I) possess strong NLO ab-
sorption [68]. A very large optical limiting effect has

been observed in a hexagonal prism-shaped cluster
[Mo2Ag4S8(PPh3)4] [69] and a cross-frame cluster
[WCu4S4(SCN)2(py)6] [70].

Conceptually, the corresponding heteroselenometallic
clusters were believed to have better NLO behavior
compared with their sulfur analogs. An important rea-
son is that a heavy atom effect, Se rather than S, may
result in an effective improvement in NLO properties.
Moreover, it is well known that selenium-containing
compounds have important applications such as pre-
cursors for low-bandgap semiconductors and non-lin-
ear optics [71].

4.1. Optical limiting effect and the limiting threshold

An optical limiter must provide protection over a
wide range of incident intensity or fluence. Optical
limiting (OL) can be achieved by means of various
nonlinear optical mechanisms, including self-focusing,
self-defocusing, induced scattering, and induced-refrac-
tion in nonlinear optical media. In a general case, at
some critical intensity or threshold in an ideal limiter,
the transmittance changes abruptly and exhibits an
intensity or fluence dependence. This critical point is
called the threshold of the device, while the clamped
output is called the limiting value of intensity or
fluence. Thus, the limiting threshold is defined as the
incident fluence at which the actual transmittance falls
to 50% of the corresponding linear transmittance. A
high limiting threshold indicates relatively poor optical
limiting ability; on the contrary, a lower threshold
indicates a large optical limiting effect.

Fluence, as well as intensity, is a physical parameter
concerning optical energy or power. Fluence units are
J/m2 (SI), or erg/cm2 (egs). Intensity units are W/m2

(SI), or erg/s-cm2 (egs).
Self-focusing occurs when a light beam of non-uni-

form intensity falls on a medium with a nonlinear index
of refraction. It has the effect of creating a positive lens
that tends to defocus the beam. A positive sign for
refraction nonlinearity (n2) has a self-focusing property,
while a negative sign for the refractive nonlinearity
gives rise to self-defocusing behaviour.

The pump-probe experiment is a technique to study
the nonlinear response. The equipment uses a Q-
switched, mode-locked, frequency-doubled Nd:YAG
laser at 532 or 1064 nm wavelength. As the pump
energy increases, namely, the pulse repetition rate (SI
unit in Hz) increases, the sample becomes less effective
in optical limiting and a larger threshold value is ob-
served. The optical course in this phenomenon is called
the pump-probe response.

The optical limiting (OL) effect of typical cubane-like
clusters [MoSe4M�3(PPh3)3Cl] (M�=Cu, Ag) was first
investigated [29]. The thresholds of two samples under
the 0.5 Hz repetition-rate condition at 532 nm are 1.8
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Fig. 15. Normalized transmittance of the probe as a function of time
delay for a pump fluence of 1.14 J cm−2: C60 in toluene (�), clusters
[MoSe4M�3(PPh3)3Cl] in CH2Cl2 for M�=Cu (�) and Ag (�).
(Reprinted by permission from J. Phys. Chem. 104 (2000) 3448.
Copyright 2000 ACS.)

probe experiment was also used further to confirm the
non-linear origin of two cubane clusters. Fig. 15 shows
the pump probe experimental results of two cluster
compounds with a pump fluence of 1.14 J cm−2. Even
if the pulse repetition rate increases from 10 to 0.5 Hz,
the optical limiting effect of the clusters is still retained,
although the limiting threshold values become a little
higher. Thus, very good photostability was observed in
the optical limiting determinations of two samples,
suggesting that nanosecond-response non-linearity is
very effective for nanosecond laser pulses. In addition,
the pump-probe response of the Cu-containing cluster
[MoSe4Cu3(PPh3)3Cl] in CH2Cl2 solution was found to
be similar to that of carbon black suspensions (CBS)
[73].

Similar to the cross-frame sulfur cluster compound
[WCu4S4(SCN)2(py)6], the analogous selenide cluster
[WSe4{Cu(dppm)}4][ClO4]2 has a larger optical limiting
effect [31]. However, another cross-frame selenide clus-
ter [NEt4]2[WSe4(CuS2CNMe2)4] has a higher limiting
threshold [34]. These results may be explained in terms
of the electronic effect of the peripheral ligands. Strong
�-donor ligands, such as py, PPh3 and dppm, move
electron density from the Cu-complex fragments to-
ward the [WE4]2− (E=S and Se) moiety. The �-conju-
gating ligand R2NCS2

− conjugates the Cu(I)-complex
and the [WSe4]2− moiety, resulting in delocalization of
electron density among the metal atoms. A relatively
poor optical limiting ability was found in the T-frame
cluster compound [NEt4]2[WSe4(CuS2CNEt2)3], proba-
bly due to a structural difference between cross-frame
and T-frame. The optical limiting effects in these co-
planar metal atom clusters are depicted in Fig. 16.

Two heterometallic polymeric clusters were initially
synthesized to detect their NLO properties. These poly-
meric clusters show good photostability in optical mea-
surements [20]. The one-dimensional helical chain
cluster {[La(Me2SO)8[(�-WSe4)3Ag3]}n exhibits both
strong optical absorption and optical self-focusing (ef-
fective �2=2.2×10−9 m W−1, n2=6.8×10−15 m2

W−1; examined in a 0.13 mM DMF solution). The
three-dimensional cross-framework cluster {[Et4N]2[(�4-
WSe4)Cu4(CN)4]}n shows a larger optical limiting effect
(the limiting threshold is ca. 0.2 J cm−2) than the
one-dimensional helical chain cluster {[La(Me2SO)8][(�-
WSe4)3Ag3]}n (the limiting threshold is ca. 0.7 J cm−2).
The polymeric selenometallic clusters might be consid-
ered to be a very promising candidates for broad-band
optical limiting applications, because he optical limiting
capability of the three-dimensional cross-framework
cluster {[Et4N]2[(�4-WSe4)Cu4(CN)4]}n is better than
that of C60 [74] and other inorganic clusters [65,66,70]
and is comparable to that of phthalocyanine derivatives
[75]. Thus, to achieve the desired NLO function, we
shall attempt to synthesize new heteroselenometallic
clusters with versatile polymeric structural types.

Fig. 16. Optical limiting effects of clusters [WSe4{Cu(dppm)}4][ClO4]2
(�), [NEt4]2[WSe4(CuS2CNMe2)4] (�) and [NEt4]2[WSe4-
(CuS2CNEt2)3] (�) at 532 nm wavelength with linearly polarized 7 ns
pulses.

and 0.8 J cm−2 for Cu- and Ag-containing cubane
clusters, respectively. To test their effectiveness as
broad band optical limiters, 1064 nm wavelength laser
pulses from a nanosecond Nd:TAG laser were used.
The results show that the limiting threshold of the
Ag-containing cluster [MoSe4Ag3(PPh3)3Cl] is about
three times larger at 1064 nm than at 532 nm, while the
Cu-containing cluster [MoSe4Cu3(PPh3)3Cl] does not
show an obvious limiting effect. Compared with sulfur-
containing clusters, where the optical limiting effect can
only be achieved in 15 to 20 s intervals [59–70], the
limiting power for Mo2Ag4S8(PPh3)4 was found to have
the best optical limiting effect among analogous sulfur
clusters. The value measured at 1064 nm is a factor of
�30 less effective than that at 532 nm [72]. The pump
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5. Outlook

Although great progress has been made in the last
decade, heteroselenometallic cluster chemistry is still an
emerging field with many questions remaining to be
answered. This diversity can be chiefly attributed to the
fact that tetraselenometalates respond easily, by adjust-
ing their coordination mode, to the demands of the
metal ions, whether these demands are of an electronic
or steric nature. The versatile coordination abilities of
tetraselenometalates as well as tetrathiometalates are
indicated by the variety of structures exhibited by their
heterometallic compounds which can be discrete com-
plexes, clusters and even polymeric networks. Of
course, we also need to synthesize specifically predicted
and designed structural compounds. On the other hand,
synthetic methods such as conventional solution reac-
tion and low-heating solid-state reaction techniques
[76], are now emerging as powerful tools in the prepara-
tion of these clusters. Although many heterose-
lenometallic clusters have been synthesized, many
aspects of their reaction chemistry remain unexplored,
and mechanistic issues have seldom been addressed thus
far. Furthermore, the reactivity of tetraselenometalates
with organometallic complexes is only poorly explored
[77]. Our interest in this area will mainly focus on the
exploration of new inorganic clusters with desired NLO
properties and the development of new synthetic routes
for organometallic clusters with [MSe4]2− (M=Mo,
W) anions. The synthesis and characterization of new
types of heteroselenometallic clusters with novel struc-
tural modes is expected to continue.
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