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’ INTRODUCTION

The chemistry of metal sulfide clusters with double cubanelike
frameworks has been extensively investigated owing to their
geometrical relevance to the active site structures of the P-cluster
(Fe8S9) and FeMo-cofactor cluster (MoFe7S9) of nitrogenases,

1,2

their diverse structural chemistry,3�10 and potential applications in
industrial catalytic systems11 and optoelectronic materials.7c,12

Several general synthetic strategies have been developed to prepare
those double cubanelike clusters. One is the fragment condensation
of the preformed single cubanelike clusters with suitable inorganic
and/or organic linkers.9e For instance, treatment of single cubane-
like cluster [Et4N]2[(Meida)MoFe3S4Cl3] with Li2S or NaOEt/
H2O/Me2SO yielded sulfido- or oxo-bridged double cubanelike
Mo/Fe/S clusters {[(Meida)MoFe3S4Cl2]2(μ-S)}

4�8,9a,9b and
{[(Meida)MoFe3S4Cl2]2(μ-O)}

4�8,9a�9c Another is the so-called
self-assembly of mononuclear metal sulfide synthons ([MS4]

2�,
[(η5-C5Me5)MS3]

� (M = Mo, W)), metal salts (FeCl3, CuCl,
etc.) and suitable ligands (RS�, S2�, etc.) in organic solvents.9e For
example, reactions of [MoS4]

2� with FeCl3 andNaSR inmethanol
gave rise to a number of double cubanelike Mo/Fe/S clusters such

as [Mo2Fe6S8(SR)9]
3�,5a [Mo2Fe6S8(OMe)3(SR)6]

3�,5b and so
forth. However, in this strategy, there are only a few examples
involved in using dinuclearmetal sulfide synthons for the formation
of Mo(W)/Cu/S double cubanelike clusters.7c

In the past decade, we have been interested in the preparations
of Mo(W)/Cu(Ag)/S clusters from the mononuclear and bi-
nuclear metal sulfide synthons such as [MExS4�x]

2� (M = Mo,
W; E = O, S; x = 0�3), [(η5-C5Me5)MS3]

� (M =Mo, W), [(η5-
C5Me5)2Mo2S2(μ-S)2] and [Tp*MS3]

� (Tp* = hydridotris(3,5-
dimethylpyrazol-1-yl)borate, M = Mo, W) in pursuit of new
cluster chemistry and new functional materials with third-order
nonlinear optical (NLO) properties.6d,7c,7d,8a,8c,12b,13,14 A series
of double cubanelike Mo(W)/Cu/S clusters such as [PPh4]2-
[(η5-C5Me5)MS3(CuX)3]2 (M =W, X = Cl;8a M =W, X = Br,8a

M =Mo, X = Br,8a M =W, X = CN6d), [(η5-C5Me5)2Mo2(μ3-S)3-
SCu2X(μ-X)]2 (X = Cl, Br, SCN)7c and [{Tp*W(μ3-S)3-
(CuBr)3}(μ6-Br){Tp*W(μ3-S)3Cu3(ani)3}]

7d have been isolated
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ABSTRACT: Treatment of [Et4N][Tp*WS3] (1) (Tp* =
hydridotris(3,5-dimethylpyrazol-1-yl)borate) with 2 equiv of
AgSCN in MeCN afforded a novel neutral compound
[(Tp*WS2)2(μ-S2)] (2). Reactions of 2 with excess CuX (X =
Cl, Br, I) in MeCN and CH2Cl2 or CHCl3 formed three neutral
W/Cu/S clusters [{Tp*W(μ3-S)3Cu3(μ-Cl)}2Cu(μ-Cl)2(μ7-Cl)
(MeCN)]2 (3), [{Tp*W(μ3-S)3Cu3}2Br(μ-Br)2(μ4-Br)-
(MeCN)] (4), and [{Tp*W(μ3-S)3Cu3}2{Cu2(μ-I)4(μ3-I)2}] (5), respectively. On the other hand, treatment of 2 with CuX
(X = Cl, Br) in the presence of Et4NX (X = Cl, Br) produced two anionic W/Cu/S clusters [Et4N][{Tp*W(μ3-S)3Cu3X}2
(μ-X)2(μ4-X)] (6: X = Cl; 7 X = Br). Compounds 2�7 were characterized by elemental analysis, IR, UV�vis, 1H NMR,
electrospray ionization (ESI) mass spectra, and single-crystal X-ray crystallography. The dimeric structure of 2 can be viewed as two
[Tp*WS2] fragments in which twoW atoms are connected by one S2

2� dianion. Compounds 3�7 all possess unique halide-bridged
double cubanelike frameworks. For 3, two [Tp*W(μ3-S)3Cu3]

2þ dications are linked via a μ7-Cl
� bridge, two μ-Cl� bridges, and a

[Cu(MeCN)(μ-Cl)2]
þ bridge. For 4, one [Tp*W(μ3-S)3Cu3(MeCN)]2þ dication and one [Tp*W(μ3-S)3Cu3Br]

þ cation are
linked via a μ4-Br

� and two μ-Br� bridges. For 5, the two [Tp*W(μ3-S)3Cu3]
2þ dications are bridged by a linear [(μ-I)2Cu-

(μ3-I)2Cu(μ-I)2]
4þ species. For 6 and 7, two [Tp*W(μ3-S)3Cu3X]

þ cations are linked by a μ4-X
� and two μ-X� bridges (X = Cl,

Br). In addition, the third-order nonlinear optical (NLO) properties of 2�7 in MeCN/CH2Cl2 were investigated by using
femtosecond degenerate four-wave mixing (DFWM) technique.
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from the aforementioned synthons. Relative to the rich chemistry
of the Mo(W)/Cu(Ag)/S clusters derived from [MExS4�x]

2�

(M =Mo, W; E = O, S; x = 0�3) and [(η5-C5Me5)MS3]
� (M =

Mo, W),7,8,13�15 those originated from [Tp*MS3]
� (M =

Mo,W) have been less explored.7d,14e,15aNoMo(W)/Ag/S clusters
derived from this synthon have been reported yet. We thus
attempted the reaction of [Et4N][Tp*WS3]

15a (1) with AgSCN
in MeCN. However, it did not produce any desirable W/Ag/S
clusters, but afforded an unexpected neutral dinuclear compound
[(Tp*WS2)2(μ-S2)] (2). As discussed later in this paper, the
molecular structure of 2 possesses two [Tp*WS2] fragments
linked by one S�S bond, which attracted our attention. It is
known that both the oxidative formation and the reductive
cleavage of the disulfide bond have been explored as an attractive
route to functional sulfide ligands and new materials.16a�c For
example, reactions involving the cleavage of the S�S bond of
4,40-dithiodipyridine (dtdp) or 4,40-dipyridyl disulfide (dpds)
with CuI gave rise to Cu/I cluster-based coordination networks
such as [Cu4I4(tdp)2] (tdp = 4,40-thiodipyridine)16d and
[Cu6(μ-4-SpyH)4I6]n (4-SpyH = pyridium-4-thiolate).16e

We anticipated that if the S�S bond of 2 is broken into two
[Tp*WS3]

� anions, 2 may be used as a new precursor for the
preparation of new W/Cu/S clusters. With these considera-
tions in mind, we carried out reactions of 2 with CuX (X = Cl,
Br, I) or their combinations plus Et4NX (X = Cl, Br). Five
halide-bridged W/Cu/S doube cubanelike clusters 2�7 were
isolated therefrom. These compounds showed unprecedented
double cubanelike structures in the chemistry of Mo(W)/
Cu/S clusters. In addition, 2�7 were also confirmed to
exhibit good third-order NLO performances in solution
through the femtosecond degenerate four-wave mixing
(DFWM) technique with 80 fs pulse width at 800 nm. Herein
we describe their isolation, structural characterization, and
NLO properties.

’RESULTS AND DISCUSSION

Synthetic and Spectral Aspects. Reactions of an acetonitrile
solution of 1 with 2 equiv of AgSCN afforded a brown solution
and a large amount of black precipitate within minutes. The
mixture was stirred for 20 h at room temperature and separated
by filtration. The resulting black solid was recrystallized in
CH2Cl2 and then refiltered to give a dark green solution and a
black solid. The solution was layered by Et2O to produce dark
green crystals of 2 in 49% yield (Scheme 1). The black solid was
assumed to be Ag particles according to its elemental analysis. On
the other hand, slow evaporation of solvents from the above
brown solution gradually developed an insoluble brown solid. Its
IR spectrum showed aW�S streching vibration at 475 cm�1 and
a B�H stretching vibration of the Tp* group at 2564 cm�1. Its
X-ray fluorescence analysis revealed that it contained W, Ag, and
S elements. Its powder X-ray diffraction pattern was quite
different from those of 1 and 2 (Supporting Information, Figure
S1). We therefore assumed it to be a Tp*WS3/Ag polymer. Its
very low solubility in common organic solvents precluded our
growing its single crystals and thus excluded its further structural
characterization. The analogous reactions of 1 with other silver
salts such as AgX (X =Cl, Br, I) also gave rise to the same product
2 in relatively low yields. The formation of 2 deserves comments.
As discussed later in this article, 2 is composed by two [Tp*WS2]
units linked by a disulfide S2

2�. Such a disulfide is assumed to be
derived from oxidizing two terminal sulfides of two discrete
[Tp*WS3]

� anions of 1 by Agþ ion, which was reduced into Ag
particles. Since all manipulations were performed under an argon
atmosphere using standard Schlenk-line techniques, oxygen as a
possible oxidizing agent was excluded. The use of MeCN was
critical for the medium-yield formation of 2 because there may
exist a formation competition between 2 and the possible
Tp*WS3/Ag polymer. In addition, we also attempted to run
the same reactions in other solvents such as CH2Cl2, CHCl3,
DMF, and so forth, but the yield of 2 was much lower than that
obtained in MeCN.
As indicated in Scheme 1, the reactions of 2 with CuX were

straightforward. Treatment of 2 with excess CuX (X = Cl, Br, I)
in MeCN and CH2Cl2 or CHCl3 followed by standard workups
afforded black crystals of 3 in 90% yield, 4 in 85% yield, or 5 in
84% yield. Analogous reactions of 2with CuX (X = Cl, Br) in the
presence of Et4NX (X = Cl, Br) produced black crystals of 6 in
63% yield and 7 in 66% yield, respectively. To establish the
relationship of 3 and 6, as well as 4 and 7, we have carried out
reactions of 3 with Et4NCl in MeCN/CH2Cl2 and could not
isolate 6. However, reactions of 4 with Et4NBr in MeCN/
CH2Cl2 did form 7 in a medium yield.
As reported in our previous work, the anionic trisulfido

complex 1 could be used as a building block for cluster synthesis.
For example, reactions of 1 with CuX (X = Cl, Br) could only
afford anionic single cubane-like clusters [Et4N][Tp*W(μ3-S)3-
(CuX)3].

7d,14e However, complex 2 is a neutral species and when
it reacts with CuX, the absence of the Et4N

þ cation in the
reaction system may demand more Cuþ ions to balance the
negative charge of the anionic clusters, which may result in the
formation of neutral clusters even with larger nuclearity. This
would be one intriguing advantage of 2 in cluster synthesis. For
the reactions in Scheme 1, CuX may act as a reducing agent to
cleave the disulfide bond in 2 to S2� that coordinates at the
W(VI) center in 3�7. Excess Cuþ or its solvated species or even
cationic cluster species in the system also played the role of

Scheme 1. Formation of 2 from Reactions of 1 with AgSCN
and Reactions of 2 with CuX (X = Cl, Br, I) or Their
Combinations Plus Et4NX (X = Cl, Br)



4495 dx.doi.org/10.1021/ic200147d |Inorg. Chem. 2011, 50, 4493–4502

Inorganic Chemistry ARTICLE

counterpart cation to keep the charge of the resulting anionic
clusters balanced. For example, the �1 charge of the [{Tp*W-
(μ3-S)3Cu3}2Cl5]

� anion was balanced by addition of a
[Cu(MeCN)]þ cation into its cluster framework, thereby form-
ing a neutral cluster 3. Another example is that the �2 charge
of two [Tp*W(μ3-S)3(CuI)3]

� anions of 5 was balanced by
incorporation of two Cuþ ions. Furthermore, the �1 charge of
the [Tp*W(μ3-S)3(CuBr)3]

� anion was balanced by the [Tp*W-
(μ3-S)3Cu3(MeCN)]� cation to form a neutral cluster of 5. In
the presence of Et4NX, the formation of the anionic clusters of 6
and 7were expected probably because the relatively bulky Et4N

þ

cation may match well with the resulting [{Tp*W(μ3-S)3-
Cu3X}2(μ-X)2(μ4-X)]

� anion, which may facilitate their crys-
tallization from the solution. Complicated redox processes
must be in the above reactions, while the formation mechanism
of these halide-bridged double cubane-like clusters is yet to be
elucidated.
In the IR spectra of 2�7, bands at 2556 (2), 2565 (3), 2564

(4), 2563 (5), 2564 (6), and 2558 (7) cm�1 are assigned to be
the B�H stretching vibrations of the Tp* groups, while those at
about 1543, 1458, 1547, 1549, 1548, and 1543 cm�1 are assumed
to be the pyrazolyl rings in 2�7. Bands at 488/473 (2), 480/405
(3), 479/406 (4), 475/416 (5), 469/426 (6), and 468/418
(7) cm�1 are assigned as the bridging W�S stretching vibrations
in 2�7. The 1H NMR spectra of 2�7 in CDCl3 or DMSO-d6 at
room temperature show two singlets with the same intensities at
2.29/2.80 (2), 2.35/2.87 (3), 2.39/2.86 (4), 2.26/2.79 (5), 2.38/
2.86 (6), and 2.36/2.84 (7) ppm and one singlet at 6.05 (2), 5.99
(3), 6.14 (4), 6.11 (5), 6.09 (6), and 6.13 (7) ppm, which can be
assigned to be the methyl protons and the pyrazolyl methine
protons of the Tp* moiety. It is noted that in the crystal structure
of 4, two Tp* ligands are inequivalent as described later in this
article. However, it seems that the coordinated acetonitrile and
the terminal bromide rapidly exchanged their coordination sites
in solution at the NMR time scale, which caused the two Tp*
ligands to be equivalent in its 1HNMR spectroscopy. In addition,
one singlet at 2.09 (3) and 2.11 (4) ppm should be the methyl
protons of MeCN in 3 and 4, while multiplets at 1.12�1.16,
3.20�3.29 (6) and 1.15�1.19, 3.14�3.21 (7) ppm are assign-
able to be the ethyl protons of the Et4N

þ cation. The UV�vis

spectra of 2�7 in MeCN/CH2Cl2 were characterized by one
main band (Figure 1). Relative to the band at 259 nm of 2, those
at 325 (3), 326 (4�6), and 327 (7) nm are red-shifted, and they
are probably originated from the SfW(VI) charge-transfer
transitions of the common Tp*WS3 moiety.7d,14e

The positive-ion (3�5) and negative-ion (6 and 7) ESI-MS
spectra in dimethylformamide (DMF) did not show any parent
cationic cluster peaks, but a set of cluster fragment peaks
(Supporting Information, Figures S2�S5). For 3�5, they all
had two peaks atm/z = 736.9 ([Tp*WS4Cu2]

þ) andm/z = 829.9
([(Tp*WS4Cu2)þDMFþH2Oþ 2H]þ). These species might
be formed by breaking part of the double cubanelike frameworks
under the mass conditions. In addition, their ESI mass spectra
presented other peaks atm/z = 1775.5 ([(Tp*WS3Cu3)2Br 3]

þ),
m/z = 1488.8 ([(Tp*WS3)2Cu4Br]

þ), and m/z = 1344.9
([(Tp*WS3)2Cu3]

þ) for 4; m/z = 1726.5 ([(Tp*WS3)2Cu5I 2]
þ)

for 5;m/z = 902.8 ([(Tp*WS3Cu2Cl3)þDMFþH2OþH]�)
andm/z = 794.9 ([(Tp*WS3Cu2Cl2)þH2O]

�) for 6. For 7, the
negative ESI mass spectrum was quite messy, and we could not
figure out any peaks that match well with their theoretical
isotopic patterns.
Crystal Structure of [(Tp*WS2)2(μ-S2)] (2). Crystallized in

the monoclinic space group P21/c, the asymmetric unit of
2 3 2CH2Cl2 contains one discrete [(Tp*WS2)2(μ-S2)] molecule
and two CH2Cl2 solvent molecules. 2 contains two [Tp*WS2]

þ

fragments bridged by a μ-S2
2� anion to form a unique dimeric

structure (Figure 2). Each W center was assumed to be a þ6
oxidation state and adopts a distorted octahedral coordination
geometry, coordinated by three N atoms from a Tp* ligand, two
terminal S atoms, and one S atom from μ-S2. The mean terminal
WdSbond length (2.151(2) Å) (Supporting Information, Table S1)
is somewhat shorter than that of 1 (2.194(2) Å)15a while
the average W�μ-S bond length (2.392(2) Å) is shorter than
that of [(Fulvalene)W2(μ-S2)(CO)6] (2.492(5) Å, Fulvalene =
bicyclopentadienylidene).17 The S3�S4 bond length of 2
(2.046(3) Å) is shorter than those of the corresponding ones
of complexes containing a μ-S2

2� bridge such as [(Fulvalene)W2

(μ-S2)(CO)6] (2.065(6) Å) and [Et4N]2{W2O2(μ2-S)(S2)4}0.77
{W2O2(μ2-S2)(S2)4}0.23 (2.10(5) Å).

18

Crystal Structure of [{Tp*W(μ3-S)3Cu3(μ-Cl)}2Cu(μ-Cl)2-
(μ7-Cl)(MeCN)] (3). Compound 3 3CH2Cl2 crystallizes in the
orthorhombic space group Pnma, and its asymmetric unit contains
half a [{Tp*W(μ3-S)3Cu3(μ-Cl)}2Cu(μ-Cl)2(μ7-Cl)(MeCN)]
molecule and one CH2Cl2 solvent molecule. 3 consists of two
incomplete cubanelike [Tp*W(μ3-S)3Cu3] fragments that are con-
nected via a μ7-Cl bridge, two μ-Cl bridges, and a [Cu(MeCN)

Figure 1. Electronic spectra of 2 (2.7� 10�5 M), 3 (3.5� 10�5 M), 4
(7.3 � 10�5 M), 5 (3.0 � 10�5 M), 6 (3.8 � 10�5 M), and 7 (6.4 �
10�5 M) in MeCN/CH2Cl2 in a 1 cm thick glass cell.

Figure 2. View of the molecular structure of 2 with a labeling scheme.
All hydrogen atoms are omitted for clarity. Selected bond lengths (Å):
W(1)�S(1) 2.151(2), W(1)�S(2) 2.162(3), W(1)�S(3) 2.391(2),
W(2)�S(4) 2.393(2), W(2)�S(5) 2.146(2), W(2)�S(6) 2.145(2),
S(3)�S(4) 2.046(3).
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(μ-Cl)2] bridge, forming an uncommon double cubanelike structure
(Figure 3). Occurrence of such a combination of three different
bridges to link two incomplete cubanelike fragments is unprecedented
in the chemistry of [MS4]

2� and [(η5-C5Me5)MS3]
� (M=Mo,W).

There is one crystallographic mirror plane going through Cl1, Cl2,
Cl3, Cu4, N7, C16, and C17. The Cu1, Cu2, Cu3 and their
symmetry-related ones are tetrahedrally coordinated by a μ-Cl atom,
a μ7-Cl atom, and two μ3-S atoms while Cu4 is tetrahedrally
coordinated by a μ7-Cl atom, two μ-Cl atoms, and one N atom from
one MeCNmolecule. The average W 3 3 3Cu contact (2.6618(9) Å)
of 3 (Supporting Information, Table S1) is shorter than those in
W/Cu/S clusters containing tetrahedrally coordinated Cu such
as [Tp*W(μ3-S)3Cu3(μ-NCS)3(CuMeCN)]2 (2.7193(16) Å),14e

[(η5-C5Me5)WS3Cu]4 (2.751(3) Å),13b and [WS4Cu4(dppm)4]
(PF6)2 (2.760(1) Å).

13a The mean Cu�μ7-Cl length (2.7112(16)
Å) is quite long, and existence of aμ7-Cl bridge is quite rare in copper-
containing compounds. The Cu�μ-Cl bond length (2.2489(16) Å)
in 3 is shorter than those found in [(η5-C5Me5)2Mo2(μ3-S)3SCu2
Cl(μ-Cl)]2 (2.3821(13) Å)7c and [PPh4]2[(η

5-C5Me5)WS3-
(CuCl)3]2 (2.461(7) Å).

8a The mean W�μ3-S and Cu�μ3-S bond
lengths are normal.
Crystal Structure of [{Tp*W(μ3-S)3Cu3}2Br(μ-Br)2(μ4-Br)-

(MeCN)] (4). 4 3CH2Cl2 3 2CHCl3 crystallizes in the triclinic
space group P1, and its asymmetric unit consists of one discrete
[{Tp*W(μ3-S)3Cu3}2Br(μ-Br)2(μ4-Br)(MeCN)] molecule,

one CH2Cl2 solvent molecule, and two CHCl3 solvent
molecules. The double cubanelike structure of 4 may be con-
sidered as being built of two incomplete cubanelike fragments,
[Tp*W(μ3-S)3Cu3(MeCN)] and [Tp*W(μ3-S)3Cu3Br], which
are linked via a μ4-Br and two μ-Br bridges (Figure 4). Cu2, Cu3,
Cu5, and Cu6 centers are tetrahedrally coordinated by a μ-Br
atom, a μ4-Br atom, and two μ3-S atoms while Cu1 or Cu4 is
trigonally coordinated by two μ3-S atoms and one N atom from
MeCN or by one terminal Br and two μ3-S atoms. The μ4-Br
adopts a rare square pyramidal coordination geometry. For
the trigonally coordinated Cu, the average W 3 3 3Cu contact
(2.6571(15) Å) (Supporting Information, Table S1) is slightly
longer than that found in the clusters having three-coordinated
Cu such as [Et4N][Tp*W(μ3-S)3(CuCl)3] (2.6404(18) Å).

14e

For the tetrahedrally coordinated Cu, the average W 3 3 3Cu
contact (2.6766(15) Å) is close to that of 3. The mean
Cu�μ4-Br3 length (2.8273(18) Å) in 4 is longer than that of
the corresponding one of [Cu2(OH)2(C10H8N2)2][Cu4Br6]
(2.5774(9) Å).19a The Cu�μ-Br bond length (2.3706(17) Å)
is shorter than that in [PPh4]2[{(η

5-C5Me5)WS3}2Cu6Br6]
(2.616(1) Å).6b The mean W�μ3-S and Cu�μ3-S bond lengths
are normal.
Crystal Structure of [{Tp*W(μ3-S)3Cu3}2{Cu2(μ-I)4(μ3-I)2}]

(5). Crystallized in the triclinic space group P1, the asymmetric
unit of 5 contains half a [{Tp*W(μ3-S)3Cu3}2{Cu2(μ-I)4(μ3-
I)2}] molecule. In 5, two incomplete cubanelike [Tp*W(μ3-
S)3Cu3] fragments are linked via a [Cu2(μ-I)4(μ3-I)2] species to
afford an unprecedented double incomplete cubanelike structure
with a symmetry center located at themidpoint of Cu4 andCu4A
(Figure 5). Alternatively, this double cubanelike structure may be
constructed by placing a [Cu2(μ3-I)2] rhomb in-between two
incomplete cubanelike [Tp*W(μ3-S)3Cu3(μ-I)2] fragments fol-
lowed by forming a pair of Cu�μ3-I bonds and two pairs of
Cu�μ-I bonds. Each Cu atom in two [Tp*W(μ3-S)3Cu3]
fragments is trigonally coordinated by two μ3-S atoms and one
μ-I atom (Cu1 and Cu3) or one μ3-I atom (Cu2). In the [Cu2(μ-
I)4(μ3-I)2] species, each Cu atom is tetrahedrally coordinated by
two μ-I atoms and two μ3-I atoms. The mean W 3 3 3Cu separa-
tion (2.645(3) Å) (Supporting Information, Table S1) is some-
what shorter than those of the corresponding ones of clusters
containing trigonally coordinated Cu such as 4 and
[PPh4]2[[(η

5-C5Me5)WS3Cu3Cl3]2 (2.654(3) Å).8a For the
trigonally coordinated Cu, the average Cu�μ-I and Cu�μ3-I
bond lengths (2.470(3) Å vs 2.460(3) Å) are shorter than those
of the corresponding ones of [{((η5-C5Me5)Mo)2As2S3}3-
(CuI)7] (2.587(2) Å vs 2.677(2) Å).19b For the tetrahedrally
coordinated Cu, the average Cu�μ-I and Cu�μ3-I bond lengths
(2.795(5) Å vs 2.938(5) Å) are longer than those in
[Cs2(18c6)3][Cu8I10(MeCN)2] (2.579(2) Å vs 2.705(2) Å,
18c6 = 18-crown-6).19c The mean W�μ3-S and Cu�μ3-S bond
lengths are normal.
It is noted that the structure of 5 is totally different from those

of 3 and 4. Such a difference may be due to the different atomic
radii of Cl, Br, and I. The atom radius of Br is larger than that of Cl
and existence of a μ7-Br bridge in the analogous structure of 3
would make the framework too crowed be unstable. Thus such a
bromide adopts a relatively low coordination number, that is, a
μ4-Br bridge in 4. In the case of 5, the atomic radius of I is much
larger than those of Cl and Br atoms, neither a μ7-I nor a μ4-I
bridge could afford similar structures to 3 and 4. The iodide
atoms in 5 take lower coordination numbers, that is, μ3-I and μ-I
bridges.

Figure 3. View of the molecular structure of 3 with a labeling scheme.
All hydrogen atoms are omitted for clarity. Symmetry code: A:� x, 1�
y,� z. Selected bond lengths (Å): W 3 3 3Cu(av.) 2.6618(9), Cu�μ7-Cl
(av.) 2.7112(16) Å, Cu�μ-Cl (av.) 2.2489(16) Å, W�μ3-S(av.)
2.3095(16), Cu�μ3-S(av.) 2.2283(16).

Figure 4. View of the molecular structure of 4 with a labeling scheme.
All hydrogen atoms are omitted for clarity. Selected bond lengths (Å):
W 3 3 3Cu(av.) 2.6766(15) Å, Cu�μ4-Br3 2.8273(18) Å, Cu�μ-Br(av.)
2.3706(17) Å, Cu�Br4 2.3159(17), W�μ3-S(av.) 2.302, Cu�μ3-S(av.)
2.233(2), Cu1�N1 1.918(9).
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Crystal Structures of [Et4N][{Tp*W(μ3-S)3Cu3Cl}2(μ-Cl)2-
(μ4-Cl)] (6) and [Et4N][{Tp*W(μ3-S)3Cu3Br}2(μ-Br)2(μ4-Br)]
(7). Crystallized in the same orthorhombic space group Pbcn,
the asymmetric unit for 6 3 Et2O or 7 3 1.5Et2O contains one-half
of the [{Tp*W(μ3-S)3Cu3Cl}2(μ-X)2(μ4-X)]

� (X = Cl, Br)
anion, half a Et4N

þ cation, and half a Et2O solvent molecule
(6) or one-half and a quarter of Et2O solvent molecules (7).
Their cell parameters are essentially identical, as the structures of
the anion cluster. Therefore only the perspective view of the
[{Tp*W(μ3-S)3Cu3Cl}2(μ-Cl)2(μ4-Cl)]

� anion of 6 is shown in
Figure 6. In the anion of 6 or 7, two incomplete cubanelike
[Tp*W(μ3-S)3Cu3X] fragments are connected by a μ4-X and
two μ-X bridges (X = Cl, Br), forming a unique anionic double
incomplete cubanelike structure, which closely resemble that of
4. In each incomplete cubanelike [Tp*W(μ3-S)3Cu3X] frag-
ment, one Cu atom is trigonally coordinated by one terminal X
and two μ3-S atoms while two Cu centers are tetrahedrally
coordinated by a μ-X atom, a μ4-X atom, and two μ3-S atoms.
The μ4-X also has a similar square pyramidal coordination sphere
to that of 4.
As indicated in the Supporting Information, Table S1, for the

trigonally coordinated Cu, the averageW 3 3 3Cu contact in either
6 or 7 is longer than that of the corresponding one of 4. For the
tetrahedrally coordinated Cu, the average W 3 3 3Cu contact
(2.6592(9) Å) in 6 is shorter than those of the corresponding
ones of 4 and 7 (2.6735(11) Å). The average Cu�μ-Cl bond
length of 6 (2.2470(16) Å) is almost the same as that of 3. The
mean Cu�μ4-Cl3 length (2.6945(15) Å) in 6 is longer than that
in [Cu6(dppm)2(μ4-Cl){S2P(O

iPr)2}4](BF4) (2.6239(18)
Å).19d For 7, the mean terminal Cu�Br and Cu�μ-Br bond

lengths (2.3123(14) Å vs 2.3775(12) Å) are comparable to those
of the corresponding ones of 4. The mean Cu�μ4-Br length
(2.8070(13) Å) of 7 is slightly shorter than that of 4. The mean
W�μ3-S and Cu�μ3-S bond lengths in 6 and 7 are normal.
Third-Order Nonlinear Optical (NLO) Properties of 2�7.

As indicated in Figure 1, the UV�vis spectra of 2�7 in CH2Cl2/
MeCN showed almost no linear absorption at 750�800 nm. The
laser wavelength (800 nm) employed in the experiment of
DFWM was out of the absorption region, which guaranteed
low intensity loss and little temperature change by photon
absorption during the NLO measurements.20a,b Thus the off-
resonant third-order optical nonlinearities of 2�7 could be
measured. The nonlinear absorption performances of 2�7 in
CH2Cl2/MeCN were evaluated by the DFWM technique under
an open-aperture configuration. The dependence of time-re-
solved DFWM signal intensity on the delay time of the input
beam is shown in Figure 7 and Supporting Information, Figures
S8�S11. The curves were obtained via fitting the time convolu-
tion between the autocorrelation function of pulse and the single
exponent decline function exp (t/�T2).
The third-order nonlinear optical susceptibility χ(3) is

measured via a comparison with that of a reference sample
CS2, calculated from the DFWM signal (I), the linear refractive
index (n), the sample thickness (L), and absorption correc-
tion factor using eq 1:20b

χs
ð3Þ ¼ Is

Ir

� �1=2
3
Lr
Ls 3

ns
nr

� �2
3
R 3 L 3 expðRL=2Þ
1� expð � RLÞ 3 χ

ð3Þ
r ð1Þ

where the subscripts “s” and “r” represent the parameters for
the sample and CS2. And R is the linear absorption coefficient.
The last fraction comes from the sample absorption and
equals to 1 while the sample has no absorption around the
employed laser wavelength. The values of χr

(3) and nr for CS2
are 6.7 � 10�14 esu and 1.632, respectively.21 The third-
order nonlinear optical susceptibility χ(3) for 2�7 are calcu-
lated by eq 1 to be 2.47� 10�14 esu (2), 3.07� 10�14 esu (3),
2.59� 10�14 esu (4), 2.73 � 10�14 esu (5), 2.72 � 10�14 esu
(6), and 2.94 � 10�14 esu (7), respectively. These results
showed that 2�7 possess relatively good third-order optical
nonlinearities.
The third-order nonlinear refractive index n2 in isotropic

media is estimated through eq 2:20c

n2ðesuÞ ¼ 12πχð3Þ

n2
ð2Þ

where n is the linear refractive index of the solution. The
nonlinear refractive index n2 values are 4.57 � 10�13 esu (2),

Figure 5. Viewof themolecular structure of 5with a labeling scheme. All hydrogen atoms are omitted for clarity. Symmetry code: A:� x,� yþ 2,� zþ 1.
Selected bond lengths (Å): W 3 3 3Cu(av.) 2.645(3) Å, W�μ3-S(av.) 2.316(5), Cu�μ3-S(av.) 2.214(6). For the trigonally coordinated Cu, Cu�
μ-I(av.) 2.470(3), Cu�μ3-I(av.) 2.460(3). For the tetrahedrally coordinated Cu, Cu�μ-I(av.) 2.795(5), Cu�μ3-I(av.) 2.938(5).

Figure 6. Perspective view of the anion structure of 6 with a labeling
scheme. All hydrogen atoms are omitted for clarity. Symmetry code: A: 1
� x, � y, � z. Selected bond lengths (Å): W 3 3 3Cu(av.) 2.6592(9) Å,
Cu1�Cl1 2.1719(18), Cu�μ-Cl(av.) 2.2470(16) Å, Cu�μ4-Cl3(av.)
2.6945(15) Å, W�μ3-S(av.) 2.3049(15), Cu�μ3-S(av.) 2.2291(17).
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5.68 � 10�13 esu (3), 4.80 � 10�13 esu (4), 5.05 � 10�13 esu
(5), 5.04� 10�13 esu (6), and 5.44� 10�13 esu (7), respectively.
The second-order hyperpolarizability γ of a molecule in

isotropic media is related to the solution χ(3) by eq 3:20d

γ ¼ χð3Þ

Nf 4
ð3Þ

whereN is the number density of the solute per milliliter, and f4 is
the local field correction factor which is [(n2 þ 2)/3]4 (n is the
linear refractive index of solution). The second-order hyperpo-
larizability γ values are 1.25 � 10�31 esu (2), 3.12 � 10�31 esu
(3), 2.63 � 10�31 esu (4), 2.77 � 10�31 esu (5), 2.76 � 10�31

esu (6), and 2.98 � 10�31 esu (7), respectively. According to
eq 3, N represents the number density (concentration) of a
compound, and the hyperpolarizability γ value can be used to
represent NLO properties of neat materials. It is interesting to
compare these new complexes with some other types of com-
plexes including organometallic compounds, semiconductors,
and the conjugated polymers previously reported as the promis-
ing candidates for NLO materials. When compared with the
nanosecond and picosecond measurement values, femtosecond
values are roughly 2�3 orders of magnitude lower.21 The γ
values of 3�7 are comparable to those found in the well-known
conjugated polymers such as Cz-PFE (6.5 � 10�31 esu),22a

PDEB (9.8 � 10�31 esu),22b and TPD-PFE (2.4 � 10�31),22c

substituted benzoporphyrin zinc complexes (1.8 � 10�30 esu),22d

and other M/Cu/S clusters derived from other sulfide synthons
[MS4]

2�, [MOS3]
2�, and [(η5-C5Me5)MS3]

� (M=Mo,W), such
as [MoS4Cu4(R-MePy)5Br2] 3 2(R-MePy)0.5 (1.06� 10�30 esu),14c

[(Et4N)2{WS4Cu4(CN)4}]n (1.26� 10�29 esu),23a [(n-Bu)4N]2-
[MoOS3(CuNCS)3] (4.8� 10�29 esu),14b [WOS3Cu3(4-MePy)6]-
(BF4) (4.43 � 10�31 esu),23b [WOS3Cu2(4-tBuPy)2]2 (4.8 �
10�30 esu),23c {[((η5-C5Me5)MoS3Cu3)2(μ-bpp)3(μ-NCS)2-
(NCS)](NCS)}n (bpp = 1,3-bis(4-pyridyl)propane, 3.86 �
10�29 esu),14d and [PPh4][(η

5-C5Me5)MoS3(CuNCS)3] 3DMF
(3.09 � 10�29 esu).14d However, their values are better than
those found in C60 (7.5 � 10�34 esu) and C70 (1.3 � 10�33

esu),24a,b organometallic compounds such as group 10 metal
alkynyl polymers (8.6 � 10�34 esu)24c and ferrocene (1.6 �
10�35 esu),24d and the films of TiOPc (Pc = phthalocyanine)
complexes before and after annealing (1.04 � 10�33∼5.35 �
10�34 esu).24e,f It is noted that when 1 was oxidized into 2, the γ
value of 2 is 11.7 times larger than that of 1 (1.07 � 10�32

esu),14e implying that existence of two [Tp*WS3] units in 2

greatly enhances its NLO performance. The γ values of 3�7 are
2.10�2.49 times larger than that of their precursor 2. Such an
enhancement may be ascribed to be the incorporation of three or
more Cu(I) atoms into each [Tp*WS3] core of 2. The γ values of
3�7 are 5.7�8.7 times larger than those of the [Tp*W(μ3-S)3-
Cu3]-based single cubanelike clusters such as [Et4N]2[Tp*W-
(μ3-S)3(CuNCS)3(μ3-Br)] (3.6 � 10�32 esu) and{[Et4N]-
[Tp*W(μ3-S)3(Cu-μ-SCN)3(Cu-μ3-NCS)]}n (4.6 � 10�32

esu), whichmay be due to existence of two [Tp*WS3Cu3] cluster
cores in 3�7. In addition, the γ values of 3�7 are 4.8�5.7 times
larger than that of the thiocyanate-bridged double cubanelikeW/
Cu/S cluster [Tp*W(μ3-S)3Cu3(μ-NCS)3(CuMeCN)]2 (5.46 �
10�32 esu).14e Such a difference may be ascribed to their different
double cubanelike frameworks and also their peripheral groups
in 3�7.

’CONCLUSIONS

In the work reported here, we have prepared a new W/S
precursor [(Tp*WS2)2(μ-S2)] (2) by a redox reaction of 1 with
AgSCN inMeCN. Reactions of 2with excess CuX (X = Cl, Br, I)
generated three neutral double cubanelike clusters 3�5 while
those of 2 with CuX (X = Cl, Br) in the presence of Et4NX (X =
Cl, Br) generated two anionic double cubanelike clusters 6 and 7,
respectively. Compounds 3�7 display four types of unprece-
dented halide-bridged W/Cu/S double cubanelike structures.
Two [Tp*W(μ3-S)3Cu3] cluster cores in 3 are connected via a
μ7-Cl bridge, two μ-Cl bridges, and a [Cu(MeCN)(μ-Cl)2]
bridge. 4 contains one [Tp*W(μ3-S)3Cu3(MeCN)]2þ core
and one [Tp*W(μ3-S)3Cu3Br] core connected by a μ4-Br and
two μ-Br bridges. 5 consists of two [Tp*W(μ3-S)3Cu3] cores
linked by a linear [(μ-I)2Cu(μ3-I)2Cu(μ-I)2] species. 6 or 7
possesses two [Tp*W(μ3-S)3Cu3X] cluster cores linked by a μ4-
X� and two μ-X� bridges (X = Cl, Br). The methodology
reported here may provide an interesting route to metal sulfide
clusters with double cubanelike structures. According to the
results of the ESI mass spectra of 3�7, these clusters might not
be stable in solution and could not maintain their halide-bridged
double cubanelike frameworks intact. Their halide bridges and
CuX units were cleaved and their frameworks were broken into
small cluster fragments under the mass conditions. In the cases of
4 and 5, we could observe that some amount of clusters may still
keep their main structure by losing several halide bridges and
CuX units. The third-order NLO performance of 2 was greatly
enhanced when CuX units were introduced to add onto the

Figure 7. DFWM signal for the CH2Cl2/MeCN solutions of 5.0� 10�5 M for 2 (a) and 5.0� 10�5 M for 3 (b) with 80 fs laser pulses and 1.5 mm cell.
The black solid squares are experimental data, and the red solid curve is the theoretical fit.
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[Tp*WS3] units of 2 to form 3�7. Compounds 3�7 showed
good third-order NLO performances in solution. All these results
demonstrate that 2 would be an excellent structural and NLO
precursor for W/Cu/S cluster-based arrays. We are currently
extending this work by studies on the formation of novelW/M/S
double cubanelike clusters from reactions of 2 with copper(I),
silver(I), and iron(II)/iron(III) salts.

’EXPERIMENTAL SECTION

General Procedure. All manipulations were performed under an
argon atmosphere using standard Schlenk-line techniques. Compound 1
was prepared according to the literature method.15 All the solvents were
predried over activated molecular sieves and refluxed over the appro-
priate drying agents under argon. Other chemicals and reagents were
obtained from commercial sources and used as received. IR spectra were
recorded on a Varian 1000 FT-IR spectrometer as KBr disks
(4000�400 cm�1). UV�vis spectra were measured on a Varian 50
UV�visible spectrophotometer. Elemental analyses for C, H, and N
were performed on a Carlo-Erba CHNO-S microanalyzer. 1H NMR
spectra were recorded at ambient temperature on a Varian UNITYplus-
400 spectrometer. The 1H NMR chemical shifts were referenced to
TMS in CDCl3 or to the deuterated dimethyl sulfoxide (DMSO-d6)
signal. ESI mass spectra were performed on a DECAX-30000 LCQDeca
XP mass spectrometer using DMF as mobile phase.
Synthesis of [(Tp*WS2)2(μ-S2)] (2). To a solution of 1 (500 mg,

0.7mmol) in 15mL ofMeCNwas added AgSCN (230mg, 1.4mmol). A
large amount of black precipitate was developed within minutes, and the
solution turned brown. After the mixture was stirred for 20 h at room
temperature, the resulting solid was filtered and recrystallized in CH2Cl2
and filtered again. Diethyl ether was layered onto the filtrate to form dark
green crystals of 2 3 2CH2Cl2, which were collected, washed by Et2O, and
dried in vacuo to give pure 2. Yield: 200 mg (49% based on W). Anal.
Calcd. for C30H44B2N12S6W2: C, 31.21; H, 3.84; N, 14.56. Found: C,
31.49; H, 3.62; N, 14.37. IR (KBr disk): 2556 (w), 1543 (s), 1446 (m),
488 (m), 473 (s) cm�1. UV�vis (MeCN/CH2Cl2, λmax(nm (ε
M�1 cm�1))): 259 (39600). 1H NMR (400 MHz, CDCl3): δ 2.29 (s,
18H, CH3 in Tp*), 2.80 (s, 18H, CH3 in Tp*), 6.05 (s, 6H, CH in Tp*),
the B�H proton was not located.
Synthesis of [{Tp*W(μ3-S)3Cu3(μ-Cl)}2Cu(μ-Cl)2(μ7-Cl)-

(MeCN)] (3). To a dark green solution of 2 (23 mg, 0.02 mmol) in
CH2Cl2 (1 mL) and CHCl3 (1 mL) was added CuCl (9 mg, 0.09 mmol)
in MeCN (1 mL). The resulting mixture was stirred at room tempera-
ture for 30 min and filtered. Et2O (15 mL) was slowly layered onto the
purple red filtrate to afford black blocks of 3 3CH2Cl2 four days later,
which were collected by filtration, washed thoroughly with Et2O, and
dried in vacuo to give pure 3. Yield: 33 mg (90% based on W). Anal.
Calcd. for C32H47B2Cl5Cu7N13S6W2: C, 21.15; H, 2.61; N, 10.02.
Found: C, 21.32; H, 2.79; N, 9.96. IR (KBr disk, cm�1): 2565 (w),
1548 (s), 1449 (s), 480 (w), 405 (w) cm�1. UV�vis (MeCN/CH2Cl2,
λmax (nm (εM�1 cm�1))): 325 (33900). 1HNMR (400MHz, CDCl3):
δ 2.09 (s, 3H, CH3 in MeCN), δ 2.35 (s, 18H, CH3 in Tp*), 2.87 (s,
18H, CH3 in Tp*), 5.99 (s, 6H, CH in Tp*), the B�H proton was not
located.
Synthesis of [{Tp*W(μ3-S)3Cu3}2Br(μ-Br)2(μ4-Br)(MeCN)]

(4). Compound 4was prepared in a manner similar to that described for
3, by using 2 (23 mg, 0.02 mmol) in CH2Cl2 (1 mL) and CHCl3 (1 mL)
and CuBr (12 mg, 0.08 mmol) in MeCN (1 mL) as starting materials.
Black block crystals of 4 3CH2Cl2 3 2CHCl3 were collected, washed
thoroughly with Et2O, and dried in vacuo to give pure 4. Yield: 32 mg
(85% based on W). Anal. Calcd. for C32H47B2Br4Cu6N13S6W2: C,
20.27; H, 2.45; N, 9.60. Found: C, 20.59; H, 2.48; N, 9.32. IR (KBr
disk, cm�1): 2564 (w), 1547 (s), 1447 (s), 479 (w), 406 (w). UV�vis
(MeCN/CH2Cl2, λmax (nm (ε M�1 cm�1))): 326 (16100). 1H NMR

(400MHz, CDCl3): δ 2.11 (s, 3H, CH3 inMeCN), 2.39 (s, 18H, CH3 in
Tp*), 2.86 (s, 18H, CH3 in Tp*), 6.14 (s, 6H, CH in Tp*), the B�H
proton was not located.
Synthesis of [{Tp*W(μ3-S)3Cu3}2{Cu2(μ-I)4(μ3-I)2}] (5).

Compound 5 was prepared in a manner similar to that described for
3, by using 2 (23 mg, 0.02 mmol) in CH2Cl2 (1 mL) and CHCl3 (1 mL)
and CuI (19 mg, 0.10 mmol) in MeCN (1 mL) as starting materials.
Black block crystals of 5 were collected, washed thoroughly with Et2O,
and dried in vacuo to give pure 5. Yield: 41 mg (84% based onW). Anal.
Calcd. for C30H44B2I6Cu8N12S6W2: C, 14.86; H, 1.83; N, 6.93. Found:
C, 14.95; H, 1.62; N, 6.79. IR (KBr disk, cm�1): 2563 (w), 1549 (s),
1447 (s), 475 (w), 416 (w). UV�vis (MeCN/CH2Cl2, λmax (nm (ε
M�1 cm�1))): 326 (38300). 1H NMR (400 MHz, CDCl3): δ 2.11 2.26
(s, 18H, CH3 in Tp*), 2.79 (s, 18H, CH3 in Tp*), 6.11 (s, 6H, CH in
Tp*), the B�H proton was not located.
Synthesis of [Et4N][{Tp*W(μ3-S)3Cu3Cl}2(μ-Cl)2(μ4-Cl)] (6).

To a dark green solution of 2 (23mg, 0.02mmol) in CH2Cl2 (2mL) was
added CuCl (9 mg, 0.09 mmol) in MeCN (1 mL) in the presence of
Et4NCl (6mg, 0.04mmol). After being stirred at room temperature for 5
h, the resulting purple solution was filtered. Et2O (15 mL) was carefully
layered onto the filtrate to form black crystals of 6 3 Et2O in four days,
which were collected by filtration, washed thoroughly with Et2O, and
dried in vacuo. Yield: 23 mg (63% based on W). Anal. Calcd. for
C38H64B2Cl5Cu6N12S6W2: C, 24.95; H, 3.53; N, 9.19. Found: C, 24.68;
H, 3.47; N, 9.33. IR (KBr disk, cm�1): 2564 (w), 1548 (s), 1449 (s), 469
(w), 426 (w) cm�1. UV�vis (MeCN/CH2Cl2, λmax (nm (ε
M�1 cm�1))): 326 (29500). 1H NMR (400 MHz, CDCl3): δ
1.12�1.16 (t, 12H, CH2CH3), 2.38 (s, 18H, CH3 in Tp*), 2.86 (s,
18H, CH3 in Tp*), 3.20�3.29 (q, 8H, CH2CH3), 6.09 (s, 6H, CH in
Tp*), the B�H proton was not located.
Synthesis of [Et4N][{Tp*W(μ3-S)3Cu3Br}2(μ-Br)2(μ4-Br)]

(7). Compound 7 was prepared in a manner similar to that described
for 6, by using 2 (23 mg, 0.02 mmol) in CH2Cl2 (2 mL), CuBr (12 mg,
0.08 mmol) inMeCN (1mL) and Et4NBr (8 mg, 0.04mmol) as starting
materials. Black crystals of 7 3 1.5Et2O were collected, washed thor-
oughly with Et2O, and dried in vacuo. Yield: 27 mg (66% based on W).
Anal. Calcd. for C38H64B2Br5Cu6N12S6W2: C, 22.25; H, 3.14; N, 8.19.
Found: C, 22.59; H, 3.48; N, 8.32. IR (KBr disk, cm�1): 2558 (w), 1543
(s), 1448 (s), 468 (w), 418 (w) cm�1. UV�vis (MeCN, λmax (nm (ε
M�1 cm�1))): 327 (21600). 1H NMR (400 MHz, CDCl3): δ
1.15�1.19 (t, 12H, CH2CH3), 2.36 (s, 18H, CH3 in Tp*), 2.84 (s,
18H, CH3 in Tp*), 3.14�3.21 (q, 8H, CH2CH3), 6.13 (s, 6H, CH in
Tp*), the B�H proton was not located.
X-ray Structure Determination. Single crystals of 2 3 2CH2Cl2,

3 3CH2Cl2, 4 3CH2Cl2 3 2CHCl3, 5, 6 3 Et2O, and 7 3 1.5Et2O were ob-
tained directly from the above preparations. All measurements were
made on a Rigaku Mercury CCD X-ray diffractometer by using graphite
monochromatedMoKR (λ = 0.71073 nm). Each crystal wasmounted at
the top of a glass fiber and cooled at 193 K in a stream of gaseous
nitrogen. Cell parameters were refined by using the program Crystal-
Clear (Rigaku and MSc, version 1.3, 2001) on all observed reflections.
The collected data were reduced by using the programCrystalClear. The
reflection data were also corrected for Lorentz and polarization effects.

The crystal structures of 2 3 2CH2Cl2, 3 3CH2Cl2, 4 3CH2Cl2 3 2
CHCl3, 5, 6 3 Et2O, and 7 3 1.5Et2O were solved by direct methods and
refined on F2 by full-matrix least-squares techniques with SHELXTL-97
program.25 For 2 3 2CH2Cl2, one CH2Cl2 solvent molecule was found to
be disordered over two sites with 0.64/0.36 occupancy for Cl3�Cl4/
Cl3A�Cl4A. For 4 3CH2Cl2 3 2CHCl3, one CHCl3 solvent molecule
was split into three positions with an occupancy factor of 0.4/0.3/0.3 for
Cl1�Cl3/Cl1A�Cl3A/Cl1B�Cl3B. For 5, the single crystals we used
always showed weak diffraction, especially at high angles, which made
the final R value relatively high. For 6 3 Et2O and 7 3 1.5Et2O, each ethyl
group of the Et4N

þ cation was split into two sites, which were
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centrosymmetric with respect to N7, with equal occupancy for
C16�C23/C16A�C23A (symmetry code for 6: A: � x þ 1/2, � y þ
3/2, zþ 3/2; symmetry code for 7: A:� xþ 3/2,� yþ 1/2, zþ 3/2).
In the case of 6 3Et2O and 7 3 1.5Et2O, when crystals were taken out of their
mother liquor, rapid evaporation of the Et2O solvent molecules in the
crystals were observed, which left a relatively large solvent accessible void
(638 Å3 for 6 and 407 Å3 for 7). For 2 3 2CH2Cl2, 3 3CH2Cl2, 4 3CH2Cl2 3
2CHCl3, 5, 6 3Et2O, and 7 3 1.5Et2O, all non-hydrogen atoms, except for
those of theCHCl3molecule in 4 3CH2Cl2 3 2CHCl3, one Et2Omolecule in
6 3Et2O, and one Et2Omolecule in 7 3 1.5Et2O, were refined anisotropically.
Each hydrogen atom at the B atom of 4 3CH2Cl2 3 2CHCl3, 6 3Et2O, and
7 3 1.5Et2O were located from Fourier maps. The hydrogen atom at C33 of
the CHCl3 molecule in 4 was not located. Other hydrogen atoms were
placed in geometrically idealized positions (C�H= 0.98 Å, withUiso(H) =
1.5Ueq(C) for methyl groups; C�H = 0.99 Å, with Uiso(H) = 1.2Ueq(C)
for methylene groups; C�H = 0.95 Å, with Uiso(H) = 1.2Ueq(C) for
aromatic rings) and constrained to ride on their parent atoms.A summary of
the key crystallographic information for 2 3 2CH2Cl2, 3 3CH2Cl2,
4 3CH2Cl2 3 2CHCl3, 5, 6 3Et2O, and 7 3 1.5Et2O is listed in Table 1.
Third-Order Nonlinear Optical (NLO) Measurements of

2�7. The solutions of 2�7 (5.0 � 10�5 M) in CH2Cl2/MeCN were
placed in a 1.5 mm quartz cuvette for the third-order NLO measure-
ments. These six compounds were stable toward air and laser light under
experimental conditions. As a reference, the optical nonlinearity of the
standard sample CS2 was also observed. The third-order NLO proper-
ties were measured using femtosecond DFWM technique with a Ti:
Sapphire laser (Spectra-physics Spitfire Amplifier). The pulse width was
determined to be 80 fs on a SSA25 autocorrelator. The operating
wavelength was centered at 800 nm. The repetition rate of the pulses was

1 kHz. During the measurement the laser was very stable (rms <0.1%).
The input beam was split into two beams k1 and k2 with nearly equal
energy by use of a beam splitter (BS) and then focused on a plot of the
sample. The beam k2 passed through a delay line derived by a stepping
motor in order that the optical path length difference between the k2 and
k1 beams could be adjusted during the measurement. The angle between
the beams k1 and k2 were about 5�. When k1 and k2 were overlapped
spatially in the sample, the generated signal beam k3 passed through an
aperture, recorded by a photodiode and then analyzed by a lock-in
amplifier and computer.
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Table 1. Crystallographic Data for 2 3 2CH2Cl2, 3 3CH2Cl2, 4 3CH2Cl2 3 2CHCl3, 5, 6 3Et2O, and 7 3 1.5Et2O

2 3 2CH2Cl2 3 3CH2Cl2 4 3CH2Cl2 3 2CHCl3 5 6 3Et2O 7 3 1.5Et2O

chemical formula C32H48B2Cl4
N12S6W2

C33H49B2Cl7Cu7
N13S6W2

C35H51B2Cl8Br4Cu6
N13S6W2

C30H44B2Cu8I6
N12S6W2

C42H74B2Cl5Cu6
N13OS6W2

C44H79B2Br5Cu6
N13O1.5S6W2

fw 1496.32 753.18 848.25 2424.29 1917.31 2176.67

cryst. syst. monoclinic orthorhombic triclinic triclinic orthorhombic orthorhombic

space group P21/c Pnma P1 P1 Pnma Pnma

a (Å) 20.297(4) 25.093(5) 11.557(2) 10.737(2) 21.152(4) 21.702(4)

b (Å) 14.392(3) 23.399(5) 13.558(3) 11.346(2) 24.156(5) 24.328(5)

c (Å) 16.935(3) 9.798(2) 22.986(5) 13.669(3) 15.478(3) 15.580(3)

R (deg) 94.37(3) 65.96(3)

β (deg) 107.63(3) 103.90(3) 69.89(3)

γ (deg) 111.54(3) 79.80(3)

V (Å3) 4714.5(16) 5753(2) 3197.7(15) 1426.7(6) 7909(3) 8226(3)

Z 2 4 2 1 4 4

T/K 223(2) 223(2) 223(2) 223(2) 223(2) 223(2)

Dcalcd (g cm
�3) 1.866 2.197 2.305 2.821 1.610 1.758

λ(Mo KR) (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073

μ (cm�1) 54.09 70.98 86.06 104.31 48.40 69.22

2θmax (deg) 55.0 55.0 50.0 50.0 55.0 50.0

no. of reflns collected 26819 31544 26675 10230 40418 29006

no. of unique reflns 10701 (Rint = 0.0595) 6751 (Rint = 0.0477) 11172 (Rint = 0.0668) 4801 (Rint = 0.0954) 8981 (Rint = 0.0355) 7196 (Rint = 0.0450)

no. of obsd. reflns 8088 (I > 2.00σ(I)) 6128 (I > 2.00σ(I)) 8854 (I > 2.00σ(I)) 4196 (I > 2.00σ(I)) 8149 (I > 2.00σ(I)) 6308 (I > 2.00σ(I))

no. of variables 544 334 696 304 393 433

Ra 0.0659 0.0473 0.0517 0.1327 0.0503 0.0489

wRb 0.1219 0.1161 0.1239 0.3457 0.1399 0.1376

GOFc 1.149 1.140 1.023 1.183 1.184 1.162
a R = ∑||Fo|� |Fc||/∑|Fo|.

b wR = {∑w(Fo
2� Fc

2)2/∑w(Fo
2)2}1/2. cGOF = {∑w(Fo

2� Fc
2)2/(n� p)}1/2, where n = number of reflections and p = total

numbers of parameters refined.
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