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The construction of a new set of [(η5-C5Me5)MoS3Cu3]-based supramolecular compounds with different
one-dimensional (1D) arrays from two preformed clusters [PPh4][(η5-C5Me5)MoS3(CuX)3] (X ) Br (1a), NCS (1b))
with 1,2-bis(4-pyridyl)ethane (bpe) and 1,3-bis(4-pyridyl)propane (bpp) is presented. Reactions of 1a with bpe in
different molar ratios afforded {[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3.5Br4] · MeCN}n (2), {[{(η5-C5Me5)MoS3Cu3}2(µ-
bpe)3Br4] · Sol}n (3a: Sol ) DMSO · 3MeCN; 3b: Sol ) 2aniline · 3MeCN), {[{(η5-C5Me5)MoS3Cu3}2(µ-
bpe)3(bpe)Br4] · 0.35DMF}n (4), and {[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)2(µ-Br)(µ3-Br)Br2] · DMF · MeCN}n (5). On the other
hand, treatment of 1a or 1b with bpp produced [(η5-C5Me5)MoS3Cu3(µ-bpp)(µ-Br)Br]n (6) and {[{(η5-C5Me5)MoS3Cu3}2(µ-
bpp)3(µ-NCS)2(NCS)](NCS)}n (7). Compounds 2-7 have been characterized by elemental analysis, UV-vis
spectroscopy, IR spectroscopy, 1H NMR, and X-ray analysis. In 2, each [(η5-C5Me5)MoS3Cu3] core serves as an
angular two-connecting node to link other equivalent cores by single and double bpe bridges to form a 1D “Great
Wall”-like chain. In 3a and 3b, the [(η5-C5Me5)MoS3Cu3] cores are linked alternatively by single and double bpe
bridges to give a 1D zigzag chain. In 4, six cluster cores (two as a two-connecting node and four as a three-
connecting node) are connected by four single bpe and two double bpe bridges to form a cyclohexane-shaped
repeating unit, which is further fused with other units to generate a 1D double-stranded chain. Compound 5 has
a simple 1D zigzag chain consisting of the cluster cores linked by single bpe bridges. In 6, the cluster cores are
linked by single bpp bridges to give a 1D helical chain, which further holds two symmetry-related chains through
C-H · · · Br hydrogen-bonding interactions, thereby forming a 1D H-bonded triple-stranded chain. Compound 7 has
a rare 1D quadruple chain, in which the [(η5-C5Me5)MoS3Cu3] cores work as planar four- and five-connecting
nodes to interconnect other equivalent cores through single bpp bridges and single and double thiocyanate bridges.
In addition, the third-order nonlinear optical properties of 1a, 2, 3a, and 4-7 in aniline were also investigated by
using the Z-scan technique with a 4.5 ns pulse laser at 532 nm.

Introduction

Metal-polymeric complexes with one-dimensional (1D)
arrays have currently received much attention because of their
fascinating structural forms (linear,1–3 zigzag,4 ladder,5 braid,6

tube,7 helix,8–11 etc.) and their potential applications in

magnetic,4a–g,5a,b electrophotonic,4h,5c–e biorelated materials,9c–e

and sensor technologies.7a,b Metal-ligand coordination or other
weak interactions such as hydrogen-bonding interactions and
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aromatic stacking effects are usually employed to prepare such
polymers, which involves the judicious selection of metal ions
andspecialbridgingligands.However,formationofmetal-polymeric
complexes only at the one-dimensional level is difficult because
a single metal center always has many coordination sites
available, which tends to be connected with bridging ligands
to form two-dimensional (2D) or three-dimensional (3D)
structures. To tackle this problem, one strategy is to introduce
a bulky ancillary ligand at the metal center or metal cluster core
to block some of their coordination sites. For example, reactions
of Cu(NO3)2 ·6H2O in MeOH with a bulky Tp-coordinated

complex [(Tp)FeIII(CN)3]- (Tp ) hydridotris(pyrazol-1-yl)bo-
rate) afforded a heterobimetallic polymer complex with a zigzag
chain structure, [(Tp)2FeIII

2(CN)6Cu(CH3OH) ·2CH3OH]n.4b An-
other example is that treatment of cis-[Re6(µ3-Se)8(PPh3)4(4,4′-
bipy)2](SbF6)2 with equimolar or excess Cd(NO3)2 in CH2Cl2/
MeOH gave rise to two cluster-based polymer complexes
[{Re6(µ3-Se)8(PPh3)4(4,4′-bipy)2}2{Cd(NO3)2}](SbF6)4 (1D chain
of corner-sharing squares) and [{Re6(µ3-Se)8(PPh3)4(4,4′-
bipy)2}{Cd(NO3)2}](NO3) (1D zigzag chain).4j,k

On the other hand, the molybdenum-copper-sulfur or
tungsten-copper-sulfur cluster compounds derived from
[MS4]2- and [(η5-C5Me5)MS3]- (M ) Mo, W) have remained
as an interesting topic of cluster research due to their diverse
structural chemistry12–24 and their relevance to biological
systems21,22 and photonic materials.15,16e–g,17,18e,19,20b,g–i,23,24

Because some M/Cu/S clusters contain terminal halides or
pseudohalides or solvent molecules coordinated at copper(I)
centers that can be readily replaced by strong donor ligands
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like 4,4′-bipyridine, we have recently been interested in the
assembly of cluster-based supramolecular compounds from
M/Cu/S cluster precursors.20 To date, most of these cluster-
based compounds are of two- or three-dimensional frame-
works, and only three compounds with 1D backbones have
been isolated in the common chain forms such as zigzag,20e

ladder,20e and single-stranded helix.20f Is it therefore possible

to make one-dimensional cluster-based chains with other
single-, double-, triple-, and multiple-stranded forms? In our
last report,20g we noticed that utilization of the low sym-
metrical ligand (Cs symmetry), 1,2-bis(4-pyridyl)ethane (bpe)
(Chart 1), could induce the bulky η5-C5Me5-coordin-
ated [MoS3Cu3] core to form irregular topological nodes,
which resulted in the formation of a less sym-
metrical structure of {[{(η5-C5Me5)MoS3Cu3}2(NCS)3(µ-
NCS)(bpe)3] ·3aniline}n. This 2D structure may be viewed
as being built of one-dimensional zigzag chains {[(η5-
C5Me5)MoS3Cu3]2(µ-bpe)6(NCS)6}n linked by double thio-
cyanate bridges. If such thiocyanate bridges could be
prevented, there might be a chance to create a compound
with the desired 1D zigzag chain. Considering that the
thiocyanate bridges are formed between two bulky [(η5-
C5Me5)MoS3Cu3] cores, replacement of the thiocyanate
bridges with shorter bromide bridges may cause higher steric
hindrance between the two cluster cores, which may in turn
break up such Br bridges, forming 1D chain structures. In
this regard, [PPh4][(η5-C5Me5)MoS3(CuBr)3] (1a)18a along
with bpe was selected for this proposal. Fortunately, reactions
of 1a with bpe through controlling their molar ratios
produced five interesting cluster-based compounds 2-5
(Chart 2). In these structures, the [(η5-C5Me5)MoS3Cu3] core
under the presence of the bridging ligand bpe works as
various multiconnecting nodes to form four different 1D
chain arrays (Scheme 1). For comparative studies, another
low symmetrical ligand 1,3-bis(4-pyridyl)propane (bpp)
(Chart 1) was used to react with 1a and its thiocyanate
analogue [PPh4][(η5-C5Me5)MoS3Cu3(NCS)3] (1b), thereby
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resulting in the isolation of two more cluster-supported
compounds with rare 1D triply stranded and quadruply
stranded chains 6 and 7 (Chart 2 and Scheme 1). In this
paper, we report their assembly reactions, crystal structures,
and third-order nonlinear optical properties in aniline.

Results and Discussion

Synthetic and Spectral Aspects. Reactions of 1a with
bpe in a molar ratio of 2:3.5 in DMF/MeCN followed by a
standard workup gave rise to 2 as black prisms in 70% yield,
while those of 1a with bpe (molar ratio ) 2:3) in DMSO/
MeCN afforded black needles of 3a in 76% yield. The
differences between the two reactions are the cluster-to-ligand
ratio and the solvent system. Therefore, which one plays the
critical role in the formation of these cluster-based as-
semblies? We first examined the solvent systems. Reaction
of 1a with bpe (molar ratio ) 2:3) in aniline/MeCN followed
by a similar workup produced black plates of 3b in 72%
yield. As discussed later in this paper, 3a is isostructural to
3b, though the former holds DMSO and MeCN solvent
molecules while the latter has aniline and MeCN solvent
molecules in their crystals. This result suggests that there is
no solvent effect in these cases. Then, we explored the
cluster-to-ligand stoichiometries. Reactions of 1a and 2 equiv
of bpe in DMF/MeCN gave rise to black square thin plates
of 4 in 48% yield accompanied with some black prisms of
2. Efforts made to ensure the formation of 4 in pure form
proved to be unsuccessful, although several reactions with
different molar ratios of 1a and bpe around 1:3-1:4 were
carried out. When the 1a-to-bpe molar ratio became 1:1,
similar reactions of 1a with bpe in DMF/MeCN led to the
formation of black plates of 5 in 78% yield. The 2:1 (or
3:1) mixture of 1a and bpe in DMF/MeCN always gave a
mixture of 5 and unreacted 1a. According to the subsequent
X-ray analysis of 2-5, their structures contain the corre-
sponding [(η5-C5Me5)MoS3Cu3]/bpe ratios of 2:3.5 for 2, 2:3
for 3, 1:2 for 4, and 1:1 for 5, which are consistent with the
1a-to-ligand ratio used in the initial assembly reactions. In
this regard, the different outcomes of the reactions of 1a with
bpe in DMF/MeCN are suggested to be highly dependent

on the stoichiometric ratio of 1a/bpe. To our knowledge, the
formation of four different kinds of cluster-based complexes
with various 1D chain structures from reactions of the same
componentswithdifferentcluster-to-ligandratiosisunprecedented.

Intriguingly, when we explored the assembly reactions of
1a and 1b with a more flexible ligand bpp, they produced
two more complicated cluster-based complexes. Reactions
of a solution of 1a in DMF with 1.5 equiv of bpp in MeCN
followed by a similar workup to that used in the isolation of
2 afforded black block crystals of 6 (64% yield), which,
according to the X-ray analysis described in this paper,
contains a [(η5-C5Me5)MoS3Cu3]/bpp ratio of 1:1 in its
structure. However, analogous reactions of 1b and bpp (molar
ratio ) 1:1.5) in the same solvent system produced black
plates of 7 in 78% yield. Compound 7 has the correct 1:1.5
[(η5-C5Me5)MoS3Cu3]/bpp ratio in its structure. Parallel
reactions using different cluster-to-ligand ratios and different
solvent systems such as DMSO and aniline did not form the
expected cluster-based polydimensional complexes with
different [(η5-C5Me5)MoS3Cu3]/bpp ratios but always pro-
duced 6 or 7 in 20-50% yields. These results suggest that
the formation of 6 or 7 may depend neither on the 1a (1b)/
bpp ratio nor solvent effects.

Solids 2-7 were relatively stable toward air and moisture.
They were insoluble in common solvents such as MeCN,
CH2Cl2, and CHCl3, slightly soluble in DMF and DMSO,
but readily soluble in aniline. The elemental analyses were
consistent with their chemical formulas. In the IR spectra of
2-7, bands at 414 (2), 409 (3a), 411(3b), 412 (4), 414 (5),
415 (6), and 408 (7) cm-1 were assigned as the bridging
Mo-S stretching vibrations. In 7, one broad band at 2079
cm-1 may be assigned to be an overlapped signal by the
stretching vibrations of the free NCS and the terminal NCS
groups. The band at 2101 cm-1 was assigned as the bridging
NCS stretching vibration. The 1H NMR spectra in DMSO-
d6 at ambient temperature showed a sharp singlet of η5-C5Me5

at 1.97 (2), 1.96 (3a), 2.01 (3b), 1.96 (4), 1.95 (5), 1.92 (6),
and 1.90 (7) ppm. Other resonances in their 1H NMR spectra
were assigned as follows: multiplets in the ranges 7.43-8.62
(2), 7.36-8.59 (3a), 7.24-8.45 (3b), 7.40-854 (4), 7.38-8.45
(5), 6.55-7.26 (6), and 7.70-7.98 (7) ppm for pyridyl
protons, singlets at 3.05 (2), 3.01 (3a), 3.03 (3b), 3.06 (4),
and 3.04 (5) ppm for methylene protons of bpe, and
multiplets in the regions 2.06-2.66 (6) and 2.01-2.59 (7)
ppm for methylene protons of bpp, respectively. The identi-
ties of 2-7 were further confirmed by X-ray crystallography.

Crystal Structure of {[{(η5-C5Me5)MoS3Cu3}2(µ-
bpe)3.5Br4] ·MeCN}n (2). Compound 2 crystallizes in the
monoclinic space group P21/c, and each asymmetric unit
contains half of a [{(η5-C5Me5)MoS3Cu3}4(µ-bpe)7Br8] mol-
ecule and one MeCN solvent molecule. As shown in Figure
1, this molecule consists of two different dimeric units, [{(η5-
C5Me5)MoS3Cu3}2(µ-bpe)4Br4] (unit A) and [{(η5-
C5Me5)MoS3Cu3}2(µ-bpe)3Br4] (unit B), which are intercon-
nected by a pair of bridging bpe ligands. Unit A and unit B
assume two different double incomplete cubane-like struc-
tures. For unit A, two single incomplete cubane-like [(η5-
C5Me5)MoS3Cu3(bpe)2Br2] fragments are linked by a pair

Chart 2. Designation of Compounds and Abbreviationsa for 1-7

a bpe ) 1,2-bis(4-pyridyl)ethane; bpp ) 1,3-bis(4-pyridyl)propane.
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of bridging bpe ligands (Figure 1, left), while those in unit
B are connected by a single bridging bpe ligand (Figure 1,
right). There is a crystallographic inversion center located
at the midpoint of the Mo1 and Mo1A contact (unit A) or
the Mo2 and Mo2B separation (unit B).

Although each fragment of 2 assumes the incomplete
cubane-like [(η5-C5Me5)MoS3Cu3] core structure of 1a, the
three copper atoms in each fragment have different coordina-
tion geometries from those of 1a. In unit A, three Cu centers
adopt distorted tetrahedral coordination geometries. By being
coordinated by two µ3-S atoms from the [(η5-C5Me5)MoS3]
moiety, Cu1 or Cu3 is coordinated by one terminal Br and
one bridging bpe ligand, while Cu2 is coordinated by two
bridging bpe ligands. The mean Mo1 · · ·Cu contact (2.693(3)
Å) (Table 1) is slightly longer than those of the clusters
containing tetrahedrally coordinated Cu such as
{[MoOS3Cu3I(dpds)2] ·0.5DMF ·2(MeCN)0.5}n (avg 2.6820(15)
Å) and {[MoOS3Cu3(dca)(4,4′-bipy)1.5] ·DMF ·MeCN}n (avg
2.6782(12) Å).20f In unit B, the three Cu atoms in each
fragment have either a trigonal planar or a tetrahedral
coordination geometry. By being coordinated by two µ3-S
atoms from the [(η5-C5Me5)MoS3] moiety, Cu4 is coordi-

nated by two bridging bpe ligands, Cu5 by a terminal Br
and a bridging bpe ligand, and Cu6 by only a terminal Br.
For the tetrahedrally coordinated Cu4 and Cu5, the mean
Mo2 · · ·Cu contact (2.696(3) Å) is quite close to that of unit
A, while for the trigonally coordinated Cu6, the Mo2 · · ·Cu6
separation (2.619(3) Å) is slightly shorter than that of 1.
Interestingly, the bpe ligands in unit A show a
gauche-gauche conformation while those in unit B have a
trans-trans conformation. The mean Cu-N(bpe) length
(2.092 Å) in 2 is longer than that observed in {[(η5-
C5Me5)WS3Cu3Cl(MeCN)(1,4-pyz)](PF6)}n (1.975(1) Å).20a

The mean Mo-µ3-S, Cu-µ3-S and the terminal Cu-Br bond
lengths are similar to those of the corresponding ones of
[PPh4]2[MoS4Cu4Br4],25 [Et4N]2[MoOS3Cu3I2Br],26 and 1a.

Topologically, each [(η5-C5Me5)MoS3Cu3] core in unit A
and unit B serves as an angular two-connecting node. Two
such nodes interconnect through pairs of bpe bridges to form
a [{(η5-C5Me5)MoS3Cu3}2(bpe)2Br4] unit. Furthermore, this

(25) Nicholson, J. R.; Flood, A. C.; Garner, C. D.; Clegg, W. Chem.
Commun. 1983, 1179–1180.

(26) Hou, H. W.; Xin, X. Q.; Liu, J.; Chen, M. Q.; Shi, S. J. Chem. Soc.,
Dalton Trans. 1994, 3211–3214.

Figure 1. Perspective view of the dimeric [{(η5-C5Me5)MoS3Cu3}2(µ-bpe)6Br4] unit (unit A) in 2 with labeling scheme (left). Perspective view of the
dimeric [{(η5-C5Me5)MoS3Cu3}2(µ-bpe)5Br4] unit (unit B) in 2 with labeling scheme (right). All the hydrogen atoms along with the disordered non-hydrogen
atoms were omitted for clarity. Symmetry codes: (A) -x + 1, -y, -z + 1; (B) -x - 1, -y, -z.

Scheme 1. Possible Topological Nodes and Frameworks Derived from 1 and bpe or bpp Ligands
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unit links the equivalent units alternatively by double bpe
bridges and single bpe bridges to form a 1D “Great Wall”-
like chain (parallel to the [101] direction) (Figure 2). The
1D chains are closely packed in the unit cell as a result of a
variety of intermolecular interactions such as hydrogen
bonding and π-π interactions. The MeCN solvent molecules
are deeply buried in the lattice, and each is fitted in a small
chamber enclosed by neighboring chains (see the Supporting
Information).

Crystal Structures of {[{(η5-C5Me5)MoS3Cu3}2(µ-
bpe)3Br4] ·Sol}n (3a: Sol ) DMSO · 3MeCN; 3b: Sol )
2aniline ·3MeCN). Because they have a common chemical
formula {[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3Br4] · Sol}n, 3a
and 3b both crystallize in the triclinic space group Pj1,
and the asymmetric unit contains half of a [{(η5-
C5Me5)MoS3Cu3}2(µ-bpe)3Br4] molecule, half of a DMSO
molecule, and one and a half MeCN solvent molecules
(3a) or one discrete [{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3Br4]
molecule, two aniline molecules, and three MeCN solvent
molecules (3b). Their cell parameters are essentially
identical, as are their structures. Therefore, only the
structure of 3a is shown in Figure 3. Only the pertinent
bond lengths and angles for 3a are listed in Table 2. The
[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3Br4] molecule in 3a or 3b
consistsoftwoincompletecubane-like[(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5Br2] fragments linked by a single bpe bridge,
forming a double incomplete cubane-like structure similar

to that of unit B in 2. Each [(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5Br2] fragment retains the core structure of 1a. Upon
being coordinated by two µ3-S atoms from the [(η5-
C5Me5)MoS3] moiety for each Cu atom, Cu1 is further
coordinated by a terminal Br atom to give a trigonal planar
coordination geometry while the other two Cu atoms are
coordinated by two N atoms of two bpe ligands (Cu2) or
by one terminal Br atom and one N atom of bpe (Cu3),
forming a distorted tetrahedral geometry. The bpe ligands
in 3a or 3b present as a trans-trans conformation. For
the trigonally coordinated Cu1 and the tertahedrally
coordinated Cu2 and Cu3, the mean Mo1 · · ·Cu contacts
(2.6163(16) vs 2.6858(15) Å for 3a and 2.6326(12) vs
2.6898(10) Å for 3b) are comparable to those of the
corresponding ones of 2. The average Mo-µ3-S, Cu-µ3-S,
Cu-N, and terminal Cu-Br distances are normal.

Topologically, each [(η5-C5Me5)MoS3Cu3] core in 3a or
3b acts as an angular two-connecting node (node (a)) to
connect with its adjacent ones alternatively through single
bpe bridges and double bpe bridges, forming a one-
dimensional zigzag chain extended along the [101] axis. This
chain holds the neighboring ones through intermolecular
hydrogen-bonding interactions and π-π interactions to give
a 2D layer extending along the ac plane. The layer-to-layer
separation is approximately 9.23 Å, and the DMSO and
MeCN solvents are squeezed between the 2D layers (see the
Supporting Information).

Crystal Structure of {[{(η5-C5Me5)MoS3Cu3}2(µ-
bpe)3(bpe)Br4] ·0.35DMF}n (4). Compound 4 crystallizes
in the triclinic space group Pj1, and the asymmetric unit
contains one neutral [{(η5-C5Me5)MoS3Cu3}2(µ-
bpe)3(bpe)Br4] molecule. As shown in Figure 4, this
molecule may be viewed as another kind of double
incomplete cubane-like structure in which two different
single incomplete cubane-like [(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5(bpe)Br2] and [(η5-C5Me5)MoS3Cu3(µ-bpe)1.5Br2]
fragments are linked by a single bridging bpe. The
geometries of the MoS3Cu3 cubes in both fragments are
similar to those found in 1-3. Among these two cluster
fragments, there are six unique Cu centers, which can be
divided into four different categories depending on their
coordination environments. Upon being coordinated by
two µ3-S atoms from the [(η5-C5Me5)MoS3] moiety, Cu1,
Cu4, and Cu6 are coordinated by one N atom of one
bridging bpe ligand and one terminal Br, Cu2 is coordi-
nated by two N atoms of one bridging and one monoco-
ordinated bpe ligands, and Cu5 is coordinated by two N
atoms of two bridging bpe ligands, forming a distorted
tetrahedral geometry, while Cu3 is coordinated only by
one terminal Br to give a trigonal planar geometry. It is
quite rare that one bpe (bearing N1 and N2) serves as a
monocoordinated ligand, despite the fact that Cu3 still has
one free site available for the further coordination by bpe
ligands. As shown in Table 3, for the trigonally coordi-
nated Cu3 and the tertahedrally coordinated Cu centers,
the mean Mo1 · · ·Cu contacts (2.629(3) vs 2.690(3) Å)
are similar to those of the corresponding ones in 2 and 3.

Table 1. Selected Bond Distances (Å) and Angles (deg) for 2

Mo(1) · · ·Cu(1) 2.707(3) Mo(1) · · ·Cu(2) 2.685(3)
Mo(1) · · ·Cu(3) 2.689(3) Mo(2) · · ·Cu(4) 2.680(3)
Mo(2) · · ·Cu(5) 2.713(3) Mo(2) · · ·Cu(6) 2.619(3)
Mo(1)-S(1) 2.279(5) Mo(1)-S(3) 2.285(5)
Mo(1)-S(2) 2.286(4) Mo(2)-S(5) 2.256(5)
Mo(2)-S(6) 2.288(5) Mo(2)-S(4) 2.294(6)
Cu(1)-N(1) 2.152(15) Cu(1)-S(1) 2.241(5)
Cu(1)-S(2) 2.247(5) Cu(1)-Br(1) 2.402(3)
Cu(2)-N(5) 2.014(18) Cu(2)-N(2A) 2.136(15)
Cu(2)-S(3) 2.234(5) Cu(2)-S(2) 2.242(5)
Cu(3)-N(3) 2.049(14) Cu(3)-S(3) 2.227(5)
Cu(3)-S(1) 2.230(5) Cu(3)-Br(2) 2.460(4)
Cu(4)-N(6) 2.062(16) Cu(4)-S(5) 2.213(6)
Cu(4)-S(4) 2.232(6) Cu(4)-N(7) 2.338(8)
Cu(5)-N(4) 2.028(15) Cu(5)-S(6) 2.241(6)
Cu(5)-S(5) 2.250(6) Cu(5)-Br(3) 2.454(3)
Cu(6)-S(6) 2.198(6) Cu(6)-S(4) 2.208(6)
Cu(6)-Br(4) 2.265(4)
S(1)-Mo(1)-S(3) 104.98(17) S(1)-Mo(1)-S(2) 105.21(17)
S(3)-Mo(1)-S(2) 105.58(17) S(5)-Mo(2)-S(6) 105.28(19)
S(5)-Mo(2)-S(4) 105.0(2) S(6)-Mo(2)-S(4) 105.5(2)
N(1)-Cu(1)-S(1) 106.0(5) N(1)-Cu(1)-S(2) 108.1(5)
S(1)-Cu(1)-S(2) 107.83(18) N(1)-Cu(1)-Br(1) 92.7(4)
S(1)-Cu(1)-Br(1) 121.08(16) S(2)-Cu(1)-Br(1) 118.37(16)
N(5)-Cu(2)-N(2A) 96.4(10) N(5)-Cu(2)-S(3) 119.4(8)
N(2A)-Cu(2)-S(3) 107.7(5) N(5)-Cu(2)-S(2) 116.7(9)
N(2A)-Cu(2)-S(2) 105.7(4) S(3)-Cu(2)-S(2) 108.82(18)
N(3)-Cu(3)-S(3) 109.2(4) S(1)-Cu(3)-Br(2) 106.06(17)
N(3)-Cu(3)-S(1) 118.3(5) S(3)-Cu(3)-S(1) 108.63(18)
N(3)-Cu(3)-Br(2) 100.3(4) S(3)-Cu(3)-Br(2) 114.39(16)
N(6)-Cu(4)-S(5) 118.1(8) S(4)-Cu(4)-N(7) 116.3(3)
N(6)-Cu(4)-S(4) 119.4(8) S(5)-Cu(4)-S(4) 108.6(2)
N(6)-Cu(4)-N(7) 96.8(8) S(5)-Cu(4)-N(7) 94.5(3)
N(4)-Cu(5)-S(6) 111.6(5) S(5)-Cu(5)-Br(3) 103.10(18)
N(4)-Cu(5)-S(5) 117.1(5) S(6)-Cu(5)-S(5) 107.1(2)
N(4)-Cu(5)-Br(3) 100.5(5) S(6)-Cu(5)-Br(3) 117.59(19)
S(6)-Cu(6)-Br(4) 126.2(2) S(4)-Cu(6)-Br(4) 122.1(2)
S(6)-Cu(6)-S(4) 111.7(2)
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The average Mo-µ3-S, Cu-µ3-S, Cu-N, and terminal
Cu-Br distances are normal.

From a topological view, the [(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5(bpe)Br2] fragment serves as an angular two-connect-
ing node (node (a)) while the [(η5-C5Me5)MoS3Cu3(µ-
bpe)1.5Br2] fragment works as a pyramidal three-connecting
node (node (b) in Scheme 1). Two angular two-connecting
nodes and four pyramidal three-connecting nodes intercon-
nect through four single bpe bridges and two double bpe
bridges, forming a chairlike cyclohexane-shaped unit [{(η5-
C5Me5)MoS3Cu3}6(µ-bpe)6(bpe)2Br12] (Figure 5). The oc-
currence of an angular two-connecting node and a pyramidal
three-connecting node in the same structure is quite rare in
cluster-based supramolecular chemistry. The neigbouring
cyclohexane-like units are further fused to a unique double-
stranded one-dimensional chain extending along the [011]
direction (Figure 5). The chains are stacked along the a axis
to give 1D channels with a cyclohexane-shaped cross section.
The effective channel void of 445.0 Å3 comprises 10.9% of
the total cell volume. Although the solvent contribution is

removed because of the severe disorder,27 they were origi-
nally crystallized within the channels (see the Supporting
Information).

Crystal Structure of {[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)2(µ-
Br)(µ3-Br)Br2] ·DMF ·MeCN}n (5). Compound 5 crystal-
lizes in the triclinic space group Pj1, and the asymmetric unit
contains one independent [{(η5-C5Me5)MoS3Cu3}2(µ-bpe)2(µ-
Br)(µ3-Br)Br2] molecule, one DMF solvent molecule, and
one MeCN solvent molecule. As shown in Figure 6, this
cluster molecule adopts another kind of double incomplete
cubane-like structure in which one [(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5(µ-Br)Br] fragment and one [(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5(µ3-Br)Br] fragment are linked by a single bpe bridge.
The [(η5-C5Me5)MoS3Cu3(µ-bpe)0.5Br2] fragment assumes a
similar incomplete MoS3Cu3 cubane-like structure to those
of1-4.Themainstructuralfeatureforthe[(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5(µ-Br)Br]fragmentconsistsofa“half-open”MoS3Cu3(µ-
Br) cube where the Cu5-Br4 bond is broken, which
resembles those of [(η5-C5Me5)WS3Cu3(µ-Br)Br(PPh3)2]18d

and[NEt4]3[WOS3Cu3Br4] ·2H2O.28aThe[(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5(µ3-Br)Br] fragment may be viewed as having a
severely distorted cubane-like structure, in which one Br
atom fills into the void of the incomplete cube of 1a with
one long Cu3-Br2 and two short Cu1-Br2 and Cu2-Br2
distances (Table 4). The resulting [(η5-C5Me5)MoS3Cu3(µ3-
Br)]cube isclosely related to thoseof [(η5-C5Me5)MoS3Cu3(µ3-
Br)(PPh3)3](PF6)28b and [MoOS3Cu3(µ3-Br)(PPh3)3].12b For
the [(η5-C5Me5)MoS3Cu3(µ-bpe)0.5(µ3-Br)Br] fragment, the
three Cu atoms are not equivalent, and their coordination
variability ranges from a strongly distorted tetrahedron (Cu1
and Cu2) to a nearly trigonal planar coordination (Cu3) with
a long Cu3-Br2 interaction (Table 4). Because of the

(27) Spek, A. L. J. Appl. Crystallogr. 2003, 36, 7–13.
(28) (a) Chen, Z. R.; Hou, H. W.; Xin, X. Q.; Yu, K. B.; Shi, S. J. Phys.

Chem. 1995, 99, 8717–8721. (b) Yu, H.; Zhang, W. H.; Ren, Z. G.;
Chen, J. X.; Wang, C. L.; Lang, J. P.; Elim, H. I.; Ji, W. J. Organomet.
Chem. 2005, 690, 4027–4035.

Figure 2. Extended structure of 2 along the [101] direction.

Figure 3. View of a section of the 1D zigzag chain of 3a (extending along the [101] direction) with labeling scheme. The solvents and the hydrogen atoms
were omitted for clarity. Symmetry codes: (A) -x, -y + 1, -z + 1; (B) -x, -y + 1, -z.

Table 2. Selected Bond Distances (Å) and Angles (deg) for 3a

Mo(1) · · ·Cu(1) 2.6163(15) Mo(1) · · ·Cu(2) 2.6756(14)
Mo(1) · · ·Cu(3) 2.6960(15) Mo(1)-S(1) 2.272(3)
Mo(1)-S(3) 2.285(3) Mo(1)-S(2) 2.302(3)
Cu(1)-S(1) 2.212(3) Cu(1)-S(2) 2.215(3)
Cu(1)-Br(2) 2.2742(16) Cu(2)-S(3) 2.234(3)
Cu(2)-N(1) 2.000(7) Cu(2)-N(3) 2.114(7)
Cu(2)-S(2) 2.237(3) Cu(3)-S(3) 2.230(3)
Cu(3)-S(1) 2.231(3) Cu(3)-Br(1) 2.4572(18)
Cu(3)-N(2A) 2.051(8)
S(1)-Mo(1)-S(3) 104.88(9) S(1)-Mo(1)-S(2) 105.09(10)
S(3)-Mo(1)-S(2) 105.58(9) S(1)-Cu(1)-S(2) 110.20(10)
S(1)-Cu(1)-Br(2) 121.26(9) S(2)-Cu(1)-Br(2) 128.47(9)
N(1)-Cu(2)-N(3) 98.4(3) N(1)-Cu(2)-S(3) 123.0(2)
N(3)-Cu(2)-S(3) 104.2(2) N(1)-Cu(2)-S(2) 112.8(2)
N(3)-Cu(2)-S(2) 106.5(2) S(3)-Cu(2)-S(2) 109.60(10)
N(2A)-Cu(3)-S(3) 109.2(2) N(2A)-Cu(3)-S(1) 117.2(3)
S(3)-Cu(3)-S(1) 108.17(10) N(2A)-Cu(3)-Br(1) 98.2(2)
S(3)-Cu(3)-Br(1) 116.91(9) S(1)-Cu(3)-Br(1) 107.31(8)
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different coordination geometries of the Cu atoms, the
Mo1 · · ·Cu3 contact (2.6462(16) Å) is somewhat shorter than
the mean value of the Mo1 · · ·Cu1 and Mo1 · · ·Cu2 contacts
(2.6578(16) Å). For the [(η5-C5Me5)MoS3Cu3(µ-bpe)0.5(µ-
Br)Br] fragment, the three Cu centers show more variable
coordination geometries from a trigonal planar coordination
(Cu5) to a nearly trigonal planar coordination (Cu4) with a
long Cu4-Br4 interaction to a distorted tetrahedral coordina-
tion (Cu6). It is noted that the Mo2 · · ·Cu4 contact is shorter
than the other two Mo2 · · ·Cu6 contacts and those of 1-4.
The reason may be that the Mo2S4Cu4S5 ring is asymmetric
and puckered slightly with a dihedral angle of 17.9° around
the Mo2 · · ·Cu4 vector, which may lead to the presence of
the shorter Mo2 · · ·Cu4 contact (2.6184(17) Å). The mean

Cu-µ3-Brdistance(2.8642(16)Å)inthe[(η5-C5Me5)MoS3Cu3(µ-
bpe)0.5(µ3-Br)Br] fragment is longer than those found in [(η5-
C5Me5)MoS3Cu3(µ3-Br)(PPh3)3](PF6)(2.741(1)Å)and[MoOS3Cu3(µ3-
Br)(PPh3)3] (2.653(1) Å). The average Cu-µ-Br distance
(2.7600(18) Å) in the [(η5-C5Me5)MoS3Cu3(µ-bpe)0.5(µ-
Br)Br] is longer than that of [(η5-C5Me5)WS3Cu3(µ-
Br)Br(PPh3)2] (2.647(3) Å). The average Mo-µ3-S, Cu-µ3-
S, Cu-N, and terminal Cu-Br distances are normal.
Topologically, each [(η5-C5Me5)MoS3Cu3] core in 5 acts as
an angular two-connecting node (node (a)), which bridges
its equivalent ones via single bpe bridges to form a single
zigzag chain extended along the [110] direction. The 1D
chains stacked along the b axis to generate 1D channels with
rhombic openings of approximately 17.4 × 34.8 Å2. The
effective solvent accessible volume of 521.2 Å3 per unit cell
(16.5% of the total cell volume) is filled with ordered DMF
and MeCN solvents (see the Supporting Information).

Crystal Structure of [(η5-C5Me5)MoS3Cu3(µ-bpp)(µ-
Br)Br]n (6). Compound 6 crystallizes in the monoclinic space
group P21/c, and the asymmetric unit contains a neutral [(η5-
C5Me5)MoS3Cu3(µ-bpp)(µ-Br)Br] molecule. As shown in
Figure 7, the molecule consists of a “half-open” MoS3Cu3(µ-
Br) cubane-like structure (where the Cu1-Br1 bond is
broken), which is almost the same as that of the [(η5-
C5Me5)MoS3Cu3(µ-bpe)0.5(µ-Br)Br] fragment of 5. The Cu1
atom has trigonal planar coordination geometry while Cu2
and Cu3 show a distorted tetrahedral geometry. The mean
Mo(1) · · ·Cu contact, Cu-µ-Br, Mo-µ3-S, Cu-µ3-S, Cu-N,
and terminal Cu-Br distances are close to those of the
corresponding ones of the [(η5-C5Me5)MoS3Cu3(µ-bpe)0.5(µ-
Br)Br] fragment of 5 (Table 5).

The [(η5-C5Me5)MoS3Cu3(µ-Br)] core in 6 works as a two-
connecting node (node (a) in Scheme 1) that connects its
equivalent ones via the flexible ligand bpp to form a helical
chain extended along the b axis with a pitch of 26.643 Å (3
times the length of the b axis). Three covalently independent
and twofold axially related polymeric chains are intertwined
into a unique triple-stranded helix through intermolecular
C-H · · ·Br hydrogen-bonding interactions (C · · ·Br, 3.77 Å;
C-H · · ·Br, 151°) (Figure 8). The separation between the
adjacent chains is the same as the length of the b axis
(8.8707(18) Å). Both the left- and right-handed triple-

Figure 4. View of the [{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3(bpe)Br4] dimeric structure of 4 with labeling scheme. All hydrogen atoms were omitted for clarity.
Symmetry codes: (A) x, y - 1, z - 1; (B) -x + 1, -y + 3, -z + 2.

Table 3. Selected Bond Distances (Å) and Angles (deg) for 4

Mo(1) · · ·Cu(1) 2.700(3) Mo(1) · · ·Cu(2) 2.676(3)
Mo(1) · · ·Cu(3) 2.629(3) Mo(2) · · ·Cu(4) 2.696(3)
Mo(2) · · ·Cu(5) 2.672(3) Mo(2) · · ·Cu(6) 2.705(3)
Mo(1)-S(2) 2.271(6) Mo(1)-S(3) 2.295(6)
Mo(1)-S(1) 2.297(6) Mo(2)-S(4) 2.267(6)
Mo(2)-S(5) 2.280(6) Mo(2)-S(6) 2.294(6)
Cu(1)-S(1) 2.244(6) Cu(1)-S(2) 2.253(6)
Cu(1)-Br(1) 2.470(4) Cu(2)-S(2) 2.214(6)
Cu(2)-N(1) 2.050(11) Cu(2)-N(3) 2.114(9)
Cu(2)-S(3) 2.232(6) Cu(3)-S(3) 2.210(6)
Cu(3)-S(1) 2.210(6) Cu(3)-Br(2) 2.281(3)
Cu(4)-S(4) 2.229(7) Cu(4)-S(5) 2.262(6)
Cu(4)-Br(3) 2.485(4) Cu(5)-S(5) 2.228(6)
Cu(4)-N(6B) 2.02(7) Cu(5)-N(5) 2.014(13)
Cu(5)-N(4) 2.105(9) Cu(6)-N(7) 2.040(12)
Cu(5)-S(6) 2.233(6) Cu(6)-S(4) 2.235(6)
Cu(6)-S(6) 2.247(6) Cu(6)-Br(4) 2.520(4)
S(2)-Mo(1)-S(3) 105.0(2) S(2)-Mo(1)-S(1) 105.6(2)
S(3)-Mo(1)-S(1) 105.3(2) S(4)-Mo(2)-S(5) 105.6(2)
S(4)-Mo(2)-S(6) 105.2(2) S(5)-Mo(2)-S(6) 105.5(2)
S(1)-Cu(1)-S(2) 108.0(2) S(1)-Cu(1)-Br(1) 108.1(2)
N(8A)-Cu(1)-S(1) 115(8) N(8A)-Cu(1)-S(2) 113(5)
N(8A)-Cu(1)-Br(1) 105(6) S(2)-Cu(1)-Br(1) 107.34(19)
N(1)-Cu(2)-N(3) 97.0(5) S(2)-Cu(2)-S(3) 109.1(2)
N(1)-Cu(2)-S(2) 115.9(4) N(3)-Cu(2)-S(2) 114.0(4)
N(1)-Cu(2)-S(3) 116.2(4) N(3)-Cu(2)-S(3) 103.5(4)
S(3)-Cu(3)-S(1) 111.3(2) S(3)-Cu(3)-Br(2) 120.25(19)
S(1)-Cu(3)-Br(2) 128.32(19) S(4)-Cu(4)-S(5) 107.5(2)
S(4)-Cu(4)-Br(3) 113.3(2) S(5)-Cu(4)-Br(3) 106.34(19)
N(5)-Cu(5)-S(5) 111.4(5) S(5)-Cu(5)-S(6) 109.4(2)
N(5)-Cu(5)-N(4) 93.2(6) N(4)-Cu(5)-S(5) 102.9(4)
N(5)-Cu(5)-S(6) 124.2(5) N(4)-Cu(5)-S(6) 112.9(4)
S(4)-Cu(6)-S(6) 107.8(2) S(4)-Cu(6)-Br(4) 102.2(2)
S(6)-Cu(6)-Br(4) 116.61(19) N(7)-Cu(6)-Br(4) 95.0(5)
N(7)-Cu(6)-S(4) 122.3(5) N(7)-Cu(6)-S(6) 112.4(5)
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stranded helices are racemically packed in the unit cell (see
the Supporting Information).

Figure 5. View of a section of the double-stranded chain structure of 4 extended along the [011] direction. The chair-conformated hexane-shaped repeating
unit was highlighted by the red parallelogram. All hydrogen atoms were omitted for clarity.

Figure 6. View of a section of the 1D zigzag chain (extended along the [110] direction) in 5 with labeling scheme. The solvents and hydrogen atoms were
omitted for clarity. Symmetry codes: (A) -x + 2, -y + 2, -z + 1; (B) -x, -y - 1, -z + 2.

Table 4. Selected Bond Distances (Å) and Angles (deg) for 5

Mo(1) · · ·Cu(1) 2.6552(16) Mo(1) · · ·Cu(2) 2.6604(16)
Mo(1) · · ·Cu(3) 2.6462(16) Mo(2) · · ·Cu(4) 2.6184(17)
Mo(2) · · ·Cu(5) 2.6471(16) Mo(2) · · ·Cu(6) 2.6633(16)
Mo(1)-S(1) 2.282(2) Mo(1)-S(3) 2.285(2)
Mo(1)-S(2) 2.288(3) Mo(2)-S(5) 2.278(3)
Mo(2)-S(6) 2.285(3) Mo(2)-S(4) 2.290(3)
Cu(1)-S(1) 2.228(3) Cu(1)-S(2) 2.231(3)
Cu(1)-N(1) 1.966(7) Cu(1)-Br(2) 2.7920(17)
Cu(2)-N(3) 1.982(8) Cu(2)-S(3) 2.243(3)
Cu(2)-S(2) 2.254(3) Cu(2)-Br(2) 2.6737(16)
Cu(3)-S(1) 2.227(3) Cu(3)-S(3) 2.227(3)
Cu(3)-Br(1) 2.3027(19) Cu(4)-S(4) 2.223(3)
Cu(4)-S(5) 2.230(3) Cu(4)-N(2) 1.938(8)
Cu(5)-S(6) 2.218(3) Cu(5)-Br(3) 2.2979(18)
Cu(5)-S(5) 2.217(3) Cu(6)-N(4) 1.988(8)
Cu(6)-S(4) 2.242(3) Cu(6)-S(6) 2.256(3)
Cu(6)-Br(4) 2.5432(18) Cu(4)-Br(4) 2.9768(18)
Cu(3)-Br(2) 3.1259(18)
S(1)-Mo(1)-S(3) 105.89(10) S(1)-Mo(1)-S(2) 105.38(10)
S(3)-Mo(1)-S(2) 105.71(9) S(5)-Mo(2)-S(6) 105.64(10)
S(5)-Mo(2)-S(4) 105.14(10) S(6)-Mo(2)-S(4) 106.23(10)
S(1)-Cu(1)-S(2) 109.22(10) S(1)-Cu(1)-Br(2) 104.08(9)
S(2)-Cu(1)-Br(2) 96.05(8) N(1)-Cu(1)-S(1) 119.7(2)
N(1)-Cu(1)-S(2) 124.0(2) N(1)-Cu(1)-Br(2) 96.9(2)
S(3)-Cu(2)-S(2) 108.30(10) S(3)-Cu(2)-Br(2) 107.45(9)
S(2)-Cu(2)-Br(2) 98.86(8) N(3)-Cu(2)-S(3) 112.1(2)
N(3)-Cu(2)-S(2) 124.7(2) N(3)-Cu(2)-Br(2) 103.2(2)
S(1)-Cu(3)-S(3) 109.82(10) S(1)-Cu(3)-Br(1) 124.01(10)
S(3)-Cu(3)-Br(1) 120.69(9) S(4)-Cu(4)-S(5) 109.08(11)
N(2)-Cu(4)-S(4) 122.0(3) N(2)-Cu(4)-S(5) 119.6(3)
S(5)-Cu(5)-S(6) 110.14(11) S(5)-Cu(5)-Br(3) 116.92(9)
S(6)-Cu(5)-Br(3) 129.33(9) S(4)-Cu(6)-S(6) 108.88(10)
S(4)-Cu(6)-Br(4) 107.31(9) S(6)-Cu(6)-Br(4) 101.70(9)
N(4)-Cu(6)-S(4) 112.4(3) N(4)-Cu(6)-S(6) 115.3(3)
N(4)-Cu(6)-Br(4) 110.5(3)

Figure 7. View of a section of the 1D helical chain of 6 (extending along
the b axis) with labeling scheme. Symmetry code: (A) -x + 2, y + 3/2, -z
+ 1/2; (B) -x + 2, y - 3/2, -z + 1/2.
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Crystal Structure of {[{(η5-C5Me5)MoS3Cu3}2(µ-bpp)3(µ-
NCS)2(NCS)](NCS)}n (7). Compound 7 crystallizes in the
triclinic space group Pj1, and each asymmetric unit contains
the [{(η5-C5Me5)MoS3Cu3}2(µ-bpp)3(µ-NCS)2(NCS)]+ clus-
ter cation and one NCS- counteranion. The [{(η5-
C5Me5)MoS3Cu3}2(µ-bpp)3(µ-NCS)2(NCS)]+ cluster cation
may also be visualized as another kind of double incomplete
cubane-like structure, which consists of one [(η5-
C5Me5)MoS3Cu3(µ-bpp)1.5(NCS)] fragment and one [(η5-
C5Me5)MoS3Cu3(µ-bpp)1.5(µ-NCS)] fragment that are bridged
by a single thiocyanate group (Figure 9). Within the two
fragments, six unique Cu centers show different coordination
environments. Upon being coordinated by two µ3-S atoms
from the [(η5-C5Me5)MoS3] moiety, Cu1 is coordinated by
one terminal NCS to furnish a trigonal planar coordination
geometry, while Cu2 and Cu5 are coordinated by two bpp
ligands, Cu3 is coordinated by one bpp ligand and one N
atom from the bridging thiocyante group, Cu4 is coordinated
by one bpp ligand and one S atom from the bridging
thiocyante group, and Cu6 is coordinated by one N and one
S atom from a pair of the bridging thiocyanate groups,
forming a distorted tetrahedral coordination geometry. For
the trigonally coordinated Cu1 and the tertahedrally coor-
dinated Cu centers, the mean Mo1 · · ·Cu1 contacts (2.616(4)
vs 2.691(3) Å) are similar to those of the corresponding ones
in 2-6. The average Mo-µ3-S, Cu-µ3-S, and Cu-N distances
are normal.

The two cluster fragments serve as two intriguing
multiconnecting nodes. The [(η5-C5Me5)MoS3Cu3(µ-
bpp)1.5(NCS)] fragment acts as planar four-connecting
node(node(c) inScheme1)while the [(η5-C5Me5)MoS3Cu3(µ-
bpp)1.5(µ-NCS)] fragment works as an unprecedented
planar five-connecting node (node (d) in Scheme 1). The
two nodes work in a cooperative way to interconnect with
the equivalent ones by single and double NCS bridges to
give a finite chain extended along the b direction.
Meanwhile, the resulting finite chain and their symmetry
generated motifs are further linked by 12 single bpp
bridges to furnish a one-dimensional quadruply stranded
chain extending along the a axis (Figure 10). The width
for this chain is approximately 30.6 Å. Alternatively, two
adjacent [(η5-C5Me5)MoS3Cu3(µ-bpp)1.5(µ-NCS)] frag-
ments form a centrosymmetric double incomplete cubane-

like motif [(η5-C5Me5)MoS3Cu3(µ-bpp)1.5(µ-NCS)]2 through
a double thiocyanate bridge. This motif connects its
equivalent ones via four single bpp bridges to form a
double chain extending along the a axis. On the other
hand, the [(η5-C5Me5)MoS3Cu3(µ-bpp)1.5(NCS)] fragment
links its neighboring ones via one bpp bridges to form a
single chain also extending along the a axis. Therefore,
two such single chains link the double chain in an opposite
direction via single thiocyanate bridges and single bpp
bridges to complete this quadruply stranded chain. To our
knowledge, such a thick chain has not yet been described.
Of the three columns of grids supported by this quadruple
structure, the diagonal direction of each grid in two side
columns is filled by one additional bpp ligand while the
grids in the middle column remain intact. In the unit cell,
the chains are arranged in a head-to-tail fashion along the
b axis to give a zigzag chain, which is further stacked
along the c direction, 1D channels are thus formed when
looking down the a axis. A total of 222.2 Å3 (6.1% of
the unit cell volume) void in each unit cell is occupied
by the dissociated and disordered SCN- counterions (see
the Supporting Information) (Table 6).

Third-Order Nonlinear Optical (NLO) Properties of
1a, 2, 3a, and 4-7. Since the NLO behaviors of 1b have
been described in our earlier report20g and 3a and 3b are
structural analogues, only 1a, 2, 3a, and 4-7 will be used
for NLO investigations. The electronic spectra of 1a, 2,
3a, and 4-7 in aniline solution showed relatively low
linear absorption in 532 nm (see the Supporting Informa-
tion), which promises low intensity loss and little tem-
perature change by photon absorption during the NLO
measurements. The NLO absorption performances of the
aniline solutions of 1a, 2, 3a, and 4-7 were evaluated by
the Z-scan technique under an open-aperture configuration
at 532 nm (Figure 11). For the pure aniline solvent, the
nonlinear transmittance was found to be very large, up to
97.2% (see the Supporting Information), which suggests
that its NLO refraction and absorption, if any, have no
impact on the NLO properties of the complexes in aniline
solution.20g Although the detailed mechanism is unknown,
it is interesting to note that the NLO absorption data
obtained under the conditions used in this work can be
well evaluated by literature methods.29

The nonlinear absorptive indexes R2 for these compounds
were calculated to be 7.08 × 10-11 m ·W-1 (1a), 4.80 ×
10-11 m ·W-1 (2), 5.43 × 10-11 m ·W-1 (3a), 6.84 × 10-11

m ·W-1 (4), 4.99 × 10-11 m ·W-1 (5), 4.88 × 10-11 m ·W-1

(6), and 4.86 × 10-11 m ·W-1 (7), respectively, implying
that they have good NLO absorption properties. However,
these compounds were not detected to have obvious nonlinear
refractive effects, which means that their nonlinear refractive
effects were rather weak in our experimental conditions and
thus can be neglected.

(29) (a) Sherk-Bahae, M.; Said, A. A.; Wei, T. H.; Hagan, D. J.; Van
Stryland, E. W. IEEE J. Quantum Electron. 1990, 26, 760–769. (b)
Sherk-Bahae, M.; Said, A. A.; Van Stryland, E. W. Opt. Lett. 1989,
14, 955–957.

Table 5. Selected Bond Distances (Å) and Angles (deg) for 6

Mo(1) · · ·Cu(1) 2.6496(10) Mo(1) · · ·Cu(2) 2.6524(11)
Mo(1) · · ·Cu(3) 2.6501(11) Mo(1)-S(2) 2.2740(17)
Mo(1)-S(3) 2.2857(19) Mo(1)-S(1) 2.2948(17)
Cu(1)-S(2) 2.222(2) Cu(1)-S(1) 2.2348(19)
Cu(1)-Br(2) 2.3038(11) Cu(2)-S(2) 2.243(2)
Cu(2)-S(3) 2.2569(19) Cu(2)-Br(1) 2.7999(13)
Cu(2)-N(1) 1.969(5) Cu(3)-N(2A) 1.977(5)
Cu(3)-S(1) 2.231(2) Cu(3)-S(3) 2.2429(19)
Cu(3)-Br(1) 2.5973(12)
S(2)-Mo(1)-S(3) 105.47(6) S(2)-Mo(1)-S(1) 105.44(6)
S(3)-Mo(1)-S(1) 106.33(7) S(2)-Cu(1)-S(1) 109.29(7)
S(2)-Cu(1)-Br(2) 116.87(6) S(1)-Cu(1)-Br(2) 130.44(6)
S(2)-Cu(2)-S(3) 107.49(7) S(2)-Cu(2)-Br(1) 114.81(6)
N(1)-Cu(2)-S(2) 114.13(17) N(1)-Cu(2)-S(3) 127.19(17)
N(1)-Cu(2)-Br(1) 99.37(16) S(3)-Cu(2)-Br(1) 90.97(5)
N(2A)-Cu(3)-S(1) 116.37(17) N(2A)-Cu(3)-S(3) 119.43(16)
N(2A)-Cu(3)-Br(1) 106.26(16) S(1)-Cu(3)-S(3) 110.07(7)
S(1)-Cu(3)-Br(1) 104.80(6) S(3)-Cu(3)-Br(1) 96.75(6)
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In accordance with the observed R2 values, the effective
third-order susceptibility30 �(3) for 1a, 2, 3a, and 4-7 was

calculated to be 2.86 × 10-12 esu (1a), 1.94 × 10-12 esu
(2), 2.19 × 10-12 esu (3a), 2.76 × 10-12 esu (4), 2.01 ×
10-12 esu (5), 1.97 × 10-12 esu (6), and 1.96 × 10-12 esu
(7), and the corresponding hyperpolarizabilities γ values31

were 5.85 × 10-29 esu (1a), 2.98 × 10-29 esu (2), 4.00 ×
10-29 esu (3a), 4.87 × 10-29 esu (4), 4.29 × 10-29 esu
(5), 4.03 × 10-29 esu (6), and 3.86 × 10-29 esu (7),
respectively. These results showed that these compounds
possess relatively strong third-order optical nonlinearities.

Conclusion

In this work, we investigated the assembly reactions of
1a or 1b with bpe or bpp and isolated a family of
[(η5-C5Me5)MoS3Cu3]-supported compounds with one-
dimensional arrays (2-7). The controlled la-to-bpe ratios
were responsible for the formation of five cluster-based
complexes with four different kinds of 1D chain structures
(2-5), which were derived from reactions of the same
components (1a and bpe). In all these compounds, the cluster
core of 1a or 1b was retained and acted as multiconnecting
nodes under the presence of the bridging bpe, bpp, and

(30) Yang, L.; Dorsinville, R.; Wang, Q. Z.; Ye, P. X.; Alfano, R. R.;
Zamboni, R.; Taliani, C. Opt. Lett. 1992, 17, 323–325.

(31) Chen, Z. R.; Hou, H. W.; Xin, X. Q.; Yu, K. B.; Shi, S. J. Phys.
Chem. 1995, 99, 8717–8721.

Figure 8. (a) View of the C-H · · ·Br hydrogen-bonding interactions (highlighted as black dotted lines) among the three helical chains of 6. (b) Space filling
diagram of the hydrogen-bound triply stranded helix of 6 extending along the b axis.

Figure 9. Perspective view of the [{(η5-C5Me5)MoS3Cu3}2(µ-bpp)3(µ-
NCS)2(NCS)]+ cluster cation in 7 with labeling scheme. The η5-C5Me5

ligands and the hydrogen atoms were omitted for clarity. Symmetry codes:
(A) -x + 1, -y + 1, -z + 1; (B) x - 1, y, z; (C) x + 1, y, z.
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thiocyanate liagnds. In 2, 3, 5, and 6, each [(η5-
C5Me5)MoS3Cu3] core works as an angular two-connecting
node to link the equivalent ones through bpe or bpp bridges
to form a 1D “Great Wall”-like chain (2), a zigzag chain (3
and 5), and a helical chain (6). Because of the presence of
C-H · · ·Br hydrogen-bonding interactions, 6 shows a 1D
H-bonded triply stranded helical chain in its crystal. 4 has a
1D double chain structure in which the [(η5-C5Me5)MoS3Cu3]
core serves as a angular two-connecting node and a
pyramidal three-connecting node. 7 shows an unprecedented

thick 1D quadruple chain in which the [(η5-C5Me5)MoS3Cu3]
core exhibits two unique planar four-connecting and five-
connecting nodes. As demonstrated in this paper and previous
papers,20 the ligand effects on the final structure outcomes
can be quite complicated. In the case of bpe, the final
supramolecular assemblies are not only affected by the
ligands but also by the stoichiometric ratios of the reacting
components and even the solvents. It is assumed that the
low symmetrical ligands like bpe and bpp may induce the
[(η5-C5Me5)MoS3Cu3] core to work as irregular connecting
nodes, which may result in the formation of less symmetrical

Figure 10. View of a section of the 1D chain of 7 (extending along the a axis). The η5-C5Me5 ligands, the NCS- counteranions, and the hydrogen atoms
were omitted for clarity.

Table 6. Selected Bond Distances (Å) and Angles (deg) for 7

Mo(1) · · ·Cu(1) 2.616(4) Mo(1) · · ·Cu(2) 2.691(3)
Mo(1) · · ·Cu(3) 2.682(3) Mo(2) · · ·Cu(4) 2.681(3)
Mo(2) · · ·Cu(5) 2.704(3) Mo(2) · · ·Cu(6) 2.696(3)
Mo(1)-S(4) 2.280(6) Mo(1)-S(3) 2.286(6)
Mo(1)-S(2) 2.292(6) Mo(2)-S(8) 2.273(5)
Mo(2)-S(6) 2.285(5) Mo(2)-S(7) 2.276(6)
Cu(1)-N(1) 1.90(2) Cu(1)-S(2) 2.210(6)
Cu(1)-S(3) 2.221(6) Cu(2)-N(2) 1.988(15)
Cu(2)-N(3B) 2.084(15) Cu(2)-S(4) 2.231(6)
Cu(2)-S(3) 2.243(6) Cu(3)-N(4) 1.986(18)
Cu(3)-N(6) 2.04(2) Cu(3)-S(2) 2.220(6)
Cu(3)-S(4) 2.233(6) Cu(4)-N(5B) 2.011(16)
Cu(4)-S(6) 2.224(6) Cu(4)-S(7) 2.251(6)
Cu(4)-S(5) 2.491(6) Cu(5)-N(7) 2.04(2)
Cu(5)-N(8C) 2.104(16) Cu(5)-S(8) 2.238(6)
Cu(5)-S(7) 2.241(6) Cu(6)-N(9A) 1.949(18)
Cu(6)-S(6) 2.231(5) Cu(6)-S(8) 2.237(6)
Cu(6)-S(9) 2.589(7)
S(4)-Mo(1)-S(3) 105.2(2) S(4)-Mo(1)-S(2) 105.0(2)
S(3)-Mo(1)-S(2) 105.4(2) S(8)-Mo(2)-S(7) 105.2(2)
S(8)-Mo(2)-S(6) 105.1(2) S(7)-Mo(2)-S(6) 105.7(2)
N(1)-Cu(1)-S(2) 122.6(6) N(1)-Cu(1)-S(3) 126.5(6)
S(2)-Cu(1)-S(3) 110.6(2) N(2)-Cu(2)-N(3B) 103.8(6)
N(2)-Cu(2)-S(4) 117.2(5) N(3B)-Cu(2)-S(4) 102.1(5)
N(2)-Cu(2)-S(3) 116.1(5) N(3B)-Cu(2)-S(3) 107.8(5)
S(4)-Cu(2)-S(3) 108.4(2) N(4)-Cu(3)-N(6) 99.3(8)
N(4)-Cu(3)-S(2) 120.1(6) N(6)-Cu(3)-S(2) 107.6(5)
N(4)-Cu(3)-S(4) 113.8(6) N(6)-Cu(3)-S(4) 105.3(5)
S(2)-Cu(3)-S(4) 109.1(2) N(5B)-Cu(4)-S(6) 125.1(6)
N(5B)-Cu(4)-S(7) 112.9(6) S(6)-Cu(4)-S(7) 108.7(2)
N(5B)-Cu(4)-S(5) 96.1(6) S(6)-Cu(4)-S(5) 100.8(2)
S(7)-Cu(4)-S(5) 111.1(2) N(7)-Cu(5)-N(8C)2 102.6(9)
N(7)-Cu(5)-S(8) 113.9(8) N(8C)-Cu(5)-S(8) 106.1(5)
N(7)-Cu(5)-S(7) 113.8(8) N(8C)-Cu(5)-S(7) 112.8(5)
S(8)-Cu(5)-S(7) 107.6(2) N(9A)-Cu(6)-S(6) 117.3(5)
N(9A)-Cu(6)-S(8) 122.1(6) S(6)-Cu(6)-S(8) 108.2(2)
N(9A)-Cu(6)-S(9) 97.4(6) S(6)-Cu(6)-S(9) 110.1(2)
S(8)-Cu(6)-S(9) 98.7(2)

Figure 11. Z-scan data for the aniline solutions of 2.5 × 10-5 M for 1a
(a) and 2.5 × 10-5 M for 6 (b). The black solid squares are experimental
data, and the solid curves are the theoretical fit.
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cluster-based assemblies. For example, the bpp ligand
contains a longer (CH2)n group than bpe and has three more
possible conformations (Chart 1). It makes the [(η5-
C5Me5)MoS3Cu3] core be more complicated connecting
nodes (nodes (c) and (d)), thereby forming a more compli-
cated [(η5-C5Me5)MoS3Cu3]-supported supramolecular array
of 7. Compounds 2, 3a, and 4-7 exhibited good third-order
NLO properties in solution. However, their NLO perfor-
mances are similar and not better than those of their
precursors 1a or 1b, which may be ascribed to the fact that
they all have the [(η5-C5Me5)MoS3Cu3] core in their struc-
tures. It is assumed that the supramolecular arrays derived
from the [(η5-C5Me5)MoS3Cu3] cores and 4,4′-bipyridine or
its derivatives may not greatly enhance the NLO properties.
The introduction of more metal ions into such supramolecular
arrays may be an efficient way to enhance such properties.20i

From these results, we concluded that the less symmetric
ligands bpe and bpp and 1a or 1b may be an excellent
combination for the assembly of the [(η5-C5Me5)MoS3Cu3]-
based polymeric complexes with 1D chain arrays. Further
research work on exploring the formation of new 1D cluster-
based frameworks by other less symmetric ligands such as
1,4-bis(4-pyridyl)butane (bpb), 1,6-bis(4-pyridyl)hexane (bph)
coupled with 1a or 1b and the enhancement of their NLO
performances is in progress.

Experimental Section

General Procedures. The two cluster precursors [PPh4][(η5-
C5Me5)MoS3(CuX)3] (1a: X ) Br;18d 1b: X ) NCS20g) were
prepared according to the literature methods, while all other
chemicals were used as purchased. Aniline and DMF were freshly
distilled under reduced pressure, while other solvents were predried
over activated molecular sieves and refluxed over the appropriate
drying agents under argon and collected by distillation. The
elemental analyses for C, H, and N were performed on a Carlo-
Erba CHNO-S microanalyzer. 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. 1H NMR spectra were recorded at ambient
temperature on a Varian UNITY-400 spectrometer. 1H NMR
chemical shifts were referenced to the deuterated dimethyl sulfoxide
(DMSO-d6) signal.

{[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3.5Br4] ·MeCN}n (2). A purple-
red solution of 1a (220 mg, 0.2 mmol) in DMF (20 mL) was
carefully mixed with a colorless solution of bpe (65 mg, 0.35 mmol)
in MeCN (50 mL). The mixture was allowed to stand at room
temperature for a few days to afford black prisms of 2, which were
collected by filtration, washed with MeCN and Et2O, and dried in
air. Yield: 157 mg (70%). Anal. Calcd for C64H75Br4Cu6Mo2N8S6:
C, 37.65; H, 3.70; N, 5.49. Found: C, 37.43; H, 3.65; N, 5.27. IR
(KBr disk): 3034 (w), 2911 (w), 1614 (vs), 1499 (m), 1427 (s),
1377 (s), 1281 (w), 1223 (m), 1150 (m), 1069 (m), 1023 (m), 958
(w), 873 (w), 827 (m), 754 (w), 694 (w), 625 (w), 547 (w), 500
(m), 414 (m) cm-1. 1H NMR (400 MHz, DMSO-d6): δ 7.43-8.62
(m, 14H, PyH), 3.05 (s, 7H, CH2), 1.97 (s, 15H, C5Me5).

{[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3Br4] ·DMSO ·3MeCN}n (3a).
Compound 3a was prepared in a manner similar to that described
for 2, by using 1a (220 mg, 0.2 mmol) in 20 mL of DMSO and
bpe (56 mg, 0.3 mmol) in 50 mL of MeCN as starting materials.
Black needles of 3a were collected, washed with MeCN and Et2O,T
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and dried in air. Yield: 161 mg (76%). Anal. Calcd for
C64H81Br4Cu6Mo2N9OS7: C, 36.44; H, 3.87; N, 5.98. Found: C,
36.22; H, 3.80; N, 5.79. IR (KBr disk): 3031 (w), 2907 (w), 1610
(vs), 1560 (w), 1483 (w), 1426 (s), 1378 (m), 1222 (m), 1147 (w),
1056 (m), 1023 (s), 954 (w), 826 (s), 669 (w), 599 (w), 550 (m),
493 (w), 409 (w) cm-1. 1H NMR (400 MHz, DMSO-d6): δ
7.36-8.59 (m, 12H, PyH), 3.01 (m, 6H, CH2), 1.96 (s, 15H,
C5Me5).

{[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3Br4] ·2aniline ·3MeCN}n (3b).
Compound 3b was prepared in a manner similar to that described
for 2, by using 1a (220 mg, 0.2 mmol) in 10 mL of aniline and
bpe (56 mg, 0.3 mmol) in 50 mL of MeCN as starting materials.
Black plates of 3b were collected, washed with aniline, MeCN,
and Et2O, and dried in air. Yield: 161 mg (72%). Anal. Calcd for
C74H89Br4Cu6Mo2N11S6: C, 40.08; H, 4.05; N, 6.95. Found: C,
39.85; H, 4.00; N, 6.76. IR (KBr disk): 3039 (w), 2936 (w), 2253
(m), 1932 (w), 1603 (vs), 1500 (s), 1468 (w), 1373 (m), 1281 (s),
1175 (m), 1056 (w), 1038 (s), 996 (w), 755 (m), 694 (s), 620 (w),
507 (m), 411 (w) cm-1. 1H NMR (400 MHz, DMSO-d6): δ
7.24-8.45 (m, 12H, PyH), 3.03 (s, 6H, CH2), 2.01 (s, 15H, C5Me5).

{[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)3(bpe)Br4] ·0.35DMF}n(4).Com-
pound 4 was prepared in a manner similar to that described for 2,
using 1a (220 mg, 0.2 mmol) and bpe (74 mg, 0.4 mmol) as starting
materials. Black square thin plates of 4 were collected, washed with
MeCN and Et2O, and dried in air. Yield: 102 mg (48%). Anal.
Calcd for C69H80.5Br4Cu6Mo2N8.35O0.35S6: C, 39.14; H, 3.83; N, 5.52.
Found: C, 39.08; H, 3.77; N, 5.39. IR (KBr disk): 3045 (w), 2909
(w), 1674 (m), 1611 (vs), 1558 (w), 1498 (m), 1426 (s), 1378 (s),
1223 (m), 1070 (m), 1015 (s), 827 (s), 814 (s), 667 (w), 599 (w),
549 (m), 518 (w), 412 (m) cm-1. 1H NMR (400 MHz, DMSO-d6):
δ 7.40-8.54 (m, 16H, PyH), 3.06 (s, 8H, CH2), 1.96 (s, 15H,
C5Me5).

{[{(η5-C5Me5)MoS3Cu3}2(µ-bpe)2(µ-Br)(µ3-Br)Br2] ·DMF ·Me-
CN}n (5). Compound 5 was prepared in a manner similar to that
described for 2, by using 1a (220 mg, 0.2 mmol) and bpe (37 mg,
0.2 mmol) as starting materials. Black plates of 5 were collected,
washed with MeCN and Et2O, and dried in air. Yield: 144 mg
(78%). Anal. Calcd for C49H64Br4Cu6Mo2N6OS6: C, 32.02; H, 3.51;
N, 4.57. Found: C, 31.90; H, 3.48; N, 4.25. IR (KBr disk): 3031
(w), 2907 (w), 1664 (m), 1610 (vs), 1558 (w), 1485 (w), 1427 (s),
1384 (m), 1222 (m), 1147 (w), 1070 (m), 1023 (m), 878 (w), 825
(m), 624 (w), 551 (m), 496 (w), 414 (w) cm-1. 1H NMR (400 MHz,
DMSO-d6): δ 7.38-8.45 (m, 12H, PyH), 3.04 (m, 6H, CH2), 1.95
(s, 15H, C5Me5).

[(η5-C5Me5)MoS3Cu3(µ-bpp)(µ-Br)Br]n (6). Compound 6 was
prepared in a manner similar to that described for 2, by using 1a
(220 mg, 0.2 mmol) in 20 mL of DMF and bpp (60 mg, 0.3 mmol)
in 50 mL of MeCN as starting materials. Black block crystals of 6
were collected, washed with MeCN and Et2O, and dried in air.
Yield: 112 mg (64%). Anal. Calcd for C23H29Br2Cu3MoN2S3: C,
31.53; H, 3.34; N, 3.20. Found: C, 31.82; H, 3.28; N, 3.35. IR
(KBr disk): 2949 (w), 2915 (w), 2860 (w), 1616 (vs), 1582 (s),
1499 (s), 1428 (s), 1376 (s), 1288 (m), 1220 (m), 1068 (w), 1022
(m), 817 (m), 754 (s), 694 (m), 623 (w), 509 (m), 415 (m) cm-1.
1H NMR (400 MHz, DMSO-d6): δ 6.55-7.26 (m, 8H, PyH),
2.06-2.66 (m, 6H, CH2), 1.92 (s, 15H, C5Me5).

{[{(η5-C5Me5)MoS3Cu3}2(µ-bpp)3(µ-NCS)2(NCS)](NCS)}n (7).
Compound 7 was prepared in a manner similar to that described
for 2, by using 1b (206 mg, 0.2 mmol) in 20 mL of DMF and bpp
(60 mg, 0.3 mmol) in 50 mL of MeCN as starting materials. Black
plates of 7 were collected, washed with MeCN and Et2O, and dried
in air. Yield: 145 mg (78%). Anal. Calcd for C63H72Cu6Mo2N10S10:
C, 40.61; H, 3.89; N, 7.52. Found: C, 40.42; H, 3.98; N, 7.63. IR

(KBr disk): 2942 (w), 2919 (w), 2101 (vs), 2079 (br,s), 1932 (w),
1614 (vs), 1558 (w), 1425 (s), 1384 (m), 1376 (m), 1223 (w), 1084
(m), 1068 (m), 1020 (w), 814 (m), 795 (w), 669 (w), 614 (w), 515
(m), 408 (w) cm-1. 1H NMR (400 MHz, DMSO-d6): δ 7.70-7.98
(m, 24H, PyH), 2.01-2.59 (m, 18H, CH2), 1.90 (s, 30H, C5Me5).

X-ray Structure Determination. X-ray quality crystals of 2-7
were obtained directly from the above preparations. The measure-
ments of 2-7 were made on a Rigaku Mercury CCD X-ray
diffractometer by using graphite-monochromated Mo KR (λ )
0.71073 Å). Single crystals were mounted with grease at the top
of a glass fiber and cooled at 193 K in a liquid N2 stream. Cell
parameters were refined by using the program CrystalClear (Rigaku
and MSC, version 1.3, 2001). The collected data were reduced by
using the program CrystalStructure (Rigaku and MSC, version 3.60,
2004) while an absorption correction (multiscan) was applied. The
reflection data were also corrected for Lorentz and polarization
effects.

The crystal structures of 2-7 were solved by direct methods and
refined on F2 by full-matrix least-squares techniques with the SHELXTL-
97 program.32 For 2, the two bpe ligands and the two η5-C5Me5 ligands
were found to be disordered over two sites with an occupancy factor
of 0.53/0.47 for N5/N5A, C25-C36/C25A-C36A, and N6/N6A, or
0.19/0.81 for N7/N7A and C40-C41/C40A-C41A, or 0.58/0.42 for
C43-C52/C43A-C52A, or 0.37/0.63 for C53-C62/C53A-C62A.
For 3a, the site occupation factor for the DMSO solvent molecule
and one of the MeCN solvent molecules were fixed to be 0.5 to give
reasonable temperature factors. For 4, the solvent accessible void
occupies a volume of 444.2 Å3 (10.9% of the total cell volume) and
is filled with highly disordered DMF solvents based on the FT-IR
spectra. Since disorder models did not give satisfactory results, the
solvent contribution to the scattering factors has been taken into account
with PLATON/SQUEEZE.27 A total of 28 electrons were found in
each unit cell, corresponding to 0.70DMF molecules per cell. Where
relevant, the crystal data reported in this paper are without the
contribution of the disordered solvent molecules. By taking into account
the partial occupation of the DMF solvent molecules, the following
values were obtained for those parameters: C68H78Br4Cu6Mo2-

N8S6 ·0.35DMF (Z ) 2), fw ) 2118.09, µ ) 3.983 mm-1, F000 )
2100.0, and Dcalcd ) 1.723 g/cm3. For 7, one of the bpp ligands was
split into two positions with an occupancy factor of 0.5/0.5 for
C20-C23/C20A-C23A and C26-C27/C26A-C27A. The NCS-

counteranions were disordered over two orientations with an occupancy
factor of 0.5/0.5. All non-hydrogen atoms, except for those of one
disordered bpe ligand (N7, C37-C42, N7A, and C40A-C42A) and
the MeCN solvent molecules in 2, and those of the disordered NCS-

counteranions in 7, were refined anisotropically. For 2, the hydrogen
atoms for one disordered bpe (C37, C38, C40, C41, C40A, and C41A)
were not located. For 3b, the hydrogen atoms for NH2 groups of the
solvent aniline were located from a Fourier map, and their N-H
distances were restrained to be equal. Other hydrogen atoms were
placed in geometrically idealized positions (C-H ) 0.98 Å with
Uiso(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 2-7
are listed in Table 7.

Third-Order Nonlinear Optical (NLO) Measurements of
1a, 2, 3a, and 4-7. The aniline solutions of 1a (2.5 × 10-5 M), 2
(3.3 × 10-5 M), 3a (2.8 × 10-5 M), 4 (2.9 × 10-5 M), 5 (2.4 ×
10-5 M), 6 (2.5 × 10-5 M), and 7 (2.6 × 10-5 M) were placed in

(32) Sheldrick, G. M. SHELXS-97 and SHELXL-97, Program for X-ray
Crystal Structure Solution; University of Göttingen: Göttingen,
Germany, 1997.
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a 2 mm quartz cuvette for the third-order NLO measurements. These
compounds were stable toward air and laser light under experi-
mental conditions. The nonlinear absorption was investigated with
a linear polarized laser light (λ ) 532 nm; pulse widths ) 4.5 ns;
repetition rate ) 2 Hz) generated from a frequency-doubled, mode-
locked, Q-switched Nd:YAG laser. The spatial profiles of the optical
pulses were nearly Gaussian after passing through a spatial filter.
The laser beam was focused with a 30 cm focal length focusing
mirror. The radius of the beam waist was measured to be 32 µm
(half-width at 1/e2 maximum). The incident and transmitted pulse
energies were measured simultaneously by two energy detectors
(Laser Precision Rjp-735), which were linked to a computer by an
IEEE interface. The NLO properties of the samples were manifested
by moving the samples along the axis of the incident laser irradiance
beam (Z-direction) with respect to the focal point and with incident
laser irradiance kept constant (Z-scan methods).29 The closed-
aperture curves of 0.2 mm radius were placed in front of the detector
to measure the transmitted energy when an assessment of laser beam

distortion was needed. To eliminate scattering effects, a lens was
mounted after the samples to collect the scattered light.
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