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Polymerizing Cluster Helicates into High-Connectivity Networks
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Introduction

First introduced by J.-M. Lehn in 1987,[1] over the last two
decades the field of multistranded helicates has been seed-
ing chemists� everlasting desire to target appealing metallo-
supramolecular edifices with helical archetypes, the poten-
tial functions of which are observed at the microscopic
level.[2,3] A conventional strategy that utilizes long and twist-
able ligands for the construction of helicates has proved to
be reliable.[4] However, this synthetic algorithm encounters
challenges in pursuit of multimetallic helicates (tetranuclear
or more), in which the metal centers are disposed in a poly-
hedral mode, namely, cluster helicates.[5]

Cluster helicates, a term coined by Bermejo et al. in
2005,[5] have formed an emerging concept that involves com-
pound types which combine the structural characters of heli-
cates and clusters. In the sporadically documented examples

of multimetallic helicates with polyhedral central cores,[6]

few of them displayed significant metal–metal interactions
and failed to exemplify genuine cluster helicates. In contrast
with the strategy of judicious selection of dianionic helicand
ligands,[5,6c] an anionic pyrazolate derivate with a typical
edge-bridging mode[7] was shown to give an intriguing exam-
ple of a pentanuclear M5L6 cluster helicate.[8] Recently, we
utilized a similar cluster helicate (A ; Figure 1, left) as a tem-
plate to fabricate helical coordination polymers through a
sulfur transformation reaction, and successfully implement-
ed supramolecular helix-to-helix induction.[9]
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Figure 1. Two types of pentanuclear copper(I) pyrazolate bis(triple heli-
cal) cluster helicates with L (M) conformation. Left: Cluster helicate
A,[8,9] constructed from the 3,5-bis(2-pyridyl)pyrazolate ligand; right:
cluster helicate B, constructed from the 3,5-bis(4-pyridyl)pyrazolate
ligand.

Abstract: Solvothermal reactions of
CuII salts and 3,5-bis(4-pyridyl)pyrazole
(HL) under various conditions gave
three different types of crystalline com-
pound, namely [Cu2ACHTUNGTRENNUNG(Cu5L6)]BF4·5 H2O
(1 a), [Cu2ACHTUNGTRENNUNG(Cu5L6)]ClO4·5 H2O (1 b),
and [Cu7(CN)2ACHTUNGTRENNUNG(Cu5L6)2] ACHTUNGTRENNUNG[BF4]3 (2). 1 a
and b were obtained in ethanol and
NH3·H2O, whereas 2 was obtained in
methanol and NH3·H2O. The three
complexes were constructed by incor-
porating new pentanuclear copper(I)
pyrazolate bis(triple helical) cluster

helicates (Cu5L6) as the second build-
ing units (SBUs), in which as many as
twelve 4-pyridyl N atoms are available
for further coordination and construc-
tion of high-connectivity topological
networks. In 1 a and b, seven 4-pyridyl
N atoms are linked to three three-coor-

dinated CuI atoms and four four-coor-
dinated CuI atoms, which results in
3,4,7-connected networks. In 2, as
many as eleven 4-pyridyl N atoms coor-
dinate to eleven CuI atoms, which re-
sults in a 4,10-connected topological
network. The increasing connectivity of
the cluster nodes in 2 is closely related
to the in situ-formed CN� anion bridge
around the periphery of the pentanu-
clear cluster helicates. The lumines-
cenct properties of these compounds
were also investigated.
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In an attempt to polymerize cluster compounds into coor-
dination polymers,[10] an analogous ligand, 3,5-bis(4-pyridyl)-
pyrazole (HL),[11] was synthesized in place of 3,5-bis(2-pyri-
dyl)pyrazole, which was used to prepare cluster helicate
A[9] . A rational consideration indicated that the 4-pyridyl
substituents might serve as bridging spacers for constructing
extended architectures in place of the terminal chelating
groups (2-pyridyl substituents) in A (Figure 1, left). Assum-
ing that the configuration of the M5L6 central core remains
unchanged by taking advantage of the edge-bridging mode
of the pyrazolate groups, and the 4-pyridyl substituents stay
uncoordinated, it is apparent that an MI metal ion with a
low coordination number, other than the MII (e.g., NiII and
ZnII) metal ions used in the preparation of A, would be re-
quired to fulfill the coordination balance between the metal
atoms and ligands.[5] By taking the above into consideration,
we report herein a new M5L6 cluster helicate (B ; Figure 1,
right), which acts as a secondary building unit (SBU) that
has 4-pyridyl vacant sites for further coordination to con-
struct high-connectivity coordination networks.[12]

Results and Discussion

Synthesis : Solvothermal reactions of CuII salts and HL in
various conditions gave three different types of crystalline
products, [Cu2ACHTUNGTRENNUNG(Cu5L6)]BF4·5 H2O (1 a), [Cu2-ACHTUNGTRENNUNG(Cu5L6)]ClO4·5 H2O (1 b), and [Cu7(CN)2 ACHTUNGTRENNUNG(Cu5L6)2]ACHTUNGTRENNUNG[BF4]3 (2).
1 a and b were obtained as yellowish transparent prismatic
crystals in ethanol and NH3·H2O at 140–160 8C, whereas 2
was separated as yellowish transparent columnular crystals
in methanol and NH3·H2O at 160 8C (Figure S1 in the Sup-
porting Information). The in situ reduction of CuII to CuI

was broadly confirmed by the solvothermal reactions.[13]

The infrared spectrum of 2 shows bands at ñ=2100 cm�1,
which is attributed to the stretch vibration of C=N. In fact,
many other CuI complexes based on HL or related ligands
contain in situ-formed cyanide anions from methanol and
NH3·H2O under solvothermal conditions, which will be re-
ported in further publications. Herein we suggest the ration-
alized pathway for the formation of the cyanide anions, as
follows:

CH3OH! HCHO! CH2¼NH! HCN! CN�

There are previous literature reports of the in situ forma-
tion of cyanide anions from HCHO and NH3·H2O via the
imine (CH2=NH) intermediate.[14] We attempted to capture
the HCHO and CH2=NH intermediates in the filtrate by
performing GC–MS measurements. Unfortunately, there
was no observable peak attributable to the HCHO or CH2=

NH intermediates, probably because of their low concentra-
tions in the filtrate and the difficulty of distinguishing their
peaks from the peaks of N2 from air or the CH3OH solvent.

Pentanuclear Cu5L6 cluster helicate SBU : X-ray crystallog-
raphy revealed that 1 a,b (isostructures, tetrafluoroborate
and perchlorate, respectively) and 2 (tetrafluoroborate) are

constructed by similar pentanuclear copper(I) pyrazolate
cluster B (Figure 1, left). In each cluster, five CuI atoms are
arranged on the five vertices of a squashed trigonal-bipyra-
midal polyhedron. Ideally, the distances of six Cuax···Cueq

(edge-bridged by deprotonated L ligands; ax=axial, eq =

equitorial) would be equal, and there would be a C3 axis
that passed through the Cu1 and Cu2, and thus the cluster
would belong to D3 point group. However, 1 a,b and 2 crys-
tallize in the P21/c and C2/c (monoclinic, with lower symme-
try than trigonal) space groups, respectively. The Cuax···Cueq

distances are much shorter than Cueq···Cueq distances
(Table 1), which indicates stronger Cu···Cu interactions in

the axis orientation than in the equator orientation. The two
CuI atoms along the axis (Cu1 and Cu2) are roughly planar
three-coordinated, whereas the three CuI atoms on the
equator (Cu3, Cu4, and Cu5) are approximately linearly co-
ordinated. Six L ligands are located on the edge of the trigo-
nal bipyramid, and arranged in a bis(triple helical)
shape[6a,8,9] around the central pentanuclear CuI cluster core
through pyrazolate edge-bridging of two adjacent CuI atoms.
Accordingly, this M5L6 (B) unit can be described as a cluster
helicate in which the metal cluster defines the helical axis.[5]

It is clear that cluster helicate B exhibits two conformations
(D and L, or P and M)[2a,15] in light of the helical chirality
(Figures S2 and S3 in the Supporting Information). The con-
struction of cluster helicate B, which is stabilized by signifi-
cant metal–metal interactions,[16] is distinct from previously
reported cluster helicates and A,[6,8] and provides a unique
example of a genuine multimetallic cluster helicate.

High-connectivity cluster-helicate-based networks : As men-
tioned above, the twelve 4-pyridyl nitrogen atoms from six
L ligands are available for further coordination. Cluster heli-
cate B may act as a SBU, with the connectivity number ex-
pected to be as high as twelve. However, the steric hin-
drance might more or less reduce the connectivity in the
self-assembly processes.

In 1 a and b, only seven of the twelve pyridyl N atoms are
linked to three three-coordinated CuI atoms (Cu6, Cu6A,
Cu6B) and four four-coordinated CuI atoms (Cu7, C7C,

Table 1. Cu–Cu distances of pentanuclear cluster units.

Cu interaction Distance [�]
1a 1b 2

Cuax�Cueq Cu1�Cu3 3.1070 3.1255 2.9123
Cu1�Cu4 3.1993 3.2199 3.0900
Cu1�Cu5 2.8815 2.8822 3.1436
Cu2�Cu3 2.9987 3.0053 2.9571
Cu2�Cu4 3.2439 3.2411 3.0457
Cu2�Cu5 2.9806 2.9846 3.1500ACHTUNGTRENNUNG(average) ACHTUNGTRENNUNG(3.0685) ACHTUNGTRENNUNG(3.0764) ACHTUNGTRENNUNG(3.0498)

Cueq�Cueq Cu3�Cu4 3.9434 3.9505 3.7373
Cu4�Cu5 3.7752 3.7768 3.7562
Cu3�Cu5 3.9678 3.9555 4.0381ACHTUNGTRENNUNG(average) ACHTUNGTRENNUNG(3.8955) ACHTUNGTRENNUNG(3.8943) ACHTUNGTRENNUNG(3.8439)
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Cu7D, Cu7E), respectively, and the five remaining pyridyl N
atoms are vacant (Figure 2a). Only one L ligand acts as a
tetradentate ligand and the other five ligands are tridentate.
Through these seven CuI atoms, each cluster helicate B is
connected to eleven others surrounding it (Figure S4a in the
Supporting Information), polymerizing each other into a
complicated 3D coordination network that includes one
counterion (BF4

� for 1 a and ClO4
� for 1 b) and five guest

water molecules per cluster
unit. The occupied space of
each M5L6 cluster is about
2000 �3 (each cell unit con-
tains four M5L6 clusters). Left-
(L or M) and right-handed (D

or P) triple-stranded helicate
enantiomers exist, which ar-
range in an alternately homo-
chiral PPMM (DDLL) bilayer
packing fashion along the c
axis (Figure 2c) through sym-
metry operations, which result
in racemic compounds, consis-
tent with the central symmetry
space groups of 1 a and b.
Topologically, the pentanuclear
cluster helicates in 1 a and b
act as 7-connected nodes (Fig-
ure S4a in the Supporting In-
formation), and the seven CuI

atoms around the cluster can be envisioned as 3- and 4-con-
nected nodes. Therefore, 1 a and b exhibit 3,4,7-connected
networks with the Schl�fli symbol of (43) ACHTUNGTRENNUNG(44·62)(47·611·83),[12a]

which is composed of two subnets that share these cluster
nodes. One is a 2D subnet constructed from the three-coor-
dinated CuI atoms (Cu6, Cu6A, Cu6B) connecting these
clusters, the other is a 3D (42·63·8) subnet (sra net; i.e., its
structure is analogous to the aluminum network in SrAl2)

[17]

constructed from the four-coordinated CuI atoms (Cu7,
C7C, Cu7D, Cu7E) that connect these cluster nodes (Fig-
ure 3a and Figure S5 in the Supporting Information).

In 2, as many as eleven pyridyl N atoms coordinate with
eleven CuI atoms. Four of the eleven CuI atoms (Cu6, Cu7,
Cu8, Cu9) are symmetry dependent. Cu6 and Cu8 are coor-
dinated by four pyridyl N atoms from four clusters, respec-
tively. Cu6 atoms are located at C2 rotation axis (Figure S3c
in the Supporting Information), and each Cu6 atom is coor-
dinated by two pairs of symmetry-related N1 and N16 atoms
(Figure 2b), whereas each Cu8 is coordinated by four sym-
metry-independent pyridyl N atoms (N21, N12, N17, N24,
Figure 2b). In contrast, the Cu7 and Cu9 atoms are coordi-
nated by three pyridyl N atoms (N5, N9, N20) and two pyr-
idyl N atoms (N8, N13) from different clusters and a cya-
nide anion, respectively (Figure 2b). Only one L acts as a
tridentate ligand (the N4 atom is vacant), the others are tet-
radentate. It is worth noting that Cu8F deviates severely
from the plane of N24 pyridyl ring (the angle between the
bond and the plane is 1428), and the distance between Cu8F
and N24 is 2.1823 �, much longer than the other Cu–N
bonds, which indicates the interaction between Cu8F and
N24 is much weaker. Through these eleven CuI atoms, each
cluster is connected to sixteen others around it (Figure S4b),
also polymerizing each other into a complicated 3D coordi-
nation network that contains one and a half counteranions
(BF4

�) per cluster unit but no solvent molecules. The occu-
pied space of each M5L6 cluster is about 2000 �3 (each cell

Figure 2. Peripheral environments of the pentanuclear copper(I) pyrazo-
late cluster helicate B in a) 1 a and b, symmetry codes: A: x, �y+ 1=2 z+
1=2; B: �x +2, �y+1, �z +1; C: x, �y+ 1=2, z�1=2 ; D: �x+ 1, y�1=2, �z+
3=2; E: �x+ 2, y�1=2, �z+ 3=2; and b) 2 (vacant pyridyls are omitted for
clarity), symmetry codes: A: x�1=2, y�1=2, z ; B: �x + 1=2, y�1=2, �z + 1=2; C:
x+ 1=2, y�1=2, z ; D: �x�1=2, �y+ 1=2, �z ; E: �x + 1=2, �y+ 1=2, �z). Packing
arrangements of left- (yellow) and right-handed (blue) cluster helicates
along the a axis in c) 1a and b and d) 2, which show the 21 screw axis in
1a and b and the C2 axis in 2 (c), the glide reflection (green plane, b=
1=4 crystallography planes, the glide vector c= 1=2 for 1 a and b and n= 1=2
for 2). Anions and water molecules are omitted and pyridyls are simpli-
fied as red bonds for clarity.

Figure 3. Schematic representation of the formation of topological networks of a) 1a and b and b) 2 by various
subnets with cluster sharing nodes.
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unit contains eight M5L6 clusters), which is similar to 1 a and
b. The different handedness packing fashion of the cluster
helicates in 2 is similar to the alternately PPMM (DDLL)
fashion of 1 a and b (Figure 2d). By denoting Cu7 and Cu9
bridged by cyanide anion as a 4-connected node and one
cluster as a 10-connected node (Fig ACHTUNGTRENNUNGure S4b in the Support-
ing Information), 2 can be rationalized as a 4,10-connected
net with a Schl�fli symbol of (43·63)ACHTUNGTRENNUNG(45·6) ACHTUNGTRENNUNG(45·6)(418·622·85)[12a]

The complicated 3D network is composed of three subnets
that share these cluster nodes; two types of 2D subnet
through Cu6 and Cu8 that connect these cluster nodes and
one 3D 4-connected subnet with a Schl�fli symbol of
(43·62·8), constructed from Cu7/Cu9 atoms that connect
these clusters (Figure 3b and Figure S6 in the Supporting In-
formation).To our knowledge, such a topology that contains
10-connected nodes is rarely encountered.

In the formation of the highly connected network of 2,
the in situ-formed CN� anions play a key role by acting as
linear bridges that connect CuI atoms (Cu7 and Cu9)
around the periphery of the pentanuclear cluster helicates,
but not between these clusters (Figure 2b), which thus leads
to the increasing connectivity of the cluster nodes (from
seven connections in 1 a and b to ten in 2). The similarly oc-
cupied space of each M5L6 cluster in 1 a,b and 2 indicates
that the existence of CN� anions in 2 did not increase the in-
tercluster distances. Therefore, the most likely reason that
CN� increases the connectivity is that its negative charge
favors the aggregation of more positive CuI cations around
the periphery of the pentanuclear cluster helicates to form
more Cu�N bonds, and thus lead to the higher connectivity
of the cluster nodes.

Luminescence properties : The photoluminescence of these
CuI complexes were also investigated (Figure 4). Upon irra-
diation with light of l=390 nm, the three complexes show
orange photoluminescence properties with broad emission
peaks (lem,max =600, 596, and 580 nm for 1 a,b, and 2, respec-
tively) at room temperature. We tentatively assigned the
emissions as originating from the metal-centered 3[MC] or
metal–metal bond to ligand charge transfer 3ACHTUNGTRENNUNG[MMLCT] ex-
cited states,[18] which is reasonable because various weak

Cu···Cu interactions are obvious in the pentanuclear CuI

cluster (Table 1). The blueshift of 2 is coincident with the
fact that the Cu···Cu distances are shorter in 2 than in 1 a,b.

Conclusion

Herein, we have introduced a new pentanuclear Cu5L6 bis-ACHTUNGTRENNUNG(triple helical) cluster helicate, which is incorporated in two
types of high-connectivity coordination networks. For the
first time, this work implements the polymerization of clus-
ter helicate cores into coordination polymers by taking ad-
vantage of the edge-bridging mode of the pyrazolate ligand
and by reducing the coordination number of the metal
center. We believe that this work offers valuable insights
into both the construction of high-connectivity cluster-based
topological networks, and also the functionalization of heli-
cal cluster cores toward the construction of functional met-
allosupramolecular edifices with intriguing physical proper-
ties.

Experimental Section

Materials and Physical Measurements : Commercially available reagents
(Alfa Aesar) were used as received, without further purification. 3,5-
Bis(4-pyridyl)pyrazole (abbreviated to HL) was prepared according to
our previous literature procedure.[11] Infrared spectra were obtained with
KBr disks by using a Nicolet Avatar 360 FTIR spectrometer in the range
of ñ=4000–400 cm�1; abbreviations used for the IR bands are w=weak,
m= medium, b=broad, vs=very strong. Elemental analyses of C, H, and
N percentages were determined by using a Perkin–Elmer 2400C elemen-
tal analyzer. X-Ray power diffraction (XRPD) experiments were per-
formed by using a D8 Advance X-Ray diffractometer. Steady-state pho-
toluminescence spectra were performed by using an Edinburg FLS920
spectrometer equipped with a continuous Xe900 Xenon lamp. In all
cases, single-crystalline samples were used for the photoluminescence
measurements.

Synthesis of [Cu2 ACHTUNGTRENNUNG(Cu5L6)]BF4·5 H2O (1 a): 5 drops of aqueous NH3 were
added to a solution of HL·3H2O (55.2 mg, 0.2 mmol) and Cu ACHTUNGTRENNUNG(BF4)2·6H2O
(207.0 mg, 0.6 mmol) in ethanol (10 mL), the mixture was sealed in a
15 mL Teflon-lined reactor and heated in an oven at 160 8C for 72 h, and
then slowly cooled to RT at a rate of 3 8C/30 min. The title compound
was obtained as yellow block crystals (yield= 27.0 mg, 41.55 % based on
HL). IR (KBr disc): 3117 (w), 3051 (w), 1605 (vs), 1470 (m), 1409 (m),
1213 (m), 1050–1100 (b), 837 (m), 722 cm�1 (m); elemental analysis calcd
(%) for C78H64N24Cu7BF4O5: C 48.02, H 3.28, N 17.24; found: C 48.00, H
3.28, N 17.20.

Synthesis of [Cu2 ACHTUNGTRENNUNG(Cu5L6)] ACHTUNGTRENNUNG(ClO4)·5 H2O (1 b): The procedure was analo-
gous to that of 1a, except that Cu ACHTUNGTRENNUNG(BF4)2·6H2O was replaced by Cu-ACHTUNGTRENNUNG(ClO4)2·6H2O (222.3 mg, 0.6 mmol). The title compound was obtained as
yellow block crystals (yield =20.5 mg, 31.35 % based on HL). IR (KBr
disc): 3125 (w), 3035 (w), 1605 (vs), 1470 (m), 1417 (m), 1221 (m), 1080–
1120 (b), 833 (m), 722 cm�1 (m); elemental analysis calcd (%) for
C78H64N24Cu7ClO9: C 47.71, H 3.26, N 17.12; found: C 48.01, H 3.20, N
17.22.

Synthesis of [Cu7(CN)2ACHTUNGTRENNUNG(Cu5L6)2] ACHTUNGTRENNUNG(BF4)3 (2): The procedure was analogous
to that of 1 a, except that ethanol was replaced by methanol (10 mL).
The title compound was obtained as two types of yellow crystals, that is,
block and prismatic, that were separated manually (yield=8.5 and
15.6 mg, 13.08 and 23.12 % based on HL for 1a and 2). IR (KBr disc):
3121 (w), 3043 (w), 2100 (m), 1605 (vs), 1470 (m), 1413 (m), 1217 (m),
1050–1100 (b), 837 (m), 723 cm�1 (m); elemental analysis calcd (%) for

Figure 4. Solid-state emission spectra of 1a (c), 1b (b), and 2 (a)
at room temperature.
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C158H108N50Cu17B3F12: C 46.84, H 2.67, N 17.29; found: C 47.02, H 2.61, N
17.20.

Crystal strucure determination : Data collection was performed by using
a Bruker Smart Apex CCD diffractometer (MoKa radiation, l=

0.71073 �) with frames with 0.38 oscillation (4.56�2q�508). The struc-
ture was solved by using direct methods, and all nonhydrogen atoms
were refined anisotropically by the full-matrix least-square method on F2

by using the SHELXTL program (G. M. Sheldrick, SHELXTL v. 6.10,
Bruker Analytical Instrumentation, Madison, Wisconsin (USA), 2000).
The C/N atoms of CN� in 2 were undistinguishable, and were refined
with a 50 % probability of being C or N and were assigned randomly as
C or N atoms. The hydrogen atoms were located from different maps
and refined with isotropic temperature factors (see the Supporting Infor-
mation). CCDC-684126 (1 a), -684127 (1b), and -684128 (2) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. Crystal and structure refine-
ment data for 1a,b, and 2 are summarized in Table 2.
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Table 2. Crystal data and structure refinement for 1a,b and 2.

1a 1 b 2

formula C78H64N24-
Cu7BF4O5

C78H64N24-
Cu7ClO9

C316H216N100-
Cu34B6F24

Mr 1949.12 1961.76 8095.11
crystal system monoclinic monoclinic monoclinic
space group P21/c P21/c C2/c
a [�] 11.4602(6) 11.4070(10) 15.5804(8)
b [�] 22.8607(12) 22.7362(19) 25.5721(13)
c [�] 30.7886(16) 30.981(3) 40.857(2)
a[8] 90 90 90
b [8] 96.0170(10) 96.769(2) 96.3970(10)
g[8] 90 90 90
V [�3] 8021.8(7) 7978.9(12) 16 177.2(14)
Z 4 4 2
1calcd [gcm�3] 1.614 1.633 1.662
m [mm�1] 1.897 1.937 1.132
reflns coll. 41399 41 377 42 301
unique reflns 14134 14 053 14 252
Rint 0.0537 0.0443 0.0539
R1 [I>2s(I)][a] 0.0598 0.0509 0.0671
wR2 [I>2s(I)][b] 0.1539 0.1343 0.1874
R1 (all reflns) 0.0979 0.0872 0.1044
wR2 (all reflns) 0.1749 0.1577 0.2193

[a] R1=�(jjFoj�jFc j j )/� jFo j . [b] wR2 = [�w(F2
o�F2

c)
2/�w(F2

o)
2]1/2.
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