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The hydrothermal reaction of Cu(NO3)2·3H2O, K3Fe(CN)6,
and 1,10-phenanthroline (1,10-phen) or 2,2�-bipyridine (2,2�-
bpy) gives rise to the three one-dimensional helical-chain
complexes [Cu2Fe(CN)4(1,10-phen)3]n·0.5nH2O (1), [Cu3-
(CN)3(1,10-phen)3]n (2), and [Cu3(CN)3(2,2�-bpy)3]n (3), and
the two-dimensional layer complex [Cu3Fe(CN)5(2,2�-bpy)2]n

(4). The structure of 1 contains a cyanide-bridged
CuI···FeII···CuI chain in which the two copper and one iron

Introduction

The chemistry of spontaneously self-assembled supramo-
lecular architectures based on transition metal complexes
is currently an active and rapidly expanding research area.
Transition metal cyanides have been studied for a long time
because such compounds possess various interesting physi-
cal and chemical properties and have important applica-
tions in many fields, such as catalysis, molecular-based mag-
nets, and zeolitic materials.[1–3] The cyanide group is a ver-
satile ligand that can act as a monodentate ligand or as a
bridging ligand adopting end-on (I) or end-to-end (II)
modes to generate interesting complexes that may exhibit
intriguing architectures and new topologies. As copper nor-
mally adopts three-, four-, five-, or sixfold coordination to
form diverse geometric structures, much research has fo-
cused on the copper cyanide system from the viewpoint of
structural engineering.[4,5] Helical structures have received
special attention in the past decades as helicity is an essen-
tial element for bioactivity and also due to their potential
applications in asymmetric catalysis and nonlinear optical
materials.[6] To date, quite a few single- or double-helical
chains have been generated,[7–9] with most helical polymers
being obtained by using chiral ligands[10,11] or oligopyrid-
ines and other optically active ligands. In addition, the de-
sign and synthesis of novel coordination architectures can
be controlled by varying the reaction conditions, including
temperature,[12] metal-to-ligand ratio,[13] pH value,[14] sol-
vents,[15] and counteranions.[16]
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centers exhibit different coordination environments. The
structures of 2 and 3 are both monometallic. Complex 4 is
constructed alternately from fused 6- and 14-metal-mem-
bered nonplanar centrosymmetric rings that form a 2D layer
architecture.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Generally, it is difficult to synthesise FeII-containing co-
ordination polymers because the FeII ion is air-sensitive and
hydrolyzes easily, and this might be the main reason why
such FeII polymers are rare. In this article we report the
syntheses and crystal structures of two Cu/Fe bimetallic cy-
anide-bridged coordination polymers − [Cu2Fe(CN)4(1,10-
phen)3]n·0.5nH2O (1) and [Cu3Fe(CN)5(2,2�-bpy)2]n (4) −
and two copper polymers − [Cu3(CN)3(1,10-phen)3]n (2)
and [Cu3(CN)3(2,2�-bpy)3]n (3).

To the best of our knowledge, compound 1 is the first
example of a one-dimensional helical chain structure that
contains different metal atoms with quite different coordi-
nation environments, while compound 4 is the first example
of a bimetallic neutral 2D lamella framework compound
built up by cyanide-bridged 6- and 14-metal rings.

Results and Discussion
Hydrothermal methods are important in the synthesis of

novel multidimensional open-framework materials as a
change of reaction conditions for the preparation of these
complexes can also have an effect on their structures, al-
though it is difficult to control and predict the crystal struc-
tures under hydrothermal methods. It is known that the
architectures of the products depend on many factors, such
as temperature, the anions involved, the molar ratios of the
precursors, the pH etc., and subtle adjustments of these
parameters often result in the formation of quite different
structures. For example, Forster and his co-workers have
carried out systematic studies on the effect of temperature
on the structures of the products.[12] Our syntheses under
hydrothermal conditions provide four novel compounds
with different structural frameworks (Scheme 1). Interest-
ingly, we obtained two monometallic compounds and two
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Scheme 1. Cyanide-bridged coordination polymers.

bimetallic materials from similar precursors. The reason for
the different results obtained from these reactions is per-
haps due to the temperature and the molar ratio of the pre-
cursors, although the details are not clear. From these pro-
cesses K3Fe(CN)6 appears to be a promising precursor to
obtain more new compounds.

The IR bands corresponding to CN stretching vibrations
for compounds 1–4 appear in the range 2080–2116 cm–1,
which is typical for bridging cyanide groups. For 1, two
different absorptions at 2102 and 2080 cm–1 indicate the
existence of two types of cyanide groups. The lower wave-
number band can be assigned to a terminal cyanide group,
while the band at 2102 cm–1 is attributed to the stretching
vibration of a linear bridging cyanide.

To study the stability of the polymers, thermogravimetric
analysis (TGA) was performed for complexes 2–4. These
studies show that these complexes are stable up to 280 °C.
The stabilities of these compounds make them potential
candidates for practical applications.

Electron probe analyses revealed that there are two kinds
of metals (copper and iron) in compounds 1 and 4, the mo-

Figure 1. ORTEP representation of the polymeric structure of 1, showing the coordination environments of the Cu and Fe centers
(hydrogen atoms and solvent molecules have been omitted for clarity). Atoms from the disordered CN bridging groups are labeled as X.
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lar ratios of the two metals being 2:1 and 3:1, respectively,
in agreement with the structural results. The magnetic
susceptibilities of 1 and 4 are negative, which is typical of a
diamagnetic behavior. This indicates that the iron atoms in
these compounds are in the low-spin FeII (S = 0) state and
the copper centers are in the CuI oxidation state.

[Cu2Fe(CN)4(1,10-phen)3]n·0.5nH2O (1): A 1D Framework

The hydrothermal reaction of Cu(NO3)2·3H2O,
K3Fe(CN)6, and 1,10-phen led to the formation of red crys-
tals of compound 1. X-ray analysis revealed that compound
1 has a one-dimension neutral helical-chain architecture. As
the reaction was carried out under hydrothermal condi-
tions, it is not surprising that the CuII and FeIII ions have
been reduced to CuI and FeII ions by cyanide or N-hetero-
cyclic ligands, such as 1,10-phen or pyridine deriva-
tives.[17–19] The cyanide in 1 is provided by the ferricyanide
anions. A view of the metal coordination environment is
presented in Figure 1. Two copper atoms have different co-
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ordination environments: the first CuI is coordinated by two
cyanide [Cu–X = 1.904(7) Å and Cu–N = 1.969(5) Å] and
two nitrogen atoms from 1,10-phen [Cu–N = 2.128(5) Å]
and exhibits a distorted tetrahedral coordination environ-
ment, whereas the second CuI is coordinated by three nitro-
gen atoms from three cyanides [Cu–X = 1.932(9)–
1.989(6) Å] and exhibits a distorted trigonal planar coordi-
nation environment. The heterocyclic 1,10-phen ligand is
planar and the copper atom lies within this plane. The bond
lengths and angles within the 1,10-phen group are in agree-
ment with those reported for the free 1,10-phen mole-
cule.[20] An intramolecular hydrogen bonding interaction
C(28)–H(28A)···N(12) of about 3.098(8) Å is also present.

Each iron atom exhibits a distorted octahedral coordina-
tion environment and is coordinated by the carbon atoms
from two cyanides and four nitrogen atoms from two biden-
tate 1,10-phen ligands. The bond lengths for the iron atom
[Fe–C = 1.903(6)–1.928(5) Å and Fe–N = 1.973(5)–
2.006(5) Å] and the corresponding angle subtended by the
bidentate 1,10-phen ligand [N–Fe–N = 81.9(2)–82.2(2)°]

Figure 2. a) Schematic view of the helical chain of 1. b) View along
the helical axis.
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agree well with those reported for the low-spin iron(ii) com-
plex [Fe(1,10-phen)2(CN)2].[21]

The intrachain distances Cu1···Fe1, Fe1···Cu2, and
Cu1···Cu2 across cyanide bridges are 5.033(3), 4.985(2), and
4.939(2) Å, respectively. Each pair of adjacent metal atoms
is bridged by cyanides to form a helical chain along the b
axis with a pitch of 10.267(1) Å (Figure 2). The shortest
interchain iron–iron, iron–copper, and copper–copper dis-
tances are 8.778(3) Å [Fe1···Fe1 (0.5 – x, 0.5 + y, 0.5 – z)],
6.574(1) Å [Cu1···Fe1 (1 – x, 1 – y, –z)], and 5.998(3) Å
[Cu1···Cu1 (1 – x, 1 – y, –z)], respectively.

[Cu3(CN)3(1,10-phen)3]n (2): A 1D Framework

Compound 2 was obtained by varying the temperature
and the composition of the reaction mixture used for the
preparation of 1. The X-ray diffraction study revealed that
the copper atom is coordinated by two cyanide [Cu–X =
1.914(7)–1.919(9) Å] and two nitrogen atoms from 1,10-
phen [Cu–N = 2.096(8)–2.138(8) Å] to give a distorted tet-
rahedral coordination environment (Figure 3). The cyanide
ligands are linearly coordinated [C–N–Cu angles range
from 173.3(7)° to 175.4(5)°] and bridge adjacent CuI atoms
to form a one-dimensional helical chain running along the
c axis with a long pitch of 24.485(10) Å (see a in Figure 4).
The intrachain Cu···Cu distance across the cyanide bridges
is 4.962 Å. This chain is decorated by 1,10-phen ligands
above and below the helical chain. Figure 4 (see part b)
shows that five copper atoms form two approximately equi-
lateral triangles that have the same vertex, with the butterfly
shape viewed down the c axis. The shortest interchain cop-
per–copper distance is 7.751(3) Å [Cu1···Cu1 (0.5 + x, 1.5 –
y, 1 – z)].

Figure 3. The coordination environments of the copper atoms in
complex 2.
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Figure 4. a) The 1D helical chain framework of 2. b) View along the helical axis.

[Cu(CN)(2,2�-bpy)]n (3): A 1D Framework

X-ray analysis revealed that the asymmetric unit of com-
pound 3 consists of three neutral mononuclear molecules
with copper center in a distorted tetrahedral environment.
As shown in Figure 5, each copper atom is coordinated by
two cyanides [Cu–X = 1.882(6) Å–1.930(5) Å] and two ni-
trogen atoms from 2,2�-bpy [Cu–N = 2.078(6) and
2.112(5) Å]. Every two adjacent CuI atoms are bridged by
cyanides to form a chiral helical chain along the 32 screw
axis with a long pitch of 12.898(1) Å (see a in Figure 6).
The intrachain Cu···Cu distance across cyanide bridges is

Figure 5. The coordination environments of the copper atoms in
complex 3.

Figure 6. a) The 1D helical chain framework of 3. b) View down the helical chain.
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4.973(1) Å. The helical chain with only a Cu–Cu backbone
has a trigonal shape when viewed down the c axis, with each
copper atom as the vertex of an approximately equilateral
triangle. The angle subtended at the copper atom by two
cyanide linkages is reduced to 126.8(2)° (b in Figure 6). This
chain is also decorated by 2,2�-bpy ligands along both sides
of the chain. The shortest interchain copper–copper dis-
tance is 7.371(1) Å [Cu1···Cu3 (1 – x + y, 1 – x, – 0.66667
+ z)], which is slightly shorter than that for compound 2.

[Cu3Fe(CN)5(2,2�-bpy)2]n (4): A 2D Network

Compound 4 was obtained by varying the temperature
and the composition of the reaction mixture used for the
preparation of 3. The X-ray analysis revealed that the struc-
ture of 4 (Figure 7) consists of neutral corrugated sheets
constructed alternately from fused 6- and 14-metal-mem-
bered nonplanar centrosymmetric rings, which are bridged
by cyanide groups. Each 6-metal-ring contains two iron and
four copper atoms, and the FeII atom is in a distorted octa-
hedral environment containing four nitrogen atoms from
two bipyridine ligands and two carbon atoms from two cya-
nide groups [Fe–N = 1.958(2)–1.986(3) Å; Fe–C = 1.909(3)–
1.913(3) Å]. The values of the bond lengths in 4 for the iron
atom are comparable to those found in compound 1 and
other cyanide-bridged bimetallic complexes containing the
[Fe(bpy)2(CN)2] building block.[22]

The two CuI atoms have two different coordination envi-
ronments, with the first coordinated by three cyanide
groups in a triangular geometry and the second coordinated
by two cyanide groups in a linear geometry.

The Fe1···Cu1, Cu1···Cu4, Cu1···Cu2, and Cu2···Cu3
distances across cyanide bridges are 4.988(6), 4.870(7),
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Figure 7. ORTEP representation of the polymeric structure of 4, showing the coordination environments of the Cu and Fe atoms (hydro-
gen atoms have been omitted for clarity). Atoms from the disordered CN bridging groups are labeled as X.

Figure 8. a) Perspective view of the 2D layer structure of 4. b) Sche-
matic representation of the interpenetrated 2D lamella framework.
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4.901(13), and 4.840(16) Å, respectively. The structure con-
sists of 2D layers, parallel to the ac plane, constructed by
alternating 6- and 14-metal-membered centrosymmetric
rings in which the metal centers are bridged by cyanide
groups. The 6-metal rings adopt a chair conformation for
the Cu···Fe···Cu···Cu···Fe···Cu unit. The size of these rings
is about 8.9×8.0 Å2. Four adjacent rings 6-metal rings add
four two-coordinate copper atoms to form a larger 14-me-
tal-membered ring {Fe-(Cu)6-Fe-(Cu)6} of approximately
13×22 Å2. Each 14-metal-membered ring shares four sides
with four adjacent 14-metal-membered rings and four sides
with four adjacent 6-metal-membered rings; each 6-metal-
membered ring shares all its edges with four 14-metal-mem-
bered rings to form a 2D framework. A view down the b
axis shows that the actual crystal structure of compound 4
is a twofold interpenetrating 2D supramolecular framework
(Figure 8). This is consistent with the fact that crystal struc-
tures with such large cavities are stabilized either by in-
clusion of suitable guests or by interpenetrating lattices.[23]

Intramolecular hydrogen-bonding interactions [C(9)–
H(9A)···N(12) = 3.078(4) Å; C(19)–H(19A)···N(10) =
3.065(4) Å] also exist in 4.

A method for preparing bimetallic compounds from
hexacyanoferrate(iii) under hydrothermal conditions has
been reported previously.[24] Upon comparing the structure
of 4 with the reported compound [Fe(bipy)2(CN)4Cu2], it
can be seen that the latter compound is constructed by
alternately fused 6- and 10-metal-membered rings to form
an ABAB pattern layer instead of the twofold interpenetrat-
ing structure found in compound 4.

Conclusions

Three novel one-dimensional helical-chain coordination
polymers and one two-dimensional layer complex have been
obtained by hydrothermal synthesis. Under hydrothermal
conditions, high-valence ions are reduced to low-valence
ions by N-heterocyclic ligands or cyanide from ferricyanide
anions. Furthermore, slow release of CN– might play an
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important role in the formation of these compounds. The
successful isolation of these four compounds demonstrates
that it is promising to use K3Fe(CN)6 as a precursor along
with N-heterocyclic ligands, particularly derivatives of 2,2�-
bpy and 1,10-phen, to construct novel coordination com-
pounds under hydrothermal reaction conditions.

Experimental Section
General Remarks: All the syntheses were performed in poly(tetra-
fluoroethylene)-lined stainless steel autoclaves under autogenous
pressure. Reagents were purchased commercially and were used
without further purification. Elemental analyses of C and H were
performed with an EA1110 CHNS-0 CE elemental analyzer. IR
(KBr pellet) spectra were recorded on a Nicolet Magna 750FT-IR
spectrometer. TGA analyses were carried out under nitrogen with
a heating rate of 15 °Cmin–1 on a STA449C integration thermal
analyzer. Electron probe analysis was performed with an EPM-810
EDAX9100 SHIMADZU electron probe microanalyzer. Variable-
temperature (5–300K) magnetic susceptibility measurements were
carried out on a Quantum Design MPMS-7 SQUID magnetometer
at 5 T magnetic field using the SQUID method.

[Cu2Fe(CN)4(1,10-phen)3]n·0.5nH2O (1): A mixture of Cu(NO3)2·
3H2O (0.02 g, 0.1 mmol), K3Fe(CN)6 (0.015 g, 0.05 mmol), and
1,10-phen (0.01 g, 0.05 mmol) in 20 mL of H2O was stirred for
20 min at room temperature. The mixture was then transferred into
a 30-mL, Teflon-lined stainless-steel vessel. The mixture was heated
at 160 °C for two days under autogenous pressure. After the reac-
tion mixture had slowly cooled down to room temperature, red
prism-shaped crystals of 1 (0.02 g, 45% based on Cu) were col-
lected. C40H25Cu2FeN10O0.50 (863.65): calcd. C 57.42, H 3.01, Cu
15.19, N 16.74; found C 57.25, H 3.03, Cu 15.56, N 16.60. IR (KBr
pellet): ν̃ = 3552 m, 3421 m, 3049 m, 2102 vs, 2080 vs, 1628 m, 1421
s, 1342 m, 1205 m, 1142 m, 1051 m, 847 s, 777 w, 723 s, 633 w,
559 m cm–1.

[Cu3(CN)3(1,10-phen)3]n (2): Cu(NO3)2·3H2O (0.02 g, 0.1 mmol),
K3Fe(CN)6 (0.03 g, 0.1 mmol), and 1,10-phen (0.02 g, 0.1 mmol) in

Table 1. Crystal and structure-refinement data for compounds 1–4.

Compound 1 2 3 4

Formula C40H25Cu2FeN10O0.5 C39H24Cu3N9 C33H24Cu3N9 C25H16Cu3FeN9

Mol. mass 863.65 809.29 737.23 688.94
Crystal system monoclinic orthorhombic trigonal triclinic
Space group P21/n C2221 P32 P1̄
a [Å] 13.1160(2) 8.515(4) 14.4307(8) 8.345(3)
b [Å] 10.2671(2) 16.616(9) 14.4307(8) 10.653(4)
c [Å] 25.7648(2) 24.485(10) 12.8975(11) 14.929(6)
α [°] 99.357(4)
β [°] 96.4740(10) 102.672(4)
γ [°] 93.668(4)
V [Å3] 3447.45(9) 3464(3) 2326.0(3) 1270.8(8)
Z 4 4 3 2
Dc [gcm–3] 1.612 1.552 1.579 1.800
F(000) 1692 1632 1116 684
μ [mm–1] 1.687 1.868 2.078 3.070
GOF 1.048 1.104 1.040 1.072
R1, wR2 [I � 2σ(I)][a] 0.0616, 0.1279 0.0702, 0.1954 0.0552, 0.1465 0.0364, 0.0742
R1, wR2 (all data)[a] 0.0851, 0.1449 0.0791, 0.2027 0.0618, 0.1529 0.0504, 0.0821

[a] R1 = ∑(|Fo| – |Fc|)/∑|Fo|; wR2 = [∑w(Fo
2 – Fc

2)2/∑w(Fo
2)2]0.5.
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20 mL of H2O were stirred for 20 min at room temperature. The
mixture was then transferred into a 30-mL, Teflon-lined stainless-
steel vessel. The mixture was heated at 140 °C for two days under
autogenous pressure. After the reaction mixture had quickly cooled
down to room temperature, red prism-shaped crystals were ob-
tained (0.01 g, 45% based on Cu). C39H24Cu3N9 (809.29): calcd. C
57.88, H 2.99, Cu 23.56, N 15.58; found C 57.42, H 3.03, Cu 23.78,
N 15.60. IR (KBr pellet): ν̃ = 3415 m, 3057 m, 2107 vs, 2008 m,
1620 m, 1583 m, 1568 w, 1505 m, 1492 w, 1418 m, 1139 m, 841 s,
768 m, 727 s, 631 m cm–1.

[Cu3(CN)3(2,2�-bpy)3]n (3): Cu(NO3)2·3H2O (0.02 g, 0.1 mmol),
K3Fe(CN)6 (0.03 g, 0.1 mmol), and 2,2�-bpy (0.016 g, 0.1 mmol)
were added to 20 mL of H2O. This mixture was stirred for 20 min
at room temperature and was then transferred into a 30-mL, Tef-
lon-lined stainless-steel vessel. The mixture was heated at 140 °C
for two days under autogenous pressure. After the reaction mixture
had slowly cooled down to room temperature, dark-red, prism-
shaped crystals were obtained (0.01 g, 65% based on Cu).
C33H24Cu3N9 (737.23): calcd. C 53.76, H 3.28, Cu 25.86, N 17.10;
found C 54.02. H 3.36, Cu 25.53, N 17.53. IR (KBr pellet): ν̃ =
3421 m, 3059 m, 2108 vs, 1593 m, 1470 m, 1439 s 1309 m, 1155 m,
1007 m, 764 s, 650 w, 417 w cm–1.

[Cu3Fe(CN)5(2,2�-bpy)2]n (4): Cu(NO3)2·3H2O (0.02 g, 0.1 mmol),
K3Fe(CN)6 (0.03 g, 0.1 mmol), and 2,2�-bpy (0.008 g, 0.05 mmol)
were added to 20 mL of H2O. This mixture was stirred for 20 min
at room temperature and was then transferred into a 30-mL, Tef-
lon-lined stainless-steel vessel. The mixture was heated at 170 °C
for two days under autogenous pressure. After the reaction mixture
had slowly cooled down to room temperature, dark-red, prism-
shaped crystals were obtained (0.006 g, 45% based on Cu).
C25H16Cu3FeN9 (688.94): calcd. C 43.58, H 2.34, Cu 27.67, N
18.30; found C 43.56, H 2.64, Cu 27.89, N 18.49. IR (KBr pellet):
ν̃ = 3057 m, 2123 m, 2116 s, 2107 s, 1592 s, 1571 m, 1469 m, 1438
s, 1308 m, 1279 w, 1246 m, 1006 m, 792 s, 649 m cm–1.

X-ray Crystallographic Study: Suitable single crystals of com-
pounds with dimensions 0.34×0.32×0.30 mm (1),
0.30×0.20×0.20 mm (2), 0.50×0.18×0.10 mm (3), and
0.30×0.25×0.10 mm (4) were carefully selected and glued to thin
glass fibers with epoxy resin. Crystal structure measurements for
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Table 2. Selected bond lengths [Å] and angles [°] for compounds 1–4.[a]

Compound 1

Fe(1)–C(3) 1.903(6) C(3)–Fe(1)–C(4) 88.9(2) N(9)–Fe(1)–N(11) 93.5(2)
Fe(1)–C(4) 1.928(5) C(3)–Fe(1)–N(12) 91.8(2) N(10)–Fe(1)–N(11) 92.30(18)
Fe(1)–N(12) 1.973(5) C(4)–Fe(1)–N(12) 93.8(2) C(1)–Cu(1)–N(3) 132.3(3)
Fe(1)–N(9) 1.981(5) C(3)–Fe(1)–N(9) 94.0(2) C(1)–Cu(1)–X(6)I 118.2(3)
Fe(1)–N(10) 2.000(5) C(4)–Fe(1)–N(9) 90.6(2) N(3)–Cu(1)–X(6)I 109.3(2)
Fe(1)–N(11) 2.006(5) N(12)–Fe(1)–N(9) 172.8(2) X(5)–Cu(2)–N(4) 124.8(2)
Cu(1)–C(1) 1.878(8) C(3)–Fe(1)–N(10) 175.7(2) X(5)–Cu(2)–N(8) 110.2(2)
Cu(1)–N(3) 1.941(6) C(4)–Fe(1)–N(10) 89.6(2) N(4)–Cu(2)–N(8) 111.27(19)
Cu(1)–X(6)I 1.985(6) N(12)–Fe(1)–N(10) 92.39(19) X(5)–Cu(2)–N(7) 118.0(2)
Cu(2)–X(5) 1.904(7) N(9)–Fe(1)–N(10) 81.9(2) N(4)–Cu(2)–N(7) 104.7(2)
Cu(2)–N(4) 1.969(5) C(3)–Fe(1)–N(11) 89.5(2) N(8)–Cu(2)–N(7) 78.40(19)
Cu(2)–N(8) 2.128(5) C(4)–Fe(1)–N(11) 175.7(2) C(3)–N(3)–Cu(1) 175.0(6)
Cu(2)–N(7) 2.128(5) N(12)–Fe(1)–N(11) 82.2(2) C(4)–N(4)–Cu(2) 171.5(5)

Compound 2

Cu(1)–X(13) 1.915(7) X(13)–Cu(1)–N(15) 123.5(3) X(13)III–X(13)–Cu(1) 175.4(5)
Cu(1)–X(15) 1.919(9) X(13)–Cu(1)–N(2) 111.5(3) X(14)II–Cu(2)–X(14) 136.1(4)
Cu(1)–N(2) 2.096(8) X(15)–Cu(1)–N(2) 109.1(3) X(14)II–Cu(2)–N(3) 109.5(3)
Cu(1)–N(1) 2.116(7) X(13)–Cu(1)–N(1) 117.1(3) X(14)–Cu(2)–N(3) 104.4(3)
Cu(2)–X(14) 1.914(9) X(15)–Cu(1)–N(1) 107.8(3) N(3)–Cu(2)–N(3)II 77.3(4)
Cu(2)–N(3) 2.138(8) N(2)–Cu(1)–N(1) 78.9(3)

Compound 3

Cu(1)–X(2) 1.886(6) Cu(3)–N(7) 2.088(5) X(13)–Cu(2)–N(5) 105.3(3)
Cu(1)–X(1) 1.930(5) Cu(3)–N(8) 2.105(6) N(6)–Cu(2)–N(5) 77.1(2)
Cu(1)–N(4) 2.103(5) X(2)–Cu(1)–X(1) 127.0(2) X(35)–Cu(3)–X(36) 126.9(2)
Cu(1)–N(3) 2.112(5) X(2)–Cu(1)–N(4) 115.2(2) X(35)–Cu(3)–N(7) 113.2(2)
Cu(2)–X(14) 1.893(9) X(1)–Cu(1)–N(4) 101.6(2) X(36)–Cu(3)–N(7) 105.3(2)
Cu(2)–X(13) 1.926(9) X(2)–Cu(1)–N(3) 111.6(2) X(35)–Cu(3)–N(8) 108.7(2)
Cu(2)–N(6) 2.078(6) X(1)–Cu(1)–N(3) 112.7(2) X(36)–Cu(3)–N(8) 114.9(2)
Cu(2)–N(5) 2.083(6) N(4)–Cu(1)–N(3) 77.36(18) N(7)–Cu(3)–N(8) 76.6(2)
Cu(3)–X(35) 1.882(6) X(14)–Cu(2)–X(13) 125.9(3) C(3)–N(3)–C(7) 119.5(5)
Cu(3)–X(36) 1.929(6) X(14)–Cu(2)–N(6) 109.7(3) C(3)–N(3)–Cu(1) 124.1(4)

X(13)–Cu(2)–N(6) 113.4(3) C(7)–N(3)–Cu(1) 116.2(4)
X(14)–Cu(2)–N(5) 114.9(3)

Compound 4

Fe(1)–C(2) 1.909(3) Cu(2)–N(1)IV 1.957(3) N(12)–Fe(1)–N(9) 94.66(10)
Fe(1)–C(1) 1.913(3) Cu(3)–X(6) 1.829(3) C(2)–Fe(1)–N(11) 89.53(11)
Fe(1)–N(10) 1.958(2) Cu(4)–X(8) 1.821(3) C(1)–Fe(1)–N(11) 177.31(11)
Fe(1)–N(12) 1.966(2) C(2)–Fe(1)–C(1) 91.00(12) N(10)–Fe(1)–N(11) 94.13(10)
Fe(1)–N(9) 1.979(2) C(2)–Fe(1)–N(10) 94.47(11) N(12)–Fe(1)–N(11) 81.25(10)
Fe(1)–N(11) 1.986(3) C(1)–Fe(1)–N(10) 88.46(11) N(9)–Fe(1)–N(11) 89.71(10)
Cu(1)–X(7) 1.895(3) C(2)–Fe(1)–N(12) 89.30(11) X(7)–Cu(1)–X(3) 127.49(13)
Cu(1)–X(3) 1.909(3) C(1)–Fe(1)–N(12) 96.11(11) X(7)–Cu(1)–N(2) 115.01(12)
Cu(1)–N(2) 1.949(3) N(10)–Fe(1)–N(12) 174.03(10) X(3)–Cu(1)–N(2) 115.72(12)
Cu(2)–X(5) 1.892(3) C(2)–Fe(1)–N(9) 175.81(11) X(5)–Cu(2)–X(4) 131.55(12)
Cu(2)–X(4) 1.910(3) C(1)–Fe(1)–N(9) 89.96(11) X(5)–Cu(2)–N(1)IV 118.61(12)

N(10)–Fe(1)–N(9) 81.47(10) X(4)–Cu(2)–N(1)IV 109.83(11)

[a] Symmetry transformations used to generate equivalent atoms: I: –x + 3/2, y + 1/2, –z + 1/2; II: –x, y, –z + 1/2; III: x, –y + 2, –z + 1;
IV: –x + 2, –y, –z + 1.

compounds 1–4 were performed on a Rigaku Mercury CCD dif-
fractometer with graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) at room temperature. A total of 6060, 3051, 5435, and
5718 unique reflections were collected in the ω/2θ scan mode for
1–4, respectively. The structures were solved by direct methods and
refined on F2 with the SHELXL97 program.[25] For all complexes
the bridging cyanide group between two CuI atoms was disordered
with respect to the C and N termini; this disorder was treated by
performing test refinements with C and N atoms with partial occu-
pancies. The disordered CN atoms positions are labeled in the
tables and drawings as X. All non-hydrogen atoms were refined
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with anisotropic displacement parameters, and the hydrogen atoms
were treated as riding atoms using the SHELX97 default parame-
ters. For 1, the hydrogen atoms of the water molecules were neither
found nor calculated. For 2, rigid refinement about the next six
carbon atoms C4, C5, C6, C7, C11, and C12 was used to form a
phenyl ring. The absolute structure parameters of compound 2 and
3 are 0.05(5) and 0.00, respectively. The crystal data and details of
refinement for compounds are summarized in Table 1; selected
bond lengths and angles are listed in Table 2.
CCDC-236440 (for 1), -227060 (for 2), -227061 (for 3), and -243534
(for 4) contain the supplementary crystallographic data for this pa-
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per. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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