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a b s t r a c t

Two new copper(II) complexes, viz. [Cu(nelin)(H2O)2]2[Fe(CN)6] � 6H2O (2) and [{Cu(nelin)}2Ni(CN)4]-
(ClO4)2 � 2H2O (3), have been synthesized using [Cu(nelin)](ClO4)2 (1) (nelin = 1,9-diamino-5-methyl-
5-nitro-3,7-diazanonane) as a nitroalkyl-substituted CuIIN4 precursor, and their structures and
supramolecular networks have been fully explored using the single crystal X-ray diffraction technique.
The H-bonded 1D chains of 2 run along the a-axis, being generated from supramolecular synthons using
cations and anions, and are further propagated into a 3D array to form irregular honeycomb-like channels
which are divided into two halves, with each half accomodating a helical water chain running in opposite
directions to each other. In complex 3, the trinuclear units are arranged in successive rows in a herring-
bone fashion and bifurcated hydrogen bonding through the uncoordinated terminals of the [Ni(CN)4]

2�

units give rise to a supramolecular (4,4) network. A comparison of the PXRD pattern of complex 2 and
its dehydrated form indicate marked changes in the diffraction pattern with the development of a quasi
glassy nature in the dehydrated form. The electrochemical properties of 1, 2 and 3 have been investigated
in comparative ways using the cyclic voltammetric technique in aqueous and MeCN solutions with Ag/
AgCl as a reference electrode. Electrochemical reduction generates the one-electron reduced nitro-radical
anion. In water–alcohol glass at 77 K complex 2 exhibits a typical four-line hyperfine EPR spectra with
g|| = 2.11, g\ = 2.02, A|| = 150 Oe and A\ = 5 Oe at m = 9.45 MHz.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Crystal engineering is a rapidly expanding global discipline
practiced by scientists with diverse interests in modelling, synthe-
sis, evaluation and utilization of crystalline solids; and research on
materials with desired functions and fascinating topological archi-
tectures has become an area of increasing interest in recent years
[1]. A reason for this interest is the synthetic strategy used to con-
struct these materials with a high degree of design that may lead to
the development of materials with (i) tunable properties including
biomimetic structures, (ii) host–guest properties similar to those
observed in zeolites and (iii) interesting electronic and magnetic
properties [2]. A popular approach to the design and synthesis of

such materials is to use cyanometallates [M(CN)x]
n� as building

blocks [3] in conjugation with discrete metal ion complexes. Archi-
tectures of 1D, 2D or 3D networks [4] can be built up by suitably
tuning the various cyanometallates as well as the metal complex
nodes.

Though cyanometallate bridging between copper(II) precursors of
selective bi- or tri- dentate N-donor ligands is relatively common
[3,5], the corresponding networks under a CuIIN4 environment have
been comparatively less explored [6]. The possible reasons may be
due to the thermodynamic stability of the individual CuIIN4 square
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planar moiety and also the reluctance to axial binding arising out of
the Jahn–Teller effect.

In a continuation of our studies in this field [7], here we have
strategically selected an N4-donor copper(II) synthon, [Cu(nelin)]-
(ClO4)2 (1) (nelin = 1,9-diamino-5-methyl-5-nitro-3,7-diazanon-
ane) with a nitroalkyl pendant attached to the main ligand frame.

The utilization of such a precursor deserves special attention
since nitro compounds are used extensively as antibacterial, anti-
protozoal and anticancer agents [8]. Again, such compounds inmet-
abolic pathways undergo a one-electron reduction to generate
nitro-radical anions that exhibit cytotoxicity towards cellular sys-
tems [9], causing DNA damage within the cell. Furthermore, several
nitro compounds [10] and some of their metal complexes [11] are
potent radio-sensitizers towards hypoxic tumour cells, and the effi-
ciency of these drugs is related to the one-electron reduction poten-
tial of these compounds [12]. It is therefore important to study the
redox behavior of these nitro compounds and the reactivity of the
corresponding one-electron reduced nitro-radical anions. So far,
the reactivity of these nitro-radical anions has been studied mainly
by pulse radiolysis [13] and in few cases by cyclic voltammetry [14],
mostly in a mixed solvent medium. The cyclic voltammetric reduc-
tion of 1 [15] and other nitro compounds [16] in protic solvents at
neutral pH resulted in a single irreversible cathodic wave corre-
sponding to the four-electron reduction of the nitro group to the
hydroxylamine derivative. Recently, cyclic voltammetric reduction
of a heterocyclic drug, metronidazole, in aqueous solution and
aqueous DMF [17] produced the nitro-radical anion successfully.
However, monitoring of the redox behavior of copper(II) complexes
containing a nitro group on a ligand fragment in vivo-friendly pure
aqueous medium is absolutely a new era in this dimension.

In this paper attempts have been made to highlight two rele-
vant aspects in a justified way. First we report the syntheses, crys-
tal structures and other physical characterizations of two new
cyano complexes viz. ionic [Cu(nelin)(H2O)2]2[Fe(CN)6] � 6H2O (2)
and bridged [{Cu(nelin)}2Ni(CN)4](ClO4)2 � 2H2O (3), by taking
[Cu(nelin)]2+ as the strategically starting synthon. It is noteworthy
to mention here that cyanometallate incorporated copper(II) com-
plexes in an N4-donor diaza-diamine environment containing an –
NO2 pendant group has been scarcely studied [6e]. Here, the supra-
molecular view not only provides an aesthetically pleasing archi-
tecture, the simultaneous transformation of 2 to a quasi-glass
phase on dehydration warrants special attention in material sci-
ence. In the next part, we report the detailed comparative cyclic
voltammetric studies of these compounds as well as the parent
complex [Cu(nelin)](ClO4)2 (1), especially giving emphasis on the
generation of the nitro-radical anion and its effects on the subse-
quent redox processes in pure aqueous and in MeCN media. In this
regard, it is mentionable that the nitroalkyl-substituted CuIIN4 pre-
cursor and the cyanometallate incorporated complexes deserve
further exploration in the context of the possibility of their poten-
tial application as radio-sensitizers in the treatment of cancer, as
they are expected to serve in a better way than other organic drugs
having poor solubility and high toxicity in physiological conditions
compared to the macro-cyclic and acyclic complexes.

2. Experimental

2.1. Materials and methods

Materials such as aqueous formaldehyde (37%) (E-Merck, India),
nitroethane (Aldrich), HClO4, and K4[Fe(CN)6] (E-Merck, India)
were of reagent grade and were used as received. Ethylenediamine
(E-Merck, India) and triethylamine (Ranbaxy, India) were distilled
over sodium metal before use. Single distilled HPLC grade MeCN
(Merck Germany) was used for the electrochemical studies. All

the solutions of the complexes for the electrochemical studies
were prepared freshly with double distilled water.

Elemental analyses were carried out using a Perkin–Elmer 240
elemental analyzer. Infrared spectra (400–4000 cm�1) were re-
corded from KBr pellets on a Nicolet Magna IR 750 series-II FTIR
spectrophotometer. EPR spectra of polycrystalline samples were
recorded using a Varian Century Series X-band EPR spectropho-
tometer having 100 KHz magnetic field modulation (model E
109) and equipped with a low-temperature quartz Dewar for
low-temperature measurements. Room temperature magnetic sus-
ceptibilities were recorded on a PAR vibrating sample magnetom-
eter using Hg[Co(NCS)4] as the calibrant. Diamagnetic corrections
were estimated from Pascal’s constants. TGA and DTA curves were
recorded simultaneously on a Perkin–Elmer, Model Pyris Dimond
TG/DTA in static dry nitrogen at a heating rate of 5 �C min�1. Elec-
trochemical measurements were carried out using a computer con-
trolled PAR model 263A VERSASTAT electrochemical instrument
with a glassy carbon disk (4 mm diameter, EG&G instrument) as
the working electrode. All the results were collected at
25 ± 0.5 �C with reference to the Ag/AgCl electrode. All the solu-
tions were purged with pure argon gas for at least 10 min prior
to each experiment. Junction potentials were not corrected. Elec-
tronic spectra was recorded on an Agilent 8453 UV–Vis diode array
spectrophotometer with a Peltier thermostatic temperature con-
trol facility at 25 ± 0.10 �C.

2.2. Syntheses

Caution! Since perchlorate salts are potentially explosive, only
small amounts of the materials should be handled with care.

Preparation of Cu(ClO4)2 � 6H2O, [Cu(en)2](ClO4)2, Na2[Ni(CN)4] �
3H2O and the starting material [Cu(nelin)](ClO4)2 (1) have been
mentioned elsewhere [7,18] and the purity of each was checked
by CHN analysis.

2.2.1. Synthesis of [Cu(nelin)(H2O)2]2[Fe(CN)6] � 6H2O (2)

To an aqueous solution of [Cu(nelin)](ClO4)2 (0.576 g,
1.0 mmol), K4[Fe(CN)6] (0.375 g, 1.0 mmol) dissolved in a mini-
mum volume of water was added dropwise with constant stirring
over 5 min. The precipitate that appeared initially was filtered off
and the deep blue filtrate was kept in a refrigerator at 4 �C for sev-
eral weeks, during which time dark brown block shaped crystals of
2 suitable for X-ray study were obtained. These were washed with
cold water and dried in air at room temperature. Yield: 62% based
on [Cu(nelin)](ClO4)2. Anal. Calc. for C22H62Cu2FeN16O14: C, 27.56;
H, 6.47; N, 23.39. Found: C, 27.92; H, 6.88; N, 23.06%.

IR in cm�1 (KBr): 3582 (s,br), 3495 (w,br), 3287 (w), 3227 (w,m),
3173 (w,sh), 2959 (w), 2886 (w), 2045 (vs), 1604 (s), 1548 (s), 1346
(s). leff (per monomer): 1.67 lB at 27 �C. Electronic spectrum
(water): kmax = 532 nm (e: 61.2 M�1 cm�1).

2.2.2. Synthesis of [{Cu(nelin)}2Ni(CN)4](ClO4)2 � 2H2O (3)

To an aqueous solution of [Cu(nelin)](ClO4)2 (0.576 g,
1.0 mmol), Na2[Ni(CN)4] � 3H2O (0.158 g, 0.6 mmol) dissolved in a
minimum volume of water was added dropwise with constant stir-
ring over 5 min. The precipitate that appeared initially was filtered
off and the deep blue colored filtrate was allowed to undergo slow
evaporation at ambient temperature in the open air. After several
weeks, dark blue needle shape shiny crystals of 3 suitable for an
X-ray study were obtained from the filtrate, which were filtered
and washed with cold water followed by diethyl ether and dried
in air at room temperature. Yield: 49%. based on [Cu(nelin)](ClO4)2.
Anal. Calc. for C20H46Cl2Cu2N14NiO14: C, 24.91; H, 4.77; N, 20.34.
Found: C, 25.01; H, 4.41; N, 20.06%.

IR in cm�1 (KBr): 3609 (w), 3383 (w), 3287 (w), 3225 (w), 3151
(w), 2959 (w), 2923 (w), 2893 (w), 2141 (vs), 2124 (s), 1604 (s),
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1556 (s), 1444 (s), 1350 (w), 1115 (vs), 1087 (s), 1022 (s), 978 (s),
910 (vw), 711 (w), 630 (s). leff (per monomer): 1.76 lB at 25 �C.
Electronic spectrum (MeCN): kmax = 581 nm (e: 73.6 M�1 cm�1).

2.3. Crystal data collection and refinement

Intensity data for 2 and 3 were collected at 293(2) K on a
Siemens P4 diffractometer using graphite monochromatized Mo
Ka radiation (k = 0.71073 Å) and the x–2h scan mode in the range
2.44 6 h 6 26.47o and 2.47 6 h 6 24.00�, respectively. The intensi-
ties were corrected for Lorentz-polarization effects and for absorp-
tion using w-scans. The minimum and maximum transmission
factors were 0.357 and 0.596 for 2 and 0.122 and 0.142 for 3.
The structures were solved by direct methods and all non-hydro-
gen atoms refined anisotropically by full matrix least squares on
F2 using the SHELXTL PLUS-PC version [25,19] and hydrogen atoms were
included geometrically and refined isotropically except those of
water hydrogens. Other additional information concerning the
data collection and refinement of the structure are compiled in
Table 1.

2.4. PXRD data collection

Powder X-ray diffraction data were collected on a Bruker D8
Advance powder diffractometer in the Bragg-Brentano geometry
using monochromatic Cu Ka1 radiation (k = 1.5406 Å) selected
with an incident beam germanium monochromator.

3. Results and discussion

Description of the structure of [Cu(nelin)(H2O)2]2[Fe
II(CN)6] �

6H2O (2). Complex 2 crystallizes in the monoclinic space group
P21/n. The asymmetric unit contains half of the formula unit along
with three water molecules (Fig. 1). The molecular structure of
complex 2 consists of two cationic [Cu(nelin)(H2O)2]

2+ fragments

Table 1

Crystal data and structure refinement for 2 and 3

Complex 2 3

Molecular formula C22H62Cu2FeN16O14 C20H46Cl2Cu2N14NiO14

Formula weight 957.76 963.40
Crystal system Monoclinic Monoclinic
Space group P21/n P21/n
Unit cell dimensions

a (Å) 9.300(2) 8.000(2)
b (Å) 15.510(3) 16.505(3)
c (Å) 14.325(3) 13.977(3)
b (o) 99.25(3) 90.98(3)

V (Å3) 2039.4(7) 1845.3(6)
Z 4 2
l (mm�1) 1.46 1.87
Reflections collected 4435 3086
Independent reflections (Rint) 4180 (0.0202) 2866 (0.1085)
Goodness-of-fit on F2 1.039 1.021
Final R indices [I > 2r(I)] R1 = 0.0388 R1 = 0.0650

wR2 = 0.0961 wR2 = 0.1609
R indices (all data) R1 = 0.0548 R1 = 0.1015

wR2 = 0.1037 wR2 = 0.1837

Fig. 1. ORTEP diagram (30% ellipsoidal probability) with the atom numbering scheme for complex 2 (* = �x + 1, �y, �z).

Table 2

Selected bond distances (Å) and bond angles (�) for 2* and 3*

2 3

Cu–N(1) 2.017(3) Cu–N(1) 2.032(6)
Cu–N(2) 2.017(2) Cu–N(2) 2.020(7)
Cu–N(3) 2.027(2) Cu–N(3) 2.012(7)
Cu–N(4) 2.009(2) Cu–N(4) 2.024(7)
Cu–OW1 2.413(2) Cu–N(6) 2.294(6)
Cu–OW2 2.722(2) Cu–O(10) 2.936(15)
Fe0–C(20) 1.927(3) Ni–C(6) 1.870(7)
Fe0–C(30) 1.923(3) Ni–C(7) 1.875(8)
Fe0–C(40) 1.917(3) N(6)–C(6) 1.143(9)
N(20)–C(20) 1.161(4) N(7)–C(7) 1.136(10)
N(5)–O(1) 1.206(4) N(21)–O(21) 1.181(11)
N(5)–O(2) 1.223(4) N(21)–O(22) 1.181(10)
N(2)–Cu–N(1) 85.3(1) N(2)–Cu–N(1) 91.9(3)
N(2)–Cu–N(3) 94.0 (1) N(2)–Cu–N(3) 85.8 (3)
N(1)–Cu–N(3) 174.2(1) N(1)–Cu–N(3) 169.4(2)
N(2)–Cu–N(4) 177.3(1) N(2)–Cu–N(4) 167.8(3)
N(1)–Cu–N(4) 95.1(1) N(1)–Cu–N(4) 85.4(3)
N(3)–Cu–N(4) 85.3(9) N(3)–Cu–N(4) 94.6(3)
N(4)–Cu–OW1 93.7(1) N(2)–Cu–N(6) 92.9(3)
N(2)–Cu–OW1 88.9(1) N(1)–Cu–N(6) 93.8(2)
N(1)–Cu–OW1 91.9(1) N(3)–Cu–N(6) 96.7(3)
N(3)–Cu–OW1 93.7(1) Ni–C(7)–N(7) 176.9(7)
OW1–Cu–OW2 174.6(6) Ni–C(6)–N(6) 176.2(7)
Fe0–C(20)–N(20) 179.1(3) C(6)–Ni–C(6)#2 180.0(6)
C(20)–Fe0–C(20)#1 180.0(5) C(7)–Ni–C(7)#2 180.0(5)

* Symmetry transformation used to generate equivalent atoms: #1 �x, �y, �z; #2
�x + 1, �y, �z.
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the charges of which are counter-balanced by the [FeII(CN)6]
4� an-

ion along with six water molecules. The coordination geometry of
each copper(II) atom is best described as distorted octahedral. The
square plane is constructed by the four nitrogen atoms (N1, N2, N3
and N4) of the diaza-diamine ligand and the axial sites are occu-
pied by two more distant oxygen atoms of two water molecules.
The N(4)–Cu–N(2) (177.3(1)�) and N(1)–Cu–N(3) (174.2(1)�) an-
gles in the equatorial plane slightly deviate from 180� and the
average of the four OW1–Cu–N angles (92.1�) (Table 2) is slightly
higher than 90�. All these indicate a slight distortion from a regular
octahedral geometry with the copper center situated at 0.100(4) Å
above the mean plane towards the axial OW1 water molecule. In
the equatorial plane, the Cu–N bond distances vary from 2.009(2)
to 2.027(2) Å (avg. 2.017(2) Å) and are comparable with the previ-
ously reported values [18]. It is noteworthy that the two axial Cu–
OW bond distances are not identical; Cu–OW1 2.413(2) and Cu–
OW2 2.722(2) Å; probably due to a different extent of H-bonding.
On the other hand, [FeII(CN)6]

4� retains its perfect octahedral
geometry (Table 2).

Hydrogen bonds play a pivotal role in assembling the discrete
cationic and anionic entities towards higher dimensionality. The
packing diagram clearly indicates that all the ferrocyanide ions oc-
cupy special positions and the participation of the cyano nitrogen
in extensive intermolecular H-bonding. The [Fe(CN)6]

4� unit act
as a template for the organization of four [Cu(nelin)]2+ units
around it and due to successive hydrogen bonding this gives rise
to a supramolecular chain along the crystallographic a-axis

(Fig. 2, Table 3). The H-bonded polymeric chains are three
dimensionally interlinked through hydrogen bonding (N4–
H44� � �O2) to form irregular honeycomb-like channels (Fig. 3),
which accommodate a one dimensional helical water chain as
shown in Fig. 4. Three lattice water molecules (OW3, OW4,
OW5), by hydrogen bonding association with themselves together
with the coordinated water molecule (OW1), give rise to this heli-
cal assembly. The hydrogen bonding distances are OW1� � �OW3 =
2.818(4) Å; OW3� � �OW4 = 2.889(4) Å; OW4� � �OW5 = 2.807(4) Å;
OW5� � �OW1 = 2.724(4) Å. The pitch of the helical water chain is
9.3 Å and it is supported within the channel by three more hydro-
gen bonding contacts OW3� � �OW2 = 2.804(4) Å; OW3� � �N20 =
2.729(4) Å and OW3� � �N40 = 2.887(4) with the wall as it propagates
along the a-axis. Each of the channels is symmetric and it is divided

Fig. 2. H-bonded supramolecular 1D chain of anions and cations for complex 2 along the a-axis.

Table 3

Important H-bonding parameters for 2 and 3

D–H� � �A D–H (Å) H� � �A (Å) D–A (Å) \D–H� � �A (�) Symmetrya

Complex 2

N2–H2� � �O2 0.910 2.230 2.835(4) 123.0
N3–H3� � �N5 0.910 2.620 2.947(4) 102.0
N3–H3� � �N30 0.910 2.350 3.222(4) 161.0 2a
N1–H12� � �N40 0.900 2.450 3.279(4) 154.0 2b
N4–H43� � �N40 0.900 2.610 3.410(4) 149.0 2b
N4–H44� � �O2 0.900 2.380 3.128(4) 140.0 2c
Complex 3

N1–H1� � �O30 0.910 2.200 3.061(14) 157.0
N2–H1� � �O30 0.910 2.250 3.078(14) 151.0
N2–H1� � �O21 0.910 2.490 3.032(13) 119.0
N2–H31� � �N7 0.900 2.200 3.091(10) 171.0 3a
N3–H32� � �O20 0.900 2.350 3.057(14) 135.0 3b
N4–H41� � �O40 0.900 2.560 3.304(17) 141.0 3c
N4–H42� � �N7 0.900 2.620 3.441(10) 151.0 3a

a 2a: 1/2 + x, 1/2 � y, 1/2 + z; 2b: 1/2 � x, 1/2 + y, 1/2 � z; 2c: 1/2 + x, 3/2 � y,
1/2 + z. 3a: 1/2 � x, 1/2 + y, 1/2 � z; 3b: 1/2 + x, 1/2 � y, �1/2 + z; 3c: 1 + x, y, z.

Fig. 3. Formation of supramolecular channels along the a-axis through interlinking
of nearby chains for complex 2.
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into two halves. Each half accomodates a helical water chain which
run in opposite directions to each other (Fig. 5).

3.1. Description of structure of [{Cu(nelin)}2Ni(CN)4](ClO4)2.2H2O (3)

The molecular structure of 3 consists of a trinuclear [{Cu(ne-
lin)}2Ni(CN)4]

2+ cation, two perchlorate anions and two water mol-
ecules (Fig. 6). The asymmetric unit consists of one half of the
formula unit with the inversion center located at the nickel atom.
The [Ni(CN)4]

2� anion is coordinated to two [Cu(nelin)]2+ cations
through two cyano groups bridging in a di-trans fashion, leaving
the two other trans-CN groups uncoordinated, and complex 3 in
this sense is comparable to [Cu(HL)]2[Ni(CN)4] � 4H2O [7b]
(H2L = 3,9-dimethyl-4,8-diazaundec-3,8-diene-2,10-dione-dioxime).
The bonding arrangement of this trinuclear unit is shown in Fig. 6
and selected bond distances and angles are given in Table 2.

The coordination geometry around the copper center is best de-
scribed by a square pyramid with the geometrical factor s = 0.03
[7a]. The basal plane is constructed by the four nitrogen atoms of
the diaza-diamine ligand and the apical position is occupied by
the nitrogen atom of the bridging cyanide. In the basal plane the
Cu–N bond distances vary from 2.012(7) to 2.032(6) Å, whilst that
of the apical Cu–N(6) is 2.294(6) Å, which is significantly longer
than the basal Cu–N bond lengths. The N(1)–Cu–N(3), 169.4(2)�
and N(2)–Cu–N(4), 167.8(3)� angles in the basal plane deviate sig-
nificantly from 180� and the four N(6)–Cu–N(x) [x = 1, 2, 3 and 4]
angles are larger than 90� (avg. 95.6(3)�), indicating that the coor-
dination geometry around each copper(II) center is a distorted
square pyramid. The copper center is situated 0.199 Å above the
plane towards the apical direction. It is interesting to mention here
that one oxygen atom from the perchlorate anion, O(10), is at an
elongated contact distance 2.936(15) Å to the copper(II) center.
The bridging cyanide coordinates to the copper ion in a bent fash-
ion with a C(6)–N(6)–Cu bond angle of 165.3(6)�. The intramolec-
ular Cu� � �Cu separation is 10.497 Å. Like the earlier trends [7b] no
significant difference has been observed here between the bridging
(C(6)–N(6) = 1.143(9) Å) and terminal (C(7)–N(7) = 1.136(10) Å)
cyano groups and [Ni(CN)4]

2� retains its square planer(SP) geome-
try (Table 2).

As shown in Fig. 7, the trinuclear units are arranged in succes-
sive rows in a herringbone fashion and the bifurcated hydrogen
bonding (N3–H31� � �N7 and N4–H42� � �N7) (Table 3) through the
uncoordinated terminals of the [Ni(CN)4]

2� units give rise to a
supramolecular (4,4) network in the (202) plane. In this arrange-
ment the [Ni(CN)4]

2� units act as a template for a (4,4) net archi-
tecture. Perchlorate anions and lattice water molecules occupy
the void spaces within this network and bind to the cationic part
of the trinuclear units through hydrogen bonding (Table 3). Succes-
sive (202) planes are stacked along the [101] direction through C–
H� � �O hydrogen bonding (Fig. 8).

3.2. IR study

The positions of the relevant IR bands of complexes 2 and 3 are
given in Section 2. The IR active bands fall in the region of ca. 3151–
3600 cm�1 for both complexes which is characteristic for m(O–H)
and m(N–H) groups. For cyano complexes, absorption bands due
to mCN stretching vibrations are very characteristic. In K4[Fe

II(CN)6]
the mCN band appears at 2042 cm�1 [20] and in complex 2 a sharp
peak at ca. 2045 cm�1 clearly indicates that all the cyano groups of
the ferrocyanide ion are terminal. For the tetracyanonickelate an-
ion this absorption band appears at 2128 cm�1 [20]. On bridging

Fig. 4. Helical water chain comprising of three lattice water molecules and one coordinated water molecule (OW1) within one half of the channel for complex 2.

Fig. 5. The symmetric channels accommodate helical water chains in either half.
Helical water chains in either half run in opposite directions to each other for
complex 2.
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via N atoms this band shifts to a higher wave number. The two mCN
IR bands appearing at 2124 (vs) and 2141 (s) cm�1 for 3 can be as-
signed to the terminal and bridging cyanide groups, respectively
[20a]. The characteristic IR bands corresponding to the nitro group
appear for 2 at 1548 cm�1 (s, mas) and 1346 cm�1 (m, ms) and that
for 3 at 1556 cm�1 (s, mas) and 1350 cm�1 (w, ms) [1g]. Additionally,
a strong band near 1115 cm�1 and a sharp band near 623 cm�1

indicate the presence of an uncoordinated perchlorate anion for
complex 3 [20b]. All other bands appear at their usual positions.

3.3. Thermal analyses

Complex 2 remains unchanged at room temperature (27 �C) for
an indefinite period. TGA studies show that total water loss occurs
in two narrow temperature regions: an 8.57% weight loss was ob-
served in between 40 and 90 �C, which is almost equivalent to a
loss of 4.5 water molecules. This is accompanied by a small endo-
effect on the DTA curve at ca. 80 �C. Obviously these are due to
non-coordinated lattice water molecules present in the cavities.
On gradual heating a further 8.51% weight loss was monitored in
between 100 and 130 �C and the total weight loss is equivalent
to 4.46 water molecules. These are partially lattice as well as coor-
dinated water molecules. The corresponding endo-therm was ob-
served at ca. 122 �C. The remaining water molecules are retained
up to 140 �C, after which the complex undergoes an immediate
decomposition with a large exothermal peak at ca. 145 �C in the
DTA curve. Losses of water molecules in different stages are due
to the different extent of H-bonding. For example, some water mol-

Fig. 6. ORTEP view (30% ellipsoidal probability) of the trinuclear unit of 3 with the atom numbering scheme. Perchlorate ions and water molecules are omitted for clarity
(* = �x, �y, �z).

Fig. 7. The (4,4) supramolecular network in the (202) plane of complex 3.
[Ni(CN)4]

2� units act as a template for this network. Perchlorate ions and water
molecules, which are omitted for clarity, occupy the void space within the network.

Fig. 8. The disposition of successive (202) layers in complex 3.
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ecules are doubly H-bonded with two neighbouring water mole-
cules while some water molecules are triply H-bonded with an
additional H-bond to a cyano nitrogen atom. As it is envisaged that
the network is purely built up of strong H-bonding, complete re-
moval of all the water molecules ultimately results in collapse of
the structural morphology. This is evident from the powder X-ray
diffraction (PXRD) pattern (Fig. 9).

Thermal decomposition of complex 3 starts at ca. 65 �C and con-
sequently the complex eliminates its two uncoordinated water
molecules, and the process continues up to ca. 100 �C (found/calc.:
3.70%/3.74% with respect to loss of weight%). This is accompanied
by a small endo-effect on the DTA curve at ca. 90 �C. The anhydrous
complex, having the formula [{Cu(nelin)}2Ni(CN)4](ClO4)2, main-
tains its thermal stability up to ca. 180 �C. After that the complex
undergoes an immediate decomposition with a small exothermal
peak at ca. 190 �C in the DTA curve. Since the complex contains
the perchlorate anion, we have not carried out the experiment be-
yond 200 �C.

3.4. PXRD analysis

To study the effect of dehydration on the structure, a PXRD pat-
tern of complex 2 was recorded at 27 �C (Fig. 9a). It was then
heated to (130 ± 2) �C in a stream of nitrogen and was kept at this
temperature for 30 min. An X-ray powder diffraction pattern (Fig.
9b) was recorded almost immediately on cooling the compound
to room temperature (27 �C), which showed marked changes in
the diffraction pattern compare to that of the original phase (Fig.
9a). The PXRD pattern of the dehydrated species clearly indicates
that in addition to water removal from the original crystalline

structure, it has transformed into a quasi glassy material. Dehydra-
tion of the hydrated species to generate a glassy state is most unu-
sual, since up until now only hydrated trehalose [21], raffinose [22]
and magnesium acetate [23] have been reported to have this prop-
erty. Such a finding may be explored by crystal engineers in a more
applied way.

3.5. EPR studies

Room temperature solid state EPR of a polycrystalline sample of
2 is typical for a mononuclear copper(II) complex with axial distor-
tion, and the elongation of the axis is characterized by g|| = 2.21 and
g\ = 2.01. An almost identical spectrum for 3 is characterized by
g|| = 2.11 and g\ = 2.04. The observed values (g|| > g\) confirm that
the unpaired electron resides in the dx2�y2 orbital. In the water–
alcohol glass phase at 77 K complex 2 exhibits a typical four-line
hyperfine spectra with g|| = 2.11, g\ = 2.02, A|| = 150 Oe and A\ = 5
Oe at V = 9.45 MHz. On standing the solution for 2–5 days a mod-
erately strong signal at g = 4.3 indicates the presence of FeIII species
in the system [24]. This may be attributed to the oxidation of a por-
tion of [FeII(CN)6]

4� to [FeIII(CN)6]
3� in aqueous solution, as indi-

cated by the slow disappearance of the color of the complex with
time.

3.6. Electrochemical studies

The electrochemical properties of the complexes [Cu(nelin)-
(H2O)2]2[Fe

II(CN)6] � 6H2O (2) and [{Cu(nelin)}2Ni(CN)4](ClO4)2 �
2H2O (3) were investigated using the cyclic voltammetric tech-
nique in aqueous and in MeCN solutions, respectively, with Ag/
AgCl as the reference electrode. The cyclic voltammetric behavior
of the parent complex [Cu(nelin)](ClO4)2 (1) was also studied un-
der similar conditions in aqueous and in MeCN media to compare
the results. All the electrochemical data are summarized in Table 4.

The electrochemical responses of complex 1 in aqueous solution
were found to be highly influenced by the scan rate. At a scan rate
of �1.0 V s�1, a single irreversible reduction peak at a potential of
ca. �0.94 V was found and attributed to a four-electron reduction
process (Eq. (1)), as generally observed for nitro compounds in
protic solvents [15,16]:

�NO2 þ 4Hþ þ 4e� ! �NHOHþH2O ð1Þ

At appreciably lower scan rates, the situation is quite different.
Thus, at a scan rate of 0.05 V s�1, two irreversible reduction waves
having peaks viz. A and B at potentials of ca. �0.69 V and �1.0 V,
respectively, were observed, and on the reverse sweep an anodic
peak (D) at ca. �0.31 V was monitored. After a second sweep, an-
other reduction peak C at ca. �0.49 V in addition to peaks A and
B appeared, while the anodic peak D remained invariant with re-
spect to its position (Fig. 10). However, it is important to note that
after the first sweep the peak intensities for A and B were greatly
diminished while that of D remained almost unchanged. In order
to assess the number of electron transfers involved in these pro-
cesses, peak A was assigned to be a one-electron reduction of a ni-
tro group to a nitro-radical anion followed by a three-electron
reduction of the nitro-radical anion (peak B) to the hydroxylamine
derivative (Scheme 1). These are comparable with the nitro-con-
taining heterocyclic drug metronidazole [17].

Surprisingly, no cathodic wave (peak C), for a CuII
? CuI reduc-

tion was observed during the first scan. However, if we assume
that the anodic oxidation peak D observed in the reverse sweep
in the first scan is due to oxidation of CuI

? CuII, then it is likely
to assume that the nitro-radical anion generated in the first sweep
is responsible for initiation of the reduction of the CuII center,
which in the reverse sweep undergoes oxidation. Thus keepingFig. 9. (a) PXRD pattern (complex 2); (b) PXRD patten (complex 2 after heating).
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the copper(II) to copper(I) reduction silent in the first scan and its
appearance from the second scan (peak C) may be thought of that
the original CuII complex remains silent towards the redox trans-
formation. The above proposition is supported by the following
observations:

(1) When the scan was reversed just before the generation of
the nitro-radical anion (peak A), the anodic peak D was
absent.

(2) When the scan was reversed just after the appearance of
peak A, the anodic peak D was observed.

(3) If the scan is reversed just after the appearance of peak A and
is delayed for 5 min at the same potential the intensity of the
anodic peak (D) is increased (Fig. 11).

Thus the copper(II) center in complex 1 is found to be silent to-
wards redox transformation in the experimental scan rate at the
first scan. Now the question arises, why is the copper(II) center
in 1 silent towards this redox process. A reasonable argument
can be made as follows: the copper(II) center is deeply buried in
the ligand environment while the NO2 group on the ligand frag-
ment is well exposed in space for redox processes. Thus, it is the
NO2 group which first undergoes reduction to give the nitro-radical
anion CuIIRNO��

2 . The highly reactive nitro-radical anion thus gen-
erated electrochemically from the nitro group, in close proximity
towards the metal center due to conformational puckering, [15]
immediately transmits its electron to facilitate the copper(II)
reduction to copper(I), which concomitantly undergoes some kind
of structural modification to give CuIR*NO2. This modified species,
only after oxidation to CuIIR*NO2, can initiate its second time
reduction without the assistance from a nitro-radical anion; and
by this way E1/2 for CuII/CuI was estimated as �0.40 V. All these
transformations are given in Scheme 2.

Considering the overall cyclic voltammetric pattern of 1 in
aqueous solution in the above mentioned slow scan rate, a
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Fig. 10. Two successive cyclic voltammograms of 1 in water at a scan rate of
0.05 V s�1.

Scheme 1.

Table 4

Electrochemical parametersa

Complex (1.0 � 10-3 M) Solvent Supporting
electrolyte (0.1 M)

Epc (V) Epa (V) DEp (V) E1/2 (V) Redox couple and reaction

[Cu(nelin)](ClO4)2 (1) Water NaClO4 �1.06 �NO2 ! �NHOHb

(Reported) pH � 6 0.08 �0.59 CuII/CuIb

[Cu(nelin)](ClO4)2 (1) (Our Investigation) Water NaClO4 �0.69 �NO2 ! NO��
2

�1.05 �NO��
2 ! �NHOH

pH 6.4 �0.49 �0.31 0.18 �0.40 CuII/CuI

MeCN TBAP �0.96 CuI/Cu0

�1.65 �NO2 ! NO��
2

�0.62 �0.36 0.26 �0.49 CuII/CuI

[Cu(nelin)(H2O)2]2. [Fe(CN)6].6H2O (2) Water pH 6.8 NaClO4 �0.64 �NO2 ! NO��
2

�0.87 �NO��
2 ! �NHOH

0.22 0.40 0.18 0.31 FeIII/FeII

[{Cu(nelin)}2Ni(CN)4](ClO4)2 � 2H2O (3) MeCN TBAP �0.99 CuI/Cu0

�1.63 �NO2 ! �NO��
2

�0.58 �0.32 0.26 �0.45 CuII/CuI

Ferrocene MeCN TBAP 0.36 0.52 0.16 0.44 FeIII/FeII

a Maximum error ±5%; all potentials are measured against the Ag/AgCl reference electrode; E1/2 is determined as 1/2 (Epc + Epa).
b Reported values (Ref. [15]): measured for DME vs. Ag/Ag+.
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Fig. 11. Comparative cyclic voltammograms of 1 in water at a scan rate of
0.05 V s�1: (i) The sweep is reversed just after formation of the nitro-radical anion
(A), (ii) the sweep is reversed just after formation of the nitro-radical anion (A) but
is delayed for 5 min.
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speculative explanation may be furnished: peak A is just due to the
irreversible reduction of [CuII(nelin)]2+ to [CuI(nelin)]+; which sub-
sequently undergoes decomposition to generate the free Cu+ ion,
which in turn is reoxidized to the Cu2+ ion (peak D) and re-reduced
to the bare Cu+ ion (peak C). However, a serious problem for such a
proposition arises from the E1/2 value for the CuII/CuI couple
(�0.40 V versus Ag/AgCl). The observed potential (�0.18 V versus

NHE) is muchmore negative than the corresponding standard elec-
trode potential for the free CuII/CuI couple (0.15 V). Moreover, the
free Cu+ ion is too susceptible for disproportionation in aqueous
solution, but no such indication was observed in the back scan,
either through the appearance of an anodic stripping peak or
through elemental copper deposition in the experimental solution
during and after the completion of the cyclic voltammetric process.
Thus the speculation of the transformation of [CuI(nelin)]+ to [Cu0-
(nelin)]0, or put in a better way Cu0, (peak B) can be discarded
safely.

The electrochemical behavior of complex 1 at the same scan
rate (0.05 V s�1) in MeCN (Fig. 12) was completely different from
that which was observed in aqueous solution. Here, from the
beginning a cathodic peak (E) for CuII

? CuI reduction was ob-
served at a potential of ca. �0.62 V; for which the reverse scan
showed an anodic wave (H) at ca. �0.36 V and the corresponding
E1/2 was estimated as �0.49 V versus Ag/AgCl. It is important to
note that after formation of the CuI complex (peak E), it subse-
quently undergoes slow disproportionation to CuII and Cu0, and a
well defined anodic stripping peak at ca. �0.16 V was observed
for Cu0. As a consequence the anodic peak (peak H) for oxidation
of CuI

? CuII was greatly diminished. To support this proposition
two separate CV profiles were recorded, inverting the scan imme-
diately after traversing peak E and peak F, respectively, under same
scan rate (0.05 V s�1). The great increment of the anodic stripping

peak after traversing peak F compare to peak E, not only certified
the disproportionation of the [CuI(nelin)]+ complex but simulta-
neously helped to assign peak F as CuI

? Cu0. At a comparatively
higher scan rate (0.8 V s�1) no such anodic stripping peak in the
back scan after traversing peak E indicates the slower nature of
the disproportionation reaction. Here peak G is conceivably assign
to the irreversible NO2=—NO��

2 reduction. The cathodical fluctua-
tion of the nitro-radical anion peak from solvent to solvent is a
common feature for nitro-containing compounds [25].

In conclusion, it is clear that the nitro-radical induced reduction
of [CuII(nelin)]2+ and the reluctancy of the disproportionation reac-
tion of the modified CuI R*NO2 is the main feature in aqueous med-
ium, while the normal reduction (without any assistance of a nitro
group) of [CuII(nelin)]2+ to [CuI(nelin)]+ followed by slow dispro-
portionation to CuII and Cu0 are the mentionable characteristics
in MeCN for complex 1. It also further indicates that the initial
environment of [CuII(nelin)]2+ in aqueous and in MeCN solution
are to some extent different.

The electrochemical behavior of complex 2 was monitored at a
slow scan rate (0.05 V s�1) in aqueous medium (Fig. 13). A well de-
fined anodic wave at ca. 0.40 V and a corresponding cathodic wave
at ca. 0.22 V appeared. It was assigned to the [FeIII(CN)6]

3�/
[FeII(CN)6]

4� couple and the corresponding E1/2 was estimated as
0.31 V versus Ag/AgCl. From the peak height and intensity it is
evident that the concentration of iron(II) is higher than that of
the iron(III) species. When the scan was continued further to neg-
ative potential, two irreversible reduction peaks at potentials of ca.
�0.72 V and �0.95 V were observed, and these are assigned to the
corresponding nitro group reduction (vide infra). It is surprising
that no CuII/CuI couple was observed even after a second sweep,
as compared to that observed in the parent complex 1. On the

Scheme 2.
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Fig. 12. Cyclic voltammogram of 1 in MeCN at a scan rate of 0.05 V s�1.
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Fig. 13. Cyclic voltammograms of 2 in water at a scan rate of 0.05 V s�1. The scan is
reversed before nitro-radical anion formation (inset).
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other hand, on the reverse sweep, the peak height of the anodic
wave was markedly enhanced in comparison to that of the catho-
dic wave in the positive potential range, indicating the conversion
of FeII ? FeIII increases after the nitro group reduction. Since the
reduction potential of the [FeIII(CN)6]

3�/[FeII(CN)6]
4� couple is

much more than that of CuII/CuI (�0.40 V versus Ag/AgCl for com-
plex 1), most probably the nitro-radical anion transfers its electron
to the FeIII instead of the CuII center and that is why nitro-radical
induced copper(II) reduction does not take place as observed in
complex 1. Consequently the CuII/CuI couple remains silent to-
wards redox transformation. To check whether the nitro group
has any influence upon the iron center, a number of CV profiles
were recorded starting from 0.0 V to 1.0 V, 1.0 V to �0.60 V (i.e. be-
fore nitro-radical anion generation) (Fig. 13, inset) under the same
scan rate and it was observed that the peak height and intensity for
the anodic and cathodic waves responsible for the [FeIII(CN)6]

3�/
[FeII(CN)6]

4� couple remain invariant even after a second succes-
sive sweep. It is well known [25] that the nitro-radical anion is
not generated particularly with a platinum working electrode. To
confirm whether the reduction peaks arise due to nitro group
reduction or for copper (II) reduction, a cathodic CV profile starting
from 0.0 V to �1.2 V was recorded using platinum working elec-
trode under same scan rate, but no peak responsible for the ni-
tro-radical anion was observed. In conclusion, it may be assumed
that only a portion of the ferrocyanide ion may coordinate to the
copper(II) center, facilitating a lower energy pathway for electron
transfer. This chemically generated ferricyanide ion on electro-
chemical processing is reduced to the ferrocyanide by capturing
the electron from the nitro-radical anion. In cyclic voltammetry,
such a coordinated ferrocyanide ion reduced by a generated ni-
tro-radical, as well as the non-coordinated ferrocyanide ion, en-
hances the peak height for the FeII ? FeIII conversion in the
reverse sweep.

The electrochemical behavior of complex 3 warrants special
features in comparison to that of the parent complex 1 in MeCN
(Fig. 14). The quasi-reversible reduction process for CuII

? CuI

(peak I/L) appeared at a slightly more positive potential than that
in complex 1 under similar conditions and the corresponding E1/2
was estimated as �0.45 V versus Ag/AgCl. It is noteworthy that
compared to complex 1, both electrochemical reduction and oxida-
tion for the CuII/CuI couple in complex 3 are more facile and this is
attributed to the axial ligation of [Ni(CN)4]

2� to the [Cu(nelin)]2+

precursor [7b]. Another interesting aspect of complex 3 compared
to 1 is that after formation of the CuI complex (peak I) it does not

undergo any disproportionation reaction like 1 at either high or
slow scan rates. This is also due to the axial attachment of
[Ni(CN)4]

2� to the [CuII(nelin)]+2 moiety which ultimately stabi-
lizes the [CuI(nelin)]+ species. No anodic stripping peak was ob-
served during the back scan after traversing from peak I. Peak J is
certainly for [Cu0(nelin)]0, or put in better way Cu0, which on back
scanning produces an anodic stripping peak at ca. 0.0 V.

4. Conclusions

Two new complexes, [Cu(nelin)(H2O)2]2[Fe(CN)6] � 6H2O (2) and
[{Cu(nelin)}2Ni(CN)4](ClO4)2 � 2H2O (3), have been synthesized
using a nitroalkyl-substituted CuIIN4 precursor and have been
characterized using the single crystal X-ray diffraction technique.
The H-bonded 1D chains of 2 along the a-axis, generated from
supramolecular synthons using cations and anions, are further
propagated into a 3D array to form irregular honeycomb-like chan-
nels which are divided into two halves, in each half there is a heli-
cal water chain which runs in opposite directions to each other. In
complex 3 trinuclear units are arranged in successive rows in a
herringbone fashion and bifurcated hydrogen bonding through
the uncoordinated terminals of the [Ni(CN)4]

2� units give rise to
a supramolecular (4,4) network. Complex 2 exhibits a quasi-glass
nature on dehydration, which is important in material science.
The electrochemical properties of 1, 2 and 3 have been investigated
in comparative ways using the cyclic voltammetric technique in
aqueous and in MeCN solutions with Ag/AgCl as the reference elec-
trode. Electrochemical studies in aqueous medium generate the
one-electron reduced nitro-radical anion which is highly important
and may find application as a radio-sensitized drug in cancer treat-
ment. Although organic, especially aromatic, nitro compounds
have widespread application in medicine and cancer therapy, there
is direct proof that nitro-radical anions are involved as an obligate
intermediate but in many cases they act as a direct damaging tox-
in. The corresponding use of coordination complexes bearing a ni-
tro group on a side arm of a ligand fragment has not yet been
reported. Inorganic macrocyclic or macrocyclic complexes of tran-
sition metals may serve in a better way than the aromatic nitro
compounds as drugs, as they may have comparatively better solu-
bility and show a lesser toxic effect.
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