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Abstract

A novel polymeric, asymmetric chloro-bridged copper chain with general formula [l-Cl–CuCl(dipm]n (in which

dipm = bis(pyrimidin-2-yl)amine) has been synthesized and characterised by X-ray crystallography and infrared spectroscopy.

The chains are organized in 2D sheets by intermolecular double H bonds between pairs of dipm molecules. In addition, EPR

and magnetic measurements have been performed, and these have been related to the dinuclear structural details.

The geometry around the copper(II) ion is distorted square pyramidal with the basal plane formed by the two nitrogen atoms of

the dipm ligand and two chloride atoms, one of which is bridging. The Cu–N distances are 2.0342(15) and 2.0125(15) Å and Cu–Cl

distances are 2.2899(6) and 2.2658(6) Å. The apical position of Cu is occupied by a chloride atom of a neighbouring unit atom at a

distance of 2.6520(6) Å, resulting in the polynuclear array in which one chloride anion and the copper ion forms a zig-zag chain. The

magnetic interaction between the Cu–Cu atoms is weak antiferromagnetic with a singlet–triplet separation (J) of �3.2(1) cm�1.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the field of supramolecular interactions of coordi-

nation compounds not only the direct metal–ligand
bonds are of interest, but also hydrogen bonding is of

great importance [1–8].

A ligand with interesting hydrogen-bonding proper-

ties is the recently developed ligand bis(pyrimidin-2-yl)-
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amine (abbreviated as dipm) [11–13]. The dipm molecule

can both donate and accept hydrogen bonds, and has a

more or less linear donor–acceptor array of the ADA

type. This type of array is capable of forming so-called
Watson–Crick-type hydrogen bonds, as also shown in

the literature for the first generation ligand 2-aminopy-

rimidine [9,10].

So far only two X-ray crystal structure determination

of Cu(II) compounds with dipm have been published

[11,12], i.e. [Cu(dipm)(CO3)(H2O)](H2O)2 and [Cu

(dipm)2(dicyanamide)(CF3SO3)](C2H6O)1/2.

In this study the synthesis, the crystal structure,
characterization and magnetism of the chloro-bridged
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zig-zag chain compound [ l-Cl–CuCl(dipm)]n is de-

scribed, in which such intermolecular hydrogen bonding

generates a 2-D network.
2. Experimental

2.1. Materials

The ligand dipm was prepared by the method re-

ported in the literature [13]. The purity was checked

by elemental analysis, IR spectroscopy and 1H NMR.
Table 1

Crystal data and details of the structure determination

Compound C8H7Cl2CuN5

Molecular weight 307.64

Crystal system monoclinic

Space group P2(1)/c (no.14)

a (Å) 10.8313(10)

b (Å) 6.6560(10)

c (Å) 14.322(2)

b (�) 96.282(5)

V (Å3) 1026.3(2)

Z 4

Dcalc (gcm
�3) 1.991

F (000) 612

l (mm�1) 2.623

Crystal size (mm) 0.06 · 0.18 · 0.25

Temperature (K) 150

hminhmax 1.0; 27.5

Total data collected 32,794

Independent reflections (Rint) 2351 (0.0549)

Number of refined parameters 148

MULABS trans.range 0.631, 0.0857

Final R1(I>2r(I), wR2 0.0219, 0.0592

Goodness-of-fit on F2 1.123

Minimum and maximum residual density (e Å�3) �0.59; 0.35

Fig. 1. Perspective plot [16] of the chain in [Cu(dipm)2Cl2]n. Hydrogen atom

systems is indicated with thin dashed bonds between their geometrical centres

(�x,�1/2 + y,1/2�z) and (�x,1/2 + y,1/2�z), respectively.
All other chemicals were purchased from commercial

sources and used as received.
2.2. Synthesis of the compounds

An equimolar amount of dipm (1 mmol) and cop-
per(II) chloride (1 mmol) were each dissolved in an eth-

anol/water (1:1) mixture (20 ml) and heated till about 40

�C. Then the ligand solution was carefully added to the

copper solution and mixed. The green solution was fil-

tered and left to evaporate at room temperature. Green

crystals were obtained in a few days (yield 65%); Anal.

Calc. for C8H7Cl2N5Cu: C, 31.2; H, 2.3; N, 22.7. Found:

C, 31.0; H, 2.5; N, 22.8%.
2.3. Physical techniques

C,H,N determinations were performed on a Perkin–

Elmer 2400 Series II analyzer.

Ligand-field spectra were obtained on a Perkin–

Elmer Lambda900 spectrophotometer using the diffuse-

reflectance technique, with MgO as a reference.
FTIR spectra were obtained on a Perkin–Elmer Par-

agon 1000 FTIR spectrophotometer equipped with a

Golden Gate ATR device, using the reflectance tech-

nique (4000–300 cm�1, res. 4 cm�1).

X-band EPR spectra were recorded on polycrystal-

line samples at RT and at 77 K with a Jeol RE2X elec-

tron spin resonance spectrometer using DPPH

(g = 2.0036) as a standard.
Magnetic susceptibility measurement (5–350 K) were

carried out using a Quantum Design MPMS-5 5T

SQUID magnetometer (measurements carried out at

0.1 T). Data were corrected for magnetisation of the
s bonded to carbon are excluded for clarity. Stacking of pyrimidinyl p-
. Atoms with suffix ‘‘a’’ and ‘‘b’’ are generated by symmetry operations



Table 2

Selected bind lengths (Å) and angles (�) for [Cu(dipm)Cl2]n

Cu1–Cl1 2.2899(6)

Cu1–N11 2.0342(15)

Cu1–Cl1b 2.6520(6)

Cu1–Cl2 2.2658(6)

Cu1–N21 2.0125(15)

Cu1–Cu1a 4.7092(8)

Cl1–Cu1–Cl2 90.06(2)

Cl1–Cu1–N21 177.12(4)

Cl2–Cu1–N11 151.26(4)

Cl1b–Cu1–Cl2 109.90(2)

Cl1b–Cu1–N11 98.21(4)

Cu1–Cl1–Cu1a 144.60(2)

Cl1–Cu1–N11 93.16(5)

Cl1–Cu1–Cl1b 95.54(2)

Cl2–Cu1–N21 88.72(5)

N11–Cu1–N21 86.66(6)

Cl1b–Cu1–N21 87.33(4)

Suffix a denotes �x,�1/2 + y,1/2�z; suffix b denotes �x,1/2 + y,1/2�z.
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sample holder and for diamagnetic contributions, which

were estimated from Pascal constants.

2.4. Crystallography

Crystals suitable for structure determination were

mounted on Lindemann-glass capillaries and transferred

into the cold nitrogen stream of a Nonius Kappa CCD
diffractometer on rotating anode (Mo Ka radiation,

graphite monochromator, k = 0.71073 Å, T = 150 K).

Pertinent data for the structure determinations are col-

lected in Table 1. Data were corrected for absorption

using an algorithm based on multiple measurements of

symmetry-related relfections (PLATON/MULABS

[16]). The structure was solved with direct methods

using SHELXSSHELXS-86 [14] and refined on F2 using SHELXLSHELXL-
Fig. 2. Perspective plot [16] of the two-dimensional network of zig-zag cha

indicated with thin dashed bonds between their geometrical centres. Hydrog
97-2 [15]. The co-ordinates of the amine hydrogen atom

were included as parameters in the refinement. The other

hydrogen atoms were included on calculated positions

riding on their carrier atoms. The displacement param-

eters of all hydrogen atoms were related to the value

of the equivalent isotropic displacement parameters of
their carrier atoms. Geometrical calculations and illus-

tration were performed by PLATON [16].
3. Results and discussion

3.1. Crystal structure of [l-Cl–CuCl(dipm)]n

A perspective plot of the title compound showing the

numbering scheme is given in Fig. 1 with selected bond

distances and angles in Table 2. The copper(II) ion has

taken a distorted square pyramidal geometry with the

basal plane formed by two pyrimidinyl nitrogen atoms

(N11 and N21) of the dipm ligand and two chloride

atoms (Cl1 and Cl2). The Cu–N distances are

2.0342(15) and 2.0125(15) Å and the Cu–Cl distances
are 2.2899(6) and 2.2658(6) Å. The apical position is

occupied by a symmetry-related image of Cl1 at a dis-

tance of 2.6520(6) Å from the copper ion. The N–Cu–

Cl angles of the base plane are 177.12(4) and

151.26(4)�. The distortion of a square pyramidal coordi-

nation sphere can be described by the structural param-

eter s, which indicates the relative amount of trigonality

(T = 0 for a pure square pyramid (sp) and s = 1 for a
trigonal bipyramid (tbp) [17]). In this case s = 0.43, so

the geometry can be described as an intermediate be-

tween sp and tbp. One of the coordinated chloride ani-

ons (Cl1) forms a bridge between two copper ions that

are related by a crystallographic twofold screw axis.
ins, linked by hydrogen bonds. Stacking of pyrimidinyl p-systems is

en atoms bonded to carbon are excluded for clarity.



Fig. 3. Plots of temperature dependence of the molar magnetic

susceptibility vM (s) and the vMT product (h) for the title compound.

The solid lines represent the calculated curves for the parameters

J = �3.2(1) cm�1 and g = 1.98(1) (see text).
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The chlorine anion occupies a position in the basal coor-

dination plane of the first copper ion and the apical

coordination position of the second copper ion. The

resulting zig-zag chain of Cu1 and Cl1 is the backbone
of a polynuclear array running parallel to the crystallo-

graphic b-axis. The array is stabilized by stacking of the

pyrimidine ring containing N11 on a symmetry-related

image of the ring containing N21 (see Fig. 1). The dis-

tance between the geometric centres of the rings is

3.6780(12) Å, the acute angle between the planes

through the ring systems is 19.80(9)�.
Table 3

Cu(II) polymeric compounds with a single Cl bridge and a Cu(N/O)2Cl2(Cl)

Compounda Cu geometrya (s) Chromophore Cu–l-Cl–Cu angle

Cu(dmso)Cl2 Dist.sq.pyr. CuO2Cl2(Cl) 144.6(1)

(0.44)

Cu(ImH)Cl2 Dist.sq.pyr. CuN2Cl2(Cl) 117.0

(0.12)

Cu(dipm)Cl2 Dist.sq.pyr CuN2Cl2(Cl) 144.60(2)

(0.43)

Cu(bpy)Cl2 Dist.sq.pyr. CuN2Cl2(Cl) 107.5(1)

(0.21)

Cu(caf)(H2O)Cl2 Dist.sq.pyr. CuNOCl2 (Cl) 128.1

(0.29)

Cu(maep)Cl2 Dist.sq.pyr. CuN2Cl2(Cl) 113.58(5)

(0.17)

Cu2 (dpp)Cl4 Dist.sq.pyr. CuN2Cl2(Cl) 98.46(4)

(0.26)

a Abbreviations: dist. sq.pyr = distorted square pyramidal, s = struc

bpy = 2,20-bipyridine, caf = caffeine, maep = 2-(2-methylaminoethyl)pyridine
b J given in brackets are results of magnetic measurements done by the r
A neighbouring pair of symmetry-related polynuclear

chains is linked through hydrogen bonds which are do-

nated by the amine nitrogen N1 to the pyrimidinyl nitro-

gen N13. The N� � �N distance of this hydrogen bond is

2.964(2) Å, the N–H� � �N angle is 175(2)�. A crystallo-

graphic inversion centre doubles this hydrogen bond
into a so-called Watson–Crick pair of hydrogen bonds.

The resulting two-dimensional network runs parallel to

the lattice planes (10�2) and is displayed in Fig. 2.

3.2. Magnetic properties

The EPR spectrum measured as a polycrystalline

powder at RT shows a very broad isotropic signal,
which sharpens up at 77 K with a g = 2.15. No (hyper)

fine structure is resolved.

The magnetic behaviour of the title compound, meas-

ured as a powdered sample from 5 to 350 K, is shown in

Fig. 3 as the temperature dependence of its molar mag-

netic susceptibility vM and its product with temperature,

vMT. The vMT product at room temperature, 0.377

cm3mol�1K, is in agreement with uncoupled S = 1/2
(0.378 cm3mol�1K). A steady decrease is observed

down to 0.353 cm3mol�1K at 75 K, after that a sharp

decrease down to 0.118 cm3mol�1K at 5 K, which can

only arise from antiferromagnetic interactions between

nearest neighbours along the chain. In view of the regu-

lar uniform Cuax–Cl–Cueq bridge within the chain in the

title compound, the expression of the susceptibility for a
chromophore

Cu–Cu distance Cu–l-Cl distance Magnetism Jb Referencesa

4.757(2) 2.702(2) �6.1 [20] (s)

[�9.6] [21] (m)*

[22] (m)

4.37 2.751(6) �2.1 [22] (m)

[�5.36] [23] (s)

[24] (m)*

4.7092(8) 2.6520(6) �3.2(1) This work

4.01 2.674(3) �2.3 [25] (s + m)

4.597(2) 2.788(2) +0.48 [22] (m)

[26] (s)

4.263(2) 2.785(2) +1.58 [22] (m)

[27] (s)

3.688 2.5600(13) +6.0(1) [28] (s + m)

ture, m = magnetism; dmso = dimethylsulfoxide, ImH = imidazole,

, dpp = 2,3-bis(2-pyridyl)pyrazine.

eference with an asterisk.



Fig. 4. Plot of magnetic interaction (J) versus the Cu–l-Cl–Cu angle.

The straight line is the averaged linear plot between the points.
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uniform Heisenberg chain [18,19] has been used to
reproduce the experimental data. A fixed TIP value of

6 · 10�5 cm3mol�1, usually observed in Cu(II) com-

pounds was added, while the interaction parameter J

and the Landé factor g were left free, resulting in the

best fit parameters J = �3.2(1) cm�1 and g = 1.98(1).

In a square-pyramidal Cu(II) centre, the spin density

will be mostly in the dx2�y2 orbital, and therefore ex-

change coupling pathways involving axial ligands (and
therefore the dz2 orbital), such as the chloride ion here,

is expected to be small, which is in good agreement with

the small J value obtained.
4. Conclusions

In this study a novel Cu(II) zig-zag polymeric com-
pound with a single asymmetric chloro bridge is synthe-

sized and the magnetic interaction between the Cu ions

is measured. Due to the fact that the coordination of

the Cu(II) has a intermediate geometry between sp

and tbp, with a ground state predominantly dx2�y2 ,

and the chloro bridge is of the apical type, which lead

to poor coupling between copper centres. In Table 3

a number of other l-chloro bridged compounds with
a similar type of chromophore are presented and com-

pared. The magnetism in all cases is low and varies

from J = +6.0 to �9.6. In all cases the Cu–Cu distance

is large (>3.7 Å), however the only distinct variation

appears to be the Cu-l-Cl–Cu bridge which varies from

98.46� to 144.6�. When plotting this angle to the mag-

netic interaction J, a weak trend is observed between

these two parameters (Fig. 4). Due to the fact that
the deviations are large (see also examples in Table 3

of some compounds with different measured J values)

and also that other factors can play a role, no direct

correlation conclusion can be taken from it. More com-

pounds of a similar nature are needed to study this cor-

relation in detail.
5. Supplementary material

Crystallographic data (excluding structure factors)

for the structures in this paper have been deposited with

the Cambridge Crystallographic Data Centre as supple-

mentary publication no. CCDC-233989. Copies of the
data can be obtained free of charge on application to

CCDC, 12 Union Road, Cambridge CB2 1EZ, UK

[Fax: (internat.) +44(1223)336-033, e-mail: deposit@ccdc.

cam.ac.uk].
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