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A B S T R A C T

The preparation, crystal structure and magnetic properties of a new oxalate-containing

copper(II) chain of formula {[(CH3)4N]2[Cu(C2O4)2] � H2O}n (1) [(CH3)4N+ = tetramethy-

lammonium cation] are reported. The structure of 1 consists of anionic oxalate-bridged

copper(II) chains, tetramethylammoniun cations and crystallization water molecules.

Each copper(II) ion in 1 is surrounded by three oxalate ligands, one being bidentate and the

other two exhibiting bis-bidenate coordination modes. Although all the tris-chelated

copper(II) units from a given chain exhibit the same helicity, adjacent chains have opposite

helicities and then an achiral structure results. Variable-temperature magnetic

susceptibility measurements of 1 show the occurrence of a weak ferromagnetic

interaction through the oxalate bridge [J = +1.14(1) cm�1, the Hamiltonian being defined

as H = –J
P

nm Si � Sj]. This value is analyzed and discussed in the light of available magneto-

structural data for oxalate-bridged copper(II) complexes with the same out-of-plane

exchange pathway.

� 2012 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

La préparation, la structure cristalline et l’étude du comportement magnétique d’une

nouvelle chaı̂ne de cuivre(II) à pont oxalate de formule {[(CH3)4N]2[Cu(C2O4)2] � H2O}n (1)

[(CH3)4N+ = cation tétraméthylammonium] font l’objet de ce travail. La structure de ce

composé contient des chaı̂nes anioniques d’ions cuivre(II) à pont oxalate, des cations

tetramethylammoniun et des molécules d’eau de cristallisation. Chaque ion cuivre(II) est

entouré par trois groupes oxalate, dont l’un est bidenté et les deux autres sont bis-

bidentés. Quoique toutes les entités tris-chélate de cuivre(II) d’une chaı̂ne ont la même

forme énantiomérique, les chaı̂nes voisines adoptent l’hélicité opposée et, par consé-

quence, la structure du complexe 1 est achirale. Une faible interaction ferromagnétique à

travers le pont oxalate [J = +1,14(1) cm�1, l’Hamiltonian étant défini comme H = –J
P

nm

Si � Sj] a eu lieu au complexe 1. Cette valeur est analysée et discutée dans le cadre des

données magnéto-structurales d’autres complexes de cuivre(II) à pont oxalate avec la

même voie d’échange hors du plan.

� 2012 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
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. Introduction

The oxalate group (dianion of the ethanedioic acid,

2ox) is a classical ligand in coordination chemistry and
 magneto-structural studies due to the great number

f coordination modes that it exhibits in its metal
omplexes [1–3] together with its remarkable ability to
ediate strong magnetic interactions between the

aramagnetic metal ions when acting as a bis-bidentate
ridge, the metal-metal separation being larger than
.4 Å [4]. In this respect, magneto-structural studies of
s dicopper(II) complexes constitute textbook examples
f tunable magnetic coupling, the plasticity of the
oordination sphere of the copper(II) making it possible
o vary in a prefixed manner the symmetry and
rientation of the interacting magnetic orbitals [5].
he polydentate nitrogen donor used as peripheral
gand determines the type of magnetic orbital and
voids the unwanted precipitation of the oxalato-
ridged copper(II) chain Cu(ox) � 1/3H2O [6]. So, the
se of chelating ligands such as N,N0,N00,N0 0 0-tetramethy-
thylenediamine (tmen), 2,20-bipyridine (bipy), 1,10-
henanthroline (phen), 2,20-bipyrimidine (bpym), 2-(2-
yridyl)imidazole (pyim) or N,N0,N00-diethylenetriamine
dien) affords the mononuclear species [Cu(tmen)
ox)(H2O)] � 3H2O [7], [Cu(bipy)(ox)(H2O)] � 2H2O [8],

u(phen)(ox)(H2O)] � H2O [9], [Cu(bpym)(ox)] � 5H2O
0], [Cu(pyim)(ox)(H2O)] � 2H2O [11] and [Cu(dien)

ox)] � 4H2O [12] that could be the used as ligands
owards preformed complexes whose coordination
phere is unsaturated. As an illustrative example, one
an point out the neutral two-dimensional networks of
rmula [Cu2(bpym)(ox)2]n � 5nH2O [10] and [Cu2(bpy-
)(ox)Cl2]n [13] which have in common the occurrence

f bis-bidentate bpym and ox ligands, the chloro groups
cting also as bridges in the last compound.

Another strategy that avoids the formation of the above
entioned oxalato-bridged copper(II) chain in the syn-
etic process is to use a 2:1 oxalate to copper(II) molar

atio in order to favour the formation of the dianionic unit
u(ox)2]2�, an entity which has been isolated as both

ydrated (cat)2[Cu(ox)2]�2H2O (cat+ = Na+, K+, NH4
+ and 4-

ampy+) and anhydrous (Hpy)2[Cu(ox)2] and (H2pda)
u(ox)2] complexes (Hampy+, Hpy+ and H2pda2+ are 4-

minopyridinium, pyridinium and propylenediammonium
ations, respectively) [14,15]. Curiously, the reaction of the

H4)2[Cu(ox)2]2 derivative with the 1-(2-carboxyethyl)-
,40-bipyridium chloride (H2cebpyCl) in aqueous solution
fforded the one-dimensional copper(II) compound

2cebpy)2[Cu(ox)2] � 2H2O which exhibits a weak
rromagnetic coupling (J = +0.62 cm�1, the Hamiltonian

eing defined as H = –J
P

nm Si � Sj) across the bidentate/
ner monodentate oxalate bridge [16]. Such a m-1,2,2

ridging mode of the oxalate group is quite unusual in the
terature [15b,17].

In this work, we describe how the copper(II)-asssisted
ydrolysis of basic methanolic solutions of the ligand (2-
yrimidyl)oxamic acid ethyl ester (HEtpmo) constitutes a
ew synthetic strategy to prepare single crystals of
xalato-bridged copper(II) chains with intrachain ferro-
agnetic coupling. This is illustrated by the zig-zag

copper(II) chain of formula {[(CH3)4N]2[Cu(C2O4)2] � H2O}n

(1) (Me4N+ = tetramethylamonium cation) whose prepa-
ration, crystal structure and variable-temperature mag-
netic study are included here.

2. Experimental

2.1. Materials

Copper(II) chloride dihydrate, tetramethylammonium
hydroxide, triethylamine, ethyl oxalyl chloride and 2-
aminopyrimidine were purchased from commercial
sources and used as received. The proligand (2-pyrimi-
dyl)oxamic acid ethyl ester (HEtpmo) was prepared by
reacting ethyl oxalyl chloride with 2-aminopyrimidine
and triethylamine in 1:1:1 molar ratio under reflux at
80 8C during 4 h, the general procedure previously
described for these type of ligands being followed
[18]. Elemental analysis (C, H, N) were conducted by
the Microanalytical Service of the Federal University of
Goiás and the copper contents was determined by
spectrophotometry with a Hitachi-Z8200 spectropho-
tometer.

2.2. Preparation of {[(CH3)4N]2[Cu(C2O4)2] � H2O}n (1)

Teramethylammonium hydroxide (0.441 cm3,
4.4 mmol) was added to a methanolic solution (10
cm3) of HEtpmo (0.20 g, 1.1 mmol) under continuous
stirring. After 10 min, an ethanolic solution (5 cm3) of
copper(II) chloride dihydrate (0.093 g, 0.55 mmol) was
added dropwise. The small amount of a bluish solid that
resulted was removed by filtration and the remaining
deep blue solution was allowed to slowly evaporate in a
hood at room temperature. X-ray quality turquoise
crystals of 1 as blue prisms were grown after several
weeks. They were collected by filtration, washed with a
small amount of cold water and dried over filter paper.
Yield: 45.0%. Anal. found: C, 35,37; H, 6.35; Cu, 15.59; N,
6.80%. Calc. for C12H26CuN2O9: C, 35.48; H, 6.40; Cu,
15.66; N, 6.90%. Main IR features (values in cm�1, KBr
pellet): 3326 m [n(O–H)], 3020w, 2914w and 2837w
[n(C–H)], 1673s, 1652s and 1637s] [nas(OCO)], 1488
and 1418 [ns(OCO)], 1289 m [ns(C–O)] and 808w
[d(OCO)].

2.3. Physical measurements

An infrared spectrum of 1 was recorded with a Perkin
Elmer Precesily Spectrum 400 FT-IR/FT-FIR spectropho-
tometer as a KBr pellet in the range 4000–400 cm�1.
Magnetic susceptibility measurements on a polycrystalline
sample of 1 were carried out in the temperature range 1.9–
300 K with a Quantum Design SQUID susceptometer, using
applied magnetic dc fields of 0.1 T (T � 50 K) and 500 G
(T < 50 K). The corrections for the diamagnetism of the
constituent atoms were estimated from Pascal’s constants
[19] as –204 � 10�6 cm3 mol�1 [per mol of copper(II) ions].
Corrections for the temperature-independent paramagne-
tism [60 � 10�6 cm3 mol�1 per Cu(II)] and for the simple
holder were also applied.
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. Crystal structure determination and refinement

A prism-shaped single crystal of 1 with dimensions
2 � 0.08 � 0.07 mm3 was selected for the X-ray data

llection. It was mounted on a glass fiber and afterwards
sitioned on the goniometer. Room temperature X-ray

ffraction intensities (298 K) were measured using
aphite-monochromated Mo Ka line (l = 0.71073 Å),
raf-Nonius Kappa-CCD diffractometer equipped with a
 mm CCD camera on a k-goniostat operating in w-v
ans mode with k offsets. All reflections were used to
dex the final unit cell. The acquisition of the X-ray
ffraction frames was monitored by using the program
LLECT [20] and the raw dataset was treated with the
L Denzo-Scalepack [21]. Because of the small size
edial crystal size x = 0.08 mm) and the not too high
sorption coefficient (m = 1.275 mm�1), no absorption
rrection was applied. According to the International
ion of Crystallography (IUCr) [22], there is no need of
sorption correction if the product mx is not above 0.1.
is product was 0.102 for the measured crystal of 1 by
ing Mo Ka radiation. Therefore, we have preferred to
mply with IUCr recommendations even if the refinement
tistic was satisfactory (Table 1).
The structure was solved by direct methods with
ELXS-97 [23]. All non-hydrogen atoms were readily

und from the electronic density map constructed by
urier synthesis, in which the Cu, C, O and N atoms were
arly identified. The initial model was refined by the full-

atrix least squares method on F2 with SHELXL-97 [23]
opting anisotropic thermal parameters for all non-
drogen atoms. The hydrogen atoms form the NMe4

+

tion were positioned stereochemically and they were
fined with fixed individual isotropic displacement
rameters [Uiso(H) = 1.5Ueq of both methyl carbons and

water oxygen] by using a riding model with C–H bond
lengths of 0.96 Å. The positions of the hydrogen atoms
from the water molecules were assigned from the
electronic density map generated by Fourier difference
and they were refined freely.

The ORTEP-3 program [24] was used within the WinGX
software package [25] to deal with the processed
crystallographic data and artwork representations. After
the end of the refinement, the molecular structure of 1 was
checked with MOGUL program [26]. This is a valuable
program for analyzing geometric features of any structure.
It searches for substructures of compounds deposited at
the Cambridge Crystallographic Data Centre (CCDC) that
are similar to those of a target. Comparisons of bond angles
and lengths of 1 with the corresponding parameters of
similar structures deposited in the Cambridge Structural
Database (CSD, version 5.32 of November 2010 with
August 2011 update) [27] were useful to strengthen
interesting intramolecular features of the complex studied.
Bond lengths and angles of 1 together with those for
structurally related complexes are listed in Tables 2 and 3
whereas the X-H O (H C and Ow) intermolecular
interactions of 1 are given in Table 4.

3. Results and discussion

3.1. Synthesis and IR characterization

It is known that oxamato and oxamidato groups
can undergo a copper(II)-assisted hydrolysis in basic
media yielding oxalate [18,28]. This hydrolytic reaction

ble 1

stal data and structure refinement for {[(CH3)4N]2[Cu(C2O4)2] � H2O}n

.

mpirical formula C12H26CuN2O9

ormula weight 405.90

emperature, K 298(2)

avelength, Å 0.71073

rystal system Orthorhombic

pace group Pbca

nit cell parameters, Å a = 11.2757 (2)

b = 10.1540 (2)

c = 31.0566 (7)

olume, Å3 3555.8 (1)

 8

calcd, Mg/m3 1.516

bsorption coefficient, mm�1 1.275

rystal size, mm 0.12 � 0.08 � 0.07

heta range for data collection 3.00 – 25.688
(000) 1704

ndex ranges –13 � h � 13, –12 � k

� 12, –37 � l � 37

eflections collected 6221

ndependent reflections 3322 [R(int) = 0.0292]

ompleteness to u = 25.688 98.2%

ata/restraints/parameters 3322/0/223

oodness-of-fit on F2 1.066

1 [I > 2s(I)] 0.0400

R2 (all data) 0.1138

argest diff. peak and hole, e Å�3 0.431 and –0.538

Table 2

Bond lengths (Å) for 1 and for structurally related compounds deposited

in the Cambridge Structural Database (CSD).a

Bond 1 Mean value

in the CSDb

No. of entries

in the CSD

Cu1–O1A 2.323(2) 1.97(5) 22

Cu1–O1B 1.983(2) 2.0(1) 17

Cu1–O2A 1.973(1) 1.97(5) 22

Cu1–O2B 1.957(2) 2.0(1) 17

Cu1–O3Aii 2.437(2) – –

Cu1–O4Aii 1.978(2) – –

C1A–O1A 1.234(2) 1.25(2) 170

C1B–O1B 1.269(3) 1.28(1) 76

C1A–O4A 1.262(3) 1.26(3) 16

C1B–O4B 1.236(3) 1.21(2) 10000

C2A–O2A 1.266(3) 1.25(2) 170

C2A–O3A 1.236(3) 1.26(3) 16

C2B–O2B 1.269(3) 1.28(1) 76

C2B–O3B 1.227(3) 1.21(2) 10000

C1A–C2A 1.566(3) 1.54(2) 868

C1B–C2B 1.545(4) 1.54(2) 1485

C1A0–N1A 1.501(3) 1.48(5) 7875

C1B0–N1B 1.500(3) 1.48(5) 7875

C2A0–N1A 1.497(3) 1.48(5) 7875

C2B0–N1B 1.470(3) 1.48(5) 7875

C3A0–N1A 1.486(3) 1.48(5) 7875

C3B0–N1B 1.494(3) 1.48(5) 7875

C4A0–N1A 1.487(3) 1.48(5) 7875

C4B0–N1B 1.491(3) 1.48(5) 7875

a Results from the MOGUL intramolecular analysis.
b Symmetry code: (ii) = ½ – x; – ½ + y; z.
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transforms HEtpmo into oxalate and it accounts for the
slow formation of single crystals of 1 from the basic
aqueous solution containing copper(II) and the oxamate
ligand (Scheme 1). When the synthesis was carried out by
using oxalic acid instead of the monoxamic derivative, a
blue powder resulted whose analytic data indicate that a
different species has been obtained. It seems that the
hydrolytic process can be considered as a suitable way to
get X-ray quality crystals of oxalate-bridged copper(II)
complexes that could not be obtained by the direct
reaction between oxalate and the copper(II) ion.

The IR absorptions of the oxalate group in the spectrum
of 1 [1673,1652 and 1637 cm�1, (nas(COO) stretching
vibrations), 1488 and 1418 cm�1 (ns(COO) stretching
vibrations) and 1289 and 808 cm�1 (ns(C–O) and d(OCO)
vibrations, respectively] suggest the presence of chelating
and bis-chelating oxalato [29], a feature that has been
demonstrated by the X-ray structure of this compound
(see below).

3.2. Description of the structure

Compound 1 crystallizes in the centrosymmetric
orthorhombic space group Pbca, with one copper(II) ion,
two oxalate ligands, two tetramethylammonium counter-
ions, and one free water molecule in the asymmetric unit
(Fig. 1). One of the two oxalate groups in the asymmetric
unit acts as a bis-bidentate ligand coordinating two b-glide
plane symmetry-related copper(II) ions through its four
oxygen atoms [O1A and O2A at Cu1 and O3A and O4A at
Cu1i [symmetry code: (i) = ½ – x, ½ + y, z]. The other oxalate
group adopts the bidentate coordination mode through the
O1B and O2B atoms completing the six-fold coordination-
sphere around the copper atom. The resulting
[Cu(ox)2]n

2n� anionic unit grows along the crystallographic
b axis as a zigzag copper(II) chain (Fig. 2). The copper(II)-
copper(II) separation across the bridging oxalate is
5.5898(3) Å [Cu1 Cu1i] whereas the distances between
copper(II) ions belonging to neighbouring chains are much
longer: 8.9746(4) Å for the distance between chains
packed parallel to the crystallographic c axis and related
by 21 screw axis along the [100] direction [Cu1 Cu1iii;
symmetry code: (iii) = –½ + x, ½ – y, – z]. It is striking to
notice that these chains are not mirror images. They are
only running on opposite directions parallel to the
crystallographic b axis (Fig. 2). In addition, a-glide plane
symmetry-related chains are also packed parallel to the

able 3

ond angles (8) for 1 and for structurally related complexes deposited in

e Cambridge Structural Database (CSD).a

Angle 1 Mean value

in the CSDb

No. of entries

in the CSD

Cu1–O1A–C1A 107.7(1) – –

Cu1–O1B–C1B 111.9(2) – –

Cu1–O2A–C2A 118.6(1) – –

Cu1–O2B–C2B 112.3(1) – –

Cu1i–O3A–C2A 106.1(1) – –

Cu1i–O4A–C1A 120.3(1) – –

O1A–Cu1–O1B 90.89(7) – –

O1B–Cu1–O2A 91.84(7) – –

O1A–Cu1–O2A 77.57(6) – –

O1A–Cu1–O2B 99.85(6) – –

O1B–Cu1–O2B 83.93(7) – –

O1A–Cu1–O3Aii 170.72(5) – –

O1B–Cu1–O3Aii 96.55(6) – –

O1A–Cu1–O4Aii 97.44(6) – –

O1B–Cu1–O4Aii 170.57(7) – –

O2A–Cu1–O2B 175.04(7) – –

O2A–Cu1–O3Aii 96.61(6) – –

O2A–Cu1–O4Aii 94.24(7) – –

O2B–Cu1–O3Aii 86.48(6) – –

O2B–Cu1–O4Aii 90.28(7) – –

O3A–Cu1i–O4A 75.61(6) – –

C1A–C2A–O2A 116.7(2) 117(2) 168

C1A–C2A–O3A 118.5(2) 117(2) 15

C1B–C2B–O2B 115.5(2) 115(1) 38

C1B–C2B–O3B 119.4(2) 120(2) 2879

C2A–C1A–O1A 117.4(2) 117(2) 168

C2A–C1A–O4A 117.0(2) 117(2) 15

C2B–C1B–O1B 115.3(2) 115(1) 38

C2B–C1B–O4B 118.6(2) 120(2) 2879

C1A0–N1A–C2A0 109.7(2) 109(6) 10000

C1A0–N1A–C3A0 108.5(2) 109(6) 10000

C1A0–N1A–C4A0 109.4(2) 109(6) 10000

C1B0–N1B–C2B0 109.5(2) 109(6) 10000

C1B0–N1B–C3B0 109.3(2) 109(6) 10000

C1B0–N1B–C4B0 109.8(2) 109(6) 10000

C2A0–N1A–C3A0 109.5(2) 109(6) 10000

C2A0–N1A–C4A0 110.4(2) 109(6) 10000

C2B0–N1B–C3B0 110.4(2) 109(6) 10000

C2B0–N1B–C4B0 109.8(2) 109(6) 10000

C3A0–N1A–C4A0 109.3(2) 109(6) 10000

C3B0–N1B–C4B0 108.0(2) 109(6) 10000

O1A–C1A–O4A 125.5(2) 126(2) 16

O1B–C1B–O4B 126.1(2) 126(2) 76

O2A–C2A–O3A 124.8(2) 126(2) 16

O2B–C2B–O3B 125.1(2) 126(2) 76

a Results from the MOGUL intramolecular analysis.
b Symmetry code: (i) = ½ – x, ½ + y, z; (ii) = ½ – x; – ½ + y, z.

able 4

termolecular X–H A [X C or Ow; Y Oox or Ow)] type interactions in 1.a

X–H Y X–H, Å H Y, Å X Y, Å X–H Y, degree

C1A0–H1A1 O1Wv 0.96 2.69 3.622(4) 163

C2A0–H2A3 O1w 0.96 2.63 3.510(3) 152

C3A0–H3A3 O1w 0.96 2.70 3. 561(3) 150

O1w–H1w O4B 0.91(3) 1.88(3) 2.783(3) 173(3)

O2w–H2w O3Bvi 0.92(3) 2.57(3) 3.343(3) 142(2)

O2w–H2w O4Bvi 0.92(3) 2.17(3) 2.981(3) 147(3)
a Symmetry code: (v) = – ½ + x, y, ½ – z + 2; (vi) = 1.5 – x, ½ + y, z.
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ystallographic c axis. In this case, there is a separation of
.2382(4) Å between the copper(II) ions on adjacent
irror chains [Cu1 Cu1iv; symmetry code: (iv) = –½ + x,

½ – z]. Finally, the interchain distances between

translation symmetry-related ribbons packed along the
crystallographic a axis are the largest ones, 10.2783(3) and
11.2757(4) Å for Cu1 Cu1v and Cu1 Cu1vi, respec-
tively [symmetry code: (v) = 5 – x, ½ + y, z; (vi): 1 + x, y, z].

Each copper(II) ion in 1 adopts a distorted octahedral
coordination geometry, a feature that contrast with the
preferential four- or five-coordination of this metal ion in
its oxalato-bridged complexes [5]. In the light of the Cu–O
bond lengths from Table 2, the geometry around the
copper(II) ion in 1 is better described as an elongated and
statically distorted octahedron because of four short Cu–O
distances [1.983(2), 1.973(2), 1.957(2) and 1.978(2) Å for
Cu1–O1B, Cu1–O2A, Cu1–O2B and Cu1–O4Aii, respective-
ly; symmetry code: (ii) = ½ – x, – ½ + y, z] and two weaker
Cu–O interactions [2.323(2) and 2.437(2) Å for Cu1–O1A
and Cu1–O3Aii]. Distances similar to those observed in 1
are also observed for a tris(oxalato)copper(II) unit in a
previous report where an elongated octahedral geometry
around the copper(II) ion with four equatorial oxygen
atoms and two axially bound oxygens at 1.99 and 2.32 Å,
respectively, from the copper atom were suggested on the
basis of EXAFS data [30]. In the related complex

Scheme 1. Reaction route affording compound 1.

. 1. ORTEP diagram of the asymmetric unit of 1 showing the atom numbering. Thermal ellipsoids are at the 50% probability level and the hydrogen atoms

 shown as spheres of arbitrary radii. Symmetry code: (ii) = ½ – x, – ½ + y, z.
Fig. 2. View of a fragment of the helical oxalate-bridged copper(II) chain in 1. Symmetry code: (i) = ½ – x, ½ + y, z; (ii) = ½ – x, – ½ + y, z.
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u(en)3]SO4 [31]. EPR and XAS results demonstrated that
e copper(II) ion geometry is a dynamically distorted

ctahedron at room temperature due to four short Cu–N
ngths and two enlarged Cu–N oscillating distances,

dopting a 4 + 2 coordination. Both geometry distortions
f the copper(II) ion were attributed to the Jahn-Teller
ffect [30,31]. In this way, one can conclude that such an
ffect is responsible for the elongated and distorted
ctahedron geometry of 1. Moreover, it is important to
ote that the 4 + 2 octahedron geometry in 1 is a statically
istorted octahedron rather than the dynamically one
eported for the related complexes aforementioned, the

o longer Cu1–O1A and Cu1–O3Aii bond distances being
learly different in 1.

In the coordination sphere of copper(II) atom of 1, two
f the four equatorial oxygen-atoms belong to two oxalate
ridges related by b-glide plane symmetry (O2A and O4Aii)
nd the two others (O1B and O2B) are from the oxalate
hich does not bridge between two copper(II) atoms. All
ese four equatorial oxygens deviate considerably from
e least-squares plane passing through them [O1B, O2A,

2B and O4Aii deviate –0.090(2) Å, 0.076(2) Å, 0.091(2) Å
nd –0.073(2) Å; rmsd of the four fitted atoms is 0.0063 Å].
he Cu1 atom is shifted by 0.0446(2) Å from the least-
quares basal plane. The cis Oeq–Cu–Oeq bond angles vary

 the range 90.28(7)–94.24(7)8 whereas the trans ones are
70.57(7)8 (O1B–Cu1–O4Aii) and 175.04(7)8 (O2A–Cu1–
2B). The Oeq–Cu–Oax bond angles span in the range
5.61(6) to 99.85(6)8 and the axial O1A–Cu1–O3Aii one is
70.72(5)8 (Table 3). The short values of the bite of the
helating and bis-chelating oxalate ligands are at the origin
f the main deviation from the ideal 908 or 1808 bond
ngles at the copper environment in 1. The shortening of
e C1A–O1A (1.234(2) Å) and C2A–O3A (1.236(3) Å) bond

istances when compared to the related equatorial carbon-
xygen bonds [values in the range 1.262(3)–1.269(3) Å] is
ue to the strongest electrostatic interactions in the
quatorial oxalate-oxygen to copper(II) bonds. Therefore,
1A–O1A and C2A–O3A bonds exhibit an increased C O
ouble bond character rather than a major C–O single bond
ature of the enlarged bonds C1A–O4A (1.262(3) Å), C1B–
1B (1.269(3) Å), C2A–O2A (1.266(3) Å) and C2B–O2B
.269(3) Å). Mean values of 1.25(2) Å and 1.26(3) Å were

veraged by MOGUL in the Cambridge Structural Database
SD) [27] on 170 and 16 structures with bonds equivalent

 C1A–O1A and C2A–O3A of 1, respectively. MOGUL is a
nowledge database of molecular geometry derived from
SD [27] that provides access to information on the
referred values of bond lengths, valence angles and
rsion angles. Besides highlighting interesting geometri-

al features such as these, MOGUL searches have showed
at all bond lengths and bond angles are in agreement
ith the expected values for a good X-ray diffraction

tructure refinement (Tables 2 and 3). In addition, MOGUL
urveys have revealed an elongation of the bond distance
etween the two sp2-hybridized carbons of the oxalate
ridge, which is rationalized by taking into account that
is oxalate unit is four-coordinated to copper(II) and then
ere is a notable tension about the C1A–C2A bond. This

ond measures 1.566(3) Å in I whereas a mean value of
.54(2) Å was averaged on 868 1-like compounds searched

by MOGUL in the CSD [27]. On the other hand, the carbon-
carbon equivalent bond in the non-bridging oxalate is
1.545(4) Å (C1B–C2B bond length). This value matches to
the MOGUL mean value averaged on 1485 structures
similar to 1 (1.54(2) Å). Based on this MOGUL matching, it
is possible to state that elongation of the C1B–C2B bond
length does not occur, which is agreement with the fact
that the non-bridging oxalate is bidentate towards
copper(II) and thus, it undergoes less tension on its
Csp

2–Csp
2 bond than the bis-bidentate oxalate.

The three oxalate ligands are not coplanar: the
octahedral coordination geometry around the CuII atom
forces each oxalate ligand to lie almost perpendicular to
each one. The least-squares planes through two b-glide
plane symmetry-related oxalate bridges [the root-mean-
square deviation (rmsd) of the six fitted atoms C1A, C2A,
O1A, O2A, O3A and O4A is 0.0101 Å] form an angle of
68.38(3)8, while the least-squares plane of the other non-
bridging oxalate fragment (rmsd of the six fitted atoms
C1B, C2B, O1B, O2B, O3B and O4B is 0.0121 Å) forms angles
of 72.33(5)8 and 88.01(6)8 with the corresponding planes
of the bridging oxalate groups.

It is striking to note that the synthesis of a complex such
as 1 with the CuII ion surrounded by three coordinated
oxalate ligands in which the transition metal ion under-
takes an octahedral coordination geometry is unpredicted
because only three structures loading this framework are
found in the CSD [27]. Likewise, a one-dimensional zigzag
coordination polymer of six-coordinated copper(II) assem-
bled with oxalate ligands is unlikely to be prepared using
common inorganic preparative routes since no example of
this is reported. In this work, such a structure is described
for the first time. Oxalate bridges intercalates copper(II)
ions along the [010] direction, resulting in a zigzag chain
grown along the crystallographic b axis (Fig. 2).

Tetramethylammonium cations are also packed along
the b axis, even though they are further arranged parallel to
the a axis. Only van der Waals interactions keep them in
contact along both directions. Therefore, 2D columns of
tetramethylammonium running parallel to the [100] and
[010] directions are assembled in the structure of 1. These
columns intercalate between two copper(II) chains along
the c axis, (Fig. 3). Moreover, the organic cations contribute
to stabilize the crystal packing through weak C–H O
type interactions with both oxalate-oxygens and the
crystallization water molecule (Table 4). These contacts
connect the chains along the a and c axes, giving rise to a
supramolecular 3D network. Likewise, water plays a dual
role in the crystal assembly of 1. It is a non-classical
hydrogen bonding acceptor from a given (CH3)4N+ cation in
the C1A0–H1A1 O1Wv type interactions [symmetry
code: (v) = –½ + x, y, ½ – z], C2A0–H2A3 O1W, and
C3A0–H3A3 O1w (Fig. 4). At the same time, each water
molecule forms hydrogen bonds with the non-coordinated
oxygens of two b-glide plane symmetry-related non-
bridging oxalate units. The O1w–H1W O4B hydrogen
bond and the bifurcated O1w–H2W O4Bvi [symmetry
code: (vi) = 1.5 – x, ½ + y, z] and O1w–H2W O3Bvi ones
connect water molecule to two coordination ribbons,
acting as a cross-linker between two anionic chains
parallel to the [100] direction (Fig. 4 and Table 4).



Fig. 3. A view of the packing in 1 down the crystallographic a axis, showing the segregated stacking of the anionic oxalate-bridged copper(II) chains and

tetramethylammonium counterions.

Fig. 4. A view onto the (001) plane of the intermolecular interactions in 1 involving the crystallization water molecule, the tetramethylammonium cations

and the free oxalate-oxygens from the anionic oxalate-bridged copper(II) chain. Symmetry code: (vi) = 1.5 – x, ½ + y, z; (vii) = ½ + x, y, ½ – z.
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herefore, the non-coordinated oxalate-oxygen atoms are
volved in hydrogen bonding interactions, which contrib-

te to the stabilization of the supramolecular three-
imensional structure of 1. This reveals that there is a fine
ning between the formation of coordination bonds and
termolecular contacts in this noteworthy structure.

.3. Magnetic properties

The magnetic properties of 1 in the form of xMT against
 plot [xM is the magnetic susceptibility per copper(II)
n] are shown in Fig. 5. At room temperature, xMT is equal

 0.40 cm3 mol�1 K, a value which is as expected for a
agnetically non-interacting spin doublet. This value

emains practically constant upon cooling until T = 150 K
nd it further increases continuously to reach
.69 cm3 mol�1 K at 1.9 K. Because of the one-dimensional
haracter of 1, we have analyzed its magnetic data through

e numerical expression proposed by Baker and Rush-
rooke [32] for a ferromagnetically coupled uniform chain
f spin doublets [Eq. (1)]

M ¼ Nb2
g2=4kT

� � 1 þ Ax þ Bx2 þ Cx3 þ Dx4 þ Ex5
� �

=

1 þ A0x þ B0x2 þ C 0x3 þ Dx4ð Þ

� �2=3

(1)

here x ¼ Jj j=kT, A = 5.7979916, B = 16.902653,
 = 29.37885, D = 29.832959, E = 14.036918,
0 = 2.7979916, B0 = 7.0086780, C0 = 8.6538644 and
0 = 4.5743114.

In such an expression, J is the exchange coupling
etween adjacent copper(II) ion of the chain parameter, g

 the average Landé factor and N, b and k have their usual

eaning. Least-squares fit of the susceptibility data lead
 the following values: J = +1.14 cm�1, g = 2.08 and

 = 1.6 � 10�5 (R is the agreement factor defined as

i xMT
� �

obs
ið Þ � xMT

� �
calc

ið Þ
� 	2

=
P

i xMT
� �

obs
ið Þ

� 	2
. The cal-

ulated plot matches well the magnetic data in the whole
mperature range explored.

The ferromagnetic coupling found in 1 is weak and it
corresponds to a case of accidental orthogonality between
the interacting magnetic orbitals through the out-of-plane
exchange pathway, a situation analogous to that previous-
ly observed in m-chloro, di-m-chloro and m-oxamato
dicopper(II) complexes where this exchange pathway is
involved [33,34]. Simple orbital symmetry considerations
allow to visualize the origin of this ferromagnetic
interaction across the bridging oxalato in 1. Let us focus
on a dicopper(II) fragment of this chain. The unpaired
electron on each copper(II) ion in 1 is described by a d(x2–
y2) type metal centered magnetic orbital [the x and y axes
being roughly defined by the Cu1–O2A and Cu1–O1B
bonds] which is located in the equatorial plane and the two
magnetic orbitals are parallel to each other and perpen-
dicular to the oxalate plane (Scheme 2).

The exchange pathway involves the oxalate O2A–C2A–
O3A and its symmetry-related O1A–C1A–O(4a) set of
atoms. According to Kahn’s model [35], the coupling
constant J in a dicopper(II) unit can be decomposed into
two terms, one positive (ferro-, JF) and the other negative
(antiferromagnetic, JAF), the expression being J = JF + JAF. In
such a model, the value of the negative term is proportional
to the square of the overlap integral (S2) between the two
metal centered magnetic orbitals. The poor overlap
between the two parallel magnetic orbitals through the
two OCO oxalate set of atoms would lead to a weak
antiferromagnetic coupling. However, in the case where
this overlap is zero (the accidental orthogonality occuring
in 1), a weak ferromagnetic coupling is predicted.

In that respect, the magneto-structural data of the
oxalato-bridged dicopper(II) complexes listed in Table 5
show that the values of the bond angle at the axial copper
to oxalate-oxygen (b) and the axial copper to oxalate-
oxygen bond length are the main structural factors
governing the nature of the magnetic coupling for the
topology shown in Scheme 2. In the light of this Table, one
can conclude that the frontier between the ferro- and
antiferromagnetic coupling in this family of complexes
corresponds to a value of b equal to 109.58. Values of b
greater than this one will favour the antiferromagnetic
coupling whereas smaller ones will give rise to ferro-
magnetic interactions. Finally, it deserves to be pointed
out that this magneto-structural result was first observed
by Castillo and Garcı́a-Coucerio during their doctoral
work [42].

ig. 5. Thermal variation of the xMT product for 1: (o) experimental; (–)

est-fit curve through Eq. (1) (see text).

Scheme 2. A view of the interaction between the magnetic orbitals in the

oxalate-bridged dicopper(II) fragment of 1.
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 Conclusions

A new one-dimensional oxalate-containing copper(II)
mplex, namely {[N(CH3)4]2[Cu(C2O4)2] � H2O}n (1), has
en synthesized by the hydrolysis of an oxamato
oligand under basic conditions in the presence of
pper(II) ions. Chiral anionic copper(II) chains with
posite helicities occur in 1 resulting in an achiral
ucture. The surrounding of each copper(II) ion is
ngated octahedral and the intrachain copper-copper

paration is 5.5898(3) Å. The magnetic studies reveal the
currence of a weak ferromagnetic interaction through
e oxalate bridge, its nature and magnitude being in a
od agreement with available magneto-structural data
r oxalate-bridged copper(II) complexes where the same
t-of-plane exchange pathway is involved.

 Supplementary material

All details concerning the unit cell and structure
termination of (I) were grouped in a data set. The file
ntaining such data (CIF file), except structure factors,
ere deposited with the Cambridge Structural Database
der deposit code CCDC 863398. Copies of these files

ay be retrieved free of charge from The Director, CCDC,
 Union Road, Cambridge, CB2 1EZ, UK; fax: +44 123 336
3; email: deposit@ccdc.cam.ac.uk or www.ccdc.cam.
.uk.
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The first four atoms form the basal/equatorial plane.

Value of the axial copper to oxalate-oxygen.

The height of the copper atom from the mean basal/equatorial plane.

Bond angle at the axial oxalate–oxygen (Cu–O–C).

Dihedral angle between the basal/equatorial and oxalate mean planes.

Copper–copper distance across the bridging oxalato.

Value of the magnetic coupling.
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Chim. Acta 179 (1991) 59;
(c) A. Gleizes, M. Julve, M. Verdaguer, J.A. Real, J. Faus, X. Solans, J.
Chem. Soc. Dalton Trans. (1992) 3209;
(d) J. Carranza, H. Grove, J. Sletten, F. Lloret, M. Julve, P.E. Kruger, P.E.
Kruger, C. Eller, D.P. Rillema, Eur. J. Inorg. Chem. (2004) 4836.

[30] F. Pointillart, C. Train, M. Gruselle, F. Villain, H.W. Schmalle, D. Talbot, P.
Gredin, S. Decurtins, M. Verdaguer, Chem. Mater 16 (2004) 832.

[31] F. Villain, M. Verdaguer, Y. Dromzee, J. Phys. IV 7 (1997) 659.
[32] G.A. Baker, G.S. Rushbrooke, Phys. Rev. 135 (1964) 1272.
[33] (a) M. Hernández-Molina, J. González-Platas, C. Ruiz-Pérez, F. Lloret, M.
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