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Novel mixed-valence Cu compounds formed by
CuII dimers with double oximato bridges: in situ
formation of anionic layer [Cu2(SCN)3]n

n−†

Piu Dhal,a Madhusudan Nandy,a Dipali Sadhukhan,a Ennio Zangrando,b

Guillaume Pilet,c Carlos J. Gómez-Garcíad and Samiran Mitra*a

Two new N3O donor ketoxime Schiff bases (HL1 and HL2) have been synthesized by condensing N,N-

dimethylethylenediamine with diacetylmonoxime and benzilmonoxime, respectively in a 1 : 1 ratio. Reac-

tion of Cu(ClO4)2·6H2O with HL1 resulted in a discrete oximato-bridged dinuclear CuII complex

[Cu2(L
1)2(H2O)2](ClO4)2 (1). The same reaction in presence of NaSCN affords the complex {[CuII

2(L
1)2]-

[CuI
4(µ1,3-SCN)4(µ1,1,3-SCN)2]}n (2), where partial CuII→CuI reduction is observed. In 2, arrays of

[CuII
2(L

1)2]
2+ cationic units are inserted in between 2D {[CuI

4(SCN)6]
2−}n layers and connected via µ1,1,3-

SCN− links, thus forming a 3D network. On the other hand, reaction of Cu(CH3COO)2 and HL2 in the pres-

ence of NaSCN gave rise to a mixed-valence pentanuclear cluster {[CuII
2(L

2)2(NCS)]2[Cu
I(SCN)(µ1,1-SCN)-

(µ1,3-SCN)]} (3) where CuII is also partly reduced to CuI. In compound 3, two cationic [CuII
2(L

2)2(NCS)]
+

units are bridged by the anionic [CuI(SCN)3]
2− unit through long Cu–SCN linkages. The ligands and the

complexes have been characterized by elemental analysis, UV/Vis and IR spectroscopy. The complexes are

further characterized by single crystal X-ray diffraction and variable temperature magnetic (VTM) studies.

Finally a complete magneto-structural correlation has been established between compounds 1–3 and all

the characterized Cu dimers with a double NO bridge.

Introduction

The chemistry of polynuclear mixed-valence CuI,II complexes
has drawn current interest with the aim to elucidate the activi-
ties of various multi-copper blue oxidase enzymes such as
laccase and ascorbate oxidase.1,2 In addition they have found
applications in catalysis3 and molecular magnetism.4 Mixed-
valence copper complexes are of special interest because
copper(II) and copper(I) prefer different geometries and stereo-
chemistries and both oxidation states are highly labile and
stereochemically flexible,5,6 which is not usually the case for

mixed-valence Fe, Co and Ru compounds. These CuI,II com-
plexes can largely be grouped into four classes7 containing
(i) CuII cations and CuI anions or vice versa,8 (ii) CuII and CuI

centers bridged by polydentate ligands,9 (iii) CuII and CuI

centers bridged by CN−/SCN−/SeCN− pseudohalides,10 and
finally (iv) complexes with CuII and CuI centers enclosed in a
cluster.11 Partial reduction of CuII to CuI in polynuclear copper(II)
complexes has been observed to take place in the presence of
SCN− or CN−.12

The study of polynuclear complexes of transition metals
with pseudo-halide bridges is also intriguing from a structural
point of view because of the different modes of coordination
to the metal ions.13 The linear pseudohalide SCN− with three
different atoms linearly disposed can coordinate metal ions in
both terminal and bridging modes. In bi- and poly-nuclear
systems different coordination modes of SCN− have been
identified, namely cis-μ1,3-NCS (A),14 μ1,1-NCS (B),15 μ1,1-SCN
(C),16 μ1,1,3-SCN (D)17 and μ1,1,1,3-SCN (E)18 (Scheme 1). Modes
A, C and D are observed in the present study.

Our interest in the coordination chemistry of oximato-
bridged copper complexes stems from both structural and
magnetic points of view.19–23 Ligands containing oximate
groups (vN–O−) are able to generate di-, oligo- and poly-
nuclear complexes as they have versatile bridging units to bind
metal ions through the oximato nitrogen and oxygen atoms in
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three different ways.24–29 A cooperative –NO– bridged dinuclear
cluster usually contains a central six-membered (–Cu–N–O–)2
ring that, if planar, leads to strongly antiferromagnetically
coupled CuII ions, while a weak antiferromagnetic or ferro-
magnetic behavior is observed in the case of a non-planar
conformation.30,31

In this paper we report three oximato-bridged copper com-
plexes with two related ketoxime Schiff-bases (HL1 and HL2)
obtained by condensing diacetylmonoxime and benzilmonox-
ime with N,N-dimethylethylenediamine in a 1 : 1 molar ratio
(Scheme 2). The reaction of copper perchlorate with HL1 leads
to the formation of a discrete dinuclear complex
[Cu2(L

1)2(H2O)2] (ClO4)2 (1). On the other hand, the reaction
carried out in the presence of SCN− leads to in situ CuII→CuI

partial reduction generating a mixed-valence 3D network
{[CuII

2(L
1)2][Cu

I
4(µ1,3-SCN)4(µ1,1,3-SCN)2]}n (2) with HL1, and

a mixed-valence pentanuclear cluster {[CuII
2(L

2)2(NCS)]2
[CuI(SCN)(µ1,1-SCN)(µ1,3-SCN)]} (3) with HL2. This metal
reduction is a usual phenomenon when CuII salts are subjected
to solvothermal conditions in the presence of SCN− ligand,9

but here CuSCN-based coordination polymers were obtained
starting from a CuII salt under non-hydrothermal reaction con-
ditions. In accordance with previously reported planar
oximato-bridged copper Schiff base compounds, likewise
complexes 1, 2 and 3 show strong antiferromagnetic
interactions.32

Results and discussions
Crystal structure of [Cu2(L

1)2(H2O)2](ClO4)2 (1)

A perspective view of the complex cation of 1 is shown in Fig. 1
and the main bond lengths and angles are listed in Table 1.

The complex consists of a dinuclear copper core with the
metals connected by the oximato oxygen of the chelating
ligands. Both copper centers present a square pyramidal geo-
metry with the basal plane formed by the oximato, the imine
and the free amine nitrogen donors of one chelating (L1)−

ligand and by the oximato oxygen of the other and vice versa.
A water molecule completes the coordination environment of
each metal ion at the apical position. The Cu–OH2 bond dis-
tances, of 2.450(12) and 2.407(8) Å, are significantly longer
than the equatorial Cu–O ones of 1.882(4), 2.004(4) Å for Cu1
and Cu2, respectively. These apical water molecules form an
intramolecular hydrogen bond with a distance of 2.993(14) Å.
With the aqua ligands being on the same side with respect to
the (CuL1)2 mean plane, the complex possesses an

Scheme 1 Different coordination modes of the thiocyanate ligand.

Scheme 2 The synthetic routes of the Schiff base ligands.

Fig. 1 Perspective view of the complex cation of 1.

Table 1 Selected bond lengths (Å) and angles (°) for complex 1

Bond lengths

Cu1–O2 1.883(4) Cu2–O1 1.888(3)
Cu1–N1 2.009(4) Cu2–N4 2.003(4)
Cu1–N2 1.930(5) Cu2–N5 1.934(4)
Cu1–N3 2.053(4) Cu2–N6 2.059(4)
Cu1–O11 2.414(9) Cu2–O21 2.393(8)

Bond angles

O2–Cu1–N1 103.47(16) O1–Cu2–N4 104.31(14)
O2–Cu1–N2 162.31(19) O1–Cu2–N5 168.26(17)
O2–Cu1–N3 90.50(18) O1–Cu2–N6 90.52(16)
N1–Cu1–N2 80.53(16) N4–Cu2–N5 80.45(16)
N1–Cu1–N3 163.77(17) N4–Cu2–N6 162.77(17)
N2–Cu1–N3 83.69(18) N5–Cu2–N6 83.38(18)
O11–Cu1–O2 99.2(3) O21–Cu2–N4 93.6(2)
O11–Cu1–N1 93.2(2) O21–Cu2–N5 96.0(2)
O11–Cu1–N2 97.7(3) O21–Cu2–N6 94.0(2)
O11–Cu1–N3 92.7(2) O21–Cu2–O1 94.4(2)
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approximate C2 symmetry. The trigonality τ index is 0.026 for
Cu1 and 0.100 for Cu2 (τ = |β − α|/60° where β and α are the
two largest angles around the metal atom; τ = 0 for a perfect
square pyramidal geometry, and τ = 1 for a regular trigonal
bipyramidal geometry).33 Cu1 and Cu2 atoms are displaced
from the basal N3O donor plane towards the apical water mole-
cule by 0.198 and 0.149 Å, respectively. The metals are separ-
ated by 3.623(1) Å, which is within the range of the reported
distance separation in μ1,2-N,O double oximato-bridged Cu2
complexes.32,34

The crystal packing (Fig. S1†) shows one perchlorate located
in channels outlined by the metal complexes down axis-b, the
other occupying the metal axial positions, with a O3ClO⋯Cu
distance of ca. 3.62 Å. Dinuclear molecules are alternately
packed with parallel and perpendicular orientations with
respect to each other along the bc plane. The nearest inter-
dimer Cu1⋯Cu2 distance between two parallel-stacked mole-
cules is 7.692 Å whereas it is 7.015 Å between two
perpendicularly-stacked molecules.

Crystal structure of {[CuII
2(L

1)2][Cu
I
4(µ1,3-SCN)4-

(µ1,1,3-SCN)2]}n (2)

The asymmetric unit of 2 consists of half the reported
formula, being the dinuclear complex cation located on a crys-
tallographic inversion center (Fig. 2). A selection of bond
lengths and angles is reported in Table 2. The structure of the
dinuclear cation [CuII

2(L
1)2]

2+ is comparable to that of 1, except
for the axial water molecules that are now replaced by SCN−

ligands located on different sides of the basal planes. The
metal atoms in 2 are separated by 3.650(1) Å. The square pyra-
midal coordination geometry (τ = 0.078) of the CuII ions is
formed by the chelating tridentate N donors of the Schiff base
and the oximato oxygen O1 of the symmetry-related ligand.
The Cu–O and Cu–N bond lengths are comparable to those
observed in complex 1. The apical position is occupied by a

semi-coordinated sulfur atom (S2) of the μ1,1,3-SCN− ligand
from the anionic part with a rather long Cu1–S2 bond distance
of 2.875(3) Å.

The most interesting feature of the crystal packing of 2
is the formation of 2D anionic layers formulated as
[CuI

2(SCN)3]n
n−, constructed by two independent copper(I) ions

with a trigonal planar coordination, and by three SCN− anions.
The (6,3) net topology, having almost coplanar atoms, is
depicted in Fig. 3 and comprises 24-membered metallacycles.
The independent atoms Cu2 and Cu3 have S2N and N2S
chromophores, respectively, connected by two thiocyanate
ligands with a μ1,3-SCN− bridging mode, while the third SCN−

ligand presents a μ1,1,3-SCN− coordination mode. Here the
CuI–S and CuI–N distances vary in the range 2.208(3)–2.286(3) Å,
and 1.864(11)–1.900(10) Å, respectively. As can be seen in
Fig. 3 the SCN coordination through nitrogen is practically
linear (C–N–CuI bond angles are between 174.5(11) and

Fig. 2 View of the dinuclear CuII complex (located on an inversion center) and
of the asymmetric unit of the anionic moiety of 2 (primed atoms at −x, −y + 1,
−z + 1).

Table 2 Selected bond lengths (Å) and angles (°) for complex 2a

Bond lengths

Cu1–O1 1.879(8) Cu2–N13 1.900(10)
Cu1–N1 1.995(9) Cu2–S2 2.252(3)
Cu1–N2 1.921(10) Cu2–S3i 2.208(3)
Cu1–N3 2.090(9) Cu3–N11 1.890(11)
Cu1–S2 2.875(3) Cu3–N12 1.865(11)

Cu3–S1ii 2.287(3)

Bond angles

S2–Cu1–O1 95.6(2) N1–Cu1–N3 163.1(4)
S2–Cu1–N1 87.7(2) N2–Cu1–N3 83.0(4)
S2–Cu1–N2 95.4(2) S2–Cu2–N13 117.1(3)
S2–Cu1–N3 95.0(2) S2–Cu2–S3i 120.36(13)
O1–Cu1–N1 105.7(4) S3i–Cu2–N13 122.3(3)
O1–Cu1–N2 167.8(3) N11–Cu3–N12 130.2(5)
O1–Cu1–N3 90.8(3) S1ii–Cu3–N11 113.6(4)
N1–Cu1–N2 80.1(5) S1ii–Cu3–N12 116.1(4)

a Symmetry codes: (i) −x, y − 1/2, −z + 3/2; (ii) −x + 1, y − 1/2, −z + 3/2.

Fig. 3 [CuI-SCN]n layer of (6,3) topology in compound 2 developed parallel to
the crystallographic ab plane.
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177.6(11)°), while the C–S–CuI values fall within 99.5(4) and
104.1(4)°.

Thus the μ1,1,3-SCN− ligand through the bridging S2 atom is
connected to the divalent metal Cu1 of the cationic unit, the
Cu(2)–S(2)–Cu(1) bridging angle being 103.23(12)°. As a result,
a 3D architecture is formed where the dinuclear complexes are
sandwiched in between the anionic layers, a perspective view
of which is shown in Fig. 4.

Crystal structure of {[CuII
2(L

2)2(NCS)]2[Cu
I(SCN)(µ1,1-SCN)-

(µ1,3-SCN)]} (3)

The X-ray structural analysis of 3 revealed that this compound
is a pentanuclear complex containing five crystallographically
independent Cu ions (Fig. 5). The complex can be best
described as formed by two dinuclear cationic entities (A and A′)
connected to a central anionic fragment [CuI(SCN)3]

2− (B)
(Fig. 5).

Both dinuclear entities A and A′ present a similar confor-
mation and the bond distances and angles (Table 3) are similar
to those measured in 1 and 2, indicating a clear tendency of
these ligands to form similar dinuclear species, having in each
case a double NO-bridged cationic dinuclear core. The basal
plane of all the CuII atoms in the dinuclear fragments is
formed in a similar way to that observed in complexes 1 and 2.
In each case a SCN− ligand completes the square pyramidal
coordination geometry at the axial position. However, the
metals Cu2 and Cu5 are connected to a terminal thiocyanate
ligand via a nitrogen donor (with a mean Cu–N bond length of
2.163(8) Å), while Cu1 and Cu4 are connected through the
S atom to a µ1,3-SCN

− and a µ1,1-SCN
− ligand of entity B

(Cu–S = 2.608(3) and 2.709(3) Å, respectively). The trigonality
τ index values are comparable and very close to zero (range
0.022–0.062).33 In 3 the Cu1⋯Cu2 and Cu4⋯Cu5 separations
are 3.653(1) and 3.642(1) Å, similar to the distance found in
complex 2. The central entity B is composed of a CuI atom
(Cu3) bound to three SCN− ligands, each showing a different
connectivity (Fig. 6). In fact, the trigonal coordination plane
around Cu3 is composed of the sulfur S2 from a terminal
SCN−, S3 from a μ1,1-bridging SCN−, and of nitrogen N15 from

a μ1,3-bridging SCN−, the latter two connecting copper ions of
entities A′ and A, as described above. The NCS anions are
arranged about Cu3 with a geometry similar to that observed
in 2 for Cu2: the connection via the N atom is almost linear
(171.0(10)°), while the connections through the S atoms
present Cu3–S–C bond angles of 103.3(6) and 104.9(4)°. The
shorter CuI–CuII distance inside the complex is 3.771(1) Å
(Cu3⋯Cu4, through the bridging sulfur S3 of Fig. 6).

The presence of the CuI–(SCN)3 moiety with the thiocyanate
ligands acting with different coordination modes towards two
divalent dinuclear complexes represents a very unique feature
of compounds 2 and 3. In fact, a search in the CCDC database
shows that 3 is the first Cu/SCN complex with such a connec-
tivity as displayed in Fig. 6.

The crystal packing (Fig. S2†) does not show any particular
feature, and there are no π–π interactions among the phenyl
rings. The pentanuclear molecules are packed in a parallel
fashion along the ac plane where the nearest CuII⋯CuII

distance 9.964 Å is observed between Cu2 and Cu4
along the b axis and 13.039 Å between Cu2 and Cu5 along the
a axis.

The differences between 2 and 3 can be explained from the
different sizes of the substituent groups in the ligands. In fact,
the dinuclear CuII units in 3 are bulkier than those of complex
2, since the methyl groups of L1 have been replaced by phenyl
groups in L2. The lesser steric hindrance of complex 2 allows
the accommodation of dinuclear cationic moieties in between
the 2D anionic layers, leading to a 3D network, whereas in
complex 3, probably due to the steric hindrance of the bulky
phenyl rings, only two discrete dinuclear units are associated

Fig. 4 Perspective view of the Crystal packing showing the Cu complexes
sandwiched by the [Cu–SCN]n layers.

Fig. 5 View of the pentanuclear cluster of complex 3 with indication of the
A, A’ and B entities, For clarity H atoms are omitted and only non-C atoms are
labeled.
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through the CuI–(SCN)3 bridge giving rise to a pentanuclear
cluster.

Infrared spectroscopy

The infrared spectra of complexes 1–3 are in a good agreement
with X-ray structural data. These display strong and sharp
absorption bands at 1644, 1639 and 1627 cm−1, in 1–3,
respectively, that can be assigned to the >CvN stretching

frequency of the coordinated Schiff base ligands HL1 and
HL2.35 The coordination of the ligand to the metal center is
substantiated by a band appearing at 462, 464 and 469 cm−1

for 1–3, respectively, mainly attributed to the Cu–N stretch-
ing,36 while bands at 1141, 1137 and 1176 cm−1 suggest the
presence of N–O bonds.32 Complex 1 exhibits a strong and
broad band at ca. 3495 cm−1, attributable to νs(O–H) vibrations
of the coordinated water molecules, and a characteristic
double band of the perchlorate anion at 1088–1118 cm−1.36

The intense doublets at 2130 and 2045 cm−1 in the spectra of
2 and 3, respectively, confirm the presence of the bridging
thiocyanate groups.36

Variable temperature magnetic susceptibility measurements

The thermal variation of the molar magnetic susceptibility per
CuII dimer times the temperature (χmT) show room-tempera-
ture values of ca. 0.11 and 0.09 emu K mol−1 for compounds 1
and 2, respectively. When the temperature is lowered, χmT
shows a continuous decrease to reach values close to zero
below ca. 120 K (Fig. 7). The low room-temperature χmT value
and its decrease with decreasing temperatures indicate the
presence of strong antiferromagnetic interactions in both com-
pounds. This strong antiferromagnetic coupling is also evi-
denced by the presence of a decrease in the χm plot with
decreasing temperatures, already observed at room tempera-
ture (inset in Fig. 7). The χm plot also shows the presence of a
Curie-tail at low temperatures, indicative of the presence of a
small amount of monomeric paramagnetic impurities due to
the presence of CuII vacancies in some dimers. Since the struc-
ture shows the presence of CuII dimers connected through
double Cu–NO–Cu bridges, we have used the classical
Bleaney–Bowers S = 1/2 dimer model (H = −2JŜ1·Ŝ2) to fit the
data.37 This model reproduces very satisfactorily the magnetic
properties of both compounds, with g = 2.172, J = −721 cm−1

and a paramagnetic impurity of 1.5% for compound 1, and
g = 2.047, J = −744 cm−1 and a paramagnetic impurity of 1.2%
for compound 2 (solid lines in Fig. 7).

Table 3 Selected bond lengths (Å) and angles (°) for complex 3

Bond lengths

Cu1–O2 1.906(6) Cu4–O4 1.904(6)
Cu1–N1 2.001(7) Cu4–N7 1.992(7)
Cu1–N2 1.925(7) Cu4–N8 1.943(7)
Cu1–N3 2.097(8) Cu4–N9 2.090(7)
Cu1–S1 2.609(3) Cu4–S3 2.711(3)
Cu2–O1 1.914(6) Cu5–O3 1.926(6)
Cu2–N4 2.035(8) Cu5–N10 2.036(7)
Cu2–N5 1.935(7) Cu5–N11 1.956(7)
Cu2–N6 2.081(8) Cu5–N12 2.083(7)
Cu2–N13 2.162(8) Cu5–N14 2.166(8)
Cu3–N15 1.914(12) Cu3–S2 2.228(4)
Cu3–S3 2.258(3)

Bond angles

O2–Cu1–N1 105.3(3) O4–Cu4–N7 105.5(3)
O2–Cu1–N2 160.2(3) O4–Cu4–N8 161.5(3)
O2–Cu1–N3 88.7(3) O4–Cu4–N9 89.4(3)
N1–Cu1–N2 80.0(3) N7–Cu4–N8 80.1(3)
N1–Cu1–N3 161.7(3) N7–Cu4–N9 162.7(3)
N2–Cu1–N3 82.9(3) N8–Cu4–N9 83.1(3)
S1–Cu1–O2 97.9(3) S3–Cu4–O4 97.5(2)
S1–Cu1–N1 92.85(18) S3–Cu4–N7 90.46(17)
S1–Cu1–N2 100.9(3) S3–Cu4–N8 100.1(2)
S1–Cu1–N3 96.9(2) S3–Cu4–N9 96.3(2)
O1–Cu2–N4 102.7(3) O3–Cu5–N10 102.4(3)
O1–Cu2–N5 160.3(3) O3–Cu5–N11 157.9(3)
O1–Cu2–N6 90.6(3) O3–Cu5–N12 89.6(3)
N4–Cu2–N5 79.8(3) N10–Cu5–N11 79.9(3)
N4–Cu2–N6 160.8(3) N10–Cu5–N12 161.6(3)
N5–Cu2–N6 83.1(3) N11–Cu5–N12 83.7(3)
N13–Cu2–O1 94.6(3) N14–Cu5–O3 95.6(3)
N13–Cu2–N4 92.8(3) N14–Cu5–N10 93.4(3)
N13–Cu2–N5 104.9(3) N14–Cu5–N11 106.3(3)
N13–Cu2–N6 100.0(3) N14–Cu5–N12 99.3(3)
S2–Cu3–S3 117.84(15) S2–Cu3–N15 123.4(4)
S3–Cu3–N15 123.4(4)

Fig. 6 View of the bridging anionic entity B in complex 3.

Fig. 7 Thermal variation of χmT for compounds 1 (○) and 2 (□). Solid lines
represent the best fit to the S = 1/2 dinuclear system. Inset shows the thermal
variation of χm.
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As expected, given the structural similarities of the CuII

dimers in compounds 1 and 2, the obtained J values are very
similar in both dimers. Note that the similar magnetic behav-
ior in both compounds confirms the assumption that in com-
pound 2 the layer containing Cu2 and Cu3 ions connected
through the –NCS– bridges is diamagnetic and, therefore, both
copper ions are CuI.

The thermal variation of the molar magnetic susceptibility
per CuII pentamer (CuII

4Cu
I) times the temperature (χmT) for

compound 3 shows a room-temperature value of ca.
0.25 emu K mol−1 that decreases continuously as the temp-
erature is lowered to reach a constant value of ca.
0.03 emu K mol−1 in the temperature range ca. 150–10 K.
Below 10 K the χmT value shows a more abrupt decrease to
reach a value of ca. 0.01 emu K mol−1 at 2 K (Fig. 8). The room-
temperature value is significantly lower than the expected one
for four non-interacting S = 1/2 CuII ions (1.5 emu K mol−1 if
g = 2), indicating the presence of a strong antiferromagnetic
coupling in the CuII

4Cu
I unit. The thermal variation of χm

confirms this assumption since it shows a soft decrease
already at high temperatures, suggesting the presence of a
broad maximum above room temperature, as expected for a
strong antiferromagnetic coupling.

Although there are five copper ions per formula unit, from
the magnetic point of view compound 3 can be considered as
formed by two independent Cu(NO)2Cu dimers with two
similar double –NO– bridges, separated by a central diamag-
netic CuI ion. Since the structural parameters in both bridges
are similar, in a first approach we have assumed that both
double μ-NO bridges provide the same coupling constant, J,
and accordingly, we have reproduced the magnetic moment of
compound 3 with a simple Bleaney–Bowers S = 1/2 dimer
model with only one coupling constant for both dimers.37 This
model reproduces very satisfactorily the magnetic properties of
compound 3 with g = 2.075, J = −988 cm−1 and a 1.8% of para-
magnetic impurity (solid line in Fig. 8). Since the model with
only one coupling constant is already able to reproduce very
satisfactorily the magnetic properties of compound 3, we have

not used a more complex model with two different J values.
Note also that the decrease at very low temperatures cannot be
reproduced with this simple model. The inclusion of an inter-
dimer antiferromagnetic coupling with the molecular field
approximation model38 to account for this decrease, does not
yield a better fit since the weight of the low temperature data
in the fitting procedure is very reduced.

The strong antiferromagnetic couplings observed in com-
pounds 1–3 through the symmetric double –NO– oximato
bridge agree very well with all the known examples of similar
dimeric CuII complexes (Table 4). In all these cases, the mag-
netic coupling through the double –NO– bridges is strong and
antiferromagnetic as clearly established by extended-Hückel
MO calculations indicating that planar Cu(NO)2Cu rings favor
strong antiferromagnetic couplings.39,40

From the magnetic data in Table 4 it is clear that all the
known examples of symmetric doubly N,O oximato-bridged
CuII dimers present strong antiferromagnetic couplings with
J values between −446 and ca. −1000 cm−1, except in one case
where the coupling is smaller (−286 cm−1) due to the presence
of significant torsion Cu–N–O–Cu angles and, therefore, to an
important lack of planarity in the six-membered Cu(NO)2Cu
ring.41 Although the Cu–O and Cu–N bond distances, as well
as the Cu–O–N and Cu–N–O angles may play an important role
in determining the final magnetic coupling, the data from
Table 4 show that, in most cases, these values are very similar
and show no clear tendency, therefore, we cannot establish
any reliable magneto-structural correlation based only on
these parameters. Since theoretical calculations show that
the most important parameter in determining the magnetic
coupling must be the planarity of the Cu(NO)2Cu ring,39,40

we have plotted the magnetic exchange constants of com-
pounds in Table 5 as a function of the average Cu–N–O–Cu
dihedral angle (Fig. 9), since this angle reflects the planarity
of this ring. Form this plot it is quite evident that there is
an approximately linear relationship between the coupling
constant and the dihedral Cu–O–N–Cu angle, confirming pre-
vious theoretical calculations.39,40 Interestingly, there are only
three points in Fig. 9 (○) that do not follow the linear
trend (compounds GUFCIT, HILRID and 3). In two of these
compounds (GUFCIT and 3), the large average dihedral angles
(ca. 48.5° and 29.0°) are clearly overestimated since they are
in fact due to a large deviation from the average plane of
only one oxygen atom (see structures in Table 4). In fact,
as also indicated in Table 4, the θ angles (formed between the
average plane of the central (NO)2 unit and the two external
OCuN units) in both compounds are close to those of other
compounds with similar J values. In compound HILRID the
dihedral Cu–N–O–Cu angle is very small and, accordingly, the
coupling should be stronger (ca. −900 cm−1). Nevertheless, if
we look at the structure (Table 4) we can see that although the
central (NO)2 bridges are almost perfectly planar, the Cu ions
are far from the average plane of these two central NO bridges
(the average distance is larger than 0.5 Å). This large distance
is expected to significantly reduce the overlap of the orbitals
and, therefore, the magnetic coupling.

Fig. 8 Thermal variation of χmT for the pentanuclear complex 3. Solid line rep-
resents the best fit to the S = 1/2 dinuclear model (see text). Inset shows the
thermal variation of χm.
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Conclusion

We have synthesized and characterized three novel copper
complexes (1–3) with N3O donor ketoxime Schiff base ligands
presenting similar CuII dimers connected through double NO
bridges. The presence of the same dinuclear CuII entity in the
three complexes shows a tendency of these ligands to form
similar dinuclear entities with double NO bridges. The use of

NaSCN in 2 and 3 induces the partial reduction of CuII→CuI

giving rise to a mixed-valence 3D polynuclear network (in 2)
and to a pentanuclear cluster (in 3). Thus, compound 2 pres-
ents 2D anionic layers, of formula [CuI

2(SCN)3]n
n−, between

which the cationic dimers are located. Various bridging modes
of SCN− are observed to be operative in these complexes and,
in fact, the CuI/SCN lattice in 3 is topologically unique. The
magnetic coupling observed in the planar CuII(NO)2Cu

II dimers

Table 4 Magnetic and structural parameters of dimeric CuII complexes with symmetric double –NO– bridges

CCDC code J (cm−1) θa (°) db (Å) Cu–O (Å) Cu–N (Å) αc (°) Ring Ref. Structure

BAPVIX −545 167.79 0.245 1.905 1.989 17.83 Chair 47

BUQYIW −720 164.95 0.337 1.914 1.978 23.18 Chair 48

GUFCEP −825 169.46 0.226 1.901 2.010 15.60 Chair 49

GUFCIT −550 150.24 0.610 1.914 1.986 44.20 Boat 49
155.04 0.488 1.949 1.968 52.81 Twisted

GUFCOZd −510 153.06 0.312 1.908 1.992 38.64 Boat 49
163.78 0.570 1.919 1.980 20.78 Twisted

165.40 0.249 1.917 1.970 17.36 Boat
153.44 0.587 1.916 1.992 37.41 Twisted

HILRID −549 155.97 0.467 1.915 1.930 4.32 Boat 50
158.28 0.555 1.983 1.936 0.15 Eclipsed

IMIXEI −504 150.44 0.567 1.904 1.955 29.59 Boat 51
150.55 0.627 1.936 1.990 30.92 Twisted

MAXPCUd <−1000 169.68 0.212 1.886 2.008 15.65 Chair 52

179.96 0.001 1.887 1.983 0.00 Planar

QEVLOS −722 167.86 0.217 1.936 1.977 19.04 Chair 53

SEGZIO −286 167.97 0.118 1.924 2.016 35.86 Boat 41
169.56 0.216 1.905 1.993 39.04 Twisted

UMIBIC −812 179.97 0.001 1.867 2.010 0.04 Planar 54

UYEMUH −718 172.15 0.165 1.906 1.965 12.49 Chair 32

UYENAOd −880 156.62 0.442 1.929 1.974 10.37 Boat 32
158.80 0.521 1.948 1.977 14.46 Eclipsed

160.18 0.520 1.935 1.978 9.01 Boat
157.40 0.391 1.929 1.971 13.56 Eclipsed

WUFQEU −800 159.96 0.445 1.907 1.967 9.38 Boat 55
156.25 0.438 1.904 1.964 2.24 Eclipsed

1 −721 159.00 0.427 1.882 2.010 7.79 Boat This work
167.88 0.239 1.890 2.004 19.75 Twisted

2 −744 166.37 0.275 1.879 1.995 20.25 Chair This work

3 −988 167.20 0.293 1.906 2.001 45.70 Chair This work
149.29 0.652 1.914 2.035 14.08

171.34 0.150 1.904 1.992 46.09 Chair
151.24 0.574 1.926 2.036 10.03

a θ = dihedral angle between the planes of each O–Cu–N unit and the average plane of the two NO bridges. b d = distance from the CuII atom(s)
to the average plane of the two NO bridges. c α = dihedral Cu–N–O–Cu angle. d In these compounds there are two different CuII dimers.
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is antiferromagnetic and very strong, in agreement with DFT
calculation and with magneto-structural correlations in all the
structurally and magnetically characterized Cu(NO)2Cu
dimers. As expected, the anionic layer (in 2) and bridge (in 3)
containing CuI and SCN− are diamagnetic.

Experimental section
Materials

All solvents employed for the syntheses were of analytical
grade and used as received without further purification.

Diacetylmonoxime (Aldrich, Germany), N,N-dimethylethylene-
diamine (Fluka), benzilmonoxime, copper acetate, sodium
thiocyanate were used as received. Copper perchlorate hexa-
hydrate was prepared by treatment of copper carbonate
(E. Merck, India) with 60% perchloric acid (E. Merck, India)
followed by slow evaporation on a steam bath. It was then fil-
tered through a fine glass-frit and preserved in a CaCl2 desic-
cator for further use. All the solvents were of AR grade and
used without further purification during synthesis.

Caution! Perchlorate salts are potentially explosive and
should be used in small quantity with much care.

Synthesis of Schiff base ligands and copper complexes

Synthesis of [Me2N(CH2)2NvC(CH3)C(CH3)vN(OH)] (HL1).
The ligand HL1 was obtained by condensation of diacetyl-
monoxime (10 mmol, 1.01 g) with N,N-dimethylethylenediamine
(10 mmol, 1.09 mL) in 100 mL of methanol (Scheme 2). On
refluxing the methanolic solution for 4 h a pale yellow colored
solution was obtained containing the required product that
was used without further purification.

Synthesis of [Me2N(CH2)2NvC(C6H5)C(C6H5)vN(OH)] (HL2).
The Schiff base ligand HL2 was synthesized (Scheme 2) by the
condensation of a methanolic solution of benzilmonoxime
(10 mmol, 2.25 g) with N,N-dimethylethylenediamine
(10 mmol, 1.09 mL) following the same procedure as for HL1.
The resulting yellow solution of the required product was used
without further purification.

Synthesis of [Cu2(L
1)2(H2O)2](ClO4)2 (1). To a methanolic

solution (20 mL) of copper perchlorate hexahydrate (0.370 g,
1 mmol), the methanolic solution of HL1 (1 mmol, 10 mL)
was added with constant stirring for 30 min. The dark green

Table 5 Crystal structure parameters of complexes 1–3

1 2·0.5H2O 3

Empirical formula C16H36Cu2N6O12Cl2 C22H32Cu6N12O2.5S6 C77H80Cu5N17O4S5
Formula weight (g mol−1) 702.49 1078.20 1785.65
Wavelength (Å) 0.71073 1.54180 0.71073
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/n (no. 14) P21/c (no. 14) C2/c (no. 15)
a (Å) 13.3445(2) 13.655(2) 51.203(4)
b (Å) 12.0554(2) 10.8310(12) 12.5267(7)
c (Å) 17.4604(3) 14.250(1) 29.582(3)
β (°) 90.072(2) 105.53(2) 115.62(1)
V (Å3) 2808.91(8) 2030.6(4) 17 109(2)
Z 4 2 8
dcalc. (g cm−3) 1.661 1.764 1.388
μ (mm−1) 1.770 6.646 1.403
F (000) 1448 1076 7344
Crystal size (mm3) 0.13 × 0.27 × 0.43 0.22 × 0.20 × 0.18 0.06 × 0.10 × 0.49
θrange (°) 3.3–29.2 5.2–58.0 3.0–24.9
Reflections collected 12 528 3968 36 747
Independent collected 6257 2732 11 614
R (int) 0.033 0.0445 0.086
Reflections I > 2σ(I) 5625 1543 7504
Goodness-of-fit on F2 1.13 0.95 1.11
final R1, wR2 indices 0.0607, 0.0703 0.0445, 0.1227 0.0863, 0.1308
Δρmax, Δρmin (e Å−3) 0.82, −0.92 0.67, −0.24 2.18, −1.00

Fig. 9 Relationship between the exchange coupling J and the average value of
the Cu–N–O–Cu dihedral angle in symmetrical doubly NO-bridged CuII dimers.
The regression line to the filled points (●) is indicated.
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solution was filtered and kept at room temperature for slow
evaporation of the solvent. Blue, parallelepiped crystals,
suitable for X-ray analysis, were obtained after 14 days.
Crystals were filtered and air-dried. Yield: 0.477 g (68%);
UV/Vis (acetonitrile): λmax (ε) = 312 (33 695), 417 (3876),
578 nm (560 mol−1 dm3 cm−1); IR (KBr): ν = 1644 (CvN), ν =
3495 (O–H), ν = 1141 (N–O), ν = 1090 (ClO4), ν = 462 cm−1

(Cu–N); elemental analysis calcd (%) for C16H36Cu2N6O12Cl2
(702.49): C 27.36, H 5.17, N 11.96; Found: C 27.34, H 5.19,
N 11.91.

Synthesis of {[CuII
2(L

1)2][Cu
I
4(µ1,3-SCN)4(µ1,1,3-SCN)2]}n (2).

To a methanolic solution (20 mL) of copper perchlorate hexa-
hydrate (0.370 g, 1 mmol), the methanolic solution of HL1

(1 mmol, 10 mL) previously prepared (see above) was added
followed by dropwise addition of sodium thiocyanate solution
(0.080 g, 1 mmol) in the minimum volume of methanol with
constant stirring for 20 min. Green, block-shaped crystals, suit-
able for X-ray analysis, were obtained after 29 days. Crystals
were filtered and air-dried. Yield: 0.776 g (72%); UV/Vis
(acetonitrile): λmax (ε) = 314 (24 517), 424 (2819), 593 nm
(589 mol−1 dm3 cm−1); IR (KBr): ν = 1639 (CvN), ν = 1137
(N–O), ν = 2130 (SCN), ν = 464 cm−1 (Cu–N); elemental analysis
calcd (%) for C22H32Cu6N12O2S6 (1070.23): C 24.69, H 3.01,
N 15.71; Found: C 24.64, H 3.03, N 15.69.

Synthesis of {[CuII
2(L

2)2(NCS)]2[Cu
I(SCN)(µ1,1-SCN)(µ1,3-SCN)]}

(3). This complex was synthesized by using copper acetate
(0.199 g, 1 mmol) following a similar procedure as for 2, but
using HL2 (1 mmol) instead of HL1. Brown, needle-shaped
crystals, suitable for X-ray diffraction, were obtained after
6 days. Crystals were filtered and air-dried. Yield: 0.946 g
(53%); UV/Vis (acetonitrile): λmax (ε) = 340 (23 133), 447 (2527),
596 nm (591 mol−1 dm3 cm−1); IR (KBr): ν = 1627 (CvN), ν =
1176 (N–O), ν = 2045 (SCN), ν = 469 cm−1 (Cu–N); elemental
analysis calcd (%) for C77H80Cu5N17O4S5 (1785.63): C 51.79,
H 4.52, N 13.34. Found: C 51.77, H 4.53, N 13.35.

Physical measurements

The Fourier transform infrared spectra of the complexes were
recorded using a Perkin-Elmer RXI FT-IR spectrophotometer
with solid KBr pellets in the range 4000–400 cm−1. The elec-
tronic spectra in HPLC-grade acetonitrile were recorded at
300 K using a Perkin-Elmer Lambda 40 (UV-Vis) spectrometer
in a 1 cm quartz cuvette in the range 800–200 nm. Elemental
analyses (C, H, N) were carried out using a Perkin-Elmer 2400
II elemental analyzer. The magnetic susceptibility measure-
ments were carried out in the temperature range 2–300 K with
an applied magnetic field of 0.5 T on polycrystalline samples
of compounds 1–3 (with masses of 32.02, 37.55 and 19.18 mg,
respectively) with a Quantum Design MPMS-XL-5 SQUID sus-
ceptometer. The susceptibility data were corrected for the
sample holder previously measured using the same conditions
and for the diamagnetic contribution of the salt as deduced by
using Pascal’s constant tables (χdia = −335.9 × 10−6, −241.6 ×
10−6, and −939.49 × 10−6 emu mol−1 for 1, 2 and 3,
respectively).42

X-ray crystallography

X-ray single crystal data collections of 1 and 3 were performed
at 293 K using an Oxford Diffraction Gemini diffractometer,
equipped with a normal focus, sealed tube X-ray source with
graphite monochromated Mo-Kα radiation (λ = 0.71073 Å),
using a multi scan technique. Intensities data of 2 were col-
lected on a Cu rotating anode (λ = 1.54178 Å) equipped with a
Bruker CCD2000 detector. Data collections and the unit cell
refinement of 1 and 3 were performed using CrysAlis RED43a

software, and for 2 programs Denzo and Scalepack43b were
employed. All the structures were solved by direct methods
using the SIR9744 program followed by successive difference
Fourier syntheses, then refined by full-matrix least squares
methods with the programs CRYSTALS45 (1 and 2) and
SHELXL-9746 (3). A residual on an inversion center in 2 was
interpreted as a disordered water oxygen (occupancy 0.25,
H atoms not assigned). All hydrogen atoms were generated
geometrically (except those of the water molecules in 1 located
on the difference Fourier map) and included in the final cycles
of refinement by the riding model approximation. Selected
crystallographic data and details of structural refinements are
summarized in Table 5.
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