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Polynuclear Complexes of Macrocyclic Oxamide with Thiocyanate: Syntheses,
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Macrocyclic ligands

Five complexes with the formula {[(CuL),Cr(n-SCN),]OH},
(1), [Mn(CuL),(NCS);] (2), [Cu(CuL)y(NCS),] (3), [Ni(CuL),-
(NCS),] (4) and [Co(CuL)(NCS),(CH;0H),], (5), (H.L = 2,
3-dioxo-5,6,14,15-dibenzo-1,4,8,12-tetraazacyclopentadeca-
7,13-diene) were synthesized and structurally determined.
The structure of 1 has oxamido-bridged trinuclear [Cr'Cu'l]
units and consists of a 1D helical chain formed by the linking
of copper(Il) and chromium(IIl) ions through the oxamido and
ly,3-NCS bridges. The structure of 2, 3 or 4 consists of ox-
amido-bridged trinuclear [M"Cu'l,] molecules (for 2-4, M =

Mn, Cu, Nij, respectively) and arranges in a 1D zig-zag chain.
Complex 5 is a composed of a tetranuclear [Co",Cu',] mole-
cule with both the oxamido and p, 3-NCS bridges. The vari-
able-temperature magnetic susceptibility measurements (2—
300K) of 1, 2, 4 and 5 show pronounced antiferromagnetic
interactions between the copper(Il) atom and neighbouring
metal ions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Polynuclear complexes are of considerable interest for the
design of new magnetic materials and the investigation of
the structure and role of polymetallic active sites in bio-
logical systems.'! Among the polynuclear complexes, het-
erospin complexes have received particular attention. Mag-
netic interaction between two nonequivalent paramagnetic
centres may lead to a situation that cannot be encountered
with species containing only one kind of centre, but hetero-
spin complexes can provide various and unexpected struc-
tural topologies.””) From the magnetic viewpoint, the mag-
netic interaction between nearest nonequivalent neighbour-
ing spin carriers may be ferromagnetic; it may also be anti-
ferromagnetic with noncompensation of the local spins. In
the latter case, the most favourable situation is that the dif-
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ference between the nonequivalent local spins is as large as
possible. The synthesis and magnetic properties of manga-
nese(Il)—copper(Il) complexes with Sy, = 5/2 and Sc, =
1/2 local spins is an active area of research. The first molec-
ular-based heterobimetallic magnets were found to be the
oxamato- and oxamido-bridged manganese(Il)-copper(II)
species.’]

On the other hand, the synthesis of homo- and hetero-
metallic transition-metal complexes supported by the pseu-
dohalide NCO, NCS,PI NCSe,' N3 and N(CN),® brid-
ges has attracted special attention in view of the architec-
tonical diversity and interesting magnetic properties of the
complexes obtained. In this context, the thiocyanato ligand
presents ambidentate ability with an end-on (un n-NCS and
ts.s-SCN) or an end-to-end (pn s-NCS) coordination mode
(Scheme 1).1%!
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Scheme 1. Different bridging modes of the thiocyanato ion.

However, despite the various modes of coordination of
the NCS group to the metal ions and despite its ability to
act as an efficient mediator for the magnetic interaction be-
tween the paramagnetic ions centres, it is not widely used
for the design and synthesis of complexes that simulta-
neously have thiocyanato ligand bridges and other ligand

2825

vvvvvvvvvvvvvvvvvvvvvv



FULL PAPER

Y.-Q. Sun, D.-Z. Gao, W. Dong, D.-Z. Liao, C.-X. Zhang

bridges.’ To obtain this type of desired system, planar tet-
raazo macrocyclic ligands were used. Cyclam and its substi-
tuted derivatives are the most widespread tetraazo macro-
cyclic ligands.'%!"] Francese et al. were the first to use the
simple macrocyclic copper(II) complex Cu(cyclam)>* in or-
der to obtain a heterometallic system {[Cu(cyclam)]-
[Co(NCS),]},.' Compared with tetraazo macrocyclic
complexes of Cu™ and Ni", macrocyclic oxamido com-
plexes of Cu' and Ni'! cannot only provide two free coordi-
nation places at the metal atom, but also contain potential
donors for another metal ion.3-'2-1¢1 However, thiocyanato-
bridged complexes with macrocyclic oxamido ligands are
rare.[?0-9d]

With these facts in mind and in continuation of our
interest in homo- and heterometallic polynuclear com-
plexes, by using the thiocyanato ligand and the prepared
macrocyclic oxamido complex ligand (Scheme 2), we syn-
thesized and characterized the compounds {[(CuL),Cr(p-
SCN),JOH}, (1), [Mn(CuL)y(NCS),] (2), [Cu(CuL),-
(NCS),] (3), [Ni(CuL),(NCS),] (4) and [Co(CuL)(NCS),-
(CH30H),)> (5), and studied the magnetic properties of 1,
2, 4 and 5.

Scheme 2. The macrocyclic oxamido complex ligand CulL.

Results and Discussion

Synthesis and Formulation

By using thiocyanato and macrocyclic oxamido mixed
ligands as the metal linker, five new complexes were synthe-
sized by a slow diffusion method. The molar ratio of the
starting materials, reagent molar ratios and the reaction
temperature play an important role in the formation of
these five compounds. Complex 1 was obtained at 35 °C,
complexes 2-4 were obtained at 18 °C, and compound 5
was obtained at 25 °C. The differences in reagent molar ra-
tios and temperature leads to differences in solubility and
diffusibility of the starting materials, which results in dif-
ferent structures of the five compounds.

Description of the Structure

The structure unit of 1 consists of a trinuclear [(CuL),-
Cr(u-SCN),]* moiety and a monovalent anion OH™; a per-
spective view of it is depicted in Figure 1, and selected bond
lengths and angles are listed in Table 1.
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Figure 1. Perspective view of the trinuclear cation [(CuL),Cr(p-
SCN),]* of 1.

Table 1. Selected bond lengths [A] and angles [°] for 1.1

Crl-N10 1.965(7)  03-Crl-N9 87.3(2)
Crl-04 1.9904)  N10-Crl-02 88.6(2)
Cr1-01 2011(5)  04-Crl-02 103.56(18)
Cr1-03 20284)  Ol-Crl-02 73.44(18)
Crl1-N9 2263(7)  03-Crl-02 83.36(18)
Cr1-02 2.395(5)  N9-Crl-02 157.32)
Cul-N2 1.914(6)  N2-Cul N4 161.7(3)
Cul N4 1.919(5)  N2-Cul N3 91.4(3)
Cul-N3 1.938(6)  N4-Cul-N3 93.6(2)
Cul-N1 1.942(5)  N2-Cul-Nl1 94.6(2)
Cu2-N6 1.933(5)  N4-Cul-NI1 87.3(2)
Cu2-N8 1.939(6)  N3-Cul-NI 158.02)
Cu2-N7 1.991(6)  N6-Cu2-N8 178.6(2)
Cu2-N5 1.992(5)  N6-Cu2-N7 89.8(2)
Cu2-Sl#l 2.736(2)  N8-Cu2 N7 91.6(2)
NI0-Crl-04  93.1(2) N6-Cu2 N5 84.5(2)
NI0-Crl-O1  93.6(2) N8-Cu2-N5 94.0(2)
04-Crl1-01 172.59(19)  N7-Cu2-N5 152.0(2)
N10-Cr1-O3 168.72)  N6-Cu2-SI#l 87.10(15)
04-Cr1-03 81.07(17)  N8-Cu2-Sl#l 93.16(17)
01-Crl-03 91.80(18)  N7-Cu2-S1#1 95.67(17)
NI10-Crl-N9  103.03) N5 Cu2 Sl#l 111.39(15)
04-Cr1-N9 95.3(2) C39-S1-Cu2#2 99.2(3)
O1-Crl1-N9 86.3(2) Cl-01-Crl 122.7(5)

[a] Symmetry transformations used to generate equivalent atoms:
#lox + 12,y - 12,z + 12, #2: x + 1/2, y + 112, —z + 1/2.

In the [(CuL),Cr(u-SCN),]* unit, the central chromi-
um(IIl) ion is linked to two external copper(I) ions
through the exo-cis oxygen donors of the macrocyclic ox-
amido ligand and two thiocyanato ligands in a cis configu-
ration. The chromium(III) ion has a distorted octahedral
geometry with four oxygen atoms from two oxamido brid-
ges and two nitrogen atoms from two thiocyanato ligands.
The Cr—N distances vary from 1.965(7) to 2.263(7) A, and
Cr-O distances from 1.990(4) to 2.395(5) A. The external
Cu?* ion is coordinated to four nitrogen atoms from the
macrocyclic ligand, and the [CuN,] chromophore plane is
distorted from planarity. The deviation of the four nitrogen
atoms from their mean plane are 0.3469, —0.3211, 0.3370
and -0.3374 A, respectively, and the copper ion is
—0.0254 A out of the plane. The [(CuL),Cr(u-SCN),]* units
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are alternately bridged by a thiocyanato group in an end-
to-end mode to form a 1D helical chain in which the Cu-S
bond length is 2.736(2) A (Figure 2).

Figure 2. Schematic representation of the asymmetric oxamido-
bridged trinuclear unit of 1 generating a 1D helical chain through
1y 3-NCS bridges.

Compounds 2-4 are isostructural, hence only the struc-
ture of 2 will be discussed in detail. For 24, selected bond
lengths and angles are listed in Tables 2, 3, and 4. A per-
spective view of the structure of the trinuclear Mn(CuL),-
(SCN), unit is depicted in Figure 3. The structure of 2 con-
sists of trinuclear Mn(CuL),(SCN), molecules in which the
central manganese(1l) ion is located on a twofold axis and
linked to two [CuL] complex ligands and two thiocyanato
ligands in a cis configuration. The copper(Il) ion resides
in a slightly distorted square planar environment with two
amidate nitrogen atoms and two imino nitrogen atoms from
the macrocyclic oxamido ligand as donors. The manga-
nese(II) ion has a cis octahedral geometry with four oxygen
atoms from two oxamido bridges [the Mn-O distances is
2.171(3)-2.299(3) A] and two nitrogen atoms from two thio-
cyanato ligands [the Mn-N distances is 2.130(4)-
2.178(4) A]. The central manganese(II) ion is linked to each
external copper(Il) ion through exo-cis oxygen donors of
the macrocyclic oxamido ligand. The three metal ions form
a V-type arrangement through the bridges, with a Cu-*Mn
separation of 54959 A and a Cu-Cu separation of
8.4162 A. As depicted in Figure 4, the [(CuL),MnSCN,]
units are alternately bridged by a thiocyanato group in an
end-to-end mode to form a 1D zig-zag chain in which the
Cu-S bond length is 3.147 A, and the Cu-S distance is dis-
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tinctly longer than most reported values (2.33-2.95 A);[5]
however, it still lies in the typical range (2.2-3.2 A) observed
for Cu—SCN bonds in coordination compounds.l>¢->h!

Table 2. Selected bond lengths [A] and angles [°] for 2.

Cul-N8 1.936(3) Cul-N6 1.938(3)
Cul-N5 1.947(3) Cul-N7 1.956(3)
Cu2-N4 1.962(4) Cu2-N2 1.970(3)
Cu2-Nl1 1.978(3) Cu2-N3 1.993(3)
Mn3-N9 2.130(4) Mn3-Ol 2.171(3)
Mn3-N10 2.178(4) Mn3-03 2.191(3)
Mn3-04 2.238(3) Mn3-02 2.299(3)
N8-Cul-N6  159.60(14) N8-Cul-N5  86.49(13)
N6-Cul-N5  94.66(13) N8-Cul-N7  93.40(14)
N6-Cul-N7  90.99(14) N5-Cul-N7  164.01(13)
N4-Cu2- N2 173.08(16) N4-Cu2 NI  89.94(16)
N2 Cu2 NI 83.13(13) N4-Cu2 N3 95.19(16)
N2 Cu2 N3 91.68(13) NI-Cu2 N3  171.42(14)
N9-Mn3-O1  111.01(14) N9-Mn3-N10  89.86(15)
O1-Mn3-N10 94.57(12) N9-Mn3-03  93.08(13)
O1-Mn3-03  150.21(10) N10-Mn3-03  103.03(12)
N9-Mn3-04  165.84(13) O1-Mn3-04  82.40(10)
NI10-Mn3-04 93.68(13) 03-Mn3-04  72.76(10)
N9 Mn3-02  93.40(14) O1-Mn3-02  72.59(10)
N10-Mn3-02 167.08(12) 03-Mn3-02  89.29(10)
04 -Mn3-02  86.19(10) 01-CI-N1 127.8(4)

Table 3. Selected bond lengths [A] and angles [°] for 3.

Cul-N3 1.933(8) Cul-N1 1.937(8)
Cul-N4 1.945(8) Cul-N2 1.947(7)
Cu2-N8 1.964(9) Cu2-N7 1.975(8)
Cu2-N6 1.985(7) Cu2-N5 1.990(7)
Cu3-N9 2.109(10) Cu3-N10 2.166(9)
Cu3-03 2.171(6) Cu3-02 2.199(7)
Cu3-0l1 2.244(7) Cu3-04 2.286(6)
N3-Cul-NI  159.9(3) N3-Cul-N4  91.2(4)
N1-Cul-N4  93.5(4) N3-Cul-N2  93.9(3)
NI-Cul-N2  86.8(3) N4-Cul-N2  164.3(3)
N8-Cu2-N7  94.4(4) N§-Cu2 N6  174.3(4)
N7-Cu2-N6  91.2(3) N8-Cu2-N5  91.0(4)
N7-Cu2-N5  171.6(3) N6-Cu2-N5  83.2(3)
N9-Cu3-NI10  89.7(4) N9 Cu3-03  112.1(3)
NI10-Cu3-03  94.7(3) N9 Cu3-02  92.3(3)
NI0-Cu3-02  102.5(3) 03-Cu3-02  150.3(3)
N9-Cu3-Ol  165.0(3) NI10-Cu3-O1  93.5(3)
03-Cu3-0l  82.3(2) 02-Cu3-0l  72.8(2)
N9-Cu3-04  93.7(3) NI10-Cu3-04 167.8(3)
03-Cu3-04  73.1(2) 02-Cu3-04  89.1(2)
01 Cu3-04  86.3(2) CINI-CI9  122.6(9)

A perspective view of the tetranuclear [Co(CuL)(NCS),-
(CH30H),], complex 5, which incorporates a macrocyclic
oxamido group is depicted in Figure 5, and selected bond
lengths and angles are listed in Table 5. The oxamido and
pu-SCN groups alternately bridge the Cu'' and Co'! ions,
which results in the formation of a cyclic tetranuclear mole-
cule; the four metal ions are in the same plane. The Co!!
atom coordinates two oxygen donors of the macrocyclic ox-
amido ligand, two nitrogen atoms from two NCS ions and
two oxygen atoms from two CH3;OH groups. The cobalt
centres have a distorted octahedral geometry, which can be
seen from the N-Co-O bond angles that vary from
169.21(12) to 174.17(11)° and the O-Co-O bond angle of
165.14(11)°. Furthermore, one of the coordinated NCS~
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Table 4. Selected bond lengths [A] and angles [°] for 4.

Nil-N1 2.031(4) Nil-N2 2.092(3)
Nil-04 2.093(2) Nil-Ol 2.112(2)
Nil-02 2.163(3) Nil-03 2.261(3)
Cul-N4 1.937(3) Cul-N6 1.942(3)
Cul-N3 1.950(3) Cul-N5 1.957(3)
Cu2-N9 1.956(8) Cu2-N7 1.971(3)
Cu2-N8 1.983(3) Cu2-N10 2.009(3)
Cu2-NY’ 2.034(7) NI-Nil-N2 91.53(13)
NI1-Nil-04 107.40(12)  N2-Nil-04 94.32(11)
NI-Nil-01 92.77(12)  N2-Nil-Ol 101.93(11)
04-Nil-Ol 153.75(10)  N1-Nil-02 168.64(11)
N2-Nil-02 92.92(12)  O4-Nil-02 82.69(10)
O1-Nil-02 76.08(10)  NI-Nil-03 91.71(12)
N2-Nil-03 169.70(11)  O4-Nil-O3 75.38(9)
O1-Nil-03 87.68(10)  O2-Nil-O3 85.73(10)
N4-Cul-N6 159.68(13)  N4-Cul-N3 86.63(13)
N6-Cul-N3 94.63(13)  N4-Cul-N5 92.90(13)
N6-Cul-N5 91.34(14)  N3-Cul-N5 164.00(13)
N9-Cu2-N7 168.6(2) N9-Cu2-N8 93.0(2)
N7-Cu2-N8 82.82(12)  N9-Cu2-N10 93.2(2)
N7-Cu2-N10  92.03(12)  N8-Cu2-NI10 171.57(13)
N9-Cu2-N9'  21.1(3) N7-Cu2-N9’ 166.4(3)
N8-Cu2-N9'  87.6(2) N10-Cu2-N9’ 96.3(2)

Figure 3. Perspective view of the trinuclear Mn(CuL),(SCN), mole-
cules of 2.

Figure 4. Schematic representation of the asymmetric oxamido-
bridged trinuclear unit of 2 generating to a 1D zig-zag chain
through p, ;-NCS bridges.

ions acts as a terminal ligand, and the other one adopts an
end-on-end coordination mode that bridges the Co'' and
Cu"! ions. The distance between the Co' and Cu' ions
bridged by NCS ™ is 6.1406 A, while that bridged by the ox-
amido group is 5.3751 A. The coordination geometry
around the Cu' ion is a slightly distorted square pyramid,
with a 7 value of 0.237 calculated from = = (f — )/60.1'7]
The axial position is occupied by a sulfur atom, and the
Cu-S distance is 2.8886 A. In the [Co(CuL)(NCS),-
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(CH5;0H),], framework, there are O-H-*-O interactions be-
tween the coordinated CH3OH groups and the oxygen
atoms of the oxamido groups (do..o = 2.8114 A), which
enhance the stability of 5 (Figure 5). In addition, there are
1 interactions between the benzene rings of the CuL moi-
eties of different tetranuclear molecules in the cell that are
parallel to each other, and the distance between the carbon
atoms is about 3.652 A. The n—n interactions enable the for-
mation of a 1D supramolecular chain (Figure 6).

pS1

Figure 5. Perspective view of the [Co(CuL)(NCS),(CH;0H),],
molecules of 5.

Table 5. Selected bond lengths [A] and angles [°] for 5.

Cul-N4 1.947(3) Cul-N2 1.954(3)
Cul N1 1.962(3) Cul N3 1.970(3)
Col-N6 2.042(3) Col-04 2.073(3)
Col-N5 2.075(4) Col-Ol 2.103(3)
Col-02 2.132(3) Col-03 2.173(3)
N4-Cul-N2  156.90(14)  N4-Cul-NI 93.99(13)
N2-Cul-NI  85.65(13) N4-Cul-N3 90.46(13)
N2-Cul-N3  93.53(13) NI-Cul-N3 170.50(14)
N6-Col-04  97.12(13) N6-Col-N5 98.28(13)
04-Col-N5  92.89(13) N6-Col-Ol 169.21(12)
04-Col-O1  89.20(11) N5-Col-Ol 90.09(12)
N6-Col-02  95.54(12) 04-Col-02 165.14(11)
N5-Col-02  92.95(12) 01-Col-02 77.14(10)
N6-Col-03  87.42(13) 04-Col-03 85.16(12)
N5-Col-03  174.17(11) 01-Col-03 84.40(11)
02 Col-03  87.67(11) C1-01-Col 115.6(2)

Figure 6. View of the self-assembly, 1D superamolecular architec-
ture through - interactions for 5.

IR and Electronic Spectra

The IR spectra of the five complexes are similar and
clearly show the existence of the thiocyanato and macro-

Eur. J. Inorg. Chem. 2009, 2825-2834
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cyclic oxamido moieties in the molecules. The IR spectra of
1-5 show three strong bands around 1639, 1610 and
1448 cm!, which are characteristic of the bridging oxamido
group and can be attributed to the v(N-C-O) stretching
bands.'3! The bands of almost equal intensity at 2143 and
2076 cm™! are attributed to SCN-'8 and are characteristic
of end-to-end bridging and terminal thiocyanato groups,
respectively. The solid-state electronic absorption spectra of
complexes 1-5 were measured. In the spectra of complexes
1-5, the broad absorption band at 633 nm can be assigned
to the spin-allowed d—d electronic transition for Cu'' (3d°)
in a C4, symmetry.l'4!] The electronic absorption spectra
of other metal ions were not observed, because the absorp-
tion intensity is very weak. All complexes exhibit intense
bands below 500 nm, which can be assigned to charge-
transfer transitions in the [CuL] chromophores and/or to
intraligand n—n* interactions.['¥]

Magnetic Property

The magnetization measurements for complexes 1-4 have
been carried out under a magnetic field strength of 2 kOe.
The magnetic susceptibility (yn) and ym7 of complex 1 in
the temperature range 2-300 K are shown in Figure 7. The
amT value is equal to 2.43 cm*mol™! K at 300 K, which is
lower than that expected if Cull-Cr™-Cu!! trinuclear metal
centres have no interactions (2.62 cm?*mol™! K). When the
complex is cooled, the y\ 7 value progressively decreases in
the range from 300 K to 2 K. On the basis of the crystal
structure of 1, there should be three kinds of magnetic in-
teractions for the present system, namely, (i) Cul--Crl
through the oxamido bridge in one trinuclear unit, (ii)
Cu2-+Crl through the oxamido bridge in one trinuclear
unit, and (iii) Cu2---CrlA through the thiocyanato bridges
between adjacent trinuclear units. To the best of our knowl-
edge, there is no formula in the literature to deal with the
magnetic susceptibility of such a complicated system. In or-
der to simplify the experimental results, the linear depen-
dence of the reciprocal magnetic susceptibilities, yp ', on
temperature gives the Weiss constant (0 = —15.97 K), which
indicates an antiferromagnetic interaction in complex 1.
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Figure 7. ypm(O) vs. T and yy T (A) vs. T plots for complex 1.
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The magnetic susceptibility (yn) and yn7 of complex 2
in the temperature range 2-300 K are shown in Figure 8.
The ym7T value of 2 at room temperature is
4.75cm®>mol ' K, lower than the spin-only value
(4.84 cm*mol! K) expected for the uncoupled Cu''~Mn'—
Cu'! trinuclear system (S¢, = 1/2 and Sy, = 5/2). The yp T
value decreases smoothly upon cooling and reaches a near
plateau value of 2.07 cm*mol ! K below 16 K. The plateau
value is close to the spin-only value for Sy = 3/2
(2.00 cm®*mol ' K) resulting from the antiferromagnetic
spin coupling between Cu'' and Mn!! ions in the trinuclear
system. On the basis of the crystal structure of 2 (Figures 3
and 4), there are two kinds of magnetic interactions for the
present system from a magnetic viewpoint, namely, (i) intra-
molecular Cu™-Mn""-Cu'! interactions through the oxam-
ido bridges and (ii) intermolecular interactions between the
adjacent trinuclear molecules through p; 3-NCS coordina-
tion interactions. By taking into account the two kinds of
interactions, the magnetic analysis was then carried out by
using the theoretical expression of the magnetic suscep-
tibility deduced from the spin Hamiltonian H =
2J(ScuSmvn + ScuSmn). The expression for the magnetic
susceptibility was obtained as follows [Equation (1)].

N> 4

_Npg” A )
6= 4T B

5J 2 7J 12J
A= IOg,z + 35glz exp(ﬁ) +35g\n exp(ﬁ) -§—84g32 exp(ﬁ)

5J 7J 12J
B=2+3 —)+3 —)+4 —
exp( kT) exp( kT) exp( T )
gl :(7gMn —ngu)/S
8, =(31gy, +48¢,)/35

g3 = (SgMn +2gCu)/7
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Figure 8. yyp (O) vs. T and ymT (A) vs. T plots for complex 2.

J is the exchange integral between Cu'’ and Mn" through
the oxamido bridge, y is the magnetic susceptibility in the
absence of the molecular field, and gy, and gc, are the
local g factors, assumed to be isotropic. For the magnetic
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interactions between the adjacent trinuclear molecular
units, the molecular field approximation was used and is
illustrated in Equation (2).

Im = X/l _Zui(zzjv/Ngzﬁz)] 2)

where yy is the exchange-coupled magnetic susceptibility
actually measured and zj’ is the exchange parameter be-
tween the trinuclear molecular units. The least-squares fit
to the experimental data was found with J = -13.48 cm™!,
zj' = -0.021 cm™, gy = 2.07, gcu = 2.00 (fixed), and the
agreement factor, defined as R = Z[(p) ¥ — (rm)°™9Y/
S[0rm)°P%4?, is 1.13X 1073, The J value suggests a pro-
nounced intramolecular antiferromagnetic interaction be-
tween the copper(I) and manganese(Il) ions through the
oxamido bridges, and the zj’ value suggests a very weak
intermolecular antiferromagnetic interaction through the
p1 3-SCN coordination interactions. Comparing with some
manganese(Il)-copper(Il) species that incorporate noncy-
clic oxamido or macrocyclic oxamido ligands reported pre-
viously, the exchange integral in 2 is in the range of those
reported.[90:94,14114h.16d.16¢,20]

The magnetic susceptibility (yn) and yp 7 of complex 4
in the temperature range 2-300 K are shown in Figure 9.
The ymT value is 1.51 cm*mol ' K at 300 K, which is
slightly higher than the spin-only value (1.46 cm?*mol™" K)
expected for the uncoupled Cu™-Ni""-Cu"! trinuclear sys-
tem (Sc, = 1/2 and Sy; = 1). The ymT value decreases
smoothly when cooled and reaches a near plateau value be-
low 16K, and the 7T value at 3K s
2.74 %1077 cm®*mol ! K. The plateau value is close to the
spin-only value for St =0 (0.00 cm®*mol™! K) resulting from
the antiferromagnetic spin coupling between Cu'' and Ni'f
ions in the trinuclear system. On the basis of the isotropic
spin Hamiltonian H = —2J(Scu1Sni + ScuaSni), the expres-
sion for the magnetic susceptibility for a Cu'-Ni'-Cu!!
system is as follows [Equation (3)].

g A 3
*4 kT B @
A=(gyi+8a.)[5+ eXP( )] +4gy eXP( )
B= 5+3exp( )+exp( )+3exp( )

J is the exchange integral between Cu" and Ni" through
the oxamido bridge. The molecular field approximation was
used for magnetic interactions between the adjacent trinu-
clear molecular units and is illustrated in Equation (2).
The least-squares fit to the experimental data was found
with J = =30.71cm™, zj/ = <0.99 cm™!, gni = 2.04, gy =
2.00 (fixed), and R = 1.76 X 1073. The J value suggests a
pronounced intramolecular antiferromagnetic interaction
between the copper(Il) and nickel(II) ions through the ox-
amido bridges, and the zj’ value suggests a very weak inter-
molecular antiferromagnetic interaction through the p ;-
SCN coordination interactions. The antiferromagnetic in-
teraction through the oxamido group arises from the non-
zero overlap between the magnetic orbitals around Cu' and
2830
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Figure 9. yp (O) vs. T and ymT (A) vs. T plots for complex 4.

Ni',l'al and the J value for 4 is less than those reported in
the literature for the Cu-Ni heteronuclear complexes with
oxamido bridges.[20¢:20¢.21]

The temperature dependence of the magnetic suscep-
tibility of 5 in the range 2-300 K is shown in Figure 10. The
amT value is 2.52 cm®mol K at 300 K, which is larger
than the spin-only value (2.25 cm®*mol~! K) expected for the
uncoupled Cu™-Co binuclear system (Sc, = 1/2 and Sc,
= 3/2). On lowering the temperature, y\T decreases contin-
uously and reaches 0.16 cm*mol™! K at 2 K. The shape of
the ymT vs. T curve suggests an overall antiferromagnetic
behaviour. To the best of our knowledge, no formula to
reproduce the magnetic susceptibility of such a complex
system is available in the literature; we therefore used an
approximate method to interpret the magnetic behaviour.
Complex 5 can be regarded as a dimer formed by Cu-Co
dinuclear units, which are indicated in Scheme 3, and only
first-neighbour interactions were considered. Simulta-
neously, the contribution of the spin-orbit coupling of the
Co"'ion is considered according to van Vleck’s equation.??!
On the basis of the spin Hamiltonian A = —2JSc,Sco +
gBH ,S,, the susceptibility for the dinuclear unit CuCo,

N/;’2 [Ing +2g,” exp( ”J)]-f-N

5+3exp(- =

X CoCu — 4)

— 1 3
8 =78c T78c0

— =1 5
& =78 t78c

3kTxco
NB2S(S+1)

gCo =

_Ng R
Xco =T

_74G-4) | 12(2+4)°
F, = —F—+ 57
22(11-24)% 176(A+2) -542
+[ = —sma ) exp(Hr
A(A+5)®  20(4+2)° 444
+[=5 g lexp(5t

F, =553+ 2exp(322) + exp(522)]
I = Zeoca 11 = Xeoea 271/ N* 7)) ®)
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Xcocu, 18 calculated from Equation (4), and the magnetic
susceptibility of the tetranuclear complex can be calculated
from Equation (5).
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Figure 10. yp (O) vs. T and yT (A) vs. T plots for complex 5.

e
/ -
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N/
z] Cu

Scheme 3. The model for the magnetic interaction in 5.

where J is the exchange integral between Cu'l and Cof
ions through the oxamido bridge, and zJ’ is the intermo-
lecular exchange integral of the Cu—Co dinuclear units. N,
is the temperature-independent paramagnetic term and is
set as 326 X 10° m3*mol™!. 4 is ligand field parameter, and
A 1s spin-orbit coupling parameter. The least-squares fit to
the experimental data was found with J = —=15.69 cm™', gc,
= 2.10 (fixed), zJ’ = -1.17cm ', 4 =1.19, 2 = 170 cm™!
(fixed), and R = 7.40 X 10*. The points below 20 K cannot
be reproduced with this model, which may be attributed to
the zero-field splitting with the Co'® ion of the S = 1/2 state.
The fitted results show that the oxamido bridge promotes
an antiferromagnetic interaction between the Cu'" and Co!!
ions, and the doubly bridged p, ;-NCS coordination (the
intermolecular exchange integral of Cu—Co dinuclear units)
gives rise to a slightly antiferromagnetic interaction. In ad-
dition, spin-orbit coupling of the Co! ion plays an impor-
tant role in the magnetic behaviour.

For complexes 1, 2, 4 and 5, the paramagnetic metal ions
bridged by the oxamido moiety present antiferromagnetic
coupling between the central and macrocyclic metals. Ac-
cording to Kahn, the antiferromagnetic interaction between
Cu'" and the central metal ions (M = Cr 1; Mn 2, Ni 4 and
Co 5) arises from the nonzero overlap between the magnetic
orbitals centred at the metal ions and delocalized toward
the ligands.'* A larger overlap of the magnetic orbitals
leads to a stronger interaction.['3l The J value of complex
4 is lower than that of complex 2. The difference may be
attributed to the following reasons: (i) the Cu---M distance
is larger for 2 (Cu~Mn = 5.50 A) than for 4 (Cu-Ni =

Eur. J. Inorg. Chem. 2009, 2825-2834
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5.52-5.30 A) and (ii) the energies of the 3d orbitals of Mn™!
are higher than the corresponding ones in Ni'l. Therefore
there is less overlap between the two adjacent magnetic or-
bitals in 2 than in complex 4.

Conclusions

The structures and magnetic properties of complexes
containing both a thiocyanato-bridge and oxamido-bridge
were investigated. The [(CuL),Cr(u-SCN),]* units of 1 are
alternately bridged by NCS™ in an end-to-end mode to form
a 1D helical chain, and antiferromagnetic interactions are
exhibited. To the best of our knowledge, the magnetic be-
haviour of 1 oxamido-bridged Cu(II)-chromium(III)-cop-
per(IT) heterotrinuclear complexes have not been reported.
Single-crystal X-ray analyses revealed that compounds 24
are isostructural. Comparing the magnitude of the interac-
tion in 2 and 4 trinuclear Cu™-M"-Cu!! species containing
the same ligands but different M ions, we obtained the
following sequence for the magnetic interaction: Cu''-Ni'—
Cu"> Cu"™-Mn"-Cu", which is in accordance with Kahn’s
expectation.??! In [Co(CuL)(NCS),(CH;OH),],, the Cu!
and Co" ions are bridged by oxamido and NCS™ ligands.
The magnetic behaviours of oxamido-bridge and NCS-
bridge give rise to antiferromagnetic interactions.

Experimental Section

Material and Synthesis: All the starting reagents were of A.R. grade
and were used as purchased. The complex ligand CuL was pre-
pared as described elsewhere.”!l The complex ligand NiL was pre-
pared in the same way as CuL.

{I(CuL),Cr(p-SCN),]JOH},, (1): Single crystals of 1 were grown in
a methanol solution by a slow diffusion method using an H-shaped
tube. The precursor CuL (0.2 mmol) and Cr(ClO4);:6H,O
(0.1 mmol) were added in one arm, and NaSCN (0.2 mmol) in the
other; methanol (15 mL) was then added in the tube. Brown—green
crystals, suitable for X-ray determination, were formed after several
days [yield 39.6mg, 40.5% based on Cr(ClOy4);6H,0].
CyoH33CrCu,N g0sS, (976.96): caled. C 49.13, H 3.37, N 14.33;
found C 49.15, H 3.33, N 14.38. IR (KBr): vV = 2144 (vs), 2076 (vs),
1640 (vs), 1608 (vs), 1500 (vs), 1481 (m), 1346 (vs, br.), 1080 (vs,
br.), 915 (w), 770 (w) cm .

[M(CuL),(NCS),] (M = Mn, Cu, Ni) 2-4: Complexes 2-4 were pre-
pared in the same manner as 1. The precursor CuL (0.1 mmol) and
Mn(ClOy),6H>O (M = Mn, Cu, Ni) (0.1 mmol) were added in one
arm, and NaSCN (0.2 mmol) in the other; methanol (10 mL) was
then added in the tube. Brown-green crystals, suitable for X-ray
determination, were formed after several days [yield: for 2, 35.1 mg,
36.5% based on Mn(ClO,),:6H,0; for 3, 34.0 mg, 30.5% based on
Cu(ClOy),'6H,0; for 4, 38.2mg, 39.5% based on Ni(ClOy),
6H,0]. 2: C4oH3,Cu,MnN 50,48, (962.94): caled. C 49.85, H 3.32,
N 14.54; found C 49.83, H 3.33, N 14.51. 3: C4oH3,Cu;3N;(0,4S,
(971.55): caled. C 49.41, H 3.29, N 14.41; found C 49.35, H 3.33,
N 14.48. 4: C4oH3,Cu,N oNiO,S; (966.67): caled. C 49.66, H 3.31,
N 14.48; found C 49.65, H 3.33, N 14.45. IR (KBr): v = 2143 (vs),
2076 (vs), 1640 (vs), 1604 (vs), 1500 (vs), 1481 (m), 1342 (vs, br.),
1080 (vs, br.), 915 (w), 770 (w) cm .
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Table 6. Crystal data and structure refinement for complexes 1-3.

1 2 3
Formula C40H33CrCu2N100532 C40H32CuMn2NIQOSZ C40H32CU3N100452
F, 976.96 962.94 971.55
Crystal system monoclinic monoclinic monoclinic
Space group P2,/n C2le C2le
a 17.399(5) 13.9265(2) 13.9349(13)
b 11.180(3) 14.4221(2) 14.4250(13)
¢ 23.300(7) 38.3589(6) 38.368(3)
a[°] 90 90 90
A1 109.054(4) 92.9610(10) 93.001(5)
y[° 90 90 90
VA3 4284(2) 7694.1(2) 7701.7(12)
VA 4 8 8
Pealed. [gem 3] 1.515 1.663 1.676
Crystal size [mm] 0.24x0.22 X 0.20 0.209 X 0.207 X 0.043 0.209 X 0.203 X 0.053
T [K] 293(2) 293(2) 293(2)
GoF 1.041 1.043 0.998
R [I>20(D)] 0.0639 0.0497 0.0794
WR,P! [I>26(1)] 0.1850 0.1063 0.1991

[a] Ry = Zl|Fo| ~ |FII/ZIF]. [b] wRy = {Z[w(Fy* — F2)VE[w(F) T}

|Co(CuL)(NCS),(CH30H),|, (5): The complex was prepared by a
slow diffusion method using an H-shaped tube. The precursor CuLL
(0.1 mmol) and Co(ClOy4),*6H,O (0.1 mmol) were added in one
arm, and NaSCN (0.2 mmol) in the other; methanol (13 mL) was
then added in the tube. Brown-green crystals, suitable for X-ray
determination, were formed after several days [yield 27.6 mg,
43.5% based on Co(ClO,),6H,0]. Cr3H»,CoCuN¢O,S, (635.07):
caled. C 43.46, H 3.78, N 13.23; found C 43.45, H 3.73, N 13.28.
IR (KBr): ¥ = 2140 (vs), 2076 (vs), 1641 (vs), 1600 (vs), 1500 (vs),
14861 (m), 1348 (vs, br.), 1079 (vs, br.), 915 (w), 770 (w) cm ™.

Caution ! Perchlorate salts of metal complexes with organic ligands
are potentially explosive and should be handed in small quantities
with care.

Physical Measurements: Analyses of C, H and N were determined
on a Perkin—Elmer 240 Elemental analyzer. IR spectra were re-
corded as KBr discs on a Shimadzu IR-408 infrared spectropho-

Table 7. Crystal data and structure refinement for complexes 4 and
5.

4 5
Formula Cy4oH3Cu NjgNi,O4S;  Cp3HoyCoCulNgO4S,
F, 966.67 635.07
Crystal system monoclinic monoclinic
Space group C2le P2/c
a Al 13.785(3) 12.991(3)
b A 14.351(3) 21.786(4)
c[A] 38.148(8) 9.1815(18)
al’] 90 90
L] 93.16(3) 101.83(3)
7 [°] 90 90
VA% 7535(3) 2543.5(9)
Z 8 4
Pealcd. [gCl’l’l73] 1.704 1.658
Crystal size [mm)] 0.22X0.20 < 0.12 0.10 X 0.08 X< 0.04
T [K] 293(2) 113(2)
GoF 1.031 1.102
R\ [I>26(1)] 0.0524 0.0508
WRM [I>20(D)] 0.1227 wR, = 0.1250

[a] Ry = Z[|Fo| — |F/ZIF,|. [b] wRy = {Z[w(Fy* — FEPVZw(Fo)*1} ™.
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tometer in the 4000-600 cm ! range. Electronic spectra for solid
samples were recorded on a Shimadzu UV-2101 PC scanning spec-
trophotometer. Variable-temperature magnetic susceptibilities were
measured on an MPMS-7 SQUID magnetometer. Diamagnetic
corrections were made with Pascal’s constants for all the constitu-
ent atoms.’!

X-ray Crystallography: The data were collected on a Bruker Smart-
1000-CCD area detector by using graphite-monchromated Mo-K,,
radiation (A = 0.71073 A). The structures were solved by direct
methods and subsequent Fourier difference techniques and refined
by using the full-matrix least-squares procedure on /2 with aniso-
tropic thermal parameters for all non-hydrogen atoms (SHELXS-
97 and SHELXL-97).”l Hydrogen atoms were added geometri-
cally and refined with riding model position parameters and fixed
isotropic thermal parameters. Crystal data collection and refine-
ment parameters are given in Tables 6 and 7. CCDC-709746,
-709747, -709748, -709749 and -709750 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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