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Three novel heterotrinuclear complexes, 1, 2 and[Cu2Zn(NH3)Cl3(Me2Ea)3] [Cu2Zn(NH3)Br3(Me2Ea)3]3 have been prepared using zerovalent copper, zinc oxide,[Cu2Zn(NCS)3(Me2Ea)3] ÆCH3CN (Ea\ NCH2CH2O),
an ammonium salt and 2-dimethylaminoethanol in air. Crystallographic investigations reveal that they(HMe2Ea)
contain trinuclear symmetric (3) and asymmetric (1 and 2) cores, that consist of a portion of a distorted cube in
which alternate corners are metal and non-metal atoms and one corner metal site is vacant. The chemical di†erence
between the three compounds produces changes in the coordination environment of the metal atoms and their
overall crystal structures. Cryomagnetic measurements reveal that the overall antiferromagnetic coupling in the
symmetric complex 3 is stronger compared to the other two complexes, despite their slightly shorter copperÈcopper
separations.

Polynuclear complexes, particularly mixed-metal systems,
have received considerable attention from a wide variety of
scientiÐc disciplines, including chemistry, biology and physics.
This is because of the unusual electronic1 and magnetic2
properties that are known to be associated with polynuclear
(as opposed to mononuclear) complexes, as well as their
occurrence in metalloprotein active sites where the catalytic
function depends on cooperation between two or more metal
centres.3 Copper ions, which are the active sites in various
metalloproteins, play an essential role in biological processes
such as electron transfer, oxidation and dioxygen transport.
Numerous dinuclear sites have been found to be asymmetric
in character, and a comparison of the physico-chemical
properties of the asymmetric complexes with those of their
symmetric equivalents may elucidate features found in poly-
nuclear biologically active molecules.4

We have previously shown that various metal complexes
can be obtained easily through “one-pot Ï reaction of a metal
powder or metal oxide with a complex-forming agent in a
non-aqueous solution.5 Use of this approach for the synthesis
of mixed-metal compounds has resulted in a number of novel
Cu/Pb aminoalkoxo complexes being obtained from zero-
valent copper and lead salts.6 Exploring other synthetic pos-
sibilities in the preparation of mixed-metal compounds, we
used metallic copper, zinc oxide and an ammonium salt as
starting materials. We were interested to see what sort of
structures are formed under the interaction of metallic copper
with d-block metal ions, zinc in particular, in order to develop

complexes capable of serving as models for metalloenzymes
with oxidase or oxygenase activity. We now report the synthe-
sis, structure and characterization of trinuclear complexes
with symmetric and asymmetric cores that have ratherCu2Zn
short CuÉ É ÉCu contacts (less than 3.5 distorted square-A� ),
pyramidal coordination geometries at the copper atoms and
contain (X\ Cl, Br, fragments. The zinc atom inCu2OX SNCS)these systems apparently plays an important role by helping
to maintain the structural integrity of the compounds. The
two copper ions in the core are antiferromagnetically coupled
and therefore EPR silent. The compounds may be expected to
model functions of such metalloenzymes as catechol oxidase
or superoxide-dismutase as oxidation catalysts.

Experimental

Syntheses

All chemicals were of reagent grade and used as received, all
experiments were carried out in air. Elemental analyses for
metals were performed by atomic absorption spectroscopy by
the Department of Chemistry, National Taras Shevchenko
University of Kyiv and for C, H and N by the Department of
Chemistry, Cambridge University microanalytical service.
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Copper powder (0.64g, 10 mmol), ZnO (0.40g, 5 mmol),
(1.63g, 30 mmol) (20 cm3) and 2-NH4Cl CH3OH

dimethylaminoethanol (4 cm3) were heated to(HMe2Ea)
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60 ¡C and magnetically stirred until total dissolution of Cu0
and ZnO was observed (2.5 h). The resulting blue solution was
Ðltered and allowed to stand at room temperature. Dark blue
microcrystals of 1 were formed after one day. They were col-
lected by suction Ðltration and dried in vacuo. Mass collected
0.57 g, yield 40%. Anal.(%) found : C, 24.8 ; H, 5.7 ; N, 9.6 ; Cu,
21.9, Zn, 11.4 ; Cl, 18.4 ; calc. for C,C12H33Cu2ZnN4O3Cl3 :
24.84 ; H, 5.73 ; N, 9.66 ; Cu, 21.90 ; Zn, 11.27 ; Cl, 18.33. IR
(KBr, cm~1) : 3600È3400br, 3300m (NH), 3235w (NH), 3165w
(NH), 2990w, 2960w, 2940w, 2910È2850br, 1630w, 1465m,
1275w, 1250m, 1180w, 1090s, 1070sh, 1020m, 950m, 910w,
890w, 790m, 720br, 635m, 530w, 490w, 470w.

2. This complex was obtained[Cu
2
Zn(NH

3
)Br

3
(Me

2
Ea)

3
]

in a similar manner to 1 except for the use of insteadNH4Br
of Mass collected 1.20 g, yield 67%. Anal.(%) found :NH4Cl.
C, 20.2 ; H, 4.6 ; N, 7.8 ; Cu, 18.2 ; Zn, 9.2 ; Br, 33.2 ; calc. for

C, 20.20 ; H, 4.66 ; N, 7.85 ; Cu, 17.81 ;C12H33Cu2ZnN4O3Br3 :
Zn, 9.16 ; Br, 33.59. IR (KBr, cm~1) : 3600È3400br, 3290s
(NH), 3240w (NH), 3220m (NH), 3160m (NH), 3010sh, 2990w,
2960w, 2940m, 2910m, 2880m, 2850m, 2830sh, 1620w, 1465m,
1270w 1250m, 1180w, 1090s, 1070s, 1015m, 950m, 910m,
890w, 790m, 720w, 710m, 640m, 605m, 530m, 490m, 470m.

3. This complex was[Cu
2
Zn(NCS)

3
(Me

2
Ea)

3
] ÆCH

3
CN

obtained in a similar manner to 1 except for the use of
instead of in (20 cm3). Mass col-NH4NCS NH4Cl CH3CN

lected 1.13g, yield 67%. Anal.(%) found : C, 30.4 ; H, 4.9 ; N,
14.5 ; Cu, 19.1 ; Zn, 9.7 ; NCS, 26.4 ; calc. for

C, 30.38 ; H, 4.95 ; N, 14.59 ; Cu, 18.91 ;C17H33Cu2ZnS3N7O3 :
Zn, 9.73 ; NCS, 26.02. IR (KBr, cm~1) : 3600È3400br, 3000w,
2970w, 2920sh, 2900m, 2870sh, 2850m, 2810w, 2100sh (CN),
2070s (CN), 1465m, 1280w, 1250w, 1180w, 1080sh, 1070m,
1020m, 950m, 910w, 890w, 830w (CS), 810w (CS), 650m, 600m,
530w, 470w, 435w.

Recrystallisation from gave single crystals suitableCH3CN
for X-ray di†raction studies. The compounds are soluble in

and dmf and sparingly soluble in water. All the com-CH3CN
plexes are indeÐnitely stable in air.

Physical measurements

Infrared spectra were recorded as KBr disks and in CH3CN
solutions on a UR-10 spectrophotometer in the 4000È400
cm~1 region using conventional techniques. UV/VIS spectra
were recorded on Perkin Elmer 330 (di†use-reÑectance
technique) and Perkin Elmer Lambda 12 solutions)(CH3CN
spectrometers. X-band solution EPR spectra wereCH3CN
measured at 293 and 77 K using a Bruker ER 200 D spectro-
meter, solid EPR spectra were measured at 293 K using a
JEOL RE2x spectrometer. Magnetic susceptibility was mea-
sured in the temperature range 5È280 K with a fully automa-
ted Manics DSM-8 susceptometer equipped with a TBT

continuous-Ñow cryostat and a Drusch EAF 16 NC electro-
magnet, operating at ca. 1.4 T. Data were corrected for mag-
netization of the sample holder and for diamagnetic
contributions, which were estimated from the Pascal con-
stants.

Crystallography

Details of the data collection and processing, structure
analysis and reÐnement are summarized in Table 1. Di†rac-
tion experiments were performed on Rigaku AFC6S (1), Enraf
Nonius CAD-4 (2) and Rigaku AFC7R (using an Oxford
Cryostream low temperature attachment) (3) di†ractometers
all equipped with graphite monochromated Mo-Ka radiation
(j \ 0.710 73 Data sets were corrected for Lorentz andA� ).
polarization e†ects and for the e†ects of absorption. The
structures were solved by direct methods using the teXsan7a
(1), SHELXS 867b (2) and SIR 927c (3) computer programs,
and reÐned by full-matrix least-squares methods on F2 using
teXsan7a (1), SHELXL 937d (2) and SHELXL 977e (3). In
general, all non-hydrogen atoms reÐned anisotropically,
hydrogen atoms were Ðxed in idealised positions and allowed
to ride on the atom to which they were attached. Atom C(2) in
3 is disordered over two sites, C(2) and C(2@), related by the
crystallographic mirror plane, with an occupancy of 0.5.

CCDC reference numbers 159629È159631. See http : //
www.rsc.org/suppdata/nj/b1/b101883n/ for crystallographic
data in CIF or other electronic format.

Results and discussion
Syntheses and spectroscopic characterization

The reaction of copper powder with ZnO, 2-
dimethylaminoethanol and an ammonium salt in a non-
aqueous solvent, in air, using a molar ratio of

(X\ Cl, Br, SCN)Cu : ZnO : HMe2Ea : NH4X\ 2 : 1 : 3 : 3
gave blue microcrystals of the trinuclear complexes 1, 2 and 3,
respectively, according to eqn. (1) for 1 and 2, and eqn. (2) for
3. In each reaction, dioxygen is being reduced.

2 Cu(0) ] ZnO] 3 NH4X] 3 HMe2Ea] O2

ÈÈÈ ÕCH3OH
[Cu2Zn(NH3)X3(Me2Ea)3]

] 2 NH3 ] 3 H2O (X\ Cl, Br) (1)

2 Cu(0) ] ZnO] 3 NH4SCN] 3 HMe2Ea] O2

ÈÈÈ ÕCH3CN
[Cu2Zn(NH3)(SCN)3(Me2Ea)3]

] 3 NH3 ] 3 H2O (2)

The structural features of the three complexes were deter-
mined by IR spectroscopy and from single-crystal X-ray dif-
fraction studies. The IR spectra of complexes 1, 2 and 3 in the

Table 1 Crystal data and structure reÐnement for 1È3

1 2 3

Formula C12H33Cl3Cu2N4O3Zn C12H33Br3Cu2N4O3Zn C17H33Cu2N7O2S3Zn
Formula weight 580.25 718.60 672.13
Crystal system Monoclinic Monoclinic Orthorhombic
Space group P21/c P21/c Cmc2(1)
a/A� 15.004(4) 15.214(3) 14.288(3)
b/A� 10.412(4) 10.478(2) 19.827(4)
c/A� 16.228(2) 16.526(3) 10079(2)
b/¡ 112.69(1) 113.69(3) 90.00
V /A� 3 2338(1) 2412.4(8) 2855.2(10)
Z 4 4 4
T /K 296 293 180
k/mm~1 3.22 7.719 2.559
Meas./Indep. reÑect. 4122/4560 3773/3928 2703
Data used [I[ 2p(I)] 2378 3762 1798
R 0.032 0.0679 0.0635
Rw 0.031 0.1665 0.1096
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range 4000È400 cm~1 are quite similar and show all the char-
acteristic ligand peaks. In the region 3300È3165 cm~1, several
distinctive bands due to NÈH stretching are observed in the
spectra of 1 and 2. The bands do not shift when the com-
pounds are dissolved in Taking into account theCH3CN.
formation conditions of 1 and 2 and the results of elemental
analyses, the complexes were formulated as

where X\ Cl and Br, respec-[Cu2Zn(NH3)X3(Me2Ea)3],tively. In solution and as a KBr disk, the very strongCH3CN
l(CN) vibration (poorly resolved in the solid state, but clearly
split in solution at 2100 and 2070 cm~1 with an approximate
intensity ratio of 1 : 2) and the weak l(CS) absorptions (830,
810 cm~1) of the thiocyanate group can be identiÐed easily for
3.8 The d(NCS) mode is obscured by other vibrations. The
frequencies of the observed bands imply coordination of the
NCS~ group through nitrogen,8 in accord with the crystal
structure of 3 (vide infra). The splitting of the l(CN) mode is
attributed to bonding of the thiocyanate group to di†erent
metals and the resulting lower symmetry.

The di†use reÑectance spectra of all the complexes have a
similar pattern and exhibit three maxima at ca. 318, 350È360

and 650È690 nm. The latter corresponds to a dÈd transition in
a square-pyramidal environment around Cu(II), which is in
agreement with the crystal structures of 1È3. The two bands at
high energy are clearly assigned to ligand-to-metal charge
transfer bands. The charge transfer region of the solution

dmf) spectra (300È400 nm) is characterized by the(CH3CN,
occurrence of intense bands with clear shoulders at about 370
and 390 nm for 1 and 2, respectively. A broad visible band of
low intensity around 630È660 and 680È700 nm(CH3CN)
(dmf) is associated with Cu(II) dÈd transitions.

Crystal structures of complexes 1–3

The overall structural conÐgurations of 1 and 2 are similar.
The important di†erences show up as relatively small changes
in bond lengths and angles (Table 2). The molecular diagram
and numbering scheme of 1 is shown in Fig. 1, which illus-
trates the general geometry of the two compounds.

The trinuclear skeletons of 1 and 2, which have no crystal-
lographically imposed symmetry, consist of a portion of a dis-
torted cube in which alternate corners are non-metal (three

Table 2 Selected bond distances and angles (¡) for 1È3a(A� )

1, X\ Cl 2, X\ Br 3

Cu(1)ÈO(1) 1.975(4) 1.982(7) 1.971(5)
Cu(1)ÈO(2) 1.923(4) 1.902(7) 1.910(6)
Cu(1)ÈN(2) 2.052(5) 2.053(9) 2.023(9)
Cu(1)ÈN(4) 1.995(4) 1.981(8) 1.904(8), Cu(1)ÈN(10)
Cu(1)ÈX(1) 2.636(2) 2.758(2) 2.781(3), Cu(1)ÈS(2i)
Cu(3)ÈX(3) 2.274(2) 2.412(2)
Cu(3)ÈO(1) 1.965(4) 1.956(7)
Cu(3)ÈO(3) 1.950(4) 1.930(7)
Cu(3)ÈN(3) 2.044(5) 2.042(9)
Cu(3)ÈX(1) 2.688(2) 2.801(2)
Zn(2)ÈX(2) 2.283(2) 2.417(2) 2.00(1), Zn(2)ÈN(20)
Zn(2)ÈO(2) 1.952(4) 1.939(8) 1.921(7)
Zn(2)ÈO(3) 1.948(4) 1.943(7)
Zn(2)ÈN(1) 2.116(5) 2.090(10) 2.09(1)
Zn(2)ÈO(1) 2.459(4) 2.434(7) 2.387(9)
O(2)ÈCu(1)ÈO(1) 84.1(2) 83.6(3) 84.3(3)
O(1)ÈCu(1)ÈN(2) 164.0(2) 163.9(3) 169.1(4)
O(1)ÈCu(1)ÈN(4) 91.4(2) 91.2(3) 94.7(4), N(10)ÈCu(1)ÈO(1)
O(2)ÈCu(1)ÈN(2) 84.1(2) 84.0(3) 85.3(3)
O(2)ÈCu(1)ÈN(4) 171.2(2) 169.9(4) 165.0(4), N(10)ÈCu(1)È(2)
N(4)ÈCu(1)ÈN(2) 98.8(2) 99.4(4) 94.6(4), N(10)ÈCu(1)ÈN(2)
O(2)ÈCu(1)ÈX(1) 98.1(1) 98.6(3) 100.3(2), O(2)ÈCu(1)ÈS(2i)
O(1)ÈCu(1)ÈX(1) 86.1(1) 86.4(2)
N(4)ÈCu(1)ÈX(1) 89.2(1) 89.6(3) 94.3(3), N(10)ÈCu(1)ÈS(2i)
N(2)ÈCu(1)ÈX(1) 106.2(2) 105.7(3) 102.8(3), N(2)ÈCu(1)ÈS(2i)
O(1)ÈCu(3)ÈX(3) 94.5(1) 94.1(2)
O(3)ÈCu(3)ÈX(3) 156.0(1) 156.1(2)
N(3)ÈCu(3)ÈX(3) 97.7(2) 97.7(3)
O(3)ÈCu(3)ÈO(1) 83.5(2) 83.4(3)
O(1)ÈCu(3)ÈN(3) 167.0(2) 167.3(3)
O(3)ÈCu(3)ÈN(3) 83.5(2) 83.8(3)
O(3)ÈCu(3)ÈX(1) 97.7(1) 97.5(2)
O(1)ÈCu(3)ÈX(1) 84.9(1) 85.7(2)
N(3)ÈCu(3)ÈX(1) 96.0(2) 95.7(3)
X(3)ÈCu(3)ÈX(1) 105.94(7) 106.01(7)
O(2)ÈZn(2)ÈX(2) 107.4(1) 108.5(2) 106.0(3) O(2)ÈZn(2)ÈN(20)
O(3)ÈZn(2)ÈX(2) 106.3(1) 105.1(2) 106.0(3) O(2ii)ÈZn(2)ÈN(20)
N(1)ÈZn(2)ÈX(2) 106.8(2) 107.1(3) 103.0(5) N(1)ÈZn(2)ÈN(20)
O(2)ÈZn(2)ÈO(3) 124.3(2) 125.5(3) 114.8(4) O(2)ÈZn(2)ÈO(2ii)
O(2)ÈZn(2)ÈN(1) 103.3(2) 101.9(4) 112.9(2)
O(3)ÈZn(2)ÈN(1) 107.7(2) 107.7(4) 112.9(2) O(2ii)ÈZn(2)ÈN(1)
O(3)ÈZn(2)ÈO(1) 71.5(1) 71.4(3) 73.5(2) O(2ii)ÈZn(2)ÈO(1)
O(2)ÈZn(2)ÈO(1) 71.6(1) 71.6(3) 73.5(2)
N(1)ÈZn(2)ÈO(1) 77.6(2) 77.7(3) 78.0(4)
X(2)ÈZn(2)ÈO(1) 175.5(1) 174.9(2) 179.0(5) N(20)ÈZn(2)ÈO(1)

Cu(1)É É ÉCu(3) 3.279(1) 3.311(2) 3.406(3) Cu(1)É É ÉCu(1ii)
Cu(1)É É ÉZn(2) 3.180(1) 3.161(2) 3.144(2)
Cu(3)É É ÉZn(2) 3.195(1) 3.175(2)

a Symmetry transformations used to generate equivalent atoms (indicated by superscript) : i : [x ] 1, [y [ 1, z[ 1/2 ; ii : [x ] 1, y, z.
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Fig. 1 Molecular structure of 1, showing the atom numbering
scheme (H atoms omitted for clarity).

oxygens and one chlorine) and metal atoms, and one corner
metal site is vacant. The coordination geometry around the
terminal, crystallographically independent copper atoms is
distorted square pyramidal, andCu(1)N2O2X Cu(3)NO2X2 ,
X\ Cl (1), Br (2). The trigonality indices, q, are very small
(0.12 and 0.10, respectively ; a q value of zero corresponds to a
regular square pyramid), and in agreement9 with this
geometry. The equatorial coordination around Cu(1) involves
an ammonia molecule and donor atoms of the groupsMe2Ea
with four approximately equal short distances (Table 2). The
halogen atom X(3) and donor atoms of groups formMe2Ea
the corresponding basal plane at Cu(3). The equatorial
CuÈO/N distances lie in the range 1.902(7)È2.053(9) com-A� ,
monly observed for this kind of compound.10 The two copper
square pyramids are tilted toward each other as a result of the
bridging function of the axial halogen atom, X(1). The axial
copperÈX(1) bonds are somewhat longer compared with the
corresponding in-plane distances (Table 2), consistent with the
JahnÈTeller e†ect in the d9 electronic conÐguration.

The zinc atom has three quite short bonds with the nitrogen
and oxygen atoms, N(1), O(2) and O(3), of the three Me2Ea
groups and a longer bonding distance to the halogen atom
X(2) in a distorted tetrahedral geometry. In addition, Zn(2) is
weakly bonded to the oxygen atom O(1) at ca. 2.45 whichA� ,
implies that the Zn(2) coordination sphere approximates a tri-
gonal pyramid (the q value is 0.85). The l-alkoxo and l-
halogeno bridges between the metal centres result in
copperÈcopper and copperÈzinc separations of approximately
3.30 and 3.16È3.20 respectively (Table 2). The trinuclearA� ,
units show no signiÐcant intermolecular contacts in the solid
state. In fact, neither the coordinated ammonia nor the halo-
geno ligands have any strong intra- or intermolecular hydro-
gen bonds (NÉ É ÉCl/Br contacts are 3.4È3.7 A� ).

Complex 3 has a symmetrical trinuclear core (containing a
crystallographic mirror plane) similar to that of 1 and 2 (Fig.
2, Table 2). The copper atom in 3 adopts a square-pyramidal
coordination sphere, with a chromophore inMCuN2O2SN
which the axial sulfur atom belongs to a thiocyanate group of
the neighbouring molecule. The arrangement of the nearest
nitrogen and oxygen atoms around the zinc atom closely
resembles a tetrahedron ; the Ðfth Zn(2)ÈO(1) contact is signiÐ-
cantly longer, but still within coordination distance (Table 2),
making a trigonal bipyramidal geometry. The chemical di†er-
ence between 3 and the two compounds described above pro-
duces changes in the coordination environment of the metal
atoms and the overall crystal packing. The exogenous l-SCN
bridge in 3, in contrast to the l-halogeno bridging in 1 and 2,
forces a larger copperÈcopper separation of 3.406(3) in theA�
thiocyanate complex [the copperÈzinc distance is 3.144(2) A� ].

Fig. 2 Molecular structure of 3 with atom numbering scheme,
showing the intermolecular interactions in the polymericCuÈSNCSchain (H atoms omitted for clarity).

Additional interesting intermolecular association in the
structure of 3 occurs through the CuÈS interactions between
the S(2) atom of the SCN group coordinated to Zn(1) and two
copper atoms of the adjacent complex molecule. As a conse-
quence, a polymeric chain assembly is evident along the c-axis
of the crystal (see Fig. 2). The chains are held together through
intermolecular interactions. The acetonitrile solvent molecules
of crystallization occupy cavities in the crystal lattice.

Magnetic properties

The EPR spectra of 1È3 are very weak, in a few cases showing
some minor impurities, and are ascribed to dinuclear Cu/Cu
units with a large zero-Ðeld splitting. The study of this split-
ting requires high-Ðeld EPR and is left for future investigation.
The temperature dependence of the molar magnetic suscepti-
bility of 1, 2 and 3, measured as solids in the range 5È280 K, is
shown in Fig. 3È5 in the form vs. T and vs. T . Atsm smT
room temperature, the values of 0.74, 0.63 and 0.61 cm3smT

Fig. 3 Plots of (dots) and (squares) vs. T for complex 1. Thesm smT
solid line was calculated from eqn. (3) with 2J \ [68 cm~1, g \ 2.05.

Fig. 4 Plots of (dots) and (squares) vs. T for complex 2. Thesm smT
solid line was calculated from eqn. (3) with 2J \ [96 cm~1, g \ 2.11.

952 New J. Chem., 2001, 25, 949È953



Fig. 5 Plots of (dots) and (squares) vs. T for complex 3. Thesm smT
solid line was calculated from eqn. (3) with 2J \ [179 cm~1,
g \ 2.05.

K mol~1 2.24 and 2.22 for 1, 2 and 3, respec-(leff \ 2.42, kB)tively, are in agreement with the presence of two weakly
coupled S \ 1/2 centres. On lowering the temperature, the
value of decreases, reaching a minimum value of 0.01ÈsmT
0.02 cm3 K mol~1 at 5 K for all the three complexes. This
behaviour is typical of an antiferromagnetic exchange inter-
action between the copper(II) ions in the compounds. As is
commonly observed2a,11 within complexes possessing an anti-
ferromagnetic interaction between metal centres, the presence
of a monomeric impurity is evident at low temperatures,
through a slight increase in sm .

The magnetic data were Ðtted by the BleaneyÈBowers equa-
tion [eqn.(3)] for a dinuclear copper(II) system where the
symbols have their usual meanings, Na was Ðxed to
60 ] 10~6 cm3 mol~1.
sm\ [Nb2g2/3k(T [ h)][1] 1/3 exp([2J/kT )]~1(1[ o)

] (Nb2g2o/4kT )] Na (3)

The best data Ðts (solid lines in Fig. 3, 4 and 5) give :
2J \ [68 cm~1, g \ 2.05, o \ 0.01, h \ 0 with R\ 1.77%
(1), 2J \ [96 cm~1, g \ 2.11, o \ 0.03, h \ [1 with
R\ 1.20% (2) and 2J \ [178 cm~1, g \ 2.05, o \ 0.02,
h \ [3 with R\ 1.28% (3) ; which reveals that the order of
antiferromagnetic interactions is 1\ 2\ 3. Somewhat sur-
prisingly, this trend is in contrast to the increase in CuÉ É ÉCu
distance from 1 to 3, but correlates nicely with the CuÈOÈCu
angle in the complexes : 112.7(2)\ 114.4(3)\ 119.5(5)¡. The
increase in the CuÈOÈCu angle of 2È5¡ would more than
account for the observed increase in coupling based on a
correlation of J with the angle for essentially coplanar Cu(II)
species with CuÈOÈCu bridges.12 However, in the present
case, it is not possible to analyze in detail the magnetic data
simply in terms of an increasing CuÈOÈCu angle, since the
principal metal planes are not coplanar and a greater number
of exchange pathways are available.

The magnitude of the exchange parameter reported here for
3 is signiÐcantly larger than reported earlier for the compound

with a closely related trinuclear core.[Cu2Pb(SCN)3L3]2 ,6a
This observation suggests that efficient exchange pathways
responsible for the magnetic coupling in 1È3 exist ; whether or
not the diamagnetic zinc(II) ions play a role cannot be
deduced. In fact, large-range ferromagnetic coupling between
copper(II) centres through the diamagnetic zinc(II) has been
observed in [Cu2Zn(Hdmg)2(dmg)2(H2O)] É 0.5H2dmg ÉH2O(H2dmg \dymethylglyoxime).13

In conclusion, zerovalent copper, zinc oxide and an
ammonium salt were employed successfully to synthesize
mixed-metal complexes containing 2-dimethylaminoethanol,
in air. The trinuclear compounds obtained have symmetric
and asymmetric (X \ Cl, Br, cores withCu2ZnO3X SSCN)structures that can be described as a cube with one missing
vertex. The anionic X~ ligands of the complexes 1È3 mediate
signiÐcant changes in the structures and magnetic coupling.
Further work on the biocatalytic activities of the compounds
is in progress and will be presented in subsequent papers.
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