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Abstract 

(SpaW 

Three new dinuclear complexes of formula [Cu(pdmg)Cu(bipy)(HzO),l(CIO.,)~~HzO (l), [Cu(pdmg)Cu(terpy)]- 
(ClO& (2) and [Cu(pdmg)Ni(cyclam)](ClO&.H,O (3) (H,pdmg=3,3’-aminopropylenedinitrilobis(Zbutanone- 
oxime); bipy=2,2’-bipyridyl; terpy=2,2’:6’,2”-terpyridyl; cyclam= 1,4,8,11-tetraazacyclotetradecane) have been syn- 
thesized. The structure of 1 has been determined by single-crystal X-ray diffraction. It crystallizes in the monoclinic 
system, space group P&/u, with u = 14.160(3), b = 21.300(2), c = 10.208(2) A, /3 = 95.44(2)“, V=3065(2) A3, Z = 4, 
D,= 1.68 g cm-3, &MO Kcr) = 16.3 cm-‘, F(OOO) = 1584 and T= 291 K. A total of 5263 reflections was measured 
over the range 1~0~25”; of these, 2057 (independent and with 1>2rr(I)) were used in the structural analysis. 
The final R and R, residuals were 0.062 and 0.064, respectively. The structure of 1 is made up of cationic 

[Cu(pdmg)Cu(bipy),(H20)212+ units, non-coordinated perchlorate anions and water of crystallization. The 
[Cu(pdmg)] fragment coordinates to the second copper(I1) ion through its deprotonated oximate oxygens to 
afford a binuclear structure doubly bridged by the oximate groups in the cis arrangement. The Cu(NO),Cu 
bridging network is bent, the dihedral angle being 151”. The intramolecular metal-metal distance is 3.691(2) A. 
The magnetic behavior of l-3 was investigated in the temperature range 50-300 K. The values of the exchange 
coupling constant J (the spin Hamiltonian being A= -.7sA.&) for l-3 were -674, - 174 and -204 cm-‘, 
respectively. The influence on the exchange coupling of the orientation of the magnetic orbitals and the number 
of unpaired electrons involved in the oximato-bridged Cu”M” dimers (M = Cu, Ni, Mn) are analyzed and discussed. 

Key words: Crystal structures; Copper complexes; Nickel complexes; Manganese complexes; Bidentate ligand 
complexes; Dinuclear complexes 

Introduction 

In a recent contribution, we investigated the de- 
pendence of the magnitude of the exchange interaction 
upon the nature of the bridging ligand (phenolato, 
oximato and oxamidato) in a series of dinuclear Cu”Mn” 
complexes [l]. This study showed that the oxime group 
is one of the best bridging ligands to mediate strong 
antiferromagnetic coupling between paramagnetic cen- 
ters J(Cu”Mn”) = - 50 cm-l) provided that a magnetic 
exchange pathway like that shown in Scheme 1 holds 
for each metal ion. 

*Author to whom correspondence should be addressed. 
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Scheme 1. 

In the present work, we focus on the use of the 
mononuclear complex (3,3’-aminopropylenedinitrilo- 
bis(2-butanoneoximato)copper(II), hereafter noted 
Cu(pdmg) (Scheme 2), as a precursor of both homo- 
and hetero-polynuclear species [2] aiming at illustrating 
the influence on the magnitude of the exchange coupling 
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through the oximato bridge of(i) the relative orientation 
of the magnetic orbitals and (ii) the number of unpaired 
electrons of the metal centers. Along this line, we report 
here the preparation and magnetic characterization of 
three dinuclear complexes of formula [Cu(pdmg)Cu- 

(bipy)(H,O),l(C10,),.H,O Cl), F4~~mdWerpy)l- 
(ClO,), (2) and [Cu(pdmg)Ni(cyclam)](ClO~)~~H,O 
(3) (H,pdmg = 3,3’-aminopropylenedinitrilobis(2-buta- 
noneoxime); bipy = 2,2’-bipyridyl; terpy = 2,2’:6’,2”- 
terpyridyl; cyclam = 1,4,8,11-tetraazacyclotetradecane) 
together with the crystal structure of the former. 

Experimental 

Reagents 
All chemicals were of reagent grade quality and were 

purchased from commercial sources and used as re- 
ceived. The starting materials Cu(Hpdmg)(ClO,).H,O 
and [Ni(cyclam)](ClO ) 4 2 were prepared by literature 
methods [3, 41. Elemental analyses (C, H, N) were 
performed by the Microanalytical Service of the Univ- 
ersidad Autonoma de Madrid (Spain). Metal content 
was determined by atomic absorption spectrometry. 

Caution: perchlorate salts of metal complexes with 
organic ligands are potentially explosive. We used only 
small amounts of material in the syntheses described 
herein (the preparations were carried out at the mil- 
limole scale). The resulting solutions were handled with 
care and evaporated slowly at room temperature. 

Synthesis of the complexes 

[Cu(Pdmg)Cu(bipy)(H,O)J(C~O,),.H,O (1) 
Well-shaped dark red prismatic crystals of 1 which 

were suitable for X-ray analysis were obtained by slow 
evaporation of methanolic solutions of its dihydrate 
form which was prepared as previously reported [2]. 
They were filtered off, washed with cold methanol and 
diethyl ether, and stored over calcium chloride. Anal. 
Calc. for C,,H,,Cl,N,O,,Cu, (1): C, 32.57; H, 4.16; N, 
10.85; Cu, 16.42. Found: C, 32.65; H, 4.00; N, 10.83; 
0.1, 16.03%. 

A mixture of Cu(ClO,), .6H,O (176 mg, 0.5 mmol) 
and terpy (117 mg, 0.5 mmol) dissolved in hot methanol 
(25 cm”) was added to a warm absolute ethanolic solution 
(25 cm3) containing Cu(Hpdmg)(ClO,) *Hz0 (210 mg, 
0.5 mmol) and triethylamine (1 cm3) under continuous 
stirring. Golden brown microcrystals of 2 deposited 
immediately. After cooling the solution to room tem- 
perature, the crystals were separated by filtration, 
washed with absolute ethanol and diethyl ether, and 
air-dried. Anal. Calc. for C,,H,,Cl,N,O,,Cu, (2): C, 
39.16; H, 3.67; N, 12.29; Cu, 15.94. Found: C, 39.02; 
H, 3.71; N, 12.17; Cu, 15.65%. 

[Cu(pdmg)Ni(cyclam)](ClO,J,- Hz0 (3) 
A warm acetonitrile solution (25 cm3) of 

Ni(cyclam)(ClO,), (229 mg, 0.5 mmol) was added to 
a methanolic solution (25 cm3) containing a mixture 
of Cu(Hpdmg)(ClO,). H,O (210 mg, 0.5 mmol) and 
triethylamine (1 cm3). The resulting solution was kept 
under gentle refluxing for 1 h. Small red-brown needles 
of 2 separated from this solution after a few days by 
slow evaporation in a hood at room temperature. They 
were filtered and recrystallized from methanol. Anal. 
Calc. for C,,H,,Cl,N,O,,CuNi (3): C, 32.44; H, 5.66; 
N, 14.41; Cu, 8.17; Ni, 7.55. Found: C, 32.65; H, 5.69; 
N, 14.26; Cu, 7.98; Ni, 7.34%. 

Magnetic measurements 
Variable-temperature magnetic susceptibility mea- 

surements were carried out on crystalline samples in 
the range 50-300 K with a fully automatized AZTEC 
DSM8 pendulum-type susceptometer equipped with a 
TBT continuous-flow cryostat and a Briiker BE15 elec- 
tromagnet, operating at 1.8 T. The apparatus was 
calibrated with Hg[Co(NCS),]. Corrections for the dia- 
magnetism of l-3 were estimated from Pascal’s constants 
[5] as -348 x lo-‘, -337~10~~ and -370~10-~ cm3 
mol-‘, respectively. Magnetic susceptibility data were 
also corrected for temperature-independent para- 
magnetism and magnetization of the sample holder. 

X-ray structure determination of 1 
Diffraction data for a prismatic crystal of 1 of ap- 

proximate dimensions 0.70 X 0.40 X 0.25 mm were col- 
lected at 291 K with Philips PW 1100 four-circle dif- 
fractometer. Cell data and details of the experimental 
conditions are given in Table 1. The unit-cell parameters 
were determined and refined from least-squares fitting 
of 25 carefully well centered reflections in the range 
12~ 13< 13”. Two reference intensities which were re- 
corded every 2 h throughout the data collection showed 
no sign of crystal deterioration. The 0 range for data 
collection was l-25”, the octants of data collected being 
-16GhG16, OGkg25 and O~lg12. Intensity data 



TABLE 1. Crystal data and structure refinement for complex 1 

Molecular formula 
Molecular weight 
Crystal system 
Space group 

a (A) 
b (A) 
c (A) 
P( 

B V( ‘) 
z 

DEatc (g cmm3) 
Radiation 

<;,%CI,CuN,Or, 
774.5 
monoclinic 

p2,fa 
14.160(3) 
21.300(Z) 
10.208(2) 
95.44(2) 
3065(2) 
4 
1.68 
graphite monochromated 

MO Kcr (h =0.71069 A) 

F(OOO) 
CL (cm-‘) 
Scan technique 
Scan speed (” min-‘) 
Scan width (“) 
No. measured reflections 
Cutoff observed data 
No. observed reflections 
No. reflections per parameter 

::s 

1584 
16.3 
O-28 
0.36-1.8 
0.9 + 0.34 tan 8 
2462 

2.Oa(0 
2057 
5.2 
0.062 
0.064 

were corrected for Lorentz and polarization effects. An 
empirical absorption correction was also performed by 
using DIFARS [6]. 

The structure of 1 was solved by direct methods 
followed by successive Fourier synthesis and least- 
squares refinements carried out in four blocks (399 
parameters). All non-hydrogen atoms were treated an- 
isotropically. All hydrogen atoms could not be found 
on a AF map, and some of them were geometrically 
located; those concerning the crystallization water mol- 
ecule were not introduced. All hydrogen atoms were 
given the same isotropic thermal parameter which was 
included in the final refinement. The function minimized 

was ZnWOl - PJ)” and each reflection was assigned a 
unit weight. Atomic scattering factors and corrections 
for anomalous dispersion were taken from ref. 7. The 
final R and R, discrepancy indices were 0.062 and 
0.064, respectively. The residual maximum and minimum 
peaks in the final difference synthesis were 0.46 and 
-0.54 e A-‘. All crystallographic calculations were 
performed on a VAX 725 computer by means of the 
program CRYSTALS [7] and the molecular drawings 

were drawn with the CAMERON program [8]. Final 
atomic coordinates for non-hydrogen atoms and selected 
bond distances and angles are listed in Tables 2 and 
3, respectively. 
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TABLE 2. Final atomic coordinates for non-hydrogen atomsa 
and equivalent isotropic thermal parameters for complex 1 

Atomb xla y/b ZlC 

CW) 0.2619(l) 0.51499(9) 0.1346(l) 0.0460 

W2) 0.0711( 1) 0.51824(9) -0.1380(2) 0.0500 

N(1) 0.3190(8) 0.4441(6) 0.243(l) 0.0494 

N(2) 0.3357(9) 0.5822(6) 0.230(l) 0.0592 

N(3) 0.1957(S) 0.5883(5) 0.050( 1) 0.0443 

N(4) 0.1730(S) 0.4478(5) 0.071(l) 0.0440 

N(5) -0.0145(S) 0.4579(6) -0.247(l) 0.0488 

N(6) 0.0137(9) 0.5783(7) -0.276(l) 0.0476 

O(1) 0.1259(8) 0.5897(5) -0.0408(9) 0.0598 

O(2) 0.0957(7) 0.4515(4) -0.0103(8) 0.0492 

O(3) 0.3634(7) 0.5019(5) -0.0238(9) 0.0707 

C(4) 0.2042(7) 0.4979(5) -0.2516(9) 0.0730 

C(1) 0.401(l) 0.4491(9) 0.338(2) 0.0686 

C(2) 0.459(l) 0.507(l) 0.310(2) 0.0872 

C(3) 0.413(l) 0.5719(g) 0.331(2) 0.0587 

C(4) 0.312(l) 0.6374(g) 0.190(2) 0.0567 

C(5) 0.234(l) 0.6424(7) 0.091(l) 0.0470 

C(6) 0.278(l) 0.3918(S) 0.213(2) 0.0563 

C(7) 0.196(l) 0.3922(6) 0.122( 1) 0.0431 

C(8) -0.018(l) 0.3960(8) - 0.228(2) 0.0650 

C(9) - 0.082( 1) 0.3595(B) -0.317(2) 0.0669 

C(l0) -0.138(l) 0.386(l) - 0.406(2) 0.0816 

C(l1) -0.133(l) 0.450( 1) -0.427(2) 0.0678 

C(l2) -0.070(l) 0.4865(9) -0.346(l) 0.0482 

C(13) - 0.058( 1) 0.5539(7) -0.362(l) 0.0419 

C(14) -0.108(l) 0.591(l) - 0.452(2) 0.0631 

C(15) - 0.086( 1) 0.653(l) - 0.457(2) 0.0729 

C(l6) -0.016(2) 0.6786(S) -0.380(2) 0.0804 

C(l7) 0.036(l) 0.6382(9) -0X6(2) 0.0655 

C(41) 0.361(l) 0.6977(8) 0.248(2) 0.0812 

C(51) 0.189(l) 0.7020(7) 0.031(2) 0.0651 

C(61) 0.316(l) 0.3296(9) 0.277(2) 0.0898 

C(71) 0.138(l) 0.3359(7) 0.075(2) 0.0559 

CW) 0.3264(4) 0.3437(3) -0.2908(6) 0.0861 

Cl(2) 0.6465(4) 0.3461(3) 0.2917(6) 0.0801 

C(5) 0.248( 1) 0.3534(7) -0.227(2) 0.1200 

C(6) 0.404(l) 0.3240(9) -0.214(2) 0.1688 

O(7) 0.308(2) 0.291( 1) - 0.374(2) 0.1857 

O(8) 0.344( 1) 0.3958(g) - 0.365(2) 0.1349 

O(9) 0.592(2) 0.322(l) 0.189(3) 0.2160 

O(l0) 0.729( 1) 0.318(l) 0.293(2) 0.1779 

O(l1) 0.653(l) 0.4075(S) 0.306(2) 0.1674 

O(l2) 0.602(2) 0.328( 1) 0.393(3) 0.2144 

O(l3) 0.520(2) 0.6062(9) - O.OOS(2) 0.1757 

“e.s.d.s given in parentheses. ‘Atoms Cl(l), O(5), O(6), O(7), 
O(8) and C](2), O(9), O(lO), O(ll), 0(12) refer to the two 
perchlorate anions while 0(13) is the oxygen from the water 
molecule. ‘U,= (l/3)X,XjUija~a:a,aj 

Results and discussion 

Description of the structure of Z 
The structure of complex 1 consists of dinuclear 

[Cu(pdmg)Cu(bipy)(H,O)#’ cations, uncoordinated 
perchlorate anions and crystallization water molecules. 
The [Cu(pdmg)] fragment coordinates to the second 
copper(I1) ion through the deprotonated oximate ox- 



182 

TABLE 3. Selected bond distances (A) and angles (“) for 

complex 1 

Cu(l)-N(1) 

Cu(l)-N(2) 

Cu(l)-N(3) 

Cu(l)-N(4) 

Cu(lW(3) 

N(l)-Cu(l)-N(2) 

N( l)-Cu( 1)-N(3) 

N( l)-Cu( 1)-N(4) 

N( I)-Cu( 1)-O(3) 

N(2)-Cu(l)-N(3) 

N(2)-Cu(l)-N(4) 

N(2)-Cu(l)-O(3) 

N(3)-Cu(l)-N(4) 

N(3)-Cu(l)-O(3) 

N(4)-Cu(l)-O(3) 

Cu(l)-N(3)-O(1) 

Cu(l)-N(4)-O(2) 

2.00( 1) 

1.97(l) 

1.98(l) 

1.97(l) 

2.280(9) 

96.2(5) 

171.5(5) 

81.1(5) 

93.0(4) 

81.3(S) 

168.2(5) 

95.6(4) 

99.7(5) 
95.1(4) 

96.0(4) 

129.2( 10) 

129.1(9) 

Cu(Z)-N(5) 

Cu(2)-N(6) 

Cu(Z)-O(1) 

Cu(2)-O(2) 

Cu(2)-O(4) 

N(Z)-&(Z)-N(6) 

N(5)-Cu(Z)-O( 1) 

N(5)-Cu(Z)-O(2) 

N(5)--&(2)-O(4) 

N(6)-Cu(Z)-O(1) 

N(6)-Cu(Z)-O(2) 

N(6)-Cu(Z)-O(4) 

O(l)-Cu(2)-O(2) 

0( l)-Cu(Z)-O(4) 

O(Z)-Cu(Z)-O(4) 

Cu(2)-0(1)-N(3) 

Cu(Z)-O(Z)-N(4) 

2.02(l) 

2.02(l) 

1.94(l) 

1.938(9) 

2.345(9) 

80.7(5) 

165.7(5) 

87.9(5) 

94.5(4) 

88.5(5) 

166.0(5) 

93.5(4) 

101.2(4) 

95.5(4) 

95.5(4) 

126.3(9) 

123.8(8) 

ygens to afford a dinuclear entity doubly bridged by 
oximate groups in the cis arrangement. A perspective 
drawing of the dinuclear unit with the atom numbering 
scheme is depicted in Fig. 1. 

The coordination geometry around both copper atoms 
is distorted square pyramidal. The four nitrogen atoms 
of the pdmg ligand at Cu(1) and two oximate oxygen 
atoms and the two bipyridyl nitrogen atoms at Cu(2) 
build the corresponding basal planes; the fifth coor- 
dination position of the square pyramids about the 
metal ions is occupied by weakly bound water molecules 
(2.280(9) and 2.345(9) 8, for Cu(l)-O(3) and 
Cu(2)-O(4), respectively). The four nitrogen atoms from 
the pdmg group are practically coplanar (the maximum 
deviation of these four atoms from their least-squares 
plane is 0.04 8, at N(1)) whereas the Cu(1) atom is 
slightly displaced from this mean plane by 0.170 8, 

towards the axial water oxygen O(3). The four Cu(l)-N 
bond lengths lie in the range 1.97(1)-2.00(l) A. These 
values are slightly elongated when compared with the 
Cu-N bonds of the related [Cu(pdmg)Cu(phen)- 

(CWW,lWLL complex [2] although they are com- 
mon for in-plane Cu-N (oxime) distances [9-E]. The 
bond angles around Cu(1) from the six-membered rings 
(96.2(5) and 99.7(5)” for N(l)-G(l)-N(2) and 
N(3)-Cu( 1)-N(4), respectively) are systematically 
greater than those from the five-membered chelate ones 
(81.1(5) and 81.3(5)” for N(l)-Cu(l)-N(4) and 
N(2)-Cu(l)-N(3), respectively) as observed in the struc- 
tures of the complexes [Cu(pdmg)Cu(phen)- 
(CH,OH),](ClO,), [2], Cu(Hpdmg)ClO,.tCH,OH [lo], 
PWpdmg)12(C10& WI and [Cu(Cu(pdmg)),l(C10,), 
[13]. It should be noted that the two compounds that 
contain Hpdmg- as a ligand are polymeric. Both struc- 
tures have in common the coordination of the diaza- 
dioxime as a tetradentate ligand toward copper(I1). 
However, the presence of an oxime oxygen atom of 
other Cu(Hpdmg) units in the axial position of the 
metal ion leads to a dimeric structure in the case of 
the methanol solvate and to zigzag chains in 
[Cu(Hpdmg)],(ClO,),. Dealing with Cu(2), the 
Cu-N(bipy) bond lengths (2.02(l) 8, for both 
Cu(2)-N(5) and Cu(2)-N(6)) are lacger than that of 
Cu-O(oxime) (1.94( 1) and 1.938(9) A for Cu(2)-O(1) 
and Cu(2)-O(2), respectively) in agreement with 
previous data of the related dinuclear 
[Cu(pdmg)Cu(phen)(CH,OH),](ClO,), [2] and tri- 
nuclear [Cu,(dmg)(bipy),(CH,OH),(NO,),l and 
[Cu,(dpg)(bipy),(CH,OH),(NO,),I WI (dw- and 
dpg’- are the dianions of dimethylglyoxime and di- 
phenylglyoxime, respectively). The Cu(2) atom sticks 
out of its mean basal plane by 0.166 8, in the direction 
of the axially-bound water molecule. The angle sub- 

Fig. 1. Perspective view of the cationic unit of complex 1 with the numbering scheme. Thermal ellipsoids are drawn at the 30% 

probability level. Hydrogen atoms were omitted for clarity. 



tended at Cu(2) by bipy (80.7(5)” for N(5)-Cu(2)-N(6)) 
is significantly smaller than 90” as expected due to the 
geometric constraints of a bipyridyl ring system. The 
dihedral angle between the mean basal planes around 
the copper atoms is 162.6”. The central six-membered 
Cu(l)N(3)O(l)Cu(2)O(2)N(4) ring exhibits a boat con- 
formation, the Cu(1) and Cu(2) atoms being 0.185 and 
0.277 A above the mean plane towards the axially 
coordinated water molecules. 

The pdmg group acts simultaneously as a tetradentate 
(Cu(1)) and as a bidentate (Cu(2)) ligand through its 
nitrogen and oxygen atoms, respectively, leading to the 
formation of alternating five- and six-membered che- 
lating rings around Cu(1). Each five-membered ring is 
quite planar (the largest deviation is 0.04 8, at N(1) 
for the Cu(l)N(l)C(6)C(7)N(4) ring). The four 
C(sp”)-C(sp’) bond lengths average 1.53 A as expected 
for a carbon-carbon single bond distance. A significant 
reduced value is observed for the average value of the 
two C(sp’)-C(sp’) bond distances (1.43 A) because of 
the smaller single-bond radius for carbon in trigonal 
hybridization. As far as the carbon-nitrogen bonds are 
concerned, the shortening of the imine and oxime bonds 
(average value 1.30 A) with respect to the remaining 
ones (average value 1.45 8, for C( l)-N( 1) and C(3)-N(2) 
bonds) reflects the partial double character in the former 
versus the single one in the latter. Bipy coordinates 
to Cu(2) in a chelating fashion. The pyridyl rings are 
planar as expected, but the ligand as a whole is not 
planar (the dihedral angle between the pyridyl rings 
is 6.1”). Average values of the C-C and C-N bond 
lengths (1.37(2) and 1.35(2) A, respectively) are in 
agreement with that reported for free 2,2’-bipyridyl 

[W 
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The values of the O(3). . .0(13”), O(4). . *O(ll”), 
O(6). . eO(13”) and O(9). . eO(13”) ((ii) = 1 -x, l- , 
-2) distances (2.83(2), 2.95(2), 2.82(3) and 2.79(3) 8: 
respectively) suggest the occurrence of hydrogen bond: 
ing involving one perchlorate anion, the two coordinated 
water molecules and the lattice water. The cis ar- 
rangement of O(3) and O(4) with respect to the mean 
planes of the dinuclear unit is thus stabilized by hydrogen 
bonding (see Fig. 2). The intramolecular Cu(1). . eCu(2) 
separation is 3.691(2) A, a value which is significantly 
shorter than that reported for the trinuclear 
[Cu(dioxim)(CuL),12+ complexes [12]. The bent struc- 
ture in 1 versus the coplanar trinuclear skeleton in 
[Cu(dioxim)(CuL)2]2+ species accounts for this short- 
ening. The intradimer metal-metal separation is prac- 
tically identical to the shortest intermolecular 
metal-metal distance (3.697(2) 8, for Cu(2). . pCu(2’) 
with (i)= -x, l-y, -2). This is due to the fact that 
Cu(2) completes a very distorted octahedral environ- 
ment through a very weak interaction with O(2’) (2.99(l) 
8, for Cu(2)-O(2’)) and steric effects or electrostatic 
repulsion between Cu(2) and Cu(2’) causes a significant 
bending of the Cu(NO),Cu core (the dihedral angle 
between the planes Cu(l)N(3)N(4)O(l)O(2) and 
Cu(2)0(1)0(2) is 151’). 

Magnetic properties 
The magnetic properties of 1 and 2 are compared 

in Fig. 3 in the form of xhl versus T plot xM being 
the molar magnetic susceptibility and T the temperature. 
They are characteristic of antiferromagnetically coupled 
copper(I1) pairs with a rounded maximum above the 
room temperature for 1 and centered at c. 150 K for 
2. Consequently, the magnetic data of 1 and 2 were 

Fig. 2. A stereoscopic drawing of 1 down the c axis (the b axis is vertical). 
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so I on IS0 200 250 100 

T/K 

Fig. 3. Thermal dependence of ,yhl for 1 (A) and 2 (m). The 

solid lines correspond to the best theoretical fits. 

0.25 -7) 

50 100 150 200 250 100 

T/K 

Fig. 4. Thermal dependence of ,yr.,T for 3: 0, experimental data; 
-, best theoretical fit. 

treated with a simple Bleaney-Bowers expression (eqn. 

(I)) 

xM= (2Np2g2/kT)[3 + exp( -JIkT)] (I) 

where the symbols N, p, g and k have their usual 
meanings and J is the singlet-triplet energy gap. Least- 
squares fitting of the experimental data through 
eqn. (1) by minimizing the reliability factor 
R(R = C[(XMT)&~- (x~~~~‘~]~/C[(X~~~~]~) leads to 
J= -674 cm-’ and g=2.06 (R =6.9X 10p4) for 1 and 
to J= - 174 cm-l and g=2.08 (R=2.3 x 10V4) for 2. 

The magnetic behavior of 3 is shown in Fig. 4 in 
the form of a xhl T versus T plot. At room temperature, 
,yMT is equal to 1.03 cm3 mol-’ K, a value which is 
significantly reduced with respect to what is expected 
for magnetically non-interacting copper(I1) and 
nickel(I1) ions. When the temperature is lowered, xMT 
continuously decreases and finally reaches a plateau 
around 80 K with xMT= 0.49 cm3 mol-’ K. xMT is 
then constant down to 50 K. This behavior closely 

follows what is expected for an isolated and antifer- 
romagnetically coupled Cu(II)Ni(II) pair, with local 
spins SC-= l/2 and SNi= 1. The antiferromagnetic in- 
teraction within the pair gives rise to a ground doublet 
state and an excited quartet state separated by -3Jl 
2. The plateau below 80 K corresponds to the tem- 
perature range where only the ground doublet state is 
thermally populated. Consequently, the magnetic data 
were interpreted with the theoretical law appropriate 
for an isolated Cu(II)Ni(II) pair (eqn. (2)), 

XMT= (NP2/4Qg$ + IOg3,z2 

X exp@J/%T)]/[ 1 + 2 exp@J/%T)] (2) 

where J is the interaction parameter occurring in the 
spin Hamiltonian -JSCu.SNi, and g,, and g,,, are the 
Zeeman factors associated with the doublet and quartet 
spin states, respectively. The least-squares fitting of the 
experimental data through eqn. (2) leads to J= -204 
cm-l, a/,= 2.30 and g,,2=2.18 (R = 1.0X 10e4). The 
values of g1,2 and g,, may be related to the local Zeeman 
factors g,i and g,-,, assumed to be isotropic, through 
eqn. (3) [17, 181. The values of g,i and g,” deduced 
from eqn. (3) are found to be equal to 2.24 and 2.06, 
respectively. 

gl/2 = t4giVi -gCu)/3; g3/2 = t2gNi +gCu)/3 (3) 

The J values for l-3 and that of the related oximato- 
bridged compounds of formula [Cu(pdmg)Mn- 
(phen),](C104),.2.5H,0 (4) [l], [Cu(pdmg)Cr(salen)]- 
ClO, (5) [19] and [Cu(dmg),Mn(CH,C00)].2H,O (6) 
[20] (phen = l,lO-phenanthroline; salen’- =N,N’- 
ethylenebis(salicylideneiminate) are listed in Table 4. 
In the light of these values, two points deserve to be 
discussed: (i) the different magnitude of Jin the CunCu” 
compounds; (ii) the decrease of the antiferromagnetic 
coupling when going from Cu”Cu” to Cu”Mn” species. 

Dealing with the first point, values of -J up to 850 
cm-’ have been reported for oximato-bridged dinuclear 
copper(I1) complexes in which the double oximate 
adopts the cis conformation with a terminal bidentate 
ligand as in 1 [2, 151. In these cases, we are dealing 
with d x+,2 type magnetic orbitals which are centered 
on each copper(I1) ion and partially delocalized through 
the oximato bridge (see Scheme 1). The strong anti- 

TABLE 4. Exchange parameters for oximato-bridged complexes 

Compound J (cm-‘) n,naJ (cm-‘) Reference 

Cu”CU” (1) 
cu”cu*~ (2) 

Cu”Ni” (3) 

Cu”Mn” (4) 

CuWr”’ (5) 
Cu”Mn’n (6) 

- 674 

- 174 

- 204 

-50 

25 
52 

- 674 

-408 

- 250 

75 

208 

this work 

this work 

this work 

1 

19 
20 



185 

ferromagnetic coupling observed is due to the large u 
in-plane overlap between the coplanar dXZYZ magnetic 
orbitals. Structural distortions in 1 such as its bent 
structure (the dihedral angle in the Cu(NO),Cu core 
is 29”) and the deviations of copper atoms from the 
mean basal planes (c. 0.17 A) would account for the 
somewhat reduced value of the antiferromagnetic cou- 
pling for this compound in this family. As far as complex 
2 is concerned, the presence of terpy as a tridentate 
terminal ligand causes a very strong decrease of the 
intramolecular antiferromagnetic coupling. It is well 
known that tridentate N-donors such as terpy coordinate 
to copper(I1) occupying three of the four short equatorial 
positions. Consequently, the bidentate Cu(pdmg) ligand 
can coordinate to Cu(terpy)‘+ through its two oxime- 
oxygen atoms, one filling the remaining equatorial po- 
sition and the other one occupying an axial position 
(see Scheme 3). 

In this situation, only one of the two oximato bridges 
is able to mediate significant exchange coupling. Let 
us analyze it by using the model of interaction of 
localized non-orthogonal magnetic orbitals proposed by 
Kahn and Briat [21]. In this context, the J value for 
a dinuclear unit is given by eqn. (4) [22] 

J=2j+4/3S (4) 

where S is the overlap integral between the two magnetic 
orbitals centered on each copper(I1) ion and p and j 
are their monoelectronic resonance (<O) and bielec- 
tronic exchange integrals, respectively. When j is suf- 
ficiently weak to be negligible with respect to @S we 
have (eqn. (5)) 

]J] -4ps-s* (5) 

The larger the value of S, the greater the antiferro- 
magnetic coupling. In the case of complex 1 (Scheme 
l), the two d,,,, magnetic orbitals overlap through both 
N-O bridges. However, for complex 2, the overlapping 
occurs only through one of the two N-O bridges due 
to the orbital reversal [23] caused by the presence of 
terpy as terminal ligand. Consequently, given that the 
ratio between overlap integrals of 1 and 2 is S,/S,= 
l/2, the J value for 2 is predicted to be one fourth of 
that for 1. In fact, the value of -J for 2 agrees quite 
well with this prediction (674/4 = 168 versus 174 cm-‘). 

Finally, as far as the second point is concerned, when 
one of the metal ions has more than one unpaired 

Scheme 3. 

electron (i.e. nickel(I1) or manganese(I1)) the exper- 
imental J parameter must be decomposed into a sum 
of individual contributions, J,,, involving each pair of 
magnetic orbitals implicated in the exchange pheno- 
menum (eqn. (6)) [24] 

J= (l/&& 2 2JP. (6) 
p=l v=l 

where n, and ng are the number of unpaired electrons 
associated with the transition metal ions A and B, 
respectively. Equation (6) shows how the magnitude 
of the net antiferromagnetic interaction is not properly 
described by J but by n,n,J, which has also been 
included in Table 4. At this stage, it seems easy to 
identify the mean factors causing the decrease of the 
product n,n,/J/ when nB increases from 1 to 5, nA 
being equal to 1, in this series. The first one is the 
increasing number of ferromagnetic terms Jpy in eqn. 
(6) involving pairs of orthogonal magnetic orbitals (i.e. 
with S = 0 in eqn. (4)) for the added unpaired electrons. 
It is well established that the more extended the bridge, 
the weaker the ferromagnetic coupling [25]. The present 
case deals with a diatomic bridging entity and important 
ferromagnetic contributions can be predicted. In fact, 
important ferromagnetic interactions occur in the 
Cu”Cr”’ and Cu”Mn”’ compounds (5 and 6 in Table 
4) due to the strict orthogonality between the magnetic 
orbitals which are involved. From the expressions of 
J for 5 and 6 (eqns. (7) and (8)) a rough value of 

J(Cu”Cr”‘) = 1/3(JXZ_Y2,, +Jx+,z,, +Jx2_y2,yz) 

=25 cm-l (7) 

J(Cu”Mn”‘) = 1/4(JX+Z,xy +JX2_y2,a+JxZ_,,Z,,,z 

+J,,-,,,.,)=52 cm-’ (8) 

c. 130 cm-’ could be expected for the ferromagnetic 
term Jx+,z,.z. 

The second factor to be considered is the magnitude 
of the antiferromagnetic term Jxz_,,Z,XZ_y2. Values of c. 
- 540 and - 460 cm- ’ for this term in compounds 3 
and 4, respectively, can be easily inferred through eqns. 
(9) and (10) by introducing the values of the above 

J(Cu”Ni”) = 1/2(JXZ-yz,,Z_YZ +J,,,,.,) 

= -204 cm-’ (9) 

J(Cu”Mn”) = 1/5(JXZ-Y2,X+2 +Jxz-rz,v+ Jx2-yz,, 

+J,~_y2,yr+Jxz-yz,~z)= -50 cm-’ (10) 

mentioned ferromagnetic terms in them. Keeping in 
mind that the value of this term is -674 cm-’ for 1, 
one finds that the magnitude of -Jxz_,,2,x2_yz in the 
family CunBn (B=Cu, Ni, Mn) follows the trend 
Cu> Ni> Mn. Two factors would account for this re- 
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duction: the lengthening of the metal to oxime-oxygen 
bond distances and the increase of the energy of the 
d orbitals when going from Cu(I1) to Ni(I1) and Mn(I1). 
The combination of these two factors leads to a pro- 
gressive decrease of spin density delocalization on the 
bridge when going from Cu(I1) to Mn(I1) and, con- 
sequently, to a decrease of the exchange interaction 
through the dXZ+ exchange pathway as observed. 

Supplementary material 

Tables of thermal parameters, non-essential bond 
distances and angles, least-squares planes (7 pages) as 
well as a listing of observed and calculated structure 
factors (7 pages) are available from the authors on 
request. 
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