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Introduction 

Ligands that can serve as molecular bridges between metal 
centers and that also contain a delocalized z system have 
received considerable attention in recent years. Binuclear and 
multinuclear metal complexes, comprising two or more metal 
centers bridged by multidentate ligands, can exhibit metal- 
metal interactions, such as energy or electron transfer, magnetic 
coupling, and intervalence One such ligand is 2,5- 
bis(2-pyridyl)pyrazine, bppz, which has been used recently in 
the construction of some interesting supra- or nanomolecular 
 specie^.^^^ We were particularly interested in the possibility of 
using this ligand as a bridge in the formation of coordination 
polymers. It was shown that binuclear complexes of bppz, with 
first row transition metals, could be synthesized from aqueous 
solution when using oxygen rich anions such as nitrates and 
sulfates6 and hexafluoroacetylacetonates? It was recently shown 
that it is possible to form one-dimensional polymers from the 
reaction of copper acetate monohydrate dimer with 2,2'- 
bipyridy18 and 1,2-diamin0ethane.~ In an attempt to link the 
[Cu*(bppz)] binuclear units and so form a polymeric structure 
we investigated the reaction of bppz with copper(I1) acetate 
monohydrate dimer. It was found not only that it was possible 
to link the [Cu2(bppz)] binuclear units to form a polymer chain 
but that the polymer chains were cross-linked by copper acetate 
dimers, so forming an extensive two-dimensional polymer 
structure with ten-membered rings of coppers. 

Experimental Section 
Materials. All chemicals (Fluka) were used as received without 

further purification. The synthesis and analytical and spectroscopic 
data for the ligand bppz have been reported elsewhere.6 IR spectra 
were recorded on a Perkin-Elmer IR 521 spectrometer using KBr pellets. 
C, H, and N microanalyses were carried out by the "Organische- 
chemisches Mikrolabor" of the Swiss Federal Institute of Technology, 
Zurich. 
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Table 1. Crystallographic Data for cuk"(Octakis(p2-acetato)- 
[2,5-bis(2-pyridyl)pyrazine1tetracopper(II)) (1) 

chem formula 

fw 
a, A 
b, A 
C, A 
a, deg 
P. deg 
Y. deg v, A3 
2 
space group 
T,  "C 
@calcdr g cm-3 
I (Mo Ka), A 
p(Mo Ka), cm-' 
R f  
RWb 

[ C I ~ H I Z N ~ C U Z ( C H ~ C ~ ~ ) ~ I -  

960.8 
7.9 16( 1) 
9.280(3) 
12.732(4) 
95.49( 1) 
90.06( 1) 
106.57( 1) 
892.0(4) 
1 

[ C ~ Z ( C H ~ C O Z ) ~ I  

pi  (NO. 2 )  
2 0 w  
1.788 
0.710 73 
24.4 
0.044 
0.062 

Preparation of catena-(Octakis@~-acetato)[2,5-bis(2-pyridyl)- 
pyrazineltetracopper(I1)) (1). Bppz (50 mg, 0.21 "01) was added 
to a solution of Cu(OAc)2.HzO (170 mg, 0.85 "01) in 20 mL of 
acetonitrile at 50 "C and stirred for 1 h. The green insoluble precipitate 
(170 mg, 83%) was filtered out, washed with acetonitrile, and dried in 
vacuo. The filtrate was allowed to evaporate slowly. After several 
days dark-green rectangular crystalline blocks formed (5  mg, 2%, mp 
226.7 "C). The microanalysis of the insoluble precipitate corresponds 
to the stoichiometry of the crystals. Selected IR data (cm-'): 2927 w, 
1633 s, 1617 s, 1564 s, 1469 w, 1442 s, 1403 s, 1366 w, 1336 w, 1283 
w, 1188 w,1167 m, 1062w.1026m.937 w,781 m.732 w,684 m. 
Anal. Calcd for C30H34N4016Cu4: C, 37.5; H, 3.6; N, 5.8. Found: C, 
37.5; H, 3.6; N, 6.32. 

X-ray Crystallography. A crystal of dimensions 0.46 x 0.23 x 
0.15 mm was mounted on a Stoe AED2 four-circle diffractometer 
equipped with graphite-monochromatized Mo Ka radiation ( I  = 
0.710 73 A). Data were collected using o/0 scans out to 50" in 20. 
The lattice parameters were optimized from a least-squares refinement 
of the settings angles of 19 reflections and their equivalents in the range 
of 28" < 20 < 33". Crystallographic data are summarized in Table 1. 
The structure was solved by direct methods using SHELXS-86.Io The 
NRCVAX system" was used for all further calculations. Neutral 
complex atom scattering factors in NRCVAX are from ref 12. The H 
atoms were located from difference maps and refined isotropically. The 
non-hydrogen atoms were refined anisotropically using weighted full- 
matrix least-squares. No corrections were made for absorption or 
extinction. Final atomic coordinates are given in Table 2, and selected 
bond distances and angles in Table 3. The structural diagram was 
drawn using the programme SCHAKAL92.13 

Magnetic Measurements. Variable-temperature magnetic measure- 
ments were carried out on polycrystalline samples using a Quantum 
Design SQUID susceptometer. The diamagnetic corrections were 
estimated from the Pascal tables. ESR spectra were recorded at X-band 
frequencies with a Brucker ESP-300E spectrometer in the temperature 
range 298-4 K. 

Results and Discussion 
Description of the Structure. The structure of catena- 

(octakis~~-acetato)[2,5-bis(2-pyridyl)p~~ine]te~acopper~) (l), 
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Notes 

Table 2. Atomic Parameters x ,  y, z and Bise (A2) for catena- 
(Octakis~~-acetato)[2,5-bis(2-pyridyl)pyrazine]tetracopper(II)) (1) 

X Y Z &soa 
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linking distance is 5.167(2) A, while the Cu2- * Cu2" distance 
in the copper acetate dimer is 2.665(2) A. The [Cu~(bppz)] 
binuclear unit has a slightly different geometry compared to 
that found in the binuclear complex, 2, formed by the reaction 
of copper nitrate with bppz.6 In both compounds the Cu atoms 
are pentacoordinate. In 1 the geometry of the copper atom is 
a highly distorted trigonal-bipyramid (TBP) with the atom Cul 
almost lying (0.027(4) A) in the plane of atoms N1, N2, 04 ,  
while atoms 0 1  and 0 2  are displaced from this plane by 
1.091(9) and -2.099(6) A, respectively. In 2 the geometry of 
the copper atom is square pyramidal (SP). This is consistent 
with the calculation of the degree of distortion of coordination 
polyhedra (t = 1 for TBP, t = 0 for SP14) which gives a value 
of z = 0.535 for 1 and 0.07 for 2. In 1 the intramolecular 
Cu l* -Cu l i  distance is 7.026 A compared to 6.760 8, in 2.6 
The ligand bppz is more planar in the title compound with a 
pyrazine-pyridine dihedral angle of 4.2(3)", compared to 8.5(1)" 
in 2. The Cu-N,,, distance of 2.140(4) A in 1 is significantly 
longer than the same distance in 2 (2.021(3) A), while the Cu- 
N,, distances are comparable, 2.024(5) 8, in 1 compared to 
2.012(3) 8, in 2. This results in a smaller N,,,-Cu-N,, bite 
angle in 1 of 77.6(2)" compared to 81.0(1)" in 2. 

The geometry of atom Cu2 in the copper acetate dimers is 
square pyramidal. The copper atom is displaced by -0.223(3) 
A from the best plane through atoms 05,  06 ,  07 ,  and 0 8  and 
toward atom 0 3  which is itself displaced by -2.352(5) 8, from 
the same plane. The overall geometry is very similar to that 
observed for the one-dimensional polymer formed by the 
reaction of 2,2'-bipyridine with copper acetate monohydrate 
dimer.* Here, as in 1, a binuclear copper complex is linked 
by an axial acetate group to the dimeric copper acetate core. 
The cross-linking Cu-. C u  distance is longer, 5.441 A, compared 
to 5.167 %, in 1. The Cu.*Cu distance in the copper acetate 
dimer is very similar to that in 1, i.e. 2.669 A. 

In the crystal of 1 the two-dimensional polymer sheets are 
separated by approximately 6.6 A. The pyridine rings of 
neighboring sheets overlap almost perfectly with a separation 
of 4.07( 1) A. The shortest interplane metab * .metal distance, 
Cul**Culiv,  is 6.287 A, 

Magnetic Results. The molar X T  product vs T of 1 is given 
in Figure 2. The X M T  value (1.52 cm3 K mol-' at room 
temperature) decreases rapidly when the temperature is lowered 
and tends to stabilize below 100 K. Below 25 K XMT decreases 
abruptly reaching a value of 0.19 cm3 K mol-' at 2 K. Between 
300 and 2 K the XM vs T plot increases continuously, but no 
maximum was observed. There are four superexchange J 
parameters and two local g values present in the polymer plane. 
These superexchange pathways are the four syn-syn carbox- 
ylate bridges of the tetraacetate group (Jl), a syn-anti single 
carboxylate bridge that relates a copper atom of the tetraacetate 
fragment with a copper atom bridged to the bppz ligand (Jz), 
two syn-syn carboxylates between two copper atoms bonded 
to the bppz (J3), and finally the bppz ligand (J4); see Figure 1. 

Obviously no exact treatment can be made for this two- 
dimensional compound in order to determine the six variable 
parameters (neglecting interplane interactions or paramagnetic 
impuritie parameters). However, some approximations can be 
made on the basis of the relative values of the different J 
parameters. For example, in a recent report15 the superexchange 
parameter found for a tetraacetate group with a carboxylate 

(14) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G. 
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c u  1 
cu2  
0 1  
0 2  
0 3  
0 4  
0 5  
0 6  
0 7  
0 8  
N1 
N2 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10  
c11  
c 1 2  
C13 
C14 
C15 

0.11538(9) 
0.40944(9) 

-0.1246(6) 
0.2123(7) 
0.2633(6) 
0.1945(6) 
0.2538(6) 
0.6023(6) 
0.5491(6) 
0.2993(6) 
0.3513(6) 
0.0440( 6) 
0.3447(7) 
0.5056(8) 
0.170 l(7) 
0.1359(9) 

-0.0330(9) 
-0.1610(9) 
-0.1191(8) 
-0.2338(8) 

0.5938( 12) 
0.2342(7) 
0.2479( 12) 
0.6633(9) 
0.7715(17) 
0.2760( 8) 
0.1472( 12) 

0.71449(8) 
0.92703(8) 
0.6643(5) 
0.5850(5) 
0.8009(5) 
0.6098(5) 
1.0559(5) 
0.8290(5) 
1.0895(5) 
0.7932(5) 
0.8932(5) 
0.8270(5) 
0.9694(6) 
0.9234(7) 
0.9367(6) 
1.0099(7) 
0.9722(8) 
0.8617(8) 
0.7907(8) 
0.5367(7) 
1.5435(13) 
0.6642(6) 
0.5534(9) 
1.1952(7) 
1.3189( 11) 
1.147 l(7) 
1.2396( 11) 

0.54645(5) 
0.9 1306(5) 
0.5962(4) 
0.4269(4) 
0.7771(3) 
0.6512(3) 
0.95 17(4) 
0.9002( 3) 
0.8333(3) 
1.0200(3) 
0.5304(4) 
0.4336(4) 
0.4466(4) 
0.5833(5) 
0.3940(4) 
0.3 117(5) 
0.2689(6) 
0.3093(5) 
0.3905(6) 
0.6026(5) 
0.6507(9) 
0.7466(4) 
0.8220(6) 
0.8829(5) 
0.8225(8) 
1.0310(5) 
1.0457(9) 

2.58(3) 
2.59(3) 
3.64(22) 
4.10(23) 
2.93(18) 
3.29( 19) 
3.88(22) 
3.37(20) 
3.93(23) 
3.5 l(20) 
2.31(19) 
2.58(20) 
2.09(22) 
2.44(23) 
2.26(22) 
2.9(3) 
3.6(3) 
3.4(3) 
3.4(3) 
2.8(3) 
4.9(5) 
2.4(3) 
3.8(4) 
3.1(3) 
5.5(5) 
3.0(3) 
4 3 4 )  

a Bise is the mean of the principal axes of the thermal ellipsoid. 

Table 3. 
(Octakis~~-acetato)[2,5-bis(2-pyridyl)pyrazine]tetracopper(II)) (1)" 

Selected Distances (A) and Angles (deg) for catena- 

CUl..CU2 
Cul. * C u l '  
cu2. Cu2" 
Cul-Nl 
Cul -N2 
Cul-01 
Cul-02 
Cul-04 

0 1  -Cul-02 
01-Cui-04 
01-Cul-N1 
0 1  -Cui -N2 
02-Cul-04 
02-Cul -N1 
02-Cul-N2 
04-Cul -N1 
04-Cul -N2 
N1 -Cul -N2 
Cul-N1-C1 
Cul -N1 -C2 
Cul-N2-C3 
Cul -N2-C7 
Cul-Ol-C8 
Cul-O2-C8"' 
Cul-04-C10 

5.167(2) 
7.026(2) 
2.665(2) 
2.140(4) 
2.024(5) 
1.945(4) 
2.128(4) 
1.926(4) 

125.62(20) 
93.28( 19) 

145.15( 18) 
89.47( 19) 
89.19(19) 
86.85( 18) 
89.13 19) 

100.16( 18) 
177.25(19) 
77.56( 18) 

113.1(3) 
128.4(4) 
1 18.1(4) 
123.6(4) 
129.7(4) 
146.7(4) 
124.0(4) 

Cul. - Cul'l' 
Cul. * C u l "  

Cu2-03 
Cu2-05 
Cu2-06 
Cu2-07 
Cu2-08 

03-Cu2-05 
03-Cu2-06 
03-Cu2-07 
03-Cu2-08 
05-Cu2-06 
05-Cu2-07 
05-Cu2-08 
06-Cu2-07 
06-Cu2-08 
07-Cu2-08 
Cu2"-Cu2-03 
Cu2"-Cu2-05 
Cu2"-Cu2-06 
Cu2"-Cu2-07 
Cu2"-Cu2-08 
cu2-03-c10 
Cu2-05-Cl4 
Cu2-06-Cl4" 
cu2-07 -c 12 
Cu2-08 -C 12" 

3.941(2) 
6.287(2) 

2.131(4) 
1.980(4) 
1.987(4) 
1.967(5) 
1.966(4) 

98.05( 17) 
95.07(17) 
93.87( 18) 
98.92(17) 

166.74( 18) 
87.97(21) 
89.64(20) 
89.27(20) 
90.19( 19) 

167.20( 18) 
177.40( 1 1) 
83.32( 13) 
83.63( 12) 
88.39( 13) 
78.85(13) 

129.1(4) 
124.3(4) 
122.9(4) 
117.8(4) 
129.0(4) 

a Symmetry operations: (i) 1 - x, 2 - y, 1 - z; (ii) 1 - x ,  2 - y, 
2 - z; (iii) -x,  1 - y ,  1 - z; (iv) -x, 2 - y. 1 - z. 
Figure 1, consists of symmetrical [Cuz(bppz)] binuclear units 
linked by two acetate groups coordinating in the syn-syn mode, 
so forming a one-dimensional polymer chain. These one- 
dimensional chains are then linked to the copper acetate dimer 
by an acetate anion coordinating in a syn-anti mode, so forming 
the two-dimensional network. The Cul- Culiii bridging dis- 
tance is 3.941(2) A, and distances Cul-01 and Cul-02 are 
1.945(4) and 2.128(4) A, respectively. The Cui.. Cu2 cross- 
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Figure 1. Two-dimensional network for carena-(octakis~~-acetato)~2,5-bis(2-pyridyl)pyrazine]tetracopper(II)) (l), showing the numbering scheme 
and the four superexchange J parameters. 
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Figure 2. Experimental (0) and theoretical (-) temperature depend- 
ence of XMT for ca~ena-(octakis~~-acetato)[2,5-bis(2-pyridyl)pyrazine]- 
tetracopper(I1)) (1). 

group bonded to the axial position was -318 cm-'. Conse- 
quently, a value of around -300 cm-l can be expected for J1. 
The remainder of the lJJ coupling parameters should be low: 

syn-syn and syn-anti carboxylate bridges between distorted 
square-pyramidal copper atoms from the basal to axial positions 
shows typically very weak ferro- or antiferromagnetic behav- 
ior.16 The interactions through the pyrazine ligand are also 
normally very weak.17-19 In 1 the geometry of the copper(I1) 
polyhedron is intermediate between square pyramidal and 
trigonal bipyramidal (t 0.535); hence, the orbital ground state 
of the copper(I1) atoms should have a significant admixture of 
the du2 - y2 and dz2 orbitals. Permitting a certain overlap of 
the ligand n(b1,) orbitals and the dx2 - y2 orbitals should give 
rise to weak antiferromagneti~m.'~ Accordingly, for this 
structure J4 should be negative in sign and low in value, as 
reported previously for TBP binuclear Cu(I1) pyrazine bridged 
 compound^.^^-*^ 

Below 100 K, the absolute coupling of the tetraacetate 
fragments isolates the remainder of the copper atoms as an 

(17) O'Connor, C. J.; Klein, C. L.; Majeste, R. J.; Trefonas, L. M. Inorg. 
Chem. 1982, 21, 64. 

(18) Suarez-Varela, J.; Colacio, E.; Romerosa, A.; Avila-Roson, J. C.; 
Hidalgo, M. A,; Romero, J. Inorg. Chim. Acta 1994, 217, 39. 

(19) Richardson, H. W.; Hatfield, W. E. J .  Am. Chem. Soc. 1976, 98, 835. 
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Figure 3. Magnetization isotherm plot at 1.7 K from 0 to 7.5 T for 
carena-(octakis(~2-acetato)[2,5-bis(2-pyridyl)pyrazine] tetra- 
copper(I1)) (1). 

altemating chain defined by J3 and 54.  In this situation J2 is 
not operative and its sign is unimportant in determining the 
magnetic properties of the compound. An approximate fit was 
performed considering the system as.a strongly coupled dimer 
added to a weakly coupled chain (JI >>> J3.4, JZ = 0). 
Considering the chain as an uniform system (J3 = J4) or taking 
the chain as an altemating system gave similar results. The 
expression used was 

x M T  = 2NP/k[g12(exp(x)/( 1 + 3 exp(x)) + 
g:(0.25 + 0 . 0 7 4 9 7 5 ~  + 0.05235y2)/(  1 + 0.993 l y  + 

0 . 1 7 2 1 3 5 ~ ~  + 0.757825y3)] 

where N ,  p, and k have the usual meanings, x = Jl/kT, and y = 
IJ3,41/kT. The best fitting parameters obtained are J1 = -297 
cm-', g l  = 2.38, J3,4 = -6.8 cm-', g2 = 2.23, and R = 6 x 
loM4,  R being the quality factor defined as R = x & ~ ~ ~ ~ ~  - 

The molar magnetization data recorded at 1.7 K from 0 to 
7.5 T are shown in Figure 3.  It shows uniform magnetization 
from low fields and is far from saturation at maximum field. A 
significant value around 0.5 in M/Np units at 7.5 T is reached, 
indicating a weak antiferromagnetic coupling. The plot does 
not show the typical sigmoid shape that would be expected for 
a system in which the intrachain coupling parameter J is close 
to -7 cm-'. This nonsigmoid magnetization should probably 
be attributed to very weak interchain or interplane antiferro- 
magnetic interactions. On the other hand, the value of 0.5 in 
M/Np units at the highest applied field supports the existence 

(20) Oshio, H.; Toriumi, K.; Hayashi, J. J. Chem. Soc., Dalton Trans. 1990, 

(21) Oshio, H.; Nagashima, U. Inorg. Chem. 1990, 29, 3321. 
(22) Haddad, M. S.; Hendrickson, D. N.; Cannady, J. P.; Drago, R. S.; 

Bieksza, D. S. J .  Am. Chem. SOC. 1979, 101, 898. 
(23) Coronado, E.; Drillon, M.; Beltran, D. Inorg. Chim. Acta 1984, 82, 

13 and references therein. 
(24) Julve, M.; Verdaguer, M.; Faus, J.; Tinti, F.; Mortal, J.; Monge, A.; 

Gutierrez-Puebla, E. Inorg. Chem. 1987, 26, 3520. 
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Figure 4. X-band ESR spectra of the polycrystalline powder of catenu- 
(octakis~~-acetato)[2,5-bis(2-pyridyl)pyrazine]tetracop~r(~)) (1) at 
room temperature, showing the position of the partially resolved triplet 
spectra. 
of weak intrachain antiferromagnetic coupling, as indicated by 
the susceptibility data. 

Electron Spin Resonance. The X-band ESR powder spectra 
of 1 exhibit two overlapping sets of signals; one centered around 
g = 2 and a second group of bands of lower intensities, in a 
wide range of fields (100-6000 G). The intensities of the 
signals in the g = 2 region (2.24 and 2.05 at room temperature) 
show no significant variation when the temperature is lowered 
and can be attributed to the copper atoms bonded to the bppz 
ligand. The second group of bands overlaps with the former 
signals and correspond to a partially resolved triplet with axial 
symmetry and relatively high D value. The components of this 
triplet spectrum at room temperature appear at 110 G (Hzl), 4800 
G (Hu), and 5900 G (Hz2) (Figure 4). From these data, and 
with the assumption E = 0, the D and g parameters can be 
evaluated from the expressionsz5 

H,, = gJg,(Ho - 0 Hz2 = g,kz(Ho + D) 
H, = g,/g,[(Ho + w011'2 

The values obtained are D = 0.335 cm-', g, = 2.40, and g, = 
g ,  = 2.06. The absence in the spectrum of the Hl1 signals at 
low field is indicative of the common Ho < D relation and 
compares well with previously reported tetraacetate copper(I1) 
 system^.^^,^^ On cooling, the intensity of the triplet signals 
decreases. At 77 K it is undetectable. 
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