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Abstract 

A group of new compounds l-5 of general formula [Cu,(pt)&(NO,),(H,O)J(H,O),, with n=l, 2, 3 or 4 and 
L=N-methylimidazole, pyrazole, f 4,4’-bipyrldine, H,O and N-butylimidazole, has been prepared and characterized 
spectroscopically and structurally. The synthesis, characterization, spectral and magnetic properties as well as 
crystal and molecular structures of [bis(~-3-pyridin-2-yl-1,2,4-triazolato-~’,N1,N2)]-bis[(l-methylimidazole- 
N3)(nitrato)(aqua)copper(II)] tetrahydrate, ([Cu,(pt)Z(Meim),(NO,),o,l(H,O,), (I), in which pt =3-pyridin- 
2-yl-1,2,4-triazolato and Meim=N-methylimidazole, [bls(~-S-pyridin-2-yl-l,2,4-triazolato-N’,Nl,N;?)]-bis[(pyrazole- 

Nl)tnitrato)(aqua)copper(II)l, [Cu,(pt),(Hpz),(No,),(H,0),1 (2) in which Hpz=pyrazole, and an unusual chain 
of dimers, catena-(~-4,4’-bipyridine)[bis(~-3-pyr~din-2-yl-l,2,4-triazolato-~‘,N1,N2)(nitrato)(aqua)copper(I1))], 

[Cu,(pt),(4,4’-bpy)(NO,)(H,O),l(NO,)(H,O), (3) . m which 4,4’-bpy = 4,4’-bipyridine, have been studied. Crystal 
structure data are as follows. 1: Cu,N,,C&H,O,,, 
b = 9.6897(6), c = 10.2313(4) A, 

T=293 K, triclinic, space group Pi, with a =9.2685(6), 
LY= 108.700(4), /3=97.884(4), y=95.396(5)“, Z=l and V=852.75(8) A3. The least- 

squares refinement based on 2111 significant reflections (Z>2u(I)) converged to R = 0.0411 and R,=0.0446. 2: 
CU~N&&~O~, T=298 K, monoclinic, space group P&/c, with a= 10.812(l), b= 13.750(l), c= 10.003(l) A, 
/3=113.94(l)“, Z=2 and V= 1359.1(2) A’. The least-squares refinement based on 1863 significant reflections 
(I> 2.5u(Z)) converged to R = 0.0522 and R, = 0.0485. 3: CU~NJ&H~,,O~~, T=295 K, monoclinic, space group 
pZ,/c, with a =8.8802(11), b = 12.9975(8), c = 28.7208( 19) A, p = 92.970(7)“, Z = 4 and V= 3310.5(5) A3. The least- 
squares refinement based on 5100 significant reflections (1>2a(Z)) converged to R = 0.056 and R,= 0.051. The 
structures of 1, 2 and 3 consist of dinuclear units, in which the copper(I1) ions are linked by two via N(l), N(2) 
bridging dehydronated Hpt ligands in the equatorial plane. Cu-N distances vary from 1.970(3) to 1.988(3) A. 
All copper(I1) ions are in a distorted octahedral environment, of which the equatorial plane around the copper 
atoms is formed by three donor atoms of the pt ligand and one donor atom of another ligand (Meim, Hpz or 
4,4’-bpy). A water molecule and a monodentate nitrate anion occup the axial positions. The Cu-Cu distances 
within the dinuclear unit are: 1, 4.022(l); 2, 3.9741(12); 3, 4.0198(7) 1 . The 4,4’-bpy ligand bridges the dinuclear 
units to form a ladder type chain, with a Cu-Cu distance measured over the 4,4’-bpy ligand of 11.1220(5) A. 
The magnetic susceptibility data are interpreted on the basis of the spin Hamiltonian I?= -2JI$--, .&J and 
yielded 1: J= -47 cm-‘, g=2.14, 2: J= -49 cm-‘, g=2.04; 3: J= -51 cm-‘, g=2.14; 4: J= -51 cm-‘, g=2.00; 
5: J= -51 cm-‘, g=2.07. No interdimer interaction was found for 3. The X-band powder EPR spectra recorded 
at various temperatures for all compounds are typical of a triplet state, with D values in the range 0.08-0.10 
cm-‘. 

Introduction 

The magnetic properties of paramagnetic transition 
metal ions linked by diazine moieties have been the 
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subject of intensive study over the past few years [l-8]. 
A particular class of ligands under study is formed by 
the 1,2,Ctriazole derivatives containing N-donating che- 
lating substituents [l-lo]. A series of such dinuclear 
coordination compounds has been synthesized in which 
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the metal ions are linked in the equatorial coordinatton 
plane by two via Nl, N2 bridging 1,2,4-triazole ligands 
[l-5]. The magnitude of the antiferromagnetic mter- 
actions between adjacent Cu(I1) ions is related to the 
Cu-N-N angle [S]. The magnetic exchange is propagated 
via the d(X’-y’) orbitals on the Cu(I1) ions which interact 
with the u orbitals of the nitrogens of the bridging 
hgand. The bridging mode of 3,5-bis(pyridin-2-yl)-1,2,4- 
triazolato [l, 21 (hereafter abbreviated as bpt) and 4- 
ammo-3,5-bis(aminomethyl)-1,2,4-triazole [3, 41 (here- 
after abbreviated as aamt) is fairly symmetrical with 
all Cu( l)-N(2)-N( 1) and Cu(2)-N(l)-N(2) angles al- 
most identical and in the range 132.9(S)-135.2(2)“, 
whereas for 3-pyridin-2-yl-1,2-4-triazolato [5] an asym- 
metric bridge with Cu-N-N of 139.8(3)” and 124.4(3)“/ 
125.3(3)” has been found. These structural differences 
lead to a less efficient overlap of the magnetic orbrtals 
situated on Cu(I1) for the pt compound, which is 
reflected m the singlet-triplet energy gap. These are 
in the range of - 2J= 194-236 cm-’ for the bpt [l, 21 
and aamt [3, 41 copper(I1) compounds and -2J=98 
cm-’ for [Cu,(pt),(SO,)(H,O),](H,O), [5]. The main 
origin for this difference in bridging geometry is inherent 
to the nature of the triazole ligands. A regular bridging 
geometry is imposed by the use of the symmetrically 
substituted aamt and bpt. The monosubstituted pt, 
however, leads to asymmetric 1,2,4-trtazole bridges. This 
also implies that in the pt compounds the fourth equa- 
torial coordination site can vary. In fact in 
[Cu,(pt),(SO,)(H,O),](H,O), [5] a monodentate co- 
ordinating sulfate and a water molecule have been 
found at this position. For the present study it was 
decided to vary systematically the ligand in this fourth 
coordination place, while keeping all other ligands the 
same. In this way subtle changes in the equatorial 
coordination sphere can be introduced and the influence 
on the bridging geometry and the magnetic properties 
can be studied in detail. In this respect it is mentioned 
that the magnitude of the interaction through a given 
bridging network can be tuned by modifying the nature 
of the termmal ligands, which -in some way-play the 
role of adjusting screws [ll, 121. In the present study 
we have selected water, two imidazoles, a pyrazole and 
a pyridine as co-ligands. Furthermore, with an appro- 

Experimental 

Syntheses 
Starting materials 
Commercially available solvents and copper(I1) ni- 

trate trihydrate were used without further purification. 
The hgand Hpt was synthesized according to the method 
of Hage and co-workers [13, 141 from 2-cyanopyridine 
(Fluka A.G.), hydrazine hydrate (Janssen Chimica) and 
formic acid (J.T. Baker) as starting materials. 

[Cu,(Pt),(NO,),(H,O),l(H,O), (4) 
2 mmol (0.27 g) of Hpt dissolved in a hot mixture 

of 10 ml of ethanol and 20 ml of water were added 
to 6 mmol (1.45 g) of Cu(NO,),.3H,O in 10 ml of 
water. The hot solution was filtered and after a few 
days the blue compound crystallized upon slow evap- 
oration of the solvent at room temperature. Anal. Calc. 
for [Cu,(pt),(NO,),(H,O),I(H,O),: Cu, 20.13; C, 26.63; 
H, 3.19; N, 22.18. Found: Cu, 19.47; C, 27.29; H, 2.99; 
N, 23.13%. UV-Vis spectroscopy: asymmetric band at 
13.9 X lo3 cm-‘. Yield = 65%. 

[Cu~(Pt)~(~eim)~(N03)~(H,0)~/tH~O)~ 0) 
As 4 but to this solution 6 mm01 (0.49 g) of 

N-methylimidazole were added. Anal. Calc. for 
[Cu,(pt>,(Meim>,(No,>(H,O),I(H,O),: Cu, 15.62; C, 
32.47; H, 4.21; N, 24.10. Found: Cu, 15.33; C, 33.21; 
H, 3.77; N, 25.01%. UV-Vis spectroscopy: asymmetric 
band at 16.1 x lo3 cm-‘. Yield=57%. 

[Cu, (POz (HP& (No,), W~Oh/ (2) 
As 4 but 6 mm01 (0.41 g) of pyrazole were added. 

A particular sample gave: Anal. Calc.: Cu, 17.42; C, 
32.93; H, 3.04; N, 26.88. Found: Cu, 17.20; C, 33.06; 
H, 2.99; N, 27.45%. This is in accordance with the 
composition [Cu,(pt)z(Hpz),(No,),(H,O),l(H,O). 
From this batch a suitable crystal was selected for an 
X-ray structure determination. However, this crystal 
appeared to possess the composition [Cu2(pt)2- 
(Hpz),(NO,),(H,O),]. In this paper, this compound is 
referred to as [Cu,(pt),(Hpz),(NO,),(H,O),]. UV-Vis 
spectroscopy: asymmetric band at 16.0 x 10” cm-‘. 
Yield = 62%. 

priate ligand, the dinuclear units may be connected 
in an elegant way; for this we have selected the (Cu,(pt~,~4,4’-bpy~(NO,),~H,O),I(H,O), (3) 

4,4’-bipyridine ligand. In this article we wish to 
As 4 but 2 mmol (0.31 g) of 4,4’-bipyridine were 

report on the crystal structures of three complexes con- 
added. Anal. Calc. for [Cu,(pt),(4,4’-bpy)(NO,),- 

taining pt and a co-ligand. The structures are discussed 
(H20)2](H20)4: Cu, 15.77; C, 35.78; H, 3.75; N, 20.86. 
Found: Cu, 15.97; C, 35.59; H, 3.62: N, 21.03%. UV-Vis 

in relation to their magnetic susceptibility and EPR spectroscopy: asymmetric band at 15.9 x lo3 cm-‘. 
properties. Yield = 54%. 
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ICu2(pt)2(nBulm)2(N0,),(H,0)21(H,0) (5) 
As 4 but 6 mmol (0.74 g) of N-butylimidazole were 

added. Anal. Calc. for [Cu,(pt)z(nBuim),(NO,),- 
(H,O),](H,O): Cu, 15.06; C, 39.86; H, 4.78; N, 23.24. 
Found: Cu, 14.78; C, 40.18; H, 4.58; N, 23.79%. UV-Vis 
spectroscopy: asymmetric band at 16.1 X103 cm-‘. 
Yield = 62%. 

Physical measurements 
C, H, N and Cu determmations were performed by 

the Microanalytical Laboratory of University College, 
Dublin, Ireland. 

UV-Vis spectra were obtained on a Perkin-Elmer 
330 spectrophotometer using the diffuse reflectance 
technique, with MgO as a reference. 

X-band powder EPR spectra (variable temperature) 
were obtained on a Jeol RE2x electron spin resonance 
spectrometer using an ESR900 continuous-flow cryostat. 

Magnetic susceptibilities were measured in the tem- 
perature range 10-300 K with a fully automized Manics 
DSM-8 susceptometer equipped with a TBT continuous- 
flow cryostat and a Drusch EAF 16 NC electromagnet, 
operating at c. 1.4 T. Data were corrected for mag- 
netization of the sample holder and for diamagnetic 
contributions, which were estimated from the Pascal 
constants. Magnetic data were fitted to theoretical 
expressions by means of a Simplex routine [15], using 
a computer program written by R. Prins. All parameters 
(J, g andp) were varied independently during the fitting 
procedure. This routine minimizes the function 

R = IZ’(xobs - Xcalc12/I~X0bs121”2. 

Crystallographic data collection and refinement of the 
structures 

Crystal structure determination of 1 
A blue crystal of approximate dimensions 

0.20 X 0.17 X0.065 mm was used in the structure de- 
termination. Parameters of data collection and refine- 
ment are summarized in Table 1. The cell constants 
were determined at 293 K on an Enraf-Nonius CAD- 
4 automated diffractometer using graphite monoch- 
romated Cu Ka: radiation from 23 reflections with 
40 < 8<45” and ~26’ scan type, scan angles 1.00+0.15 
tan @‘, horizontal aperture 1.3-5.9 mm, vertical aperture 
4.0 mm. Corrections for Lorentz and polarization effects. 
Relative transmission coefficients 0.702 to 1.260, 
~=21.84 cm-l. 2.0<0<65.0”. h: -10 to 0; k: -11 to 
11; 1: - 12 to 12. Standard reflections - 2 0 0, 0 1 - 1. 
Decay of scattering power 4.67%. 3177 measured re- 
flections, 2889 independent, R,,, = 0.0023,778 reflections 
with (I< 20(Z)) were classified as unobserved. The struc- 
ture was solved using direct methods. Least-squares 
refinement on F. All hydrogen atoms could be located 
in Fourier maps. Least-squares refinement of positional 
and non-hydrogen anisotropic thermal parameters; 

S=2.034, w=llo(F), R=0.0411, R,=0.0446, (A/ 

a),,, <0.02. The final difference synthesis revealed re- 
sidual electron density between 0.13 and -0.17 e A-’ 
with a noise level of 0.11. Scattering factors and anom- 
alous dispersion corrections were taken from the In- 
ternational Tables for X-ray Crystallography [16]. A 
Leiden University computer (IBM 3083) was used with 
MULTAN [17] and programs written or modified by 
S. Gorter, R.A.G. de Graaff and E.W. Rutten-Keule- 
mans. The preparation of the illustrations was done 
with ORTEP [18]. Final fractional coordinates for non- 
hydrogen atoms are given in Table 2. 

Crystal structure determination of 2 
A blue, plate-shaped crystal of approximate dimen- 

sions 0.32 X 0.18 X 0.05 mm was sealed in a Lindemann- 
glass capillary and transferred to an Enraf-Nonius 
CAD4-F diffractometer. Distance crystal to detector 
was 173 mm. Accurate unit-cell parameters and an 
orientation matrix were determined by least-squares 
refinement of 25 well-centred reflections (SET4) in the 
range 9.9 < 0 < 13.9” and ~213 scan type, scan angles 
0.66 + 0.35 tan tP, horizontal aperture 2.39 mm, vertical 
aperture 4.00 mm. Data set: h: -14 to 14; k: 0 to 17; 
1: - 13 to 12. The unit-cell parameters were checked 
for the presence of higher lattice symmetry [19]. Crystal 
data and details on data collection and refinement are 
collected in Table 1. Data were corrected for L, effects. 
Three periodically measured reference reflections 
( - 2 0 - 2, - 3 - 2 2,2 0 2) showed no significant linear 
decay (< 1%) during 11 h of X-ray exposure time. 
R,,, = 0.0311. An empirical absorption and extinction 
correction was applied (DIFABS [20], correction range 
0.701-1.373). The structure was solved by automated 
direct methods (SHELXS86 1211). Refinement on F 
was carried out by full-matrix least-squares techniques 
(SHELX76 [22]). Hydrogen atoms (including the pyr- 
azole hydrogen H3) were included in the refinement 
on calculated positions (C, N-H =0.98 A) riding on 
their carrier atoms, except for the water hydrogen atoms 
Hl and H2, which were located on a difference Fourier 
map and subsequently included in the refinement. All 
non-hydrogen atoms were refined with anisotropic ther- 
mal parameters; the hydrogen atoms were refined with 
two overall isotropic thermal parameters with values 
of 0.05(2) and 0.065(7) A’ for the water hydrogen atoms 
and the other hydrogen atoms, respectively. Weights 
were introduced in the final refinement cycles. Con- 
vergence was reached at R = 0.0522. (A/u),, = 0.0329 

and (Al&,, =0.376 in final cycle. A final difference 
Fourier map showed no residual density outside - 0.53 
and 0.50 e A-‘. Final positional parameters for non- 
hydrogen atoms are listed in Table 3. Neutral atom 
scattering factors were taken from Cromer and Mann 
[23], anomalous dispersion corrections from Cromer 
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TABLE 1 Crystal data and detarls of the structure determmatton for [Cu,(pt)Z(Merm)Z(NGj)(H,O)Z1(Hzo), (I), 

[Cu,(pt)Z(I-Ipz)Z(No,)z(HZo),l (21, [cu,(pt),(4,4’-bpy)(NO,)(H,O),I(NO,)(HzO), (3) 

Compound 1 2 3 

Chemical formula C~ZN&&&~ Cu~Nr&a&G8 CuzNr&&&,z 
Formula werght (g mol-‘) 813.69 713.58 805.668 

Crystal system triclimc monoclimc monoclinic 

Space group Pi PZJC P2,ic 

a (A) 9.2685(6) 10.812(l) 8 880(l) 

b (A) 9.6897(6) 13 750( 1) 12.9975(B) 

c (A) 10.2313(4) 10.003(l) 28.721(2) 
o (“) 108.700(4) 90 90 
P (“) 97 884(4) 113.94(l) 92 970(7) 
Y (” 1 95.396(5) 90 90 

V( ‘) 852.75(B) 1359.1(2) 3310.5(5) 
Z 1 2 4 
Temperature (K) 293 298 295 
F(000) (electrons) 418 724 1648 
POLX 1.60 1.75 160 
PEalC 1.58 1.74 1.62 

A (A) 1.5418” 0.71073s 1.5418” 
p (cm-‘) 21.84 16.4 22.29 
No. unique data 2889 3111 6244 
Scan type -20 -28 (u-2e 
e min.-max. (“) 2.Lk65.0 1.48-27.5 2.50-70 0 
Total no. data 3177 3719 6244 

Observed data 2111 (I>Za(r)) 1836 (I> 2 50(Z)) 5100 (1>20(~) 
No. refined parameters 263 207 564 
Fmal R’ 00411 0.0522 0.056 
Final Rwd 0 0446 0 0485 0.051 

Werghts l/d(P) l/[d(F) + O.O00256P+] l/d(F) 
GOP 2.034 1.55 2 342 
Restdual density: min., max. (e/A3) -0.17, 0 13 - 0.53, 0.50 -0.7, 0.8 

“Graphite monochromated Cu Ka radratton bGraphrte monochromated MO Kcu radtation ‘R = (%IPor,sl - IP,.,,I)~lP,r,,l. 

%v= l%(IPJ - Pcarcl)ZE4Fdl’~. ‘GOF = [Zw(klF,,,I - /F,,,,l)‘/(NO -NV)]“. 

and Liberman [24]. Geometrical calculations were per- 
formed with PLATON [25]. All calculations were per- 
formed on a DEC station 5000/125. The preparation 
of the illustrations was done with ORTEP [18]. Final 
fractional coordinates for non-hydrogen atoms are given 
in Table 3. 

Crystal structure determination of 3 
The intensities from a crystal of dimensions 

0.15 X0.18X0.30 mm were collected with an Enraf- 
Nonius CAD-4 diffractometer using graphite-monoch- 
romated Cu Ka radiation and (u-28 scans. Parameters 
of data collection and refinement are summarized in 
Table 1. Preliminary scans indicated the crystal to be 
monoclinic with systematic absences h01,i # 2n and OkO, 
k#Zn, indicating space group P2,lc. Two standard 
reflections, namely - 12 - 1 and 0 16, were measured 
with intervals of one hour. These reflections showed 
a radiation decrease of 6.15% during the 84 h of 
collection time, for which the intensities were corrected. 
Unit-cell parameters were determined by a least-squares 
algorithm using 25 reflections with 39~28~42”. The 
intensities were corrected for Lorentz and polarization 

effects. In order to get an estimate of the absorption, 
after the determination of the atomic positions the 
empirical absorption correction DIFABS [20] was ap- 
plied. The positions of the copper atoms could be found 
using Patterson functions. With the program AUTO- 
FOUR [26] we were able to locate the non-hydrogen 
atoms with the exception of some oxygen atoms. The 
position of the remaining atoms was determined by a 
Fourier synthesis. Three of the hydrogen atoms of water 
molecules could not be determined. One of the two 
nitrate groups appeared to be disordered. To overcome 
this problem two ions with the same centering nitrogen 
were introduced, whose occupations add to one. Sub- 
sequently, a full matrix least-squares refinement on F 
applying anomalous dispersion converged to R = 0.056, 
R,=0.051, S=2.342, max A/a=0.056. The reflection 
weights involved were l/$(F). The temperature factors 
of the hydrogen atoms were not refined and kept fixed 
at 0.035. The isotropic secondary-extmction coefficient 
[27] refined to 2.7(7)X 10-6. The occupancies of the 
atoms 021, 022 and 023 refined to 0.48(3) and thus 
the occupancies of the atoms 021’, 022’ and 023’ are 
0.52(3). Since the temperature factors of these oxygen 



TABLE 2 Fmal coordmates and equrvalent tsotroptc thermal 
parameters (X lo3 for Cu; X 10 for C(16), C(34); X 10’ for all 
other atoms) of the non-hydrogen atoms of [Cu,(pt),(Merm),- 
(NO,),(H,O),](H,O), wrth e s.d s given m parentheses 

Atom da y/b ZIG L” @‘I 

cu 
N(l) 
NW 
N(4) 
N(l1) 
N(13) 
N(31) 
N(5) 
C(3) 
C(5) 
C<li) 
C(14) 
C(15) 
CtW 
C(31) 
C(32) 
C(33) 
C(34) 
C(35) 
O(1) 
O(2) 
O(3) 
O(4) 
O(5) 
O(6) 

0.0972( 1) 
0.0898(3) 
0.1488(3) 
0.2846(3) 

-0.0814(3) 
0.0474(3) 
0.2893(3) 

-0.1393(5) 
0 2637(4) 
0.1747(4) 

- 0.0552(4) 
0.0871(4) 
0.0082(4) 

-0.1909(S) 
0 3476(3) 
0.4728(4) 
0.5395(4) 
0.4828(4) 
0.3561(4) 

- 0.0210(6) 
- 0.2080(4) 
- 0.1822(9) 

0.2232(3) 
0 4575(4) 
0.4876(3) 

0.1093(l) 
-0.1303(3) 
- 0.0479(3) 
- 0.2276(3) 

0 3172(3) 
0.2365(3) 
0.0699(3) 

- 0.2064(5) 
- 0.1096(4) 
- 0 2362(4) 

0.1995(3) 
0 3858(3) 
0.4361(4) 
0.3174(7) 

- 0 0438(3) 
- 0.0892(4) 
-0.0X4(4) 

0 0998(4) 
0.1397(4) 

-0.1330(6) 
-0.1711(4) 
-0 3109(5) 

0 3066(2) 
0.4308(4) 

-0.4318(3) 

0.3906( 1) 
0 5362(3) 
0.4655(3) 
0 4570(3) 
0 1297(3) 
0.2782(3) 
0.3140(3) 
0.1212(4) 
0.4209(4) 

0.5278(4) 
0.1630(3) 
0.3160(4) 
0.2253(4) 
0 0109(6) 
0.3398(4) 
0.2924(4) 
0 2159(5) 
0.1914(5) 
0.2423(4) 
0.1804(5) 
0.0333(4) 
0 1464(5) 
0.5824(2) 
0.0991(4) 
0.3950(4) 

3170(15) 
307(9) 
298(9) 
375(9) 
404( 10) 
338(9) 
333(9) 
527(14) 
304(10) 
390(12) 
365(H) 
454(14) 
476( 14) 

65(2) 
319(10) 
421(13) 
517(15) 

51(2) 
430(13) 
129(2) 
722(13) 
136(3) 
492(9) 
831(14) 
481(9) 

“B,, = t G? x (trace of orthogonalized U,,). 

atoms are rather high, a high degree of disorder is still 
observed. This is a common feature of the group, which 
can rotate freely around the nitrogen atom in the 
center. The final difference synthesis revealed residual 
electron densities between -0.7 and 0.8 e A-‘. The 
highest peak may represent a partial water molecule 
because the distances to the neighbouring oxygen atoms 
are of the order of 2.8 A. However, the peak height 
is too low for a whole atom. All calculations were 
performed with XTAL3.0 [28] unless stated otherwise. 
The scattering factors were taken from Cromer and 
Mann [23] and International Tables for X-ray Crys- 
tallography [16]. The preparation of the illustrations 
was done with ORTEP [18]. Final fractional coordinates 
for the non-hydrogen atoms are given in Table 4. 

Results and discussion 

Molecular structure of 
(Cu,(Pt),(~eim),(NO,),~H,O),l(H,O), (1) 

The molecular structure of the dinuclear unit is 
depicted in Fig. 1, whereas relevant bond length and 
bond angle information is given in Tables 5 and 6. The 
triclinic cell contains two dinuclear copper(I1) units 
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TABLE 3. Final coordmates and equrvalent isotroptc thermal 
parameters of the non-hydrogen atoms of [Cu,(pt),(Hpz),- 
(N0,)(H,0)2] with e s d.s grven m parentheses 

Atom x/a yfb z/c u,: (AZ) 

cu 0.86781(7) -0.02860(5) 0 58646(S) 0.0291(2) 

O(1) 0.6874(6) 0 0067(4) 0.3310(5) 0.076(2) 

O(2) 0.6855(7) 0.1076(5) 0.1683(6) 0.095(3) 

O(3) 0.5703(6) 0 1364(4) 0.2942(6) 0 077(2) 

O(4) 1.0434(5) - 0.0579(3) 0.8230(5) 0.0391(16) 

N(1) 1.0527(4) -0.0975(3) 0.4317(5) 0.0326( 17) 

N(2) 0 9619(4) -0.10&U(3) 0.4914(5) 0.0268( 16) 

N(4) 1 0026(5) - 0.2551(3) 0.4243(5) 0.0363( 18) 

N(5) 0 6483(6) 0 0849(5) 0.2630(6) 0.053(2) 

N(l1) 0.7552(5) 0 0380(3) 0.6732(5) 0 0318(16) 

N(12) 0.6409(5) 0.0853(4) 0.5949(6) 0.0512(19) 

N(31) 0.7837(5) - 0.1619(3) 0.5905(5) 0.0295( 16) 

C(3) 0.9337(5) - 0.2030(4) 0 4852(6) 0 0289( 17) 

C(5) 1.0731(6) - 0 1866(4) 0.3929(6) 0.0365( 19) 

C(13) 0.5979(8) 0.1332(7) 0.6831(8) 0.091(4) 

C(14) 0 6823(8) 0 1143(6) 0.8225(8) 0.070(3) 

C(15) 0.7803(6) 0.0563(4) 0.8123(6) 0.040(2) 

C(31) 0.8357(5) -0 2341(4) 0.5395(6) 0.0306( 17) 

C(32) 0.7960(7) - 0.3303(4) 0.5395(7) 0.045(2) 

C(33) 0.6988(7) - 0.3516(5) 0 5919(7) 0.052(3) 

C(34) 0 6470(7) - 0.2768(5) 0.6438(7) 0.051(3) 

C(35) 0.6916(6) -0.1841(5) 0 6425(6) 0.039(2) 

‘lJ,= fZS,X,lJ,,a*,a*,(ii, 2,). 

and eight lattice water molecules. The cluster consists 
of two crystallographically dependent copper(I1) ions 
linked together by the two dehydronated Hpt ligands. 
The anionic pt ligand acts as a planar dinucleating 
ligand, with N(1) and N(2) as bridging atoms between 
the copper(I1) ions. This 1,2,4-triazole bridging mode 
via Nl,N2 is quite well known in copper(I1) coordination 
compounds [l-7]. The Cu-N(pyridine) distances are 
also significantly larger than the Cu-N(triazole) dis- 
tances. The Cu-Cu distance within the dinuclear unit 
is 4.022( 1) A. The Cu atom is in a distorted octahedron, 
of which the equatorial coordination sphere is formed 
by the three donor atoms of the anionic pt ligand 
(Cu-N(1)’ = 1.983(3), Cu-N(2) = 1.981(3) and Cu- 
N(31) = 2.061(3) A) an a coordinating nitrogen atom d 
of the Meim ligand (Cu-N(13) = 1.981(3) A). The axial 
ligands are a water molecule and a nitrate anion, which 
are located tram with respect to each other on the two 
copper atoms (01-O(4) = 2.327(l), Cu-O(1) = 2.639(5) 
A). The N(2)-Cu-N(31) bite angle is 80.4(l)“, which 
is comparable to the angles found for mononuclear 
copper (II) compounds with the related ligand 4-amino- 
3,5-bis(pyridin-2-yl)-1,2,4-triazole (hereafter abbrevi- 
ated as abpt), i.e. 80.1(l) ’ in [Cu(abpt),(H,O)l(Hso,), 
PI and 80.5(2)” in [WaWLWNQM WI 
(TCNQ = 7,7’,8,8’-tetracyanoquinodimethane), al- 
though remarkably smaller than in the dinuclear 
[Cu(bpt)(CF,SO,)(H,O>1, [2] with bite angles between 
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TABLE 4. Fmal coordmates and eqmvalent lsotroplc thermal 
parameters of the non-hydrogen atoms of [Cu,(pt),(4,4’- 
bpy)(NO,)(H,O),](H20), with e s d s given m parentheses 

Atom xl0 y/b z/c Ueq” (A’) 

Cu(l) 
Cut2) 
C(11) 
cw 
C(13) 
C(15) 
C(16) 
C(3) 
C(5) 
C(3)’ 
C(5)’ 
C(31) 
C(32) 
C(33) 
C(34) 
C(35) 
C(31)’ 
C(32)’ 
C(33)’ 
C(34)’ 
C(35)’ 

N(5) 
N(6) 
N(l4) 
N(l) 
N(2) 
N(4) 
N(l)’ 
N(2)’ 
N(4)’ 
N(31) 
N(31)’ 

O(4) 
O(5) 
O(l) 
O(2) 
O(3) 
O(6) 
Wl) 
O(l2) 
O(l3) 
O(21) 
O(22) 
o(23) 
C(11)’ 
C(12)’ 
C(13)’ 
C( 15)’ 
C(16)’ 
N( 14)’ 
O(21)’ 
O(22)’ 
O(23)’ 

_ 

0 26209(6) 
0 02994( 6) 
0 1644(5) 
0 1402(5) 
0 1674(5) 
0 2454(h) 
0 2192(6) 
0.4403(4) 
0.3391(5) 

- 0.1472(4) 
- 0 0433(5) 

0 5419(4) 
0 6842(5) 
0.7704(5) 
0 7085(5) 
0 5648(5) 

- 0 2458(5) 
- 0.3871(5) 
- 0.4707(6) 
-0 4118(6) 
- 0 2674(5) 

0 1844(8) 

0 1832(6) 
0 2198(4) 
0.2399(3) 
0 3068(3) 
0 4655(4) 
0.0517(3) 

- 0 0179(4) 
- 0 1676(4) 

0.4796(3) 
- 0 1853(4) 

0.3229(4) 
- 0 0560(4) 

0 5930(4) 
- 0.3233(4) 
- 0 4799(5) 

0 4014(7) 
0.1192(6) 
0 1393(6) 
0.3133(7) 
0.102(3) 
0 242(4) 
0.226(2) 
0 1318(5) 
0.1596(5) 
0 1279(5) 
0 0376(5) 
0.0667(6) 
0 0677(4) 
0.122(3) 
0 260(2) 
0.155(2) 

0 27770(5) 
0 27560(5) 
0.2520(3) 
0 1704(4) 
0 1824(3) 
0 3491(4) 
0 3424(4) 
0 1922(3) 
0 1868(4) 
0 3643(3) 
0.3721(4) 
0.1855(3) 
0 1456(3) 
0 1470(4) 
0 1883(4) 
0 2252(4) 
0 3726(3) 
0 4164(4) 
0.4174(4) 
0.3753(4) 
0.3346(4) 
0 0124(5) 
0 5484(4) 
0 2704(3) 
0 2325(3) 
0 2352(2) 
0.1590(3) 
0.3175(3) 
0 3144(2) 
0 4028(3) 
0.2246(3) 
0 3328(3) 
0.4398(3) 
0 1128(3) 
0 5010(3) 
0.0451(4) 

- 0 1366(4) 
- 0 2128(4) 

0.0449(4) 
-0 0311(4) 
- 0.0470(5) 

0 480(2) 
0.589(l) 
0.575( 1) 
0 2568(3) 
0.3457(3) 
0 3494(4) 
0 1844(4) 
0 1752(4) 
0 2693(3) 
0.485(2) 
0.609( 1) 
0 559(l) 

‘lJeq= fZ,Z,u,,a*,a*,(l?, ii,) 

78.6( 1) and 79.5( 1)“. The pyridyl group is slightly twisted 
with respect to the 1,2,4-triazole ring. The dihedral 
angle between thus ring and the triazole 1s only 3.7(2)“. 

0.70575(2) 
0 58182(2) 
0.8686( 1) 
0.8381(l) 
0.7917(l) 
0 8040( 1) 
0.8509(l) 
0 6383(l) 
0 5717(l) 
0.6488(l) 
0 7152(l) 
0.6804(l) 
0.6815(2) 
0.7231(2) 
0.7619(2) 
0 7581(l) 
0 6069( 1) 
0.6054(2) 
0 5635(2) 
0.5247(2) 
0.5287(2) 
0.6662(2) 
0 5992(2) 
0 7745(l) 
0 5976(l) 
O&4160(9) 
0 5952(l) 
0 6896( 1) 
0.6464( 1) 
0.6912( 1) 
0 7184(l) 
0 5688(l) 
0 7051(l) 
0.5865(l) 
0 7338( 1) 
0.5482(2) 
0.5320(l) 
0.6136(2) 
0 6910(2) 
0 6267(2) 
0 6754(2) 
0 601(l) 
0 6320(6) 
0 5597(5) 
0.4187(l) 
0 4442(l) 
0.4908(l) 
0 4880(l) 
0 4415(l) 
0.5128(l) 
0 5773(5) 
0.5844(9) 
O&414(4) 

0 0440( 3) 
0 0450(3) 
0 055(2) 
0 060(2) 
0.057(2) 
0.071(3) 
0 070(3) 
0.05 l(2) 
0 064(3) 
0 053(2) 
0 063(3) 
0 053(2) 
0 063(3) 
0.071(3) 
0 070(3) 
0 066(3) 
0.056(2) 
0 069(3) 
0.078(3) 
0 081(3) 
0 072(3) 
0 104(4) 
0 081(3) 
0.061(2) 
0.057(2) 
0 054(2) 
0.066(2) 
0 059(2) 
0 057(2) 
0.067(2) 
0 059(2) 
0 064(2) 
0.076(2) 
0 079(2) 
0.093(3) 
0 102(3) 
0 123(4) 
0.170(5) 
0 146(5) 
0 164(5) 
0.156(5) 
0 lh(2) 
0.14(l) 
0 105(9) 
0 056(2) 
0 063(3) 
0 064(3) 
0.070(3) 
0 069(3) 
0 059(2) 
0 13(l) 
0 19(2) 
0 106(9) 

Fig. 1 The structure and atomx labelmg of [Cuz(pt)z(Melm)z- 
(NO,),(H,O),](H,O), (1) AddItIonal atoms arc generated by the 
symmetry operation --x, -y, 1 --z 

TABLE 5. Bond distances (A) for [Cu,(pt),(Melm),(NO,),- 

WZ~MW%, e s d.s m the fast slgmficant dlglts are given m 
parentheses 

cu-Cu’ 4.022( 1) 
Cu-N(13) 1981(3) 
Cu-N(2) 1981(3) 
Cu-N(31) 2.061(3) 
cu-O(1) 2 639(5) 
cu-O(4) 2 327( 1) 
Cu-N( 1)’ 1 983(3) 
N(13)-C(12) 1 334(l) 
N(13)-C(14) 1371(l) 

N(l)-N(2) 1.362(4) 

N(l)-C(5) 1 339(l) 
N(2)-C(3) 1.334(5) 
N(31)-C(35) 1.321(l) 
N(31)-C(31) 1 354(2) 
N(ll)-C(12) 1 324(l) 
N(ll)-C(15) 1 360(l) 
N(ll)-C(16) 1 474(6) 

N(4)-C(3) 1.332(4) 

N(4)-C(5) 1 339(l) 

N(5)-O(l) 1.213(6) 

N(5)-o(2) 1 189(4) 

N(5)-0(3) 1.170(6) 

C(3)-c(31) 1457(4) 
C( 14)-C( 15) 1 342(l) 
C(35)-C(34) 1.388(l) 
C(32)-C(33) 1377(l) 
C(32)-C(31) 1.375(l) 
C(34)-c(33) 1.364(l) 

Prlmed atoms are generated by symmetry operation --x, -y, 
1-z 

The pt ligand bridges the copper atoms in an asymmetric 
mode, which is reflected in the Cu-N(2)-N(1) angle, 
which is 138.7(2)” and the Cu-N( l)‘-N(2)’ angle, which 
is 125.8(2)“. 

The Meim ligand makes an angle of 82.2(l)” wrth 
the pt ligand. This is probably due to steric hindrance. 
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TABLE 6 Bond angles (“) for [Cu2(pt)2(Melm),(N0,),- 

WZO)&HZO)~> e.s.d s m the last slgmficant dlglts are gwen m 

parentheses 

N( 13)-‘&-N(2) 
N( 13)-Cu-N(31) 
N( 13)-Cu-0( 1) 

N( 13)-&-O(4) 
N(13)-Cu-N(1)’ 

N(2)-Cu-N(31) 
N(2)-Cu-0( 1) 

N(2)-Cu-O(4) 
N(2)-Cu-N(1)’ 

N(31)-Cu-0( 1) 
N(31)-Cu-O(4) 

N(31)-Cu-N(1)’ 

O(l)-cu-O(4) 
O(l)-Cu-N(1)’ 

O(4)-Cu-N( 1)’ 
N(2)-N( 1)-C(5) 
N(2)-N(l)-Cu’ 
C(S)-N(l)-Cu’ 

Cu-N(13)-C(12) 
Cu-N( 13)-C( 14) 

C(12)-N(13)-C(14) 
Cu-N(2)-N(1) 

Cu-N(2)-C(3) 

N(l)-N(2)-C(3) 
Cu-N(31)-C(35) 
Cu-N(31)<(31) 

C(35)-N(31)-C(31) 
C(12)-N(ll)-C(15) 
C(12)-N(ll)-C(16) 
C(15)-N(ll)-C(16) 

C(3)-N(4)-C(5) 
O(l)-N(5)-O(2) 
O(l)-N(5)-O(3) 
O(2)-N(5)-O(3) 

N(2)-C(3)-N(4) 
N(2)-C(3)-C(31) 
N(4)-C(3)-C(31) 

N(13)-C(12)-N(l1) 
N(13)-C(14)-C(15) 
N(31)-C(35)-C(34) 

C(33)-C(32)-C(31) 

C(35)-C(34)-C(33) 
N(ll)-C(15)-C(14) 

C(32)<(33)-C(34) 
N(31)-C(31)-C(3) 
N(31)-C(31)-C(32) 
C(3)-C(31)-C(32) 

N( l)-C(5)-N(4) 
Cu-0(1)-N(S) 

168 3(l) 
93 O(1) 
92 4(2) 

93 l(1) 

90.7( 1) 
80 4(l) 

77 5(2) 
96 6(l) 

95.4( 1) 
84.3(2) 
91.2(l) 

175 3(l) 

173.1(l) 
92.7(2) 
91.4(l) 

104 8(3) 

125 8(2) 
128 9(2) 

126 l(2) 

127.5(2) 
105.2(3) 
138 7(2) 
114.4(2) 

106.1(3) 
127.4(2) 

113 9(2) 
118.7(3) 

108 O(3) 
125.3(4) 

126.7(3) 
101.8(3) 
117.5(6) 
121.3(6) 
121.2(6) 

113.5(3) 
117 9(3) 

128 6(3) 
110 7(3) 
109 6(3) 
122 3(3) 

118.4(3) 
118 6(3) 

106 5(3) 
120 O(3) 
112 9(3) 
122 O(3) 
125 2(3) 
113 8(3) 
141.3(4) 

Primed atoms are generated by symmetry operation: --x, -y, 

l-z 

The structure is stabilized by a hydrogen bonding 
network, details of which are listed in Table 7. 

Molecular structure of (Cu, (pt)2 (Hpz), (NO,), (H20)J 

(2) 
The molecular structure of the dinuclear cluster is 

depicted in Fig. 2, and relevant bond length and bond 

angle information IS given m Tables 8 and 9. The 
monoclmic cell contains two dinuclear copper(I1) units. 
The cluster consists of two crystallographically depen- 
dent copper(I1) ions linked together by two dehy- 
dronated pt ligands. The asymmetric bridging geometry 
of the pt ligand is similar to that of 1 and 
[Cu,(pt),(SO,)(H,O),](H,O), [5]. The Cu-Cu distance 
within the dinuclear unit is 3.9741(12) A, which is the 
shortest Cu-Cu distance found for this type of double 
CL-Nl,N2-triazole compound [l-5]. The coordination 
octahedron of the copper atom resembles that of the 
previous structure, with the exception that the fourth 
nitrogen atom m the equatorial plane is a nitrogen 
from the HPz ligand (Cu-N(1) = 1.976(4), 
Cu-N(2) 7 1.980(5), Cu-N(31) = 2.054(5), Cu-N(11) = 
1.983(5) A). The axial ligands, which are again a water 
molecule and a nitrate anion, are also coordinated in 
the same tram mode with distances Cu-0( 1) = 2.554(5) 
and Cu-O(4) =2.392(5) A. The N(2)-Cu-N(31) bite 
angle is 80.5(2)“, which is comparable to that of 1. The 
pyridyl group IS also slightly twisted with respect to 
the 1,2,4-triazole ring. The dihedral angle between this 
ring and the triazole is only 2.1(3)“, which is slightly 
smaller than m 1. Again the bridging mode is asymmetric 
with angles Cu’-N(l)-N(2) = 123.9(3)” and Cu- 
N(2)-N(1) = 139.6(3)” The angle between the pyrazole 
and the pt hgand is 83.3(3)“, about the same as in the 
case of Meim, and which is probably caused by steric 
hindrance. A hydrogen bonding network is further 
stabilizing the structure (see Table 10). 

Molecular structure of [Cu,(pt),(4,4’- 

bpy)(NO,),(H,O),ltH,O), (3) 
The molecular and lattice structures of the chain of 

dinuclear copper(I1) clusters are depicted in Figs. 3 
and 4, respectively, whereas relevant bond length and 
bond angle information is given in Tables 11 and 12. 
The monoclinic cell contains two dinuclear copper(I1) 
units and eight lattice water molecules. Unlike the 
structures 1 and 2, two crystallographic independent 
distorted octahedrally coordmated copper(I1) atoms are 
present in this structure, which differ slightly in their 
coordination spheres. The pt bridging mode is similar 
to those found in all other copper pt structures, 1, 
2 and in ref. 5. The Cu(l)-Cu(2) distance within the 
dinuclear unit is 4.0198(7) A, which is similar to the 
related structures. The dinuclear units are bridged by 
4,4’-bpy molecules to form a chain. The Cu(l)-Cu(2) 
distance measured over the bridging 4,4’-bpy molecules 
is 11.1220(5) A, which is comparable to the 11.106(2) 
A for [Cu,(dien),(4,4’-bpy)(ClO&](ClO& (in which 
dien is diethylenetriamine) [29]. The 4,4’-bpy pyridyl 
rings are twisted 38.9” with respect to each other, this 
is in contrast with the dihedral angle of 0” in 
[Cu,(dien),(4,4’-bpy)(ClO~)J(ClO& and 3.7” m 
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TABLE 7. Interatomtc drstances (A) and angles (“) for the hydrogen bondmg mteracttons m [Cu,(pt),(Metm),(NO,),(H,O),](H,O),, 

e.s d s m the last stgmficant dtgtts are gtven m parentheses 

D-H.. -A D-H H.A D- .A D-H . A 

O(4)-H1(04)- t .0(3)’ 0 8870(O) 1961(5) 2 840(5) 170.3(2) 

O(4)-H2(04). . .0(6)’ 0 9594(O) 1.830(4) 2 784(4) 172.7(l) 

O(5)-Hl(05) . .0(2)3 0 9779(O) 2.171(6) 3 062(6) 150.8(l) 

O(5)-H2(05). .0(5)4 0.8763(O) 2.043(5) 2.918(7) 176.7(2) 

O(6)-Hl(06) . N(4) 0.8993(O) 1.967(4) 2 842(4) 164.0(l) 

O(6)-H2(06). . -0(5)s 0.9212(O) 1.987(5) 2.851(5) 155.6(l) 

O(6)-H2(06) .0(6)6 0 9212(O) 1990(5) 2.856(7) 166.5(2) 

Atoms marked with a number are generated by symmetry operatrons. 1 -_x, -y, 1 -_z, ?I -_x, -y, 1 -z, 3 -_x, -y, -z; 41 -_x, 1 -Y, 
-2, 3, - 1 +y, z; 61 --x, - 1 -y, 1 -.7. 

Frg. 2. T;;‘, structure and atomic labehng of [CuZ(pt)Z- 

(Hpz),(NO,),(H,O),] (2) Addmonal atoms are generated by the 
symmetry operatron 2-x, -y, 1 -z. 

TABLE 8 Bond distances (A) for [Cu,(pt)z(Hpz),(NO,),(H,O),], 
e s.d.s in the last stgmficant drgtts are gtven in parentheses 

cu-Cu’ 
cu-O( 1) 
cu-O(4) 
Cu-N(2) 
Cu-N(ll) 
Cu-N(31) 
Cu-N(1)’ 

0(1)-N(5) 
0(3)-N(5) 
0(2)-N(5) 
N(l)-N(2) 
N(lW(5) 
N(2)-C(3) 
N(4)<(3) 

3.9741(12) 
2 554(5) 
2.392(5) 
1.980(5) 

1983(5) 
2.054(5) 
1.976(4) 

1.251(8) 
1.234(9) 
1.211(9) 
1.348(7) 
1.330(7) 
1.336(7) 

1344(g) 

N(4)C(5) 
N(ll)-N(12) 
N(ll)-C(15) 
N( 12)-C( 13) 
N(31)-C(31) 

N(31)-C(35) 
C(3)-C(31) 
C(13)-C(14) 
C(14)-C(15) 
C(31)-C(32) 
C(32)-C(33) 
C(33)-C(34) 

C(34)-C(35) 

1.327(8) 
1.334(8) 
1.329(7) 
1.346(11) 
1.340(7) 
1.333(9) 

1.438(S) 
1.346(11) 
1.363(11) 
1391(8) 
1383(11) 
1 370(10) 
1 365( 10) 

Primed atoms are generated by the symmetry operation 2-q 
-y, 1-z. 

TABLE 9 Bond angles (“) for [Cu,(pt)Z(Hpz)Z(N0,),021; 
e.s.d.s m the last stgmficant digtts are gtven m parentheses 

O( l)-Cu-O(4) 177 6(2) 0( l)-N(5)-O(2) 120.1(7) 
0( l)-Cu-N(2) 87 54( 19) O(3)-N(5)-O(2) 121.9(7) 
O(l)-Cu-N(11) 89.7(2) Cu-N(ll)-N(12) 123.7(4) 

O(l)-Cu-N(31) 91 42(19) Cu-N(ll)-C(15) 130.1(4) 

O(l)-Cu-N(1)’ 85 74(19) N(12)-N(ll)-C(15) 105.6(5) 
O(4)-C&N(2) 91.48(18) N(ll)-N(12)-C(13) 110.0(6) 
O(4)-Cu-N(11) 91.54(19) Cu-N(31)-C(31) 113.3(4) 

O(4)-Cu-N(31) 90.59(17) Cu-N(31)-C(35) 128.3(4) 

O(4)-Cu-N(1)’ 92.18(18) C(31)-N(31)-C(35) 118.3(5) 
N(2)-Cu-N( 11) 172.62(19) N(2)-C(3)-N(4) 112.6(5) 

N(2)-Cu-N(31) 80.5(2) N(2)-C(3)-C(31) 117.5(5) 
N(2)-Cu-N( 1)’ 96.50(19) N(4)-C(3)-C(31) 129.9(5) 
N( 1 l)-Cu-N(31) 92.8(2) N(l)-C(5)-N(4) 113.9(6) 
N(ll)-Cu-N(1)’ 90 ll(19) C(13)-C(14)-C(15) 104.9(7) 
N(31)-Cu-N(1)’ 175 96(19) N(12)-C(13)-C(14) 108 6(S) 

Cu-0(1)-N(5) 131.3(4) N(ll)-C(15)-C(14) 110.8(6) 

N(2)-N(lW(5) 105 5(4) N(31)-C(31)-C(3) 114.3(5) 
N(2)-N(l)-Cu 123 9(3) N(31)-C(31)-C(32) 121.8(6) 

C(S)-N(l)-Cu’ 130.7(4) C(3)<(31)-c(32) 123.9(6) 
Cu-N(2)-N( 1) 139 6(3) C(31)-C(32)-C(33) 118.9(6) 
Cu-N(2)-C(3) 114.2(4) C(32)-C(33)-C(34) 118.4(6) 

N(l)-N(2)<(3) 106.2(4) C(33)-C(34)-C(35) 119.8(7) 
C(3)-N(4)-C(5) 101.9(4) N(31)-C(35)-C(34) 122.7(6) 
O(l)-N(5)-O(3) 118.1(6) 

’ = symmetry operatton 2 -x, -y, 1 --z. 

TABLE 10 Interatomic drstances (A) and angles (“) for the 

hydrogen bonding mteracttons in [Cu,(pt)2(Hpz)z(N0,),o,1; 
e.s.d.s m the last stgmficant digtts are given in parentheses 

D-H .A D-H H -A D. A D-H.. A 

0(4)-H(l). . N(4)’ 0 79(7) 2 08(7) 2.863(6) 171(8) 
0(4)-H(2) . O(2)* 0 74(8) 2 26(8) 2.98(l) 167(7) 

N(12)-H(3). O(1) 0 980(S) 2.419(8) 3.077(8) 124.0(6) 

N(12)-H(3). O(3) 0 980(8) 1.976(8) 2 874(8) 151 3(6) 

Atoms marked wtth a number are generated by symmetry op- 
erattons: ‘x, -0.5-y, 0.5+z, *2-x, -y, 1 -z 

[Cu(dien)(4,4’-bpy)(H,O)](ClO,), [29]. The equatorial 
plane of the octahedron around Cu(1) is formed by 
the three donor atoms of the anionic pt ligand 
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Fig 3. The structure and atomtc labeling of [Cu,(pt),(4,4’-bpy)(NO,),(H,O),](H,O), (3) 

Ftg. 4. The structure of [Cu,(pt),(4,4’-bpy)(NO,),(H,O),](H,O), 
(3) showing the In-rear chant structure. 

(Cu(l)-N(1)’ = 1.970(3), Cu(l)-N(2) = 1.983(3), Cu(l)- 
N(31) =2.066(3) A) and one donor atom of the 4,4’- 
bpy molecule (Cu(l)-N(14) =2.031(3) A). The apical 
position is occupied by a coordmated water molecule 
(Cu(l)-O(4) =2.175(4) A). A nitrate anion is at a very 
long distance (Cu(l)-O(l1) = 3.300(6) A). Cu(2) has 
a similar coordination geometry with the exception that 
the nitrate is coordinating to the copper atom 
(Cu(l)-0(21) = 2.78(2) A) and with slightly different 
bond lengths (and angles) (Cu(2)-N(1) = 1.978(3), 
Cu(2)-N(2)’ = 1.988 3), Cu(2)-N(31)’ =2.067(3), Cu(2) 
-N(14)’ = 2.031(3) 8, ). Th e axial water molecule is 
frans to the water molecule bonded to Cu(1) 
(Cu(2)-O(2) = 2.255(4) A). The equatorial planes of 
the Cu( 1) and Cu(2) coordination sphere make an angle 
of only 2.09(9)“. The N(2)-Cu(l)-N(31) and 
N(2)‘-Cu(2)-N(31)’ bite angles are 80.8(l) and 80.6(l)“, 
respectively. These are in the same range found for 
the other copper(I1) pt structures [5]. The pt pyridyl 
group is slightly twisted with respect to the 1,2,4-triazole 
ring. The dihedral angle between this ring and the 
triazole is 3.1(2)“, which is in the same range as the 
previous structures [S]. The via Nl,N2 1,2,4-triazole 
bridging mode is a rather unusual asymmetric one, 
which is reflected in the Cu(l)-N(2)-N(1) and 

TABLE 11 Bond dtstances (A) for [CuZ(pt)Z(4r4’-bpy)(NOs)t- 

(H~O)~](HZO)~; e.s.d s in the last stgmficant dtgtts are gtven in 

parentheses 

Cu( l)-Cu(2) 
Cu(l)-N(14) 
Cu( 1)-N(2) 
Cu( 1)-N( 1)’ 

Cu( l)-N(31) 

Cu( 1)-O(4) 
Cu(2)-N( 1) 
Cu(2)-N(2)’ 
(X(2)-N(31)’ 

Cu(2)-O(2) 
Cu(2)-N(14)’ 

C(ll)-C(12) 
C(ll)-C(16) 

C(12)-C(13) 
C(13)-N(14) 

C(15)-C( 16) 
C(S)-N(14) 

C(3)W(31) 

C(3)-N(2) 
C(3)-N(4) 
C(5)-N(1) 
C(5)-N(4) 
C(3)‘-C(31)’ 
C(3)‘-N(2)’ 
C(3)‘-N(4)’ 
C(5)‘-N(1)’ 

C(5)‘-N(4)’ 
C(31)<(32) 
C(31)-N(31) 
C(32)-C(33) 

C(33)-C(34) 

4.0198(7) 
2 031(3) 
1983(3) 
1970(3) 

2 066(3) 
2.175(4) 
1.978(3) 

1.988(3) 
2 067(3) 

2 255(4) 
2.031(3) 

1.384(6) 
1.380(6) 
1.376(5) 

1.340(6) 
1.383(6) 

1.340(6) 
1.473(5) 
1318(5) 
1.338(5) 

1.323(5) 
1.330(5) 
1.455(5) 

1 324(5) 
1339(5) 
1348(5) 

1.332(5) 
1.365(6) 

1.349(5) 
1.384(6) 
1.377(7) 

C(34)-C(35) 
C(35)-N(31) 
C(31)‘-C(32)’ 
C(31)‘-N(31)’ 

C(32)‘-C(33)’ 
C(33)‘-C(34)’ 

C(34)‘-C(35)’ 
C(35)‘-N(31)’ 
N(5)-O(11) 

N(5)-0(12) 
N(5)-0(13) 
N(6)-O(21) 

N(6)W(22) 
N(6)-O(23) 

N(6)-0(21)’ 
N(6)-0(22)’ 
N(6)-0(23)’ 

N(L)-N(2) 
N(l)‘-N(2)’ 
0(21)-0(21) 

0(21)-0(23)’ 
0(22)-0(22)’ 
0(22)-0(23)’ 
0(23)-0(21)’ 
0(23)-0(22)’ 
C(ll)‘-C(12) 

C(ll)‘-C(16)’ 
C(12)‘-C(13)’ 
C(13)‘-N(14)’ 
C(15)‘-c(16)’ 
C( 15)‘-N( 14)’ 

1 362(7) 
1 337(5) 
1.376(6) 
1.346(5) 

1.381(7) 

1 367(8) 
1 386(7) 
1.332(5) 
1.201(8) 
1.207(8) 
1.245(9) 
1.15(2) 

1.18(2) 
1.27(2) 

1.15(2) 
1.14(2) 
1.26(l) 
1 368(4) 
1.360(4) 
0 71(3) 
161(3) 

1.41(3) 
0.92(3) 
1.59(3) 
0.88(3) 
1.385(6) 

1 388(6) 
1.383(6) 
1.342(6) 
1.380(6) 
1.332(6) 

Cu(2)-N(2)‘-N(1)’ angles, which are 140.0(2) and 
138.7(2)“, respectively, and the Cu(l)-N(l)‘-N(2)’ and 
Cu(2)-N(l)-N(2) angles, which are 126.0(2) and 
124.3(2)“, respectively. In contrast to the above described 
dinuclear pt copper(H) compounds, the two ligands 
are not m a plane, since the least-squares plane through 
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TABLE 12. Bond angles (“) for [Cu,(pt),(4,4’-bpy)(NO,),- 

(H20)2](H20)4r e.s d s In the last slgmficant dlglts are gwen m 
parentheses 

N( 14)-Cu( 1)-N(2) 
N(14)-Cu(l)-N(1)’ 

N(14)-Cu(l)-N(31) 

N( 14)-Cu( 1)-O(4) 
N(2)-Cu(l)-N(1)’ 
N(2)-Cu(l)-N(31) 
N(2)-Cu(l)-O(4) 
N(l)‘-Cu(l)-N(31) 

N( l)‘-Cu(l)-O(4) 
N(31)-Cu(l)-O(4) 

N(l)-Cu(2)-N(2)’ 
N(l)-Cu(2)-N(31)’ 
N(l)-Cu(2)-O(2) 
N(l)-Cu(2)-N(14)’ 
N(2)‘-Cu(2)-N(31)’ 
N(2)‘-Cu(2)-O(2) 

N(2)‘-Cu(2)-N(14)’ 
N(31)‘-Cu(2)-O(2) 

N(31)‘--&(2)-N(14)’ 
O(2)-Cu(2)-N(14)’ 
Cu(l)-N(14)-C(13) 
Cu( l)-N( 14)-C( 15) 
Cu(l)-N(2)-C(3) 

Cu(l)-N(2)-N(1) 
Cu(l)-N( l)‘-C(5)’ 
Cu(l)-N(l)‘-N(2)’ 

Cu(l)-N(31)-C(31) 
Cu(l)-N(31)-C(35) 
Cu(2)-N(14)‘-C(13)’ 

Cu(2)-N(14)‘-C(S) 
Cu(2)-N(l)-C(5) 

Cu(2)-N(l)-N(2) 
Cu(2)-N(2)‘-C(3)’ 
Cu(2)-N(31)-C(31)’ 

Cu(2)-N(31)‘-C(35)’ 
Cu(2)-N(2)‘-N( 1)’ 
C(12)-C(ll)-C(16) 
C(ll)-C(12)-C(13) 

C(12)-C(13)-N(14) 
C(16)-C(15)-N(14) 

C(ll)-C(16)-C(15) 
C(31)-C(3)-N(2) 
C(31)-C(3)-N(4) 

N(2)-C(3)-N(4) 
N(l)-C(5)-N(4) 
C(31)‘-C(3)‘-N(2)’ 

C(31)‘-C(3)‘-N(4)’ 
N(2)‘-C(3)‘-N(4)’ 
N( l)‘-C(5)‘-N(4)’ 

C(3)-C(31)-C(32) 
C(3)-C(31)-N(31) 
C(32)-C(31)-N(31) 

C(31)-C(32)-C(33) 
C(32)-C(33)<(34) 
C(33)-C(34)-C(35) 
C(34)-C(35)-N(31) 
C(3)‘-C(31)‘-C(32)’ 
C(3)‘-C(31)‘-N(31)’ 
C(32)‘-C(31)‘-N(31)’ 
C(31)‘-C(32)‘-C(33)’ 

161 l(1) 
91.1(l) 

91 S(1) 

96 4(l) 
95.1(l) 
80.8(l) 

101.5(l) 
174.7( 1) 

88.6( 1) 
95.5(l) 
95.9( 1) 

174.7( 1) 
92.2( 1) 
90.7(l) 
80.6( 1) 

95.3(l) 
167.2( 1) 

92.0( 1) 

92.1(l) 
95.4(l) 

118.9(3) 
123.1(3) 
114.2(2) 

140.0(2) 
128.5(3) 

126.0(2) 
113.7(2) 

129.1(3) 
121.1(3) 
121.1(3) 

130.2(3) 
124.3(2) 

1!3.6(2) 
113.4(2) 

128.5(3) 
138.7(2) 
117.7(4) 
119.8(4) 
122.4(4) 

122.5(4) 

119.5(4) 
118.7(3) 
127.9(3) 
113.5(3 
113.9(3) 
118 7(3) 

128.4(4) 
122.9(3) 
113.7(3) 
124.7(4) 
112.5(3) 
122 8(3) 
119.1(4) 
118.5(4) 

119.0(4) 
123 4(4) 

124 5(4) 
113.2(3) 
122 3(4) 
118.7(4) 

TABLE 12 (contmued) 

C(32)‘-C(33)‘-C(34)’ 
C(33)‘-C(34)‘-C(35)’ 

C(34)‘-C(35)‘-N(31)’ 
C(13)-N(14)-C(15) 

C(5)-N(l)-N(2) 

C(3)-N(2)-N(1) 
C(3)-N(4)-C(5) 
C(5)‘-N(l)‘-N(2)’ 
C(3)‘-N(2)‘-N(1)’ 

C(3)‘-N(4)‘-C(5)’ 
C(31)-N(31)-C(35) 
C(31)‘-N(31)‘-C(35)’ 

C(12)‘-C(ll)‘-C(16)’ 
C(ll)‘-C(12)‘-C(13)’ 
C(12)‘-C(13)‘-N(14)’ 

C(16)‘-C(15)‘-N(14)’ 
C(ll)‘-C(16)‘-C(15)’ 
C(13)‘-N(14)‘-C(Z) 

O(ll)-N(5)-O(12) 
O(ll)-N(5)-O(13) 

0(12)-N(5)-O(13) 
0(21)-N(6)-O(22) 
0(21)-N(6)-O(23) 
0(22)-N(6)-O(23) 

119 6(5) 
118.5(5) 
122.7(4) 

118.0(3) 

105.1(3) 

105 7(3) 
101 S(3) 
104 2(3) 
107 O(3) 

102 2(3) 
117 2(3) 

118 2(4) 
117.1(3) 

120 l(4) 
122 2(4) 
123 l(4) 
119 6(4) 

117.8(3) 

122 4(7) 
124 3(6) 

112 6(6) 
125(2) 
llS(2) 
117(l) 

all atoms of one pt ligand makes an angle of 3.5(l)” 
with the one of the pt on the opposite side of the 
plane. The coordinated pyrrdyl ring of 4,4’-bpy makes 
an angle of 87.7(l)” with the pt ligand, again most 
likely due to steric effects. The structure is stabilized 
further by an important network of hydrogen bonds, 
details of which are listed in Table 13. 

Lgand jield spectroscopy 
The ligand field band centered at 13.9 X lo3 cm-’ 

for 4 is in agreement with the presence of a CuN,O, 
chromophore, whereas the values of 15.9~ lo3 to 
16.1 x 10’ cm-’ for the other compounds are consistent 
with the presence of CuN,O, chromophores [30]. 

Magnetic properties 
The magnetic susceptibilities have been recorded in 

the 10-300 K temperature region. For all five compounds 
a behavrour for an antiferromagnetically coupled cop- 
per(I1) dinuclear compound is found with a maximum 
in the x versus T curve between 90 to 100 K. Figure 
5 shows the magnetic behaviour of [Cu2(pt)2- 
(Meim),(NO,),(H,O),](H,O), (1). The magnetic data 
for all compounds have been fitted to the modified 
Bleaney and Bowers expression for S = l/2 dimers [31]. 

NP’g’ 
xIYI= 7 [3+exp( -2J/tW)]-‘(1 -p)+x,p (1) 

in which 2J is the singlet-triplet energy gap defined 
by the phenomenological spin Hamiltonian with quan- 
tum spin operators, 9, and 3, 
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TABLE 13. Interatomic distances (A) and angles (“) for the hydrogen bonding mteractrons in [Cu,(pt),(4,4’-bpy)(NO,),(H,O),](H,O),; 
es d.s in the last srgmficant digits are given m parentheses 

D-H.. A D-H H. . .A D. .A D-H. . .A 

O(5)-H(402) . .0(22) 

O(5)-H(402). . O(23)’ 

O(5)-H(401). . O(1) 
O(l)-H(101). .0(13) 
O(l)-H(102). . .N(24) 

O(4)-H(502) O(2) 
O(4)-H(501). 0(12) 
O(Z)-H(201). N(14) 

O(2)-H(202) . .0(3) 
O(3)-H(301). . .0(6) 
0(6)-H”. .0(13) 

0(6)-H*. . -0(22) 
0(6)-H”. O(22)’ 

0 77(5) 2.08(5) 

0.77(5) 1.93(5) 
0.77(5) 1.87(5) 
0.91(4) 1.86(4) 

0.97(5) 185(4) 
0.65(5) 2.07(5) 
0.95(4) 1.89(4) 
0 67(5) 2 S(5) 
1.01(4) 1.76(5) 
0.85(5) 1.98(5) 

2 925(17) 

2 774(16) 

2 519(5) 
2.769(6) 
2.813(5) 

2 710(5) 
2.764(7) 
2.792(6) 
2.768(7) 

2 799(7) 

2.924(S) 
3.00(2) 

2.742(18) 

161(4) 

W4) 
165(5) 
171(4) 
172(4) 

162(6) 
151(3) 

l&t(5) 
171(3) 
162(4) 

“The position of these hydrogen atoms could not be determmed. 

O,,,i I \ 

T (K) 

Frg. 5. x vs. T curve for [Cu,(pt),(Merm)Z(N0,)2(H20)21(H20)4 
(1). The solid hne represents the calculated curve (J= - 47 cm-’ 
and g=2.14). . 

Ii= -25(&&i,) (2) 

In formula (1) N, g, p, k and T have 
meanings. The parameter denotes the 

a magnetic 

a 
considerable 

J calculated 

is seen 
that in the latter case the absolute value of J is sig- 
nificantly larger and J is in the range of - 97 to - 118 
cm-’ [l-4]. C om p arison of the angles involving the 
copper atom and the nitrogen atoms of the bridging 
network reveals a relationship between these angles 
and the magnitude of the J value. It is seen that a 
more symmetric bridging mode with the 
Cu(l)-N(2)-N(1) and Cu(2)-N(l)-N(2) angles close 
to 135”, as observed m the bpt [l, 21 and aamt [3, 41 
compounds, allows a larger interaction than the more 
asymmetric bridging mode with a Cu(l)-N(2)-N(1) 

TABLE 14. Magnetrc and EPR parameters of [Cu,(pt)&(NO,),(H,O)J(H2O)n (n = 1, 2, 3 or 4; L=N-methyhmidazole, pyrazole, 

f 4,4-brpyrrdme, Hz0 and N-butyhmrdazole) 

Compound Magnetic parameters EPR parameters 

J (cm-r) g 

[Cu,(pt)~(Melm),(No,),(H,O),I(H,O), (1) -48 2.14 2.0x 10-3 2.12 4 17 
[Cu,(pt),(Hpz),(NO,),(H,O),1 (2) -49 2.04 3.7 x 10-j 2.15 4.15 
tCu,(pt)z(4,4’-bpy)(NO,)z(HzO),I(HzO), (3) -51 2.14 2.5 x 1o-2 2.13 4.14 
[Cu,(pt),(NO,),(HzO)&H,O), (4) -51 2.00 1.8 x 1O-3 2.15 4.16 
[Cu~(pt),(nBuim),(No,)2(H20)21(H20) (5) -51 2 07 4.9x 10-3 2 16 4.18 



angle of 138.7(2) to 140.0(2)” and a Cu(2)-N(l)-N(2) 
angle of 123.9(3) to 12&O(2)“, which IS observed in the 
present series of compounds [5]. This must be caused 
by the extent of overlap between the d(X*-y2) orbitals 
and the a-orbitals of the nitrogen atoms. The more 
these orbitals are directed towards each other the larger 
the overlap and therefore the antiferromagnetic m- 
teraction. 

The influence of a change in the equatorial coor- 
dination sphere of Cu(I1) does not have a considerable 
effect on the magnitude of the isotropic magnetic ex- 
change. This is unlike in the case of the dinuclear p- 
oxalato copper(I1) compounds, where the magnitude 
of the magnetic interaction via the oxalate bridge can 
be tuned by modifying the nature of the terminal hgands 
[ll, 121. In that case the co-ligands cause a change in 
the coordination geometry of the copper(I1) ions, 
whereby the orientation of the magnetic orbitals is 
changed. In the present series of pt copper(I1) com- 
pounds the coordination octahedra around the cop- 
per(I1) ions do not change significantly, in spite of the 
presence of co-ligands, and the magnetic orbitals remain 
in the plane of the bridging 1,2,4-triazole ligands. There- 
fore, for all compounds similar isotropic magnetic ex- 
change parameters are found, as seen in Table 14. 

No magnetic coupling could be observed between 
copper(I1) ions which are linked via the 4,4’-bpy ligand. 
Apparently, the distance of 11.1220(5) 8, is too long 
to allow magnetic exchange interaction. This IS in 
agreement with the results obtained for [Cu,(dien),(4,4’- 

bpy)(ClG,)21(ClG,)2 [291, where also a very small (if 
any at all) coupling was found over the 4,4’-bpy hgand. 

Representative X-band powder EPR spectra, mea- 
sured at various temperatures, are presented in Fig. 
6. The spectra are all typical for a triplet spin state 
and the normal feature for a Cu(I1) dtmer, the Am,=2 
signal, is observed [32]. The D values are in the range 

I I 

60 K 

40 K 

c I I 5 1 ! ’ ” ,’ 
2000 3000 4000 H CC) 

Fig. 6. X-band powder EPR spectra of [Cu,(pt),(Hpz),(NO,),- 
(H,O),J (2) at 60, 40 and 20 K 

0.08-0.10 cm-‘. The EPR parameters are listed in 
Table 14. The spectra show a decrease in intensity 
upon coolmg, again characteristics for antiferromagnetic 
coupling between the copper(I1) ions [32]. 

Conclusions 

The polynuclear bis(~-3-pyridm-2-yl-1,2,4-triazo- 
lato)copper(II) nitrate compounds represent a unique 
class of compounds in which the monodentate coor- 
dinating ligands H,O, N-methylimidazole, pyrazole, N- 
butylimidazole and 4,4’-bipyridine can occupy the re- 
maining equatorial coordination position. It is evident 
that the co-ligands to be mcorporated m the crystal 
lattice are by far not limited to the above mentioned 
ones. By the choice of the appropriate co-hgand these 
dinuclear copper(I1) units can even be linked, as has 
been shown in the 4,4’-bipyridme compound, which is 
also the first linear chain reported with this co-ligand. 
Apparently, this linkage is only possible with longer 
ligand systems. For example, with pyrazole or 1,3- 
pyrazine such a linkage is not possible, since a too 
close vicinity of the copper(I1) dimers is prohibited by 
steric hindrance. 

Supplementary material 

Tables of anisotropic thermal parameters, positional 
and thermal parameters for hydrogen atoms, selected 
least-squares planes, tables of calculated and observed 
structure factors of 1 and 3 may be obtained from 
author J.G.H. upon request. 

Further details of the structure determination of 2, 
including atomic coordinates, bond lengths and angles, 
thermal parameters and a thermal motion ellipsoid plot 
(9 pages) may be obtained from author A.L.S. upon 
request. 
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