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Two new nickel(r1) bridging-cyanate complexes of formula [{Ni(323-tet)(p-OCN)},][ClO4], 1 [323-tet = N,N'- 
bis(3-aminopropyl)ethane-l,2-diamine] and [{Ni(Me,[ 14]aneN4)}2(p-OCN)2][C104]2 2 (Me,[ 14]aneN4 = 
~~-5,5,7,12,12,14-hexamethy1-1,4,8,1l-tetraazacyclotetradecane) have been synthesized and characterized. The 
crystal structures of 1 and 2 have been solved and in both compounds the cyanate ligand acts as an end-to-end 
bridge with the nickel atoms in a NiN,O octahedral environment. Compound 1 is a chain in which the 
Ni(323-tet) fragments are linked by single cyanate bridges in a trans position, whereas compound 2 consists of 
dinuclear units with two cyanate bridges in a cis arrangement. Magnetic measurements in the 2-300 K range 
indicate weak ferromagnetism for 1 and antiferromagnetic behaviour for 2. Magneto-structural correlations 
have been obtained by Extended-Huckel calculations and a generic superexchange model for the nickel@) 
pseudohalogen system is proposed. 

Considerable attention has been devoted in recent years to the 
study, from synthetic and magnetic points of view, of 
polynuclear complexes of nickel(I1) in which pseudohalogen 
bridges act as a superexchange pathway. The nickel azido 
system is the most widely studied and, from experimental data, 
the most characteristic feature of the azido bridges is the 
relationship between co-ordination mode and magnetic 
behaviour: end-to-end co-ordination is associated with 
antiferromagnetic behaviour and end-on co-ordination with 
ferromagnetic behaviour. For the end-to-end co-ordination 
mode, a large number of azido compounds with different 
nuclearities from dimers '-, to one-dimensional chains 6-1 

have been characterized. Models to correlate the magnitude of 
the coupling with the structure of the complexes with end-to- 
end azido bridges have been successfully In 
contrast, the polynuclear chemistry of nickel(I1) cyanate systems 
is scarce and only two dinuclear compounds have been 
structurally characterized: the first by Duggan and Hendrickson 
in 1973, with formula [{Ni(tren)),(p-OCN),][BPh,], [tren = 
tris(2-aminoethyl)amine], shows the cyanate co-ordinated in 
the end-to-end mode and is weakly antiferromagnetic. ' 2-14 

The second compound, with formula [{Ni(terpy)(H,O)),- 
(p-OCN)2][PF6]2 (terpy = 2,2' : 6',2"-terpyridine), has two 
end-on N-cyanate bridges and shows weak ferromagnetic 
behaviour.' ' 3 1 6  

In order to obtain new structural and magnetic data on the 
nickel(I1) cyanate system we have attempted to obtain new 
polynuclear complexes by the same strategy as that applied 
successfully with the azido ligand,7-'0 which consists of the 
reaction of cyanate with [NiLI2+ units (L = open or 
macrocyclic tetraaminated ligands), for which the trans co- 
ordination is preferred, in order to obtain trans-monobridged 
one-dimensional systems. The synthesis failed when L was a 
macrocyclic ligand such as 1,4,8,11 -tetraazacyclotetradecane 
(cyclam) or methylated derivatives such as meso-5,5,7,12,12,14- 
hexamethyl- or 1,4,8,ll-tetramethyl- 1,4,8,1 l-tetraazacyclo- 

t Non-SI units employed: pB z 9.27402 x J T', eV z 1.60 x 
10-19 J .  

tetradecane, for which only mononuclear complexes were 
obtained. ' However, starting from open tetraaminated ligands 
such as N,N'-bis(3-aminopropyl)ethane- 1,2-diamine (323-tet), 
the one-dimensional compound [{ Ni( 323-tet)(p-OCN)),]- 
[ClO,],, 1 was characterized. Some structural and magnetic 
features of 1 have previously been advanced in a prelimin- 
ary communication. Starting from the macrocycle DL- 
5,5,7,12,12,14-hexamethy1-1,4,8,11-tetraazacyclotetradecane 
(Me,[ 14]aneN,), for which the cis co-ordination is preferred, 
a new dinuclear complex with a double cyanate bridge, 
[ {Ni(Me6[ 1 4]aneN,)} 2(p-OCN)2][C104]2 2, was also charac- 
terized. The cyanate ligand is end-to-end co-ordinated in the 
two compounds, but 1 is ferromagnetic whereas 2 shows 
antiferromagnetic behaviour. 

The aim of this paper is to study the co-ordination and 
magnetic properties of the end-to-end cyanate bridges and 
summarize the general trends of the superexchange through 
the azido, cyanate, thio- and seleno-cyanate pseudohalogen 
bridges. This study also describes the first cyanate-bridged one- 
dimensional compound synthesized to date for a paramagnetic 
centre other than copper(u), for which the cyanate bridge is 
poorly relevant magnetically due to the large Cu-0 bond 
distance. 19*20 

Experimental 
Synthesis 

CAUTION! Perchlorate salts of metal complexes with organic 
ligands are potentially explosive. Only a small amount of 
material should be prepared and it should be handled with 
caution. 

[{Ni(323-tet)(p-0CN)},,][ClO4], 1 was synthesized as 
previously described. l 8  

[{Ni(Me,[14IaneN,)},(CL-OCN),l [C10,1,2 

To a stirred hot suspension of [Ni(Me6[14]aneN,)][Clo4]2 2 1  

( 2  g, 3.7 mmol) in water (50 cm3), NaOCN (1 -20 g, 18 mmol) in 
water (10 cm3) was added. Immediately a green precipitate was 
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Table 1 Crystal data for [{Ni(323-tet)(p-0CN)},,][CIO4], 1 and [{ Ni(Me,[14]aneN,)}z(p-OCN)2][C104]z 2 

Formula 
M 
Crystal system 
Space group 
4 
blA 
C I A  

PI" 
VIA3 
Z 
DJg cm-3 
p( Mo-Ka)/cm-' 
F(OO0) 
T/"C 
No. of parameters refined 
R" 
R,/w@ 

C,,H, ,,N,,Ni,O,~nC10, 
374.47 969.34 

C,,H, ,N ,Ni z0,.2C10, 

Monoclinic 
P2 in 
10.587(2) 
12.395(2) 
l1.871(2) 
92.00( 1) 
1556.8(8) 
4 
1.597 
14.44 
784.0 
25 
28 1 
0.038 
0.04 1 

Orthorhom bic 
Pbcu 
14.879(5) 
l5.385(4) 
19.990(4) 
90 
4576(2) 
4 
1.407 
10.01 
2064 
25 
300 
0.047 
0.1 15 

formed. After 30 min of vigorous stirring the compound was 
filtered and washed with small quantities of water and acetone. 
Recrystallization from acetonitrile gave green crystals suitable 
for an X-ray crystal-structure determination (Found: C, 42.1 ; 
H, 7.4; N, 14.3; C1, 7.1. Calc. for C34H72C12N10Ni2010: C, 
42.10; H, 7.50; N, 14.45; Cl, 7.30%). 

Spectral and magnetic measurements 

IR spectra were recorded on a Nicolet 520 FTIR spectrophoto- 
meter. Magnetic measurements were carried out on poly- 
crystalline samples with a SQUID apparatus working in the 
range 2-300 K for 1 under a field of 0.3 T and a pendulum-type 
magnetometer (Manics DSM8) equipped with a helium 
continuous-flow cryostat working in the 4-300 K range for 2 
under a magnetic field of approximately 1.5 T. Diamagnetic 
corrections were estimated from Pascal Tables. 

Crystal data collection and refinement 

Crystals (0.1 x 0.1 x 0.2 mm) of 1 and 2 were selected and 
mounted on an Enraf-Nonius CAD4 diffractometer. The 
crystallographic data, conditions retained for the intensity data 
collection and some features of the structure refinement are 
listed in Table 1. Accurate unit-cell parameters were determined 
from automatic centring of 25 reflections (16 c 8 < 21" for 1 
and 12 c 8 < 21" for 2) and refined by the least-squares 
method. Intensities were collected with graphite-monochrom- 
atized Mo-Ka radiation (h = 0.710 69 A), using the 0-28 scan 
technique. 

A total of 4952 (1) and 6631 (2) reflections were measured in 
the 2 c 8 c 30" range; 4033 (1) and 3149 (2) reflections were 
assumed to be observed applying the condition I > 2.5o(I). 
Three reflections were measured every 2 h as orientation and 
intensity control; significant intensity decay was not observed. 
Corrections were made for Lorentz polarization but not for 
absorption. The structure was solved by Patterson synthesis 
using the SHELXS computer program22 and refined by full- 
matrix least squares, using the SHELX 76 2 3  (1) and SHELXL 
93 24 (2) computer programs. The function minimized was 
Cw(lFoI - lFc1)2, where w = [02(Fo)  + 0.00031Fo12] for 1 
and C W ( ~ F , ~ ~  - IFc12)2, where w = [02(1)  + (0.0806P)2 + 
2.0959P]-' and P = (lFo12 + 21FJ2>/3 for 2, A f' and f "  were 
taken from ref. 25. For 1, three oxygen atoms of the perchlorate 
ion were disordered, and an occupancy factor of 0.5 was 
assigned according to the height of the Fourier synthesis. The 
position of the H atoms was located from a difference synthesis 
and refined with an overall isotropic thermal parameter, while 
the remaining atoms were refined anisotropically. For 2 all H 
atoms were computed and refined with an overall isotropic 

thermal parameter using a riding model. The final R factor was 
0.038 (R' = 0.041) for 1 and R (on F) = 0.047 [R' (on IF]') = 

0.1 151, goodness-of-fit 0.965 for all observed reflections for 2. 
The number of refined parameters was 281 (1) and 300 (2) 
respectively. Maximum shift/e.s.d. = 0.1 and 0.3 and maximum 
and minimum peaks in the final difference synthesis were 0.3, 
-0.3 and 0.397, -0.401 e 8, 

Final atomic coordinates for compounds 1 and 2 are given 
in Tables 2 and 3 respectively. 

Complete atomic coordinates, thermal parameters and bond 
lengths and angles have been deposited at the Cambridge 
Crystallographic Data Centre. See Instructions for Authors, 
J. Chem. Soc., Dalton Trans., 1996, Issue 1. 

for 1 and 2 respectively. 

Results and Discussion 
IR spectra 

The characteristic bands attributable to the aminate ligands 
appear at v(N-H) 3326, 3277, 2944, 2874, 1595, 1471 and 
1436 cm-' for 1 and 3225, 2975, 2925, 1310, 1270 and 1230 
cm-' for 2. The vasym(CO) appears at 2200 (1) and 2235 cm 
(2) as a strong symmetrical absorption. The two compounds 
show similar bands at 1100 and 600 cm-' due to the 
perchlorate anions. 

Description of the structures 

[{Ni(323-tet)(p-OCN)),] [ ClO,],, 1. The structure consists 
of parallel one-dimensional nickel cyanate chains in a trans 
arrangement, isolated by C104- counter anions found in the 
interchain space. An atom-labelling scheme and a view of the 
unit cell are shown in Fig. 1. The main bond distances and 
angles are gathered in Table 4. The four Ni-N distances are 
similar [2.105(2), 2.098(2), 2.099(2) and 2.072(2) A] and the 
four atoms of the 323-tet ligand and the nickel atom are in 
the same plane [maximum deviation from the mean plane 
0.09 8, in N(4)]. The co-ordination of the cyanate bridge 
shows strongly asymmetric bond lengths and angles: Ni-O( 1) 
2.258( I), Ni-N( 1) 2.068(2) A, Ni-O( 1)-C( 1) 132.0( 1) and 
Ni-N( 1)-C( 1') 163.3(1)". The Ni-OCN-Ni torsion angle is 
22.6" and as a consequence of both factors (asymmetric 
Ni-X-C bond angles and the Ni-NCO-Ni torsion angle), 
the angle between the normals to the two neighbouring 
NiN, 323-tet planes is 27.8"; Ni - Ni intrachain distance is 
6.284( I )  A. 

[{Ni(Me,[ 14]aneN4)},(p-OCN),] [CIO,], 2. The unit cell con- 
tains four centrosymmetric [Ni,(Me,[ 14]aneN,)2(OCN),]2 + 

dinuclear entities isolated by eight perchlorate counter anions. 
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Table 2 Atomic coordinates for compound 1 with estimated standard deviations (e.s.d.s) in parentheses 

XIu 
0.237 47(2) 
0.169 50(5) 
0.233 2(2) 
0.350 5(2) 
0.397 2(2) 
0.142 9(2) 
0.072 2(2) 
0.254 l(2) 
0.476 2(2) 
0.555 7(2) 
0.508 6(2) 
0.358 l(3) 

Ylb 
0.133 67(2) 

0.294 8(1) 
0.093 5(2) 
0.162 7( 1) 
0.151 7(1) 
0.103 7(2) 

-0.11 1 56(4) 

- 0.124 4( 1) 
0.044 l(2) 
0.103 3(2) 
0.094 3(2) 
0.161 3(3) - 

ZIC 
0.207 25(2) 
0.386 03(5) 
0.251 9(2) 
0.350 6(2) 
0.1 12 O(1) 
0.050 O( 1 ) 
0.290 4(2) 
0.199 7(2) 
0.339 l(2) 
0.256 O(2) 
0.134 3(2) 

.0.007 7(2) 

x1a 
0.227 9(3) 
0.010 9(2) 

-0.071 8(3) 
-0.043 8(2) 

0.241 5(2) 
-0.072 6( 11) 
- 0. I83 6(2) 
- 0.174 8(9) 
- 0.268 O( 10) 

0.552 8(7) 
0.149 7(13) 
0.283 O(9) 

Ylb 
0.210 7(2) - 

0.190 2(2) 
0.131 6(2) 
0.157 4(2) 

- 0.039 5( 1) 
-0.108 5(7) 
- 0.009 4(2) 
-0.197 8(6) 
-0. I29 8(7) 

0.380 8(6) 
0.192 7(9) 
0.135 O( 10) 

z1c 
0.022 9(2) 
0.043 3(2) 
0.123 l(3) 
0.246 5(2) 
0.148 6(1) 
0.308 2(9) 
0.439 9(2) 
0.466 O(7) 
0.305 6(6) 
0.166 6(10) 
0.530 l(10) 
0.670 8( 13) 

Table 3 Atomic coordinates for compound 2 with e.s.d.s in parentheses 

XIu 
0.1244( 1) 
0.385 l(1) 

0.1 112(2) - 

- 0.02 14(2) 

0.2638(2) 
0.1260(2) 

0. I395(2) 
0.2760(3) 
0.2230(3) 
0.07 1 4( 3) 
0.0868(3) 
0.0563(3) 
0.0860(3) 
0.1443(3) 
0.2098( 3) 
0.2993(3) 

0.1 140(2) 

Ylb 
0.1 116(1) 
0.2779( 1 ) 
0.1256(2) 
0.0108(2) 
0.0922(2) 
0.0487( 2) 
0.23 3 5( 2) 
0.1922(2) 
0.0208(3) 
0.0387(3) 
0.0828(3) 
0.1811(3) 
0.241 2( 3) 
0.2937(2) 
0.2819(2) 
0.1720(3) 
0.1 540( 3) 

Z I C  
0.0514(1) 
0.1481(1) 
0.0327(2) 
0.0088(2) 
0.0544(2) 
0.1487(2) 
0.0991(2) 

0.1025(?) 
0.1641 (2) 
0.2060( 2) 
0.2143(2) 
0.1596(2) 
0.0459(2) 

-0.0384(1) 

- 0.0141 (2) 
- 0.0904( 2) 
- 0.0571(2) 

0.3055(2) 

0.0974(4) 
0.05 50(4) 
0.1758(3) 
0.2232(3) 
0.4038(3) 

0.4537(7) 
0.32 10( 15) 
0.3485(17) 
0.4080( 17) 
0.4348( 12) 
0.3095( 14) 
0.3629( 14) 
0.4478( 12) 

- 0.0256(3) 

- 0.0662(2) 

Ylb 
0.0748(3) 
0.0627(3) 
0.0388(3) 
0.3346( 3) 
0.0955(4) 
0.2494(4) 
0.0483( 3) 
0.0667( 2) 
0.3338(10) 
0.2868( 15) 
0.2997(20) 
0.1966( 8) 
0.3503(7) 
0.297 1 ( 19) 
0.2340( 14) 
0.221 5(13) 

zjc 
-0.01 19(2) 

0.1920(2) 
0.2721(2) 
0.1867( 3) 

-0.13 12(2) 
- 0.1386(2) 
- 0.0056(3) 

0.0107(2) 
0.140 1 (8) 
0.0962( 10) 

0.1544( 15) 
0.1585(10) 
0.1 147(13) 
0.2014(9) 
0.1 154(10) 

0.2112(11) 

Fig. 1 
crystallographic axis 

Atom-labelling scheme for [(Ni(323-tet)(j.~-OCN)}J[ClO~]~ 1 and a view of the unit cell; atom N(1') is related to N(1) by the 2, 

An atom-labelling scheme is shown in Fig. 2. Each dimeric unit 
consists of two Ni(Me,[14]aneN4) fragments, in which the 
macrocycle is folded giving a cis arrangement, bridged by two 
end-to-end cyanate ligands. The co-ordination polyhedron 
around the nickel atom consists of a distorted octahedron. The 
Ni-N(macrocyc1e) distances are Ni-N(2) 2.096(3), Ni-N(3) 
2.172(3), Ni-N(4) 2.110(3) and Ni-N(5) 2.193(3) A (Table 5). 
Bond distances and angles involving the cyanate ligand are 
Ni-N(1) 2.075(3), Ni-0 2.21 l(3) A, Ni-N(l)-C(l7') 150.1(3), 

Ni-0-C(l7) 122.0(3) and 0-Ni-N(l) 85.8(1)'. The two (OCN) 
bridges are in the same plane and the two nickel atoms are 
slightly out of the main Ni,(OCN), plane in a chair 
arrangement (deviation of the Ni from the mean plane 0.13 A). 
The torsion angle Ni-OCN-Ni is 11.6' and the dihedral angle 
defined by the planes (OCN), and N(l), Ni and 0 atoms is 4.8". 
As a consequence of the lower angles in the bridging region, 
the Ni * * - N i  intradimer distance (5.451 A) is lower than in 
compound 1. 
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Table 4 Selected bond distances (A) and angles (") for compound 1 

O( 1 )-Ni 2.258( 1) N(3)-Ni 2.098(2) 
N( 1 )-Ni 2.068(2) N(4)-Ni 2.099(2) 
N(2)-Ni 2.105(2) N(S)-Ni 2.072(2) 
C(1)-0(1) 1.220(2) C( 1 )-w 1 1. I60(3) 
Ni . . . Ni' 6.284( 1) 

O( 1 )-Ni-N( 1) 
O( 1 )-Ni-N( 2) 
O( 1 )-Ni-N(3) 
O( 1 )-Ni-N(4) 
O( 1 )-Ni-N( 5 )  
N( I)-Ni-N(2) 
N( I)-Ni-N(3) 
N( 1 )-Ni-N(4) 
N( I)-Ni-N(5) 

176.9(1) 
9 0 3  1) 
88.4( 1) 
80.8( 1) 
90.1(1) 
92.2( 1) 
89.9( 1) 
96.4( 1) 
91.4(1) 

N (2)-N i-N( 3) 
N( 2)-Ni-N(4) 
N(2)-Ni-N( 5 )  
N( 3)-Ni-N(4) 
N( 3)-Ni-N( 5) 
N(4)-Ni-N( 5 )  
C( 1 I)-N( 1 )-Ni 
N( 1')-C( 1)-O( 1) 
C( 1 )-O( 1)-Ni 

91.7(1) 
169.7( 1) 
92.2(1) 
82.6(1) 

17524 1) 
93.4(1) 

163.3( 1) 
179.6(2) 
132.0( 1) 

Table 5 Selected bond distances (A) and angles (") for compound 2 

0-Ni 2.21 l(3) N( 3)-Ni 2.172(3) 
N( I)-Ni 2.075(3) N(4)-Ni 2.1 lO(3) 
N(2)-Ni 2.096( 3) N( 5)-Ni 2.193(3) 
C( 17)-0 1.208(4) C( 17')-N( 1) 1.159(5) 
Ni. .  . Ni' 5.451 (1) 

0-Ni-N( 1) 
O-Ni-N(2) 
0-Ni-N(3) 
O-Ni-N(4) 
0-Ni-N( 5 )  
N( 1 )-Ni-N(2) 
N( 1 )-Ni-N(3) 
N( I)-Ni-N(4) 
N( 1)-Ni-N(5) 

85.80( 12) 
171.54( 12) 
101.84( 12) 
85.26( 10) 
84.65( 1 1) 
88.62(12) 
87.96( 13) 

170.00( 12) 
100.76( 13) 

Symmetry relation: I - x ,  --y, -2. 

N(2)-Ni-N( 3) 
N( 2)-Ni-N(4) 
N(2)-Ni-N( 5 )  
N(3)-Ni-N(4) 
N(3)-Ni-N( 5) 
N(4)-Ni-N(5) 
C( 17')-N( 1 )-Ni 
N( 1 ')--C( 1 7)-0 
C( 17)-0-Ni 

84.28( 12) 
100.75(11) 
90.16( 1 1) 
89.49( 12) 

169.56(11) 
82.85( 11) 

150.1(3) 
177.8(4) 
122.0(3) 

C(12) 

Fig. 2 Atom-labelling scheme for [(Ni(Me,[ 14]aneN4)},(p- 
OCN) 2 1  Ccl0412 2 

Magnetic results 

Magnetic measurements for I (previously measured in a 
conventional pendulum susceptometer ') have been remeas- 
ured in a highly sensitive SQUID apparatus and the range of 
temperatures extended down to 2 K. The x M T  product us. T 
(per nickel atom) of [{Ni(323-tet)(p-OCN)}n][C10,]n I is 
plotted in Fig. 3(a). The x M T  value of 1.24 cm3 K mol-' is 
practically constant in the 75-300 K range, increasing when the 
temperature decreases and reaching a maximum of 1.68 cm3 K 
mol-' at  8 K, indicating weak ferromagnetic interaction. After 
the maximum, the x M T  value decreases to 1.04 cm3 K mol-' at  

2 I 
7 .  1.5 
E 
Y 
m 
E e 
L 

1 

15K 

2K 

5000 15000 25000 
tin- 

Fig. 3 (a) Experimental (***) and calculated (-) plots of xMT(cm3 K 
mol-') us. T(K) and (b) magnetization (M) isotherms at 15 and 2 K up 
to 5 T for [{Ni(323-tet)(p-OCN)}n][C104],, 1. The solid line shows the 
fit with the Brillouin formula 

0.075 r 

t 
I . . / . I I . . . I I . I  1 )  . . .  I . . . ,  

50 100 150 200 250 
T /K 

Fig. 4 
(p-OCN),][ClO,], 2. Solid lines indicate the best fit (see text) 

Plot of xhl (cm3 mol-') us. T (K) for [{Ni(Me,[14]aneN4)),- 

2 K due to zero field splitting or weak interchain coupling. 
Ferromagnetic behaviour was confirmed by means of 
magnetization measurements at 15 and 2 K up to a maximum 
field of 5 T [Fig. 3(b)]. 

The plot of magnetic susceptibility per dimeric unit us. T of 
[{Ni(Me,[l4]aneN,)),(p-OCN),][ClO,], 2 is shown in Fig. 4. 
The shape of the plot agrees with a weak antiferromagnetic 
[NiNi] entity: the XMTplot shows a 2.80 cm3 K mol-' value at 
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room temperature, that decreases continuously on cooling the 
sample and tends to zero at  low temperatures. The xM plot 
shows a maximum at 15 K. 

Experimental data for compound 1 have been fitted up to 8 K 
to the De Neef equation,26 based upon the spin Hamiltonian 
H = -2Jci=1(SiSi+1) - DCi=,[(SiJ2 - 2/31, where the 
nickel ion is assumed to be magnetically isotropic, xM = 0.750 
g2/T(2 + e - D ' k T )  + 0.375 g2/T[0.6666 + 2588(J/7') +3.0675 
(J/T)' - 4.7073 ( J /U3  - 9.1724 ( J / v 4  + 33.135 (J/T)'] + 
1.125 g2/q7 .36  (JD/T2) + 18.53 (J2/DT3) + 8.467 
(J3D/T4) - 38.38(J4D/T5) + 3.81 (J5D/T6) + 8.25 

(JD3/T4) - 5.38 (J2D3/T5) + 4.946 (J3D3/T6) + 0.203 
(JD4/T5) - 2.782 (J2D4/T6)  + 0.4089 (JD5/T6)]. 

(J2D2/T4) + 36.96 (J3D2/T5) + 31.13 (J4D2/T6) - 1.69 

The J value was obtained by minimizing the function R = 
- x ~ ~ ~ ~ ) ~ / C ( X ~ ~ ~ ~ ) ~ .  The best-fit parameters obtained 

were 2J = +2.3 cm ', g = 2.19, D = 3.0 cm-' and R = 
8.9 x 10 '. The intrachain Jinlra exchange parameter was 
parametrized from the empirical expression 27  kT, = zS2(1Ji,,,,* 
Jinterl)li2, giving a value of -0.30 cm-'. The best-fit parameters 
obtained in this work gave a similar result to the preliminary 
measurements, l 8  improving the R factor. 

Magnetization measurements were fitted to the Brillouin 
expression.28 The measurement at 15 K tends to an S value of 
1.15, g = 2.22, which confirms the ferromagnetic interactions 
along the chain. The measurement at 2 K shows M/pBN values 
lower than expected for S = 1 due to the intrachain 
antiferromagnetic interactions at  low temperatures. 

Compound 2 was fitted to the classical isotropic expression 
for a [NiNi] pair,29 using the Hamiltonian H = - JSlS2, and 
the best-fit parameters were J = -10.7 cm-', g = 2.30 and 
R = 5.1 x Fitting by means of the Ginsberg equation,30 
taking into account the local zero-field splitting and intradimer 
interactions, from the Hamiltonian H = - JSlS2 - D ( S l Z 2  + 
S2,2) - g p H ( S ,  + S,) - z'J'S(S), gave a similar Jvalue (best 
fit for 2J = -9.6 cm-', g = 2.33, D = - 12.5 cm-' and z'J' = 
1.63 cm * with R = 4.8 x lo4). 

Magneto-structural correlations for pseudohalogen bridges 

The co-ordination chemistry of the cyanate ligand with 
nickel(i1) shows a common fact: the cyanate ligand tends to 
co-ordinate through the nitrogen atom, giving mononuclear 
compounds in which the cyanate ligand acts as a terminal 
ligand. ' Co-ordination compounds in which this ligand is co- 
ordinated only by the oxygen atom are not known. Structural 
confirmation of the simultaneous co-ordination by the nitrogen 
and oxygen atoms, in the end-to-end mode, has been reported 
for only one compound, [{Ni(tren)}2(p-OCN)2][BPh,l,, 1 2 - 1 4  

which shows a large Ni-0 bond distance of 2.30 A and a large 
Ni-N-C angle of 156". The compounds reported in this work 
show similar characteristics in the co-ordination parameters, 
such as a normal Ni-N bond length, a very large Ni-0 bond 
length (2.258 for 1 and 2.211 A for 2) and two strongly 
asymmetric bond angles, Ni-0-C in the range 122-132" and 
Ni-N-C greater than 150". These bond data emphasize the 
gradation in the bond co-ordination angles of the pseudo- 
halogen bridges (Table 6), which should influence the magnetic 
properties of the polynuclear derivatives. Analysis of Table 6 
(exhaustive bond data for the bridging azido ligand can be 
found in refs. 4 and lo), shows that the azido ligand prefers an 
approximately symmetric co-ordination, whereas SCN- and 
SeCN - always gave a strongly asymmetric co-ordination 32-37 

with characteristic values for each ligand, with typical Ni-N-C 
angles between 160 and 170". Cyanato ligands give intermediate 
bond angles between azido and thiocyanato ligands. 

The only general correlation of the magnetic behaviour with 
the structural parameters for the four pseudohalogen bridges 
N, -, OCN-, SCN- and SeCN- was achieved by Duggan and 
Hendrickson l 4  who compared the few structures reported in 

1974 for dinuclear compounds with double azido, cyanato or 
thiocyanato bridges. Using this very limited set of experimental 
data, they proposed that the main factor that influences the 
magnetic behaviour is the symmetry of the dimeric species, and 
assume that the antiferromagnetic component of J is enhanced 
when the two Ni-X-Y bond angles are similar, as occurs 
frequently for the azido bridge. On the other hand, the 
deviation from planarity of the bridge fragment (torsion angle 
Ni-XYZ-Ni) was considered less important. At present, the 
number of structures solved for these kind of bridges is 
sufficient to re-examine this proposal. 

In order to approach the apparently surprising feature of 
two types of magnetic behaviour for the same co-ordination 
mode of the cyanate ligand, we have repeated the same 
succession of calculations that was successfully employed in the 
case of the azido bridge," using the relationship between the 
square of the gaps between the xy and z2 pairs of the molecular 
orbital (MO) @A2) and the antiferromagnetic component of J 
pointed out by Hoffmann and c o - ~ o r k e r s . ~ ~  From this model 
and taking into account that the pair of MOs derived from the 
xy atomic orbitals of the nickel atom are degenerates, CA2 can 
be defined as the square of the gap between the symmetric and 
antisymmetric combinations of the MOs derived from the d,z 
orbitals. Extended-Huckel MO calculations were performed by 
means of the CACAO program 39 on a dimeric fragment which 
can be assumed to be the translational unit of a mono-bridged 
infinite cyanate system (Fig. 5). As for the azido bridge, the 
calculations were performed by varying the Ni-0-C (pl) and 
Ni-N-C (p2) angles between 180 and 90" in steps of 5" 
maintaining as fixed parameter the Ni-OCN-Ni torsion angle 
at 180". A second set of calculations was performed varying the 
Ni-OCN-Ni torsion angle for some selected values of p1 and 
p2. In all cases the remaining bond parameters were those given 
in Fig. 5. The results of these calculations show that the cyanate 
bridge acts in a very similar manner to the azido system (Fig. 6): 
the .n non-bonding MOs of the cyanate are the most important 
pathway of superexchange, whereas contribution from the G 
pathway to the antiferromagnetic component of J is negligible. 
The main difference compared with the results obtained for the 
azido bridge," is that the magnitude of the antiferromagnetic 
component of J i s  lower than in the azido case, as a consequence 
of the large Ni-0 distance and the asymmetry of the ligand, in 
good agreement with the experimental data. These results also 
give a similar magnitude for the antiferromagnetic component 
of J to those obtained by us for the thiocyanate ligand.36 The 
bond angles for which the maximum antiferromagnetic 
coupling is expected were Ni-0-C = 120 and Ni-N-C = 105", 
CA2 = 0.08 eV2 (Ni-N-N = 108", XA2 = 0.45 eV2 for the 
azido ligand lo). When these angles increase, the antiferromag- 
netic component of J decreases and takes values close to zero 
for a wide set of angles, as is shown in Fig. 7. The effect of the 
torsion angle is also similar for the azido ligand, the maximum 
of the antiferromagnetic component corresponding to a torsion 
of 180 or 0", and a value close to zero for Janliferro (accidental 
orthogonality) for a torsion of 90". 

The behaviour of the three end-to-end cyanate compounds 
for which structural and magnetic data are available (Table 6) is 
in good accordance with the calculated properties. The two 
dimeric compounds [(Ni(tren)},(p-OCN),ICBPh,l, and 2 
show very similar bond parameters in the bridge fragment: 
relatively low bond angles and small torsion, and the two 
compounds are weakly antiferromagnetically coupled with 
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Table 6 
reported complexes with a cyanato, thio- or seleno-cyanato bridge 

Main structural and magnetic parameters for some selected nickel(1r) dinuclear or one-dimensional systems with an azido bridge and all the 

P1 blo 
119.3 
127.7 
151.3 
115.7 
117.1 
122.0 
132.0 
100.0 
100.8 
100.7 
105.8 
96.2 

100.5 
100.8 
94.7 

P 2  ,i" 
121.1 
139.0 
151.8 
116.8 
155.0 
150.1 
163.3 
167.0 
159.0 
165.2 
142.4 
166.7 
161.5 
171.5 
169.2 

r d / c  

68.5 
5.8 

37.2 
8.7 

23.7 
11.6 
22.7 

63.1 
42.4 
63.3 

6.7 

42.2 

- 

~ 

- 

2JIcm-l 
- 4.6 

- 114.5 
- 18.5 
-97.8 
-8.8 
- 9.6 
+ 2.3 
+ 9.0 
+ 9.8 
+ 6.0 

+ 8.8 
+ 2.2 
+ 0.4 

+ 12.2 

Ref. 
4 
4 

10 
11 
12-14 
This work 
This work 
32 
33 
34 

35 
36 
37 
34 

en = ethane-l,2-diamine, tn = propane-] ,3-diamine, 333-tet = N,N'-bis(3-aminopropyl)propane-1,3-diamine, L' = 2,3-dimethyl-l,4,8,11- 
tetraazacyclotetradeca- 1,3-diene, pn = propane-l,2-diamine and L" = bis(3-aminopropyl)methylamine. Ni-N-N or Ni-X-C (X = 0, S or Se) 
angle. Ni-N-N or Ni-N-C angle. Ni-XYZ-Ni torsion angle. 

X 

NH3 

Fig. 5 Dimeric fragment; Ni-N = Ni-NH, = 2.10, Ni-0 = 2.25, 
0-C = 1.21 and N-C = 1.15 A 

similar J values ( - 8.8 and - 9.6 cm-I). In contrast, compound 
1 shows greater bond angles, (mainly Ni-N-C = 163.3") and 
also a greater torsion angle (22.6"). As a consequence the 
antiferromagnetic component of J should be close to zero and 
the weak Jferro is dominant, giving a net weak ferromagnetic 
character. 

The analysis of all the reported structures for end-to-end 
pseudohalogen bridges shows that the dependence of the 
magnetic behaviour on these bond angles may be assumed as 
a general conclusion. Effectively, end-to-end azido bridges 
always gave antiferromagnetic coupling, showing the maximum 
coupling for the compound [(NiL'(p-N,)),,] [CIO,],, in which 
the Ni-N-N bond angles are close to 116", Ni-N,-Ni torsion 
8.5" and 2J = -97.8 cm-' for a single azido bridge," and 
the minimum coupling value for [(Ni(en)2)2(p-N3)2][PF6]2 
(Ni-N-N 119.3 and 121.1", torsion 8.5", 2J = -4.6 cm-l for a 
double azido bridge4). For the cyanate ligand, the two weak 
ferro- or antiferro-magnetic behaviours are possible as shown 
in this work, whereas the thio- and seleno-cyanate ligands, 
which always show Ni-X-C angles close to 100" and 
Ni-N-C > 1 60°, are always weakly ferromagnetically coupled 
with typical 2J values lower than + 10 cm-'. 

The spin-polarization mechanism 40 for azido or cyanato 
ligands has been frequently invoked to explain the magnetic 
behaviour of the azido or cyanato polynuclear derivatives. End- 
on pseudohalide bridges are typically ferromagnetics, but 
recently 41 experimental data show antiferromagnetic coupling 
for copper dinuclear compounds with end-on azido bridges 
when the Cu-N-Cu angle is greater than 108", and the 
magnitude of the antiferromagnetic coupling has been 
successfully correlated with this bond angle. On the other hand, 
our experiments show that an end-to-end cyanate bridge may 

eV 

- 10 

- 1 4  

Ni-Ni OCN- 

Fig. 6 MO diagram for an [(OCN)(H,N),Ni-OCN-Ni(NH,),- 
(OCN)]' system calculated from the parameters Ni-N-C = 140, 
Ni-0-C = 120 and Ni-OCN-Ni = 0" (for remaining distances see 
text) 

Fig. 7 Plot of A2 for an [(OCN)(H,N)4Ni-OCN-Ni(NH,),(OCN)]+ 
system as a function of P I  and P2 maintaining the remaining parameters 
constant (see text). The point at P1 = 132, P2 = 163.3" corresponds to 
A2 for compound 1 

allow ferromagnetic interaction to be correlated with the bond 
angles. On the whole, the bond-angle dependence seems a 
consistent model to explain the sign and magnitude when the 
interaction is antiferromagnetic for the pseudohalogen-bridging 
systems. 
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Conclusion 
By comparison of 26 structures of the nickel-pseudohalide- 
nickel systems (with single or double bridges), it can be assumed 
that the effect of the Ni-X-Y and the Ni-XYZ-Ni torsion 
angles is the main factor that influences the antiferromagnetic 
component of the superexchange parameter J .  This result, 
partially predicted with very limited experimental data by 
Duggan and Hendrickson as early as 1974, can be satisfactorily 
explained in terms of the relative participation of the CY and n 
superexchange pathways, that can give antiferromagnetic 
compounds through the n: pathway or ferromagnetic 
compounds when the bond parameters allow orthogonal 0-n: 
overlaps. 
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