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Two dinuclear nickel() complexes [Ni,(C,0,)(tren),][CIO,], 1 and [Ni,(C,0,)(tren),(H,0),][CIO,], 2 [tren = tris-
(2-aminoethyl)amine, C,0,%>” = oxalate dianion and C,0,%>” = dianion of 3,4-dihydroxycyclobut-3-en-1,2-dione
(squaric acid)] have been synthesized and characterized by single-crystal X-ray diffraction. Their structures consist
of dinuclear nickel(mr) cations and unco-ordinated perchlorate anions. The nickel environment is distorted
octahedral NiN,O, in both complexes: four nitrogen atoms of the tren group acting as a tetradentate ligand and
two oxygen atoms of oxalate (1) or a water molecule and a squarate oxygen (2) comprise the co-ordination. The
oxalate acts as a bis(chelating) ligand whereas the squarate adopts a p-1,2-bis(monodentate) co-ordination mode.
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The intradimer metal-metal separation is 5.413(1) and 6.224(1) A in 1 and 2, respectively. The co-ordinated
water molecule in 2 forms an intramolecular hydrogen bond to an unco-ordinated squarate-oxygen atom.
Variable-temperature susceptibility measurements revealed the occurrence of relatively strong (1) and weak (2)
intramolecular antiferromagnetic coupling, the relevant parameters being J= —28.8cm *and g = 2.16 for 1 and
J=—0.4cm 'and g = 2.15 for 2 (J being the exchange parameter in the isotropic spin Hamiltonian H =
—JS,-Sg). A comparative study of the ability of oxalate and squarate groups to mediate electronic interactions
in the structurally characterized oxalato- and squarato-bridged nickel(r) complexes was carried out.

The reactions of oxalate (dianion of oxalic acid, H,C,0,) and
squarate (dianion of 3,4-dihydroxycyclobut-3-en-1,2-dione,
H,C,0,) with nickel(m) ions yield polymeric compounds of
formula [Ni(C,0,)(H,0),] and [Ni(C,0,)(H,0),].** The struc-
ture of the former consists of chains of oxalate-bridged
nickel(1r) ions whereas that of the latter is made up of layers of
squarato-0*,02,0%,0*bridged nickel(ur) ions. In both cases the
octahedral co-ordination of the metal ion is completed by two
water molecules in trans position. The different co-ordination
modes adopted by oxalate [bis(chelating)] and squarate (tetra-
monodentate) towards nickel(i) can be explained by geo-
metrical effects: the value of the bite parameter for squarate
[bite distance/M-0O (squarate)]®* in its complexes with first-row
transition-metal ions is too large and so it adopts mono-
or polymono-dentate co-ordination modes. Nevertheless, the
chelating and bis(chelating) co-ordination modes of squarate
are possible in its complexes with heavier metal ions (alkali- and
rare-earth-metal cations)®® due to the reduction of the bite
parameter. These modes are also possible for thiosquarates due
to the large bonding radius of sulfur (1,2-dithio-, 1,3-dithio-
and 1,2,3,4-tetrathio-squarate).”®

The use of blocking ligands allows the co-ordination chemist
to control polymerization and renders easier nuclearity tailor-
ing of desired polynuclear compounds. In the case of nickel(),
cyclic and acyclic polydentate amines appear the most common
terminal ligands in oxalato-bridged dinuclear complexes.’
However, the recent structural determination of the compound
[Hadien],[Niy(C,0,):]-12H,0,* where the oxalate is both
bridging and peripheral (dien = diethylenetriamine), offers new
perspectives to the synthetic chemist. Magnetostructural data
concerning the oxalato-bridged nickel(i) complexes have
revealed that the magnetic coupling J, which varies from —22 to
—39 cm™, is strongly dependent on the nature of the donor
atoms of the terminal ligands.’® In the case of squarato-
nickel(i) complexes, apart from the sheet-like polymer [Ni-
(C,0,.)(H,0),], only two chain compounds [Ni(C,O,)-
(Him)(H,0),]** (Him =imidazole) and [Ni(C,0,)(bipy)-

(H,0),]-2H,0* (bipy = 2,2'-bipyridyl) have been structurally
characterized. They are made up of squarato-O*,0%(imidazole)-
and squarato-O*,0?(bipyridyl)-bridged nickel(r) ions. Mag-
netic susceptibility measurements showed that the exchange
interaction between the nickel(mr) ions in this series is very
weak in contrast to the situation found in the related oxalato
compounds.

In the present work we show that the use of tetradentate
tris(2-aminoethyl)amine (tren) as peripheral group allows the
preparation of two dinuclear nickel(ir) complexes of formula
[Niy(C,0,)(tren),][CIO,], 1 and [Ni,(C,0,)(tren),(H,0).][CIO,],
2. This contribution is devoted to their syntheses, spectroscopic
and magnetostructural characterization.

Experimental
Materials

The compounds tren, nickel() perchlorate hexahydrate,
sodium oxalate and squaric acid were obtained from com-
mercial sources and used as received. Elemental analyses (C, H,
N, Cl) were conducted by the Microanalytical Service of the
Universidad Auténoma de Madrid.

Synthesis

CAUTION: perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only a small amount of
material should be prepared and handled with care.

[Niy(C,O,)(tren),][CIO,], 1. This complex was prepared by
adding an aqueous solution of sodium oxalate [0.134 g (1
mmol) dissolved in the minimum volume of warm water] to an
aqueous solution (50 cm?®) of [Ni(tren)][CIO,], {[Ni(H,O)]-
[CIO,], (0.7314 g, 2 mmol) and tren (0.292 g, 2 mmol)}. The
addition of oxalate is accompanied by a change from blue to
violet and by subsequent formation of a violet microcrystalline
solid of 1 which was filtered off, washed with cold water and

J. Chem. Soc., Dalton Trans., 1997, Pages 811-817 811


http://dx.doi.org/10.1039/a606105b

dried in vacuo. Mauve thin plates of 1 suitable for X-ray analy-
sis were obtained from the remaining solution by slow evapor-
ation at room temperature. Yield 92% (Found: C, 24.25; H, 5.2;
Cl, 9.95; N, 15.85. Calc. for C,,H;CI,NgNi,O,,: C, 24.15; H,
5.15; Cl, 10.2; N, 16.1%).

[Niy(C,O,)(tren),(H,0),][CIO,], 2. This complex was pre-
pared by adding an aqueous solution of lithium squarate
[H,C,0, (0.114 g, 1 mmol) and LiOH-H,O (0.0839 g, 2 mmol)
dissolved in the minimum volume of warm water] to an aque-
ous solution (25 cm?®) of [Ni(tren)][CIO,], {[Ni(H,0)][CIO,],
(0.7314 g, 2 mmol) and tren (0.292 g, 2 mmol)}. As in the pre-
ceding synthesis, the addition of squarate was accompanied by
a change from blue to violet and by formation of a small
amount of solid which was discarded. Mauve prisms of 2 suit-
able for X-ray analysis were obtained from the remaining solu-
tion by slow evaporation at room temperature. Yield about
90% (Found: C, 25.2; H, 5.2; Cl, 9.1; N, 14.6. Calc. for
C,6H.4CILNgNi,0,,: C, 25.4; H, 5.3; Cl, 9.35; N, 14.8%).

Physical techniques

Infrared spectra were recorded on a Perkin-Elmer 1750 FTIR
spectrophotometer as KBr pellets in the 4000-300 cm™? region
and electronic spectra of aqueous solutions and Nujol mull
samples on a Perkin-Elmer Lambda 9 spectrophotometer. The
magnetic susceptibility of a polycrystalline sample was meas-
ured over the temperature range 10-300 (1) and 4.2-300 K (2)
in a field of 1 T by using a fully automatized AZTEC DSMS8
pendulum-type susceptometer equipped with a TBT
continuous-flow cryostat and a Bruker BE15 electromagnet
operating at 1.8 T. Mercury tetrakis(thiocyanato)cobaltate(ir)
was used as a susceptibility standard. Diamagnetic corrections
for the constituent atoms were estimated from Pascal’s con-
stants** and found to be —257 x 107 (1) and —307 x 10°°
mol~?* (2). Experimental susceptibilities were corrected for the
temperature-independent paramagnetism (—100 x 107 cm?
mol~! per Ni").

Crystallography

X-Ray diffraction data of complexes 1 and 2 were collected at
21°C with an Enraf-Nonius CAD-4 diffractometer using
graphite-monochromatized Mo-Ka radiation (A = 0.710 73 A).
Unit cell parameters were determined from least-squares
refinement of the setting angles of 25 reflections with 26 in the
range 35-42°. A summary of the crystallographic data and
structure refinement parameters is given in Table 1. Totals of
2340 (1) and 6880 (2) unique reflections were recorded within
20 <50 (1) and 28 <55° (2) using the ®—260 scan technique.
Three reference reflections monitored throughout each data col-
lection showed no intensity loss for 1 and an average decrease
of 6% for 2. The data were corrected for Lorentz-polarization
effects and for linear decay. Experimental absorption correc-
tions based on v scans of seven reflections were carried out for
both structures.

The structures were solved by direct methods** and succes-
sive Fourier syntheses. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were located in Fourier-
difference and refined isotropically. The final full-matrix least-
squares refinements on F, minimizing Zw(|F,| — |F.])?, including
1893 (1) and 5173 (2) reflections with | > 2c, adjusting 244 (1)
and 540 (2) parameters, converged at R and R’ indices of 0.035
and 0.040 for 1, 0.034 and 0.040 for 2. In the final difference
maps the residual maxima and minima were 0.69 and —0.28 e
A= for 1, 0.46 and —0.11 e A2 for 2. All calculations were
carried out with programs in the MOLEN system."® Neutral
atomic scattering factors were used,* and anomalous scattering
terms were included in F..*” Selected bond distances and angles
for compounds 1 and 2 are given in Tables 2 and 3, respectively.

Atomic coordinates, thermal parameters, and bond lengths
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Fig. 1 The dinuclear unit [Ni,(C,0,)(tren),]** of complex 1 with the

atomic numbering used. Thermal ellipsoids are plotted at the 70%
probability level

and angles have been deposited at the Cambridge Crystallo-
graphic Data Centre (CCDC). See Instructions for Authors,
J. Chem. Soc., Dalton Trans., 1997, Issue 1. Any request to the
CCDC for this material should quote the full literature citation
and the reference number 186/370.

Results and discussion
Structures

[Niy(C,O,)(tren),][CIO,], 1. The structure of complex 1 con-
sists of centrosymmetric, oxalato-bridged [Ni,(C,0,)(tren),]*
units (Fig. 1) and non-co-ordinated CIO,~ counter ions. In the
crystal there are weak hydrogen bonds between tren amine
groups and oxalate in neighbouring molecules {2.947(4) and
3.152(5) A for N(1)[H(13)] - -- O(2") (Il 1 — x, —y, —2) and
N(2)[H(23)] - - - O(2"), respectively; 167(4) and 164(4)° for
N(1)-H(13) - - - O(2") and N(2)-H(23) - - - O(2"), respectively}
and weak interactions between amine and perchlorate oxygen
atoms (N --- 0 >3.2 A).

The geometry about the nickel(ir) ion is distorted octahedral
with the co-ordination polyhedron defined by the four nitrogen
atoms of the chelating tetradentate tren ligand and two oxygen
atoms of bis(chelating) oxalate. The Ni—O (oxalate) distances
are 2.112(2) and 2.049(2) A for Ni(1)-O(1) and Ni(1)-0O(2),
respectively, whereas the Ni—N (terminal tren) bonds vary in the
range 2.057(4)-2.145(3) A and the Ni-N (central tren) is
2.081(3) A. These distances agree with those observed in other
oxalato-bridged'® and tren-containing®*® nickel(i) complexes.
Whereas the Ni—N (tren) bond to the tertiary nitrogen atom has
been found to be either the longest or the shortest of the
Ni-N bonds in [Niy(1,3-dtsqg)(tren),]** (1,3-dtsq = 1,3-dithio-
squarate dianion),®  [Ni,(Ny),(tren),]**,**¢  [Ni,(NCBH,;),-
(tren),]** ** and [Ni,(O,C4Cl,)(tren),]**,*® this bond is of inter-
mediate length in the present compound, as well as in 2. The
best equatorial plane is comprised of atoms O(1), O(2), N(1)
and N(4), the largest deviation from this mean plane being
0.050(2) A for O(1). The metal atom does not exhibit any sig-
nificant deviation from this plane. The value of the bite angle of
the oxalate is 80.4(1)°, whereas those of the remaining five-
membered rings at the metal atom subtended by the tetraden-
tate tren ligand vary in the range 82.6(1)-84.0(1)°. The values
at the carbon atoms bonded to the tertiary tren nitrogen [N(4)]
reflect a normal tetrahedral geometry. The flexibility of the tren
ligand allows two of the terminal nitrogen atoms [N(2) and
N(3)] to be in trans positions. The normal trigonal geometry of
the ligand appears to be responsible for the displacement of
N(2) toward the N(4)-Ni—-O(1) plane, the N(2)-Ni-N(3) bond
angle being 163.7(1)°. The bridging oxalate is planar, and the
nickel(ir) ion is 0.044(1) A out of this plane. The dihedral angle
between the oxalate and equatorial mean planes is 3.6(5)°.

The intramolecular metal-metal distance across the oxalate
bridge is 5.413(1) A, slighly shorter than the shortest inter-
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Table 1 Summary of crystal data® for [Ni,(C,0,)(tren),][CIO,], 1 and [Ni,(C,O,)(tren),(H,0),][CIO,], 2

Compound

Formula

M

Crystal system
Space group
alA

b/A
c/A
al°
pre
v/°
U/AS

V4

DJgcm™

F(000)

Crystal size/mm

w(Mo-Ka)/mm™

Maximum, minimum transmission (%)°
Maximum 26/°

Scan range/°

Number unique reflections

Number used in refinement, N,
Parameters refined, N,

Extinction coefficient

R=([F| — IFIIZIFD

R" = [Ew(F,| — [F)YEwF[]*

S = Ew(IF,| — [F)¥(N, — N,)]J2

k in weighting scheme

1 2
C14H35C|2N3Nizo12 C16H40C|2N3Nizo14
696.82 756.87
Triclinic Monaclinic
P1 (no. 2) P2,/c (no. 14)
7.3408(6) 8.197(1)
8.4551(9) 14.148(2)
11.0098(9) 25.900(1)
101.289(8)
90.208(7) 92.266(8)
94.296(7)
668.1(2) 3001.4(9)
1 4
1.732 1.675
362 1576
0.36 x 0.15 x 0.06 0.53 x 0.28 x 0.21
1.6858 1.5124
99.8, 89.7 99.9, 94.0
50 55
1.10+0.35tan 6 0.60 + 0.35tan 6
2340 6880
1893 5173
244 540

1.68 x 107®
0.035 0.034
0.040 0.040
1.531 1.938
0.03 0.02

2 Details in common: function minimized Z[w(|F,| — |F)4, where w = 4F %/[c? + (KF,%)?] and o, is the standard deviation in F 2 based on counting
statistics alone. ® Empirical absorption correction based on y scans of seven reflections.
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Fig. 2 The dinuclear unit [Ni,(C,0,)(tren),(H,0),]** of complex 2
with the atomic numbering used. Thermal ellipsoids are plotted at the
70% probability level

Ni(1)

molecular distance between metal ions [5.470(1) A for
Ni - - - Ni'"], otherintermolecular metal-metal distances beingall
above 7 A.

[Niy(C,O,)(tren),(H,0),][CIO,], 2. The structure of complex
2 is comprised of squarato-O*,0%-bridged nickel(ir) dinuclear
units of formula [Ni,(C,0,)(tren),(H,0),]** (Fig. 2) and non-
co-ordinated perchlorate groups. Pairs of centrosymmetrically
related molecules are arranged in such a way that the squarate
groups overlap to a considerable extent with an interplanar
spacing of 3.38 A (Fig. 3).

The co-ordination geometries of the two crystallographically
independent nickel(tr) ions are distorted octahedral with Ni-O
(squarate) 2.109(2) and 2.143(2) A, Ni-O (water) 2.055(2) and
2.095(2) A, Ni-N (terminal tren) 2.073(2)-2.125(2) A, Ni-N
(central tren) 2.074(2) and 2.083(2) A. The Ni-O (water) bond
lengths compare well with those observed in the compounds
[Ni(C,0,)(H,0),] [2.060(9) A]*  [Ni(C,0,)(Him)(H,0),]
[2.069(1) A]** and [Ni(C,0,)(bipy)(H,0),]-2H,0 [2.030(3) and
2.054(3)].*2 The average value of the Ni-O (squarate) bond dis-
tance (2.12 A) is practically identical to those observed in the

Fig. 3 Stereodrawing illustrating the crystal packing in compound 2

related imidazole and bipy derivatives, but somewhat longer
than the corresponding bond in [Ni(C,0,)(H,0),] [2.085(16)
A]. The presence of strongly co-ordinated nitrogen donors
(tren, Him and bipy) accounts for the lengthening of Ni-O
(squarate) in this family. The angles subtended at the metal
atom by the tetradentate tren ligand span the range 83.28(9)-
84.43(9)° at Ni(1) and 83.48(9)-84.10(9)° at Ni(2). The values of
the axial N(12)-Ni(1)-N(13) and N(22)-Ni(2)-N(23) bond
angles are 163.54(9) and 163.36(9)°, respectively. The best
equatorial plane around the metal atom is comprised of the
atoms O(1), N(11), O(1w) and N(14) for Ni(1) [largest deviation
from the mean plane 0.090(2) A at N(14)] and by O(2), N(21),
O(2w) and N(24) for Ni(2). The metal atoms are displaced
0.043(1) [Ni(1)] and 0.046(1) A [Ni(2)] from the equatorial
plane toward the axial N(12) [Ni(1)] and N(22) [Ni(2)] atoms.
The squarate group is planar [maximum deviation from the
mean plane 0.017(2) A at O(3)], and makes angles of 76.09(6)
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Table 2 Selected interatomic distances (A) and angles (°) for com-
pound 1 with estimated standard deviations (e.s.d.s) in parentheses*

Nickel environment

Ni-O(1) 2.112(2) Ni-N(2) 2.145(3)
Ni-O(2) 2.049(2) Ni-N(3) 2.115(4)
Ni—-N(1) 2.057(4) Ni—-N(4) 2.081(3)
O(1)-Ni-0(2) 80.4(1) O(2)-Ni-N(4) 173.8(1)
O(1)-Ni-N(1) 179.1(2) N(1)-Ni-N(2) 94.2(2)
O(1)-Ni-N(2) 86.5(1) N(1)-Ni-N(3) 93.6(2)
O(1)-Ni-N(3) 85.6(1) N(1)-Ni-N(4) 83.9(1)
O(1)-Ni-N(4) 95.6(1) N(2)-Ni-N(3) 163.7(1)
0(2)-Ni-N(1) 100.2(1) N(2)-Ni-N(4) 82.6(1)
0O(2)-Ni-N(2) 92.3(1) N(3)-Ni-N(4) 84.0(1)
O(2)-Ni-N(3) 100.3(1)

Oxalate ligand

O(1)-C(7) 1.247(4) 0(2)-C(7") 1.256(4)
C(7)-C(7") 1.561(7)

Ni—-O(1)-C(7) 112.3(2) O()-C(7)-C(7") 116.6(4)
Ni-O(2)-C(7") 113.8(2) 0(2)-C(7()-C(7)  116.9(4)
O(1)-C(7)-0(2" 126.5(3)

tren ligands

N(1)-C(1) 1.465(6) N(4)-C(6) 1.481(5)
N(2)-C(3) 1.469(6) C(1)-C(2) 1.534(6)
N(3)-C(5) 1.474(6) C(3)-C(4) 1.518(6)
N(4)-C(2) 1.486(5) C(5)-C(6) 1.513(6)
N(4)-C(4) 1.482(5)

Ni-N(1)-C(1) 108.1(3) C(4)-N(4)-C(6) 112.4(3)
Ni-N(2)-C(3) 109.4(3) N(1)-C(1)-C(2) 109.3(3)
Ni-N(3)-C(5) 108.2(3) N(4)-C(2)-C(1) 112.2(3)
Ni-N(4)-C(2) 109.5(2) N(2)-C(3)-C(4) 110.3(3)
Ni-N(4)-C(4) 104.6(2) N(4)-C(4)-C(3) 110.5(3)
Ni-N(4)-C(6) 105.1(2) N(3)-C(5)-C(6) 109.8(3)
C(2)-N(4)-C(4) 113.1(3) N(4)-C(6)-C(5) 110.1(3)
C(2)-N(4)-C(6) 111.6(3)

*Symmetry code: | —x, —y, —z.

and 36.24(7)° with the equatorial O(1), N(11), O(1w), N(14) and
0(2), O(2w), N(21), N(24) mean planes. The C-C bond lengths
[1.469(3)-1.450(3) A] are similar to those found in the related
imidazole [1.470(2) and 1.463(2) A] and bipy compounds
[1.471(6)-1.448(6) A], but somewhat smaller than the value
reported for [Ni(C,0,)(H,0),] [1.487(16) A]. In the case of
squaric acid one of the C-C bond lengths is significantly short-
er [1.409(1) A].*® The O-C-C angles vary in the range 138.0(2)-
131.8(2)°, whereas the C—C—C angles are very close to 90°. The
nickel atoms are significantly displaced from the least-squares
plane through squarate [0.251(1) and 0.433(1) A for Ni(1) and
Ni(2), respectively]. The squarate group forms intramolecular
hydrogen bonds to one co-ordinated water molecule
[O(3) - - - O(2w) 2.687(3) A]and one amine group, the latter being
a rather weak interaction [O(2) - - - N(12) 3.112(3) A]. Atoms
O(1) and O(4) do not form corresponding contacts. This differ-
ence between the two halves of the squarate is related to the
differences in dihedral angles between the squarate and the
equatorial planes of the two nickel atoms. A number of inter-
molecular hydrogen bonds occur between co-ordinated water,
amine tren groups, squarate and perchlorate oxygen atoms.

The intramolecular Ni(1) - - - Ni(2) distance is 6.224(1) A
whereas the shortest intermolecular distances between metal
ions are 6.500(1) [Ni(1)--- Ni(2); 11 —x, 1 -y, 1 —2] and
6.791(1) A [Ni(1) - - - Ni(2"); Il —x, 1 —y, 1 — Z]. Other inter-
molecular metal-metal distances are all above 7 A.

Infrared and electronic spectra

The infrared spectra of complexes 1 and 2 have in common
peaks attributable to the presence of tren [two sharp (sh) and
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Fig. 4 Thermal dependence of the molar magnetic susceptibility (A)
and y,,,T (o) for complex 1. The solid lines correspond to the best theor-
etical fits (see text)

medium (m) intensity v(N-H) stretching absorptions at 3290
and 3340 cm Y] and unco-ordinated perchlorate [1080s (br) and
620m (sh)]. For 1 the presence of a single peak at 1640vs (sh)
[Vasym(OCO)], a doublet at 1350w and 1310m [v,,,,(OCO)] and
another peak at 800m cm* [§(OCO)] support the occurrence of
bis(chelating) oxalate as observed by X-ray diffraction. In the
spectrum of 2 a strong and broad feature in the region 3600—
3100 cm™ is indicative of the presence of strong hydrogen
bonds. In addition the stretching C-O vibrations of squarate
are located at 1730w, 1670w, 1610m and 1520s (br) cm™. The
last feature is slightly split and corresponds to the strong and
broad band at ca. 1500 cm™* found in the spectrum of
K,C,0,.% The Ni-O (water) and Ni—O (squarate) bands are
clearly detectable in the far-IR region (ca. 400 cm™).

The electronic spectra of complexes 1 and 2 as Nujol mulls,
displaying maxima at 28 600, 18 080 and 10600 (1) and at
28 170, 17 800 and 10 230 cm™* (2), are consistent with a quasi-
octahedral geometry around the nickel atom. A shoulder is also
observed at ca. 16 400 cm™! in both cases. On the basis of O,
symmetry, the maxima and the shoulder are assigned to transi-
tions from the A, ground state to °T,, (P), *T, (F), °T,, and
'E, excited states. The calculated values of 10Dq (ligand-field
strength) and B (nephelauxetic ratio) are 10 600 cm™* and 0.884
for 1 and 10230 cm™* and 0.896 for 2. They are in the range
normally found for octahedrally co-ordinated nickel(i) ions
with an N,O, chromophore.

Magnetic properties

Plots of the magnetic susceptibility ., and %, T in the tem-
perature range 100-12 K for complex 1 and 100-4.2 K for 2 are
shown in Figs. 4 and 5, respectively. Both are characteristic of
an antiferromagnetic interaction between the two single-ion
triplet states. The value of v, T at room temperature is 1.89 cm?
K mol~ for 1 and 2.31 cm® K mol ™ for 2. In the former case
this value decreases on cooling and reaches a value of 0.11 cm®
K mol~at 12 K (the susceptibility curve exhibits a maximum at
42.5 K indicating a relatively strong antiferromagnetic coup-
ling). For complex 2 the value of y,,,T is constant until 30 K and
decreases at lower temperatures reaching a value of 1.86 cm® K
mol™* at 4.2 K. In this case no susceptibility maximum is
observed in the temperature range investigated. The intradimer
exchange interaction (J) in dinuclear nickel(ir) complexes can be
treated with the isotropic spin Hamiltonian H=—JS,-Sg
where S, = Sg = 1 (local spins). The molar magnetic susceptibil-
ity for such a system is thus given by equation (1) where N,

exp(J/KT) + 5 exp(3J/KT)
1+ 3 exp(J/KT) + 5 exp(3J/KT)

2Nﬁ2g2
Am = :
kT
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Table 3 Selected interatomic distances (A) and angles (°) for compound 2 with e.s.d.s in parentheses

Nickel environment

Ni(1)-O(1) 2.109(2) Ni(2)-0(2) 2.143(2)
Ni(1)-O(1w) 2.055(2) Ni(2)-O(2w) 2.095(2)
Ni(1)-N(11) 2.090(2) Ni(2)-N(21) 2.073(2)
O(1)-Ni(1)-O(1w) 88.03(8) O(2)-Ni(2)-O(2w) 91.74(7)
O(1)-Ni(1)-N(11) 172.40(8) O(2)-Ni(2)-N(21) 177.43(9)
O(1)-Ni(1)-N(12) 90.29(8) 0O(2)-Ni(2)-N(22) 82.54(8)
O(1)-Ni(1)-N(13) 80.00(8) O(2)-Ni(2)-N(23) 87.55(8)
O(1)-Ni(1)-N(14) 93.33(9) O(2)-Ni(2)-N(24) 95.90(8)
O(1w)-Ni(1)-N(11) 94.52(9) O(2w)-Ni(2)-N(21) 88.76(9)
O(1w)-Ni(1)-N(12) 93.5(1) O(2w)-Ni(2)-N(22) 94.65(9)
O(1w)-Ni(1)-N(13) 99.36(9) O(2w)-Ni(2)-N(23) 98.99(8)
Squarate ligand

O(1)-C(1) 1.245(3) 0O(3)-C(3) 1.257(3)
0(2)-C(2) 1.262(3) O(4)-C(4) 1.254(3)
Ni(1)-O(1)-C(1) 144.2(2) Ni(2)-0(2)-C(2) 126.4(2)
O(1)-C(1)-C(2) 138.0(2) 0O(3)-C(3)-C(2) 134.6(2)
O(1)-C(1)-C(4) 131.8(2) O(3)-C(3)-C(4) 135.4(2)
C(2)-C(1)-C(4) 90.2(2) C(2)-C(3)-C(4) 90.0(2)
tren ligand

N(11)-C(11) 1.460(4) N(21)-C(21) 1.461(4)
N(12)-C(13) 1.462(4) N(22)-C(23) 1.485(4)
N(13)-C(15) 1.475(4) N(23)-C(25) 1.467(4)
N(14)-C(12) 1.486(4) N(24)-C(22) 1.491(4)
N(14)-C(14) 1.490(4) N(24)-C(24) 1.482(4)
Ni(1)-N(11)-C(11) 107.5(2) Ni(2)-N(21)-C(21) 108.4(2)
Ni(1)-N(12)-C(13) 109.9(2) Ni(2)-N(22)-C(23) 109.8(2)
Ni(1)-N(13)-C(15) 109.6(2) Ni(2)-N(23)-C(25) 108.8(2)
Ni(1)-N(14)-C(12) 108.6(2) Ni(2)-N(24)-C(22) 109.2(2)
Ni(1)-N(14)-C(14) 105.3(2) Ni(2)-N(24)-C(24) 104.9(2)
Ni(1)-N(14)-C(16) 105.0(2) Ni(2)-N(24)-C(26) 105.0(2)
C(12)-N(14)-C(14) 111.6(2) C(22)-N(24)-C(24) 112.8(2)
C(12)-N(14)-C(16) 113.8(2) C(22)-N(24)-C(26) 111.3(2)

Ni(1)-N(12) 2.090(2) Ni(2)-N(22) 2.099(2)
Ni(1)-N(13) 2.125(2) Ni(2)-N(23) 2.096(2)
Ni(1)-N(14) 2.074(2) Ni(2)-N(24) 2.083(2)
O(Iw)-Ni(1)-N(14)  177.21(9)  O(Qw)-Ni(2)-N(24)  171.89(8)
N(1L)-Ni(1)-N(12)  96.69(9)  N(21)-Ni(2)-N(22)  94.9(1)
N(11)-Ni(1)-N(13)  9251(9)  N(21)-Ni(2-N(23)  94.9(1)
N(11)-Ni(1)-N(14)  84.43(9)  N(21)-Ni(2)-N(24)  83.48(9)
N(12)-Ni(1)-N(13)  163.54(9)  N(22)-Ni(2)-N(23)  163.36(9)
N(12)-Ni(1)-N(14)  84.1(1) N(22)-Ni(2)-N(24)  83.67(9)
N(13)-Ni(1)-N(14)  83.2809)  N(23)-Ni(2)-N(24)  84.10(9)
C(1)-C(2) 1.456(3) C(2-C@3) 1.469(3)
C(1)-C(4) 1.457(3) C(3)-C(4) 1.450(3)
0(2)-C(2)-C(1) 134.5(2) O(4)-C(4)-C(1) 133.3(2)
0(2)-C(2)-C(3) 135.9(2) 0(4)-C(4)-C(3) 136.4(2)
C(1)-C(2)-C(3) 89.6(2) C(1)-C(4)-C(3) 90.3(2)
N(14)-C(16) 1.479(4) N(24)-C(26) 1.473(4)
C(11)-C(12) 1.501(5) C(21)-C(22) 1.512(5)
C(13)-C(14) 1.516(5) C(23)-C(24) 1.502(5)
C(15)-C(16) 1.514(4) C(25)-C(26) 1.504(5)
C(14)-N(14)-C(16)  111.9(2) C(24)-N(24)-C(26)  113.1(2)
N(11)-C(11)-C(12)  111.0(3) N(21)-C(21)-C(22)  109.4(3)
N(14)-C(12)-C(11)  113.6(3) N(24)-C(22)-C(21)  112.6(2)
N(12)-C(13)-C(14)  110.4(3) N(22)-C(23)-C(24)  110.7(2)
N(14)-C(14)-C(13)  110.6(3) N(24)-C(24)-C(23)  111.7(3)
N(13)-C(15)-C(16)  110.5(2) N(28)-C(25)-C(26)  110.5(3)
N(14)-C(16)-C(15)  111.5(3) N(24)-C(26)-C(25)  110.9(2)
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Fig. 5 Thermal dependence of the molar magnetic susceptibility (A)
and y,,, T (o) for complex 2. The solid lines correspond to the best theor-
etical fits (see text)

B, k, g and T have their usual meanings and it is assumed that
Ox =0y =0, Although nickel(u) in axial symmetry can have
a large zero-field splitting, D, the magnetic behaviour of a
nickel(mr) dimer closely follows equation (1) when a relatively
strong antiferromagnetic coupling is operative (|J] =20
cm 1.2 This is the case for complex 1 where least-squares
analysis of the experimental data using equation (1) led to

=—28.8 cm™, g=2.16 and R=2.5x10"° {the agreement

factor defined as Zi[(Xm)ovs(1) — (m)eatc()I/Zil(m)ons()I°}- IF the
antiferromagnetic coupling is weak (complex 2) or the coupling

is ferromagnetic the effect of D has to be considered to describe
the magnetic behaviour at low temperatures. The Hamiltonian
to be used is then H = —JS,-S; — D(S,a% + S;5%). Thus, the
least-squares analysis of the magnetic data for complex 2
through the corresponding theoretical expressions??* yields

=—-0.38 cm™, g=215 D=17 cm*tand R'=1.12x107*
{defined as  Zi[(Xm)ows T (1) — (mdeatc TMIFE[Otmdons T} A
similar quality of fit was obtained when the analysis of the
magnetic data was done through equation (1) (D =0), the
values of J, g and R’ being —0.4 cm™, 2.15 and 1.23 x 107*,
respectively. As far as the magnetic coupling of complex 2 is
concerned, the values obtained through the two approaches are
small and very similar. Finally, when J was assumed to be zero
and D and g were the variable parameters the results of the fit
were D=5.7cm™, g=2.13and R’ = 1.17 x 10~*. In the light of
these results concerning complex 2, it is clear that the maximum
value of the antiferromagnetic exchange coupling is —0.4 cm™!
and that the value of D can vary between zero and 5.7 cm™.
Anisotropic measurements on single crystals are required to
determine accurately the value of D.

The value of —J for complex 1 (28.8 cm™) is practically
identical to that (28.9 cm™) reported® for the complex
[Niy(C,0,)L,][CIO,,:2H,0 where L is N,N’-bis(3-amino-
propyl)ethane-1,2-diamine, and in the lower limit of the range
observed for oxalato-bridged dinuclear nickel(i) complexes
with an NiN,O, chromophore ¢ (maximum —J 39 cm™). The
distortions of the octahedral symmetry around the metal ion in
1 [Ni-N(tren) distances ranging from 2.145(3) to 2.057(4) A
and Ni-O (oxalate) 2.112(2) and 2.049(2) A] account for the
slight weakening of the observed antiferromagnetic coupling.
It is well known that the exchange pathway in this oxalato-
bridged family involves overlap between the equatorial d,. _ .
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Scheme 1

magnetic orbitals of the nickel atoms [the x and y axes are
roughly defined by the Ni-O (oxalate) bonds] and the
symmetry-adapted highest occupied molecular orbitals
(HOMO:s) of the oxalate ligand. Consequently, differences in
the bond lengths around metal ions with the same chromo-
phore are directly related to the overlap between the d,._,
magnetic orbitals and thus affect the magnitude of the anti-
ferromagnetic coupling.

The magnetic coupling in complex 2 is also antiferromagnetic
but very weak (J ca. —0.4 cm™). In this case the overlap
between two d,._,. magnetic orbitals of the nickel atoms [the
Ni(1)-O(1) and Ni(1)-O(1w) bonds define the x and y axes
around Ni(1), whereas Ni(2)-0O(2) and Ni(2)-O(2w) corre-
spond to the x and y axes around Ni(2)] occurs through the
extended OCCO squarate fragment [Ni(1) - - - Ni(2) 6.224(1) A]
and is expected to be very poor. In fact the magnetic coupling
between two copper() ions with the same type of squarato
bridge, where the orbital on each magnetic centre is also of the
d,:_ > type, is —10.3 cm™~.% In order to understand this low-
ering of the antiferromagnetic coupling when going from Ni"
to Cu'" one must consider that the experimental J parameter
can be decomposed into a sum of individual contributions, J,,,
from each pair of magnetic orbitals involved in the exchange
phenomenon [equation (2)],* where n, and ng are the number

2

Ny, Ng
= 2
I=1nang > 3 3, @

of unpaired electrons localized on the metal ions A and B. This
equation shows that the magnitude of the net antiferromagnetic
interaction is properly described by n,ngJd and not by J. The
value of nangJ is —1.6 cm~* for 2 and —10.3 cm™* for the related
copper(m) complex. Given that the metal-metal separation
through squarate-O*,0° is larger than 6 A, the ferromagnetic
terms are expected to be negligible and equation (2) reduces to
(3). At this stage, it should be noted that the values of nangJ

nAnB‘] b sz -y, X -y (3)

in equation (2) are based on the assumption that the energy of
the 3d magnetic orbitals is the same independently of the type
of metal under consideration. It is clear that the energy of
the 3d orbitals increases when going from Cu" to Ni" and
thus the energy gap between the d,._,. magnetic orbital
and the symmetry-adapted HOMOs of the squarato bridge
becomes larger for Ni''. This causes a poorer overlap between
the magnetic orbitals through the bridge in the nickel(m) as
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compared to the copper(r) complex, and leads to a smaller
—Jye_ e w2 Value as observed.

The value of J for the squarate-O*,0%-bridged nickel(ir) com-
plex [Ni(C,0,)(bipy)(H,0),]-2H,0% is —1.7 cm™. This con-
trasts with the much weaker coupling observed for 2 (—0.4
cm~). A comparison of the magnetic orbitals responsible for
the magnetic coupling in these two squarate-O* O%-bridged
nickel(ir) complexes clarifies this apparent anomaly. Their crys-
tal structures show that the magnetic orbital which points
toward the squarato bridge is of the d,._. type in 2 and d: in
the bipy derivative. These magnetic orbitals of the hypothetical
monomeric fragments of both compounds are shown in
Scheme 1. Simple orbital considerations lead to a ratio Sy, ,/S, »
equal to2 where S represents the overlap integral between the
two magnetic orbitals, a and a’ (compound 2) or b and b’ (bipy
compound) in the dimer.?® Given that in the framework of
Kahn's orbital model?® J varies as S? (one electron per magnetic
centre), the relative magnitude of the antiferromagnetic inter-
action is predicted to be 16/9. Keeping in mind that the anti-
ferromagnetic coupling is —1.7 cm™ for the bipy compound
and that this value has to be considered as a maximum because
factors such as the zero-field splitting were neglected in its esti-
mation, our prediction is a maximum of —1 cm™* for the mag-
netic coupling for 2. This is quite good in spite of the crude
orbital model used and in the lack of a more accurate value for
J for the bipy compound.
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