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The exchange coupling between the unpaired electrons of divalent first-row transition-metal ions M" (M = Cu,
Ni, Co or Mn) bridged by the terephthalate (ta) ligand (intramolecular metal-metal separation ca. 10 A) has been
systematically studied. The following complexes have been synthesized: [Cu,(bipy),(ta)][CIO,], 1, [Cu,(terpy),-
(H,0),(ta)][CIO,], 2, [Niy(bipy),(ta)][CIO,], 3, [Co,(bipy),(ta)l[CIO,], 4, [Mn,(phen),(H,0),(ta)][CIO,], 5 and
[Mn,(phen),(ta)][CIO,], 6 (bipy = 2,2'-bipyridine, terpy = 2,2" : 6’,2"-terpyridine, phen = 1,10-phenanthroline).
Complexes 1, 2, 4 and 5 have been characterized by single-crystal X-ray analysis. Complex 6 was obtained by
thermal dehydration of 5 at 60 °C or under vacuum at room temperature. The structures have in common the
presence of cationic terephthalate-bridged [M,(ta)]** dinuclear units with bidentate (1, 3-6) and terdentate (2)
blocking ligands and unco-ordinated perchlorate counter ions. A co-ordinated water molecule per metal ion is
present in complexes 2 and 5. Variable-temperature magnetic susceptibility data for all the complexes have been
measured over the range 2.0-298 K. In 1-5 only very weak antiferromagnetic coupling has been observed [J ca.
—2.2(1), —0.01 (2), —0.6 (3), —0.3 (4) and —0.065 cm™* (5), the Hamiltonian being H = —JS,-Sg with S, =S =1
(1,2),1(3),2(4) and3 (5)]. In contrast to the lack of magnetic interaction detected for complex 5, a significant

antiferromagnetic coupling (J= —-1.6 cm™*

; maximum of susceptibility at 8.0 K) is observed in its dehydrated

phase (6). The magnetostructural data and theoretical calculations demonstrate the low efficiency of terephthalate
as a bridge to mediate exchange interactions between first-row transition-metal ions. The significant exchange
coupling observed in 6 is due to the occurrence of a carboxylate bridge between the manganese(ir) ions induced by

a carboxylate-assisted loss of the co-ordinated water molecule.

The magnetostructural characterization of dinuclear copper(ir)
complexes has played a key role in the development of magneto-
chemistry.*? One of the more appealing examples concerns the
di-p-hydroxo-dicopper(1) dimers where strong intramolecular
ferro- or antiferro-magnetic interactions have been observed.>*
The possibility of achieving strong magnetic interactions
between magnetic centres which are linked through more and
more extended bridges actually appears as a very active area of
molecular magnetism. In an attempt to investigate the depend-
ence of J on the intramolecular metal-metal separation
and thus to check if there is a limit distance for the exchange
coupling to be propagated,® chemists have prepared a great
variety of dinuclear copper(i) complexes where the intra-
molecular metal-metal separation is tuned in a wide range by
using extended bridging ligands. Special attention has been
paid to the bis-bidentate bridging groups of the oxalato
type both from theoretical and experimental viewpoints. The
oxalato bridge can mediate an antiferromagnetic coupling as
large as —386 cm™ (singlet—triplet energy gap) between
copper (1) ions separated by ca. 5 A.%® This antiferromagnetic
coupling through oxalate can also be increased up to —800
cm™* by substituting the oxalato-oxygen atoms by less electro-
negative donor atoms such as nitrogen and sulfur, the intra-
molecular copper—copper separation being much larger (ca. 6
A): the less electronegative the atoms of the bridge, the larger is
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the antiferromagnetic coupling.®*? For this family, the magnetic
orbitals (d,._,») are coplanar with the oxalato-type bridging
unit. The oxocarbon dianions C,0,2~ with n = 4 (squarate; 3,4-
dihydroxycyclobut-3-ene-1,2-dionate) *® and 5 (croconate; 4,5-
dihydroxycyclopent-4-ene-1,2,3-trionate)** and hydranylate
(Cs0,X,2"; hydranilic acid when X = H)-type ligands®® were
used as bridging units in order to increase the copper—copper
separation (6.8-7.8 A), but they exhibit a much lower efficiency
than oxalate. For all these cases simple orbital considerations*®
substantiated by extended-Huckel calculations provide a clear
picture of the exchange pathway and thus an adequate explan-
ation of the magnitude and nature of the observed coupling.
Other more extended bridges with a greater number of atoms in
the bridging skeleton such as 4,4'-bipyridine (intramolecular
copper—copper separation about 11 A)*" were used but only
weak antiferromagnetic interactions were observed. An inter-
esting compound is [Rh,(O,CCF;),(tempo),] where two tempo
organic radicals (tempo = 2,2,6,6-tetramethylpyridine 1-oxyl)
interact through the singly bonded Rh,(O,CCF,), diamagnetic
core.'® The distance between the two nitroxyl oxygen atoms is
6.9 A and the singlet-triplet energy gap is —478 cm™. In this
case and in spite of the large distance between the magnetic
centres, the antiferromagnetic interaction is propagated
through only two rhodium atoms, (N-O)Rh-Rh(O-N). All
these studies suggest that the antiferromagnetic coupling
decreases as the number of atoms of the bridge increases rather
than the distance.

A spectacular result was reported by Chaudhuri et al.*
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dealing with the dinuclear copper(m) complex of formula
[Cu,(tmtacn),(H,0),(ta)][CIO,], (tmtacn = 1,4,7-trimethyl-
1,4,7-triazacyclononane, ta=dianion of terephthalic acid)
where the metal atoms are bridged by the terephthalate ligand
[eight atoms in the bridging skeleton (Cu-OCsO-Cu), the
intramolecular metal-metal distance being 11.3 A]. The
singlet-triplet splitting is reported to be —140 cm™, which is
surprisingly too large especially in the light of the very weak
antiferromagnetic coupling observed for other ta-bridged
copper(ir) dimers.2>*

The present work is devoted to the exchange pathway
through the terephthalato bridge in a systematic fashion. To do
that we have prepared the ta-bridged complexes of formula
[Cu,(bipy),(ta)][CIO,], 1, [Cu,(terpy),(H,0),(ta)][CIO,]; 2, [Ni,-
(bipy),(ta)][CIO,], 3, [Co,(bipy),(ta)][CIO,], 4, [Mn,(phen),-
(H,0),(ta)][CIO,], 5 and [Mn,(phen),(ta)][CIO,], 6 (bipy = 2,2’
bipyridine, terpy =2,2’:6',2"-terpyridine, phen = 1,10-phenan-
throline) where the number and symmetry of the magnetic
orbitals are varied. Their crystal structures and magnetic
studies are presented herein. The crystal structure of complex 3
was reported previously.®

Experimental
Materials

The hexahydrate perchlorate salts of copper(ir), nickel(ir),
cobalt(m) and manganese(i) and bipy and phen were from
commercial sources and used as received. Piperidinium tere-
phthalate® and the complex [Ni,(bipy),(ta)][CIO,], 3% were
prepared by previously reported methods.

Preparations

[Cu,(bipy),(ta)][CIO,], 1. A solution of [Cu(bipy),][CIO,],
(0.116 g, 0.2 mmol) and piperidinium terephthalate (0.034 g, 0.1
mmol) in methanol (200 cm®) was heated at 60 °C with continu-
ous stirring for 1 h and a sky-blue suspension was obtained.
The small amount of the pale blue powder of formula Cu-
(bipy)(ta)-H,O was filtered and the remaining solution was left
to evaporate at room temperature in an open vessel. Prismatic
blue crystals of 1 which were suitable for X-ray crystallography
separated in a few days (Found: C, 51.45; H, 3.0; ClI, 6.15; Cu,
11.1; N, 9.9. Calc. for C,4H4,CIl,Cu,N;O,,: C, 51.75; H, 3.25; Cl,
6.35; Cu, 11.4; N, 10.05%).

[Cu,(terpy),(H,0),(ta)][CIO,], 2. Piperidinium terephthalate
(0.034 g, 0.1 mmol) dissolved in the minimum volume of
methanol was slowly added to a warm methanolic solution (50
cm®) of Cu(ClO,),-6H,0 (0.074 g, 0.2 mmol) and terpy (0.047
g, 0.2 mmol) with continuous stirring. After addition of hot
water (20 cm?®), the resulting deep blue solution was left to
evaporate in a hood at ambient temperature. Rhombohedral
deep blue X-ray-quality crystals of complex 2 were grown in a
few days (Found: C, 45.75; H, 2.9; ClI, 7.0; Cu, 12.55; N, 8.35.
Calc. for C;4H,4,Cl,Cu,N¢O,,: C, 46.0; H, 3.0; Cl, 7.15; Cu, 12.8;
N, 8.45%).

[Co,(bipy),(ta)][CIO,], 4. Piperidinium terephthalate (0.084
g, 0.25 mmol) dissolved in the minimum volume of methanol
was slowly added to a warm methanolic solution (100 cm?®) of
Co(ClO,),*6H,0 (0.183 g, 0.5 mmol) and bipy (0.156 g, 0.1
mmol) with continuous stirring. A clear deep orange solution
was obtained from which an orange polycrystalline solid and
reddish orange prismatic crystals of 3 separated in a few days
on standing in an open vessel at room temperature (Found: C,
51.9; H, 3.0; Cl, 6.35; Co, 10.45; N, 9.9. Calc. for C,5HzCl,-
Co,NgO,,: C, 52.15; H, 3.25; Cl, 6.4; Co, 10.65; N, 10.15%).

[Mn,(phen),(H,0),(ta)][CIO,], 5 and [Mn,(phen),(ta)][CIO,],

6. The synthetic procedure to prepare complex 5 is analogous
to that of 4 but using Mn(ClO,),-6H,0 and phen instead of
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Co(ClQ,),*6H,0 and bipy. However, in the present case a high-
ly insoluble yellow solid precipitated when adding the carboxyl-
ate. Analytical data were consistent with the formula Mn(phen)-
(ta)-H,O. From the resulting yellow solution, single crystals of
5 were grown as yellow needles in 2 d on standing at ambient
temperature (Found: C, 54.35; H, 3.1; Cl, 5.5; Mn, 8.75; N, 9.0.
Calc. for CgH,Cl,Mn,;NgO,,: C, 54.7; H, 3.25; Cl, 5.75; Mn,
8.95; N, 9.1%). The related compound 6 was obtained from 5 by
thermal dehydration (loss of the two co-ordinated waters starts
at 30 °C and is complete by 60 °C) or under vacuum over P,Og
at room temperature. Complex 6 is stable in the temperature
range 60-280 °C and decomposes at higher temperatures.

Physical techniques

The infrared spectra were taken on a Perkin-Elmer 1750 FTIR
spectrophotometer as KBr pellets in the 4000-400 cm™* region.
A Perkin-Elmer TAG-7 analyser was used to perform the
dehydration of complex 5 in a nitrogen atmosphere and with a
heating rate of 5° min~*. Variable-temperature magnetic sus-
ceptibility data for polycrystalline samples of complexes 1-6
were obtained on a Metronique Ingenierie MS03 SQUID mag-
netometer over the temperature range 2.0-290 K and in a field
of 1 T. The magnetometer was calibrated with [NH,],Mn-
[SO,),-2H,0. The observed susceptibility data were corrected
for the underlying diamagnetism by using Pascal’s constants.

Crystallography

Single crystals of complexes 1, 2, 4 and 5 with approximate
dimensions 0.11 x 0.12x0.18 (1), 0.41x0.23x0.18 (2),
0.28 x 0.33 x 0.46 (4) and 0.35 x 0.18 x 0.12 mm (5) were used
for data collection on a Siemens R3m/V automatic four-circle
diffractometer with graphite-monochromated Mo-Ka radi-
ation (A = 0.710 73 A) at 298 K. The cell parameters and crystal
orientation matrices were obtained from least-squares refine-
ment of 25 strong reflections in the range 15 =< 26 < 30°.
Information concerning the crystallographic data collection
and structure refinements is summarized in Table 1. Examin-
ation of two standard reflections, monitored every 150, showed
no sign of crystal decay. Intensity data were corrected for
Lorentz-polarization and absorption effects (y scans).?®
Reflections in the range 20 3-54 (1, 4 and 5) and 3-55° (2)
were measured in the ©—26 scan mode.

The structures were solved by standard Patterson methods by
means of the SHELXTL PLUS program? and subsequently
completed by Fourier recycling. The function minimized during
the full-matrix least-squares refinement was Sw(|F,| — |F)> All
non-hydrogen atoms [except the bipy carbon atoms from C(5)
to C(24) for 1] were refined anisotropically. The hydrogen atoms
of the co-ordinated water molecule of complexes 2 and 5 were
located in a AF map and refined with constraints. The other
hydrogen atoms were set in calculated positions and refined as
riding atoms. A common fixed isotropic thermal parameter was
assigned to all hydrogen atoms. The final geometrical calcu-
lations were carried out with the PARST program.? The graph-
ical manipulations were performed using the XP utility of the
SHELXTL PLUS system. Main interatomic bond distances
and angles for 1, 2, 4 and 5 are listed in Table 2.

Atomic coordinates, thermal parameters, and bond lengths
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 186/466.

Results and Discussion
Preparation of complexes

The yield of the synthesis of compounds 1-5 lies between 60
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Table 1 Crystallographic data and structure refinement for complexes 1, 2, 4 and 5

1 2 4 5
Empirical formula C,sH36ClL,Cu,NgO,, CyH3,ClL,Cu,NgO,, C,sH36ClL,Co,NgO,, CssH4oCl,MN,NO,,
M 1114.8 992.7 1105.6 1229.7
Crystal system Monaclinic Triclinic Monaclinic Triclinic
Space group P2,/c P1 P2,/c P1
alA 12.472(5) 7.313(2) 13.086(2) 8.337(2)
b/A 9.177(5) 10.102(2) 9.430(2) 12.695(2)
c/A 21.565(6) 14.599(2) 20.246(3) 13.566(2)
af° 101.04(2) 97.15(2)
pr° 108.31(3) 103.05(2) 108.84(1) 104.32(2)
P 103.35(2) 100.01(2)
U/A® 2322(2) 987.9(4) 2364.5(6) 1229.7(4)
Z 2 1 2 1
D/gcm™ 1.595 1.668 1.553 1.514
F(000) 1136 504 1128 628
w(Mo-Ka)/mm™* 1.106 1.290 0.888 0.643
hkl Ranges 0-15, —11to 11, 0-9, —13to 12, 0-16, —12to 0, 0-10, —16 to 16,
—27to 25 —18to0 18 —25t024 —17to 16
Maximum, minimum 0.822, 0.728 0.821, 0.698 0.802, 0.721 0.882, 0.866
transmission
No. reflections collected 10 374 4991 6003 6436
No. unique reflections 5102 4564 5194 5925
Rint 0.010 0.032 0.018 0.015
No. observed reflections 2003 3667 3149 3078
[1>3c()]

Weighting scheme, w™*
No. parameters refined

o(F,) + 0.0010F 2
225

o%(F,) + 0.0008F,2
286

o¥(F,) + 0.0027F 2
325

o%(F,) + 0.0006F 2
376

Largest and mean A/c 0.001, 0.000 0.002, 0.001 0.003, 0.001 0.012, 0.002

Largest difference peak, 0.41, —0.56 0.76, —0.47 0.59, —0.42 0.70, —0.32
hole/e A2

R 0.056 0.036 0.042 0.052

R’ 0.058 0.041 0.049 0.055

Goodness of fit 1.20 1.39 0.97 1.59

R = 2(|IFo| — IF)/EIF); R = [EwW(||Fo| — |F)¥ZWF,2T; goodness of fit = [Ew(||Fe| — [Fe)¥(N, — Np)]%, N, = number of observations, N, = number of

parameters.

Fig. 1 Perspective view of the cationic unit [Cu,(bipy),(ta)]** of
complex 1 showing the atom labelling. Thermal ellipsoids are drawn at
the 30% probability level. The broken lines indicate the weak inter-
action between the Cu'" and O(2) carbonyl oxygen of the co-ordinated
carboxylate

and 70%. Single crystals of them were selected and used for the
magnetic measurements in order to avoid contaminants. In fact,
although the terephthalate was slowly added to the warm
metal-containing solutions with continuous stirring, the for-
mation of insoluble polymers of composition (ML),(ta)-nH,O
occurs in the case of complexes 1 and 5. Our synthetic results
are in accord with the difficulties found by other authors in
obtaining parent copper(r) dinuclear complexes.®

According to their crystal structures, compounds 1-5 have in
common the occurrence of the ta-bridged [M,(ta)]*" dinuclear
unit and unco-ordinated perchlorate anions. The terephthalate
group acts as a bis-bidentate ligand in 1, 3 and 4. The values of
the difference between the v(C=0) and v(C-O) stretching fre-
guencies (A) in the infrared spectra of these compounds [160
(1), 135 (3) and 140 cm™* (4)] are all significantly lower than

those reported for the free carboxylate, as expected for the case
of a chelating carboxylate.® The terephthalate ligand in com-
plexes 2 and 5 adopts a bis-monodentate co-ordination mode.
This structural feature accounts for the values of A observed in
their IR spectra, 200 cm™* for 2 and 185 cm™* for 5. The occur-
rence of a hydrogen bond between the free carboxylate oxygen
and a co-ordinated water molecule allows the carboxylato con-
formation to be syn-anti (2) and syn-syn (5). Finally, as far as
the IR spectrum of the anhydrous compound [Mn,(phen),-
(ta)][ClO,], 6 (obtained by gentle heating of a small amount of
5 at 60° C or under vacuum), apart from the lack of the water
peaks, the most important feature is that the value of A is prac-
tically the same as that of 5. This fact excludes the possibility of
bis-bidentate terephthalate in 6 and strongly supports the
occurrence of the tetrakis-monodentate co-ordination mode as
in the related [Mn,(bipy),(ta)][CIO,], 7 (A = 185 cm™%),*® which
was reported by us recently and shows the occurrence of two
carboxylato-bridges in the syn-syn conformation between a pair
of manganese(1) ions.

Crystal structures

The structures of compounds 1, 2, 4 and 5 are made up of ta-
bridged dinuclear cations with bipy (1 and 4), terpy (2) and
phen (5) as terminal ligands, and non-co-ordinated perchlorate
counter ions. One co-ordinated water molecule per metal ion is
present in the structures of 2 and 5. Perspective drawings of the
dinuclear entities of these compounds are shown in Figs. 1 (1),
2(a) (2), 3 (4) and 4 (5). All dimers lie about a crystallographic
centre which is located at the middle of the benzene ring of the
ta ligand. It should be noted that 1, 3 and 4 are isostructural.
The dinuclear entities in 2 are linked by a hydrogen bond involv-
ing the unco-ordinated carboxylate of one unit and the co-
ordinated water molecule of another [2.746(3) A and 177(3)°
for O(1b)---0O(3) and O(1lb)---H(1w)-O(3), respectively;
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Fig. 2 (a) Perspective view of the cationic unit [Cu,(terpy),(H,0),-
(ta)]*" of complex 2 showing the atom labelling. Thermal ellipsoids are
drawn at the 30% probability level. (b) A view of the intermolecular
hydrogen bonding linking the dinuclear [Cu,(terpy),(H,0),(ta)]*" units

symmetry relation b 1 + X, y, z] leading to a double chain along
the x axis [see Fig. 2(b)]. A strong hydrogen bond occurs
between the co-ordinated water and the unco-ordinated carb-
oxylate oxygens in 5 [2.617(1) A and 151(3)° for O(3) - - - O(2)
and O(3)-H(2w)---0(2), respectively] vyielding a six-
membered ring. The terephthalate adopts bis-bidentate (1, 4) or
bis-monodentate (2, 5) co-ordination modes.

The metal environment of complexes 1 and 4 can be
described as a distorted octahedron with one carboxylato-
oxygen [O(1)] of the ta ligand and three bipy-nitrogen atoms
[N(1), N(2) and N(4)] that comprise the equatorial plane,
whereas the axial positions are filled by the remaining bipy
nitrogen [N(3)] and the other carboxylato-oxygen atoms [O(2)].
The largest deviations from the mean N(1)N(2)O(1)N(4) equa-
torial plane are 0.268(7) [(N2) for 1] and 0.224(7) A [N(1) for 2].
The metal atom is displaced toward the apical site by 0.193(1)
(1) and 0.131(1) A (4) [0.133(1) A in 3]. In both compounds
the main distortion from the octahedral geometry is due to the
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Table 2 Selected bond lengths (A) and interbond angles (°) for
complexes 1, 2, 4 and 5

Complex 1

Cu(1)-0(1) 1.997(6) Cu(1)-N(3) 2.169(7)
Cu(1)-0(2) 2.650(6) Cu(1)-N(4) 2.004(5)
Cu(1)-N(1) 2.058(7) 0O(1)-C(1) 1.285(10)
Cu(1)-N(2) 1.985(6) 0(2)-C(1) 1.229(11)
O(1)-Cu(1)-N(1) 155.7(2) N(1)-Cu(1)-N(2) 80.3(3)
O(1)-Cu(1)-N(2) 92.0(3) N(1)-Cu(1)-N(3) 104.7(3)
O(1)-Cu(1)-N(3) 99.2(3) N(1)-Cu(1)-N(4) 96.0(3)
O(1)-Cu(1)-N(4) 92.7(2) N(2)-Cu(1)-N(3) 99.6(3)
O(1)-Cu(1)-0(2) 54.5(2) N(2)-Cu(1)-N(4) 175.1(3)
O(2)-Cu(1)-N(1) 102.9(2) N(3)-Cu(1)-N(4) 78.2(2)
O(2)-Cu(1)-N(2) 94.7(2) Cu(1)-0O(1)-C(1) 105.9(5)
O(2)-Cu(1)-N(3) 150.6(2) Cu(1)-0(2)-C(1) 76.8(5)
O(2)-Cu(1)-N(4) 89.2(2) 0O(1)-C(1)-0(2) 122.5(8)
Complex 2

Cu(1)-0(2) 1.900(2) Cu(1)-N(3) 2.023(3)
Cu(1)-0(3) 2.290(2) 0O(1)-C(1) 1.235(3)
Cu(1)-N(1) 2.010(2) 0(2)-C(1) 1.270(3)
Cu(1)-N(2) 1.932(2)

0O(2)-Cu(1)-0(3) 90.2(1) O(3)-Cu(1)-N(3) 97.0(1)
O(2)-Cu(1)-N(1) 103.8(1) N(1)-Cu(1)-N(2) 80.6(1)
O(2)-Cu(1)-N(2) 165.8(1) N(1)-Cu(1)-N(3) 160.4(1)
O(2)-Cu(1)-N(3) 94.5(1) N(2)-Cu(1)-N(3) 80.0(1)
O(3)-Cu(1)-N(1) 89.9(1) Cu(1)-0(2)-C(1) 121.8(2)
O(3)-Cu(1)-N(2) 103.5(1) 0O(1)-C(1)-0(2) 124.8(2)
Complex 4

Co(1)-0(1) 2.148(3) Co(1)-N(3) 2.107(3)
Co(1)-0(2) 2.176(3) Co(1)-N(4) 2.108(3)
Co(1)-N(1) 2.103(3) O(1)-C(1) 1.260(5)
Co(1)-N(2) 2.106(3) 0(2)-C(1) 1.260(5)
0O(1)-Co(1)-0(2) 60.5(1) N(1)-Co(1)-N(2) 77.9(1)
O(1)-Co(1)-N(1) 160.2(1) N(1)-Co(1)-N(3) 101.7(1)
O(1)-Co(1)-N(2) 92.8(1) N(1)-Co(1)-N(4) 98.7(1)
O(1)-Co(1)-N(3) 96.9(1) N(2)-Co(1)-N(3) 98.7(1)
O(1)-Co(1)-N(4) 91.8(1) N(2)-Co(1)-N(4) 174.2(1)
0O(2)-Co(1)-N(1) 102.3(1) N(3)-Co(1)-N(4) 77.3(1)
0O(2)-Co(1)-N(2) 93.9(1) Co(1)-0O(1)-C(2) 90.6(2)
0O(2)-Co(1)-N(3) 154.7(1) Co(1)-0(2)-C(1) 89.3(2)
0O(2)-Co(1)-N(4) 91.4(1) 0O(1)-C(1)-0(2) 119.6(4)
Complex 5

Mn(1)-O(1) 2.120(3) Mn(1)-N(3) 2.291(4)
Mn(1)-O(3) 2.141(4) Mn(1)-N(4) 2.256(4)
Mn(1)-N(1) 2.272(4) 0O(1)-C(1) 1.265(6)
Mn(1)-N(2) 2.281(4) 0(2)-C(1) 1.243(6)
O(1)-Mn(1)-0(3) 86.3(1) N(1)-Mn(1)-N(2) 73.0(1)
O(1)-Mn(1)-N(1) 87.7(1) N(1)-Mn(1)-N(3) 93.2(2)
O(1)-Mn(1)-N(2) 106.5(1) N(1)-Mn(1)-N(4) 98.7(1)
O(1)-Mn(1)-N(3) 88.1(1) N(2)-Mn(1)-N(3) 159.1(2)
O(1)-Mn(1)-N(4) 160.3(1) N(2)-Mn(1)-N(4) 93.2(1)
O(3)-Mn(1)-N(1) 163.6(2) N(3)-Mn(1)-N(4) 73.0(2)
O(3)-Mn(1)-N(2) 94.1(1) Mn(1)-0(1)-C(1) 131.7(3)
O(3)-Mn(1)-N(3) 101.9(1) 0O(1)-C(1)-0(2) 125.6(5)
O(3)-Mn(1)-N(4) 92.0(1)

small bite angle of the carboxylate group [54.5(2) (1) and
60.5(1)° (4); 61.9(1)° in 3]. The Jahn-Teller effect which is pres-
ent in the copper(m) complexes accounts for the pronounced
axial elongation in 1 with respect to 4 [2.650(6) A for
Cu(1)-0(2) in 1 against 2.176(3) A for Co(1)-O(2) in 4 and
2.144(3) A for Ni(1)-0(2) in 3]. This is also related to the differ-
ent values of the N(1)-Cu(1)-O(1) and N(1)-Co(1)-0O(1) bond
angles [155.7(2) and 160.2(1)°, respectively; the corresponding
value in 3 is 161.5(1)°]. The Jahn-Teller effect in 1 also accounts
for the lengthening of the Cu(1)-N(3) bond with respect to
Cu(1)-N(1), Cu(1)-N(2) and Cu(1)-N(4). The values of the
metal to carboxylate oxygen distances in 4 (average 2.16 A)
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Fig. 3 Perspective view of the cationic unit [Co,(bipy),(ta)]*" of com-
plex 4 showing the atom labelling. Thermal ellipsoids are drawn at the
30% probability level

Fig. 4 Perspective view of the cationic unit [Mn,(phen),(H,0),(ta)]**
of complex 5 showing the atom labelling. Thermal ellipsoids are drawn
at the 30% probability level. The broken lines indicate the intra-
molecular hydrogen bond between the co-ordinated water molecule and
the carbonyl oxygen atom of the co-ordinated carboxylate

are similar to the related ones in 3 (mean 2.13 A) but both are
significantly larger than the shortest copper to carboxylate
oxygen bond in 1 [1.997(6) A]. The values of the angle sub-
tended at the metal atom by the chelating bipy exhibit large
deviations from the orthogonal geometry [80.3(3) and 78.2(2)°
(1) and 77.9(1) and 77.3(1)° (4); 79.8(2) and 79.4(2)° in 3] as
expected due to the small bite angle of the bipy ligand.*

The copper atom in complex 2 exhibits a distorted square-
pyramidal geometry. The three terpy nitrogen [N(1), N(2) and
N(3)] and one carboxylate oxygen [O(2)] atoms comprise the
basal plane. The apex of the pyramid is occupied by the oxygen
atom [O(3)] of the water molecule. The axial metal-oxygen dis-
tance [2.290(2) A for Cu(1)-O(3)] is somewhat longer than the
equatorial one [1.900(2) A for Cu(1)-O(2)]. The copper—oxygen
(carboxylate) bond distance is the shortest for reported bis-
monodentate ta-bridged copper(i) complexes. 1920222432 The
pattern exhibited by the values of the copper to terpy-nitrogen
bond lengths (two approximately equal bond distances for the
metal to outer pyridine nitrogens and a significantly shorter
metal to middle pyridine nitrogen) is in agreement with that
reported for other terpy-containing copper(i) complexes.®*%
The largest deviation from the mean N(1)N(2)N(3)O(2) basal
plane is 0.084(3) A for N(3). The metal atom is displaced
toward the apical site by 0.160(1) A. The values of the angles at
the metal atom in the two five-membered chelate rings deviate
significantly from 90° [80.0(1) and 80.6(1)° for N(2)-Cu(1)-
N(3) and N(1)-Cu(1)-N(2)] because the geometrical con-
straints of the tridentate terpy ligand.

Each manganese atom in complex 5 presents a distorted
octahedral geometry. Three phen nitrogen atoms [N(2), N(3)
and N(4)] and a carboxylate-oxygen atom [O(1)] comprise the
best equatorial plane of the octahedron, whereas the axial posi-
tions are filled by the remaining phen nitrogen atom [N(1)] and

the oxygen atom [O(3)] of the co-ordinated water molecule. The
Mn—O (carboxylate) bond distance [2.120(3) A] is somewhat
shorter than Mn—N (phen) [2.291(4)-2.256(4) A] but very simi-
lar to that observed in the parent compound 7 [average 2.118(2)
A for Mn—-O (carboxylate)].* The main distortion from
the octahedral symmetry is due to the reduced bite angle of the
phen ligand [73.0(2)° for N(1)-Mn(1)-N(2) and N(3)-Mn(1)-
N(4)], which is in agreement with those found in other phen-
containing manganese(i) complexes.®*®* The largest deviation
from the best N(2)O(1)N(3)N(4) equatorial plane is 0.233(4) A
for the N(3) atom; Mn(1) is displaced out of this plane by
0.106(1) A.

The ta ligand in complexes 1-5 is quasi-planar [dihedral
angle between the carboxylate group and the benzene ring
10.2(3) (1), 9.6(1) (2), 5.2(3) (3), 5.7(1) (4) and 13.6(2)° (5)]. The
carboxylate group shows the expected trigonal geometry. How-
ever, significant differences are observed in the values of the
carbon-oxygen bond distance and O(1)-C(1)-0O(2) intra-
carboxylate bond angle: these values are 1.260(5) A and 120°
for the symmetrical chelating carboxylato co-ordination (3 and
4), whereas two different carbon—carboxylate bonds and a
larger intracarboxylate bond angle occur for the asymmetrical
chelating [1.28(1) and 1.23(1) A and 122.5(8)° (1)] and mono-
dentate carboxylate co-ordination [1.235(3) and 1.270(3) A and
124.8(2)° (2); 1.265(6) and 1.243(6) A and 125.6(5)° (5)].

The pyridyl rings of bipy and terpy are planar as the phen
ligand [deviations not greater than 0.010(3) A for terpy,
0.025(11) A for bipy in 1, 0.020(5) A for bipy in 4 and 0.024(7)
A for phen]. The bipy and terpy ligands as a whole are quite
planar, the dihedral angles between the pyridyl rings being
10.1(2) and 3.9(3)°in 1, 5.1(1) and 1.0(1)°in 4, and 1.1(1), 1.4(1)
and 1.3(1)° in 2. Bond distances and angles within the bipy,
terpy and phen ligands are as expected and in agreement with
previously reported values.®3*-3%

The intradimer metal-metal separation is 11.004(4) (1),
10.913(3) (2), 10.763(2) (4) and 11.457(3) A (5) [9.449 A (3)].
The shortest metal-metal separations through different units
are 7.688(3) A for Cu(1) - - - Cu(1b) (symmetry code: b —x, —y,
—2)in 1, 7.272(1) A for Cu(1)- - - Cu(lb) (symmetry code: b
1-x, 1-y, 1—12) in 2, 7.398(1) A for Co(1)---Co(lb)
(symmetry code: b —x, —y, —z) in 4, 8.337(2) A for
Mn(1) - - - Mn(1b) and Mn(1) - - - Mn(1c) (symmetry codes: b
X—1y,z;cx+1,y,2)inb5.

The perchlorate anions have their expected tetrahedral
geometry [average CI-O and O-CI-O 1.408(4) A and 109.5(2)°
for 1, 1.425(10) A and 109.4(6)° for 2, 1.416(6) A and 109.4(4)°
for 4, 1.403(6) A and 109.5(3)° for 5]. Hydrogen bonds involv-
ing the co-ordinated water molecule of 2 and 5 and the per-
chlorate O(4) [3.066(4) A and 161(2)° for O(4)---O(3) and
O(4) - - - H(2w)-0O(3), respectively] and O(7) [2.776(7) A and
149(3)° for O(7) - - - O(3) and O(7) - - - H(1w)-O(3), respectively]
oxygen atoms are present.

Magnetic properties

The temperature dependence of the y,, T product (¥, being the
molar magnetic susceptibility) for the dinuclear complexes 1-3
is shown in Fig. 5. At 290 K, y,,T =0.87 (1), 0.89 (2) and 2.21
(3) cm® K mol ™, consistent with two uncoupled copper(ir) (1, 2)
and nickel(m) (3) ions. Upon cooling, ¥, T for 2 remains nearly
constant thus exhibiting a quasi-Curie law. However, ., T for
the other two complexes decreases significantly at T <20 (1)
and < 40 K (2) and reaches values of 0.51 cm® K mol™*at 2.4 K
for 1 and 1.90 cm® K mol~* at 2.7 K for 3. The magnetic param-
eters J (singlet—triplet energy gap) and g for complexes 1 and 2
were estimated from a least-squares fitting of the susceptibility
data by the corresponding Bleaney-Bowers expression derived
through the Hamiltonian H= —JS,-Sg with Sy =Sz =3. The
results of the fit are summarized in Table 3 together with some
pertinent structural data. The magnetic data for complex 3
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Table 3 Selected magnetostructural data for complexes 1-6

Complex Jlem™ g p? 10°R®
1 —-2.2 2.07 0.3 4.1
2 —-0.01 2.09 0 2.2
3 -06(D=2) 211 0.2 6.4
4 -0.33 g=812 0 1
g, =1.29

5 —0.065 1.99 0 1.8
6 -1.6 1.99 0.8 3.2

-n%J a’l° Ber Yer Qi A Qe A
2.20 10.2 10.0 11.0 7.7
0.01 9.6 23.1 10.9 7.3
2.40 5.2 14 7.9 9.5 7.3
2.97 5.7 2.3 9.6 10.8 7.4
1.63 13.6 25.2 24.8 11.5 8.3

40.0

2 Percentage of mononuclear copper(ir) impurity. ® Agreement factor defined as Z[%,"""(i) — %m™*(NZ/Zi[1>P () ¢, B and vy are the dihedral
angles shown in Scheme 1. ¢ Intramolecular metal-metal separation. ® Shortest intermolecular metal-metal separation. * Fitting through the Ising

model (see text).
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Fig.5 Temperature dependence of y,,,T of solid samples of complexes
1-3. The solid line represents the best fit (see text)

Xm T/em® K mol”'

X m T/em® K mol™

T
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Fig. 6 Temperature dependence of y,,,T of solid sample of complex 4.
The solid line corresponds to the best fit through the Lines model (see
text). The inset shows the low-temperature region and the solid line
represents the best fit to the magnetic data for an Ising dimer (S« = 1)

were treated by the theoretical expression derived through the
Hamiltonian H=—JS,:Sg — D (S,a? + S,5%)*"*® where S, =
Sg = 1, Dis the single-ion zero-field splitting and it was assumed
that g, =9, =0,=g. The values of the variable parameters J,
D and g resulting from the least-squares fitting are listed in
Table 3.

The thermal dependence of the y,,, T for complex 4 is shown
in Fig. 6. The value of y,,,T is 6.40 cm® K mol~* at 290 K and it
decreases continuously when cooling, reaching a value of 3.30
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Fig. 7 Temperature dependence of y,, T of solid samples of complexes
5 and 6 (the solid line corresponds to the best fit). The inset shows the
temperature variation of the susceptibility of 6 in the low-temperature
region

cm® K mol™ at 2.9 K. This is indicative that an antiferro-
magnetic coupling occurs. The susceptibility curve does not
exhibit any maximum. The value of y,, T at room temperature is
larger than that expected for the spin-only formula indicating
that an important orbital contribution is involved. In fact, all
our attempts to reproduce the susceptibility data through an
isotropic Heisenberg form of interaction were unsuccessful.
Therefore, the Lines theory® was used to treat the whole
variable-temperature magnetic data. In so doing the experi-
mental curve was only roughly reproduced with the magnetic
parameters J = —0.36 cm ™, x (orbital reduction factor) = 0.88
and A (spin-orbit coupling) = —99 cm™. The slight disagree-
ment between the experimental and computed curves can be
attributed to the fact that the Lines theory does not take into
account any distortion of high-spin cobalt(u) from the octa-
hedral geometry. Since it is possible to assume that for T < 30 K
only the Kramer’s doublet for cobalt() is populated, this sys-
tem can be treated as an Ising dimer.**** The results of the fit
are listed in Table 3 and the good quality of the fit is illustrated
by the inset of Fig. 6. It should be noted that both the Lines and
Ising approaches lead to practically identical J values.

The magnetic behaviour of complexes 5 and 6 in the form of
aplot of y,, T versus T is shown in Fig. 7. At 290 K, y,,, T for 5 is
8.70 cm® K mol ™%, very similar to that expected for two non-
interacting manganese(ir) ions (8.75 cm® K mol™2). In the case
of 6, %, T at room temperature is 8.50 cm® K mol™*. For both
complexes y,T continuously decreases upon cooling and
reaches a value of 7.90 cm® K mol™ at 2.7 K for 5 and of 1.0
cm® K mol~t at 2.5 K for 6. This behaviour is characteristic of
an antiferromagnetic interaction between two high-spin man-
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Table 4 Structural and magnetic data of terephthalato-bridged copper(i1) complexes

Compound? Jocm™t
[Cu,(bipy),(n-ta)][CIO,],-2H,0° +2.22
[Cu,(LY),(u-ta)]-H,0-MeOH +0.6
[Cu,(pedien),(H,0),(u-ta)][CIO,],-H,0 0
[Cu(mpy),(u-ta)]-0.5(mpy)-0.5MeOH 0
[Cu,(terpy),(H,0),(n-ta)][CIO,], —0.01
[Cu(en)(H,0),(u-ta)] c
[Cu,(bipy),(n-ta)][PF],-2H,0° —0.88
[Cu,(phen),(u-ta)][CIO,],-2H,0° -1
[Cus(bipy),(r-ta)][CIO,], —2.2
[Cu,(pmdien),(H,0),(p-ta)][CIO,], —2.7
[Cu,(tmtacn),(SCN),(u-ta)][CIO,],-2MeOH -2.8
[Cu,(dien),(u-ta)][CIO,], —3.41
[Cus,(trien),(u-ta)][CIO,],* —4.4
[Cu,(bipy),(H,0),(u-ta)][CIO, L, —51.8
[Cu,(tmtacn),(H,0),(p-ta)][CIO,), —140

al Bl Gl A dpdA Ref.
42
5.8 7.7 11.0 8.8 22
25 15 10.7 8.1 20
36 35 10.6 4.4 43
9.6 23.1 10.9 7.3 This work
10.6 3.0 11.2 5.7 32
42
42
10.2 10.0 11.0 7.7 This work
10.4 6.9 1.1 7.8 20
18.4 11.2 8.0 24
38.1 05 11.0 42 21
42
23
8.8 6.1 11.3 7.6 24

2 Ligand abbreviations: L' = N-[2-(diethylamino)ethyl]salicylidenaminate; pedien = N,N,N’,N”,N"-pentaethyldiethylenetriamine; mpy = 3-methyl-

pyridine; en = ethane-1,2-diamine;

pmdien = N,N,N’,N”,N"-pentamethyldiethylenetriamine;

tmtacn = 1,4,7-trimethyl-1,4,7-triazacyclononane;

dien = diethylenetriamine; trien = triethylenetetramine. ® The coupling constant, J, as defined by the Hamiltonian H = —JS,S,; S, =S, =4. © Weakly

antiferromagnetic. ¢ Structure unknown.

RS

Scheme 1

ganese(mr) ions, that occurring in 6 being stronger than that in 5.
The presence of a sharp susceptibility maximum around 6 K
(see inset of Fig. 7) for 6 is the signature of an antiferro-
magnetic interaction with a singlet ground state. The suscepti-
bility data for both complexes were treated by the isotropic
Heisenberg S, =Sg =3 spin-coupled dimer model (H=
—JS,'Sg) and the computed curves match very well the
experimental data as shown in Fig. 7. The values of the mag-
netic parameters J and g are listed in Table 3.

All the ta-bridged copper(ir) complexes known are listed in
Table 4 together with selected magnetostructural data. It can
be seen that the magnetic interaction is very weak (|J] < 4cm™)
except for the two last examples. The weak coupling observed is
not surprising in the light of the large intramolecular metal-
metal separation (>10.6 A). This feature is not limited to
copper(ir) as shown in the present work where for the first time
magnetic ions other than copper(ir) (complexes 3-6 in Table 3)
possessing a greater number of magnetic orbitals have been
investigated. In the light of the data gathered in Tables 3 and 4
three main questions arise: (i) is there any influence of the struc-
tural parameters on the magnitude of the coupling?; (ii) what
is the reason for the decrease in the magnetic interaction when
the number of magnetic orbitals increases as shown in Table 3
when going from copper(i1) to manganese(i1)?; (iii) most inter-
estingly, why do complex 6 in Table 3 as well as the two last
compounds in Table 4 present relatively large antiferromagnetic
interactions?

In order to answer the first question, the intra- and inter-
molecular metal-metal separations and the values of the
dihedral angles a, B and v, defined in Scheme 1, were included
in Tables 3 and 4. It is clear that the greater the intramolecular
metal-metal separation and the a, B and y dihedral angles, the
weaker the magnetic coupling should be. Complexes in Table 4
have been ordered according to the increasing antiferro-
magnetic coupling. Given that the intramolecular metal-metal
separation is practically constant in this series and that the
values of the dihedral angles do not follow the expected trend,
both factors should not play a significant role. Owing to the
very weak antiferromagnetic coupling observed in them and,
consequently, the most likely large errors associated with the

7
y X
NHS NHS
HN., | .0 . SO, . NHg
"/,'\'/l\\\\\“‘ 2 e N7 o "//M\\\\\“
HN=" | S~ = Yo
NH3 NHg
Scheme 2

quoted J values, our feeling is that additional comments are out
of order. In spite of the large variation of the intermolecular
metal-metal separation (from 8.8 to 4.2 A), the values of J are
insensitive to it indicating that the weak magnetic coupling
observed is of intramolecular nature.

Dealing with the second point, when more than one unpaired
electron per metal atom occurs, the experimental J parameter
has to be decomposed into a sum of individual contributions,
J,.» involving each pair of magnetic orbitals implicated in the
exchange phenomenon [equation (1)]* where n is the number

n
J= 1/n2}§V Jo (1)

of unpaired electrons of the metal centre. According to this
equation, the net antiferromagnetic interaction is properly
defined by n?J, which is also included in Table 3. In general, for
several families of homodinuclear compounds with a common
bridge and different metal ions, the values observed of n?J| are
not constant and usually decrease when going from copper (i)
to manganese(mr). This trend can easily be understood taking
into account the increasing number of ferromagnetic terms J,,
in equation (1) involving pairs of orthogonal magnetic orbitals
for the added unpaired electron and the increase in the energy
of the d orbitals when going from copper(i1) to manganese(ir).
The combination of these two factors leads to a progressive
decrease in spin-density delocalization on the bridge and so to a
decrease in the corresponding J,, terms in equation (1). How-
ever, one can see in Table 3 that n?J| slightly increases in the
bipy complexes (1, 3 and 4). In this family of isostructural
compounds the ta adopts a bis-bidentate bridging mode as
shown in Scheme 2. For complex 1, one of the two Cu-O (carb-
oxylate) bonds is very long and so the magnetic orbital is in the
Xz plane (that is orthogonal to the terephthalate plane), where-
as in the other two complexes there is a magnetic orbital in the
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Xy plane (that is parallel to the terephthalate plane). Keeping in
mind these features and taking into account that Joc S? (S
being the overlap integral between the magnetic orbitals centred
on each metal ion),**“® the overlapping through tetrephthalate
in complexes 3 and 4 is twice that in 1. Consequently, it is clear
that n?J| for 3 and 4 should be greater than that for 1, as is
observed. The fact n?J| for 3 and 4 is not four times that of 1
(because of Joc S?) is due to the above-mentioned reasons.
In complex 5 only one carboxylate oxygen is co-ordinated to
the manganese(ir) and the n?J| value is smaller than that for 1,
as expected.

The last point is the increase in the antiferromagnetic coup-
ling in complex 6 with respect to that in 5. The value of the
exchange coupling in 6 is very close to that observed in 7%
where each carboxylate group is linked to two manganese
atoms in a syn-syn conformation leading to a chain of
ta-bridged manganese(mr) pairs as shown in Scheme 3. Most
likely, the loss of the co-ordinated water molecule in 5 to yield
6 causes such a dimerization through each carboxylate and
accounts for the observed coupling. Unfortunately, we have
not got single crystals of complex 6 but the IR and magnetic
data together with the structural knowledge of 7 strongly
support the dimerization through carboxylate on each side of
the benzene ring of the terephthalate and we suggest that 6
and 7 could present a similar structure. It is interesting that
the common procedure to perform variable-temperature
magnetic measurements (that is making a vacuum around the
holder and purging with helium) cannot be used in the case
of complex 5 because of the easy loss of the two co-
ordinated water molecules which is assisted by carboxylate
co-ordination. So, the magnetic properties of 5 were meas-
ured without applying any vacuum on the holder. If a
vacuum is applied transformation into 6 takes place. The
complete transformation is dependent on the time the vac-
uum is operating. The extent of transformation of 5 into 6
can easily be detected because of the amount of impurities
revealed by the susceptibility curve of 6. The data given in
Table 3 concerning complex 6 were obtained after half a day
under vacuum and only ca. 0.8% of impurity (as complex 5)
is present.

Concerning the two complexes of formula [Cu,(bipy),-
(H,0),(ta)][CIO,], and [Cu,(tmtacn),(H,0),(ta)][CIO,], from
Table 4, only the structure of the last one is known'%* and
corresponds to Scheme 4(a) where one of the two carboxylate
oxygens is bound to copper(m) and the other is hydrogen
bonded to a co-ordinated water molecule. The type of
terephthalato co-ordination shown in Scheme 4(a) has been
proposed as the driver of the relatively strong antiferromagnetic
coupling observed in [Cu,(tmtacn),(H,0),(ta)][CIO,],* and on
this basis the same structural pattern was proposed for the pen-
ultimate compound of Table 4. It is very interesting that 5
exhibits the same type of terephthalate co-ordination. Con-
sequently, if the presence of the intramolecular O-H---O
bond in [Cu,(tmtacn),(H,0),(ta)][CIO,], causes the strong
antiferromagnetic coupling observed for this compound as sug-
gested,? one can easily predict a value of J=—5.6 cm™ for 5
(that is —140/25, see Table 3). Our results show that this is
not the case (J for 5 is —0.065). Moreover, we have performed
extended-Huickel calculations on the model compounds shown
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in Schemes 2 and 4 and a very small and nearly identical energy
gap between the singly occupied molecular orbitals (SOMOs)
was found for the models in Scheme 4(a) and 4(b) revealing that
the magnetic coupling should be very weak and similar in these
cases. A somewhat greater energy gap was found for the model
in Scheme 2. Self-consistent field Mgller—Plesset (SCF-MP)
calculations performed by Erasmus and Haase’ are in agree-
ment with our results. They calculated that the J value for the
last compound of Table 4 is in the range —0.085 to +0.057
cm™*. In summary, our feeling is that the relatively strong anti-
ferromagnetic coupling observed for the last two compounds in
Table 4 is that they exhibit the same phenomenon that we have
observed for 5 and 6: carboxylate-assisted loss of the co-
ordinated water molecule and subsequent carboxylate dimer-
ization in the vacuum. In fact, the high percentage of impurities
which were detected in the magnetic study of [Cu,(tmtacn),-
(H,0),(ta)][CIO,], could be due to a non-total dehydration.

Finally, we tried to prepare single crystals of the last com-
pound of Table 4 by following the reported procedure and
so check that it exhibits a relatively strong antiferromagnetic
coupling only after loss of its co-ordinated water molecule
under vacuum, leading to the syn-syn carboxylate bridging.
Unfortunately, all our attempts led to a mixture of different
ta-containing complexes of polymeric nature.

Conclusion

Taking into account that the most favourable bridging mode
of terephthalate to mediate exchange coupling is the bis-
bidentate mode shown in Scheme 2 as indicated by Huckel
calculations and given that it is unable to transmit a relatively
large coupling, as shown experimentally (this is the heart of
our contribution), we conclude that the terephthalate bridge
is not a suitable bridging unit to mediate significant exchange
coupling in contrast to what was suggested previously. The
relatively large magnetic coupling observed in some of its
copper(m) complexes is most likely due to a carboxylate-
assisted loss of co-ordinated water molecules with subsequent
carboxylate bridging in a syn-syn conformation.
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