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Syntheses, Structures, and Magnetic Properties of Copper(i1) Complexes with
1,3-[Bis(2-pyridylmethyl)amino]benzene (1,3-tpbd) as Ligand
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The dinuclear copper(n) complexes {[Cu,(1,3-tpbd)-
(H20)(OAC)5](C104)2}0.23([Cuz(1,3-tpbd) (H,0)2(0AC)]-
(Cl04)3}0.770.77H0 (1), [Cuz(1,3-tpbd)(H20)2(OAC)]-
(ClO4)22H,0O (2), and the tetranuclear copper(il) complex
[Cuy(1,3-tpbd),(H,0)2(SO4)4]-8H,O  (3) {1,3-tpbd = 1,3-
bis[bis(2-pyridylmethyl)amino]benzene} were synthesised
and structurally characterised by X-ray diffraction. Variable-
temperature (2.0-290 K) magnetic susceptibility measure-
ments on these complexes as well as on the dinuclear cop-

per (1) complex [Cu,(1,3-tpbd)(H,0),(C104)3]Cl1O, (4) (whose
structure was published earlier) were performed. In contrast
to 2 and 3, significant ferromagnetic coupling with J = +9.3
cm~! was observed for 4 (the Hamiltonian being defined as
H=-J él-éz). Density functional theory (DFT) calculations
were used successfully for the interpretation of the ferromag-
netic coupling observed in 4.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Continuing interest in the synthesis and characterisation
of polynuclear copper(11) complexes derives from the efforts
to understand the factors that are responsible for the mag-
netic exchange interactions between coupled metal centres.
Attention has been focused on the magnetostructural corre-
lations and the exchange mechanism involving different
bridging groups.!! =7

The symmetry and energy of the SOMOs (“magnetic
orbitals”: the molecular orbitals which define each un-
paired electron of a paramagnetic centre) and the molecular
orbitals of the bridging ligands are important for the under-
standing of the magnetic exchange phenomena in polynu-
clear complexes.** 1% The most common situation for
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magnetic coupling through extended bridges is the antifer-
romagnetic interaction: the larger the overlap integral be-
tween the SOMOs involved, the larger the antiferromag-
netic coupling. However, ferromagnetic coupling is ob-
served when the interacting SOMOs are orthogonal to one
another: the larger the overlap density between orthogonal
SOMOs, the larger the ferromagnetic coupling. Orthog-
onality can be achieved by either geometrical or topological
symmetry; geometrical symmetry has been successfully ap-
plied to bimetallic compounds!® and metal—radical sys-
tems.['!] Topological symmetry is being used extensively in
designing high-spin organic polyradical species; the intra-
molecular spin alignment can be explained in terms of the
spin polarisation mechanism.[!2!31 This mechanism de-
scribes how an unpaired electron on one atom polarizes the
electron cloud on the adjacent atom in the opposite sense.

Although the spin polarisation mechanism was shown to
be valid for some oxygen or nitrogen perturbed sys-
tems!!*13) as well as for some organic radical-paramagnetic
transition metal ion type systems,['] the limits of its appli-
cation are unclear, especially for coordination compounds
containing transition metal ions as the only spin sources. In
fact, polymeric transition metal complexes containing py-
rimidine bridges have been designed as an approach to mol-
ecule-based ferromagnets.l'’~2%! Ward and co-workers pro-
vided examples of antiferromagnetic/ferromagnetic coup-
ling between transition metal ions connected by conjugated
bridges with an even/odd number of atoms.[!?:20]
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Some of us have investigated dinuclear copper complexes
with ligands derived from 1,3-phenylenediamine which can
be regarded as model compounds for copper proteins.?3-24
However, only a few ligands are described in the literature
that are based on a 1,3-phenylenediamine unit.[>!-25~3%

We have synthesised and characterised dinuclear cop-
per(1) and copper(i) complexes with the ligand 1,3-
bis[bis(2-pyridylmethyl)amino]benzene  (1,3-tpbd).3l A
schematic representation of the cation of the copper(ir)

e
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Figure 1. Schematic representation of the molecular structure of
the cation of [Cu,(1,3-tpbd)(H»0),(Cl04);5]CIO, (4)

complex [Cu,(1,3-tpbd)(H,0),(Cl0O,4)5]ClO,4 characterised
by single-crystal X-ray diffraction is shown below in Fig-
ure 1.

To investigate the effect of substituting the perchlorate
bridge in [Cuy(1,3-tpbd)(H,0),(ClO,);]Cl1O, with other
anions we synthesised and structurally characterised the
dinuclear copper(n) complexes {[Cu,(l,3-tpbd)(H,O)-
(OAC)2](Cl04)2}0.23{[Cux(1,3-tpbd)(H,0)2(OAc)]-
(Cl04)3}0.77°0.77TH,0 (1),  [Cux(1,3-tpbd)(H,0)>(OAc),]-
(Cl04)»°2H,0 (2), and the tetranuclear copper(i1) complex
[Cuy(1,3-tpbd),(H,0)5(SO4)4]'8H,O (3) and furthermore
investigated their magnetic behaviour in comparison with
[Cuy(1,3-tpbd)(H20)5(Cl04)5]CIO04 (4).

Results and Discussion

Synthesis and Crystal Structures

[Cus(1,3-tpbd)(H,0),(Cl0O4)5](Cl0,) (4) was prepared
and characterised as described previously.?*! Dinuclear cop-

Table 1. Selected bond lengths and bond angles with standard deviations in parentheses for 1a/lb, 2 and 3

1a/1b

Cu(1)=N(1) 2.049(3) Cu(1)-N(2) 1.951(3) Cu(1)-N@3) 1.943(3)
Cu(1)-0(2) 1.944(2) Cu(2)-N(@4) 2.100(3) Cu(2)—N(5) 1.973(3)
Cu(2)—N(6) 1.966(3) Cu(2)—-0(3) 2.215(3) Cu(2)—0(4) 2.020(3)
O(1)~H(@31) 1.81 0(3)-H@31) 0.91

N(1)—Cu(1)—N(2) 84.51(11) N(1)—Cu(1)~N(3) 85.05(11) N(2)—Cu(1)~N(3) 158.73(12)
N(1)—Cu(1)-0(2) 166.91(11) N(2)—Cu(1)-0(2) 98.29(11) N(3)—Cu(1)-0(2) 96.06(11)
N(4)—Cu(2)—N(5) 82.68(12) N(4)—Cu(2)—N(6) 83.38(12) N(5)—Cu(2)—N(6) 163.70(13)
N(4)—Cu(2)—0(3) 106.24(13) N(5)—Cu(2)—0(3) 99.40(12) N(6)—Cu(2)—0(3) 92.58(13)
N(4)—Cu(2)—0(4) 161.12(13) N(5)—Cu(2)-0(4) 96.71(13) N(6)—Cu(2)—0(4) 93.75(13)
0(3)—Cu(2)—0(4) 92.51(15) O(1)~H(31)—0(3) 173.3

2

Cu(1)-N(1) 2.067(2) Cu(1)-N(2) 1.983(2) Cu(1)-N@3) 1.986(2)
Cu(1)—0(1) 1.999(2) Cu(1)—0(5) 2.330(2) Cu(2)—-N@4) 2.108(2)
Cu(2)—-N(5) 1.969(2) Cu(2)—N(6) 1.972(2) Cu(2)—0(3) 1.983(2)
Cu(2)—0(6) 2.194(2)

N(1)—Cu(1)-N(2) 83.12(9) N(1)—Cu(1)-N(3) 84.15(9) N(2)—Cu(1)~N(@3) 165.07(10)
N(1)—Cu(1)-0O(1) 164.87(9) N(2)—Cu(1)-0(1) 96.14(9) N(3)—Cu(1)—-0(1) 98.18(9)
N(1)—Cu(1)—0(5) 98.10(9) N(2)—Cu(1)-0(5) 88.18(9) N(3)—Cu(1)—0(5) 85.92(9)
N(4)—Cu(2)~N(5) 83.35(9) N(4)—Cu(2)—N(6) 83.20(9) N(5)—Cu(2)—N(6) 163.18(9)
N(4)—Cu(2)-0(3) 162.13(8) N(5)-Cu(2)-0(3) 96.62(9) N(6)—Cu(2)-0(3) 93.11(9)
3

Cu(1)~N(1) 2.062(3) Cu(1)-N(2) 2.032(3) Cu(1)-N@3) 2.003(3)
Cu(1)-0(1) 1.953(2) Cu(1)—0(5) 2.159(3) Cu(2)—-N(4) 2.038(3)
Cu(2)-N(5) 2.001(3) Cu(2)—N(6) 1.986(3) Cu(2)—N(6) 1.986(3)
Cu(2)—0(6) 1.963(2) Cu(2)—O(6)#1 2.398(2) S(1)-0(1) 1.510(2)
S(1)-0(2) 1.469(2) S(1)-0(3) 1.469(2) S(1)-0(4) 1.456(2)
S(2)-0(6) 1.528(2 S(2)-0(7) 1.459(3) S(2)-0(8) 1.462(2)
S(2)-0(9) 1.464(2) Cu(2)-Cu(2a) 3.316

N(1)—Cu(1)-N(2) 81.86(10) N(1)—Cu(1)-N(3) 81.52(11) N(2)—Cu(1)-N(3) 163.34(11)
N(1)—Cu(1)—0O(1) 162.48(10) N(1)—Cu(1)~0(5) 103.93(12) N(2)—Cu(1)—0(1) 103.86(10)
N(2)—Cu(1)-0(5) 90.58(11) N(3)—Cu(1)-0(1) 91.71(11) N(3)—Cu(1)~0(5) 94.63(11)
O(1)—Cu(1)—O(5) 92.66(11) N(4)—Cu(2)~N(5) 83.16(11) N(4)—Cu(2)—N(6) 82.88(11)
N(5)—Cu(2)—N(6) 165.44(11) N(4)—Cu(2)—0(6) 177.28(10) N(4)—Cu(2)—O(6)#1 95.90(9)
N(5)—Cu(2)—0(6) 98.03(10) N(5)—Cu(2)—O(6)#1 98.79(9) N(6)—Cu(2)—0(6) 96.09(10)
N(6)—Cu(2)—O(6)#1 86.77(9) 0(6)—Cu(2)—O(6)#1 81.51(9)
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Table 2. Crystal data and structure refinement parameters for 1a/lb, 2 and 3
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Complex

(1a)g23(1b)y 770.77H,0

2

3

Empirical formula

C32A44H33,67C12A78cu2N6016.l 1

C34Hy4oCLCu,NgOy6

CeoH76CusN 1205654

Molecular mass 990.93 988.72 1763.72

Temperature /K 293(2) 293(2) 200(2)

Crystal system monoclinic monoclinic monoclinic

Space group P2,/c (No. 14) P2,/n (No. 14) P2,/n (No. 14)

a(A) 23.6166(1) 16.995(3) 11.8974(3)

b (A) 10.0463(2) 12.594(3) 10.7422(2)

¢ (A) 17.2188(3) 20.046(4) 27.9871(6)

B/ 102.0280(10) 109.702(17) 101.9850(10)

V (A3) 3995.63(11) 4039.5(14) 3498.90(13)

V4 4 4 2

Dyieq. /grem ™3 1.647 1.626 1.674

wmm™! 1.329 1.265 1.410

F(000) 2018 2032 1816

Crystal size (mm?) 0.30 X 0.30 X 0.30 0.20 X 0.20 X 0.25 0.25 X 0.20 X 0.10

0 range for data collection 1.76 to 28.32 1.93 to 28.29 1.49 to 28.30

Index ranges Sl=h =31 22=h=22 A15=h=15
-3=k=13 -6 =k=16 -4d=k=13
2=]l=22 260 =1=26 36 =1=37

Reflections measured 40879 41742 35485

Unique reflections, R, 9818, 0.0552 9895, 0.0500 8516, 0.0815

Completeness to 6max 93.3% 94.4% 93.1%

Data/restraints/parameters 9818/0/620 9895/0/641 8516/0/527

Goodness of fit on F? 1.016 0.999 0.999

Final R indices R1 = 0.0498 R1 = 0.0429 R1 = 0.0471

[ > 20(D)] wR2 = 0.1258 wR2 = 0.0972 wR2 = 0.0801

R indices (all data) R1 = 0.0933 RI1 = 0.0812 R1 = 0.0996
wR2 = 0.1454 wR2 = 0.1125 wR2 = 0.0968

Max./min. electron density fe-A—3 +0.929/-0.939

+1.287/—0.809 +0.519/—0.489

per(i1) complexes with acetate or sulfate as additional
anionic ligands in place of perchlorate were obtained by
mixing the appropriate copper(i) salts with 1,3-tpbd in
methanol/water mixtures.

Acetate can display varying modes of coordination in its
copper(1) complexes: bridging, bidentate and monodentate
coordination modes of this ligand are well-known and for
the sake of brevity only a few examples are given in the
cited references.l*! 371 Our first attempt of reacting together
1,3-tpbd, copper(i1) perchlorate and copper(il) acetate re-
sulted in a mixture of blue and green crystals. The molecu-
lar structure of both compounds was solved by single-crys-
tal X-ray diffraction; the blue crystals showed disorder at
one copper(1) ion indicating that in the unit cell there were
two different complexes present, denoted 1a and 1b, which
were found in a 23 to 77 ratio respectively. The contents of
the unit cell can be represented as {[Cu,(1,3-tpbd)-
(H20)(0AC€),](Cl04)2} 0 23{[Cua(1,3-tpbd)(H,0),(0Ac)]-
(Cl04)3}0.77°0.77H,0 (1ag »31bg 7720.77H,0). In 1a the cop-
per(i) ion Cu(l) is tetra-coordinated to three N-donor
atoms of the 1,3-tpbd ligand and one O atom of an acetate,
the ligands forming a distorted square planar environment
around the copper(11) ion (Figure 2 and Table 1 and 2). The
coordination geometry around the copper(i1) ion Cu(2) is
square pyramidal; Cu(2) is bound to three N-donor atoms
of the 1,3-tpbd ligand, one O atom of an acetate ion [O(4)
in Figure 2] and one O-donor atom of a coordinated
water molecule.

Eur. J. Inorg. Chem. 2004, 335—343 www.eurjic.org

Figure 2. ORTEP representation (30% probability displacement
ellipsoids) of the cation of 1a (hydrogen atoms are omitted for
clarity)

The copper(i1) coordination environments in la and 1b
differ; one of the coordinated acetate anions in 1a [O(4) in
Figure 2] is replaced by a water solvent molecule and an
additional perchlorate anion is found in the unit cell.

An intramolecular hydrogen bond formed by the water
solvent molecule O(3), which is always coordinated to
Cu(2), and the non-coordinated O atom O(1) of the acetate
ligand bound to the other copper ion Cu(1) leads to further
stabilisation (Table 2).

The dark green crystals were characterised as [Cu,(1,3-
tpbd)(H>0),(OAC),](ClOy4),:2H,0 (2) and the molecular
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structure of the cation of 2 is shown in Figure 3 (Table 1
and 2). Each copper(n1) centre is five-coordinate and their
coordination geometries are best described as square pyr-
amidal.

Figure 3. ORTEP representation (30% probability displacement el-
lipsoids) of the cation of 2 (hydrogen atoms are omitted for clarity)

2 was obtained in a pure form by mixing 1,3-tpbd and
copper(11) acetate stoichiometrically (1:2) in methanol/water
with an excess of sodium perchlorate. Only large green crys-
tals of 2 were grown from that solution. An excess of acet-
ate ions in solution is necessary to avoid substitution of the
acetate ligands by water molecules.

In contrast to 4, where a perchlorate ion bridges the two
copper(11) ions in the solid state, the acetate ions in 1a, 1b
and 2 coordinate only in a monodentate fashion. The
Cu—0 bond lengths in 1a, 1b and 2 (Table 2) are similar to
those found in other monodentate acetate-containing cop-
per(ir) complexes and the Cu—N,igine bonds are shorter
than the Cu—Nypine bonds.3>37 In the cases where the cop-
per() ion is coordinated by an axial ligand, the bond
lengths of Cu—O are clearly longer than those in the equa-
torial positions. Bond lengths and angles of 1 and 2 com-
pare well with 4. The Cu---Cu distances in 1 (6.06 A) and 2
(5.85 A) are similar to 4 (5.87 A)23 even though the two
copper(11) ions are not bridged by acetate.

Sulfate was also chosen to replace the perchlorate bridge
in 4. There are numerous examples of structurally charac-
terised transition metal complexes with sulfate as a bridging
ligand (a limited number of examples are given in the
references).’8 =431 Mixing stoichiometric amounts of cop-

per(m) sulfate and 1,3-tpbd (2:1) in water lead to the forma-
tion of dark blue crystals after slow evaporation at room
temperature. The molecular structure revealed that the
tetranuclear complex [Cuy(1,3-tpbd),(H»0),(SO4)4]:8H,O
(3) formed (Figure 4 and Table 1 and 2) with the sulfate ion
acting as both a terminal ligand and as a bridging ligand.

Each copper(11) ion in 3 is five-coordinate and their coor-
dination geometries are best described as distorted square
pyramidal. The two sulfate-bridged copper(1) ions are sepa-
rated by 3.316 A. The sulfate anions exhibit an unusual one
atom bridging mode which is reflected in the different S—O
bond lengths of 1.515(2) A (coordinated oxygen) and
1.461(2) A (mean value, uncoordinated oxygens). The
Cu---Cu distances through the bridging 1,3-tpbd units (7.20
A) in 3 are much longer than in 1, 2 or 4. We are aware of
only one other example of a bis-sulfate bridged copper(ir)
complex [Cu(HL)(SO4), (HL = 2-formylpyridine thiosemi-
carbazone) which has been structurally characterised.[*]
The geometry of the coordination sphere around the cop-
per(u) ions in [Cu(HL)(SOy)], is distorted square-pyrami-
dal, with bond lengths and angles for [Cu(HL)(SO4,)], simi-
lar to those observed in 3.

Magnetic Properties of 2, 3 and 4

The temperature dependence of y,,7 for 4 (y,, is the
magnetic susceptibility per two copper(il) ions) is shown
in Figure 5.

At room temperature, y,,7 is equal to 0.85 cm*K-mol !,
the expected value for two magnetically isolated spin dou-
blets. Upon cooling, the value of y,,7 increases, attaining a
maximum at 3.5 K and then decreasing slightly further.
This behaviour is typical of a ferromagnetically coupled di-
nuclear copper(i1) complex, the small decrease of y,,7 in
the low temperature range being due to weak intermolecu-
lar magnetic interactions.

The susceptibility data of 4 were analysed through a sim-
ple Bleaney—Bowers expression*!l for two magnetically in-
teracting local spin doublets derived from the Hamiltonian
H= 7S5, (S, =S, = 1/2) with the inclusion of a 0
parameter to account for the intermolecular interactions.
Least-squares best-fit results are: J = +9.3 cm™!, g = 2.12,
0 = —008K and R = 1.8 X 10°° (R is the agree-
ment factor defined as Z“z’[()(,MT)obsdA(i) - (XMT)calcd.(i)]z/

Figure 4. ORTEP representation (30% probability displacement ellipsoids) of 3 (hydrogen atoms are omitted for clarity)

338 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Thermal variation of y,,T for 4: (/) experimental data;
(—) best fit (see text). The inset shows the maximum of y,,7 in the
low-temperature region (applied magnetic field of 0.1 T)

S0 Dobsa (D)]?). The theoretical curve (solid line in Fig-
ure 5) fits the experimental data well as indicated by the low
value of the agreement factor. The magnetisation versus H
plot up to 5 T (maximum available magnetic field with our
SQUID) at 2 K (Figure 6) tends to a saturation value of ca.
2.1 BM as expected for a S = 1 spin state with g = 2.12.

2.0
= 1.54
=]
~
g 4
1.0+
0.5
0.0 . T T T T
0 1 2 3 4 5
H/T

Figure 6. M versus H plot at 2 K for 4: (o) experimental data; ()
Brillouin function for an S = 1 spin state with g = 2.12

The EPR spectrum of 4 in methanol (Figure 7) was re-
corded at X-band frequency at 100 K to elucidate further
the nature of the magnetic coupling. The spectrum shows a
seven line splitting pattern in the g; region, with the
1:2:3:4:3:2:1 intensity pattern characteristic of a coupled di-
nuclear Cu'! system. A similar signal, but with much lower
intensity, due to the forbidden AM = =2 state was observed
around 1500 G. The observed half-field signal confirms the
presence of a Cu'—Cu'! triplet state. No changes in the
positions of the signals were observed in this spectrum
when working at 5 K.

Eur. J. Inorg. Chem. 2004, 335—343 www.eurjic.org
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Figure 7. Top: Measured EPR spectrum of 4 in methanol/water;
Bottom: Simulated spectrum. The inset shows the measured EPR
spectrum at half-field

Magnetic susceptibility measurements of 2 were problem-
atic. A large crystal, which was taken out of the mother
liquor, was investigated immediately and no magnetic coup-
ling could be detected during the magnetic measurements.
This behaviour changed when the crystal became dry with
a ferromagnetic coupling of ca. J = +9.1 cm ™! observed.
Ferromagnetic coupling was observed when smaller crystals
were used which seemed to loose water molecules when a
vacuum was applied during the magnetic measurements.
Most likely, carboxylate-assisted water loss occurs and the
structural change associated with this process [carboxylate
bridge between Cu(1) and Cu(2)] would lead to a 1,3-tbpd-
bridged dicopper(1) fragment very close in nature to that
observed for 4, the magnetic coupling of the anhydrous
phase of 2 being essentially identical to that of 4.

EPR measurements of 2 were unsuccessful in providing
a complete description of the magnetic behaviour. The EPR
spectrum of the pure green crystals dissolved in methanol
demonstrated that at least a mixture of three species exists
under these conditions. This is similar to our findings dur-
ing the structural characterisation of the complexes, where
from one solution three different complexes were obtained.
Clear changes in the EPR spectra were observed by adding
sodium perchlorate or sodium acetate indicating the pres-
ence of equilibria in solution. Even though no “clean”” EPR
spectrum could be measured for 2, we observed that no
triplet state at half field was detected under the same con-
ditions as for 4, in agreement with the magnetic suscepti-
bility measurements of the large crystal. Therefore, it is
clear that none of the acetate complexes in methanolic solu-
tions [most likely species consisting of differing amounts of
acetate and water molecules coordinated to the copper(i)

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 339
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ions as shown in Figure 2 and 3] provide a magnetic ex-
change pathway for ferromagnetic coupling.

Magnetic susceptibility measurements of 3 failed to pro-
vide any information that magnetic coupling between the
copper(11) ions in this complex takes place. 3 showed typical
normal magnetic behaviour of four magnetically isolated
copper(11) ions and the data followed a Curie law. This find-
ing is the same as the findings obtained for [Cu(HL)(SO,)]»
where no magnetic exchange phenomena were detected.*"]
EPR spectra of 3 could not be obtained because the com-
plex is insoluble in methanol and those performed in water
or methanol/water mixtures were not well resolved.

The number of ferromagnetically coupled dinuclear cop-
per(11) complexes is small when compared to that of antifer-
romagnetically coupled ones.[!:3:32:3445=52] Herein, different
bridging groups were found to provide a magnetic exchange
pathway for ferromagnetic coupling in dinuclear copper(ir)
complexes. However, in all these cases (with the exception
of a related complex reported recentlyl*'l) the distance be-
tween the two copper(l1) ions is much less than 5.87 A as
in 4. Moreover, magnetic exchange coupling over large dis-
tances is often weak and antiferromagnetic.[3-6-53-54]

Examining the structure of 4 (Figure 1), two possible ex-
change pathways could be operative, one involving the
phenylenediamine unit and the other involving the per-
chlorate bridge. The latter pathway is ruled out taking into
account that the perchlorate oxygen is axially coordinated
to the copper(m) ion [2.39 A for Cu—O(perchlorate)].?*l As
the unpaired electron of the copper(m) ion is delocalised
only in the four short equatorial bonds, it is clear that the
spin density on the perchlorate oxygen should be very
small. A similar conclusion was reached by Murray and co-
workers  for the  perchlorate  bridged complex
[Cu,L'(ClO4),)-2H,O0 [L' = N-(2-pyridinyl)acetoacet-
amide].®> Furthermore, from the X-ray structure data of 4
the intermolecular exchange interaction can be excluded:
the shortest intermolecular copper—copper distance is 8.67
A, with no ligand present which could provide a possible
exchange pathway. Consequently, the exchange pathway in-
volved in the ferromagnetic coupling observed in 4 is op-
erating through the meta-phenylenediamine bridge. In con-
trast to 4, complexes with either a para-phenylenediamine
(pd) bridge as in [(tren)Cu(pd)Cu(tren)[**[%571 [tren =
tris(2-aminoethyl)amine], or the dinuclear copper(ir) com-
plex of the para homologue of 1,3-tpbd, [Cuy(1,4-
tpbd)(H50)4](S50¢)> (J = —15.56 cm1),58 show weak
antiferromagnetic coupling.

The relatively weak exchange coupling of the unpaired
electrons of the copper(1) ions in 4 is expected since the
superexchange pathway, attributed to magnetic exchange
coupling interactions, is most often described as operating
via the sigma bond framework. In the case of [Cuy(1,4-
tpbd)(H,0)4](S,04), the pathway is seven bonds long. A
comparison of the magnetic coupling observed in [Cu,(1,4-
tpbd)(H>0)4](S-0¢), with the magnetic coupling observed
in 4 provides a demonstration of the spin-polarisation
mechanism between paramagnetic ions via an aromatic or-
ganic bridging group. Ferromagnetism is predicted in cases

340 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

where there is an odd number of bridging atoms and anti-
ferromagnetic exchange coupling with an even number of
bridging atoms. With five atoms between the copper(ir) ions
in 4, the o framework is one bond shorter than that in
[Cuy(1,4-tpbd)(H,0)4](S504),. The two SOMOs involved in
4 are almost perpendicular to the phenyl ring and the un-
paired electrons in the d,>_,2 orbitals of both copper(ir) ions
can interact via this pathway. Thus the nature of the ex-
change coupling observed in these two complexes (ferro- in
4 and antiferromagnetic in [Cu,(1,4-tpbd)(H,0)4](S,06)-] is
expected using this model.

In order to interpret the ferromagnetic interaction pre-
sent in 4, DFT calculations were performed (see paragraph
of Computational Methodology in the Exp. Sect.)!?*! on the
model systems depicted in Figure 8 (I-1V), where the
donor nitrogen atoms of 1,3-tpbd have been replaced by
ammonia molecules (model IV corresponds to the com-
plex 4).

In the four models, the unpaired electron on each cop-
per(11) ion (that is the SOMO) lies in the basal plane of the

Figure 8. Model systems (I—=1V) of dinuclear copper(ir) complexes
which were used to carry out the DFT type calculations (see text)
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metal ion [comprising of atoms N(1), N(2), N(3), and N(4)
for Cu(l) and N(5), N(6), N(7), and N(8) for Cu(2)]. The
orientation of the two SOMOs with respect to the pheny-
lenediamine plane is gradually varied in I-IV in such a
manner that the exchange interaction is transmitted
through either pure ¢ (I and II) or © (IV) pathways, whereas
III is a mixed o-n type. The calculated values of J for
models I-1V are —1.7, —0.1, +0.6 and +7 cm ™!, respec-
tively.

The analysis of the trend for the observed J values shows
that the magnetic interaction is weak and antiferromagnetic
in I and II, with that of I being somewhat larger. The
SOMOs in these models are perpendicular to the plane of
the phenylenediamine plane, but they differ in their confor-
mation: anti-anti in 1 versus anti-syn in II. The ¢ in-plane
overlap between the SOMOs of Cu(l) and Cu(2), through
the long pathway Cu(1)—N(1)—C—-C—-C—-N(5)—Cu(2) in
both models, is expected to be weak and poorer in the case
of IT because of its anti-syn configuration. Since the antifer-
romagnetic interaction in a dinuclear copper(ir) complex is
proportional to the square of the overlap integral between
the SOMOs,P%37] the value of the antiferromagnetic coup-
ling in I and II is expected to be very small and weaker for
II. In the case of III the SOMO of Cu(2) lies below the
plane of the phenylenediamine plane, whereas that of Cu(1)
remains unchanged. In this situation, although the set of
atoms involved in the exchange pathway is the same as in I
and II [Cu(l)—N(1)-C—C—C—N(5)—Cu(2)], the spin
density on N(1) is of a ¢ type whereas that on N(5) is of a
n type. Consequently, a zero overlap between the SOMOs
will result (case of accidental orthogonality) and a ferro-
magnetic coupling interaction is expected. This coupling
has to be small because of the extended bridging pathway
involved.’%37 In the case of model IV the two SOMOs,
being perpendicular to the phenylenediamine plane, lie be-
low this plane. The spin density on the N(1) and N(5) amine
nitrogens is of the n type. The DFT calculations for this
model indicate a ground triplet spin state lying below the
excited singlet spin state. The calculated value of J for IV
(+7 cm™ ') agrees well with the experimental value obtained
for 4 from the fit of the susceptibility data (J/ = +9.3 cm ™).
To qualitatively understand this result, a focus on the nat-
ure of the singly occupied molecular orbitals (SOMOs) de-
picted in Figure 9 (a) is helpful.

The SOMOs are composed of the in-phase and out-of-
phase combinations of the 3d orbitals of the copper(ir) ions
with two m-type nonbonding molecular orbitals of appro-
priate symmetry of the meta-phenylenediamine unit. In
these SOMOs there is an antibonding interaction between
the d,2_,2 orbital of the copper(i) ion and the p, atomic
orbital of the nitrogen atoms of the bridging ligand. This
interaction involves: i) an energy gap between the two
SOMOs following the rules formulated by Kanamori and
Goodenough or Kahn’s model.[*#71% Since the orbitals of
the ligands involved in the building of these SOMOs are of
a non-bonding character and, consequently, similar ener-
gies, and since the electronic densities on the nitrogen atoms
are also similar in both orbitals, the two resultant SOMOs
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(a)
T
D,*
(b)
D016
+0.033
D016
0110 +0.029

Figure 9. Schematic representation of (a) the two SOMOs and (b)
the spin density distribution on the bridge region for 4 on the basis
of DFT calculations. Empty and full contours represent positive
and negative spin densities, respectively. Calculated average atomic
spin densities are presented

(9,* and @,*) are practically degenerate, with a small energy
gap of 347 cm™!; ii) a spin delocalisation from the cop-
per(11) ion to the nitrogen atom of the 7 system of the bridg-
ing skeleton, that accounts for the transmission of the ex-
change. Thus, the direct overlap between the d,2 2 orbital
of the metal ion and the m system of the pyridyl ligand
allows the unpaired spin of the metal to induce a polaris-
ation of spin on the bridging skeleton (see Figure 9), as oc-
curs in similar compounds described by Ung et al.[>%1 These
systems constitute very interesting cases because of the
strong competition between spin delocalisation and spin
polarisation, prevailing the alternating spin rule in our case,
as shown by experimental data and theoretical calculations.

Conclusion

Complex 4 is an example of a dinuclear copper(ir) com-
plex showing ferromagnetic exchange coupling over quite a
long distance. The ferromagnetic coupling in 4 is due to the
non-coplanarity of the metal coordination planes, leading
to a folded structure, placing the two SOMOs in 4 practi-
cally perpendicular to the phenyl ring. The symmetry in 4
breaks down if the bridging perchlorate ion is substituted
by a non-bridging acetate ion as in 2 and the magnetic in-
teraction vanishes. The magnetic coupling in the dehydrated
phase of 2 is essentially identical to that of 4. Such a fact
suggests that the carboxylate-assisted loss of the coordi-
nated water molecule in 2 leads to a carboxylato-bridged
species where the carboxylato group mimics the perchlorato
group in 4, leading to a very similar structure. The relative
arrangement of the SOMOs of the copper(i1) ions, with re-
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spect to the meta-phenylenediamine plane, and the fact that
the sulfate-oxygen occupies an equatorial position of one
copper(11) ion [Cu(2A)] and the axial one at the adjacent
copper(11) ion [Cu(2)] account for the lack of magnetic
coupling in the tetrameric complex 3.

Experimental Section

General Remarks: Reagents and solvents used were of commercially
available reagent grade quality. 1,3-tpbd and 4 were synthesised as
described previously.[>’! Electron spin resonance measurements at
X-band frequency were obtained using a Bruker EMX-113 spec-
trometer. Samples in methanol or methanol water (9:1) mixtures
were measured at 100 K. Simulation of all EPR spectra was made
with the Bruker SimFonia program. Magnetic susceptibility data
were collected: a) Over the temperature range 4.2—295 K at an
applied magnetic field of 0.56—1.5 T. The measurements were per-
formed using a Faraday-type magnetic balance, equipped with a
Cahn D-200 microbalance and a Bruker B-MN 200/60 electromag-
net.’”) The sample constituted of microcrystals contained in a
quartz basket which was calibrated independently, using
HgCo(SCN), as calibrant. The diamagnetic correction of the mag-
netic susceptibility was calculated using Pascal’s constants. b) Over
the temperature range 2.0—290 K with a Quantum Design SQUID
susceptometer and using an applied magnetic field of 0.1 T (com-
pounds 2 and 4). The susceptometer was calibrated with
(NH,4)>-Mn(S0O,),+12H,0.

Computational Methods: The computational strategy used in the
present work has been fully described elsewhere,[®l and it is briefly
outlined here. For the evaluation of the coupling constant for each
model compound (I-1V, Figure 8), two separate calculations were
carried out using DFT, one for the triplet state and another one
for the low-spin, broken symmetry state. The hybrid B3LYP
method® was been used in the calculations as implemented in
GAUSSIAN 98,111 with all-electron double-{ basis proposed by
Ahlrichs and co-workers except for copper where we have used a
triple-{ basis.®?l Ammonia molecules were used as peripheral li-
gands in I-1IV and the bond lengths and angles are those of the
average values of the real structures. The complete dimeric struc-
tures were used in the calculations to estimate the values of J.

Caution! Perchlorate salts are potentially explosive and should be
handled with great care. Our preparations were carried out on mmol
scale and heating was avoided.

Mixture of [Cuy(1,3-tpbd)(H,0)(0Ac),](Cl0,),/[Cu,(1,3-tpbd)-
(H,0),(0A0)|(C10,); (1a/lb) and [Cuy(1,3-tpbd)(H,0),(OAc),]-
(C10y4); (2): To a suspension of 1,3-tpbd (250 mg, 0.5 mmol) in
methanol (15mL) was added a solution of Cu(ClO,),6H,O
(195 mg, 0.525 mmol) and Cu(OAc),'H,O (104 mg, 0.525 mmol) in
water (20 mL). The green solution was stirred for a few minutes,
filtered and crystals suitable for X-ray analysis formed after a few
days.

[Cu,(1,3-tpbd)(H,0),(0Ac),|(C104),-2H,0 (2): To a suspension of
1,3-tpbd (250 mg, 0.5 mmol) in methanol (15 mL) was added a
solution of Cu(OAc),'H,0 (208 mg, 1.05 mmol) in 20 mL of water.
After an excess of solid NaClO,4 was added to the green solution
it was stirred for a few minutes, filtered and left on the shelf. Crys-
tals suitable for X-ray analysis formed after a few days. Yield
267 mg (54%). C34H4>ClLCu,yNgO 16 (988.7): caled. C 41.30, H 4.28,
N 8.50; found C 40.94, H 4.06, N 8.48.

342 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[Cuy(1,3-tpbd),(H,0)>(SO4)4-8H,O (3): To a suspension of 1,3-
tpbd (300 mg, 0.63 mmol) in methanol (15 mL) was added a solu-
tion of Cu(SO4),*6H,0 (315 mg, 1.26 mmol) in water (20 mL). The
deep green solution was stirred for a few minutes, filtered and blue
crystals suitable for X-ray analysis formed after a few days. Yield
220 mg (40%). CgoH76CuyN[,056S4 (1763.7): caled. C 40.86, H
4.34, N 9.53; found C 40.86, H 4.58, N 9.40.

X-ray Crystallographic Study: Crystal data and experimental con-
ditions are listed in Table 2. The molecular structures are illustrated
in Figures 2—4. Selected bond lengths and bond angles with stand-
ard deviations in parentheses are presented in Table 1. Intensity
data were collected on a Siemens SMART 5000 CCD-Dif-
fractometer with graphite monochromated Mo-K,, radiation (A =
0.71073 1&). The collected reflections were corrected for Lorentz,
polarisation and absorption effects.[* The structures were solved
by direct methods and refined by full-matrix-least-squares methods
on F2I64651 CCDC-204112, -204113, and -204114 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge at www.ccde.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
(internat.) + 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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