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The reaction of Cu(ClO,),-6H,0O with N4O3 coordinating
heptadentate (HsL!) and N,O coordinating tridentate
reduced Schiff base (HL?) ligands yielded copper(Il) tetra-
nuclear complexes [Cu,(L');](ClO,4), (1) and [Cuy(L?)4]-
(ClOy4)4 (2), respectively. Complex 1 crystallizes in the cubic
system, space group Fd3c, with unit-cell parameters a = b =
c=43.124(5) A, Z = 48, whereas complex 2 crystallizes in the
space group P4,2,2 in the tetragonal crystal system with Z =
8 and unit-cell parameters a = b = 17.113(4) A ¢ =
44.150(4) A. The X-ray structures of 1 and 2 have revealed a

CuyOg core in 1 and a CuyO,4 core in 2. Complexes 1 and 2
show intramolecular antiferromagnetic interaction with mod-
erate lJl values (104.2 cm™ for 1 and 155.1 cm™ for 2). The
moderate |JI value can be explained by the existence of only
one bridging alkoxido group between each pair of copper(Il)
atoms and the out-of-plane displacement of the alkoxido car-
bon atom from the Cu-O-Cu plane. Broken-symmetry den-
sity functional theory (BSDFT) has been used to justify the
exchange pathways.

Introduction

The chemistry of multinuclear metal complexes has
aroused abiding interest in recent years because of their rel-
evance to the multimetal active sites of various metallopro-
teins.!:21 The incorporation of metallic centers that have an
unpaired spin in the compounds, and hence the isolation of
a polymeric metal complex, is also a burgeoning field of
inorganic and material research due to their widespread ap-
plication in the area of molecular-based magnetic de-
vices.*~!! In this connection, our interest lies in the design,
isolation, and characterization of polynuclear copper(Il)
complexes using polydentate ligands.

In this paper we will explore the synthesis of tetranuclear
copper(Il) complexes using suitable conformationally labile
ligands that may act simultaneously as bridging and ter-
minal ligands to the metal ions. The present work is associ-
ated with the symmetrical N4O5 coordinating heptadentate
and N,O coordinating tridentate reduced Schiff base li-
gands and their complexation with Cu'" ions.

The chelation of the heptadentate ligand ensures the for-
mation of a stable p-phenoxido- and p-alkoxido-bridged
tetranuclear copper(Il) complex, and an alkoxide-bridged
tetranuclear copper(Il) complex has been obtained with a
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chiral N,O coordinating ligand. The complexes have been
characterized by IR, UV/Vis, and electron paramagnetic
resonance (EPR) spectroscopic techniques. X-ray structures
and the variable-temperature magnetic moment of the com-
plexes have been determined. Their electrochemical be-
havior is also examined.

Tetranuclear complexes that have CuyOq and Cu,Oy4
cores offer easy access to the model system (3d°, 3d°, 3d°,
3d°), which gives us the opportunity to understand the be-
havior of the unpaired electrons and hence their magnetic
properties.l'>2%1 Thus, here we also present a full broken-
symmetry density functional theory (BSDFT) investigation
to obtain better insight into the exchange coupling of these
systems.

Results and Discussion

Synthesis and Characterization

One N,O; coordinating heptadentate ligand (H;L!) and
one N,O coordinating ligand (HL?) derived from an L-
amino alcohol have been utilized in the present work. The
stoichiometric reaction of Cu(ClO,),:6H,O with the N4O3
coordinating heptadentate ligand (H5L') in the presence of
triethylamine gives a p-phenoxido- and p-alkoxido-bridged
tetranuclear complex of formula [Cuu(L'),](ClO4), (1).
When the same reaction was carried out with HL?, it fur-
nished an alkoxido-bridged tetranuclear copper(II) species,
[Cuy(L?)4)(Cl04)4 (2).
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The C-O,xoxido Vibrations occur at 1051 and 1024 cm™
for 1 and 2, respectively.?!l The ClO," stretches for 1 and 2
appear at 623, 1091 and 625, 1093 cm™!, respectively. The
N-H stretches for complex 2 occur at 3447 cm™'.

The UV/Vis spectra of solutions of the complexes in ace-
tonitrile (CH3CN) were recorded and display two well-re-
solved peaks along with a shoulder. A characteristic copper
d—d transition is observed at 747 and 656 nm for 1 and 2,
respectively. The band in the region 250-320 nm can be at-
tributed to the ligand absorption band and alkoxido- and/
or phenoxido-to-copper ligand-to-metal charge-transfer
(LMCT) excitation.?>23

The complexes are electroactive in acetonitrile [potentials
referenced vs. a saturated calomel electrode (SCE)]. The
complexes exhibit two irreversible waves at 0.95, -0.76 V for
1 and 1.35, —-0.82 V for 2. The anodic peak potential is as-
signed to Cu'! — Cu'™ oxidation, whereas that of the cath-
odic one is due to Cu'! — Cu! reduction.

The X-band EPR spectra of the complexes were recorded
at 77 K for polycrystalline samples in frozen solution
(DMF/toluene). The complexes show no triplet spectra in
solution, which is indicative of the EPR-silent nature of the
complexes. However, a weak signal is observed, which is
probably due to the presence of a small amount of noncou-
pled species.?4

The minor mol fraction of the noncoupled species (p) is
0.9% for 1, which has a g value of about 2.22 and a g, of
about 2.06, whereas for 2 we have found that g = 2.18 and
g, =2.04 (p = 0.3%).

Crystal Structure

The crystal structures of the complexes have been deter-
mined. A view of the cationic part of the tetranuclear entity
of complexes 1 and 2 is shown in Figure la and Figure 2a,
respectively. Selected interatomic distances and angles are
listed in Tables 1 and 2.
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Figure 1. (a) Structure of the cationic part of [Cuy(L'),](ClO,),. (b)
View of the CuyNgOgq core.

[Cuy(L"),](ClOy), (1)

In 1, the copper atom is bonded through alkoxido
(O1,01A,01B,01C) and phenoxido (02,02A) groups, thus
forming a mixed-bridged tetranuclear copper species (Fig-
ure 1b). It is to be noted that in the lattice each copper
center is connected with the other three adjacent copper
centers by means of one phenoxido and two alkoxido brid-
ges; the Cu-~Cu distance is 3.579(7) A. The geometry
around the copper atom is a distorted square pyramid (7 =
0.06).2°) In the slightly distorted square-pyramid geometry,
the equatorial positions are occupied by two nitrogen atoms
(N1 and N2) and two alkoxido-bridged oxygen atoms (O1
and O1A), whereas the axial position is occupied by a
bridging phenoxide atom (O2). The Cu-N and Cu—O,joxido
bond lengths are in the range of 2.03-2.09 A and 1.93-
1.97 A, respectively. The axial Cu—Ophenoxido bond length is
2.056(2) A.
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Figure 2. (a) Structure of the cationic part of [Cuy(L?)4]J(ClO4),. (b)
View of the CuyNgOy, core.

Table 1. Selected distances [A] and angles [°] for complex 1.

Distances

Cul-N1 2.096(4) Cul-Ol1A 1.969(3)
Cul-N2 2.039(4) Cul-02 2.056(2)
Cul-0O1 1.975(3) Cu--Cu 3.580(4)
Angles

NI-Cul-N2 81.43(16) O1-Cul-N2 163.18(15)
NI-Cul-Ol1A 166.83(15) 02-Cul-O1A 101.80(12)
N2-Cul-O1A 93.07(16) 02-Cul-N1 90.37(14)
O1-Cul-O1A 97.47(11) 02-Cul-N2 91.71(15)
O1-Cul-02 98.88(12) Cul-O1-CulA 130.11(16)
O1-Cul-N1 85.45(15) Cul-0O2-CulB 121.0(2)

[C”4(L2)4](C104)4 (2)

The tetranuclear entity 2 crystallizes in the tetragonal
space group P4,2,2, in which the four copper ions are
bridged through the alkoxido oxygen atom of the ligand,
thus forming a cyclic CuyO4 core (Figure 2b). In the com-
plex, each copper coordination sphere CuO,N, has a dis-
torted square-planar geometry. The Cu—O and Cu—N bond
lengths are not unusual. The Cu---Cu separation falls in the
range 3.40-3.65 A.
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Table 2. Selected distances [A] and angles [°] for complex 2.

Distances

0O1-Cul 1.867(7) N1-Cul 1.946(5)
O1-Cu2 1.908(6) N2-Cul 1.998(8)
02-Cu2 1.934(7) N3-Cu2 1.940(5)
02-Cu4 1.909(7) N4-Cu2 1.994(8)
03-Cul 1.930(6) N5-Cu3 1.938(5)
03-Cu3 1.922(6) N6-Cu3 1.997(8)
04-Cu3 1.896(6) N7-Cu4 1.951(5)
04-Cu4d 1.916(7) N8-Cu4 1.968(8)
Cul-+Cu2 3.325(6) Cu2-+Cu3 3.651(7)
Cul+-Cu3 3.394(8) Cu2--Cu4 3.450(6)
Cul--Cu4 3.604(6) Cu3--Cu4 3.387(6)
Angles

0O1-Cul-03 91.3(3) 03-Cu3-N5 162.2(3)
O1-Cul-N1 167.9(3) 03-Cu3-N6 84.1(3)
O1-Cul-N2 84.3(3) 04-Cu3-N5 98.5(3)
01-Cu2-02 96.1(3) 04-Cu3-N6 171.9(4)
O1-Cu2-N3 96.8(3) 04-Cu4-N7 167.9(3)
O1-Cu2-N4 174.0(3) 04-Cu4-N8 85.2(3)
02-Cu2-N3 162.8(3) N1-Cul-N2 84.1(3)
02-Cu2-N4 84.2(3) N3-Cu2-N4 84.2(2)
02-Cu4-04 91.2(3) N5-Cu3-N6 83.6(3)
02-Cu4-N7 100.8(3) N7-Cu4-N8 82.8(3)
02-Cu4-N8 176.2(3) Cul-O1-Cu2 121.8(3)
03-Cul-N1 99.9(3) Cul-0O3-Cu3 123.6(3)
03-Cul-N2 173.4(3) Cu2-02-Cu4 127.7(3)
03-Cu3-04 95.5(3) Cu3-04-Cu4 125.4(4)

Magnetic Properties

The temperature dependences of yy and y\7 for com-
plex 1 (yn 1s the molar magnetic susceptibility per Cuy unit)
in an applied magnetic field of 0.5 T are displayed in Fig-
ure 3. The wvalue of yu7 at room temperature
(1.19 cm3*mol ' K) is significantly lower than that expected
for four uncoupled Cu'! ions with g = 2 (1.5 cm*mol ' K),
which is probably due to the existence of medium to strong
antiferromagnetic interactions between the copper(Il) ions
mediated by the alkoxido and/or phenoxido bridging
groups. The ;T product shows a continuous decrease with
decreasing temperature to reach a value of 0.05 cm3*mol ' K
at 2 K, thus supporting the presence of antiferromagnetic
interactions between the Cu'" ions. In keeping with this, the
thermal variation of yy; shows a broad maximum near
70 K. Below this temperature, yy; decreases to reach a mini-
mum at 25K and then increases to a value of
0.0025 cm®*mol! at 2 K. This low-temperature tail is due to
the presence of a small amount of noncoupled species.

Copper(Il) atoms in complex 1 adopt a quasitetrahedral
arrangement with two different types of bridges (see
Scheme 1): (i) alkoxido connecting the pairs Cul-Cu2,
Cul-Cu3, Cu2-Cu4, and Cu3-Cu4, with a Cu—O-Cu angle
of 130.11° and a Cu--Cu distance of 3.576 A, and (ii) phen-
oxido connecting Cul-Cu4 and Cu2-Cu3, with a Cu-O-
Cu angle of 121° and a Cu--Cu distance of 3.58 A. In keep-
ing with this symmetry, the spin Hamiltonian describing the
low-lying states in zero fields may be written as shown in
Equation (1).

H = —Ji(8$,8; + 5183 + 85854 + 53854) — Jo(S154 + S5,53) (D
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Figure 3. Plots of yy (right) and y\7 (left) for 1. The solid line
corresponds to the best fit (data fit with starting values from DFT)
for J; = -104.2cm™!, J, = 2.2 cm™!, g = 2.01, and p = 0.9% with
a fixed TIP of 240 X 10°° cm®*mol ! (R = 3 X 10°%).

Scheme 1.

It should be noted at this point that alkoxido bridges
connect equatorial positions in the square-pyramidal coor-
dination environments of neighboring copper(II) ions (the
Addison parameter t = 0.06 indicates that the geometry
is very close to perfect square-pyramidal). The phenoxido
bridges, however, link two axial positions on neighboring
copper(II) ions, where the density of the unpaired electron
is very small (the d,-_» magnetic orbital is directed to the
basal donor atoms). Therefore, the magnetic exchange cou-
pling mediated by the phenoxido-bridge magnetic pathway
should be very small.?*28] In view of this, in a first ap-
proach, only the J; parameter for the alkoxido-bridge path-
way was considered. The y\ 7T versus T data were simulated
through a full-matrix diagonalization method by using the
MAGPACKP! program with the above Hamiltonian and
J> =0cm™!. A p parameter (the molar fraction of the non-
coupled species) was included to account for the noncou-
pled impurity. It was assumed that the noncoupled impurity
follows the Curie law and has the same molecular weight
and the same g factor as the tetranuclear compound. The
best-fit parameters are: J;, = -104.3cm™!, g = 2.01, and p =
0.9% with a fixed temperature-independent paramagnetism
(TIP) of 240 X 1076 cm?® mol™ (R =1 X 1075 {R = [Z(Xobsd. —
Feated ) V= (obsa)?}). The J, and J, parameters were ob-
tained from DFT calculations (see below). The DFT-calcu-
lated values were then used as a starting point to fit the
experimental data, thus leading to the following param-
eters: J; = -1042cm™!, J, = -22cm™!, g = 2.01, and p =
0.9% with a fixed TIP of 240X 10%cm?*mol! (R =
3X107%).

In the case of 2, the yyT value (1.22 cm?*mol'K) at
300 K is also significantly reduced relative to the expected
value for four independent S = 2 centers with g = 2
(1.5 cm®*mol ' K). Figure 4 represent the yy and ym7 ver-
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sus T for complex 2. The appearance of a maximum in the
M versus T plot near 150 K and the decrease in yy7" upon
cooling suggest strong antiferromagnetic interactions (a
Curie tail is present in yy; below 25 K due to a paramag-
netic impurity). In 2, the four copper atoms also adopt a
distorted tetrahedral disposition with Cu---Cu distances in
the range 3.325-3.450 A.
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Figure 4. Plot of y\ (right) and ym7 (left) for 2. The solid line
represents the best fit (data fit with starting values from DFT) for
Jy=-1551cm!, J3;=-1.0cm !, g = 2.174, and p = 0.3% with a
fixed TIP of 240 X 107 cm*mol™ (R = 2 X 107%).

In the complex, the alkoxido bridges connect the pairs
of copper atoms, Cul-Cu2, Cul-Cu3, Cu3-Cu4, and Cu4—
Cu2 with Cu—O-Cu angles in the range 121.8-125.3° (see
Scheme 2). Because the Cu---Cu distances and angles for
these pairs are close, all of them were considered to have
the same J value. On the other hand, there is not any bridg-
ing ligand that links the pairs Cul-Cu4 and Cu2-Cu3.
Therefore, the magnetic coupling between these pairs of
copper atoms must be very small.

Scheme 2.

In view of this, we decided to simulate the data with the
Hamiltonian [Equation (1); here for complex 2, J, = J3 and
J1 = J4] by keeping J; = 0. The calculated parameters were
Jy=-154.6cm!, g =2.17, and p = 0.3% with a fixed TIP
value of 240 X 10~ cm3*mol™!. By using the J4 and J; values
from DFT calculations (see below) as a starting point for
the fit of the experimental data, the following parameters
were obtained: J, = —155.1cm™!, J;=-1.0cm™!, g = 2.174,
and p = 0.3% with a fixed TIP of 240 X 10 °® cm*mol ! (R
=2x10%).

In complex 1, the two copper centers are linked equatori-
ally by a bridging alkoxido group; they are also bridged by
a cresolato group coordinated axially, whereas in 2 the cop-
per ions are connected by an alkoxido group. It has also
been stated that when the copper centers are connected axi-
ally by a bridging phenoxido group, they exhibit very weak
ferro- and antiferromagnetic or no interaction.l**281 Thus,
in our case, the magnetic exchange is mediated principally

www.eurjic.org 793



FULL PAPER

K. K. Rajak et al.

through alkoxido bridges. Both theoretical and experimen-
tal studies have shown that the major factor controlling the
magnetic exchange interaction in dialkoxido-bridged dicop-
per(IT) complexes is the value of the Cu—O-Cu angle and a
linear variation of J with @ (the Cu—O-Cu angle).*”) DFT
calculations carried out on alkoxido-bridged model com-
pounds!3°-321 that contain a planar Cu,(p-O,) skeleton and
a methyl group bonded to each oxygen atom of the double
bridge predicted antiferromagnetic interactions for the
whole range of Cu—-O-Cu (#) when t values (out-of-plane
displacement of the carbon atom from the Cu,O, plane)
were smaller than 40°. The antiferromagnetic (AF) cou-
pling is favored when 0 increases and 7 diminishes. There-
fore, in complexes 1 and 2 with very large Cu-O,oxido—
Cu angles (0 = 130.11° for 1 and 0,, = 123° for 2) strong
antiferromagnetic interactions are expected. However, anti-
ferromagnetic interaction with moderate J values (J; =
~104.2 cm™! for 1 and J, = —155.1 cm™! for 2) are observed.
We attribute this behavior mainly to: (i) the existence of
only one alkoxido bridging group between each pair of cop-
per(IT) atoms, and (ii) the out-of-plane displacement of the
alkoxido carbon atom from the Cu—O-Cu plane (7). In 1,
the 7 angle is rather high (30.28°), and therefore a signifi-
cant decrease of the antiferromagnetic interaction with re-
spect to that predicted by the € angle (130.11°) is expected.
In the case of 2, the average 7 angle is 9.5°, and conse-
quently a stronger antiferromagnetic interaction is observed
for this compound.

Computational Details

The density functional method has been employed to
study the magnetic coupling in the complexes. X-ray coordi-
nates of the cationic part of the complex have been used to
calculate the exchange coupling constant, as small changes
in the coordination environment can strongly influence its
magnetic properties. We have replaced the methyl group by
a hydrogen atom in 1 and the ~-CH,—CH(CHs), group by
a —CHj; group in the ligand framework of 2 to reduce the
considerable amount of computational work. To explain the
exchange coupling constant for polynuclear complexes, the
spin Hamiltonian # = -JS,S, is used, in which S; and S;
stand for the different paramagnetic centers.

In the present tetranuclear complexes, the two J values
(J1 and J, for 1 and J5 and J, for 2) have been obtained by
calculating the corresponding energy of three different
states. For both the complexes there are eight independent
spin configurations (considering only the up-spin) that have
one quintet state (QS), four equivalent triplet states (TS),
and three broken-symmetry states (BS) out of which two
are equivalent (BS1) and one is different (BS2). The dif-
ferent energy states for complex 1 and 2 are given in
Schemes 3 and 4, respectively.

Equations (2), (3), (4), (5), (6) and (7) were obtained
from the different energy states.

Eqs — Egs) = —4J, 2
Eqgs — Egsy = —(2J, + 2J>) (3)
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Eqs — Evs = —(J> + 2J)) 4)
Eqs — Egs1 = —4J,4 (5)
Eqgs — Epsz = —(2J3 + 2J4) (6)
Eqs — Evs = —(J3 + 2Jy) 7

Tu "lt
A £ Vgl
Ty o o gy
T ¢ /73 \\ *
Ly Cu

BS1

Scheme 4. Different energy states for complex 2.

Equations (2), (4), (5), and (7) have been employed to
calculate the exchange coupling constants, whereas Equa-
tions (3) and (6) have not been taken into account due to
no or negligible contribution of J, and J; for 1 and 2,
respectively.

The terms Eqs, Ets, and Egg correspond to the energy
of quintet, triplet, and broken-symmetry states, respectively;
J1 and J, denote, respectively, the coupling constants for
the two copper centers bridged by an alkoxido and phe-
noxido group in 1 (Scheme 1), whereas for 2, J5 and J, rep-
resent the exchange interaction between the two nearest
copper centers bridged by an alkoxido group and unassoci-
ated next-nearest copper centers, respectively (Scheme 2).
The positive and the negative value of the coupling constant
J indicates the ferromagnetic and antiferromagnetic ground
states of the system, respectively.

Magnetic Exchange Interaction and DFT Study

The spin densities of the high-spin state for the two com-
plexes were calculated to understand the electronic struc-
ture and hence their magnetic behavior. The delocalization
of the spin density of the unpaired electron between the
paramagnetic centers through the suitable orbital of the
bridging ligand is responsible for the antiferromagnetic in-
teraction. The participation of the coordinating atoms of
the ligand in the formation of the singly occupied molecular
orbital (SOMO) leads to the enhancement of the degree of
delocalization of the unpaired electrons, which increase the
antiferromagnetism of the molecule. The calculated spin
densities that correspond to the high-spin state for the two
complexes are given in Table 3, and the calculated J values
are given in Table 4.

Eur. J. Inorg. Chem. 2010, 790-798
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Table 3. Calculated Mulliken spin densities for complexes 1 and 2.

Complex Cu u'ophenoxido u'oalkoxido Nav
1 0.6335 0.0042 0.1663 0.1040
2 0.5944 - 0.1509 0.1361

Table 4. Calculated exchange coupling constants J [cm™'] of real
molecules and model systems.

J[em ] Complexes/models
1 2 3 4 5 6
Ji -82.3 - 76 - - -
J 25 - - 21 - -
J3 - -1.6 - - -0.2 -
T - 127 - - - 114

It is clear from the spin density plots (Figures 5 and 6)
that in both cases the spin density is mainly distributed be-
tween the d,- - orbital of copper atoms and the hybrid or-
bitals of the donor atoms in the equatorial plane.

Figure 5. Spin density plot that corresponds to the high-spin state
for 1 (isosurface cutoff value = 0.004).

Thus, here the magnetic exchange coupling is propagated
mainly through the d,. ,» orbital of the copper(Il) ion with
the appropriate hybrid orbitals of the alkoxido oxygen
atoms. The calculated spin density of the cresolato group
accounts for no or negligible exchange interaction through
the cresolato group in 1. Therefore, it is believed that the
exchange interaction between the copper atoms bridged
through the cresolato group in 1 and the next-nearest neigh-
boring copper atoms (having no direct connectivity) in 2
are taking place by through-space overlap between the mag-
netic orbitals of the metal ions.

We have also analyzed the individual exchange coupling
constants (Jy, J», J3, and Jy) in an alternative way in which
two Cu'! ions are replaced by two Zn'! ions. The replace-
ment with Zn" ions produced a Cu,Zn, complex that be-
came magnetically equivalent to a dinuclear copper(II)
complex.[33-34 By using this model, we have calculated the
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Figure 6. Spin density plot that corresponds to the high-spin state
for 2 (isosurface cutoff value = 0.004).

different J values depending on which copper atoms are
replaced by zinc atoms. The schematic diagram is depicted
in Scheme 5 (parts 3, 4, 5, and 6).

5

Scheme 5.

The individual J values (Table 4) calculated from the
Cu,Zn, model systems are well matched with the J values
of the real molecule. In summary, the DFT study is in
agreement with the experimental results.

Conclusion

In the present article we have presented the synthesis,
structure, and magnetic studies of tetranuclear complexes
[Cuy(L"):)(ClO4); (1) and [Cuy(L?)4](ClO4)4 (2) with sym-
metrical N4O; coordinating heptadentate and N,O coordi-
nating ligands, respectively. Complex 1 bears a CuyOg core,
whereas 2 contains a CuyO,4 core. In both cases, an overall
antiferromagnetic interaction is observed as a result of
dominant antiferromagnetic interactions through alkoxido
bridges. In compounds 1 and 2 the predominant magnetic
core is [Cu—(1-Oyikoxido)—Cu] (0 = 123-130°), but the rela-
tively small |J] values in the 100-154 cm™! range can be ex-
plained by the existence of only one alkoxido group bridg-
ing each pair of copper(Il) atoms and the out-of-plane dis-
placement of the alkoxido carbon atom from the Cu-O-Cu
plane. The magnetic exchange pathway for both cases has
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been examined with the help of BSDFT calculation. A
search for new polynuclear copper(Il) complexes with dif-
ferent polydentate ligands is in progress.

Experimental Section

Materials: All the starting chemicals were analytically pure and
used without further purification. The ligand was prepared simi-
larly according to a literature procedure.[*>3%1 Caution: Perchlorate
salts are highly explosive, and should be handled with care and in
small amounts!

Physical Measurements: UV/Vis and IR spectra were recorded with
a Perkin—Elmer LAMBDA EZ-301 spectrophotometer and a Per-
kin—Elmer '-0100 spectrometer, respectively. Electrochemical mea-
surements (samples in acetonitrile) were performed with a CHI
620A electrochemical analyzer using a platinum electrode. Tetra-
ethylammonium perchlorate (TEAP) was used as a supporting elec-
trolyte, and the potentials were referenced to the SCE without junc-
tion correction. Elemental analysis (C, H, N) was performed with
a Perkin—Elmer 2400 Series II elemental analyzer. Electron para-
magnetic resonance (EPR) experiments were performed with a Var-
ian E-109C (X-band, 9.1 GHz) spectrometer at a microwave power
of 30 dB and modulation amplitude of 12.5 G, and spectra were
collected by using a quartz dewar for measurements at liquid-nitro-
gen temperature. Diphenylpicrylhydrazyl (dpph, g = 2.0037) was
used to calibrate the spectra. Magnetic measurements were carried
out on polycrystalline samples with a Quantum Design MPMS XL
SQUID susceptometer operating at a magnetic field of 0.5 T from
room temperature to 2 K and at 0.03 T from 2 to 50 K. The results
for both fields were coincident. The diamagnetic corrections were
evaluated from Pascal’s constants.

Crystallographic Studies: Single crystals of suitable quality for sin-
gle-crystal X-ray diffraction studies were grown by slow concentra-
tion of solutions of complexes 1 and 2 in acetonitrile. The X-ray
intensity data were measured at 293 K with a Bruker Nonius
SMART APEX CCD diffractometer (Mo-K,, A = 0.71073 A). The
detector was placed at a distance of 6.0 cm from the crystal. A total
of 606 frames were collected with a scan width of 0.3° in different
settings of ¢. The data were reduced using SAINTPLUS,*” and
the empirical absorption correction was applied using the SADABS
package.[**] Metal atoms were located by direct methods, and the
rest of the non-hydrogen atoms emerged from successive Fourier

Table 5. Crystal data and structure-refinement parameters for com-
plexes 1 and 2.

1 2
Empirical formula CssH74Cl, 67CuyNgOg CigH76ClLCuyNgOy g 5
M, 1519.95 1473.13
Crystal system cubic tetragonal
Space group Fd3c P42,2
a Al 43.124(5) 17.113(4)
b A 43.124(5) 17.113(4)
c[A] 43.124(5) 44.150(4)
VA3 80199(16) 12930(4)
Z 48 8
Pealcd. [mgmﬁ] L.511 1.514
u [mm] 1.435 1.536
2N 1.64-26.09 1.28-21.63
T [K] 293(2) 293(2)
RLE wRIP [1>26(1)]  0.0594, 0.1929 0.0603, 0.1632
GOF on F? 1.086 1.051

[a] R1 = Z|F,| — |FJ/Z|F,|. [b] wR2 = [Ew(F,?> — F2)Zw(F,?)*]".
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synthesis. The structure was refined by full-matrix least-squares
procedures on F2. The perchlorate oxygen atoms for 1 (O3, O4,
05) and 2 (07, 08, 013, 014, 017, O18) were refined isotropically,
and all the remaining non-hydrogen atoms for both cases were re-
fined anisotropically. All the hydrogen atoms were included in cal-
culated positions. Calculations were performed using version 6.14
of the SHELXTLEP program package. Molecular structure plots
were drawn using ORTEP% Relevant crystal data are given in
Table 5. CCDC-724535 (1) and -724535 (2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

DFT Calculations: The magnetic exchange interaction between the
transition-metal ions was studied on the basis of density functional
theory coupled with the broken-symmetry approach! for weakly
interacting magnetic ions. It has been cited in the literature that
exchange coupling constants J are often overestimated in DFT cal-
culations.*?! Despite that, the broken-symmetry solution is very
useful in understanding the exchange pathways for polynuclear
transition-metal complexes.?”) Thus, in the present case, we have
performed the DFT calculations with broken symmetry for moni-
toring the exchange pathways involved in the system. Ground-state
electronic-structure calculations of the complexes have been carried
out using density functional theory (DFT)“* methods with the
Gaussian 03 program.[*¥l Becke’s hybrid function!*! with the Lee—
Yang—Parr (LYP) correlation function®® was used through the
study. We used the 6-31G basis set for H atoms, a double-{ all-
electron basis set*”! for C, N, O atoms, and LANL2DZ valance
and an effective core potential was applied for the copper atoms.
All energy calculations were performed using the SCF = Tight op-
tion of the Gaussian program to ensure sufficiently well-converged
values for the state energies.

Synthesis of Complexes

[Cuy(LY),](C104), (1): Ligand H5L' (0.246 g, 0.5 mmol) was added
to a solution of copper(Il) perchlorate hexahydrate (0.372g,
1.0 mmol) in methanol (30 mL), and the resulting solution was
stirred at room temperature for 0.5 h, followed by addition of tri-
ethylamine. During stirring, a green precipitate separated from the
solution. The green residue was separated by filtration and recrys-
tallized from acetonitrile to yield a green crystalline product. Yield:
0.250 g (70%). CssH74Cl,CuyNgO 4 (1432.36): caled. C 48.63, H
5.21, N 7.82; found C 49.21, H 5.15, N 7.75. UV/Vis (CH3CN):
Jmax (€) = 251 (27277), 317 (11682), 755 (467 M 'cm™') nm. IR
(KBr): v(ClOs) = 1091, 623 cm™; v(COppenoxido) = 1337 cm™;
V(COuikoxido) = 1051 cm™!. E,(Cu/Cu™) = 0.95 V (irr.); Ep(Cu'/
Cul) = -0.76 V (irr.).

[Cuy(L2)4)(C104)4 (2): HL? (0.208 g, 1.0 mmol) was added to a solu-
tion of copper(Il) perchlorate hexahydrate (0.372 g, 1.0 mmol) in
methanol (25 mL). The mixture was stirred at room temperature
for 1.0 h, and then triethylamine was added. Upon stirring, a blue
precipitate formed. The blue precipitate was filtered and recrys-
tallized from acetonitrile to yield a blue crystalline product. Yield:
0.267 g (72%). C4sH76Cl4CuyNgO,5o (1481.17): caled. C 38.92, H
5.17, N 7.57; found C 38.41, H 5.12, N 7.48. UV/Vis (CH;CN):
Jmax (€) = 255 (32775), 283 (12980), 656 (502 M 'cm™') nm. IR
(KBr): v(ClO4) = 1093, 625cm™'; v(COuoxido) = 1024 cm ™.
E,(Cu"/Cu') = 1.35V (irr.); E,(Cu'/Cu’) = -0.82 'V (irr.).
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