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Structure, Magnetism and EPR Spectra of a (n-
Thiophenolato) (u-Pyrazolato-/N,N') Double Bridged
Dicopper(II) Complex

Narjes Khadir,” Davar M. Boghaei,** Abdeljalil Assoud,” Otaciro R. Nascimento,”
Amanda Nicotina,® Luis Ghivelder,’ Rafael Calvo,**

A new binuclear copper(Il) complex, namely [Cu,L(pz)(DMSO)], where L = 2,6-bis[(2-
phenoxy)iminomethyl]-4-methylthiophenolate(3-) and pz = pyrazolate ligand, has been
synthesized by a one-pot synthesis involving copper(Il) acetate monohydrate, the S—protected
ligand precursor 2—-(N,N-dimethylthiocarbamato)—-5-methylisophthalaldehyde di-2'-hydroxy
anil, (I), and pyrazole, in which a metal-promoted S—deprotection reaction occurs during the
formation of the complex. This was characterized by routine physicochemical studies, single
crystal X-ray diffraction and electron paramagnetic resonance (EPR) techniques. The structure
analysis reveals that there are copper centres in two different environments, a slightly distorted
square planar and a distorted square—pyramidal, arranged in binuclear units. The EPR study of
these binuclear units performed at 9.4 GHz in the temperature range between 4 and 293 K

shows an antiferromagnetic interaction between Cu' ions, and allows evaluating g factors g, =

2.068(1), g, = 2.091(1) and

parameter J, = -26(1) cm™' (defined as H, =
ground triplet state described by D = 86(2)x107*

25

2.165(1), with <g> 2.108(1), an exchange coupling
-Jo 81°8,), and a zero field splitting of the
“land E = -48(3)x107* cm™. These results

8z T

are discussed and compared with existing literature.

Introduction

The design and synthesis of bimetallic compounds received much
soattention’ because of their interesting physicochemical properties®™
and their relevance as synthetic models of certain polymetallic
coordinated proteins.”” Binuclear complexes of ions with unpaired
spins also provided the basis of the field of molecular magnetism
and have offered through the years a tantamount of new knowledge
35in physics and chemistry.®'? Indeed, the expectation that the two
neighbouring metal centres should be able to interact magnetically
and/or electrically, has led the preparation of bimetallic compounds
to be an area of great current research interest to inorganic
chemists.”* An appropriate approach to constructing binuclear
4os8ystems containing two metal centres in close proximity is the
introduction of particular classes of binucleating “compartmental”
ligands, i.e. “ligands whose bridging groups can contiguously
accommodate two metals”.""* Along this line, in order to understand
the factors responsible for the magnetic-exchange interactions
4soccurring between metal centres coupled via bridging ligands,
several types of binuclear metal complexes of compartmental ligands
with various bridging groups such as pyrazolate,"*'* phenolate,'®
alkoxide,'” and thiophenolate'® have been synthesized and studied
structurally and magnetically.'”” While the peculiar magnetic
soproperties of bimetallic complexes of phenol-based compartmental

ligands have been widely investigated,” > rather few papers have

This journal is © The Royal Society of Chemistry 2014

analyzed the magnetic of the corresponding
thiophenolato-bridged complexes, possibly because thiolates
are more readily oxidized and the chemistry required to generate
sssuch compounds is less well-developed. Robson and co-
workers'®?® initially designed and synthesized two S-protected
binucleating ligand precursors I and II (Scheme 1) from which some
binuclear transition metal(Il)-complexes were isolated (III in
Scheme 1).2°° The free thiophenolato ligands are liberated via a
sometal-promoted S-deprotection process, occurring during the
formation of the complex in a "one-pot" reaction. An additional
bridging ligand Z may donate one (OR”, Cl’, etc.) or two
(pyrazolate, acetate, etc.) atoms to the coordination spheres of the
metals to the complexes of type III. After the pioneering work of

Nogttpel Newyech

properties
18,24,25

\/\/
/\/

I R=R'=H

II R=R'=tert-butyl 1
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Scheme 1 Molecular structure of ligands I and IT and complex III; M = Ni*",
Cu?" and Pd**
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Robson ez al'®*. on these complexes, no research was found about
this class of compartmental thiophenolato-bridged complexes, and
according to the Cambridge structural database (CSD), no structural
data are yet available for complexes type III.
5In this work we report the preparation, crystal structure and magnetic
properties of the new binuclear copper(Il) complex, ((1,-2,6-
bis((2-phenoxy)iminomethyl)-4-methylthiophenolato)-dimethyl

sulfoxide-(p,-pyrazolato-N,N")-di-copper(Il), named
[Cu,L(pz)(DMSO)] where L = 2,6-bis[(2-
lophenoxy)iminomethyl]-4-methylthiophenolate(3-). To the

best of our knowledge, this is the first crystallographically
characterized transition metal complex of the di-Schiff-base
binucleating ligand derived formally from the condensation of
two equivalents of o—aminophenol with one equivalent of S—
15(2,6—diformyl-4-methylphenyl)dimethylthiocarbamate. A
detailed electron paramagnetic resonance (EPR) study of
powder samples in the temperature (7) range between 4 and
293 K was performed. Global fitting of a spin Hamiltonian to
these EPR spectra allows evaluating the anisotropic g—factors,
20the isotropic exchange interaction coupling J, (defined as'' 7,

= —Jy $1-5,, where S and S, are the interacting copper spins
with § = %), and the anisotropic spin-spin interaction
parameters D and E.*'7

Experimental Section

2sMaterials. All chemicals were obtained from commercial sources
and used as received. Solvents were dried according to standard
procedures and  distilled prior to  use. 2-(N,N-
dimethylthiocarbamato)-5-methylisophthalaldehyde di-2'-hydroxy
anil, (I), was prepared according to the literature method.” o-
soaminophenol was purchased from Aldrich Chemical Company, Inc.
Physical Measurements. Elemental analyses were performed on a
Fison equipment model EA 1108. UV—Vis spectra were recorded
with a CARY 100 Bio VARIAN UV-Vis spectrophotometer.
Infrared spectra (4000—400 cm™') of solid samples were taken in
3sKBr  pellets using a Unicam Matson 1000 FT-IR
Spectrophotometer.
Synthesis and Characterization of [Cu,L(pz)(DMSO)]. A
solution of the S-protected ligand precursor, I, (0.20 g, 0.47
mmol) and pyrazole (0.035 g, 0.55 mmol) in acetonitrile
40(CH5CN, 40 cm?3®) at 90°C were added to a hot solution of
copper(Il) acetate monohydrate (0.20 g, 0.98 mmol) in 15 cm’
of DMSO. The intense brown solution was filtered and then
allowed to stand at room temperature for three days. Crystals of
[Cu,L(pz)(DMSO)] suitable for X-ray data collection and to be
4sground for EPR measurements, were collected by filtration,
washed with acetonitrile and dried at 80°C under vacuum.
Yield, 0.1 g (33%). Anal. Calcd. for CysH4N,O;S,Cu,: C,
49.43; H, 3.83; N, 8.87; S, 10.15. Found: C, 48.83; H, 3.57; N,
8.23; S, 9.87. IR (KBr disk, cm™"): 1644 (pyrazolate C=N st.),
501583 (imine C=N st.), 530 (Cu-O st.), 482 (Cu-N st.). UV-vis
(DMF), [Amae nm (g, M~ 'em™)]: 600 (sh), 478 (7210), 414
(7408), 319 (11801), 287 (10654).
X-ray Crystallography. Diffraction data were collected on a
Bruker Kappa APEX II diffractometer using graphite-
ssmonochromated Mo-K, radiation (A= 0.71073 A). Data were
collected using ®— and ¢- scans of 0.3° in groups of frames at
different @ and ¢ with exposure times of 30 seconds per frame.
They were corrected for Lorentz and polarization effects using
the Bruker SAINT software package.” Absorption corrections
sowere based on fitting a function to the empirical transmission
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Table 1 Selected Crystallographic Data for [Cu,L(pz)(DMSO)]

Rage 2 of 8

Empirical formula Cy6H24CuN4 O3S,

Formula weight 631.69

Temperature ( K) 296

Wavelength (A) 0.71073

Crystal system Monoclinic

Space group P2y/c

Crystal colour, shape Red, needle

Crystal size, mmxmmx>mm 0.01 x 0.03 x 0.49

a(A) 6.9313 (2)

b (A) 14.7303 (5)

c(A) 24.8075 (7)

a(®) 90

L) 94.823 (2)

7 () 90

v (A3) 2523.88 (13)

u, mm™ 1.888

Deate, g/cm’® 1.6626(1)

V4 4

F(000) 1288

Theta range for data collection 3.7-26.0°

Index ranges -8<h<8§
0<k<18
0<1<30

Maximum and minimum transmission 0.9906 and 0.4581

Refinement method Full-matrix least-squares
on F?

Goodness—of-fit on F? 0.996

R, and wR; indices [1 > 26(I)] R=0.0443, wR,=0.0824

R, and wR; indices (all data) R1=0.0906, wR,=0.0938

Largest difference in peak and hole (e 0.388 and -0.338

A-3)

surface as sampled by multiple equivalent measurements using
SADABS.* The systematic absences indicate the monoclinic
space group P2,/c. The structure of C,sH,4N,40;S,Cu, was

essolved using the direct method and least squares refined with

the Bruker SHELXTL software package.’” The final anisotropic
full-matrix least-squares refinement on F* with 334 variables
converged to R; = 4.43% and wR,= 8.24%. All hydrogen atoms
in geometrically idealized positions were refined using a rigid

somodel with C-H = 0.93 - 1 A and isotropic displacement

parameters Ujso(H) = 1.2 Ugo(C) = 1.5 Ugo(C). Crystal data and
experimental details are summarised in Table 1. Selected
distances and angles in the structure are given in Table 2 and

hydrogen bonding and mn-m stacking parameters

sssummarized in Table 3 and Table S1 of ESI', respectively.
EPR Measurements. Spectra were collected at 49 values of
temperature (7) in the range between 4 and 293 K, using a Bruker
Elexsys ES80 spectrometer working at 9.462 GHz, with a cavity
having ~1 mT of 100 KHz magnetic field modulation. A

soparamagnetic Cr'"™:MgO field and signal intensity marker (g =
1.9797) was located with the sample. The small sizes of the available
[Cu,L(pz)(DMSO)] crystals do not allow single crystal EPR
measurements and the spectra were collected in powder samples
made by grounding small crystals. The spectra were globally

gsanalysed using EasySpin,® a package of programs working under
Matlab.*

are

Experimental Results and Analysis

Crystal Structure of [Cu,L(pz)(DMSO)]

Figure 1 displays the structure of the binuclear Cu" molecular

socomplex [Cu,L(pz)(DMSO)], together with the atom labelling
scheme. The asymmetric unit cell contains two crystallographically

This journal is © The Royal Society of Chemistry 2014
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independent Cu" ions, Cul and Cu2, bonded to one pentadentate

trianionic Schiff base ligand 2,6-bis[(2- phenoxy)iminomethyl]-4-
methylthiophenolate(3-)(L) and one pyrazolate ion to form the
binuclear complex. The Cu2 ion is also bound to a DMSO molecule.
sThe Cul ion exhibits an approximate square planar coordination
geometry with the value t,= 360°-(0+f)/141° = 0.1178(16), where a
and B are the two largest angles in the four—coordinate species;* 1,
would range from 1.00 for a perfect tetrahedral geometry to zero for
a perfect square planar geometry. The Cul ion deviates 0.0264(14)
10A from the least-squares plane through the four coordination
centres. The geometry around the Cu2 ion is distorted square-
pyramidal with the parameter 15= (f-a)/60°= 0.362(1) , with oo and 8
being the two largest coordination angles; 15 would range from 1.00
for a perfect trigonal bipyramidal geometry to zero for a perfect
1ssquare pyramidal geometry.*' The basal planes for both, Cul and
Cu2, consist of one p-thiophenolate S-atom, one imine N-atom,
and one phenoxo O-atom of the end-off compartmental ligand
system and one N-atom of the bridging pyrazolate moiety. The
apical position of the square pyramidal geometry around Cu2 is
200ccupied by the oxygen atom of a DMSO molecule. The Cu2 atom
is displaced 0.2067(13) A towards the apical oxygen and, as it would
be expected for a square pyramidal copper coordination, the apical
distance Cu2-03 =2.375(3) A is longer than the Cu-O bond length
in the base [Cu2-02 = 1.942(3) A] due to the o*(d,>)’c*(d2-,2)"
asconfiguration of the copper(Il) ion.** A search in CCDC on
structurally characterized binuclear copper(II) complexes bridged on
one side by an endogenous thiophenolate bridging ligand and on the
other side by an exogenous pyrazolate bridging group, retrieved only
one structure [Cuy(L-S)(pz)(CH;OH)]"® possessing side groups
soattached to the thiophenolate ring different from those associated
with our complex [Cu,L(pz)(DMSO)]. In [Cu,L(pz)(DMSO)] and
[Cuy(L-S)(pz)(CH3;0H)] the bridging thiophenolate-sulfur atom has
approximately the same pyramidal configuration and the molecules
are folded around the C-S axis. However, the dihedral angle of
353.85(12)° between adjacent N,N,O coordination planes in
[Cu,L(pz)(DMSO)] is significantly smaller than the 16.0° observed
in [Cuy(L-S)(pz)(CH;0H)]. Also, the Cu---Cu distance of 3.5926(3)
A and Cu-S-Cu angle of 108.32 (5)° are longer and greater than the
values 3.474(3) A and 101.5(2)° in [Cuy(L-S)(pz)(CH;0H)]. These
sodifferences may be a consequence of the fact that the pentadentate
compartmental Schiff base ligand in [Cu,(L-S)(pz)(CH;0H)] is
more flexible than that in [Cu,L(pz)(DMSO)]. As shown in Fig. 2,
two adjacent centrosymmetrically related molecules of the complex
along the a-axis are linked by a combination of weak N-H---O,

45
Fig. 1 Molecular structure of [Cu,L(pz)(DMSO)], showing the atom-—
labelling system and 50% thermal ellipsoids.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Perspective view of the formation of a 1D chain due to non-classical

sohydrogen bond and weak n— stacking interactions along the a-axis
direction. Hydrogen atoms, except those involved in hydrogen-bonding
interactions, are omitted for clarity.

trifurcated C-H---O and n—7 stacking (Cg(1)—Cg(2)™ and Cg(1)
— Cg(2)) interactions. Each of the units can be viewed as a tetramer

sshaving an inversion centre. These tetrameric units are nailed to two
other tetramers on their adjacent sides by two symmetry-related C—
H---O hydrogen bonds (Table 3) and two sets of m —m stacking
interactions (Cg(2)" — Cg(1) and Cg(3), and Cg(2) — Cg(1)" and
Cg(3)"™) (Table S1 of ESI"). These interactions propagate, leading to

sothe formation of 1D chains along the a-axis. These chains, in turn,
self-assemble via electrostatic and van der Waals interactions to
construct a three-dimensional network. The D---A distances of the
C— H---O and C-H---N hydrogen bonds (see Table 3) range from
3.2537(65) to 3.6829(58) A with H---O and H---N separations in the

652.4880(27)— 2.7781(27) A range, distances falling into the range
of distances previously reported for the C— H--*O and C-H---N
hydrogen bonds. **

Table 2 Selected distances and angles in the structure (A, °©)

Cul-O1 1.899 (3) Cu2-02 1.942 (3)
Cul-N3 1.954 (3) Cu2-N4 1.971 (3)
Cul-S1 2.2012 (12) Cu2-S1 2.2301 (12)
Cul-N2 1.973 (3) Cu2-N1 1.991(3)

Cu2-03 2.375(3)
O1-Cul-S1 167.27(10) N4-Cu2-N1 175.42(13)
N2-Cul-N3 176.11(13) S1-Cu2-02 153.70(9)
Cul-S1-Cu2 108.32 (5) C1-S1-Cu2 112.98 (13)
C1-S1-Cul 113.23 (14)

70Table 3 Hydrogen-bond geometry (A, °)

D—H:-A D—H HA DA D—H:A
C3—H3A---03i 0.93 2.5270(28)  3.3936(51) 155.44
C8—HS8A:---03i 0.93 2.4880(27) 3.3735(47) 159.46
C15—H15A---03i 0.93 2.7781(27)  3.6756(49) 162.63
C7—H7C---N3i 0.96 2.7699(33)  3.6829(58) 159.07
C25ii—H25Bii---02 0.96 2.6067(28)  3.2537(65) 124.96

Symmetry codes: (i) = 6-x, 2-y, —-z; (i) = x+1,y, z.

Dalton Trans., 2014, 00, 1-3 | 3
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Electronic Spectra

The electronic spectrum of the complex [Cu,L(pz)(DMSO)]
recorded in DMF solution is shown in Fig. S1 of ESL' The binuclear
complex exhibits a broad d-d absorption band at 591 nm in the form

sof a shoulder, as expected for a Cu(Il) centre in an essentially planar
four-coordinate coordination sphere or five-coordinate pyramidal
geometry.'” The bands observed at 478 and 414 nm were ascribed to
the PhO"—Cu(Il) and PhS—Cu(Il) transitions respectively.**¢ A
strong absorption around 319 nm is assigned to a Cu(Il)—pyrazolate

lotransition’ and the strong band appearing below 300 nm is due to
intraligand charge-transfer transition.*®

EPR Results and Discussion

Figure 3 displays selected spectra collected at various
temperatures. A microwave power of 2.5 mW producing no
15signal saturation of the sample or the marker within the studied
T range was chosen to avoid saturation and obtain linear
responses at any 7, so the EPR signal intensities are
proportional to the magnetic susceptibility.***® Under these
conditions the EPR measurements reported here provide
20spectroscopic information related to the shape of the spectra,
and thermodynamic information related to the changes of
intensity in the studied 7 range. The peak-to-peak signal
intensity displays a maximum at 7 ~ 24 K and decreases at
lower and higher 7, as shown in Fig. 4; Fig. 5 displays the
2sspectrum observed at 24 K. The behaviour displayed by the
EPR results in Figs. 3-5 1is that expected for an
antiferromagnetically coupled binuclear copper compound with
an exchange interaction parameter J; close in 7 units to the
position of the intensity peak in Fig. 4. Even in the spectra of a
sopowder sample, one should observe at low T traces of the
classical seven—peaks pattern of the hyperfine structure for
copper binuclear units.®**! The absence of this structure at any
temperature may be attributed to the interactions between
copper ions in neighbouring binuclear units.>*** At the lowest
3stemperatures one observes an important contribution to the
spectra of traces of paramagnetic mononuclear copper, present
as impurities or lattice defects, with intensity following a
Curie-Weiss law 1/ dependence, as occurs in most
susceptibility measurements for antiferromagnetic units."!
40The EPR data displayed in Figs. 3-5 is analysed with the spin
Hamiltonian:

Ho = usBr(2,'S 18, ~Jo S Syt SeDS, (1)
The first term on the right side of eqn 1 is the Zeeman contribution
of the spins §; and S, of the copper ions, the second is the

4sintradinuclear isotropic exchange coupling between S; and §,, and
the third is the anisotropic spin-spin interaction between the spins,
arising from dipole-dipole and anisotropic exchange. One of the
consequences of the exchange J; is to average out the differences
between g; and g, to g = (g + £,)/2 in eqn 1.% Since measurements

soin powder samples do not allow evaluating their relative orientations,
we assume that the average matrix g has the same principal axes as
the spin-spin interaction matrix D. In fact we used the spin

Hamiltonian:

Hs = pp Bp-g.(81+82) — Jo 81.82 + D [81,85,,-51.82/3] +
E [SleZX- SlySZy] (2)
where g is diagonal with principal values g,, g, and g,. Fitting ;s to

the observed spectra and their variation with 7 allows obtaining g,

gy and g,, the exchange coupling J, and the principal values D and £

of the traceless matrix D. In fact, the most important source of
souncertainty in the parameters of the fit arises from the line width AH

55
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EPR Signal dy"/dB [a.u.]

260 280 360

Magnetic Field B [mT]

Fig. 3 EPR spectra of [Cu,L(pz)(DMSO)] obtained at selected temperatures.
Solid lines are experimental results. Dotted lines are simulations obtained as
described in the text.
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assumed in the simulations, which in principle may be a function of
field orientation and of 7. To model that would add too many
parameters to the fitting. So, we assumed isotropic AH, constant at
low T but growing linearly with T above 40 K; the data indicate a
70Lorentzian line shape. Using EasySpin,*® together with optimization
programs provided by Matlab®® we evaluated the parameters fitting
eqn 2 to the data. The g-factors and D and E depend mainly of the
shape of the spectra, while the exchange coupling J, is mainly
determined by the temperature variation of the intensity of the
7sspectrum. The most important spectra in this fitting (some of them
shown in Fig. 3) are those having the largest intensity at T around
the maximum at ~24 K shown by Fig. 4. The values of the
parameters obtained from the fit are g, = 2.068(1), &= 2.091(1) and
g, = 2.165(1), with <g> = 2.108(1), J, = -26(1) cm™', D =
80£86(2)x10™* ecm™ and E = F48(3)x10™* cm™!, where the sign of J,
indicates antiferromagnetic exchange and D and E have opposite
signs. The isotropic width calculated from the fit is AH = 6.2 mT,
increasing 0.03 mT/K above 40 K. Figures 3 and 4 show the results
of the fittings that are in good agreement with the data in the
ssimportant 7 range; the simulation of the spectrum at 24 K is shown
in Fig. 5. Discrepancies between fittings and data observed below 10
K, are attributed to traces of paramagnetic impurities; differences
between data and simulations, as those observed in Fig. 5 at fields B,
=305 mT and 320 mT, are attributed to an angular variation of the
ooline width that cannot be simulated without overparameterization of
the fits. In any case, we verified that these discrepancies do not
hamper the result of the fitting.
There are six different ways to define the D and E parameters, which

This journal is © The Royal Society of Chemistry 2014

Rage 4 of 8



Page 5 of|8

I > T v I ¥ 1 L I i I ,
1.0 - g, =2.068 (1) .
s 0 g =2.091(1) 1
Soos L Y -
o : g =2.165(1)
:\: [ 3 D =86(2)x10™* cm”
¥ el ! E=-48(3)x10" cm
| o ° J,=-26(1) cm” ]
S04}, g =
E | ]
% 02}F° L
%! - o experimental .
0.0 fit il
: 1 N 1 . | N 1 . | N 1 N
0 50 100 150 200 250 300

Temperature [K]

Fig. 4 Temperature variation of the full amplitude of the EPR signal dy”/dB,.
Circles are experimental values. The solid line is a simulation obtained with
the given parameters.
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5
Fig. 5 EPR spectrum of [Cu,L(pz)(DMSO)] at T =24 K. The solid line is the
experimental result and the dotted line is a simulation obtained with the given
parameters.

depend on the coordinate frame used for eqn 2. A standard rule
1ochooses a frame where |D| > 3|E|.>**** However, the g-factor for
Cu" ions is anisotropic and our experiments allow to measure this
anisotropy; so we chose as reference frame in eqn 2 the one resulting
from the standard rule for anisotropic g-factors, g, < g, < g.
The g-matrices for Cu" ions are a consequence of the admixture of
1sexcited states into the ground orbital state dxz—y2 due to the spin orbit
interaction. This admixture increases the g-factor from the spin-
only g = 2.00232, and the values normally observed in a square of N
or O ligands are g, ~ 2.05-2.07 in the equatorial plane and g, ~ 2.3
along its normal. The presence of an S atom in the coordination
2oplane may distort somewhat these values, but the change is not
expected to be large. The rhombicity of the observed g-matrix
results when passing from eqn 1 to eqn 2 considering that the
exchange coupling J; averages out g; and g, for each field
orientation.”>® The obtained average <g> 2.108(1) is that
2sexpected for Cu' ions. The zero field parameters D and E (eqn 2)
split the triplet state and are the consequence of magnetic dipole—
dipole interactions and anisotropic exchange. Only EPR experiments

This journal is © The Royal Society of Chemistry 2014
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at high field and low 7 may provide their individual signs, our
experiments only provide the relative signs.’”® Since the signal
sointensity of antiferromagnet dinuclear units decrease to zero at low
T, the only way to obtain the signs is to perform experiments at
microwave frequencies in the range of hundreds of gigahertz.
Nevertheless, we compare the measured magnitudes with
estimations of the dipole-dipole interaction assuming point dipolar
3sbehaviour, and the anisotropic exchange coupling considering the
classic calculation of Moriya® and the results of Bencini and
Gatteschi.'” The point charge estimate of the dipolar interaction is>'
Dyip ~ 3g2u32/(2R3), where R is the distance between spins, in our
case R = 3.592 A. So, the estimated dipolar contribution is Dyip ~
400.07 cm-1. On the other side, and according Moriya,” the
anisotropic exchange contribution is D,,;s = (Ag/g)2J0 ~-0.14 cm™,
where Ag is the average deviation of the g factor from the spin only
value 2.0023. Thus, since both contributions are larger than the
measured value and of opposite sign, any conclusion regarding D is
ssdoubtful. In addition, Moriya’s approximation® has been criticized
as being not reliable."

Correlation Between Structural and Magnetic Results

Superexchange is a quantum effect, so, when the path connecting the
metal ions is composed of two independent chemical paths, their
soindividual contributions do not sum but interfere, and this
interference may be constructive or destructive.'"** Even minor
changes in the individual paths may produce relevant changes in the
magnitude of the exchange parameter J,. This phenomenon, was
described as orbital complementarity and counter-complementarity
ssby Nishida and Kida.®® The magnetic behaviour of
[Cu,L(pz)(DMSO)], like other heterobridged complexes could be
explained by a two-step perturbation process.®*® In the first step, in
the absence of the pyrazolate ligand, the symmetric ¢s and
antisymmetric @,g combinations of the magnetic orbitals are mixed
60in an antibonding way with the bridging sulfur p, and p, orbitals,
respectively, to form new symmetric @g' and antisymmetric @ag'
combinations, so that @as' would be higher in energy due to
substantially larger overlap integral resulting from the relatively
large Cu—S—Cu bridging angle (107°).'"%*%* In the second step, as
sspredicted by Nishida and Kida,*%> antibonding interactions of ¢g'
with the symmetric Homo of pyrazolate and @as' with the
antisymmetric Homo of pyrazolate result in new combinations of ¢g"
and @,s", respectively. So it follows that the pyrazolate group exerts
a complementarity effect.'®6*®® The antiferromagnetic coupling is
7oproportional to the energy difference Ae = (@as) —e(s),” where
the relative energies of @g+ and @sg+ depend on the energy
differences and the overlap integrals between the interacting
orbitals.
constant
75The effect of the energy factor on the exchange coupling constant
was investigated by Vicente et al.,"” who pointed out that the value
of |Jy| for the planar binuclear copper(Il) compounds with
bisbidentate bridging ligands significantly increase when oxalate (J,
= -384 cm™") is replaced by tetrathiooxalato (|Jo| > 800 cm™"). The
soenhancement of the interaction, compared to the oxalato-bridged
compound can be understood in the light of a molecular orbital
model: the sulfur 3s and 3p valence orbitals are higher in energy than
the oxygen 2s and 2p orbitals and this results in a reduction of the
energy gap between the HOMOs of tetrathiooxalato and the copper d
gsorbitals, which favors a stronger metal-bridge interaction. So,
stronger antiferromagnetic interactions would be expected when an
oxygen bridging atom is replaced with a sulfur atom, provided that
the magnetic orbitals remain localized in the plane of the bridging

Dalton Trans., 2014, 00, 1-3 | 5



Dalton Transactions

network.’
The importance of the orbital-overlap factor was emphasized
by a computational analysis of a series of Cu,Clg®
compounds® having essentially the same level ordering of the
stwo highest metal orbitals as the alkoxido-, phenolato- and
thiophenolato-bridged series. In this study® it was established
that as the bridging atom is lifted out of the molecular plane,
the antibonding overlaps of ¢s with p, and @,s with py
decrease. This would in turn lead to decrease the energies of
1oboth, the symmetric (@gr) and antisymmetric (¢ag-), orbitals but
the energy decrease of g is smaller than that of @,g", because
in the twisted geometry the symmetric combinations of the
magnetic orbitals (¢g) can also interact in an antibonding way
with the p, orbital of the bridging atom to compensate partially
15for this loss.® As a result, the energy gap between symmetric
and antisymmetric orbitals (e(@as)—e(psr)) is reduced, thus
leading to a weaker antiferromagnetic interaction. As an
example, due to the pyramidal disposition of the sulfur bridge
atom, the antiferromagnetic interactions
20thiophenolato/pyrazolato—bridged complexes is significantly
weaker than the coupling observed for a related series of the
approximately

in

planar and
alkoxido/pyrazolato-bridged  complexes, [Cuy(L-O)(pz)],
where L=2,6-bis( 4'-cyclohexyl-4'-hydroxy-2',3'-diazabuta—
251',3'-dien-1'-yl)-4-methyl-phenolate(3-) (J, = =382 cm™"),"'®
2,6-bis[(2-phenoxy)iminomethyl]-4-methylphenolate(3-) (J,
-457 cm™),'® 1,3 -bis(salicylideneamino)propan-2-ol (J, =
-310 cm™),% 1,4-bis(salicylideneamino)butan-2-ol (J, = -
545.6 cm™"),®® and 1,5-bis(salicylideneamino)pentan-3-ol (J,
3= =595 cm™").®* The antiferromagnetic coupling J, = -26(2)
cm™' obtained here for [Cu,L(pz)(DMSO)] is stronger than J, =
-3.6 cm™' (using our definition of J) reported for [Cuy(L-
S)(pz)(CH;0H)]'"® due to the smaller displacement of the
bridging sulfur atom from the Cu-ligand best-plane and the

phenolato/pyrazolato—

ssgreater Cu—S—Cu angle in the former compound.

Conclusions

We synthesized and structurally characterized the new binuclear
copper(Il) complex [Cu,L(pz)(DMSO)]. The crystal structure
analysis reveals that the two copper ions are doubly bridged by a
4common exogenous pyrazolate group and an endogenous

even when they are combined with much larger couplings. These
measurements, however, would require single crystal samples that
were not available in this work.
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