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The synthesis and characterization of [Cux(L1)(3,5 prz)] (L1=1,3-Bis(2-hydroxy-3,5-chlorosali-
cylideneamino)propan-2-ol) 1 and of [Cuy(L2)(3,5 prz)] (L2=1,3-Bis(2-hydroxy-bromosalicylidene-
amino)propan-2-ol) 2 are reported. The compounds were studied by elemental analysis, infrared and
electronic spectra. The structure of the Cuy(L1)(3,5 prz)] complex was determined by x-ray diffrac-
tion. The magnetochemical characteristics of these compounds were determined by temperature-
dependent magnetic susceptibility measurements, revealing their antiferromagnetic coupling. The
superexchange coupling constants are 210 cm~* for 1 and 440 cm~! for 2. The difference in the
magnitude of the coupling constants was explained by the metal-ligand orbital overlaps and con-
firmed by ab-initio restricted Hartree-Fock (RHF) calculations. In order to determine the nature of
the frontier orbitals, Extended Hiickel Molecular Orbital (EHMO) calculations are also reported.

Key words: Dinuclear Copper(ll) Complex; Antiferromagnetic Coupling; Overlap Interaction;
Countercomplementary Effect; ab-initio Restricted Hartree-Fock Molecular Orbital

Calculation.

Introduction

Bridged binuclear complexes of first-row transition
metals have received much attention recently because
of their condensed-phase magnetic properties [1,2].
Most extensively studied compounds are hydroxo-
bridged Cu(ll) binuclear complexes [3, 4]. These com-
pounds are also of theoretical interest, because they
provide examples of the simplest case of magnetic
interactions with only two unpaired electrons. These
Cu(ll) complexes exhibit ferromagnetic or antiferro-
magnetic coupling depending on their geometry. De-
tailed analysis results in the linear correlation between
the Cu-O-Cu angle and the singlet- triplet exchange pa-
rameter J established by Hodgson and coworkers [5],
who proposed: J = —74.53,+ 7270 cm~! (in which
¢ is the Cu-O-Cu angle). Based on this correlation, an
antiferromagnetic behaviour results for an angle larger
than 97.55°, whereas smaller values produce a fer-
romagnetic coupling. Several theoretical calculations
were performed to better understand this correlation
[6, 7], and theoretical approaches were applied to un-

derstand the nature of the ferromagnetic / antiferro-
magnetic interaction [8].

To continue these investigations, the syntheses and
characterization of [Cu»(L1)(3,5 prz)] (L! = 1,3-Bis(2-
hydroxy-3,5-chlorosalicylideneamino)propan-2-ol) 1
of [Cux(L?)(3,5 prz)] (L? = 1,3-Bis(2-hydroxy-bromo-
salicylideneamino)propan-2-ol) 2 are reported. The
sheme of the molecules is given in Figs. 1 and
2. In a preceding study, we have described the
preparation and magnetism of the dicopper(ll) com-
plexes [Cuo(L3)(3,5 prz)](L® = 1,3-bis(2-hydroxy-
1-napthylideneamino) propan-2-ol) 3, [Cu,(L*)(3,5
prz)], (L* = 1,3-bis(2-hydroxy-5-chlorosalicylidene-
amino) propan-2-ol) 4 and [Cu,(L®)(3,5 prz)] (L® =
1,3-bis(2-hydroxy-4-methoxybenzylidene amino)pro-
pan-2-ol) 5[9, 10, 11]. These compounds show antifer-
romagnetic behaviour (—2J: 210 cm —1 for 1, 440 cm 1
for 2, 444 cm~! for 3, 164 cm~! for 4 and 472 cm !
for 5). In order to clarify these differences in the mag-
nitude of the coupling constants, we carried out molec-
ular orbital calculations of the 3,5-dimethylpyrazol-
ate in 1 by ab-initio restricted Hartree-Fock (RHF)
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Fig. 2. Structural diagram for the compound 2.

methods and compared our results with the literature.
We also performed Extended Hiickel Molecular Or-
bital (EHMO) calculations to determine the nature of
the frontier orbitals.

Experimental
Preparation of Ligands

Caution: Perchlorate salts of metal complexes with
organic ligands are potentially explosive. Even small
amounts of material should be handled with caution.

The Schiff base ligands (L and L2) were prepared
by reaction of 1,3-diaminopropan-2-ol with 3,5-chlo-
rosalicylaldehyde and 5-bromosalicylaldehyde (1:2
mol ratio) in methanol, respectively. The yellow Schiff
bases precipitated from the solution on cooling.

Preparation of Cu(ll) Complexes

Complex 1 was obtained when a sample of the
L! (1 mmol) in methanol (50 ml) was added drop-
wise to a stirred mixture containing 3,5-dimethylpyr-
azole (1 mmol) and copper(ll) perchlorate hexahydrate
(2 mmol) in methanol (25 ml). Triethylamine (3 mmol)
was added to the solution. The mixture was stirred
and thin green crystals were collected and washed with
methanol. Recrystallization from acetone afforded sin-
gle crystals suitable for x-ray structure determination.
Complex 2 was prepared by similar procedures. (1:
Found: C, 40.77; H, 2.98; N, 8.76%; C, Hig N4 O3
Cl4 Cu, Calcd: C, 40.32; H, 2.77; N, 8.55%; 2: Found:
C, 39.35; H, 3.19; N, 8.53%; C2 Hyy N4 O3 Bry Cup
Calcd: C, 39.13; H, 2.99; N, 8.30%).
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Table 1. Summary of crystallographic data for the com-
pound 1.

Empirical formula CH18Cu,»CI4N4O3
Formula weight (g.mol1) 655.30
Crystal system Triclinic

Space group PI1

Unit cell dimensions a[A] =8.074(1),
b [A] = 10.806(2),
c [A] = 13.605(2)
o [°] = 91.93(3),
B [1]1=93.92(2),
y[°]=103.24(3)

V [A3] 1151.3 (2)
z 2
Deaic(9.cm—2) 1.89
u[em™1] 235
Diffractometer Enraf-nonius DIP2000
Radiation type Mo-Ky, .
A =0.71073 A
Temperature (K) 250
Index ranges 0<h<10, -13 <k<13,
-17<1<17
26 range for data collection 1.54 10 27
Reflections collected 4084
Independent reflections 2470
Refinement method full-matrix, least-squares on F
Goodness-of-fit on F 1.015

Final R indices [1¢20(1)]
Largest diff. peak, hole

R=0.071, wWR=0.056
0.36 and —0.87 e A3

Physical Measurements

Elemental (C, H, N) analyses were carried out by
standard methods at the TUBITAK Research center
(Ankara, Turkey). IR spectra were measured with a
Perkin-Elmer Bx FT-IR instrument with the samples as
KBr pellets in the 4000—-400 cm—! range. Electronic
spectra in acetone solutions in the 800—200 nm range
were recorded on a Perkin-Elmer Lambda 2. Magnetic
susceptibility measurements of the powdered sample
were performed at 5—350 K with a MPMS Quantum
Design SQUID magnetometer for 1 and a Faraday-type
magnetometer for 2. For details of the apparatus see
[12,13]. Diamagnetic corrections of the molar mag-
netic susceptibility of the compounds were applied, us-
ing Pascal’s constants [14]. The applied field was 2 T
for 1and 1.2 T for 2. The magnetic moments were ob-
tained from the relation peg = 2.828() T)/2.

Crystal Sructure Analysis

X-ray data collection was carried out on an Enraf-
Nonius DIP2000 diffractometer [15] using a single
crystal with the dimensions 0.2 x 0.3 x 0.3 mm with
graphite monochromatized Mo-K,, radiation (A =
0.71069 A) by an w scan technique. Data reduction
was achieved using the DIP200 software, Denzo [15].
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Table 2. Atomic coordinates (x, 10*) and equivalent
isotropic displacement parameters (A% x 102) for the com-
pound 1. Equivalent isotropic U (eq) is defined as one third
of the trace of the orthogonalized U;j tensor.
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Fig. 3. Ortep Plot of
the compound 1 (The
numbering of the atoms
corresponds to Table 2).
Displacement ellipsoids
are plotted at the 50%
probability level and
H atoms are presented
as spheres of arbitrary
radii.

Table 3. Selected bond lengths [A] and angles [°] character-
ising the inner coordination sphere of the copper(Il) centre
for the compound 1 (see Fig. 3. for the adopted labelling
scheme.)

Atom X y z U(egq) Cul-Cu2 3.403(1) Cul-01 1.922(5)
Cul 1690(1) 677(1) 4024(1) 19  Cul-03 1.907(5) Cu2-02 1.909(6)
cu2 2933(1) —1006(1) 5893(1) 20 Cu2-03 1.894(6) Cul-N1 1.960(6)
cn 250(4) 3070(2) —806(2) 50 Cul-N3 1.985(6) Cu2 - N2 1.962(5)
cI2 —217(3) 4340(2) 2978(2) 35  Cu2-N4 2.008(5) N3 - N4 1.387(9)
CI3 6172(3) —5758(2) 8603(2) 44 cul-03-Cu2  127.1(3) Ol1-Cul-03  174.1(2)
Cl4 4219(3) —1416(2) 9349(2) 44 01-cul-N1 91.8(2) 01-Cul-N3 99.7(2)
01 809(6) 1978(4) 3384(4) 26 03-Cul-N1 83.2(2) 03-Cul-N3 85.7(2)
83 264327; *132625; 7192§4; gl N1-Cul-N3 165.6(2) 02-Cu2-03  172.6(2)
447(7 —731(5 4548(4 5  02-Cu2-N2 91.5(2) 03-Cu2-N2 82.0(2)
N1 1937(7) —149(5) 2755(5) 25 02-Cu2-N4 99.9(2 03-Cu2 - N4 86.2(2
N2 3646(7) —2471(5) 5317(4) 20 N2 — Cu2 — N4 166.8%2; @
N3 1981(7) 1386(5) 5407(5) 21
Qf 32388 ,ﬁg;ﬁ% S§§§§§§ i(l) also performed by using DIFABS [_16]. Th_e structure
c2 2750(2) —1551(1) 3882(7) 83  was solved by SIR92 [17] and refined with CRYS-
gj ig;ggg *ggggg 3552% 33 TALS [18]. H atoms were refined using a riding model,
p 4597(9) ~3299(6) 6834(5) >3 andH atomfdlﬁplacement parameters were restrlc-ted t(;
c6 5210(1) —4346(6) 7192(6) o5 De1.2Ugq0 the parent atom. A perspective drawing o
c7 5440(1) —4451(7) 8173(7) 33 the molecule is shown in Fig. 3 [19]. Table 1 summa-
c8 5109(9) —3567(6) 8840(6) 28 rizes the crystal data and data collection procedures for
co 4540(1) —2541(7) 8493(6) 30 compound 1. The final positional parameters are pre-
C10 4250(1) —2324(6) 7469(7) 28 din Table 2. Selected bond lenaths and anal
c11 1700(1) 250(7) 1882(5) o5 sented in Table 2. Selected bond lengths and angles are
c12 1099(9) 1367(6) 1682(6) 24 summarized in Table 3.
c13 940(1) 1634(7) 675(6) 27
Cl4 412(9) 2710(6) 428(6) 27 . )
C15 9(9) 3537(6) 1137(6) 7 Molecular Orbital Calculations
C16 183(9 3240(6 2118(6 25 - .
c17 72228; 2185563 24588 18 The reporte_d Ab-initio r_estrlcted Hartree-Fock
c18 1520(1) 3586(7) 5187(6) 29  (RHF) calculations for 3,5- dimethylpyrazolate were
g;g ;gigg; 522%3 gggg% gg carried out by using the GAUSSIAN-98 program [20].
ooy 2469(8) 1373(6) 7024(6) 2 STO-3G _[21] minimal basis sets were adopted for car-
c22 2860(1) 948(7) 8023(6) o9 bonand nitrogen atoms. The molecular orbital calcula-

Intensity data were corrected for Lorentz and Polar-
ization effects. An empirical absorption correction was

tions were performed using EHMO [22, 23] for the din-
uclear complex, using the CACAO program [24]. The
interatomic distances were taken from the X-ray re-
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Table 4. Spectral data for the compounds 1 and 2.

IR data (cm™1) Electronic data (cm™1)

Vas(OH) Vas(C=N) Band | Band Il
1 3400 1630 16313 26109
2 3400 1600 18587 26109

sults. MO representations were plotted using CACAO
software.

Results and Discussion

Soectroscopic Data

The IR spectra of both complexes show 7y(OH)
stretching vibrations of the hydroxo bridge at
3400 cm~! (broad). The most characteristic band in
the IR spectra corresponds to y (C=N) stretching vi-
brations in the expected regions for the salicylide-
neamino compounds [25,26]. This band occurs at
1630 cm~(sharp) for 1 and 1600 cm ! (sharp) for 2.
The IR spectra of the complexes are similar.

The electronic spectra of both complexes show a
broad absorption band (band 1) in the visible region
with a maximum at 16313 cm~ (613 nm) for 1 and
18587 cm~! (538 nm) for 2 (Table 4), which is as-
signed to a d—d transition. This band is similar to cor-
responding pyrazolate- bridged dinuclear copper (I1)
complexes [27]. Moreover, the spectra of the com-
plexes display a sharp band at 26109 cm 1 (383 nm)
(band 1), which is known to be characteristic for
dinuclear copper(Il) compounds with a square planar
Cu,0,N2-group and has been assigned to an O — Cu
charge transfer band [28, 29].
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Fig. 4. Plots of molar susceptibility, yw, and ef-
fective magnetic moment, Lieff, Versus temperature
for the compound 1. The solid line represents the
least squares fitting of the data.

0,0

Crystal Sructure Description of the Compound 1

The complex consists of binuclear molecules in
which each copper ion is surrounded by two O and
two N atoms in a square planar coordination. The Cu-N
and Cu-O bond lengths are comparable with the bond
lengths reported in other binuclear copper(ll) com-
plexes [30-33]. The distance between the two cop-
per(ll) centers is 3.403(1) A and the Cu-O-Cu bridg-
ing angle is 127.1(3)°, which is in the range of similar
binuclear copper(ll) complexes [34, 35]. The dihedral
angle formed by the two coordination planes is 170°,
and the whole molecule therefore is nearly planar. The
sum of the bond angles around the bridging oxygen
atom is 359.9°, indicating that the three bonds are es-
sentially planar.

Magnetism

Plots of the molar susceptibility and effective mag-
netic moment versus temperature for 1 and 2 are illus-
trated in Fig. 4 and Fig. 5, respectively. The observed
magnetic susceptibility data were fitted to the modified
Bleaney-Bowers equation [36],

-1

2,2
Ng"H3 (1—Xp)

1

1)

Ng?u3

4KT
using the isotropic Heisenberg—Dirac—Van Vleck
Hamiltonian H = —2JS; - S, for two interacting S=
1/2 centers, where —2J is the energy difference

_|_

)(p 4_ hda7
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between spin-singlet and -triplet states. N, is the
temperature-independent paramagnetism, x, the frac-
tion of a monomeric impurity, and © is a \Weiss-
like correction for intermolecular interactions. Least
squares fitting of the data leads to J = —210 cm ™1,
0=22,%Xp=0.2%and © = -10 K for 1, and 2J =
—440 cm~1, g=2.2,%x,=0.3% and © = —11 K for
2. The non-zero value of ® may be due to the in-
termolecular interaction in the binuclear complex. In
Figs. 4 and 5, the molar susceptibilities show a broad
maximum at ca. 300 K for 1 and 270 K for 2, in-
dicative of an antiferromagnetically coupled system.
A small amount of monomeric impurities in respon-
sible for the increase in susceptibility below 15 K.
The magnetic moments were obtained from the rela-
tion et = 2.828( T)*/2. The observed and calculated
Uef decreases from 1.76ug at 300 K to 0.16upg at 5 K
for 1 and from 1.86ug at 300 K to 0.22ug at 5 K for
2. According to the empirical Hatfield-Hodgson cor-
relation formula [5] one would expect the interaction
to be as high as —2202.76 cm L. The deviation from
this formula can differ considerably due to additional
structural effects.

Magnetostructural Correlations

Some interesting correlations between structural
and magnetic parameters emerge from the data in Ta-
ble 5. In general, binuclear copper(ll) complexes have
several structural features to affect the strength of ex-
change coupling interactions, such as the dihedral an-
gle between the two coordination planes, the planarity

T
300

fective magnetic moment, Liff, versus temper-
ature the compound 2. The solid line represents
the least squares fitting of the data.

Table 5. Structural and magnetic data for a series of related
compounds.

Com- Cu...Cu Cu-O-Cu (Cu-0)¥ ¢" o -2
pound [A] [ [A] [ [cm™']
T 3403(1) 127.1(3) 1.908(6) 1700 3590 210
2 — — — — — 440
3 3365(1) 1257(1) 1.901 1650 359.0 440
4 3.368(1) 126.0(2) 1.894 178.6 355.6 472
5 3355(1) 124.7(2) 1.898 1668 3553 164
6 3.359(4) 125.1(7) 1.897 176.2 359.9 240
7 3.349 121.7 1.894 172.6 343.0 310
8 3.360 121.8 1.916 164.2 359.6 540
9 3.377 125.9 1.895 1781 —- 550

L2 present work; 3 [Cup(L)(35,prz)] (Kara et al. [10]);
4 [Cux(L?)(3,5,prz)] (Kara et al. [9]); ® [Cuz(L3)(3,5,prz)]
(Kara et al. [11]); & [Cuz(LY)(prz)]. H2O (Mazurek et al. [8]);
7 [Cuz(LY)(prz)] (Nishida and Kida [7]); & [Cuz(L)(prz)] (Doman
et al. [30]); °+[Cu(L)(prz)] (Gupta et al. [51]);9 (Cu-O) is the aver-
age distance between the copper and the bridging O atoms;" Dihe-
dral angle between coordination planes; Sum of angles around the
oxygen atom.

of the bonds around the bridging oxygen atom, the
length of the copper-oxygen bridging bonds, and the
Cu-O-Cu bridging angle. The most widely accepted
factor correlating structure and magnetism is the Cu-
O-Cu bridging angle [37-42]. Plots of the Cu...Cu
distance, the dihedral angle (¢) between the two cop-
per planes and the Cu-O-Cu bridge angle —2J versus
are shown in Figure 6. It is clear that there is no simple
correlation of the Cu-O-Cu bridge angle, the Cu ...Cu
distance and the dihedral angle (¢) with the strength
of the exchange interaction. Thus, all the criteria so far
widely accepted have failed to account for the experi-
mental results. Accordingly, we have examined the or-
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bitals contributions to the superexchange interaction in
more detail.

Orbitals Contributing to Superexchange I nteraction

Based on the crystal structure of 1 and the closely
the similar spectral properties of 1 and 2 [cf. the IR
spectra of 1 and 2, and the identical d-d band positions
of 1 and 2] we can assume that the present complexes
have predominantly square-based copper(ll) centers.
The difference in magnitude of the coupling constant
of the single alkoxide bridged and doubly hetero-
bridged dinuclear copper complexes may be explained
by the metal-ligand orbital overlap. In the single u-
alkoxo-bridged dinuclear copper complexes, when the
Cu-O-Cu angle is larger than 90° (120-135.5°), the
d, overlap with py is larger than the ds overlap with
py. Consequently, d, and ds split, as illustrated in Fig-

gle alkoxide- or hydroxide-bridged system; (b)
for an additional bridging ligand.

ure 7a. Thus, d} and d! molecular orbitals are formed.
A large energy separation of d!, and d!, leads to a strong
antiferromagnetic interaction. In the presence of a sec-
ond bridging ligand, either a complementary or a coun-
tercomplementary effect on the spin exchange interac-
tion may arise due to further interactions of the sym-
metric (y,) and antisymmetric (ys) combinations with
the d}, and d, MO’s. This interaction results in the for-
mation of d!! and d!! (Fig. 7b).

The exchange coupling constant for the hydroxo-
bridged Cu(lIl) complexes was evaluated by calculating
the energy difference between triplet (T) and singlet
(S) states (using H = —2J5;.S,) [43],

(e1—&)°

—2j=Er—Es=—-2K
J T S ab + Ty

)

where, Kap, Jaa, and Jqp are the exchange integral and
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Fig. 8. Metal-3,5-dimethylpyrazolate orbital symmetry
combinations.

one-center and two-center Coulomb repulsion inte-
grals, respectively, and £; and &, are the energy lev-
els of the HOMO and LUMO. The value of Ky, is
always positive, so the first term in (2) contributes to
the ferromagnetic interaction, while the second term,
which is always positive, contributes to the antiferro-
magnetic interaction. The energy difference between
two molecular orbitals (€1 — &), which corresponds to
the HOMO-LUMO energy gap, determines the mag-
nitude of the antiferromagnetic interaction. A stronger
antiferromagnetic interaction is expected for the sys-
tem with the larger HOMO-LUMO energy gap. The
numerator of the second term “(e1 — £5)?” is propor-
tional to the overlap integral between the magnetic
orbitals. The overlap integrals of interacting orbitals
are an important factor to increase or decrease the en-
ergy separation. If y, overlaps more effectively with d,
than w5 with ds, the overlap integrals of the interacting
orbitals may affect the 3,5-dimethylpyrazolate bridge
to act in a complementary fashion with the alkoxide
bridge, and strong antiferromagnetic interactions arise
(Fig. 8). Nishida et al. [44] show that the energies of d !
and d!! depend on two factors, (i) the energy differences
between the interacting orbitals, E(d,) and E(y), E(ds)
and E(ys), and (ii) the overlap integrals between the in-
teracting orbitals, S(da, ) and S(ds, y%).

First we carried out molecular orbital calculations
of the 3,5-dimethylpyrazolate by ab-initio restricted
Hartree-Fock (RHF) methods and investigated the in-
teraction between the d orbitals and the HOMO’s of
the 3,5-dimethylpyrazolate in order to clarify the in-
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fluence of the second bridging ligand on the superex-
change interaction. We determined approximate values
for the overlap integrals between the interaction or-
bital, S(da, wa) and S(ds, ys) and calculated the differ-
ence between S(d,, wa) and S(ds, ys) for the compound
1. The rigorous definition and the process of the calcu-
lation are given in the Appendix. In a preceding study,
we have also determined these values for compounds
3, 4, and5[9, 10, 11]. We have found the following re-
sults from our calculations:

a-s)(5) > Ha-s)(3) > Ha- s)(1) > Ha-s)(4).

There is a similar relation between the strength of the
super-exchange interaction of the complexes:

2J(5) > 23(3) > 2J(1) > 2J(4).

This clearly indicates that the difference in the magni-
tude of the coupling constants is explained by overlap
integrals between the interaction orbital.

Extended Huickel Molecular Orbital (EHMO)
Calculations

In addition to the above calculations, we have
also carried out Extended Hiickel Molecular Orbital
(EHMO) calculations. EHMO calculations have been
performed in order to gain insight into the molecular
orbitals that participate in the superexchange pathway.
Using the crystallographic coordinates for compound
1, an energy difference of 1.11 eV is obtained between
the HUMO and LUMO. The calculations indicate the
following orbital participations: Cu d orbitals, 25%; N
p orbitals, 64%; O p orbitals, 8% for LUMO and Cu d
orbitals, 70%; N p orbitals, 13%; O p orbitals, 10% for
HOMO.

A graph of HOMO and LUMO orbitals for the com-
pound 1 is depicted in Figure 9. As can be observed,

LUMO orbital
E=-11.741eV
AE=1.11eV

Fig. 9. Drawing of HOMO and LUMO frontier orbitals
(for orbitals contributing more than 1%) obtained for com-
pound 1.

HOMO orbital
E=-12.851¢eV
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Fig. 10. Projection of Cul and the donor atoms in the best
plane formed by these atoms. (The broken lines are the axes
of the d orbitals).

the Cu metal centers use d,»_,» type orbitals for a o*
interaction with Py and Pg orbitals. The LUMO orbital
is @ symmetric dcy- dgy orbital combination, whereas
the HOMO orbital is a dgy-dcy antisymmetric combi-
nation.

Supplementary Data

Crystallographic data (atomic coordinates, atomic
displacement parameters and bond geometries) for the
structure reported in the paper have been deposited in
the Cambridge Crystallographic Data Center (CCDC)
as supplementary material with the deposition number
CCDC-200445. E-mail:deposit@ccdc.cam.ac.
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Appendix

Determination of the Orientation of the Magnetic d
Orbitals

Figure 10 shows the projection of Cul and the donor
atoms onto the coordination plane, together with the
axes of the magnetic d orbitals (broken lines). The an-
gles formed by the coordinative bonds and the axes of
the d orbitals are denoted as o, 8, ¥, and 8. In order
to fulfill the requirement of maximum overlap, the fol-
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lowing function was minimised:
Fo) = o?+ B>+ 7° + 8
=o?+ (0 +90—-91.8)?
+ (or+180 —91.8 —99.7)2 (1)
+ (o +270—-91.8—99.7 - 85.7)2
= 40° — 410+ 187.33.

If dF (o) /da = 0, then o = 5.125°. The same value
was obtained for a about the coordination plane of
Cu2.

Determination of overlap integrals between ds and
s and between d; and yy:

When the x and y axes in Fig. 10 are rotated by ¢,
the d; orbital is expressed in terms of the new coordi-
nate system as

di = (cos(20))dy2_y2 + (Sin(2¢cx) ) dxy.- 2

The ys and y; orbitals of the 3,5- dimethylpyrazolate
ion can be expressed as the sum of the orbitals on N1
and N2 and the neighbouring carbon atoms

Ws = @s1 + ds2 + OsC, 3)

Wa = a1 + Qa2 + Gac. (4)

These orbitals can be expressed in terms of the new
coordinate system in which the y-axis is on the Cul-
N1 bond.

¢s1 = 0.145565+ 0.21598((C0s30)py + (Sin30)py)

+ 0.02367(—(Cos60)px + (Sin60)py), (5)
¢s1 = 0.14556s5 +0.17521px+ 0.12799py,.
From (2) and (5)
S(ds, ¢s1) = 0.14556(Cos(2¢¢))S(3d, 25)

+ 0.12799(Cos(20¢))S(3d s, 2ps)
+ 0.17521(sin(2¢t))S(3d 1z, 2Pz ).
Since ds = (d; — dy) / 21/2 and S(d3, ¢s2) = —(d1, ¢s1),
S(ds, ys) = 28(d1, ¢1) /2V/2,
S(ds, ¥) = 0.2058(Cos(2¢x))S(3d, 2s) (6)
+ 0.1810(Cos(2ct))S(3d s, 2ps)
+ 0.2477(sin(2¢x))S(3dz, 2pz)-
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In a similar way, S(da,y,) was obtained as follows:
S(da, ¥4) = 0.0001(Cos(2cx))S(3d, 25)

+ 0.4761(Cos(2cx))S(3ds,2ps)  (7)
— 0.2749(sin(2¢¢))S(3d 7, 2px) -
From (6) and (7) for compound 1

S(a - S) = S(da7 llua) - S(ds, ll"s)
= —0.20585(Cos(2¢¢))S(3d, 2s) 8)
+ 0.2951(Cos(2))S(3d s, 2ps)
— 0.5226(sin(2¢r))S(3d, 2px)-

Rough values of the overlap integrals for the present
complexes can be estimated from the tables of Jaffe
et al. [45] and Kuruda and Ito [46]; S(3d,2s) =~ 0.04,
S(3ds,2ps) ~ 0.06, S(3d,,2p;) ~ 0.02. Comparing
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