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Coordination Asymmetry of a Dinuclear Copper(Il) Complex:
Synthesis, Structure, and Magnetism
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A dicopper(Il) complex with a novel unsymmetric dinucleating ligand, H,L-1, which can provide donor atom,
coordination number, and geometric asymmetries at metal centers, [Cuz(L-1)(CH3COO)]ClO4-H;0-0.5NaClO4 (1), was
synthesized, where HaL-1 is a racemic 1-bis(2-pyridylmethyl)amino-3-salicylideneaminopropan-2-ol. The ligand is a
hybrid one of 1,3-bis[bis(2-pyridylmethyl)amino]propan-2-ol (Htpdp) and 1,3-bis(salicylideneamino)propan-2-ol (HzL-
2). Crystal structure of 1 was determined by X-ray crystallography. Complex 1 crystallizes in monoclinic space group C
2/c with a=42.704(8), b=12.689(6), c =29.008(9) A, 5 =128.28(1)°, and Z=16. The crystal structure showed that two
stereoisomers (1a and 1b) are present in solid state. This is attributable to the presence of an enantiomeric pair of L-1.
Dinuclear cations consist of one square-planar site with a NO3 donor set and one five-coordinate site with a N3O, donor
set, which are linked by an endogenous alkoxide bridge of L-1 and an exogenous acetate bridge. A powdered sample of 1
shows weak antiferromagnetic interaction (2.60 B.M./Cu; at 300 and 1.81 B.M./Cu; at 5 K). Cryomagnetic data is analyzed
using two exchange coupling constants, J; = —0.18 cm~! and J, = —9.05 cm™!. EHMO calculations revealed that the
observed weak antiferromagnetic interaction(s) compared with that found for [Cux(L-2)(CH3COO)] (3) (/=—85 cm™h)
is reasonably interpreted in terms of the energy gap and the nature of HOMO and LUMO. Some other physicochemical
properties of the complex are discussed in comparison with those of the parent complexes, [Cuz(tpdp)(CHsCOO)]2+ 2)
and [Cuy(L-2)(CH;COO)] (3).

A variety of symmetric dinucleating ligands which possess = =
two equivalent coordination sites have been well developed,? \ / \ /
whereas unsymmetric dinucleating ligands which provide N N/Y\ N
stereochemically and/or electronically distinct coordination = ) OH ( \
sites are only limited.>~" Although some symmetric dinucle- N N/
ating ligands, when coordinated to two metal ions, happen Htpdp

s

to lead to some different coordination environments for each
metal ion, the difference is usually small. For some dinu- N
clear iron® and dinuclear copper” metalloproteins, it has
been shown or proposed that the coordination environments
of two metal ions are inequivalent. Therefore it is interest-
ing to develop unsymmetric dinucleating ligands which can

provide donor atom, coordination number, and geometric HoL-1

asymmetries at metal centers and to investigate the physico-

chemical properties of unsymmetric dinuclear metal com- ——N/Y\ N==

plexes in comparison with those of the symmetric dinuclear OH

complexes. C§:°H Hc;@
There are many dinuclear metal complexes containing HaL-2

1,3-diaminopropan-2-olate as a bridging skeleton.'>'® The
ligands of this type have been shown to be useful for the dinu-
cleation or polynucleation of metal ions with an endogenous

Scheme 1. Ligands.

alkoxo bridge. Very recently, an unsymmetric dinucleat-
ing ligand similar to the present dinucleating ligand which
has also 1,3-diaminopropan-2-olate as a bridging skeleton
has been reported.” As our current studies of asymmetric
dinuclear metal complexes,>'” in this study we synthesized
an unsymmetric dinucleating ligand (H,L-1 as shown in
Scheme 1), and its dinuclear copper(Il) complex [Cuy(L-

1)(CH3CO0)]Cl04-H,0-0.5NaClO, (1). In order to inves-
tigate the effect of unsymmetric nature of the present dinu-

cleating ligand, the structural, magnetic, and electrochemical

properties of 1 were investigated in comparison with those

of the parent complexes with symmetric dinucleating ligands

(tpdp and L-2), [Cu,(tpdp)(CH3CO0)(C104),-H, O (2) and

[Cup(L-2)(CH3CO0)] (3)."
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Experimental

N, N-Bis(2-pyridylmethyl)-1,3-di-

This was prepared in the same way as
17)

Preparation of Ligand.
aminopropan-2-ol (A).
that described previously.

Htpdp. This was synthesized according to the literature.'>

Preparation of Complexes. [Cuz(L-1)(CH3CO0)]C104-
H>0-0.5NaClO4 (1).  N,N-Bis(2-pyridylmethyl)-1,3-diamino-
propan-2-ol (A) (0.136 g, 0.5 mmol) and salicylaldehyde (0.061
g, 0.5 mmol) were mixed in methanol (3 cm?®) with stirring at
room temperature. To the resulting solution was added successively
copper(Il) acetate monohydrate (0.200 g, 1 mmol) in methanol (20
cm3), triethylamine (0.102 g, 1 mmol), and excess sodium per-
chlorate (0.3 g) dissolved in a minimum amount of methanol with
stirring. After filtration, the deep green solution was allowed to
stand for one day. The deep green crystals deposited were collected
by filtration, washed with ethanol and air-dried. Yield: 0.184 g.
Anal. Found: C, 38.98; H, 3.68; N, 7.67; Na, 1.52%. Calcd for
C24H27N4011C1145CUZN30,52 C, 3899, H, 368, N, 7.58; Na, 1.55%.

[Cuz(tpdp)(CH3CO0)]I(Cl04)2-H,0 (2). To a solution of
copper(Il) acetate monohydrate (0.200 g, 1.0 mmol) in methanol
(10 cm®) was added a mixture of Htpdp (0.227 g, 0.5 mmol) and tri-
ethylamine (0.051 g, 0.5 mmol) in methanol (10 cm®) with stirring.
Excess sodium perchlorate (0.4 g) dissolved in a minimum amount
of methanol was added with stirring. After filtration, the blue
solution was allowed to stand for one day. The deep green crystals
deposited were collected by filtration, washed with ethanol and air-
dried. Yield: 0.249 g. Anal. Found: C, 40.95; H, 3.81; N, 10.07%.
Calcd for CooH34N6O12ClCuy: C, 40.66; H, 4.00; N, 9.81%.

[Cuz(L-2)(CH3COO0)] (3). This compound was prepared
according to the literature.'!

Measurements.  The electronic spectra were measured with
a Hitachi U-3400 spectrophotometer. The infrared spectra were
obtained by KBr-disk method with a Horiba FT-200 spectropho-
tometer. The magnetic susceptibilities were measured with a
SQUID susceptometer of QUANTUM DESIGN MPMS Model and
a Shimadzu torsion magnetometer BM-2 which were calibrated with
Hg[Co(NCS);]. Diamagnetic correction was made by using
Pascal’s constants.'® Cyclic voltammograms were obtained with
a Hokuto Denko HA-301 Potentiostat/Galvanostat and a Hokuto
Denko HB-104 Function Generator by using a three-electrode con-
figuration, including a glassy carbon working electrode, a platinum-
coil auxiliary electrode, and a saturated calomel electrode as a ref-
erence electrode. Acetonitrile was used as the solvent, and tetrabu-
tylammonium perchlorate as a supporting electrolyte. X-band ESR
spectra were measured on a JEOL JES-RE1X ESR spectrometer
(X-band microwave unit, 100 kHz field modulation). The band fre-
quency was calibrated with 1,1-diphenyl-2-picrylhydrazyl (DPPH,
£=2.0036).

X-Ray Crystallography. A single crystal of 1 was obtained
by a slow diffusion of diethyl ether into an acetonitrile solution.
Since crystals were very efflorescent, a single crystal was mounted
inside a glass capillary with a small amount of mother liquor to
prevent a loss of water molecule from the crystal. Data were col-
lected on a Rigaku AFC-5R four circle automated diffractometer
with graphite monochromated Mo K« radiation (1 =0.71073 A) at
room temperature. Unit cell parameters were determined by a least-
squares fit to 20 reflections having 24.5° < 20 < 31.5°. Because
of weak intensity data, we tried to obtain better crystals, but all the
attempts were in vain. Three standard reflections were measured
every 150 reflections, which show no systematic decay throughout
data collection. The data were corrected for Lorentz and polariza-
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tion effects, and an empirical absorption correction (¥ scans) was
also carried out. Crystallographic data are summarized in Table 1.
The numbers of data (3092 data) used for analysis were not enough
for a satisfactory determination. Since the structure of this complex
is very important in this study, we carried out the analysis. The
structure was solved by the standard heavy-atom techniques. The
metal atom was located by Patterson syntheses using the program
SHELXS-86.' Full-matrix least-squares refinement and difference
Fourier methods (SHELX-76)*” were used to locate all remaining
non-hydrogen atoms. The atomic scattering factors and anomalous
dispersion coefficients were taken from the literatures.”"

All the non-hydrogen atoms were refined anisotropically. Hy-
drogen atoms were not included in the calculation. Several cycles
of refinement led to convergence with R =0.088 (Ry =0.085). A
final difference Fourier map showed the largest peak of 0.65 e A=3.
Final atomic coordinates for the non-hydrogen atoms are given in
Table 2. Table of anisotropic thermal parameters, and list of F,
and F, are given in the supplementary materials.”? All calculations
were carried out on a FACOM M760/20 computer at the Kanazawa
University Information Processing Center.

Results and Discussion

Synthesis and Characterization. H,L-1 was pre-
pared in situ by the condensation of A with salicylaldehyde
and used for preparation of the complex (1) without isola-
tion. The compound A is very useful for preparation of a
variety of unsymmetric dinucleating ligands with 1,3-diami-
nopropan-2-olate skeleton. For instance, we have prepared
various types of unsymmetric heptadentate ligands such as
(R)>NCH,C(H)OHCH;N(Ry),, where two side arms, R,
and Ry, contain a variety of donor groups. Chemistry of
di- and polynuclear metal complexes of such unsymmetric
dinucleating ligands are in progress.

Complexes 1 and 2 have one acetato group. In the IR spec-
tra, A7(COO™) values (Vasymm(COO™) — Vsymm(COO™)) of

Table 1. Crystallographic Data for Complex 1

Formula C24H27N4Cly 5CuzNag sO1y
Fw 739.27

Space group C2lc

alA 42.704(8)

b/A 12.689(6)

c/A 29.008(9)

Pldeg 128.28(1)

VIA3 12338(7)

Z 16

Crystal size/mm 0.5%x03%x0.2

Peatcalg cm ™" 1.59

A(Mo Ka)/A 0.71073

Scan method w26 scan (3 <260 <55)
Scan speed/° min~' 6

Max scan times 3

12060
3097 (| Fo |>3.00 | Fs |)

No. of data collected
No. of data used

ulem™! 6.67
R 0.088
R 0.085

a) R=3[|Fo| — |Fe|/3 | Foll-
b) Ru=[3-w(|Fo| — |[Fe)2/3ow|Fo?1"/%; w=4/0%(Fo)
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these complexes are in the range of 114 and 104 cm™

1

(Table 3), respectively, suggesting that the carboxylate serves

as a bridging ligand in O,0’-syn—syn coordination mode.

23)

Structure Description of 1.
sists of two crystallographically independent dinuclear com-
plex cations (1a and 1b), sodium cations, perchlorate anions,

The crystal structure con-
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Table 2. Fractional Atomic Coordinates and Isotropic Thermal Parameters of 1 with Their Standard Deviations in Parentheses

Atom x y z Usg® Atom x y z Ueg®
Cul 042054(7) 0.8197(2) 0.0364(1)  0.041(1) C25 0.3374(5) 0.610(1)  0.0256(9) 0.033(8)
Cu2 0.44312(7)  0.8443(2) —0.0577(1)  0.047(2) C26 0.3532(7) 0.522(2)  0.018(1)  0.059(9)
N1 0.4490(4) 0.696(1) 0.0888(8)  0.044(7) Cc27 0.3624(6) 0.524(2) —0.018(1)  0.054(9)
N2 0.4702(5) 0.710(1) —0.0561(7)  0.046(8) C28 0.3569(7) 0.613(2) —0.050(1)  0.051(9)
N3 0.3905(5) 0.774(1) —0.1380(8)  0.048(7) C29 0.3417(5)  0.703(1) —0.0398(9) 0.033(8)
N4 0.4802(5) 0.911(1) —0.0693(7)  0.039(7) C30 0.3315(6) 0.707(1) —0.005(1)  0.047(8)
01 0.4418(4) 0.7763(9) —0.0018(7)  0.051(7) C31 0.3277(7)  0.605(2)  0.065(1)  0.047(9)
02 0.4212(4) 0.975(1) —0.0577(7)  0.067(7) Cc32 0.3032(7) 0.659(1)  0.118(1)  0.060(9)
03 0.3929(4) 0.9434(9) —0.0167(6)  0.041(6) C33 0.2985(9) 0.757(2)  0.136(1)  0.076(9)
04 0.4039(4) 0.8680(9)  0.0772(6)  0.042(6) C34 0.2888(9) 0.774(2)  0.170(1)  0.084(9)
Cl1 0.4342(6) 0.735(2) 0.153(1) 0.056(8) C35 0.3185(7) 0.932(2)  0.2372(9)  0.059(9)
2 0.4405(8) 0.699(2) 0.201(1) 0.089(9) C36 0.3419(6) 1.0002)  0.229(1)  0.051(8)
Cc3 0.4288(8) 0.749(2) 0.230(1) 0.087(9) C37 0.3820(6) 1.026(2)  0.280(1)  0.049(8)
C4 0.4076(7) 0.844(2) 0.203(1) 0.071(9) C38 0.4018(7) 1.096(2)  0.270(1)  0.060(9)
(o] 0.3996(7) 0.880(2) 0.153(1) 0.060(9) C39 03871(7) 1.132(2)  0217(1)  0.067(8)
C6 0.4121(5) 0.828(1) 0.124(1) 0.019(8) C40 0.3459(8) 1.101(2)  0.168(1)  0.073(9)
C7 0.4501(6) 0.676(2) 0.132(1) 0.056(8) C41 0.2465(6) 0.893(2)  0.1784(9) 0.045(8)
C8 0.4654(7) 0.631(2) 0.065(1) 0.065(8) Cc42 0.2304(6) 1.006(2)  0.156(1)  0.046(9)
9 0.4708(7) 0.694(2) 0.027(1) 0.073(8) C43 0.2108(7) 1.0602)  0.175(1)  0.071(9)
C10 0.4710(6) 0.638(2) —0.017(1) 0.063(8) Cc44 0.1937(7) 1.158(2)  0.149(1)  0.08(1)
C11 0.4461(7) 0.664(2) —0.115(1) 0.078(9) C45 0.2001(7) 1.202(2)  0.112(1)  0.074(9)
C12 0.3997(6) 0.687(2) —0.1512(9)  0.048(8) C46 0.2201(7) 1.143(2)  0.099(1)  0.056(9)
C13 0.3725(8) 0.6202) —0.197(1) 0.082(9) Cc47 0.2650(6) 1.030(1)  0.012(1)  0.041(8)
Cl4 0.3325(8) 0.654(2) —0.228(1) 0.087(9) C48 0.2526(7) 1.113(1)) —0.036(1)  0.058(9)
C15 0.3232(7) 0.741(2) —0.212(1) 0.071(9) C11 0.2278(2)- 0.5160(5) 0.1564(3)  0.060(4)
C16 0.3525(6) 0.802(2) —0.166(1) 0.060(9) 09 0.2060(6) 0.489(2)  0.0953(8) 0.119(9)
C17 0.5099(6) 0.742(1)  —0.038(1) 0.057(9) 010 0.2683(5) 0.525(1)  0.178(1)  0.109(8)
C18 0.5067(6) 0.846(1) —0.0666(8)  0.038(8) ol11 0.2232(6) 0439(2)  0.1846(8)  0.120(9)
C19 0.5282(6)  0.869(2) —0.084(1) 0.060(9) 012 0.2167(8) 0.611(2)  0.165(1)  0.17(1)
C20 0.5252(6) 0.968(2) —0.106(1) 0.073(9) Cc12 0.5914(2) 0.6722(5) 0.1469(3)  0.070(4)
Cc21 0.4979(7) 1.046(2) —0.109(1) 0.064(9) 013 0.5679(7) 0.610(2)  0.155(1)  0.178(9)
c22 0.4764(6) 1.008(2) —0.0907(9)  0.044(8) 014 0.5867(9) 0.630(2)  0.096(1)  0.20(1)
23 0.3999(6) 0.998(1) —0.046(1) 0.040(8) 015 0.6309(6) 0.663(2)  0.191(1)  0.128(9)
C24 0.3796(6) 1.107(1)  —0.064(1) 0.062(8) 016 0.5777(7)  0.774(1)  0.137(1)  0.153(9)
Cu3 0.30063(7)  0.8159(2)  0.0458(1)  0.042(2) C13 0.1248(2) 0.7152(5) 0.4298(3)  0.074(4)
Cud 0.26929(7)  0.9628(2)  0.1095(1)  0.043(2) 017 0.1112(7) 0.775(1)  0.455(1)  0.160(9)
N5 0.3127(5) 0.675(1) 0.0794(9)  0.049(8) 018 0.1479(7) 0.773(1)  0419(1)  0.157(9)
N6 0.2831(5) 0.882(1) 0.181(7) 0.043(8) 019 0.144(1)  0.629(2)  0463(2)  0.27()
N7 0.3272(5) 1.035(1) 0.1770(8)  0.048(8) 020 0.0930(8) 0.655(2)  0379(1)  0.17(1)
N8 0.2355(5) 1.047(1) 0.1198(8)  0.047(8) Owl  0486(1) 03923) 0.163(2)  0.34(1)
05 0.2851(4) 0.835(1) 0.092(7) 0.056(7) ow2”  0.000 0.588(5)  0.250 0.39(1)
06 0.2541(4) 1.038(1) 0.0418(7)  0.064(7) ow3”  04073)  04306) 02135  0.40(1)
o7 0.2892(4) 0.960(1) 0.0151(6)  0.052(7) Na 0.3423(2)  0.9613(5) 0.0014(4) 0.045(4)
08 0.3164(4) 0.7928(9)  0.0000(6)  0.039(7)

a) Ueq=1/3(U11+Uyz+Us3). b) The occupancy factor of the atom is 0.5.

Table 3. Electronic and IR Spectral Data.of 1, 2, and 3

Complex Absorption band maxima® Vasymm(COO™ ) — Vymm(COO ™)
viem™P/(e/mol ™! dm® cm™!) viem™
1 11000° 15900 (231) 114
2 11100 (185) 14500° 104
3 15900 (396) 111

a) Measured in acetonitrile. s: Shoulder.
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and lattice waters. 1a and 1b are geometrical isomers with a
different configuration of an asymmetric carbon atom of L-
1. Two dinuclear cations are linked by sodium cation which
is Jocated in a distorted octahedron formed by oxygen atoms
of phenolates, bridging carboxylates, and perchlorates. The
Na-O contacts are in the range of 2.3—2.6 A.

Molecular structures of 1a and 1b are shown in Fig. 1
and the selected bond distances and angles are given in Ta-
ble 4. 1a and 1b consist of both square planar and dis-
torted square pyramidal sites, in which two copper atoms
are doubly bridged by endogenous alkoxide and exogenous

Table 4. Selected Bond Distances (/A) and Angles (°) of 1

Distances
Molecule 1a Molecule 1b
Cul-N1 1.99(1) Cu3-N5 1.94(2)
Cul-0O1 1.90(2) Cu3-05 1.84(2)
Cul-03 1.99(1) Cu3-07 1.96(1)
Cul-04 1.83(2) Cu3-08 1.85(2)
Cu2-N2 2.05(2) Cu4-N6 2.05(2)
Cu2-N3 2.19(1) Cu4-N7 2.19(1)
Cu2-N4 1.99(2) Cu4-N8 1.96(2)
Cu2-01 1.87(2) Cu4-05 1.95(2)
Cu2-02 1.90(2) Cu4-06 1.90(2)
Cul—-Cu2 3.426(6) Cu3—Cu4 3.428(5)
Angles
Molecule 1a Molecule 1b

N1-Cul-01 86.0(8) N5—Cu3-05 81.9(9)
N1-Cul-03 178.7(6) N5-Cu3-07 177.6(7)
N1-Cul-04 93.9(8) N5-Cu3-08 96.5(8)
01-Cul-03 92.7(7) 05-Cu3-07 96.3(8)
01-Cul-04 175.2(9) 05-Cu3-08 179(1) .
03-Cul-04 87.3(7) 07-Cu3-08 85.4(8)
N2-Cu2-N3 83.0(6) N6—Cu4-N7 81.3(7)
N2-Cu2-N4 81.9(8) N6—Cu4-N8 83.9(9)
N2—Cu2-01 85.1(8) N6-Cu4-05 85.4(7)
N2—Cu2-02 176.0(7) N6-Cu4-06 177.5(8)
N3—Cu2-N4 113.1(8) N7-Cu4-N8 99.8(8)
N3-Cu2-01 99.9(7) N7-Cu4-05 101.5(6)
N3—Cu2-02 100.0(6) N7-Cu4-06 100.8(7)
N4—-Cu2-01 142.5(9) N8-Cu4-05 154.4(8)
N4—-Cu2-02 94.4(8) N8—Cu4-06 94.3(9)
01-Cu2-02 97.0(8) 05-Cu4-06 95.5(7)
Cul-01-Cu2  130.9(7) Cu3-05-Cud  129.3(8)

Unsymmetric Dinuclear Copper(Il) Complex

acetate oxygens. The Cu---Cu separations of 1a and 1b
are 3.426(6) A and 3.428(5) A, respectively, and the Cu-O-
(alkox0)—Cu angles are 130.9(7) and 129.8(8)°, respectively.
These values are comparable to those of the parent complex
3'™ (3.495(3) A and 134.5°) and a closely related complex
[Cuy(L-Et)(CH3;COO)** (4)'™ (3.459(2) A and 130.6(5)°)
which has 2-benzimidazolylmethyl side arms instead of 2-
pyridylmethyl side arms. Stereochemistries of both five-co-
ordinate moieties in 1a and 1b are best described as distorted
square pyramidal structure. This is in contrast with those
found for 4 in which both five-coordinate copper moieties
have slightly distorted trigonal bipyramidal structure.!® The
01, 02, N2, and N4 atoms in 1a and the O35, 06, N6, and N8
atoms in 1b form basal planes. The apical bond distances
of Cu2-N3 and Cud-N7 (2.19(1) and 2.19(1) A) are clearly
longer than the basal bond distances of Cu—N (1.96(2)—
2.05(2) A). Distortions from square pyramidal structure in
1a and 1b become clear by comparing the angles around
copper atoms. The N2—-Cu2-02 and N6-Cu4-06 axis are
almost linear (176.0(7) and 177.5(8)°). The N4-Cu2-0Ol,
N3-Cu2-01, and N3—Cu2-N4 angles in 1a are 142.5(9),
99.9(7), and 113.1(8)°, respectively, while the N8-Cu4-O5,
N7-Cu4-05, and N7-Cud4—N8 angles in 1b are 154.4(8),
101.5(6), and 99.8(8)°, indicating that distortion from a
square pyramidal structure in 1a is more pronounced than
that in 1b. There is a difference between conformations of
the five-membered chelate rings of O(alkoxo)-CR(H)-C-
(Hp)—N(tertiary amine) in 1a and 1b as shown in Fig. 2.
Such conformational difference seems to be closely related
to a degree of distortion from a square pyramidal structure.
Bond distances and angles of square planar moieties are
similar to those of 3 except for the N5-Cu3-05 angle
(81.9(9)°) in 1b, which is smaller than those of 1a and 3
(86.0(8)) and 86.5(4)°). This may be due to a conforma-
tional effect of five-membered bridging chelate ring.
Electronic Spectra. The electronic spectra of [Cu,(L-1)-
(CH3COO)T* (1), [Cuy(tpdp)(CH3COO)J** (2), and [Cup(L-
2)(CH3CO0)] (3)''® in acetonitrile are shown in Fig. 3
(Table 3). The spectrum of 1 shows a d—d band at 15900
cm~! (=231 mol~!dm®cem™!) with a shoulder at ca.
11000 cm~!. This spectral feature is well interpreted in
terms of superposition of the d—d bands of the parent com-
plexes 2 and 3, i.e. 3 which has two square planar cop-

1a

1b

Fig. 1. Molecular structures of complex cations 1a and 1b.
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Fig. 2. Conformations of the bridging chelate rings of 1a and 1b.

8

¢/mol! dm® em™
N
3

8

5000 10000 15000
wave number / cm™

Fig. 3. Electronic spectraof 1 (—),2 (---), and 3 (—-—) in
acetonitrile.

per sites!!™™ exhibits a d-d band maximum at 15900 cm !

(=396 mol " !dm*cm™!) and 2 at 11100 cm~! (¢ =185
mol~! dm® cm~!) with a high energy shoulder at ca. 14100
cm~!. A high energy shoulder observed in 2 is characteris-
tic of the spectral pattern of trigonal bipyramidal complexes,
suggesting that the stereochemistry of five-coordinate copper
centers is trigonal bipyramidal in acetonitrile. As mentioned
above, a closely related complex 4 has a trigonal bipyramidal
structure in solid state.!®

ESR Spectra. ESR spectrum of a frozen solution sample
of 1 in acetonitrile saturated with tetrabutylammonium per-
chlorate at 77 K is given in Fig. 4. The spectrum shows two
signals at g=4.5 and g =ca. 2. The former one corresponds
to AM, =2 transitions and the latter corresponds to AM; =1
transitions with g =2.22 and g | =2.06. In the g region, four
hyperfine lines are observed with an average A (Cu) =165
gauss. There is no evidence for zero field splitting. Although
there are two structurally distinct species in solid state as
mention above, the spectrum suggests that only one species
is present in solution state. A powdered sample of 1 also
showed a similar ESR spectrum to that of the frozen solution
sample at 77 K with g=4.5 (AM;=2) and g=ca. 2 (AM;=1;

@ ‘ DPPH

(b)

0.1 0.2 0.3 0.4

Fig. 4. ESR spectra of frozen solution samples of 1 (a) and 2
(b) in acetonitrile saturated with tetrabutylammonium per-
chlorate at 78 K.

g =2.26 and g, =2.06). The average g value (2.12) of a
powdered sample was used for analysis of the magnetism
of 1 (vide infra). The observation of only a single ESR
signal for a powdered sample suggests the presence of some
interaction such as dipole—dipole interaction between two
dimers, 1a and 1b, which are linked with Na* cation and the
separation of the Cul in 1a and Cu3 in 1b is 5.3 A.

ESR spectrum of a frozen solution sample of 2 in acetoni-
trile containing tetrabutylammonium perchlorate at 78 K also
shows AM; =2 transitions in half-field region and AM; =1
transitions in g=2 region (Fig. 4). Small zero field splitting is
observed and seven hyperfine lines are also observed in g=2
region. For many dinuclear copper(J,II) complexes, such
seven hyperfine lines have been observed due to coupling
of the unpaired electrons with two copper ions.?” Only four
hyperfine lines found for 1 implies that the electrons are
localized at each copper site within ESR time scale.

Electrochemistry. The cyclic voltammograms (CV)
of the complexes 1, 2, and 3 are shown in Fig. 5. The CV
of 3 exhibits two reduction waves at —0.95 and —1.13 V
vs. SCE, which appear to correspond to Cuy(IL,II)/Cu, (1LI)
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@
(b)
[ 5uA
—+
(c)
1 1 |
-1.5 -1.0 -0.5 0.0
E/V vs. SCE
Fig. 5. Cyclic voltammograms of 1 (a), 2 (b), and 3 (c) in

acetonitrile containing (0.1 mol dm ™ tetrabutylammonium
perchlorate) at a glassy carbon electrode with scan rate 100
mVs~!

and Cuy(ILI)/Cuy(II) reductions. The CV of 2 shows only
one reduction wave at —0.67 V vs. SCE and no further clear
reduction wave is detected. The CV of 1 resembles that
of 2. A reduction wave at —0.68 V vs. SCE is almost the
same as that of 2. This indicates that the square planar sites
have no significant influence on the redox chemistry of five-
coordinate sites. However, reduction of the square planar

Unsymmetric Dinuclear Copper(Il) Complex

sites is not detected as found for 3. The five-coordinated
sites affect the redox chemistry of square-planar sites.

Magnetic Properties. = The magnetic susceptibility of
a powdered sample of 1 was measured in the temperature
range 300—5 K (Fig. 6). The effective magnetic moment
(2.60 B.M./Cuy) is almost constant over the temperature
range 300—60 K, whereas it decreases to 1.81 B.M. at 5
K, indicating the presence of antiferromagnetic interaction
between copper ions. Magnetic susceptibility is given by
Bleaney—Bowers equation for the isotropic exchange inter-
action (H=—2J8,-S,). Since there are two structurally dif-
ferent species in solid state, two pairs of g; and Jy, and g,
and J, were introduced as follows:

_ Ngi’° 1
X () = T 3 xp (=201 JKT)
Ng,2p? 1
TR Svexp(—2n kD) TN M

where the symbols have their usual meanings and N,, is fixed
as 120x107¢ emumole~!. Two different approaches were
carried out to fit the data. First, all g; and g;, and J; and J>
were varied as parameters. However, reasonable g, and g,
values could not be obtained by least squares fitting. Then,
g1 and g, were fixed as 2.12 which was assumed from g-value
obtained from ESR spectrum of a powdered sample. A good
fit to the experimental data was obtained with J;=—0.18
cm~! and J,=—9.05 cm~!. The theoretical curve is given

as a solid line in Fig. 6. It was also attempted to fit the data

by assuming that magnetic interactions in two isomers are
the same (J;=J,). J(J;=J>) value obtained is —2.90 cm ™.
However, fitting is much better for the former case using two
different J; and J, values (Fig. 6 insert). It seems likely that

330
50 b
—25
. 60— z °
g g
E 5 o_[\\/?"
E S 20 &
% nx -5—| 'l Y
o 40 [=) :l g
o z '
*— -10“: .
N 7
» 15 —H1s
206
B T —
—{1.0
o . 1 . I .
0 100 200 300

Tk

Fig. 6. Temperature dependencies of magnetic susceptibilities and magnetic moments of 1. The solid lines are the best fit curves
with the parameters, J; = —9.05 cm™ !, J,=—0.18 cm™ !, g=2.12, and TIP=1.2x10"* emumol~". The insert is a comparison
of AXin (Xmeasured — Xcalculated), Where the solid line is AXm (Xmeasured — Xcalculatea) Calculated by using two J; and J, values, and the
dotted line is that calculated by using J=—2.90 cm™! (see text).
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two species exert different J values (ca. —0.18 cm™! and
—9.05 cm™!), since magnetic interactions between copper-
() ions are highly dependent on structural characteristics.
In either case, antiferromagnetic interaction(s) is relatively
weak with the range of J=0——9 cm™!.

Nishida and Kida reported that 3 shows moderately strong
antiferromagnetic interaction (J=—85 cm™1)." J values
of the closely related complexes with a Schiff base ligand
containing 1,3-diamino-2-propanolate bridging skeleton are
comparable to that of 3. However, 1a and 1b show much
weaker antiferromagnetic interaction(s). In the square pyra-
midal moieties of 1a and 1b, unpaired electrons reside in the
d>_> orbitals whose lobes are almost directed toward both
bridging ligands (alkoxo and acetato bridges) as those in the
square planar moieties. Comparison of magnetic and struc-
tural features of 1a, 1b, 3, and 4 is given in Table 5. There is
no remarkable structural difference in bridging units between
1a, 1b, and 3. According to Hoffmann et al.*® and Kahn et
al.,”® magnetic exchange interaction is dependent on the in-
teraction between two metal magnetic orbitals through bridg-
ing ligand(s) and the resulting energy gap between HOMO
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and LUMO. For further elucidation of the magnetisms of the
present complexes, it is useful to know the nature of HOMO
and LUMO. We have carried out EHMO calculation.”” %

The calculation models are [Cu(OH)(NH;)(u-OH)(u-
HCOO)(NH3)3Cu]* (1a’ and 1b’) for 1a and 1b, and [Cu-
(OH)(NH3)(¢-OH)(1#-HCOO)(OH)(NH;3)Cu] (3') for 3, re-
spectively, and their structural parameters are taken from X-
ray structures given in Table 4 and Ref. 11b. The results of
calculations for 1a’ and 1b’ reveal that the nature of HOMO
and LUMO of these two species significantly differs: The
energy gap between HOMO and LUMO in 1b’ (0.186 eV)
is substantially larger than that of 1a’ (0.006 eV) as seen
in Fig. 7. In addition, the HOMO in 1b’ is solely com-
posed of the d,=_» orbital of the square pyramidal site and
the LUMO from the dy> - orbital of the square planar site,
whereas those in 1a’ are almost equally composed of dy2_»
orbitals of both sites. This would verify the use of different
J values in analysis of magnetisms for 1a and 1b.

The observed weak antiferromagnetic interactions in 1a
and 1b compared with that of 3 may be qualitatively inter-
preted in terms of degree of mixing of two magnetic orbitals

Table 5. Comparison of Magnetic and Structural Features of 1, 2, 3,119 55 4109

Complex 2 3 4
Jlem™! —0—9 —1.18 -85 6=9K
r(Cu---Cu)/A 3.43 3.50 3.46
Cu—~(Osikoxo)-CwW/A 130.9, 129.8 135 131
Solid angle around Oggoxo/® ¥ 357, 356 358.1

a) Summation of the three angles around Ogyoxo, ZCu(l or 3)-Ougoxo—Cu(2 or 4), ZCu(l or

3)~Oalkoxo—Casym, and LCU(Z or 4)~Oalkoxo—Casym-

NH,

H z
N TN //NHs )\
— Cu C
11.1 o \Lu

sp spy

1a' (@=142)
T T T T T
140 150
o / degree

Fig. 7.

u
N N
°\|/O o NH; y X

spy sp

HOMO

1b' 3

Energies of HOMO and LUMO for 1a’ and 1b’, and for deformation («) of 1a’, where sp and spy represent square planar

and square pyramidal site, respectively. The variable « is defined as above.
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and the energy gap between HOMO and LUMO. Although
the energy gap (0.186 eV) in 1b’ is larger than that of 3 (0.103
eV), mixing of two magnetic dy>_. orbitals in 1b’ is negli-
gibly small as mentioned above. This suggests that there is
a significant energy difference between two magnetic dz_y»
orbitals in square planar and distorted square pyramidal sites,
resulted in a smaller overlap between those two orbitals and a
weak magnetic exchange interaction. A similar observation
was also made for [Cu(en),][Cu(ox),].3?

On the other hand, the energy gap (0.006 eV) between
HOMO and LUMO in 14’ is significantly small, which seems
to be responsible for the observed weak antiferromagnetic
interaction in 1a. Figure 7 shows energies of HOMO and
LUMO for deformation of 1a’ where deformation from the
original structure to square pyramidal and trigonal pyrami-
dal structure leads to larger energy gap between HOMO and
LUMO. However, as the energy gap becomes larger, mixing
of two magnetic orbitals becomes smaller. This situation
suggests that deformation to square planar and trigonal pyra-
midal structure would not significantly modulate the mag-
netism.

The effective magnetic moment of 2 at 300 K is 2.81
B.M./Cu; and gradually decreases 2.54 B.M./Cu, at 10 K,
indicating the presence of very weak antiferromagnetic inter-
action (J=—1.18 cm™! and g=2.19). The complex 4, [Cu,(L-
Et)(CH5CO0)]**, shows a very weak ferromagnetic interac-
tion (€=9 K). Magnetic interactions for both complexes are
very weak.

"Summary. A novel unsymmetric dinucleating ligand
which can provide donor atom, coordination number, and
geometric asymmetries at metal centers was synthesized.
It formed a dicopper(Il) complex containing an exogenous
acetate bridge which has one square-planar site with a NO;
donor set and one five-coordinate site with a N3O, donor
set. The complex allows to compare its physicochemical
properties with those of the parent complexes; the electronic
spectral feature in the d—d region was interpreted in terms
of superposition of the d—d bands of the parent complexes,
while the magnetism and electrochemistry were modulated
more or less due to the asymmetric nature of coordination
environments.
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