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The reactions of 3,6-di-2-pyridyl-1,2,4,5-tetrazine (DPTZ) with different Cu" salts generate two new ligands, 2,5-
bis(2-pyridyl)-1,3,4-oxodiazole (L) and N,N'-bis(o-hydroxyl-2-pyridyl)ketazine (HoL?), from the metal-assisted hydrolysis
of DPTZ, and form three new complexes: a mononuclear complex [Cu(L?)2(H20),]-2ClO, (1), a linear coordination
polymer [Cu(L)(NOs),]s (2), and a cyclic tetranuclear complex [Cua(L2),(Im)o(NO3)s(H20)] (3) (Im = imidazole).
Crystal data for 1: space group P2,/n with a = 10.339(3) A, b = 10.974(2) A, ¢ = 13.618(4) A, B = 103.24(1)°,
and Z = 2. Crystal data for 2: space group C2/c with a = 13.9299(14) A, b = 9.2275(9) A, ¢ = 12.1865(13) A,
B = 111.248(2)°, and Z = 4. Crystal data for 3: space group P2,/n with a = 9.3422(14) A, b = 15.987(2) A, ¢
= 13.963(2) A, B = 108.587(3)°, and Z = 2. L! acts as a bidentate chelating ligand in 1 and as a bis-bidentate
chelating ligand in 2 with the shortest intramolecular Cu-++Cu distance of 6.093 A. L2 is a hexadentate ligand to
bridge four Cu" ions, forming an interesting neutral cyclic tetranuclear complex 3 with Cu-+-Cu distances varying
from 4.484 to 9.370 A. The mechanism of the metal assisted hydrolysis of DPTZ is discussed in detail. Magnetic
susceptibility measurements indicate that 2 shows weak ferromagnetic interaction (J = 2.85 cm™) along the 1-D
helical chain, and that 3 displays weak antiferromagnetic interaction (J = —1.19 cm~* for the N—N bridge) and
ferromagnetic interaction (j = 0.11 cm~! for the O—C=N bridge) between the adjacent Cu" ions.

Introduction inorganic self-assembly approach in which the inorganic
The study of polynuclear transition metal complexes has elements are linked by organic bridges, and many excellent

offered promising perspectives toward developing new €xamples have been reported:

functional materiald-4 A promising strategy for the con- The ligand, 3,6-di-2-pyridyl-1,2,4,5-tetrazine (DPTZ), has

struction of polynuclear systems is the hybrid organic/ been well used as a coordinativeacceptor moiety of
transition metal complex&sor as a building block for

* Corresponding author. E-mail: buxh@nankai.edu.cn. F&86-22-

23530850.

(1) For examples: (a) Coronado, E.; Delhaes, P.; Gatteschi, D.; Miller, (3) For examples: (a) Feig, A. L.; Lippard, S.Ghem. Re. 1994 94,
J. S. Molecular Magnetism: From Molecular Assemblies to the 759. (b) Que, L. J.; Dong, YAcc. Chem. Resl996 29, 190. (c)
Devices Kluwer Academic Publishers: Dordrecht, The Netherlands, Solomon, E. |.; Brunold, T. C.; Davis, M. |.; Kemsley, J. N.; Lee,
1996. (b) DeMunno, G.; Lloret, F.; Julve, M. INMagnetism: A S.-K.; Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y. S.; Zhou, J.
Supramolecular FunctigrKahn, O. Ed.; Kluwer Academic Publish- Chem. Re. 2000 100, 235.
ers: Dordrecht, The Netherlands, 1996. (4) For examples: (a) Saito, S.; Yamamoto,Ghem. Re. 200Q 100,

(2) For example:Molecular Nonlinear OpticsZyss, J. Ed.; The Academic 2901. (b) Luh, T. Y.; Leung, M. K.; Wong, K. TChem. Re. 2000
Press: New York, 1994. 100, 3187. (d) Dong, S. DChem. Re. 1998 98, 1997.

10.1021/ic010955y CCC: $22.00 © 2002 American Chemical Society Inorganic Chemistry, Vol. 41, No. 7, 2002 1855

Published on Web 03/01/2002



Chart 1

\ N N—N —

BPTZ
N N-N N=
Ll

— OH

N 7N

N N—N_ VRN
HO N=
H,L?

supramolecular assembli€s* As a continuation of our
interest in the investigation of polynuclear systems, DPTZ
was chosen as a bridging ligand to construct novel poly-
nuclear Cl systems. However, during the course of prepar-
ing the CU complexes of DPTZ, unexpected hydrolysis
reactions took place, two new ligands, 2,5-bis(2-pyridyl)-
1,3,4-oxodiazolel(') andN,N'-bis(a-hydroxyl-2- pyridyl)-
ketazine H,L? (see Chart 1), were produced probably
through the metal-assisted hydrolysis of DPTZ, and three
new CU complexes with the two ligands were isolated, a
mononuclear complex [Clf)y(H20),]-2CIO, (1), a 1-D
coordination polymer [Cw*)(NOs),]s (2), and a neutral
tetranuclear grid complex [G(L?)2(Im)2(NOz)4(H-0),] (3)

(Im = imidazole), which have been characterized by X-ray

diffraction analysis. We report herein the synthesis, charac-

Bu et al.

complexes. The influence of the counteranions on the
formation of these complexes and the mechanism of the
hydrolysis process will also be discussed.

Experimental Section

Materials and General Methods.All the reagents for syntheses
were commercially available and used without further purification.
Elemental analyses were performed on a Perkin-Elmer 240C
analyzer. IR spectra were measured on a FT-IR 170SX (Nicolet)
spectrometer with KBr pellets and electronic spectra on a Hitachi
UV-3010 spectrometer. The magnetic susceptibilities were measured
on polycrystalline samples in—4300 K temperature range for
complexe® and3 with a Quantum Design superconducting SQUID
magnetometer. Pascal’'s constants were used to determine the
constituent atom diamagnetistn.

Preparation of [Cu(L1),(H20),]-2ClO, (1) and [Cu(LY-
(NO3)2]s (2). Crystals were prepared by layering a solution of Cu-
(Cl0O4)2°6H,0 or Cu(NQ),+3H,0 (0.2 mmol) in CHCN (10 mL)
upon a solution of DPTZ (0.2 mmol) in CHE(5 mL) in a sealed
tube with very careful diffusion. After several days, green cubic
crystals ofl or light blue block crystals of suitable for X-ray
analysis were adhered to the wall of the tube. Anal. Calcd for
Co4H20NgO1.CloCu (1): C, 38.59; H, 2.70; N, 15.00. Found: C,
38.49; H, 2.74; N, 14.89. IR (KBr pellet): 3432bm, 3077m, 1617s,
1556m, 1491s, 1085vs, 1024m, 623m émAnal. Calcd for
C12HgNgO;Cu (2): C, 35.00; H, 1.96; N, 20.41. Found: C, 35.20;
H, 2.19; N, 20.45. IR (KBr pellet): 3078m, 1619w, 1558m, 1471s,
1425w, 1384vs, 1295s, 1023m, 831m<¢m

Preparation of [Cu,(L?),(Im)2(NO3)4(H20);] (3). To a solution
of Cu(NGs)2*3H,0 (48 mg, 0.2 mmol) in CECN (10 mL) was
added a solution of DPTZ (24 mg, 0.1 mmol) in CHC3 mL) to
give a green solution. After being stirred for 30 min, a solution of
imidazole (7 mg, 0.1 mmol) in CHEI(5 mL) was added. Single
crystals suitable for X-ray analysis were obtained by very slow
evaporation of the solvent. Anal. Calcd fogd,6N16018CW: C,

terization, crystal structure, and magnetic properties of these31.31; H, 2.28; N, 19.48. Found: C, 31.21; H, 2.42; N, 19.05. IR
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(KBr pellet): 3425h, 3079w, 1628vs, 1518s, 1497m, 1384vs, 1027s,
839m cnl.

Caution. While we have encountered no problems in handling
perchlorate salts in this work, these should be prepared in a small
scale and treated with great caution because of the potential
explosion.

X-ray Crystallography Studies. Single-crystal X-ray diffraction
measurements were carried out on a RAXIS-1V diffractometer (for
1) or a Bruker Smart 1000 CCD diffractometer (dand3) with
a graphite-monochromatized MooKradiation ¢ = 0.71073 A).

The structures were solved by direct methods and refineé on
(for 1) or F? (for 2 and 3). The non-hydrogen atoms and the
hydrogen atoms d8 were located in successive difference Fourier
syntheses, and the hydrogen atoms lofand 2 were added
theoretically riding on the concerned atoms and refined with fixed
thermal factors. The final refinement was performed by full matrix
least-squares methods with anisotropic thermal parameters for non-
hydrogen atoms. A summary of crystallographic data and experi-
mental details for structural analyses is shown in Table 1.

Results and Discussion

Syntheses and General Characterizationg he reactions
of Cu' salts with DPTZ lead to three different nuclearity

(15) Theory and Application of Molecular ParamagnetisBoudreau, E.
A.; Mulay, L. N., Eds.; Wiley and Sons: New York, 1976.



Cu(ll) Complexes from Metal-Assisted Hydrolysis

Table 1. Crystallographic Data and Structure Refinement Summary for
Complexesl—3

1 2 3
formula Cz4H20N3012C|2CU CioHgNgO7Cu  GzoH26N16018C s
M; 746.92 411.78 1150.81
space group  P2i/n C2lc P2i/n
alA 10.339(3) 13.9299(14)  9.3422(14)
b/A 10.974(2) 9.2275(9) 15.987(2)
c/A 13.618(4) 12.1865(13) 13.963(2)
pldeg 103.24(1) 111.248(2) 108.587(3)
VIA3 1512.7(6) 1459.9(3) 1976.6(5)
Deaica(g cm3)  1.64 1.873 1.933
z 2 4 2
u (cm™) 9.74 15.53 22.23
EW 88% ggggg 88233 Figure 1. ORTEP view of the complex cation df with 50% thermal

ellipsoid probability.

complexes with different coordination geometry through the Scheme 1. Possible Mechanism for the Hydrolysis and Complexes

metal-assisted hydrolysis of DPTZ. In comparisor @fith
2, two different binding modes are found, although thé/Cu

Formation Process
HO:

DPTZ ratio and the reaction conditions are equal, suggesting \_,

that the counteranions have great influence on the structures
of the complexes. In fact, anion control has been reported x
for the coordination polymers of Agvith 4,4 -pytz ** where

the symmetrical structures are strongly dependent upon weak

i
OO~ O30
N\ N\ 7
N N= N= N\ /N=N N= N\ /N=N N=
/C“\x /C“\

Ag'--*NO;s interactions, and in the presence ofBer PR~

anions, the complexes exist as pairs of chains. Therefore, it
is no doubt that the counteranion has played an important

role for the formation of the two different complex¢ésand

2. On the other hand, by using the samé' Galt (for2 and

3), the addition of imidazole ligand leads to the formation
of an interesting tetranuclear neutral grid comp8ex

The IR spectra of all three complexes show absorption
bands resulting from the skeletal vibrations of the aromatic

rings in the 1406-1600 cm! region. The bands of ClD
appear at 1085 and 623 cifor 1, and the broad bands at
~3400 cn? indicate the presence of,8. In addition, the
spectra of complexedand3 exhibit strong absorption bands
at 1384 and~830 cn1! because of the stretch of the NO
anion. The electronic absorption spectralef3 in CH;CN

X X
/ NpHy

Patxd
\ N ./ =

N—N X=H,;0 —
TR QoD
X X \ N\ 11,_14 N=

| o

7N\

Mononuclear Complex 1 X X
AW

1-D Chain Complex 2
+H,0 H;0

HO OH
- / N\ +Im Tetranuclear
m_m - Complex 3
N/
A
X
in Scheme 1. The metal ion may promote hydrolysis in two
ways: (1) the metal ion acts as a Lewis acid and catalyzes
hydrolysis reactions even in neutral solution; (2) the metal
ion coordinates to the substrate in such a way as to polarize

solution display the weak lower energy broad absorption the chemical bonds, thereby facilitating nucleophilic attack

associated with the-eld transition centered at 527 nm foyr
516 nm for2, and 697 nm foB, respectively. The intraligand

on the reaction center. The carbon center activated by
coordination of the imino nitrogen to the Caenter is very

charge-transfer transitions of the three complexes similarly susceptible to nucleophilic attack by® and/or adventitious

appear around 280 and 200 nm.
Hydrolysis Reaction of DPTZ. In the previous work314

amounts of HO present in the solvent medium. The addition
of imidazole (Im) ligand demolished the balance based on

no hydrolysis reaction was observed by the reaction of DPTZ L%, and through exchange reaction with.G4 molecule,

ligand with Ni' or zZn'. However, with Cl salts, the
hydrolysis of DPTZ was observed to form two different
species in different conditions, which are stabilized by
coordination to Cli under different conditions. A similar
Cu'-assisted hydrolysis reaction of 2,4,6-tris(2-pyridyl)-1,3,5-
triazine and 2,4,6-tris(2-pyrimidyl)-1,3,5-triazine has been

promoted the transformation bf to L2 Unfortunately, our
efforts to obtain the product by the reactionlofvith Im to
establish the influence of Im on the hydrolysis and the
resulting complex were unsuccessful. Moreover, because
other product has not been isolated during the hydrolysis of
DPTZ, further investigation on the mechanism is still under

reportedt’ The possible hydrolysis mechanism is postulated way in our lab.

(16) Withersby, M. A.; Blake, A. J.; Champness, N. R.; Hubberstey, P.;
Li, W. S.; Schraer, M.Angew. Chem., Int. Ed. Endl997, 36, 2327.

(17) (a) Lerner, E. |; Lippard, S. J. Am. Chem. S0d.976 98, 5397. (b)
Lerner, E. .; Lippard, S. Jnorg. Chem1977, 16, 1546. (c) Cantarero,
A.; Amigo, J. M.; Faus, J.; Julve, M.; Debaerdemaeker]).TChem.
Soc., Dalton Trans1988 2033. (d) Castro, I.; Faus, J.; Julve, M,;
Amigo, J. M.; Sletten, J.; DebaerdemaekerJTChem. Soc., Dalton
Trans.199Q 891.

Description of the Crystal Structures. An ORTEP view
of [Cu(LY)2(H20),]-2CIO;, (1) including the atomic number-
ing scheme is shown in Figure 1, and the selected bond
distances and angles are given in Table 2. Complgonsists
of a discrete centrosymmetrical [Quj,(H-O),]?" cation and
two CIO,~ anions. The Clion, which is located at a
molecular inversion center, is in an elongated octahedral

Inorganic Chemistry, Vol. 41, No. 7, 2002 1857



Figure 2. ORTEP view of the linear structure & with 50% thermal
ellipsoid probability.

Table 2. Selected Bond Lengths (&) and Angles (deg) for Complex

Cu(1)-N(1) 2.051(5) Cu(1}0(2) 2.336(6)
Cu(1)-N(2) 1.991(4)

O(2-Cu(l)-N(1)  87.4(3)  N(}Cu(l)-N@)  81.1(2)

O(2-Cu(1)-N(2)  89.1(4)

Table 3. Selected Bond Lengths (A) and Angles (deg) for Comtex

Cu(1)-N(1) 1.9951(15) Cu(Bo(2) 1.9804(14)
Cu(1)-N(2) 2.571(6) Cu(2y-Cu(1A) 6.093
O@2)-Cu(l)-N(1)  94.40(7)  N(}Cu(l)-N(2)  75.34(8)
O(2)-Cu(1)-N(2)  82.56(5)

environment with two HO molecules occupying the axial
positions.L* only uses two of its six potential nitrogen donor
atoms, acting as a typical bidentate chelating ligand to form
a five-membered CuN—C—C—N metallacycle with a
N(1)—Cu(1)-N(2) angle of 81.1(2) Four Cu-N bond
distances vary from 1.991(4) to 2.051(5) A, and the-Cu
distances involving the water molecules [Cu{D)(2) 2.336-
(6) A] are longer than those found in the equatorial pine,
probably because of the Jahmeller effect or drawing by
the hydrogen bonds between GiGand HO. There are two
noncoordinating CIQ™ counteranions attached to the com-
plex via hydrogen bonds with the coordinatedCH The
O-+-O and H--O separations are 2.996 and 1.883 A,
respectively, falling into the normal range of such separa-
tions!® and the G-H---O bond angle is 170%4

An ORTEP view of the infinite helical chain structure of
[CULY(NOs3)2]s (2) is shown in Figure 2, and the selected
bond distances and angles are given in Table 3. Compoun
2 is a neutral polymeric molecule, and the'Gans are also
six-coordinated with distorted octahedral geometry with two
axial positions occupied by the nitrogen atoms of two
oxodiazole rings. The CtN distances in the axis (2.571
A) are rather longer than those in the equatorial plane
(1.9951(15) A), indicating a weaker coordination between
the CU center and the N atoms of the oxodiazole rings
probably because of the Jahmeller effect. The CtO

distances (with the nitrate anions) are 1.9804(14) A, and each
L!displays a bis-bidentate chelating mode to bridge the metal

centers with a shortest intramolecular-€Cu separation of
6.093 A.

(18) (a) Santis, G. D.; Fabbrizzi, L.; Licchelli, M.; Pallavicini, €oord.
Chem. Re. 1992 120, 237 and references therein. (b) Bu, X. H.; An,
D. L.; Cao, X. C.; Zhang, R. H.; Clifford, T.; Kimura, El. Chem.
Soc., Dalton Trans1998 2248.

(19) Stout, G. H.; Jensen, L. b{-ray Structure DeterminationA Practical
Guide MacMillan: New York, 1968.
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Figure 3. ORTEP view of3 with 50% thermal ellipsoid probability.

Table 4. Selected Bond Lengths (A) and Angles (deg) for Com@ex

Cu(1)-0(9) 1.927(3) Cu(2N() 1.924(3)
Cu(1)-N(6) 1.987(3) Cu(®-0(2) 1.962(3)
Cu(1y-0(6) 2.010(3) Cu(2N(2) 1.980(3)
Cu(1y-N(5) 2.011(3) Cu(2yN(1) 2.022(3)
Cu(1)-0(1A) 2.345(3) Cu(20(3) 2.409(3)

O(9)-Cu(1)-N(6)  169.74(16) N(4yCu(2)-O(2)  81.14(12)

0(9)—Cu(1)-0(6) 89.41(15) N(4rCu(2-N(2) 163.66(14)

N(6)—Cu(1)-O(6) 91.45(13) O(2}Cu(2)-N(2)  93.47(12)

0(9)—-Cu(1)-N(5) 95.97(16) N(4¥Cu(2-N(1)  81.40(13)

N(6)—Cu(1)-N(5) 81.96(13) O(2rCu(2-N(1) 161.64(12)

O(6)-Cu(1-N(5)  170.93(12) N(2*Cu(2-N(1) 101.79(13)

O(9)-Cu(1)-O(1A)  97.03(14) N(4yCu(2}-O(3) 103.64(12)

N(6)-Cu(1-O(1A)  93.23(12) O(2}Cu(2-O(3)  86.78(11)

O(6)-Cu(1-O(1A)  86.74(11) N(2FCu(2}-O(3)  91.36(12)

N(5)—Cu(1)-O(1A)  99.79(11) N(BCu(2-0(3) 102.84(12)

The two pyridine rings of.! oriented up and down from
the oxodiazole ring to form a dihedral angle of 22ib 2.
However, inl, the coordinated oxodiazole and pyridine ring
are almost parallel (the dihedral angle between them B.1.1
The strong distortion ofL! in 2 enables the ligand to
coordinate to two Clions to form an infinite chain structure.

The ORTEP structure of [G(L?)2(Im)2(NOs)4(H20)2] (3)
with atom labeling is shown in Figure 3, and the selected
bond distances and angles are listed in Table 4. Contplex
is a cyclic tetranuclear neutral molecule because of the

oordinated nitrates and two deprotonatés > moieties.

he four square-pyramidal ®uions are arranged sym-
metrically in a quadrilateral, in which two Cuons (Cu(1)
and Cu(1A)) are bridged alternately by the alkoxide oxygen,
carbon atoms, and diazine groups of two different ligands
to form a ring structure related by@, symmetry, and the
other two CU ions (Cu(2) and Cu(2A)) are out of the grid.
Cu(1l) and Cu(2) are pentacoordinated with a different
coordination mode. The CtN and Cu—O bond distances
in the basal plane are almost equivalent (from 1.924(3) to
2.022(3) A), and the axial CtO bonds are 2.339(3) and
2.409(3) A, respectively, being longer than others in the basal
planes. Two nitrogen atoms (N(4) and N(5)) and the alkoxide
oxygen atom (O(2)) in onk? are located below the GD»
plane. In contrast, the two corresponding nitrogen atoms
(N(4A) and N(5A)) and oxygen atom (O(2A)) in another
L? are located above the plane in a chairlike arrangement.
The G=N and N—N bond distances are 1.315(3) and 1.398-
(4) A, respectively, being consistent with a similar compound
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Figure 4. (a) Thermal variation of the molar magnetic susceptibilty,
andymT product (insert) of2. Solid line shows the best fit to the model
(see text). (b) Reduced magnetization versus magnetic field &ir2 K.
Dotted points are the experimental values; solid line represents the Brillouin
function for anS = 1/, spin state withg = 2.12.

POAP2° These results suggest thaf containing the
saturated diazine Nfragment favors acting as a flexible
bridging ligand?*

Magnetic Behavior. The temperaturel) dependence of
the molecular magnetic susceptibility() of 2 is shown in
Figure 4a as a plot gfw andymT versusT. yu (per Cu ion)
increases from 0.0014 é&mol* at 300 K to 0.22 crhmol™
at 2 K. The value ofuT increases from 0.425 ¢chmol~t K
at 300 K to 0.53 crhimol™* K at 5 K and then decreases to
0.45 cn? mol™! K at 2 K. TheyuT at 300 K is a typical
value calculated from an isolated Cion with g = 2.12.
The shape of thigu T curve is indicative of weak ferromag-
netic coupling with an antiferromagnetic coupling acting at

(20) Matthews, C. J.; Avery, K.; Xu, Z.; Thompson, L. K.; Zhao, L.; Miller,
D. O.; Biradha, K.; Poirier, K.; Zaworotko, M. J.; Wilson, C.; Goeta,
A. E.; Howard, J. A. K.Inorg. Chem.1999 38, 5266.

(21) (a) O’Connor, C. J.; Romananch, R. J.; Robertson, D. M.; Eduok, E.
E.; Fronczek, F. RInorg. Chem.1983 22, 449. (b) Saroja, J.;
Manivannan, V.; Chakraborty, P.; Pal,|8org. Chem1995 34, 3099.

low temperatures. The magnetization cunte2ak up to
50000 G is shown in Figure 4b. The value of the reduced
magnetization at 50000 G is 1.05 electrons, clearly indicating
that it is close to the saturation value for an unpaired electron
with g > 2.00.

The magnetic behavior a2 has been analyzed with a
theoretical expression taking into account the intramolecular
magnetic interactions between 'Cions. The spin Hamilto-
nian appropriate to this system is given in eq 1, where all
symbols have their usual meanings.

H=-2JSS§ 1)

The expression of the molecular susceptibility is given in
eqgs 2-5 for the chain of spins witl$ = ¥/, metal centers?

_ NgBA2s
X~ 4T |B

()

A=1.0+5.797991¢ + 16.90265%* + 29.37688%° +
29.832959" +14.03691§° (3)

B=1.0+ 2.797991¢ + 7.008678¢* + 8.653644° +
4.574311%" (4)

(%)

A molecular field correction has been considered in the
mean-field approximation &g for interpreting the magnetic
interaction between chaiis.

y=J2KT

_ X
1— x(2z]INgB?)

The best fit of the experimental data leadsJte= 2.85
cmt zf =—-3.05cm?t g=2.12,andR=3.01x 10°(R
is defined asZ[(ym)obs— ((m)cacd Z=(xm)obs). These results
indicate a weak ferromagnetic interaction betweer' Cu
centers via thé& ! bridges. The superexchange pathway that
leads to ferromagnetic interaction between'"dans is
attributed to the apical NN bridge. Because of the
octahedral coordination environments of''Ceenters, the
magnetic orbital is described as g ¢-type, and no spin
density is residual on thezbrbital. Therefore, the magnetic
orbitals are orthogonal which leads to ferromagnetic inter-
action. On the other hand, the coplanarity of thieligand
is destroyed to bridge the €uons (the dihedral angle
between the oxodizole ring and pyridine is 22.5he torsion
angle Cu-N—N—Cu is rather large (96%%; that is, the Cu-
N—N—Cu is not coplanar, suggesting that the oxodiazole ring
does not favor the transfer of magnetic interactions. Similar
examples have been observed in the pyrazole-bridged
complexe<$? and the experimental result is in good agree-
ment with the theoretical analysis.

Am (6)

(22) Baker, G. A.; Rushbrooke, G. S. J.; Gilbert, H.FHhys. Re. 1964
135A 1272.

(23) Myers, B. E.; Berger, L.; Friedberg, S. A. Appl. Phys1968 40,
1149.

(24) Xu, Z.; Thompson, L. K. Matthews, C. J.; Miller, D. O.; Goeta, A.
E.; Wilson, C.; Howard, J. A. K.; Ohba, M.; Kdwa, H.J. Chem.
Soc., Dalton Trans200Q 69 and references therein.
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Figure 5. (a) Thermal variation of the molar magnetic susceptibiliy,
andymT product (insert) of3. Solid lines show the best fit to the model
(see text). (b) Reduced magnetization versus magnetic fiel8 &r2 K.
Solid line is the fit for a dinucleal, — ¥, complex, scaled bg (see text).
Dotted points represent the Brillouin function for &= 2 spin state with
g = 2.15.

The magnetization curvet&® K does not follow the
Brillouin formula for an isolated Clion (Figure 4b). The
experimental points lie above the theoretical points, indicating
ferromagnetic coupling as shown in the susceptibility
calculations. Obviously, at 50000 G, the saturation values
must be coincident.

The temperaturel] dependence of the molecular magnetic
susceptibility gm) of 3is shown in Figure 5a as a plot g
andymT versusT. The value ofyv (per 4 CU ions) increases
from 0.008 cmi mol~* at 300 K to 0.42 crhimol™ at 2 K.
amT is practically constant (1.721.73 cn? mol™ K) from
300 to 70 K and then decreases to 0.95 omol 1 K at 2 K.

The yuT at 300 K is a typical value calculated for four
isolated Cl ions withg = 2.15. The shape of thjg,T curve
is indicative of a global weak antiferromagnetic coupling.
The magnetization curva & K up to50000 G is shown in

Figure 5b. The value of the reduced magnetization at 50000

G is 3.68 electrons, lower than the expected value for the
saturation for four unpaired electrons wigh> 2.00 (>4).
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el k)
I

Figure 6. Model of the magnetic exchange interaction8ifthe Cu--Cu
distances (A) are in parentheses).

This curve does not follow the Brillouin formula, also

indicating antiferromagnetic coupling (Figure 5b).
Considering the symmetry &, a topological exchange

pathway was proposed to evaluate the magnetic properties

(Figure 6). The first exchange interactiad), involves the

two Cu' centers Cu(1) and Cu(2), which are linked by an

N—N bridge. The second exchange interactionepresents

the magnetic interaction bridged by an-O—N bridge. The

spin Hamiltonian is given in eq 7:

H=-JSS+5S) ~iSS +5S) ()

The low-lying energy levels shown in eqs-83 were
deduced using an energy matrix diagonalization method
and inserted into the van Vleck equation (eq?t49 give
the expression of the molecular susceptibility (eq 15), which
was used to fit the experimental data.

E,=—@+])) (8)
E,=J-] ©)]
E,=j—J (10)
E,=J+] (11)
Es=J+])— 2% +j)"? (12)
Es=J+]+ 2@ +j)"? (13)

23 ¢ S(S; + 1)(2S; + 1)e FEKT
pa="00 % (14)

3 (2S; + 1)e FKT

xm = (0.12%%T)[30 expE,/KT) + 6 expE,kT) +
6 expE4/KT) + 6 expE/KT))/[5 exp(—E,/KT) +
3 expE,/KT) + 3 exp(—E4/kT) + 3 expE/KT) +
exp(~Eg/KT) + exp(~E¢kT)] (15)

The solid lines in Figure 5a represent the best fit of the
data to eq 15, and the final parameters wkre—1.19 cn1?,
j=0.11cm? g=2.15 andR= 1.7 x 1075 The negative
J value confirms the intramolecular antiferromagnetic inter-
action. Thej value indicates low ferromagnetic coupling
between the dinuclear entities. Taking into account the
structure and calculated values, we attempted to fit the

(25) Jotham, R. W.; Kettle, S. F. Anorg. Chim. Actal97Q 4, 145.
(26) van Vleck, J. HThe Theory of Electric and Magnetic Susceptibilities
Oxford University Press: London, 1932.



Cu(ll) Complexes from Metal-Assisted Hydrolysis

experimental results as a dinuclear'@omplex, givingJinra the deviations of the Cluion above the basal plane defined
= —2.30 cnT?, Jiner = 0.06 cnT?, g = 2.15, andR = 9.5 x by the group (O+C1-N4—N5—-C10-02) are 0.128 and
10°5. These results are of the same order of magnitude as0.542 A, respectively. The overlap of the magnetic orbitals
those calculated for a tetranuclear complex. As indicated (d¢-y for Cu' and p for N) was reduced significantly, which
previously, the magnetization curve does not follow the leads to the weakness of the magnetic interaction.
Bnlloum formyla, but the e?(perlmental Qata lie .belpw fthe Conclusions
theoretical points. If the antiferromagnetic coupling is high, . _
the experimental curve would show points with very low  The reactions of Clisalts with DPTZ generate two new
M/NS values. The experimental data, close to the theoretical Polydentate ligands through the hydrolysis of the DPTZ
ones, indicate low antiferromagnetic coupling. Considering |Igag13| V_V'th the ?ssstance of (’_‘.luThe nevvl_hgands cocl)rdlnated
the magnetization data as a dinuclear complex, it was to lons to form mononuclear, cyclic te_ztranuc ear, an
. . . o 1-D helical chain complexes in the hydrolysis process, which

possible to fit the curve by a full diagonalization method, o o

o - 1 . . may be promoted by the addition of imidazole. The X-ray
givingJ = —2.3 cmmtandg = 2.14 in very good agreement

ith th | lculated f th tibilit analyses revealed that the coordination modes df &a
Wi € values calculated from the susceptibility CUrves. nf,enced by the counteranions. Our study indicates that the

For 3, the antiferromagnetic interaction is expected for the DPTZ ligand that contains two NN double bonds is
CU' centers bridged byrans-diazine groups; otherwise, the unstable in the presence of Cand HO.
weakness of the magnetic interaction is unexpected compared Weak ferromagnetic behavior 2falong the diazine bridge
with other tetranuclear Cucomplexes. In an earlier study is attributed to the favorable orthogonal interaction of the
by Thompsorf®?’ the significant antiferromagnetic inter- magnetic orbitals of Clcenters due to the helical arrange-
action between Cu centers is observed because of the Ment of the chain. This is the first example in which the

effective p orbital arrangement within the-M bridge. N—N group of the oxodizole ring bridges Ceenters on
Significant weakness of the magnetic interaction can be (€ @xial position. Compound shows weak antiferromag-

understood according tds = —2(A2—d?) for noncen- netic interaction between the Cwenters bridged by the

e . . N—N group in a trans mode, caused by the noncentrosym-
trosymmetric binuclear magnetic interaction (Cu(1) and Cu- . .
. . . metric structure and longer distances from thé' @uns to
(2)), A being the energy separation between the two single .
. . : : . the bridging plane.
occupied molecular orbitals in the triplet state built from the ' ' _
magnetic orbitals and being the energy separation between ~ Acknowledgment. This work was financially supported
the magnetic orbitals. Because of the lowering of symmetry, by NSFC (29971019) of China. We thank Dr. M. Shiro for

the 6 value increases which leads to the corresponding the determination of the crystal structure bf J. Ribas
decrease in the antiferromagnetic interaction. Furthermore,2cknowledges the financial support from the Spanish Gov-
ernment (Grant BQU2000-0791).

(27) (a) Xu, Z.; Thompson, L. K.; Miller, D. Olnorg. Chem.1997, 36, Suppprtlng I-nformatlon Avallgble: T_hre_e X-rgy crystal-
3985. (b) Thompson, L. K.; Xu, Z.; Goeta, A. E.; Howard, J. A. K.; lographic files in CIF format. This material is available free of

Clase, H. J.; Miller, D. Olnorg. Chem.1998§ 37, 3217. (c) Xu, Z.; charge via the Internet at http://pubs.acs.org.
Thompson, L. K.; Miller, D. O.; Clase, H. J.; Howard, J. A. K.; Goeta,
A. E. Inorg. Chem.1998 37, 3620. 1C010955Y

Inorganic Chemistry, Vol. 41, No. 7, 2002 1861



