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A Structural and Magnetic Investigation of Ferromagnetically Coupled
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Dinuclear and one-dimensional copper complexes [Cu,-
(tpa)z(m-bda)[(ClO4), (1), [{Cuy(tpm)y(m-bda),}-2 CH;OH-
4H,0], (2), and [{Cuy(bpm),(m-bda),(H,0)}-CH;CN-H,0],
(3) [tpa: tris(2-pyridylmethyl)amine; tpm: tris(pyrazolyl)meth-
ane; bpm: bis(pyrazolyl)methane; m-bda: isophthalate di-
anion] have been prepared from various polydentate ter-
minal ligands. Complex 1 crystallizes in the monoclinic
P2,/c space group with a = 14.003(6), b = 17.201(7), ¢ =
20.654(9) A, Z = 4, R, = 0.0678, wR, = 0.1751. Complex 2
crystallizes in the triclinic P1 space group with a = 10.250(7),
b = 15.078(10), ¢ = 15.190(10) A, Z = 2, R, = 0.0571, wR, =
0.1288. Complex 3 crystallizes in the orthorhombic Pnma
space group with a = 17.956(6), b = 17.615(5), ¢ = 10.776(4) A,
Z =4, Ry = 0.0554, wR, = 0.0845. In these complexes the

isophthalate anion acts as a bis(monodentate) ligand bridg-
ing copper(m) centers. The variable temperature magnetic
behavior reveals the existence of ferromagnetic interactions
in 1-3. The best fittings to the experimental magnetic suscep-
tibilities give J = 1.02 cm™ (1), 2.58 cm™ (2), and 35.5 cm™
(3). In light of the structural data it can be concluded that
the magnetic coupling via the isophthalate bridging ligand
is negligibly small, and the abnormally large ferromagnetic
interaction in complex 3 may be due to the hydrogen bond-
ing between copper centers via carboxylic groups through a
spin-polarization mechanism.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

The study of superexchange interactions between para-
magnetic ions in a variety of magnetic systems has been a
vital field in inorganic chemistry in the last decades driven
by the need to understand the fundamental science associ-
ated with magnetic interactions between metal centers and
develop structure-function relationships that enable the ra-
tional design of new magnetic materials.'! Owing to its fun-
damental importance, the study of long-range magnetic in-
teractions has also been an active field of research,!? in
which phenyldicarboxylate ligands have been extensively
studied.3¥1 Alhough magnetic interactions transmitted
through phenyldicarboxylate bridges are usually weak, 268l
the magnitude and nature of the coupling interactions can
be influenced by a series of factors, such as the separation
of the metal centers, bridging modes, degree of coplanarity
between the coordination basal planes and the ligand, the
dihedral angles between the carboxylato planes and the
phenyl ring, and the angle between the planes of the two
carboxylato groups of each phthalato bridge.’~!?I

In copper phthalates, magnetic systems with
terephthalate as bridges are the most abundant, whereas
those with isophthalate have been less widely re-
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ported.[>-613:141 In fact, compounds of phenyldicarboxylates
are mostly dinuclear and oligonuclear, while those with
polymeric structures and transition metal varieties are still
relatively limited, especially for isophthalic acid. In a pre-
vious report,['¥l we systematically investigated the influence
of various isomers of phthalic acids on magnetic properties,
and found that the structural differences caused by the
bridging ligands lead to unexpected magnetic behavior, in-
cluding changes from ferromagnetic to antiferromagnetic
couplings. As a continuation of this magneto-structural re-
lationship study, we initiated a systematic experimental ap-
proach in an attempt to design u-isophthalato-Cu"' mag-
netic systems to investigate the factors that influence the
isophthalate-bridged complexes. Three ferromagnetically
coupled complexes [Cu,(tpa),(m-bda)](ClO4), (1),
[{Cuy(tpm),(m-bda),}-2 CH;0H-4 H,0], (2), and
[{Cu,(bpm),(m-bda),(H,0)}-CH;CN-H,0], (3) [tpa: tris(2-
pyridylmethyl)amine; tpm: tris(pyrazolyl)methane; bpm:
bis(pyrazolyl)methane; m-bda: isophthalate dianion] were
prepared. The coordination geometries of the Cu'! centers
are tuned by the various polydentate terminal ligands,
which ultimately leads to the different crystal structures and
magnetic properties.

Results and Discussion

Complexes 1-3 were prepared with the same bridging li-
gand, the isophthalate dianion, and three different terminal
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ligands, tris(pyrazolyl)methane, tris(2-pyridylmethyl)amine
and bis(pyrazolyl)methane. Since tris(pyrazolyl)methane is
a tridentate ligand, it reacts very easily with 0.5 equiv. of
the metal ion to form the sandwich complex M(tpm),. On
the other hand, the isophthalate dianion is not an active
bridging ligand in neutral environments. In this paper, we
successfully obtained a half-sandwich structure by making
the pH basic. This solution also works when we change the
terminal ligand into tris(2-pyridylmethyl)amine or bis(pyr-
azolyl)methane.

The X-ray crystal structure analyses reveal a dinuclear
unit for 1 and one-dimensional zigzag chain motifs for 2
and 3. The copper(11) ions in 1 and 2 are all five-coordinate,
whereas there are two types of crystallographically different
copper atoms — four-coordinate and five-coordinate — in 3.

Crystal Structure of [Cu,(tpa),(m-bda)](ClO,), (1)

The structure of 1 contains a [Cu,(tpa),(m-bda)]** cation
and a ClO, anion. The [Cu,(tpa),(m-bda)]** unit is shown
in Figure 1. The tpa ligand acts as a quadridentate terminal
ligand with four nitrogen atoms ligated at the copper center.
The m-bda group acts as a bis(monodentate) ligand, and
bridges copper(i) ions to form a dinuclear complex. The
coordination geometry around the copper atom is distorted
trigonal-bipyramidal. The apical sites of the trigonal bi-
pyramid are occupied by the N4 and Ol atoms [Cul-N4 =
2.033(6) A; Cul-Ol = 1.901(5) A]. The best equatorial
plane is defined by atoms N1, N2, and N3, with an average
Cu-N bond length and N-Cu-N bond angle of 2.085(7) A
and 117.3(3)°, respectively. The Cul atom is 0.091(6) A out
of this plane. The distance between two copper(ll) ions is
10.557(5) A.

[{Cu2(tpm)2(m-bda)2}-2 CH;OH-4 H,0], (2)

In the structure of 2, tpm is a tridentate terminal ligand.
The isoelectronic tris(pyrazolyl)methane ligand is formally
derived from tris(pyrazolyl)borate ligands by replacing the
central boron anion with a carbon atom, and has received
considerably less attention.l'>-'7! Surprisingly, 1D or multi-

dimensional polymers with tpm as terminal ligand have sel-
dom been reported so far, which is probably due to the fact
that tpm is such a strong tridentate, chelating, six-electron
donor that it can effectively prevent building blocks from
constructing infinite aggregates. In principle, the half-sand-
wich complexes containing tpm can be extended into infi-
nite structures through appropriate bridging ligands. Here,
the m-bda anion, as a bis(monodentate) ligand, bridges
copper(11) ions to form a one-dimensional zigzag chain-like
structure, as shown in Figure 2. The coordination geometry
around the copper atom is distorted square pyramidal. The
apical site of the square pyramid around the Cul atom is
occupied by N3 [Cul-N3 = 2.414(5) A]. Other Cu-N bond
lengths vary slightly, from 1.984(5) to 1.991(4) A. The Cu—
O bond lengths [Cul-O1 = 1.899(4)A, Cul-05 =
1.905(14) A] are somewhat shorter than in other m-bda-
bridged complexes,>-%13] which may be due to the distorted
square pyramid geometry caused by the rigid tridentate tpm
ligand. The best equatorial plane is defined by N1, N5, O1,
and O5. The largest deviation from the mean plane is
0.2261 A for O3, and the Cul atom is 0.0023 A out of this
plane. The distance between copper(11) ions along the chain
is 10.403 A, which is much longer than the shortest in-
terchain distance (6.644 A) between copper ions.

[{Cuy(bpm);(m-bda),(H,0)}-CH;CN-H, 0], (3)

The polymeric [Cu,(bpm),(m-bda),(H,O)} unit of 3 is
shown in Figure 3. The bpm ligand acts as a bidentate ter-
minal ligand. There are two kinds of crystallographically
different Cu" ions in 3: Cul (five-coordinate) and Cu2
(four-coordinate). The coordination geometry around Cul
is perfectly square pyramidal, with two nitrogen atoms from
bpm [Cul-N1(N1A) = 2.081(3) A] and two oxygen atoms
from m-bda [Cul-O1(O1A) = 1.937(3) A] composing the
equatorial plane. The Cul atom is 0.0541(4) A out of this
plane. The apical site of this square pyramid is occupied by
the oxygen atom from the coordinated water molecule
[Cul-O5 = 2.394(4) A]. The coordination geometry around
Cu2 is a distorted square plane with two nitrogen atoms
from bpm [Cu2-N3(N3B) = 2.009(3) A] and two oxygen

Figure 1. ORTEP drawing of [Cu,(tpa),(m-bda)](ClO,), (1); ClO4 and H atoms have been omitted for clarity.
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{a)

(b)

Figure 2. (a) ORTEP drawing of [{Cu,(tpm),(m-bda),}-2 CH;0OH-4H,0], (2); solvent molecules and H atoms have been omitted for
clarity. (b) Zigzag chain structure of 2.

Figure 3. ORTEP drawing of [{Cu,(bpm)(m-bda),(H,O)}-CH3CN-H,0], (3); solvent molecules and H atoms have been omitted for clarity.
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atoms from m-bda [Cu2-O3(03B) = 1.939(9) A]. The Cu2
atom is 0.1514 A out of the plane. The m-bda group acts as
a bis(monodentate) ligand and bridges two crystallographi-
cally different copper(11) ions alternately to form a one-di-
mensional zigzag chain (Figure 3). The distance between
copper(1) ions along the chain is 10.643 A, which is much
longer than the shortest interchain distance [4.936(4) A] be-
tween copper ions.

There are two kinds of weak interactions between
neighboring copper chains: (i) Cu-O---Cu weak coordina-
tion bonds, where the oxygen atom from the coordinated
water molecule of the five-coordinate Cu atom forms a
weak coordination bond with the four-coordinate Cu atom
of the neighboring chain [Cu-+O 2.552(7) A, bold dashed
line in Figure 4]. The Cu--Cu distance is 4.936(4) A, and
the Cu-O--Cu angle is 172.7(8)°; (ii) hydrogen bonds, with
a distance of 2.692(3) A between the oxygen atom of the
H,O coordinated to one Cu and the nonbonded carboxyl-
ate oxygen atoms of the adjacent Cu center. Such a distance

strongly suggests the occurrence of H-bonding between
these units (thin dashed line in Figure 4).

The terminal ligands play an important role during the
structure formation. For 1, the terminal ligand is tetraden-
tate tpa, and the large steric hindrance prevents the forma-
tion of infinite chainlike polymer; a dinuclear complex 1 is
therefore obtained. For complex 2, tpm is a tridentate li-
gand, and the steric hindrance is smaller than tpa. The cop-
per centers are five-coordinate, with two oxygen atoms from
an m-bda ligand which bridges copper centers into a 1D
chain. We have previously published a series of phthalic
acid bridged complexes — [{Cuy(tacn)s(o-bda),}(ClOy)4-
(H20),]),,  [{Cu(tacn)(m-bda)}(CH3;0H)o s(H,0)o.5),, and
[{Cu,(tacn),(p-bda)}(ClOy),], (tacn = 1,4,7-triazacyclo-
nonane, bda = benzenedicarboxylic acid)'¥ — in which the
terminal ligand tacn is also a tridentate ligand and leads to
the formation of one-dimensional chains. For complex 3,
bpm is a bidentate ligand, and the steric hindrance is the
smallest, which allows a water molecule to coordinate to
Cul while Cu2 is square planar. In general, tetradentate tpa
ligands create a binuclear complex, whereas tridentate tpm
and tacn ligands favor the formation of 1D chains, and the
bidentate bpm ligand permits the formation of a 2D layer
composed of weak interactions.

Magnetic Properties

The molar magnetic susceptibilities, yy;, were measured
in a field of 5000 G for 2 and 10000 G for 1 and 3; plots of
xwm and pege vs. T are shown below.

For 1, the p. is 2.55 pg at room temperature, which is
similar to the spin-only value of 2.45 pg for two uncoupled
copper(11) ions (Figure 5). It increases slightly on cooling to
18 K, and then decreases to 2.45 pg at 6 K. Intermolecular
antiferromagnetic coupling results in the decrease of s be-
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Figure 5. Plots of yp (O) and g (0) vs. T and yp ' vs. T (A) (inset) for 1. The solid line represents the theoretical curve with the best-

fit parameters.
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low 18 K. The y ! data for 1 obey the Curie-Weiss law with
a Curie-Weiss temperature, 0, of 0.2 K and a Curie con-
stant, C, of 0.81 emuKmol! (see inset of Figure 5). The
Curie constant is larger than the expected value for two
uncoupled Cu®* spins (Cyeor = 0.75 emu K mol ). The pos-
itive sign of the Weiss constant suggests the presence of fer-
romagnetic interactions between two copper centers. The
magnetic parameters were estimated from a least-squares
fitting of the susceptibility data by the equation for dinu-
clear Cu"' complexes [Equation (1)],1'® considering the de-
crease of u.e below 18 K, a temperature independent
susceptibility term (Na) was applied and set as
1.2x10*cm®mol!. A molecular field approximation
[Equation (2)] was also used. The best fit was obtained for
J=102cm!, zJ' =-0.05cm™!, g=2.08, and R=3.6x1073
[agreement factor, defined as Z(rn°® — 7m ) 7Z ().

2Ng2{32 1
= 3+ =2J1kT)|" +N
Xm T [ exp( )] a (1)

M~ Xchain/(l - Z'](Xchain/NGz,Bz)
H= *Nslsz @)

For 2, the effective magnetic moment is 1.83 pg at room
temperature, which is close to that of an isolated Cu'' ion
(1.73 pg). As the temperature is lowered, ¢ of 2 smoothly
increases to the maximum value of 1.91 pp at 24 K, and
then decreases to 1.84 pp at 5.2 K (Figure 6). The increase
of e 1s due to intrachain ferromagnetic coupling, while
the interchain antiferromagnetic coupling results in the de-

crease of s below 24 K. The y! data above 24 K for 2
obey the Curie-Weiss law, with a Curie-Weiss temperature
of 1.4 K and a Curie constant of 0.42 emu K mol! (see inset
of Figure 6). The Curie constant is larger than the expected
value for one uncoupled Cu?* spin (S = 1/2, Cpeor =
0.375 emuK mol ), and the positive sign of the Weiss con-
stant suggests ferromagnetic interactions between copper
centers.

The magnetic susceptibility data of 2 were fitted approxi-
mately by the equation for a ferromagnetic chain [Equa-
tion (3)] with S = 1/2 and a molecular field correction equa-
tion [Equation (4)["1 in which 4 = 5.7979916, B =
16.902653, C = 29.376885, D = 29.832959, FE = 14.036918,
A" = 2.7979916, B' = 7.0086780, C' = 8.6538644, D' =
4.5743114, and x = 2|J|/KT. A temperature-independent
susceptibility term (Na) was also included and set as
60x10° cm®mol™!. The other symbols have their usual
meanings.

Ng? B2 | 1+ Ax+ Bx* + Cx* + Dx* + Ex’ e
Zchain: ] r 2 1.3 r .4 +Na
4KT l+A'x+B'x"+C'x” +D'x

3)

M~ )(chain/(1 - ZJ,Xchain/NGzﬁz) (4)

The best fit to the magnetic susceptibility data yielded J
=258cm!,zJ' =-09cm!, g =213, and R = 9.8x10*.
These results confirmed the weak ferromagnetic coupling
between adjacent copper(i1) ions through the bridging
isophthalate ligand, while zJ'< 0 indicates the weaker anti-
ferromagnetic interaction between the chains.
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Figure 6. Plots of yy (O) and gege (0) vs. T and yp ' vs. T (A) (inset) for 2. The solid line represents the theoretical curve with the best-

fit parameters.
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Figure 7. Plots of yy (O) and pegr (9) vs. T and yn ! vs. T (A) (inset) for 3 from Equation (1). The solid line represents the theoretical

curve with the best-fit parameters.

The effective magnetic moment of 3 is 2.56 pug at room
temperature, which is close to the value of two isolated Cu'!
ions (2.45 pg). As the temperature is lowered, uey of 3 in-
creases to a maximum value of 4.79 ug at 9.5 K, and then
decreases to 3.15 pg at 2 K (Figure 7). The increase of gt
indicates a ferromagnetic coupling between the copper cen-
ters. The y! data obey the Curie-Weiss law, with a Curie—
Weiss temperature of 16.2K and a Curie constant of
0.42 emuK mol!. The positive sign of the Weiss constant also
suggests the presence of ferromagnetic interactions between
copper centers. Although the one-dimensional zigzag chain
structure of 3 is similar to that of 2, and the neighboring
Cu--+Cu distances are almost equal, the magnetic behavior is
significantly different from that of 2. First, we attempted to
analyze the susceptibilities by the same equation as for com-

plex 2 with the best-fit parameters of J = 33.9cm™!, zJ' =
273 cm™!, g = 2.00, and R = 9.38x 103, In our previous
published results, we obtained an m-bda-bridged complex
[{Cu(tacn)(m-bda)} (CH;0H), 5(H,O)o 5], (4) (tacn = 1,4,7-
triazacyclononane).'*l Like tpm, tacn is a tridentate ligand,
and the crystal structure of complex 4 is similar to that of 2.
Consequently, J was found to be 1.2 cm™!, which is also close
to that of 2. The selected magnetostructural data of 1-4 are
listed in Table 1; 7, 75, and 0 are defined in Scheme 1. Com-
paring the terminal ligands, we can see that although the ste-
ric hindrance of the tetradentate ligand tpa prevents the for-
mation of infinite aggregates for 1, a long bridge through the
benzene ring exists at the same time for 1-4, which leads to
a similar intramolecular metal-metal separation; in 1, 2, and
4 it is the only exchange pathway.

Table 1. Selected structural and magnetic parameters of m-bda-bridged copper(ir) complexes.

1 2 3 4
Bridging mode bis(monodentate) bis(monodentate) bis(monodentate) bis(monodentate)
Terminal ligand tetradentate tridentate bidentate tridentate
Cu:m-bda:terminal ligand 2:2:1 1:1:1 1:1:1 1:1:1
Coordination number 5 5 4,5 5

Coordination geometry

trigonal-bipyramid

square pyramid

square pyramid,
square plane

square pyramid

Cu-O(m-bda),, [A] 1.912(5) 1.898(4) 1.937(3) 1.888(9)

7 [ 2.9(7), 4.1(2) 1.8(4), 17.9(8) 12.8(5), 17.9(3) 17.8(3), 26.3(8)

75 [°] 7.3(8) 16.3(6) 27.7(3) 43.8(5)

ol . 119.9(5), 120.4(5) 129.4(4), 110.1(4) 123.4(3), 123.6(3) 135.6(9), 128.5(15)

dingra [A] 10.557 10.403 10.643 10.783

iner [A] - 6.644 4.936 7.171

J [em™] 1.02 2.58 33.9/38.5 1.2

zJ' [em™] -0.05 -0.9 -2.37/-2.25 -0.18

g 2.08 2.13 2.00/2.06 2.07

2302 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 2297-2305
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Despite the anomalously different 7, 75, and J angles,
the J values of 1, 2 and 4 are similar. This implies that
the coordination geometry of the metal centers and m-bda
bridging configuration has no effect on the magnitude of
the exchange coupling via the m-bda ligand. Accordingly,
isophthalic acid is not an efficient bridging ligand for the
transmission of electronic effects. The presence of weak fer-
romagnetic interactions in 1, 2, and 4 could be the result of
the accidental orthogonality of the magnetic orbitals, while
the unusually strong ferromagnetic interaction observed for
complex 3 is not possible for the simple exchange pathway
through the m-bda bridge. A similar condition has been ob-
served by Bakalbassis et al.?%! By calculating the energies
of the frontier MOs of [Cu,(u-TPHA)(bpy)>(OH,),](ClOy),
(TPHA = terephthalato and bpy = 2,2'-bipyridine) on the
basis of the EHMO method, they ascribed the unexpectedly
strong antiferromagnetic interaction (2J = —51.8 cm™!) to
the orbital interactions located on the intermolecular Cu—
O-+-Cu moieties and came to the conclusion that the tereph-
thalato bridging unit has an unfavorable character to trans-
mit electronic effects over long distances owing to the very
low electron density delocalization on the bridging unit of
each magnetic orbital. As for our complex 3, in the Cu-
O---Cu weak coordination bonds the bridging oxygen atom
occupies an axial coordination site on both Cu!! ions, but
the magnetic orbital for Cu™ is not located along the z axis,
and therefore only a very weak exchange interaction can be
expected. The contribution of intrachian interactions via
the m-bda bridge is insignificant to the overall magnetic
behavior of 3. Thus, the hydrogen bonding between copper
centers via carboxylic groups may account for the ferro-
magnetic interactions through a spin-polarization mecha-
nism. Accordingly, the magnetic data of 3 were fitted again
by the same equation as for complex 1 for dinuclear Cu'!
complexes.l'®! Considering the decrease of ueg in the low-
temperature region, a molecular field correction was ap-
plied. A fit of the data gave J = 35.5cm™, zJ' = 2.0 cm™!,
g=2.08,and R =3.0x107.

Cano et al. have also proposed that the relatively strong
antiferromagnetic coupling observed for terephthalate-
bridged Cu'' complexes is due to the carboxylate-assisted
loss of the coordinated water molecule and subsequent car-
boxylate dimerization.®! In light of the peculiar coordina-

Eur. J. Inorg. Chem. 2005, 2297-2305 www.eurjic.org

tion geometry of Cu'! in 3 (four- and five-coordinate), the
presence of hydrogen bonds between copper centers via car-
boxylic groups through a spin-polarization mechanism is
feasible.

Conclusions

In summary, three copper isophthalates have been pre-
pared and characterized by variable-temperature suscep-
tibility measurements. The above discussion shows that
isophthalic acid can be used as an appropriate bridging unit
to design magnetic systems with a separation of about 11 A
between the two paramagnetic centers. However the mag-
netic interactions are, as with the terephthalate-bridged sys-
tems, negligibly small. The small steric hindrance of the ter-
minal ligand bpm leads to hydrogen bonding between Cu'
centers, which accounts for the abnormally large ferromag-
netic coupling of complex 3.

Experimental Section

General Remarks: Copper(i1) perchlorate hexahydrate, tpm, bpm,
and tpa were obtained by literature methods.>! 24 These ligands
were analyzed by elemental analysis and NMR spectroscopy.
Isophthalic acid and other reagents were obtained from commercial
sources and used without further purification. Analyses for C, H,
and N were carried out on a Perkin—-Elmer analyzer at the Institute
of Elemento-Organic Chemistry, Nankai University. Variable-tem-
perature magnetic susceptibilities were measured on a Quantum
Design MPMS-7 SQUID magnetometer. Diamagnetic corrections
were made with Pascal’s constants for all the constituent atoms.

Synthesis of [Cu,(tpa),(m-bda)](ClOy), (1): Tpa-3HCIO, (0.059 g,
0.1 mmol) was dissolved in 10 mL of methanol and triethylamine
(1.572 g, 1.55mmol) was added. Cu(ClO,),'6H,O (0.0371 g,
0.1 mmol) and dipotassium isophthalate (0.0105 g, 0.05 mmol)
were added to the resulting solution. The mixture was stirred for
30 min and then filtered. After several weeks, green crystals suitable
for X-ray analysis were obtained. Yield: 0.012 g (32% based on
Cu). IR (KBr): ¥ = 1603 (s) cm™!, 1560 (m), 1475 (w), 1435 (m),
1356 (s), 1315 (w), 1280 (w), 1085 (s), 1010 (m), 815 (w), 760 (s).
Cy4Hy40CpCu,yNgOy;, (1070.8): caled. C 49.35, H 3.74, N 10.46;
found C49.10, H 3.71, N 10.48.

Synthesis of [{Cu,(tpm),(m-bda),}2 CH;0H-4H,0], (2): An aque-
ous solution of CuCl,,2H,O (0.171 g, 1.0 mmol) was added to
NaOH (0.040 g, 2.0 mmol) in H,O (5 mL), then isophthalic acid
(0.166 g, 1.0 mmol) was added. After stirring for 2 h at room tem-
perature, tpm (0.214 g, 1.0 mmol) in MeOH (15 mL) was added
dropwise and stirred for 1 h. The mixture was then filtered. Blue
crystals suitable for X-ray structure analysis were obtained by slow
evaporation of the filtrate. Yield: 0.066 g (39% based on Cu). IR
(KBr): ¥ = 1600 (s) cm™!, 1568 (m), 1440 (w), 1400 (s), 1360 (w),
1290 (s), 1240 (w), 1080 (m), 850 (s). C3;H4oCu,N 503 (987.89):
caled. C 44.94, H 4.05, N 17.65; found C 44.48, H 4.04, N 17.50.

Synthesis of [{Cu,(bpm),(H,0)(m-bda),}-CH3;CN-H,0],, (3): A
solution of Cu(ClOy),6H,O (0.0742 g, 0.2 mmol) in CH;CN
(5 mL) was added to bpm (0.214 g, 1.0 mmol) in CH;CN (5 mL),
then an aqueous solution of isophthalic acid (0.166 g, 1.0 mmol)
was added. After stirring for 15 min, NaOH (0.1 M) was added to
adjust the pH value to 7. The mixture was stirred for 2 h at room
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temperature and the precipitates were filtered off. Blue crystals suit-
able for X-ray structure analysis were obtained by slow evaporation
of the filtrate. Yield: 0.030g (40% based on Cu). IR (KBr): v =
1620 (s) cm™!, 1572 (m), 1460 (w), 1410 (s), 1350 (w), 1300 (s), 1250
(w), 1100 (m), 850 (s). C3,H3;Cu,NgOyq (828.74): caled. C 44.34,
H 3.74, N 15.20; found C 44.56, H 3.35, N 15.32.

Table 2. Data collection and processing parameters for 1, 2 and 3.

Crystallographic Studies: Crystals of complexes 1, 2, and 3 were
mounted on a Bruker Smart 1000 diffractometer equipped with a
CCD camera. The determination of unit-cell parameters and data
collection were performed with Mo-K, radiation (1 = 0.71073 A).
The structures were solved primarily by direct methods and sec-
ondly by Fourier difference techniques and refined by the full-ma-

1 2 3
Empirical formula C44H40C12Cu2N8012 C37H40CU2N120|3 C32H31CU2N9010
Formula mass 1070.82 987.89 828.74
Temperature (K) 298(2) 273(2) 293(2)
Wavelength [A] 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic orthorhombic
Space group P21/c P1 Pnma
a[A] 14.003(6) 10.250(7) 17.956(6)
b [A] 17.201(7) 15.078(10) 17.615(5)
¢ [A] 20.654(9) 16.2328(6) 10.776(4)
a ] 90 114.241(12) 90
L] 90.637(9) 90.212(13) 90
7 [°] 90 108.389(11) 90
v [A3 4975(4) 2007(2) 3408.5(18)
Z 4 2 4
D yica. [mgm 3] 1.430 1.635 1.615
Crystal size (mm?) 0.25x%0.10x0.20 0.35x0.25%0.10 0.24x0.20%0.08
0 1.45-25.03 1.49-25.03 2.20-26.48
Reflections collected 20495 7529 15588

Independent reflections

Max. and min. transmission
Data/restraints/parameters
Goodness-of-fit on F?

Ry, wRy [I > 20 (I)]

R;, wR, (all data)

Largest diff. peak and hole (¢A3)

8652 [R(int.) = 0.3379]
0.9797 and 0.7830
8652/0/613

0.997

0.0678, 0.1751

0.1851, 0.2138

0.823 and ~0.455

6809 [R(int.) = 0.0326]
0.8943 and 0.6905
6809/0/595

0.975

0.0571, 0.1288

0.1135, 0.1543

0.513 and —0.422

3632 [R(int.) = 0.1157]
1.0000 and 0.8112
3632/0/256

1.009

0.0554, 0.0845

0.1208, 0.1011

0.420 and —0.556

[a] R, = S||F,| — [FAVSIF,|, wRs = (S[w(F.2 — F22VE(F,2)"2, w = 1/[63(F,2) + (0.0880P)> + 0.0000P] where P = (F,? + 2F.2)/3 for 1; w
= 1[6(F,?) + (0.0728P)* + 0.0000P], P = (F.> + 2F.2)/3 for 2; w = 1/[c*(F,?) + (0.1000P)? + 0.0000P], P = (F,2 + 2F.2)/3 for 3.

Table 3. Selected bond lengths [A] and angles [°] for 1, 2 and 3.

1 9lal 30b]
Cu(1)-O(1) 1.901(5) Cu(1)-0(1) 1.899(4) Cu(1)-O(1) 1.937(3)
Cu(1)-N(4) 2.033(6) Cu(1)-0(5) 1.905(4) Cu(1)-N(1) 2.018(3)
Cu(1)-N(2) 2.068(6) Cu(1)-N(1) 1.984(5) Cu(1)-0(5) 2.394(4)
Cu(1)-N(3) 2.086(7) Cu(1)-N(5) 1.991(4) Cu(2)-0(3) 1.937(3)
Cu(1)-N(1) 2.101(7) Cu(1)-N(3) 2.414(5) Cu(2)-N(3) 2.018(3)
Cu(2)-0(3) 1.922(5) Cu(2)-0(8) 1.891(4)

Cu(2)-N(8) 2.040(6) Cu(2)-O@)#1 1.897(4)

Cu(2)-N(6) 2.073(7) Cu(2)-N(9) 1.976(4)

Cu(2)-N(5) 2.081(7) Cu(2)-N(7) 1.981(5)

Cu(2)-N(7) 2.085(7) Cu(2)-N(11) 2.434(5)

O(1)-Cu(1)-N(4) 172.8(2) O(1)-Cu(1)-0(5) 89.97(17) O(1)-Cu(1)-N(1) 88.80(13)
O(1)-Cu(1)-N(2) 92.3(2) O(1)-Cu(1)-N(1) 95.33(18) O(1)#1-Cu(1)-O(1) 94.99(16)
N(4)-Cu(1)-N(2) 80.5(3) O(5)-Cu(1)-N(1) 166.53(19) O(1)#1-Cu(1)-N(1) 175.01(13)
O(1)-Cu(1)-N(3) 102.2(3) O(1)-Cu(1)-N(5) 166.82(19) N(1)-Cu(1)-N(1)#1 87.2(2)
N(4)-Cu(1)-N(3) 80.7(3) O(5)-Cu(1)-N(5) 91.04(18) O(1)-Cu(1)-0(5) 89.41(11)
N(2)-Cu(1)-N(3) 115.2(3) N(1)-Cu(1)-N(5) 86.62(19) N(1)-Cu(1)-O(5) 87.39(12)
O(1)-Cu(1)-N(1) 104.3(3) O(1)-Cu(1)-N(3) 86.31(18) 0(3)#2-Cu(2)-0(3) 90.29(17)
N(4)-Cu(1)-N(1) 80.2(3) 0(5)-Cu(1)-N(3) 110.42(18) 0(3)#2-Cu(2)-N(3) 171.07(14)
N(2)-Cu(1)-N(1) 121.8(3) N(1)-Cu(1)-N(3) 82.3(2) 0(3)-Cu(2)-N@3) 90.48(12)
N(3)-Cu(1)-N(1) 114.8(3) N(5)-Cu(1)-N(3) 81.02(19) N(3)-Cu(2)-N3)#2 87.40(19)
0(3)-Cu(2)-N(8) 173.1(3) O(8)-Cu(2)-O(4)#1 89.95(18) C(4)-N(1)-Cu(1) 128.4(3)
0(3)-Cu(2)-N(6) 102.2(3) 0(8)-Cu(2)-N(9) 165.91(19) N(2)-N(1)-Cu(1) 123.9(3)
N(8)-Cu(2)-N(6) 79.8(3) O(4)#1-Cu(2)-N(9) 91.56(18) C(8)-N(3)-Cu(2) 130.7(3)
0(3)-Cu(2)-N(5) 91.7(3) 0(8)-Cu(2)-N(7) 95.05(18) N(4)-N(3)-Cu(2) 123.5(3)
N(8)-Cu(2)-N(5) 81.5(3) O(4)#1-Cu(2)-N(7) 166.64(19) C(16)-0(3)-Cu(2) 123.6(3)
N(6)-Cu(2)-N(5) 116.3(3) N(9)-Cu(2)-N(7) 86.61(19)

[a] #1 x, y, z+ 1; #2 x, y, z— L. [b] #1 x, —y + 1/2, z; #2 x, -y + 3/2, z.
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trix least-squares method. The computations were performed with
the SHELXL-97 program.?>2%1 All non-hydrogen atoms were re-
fined anisotropically. The hydrogen atoms were set in calculated
positions and refined as riding atoms with a common fixed iso-
tropic thermal parameter. The crystal parameters and details of the
data collections and refinement for the complexes are listed in
Table 2. Selected bond lengths are listed in Table 3.

CCDC-257849 (for 1), -196145 (for 2), and -196147 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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