Inorg. Chem. 2002, 41, 5373-5381

Inorganic:Chemistry

* Article

New Oxamato-Bridged Trinuclear Cu"-Cu'-Cu" Complexes with
Hydrogen-Bond Supramolecular Structures: Synthesis and
Magneto—Structural Studies

Javier Tercero, Carmen Diaz,* and Joan Ribas

Departament de Qumica Inorganica, Universitat de Barcelona, Marti Franques 1-11,
08028 Barcelona, Spain

José Mahia and Miguel Angel Maestro

Sewicios Xerais de Apoio a lrestigacia, Universidad da Corlia, Campus da Zapateira,
s/n 15071, A Corla, Spain

Received October 18, 2001

Three oxamato-bridged copper(Il) complexes of formula [{ Cu(H2O)(tmen)Cu(tmen)} { u-Cu(H20)(Mezpba)} In{ (PFs)2} n*
2nH,0 (1), [{ Cu(H20)(tmen)Cu(NCS)(tmen)}{ x-Cu(H,0)(Mezpba)} J2(ClO4)2+4H,0 (2), and [{ Cu(H,0)(tmen)Cu-
(NCS)(tmen)}{ u-Cu(H20)(Me;pba)} 12(PFe)2+4H,0 (3), where Meypba = 2,2-dimethyl-1,3-propylenebis(oxamato)
and tmen = N,N,N',N'-tetramethylethylenediamine, have been synthesized and characterized. Their crystal structures
were solved. Complex 1 crystallizes in the monoclinic system, space group P2;, with a = 15.8364(3) A, b =
8.4592(2) A, ¢ = 15.952 A, B = 101.9070(10)°, and Z = 2. Complex 2 crystallizes in the monoclinic system,
space group P2;/c, with a = 6.69530(10) A, b = 18.2441(3) A, ¢ = 31.6127(5) A, 8 = 90.1230(10)°, and Z =
4. Complex 3 crystallizes in the monoclinic system, space group P2;/c, with a = 6.68970(10) A, b = 18.150 A,
¢ = 32.1949(4) A, B = 90.0820(10)°, and Z = 4. The three complexes have a central core in common: a
trinuclear Cu" complex with the two terminal Cu" ions blocked by N,N,N’,N'-tetramethylethylenediamine. The structure
of complex 1 consists of trinuclear cationic entities connected by hydrogen bonds to produce a supramolecular
one-dimensional array. The structure of complexes 2 and 3 consist of trinuclear cationic entities linked by pairs by
hydrogen bonds between the water molecule of the central Cu" and one oxygen atom of the oxamato ligand of the
neighboring entity, forming a hexanuclear complex. The magnetic properties of the three complexes were studied
by susceptibility vs temperature measurement. For complexes 1-3 the fit was made by the irreducible tensor
operator (ITO). The values obtained were J; = —386.48 cm~t and J, = 1.94 cm™* for 1, J; = —125.77 cm ™! and
J,=0.85cm~!for 2, and J; = —135.50 cm~* and J, = 0.94 cm~* for 3. In complex 1, the coordination polyhedron
of the terminal Cu" atoms can be considered as square pyramidal; the apical positions are filled by the oxygen
atom from a water molecule in the former and a F atom of the hexafluorophosphate anion in the latter showing a
quasi-planar { Cu(CuMe,pba)Cu} network. For complexes 2 and 3, the square pyramidal environment of the terminal
Cu(ll) ions was strongly modified. To our knowledge, this is the first time that the longest distance (apical) in
complexes with oxamato derivatives and bidentate amines as blocking ligands has been reported in one of the
oxamato arms. The great difference in J; values between 1 and the other two complexes is interpreted as an
orbital reversal of the magnetic orbitals of the terminal Cu" ions in 2 and 3.

Introduction covalent interactions or hydrogen bonding for the rational

Research has recently focused on the ability to control the 9€Sign of functional materialsJournaux et & have reported
that the pathways used to obtain these species are mainly

construction of coordination supramolecular arrays based on
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based on the following synthetic schemes: (a) the self- one-dimensional complexes in which the heterodinuclear
assembled method; (b) the use of polynucleating ligands; entities are linked by the nitrite groupsand, very recently,
(c) the use of complexes as ligands. Following these a supramolecular structure, in which the-ENi entities are
principles, supramolecular architectures have been reportedinked by hydrogen bond and behave as molecule-based
with oxamidatesand oxamate$ Simple mononuclear bis- magnet, have been reported by the auth®iSo far, the
(oxamato)copper(ll) complexes can give supramolecular number of supramolecular systems derived from trinuclear
architecture$.Several oxamidateCu' dinuclear complexes  Cu'—Cu'—Cu' entities is very limited: with oxamidato
also give supramolecular structures, through hydrogenligand only one Cu supramolecular structure has been
bonds? carboxylato ligand$, N-donor spacer%,or small reported® In recent years, we have focused our aim to link
inorganic bridges (N, N37).° With oxamidate-Ni"—Cu' in a supramolecular manner trinuclear'@omplexes derived
entities, tetranuclear systems with SChridging ligands!? from bis(oxamato)copper(ll) systems. All reported species
are schematically shown in Scheme 1.

With o-phenylenebis(oxamato) there is a new complex
with a short distance between the central'@ns of two
separate entities (Scheme 21&)with 2,2-dimethyl-1,3-
propylenebis(oxamato) there are new hexanuclear systems
with hydrogen bonds between a water molecule of one
terminal Cl and one oxygen atom of the oxamato ligand
of the neighboring entity (Scheme )yand with 2-hydroxy-
1,3-propylenebis(oxamato) there is a new one-dimensional
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system contributing the oxygen of theOH group (ana-
logous Scheme 1é)* When the oxamato was 1,3-pro-
panediylbis(oxamato) and using XCNX = S, Se) as
bridging ligand, there is a new pseudo-two-dimensional
system (Scheme 1&).With the aim to synthesize new
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Oxamato-Bridged Cli—Cu"—Cu"" Complexes

systems to find possible magnetic ordering, here we reportresultant solution was filtered to remove any impurity and left to
two new supramolecular systems, linking trinuclear' Cu evaporate slowly at room temperature. Dark blue monocrystals
entities by hydrogen bonds: a one-dimensional arraf/@uf suitable for X-ray determination were collected after 2 weeks. The
(H0)(tmen)Cu(tmen) u-Cu(H0)(Mezpba} ] f (PFs)2} n* yield Wi?ls ca. 80%. Anal. 'Calcd for'zg—|50CICu3N7014§ M, = .
2nH,0 (1), in which the trinuclear entities are linked through ggﬁ'?\IZ)-llci-nglss?’le’ 5.63; N, 10.96; S, 3.58. Found: C, 29.7; H,
hydrogen bonds from the oxygen atoms of the apical water = ' " == = = ©
myolec?Jles from terminal andycgentral Cions (Sche?ne 1c) [{ Cu(H20)(tmen)Cu(NCS)(tmen} { #-Cu(H0)(Mezpba)} |-
and two hexanuclear com Iexe{@[u(HzO)(tmen)Cu(NCS)-, (PFe)2:4H,0 (3). To an aqueous solution (50 mL) of compléx

P (1.37 g, 1.36 mmol) was added an aqueous solution (10 mL) of
(tmen}{ u-Cu(H.0)(Mezpba} 12(ClO,),-4H,0 (2) and f Cu-

NH;SCN (0.103 g, 1.36 mmol) with constant stirring. The resultant
(H20)(tmen)Cu(NCS)(tmehj u-Cu(H0)(Mexpba} | (PF)-: solution was filtered to remove any impurity and left to evaporate
4H,0 (3), in which the trinuclear entities are linked by

slowly at room temperature. Dark blue monocrystals suitable for
hydrogen bonds between the water molecule of the centralX-ray determination were collected after 3 weeks. The yield was
Cu' and one oxygen atom of the oxamato ligand of the ca. 65%. Anal. Calcd for SHseCusFeN7010PS (M, = 940.34): C,
neighboring entity and the SCNbehaves as terminal ligand  28.10; H, 5.27; N, 10.43; S, 3.41. Found: C, 27.9;H, 5.4; N, 10.2;
(Scheme 1d). S, 3.5. o .

Magnet|c propertles Of these three new Supramolecular CrySt.al Strqcture Determination. Suitable CI’yStals OI(b|OCk,
systems have been studied. The magnetic coupling througtP!ue. dimensions 0.30< 0.25 x 0.20 mm), 2 (needle, blue,
the oxamato(2) ligand is strongly antiferromagnetic, owing d!mens!ons 0.55x 0.05 x 0.05 mm), and3 (needle, blue,

. . dimensions 0.50< 0.07 x 0.05 mm) were used for the structure
to the broad overlap between the magnetic orbital of the three s .
. . . determination. X-ray data were collected using a Bruker SMART
metal ions through the corresponding molecular orbital of

. Y ) CCD area detector single-crystal diffractometer with graphite-
the oxamato bridg#. As indicated above, we mainly focused  ,onochromatized Mo K radiation ¢ =0.710 73 A) by thep—w

on the association of the “molecular spins” (trinuclear scan method at room temperature. A total of 1271 frames of
entities) that take place when the supramolecular assembliesntensity data were collected for each compound. The first 50 frames
are formed. No long-range magnetic ordering has been found.were recollected at the end of data collection to monitor for decay.
With these supramolecular systems, long-range magneticin each case, the crystals used for the diffraction studies showed
order has been only reported for a discrete dinuclear sy'$tem, no decomposition during data collection. The integration process

one-dimensional or two-dimensional precursors, fully inter-
locked?’

Experimental Section

Caution! Perchlorate complexes of metal ions are potentially
explosive. Only a small amount of material should be prepared,
and this should be handled with caution.

Synthesis of the New ComplexesThe copper(ll) precursor,
Na[Cu(Mexpba)t3H,0, was prepared as described elsewhgére.

[{ Cu(H0)(tmen)Cu(tmen)}{ u-Cu(H-0)(Mezpba)} ]n{ (PFe)2} n°
2nH,0 (1). An ethanolic solution (15 mL) of tmen (0.313 g, 2.69
mmol) was added to an ethanolic solution (15 mL) of Cu(g40
6H,0 (0.650 g, 2.69 mmol). To this mixture, an aqueous solution
(50 mL) of Ng[Cu(Me,pba)}3H,O (0.547 g, 1.36 mmol) and an
aqueous solution (10 mL) of NjRFR; (0.219 g, 1.36 mmol) were
added successively. After filtration to remove any impurities, the
solution was left undisturbed, and well-formed blue-green crystals
were obtained after several days. The yield was ca. 70%. Anal.
Calcd for G1H45CuUsF1oNgOgP> (Mr = 100921) C, 25.0; H, 4.79;

N, 8.33. Found: C, 24.7; H, 4.7; N, 8.4.

[{Cu(H20)(tmen)Cu(NCS)(tmen}{z-Cu(H.0)(Mezpba)}].-
(Cl04)2*4H,0 (2). To an aqueous solution (50 mL) dfCu(H,0)-
(tmen} o{ u-Cu(HO)(Mezpba} { (ClO4),} 2 previously reported by
ust4 (1.25 g, 1.36 mmol) was added an aqueous solution (10 mL)
of NH,SCN (0.103 g, 1.36 mmol) with constant stirring. The

(16) (a) Costa, R.; Garcia, A.; Ribas, J.; Mallah, T.; Journaux, Y.; Sletten,
J.; Solans, X.; Rodguez, V.Inorg. Chem1993 32, 3733. (b) Hay,

P. J.; Thibeault, J. C.; Hoffmann, R. Am. Chem. Sod975 97,
4884.

(17) (a) Stumpf, H. O.; Ouahab, L.; Pei, Y.; Bergerat, P.; Kahn].G\m.
Chem. Soc1994 116, 3866. (b) Vaz, M. G. F.; Pinheiro, L. M. M.;
Stumpf, H. O.; Alcantara, A. F. C.; Golhen, S.; Ouahab, L.; Cador,
O.; Mathoniee, C.; Kahn, O.Chem—Eur. J. 1999 5, 1486 and
references therein.

for 3, of which 9499 [R(int)= 0.0255], 9435 [R(int= 0.0511],

and 9571 [R(int)= 0.0532], respectively, were independent.
Absorption corrections were applied using the SADABSogram
(maximum and minimum transmission coefficients, 0.729 and 0.631
for 1, 1.000 and 0.811 foR, and 0.916 and 0.467 fd). The
structures were solved using the Bruker SHELXTLPgbftware

by direct methods and refined by full-matrix least-squares methods
on F2. Hydrogen atoms were included in calculated positions and
refined in the riding mode, except those of water molecules that
were located on residual density maps, but their positions were then
fixed and refined in the riding mode. Hydrogen atoms of water
molecules fol3 were not included. Fat convergence was reached

at a final R1= 0.0662 [forl > 20(l)], wR2 = 0.2058 (for all
data), and 488 parameters, with allowance for the thermal anisotropy
for all non-hydrogen atoms. The weighting scheme employed was
w = [04(Fs? + (0.1193P)2 + 0.837P] and P = (|F,|>+2|F¢|9)/3,

and the goodness of fit df? was 1.018 for all observed reflections.
For 2, convergence was reached at a final RD0.0572 [forl >
20(l)], wR2 = 0.1578 (for all data), and 465 parameters, with
allowance for the thermal anisotropy for all non-hydrogen atoms.
The weighting scheme employed was= [03(F,? + (0.0712P)?

+ 0.344®P] and P = (|F,|? + 2|F/3, and the goodness of fit on
F2was 1.092 for all observed reflections. Ryrconvergence was
reached at a final R 0.0697 [forl > 20(1)], wR2 = 0.1892 (for

all data), and 461 parameters, with allowance for the thermal
anisotropy for all non-hydrogen atoms. The weighting scheme
employed wasv = [03(F,2 + (0.076P)2 + 5.993(®P] and P =

(IFol? + 2|F¢[?)/3, and the goodness of fit df? was 1.077 for all
observed reflections. The perchlorate and hexafluorophosphate

(18) Sheldrick, G. M.SADABS University of Gdtingen: Gitingen,
Germany, 1996. Program for absorption corrections using Bruker CCD
data.

(19) Sheldrick, G. M.Bruker SHELXTL-PC University of Gdtingen:
Gattingen, Germany, 1997.
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Table 1. Crystallographic Data for Complexds-3

Tercero et al.

param 1 2 3
empirical formula Q1H48CLbF12NeOgP2 C22H50C|CU3N7014$ szHsoCLbFeN70]_0PS
fw 1009.21 894.82 940.34
space group P2; P2i/c P2i/c
z 2 4 4
a(A) 15.836(1) 6.695(1) 6.690(1)

b (A) 8.459(1) 18.244(1) 18.150(1)

c(A) 15.952(1) 31.613(1) 32.195(1)

p (deg) 101.907(1) 90.123(1) 90.082(1)

V (A3) 2091.0(1) 3861.5(1) 3909.15(8)

pealc(g/cn?) 1.603 1.539 1.598

Ucalc (MM™1) 1.689 1.826 1.794

(Mo Ka), A 0.710 73 0.71073 0.71073

temp (K) 298(2) 298(2) 298(2)

final R indice$ R1=0.0662 R1=0.0572 R1= 0.0697
(I >20(1)] wR2=0.1731 wR2=0.1285 WR?2=0.1542

final R indices R1=0.1009 R1=0.1155 R1=0.1315
(for all data) WR2= 0.2058 wWR2=0.1578 WR2=0.1892

AR1= 3||Fol = IFell/XIFol. "WR2 = {T(W(Fe® — Fc?)2/ 3 (W(Fe?)T} 2

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

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

Cu(1)y-0(1) 1.945(5)
Cu(1)-0(2) 2.010(5)
Cu(1)-N(1) 2.016(7)
Cu(1)-N(2) 2.027(7)
Cu(1-0(1S) 2.275(7)
Cu(2-N(3) 1.932(6)
Cu(2)-N(4) 1.955(6)

O(1)-Cu(1)-0(2) 84.2(2)

O(1)-Cu(1)-N(1)  170.4(3)

0(2)-Cu(1)-N(1) 93.0(2)

O(1)-Cu(1)-N(2) 92.1(3)

O(2-Cu(1)-N(2)  165.8(3)

N(1)—Cu(1)-N(2) 88.4(3)

O(1)-Cu(1)-0(1S)  90.6(3)

O(2)-Cu(1)-0(1S)  89.9(3)

N(1)-Cu(1-O(1S)  98.5(3)

N(2)-Cu(1}-O(1S)  103.8(3)

N(3)—Cu(2)-N(4) 95.3(3)

N(3)-Cu(2)-0(3) 84.1(2)

N(4)-Cu(2-0(3)  175.6(3)

anions and the crystallization water molecules showed high thermal N(4)=Cu(2)-O(4)
parameters and less than ideal geometry. Crystal data and detaiIsN(4)_Cu(2)_o(3)
on the data collection and refinement are summarized in Table 1. o(4)-cu(2)-0(3)
Physical MeasurementsMagnetic measurements were carried
out in the “Servei de Magnetoguica (Universitat de Barcelona)”

Cu(20(3) 1.975(5)
Cu(2y0(4) 1.988(6)
Cu(2)0(2S) 2.450(8)
Cu(3)0(5) 1.925(6)
Cu(3)0(6) 1.959(5)
Cu(3yN(5) 2.002(7)
Cu(3yN(6) 2.009(6)

N@GB)yCu(2-0(4)  176.5(3)

N(4)-Cu(2)-0(4) 84.8(2)

O(3}-Cu(2-0(4) 95.5(2)

N(3)}-Cu(2-0(2S)  98.0(3)

N(4)yCu(2)-0(2S)  102.4(3)

O(3)Cu(2-0(2S)  82.0(3)

O(4yCu(2)-0(2S)  85.4(3)

O(5)Cu(3)-0(6) 85.4(2)

O(5}Cu(3)-N(5) 94.4(2)

O(6YCu(3-N(5)  174.8(3)

O(5)-Cu(3-N(B)  178.1(2)

O(6)-Cu(3)-N(6) 92.7(2)

N(5)-Cu(3)-N(6) 87.5(3)

Cu(1)-N(7) 1.948(4) Cu(2-0(1S) 2.313(3)
Cu(1)-0(1) 1.988(3) Cu(3y0(5) 1.965(3)
Cu(1)-N(1) 2.031(4) Cu(3y0(25) 1.991(4)
Cu(1)-N(2) 2.050(4) Cu(3)N(6) 2.020(5)
Cu(1)-0(2) 2.288(3) Cu(3¥N(5) 2.031(5)
Cu(2)-N(3) 1.933(3) Cu(3y-0(6) 2.256(3)
Cu(2)-N(4) 1.941(3) N(7)-C(22) 1.145(6)
Cu(2)-0(4) 1.982(3) S(1¥C(22) 1.625(6)
Cu(2-0(3) 1.986(3)
N(7)-Cu(1)-O(1)  91.79(17) N(3)}Cu(2-O(1S) 106.78(14)
N(7)-Cu(1)-N(1)  92.9(2) N@)»-Cu(2)-O(1S)  96.99(13)
O(1)-Cu(1)-N(1) 175.25(16) O(4yCu(2}-O(1S)  88.75(12)
N(7)-Cu(1-N(2) 161.8(2) O(3yCu(2-0(1S)  97.22(12)
O(1)-Cu(1)-N(2)  89.72(15) O(5}Cu(3)-O(2S)  85.02(15)
N(1)-Cu(1)-N(2)  85.60(17) O(5¥Cu(3)-N(6)  178.33(19)
N(7)-Cu(1-0(2)  95.59(18) O(2S)Cu(3)-N(6)  96.0(2)
O(1)-Cu(1)-0(2)  79.30(11) O(5¥Cu(3)-N(5) 92.33(18)
N(1)-Cu(1)-O(2) 100.94(15) O(2S)Cu(3)-N(E) 158.1(2)
N(2)—Cu(1)-0O(2) 102.48(15) N(6}Cu(3)-N(5) 87.2(2)
N(3)-Cu(2-N(4)  95.26(14) O(5¥Cu(3)-0(6) 80.35(11)
N(3)—Cu(2-0(4) 164.41(14) O(2S)Cu(3)-O(6)  3.88(14)
83.85(13)  N(6)Cu(3)-0O(6) 98.24(17)
N(3)-Cu(2-0(3)  84.25(13) N(5}Cu(3)-O(6)  107.15(16)
165.29(14) C(23N(7)-Cu(l)  169.7(5)
9267(12) N(7A-C(22-S(1)  178.7(5)

respectively. Within each trinuclear fragment, the terminal

on polycrystalline samples (ca. 20 mg) with a Quar_1turn Design Cu(1) and Cu(3) atoms are ¢4 1)-coordinated. Two amino
MPMS SQUID susceptometer operating at a magnetic field of 0.1 nitrogen atoms from the tmen ligand and two oxygen atoms
T between 2 and 300 K. The diamagnetic corrections were evaluatedfrom the oxamato form their basal planes. The apical

from Pascal's constants. EPR spectra were recorded on powder
samples at X-band frequency with a Bruker 300E automatic
spectrometer, varying the temperature between 4 and 298 K.

Results

Description of the Structures [ Cu(H2O)(tmen)Cu-

(tmen)}{ u-Cu(H0)(Mezpba)}]«{ (PFe)2}n2nH,0 (1), [{ Cu-
(H20)(tmen)Cu(NCS)(tmen}{ p-Cu(H.0)(Me.pba)}].-
(ClO4)2+4H,0 (2), and [ Cu(H.0)(tmen)Cu(NCS)(tmen} -

{ p-Cu(H20)(Mezpba)}](PFe)2:4H,0 (3). Crystallographic
data are found in Tables-2. The structure of complek
consists of a one-dimensional system formed by trinuclear
copper(ll) cations,{[Cu(H0)(tmen)Cu(tmen}f u-Cu(HO)-
(Meypba} ]?*, hexafluorophosphate anions, and crystalliza-

positions are filled by the oxygen atom O(1S) from the water
molecule (2.275 A) in the former and the F(6) atom from
the weakly bound hexafluorophosphate anion (2.676 A) in
the latter. The coordination polyhedron of Cu(1) can be
considered a square-pyramid withr dactor value of 0.08

(r = 0 for a square pyramid and = 1 for a trigonal
bipyramid)?® whereas the Cu(3) atom is quasi square planar.
The central Cu(2) atom has a {4 1) environment, with an
equatorial plane occupied by two oxygen atoms and two
nitrogen atoms from the oxamato groups. The fifth axial
position is occupied by the water oxygen atom O(2S) (2.450
A). Their coordination polyhedron can be regarded as a
square pyramid with a factor value of 0.01. The metal

tion water molecules. Figures 1 and 2 show the cationic part (20) Addison, A. W. Rao, T. N.: Reedijk, J.; Rijn, J. V.: Verschoor, G. C.

with atom labeling scheme and a view of the packing,
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c2

Figure 1. Drawing of the cationic part of{ Cu(HO)(tmen)Cu(tmer})-
{u-Cu(HO)(Megpba} |n{ (PFs)2} n-2nH20 (1) with the atom labeling scheme.
Ellipsoids are at the 50% probability level. The methyl groups of the tmen
ligand have been omitted for clarity.

Table 4. Selected Bond Lengths (A) and Angles (deg) Sor

Cu(1)-N(7) 1.955(6) Cu(2r0(1S) 2.332(4)

Cu(1y-0(1) 1.983(4) Cu(3y0(5) 1.960(4)

Cu(1)-N(1) 2.029(5) Cu(3)yN(5) 2.005(6)

Cu(1)-N(2) 2.062(6) Cu(3yN(6) 2.012(6)

Cu(1-0(2) 2.279(4) Cu(3y0(2S) 2.014(5) §

gﬂg)):mggg iggggig (l\:ll(J7()3i-}Cc()2(% iigg((g)) Figure 2. Projection down thébc-plane of the packing of{ Cu(H;O)-
Cu(2)-0(4) 1'974(3) S(5C(22) 11610(8) (tmen)Cu(tmenf u-Cu(H0)(Mexpba} ] of (PFs)2} n-2nH20 (1), showing the
Cu(2)-0(3) 1'983(3) ’ best view of the one-dimensional entities. The hexafluorophosphate anions

are omitted for clarity.
N(7)—Cu(1)-0(1) 90.6(2) N(4)-Cu(2-0O(1S) 99.04(17)
N(7)—Cu(1)-N(1) 92.7(3) N(33Cu(2)-O(1S) 104.26(16)
O(1)-Cu(1}-N(1) 176.7(2) O(4yCu(2)-0(1S) 88.57(15)
N(7)—Cu(1)-N(2) 161.9(3) O(3)Cu(2)-0(1S) 94.45(15)
O(1)—-Cu(1)y-N(2) 90.57(19) O(5)Cu(3)-N(5) 92.8(2)
N(1)—Cu(1)-N(2) 86.1(2) O(5)-Cu(3)-N(6) 179.2(3)
N(7)—Cu(1)-0(2) 98.1(2) N(5)-Cu(3)—N(6) 87.9(3)
O(1)-Cu(1y-0(2) 79.20(13) O(5)Cu(3)-0(2S) 84.27(19)
N(1)—Cu(1)-O(2) 100.87(18) N(5)Cu(3)-O(2S) 158.8(3)
N(2)—Cu(1)-0(2) 99.84(19) N(6)Cu(3)-0(2S) 95.0(3)
N(4)—Cu(2)-N(3) 95.24(17)  O(5)Cu(3)-0(6) 80.06(14)
N(4)—Cu(2)-0(4) 84.27(16)  N(5)Cu(3)-0(6) 105.1(2)
N(3)—Cu(2)-O(4) 167.05(17) N(6)Cu(3)-O(6) 100.1(2)
N(4)—Cu(2)-O(3) 166.17(18) O(2S)Cu(3-0(6) 95.06(19)
N(3)—Cu(2)-0(3) 84.34(16) C(2N(7)—Cu(l) 165.8(6)
O(4)—Cu(2y-0(3) 93.04(15) N(AC(22)-S(1) 177.8(7)

Figure 3. Drawing of the common cationic part ofGu(H.O)(tmen)Cu-
(NCS)(tmen){u-Cu(H0)(Mezpba} 12(Cl04)2-4H20 (2) and { Cu(H.0)-
(tmen)Cu(NCS)(tmen) u-Cu(H0)(Mexpba} ]2(PFs)2:4H0 (3) with the
atom labeling scheme. Ellipsoids are at the 50% probability level. The
methyl groups of the tmen ligand have been omitted for clarity.

atoms Cu(1) and Cu(2) are displaced from the least-squares

basal plane toward the apical water molecule+8204 and basal plane consists of the two amino nitrogen atoms from
—0.068 A, respectively. The Cu@Cu(2)-Cu(3) angle is the tmen ligand, an oxygen atom O(5) from the oxamato,
177.082. In the crystal (Figure 2), the neighboring trinuclear and one oxygen atom O(2S) from the coordinated water
entities are linked through hydrogen bonds from the oxy- molecule. The apical positions are filled by the oxygen atom
gen atoms O(1S) and O(2S) from the apical water mole- O(2) (2.288 A for2 and 2.270 A for3) for Cu(1) and by the
cules from Cu(1) and Cu(2), respectively, thus leading to a oxygen O(6) (2.256 A foR and 2.264 foB) for Cu(3), with
chain along the axis. In the chain, the distances between both oxygen atoms from the oxamato ligand. The central
O(2S)-H(1SA) and O(1SYH(2SA) are 2.42 and 2.43 A, Cu(2) atom has a (4 1) environment, with an equatorial
respectively. The intramolecular metahetal separations  plane occupied by two oxygen atoms and two nitrogen atoms
Cu(ly:+Cu(2) and Cu(2)y-Cu(3) are 5.182 and 5.132 A, from the oxamato groups. The fifth axial position is occupied
respectively, whereas the intermolecular one Ge{Cu(2) by the water oxygen atom O(1S) (2.313 A ®and 2.332

is 6.202 A. Complexe® and3 are similar in structure, which A for 3). The coordination polyhedron for ¢ions can be
consists of an hexameric system of trinuclear copper(ll) considered square pyramid withrdactor value of 0.22 for
cations [ Cu(H0)(tmen)Cu(NCS)(tmef] u«-Cu(H.0)- Cu(1), 0.01 for Cu(2), and 0.34 for Cu(3) for complgx
(Mezpba}]*, perchlorate anions fd@ and hexafluorophos-  and 0.24 for Cu(1), 0.01 for Cu(2), and 0.34 for Cu(3) for
phate anions for3, and crystallization water molecules. complex3. The metal atoms Cu(1), Cu(2), and Cu(3) are
Figure 3 shows the common cationic part with atom labeling displaced from the least-squares basal plane toward the apical
scheme. In complexeésand3, within each trinuclear frag-  ligand by—0.157, 0.257, and 0.176 A for compl&and by
ment, the terminal Cu(1) and Cu(3) atoms areH(4)-coor- —0.157,—0.227, and 0.185 A for compleX As shown in
dinated. For the Cu(1) ion the basal plane is formed by the Figure 4 for2 and3, two of the trinuclear entities are self-
two amino nitrogen atoms from the tmen ligand, an oxygen assembled by hydrogen bonds between a water molecule
atom O(1) from the oxamato, and the nitrogen atom N(7) O(1S) of the central Cuion and one oxygen atom of the
from the coordinated thiocyanate group. As for Cu(3), the oxamato ligand of the neighboring entity. The unit cells are
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Figure 4. Drawing of the common hexanuclear entity pE{(H0)(tmen)-
Cu(NCS)(tmerd{ u-Cu(H0)(Mezpba} 12(ClO4)2-4H20 (2) and { Cu(H0)-
(tmen)Cu(NCS)(tmei) u-Cu(H:0)(Mezxpba} | o(PFe)2+4H,0 (3).

shown in Figure 5a for2 and Figure 5b for3. In the
hexanuclear entities, the distance between ©KgLSA) is
2.12 A for 2. Regarding comple8, the hydrogen atoms of
the water molecules were not included and the contact
distance between O(1SP(6) is 2.785 A. The Cu(b
Cu(2)-Cu(3) angles are 152.92€or 2 and 160.521 for 3.
The intramolecular metalmetal separations Cu(1)Cu(2),
Cu(2):+Cu(3) are 5.348, 5.337 A fa? and 5.345, 5.320 A
for 3. The shortest intermolecular €eCu distances, via the
hydrogen bonds, are Cu@Lu(2)= 6.152 A and Cu(2y
Cu(3)= 6.114 A for2 and Cu(2)-Cu(2) = 6.113 A and
Cu(2>-Cu(3)= 6.138 A for3

Magnetic Properties. A plot of yuT vs temperature in a
field of 0.1 T for complexd is shown in Figure 6yw is the
susceptibility/Cu, unit (Figure 7; see below). Thg, T value
decreases gradually from 2.36 €mol~* K between 300
and ca. 125 K (1.72 cfrmol~* K). Between 125 and 25 K
there is a plateauy(;T between 1.72 and 1.69 émmol? (b)

K), and from 25 to 2 KymT clearly decreases to 1.49 &m  Figure 5. Projections down théc-plane of the unit cells of (a){ Cu-

mol- K. The shape of the curve from room temperature to (H20)(tmen)Cu(NCS)(tmej u-Cu(H:0)(Mezpba}12(ClOs);4H;0 (2) and
. . . N b) ({ Cu(HO Cu(NCS -Cu(H0)(Mezpb -4H,0
25 K is typical of an antiferromagnetic trinuclear 'Cu 53;.({ u(H0)(tmen)Cu(NCS)(tmeij u-Cu(H0)(Mezpba} o PF)2+4Hz

complext% The reduction of theyyT value in the low-
temperature region is indicative of intermolecular interactions
through hydrogen bonds which are shown in the structural
part (Figure 2). To fit the experimental data (taking into
account the low-temperature zone) we have assumed a ring
of 12 copper(ll) atoms, which should describe the behavior
of the infinite chain with negligible uncertainty (Figure 7).
The experimental data were fitted according to the following
Hamiltonian:

H=-3(55+S55+55+S§+tSS§+ S+
ST Tha 311512) - J2(5335+ SST &S+ Slzsz)

where J; correspond to the coupling through the oxamato
bridge andJ, to the coupling through the hydrogen bonding
Figure 6. Experimental and calculated variations of the progwd versus

between trinuclear entities. The free parameters Jgra,
t ture f O)(tmen)Cu(t -Cu(H0)(Me:pba} |of (PFe)z}
and g (average). The fit made by the irreducible tensor fnT.‘z’g“’}Ke ariCu(roMmen)Cutmet-CulrOlMepbatl (Prid

operator formalism (ITO) using the CLUMAG progrém i ]
gave the following resultsd; = —386.48 cn; J, = 1.94 for aring of 12 atoms) has been described elsewhahthen

cmL g=2.14;R= 252 x 105 As expected, with this the magnetic interaction between the trinuclear entities is
smallJ, value, the variation ofwT vs T is observed only at weakly ferromagnetic, the resultirg values tend to zero
low temperatures. The simulation of the two possible cases@! 10w temperatures, and so thaT curve decreases and

(ferro- and/or antiferromagnetic intermolecular interactions t€Nds to zero at these temperatures.
Plots of ymT vs temperature in a field of 0.1 T for

(21) Gatteschi, D.; Pardi, LlGazz. Chim. Ital1993 123 231. complexes2 and 3 are shown in Figures 8 and 9, respec-
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Figure 7. Scheme of the spin topology assuming intermolecular ferro-

magnetic coupling for a ring of 12 copper(ll) atoms.
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Figure 8. Experimental and calculated variations of the progw versus

temperature for{Cu(HO)(tmen)Cu(NCS)(tmehj u-Cu(HO)(Mezxpba} -
(ClO4)224H0 (2).
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Figure 9. Experimental and calculated variations of the progwd versus
temperature for{Cu(H0)(tmen)Cu(NCS)(tmehj u-Cu(HO)(Mexpba} |-
(PFs)2:4H0 (3).

tively. In both casegym is the susceptibility/Cgunit (Figure
10; see below). For compleR, the y»T value decreases
gradually from 2.00 cthmol! K at 250 K, with a plateau
between 40 and 15 K (0.87 émol ! K), to 0.82 cni mol*

Ji=AF;J,=F
wml —> 0

ST=O

Figure 10. Scheme of the spin topology assuming intermolecular
ferromagnetic coupling for a ring of six copper(ll) atoms.

K at 2 K. For3, the shape of the curve and thgT values

are very similar to those of complex the ymT value
decreases gradually from 2.26 €mol~* K at 300 K with

a plateau between 40 and 15 K (0.953%cmol™* K), and
from 15 to 2 KymT slightly decreases to 0.90 émol* K.

The shape of the curves from room temperature to 15 K is
typical of a ferrimagnetic trinuclear Gucomplex!é The
decrease of thgyT value in the low-temperature region is
indicative of small intermolecular interactions, through
hydrogen bonds, as shown in the structural part (Figure 4).
The simulation of the two possible cases (ferro- and/or
antiferromagnetic intermolecular interactions for a system
of 6 atoms) has been reported elsewHérEhe case shown

in Figure 10 was used to analyze experimental magnetic
measurements and for the treatment of data. When the
magnetic interaction between these two entities is weakly
ferromagnetic, the resultin§r value tends to zero at low
temperatures, and so theT curve decreases and tends to
zero at these temperatures. The experimental data were fitted
according to the following Hamiltonian:

H=-4(SS+SS+SS+SS) ~ LSS+ S

Here J; corresponds to the coupling through the oxamato
bridge andJ, to the coupling through the hydrogen bonding
between trinuclear entities. The free parameters \d¥gré,

and g (average). The fit made by the irreducible tensor
formalism (ITO), using the CLUMAG progrart,gave the
following results: J; = —125.77 cmt, J, = 0.85 cn1?, g

= 2.16, andR = 3.24 x 10* for complex2; J; = —135.50
cmt, J, =0.94 cmt, g = 2.27, andR = 6.25 x 10°° for
complex3.

EPR Spectra. The main features of the powder EPR
spectra at various temperatures for compound3 are sum-
marized in Table 5. Clear temperature dependence is ob-
served upon cooling. At room temperature the three EPR
spectra are isotropic witly (average) close to 2.10. The
bandwidth is very large (15662000 G). On decrease of the
temperature1—3 present axial symmetry withy, > go >
2.00.1 also shows hyperfine splitting in the parallel direction
(Av=T75G).

The magnetic susceptibility data show that, at liquid
nitrogen temperature and at 4 K, the doublet ground state is
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Table 5. Main Features of the EPR Spectra of Compouhds at Different Temperatures

close to liquid-N temp (77 K)

compds room temp 4K
1 g = 2.08 (isotropic, (99 K): gy=2.18,g5 = 2.06, g1 = 2.18,g0 = 2.06,
width 1500 G} A,=75G A,=T75G
2 g = 2.12 (isotropic, (85 K): g=2.11 (isotropic, (45 K): gy=2.18,g0=2.10 g1=2.18,g5=2.10
width 2000 G} width 1000 G)
3 g= 2.11 (isotropic, (89 K); g = 2.11 (isotropic, (45K): gy=2.19,g5=2.10 g1=2.19,g0=2.10
width 1800 G} width 1000 G)

aIn the three complexes, the bandwidth strongly decreases with temperature.

the most populated for all compounds—3), the g tensor
of this doublet ground state being related to the individual
tensor of the copper ions By

9= 1/3[297; — 9c + 20+, ()
Thus, at low temperature, where only the doublet ground (\N
state is populated, thgetensor of the doublet ground state is N N/>

expected to be less anisotropic than theensor of the
mononuclear species (in average).

Another effect should be taken into consideration. Even
an extremely weak value of intermolecular exchange interac- (b)
tions leads to the exchange averaging effect, which is b 11 Relat ontati tth ic orbitals when they

. . . ijgure . elative orientations o € magnetic orpbitals wnhen they lie

re§pon5|ble for the isotropic spectra at r‘_mm temP‘?réﬁ@re- (a) all coplanar in square-based pyramidal coordination and (b) in dis-
It is well-known that exchange averaging conditions are tinct planes with square-based pyramidal coordination for botht@uminal
frequently fulfilled for mononuclear copper(ll) complexés. ions.
Therefore, it is highly probable that the intermolecular
exchange averaging condition is always fulfilled for trinuclear ; X , i
copper(ll) complexes. data explain why thd values (antiferromagnetic coupling

Therefore, the bands are very broad and isotropic at roomthrough the oxamato bridge) for complexzand3 are the
temperature, whereas, at lower temperature, the signald®West reported so far with oxamato ligands and bidentate
become sharp and anisotropic but less pronounced than irfMines as blocking ligands.

most copper(ll) mononuclear species with the unpaired Concerning the intermolecular hydrogen bonds, a few
electron in an @y orbital. reports have implicated H-bond water pathways in intermo-

lecular ferromagnetic couplirdy. The small ferromagnetic
Discussion coupling found in complexe&—3 may be due to the fact
that the water molecules that participates in the bond are
apical to the square-pyramid Cions, and thus the possible
overlap between the magnetic orbitals should be close to zero
or even nil, taking into account the orthogonality of these
orbitals.

nal to the oxamato bridge as shown in Figure 11b. These

In complex 1, like in all the complexes reported with
oxamato derivatives and tmen as blocking ligand, thé Cu
terminal atoms have a 4 1 square-pyramid environment,
the basal plane are formed by the two nitrogen atoms of the
tmen and two oxygen atoms of the oxamato bridge, and the
apical position is occupied by a water molecule, counteran- conclusions
ions (such as CIQy, PR™), or XCN™ (X = Se, S). The ) _
magnetic orbitals are well described by the antibonding !N this study, we have synthesized the comp{(H,0)-
combination of the @ > metallic orbitals with the symmetry-  (tmen)CUu(NCS)(tmen)«-Cu(H.0)(Mepba}o(ClO4).:
adapted molecular orbitals of the oxamato bridge, and they4H20 (2) starting from {Cu(H0)(tmen}{ u-Cu(H.0)-
lie in the base of the square pyramid as shown in Figure (Mepba}]o{(ClOu)s}2, previously reported by us. To
11a; alld values are higher than330 cni™. For complexes ~ Prepare the analogous complex withsPK3) instead of
2 and3, the square pyramidal environment of the terminal ClOs~, we previously synthesized thgGu(H,0)(tmen)Cu-
copper(ll) is strongly modified with an oxygen atom of (tmenHu-Cu(H:0)(Me;pba} ] (PFe)2}n-2nH-0 compound
oxamato bridge occupying the apical position. This change 1. The change in the countgramon mo<_j|_f|es the self-assem-
in the square-pyramid environment of the terminal copper- bl_ed process between the trinuclear entltles_: for the complex
(1) ions gives the “orbital reversal” described by K&hfor with ClO,~ the self-assembled process gives hexanuclear
oxalato complexes. This feature reduces the overlap becaus&ntities, instead of the one-dimensional entities obtained for

the terminal magnetic orbitals are located in planes orthogo- €OmMplex1 (with PFs™). Our main aim was to self-assemble
these trinuclear entities through the SCligand, as reported

(22) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems

Springer-Verlag: Berlin, 1990. (24) (a) Scaringe, R. P.; Hatfield, W. E.; Hodgson, Ondrg. Chem1977,
(23) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993; 16, 1600. (b) Drijaca, A.; Hockes, D. C. R.; Moubaraki, B.; Murray,
pp 169 and 255. K. S.; Spiccia, L.Inorg. Chem 1997, 36, 1988.
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when the oxamato was 1,3-propanediylbis(oxam&¥o). type of orbital reversal, which strongly reduces the antifer-
Unexpectedly, when this oxamato derivative is replaced by romagnetic coupling.
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oxygen atom of the oxamato skeleton, giving rise to a new 1C011081I
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