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The monometallic precursors L'*Cu and L2Cu (L'H, standing for 1,3-bis((3-ethoxysalicylidene)amino) propane and
L%H, standing for 1,2-bis((3-methoxysalicylidene)amino) ethane) react with sodium dicyanamide (dca) (NaNsC,), a
mixture of gadolinium nitrate, and sodium dicyanamide to yield heterodinuclear L>XCuNa(NCNCN) and LCuGd-
(NO3)(NCNCN), entities. The structural determination shows that two Cu—Na entities are linked by dca with an
original w1 coordination mode, evidenced here for the first time, to yield tetranuclear complexes. Two hydrogen
bonds operate between the water molecule coordinated to one of the sodium ions and the free nitrogen atoms of
two dca ligands, yielding infinite zigzag chains. The structural determination of the Cu—-Gd entities indicates that
they are held together by two dca ligands, bridging alternately Cu to Gd and Gd to Gd cations, in the more
common u; s mode to yield a one-dimensional (1D) network. The dca ligands are not able to transmit interaction
between the magnetically active centers in these chains, which are the unique example of structurally characterized
Cu-Gd complexes involving dca ligands.

Introduction coordination behavior and its ability to organize solids into

Polymeric coordination compounds built from paramag- polymeric structures with a rich diversity of magnetic
netic cations and cyanide units such as monocyarteh- properties have attracted interest toward this research area.

S—CN-, O—CN")-, dicyanamid&2[N(CN),] -, silver(l) and We have previously shown that compartmental Schiff base

copper(l) cyanidéP3 tricyanomethanidé4 [C(CN)3]~, ligands, resulting from the reaction of 3-methoxysalicylal-
tetracyanometalat&s® [M(CN)4]2~, hexacyanometalate$ dehyde with different diamines, may yield discrete heterodi-
[M(CN)s]> (M = Fe, Cr, Mn), heptacyanometalates huclear 3d/alkali-metal and 3d/4f compleXesith the 3d
(IMo(CN);]*), and other polycyanide anions or organic ion coordinated in the pO; site and the alkali-metal cation
radicals (such as TCNQ(tetracyangp-quinodimethanide) ~ or the 4f ion in the GO; site. The isolated complexes are
or TCNE" (tetracyanoethylenid€)pre the focus of intense  formulated LMMX or LMLnX 3, L standing for the ligand,
research. M for the 3d ion (mainly Nit and C@*), M’ for Na*, Li™,

The dicyanamide ligand N(Ch), abbreviated as dca, has K™, Ln for the 4f ion, and X for the anionic species (mainly
attracted continuous attention in the past four years for the NOs~ or ClO,”). Recently, we have obtained polymeric
buildup of interesting extended architectutésts versatile heterometallic 3d/4f complexes by using anionic species such
_as thiocyanates and hexacyanometalates, and we have shown
Co;’gggIocrc_iguI‘g’ﬂgg‘frfo”es"o”de”Ce should be addressed. E-mail: ynat thejr magnetic behavior is dominated by ferromagnetic

t Laboratoire de Chimie de Coordination du CNRS. interactions. In the present study. we report on the syntheses,

- Institut des Sciences et Iglerie Chimiques, EPFL. crystal structures, and magnetic properties of an original

Department of Chemistry, Moldova State University. . : .
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Dicyanamide-Bridged Ct-Na and Cu—Gd Polymers

Experimental Section

All starting materials and solvents were purchased from Aldrich

and were used without further purification.!@u and [2Cu
complexes were prepared as described eétliesing of 1,3-
diaminopropane or 1,2-diaminoethane as diamine reactants.

L1Cu-H,0. Anal. Found: C, 56.3; H, 5.6; N, 6.1. Calcd for
C21H26CuN,Os: C, 56.5; H, 5.8; N, 6.2. IR (4008400 cnT! KBr):
v(OH) 3549, 3506¥(C=N) 1624, 1610y(C=C) 1548;v(Cpr—O)
1244, 1223.

(2) (a) Kutasi, A. M.; Batten, S. R.; Moubaraki, B.; Murray, K. Chem.
Soc., Dalton Trans2002 819. (b) Batten, S. R.; Jensen, P.; Kepert,
C. J.; Kurmoo, M.; Moubaraki, B.; Murray, K. S.; Price, D.JJChem.
Soc., Dalton Trans1999 2987. (c) Dasna, I.; Golhen, S.; Ouahab,
L.; Fettouhi, M.; Pena, O.; Daro, N.; Sutter, J.4Rorg. Chim. Acta
2001, 326, 37. (d) Gao, E.-Q.; Bai, Sh.-Q.; Wang, Zh.-M.; Yan, Ch.-
H. Dalton Trans.2003 1759. (e) Manson, J. I.; Gu, J.; Schiueter, J.
A.; Wang, H.-H.Inorg. Chem.2003 42, 3950. (f) Vangdal, B.;
Carranza, J.; Lloret, F.; Julve, M.; Sletten,JJ.Chem. Soc., Dalton

Trans.2002 566. (g) Carranza, J.; Brennan, C.; Sletten, J.; Lloret, F.;

Julve, M. J. Chem. Soc., Dalton Tran2002 3164. (h) Dalai, S.;
Mukherjee, P. S.; Zangrando, E.; Chaudhuri, NNBw J. Chen2002

26, 1185. (i) Ghoshal, D.; Bialas, H.; Escuer, A.; Font-Bardia, M.;
Maji, T. K.; Ribas, J.; Solans, X.; Vicente, R.; Zangrando, E.;
Chaudhuri, N. REur. J. Inorg. Chem2003 3929. (j) Miyasaka, H.;
Clérac, R.; Campos-Ferndez, C. S.; Dunbar, K. Rnorg. Chem.
2001, 40, 1663. (k) van Albada, G. A.; Quiroz-Castro, M. E;
Mutikainen, I.; Turpeinen, U.; Reedijk, Jnorg. Chim. Acta200Q
298 221. (I) Triki, S. THeiot, F.; Gala-Mascaros, J.-R.; Pala, J. S,;
Dunbar, K. RNew J. Chem2001, 25, 954. (m) Kurmoo, M.; Kepert,
C. J.New J. Chem1998 1515. (n) Miyasaka, H.; Nakata, K.; Sugiura,
K.; Yamashita, M.; Cleac, R.Angew. Chem., Int. EQ004 43, 707.
(0) Wu, A. Q.; Zheng, F. K.; Chen, W. T.; Cali, L. Z.; Guo, G. C;
Huang, J. S.; Dong, Z. C.; Takano, ¥org. Chem 2004 43, 4839.

(3) (a) Hibble, S. J.; Wversfield, Sh. G.; Cowley, A. R.; Chippindale, A.
M. Angew. Chem., Int. EQ004 43, 628. (b) Dong, W.; Wang, Q.-
L.; Si, S.-F.; Liao, D.-Z.; Jiang, Z.-H.; Yan, S. P.; Cheng,lforg.
Chem. Commur2003 6, 873 (c) Hoskins, B. F. Robson, R.; Scarlett,
N. V. Y. J. Chem. Soc., Chem. Commf94 2025. (d) Abrahams,
S. C.; Bernstein, J. L.; Liminga, R.. Chem. Phys198Q 73, 4585.
(e) Dong, W.; Zhu, L.-N.; Sun, Y.-Q.; Liang, M.; Liu, Z.-Q.; Liao,
D.-Z.; Jiang, Z.-H.; Yan, S. P.; Cheng, Bhem. Commur2003 2544.

(4) (a) Manson, J. L.; Campana, C.; Miller, J. 5.Chem. Soc., Chem.
Commun.1998 251. (b) Batten, S. R.; Hoskins, B. F.; Robson, R.
New J. Chem1998 173. (c) Mansson, J. L.; Ressouche, E.; Miller,
J. S.Inorg. Chem 200Q 39, 1135. (d) Hoshino, H.; lida, K.;
Kawamoto, T.; Mori, T.Inorg. Chem.1999 38, 4229. (e) Batten, S.
R.; Hoskins, B. F.; Moubaraki, B.; Murray, K. S.; Robson JRChem.
Soc., Dalton Trans1999 2977. (f) Batten, S. R.; Hoskins, B. F.;
Robson, RJ. Chem. Soc., Chem. Comma@91, 445. (g) Chow, Y.
M.; Britton, D. Acta Crystallogr.1975 B31, 1934.

(5) (a) Buschmann, W. E.; Arif, A. M.; Miller, J. SAngew. Chem., Int.
Ed. 1998 37, 781. (b) Hoskins, B. F.; Robson, B. Am. Chem. Soc.
1990 112 1546.

(6) (a) Kou, H.-Z.; Zou, B. C.; Gau, S.; Wang, R.Ahgew. Chem., Int.
Ed. 2003 42, 3288. (b) Kou, H. Z.; Zhou, B. Ch.; Wang, R.4dorg.
Chem.2003 42, 7658. (c) Kou, H. Z.; Zhou, B. Ch.; Gao, S.; Liao.
D.-Zh.; Wang, R.-JInorg. Chem 2003 42, 5604. (d) Inoue, K.;
Kikuchi, K.; Ohba, M.; Okawa, HAngew. Chem., Int. EQ003 42,
4810.

(7) (a) Larionova, J.; Kahn, O.; Golhen, S.; Ouahab, L ré&eR.J.
Am. Chem. Sod 999 121, 3349.(b) Sra, A. K.; Andruh, M.; Kahn,
O.; Golhen, S.; Ouahab, L.; Yakhmi, J. ¥\ngew. Chem., Int. Ed.
1999 38, 2606. (c) Kitazawa, T.; Nishikiori, S. I.; lwamoto, T.
Chem. Soc., Dalton Tran49943695. (d) Larionova, J.; Gross, M.;
Pilkington, M.; Andres, H.; Stoeckli-Evans, H.; "Gel, H. U,;
Decurtins, SAngew. Chem., Int. EQR00Q 39, 1605. (e) Zhong, Z.
J.; Seino, H.; Mizobe, Y.; Hidai, M.; Verdaguer, M.; Ohkoshi, S.;
Hashimoto, K.Inorg. Chem.200Q 39, 5095. (f) Triki, S.; SalaPala,
J.; Decoster, M.; Molinie, P.; Toupet, Bngew. Chem., Int. EA.999
38,113. (g) Carlucci, L.; Ciani, G.; Gudenberg, D. W. V.; Proserpio,
D. M. New J. Chem1999 23, 397. (h) Dunbar, K. RAngew. Chem.,
Int. Ed. 1996 35, 1659. (i) Heintz, R. A.; Zhao, H.; Ouyang, X;
Grandinetti, G.; Gowen, J.; Dunbar, K. forg. Chem.1999 38,
144,

(8) (a) Costes, J.-P.; Dahan, F.; Dupuis, A.; Laurent, Jnérg. Chem.
1997, 36, 3429. (b) Costes, J.-P.; Dahan, F.; Laurent, Jnétg. Chem.
1994 33, 2738.

L2Cu-H,0. Anal. Found: C, 53.1; H, 5.0; N, 6.8. Calcd for
CigH20CuN,Os: C, 53.0; H, 4.9; N, 6.9. IR (4000400 cn1?
KBr): v(OH) ~3459;v(C=N) 1644, 1602y(C=C) 1546;v(Cpn—

0) 1241, 1217.

[(L2CuNa(NCNCN))2(H20)] (1). A mixture of NaN(CN} (0.1
g, 1 mmol) and_2Cu-H,0 (0.41 g, 1 mmol) in methanol (5 mL)
yielded a red solution that was filtered and set aside. The dark-red
crystals that appeared 5 days later were filtered off and air-dried.
Anal. Found: C, 49.0; H, 3.8; N, 14.2. Calcd forH3sCUpN 1o
NaOqg: C, 49.2; H, 3.9; N, 14.4. IR (4000400 cnt! KBr): v(OH)
~3435;v(C=N) 2251, 2242, 2201, 214%(C=N) 1628;v(C=C)
1545;v(Cpi—0) 1242, 12109.

{[L 1CuGd(NO3)(NCNCN)](CH3),CO}, (2). NaN(CN), (0.27

g, 3 mmol) in HO (1.5 mL) was added to a solution of Gd(R)&
6H,0 (0.45 g, 1 mmol) in acetone (100 mL). The solution was
refluxed for 2 h, cooled to room temperature, and filtered off. To
this solution was added!Cu-H,0 (0.45 g, 1 mmol) dissolved in
80 mL of acetone. The resulting green solution was set aside. Its
slow evaporation at room temperature yielded green-brown crystals
3 days later; they were isolated by filtration and air-dried. Anal.
Found: C, 40.12; H, 3.41; N, 14.85. Calcd fosg830CuGdN,Og:
C, 39.97; H, 3.59; N, 14.98. IR (406@100 cnm! KBr): v(OH)
~3408; v(C=N) 2319, 2281, 2246, 2228, 2195, 2166C=0)
1716;v(C=N) 1622;»(C=C) 1564, 1559y(Cpri—Q) 1249, 1222,
1204;v,{NO,) 1468;v{(NO,) 1296;v(NO) 1084.

[L1CuGd(NO3)3(CH3),CO] (3). L1Cu-H,0 (0.24 g, 0.5 mmol)
dissolved in acetone (50 mL) was slowly added to an acetone
solution (20 mL) of Gd(N@)3-6H,0O (0.23 g, 0.5 mmol) under
vigorous stirring. After partial evaporation of the solvent, the blue-
green crystals that appeared were separated by filtration, washed
with cold acetone, and air-dried. Anal. Found: C, 35.06; H, 3.46;
N, 8.35. Calcd for GH3,CuGdN;O,4: C, 34.59; H, 3.63; N, 8.40.

IR (4000-400 cnt! KBr): »(OH) ~3408;v(C=N) 1616;v(C=C)
1558, 1540p(Cpri—0) 1249, 1222, 1204;,{NO,) 1471;v(NO,)
1320;v(NO) 1078.

Physical Measurements.Elemental analyses (C, H, N) were
carried out by the Service de Microanalyze du Laboratoire de
Chimie de Coordination, Toulouse, France. Infrared spectra (4000
400 cntl) were recorded on a GX system 2000 Perkin-Elmer
spectrophotometer. Samples were run as KBr pellets. Magnetic data
were obtained with a Quantum Design MPMS superconducting
quantum interference device (SQUID) magnetometer. All samples
were 3-mm diameter pellets molded from ground crystalline
samples. Magnetic susceptibility measurements were performed in
the 2-300 K temperature range ina 05 or 0.1 T @, 3) applied
magnetic field, and diamagnetic corrections were applied by using
Pascal’s constant82lsothermal magnetization measurements were
performed upd 5 T at 2 K. Themagnetic susceptibility has been
computed by exact calculation of the energy levels associated to
the spin Hamiltonian through diagonalization of the full matrix with
a general program for axial symmet¥yand with the MAGPACK
program packadé®din the case of magnetization. Least-squares
fittings were accomplished with an adapted version of the function-

(9) (a) Gheorghe, R.; Andruh, M.; Costes, J.-P.; DonnadieuClgem.
Commun2003 2778. (b) Novitchi, Gh.; Costes, J.-P.; Donnadieu, B.
Eur. J. Inorg. Chem2004 1808.

(10) (a) Pascal, PAnn. Chim. Phys191Q 19, 5. (b) Clemente-Juan, J.
M.; Mackiewicz, C.; Verelst, M.; Dahan, F.; Bousseksou, A.; Sanakis,
Y.; Tuchagues, J.-fnorg. Chem2002 41, 1478. (c) Borfa-Almenar,
J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, Bn@&g.
Chem.1999 38, 6081. (d) Borfa-Almenar, J. J.; Clemente-Juan, J.
M.; Coronado, E.; Tsukerblat, B. 3. Comput. Chen2001, 22, 985—
991. (e) James, F.; Roos, @omput. Phys. Commut975 10, 345.11
(MINUIT Program, a System for Function Minimization and Analysis
of the Parameters Errors and Correlations).
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Table 1. Summary of Crystal Data and Refinement Details TR, and3

Costes et al.

compound 1
empirical formula GoHzsC LN 10NaxOg
M 975.86
temperature, K 293
wavelength, A 0.71073
space group Pbca
a A 21.5284(17)
b, A 17.046(2)
c,A 22.928(2)
o, deg 90
B, deg 90
y, deg 90
vV, A3 8414.0(15)
z 8
P(calcdy Mg/m3 1.541
Unio, MM 1 1.100
F(000) 4000
crystal size, mm 0.5& 0.45x 0.40
6 range, deg 1.76 to 25.97
index ranges & h=<26
0=<k=20
0=<1=28
number of reflections
measured 8245
unique 8245
number of refined parameters 576
max and min transmission 0.999 and 0.869
GOF forF? 0.923
R 0.0301
wRP 0.0499

Apmax@andApmin, eA3 0.218 and-0.226
AR = J[|Fo| — IFcll/ZIFol. PWR= [SW(IFo?| — |FZ)¥Iw|Fo?%%2

minimization program MINUIT%¢ X-band EPR spectra were
recorded with a Bruker 200TT spectrometer operating at 9.8
GHz.

X-ray Crystallography. The selected crystal (dark-red paral-
lelepiped, 0.50< 0.45 x 0.40 mnd) of 1 was mounted on an Enraf-
Nonius CAD4 diffractometer using graphite-monochromated Mo
Ka radiation § = 0.71073 A) at 293 K. A total of 8245 reflections
were collected up to 52in the w—260 scan mode. Data reduction
was made with the MolEN packag&Absorption corrections from
1y scans were applied?

Crystallographic measurements ®xvere carried out with the
Oxford-Diffraction XCALIBUR CCD diffractometer using graphite-
monochromated Mo K radiation. The crystal was placed 60 mm

2 3
CagH30CUGdN,Og Co4H30CUGAN;O14
841.40 833.32
180 180
0.71073 0.71073
PL P2:/n
9.1546(18) 9.522(5)
13.015(3) 15.774(5)
13.400(3) 20.347(5)
79.23(3) 90
85.15(3) 93.503(5)
89.84(3) 90
1562.7(5) 3050(2)
2 4
1.788 1.815
2.849 2.928
836 1656
0.60x 0.60x 0.20 0.30x 0.30x 0.20
3.191t0 25.50 2.311t026.08
—11<h=<22 —-10=h=<11
—15<k=<15 -19=<k=19
-16<1<16 —25=<1<24
10899 23572

579 Riny=0.0595) 559%Riny=0.0302)
428 410

0.600 and 0.280 0.861 and 0.614

1.042 1.072
0.0392 0.0265
0.1031 0.0744

1.995 ane-1.499 0.542 and-1.064

Cryosystems cooler device using a graphite monochromater (
0.71073 A). Data were collect&d usingg rotation movement with
the crystal-to-detector distance equal to 70 nym=f 0.0—200C,
Ag@ = 2.0°). The absorption corrections f@rand3 were introduced
by semiempirical methods based on equivalent reflections using
the program MULTISCAN!2¢

All structures were solved by direct methods using SHELXS-
97*2dand refined by full-matrix least squares Bfwith SHELXL-
97*2¢ with anisotropic displacement parameters for non-hydrogen
atoms. All H atoms attached to carbon were introduced in
calculations in idealized positionddy = 0.96 A) using the riding
model with their isotropic displacement parameters fixed at 120%
of the relevant atom. Positional parameters of the H atoms of water

from the CCD detector. More than a hemisphere of reciprocal spacemolecule in structurel were obtained from difference Fourier
was covered by combination of four sets of exposures; each setsyntheses and verified by the geometric parameters of corresponding

had a differentp-angle (0, 90, 180, 27). Coverage of the unique
set is completed at 99.6%, up tod 2= 52°. The unit cell

hydrogen bonds. Scattering factors and anomalous dispersion terms
were taken from ref 12f. Molecular plots were obtained using the

determination and data integration were carried out using the ZORTEP prograni2? The crystallographic data together with the

CrysAlis package of Oxford Diffractiok? Intensity data were
corrected for the Lorentz and polarization effects.

The X-ray data for compouri8lwere collected on a Stoe Imaging
Plate Diffractometer System (IPDS) equipped with an Oxford

(11) (a) Fair, C. KMolen: Molecular Structure Solution Proceduré&sraf-
Nonius: Delft, The Netherlands, 1990. (b) Speck, A. Acta
Crystallograph.199Q A46, C34 (PLATON, An integrated Tool for
the Analysis of the Results of a Single-Crystal Structure Determina-
tion).

(12) (a)CrysAlis RED version 1.170.32; Oxford Diffraction Ltd., 2003.
(b) STOE: IPDS Manualversion 2.93; Stoe & Cie: Darmstadt,
Germany, 1997. (c) Blessing, R. Acta Crystallogr.1995 A51, 33.

(d) Sheldrick, G. M.Acta Crystallogr.199Q 46A 467 (SHELX86).

(e) Sheldrick, G. MSHELXL-97 University of Gdtingen: Gdtingen,
Germany, 1997. (finternational Tables for Crystallographluwer
Academic Publishers: Dordrecht, The Netherlands, 1992; Vol. C. (9)
Zsolnai, L.; Pritzkow, H.; Huttner, GZORTEP: Ortep for PC:
Program for Molecular GraphicsUniversity of Heidelberg, Heidel-
berg, Germany, 1996.
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refinement details for the three structures are summarized in Table
1.

Results

Synthesis and IR Characterization. The reaction of
3-ethoxysalicylaldehyde or 3-methoxysalicylaldehyde and
1,3-diaminopropane or 1,2-diaminoethane in a 2:1 molar ratio
with methanol as solvent, followed by addition of CuQAc
H,0, yielded the “compartmental complex-ligands'Cu-

H,0 (i = 1, 2)8These complexes possess a convenigfbO
donor set (two phenoxo and two ethoxo oxygen atoms) able
to accommodate alkaline or 4f ions. The heterometallit-Cu
Gd" complex was synthesized by reaction of the mono-
nuclear 3d-complexes'Cu-H,0 dissolved in acetone with

a warm acetone solution containing 1 equiv of GAgNO



Dicyanamide-Bridged Ct-Na and Cu—Gd Polymers

Scheme 1
N\
N For 1 R;=CHj;; R,=-CH,-CH,- (L2)
/Rl h R]\ 2 R1=C2H5; R2= -CHz-CHz-CH2- (Ll)
O N Q 3 R,=C,Hs; Ry=-CH,-CH,-CH,- (LI)
o) o) N
N // RN AR
I N RSN R
NENEY \ B0 N o N
l o 4 |
R, N R
Il N
1 Il
2
— = N
. e
// 0< >0
Nat N g Gd
\\ g + /O/ \\O\
N Na R] NO; "\’\ R,
N \
\(Rm N/// +\§N N
TN Gd(NO3)36H,0 \N;
Cla
o/ ~o
(CH3),CO \
Qg 3 RN
/ \
R} Ry —{\ / =
C
0/ u\0
Gd(NO3)36H,0 \Gd/
(CH3),CO P MN0og;
Rl Rl

6H,0 and 3 equiv of NaN(CN)previously dissolved in a
minimum of water. Two days later, the first crystals of the
polymeric compound that appeared were separated by
filtration. From the resulting solution, new crystals corre-
sponding to comple8 were isolated later, along with a few
more crystals oR. In another experiment, pure compound
3 was obtained by reaction of!Cu-H,O with Gd(NG)s-
6H,0 (1:1 molar ratio) in acetone. The heterometalli¢' €u
Na complex1 was obtained in a similar way with use of
methanol as solvent. The full set of reactions is summarized
in Scheme 1.

The dicyanamide anion has three characteristic IR absorp-

tions located in the 23662170 cn?! region s + vad{C—

N) = 2263;v,{C=N) = 2217;v{(C=N) = 2168 cnt? for
KN(CN),132band 2287, 2229, 2182 crhfor NaN(CN)) that

are attributed to valence oscillations associated with delo-
calization of the triple bonds. Compl@&exhibits six strong
absorption bands/{ + v,d C—N) = 2319, 2281 y,{C=N)

= 2246, 2228,y(C=N) = 2195, 2166 cm?) attributed to
two different coordination modes of the dicyanamide ligands.
Complex1 exhibits lower absorptions at 2251, 2242, 2201,
and 2145 cm?, indicating different coordination modes of
the dca ligands. Large and strong bands at 1472 fand

(13) (a) Kohler, H.; Kolbe, A.; Lux, GZ. Anorg. Allg. Chem1977, 428
103. (b) Kohler, H.Z. Anorg. Allg. Chem.1964 331, 236. (c)
Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coor-
dination Compoundssth ed.; Wiley: New York, 1997.

1468 cm* for 3 (vadNO,)) confirm the presence of nitrate
ions. Theirvd(NO,) counterparts appear at 123 and 1320
cm 1(3), respectively. The difference between the two
vibrations A\v = 172 and 151 cm?) is consistent with an
n? bidentate chelation of the nitrate ion and indirectly
supports their coordination to the gadolinium iSh.

Structures. The asymmetric unit ofl is made of a
tetranuclear cluster involving two copper and two sodium
metal atoms. The molecular structure of this complex is
illustrated in Figure 1. The dinucledr?CuNaH,O and
L2CuNaNC—N—CN entities are linked through an ad-
ditional bridging dicyanamide acting in the;; end-on
fashion. The Na(1yN(6) and Na(2)-N(6) bond distances
are equal to 2.441(3) and 2.494(3) A, respectively, whereas
the Na:-Na separation is equal to 3.733(2) A. This dca
bridge yields tetranuclear CtNa—Na—Cu entities in which
the planes defined by the equatoriaf@4 donor atoms
afforded by the ligand&? to each copper ion are roughly
parallel. It is noteworthy that despite the large diversity of
dca coordination modes already descrilSékis type of dca
bridging has not yet been observed. The structure of each
dinuclear moiety is quite similar except for the coordination
of the sodium atoms. Both of them are coordinated to four
oxygen atoms from the compartmental ligdmtland to the
nitrogen atom N(6) of the bridging dicyanamide anion. The
sixth position of the coordination octahedron is occupied by
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C19
Figure 1. Molecular structure of the complekwith thermal ellipsoids
drawn at the 40% probability level. Hydrogen atoms are omitted for clarity. c16

Figure 3. Structure of the asymmetric unit in compl@with thermal

ellipsoids drawn at the 40% probability level. Hydrogen atoms are omitted
for clarity.

Table 2. Selected Bond Lengths (A) and Angles (deg) for Complexes
1, 2, and3

[(L2CuNa(NCNCN)X(H,0)] (1)

Cu(1y-0(1) 1.892(2) Cu(1yO(2) 1.892(2)
Cu(1y-N(1) 1.918(2) Cu(LyN(2) 1.939(2)
Na(1)-0(2) 2.332(2)  Na(Bo(1) 2.335(2)
Na(1)-N(9) 2.415(3)  Na(1)}N(6) 2.441(3)
Na(1)-0(3) 2.703(2)  Na(BrO(4) 2.707(2)
C(37)-N(6) 1.156(4) N(5)-C(37) 1.295(4)
N(5)—C(38) 1.308(4)  C(38}N(7) 1.136(4)
Figure 2. A 1D H-bonded chain in the crystal structure of compound C(39)-N(9) 1.130(4) N(8)-C(39) 1.299(4)
N(8)—C(40) 1.314(4) C(40yN(10) 1.136(4)

a water molecule for Na(2) with a Na@PD(9) bond length Qﬁ‘éémgggig?ﬁ; ifégg? ) CEANG-CE8)  12243)

of 2.311(3) A and by a monodentate dicyanamide ligand for

Na(1) atom with a Na(EyN(9) bond length of 2.415(3) A. {[L'CuGd(NQ)(NCNCN)](CH3)2CO}n (2)

An additional particularity originates from the EN—C— ggg))iﬁ(%)) g"iggg)) gg&;ﬁ% g:igg((i’))
C—N five-membered ring that hastiagauche conformation Gd(1)-0(5) 2.492(3)  Gd(1yO(6) 2.500(3)
for Cu(1) although it is practically planar for Cu(2) with a  Gd(1)-O@3) 2511(3)  Gd(LyN(6) 2.518(3)
minuteo gauche conformation. This conformation difference 838);8(%) i:g;ig; gﬂggﬁ% i:gggg))
results in a decrease of the centratC bond (C(26)-C(27) Cu(1)-N(5) 2.295(4)  Cu(1yN(2) 1.993(3)

= 1.473(4) A for Cu(2); C(8YC(9) = 1.522(4) A for Cu- CE5-N(©9)-C(24) 121.33) C(22N@)-C(23) 1215(3)
(1)) and of the &N bonds (1.457(4) and 1.451(3)A for Cu-

(2) compared to 1.474(3) and 1.474(3) A for Cu(1)) whereas [L1CuGd(NQ)3(CHs)2CO] (3)

the CG=N bonds increase (1.291(3) and 1.292(3) A for Cu- gﬂg);ﬁ((g i:g%(%) 238—}}88 i:ggj(%)
(2) compared to 1.270(3) and 1.279(3) A for Cu(1)). The Cu(1)-0(14) 2.427(3)  Gd(BO(2) 2.332(2)
strongest intermolecular contacts between tetranuclear units Gd(1}-0(1) 2.333(2)  Gd(1yO(9) 2.458(2)
are realized through two hydrogen bonds, including the 838)):8?51; g'gggg; gggggg)z) ggigg’))
coordinated water molecule and the noncoordinated nitrogen Gd(1)-0(s) 2536(3)  GA(1O(3) 2.555(3)
atoms of the two dicyanamide ligands with O(3J(9D) = Gd(1)-0(11) 2.556(2)

0.90(4), H(9D)--N(10) = 2.07(4), O(9)-*N(10) = 2.949-

(4), O(9)-H(9C) = 0.94(4), H(9C):*N(7) = 2.10(4), O(9 nitrogen imine, and oxygen phenol atoms (Cu{l[(1)—
-N(7) = 2.967(4) A, and N(10YH(9D)—0(9) = 154(3y C(7)—C(6)—C(1)-0O(1)) of anotherL2CuNa moiety are

and N(7>-H(9C)—0O(9) = 160(4¥. These interactions lead present. The centroiecentroid distance between these
to the formation of one-dimensional (1D) supramolecular staggered aromatic rings is 3.495 A.

arrangements in which the mean coordination planes of the The asymmetric unit of compleg, along with the atom
tetranuclear units are practically orthogonal, yielding zigzag labeling scheme, is depicted in Figure 3, whereas the relevant
chains as shown in Figure 2. Intramolecutarr stacking interatomic bonds lengths are collected in Table 2. The
interactions between a phenyl ring of 8CuNa entity and copper and gadolinium ions are linked to the deprotonated
the six-membered ring involving the copper atom, the compartmental ligand.()>~, respectively, in the bD, and
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Figure 4. Fragment of the coordination polymgjL 1CuGd(NQ)(NC—
N—CN)z](CH3)2CC}n (2).

Figure 5. Molecular structure of the compleXwith thermal ellipsoids
drawn at the 40% probability level. Hydrogen atoms are omitted for clarity.

020, coordination sites. The Cu(OO)Gd core including two of 3 454(1) A. The dihedral angle between the CuOO and
phenoxo oxygen atoms is essentially planar, with a dihedral oo planes is equal to 11.1{3)The ten-coordinate Gd
angle between the Cu(1)O(1)0(2) and Gd(1)O(1)O(2) planes cation is surrounded by four oxygen atoms belonging to the
equal to 3.3(2) and a related Cu(1}Gd(1) separation of  gchiff hase and by three nitrato anions acting as bidentate
3.4811(9) A. The copper ion is pentacoordinate to tB®N ;2 chelating ligands. The Ceation has a square-pyramidal
donor set of (%) in the basal plane, whereas the nitrogen (4 + 1) geometry, with the acetone oxygen atom in the apical
atom of the N(CNy~ ligand is axially bonded. Cu(1) is position.

displaced from the mean equatoriai®4 plane by 0.209(2) Magnetic Properties. The magnetic behavior of com-
A toward the axially coordinated nitrogen atom. The ,ound2 is shown in Figure 6 in the form of the thermal
coordination pollyhedron of thg nme-cpordmate"Gchtlon variation of theywT product,v being the molar susceptibil-
may be described as a slightly distorted monocapped i, corrected for diamagnetism. At 300 K, theT product
tetragonal armpnsm formed by four oxygen atoms.of the for 2 (8.37 cn¥ mol* K) corresponds to the value expected
polydentate ligandL(*)*", two oxygen atoms from a nitrate  ¢or yncoupled Cli and Gd' metal ions. A decrease in the
anion acting as am? chelating ligand, and three nitrogen temperature induces@T increase up to 9.87 chmol-1 K
atoms from dicyanamide ligands. All dicyanamide anions 4t 10 K. This value compares well with that (10.0%mol-*

act as uisend-to-end bidentate-bridging ligands either k) expected for &= 4 spin state resulting from ferromag-
between two gadolinium ions or between a copper and apetic coupling between Gu(S = /,) and Gd' (S = 7/,)
gadolinium ion. Thesc_a_ bridges are altc_ernately arranged assuminggey = ges = 2. A quantitative analysis has been
between thé. 'CuGd entities, two Ctr-Gd bridges following  performed on the basis of an expression derived from the
two Qd--gd bridges, thus generatmlg an extended zigzag spin-only HamiltonianH = —JeucdScuSee Taking into
coordination polymer formulated &f- Cu?d(NOQ(N.C._ consideration they values associated with the low-lying
N—CN);](CH3),CO}, (2) (Figure 4). TheL*CuGd entities levelsE(4) = 0 (g: = (7ges + gou)/8) andE(3) = 4J(gs =

are separated by Gd¢1)Gd(1) (8.197(3) A) and Cu(})- (99cs — geu)/8),14153the following expression is obtained
Cu(l) (8.974(3) A), distances much longer than the Cu(1)

--Gd(1) intramolecular one (3.4811(9) A). ) 5 4]
The molecular structure oB is built from isolated _ 4Nﬁ2T 159," + 795 EXF{_ ﬁ)

dinuclear complex molecules fif ‘CUGA(NO3)s(CH3),CO]. M=Natir g 23

A perspective view of this compound with the corresponding 9o+7 exp(— k_T)

labeling scheme is depicted in Figure 5. This structure is

very similar to the dinuclear units of the polymeric com-  |east-squares fitting to the experimental data led to the
poundsl and 2, and to the analogous 3dif Schiff base following set of parameters fd: ggq = 1.99,gcy = 2.03,
complexes studied earliégtln each bimetallic unit, the Cu 6 = —0.08 K,J = 8.50 cm*. For complex3, the following

and Gd' atoms occupy the inner &, and QO, sites, values are obtainedggq = 1.98,gcy = 2.06,6 = 0.0 K, J
respectively. The two ions are doubly bridged to each other = 8.63 cntl. The agreement factof (yTcaicd — X Tobd?/

by two phenoxo oxygen atoms, with a Cui¢d(1) distance > (% Tobd?, is equal to 1.5¢< 10> and 8x 107 for complexes

(14) (a) Kahn, M. L.; Rajendiran, T. M.; Jeannin, Y.; MathaeieC.; Kahn, (15) (a) Kahn, O.Molecular MagnetismVCH Publishers: New York,
0. C. R. Acad. Sci. Ser. llc, Chin200Q 3, 131. (b) Costes, J.-P.; 1993. (b) Chiari, B.; Cinti, A.; David, L.; Ferraro, F.; Gatteschi, D.;
Dahan, F.; Dupuis, A.; Laurent, J.-forg. Chem 1996 35, 2400. Piovesana, O.; Zanazzi, P.IRorg. Chem1996 35, 7413. (c) Fisher,
(c) Costes, J.-P.; Dahan, F.; Dupuis, A.; Laurent, N&w. J. Chem. M. E. Am. J. Phys1964 32, 343. (d) Drillon, M.; Coronado, E.;
1998 1525. Beltran, D.; Georges, RChem. Phys1983 79, 449.
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Figure 6. Thermal dependence gf;T for 2 (a) and3 (b). The full lines
correspond to the best fit to the experimental data.

I 1 !
T 1

é H (T) 4 6

Figure 7. Field dependence of the magnetization forThe solid line
corresponds to the Brillouin function for &= 4 spin-state.

0

2 and3, respectively. Th&la parameter, which is very weak,
has been omitted in our calculations.

Use of a magnetic model that takes into account the
heterometallic Ct+Gd 1D chain in which the dimeric unit
is assumed to act as an effectivectassical spin systefy—

Costes et al.

0.79 cn¥ mol™! K from 300 to 20 K, although a slight
decrease is observed between 20 and 2 K, whgfeequals

0.6 cn? mol™* K. This decrease is assumed to be the
consequence of a weak antiferromagnetic interaction between
the two copper centers. From the Blean®pwers equa-
tion,'8 the following parameter values have been estimated,
J= —-0.6 cnml, g=207,R=2 x 10* This weak
antiferromagnetic coupling is more probably propagated
through ther—u interactions than through the E®—Na—
dca—Na—O—Cu pathway. The single EPR signal of complex
1 (X band) confirms that magnetic interactions operate
between copper ions and ijis= 2.07 value agrees with the
one @ = 2.09) deduced from the magnetic data.

Discussion

The main interest of this work resides in the structural
determinations of novel dicyanamide complexes. First of all,
a new coordination mode has been evidenced for the dca
ligand, theu; 1 mode which has not been observed previotfsly.
Such a coordination mode implies different mesomeric forms
as sketched hereafter (Scheme 2).

A closer look at the structural parameters shows a very
slight increase of the €N bonds and N-C—N angles for
the terminal coordination (N(9YC(39) = 1.130(4) A,
(N(9)—C(39)-N(8) = 173.2(4)) compared to theu;
bridging one (N(6)-C(37)= 1.156(4) A, N(6)-C(37)-N(5)
= 175.0(3Y) for the dca anions id. The Na(1)-N(6)—Na-

(2) angle is equal to 98.3(1)a value quite similar to those
found for end-on azido bridgés. The noncoordinated
nitrogen atoms of the two dca ligands are involved in
hydrogen bonds with the coordinated water molecule, which
results in infinite zigzag chains.

In complex2, the Cu-Gd entities are held together by
two u; 5 dca bridges in such a way that each copper ion is
linked to one dca ligand whereas each gadolinium ion is
linked to three different dca ligands. A given unit is bridged
to the next one by twa; s dca, linking a copper ion to the
gadolinium one of the next unit and vice versa, thus inducing
a head to tail arrangement of these dinuclear units. Each unit
is also bridged to the previous one through twgs dca
ligands that involve two gadolinium ions, thus implying a
face to face arrangement of these dinuclear units. The
resulting polymer formulated g$L :CuGd(NO3z)(NC—N—
CN);](CH3).CO}, results from alternate pairs of €uGd
and Gd--Gd interactions through dca ligands, yielding again
infinite zigzag chains. Only two dca ligands are involved in
the coordination sphere of each gadolinium ion whereas a

indicates that the magnetic interaction transmitted through chelating nitrate anion is still involved in the gadolinium

dca ligands is negligiblej (= —0.002 cm'). The experi-
mental magnetization values measured at 2.0 K2fand3
are correctly fitted by the Brillouin function for & = 4
spin state (Figure 7), thus confirming the ferromagnetic
nature of the C{+Gd" interaction and the absence of

intermolecular magnetic interactions between the dinuclear

units of compounc.
In the tetranuclear complek including two magnetically
active CU centers, thgyT product is constant and equal to

7798 Inorganic Chemistry, Vol. 43, No. 24, 2004

coordination sphere. This is most probably related to the use
of gadolinium nitrate as starting material in the synthetic
process. Indeed, we have previously shown that using
gadolinium chloride yields a complex formulated.&3uGd-
(NC—N-—CN)3, as demonstrated by analytical and FAB

(16) (a) Bleaney, B.; Bowers, K. [Proc. R. Soc. London, Ser, A952
214, 451. (b) Kato, M.; Muto, Y.Coord. Chem. Re 1988 92, 45.

(17) Monfort, M.; Resino, I.; Ribas, J.; Solans, X.; Font-Bardia, M.; Rabu,
P.; Drillon, M. Inorg. Chem.200Q 39, 2572.
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Scheme 2

mass spectrometry resulsAs expected from the structural compartmental ligand. In the GiGd case (compleg), the
determination of compleg, the magnetic properties of this  dca ligands bridge in the; s mode, alternately and by pairs,
zigzag chain are comparable with those of the heterodinuclearCu to Gd and Gd to Gd. In the GiNa case (compleg),
complex 3. This means that th@, s dicyanamide bridge  the bridging scheme is more complex. First, a dca ligand
Iinking an axial pOSitiOI’l of a copper ion to the gadolinium bridges two Cu-Na units in an origina‘tl‘l mode observed
ion of the next entity is not efficient in transmitting magnetic for the first time. The resulting tetranuclear entities then
interaction between these two ions. Indeed, the magnetiCinteract through two hydrogen bonds established between
orbital of the copper ion in a square pyramidal geometry is the water molecule coordinated to one of the sodium ions
described by a,d.-y type orbital mainly located in the basal g the free nitrogen atom of the two dca ligands. Unfor-
plane, leading to a very weak spin density in the axial y,nately none of these dca bridges is efficient in the
pqsmon_. This |.mp.I|es that, S|m|!arly, the 0L 5 dlcyana.- transmission of a magnetic interaction. Finally, this report
mide bridges linking two gadolinium ions do not mediate describes the structure of the first €Gd complexes
magnetic interaction. Recgntly, the stu_dy of'an infinite chain involving dca ligands, and the GtNa complex provides the
formulated [Gd(dca)2,2-bipy):(H:0)l in which the gado- first example of an unique end-on coordination of dca, quite

linium ions are held together by, s dicyanamide bridges - - o
has led to the same conclusitn. similar to the end-on coordination of the azido ligand.
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With its two different bridging modes, the dicyanamide
ligand has allowed isolation and characterization of two
heterodinuclear infinite chains by assembling heterodinuclear
COﬁPnga(ljollnlum or C_0ppef50d'um units. T_he Cliand i Supporting Information Available: X-ray crystallographic data
Gd" or CU' and Né cations of these heterodlnuclear UNItS iy CIF format. This material is available free of charge via the
are held together by the two phenoxo bridges of the |nermet at http://pubs.acs.org.

(18) Costes, J.-P.; Dahan, F.; Dupuis,lAorg. Chem 200Q 39, 165. 1C048942]
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