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The copper(ll)—gadolinium(lll) and copper(ll)~terbium(lll) complexes studied in this report derive from disymmetric
trianionic ligands abbreviated HsL' (i = 4-6). These ligands are obtained through reaction of different aldehydes
with “half-units” having an amide function, the latter resulting from the monocondensation of different diamines with
phenyl 2-hydroxy-3-methoxybenzoate. Upon deprotonation, the L' ligands (i = 4-10) possess an inner N,O;
coordination site with one amido, one imine, and two phenoxo functions, an outer 0,0, or O,O coordination site,
and an amido oxygen atom positioned out of these two sites. The trianionic character of such ligands yields
original anionic complexes in the presence of copper(ll) or nickel(ll) ions, with a 1/1 L/M stoichiometry. The crystal
and molecular structures of four complexes, two 3d (1, 5) and two 3d—4f (12, 13) complexes, have been determined.
Complex 1 crystallizes in the monoclinic space group C2/c. a = 27.528(2) A, b= 7.0944(7) A, ¢ = 22.914(2) A,
B = 92.130(6)°, V = 4471.9(7) A3, Z = 8 for Cy15H27CuKN,Ogs. Complex 5 crystallizes in the monoclinic space
group P2:/n (No. 14): a=11.0760(9) A, b= 21.454(2) A, ¢ = 15.336(1) A, B = 101.474(1)°, V = 3571.5(5) A3,
Z = 4. Complex 12 crystallizes in the triclinic space group P1 (No. 2): a = 8.682(2) A, b = 11.848(2) A, ¢ =
11.928(2) A, o = 81.77(3)°, B = 89.17(3)°, y = 85.49(3)°, V = 1210.6(4) A3, Z = 2 for CyHzCuNsO1;Th.
Complex 13 belongs to the monoclinic space group C2/c. a = 25.475(5)A, b = 12.934(3)A, ¢ = 15.023(3) A, B
=91.06(3)°, V= 4949.0(2)A3, Z = 8 for C»1H,5CuN,O1,Th. The structural determinations confirm that the dinuclear
entities involved in 12 and 13 are disposed in a head-to-tail arrangement to give tetranuclear complexes in which
the copper and lanthanide ions are positioned at the vertexes of a rectangle. In the [Cu—-Gd], species, there are
two different ferromagnetic Cu—Gd interactions. The stronger one is supported by the double phenoxo bridge
(CuO,Gd) while the weaker one corresponds to the single amido bridge (Cu—N—-C—-0-Gd). Replacement of gadolinium
ions with anisotropic terbium ions yields tetranuclear entities showing slow relaxation of magnetization and
magnetization hysteresis. Detailed relaxation and hysteresis loop studies establish single-molecule magnet (SMM)
behavior which is influenced by weak intermolecular interactions.
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Tetranuclear CU —Ln"" Complexes

Dy]¢® have been shown to function as “single-molecule into 2-propanol (40 mL), and 1,2-diamino-2-methylpropane (0.88
magnets” (SMMs). Previously, strictly heterodinuclear com- g, 1 x 102 mol) in 2-propanol (10 mL) was added dropwise; the
plexes containing a 3d ion and a 4f ion have allowed the mixture was refluxed for thirty minutes and then cooled to room
study of magnetic interactions, mainly in the cases where temperature with stirring. The white precipitate which appeared
gadolinium was associated with a 'Cion’8 but also with upon cooling was filtered off and washed with diethyl ether. Yield:

VO|V’9 CI’”',3 Fél,lo CO“, Cd”,ll and Ni'.22 These studies 1.82 g (61%) Anal. Calcd for GH1gN,O5-C3HgO: C, 60.4; H,

confirm that a large majority of the 3d Gd complexes present 8.8, N, 9.4. Found: C, 60.0; H, 8.5; N, 944 NMR (250 MHz,
ge majority P P 20°C, DMSO4dy): & 1.28 (s, 6H, ©ls), 3.52 (s, 2H, ), 3.81

fgrromagnetip 3d Gd interactio'ns. So, assemblirjg these(sl 3H, GHa), 6.42 (1,0 = 8 Hz, 1H, C(5H), 6.56 (I, 3H, Ny +
dinuclear units in a manner v_vhu:h preserves the !ntramo- NH), 6.88 (d,J = 8 Hz, 1H, C(4H), 7.48 (td,J = 1.5 and 8 Hz,
lecular ferromagnetic interactions and adds new intermo- 11" c(gH), 11.43 (I, 1H, @4). 2-Propanol gives peaks at 1.16
lecular ferromagnetic interactions appears to be interesting.(cH,) and 3.89 ppmQH). 13c{1H} NMR (62.896 MHz, 20°C,
Such a result can be expected if the 3d ion of one unit DMSO-ds): ¢ 25.6 (s,CHs), 47.3 (s,CH,), 52.8 (s, @CH3), 111.1
interacts with the 4f ions of a unit in a near vicinity with, as (s, ArC(4)H), 112.6 (s, AE(5)H), 117.2 (s, A€1), 121.1 (s,

a final result, the synthesis of high-spin polynuclear43d  ArC(6)H), 151.2 (s, AE(3)OMe), 158.2 (s, AE(2)OH), 169.2 (s,
4f], clusters. Some time ago, we have shown that disym- OCNH). 2-Propanol gives peaks at 25@H3) and 62.1 ppmEH).
metric amide-imine |igands with a mz coordination site Characteristic IR absorptions (KBT): 2972, 1616, 1593, 1557, 1540,
and an outer oxygen atom yielded tetranuclear or polynuclear1217 cenTt.

manganese complex&sThe addition of a second site able L?Ha. N-(2-Aminoethyl)-2-hydroxy-3-methoxybenzamide This

to link a 4f ion gives heterodinuclear entities that self- ligand was prepared asi, with use of 1,2-diaminoethane (0.60
assemble to yield clusters of higher nuclearity. Two previous 9 1> 1072mol) as the diamine. As thié¢t NMR spectrum confirms -
examples have been publisHéd® Now, our aim is to use presence ofasmall amiount of thg symmetrlcalllllgand', the addition
the changes induced in this type of ligand to obtain the bestof picric acid to a solution of the isolated precipitate in methanol
. . . . . (50 mL) gave a yellow precipitate that was filtered off, washed
interaction parameters, to determine if the synthesis of

| f diiff learities i il d b with diethyl ether, and dried. Yield: 1.3 g (30%). Anal. Calcd for
complexes of different nuclearities Is possible, and to o serveClGHNNSOlO: C,43.7:H, 3.9: N, 15.9. Found: C, 43.3: H, 3.7: N,

the influence of symmetry on the magnetic properties of the 15 9 14 NVR (250 MHz, 20°C, DMSOdg): 6 3.14 (t,J = 5.5

resulting complexes. Hz, 2H, GH,NH3), 3.65 (q,J = 5.5 Hz, 2H, G4,NH), 3.89 (s, 3H,
_ _ OCHj3), 6.95 (t,J = 8 Hz, 1H, C(5H), 7.23 (d,J = 8 Hz, 1H,
Experimental Section C(4)H), 7.50 (d,J = 8 Hz, 1H, C(6H), 8.77 (s, 2H, Elyc), 8.99

(t, J = 5.5 Hz, 1H, OCMH), 12.56 (s, 1H, ®l). 3C{*H} NMR
(62.896 MHz, 20°C, DMSOdg): 6 37.0 (s,CH.NH3), 38.7 (s,
CH.NH), 55.9 (s, @H3), 115.0 (s, AE), 115.5 (s, AC(4)H), 118.0
(s, AIC(5)H), 119.0 (s, AC(6)H), 148.5 (s, AE(4)OCH), 150.7

Materials. 1,2-Diaminoethane, 1,2-diamino-2-methylpropane,
1,3-diamino-2,2-dimethylpropane, orthovanillin, 3-methoxysalicylic
acid, salicylamide, Cu(OAg¥H,O, Gd(NQ)s-6H,0, and Th-
NO3)3-6H,0 (Aldrich ived. High- I . .

(NOg)s+6H,0 (Aldrich) were used as received. High-grade solvents (s, ArC(2)OH), 170.2 (s, @NH). Picrate gives peaks at 125.4 and

(2-propanol, dichloromethane, diethyl ether, acetone, ethanol, and o . .
methanol) were used for the syntheses of the ligands and complexes.lﬂ'l'9 ppm. Characteristic IR absorptions (KBr). 3427,1635, 1592,

Ligands. The method used to synthesize the “half-unit” trifunc- 1540, 1248 cm. ) )
tional ligands [H, (i = 1-3) was adapted from the process _ - Hz N-(3-Aminopropyl)-2-hydroxy-3-methoxybenzamide.
described earlie¥ Only one example will be described in detail, The use of 2,2-dimethyl-1,3-diaminopropane (0.74 g, 1072 mol) .
as the experimental process is similar for all of the half-units. @S the diamine and dichloromethane instead of 2-propanol yields
L 1H,. N-(2-Amino-2-methylpropyl)-2-hydroxy-3-methoxyben- the L3H; ligand. Yield: 1.0 g (40%). Anal. Calcd for;gH,oN2Os:
zamide. A mixture of 3-methoxysalicylic acid (1.68 g, & 102 C,61.9:H, 8'00; N, 11.1. Found: C, 61.5; H, 7.8; N, 1G9 NMR
mol), phenol (2.82 g, 3« 1072 mol), and 1,3-dicyclohexylcarbo- (250 MHz, 20°C, DMSOde): 0 1.02 (s, 6H, ®ls), 2.57 (s, 2H,
diimide (2.06 g, 1x 1072 mol) in THF (100 mL) was stirred for CHoN), 3.29 (.J = 5.5 Hz, 2H, G12NH), 3.75 (I, 3H, Ni, +
24 h at room temperature. The solution was filtered off, and the NH), 3.75 (s, 3H, @ls), 6.57 (t,J = 8 Hz, 1H, C(SH), 6.99 (dd,

THF was eliminated using a rotavapor. The resulting oil was poured J=1and 8 Hz, 1H, C(4)), 7.46 (dd.J = 1 and 8 Hz, 1H, C(6)-
H). 13C{*H} NMR (62.896 MHz, 20°C, DMSOg): o 23.5 (s,

CHa), 35.7 (5,C(CHa)2), 46.0 (s,CH.NH), 48.5 (s,CH,N), 56.5

(6) Zaleski, C. M.; Depperman, E. C.; Kampf, J. W.; Kirk, M. L.; Pecoraro,

V. Angew. Chem., Int. EQ004 43, 3912. (s, CCHg), 119.8 (s, AC), 112.0 (s, AC(4)H), 113.7 (s, AE(5)H),
(7) Benelli, C.; Gatteschi, DChem. Re. 2002 102, 2369. 116.9 (s, AC(6)H), 151.1 (s, AE(3)OMe), 158.0 (s, AE(2)OH),
®) zsfgf‘ngofoé%-? Manseki, K.; Okawa, Koord. Chem. Re 2001, 168.5 (s, @NH). Characteristic IR absorptions (KBr): 2964, 1615,
(9) Costes, J. P.;'Dahan, F.; Donnadieu, B.; Garcia-Tojal, J.; Laurent, J. 1586, 1537, 1214 cnit.
(10) Fé-Et"- J'J'”OFEQ' (C:Tem2f3tolj363- 3 M- Dahan E: D e E Cu" Complexes. [L“CuK(CH 3s0H)](CH 30H)05(1). A mixture
ostes, J. i emente-Juan, J. i ahan, . umestre, i 14 . 3 TR
Tuchagues, J. Rnorg. Chem 2002 41, 2886 of LH, SgHgo _(0.30 g, 1x 103 mol) and orthovanillin (0.1_5 g,
(11) Costes, J. P.; Dahan, F.; Gardiojal, J Chem—Eur. J.2002 8, 5430. 1 x 107° mol) in methanol (20 mL) was heated for 30 min and
(12) ??(;)SEZZJ' P.; Dahan, F.; Dupuis, A.; Laurent, Inérg. Chem1997, then left to cool with stirring. Cu(OAg)H,O (0.20 g, 1x 1073
] . 3 i
(13) Costes, J.-P.; Dahan, F.; Donnadieu, B.; Rodriguez Douton, M. J.; mol) and KOH (0'1_7 g, 3« 102 mol) Were_ added. The.solutlon
Fernandez Garcia, M. I.; Bousseksou, A.; Tuchagues, ld?g. was heated and stirred for 2 h, and then it was set aside after the
Chem.2004 43, 2736. addition of water (20 mL). Crystals appeared 24 h later. Yield:

(14) (a) Kido, T.; Nagasato, S.; Sunatsuki, Y.; Matsumoto, Ghem. 0 . . .
Commun200Q 2113. (b) Kido, T.; Ikuta, Y.; Sunatsuki, Y.; Ogawa, 0.229 (42 /())'.Anal' CE}ICd for_g‘d_b?CUKNzoe's' 9.49'7* H, 5'2’.
Y.; Matsumoto, N.Inorg. Chem2003 42, 398. N, 5.4. Found: C, 49.5; H, 5.3; N, 5.2. Characteristic IR absorptions

(15) Costes, J. P.; Dahan, €. R. Acad. Sci. Parig001, 4, 97. (KBr): 1633, 1599, 1566, 1527, 1235 ci
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[LSCU](C5H12N)2(C6H2N3O7) (2). A mixture of L2H3-picrate
(0.44 g, 1x 103 mol) and orthovanillin (0.15 g, X 103 mol) in
methanol (20 mL) was heated for 30 min and then left to cool with
stirring. Cu(OAc)-H,0 (0.20 g, 1x 102 mol) was added, followed
by the addition of piperidine (0.30 g, 3:6 1072 mol). The solution
was stirred fo 2 h and set aside. Concentration of the solution gave
a powder that was filtered off, washed with diethyl ether, and dried.
Yield: 0.40 g (49%). Anal. Calcd for £H43:CuN;Oy,: C, 50.7; H,
5.4; N, 12.2. Found: C, 50.4; H, 5.1; N, 11.8. Characteristic IR
absorptions (KBr):1644, 1600, 1568, 1534, 1219°&m

The other copper complexes derived from the saité, half-
unit” were obtained with a similar experimental process.

[L8Cu](CsH12N)2(CsH2N307) (3). 3-Ethoxysalicylaldehyde was
used instead of orthovanillin. Yield: 0.45 g (55%). Anal. Calcd for
C35H45CUN7012: C, 51.3; H, 5.5; N, 12.0. Found: C, 51.1; H, 5.5;
N, 11.8. Characteristic IR absorptions (KBr): 1646, 1597, 1569,
1529, 1233 cmt.

[L7Cu](CsH12N)2(CeH2N307) (4). Orthovanillin was replaced by
salicylaldehyde. Yield: 0.35 g (45%). Anal. Calcd fors84;-
CuN;Oq1: C, 51.1; H, 5.3; N, 12.6. Found: C, 50.8; H, 5.1; N,
12.3. Characteristic IR absorptions (KBr): 1646, 1597, 1569, 1529,
1233 cnrl.

[L7Ni](CsH12N)2(CsH2N307) (5). The use of salicylaldehyde and
Ni(OAc)2*4H,0 yielded the equivalent nickel complex which was
isolated as crystals. Yield: 0.38 g (49%). Anal. Calcd fgsHG;N+-
NiO11: C, 51.4; H, 5.4; N, 12.7. Found: C, 51.2; H, 5.2; N, 12.5.
Characteristic IR absorptions (KBr): 1627, 1598, 1533, 1235'cm

[L8CuK](CH 30H) (6). A mixture of L3H, (0.25 g, 1x 1073
mol) and orthovanillin (0.15 g, x 10-3 mol) in methanol (20
mL) was heated for thirty minutes and then left to cool with stirring.
The addition of Cu(OAg)H,O (0.20 g, 1x 1072 mol) and of KOH
(0.17 g, 3x 1072 mol) followed by heating and stirring for 2 h
gave a precipitate after the mixture was cooled. It was filtered off,
washed with methanol and diethyl ether, and dried. Yield: 0.28 g
(54%). Anal. Calcd for @H,7CuKN,Ogs: C, 51.0; H, 5.2; N, 5.4.
Found: C, 50.7; H, 5.0; N, 5.2. Characteristic IR absorptions
(KBr): 1630 1566, 1538, 1219 crh

[L°CuK](C 3HeO) (7). The half-unit derived from the reaction
of phenyl salicylate with 1,2-diamino-2-methylprop&h€.21 g,

1 x 1072 mol) was mixed with orthovanillin (0.15 g, ¥ 1073
mol) in methanol (20 mL), heated for 30 min, and then left to cool
with stirring. Cu(OAc)-H,O (0.20 g, 1x 1073 mol) was added,
followed by KOH (0.17 g, 3x 1072 mol). The solution was heated
and stirred fo 2 h and set aside. Methanol was evaporated, and
the solid was dissolved in acetone. The filtered solution gave
crystals 2 days later. Yield: 0.22 g (44%). Anal. Calcd fopHGs-
CuKN,Os: C, 52.8; H, 5.0; N, 5.6. Found: C, 52.5; H, 4.8; N, 5.4.

Costes et al.

31.4; H, 2.5; N, 8.1. Found: C, 31.1; H, 2.3; N, 7.8. Characteristic

IR absorptions (KBr): 1639, 1580, 1547, 1459, 1222 &m
[L8CuGd(NO3),]2 (10). The use of [IBCu](CsH12N)»(CsH2N307)

(0.15 g, 1.8x 10 mol) and Gd(NQ)z-6H,0O (0.09 g, 2x 1074

mol) with the same experimental process yielded the desired product

(0.10 g, 79%). Anal. Calcd for £8H3sCu,GLNgO,,: C, 32.6; H,

2.7; N, 8.0. Found: C, 32.6; H, 2.8; N, 7.5. Characteristic IR

absorptions (KBr): 1645, 1606, 1577, 1540, 1457,1222%cm

[L7CuGd(NO3)2(H,0)]2 (11). This complex was obtained using
[L7Cu](CsH12N)o(CeHaN307) (0.22 g, 2.8x 104 mol) and Gd-
(NO3)3*6H,0 (0.14 g, 3x 10~4mol). Yield: (0.14 g, 71%). Anal.
Calcd for Q4H34CU2Gd2N8022: C, 30.3; H, 2.5; N, 8.3. Found: C,
29.9; H, 2.4; N, 7.9. Characteristic IR absorptions (KBr): 1640,
1620, 1599, 1584, 1541, 1447, 1250 ¢m

[L7CuTb(NO3),(DMF)] > (12). This complex was obtained using
[L7CU](05H12N)2(C6H2N307) (017 g, 2.2x 104 m0|) and Th-
(NO3)3:6H,0 (0.11 g, 2.4x 10~*mol). Crystals were obtained by
slow diffusion of methanol into a DMF solution of the complex.
Yield: (009 g, 61%) Anal. Calcd for £gH44CWpN1002Th,: C,
32.9; H, 3.0; N, 9.6. Found: C, 32.7; H, 2.9; N, 9.5. Characteristic
IR absorptions (KBr): 1641, 1620, 1600, 1584, 1540, 1448, 1252
cmL,

[LACuTb(NO3),]2(CH30H), (13). This complex was obtained
using [L*CuK(CH;OH)](CHzOH)o5 (0.10 g, 1.9x 104 mol) and
Tb(NOs)3-6H,0 (0.10 g, 2.2x 10~4 mol). Crystals were obtained
by slow diffusion of methanol solutions of the two starting materials.
Yield: (0.07 g, 54%). Anal. Calcd for gHs:CupNgO24Th,: C, 33.7;

H, 3.4; N, 7.5. Found: C, 33.3; H, 3.2; N, 7.3. Characteristic IR
absorptions (KBr): 1634, 1580, 1545, 1465, 1264 &m

[L8CuGd(NO3)2(H20)]2 (14). This complex was obtained using
[L8CUK(CH;OH)] (0.28 g, 5.4x 10~ mol) and Gd(NQ)z*6H,0O
(0.26 g, 5.8x 1074 mol). Yield: (0.28 g, 70%). Anal. Calcd for
C42H5ocUQGd2N3024Z C, 33.8; H, 3.4; N, 7.5. Found: C, 33.3; H,
3.2; N, 7.2. Characteristic IR absorptions (KBr): 1634, 1581, 1547,
1519, 1473, 1228 cr.

[L °CuGd(NO3),(H20)]2 (15). This complex was obtained using
[L°CuK](C3HeO) (0.25 g, 5x 10~4 mol) and Gd(NQ)z-6H,0 (0.24
g, 5.3x 10~* mol). Yield: (0.30 g, 80%). Anal. Calcd fordgH -
Cu,GdNgO,,: C, 32.5; H, 3.0; N, 8.0. Found: C, 32.1; H, 3.2; N,
7.7. Characteristic IR absorptions (KBr): 1642, 1605, 1579, 1546,
1456, 1223 cm?.

[L°CuGd(C7HeNOy),]» (16). A methanol solution of salicyl-
amide (0.15 g, 1. 10—3 mol) and triethylamine (0.12 g, 1%
10—-3 mol) was added to fCuK](CsHeO) (0.25 g, 5x 1074 mol)
dissolved in methanol (15 mL). Then the addition of Gd@g{©
6H,0 (0.24 g, 5.3x 10~4 mol) with stirring yielded a precipitate

Characteristic IR absorptions (KBr): 1707, 1600, 1563, 1528, 1253 that was filtered off, washed with methanol and diethyl ether, and

cm L.
Heteronuclear Cu'Ln" Complexes.These complexes were
prepared according to the general process described below.
[L°CuGd(NOg)2] (8). [L*Cu](CsH12N)2(CeH2N307) (0.25 g, 3.1
x 1074 mol) and Gd(NQ)z-6H,0 (0.15 g, 3.3x 10~* mol) were
mixed in methanol (10 mL); the mixture was stirred and heated
for 15 min, and then it was cooled at room temperature. The

resulting precipitate was filtered off, washed with methanol, acetone,

and diethyl etherand dried. Yield: 0.17 g (80%). Anal. Calcd for
CseH3.CwGhNgO22: C, 31.5; H, 2.5; N, 8.2. Found: C, 31.2; H,
2.3; N, 7.9. Characteristic IR absorptions (KBr): 1640, 1580, 1546,
1459, 1221 cm™.

[L3CuTb(NO3),]» (9). The use of Th(N@3-6H,0 (0.10 g, 2.2
x 1074 mol) and the same copper complex yielded the equivalent
CuTb complex (77%). Anal. Calcd for sgH34CuNgO,,Thy: C,

1926 Inorganic Chemistry, Vol. 45, No. 5, 2006

dried. Yield: (0.30 g, 80%). Anal. Calcd forgeHs,CGhNgO46:
C,47.6;H,3.7; N, 6.7. Found: C, 47.2; H, 3.4; N, 6.4. Characteristic
IR absorptions (KBr): 1639, 1602, 1570, 1538, 1242&m

X-ray Crystallography. The X-ray data for compounds 12,
and 13 were collected on a Stoe Imaging Plate Diffractometer
System (IPDS) equipped with an Oxford Cryosystems cooler device
using a graphite monochromatot & 0.71073 A). Data were
collected® using ¢ oscillation &) or rotation (2, 13) movement
with the crystal-to-detector distance equal to 70, 70, and 80 mm
for 5,12, and13, respectively ¢ = 0.0—-249.6, Ap = 1.6° for 5,
@ = 0.0-200°, Ap = 2.0° for 12,and¢ = 0.0—-200°, A = 1.5°
for 13).

(16) STOE, IPDS Manualersion 2.93; Stoe & Cie: Darmstadt, Germany,
1997.



Tetranuclear CU —Ln"" Complexes

Table 1. Crystallographic Data for Complexds 5, 12, and13

1 5 12 13
formula Cz;[,d'|27CUKN206,5 C33H41N7Ni011 C20H22Cul\15011Tb C21H25CUN4012Tb
fw 520.09 770.44 730.89 747.91
space group C2lc P21/n (No. 14) P1 C2lc
a(h) 27.528(2) 11.0760(9) 8.6821(17) 25.475(5)
b (A) 7.0944(7) 21.4542(17) 11.848(2) 12.934(3)
c(A) 22.9140(18) 15.3362(14) 11.928(2) 15.023(3)
o (deg) 81.77(3)

B (deg) 92.130(6) 101.474(1) 89.17(3) 91.06(3)

y (deg) 85.49(3)

V(A3 4471.9(7) 3571.5(5) 1210.6(4) 4949.0(17)
z 8 4 2 8

peaed (g CT3) 1.545 1.433 2.005 2.008

2 A 0.71073 0.71073 0.71073 0.71073
T(K) 180 293 240 180

(Mo Ka) (mm2) 1.207 0.613 3.846 3.767

R;2 obsd, all
R.P obsd, all

0.0363, 0.0491
0.0789, 0.0831

0.0413, 0.0669
0.0907, 0.1042

0.0210, 0.0285
0.0469, 0.0484

0.0682, 0.0771
0.1789, 0.1823

AR = J|IFol = IFcll/XIFol- ® Ry = [XW(IFo? — IFNAZwIFe?2]"2

Crystallographic measurements fbrvere carried out with the
Oxford-Diffraction XCALIBUR CCD diffractometer using graphite-
monochromated Mo  radiation. The crystals were placed 60 mm
from the CCD detector. More than a hemisphere of reciprocal space
was covered by the combination of four sets of exposures; each
set had a differeny angle (0, 90, 180, 27). Coverage of the
unique set is 99.8% complete up t® 2= 52°. The unit cell
determination and data integration were carried out using the
CrysAlis package of Oxford Diffractiol. Intensity data were
corrected for the Lorentz and polarization effects. All the structures
were solved by direct methods using SHELXS®and refined
by full-matrix least-squares oifF,? with SHELXL-97'° with
anisotropic displacement parameters for non-hydrogen atoms. All
H atoms attached to carbon were introduced in the calculations in
idealized positions using the riding model. To better fit the electron
density in compound.3, a model in which the solvate methanol
molecule is disordered into two resolvable orientations, with
common positions for the carbon atom, was applied. Scattering
factors were taken from ref 20. The molecular plot was obtained
using the ZORTEP prografd.Crystal data collection and refine-

ment parameters are given in Table 1, while selected bond distances Tb(1)-0(2)

and angles are gathered in Table 2.

Physical MeasurementsElemental analyses were carried out
at the Laboratoire de Chimie de Coordination Microanalytical
Laboratory in Toulouse, France, for C, H, and N. IR spectra 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 SQUID susceptometer. All samples were
3 mm diameter pellets molded from ground crystalline samples.
Magnetic susceptibility measurements were performed in+89002
K temperature range in a 0.1 T applied magnetic field, and
diamagnetic corrections were applied using Pascal's congfants.

Isothermal magnetization measurements were performed upto 5T Th(1)-0O(7)

(17) CrysAlis REDversion 1.170.32; Oxford Diffraction Ltd.: Abingdon,
U.K., 2003.

(18) Sheldrick, G. MSHELXS-97. Program for Crystal Structure Solution
University of Gdtingen: Gitingen, Germany, 1990.

(19) Sheldrick, G. MSHELXL-97 Program for the Refinement of Crystal
Structures from Diffraction DatelUniversity of Gdtingen: Gitingen,
Germany, 1997.

(20) International Tables for Crystallograph¥luwer Academic Publish-
ers: Dordrecht, The Netherlands, 1992; Vol. C.

(21) Zsolnai, L.; Pritzkow, H.; Huttner, ZORTER Ortep for PC, Program
for Molecular Graphics University of Heidelberg: Heidelberg,
Germany, 1996.

(22) Pascal, PAnn. Chim. Phys191Q 19, 5.

Table 2. Selected Bond Lengths (A) and Angles (deg) for Complexes
1,5, 12 and13

[L7Ni](CsH12N)2(CeH2N307) (5)

Ni—O(1) 1.8611(17) Ni-N(1) 1.842(2)
Ni—0(2) 1.8400(17) NiN(2) 1.851(2)
O(1)-Ni—0(2) 83.97(8) O(@FNi-N(1)  175.76(9)
O(1)-Ni—N(1) 94.31(9) O(2FNi—N(2) 95.39(9)
O(1)-Ni—-N(2)  174.81(10)  N(1}Ni—N(2) 86.66(10)
[L“CuK(CHOH)](CHsOH)o5(1)
Cu(1)-0(1) 1.896(2) Cu(1N(1) 1.915(2)
Cu(1)-0(2) 1.919(2) Cu(1IN(2) 1.949(2)
K(1)—O(1) 2.650(2) K(1)-O(3) 2.701(2)
K(1)—0(2) 2.665(2) K(1)-O(4) 2.775(2)
K(1)—0(6) 2.758(2)
O(1)-Cu(1-O(2)  88.36(7) O(rCu(l)}-N(1) 177.36(8)
O(1)-Cu(1)-N(1)  93.98(8) O(2)Cu(l}-N(2)  92.28(8)
O(1)-Cu(1)-N(2)  177.01(8)  N(L}Cu(l}-N(2)  85.44(8)
[L*CuTb(NGs)2(DMF)]2(12)
Cu(1-0(1) 1.888(2) CU(1IN(1) 1.928(3)
Cu(1)-0(2) 1.941(2) Cu(1yN(2) 1.905(3)
Th(1)-0(1) 2.319(2) Th(1)}O(3) 2.293(2)
2.462(2) Th(1}O(5) 2.330(2)
Th(1)-0(4) 2.628(2) Th(1}0(6) 2.492(2)
Th(1)-0(8) 2.529(2) Th(1)}O(10) 2.491(3)
Th(1)-0(11) 2.448(3)
O(1)-Cu(1)-0(2)  85.68(9) O(IFCu(l)-N(1)  94.23(10)
O(2-Cu(1-N(2)  95.27(11) N(I}Cu(l)-N(2)  85.70(11)

Cu(l)-O(1)-Th(1) 107.45(9) Cu(BO(2-Th(l) 100.46(9)

[L7CuTb(NOy)]2(CHsOH) (13)
0)

Cu(1-0(1) 1.891(1 Cu(ByN(1) 1.904(12)
Cu(1)-0(2) 1.928(10) Cu(5N(Q) 1.910(12)
Th(1)-0(1) 2.344(10) Th(1yO(3) 2.285(10)
Th(1)-0(2) 2.339(9) Th(1}O(4) 2.611(10)
Th(1)-0(5) 2.572(10) Th(1}O(6) 2.471(10)

2.463(11) Th(1yO(9) 2.465(10)
Th(1)-0(10) 2.472(10)

N(1)—Cu(1)-N(2) 86.7(5)
0(2)-Cu(1)-0(1) 81.9(4)
Cu(l-O(1)-Th(1)  107.1(4)

O(1)-Cu(1)-N(1) 95.7(5)
O(2yCu(1)-N(2) 95.8(5)
Cu(ly0(2)-Tb(1)  106.0(4)

at 2 K. The magnetic susceptibilities have been computed by exact
calculations of the energy levels associated with the spin Hamil-
tonian through diagonalization of the full matrix with a general
program for axial symmet#j and with the MAGPACK program
packagé'in the case of magnetization. Least-squares fittings were
accomplished with an adapted version of the function-minimization
program MINUIT2® The ac measurements were carried out in a
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Scheme 1 Scheme 2
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avd / \o/\

NH,

o
Q
\
2
o
/
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/
Py

L*CuLn(NOs),
R = CHj, L’CuLn(NO;),

HAC NH OH
3 R = C,Hs, LSCuLn(NO;),
L°H,
HsC
NH,

3.0 G ac field oscillating at different frequencies (from 50 to 1000 o
Hz) and with a zero dc field. o e g

Results and Discussion

SynthesesThe compartmental ligands'ds, L°Hs, L°Hs, [ \CU/ Ln(NO3), cd /Ln(N 22
L"Hs, L8H;, and L°H; used in this study are disymmetric N/ \O/ N o \
and trianionic for they possess one amide and two phenol | |
functions. They have been prepared according to an experi- <~

mental stepwise procedure described previotisi§in the

present case, the ester, which is not commercial, has been

prepared by reaction of 3-methoxysalicylic acid with dicy- L7CuLn(NO3), LACULN(NO3),
clohexylcarbodiimide in the presence of phenol in excess

and THF as solvent. Reaction of the phenyl 3-methoxysali- o,

cylate with the desired diamine, 1,2-diamino-2-methylpro-

pane or 1,3-diamino-2,2-dimethylpropane in 2-propanol or N 0\ LSCuL(NOs),
dichloromethane, yields the amide function of the ligand. >[ \Cu/ Ln(X),

Because of the mild experimental conditions pure half-unit / L°CuL(salam),
ligands 'H, and L3H,, in which only one function of the N| ®
diamine reactant has been involved in the reaction process, NG

are isolated in good yields (Scheme 1). When similar reaction
conditions are used with 1,2-diaminoethane, a mixture of
the half-unit and of the symmetrical ligand is obtained, but
these two ligands can be easily separated. Further reactio
of the L'H,, L?H,, and [3H, half-unit ligands with ortho-
vanillin, 3-ethoxysalicylaldehyde, or salicylaldehyde yields
L*Hs, L5H3, L®Hs, L’H3, L8H3, and I°Hs (Scheme 2). These
ligands include an inner XD, coordination site with one
amide, one imine, and two phenol functions and an outer
0,0, or 00 coordination site involving again the two phenol
functions and one or two oxygen atoms of the methoxy
groups. The monometallic complexes are readily obtained
by reaction of the ligand prepared in situ in a methanol

Solution with copper(ll) or nickel acetate in the presence of
potassium hydroxide or piperidine as deprotonating agents.
The desired complexes are obtained as crystals from the
resulting reaction media or powders with satisfying yields.
The heterometallic CdLn complexes (Ln= Gd, Tb) were
isolated by reaction of these precursors with nitrate or
chloride lanthanide salts in methanol. According to chemical
analysis, they are well represented BYCuGd(X), with or
without water or methanol molecules (% nitrato or
salicylamidato anion). As a consequence of the trianionic
(23) Clemente-Juan, J. M.. Mackiewicz, C.. Verelst, M.. Dahan, F.; nature of the related ligands, the electroneutrality of the
Bousseksou, A.; Sanakis, Y.; Tuchagues, JiABrg. Chem.2002 dimetallic complexes necessitates the presence of only two
(24) 4%5)14873},&_A|menar’ 3. 3. Clemente-Juan, J. M.. Coronado, E.: nitrato anions: The d.ecrealse ?n the number of nitrgtolan.ions
Tsukerblat, B. SInorg. Chem.1999 38, 6081. (b) Borfa-Almenar, (from three with a dianionic ligand to two for a trianionic
%.féinc'z%"dinﬁi'%’gaé"l M.; Coronado, E.; Tsukerblat, & Gomput. one) releases two coordination sites onto the gadolinium
(25) James, F.; Roos, M. MINUIT Program, A System for Function Center and possibly favors the coordination of the 4f ion to

Minimization and Analysis of the Parameters Errors and Correlations. the oxygen atom of the amido group of a neighboring
Comput. Phys. Commutt975 10, 345. . - . . .
(26) Daidone, G.; Raffa, D.; Maggio, B.; Plescia, S.; Matera, M.: Caruso, dinuclear entity. Nitrato ions can be easily replaced by a

A. Farmaco, Ed. Sci199Q 45, 285. ligand such as salicylamide under its deprotonated form.
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Figure 1. Zortep plot of the anionic INi entity for 5 with ellipsoids drawn
at the 50% probability level and the atomic labeling scheme.

- . . Figure 2. Fragment of the infinite hydrogen-bonded chain in the crystal
Description of the Structures. The asymmetric unit of  strycture of [“Cuk(CHOH)](CHsOH)o 5 (1), including the atom labeling

complex5 is composed of the INi monoanionic entity with scheme. The thermal ellipsoids are drawn at the 40% probability level.
its cationic piperidinium counterpart and of a piperidinium
picrate. As expected, the nickébn is in the inner trianionic
N,O, coordination site, connected in a square planar environ-
ment to the amido and imine nitrogen and the two phenoxo
oxygen atoms, with similar NiO (1.840(2), 1.861(2) A)
and Ni-N (1.842(2), 1.851(2) A) bond lengths, while the A
amide oxygen atom O(3) is not involved in coordination SR
(Figure 1). The central NiN—C—C—N five-membered ring /

of the diamino chain is gauche withdaconformation. One
piperidinium ion makes two N(6)H---O hydrogen bonds
with the O(1) phenoxo atom of'Ni (N(6)---O(1) = 2.846(3)
A, N(6)—H =0.90 A, N(6)-H---O(1)= 1.99 A,ONHO =
157.3) and the O(5) phenoxo atom of picrate
(N(6)---O(5) = 2.739(3) A, N(6}-H = 0.90 A, N(6)
H---O(5)= 1.97 A,ONHO = 142.2) inside the asymmetric
unit, while the othe_r one_lmks two'lNi entities through two Figure 3. View of the tetranuclear entity ICUTb(NQ)x(DMF)]> (12).
hydrogen bonds involving the other phenoxo O(2) atom The thermal ellipsoids are drawn at the 40% probability level.
(N(7)---O0(2) = 2.888(3) A, N(6>-H = 0.90 A, N(6)-
H---O(1)= 1.99 A,ONHO = 172.0) and the amide oxygen
atom (N(7)-O(3) = 2.675(3) A, N(6%-H = 0.90 A, N(6)-

a square planar environment. The-GD (1.915(2)-1.949-
~ _ . . (2) A) and Cu-N (1.896(2)>-1.919(2) A) bonds are slightly
H---O(1) = 1.78 A [INHO = 174.9) of a neighboring longer than the N+ O and Ni-N bonds of5. The potassium

entity, so that all the oxygen atoms of théNi units are o ¢ dinated to the f ¢ fth i
engaged in hydrogen bonds (Figure S1). As a result, these'2" IS pentacoordinated to the four oxygen atoms of tne outer

numerous short intermolecular contacts bind all the compo- t%of:'gban% tlo a trpgtganol ;noletc;]ule. '?S repfotrr:ed earlier,
nents of the structure and give a 3D network, which must € ondleng epend on the nature ot tn€ oxygen

- - S ._jatom, the shortest bond distances corresponding to the
E%\:ie(szg%npslge for the presence of the picrate ion in the final phenoxo oxygens (2.650(2P.665(2) A) and the longest

Crystall belongs to the monoclinic system and crystallizes ones to the methoxy groups (2.70%2775(2) A) and

in the C2/c space group, with neutral fCuK(MeOH)] methanol .(2'757(3) A). . . .

species as crystallographically asymmetric entities. In the The main structural pa_rt_lcularlty di2and13is that two
crystal lattice these dinuclear complexes are associated intoheteronuclear CHTh entities are assembled through the
chains by H-bonds involving coordinated methanol molecules oxygen atoms of the amido groups to form a double{Cu

: : : N—C—0O—Tb) bridge which leads to tetranuclear entities
and the amide oxygen of the neighboring molecules (EXb) . .
= 0.86(1), O(6)-O(5) (X, -y, 0.5+ 2) = 2.672(3), O(6)H regardless of the nature of the outer coordination sit@,0

-+0(5) = 1.82(1) (A), JOHO = 171(4Y) (Figure 2). The or 0,0, as represented in Figures 3 and 4. As expected, the

additional solvate methanol molecules are not coordinated S°PPer 10NS adopt a square planar coordination in the inner

: N0, site, while the terbium ions are in the outer,(@ or
but are hydrogen bonded to the amide oxygen atoms 222> . ) z
(O(7)—H = 0.89(5), O(73--0(5) = 2.823(5), O(7)H+-O(5) 0;0) sites. The two ions are doubly bridged one to the other

- 1_'94_(5)_ A, DOHO.Z _171(4)0_) (Figure 52) The c;oppg-r— (27) Miyasaka, H.; Matsumoto, N.; Okawa, H.; Re, N.; Gallo, E.; Floriani,
() ion is in the trianionic NO inner coordination site with C.J. Am. Chem. Sod.996 118, 981.
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Figure 5. Thermal dependence ofuT for 8 at 0.1 T. The full line
corresponds to the best data fit.

plot of complex8 is shown in Figure 5ym is the molar
magnetic susceptibility of the tetranuclear complex, corrected
for the diamagnetism of the ligané&At 300 K, yu T is equal
Figure 4. Molecular structure of [ECUTb(NQ)2]2(CHsOH)z (13). The to 16.65 cm K mol™, which is attributable to four (two
thermal ellipsoids are drawn at the 40% probability level. Cu(ll) and two Gd(lll)) uncoupled ions. Lowering the
temperature causeg,T to increase and reach a value of
by two phenoxo oxygen atoms belonging to thedr L* 30.56 cni K mol~! at 2 K, which is larger than expected (2
ligands with Cu--Th separations of 3.417(2) and 3.4006(8) x 10 cn® K mol~?) for two uncorrelated pairs of ferromag-
A, respectively. These bridging networks, €{0),—Tb, are  netically coupled Cu(ll) and Gd(lll) ions but smaller than
not far from being planar since the dihedral angles betweenthe value attributable (36 chik mol~2) to aS= 8 spin state
the (OCuO) and (OTbO) planes are equal to 6.962)d 6.3-  resulting from the ferromagnetic coupling of two (Cu, Gd)
(3)° for 12 and 13, respectively. The terbium ions are nine pairs. Such behavior is consistent with the simultaneous
coordinate. In addition to the two bridging phenoxo oxygen occurrence of two ferromagnetic (Cu, Gd) interactions which
atoms, they complete their environments with four oxygen would operate within each (Cu, Gd) paif) (and between
atoms coming from two bidentatg-coordinated nitrato ions,  two pairs {), respectively. A quantitative analysis based on
the amide oxygen not involved in the coordination site, and a “dimer-of-dimer” model directly derived from the structural
one or two oxygen atoms from the OMe sidearms. In the data and using the Hamiltoniath = —J(SceSed + ScvSea)
case of the Lligand, the missing oxygen atom is replaced — j(S,Seq + ScuSed) leads tod = 7.96 cnt, j = 0.82 cnt?,
by an oxygen atom of a dimethylformamide molecule. The andg = 1.995. The agreement factBr (R = 3[(3T)obsd —
Th—O bond lengths depend on the nature of the oxygen (5T)cacd?3[(xTobsd?) is excellent R = 1 x 1075). The
atoms; they vary from 2.319(2) to 2.628(2) A fa@ and importance of the two coupling constants characterizing
from 2.285(10) to 2.611(10) A fak3. The bonds issued from  complex 8 differ by an order of magnitude so that their
the amido oxygen (2.293(2) A far2 and 2.285(10) A for  respective pathways are easily recognized. Thalue of
13) are shorter than those from the phenoxo oxygens, the7.96 cnt! is quite reminiscent of those reportédor
longest ones being related to the methoxy sidearms and thestructurally characterized heterodinuclear complexes with a
nitrato ions. These bonds are comparable in the two bridging (CuQGd) network. The second interactigrs 0.82
complexes, except for the HOphenoxoboNd coming from  cm= may be related to the amido bridge (EN—C—0O—
the phenyl ring devoid of the methoxy grouplié which is Gd).15

longer (Th(1)-0O(2) = 2-462(2).'5\_), while the Tb-Opue Confirmation of the nature of the ground state and,
bond(Tb(1)-O(5) = 2.330(2) A) is in the range of the other  consequently, of the nuclearity of compléss given by the
Tb—Ophenoxobond lengths. field dependence of the magnetizatidd, at 2 K. The

In the tetranuclear complexek2 and 13, the shortest  experimental values d¥ fit correctly the Brillouin function
metak-metal separations that concern Cu(ll) ions not related for a S= 8 spin state. (Figure 6). Furthermore, increasing
by a material link are equal to 5.232(1) and 5.001(3) A, the field up b 5 T causes the magnetization to approach the
respectively. The separations between the Cu(ll) and Gd- saturation value of 16 Blunits consistent with &= 8,9 =
(111) ions bound to each other through the amido oxygen are 2 system.
equal to 5.730(2) and 5.535(2) A, respectively. The inter-  The magnetic studies of the other-€8d complexes give
molecular metatmetal separations which are larger than 6.8 the results reported in Table 3, with the thermal variations
A for 12and 7.2 A for13 preclude any significant interaction  of theyw T versusT plots reported in Supporting Information
of magnetic nature between these tetranuclear units. (Figures S3-S7). To check if a nuclearity change was

Magnetic Properties. The magnetic susceptibility of the ~ possible, we introduced some ligands modifications to the
Cu—Gd (8, 10, 11, 14, 15 16) and Cu-Tb (9, 12, 13) length of the diamino chains with two or three carbon atoms,
complexes have been measured in th&@0 K temperature  the presence or absence of two methyl groups on the two
range in a 0.1 T applied magnetic field. The magnetic _ _ —
behavior of the Ce-Gd complexes will be examined first.  ?®) gg%%%t’e;’éé%)'?\lag‘vﬁghf’G'.D;“CpggésA"’J.Lgfrggtﬁrf;‘gfgé:aﬁ?g‘.'

As an example, the thermal variation of thgT versusT Inorg. Chem.2004 1808.
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Figure 7. Thermal dependence @f4T for 13at 0.1 T.

Table 3. Results of the Magnetic Studies of €Gd Complexes

complex Jem?)  j(emY g R
[L*CuGd(NQ)]o * 6.94 058 199 1x107® substituent and the amide function on the same phenyl ring
{tegﬂggﬁﬂgij}ﬁg Joe 0B 1% 110, (L") must be responsible for a greater deformation of the
[L7CuGd(NQ)2(H20)]2 (11) 2.80 064 198 1x104 Cu—0,—Gd core in comparison to the case where the amide
{tggﬂgggmggzgnzgg}z 8‘5‘; g:ég 8:2‘2‘ 1:33 2§ ig ; function is brought by one phenyl ring and the methoxy
[L9CUGA(GHsNO2)s]> (16) 2.56 007 199 1104 group by the other' one ). An example of a ligand closely
2 Ref 15 related to £ (the difference comes from the absence of the

two methyl substituents on the diamino chain) has been
carbon atom diamino chain, or the nature of the outer previously reported in the literatutélt is not surprising to
coordination for the Ln ion, @, or 0;0. We also replaced ~ see that the resulting tetranuclear complex [LCuGdghfa)
the nitrato anions chelated to the Ln ion with deprotonated gives an intramolecular interaction of 6.2 thsimilar to
salicylamido ligands. The changes made the entire set ofthe value (5.89 crt) found in15 ([L °*CuGd(NQ)2(H20)L,).
complexes behave as tetranuclear entities with two ferro- The interactions through the amide function are markedly
magnetic interactions. A look at the results shows thaj the different, 2.4 cm* instead of 0.82 crrt. Such a difference
value is in the 0.6:0.8 cnm® interval, except for two cases. ~cannot be explained by either the presence of methyl groups
In the first case, substitution of nitrato anions (compl&x in the diamino chain or the GéOamise bond lengths (from

by the more voluminous salicylamido ligands if@uGd-  2.275(3) to 2.293(2) A) which are always the shortest ones
(CsHeNO,)]2 (16) must lengthen the GelOamigebond so that ~ within the gadolinium coordination sphere. It seems that
a decrease of the interaction parameter through the amidechanges in the gadolinium coordination spheres from nine-
function is observed. An intermediajevalue is found in ~ coordinate in our compounds to eight-coordinate in the
[L8BCuGd(NQ)»(H:0)]- (14). The L8ligand with three carbon ~ Matsumoto’s comple¥ are responsible for these differgnt
atoms in the diamino chain must induce a greater deformationparameters. Replacement of the chelating nitrato ions by hfa
of the (Cu-Gd), core. We have previously propogéthe ligands with different bite sizes modify the geometrical
existence of a relationship between the magnitude of the environment of the Gd ion. Furthermore, they allow a better
ferromagnetic interactiod and the dihedral angke between  insulation of the tetranuclear units.

the two halves, (OCuO) and (OGdO), of the double bridge. TheywT versusT curve for the [Cu-Tb], complex13is
Indeed, the bestvalue is obtained with the iCUGd(NQ),], shown in Figure 7. From 300 to 44 Ky T decreases slightly

(8) complex, which implies that the. value in8 is lower from 24.1 to 24.0 crhmol™ K and then increases to 33.2
than 6.0.1° As a consequence, the planarity of the heterodi- cm®mol™t K at 2 K. The last value is large compared to the
nuclear °CuGd unit along with the removal of the methyl value expected for four insulated ions. On the basis of the
groups of the £ diamino chain allow a better approach of free ion value (11.75 cAmol! K) for each T (“Fs) and

the two dinuclear units and, consequently, a bgttealue. a contribution of 0.37 cfhmol~! K for each copper ion, the
Some discrepancies in tliesalues are surprising. fCuGd- calculated value is c.a. 24.2 émol* K. Interestingly, this
(NO3)z]2 (8) and [LSCuGd(NQ);]. (10) have the same is practically the experimental value observed at 300 K. We
bridging cores and only differ by the replacement of a know that the TB" ion possesses a large orbital momentum
methoxy group by an ethoxy one. Nevertheless we observewith strong spir-orbit coupling which is responsible for the

a decrease of th&parameter from 7.96 to 3.94 cij along decrease of theyT product asT decreases. But if we
with a decrease of thevalue (from 0.82 to 0.61 cn). For remember that the CtiTb interaction has been reported to
the tetranuclear entities with an outes@site, the methoxy  be ferromagnetic in few examplé&s3'this magnetic behavior
group can be positioned on the phenyl ring bearing the amide(Figure 7) shows the existence of ferromagnetic interactions
function (L’ ligand) or on the phenyl ring linked to the imine  through the double phenoxo bridge and the single amido
function (L° ligand). Surprisingly, the) value varies from bridge, as in the [CtGd], complexes. Furthermore, the
2.80 cntt for 11 ([L’CuGd(NQ)2(H20)],) to 5.89 cmt for coexistence of antagonist effects in the fCib], species

15 ([L°CuGd(NQ),(H,0)]2). The presence of the methoxy

(30) Kahn, M. L.; Mathoniee, C.; Kahn, Olnorg. Chem1999 39, 3692.
(29) Costes, J. P.; Dahan, F.; Dupuis, A.; Laurent, lnérg. Chem200Q (31) Costes, J. P.; Dahan, F.; Dupuis, A.; Laurent, JCRem—Eur. J.
39, 169. 1998 4, 1616.
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Figure 8. Frequency dependence of the in-phase and out-of-phase
susceptibilities against temperaturea 3 G ACmagnetic field oscillating
at different frequencies (from 50 to 1000 Hz) for compli

can easily explain the presence of a minimum in ghd
versusT curve.

The field dependence of the magnetizatidf) has been
determined. When the the applied field increabés)creases
up to 10.8 M at 5 T but does not reach the expected
saturation value (9 Bifor each TB" and 1 N3 for each Cé&"
ion). However it may be noted that it is difficult and probably
meaningless to search at the present time for a quantitative
description of the ground and excited states in terms of
simple interaction parameters (like the coupling consfiant
for polynuclear transition complexes) and an appropriate
guantum number in the case of a (3d, 4f) cluster in the
presence of spinorbit coupling'*

The results of alternating current susceptibility measure-
ments are more signifi.cant. The data are represented in FigureFigure 9. Hysteresis loop measurements of compout@gtop) and13
8 as the plots of the in-phasg'yy) and out-of-phasey('v) (bottom) for several temperatures and a field sweep rate of 0.002 T/s. The
susceptibilities versu§ for different frequencies of the  magnetization is normalized by the saturation vaMg,at 1.4 T.
external field. The profile of these plots is characteristic for
slow relaxation of the magnetization. Unfortunately, the
maximum of y"'y could not be observed with this setup
working at temperatures higher than 1.8 K. We used therefore
a micro-SQUID apparatts to study the magnetization
dynamics down to 0.04 K. The studies were performed on a
powder of microcrystals which was thermalized using Apiezo “o A _
grease. Figure 9 presents typical hysteresis loops of com-dence of the relaxation time follows an Arrhenius law-
poundsl? (top) and13 (bottom), showing a temperature and 7o €XPELKeT) with 7o being the preexponential factor and

field sweep rate dependent hysteresis (Figure S9). TheFa the effective energy barrier for spin reversaé] with an
hysteresis loops of compouriB show a “double-S-like”  activation energy okg/ks = 4.2 K andro = 1 x 10 s and

curve, which is characteristic for small antiferromagnetic (i) Pelow 0.3 K, the curve flattens and the relaxation rate
interactions between molecules. Because such an interactiorrtats 10 t;,e terrr\]peratunle mdepend;ant. hod th
makes the interpretation of hysteresis more complicated, we 1° cI:on wn; this resm;ﬂté We app |e§? a mﬁt O?I that was
focused our studies on compoutd, which does not show  'ecently applied to SMMS and SCMs* and that allowed a
such interactions. detailed understanding of the reversal mechanism. The
We studied the origin of the maanetic hvsteresis of method consists of measuring the temperature and field
. gin o g y . sweep rate dependences of the coercive fietds\fhich is
compoundl? via dc relaxation measurements. At a given A ;
temperature, the magnetization was first saturated in a highpresented In Figure 10. As expected for a thermally activated

magnetic field. After the field was swept down to zero with process, the vglues <be increase with decreaslng temper-
. o ature, T, and increasing field sweep rate, = dH/dt.
a field sweep rate of 0.14 T/s, the magnetization decay was

measured as a function of time (Figure S10). Because the
decay was not exponential and showed two different regimes,
we used a scaling procedure of the long relaxation regime
to obtain the mean relaxation time) (In Figure S11, the dc
relaxation times are plotted into an Arrhenius plot. Two
regimes are observed: (i) above 0.3 K, the thermal depen-

(33) Wernsdorfer, W.; Murugesu, M.; Tasiopoulos, A. J.; ChristolRI@/s.

(32) Wernsdorfer, W.; Bonet Orozco, E.; Hasselbach, K.; Benoit, A.; Rev. B. 2005 72, 212406.
Barbara, B.; Demoncy, N.; Loiseau, A.; Pascard, H.; MaillyPDys. (34) Wernsdorfer, W.; Clac, R.; Coulon, C.; Lecren, L.; Miyasaka, H.
Rev. Lett 1997 78, 1791. Phys. Re. Lett 2005 95, 237203.
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Tetranuclear CU —Ln"" Complexes

As explained below, the main difference between the
Matsumoto’s complex and complé® lies in the nature of
the auxiliary ligands around Tb ions, two chelating hexafluo-
roacetylacetonato ligands versus tyfcoordinated nitrato
anions.

Conclusion

To sum up the present work it may be noted that the
synthetic strategy based on the assembly of preformed
dinuclear units has been partially successful. The addition
of an amide function to the structure of a binucleating Schiff
base allows the formation of a tetranuclear complex. The
structural studies show that within each dinuclear{Qd)
unit the two metal ions are bridged by two phenoxo oxygen
atoms while the amido (NC—0O) groups link the Cu(ll) and
Gd(lll) ions of two neighboring dinuclear units. These
structural features agree with the data of the magnetic studies
which show that two types of interactions are operative. Both
are ferromagnetic and result inS= 8 spin ground state.
The importance of the two coupling constants characterizing
such complexes differ by an order of magnitude so that their
respective pathways are easily recognized. Thealues,
varying from 2.56 to 7.96 cnt, are quite reminiscent of
those (1.42-10.1 cmY) reported® for structurally character-
ized complexes with a bridging (CuGd) network. In a
previous work, we have shown the role held by the dihedral
angle made by the planes involving the two phenoxo bridging
atoms and the 3d and 4f ions, an observation which was
retained in a recent theoretical wotkThis would explain
why complexes8 and 9, without any CH group into the
diamino chain, possess dihedral angles lower than 6.0(3)
This planarity and the absence of methyl groups on the
diamino chain favor the shortening of the €@(amide)
Figure 11. Field dependence of the energy barrier of compoaad bond. Indeed, the interaction, related to the amido bridge
obtained from the set dfi. (T,») data from Figure 10. (Cu—N—C—0~-Gd), varies from 0.34 to 0.82 cm in the

different complexes containing nitrato ions chelating the
Furthermore, all our measurements showed an almOStgadolinium centers, and the larger value (0.82 8is

logarithmic dependence éf on the field sweep rate (Figure  55qqcjated with comples These values are far from being
S12). The temperature dependencédipflattens below ca. negligible. In the [C¥Gdb], complexd® each Gd(lll) ion is
0.3 K. ' , i coupled to three Cu(ll) ions through oxamato groups, and
The field dependence of the effective energy barrier can ye yejevant constant has an estimated value of 0.15.cm
be ok;gaslllned from the set ¢1(T,v) data usingAE = kT In- Furthermore, when the nitrato anions are replaced by bulky
(cv),™ v(;/here the field swee(:)plngor_ate Is given by= dH/ ligands such as salicylamidato ligands, theparameter
dt, ¢ = HkT/[270EA(1 — H/HC), Ho'is the reversal field at — yocreases strongly (from 0.82 to 0.07 d)n as a conse-
zero temperaturds, is the effective activation barrier at zero quence of an increase of the EN—C—0—Gd separation.
applied field. The resultis plotted in Figure 11. One can see \ye haye also seen that changes introduced in the diamino
that AE is aboutE/ke = 4 K atH = 0 which is in good  ¢3in (two or three carbon atoms) or in the nature of the
agreement with the result obtained with relaxation measure- y +ar coordination site (@, or 0,0) do not modify the
ments. As expected\E decreases with the increasing field. ,,\c|earity of the resulting species. Despite these differences,
Below ca. 0.3 K, the tunneling reduces the barrier t0 zero. 5| of the Jigands used here possess only one amide function,
The fact that no resonant tunnel transition is observed at so that the heterodinuclear species can be bridged by an
= 0 suggests that small intermolecular dipole and exchange g e ink. A parallel arrangement of these entities should
interactions influence the tunnel process. The valugti give an infinite chain (CtGd), while the head to tail

(4 K) is smalle_r than th_at obtained for.S|m|I.ar tetranuclear arrangement observed in the structural determinations limits
[Cu—Tb], specieskike = 21 K) made with aligand closely o 1 clearity to a maximum value of four.
related to I/,* where the methoxy substituent is linked to

_the phenyl .ring involved i_n the imine functio.n Wh"e_it is (35) Paulovic, J.; Cimpoesu, F.; Ferbinteanu, M.; Hirao,JKAm. Chem.
introduced in the phenyl ring bearing the amide link ih L S0c.2004 126, 3321.

Figure 10. The coercive fieldH, for compoundl2 as a function of the
temperature at several field sweep rates.
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Replacement of gadolinium by an anisotropic lanthanide synthetic solution, making use of a trinuclear-dwn—Cu
such as terbium preserves the tetranuclear nature of theentity with an amide function around each copper atém,
products and allows them to function as single-molecule allowed us to isolate 1D GtlLn chains. We are now trying
magnets. Indeed, the presence of a high-spin ground stateo obtain clusters of higher nuclearity via the introduction
and anisotropy are necessary to yield SMMs. This compari- of two amide functions onto the same ligand. In a near future,

son underlines the importance of the anisotropy introduced we expect that the ligands described herein will allow us to

relaxation times. Unfortunately, our examples do not give
an improvement of the SMM properties, in comparison to
the example published previoustyA comparison of these
results shows a possible role held by the auxiliary hfa ligands
around the Tb ions because the main ligands are very similar.
In the present work, we have focused our attention on
disymmetric amide-imine ligands to find the ones capable
of giving the best magnetic interactions in the tetranuclear
species and to determine if some of them could give entities ~ SuPPorting Information Available: X-ray crystallographic files

of higher nuclearity. This is why we have not used auxiliary " CIF format and further susceptibility and micro-SQUID measure-

ligands around the Ln centers. In a recent work, an alternativemems' This material is available free of charge via the Internet at
i ' http://pubs.acs.org.
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