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Three copper(Ih-rhenium(IV) bimetallic complexes of formula [Reft-ox)Cu(pherny] (1), [ReCl(«-0x)-
Cu(phen)]-CHsCN (2), and [ReCl(u-ox)Cu(terpy) (HO)][ReCl(u-ox)Cu(terpy)(CHCN)] (3) (ox = oxalate

anion, phen= 1,10-phenanthroline, and terpy 2,2:6,2"- terpyridine) have been synthesized and their crystal
structures determined by single-crystal X-ray diffraction. Comglexystallizes in the triclinic system, space

group P(—1), with a = 9.776(2),b = 11.744(3),c = 14.183(3) A, o =102.09(2}, B = 109.42(2}, y =
107.11(2), andZ = 2, wherea2 and 3 crystallize in the monoclinic system, space grolas/n and P2;/c,
respectively, witha = 12.837(3),b = 17.761(4),c = 12.914(3) A, = 91.32(2}, andZ = 4 for 2, anda =
8.930(2),b = 18.543(4),c = 27.503(6) A, = 94.67(2}, andZ = 4 for 3. The structures of and2 are made

up of neutral [ReClu-ox)Cu(pheny] bimetallic units. Re(IV) and Cu(ll) metal ions exhibit distorted octahedral
coordination geometries, being bridged by a bis(bidentate) oxalato ligand. The presence of acetonitrile molecules
of crystallization in2 causes a somewhat greater separation between the bimetallic complexes and a different
packing of these units in the crystal structure with respedt tbhe copperrhenium separation across oxalato

is 5.628(2) in1 and 5.649(3) A ir2. The structure o8 is made up of two different and neutral bimetallic units,
[ReCly(u-ox)Cu(terpy)(HO)] and [ReCi(u-ox)Cu(terpy)(CHCN)]. In the first one, the oxalate group behaves

as a bis(bidentate) ligand occupying one equatorial and one axial position in the elongated octahedral environment
of Cu(ll). The water molecule is axially coordinated. In the second one, the oxalate group behaves as a bidentate/
monodentate ligand occupying the axial position in the square pyramidal environment of Cu(ll). The acetonitrile
molecule occupies a basal coordination position around the copper atom. These units are arranged in such a way
that a chlorine atom of the first unit (CI(1)) points toward the copper atom (Cu(2))of the second one (3.077(2) A
for CI(1)-Cu(2)), forming a tetranuclear species. The coppbenium separation across bis(didentate) oxalato is
5.504(3) A, whereas that through bidentate/monodentate oxalato is 5.436(2) A. The magnetic bel@wiud of

3 has been investigated over the temperature range308 K. A very weak and nearly identical antiferromagnetic
coupling between Re(IV) and Cu(ll) through bis(bidentate) oxalato occura (@ = —0.90 cntl) and 3

(J = —0.83 cnm); it is ferromagnetic irB through both the bidentatanonodentate oxalatd & +5.60 cnt?)

and the chloroJ = +0.70 cn?) bridges.

Introduction Three main points emerged from this work: (i) the zero-field
. . . _ . splitting is very important in Re(IV) complexes, (ii) the oxalate
We are mtgrested in the synthesis, structural characterlzat!on,”gand is reluctant to bridge Re(IV) and Cu(ll), and (iii) strong
and magnetic properties of polynuclear complexes containing magnetic interaction between Re(lV) and Cu(ll) would be
Re(lV) (a 5¢ ion) and first-row transition metal ions. Our mediated by a good bridging ligand.
approach involves the synthesis of stable mononuclear Re(IV)  zerq field splitting has usually been neglected in the analysis
complexes which can act as ligands toward transition metal ions. ;¢ the magnetic properties of Re(IV) complexes. Thus, the
In a recent report dealing with the synthesis and magneto- yecrease of, T when decreasing temperature in the hexahalo
structural characterization of the mononuclear oxalato complex ononuclear complexes [Reg)R~ has been attributed to inter-
of Re(IV) of formula (AsPh)[ReCly(0x)] aid of the ferimag-  5jecylar antiferromagnetic interactichBhese interactions are
netic chain [Reru-OX)CP(b'PY)z] (AsPh, = tetraphenylarso-  heciyded in the crystal structure of (AsfReClL(ox)] because
nium and bipy = 2,2-bipyridine), weak antiferromagnetic  he naramagnetic complex anions are well separated from each
interactions between Re(IV) and Cu(ll) through oxalato and ey py the bulky tetraphenylarsonium cations. The high value
single chloro bridges were observed for the latter compdund. of the zero-field splitting of théA, ground term (& = 60 cnT?)
of Re(lV) in this compound accounts for the variationy@fT
* To whom communication should be addressed. with T in the low-temperature range. Even in the more

(1) (a) Universidad de la Réplica, Montevideo. (b) Universitdegli Studi : : ; :
della Calabria. () Universidad de Valencia. symmetric (capfReCk] species, the only consideration of a
(2) Chiozzone, R.; Gorifee, R.; Kremer, C.; De Munno, G.; Cano, J.;
Lloret, F.; Julve, M.; Faus, Jnorg. Chem.1999 38, 4745. (3) Figgis, B. N.; Lewis, J.; Mabbs, F. B. Chem. Socl1961, 3138.
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Scheme 1 antiferromagnetic interaction is not expected in a bimetallic
oxalato bridged Cu(ll)Re(IV) complex. The orthogonality
between magnetic orbitals (the electronic configuration of the
metal ions is 4Pe,®> and bg®, respectively, in an octahedral
environment) would lead to a ferromagnetic coupling. Distor-
tions in the coordination geometry can introduce some orbital
overlap, but always small, turning the interaction to weak
antiferromagnetic.

Given the well-known plasticity of the coordination sphere
of Cu(ll),** it seemed interesting to investigate the influence of
the other ligands on the coordination modes of [R&X)]%".

In our first attempt, we substituted 1,10-phenanthroline (phen)
and 2,26',2"-terpyridine (terpy) for bipy, and we obtained three
zero-field splitting of ca. 13 (cat tetrabutylammonium, NB{) new heterobimetallic Re(I\ACu(ll) complexes, [ReG(u-0x)-

and 9 cm? (cat= AsPh™) allows a very good match of the  Cu(pheny] (1), [ReCl(u-0x)Cu(pheny]-CHsCN (2), and [ReCJ-
magnetic susceptibility datalt should be noted that a value of  (u-ox)Cu(terpy)(HO)][ReCl(u-0x)Cu(terpy)(CHCN)] (3). Their

2D = 127 cnt! was reported for GfReFs] from a study of its syntheses, crystal structures, and variable-temperature magnetic
electronic absorption spectrum. properties are reported here.

The oxalate dianion is a well-known ligand which usually i )
adopts the bis(bidentate) coordination mode when acting as aEXPerimental Section
bridge in its metal complexes. Bimetallic complexes with di-, Materials. The copper(ll) trifluoromethanesulfonate salt (Fluka),
[Ni2(0x)s]®,2 tri-, [Cra(0x)s]*~,6 and [Fe(ox)s]*~,” and tetra- phen and terpy ligands (Aldrich) as well as the organic solvents
valent, [Zr(0x);],5~8 metal ions have been characterized. In acetonitrile (MeCN), dimethylformamide (DMF), and nitromethane
these complexes both metal ions have the same oxidation state(MeNQ,) were purchased from commercial sources and used as
The tendency of oxalate to act as a bridge decreases considerabl{gceived. The complex (NBs[ReCl(ox)] was prepared as previously
when the metals involved exhibit different oxidation states. A TePortec

: : : Synthesis of the Complexes. [Re@-ox)Cu(phen)] (1) and
series of compounds with extended oxalato bridges NBu )
VM (004 (,\';’” N Fo. oo Ni Cu. o o N)|9= C‘f" [ReCla(u-0x)Cu(phen)]-CHCN (2). A solution of 45 mg of (NBu)»-

9 K but i h h . . [ReCly(ox)] (0.05 mmol) in 30 mL of a MeCN-DMF (5:1) mixture
Fe, Ru_) _are _noyvr_1, ut it appears that the counterion 'Sf was added to a solution of 18 mg of copper(ll) trifluoromethane-
essential in maintaining the polymeric structure. The synthesis gjfonate (0.05 mmol) and 20 mg of phen (0.10 mmol) in 30 mL of

and structure of another polymeric compound of formula the same mixed solvent. Both solutions were very hot, nearly boiling,
K2[UMn(ox)4], where the oxalato bridges U(IV) and Mn(ll)  before the mixing, and the resulting solution was left to cool slowly at
cations, has been reported very recefitlyt as far as we know,  room temperature in a closed container. After a week, a mixture of a
[ReCly(u-0x)Cu(bipy)] is the first compound with an oxalato  few well formed green) and a lot of blue-green @) crystals was
ligand bridging M(IV) and M(Il) transition metal ions. The formed an(_j marjually sgparated. Both kinds of crystals were suitable
complex [ReCl(ox)]>~ has a low affinity for Cu(ll) and most for X-ray diffraction studies. Anal. Calcd for#H:eN4ClsOsCuRe ():
likely for any other divalent metal ion of the first transition < 37-18:H, 1.92,N, 6.67%. Found: C, 37.31; H, 1.98; N, 6.62%. IR:

. ) . . . bands associated to the oxalato ligand appear atfjch697 vs, 1673
series. Thus, [Re@u-0x)Cu(bipy}] is the only isolated 1" 1476, Anal Calcd for@ioNsCla OsCURe @) C, 38.17: H,

compound in the [Re@lox)]” —Cu?*—bipy system evenwork- 5 7.'\ "7.9506. Found: C, 38.06; H, 1.85; N, 7.92%. IR: bands
ing at a 1:1 C&" to bipy molar ratio. In this compound, the  associated to the oxalato ligand appear at-®@ri694 vs, 1669 m,
oxalate anion is coordinated to Re(lV) as a bidentate ligand and 800 s. Compoun@ can be isolated in a high yield as the only
but only as monodentate ligand to Cu(ll), forming a very long product using MeCN as solvent. The procedure is as follows: a solution
axial bond, 2.65 A for CttO (Scheme 1). No significant  of 45 mg of (NBu);[ReCl(ox)] (0.05 mmol) in 20 mL of MeCN was
magnetic interaction is expected with such a bridge in a added to a solution of 18 mg of copper(ll) trifluoromethanesulfonate
bimetallic complex with first-row transition metal ions. In fact, (0-05 mmol) and 20 mg of phen (0.10 mmol) in 30 mL of MeCN. A
[ReCly(u-ox)Cu(bipy}] behaves as a ferrimagnetic chain with solid appeared |mrr_1ed|ate_ly, and prempltatlon was C(_)mplete after a few
significant intra- (through oxalato) and intermolecular (through "0Urs- The crystalline solid was filtered, washed with MeCNx(2

. - . .. . mL), and dried in the air. Yield: 70%.
chloro bridges, Ct+Cl = 3.35 A) antiferromagnetic interactions [ReCla(u-0x)Cu(terpy)(H:0)J[ReCla(u-0x)Cu(terpy)(CHsCN)] (3)
(see Scheme 1). This behavior reflects the greater diffuseness, : Pyt 2 y PyJP-Ts '

- . hot solution of 45 mg of (NBr);[ReCL(ox)] (0.05 mmol) in 45 mL
of the 5d orbitals of Re(IV). Indeed, DFT calculations show an ot mecN was addedg to(a r?é{ solut(ion)] éf 18 mg ZJf copper(ll)

important spin density on the bridging atofidowever, astrong  trifluoromethanesulfonate (0.05 mmol) and 11.6 mg of terpy (0.05
mmol) in 45 mL of MeCN. A crystalline solid separated immediately.

(4) Black, A. M.; Flint, C. D.J. Mol. Spectroscl1978 70, 481. The mixture was left undisturbed overnight. The green crystals were
(5) Romia, P.; Guzma-Miralles, C.; Luque, A.; Beitia, J. |.; Cano, J.; filtered and washed with MeCN (& 2 mL). Yield: 23.6 mg (64%).
Lloret, F.; Julve, M.; Alvarez, Sinorg. Chem.1996 35, 3741. Polyhedral green single crystals 8fsuitable for X-ray diffraction

(6) Masters, V. N.; Sharrad, C. A,; Bernhardt, P. V.; Gahan, L. G : : i :
Moubaraki, B. Murray, K. S. 1. Chem. Soc., Dalton Tran$99§ studies were obtained by the slow mixing of solutions of both reagents

413, in MeNO;:MeCN (8:1) at room temperature. Anal. Calcd fagtdis N3 s

(7) (a) Coronado, E.; GataMascafs, J. R.; Gmez-Gar@, C. J.J. Chem. Cls04:CuRe @): C, 29.12; H, 1.83; N, 6.60%. Found: C, 29.06; H,
Soc., Dalton Trans200Q 205. (b) Rashid, S.; Turner, S. S.; Day, P.;  1.53; N, 6.62%. IR: bands associated to the oxalato ligand appear at
Light, M. E., Hursthouse, M. Blnorg. Chem.200Q 39, 2426. (c) (cm™) 1709 vs, 1692 vs, 1649 m, 1630, 1369, and 803 s.

Armentano, D.; De Munno, G.; Faus, J.; Lloret, F.; Julve,lMrg. ; ;
Chem.2001, 40, 655. Physical TechniquesThe IR spectra (KBr pellets) were recorded

(8) Baggio, R.; Garland, M. T.; Perec, Mhorg. Chem 1997 36, 3198. with a Perkin-Elmer 1750 FTIR spectrometer. Magnetic susceptibility
(9) Larionova, J.; Mombelli, B.; Sanchiz, J.; Kahn, lBorg. Chem1998
37, 679, and therein references. (11) Hathaway, B. J. I€omprehensie Coordination ChemistryVilkinson,
(10) Mortl, K. P.; Sutter, J. P.; Golhen, S.; Ouahab, L.; Kahn)rorg. G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: Elmsford,

Chem.200Q 39, 1626. New York, 1987; Vol 5, p 603.



4244 Inorganic Chemistry, Vol. 40, No. 17, 2001

Table 1. Summary of Crystal Datdor [ReClL(ox)Cu(phemny] (1), [ReClL(ox)Cu(phen)]-CHsCN (2), and

[ReCly(ox)Cu(terpy)(HO)][ReCl(ox)Cu(terpy) (CHCN)] (3)

Chiozzone et al.

1 2 3
chem formula GsH16Cl,CuN,O4Re GgH1oCl,CuNsO4Re GeH27ClsCupN7OgR e
M 840.0 881.0 1484.7
cryst syst triclinic monoclinic monoclinic
space group P(—1) P2:/n P2i/c
a A 9.776(2) 12.837(3) 8.930(2)
b, A 11.744(3) 17.761(4) 18.543(4)
c A 14.183(3) 12.914(3) 27.503(6)
o, deg 102.09(2) 90 90
B, deg 109.42(2) 91.32(2) 94.67(2)
y, deg 107.11(2) 90 90
v, A3 1379.8(5) 2943(1) 4539(2)
A 2 4 4
DJ/Kg m=3 2.022 1.988 2.173
F(000) 808 1704 2832
u(Mo Ko 55.82 52.39 67.72
cm?t
refln 4888/3852 5203/3049 8050/3946
unique/obs
R 0.040 0.097 0.053
Rw? 0.043 0.107 0.052
s 1.06 2.03 1.30

aDetails in common:T = 25°C, | > 30(l). "R = S (||Fo| — |Fcl|)/3|Fol. ¢ Rw= [SW(||Fo| — |Fcl|)7SwW|Fo|3Y2 ¢ Goodness of fit= [Sw(|F|
= IFeD)Z(No — Np)I*2

measurements (1-800 K) were carried out with a Quantum Design ~ Table 2. Selected Bond Distances (A) and Bond Angles (Deg) for

SQUID magnetometer under an applied magnetic fiéld @ at high Compoundl
temperature and only 50 G at low temperature to avoid any problem Distances
of magnetic saturation. The device was calibrated with JpMh(SO;).- Re(1>-0(1) 2.055(7) Re(H0O(2) 2.062(5)
6H,0. The corrections for the diamagnetism were estimated from Pascal Re(1)-CI(1) 2.312(2) Re(1yCl(2) 2.307(4)
constants. Re(1)-CI(3) 2.358(3) Re(L)yCl(4) 2.325(4)
X-ray Data Collection and Structure Refinement. Crystals of Cu(1)-N(1) 1.987(8) Cu(1yN(2) 2.071(5)
dimensions 0.45¢ 0.37 x 0.09 (1), 0.12x 0.20 x 0.22 @), and 0.20 Cu(1)-N(3) 2.001(8) Cu(LyN(4) 2.107(7)
x 0.10x 0.12 mm B) were mounted on a Siemens R3m/V automatic ~ Cu(1)-0(3) 2.355(6) Cu(1y0(4) 2.465(8)
four-circle diffractometer and used for data collection. Diffraction data Angles
were collected at room temperature by using graphite monochromated o(1)-Re(1)-0(2) 78.9(2) O(1)yRe(1)-Cl(2)  171.6(1)
Mo Ka radiation @ = 0.71073 A) with thew — 20 scan method. The O(1)-Re(1)-Cl(1) 92.0(1) O(1FRe(1)-CI(3) 87.9(2)
unit cell parameters were determined from least-squares refinement of O(1)-Re(1)-Cl(4) 88.1(2) O(2YRe(1)-Cl(2) 92.9(2)
the setting angles of 25 reflections in th@ 2ange of 15-30°. O(2)-Re(1)-Cl(1) 169.5(2) O(2)Re(1)-CI(3) 85.0(2)
Information concerning crystallographic data collection and structure O(2)—Re(1)-Cl(4) 91.4(2) Cl(2y-Re(1)-CI(1) 96.4(1)
refinements is summarized in Table 1. Examination of two standard Cl(2)—Re(1)-CI(3)  92.8(1) Cl(2)-Re(1)-Cl(4)  90.7(1)
reflections, monitored after every 98 reflections, showed no sign of CI(1)-Re(1)-CI(3)  89.6(1) CI(1)}-Re(1)-Cl(4)  93.4(1)
crystal deterioration. Lorentz-polarization and G-scan absorption cor- Cl(3)—Re(1)-ClI(4)  175.1(1)  N(1)-Cu(1)-N(2) 82.2(3)
rection? were applied for compount] whereas the data of compounds N(1)—Cu(1)-N(3) 179.2(2)  N(1)Cu(1)-N(4) 97.3(3)
2 and3 were corrected by the XABS prograii.The structures were N(1)—=Cu(1)-0(3) 92.8(3)  N(1)-Cu(1)-O(4) 89.2(3)
N(2)—Cu(1)}-N(3) 98.5(3) N(2)-Cu(1)-N(4) 124.6(3)
solved by standard Patterson methods and subsequently completed byN(Z)—Cu(l)—O(3) 1551(3) N(2)-Cu(1)-O(4) 86.4(2)
Fourier recycling. All non-hydrogen atoms (except the acetonitrile N(3)—Cu(1-0(3) 86.6(3) N(3)-Cu(1)-O(4) 91'1(3)
ca(bon atpm C(28) ig and all the terpy carbon atoms?@were refined . N(3)—Cu(1)-N(4) 82.1(3) N(4y-Cu(1)-0(3) 80.2(3)
anisotropically. The hydrogen atoms of the acetonitrile molecul@s in  N(4)-Cu(1)-O(4)  148.8(2) O(3)}Cu(1l)}-0O(4) 69.0(2)

and3 and the water molecule Biwere not defined. The other hydrogen
atoms were set in calculated positions and refined as riding atoms with
a common fixed isotropic thermal parameter. The refinement was
performed onF against 48881), 5203 @), and 8050 8) reflections.
The residual maxima and minima in the final Fourier-difference maps
were 1.28 and-1.28 e A3 for 1, 4.52 and—4.93 e A3 for 2 (the first

six residual maxima are near Re(1) atom), and 1.34-ahd1 e A3

for 3. Solutions and refinements were performed with the SHELXTL
PLUS systent® The final geometrical calculations were carried out
with the PARST progrank* The graphical manipulations were per-
formed using the XP utility of the SHELXTL PLUS system. Main
interatomic bond distances and angles are listed in Tabl&s 2 (2),

and 4 Q).

and2 contain neutral [ReGox)Cu(pheny] dinuclear units. The
substantial difference is the presence of acetonitrile molecules
of crystallization in2. Perspective drawings showing the atom
numbering are shown in Figures 1) @nd S1 2). Each [ReC}-
(ox)Cu(pheny] unit contains Re(IV) and Cu(ll) ions bridged
by a bis(bidentate) oxalato ligand. The Re(lV) ion is in a
distorted octahedral geometry, being bonded to the oxalate group
and four chloride anions. No significant differences were found
in the Re-Cl [mean values 2.325(4)1( and 2.329(8) A 2)]

and the Re-O [average values 2.058(6))(and 2.06(2) A 2)]

bond distances. Both R&Cl and Re-O bond lengths are in
agreement with those found in the literatéréhe O(1)O(2)-
CI(2)CI(2) set of atoms constitutes the equatorial plane around
Re, the largest deviation from planarity being 0.085(6) A for

Results and Discussion

Description of the Sructures. [ReCl(u-0x)Cu(phen)] (1)
and [ReCls(u-0x)Cu(phen)]-CH3CN (2). Both compoundd

(13) SHELXL PLUS, Version 4.11/V, Siemens Analytical X-ray Instru-
ments Inc., Madison WI, 1990.
(14) Nardelli, M.Comput. Chem.1983 7, 95.

(12) North, A. C. T.; Phillips, D. C.; Mathews, F. &cta Crystallogr.,
Sect. A 1968 24, 351.
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Table 4. Selected Bond Distances (A) and Bond Angles (Deg) for

Compound3
Distances
Re(1)-0(1) 2.07(1) Re(1)0(2) 2.05(1)
Re(1)-ClI(1) 2.316(5) Re(1)Cl(2) 2.322(5)
Re(1)-CI(3) 2.341(5) Re(LyCl(4) 2.335(5)
Cu(1)-N(1) 2.03(1) Cu(1¥N(2) 1.94(1)
Cu(1)-N(3) 2.04(1) Cu(1y0O(4) 2.05(1)
Cu(1)}-0(3) 2.48(1) Cu(2)0O(5) 2.22(1)
Re(2)-0(6) 2.05(1) Re(2y0(7) 2.05(1)
Re(2)-CI(5) 2.334(5) Re(2)yCI(6) 2.325(6)
Re(2)-CI(7) 2.341(5) Re(2)CI(8) 2.354(5)
Cu(2-N(4) 2.03(1) Cu(2)-N(5) 1.92(1)
Cu(2)-N(6) 2.04(1) Cu(2)yN(7) 1.98(2)
Cu(2)-0(9) 2.40(1) Cu(2yCI(1) 3.077(6)
Angles

O(1-Re(1)-0(2) 79.7(5) O(1yRe(1)-Cl(2) 172.2(4)
O(1-Re(1}-CI(1) 92.1(4) O(1yRe(1)-Cl(3) 85.8(4)
O(1)-Re(1)-Cl(4) 88.3(4) O(2yRe(1)-Cl(2) 92.5(4)
O(2-Re(1y-Cl(1) 171.7(4) O(2rRe(1)-CI(3) 86.0(4)
O(2)-Re(1)-Cl(4) 88.8(4) Cl(2yRe(1)>-Cl(1)  95.6(2)
. ) . . . Cl(2-Re(1}-ClI(3)  92.8(2) CI(2yRe(1)-Cl(4)  92.5(2)
Figure 1. Perpective drawing of dinuclear complexdrshowing the Cl(1)-Re(1)-CI(3)  92.0(2) CI(1}Re(1)-Cl(4)  92.4(2)
atom numbering. Thermal ellipsoids are plotted at 30% probability level. c|(3)—Re(1}-CI(4) 172.8(2) N(1}Cu(1)}-N(2) 78.8(6)
Table 3. Selected Bond Distances (A) and Bond Angles (Deg) for “Eig_gﬂg)):g((g)) 122?%2; Hg;gﬂg)):ggg gigggg

Compound? N(2)-Cu(1)-N(3)  81.1(6) N(2-Cu(1)}-O(4)  164.3(5)
Distances N(2)-Cu(1)-O(3)  89.4(5) N(2rCu(1)-O(5)  107.5(5)

Re(1)-0(1) 2.07(2) Re(1r0(2) 2.05(2) N(3)—Cu(1}-0(3) 93.1(5)  N(3)-Cu(1)-0(5) 91.2(5)
Re(1)-CI(1) 2.325(9) Re(1)CI(2) 2.303(8) N(3)-Cu(1)-O(4) ~ 100.9(6) ~ O(4rCu(1)-O(3) 75.0(4)
Re(1)-CI(3) 2.370(8) Re(1CI(4) 2.317(7) O(4)-Cu(1)-0(5) 88.1(5) O(3yCu(1)-O(5)  163.0(4)
Cu(1)-N(1) 1.98(2) Cu(1}N(2) 2.10(2) O(6)-Re(2)-0O(7) 80.3(5) O(6yRe(2)-Cl(6)  173.8(4)
Cu(1)-N(3) 2.00(2) Cu(1yN(4) 2.12(2) O(6)-Re(2)-CI(5) ~ 93.1(4) O(6yRe(2)-Cl(7)  86.9(4)
Cu(1)-0(3) 2.41(2) Cu(1y0(4) 2.32(2) O(6)-Re(2)-CI(8)  88.1(4) O(7yRe(2)-Cl(6)  93.5(4)
O(7)-Re(2)-CI(8)  88.5(4) O(7yRe(2)-CI(7)  88.3(4)

Angles O(7)-Re(2)-CI(8)  88.5(4) CI(6-Re(2-CI(5)  93.1(2)

O(1)-Re(1)-0(2) 78.9(7)  O(1yRe(1)-CI(2)  169.3(5) CI(6)—-Re(2-CI(7)  93.4(2) CI(6}-Re(2)-CI(8)  91.4(2)
O(1)-Re(1)-Cl(1) ~ 96.3(5) O(1)Re(1)-CI(3) 86.3(6) CI(5)—Re(2)-Cl(7)  89.6(2) CI(5}Re(2)}-CI(8)  93.0(2)
O(1)-Re(1)-Cl(4) ~ 89.1(6) O(2yRe(1)-Cl(2)  90.3(5) CI(7)-Re(2)-CI(8) 174.5(2) N(4¥-Cu(2-N(5) 79.8(6)
O(2)-Re(1)-CI(1)  173.8(5) O(2yRe(1)-CI(3)  84.2(5) N(4)—Cu(2-N(6)  160.3(6)  N(4)}Cu(2-N(7) 99.3(6)
O(2-Re(1)-Cl(4)  93.1(5) CI(2rRe(1)-CI(1)  94.5(3) N(4)-Cu(2-0(9)  91.4(5) N(4)rCu(2)-Cl(1)  91.6(4)
Cl(2-Re(1)-CI(3)  93.1(3) CI(2rRe(1)}-CI(4)  91.1(3) N(5)—-Cu(2)-N(6)  80.6(6) N(5-Cu(2-N(7)  176.3(6)
Cl(1)-Re(1)-CI(3)  91.6(3) CI(1}-Re(1)-CI(4)  90.7(3) N(5)-Cu(2-0(9)  98.3(5) N(5-Cu(2)-Cl(1)  99.8(4)
CI(3)-Re(1)-Cl(4) 175.1(2) N(}Cu(l-N(2)  82.1(8) N(6)—Cu(2-0O(9)  92.9(5) N(6)}Cu(2)-Cl(1)  90.3(4)
N(1)—Cu(1)-N(3) ~ 176.0(8) N(1)Cu(1)-N(4)  99.7(7) N(6)—-Cu(2)-N(7) ~ 100.2(6) N(7)Cu(2)-O(9)  85.2(6)
N(1)-Cu(1-O(3)  96.1(7) N(1}Cu(l)-O(4)  88.6(7) N(7)-Cu(2-Cl(1)  76.6(4) O(9-Cu(2}-Cl(1) 161.9(4)

N(2)—Cu(1)-N(3) 94.4(8) N(2>Cu(1)-N(4) 111.8(7)
N(2)—Cu(1)}-O0(3)  171.7(7) N(2rCu(1)-O(4)  100.8(7) between this mean plane and that of the oxalate are 20.1)(2) (
mgg_gﬂg)tﬁ(%) %?g)) “éﬁ;gﬂ&tggg 32:2% and_lE_5.3(4‘) (2). The two phen Iigand_s are planar [the maximum
N(4)—Cu(1-O(4)  147.2(7) O(3}Cu(1)-O(4) 71.0(7) deviations from the mean plane being 0.05(1) A at C(10) atom
in 1 and 0.07(2) A at C(22) ir?] and the values of dihedral
0O(2) in 1 and 0.06(1) A for O(1) i2. The Re atom is only angle between them are 52.8(1) &nd 70.2(1) (2). The values
0.038(1) () and 0.040(1) A2) out of this plane. The values of of the Re--Cu separation across the bridging oxalato are
the dihedral angle between the equatorial plane and that of the5.628(2) () and 5.649(3) A 2).
oxalate are 18.5(2)lf and 12.1(4) (2). The values of the angles The presence of an acetonitrile molecule of crystallization
around the rhenium atom are close to the ideal ones but arein 2 causes a slightly greater separation between the dinuclear
subtended by the oxalate [78.9{Zpr O(1)—Re(1)-O(2) inl molecules, the shortest interdimer-R€u and Ci--Cl distances
and?2] due to the short bite of this ligand. are 6.57 and 5.84 A, respectively, hand 6.19 and 4.81 A,
The copper atom shows a cis-elongated distorted octahedralrespectively, inl, with a different packing of these units in the
geometryt% being bonded to four nitrogen atoms from two phen crystal structure (Figures S2 and S3). A comparisoh afd?2
molecules and to two oxalato oxygen atoms. The-Oubonds with the recently reported molecular structure of [R€Glox)-
are longer than the CutN ones. In both compounds the oxalate Cu(bipy)] shows that the phen substitution for bipy in the
anion is coordinated as an asymmetric bidentate ligand, with coordination sphere of Cu(ll) changes the binding of the oxalato
Cu—0 distances 2.355(6) and 2.465(8) Alipand 2.32(2) and ligand from monodentate to bidentate, also decreasing the
2.41(2) A in2. Assuming that the oxalate oxygens lie in the Cu—0O(ox) bond lengths from 2.65 to 2:2.4 A.
equatorial plane, a compression along the N(1)- - -N(3) axis is  [ReCls(u-0x)Cu(terpy)(H20)][ReCla(u-0x)Cu(terpy)-
observed; the axial CtN distances average 1.994(8) @nd (CH3CN)] (3). The crystal structure of this compound is made
1.99(2) A @), whereas the equatorial ones are somewhat longerup of two different and neutral bimetallic units, [Re(-ox)-
[2.089(6) @) and 2.11(2) A 2)]. The largest deviation from  Cu(terpy)(HO)] and [ReCl(u-0ox)Cu(terpy)(CHCN)], in a 1:1
planarity in the O(3)O(4)N(2)N(4) mean plane is 0.085() (  ratio. Perspective drawings of their molecular structures showing
and 0.07(2) A 2) for O(3). The values of the dihedral angle the atom numbering are shown in Figsir2 a [Re(1}Cu(1)
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Figure 3. Perspective drawing of the tetranuclear entity occurring in
3 which is formed through a weak interdimer chlefmopper interaction.

Both dinuclear units also have a very similar [Cu(terpy)]
fragment, with Ct-N bond distances averaging 2.00(1) A. The
pyridyl rings of the terpy ligands are planar, as expected, the
maximum deviation from the mean planes being 0.02(2) A at
C(9) atom and 0.03(2) A at C(25). The dihedral angles between
the three pyridyl rings are 5.6(6) and 3.5(6) the Re(1)-
Cu(1) unit and 1.5(5) and 4.2(5n the Re(2}-Cu(2) one. The
main differences between the two dinuclear units are the
coordination number and geometry of the copper atoms and
hence the coordination mode of the oxalato ligand. The Cu(1)
atom is six-coordinated with an elongated octahedral geometry,
and oxalate is bound to it in an asymmetric didentate way,
occupying one equatorial [short Cufi((4) bond of 2.05(1)

A] and one axial [long Cu(£O(3) bond of 2.48(1) A] position.
The bite angle of the oxalato ligand is 75.0(4Jhe three terpy
nitrogen atoms complete the equatorial plane, and the second
axial position is occupied by a water molecule with a Cu(1)
O(5) bond length of 2.22(1) A. The planes of the octahedron
around Cu(1) are highly distorted except those containing the
O(3)0(4)N(2)O(5) set of atoms. The Cu(1) atom is 0.029(3) A
out of this plane, which forms a dihedral angle of 21.9¢#ith

the oxalate plane. The Ref1:)Cu(1) separation across the bis-
(didentate) oxalato bridge is 5.504(3) A. It is worthy to note
that in [ReCl(u-ox)Cu(terpy)(HO)] unit, one of copper to
oxalato bonds is as short as the Re(f\dkalate ones [2.05(1)

A for Cu(1)-0(4)], and so, the bridge between the metal ions
is better here than in the complexgs2, and [ReCl(u-0x)-
Cu(bipy)]. The Cu(2) atom is five coordinated with a square
pyramidal geometry. Oxalate is bound to this copper atom in a
[ReCl(ox)] moiety which acts as a ligand toward a Cu(ll) ion  monodentate way, occuping the axial position with a long
through the oxalato group. Each [Reg@©k)] fragment contains ~ Cu(2)-0(9) bond [2.40(1) A]. The three terpy nitrogen atoms
a Re(lV) atom in a distorted octahedral geometry, being bonded[N(4), N(5), and N(6)] and the nitrogen atom of an acetonitrile
to an oxalate and four chloride anions. No significant differences molecule [N(7)] [1.98(2) A for Cu(2}N(7)] occupy the basal
were found in the Re(})Cl and Re(2)-Cl [mean values positions. The largest deviation from planarity of these four
2.328(5) and 2.338(5) A, respectively)] and in the Re(@) donor atoms is 0.01(1) A. The Cu(2) atom is shifted by
and Re(2)-O [average values 2.06(1) and 2.05(1) A] bond 0.049(3) A out of this plane. The Ref2Cu(2) separation across
distances. The values of both R€l and Re-O bond lengths the bidentate/monodentate oxalato bridge is 5.436(2) A.

are in agreement with those foundirand2. Bonding angles The two different molecules are oriented in the crystal
around the Re atoms are close to the ideal values except forstructure in such a way that a chloro ligand of one of them
those subtended by the oxalato ligand [ 79.7(5) and 80.3(5) [CI(1)] points toward the copper atom of the other [Cu(2)]
for O(1)-Re(1)-0(2) and O(6)-Re(2)-0(7)]. The O(1)0O(2)- (Figure 3). The intermolecular Cu(2)CI(1) distance is
CI(1)CI(2) set of atoms constitutes the equatorial plane around 3.077(2) A, a value which is greater than the sum of van der
Re(1), the largest deviation from planarity being 0.01(1) A for Waals radii, and for this reason it can be considered a
O(2). The Re(1) atom is only 0.024(2) A out of this plane. The nonbonding distance. Nevertheless, if one considers that it is a
dihedral angle between the equatorial plane and that of thevery weak bond, the Cu(2) environment may be alternatively
oxalate ligand is 5.4(4) The O(5)O(6)CI(5)CI(6) set of atoms  described as a distorted octahedron. In this way, the two
constitutes the equatorial plane around Re(2) [the largestdinuclear units linked together would constitute a tetranuclear
deviation from planarity being 0.03(1) A for O(6)], and the value complex. In fact, the intermolecular Re{#Cu(2) separation

of the dihedral angle between this plane and that of the oxalatethrough the chloro bridge, 4.763(2) A, is shorter than the

Figure 2. Perspective drawings of the [Ra@l-ox)Cu(terpy)(HO)]

(a) and [ReCl(u-ox)Cu(terpy)(CHCN)] (b) dinuclear units in3
showing the atom numbering. Thermal ellipsoids, except for the carbon
atoms of terpyridine, are plotted at 30% probability level.

pair] and 2b [Re(2)}Cu(2) pair]. Both molecules contain the

ligand is 2.3(3). The Re(2) atom practically lies within the
equatorial plane [it is only shifted by 0.013(1) A out of this
plane].

intramolecular Re(2)-Cu(1) and Re(2)-Cu(2) distances. Most
likely, this interaction is the occurring one in the crystal structure
of [ReCly(u-0x)Cu(bipy)],2 but because of the six coordination
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Figure 4. Thermal dependence &fT for 2: (0) experimental data;
(—) best-fit curve (see text).

of Cu(l) in the Re(1)Cu(l) dinuclear unit, it affords a
tetranuclear complex3} and not a chain (bipy case). Moreover,
the strict coplanarity of the equatorial donor atoms at Cu(2)
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Scheme 2

(Cz). In fact, the great value of the spiorbit coupling

accounts for the shorter axial bonds it has when compared toparameter of the third-row transition metal ionscé. 1100 cmt

those of the copper atom in the [Re-ox)Cu(bipy}] chain,
where the four bipy nitrogen atoms exhibit a significant
distortion toward the tetrahedron.

Magnetic Properties of 2 and 3.The magnetic properties
of complex2 under the form of guT versusT plot (ym being
the magnetic susceptibility per Re(IV)Cu(ll) heterobimetallic
unit) are shown in Figure 4. The close similarity of the structures
of 1 and2 and the fact that only a very small amount of crystals
of complex1 were obtained induced us to investigate magneti-
cally only the major product (that is compoud TheymT for
2 at room temperature is 2.03 émol~! K, a value which is
as expected for a uncoupled 'R€Sge = 3/2) — CU' (Scy =
1/2) pair. It remains practically constant upon cooling and
decreases fast @< 100 K to reach a value of 0.82 émol !
K at 1.8 K. Taking into account the discrete dinuclear structure
of 2, the decrease gfuT in the lower temperature range could
be only attributed to zero-field splitting effects of Re(IV) and
intramolecular Re(IV-Cu(ll) magnetic interactions. Conse-
quently, we have analyzed the magnetic behavid tifrough
the Hamiltonian of eq 1

H="J3&%&, DszzRe+ gRaBHSzRe+ gClﬂHSzCu 1)

for the Re(lV) single iom would account for this large value
of 2D. In addition, the positive value df also causes thg <
2 for the rhenium(1V) ion. Finally, the weak intradimer Cu(ll)-
Re(IV) antiferromagnetic couplingd(= —0.90 cnt!) can be
understood by considering the symmetry and poor overlap
between the metal-centered magnetic orbitals through bridging
oxalato (Scheme 2). We have choosen to visualize this interac-
tion the symmetry adapted HOMO of the bridge ligand which
overlaps (V&) with the d, orbital of Re(lV). So, both orbitals
are coplanar and perpendicular to the magnetic orbital of
Cu(ll), defined roughly by a g type orbital. Because of the
asymmetry of the bridge and the distorted coordination geometry
of Cu(ll), the orthogonality between this orbital and thgahe
of the Re(lV) through oxalato is broken but the overlap is
predicted to be very small, resulting in a weak antiferromagnetic
coupling between the metal ions.

The magnetic properties &under the form ofymT versus
T plot (ym being the magnetic susceptibility per two Re(IV)-
Cu(ll) pairs) is shown in Figure 5. TheuT for 3 at room
temperature is 3.93 chmol~! K, a value which is as expected
for a set of two Re(IV) and two Cu(ll) ions which are
magnetically isolated from each other. This value is kept
constant upon cooling, and it quickly decrease¥ at 100 K

wherel is the exchange coupling parameter between the quartetto attain a value of 2.72 chmol ! K at 1.8 K. This decrease

Re(IV) and doublet Cu(ll) local spins,Ris the energy gap
between thet3/2 and+1/2 Kramers doublets (the zero-field
splitting of Re(lV)), and the last two terms account for the

of ymT in the low temperaturte range may be due to zero-field
splitting effects and/or magnetic interactions. Keeping in mind
the tetranuclear nature of compl8x(see Figure 3), we have

Zeeman effects of the two metal ions. Least-squares fit though analyzed its magnetic data through the Hamiltonian of eq 2

eg 1 leads to the following set of parameteds= —0.90(2)
cmt, 2D = 48(1) cnT?, gre = 1.88(1),gcy = 2.02(1), andR

= 1.2 x 107°(Ris the agreement factor defined B$(;mT)i°sd

— (m D94 [(xmT)i°?92). The calculated curve matches very
well the magnetic data.

Let us first analyze and discuss the values of these best-fit

parameters concerning compourdd prior to consider the
magnetic behavior of compleX As far as the large value of

H= _‘]llsRe(l)SCu(l) - ‘]ZZSRe(Z)SCu(Z) - JlZSRe(l)SCu(2)+
DlSZ Re() T D282 Re2) T QRe(l)BHSzRe(l)+ gRe(Z)BHSzRe(Z)J’_
IeuPHS.cumy ™ YeuaPHScuqy (2)

whereJ;;, 2, andJp, are the exchange coupling constants for
the Re(1)Cu(1), Re(2)Cu(2), and Re(1)Cu(2) units, respectively,

2D is concerned, it is in agreement with the previously reported 2D; and D, are the energy gaps between the/2 and+ 1/2

value of 60 cm? for the (AsPPh),[Re(CL(ox)] mononuclear

Kramers doublets for Re(1) and Re(2), and the last four terms

complex? with the same ligands and the same site symmetry account for the Zeeman effects associated at the Re(1), Re(2),
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4.0 the corresponding pictures of the magnetic orbitals are shown

- OO T O T U000 DA G Ba D in Scheme 3. Rhenium and oxalate orbitals in 3(a) and 3(b) are
"""""" the same as in Scheme 2, and Scheme 3(c) shows the 3p orbital
of the chloro bridge which overlaps viawith the dy orbital
of rhenium. Given the tetragonal elongated octahedral coordina-
tion of the Cu(1) and Cu(2), the magnetic orbital in both metal
ions is the g2 orbital (d2— in the bimetallic fragment if we
consider that the oxalate lies in tlxg plane) and, therefore,
perpendicular to the magnetic orbital of rhenium.

The asymmetric coordination and bite angle of the oxalato
ligand within the Re(1)Cu(1) pair, Scheme 3(b), causes some
overlap with the copper orbital, although very poor, resulting
in a weak antiferromagnetic coupling (= —0,83 cnT?) as in
2. On the other hand, the net overlap between the magnetic
orbitals in the Re(2)Cu(2) (Scheme 3(a)) and Re(1)Cu(2)
@ (Scheme 3(c)) pairs should be negligible, leading to a ferro-

3.6+

3.6

3.4+

%, T / em® mol ' K

34/

AT/ em’® mol ' K

3.0 . . magnetic coupling as observed. Thg is smaller thandy,
0 100 200 300 because of the very long Cu¢2)Cl(1) axial distance (ca. 3.08
T/K A). We would like to point out here that a significant

Figure 5. Thermal dgpendence é_mT for 3 illustrating the influence antiferromagnetic coupling between Re(lV) and Cu(ll) ions
of 2;3 "T"J‘r']ues_ on the fr']t (0) heXpe”'_“e_ma' d?ta%?rest-flt curve (Sﬁe through these types of oxalato and chloro bridges was observed
text). e insets show the variation of tl curves In the : : . : :
low-temperature range for the set dd Zalues indicated. in the chain Compgund [C.u(blpz())X)ReCl}]. The dlfferen't sign

for the magnetic interaction in the chain compound is due to
Cu(1), and Cu(2) metal ions. Least-squares fit through eq 2 leadsthe tetrahedral distortion of the copper environment, which

to the following set of parametersd;; = —0.83(2), Joo = causes a significant spin density of the magnetic orbital of the
+5.6(3),J12=+ 0.70(2) cn?, 2D; = 63(2), D, = 67(2) cn1?, copper(ll) ion in the axial position. This situation is precluded
Ore() = 1.83(1), Grez) = 1.85(1), gcuay = 2.00(1), geuz) = in the Cu(2) atom because the coplanarity of the four short

2.01(1), andR = 1.8 x 1075 . The fit is very good. However,  equatorial bonds (N(4)N(5)N(6)N(7) set of atoms) ensures the
the overparametrization cannot be excluded because of the largéocalization of the magnetic orbital of the copper(ll) within the
number of variable parameters considered. We have alsoequatorial plane.

analyzed the influence @ on the shape of the magnetic curve.
The calculated curves usindd2as the only variable parameter
(assuming the same value, either positive or negative, for the Summarizing, the main conclusions from the present work
two rhenium atoms) are shown in Figure 5 for the whole are as follows: (i) we have demonstrated that it is possible to
temperature region. A detail of the different shapes of the use the [Re(Glox)]>~ mononuclear complex as ligand toward
theoretical curves in the low-temperature region is given in the first row transition metal ions, leading to the first bimetallic

Conclusions

inset. Re(IV)Cu(ll) compounds, (ii) the coordination mode of the
Finally, the last point which requires our attention is the weak [Re(Cl(ox)]?~ ligand changes with the nature of the other
magnitude and different sign (ferromagnetic Jgf andJ;» and ligands in the coordination sphere of Cu(ll), being monodentate
antiferromagnetic fodi;) of the magnetic couplings within the  in [ReClL(ox)Cu(bipy}] and in [ReCl(ox)Cu(terpy)(CHCN)],
tetranuclear unit. The three ReCu structural fragmengaofd one of the two different dinuclear units I8, asymmetric

Scheme 3




Oxalato-Bridged CYReV Complexes Inorganic Chemistry, Vol. 40, No. 17, 2004249

bidentate with two long Cu(ll-O bonds in [ReClox)Cu- ERBFMRXCT-980181, the ComisioSectorial de Investigaaio
(phen}] (2) and asymmetric bidentate with one short and one Cientfica (CSIC, project number 205) and CONICYT (project
long Cu(I1)-0O bonds in [ReClox)Cu(terpy)(HO)], the other number 6053) of Uruguay, and the Italian Ministero dell
dinuclear unit of3, (iii) the coupling between Re(lV) and  Universitae della Ricerca Scientifica e Tecnologica are grate-
Cu(ll) can be ferro- or antiferromagnetic but is very weak in fully acknowledged. R.C. and R.G. are indebted to the European
all the cases, and (iv) the analysis of these results suggests that/nion for a grant (ALFA Program ALR/B7-3011/94.04-5.0273-

a quite strong ferromagnetic coupling should be obtained if the (9)).

ligand is coordinated in a symmetric bidentate way with two
short Cu(ll)-O bonds. We are now trying the synthesis of such
a complex.
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