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A dihydroxo-bridged binuclear Cr(I11)-Cu(11) complex, [Cr(tet b)(OH),Cu(bpy)(CH;OH)](ClO,); (1) (and its methanol-free
complex 1’), and a trinuclear Cr(I11)~Cu(II)-Cr(I1I) complex, {Cu[Cr(tet b)(OH),],}(CIO,)#H,O (2) have been synthesized and
characterized, where tet b = racemic 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane and bpy = 2,2"-bipyridine. The
cryomagnetic measurements (4.2-300 K) indicated the operation of a ferromagnetic interaction between the adjacent chromium(I1II)
and copper(l}) ions in both complexes. On the basis of spin Hamiltonians H = -2J§,S, for 1" and A = -2J(§,S, + §,$;) for
2(S,=8; =1/, 8, =/,). the spin-coupling constant J was evaluated at +25 cm™' for 1’ and +40 ¢m™ for 2. Complex 1
(CyH5oNgO,5sC15CrCu) crystallized in monoclinic space group P2,/n, with fw = 920.63, a = 12.659 (5) A, b = 24.008 (9) A,
c= 12678 (4) A, 8 =96.13 (3)°, ¥ =3830.9 A3, Z = 4, R = 0.051, and R, = 0.042 for 3706 reflections with I/a({) 2 3. The
X-ray analysis showed a dihydroxo-bridged binuclear Cr(I11)-Cu(II) structure with the Cr—Cu distance being 2.989 (2) A, where
the chromium and copper atoms assume a distorted-octahedral and a distorted-tetragonal-pyramidal geometry, respectively.

Introduction

Hetero-metal polynuclear complexes have been the subject of
many recent studies with the hope of mimicking the active site
of some metal enzymes containing dissimilar metal ions, such as
cytochrome oxidase! and superoxide dismutase,? and elucidating
the mechanism of spin coupling between paramagnetic metal ions
in view of the electronic structures of the interacting metal jons.**
Hetero-metal complexes exhibiting a ferromagnetic spin coupling
are particularly interesting in view of elucidating fundamental
factors, which give rise to such a ferromagnetic spin coupling,*
and their potential use as a building unit in designing molecu-
lar-based ferromagnets.> However, examples of such heteronu-
clear complexes are still very limited. In most cases ferromagnetic
interaction between metal ions arises from either the strict or the
accidental orthogonality of the magnetic orbitals of the interacting
metal ions.> The accidental orthogonality depends on some
structural parameters in a quite subtle manner.* On the other
hand, the strict orthogonality may be invoked by choosing ap-
propriate metal ions.> A combination of metal ions to give rise
to such a strict orthogonality of the magnetic orbitals may be
chromium(III) and copper(II), because the unpaired electrons
of octahedral chromium(III) reside in d, orbitals whereas the
unpaired electron of tetragonal copper(II) resides in a d, orbital.
Only two examples of chromium(IIT)-copper(Il) polynuclear
complexes have been reported so far, though their crystal structures
have not been determined.%’ One is a phenolato-bridged binuclear
Cr(I11)-Cu(Il) complex by Kahn et al.¢ and another is an imi-
dazolate-bridged trinuctear Cu(II)~Cr(IIT)-Cu(II) complex by
Matsumoto et al.” In both cases the spin exchange between
chromium(I11) and copper(II) ions was found to be ferromagnetic.

In order to provide more examples of polynuclear Cr(III)-
Cu(IT) complexes with a new bridging system, in this study, a
dihydroxo-bridged binuclear chromium(11T)—copper(II) complex
[Cr(tet b)(OH),Cu(bpy)(CH;0OH)](ClO,); (1) (and its metha-
nol-free complex V') and a trinuclear chromium(I11)-copper-
(I—chromium(I1T) complex {Cu[Cr(tet b)(OH),],}(C104)+H,0

(1) Malmstrom, B. G. In Metal Ion Activation of Dioxygen; Spiro, T. G.,
Ed.; Wiley: New York, 1980; Chapter 5.

(2) See for example: Palmer, G.; Babcock, G. T.; Vickery, C. E. Proc. Natl.
Acad. Sci. US.A. 1976, 73, 2206.

(3) Kahn, O. Struct. Bonding 1987, 68, 89.

(4) Cairns, C. J.; Busch, D. H. Coord. Chem. Rev. 1986, 69, 1 and refer-
ences therein.

(5) Zhong, Z. J.; Matsumoto, N.; Okawa, H.; Kida, S. Chem. Lett. 1990,
87

(6) Joixrnaux. Y.; Kahn, O.; Zarembowitch, J.; Galy, J; Jaud, J. J. Am.
Chem. Soc. 1983, 105, 7585.
(7) Matsumoto, N.; Inoue, K.; Okawa, H.; Kida, S. Chem. Lett. 1989, 1251.

(2) have been synthesized, where tet b = racemic
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane and
bpy = 2,2’-bipyridine. The chemical structures of 1 and 2 are
given in Figure 1. Their magnetic properties were studied as
functions of temperature down to liquid helium temperature, and
complex 1 was subjected to single-crystal X-ray analysis.

Experimental Section

Reagents. All chemicals used in this work were reagent grade and
used as commercially obtained.

Physical Measurements. Elemental analyses for C, H, and N were
carried out at the Service Center of Elemental Analysis, Kyushu Univ-
ersity. Metal (Cu and Cr) analyses were made on a Shimadzu AA-680
atomic absorption/flame emission spectrophotometer. Infrared spectra
were measured on KBr disks with a JASCO IR-810 spectrophotometer.
Electronic spectra were recorded by the diffuse-reflectance technique on
a Shimadzu multipurpose spectrophotometer Model MPS-2000. Mag-
netic susceptibilities were measured by the use of a HOXAN HSM-D
SQUID magnetometer in the temperature range 4.2-100 K and by the
use of a Faraday balance in the temperature range 80-300 K. The
apparatus was calibrated with [Ni(en);]S,0;% Diamagnetic corrections
were made with Pascal’s constants.® Effective magnetic moments were
calculated by the equation uer = 2.828(xuT)!/2, where xy is the molar
magnetic susceptibility corrected for diamagnetisms of the constituting
atoms. X-Band electron spin resonance spectra of powder samples were
recorded at room temperature and liquid nitrogen temperature on a
JEOL JES-FE3X ESR spectrometer.

Preparations. Caution! Perchlorate salts of metal complexes are
potentially explosive. Only a small amount of materials should be pre-
pared, and they should be handled with caution.

[Cr(tet b)(OH),}C10,2H,0. This compound was prepared by the
literature method.!®

[Cr(tet b)(OH),Cu(bpy))(C1O,); (1’). Copper(Il) perchlorate hexa-
hydrate (93 mg, 0.25 mmol) and bpy (39 mg, 0.25 mmol) were dissolved
in a CH;OH-CH,CN mixture (ca. 3:2 in volume, 6 cm®). This solution
was added to a methanol solution (6 cm?) of [Cr(tet b)(OH);]ClO+2H,0
(126 mg, 0.25 mmol). The color of the solution changed immediately
from blue to violet, and soon purple crystals were deposited. The crystals
were collected by filter suction, washed with methanol, and desiccated
in vacuo. Anal. Caled for CHysNgO,4Cl,CrCu: C, 35.14; H, 5.22; N,
9.46; Cr, 5.85; Cu, 7.15. Found: C, 35.03; H, 5.20; N, 9.49; Cr, 5.77;
Cu, 7.28.

As the filtrate cooled in a refrigerator, single crystals of the mono-
CH,;0H adduct (1) were obtained as purple plates and used for X-ray
structure analysis. The same single crystals could be grown by keeping
a diluted reaction solution in a refrigerator.

(8) Lindoy, L. F.; Katovic, V.; Busch, D. H. J. Chem. Educ. 1972, 49, 117.
(9) Boudreaux, E. A.; Mulay, L. N. Theory and Applications of Molecular
Paramagnetism; John Wiley & Sons, Inc.:. New York, 1976; pp
491-495,
(10) Erisken, J.; Monsted, O. Acta Chem. Scand. 1983, A37, 579.
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Figure 1. Schematic representations of the complexes: (a) [Cr(tet
b)(OH),Cu(bpy)(CH;0H)]**; (b) {Cu[Cr(tet b)(OH),],}**. The N,
macrocycle denotes racemic 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetra-
azacyclotetradecane (tet b).

Table I. Crystallographic Data for
[Cr(tet b)(OH),Cu(bpy)(CH,OH)](CI0);

formula C,,HN¢O,5Cl1;CrCu fw = 920.6

a=12.659 (5) A space group P2,/n

b =24.008 (9) A T =20°C

c=12678 (4) A A =071069 A

B = 96.13 (3)° Peaicd = 1.596 g cm™

V = 3830.9 A? (Mo Ke) = 11.14 cm™
Z=4 R =0.051, R, = 0.042

Table II. Positional and Isotropic Equivalent Thermal Parameters of
Selected Atoms for [Cr(tet b)(OH),Cu(bpy)(CH;OH)](CIO,),

atom x y z B A?
0.14869 (4)

Cr 0.36055 (8) 0.27779 (8)  2.00 (3)
Cu 0.20234 (7) 0.05585 (4) 0.26439 (6)  2.69 (2)
OA  0.2306 (3) 0.1244 (2) 0.1924 (3) 2.6 (1)

OB 0.3406 (3) 0.0747 (2) 0.3371 (3) 2.5(1)
N1 0.4751 (4) 0.1173 (2) 0.1813 (4) 2.5(2)
N2 0.3639 (4) 0.2228 (2) 0.1913 (4) 2.9 (2)
N3 0.2696 (4) 0.1955 (2) 0.3793 (4) 2.6 (2)
N4 0.4926 (4) 0.1649 (2) 0.3875 (4) 2.4(2)
NS 0.0605 (4) 0.0407 (2) 0.1886 (4) 3.1(2)
N6 0.1531 (4) 0.0025 (2) 0.3698 (4) 2.8(2)
OM  0.2745 (4) -0.0240 (2) 0.1708 (4) 4.4 (2)
CM  0.2551 (6) -0.0808 (3) 0.1999 (6) 4.7 (3)

2Values are given in the form of the equivalent displacement pa-
“rameters defined as (4/3)[a%8,, + b*By + *B33 + ab(cos v)B; + ac-
(cos B3)B;3 + be(cos be(cos @)Ba;].

{Cy[Cr(tet b)(OH),],}(Cl0,)+H,0 (2). To a methanol solution (ca,
8 cm?) of [Cr(tet b){OH),]ClO42H,0 (168 mg, 0.33 mmol) was added
a solution of copper(Il) perchlorate hexahydrate (62 mg, 0.17 mmol) in
a CH;0H-CH,CN mixture (ca. 5:1 in volume, 6 cm?). The resulting
violet solution was left standing about 3 h to give red-purple crystals,
which were collected by filter suction and dried in vacuo. Anal. Caled
for C33,HsNg0,,Cl,Cr,Cu: C, 31.49; H, 6.11; N, 9.18; Cr, 8.52; Cu,
5.21. Found: C, 31.32; H, 6.25; N, 9.12; Cr, 8.37; Cu, 5.17.

X-ray Structural Analysis of 1. Crystals of 1 were obtained as de-
scribed earlier in this section, and X-ray data were collected on a Rigaku
Denki AFC-5 four-circle automated diffractometer with graphite-
monochromatized Mo Ka radiation at ambient temperature (20 = 1 °C),
as summarized in Table I. The cell parameters were determined by 25
reflections in the 26 range 20° < 26 < 30°. Standard reflections were
monitored every 100 reflections and showed good stabilities. Intensity
data were corrected for Lorentz and polarization effects, but no ab-
sorption correction was applied. A total of 3706 observed reflections with
I/a(l) 2 3 was used for the structure determination.

The structure was solved by the standard heavy-atom method and
refined by the block-diagonal least-squares method. Reliability factors
were defined as R = T||Fo| - |Fdll/LIFol and R, = [Zw(|F,| - [Fd)?/
T |Fo3)/2, where the weights were taken as w = 1/(a(F))%. Atomic
scattering factors were taken from ref 11.  The hydrogen atoms were
located by difference Fourier synthesis and included in the last cycle of
least-squares calculation. The final difference Fourier synthesis was
featureless. The computation was carried out on a FACOM VP-100
computer at the Computer Center of Kyushu University, by the use of
the UNICS 111 program system.'? Positional parameters of selected atoms
are given in Table 1.

(11) International Tables for X-Ray Crystallography. Kynoch Press: Bir-
mingham, U.K., 1975; Vol. 4.

(12) (a) Sakurai, T.; Kobayashi, K. Rikagaku Kenkyusho Houkoku 1979,
55, 69 (in Japanese). (b) Kawano, S. Rep. Comput. Cent., Kyushu
University 1980, 13, 39.
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Figure 2. Molecular structure of [Cr(tet b)(OH),Cu(bpy)(CH,OH)]*
with the atom-numbering scheme. Atoms are represented by their dis-
placement ellipsoids at the 50% probability level.

Table II1. Selected Bond Distances (A) and Angles (deg) for
[Cr(tet b){OH,)Cu(bpy}(CH;0H)](Cl0,),°

Bond Distances (A)

Cr-Cu 2.989 (2) Cr-0OA 1.959 (4)
Cr-OB 1.955 (4) Cr-NI1 2,132 (5)
Cr-N2 2.093 (5) Cr-N3 2,135 (5)
Cr-N4 2.093 (5) Cu-OA 1.933 (4)
Cu-OB 1.942 (4) Cu-NS5 1.978 (5)
Cu-Né6 1.998 (5) Cu-OM 2.479 (5)
Bond Angles (deg)
Cr-OA-Cu 100.4 (2) Cr-OB-Cu 100.2 (2)
OA-Cr-OB 78.8 (2) OA-Cr-N| 99.2 (2)
OA-Cr-N2 91.5(2) OA-Cr-N3 90.8 (2)
OA-Cr-N4 170.4 (2) OB-Cr-NI 91.3 (2)
OB-Cr-N2 169.8 (2) OB-Cr-N3 98.3 (2)
OB-Cr-N4 92.2 (2) N1-Cr-N2 87.0 (2)
NI1-Cr-N3 167.3 (2) N1-Cr-N4 84.5 (2)
N2-Cr-N3 84.9 (2) N2-Cr-N4 97.5 (2)
N3-Cr-N4 86.9 (2) OA-Cu-OB 79.8 (2)
OA-Cu-NS$ 97.6 (2) OA-Cu-N6 161.4 (2)
OB-Cu-NS5$ 177.1 (2) OB-Cu-N6 99.3 (2)
N5-Cu-N6 82.8 (2) OA-Cu-OM 109.6 (2)
OB-Cu-OM 92.8 (2) N5-Cu-OM 89.2 (2)
N6-Cu-OM 89.0 (2) :

2Number in parentheses are estimated standard deviations in the
least significant digits.

Results and Discussion

Synthetic Route. Many bis(u-hydroxo)dicopper(IT) and bis-
(u-hydroxo)dichromium(I11) complexes have been prepared, and
correlations have been established between structural parameters
and spin coupling between two metal centers.* To the best of our
knowledge, however, no dihydroxo-bridged chromium(I1T)~cop-
per(I1) heteronuclear complex has been reported so far.

In general, two synthetic strategies have been adopted for the
preparation of hetero-metal polynuclear complexes. The first is
to use designed polynucleating ligands, which offer dissimilar
coordination sites suitable for dissimilar metal ions.!>-'¢ The

(13) Casellato, U.; Vigato, P. A. Coord. Chem. Rev. 1977, 23, 31 and ref-
erences therein.

(14) Gunter, M. J.; Berry, K. J.; Murray, K. S. J. Am. Chem. Soc. 1984,
106, 4227.

(15) Llintvedt, R. L.; Glick, M. D.; Tomlonovic, B. K.; Gavel, D. P. Inorg.
Chem. 1976, 15, 1646.

(16) (a) Okawa, H.; Nishida, Y.; Tanaka, M.; Kida, S. Bull. Chem. Soc. Jpn.
1977, 50, 127. (b) Torihara, N.; Okawa, H.; Kida, S. Inorg. Chem.
Acta 1976, 26, 97. (c) Torihara, N.; Okawa, H.; Kida, S. Chem. Lett.
1978, 185. (d) Mikuriya, M.; Okawa, H.; Kida, S.; Ueda, 1. Bull.
Chem. Soc. Jpn. 1978, 51, 2920. (e) Torihara, N.; Okawa, H.; Kida,
S. Chem. Lett. 1979, 683. (f) Okawa, H.; Kanda, W; Kida, S. Chem.
Letr. 1980, 1281, (g) Sakamoto, M.; Takagi, M.; Ishimori, T.; Okawa,
H. Bull. Chem. Soc. Jpn. 1988, 6/, 1613.
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Figure 3. Temperature dependence of the magnetic susceptibility (@)
and effective magnetic moment (O) per molecule for 1’.

second is to use a complex as a “ligand” that contains potential
donor groups capable of coordinating to another metal ion.}7-24
In this study we have adopted the latter strategy. Asa “ligand
complex” we have chosen [Cr(tet b)(OH),]C10,:2H,0 because
this complex has a distorted cis octahedral structure with respect
to the hydroxo groups'®?3 and is expected to function as a bi-
dentate ligand to another metal ion through the hydroxo groups.
In fact, the reaction of [Cr(tet b)(OH),]Cl0,2H,0, copper(1l)
perchlorate hexahydrate, and bpy in the 1:1:1 mole ratio gave
[Cr(tet b)(OH),Cu(bpy)1(ClO,); (1’) and its methano! adduct
[Cr(tet b)(OH),Cu(bpy)(CH,;OH)](ClO,); (1). Further, the
reaction of [Cr(tet b)(OH),]ClO,2H,0 and copper(IT) per-
chlorate hexahydrate in the 2:1 mole ratio gave a trinuclear
complex {Cu[Cr(tet b)(OH),1,}(Cl04)4+H,0 (2).

X-ray Structure of 1. The crystal consists of a binuclear [Cr(tet
b)(OH),Cu(bpy)(CH;,OH)]3* cation and perchlorate ions. A
perspective view of the cation is given in Figure 2, together with
the atom-numbering system. Relevant bond distances and angles
with their estimated standard deviations are given in Table III.

The binuclear cation has a dihydroxo-bridged chromium-
(I11)—copper(I1) structure with a Cr---Cu distance of 2.989 (2)

. The chromium atom is six-coordinated with the tetradentate
tet b in the folded configuration and two hydroxo groups in cis
position. Thus, the Cr(tet b)(OH), entity of 1 is essentially similar
to [Cr(tet b)(OH),]CIO,2H,0.%5 The two nitrogen atoms N2
and N4 of the tet b ligand and the two oxygen atoms, OA and
OB, of the hydroxo groups delimit the equatorial plane of a
distorted octahedron, and N1 and N3 of tet b occupy the apices.
The equatorial four-coordinating atoms N2, N4, OA, and OB are
nearly coplanar within the deviation 0.055 A, and the chromium
atom is located on the mean plane with a deviation of 0.006 A.
The apical bond distances Cr-N1 (2.133 (6) A) and Cr-N3 (2.140
(6) A) are similar to the corresponding distances (2.142 (2) A)
of mononuclear [Cr(tet b)(OH),]Cl04+2H,0. The equatorial
bond distances Cr-N2 (2.093 (5) A) and Cr-N4 (2.093 (5) A)

(17) (a) Matsumoto, N.; Maeda, Y.; Okawa, H.; Akui, T.; Kawaji, T;
Ohyoshi, A.; Kodera, M.; Oshio, H.; Kida, S. J. Chem. Soc., Dalton
Trans. 1989, 943, (b) Matsumoto, N.; Okawa, H.; Kida, S.; Ogawa,
T.; Ohyoshi, A. Bull. Chem. Soc. Jpn. 1989, 62, 3812,

(18) (a) Gruber, S. J.; Harris, C. M.; Sinn, E. J. Chem. Phys. 1968, 49, 2183,
(b) Sinn, E.; Harris, C. M. Coord. Chem. Rev. 1969, 4, 391.

(19) (a) Okawa, H.; Kida, S. Inorg. Chim. Acta 1977, 23, 253. (b) Ka-
sempimolporn, V.; Okawa, H,; Kida, S. Bull. Chem. Soc. Jpn. 1979, 52,
3459, (c) Nakamura, M.; Okawa, H.; Kida, S. Inorg. Chim. Acta 1982,
62, 201.

(20) Okawa, H.; Kawahara, Y.; Mikuriya, M.; Kida, S. Bull. Chem. Soc.
Jpn. 1980, 53, 549.

(21) Coucouvanis, D. J. Am. Chem. Soc. 1970, 92, 707.

(22) O’Bryan, N. B.; Maier, T. O,; Paul, I. C,; Drago, R. S. J. Am. Chem.
Soc. 1973, 95, 6640.

(23) Costes, J.-P.; Dahan, F.; Laurent, J.-P. J. Chem. Soc., Dalton Trans.
1989, 1017.

(24) Koch, C. A;; Reed, C. A.; Brewer, G. A.; Rath, N. P.; Scheidet, W. R.;
Gupta, G.; Lang, G. J. Am. Chem. Soc. 1989, /1, 7645.

(25) Bang, E.. Monsted, O. Acta Chem. Scand. 1984, 438, 281.
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Figure 4. Temperature dependence of the magnetic susceptibility (@)
and effective magnetic moment (O) per molecule for 2.

are shorter than those (2.142 (2) A) of the mononuclear species,
whereas the equatorial distances Cr—OA (1.956 (4) A) and Cr-OB
(1.955 (4) A) are longer than those (1.918 (2) A) of the mono-
nuclear species.

The coordination geometry around the copper can be described
as a square pyramid, where the basal coordination sites are oc-
cupied by the two hydroxo oxygens OA and OB and the two
nitrogens N5 and N6 of bpy. At the apical site the oxygen atom
OM of the methanol molecule is weakly coordinated with a Cu-
OM distance of 2.479 (5) A. In accord with the weak coordi-
nation, the methanol molecule is readily removed in the open
atmosphere to give [Cr(tet b)(OH),Cu(bpy)](ClO,), (V). The
basal donor atoms OA, OB, N5, and N6 deviate from the mean
plane by ca. 0.15 A, and the copper atom deviates by 0.14 A
toward OM. The dihedral angle between the plane depicted by
Cu, OA, and OB and the plane depicted by Cu, N5, and N6 is
18.9°.

Magnetic Properties. Because complex 1 effloresced in the air
to give the methanol-free complex ¥, the cryomagnetic investi-
gations were made for 1’. The results are shown in Figure 3 in
the form of plots of xy vs T and u. vs T, where Xy, te and
T denote magnetic susceptibility per molecule, effective magnetic
moment per molecule, and temperature, respectively. The effective
magnetic moment per molecule is 4.40 ug at room temperature,
which is close to the spin-only value of 4.24 up for the magnetically
noninteracting Cr(I11)—Cu(II) system (S, =3/,, S, = !/,). When
the temperature is lowered, the magnetic moment increases
gradually and reaches a plateau (u.q = 4.90 ug) at 34 K. Then
the moment tends to decrease and reaches 4.85 ug at 4.5 K. The
plateau value of 4.90 ug is equal to the spin-only value for § =
2, which may arise from a ferromagnetic spin coupling between
the Cr(III) and Cu(II) ions. Thus, the observed magnetic behavior
clearly demonstrates the operation of a intramolecular ferro-
magnetic spin-exchange interaction through the hydroxo bridges.
A slight decrease in the magnetic moment below 5.5 K may be
attributed to an intermolecular antiferromagnetic interaction or
a zero-field splitting on Cr(III). The contribution of the inter-
molecular interaction and the zero-field splitting are evidently
weaker than the intramolecular spin exchange. Therefore, the
magnetic analysis of this complex has been made by neglecting
the effects.

The magnetic susceptibility equation for the system, based on
the isotropic spin Hamiltonian A = -2JS,S,, is given as follows:?¢

NgB 10 + 2 exp(-4J/kT)
XM T T 5 + 3 exp(-4J /kT)

+ Na ¢}

where each symbol has its usual meaning. As shown in Figure
3, good fits to the experimental data were attained with (1) by
using magnetic parameters g = 2.00, J = +25 cm™, and Na =

(26) Konig, E. Inorg. Chem. 1969, 8, 1278.



Ferromagnetic Dihydroxo-Bridged Cr—-Cu Complexes

100 X 107 cm® mol™', where the discrepancy factor [3"(uopss =
Peaiot) 2/ Tboma?] /2 was 0.005. The triplet—quintet energy gap (4J)
is evaluated at 100 cm~! in this case, which is about half of that
of the phenolato-bridged Cr(I11)-Cu(II) complex.®

The ESR spectrum of powdered sample 1 at room temperature
presents at least 11 resonances at 200 G (g = 33.69), 589 G (g
= 11.44), 1200 G (g = 5.62), 2038 G (g = 3.31),2413G (g =
2.79), 2832 G (g = 2.19), 3288 G (g = 2.05), 3500 G (g = 1.93),
4250 G (g = 1.59), 4800 G (g = 1.40), and 5275 G (g = 1.28).
When the sample is cooled to liquid nitrogen temperature, the
spectrum significantly changes and becomes less resolved. The
most pronounced change is that the strong signal at g = 11.44
is weakened and becomes a shoulder around g = 10.8. The other
resonances at about 78 K are at g = 34.97, 4.65, 2.75, 2.21, 2.05,
1.66, 1.41, and 1.19. The analysis of the spectrum was not made
in this work.

The magnetic property of 2 is shown in Figure 4. The effective
magnctlc moment per molecule is 6.3 up at room temperature,
which is larger than the spin-only value of 5.74 up for the mag-
nctlcally noninteracting Cr(m)—Cu(II)—Cr(III) system (S, = 3/2,

=1/,,8;=3/,). As the temperature is lowered, the magnetic
moment increases gradually, reaches a plateau (8.0 up) at ca. 11
K, and then tends to decrease below 5 K to 7.88 ug at 4.4 K. The
plateau value is close to the spin-only value of 7.94 ug for S =
7/, which may arise from a ferromagnetic spin coupling of the
trinuclear system (S, = 3/,, S, = !/, §3 = 3/,). The magnetic
behavior demonstrates that the magnetic interaction between the
adjacent chromium(I11) and copper(II) ions is ferromagnetic to
afford the spin octet (St = 7/,) ground state for the trinuclear
complex. As in the case of 1/, a slight decrease in the magnetic
moment below 5 K may be attributed to an intermolecular anti-
ferromagnetic interaction and/or a zero-field splitting on Cr(III).
The second effect is very small and hence neglected in the following
magnetic analysis.

On the basis of the isotropic spin Hamiltonian A = -2J8,(8,
+8;) with S, =S, =3/, and 8= 1/, and according to Kambe’s
procedure,?’ the Iow -lying spin states in zero field are obtained.
The ground spin state is of the largest spin multiplicity (S =7/,).
Upon going up in energy, the spin multnphcnty first decreases from
7/2 to '/, and then increases from !/, to !/2. Such an irregular
spin order was pointed out by Kahn et al. 328 for trinuclear A-B-A
complexes with a spin correlation 25, > (Sg + !/5). Even if the
spin coupling is antiferromagnetic (J < 0), the ground spin state
in such complexes is not of the smallest spin multiplicity but of
2S5, — Sg. Here our emphasis is placed on the fact that complex
2 is the first example of irregular spin order structure with J >
0. By applying the Van Vleck equation,” the theoretical expression
of magnetic susceptibility for the trinuclear Cr(III)—Cu(II)—
Cr(II) system (S, = 3/,, S; = /5, Sy = 3/,) is given as follows:

(27) Kambe, K. J. Phys. Soc. Jpn. 1950, 5, 48.

(28) Pei, Y.; Journaux, Y.; Kahn, O. Inorg. Chem. 1988, 27, 399.

(29) Van Vieck, J. H. Theory of Electric and Magnetic Susceptibilities;
Oxford University Press: London and New York, 1932, Chapter 12.
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_ Ngig?
XM= (B)+N 2

where A = 84 + 35 exp(x) + 10 exp(2x) + exp(3x) + exp(5x)
+ 10 exp(6x) + 35 exp(7x), B = 16 + 12 exp(x) + 8 exp(2x)
+ 4 exp(3x) + 4 exp(5x) + 8 exp(6x) + 12 exp(7x), and X =
~J/kT.

Zl'he magnetic property of 2 could be well simulated with (2),
as displayed by the traces in Figure 4. The fitting parameters
are as follows: g =2.01,J =40 cm™, Na = 150 X 10 cm® mot™,
and the discrepancy factor 0.008.

The ESR spectrum of powdered sample 2 at room temperature
presents at least seven resonances at 275 G (g = 24.53),940 G
(g=7.18),1425 G (g = 4.73), 1750 G (g = 3.86), 2387 G (g
= 2.83), 3294 G (g = 2.05), and 4525 G (g = 1.49). When the
sample is cooled down to about 78 K, the broad signal at g = 2.05
splits into three resonances: a peak at g = 2.36, a signal centered
at g = 2.00, and a shoulder around g = 1.65. The other features
show no significant changes. The analysis was not made in this
paper.

The ferromagneticf spin-coupling observed for 1’ can be ra-
tionalized by considering the symmetry of the molecule after the
manner of Kahn et al.> On the basis of the crystal structure
analysis, the molecular symmetry of 1 (methanol adduct) is ap-
proximated by the C; point group. If the methanol molecule is
eliminated without any change in the binuclear structure, the
molecular symmetry of 1’ may be regarded as C,,. With the
coordinate system defined as in Figure 1, the unpaired electron
ofthe copper(I1) ion resides on the d,, orbital, which transforms
as the b, irreducible representatioin of the Cz,, point group. The
three unpaired electrons of the chromium(III) ion occupy the d,_ 2,

d,,, and d,, orbitals, which transform as a,, a,, and b, irreducible
representatlons of the C,, point group, respectively. Hence, no
orbital interaction is feasible between the magnetic orbitals of the
two metal centers. The molecular symmetry of 2 is unknown, but
we believe that it is most likely that the ferromagnetism is caused
by essentially the same mechanism as that for 1.

Concluding Remarks

The present study has shown that [Cr(tet b)(OH),]ClO42H,0
acts as a ligand through its hydroxo groups in cis positions to afford
dihydroxo-bridged Cr(I1I)-Cu(II) and Cr(IIT)-Cu(Il)-Cr(III)
complexes. Both complexes show a ferromagnetic spin exchange
within a complex molecule, owing to the strict orthogonality of
the magnetic orbitals of the metal ions.
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