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The dinucleating macrocyclic ligand (L%2)?>~, prepared by the [1:1] cyclic condensation of N,N’-dimethyl-N,N'-eth-
ylenedi(5-bromo-3-formyl-2-hydroxybenzylamine) and ethylenediamine, has dissimilar N(amine),O, and N(imine),O,
metal-binding sites sharing two phenolic oxygen atoms. It has afforded [-acetato-di-/-phenolato-metal(II)cobalt(II)
complexes (metal(Il) = Fe'!, Co'!, Ni'!, Cu", Zn™). X-ray crystallographic studies indicate that the M is bound to the
N(amine),0, site and has a square-pyramidal geometry with an acetate oxygen at the axial site. The Col bound to the
N(imine), 0, site has a square-pyramidal geometry with an acetate oxygen at the apex or a distorted octahedral geometry
with further coordination of a methanol molecule. The Co in the N(imine), O, site is of low-spin and has one unpaired
electron in its d» orbital. Magnetic studies indicate an antiferromagnetic interaction in the FeCo and CoCo complexes
whereas a ferromagnetic interaction in the NiCo and CuCo complexes. The magnetic properties of the complexes are dis-
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cussed in terms of the electronic structure of the M ion and the dinuclear MCo core structure.

Magnetic studies of heterodinuclear complexes are impor-
tant for inspecting the spin-exchange mechanism with respect
to the electronic structures of the interacting metal ions.! Exten-
sive studies of di-p-phenolato-copper(Il)metal(Il) com-
plexes'™ have shown that an antiferromagnetic interaction oc-
curs within the molecule when the M'! has unpaired electron in
its d,>_» orbital, whereas a ferromagnetic interaction occurs
when the M™ has unpaired electron(s) in d orbital(s) other than
d,>_, orbital (x and y axes are taken along donor atoms on the
equatorial plane). The ferromagnetic interaction in the latter
case is explained by the strict orthogonality of magnetic or-
bitals.'*

Low-spin Co'! has one unpaired electron in either d» orbital
or dy, (dy,) orbital.” It is of interest to study magnetic interaction
in heterodinuclear M"-Co™ (S = 1/2) complexes with respect
to the ground-state electronic structures of the Co'l and M
ions. Some heterodinuclear complexes with low-spin Co!! are
reported’®7¢810.11 byt their magnetic properties are not fully
elucidated.

This work relates to magnetic properties of MTCoT com-
plexes derived from a phenol-based macrocyclic ligand,
(L*2)>~ (Fig. 1). The ligand has two dissimilar N(amine),0,
and N(imine), O, metal-binding sites sharing two phenolic oxy-
gen atoms. [L-Acetato-di-L-phenolato-metal(II)cobalt(Il) com-
plexes (metal(Il) = Fel, Co!!, Ni"!, Cu"!, Zn'"), [FeCo(L*?)-

1 Present address: Graduate School of Engineering, Department of
Synthetic Chemistry and Biological Chemistry, Kyoto Universi-
ty, Katsura, Nishikyo-ku, Kyoto 615-8510

Me- |

/N OH N\
(CHZ)m (CHZ)n
Me OH |

Fig. 1. Chemical structure of Hp(L™").

(4-AcO)(MeOH)]CIO; (1) and [MCo(L*?)(u-AcO)]ClO4
M = Co (2), Ni (3), Cu (4), Zn (5)), have been derived
(IM_Mp(LZ)]™* or ‘MM, complex’ means that the M, is
bound to the N(amine), O, site and My, to the N(imine),O; site).
Spin-exchange interaction of the complexes is studied with
respect to the electronic structures of the M and Co™ ions
and the dinuclear M"Co'" core structure.

Experimental

Physical Measurements. Elemental analyses of C, H, and N
were obtained at The Service Center of Elemental Analysis of
Kyushu University. Metal analyses were made using a Shimadzu
AA-680 Atomic Absorption/Flame Emission Spectrophotometer.
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Infrared spectra were measured using KBr disk on a PERKIN
ELEMER Spectrum BX FT-IR system. Electronic absorption spec-
tra in DMF were recorded on a Shimadzu UV-3100PC Spectropho-
tometer and X-Band EPR spectra were recorded on a JEOL JEX-
FE3X spectrometer. Magnetic susceptibilities of powdered sam-
ples were measured on a Quantum Design MPMS XL SQUID sus-
ceptometer in the temperature range of 2-300 K. Diamagnetic cor-
rections were made using Pascal’s constants.'> Magnetization stud-
ies were carried out using the same susceptometer at 2 K.

Preparations. The proligand, N,N'-dimethyl-N,N'-ethylene-
di(5-bromo-3-formyl-2-hydroxybenzylamine) (H,L’), was pre-
pared by the literature method.” Syntheses of metal complexes
were carried out in an atmosphere of nitrogen using a VAC globe
box system of Nexus100026-S1 type.

[PbCo(L*?)(dmf)4](Cl04)2:  The Co' complex of H,L/,
[Co(L")], was prepared in situ by the reaction of H,L' (5.00 g,
9.72 mmol) and cobalt(Il) acetate tetrahydrate (2.43 g, 9.72 mmol)
in acetonitrile (50 cm?) at ambient temperature. Pb(Cl04), -3H,0
(4.47 g, 9.72 mmol) was added to the solution of [Co(L’)], and an
acetonitrile solution (10 cm?®) of ethylenediamine (0.584 g, 9.72
mmol) was dropped into the mixture with stirring. The resulting or-
ange solution was concentrated to 30 cm? to afford a dark red pre-
cipitate. The yield was 10.3 g (90%). A portion was dissolved in
DMF and the solution was diffused with 2-propanol to form red-
dish black crystals. Anal. Found: C, 31.54; H, 4.06; N, 8.66; Co,
4.44%. Calcd for C34H52BI’2C12CON8014PbZ C, 3156, H, 405,
N, 8.66; Co, 4.56%. Selected IR data [KBr disk, v/cm™']: 1649,
1445, 1143, 1087, 626.

[FeCo(L*?)(j1-OAc)(MeOH)]CIO4 (1): A solution of [PbCo-
(L*%)(dmf)4](C104), (500 mg, 0.386 mmol), iron(II) sulfate hepta-
hydrate (107 mg, 0.386 mmol), and sodium acetate (35 mg, 0.425
mmol) in acetonitrile (100 cm?) was refluxed for 2 h. The reaction
mixture was filtered to separate PbSO,4 and the filtrate was evapo-
rated to dryness. The residue was dissolved in methanol and the so-
lution was diffused with diethyl ether to obtain reddish black crys-
tals. They were separated by filtration and dried in air. The yield
was 77%. Anal. Found: C, 35.71; H, 3.75; N, 6.62; Co, 7.48; Fe,
6.63%. Calcd for Cy5H3Br,ClICoFeN4Og: C, 35.67; H, 3.71; N,
6.65; Co, 7.00; Fe, 6.63%. Selected IR data [v/cm‘l] on KBr:
1625, 1606, 1579, 1552, 1446, 1293, 1110, 624. UV-vis [Anax/
nm (&/M~!ecm™H]: 339 (8100), 428 (5340), ~550 (ca. 1500),
and 1200 (14) in DMF.

[CoCo(L*?)(;-OAc)IClO, (2): This was obtained as orange
crystals in a way similar to that for 1 except for the use of cobalt(Il)
sulfate heptahydrate instead of iron(Il) sulfate heptahydrate. The
yield was 85%. Anal. Found: C, 35.26; H, 3.29; N, 6.82; Co,
14.28%. Calcd for Cp4H,7Br,CICoN4Og: C, 35.47; H, 3.35; N,
6.89; Co, 14.50%. Selected IR data [U/cm*'] on KBr: 1610,
1567, 1447, 1296, 1084, 623. UV-vis [A/nm (&/M~'cm™h)]:
336 (6950), 408 (4850), ~530 (ca. 1000), and 1200 (14) in DMF.

[NiCo(L*?)(-OAc)]ClO4 (3): This was obtained as orange
crystals in a way similar to that for 1 using nickel(Il) sulfate hexa-
hydrate. The yield was 83%. Anal. Found: C, 35.67; H, 3.41; N,
6.90; Co, 7.08; Ni, 7.23%. Calcd for Co4H,7Br,CICoN4NiOg: C,
35.48; H, 3.35; N, 6.90; Co, 7.25; Ni, 7.22%. Selected IR data
[v/em™'] on KBr: 1609, 1572, 1446, 1425, 1296, 1097, 1080,
623. UV-vis [A/nm (&/M~'em™")]: 333 (8000), 407 (4600),
~540 (ca. 560), and 1080 (9) in DMF.

[CuCo(L*?)(ft-OAc)]ClO4 (4): This was obtained as reddish
black crystals using copper(Il) sulfate pentahydrate. The yield was
80%. Anal. Found: C, 35.26; H, 3.41; N, 6.82; Co, 7.07; Cu, 7.18%.
Calcd for Cp4Hy7Br,C1CoCuN4Og: C, 35.27; H, 3.33; N, 6.86; Co,

Heterodinuclear M"' Co'! (S¢, = 1/2) Complexes

7.21; Cu, 7.78%. Selected IR data [v/cm‘l] on KBr: 1631, 1610,
1568, 1446, 1294, 1097, 623. UV-vis [A /nm (§/M~' cm™1)]: 348
(7600), 475 (1950), ~540 (ca. 850), and 740 (162) in DMF.

[ZnCo(L*2)(-OAc)]ClO4 (5): This was obtained as orange
crystals using zinc(Il) sulfate heptahydrate. The yield was 78%.
Anal. Found: C, 35.01; H, 3.63; N, 6.55; Co, 6.56; Zn, 7.64%.
Calcd for Cy4Hy7Br,CICoN4OgZn: C, 35.19; H, 3.32; N, 6.84;
Co, 6.92; Zn, 7.68%. Selected IR data [KBr disk, v/cm*']:
1607, 1584, 1553, 1447, 1294, 1095, 623. UV-vis [A/nm (&/
M~ em™h)]: 339 (7000), 420 (5300), ~530 (ca. 1200), and 1270
(8) in DMF.

X-ray Crystallographic Analyses. Each single crystal of
[PbCo(L%?)(dmf)4](C104), and the MCo complexes (1-5) was
mounted on a glass fiber and coated with epoxy resin. All measure-
ments were made on a Rigaku/MSC Mercury diffractometer with
graphite monochromated Mo Ko radiation at —95+1 °C. The
data were corrected for Lorentz and polarization effects. Pertinent
crystallographic parameters are summarized in Table 1.

The structures were solved by direct methods and expanded
using Fourier techniques. The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included but not refined.
Computations were carried out on a SGI O2 computer using teXsan
crystallographic software package.'®

Crystallographic data have been deposited at the CCDC, 12
Union Road, Cambridge CB2 1EZ, UK. Copies can be obtained
on request, free of charge, by quoting the publication citation
and the deposition numbers 214931-214936.

Results and Discussion

Synthesis and General Properties. The M"Co" com-
plexes of (L%2)>~ were synthesized by a stepwise template
reaction developed in our laboratory.>!4 The Co™! complex of
N,N'-dimethyl-N,N’-ethylenedi(5-bromo-3-formyl-2-hydroxy-
benzylamine), [Co(L")], was prepared and condensed with eth-
ylenediamine in DMF in the presence of Pb(ClO4);+-3H,0 to
afford the PbCo complex, [PbCo(L%?)(dmf)4](ClOy),. The het-
erodinuclear complexes, [FeCo(L%?)(u-AcO)(MeOH)]CIO,
(1) and [MCo(L*?)(j4-AcO)]ClIO04 (M = Co (2), Ni (3), Cu
(4), Zn (5)), were synthesized as good crystals when the PbCo
complex was treated with M sulfate in acetonitrile in the pres-
ence of sodium acetate.

Previously, the transmetallation of Pb!' in [PbCu(L*?)]-
(C104); and [PbCu(L**)](ClO4), for a M ion resulted in
the migration of the Cu from the N(imine),0, site to
N(amine),0; site to afford Cu™™™ complexes.” Such metal mi-
gration is not the case in the present transmetallation reaction of
[PbCo(L%*?)(dmf)4](ClO4), with M sulfate, as discussed later.

The IR spectra of 1-5 show the v,,(COO) and vs(COO) vi-
brations of acetate groups at 1584-1567 and 1447-1446
cm™!, respectively.!> The small separation between the two
IR modes suggests a bridging function of the acetate group in
each complex. Electronic absorption spectra of the complexes
in DMF have an intense absorption band at 333—-348 nm attrib-
utable to the 7—7r™ transition associated with the C=N link-
age.'®!7 An absorption band at ~540 nm is characteristic of
Co(salen) and related complexes.'®?° Complexes 1-3 and 5
show a weak band at 1100-1200 nm that is assigned to a d—d
band of the low-spin Co'. This absorption is not resolved in
the spectrum of 4, owing to the more intense band at 740 nm;
this is attributed to a superposed d—d band of Cu'.
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Fig. 2. An ORTEP drawing of the cationic part in [PbCo-
(L??)(dmf)4](Cl04), with the atom numbering scheme.
The dmf molecules are omitted for clarity except for the
oxygen atoms O(3)-0(6).

Table 2. Selected Bond Distances (A) and Angles (°) for
[PbCo(L*?)(dmf)4](C104)

Bond distances/A

Pb(1)-0O(1) 2.542(4) Pb(1)-0(2) 2.566(4)
Pb(1)-0(3) 2.787(2) Pb(1)-O(4) 2.667(6)
Pb(1)-0(5) 2.711(5) Pb(1)-0O(6) 3.017(5)
Pb(1)-N(1) 2.520(4) Pb(1)-N(2) 2.602(4)
Co(1)-0(1) 1.874(4) Co(1)-0(2) 1.863(4)
Co(1)-0(3) 2.143(4) Co(1)-N(3) 1.859(5)
Co(1)-N(4) 1.857(5)

Bond angles/®

O(1)-Pb(1)-0(2) 56.5(1)  O(1)-Pb(1)-N(1) 73.2(1)
O(1)-Pb(1)-N(2)  100.7(1)  O(2)-Pb(1)-N(1)  109.3(1)
0O(2)-Pb(1)-N(2) 70.1(1)  N(1)-Pb(1)-N(2) 75.0(1)
O(1)-Co(1)-0(2) 80.6(2)  O(1)-Co(1)-N(3)  175.8(2)
O(1)-Co(1)-N(4) 95.8(2)  O(1)-Co(1)-0(3) 91.4(2)
0(2)-Co(1)-N(3) 952(2)  O(2)-Co(1)-N(4)  170.5(2)
0(2)-Co(1)-0(3) 91.9(2)  O(3)-Co(1)-N(3) 89.2(2)
0O(3)—-Co(1)-N(4) 96.9(2)  N(3)-Co(1)-N(4) 88.3(2)
Pb(1)-O(1)-Co(1)  94.4(1)  Pb(1)-O(2)-Co(1)  93.9(1)
Pb(1)-O(3)-Co(1)  40.44(9)

Crystal Structures. [PbCo(L%?)(dmf)4](C104),: An
ORTEP?! view of the complex is shown in Fig. 2 together with
the atom numbering scheme. The selected bond distances and
angles are given in Table 2.

The cation consists of the macrocycle (L>%)>~, Pb and Co
ions and four dmf molecules; perchlorate ions are free from
coordination and are captured in the crystal lattice. The Co'l
is located in the N(imine),O, site and has a square-pyramidal
geometry together with dmf oxygen (O(3)). The equatorial
Co-to-donor bond distances range from 1.857(5) to 1.874(4)
A. The axial Co—O(3) bond distance is elongated (2.143(4)
A). The Co is displaced from the basal N,O, least-squares
plane by 0.078(3) A toward the dmf oxygen.
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The Pb ion in the N(amine),0O; site has an eight-coordinate
geometry together with four dmf oxygen atoms (O(3), O(4),
0O(5), and O(6)). One dmf molecule bridges the Co and Pb ions
through its oxygen atom (O(3)). The Pb—O(3) and Co-O(3)
bond distances are 2.787(4) and 2.143(4) A, respectively. The
Pb-to-macrocycle bond distances range from 2.520(4) to
2.602(4) A. The Pb is displaced from N, O, least-squares plane
by 1.540(2) A. The N(imine),0, least-squares plane and the
N(amine),0, least-squares plane are bent at the O(1)--O(2)
edge with a dihedral angle of 11.0(1)°. The intermetallic
Co(1)-Pb(1) separation is 3.272(2) A. The two N-methyl
groups attached to N(1) and N(2) are situated cis with respect
to the mean molecule plane.

The crystal structure of [PbCu(L*?)](ClOy), is not deter-
mined but the structure of [PbCu(L*2)(BzO)(dmf)](ClOy),
(BzO~ = benzoate) is known.”® The Pb has a seven-coordinate
geometry together with a chelating BzO~ group and a dmf
molecule. A noticeable geometrical feature of [PbCo(L>?)-
(dmf)4](C104); is the dmf bridge between the Pb™ and Co!
ions. Because of this reason, it is likely that the transmetallation
reaction of [PbCo(L%*?)(dmf)4](ClOy4), with M'SO, proceeds
by a mechanism differing from that of [PbCu(L>?)](ClO4),
with MSOy, affording the M"Co"' complexes (1-5) as demon-
strated below.

[FeCo(L*?)(-OAc)(MeOH)]IClO4 (1):  An ORTEP pic-
ture of 1 is shown in Fig. 3 together with the atom numbering
scheme. The selected bond distances and angles are given in
Table 3.

The cation has the Fe'! ion in the N(amine),O, site and the
Co'" ion in the N(imine),0, site. An acetate group bridges the
two metal ions affording p-acetato-di-t-phenolato-iron(Il)-
cobalt(Il) core. The Fe--Co separation is 2.886(2) A. The Fe
has a five-coordinate geometry together with an acetate oxygen
atom (O(3)). The geometry around the Fe is regarded as square-
pyramidal; the parameter T>? discriminating square-pyramid
(T = 0) and trigonal-bipyramid (T = 1) is 0.221. The equatorial

Fig. 3. An ORTEP drawing of the cationic part in [FeCo-
(L*?)(0OAc)(MeOH)|CI1O, (1) with the atom numbering
scheme.

Heterodinuclear M"' Co'! (S¢, = 1/2) Complexes

Table 3. Selected Bond Distances (A) and Angles (°) for
[FeCo(L*?)(OAc)(MeOH)]ClO, (1)

Bond distances/A

Co(1)-0O(1) 1.913(2)  Co(1)-0(2) 1.881(2)
Co(1)-0(4) 2.408(2)  Co(1)-N(3) 1.874(2)
Co(1)-N(4) 1.853(2)  Co(1)-0O(5) 2.242(2)
Fe(1)-O(1) 2.107(2)  Fe(1)-0(2) 2.098(2)
Fe(1)-0O(3) 1.954(2)  Fe(1)-N(1) 2.171(2)
Fe(1)-N(2) 2.146(2)

Bond angles/®

O(1)-Fe(1)-0(2) 71.90(6) O(1)-Fe(1)-N(1) 89.50(7)
O(1)-Fe(1)-N(2)  131.16(7) O(2)-Fe(1)-N(1)  144.44(7)
O(2)-Fe(1)-N(2) 86.29(7) N(1)-Fe(1)-N(2) 83.77(7)
O(1)-Co(1)-0(2) 81.21(7) O()-Co(1)-N@3) 172.36(8)
O(1)-Co(1)-N(4) 95.43(8) 0O(2)-Co(1)-N(3) 95.59(8)
0(2)-Co(1)-N(4) 176.64(8) N(3)-Co(1)-N(4) 87.72(9)
Co(1)-O(1)-Fe(1)  91.63(7) Co(1)-O(2)-Fe(1)  92.81(7)

Fe-to-donor bond distances range from 2.098(2) to 2.171(2) A.
The axial Fe-O(3) bond distance is 1.954(2) A. The Fe is dis-
placed from the N(amine), O, least-squares plane by 0.757(1) A
toward O(3).

The Co in the N(imine),0, has an axially-elongated octa-
hedral geometry, together with the bridging acetate oxygen
(O(4)) and a methanol oxygen (O(5)) at the axial sites. The
equatorial bond distances range from 1.853(2) to 1.913(2) A.
The axial Co—O(4) and Co-O(5) bond distances are 2.408(2)
and 2.242(2) A, respectively.

The two N-methyl groups attached to N(1) and N(2) are sit-
uated cis with respect to the mean molecular plane. The
N(amine),0; least-squares plane and the N(imine),O, plane
are bent at the O(1)--O(2) edge with a dihedral angle of
23.56(5)°. Such bending of the dinuclear core with respect to
the two basal planes is commonly recognized for dinuclear
complexes of (L*?)>~ and (L*3)?7, irrespective of the nature
of axial ligands, and is ascribed to steric requirements of the
macrocyclic ligands.”

[MCo(L%?)(it-OAc)]Cl04 (M = Co (2), Ni (3), Cu (4), Zn
(5)): The crystals of these complexes are isomorphic. The
structure of 2 is described in detail. An ORTEP view of 2 is
shown in Fig. 4 together with the atom numbering scheme.
The selected bond distances and angles are summarized in
Table 4.

Complex 2 has a (t-acetato-di-t-phenolato-dicobalt(II) core
in the Co(1)--Co(2) intermetallic separation of 2.802(2) A. The
geometry around Co(l) bound to the N(amine),0, site is
square-pyramidal (7 = 0.169). The equatorial Co(1)-to-donor
bond distances range from 2.006(2) to 2.095(2) A and the axial
Co(1)-0(3) bond distance is 1.953(2) A. The Co(1) is displaced
from the basal N(amine), O, least-squares plane by 0.547(1) A
toward O(3).

The geometry around Co(2) bound to the N(imine),O; site is
also square-pyramidal (T = 0.021). The equatorial Co(2)-to-
donor bond distances fall in the range of 1.852(2)-1.893(2)
A. The equatorial bond distances are significantly short relative
to the Co(1)-to-donor bond distances. Instead, the axial Co(2)—
O(4) bond distance (2.212(2) A) is elongated relative to the
Co(1)-O(3) distance. The Co(2) is displaced from the basal
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N(imine),0, least-squares plane by 0.074(1) A toward the
acetate oxygen O(4). The N(imine),O, least-squares plane
and the N(amine), 0, least-squares plane are bent at the O(1)--
O(2) edge with a dihedral angle of 25.79(5)°.

Geometrical characteristics of 1-5 are summarized in
Table 5. All the complexes have a short mean Co-L.q bond
and a long axial Co—O(acetate) bond, in accord with the low-
spin state of the Co''.>> The axial Cu—O(acetate) bond of 4 is
long relative to the corresponding M—O(acetate) bond of other
complexes. This is due to the Jahn—Teller effect for d’ electron-
ic configuration. A large displacement of the M™" from the basal
N(amine),0, least-squares plane is recognized for 1 (M = Fe,
0.757(1) A), 2 (Co, 0.547(1) A), and 5 (Zn, 0.620(1) A); the de-
viation of Ni in 3 is 0.399(2) A and the deviation of Cu in 4 is
0.397(1) A. The Co in 1 is displaced toward the methanol oxy-
gen O(5) but not toward the acetate oxygen O(4). Because of
this reason the Co—O(acetate) bond of 1 is elongated relative
to the corresponding M—O(acetate) bond of other complexes.

Magnetic Properties. Magnetic susceptibilities of 1-5
were measured on a powdered sample in the temperature range
of 2-300 K. Temperature-variations of the magnetic moments
of 1-5 are given in Fig. 5. The magnetic property of 5 (ZnCo)
is discussed first, because this is the simplest case among the
complexes. It has a magnetic moment of 2.20 g at room tem-
perature. The moment monotonously decreased with decreas-
ing temperature to 1.75 g at 4 K, due to temperature-inde-
pendent paramagnetism (Nc) associated with the Co™ ion.

Fig. 4. An ORTEP drawing of the cationic part in
[CoCo(L*?)(0OAc)]CIO, (2) with the atom numbering
scheme.

Table 4. Selected Bond Distances (A) and Angles (°) for
[CoCo(L*2)(0Ac)]CIO, (2)

Bond distances/A The No value is estimated to be ca. 500 x 10~° ¢cm? mol~!
Co(1)-0(1) 2.066(2) Co(1)-0(2) 2.006(2) by the usual method to obtain constant (¥ — Na)T over the
Co(1)-O(3) 1.953(2) Co(1)-N(1) 2.080(2) temperature range of 4-300 K. A similar N« value (ca. 460 x
Co(1)-N(2) 2.095(2) Co(2)-O(1) 1.882(2) 10~% cm® mol~!) is deduced for Co(salen).* Such a large No
Co(2)-0(2) 1.893(2) Co(2)-O(4) 2.212(2) value for low-spin Co'! may arise from low-lying excited states
Co(2)-N(3) 1.852(2) Co(2)-N(4) 1.860(2) through a second-order Zeeman effect.

In order to determine the electronic configuration of the low-
spin Co'!, we measured EPR spectrum of 5 (ZnCo) in a frozen
DMEF solution at liquid nitrogen temperature. The EPR spec-

Bond angles/®

O(1)-Co(1)-0(2)  73.67(6) O(1)-Co(1)-N(1)  90.33(7)
O(1)-Co(1)-N(2)  153.47(7) O(2)-Co(1)-N(1)  143.29(7) ) : !
0@2)-Co(1)-N(2) ~ 92.09(7) N(1)-Co(1)-N(2) ~ 88.19(7) ~‘rumis of axial pattern with g, = 2.25, g = 2.02, and Ac, =
O(1)-Co(2)-0O(2) 80.62(6) O(1)-Co(2)-N(3)  173.37(8) 118 x 10‘. cm.‘ , demonstr.atmg that one unpaired electron of
O(1)-Co()-N@)  9526(7) O(2)-Co(2)-N(3) 95.54(7)  the Coresides in its d.> orbital.”

0(2)-Co(2)-N(4)  174.67(8) N(3)-Co(2)-N(4) 88.23(8) The magnetic moment of 1 (FeCo) is 5.40 [ty at room tem-
Co(1)-0(1)-Co(2)  90.30(6) Co(1)-0(2)-Co(2)  91.86(6) perature; the moment decreased with decreasing temperature to
3.35 g at 2 K. The cryomagnetic behavior suggests an antifer-

Table 5. Summary of Structural Characteristics of 1-5

Complexes 1 2 3 4 5
Mean M-L,/A 2.131 2.062 2.022 2.003 2.082
Mean Co-Leq/A 1.880 1.872 1.869 1.876 1.870
M-O(acetate)/A 1.954 1.953 1.951 2.058 1.934
Co—O(acetate)/A 2.408 2.212 2.189 2.205 2.222
M--Co/A 2.89 2.80 2.81 2.81 2.86
8 for M/A 0.757 0.546 0.399 0.397 0.621
§ for Co/A —0.060 0.074 0.077 0.094 0.063
T for M 0.221 0.169 0.137 0.138 0.148
7 for Co — 0.021 0.028 0.021 0.022
p/° 23.56 25.79 25.67 24.13 24.15

8: Displacement of metal from basal N,O, plane. T: Parameter discriminating square-pyramid
(t=0) and trigonal-bipyramid (7 =1). p: Dihedral angle between N(amine),O, and
N(imine),0, least-squares planes.



1348 Bull. Chem. Soc. Jpn., 77, No. 7 (2004)

0 T T T

0 100 300

200
T/K
Fig. 5. Temperature-variations of magnetic moments of 1
(FeCo), 2 (CoCo), 3 (NiCo), 4 (CuCo), and 5 (ZnCo).
The solid lines are best-fit curves based on respective treat-
ments as discussed in the text.

romagnetic interaction between the Fe' (S =2) and Col
(S = 1/2) ions. The magnetic moment at 2 K is smaller than
the spin-only value for St = 3/2 (3.87 p) arising from anti-
ferromagnetic coupling of the metal ions. This fact indicates
that the operation of some secondary effect such as zero-field
splitting of the St = 3/2 term. The magnetic susceptibility ex-
pression for Fe''(S = 2)-Co'(S = 1/2) based on the isotropic
Heisenberg model H = —2J8,5; is given by Eq. 1,

v = {5Nﬁ2/4k(T —0)} x [7};5/22 + 2g3/22 exp(—5J/kT)]
/I3 4+ 2exp(—=5J/kT)] + Na €))

where N is Avogadro’s number, f is the Bohr magneton, k is
the Boltzmann constant, J is the exchange integral, T is the ab-
solute temperature, and N« is the temperature-independent
paramagnetism. The 6 is included as the correction term for
any secondary magnetic contribution. gs,, and g3 > are g factors
associated with the total spin states St = 5/2 and 3/2, respec-
tively, and are expressed using local gg. and gc, factors as
gs52 = (4gre + 8co)/5 and  g3p = (6gre — co)/5.2% The
cryomagnetic property of 1 is well simulated by Eq. 1 using
the best-fit parameters of J = —4.0 cm™ !, gre = 2.07,
gco =2.17, 0= —0.8 K, and N =550 x 107¢ c¢m? mol ™!
(see Fig. 5). The Na value of ~50 x 10~ cm® mol~! for Fe!l
seems reasonable from a survey of the literature.?’

The magnetic moment of 2 (CoCo) at room temperature is
5.24 g (per molecule) and the moment decreased with de-
creasing temperature to 2.46 iy at 2 K. Evidently, the Co!!
in the N(amine), O site is of high-spin and an antiferromagnet-
ic interaction operates between the high-spin Co™ and the low-
spin Co!' ions. Magnetic simulations were carried out using the
magnetic susceptibility expression (2),

Xt = (2NB/K(T — 0)) x [5¢2% + 1% exp(—4J /kT)]
J[5 + 3 exp(—4J /kT)] + Nat )

where g, and g; are the g factors associated with the total spin
states St = 2 and 1, respectively, and are expressed using local
gco1 (for high-spin Co) and gce> (low-spin Co) factors as g, =

Heterodinuclear M"' Co'! (S¢, = 1/2) Complexes

(a)
(b)
i T T T i
1000 2000 3000 4000 5000
H / Gauss

Fig. 6. EPR spectra of 3; (a) on powdered sample at room
temperature and (b) in frozen DMF solution at liquid nitro-
gen temperature.

(3gC0] + gCoZ)/4 and 81 = (SgC()l - gCoZ)/4' The cryomagnet-
ic property of 3 is well reproduced by Eq. 2 using the magnetic
parameters of J = —8.0 cm™!, gco1 = 2.45, gcor = 2.17, 60 =
—2.0K, and N = 830 x 107® cm® mol~! (see Fig. 5). Again,
the N value of ~330 x 107° c¢m?® mol~! for high-spin Co'!
seems reasonable from literature values.”’

The magnetic moment of 3 (NiCo) is 4.35 (g at room tem-
perature; this moment decreased with decreasing temperature
to 1.80 uy at 2 K. Such cryomagnetic behavior cannot be ex-
plained by antiferromagnetic interaction between Ni' (S = 1)
and Co'" (S = 1/2) ions. In fact, the magnetic moment at room
temperature is substantially larger than the value expected for
magnetically isolated Ni'' (§ = 1) and Co" (§ = 1/2) ions; a
moment of 3.64-3.97 g is predicted using [y = 2.9-3.3
Mg and e, = 2.2 g (the moment for 5). Such a large mag-
netic moment of 3 implies a ferromagnetic coupling affording
St = 3/2 ground state, and this is supported by EPR studies
(see Fig. 6). Two distinct EPR signals were observed around
~2000 and ~3100 gauss when EPR was measured on pow-
dered sample at room temperature. It must be mentioned that
high-spin Nil! and low-spin Co!! show no EPR signal at room
temperature. A similar EPR spectrum was obtained in a frozen
DMEF solution of 3 at liquid nitrogen temperature.

The decrease in magnetic moment with lowering tempera-
ture may result from a zero-field splitting D in the St = 3/2
ground state. The parallel and perpendicular magnetic suscep-
tibilities . and y, for § = 3/2 axially split in zero-field have
been derived.?® By taking into consideration the thermal popu-
lation on the St = 1/2 state at the energy of 3/, the magnetic
susceptibility expressions are given as follows:

X, = {NB?J4KT} x {g1,2> exp(—3J /kT)
+ g32°[9 exp(—D/kT) + exp(D/kT)]}
/{exp(=3J/kT) + exp(=D/kT) + exp(D/kT)} (3)

and
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X, = INBJAKT} x [g1)2* exp(=3J JkT)
+ g322 {4 exp(D/KT) + (kT /D)[exp(D/kT)
— exp(—D/KT)1}1/{exp(~3J /kT)
+ exp(—D/kT) + exp(D/kT)} 4)

and the susceptibility measured is given by Xy = (X, +
2x.)/3. D is the zero-field splitting parameter. g;,» and g3,»
are the g factors associated with the spin states St = 1/2 and
3/2, respectively, and are expressed using local gn; and gc, fac-
tors as g12 = (4gni — gco)/3 and g32 = (2gni — gco)/3.

Our preliminary magnetic analyses using Eqgs. 3 and 4 indi-
cated a very large positive J value (/ > 300 cm™') and also a
very large D value (|D| > 150 cm™"), but the fitting in the tem-
perature region below 100 K was poor. It must be noted that the
magnetic moment at 2 K (1.80 ftp) is much smaller than the ex-
pected moment from Eqs. 3 and 4 at 2 K (~3 fup). This fact
means that some other effect is contributing to the cryomagnet-
ic property of 3. Eventually we have noticed that the dinuclear
NiCo units are closely packed in the crystal with the nearest in-
termetallic Co--Co’ and Ni--Co’ separations of 5.98 and 6.84 A,
respectively (Fig. 7). Thus, we presume that an intermolecular
antiferromagnetic interaction is operating in this complex.

In order to make a correction for the intermolecular interac-
tion, the magnetic susceptibility expressions are modified as
follows:

X. = (NB*/4k(T — 0)) x {g1)2* exp(—3J /KT)
+ g3/2°[9 exp(—D/kT) + exp(D/kT)1}
/{exp(=3J/kT) + exp(—D/kT) + exp(D/kT)} (3')

and

Fig. 7. The nearest interatomic Co—Co’ and Ni—-Co’ separa-
tions in 5.
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Xo = (NS J4K(T — 0)} x 12> exp(—3J /kT)
+ g3,2°{4exp(D/kT) + (3kT /D)[exp(D/kT)
— exp(—D/kT)1}1/ exp(—3J /kT)
+ exp(—D/kT) + exp(D/kT))}. @)

Using Egs. 3’ and 4/, the cryomagnetic property of 3 can be
simulated with J =300 cm™!, |D| = 175 cm™!, gni = 2.35,
gco = 2.40, and 6 = —15 K (see Fig. 5).

A large zero-field splitting (|D| ~ 175 cm™") is remarkable.
The zero filed splitting in St = 3/2 of Ni"Co" (S¢, = 1/2) is
induced by local anisotropy of Ni, dipolar interaction between
Ni and Co, and antisymmetric interaction associated with a
lowered symmetry of dinuclear NiCo core. Recently we report-
ed an analogous Ni"Co™ (S¢, = 1/2) complex that exhibits a
very small zero-field splitting.?” It has a coplanar dinuclear core
with respect to the equatorial {NiN,O,} and {CoN,O,} planes
and shows little displacement of the metal from the basal N,O,
plane. Therefore, the large zero-field splitting in 3 may arise
from antisymmetric interaction of the largely distorted NiCo
core.

Because of the large zero-field splitting, the EPR signals ob-
served are associated with the Cramers doublets (Ms = +1/2).
The signal at ~3100 gauss is attributed to the resonance be-
tween Ms = +1/2 and —1/2 under applied field parallel to z
axis and the signal around ~2000 gauss can be the resonance
under applied field perpendicular to the molecular axis. A large
zero-field splitting in 3 is supported by magnetization studies
(Fig. 8): the magnetization curve determined at 2 K is close
to the Brillouin function for S = 1/2 but not § = 3/2. Based
on these facts the sign of D is determined to be positive.

The magnetic moment of 4 (CuCo) is 3.25 4y at room tem-
perature; the moment decreased with decreasing temperature to
2.56 g at 2 K. Such magnetic behavior cannot be explained by
antiferromagnetic interaction between Cu"" (S = 1/2) and Co"!
(S = 1/2) ions. Judging from the room-temperature magnetic
moment corresponding to two unpaired electrons, we suppose
that a ferromagnetic coupling in this complex provides St =

2 L
4 (CuCo)
Q 3 (NiCo)
5 1 Lah A D Af”zx
0

0 10 20 30 40 50
H kG

Fig. 8. Magnetization curves of 3 (NiCo) and 4 (CuCo) de-
termined at 2 K. The solid and dotted lines are Brillouin
functions for S = 1 and 1/2, respectively.
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1 ground state. The decrease in magnetic moment with lower-
ing temperature may arise from a zero-field splitting of the
St = 1 state. By taking into consideration the thermal popula-
tion on the St = 0 state at the energy of 2J and the axial zero-
field splitting of the ground St =1 state, the parallel and
perpendicular magnetic susceptibility expressions are given

as follows:3°
_2Ng’B
< kT

exp(—D/3kT)

X xp(D/3KT) + 2exp(—D/3KT) + exp(—2d JkT) )
_ 2Ngx2ﬁ2
=T
exp(2D/3kT) — exp(—D/3kT) ©

" exp(2D/3KT) + 2 exp(—D/3KT) + exp(—2J /KT)

Magnetic simulations were carried out by assuming g, = g,.
The cryomagnetic property of 4 can be reproduced using a large
positive J value (J > 300 cm™'). In Fig. 5 is shown a best-fit
curve using J = 300 cm™!, |D| = 30 cm™!, and g = 2.30.

In order to obtain a further support for the above magnetic
analysis, we carried out magnetization studies for 4 (see
Fig. 8). Occurrence of magnetization is unambiguous evidence
for the ferromagnetic interaction between Cu™ and Co™ ions to
afford the ground St = 1 state. The magnetization curve of 4 is
close to the Brillouin function for § = 1, though it is hardly sat-
urated, probably because of anisotropy of the complex.

From the above magnetic studies, an antiferromagnetic inter-
action occurs in 1 (FeCo) and 2 (CoCo), whereas a ferromag-
netic interaction occurs in 3 (NiCo) and 4 (CuCo). Under
square-pyramidal crystal field, the following ordering of d orbi-
tals are supposed: d,;, dy; < d,, < d2 < dpe_,. The electronic
structure of the M in the N(amine),0; site is (dy,)*(dy,)'-
(dy)'(d2)'(de_y)" for Fe', (de)*(dyo)*(dy)'(d2)'(dey2)'
for Co'", (dy,)*(dy2)*(dyy)*(d2)'(dey2)" for Ni'' and (d.)*
(dy2)*(dyy)*(d2)*(dy2—y2)! for Cu'. The electronic structure of
the low-spin Co'' is (d)" as proved by the EPR study for 5
(ZnCo). The ferromagnetic interaction in 4 (CuCo) is interpret-
ed by the strict orthogonality of magnetic orbitals, d,>_,>(Cu) L
d»(Co) (i.e., Jouco = j(x> — y?,7%) > 0).3! The exchange inte-
gral for 3 is expressed using one-orbital exchange integrals as
Inico = [j(* =y, 2%) 4 j(2%,29)1/2. The j(z*,z%) term must
be negative but this contribution is smaller than that of the
Jj(x* —y%, %) term since the Jyico integral is positive. The
exchange integral of 1 is expressed as Jpeco = [j(yz, 2+
JOy, 22) +j(22, ) +j(x* — y*,7%)]1/4 and that of 2 as Jcoco =
LiCxy, 2% +j(z%, 2) + j(x* — y*,2%)]/3. Since the j(yz,z*) and
j(xy, 7%) terms are generally small,3' one might expect a positive
value for Jreco and Jcoco. However, this is not the case of 1 and
2. It appears that one of the antiferromagnetic contributions is
enlarged in 1 and 2. We presume that the large bend between
the basal N(amine), O, and N(imine),O; planes and a large dis-
placement of the M (Fe or Co) from the N(amine),0O, plane
give rise to an overlap between the d,, orbital of the M" and
the d.> orbital of the Co™! as shown in Fig. 9.

In summary the heterodinuclear M"Co" (Sc, = 1/2) com-
plexes derived from (L%?)?>~ exhibit antiferromagnetic interac-

Heterodinuclear M"' Co'! (S¢, = 1/2) Complexes

Fig. 9. Schematic representation of d,,(M)—d»(Co) overlap
in 1 and 2.

tions between the metal ions when MU is Fe'! (1) or Co! (2),
whereas ferromagnetic interaction operates when M is Ni'!
(3) or Cu" (4). The ferromagnetic interaction in 3 and 4 results
from the strict orthogonality of the magnetic orbitals, d,>_,>(M)
L d2(Co). The antiferromagnetic interaction in 1 and 2 is ex-
plained by d,,(M) || d2(Co) that is effected by a large bend be-
tween the basal N(amine),O, and N(imine),0, planes at the
0--0 edge (p = 23.56° for 1 and 25.79° for 2) and a large dis-
placement of the M from the basal N(amine), 0, plane (: 0.757
A for Fe in 1 and 0.546 A for Co in 2). The geometrical distor-
tion of the dinuclear core induces a large zero-field splitting in
the St = 3/2 state of 3 (D ~ 175 cm™!) and in the St = 1 state
of 4 (|D| =30 cm™1).
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