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Reactions of the LC unit with an in situ prepared M(PyA)™ ion, where L represents 1,4,7-trimethyl-1,4,7-
triazacyclononane and PyAs the monoanion of pyridine-2-aldoxime, yield heterodinuclear complexes of general
formula [LCr" (PyA)sM] 23+ as perchlorate salts, where ¥ Cr(Il) (1), Mn(ll) (2), low-spin Fe(ll) @), Ni(ll)

(4), Cu(ll) (5), Zn(l1) (6), and low-spin Co(lll) ). These compounds contain three oximato anions as bridging
ligands. The hexadentate ligand with the identical donor atoms, tris(2-aldoximato-6-pyridyl)phosphine sP(PyA)
has been employed to prepare a secontiNTt species8, whose magnetic properties differ significantly from

those of4. Complexesl—8 have been characterized on the basis of elemental analysis, mass spectrometry, IR,
UV —vis, Mossbauer, and EPR spectroscopies, and variable-temperatu952<) magnetic susceptibility
measurements. They are isostructural in the sense that they all contain a terminal Cr(lll) ion in a distorted octahedral
environment, CriyOs, and a second six-coordinated metal ion M in a mostly trigonal prismatig émetry.

The crystal structures of the perchlorate salt2e56, 7, and8 have been determined by X-ray crystallography

at 100 K. The structures consist of mixed-metal'®' and CH'Co" complexes with a geometry in which two
pseudooctahedral polyhedra are joined by three oxinvatd-O~) groups, with an intramolecular €rM(Co)

distance in the range of 3-8.7 A. The cyclic voltammograms of the complexes reveal ligand oxidation and
reduction processes, and in addition, metal-centered oxidation processes have been observed. X-band EPR
spectroscopy has been used to establish the electronic ground state of the heterodinuclear complexes. Analysis of
the susceptibility data indicates the presence of weak exchange interactions, both ferro- and antiferromagnetic,
between the paramagnetic centers. A qualitative rationale on the basis of the Goodéeikangmori rules is

provided for the difference in magnetic behaviors.

Introduction is the dianion of several oximes. We emphasize in this respect

This work forms part of our program on exchange-coupled that investigations of a series of isostructural polynuclear
heteropolymetallic systems, whose investigations have beenCOMPlexes with varying Helectron configurations are more
proved to be more informative in comparison to those of informative in comparison to those comprising singly isolated,

homopolynuclear complexes. The ubiquitous participation of excha?ge-coupled C",JSI,FrS only. h )
metal sites involving more than one metal center in metallo- APPlying a very similar strategy, we have succeeded in

proteins has elicited the interest of bioinorganic chemists in such Preparing the asymmetric dinuclear motif'(O—N)M" by
interactions: We have adopted a synthetic strategy of using USing [tris(pyridinealdoximato)metalate(H)pnions, [M(PyA)]~,
metal oximates as ligands for paramagnetic centers to increasé*> ligands for the LM unit, where M(lll) = Cr(lll), Mn(lll),

the nuclearity and to synthesize heterometallic complexes. ThusF€(I!1): @nd Co(lll). In this paper we report the synthesis and
a series of dioximato-bridged (diatomic N,O-bridging) linear spectroscopic and structural characterization of the following

heterotrinuclear complexes of general formula LCr!!-containing compounds: Here M Cr(ll) (1), Mn(ll) (2),
[LM { u-(dioximesMc} ML]24F, where M = Fe(lll),2

H.C 2+ 0r3+
Mn(Il1),3 Mn(1V),*4 and Cr(ll1) ’ o~ T
and M; = Zn(ll), Cu(ll), Ni(ll), Fe(ll), and Mn(ll), N 0 ——N N
has been described, where L represents the tridentate cyclic [ \ / "
amine 1,4,7-trimethyl-1,4,7-triazacyclononane and dioxim¢(2 ~ H,C —N—Cr=0—N—M—N_
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Tris(pyridinealdoximato)metal Complexes as Ligands

Throughout this paper the compountis7 are denoted by
the metal centers only.

To impose trigonal prismatic stereochemistry in six coordinate
systems, Holm and co-workéneported the hexadentate ligand
tris(2-aldoximato-6-pyridyl)phosphine and its BF encapsulated
Ni(ll) complex, [NiP(PyAxBF]BF,4. The twist angle of two Rkl
triangles from trigonal prismatic coordination has been repérted
to be less than-2°. Instead of the B-capping unit we used the
metal-containing fragment €t for encapsulation of the [NiP-
(PyA)s] unit to yield the bicyclic clathrochelate containing the
Cr'"Ni" to demonstrate how a hexadentate ligand with the
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transform infrared spectroscopy on KBr pellets was performed on a
Perkin-Elmer 2000 FT-IR instrument. Electronic absorption spectra in
solution were measured on a Perkin-Elmer Lambda 19 spectropho-
tometer. Magnetic susceptibilities pbwdered samplesere recorded

on a SQUID magnetometer in the temperature rang29 K with an
applied field of 1 T. Experimental susceptibility data were corrected
for the underlying diamagnetism using Pascal’s constants. The X-band
EPR spectra of theolycrystalline solid materiabr of solution were
recorded at various temperatures between 3 and 100 K with a Bruker
ESP 300 spectrometer equipped with a standard TE 102 cavity, an
Oxford Instruments liquid-helium continuous-flow cryostat, a NMR
gaussmeter, a frequency meter, and a data acquisition system. The

identical donor atoms as in the above series can significantly Mossbauer spectrometer worked in the conventional constant-accelera-

alter the magnetic properties of a heterodimetal complex.
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In accord with the predictions made nearly 30 years agust
of the known CH'Ni" interactions in the literature are ferro-
magnetic in natur@.Examples of such heteronuclear' @i
are, however, still very limite&1°We report here two CHNi'"
pairs,4 and8, with identical donor atoms of nearly the same
overall structure but exhibiting very different exchange interac-
tions.

Experimental Section

Materials and Physical MeasurementsReagent or analytical grade

tion mode with a®’Co/Rh source. Isomer shifts are given relative to
o-Fe at room temperature. Cyclic voltammetric and coulometric mea-
surements were performed on EG&G equipment (potentiostat/gal-
vanostat model 273A). Positive ion ESI mass spectra were obtained in
CHsCN with a Finnigan MAT 95 spectrometer in the rangeng =
100-1300.

Preparation of Complexes. Solution ATo a suspension of 0.46 g
(1 mmol) of LCrBr!*in 30 mL methanol was added 0.62 g (2.8 mmol)
of AgClO4-H,0 with stirring. The suspension was refluxed under argon
for 0.5 h yielding a blue-violet solution of [L&(CH;OH)s]3" with
concomitant formation of AgBr. The precipitated AgBr was filtered
off, and the clear blue-violet solution A was stored under an argon
atmosphere and used for subsequent syntheses.

[LCr " (PyA)sCr'"'](ClO4)2 (1). To a degassed solution of 25 mL of
methanol containing 0.36 g (3 mmol) &ynpyridine-2-aldoxime
was added a sample of 0.12 g (1 mmol) of chromium(ll) chloride
and 0.5 mL of triethylamine with stirring. The solution A was added,
and the resulting solution was stirredrfé h at ambient temper-
ature. After addition of 0.25 g (2 mmol) of NaCl@®1,0, the volume
of the solution was reduced by passing argon over the surface of the
solution. The orange-red microcrystalline product was collected by
filtration. Yield: 0.35 g (41%). Anal. Calcd for £H3eNgO11Cr.Cly:

C, 38.72; H, 4.33; N, 15.05; Cr, 12.42; CJ@3.64. Found: C, 38.41;
H, 4.26; N, 14.95; Cr, 11.98; ClpD23.48. IR (KBr, cm?): »(CN)
1638, v(NO) 1004, v(pyridine) 1604, 1540, 1475, 1438. W\Wis in
CHsCN [Amaxy NM (€, M1 m™3]: 245 (25540), 302 (23 050),

materials were obtained from commercial suppliers and used without 415 (3570), 517 sh (1760), 910 (140), 1056 (90). ESI-M#&) 737,

further purification, except those for electrochemical measurements.

The macrocycle 1,4,7-trimethyl-1,4,7-triazacyclononangHgNs; =
L) and its chromium(lll) complex LCrBrwere prepared as described
previously*! Elemental analyses (C, H, N) were performed by the
Microanalytical Laboratory Dornis & Kolbe, Mbeim, Germany.

Quantitative determination of the metals was performed spectropho-

tometrically: chromium as chromate at= 370 nm ¢ = 4960 M
cm!) and manganese, iron, and cobalt as their dipicolinic acid
complexes? Copper and nickel were determined gravimetrically by
using N-benzoyIN-phenylhydroxylamine and dimethylglyoxime, re-
spectively. Zinc was determined by AAS. The perchlorate anion was

determined gravimetrically as tetraphenylarsonium perchlorate. Fourier
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319.

[LCr " (PyA)sM"](CIO4), (2) (M" = Mn (2), Fe (3), Ni (4), Cu
(5), Zn (6)). As complexe®—6 were prepared in a very similar way,
a representative method only is described. An argon-scrubbled solution
of synpyridine-2-aldoxime (0.36 g, 3 mmol) in methanol (25 mL) was
stirred with M(CIQ;)2-H20 (1 mmol) and triethylamine (0.5 mL) for
0.5 h under argon. The resulting solution was added to the solution A,
and the mixture was refluxed fd h under argon. The volume of the
solution was reduced by passing argon over the surface of the solution
until the crystals separated out. The crystals were collected by filtration
and air-dried.

The cobalt(l1l)-containing compound, [LCr" (pyA)sCad"|(ClOy)s,
was obtained by the same procedure using Co{z16H,0 and air as
oxidizing agent.

Complex 2.Yield: 0.39 g (47%). Anal. Calcd for H3sNoCrMnOy-
Cly: C, 38.58; H, 4.32; N, 15.00; Cr, 6.19; Mn, 6.54; G)@3.57.
Found: C, 38.48; H, 4.22; N, 14.89; Cr, 6.15; Mn, 6.45; ¢128.08.
IR (KBr, cm™): »(CN) 1637,»(NO) 1006, v(pyridine) 1602, 1550,
1479, 1437. UV-Vis in CHCN [Amax NM €, M~2cm™3)]: 263 (22 100),
305 (16 800), 328 sh (9300), 421 (764), 509 sh (460), 690 (30). ESI-
MS (mz): 740, 320.5.

Complex 3.Yield: 0.35 g (42%). Anal. Calcd for £HzeNoCrFeQ -
Cl;: C, 38.54; H, 4.31; N, 14.98; Cr, 6.18; Fe, 6.64; ¢lQ3.53.
Found: C, 38.32; H, 4.04; N, 14.13; Cr, 5.65; Fe, 6.52; £IZ3.25.
IR (KBr, cm™): »(CN) 1636,»(NO) 1006, v(pyridine) 1607, 1555,
1481, 1439. UV-Vis in CHCN [Amax, NM €, M~ cm™3)]: 211 (38 500),
249 (22 700), 291 (19 300), 522 (8710). ESI-M&Z): 741, 321.

Complex 4.Yield: 0.42 g (50%). Anal. Calcd for £HzeNoCrNiO;1-
Cl;: C, 38.41; H, 4.30; N, 14.93; Cr, 6.16; Ni, 6.95; G|(®3.52.
Found: C, 38.21; H, 4.41; N, 14.76; Cr, 5.77; Ni, 6.71; ¢1©3.15.
IR (KBr, cm™): »(CN) 1634,»(NO) 1006, v(pyridine) 1605, 1552,
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Table 1. Crystallographic Data for [LCHPyA)sMn"](ClO,), (2), [LCr" (PyA)sF€e'|(ClO4)2 (3), and [LCH' (PyA)sCu'l(ClOy)2 (5)

Cr'"Mn' (2) Cri'Fé' (3) Crl'Cu' (5)
formula Q7H35N9011C|20I’Mn C27H35N9011C|2CI'FG Q7H36N9011C|2CTCU
fw 840.49 841.40 849.09
space group P1 P1 P1
a(h) 12.010(2) 12.078(3) 12.063(2)

b (A) 12.680(3) 12.380(3) 12.627(3)
c(A) 12.763(3) 12.708(3) 12.910(3)
o (deg) 110.63(3) 99.80(3) 111.74(3)
p (deg) 101.48(3) 99.94(3) 102.04(3)
y (deg) 101.17(3) 113.27(3) 101.77(3)
V (A3) 1707.3(0) 1667.3(7) 1698.7(2)
A 2 2 2

pealc (g cnY) 1.635 1.676 1.666

T (K) 100(2) 100(2) 100(2)
diffractometet Siemens SMART Siemens SMART Siemens SMART
w (mm2) 0.916 0.995 1.176

no. of indpt reflcnsF > 4.00(F)) 4824 11 166 4793

no. of params 463 463 460

R (F > 40(F)) 4.03 4.63 5.88

a (Mo Ka) = 0.710 73 AP R: = 3(|Fo| — |Fe|)/Z|Fl.

Table 2. Crystallographic Data for [LCH(PyA)sNi"](ClO4)»CHsOH (4), [LCr'" (PyA);Ca"](ClO4)s (7), and [LCH (P(pyA)s)Ni"](ClO4)»H0

)

CrI'Ni" (4) Cr'Ca" (7) Cr''Ni'" (8)
formula C23H40N9012C|2CTNi C27H33N9016C|3CT'CO C27H35N9011C|2PCT'Ni
fw 876.30 961.94 890.22
space group C2/c P1 P1
a(h) 19.959(4) 10.864(3) 11.989(1)

b (A) 24.313(5) 12.794(4) 12.429(2)
c(A) 14.889(3) 14.378(4) 13.292(2)
o (deg) 90 96.03(2) 102.55(2)
p (deg) 93.34(3) 103.62(2) 107.54(3)
y (deg) 90 96.48(2) 104.00(2)
V (A3 7213(3) 1911.8(10) 1698.7(2)
A 8 2 2

peaic (g cmrY) 1.614 1.671 1.699

T (K) 100(2) 293(2) 100(2)
diffractometet Siemens SMART Siemens R3m/V Siemens SMART
w (mm™2) 1.045 1.010 1.128

no of indpt reflcns F > 4.00(F)) 6315 7553 9114

no. of params 534 518 487

ReP (F > 40(F)) 6.02 5.53 417

aj(Mo Ka) = 0.710 73 AP Re = X(|Fo| — |Fe|)/Z|F].

1476, 1444, UV-Vis in CHCN [Amax, NM €, M~tcmrd)]: 214 (33 100),

278 (32 200), 304 (29 600), 437 (784), 527 (520), 696 (20), 870 (42).

ESI-MS (W2): 743, 322.5.

Complex 5.Yield: 0.33 g (39%). Anal. Calcd for £HzeNoCrCuQis-
Cly: C, 38.19; H, 4.27; N, 14.85; Cr, 6.12; Cu, 7.48; G|Q3.32.
Found: C, 37.98; H, 4.17; N, 14.67; Cr, 5.88; Cu, 7.65; £IZB8.64.
IR (KBr, cm™): »(CN) 1636,»(NO) 1004, v(pyridine) 1605, 1555,
1478, 1444, UV~vis in CHCN [Amax, NM €, M~ cm™)]: 207 (31 300),

248 (30 500), 301 (26 200), 421 sh (510), 527 (240), 702 (80), 1216

(40). ESI-MS: 748, 324.5.

Complex 6.Yield: 0.42 g (49%). Anal. Calcd for £H3eNgCrZnOys-
Cly: C, 38.11; H, 4.26; N, 14.81; Cr, 6.10; CJ(23.26. Found: C,
38.25; H, 4.28; N, 14.45; Cr, 5.88, Cl023.45. IR (KBr, cnr?):
v(CN) 1636,7(NO) 1006,v(pyridine) 1607, 1555, 1481, 1439. WV
vis in CHsCN [Amax, M €, M~ cm™3)]: 258 (25 500), 300 (23 000),
430 (510), 512 (302), 700 sh (80). ESI-MS: 751, 325.

Complex 7.Yield: 0.39 g (41%). Anal. Calcd for £HzeNoCrCoQis
Cl; (943.47): C, 34.36; H, 3.84; N, 13.35; Cr, 6.16; Co, 6.98; £IO
31.48. Found: C, 34.04; H, 3.16; N, 12.96; Cr, 5.58; Co, 7.10;,CIO
31.24. IR (KBr, cm?): »(CN) 1635,»(NO) 1014,v(pyridine) 1609,
1555, 1474, 1438. UVvis in CHCN [Amax, NM €, M~ cm™1)]: 235
(30 100), 301 (27 300), sh 536 (4240). ESI-M&Z): 843, 744.

[LCr " (P(PyA)s)Ni"](ClO4),-H,0 (8). To an argon-scrubbed solu-
tion of tris(2-aldoximato-6-pyridyl)phosphif€0.39 g, 1 mmol) and

triethylamine (0.5 mL) in methanol (25 mL) was added a solid sample

of Ni(ClO,)»:6H,O (0.36 g, 1 mmol). After the solution was stirred

for 0.5 h, it was added to the solution A and the resulting solution was
refluxed for 2 h, whereupon a light red microcrystalline solid
precipitated out. The red precipitate was filtered off and recrystallized
from methanol/acetonitrile to obtain X-ray-quality crystals. Yield: 0.25
g (29%). Anal. Calcd for &HssNgCrNiO.:,ClLP: C, 37.18; H, 3.81;

N, 14.45; Cr, 5.96; Ni, 6.73; Cl§ 22.70. Found: C, 37.25; H, 3.89;
N, 14.36; Cr, 5.79; Ni, 6.51; Cl©22.49. IR (KBr, cm%): »(CN) 1643,
»(NO) 1013,v(pyridine) 1604, 1527, 1474, 1436. U\Wis in CH;CN
[Amax NM €, M™% cm™1)]: 258 (24 500), 296 sh (15 880), 433 (820),
520 (380), 921 (57), 974 (60). ESI-M®W2): 771.

Caution! Although we experienced no difficulties with the com-
pounds isolated as their perchlorate salts, the unpredictable behavior
of perchlorate salts necessitates extreme caution in their handling.

X-ray Crystal Structure Determinations. The crystallographic data
of 2—5, 7, and8 are summarized in Tables 1 and 2. Graphite-mono-
chromated Mo K X-radiation was used throughout. Intensity data
collected at 100 K for all except(at 293 K) were corrected for Lorentz
polarization and for absorption effects f@-5 using the program
SADABS (G. M. Sheldrick, UniversitaGottingen). Absorption cor-
rection @ scan) was done in the usual manner ToiThe structures
were solved by direct methods by using the Siemens SHELXTL-PLUS
package (G. M. Sheldrick, Universit&ottingen). The function mini-
mized during full-matrix least-squares refinement &ag|Fo| — |Fc|)%
Neutral atom scattering factors and anomalous dispersion corrections
for non-hydrogen atoms were taken from ref 13. The hydrogen atoms
were placed at calculated positions with isotropic thermal parameters;
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the methyl groups were treated as rigid bodies. All non-hydrogen atoms Table 3. Cyclic Voltammetric Data

were refined with anisotropic thermal parameters.

Results and Discussion

Preparation. The inertness of trivalent chromium ion result-
ing from a & electron configuration and its high thermodynamic
stability with the macrocycle 1,4,7-trimethyl-1,4,7-triazacy-
clononane together with the lability of the first transition series
divalent metal ions are utilized to synthesize'®F' binuclear

complexes. Practically no scrambling was observed probably

complex E1”*vs Fc'/Fc Eyr®dvs Fc/Fc
2, Cr'"Mn" +0.71 (qr)
3, Cr''Fe! +0.61 (1)
4, CPNi" +1.35(qr) +0.90 (r)
5,Cr'Cu! —-0.73 (1)
6, Criizn' -1.83(r)
7, Crico" —-0.52(r) —1.36 ()

8, CrNi"P(PyA) +0.90 (1)

ar = reversible; gr= quasi-reversible.

because the reaction temperature was too low to surmount the

activation barrier to dissociation. It is interesting to note that it

Judged on the basis of extinction coefficients, the bands at

was not necessary to isolate the intermediates for this syntheticg1g and 1056 nm fot. (Cr'), 690 nm for2 (Mn"), 696 and

route.
Although the presence of the ®€d"' species was observed

870 nm for4 (Ni'), 702 and 1216 nm fds (Cu'), and 920 and
974 nm for8 (Ni'") are tentatively ascribed to the-d transitions

unequivocally in the mass spectra, all attempts to isolate the 5 the M(Il) center.

species even under strict anaerobic conditions were in vain,

Electrospray-lonization Mass Spectrometry (ESI-MS).

presumably because of its strong reducing property, as iSgs)-\Ms in the positive mode has been proved to be a very useful

evidenced by the electrochemical measurements.

analytical tool for characterization of complex&s8. Major

The color of the heterometal dinuclear complexes is light to peaks are listed in the Experimental Section. Shown in Figure

deep red-brown and is dominated by thé! 803 chromophore.

S1 (Supporting Information) is the positive ion ESI mass

They are completely air-stable in the solid state and also in spectrum in CHCN of 6, [LCr(PyA)sZn](ClOa), showing that

solution at least for a few days.

there are only two peaks at/z 751 and 325 corresponding to

Since the relevant bands in the IR spectra of comparable ihe monocation [LCr(PyAEN(CIO.)]* and the dication [LCr-
oxime-containing heteronuclear complexes have been describeqpy a).7nj2+ respectively. The ESI-MS results for other [LCr-

earliet*and the spectra of complex&s 7 are also very similar,

(PyA)sM'"(ClOy), 1-5 are very similar to that 06. Interest-

we are refraining from discussing them in details. The bands ingly, all complexes1l—6 show the doubly charged species
together with their tentative assignments are given in the 1| cr(pyA);M!'J2+ as the base peak (100%). On the other hand,

Experimental Section.

the base peaks fof and8 are observed ai/z 843 and 771,

The electronic spectral results indicate that the complexes ¢qrresponding to the monocharged [LCr(Py@)(CIQw),]* and
1-8 are stable and retain their discrete dinuclear entities also | cyp(PyA)Ni(CIOL)]* species. There is practically no indica-

in acetonitrile solution. All dinuclear complexes with the
exception of Fe(Il)/Co(lll)-containing complexe$, and 7,

tion in the spectra for ligand fragmentation or cleavage of the
dimer evidencing the robustness of the clathrochelates derived

exhibit the lowest energy spin-allowed transition at the Cr(lll) from the pyridinealdoxime and the chromium-containing cap-
center. It allows us to approximate the splitting parameter 10 ying agent. The insets in Figure S1 (Supporting Information)

Dqg to lie between 19010 and 19560 th which is in
agreement with those of the comparable € chro-
mophoreg>1Interestingly, the second spin-allowed transitions
4A,(F) — 4T4(F) are observed at 421 nm far 437 for4, 421
nm (sh) for5, 430 nm for6, and 433 nm foB with the extinction
coefficients ranging from 510 to 820 Mcm™L. The extinction

illustrate that the resolution is sufficient to determine the formal
charge of the complex cations and provide a check on the
isotopic patterns. To conclude, the data summarized in the Ex-
perimental Section and in Figure S1 show that mass spectrom-
etry of the complexes unambiguously demonstrates the nucle-
arity of all complexes examined and also provides identification

coefficient of this band is rather large in comparison to those of the metal centers and the composition of the complexes. It

reported for mononuclear LCpcomplexes. This is probably

seems that complexels-8 are not fragile and can withstand

due to intensity gain via exchange coupling and of the strong ine conditions of the ESI(pos)-MS ionizatiéh.

trigonal distortion of the Cr(lll) geometry, resulting in a lowering
of the symmetry toCs3.17-18 Complex6, Cr!'Zn', exhibits an
additional weak shoulder at 700 nm witfy ~ 80 M~ cm™1
assigned to the spin-forbiddéA, — 2E transition.

The Cr(lll)-centered etd transitions are missing for the low-
spin & systems,3 and 7. On the basis of high extinction
coefficients and similar M~ z*(oxime) transitions reported in
the literature, the peak at 522 nm fdand the shoulder at536
nm for 7 can be assigned to the MLCT transitions indicating
the strong interactions of the filleg,torbital with the conjugated
a-system of the oximé?

(13) International Tables for X-ray Crystallographitynoch: Birmingham,
England, 1974; Vol. 4.

(14) Birkelbach, F.; Winter, M.; Fike, U.; Haupt, H.-J.; Butzlaff, C.;
Lengen, M.; Bill, E.; Trautwein, A. X.; Wieghardt, K.; Chaudhuri, P.
Inorg. Chem.1994 33, 3990.

(15) Caldwell, S. H.; House, D. Al. Inorg. Nucl. Chem1969 31, 811.

(16) Wieghardt, K.; Chaudhuri, P.; Nuber, B.; Weisdndrg. Chem1982
21, 3086.

(17) Lever, A. B. P.Inorganic Electronic Spectroscop¥lsevier: Am-
sterdam, 1984.

(18) McCarthy, P. J.; Gael, H. U.Coord. Chem. Re 1988 88, 69.

Electrochemistry. The cyclic voltammograms (CV) of
complexes2—8 were measured at ambient temperature in
CHsCN containing 0.1 M tetra-butylammonium hexafluoro-
phosphate as supporting electrolyte at a glassy carbon working
electrode. The results are summarized in Table 3 and Figure
S2 (Supporting Information). All redox potentials are referenced
in volts versus the ferrocenium/ferrocene couple(Fc), used
as an internal standard to be 0.09 V vs Ag/AgiNO

Two irreversible electron-transfer waves,°* ~ +1.30 V
andEy®d~ —1.8 V are detected in the potential rangé.8 to
—2.0 V for most of the complexes. We assign the oxidation
process to the ligand pyridine-2-aldoxime, rather than the
Cr(1l1)- or M-centered electron-transfer, on the basis of the fact
that for analogous complexes &wl, F€''M, and Mr'"M sim-
ilar ligand oxidations have been observed at comparable
potentials (1.+1.3 V)21 High peak current oE,** observed

(19) Krumholz, P.Struct. Bonding (Berlin}1971, 9, 139.

(20) Budzikiewicz, HMass Spectrometryiley-VCH: Weinheim, New
York, 1998.

(21) Ross, S. Dissertation, Bochum, Germany, 1998.
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Figure 1. X-band EPR spectrum-¢) and its simulation<) of the
electrochemically oxidized comple& Cr'zn", in CH;CN at 10 K
(microwave frequency 9.65 GHz; power 100:8V; modulation
amplitude 11.4 G).

N(3)

o(3)

Figure 2. First coordination sphere & The atom connectivities are
identical for3—5, 7, and8.

for 6, Cr''zn", is in line with the notion of ligand oxidation.
Similar irreversible oxidation of pyridine-2-aldoxime in its
Ni(Il) complexes at potentials 1 V has been described in the
literature?? That the oxidation process is ligand-centered is also
indicated by EPR measurements of the two-electron oxidized
product, generated electrochemically frénCr''Zn". The two-

Ross et al.

at Eqpedl= —0.52 V andEy;,°%2 = —1.36 V for 7, Crl'Cad",
and one reversible reduction is detectablEafed= —0.73 V
for 5, Cr'Cu', which can be assigned to the following equilibria:

Eypfedl

b=

I E, fed2

0 =

CrIIICOIII CrIIIC CrIIICOI

oo =2 o'l

The cyclic voltammetric behaviors of &8M" (M = Mn (2),

Fe @), Ni (4), NiP(PyA); (8)) show in each case one reversible
one-electron oxidation at+0.71,+0.61, and+0.90 V, which

are assigned to the M-centered oxidations resulting in the
couples Mn(lIl)/Mn(ll) for 2, Fe(lll)/Fe(ll) for 3, and Ni(lll)/
Ni(Il) for 4 and8. It is noteworthy, in contrast to the stabilization
of Ni(IV) generally by oxime ligand$3 no stabilization of the
Ni(IV) state in4 and8 by the ligand pyridine-2-aldoxime has
been observed. A similar observation of the ability of pyridine-
2-aldoxime to stabilize Ni(lll), but not Ni(IV), has been reported
earlier?

MdOssbauer Parameters of 3The Massbauer spectrum of

[LCr(PyA)sF€'](ClOy),, 3, was measured at 80 K in zero-field
to determine the spin and oxidation state of the iron center. The
Mdossbauer parameters 8{0 = 0.25 mm/s AEq = 0.35 mm/
s) clearly indicate the low-spin nature of the Fe(ll) ion, as is
also indicated by the structural data. The slight asymmetry in
the ligand field of the iron center is reflected also in the
quadrupole splitting®

Molecular Structures of [LCr "' (PyA)sM"](CIO4), (M =
Mn (2), Fe (3), Ni (4), Cu (5)), [LCr" (PyA)sCa" (CIO 4)3 (7),
and [LCr"{P(PyA)s}Ni"'](CIO4), (8). The X-ray structures
confirm that mixed-metal &tM'" and CH'Co" complexes have
indeed been formed with a geometry in which two pseudooc-
tahedral polyhedra are joined by three oximate ®l groups.
The coordinated ligand L exhibits no unexpected feattfiébe
N—O (average 1.35% 0.015 A) and &N, (average 1.288
+ 0.010 A) bond lengths and-eN—0 bond angle (average
118.2+ 1.6°) of the bridging pyridinealdoximate ligand are
found to be very similar to those of other comparable struc-

electron-oxidized species (two ligand radicals presumably basedtures?’ Figure 2 illustrates the thermal ellipsoid drawing of the

on oximes) is readily prepared electrochemically in solution by
coulometry at an appropriately fixed potential-a25 °C. The

N3Cr(O—N)sM(Nyy)s core for the CHMn" compound, 2.
Following the atom-numbering scheme depicted in Figure 2,

species is stable at low-temperature for a few days and amenableable 4 lists bond lengths of the first coordination sphere of
to characterization spectroscopically by EPR measurements athe CH'M compounds2—5, 7, and8. For comparison purpose

10 K (Figure 1). An EPR spectrum witly = 1.99,g, = 1.98,
andg, = 1.97 S = 1/2) for the oxidized is in accord with a
spin-coupling model involving antiferromagnetic exchange
coupling between two oxime-based radicals<(& = 1/2) due
to ligand oxidation and the Cr(lll) cente® & 3/2). We realize

important structural parameters are given in Table 5. As
expected, the donor atoms for the metal ions of the cations in
2—5, 7, and8 are identical, CrNOs and M(N,y)3(Nox)3, but not
the coordination geometry of the divalent metal centers and of
trivalent Co(lll). Perspective views of the cations for ogly4,

that the EPR spectrum can also be interpreted as arising froms, and8 are shown in Figure 3.

a d system (CY) or an exchange-couplecd?(€r'V)—ligand
radical system. The EPR spectrum ®fwith signals atg ~
1.97 and 3.88 is in full conformity with as = 3/2 system
arising from Cr(lll) in 6, Cr!'zn'" (Figure 5).

Interestingly, the reduction at+-1.83 V of 6, Cr''Zn, is

reversible and assigned also to the pyridinealdoxime-centered,

reduction on the basis of the observation that analogous
isostructural CZn!" compound exhibits three reversible one-
electron-transfer waves at0.20 V (Cd"/Cd"), —1.07 V (Cd'/

Cd), and —1.83 V (PyA/PyA-radical anion). This ligand-
centered reduction is not observed fot'Co" (7) and CH' Cu'

(5). Two reversible one-electron-transfer waves are detectable

(22) Orama, M.; Saarinen, H.; KorvenrantaAtta Chem. Scand.989
43, 407.

The chromium coordination geometry is distorted octahedral
with three nitrogen atoms, N(1), N(2), and N(3), from the

(23) (a) Chakravorty, A.lsr. J. Chem.1985 25, 99. (b) Nag, K.;
Chakravorty, A.Coord. Chem. Re 198Q 33, 87.

(24) Drago, R. S.; Baucom, E. Inorg. Chem.1972 11, 2064.

(25) (a) Gilich, P.; Link, R.; Trautwein, A. XModssbauer Spectroscopy
and Transition Metal Chemistrgpringer-Verlag: Berlin, Heidelberg,
New York, 1978. (b) Gtlich, P. InMossbauer Spectroscop@onser,
U., Ed.; Springer-Verlag: Berlin, 1975; Chapter 2.

(26) Chaudhuri, P.; Wieghardt, Krog. Inorg. Chem1987, 35, 329.

(27) (a) Beckett, R.; Hoskins, B. B. Chem. Soc., Dalton Tran4972
291, 2527. (b) Nasakkala, M.; Saarinen, H.; Korvenranta, J.; Orama,
M. Acta Crystallogr.1989 C45, 1514. (c) Pearse, G. A.; Raithby, P.
R.; Lewis, J.Polyhedron1989 8, 301. (d) Schlemper, E. O.; Stunkel,
J.; Patterson, CActa Crystallogr.199Q C46, 1226. (e) Nordquest,
K. W.; Phelps, D. W.; Little, W. F.; Hodgson, D. J. Am. Chem.
Soc.1976 98, 1104.
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8 Cr'Ni'(PyA),P

Figure 3. Molecular structures of the dications"n" in 2, CF'Ni" in 4, C/'Cu' in 5, and [LC{P(PyA)}Ni]?" in crystals of8. Note the
atom-numbering different from that in Figure 2.
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Figure 4. Plots ofuer vs T for solid 1, 2, 4, 5, and8. The solid lines represent the best fit of the data to the Heisenti@rgc—van Vleck model
(see text).

facially coordinated tridentate macrocyclic amine L and three group (Figure 2). The GfN (average 2.106- 0.018 A) and
oxygen atoms, O(1), O(2), and O(3), from the bridging oximate Cr—O (average 1.952 0.015 A) distances for complex&s-8
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g interaction propagated by the bridging oxime ligands. We use
20 6 43 2 15 the Heisenberg spin Hamiltonian in the fotth= —2JSSu
, o for an isotropic exchange coupling wigls, = 3/2 andSy = 0
- expenmental for Fe(ll) (3), Zn(ll) (6), and Co(lll) (7), Su = 2 for Cr(ll) (1),

Su = 5/2 for Mn(ll) (2), Su = 1 for Ni(ll) (4 and8), andSy =
; 1/2 for Cu(ll) (). The experimental magnetic data were
axe , Cr'zn' 6 simulated using a least-squares fitting computer progfavith
d8 ’ a full-matrix diagonalization of exchange coupling, Zeeman
splitting, and axial single-ion zero-field interactiorB}?), if
necessary. The experimental data are displayed in Figures S3
(Supporting Information) and 4 as the effective magnetic
moment fter) Versus temperature. The solid lines in the Figures
1(‘)0 2(')0 3(‘)0 4(‘)0 5(‘)0 S3 and 4 represent the simulations. Table 6 summarizes the
B ] intradimer exchange parameter together with the observed spin
ground states.
?igure.S' )f'?a”dd'.thR spectrum o, ?'“'Z”"f in ggjcc';\'Hat 4K , Asthe complexes, 6, and7 containing only one paramag-
exp_erlmena_con IIOf‘I'SZ microwave frequency - Z;.pOWGI’ netic Center, viz. CI’(|||) $Cr — 3/2), may be considered
g)\gvétrm?fulanon amplitide 11.4 G) together with the simulated magnetically as mononuclear complexes, we start our discussion
with their magnetic properties. Abovie~ 20 K complexess,

correspond to the literature values for Cr(lll) complexes with 6, @nd7 exhibit essentially temperature-independesitvalues

this macrocyclic amin& 28 Deviations from idealized octahedral ~ Of 3.87+ 0.01, 3.76+ 0.04, and 3.81+ 0.01ug, respectively.
geometry are found for the ligand L, the-\Cr—N angles There are three unpaired electrons localized on the Cr(lll) center
ranging between 82.3(1) and 84.2(2yhereas @Cr-O angles N 3,6, and7, and the “spin-only” ¢ = 2.0) magnetic moment
fall between 92.4(1) and 98(Ljor complexe2—8. The second 1S 3.87us. The experimentalier values clearly indicate that
metal atom, which is separated from the chromium center at aWe are dealing with genuine €Fe'(ls) (3), Cr'zn'" (6), and

distance of 3.43.7 A, does not affect the geometry of the Cr'"C0"(Is) (7) species with a low-spin diamagneti€ Be(ll)
chromium center in complexe-8. or Co(lll) ion and a diamagnetic'® Zn(ll) ion, in complete

The second metal center, Mn(ll), Fe(ll), Ni(ll), or Co(lll), s~ agreement with EPR and'l\ﬂsbauer resul_ts. Simulations of the
also 6-fold-coordinated yielding an MNtore. Coordination ~ €xperimental magnetic moment data yigje values of 1.98
occurs facially through pyridine nitrogen atoms,,($), for 3, 1.96 for6, and 1.98 for7 with S = 3/2 andSy = 0
Npy(7), and Ny(9), and three azomethine nitrogen atoms, (Figure S3).

Nox(4), Nox(6), and Nx(8), from the pyridinealdoxime (PyA) The magnetic momenter/molecule forl, Cr'Cr' of 6.17 _
ligand (Figure 2). It is noteworthy that the-MNoy bond lengths ~ #8 (xmT = 4.752 cni K mol™) at 290 K decreases monotoni-
are shorter than the MN,, bond distances: 0.02 A for Mn cally with decreasing temperature until it reaches a value of

(2); 0.06 A for Fé (3), Ni'l (4), and Cd' (7); 0.01 A for Ni' 0.98ug (ymT = 0.1188 cm molf1 K_) at 2 K; this_temperature_
(8). A similar trend was also found for BF-capped mononuclear dependence Qfef_f is a clear indication of an ant_|ferromagnet|c
complexes with the PyA ligant?® The average MN,, and exchange coupling between two paramagnetic centers Cr(lll)

M—Nox bond lengths fall within the ranges that are considered (S = 3/2) and Cr(ll) & = 2) with a resultingS = 1/2 ground
as normal covalent bonds for M(Il) or Co(lll) centers with a state._The solid line in Figure 4 represents the best fit with the
high-spin configuration for Mn(ll) (8 (2) and Ni(ll) () (4, following parametersJ = —7.9 cnT™; gorny = 1.98;geray =

8) and a & low-spin electronic configuration for Fe(lIBf and 2.05. . . . o
co(lln (7). The magnetic behavior ¢f, Cr'"Mn', is characteristic of a

The Cu-N distances (Table 4) and the twist angfe€Table ferromagnetically coupled dinuclear complex. At 290 K the
5) show that the resultant coordination sphere around the coppevalue of 6.96us (ywT = 6.052 cni K mol™) increases
center in5 is strongly distorted. The geometry of the Cu center Monotonically with decreasing temperature until it reaches a
may be envisaged as pseudo-trigonal-pyramidal with a non- maximum at 10 K withuert = 8.13us (ywT = 8.263 cnt K
bonded pyridine N(5) (Figure 2) or N(8) in Figure 3. mol~1). Below 10 K there is a decreaseig; reaching a value

A comparison of the two isoelectroniédf complexestand ~ Of 6.96u5 (ymT = 6.064 cniK mol™) at 2 K. A least-squares
8, Crl'Nill, shows that the twist anglgsand the dihedral angles ~fit. shown as the solid line in Figure 4, with= +1.5 cn?,
6 in [LCr{ P(PyA)}Ni]2+ (8) are indeed smaller than those in  Jcr = 1.99, andgun = 1.95 was obtained. We realize that the
4, [LCr(PyA)sNi] 2+ (Table 5). error associated with a small positidevalue may be large.

Al of the structural data are consistent with the geometrical Irespective of that, theuer vs T plot for 2 (Figure 4)
distortions from octahedron of the metal ions Mn(ll), Fe(ll), demonstrates unambiguously the ferromagnetic nature of the
Co(lln, Ni(I1), and Cu(ll) in complexe£, 3, 7, 4and8, and5, exchange coupling. Thus, the "'€Mn' interaction in2 is
respectively, and the distortions can be ascribed to both of theferromagnetic like comparable systems reported earlier 5§ us.
factors, electronic (LFSE) and size effects, as has been discussed

earlier28.30 (29) (a) Churchill, M. R.; Reis, A. H., Jinorg. Chem.1972 11, 2299.

) . . . I (b) Faller, J. W.; Blankenship, C.; Whitmore, B.; Senan®rg. Chem.

Magneto—Chemical Studies.Magnetic susceptibility data 1985 24, 4483. (c) Churchill, M. R.; Reis, A. H., Jinorg. Chem.
for polycrystalline samples of complexés-8 were collected 1973 12, 2280.

in the temperature range-290 K in an applied magnetic field ~ (30) &?gcmg?tgoﬁh; N’Te-a'ﬁ- CD%’;”f g)-/ (’:«Ah?lT(;WFZE h}ﬂiﬁg % éﬂv i(I2<))n

of 1 T tocharacterize the nature and magnitude of the exchange | ;- Andrews, L. C. Rose, N. J.; Lingafelter, E. Coord. Chem.

Rev. 1987 77, 89. (c) Kunow, S. A.; Takeuchi, K. J.; Grzybowski, J.

(28) Burdinski, D.; Birkelbach, F.; Weyheritter, T.; Florke, U.; Haupt, J.; Jircitano, A. J.; Goedken, V. llnorg. Chim. Actal996 241, 21.
H.-J.; Lengen, M.; Trautwein, A. X.; Bill, E.; Wieghardt, K; (31) Birkelbach, F.; Krebs, C.; Staemmler, V. Unpublished computer
Chaudhuri, PInorg. Chem.1998 37, 1009. program, Bochum, Germany, 1997.
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Table 4. Selected Bond Distances (A) for Complexed'®n" (2), Cr'Fée' (3), CF'Ni" (4), Cr'Cu' (5), CF'Co" (7), and CHNiP(PyA); (8)

Cr—Mm cri'Mn' (2) Cri'Fel (3) cri'co' (7) CPNi" (4) cricu' (5) CPNiP(PyA); (8)
Cr—N(1) 2.115(3) 2.112(2) 2.089(4) 2.107(4) 2.112(5) 2.110(2)
Cr—N(2) 2.121(3) 2.103(2) 2.084(4) 2.111(4) 2.113(5) 2.116(2)
Cr—N(3) 2.116(3) 2.104(2) 2.084(4) 2.110(4) 2.105(5) 2.110(2)
Cr-0(1) 1.949(2) 1.962(2) 1.980(3) 1.952(3) 1.955(4) 1.944(2)
Cr—-0(2) 1.952(2) 1.961(2) 1.973(3) 1.949(3) 1.960(4) 1.940(2)
Cr-0(3) 1.943(2) 1.962(2) 1.962(3) 1.969(3) 1.958(4) 1.935(2)
M—N(4)ox 2.254(3) 1.898(2) 1.896(4) 2.040(4) 2.104(6) 2.103(2)
M—N(6)ox 2.231(3) 1.904(2) 1.888(4) 2.042(4) 2.205(6) 2.099(2)
M—N(8)ox 2.235(3) 1.910(2) 1.890(4) 2.056(4) 1.983(5) 2.076(2)
M—N(5)py 2.258(2) 1.986(2) 1.961(4) 2.115(4) 2.490(6) 2.087(2)
M—N(7)py 2.272(3) 1.984(2) 1.965(4) 2.109(4) 2.061(5) 2.104(2)
M—N(9)py 2.242(3) 1.970(2) 1.974(4) 2.097(4) 2.054(5) 2.109(2)

Table 5. Important Structural Parameters for Complegess, 7, the sextetquartet and 3 between the quartedoublet states.

and8 The corresponding Zeeman fact@is,-, gjz/2-, andgi- are
av twist dihedral related®3° to the local Zeeman factorg, and gni. The fol-
complex Ch-M (A) angleg (degf angled (degp lowing energy diagram appropriate fdris obtained from the
2. Cri'Mn! 3711 98 28.3/30.8/35.2  Mmagnetic studies: The magnetic momeng, for 5, Cr''Cu',
3, Cr'Fél(ls) 3.386 45.8 40.0/44.6/45.4 s =52
4, Cr'Ni" 3.510 37.2 37.6/37.6/42.2 a 9 j52» =2074
5, Cr'Cu! 3.558 29.0 25.8/36.4/39.7 P -
7, Cr'Ca'(Is) 3.415 48.6 43.2/45.9/46.3 s 32
8, Cr''Ni'"P(PyA) 3.590 13.6 19.7/21.2/21.5 S, =82 — S, =1 O 2t
aThe trigonal twist angl@ is the angle between the triangular faces [peEreem s -2

comprising N(4)N(6)N(8) and N(5)N(7)N(9) and has been calculated
as the mean of the Newman projection angles viewed along the
centroids of focus. For an ideal trigonal prismatic arrangemgig,0
and 60 for an octahedron (or trigonal-antiprismatic arrangeménthat

9 1> =1863

at 290 K is 4.255 (ymT = 2.260 cni K mol~1), which is very
close to the theoretical value pti = 4.239ug expected for

the core Cr(G-N)M is not linear is shown by the dihedral anglés
between the planes comprising CH@®) and M(N—-0O) atoms.

Table 6. Magnetic Parameters for Heterodinuclear Compleke8

two uncoupled spins d&, = 1/2 andS;, = 3/2. On lowering
of the temperaturegyest increases monotonically until a plateau
is reached in the temperature range-B0K with a uef value

of 4.53ug (ymT = 2.57 cn? K mol~1), which is slightly lower

complex Jem?") g« ogw  ground state§) than the theoretical “spin-only” value of 4.9 for S = 2,
1, crree -79 198 205 §=12 expected as the ground state for a ferromagnetically coupled
2, Criimn’ 1.5 199 195 §=872 Cr"Cu' compound. Below 10 K there is a decreaseui
3, Cr'Fé!(ls) 1.98 S=32 : ~ -
4, CHINil —9.2 20 219 S=1/2 reach!ng a \./al.ue of 4.26g (ymT = 2.265 cni K moll ) at 2
5, CrlCy' b +1.8 1.98 208 S=4/2 K. This deviation from the theoretical value is attributable to
6, Cr'zn'! 1.96 S=3/2 the zero-field splitting of the ground-stag& = 2. The least-
7,Cr"Ca'(Is) 1.98 §=3/2 squares fitting, shown as the solid line in Figure 4, of the
8, CrUINi" (PyA)sP 0 198 216 S=3/2,Si=1 experimental data leads o= +1.8 cnT?, gc; = 1.98,gcy =

a9 = —-1.42 K.’D =2 cmt. 2.08, anD¢r = 2.0 cnTL. To firmly establish the positive sign

of the exchange coupling constant, we addressed the point of
global and local minima by consideration of the two-dimensional
contour projection of the error surface. The error surface shows

that the fitting procedure has correctly identified the global

Interestingly, most of the known Cr(IhMn(ll) interactions
in the literaturé®!! are antiferromagnetic in nature.
The experimental magnetic moment4iCr''Ni", decreases

as the temperature is lowered reaching a value of Lgl
(xmT = 0.3638 cm K mol™Y) at 7.4 K which is nearly the
“spin-only” value of ue = 1.73 ug for an § = Y/, ground

minimum, and we conclude thathas anS = 2 ground state
lying 7.2 cnT® below the excited-stat& = 1. The fittedgcr
value for5 is in conformity with the experimentally (suscep-

state, resulting from the antiferromagnetic interaction between tibility) obtainedgc, values for3, Crl'Fé'(Is), and7, Cr!'Co'"' -

Cr(I1l) and Ni(ll) ions in complex4. Below 7 K there is a
decrease ims reaching a value of 1.46g
(xmT = 0.2659 cm K mol~1) at 2 K. A simulation, shown

as the solid line in Figure 4, of the magnetic data yields the

following parameters:J = —9.20 cnT?; ger = 1.995;gn =
2.193. To fit the data point af = 2 K, it was necessary to
consider intermolecular interactions (Weiss cons@ntJ, and
Oni as adjustable parametes, = 1.98, evaluated for other

complexes, was kept fixed during simulation to avoid over-

parametrization. Simulated parameters in the latter chse,
—9.1 cn?, ger = 1.98 (fixed),gni = 2.216, and® = —0.23
K, show that introduction of the Weiss constaét has
practically no effect on the obtaindd/alue, although the quality
of fit slightly increases.

(Is). The observed ferromagnetic coupling= +1.8 cnT?) is
the weakest among the reported'@u' compounds in the
literatureg9d.14.32a,36

The magnetic momentes for 8, Cr'Ni"'P(pyA)s, which is
the isoelectronic analogue 4f exhibits an essentially temper-

(32) (a) Corbin, K. M.; Glerup, J.; Hodgson, D. J.; Lynn, M. H.; Michelsen,
K.; Nielsen, K. M.Inorg. Chem1993 32, 18. (b) Scuiller, A.; Mallah,
T.; Novorozkhin, A.; Thalence, J.-L.; Verdaguer, M.; Veillet,Niew
J. Chem1996 20, 1. (c) Ohba, M.; Usuki, N.; Fukita, N.; Okawa, H.
Angew. Chem., Int. Ed. Engl999 38, 1795. (d) Marvilliers, A.;
Parsons, S.; Rivie, E.; Audiee, J.-P.; Mallah, TChem. Commun.
1999 2217.

(33) (a) Chao, C. CJ. Magn. Reson1973 10, 1. (b) Scaringe, R. P.;
Hodgson, D. J.; Hatfield, W. EMol. Phys.1978 35, 701.

(34) Bencini, A.; Gatteschi, DEPR of Exchange Coupled Systems
Springer-Verlag: Berlin, 1990.

The interaction between the Cr(lll) and Ni(ll) ions gives rise  (35) kahn, OMolecular MagnetisyVCH-Verlagsgeselischaft: Weinheim,

to § = 5/2, 3/2, and 1/2 states, with an energy gapXib&tween

Germany, 1993.



6664 Inorganic Chemistry, Vol. 40, No. 26, 2001 Ross et al.

ature-independent behavior in the range-290 K with gesr = Table 7. Simulated EPR Data fd3, 6, and7

4.854 0.04up (ymT = 2.998-2.911 cni K mol~1). Below 30 g g g W(G) W,(G) W.(G)
K the magnetic moment decr.eafses.reachlng a valll,zagfpf: ClFel (3 388 386 197 310 300 350
3.82up at 2 K. This is a clear indication that the antiferromag- cricd' (7) 390 3.88 1.97 150 250 100
netic exchange interaction between the Cr(lll) and Ni(ll) centers  cpizn' () 3.88 3.87 1.97 150 250 100
is negligibly small, if present at all. The solid line in Figure 4

represents the best fit with the following parameteds= O; Next we turn to the @i case in4, CF'Ni". The antiferro-

gcr = 1.98;gn = 2.16;© = —1.42 K. Interestingly, most of ~ magnetic contribution provided by the|ls?||1e exchange path
the known Cr(llI)-Ni(ll) interactions in the literature are, in  now exceeds those from all other ferromagnetic interactions,
accord with the predictions made nearly 30 years ago, ferro- leading to an effective antiparallel spin coupling. Complax
magnetic in naturé? one of the very few exampl&s!128 of antiferromagnetic
The particular pairs of Cr(lI-Ni(Il) complexes as well as  interaction prevailing between six-coordinated Cr(lll) and
the Cr(lll)—Cu(ll) species are classical examples for intramo- Ni(ll). Interestingly, the second @Ni" species3 exhibits no
lecular ferromagnetic coupling which is predominantly due to exchange interactionJ(= 0). The crystallographic data &

the orthogonality of the magnetic orbitals. Ttis(pyridineal- indicate that both twist angl¢ and dihedral anglé, given in
doximato)-bridged Cr(l11)-Ni(ll) complexes4 and8, are rare Table 5, for8 are more twisted toward trigonal prismatic in
examples of weak antiferromagné®é®-28or no coupling at all comparison to those fot. Hence, the nature of the exchange
between the mentioned paramagnetic centers. interaction and its magnitude in the triply bridged"@\i" pair

At this stage it is tempting to search for a qualitative rationale is expected to be a function of baghandé. It is to be mentioned
for the trend and the nature of the exchange interactions be-that a triply oxime bridged GNi"Cr'!' specied® with a twist

tween the spin carriers in the '®1" pairs (M = Cr'' (1), angle of 24, which is between those fat and 8, exhibits a
Mn" (2), Ni'" (4 and 8), Cu' (5)) on the basis of the estab- very weak antiparallel interactiod & —0.7 cnTl).

lished GoodenoughKanamori rule¥ for superexchange as Interestingly, occupancy of the 2e orbital of Cu(ll) by one
presented concisely by Ginsb&ta@nd later by Kahi® This more single electron, thus reducing the number of unpaired

will be performed by considering the symmetry of the molecule electrons to one in the 2e orbital, results in weakening of the

within the framework of localized spins. On the basis of the antiparallel path 1igsp?(|1le (which is strong in case of

crystal structure analyses &5, 7, and 8, the molecular Cr''Ni"), thus yielding an overall parallel spin coupling for

symmetry of the C¥M pairs can be idealized to @3 point critcut,

group. We realize that the above description of the orbital pathways
Considering the O and N atoms of the bridging oxime groups is based on a very simplified model. The network-©—N—M

as sp hybridized in the network Cr(©N)sM, we will analyze is not linear, and it is oriented in different ways for structurally

the interactions evaluated from the magnetic data. Hence, wecharacterized pairs, thus leading to mixing-up of the metal d

will consider the different possible interactihof the s orbitals, which makes the picture more complex.

orbitals on either side of the bridging oximate ligands with the ~ EPR Studies.X-band EPR spectra &—7 were recorded in

different metal orbitals in idealized; symmetry. The five metal ~ CH3;CN solutions at low temperature{%0 K) to establish the

d orbitals with the 3-fold axis as theaxis along the G¢-M electronic ground state of the heterodinuclear complexes.

vector transform inCz symmetry as agg), le(de-, dy), and Significant contributions from excited states were observed in

2e(d, Ox), where orthogonality is prevailing only between a the measured temperature range, due to weak exchange splitting

and le and a and 2e. of the spin states. This is consistent with the magnetic
For complexi, Cr!'Cr!, with the dd*(hs) electronic config- susceptibility measurements.

uration, it is evident from the exchange coupling consthoit To determine theg-values for theS = 3/2 systems, EPR

—7.9 cn'! that the dominant exchange pathways Zare the spectra of CFFé'(Is) (3), Cr'zn" (6), and CH'Cd"(Is) (7) in
symmetry-allowed gsp’||a and 1gsp?||1le (using Ginsberg’'s  CHsCN solution were recorded at 4 K. The EPR spectra exhibit
symbol$b) o-superexchange pathway. signals atyy; = 1.97 andgp = 3.88 in full conformity with an
Now, on going to the CtMn" species?, in which the fifth S = 3/2 system with negligible rhombicity. The X-band EPR
electron of M occupies an empty 2e orbital, the overall spectra of3, 6, and7 were simulate#® by using the effective
interaction changes its nature from antiferromagnetic to weak spin-Hamiltonian for an isolate8 = 3/2 manifold. In Figure 5
ferromagnetic { = +1.5 cm'Y). Thus, the contribution of the  this is demonstrated fa8. The parameters obtained from the
path 2¢|sp?||2e to the overall interaction becomes very impor- simulations are listed in Table 7. ThagJfor Cr(lll) in 3, 6,
tant, since the 2e orbitals centered on chromium and manganesand7 of 1.96 is in accord with thg-value obtained from the
are empty or half-filled, respectively, leading to ferromagnetic solid-state magnetic susceptibility measurements.
interactions. Interestingly, the integer spin syste@ € 4) of 2, Crf''Mn",
is EPR active, which reveals weak zero-field splitting within
(36) (@) Journaux, Y.; Kahn, O.; Zarembowitch, J.; Galy, J.; Jaud, J.  the spin multiplets. The EPR spectrumaiin CH3;CN at 10 K
ﬁ?&gﬁgﬁrnb.s‘f;cgﬁﬁ,ll\glJ.aHT;Sl\%l?(.:h(gl)sSrFrl{l:n%r;..;Cﬁgr?lsggé gi’A" is depicted in Figure 6. The resonances of the solution spectra
4785. (c) Zhong, Z. J.; Matsumoto, N.; Okawa, H.; Kida,Iiorg. are broad and extend over a wide range from zero to more than
Chem.1991, 30, 436. (d) Andruh, M.; Melanson, R.; Stager, C. V.; 500 mT. The wide distribution of integer spin signals indicates

Rochon, F. D.Inorg. Chim. Actal996 251, 309. (e) Costes, J.-P.; ; it _ _fi
Dahan, F.- Dupuis. A.: Laurent. J.-B. Chem. Soc.. Dalton Trans, that, under experimental conditions of X-band EPR, zero-field
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line in the plot of }T vs T of Figure 7 is a fit with the

Cr'Mn' 2 Boltzmann function

T=10K exp —3[J|/k
e echlly

for the § = 3/2 manifold withZ = [1 + 2 exd —3|J|/kT} + 3
exp —8|J|/kT}] being the corresponding partition function and
J = -9 4+ 3 cnm L Hence, thisJ value based on the EPR
intensity data obtained from frozen solutions and the magnetic
susceptibility result for solid material (= —9.2 cnr?) are
consistent with each other and prove theamolecularnature
of the exchange interaction. Additionally, usigg: = 2.0 and
oni = 2.193 obtained from the static magnetization measurement
on solid materialg;1;2- can be easily calculated to be 1.87,
which is in complete agreement with the ground-statalue

Qur Qer obtained for 4 84 K by EPR.
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Figure 6. EPR spectrum a2, C'"Mn", in CHsCN at 10 K (microwave
frequency 9.45 GHz; power 100.8V; modulation amplitude 12.5 G).

Concluding Remarks

T J \ To conclude, the following points of this study deserve
( 0 particular attention:

(i) Tris(pyridine-2-aldoximato)metalates are capable of acting
4 -Ar as ligands to give rise to various dinuclear complexes containing
' — — oximato groups£N—0) as bridging ligands, which can mediate
- - ' — y . exchange interactions of varying range.

r
(ii) Spin coupling between the ions Cand Ni' (d®d® system)

can be antiferromagnetic in nature, in contrast to the generally

[/ 0 I expected ferromagnetic coupling between the said spin carriers

dX"/dB

in a 6-coordinated environment. Antiferromagnetic spin coupling
has been demonstrated both by susceptibility and EPR measure-
ments.

1 L -5 1 L L "
100 200 300 400 500 600 .. .
" The common strategy of obtaining ferromagnetically coupled

bimetallic systems through involvement of symmetry-related
strict orthogonality of the magnetic orbitals of the interacting

3r 50K 5 :
|—
0 -
2 Siulation Cr'Ni" systems, presumably due to the mixing of five metal d
-3 _

metal centers, viz. thef(Cr) O e;(Ni) interactions for4 and
8, does not lead to the expected results for the triply bridged
= experimental
50 750 350 750 530 600 ¢ 5 5 orbitals in trigonal symmetry, which provides several ex-
B [mT] TIK change components opposite in nature; thus, a bulk weak to

Figure 7. EPR spectra of, Cf'"Ni", in CH;CN recorded as a function ne_g“g'bl_e Sp'n_GXChange !lrlltera_mt'ons result. Hence, the 'd?a of
of temperature in the range-%0 K (microwave frequency 9.45 GHz;  Using triply bridged CHNi'"-pairs to produce ferromagnetic
microwave power 100.6W; modulation amplitude 12.5 G). Bottom:  building blocks for obtaining high-spin molecules does not seem
Temperature dependence of the temperature-weighted intensity of theto be very promising.
signal atg ~ 2. The solid line is the calculated Boltzmann function Considering the triply oxime-bridged &Ni" compounds4
with J = —9 cnr™. and8, and the CHNi"Cr!' compound described earligno

direction within the molecular frame. The EPR resonances, SImple relationship between the trigonal twist anglethe
therefore, depend on the orientation of molecules in frozen so- C'*+*Ni distances, and the exchange coupling consthig
lution and, hence, are spread over a wide range of appliedbserved.

fields. From such complex integer spin EPR spedr&nsors (iii) The investigation emphasizes the observation of a well-
of the spin manifolds cannot be derived without explicit "€SolvedS = 4 EPR spectrum, arising from the parallel spin
simulations. coupling in2, Cri'Mn',

Complexs, Cr''Cu', with an apparently integer spin ground (iv) Electrochemical measurements indicate redox processes
state § = 2) is EPR silent under our experimental conditions, centered on the ligand pyridine-2-aldoxime (PyA). Thus the

indicating clearly strong zero-field interactio® ¢ hv). oxime ligand can give rise to PyA-based both cation and anion
The X-band EPR spectrum df Cr'Ni"", in CH:CN in the radicals. _ _ _
temperature range-4L5 K exhibits a signal fo§ = 1/2 with No stabilization of the Ni(IV) state id and8 by the oxime

g= 1.88. The intensity of the signal decreases, and an additionallig@nds has been observed.

signal at g~ 4" grows in with increasing temperature (Figure  Acknowledgment. The work was partly supported by the
7). The variation of the temperature-weighted data (intensity  Fonds der Chemischen Industrie.

temperature vs temperature) is typical of excited-state resonances ' _ _ _

coming from a manifold well above the ground st&te= 1/2. Supporting Information Available: Figures StS3 and X-ray
Figure 7 shows the values that are obtained in the rangi4 crystallographic files in CIF format. This material is available free of
K by double integration of the experimental derivative signals C"'a/9¢ Via the Intemet at http://pubs.acs.org.

at “g ~ 2" measured under nonsaturating conditions. The solid 1C010552Y





