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Synthesis of linear trinuclear complexes containing the [tris(dimethylglyoximato)-metaldteéiipn as bridging

ligand of general formula [LCH u-(dmgkM} Crl'L]1H2+3+4+ a5 perchlorate salts, where #1(H1), (1 and2),
absent 8), (H)4 (4), Li(l) (5), Mg(ll) (6), Cu(ll) (7), Ni(ll) (8), Ni(IV) (9), Co(lll) (10), Fe(ll) (11), Fe(lll) (12

and Mn(ll) (13), has been achieved by stepwise reactions of the LCr unit with in situ prepared M{dnag)s,

where L represents 1,4,7-trimethyl-1,4,7-triazacyclononane anddimghe dimethylglyoximato dianion. The
clathrochelate complexels-13 have been characterized on the basis of elemental analysis, mass spectrometry,
IR, UV—vis, Mossbauer, and EPR spectroscopies, and variable-temperatt265X) magnetic susceptibility
measurements. They are quasi-isostructural with the terminal chromium(lll) ions in a distorted octahedral
environment, CryOs, and the central metal ions M are six-coordinate, mostly trigonal prismatic, with the MN
core. The crystal structures of the perchlorate salt 8f and11 have been determined by single-crystal X-ray
crystallography. They crystallize in the monoclinic system, space ge@ipwith the following cell parameters:
7,a=29.029(7) Ab = 12.239(4) Ac = 14.850(4) Af = 118.90(2}, Z = 4; 8, a= 32.333(6) Ab = 8.772(2)

A, c=16.716(3) A, = 109.51(3}, Z = 4; 11, a = 30.941(6) A,b = 8.777(2) A,c = 16.801(3) A B =
96.22(3Y, Z = 4. The structures consist of tris(dimethylglyoximato)-bridged"@fCr!" dications and
noncoordinated perchlorate anions, with an intramolecularQr distance of~7.1 A. The trinuclear unit Cr

M—Cr is nearly planar exhibiting angles at M in the range 179.08.6, except7, with a C—Cu—Cr angle of

175.F. Analysis of the susceptibility data indicates the presence of weak to moderate exchange interactions,
both ferro- and antiferromagnetic, between the paramagnetic centers. There are indeed two different coupling
constantsJ (=Ji2 = J23) and Ji3, operative in these clathrochelated;s represents the exchange interaction
between the two terminal Cr(lll) centers separated by a large distaneg.8fA. An analysis of the interacting
magnetic orbitals in complexes containing three metal centers is presented. The cyclic voltammograms of the
complexes reveal both oxidation and reduction processes and indicate the formation of the uncommon species
such as Cu(lll), Ni(lll), Ni(IV), and low-spin Fe(lll). Liquid secondary ion mass spectrometry (L-SIMS)
demonstrates the nonfragile character of the complexes examined, together with their nuclearity.

Introduction anion as bridging ligands.These dioximato-bridged trinuclear

This work stems from our continuing interest in the exchange- complexes of general formula

coupled heteropolymetallic systems, whose investigations have mv g ly wg WAV | 2+/4+
been proved to be more informative in comparison to those of (LM {u-(dmglM ML
homopolynuclear complexes. The studies of exchange-coupled _
polymetallic complexes, in which spin coupling between M, = Fe(lll), Mn(!ll), Mn(IV)
paramagnetic metals is propagated via a bridging molecule, are M, = Zn(ll), Cu(ll), Ni(l), Fe(ll), Mn(l1)
relevant to many different scientific areas, ranging from
chemistry to solid-state physics and to biology, because of their
potential impact in material science, catalysis, and metallobio-
chemistry. The ubiquitous participation of metal sites involving
more than one metal center in metalloproteins has elicited the

interest of bioinorganic chemists in such |nter§ctl T (4) Chaudhuri, P.; Birkelbach, F.; Winter, M.; Staemmler, V.; Fleischhauer,
A few years ago we found a general synthetic route to linear P.: Haase, W.; Fite, U.; Haupt, H.-JJ. Chem. Soc., Dalton Trans.

have been generated by stepwise reactions of theuloiwith

in situ prepared [Mdmg)]*~ ions, where L represents the
tridentate cyclic amine 1,4,7-trimethyl-1,4,7-triazacyclononane
and dmg- is the dimethylglyoximato dianion.

trinuclear complexes containing the [tris(dioximato)metalaté(il)] 1994 2313.
(5) Birkelbach, F.; Winter, M.; Ficke, U.; Haupt, H.-J.; Butzlaff, C;

(1) (a) Max-Planck-Institut ‘fu Strahlenchemie. (b) Universit&esam- Lengen, M; Bill, E.; Trautwein, A. X.; Wieghardt, K.; Chaudhuri, P.
thochschule Paderborn. (c) Medizinische Univétditdbeck. Inorg. Chem.1994 33, 3990 and references therein.

(2) Chaudhuri, P.; Winter, M.; Kapers, H.-J.; Wieghardt, K.; Nuber, B.; (6) See for example: (a) Holm, R. H., Solomon, E. I., Guest Editors.
Weiss, JInorg. Chem.1987, 26, 3302. Chem. Re. 1996 96, No. 7. (b) Feig, A. L.; Lippard, S. Xhem.

(3) Chaudhuri, P.; Winter, M.; Della Vedova, B. P. C.; Fleischhauer, P.; Rev. 1994 94, 759. (c) Que, L.; True, A. B?rog. Inorg. Chem199Q
Haase, W.; Fike, U.; Haupt, H.-JInorg. Chem.1991, 30, 4777. 38, 98. (d) Wieghardt, KAngew. Chem1989 101, 1179.
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In this paper, we explore the effects of using Cr(lll) as the
terminal M ions in complexes, which are quasi-isostructural
with the Fd'M"Fel!, Mn""M'"Mn"', and MAYM"Mn!V centerg10
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similar strategy has also been used by Drago and Elias
synthesize a series of complexes of the general formula
[Cap(dmg)CoCap]*, (“Cap” = metal-containing capping

and isoelectronic to the latter. We report the synthesis and agents) including [(dienc)(dmgkCa" (dienCH)]3*, where
magnetic, spectroscopic, and other physical properties of thedien represents diethylenetriamine.

following compounds:

1+/2+/3+/or4+

Here M = (H™), (1 and 2), absent ), (H")4 (4), Li(l) (5),
Mg(ll) (6), Cu(ll) (7), Ni(ll) (8), Ni(1V) (9), Co(lll) (10), Fe(ll)
(11), Fe(lll) (12), and Mn(ll) 13. These compounds may be
considered as coordination complexes containing an idr, M
totally encapsulated by a metallabicyclic liganél khown as
follows:

Throughout this paper the compourids13 are denoted either
by the metal centers only, or as a derivative 8ffor the sake
of clarity.

Experimental Section

Chemicals. The macrocycle 1,4,7-trimethyl-1,4,7-triazacyclononane
(L = CgH21N3) and its chromium(lll) complex LCrBrwere prepared
as described previousht” All other starting materials were com-
mercially available and mostly of reagent grade. Elemental analyses
(C, H, N) were performed by the Microanalytical Laboratory, Ruhr-
Universita Bochum. Manganese, iron, and cobalt were determined
spectrophotometrically by using pyridine-2,6-dicarboxylic &€idhro-
mium was determined as chromatelat= 370 nm ¢ = 4960 M
cm™Y). Copper and nickel were determined gravimetrically by using
N-benzoyIN-phenylhydroxylamine and dimethylglyoxime, respectively.
Zinc and lithium were determined by AAS. The perchlorate anion was
determined gravimetrically as tetraphenylarsonium perchlorate.

Physical Measurements. Fourier transform infrared spectroscopy
on KBr pellets was performed on a Perkin-Elmer 1720X FT-IR
instrument. Electronic absorption spectra of solutions were measured
on a Perkin-Elmer Lambda 9 spectrophotometer.

Magnetic susceptibilities of powdered samples were recorded on a
SQUID magnetometer (MPMS, Quantum Design) in the temperature
range 2-295 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 the polycrystalline material either as
solid or in solution were recorded at various temperatures between 3
and 100 K with a Bruker ER 200 D-SRC 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 Messbauer spectrometer worked in the conventional constant-
acceleration mode with E¥Co/Rh source of ca. 1.8 GBq (Amersham

Our trinuclear complexes can be described as clathroche-gchier). 1somer shifts are given relativedere at room temperature.

lates!! i.e., multicyclic ligand systems that completely encap-

Cyclic voltammetric experiments were performed with a Princeton

sulate a metal ion, derived from dioximes and various metal- Applied Research Model 173 potentiostgialvanostat driven by a
containing capping agents. A number of clathrochelates of low- model 175 universal programmer, and details of the experimental

spin ¢ metal ions, viz. Co(lll) and Fe(ll), has been readily

prepared from various dioximes (e.g. dimethylglyoxime, diphe-

nylglyoxime, cyclohexanedione dioxime) via a template syn- 9" ; ) US|
e Primary ion (22 keV) on a VG Autospectrometer wittknitrobenzyl

thesis, where the cobalt or iron serves to orient three dioxim

ligands so that they will react with various capping agents such

as boron trifluoride, boric acids, Sigland SnCj to produce a
ligand cageé?1> This report, in other words, is concerned with
the replacement of boron capping agents by a mdighnd

procedure have been described eafier.
Positive ion FAB mass spectra were obtained under the condition
of liquid secondary ion mass spectrometry (L-SIMS) using &sthe

alcohol as the matrix solvent.
routinely investigated.
Preparation of Complexes. [LCH {u-(dmg)s(H*)z}Cr'"L]Br 2
CH30OH (1). A suspension of green LCrBr(0.93 g, 2 mmol},
dimethylglyoxime (0.35 g, 3 mmol), and triethylamine (0.8 mL, 6

The rang#z = 100-2700 was

fragment ML (L is a tridentate amine that coordinates facially mmol) in methanol (60 mL) was refluxed for 10 h. The green
in an octahedron) to generate linear trinuclear complexes of typesuspension changed its color to brown ir3h. The reaction is

MMMM;, where the subscript “t” stands for the terminal and
“c” for the central metal(M) ions. We took the advantage of

complete when a clear deep red solution is obtained, practically without

the relative inertness of the clathrochelate structure and of ML (12) (8) Boston, D. R.; Rose, N. J. Am. Chem. S0d.96§ 90, 6859. (b)

fragment in order to stabilize the otherwise unstable species. A

(7) (a)Magnetic Molecular MaterialsGatteschi, D., Kahn, O., Miller, J.
S., Palacio, F., Eds.; NATO ASI Series E, Vol. 198; Kluwer
Academic: Dordrecht, The Netherlands, 1990. (b) Kahryi@lecular
Magnetisim VCH Verlagsgesellschaft: Weinheim, Germany, 1993.
(c) Hendrickson, D. N. IrResearch Frontiers in Magnetochemistry
O’Connor, C. J., Ed.; World Scientific: Singapore, 1993; p 87.

(8) (a) Murray, K. SAdv. Inorg. Chem1995 43, 261. (b) Kahn, OAdv.
Inorg. Chem.1995 43, 179.

(9) Chaudhuri, P.; Winter, M.; Fleischhauer, P.; Haase, W.rkigloU.;
Haupt, H.-J.J. Chem. Soc., Chem. Commad®89Q 1728.

(10) (a) Birkelbach, F.; Fike, U.; Haupt, H.-J.; Butzlaff, C.; Trautwein,
A. X.; Wieghardt, K.; Chaudhuri, Plnorg. Chem, in press. (b)
Birkelbach, F.; Weyherriiler, T.; Lengen, M.; Gerdan, M.; Trautwein,
A. X.; Wieghardt, K.; Chaudhuri, PJ. Chem. Soc., Dalton Trans.
1997, 4529.

(11) Busch, D. HRec. Chem. Prodgl964 25, 107.

Boston, D. R.; Rose, N. . Am. Chem. Sod973 95, 4163. (c)
Jackels, S. C.; Rose, N. lhorg. Chem.1973 12, 1232.

(13) (a) Parks, J. E.; Wagner, B. E.; Holm, R.HAm. Chem. Sod97Q
92, 3500. (b) Larsen, E.; La Mar, G. N.; Wagner, B. E.; Parks, J. E;
Holm, R. H.Inorg. Chem.1972 11, 2652.

(14) (a) Rai, H. C.; Jena, A. K.; Sahoo, Borg. Chim. Actal979 35, 29.

(b) Voloshin, Y. Z.; Kostromina, N. A.; Nazarenko, A. ¥org. Chim.
Acta199Q 170 181. (c) Voloshin, Y. Z.; Belsky, V. K.; Trachevskii,
V. V. Polyhedron1992 11, 1939.

(15) (a) Kubow, S. A.; Takeuchi, K. J.; Grzybowski, J. J.; Jircitano, A. J.;
Goedken, V. LInorg. Chim. Actal996 241, 21. (b) Robbins, M. K.;
Naser, D. W.; Heiland, J. L.; Grzybowski, J.l&0org. Chem.1985
24, 3381.

(16) Drago, R. S.; Elias, J. H.. Am. Chem. S0d.977, 99, 6570.

(17) Wieghardt, K.; Chaudhuri, P.; Nuber, B.; Weisdnarg. Chem1982
21, 3086.

(18) Hartkamp, HZ. Anal. Chem1964 199, 183.

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



A Cr(lll)-Containing Bicyclic Ligand Cage

any green solid. The hot solution was filtered to remove any green
solid LCrBrs. The red mother liquor was diluted with 20 mL of water
and kept at room temperature for crystallization. The red crystalline
product was collected by filtration and air-dried. Yield: 0.55 g (56%).
Anal. Calcd for [GoHe2N1206CrBr,-CH;OH]: C, 37.89; H, 6.77; N,
17.10; Cr, 10.58. Found: C, 37.7;H, 7.3; N, 16.9; Cr, 10.3. IR (KBr,
cmY): »(NH) 3230-3200 m,»(CN) 1622 m, 1589 wy(NO) 1186,
1066 s. UV~vis in CHCN [Amax, M (€, M~ cm™1)]: 268 (51 300),
525 (244). MS {vz): 871.0, 789.5, 395.2.

The synthesis of the corresponding perchlorate salt{L&dmg)-
(H")2} CrL](ClO4)2*CH3OH (2) has already been publish&d MS (m/

2): 889.5, 789.6, 395.2.

[LCr {#-(dmg)s} CrL] (3). A 2 mL volume of an aqueous solution
(40%) of tetrabutylammonium hydroxide was mixed with 4 mL of
acetonitrile, and this mixture was added dropwise to a vigorously stirred
solution of2 (0.51 g, 0.5 mmol) in 10 mL of acetonitrile. Stirring
was continued for a few minutes even after completion of the addition.
The precipitated microcrystalline red product was filtered out and dried
in the air. The substance was recrystallized from 100 mL (1:1) of
dichloromethane and acetone. Yield: 0.15~¢10%). Anal. Calcd
for CsoHeoN1206Cr2: C, 45.68; H, 7.67; N, 21.31; Cr, 13.18. Found:
C, 45.5; H, 8.3; N, 21.2; Cr, 13.5. IR (KBr, c): »(NO) 1186 m,
v(CN) 1652 s, 1635 s. UMvis in CHCN [Amax, NM €, M~ cmY)]:

267 (34 000), 530 (180). MS(2): 789.3, 395.3.

[LCr { u-(dmg)s(H )4} CrL](CIO 4)4-2H,0 (4). A 0.51 g (0.5 mmol)
amount of2 dissolved in 50 mL of acetone was treated under vigorous
stirring with 2 mL of concentrated HCIO The precipitated light red
microcrystalline solid was immediately filtered out and washed with a
minimum amount of acetone. The solid was dried af@Cor a few
hours to remove the rest of the acetone. Yield: 0.49 g (80%). Anal.
Calcd for GoHeaN1202:Cr.Cls2H,0: C, 29.37; H, 5.59; N, 13.70; Cr,
8.48; CIQ, 32.43. Found: C, 29.5; H, 5.8; N, 13.7; Cr, 7.8; GlO
32.3. IR (KBr, cmY): »(NH) 3200 w;»(NO) 1214, 1178¢(CN) 1636
m. UV—vis in CHCN [Amax M €, M~2 cm™Y)]: 282 (44 800), 516
(300). MS f/2): 989.0, 889.1, 789.2, 395.2.

[LCr { #-(dmg)sLi '} CrL](CIO 4) (5). To a solution of2 (0.51 g, 0.5
mmol) in 30 mL of acetone was added 9 mL of a half-saturated solution
of LIOH-H0 in ethanol under vigorous stirring. Immediate precipita-
tion of a red-brown product occurred. The solid was separated by
filtration, washed with a few milliliters of cold acetone, and air-dried.
Yield: 0.26 g (57%). Anal. Calcd for £gHeoN1206CrLi(ClO,): C,
40.25; H, 6.76; N, 18.77; Cr, 11.62; Li, 0.78; GJA1.11. Found: C,
40.1; H, 7.1; N, 18.8; Cr, 11.5; Li, 0.8; Cl11.0. IR (KBr, cnT):
»(NO) 1154; v(CN) 1587. UV-vis in CHsCN [Amax NM €, M2
cm™)]: 263 (53 300), 437 (900), 550 (190). M8Wp): 795.2, 398.2.

[LCr { #-(dmg)sMg"} CrL](CIO 4) (6). A solution of2 (0.51 g, 0.5
mmol), hydrated Mg(CIG). containing~83% Mg(CIQ). (2.7 g, 10
mmol), and triethylamine (0.2 mL, 1.4 mmol) in GEN (100 mL)
was refluxed for 20 h. The clear red solution was treated with a solution
of NaClOyH0 (3.0 g, 21 mmol) in a few milliliters of acetonitrile
and was concentrated to ca. 20 mL to yield a very pale red-brown solid,
which was separated by filtration. The solid was treated® 2imes
with a solvent mixture of chloroform (20 mL) and dichloromethane
(80 mL), and the suspension was heated to reflux for 0.5 h. The
collected filtrate on slow concentration yieldéés red-brown needles.

It was recrystallized from chloroform/dichloromethane. Yield: 0.20
g (40%). Anal. Calcd for gHsoN120sCroMg(ClOs),: C, 35.60; H,
5.98; N, 16.61; Cr, 10.28; Mg, 2.40; Cj019.8. Found: C, 35.2; H,
6.1; N, 16.5; Cr, 10.0; Cl©19.3. IR (KBr, cn®): »(NO) 1184;»(CN)
1592. UV~vis in CHCN [Amax, NM (€, M~1 cm™Y)]: 209 (28 000),
267 (38 000), 426 (970), 526 (270). M8VE): 911.0, 811.2, 406.2.

[LCr {u-(dm@)sCu"} CrL](CIO 4)»CH30OH (7). A suspension of
LCrBr; (0.93 g, 2.0 mmol), dimethylglyoxime (0.35 g, 3.0 mmol), Cu-
(ClOs)2*6H,0 (0.37 g, 1.0 mmol), and triethylamine (2.0 mL, 14 mmol)
in methanol (80 mL) was refluxed for ¥25 h. The reaction was
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solid particle, and a solution of NaCl¥,0 (2.0 g, 14 mmol) in
methanol was added to it. The solution yielded aftei32lays deep
brown crystals of7 which lost CHOH on exposure to air. The
substance can be recrystallized from methanol. Yield: 0.75 g (69%).
Anal. Calcd for GoHeoN1206CI'2CU(C|O4)2‘CH3OH: C, 34.37; H, 5.95;

N, 15.51; Cr, 9.60; Cu, 5.87; CIp18.36. Found: C, 33.7; H, 5.85;

N, 15.4; Cr, 9.6; Cu, 6.3; ClQ18.4. IR (KBr, cnY): »(NO) 1198 s;
»(CN) 1595 s. UV~vis in CH:CN [Amax NM (€, M~2 cm™)]: 273

(48 100), 400 sh (3000), 512 (379), 1019 (73). MBZ: 1074.2,
996.1, 950.3, 851.4, 779.2, 425.9.

[LCr {u-(dmg)sNi"} CrL](CIO 4)2 (8). To a solution of2 (0.51 g,

0.5 mmol) and triethylamine (0.2 mL, 1.4 mmol) in methanol (50 mL)
was added a solid sample of NgBH,0 (2.38 g, 10 mmol). The red
solution was refluxed for45 days, when the solution at the end became
dark colored. The solution was filtered hot to remove any brown solid
and treated with a solution of NaCJ®,0 (0.8 g, 5.7 mmol) in
methanol. Within & h a precipitation of a deep red microcrystalline
substance occurred, which was filtered off and air-dried. X-ray-quality
crystals were obtained by recrystallization from methanol/acetone.
Yield: 0.32 g (60%). Anal. Calcd for $gHeoN1206Cr2Ni(ClOy)2: C,
34.43; H, 5.78; N, 16.06; Cr, 9.94; Ni, 5.61; CJA9.01. Found: C,
34.2; H, 5.9; N, 16.00; Cr, 9.8; Ni, 5.5; Ck18.5. IR (KBr, cnT?):
v(NO) 1189 s;»(CN) 1591 s. UV-vis in CH:CN [Amax NM €, M~

cm Y] 251 (51 500), 439 (838), 538 (318), 880 (47). M&/Z):
944.9, 846.1, 423.2.

[LCr {u-(dmg)sNi'V} CrL](CIO 4)4 (9). To an argon-scrubbed ace-
tonitrile (40 mL) solution of8 (0.21 g, 0.2 mmol) was added one drop
of concentrated HCIQand 0.06 g (0.5 mmol) of NO(CI{p. The color
of the solution changed immediately from deep red to nearly black.
After being stirred at ambient temperature for 60 min, it was treated
with a solution of dry NaCl®(0.2 g, 1.6 mmol) in acetonitrile. Slow
evaporation of the solvent under argon yielded within 2 days a dark
crystalline precipitate, which was filtered off, washed with cold
acetonitrile, and air-dried. Yield: 0.17 g (68%). Anal. Calcd for
CsoHeoN1206CrNi(ClO4)s: C, 28.93; H, 4.86; N, 13.50; Cr, 9.64; Ni,
4.71; CIQ, 31.94. Found: C, 28.7; H, 5.0; N, 13.50, Cr, 9.5; Ni, 4.6;
ClO4, 31.6. IR (KBr, cnt®): »(NO) 1209,»(CN) 1581. UV-vis in
CH3CN [Amax (€, M~ cm™3)]: 268 (44 500), 455 sh (3100), 503 (3600),
620 sh (1460).

[LCr {u-(dmQg)sCa" } CrL](CIO 4)3*CH3OH (10). A solution con-
taining2 (0.51 g, 0.5 mmol) and triethylamine (0.2 mL, 1.4 mmol) in
methanol (30 mL) was flushed with argon for ca. 10 min, charged with
Co(CIOy),+6H,0 (1.83 g, 5 mmol), and heated to reflux f® h under
the argon atmosphere, whereupon a brown solid precipitated out from
the brown solution. The suspension was cooled to ambient temperature
in the presence of air to filter off the solid and then air-dried. Long
fine red-brown crystalline needles were obtained by recrystallization
from methanol/acetone. Yield: 0.35 g (60%). Anal. Calcd for
CsoHeoN1206CrCo(ClOy)3*CH;OH:  C, 31.60; H, 5.48; N, 14.27; Cr,
8.83; Co, 5.00; CIQ 25.33. Found: C, 31.2; H, 5.5; N, 14.1; Cr, 8.8;
Co, 5.4; CIQ, 25.2. IR (KBr, cntl): »(NO) 1219,»(CN) 1588. UV~
Vis in CHCN [Amax NM €, M~ cm™2)]: 247 (50 800), 335 sh (7800),
429 sh (1060), 523 sh (420). M8&W): 1045.1, 946.2, 847.3, 473.3,
423.5.

[LCr {p-(dmg)sFe"} CrL](CIO 4)2*H,O (11). Under an argon-
blanketing atmospher@,(0.51 g, 0.5 mmol), triethylamine (0.83 mL,
6.0 mmol), and Fe(Cl9»*6H,O (1.81 g, 6.0 mmol) in methanol (40
mL) were heated to reflux for 24 h, during which time a deep red
microcrystalline solid precipitated out. The suspension was treated with
a solution of NaCI@H,0 (0.80 g, 5.7 mmol) in methanol and cooled
to room temperature. The deep red precipitate was filtered off, washed
with cold methanol, and recrystallized from methanol/acetone. Deep
red X-ray-quality crystals were obtained. Yield: 0.48 g (90%). Anal.
Calcd for GoHedN1206CrFe(ClQy),-H,0: C, 33.94; H, 5.89; N, 15.83;
Cr, 9.80; Fe, 5.26; Clg) 18.73. Found: C, 33.8; H, 5.8; N, 15.6; Cr,

complete when there was no solid present and a clear deep red solutior?-6; Fe, 5.0; ClQ, 18.6. IR (KBr, cm®): »(NO) 1198,»(CN) 1556.

was obtained. The hot solution was eventually filtered to remove any

(20) Burdinski, D.; Birkelbach, F.; Gerdan, M.; Trautwein, A. X.;
Wieghardt, K.; Chaudhuri, RI. Chem. Soc., Chem. Commad®895
963.

UV—vis in CHCN [Amax M €, M~ cm™3)]: 214 (59 000), 296
(18 700), 493 (10 000). MS{z): 1042.0, 943.1, 843.3, 422.2.

[LCr {u-(dmg)sF€" } CrL](CIO 4)s (12). Nitrosyl perchlorate, NO-
(CIOq4) (~150 mg), was added to a solution 1f (0.41 g, 0.38 mmol)
in acetone (300 mL) whereupon the color of the solution changed to
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Table 1. Crystallographic Data for [ACr" ;(dmgkCu'|(ClO4)2*CH3OH (7), LoCr''x;(dmglNi"](ClO4)2 (8), and [L.Cr'"»(dmg)kFe'](Cl04)2-H20

(11
Cr,Cu (7) Cr:Ni (8) CrFe (11)
chem formula 61H54N12015C|2CI’2CU C30H60N12014C|2CI'2Ni C30H52N12015C|2Cr2Fe
fw 1083.36 1046.51 1061.66
cryst size, mm 0.86 0.42x 0.40 0.35x 0.42x 0.48 0.32x 0.35x 0.46
cryst system monoclinic monoclinic monoclinic
space group C2/c C2lc C2lc
a, 29.029(7) 32.333(6) 30.941(1)
b, A 12.239(4) 8.772(2) 8.777(1)
c, A 14.850(4) 16.716(3) 16.801(1)
B, deg 118.90(2) 109.51(3) 96.22(3)
v, A3 4619(2) 4469(2) 4536(2)
z 4 4 4
Peale g CNT 3 1.558 1.555 1.552
diffractometer Siemens R3 m/V Siemens SMART CAD4
2 (Mo Ka), A 0.710 73 0.710 73 0.710 73
u, mmt 1.110 1.088 0.980
no. of indepdt reflcnsK > 4.00(F)) 5287 4845 3294
Re2 (F > 4o(F)) 6.86 3.98 4.42
T, K 293(2) 100(2) 293(2)
2Re = 3 (IFol — IFcl)/XIFol.
deep brown and a brown solid appeared. After the mixture was stirred Scheme 1
for 10 min at ambient temperature, the microcrystalline brown product [LCrBr,]
was separated by filtration and dried ove©Rin a vacuum desiccator. [1°](3) +dmgH, “_oHA]4+(4)
Yield: 0.29 g (67%). Anal. Calcd for $8HeoN120sCraFe(ClQy)s: C,
31.52; H, 5.29; N, 14.70; Cr, 9.67; Fe, 5.19; G|@6.3. Found: C, TBA(OH) Et,N
31.3; H, 5.2; N, 14.6; Cr, 9.4; Fe, 5.0; CJ6.9. IR (KBr, cntd): (40:?']{"(‘:2"3 CH;OH Hoo, |
»(NO) 1215,»(CN) 1574. UV-vis in CHCN [Amax, NM €, M™2 :
cm1)]: 209 (44 000), 242 (45 000), 485 (3000). M&VE): 1042.1,
943.2, 843.3, 422.3. K.= 10.72 Y pKo= 4.39
[IPH]’&:;[UH P = [CH,I*
[LCr {p-(dmg)sMn"} CrL](CIO 4),»CH3OH (13). To an argon- o) 2! 4(2) o) 3
scrubbed solution o2 (0.51 g, 0.5 mmol) and triethylamine (0.2 mL, £
1.4 mmol) in methanol (80 mL) was added Mn(G)©6H.0 (5.13 g, [M=Mg(6)}, Zn,
14 mmol), and the solution was refluxed under argon for 20 h, during Cu (), Ni8),
- : . : ' : Co,Fe (11), LIOH/EOH HCIo, (60%)
which time a brown solid precipitated out. The solid was filtered in Mn (13)] EtN Acetone 4
the air and recrystallized from methanol/acetone to obtain brown CH,OH
crystals. Yield: 0.27 g (54%). Anal. Calcd forglsoN120sCr,Mn- O 12+ P 4
(ClO:)»CH:OH: C, 34.64: H, 6.00; N, 15.64; Cr, 9.68; Mn, 5.11: GO Mo, [CLT(E)  [(HO),L Cra(dmgH), 1™ (14)
18.51. Found: C, 34.7; H, 6.0; N, 15.6; Cr, 9.9; Mn, 5.0; ¢I08.2. NO(CIO,) CH,OH
IR (KBr, cm™1): »(NO) 1184,»(CN) 1583. UV-vis in CH:CN [Amax, CHCN
nm (¢, M~ cm™3)]: 208 (34 400), 269 (37 200), 420 sh (1140), 526 Acetone (L°Col* (10)

sh (350), 682 sh (30). MSr(2): 942.1, 843.2, 421.5.
Caution: Perchlorate salts must be handled with care!

X-ray Crystal Structure Determinations. The crystallographic
data of CHCuU'Cr" (7), CF'Ni"Cr" (8), and CH'Fé'Cr" (11) are
summarized in Table 1. Graphite monochromated MoXradiation
was used throughout. Intensity data collected at 293 K7fdr00 K
for 8, and 293 K forll were corrected for Lorentz, polarization, and
absorption effectsy{ scans) in the usual manner. The structures were
solved by direct methods by using the Siemens SHELXTL-PLUS
package (G. M. Sheldrick, UniversitaGottingen). The function
minimized during full-matrix least-squares refinement vya®(|Fo| —

|Fc|).2 Neutral atom scattering factors and anomalous dispersion

corrections for non-hydrogen atoms were taken from ref 19. The

hydrogen atoms were placed at calculated positions with isotropic

[°NiT*(9), [I°Fe]™ (12)

The preparation and crystal structure of the red dimetallic
species [BH](Cl0,), (2) has been recently descrizétby us,
and a schematic view of the 14-membered metallamacrobicycle
L° containing two chromium(lll) ions as part of the ring skeleton
is shown in the “Introduction”.

Complex 1 is just the bromide salt oR. Formation of
complex 1 and 2 by simple refluxing the LG unit with
dimethylglyoxime is an example of spontaneous self-assembly,
presumably based on the preference of Cr(lll) ions for oxygen
donor atoms to azomethine nitrogeé#s.The stable cyclic

thermal parameters; the methyl groups were treated as rigid bodies.derivative, present as cation inand2, has been proved to be

All non-hydrogen atoms were refined with anisotropic thermal param-
eters.

Results and Discussion

Preparation of Complexes. A straightforward, clean, and
relatively high-yield synthetic route to pure heterotrinuclear
complexes containing the trisdimethylglyoximato) bridge has

an important precursor for generating various heterometallic
trinuclear complexes containing chromium(lil) as the terminal
ions (i.e. “capping” metals), by replacing the incorporated
protons with different metal ions in the presence of a base, viz.
[L2Cra(dmgyM]1+2+3+H4+ (M = Li(l), Mg(ll), Zn(Il), Cu(ll),
Ni(l), Ni(IV), Co(lll), Fe(ll), Fe(lll) or Mn(l1)).

By slow addition of a concentrated aqueous solution of a
strong base like tetrabutylammonium hydroxide to the doubly

been developed, as outlined in Scheme 1. The inertness ofprotonated compleg, the completely deprotonated form of the

trivalent chromium ion resulting from & electron configuration
and its high thermodynamic stability with the macrocyclic 1,4,7-

trimethyl-1,4,7-triazacyclononane are utilized to synthesize Cr-

(1) =M —=Cr(Ill) trinuclear complexes.

macrobicycle 3, L% a neutral species, could be isolated as a
red microcrystalline solid. Contrary @ infrared bands of-

(21) Burdinski, D. Diploma Thesis, Bochum, 1995.
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(NH) are not observed fd3, indicating the complete deproto-
nation of the oxime nitrogens in the macrobicycle. As is
expected, addition of concentrated HGI@ a solution of2
yielded complex containing tetraprotonated oxime nitrogens.
In contrast ta?, stability of the tris(dimethylglyoximato)bridge
at a very high concentration of protons 4nis reduced, as is
evidenced by the isolation of a maanonaycle, 14, from an
aqueous perchloric acid solution Bf(Scheme 1).

The single monocationic complex,JLi](CIO ), 5, where °
is the neutral macrobicycle (i.e. compl8x was obtained by
neutralizing the protons ig, [L°H,](ClO4),, with a half-saturated
solution of LiOH in ethanol. In the absence of a large excess
of LiOH, 5 is unstable in protic solvents arflis re-formed.
Aqueous solution 05 is strongly basic, as expected. A similar
labile behavior of a recently described lithium complex of the
sacrophage-type of ligands has been obsef¥ed.

From a solution of the diprotonated macrobicy2land Mg-
(ClO4)2 in acetonitrile to which NEtwas added, a microcrys-
talline red-brown precipitate of iIMg](ClO4), (6) is obtained
(Scheme 1). The ionic radius of Mg (86 pm) is very similar
to those of C&" (87 pm) and ZA" (88 pm). So it is not very
surprising that the M&-complex of the macrobicycle is formed.

In general, two different strategies were followed for syn-
thesizing trinuclear complexes. The copper(ll) compiexas
directly prepared by refluxing a suspension of LGyEnd
dimethylglyoxime with the right stoichiometry in the presence
of triethylamine to which metal(ll) perchlorate was added. It is
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620—-625 cnt! (antisymmetric band), indicative of uncoordi-
nated perchlorate anions.

Thev(CN) vibration is assigned to the medium strong bands
in the wavenumber region 1556599 cnt. It is conspicuous
that thev(CN) vibrations of complexe$—4, without any central
metal ion, are situated at a significantly higher frequency, 1622
1652 cntl, than those for other complexBs-13; for example,
there are two intense bands3rat 1652 and 1635 cnd. This
is in accord with the concept that on complex formation the
positively charged (6H2:N3)Cr3+ unit stabilizes the negative
charge on oxygen of the oximate function and thus increases
the double bond character of the CN bond, which is expressed
as a rise in the frequency of all complexes investigated.
Complex11, Cr'Fe'Cr'", shows the lowest frequency, 1556
cm™%, for thev(CN) vibration, denoting that, in the chelate ring
of this complex, more electron delocalization has taken place.

The medium strong to weak bands at 138215 cn1? in
the complexes are assignable to the NO stretching vibration.
The second NO IR absorptiéitcould not be observed in these
complexes, because of the superposition with the bands origi-
nating from the perchlorate anions. However, for the bromide
salt of the cation inl and for the neutral specie<’ [(3), the
second NO stretch was identified unambiguously at 1067 and
1068 cn1l, respectively.

Electronic Spectra. The optical spectra for complexés-13
have been measured in the range 20800 nm in dry
acetonitrile to avoid any hydrolysis. The absorption maximum

conceivable that the central divalent metal ion acts as a templatepf the free oxime dmgbiat 224 nm is due tec—sr* transition

center for the formation of the bicycle. The concept of a

of the G=N group and shifts in basic medium due to deproto-

template synthesis as a mechanism for the macrobicycle nation of the OH groups to 218 and 265 nm. Simitars*

formation has been proposed for the similar B(lll)-capped
clathrochelate?1® The other strategy involves the substitution

of protons from the preformed macrobicycle by the metal
centers, like Li, Mg, Ni, Co, Fe, and Mn, that cannot apparently
act as centers for the template synthesis.

The trinuclear complex ¢Fe!(Is)Cr'" (11), is amenable to
oxidation and gives rise to @Féd"(Is)Cr"' species12, when
oxidized in acetone with NQ That12 may be accessible was
indicated first by CV experiments. Complek2 is very

transitions of the &N groups are observed ifi—4, as is
evidenced by the bands in the range 2@82 nm with high
extinction coefficients (3.4 10°—5.1 x 10* M~tcm™1). The
bands at 525 nm (244 M cm™1) for 1 and2, ~530 nm (180
M~1cm™) for 3, and 516 nm (300 M cm™1) for 4 are assigned

to the first spin-allowed transitiotA,q — “T24 of the ¢ Cr(11l)
center, noting that the band assignments have been performed
by assuming an octahedral ligand field, as theddransition

of the formulacissMX3Y 3 is not split in the trigonal€s,) ligand

susceptible to reduction in solution and decomposes slowly to field and its energy is equal to D@, (=5Dgx + 5Dqy),%*

the reduced formil
Although the complexes @Ni'"Cr'" (8) and CHNi'VCr!

whereDgx andDagy represent the contributions from the ligands
Xand Y, respectively. It allows us to approximate the splitting

(9) could be synthesized in reasonably good yield, all attempts parameter 1Dq to lie between 18 900 and 19 400 chfor

to isolate the species &Ni'Cr!" were in vain, presumably

because of the small potential difference prevailing between the mophore

two higher oxidation states of nickel. That this is indeed the
case is demonstrated by isolation of a mixtur@ahd9in 1:1
ratio for all attempts to prepare &Ni'"'Cr!! species, which can
be ascribed to the following disproportionation reaction

2[LONi) > — [LONi] " + [LONi]**

Complex 9 as a black microcrystalline solid is formed by
oxidation of8 in acetonitrile with NO(CIQ) in the presence of
a small amount of perchloric acid.

Infrared Spectra. Since the IR spectra of all complexes are
quite similar, the discussion is confined to the most important
vibrations of the 4008400 cnt?! region in relation to the
structure. Excluding and3, all complexes exhibit strong bands
near 1096-1100 (antisymmetric stretch) and sharp bands at

(22) Anderson, P. A.; Creaser, I. |.; Dean, C.; Harrowfield, J. M.; Horn,
E.; Martin, L. L.; Sargeson, A. M.; Snow, M. R.; Tiekink, E. R. T.
Aust. J. Chem1993 46, 449.

these dichromium(lll) complexeb—4 with two CrNsO3 chro-
§_,l7,25

All trinuclear complexes with the exception of Fe(ll)-/Fe-
(ll-containing complexesl1and12, exhibit the lowest-energy
spin-allowed transition at the Cr(lll) center, similar to only Cr-
(llN-containing complexed—4. Interestingly,5—8 show an
additional band in the wavelength range 420 nm with
extinction coefficients lying between 700 and 1000\ m™1.
This second band can be ascribed to ey, — 4T14(F)
transition at the Cr(lll) center. This band is missing for &ll d
systems, complexe®-11. The band cannot owe its origin to
the metal-to-ligand charge transfer (MLCT) transition, as both
the lithium, 5, and magnesium compleX§, without any
d-electrons, exhibit also this band. The extinction coefficient
of this band is large in comparison to those for the distorted

(23) (a) Blinc, R.; Hadzi, DJ. Chem. Soc. A958 4536. (b) Burger, K;
Ruff, I.; Ruff, F. J. Inorg. Nucl. Chem1965 27, 179. (c) Caton, J.
E.; Banks, C. V.Inorg. Chem.1967, 6, 1670. (d) Chakravorty, A.
Coord. Chem. Re 1974 13, 1.

(24) Krishnamurthy, R.; Schapp, W. B. Chem. Educ1969 46, 799.

(25) Caldwell, S. H.; House, D. Al. Inorg. Nucl. Chem1969 31, 811.
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Table 2. Liquid Secondary lon Mass Spectra (L-SIMS) Data for Compleke&3 in the Matrix m-Nitrobenzyl Alcohot
complex obsd mas®1(z), assigned ion (relative abundance, %)

1, [LAH)Z]Br, 871.0, [LO(H*),Br]* (1); 789.5, [I°(H")]* (100); 618.3, [I9(H) — L]* (4); 395.2, [LO(H)]2" (6)

2, [LYHM)2](CIOs)2  1011.4, [LO(HM)2(ClOs)CeHINO,]* (2); 989.0, [LU(H)2(ClO)2(H)]* (1); 889.5, [L9(H)2(ClO4)]T (60); 789.6 [LU(HT)]* (66); 618.3,
[LOYHT) — L]* (7); 395.2, [LO(H*),]>* (38)

3,[L9 789.3, [LA(HT)]* (80); 618.3, [I9(H) — L]* (5); 395.3, [LA(HT)7]2+ (35)

4, [LYH*)4](CIOg)s  989.0, [LU(H")3(ClOg)]* (2); 889.1, [LU(H)2(CIO,)]* (27); 789.2, [lU(H)]* (7); 618.0, [L(H) — LI(3); 395.2, [LU(H*)2]?* (6)

5, [LO(LI)](CIO4) 795.2, [LO(Li)] * (100); 398.2, [I9(H)(Li)] 2+ (7)

6, [LYMQ)](CIO4),  911.0, [LO(Mg)(CIO4)]* (25); 811.2, [I9(Mg) — H]* (10); 406.2, [1°(M@)]2" (35)

7, [LYCu)ICIOs),  1074.2, [1%(Cu)(ClOs)CeHaNO2] T (3); 996.1, [19(Cu)(CIQs) + NO,]™ (4); 950.3, [L9(Cu)(CIQy)](100); 851.4, [1°Cu]* (30); 779.2,
[LO(Cu)(CIGy) — L]* (3); 425.9, [LY(Cu)*+ (28)

8, [LON](CIO4),  944.9, [L°(Ni)(ClO4)] ™ (6); 846.1, [L(Ni)]* (3.5); 675.0, [I%(Ni) — L]+ (1); 423.2, [LNi]2* (16)

10, [L9(C0)](ClOs)3  1045.1, [L(C0)(CIOy)z]* (5); 946.2, [L%(Co)(CIQu)]™ (17); 847.3, [L9(Co)]* (3); 473.3, [L%(C0)(CIQs)]2* (5); 423.5, [L%(Co)** (10)

11, [LO(Fe)](ClQy)2 104260’ [|_0F(fe)(clot)2]+ (2); 943.1, [LY(Fe)(CIQy]* (50); 843.3, [l°(Fe) — H]* (10); 762.2, [l°(Fe) — C4HsN2]* (5); 422.2,
LOo(Fe)F+ (40

12, [LO(Fe)](ClOy)3 104[12.(1, [|)_<>(|:é)((%ltl)z]+ (2); 943.2, [L%(Fe)(CIQy]* (20); 843.3, [l%(Fe)— H]* (2); 422.3, [L°(Fe)R* (18)

13, [LAMN)](CIO4)2 942.1, [LMn)(CIO4)]* (3.5); 843.2, [l4(Mn)]* (2); 421.5, [LO(Mn)]?* (10)

a0 refers to GoHeoN120sCr2 and L to GH21Na.

octahedral Cr(Ill) complexes, probably because of the intensity Int. [%]

gain through exchange coupling and of the strong trigonal 100, [LH,J(CIO,), (2)
distortion of the Cr(Ill) geometry, resulting in a lowering of
symmetry toCs,.26:27

Judged on the basis of extinction coefficients, the bands at 80 1
1019 nm for7 (Cu'), 880 nm for8 (Ni"), and 682 nm forl3
(Mn') are ascribed to the-ed transitions at the central M(ll) 60
center.

On the basis of high extinction coefficients and similar-M 40 4
m*(oxime) transitions reported in the literature, the peak at 493
nm for 11 (F€') is thought to be MLCT in characté?. Complex
9 (Ni'V) and12 (Fe'') exhibit respectively a strong band at 455 20 -

and 485 nm; these bands owe their origin to the high charge of }
the respective metal ions and are of£t M charge transfer in 0 .“"l'“' lL - s " .
nature. The assignment is in complete accord with the earlier 200 400 600 800 1000
observation® in Ni(IV) and Is Fe(lll) chemistry. miz

The electronic spectral results indicate that the complexes M4l
1—-13are stable and retain their discrete trinuclear entities also 1004, [LL)(CIO,) (5)
in solution.

Fast Atom Bombardment Mass Spectrometry (FAB-MS). 80 -
Mass spectromet?y in the L-SIMS mode has been proved to
be a very useful analytical tool for characterization of the
complexes with the macrobicycl€ kontaining Cr(lll) ions as 60
a member of the macrobicyclic ring skeleton. A listing of all
major signals, excluding the peaks from the matrix, in the fast 4 4
atom bombardment mass spectra for compléxek3, including
the assignments, is given in Table 2. The mass spectral results
obtained for2 are described first, because it gives readily
interpretable positive ion FAB mass spectrum and the first l
indication of the diprotonated macrobicycle °(H*),]?", was 0 U'hJ.h“LlJl.L ' . " ,
obtained from MS before the complete crystal structure of 200 400 600 800 miz 1000
was determined. Shown in Figure 1 is the positive ion FAB Ei T AHCION (2) and
mass spectrum of, [LOH™M);](ClIO.),, together with the igure 1. Positive-ion FAB mass spectra oflH"),](ClO.)z (2) an

. . [LOLI]CIO 4 (5). Matrix: me-nitrobenzyl alcohol.

calculated isotope pattern for the important peaks. The two
intense peaks centered arouméz 889 and 395 correspond to
ions that have lost one and two perchlorate anions, respectively,
from 2. A species that has lost one proton in addition to two
perchlorate anions is observed @iz 789 with a relative
abundance of 66%. This is an evidence of the robustness of

795.2

the macrobicycle £. There is practically no indication in the
spectrum for ligand fragmentation or cleavage of the dimer,
except a small amount of dissociation of the tridentate amine,
1,4,7-trimethyl-1,4,7-triazacyclononane (L) (4% inand 7%

in 2) from the corresponding most abundant speciégHt)]+

in 1 and2. There must be a particularly strong driving force

(26) Lever, A. B. P.Inorganic Electronic Spectroscop§lsevier: Am-

sterdam, 1984. for H* incorporation, because evé&n L, yields peaks ain/z

(27) McCarthy, P. J.; Gdel, H. U.Coord. Chem. Re 1988 88, 69. 789 and 395, corresponding to the monochargé¢Ht)]* and

(28) Krumholz, P Struct. Bonding (Berlin}L971, 9, 139. +),12+ i i i

(29) Panda, R. K.; Acharya, S.; Neogi, G.; Ramaswamyl.@hem. Soc., .dOUbIY .charged [E(H )2]*" species, respectively, .Wlth itrong
Dalton Trans 1983 1225 intensities. Interestingly, no peak for the specie§(HL"),-

(30) (a) Cetini, G.; Operti, L.; Vaglio, G. A.; Peruzzini, M.; Stoppioni, P.  (ClO4)3]*, not even from the tetraprotonated compiexcould
Polyhedronl987 6, 1491. (b) Bojesen, Grg. Mass Spectron1985 be observed, presumably due to its strong acidic character.
20, 413. (c) Whiteford, J. A.; Rachlin, E. M.; Stang, P.Ahgew. .
Chem.1996 108 2643. (d) Losada, G.; Mendiola, M. A.; Sevilla, M. The mass spectra generally of these complexes and particu-

T. Inorg. Chim. Actal997, 255 125. larly that of 5, [LO(Li)](CIO4), have only a few peaks in the
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Table 3. Cyclic Voltammetric Data for the Complexes

oxidations Ey;°* reductionsd E; /e
or Ep”/V vs NHE or ES*9V vs NHE
complex

2, Cil(HH,CM +1.69 (i) +1.1 (i) —1.61 (i)
7, ciiculent +1.43(qr) +1.02(qr) —0.85(qr)
8, Cr'Ni"'Cr" +1.32() +0.89(r) —1.65 (qr)
10, Crlcdcrt —0.35() —1.14()
11, CHFdICH! +0.53 (1) -1.86 (qr)
13, Ci'Mn'Cr'  +1.3(qr)  +0.57 (qr) 1.63 (qr)

ar = reversible AE, = 65—70 mV; qr= quasi-reversibleAE, =
70—-140 mV;Eyp = (B> + Eg®9/2; ir = irreversible. Electrochemical
reversibility and quasi-reversibility were judged on the basis of standard
criteria described in the literature; see, e.g.: (a) Nicholson, R. S.; Shain,
I. Anal. Chem.1964 36, 706. (b) Bard, A. J.; Faulkner, L. R.
Electrochemical Methods: Fundamentals and Applicationsley:
New York, 1980. Conditions: acetonitrile solution; 0.10 M (B)PF;
supporting electrolyte; glassy carbon working electrode; Ag/AgCl
(saturated LiCl in GHsOH) reference electrode; ferrocenel(0—3 M)
as internal standard; scan rates-200 mV s%; room temperature.

higher mass region, as is illustrated by Figure 1, and they are
easily assigned to the cationic complex, clusters of the complex
with the counteranion, and free (protonated) ligand. The inserts
in Figure 1 illustrate that the resolution is sufficient to determine
the formal charge of the complex cations and provide a check
of the isotopic patterns. Figure 1 with §{Li)] ™ as the base
peak supplies clear-cut evidence for the composition of the novel
Li complex, 5, with the macrobicycle3. It should be noted
that a peak for the respective complex cation is observed in the
spectra of all complexes (Table 2).

The mass spectra of complexg$ and 12 exhibit identical
ions, although they contain iron in different oxidation states;

Inorganic Chemistry, Vol. 37, No. 5, 1998015

—

W
=
>

CriH,Cr (2)

PN &\QD

5

e

—
)

)

e

CrCoCr

\

CrFeCr

+2.0 0.0 -1.0

V vs Ag/AgCI

-2.0

such behavior has been ascribed to the interactions that occuligure 2. Cyclic voltammograms 02, 7, 8, 10, and11in CH:CN at

between the samples and the matrix containing the reducing
alcohol group. CompleX2 containing a ferric central ion is

an oxidizing agent, as is evident from the redox potential

measured by the electrochemical measurements; it undergoes
fast redox reaction, with the matnr-nitrobenzyl alcohol prior

to forming ions in the gas phase, to produce comgdléxvith

a scan rate of 0.2 V3.

second procesg;%*, has been tentatively assigned to the ligand
dimethylglyoxime rather than metal-centered electron transfer
wave. Considering nearly identical electronic situation for the
terminal CrNOz units in both2 and CHzn'Cr!' and the

a ferrous ion and, hence, gives same mass spectrum as that gbservation of one irreversible reduction-&t.59 V only in2,

11
To conclude, the data summarized in Table 2 show that the

but not in CH'Zn"Cr"', this reduction in2 is assigned to the
ligand dimethylglyoxime rather than the chromium(lil)-centered

mass spectrometry of the complexes unambiguously demonstratélectron transfer.

the nuclearity of all the complexes examined and also provide
identification of the metal centers and, in general, the composi-
tion of the complexes. It seems that the compleked3 are

not fragile and can withstand the conditions of the L-SIMS
ionization3?

Electrochemistry. The cyclic voltammograms (CV) of
complexe®2—13were measured at ambient temperature in-CH
CN containing 0.1 M tetrax-butylammonium hexafluorophos-
phate as supporting electrolyte at a glassy carbon working

The central Cli of 7 in a CuNs environment is quasi-
reversibly oxidized to Cili at +1.04 V and to ClY at +1.45
V. Thus ligand-centered oxidation is not observed ForAt
the same potential off1.45 V, a one-electron reversible
oxidation for the CHCU'Cr"" complex with diphenylglyoxim@
as the dioxime ligand is observed, which is in complete accord
with the assignment, GUCuU" couple, for7. In negative
potential range7 shows one quasi-reversible one-electron-
transfer wave at-0.83 V, which is assigned to the Cu(Il)/Cu(l)

electrode at different scan rates. The results of electrochemistrycouple. A similgr electrochemical process has been observed
are summarized in Table 3 and Figure 2. All redox potentials for Cu(Hdmg)}.

in the following are referenced in volts versus NHE, considering
the potential of the ferrocenium/ferrocene couple, used as an
internal standard, to be 0.4 V vs NHE.

Two irreversible electron-transfer waves are detected in the
potential ranget1.9 to 0.0 V atE;®* = +1.11 V andE,;*X =
+1.71V for2. The first proces&;°* corresponds to the Cr(IV)/
Cr(Ill) couple, followed by decomposition of the oxidized Cr-
(IV) form. The assignment of metal-centered oxidatiof £
is supported by comparison with the CV of '@n"Cr"". The

(31) (a) McNeal, C. JAnal. Chem1982 54, 43A. (b) Barber, M.; Bordoli,
R. S.; Elliott, G. J.; Sedgwick, R. D.; Tyler, A. Mnal. Chem1982
54, 645A.

Two consecutive reversible steps of oxidation in the potential
range 0.0 to+-1.5 V atEy,.>t = +0.70 V andEy,*%2 = +1.13
V are detected foB, CF''Ni"Cr'"". Thus the following redox
scheme, involving the oxidation of central "Nion in 8, is
ascribed to the electrochemical oxidation processes for complex
8:

cr'Ni'er! B crl'Ni B cr'NiVer!

Electrochemical reversible one-electron transfer steps (le

(32) (a) Birkelbach, F. Dissertation, Bochum, 1995. (b) Burdinski, D.
Diploma Thesis, Bochum, 1995.
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transfer established by coulometric experiments) preclude any
significant structural rearrangement during the oxidation pro-
cesses; i.e., all three species have the same structures in solution
and apparently can be described by the solid-state structure of
8, Cr'Ni"Cr'"", which was determined by X-ray diffraction. The
CV of the isolated stable oxidation product'Qi'VCr!" (9) is
identical with that of 8. A very similar electrochemical
oxidation process has been repoftéor analogous P&Ni'"-
Fe''. A quasi-reversible reduction at1.63 V is also observed
for 8, which cannot be unambiguously ascribed to the nickel
center, as several Ni(ll)-stabilized ligand radicals watkdi-
imines are known in the literatuf. This reduction may
therefore be ligand centered in nature.

The CV of10, Cr'"Cd"Cr'", is also shown in Figure 2. Two

Figure 3. ORTEP diagram of the dication {Cro(dmgkCu?* in 7.

reversible one-electron transfer waves are detectaliig ! Table 4. Selected Bond Distances for Complexed'Cd'Cr" (7),
= —0.33 V andEy#*¥®2 = —1.12 V, which can be assigned to  Cr"Ni"Cr" (8), and CH'Fe'Cr'" (11)
the following equilibria: distance, A
CrZnd Cr,Cu (7) Cr:Ni (8) CrFe 11)
cr'cd'or =2 o g o =2 o eder M(D-N(1)  2131(5)  1.997(4)  2.067(2)  1.943(3)

M(I)-N(2)  2.178(7)  2.147(4)  2.072(2) 1.937(3)
M(I)-N(3)  2.138(7)  2.229(4)  2.058(2) 1.929(3)
Cr(ll)—N@)  2.129(8)  2.122(4)  2.126(2) 2.124(3)
Cr(l)—N()  2.123(8)  2.129(4)  2.122(2) 2.119(3)

Both the reduced species are, however, stable only in the cyclic
voltammetric time scale, as is evidenced by the coulometric

experiments at0.5 V vs Ag/AgCI (Current YIE|d> 130%). Cr(Il1) —N(6) 2.126(6) 2.134(4) 2.121(2) 2.121(3)
Contrary t010, the comparable B-capped cobattimethyl- Cr(ll)—O(1)  1.922(6) 1.919(3) 1.940(2) 1.945(2)
glyoxime complex is isolable in both [®gdmgk(BF),;] and Cr(lm—0(2) ~ 1.936(4)  1.916(3) 1.946(1) 1.934(2)
[Co' (dmgk(BF),]~ forms22 Cr(l)—0(38)  1.911(6)  1.925(3)  1.945(2) 1.940(2)
Replacement of the central ®oin 10 by Fé' gives the aReference 32; listed here for comparison purpose.

dicationic complext1, which shows two one-electron transfer
waves: one reversible oxidation &t0.59 V and one quasi-
reversible reduction at1.82 V. The former event is assigned

Table 5. Comparison of Important Structural Parameters for
Complexe<2, 7, 8, 11, and CH'zn''Cr'" b

to the Fe(lll)/Fe(ll) couple. In the literatuf@there are several Crt--Crt, Crtle--M", OCrMCr,  twist angle,
reports of the electrochemical oxidation of tris(dioxime)iron(1l) complex A A deg ¢, deg

to the corresponding Fe(lll) form, but none of the Fe(lll) 2, Cr'(H").Cr''2  7.265 0.5/8.4/8.4
complexes could be isolated, because of their instability. A C:::ZrL‘;'ICr'I'I'I b 7140 3570 1797  6.1/7.4/7.4
coulometric experiment at-1.0 V vs Ag/AgCl for 11 estab- ;’ gﬁ”(N:i”CCrf“ ;:égg gggg ggé 23@3;@;3.3
lished the stability (current yiele= 96%) of the tris(dimeth- 1’1' CHEd!CH! 6.933 3.467 1786 36.6/33.9/33.9

ylglyoximato)iron(lIl) unit and showed its accessibility; in fact,
Cr'"Fel'(Is)Cr" (12) has been isolated as a brown microcrys-
talline solid. The reduction wave might be due to the involve-
ment of the Fe(ll)/Fe(l) couple. Again, we cannot preclude
ligand-centered electron transfer. From an acetonitrile solution
of 12, an identical CV has been obtained.

The cyclic voltammetric behavior df3, Ci'Mn'Cr!', shows
two quasi-reversible one-electron oxidations-8t59 and+1.32
V vs NHE, tentatively assigned to the Mn(lll)/Mn(ll) and
Mn(IV)/Mn(lll) couples, respectively. An irreversible reduction
at—1.61 V, followed by a small oxidation wave at1.09 V, is
again attributable to the ligand reduction.

Description of the Structures. Molecular Structure of [L°-
(H1)2](ClO 4)2*CH30H (2). The structure has been reported
in a previous publicatio?

Molecular Structure of [L 9(Cu")](ClIO4)*CH30H (7).
Figure 3 displays the structure of the dicatior7in The X-ray
structure clearly illustrates the trinuclear nature of the cation.
The bond lengths of the J&r(O-N)Cu-(N-O%CrN; core in7

aReference 20° Reference 32.

are given in Table 4. The [Cu(dmg)~ anion bridges two
terminal Cr(lll) ions through its deprotonated oxime oxygens
with a Cr+-Cu separation of 3.583(2) A. The trinuclear-€r
Cu—Cr unit is not perfectly linear with an angle of 175.Two
facially coordinated tridentate amine ligands complete the
trigonally distorted octahedral coordination sphere of the two
Cr(lll) centers. The CrN (average 2.128(7) A) and €O
(average 1.920(5) A) distances are comparable to litefatlre
values for chromium(lll) complexes with this macrocyclic
amine.

The Cu-N distances and the twist angles (Table 5) show
that the resultant coordination sphere around the disordered Cu
is strongly distorted. The six imine-nitrogen atoms are arranged
around the Cu(ll) center with two different twist angles of 6.4
and 9.4 between the triangular faces comprising the oxime-
nitrogens. The Cu atom is thus displaced from the center of
the complex and closer to two of the bridging dimethylglyoxi-
mate ligands; the distance to the third oxime ligand is remark-

(33) Chaudhuri, P.; Winter, M.; Della Vedova, B. P. C.; Bill, E.; Trautwein,

A. X.; Gehring, S.; Fleischhauer, P.; Nuber, B.; Weis$ndrg. Chem. ably long. The geometry of the Cu center may be envisaged
1991, 30, 2148. as pseudo-square pyramidal withi@rdmg ligand at the apical
(34) (a) Nag, K.; Chakravorty, ACoord. Chem. Re 198Q 33, 87. (b) position and is very similar to that found in the corresponding

Lappin, A. G.; McAuley, A.Adv. Inorg. Chem1988 32, 241.

(35) Groybowski, 3. 3. Allen R. D Belingki_ J. A Bieda, K.L.: Bish, 7. Fe"Cu'Fe!l compound
A.; Finnegan, P. A.; Hartenstein, M. L.; Regitz, C. S.; Ryalls, D. M.;
Squires, M. E.; Thomas, H. lhorg. Chem.1993 32, 5266. (37) Chaudhuri, P.; Wieghardt, Krog. Inorg. Chem1987, 35, 329.

(36) Chaudhuri, P.; Winter, M.; Birkelbach, F.; Fleischhauer, P.; Haase, (38) See for example: Morehouse, S. M.; Polychronopoulou, A.; Williams,
W.; Florke, U.; Haupt, H.-JInorg. Chem.1991, 30, 4291. G. J. B.Inorg. Chem.198Q 19, 3558.
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Figure 5. Structure of the dication JCr,(dmgkFe(Is)F" in crystals
of 11

Molecular Structures of [LO(Ni")](ClO 4), (8) and [Lo(Fe")]-
(ClO4)2*H20 (11). The structures of the dications & Cr'-
Ni"Cr'", and in11, Cr'Fe'Cr", are very similar to that of the
dication in7 (Figures 4 and 5). The €iN bond distances in
8 and 11 are identical within experimental errors to thoserof
and CH'zn"'Cr', It is quite remarkable and significant that the
Cr—0 distances in8 and 11 are very similar, but they are
significantly longer than those ihand CH'zn"Cr!" (Table 4).

The mean Ni-N(oxime) bond length foB, 2.065(7) A, is
identical within experimental errors with that for a related Ni(ll)
derivative, 2.030(21) A, of the bicyclic clathrochelate ligand
[FB(ONCHGH3N)3P]~, described by Holm and co-worké8;3°
but is appreciably longer than that found in Ni(HdmQg)
1.850(15) A%0in accordance with the greater steric requirements
in the central Ni(dmg)unit. The trigonal twist angle (Ofor a
trigonal prismatic arrangement and°6fdr an octahedron or
trigonal-antiprismatic) is~24° for Ni(ll) (Table 5).

Of the available C¥M"Cr!" species, the @low-spin Fe(ll)
species,11, is most likely to distort fromD3, symmetry, both
for reasons of inherent ligand-field stabilization energy, LFSE
(which is a maximal 2Bq for an octahedral strong-fielddbn)
and for steric reasons, since theFéon is the smallest (0.75
A) of the quintet M+ (0.97 A), Fé* (0.75 A), N+ (0.83 A),
Cuwt (0.87 A), and ZA* (0.88 A)4! The average FeN(oxime)
bond length, 1.936(7) A, in1is in accord with a &llow-spin
electronic configuration and is very similar to that of a related
FB-capped clathrochelaté. The twist angle between the two
equilateral triangles defined by the oxime nitrogens are 36.6,
33.9, and 33.9 thus averaging to 34°8 The coordination
environment of the iron atom is thus intermediate between
trigonal prismatic and octahedr&R43

(39) Churchill, M. R.; Reis, A. HIlnorg. Chem.1972 11, 1811.

(40) (a) Godycki, L. E.; Rundle, R. FRActa Crystallogr.1953 6, 487. (b)
Williams, D. E.; Wohlauer, G.; Rundle, R. E. Am. Chem. So@959
81, 755.

(41) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrydohn
Wiley & Sons: New York, 1988.
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The principal difference in interatomic parameters involves
the systematic decrease ofNll bond lengths within the Mj
coordination sphere in the order Z2n Cu > Ni > Fe (Table
4). The differences between M#N distance and Ft" radii
are 1.269 A for Zn(ll), 1.254 A for Cu(I1)7), 1.236 A for Ni(ll)

(8), and 1.186 A for Fe(ll) 11); i.e., there is a small but
nonnegligible variation in the metahitrogen bond distances.

All of the structural data are consistent with the geometry of
the central metal coordination sphere being determined not only
by the relative sizes of the metal atom and the cavity within
the bicyclic encapsulation ligand but also by the ligand-field
effects. The Fe(ll) atom is clearly too small to fit into the cavity
without causing a severe distortion toward an octahedral
geometry. Electronic effects (LFSE) also favor for the low-
spin & ion, Fe(ll), an octahedral environment. Thus both of
these factors, electronic and size effects, are responsible for the
geometrical distortions found in these trinuclear complexes. That
the twist angles for complexes containing Mn(ll) and Zn(ll) as
central metal ions are very similar has been observed for the
related trimetallic complexes with Fe(lll) and Mn(lll) as terminal
metal ions'® The twist angle fo2 (Table 5) indicates that the
unprotonated dinuclear macrobicy@gl.°, possesses very close
to ideal D3, symmetry. While the order of stability for
octahedral geometry as a function of LFSE is Is-Fe&INi(ll)
> Cu(ll) > hs-Mn(ll) = Zn(ll), it must be emphasized that
LFSE effects are more important to ligand systems with a
flexible geometry than to the present rather rigid cage structure.

Mo'ssbauer Spectroscopic Propertie® The Massbauer
spectra of CIFe!Cr!' (11) and CH'Fe''Cr!' (12) were measured
at 77 and 295 K, respectively, to determine the spin and
oxidation states of the central iron. The'b&bauer parameters
of 11 (6 = 0.23 mm/s AEq = 0.16 mm/s) clearly indicate the
low-spin nature of the Fe(ll) ion. The NMsbauer spectrum of
12 at 295 K consists of a symmetric quadrupole doublet with
an isomer shift obg = 0.073 mm/s and a quadrupole splitting
of AEqg = 0.96 mm/s. The relatively small value for the isomer
shift together with the substantially greater quadrupole splitting
in comparison to that o011 are indicative of low-spin Fe(lll),
consistent with the magnetic results described later.

Magnetic Susceptibility Studies. Magnetic susceptibility
data for polycrystalline samples of complexesl3 (except for
3, 6, and9) were collected in the temperature range2®5 K
in order to characterize the nature and magnitude of the
exchange interaction propagated by the bridging oxime ligands.
We use the Heisenberg spin Hamiltonian in the form

H= 2SS+ $:8) — 20dS'S)

for an isotropic exchange coupling with = S = S = %>
andS; = Sy = 0 for (H"),, 1, 2, and (H")4 (4), Li(1) (5), Co(lll)

(10), and Fe(ll) 1), S = Su = Y, for Cu(ll) (7), Fe(lll,ls)
(12, S = Su = 1 for Ni(ll) (8), or S = Su = % for Mn(Il)

(13), with a negative 3" value corresponding to an antiferro-
magnetic interaction and a positiv& ‘value to a ferromagnetic
coupling. The experimental magnetic data were simulated using
a least-squares fitting computer program with a full-matrix
diagonalization approach including exchange coupling, Zeeman
splitting, and single-ion zero-field interactions (B)Sif neces-

(42) (a) Churchill, M. R.; Reis, A. Hinorg. Chem.1972 11, 2299. (b)
Lindeman, S. V.; Struchkov, Y. T.; Voloshin, Y. Thorg. Chim. Acta
1991, 184 107.

(43) (a) Wentworth, R. A. DCoord. Chem. Re 1972/73 9, 171. (b)
Kirchner, R. M.; Mealli, C.; Bailey, M.; Howe, N.; Torre, L. P;
Wilson, L. J.; Andrews, L. C.; Rose, N. J.; Lingafelter, E.@bord.
Chem. Re. 1987, 77, 89.
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Figure 6. Temperature dependence of the magnetic moments of
complexesl, 7, 10, 11, and13. The solid lines represent the best fit of
data to the HeisenbergDirac—van Vleck model (see text).

Table 6. Magnetic Data for the Dinuclear and Trinuclear
Complexes

Jem
complex (Ji2=J23) Jidem? g
1, [CH(H"),CrBr, -51 191
2, [Cr(H),Cr"](CIO)2 —47  2.04
4, Crll (H*),Cri! -31 204
5, CrlLi'Crt —5.8 2.07
7, Criicu'crt +18.5 —-7.0 1.96
8, Cr''Ni"Cr! —-0.7 —-1.8 Ocr= 2.0,
ONi = 2.15
10, Cr'Ca' (Is)Cr! -0.3  1.99
11, Cr'Fél(Is)Cr! 0 1.98
12, Cr'Fe'(Is)Cr —15.7 -3.0 1.99
13, Cr'mn!'Cr" +4.5 —11.5 2.06

sary. In our model (=J12 = Jz3) represents the exchange
interaction between adjacent metal ions, i.e., the terminal
chromium and the central divalent or trivalent metal ions,
whereasJ;; describes the interaction between the terminal
chromium nuclei within the trinuclear complex. Table 6
summarily presents the intramolecular exchange parameters.
As the complexes, 2, 4, 5, 10, and11 containing only two
paramagnetic centers, viz. Cr(lll), may be considered magneti-
cally as dinuclear complexes, we start our discussion with their

Burdinski et al.

The exchange coupling constants fgr2, 4, 5, 10, and 11,
evaluated by simulation of the magnetic data, are given in Table
6. Itis noteworthy that thentramolecular exchange coupling
is observed i1, 2, 4, and5, in which the chromium(lll) centers
are separated by a large distance of ca. 7.2 A. Incorporation of
low-spin ¢ Co(Ill) and Fe(ll) in10 and 11, respectively, by
substituting protons of Gf{(HT),Cr'" (1 and 2), inhibits the
exchange interaction) (& 0), demonstrating the different roles
of the central diamagnetic ions on the magnitude of the magnetic
interactions between the terminal chromium(lll) centers sepa-
rated by a distance of 7.2 A. The above points are relevant
for the exchange mechanism that will be discussed later.

The cryomagnetic property of the ®€u'Cr"' complex,?,
is shown in Figure 6 in the form of ge Vs T plot. The
magnetic moment of 5.64g at 295 K remains nearly constant
until 100 K with a value ofuest = 5.57ug. Below 100 K, the
magnetic moment decreases very slowly to a value of 4g21
at 10 K and then it starts to decrease rapidly reaching a value
of 3.51ug at 2 K. The least-squares fitting, shown as the solid
line in Figure 6, of the experimental data leadsite- +18.5
cm 1, Ji3= —7.0 cnTl, andg = 1.96. Similar ferromagnetic
coupling has been observed for the bis(oximato)-bridged- Cr
Cu' specie$** Interestingly, the strength of the ferromagnetic
coupling in 7 is identical with that in a CtCu' dinuclear
compound, described earlier? is the first structurally char-
acterized tris(oximato)-bridged &€u'Cr!" trinuclear com-
pound, and the parallel spin couplint=£ +18.5 cntl) between
the neighboring Cr(lll) and Cu(ll) ions falls at the upper end
of the observed range for all similar compounds known in the
literature?445 1t is interesting to note that the related isoelec-
tronic MnVCu'Mn'"Y complex also exhibits ferromagnetism, but
the exchange interaction is remarkably strongkr=(+72.7
cm1),10 attributable to the higher charge on the Mn(IV) center
than that on the Cr(lll) center. Thus, the higher covalent
character of the Mn(IV)-ligand bond leads to stronger electronic
interactions. The nearest-neighbor interactigris ferromag-
netic, while J;3 is antiferromagnetic foi7. Because of the
competing influence of andJ;3 upon spin coupling ir¥, the
ground-state possesses@n- 3/,, which lies 4.5 and 9.5 cmt
below the first excited state wit§ = %/, and the second excited
state with§ = %/, respectively. If one neglects the terminal
couplingJ;3, the ground state afwould beS = 7/,. The energy
ladders for7 evaluated with and withoul;3 are depicted in
Figure 7. Similar ground-state variability, i.e., the influence of
Ji3 on the spin ladder, has been unambiguously demonstrated
earlier by us® Itis knowrfathat the ground state is determined
not by the absolute values dfandJ;3 but by their ratioJ;3/J.

It is necessary to mention here that, on replacing dimethyl-
glyoxime by diphenylglyoxime (dpg) in the correspondingd'Cr

magnetic properties. The temperature dependence of theCu”Cr'“(dpg) complex, the exchange coupling constants of

magnetic moments of the “dinuclear” complexed0, and11
are displayed in Figure 6. In a preliminary report we have

= 4+4.7 cnmt andJ;3 = —5.3 cnT! lead to a ratio ofli3/J =
—1.13, and as a result of that, the ground state changgsto

already published the temperature dependence of the magnetit;,2 for the CHCu'Cr'(dpg) complext32 The diphenyigly-

susceptibility and magnetic moment 2£° 1 is the bromide
salt of the cation ir2 and exhibits, as is expected, temperature
dependence identical to that far

The magnetic momenter/molecule for10, Cr'Co"Cr"',
remains nearly constant from 295 K (5.z4) to 40 K (5.38
us), below which it starts to decrease very slowly with
decreasing temperature until it reaches the value of bgl&
10 K. Below 10 K there is a rapid decreaseuigk reaching a
value of 3.9%g at 2 K. Forll, Cr''Fé!(Is)Cr!, the temperature
dependence dier is even smaller; the values pfs/molecule
are 5.4%g at 295 K, 5.435 at 10 K, 5.3%5 at 3 K, and 5.25
ug at 2 K.

oxime series will be reported in detail in a forthcoming paper.
The energy ladder for the diphenylglyoxime complex is also
shown in Figure 7 for the purpose of comparison. We want to

(44) (a) Zhang, S. W.; Liao, D.-Z.; Jiang, Z.-H.; Wang, G.Transition
Met. Chem1995 20, 396. (b) Zhong, Z. J.; Okawa, H.; Matsumoto,
N.; Sakiyama, H.; Kida, SJ. Chem. Soc., Dalton Tran%991, 497.

(45) (a) Glerup, J.; Goodson, P. A.; Hodgson, D. J.; Lynn, M. H.; Michelsen,
K. Inorg. Chem.1992 31, 4785. (b) Zhong, Z. J.; Matsumoto, N.;
Okawa, H., Kida, Slnorg. Chem.1991, 30, 436. (c) Journaux, Y.;
Kahn, O.; Zarembowitch, J.; Galy, J.; Jaud).JAm. Chem. So&983
105 7585. (d) Andruh, M.; Melanson, R.; Stager, C. V.; Rochon, F.
D. Inorg. Chim. Actal996 251, 309. (e) Ohba, M.; Tamaki, H.;
Matsumoto, N.; Okawa, Hnorg. Chem.1993 32, 5385.
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Figure 7. (a) Low-lying energy states for complék Cr''Cu'Cr'"-
(dmg), using) andJis (levels on the right) and only (left-hand side)
to show the effect ofl;3 on the energy-splitting pattern. The corre-

sponding change in the energy levels of the different states has been

denoted by dotted arrows. The energy of the ground $&& [has
arbitrarily been set at 0 cri. (b) Spin ladder appropriate for the
compound CFCuU'Cr'"(dpg), where dpg denotes the dioxime diphe-
nylglyoxime.

emphasize here that two different exchange interactions are
operative in these linear oximato-bridged trinuclear complexes.
The assumption occasionally made that no couplinggite

between the terminal ions may yield a wrong spin ground state.

The magnetic momenpes/molecule, for8 changes only
slightly from 6.19ug at 290.3 K to 5.99% at 80 K. Below 80
K, ues Starts to decrease steadily reaching a value of ig/é&
2 K (Figure 8). This magnetic behavior is quite characteristic
of an antiferromagnetic coupling between the paramagnetic
centers. To determine the zero-field parameter, particularly of
the central Ni(ll) ion, the magnetization as a functiorgef/kT
at three different applied magnetic fields (1, 4, and 7 T) has
been measured. The best fit for the three field-strengths yields
the following parameters:

137

J=-070cm* J 18cm' g, =200

gy =215 Dg=1.0cm' Dy=14.0cm*
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Figure 8. Plots ofym andues vs T for solid 8 and12. The solid lines
represent the best least-squares fits of the experimental data by the

theoretical equation.

to decrease reaching a value of 4iiglat 2 K. The temperature

behavior of the magnetic moment D2 clearly indicates tha®
= 1, of low-spin Fe(lll) is antiferromagnetically coupled to

the terminalS= 3/, of the Cr(lll) ions. The least-squares fitting,

shown as the solid line in Figure 8, yields= —15.7 cn?, J;3
= —3.0 cnT, andg = 1.99. It must be pointed out that the
complex CHCu'Cr'", 7, with the spin constellation & = S
= %, and $ = %, identical to that of12, Cr'Fe'(Is)Cr",
exhibits parallel spin coupling between neighboring ions.
The magnetic moment fa3, CH'"Mn"'Cr", remains nearly
constant (8.5%£8.40ug) in the temperature range 2930 K.
Below 70 K it drops steadily and reaches a value of 623t
2 K (Figure 6). A ferromagnetic couplingl = +4.5 cnT?)
between the neighboring f+Mn' and an antiferromagnetic
interaction {13 = —11.5 cnT?l) between the terminal Cr(lll)

We performed a systematic search in parameter spaces tQenters with an averagp= 2.06 were evaluated by the fitting

determine the nature of the fit minimum. The error maps in procedure. Thels value obtained from the fitting procedure
fact reveal that the above parameters do represent a well-definedor 13 is attached with a comparatively high error, as is

global minimum for this system. The correspondingly calcu- evidenced by the error contour map showing a long minimum

lated (Figure 8, solid linesym anduesr vs T curves with the

parallel toJ;3 axis. But the error bar on the quotddralue is

above parameters show very good agreement with the experi-small and can be estimated to #6.5 cntl. Thus the CH—

mental data. Thus we conclude that both of the interactions,

neighboring and terminal, f@, Cr''Ni"'Cr'"', areantiferromag-
neticin nature. Interestingly, most of the known Cr(HNi(ll)
interactions in the literatuf@are, in accord with the predictions
made nearly 30 years agbferromagnetic in nature.

The magnetic behavior ofl2, Crl'Fe'(Is)Cr", is also
displayed in Figure 8. When the temperature is lowergd
decreases monotonically from 5.8 at 300 K, approaches a
broad minimum around 30 Kutt ~ 4.79ug), and then starts

(46) (a) Pei, Y.; Journaux, Y.; Kahn, Morg. Chem.1989 28, 100. (b)
Corbin, K. M.; Glerup, J.; Hodgson, D. J.; Lynn, M. H.; Michelsen,
K.; Nielsen, K. M.Inorg. Chem.1993 32, 18.

(47) (a) Martin, R. L. INnNew Pathways in Inorganic Chemistiigbsworth,
Maddock, Sharpe, Eds.; Cambridge University Press: Cambridge, U.K.,
1968; Chapter 9. (b) Ginsberg, A. Porg. Chim. Acta Re 1971, 5,
45.

(48) (a) Gidlich, P.; Link, R.; Trautwein, AMossbauer Spectroscopy and
Transition Metal ChemistrySpringer-Verlag: Berlin, Heidelberg, New
York, 1978. (b) Gtlich, P. InM@ssbauer Spectroscopgonser, U.,
Ed.; Springer-Verlag: Berlin, 1975; Chapter 2.
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Scheme 2

o/ n Superexchange

Mn'! interaction in13 is ferromagnetic like the corresponding
Mn"VY—Mn'" and Md"—Mn'" interactions described earli&rA
very weakly ferromagneticallyJ(= +0.5 cnt) coupled
oxalato-bridged CtMn" binuclear compound was recently
reported, but without any X-ray structural characteriz&fibn
Concluding Discussion. The trend in the sign and the
magnitude of the neighboring spin-couplingzigCr'' Cu'Cr'"),
8 (Cr'Ni''Cr), 12 (CrI'Fe'l(Is)Cr), and 13 (Cr!'Mn''Cr!")

Burdinski et al.

is certainly very important, since th& arbitals centered both

on chromium and nickel are situated in the plane of the bridging
oxime network and interact efficiently. It should be noted that
the local geometry of the central N§Ncore is not perfectly
trigonal prismatic but more twisted toward an octahedron with
a twist angle of 23.8than the corresponding CyNore in7.

This distortion from trigonal prismatic arrangement decreases
the overlap between the magnetic orbitals of Cr(l1l) and Ni(ll).
Hence, the nature of the exchange interaction and its magnitude
in triply bridged CH'Ni" pair is expected to be a function of
the twist angle at the Ni center. The closer is the trigonal
prismatic arrangement of the metal center, the stronger would
be the antiferromagnetic interaction. We are working on this
problem to establish this hypothesis.

For the CHMn" case, 13, with the d(hs)d electronic
configuration, the experimental observation of a weaker parallel
interaction ¢-4.5 cnT) than that in7 shows that the antiparallel
path (1) prevails, but the overall spin interaction is dominated
by the parallel paths (2) and (3). Interestingly, occupancy of
the &' orbital by the single unpaired electron of Fe(lll) 112,

can be qualitatively rationalized on the basis of the symmetry g3(Is)cf, results in an overall antiparallel spin coupling, showing

of the bridge-network, Cr(O-N\, as a whole. The Cr(O-NM
heterobimetallic unit has an idealiz&d, symmetry. The five
metal d orbitals transform iBs, symmetry as'ad2), €(de-y20y),
and €(dx»0y). Thus, the following predominant exchange
pathways can be envisaged for the Cr(HM pair, present in
the complexed, 8, 12, and13;

a,(dy)lla(d,) antiparallel D)
a;(d,)0e (dy ) parallel )
a,(d,)0e'(d,d,) parallel 3)
€(de_yd)llE(de yod,) antiparallel 4)
e'(d,d,)lle'(dd,) antiparallel (5)

The sp-hybridized oxime (N and O atoms) ligand orbitals
pointing toward the metal centers overlap most strongly with
the €'(dx,0y,) metal d orbitals. The ligand orbitals, which are
in the plane of the chelate ring, overlap most strongly with a
(d2) of the metal d orbitals. It should be pointed out that the
a,d; overlap, shown in Scheme 2, is of battands character.
For the Cu(ll) complex7 (d®d®d®), the unpaired electron of
Cu(ll) occupies the 'eorbital, which is the transformation of
the dz-y and dy orbitals in theDs, point group. As the
antiferromagnetic path (1) is absent7nthe overall interaction
observed in7 is accordingly ferromagnetic.

If one next views the CINi'"Cr'' species8 (d®d®d®), the
ferromagnetic interaction) = +18.5 cnt?) decreases drastically
to such an extent that a very weak antiparallel interactios (
—0.7 cnt?) is observed for the nickel comple&, Thus, the
contribution of the path (1)J(a181), to the overall interaction

the predominance of the superexchange path (3Rin

The z-conjugated system of the oxime ligand, delocalized
over the whole bridging groups and perpendicular to the plane
of the oxime ligand, appears to provide the dominant antifer-
romagnetic interaction between the terminal Cr(lll) ions,
separated by as large a3 A. A comparison of the complexes
containing a diamagnetic ion as the central speciesi.g, 4,

5, 10, and 11 (Table 6), clearly indicates the participation of
the central metal ion in the transmission of the antiferromagnetic
exchange interaction between the terminal chromium(lll) ions.
As pointed out before, the distortion of the central metal ion
from a trigonal prismatic arrangement of the ligands toward an
octahedron acts as a barrier toward the spin coupling between
the terminal Cr(lll) ions, as a result of the inefficient interaction
between the orbitals of the oxime network and the Cr(lll) ions.
The terminal spins of/, are actually noninteracting ihl, with

the low-spin @ Fe(ll) exhibiting the greatest twist angle of 32.8

It is worth mentioning that EPR and magnetic measurements
have recently unambiguously demonstrateditiy@molecular
nature of the physically significant exchange interactions
operating between the terminal Cr(lll) centers separated by a
large distance of 7.14 A in an analogous'@n'Cr'" com-
pound??
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