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Synthesis, Crystal Structure, and Magnetic Properties of a Ferromagnetically Coupled
Difluoro-Bridged Dinuclear Chromium(lll) Complex with a Substituted Tetrahydrosalen
Derivative as Ligand'

Introduction

As a continuation of our current studie$® on thermody-
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A novel difluoro-bridged dinuclear chromium(lll) complex has been synthesized by the reacticans{Cr-
(py)4F2]ClO4 in 2-methoxyethanol with a substituted tetrahydrosalen derivafiyedmeans the negatively charged
ligand obtained by dissociation of two protons fromLE = N,N'-bis(2-hydroxy-3,5-dkert-butylbenzyl)-1,2-
ethanediamine). The crystal structure of [€Fl»2C3HgO, has been determined. The crystal system is triclinic,

and the lattice constants age= 9.604(2) A,b = 13.346(2) A,c = 15.751(2) Ao = 74.00(1}, B = 87.94(1},

andy = 70.55(1y. Z = 1 and the volume of the unit cell is 1826.40(49}. AThe space group iB1 (No. 2).

The refinement of 456 variables includes 6279 of the 7631 independent reflections. The final residual is 4.08%.
The centrosymmetric dinuclear molecule consists of two slightly distorted octahedsadtyordinated chromium
centers bound together by two fluoride bridges. Thele+Cr angle is 100.90(4) and the CtF(bridge) distances

are 2.0172(8) and 1.9754(9) A, and the-@r distance is 3.0787(4) A. The configuration of the dinuclear molecule

is cis,cisO,0-A,A, wherecisrefers to the position of the two oxygen donors andndA refer to the configuration

of the two N,O chelates of the tetradentate ligafdteach of the two chromium(lll) centers. The two chromium-

(1) centers in the complex are ferromagnetically coupled. On basis of measurements of the field-dependent
magnetization and the magnetic susceptibility, respectively, it has been shown unambiguously that the ground
state is a septet state. It has not been possible to determine the monoatomic zero field splitting pBréworater

the magnetic susceptibility measurements, but the parameter has been determined from the EPR spectra measured
at 4 and 21 K. From simulation of the EPR spectra the following parameters have been obthined1.4

cm™?, De = 0.008 cn?, Ec = —0.015 cml, Dy = Dy = —0.658 cm'%, Ea = E, = 0.133 cMY, gxa = Gxo = Gya

= gyb = 1.98, andg,a = g, = 2.00.

and tetranuclear complexes, we initigdt®® an investigation
of oligomeric chromium(lll) compounds with the tetrahydro-

namic, kinetic, magnetic, and electronic properties of di-, tri-, 9enated ligand bH,]salen and its derivatives. We and others

have for many years studied transition metal complexes of these

Ligand abbreviations (see also Chart 1)sLM= tetrahydrosaler= ligands?'=33 but only few chromium(lll) complexes with sakn
Ha[H4]salen= N,N'-bis(2-hydroxybenzyl)-1,2-diaminoethanejld = N,N'-

bis(3tert-butyl-2-hydroxy-5-methylbenzyl)-1,2-diaminoethanel fi= N,N'-

bis(2-hydroxybenzyltrans-(S,9-1,2-cyclohexanediamine; H* = N,N'- (1) Springborg, J. In: A. G. Sykes, Eddvances in Inorganic Chemistry
bis(2-hydroxybenzylgis-1,2-cyclohexanediamine;H> = N,N'-bis(3tert- Academic Press: San Diego, CA, 1988; Vol. 32, p 55.
butyl-2-hydroxy-5-methylbenzyfyans-(S9-1,2-cyclohexanediamine;H¢ (2) Kaas, K.; Nielsen, B.; Springborg, Acta Chem. Scandl.989 43,
= N,N'-bis(31ert-butyl-2-hydroxy-5-methylbenzylgis-1,2-cyclohexanedi- 233.
amine; HL? = N-(3-tert-butyl-2-hydroxy-5-methylbenzylIN'-(1-(2-pyridyl)- (3) Springborg, JActa Chem. Scand.993 43, 144.
ethyl)-1,1-dimethyl-1,2-ethanediamine;lt} = N,N'-bis(2-hydroxy-3,5-di- (4) Bjerrum, M.; Kaas, K.; Larsen, E.; Nielsen, B.; Springborgnarg.
tert-butylbenzyl)-1,2-ethanediamine. Chem.1989 28, 532-538.

® Abstract published iAdvance ACS Abstract®yovember 1, 1996. (5) Springborg, JActa Chem. Scand.992 46, 906.

S0020-1669(96)00342-4 CCC: $12.00 © 1996 American Chemical Society
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or its substituted derivatives have been repotted! and only Chart 1

one chromium(lll) complex with tetrahydrogenated salen has H H H H
been publishe@ prior to our recent studig$:2° In order to NN MV
study the possible steric effects of substituents on thséters H, L' dOH . oi@ H, L2 ‘@w . 0?»
backbone upon the stereochemistry and nuclearity of the

complexes a series of ligands(lto L in Chart 1) with

increasing bulkiness were investigated. The result was that

minor changes in the ligand structure result in drastic changes

in products. The ligandsiLand L3, respectively, were found Ho LA AN M

to give tetranuclear chromium(lll) species with a novel bridging 3 NN . dN N:@
skeleton, shown by a crystal structure of the [Gslcomplex, Ho L dOH Hob Hp L OH HO

as schematically shown in Chart 2A. The ligandsalnd L,

respectively, gave dinuclear complexes assumed to have a
difluoro-bridged structure as shown in Chart 2B. In this context

H\ 5 \ /H H\ 5 Z /H
it is noted that the crystal structure of another tetranuclear . NN NN
chromium(lll) complex has been reported receétlyln the Ha L OH HO Hp L® OH HO
latter case the bridging skeleton is similar to that shown in Chart

2A, but with an additional fluoro-bridge between two opposed
chromium(lll) centers. With the ligand®la dinuclear complex
with an ethoxo and fluoro bridge was formed as shown by its

H\ /H H\ VamnN /H
N N N N
crystal structure (Chart 2C). In all the above-mentioned 7 d o \C H, L8 Q/ OH HO P
experiments the compounhns[Cr(py)sF2]ClIO4 was used as =
starting material. Usingrans[Cr(py)4Cl2]CIO4 as starting

(6) Springborg, JActa Chem. Scand.992 46, 1047. Chart 2
(7) Galsbgl, F.; Simonsen, K; Springborg,Atta Chem. Scand.992 Et
46, 915. Cr—F——0Cr F o
(8) Springborg, JActa Chem. Scand.992 46, 956. | | / \ /
(9) Galsbagl, F.; Kaas, K.; Nielsen, B.; SpringborgAdta Chem. Scand. Cr Cr Cr Cr
1995 49, 44,
(10) Glerup, J.; Hazell, A.; Michelsen, KActa Chem. Scandl991, 45, (l:r—F (l:r \F/ \F/
1025-1031.
(11) Glerup, J.; Hazell, A.; Michelsen, K.; Weihe, Acta Chem. Scand. A B c
1994 46, 618. . .
(12) Glerup, J.; Josephsen, J.; Michelsen, K.; Pedersen, Jff&ci@ E. material, phenoxo-bridged complexes were formed and one of
13 g(lita CheJW-HSCdaMW%Z‘} .2373254- e Chem. Scando8 these has been characterized by an X-ray structure an#lysis.
( )Agul%l_" odgson, D. J.; PedersenAgta Chem. Scand 983 The proposed difluoro-bridged complexes (withdnd L5)
(14) Gle}up, J.; Weihe, H.; Goodson, P. A.; Hodgson, Ondrg. Chim. were shown to exhibit a ferromagnetic coupling between the
Acta 1993 212 281. _ _ - two chromium(lll) centers. This is a rather unusual situation
(15) Bang, E.; Eriksen, J.; Glerup, J., Monsted, L.; Mansted, O; Weihe, ¢4 chromium(lll), and it was therefore desirable to further
H. Acta Chem. Scand.991, 45, 367. .
(16) Glerup, J.; Weihe, Hacta Chem. Scand.991 45, 444. characterize these compounds. Unfortunately we were unable
(17) Glerup, J.; Larsen, S.; Weihe, Hcta Chem. Scand.993 47, 1154. to grow crystals suitable for X-ray structure determination, so

(18) Goodson, P. A.; Glerup, J.; Hodgson, D. J.; Michelsen, K.; Ry-  that the proposed structures remained uncertain until now. In
chlewska, Ulnorg. Chem.1994 33, 359. . . .
(19) Battcher, A.; Elias, H.; Glerup, J.; Neuburger, M.; Olsen, C. E.; Paulus, thiS Work we describe our successful attempt to synthesize an

H.; Springborg, J.; Zehnder, Micta Chem. Scand.994 48, 967. analogue to the supposedly difluoro-bridged complexes reported

(20) Batcher, A.; Elias, H.; Glerup, J.; Neuburger, M.; Olsen, C. E.; previously and a crystal structure determination of the complex.
Springborg, J.; Weihe, H.; Zehnder, Mcta Chem. Scand 994 48,

081 Having successfully characterized the structure of this new
(21) Batcher, A.; Elias, H.; Miler, L.; Paulus, HAngew. Chem1992 difluoro-bridged compound it was an obvious candidate for a
104, 635; Angew. Chem., Int. Ed. Engl992 31, 623. more detailed study of the magnetic and electronic interactions

(22) Baran, P.; Bticher, A.; Elias, H.; Haase, W.; Hyer, M.; Fuess, H.;

Paulus, HZ. Naturforsch.1992 47B, 1681. .
(23) Bitcher, A.; Elias, H.: Jger, E.-G.; Langfelderova, H.; Mazur, M.;  and EPR spectroscopy. When the sample is cooled to very low

Miiller, L.; Paulus, H.; Pelikan, P.; Rudolph, M.; Valko, Nhorg. temperatures (4 K), the increase in intensity of certain lines
24) %g?g;-g?%?és‘éﬁ?nlénn B Elias, H. Hilms, E.: Huber, A Kniep within the septet EPR spectrum proves that these lines are

R.; Neuburger, M. Ror, C.; Springborg, J.; Zehnder, ML Natur-  tansitions from the lowest energy I(_i'vels. On the basis of these

forsch.1994 49B, 1089. facts we have been able to determine the absolute value of the

(25) Pillai, M. R. A.; John, C. S.; Lo, J. M.; Schlemper, E. O.; Troutner, zero field splitting (zfs) of the individual metal atoms.
D. E. Inorg. Chem.199Q 29, 1850.

(26) Gaetani Manfredotti, A.; Guastini, G\cta Crystallogr.1983 C39, Experimental Section
863.
(27) Kurtz, D. M.Chem. Re. 1990 90, 585. The compoundrans[Cr(py)sF;]ClO4 was prepared by published

(28) Xogg\(])n'cﬁémMCslgsai;kgébTé;ngeabbs' F. E; Richards, A.; Thornley, - methodgi235 All other chemicals were of analytical grade. C, H, and
(29) Lewis. J.- Mabbs. F. E.: Richards. A. Chem. Soc. A967 1014. N analyses were made by Preben Hansen at the Microanalytical

(30) Borer, L.; Thalken, L.; Ceccarelli, C.; Glick, M.; Zhang, J. H.; Reiff, ~Laboratory at the H. C. @rsted Institute, Copenhagen. —ui¢

W. M. Inorg. Chem.1983 22, 1719. absorption spectra were obtained using a Cary 3, or a Hewlett-Packard,
(31) Yamada, S.; Iwasaki, K. Inorg. Chim. Act&71, 5, 3. 8451A, diode array spectrophotometer.
(32) Ainscough, E. W.; Bingham, A. G.; Brodie, A. M.; Husbands, J. M.; Proton NMR spectra were recorded on a Varian EM 360 L (60 MHz)

(33) T%V&’nm dasr:-::n\]. AEJé (_:C\?rr]g'lasnocj'_ %?é%?c;riniﬁlclgeorﬁ S0d977 spectrometer and chemical shift valué gre reported in ppm relative

(34) Thomas, B. J.; Mitchell, J. F.; Theopold, K. H.Organomet. Chem.
1988 34835. (35) Glerup, J.; Mgnsted, O.; Sdfex, C. E.Inorg. Chem1976 15, 1399.

between the two metal centers using magnetic measurements
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Positive ion FAB mass spectra were obtained on a Jeol AX505W Table 1. Crystallographic data for [CAE]*2CsHgO2?
mass spectrometer using NBA (3-nitrobenzylalcohol) as matrix. The

m/z values given in the following are for the center of the isotope gﬂem formula 1[2%;570%'\]2':&]2 2CHs0;

clusters. alA 9.604(2)
Field dependent magnetization measurements at 3.5 K were per- /A 13.346(2)

formed by a Faraday system consisting of an Oxford Instrument c/A 15.751(2)

superconducting magnet with a main field up to 8 T, and a maximum a/deg 74.00(1)

gradient field of 10 T m*. The system is equipped with a Cahn D200 pldeg 87.94(1)

microbalance with a resolution of Ouy. HgCo(SCN)jwas used as a yldeg 70.55(1)

calibrant. The sample was constituted of crystals contained in an ~ V/A? 1826.40(49)

aluminium container. The effect of the container was determined Z 1

independently. Space group P1 (NO 2)
The magnetic susceptibility (cgs units) of powdered samples was \-/rv/elt(velength (Cu K)/A %9584178

measured with a Faraday balance, described elsewhérethe DJ/gem 3 1..167

temperature range-2300 K at field strengths of 0.26, 0.52, 0.78, 1.04, u(CuKg)lem 29.315

and 1.3 T. The measurements have also been performed on a mixture Rog 4.08

of the complex with 10% silicone grease to see if reorientation of the R, % 4.47

crystallites was of importance. The susceptibility data have been . .

corrected for diamagnetism by Pascal's constants. a Segz also description of the crystal structure concerning the number
The EPR spectra have been measured with a Bruker ESP SOOOIE ;;arla't:)Ies.llzR = JlFol — IFcl/ZIFel. Ry = (SwlFo| —

equipped with an Oxford flow-cryostat ESP 900 (EPR frequency 9.39 IFel/ZWIFol?)"™

GHz, modulation frequency 100 kHz, and modulation amplitude 0.5 . . .

mT). CuKo radlat_lon. Three standard reﬂectlons_ monitored every hot_Jr
Syntheses. N,N'-Bis(2-hydroxy-3,5-ditert-butylbenzyl)-1,2- showed no intensity loss. The usual corrections were applied. Dif-

ethanediamine (HL?). 3,5-Di-tert-butyl-2-hydroxybenzaldehyde was fraction absorption correction has been determinedukgcans. The
prepared according to a published procedfire. structure was solved by the Patterson method using the program

Q@3B AR d } ; ;
A solution of 23.43 g (0.1 mal) of 3,5-dert-butyl-2-hydroxyben- SHELXS-86% Anisotropic least-squares refinement was carried out

zaldehyde in 200 mL of ethanol was heated t¢@0and 3.01 g (0.05 on all non-H-atoms using the program CRYSTA#SPositions of H
mol) of 1,2-ethanediamine was added dropwise with stirring. The atoms have been calculated except those bonded to N or O atoms which

solution was then allowed to cool to room temperature. The yellow have been refined isotropically restraining their bond lengths to 1 A.

salen ligand was filtered off and washed with cold ethanol. Yield: Scattering factors were taken from the literattfreFinal positional
20.9 g (85%) parameters for non-hydrogen atoms are given in Table 2, and selected

The salen ligand was reduced to the tetrahydrosalen ligand by the bond lengths and angles are given in Table 3.

following method. To a stirred suspension of 9.86 g (0.02 mol) of . .
salen ligand in 40 mL glacial acetic acid was added 3.77 g (0.06 mol) R€sults and Discussion

of solid NaBHCN within 2 h, whereupon the salen ligand dissolved . . . .
and the solution became colorless. Then 60 mL of water was added Synthesis. A new dinuclear chromium(llf) complex with the

and the pH was adjusted to approximately 7 by addition of concentrated ligand LE,; (Chart 1) has been synth_e5|zed. Thg Ilgar!éisu_7
NaOH. The mixture was extracted with>380 mL of CH,Cl,. The shown in Chart 1 refer to previoush® studied di- and
organic extract was washed with J&0O; solution and dried over tetranuclear species with Chr0m|um(|”) as mentioned above.
anhydrous Ng8Q,, and the solvent was evaporated in vacuo. The A novel fluoro-bridged complex with the stoichiometry [CHl--
colorless residue was recrystallized from chloroform/petroleum ether 2CsHgO, was obtained from the reaction wans{Cr(py)4 F]-
to yield colorless needles of the pure compound. Yield: 6.96 g (70%). ClO, and L8 in 2-methoxyethanol at 78C and was isolated in
Melting point: 187°C. IR data (KBr): v(N—H) 3300, 3340 cm. high yield (52%) as black-green crystals. The stoichiometry
"H-NMR data (60 MHz, CDG): 6 = 1.3 (s, 18H; tBu), 1.4 (s, 18H;  of the new complex, obtained from elemental analysis and
Bu), 2'89 (s, 4H; CH), 4.0 (s, 4H; CH)'86'9_7'4 (m, 4H; aryl-H). FABMS, strongly indicated that it is a dinuclear neutral, so-
[CrL °Fl2-2C5Hs0,. A mixture of HL® (1.242 g, 2.5 mmoljrans called inner complex, and it is therefore not surprising that it is
[Cr(py)aF2]ClO4 (1.265 g, 2.5 mmol), and 2-methoxyethanol (60 mL) . - L - -
placed in a conical flask equipped with a condenser was stirred at 70 msolublg in acidic, neut_ral, and basic aqueous solvents. .lt. IS
°C for approximately 15 min, during which time all solid dissolved. Seluble in several organic solvents. The general low solubility
The solution was then kept without stirring at 70 for 3 days. Dark ~ Of this new species made it in practice impossible to characterize
black-green crystals separated. The mixture was slowly cooled to roomand study it by the classical methods such as pH studies. The
temperature and then kept for 2 days 4C5 The crystals were filtered  visible absorption spectrum (see Experimental Section) is similar
off, washed with three 10-mL portions of 96% ethanol and then with to those reportéd for the two supposedly difluoro-bridged
diethyl ether, and dried in the air. Yield: 0.83 g (52%). Anal. Calcd complexes with the ligands2land LS.

for CsHsoN2O,CrC3HgO,: C, 65.50; H, 9.11; N, 4.36. Found: C, X-ray Crystal Structure of [CrL 8F]2'2C3H802 . The

. . . - 8
65.35; H, 9.15; N, 4.42. FABMSWz 1130 (M= [CrL7FL). The crystals of [CrI8F],*2C3HgO, were thin, yellow-green plates.

product is soluble in chloroform (green-blue), acetone (blue), hot dmso ' : ;
(purple), hot dmf (bluish purple), and hot nitromethane (blue). It is The sample chosen for the X-ray experiment had the dimensions

insoluble in acidic, neutral, and basic aqueous solutions. of 0.10 x 0.14 x 0.38 mm (Table 1). The dimeric molecule
UV —vis data: €/(L (mol of Cr(l11))~1 cm™L), A/nM)nay (189, 596, crystallizes in the triclinic space grotfi (No. 2). The structure

and 12450, 290, and 12600, 246)/(L(mol Cr(lll))~1 cm™), is shown in Figure 1. The space between the ball-shaped

AInMknouiger 199, 406. Solvent: chloroform. molecules is filled with solvent molecules (2-methoxyethanol)

X-ray Structure Determination. Crystal data and parameters of from the reaction. The arrangement in the unit cell is shown
the data collection are compiled in Table 1. Unit-cell parameters were jn Figure 2, and the numbering of the atoms is shown in Figure

determined by accurate centring of 25 strong independent reflections 3, The center of symmetry falls together with the centroid of
with 17.93 < 6 < 50.55 by the least-squares method. Reflection

intensities were collected at 298 K on a four-cycle diffractometer Enraf-
Nonius CAD4 equipped with a graphite monochromator and using

(38) Sheldrick, G. M. SHELXS-86. Universit&ottingen, 1986.

(39) Watkin, D.CRYSTALSIssue 9; Chemical Crystallography Labora-
tory: Oxford, England, 1990.

(36) Berres, C. Deutsches Bundespatent DBP 952629, 1956. (40) International Tables for X-ray Crystallographitynoch Press: Bir-

(37) Josephsen, J.; Pedersen|rbrg. Chem.1977, 16, 2534. mingham 1974; Vol. IV.
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Table 2. Positional Parameters and Equivalent Isotropic Thermal
Parameters for [CHF],-2C3HgO2

atom x/a y/b zlc Weq)
Cr(1) —0.09119(3) 0.03301(2) 0.07642(1) 0.0274
F(1) —0.10483(9) —0.02224(7) —0.02893(5) 0.0340
o(1) —0.0719(1) 0.09685(9) 0.16674(7) 0.0373
C(1) —0.1165(2) 0.2035(1) 0.1679(1) 0.0349
C(2) —0.1426(2) 0.2305(1) 0.2499(1) 0.0384
C@®3) —0.1435(2) 0.1435(2) 0.3368(1) 0.0449
C(4) 0.0073(3) 0.0537(2) 0.3609(1) 0.0674
C(5) —0.1845(3) 0.1945(2) 0.4145(1) 0.0578
C(6) —0.2593(3) 0.0907(2) 0.3277(1) 0.0639
C(7) —0.1705(2) 0.3402(1) 0.2481(1) 0.0425
C(8) —0.1803(2) 0.4261(1) 0.1715(1) 0.0421
C(9) —0.2076(2) 0.5440(1) 0.1770(1) 0.0526
C(10) —0.3549(3) 0.5848(2) 0.2176(2) 0.0689
C(11) —0.0850(4) 0.5445(3) 0.2333(3) 0.0818
C(12) —0.2195(4) 0.6264(2) 0.0840(2) 0.0723
(C(110) -—0.197(2) 0.5436(8) 0.2745(6) 0.0744)
(C(111) —0.093(1) 0.5877(9) 0.1271(9) 0.0587)
(C(112) -—0.358(1) 0.6168(8) 0.136(1) 0.0968)
C(13) —0.1652(2) 0.3984(1) 0.0923(1) 0.0426
C(14) —0.1341(2) 0.2896(1) 0.0896(1) 0.0385
C(15) —0.1116(2) 0.2672(1) 0.0005(1) 0.0403
N(1) —0.1808(2) 0.1880(1) —0.01177(8) 0.0366
C(16) —0.3445(2) 0.2246(1) —0.0090(1) 0.0461
Cc@7) —0.3949(2) 0.1247(2) 0.0174(1) 0.0447
N(2) —0.3067(1) 0.0498(1) 0.10027(9) 0.0378
C(18) —0.3258(2) —0.0600(1) 0.1333(1) 0.0433
C(19) —0.2366(2) —0.1252(1) 0.2199(1) 0.0378
C(20) —0.3071(2) —0.1555(2) 0.2971(1) 0.0441
C(21) —0.2270(2) —0.2157(2) 0.3773(1) 0.0456
C(22) —0.3040(2) —0.2463(2) 0.4634(1) 0.0594
C(23) —0.3872(8) —0.3200(6) 0.4528(3) 0.0831
C(24)  —0.407(1)  —0.1472(5) 0.4831(5) 0.1119
C(25) —0.1901(6) —0.3162(7) 0.5439(3) 0.0890
(C(123) —0.283(1) —0.3636(6) 0.4898(6) 0.1046)
(C(124) -—0.4683(7) —0.1797(9) 0.4499(5) 0.0895)
(C(125) —0.2411(9) —0.2141(9) 0.5344(4) 0.0804)
C(26) —0.0736(2) —0.2481(2) 0.3761(1) 0.0437
C(27) 0.0036(2) —0.2220(1) 0.3011(1) 0.0372
C(28) 0.1733(2) —0.2700(1) 0.3040(1) 0.0426
C(29) 0.2150(2) —0.3509(2) 0.2471(1) 0.0532
C(30) 0.2422(3) —0.3363(2) 0.3977(1) 0.0618
C(31) 0.2449(2) —0.1805(2) 0.2695(2) 0.0563
C(32) —0.0817(2) —0.1545(1) 0.2216(1) 0.0336
0(2) —0.0181(1) —0.11936(9) 0.14700(7) 0.0355
0(40) —0.2930(3) 0.8947(2) —0.1075(2) 0.0967
C(41) —0.2821(4) 0.8742(3) —0.1883(2) 0.0959
C(42) —0.2783(4) 0.7619(3) —0.1860(2) 0.0945
0(43) —0.4161(2) 0.7483(2) —0.1627(2) 0.0918
C(44) —0.4216(5) 0.6450(4) —0.1655(3) 0.1211

Sanzenbacher et al.

Figure 1. Structural view of the coordination geometry of [CHL.

the phenyl ring. They have been refined using a disorder model.
The occupancies of the two contributors have been refined
holding their sum equal to 1. This procedure led to acceptable
anisotropic temperature parameters but of course augmented the
number of refined parameters theoretically expected. For one
group we found a ratio of frequency of 84% to 16%, for the
second one, the ratio was 58% to 42%. In Table 2 the values
concerning the less frequent form are given in parentheses. For
clarity, only the more frequent form is shown in Figures 1 and
2. The configuration of the dinuclear moleculeis,cisO,O -

A,A, wherecis refers to the position of the two oxygen donors
andA andA refer to the configuration of the two N,O chelates
of the tetradentate ligand®lat each of the two chromium(lil)
centers as shown in Figure 4. The satigcisO,0 configu-
ration has been reported for the dinuclea) @nd tetranuclear
(LY complexes mentioned abotk.

The octahedral coordination polyhedra around the two Cr
centers are distorted and all angles deviate significantly from
90°. Whereas the CfN distances differ only slightly (2.065
and 2.039 A) the differences in the €F distances (2.017 and
1.975 A) and the GrO distances (1.891 and 1.929 A),
respectively, are more pronounced. The@G—F angle is
79.10 and the Cr-F—Cr angle is 100.90 The CrCr distance
is 3.0787 A.

Magnetization Measurements. In order to obtain evidence
for the septet ground state, magnetization measurements were

aRows in parentheses refer to the less frequent of the disorderedPerformed. A plot of the field dependent magnetization
forms, see text. The isotropic equivalent displacement parameter isMeasurement at 3.5 K is presented in Figure 5, where the
defined as one-third of the trace of the orthogonaliZgdensor.

Table 3. Selected Distances (A) and Angles (deg)

Cr(1)-Cr(1)* 3.0787(4)
Cr(1)-F(@1) 2.0172(8)
Cr(1)-F(1)* 1.9754(9)
Cr(1)-0(1) 1.891(1)
F(1)-Cr(1)-F(1)*  79.10(4)
O(1)-Cr(1)-F(1)  173.80(4)
O(1)-Cr(1)-F(1)*  96.96(5)
N(1)-Cr(1)-F(1)  84.38(4)
N(1)-Cr(1)-F(1)*  89.74(5)
N(1)-Cr(1)-O(1)  90.85(5)
N(2)-Cr(1)-F(1)  91.06(5)
N(2)-Cr(1)-F(1)* 168.76(4)

the four-membered ring formed by the two chromium and the
two fluorine atoms.

Two of the fourtert-butyl groups of the hydrogenated salen

Cr(1¥N(1) 2.065(1)

Cr(1YN(2) 2.039(1)

Cr(1¥0(2) 1.929(1)
N@)-Cr(1)-0(1)  92.37(5)
N(@2}Cr(1)-N(1)  83.84(5)
O(2)-Cr(1)-F(1) 88.00(4)
O(2FCr(1)-F(1)*  91.44(4)
O(2yCr(1)-0(1)  96.93(5)
O(2rCr(1)-N(1)  171.93(5)
O(2}Cr(1)-N(2)  93.66(5)
Cr(1¥F(1)-Cr(1)* 100.90(4)

magnetization is plotted versus the magnetic figl@il). The
experimental data approach saturation, following the behavior
of a Brillouin functiorf! of a S= 3 spin system. The theoretical
expressions (eqs—13) were applied for calculation. The best

M = NgugSB(77) 1)
By() = %[(SJF %) cott(S+ %);7 - % cothg] )
I ©)

fit, represented in Figure 5 as a solid line, was obtained with
= 1.92(3). The calculated value is in good agreement with
that obtained from magnetic susceptibility measurements.
However, it has to be considered that from magnetization

ligand are disordered. They are rotating around the bond to (41) Carlin, R. L. MagnetochemistrySpringer Verlag: Berlin, 1986; p 333.
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Figure 5. Plot of the magnetization per molecule vs. magnetic field
strengthB/T. Experimental data®) and calculated graph—) of the
Brillouin equation withT = 3.5 K, S= 3, g= 1.92.
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Figure 4. Schematical drawing of the coordination geometryisf- 100 200 [T/K]

cis- IO’OI'A'AF][CrL.SF]? fillustratirr:g the _c_onfigfurﬁtion of the dinléclear Figure 6. The magnetic susceptibility (cgs units) and the effective
molecule, whereis refers to the position of the two oxygen donors . : : _ _ 8.

andA andA refer to the configuration of the two N,O chelates of the magnetic moment ofis, CisO,0-A, A-[CrL°F]z2CHsOz.

tetradentate % at each of the two chromium(lll) centers.

) . ~ maximum aboe 2 K (Figure 6). The susceptibility is slightly
measurements only information about the ground state is fig|d dependent between 2 and 5 K. This behavior is in
obtalned._ Excha_nge coupling, intercluster interaction as well 5.cordance with a small ferromagnetic interaction and the
as zero-field splitting of the ground state lead to reduced yocrease in magnetic moment between @ 21K is caused by
magnetlgatlorll_ldata, l\Nh'Ch alre dlsrega[geq ;;mg the Brillouin saturation effects. To assure that the ferromagnetic interaction
ex'p\)/lressmtp. S encet_gyl\_/tgv_ar#es are Ot' anea. N q is not caused by reorientation of small anisotropic crystallites
at 1a:?n_|(_a :ﬁcrgzggg Ifrl)lni/. 5 2; rg?grr(')ir'ﬁ E%miTatrSr%a?ng in the magnetic field the susceptibility has been measured having

; B P mixed the compound with 10% grease, and it is concluded that
maximum of 6ug at 4 K and then decreases slightly at 2 K. At the ferromagnetic coupling is genuine. Because of the saturation
1.3 T there is a distinct maximum while at 0.26 T there is no mag Ping1s g ) . L

effects it is mandatory to calculate the magnetic susceptibility
(42) Brown, D. B.; Crawford, V. H.; Wittall, J.; Hatfield, W. EL Phys. ofa ferromagnencally coupled complex from eq 4 and not from
Chem.1977, 81, 1303. the Van-Vleck equation.
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The E; values were calculated by means of the operator in
eq 5. From the EPR spectra discussed below it is concluded

= J§ éo + z Di[sz2 - l/3S(S‘|’ 1)] (5) \/l Exp. T= 4K

i=a,b

that the monoatomic zfs parametBr in the septet state is
negative and of the same order of magnitude asJthalue, ' Sim. T= 4K
vide supra. We have therefore tried to determine the mono-
atomic zfs parameter as well as thealue from the susceptibil-
ity data. Theg values andD; values for the two metal atoms T P W P P P P O P Y P P
are assumed to be equal in accordance with the crystal structure. 02 04 06 08 1.0 12 [B/T]

However, theD value and the) value are strongly correlated, Figure 7. Experimental and simulated EPR spectra at 21 and 4 K.
so that minimization of the expression in eq 6 failed to give The intensities of the simulated spectra are Boltzmann weighted.

with a similar operator foHp. Hex describes the interaction

_ 2
[Xmol,exp(r) Xmol,calc(l’)] between the two chromium ions, whil¢; and H, are mono-

3y'\2 ®6) meric operators.
o) + (—) oA(T) The coupling of the two Cr(Ill)$= 3/,) ions results in states
aT with S = 0, 1, 2, and 3 with energies @, 3J, and &,

respectively. The negative sign df (vide infra) indicating
well-defined values for these parameters. The following ferromagnetic coupling, implies that the septet has the lowest

parameters were obtained:= —1.5(7) cn1?, |D| = 1(1) cnT?! energy. All the lines in the experimental spectra can be assigned

where theg values have been fixed at 1.98. to transitions within either the septet or the quintet states. From
EPR Spectra. A large number of EPR studies of dinuclear the temperature variation of the intensities, it is concluded that

Cr(lll) compounds have been publishBd5204344and in all the lines at 0.1, 0.28, 0.75, and 1.45 T belong to the septet and

cases the two chromium(lll) centers have been antiferromag-those at 0.07, 0.15, and 0.3 T to the quintet.

netically coupled with] values ranging from 5 to 147 crh Because of the crystallographic equivalence of the two

These spectra are dominated by transitions within the quintet chromium ions in the dimeric unit, corresponding monomeric
state. Only in a few cases it has been possible to assign linesparameters are equal. That is, ® Dy, Ea = Ep, andgga = gop
in the spectra to the tripii*3or septeté43states. Itis difficult (0 = X, y, 2. In this case the energy matrix of dimension 16
to determine all the parameters of the spin Hamilton operator can be transformed into two matrices of dimensions 6 and 10,
from the powder EPR spectrum of a dimeric chromium complex respectively. The first of these matrices contains the singlet
alone. Measurements on single crystals have previously beerand quintet part of the energy matrix, while the latter contains
used for this purpos®. It has also been possible to obtain the the triplet and septet pait. The use of an effective spin
monomeric parametem®,, Dy, Ea, Ep and theg values from Hamiltoniart! was not justified due to the low value df
powder spectra of a similar dinuclear complex, in which one  The low numerical value af in the present case means that
of the two Cr(lll) ions is substituted by a diamagnetic metal both the septet and the quintet states are sufficiently populated
ion, e.g. Co(ll)1617 |n the present study, it has been possible to be represented in the EPR spectrum even at 4 K. From these
only to obtain measurements on powder. Generally EPR spectraiwo parts of the spectrum it has been possible to determine all
have to be recorded using diluted samples in order to obtain the spin Hamilton parameters.
narrow lines. However, the large bulky ligand Insures a The parameter®,, Dy, andDe occur in a constant ratio in
sufficient large distance between the ferromagnetically coupled the septet part of the spin Hamilton matrix, and likewise for
dinuclear units, making intermolecular magnetic interaction the parameter&,, E, andE.. From the septet part of the
negligible. spectrum it is only possible to determine an effectide
X-band EPR-spectra of a powdered sample of fCi:- parameterDsepier= %10De 1 */sDa + /sDp) and an effectivé
2CsHgO, measured at 4 and 21 K are shown in Figure 7. The ParameterEseper= 3Ee + 2Ea + 2E,). The quintet spectrum
EPR spectra were simulated by means of the spin Hamilton i mainly determined frone andEe, while Da, Db, Ea, andEy,

operator given in eq MHex is given by eq 8 andH, by eq 9 only have second-order influence through the matrix elements
between the singlet and the quintet. From the quintet spectrum

= |:|ex+ |:|a+ |:|b @) it is therefore po§sible to determine only approximate values
for the monomeric parameters.
N « A A A A A A For these reasons, the simulations were carried out by first
Hex = JIS'S, + D255, — SS3Sx — Saysoy) + simulating the septet spectrum alone with the paramdders
Ee(ASaXSE,X - éayéoy) (8) andEe set to zero. A trial and error approach with systematic
variation of the monomeri® and E parameters was used. A

- & . 1 s .
H,= g.ugB'S,+ Da[SﬁZ2 —Z5(S,+ )|+ E(5.2- Sayz) (43) Kremer, Sinorg. Chem.1985 24, 887.

3 (44) Andersen, P.; Dgssing, A.; Larsen, S.; Pederseficta. Chem. Scand.
(9) 1987 A41, 381.
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Figure 8. Simulated quintet (top) and septet (bottom) EPR spectra. 3
The top boxes show the angular dependencies of the transitions.

negative value of the monomeric zero field splitting parameters
D, and Dy, was chosen, since this implies that the transitions TR PR PR S PR R P PR
observed at 0.75 and 1.45 T are from the ground levels at these 02 04 06 08 1.0 12 [BT

magnetic ﬂelds (see Flgurg 8). Th's IS In accordanc.e. with the Figure 9. Plot of the energy levels as a function of the magnetic field.
observepl increase of the |ntenS|t|es. of.these transitions With s three boxes show the magnetic field parallel to the magnetic x
decreasing temperature. When a satisfying septet spectrum wagxis (top), y axis (middle) and z axis (bottom) of the dimeric molecule.
obtained (Figure 8, bottom), quintet spectra with different values For the x-axis and y-axis only the energy levels for the septet state are
for D, De, E, Ee, andJ were simulated wittDsepteraNd Eseptet shown, while for the z-axis the energy levels for all states are shown.
held constant (Figure 8, top). In the simulated spectra in Figures

7 and 8, the intensities of all transitions were weighted with the ligands which afford dinuclear fluoro-bridged complexes
their Boltzmann population at the given temperatures. (L2, L5, L, and L5 fluoro-bridged complexes have not been

h Since the value o (;Olﬁlld not be Qetermined_sfl:.curately fr;)m obtained with I* and L) are those which have bulky groups in
the measurementsr? t ebmagnet|p susgegtl !'tyl (;.ee a ove)’position 3 of the aromatic ring system, whereas the tetranuclear
these parameters have been estimated by Includi@y a  gpecies have been obtained with the less bulky ligardand

the present data and our previous stutfiésit is found that

variable in the simulations. L3. Itis possible that repulsion between the tertiary butyl groups
The final results are shown in Figures 9, which have been  pelonging to adjacent chromium(lll) centers favor dinuclear
obtained using the following parameter$:= —1.4 cn™, D species, but at present it can not be excluded that different
= 0.008 cmt, Ec = —0.015 cm'!, Da = Dy = —0.658 cnt?, solubilities of the species play an important role. On basis of
Ea=E, = 0.133 e}, ga = G = Gya = Gyp = 1.98, andgz the magnetic measurements, it has been shown unambiguously
= ga = 2.00. that the ground state of the difluoro-bridged compound is the

The antiferromagnetic coupling in dihydroxo-bridged chro- septet state. It has not been possible to determine the mono-
mium(lll) complexes has been explained in a semiquantitative atomic zfs parameter D from the magnetic measurements, but
angular overlap model, which relates the magnitude of the this parameter has successfully been determined from the EPR
coupling to the C+O—Cr angle, C+O bond length, and the  spectra.
angled between the bridging plane and the OH vector of the
bridging groupt® The crystallographic data for the bridging R
angles and distances in the present difluoro-bridged complex
and in the dihydroxo-bridged complexes (with a small antifer-
romagnetic coupling) are very simifaand therefore do not
provide a basis for an explanation of the different magnetic
behavior.

Summary. The previously proposed difluoro-bridged struc- Supporting Information Available: Tables of crystallographic
ture of the complexes withdand L6 was essentially based upon ~ data, atomic parameters, complete bond lengths and bond angles,
FABMS data. The present results confirm these assignments@nisotropic thermal parameters, and hydrogen atom coordinates (7
in that the properties of the present complex wifhate very pages). Ordering information is given on any current masthead page.
similar to those reported for the?land L® complexes. From 1C960342Z
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