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The reaction of the divalent metal halides Za@nBr,, MnCl,*4CH:CN, MnBr,, FeCh4CH;CN, CoCh-4CHs-

CN, CoBpg, NiCl,-6H,0, and NiBg, respectively, with the macrocycle 1,4,7-trimethyl-1,4,7-triazacyclononane
(L) (2:1) in anhydrous acetonitrile, acetone, chloroform, or ethanol affords upon additon of N&BRsomorphous
series of complexes [LMu-X)sM"L]BPhs: 1, M = Zn, X = CI; 2, Zn, Br; 3, Mn, CI; 4, Mn, Br; 5, Fe, CI;6,

Co, CI; 7, Co, Br; 8, Ni, CI; 9, Ni, Br. Six of these complexes have been structurally characterized by single-
crystal X-ray crystallography; they crystallize in the triclinic space grBagNo. 2) withZ = 4. Crystal data

are as followsl, a = 16.654(1),b = 17.042(1),c = 17.684(1) A,a. = 97.30(1),8 = 93.58(1),y = 117.46(13;

3, a = 16.632(8),b = 17.012(8),c = 17.855(5) A,a = 97.16(3),8 = 93.37(3),y = 117.24(3Y; 5, a =
16.658(3)b = 17.064(3),c = 17.741(4) Ao = 97.32(3),8 = 93.47(3),y = 117.36(3}; 6, a = 16.640(3)b =
17.040(3).c = 17.686(4) A,o. = 97.39(3),8 = 93.58(3),y = 117.39(3Y; 8, a = 16.608(3),b = 16.995(3)c =
17.555(3) Ao = 97.36(1),8 = 93.52(1),y = 117.52(1}; 9, a = 16.680(3),b = 17.016(2),c = 17.715(3)Aa

= 96.99(1),8 = 93.70(1),y = 117.42(1). All complexes consist of a dinuclear, face-sharing bioctahedral
monocation with thre@,-Cl or u,-Br bridging ligands and two LM fragments and well-separated tetraphenylborate
anions (1:1). The cations cocrystallize in two different forms: an enantiomeric form witt) (or (666))
conformation at both LM fragments and a meso form with/&ti) conformation at one LM fragment anddd)

at the other (ratio 1:1). From temperature-dependent magnetic susceptibility measuremests K it was
established that the spins of the unpaired electrors(itd® high spin),4 (d®d®), 6 (d’d” high spin),7 (d’d"), 8
(d8d®), and9 (d®d®) are intramolecularly, weaklgntiferromagneticallycoupled in each case. Surprisingly, the
spins ordeferromagneticallyin 5 (d®d® high spin). This is in contrast to the previously reported complex fthf)
Fe!(u-Cl)sFe' (thf)3][SnCls(thf)] (thf = tetrahydrofurarf)for which a new analysis of the temperature-dependence
of the magnetic susceptibility and of field-dependent s8lmauer spectra establish a weak intramolecular
antiferromagneticcoupling. The origin of this difference is analyzed.

Introduction complexes containing metal ions with ¢h > 4) electronic
configuration are rather scarce. Sobota et al. have in recent
years synthesized three isostructural complexes of the type
[(thf)sM" (u-Cl)sM" (thf)3] , where thf is tetrahydrofuran and'™M
represents Fe, Co, and Ni with high-spiff, di’, and &
configurations’® respectively, and reported their structures and
magnetic properties. Intramolecular, very weak antiferromag-
netic coupling between the two paramagnetic metal ions has
been established in each case by temperature-dependent mag-
netic susceptibility measurements; the results are summarized
in Table 1.

We report here on an analogous but more comprehensive
series of face-sharing bioctahedral complexes of the typée'{LM
(u-X)sM"L]BPhy, where L is the facially capping ligand 1,4,7-
trimethyl-1,4,7-triazacyclononane, "Mepresents the divalent
metal ions Mn (high-spin¥), Fe (high-spin &), Co (high-spin
d’), Ni (d®), and Zn (@9, and X is a single atom bridging ligand,
chloride or bromide.

Chart 1 gives a list of these compounds and their labels. They
crystallize in the triclinic space group Rtith two crystallo-

® Abstract published ifAdvance ACS Abstractsune 1, 1997. graphically independent formula unit  4). Due to the

(1) (a) Max-Planck-Institut fuStrahlenchemie. (b) Medizinische Univer- ~ Presence of three N-bound methyl groups at each macrocycle
sitét Lubeck.

Dinuclear, face-sharing bioctahedral complexes of the type
[XaM!" (u-X)3sM'"X3]3~, where X represents the halides™ClI
Br—, and I and M" is a trivalent first-, second- or third-row
paramagnetic transition metal ion witf dlectronic configu-
ration (0 = 1—3), have played a key role in our understandig
of molecular magnetic properties such as intramolecular ex-
change coupling phenomena and metaktal bond formatioA.
Compounds of this type are well suited for such studies in the
solid state becausatramolecular spin exchange is in general
significantly stronger thaintermolecular interactions. In the
first-row transition metal series these studies are focused on early
transition metal ions T, V"3 and Ct' with d!, d?, and &
configurations, respectlvely. It has been proposed that due to
the close proximity of the two metal ions at 2:8.0 A the
dominant magnetic superexchange pathway within such a
dinuclear cation is direct through-space which has also been
described as incipient metainetal bond formatioA.

In contrast, reports on the magnetic properties of dinuclear

(2) Cotton, F. A.; Ucko, D. A.lnorg. Chim. Actal972 6, 161 and (4) Niemann, A.; Bossek, U.; Wieghardt, K.; Butzlaff, C.; Trautwein, A.
references therein. X.; Nuber, B.Angew. Chem., Int. Ed. Endl992 31, 311.

(3) Bouma, R. J.; Teuben, J. H.; Beukema, W. R.; Bansemer, R. L.; (5) Janas, Z.; Sobota, P.; Lis, J..Chem. Soc., Dalton Tran£991, 2429.
Huffman, J. C.; Caulton, K. Gnorg. Chem.1984 23, 2715. (6) Janas, Z.; Lis, T.; Sobota, Polyhedron1992 11, 3019.
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Table 1. Comparison of Structural and Magnetic Properties of Dinuclear #d&{oro)-Bridged Complexes

complex Mi---M2, A M—Clp, A Cl-M—Cl, deg M—Cl—M2, deg J, el ref
[V',Cly(thf)][Zn-Cle] 2.973(1) 2.477 87.388.0 73.8 —375 3,4
[Fe&,Cla(thf)e][SNCls(thf)] 3.086(2) 2.488(9) 85:086.2 76.7 -3 5
[Col,Cly(thf)g][SNCls(thf)] n.d. n.d. nd. n.d. -17 6
[Ni",Cla(thf)e][SnCls(thf)] 2.993(2) 2.403 84.986.4 77.0 -6.0 6
[Ni'",Cl3L'2]BF4CH3CN 2.921(2) 2.416 86:288.8 74.4 n.d. 12

a Abbreviations: n.d= not determined; L= 1,4,7-trithiacyclononane; th& tetrahydrofuran® H = S AEY

Chart 1. Synthesized Complexes and Labels

[LyZn,(u-Cl)3]BPh, 1 [L,Co,(u-Cl);]BPh, 6
[LyZny(p-Br);]BPh, 2 [L,Coy(p-Br);]BPh, 7
[LoMny(p-Cl)s]BPh, 3 [L2Niy(u-Cl);]BPh, 8
[L,Mny(p-Br)s]BPh, 4 [L;Niy(p-Br);]BPhy 9
[LoFex(p-Cl)3]BPh, 5

L = 1,4,7-trimethyl-1,4, 7-triazacyclononane; Ph = phenyl

and of the sterically very demanding diamagnetic tetraphe-

[L 2Mn,(u-Cl)3]BPh,4 (3). A solution of the ligand L (0.25 g, 1.46
mmol) and MnC}-4CH,CN (0.40 g, 1.41 mmol) in acetonitrile (30
mL) was stirred at 20C for 15 min. Addition of NaBPh(0.5 g, 1.46
mmol) initiated the precipitation of colorless crystals. Yield: 0.35 g
(34%). Anal. Calcd for GHs2NeMn,Cl3B (878): C, 57.45; H, 7.11;
N, 9.57; Cl 12.1. Found: C, 58.0; H, 7.3; N, 9.4; Cl, 11.5.

[L 2Mn2(u-Br)s]BPh4 (4). This complex was prepared as described
for 3 by using MnBg as starting materidl. Upon cooling the reaction
mixture to 0°C for 12 h colorless crystals were obtained. Yield: 0.30
g (60%). Anal. Calcd for GHeNeMn2BrsB (1011.4): C, 49.88; H,
6.18; N, 8.31. Found: C, 49.6; H, 6.3; N, 8.3.

[L 2Fex(u-Cl)3]BPh4 (5). This complex was prepared as described
for 3 by using FeGF4CH:CN as starting material. Pale yellowish

nylborate anions, the individual cations are well separated in crystals were obtained. Yield: 0.35 g (34%). Anal. Calcd for

the solid state. They are magnetically dilute. Consequently,

CsHeNsFeClsB (879.9): C, 57.33; H, 7.10; N, 9.55; CI, 12.1.

the electronic structure and the magnetic properties of theseFound: C, 57.2; H, 7.2; N, 9.9; Cl, 12.2.

cations are readily studied in the solid state without interference

of intermolecular electronic or magnetic interactions. Each
metal ion is in a pseudo-octahedral environment comprising

three facially coordinated tertiary amine nitrogens and the three

bridging halide ions (Cl or Br). We were primarily interested

in studying the intramolecular exchange coupling as a function
of the metat-metal electronic configuration of the individual
metal ion. More specifically, we intend with the present series
of complexes to study the effect of a filleégtset where a

[L 2Coy(u-Cl)3]BPh4 (6). To a solution of CoGF6CH;CN (0.39 g;
1.0 mmol) and the ligand L (0.17 g; 1.0 mmol) in dry acetone (25 mL)
was added bH4-2HCI (0.10 g). After the mixture was stirred for 2 h
at 20°C, a colorless precipitate was filtered off and NaBFh17 g)
was added to the resulting blue solution: Witl8 d at 0°C pink
microcrystals precipitated. Yield: 0.19 g (43%). Anal. Calcd for
Cs:He2NsC0,ClsB (886.0): C, 56.94; H, 7.26; N, 9.49; CI, 12.0.
Found: C, 56.6; H, 7.1; N, 9.3; Cl, 11.8.

[L 2Cox(u-Br)3]BPh4 (7). To a solution of CoBr(0.22 g; 1.0 mmol)
and the ligand L (0.17 g; 1.0 mmol) in chloroform (40 mL) was added

direct through-space interaction between the unpaired electronsa solution of NaBPh(0.17 g) in acetone (15 mL). The stirred two-

is not possible, versus an incompletely fillegigubshell where
such direct through-space interactions are possible.

An unexpected result of this investigation is the observation
that in [LFé'(u-Cl)sF€'L]BPh, (5) an intramoleculaferromag-
netic coupling prevails. This is in contrast to the complex
[(thf)gFe'2(u-Cl)3][SNCls(thf)] reported by Sobota et &lin
which the two high-spin iron(ll) ions are weakly antiferromag-

phasic solution was heated to reflux for 2.5 h after which time the
reaction volume was reduced by evaporation to one-half. A violet
microcrystalline solid formed. Yield: 0.46 g (90%). Anal. Calcd for
CaHeaNsC0:BrsB (1019.5): C, 49.49; H, 6.13; N, 8.24. Found: C,
50.3; H, 6.3; N, 8.3.
[L 2Niz(u-Cl)3]BPh4 (8). To a hot solution of NiGF6H,0 (0.43 g;

1.81 mmol) in an acetone/acetonitrile mixture (15 mL; 2:1 vol) were
added 20 drops of ethyl orthoformate to remove the water. After

netically coupled. Here we present a detailed magnetochemicalaqgition of the ligand L (0.31 g; 1.81 mmol) the solution was refluxed
and Massbauer spectroscopic analysis of these two diferrous until a clear green-blue solution was obtained. Addition of NaBPh

complexes.

Experimental Section
Preparation of Complexes. The following water-free starting

(0.31 g) initiated the precipitation of blue-green crystals. Yield: 0.60
g (75%). Anal. Calcd for GHeNeNi2ClsB (885.6): C, 56.97; H, 7.06;
N, 9.49; Cl, 12.0. Found: C, 56.8; H, 7.2; N, 9.4; Cl, 11.7.

[L 2Niz(u-Br)3]BPhs (9). To a clear solution of NiBr(0.22 g; 1.0

complexes have been prepared according to published procédures:mmol) in dry ethanol (40 mL) was added the ligand L (0.17 g; 1.0

CoCh*4CH:,CN, FeC}-4CH,CN, MnChL-4CH;CN, MnBr*4CH;CN.
The ligand 1,4,7-trimethyl-1,4,7-triazacyclononane (L) has been syn-
thesized as described previouglyThe preparation of complexes has

mmol) dissolved in ethanol (10 mL). The solution was refluxed for
1.5 h and NaBPh(0.34 g) dissolved in ethanol (10 mL) was added. A
green precipitate formed. Yield: 0.46 g (90%). Anal. Calcd for

been performed in water-free solvents and under an argon blanketingc, H.,NeNi,BrsB (1018.9): C, 49.50; H, 6.13; N, 8.24. Found: C,
atmosphere. Sobota’s complex has been synthesized according to thgg 1: H, 6.4: N, 8.0.

procedure given in ref 5.
[L2Zno(u-Cl)3]BPhs (1). A solution of ZnC} (0.27 g, 2.0 mmol)
in acetonitrile (60 mL) to which the ligand L (0.34 g, 2.0 mmol) was
added was stirred at ambient temperature for 1.5 h. Addition of tetra-
n-butylammonium tetraphenylborate (0.61 g, 1.0 mmol) initiated the
slow precipitation (5 d) of colorless crystals which were collected by
filtration. Yield: 0.72 g (40%). Anal. Calcd for £Hs:NeZn,Cl3B
(898.95): C,57.08; H, 8.09; N, 9.51. Found: C, 56.9; H, 7.5; N, 9.3.
[L 2Zna(u-Br)3]BPhs (2). This complex was prepared as described
for 1 by using ZnBs. Yield: 0.51 g (50%). Anal. Calcd for 2Hs:Ne-
Zn,BrsB (1032): C, 48.88; H, 6.05; N, 8.81. Found: C, 49.3; H, 6.4;
N, 8.5.

X-ray Crystallography. Crystal, data collection, and refinement
parameters are given in Table 2. A colorless cubic crystdl ofs
placed on an Enraf-Nonius CAD4 diffractometer; a pale yellow crystal
of 3, a pale yellow crystal db, a violet parallelepipede & and green
parallelepipedes & and9 were placed on a Siemens P4 diffractometer.
Graphite-monochromated ModKradiation ¢ = 0.710 73 A) was used
throughout. Intensity data were collected at 292 K for 1, 5, 6, 8,
and9 and at 193+ 2 K for 3; they were corrected for Lorentz and
polarization effects in the usual manner; correction for absorption effects
was carried out fod, 5 and9 by y-scans; for6 and8 no absorption
correction was deemed necessary. The structures were solved by direct

(7) Hathaway, B. J.; Holah, D. Q.. Chem. Socl964 2400.
(8) Wieghardt, K.; Chaudhuri, P.; Nuber, B.; Weisdnarg. Chem1982
21, 3086.

(9) In this preparation extreme care must be taken that the solvent, the
ligand L, and MnB;s are free of adventitious water. Otherwise varying
amounts of [LMng-Br),(«-OH)MnL]BPh, cocrystallize.
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Table 2. Crystallographic Data for Complexes ¥ ,(u-X)s]BPhs?

complex

1 3 5 6 8 9
empirical formuld AZn.Cl; AMnN.Cls; AFeCl; AC0,Cl3 ANiCl; ANi,Brs;
fw 898.9 878.0 879.8 886.0 885.6 1018.9
a A 16.654(3) 16.632(8) 16.658(3) 16.640(3) 16.608(3) 16.680(3)
b, A 17.042(3) 17.012(8) 17.064(3) 17.040(3) 16.995(3) 17.016(2)
c A 17.684(4) 17.855(5) 17.741(4) 17.686(4) 17.555(3) 17.715(3)
o, deg 97.30(3) 97.16(3) 97.32(3) 97.39(3) 97.36(1) 96.99(1)
B, deg 93.58(3) 93.37(3) 93.47(3) 93.58(3) 93.52(1) 93.70(1)
y, deg 117.46(3) 117.24(3) 117.36(3) 117.39(3) 117.52(1) 117.42(1)
V, A3 4376(2) 4418(3) 4401.4(15) 4373.3(15) 4316.9(13) 4388.27(15)
u, et 13.2 7.89 8.78 9.79 10.9 36.3
d(calcd), g cm® 1.33 1.32 1.33 1.35 1.36 1.54
T,°C 20 —80 20 20 20 20
Re 0.069 0.051 0.045 0.041 0.040 0.043

a Features common for all complexes: triclinic crystal system; space q@dufi = 4; radiation Mo Kx, A = 0.7101 A.> A = C,HeNeB. € R
= 2IIFo| — [FlI/XIFol.

and difference Fourier methods by using the SHELXTL-PLUS program as racemate of two enantiomeric forfds.Consequently, the
package® The function minimized during full-matrix least-squares formation of the above dinuclear complexes leads, in principle,
refinement was w(|Fo| — |Fcl)?. The hydrogen atoms were placed at to two enantiomeric forms each of which contains two LM
calculated positions with_is_otropi(_: thermal parameters; the methyl fragments of identical conformation, namely.J¢)M" (u-X) -
groups were treated as rigid bodies. All non-hydrogen atoms were MI(AAL)]* and [000)M" (u-X)sM(058)]* and, in addition, the

refined with anisotropic thermal parameters. It has not been possible I f ¥ Lo .
to resolve the disorder of the methylene carbon atoms of the respectivemeso form [600)M" (u-X)sM™(244)] ", which is the achiral

second monocation (involving metal ions M3 and M4) in all structures  diastereomer. As we will show below by X-ray crystallography,

by a split atom model. the enantiomers and the meso form cocrystallize in the ratio
Physical Measurements Electronic absortion spectra of complexes 11 o
were measured in the range 352000 nm on a Perkin-Elmer Lambda Description of the Crystal Structures. The crystal struc-

19 spectrophotometer in dry acetonitrile solution. The magnetic tures of the isomorphous series of comple%ge8, 5, 6, 8, and
susceptibilities of powered samples of complexes were measured in9 have been determined by single-crystal X-ray crystallography.
the temperature range-293 K on a SQUID susceptometer (MPMS  They crystallize in the triclinic space gro®d with very similar
Quantum Design) at 1, 4, and 7 T. The"8bauer spectra were  njt cell parameters which are given in Table 2. There are four
recorded on alternating constant-acceleration spectrometer. The mini~tormula units [LMao(u-X)3]BPhy, in the unit cell. Therefore,

mal experimental line width was 0.24 mmi sull-width at half-height. ) \ich units are located on two different, crystallographically
The sample temperature was maintained constant either in an Oxford.

Variox or an Oxford M@sbauer-Spectromag cryostat. The latter is a independent pQSItIOI’]S in each Case_. Table 3 summarizes
split-pair superconducting magnet system for applied fields up to 8 T Selected bond distances, and Table 4 gives averaged bond angles.
where the temperature of the samples can be varied in the range 1.5  Each structure consists of well-separated monocatiofd L
250 K. The field at the sample is oriented perpendicular to/theam. (u-X)3]* and BPR~ anions. Both crystallographically inde-
The 5Co/Rh source (1.8 GBq) was positioned at room temperature pendent monocations do not lie on any crystallographic sym-
inside the gap of magnet system at a zero-field position. Isomer shifts metry element, and consequently, the dimensions of four
are referenced relative to iron metal at 295 K. independent octahedral LMMunits have been determined for
each structure.

Before we discuss some pertinent structural features of

Syntheses. The crystalline salts [iMa(u-X)3s]BPhy where individual monocatiqns, we describe an inte(esting disorder
L is the macrocycle 1,4,7-trimethyl-1,4,7-triazacyclononane, M Phenomenon found iall structures under consideration here.
is a divalent transition metal ion (Mn, Fe, Co, Ni, Zn), and X We exemplify this by considering the structBenly, but the
represents the bridging ligand chloride or bromide, were Same observations apply for all structures. Figure 1 shows the
prepared from acetonitrile, acetone, chloroform or ethanol Structure of the two monocations fMna(u-Cl)g] * with the
solutions of water-free halides MXr their solvates M¥%4CHs- individual atoms displayed as thermal ellipsoids drawn at the
CN by addition of 1 equiv of the macrocycle L and Na[BPh 40% probability level. A comparison of the two cations reveals
respectively. Upon evaporation of the solvents and standing that the ellipsoids of the methylene carbon atoms of the
of the solution under an argon blanketing atmosphere crystalscoordinated amines at Mnl and Mn2 are significantly smaller
of colorless zinc(ll) {, 2), manganese(I)3 4) and iron(ll) than those (_)f the coor(_jmated mac_rocycle at Mn3 (and Mn4).
(5), pink cobalt(ll) 6, 7), and blue-green nickel(ll) compounds ~More quantitatively, this observation is corroborated by the

(8, 9) were obtained in reasonable yields {50%). See Chart ~ numerical values of the anisotropic (and isotroig) thermal
1 for complexes and labels. parameters for these methylene carbon atoms (see Supporting

Information). As a consequence, alFC and C-N bond
lengths of the 1,4,7-triazacyclononane backbone at Mnl and
Mn2 are normal single bonds and are observed in the usual
— range 1.5H 0.01 and 1.48 0.01 A, respectively. In contrast,
the three five-membered chelate rings;-M—C—C—N, have due to apparently larger thermal motions of the methylene
either @A4) or (060) configuration, i.e. the LM fragment exists  carbon atomsat least at Mn3-the C—C bonds are unrealisti-

Results

It is well established by single-crystal X-ray crystallography
that in pseudo-octahedral mononuclear complexes kN
coordinated macrocycle L always adopts a conformation where

(10) Full-matrix least-squares structure refinement program package Si- (11) (a) Bhula, R.; Osvath, P.; Weatherburn, DG@ord. Chem. Re 1988
emens SHELXTL-PLUS: Sheldrick, G. M., (University of @Gagen, 91, 89. (b) Chaudhuri, P.; Wieghardt, IRrog. Inorg. Chem1987,
Gottingen, Germany. 35, 329.
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Table 3. Selected Bond Distances (&) of the Two Independent
Cations inl, 3, 5, 6, 8, and9

1 3 5 6 8 9

M1---M2 3.058(1) 3.077(2) 3.014(2) 3.048(2) 3.044(1) 3.234(1)
M1-X1 2.467(1) 2.536(2) 2.490(2) 2.464(2) 2.432(1) 2.591(1)
M1-X2 2.584(1) 2.557(2) 2.508(2) 2.489(2) 2.461(1) 2.622(1)
M1-X3 2.501(1) 2.503(2) 2.456(2) 2.443(2) 2.413(1) 2.566(1)
M2-X1 2.485(2) 2.526(2) 2.484(2) 2.463(2) 2.440(1) 2.595(1)
M2-X2 2.515(1) 2.587(2) 2.544(2) 2.525(2) 2.492(1) 2.655(1)
M2-X3 2.449(1) 2.556(2) 2.501(1) 2.477(1) 2.443(1) 2.589(1)
M1-N1 2.171(4) 2.284(4) 2.223(4) 2.180(4) 2.122(3) 2.133(6)
M1-N2 2.169(4) 2.274(5) 2.215(5) 2.161(5) 2.110(3) 2.101(7)
M1-N3 2.159(4) 2.281(4) 2.206(5) 2.170(5) 2.118(3) 2.132(6)
M2-N4 2.191(4) 2.254(4) 2.189(5) 2.142(4) 2.094(3) 2.106(6)
M2-N5 2.181(4) 2.269(4) 2.194(5) 2.153(5) 2.103(3) 2.107(6)
M2-N6 2.189(4) 2.266(3) 2.193(4) 2.149(3) 2.106(2) 2.107(4)

M3---M4 3.068(1) 3.078(2) 3.026(2) 3.062(2) 3.054(1) 3.243(1)
M3—-X4 2.473(1) 2.531(2) 2.486(2) 2.461(2) 2.431(1) 2.588(1)
M3—X5 2.551(2) 2.522(2) 2.472(2) 2.460(2) 2.434(1) 2.574(1)
M3—-X6 2.465(1) 2.570(2) 2.530(2) 2.508(2) 2.469(1) 2.629(1)
M3—-N7 2.175(4) 2.263(4) 2.199(5) 2.154(4) 2.109(3) 2.103(5)
M3—-N8 2.171(4) 2.270(4) 2.209(5) 2.157(5) 2.109(3) 2.121(6)
M3—-N9 2.169(4) 2.258(5) 2.193(6) 2.160(5) 2.102(3) 2.103(7)
M4—X4 2.463(2) 2.526(2) 2.480(2) 2.458(1) 2.430(1) 2.585(1)
M4-X5 2.486(1) 2.558(2) 2.513(2) 2.492(2) 2.459(1) 2.601(2)
M4—-X6 2.532(1) 2.536(2) 2.492(2) 2.470(2) 2.442(1) 2.603(1)
M4—N10 2.177(4) 2.268(4) 2.199(6) 2.159(5) 2.105(3) 2.110(6)
M4—-N11 2.178(4) 2.262(5) 2.208(7) 2.165(6) 2.111(4) 2.119(8)
M4—N12 2.169(5) 2.273(3) 2.200(4) 2.157(4) 2.108(2) 2.096(5)

Table 4. Selected Averaged Bond Angles (deg) of One
IndependentCation in Crystals ofl, 3, 5, 6, 8, and9

1 3 5 6 8 9

Figure 1. Structure of the two crystallographically independent
monocations in crystals o8. The atoms are drawn at the 40%

N-M—N 82.7(2) 79.1(2) 81.2(1) 82.7(1) 84.3(1) 84.2(2) probability level.

N-M—X 95.4(1) 96.8(1) 95.7(1) 95.6(1) 95.2(1) 95.2(2)

X-M-X 86.5(1) 87.2(1) 87.3(1) 86.1(1) 85.4(1) 855(1) Scheme 1

M—X-M 75.4(1) 74.4(1) 74.2(1) 76.0(1) 76.9(1) 76.8(2) M

aValues for the ordered enantiomeric form are given only. N%\@\/N

cally short within the coordinated macrocycle (14D.01 A).
A conformational analysis of two sets of three five-membered

chelate rings MARN—C—C—N at Mn1 and Mn2 reveals that  of the three FexCl distances is 7.454 A, and that of FeQI
both sets adopt the same conformation naméghi)Mn1--- is larger at 7.529 A& = 0.075 A). The same holds for the
Mn2(1AA) and its isomer 60)Mn1---Mn2(65d) which are sums of Fe:N and Fe2-N distances where the latter is now
related by a crystallographic inversion center in the space groupsmaller (¢, 6.644 A, 6.576 A;A = 0.068 A). Note that the
P1 This monocation is fully ordered. In contrast, the other overall sum of FetN and FetCl distances is 14.098 A
monocation (Mn3, Mn4) appears to be disordered. It is not whereas that of Fe2N and Fe2-Cl is 14.105 A A = 0.007

A). In the meso form the two LFeglbctahedra at Fe3 and
—_— Fe4 are more similar. The sum of the three-f&3 distances at
C—C~—N chelate rings. This can be understood if a superposi Fe3 is 7.488 A and at Fe4 7.485 A and, similarly, the sum of
tion of a @24)Mn and a $36)Mn fragment prevails at this site  the Fe-N distances (6.601 A at Fe3 and 6.607 A at F&4:=

in the solid state as is schematically shown in Scheme 1 for 9,006 A). The NFe(u-Cl)sFeN; core of the meso form is more
one such ring. Note that the thermal parameters of the atomssymmetric than that in the corresponding enantiomers. Interest-
pf the NgMn(/t-Cl)gMnN3 core in both catlon§ are normal and ingly, in the crystal structure of [thf)sFe'} 2(u-Cl)3][SnCls(thf)]®

it is meaningful to compare the metrical details of the two cores 1,4 QFefu-Cl)sFe; core also shows some degree of distortion
(see below). We propose that the monocation comprising the, s yhe Fe-Cl distances of both §FeCk octahedra are within

metal ions Mn3 and Mn4 actually consist of the achiral meso . . :
L . . experimental error identical (average@l: 2.488(9) A). Note
form [(AAA)Mn---Mn(066)]" which is superimposed by its b L .( 9 () A)
“ Y P : that the monocation in this structure also does not possess
turned around” form [§60)Mn---Mn(AA4)]™ in the solid state. . .
crystallographically imposed symmetry.

Thus crystals of {LM"}(u-X)3][BPhs] cocrystallize as a _ ] o
mixture of their enantiomers and the meso form (1:1) It should bg p0|n.ted out that the observed different distortions
In the following we briefly discuss the difference of the ©Of the enantiomeric and meso forms, of thgM{u-X)sMNs
metrical details in the BM(u-Cl)sMN3 cores of the enantiomeric ~ COres are steric in nature rather than electronic. The relative
and the meso forms in the diferrous compfexit is significant orientations of the six methyl groups of the two macrocycles

that the three FeCl bond lengths within each LFegbctahe-  differ slightly in both forms, and more importantly, they are in
dron are not equidistant; i.e. neither tdéd{)Feu-Cl)sFe@il) close vicinity to theu-chloro oru-bromo bridges. This is nicely
(or its enantiomer) nor the meso formig)Feu-Cl)sFe(d0d) borne out by a comparison of the NCI bond distances ii8
posses<s (or higher) symmetry. The octahedra around Fel and a similar complex [LNia(u-Cl)3][BF 4]-CHsCN,2 where

and Fe2 of the enantiomeric monocation are different: The sumL" represents the macrocycle 1,4,7-trithiacyclononane. Thus

possible to determine the conformation of the three MN3-
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Table 5. Electronic Spectra of Complexes in Acetonitrile Solution
(350-2000 nm) at 298 K

complex Amax M (€, L mol~t cm™)
6 1200 (6), 553 (sh), 523 (26)
7 1142 (33), 500 (80)
8 1053 (32), 633 (16), 387 (32)
9 1092 (34), 650 (30), 329 (70)

a Complexesl—5 did not show absorption maxima with> 5 L
mol~tcm™ in the measured range.
the N—CHj3 groups in8 are replaced by sterically less demand-
ing thioether sulfur donors. The three-NCI distances ir8 at
Nil differ at 2.4313(1), 2.461(1), and 2.432(1) A and similarly
at Ni2 at 2.440(1), 2.492(1), and 2.443(1) A. Even in the meso
form with Ni—CI distances at Ni3 of 2.431(1), 2.434(1), and
2.469(1) A and at Ni4 of 2.430(1), 2.459(1), and 2.442(1) A
these differences prevail albeit to a lesser degree. In contrast,
in [L"2Nix(u-Cl)3]* four Ni—Cl distances are observed in the
very narrow range of 2.419(3) to 2.411(3) A and only one is
slightly longer at 2.440(3) A and one is shorter at 2.396(3) A.
Similarly, in [(thf)sNi(«-Cl)sNi(thf)3][SnCls(thf)]6 the six Ni—
Cl distances are within experimental error equidistant (average
2.403(6) A).

Electronic Spectra and Magnetic Properties of Complexes.

The electronic spectra of complexes have been recorded in the

range 356-2000 nm in acetonitrile solution at ambient tem-
perature; the results are given in Table 5. CompouhdS
are colorless and display no absorption in this range with
5L mol™t cm™1. The pink complexe$ and7 exhibit typical
weak d-d transitions of octahedral high-spin cobalt(lY)ih
the visible. Similarly, the spectra & and 9 are typical of
octahedral nickel(ll) (8).

Bossek et al.
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The temperature-dependence of the molar magnetic suscep-

tibility of powdered solid samples of complex&s9 has been
measured on a SQUID magnetometer in the rang2dB K in

an applied magnetic field of 1.0 T. The data were corrected
for underlying diamagnetism by use of tabulated Pascal's

Figure 2. Temperature dependence of the magnetic momentper
dinuclear unit of powdered samples of complefe$ measured at 1

T. Bottom: Magnetization data & measured at various fields. The
solid lines represent best fits to the spin-Hamiltonian eq 1 with
parameters listed in Table 6.

constants; no correction for temperature-independent paramag-

netism was applied.
The data were fitted to the isotropic Heisenberg, Dirac, van
Vleck (HDvV) model by using the spin Hamiltonian in eq 1,

: S(§+1)
@)

which consists of a HDvV exchange, a zero-field splitting, and
Zeeman term. All symbols in eq 1 have their usual meaning.
Since the dinulear complexes have approximatzlgymmetry,

the rhombicity,E/D, is considered to be zero. The parameters
were optimized to fit optionally eitheyy or ymT as a function

of temperature because the fitsygf are very sensitive to traces
of paramagnetic (mononuclear) impurities (Pl). Their contribu-
tions are included in the best fits shown in Figures42
numerical results are summarized in Table 6. Figure 2 shows
the temperature-dependence of the magnetic momentper
dinuclear unit for complexe8—5. Moderately strong intra-
molecular antiferromagnetic coupling is observed in the man-
ganese(ll) complexe3 and4. Theg value obtained from the
above fitting procedure fo4 is not reliable. This unrealistic
value is probably due to the presence of a dinuclear impurity
such as [LMng-OH)(u-Br),MnL]BPh, which we have isolated
from acetonitrile/water mixtures and which we will report
separately.

2
H=-215-S,+

S/ +uﬁ3%]

Complex5 exhibits weakferromagneticcoupling between
the two high-spin ferrous ions of the monocation. Figure 2
(bottom) shows the magnetizatidhin Ngeug units as a function
of ugB/KT measured at three different applied magnetic field
strengths (1, 4, and 7 T). The solid lines represent best fits
obtained by using the parameter set in Table &foiThe§ =
4 ground state 0b is confirmed by this fit. As a consequence
of the zero-field splitting the magnetization data cannot be fit
to a simple Brillouin function. From the fit shown in Figure 2
(bottom) the sign and the magnitude of the zero-field parameter
D was established to be5.5 cntl. A calculated error contour
map ofJ vs D showed two minima with identical values. The
global minimum was found d = +5.5 cnT! whereas a local
minimum hadD = —2.4 cnt?! but with a much larger error. It
is not possible to fit the magnetization data satisfactorily with
D=-24cntl

Compoundss and 7 contain octahedral high-spin cobalt(ll)
ions with a T ground state (i®, symmetry), which is split in
Cs, local symmetry into A and E. This splitting affects a
guenching of the first-order orbital momentum. If this splitting
is large the orbital momentum contributes by several tens of
wavenumbers t® and induces a strong anisotropy of the
tensort3 It is therefore justified to use eq 1 to fit the
susceptibility data 06 and7. This is shown in Figure 3. For
both compounds very satisfactory fits were obtained. It is noted
that the value of] is not very sensitive to variation gD|

(12) Blake, A. J.; Halcrow, M. A.; Sclider, M. Acta Crystallogr.1992
C48 1844.

(13) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993;
p 208.
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Figure 3. Temperature dependence of the magnetic momentper
dinuclear unit of powdered samples of complege®. The solid lines

represent best fits obtained as described in Figure 2.

Hett / Hg

T/K

Figure 4. Temperature dependence of the magnetic momentper
dinuclear unit of a powdered sample of [(#FR'2(u-Cl)3][SnCls(thf)].
The solid line represents the best fit to eq 1 with parameters listed in
Table 6. The dashed line was calculated by using the spin-Hamiltonian
H = -2JS$ (S = S = 2) and Sobota’s published parametérs

—3cnmtandg = 24.

Table 6. Magnetic Properties of Complexes

0 s 1 L L L L
0 50 100 150 200 250 300

complex  J,cnmta o° PI, % D, cnmtd

3 —-11.6 2.07 1.8%="5) 0 (fixed)

4 -85 1.84 2.7%=5%, 0 (fixed)

5 +5.8 2.08 0 +5.5

6 —-13.1 2.86 0 +40 (fixed)
7 —-13.3 2.80 1.4%=3,) +40 (fixed)
8 —10.5 2.26 45%=1) +10 (fixed)
9 -12.0 2.25 4.1%=1) +10 (fixed)

aCoupling constant f = —2JSS,). °g value (fit parameter).

Inorganic Chemistry, Vol. 36, No. 13, 1992839

Octahedral nickel(ll) in8 and 9 exhibits, in general, non-
negligible zero-field splitting. As described above the fit of
the temperature-dependent susceptibility data is not very sensi-
tive to variations ofiD| in the range 525 cntl. Therefore,
we have fixed the value fdb at 10 cntl. The resulting fits
are excellent. Both complexes show intramolecular antiferro-
magnetic coupling.

In order to compare the magnetic propertiebatith those
reported by Sobota et &for [(thf)eF€! »(u-Cl)3][SnCls(thf)], we
have prepared a fresh sample of this compound and measured
its temperature-dependent susceptibility. The data are shown
in Figure 4. Clearly, the effective magnetic moment decreases
with decreasing temperature indicatingl@magneticground
state § = 0). A fit_of the data using the simple spin-
HamiltonianH = —2J-5S (S = $ = 2) with g andJ being
the only variables is possible and has been reported by Sobota
et al® (They do not show their data.) These authors arrive at
J= -3 cmr! andg = 2.4. The fit obtained by using these
parameters to our data is shown as dotted line in Figura 4
reasonable but not excellent fit. By using the spin-Hamiltonian
eq 1 including zero-field splitting the fit was improved consider-
ably. We obtaing and J values of 2.34 and-2.3 cnt?,
respectively, with|D| values in the range-14 cm .

By using these parameters witlpasitive D only the correct
trend in the field-dependent magnetization data measured at 1,
4,and 7 T (not shown) can be reproduced. At low temperatures
(2—10 K) the fits do not agree well. Inclusion of a paramagnetic
impurity of ~11% [LF€"'Cl3] did improve the fit, but this is
not corroborated by the zero-field dsbauer spectra (see below)
which rule out such large amount of'iFén the sample.

The relatively largey value of 2.34 points to significant zero-
field splitting. From error contour maps dbverD steep local
minima of the error were obtained for sma#-Z cm?) and
large 60 cnT?) values ofD. Excluding the minima at large
zero-field splitting-in agreement with the field-dependent
Mdssbauer spectrat appears that in Sobota’s complex zero-
field splitting and spin coupling are of the same order of
magnitudeD = +1to+4 cnrl; J= —1to—3 cnTl). Using
these parameters andgavalue at 2.3, an excellent fit of the
temperature-dependent susceptibility data is obtained, but as
pointed out, the magnitization data are not reproduced in every
detail.

In summary, the above analysis allows two important
conclusions to be drawn: In Sobota’s complex the two ferrous
ions are weakly antiferromagnetically coupled and the local
zero-field splitting parameté is positive and of the same order
of magnitude as the coupling constant

MdUssbauer Spectroscopy Zero-field Méssbauer spectra of
5 and Sobota’s complex are displayed in Figure 5; the
corresponding Mssbauer parameters are given in Table 7.

The zero-field spectrum of crystallirieat 4.2 K consists of
a broad quadrupole doublet with distinct shoulders which
suggest the presence of essentially three different subspectra
(Figure 5A,B). Numerical fits with three Lorentzian doublets
yielded intensity ratios of 1:2:1. The “nested” arrangement of
these subspectra with similar isomer shifts but different quad-
rupole splittings is in agreement with the differing bonding

¢ Percentage of a monomeric paramagnetic impurity with its assumed Situation at each LFegbctahedron of the two monocations in

spin in parenthesedZero-field-splitting parameter.

between 35 and 45 cr it changes byt 0.2 cnt? in this
range of|D|. Therefore, we have fixe® at 40 cnt! in the
fitting procedure; the sign dd cannot be determined from these
data. Both compound8and?7 are intramolecularly antiferro-

magnetically coupled.

the solid state 0b; they are typical of octahedral ¥€3d° high

spin). At a given temperature the quadrupole splittingSg,
scatter in the range 0.982.08 mm s. In addition, for two of

the subspectrAEg is significantly temperature dependent which
indicates either thermal population of close lying excited spin
orbital states or temperature-dependent structure variations. The
zero-field M@ssbauer spectrum of Sobota’s complex is remark-
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Figure 5. Zero-field Mssbauer spectra &f(A, B, powder sample at
295 K and 4.2 K, respectively; C, acetonitrile solution at 80 K) and
[(thf)eF€'o(u-Cl)3][SnCls(thf)] (D, powder sample at 4.2 K). The
experimental data in (C) are corrected for precipitated microcrystals
of 5 (21%); the subspectra of the solid were subtracted by using the
77 K parameters given in Table 7.

Table 7. Méssbauer Parameters Bf(Crystalline and in CKHCN
Solution) and of Crystalline [(th§]Fe'2(u-Cl)s][SnCls(thf)]

temp, K
parant 4.2 77 160 295 relintensity
subspectrume 6 1.10 1.08 1.05 0.96 25%
of 5 AEq 208 1.86 157 131
subspectrum® 6 1.10 1.09 1.06 0.98 50%
of 5 AEq 152 133 123 103
subspectrum®3 6 1.13 110 1.07 0.97 25%
of 5 AEq 0.96 0.92 1.03 0.97
CHsCN soln of5 6 11e ~100%
AEq 279
[(thf)eFeCl3] o 1.30 1.29
[SnCH(thf)] AEq 3.26 3.2%

alsomer shift,d (referenced vsx-Fe at 295 K), and quadrupole

splitting, AEq, in mm s%, respectively? Measured at 80 K¢ See Figure
5.

ably different (Figure 5D). It shows only one doublet with
= 1.3 mm s? and a large quadrupole splittin§Eq = 3.27

mm s at 4.2 K although it is noted that the spectrum shows

a slight asymmetry and a relatively large line width Iof=

0.36 mm s which indicates some degree of microheteroge-
neity. The enormous differences &Eq suggest the presence
of different electronic ground states%rand Sobota’s complex.

Interestingly, the Mesbauer spectrum &fmeasured in Ckd
CN solution also displays a large quadrupole splitting of 2.8 (14) Gitlich, P. In Méssbauer Spectroscopgonser, U., Ed.; Springer-

mm s1 at 80 K as shown in Figure 5C. Furthermore, thé Fe
sites of the meso form and of the enantiomers become

indistinguishable as only one subspectrum is detected.

Bossek et al.

Table 8. Expectation Values of the Valence Contributions to the
Electric Field Gradient Tensor (EFg)for 3d Orbitals inCs,
Symmetry witha; Ground State

Vix Vyy Va

e<r'3> e<r'3> e<r‘3>

2e {\/Z'xz —Y2>+\/%1)’Z>]
Vi |xy) =4 |xz)

1e {\%’XQ—YZ>—\/%JYZ>} 0
V% Ixy) + % x2) 217 0

=217 +2/17

+2/7

a, +2/7 +2/7 -4/7

z*)

@ The orbital functions are expressed as linear combinations of the
usuallijOd functions in octahedral symmet#. The tensor elements
for the basic orbital$ij Care taken from ref 24. In order to convert the
elements of (EFG) to quadrupole splitting multiply by 4.2 mnT¥
(4/7)ed30 Note that the molecular-axis is taken collinearly to the
3-fold axis inCs,.

For solid 5 and Sobota’s complex the sign of the main
component, V;, of the electric field gradient tensor (EFG) and
asymmetry parameter;,'4 were unambiguously determined
from high-field M&ssbauer measurements at elevated temper-
atures (120 and 180 K; 3.5dr7 T applied field). These spectra
are not shown. For both compoundg is negative and is
zero with an experimental error of less than 0.1. The same
results should apply fob in solution. With the reasonable
assumption that the EFG of the'Fsites is dominated by the
nonspherical valence charge distributibfrthis result indicates
a dz-type ground-state orbital for the sixth d electron which
exceeds the “spherical” half-filled d-shell. From corresponding
(EFG),al tensor elements listed in Table 8 it is then obvious
that out of the possible ground state functiamsand % in
(approximate)Cs, symmetry only a yields a large negative
expectation value folV,, (as is observed). Takiny,, =
—47eli—30) 3= 5a9~3, andQ = 0.1% for a hypothetical pure
valence contribution frong; and neglecting covalency and
lattice contributions to the EFG, one would arrive at a
quadrupole splitting oAEq = —4.2 mm s1.15 Since theAEq
values of5 in solution and even more of Sobota’s complex in
the solid state approach this theoretical value pastulate for
both complexes a relately isolated a ground state for the Fe
sites. On the other hand, the reduced quadrupole splittings of
solid 5 then owe their origin to distortions of loc& symmetry
which perturb the splitting of the d orbitals and induce spin
orbit mixing of a3 and X states and thereby add positive
contributions toV,. An estimate based on the (ERg)
components given in Table 8 shows that mixing of only 15%
le contributions into they ground state is sufficient to reduce
AEg to —1.5 mm s? (with = 0.06). This is close to the
experimental results for solifl Thus it is quite plausible that
the distortions obsesed in the molecular structure of solfd
induce perturbations of the electronic structure.

It is now possible to assign the different’s&iauer subspectra
of solid 5 to individual Fé sites (Fei:-Fe4) in the crystal o
by crude quantitation of the local deviations (i) from id€al
(Csv) symmetry and (ii) from the the FeCl bond length of
2.488 A in [Fe(thNsCl3][SNCls(thf)]. To this end we have
calculated (i) a distortion parametdy; for each Fé site by
summing up the squares of deviations of the individuat€é

Verlag: Berlin, Heidelberg, New York, 1975; p 53.

(15) (a) Lauer, S.; Marathe, V. R.; Trautwein, A. Rhys. Re. 1979 A19,
1852. (b) Bominaar, E. L.; Guillin, J.; Sawaryn, A.; Trautwein, A. X.
Phys. Re. 1989 B39, 72.
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_Table 9. Assignment of the Mssbauer Subspectra to Fe(ll) Sites 1001
in Crystalline5 at 295 K )

Fe! A1, Ao, AEQ, mmstf 0.98

site 103A2bc 102Ad  subspectruth (at 4.2 K /295 K)

Fel 1.39 —0.4 2 (25%) 1.52/1.03 0.96

Fe2 1.91 +2.1 3 (25%) 0.96/0.97

Fe3 1.83 +0.8 2 (25%) 1.52/2.03 1.00

Fed 0.56 +0.7 1 (25%) 2.08/1.31 5 o8

2 Labels as in Table 3 and Figure 1 (replace Mn for Pey; = é

Y (dre-cii) — Mre-ci)?; [re-ciT= Y53 dre-cig)- The bond lengths g o
dre—cij) are taken from Table 3.Note that the calculated; values =
for the two iron sites in [(th§Fe(u-Cl)3][SnCls(thf)] are smaller: 0.05 Q© 1.00

x 1073 and 0.33x 103 A2 d A, = [ —2.488 A, with 2.488 A S
being the average FeCl distance in [Fgthf)sCls][SnCls(thf)]. ¢ See & 098
Figure 5." Quadrupole splittings from Table 7.
bond length,dre-cig), from the average FeCl bond length, 0.98
[dre—ci[) and a corresponding paramets for each Fé site 1.00
by taking the difference betwedlre—c(Jand 2.488 A. The
results are shown in Table 9. The smaller the deviation 0.98
parameterd\; andA; the larger|AEg| should be according to
the arguments presented above. At 4.2 and 295 K one of the 0.6 '
Mossbauer subspectra in Figure 5A which accounts for one iron b M
site (subspectrum 1 with 25% relative intensity) has a signifi- 4 2 0 2 4
cantly largerAEqg than the other two subspectra which accout Velocity [mm s}

for three other sites (50%- 25% relative intensity). The  Figure 6. Magnetic Mssbauer spectra of solid [(teRe'2(u-Cl)s]-
deviation parameterA; andA; are significantly larger for Fe4  [SnCk(thf)]. The solid lines represent spin-Hamiltonian simulations with
than those of Fel, Fe2, and Fe3. Therefore, we assignS=2,7=0;J=—0.8 cnt!, D; = +3.5 cnt?, g = 2.0; Algyun =
subspectrum 1 (Figure 5A) to Fe4 of the meso form of one of (71.0710.2-19.7)T, ;AEq = —3.27 mm s’ (~3.19 mm s* at 120

the monocations iB. For Fe2 this reasoning is opposite: Large K), andd = 1.3 mm s* (1.27 mm s* at 120 K).

deviation parameters result in stronger spambit mixing and, ) . N . .
therefore, in strongly reduceiEq. Hence, we assign subspec- Due to the increasing ambiguities we refrained from extending
trum 3 to Fe2. The remaining subspectrum 2 then representst€ parameter set.

the practically unresolved overlaps of signals from sites Fe1l  |N€ Spin-Hamiltonian parameters obtained in this fashion
and Fe3. from magnetic Mesbauer spectroscopy do not perfectly match

The magnetic Mesbauer spectra of Sobota’s complex the set obtained from the analysis of the magnetic susceptibility.
provided further insight into the zero-field and exchange We attribute this_ to the differ_ing sensitivity of bth methods
interactions of this compound which proved to be helpful toward sample inhomogeneities. However, the sktmauer
resolving the ambiguities of the analysis of the magnetic simulations do aJIlow us to limit the paramielter set to the range
susceptibility data (see above). We have measured these spect@ = D < ¥5cmtand—0.5> J> —2 cm™.
in a wide temperature range (:I20 K). In weak or Discussion. For bioctahedral face-sharing complexes con-
moderately strong fields (4 T) the spectra showed only weak ~taining two 3d paramagnetic ions the observed exchange
magnetic splittings due to partial cancellation of internal and coupling is mvanably antiferromagnetic. A_n empiral correlat_lon
applied fields. Resolved magnetic hyperfine lines were only Petween the M-M distance and the magnitude of the coupling
observed in a strong field of 7 T. This observation is fully constant) shows that the latter is not greatly affected by the
consistent with a weak intramolecular antiferromagnetic interac- Nature of the three brltliglng”hgantljvs%‘lOHO ,Eto, CI7, Br-,
tion of the iron(ll) spins and a positive zero-field spliting J7) of the metal ion (¥, Cr'", Mn").# It was concluded that

yielding locally almost nonmagnetiert; = 0” ground levels. in face-sharing complexes witk’i{!3 configurations no magnetic
Spin-Hamiltonian simulations for the strong field case revealed SUPerexchange mediated by bridging ligands occurs but rather
a pronounced sensitivity on the parametdrand J which is a direct metatmetal interaction (overlap of; orbitals)

indicative of delicate mixing of magnetic substates by coupling dominates. This is in excellent agreement with extendeckelu
zero-field and exchange interactions. The “best resuits” of these MO calculations by Leuenberger and @#® for [Cr!,Xg]*™
spin-Hamitonian simulations, obtained for the series of measuredcomplexes (X= Cl, Br, 1) and, more recently, ab initio
Mossbauer spectra by adopting identical iron sites with the calculations by Ceulemans et*dlon [Ti";Cle]*~ (a d—d'
constraintE/D = 0, are shown in Figure 6. Despite the fact syste_m)._ These theoretlcal_papers' sh_ow that the domlr!ant
that some details of the fits are poor, the essential features oféontribution to the exchange interaction in these systems arises
the spectra, i.e. the magnetic splittings for a wide temperature from the direct interaction of the; @rbitals (by in octahedral
range, are satisfactorily reproduced. This lends confidence to SYmmetry). o o
the derived mixed nature of the spin ground level and the Keeping these results in mind, we now attempt to rationalize
sequence of substates; tBeand J values obtained should, the exchange pathways in bioctahedral face-sharing complexes
therefore, be essentially correct. containing two first-row transition metal ions with metahetal

The misfits of the spectral pattern are related to the high (N = 5—8) configuration. For the manganese(ll) complexes
sensitivity of the hyperfine splittings toward marginal variations (¢° high spin)3 and4 additional superexchange paths via the
of D, E/D, andJ. Such variations are easily induced by strain
on the Fé sites in the powder crystallites. For instance, missing 8% é‘;“?ggg:}gsei&‘?ﬁglgh Hé Lﬁ'-”gﬁgibcﬁgfmfgf%ge 18%- - Pierioot
absorptions in the simulations could be corrected by allowing K.;l,?{ibbmg,’C.';’Vanzuic’kehbgme’ L. ang'rg Chim. Actal996 251,
for inhomogeneous spectral contributions witkk /D < 0.1. 15.
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Figure 7. Splitting caused by a trigonal distortio€4,) superposed
on an octahedral fieléf ® 0
half-occupied g orbitals must be considered. In contrast, for b) S=0 2e t j;_ _t j‘r
the nickel(Il) complexe8 and9 a direct metatmetal interaction
is not possible because the metal iggdrbitals are filled. In et
the cobalt(ll) complexe6 and7 both possibilities are available. a + + S
Notwithstanding the fine details in all of these complexes the + Lo
exchange coupling is always antiferromagnetic. Thus the le 4 I{. —+
ferromagnetically coupled iron(ll) complédin conjunction with
Sobota’s antiferromagnetically coupled complex represent test ® ®
cases for any consistent interpretation of the exchange coupling
in complexes containing this structural motif. 2e t ; "3: :r*’
The trisgt-chloro)-bridged complex as well as its trig{-
bromo)-bridged analogt display a weak antiferromagnetic
coupling of similar magnitude. The slightly diminished coupling a = e o
in 4 as compared t@ might be explained by the expected o — 4
increase of the metatmetal distance on substituting the chloro Te 4 o 4 4
for bromo bridges (see the structural change8 and9) and
the resulting diminished overlap integral of thgorbitals.
Interestingly, the antiferromagnetic exchange coupling in
is stronger than ii8 despite the fact that the MNNi distance in
9 at 3.234 A is longer than i8 at 3.044 A. As pointed out o S=0 _
above the direct metaimetal interaction viay orbitals can be E+U+K T
ruled out because the only available magnetic orbitals of the ErU+K + $=0® . ..~ —_
octahedral Ni ions areey orbitals. In8 and9 a o-superex-
change via bridging halide ions prevails and overlap of the e 0 S5=4®
orbitals with a filled p orbital of the bridge is slightly stronger £ +U-K T
(more covalent) for the bromo complé&xthan for the chloro :L
species3.!® The Ni—Br—Ni and Ni—CI—Ni angles at 76.9 and 1
76.8, respectively, are similar and much smaller thah. 90is
noted that Elerman et &.have recently reported the magnetism 0 + S=__0@_ 5-00
of a dinuclear triply phenoxo bridged dinickel(ll) complex which £ S=4@d . =/
is of the face-sharing bioctahedral type. The-Ri—Ni angles . '—S—=I®
range from 86.2 to 88°3which is close to 98 and the Ni-*Ni
distance is at 2.884 A. Aerromagneticexchange coupling B=0 B0
(J = +11.5 c) has been reported and interpreted in terms Figure 8. Generation of possible excited states53by one-electron
of a superexchange pathway. transfer steps in theebrbitals assuming (a) parallel 1 or (b) antiparallel
Exchange coupling in the cobalt(ll) complex@and7 with 2 spin alignment in the ground state of tris¢hloro)diferrous com-

local high-spin d configuration at the cobalt(ll) ions is plexes. (c) Relative energies of the ground and excited states without
antiferromagnetic and within experimental error of identical interaction between the metal ion$ € 0) and with such interaction
magnitude in both species. It is conceivable that the expected(ﬁ = 0).

diminished direct exchange going froB1to 7 (due to the

increasing Ce-Co distance) is compensated by a more effective clearly shows that in this species a nearly unperturhegicund

o-superexchange pathway in the tgid§romo) complex. A S ; . :
morep detailed zgnali)/sis is r):ot possil:t)‘lzsﬁ at this) pointpbecause theState prevails giving rise to an*1e°2¢? electronic configuration

order of thea; ande orbitals inCs symmetry (Figure 7) is not at the Fé lons. |t_|s then |mmed|ate_ly obV|o_us that direct
Known. exchange via; orbitals does not provide a suitable pathway

In the following we analyze the electronic structuresbof for exchange because these are filled. The half-fillecid
and Sobota’s complex which both contain the tisploro)- 2e magnetic orbitals yield according to the Goodenotgh

i oty but diff tterminal ligands. A inted out Kanamori rule®’ an antiferromagnetic interaction. Remarkably,
drierrous moiety but ditferent terminal Igands. AS poInted out, o opseryed antiferromagnetic coupling is rather wehk (
in trigonal symmetry the,y metal orbital split intoa; and le

(Figure 7). Muwsbauer spectroscopy of Sobota’s complex

(20) (a) Anderson, P. WPhys. Re. 195Q 79, 350. (b) Goodenough, J. B.

(18) Hatfield, W. E. InTheory and Applications of Molecular Paramagnet- Phys. Re. 1955 100, 564. (c) Goodenough, J. B. Phys. Chem.
ism Boudreaux, E. A., Mulay, L. N., Eds.; John Wiley & Sons: New Solids1958 6, 287. (d) Kanamori, 1. Phys. Chem. Solid€959 10,
York, 1976; p 352. 87. (e) Anderson, P. W. In Magnetism; Rado, G. T., Suhl, H., Eds.;

(19) Elerman, Y.; Kabak, M.; Svoboda, I.; Fuess, H.; Griesar,K.; Haase, Academic Press: New York, 1963; Vol. 1, Chapter 2. (f) Ginsberg,

W. Z. Naturforsch.1996 51h 1132. A. P.Inorg. Chim. Actal971 5, 45.



Bioctahedral Complexes [LMu-X)sM"L]BPhy Inorganic Chemistry, Vol. 36, No. 13, 1992843

—2 cnrl) as compared t@®, 4, and6—9. A reason for this coupling between the two ferrous ions. Configurations 1 and
observation may be the differing terminal ligands (six tetrahy- 2 are degenerate states neglecting the necessary resonance
drofuran ligands in Sobota’s complex vs two 1,4,7-trimethyl- integral B for coupling, but the excited states-3, which
1,4,7-triazacyclononane macrocycles in our complexes). This correspond to metalmetal charge transfer configurations, are

is corroborated by the data in Table 1. For [(g&®(u-Cl)3)- energetically split due to intraatomic exchanffeand double
[SnCk(thf)] an antiferromagnetic coupling &f= —1.7 cn1? orbital occupation (Figure 8c). The energy of the excited state
has been reported whereas €l is —13.1 cnt®. Similarly, J 5 is larger than that of 4 because one orbital of th¥ Bite in

= —6 cnr ! for [(thf)Niz(u-Cl)3][SnCls(thf)] and —10.5 cnr? 5is occupied by two electrons in contrast to 4 where each orbital
for 8. Similar observations have been reported by Roman et is only half-filled. The Coulomb repulsiot)’, of two electrons
al?! for a series of g-oxalato)dinickel(ll) complexes with  in one orbital exceeds that of two electrons in two orbitdls
differing terminal ligands. (U > U). The interaction parametg@; mixes then the ground
At this point it is not at all straightforward to find an  subspace with the excited one in a fashion that lifts the
additionalferromagnetieexchange pathway between two ferrous degeneracy of the ground sp&éeThe magnitude of stabiliza-
ions with a; ground state as is experimentally established for tion of 1, or 2 is then inversely proportional to the energy
complex>. difference to the excited states. Excited state 3 \Bith 4 is
From the M@sbauer spectra we had concluded that the local lowest in energy, and consequently, tBe= 4 ground state of
ground state of the Beons in5 and Sobota’s complex differ. 5 is more stabilized than the correspondi®g= 0 state.
The local ground state of an ¥éon in 5 is a mixture ofa; In the foregoing discussion we have ignored the possible
(~85%) and 1e{15%). We identify two possible origins for influence of the potential exchange which exhibits always a
this orbital admixture in crystalling: structural and electronic.  smaller ferromagnetic contribution than kinetic exchaffy&/e
(i) Due to packing effects in crystalling the local symmetry  assume that i and Sobota’s complex the potential exchange
at each iron(ll) site is less than trigonal. This has been verified contributions are very similar due to their similar core structures.
by the crystal structure determinationsf In Sobota’s complex,

on the other hand, the symmetry is much closeE4o A pure Acknowledgment. We thank the Fonds der Chemischen
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COmF?'eX (thf).Wh'Ch may exert Somﬂ'dlonor Capap'“ty in calculated positions of hydrogen atoms for comple%e8, 5, 6, 8,
addition to being goo@-donors. 7-Donation destabilizes the and9 (66 pages). Ordering information is given on any current
le orbitals in Sobota’'s complex and increases the energy masthead page.

difference between thg, and % orbitals. Thereby, mixing of IC970119H

these orbitals becomes less effective as compared to the situation
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