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Abstract: The reaction of mononuclear [LEg¢where L represents the trianionic ligand 1,4,7-triggd-butyl-
2-mercaptobenzyl)-1,4,7-triazacyclononane with CG#S8,0, CoCh-6H,0, or Fe(BR),-6H,O and subsequent
oxidation with ferrocenium hexafluorophosphate or NO{B&r reduction with [(tmcn)Mo(CQ] (tmcn =
1,4,7-trimethyl-1,4,7-triazacyclononane) produced an isostructural series of [LFeMFedwhplexes, the
following salts of which were isolated as crystalline solids: (i) [LFeCrFeL§jpP®ith n =1 (1a), n= 2 (1b),

andn = 3 (10); (ii) [LFeCoFeL]X, with X = BPh; andn = 2 (2b) and X= Pk andn = 3 (20); (iii) [LFeFeFeL]-
(BPhy),, with n = 2 (3b) andn = 3 (3¢). All compounds contain linear trinuclear cations (face-sharing octahedral)
with an NsFe(-SR):M(u-SR):FeNs core structure. The electron structure of all complexes has been studied
by FeandM K-edge X-ray absorption near edge structure (XANES),~t6, and EPR spectroscopy, variable-
temperature, variable-field susceptibility measurements, aissbéwier spectroscopy (in zero and applied field).
The following electronic structures have been establish&d) Fe'(Is)Cr''Fé'(Is) (Is = low-spin) with a spin
ground state of§ = %/5; (1c) Fe'(Is)Cr''Fe'(Is) with anS = ¥/, ground state;4c) Fe' (Is)Cd" (Is)Fe'" (Is)

with an § = 1 ground state;3c) Fe'(Is)Fe' (Is)Fe" (Is) with anS = 1/, ground state. Fotb (S = 2) it is

found that the two iron ions are spectroscopically equivalent-JFand, therefore, the excess electron is
delocalized (class IlI): [LFCr!'Fe?5L]2". For2b clearly two different iron sites prevail at low temperatures
(4.2 K); at higher temperatures 200 K) they become equivalent on the S&bauer time scale. Thugh is

class Il with temperature-dependent electron hopping between trenBe=¢' ions.3b is again fully delocalized
(class ) with an§ = 1 ground state; the excess electron is delocalized over all three iron sites. The electronic
structure of all complexes is discussed in terms of double exchange and superexchange mechanisms.

Introduction coupling in the dinuclear [2Fe-28}* cores between either
two Fé' ions as in [2Fe-23F, yielding anS = 0 ground state,
or between one Heion and one F& ion in the mixed valent
form [2Fe-2S}t where both oxidation states are localized,

Iron—sulfur metalloproteins are probably the structurally and
spectroscopically mostintensively studied class of metalloprdtéins.

These proteins contain active sites comprising tetrahedrall . ;
coordingted Fe and/or F&' ions and squiF()jo agd S-bound yaffordlng an$ = Y, ground state. Interestingly, for the latter

cysteinato ligands. Mono-, di-, tri-, and tetranuclear core coré an§ = 9, ground state has rgc_ently been s_hown to exist
structures have been identified which exist in a variety of " & Cys 7680 Ser mutant o€lostridium pasteurianunre
oxidation levels. The magnetic properties of these irsulfur ferredoxin’® Intramolecular antiferromagnetic coupling between

Lo < i ; _
clusters are well establishédHigh-spin ¢ and & electronic three F& ions in the oxidized form [3Fe-45] yields ans

1
configurations prevail in the Meand Fé' ions, respectively, /2 ground state.

which give rise to intramolecular antiferromagnetic exchange In thg m'xe.d valent [3Fe-4S]form of ferrgdoxm Il of
Desulfaibrio gigascomprising formally two F# ions and one

lManPlé}an-lnSUFut fu Strahlenchemie. Fe' ion, the valencies are delocalized. A?Pgpair with anS
. 'l\E/'lfr%'Z'”'SChe Universita = 9/, state is antiferromagnetically coupled to oné'Fen (S
pean Molecular Biology Laboratory. 5 .
(1) Iron—sulfur Proteins Vol. I-IIl.; Lovenberg, W., Ed.; Academic = ~/2), generating the observe8l = 2 ground state of the
Press: New York, 19731977. trinuclear clusteP11 The double exchange mechanism origi-
(2) Iron—sulfur Clusters Vol. IV.; Spiro, T. G., Ed.; John Wiley &
Sons: New York, 1982. (7) Crouse, B.; Meyer, J.; Johnson, M. K.Am. Chem. Sod995 117,
(3) Advances in Inorganic Chemistry Vol. 38ammack, R., Ed.; 9612.
Academic Press: San Diego, 1992. (8) Achim, C.; Colinelli, M.-P.; Bominaar, E. L.; Meyer, J.; Madk, E.
(4) Beinert, H.FASEB J.199Q 4, 2483. J. Am. Chem. S0d.996 118 8168.
(5) Beinert, H.; Holm, R. H.; Mack, E.Sciencel997, 277, 653. (9) Miunck, E.; Kent, T. A.Hyperfine Interact1986 27, 161.
(6) Trautwein, A. X.; Bill, E.; Bominaar, E. L.; Winkler, HStruct. (10) Papaefthymou, V.; Girerd, J.-J.; Moura, |.; Moura, J. J. G.nbky
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nally introduced by Zener, Anderson, and Hasedawahas Chart 1
been invoked to explain the spin alignment in thé-%epair.

In the cubane-type core structures [4Fe48}-1+ such a mixed

valent F&%, pair with anS = 9/, state and delocalized excess

electron occurs in all three oxidation levels. For example, the og s°
S = 0 ground state results from an antiferromagnetic coupling SN

e N
of two such pairs in the [4Fe-4%8] cluster. L =

Remarkably, neither of these trinuclear or tetranuclear clusters & N\)
exhibit in the ground state delocalization of the excess electron
over all three or four iron ions This observation has recently s®
been rationalized by Girerd et ¥:17 by taking into account

vibronic coupling in the double exchange Hamiltonian which e

considers impeded electron transfer between tetrahedral high- TN 7N
spin F¢ and high-spin P& due to differing Fe-S bond lengths NS S._— A
(large Franck-Condon barrier). N(/_<\Fe{\s\M/ /\Fe/2Q
Accordingly, systems with small bond length differences &N/ \S/ \S/ \Nj
between the oxidized and reduced forms should facilitate N N

electron transfer and, consequently, electron delocalization. We

have been inspired by the fact that the ionic radius of [LFeMFel]™
tetrahedrally coordinated Meincreases upon reduction to'Fe

by 22% which, in contrast, is only 9% for octahedrally

. . . . n+ —_ Py P
coordinated low-spin P& and Fé. Therefore, we investigated [LFeMFeL]™| n=1 s, | n=2 5, | n=3 s,
the electronic structures of sulfur-bridged, trinuclear complexes Cr 1a 32 | 1b 4/2 | 1c 12
containing two terminal, octahedral 'F&=€' ions and a di- or Co 2 12 | 2¢ 212

trivalent central heterometal ion.
In this paper we present an isostructural series of heterotri-
nuclear thiophenolate-bridged complexes of the general formula
[LFeMFeL]"" with M = Cr, Co, and Fe where L represents ligands 1,4,7-triazacyclononane (taéh),4,7-trimethyl-1,4,7-triaza-
the trianionic form of the ligand 1,4,7-tris¢ért-butyl-2- cyclononane (tmenf; and 1,4,7-tris(4ert-butyl-2-mercaptobenzyl)-
mercaptobenzyl)-1,4,7-triazacyclononane (Chart 1). In a recent 4 7-triazacyclononane (It and the complexes [LF&Jand [(tmcen)-
publicatior}® we discussed an analogous series containing nickel Mos(gfg;] NévtireczzgghnfSg:rih‘:zLg?ep:;'t'jlﬁdmpgtoeﬁego“nrqepsléxes with
and (.:Obalt lons. It WaS. shown th‘?‘t th? mechanism of spln organic ligands are potentially explag. Only small amounts of
coupling cannot be descrl_bed exclusively in terms of the classical material should be prepared, which should be handled with great care
superexchange mechanisms but double exchange phenomeng,q appropiate precautions.
prevail. Physical Methods. Infrared spectra (4064000 cnt?) of solid
This new series of complexes is uniquely suited to study the samples were recorded on a Perkin-Elmer 2000 FT-IR spectrometer
fine details of the electronic structure by S&bauer spectros-  (KBr disk). UV—vis/near-IR spectra of solutions were measured on a
copy in addition to the more conventional techniques such as Perkin-Elmer Lambda 19 spectrophotometer in the range-3200
temperature- and field-dependent magnetochemistry and mul-hm at ambient temperatures. Low-temperature spectra of substances
tifrequency band EPR spectroscopy. We have also employedi” Csl disks were take_n by mounting the disk in a holder attached to
extended X-ray absorption fine structure (EXAFS) and X-ray the end stage of an Air Products CS202 closed-cycle cryocooler. For

: infrared spectra the PE1760 FTIR was used, for-t¥ié spectra the
absorption near edge structure (XANES) spectroscopy. PE330 spectrometer, both computer controlled. Positive ion FAB mass

. . spectra were obtained under the condition of liquid secondary ion mass
Experimental Section spectrometry (L-SIMS) using Csas the primary ion (22 keV) on a
General ProceduresAll reagents and solvents were obtained from VG autospectrometer witim-nitrobenzyl alcohol (MNBA) as the matrix
commercial sources and used as received unless noted otherwise. CH Solvent. Cyclic voltammetric and coulometric measurements were
Cl, was distilled from calcium hydride under an oxygen-free, dsy N Performed on B & G equipment (potentiostat/galvanostat model 273A)
atmosphere. The preparations of all complexes were performed under®" Ar-flushed acetonitrile solutions of samples containing 0.10 Mi{N(

an argon atmosphere by using standard Schlenck techniques. The?UtklPFs as supporting electrolyte under an argon blanketing atmo-
sphere. Temperature- and magnetic field-dependent magnetic suscep-

tibilities of powdered samples were measured by using a SQUID
. . . magnetometer (Quantum Design) at 1.0, 4.0, and 7 T, respectivety (2.0
(11) Munck, E.; Papaefthymiou, V.; Surerus, K. K.; Girerd, J.-J. In 300 K). For calculations of the molar magnetic susceptibijity, the

Double Exchange in Reduced #5¢ Clusters and Noel Clusters with : . ; ; ~
MFe;S; Cores Manck, E.. Papaefthymiou, V., Surerus, K. K., Girerd, J.- experimental susceptiblities were corrected for the underlying diamag

J., Eds.; American Chemical Society: Washington, DC, 1988; Vol. 372. netism of the sample by using tabulated Pascal’s constants and for the

Fe 3b 2/2 | 3¢ 12

(12) Zener, CPhys. Re. 1951, 82, 403. temperature-independent paramagnetigap)which was obtained by
(13) Anderson, P. W.; Hasegawa, Phys. Re. 1955 100, 675. a fitting procedure. EPR spectra of frozen solutions and powdered solids
(14) Borshch, S. A.; Bominaar, E. L.; Girerd, J.New J. Chem1993

17, 39. (19) Wieghardt, K.; Schmidt, W.; Nuber, B.; WeissChem. Ber1979
(15) Borshch, S. A.; Bominaar, E. L.; Blondin, G.; Girerd, J}JAm. 112 2220.

Chem. Soc1993 115 5155. (20) Wieghardt, K.; Chaudhuri, P.; Nuber, B.; Weiss|nbrg. Chem.
(16) Bominaar, E. L.; Borshch, S. A.; Girerd, J.0.Am. Chem. Soc. 1982 21, 3086.

1994 116, 5362. (21) Beissel, T.; Glaser, T.; Kesting, F.; Wieghardt, K.; NuberdnBrg.
(17) Bominaar, E. L.; Hu, Z.; Muck, E.; Girerd, J.-J.; Borshch, S. A. Chem.1996 35, 3936.

Am. Chem. Sod 995 117, 6976. (22) Beissel, T.; Brger, K. S.; Voigt, G.; Wieghardt, Kinorg. Chem.
(18) Beissel, T.; Birkelbach, F.; Bill, E.; Glaser, T.; Kesting, F.; Krebs, 1993 32, 124.

C.; Weyherniller, T.; Wieghardt, K.; Butzlaff, C.; Trautwein, A. XI. Am. (23) Backes-Dahmann, G.; Herrmann, W.; Wieghardt, K.; Weisspdg.

Chem. Soc1996 118 12376. Chem.1985 24, 485.
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Chart 2
S, S, S;
Ji Jas
J13
S, =S,
Jip == Ja
Jis =
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the nuclear parts of the spin Hamiltonian are diagonalized separately
because in an applied magnetic field electron and nuclear spins are
decoupled. The Mgsbauer spectra can be simulated in the limit either
of fast or of slow spin relaxation. For the limit of fast spin relaxtion
(i.e., the spin states fluctuate rapidly on the time scale of the nuclear

were recorded on a Bruker ESP 300E spectrometer equipped with afrequencies due to spirattice and spir-spin relaxation) the spin

helium flow cryostat (X-band, Oxford Instruments ESR 910; S- and

expectation valuesis thermally averaged over all populated spin

Q-band, Oxford Instruments CF935). The X-band resonator was a dual-states whereas for the limit of slow relaxation (i.e., the spin states

mode cavity (Bruker ER4116DM/95). The ‘Mdsbauer spectra were

fluctuate slowly on the time scale of the nuclear frequencies) a

recorded on an alternating constant-acceleration spectrometer. TheMdssbauer spectrum is the superposition of the Boltzmann-weighted

minimal line width was 0.24 mm=3 (full width at half-height). The

sample temperature was maintained constant in either an Oxford Variox

spectra of all populated states.
X-ray Crystallographic Data Collection and Refinement of the

or an Oxford Msbauer-Spectromag cryostat. The latter is a split-pair Structures. A dark red-brown single crystal of [LFeCrFeL](Cl>-

superconducting magnet system for applied fieldsa® T where the
temperature of the samples can be varied in the range2b8 K. The
field at the samples is oriented perpendicular to theeam. The’’-

(PF)-1 acetone Ic*), a dark brown crystal o2c, and a black crystal
of [LFeFeFeL](BPh)(BF,)-3 acetone 3b*) were mounted in glass
capillaries sealed under argon. Graphite-monochromated Mo K

Co/Rh source (1.8 GBq) was positioned at room temperature inside radiation ¢ = 0.710 73 A) was used throughout. Crystallographic data
the gap of the magnet system at a zero-field position. Isomer shifts are of the compounds and diffractometer types used are listed in Table 1.

referenced relative ta-iron metal at 295 K.

Spin Hamiltonian Analysis. We have analyzed the data within the
usual spin Hamiltonian formalism which includes a term for the
electronic HamiltonianHe, and one for the nuclear Hamiltonialfy,
as in eq %?*The electronic Hamiltonian takes into account the isotropic

@)

Heisenberg-Dirac—van Vleck exchange Hamiltoniarfigow), the
intrinsic zero-field splitting termsHzvs), and the intrinsic electronic
Zeeman termsHzeg). For trinuclear complexes considered here the spin

Fi= g+ Fiy

Cell constants fofl.c* and2c were obtained from a least-squares fit of
the setting angles of 25 carefully centered reflections. Intensity data
for these compounds were collected at 20(1) an#i50(2) °C,
respectively, by using the —26 scan technique, corrected for Lorentz
and polarization effects, but no absorption correction was carried out
due to small absorption coefficients. Compo@id was measured on
a Siemens SMART CCD-detector system-di73(2)°C. Cell constants
were obtained from a subset of 4958 reflections. Data collection was
performed by a hemisphere run taking frames at 0iBQv.

The Siemens ShelXT®2 software package was used for solution,
refinement, and artwork of the structures. All structures were readily

coupling model encompasses coupling between adjacent metal centerssplved and refined by direct methods and difference Fourier techniques

Ja, and coupling between the terminal metal centéréChart 2)?5-27
The electronic Hamiltonian is given in eq 2.

Hy= 2155+ 55) — 2355, +
3

. 1 E N .
Z[Di § -8+ D+ 6 - 80| +reS8B @)

If the HDvV exchange term in eq 2 is dominant, the low-temperature
spectroscopic measurements (i.e., EPR s8b@auer, and magnetic

performed on DEC Alpha workstations. Neutral atom scattering factors
were obtained from tablé8® All non-hydrogen atoms were refined
anisotropically except those of a disordettedt-butyl group inlc*,
disordered solvent molecules, and some anions which were isotropically
refined. All hydrogen atoms were placed at calculated positions and
refined as riding atoms with isotropic displacement parameters. Some
of the solvent molecules and anionslict, 2c, and3b* are disordered.
For further information see the Supporting Information.

X-ray Absorption Spectroscopy (XAS) The XAS spectra were
recorded at the beam lines E4 and X1.1 at HASYLAB (DESY,

measurements) can be simulated for an isolated ground spin manifoldampurg, Germany). The beam lines are equipped with three ionization

S. This is possible only if (i) the energy difference between the spin
ground state and the first excited spin state>ikT and (ii) the spin
coupling dominates the zero-field splitting|(> |D|). The main factors

chambers, which allow a calibration of each spectrum according to a
reference sample. The measurements were performed at room temper-
ature. Monochromatization was achieved by a Si(111) monochromator

affecting the energy of the system are then given by the effective for the Cr, Fe, and Co K-edges. At beam line E4 a focusing mirror is

electronic HamiltoniarHE" (eq 3). The values of the effective spin
reff _ ~[a 2 1 Ea2 &2 &=
Ha =D|S; — 388+ D+ 5@ —3y)| TueS3B ()

Hamiltonian eq 3D, E, andg) are related to the intrinsic values in eq
2 (Di, B, and §) by spin projection techniqué$. The relevant
expressions will be given in the text where applied.

The nuclear part of the spin Hamiltonian consists of the nuclear
guadrupole interaction, the nuclear Zeeman terms, and the hyperfine

coupling describing the interaction of the ground-state §piin the
effective description) with the local nuclear moments (eq 4). The
effective hyperfine tensoA; can also be converted to the intrinsic
hyperfine tensog; by spin projection techniques. The electronic and

(24) Rodriguez, J. H.; Ok, H. N.; Xia, Y.-M.; Debrunner, P. G.; Hinrichs,
B. E.; Meyer, T.; Packard, N. Hl. Phys. Chem1996 100, 6849.

(25) Sinn, E.Coord. Chem. Re 197Q 5, 313.

(26) Ginsberg, A. Plnorg. Chim. Acta Re 1972 5, 45.

(27) Griffith, J. S.Struct. Bondingl972 10, 87.

(28) Bencini, A.; Gatteschi, DElectron Paramagnetic Resonance of
Exchanged Coupled SystenSpringer-Verlag: Berlin, 1990.

installed in front of the monochromator for further rejection of the
harmonics. For the suppression of harmonics the monochromator has
been detuned to 50% of its peak intensity. Energy calibration was
achieved by use of reference samples. For the Fe K-edgeFanfoil,

for the Co K-edge a Co foil, and for the Cr K-edge Git@pe were
chosen. The energy calibration of the data has been performed using
WINXAS,%%awhereas the normalization and data reduction were done
with EXPROGS using a Victoreen function below the edge and three
cubic splines above the edge. For the EXAFS analysis FEFF6/
FEFFIT232% was used. The edge positions were defined as the
maximum of the first derivative in the rising edge. For samples with

(29) (a) ShelXTL V.5, Siemens Analytical X-ray Instruments, Inc., 1994.
(b) International Tables for X-ray Crystallographynoch Press: Bir-
mingham, U.K. 1991.

(30) (a) Ressler, T., LLNL, EXAFS program for Windows 3 Version
2.4. http:/lourworld.compuserve.com/homepage/tressler/. (b) Hermes, C.;
Nolting, H. F., EMBL-Outstation Hamburg, GermaniXAFS data analysis
and evaluation program package for P@c) FEFF6: Zabinsky, S. I.; Rehr,

J. J.; Ankudinov, A.; Albers, R. C.; Eller, M. Phys. Re., submitted for
publication. FEFIT232: Newville, M.; Ravel, B.; Huskel, D.; Stern, E. A.;
Yacoby, Y.Physica B1995 208209, 154.
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Table 1. Crystallographic Data of the Complexes

Glaser et al.

3b*-3 acetone

complex 1c*-1 acetone 2c-2 acetoneb acetonitrile
chem formula GH11.CLCrRsFeNsOPSs CoeH138C0FsFeN120,P:Ss Ci11H14B2FsFesN6OsSs
fw 1887.71 2290.08 2069.87
space group Pna2; P1 P1
a, 20.488(4) 13.173(3) 15.403(3)
b, A 17.890(4) 13.453(3) 16.474(3)
c, A 25.116(5) 15.675(4) 22.935(4)
o, deg 90 104.10(3) 94.38(3)
/3, deg 90 99.50(3) 94.36(3)
y, deg 90 90.74(3) 91.61(3)
v, A 9206(3) 2653(1) 5783(2)
A 4 1 2
T, K 293(1) 100(2) 123(2)
radiationl, A 0.71073 0.71073 0.71073
p(calcd), g cm® 1.362 1.433 1.189
u(Mo Ka)), cmt 7.06 6.72 5.35
R12[l > 20(1)] 0.063 0.065 0.101
wR2b 0.167 0.173 0.235

aR1 = Y||Fo| — |FI/SIFol, Ry = [SW(IFo| — |Fe|)?IWFoAY2 wherew = 4F20?%(Fo?). PWR2 = [T [W(Fe? — FA/ S [W(FA)?Y2 wherew =
Uo*(Fs?) + (aP)? + bP, P = (Fo2 + 2F)/3.

similar edge shapes changes of the average oxidation state of thePRFeCr: C,57.4;H,6.7; N, 5.1; S, 11.8; Fe, 6.8; Cr, 3.2. Found: C,
different metal atoms were readily deduced from a shift of the minimum 56.9; H, 6.8; N, 4.8; S, 12.2; Fe, 6.3; Cr, 3.1.
of the second derivative in the rising edge. [LFeCrFeL](PF¢). (1b). To a stirred solution of 0.15 g (0.078 mmol)

Knowledge of the general structure of the compounds simplifies a of 1cin CHsCN (15 mL) was added solid [(tmcn)Mo(Cg)0.03 mg,
detailed multiple scattering EXAFS analysis. Considering only statistical 0.086 mmol). The mixture was heated to reflux for 1.5 h. The initially
reasons, we would be able to optimize more than 20 parameters fordeep red-brown solution became deep green-brown. The solution was
each scan. To overcome the problem of high correlations between filtered and the filtrate treated with a filtered solution of 1.00 g of NaPF
different parameters, we have used the simplest model possible. Forin CH;CN (10 mL). Upon storage of this solution overnight at@
the Co and Cr K-edges this includes only the contributions from the black crystals precipitated.Yield: 0.11 g (80%). L-SIMS (MNB#jz
six sulfur atoms in the first shell, the back-scattering from the (relintens): 1774 [LFeCrFeL](Pk).", 1}; 1629{[LFeCrFeL](Pk)",
neighboring iron atoms, the very important multiple scattering contribu- 8}; 1503 {[LFeCrFeL](F), 11}; 1484 {[LFeCrFelL]", 42; 742
tions for the M-S—Fe—M path, and, even more importantly, the  {[LFeCrFeLF", 3%. Anal. Calcd for GgH10dNsSP-F1FeCr: C, 52.8;
multiple scattering contributions within the first shell up to fourth order. H, 6.1; N, 4.7; S, 10.8. Found: C, 53.0; H, 6.9; N, 4.9; S, 10.3.

The local environment of the terminal iron atoms is not as symmetric ~ [LFeCrFeL](PF¢)s (1c). To a stirred solution of 0.30 g (0.42 mmol)
as that of the central metal ion. Therefore, more parameters had to beof [LFe] in methanol (50 mL) was added 0.30 g of'S0,-5H,0 (1.26
included in the calculations. The first coordination sphere consists of mmol). The mixture was heated at reflux for 5 h. The color changed
sulfur and nitrogen atoms. The multiple scattering contributions within from green-blue to light green. After cooling to room temperature, air
this shell are much smaller due to the lower symmetry compared to was bubbled through the solution for 1 h. After addition of 0.14 g of
the central metal atom with its six sulfur ligands at similar distances. FcPF (0.42 mmol) the solution was heated at reflux for 2 h, after which
The larger average distances of these sulfur ligands result in atime a deep red-brown solution was obtained. A filtered solution of
contribution of the multiple scattering within the first coordination 0.50 g of NaPEk in methanol (20 mL) was added. Storage of this
sphere at 3.9 A for the Co K-edge, whereas the corresponding solution overnight at 4C produced black crystals. Yield: 0.31 g, 77%.
contribution for the Fe K-edge is at 3.7 A. The fit of these peaks is not L-SIMS (MNBA) m/z (rel intens): 1774 [LFeCrFel](Pk);*, 1}; 1629
perfect because additional contributions from single scattering of several {[LFeCrFeL](PFk)", 4}; 1484 {[LFeCrFel]", 15; 787 {[LFeCrF],
carbon atoms at distancest A were not included in the refinement  13}; 742 {[LFeCrFeLPt, 39 . Anal. Calcd for GgH10dNeSsPsFisFe-
(carbon atoms of the macrocyclic ligand-a8 A were). Cr: C, 48.8; H,5.7; N, 4.4; S, 10.0. Found: C, 48.4; H,5.9; N, 4.2;

The measurements on the terminal and central metal atoms containS, 9.8.
the same information about the metahetal distance and its disorder. [LFeCoFeL](BPhy). (2b). To a stirred solution of 0.13 g (0.067
Hence, this information can be extracted with much higher accuracy if mmol) of 2c in CHsCN (50 mL) was added solid [(tmcn)Mo(C€))
both measurements are refined simultaneously. Thus, we have used §0.024 g, 0.067 mmol). The mixture was heated at reflux for 1 h. After
multiple edge fit in the refinements, which implies the use of the same cooling to room temperature, the solution was filtered, and a filtered
parameter for the FeM distance and its DebyeWaller parameter, solution of 0.50 g of NaBPhin CH;CN (20 mL) was added to the
respectivelyThe higher accuracy obtained with this approach allows filtrate, which initiated the deposition of black microcrystals. Yield:
analysis of whether the Fe atoms in the mixedent samples ha 0.11 g (73%). L-SIMS (MNBA)Wz (rel intens): 181¢[LFeCoFel]-
different distances to the central metal atdiris also possible to split (BPhy)™, 0.2; 1491 {[LFeCoFel], 9}; 775{[LFeCo]", 8}; 745{-
the Debye-Waller parameter, but this did not improve the quality of [LFeCoFelL}", 7}; 716{[LFe]", 4}. Anal. Calcd for GogH14dNeS6B2-
the fit. The values obtained by both approaches were identical within FeCo: C, 71.0; H, 7.0; N, 3.9; S, 9.0. Found: C, 70.9; H, 7.0; N, 3.6;
the error bars. The results of this fitting procedure are available in Table S, 8.7.

S16 in the Supporting Information. [LFeCoFeL](PFe¢)s (2c). To a stirred solution of 0.30 g (0.42 mmol)

Preparation of Complexes [LFeCrFeL](PF¢) (1a). To a stirred of [LFe] in methanol (50 mL) was added 0.10 g of @,-6H,0 (0.42
solution of 0.30 g (0.42 mmol) of [LFe] in methanol (50 mL) was mmol). The mixture was heated at reflux for 1 h. After cooling to room
added 0.30 g of S0,-5H,0 (1.26 mmol). The mixture was heated temperature, air was bubbled through the solution for 1 h. After addition
to reflux for 7 h, during which time the color changed from green- of 0.14 g of FcPE(0.42 mmol) and CECN (20 mL) the solution was
blue to light green. After cooling to room temperature, the solution heated at reflux for 1 h. After cooling to room temperature, the solution

was filtered. Addition of a solution of 0.50 g of NaPk methanol was filtered. Addition of a filtered solution of 0.50 g of Naf#fr acetone

(20 mL) initiated after storage overnight at°@ the deposition of a (20 mL) and slow evaporation of the solvent caused the precipitation
green powder. Yield: 0.08 g, 23%. L-SIMS (MNBAYz (rel intens): of large black crystals. Yield: 0.27 g, 67%. L-SIMS (MNBA)z (rel
1629 {[LFeCrFelL](Pk)*, 4}; 1484 {[LFeCrFel]", 53; 788 {- intens): 1783 [LFeCoFelL](Pk).", 1}; 1636{[LFeCoFeL](Pk)", 3};

[LFeCrF]", 14 ; 742;{[LFeCrFeL}, 40;. Anal. Calcd for GeH10dNeSs- 1491{[LFeCoFell, 7}; 775{[LFeCo]", 6}; 745{[LFeCoFeL}", 39};
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716 {[LFe]*, 11}. Anal. Calcd for GgH10aNsSsPsF1sF&Co: C, 48.6;
H, 5.6; N, 4.3; S, 10.1. Found: C, 47.3; H, 6.2; N, 4.0; S, 9.8.
[LFeFeFeL](BPhy), (3b). To a stirred solution of 0.40 g (0.56 mmol)

of [LFe] in acetone (30 mL) was added [Fe(®)s](BF4). (0.196 g,
0.56 mmol). The color changed from blue-green to olive-green. The
mixture was heated at reflux for 1 h. After cooling to room temperature,
the mixture was filtered, and a filtered solution of 0.50 g of NaBiRh
acetone (10 mL) was added. Upon storage-&8 °C black microc-
rystals were obtained. The solid was redissolved i@ (40 mL)

J. Am. Chem. Soc., Vol. 121, No. 10, 253D

Table 2. Electrochemical Data of the Compleges

redox potentiakE, V vs Fct/Fc

complex 4+-/3+P 3+/24b 2+/14b 1+/0°
1b° +1.22() -023(r) —0.67() —1.99 (ir)
2¢ +1.03() -0.23() —0.83() —1.50/ir)
3¢ +0.98 (i)  —0.14()  —0.95 (ir)

a Conditions: acetonitrile solution; 0.10 M tetrebutylammonium
hexafluorophosphate supporting electrolyte; ferrocene3(10) as

with an excess of ascorbic acid (3.00 g). The mixture was heated atinterng] reference; 295 K; glassy carbon working electrode; Ag/AgCl

reflux for 2 h. The color changed from brown-green to olive-green.
After cooling to room temperature, the mixture was filtered, and a
filtered solution of 0.50 g of NaBRHhn acetone (10 mL) was added.
Upon storage at-18 °C black crystals were obtained. Yield: 0.21 g,
50%. L-SIMS (MNBA) m/z (rel intens): 180§ [LFeFeFeL](BPh)™",
0.1}; 1488{[LFeFeFel}, 6}; 772{[LFeFe]", 5}; 744{[LFeFeFelL}",
7}; 716 {[LFe]*, 2}. Anal. Calcd for GodH14dNeSsBoFes: C, 71.1; H,
7.0; N, 3.9; S, 9.0; Fe, 7.9. Found: C, 70.9; H, 7.3; N, 3.7; S, 9.3; Fe,
7.8.

[LFeFeFeL](BPhy)s (3c). To a stirred solution of 0.30 g (0.42 mmol)
of [LFe] in acetone (30 mL) was added [Fe®s](BF4). (0.141 g,
0.42 mmol). The color changed from blue-green to olive-green. The
mixture was heated at reflux for 1 h. After cooling to room temperature,
solid NOBF, (0.05 g, 0.42 mmol) was added to the solution, which
was gently heated to 4T for 2 h. To the cooled and filtered solution
was added a filtered solution of 0.50 g of NaBRhacetone (10 mL).
Upon storage at-18 °C overnight black crystals were obtained.Yield:
0.30 g, 60%. L-SIMS (MNBA)Wz (rel intens): 180§ [LFeFeFel]-
(BPhy)*, 1}; 1489{[LFeFeFel}], 6}; 744 {[LFeFeFelL}t, 15; 716
{[LFe]", 2}. Anal. Calcd for GsoH1ssNeSeBsFes: C, 73.6; H, 6.9; N,
3.4;S,7.9; Fe, 6.9. Found: C, 73.5; H, 7.2; N, 3.3; S, 7.4; Fe, 7.1.

Results

Synthesis of ComplexesThe preparation and crystal struc-
ture of the mononuclear starting material blue-green, mono-
nuclear [LFd'] have been recently describ&The iron(lll)
ion is coordinated in an octahedr@$-N3S; donor environment.
We have employed the following compounds as effective one-
electron oxidants: ferrocenium hexafluorophoshate, [Rg]8F
nitrosyl tetrafluoroborate, NOBF[(1,4,7-Trimethyl-1,4,7-tri-
azacyclononane)tricarbonylchromium(®](tmcn)Mo(CO}],
and ascorbic acid were used as one-electron reductants.

From the reaction of [LP&] with Cr'"'SQOy-5H,0 (1:3) in

(saturated LiCl in GHsOH); r = reversible E = Ei» = (Ep(0x) +
Ep(red))/2); ir= irreversible E = Ey(0x) or Ey(red).? Charge of the
complex couple® Scan rate 200 mV-3. ¢ Scan rate 100 mV-3.

solution [LFeCoFeL](Pk)s (2¢) precipitated. Reduction dic
with 1 equiv of [(tmcn)Mo(COyj] in acetonitrile under anaerobic
conditions yields the dication [LFeCoFeL](BRh (2b). The
central cobalt ion is assigned-e3 oxidation state in botR2b
and2c; the trication in2c contains then a homovalent'Fed!
pair whereas ir2b a mixed valent PEe!' pair is present.

Analogously, the reaction of [LFg with F&'BF4:6H,0 in
acetone yields the trinuclear unit with an iron ion in the central
position. Again, the reaction solution contains the di- and
tricationic forms. Addition of NOBFE yields a brown solution
from which, upon addition of NaClg) brown crystals of
[LFeFeFeL](ClQ)s (3c) were obtained. By refluxing a mixture
of the di- and trications in acetonitile in the presence of a large
excess of ascorbic acid as the reducing agent, the pure dication
[LFeFeFeL}" formed in quantitative yield. From the olive-green
solution, crystals of [LFeFeFeL](BR)a (3b) precipitated. In
the trication it appears to be natural that all three iron ions are
assigned a-3 oxidation state. It is not possible at this point to
assign local oxidation states of the iron ions in the dica8bn
except to note that formally two iron ions are ferric ions and
one is a ferrous ion.

Electrochemistry. The results of the electrochemical inves-
tigations are summarized in Table 2. All redox potentials are
referenced in volts versus the ferrocenium/ferrocene coupte (Fc
Fc).

The cyclic voltammograms (CV) of all trinuclear complexes
display in the potential range-1.5 to —1.3 V in acetonitrile

methanol under anaerobic conditions green microcrystals of (0.10 M [N(n-butyl)s]PFs) up to three reversible one-electron

[LFeCrFeL](PFk) (1a) were obtained. The chromium(ll) salt was

used in excess because it not only is the source for the centra
chromium inlabut also serves also as a one-electron reductant.

From the above reaction mixture the two-electron-oxidized form
[LFeCrFelL](PR)s (1c) was isolated as red-brown crystals by
exposing the reaction mixture to oxygen (air) and adding 2 equiv
of [Fc]PRs. Generation of the intermediate oxidation state,
namely, green-brown [LFeCrFeL](B) (1b), was achieved by
reduction of the tricatioric with 1 equiv of [(tmcn)Mo(COj]

in acetonitrile. The cations ifha, 1b, andl1c differ only in the
total chargen ranging fromn = 1 for laton = 2 for 1bton

= 3 for 1c. As we show below the formal oxidation state of
the chromium center is-3 in all three cations. If this is the
case, the terminal iron centerslimandlc comprise homovalent
Fe'Fe' and Fd'Fe" pairs, respectively, wheredb contains a
mixed valent F&Fe" pair.

The corresponding trinuclear unit with a cobalt ion in the
central position is assembled similarly by the reaction of [LJFe
with Cd'Cl,*6H,0 in methanol. Air was bubbled through the
reaction solution in order to oxidize the cobalt(ll) ions. The
resulting solution consists of a mixture of the dication [LFe-
CoFeLF" and the trication [LFeCoFeE}. The pure trication
was obtained by adding 1 equiv of [Fc]@From the brown

transfer waves (Figure S1 in the Supporting Information) where

Ithe CVs are identical within a given seriglsa( 1b, and1c; 2b

and 2c, and 3b and 3c). These processes correspond to the
couples [LFeMFel(tOnt je., 4+/3+, 3+/2+, and 2+H/1+.
The 1+/0 couple is irreversible for all complexes; it is not
observed in the above potential range 3brand3c because at
the 2+/1+ reduction level dissociation of the trinuclear unit
occurs. The 3/2+ couple is reversible on the time scale of
CV and potentiostatic coulometry experiments. Thus, the di-
and tricationic species [LFeMFet}2* (M = Cr, Co, Fe) are
stable in solution and are chemically accessible.

In contrast, the 4/3+ couple is reversible only for M= Cr
and Co complexes, but on the time scale of a coulometric
experiment the respective tetracations are not stable. The
[LFeFeFeL}" species is unstable even on the time scale of a
cyclic voltammetric experiment; thet43+ wave is irreversible.
Thus, no tetracationic complex has been isolated in the solid
state. Similarly, the 2/1+ process is reversible only for the
M = Cr and Co series on the time scale of a CV experiment;
it is irreversible for3b and3c. On the time scale of a coulometric
experiment [LFeMFeL}" species with M= Co and Fe are also
unstable. They dissociate with formation of mononuclear [LFe],
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Figure 1. Structure of the trication in crystals of [LFeCrFeL](C)@
(PFs)-(acetone) 1c*). Top left: perspective view down the F€r—

Fe axis emphasizing the staggered configuration of the usix
thiophenolato bridges. Top right: side view of the trication. Bottom:
first coordination sphere of the metal ions of the trication and molecular
coordinate system used throughout.

the CV of whici#? is detected upon repetitive scanning. In
contrast, [LFeCrFell is stable and has been isolated as
complexla.

Solid-State Molecular Structures of [LFeCrFeL](ClOy).-
(PFg)-Acetone (1c*), [LFeCoFeL](PF)3*6CH3CN-2 Acetone
(2¢), and [LFeFeFelL](BPh)(BF4):3 Acetone (3b*). The
crystal structures dfc*, 2c, and3b* consist of trinuclear cations
[LFeMFeL]"", well-separated anions, and solvent molecules.
Figure 1 displays the structure of the trication [LFeCrPéL]

representative of these trinuclear cations which possess idealized

S symmetry. Considering the metal centers within their
respective first coordination sphere only, idealifizgd symmetry

Glaser et al.

Table 3. Selected Average Bond Distances (A) and Angles (deg)
of the Trication [LFeCrFel¥" in Crystals oflc*, of the Trication
[LFeCoFelL}" in 2¢, and of the Dication [LFeFeFet] in 3b*
Determined by X-ray Crystallography

1c* 2c 3b*
Fa—N 2.055(10) 2.038(3) 2.059(8)
Fa-S 2.257(3) 2.234(1) 2.236(3)
Mc—S 2.398(3) 2.286(1) 2.297(2)
Fa---M. 2.941(3) 2.870(1) 2.848(2)
Fa—S—M. 78.30(10) 78.82(4) 77.81(8)

spin (Is) [(tacn)FE'](Cl),,35 with 1.99 A in Is [(tacn)Fe!'](Cl)3,3

and with 2.24 A in high-spin (hs) F€"]36 indicate that the
iron centers irrespective of their actual oxidation state adopt a
low-spin electron configuration. The average % bond
distances confirm this assignment. Published-&ebond
distances for octahedrally coordinated iron ions with at least
three sulfur ligands are found in the range 2:2634 A for Is

Fel 37-52 2 23-2.36 A for Is Fd!l 465358 2 512 57 A for hs

Fell 3941535964 gnd 2.57 A for hs P&.55

(35) Boyens, U.; Forbes, A. G. S.; Hancock, R. D.; Wieghardtnkrg.
Chem.1985 21, 2926.

(36) Auerbach, U.; Eckert, U.; Wieghardt, K.; Nuber, B.; Weis$ndrg.
Chem.199Q 29, 938.

(37) Sellmann, D.; Lanzrath, G.; Huttner, G.; Zsolnai, L.;"eu, C.;
Claus, K. H.Z. Naturforsch., Teil BL983 38, 961.

(38) Sellmann, D.; Jonk, H.-E.; Pfeil, H.-R.; Huttner, G.; SeyerlJ.J.
Organomet. Cheni98Q 191, 171.

(39) Berger, U.; Stitale, J.Z. Anorg. Allg. Chem1984 516, 19.

(40) Wieghardt, K.; Kppers, H.-J.; Weiss, Jnorg. Chem.1985 24,
3067.

(41) Walters, M. A.; Dewan, J. norg. Chem.1986 25, 4889.

(42) Kippers, H.-J.; Wieghardt, K.; Nuber, B.; Weiss, J.; Bill, E,;
Trautwein, A. X.Inorg. Chem.1987, 26, 3762.

(43) Sellmann, D.; Mahr, G.; Knoch, F.; M., Nhorg. Chim. Actal994
224, 45,

(44) Sellmann, D.; Weiss, R.; Knoch, F.; Ritter, G.; Dengleinadrg.
Chem.199Q 29, 4107.
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Chem.1993 32, 4284.

(48) Sellmann, D.; Becker, T.; Knoch, Ehem. Eur. J1996 2, 1092.

(49) Ge, P.; Haggerty, B. S.; Rheingold, A. L.; Riordan, C.JGAm.

prevails. The terminal iron centers are in a distorted octahedral chem. Soc199q 116 8406.

cis-N3S; coordination environment whereas the central metal
ions are in a distorted octahedra &nor atom coordination

(50) Sellmann, D.; Becker, T.; Knoch, Angew. Chem., Int. Ed. Engl.
1989 28, 1703.
(51) Sellmann, D.; Mahr, G.; Knoch, Angew. Chem., Int. Ed. Engl.

sphere. The stereochemistry of these trinuclear cations has beeRggy 39 1477.

discussed previoushf.Only the staggered configuration of the
tertiary butyl groups in the achiral stereoisomg@iil)---A-

(52) Ohrenberg, C.; Ge, P.; Schebler, P.; Riordan, C. G.; Yap, G. P. A;;
Rheingold, A. L.Inorg. Chem.1996 35, 749.
(53) Wolff, T. E.; Berg, J. M.; Power, P. P.; Hodgson, K. O.; Holm, R.

(600) leads to a stable, sterically not crowded structure. Thus, inorg. Chem.198Q 19, 430.

for all complexes of the [LMMM:L]"" type only one achiral

(54) Henkel, G.; Simon, W.; Strasdeit, H.; Krebs,IBorg. Chim. Acta

stereoisomer needs to be considered. This is in contrast to similar1983 70, 29.

complexes containing the less bulky aminoethanethiolate (aet):

ligand as in [(ae§Cd" Cd" Cd'" (aet}]3*, three stereoisomer of
which have been synthesized and charactedzed.

(55) Greaney, M. A.; Coyle, C. L.; Pilato, R. S.; Stiefel, E.Inorg.
m. Actal991 189, 81.

(56) Hildebrand, U.; Lex, J.; Taraz, K.; Winkler, S.; Ockels, W.;
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Table 3 summarizes selected bond distances and angles 0kgos |, A. G.: Weickard, P. Linorg. Nucl. Chem. Letti97Q 6, 257.

the NgFe(u-S)M(u-S)FeNs core. The short average {FeéN
bond distances of 2.055(10), 2.038(3), and 2.059(8) Adn
2¢, and3b*, respectively, in comparison with 2.03 A in low-

(31) (a) Konno, T.; Aizawa, S.; Okamoto, K.; Hikada,Ghem. Lett.
1985 1017. (b) Okamoto, K.; Aizawa, S.; Konno, T.; Einaga, H.; Hidaka,
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The average CrS distance of 2.398 A ic* corresponds
nicely to the average value of 2.40 A for a'GrS bond in
octahedral CfS; compound$8-6° Similarly, the Ce-S distance
of 2.286 A in 2c corresponds to an average of 2.27 A for a
Cd"—-S bond distance in other octahedral "33 com-
poundss1b.70-74

EXAFS and XANES SpectroscopyWe have measured the
EXAFS spectra of complexeks, 1b, 1c, 2b, and2c at the Fe,

J. Am. Chem. Soc., Vol. 121, No. 10, 20%®

two, on the EXAFS time scale (1 s), equivalent iron ions
whereas in2b they are different.

We have also attempted to analyze the Fe K-edge EXAFS
spectra of3b and 3c. These spectra represent a superposition
of the contributions arising from the two fend Fegions. The
system is overparametrized, and therefore, the standard devia-
tions are large. The only significant result obtained is ap Fe
--Fe. distance of 2.99(3) A i8b and 2.86(2) A in3c. Again,

Cr, and Co K-edges at ambient temperatures. The results arghe Fe---M distance decreases with increasing oxidation level.
summarized in Table S16. Figures of the experimental and fitted XAS as an element specific spectroscopy allows the oxidation

k andR space data are available in the Supporting Information
(Figures S2, S3, and S4).

An important aspect for the elucidation of the electronic
structure of the trinuclear cations is the determination of the
Fa:--M; metal-metal distances and the {F&, Fa—S, and
M¢—S bond distances as a function of the oxidation level
within a given [LFeMFeL}" series. Furthermore, an important

state of a given element in a coordination compound to be
analyzed. The position and intensity of the resonances and, in
particular, the energy of the absorption edge position are features
which depend on the "delectron configuration. We have
determined the edge positions from the maximum of the first
derivative of the data in the rising edge regién’® Resonances
from the 1s level into half-occupied and/or empty d or p orbitals

issue concerns the question of whether the two terminal Fe ionsgive rise to distinct features superimposed on the K-edge

in the mixed valent speciekb and 2b are equivalent, and if
the latter is true whether one can distinguish the two iron ions
by EXAFS spectroscopy.

The results in Tables 3 and S16 show that the ., Fa—
N, Fa—S, and M—S distances foflc* and 2c as determined
by X-ray crystallography are in excellent accord with those
determined by EXAFS spectrocopy. This successful calibration

transitions. We have not attempted to assign these transitions
in any detail but use the energies listed in Table S17 in a
qualitative fashion.

The three Fe K-edge XAS spectrad, 1b, andl1c (Figure
S4a) show several well-resolved resonances at about 7113 (pre-
edge peak), 7120, 7126, and 7137 eV. The exact position of
these resonances as well as the edge position depends on the

gives us confidence that the theoretical phases used in theoxidation state of the complex; their shifts are quite similar for

calculations are appropriate.

It is therefore significant that the FeN and Fe—S bond
lengths inla, 1b, 1c, 2b, and2c are within experimental error
the same. They do not vary significantly as a function of the
oxidation level within a series or the nature of the central ion
(Cr or Co). The same is true for the;MS distances iia, 1b,
and1c where the average €S distance is 2.401(4) A and in
2b and 2c with an average CeS distance of 2.285(10) A.
Again, both M—S distances agree nicely with the corresponding
values obtained from X-ray crystallography fbe* and 2c.

The only parameter that does vary with the oxidation level
is the Fe+*M, distance which is 3.07(1) A ifabut 2.97(3) in
1c. Since we have established by two different fitting procedures
that the two iron ions in the mixed valent species [LFeCrFeL]
(1b) are equivalent, it is gratifying that the single #€Cr
distance of 3.01(1) A is intermediate between thatlafand
1lc.

the three species. A change of the oxidation level from
[LFeCrFeL]" to [LFeCrFeL[""D* results in a shift of ap-
proximately +0.8 eV of the edge position. The electronic
structure of the iron ions ifib can be interpreted as the average
of the electronic structures of the iron ions Ia and 1c. In
contrast, the edge position of the Cr K-edge (average 5989.14-
(5) eV) is affected much less by the changes of the oxidation
level within the seriesla—c. Only the intensities of the
resonances exhibit a marked dependence (Figure S4a). Although
the rising edges and the edge positiondafand 1b are quite
similar, the intensities of the resonances at 5993 and at 6002
eV in Figure S4a differ in such a way thab has the lowest
intensity at 5993 and the highest intensity at 6002 eV. In contrast
to the Fe K-edge measurements on the terminal iron centers,
the spectra on the Cr K-edge show no change in the local
oxidation state, but small differences in the electronic structure.
Irrespective of the overall oxidation level in the [LFeCrFeL]

On the other hand, the same procedure has established that®/es, the Cr oxidation state is invariabhg.

the two iron sites in [LFeCoFekE} (2b) arenot equivalent, and
two different Fe+-Co distances at 2.80(3) and 3.02(5) A have

Normalized Fe K-edge XAS spectra @b,c (Figure S4b)
show several well-resolved resonances at 7112 (pre-edge peak),

been determined. We regard this as a very important result of 7121, 7128, and 7138 eV. A change of the complex oxidation

the EXAFS spectra that the mixed valent spedibscontains
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2582.

(75) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, M.
J. Phys. Re. B, in press.

level by one unit results in a shift of the edge position of about
+0.7 eV. The relative peak positions and peak intensities are
quite similar for the two samples. In contrast, the edge position
of the Co K-edge XANES is only slightly affected by the change
of the oxidation level of these complexes; only a shiftdf.35
eV is detected. Due to slight differences in the shape of the
absorption edges and in the intensities at 7712 eV, the shift of
the maximum of the first derivative is misleading (Figure S4b).
We conclude that the oxidation state of the Co ion&lirand
2cis +3.

Although the Fe K-edge XANES @&b,c cannot be used for
an exact analysis, it is noted that the averaged edge position

(76) Shadle, E. S.; Hedman, B.; Hodgson, K. O.; Solomon, Folg.
Chem.1994 33, 4235-4244.

(77) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, E.Am.
Chem. Soc1995 117, 2259-2272.

(78) Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I.J. Am. Chem. S0d.997, 119, 6297.
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Table 4. Spin Hamiltonian Data Derived from EPR and Magnetic Measurements

EPR magnetic measurements
DI° Ja J IDil,° XTIP, pi,?

complex S gvalue cm?t S S S om! comt O13 02 m1 108 cm* mol-? %
la[LFe"Cr'Fd'L]*"  3/2 1.976;1.973 1.0 0 32 0 e 1.97 1.0 (Cr) 530 2(2)
1b[LFe"Cr'Fe'L]?t 2 1/2 32 0 +26 2.00 1.80 2.0(Cr) 214 0
1c[LFe"Cr'Fe'L]3"  1/2 2.049;1.869 1/2 3/2 12 —130 -50 204 198 700 0
2b[LFe"Co"F€e'L]?t 1/2 1.963;2.178 1/2 0 0 e G=12=2.20 650 0
2c[LFe"Co"Fe'L]*r 1 1/2 0 1/2 +41.5 2.07 15%) 870 0
3b[LFe"Fe'Fe"L]?" 1 2.070;1.930 0.218 1/2 0 1/2e G=1=2.02 <0.3(@) 550 0
3c[LFe""Fe"Fe'L]*  1/2 1.872;2.285 1/2 12 1/2e Gs=12= 2.17 610 1 (5/2)

2The assigned oxidation states are formal erfes electron book-keeping purposes orflyThe first number giveg), and the secondn. For
systemsS > 1/2 these Zeemag values were obtained from a full-matrix diagonalization of the respective spin Hamiltonian (see theTagt).
zero-field splitting parameter was obtained from either simulations of the EPR spectra or variable-temperature variable-field magnetization
measurements$.Paramagnetic impurity of the same molecular mass with the assumed spin state in paren@m@yetbe respective spin ground
state is populated even at room temperature.

geff

and the positions of the resonances above the edge are shifted
200 6.0 3.0 2.0 15

by 0.35 eV to higher energy (Figure S4c) in going fr8imto
3c.

UV —Vis/Near-IR/IR Spectroscopy.The absorption spectra
of complexes were measured in the spectral range 48 000 cm

ﬁp.A MM.. I
(UV) to 400 cnt? (far-IR). The spectra are shown in Figure ax | F
S5, and Table S18 summarizes the data. In the-Wié/near- dB | sim
IR region (216-1100 nm) the spectra consist of very intense
transitions which we assign to charge-transfer (CT) transitions
due to their large molar extinction coefficienis ¥ 10° M1
cm™1). Interestingly, the mixed valent complexgb, 2b, and

3b show electronic transitions at1100 nm €9090 cnT?). 1b

displays this transition in the IR at 3400 ci(Figure S5a).
The broadness (full width at half-maximum, fwhm 1400
cm™?) and its temperature dependence point to an electronic Figure 2. X-band EPR spectrum of a solid sample 3# at 10 K

transition. The intensity of the transition increases with increas- (éxperimental conditionsy = 9.4354 GHzP = 40 mW, MA = 31

ing temperature. Comple3b has a similar transition at 5550 ~ C)- Simulation with Gaussian line shapds<: (80, 80, 11) mT) and
cm~1 (1800 nm) with a fwhm= 1500 cnt?. Again, the intensity other parameters as given in Table 4.

of the transition increases with increasing temperatur@bla
very broad absorption maximum at 6100¢n{1640 nm) with

0 100 200 300 400 500
B/mT

frozen solutions and powders) consist of a number of relative

_ L . . weak intensities in a wide field range, respectively, which is

2@”2?; r?c’)f)(r)r? tgrr’gl (vatlues_ frog1 a fit dW'It:h Gaug.;lan line typical for complexes with an integer spin ground state. Spectra
P perg ure1s ,O, served (Figure S5). ) measured on solutions and on powders differ as do spectra

Since these electronic transitions are not opserved in the neasured on powders from preparations with differing precipi-
spectra ofla, 1¢, 2¢, and3c, we feel that they are intervalence  (4ti0n conditions (slow or fast). We made no attempt to simulate
bands of the PE-€" mixed valent part irlLb, 2b, and3b. these spectra.

EPR SpeCtI’OSCOpyThe X-band EPR SpeCtl'a of frozen @'H The X-band EPR Spectrum &b (Figure 2) consists of a
CN solutions oflc, 2b, and3c at low temperatures consist of  strong resonance at100 mT and two weak resonances at higher
axial S= 1_/2 signals. The values obtained from simulations  field (~200 mT and~420 mT), indicating a small zero-field
are given in Table 4. splitting. The simulation with ars = 1 spin Hamiltonian by

The S-, X-, and Q-band EPR spectra of a frozen solution of full-matrix diagonalization leads tg, = g, = 2.07,q, = 2.02,
lain CHCN show an axials = 3 signal (Figure S6). The  and|D| = 0.22 cn7. The main components of the transitions
field dependence of the resonances on going from S-, to X-, in the three principal directions, y, and z are visualized in
and to Q-band frequencies indicates that the zero-field splitting Figure S7. It is important to note that we do not observe a
is on the order of the microwave energy used (S-bar@l1 distribution ofD in 3b and that the spin Hamiltonian parameters
cm1; X-band,~0.3 cnrl; Q-band,~1.0 cnl). Therefore, we  are consistent with the magnetic measurements and tres-Mo
simulated the spectra with &= %/, spin Hamiltonian including bauer spectra with applied field (see below).
an electron Zeeman term and zero-field splitting by full matrix Magnetic Measurements.Variable-temperature magnetic
diagonalization. Theeffectve values of g, decrease with  susceptibilities of solid samples of complexes were measured
increasing microwave energy. Thdfectve g, of the S-band in the range 2300 K (for 1cin the range 2370 K) by using
spectra gives a good estimate for #@eman g/alues because  a SQUID magnetometer and an applied magnetic field of 1.0
in the S-band the limit of strong zero-field splitting is ap- T; the results are given in Table 4. The effective magnetic
proached. At the Q-band the two terms, Zeeman and zero-field moments ., of complexesla—c as a function of temperature
splitting, are nearly of the same order of magnitude, and are shown in Figure 3, and those2i§,c and3b,cin Figure 4.

therefore, these spectra are most sensitive JorExcellent For complexes having a% > Y, ground state, variable-
simulations of all three spectra were obtained with the following temperature, variable-field magnetization measurements were
parametersgn = 1.973,9, = 1.976, andD| = 1.0+ 0.1 cnm™. recorded at 1, 4, ah7 T with temperature variations in the

The EPR spectra dfb and2c at low temperatures (S-, X-,  range 2-300 K.
and Q-band normal mode, X-band parallel mode measured on We have employed the following fitting procedure for the
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4.0 temperature-independent paramagnetism (TIP) were included.
3.8 by Taking into account a rhombic terta= 0 does not give better
26l fits for any complex which is in agreement with the 3-fold
’ symmetry of the complexes.
34r Sinceyrp is a fit parameter, there is some scatter of these
32| 1a values (536-870) x 10°% cm® mol™1, but the exceptionally
L small value forlb (214 x 10°% cm® mol™1) may indicate that
- 100 200 eq 2 does not represent the best model (vide infra). Possible
o 44 ambiguities of the results were excluded by systematic searches
240 of the fit parameter space includinge. The sign and the
1% a0 magnitude of thel; value are not straightforwardly derived.
’ 16 There are cases where it is impossible to obfawalues from
3.8 bulk susceptibility measurements® To obtain reasonable,
[ physically meaningful values o, we have calculated fit-error
3.0 o 200 contour maps fod; vs Ja, J; VS yrip, andJa vs yrip. Covariances
of parameters and distinctions between local and absolute
25 minima were checked by inspection of these calculations.
Complex 1a exhibits a temperature-independent effective
20 1c magnetic moment of 3.84g in the temperature range 5300
K indicative of aS = 3/2 ground state and the absence of
155 100 200 300 thermally populated excited states. An interesting feature is
TIK

detected in the magnetization data (Figure S8). At a field of

Figure 3. Temperature dependence of the magnetic momertta-of 1.0 T the measured magnetization is higher than that calculated

c.The fits (solid lines) were obtained using parameters given in Table py using a simple Brillouin function which is not the case at

4.

4.0 and 7.0 T. This effect is due to a smaltermolecular
ferromagnetic interactiorbetween the [LFeCrFelL} cations

2b in the solid state. In complexds, 2b, and3c, each having an
20r . S = 1, ground state, we observe a decreasecgfat very low
temperatures which is only attributable to smermolecular
1.5¢ L antiferromagnetic interactionWe do not know the origin of
a6l 7 these very weak interactions. The intermolecular ferromagnetic
contributions inla compete with the zero-field splitting effects.
2.9]j 2c It is therefore not possible to derive a reliable valueDdirom
28l the magnetization measurements.
Given that the chromium ion is in the3 oxidation state,
o 27r the magnetic measurements yield an oxidation state distribution
2 26} in 1aas [Fé(Is)Cr'Fd!(Is)]*. Fe!(Is) (cf, to¢f) is diamagnetic
E 25| (S = 0); the temperature-independe&t = 9/, state of la
b T corresponds to thelalectronic configuration of a central €r
300 e ion.
The effective magnetic moment of the two-electron oxidized
20k trication of 1a, namelylc, shows a plateau in the temperature
3¢ A range 5-100 K at 1.7Qug corresponding to ai = %, ground
2.0} e00s state. At temperatures100 K the magnetic moment increases
i and reaches 2.94g at 370 K.
151 In the following analysis we assume localized oxidation states
in 1c as [F&'(IS)CMFE"(IS)]*T (51 = S =Y, S = ¥,). To
101 . . . . . reduce the number of parameters for the simulation of this three-
0 50 100 150 200 250 300 spin system, we take advantage of the measured EPR spectra
T/K of 1c which yieldgs =1/ = 1.93 for the ground-state sp&h =

1 . t . .
Figure 4. Temperature dependence of the magnetic momer2g,of /2. In the given spin system there exists only one system spin

and of3b,c. Fits (solid lines) were obtained using parameters in Table S = 1/2'_ which is |1/_2'1_D where we use f[he nome_nclatufé,
4. $[] S is the subspin in Kambe’s notatidh.For this ground

state the spin projection formula is given in eg35.

xmT data of the variable-temperature measurements and for the
xwm data of the variable-field, variable-temperature magnetization
measurements. The spin Hamiltonian used is given in eq 2. It
includes the usual isotropic Heisenbeigirac—van Vleck
(HDVV) exchange Hamiltonian for a trinuclear system, intrinsic ~ Here, g, represents the loca value of the Ct ion in 1c.
zero-field splitting terms, and the local electronic Zeeman This value is not expected to change significantly on going from
terms’® A term accounting for a paramagnetic impurity _of spin (80) (@) Girerd, JJ.. Papaefthymiou, G. C.. Watson, A. D Gamp, E..
S (g = 2.00, same molecular mass) and the contribution of @ yagen, K. S ; Edelstein, N.; Frankel, R. B.; Holm, R. H.Am. Chem.

Soc. 1984 106, 5491. (b) Dean, N. S.; Mokry, L. M.; Bond, M. R;
O’Connor, C. J.; Carrano, C. lhorg. Chem.1996 35, 3541.
(81) Kambe, K.J. Phys. Soc., Jpri95Q 5, 48.

1 5 1
9s=12= ~ 3% + 3% 7 3% 6)

(79) Simulation program JULIUS written by C. Krebs, F. Birkelbach,
and V. Staemmler, unpublished.
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1cto labecause fodathis Ci' is the only paramagnetic ion
present and the experimental EPR spectrurbadmmediately
yields g,. Substituting the experimental valge = 1.97 from
lainto eq 5, we obtain the local value for the F&(Is) ion in
1lcasg; = gz = 2.04. In the subsequent simulation and fitting
procedure the fixed loca values of 1.97 for C¥ and 2.04 for
Fé'(Is) were used. The resulting fit of the data shown in Figure
3 with parametersl, = —130 cnt! and J; = —50 cnt? is
excellent. How well is the surprisingly large valueJptiefined?

Glaser et al.

increases to a value of 2.9 at 20 K and then decreases to
2.48up at 2 K. This behavior is typical for two ferromagnetically
coupledS = Y/, spins, yielding ar§ = 1 ground state (Figure
4); the simulation gives; = +41.5 cmt! andg; = gs = 2.07.
The magnetization data confirm ttf& = 1 spin ground state
(Figure S10). With the values df andg; = gs, fixed as given
above, a zero-field splitting parametdd| = 1.5 cnT! was
obtained.

The trication3c exhibits a nearly temperature-independent

Figure S9a gives the four possible spin states of the system aseffective magnetic moment of 1.95 0.1 ug (Figure 4). The

a function ofJ, and J; (derived from Kambe’s treatmét}.
Clearly, the only spin state depending on the value for the
terminal couplingl; is the |3/2, (state. The calculated spin

simulation with an effectiv& = ¥/, spin yieldsg = 2.17, which
corresponds nicely with the isotropig value of the EPR
spectrum. The observed ground state originates then from

ladder and the resulting Boltzmann factors of the spin states atantiferromagnetic coupling of three loc8l = 1/2 spin states

350 K are shown in Figure S9b. The relevii2, 0spin state

[Fe'(Is)Fe" (Is)Fe" (Is)]*". The coupling constant between

has a population of 13% at this temperature. Thus, we feel thatadjacent metal centetk is <—400 cn! and independent of

the value of}; is well defined and physically meaningful. Figure
S9c shows an error contour line diagram overJdhes J; area.
The covariance of the two coupling constants is striking.
Simulations with values at the border of the contour line with

J:. For this spin system there are three system spin states, namely
[Y5, 10|, OC)and|3/,, 100 1f |34 > |3 holds, then the ground
state is|Y/,, 101 The only spin state of which the energy depends
on J is |5, OCJ which is also a doublet. Only the energy of the

the smallest error given in Figure S9c do not reproduce the nondegenerate staf#,, 10depends o, and consequently,
experimental data as well as the values given above. We estimatenly the reduction of the energy of this state leads to an increase

an error of+5 cn® for J; and +20 cnt? for J,.

From the above analysis it is clear that coupling between the

two terminal Is F& centers is antiferromagnetic in nature and
that it is strong. Thé& = ¥/, ground state iricis thus attained
by intramolecular antiferromagnetic coupling between two
terminal Is F&' ions (S 3 = %) and a central ¢t ion (S =
3/)).

The effective magnetic moment of the dicatibmincreases
from 4.11ug at room temperature to a maximum of 4 /&d at
20 K and then decreases to 3/69at 2 K (Figure 3), indicative
of aparallel spin couplingyielding anS = 2 spin ground state.

Since the XANES results have shown that in the ser@&sc
the oxidation state of the central '€iis invariant, it appeared
to be natural to invoke an oxidation state distribution of
[Fe"(Is)CrMF€E!(Is)]?" in 1b. In a localized description this
would require that the observ&l= 2 ground state is achieved
by an intramoleculaferromagneticcoupling between a @
ion (S= %/,) and oneadjacentls F€' ion (S= 1/;). A reasonable
fit of the data oflb using the spin Hamiltonian eq 2 is possible
with the following parametersS, = Y5, S = %/5; Ju = +26
cm™1, g = 2.00 (fixed),g. = 1.80 (fitted),D, = 2.0 cn'%, and
XTIP = 214 x 1078 cm® mol1.

There are three indications that this model is not satisfac-
tory: (i) theg value for the Ct is too small and (ii) the value
for yrip is unreasonably small for this class of complexes (see
Table 4), and, most importantly, (iii) it is hard to reconcile the
change of sign 08, which ispositive in 1b andnegativein 1c
considering that both the Is feion and the adjacent &rion

of uer at higher temperatures.

The dication3b possesses a temperature-independent effective
magnetic moment of 2.8@s indicative of anS = 1 spin ground
state and no thermally accessible excited spin states (Figure 4).
No zero-field splitting effects of th&s = 1 spin state are
detectable. This is also manifestated by the magnetization
measurements (Figure S10). Simulations of the magnetization
measurements with an effecti$e= 1 spin Hamiltonian indicate
an upper limit for|D| of 0.3 cnT™.

M0Ossbauer SpectroscopyAll compounds have been exten-
sively studied by Mesbauer spectroscopy in zero and applied
magnetic fields. The zero-field Mgbauer spectra were mea-
sured temperature-dependent from 4.2 K to room temperature,
and the spectra with applied field were measured field- and
temperature-dependent. In general, the spin ground states are
well separated from the excited spin states, and the limit of
strong coupling {> D) is valid. Therefore, we have used an
effective spin Hamiltonian for the description of the respective
spin ground states resulting from the spin coupling of the local
spins, eq 3. In zero applied field nearly all samples displayed
pure quadrupole spectr@ven at 4.2 K. The magnetically
perturbed spectra of paramagnetic specieB a 1 T were
simulated in the slow relaxation limit. Thus, the observed field
dependence of the relaxation rate due to sigipin interactions
in the solid state is broken. The zero-field spectra of the
complexes were readily simulated, and the data are summarized
in Table 5.

The sign of the quadrupole splitting paramet&Eq, was

are in an identical structural environment. Furthermore, the spin unambiguously determined from the spectra measured in an
Hamiltonian eq 2 must be incomplete since the ground state isapplied magnetic field. The data in Table 5 contain the values
still degenerate due to the fact that two resonance structuresof the 4.2 K spectra only. Unless stated otherwise the spectra

for 1b of equal weight exist: [P&(Is)Cr''Fe!(Is)]>t and
[Fe'(Is)Cr'Fe'(Is)]?". This represents the classic situation
where double exchange contributions cannot be neglected.

The dication2b exhibits a nearly temperature-independent
effective magnetic moment of 1.98 0.1 ug in the range 36
300 K (Figure 4). Below 30 Kyt decreases slightly, which is
indicative of a small intermolecular antiferromagnetic coupling
which was modeled by taking into account a Cuieiss
constant® of —1.3 K. This behavior is in accord with an
oxidation state distribution of [FgIs)Cd" (Is)F€'(Is)]**" contain-
ing a single paramagnetic low-spin'fFéon.

The trication in2c displays aues of 2.65ug at 295 K which

show a small temperature dependence of the isomer shift due
to a second-order Doppler effect. Also, the quadrupole splitting
was found to exhibit no significant temperature dependence even
for the central Is P& ion in 3c with quasi©, symmetry. This
observation indicates that the orbital degeneracy of the T ground
states is significantly lifted by the trigonal ligand field.

The spectra olla, 1c, and2c consist of a single quadrupole
doublet. The spectrum olb also displays only a single
qguadrupole doublet when microcrystalline, rapidly precipitated
samples are used. More slowly grown, i.e., more visibly
crystalline, samples show a broadening of this doublet and, in
addition, new weak spectral features (Figure S11). This effect
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Table 5. Md&ssbauer Data of [LFeMFel] with and without an Applied Magnetic Field

0, AEq, _
mms?!t mm Q§1 rel area, % Alungn, T afungn, T s| g's° D,cm™t

la[LFeCrFeLl* 0.54 -0.14 100 0.65; 0.65; 0.62 0.64 1.976; 1.973; 1.973 1.974 1.0
1b [LFeCrFeLP" 0.42 +1.11 100 —0.86;,-0.86;,—2.75 As°=-149 2.0;2.0;2.0 2.0 0.59
1c[LFeCrFeLP* 0.34 +2.00 100 4.26; 4.26; 0.52 —9.05 1.869; 1.869; 2.049  1.929
2b [LFeCoFeLf" Fe!l 0.32 +1.68 50 —16.12;—16.12;3.92 —9.49 2.178;2.178; 1.963 2.106

Fé! 0.44 —0.22 50 0.69; 0.69; 0.89 0.76 2.178;2.178;1.963  2.106
2c[LFeCoFelLP* 0.31 +1.92 100 —5.84;—-5.84;1.83 —6.57 2.066; 2.066; 2.066 2.066 —1.50
3b [LFeFeFelL}" N3Ss 0.39 +1.36 66 —7.65;—7.65; 2.49 Aso= —427  2.070;2.070;1.930 2.02 -0.218

S6 0.53 +0.87 34 —11.35;—11.35;2.67 As°=-6.68 2.070; 2.070; 1.930 2.023 —0.218
3c[LFeFeFeL}" N3Ss 0.33 +1.85 67 —2.76;,—2.76; 2.73 —1.40 2.306; 2.306; 1.859  2.157

S6 0.47 +1.76 33 1.97;1.97;5.58 —9.52 2.306; 2.306; 1.859 2.157

@The values for the isomer shift and the quadrupole splittinEq are given for the spectra at= 4.2 K.
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Figure 6. Mdssbauer spectra dt at 4.2 K in applied magnetic fields

1.00 [Anaiein (3.0, 6.2, and 7.0 T perpendicular to thebeam).
099t
The M&ssbauer spectra recorded at 4.2 K in applied magnetic
0.98} fields of 2.1, 4.0, 6.2, and 7.0 T dfadisplayed in Figure S1la
o%0r 097k 5K show that a small internal magnetic field is measured at the
3 2 1 0 1 2 3 3 2 10 1 2 3 iron sites although they are formally diamagneti¢ (/®. From
velocity/mms ™ velocity/mms simulations using a spin Hamiltonian for ti8&e= 3/, system
Figure 5. Temperature dependence of the zero-fieltsbtmuer spectra  SPIn with a fixedg value derived from the EPR spectra and a
of 2b (warming and cooling). fixed zero-field splitting ofD = 1 cn! in the slow relaxation

limit, a hyperfine tenso®ungy = (+0.65; +0.65; +0.62) T
was traced back to magnetic phenomena in the solid state whichwas obtained. The simulations are not very sensitive with respect
influence the electronic relaxation rates. Experimentally this is to the sign of the quadrupole splitting. Nevertheless, the spectra
verified by measuring the Misbauer spectra of samples of measured in small applied fields were best simulated with a
varying crystallinity in weak applied fields~40 mT) in the negative sign foAEq.
temperature range 1.2 K. The relaxation is strongly Excellent simulations in the slow relaxation limit shown in
dependent on the size of the crystallites of the sample. We haVeFigure 6 were obtained fotc. The sign of the quadrupole
not studied these effects in.greater detail but used microcrys-sp”tting is unambiguously positive, and the asymmetry param-
talline powder samples dfb instead. etery is zero. The effective hyperfine tensor for the system

The Mossbauer spectra of the three-iron comple®esand  gpin of § = 1/, is very anisotropic (Table 5). Spin projection,
3ceach exhibit two quadrupole doublets with relative ratios of oq 6, yields the intrinsic hyperfine tensor.

2:1. We assign the doublet wifis of the intensity to the two
terminal iron centers and the other with of the intensity to = — _Ah
the single central iron ion. =12 Ag-1r2 ©)

The dicationic cobalt compound@b shows an interesting
behavior. In the 4.2 K spectrum two doublets of equal intensity ~ The spectra of the dicatiatb with applied field were found
are observed (Figure 5). With increasing temperature a new to be affected by crystallinity effects of the type described above.
doublet with nearly the mean values of the isomer shift and the In Figure S11 te 7 T spectra at 4.2 K of sample A (microc-
quadrupole splitting appears at the expense of the former tworystalline) and sample B (larger crystals) are compared. The
doublets. At 353 K only this doublet is detected. Cooling the broadening of the highest energy absorption lines is more
sample leads to the reverse behavior. pronounced in the spectrum of sample B. These effects have a
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profound influence on thed,, parameter, which exhibits a
distribution. In contrast, thé\, and A,y parameters are well
defined.

The field-dependent spectra @b were measured at low
temperatures only. The simulations in the slow relaxation regime
with an effective spin Hamiltonian & = %, with theg values
fixed at the values of the EPR spectrum yield a very anisotropic
A tensor of the P& site with a change of the sign on going
from Az, to Ay andAyy (Table 5 and Figure S12). The quadrupole
splitting is clearly positive. The simulations of the spectrum
recorded at high field (7 T) demonstrate again the presence of
an internal field even at the [fgs) site as inla. The sign of
the quadrupole splitting of this iron center is not unambiguously
determined, but a negative sign appears to be more likely.

A good reproduction of the experimental spectraoshown
in Figure S12a was achieved by simulations with an effective
spin Hamiltonian ofS = 1 in the slow relaxation limit. The
value of the zero-field splitting was taken from the magnetization
data, and the sign is unambiguously determined as negdlive (
= —1.5 cnT?). Theg values were isotropically fixed at the value
derived from the magnetization measurement. The quadrupole
splitting is positive, and the asymmetry paramejeis zero.

The spectra at small and intermediate fields (1 and 4 T) are
very sensitive to changes of the valudnfTherefore, the poor
quality of these simulations is due to a distributiorDo¥alues
induced by solid-state effects. The derived hyperfine tensor
(Table 5) is again very anisotropic. Spin projection, eq 7, yields 432101234

g‘5.1:1/2 = 2'5‘3:1

Relative Transmission

(7) velocity/mms™

Figure 7. Mdssbauer spectra @b in applied magnetic fields (8.0,

the intrinsic hyperfine tensor. For the zero-field splitting no spin 7:0,and 3.0 T perpendicular to thebeam) at 4.2 and-1.5 K.

projection is possible because the local doublet states do not

possess a local zero-field splitting. The origin of the zero-field 201 2ca .'12
splitting is therefore due to spin dipolar interactions. - 15] 20 3b
The field and temperature dependencies of thesdbauer g 1b
spectra of3b were perfectly simulated with an effective spin E 109
Hamiltonian for theS§ = 1 spin ground state in the slow Lgn’ 054
relaxation limit (Figure 7). The spin parametegs, @y, 9., D)
were successively optimized in conjunction with the simulation 0.0 o 2b (Fd) \
of the EPR and magnetic mesurements. The three methods yield 05— . . . . .
one, well-defined parameter set. The sign of the zero-field 0.30 0.35 040 045 0.50 0.55 0.60
splitting is unambiguously derived from the M&bauer spectra. s/mms’

The qu_adrupole splitting is positive and th_e asymmetry param- gigyre 8. Quadrupole splittingAEq, vs the isomer shifty, of the
eter  is zero for both doublets. No solid-state effects are terminal iron sites of complexes measured at 4.2 K in applied field.
observable for this complex, consistent with the zero-field
Moéssbauer and EPR spectra. are better reproduced in the slow relaxation limit and others in
To derive the hyperfine tensors of the terminal and central the fast relaxation limit.
iron ions in 3c, we measured the field dependence of the Inspection of the data given in Table 5 reveals an interesting
Méssbauer spectra at 4.2 K (Figure S13). The simulations werecorrelation. A plot of the isomer shift versus the quadrupole
carried out with an effective spin Hamiltoni&= /,. To limit splitting AEqg for complexedla, 1b, 1c, 2¢, 3b, and3cdisplayed
the number of parameters, numericglalues obtained from  in Figure 8 shows that the two quantities are linearly correlated.
the powder EPR spectrum were used. The solution is difficult Only for 2b this correlation appeansot to hold for the Is F&
because the two different types of iron centers possess similarsite. Although it is well established in Msbauer spectroscopy
parameters, giving rise to a strong overlap. Simulations in the that the isomer shift is a measure for theealectron configu-
fast and slow relaxation limits yield acceptable reproductions ration (oxidtion state) of the iron ion, the quadrupole splitting
of the experimental data. The simulations are not very sensitive AEg, in general, is not. Values af and AEg for complexes
to changes in the components of the hyperfine coupling becauselc, 2c, and3c are very similar at ~ 0.32 mm s! andAEq ~
the isotropic hyperfine constant is very small. From numerous +1.9 mm s. For these complexes the oxidation state assign-
calculations we arrive at the conclusion that for the high-field ment of both terminal iron ions ig-3, in agreement with all
spectrum (7 T) the limit of slow relaxation is valid. The 3.5 T other spectroscopic and magnetochemical data. These ions
spectrum is the most difficult to simulate because it is in the possess a (1&p)! electron configuration. On the other hand,
intermediate relaxation regime where a dynamic line width 1a clearly contains two low-spin Heions ((1ef(a)?). It is
model is appropriate. Figure S13 displays simulations which therefore gratifying that the mixed valence class Ill speties
were obtained in the fast relaxation limit with the parameter displays M@sbauer parameters which are nearly the exact mean
set given in Table 5. Some features of the measured spectrunvalues of those ola and 1c. This allows the straightforward
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assignment of &2.5 oxidation state for both terminal iron ions
in 1b. Similarly, for the class Il specie®b assuming an average
oxidation state of+2.67 per iron ion, the above correlation
predictsé and AEq values of 0.39 and 1.50 mnT%s respec-
tively, for the two terminal iron ions, in very close agreement
with the experimental values of 0.39 and 1.36 mmh. s

Discussion

As stated above, the idealized symmetry of all trinuclear
cationic units isSs; considering only the metal centers within
their first coordination spheres, it Bzq. The terminal iron ions
in thefac-N3S; coordination sphere belong @,, and the central
metal ion belongs t®3q4. Trigonal distortion of the octahedral
coordination polyhedron leads to a splitting of thgdrbitals
(in Op) into a doubly degenerate orbital set (1eGg,) and a
nondegenerate orbital (& Cs,) where two directions of this
splitting are possible ¢de or 1e @. In a ligand field approach
these orbital sets can be expressed as linear combinations o
the metal d-orbital§283 The a-orbital corresponds to az
orbital, where thez axis coincides with the 3-fold symmetry
axis of the trinuclear cations. The gftorbitals arer-orbitals
with respect to the metaligand bonds and the gfjeorbitals
are of theo type?8

To identify the local magnetic orbitals, it is necessary to know
the direction of the trigonal splitting. Experimentally, this
information is derived from the Mesbauer spectra. The valence
electron contribution to the electric field gradient, (ERgWwas
estimated by a simple ligand field consideration: the expectation
values for the (EFG) tensor elements are known for the
individual metal d-orbital§:85In a recent publication we derived
these tensor elements for trigonal symmé&#iiyor a & Is system
there are two possible electron configurations in trigonal
symmetry: (1€)a)! and (a)3(1e} leading toV,,= +4/7 er—20
andV,,= —2/7 er—3[JrespectivelyTherefore, the experimental
determination of the sign of the quadrupole splitting by
Mossbauer spectroscopy directly yields the respectiectron
configuration.
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[)olarization which would produce a positive spin density in
contrast to the observed negative spin density (positive hyperfine
tensor) in la. Therefore, the second mechanism invoking
intramolecular dipolar fields is most likely the origin of the
measured supertransferred hyperfine field (T).88 The marked
anisotropy of theA tensors in this series of complexes proves
the presence of such strong dipolar fields.

[LFeCrFeL] 3" (1c). Complex 1c also displays only one
quadrupole doublet in the Mgbauer spectrum, rendering the
two terminal iron ions equivalent. As the oxidation state of the
chromium ion remainst-3, both iron ions are assigned-e3
oxidation state. The decreasing isomer shift on going fil@m
to 1cand the increasing quadrupole splitting are consistent with
an Fé/'(Is) formulation. The &ls electron configuration induces
a significant valence electron contribution to the EFG. The sign
of the quadrupole splitting is positive, indicating thereby an
e(tg)*as’ configuration of the P& ions (Chart 3). The observed
S = 1/, ground state ofic originates then from an antiferro-
magnetic coupling between the adjacent'R&; = S = Ys)
ions and the Ct (S = 3,) ion. Note that there is also a strong

[;_FeCrFeL] '+ (1a). From the experimentally determin&d antiferromagnetic interaction between the terminal iron centers
= 3/, ground state and the temperature independence of the(Jt = —50 cnTY). In Chart 3a the possible interaction pathways

effective magnetic moment, it follows that the oxidation state penyeen adjacent metal centers are displayed and classified as

distribution for the monocationic compleba is [Fe'(Is)Cr!' -
Fé'(Is)]*" where the Féions are in a low-spintconfiguration.
The small quadrupole splitting\Eq, proves that thex shell is
filled, yielding an'A; ground state with zero contribution to
the EFG from the valence shell. Therefore, the small value of
AEq arises to a first approximation from the ligand contribution
to the (EFG).

The only unexpected experimental result is the observation
of a small internal magnetic field at the diamagnetic (9
ions. In a phenomenological description this effect is called a
supertransferred hyperfine field which invokes a coupling
between a nucleus A and the electrons of a second nucleus B
This contribution is often small and negligible because coupling
between the nucleus A and the electrons of A is, in general,
much larger. Two mechanisms have been proposed for the origin
of this supertransferred hyperfine fiéltl88 The first one is spin

(82) Ballhausen, C. Jintroduction to Ligand Field Theorylst ed.;
McGraw-Hill: New York, 1962; p 68.

(83) Trogler, W. C.Inorg. Chem.198Q 19, 697.

(84) Albright, T. A.; Burdett, J. K.; Whangbo, M. HDrbital Interactions
in Chemistry Interscience: New York, 1985; p 381.

(85) Gitlich, P. InMossbauer Spectroscop§onser, U., Ed.; Springer-
Verlag: Berlin, Heidelberg, New York, 1975.

(86) Bossek, U.; Nhlen, D.; Bill, E.; Glaser, T.; Wieghardt, K.;
Trautwein, A. X.Inorg. Chem.1997, 36, 2834.

(87) Evans, B. J.; Swartzendruber, L.Rhys. Re. B 1972 6, 223.

ferro- or antiferromagnetic according to the Goodenotgh
Kanamori rules$?-24 All pathways except one are ferromagnetic
in nature. The only pathway leading to an antiferromagnetic
coupling is the direct interaction of thg-arbitals (Chart 3b)
which then dominates all other contributions.

[LFeCrFel] 2" (1b). Since the energy of the Cr K-edge of
1b is nearly identical to that ofa and 1c, the dication inlb
can be assigned an oxidation state distributior! (B§Cr'"' Fe' -
(Is)]?* (Chart 4a) using localized oxidation states. In this case
the a—a, exchange pathway between the single |14 k8§, =
1/,) ion and the Cl (S, = 3/,) ion would have to yield ag =
1 ground state. Obviously, this is in sharp contrast to the
experimentally observefi = 2 ground state fotb. Therefore,
a localized model cannot be valid fb. The observation of a
single quadrupole doublet f@othiron ions inlb—even at 4.2

(88) Vandenberghe, R. E.; Grave, E. D. Mibssbauer Spectroscopy
Applied to Inorganic Chemistryol. 3, Long, G. J., Grandjean, F., Eds.;
Plenum Press: New York, 1989; p 101.

(89) Goodenough, J. B2hys. Re. 1955 79, 564.

(90) Goodenough, J. Bl. Phys. Chem. Solids958 6, 287.

(91) Goodenough, J. BMagnetism and the Chemical Banthter-
science: New York, 1963.

(92) Kanamori, JJ. Phys. Chem. Solids959 10, 87.

(93) Anderson, P. WPhys. Re. 1959 115 2.

(94) Anderson, P. W. InMagnetism Rado, G. T., Suhl, H., Eds.;
Academic Press: New York, 1963.
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K—requires a formal oxidation state 2.5 for both iron ions.
Furthermore, Hush’s line width criteri&(Avy, = (2310/ma)™d)
applied to the intervalence transition at 3400¢érallows the
assignment otb to class IlI (fully delocalized) rather than class
Il according to Robin and Dasf.

In the frame of valence bond theory the ground statélof
can be described by several nearly degenerate electroni
configurations (resonance structures, canonical foPh$he
three relevant resonance structures forshown in Chart 4b
are formally interrelated by one-electron-transfer steps. Since
electron delocalization originates from electrostatic interactions
which do not operate on the spin part of the wave function,
this electron transfer must occur without spin flifclectron
transfer takes place within the arbitals. Resonance structures
invoking the a orbitals at Fe and the 2e orbitals at Cr are not
considered to play a role because according to group theoretica
considerations the electron-transfer integbails zero due to
symmetry constraints. Thus, rationalization of &e= 2 ground
state of 1b is effectively achieved by invoking a double
exchange mechanispver three metal sites.

At this point it is appropriate to compare these findings with
those reported for the extensively studied class Ill complex [
(tmcn)F&-5} (u-OH)3)2" with anS = 9/, ground stat&¥t-1%4for

(95) Hush, N. SProg. Inorg. Chem1967, 8, 357, 391.

(96) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocheni967, 10,
247.

(97) March, J.Advanced Organic Chemsitrydth ed.; John Wiley &
Sons: New York, 1992; pp 2636.

(98) Girerd, J.-J.; Papaefthymiou, V.; Surerus, K. K.;idk, E.Pure
Appl. Chem1989 61, 805.

(99) Blondin, G.; Girerd, J.-Chem. Re. 199Q 90, 1359.

(100) Blondin, G.; Borshch, S.; Girerd, J.-Gomments Inorg. Chem.
1992 12, 315.

(101) Drike, S.; Chaudhuri, P.; Pohl, K.; Wieghardt, K.; X.-Q., D.; Bill,
E.; Trautwein, A. X.; Winkler, H.; Gurman, S. J. Chem. Soc., Chem.
Commun.1989 59.

(102) Ding, X.-Q.; Bominaar, E. L.; Bill, E.; Winkler, H.; Trautwein,
A. X.; Drueke, S.; Chaudhuri, P.; Wieghardt, K.Chem. Physl199Q 92,
178.
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Chart 5

Felll

which the double exchange mechanism has been described.
Stabilization of thes = 2 ground state iib of ~100 cn1tis
found to be smaller than that of tie= 9, ground state+{700
cmY) in the dinuclear species. This fact can be rationalized as
follows: (i) The three resonance structures shown in Chart 4b
for 1b do not contribute with the same weight. The structure
invoking a central C is energetically more unfavorable than
the other two because it is more difficult to reducd'Go Cr!

than Fé' to Fé'. On the other hand, the shapes of the Cr K-edge
peaks ofLla—c do suggest that the central Cr ionlih possesses

at least some Crcharacter in contrast tha and 1c. (i) The
transfer integrafp’ for the terminal Fe sites idb is smaller
than the corresponding integr@l for adjacent Fe ions in
[(tmcnyFe(u-OH)s]2" simply due to the fact that the FeFe
distance is~6 A in 1b and~2.5 A in the latter complex.

[LFeFeFeL]*" (3c). From the Msbauer data plotted in
Figure 8 it clearly follows that both terminal iron ions 8t
must be assigned an oxidation statet&; which yields a central
low-spin ferric ion. Interestingly, the Mgsbauer parameters
reported for [(aetCd"Fe"'Cd"(aety]*" (§ = %), which
contains a central Is HeS; moiety in a diamagnetic ligand
matrix (0 = 0.40 mm s?, |AEg| = 1.70 mm s? at 104 K%9),
are very similar to those reported here 8wrat 4 K. Thus,3c
is a [Fd' (Is)Fd" (Is)Fe" (Is)]*" species as shown in Chart 5. The
differing signs of the effective hyperfine couplings constants
(AT3= —0.9nunT, A;° = +3.1TgnunT) demonstrate that the
local spins of the terminal iron ions are aligned parallel to the
system spin and the local spin of the central iron ion is aligned
antiparallel to the system spin, which gives rise to thg10
ground state. All exchange pathways except theaainterac-
tion are of ferromagnetic nature. Therefore, the observed very

strong antiferromagnetic coupling.(< —400 cnT?) originates

from the direct exchange between localoabitals. The energy
difference between the local magnetic orbitals in this homot-
rinuclear complex is smaller than in the heterotrinuclear complex
1c, which yields a larger energy splitting, resulting in a stronger
antiferromagnetic coupling. Delocalization of electron density
in the bonding region results in the observed reduction of the
intrinsic hyperfine coupling constant. We describe this interac-
tion asthe onset of metalmetal bonding

[LFeFeFeL]?" (3b). The one-electron reduction 8t yield-
ing 3b leads to a reduction of the formal oxidation state of the
two terminal iron ionsandthe central iron ion. From Figure 8
the assignment of a formal oxidation state for the terminal iron
centers ast2.67 is appropriate. Simple charge considerations
imply then the same oxidation state for the central iron ion.
This situation can be described by three resonance structures

(103) Gamelin, D. R.; Bominaar, E. L.; Kirk, M. L.; Wieghardt, K.;
Solomon, E. 1.J. Am. Chem. S0d.996 118, 8085.

(104) Kahn, O.Molecular Magnetism1st ed.; VCH Publisher: New
York, 1993.

(105) Freeh, G.; Chapman, K.; Blinn, Borg. Nucl. Chem. Lettl973
9, 91.
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Chart 6 state (superexchange mechanism). It is the advantage of the
e - - — - - = Hubbard-Anderson model Hamiltonian that it deals with both

- = double exchange and superexchange mechanisms depending

only on the level of perturbation.

2e

; B p " - .
SN SN T [LFeCoFeL]?" (2b). The mixed valence speci@b belongs
al + Fe— i+t H et + H to class Il according to Robin and Day as is clearly deduced
from their temperature-dependent 8&bauer spectra which at
S ¥ o4 o4 OH 4.2 K display two distinct quadrupole doublets, one for a low-
e SRR T oS R o4 4 spin ferric ion and the other for a low-spin ferrous ion. At room
F' Ed' EeM Fell Fd pel Fl Edl el temperature only a single doublet is observed. Thus, on the time

scale of a Mesbauer experiment (10s) electron hopping is
. . evidenced. In accord with this interpretation an intervalence
”F(E
(Cflwlart 6), each of which consists of one'Feenter and two charge-transfer transition is observed at 6100tm
Fe' centers. The positive sign of the quadrupole splitting The Missbauer spectra reveal an interesting facet. Despite
indicates that the locaklarbitals are the magnetic orbitals. The P e N9 : P
. .. the fact that electron hopping b is a dynamic process, no

near energetic degeneracy of these resonance structures implies. = .- . . T L

. o .. Significant line broadening which is usually indicative of
an equivalent contribution of these to the resonance-stabilized . -2

. . . .~ —coalescence processes is detectable upon raising the temperature.
(delocalized) ground state. The above delocalized description

) . . Similar observations have been described previously and have
is supported by a low-energy electronic transition at 5500cm - o . 08
. : - - recently been interpreted by @aoh and HendricksoA% These
The observed independence of this absorption maximum and . :
. e -~ . authors reason that due to solid-state cooperative effects the
of its extinction coefficient on varying the solvent from

acetonitrile to acetone and dichloromethane corroborates thepment"”lol9 Sg‘.ergy. surface changes as the temperature in-
. . creased?11%n which case, electron hopping is possible without
assignment 08b as a class Il mixed valent compound where

: ; . coalescence. The presence of the necessary cooperative effects
the excess electron is quantum-mechanically delocalized over. - e
three metal centers is experimentally borne out by the observed variability of the

The origin of theS = 1 ground state which is the only Mdssbauer spectra @b on sample preparations (crystallinity).

populated state up to room temperature is again readily Conclusion
understood by a double exchange mechanism over three metal
centers via the japathway (Chart 6). Only parallel alignment In this study we have shown that the mononuclear species
of the three respective local spins allows the excess electron to[F€''L] containing acis-N3S; donor set is well suited to form
be transferred over athree metal centers. The negative sign a series of isostructural trinuclear complexes in the presence of
of the effective Masbauer hyperfine coupling constawd§° other transition metal ions. [LFeMFeL] species contain a linear
indicates positive spin density at the terminal and central iron array of two terminal iron ions and a central Mnit (M =
centers, respectively, corroborating thereby the above picture.Cr, Co, Fe); the structure of the {ReSMSgFeN;]™" core is in
In a hypotheticals = 0 ground state, delocalization would be all cases face-sharing octahedral with gixthiolato bridges.
limited to two metal centers. Electrochemically and chemically the charge of these trications
[LFeCoFeL]3* (2c). The Mtssbauer spectra @t unambigu- can be varied betweentland 3t (4+) without changing the
ously show that the terminal iron ions are low-spin ferric with 9ross overall structure. These isostructural mono-, di-, and
an (1e¥(ay)* electron configuration. Thu€c can be described  trications show remarkable electronic structural features: local-
as [Fd!(Is)Cd' (Is)Fe" (Is)]*" with localized valencies. Rather  ized and delocalized formal oxidation state distributions have
surprisingly this species possessesan 1 ground state which ~ Peen encountered. Double exchange and superexchange mech-
implies aferromagneticcoupling between the twg, = S = anisms are intimately coupled.
1/, local spins of the terminal iron centers. (Note thgh 1cis Interpretation of the electronic structure via a superexchange
negative, indicating an antiferromagnetic exchange interaction). mechanism between localized paramagnetic centers with local-
In accord with the magnetochemistry @€, the sign of the  ized oxidation states has been achievedfo[Fe (Is)Cr''-
effective Mssbauer hyperfine coupling constant is negative. F€"'(IS)**, § = %,). Surprisingly, and more difficult to
It is by no means straightforward to understand the nature of understand, the ferromagnefic= 1 ground state is observed
this ferromagnetic interaction iic yielding an§ = 1 rather ~ for 2c with a localized [F&(Is)Cd"Fe(Is)F* oxidation state
than a diamagnetic ground state. The Hubbakdderson model  distribution, whereaSc has the expected antiferromagnesic
Hamiltoniar?®196.197provides a suitable theoretical frame, the = 2 ground state ([F&(Is)Fe'"(Is)Fé" (Is)]3*). Complex 1a
details of which we will outline in a subsequent theoretical represents a simple case with only one paramagnetici@r
paper. In essence, we will show the following. The {d<dd? ([Fe'(Is)Cr''Fe!(Is)]*") and anS = ¥, ground state.
Is cP electron configuration represents the ground stateépr The most important result of this study is the discovery that
it is isoelectronic to one of three resonance structures given for complete quantum mechanical delocalization of the excess
3b in Chart 6 where the excess electron is localized on the electron in the mixed valent speciiés and3b is possible over
central iron ion. In thedelocalizedcase of3b the other two the threemetal ions in the dications. This has been explained
configurations mix in first-order perturbation of electron transfer by a double exchange mechanism where thea pathway
because they belong to the same energy subspace, yielding #ads to ground states with maximum spinsSo¥ 2 and$ =
well-separateds = 1 ground state (double exchange mecha- 1, respectively. In2b the a---a; pathway is electronically
nism). In contrast, in the localized case 24 the other two blocked by a low-spin @lelectron configuration of the central
possible configurgtions m_ix in second-order perturbation because (108) Wu, C-C.. Jang, H. G.. Rheingold, A. L. Geh, P.. Hendrickson,
they are energetically highly separated charge-transfer states. H. inorg. Chem.1996 35, 4137.

contributing only very little to the stabilization of the triplet (109) Kambara, T.; Hendrickson, D. N.; Sorai, M.; Seung, MJGChem.
Phys.1986 85, 2895.
(106) Hubbard, JProc. R. Soc. London, A963 276, 238. (110) Nakano, M.; Sorai, M.; Vincent, J. B.; Christou, G.; Jang, H. G.;

(107) Anderson, P. WRev. Mod. Phys1978 50, 191-201. Hendrickson, D. NInorg. Chem.1989 28, 4608.
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Cd" ion, and consequently, an electron hopping process has Supporting Information Available: Figures S+S13, Tables
been observed (class Il behavior). Effectively, we have achieved S1-S15 of crystallographic and crystal structure refinement
an electronic fine-tuning of intramolecular electron transfer in data, atom coordinates, bond lengths and angles, anisotropic
this series of complexes. thermal parameters, and calculated positional parameters of
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