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The reaction of mononuclear [LI§ where L represents the trianionic ligand 1,4,7-trigéd-butyl-2-
mercaptobenzyl)-1,4,7-triazacyclononane with Pb(HGH,0 in methanol affords the heterotrinuclear complex
[LFePbFeL](ClQ), (1). Similarly, with SnSQ or Geb as starting material in an acetonitrile/water mixture and
CH.Cl,, respectively, the reaction with [LF¢ yields crystalline materials of [LFeSnFeL](BF (2a) and
[LFeGeFeL](Pk)2 (3a) upon addition of NaP§& Complexes2a and 3a can be one-electron oxidized by [Ni
(tacn}](ClOy4)3 (tacn= 1,4,7-triazacyclononane) to give [LFeSnFeL](G)§(2b) and [LFeGeFeL](Cl®)s (3b).

The crystal structures of [LFeSnFelL](BBPR6CH:CN (2a*), [LFeSnFeL](ClQ)s-4.5(CH),CO (2b*), and
[LFeGeFelL](BPh)*6CHsCN (3a*) have been determined by single-crystal X-ray crystallography. The trinuclear
cations consist of three face-sharing octahedra connected by six thiolato bridges affording thg-e¢reS)M-
(u-S)FeNs (M = Sn,Ge). Fe and Sn(Ge) K edge X-ray absorption spectroscopg, @i, and3a, 3b established

that the one-electron oxidations affect exclusively the iron ions whereas the oxidation state of the central Sn(Ge)
remains unaffected1°Snf’Fe) Mdssbauer spectroscopy, magnetochemistry, and EPR spectroscopy prove that
both the Sn and Ge ions in the di- and tricationstargalent since the unpaired electron #b and 3b displays
substantial 5s and 4s character, respectively. In contrast,ain oxidation state distribution of I.s/FBB'l.s.Fé!
prevails. Complexes, 2a, and3a possess a diamagnetic ground state whe2basd3b have ar§ = 1/, ground

state.

Introduction We verified the notion that dominant double exchange in
dinuclearmixed valent species yields an electronic ground state

electronic structure of an isostructural class of homo- and ©f Maximum spin multiplicityia spin alignment (ferromagnetic

heterotrinuclear transition metal complexes all of which contain €UPIing) whereas the situation for trinuclear species is more
the thiolato-bridged BM(u-SR)M%(u-SR)M3N3™ core which complicated anpl a ground state 0ﬁ|n|mum spin mult|pI|p|ty
consists of three face-sharing octahedra (Chart 1). Witland can be energetically more favorable than its corresponliag

M3 representing two low-spin ferric ions XdS = /) in the state. For example, in the isoelectronic and isostructural series
two terminal positions, in #ac-N3Ss donor environment, and ~ Of complexes {LFe},M?]"" where M (n+) is Fe(2)A, Cd'-

M2 a diamagnetic or paramagnetic central heterometal ion in (3) B, Ni(4) C, we found thatA and B have anS max = 1,

an S ligand sphere we showed that the mechanisms of spin WhereasC has anSmin = 0 ground state (Lkl= 1,4,7-tris-
coupling between two or three paramagnetic ions cannot be (4-tert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane). We
described exclusively in terms of a classical superexchangeShowed thatA andC can only be described with delocalized
model by using the Heisenberg, Dirac, van Vleck (HDvV) spin Valences (class IIl according to Robin and BayhereasB is
Hamiltoniarf for strictly localized valences but spin dependent @ class | or Il species with localized valences. Formally, all three
delocalization via double exchange mechanfsiad to be can in a first approximation be described as consisting of two

In a series of papets* we have recently explored the

invoked. low-spin ferric ions withS= %/, and a central diamagnetic, low-
spin ferrous ion (8 S= 0) in A, a low-spin cobalt(lll) (8, S
T Max-Planck-Institut fu Strahlenchemie. = 0) in B, and a low-spin Ni(IV) (8, S= 0) in C; they are
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Figure 1. Electronic spectrum of [LFePbFett] (1) in acetonitrile.
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[LMTM2M3L]"™* Complexes

be one-electron oxidized by 1 equiv of [Nitacn}](ClO,)s°

Mi=M3 M2 n St, max St, min” Ref. . - - :
. o 3 ; " in acetone yielding green-black.mlcrocrystalllne [LFeSnFel]-
Fo Fo 3 112 > (ClOy)3 (2b). In an analogous fashion the complexes [LFeGeFel]-
Fe Coll 2 12 2 (PRs)2 (3a) and [LFeGeFeL](ClG)s (3b) have been prepared
B Fe CCT:.H 3 1 2 from i) the reaction of [LFe] with Gelin CH,Cl, and ii) one-
Fe o : , 32 2 electron oxidation of3a with [Ni" (tacn}](ClO.)s in acetone.
Fe crl 3 112 2 All complexes have been characterized by elemental analysis
Fe Ni 2 0 3 and mass spectrometry where in each case the molecular ion
e o N : 0z : peak [LFeMFeL}**" has been observed (see Experimental
1a  Fe Pb 2 0 this work Section).
2a  Fe Sn 2 0 this work Electrochemistry. The cyclic (cv) and square-wave (swv)
;: EZ (s;; 2 ;/2 t:is wort voltammograms of complexes in acetonitrile solution containing
b re Ge 2 :h': e 0.10 M [N(n-butyl),]PFs as supporting electrolyte have been
recorded at a glassy carbon working electrode at ambient
# electronic ground state of the respective trinuclear cation temperature. All potentials are referenced versus the ferroce-
nium/ferrocene couple.
isoelectronic |.s.®l.s.cP-1.s.cP species where parallel spin align- The cv of1 displays an irreversible oxidation wave B
ment yields ar§ max= 1 ground state and antiparallel &win = +0.50 V and an irreversible reduction &#0.83 V. Conse-
=0. quently,1is redox-inactive in the potential range).5 to—0.8
In this paper we report our results on a system of similar V.
complexes but where the central metal ioA isla main group In contrast, the cv and swv @a and3adisplay a reversible

ion of germanium, tin, and lead. We reasoned that these ionsand a quasireversible one-electron-transfer wav&ElE as

do not possess energetically low-lying d orbitals via which spin shown in Figure 2 and an irreversible two-electron reduction
coupling is mediated in the above species. In addition, we wave at quite negative potential, respectively. The redox
anticipated a clear-cut, unambiguous oxidation state assignmenbpotentials are given in Table 1. The cvs2at 2b and of3a, 3b

of either+II or +IV for the central Ge, Sn, or Pb ion in such are identical, respectively. These processes are assigned as
[LFeM2FeL]™ complexes if = 2, 3) and, consequently, a shown in Scheme 1. Whereas the di- and tricationic species
localized model to be applicable (irrespective of the charge n 2a, 2b and 3a, 3b are stable species which were isolated as
of the species) because the spin carrying Fe ions are separategolid materials, the tetracations are only stable in solution on
by 6—7 A. This proved to be incorrect. We show here that, the time scale of a cyclic voltammetric experiment; we have
instead, Ge(lll) and Sn(lll) ions in an octahedral GeBSnS not been able to chemically generate and isolate such species.
environment are stable. It follows from the above experiments that the heterotrinuclear
species [LFeMFelT" (M = Ge, Sn, buhot Pb) exist in three
different oxidation levels which are interrelated by one-electron-
Synthesis and Characterization of ComplexesThe reaction transfer steps without accompanying gross structural changes.

Results

of mononuclear [LF8] ° with PH'(ClIO4)2-3H0 (2:1) in Crystal Structure Determinations. The crystal structures
refluxing methanol yields a green solution from which a deep- of 2a*, 2b*, and3a* have been determined by X-ray crystal-
green, microcrystalline solid of [LFePbFeL](GJ2(1) formed lography. All three structures consist of heterotrinuclear di- or

upon cooling to ambient temperature. It has not been possibletrications [LFeMFeL}™3*, well-separated tetraphenylborate or
to grow single crystals suitable for X-ray crystallographylof ~ perchlorate anions, and solvent molecules (acetonitrile or
because the compound slowly dissociates in most commonacetone). Figure 3 displays the structure of the cation in crystals
solvents with formation of [LFe]. Figure 1 shows the electronic of 2b*; those in crystals ofa*, 3a* are very similar and not
spectrum ofl in CH3CN which was recorded immediately after shown. All cations possess crystallographically impos&d
dissolution of the complex; the spectrum is not contaminated symmetry; in crystals o2b* there are two crystallographically
with the starting material [LFe] but the intensity of the bands independent cations of similar dimensions. All cations have
decreases by20% within 1 h indicating its relative instability — idealizedSs symmetry; considering the metal ions within their
in solution. respective first coordination spheres only idealig sym-
Similarly, the reaction of [LFe] with an excess'$80y) in metry prevails. The terminal iron ions are in a distorted
an acetonitrile/water mixture yields upon addition of Ng@F  octahedratis-NsS; environment of locaCs, symmetry whereas
black precipitate of [LFeSnFeL](RJz (24). This species can  the central Sn or Ge ions are in a distorted octahedydb8or

(9) Beissel, T.; Bwer, K. S.; Voigt, G.; Wieghardt, K.; Butzlaff, C.; (10) Wieghardt, K.; Walz, W.; Nuber, B.; Weiss, J.; Ozarowski, A.;
Trautwein, A. X.Inorg. Chem.1993 32, 124. Stratemeier, H.; Reinen, Dnorg. Chem.1986 25, 1650.
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Figure 2. Square-wave and cyclic voltammogramsaf(top) and3a
(bottom). Conditions: CBECN solution (0.10 M [Nf-butyl),]PFs), 25
°C, glassy carbon working electrode; cv, scan rate 200 myssvv,
frequency, 30 Hz; pulse height, 25 mV.

Table 1. Summary of Redox Potentials of Complekes

complex ES4Ey), V B2, V B3 V
23, 2b —-1.22 0.07 0.61
33, 3b —-1.15 0.01 0.54

2 Potentials are referenced vs *fic. ® Conditions: acetonitrile
solution 0.10 M [N@-butyl)s]PFs; 25 °C; glassy carbon working
electrode; cv, scan rate 200 mWsswyv, frequency 30 Hz; pulse height
25 mV.

Scheme 1
[LFeMFel]4* % [LFeMFelL]3* e_—e: [LFeMFelL]2*
E3 E?

12 12
E1

[LFe]" and M(Il)

Glaser et al.

Figure 3. Structure of the trication in crystals 8b*. (Top Left) View
down the Fe-Sn—Fe axis. (Top Right) Side view. (Bottom) Metal ions
with their donor atoms. The structures2d* and 3a* are similar and
not shown.

Table 2. Selected Bond Distances (A) and Angles (deg)

2a* 2b*a 3a*
Fe-M 3.270(1)  3.248(1) 3.278(1)  3.093(1)
Fe-S1 2.267(1)  2.253(2) 2.254(2)  2.248(2)
Fe-S2 2.263(1)  2.258(2) 2.250(2)  2.252(2)
Fe-S3 2.262(1)  2.260(2) 2.267(2)  2.246(2)
Fe-N1 2.034(2)  2.034(5) 2.049(5)  2.032(6)
Fe-N2 2.040(2)  2.045(5) 2.038(5)  2.048(6)
Fe-N3 2.041(2)  2.044(5) 2.038(5)  2.046(6)
M—S1 2.607(1)  2.613(1) 2.635(1)  2.433(2)
M—S2 2.608(1)  2.635(1) 2.638(1)  2.438(2)
M—S3 2.603(1)  2.621(1) 2.641(1) = 2.422(2)

M—Si-Fe 83.97(2)  83.40(5)  83.84(5) 82.62(6)
M—S2-Fe  84.04(2) 82.81(5) 83.83(5) 82.42(6)
M—S3-Fe 84.16(2)  83.08(5)  83.45(5) 82.90(6)

2 There are two crystallographically independent trications in the unit
cell.

are slightlylongerin the trication than in the dication. In the
crystallographically characterized structure of {(HoM03Ss-
SnSMo3(H20)9](CH3CsH4SO3)g: 26H,O  containing an SnS
octahedron, the average-S8 distance is observed at 2.627(3)
A.11 The authors of this paper have tentatively assigned the
central tin ion an oxidation state oflIV. It is also quite
interesting that the FeSn distances in the di- and trication
are very similar (average 3.265(1) A). In contrast, in the series
[LFeCd"FeL]?*3* or [LFeCM FeL]™2"3* the Fe--Co or Fe
--Cr distanceslecreasewith increasing oxidation levél.

The germanium ion irBa* is also six-coordinate with an
average GeS distance of 2.431(2) A and an e distance
of 3.093(1) A.

The above structural parameters do not allow an unambiguous

atom coordination sphere, respectively. The stereochemistry ofassignment of oxidation states to individual metal ions in the

these trinuclear cations has been discussed previéuBhly

di- or trications. Thus distributions for [LFeSnFé&t]as |.s.Fé -

the staggered configuration of the tertiary butyl groups in the Sn'l.s.Fé' or l.s.FéSrVl.s.Fé or even FéSn'Fe> are

achiral stereocisomeX(111)+-A(600) leads to a stable, sterically
not crowded structure.

conceivable whereas for [LFeSnFét Histributions as |.s.Fe-
Sr''l.s.Fe" or I.s.Fé'SnVFe' or I.s.Fd'Sr'l.s.FeV appear to

Table 2 summarizes selected bond distances and angles obe reasonable possibilities. The same is true3gyr3b.

the NsFe(-SkM(u-SyFeNs cores. Remarkably, the average

Fe—N and Fe-S bond distances at 2.038(1) A and 2.264(1) A,

XANES Spectroscopy.The X-ray absorption near edge
spectra (XANES) oRa, 2b and3a, 3b have been recorded at

respectively, are within experimental error identical in all three the Feand Sn or Ge K edge, respectively. XAS as an element
cations and are indicative of a low-spin configuration at the specific spectroscopy allows to analyze the oxidation state of a

iron ion with empty g* orbitals in O, symmetry. The average
Sn—S bonds in2a* and 2b* at 2.606(1) A and 2.630(2) A,

given element in a coordination compound. The position and

respectively, are slightly different. Interestingly, these distances (11) Akashi, H.; Shibahara, Tnorg. Chem.1989 28, 2907.
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Figure 4. Fe (left) and Sn(Ge) (right) K edge XANES spectra2af
2b (top) and3a, 3b (bottom).

Table 3. XANES Result3

Fe K edge, eV Sn K edge, eV Ge K edge, eV
2a 7119.68(5) 29234.3(1)
2b 7120.44(5) 29234.4(1)
3a 7119.61(5) 11108.2(1)
3b 7120.35(5) 11108.3(1)

a Edge positions determined from the maximum of the first derivative
of the rising K edge region.

Inorganic Chemistry, Vol. 38, No. 11, 1992635

Table 4. Results of the Magnetic Susceptibility Measurements

XTIPy 16
complex  cm®mol~12 pi, Y uemus® S g
2a 690 0.5 0
2b 670 0 1.84 Y, 2.12
3a 220 0.3 0
3b 730 0 1.75 Y, 2.02

aTemperature-independent paramagnetism (fit paramétégra-
magnetic impurity = %) in %. ¢ Effective magnetic moment.Spin
ground state® g value (fit parameter).

as well as a small amount of a paramagnetic impurity, p.i. ((LFe]
S = 5,). Plots ofym andues vs T and their fits are shown in
Figure S1; the results are given in Table 4.

From the magnetic susceptibility data bfve conclude that
this complex is essentially diamagnet® € 0), although the
actual measurements were found to be somewhat dependent on
the preparation of the sample. Thus more crystalline samples
showed a small increase g@fi at temperatures 240 K to~1.3
ug at 300 K. In more microcrystalline samples this effect is
absent. It is noted that similar effects have been described for
[LFe] where a sample-dependent high-sg@=(%/,) —low-spin
(S = 1,) equilibrium in the solid state is observeét

Complexeb and3b clearly possess & = 1/, ground state,
as temperature-independent magnetic moments of g gdr
2b and 1.75ug for 3b are observed. Speci@a and3a on the
other hand have a& = 0 ground state.

Figure 5 shows the EPR spectra of frozen acetonitrile
solutions of2b recorded in Q (at 13 K), X (at 10 K), and S
band (at 22 K). The X and Q band spectra show resonances for
g1 andgp of an§ = ¥, system and, in addition, a doubletgat
with a 56.5 mT hyperfine splitting (X band) which in Q band

intensity of the resonances and, in particular, the energy of theincreases to 69.0 mT. In S band alge and g, are observed
absorption edge position are features which depend on thebut instead of a simple doublet several additional resonances
electron configuration. We have determined the edge positionsare detected.

from the maximum of the first derivative of the data in the rising
edge regiod? The Fe K edge spectra @b, 2b and3a, 3b as

Since only the tin isotope’°Sn (8.6% natural abundance)
and 17Sn (7.7%) possess a nuclear spin= Y/, where the

well as the corresponding Sn, Ge K edge spectra are shown inmagnetic moments of both nuclei differ by only 4.8%e have
Figure 4, and the energies of the edge positions are summarizedgimulated the EPR spectra by using a Hamiltonian for the spin

in Table 3.

systemS = Y/, andl = 1/, where the resonances not belonging

An important result is the observation that the spectra at both to theS = /> system are due to hyperfine coupling to a nuclear

the Feand Sn/Ge K edge oRa, 2b on one hand and &a, 3b

spin| = 1/,. The hyperfine splitting of the doublet is0.07

on the other are very similar with respect to shape and intensity. cm™*. The Zeeman splitting in Q band is1.0 cnt* which is
The only significant difference between the spectra of the di- much larger than the hyperfine splitting which can therefore be
and the tricationic species occurs at the energy of the rising Fetreated in first-order perturbation. Consequently, the splitting

K edge region. In both instances, namély, 2b and 3a, 3b,
the one-electron oxidation yields an energy upshift-@f.75

at go is symmetric. The Zeeman splitting in X band+€.3
cm~! and the hyperfine splitting must be treated as a second-

eV at the Fe K edge position whereas the Sn and Ge K edgeorder effect. The splitting &, of the two hyperfine signals is
positions remain the same. This is a clear indication that one- now asymmetric. Finally, in S band the Zeeman splitting-@tl

electron oxidation oRa to 2b and 3a to 3b affectsonly the
iron ions and not the central tin or germanium ion. The latter

must therefore have a common electron configuration and,

hence, the same formal oxidation state.

Magnetic Susceptibility Measurements and EPR Spec-
troscopy. We have measured the magnetic susceptibility of
complexes in the temperature range-3D0 K by using a

cmlis of the same order of magnitude as the hyperfine splitting
which gives rise to the observed complicated pattern of
resonances.

Hyperfine coupling constants of the above order of magnitude
are well-known and for the simulation of the X band spectra
the Breit-Rabi equation has been frequently used. According
to this method the hyperfine splitting is treated as second-order

SQUID-magnetometer. The raw data were corrected for under- perturbation®> Since this approximation does not hold for the

lying diamagnetism by using tabulated Pascal’'s constants.

Temperature-independent paramagnetjgim, is a fit parameter

(12) (a) Shadle, E. S.; Hedman, B.; Hodgson, K. O.; Solomon, IEotg.
Chem.1994 33, 4235. (b) Shadle, E. S.; Hedman, B.; Hodgson, K.
O.; Solomon, E. 1J. Am. Chem. Sod995 117, 2259. (c) Westre, T.
E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson, K. O;
Solomon, E. 1.J. Am. Chem. S0d.997 119 6297.

(13) Butzlaff, C.; Bill, E.; Meyer, W.; Winkler, H.; Trautwein, A. X;
Beissel, T.; Wieghardt, KHyperfine Interactions1994 90, 453.

(14) Handbook of Chemistry and Physic#4th ed.; CRC Press: Boca
Raton, FL, 1983; (a) p B-262; (b) p B-245; (c) p B-95.

(15) (a) Breit, G.; Rabi, IPhys. Re. 1931, 38, 2082. (b) Atkins, P. W.;
Symons, M. C. R.The Structure of Inorganic Radicaldst ed.;
Elsevier: Amsterdan1967 pp 238 and 14. (c) Goodman, B. A.;
Raynor, J. BAdv. Inorg. Chem., Radiochem97Q 13, 135.
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Figure 5. Q (top), X (middle), and S (bottom) band EPR spectra of
2b in CH:CN at 13, 10, and 22 K, respectively. Solid lines are
experimental spectra; dotted lines are simulations. Conditions: (i) Q
band: frequency, 33.898 GHz; power, #@/; modulation amplitude,
2.6 mT; modulation frequency, 100 kHz; line width= (17.2, 17.2,
25.5) mT. (ii) X band: 9.6477 GHz; 2Q@W; 1.14 mT; 100 kHz[" =
(6.9, 6.9, 6.7) mT. (iii) S band: 3.1851 GHz; 1.0 mW; 1.36 mT; 100

500

kHz;T' = (9.7, 9.7, 7.0) mT. The insets in the S band spectra are shown

with a horizontal compression by a factor of 2 and a vertical expansion
by a factor of 8.

present S band spectrum, we have employed a full-matrix

diagonalization of the spin Hamiltonian consisting of an electron
Zeeman and a hyperfine teA%lt has been possible to simulate
the frequency dependence of the EPR spect@baiuccessfully

by using the following set of parameterg; = 620 x 104
cm 1 (1860 MHz, 57 mT)A; = 560 x 1074 cm™ (1680 MHz,

64 mT), go = 2.32, 9, = 1.88. The signs of the hyperfine

Glaser et al.
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Figure 6. X band EPR spectrum @b in CH;CN at 4 K. Conditions:
frequency 9.4528 GHz; power 20V, modulation amplitude 1.97 mT;
modulation frequency 100 kHz; simulation with Gaussian lines=(
(6.0, 6.0, 8.0) mT).

for the wae function of the unpaired electron iRb, it is
therefore best described as a Sn(lll) containing spetiég.
Figure 6 shows the X band EPR spectrum of a frozen
acetonitrile solution o8b at 4 K. An axial§ = %, signal and
a splitting atgn are observed. Th&Ge isotope (7.8% natural
abundance) has a nuclear spinlef %,. A simulation of the
spectrum for§ = Y/, andl = %, where the hyperfine coupling
is treated as second-order perturbation yields the following
parameter setgg = 2.338;g; = 1.843; Aso= 34 x 104 cm™?!
(3.3 mT; 102 MHz) which givesliso = 2.19. The hyperfine
splitting is not resolved due to large line widtA%e hyperfine
coupling constants are onty/,, of those reported for structur-
ally analogous tin compound&("11%5n). For example, for M-
(CH(SiMe;),)3 these hyperfine coupling constants are 9.2 mT
for M = Ge and 169.8 mT for M= Snl7e18The ratio of the
hyperfine coupling constantgb:3b of 18:1 is in excellent
agreement with this notiofonsequently, we assign the central
germanium ion irda and 3b on oxidation state oft-lll.
M0Ossbauer SpectroscopyAll new complexes have been
extensively studied by’Fe Massbauer spectroscopy in zero-
and applied magnetic fields. The temperature-dependent zero-
field spectra results are summarized in Table 5. The spectra of
1, 2a, 2b, 3a, and3b consist of a single quadrupole doublet in
the temperature range 4.297 K where the isomer shift is
slightly temperature-dependent due to the second-order Doppler

coupling constants remain undetermined. The hyperfine splitting €ffect. The relatively small change of the quadrupole splitting

due to the!®Sn and''’Sn isotopes was not resolved.
As we will show below it is reasonable that the trication in

in the same temperature range indicates a very small contribution
of the orbital momentum in the ground stdtés unambiguously

2b possesses a ground-state configuration comprising two low- €stablished that the two iron sites in each complex are

spin ferric ions § = ;) and a Sn(lll) ion: [l.s.F&SA"-
l.s.Fe']3". There are two possible doublet ground-state con-
figurations possible]/»;1> and|Y/,;,0>. The corresponding spin

equivalent on the Mesbauer time scale (10 s) irrespectie
of the charge of the respegé cation (2+ or 3+).
The diamagnetic ground state &f 2a, and 3a has been

projection formulas are given in egs 1 and 2. The negative sign Verified by the spectra in an applied magnetic fielchalt2 K.

51> Agil,z = I8¢, Az:ﬂz =~ 1)
1. Fe __ Sn__
| /2’O> As:uz =0 As:uz = 8sn (2)

of the hyperfine coupling constant of the iron ions (see below)
indicates that the ground state 2ib is |'/,;1>. The effective

tin hyperfine coupling constant dfs, = 60 mT yields then a
value aiso = 180 mT for the intrinsic tin hyperfine coupling
constantThisvalue indicates significant Sn 5s orbital character

(16) Gaffney, B. J.; Silversone, H. EMR of Paramagnetic Molecules:
Biological Magnetic Resonancderliner, L. J., Reuben, J., Eds.;
Plenum Press: New York, 1993; adapted and modified by E. Bill
(Mdlheim).

These spectra are displayed in Figure 7. The simulations are
based on a Hamiltonian described in ref 2. The quadrupole
splitting, AEg, is clearly positive in all cases.

(17) (a) Bennett, J. E.; Howard, J. &hem. Phys. Letfl972 15, 322. (b)
Fieldhouse, S. A.; Lyons, A. R.; Starkie, H. C.; Symons, M. CJR.
Chem. Soc., Dalton Tran4974 1966. (c) Lassmann, G.; tgpner,
K. Z. Naturforsch. AL968 23, 622. (d) Lyons, A. R.; Symons, M. C.
R.J. Am. Chem. S0d.971 93, 7330. (e) Lappert, M. F.; Lednor, P.
W. Adv. Organomet. Chenl976 14, 345.

(18) (a) Davies, A. GAdv. Chem. Ser. 1976 157,26. (b) Lloyd, R. V.;
Rogers, M. T.J. Am. Chem. Sod 973 95, 2459. (c) Booth, R. J.;
Starkie, H. C.; Symons, M. C. R. Phys. Chem1972 76, 141. (d)
Davidson, P. J.; Hudson, A.; Lappert, M. F.; Lednor, P.JMChem.
Soc., Chem. Commuid973 829. (e) Cotton, J. D.; Cundy, C. S,;
Harris, D. H.; Hudson, A.; Lappert, M. F.; Lednor, P. \0/.Chem.
Soc., Chem. Commuti974 651. (f) Lappert, M. F.; Powers, P. P.
Adv. Chem. Ser1976 157, 70.
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Table 5. Zero-Field>"Fe Méssbauer Parameters of Complexes 1.00F
complex T,K  d,mms?td AEg,mmst® T, mms?c
1 4.3 0.35 +1.72 0.25
80 0.34 +1.72 0.26
295 0.26 +1.69 0.28
2a 4.2 0.47 +0.51 0.25
80 0.47 +0.52 0.24
2b 4.3 0.35 +1.56 0.34 5
80 0.35 +1.56 0.27 2
200 0.32 +1.45 0.29 E
3a 4.2 0.46 +0.59 0.26 5
80 0.45 +0.58 0.27 o
297 0.37 +0.62 0.27 B
3b 4.3 0.34 +1.58 0.32 £
80 0.34 +1.49 0.30
297 0.26 +0.98 0.30
a|somer shift vsa-Fe at 297 K Quadrupole splitting¢ Width at
half-height.
1.00 [ = 0.99 | R
4 2 0 2 4
velocity / mms-1
0.98 ¢ Figure 8. Variable-temperature, variable-field dgbauer spectra of
s 100l 2b. Solid lines represent simulations using parameters given in Table
é 0.99 >
% Ur Table 6. >"Fe Mossbauer Parameters 2 and3b in Applied Field
E at 4.2 K
% 100f 2b 3b
° isomer shift, mm st 0.35 0.34
0.96 quadrupole splitting, mm$ +1.56 +1.53
line width at half-height, mm$ 0.29 0.28
Ax/uNgN, T —-0.47 —4.55
0.92r Aplungn, T —0.47 —4.55
A T N N TR TR N N A_zz/,uNgN, T —10.38 6.73
4 2 0 2 4 AS%ungn, T -3.77 -0.79

velocity / mms- i L. . .
Figure 7. Applied magnetic field Mesbauer spectra df (top), 2a as described above f@b. A distribution of Az, prevails. The

(middle), and3a (bottom) at 4.2 K (7.0 T), 4.3 K (5.5 T), and 4.2 Kk Sign of the quadrupole splitting is unambiguously positive,
(7.0 T), respectively. Solid lines represent simulations with a nuclear Whereas that oA is negative.
Hamiltonian without internal magnetic field. In a previous papémwe have shown that a linear correlation
of the isomer shift and the quadrupole splitting of the two
Figure 8 shows the field and temperature-dependent spectraterminal iron ions in the isostructural series of complexes
of 2b which were simulated for an effective spin syst&m= [LFeMFeL]2/3+ exists where M represents'CrCd", or Fe.
1/, by using fixedg values from EPR spectroscopy. The fits This is shown in Figure 9 (top). Gratifyingly, all complexes of
are not ideal due to the following problem. The internal magnetic the present series containing a central Pb, Sn, or Ge ion fit this
field in x,y directions is very small; thé,, and A,y values are correlation well. As we have shown that the oxidation state of
close to zero. The fact that the simulations correctly describe the terminal iron ions in [LFeCbFeL], [LFeC'' FeL]*t, and
the positions of the resonances but not their intensities and line[LFeFeFeL}" is +IlI (low-spin d); in [LFeCr'FeLP" it is
widths, is due to a distribution @, values. This is most evident ~ +2.5 and in [LFeClHFeL]* it is +II (low-spin df) the isomer
inthe 4.2 K and 7 T spectrum. The broadening is mainly located shift obviously also correlates linearly with the oxidation state
on the higher velocity side which arises from the nuclear of these iron ions. Using this correlation one can derive the
transitions to then, = | + —3/,> levels of the excited = 3/» following oxidation state distributions in the present series of
nuclear state. The effective nuclegrvalue of these levels is  complexes: 1, [LFe*%Pk?2Fe?9L]?t; 2a 3a [LFe?3M34+
larger than that of the other levels. Therefore, this region is very Fe23L]%t; and 2b, 3b, [LFe?*M33Fe9L]3*. This is shown in
sensitive to variations of\;. A relative small distribution of Figure 9 (bottom).
A, leads then to the observed effects. The relaxation is This observation deserves four comments®’fe Massbauer
unambiguously determined by the spectrum measured at 200spectroscopy independently shows that whatever the true
K. Even at this high temperature the positions of the resonancesoxidation state of central Ge or Sn ion is, it mustthe same
could be simulated only in the slow relaxation limit. We are for these ions in the diandtrications2a, 3aand2b, 3b which
aware of only one other example for this effect, namely the is in nice agreement with the Ge, Sn K edge XAS spectra. In
NO adduct of myoglobif? The spectrum of3b in applied other words, one electron oxidation 8& to 2b or 3a to 3b
magnetic field is very similar to that @b, it is shown in Figure affects only the iron ions and not the central Ge or Sn ion. (ii)
S2 and the results of the fits are given in Table 6. The The5’Fe isomer shifts ofl, 2b, and3b are very close to the
simulations in the slow relaxation limit have the same problems values derived previously for genuine low-spin ferric iods (
= 0.32-0.35 mm s1) which out of necessity renders the lead
(19) Oosterhuis, W. T.; Lang, G.. Chem. Phys1969 50, 4381. ion in the dication ofl to be divalent whereas the Ge, Sn ions




2638

Inorganic Chemistry, Vol.

38, No. 11, 1999

Glaser et al.

201 oA 60 [LFeSnFeL]** [LFeSnFel]3+
r o1
L 3bee
< 15 2b @ 40 i
g A - a
£ 1.0 — g 20+ b -/\
g o05¢ 33 24 P AN
ool ‘© s0f [LFeGeFelL]?* L b [LFeGeFelL]**
-0.5 ¢ 1 L L " Lo 1 1 . I N 4or i 5
030 0.35 040 045 050 055 o0k b La
3/ mms- A ¢
0 c L 1 1 1
3.0 10000 20000 30000 40000 10000 20000 30000 40000
@ | wavenumber, cm-!
w
5 28 Figure 10. Electronic spectra oa, 2b, 3a, and 3b in CH;CN at
2 H6l ambient temperature. For the assignment of bands marked a, b, ¢ see
2 I text.
5 24| - i
§ 2a L Table 7. Sn Hyperfine Coupling Constants
X 0 compound Oav  Aso(**’Sni9Sn), mT ref
20 | l ' | | Srétin solid SnSQ 2.017 885, 930 18c
’ * ’ * ! Et;Srt ~2.0 155 17b,e,18b
030 035 040 045 050 0.55 PhSIT ~2.0 155 17b.e
8/ mms! Me,SrCl ~2.0 178 17b
Figure 9. Plot of the isomer shift (at 4.2 K) versus the quadrupole SM(CH(SiMey)2)s 2.009 170, 178 18e
splitting of [LFeMFeL]"* (M = Pb, Sn, Ge)®), [LFeCr" FeL]*/2+/3+ Sr(N(SiMes)2)s 1.991 343, 318 18¢f
(@), [LFeCd"Fe'"L]3* (©), and [LFeFeFel%* (&) complexes (top) MesSnCH, 2.007 132 17c
and vs the formal oxidation state of the iron ions (bottom) where the ETGST]S:HZCRz n.d. 40.9 17d
present [LFeMFell" complexes &) were placed on the straight line szV.m(SnEta)CI 1.995 19.0 27a
in order to determine the formal oxidation state of iron. The line was CPeTi" (SnPh) - 1.980 14.6,15.2 27b
constructed using values for [LFeteL]:/2+/3+ (a), [LFe"CO"- [Ru(SnPR)('"Pr-DAB)]*  1.996 31.7,33.2 26

Fe'L]3" (©) and [LFeFeFel33" (&) from ref 2 where the formal
oxidation state of the iron ions has been spectroscopically determined.

in the trications of2b and 3b must then possess significant
trivalent character (and in conjunction with i) also in the
dications of2a and3a). (iii) The fact that the above oxidation
state distribution involves fractional oxidation states indicates
to us that complexe®a, 2b, 3a, and3b are mixed valent species

+1.13 mm s! (AEq = 0 mm s%).2! The isomer shift of2a

represents nearly the exact arithmetic average between the two

values for Sthand S and, hence, allows again the assignment

of a +1ll oxidation level of the tin ion in2a.
Despite many attempts and very long exposure times we have

not been able to record d°Sn Mdssbauer spectrum @b at

77 K. In paramagneti@b the Sn nucleus feels a strong internal

with considerable delocalization of valence electrons over all magnetic field (see the EPR spectra). Therefore, at very low
three ions. (iv) The observation thht2a, 2b, 3a, and3b show temperatures in the slow relaxation limit six Sn resonances are
the same correlation between the isomer shift and the quadrupoleexpected. With increasing temperature the spin expectation value
splitting (Figure 9) allows an important conclusion concerning and the internal field decrease and the 6-line spectrum collapses
the delocalization pathway to be drawn. The isomer shift yields to a simple quadrupole spectrum where relaxation effects
information about the amount of electron density at the iron broaden the line widths beyond the detection limit. Due to lack
sites and the quadrupole splitting, on the other hand, relates toof suitable equipment we have not yet been able to record an

the spatial distribution of the electron density (valence electron 1195n Mgssbauer spectrum in applied field at 4 K.

Electronic Spectra. Figure 10 shows the electronic spectra
of complexes, and Table 8 summarizes the observed absorption
maxima. The spectra of the dicatiora, 3a display two
absorption maxima in the visible at610 and~840 nm marked
¢ and b, respectively. Fd2b and 3b the same two bands
the same pathway is operative. An interaction between the slightly shifted to higher energyare observed but also an
additional, new maximum in the near-infrared 21900 nm
marked a. The intensity of all of these maxima rules out the
assignment as simple-dl transitions of the iron ions.

contribution to the electric field gradient, EFG). In the series
[LFeMFeL]"" with M = Cr, Fe, Co the pathway of electron
delocalization is through a direct metahetal interaction
involving the same symmetry allowed mixing of sulfur contri-
bution? Therefore, we conclude that i 2a, 2b, 33, and3b

terminal iron sites involving FeS o/ bonding would disrupt
the above correlation (see the series [LFeNiFélih ref 3).
To probe the oxidation state of the Sn iorZaand2b more
directly we have also recorded thé#’Sn Massbauer spectra
at 77 K20 For 2a an isomer shift,d, of 2.00 mm si, a
quadrupole splitting\Eq = 0 mm s* with a full-line width at
half-heightI’ = 1.01 mm s has been observed (Figure S3).
The isomer shift was referenced versus CaSD room
temperature. Interestingly, the isomer shift of' Sris reported

Discussion

The idealized symmetry of the trinuclear cations Sg
considering only the metal centers within their first coordination
spheres it isD3q. The terminal iron ions in th€ac-N3Sz

at+3.49 mm st (AEq = 0.85 mm s?) and that of SW'S; at

(20) We thank Professor R. Barbieri (Universiagli Studi di Palermo)
for measuring thé!°Sn Massbauer spectra @a and2b.

(21) (a) Hayes, M. C. i€hemical Applications of Mesbauer Spectroscopy;
Goldanskii, V. I., Herber, R. H., Eds.; Academic Press: New York,
1968; p 314. (b) Boyle, A. J.; Bunburry, D. S. P.; EdwardsP&c.
Phys. Soc. (Londor)962 79, 416.
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complex Amax M (€, L mol~tcm™)
1 262 (4.8x 107, 485 (5.7x 10%), 592 (5.5x 10°), 853 (5.8x 108)
2a 257 (5.1x 10%, 313 (1.5x 10%), 365 (1.8x 10%, 610 sh, 834 (1.6« 10%)
2b 257 (5.3x 10%, 313 sh, 365 (1.4 10%), 610 sh, 770 (1.k 10%, 1935 (3.8x 10°)
3a 263 (5.5x 10%, 319 (1.6x 10%), 369 (2.3x 10%, 610 (740), 859 (1.0« 10%)
3b 258 (6.1x 10%, 354 (1.6x 10%), 591 (1.4x 10°), 772 (1.0x 10%), 1867 (3.1x 10%)

environment belong t&€;, and the central metal ion to point
groupDsgy. Trigonal distortion of a regular octahedral coordina
tion polyhedron affords a splitting of thegtorbitals (in Oy
symmetry) into a doubly degenerate orbital set 1€4nand a
nondegenerate; arbital. Two directions of this splitting yield
then either an @2(1e) or an (1e¥(a)* electronic configuration
for a low-spin ferric ion. The aorbital corresponds to aAd
orbital where the axis coincides with the 3-fold symmetry axis
of the trinuclear cations (Figure 3). The g|torbitals arer
orbitals with respect to the metaligand bonds and the gfe
orbitals are ofo type??

To identify the local magnetic orbital of the ferric ion it is
necessary to know the direction of the trigonal splitting.
Experimentally, this information is derived from the B&bauer
spectra ofl, 2a, 2b, 3a and 3b. The valence electron
contribution to the electric field gradient, (efg) was estimated
by a simple ligand field consideration: the expectation values
for the (efg)a tensor elements are known for the individual
metal d orbital$® We have recently derived these tensor
elements for trigonal symmet?}.For a low-spin 8 system the
two above electron configurations (4@))* and (a)%(1ey give
V,; = +4/7e<r3> and V,, = —2/7e<r=3>, respectively.
Therefore, the experimental determination of the sign of the
quadrupole splitting by Mssbauer spectroscopy directly yields
the respective electron configuration. For all complexes of the
present serieAEg is positive and, therefore, (1é3y)! is the
electron configuration of all ferric ions; the(d2) orbital is the
magnetic orbital.

The two paramagnetic low-spin ferric ionsirare separated
via a diamagnetic Pbion by at least 6.5 A and yet has a

— — =Sl e
b L = ST
‘H‘ ‘H‘ a4g o O Cco

S,=0 8, =112

Figure 11. One-electron MO scheme for two atomic(d2) orbitals

of iron and an s-orbital of the main group central metal ion in
[LFeMFeL]"" complexes giving rise to a& = 0 (n = 2) andS = %,

(n = 3) ground state, respectively.

that reduction of I.s.F& to the corresponding |.s.Feis
accompanied by an increase of the isomer shiftd2 mm
s~ Similarly, a%Sn isomer shift of 2.00 mm=3 for 2ais
intermediate between typical values found for octahedral Sn-
(1) compounds 42.10 to+4.40 mm s1) and those reported
for octahedral Sn(lV) complexes-0.47 to+1.40 mm s1).2%
This is also corroborated by the linear relationship between the
formal oxidation state of the iron ions and théiFe isomer
shift as shown in Figure 9 (bottom) which yields an oxidation
state distribution in2a as F&3Sr#4Fe?3, Thus the iron ions
possess significant divalent and the tin ion trivalent character.
Note the same holds true f@a for which we deduce an
oxidation state distribution of PéGe*ZFe4

From the structure determinations it is clear that the-&e
and Fe-Ge distances at 3.270(1) and 3.093(1) A are in the range
for making a direct interaction between thewagnetic orbitals
of the Fe ions with the 5s and 4s orbitals of the central tin or

diamagnetic ground state which is the only populated state up germanium ion possible. In an MO description shown in Figure

to 295 K. This indicates a strong intramolecular antiferromag-
netic coupling between the ferric ions. Using the HDwV
HamiltonianH = —2J5-S (with 5, = S = %,) we estimate
that the coupling constamd| is larger than 200 cri. Sincel

contains two ferric ions with localized valences a superexchange

mechanism invoking an antiferromagnetic interaction of the
magnetic a orbital with the filled 68 orbital of the lead ion
prevails as shown in Figure 11 where we depict a simplified
one-electron MO scheme. Thus the spectroscopic data and th
magnetochemistry are in accord with a descriptionloés
l.s.Fe'PH'l.s.Fe" species with localized valences.

The picture is dramatically different for the isostructural and
isovalence electronic dicatiorza and 3a as compared td.
Clearly, the tin and germanium ions2aand3aarenotdivalent
but display trivalent character. Most significantly ffEe isomer
shift of thefac-N3Sz;Fe moieties inl on one hand an@a, 3a
on the other hand differ; a shift to larger velocities 9.1
mm s1 is observed. In the previous study ref 2 we showed

(22) Albright, T. A.; Burdett, J. K.; Whangbo, M. HOrbital Interactions
in Chemistry Wiley-Interscience: New York, 1985; p 381.

(23) (a) Trautwein, A. X.; Bill, E.; Bominaar, E. L.; Winkler, Ftructure
and Bonding Springer: New York, 1991; Vol. 78, p 1. (b) @igh,
P. InMossbauer Spectroscop$@onser, U., Ed.; Springer: New York,
1975.

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

11 the diamagnetic ground state immediately follows and the
Fe—M bonds (M= Sn, Ge) have a formal bond order of 0.5
(3c, 4e bond). Mssbauer spectroscopy implies that these bonds
are polar where the two ferric ions accept electron densifye
from the formally divalent Sn or Ge ions rendering them
trivalent.

One-electron oxidation d?ato 2b (and3ato 3b) does not
eaffect the Sn or Ge K edge energy but shifts the Fe K edge
energy by+0.7 eV. Accordingly, th&"Fe isomer shift decreases
by 0.12 mm s?, respectively. This leads to a formal oxidation
state distribution of F&’Sn(Ge§3Fe*° in 2b (3b) using the
relationship in Figure 9. Since boftb and3b are paramagnetic
with an § = 1/, ground state, EPR spectroscopy is a very
powerful tool to interrogate the electronic structure of these
compounds and experimentally verify the assignment-bfla
oxidation state of the Sn(Ge) ion.

Table 7 summarizes some pertinent Sn hyperfine coupling
constants for known Sn(lll) compounds (Sn radicals). There
are roughly three different classes of paramagnetic tin com-
pounds. (i) The Sit ion in an octahedral oxygen environment
possesses a very large,&17Sn11%Sn) value 0~900 mT which
is characteristic for a 3selectron configuratiof (i) more
covalent compounds containing formally Sn(lll) display, a
values in the range 15800 mT where the unpaired electron
occupies a hybrid orbital with significant 5s contribution’(sp



2640 Inorganic Chemistry, Vol. 38, No. 11, 1999 Glaser et al.

orbitals) as in organic Snfor S (N(SiMes),)s compounds. "Asq %Ay,

electric dipole allowed

(iii) Sn(Il) or Sn(IV) containing compounds which contain a 3, A 4 in z direction and spin
- > R 1g 'y AT Ay, aliowed
covalently bound, organic C-centered radical in their vicinity 1A | ;| . o )
haveais(Sn) values<40 mT. 3 2 T ——+ Ay 3},?,?‘2;?0‘&%%'6 foroidden,
Three coordination compounds are also of interest in the "z 0 N
above context. The ligandN,N'-bis(3-carboxysalicylidene)- | il P ;‘ezcg:fe‘é'tfgiea?"éogsg
ethylenediamine forms the bisphenolato-bridged heterodinuclear : i: T A forbidden
! ‘o
; h h 2 - .~ electric dipole and spin
A, 1 L “A,, forbidden
g b ¢ ab ¢
O Figure 12. Term schemes for the diamagnetic dicati@as 3a (left)
I\I Me and paramagnetic tricatio2b, 3b (right). The one-electron transitions
\ /O\ / marked a, b, and ¢ correspond to the observd absorption maxima in
[ M S Figure 11.
7\t
N o] . . N
| Me The simple symmetric one-electron MO scheme in Figure
oes not account for the experimental observation from
O 11d t t for th p tal ob tion f EPR

spectroscopy ofb, 3b that there is significant spin density at
the Sn(Ge) nucleus. If theyaorbital (Figure 11) is truely
nonbonding there is a node and, consequently, zero spin density
at the central Sn(Ge) ion. In this case the energy differences
between the nonbondinggand the bonding and antibonding
ayg orbitals are the same. In a term scheme neglecting electron
relaxation (Figure 12, right-hand side) this would result in a
degeneracy of the twéA 4 states. The electronic spectraif

Cd'SnY and CUSnY complexes® The unpaired electron is
localized at the transition metal ion and despite shott-M
SrV distances £2.6 A) there is no Sn hyperfine coupling
observed. In contrast, in [Ru(SM{CO)(Pr-DAB)] - there
are two covalent RuSn bonds at~2.69 A (X-ray structure of

i 7,11 L. R
the neutral moleculé¥. Its EPR spectrum display§”:*Sn and3b clearly show that this is not the case; the arbital has

hyperfine coupling of 31.7 and 33.2 mT. From density functional gjqnificant bonding character leading to spin density at the Sn-
calculations the authors conclude that the unpaired electron IS(Ge) nucleus.

in a highly delocalized SOMO which allows its accommodation
“on the SnPh, i-Pr-DAB, and, to a lesser extent, CO ligands.”  cgnclusions
Two organometallic species containing the paramagnetie Cp
Ti"" and CpV'"V fragments and FSnRs, V—SnR; bonds show We have synthesized an isostructural series of heterotrinuclear
similar Sn hyperfine coupling’ complexesl, 2a, 2b, 3a, 3b where the central ion is lead, tin,
Thus the above data clearly support the notion that complexesor germanium and the two terminal ions are low-spin iron. The
2b, 3b contain trivalent Sn and Ge ions with a significant degree electronic structure of each of these species has been elucidated
of 5s(4sh) character. by a combination of spectroscopic method4¢ and'°Sn
At this point a closer inspection of the electronic spectra of Mdssbauer; X, S, and Q band EPR; Fe, Sn, and Ge K edge
23, 2b and 3a, 3b is rewarding. In Figure 11 a one-electron XAS; UV—vis—NIR) and magnetochemistry.
MO scheme for the di- and trications has been constructed by For 1 containing a trinuclear dication an oxidation state
a linear combination of two,&d2) and an gs) metal orbital of distribution of I.s.F&Pb'l.s.Fé!' prevails. Superexchange cou-
iron and tin (germanium), respectively, which gives rise to an pling via the a magnetic orbitals of the ferric ions and the?6s
aig bonding, an & nonbonding, and an a§ antibonding MO valence electrons of the lead ion yields a diamagnetic ground
(in Dzg symmetry of the trinuclear core structure). This allows state. The intramolecular coupling is very strong.
the construction of the term scheme shown in Figure 12 for the  |n contrast, the corresponding isostructural and isoelectronic
dications with§ = 0 ground state'f1g) and for the trications  dications in2aand3acannot be described as I.s!Ré!l.s.Fé!
with § = ¥/, (?Az,). Interestingly, there are two spin and electric  species but are mixed valent species with a formal oxidation

dipole allowed transitions for the trication$Az, — ?A1g (8) state distribution |.s.P¢SrP4.s.F&4 In other words, the onset
and®Azu— ?Asq (b) and, in addition, a spin-allowed but electric  of Fe~Sn or Fe-Ge metat-metal bonding via the;aorbitals
dipole forbidden third transitioRAz, — 2A, (c) all of which of the iron ion and the 5s or 4s orbitals of Sn or Ge yields a

are observed. In contrast, for the dications only one spin and very weak 3c, 4e bonding situation with a diamagnetic ground
electric dipole allowed transition b is observed and, in addition, state.
a spin-allowed but electric dipole forbidden transition c. The  ope-glectron oxidation oRa, 3a yielding the tricationic
electric dipole allowed transition b should be polarizedzin  gpecies2b and 3b affects only the iron centers and not the
direction (Fe--M---Fe axis). This is indeed the case as single- respective central main group ion which possesses formally a
crystal absorption spectra using polarized lightZat have )| oxidation state. An oxidation state distribution of |.s%Pe
shown?® SrPAGe*d)l.s.Fé° can be envisaged in the trications yielding

- - - anS = Y/, ground state. It is shown that the unpaired electron
(25) fganig, K., Okawa, H.; Aratake, ¥, Kida, Borg. Chim. Actal991, has substantial 5s or 4s character. In an MO description the
(26) Aarnts, M. P.; Wilms, M. P.; Peelen, K.; Fraanje, J.; Goubitz, K.; onset of a 3¢, 3e bonding situation between the two iron ions

Hartl, F.; Stufkens, D. J.; Baerends, E. J.; Vicek, A.Jdorg. Chem. and an Sn or Ge ion is proposed.
1996 35, 5468.
(27) (a) Razuvaev, A. G. C.; Abkumov, G. A.; Gladyshev, E. N.; Fokeeyv, E . | Secti
A.'P.; Cherkasov, U. KDokl. Akad. Nauk. SSSF082 266, 135. (b) xperimental Section
K thy, J. G.; Myatt, JJ. Chem. Soc., Chem. C a7 .
42?.W0r y ya em. 50e em. Commdsi7g Preparation of Complexes.Safety Note.Although we hae not
(28) We thank Dr. T. Brunold (Stanford University) for measuring the encountered any problems, it is noted that perchlorate salts of metal
single-crystal polarized absorption spectra. complexes with organic ligands are potentially explesiOnly small
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Table 9. Crystallographic Data foea-6MeCN, 2b-4.5acetone, and@-6MeCN

2a* 2b* 3a*
chem formula GzeH166B2FEN12SSN Go1.4H135ClsFE&NeO16.55SN GizgH1esB2FEN1,SsGe
fw 2437.20 2112.16 2391.10
space group P1 P1 P1
a, 13.609(1) 15.772(2) 13.531(1)
b, A 16.598(2) 17.527(2) 16.578(2)
c A 17.302(2) 20.096(3) 17.199(2)
o, deg 100.35(2) 72.95(2) 100.06(2)
B, deg 111.26(2) 79.09(2) 112.15(2)
y, deg 111.67(2) 68.50(2) 112.01(2)
v, A 3155.1(8) 4920.4(12) 3080.3(5)
Z 1 2 1
T, K 173 173 100
diffractometer Siemens SMART CCD Siemens SMART CCD Siemens SMART CCD
radiationd, A 0.71073 0.71073 0.71073
p caled, g cmi® 1.283 1.426 1.289
u(Mo Koy, cm ™t 5.78 8.17 6.33
R12[1 > 20(1)] 0.0438 0.0558 0.0792
WR2 [l > 20(1)] 0.1086 0.1098 0.1366

AR1 =3 ||Fo| — |Fell/Y|Fol. PWR2 = [F[W(Fs? — FA3/ 3 [W(F?)?ZY2 wherew = 1/0%(F.?) + (aP)? + bP, P = (F2 + 2F?)/3.

amounts of material should be prepared which must be handled with

great care and appropriate precautions.

[LFePbFeL](ClO4), (1). To an argon-flushed suspension of [l'fe
9 (200 mg; 0.28 mmol) in dry methanol (50 mL) was added PbgitO
3H;0 (70 mg; 0.15 mmol). The resulting green solution was heated to
reflux for 30 min. Upon cooling to room temperature a black,
microcrystalline precipitate formed which was filtered off, washed with
cold water and diethyl ether and dried in air. Yield: 200 mg (77%).
L-SIMS (MNBA) nvz (relative intensity, %): 1739.6(0.4)LFePbFeL]-
(ClOg)}*, 1640.7(1) {LFePbFell*, 924.4(16) {LFeR*, 716(18)
{LFe}*. Anal. Calcd for GgH10NeSCl.0sF&Pb: C, 50.9; H, 5.9; N,
4.6; S, 10.5. Found: C, 51.1; H, 6.3; N, 4.3; S, 10.7.

[LFeSnFeL](PFs)2 (2a). To a solution of [LFe] (400 mg; 0.56 mmol)
in CH;CN (60 mL) and water (5 mL) was added SnS@.0 g; 9.3
mmol). The solution was stirred at room temperatune5d during
which time the solution was twice filtered using blue band quality filters.
A filtered solution of NaPk (0.5 g) in CHCN (10 mL) was added
and the combined solutions were storedtat °C overnight. Black
microcrystals of2a formed. Workup as described above. Yield: 320
mg (63%). L-SIMS (MNBA)m/z (relative intensity, %): 1571.8(0.5)
{LFeSnFeLF*; 1552.8(1)f LFeSnFel*; 836.5(13) LFeSr} . Anal.
Calcd for GgH10eNeSsPoF12FeSN: C, 50.8; H, 5.9; N, 4.6; S, 10.4.
Found: C, 50.5; H, 5.9; N, 4.4; S, 10.3.

[LFeSnFeL](ClO4)s (2b). To a solution o2a (259 mg; 0.14 mmol)
in acetone (50 mL) was added [Nitacn}](ClO4); 10 (87 mg; 0.14
mmol) (tacn= 1,4,7-triazacyclononane). The color of the solution
changed within 2 min from green to brownish-green. After stirring for
60 min at ambient temperature and filtration a solution of NaG8D0
mg) in acetone (10 mL) was added. Within a few hours+4t°C a
green-black, microcrystalline precipitate formed which was collected
by filtration. Workup as described above forYield: 160 mg (63%).
L-SIMS (MNBA) mvz (relative intensity, %): 1751.5(0.§)FeSnFelL-
(PR)2} *; 1649.5(3.5){ LFeSnFeL (PR} *; 1551.3(1){ LFeSnFel*;
836.0(67) LFeSi} . Anal. Calcd for GgH10dNeSsCls01FeSn: C, 50.6;
H, 5.9; N, 4.5; S, 10.4. Found: C, 49.9; H, 6.2; N, 4.4; S, 10.2.

[LFeGeFeL](PF), (3a). To an argon flushed solution of [LFe] (350
mg; 0.49 mmol) in CHCI, (40 mL) was added Ggl190 mg; 0.58
mmol). The color of the solution changed from blue-green to grass-
green. The solution was stirred at 3C for 3 h under an argon-
blanketing atmosphere. After cooling to 20 methanol (20 mL) was
added and the solution was filtered. The precipitate formed was

[LFeGeFeL](ClO4)3 (3b). To a solution of3a (220 mg; 0.11 mmol)
in acetone (20 mL) was added [Nitacn}](ClO4); (100 mg; 0.16
mmol). The color of the solution changed within 2 min from green to
olive green. After stirring for 60 min at ambient temperature the solution
was filtered and a solution of NaCi@500 mg) in acetone (10 mL)
was added. Within a few hours at 4C a black microcrystalline
precipitate formed which was collected by filtration. Workup as
described above fdr yielded an olive green powder 8b. Yield: 150
mg (75%). ESI-MS (CHCN) nvz (relative intensity, %): 1605.5(8)
{LFeGeFeL(CIQ)} ; 753.3(100) LFeGeFel?"; 502.1(23X LFeGe-
Fel}3*. Anal. Calcd for GgH10dNeSsClsO12FeGe: C, 51.9; H, 6.0; N,
4.7: S, 10.7. Found: C, 51.6; H, 6.1; N, 4.8; S, 11.0.

Single crystals suitable for X-ray crystallography were obtained as
follows: single crystals of [LFeSnFeL](BRa-6CH;CN (2a*) grew
slowly from a CHCN/H;O solution containing [LFe] and SnS@Qpon
slow diffusion of a CHCN solution containing Na[BRhinto the former
solution. Crystals of [LFeSnFeL](CkR 4.5 (CH).CO (2b*) were
obtained from an acetone solution2if upon slow evaporation of the
solvent. Crystals of [LFeGeFeL](BRPh-6CH;CN (3a*) were obtained
from a CHCN solution of3a into which a solution of CHCN/Na-
[BPhy] was allowed to slowly diffuse.

X-ray Crystallographic Data Collection and Refinement of the
Structures. A black single crystal oRa*, 2b*, and3*, respectively,
was selected directly from the mother liquor with glass fibers and fixed
with a drop of perfluoropolyether. Immediate mounting on a Siemens
SMART CCD-detector diffractometer equipped with a cryogenic
nitrogen cold stream prevented evaporation of solvent of crystallization.
Graphite-monochromated Modkradiation ¢ = 0.71073 A) was used.
Crystallographic data of the compounds are listed in Table 9. Cell
constants were obtained from a least-squares fit of a subset of 8192
strong reflections in each case. Intensity dataZat, and2b* were
collected at—=100(2) °C, and for3* at —173(2) °C, taking frames at
0.3C in ®©. Data were corrected for Lorentz and polarization effects
but no absorption correction was carried out due to small absorption
coefficients. The Siemens ShelX3Lsoftware package was used for
solution, refinement and artwork of the structures. All structures were
readily solved and refined by direct methods and difference Fourier
techniques performed on DEC Alpha workstations. Neutral atom
scattering factors were obtained from tabi®all non-hydrogen atoms
were refined anisotropically except those of disordered perchlorate

discarded. The reaction volume was reduced by one-half by evaporationanions and solvent molecules which were isotropically refined. All

in a vacuum. A solution of NaRR500 mg) in CHOH (10 mL) was
added dropwise to the filtrate. Within 15 h af@ a black microcrys-
talline precipitate of3a formed which was collected by filtration.
Workup as above yield a grass green powder. Yield: 310 mg (70%).
Electrospray ionization (ESI) mass spectrum ¢CN): nvz (relative
intensity, %): 1605.2(23]jLFeGeFeL(CIQ)}*; 753.2(100) LFeGe-
Fel}?.

hydrogen atoms were placed at calculated positions and refined as riding
atoms with isotropic displacement parameters.

(29) ShelXTLV.5.03; Siemens Analytical X-ray Instruments, Inc.: Madison,
WI, 1995.

(30) International Tables for X-ray Crystallographitynoch Press: Bir-
mingham, U.K., 1991.
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Physical Methods.UV —vis—NIR spectra of CHCN solutions of (1.8 GBq) was positioned at room-temperature inside the gap of the
complexes were measured on a Perkin-Elmer Lambda 19 spectropho-magnet system at a zero-field positiéfize isomer shifts are referenced
tometer in the range 238200 nm at ambient temperature. Positive relative toa-Fe metal at 295 K. The X-ray absorption spectra (XAS)
ion FAB mass spectra were obtained under the conditions of liquid were recorded at the beam lines E4 antl1 at HASYLAB (DESY,
secondary ion mass spectrometry (L-SIMS) using &s the primary Hamburg, Germany). The beam lines are equipped with three ionization
ion (22 keV) on a VG autospectrometer with-nitrobenzyl alcohol chambers which allow a calibration of each spectrum to a reference
(MNBA) as the matrix solvent. Cyclic and square-wave voltammetric sample. The measurements were performed at room temperature.
and controlled potential coulometric measurements were performed onMonochromatization was achieved by a Si(lll) monochromator for the
EG&G equipment (potentiostat/galvanostat model 273 A) on Ar-flushed Fe and Ge, Sn K edges, respectively. At beam line E4 a focusing mirror
CHsCN solutions of samples containing 0.10 M [Nfuty]PFs as is installed in front of the monochromator for further rejection of the
supporting electrolyte under an Ar blanketing atmosphere. Potentials harmonics. For suppression of harmonics the monochromator has been
were referenced versus the Ag/Agbl€ectrode. Temperature-depend-  detuned to 50% of its peak intensity. Energy calibration was achieved
ent magnetic susceptibilities of powdered samples were measured byby use of reference samples; for the Fe K edge-&e foil was chosen.
using a SQUID magnetometer (Quantum Design) at 1.0 T in the range This calibration of data has been performed by using WINXAS whereas
2.0—-300 K. For calculations of the molar magnetic susceptibijity, the normalization and data reduction were done with EXPROG.
the raw data were corrected for underlying diamagnetism of the sample .
by using tabulated Pascal's constants and for the temperature- Acknowledgment. We thank the Fonds der Chemischen
independent paramagnetispe, which was obtained by a fitting ~ Industrie for financial support of this work.
procedure. EPR spectra of frozen solutions were recorded on a Bruker ) . . )

ESP 300E spectrometer equipped with a helium flow cryostat (X band,  SuPPorting Information Available:  Figures S1, S2, and S3; tables
Oxford Instruments ESR 910; S and Q band, Oxford Instruments CF of crystallographic and crystal structgre reflnement data, atom coor-
935). The X band resonator was a dual-mode cavity (Bruker ER 4116 dinates, bond Igngths and angles, anisotropic thermal pa_rameteps, qnd
DM/95). The Masshauer spectra were recorded on an alternating calc_ulated positional par:_ameters of hydrogen atoms. This material is
constant-acceleration spectrometer. The minimal line width was 0.24 2vailable freeof charge via the Internet at http://pubs.acs.org.

mm s (full width at half-height). The sample temperature was |c9902018

maintained constant either in an Oxford Variox or an Oxfordssto

bauer-Spectromag cryo_stat._The latter is a split-pair superconducting(31) (a) Ressler, TLLNL, EXAFS program for Windows ¥ersion 2.4.
magnet system for applied fields up 8 T where the temperature of http://ourworld.compuserve.com/homepagessler/. (b) Hermes, C.;

the samples can be varied in the range-250 K. The field at the Nolting, H. F.EXAFS data analysis andaluation program package
samples is oriented perpendicular to thbeam. Theé’Co/Rh source for PC; EMBL-Outstation Hamburg: Germany.






