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The reaction of cis-[FeIII(cyclam)Cl2]Cl with 1 equiv of sodium N-diethyldithiocarbamate, toluene-3,4-dithiolate, and
maleonitriledithiolate in methanol in the presence of triethylamine afforded the cations [FeIII(cyclam)(Et2dtc)]

2þ (1),
[FeIII(cyclam)(tdt)]þ (2), and [FeIII(cyclam)(mnt)]þ (3), which were isolated as triflate, hexafluorophosphate, and
tetrafluoroborate salt, respectively, using sodium triflate, potassium hexafluorophosphate, or sodium tetrafluoroborate
as the source for the counteranion. Complexes 1, 2, and 3 possess an S = 1/2 ground state (low-spin ferric d

5). These
salts were characterized by X-ray crystallography, UV-vis, M

::
ossbauer, and electron paramagnetic resonance

spectroscopies. Cyclic voltammetry revealed that 2 and 3 are reversibly one-electron-reduced, generating neutral 2red

and 3red, respectively, and one-electron-oxidized, generating dicationic 2ox and 3ox, respectively. Fe and S K-edge
X-ray absorption spectroscopy (XAS) revealed that 2 (S = 1/2) and 2ox (S = 0) possess a low-spin ferric ion.
Complexes 2 and 3 are S,S0-coordinated to a closed-shell dithiolate(2-) ligand, whereas 2ox and 3ox consist of a low-
spin ferric ion antiferromagnetically coupled to a dithiolate(1-) π radical ligand. They are singlet diradicals
[FeIII(cyclam)(dithiolate•)]2þ. The analysis of the sulfur K pre-edge transitions reveals significant multiplet effects in
the spectra of 2 and 2ox, which provide rare experimental evidence for a singlet diradical description for 2ox. M

::
ossbauer

spectroscopy on frozen solutions of 2red clearly show the presence of a high-spin ferrous ion (S = 2). The
experimentally established electronic structures of the three members of the electron transfer series [Fe(cyclam)
(dithiolate)]2þ,þ,0 have been verified by broken symmetry density functional theoretical calculations, which have been
calibrated against the experiment by calculating XAS and M

::
ossbauer spectra.

Introduction

In a recent report, we showed1 that it is possible to electro-
chemically generate the one-electron oxidized forms of [CoIII-
(tren)(bdt)]þ (S=0) and [CrIII(tren)(bdt)]þ (S=3/2), namely,
the corresponding dications. The redox-innocent tetradentate
nitrogen donor ligand tren is tris(2-aminoethyl)amine, and
(bdt)2- represents benzene-1,2-dithiolate(2-). Both ligands
are closed-shell entities at this stage. It was shown by spectros-
copy (electron paramagnetic resonance (EPR), UV-vis) and
density functional calculations that the monocations are clas-
sicalWerner-type complexes with a central low-spin cobalt(III)
(d6, SCo=0) and chromium(III) ion (d3, SCr=

3/2) and closed-
shell ligands, neutral tren and a diamagnetic (bdt)2-. In

contrast, the dications contain a single S,S0-coordinated
π radical monoanion (bdt•)-. [CoIII(tren)(bdt•)]2þ (S= 1/2)
and [CrIII(tren)(bdt•)]2þ (S=1) have been spectroscopically
characterized in solution. It emerged that, in these compounds,
the benzene-1,2-dithiolates behave exactly analogous to the
corresponding complexes with an O,O0-coordinated catecho-
late(2-) or o-benzosemiquinonate(1-) ligand.2,3

Here, we report on a similar series of iron(III) complexes,
1-3 (Scheme 1), where a redox-innocent, closed-shell cyclam
ligand (1,4,8,11-tetraazacyclotetradecane) and a potentially
redox-noninnocent dithiolene ligand such as toluene-3,4-
dithiolate or maleonitriledithiolate are coordinated to a
low-spin ferric ion, affording the octahedral monocations

*To whom correspondence should be addressed. E-mail: wieghardt@
mpi-muelheim.mpg.de.

(1) Milsmann, C.; Bothe, E.; Bill, E.; Weyherm
::
uller, T.; Wieghardt, K.

Inorg. Chem. 2009, [Online] DOI: 10.1021/ic900515j.

(2) (a) Wicklund, P. A.; Beckmann, L. S.; Brown, D. G. Inorg. Chem.
1976, 15, 1996. (b) Wicklund, P. A.; Brown, D. G. Inorg. Chem. 1976, 15, 396.

(3) (a) Wheeler, D. E.; McCusker, J. K. Inorg. Chem. 1998, 37, 2296.
(b) Rodriguez, J. H.; Wheeler, D. E.; McCusker, J. K. J. Am. Chem. Soc. 1998,
120, 12051.



Article Inorganic Chemistry, Vol. 48, No. 15, 2009 7431

2 and 3. In order to study the electronic structure of such species
containing only redox-stable ligands, we also synthesized the
dication [FeIII(cyclam)(Et2dtc)]

2þ (1), where (Et2dtc)
- is the

closed-shell, diamagnetic anionN-diethyldithiocarbamate(1-).
Only a few such complexes containing a cis-[FeIIIN4S2] core
structure have been reported previously: [FeIII(L-N4Me2)-
(bdt)]þ (L-N4Me2=N,N0-dimethyl-2,11-diaza[3.3]-(2,6)pyridi-
nophane),4 [FeIII(tripod)(bdt)]þ (tripod=tris[(2-pyridyl)methyl]
amine, and bis[(2-pyridyl)methyl][(1-methylimidazole-2-yl)-
methyl]amine5 [(bdt)2- is unsubstituted benzene-1,2-dithiolate
(2-)].The former low-spin ferric compoundexhibits anunusual
thermal spin transition from anS=1/2 low-spin ground state to
anS=3/2 intermediate-spin excited state.4Nodata on either the
oxidized or reduced form of this complex have been published
to date. The same is true for the series of monodithiolene iron
complexes employing tripodal N4 ligands reported recently by
Rompel et al.5

The monocationic complexes 2 and 3 of the present series
possess an S=1/2 ground state (low-spin ferric), and their
electrochemistry reveals that a stable one-electron oxidized
dication [Fe(cyclam)(dithiolene)]2þ and a stable one-electron
reduced neutral species exist in solution. The electronic struc-
tures of each of the members of these electron transfer series
[Fe(cyclam)(dithiolene)]z (z=2þ, þ, 0) have been experimen-
tally established by X-ray crystallography, M

::
ossbauer, EPR,

and UV-vis spectroscopies, as well as by X-ray absorption
spectroscopy (XAS) (Fe K-edge, S K-edge). Finally, we have
corroborated the experimental results by broken symmetry
(BS) density functional theoretical (DFT) calculations using
the B3LYP functional.

Experimental Section

Preparation of Complexes. The starting material cis-[FeIII-
(cyclam)Cl2]Cl and its 57Fe-enriched analogue have been

prepared as described in the literature.6,7 The ligands were
commercially available.

[FeIII(cyclam)(Et2dtc)](BPh4)2 3H2O (1(BPh4)2 3H2O). Under
an argon blanketing atmosphere, a solution of Na(Et2dtc) (63 mg,
0.28 mmol) in degassed methanol (10 mL) was slowly added to
a solution of cis-[Fe(cyclam)Cl2]Cl (100 mg, 0.28 mmol) in a
degassed methanol/water mixture (2:1, 30 mL). After stirring for
2h, a solutionofNaBPh4 (205mg, 0.6mmol) dissolved indegassed
methanol (3 mL) was added. A microcrystalline, red solid pre-
cipitated immediately, which was filtered off, washed with metha-
nol/water (3:1) and diethyl ether, and air-dried. The product is air-
stable in the solid state. Yield: 182 mg (62%); Anal. Calcd for
C63H76B2FeN5OS2:C, 71.32;H, 7.22;N, 6.60. Found:C, 71.44;H,
7.24; N, 6.60.

[FeIII(cyclam)(Et2dtc)](OTf)2 3MeCN (1(OTf)2 MeCN). This
salt was prepared according to the procedure described for
1(BPh4)2 3H2O by using sodium triflate (NaOTf) instead of
NaBPh4. Single crystals were obtained from slow evaporation
of a concentrated solution of 1(OTf)2 inMeCN. Anal. Calcd for
C19H37F6FeN6O6S4: C, 30.69; H, 5.02; N, 11.30; Fe, 7.51.
Found: C, 30.57; H, 5.08; N, 11.42; Fe, 7.48.

[FeIII(cyclam)(tdt)](PF6) (2(PF6)). To a solution of cis-[Fe-
(cyclam)Cl2]Cl (363 mg, 1 mmol) in a methanol/water mixture
(2:1, 90mL)was added dropwise a degassedmethanolic solution
(10 mL) of H2tdt and NEt3 (420 μL, 3 mmol) with constant
stirring under anAr blanketing atmosphere. The purple mixture
was stirred at room temperature for 1 h, after which it was
filtered. An aqueous solution of KPF6 (275 mg, 1.5 mmol) was
added, and stirring was continued for 2 h. Upon slow evapora-
tion of the solvent under a flow of Ar, purple crystals were
obtained. Yield: 383 mg (69%). Anal. Calcd for C17H30F6-
FeN4PS2: C, 36.76; H, 5.44; N, 10.09; Fe, 10.06. Found: C,
36.59; H, 5.30; N, 10.24; Fe, 10.12.

[FeIII(cyclam)(mnt)](BF4) (3(BF4)). cis-[Fe(cyclam)Cl2]Cl
(363 mg, 1 mmol) was dissolved in methanol/water (2:1,
90 mL), and argon was purged through the solution for
15 min. Na2mnt (185 mg, 1 mmol) was dissolved in degassed
methanol (10 mL), and triethylamine (420 μL, 3 mmol) was
added to the Na2mnt solution. The Na2mnt-triethylamine
mixture was added dropwise with constant stirring to the cis-
[Fe(cyclam)Cl2]Cl solution, and stirring was continued for 2 h at
room temperature. The solution was filtered, and potassium
hexafluorophosphate (275 mg, 1.5 mmol) was added to the
filtrate. After 1 h, the greenish-brown precipitate was filtered,
washed with water, and stored under argon. Single crystals
suitable for an X-ray crystallographic analysis were selected
from the crystalline product. Yield: 422 mg (78%). Anal. Calcd
for C14H24F6FeN6PS2: C, 31.04; H, 4.47; N, 15.52; S, 11.85; Fe,
10.32. Found: C, 31.02; H, 4.40; N, 15.57; S, 11.92; Fe, 10.18%.

X-RayCrystallographicDataCollection andRefinement of the

Structures. A dark red single crystal of 1(OTf)2 3MeCN, a dark
blue-violet crystal of 2(PF6), and a dark green specimen of
3(BF4) were coated with perfluoropolyether, picked up with
nylon loops, and mounted in the nitrogen cold stream of a
Bruker-Nonius KappaCCD diffractometer equipped with a
Mo-target rotating-anode X-ray source. Graphite monochro-
mated Mo KR radiation (λ=0.71073 Å) was used throughout.
Final cell constants were obtained from least-squares fits of
several thousand strong reflections. Intensities of redundant
reflection were used to correct for absorption using the program
SADABS.8 The structures were readily solved by Patterson
methods and subsequent difference Fourier techniques. The
Siemens ShelXTL software package9 was used for solution

Scheme 1. Ligands and Complexes
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and artwork of the structures; ShelXL9710 was used for the
refinement. All non-hydrogen atoms were anisotropically re-
fined, and hydrogen atoms were placed at calculated positions
and refined as riding atoms with isotropic displacement para-
meters.

The cyclam ligand in 2 was found to be disordered over two
sites by a 90� rotation. The occupation ratio refined to about
0.50:0.50. Corresponding disordered carbon and nitrogen
atoms of the split model were refined with equal thermal
displacement parameters and restrained bond lengths using
the SAME instruction of ShelXL97 (34 restraints). Crystal-
lographic data of the compounds are listed in Table 1.

Physical Measurements. Elemental analyses were measured
at the Mikroanalytisches Labor H. Kolbe, in M

::
ulheim an der

Ruhr, Germany. Cyclic voltammograms and square wave
voltammograms in the range of -25 to þ25 �C were recorded
by using an EG&G Potentiostat/Galvanostat 273A. A three-
electrode cell was employed with a glassy-carbon working
electrode, a glassy-carbon auxiliary electrode, and a Ag/AgNO3

reference electrode (0.01 M AgNO3 in CH3CN). Ferrocene was
added as an internal standard after completion of the measure-
ments, and potentials are referenced versus the Fcþ/Fc couple.
Controlled potential coulometric measurements were per-
formed in a setup, which allows recording of absorption spectra
in situ during electrolysis, by employing the same potentiostat,
but using a Pt grid as aworking electrode.APt brushwas used as
a counterelectrode and separated from the working electrode
compartment by a Vycor frit. A Ag/AgNO3 (0.01 M AgNO3 in
CH3CN) reference electrode was employed again. UV-vis
spectraweremeasured on aHewlett-Packard 8452Adiode array
spectrophotometer. Temperature-dependent magnetic suscept-
ibilities were measured by using a SQUID magnetometer
(MPMS Quantum Design) at 1.0 T (4-300 K). Underlying
diamagnetism was corrected by using tabulated Pascal’s con-
stants. X-band EPR derivative spectra were recorded on a
Bruker ELEXSYSE500 spectrometer equipped with the Bruker
standard cavity (ER4102ST) and a helium flow cryostat (Oxford
Instruments ESR 910). Microwave frequencies were calibrated
with a Hewlett-Packard frequency counter (HP5352B), and the
field control was calibrated with a Bruker NMR field probe

(ER035M). The spectra were simulated with the programGFIT
(by Eckhard Bill) for the calculation of powder spectra with
effective g values and anisotropic line widths (Gaussian line
shapes were used). M

::
ossbauer data were recorded on a spectro-

meter with alternating constant acceleration. The minimum
experimental line width was 0.24 mm s-1 (full width at half-
height). The sample temperaturewasmaintained constant either
in an Oxford Instruments Variox or an Oxford Instruments
M

::
ossbauer-Spectromag cryostat. The latter is a split-pair super-

conductingmagnet system for applied fields up to 8 T, where the
temperature of the sample can be varied in the range 1.5-250K.
The field at the sample is perpendicular to the γ beam. Isomer
shifts are quoted relative to iron metal at 300 K. Magnetic
M

::
ossbauer spectra were simulated with the progam MX (by

Eckhard Bill).

X-Ray Absorption Spectroscopy Measurements and Data

Analysis. All data were measured at the Stanford Synchrotron
Radiation Laboratory under the ring conditions of 3.0 GeV and
60-100mA. All S K-edge data were measured using the 54-pole
wiggler beamline 6-2 in the high magnetic field mode of 10 kG
with aNi-coated harmonic rejectionmirror and a fully tuned Si-
(111) double-crystal monochromator. Details of the optimiza-
tion of this setup have been previously described.11 Data were
measured at room temperature by fluorescence, using a Lytle
detector. To check for reproducibility, two to three scans were
measured for each sample. The energy was calibrated from SK-
edge spectra ofNa2S2O3 3 5H2O, run at intervals between sample
scans. Themaximumof the first pre-edge feature in the spectrum
was fixed at 2472.02 eV. A step size of 0.08 eV was used over the
edge region.Datawere averaged, and a smooth backgroundwas
removed from all spectra by fitting a polynomial to the pre-edge
region and subtracting this polynomial from the entire spec-
trum. Normalization of the data was accomplished by fitting a
flattened polynomial or straight line to the postedge region
(2490-2740 eV) and normalizing the postedge at 1.0.

Fe K-edge XAS data were measured on focused 16-pole
wiggler beamline 9-3. A Si(220) monochromator was utilized
for energy selection. A Rh-coated harmonic rejection mirror set
to a 10 keV cutoff was used to minimize higher harmonics. All
samples were prepared as solids in boron nitride, pressed into

Table 1. Crystallographic Data for 1 3MeCN, 2, and 3

1(OTf)2 3MeCN 2(PF6) 3(BF)4

chem. formula C19H37F6FeN6O6S4 C17H30F6FeN4PS2 C14H24BF4FeN6S2
cryst size, mm3 0.18 � 0.08 � 0.06 0.09 � 0.03 � 0.03 0.07 � 0.02 � 0.02
fw 743.64 555.39 483.17
space group P1, No. 2 P1, No. 2 P21/n, No.14
a, Å 9.1969(3) 8.7110(3) 8.5350(3)
b, Å 11.6996(4) 9.6927(4) 12.2605(4)
c, Å 14.5177(4) 13.7946(7) 18.9435(6)
R, deg 89.832(2) 79.162(4) 90
β, deg 82.675(2) 75.570(4) 98.786(3)
γ, deg 83.205(2) 87.115(4) 90
V, Å 1538.36(8) 1107.85(8) 1959.05(11)
Z 2 2 4
T, K 100(2) 100(2) 100(2)
F calcd, g cm-3 1.605 1.665 1.638
reflns collected/2Θmax 37258/65.00 15958/65.00 37258/66.32
unique reflns/I > 2σ(I) 11108/9160 8000/6917 7433/6176
no. of params/restraints 382/0 324/34 253/0
λ, Å /μ(KR), cm-1 0.71073/8.43 0.71073/10.05 0.71073/10.33
R1a/goodness of fitb 0.0330/1.031 0.0523/1.106 0.0320/1.019
wR2c (I > 2σ (I)) 0.0775 0.1078 0.0687
residual density, eÅ-3 þ0.56/-0.42 þ0.76/-1.15 þ0.48/- 0.47

aObservation criterion: I > 2σ(I), R1 =
P

)Fo| - |Fc )/
P

|Fo|.
bGoF = [

P
w(Fo

2 - Fc
2)2]/(n - p)]1/2. cwR2 = [

P
w(Fo

2 - Fc
2)2]/

P
[w(Fo

2)2]]1/2,
where w = 1/σ2(Fo

2) þ (aP)2 þ bP, P = (Fo
2 þ 2Fc

2)/3.
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a pellet, and sealed between 38 μm Kapton tape windows in a
1 mm aluminum spacer. The samples were maintained at 10 K
during data collection using an Oxford Instruments CF1208
continuous-flow liquid helium cryostat. Data were measured in
transmissionmode. Internal energy calibrationswere performed
by simultaneous measurement of an Fe reference foil placed
between a second and third ionization chamber. The first
inflection point was assigned to 7111.2 eV for Fe.Data represent
three to five scan averages and were processed by fitting a
second-order polynomial to the pre-edge region and subtracting
this background from the entire spectrum. A three-region cubic
spline was used to model the smooth background above the
edge. The data were normalized by subtracting the spline and
normalizing the postedge to 1.0. The spectra were deconvoluted
using the program EDG_FIT.12

Calculations. All DFT calculations were performed with the
ORCA13 program package. The geometry optimizations of the
complexes and single-point calculations on the optimized geo-
metries were carried out using the B3LYP14 functional. This
hybrid functional often gives better results for transition metal
compounds than pure gradient-corrected functionals, especially
with regard to metal-ligand covalency.15 The all-electron
Gaussian basis sets were those developed by the Ahlrichs
group.16,17 Triple-ζ-quality basis sets, TZV(P), with one set of
polarization functions on the metals and on the atoms directly
coordinated to the metal center were used.16 For the carbon and
hydrogen atoms, slightly smaller polarized split-valence, SV(P),
basis sets were used, which were of double-ζ quality in the
valence region and contained a polarizing set of d functions on
the non-hydrogen atoms.17 Auxiliary basis sets used to expand
the electron density in the resolution-of-the-identity approach
were chosen,18 where applicable, to match the orbital basis.
The self-consistent field calculations were tightly converged (1�
10-8 Eh in energy, 1�10-7 Eh in the density change, and 1�10-7

in maximum element of the DIIS error vector). The geometry
optimizations for all complexes were carried out in redundant
internal coordinates without imposing symmetry constraints. In
all cases, the geometries were considered converged after
the energy change was less than 5�10-6 Eh. The gradient norm
and maximum gradient element were smaller than 1�10-4 Eh

Bohr-1 and 3�10-4 Eh Bohr
-1, respectively, and the root-mean

square and maximum displacements of all atoms were smaller
than 2�10-3 Bohr and 4�10-3 Bohr, respectively. Throughout
this paper, we describe our computational results by using
the BS approach of Ginsberg19 and Noodleman et al.20 Since
several broken symmetry solutions to the spin-unrestricted
Kohn-Sham equations may be obtained, the general notation
BS(m,n)21 has been adopted, where (m,n) denotes the number
of spin-up and spin-down electrons at the two interacting

fragments. Canonical and corresponding orbitals,22 as well as
spin density plots, were generated with the program Molekel.23

Nonrelativistic single-point calculations on the optimized geo-
metry were carried out to predict M

::
ossbauer spectral para-

meters (isomer shifts and quadrupole splittings). These
calculations employed the CP(PPP) basis set24 for iron. The
M

::
ossbauer isomer shifts were calculated from the computed

electron densities at the iron centers, as previously described.25

Time-dependent DFT (TD-DFT) calculations were performed
to predict the transitions in the pre-edge region of the S and Fe
K-edge XAS spectra.26 The symmetry equivalent 1s orbitals
obtained from the ground state calculations were localized using
the Pipek-Mezey criteria,27 and TD-DFT calculations at the
B3LYP or BP86 level were performed, allowing only for excita-
tions from the localized sulfur 1s orbitals. The basis sets were
chosen to match the basis sets used for the single-point ground
state calculations. The obtained S K-edge transition energies
were corrected by a constant 56.3 eV (B3LYP) or 76.0 eV (BP86)
shift to align calculated spectra with experimental spectra. For
theFeK-edge calculations, a constant shift of 150.2 eV (B3LYP)
was applied.

Results and Discussion

a. Synthesis and Characterization of Complexes.Upon
slow addition of 1 equiv of NaEt2dtc to cis-[FeIII(cyclam)-
Cl2]Cl in a methanol/water mixture (2:1) in the absence of
oxygen, a red solution was obtained. Sodium triflate
(NaOTf) was added and the solvents were removed in
vacuo. The remaining solid residue was redissolved in
acetonitrile.After filtration, the red crystalline product [Fe-
(cyclam)(Et2dtc)](OTf)2 3MeCN, 1(OTf)2 3MeCN, was ob-
tained by slow evaporation of the solvent. Alternatively,
the tetraphenylborate salt of 1 was obtained directly from
the reactionmixture after addition of NaBPh4 (yield 62%).
The salt 1(BPh4)2 3H2O was used exclusively for the XAS
experiments. The remaining physical measurements for
1were conducted using 1(OTf)2 3MeCN. For ligand abbre-
viations, see Scheme 1.
The compound [Fe(cyclam)(tdt)]þ, 2, was obtained

by slow addition of 1 equiv of H2tdt dissolved in
methanol to a solution of cis-[FeIII(cyclam)Cl2]Cl in
methanol/water in the presence of 2 equiv of KOtBu.
The initial yellow color of the reaction mixture quickly
developed a new color, which eventually led to a dark
purple solution. The addition of KPF6 and slow eva-
poration of the solvent afforded dark red crystals of 2
(PF6), suitable for X-ray crystallography (yield 69%).
The compound is air-stable in the solid state but decom-
poses slowly in solution. For M

::
ossbauer experiments,

an 57Fe labeled sample was prepared following the same
experimental procedure but using [57Fe(cyclam)Cl2]Cl
as the starting material.
Similarly, [Fe(cyclam)(mnt)]þ, 3, was obtained by using

Na2mnt under the same conditions as described for 2. It was
isolated as a green crystalline solid, 3(BF4), after the addi-
tion of NaBF4.
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2245–2254.
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b. Crystal Structures. The structures of the complexes
1(OTf)2 3MeCN, 2(PF6), and 3(BF4) have been determined
by X-ray crystallography at 100(2) K. The crystallographic
details are provided in Table 1. The structures of the cations
1, 2, and 3 are shown in Figure 1, and selected bond
distances are given in Table 2. In all complexes, the central
iron ion has a distorted octahedral cis-FeN4S2-coordination
sphere. The cyclam ligand is coordinated in the cis config-
uration, leaving two adjacent sites free for the bidentate
sulfur ligand. The Fe-N bond distances are in the range of

1.985(5)-2.102(3) Å, which is compatible with the presence
of a low-spin ferric metal ion.7,28-30 It is noteworthy that in
the corresponding high-spin ions the Fe-N bond distances
are observed in the range of 2.15-2.21 Å.7,28,30

As is to be expected for a redox-innocent, closed-shell
dithiocarbamate(1-) ligand, the structural parameters
(C-S and C(22)-N(24) bond lengths) of the S,S0-coor-
dinated ligand in 1 are in excellent agreement with the
values reported for the uncoordinated Et2dtc

- ligand.31

The two equidistant C-S bonds indicate complete delo-
calization in the S2CN π system, which is also reflected in
the short C(22)-N(24) distance, exhibiting partial dou-
ble-bond character. Therefore, all structural parameters
indicate that the ligand is coordinated in its closed-shell
monoanionic form. Since 1 is a dication, the iron center
must contain a ferric ion with a d5 electron configuration.
The inspection of the crystal packing of 1(OTf)2 3MeCN

reveals that the cations are well-separated by triflate coun-
teranions and exhibit no direct interactions.
The average C-S bond length in 2 (1.752(2) Å) is

significantly longer than expected for an o-dithioben-
zosemiquinonate(1-) radical (1.72-1.73 Å)32 but is
shorter than that observed for the closed-shell dithiolene
ligands in [CoIII(tren)(bdt)]þ and [CrIII(tren)(bdt)]þ.1

This is most probably due to an unresolved disorder of
the dithiolate(2-) ligand (unrealistically large anisotropic
thermal parameters of the sulfur atoms are observed). In
agreement with the spectroscopic results (see below), the
ligand is described as a closed-shell dianion. Thus, the
metal ion has also a þIII oxidation state, and therefore,
complex 2 is best described as a low-spin d5 ferric com-
pound. This is also in agreement with the large value for
the fold anglej (33�), which is amarker for the absence of
π interactions between the metal and ligand, as has
previously been discussed.1 The fold angle j is the
dihedral angle between the two planes FeS2 and S2C2; it
describes a folding of the planes along the S 3 3 3 S vector.
The C-S bond distances in 3 are short at ∼1.73 Å.

However, this is not indicative of the presence of a radical
ligand. Due to the strong electron-withdrawing effect of
the cyano substituents, the C-S bonds in closed-shell
mnt2- ligands are substantially shortened. In fact, the
C-S distances in tetrahedral [ZnII(mnt)2]

2- are 1.73-
1.74 Å,33 in agreement with a closed-shell ligand descrip-
tion for 3. Consequently, 3 is described as a low-spin ferric
complex with a closed-shell mnt2- ligand. Nevertheless,
the significantly smaller ligand fold angle j (9.53�) im-
plies stronger π-bonding between the ligand and the
central Fe atom in 3 as compared to 2, resulting in
increased delocalization. In fact, the small deviation from
planarity might well be a result of crystal packing effects.

Figure 1. Structure andnumbering schemeof the dication1 in1(OTF)2 3
CH3CN and the monocations 2 and 3 in 2(PF6) and 3(BF4). Thermal
ellipsoids are drawn at the 50% probability level. The C-H hydrogen
atoms are omitted for clarity.

(28) Guilard, R.; Siri, O.; Tabard, A.; Broeker, G.; Richard, P.; Nurco, D.
J.; Smith, K. M. J. Chem. Soc., Dalton Trans. 1997, 3459–3463.

(29) Ballester, L.; Gutierrez, A.; Perpinan, M. F.; Rico, S.; Azcondo, M.
T.; Bellitto, C. Inorg. Chem. 1999, 38, 4430–4434.

(30) Chun, H.; Bill, E.; Bothe, E.;Weyherm
::
uller, T.;Wieghardt, K. Inorg.

Chem. 2002, 41, 5091.
(31) Mereiter, K.; Preisinger, A. Inorg. Chim. Acta 1985, 98, 71.
(32) (a) Ray, K.; Weyherm

::
uller, T.; Goossens, A.; Menno, W. J. C.;

Wieghardt, K. Inorg. Chem. 2003, 42, 4082–4087. (b) Ray, K.; Weyherm::uller,
T.; Neese, F.; Wieghardt, K. Inorg. Chem. 2005, 44, 5345–5360.

(33) (a) Lewis, G. R.; Dance, I. J. Chem. Soc., Dalton Trans. 2000, 3176–
3185. (b) Stach, J.; Kirmse, R.; Sieler, J.; Abram, U.; Dietzsch, W.; Bottcher, R.;
Hansen, L. K.; Vergoossen, H.; Gribnau, M. C. M.; Keijzers, C. P. Inorg. Chem.
1986, 25, 1369.
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Another important feature in the crystal structures of
2(PF6) and 3(BF4) is the packing motif of both complexes
in the solid state. In both structures, a pairwise alignment
of two cations is observed. For 2, this dimer is stabilized
by π-π stacking interactions between the two phenyl
rings of the dithiolene ligands (side view, Figure 2; top
view, Figure S1, Supporting Information). The distance
between the π systems is 3.56 Å, which is typical for π-π
stacks in metal compounds.34 The Fe-Fe distance in the
dimer is 11.64 Å. In contrast, the dimers in 3 are stabilized
by two intermolecular hydrogen bonds between a term-
inal nitrogen atom of the mnt2- ligand of one cation and
an amine hydrogen of the cyclam ligand of the other
cation, as shown in Figure 3. The Fe-Fe distance in 3 at
8.22 Å is shorter than that in 2. The side view of the dimer
in 3 reveals another important detail. In contrast to 2, the
dithiolene ligands are folding away from the other half of
the dimer. This suggests that the small deviation from
planarity (j = 9.53�) in 2 is really a result of crystal
packing effects rather than electronic effects.

c. Magnetochemistry and EPR Spectroscopy. The elec-
tronic ground states of complexes 1-3 have been estab-
lished from variable-temperature (4-300 K) magnetic
susceptibility measurements on powders using a SQUID
magnetometer with an applied field of 1.0 T.
The temperature dependence of the effective magnetic

moment, μeff, of 1(OTf)2 3MeCN is shown inFigure 4 (top).
Complex 1 shows a nearly temperature-independent μeff of

2.18 μB, which is indicative of an S= 1/2 ground state.
The data in the high-temperature region were readily fit by
using a gav of 2.35, a χTIP of 500�10-6 emu, and a small
amount of a paramagnetic impurity (S= 5/2, 3%). We
assume that this impurity is colloidal rust, which may be
formed in this type of iron chemistry.35 Small amounts
(<5%) of such material are generally not observed in

Table 2. Selected Bond Distances (Å) and Folding Angles j (deg) in 1, 2, and 3

1 2 3

Fe(1)-N(1) 2.0302(11) Fe(1)-N(5) 1.985(5) Fe(1)-N(5) 2.0335(11)
Fe(1)-N(5) 2.0509(11) Fe(1)-N(1) 2.102(3) Fe(1)-N(1) 2.0855(10)
Fe(1)-N(12) 2.0480(10) Fe(1)-N(8) 2.064(7) Fe(1)-N(8) 2.0646(11)
Fe(1)-N(8) 2.0339(11) Fe(1)-N(12) 2.088(5) Fe(1)-N(12) 2.0463(11)
Fe(1)-S(21) 2.2902(3) Fe(1)-S(21) 2.2361(6) Fe(1)-S(24) 2.2337(4)
Fe(1)-S(23) 2.2909(3) Fe(1)-S(28) 2.2411(7) Fe(1)-S(21) 2.2447(3)
S(21)-C(22) 1.7274(13) S(21)-C(22) 1.754(2) S(24)-C(23) 1.7278(12)
S(23)-C(22) 1.7296(12) S(28)-C(27) 1.750(2) S(21)-C(22) 1.7296(13)
C(22)-N(24) 1.3171(15) C(22)-C(23) 1.403(3) C(23)-C(22) 1.3666(17)

C(23)-C(24) 1.387(3)
C(24)-C(25) 1.378(4)
C(25)-C(26) 1.384(4)
C(26)-C(27) 1.401(3)
C(27)-C(22) 1.391(3)
j 33.03 j 9.53

Figure 2. Unit cell of 2(PF6) showing the pairwise arrangement of the
molecules held together by π-π-stacking interactions. The red line
indicates the distances between the two phenyl rings of the interacting
cations. C-H hydrogen atoms are omitted for clarity.

Figure 3. Representation of an interacting pair of monocations in the
crystal packing of 3 viewed from the top (top) and from the side (bottom).
The stabilizinghydrogenbonds are depicted in red.C-Hhydrogenatoms
are omitted for clarity.

(34) Janiak, C. J. Chem. Soc., Dalton Trans. 2000, 3885.
(35) Roy, N.; Sproules, S.; Bill, E.; Weyherm

::
uller, T.; Wieghardt, K.

Inorg. Chem. 2008, 47, 10911.
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M
::
ossbauer spectroscopy (vide infra), because of intrinsic

line broadening due to superparamagnetic relaxation. The
remarkably large average g value, gav, is in agreement with
the EPR measurements discussed below. For the low-
temperature region, very weak intermolecular, antiferro-
magnetic coupling was taken into account by a smallWeiss
constant θ of-0.36K. This is consistent with the structural
data (vide supra), which show that the cations are com-
pletely separated by the counteranions. Consequently, no
superexchange pathway for strong antiferromagnetic cou-
pling via direct contacts is available.
This is in contrast to the situation in 2. The temperature

dependence of the effective magnetic moment, μeff, of
2(PF6) is shown in Figure 4 (middle). While the effective
magneticmoment of 1.82 μB per Fe ion at 298K is in good
agreement with the spin-only value for an S=1/2 ground
state (1.73 μB), the strong temperature dependence below
150 K cannot be fitted using a monomer model. Even the
implementation of a large Weiss constant fails to repro-
duce the data in this region. Taking into account the
results from the structural analysis, an excellent fit of the
data was obtained, by assuming a dimer model where two
molecules with a spin ground state of S= 1/2 couple
intermolecularly. The values for the best fit yielded a
gav value of 2.102 for both iron centers, a χTIP of 224�
10-6 emu, and an intermolecular antiferromagnetic cou-
pling constant J of -37 cm-1. The fit again required a
small paramagnetic impurity (1.7%, S=5/2), for which
weak antiferromagnetic coupling was taken into account
by a Weiss constant θPI of -2 K. The coupling constant
J is remarkably large, considering that the coupling is
mediated only via π-π stacking interactions of closed-
shell ligands.36 A direct superexchange pathway between
the paramagnetic metal centers can be ruled out because

of the large Fe-Fe separation (>11 Å). In fact, the
obtained value for J is larger than the coupling constants
observed in μ-hydroxo-bridged di-iron(III) compounds
and approaches the values for μ-oxo-bridged species.37

This may suggest that there is some spin density on the
phenyl ring of 2, indicating a small contribution of the
[FeII-tdt•]þ resonance structure and providing an anti-
ferromagnetic coupling pathway. However, π-π stack-
ing interactions in organic π radicals38 or coordination
compounds with π radical ligands39,40 result in signifi-
cantly larger coupling constants, although it has been
shown that these are strongly dependent on the orienta-
tion of the π systems.40,41

The temperature dependence of the effective magnetic
moment, μeff, of 3(BF4) (Figure 4 (bottom)) can be
satisfactorily simulated using either a monomer or dimer
model. In both cases, an average gav value of 2.12, a χTIP
of 497�10-6 emu, and a small amount of paramagnetic
impurity of ∼1% (S=5/2) were used to model the high-
temperature plateau. The high-temperature limit of
1.93 μB for the monomer supports an S= 1/2 ground
state. Themajor difference between the two approaches is
the simulation of the strong temperature-dependence of
μeff in the region below 50 K. In the monomer model, this
is achieved by assuming antiferromagnetic coupling to
the continuum, resulting in a relatively large Weiss con-
stant θ of -6.2 K. The second and potentially more
physically accurate fit for the low-temperature region is
again based on the observations from crystallography.
For a dimer unit of antiferomagnetically coupled cations,
a coupling constant J of -3.2 cm-1 is obtained from the
fit. This implies that the efficiency of the antiferromag-
netic exchange via hydrogen bonding in 3 is only 10% of
the π-π stacking pathway in 2.
The X-band EPR spectra of 2 and 3 in frozen MeOH/

toluene solution, shown in Figure 5, confirm the S=1/2
ground state of the molecules. Both spectra are rhombic
with principal g values of 2.29, 2.18, and 1.96 for 2 and
2.21, 2.16, and 1.99 for 3. The anisotropy of the g values in
both compounds is too large for dithiolene radicals, but
the data agree nicely with the values reported for similar
FeIII low-spin compounds.4,42 However, the anisotropy
in 3 (Δg=0.22) is significantly lower than in 2 (Δg=0.33).
This indicates a higher contribution of the ligand to the
SOMO induced by covalent bonding. As a result, the
effective spin-orbit coupling constant is reduced, leading
to lower g anisotropy. This parallels the trend observed by
X-ray crystallography, where the smaller fold anglej in 3
compared to that in 2 suggests stronger π interactions

Figure 4. Temperature dependence of the magnetic moment, μeff, of
1(OTf)2 3MeCN (top), 2(PF)6 (middle), and 3(BF)4 (bottom). The red line
represents the spin-Hamiltonian simulation, and the dotted blue line
shows the paramagneticS=5/2 impurity. Fitting parameters are described
in the text.

(36) Hou, C.; Shi, J.-M.; Sun, Y.-M.; Shi, W.; Cheng, P.; Liu, L.-D. J.
Chem. Soc., Dalton Trans. 2008, 5970.
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Chem. Soc. 1999, 121, 1619.
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between metal and ligand. In other words, the contribu-
tion of the low-spin [FeII-dithiolene•]þ resonance form is
larger for 3 than for 2.
The EPR spectrum of 1, shown in Figure 6, is more

complicated. It is dominated by a very intense signal at
g=3.35 corresponding to the gmax of the complex. Two
g values, gmid and gmin, are found at 1.77 and 0.80,
respectively. Due to significant line broadening, gmin is
almost not observable. The additional features observed
in the region between g=2.5 and g=1.9 can be attributed
to an S=1/2 impurity with g values of 2.45, 2.25, and 1.93.
Although the signals of this impurity are quite prominent
in the derivative spectrum, the total amount of impurity
can be determined from the simulation to be only ∼1%.
Due to the very large anisotropy of the g values, EPR

spectra like the one observed for 1 are classified as highly
anisotropic low-spin spectra.43,44 These spectra are usual-
ly found and well-studied for the family of axially sym-
metric low-spin hemes43 but have only recently been
reported for nonheme compounds.45 The spectrum con-
firms that complex 1must be a low-spin ferric compound
(d5, S = 1/2), like 2 and 3. The exceptionally large
anisotropy stems from an almost degenerate pair of
orbitals in the t2g set, yielding unusually large orbital
contributions to the magnetic moment of the electron.

d. Spectroelectrochemistry. Cyclic voltammograms
(CVs) of 1-3 have been recorded in either MeCN (for
1(OTf)2 3MeCN and 3(BF)4) or CH2Cl2 (for 2(PF)6). [N-
(n-Bu)4]PF6 was used as a supporting electrolyte (0.1 M)
and a glassy carbon electrode as a working electrode. All
potentials are referenced against the Fcþ/Fc couple using

ferrocene as an internal standard. The resulting CVs are
shown in Figure 7, and the redox potentials are summar-
ized in Table 3. All complexes show a reversible redox
process, which was established to correspond to a one-
electron reduction by controlled-potential coulometry.
Since the starting materials 1, 2, and 3 contain completely
reduced sulfur ligands, this reduction must be attributed
to an iron-centered process (FeIII f FeII). Additionally,
the two dithiolene compounds 2 and 3 display a second
reversible process, which was shown to be a reversible

Figure 5. X-band EPR spectra of 2 (top) and 3 (bottom) recorded in a
frozenMeOH/toluene solution at 10 K (frequency= 9.44 GHz, modula-
tion= 0.7 mT, power = 0.02 mW). Simulated spectra are shown in red.

Figure 6. X-band EPR spectrum of 1 in frozen MeCN at 10.0 K
(frequency=9.45 GHz, modulation=3.0 mT, power=0.2 mW). The
dashed line represents the baseline of the measurement. The simulated
subspectrum for 1 is shown in blue, while the contribution from the
impurity (∼1%) is shown in green. The red line depicts the sum of the
simulated subspectra.

Figure 7. Cyclic voltammograms of 1 (blue), 3 (black), and 2 (red) in
MeCN (1 and 3) andCH2Cl2 (2) at room temperature; 0.10M [N(n-Bu)4]-
PF6, scan rate 200 mV s-1, glassy carbon working electrode.

(43) (a) Migata, C.; Iwaizumi, M. J. Am. Chem. Soc. 1981, 103, 4378. (b)
Salerno, J. C.; Leigh, J. S. J. Am. Chem. Soc. 1984, 106, 2156.

(44) Palmer, G. Electron Paramagnetic Resonance in Metalloproteins. In
Physical Methods in Bioinorganic Chemistry; Que, L. Jr., Ed.; University
Science Books: Sausalito, CA, 2000; pp 121-185.

(45) Duelund, L.; Toftlund, H. Spectrochim. Acta, Part A 2000, 56, 331.
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one-electron oxidation. This process is proposed to be
ligand-centered, since it is absent in 1, which contains
the redox-innocent dithiocarbamate ligand. Instead, an
additional irreversible oxidation peak is observed for 1
at ∼1.0 V, which was not investigated in further detail.
The three-membered redox series for 2 is shown in

Scheme 2. Compared to 2, the redox potentials in 3 are
shifted to significantly higher potentials, while the separa-
tion between the two redox waves remains unchanged
(ΔE∼ 1.1 V). This effect can be explained by the different
substituents on the dithiolene ligand. The strongly elec-
tron-withdrawing cyano groups of mnt2- remove elec-
tron density from the dithiolene moiety, thus stabilizing
the dianionic form of the ligand and decreasing its donor
abilities.
The three-membered electron-transfer series of 2 and

3 were studied by controlled-potential coulometry at
-25 �C, and the changes in the electronic absorption
spectra were recorded. Figure 8 shows the spectra of 2, its
dicationic one-electron oxidized form 2ox, as well as its
neutral one-electron reduced form 2

red.
The monocation 2 shows two absorption bands above

400 nm with maxima at 580 nm (1020 M-1 cm-1) and
825 nm (1910 M-1 cm-1). On the basis of their high
intensities, these bands are tentatively assigned as charge
transfer bands. Upon reduction of 2 to 2red, these bands
diminish, though not to completeness due to the instability
of 2red under the coulometry conditions. For the oxidized
species 2ox, three peaks are observed in the visible andNIR
region (443nm (1950M-1 cm-1), 592nm(4400M-1 cm-1),
and 824 nm (860 M-1 cm-1)). The spectrum is dominated
by an intense band at 592 nm, which is clearly a charge-
transfer transition.However, on the basis of this transition,
it is not possible to distinguish between a ligand-centered
oxidation, yielding [FeIII(cyclam)(tdt•)]2þ, or a metal-cen-
tered process, yielding [FeIV(cyclam)(tdt)]2þ. The electronic
absorption spectra of the three-membered redox series
for 3 show similar features in the visible region, but
the intensities of the bands are half of those observed for
2. A number of additional bands can be found below
400 nm, which are probably due to low-lying ligand
π* orbitals. This is most noticeable in 3red, which shows

two intense bands (407 nm (6770 M-1 cm-1) and 342 nm
(6480M-1 cm-1)) with additional shoulders in this region.

e. M
::
ossbauer Spectroscopy. Zero-field M

::
ossbauer

spectra of solid samples of 1(OTf)2 3MeCN, 2(PF6), and
3(BF4) have been recorded at 80 K; the results are
summarized in Table 4. Interestingly, the isomer shifts
δ of 1, 2, and 3 are observed in the narrow range of 0.33-
0.38 mm s-1, and the quadrupole splitting parameters are
also quite similar (1.52-1.96 mm s-1). These data are
compatible with other octahedral low-spin ferric com-
plexes.4,30,46

To gain a better understanding of the electronic struc-
ture of 2red and 2ox, M

::
ossbauer measurements were

conducted on frozen solutions of these electrochemically
generated complexes. Since M

::
ossbauer spectroscopy is a

very sensitive probe for the electronic environment
around the iron nucleus, an unambiguous analysis of
the oxidation state is possible in comparison to the
established oxidation state of the starting material 2.
Therefore, the coulometric experiments were repeated

Table 3. Redox Potentials in V vs Fcþ/Fc of Complexesa

complex E1/2
1 E1/2

2 Δ(E1/2
1 - E1/2

2) ref

1 -0.44 this work
2 0.09 -1.01 1.10 this work
3 0.69 -0.54 1.18 this work
[FeIII(cyclam)(L1

ISQ•)]2þ 0.82 -0.63 1.45 30
[FeIII(cyclam)(L2

ISQ•)]2þ 0.73 -0.71 1.44 30
[FeIII(cyclam)(L3

ISQ•)]2þ 0.80 -0.42 1.22 30
[FeIII(L-N4Me2)(dbsq

•)]2þ 0.20 40

aLigand abbreviations: (L1
ISQ•)-=o-iminobenzosemiquinonate(1-);

(L2
ISQ•)-=2-imino-4,6-di-tert-butylbenzosemiquinonate(1-); (L3

ISQ•)-=
N-phenyl-2-imino-4,6-di-tert-butylbenzosemi-quinonate(1-); (dbsq•)-=
3,5-di-tert-butylbenzosemiquinonate(1-); L-N4Me2 = N,N0-dimethyl-
2,11-diaza[3.3]-(2,6)pyridinophane.

Figure 8. Electronic absorption spectra of 2 (blue) and its electroche-
mically generated oxidized and reduced form, 2ox (red) and 2red (green), in
CH2Cl2 at -25 �C (top). Electronic absorption spectra for the three-
membered redox series of 3 in MeCN at -25 �C (bottom).

Scheme 2. Three-Membered Redox Series of 2

Table 4. Zero-field M
::
ossbauer Parameters for Solid Samples of 1, 2, 3, and

Frozen Acetonitrile Solutions of Electrochemically Generated 2
ox and 2

red at
80 Ka

complex
isomer shift
δ, mm s-1 b

quadrupole splitting
ΔEQ, mm s-1

1 0.35 (0.39) 1.52c (þ2.27)
2 0.38 (0.41) 1.80c (þ1.95)
2
ox 0.29 (0.36) -2.24 (-2.47)

2
red 1.00 (0.86) 3.55c (þ3.88)

3 0.33 (0.40) 1.96c (-2.11)
[FeIII(cyclam)(L3

ISQ•)]2þ d 0.33 1.88c

[FeIII(L-N4Me2)(dbsq
•)]2þ e 0.18 2.32c

aCalculated parameters are given in parentheses. bRelative toR-Fe at
298 K. cThe sign has not been determined experimentally. dRef 30.
eData at 4.2 K; ref 40.

(46) Koch, W. O.; Sch
::
unemann, V.; Gerdan, M.; Trautwein, A. X.;

Kr
::
uger, H.-J. Chem. Eur. J. 1998, 4, 1255.
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with an 57Fe-enriched sample of 2 inMeCN.The resulting
spectra are shown in Figure 9, and the M

::
ossbauer para-

meters are also summarized in Table 4.
As has been established earlier, 2 contains a low-spin

ferric ion, which is in good agreement with the observed
isomer shift δ of 0.38 mm s-1 and a quadrupole splitting
ΔEQ of 1.80 mm s-1. Upon reduction to 2red, a different
spectrum is obtained, corroborating that the reduction is
a metal-centered process (FeIII f FeII). Interestingly, the
spin state of the iron ion changes from low-spin ferric (d5)
to high-spin ferrous (d6), which is unequivocally estab-
lished by the very large values for δ and ΔEQ. This is
different from the isoelectronic species [CoIII(tren)(bdt)]þ

(bdt2- = benzene-1,2-dithiolate(2-)),1 which also pos-
sesses a d6 metal ion coordinated to a closed-shell dithio-
lene, but the central metal ion remains in a low-spin state.
The oxidized species 2ox shows very similar values for

δ and ΔEQ as compared to those observed for 2. This
indicates that the oxidation level and spin state of the iron
ion are unchanged upon oxidation, which implies a ligand-
centered oxidation that leaves the iron ion as low-spin ferric.
Forametal-centeredoxidation, typical changes in the isomer
shift of 0.15-0.25 mm s-1 would be observed.47 Never-
theless, the change ofΔδ=0.09mms-1 going from 2 to2ox is
larger than in the corresponding imidophenolate series.30 As
will be shown by DFT calculations below, this effect is
attributed to a decrease in the fold angle j upon oxidation.
Consequently, theM

::
ossbauer spectra support the electronic

structure description of [FeIII(cyclam)(tdt•)]2þ for 2ox.

Further confirmation is retrieved from applied-field
M

::
ossbauer measurements carried out on 2ox at 1 and 7 T

(Figure 10). The temperature independence of the spectra
(4.2-30 K) in high field at 7 T is a clear indication of the
absence of an internal magnetic field around the iron
nucleus. Therefore, 2oxmust possess a diamagnetic ground
state (S=0). Indeed, all spectra can be fitted with the same
set of parameters by assuming an S=0 spin state and by
using the parameters δ and ΔEQ from the zero-field
measurements. Additionally, the sign of the quadrupole
splitting was obtained from the simulation, giving a ΔEQ

value of -2.24 mm s-1. In an octahedral ligand field, the
S=0 ground state can only result from an antiferromag-
netic coupling between the low-spin iron(III) center with a
ligand radical. The FeIV alternative has an S=1 ground
state, because for a first row transition metal the splitting
within the t2g set is too small to allow an S=0 low-spin
configuration.

f. X-Ray Absorption Spectroscopy.Metal K-edge XAS
is a powerful local probe of the geometric and electronic
structure of the central metal ion in coordination com-
pounds and can be used as an indicator of the metal
oxidation state.48 For first row transition metals, an
increase of ∼1 eV per oxidation state is typical.47,49

Figure 11 compares the FeK-edge spectra of 1, 2, and 2ox.
Since 1 has been unambiguously assigned to contain a

low-spin ferric ion, it can be used as a reference for FeIII in
octahedral cis-N4S2 coordination. The rising edge posi-
tion is almost identical in all three compounds, giving the
first indication for a constant þIII oxidation state in the

Figure 9. Zero-field M
::
ossbauer spectra of 2 and the electrochemically

generated species 2ox and 2
red in MeCN (3 mM, 80 K). Simulations are

shown in red. The spectrum of 2
red contains 3% of an unidentified

impurity, shown in green.

Figure 10. Applied-fieldM
::
ossbauer spectra of electrochemically gener-

ated 2ox in MeCN (3 mM) with variable temperature (4.2, 15.0, and
30.0 K) and fields (1 and 7 T). The fits are shown as red lines, with
δ (ΔEQ) = 0.29 (-2.24) mm s-1. Other fitting parameters are as follows:
asymmetry parameter η= 0.56; S= 0; line width = 0.23 mm s-1.

(47) Berry, J. F.; Bill, E.; Bothe, E.; DeBeer George, S.; Mienert, B.;
Neese, F.; Wieghardt, K. Science 2006, 312, 1937.

(48) (a) DuBois, J. L.; Mukherjee, P.; Stack, T. D. P.; Hedman, B.;
Solomon, E. I.; Hodgson, K. O. J. Am. Chem. Soc. 2000, 122, 5775. (b)
Westre, T. E.; Kennepohl, P.; DeWitt, J. G.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I. J. Am. Chem. Soc. 1997, 119, 6297.

(49) Kapre, R. R.; Ray, K.; Sylvestre, I.; Weyherm
::
uller, T.; DeBeer

George, S.; Neese, F.; Wieghardt, K. Inorg. Chem. 2006, 45, 3499.
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three complexes. The additional, low-intensity shoulder
in the rising edge at 7116.5 eV for 1 may be attributed to
a charge-transfer (shakedown) transition. However, the
pre-edge energy (resulting from electric-dipole-forbidden
1sf 3d transitions) is a clearer indicator of the oxidation
state.Reference complex 1 shows amain peak at 7112.4 eV
and a shoulder at 7111.0 eV. One pre-edge feature is
observed at 7112.2 eV in 2. The very similar pre-edge
energy for 2 as compared to 1 confirms that the central
Fe ion in2alsopossesses aþIII oxidation state, supporting
the previous conclusions from EPR spectroscopy. Upon
oxidation, the spectrum remains almost unchanged, show-
ing a pre-edge transition at 7112.5 eV for 2ox. The observed
pre-edge shift of 0.3 eV is much smaller than 1 eV. This
indicates that the oxidation is not ametal-centered process
but ligand-centered, in agreement with the results from
electrochemistry and M

::
ossbauer spectroscopy. In sum-

mary, the Fe K-edge XAS data confirm the low-spin FeIII

description for 2ox.
The sulfur K-edge results from an electric dipole-

allowed local 1s f 4p transition.50 In cases where the
ligand is bound to a transitionmetal with a partially filled
d shell, the covalent interaction between the ligand 3p
orbitals and the metal 3d orbitals produces partial-ligand
3p hole character, resulting in a pre-edge transition, the
intensity of which will reflect the covalency of the metal-
ligand bond.50,51 Furthermore, the energy of the pre-edge
transition is affected by the energy of the unoccupied (or
partially occupied) 3d orbitals (which will have contribu-
tions from the ligand field and effective nuclear charge
(Zeff)) and the energy of the ligand 1s core.
The S K-edge XAS spectra of 2, 2ox, and [CoIII(tren)-

(bdt)]þ, 4,1 are shown in Figure 12. Complex 4 represents
a reference for a complex with a dianionic, closed-shell
dithiolene ligand coordinated to a diamagnetic, octahe-
dral low-spin transition metal ion with a filled t2g set (d

6).
The formally isoelectronic Fe(II) complex 2red cannot
serve as a reference, since it has been shown to contain a
high-spin ferrous ion (see above). The electric-dipole-
allowed edge feature is found at 2473.5 and 2473.6 eV

for 4 and 2, respectively, in agreement with a closed-shell
dianionic dithiolene ligand for both compounds. Upon
oxidation to 2ox, this feature shifts to 2474.4 eV, indicat-
ing a ligand-centered redox process resulting in a ligand
π radical for 2ox. Since the S 1s orbital is much more
exposed to Zeff than the more effectively shielded S 4p
orbitals, the increase in Zeff upon oxidation of the ligand
stabilizes the 1s orbital more strongly and, consequently,
increases the transition energy. The edge feature in 2ox is
shifted to remarkably high energy evenwhen compared to
other radical-containing complexes.52,53 This is most
likely due to the fact that the radical in 2ox cannot be
delocalized over multiple noninnocent ligands.
The dramatic changes in the pre-edge region of the

spectra are further proof of a change in the electronic
structure of the ligand upon oxidation from 2 to 2ox. The
deconvoluted S K-edge spectra of 2, 2ox, and 4 and the
second derivative spectra of the experimental data are
shown in Figure 13. The spectrum of the reference
compound 4 shows only one feature at 2470.6 eV in the
pre-edge region (2468-2473 eV), which can be attributed
to transitions into the almost degenerate σ-antibonding
eg orbitals (dxy and dz2, Co-S σ*). The intensity of the
peak (shown in blue) indicates high ligand-metal cova-
lency. Further inspection of the second derivative spec-
trum clearly reveals a second band at 2472.8 eV (shown
in orange), which is buried in the edge feature. This
peak results most likely from transitions into the empty
ligand π* orbitals.
The same feature can also be found as a shoulder in the

edge feature of the S K-edge spectrum of 2 (2472.8 eV)
and is again more clearly identified in the second deriva-
tive spectrum. Furthermore, three additional pre-edge
features are observed for 2 between 2468 and 2472 eV.
The lowest peak at 2470.0 eV (shown in red) can be
attributed to a transition to the t2g SOMO of 2, which
gains intensity by weak covalent interaction between
the metal dxz orbital and the π-donor orbital of the
ligand and, therefore, indicates a small contribution of
the [FeII-tdt•]þ resonance structure. As will be shown in
the computational part of this work (see below), the two

Figure 11. NormalizedFeK-edgeX-rayabsorption spectraof1 (black),
2 (blue), and 2ox (red). The inset is an expansion of the pre-edge region.

Figure 12. Comparison of the normalized S K-edge spectra of 2, 2ox,
and [CoIII(tren)(bdt)]2þ (4).

(50) (a) Glaser, T.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. Acc.
Chem. Res. 2000, 33, 859. (b) Solomon, E. I.; Hedman, B.; Hodgson, K. O.; Dey,
A.; Szilagyi, R. K. Coord. Chem. Rev. 2005, 249, 97.

(51) Neese, F.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. Inorg. Chem.
1999, 38, 4854.

(52) Pap, J. S.; Benedito, F. L.; Bothe, E.; Bill, E.; DeBeer George, S.;
Weyherm

::
uller, T.; Wieghardt, K. Inorg. Chem. 2007, 46, 4187–4191.

(53) Ray, K.; DeBeer George, S.; Solomon, E. I.; Wieghardt, K.; Neese,
F. Chem. Eur. J. 2007, 13, 2783.
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remaining peaks at 2470.6 and 2471.6 eV (shown in blue) are
due to transitions to theσ-antibonding egorbitals (Fe-Sσ*),
which are split by significant multiplet effects54 that have
previously not been reported for SK-edge spectra.However,
multiplet splittings have recently been reported for the Fe
K-edge spectra of a series of oxo-Fe(IV) complexes.55 The
observed multiplet splitting of 1.0 eV is testimony of the
paramagnetic (S=1/2) low-spin ferric center in 2.
The spectrum of 2ox shows three clearly resolved pre-

edge features, with maxima at 2469.6, 2471.1, and 2472.6
eV. However, a thorough analysis of the second deriva-
tive spectrum in combination with the computational

results (see below) suggests the presence of two more
features in the spectrum. A peak at 2473.0 eV (shown in
orange) becomes apparent from a shoulder in the second
derivative spectrum. Its position and intensity allow
the tentative assignment as transitions to the ligand
π* orbitals already observed in 2 and 4. Due to the higher
oxidation level of the dithiolene ligand in 2ox, these
transitions are shifted to slightly higher energies. The
second, more ambiguous feature at 2470.3 eV (shown in
red) is barely visible even in the second derivative spec-
trum, but its inclusion in the deconvolution of the spec-
trum improved the fit significantly. Even though the
assignment from the derivative spectrum is quite spec-
ulative, it is supported by the computational results (see
below), and the feature accounts nicely for the transition
to a half-filled dxz orbital. The lowest-energy peak at
2469.6 eV (shown in green), absent in 2, is due to the
ligand radical in 2ox. The peak position is in good agree-
ment with the observed transitions in previously reported
radical species.53,56 The two remaining transitions at
2471.1 and 2472.4 eV (shown in blue) can again be
assigned as transitions to the empty iron eg orbitals, which
are again split by multiplet effects (1.3 eV). A more
detailed analysis of the transitions and the multiplet
effects is presented in the theoretical section (see below).

g. DFT Calculations. The ground-state geometries of
1-3 and their redox isomers have been optimized by
using the B3LYP functional. For 2 and the related
compounds 2red and 2ox, the methyl group of the tdt2-

ligand was replaced by a proton. Spin-unrestricted DFT
methods were applied for 1, 2, and 3 to account for the
experimentally determinedS=1/2 ground state. As shown
in Table 5, the agreement of the structural parameters
between experiment and calculation is excellent. The
intraligand bond distances agree within(0.02 Å, whereas
the Fe-S and Fe-Nbond distances are overestimated by
up to 0.08 Å, which is typical for the B3LYP functional.
Note that the trend in the fold angle j is well-reproduced
for 2 and 3, even though the calculations were started
with j=0.
For the oxidized complexes 2ox and 3ox, a broken sym-

metry BS(1,1) MS=0 model was assumed, as well as a
simple closed-shell spin-restricted S=0 approach. In both
cases, the broken symmetry solution was significantly
lower in energy (6.8 kcal mol-1 and 7.5 kcal mol-1,
respectively), confirming the singlet diradical character of
these species.57 The reduced species 2red was calculated
assuming anS=2ground state, in agreementwith the high-
spin ferrous assignment basedonM

::
ossbauer spectroscopy.

The calculated electronic structure of 1 is in agreement
with a d5 low-spin ferric description. The spin density plot
obtained from aMulliken population analysis is shown in
Figure 14. The positive spin density of 1.21 indicates a
single unpaired electron on the iron, which is overesti-
mated by spin polarization of the σ bonds. This can also
be seen from the small amount of negative spin density on

Figure 13. Pseudo-Voigt fits to the S K-edge XAS data of 4, 2, and 2
ox

(green (S 1sf Lπ*
•), red (S 1sf t2g), blue (S 1sf eg), orange (S 1sf Lπ*),

and gray; see text for details). The sum of the peaks is shown as the black
line, and the dotted line represents the second derivative of the experi-
mental spectrum.

(54) (a) Fadley, C. S.; Shirley, D. A.; Freeman, A. J.; Bagus, P. S.;
Mallow, J. V. Phys. Rev. Lett. 1969, 23, 1397. (b) de Groot, F. Coord. Chem.
Rev. 2005, 249, 31.

(55) Berry, J. F.; DeBeer George, S.; Neese, F. Phys. Chem. Chem. Phys.
2008, 10, 4361.

(56) (a) Kapre, R. R.; Bothe, E.; Weyherm
::
uller, T.; DeBeer George, S.;

Muresan, N.; Wieghardt, K. Inorg. Chem. 2007, 46, 7827. (b) Kapre, R. R.;
Bothe, E.; Weyherm::uller, T.; DeBeer George, S.; Wieghardt, K. Inorg. Chem.
2007, 46, 5642. (c) Szilagyi, R. K.; Lim, B. S.; Glaser, T.; Holm, R. H.; Hedman,
B.; Hodgson, K. O.; Solomon, E. I. J. Am. Chem. Soc. 2003, 125, 9158.

(57) Bachler, V.; Olbrich, G.; Neese, F.;Wieghardt, K. Inorg. Chem. 2002,
41, 4179–4193.
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the ligands, which resides exclusively in σ-type orbitals.
The unpaired electron in 1 is located in a metal-d orbital
that is a linear combination of the dyz (70%) and dx2-y2

(24%) orbitals.
For 2 and 3, the calculations support the low-spin [FeIII-

(tdt2-)]þ and [FeIII-(mnt2-)]þdescription, respectively.The
optimized structures show long C-S bonds of 1.774 Å and
1.758 Å, respectively, reproducing the shorter C-S bonds
for mnt2-. In addition, two doubly occupied metal orbitals
(dyz and dx2-y2), two emptymetal orbitals (dxy and dz2), and
a predominantly metal-centered SOMO (dxz) can be found
in the orbital manifolds of 2 and 3. Accordingly, the
Mulliken spin density plots shown in Figure 14 indicate
one unpaired electron on the iron center, which resides
predominantly in the dxzorbital for both complexes.Only a
small amount of spin density is transferred to the ligand,
indicating weak covalent π interactions. Remarkably, the
amount of delocalization is higher in 3, which agrees nicely
with the lower anisotropy observed in the g values of this
compound. Furthermore, this parallels the trend in the fold
angle j, which decreases for 3 compared to 2 due to
stronger π interaction.
Upon oxidation to 2ox and 3ox, the metal orbital mani-

fold remains almost unchanged (low-spin d5). but one

electron is removed from the ligand. This is nicely repre-
sented by the spin density plots shown in Figure 14. One
unpaired electron with R spin is found on the iron center,
whereas one electron with β spin is delocalized over the
ligand, with major contributions from the sulfur atoms.
Note that the spin density distribution of a broken sym-
metry singlet calculation is nonphysical, because in a
genuine singlet state the spin density has to be zero at
any point in space. It is therefore clear that the BS
formalism only crudely models the multireference charac-
ter of these species, but is not an entirely satisfactorily
substitute for a multiconfigurational treatment.58 Never-
theless, the spin density plots shown in Figure 14 are
a practical representation of the diradical character of
2ox and 3ox. The C-S bond lengths of 1.727 and 1.711 Å
in 2ox and 3ox, respectively, are significantly shorter than
those in 2 and 3, and the aromatic ring in 2

ox shows a
quinoidal-type distortion. These structural features are
typical for the monoanionic radical form of dithiolene
ligands. The magnetic orbitals22 of 2ox are shown in
Figure 15. The overlap between these twoorbitals provides
an antiferromagnetic exchange coupling pathway that
gives rise to the diamagnetic ground state and forces the
ligand into a planar arrangement (j=0�).
Inorder tocalibrate theelectronic structures shownabove,

M
::
ossbauer parameterswere calculated (Table 4).24,25 For all

investigated complexes, the calculated parameters are in
excellent agreement with the experiment, supporting the
accuracy of the calculated electronic structures. For the
isomer shift δ, deviations of (0.1 mm s-1 are acceptable.
Reassuringly, the calculations also reproduce the change in
the isomer shiftuponoxidationof2 to2ox.On thebasis of the
optimized structures, this can now clearly be attributed to a
change in j, from 20.21� in 2 to 1.86� in 2

ox.
h. Time-Dependent DFT Calculations. In order to ob-

tain a deeper understanding of the pre-edge transitions in
S and Fe K-edge X-ray absorption spectroscopy, time-
dependent DFT (TD-DFT) calculations were conducted
for 2 and 2ox at the BP86 and B3LYP levels of theory.
A simple protocol for the direct calculation of pre-edge
spectra has been developed recently.26,53 Due to the
limitations in the accurate treatment of excited states in

Table 5. Comparison of Experimental and Calculated Bond Distances (Å) and Folding Angles j (deg) for 1-3, 2red, 2ox, and 3ox

1 2
red

2 2
ox

3 3
ox

exptl calcd calcd exptl calcd calcd exptl calcd calcd

Fe(1) - N(1) 2.0302(11) 2.074 Fe(1) - N(5) 2.266 1.985(5) 2.084 2.082 Fe(1) - N(5) 2.0335(11) 2.086 2.086
Fe(1) - N(5) 2.0509(11) 2.099 Fe(1) - N(1) 2.392 2.102(3) 2.139 2.116 Fe(1) - N(1) 2.0855(10) 2.133 2.108
Fe(1) - N(12) 2.0480(10) 2.097 Fe(1) - N(8) 2.394 2.064(7) 2.141 2.116 Fe(1) - N(8) 2.0646(11) 2.133 2.107
Fe(1) - N(8) 2.0339(11) 2.073 Fe(1) - N(12) 2.265 2.088(5) 2.078 2.085 Fe(1) - N(12) 2.0463(11) 2.085 2.086
Fe(1) - S(21) 2.2902(3) 2.337 Fe(1) - S(21) 2.394 2.2361(6) 2.265 2.295 Fe(1) - S(24) 2.2337(4) 2.270 2.302
Fe(1) - S(23) 2.2909(3) 2.339 Fe(1) - S(28) 2.394 2.2411(7) 2.274 2.293 Fe(1) - S(21) 2.2447(3) 2.267 2.302
S(21) - C(22) 1.7274(13) 1.748 S(21) - C(22) 1.788 1.754(2) 1.773 1.727 S(24) - C(23) 1.7278(12) 1.758 1.711
S(23) - C(22) 1.7296(12) 1.746 S(28) - C(27) 1.788 1.750(2) 1.774 1.727 S(21) - C(22) 1.7296(13) 1.758 1.711
C(22) - N(24) 1.3171(15) 1.315 C(22) - C(23) 1.409 1.403(3) 1.408 1.419 C(23) - C(22) 1.3666(17) 1.374 1.421

C(23) - C(24) 1.396 1.387(3) 1.394 1.381
C(24) - C(25) 1.400 1.378(4) 1.405 1.428
C(25) - C(26) 1.396 1.384(4) 1.394 1.381
C(26) - C(27) 1.409 1.401(3) 1.408 1.419
C(27) - C(22) 1.421 1.391(3) 1.411 1.445
j 0.34 33.03 20.21 1.86 j 9.53 3.67 0.72

Figure 14. Mulliken spin density plots for (a) 1, (b) 2, (c) 3, (d) 2ox, and
(e) 3ox (red, R-spin density; yellow, β-spin density).

(58) Herebian, D.; Wieghardt, K.; Neese, F. J. Am. Chem. Soc. 2003, 125,
10997.
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DFT, absolute transition energies cannot be obtained by
this method. Nevertheless, the relative transition energies
and the relative intensities are, in general, reliably mod-
eled. For a given theoretical method, that is, combination
of functional, basis sets, relativistic treatment, and so
forth, an empirical correction factor for energy and
intensity can be introduced. The specific corrections for
the calculations presented in this work are given in the
Experimental Section.
However, the computations are further complicated for

systems with open-shell transition metal ions due to the
presence of multiplet effects. These are the result of shell-
opening excitations from the 1s core orbitals into empty
d orbitals, thus creating configurations with several un-
paired electrons. Such a configuration creates multiple
linearly independent states. In a spin-unrestricted TD-
DFT calculation, however, there are only two determi-
nants that arise from the excitation of either anR-spin or a
β-spin core electron. Their energy difference arising from
spin-polarization is, therefore, only a crude estimate of
the multiplet splitting arising from the final-state config-
uration. Consequently, the errors in the calculation of
energies and intensities of such multiplet split transitions
are expected to be larger than typically observed for
systems with diamagnetic transition metal centers. Un-
fortunately, a more satisfactory solution to the multiplet
problem on the basis of TD-DFT is currently not possi-
ble. We found that, when the BP86 functional is used, the
calculated splittings reflectmerely the spin polarization of
the acceptor orbitals in the ground-state electronic struc-
ture. However, when the B3LYP functional is used, the
resulting splittings are deviating from the spin polariza-
tion of the ground state and agree much better with the
experimentally observed values. This is due to the inclu-
sion of exact Hartree-Fock exchange in the excited-state
calculations using the hybrid functional B3LYP. A com-
parison of the TD-DFT calculations for 2 using BP86 or
B3LYP is shown in Figure S2 (Supporting Information).
In the following, only the results from the B3LYP calcu-
lations will be discussed.
A comparison of the calculated and experimental S

K-pre-edge spectra is shown in Figure 16, and important
transitions are summarized in Table 6. The assignment of
the peaks is based on the acceptor orbitals, which con-
tribute most to the computed transition. For 2, the experi-
mental spectrum is reproducedwith excellent agreement in
the relative peak positions. Five transitions are observed
in the pre-edge region. The first calculated transition at
2470.0 eV corresponds to the excitation of an S 1s electron
with β spin into the SOMO of 2, which is predominantly
metal-centered (56.5%dxz, 12.7%dx2-y2),with some sulfur
pz character (18.1%). As expected, the transitions to the
almost degenerate eg set (dz2 and dxy) show significant

multiplet splitting. The R-spin transitions are computed to
occur at 2470.6 and 2471.2 eV for dxy and dz2, respectively.
Since the dxy orbital is σ-bonding with respect to the
dithiolene ligand, a high S 3p contribution is found
(29.1%), yielding a large intensity for the transition. Only
very weak interactions between the dithiolene and the
torus of the dz2 orbital are possible. Therefore, the sulfur
content of the orbital (6.7%) and the intensity of the
transition are low. The same intensity pattern is found
for the β-spin transitions, which are computed to occur at
2471.4 and 2471.8 eV for dxy and dz2, respectively. The
magnitude of the multiplet splitting is slightly underesti-
mated by TD-DFT, giving a theoretical value of 0.8
and 0.6 eV for dxy and dz2, respectively, versus an experi-
mental splitting of 1.0 eV. It is, however, larger than the
spin polarization of the ground-state dxy and dz2 orbitals
(ΔER-β = 0.6 eV). Several transitions to the ligand
π* orbitals are predicted between 2473.0 and 2473.6 eV
in reasonable agreement with the experimental data. The
transition energy is slightly overestimated.
The calculated spectrum of 2ox is more problematic.

Due to its open-shell singlet character, even the ground
state cannot be adequately described by a single determi-
nantal framework. Consequently, a linear response treat-
ment for TD-DFT based on an inadequate ground state
cannot be expected to yield reasonable quantitative
results for the electronically excited states for which the
intricate problems related to multideterminantal charac-
ter are amplified.53Nevertheless, a qualitative description
was attempted. The BS TD-DFT calculated spectrum of
2ox, as shown in Figure 16, exhibits three resolved pre-
edge features, which originate from six transitions. The
lowest-energy feature is due to a single transition into the

Figure 15. Magnetic orbitals of 2ox.

Figure 16. Comparison of the calculated (blue and red) and experi-
mental (black) S K-edge XAS spectra of 2 (top) and 2ox (bottom). The
calculated transitions are represented by the stick plots. The labels
represent the acceptor orbitals with the highest contribution to the
corresponding transition. A line broadening of 0.8 eV was assumed for
the calculated spectra.
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half-filled β-SOMO of the ligand radical (π*) at 2469.4 eV.
This orbital is centered almost exclusively on the ligand and
possesses very high sulfur (45.4%) character, generating a
very intense peak. The next band at 2470.8 eV stems from a
transition into the metal dxz orbital (R-SOMO). Its low
intensity is derived from the overlap of themagnetic orbitals
causing the antiferromagnetic coupling (10.2% S pz char-
acter). Similar to the experiment, this transition is not
resolved in the calculated spectrum, assuming a 0.8 eV line
broadening.
The subsequent four transitions result from excitations

into the vacant metal eg orbitals. In analogy to complex 2,
these transitions are split due tomultiplet effects. TheR-spin
transitions are computed at 2471.2 and 2471.6 eV for dxy
and dz2, respectively, while the corresponding β-spin transi-
tions occur at 2472.1 and 2472.4 eV. Again, the splittings of
0.9 and 0.8 eV are underestimated compared to the experi-
mental splitting of 1.3 eV but larger than the ground-state
spin polarizations (ΔER-β=0.7 eV).
Finally, the transitions to the empty ligand π* orbitals

are predicted from 2473.6 to 2474.4 eV. Similar to com-
plex 2, the energies of these transitions are overestimated
for 2ox. Nevertheless, the trend of an increase in the
transition energy upon oxidation from 2 to 2ox is faith-
fully reproduced by the calculation.
Themost convincing result for the qualitative validity of

an open-shell singlet ground-state description is the repro-
ductionof the correct number of peaksbyTD-DFT for the
S K-pre-edge. For comparison, the theoretical S K-edge
spectrum of the simple closed-shell singlet ground state
from the nonbroken symmetry, spin-restricted calculation
was computed. This ground state represents the deloca-
lized {[FeIV-dithiolene2-]2þT [FeIII-dithiolene•]2þT [FeII-
dithiolene0]2þ} description, indicating high covalency. In
this electronic ground state, the antiferromagnetically
coupled R- and β-spin electrons from the broken symme-
try solution are not separated in space but occupy the

same orbital, which is a linear combination of the dxz and
the ligand π3* orbital. Consequently, no unpaired electrons
are present in the molecule, and multiplet effects are not
operative. The resulting spectrum is compared to the experi-
mental and the broken symmetry spectra in Figure 17. In
fact, only two peaks are observable in the pre-edge region in
contrast to the experiment, which suggests that a closed-
shell singlet is an inappropriate description for 2ox.
The calculated Fe K-pre-edge spectra of 2 and 2ox are

shown in Figure S3 (Supporting Information) and im-
portant transitions are summarized in Table 6. Both
spectra show amain feature at 7112.2 eV, which indicates
that both iron centers possess the same oxidation state.
The result is also consistentwith the experimental spectra,
which show only a very small shift of 0.3 eV upon
oxidation. The additional shoulder at 7110.8 eV in the
calculated spectrum for 2ox is not observed experimen-
tally, which is most likely due to the large line broadening
(core-hole lifetime) of the experimental spectrum.
The pre-edge feature of both complexes comprises five

transitions to metal d orbitals: one transition to the t2g set
and four transitions to the two eg orbitals, which are split
by multiplet effects. The calculated splitting of the transi-
tions to the dxy and dz2 orbitals in Fe K-pre-edge is very
small (0.2-0.4 eV), which agrees with the experimental
data; no resolved splitting of the pre-edge feature is
observed for 2 or 2ox. Note that for the calculated Fe
K-pre-edge the magnitude of the multiplet splitting is
smaller than the spin polarization of the ground state.
This emphasizes that the calculated splittings are not
exclusively a result of spin polarization but that addi-
tional effects in the excited state are important.
In summary, the TD-DFT calculations of the sulfur and

iron K-pre-edge spectra reproduce the experimental spectra
qualitatively and, thereby, confirm the electronic structures
obtained from the DFT calculations. Even though the
quantitative treatment ofmultiplet effects is not possiblewith
the computational methods available for compounds of the
size of 2 and 2ox, the general trends are faithfully reproduced.

Conclusions

It is shown experimentally and DFT-computationally that
the one-electron oxidized forms of the paramagnetic classical

Table 6. Calculated and Experimentally Observed Transitions in the S K Pre-
Edge and Fe K Pre-Edge Spectra of 2 and 2

ox

2

S K-edge Fe K-edge

exptl/eV calcd/eV calcd/eV

L π* (radical)
dxz 2470.0 2470.3 7111.0
dxy R 2470.6 2470.6 7112.3

β 2471.6 2471.4 7112.5
dz2 R 2471.2 7111.5

β 2471.8 7111.9
L π* 2472.8 2473.0-2473.6

2ox

S K-edge Fe K-edge

exptl/eV calcd/eV calcd/eV

L π* (radical) 2469.6 2469.4 7114.4
dxz 2470.3 2470.8 7110.8
dxy R 2471.1 2471.2 7112.4

β 2472.4 2472.1 7112.6
dz2 R 2471.6 7111.8

β 2472.4 7112.1
L π* 2473.0 2473.6-2474.4

Figure 17. Comparison of the calculated BS(1,1) open-shell singlet and
spin-restricted closed-shell spectra with the experimental data. A line
broadening of 0.8 eV was assumed for the calculated spectra.
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Werner-type complexes [FeIII(cyclam)(tdt)]þ and [FeIII-
(cyclam)(mnt)]þ containing a low-spin ferric ion and a
closed-shell neutral cyclam and a diamagnetic dianionic
dithiolate(2-) ligand, namely, the dications [FeIII(cyclam)-
(tdt•)]2þ and [FeIII(cyclam)(mnt•)]2þ, contain also a low-spin
ferric ion anda closed-shell cyclam ligandand, in addition, an
S,S0-coordinated, paramagnetic dithiolate(1-) π radical
monoanion, (tdt•)- and (mnt•)-, respectively. These dications,
2
ox and 3

ox, are diamagnetic, and their electronic structure is
best described as a singlet diradical which is composed of a
low-spin ferric ion (SFe=

1/2) coupled intramolecularly anti-
ferromagnetically to a ligand π radical monoanion (Srad=

1/2)
affording the observed S=0 ground state. With the use of
X-ray absorption spectroscopy supported by computational
methods, this electronic structure is substantiated experimen-
tally by the identification ofmultiplet splitting in the spectra of
2 and 2ox. To our knowledge, this is the first time that such
features have been observed in the pre-edge region of a sulfur
K-edge spectrum.This is a rare example of direct experimental
evidence for a singlet diradical as opposed to a closed-shell
singlet in coordination compounds.
It is remarkable how similar the spectroscopic properties of

2ox, 3ox, and the corresponding o-benzosemiquinonate com-
plex [FeIII(L-N4Me2)(dbsq)]

2þ are. The latter has been struc-
turally characterized.46 TheM

::
ossbauer parameters (Table 4)

and the electronic absorption spectra of these three com-
plexes are also very similar. The same holds for the structu-
rally characterized o-iminobenzosemiquinonate complexes

[FeIII(cyclam)(LISQ
1-3

•)]2þ described in ref 30. We have
found no evidence for the presence of FeIV in 2ox or 3ox.
This and previous1 work demonstrates that dithiolate(1-)

π radical monoanions can be stabilized by coordination
to first-row transition metal ions such as CrIII, FeIII, and
CoIII.
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