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Introduction

The coordination chemistry of metal complexes with redox-
active (non-innocent) ligands is presently undergoing a ren-
aissance due to the recognition that redox processes in some
enzymes and their model compounds may involve not only
metal centers, but also coordinated ligands.[1] Redox-active
ligands in complexes can play not only their conventional
role as ancillary units, but also they may be involved in
redox events. This has opened new aspects in synthetic
chemistry and catalysis.[2] Moreover, the potential broad ap-
plication of such complexes in material science as memory
devices, molecular switches, and molecular magnets have
been suggested.[3] With this in mind our current research is
dedicated to development of the deeper understanding of

Abstract: The four-coordinate iron
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[AsPh4]2ACHTUNGTRENNUNG[FeII

ACHTUNGTRENNUNG(pda2�)2] (2) were synthe-
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the closed-shell ligand N,N’-bis(penta-
fluorophenyl)-o-phenylenediamido-
ACHTUNGTRENNUNG(2�), and pdaC� represents its one-elec-
tron-oxidized p-radical anion. Single-
crystal X-ray diffraction studies of 1
and 2 performed at 100(2) K reveal a
distorted tetrahedral coordination envi-
ronment at the iron centers, as a result
of the intramolecular p–p interactions
between C6F5 rings. The electronic
structures of 1 and 2 were unambigu-
ously determined by a combination of
57Fe Mçssbauer and electronic spec-
troscopy, magnetic susceptibility meas-
urements, X-ray crystallography, and

DFT calculations. Compound 1 con-
tains an intermediate-spin FeIII ion
(SFe =3/2) strongly antiferromagnetical-
ly coupled to a p-ligand radical (SR =1/
2) yielding an St =1 ground state. Com-
plex 2 possesses a high-spin FeII center
(SFe =2) with two closed-shell dianionic
ligands. Complexes 1 and 2 are mem-
bers of the redox series [FeACHTUNGTRENNUNG(pda)2]
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with n=0 for 1 and n=2� for 2. The
anion n=1� has been reported previ-
ously in the coordination salt [Fe-
ACHTUNGTRENNUNG(dad)3][Fe ACHTUNGTRENNUNG(pda)2] (3 ; dad=N,N’-bis-

ACHTUNGTRENNUNG(phenyl)-2,3-dimethyl-1,4-diaza-1,3-bu-
tadiene). A complicated temperature-
dependent electronic structure has
been observed for this salt. Here, DFT
calculations performed on 3 confirm
the previous assignments of spin- and
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0, 1�, 2�) constitutes an electron-
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tablished by cyclic voltammetry; the
mono- and dications (n=1+ and 2+ )
are also accessible in solution, but have
not been further investigated. The 57Fe
Mçssbauer spectra of [FeACHTUNGTRENNUNG(pda)2]

n spe-
cies in 1 and 3 show extremely large
quadrupole splitting constants due to
addition of the valence and covalence
contributions that have been confirmed
by DFT calculations.
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the electronic structures of coordination compounds featur-
ing redox-active ligands.[4]

Very recently we reported on a series of four-coordinate,
tetrahedral iron complexes [FeACHTUNGTRENNUNG(dad)2]

0 containing two che-
lating 1,4-diaza-1,3-butadiene substituted ligands (dad).[5] By
using a range of spectroscopic methods, low-temperature X-
ray crystallography, and DFT calculations it was unambigu-
ously shown that the correct description of these complexes,
possessing a triplet ground state, is [FeII

ACHTUNGTRENNUNG(dadC�)2], that is, a
high-spin FeII ion (d6, SFe =2) coupled antiferromagnetically
to two dadC� p-radical anionic ligands.[5]

Information about the corre-
sponding o-phenylenediamido (pda)
complexes is scarce, and only one
dimeric homoleptic complex, [{Fe-
ACHTUNGTRENNUNG(pda)2}2]

0, has been reported so
far.[6] It was proposed[6] that this
complex is composed of two nearly
square-planar {Fe ACHTUNGTRENNUNG(pda)2}

0 fragments
combined into a diamagnetic dimer
so that the iron centers achieve

FeN5 square-pyramidal geometry. Monomeric [FeACHTUNGTRENNUNG(pda)2]
0

complexes have not been isolated to date.
Here we report the monomeric complex [FeACHTUNGTRENNUNG(pda)2] (1), in

which pda is an N,N’-bis(pentafluorophenyl)-o-phenylene-
diamido ligand (Scheme 1). Similar to the reported [Fe-

ACHTUNGTRENNUNG(dad)2] complexes, 1 possesses a distorted tetrahedral geom-
etry and a triplet ground state; however, the electronic
structure of 1 turns out to be completely different. On the
basis of the presented experimental and theoretical studies 1
must be described as [FeIII

ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)]0 containing an in-
termediate-spin FeIII ion (d5, SFe =3/2) coupled antiferro-
magnetically to one ligand p-radical pdaC� ion. Thus 1 is a
very rare example[7] of an intermediate-spin ferric ion in a
truly four-coordinate environment. To prove this assignment
of oxidation and spin states in 1, we also prepared and thor-

oughly characterized its doubly reduced counterpart
[AsPh4]2ACHTUNGTRENNUNG[FeII

ACHTUNGTRENNUNG(pda2�)2] 2, which possesses a central high-spin
FeII ion. Although the redox series [M ACHTUNGTRENNUNG(pda)2]

2�/1�/0/1+ /2+

(M=Ni, Pd, Pt) have been established since the pioneering
work of Balch and Holm in 1966,[8] this is the first time that
such a dianionic species has been isolated and structurally
characterized.

We recently reported the synthesis, X-ray structure deter-
mination, and spectroscopic investigation of the coordina-
tion salt [Fe ACHTUNGTRENNUNG(dad)3][Fe ACHTUNGTRENNUNG(pda)2] (3 ; dad=N,N’-bis ACHTUNGTRENNUNG(phenyl)-2,3-
dimethyl-1,4-diaza-1,3-butadiene).[9] This salt possesses a
complicated temperature-dependent electronic structure
(Scheme 2). At low temperature, 3LT contains: 1) a diamag-

netic octahedral dication containing a low-spin FeII ion and
three neutral dad0 ligands, and 2) a paramagnetic distorted
tetrahedral dianion consisting of a high-spin FeII center with
two closed-shell dianionic ligands pda2� as in 2. At high tem-
perature, 3HT is composed of: 1) an octahedral monocation
with a high-spin FeII ion, two neutral dad0 ligands and one
p-ligand radical dadC�, 2) a monoanion containing an inter-
mediate-spin FeIII central ion with two closed-shell dianionic
pda2� ligands. Thus, 3 shows reversible, thermally induced,
electron transfer within a cation–anion pair coupled to spin
crossover.[9] In this study we present additional spectroscopic
data and DFT calculations for both 3LT and 3HT.

It is established that the three oxidation levels of the li-
gands dad2�/1�/0 and pda2�/1�/0 can be clearly distinguished in
coordination compounds by cryogenic X-ray crystallogra-
phy.[48] As shown in Scheme 3 the C�N bond lengths vary in
a characteristic fashion: in the closed-shell dianions dad2�

and pda2� they are relatively long at 1.38�0.01 O; they
shrink to 1.35�0.01 O in the p-radical monoanions dadC�

Scheme 1. Two alternative descriptions for the electronic structure of 1
(St =1) comprising C6F5 substituents: a) a ferrous complex [FeII

ACHTUNGTRENNUNG(pdaC�)2]
0

or b) a ferric species [FeIII
ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)]0.

Scheme 2. Temperature-dependent electronic structure of [Fe ACHTUNGTRENNUNG(dad)3][Fe-
ACHTUNGTRENNUNG(pda)2] 3 : 3LT below 235 K and 3HT above 235 K.
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and pdaC� ; and they are short double bonds at 1.29�0.01 O
in the closed-shell neutral ligands dad0 and pda0. Similarly,
the Cimine�Cimine bonds vary from 1.36�0.01 O in the dianion
to 1.41�0.01 O in the monoanionic p radical, to 1.47�
0.01 O in the neutral dad0 ligand. The six-membered phenyl
ring in pda2� displays six nearly equivalent aromatic C�C
bonds at �1.40 O, whereas the same ring in neutral pda0 ex-
hibits a marked quinoid distortion, which is slightly less pro-
nounced in the p-radical monoanion pdaC�. Intermediate C�
N and C�C bonds lengths may be expected in complexes
with one pdaC� radical and a dianion if the unpaired electron
is delocalized; but these cases are usually beyond the resolu-
tion and accuracy of single-crystal X-ray crystallography.

Results and Discussion

Crystal structures : The molecular structure of 1 consists of
two chelating pda ligands bound to an iron center. The com-
plex has a twisted geometry intermediate between planar
and tetrahedral with a twist angle of 54.08 (Figure 1). This
geometry results from intramolecular p–p interactions be-
tween two pairs of C6F5 rings.[10,11] Each C6F5 ring is not or-
thogonal to the corresponding ligand backbone C6H4N2Fe,
but is inclined so as to form a dihedral angle in the range
49.9–54.88. Interestingly, although 1 contains two identical
and symmetrical ligands, the complex is chiral. A helix-like
structure results from the two C6F5/C6F5 pairs in the cis-posi-
tion of the molecule, at which the two rings are parallel to
each other in pairs, but the two pairs are turned relative to
the ligand backbones in the opposite directions (Figure 2).
The source of this chirality is the rotational barrier of each
of the C6F5 rings around the C�N bond that is introduced
by its intramolecular proximity to a second C6F5 group.

The local symmetry at the iron center approximates to
D2, the two N,N’-coordinated pda ligands have very similar
geometric parameters. Bond lengths within each of the
ligand backbones reveal a weak quinoid-type distortion: C�
N (av 1.382(4) O) and short conjugated C�C (av

1.373(4) O) bonds, and long residual C�C bonds (av
1.410(4) O) (Table 1). This geometric pattern resembles that
found for the series of complexes [MII

ACHTUNGTRENNUNG(pdaC�)2] (M=Co, Ni,
Pd, Cu), all of which contain a pair of p-radical ligands coor-
dinated to a divalent metal ion.[10] Thus, the electronic struc-
ture of 1 could be described as [FeII

ACHTUNGTRENNUNG(pdaC�)2], that is, a fer-
rous complex containing two radical ligands. Since the short
Fe�N bond lengths (av 1.897(3) O) rule out the high-spin
ferrous ion, [FeII

ACHTUNGTRENNUNG(pdaC�)2] should have an intermediate-spin
ferrous center (SFe =1), which is expected to couple antifer-
romagnetically to two radical ligands (SR =1) giving a dia-
magnetic complex (St =0). However, it is in contradiction
with the fact that the complex is paramagnetic with a
ground state triplet (vide infra).

The other possibility to describe the electronic structure
of 1 is [FeIII

ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)]—an intermediate-spin ferric ion
(SFe =3/2) coordinated by one radical pdaC� ligand (SR =1/2)
and one closed-shell dianion pda2�. The observed close simi-
larity in the bond parameters of the two pda ligands would
then require a delocalized Class II or Class III mixed va-
lence system. In this case the bond lengths within pda back-
bones in 1 should be the arithmetical average between those
in pda2� and the radical pdaC�. Indeed, the quinoid-type dis-
tortion in 1 is less pronounced compared to the series of
[MII

ACHTUNGTRENNUNG(pdaC�)2] (M=Co, Ni, Pd, Cu) complexes.[10] Since the
structure of 1 has 3sC�C of 0.012 O, we cannot distinguish

Scheme 3. Different redox states of o-phenylenediamide (pda) and 1,4-
diaza-1,3-butadiene (dad) derived ligands.

Figure 1. Molecular structure of 1, thermal ellipsoids are drawn at the
60% probability level.

Figure 2. Two enantiomers of the [Fe ACHTUNGTRENNUNG(pda)2]
n fragment in complexes 1–3

(n=0, 1�, 2�).

www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7608 – 76227610

K. Wieghardt, J. Sundermeyer, M. M. Khusniyarov et al.

www.chemeurj.org


between [FeII
ACHTUNGTRENNUNG(pdaC�)2] and [FeIII

ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)] with suffi-
cient confidence relying on X-ray studies.

The molecular structure of 2 consists of a [Fe ACHTUNGTRENNUNG(pda)2]
2� di-

ACHTUNGTRENNUNGanion (Figure 3) and two [AsPh4]
+ counterions. The twisted

geometry of the dianion resembles that of the neutral com-
plex 1. The twist angle of 44.98 in 2 is slightly smaller than
that in 1; however, the intramolecular p–p stacking motif is
preserved and the interplanar C6F5/C6F5 distances in 1 and 2
are very similar. A crystallographically imposed C2 axis ren-
ders the two pda ligands identical. In contrast to 1, no qui-
noid-type distortion is observed in 2 ; the two phenylene
rings are aromatic (av C�C 1.398(8) O), and the long C�N

distances correspond to single bonds (av 1.400(7) O), consis-
tent with the presence of two closed-shell pda2� ligands.
Consequently, the electronic structure of the dianion in 2 is
[FeII

ACHTUNGTRENNUNG(pda2�)2]
2�—two closed-shell pda2� ligands bound to a

ferrous ion. The four long Fe�N bonds (av 2.035(5) O) in a
highly distorted tetrahedral geometry indicate a high-spin
state of FeII. Very recently we reported on the low-tempera-
ture crystallographical characterization of the same dianion
in a coordination salt [FeII

ACHTUNGTRENNUNG(dad0)3]
2+
ACHTUNGTRENNUNG[FeII

ACHTUNGTRENNUNG(pda2�)2]
2� 3LT,[9] for

which selected geometrical parameters are given in Table 1.
Although several dianions [M ACHTUNGTRENNUNG(pda2�)2]

2� (M=Ni, Pd, Pt)
that contain two fully reduced pda2� ligands have been gen-
erated electrochemically and characterized by electronic
spectroscopy in the past,[12] these highly sensitive species
have not been isolated and crystallographically character-
ized to date. Thus, [FeII

ACHTUNGTRENNUNG(pda2�)2]
2� in 2 and 3LT is the first

such example and its geometric details may serve as a refer-
ence point for the fully reduced ligand form of the o-phenyl-
enediamide ligand.[13] Surprisingly, the geometry of [FeII-
ACHTUNGTRENNUNG(pda2�)2]

2� in 2 and 3LT is similar, but not identical. The di-
ACHTUNGTRENNUNGanion in 2 has a 128 less twisted geometry compared to 3LT,
which we ascribed to differing packing forces in the unit
cell.

Magnetism : The results of temperature-dependent magnetic
susceptibility measurements on paramagnetic 1 and 2 are
shown in Figures 4 and 5, respectively. The observed effec-

tive magnetic moment (meff) of 2.90 mB for 1 is nearly temper-
ature independent in the range 60–290 K, consistent with a
ground state triplet (St =1), which is the only thermally
populated state at temperatures up to 290 K. The decrease
of meff below 60 K is due to zero-field splitting (Dt =

+22.4 cm�1, E/Dt =0.0). A ground-state triplet can be ob-
tained either by a strong antiferromagnetic (AF) coupling of
a high-spin FeII (SFe =2) with two radical ligands as in [FeII-
ACHTUNGTRENNUNG(pdaC�)2], or by a strong AF coupling of one radical ligand

Table 1. Selected bond lengths [O] and a twist angle [8] of 1, 2, and [FeII-
ACHTUNGTRENNUNG(pda2�)2]

2� from 3LT.

1 2 3LT[a]

Fe1�N1 1.895(3) 2.030(5) 2.004(2)
Fe1�N8 1.900(2) 2.039(4) 1.988(2)
Fe1�N21 1.902(2)
Fe1�N28 1.892(3)
C2�N1 1.380(4) 1.411(7) 1.401(3)
C7�N8 1.379(4) 1.389(7) 1.396(4)
C22�N21 1.381(4)
C27�N28 1.387(4)
C3�C4 1.367(4) 1.391(8) 1.394(4)
C5�C6 1.373(4) 1.390(8) 1.394(4)
C23�C24 1.375(4)
C25�C26 1.377(4)
C4�C5 1.406(4) 1.392(8) 1.364(4)
C2�C7 1.426(4) 1.428(8) 1.428(4)
C2�C3 1.404(4) 1.383(8) 1.392(4)
C6�C7 1.402(4) 1.405(8) 1.390(4)
C24�C25 1.405(5)
C22�C27 1.422(4)
C22�C23 1.412(4)
C26�C27 1.401(4)
a[b] 54.0 44.9 57.1

[a] Taken from reference [9]. [b] The dihedral angel between the two
C6H4N2Fe planes.

Figure 3. Molecular structure of the dianion (site symmetry C2) in 2, ther-
mal ellipsoids are drawn at the 40% probability level.

Figure 4. Temperature dependence of the effective magnetic moment of 1
recorded at 1 T. The inset shows multiple-field temperature dependence
of the magnetization of 1. The solid lines in red represent the best fit ob-
tained with gt =2.06, Dt =22.4 cm�1, E/Dt =0.0.

Chem. Eur. J. 2008, 14, 7608 – 7622 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7611

FULL PAPERRedox Chemistry

www.chemeurj.org


with an intermediate-spin FeIII (SFe =3/2) as in [FeIII
ACHTUNGTRENNUNG(pdaC�)-

ACHTUNGTRENNUNG(pda2�)] (Scheme 1).
In the case of 2, the effective magnetic moment meff=

5.15 mB is temperature independent in the temperature
range 60–290 K corresponding to a ground-state quintet
(SFe =2). Zero-field splitting of the SFe =2 state (D=

+12 cm�1, E/D=0.17) affects the magnetic moment at tem-
peratures T<60 K. The results of these SQUID measure-
ments combined with X-ray crystallographic studies suggest
that the electronic structure of the dianion in 2 must be de-
scribed as [FeII

ACHTUNGTRENNUNG(pda2�)2]
2�, containing a high-spin FeII center

and two closed-shell dianionic ligands.

Mçssbauer spectroscopy: The zero-field 57Fe Mçssbauer
spectra of 1 and 2 at 80 K are shown in Figures 6 and 7, re-
spectively. The spectrum of 1 reveals a quadrupole doublet
with a low isomer shift d=0.23 mms�1 and a very large
quadrupole splitting jDEQ j=4.45 mms�1. It is worthwhile to
compare the Mçssbauer parameters of 1 with those of the
closely related series of [FeII

ACHTUNGTRENNUNG(dadC�)2] complexes,[5] in which
dadC� is a set of p-radical ligands derived from differently
substituted 1,4-diaza-1,3-butadiene. These complexes possess

a nearly tetrahedral or twisted geometry and contain a high-
spin FeII center. The comparatively high isomer shifts for
[FeII

ACHTUNGTRENNUNG(dadC�)2] complexes observed in the range 0.50–
0.65 mms�1 are in stark contrast to the much lower isomer
shift of 1, which renders the description of 1 as [FeII-
ACHTUNGTRENNUNG(pdaC�)2], that is, as a high-spin FeII complex, highly unlikely.
On the other hand, the Mçssbauer parameters of 1 closely
resemble those of an intermediate-spin ferric ion in square-
pyramidal complexes.[6,14] Thus, the correct description of
the electronic structure of 1 must be [FeIII

ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)],
that is, an intermediate-spin FeIII (SFe =3/2) with one mono-
ACHTUNGTRENNUNGanionic p-radical pdaC� ligand and one closed-shell pda2�

ion. Indeed, the Mçssbauer parameters of 1 are very similar
to the values reported for the intermediate-spin FeIII anion
[FeIII

ACHTUNGTRENNUNG(pda2�)2]
� in 3HT (HT= refers to the high-temperature

form; S=3/2) (d=0.16 and jDEQ j=4.19 mms�1).[9]

A frozen solution of 57Fe-enriched 1 (c �5 mm, in tolu-
ene) was used for applied-field Mçssbauer spectroscopy.
Five spectra, acquired at different low temperatures and dif-
ferent applied fields, with fit parameters are shown in
Figure 8. During the fitting procedure the three components
of the g tensor and the zero-field splitting (ZFS) parameters
were fixed as determined from the magnetic-susceptibility
measurements. The quadrupole splitting is very large and
positive, and the asymmetry parameter h=0.64. Interesting-
ly, although the electric-field gradient (EFG) and the hyper-
fine coupling tensors have common principle axes, the EFG
tensor is rotated by 908 relative to the hyperfine coupling
tensor A (Figure S1 in the Supporting Information).

The zero-field Mçssbauer spectrum of 2 shows a major
species (>95%) with a high isomer shift d=0.72 mms�1 and
a large quadrupole splitting jDEQ j=3.07 mms�1, which
points unambiguously to a high-spin FeII center. A crystal-
line sample of 2 was used for applied-field measurements
(Figure 9). The best fit was obtained with an asymmetry pa-
rameter h=1.0, which requires two nearly identical major
components of the EFG tensor with opposite signs and the
third component close to zero, which renders the sign of the
quadrupole splitting parameter physically meaningless.

Figure 5. Temperature dependence of the effective magnetic moment of 2
recorded at 1 T. The inset shows multiple-field temperature dependence
of the magnetization of 2. The solid lines in red represent the best fit ob-
tained with g=2.11, D=12 cm�1, E/D=0.17.

Figure 6. Zero-field 57Fe Mçssbauer spectrum of crystalline 1 recorded at
80 K, the solid line represents the best fit obtained with parameters: d=

0.23 mms�1, jDEQ j=4.45 mms�1.

Figure 7. Zero-field 57Fe Mçssbauer spectrum of crystalline 2 recorded at
80 K, the solid line represents the best fit obtained with parameters: a) 2,
d=0.72 mms�1, jDEQ j=3.07 mms�1; b) an unidentified impurity, d=

0.59 mms�1, jDEQ j=0.72 mms�1. Color scheme: 2 in red, the impurity
(<5%) in green.
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Surprisingly, in spite of the fact that 2 and 3LT contain the
same dianion, [FeII

ACHTUNGTRENNUNG(pda2�)2]
2�, the zero-field Mçssbauer

spectra of their polycrystalline samples are not identical.
While the isomer shifts for the anions are very similar (0.72

and 0.68 mms�1, respectively), the quadrupole splitting con-
stants are very different: large for 2 (3.07 mms�1) and extra-
ordinarily large for 3LT (5.20 mms�1). This effect may arise
from the different twist angles shown by the X-ray studies
(a=44.88 in 2 and a=57.18 in 3LT). It is surprising that such
a minor change in geometry induces such a large influence
on the EFG.

The zero-field Mçssbauer spectra of 3LT and 3HT have
been reported.[9] Here, a successful simulation of the ap-
plied-field Mçssbauer spectra obtained for crystalline 3LT is
presented (Figure 10). Each spectrum obtained at different
field and temperature can be deconvoluted into the two sub-
spectra of the same intensity with d=0.37 mms�1, DEQ =

�0.54 mms�1 assigned to the low-spin FeII in an octahedral
dication, [FeII

ACHTUNGTRENNUNG(dad0)3]
2+ , and d=0.68 mms�1, DEQ =

�5.20 mms�1 assigned to the high-spin FeII in the twisted
tetrahedral [FeII

ACHTUNGTRENNUNG(pda2�)2]
2� ion. The dication is clearly dia-

magnetic showing only the nuclear Zeeman splitting induced
by the applied field; the negative sign of the quadrupole
splitting parameter agrees well with similar dications.[15] The
dianion shows the presence of a strong internal magnetic

Figure 8. Applied-field 57Fe Mçssbauer spectra of frozen toluene solu-
tions of 57Fe enriched 1 recorded at different low temperatures and differ-
ent applied fields. The solid lines in red represent the best fit obtained
with parameters: St =1, d=0.23 mms�1, DEQ =++4.44 mms�1, h=0.64;
Dt =++22 cm�1, E/Dt =0.0; gx =gy =gz =2.06, At,xx =9.9, At,yy =�21.9,
At,zz =10.6 T, b=908.[47] The effective (total) D and A tensors obtained
for the ground triplet can be converted into the local tensors using the
spin projection techniques: DFe =2/3Dt =14.7 cm�1; AFe,xx =4/5 At,xx =7.9,
AFe,yy =�17.5, AFe,zz =8.5 T.

Figure 9. Applied-field 57Fe Mçssbauer spectra of crystalline 2 recorded
at different low temperatures and different applied fields. The solid lines
in red represent the best fit obtained with parameters: SFe =2; d=

0.72 mms�1, DEQ =++2.93 mms�1, h=1.0; D=++12 cm�1, E/D=0.17; gx =

gy =gz =2.11, Axx =�2.0, Ayy =�12.1, Azz =�2.0 T, b=318. The slight de-
viations of the actual fit from the experimental data are supposed to be
due to intermolecular interactions in solid 2 and probably due to a tex-
ture effect.
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field; the sign of the quadrupole splitting parameter is nega-
tive and the asymmetry parameter h is 0.3. Note that all
three components of the hyperfine coupling tensor for both
dianions [FeII

ACHTUNGTRENNUNG(pda2�)2]
2� in 2 and 3LT are negative.

Electronic spectra : The electronic spectra of 1 and 2 mea-
sured in the range 250–2000 nm are very different
(Figure 11). The UV/Vis/NIR spectrum of 1 is dominated by
a series of intense CT bands in the visible region and one in-

tense band in the NIR (nmax =1190 nm, e=4.2T
103

m
�1 cm�1). This intense band is assigned to a ligand-to-

ligand intervalence charge-transfer (LLIVCT) band for
mixed-valent [FeIII

ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)]. Since the experimental
half-width of the LLIVCT band Dnexptl =2270 cm�1 is signifi-
cantly smaller than a half-width calculated at Dncalcd =

4410 cm�1 by using the Hush equation,[16] [FeIII
ACHTUNGTRENNUNG(pdaC�)-

ACHTUNGTRENNUNG(pda2�)] is assigned to a fully delocalized Class III system.
The electronic spectra of 1 measured in dimethoxyethane or
toluene are identical, whereas the spectrum recorded in ace-
tonitrile changed significantly (Figure S2 in the Supporting
Information). This can be ascribed to changes in the geome-
try of the complex due to coordination of acetonitrile. In
contrast to 1, complex 2 shows only one very intense band
in the UV region (331 nm, e=2.1T104

m
�1 cm�1), which con-

firms the absence of ligand radicals in 2.

Cyclic voltammetry : The cyclic voltammogram of 1 in aceto-
nitrile at 20 8C (glassy carbon working electrode, 200 mVs�1

scan rate, 0.10m [nBu4N]PF6 as supporting electrolyte) is
shown in Figure 12. Four reversible one-electron transfer
waves are observed in the range 0.5 to �2.0 V versus Fc+/Fc
(ferrocenium/ferrocene), two of which at E1

1=2 =0.063 V and
E2

1=2 =0.386 V correspond to oxidations, whereas E3
1=2 at

�0.337 V and E4
1=2 =�1.351 V vs. Fc+/Fc correspond to two

successive reductions.

Figure 10. Applied-field 57Fe Mçssbauer spectra of crystalline 3LT record-
ed at different low temperatures and different applied fields. The solid
lines represent the best fit obtained with parameters: a) diamagnetic di-
cation, SFe =0, d=0.37 mms�1, DEQ =�0.54 mms�1, h=0.0; b) paramag-
netic dianion, SFe=2, d=0.68 mms�1, DEQ =�5.20 mms�1, h =0.3, D=

+5 cm�1, E/D=0.0, gx =gy =gz =2.00, Axx =�12.5, Ayy =�12.5, Azz =

�23.0 T. Color scheme: dianion in blue, dication in red.

Figure 11. Electronic spectra of 1 measured in DME (red) and toluene
(blue), and of 2 measured in MeCN (green).

Figure 12. Cyclic voltammogram of 1 measured in MeCN at room tem-
perature (glassy carbon working electrode, 200 mVs�1 scan rate, 0.10m

[nBu4N]PF6); the numbers on the graph are half-wave potentials, E1/2.
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The doubly reduced form [FeII
ACHTUNGTRENNUNG(pda2�)2]

2� corresponds to
the dianion in 2, whereas the monoanion is either [FeIII-
ACHTUNGTRENNUNG(pda2�)2]

1� or [FeII
ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)]1� as in the low- and high-

temperature form of the salt [FeACHTUNGTRENNUNG(dad)3][Fe ACHTUNGTRENNUNG(pda)2].
[9] The

two oxidation processes for 1 are presumably ligand based.
All redox potentials for 1 are strongly shifted to more posi-
tive voltages relative to other known [M ACHTUNGTRENNUNG(pda)2] com-
plexes.[8,12,17] The presence of four strongly electron-with-
drawing C6F5 groups destabilizes the oxidized, but stabilizes
the reduced species. It is this fact that ultimately allowed us
to isolate and crystallographically characterize the doubly
reduced [FeII

ACHTUNGTRENNUNG(pda2�)2]
2� species in 2.

Density function theory (DFT) calculations of 1 and 2 : The
geometry of 1 was optimized by using BP86,[18,19] PW91,[20]

hybrid B3P86,[18] and B3LYP[21] density functionals. The
B3LYP functional failed to reproduce the intramolecular p–
p interactions between opposing C6F5 rings and consequent-
ly the twisted geometry, whereas the B3P86 functional sig-
nificantly overestimated the Fe�N distances.[22] Although
satisfactory results were obtained with the BP86 and PW91
functionals, only the use of the B3LYP functional with em-
pirical Van der Waals corrections (B3LYP+vdw) gave a ge-
ometry close to that found experimentally, in which the p–p

interactions, the twist angle, the quinoid-type distortion and
the Fe�N distance were all well reproduced (Table 2).

Attempts to find broken symmetry[23,24] (BS) states BS-
ACHTUNGTRENNUNG(3,1) and BS ACHTUNGTRENNUNG(4,2), and a conventional triplet state MS =1
were undertaken. All calculations converged to the BSACHTUNGTRENNUNG(3,1)
solution. The high-spin state MS =2, which was calculated
based on the geometry optimized to the high-spin and BS

solutions, was higher in energy than the BSACHTUNGTRENNUNG(3,1) state by
5.7–7.4 kcalmol�1. The BSACHTUNGTRENNUNG(3,1) solution corresponds to the
electronic description of 1 as [FeIII

ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)], that is, an
intermediate-spin FeIII ion (SFe =3/2) coupled antiferromag-
netically to one ligand radical (SR =1/2) giving rise to a
ground-state triplet (St =1). A doubly occupied dx2�y2, singly
occupied dxz, dz2, and dyz, and an unoccupied dxy orbital rep-
resent an intermediate-spin FeIII ion (Figure 13). One p-type
ligand orbital found in the b set but not in the a set is a
magnetic orbital of the ligand radical, which has an appro-
priate symmetry to couple antiferromagnetically with the
magnetic iron dxz orbital.

The calculated orbital overlap for two magnetic orbitals
SAB = hyA jyBi=0.59 shows substantial diradical character of
this pair, in which SAB =1 would represent a conventional
bonding situation with corresponding a and b orbitals occu-
pying the same space, and SAB =0 would indicate orthogonal
magnetic orbitals of a “pure” diradical.[24,25] The large orbi-
tal overlap correlates with effective exchange coupling con-
stant estimated by Equation (1),[26] in which EHS and EBS are
the total energies of the high-spin and BS state, respectively;
hS2

HSi and hS2
BSi are the expectation values of the total spin-

squared operator Ŝ2 for the high-spin and BS state, respec-
tively; the Heisenberg operator Ĥ=�2JSA·SB is valid here.

J ¼ � EHS�EBS

hS2
HSi�hS2

BSi
ð1Þ

Table 2. Geometry optimization (bond lengths [O] and twist angle [8]) of
1 and 2 with B3LYP+vdw.

1 2
Calcd Exptl[a] Calcd Exptl[a]

C2�C3 1.412 1.405(4) 1.404 1.394(8)
C3�C4 1.388 1.373(4) 1.404 1.391(8)
C4�C5 1.415 1.406(5) 1.398 1.392(8)
C2�C7 1.441 1.424(4) 1.444 1.428(8)
C2�N1 1.374 1.382(4) 1.391 1.400(7)
Fe1�N1 1.921 1.897(3) 2.028 2.035(5)
a[b] 48.0 54.0 54.9 44.9

[a] The average values are given. [b] The dihedral angle between the two
C6H4N2Fe planes.

Figure 13. Qualitative MO Scheme for 1; Sab is an overlap integral for the
pair of magnetic orbitals.
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Since the calculations give an effective exchange coupling
constant J=�640 cm�1, the coupling is strong and antiferro-
magnetic. This is fully supported by SQUID measurements,
in which the ground state triplet is the only thermally popu-
lated state at temperatures up to 290 K.

While the electronic configuration of the iron ion in [FeIII-
ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)] is shown in Table 3, the bonding situation
can be nicely visualized by the BS spin density map[27,28]

(Figure 14). Positive spin density is mainly located at the

iron center (1Fe =++2.92), while negative spin density is sym-
metrically distributed over the both ligands (1L =�0.92),
suggestive of a delocalized mixed-valence system. The large
quadrupole splitting and the low isomer shift of the Mçssba-
uer doublet for 1 are very well reproduced by the calcula-
tions on the BS ACHTUNGTRENNUNG(3,1) state (Table 4). It is worth noting that
in this work the Mçssbauer parameters are calculated by
using a calibration curve originally derived from the calcula-
tions of twenty-five various iron complexes optimized with
the BP86 functional.[29] It is surprising then that agreement
between the calculated and the experimental Mçssbauer pa-
rameters is better for 1 optimized with the B3LYP+vdw
than the BP86 functional (see the Supporting Information).

The results of the geometry optimization of the dianion in
2 are shown in Table 2. The calculated bond lengths within
the pda ligands and the C�N bonds are in very good agree-
ment with the experimental values, while the Fe�N distan-
ces are underestimated in the calculations by an average of
0.007 O. This unusual behavior for the B3LYP functional,
which typically overestimates metal–ligand bond lengths,[27]

may result from the 98 increased planarity of the optimized
structure. A population analysis yields a total spin density of
3.64 located at the iron atom, and of 0.36 located at the li-
gands, predominately at the N-donor atoms (Figure 15).
This is representative of a high-spin configuration for the
FeII ion (Figure 16). Although the isomer shift is satisfactori-
ly reproduced by our calculations (dcalcd =0.63, dexptl =

Table 3. Reduced orbital charges and orbital spin densities calculated for 1–3.

1 2 Dication in 3LT Monocation in 3HT Dianion in 3LT Monoanion in 3HT

Electron Spin Electron Spin Electron Spin Electron Spin Electron Spin Electron Spin

dz2 1.10 0.89 1.06 0.93 0.64 0 1.26 0.85 1.06 0.93 1.11 0.88
dxz 1.27 0.68 1.17 0.87 1.87 0 1.44 0.53 1.17 0.87 1.35 0.70
dyz 1.11 0.90 1.07 0.94 1.83 0 1.28 0.70 1.07 0.94 1.13 0.88
dx2�y2 1.97 0.01 1.94 0.03 0.63 0 1.26 0.84 1.94 0.03 1.97 0.01
dxy 1.02 0.33 1.24 0.79 1.89 0 1.24 0.74 1.24 0.79 0.92 0.18
�di 6.46 2.82 6.48 3.55 6.86 0 6.49 3.67 6.48 3.55 6.47 2.65
Fetotal

[a] 2.92 3.64 0 3.68 3.64 2.72
Ltotal

[b] �0.92[c] 0.36 0 �0.68[c] 0.36 0.28

[a] The total spin density at the iron ion including s and p orbitals. [b] The total spin density at the ligands. [c] A broken symmetry solution.

Figure 14. Broken symmetry spin density map for [FeIII
ACHTUNGTRENNUNG(pdaC�) ACHTUNGTRENNUNG(pda2�)] in

1.

Table 4. Calculation of properties for 1 and 2.

1 2

d [mms�1] 0.23 (0.23)[a] 0.63 (0.72)
DEQ [mms�1] 4.32 (4.45) 5.35 (3.07)
h 0.26 (0.64) 0.44 (1.0)
1Fe

[b] 2.92 3.64
hS2i[c] 2.89 6.02

[a] The experimental values are given in parentheses. [b] The total spin
density at the iron ion including s and p orbitals. [c] The expectation
value of the total spin squared operator S2.

Figure 15. Spin density map for [FeII
ACHTUNGTRENNUNG(pda2�)2]

2� in 2 and 3LT.
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0.72 mms�1), the calculated quadrupole splitting is signifi-
cantly larger than experimentally observed (DEQcalcd =5.35,
DEQexptl =3.07 mms�1). As we have pointed out above, the
quadrupole splitting in the dianion is very sensitive to the
twist angle. Consequently, the observed deviation may arise
from the imperfectly reproduced dihedral angle. When the
twist angle was artificially decreased from 458 to 408, the
quadruple splitting constant decreased by 20%.

It is worthwhile to compare the charge and spin density at
the iron centers in 1 and 2. As commonly observed for pop-
ulation analysis, irrespective of the oxidation state of the
iron center, the Lçwdin orbital charges in 1 and 2 are very
similar and correspond to �6.5 d electrons (Table 3). The
overestimation by �1.5 electrons for the ferric complex 1
and by �0.5 electrons for the ferrous complex 2 results
from the varying degrees of covalency. However, the
Lçwdin orbital spin densities are significantly different for 1
and 2 ; the spin density of 2.82 located at the iron d orbitals
confirms the intermediate-spin FeIII center in 1, while the d-
orbital spin density of 3.55 corresponds to the high-spin FeII

ion in 2. The difference in the total spin density is reflected
by the dxy orbital spin density changing from 0.33 in 1 to
0.79 in 2. Thus, the formally empty dxy iron orbital in 1 ac-

quires considerable spin density (+0.33) by spin-polarized s

donation from the filled ligand orbitals; however, the for-
mally singly occupied dxy orbital in 2 loses inherent spin den-
sity (�0.21) by s donation from the filled ligand orbitals. In
both cases covalent bonding is the origin of the variation in
orbital spin density. Since all metal d orbitals experience
some deviation from the ideal spin densities of 0 or 1, the
value of the spin density summed over all metal d-orbitals
may produce much higher deviations than seen for one
single orbital. Thus, care should be taken when defining
electronic configurations based on the total metal spin den-
sity.

Density functional theory (DFT) calculations of 3LT and 3HT:
The geometry optimization of the cations and the anions in
3LT and 3HT were performed separately, with the B3LYP
functional used for the cations, and the B3LYP with empiri-
cal Van der Waals corrections implemented for the anions.
The following ground states were imposed: S=0 for the di-
cation and S=2 for the dianion in 3LT, and S=3/2 for both
the monocation and the monoanion in 3HT. All significant
geometrical features were closely reproduced in the calcula-
tions (Table 5). The intramolecular p–p interactions in the
anions are nicely reproduced resulting in dihedral angles
close to the experiment. The optimized dication, [FeII-
ACHTUNGTRENNUNG(dad0)3]

2+ in 3LT, displays short C=N and long C�C bonds
within the three dad ligands in agreement with the fully oxi-
dized level of the ligands, and relatively short Fe�N distan-
ces resulting from the low-spin configuration of the iron
center. The Fe�N distances in the monocation [FeII

ACHTUNGTRENNUNG(dad0)2-
ACHTUNGTRENNUNG(dadC�)]+ are significantly longer as the iron ion possesses a
high-spin configuration in 3HT, while the elongation of the
C=N and the shortening of the C�C bonds within one dad
ligand indicates the acquired p-radical character of the
latter. No significant changes in the calculated bond lengths
within the pda ligands are observed on conversion of the
dianion [FeII

ACHTUNGTRENNUNG(pda2�)2]
2� to the monoanion [FeIII

ACHTUNGTRENNUNG(pda2�)2]
� .

However, following the experimental observations,[9] the
Fe�N bonds are significantly shorter in the monoanion than
in the dianion. Geometry optimizations of the dianion [FeII-
ACHTUNGTRENNUNG(pda2�)2]

2� started from the two different crystal structures 2
and 3LT converged to a single solution.

According to the population analysis the electronic con-
figuration of the iron in the dianion in 3LT is (dx2�y2)2

ACHTUNGTRENNUNG(dz2)1-
(dyz)

1
ACHTUNGTRENNUNG(dxz)

1
ACHTUNGTRENNUNG(dxy)

1, that is, a high-spin FeII ion (Table 3). Upon

Figure 16. Qualitative MO scheme for the dianion in 2 and 3LT.

Table 5. Geometry optimization of 3LT and 3HT performed with the B3LYP functional for the cations and the B3LYP+vdw for the anions.

Dication in 3LT Monocation in 3HT Dianion in 3LT Monoanion in 3HT

calcd exptl[a] calcd exptl[a] calcd exptl[a] calcd exptl[a]

Fe2�N21 2.046 1.983(2) 2.202 2.127(5) Fe1�N1 2.027 1.996(2) 1.914 1.890(5)
Fe2�N24 2.043 1.973(2) 2.216 2.143(6) C2�N1 1.391 1.399(4) 1.399 1.403(7)
Fe2�N41 2.046 1.976(2) 2.163 2.092(5) C2�C3 1.404 1.391(4) 1.400 1.378(8)
C22=N21 1.294 1.307(3) 1.301 1.318(8) C3�C4 1.404 1.394(4) 1.403 1.394(8)
C23=N24 1.294 1.301(3) 1.299 1.297(7) C4�C5 1.398 1.364(4) 1.398 1.386(10)
C42=N41 1.294 1.296(4) 1.318 1.350(7) C2�C7 1.444 1.428(4) 1.427 1.387(8)
C22�C23 1.493 1.473(4) 1.484 1.463(8) a,[b] 8 54.7 57.1 44.9 52.7
C42�C42’ 1.493 1.472(5) 1.458 1.412(11)

[a] The averaged values are given. [b] The dihedral angle between the two C6H4N2Fe planes.
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oxidation, the dxy orbital, which is s antibonding with re-
spect to the ligands, becomes unoccupied, which corre-
sponds to a change to an intermediate-spin FeIII ion in 3HT.
The total spin densities of 3.64 and 2.72 located at the iron
centers in 3LT and 3HT, respectively, confirm the presence of
the high-spin FeII and the intermediate-spin FeIII ions in the
corresponding anions (Figures 15 and 17). The electronic

configuration of the iron ion in the near-octahedral dication
in 3LT is (t2g)

6(eg)
0, that is, a diamagnetic low-spin FeII ion.

One electron reduction of a dad ligand in the monocation in
3HT transformed the spin state of the iron to the high-spin
ferrous configuration (t2g)

4(eg)
2, affording a spin density of

3.68.
The lowest energy solution for the monocation in 3HT is

the BSACHTUNGTRENNUNG(4,1), which corresponds to an electronic structure of
a high-spin FeII ion coupled antiferromagnetically to one
ligand radical dadC� (Figure 18). The high-spin state MS =5/2
is destabilized relative to the BS solution by 11 kcalmol�1.
The overlap integral SAB =0.67 shows slightly decreased dir-
adical character of the coupled magnetic pair when com-
pared to 1 (vide supra), while the AF coupling given by J=

�922 cm�1 is stronger. The AF coupling can be nicely visual-
ized by the BS spin density map shown in Figure 19. Positive
spin density is mainly centered at the metal (1Fe =++3.68)
and negative spin density is essentially localized on one dad
ligand (1L =�0.68). Slight delocalization of the p radical
ligand results from the non-ideal octahedral geometry, as
shown by the dihedral angles of 77.9, 90.0, and 81.58 be-
tween the ligand planes.

The Mçssbauer parameters calculated for all four ions in
3LTQ3HT are summarized in Table 6. Very good agreement
between the calculated and the experimental values is ach-
ieved for the isomer shift and quadrupole splitting, but less
so for the asymmetry parameter. The absolute value of the
quadrupole splitting for the dianion in 3LT is very well pre-
dicted by our calculations (deviation of 3%); however, the
sign of the quadrupole splitting is not reproduced. It is posi-
tive in the calculations, but negative in the experiment, and

neither the calculated, nor the experimental asymmetry pa-
rameter approaches unity. Assuming that the quadrupole
splitting in the twisted dianion is highly sensitive to the com-
plex geometry, we calculated the Mçssbauer spectrum of the
non-optimized structure of 3LT. The isomer shift and the
quadrupole splitting (d=0.57, DEQ =++5.25 mms�1) closely
matched the experimental values, though the sign of the
quadrupole splitting remained positive, the asymmetry pa-
rameter h=0.9, approaches unity, thus making the sign of
the calculated quadrupole splitting ambiguous. We believe

Figure 17. Spin density map for [FeIII
ACHTUNGTRENNUNG(pda2�)2]

� in 3HT.
Figure 18. Qualitative MO scheme for [FeII

ACHTUNGTRENNUNG(dad0)2 ACHTUNGTRENNUNG(dadC�)]+ in 3HT; Sab is
an overlap integral for the pair of magnetic orbitals.

Figure 19. Broken symmetry spin density map for [FeII
ACHTUNGTRENNUNG(dad0)2 ACHTUNGTRENNUNG(dadC�)]+ in

3HT.
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that the high-spin FeII ion in the dianion in 3LT possesses a
negative quadrupole splitting as derived from the experi-
ment.

Calculation of the electric-field gradient (EFG) tensors : The
neutral complex 1 and the monoanion in 3HT are rare exam-
ples[7] of four-coordinate intermediate-spin FeIII complexes.
Ferric species of intermediate-spin are more common for
five-coordinate square-pyramidal[6,14] and six-coordinate dis-
torted octahedral species of C4v symmetry.[30] According to
simple considerations from crystal field (CF) theory, the va-
lence contribution to the EFG at an intermediate-spin FeIII

center should vanish with a resulting quadrupole splitting
close to zero.[31] In contrast, we observe DEQ =4.45 mms�1

for 1 and jDEQ j=4.19 mms�1 for the anion in 3HT. Al-
though a large quadrupole splitting is not unexpected for
the high-spin FeII ion, the large DEQ =�5.20 mms�1 ob-
served for the dianion in 3LT is surpassed in the 57Fe Mçssba-
uer spectroscopy by only two complexes, namely [(PhB-
ACHTUNGTRENNUNG{CH2PACHTUNGTRENNUNG(iPr)2}3)FeIV
N] and [(PhB ACHTUNGTRENNUNG{CH2PACHTUNGTRENNUNG(CH2Cy)2}3)FeIV

N].[32] However, no explanation has been given for the
origin of the observed DEQ =6.01 mms�1.[32] Very recently
Meyer et al. reported on an FeIV–nitrido complex that shows
even larger quadrupole splitting DEQ of 6.04(1) mms�1.[33]

In this work the largest component of the total principle
EFG tensor, by definition Vzz, is designated as q. The total
EFG tensor may be decomposed into the partial EFG ten-
sors, which are projected into the coordinate system of the
total EFG tensor. The vzz, a projection of the partial EFG
tensor into the principle z axis of the total EFG tensor, is la-
beled as qi. Generally, q may be decomposed according to
Equation (2),[34] in which qloc is a local contribution of the
orbitals with non-zero iron character, qlat is a lattice (ligand)
contribution arising from the net charges on the distant
atoms around an iron center, qbond originates from the elec-
tron density in the bonds between the iron ion and ligand
atoms, and q3center arises from the electron density in the
bonds which do not include the iron ion.

q ¼ qloc þ qlat þ qbond þ q3center ð2Þ

The results of the decomposition of the EFG tensors for 1
and the anions in 3 are shown in Table 7. In all cases the
local contribution is the largest component and comprises

91–97% of q. The lattice and the three-center components
are small and of opposite sign; they virtually cancel each
other in 1 and in the monoanion in 3HT. The bond contribu-
tion is the second largest component of the EFG and has
the same sign as qloc, which amplifies the already large EFG
produced by the local component.

The local component qloc can be analyzed further by con-
sideration of the contribution of Pipek–Mezey localized or-
bitals (LOs) to the EFG. The LOs with predominant iron or
nitrogen character were found to account for 92–97% of the
total qloc ; this main contribution is labeled as q0loc. After the
orbital composition of the LOYs were analyzed we could de-
compose q0loc further according to Equation (3), in which
qcore is a contribution from the deformed iron core orbitals
(1s, 2s, and 2p), qval arises from the valence shell of the iron
(3s, 3p, and 3d), qcov is a contribution from predominantly
ligand based LOs with some metal character, and qlig arises
from the highly covalent LOs of N�C bonds.

q0loc ¼ qcore þ qval þ qcov þ qlig ð3Þ

Both intermediate-spin ferric species, 1 and the monoan-
ion in 3HT, show very similar components in the decomposi-
tion, unlike the high-spin ferrous dianion in 3LT (Table 8).

The core (qcore) and the ligand (qlig) components are the
smallest components, each generally contributing less than
10% to q0loc. The valence iron contribution qval is very large
for the high-spin ferrous dianion in 3LT in line with CF
theory: an aspherical population of d orbitals in a high-spin
d6 configuration leads to a large EFG. In contrast, qval for 1
and for the monoanion in 3HT are considerably smaller, but
do not vanish, mainly because of the anisotropic population
of the valence d and p orbitals of the iron ion. Surprisingly,
in 1 and in the monoanion in 3HT, the covalent contribution

Table 6. Calculation of properties for 3LT and 3HT.

Dication
in 3LT

Monocation
in 3HT

Dianion
in 3LT

Monoanion
in 3HT

d [mms�1] 0.51 (0.38)[a] 0.86 (0.76) 0.63 (0.68) 0.19 (0.16)
DEQ [mms�1] �0.49 (�0.53) 1.98 (1.80[b]) 5.36 (�5.20) 3.84 (4.19[b])
h 0.02 (0.0) 0.35 0.46 (0.30) 0.37
1Fe

[c] 0 3.68 3.64 2.72
hS2i[d] 0 4.61 6.02 3.82

[a] The experimental values are given in parentheses. [b] The sign of DEQ

was not determined experimentally. [c] The total spin density at the iron
ion including s and p orbitals. [d] The expectation value of the total spin-
squared operator S2.

Table 7. Decomposition of q=Vzz component of the total EFG tensor at
iron centers [in au�3].[a]

1 Monoanion in 3HT Dianion in 3LT

qloc 2.483 2.103 3.084
qlat 0.005 0.005 0.012
qbond 0.148 0.207 0.096
q3center �0.007 �0.004 �0.001
q 2.629 2.311 3.191

[a] To convert q into quadrupole splitting constant: DEQ [mms�1]=

1.6195q ACHTUNGTRENNUNG(1+1/3h2)1/2.

Table 8. Decomposition of the truncated[a] local component q0loc of the
total EFG tensor at iron centers [in au�3].[b]

1 Monoanion in 3HT Dianion in 3LT

qcore 0.20 0.14 0.31
qval 0.61 0.71 2.62
qcov 1.36 0.82 0.23
qlig 0.24 0.26 �0.10
q0loc 2.41 1.93 3.06

[a] Restricted to the iron and nitrogen orbitals. [b] To convert q into
quadrupole splitting constant: DEQ [mms�1]=1.6195qACHTUNGTRENNUNG(1+1/3h2)1/2.
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qcov is very large; it is of nearly the same value as qval in the
monoanion in 3HT and more than twice as large as qval in 1.
It is most remarkable that for all three species the valence
and the covalence components of the EFG have the same
sign. Thus, the covalent bonding between the iron and the
ligand donors does not reduce the EFG as anticipated,[35]

but in fact significantly increases the EFG. This increase re-
sults in the large quadrupole splitting observed for the inter-
mediate-spin FeIII ions in 1 and in the monoanion of 3HT,
and the huge quadrupole splitting for the high-spin FeII ion
in the dianion in 3LT. The origin of the very large qcov =

1.36 au�3 in 1 relative to the smaller qcov =0.82 au�3 in the
monoanion in 3HT derives from the significant iron dxy char-
acter of one ligand orbital in 1. (Table 3).

The orientation of the principle EFG tensors in the mo-
lecular structures of 1 and the monoanion in 3HT are shown
in Figure 20. In both cases the coordinate system of the prin-

ciple EFG tensor is collinear with the three mutually per-
pendicular C2 axes of the nearly D2 symmetrical [FeACHTUNGTRENNUNG(pda)2]

n

unit. The principal z axis is perpendicular to the four-nitro-
gen-atom plane, and the principle y axis is coincident with
the local C2 axes of each ligand. Due to the uncertainty in
the sign of the quadrupole splitting and the value of the
asymmetry parameter for the dianion in 3LT, the orientation
of its principle EFG tensor is not shown, but we expect it to
have the principle z axis perpendicular to the N4-plane simi-
lar to 1 and 3HT.

Conclusion

The neutral complex [FeIII
ACHTUNGTRENNUNG(pda2�)ACHTUNGTRENNUNG(pdaC�)]0 (1) is composed

of a four-coordinate intermediate-spin FeIII ion (SFe =3/2)
antiferromagnetically coupled to one p-radical ligand (SR=

1/2) as shown by the experimental and theoretical studies. It
can reversibly be oxidized twice or reduced twice, that is, 1
is the central member of the [FeACHTUNGTRENNUNG(pda)2]

2+ /1+ /0/1�/2� redox
series. The doubly reduced species has been isolated as
[AsPh4]2ACHTUNGTRENNUNG[FeII

ACHTUNGTRENNUNG(pda2�)2] (2) and crystallographically character-
ized. The dianion in 2 consists of a high-spin ferrous ion
(SFe =2) and two closed-shell dianionic pda2� ligands. The
third member of the redox series, the singly reduced [FeIII-
ACHTUNGTRENNUNG(pda2�)2]

� , which has been reported previously in the coor-

dination salt [Fe ACHTUNGTRENNUNG(dad)3][Fe ACHTUNGTRENNUNG(pda)2] (3 ; 3LT is a low-tempera-
ture form and 3HT is a high-temperature form), contains an
intermediate-spin ferric ion (SFe =3/2) and two closed-shell
dianionic ligands. Due to four strongly electron-withdrawing
N-C6F5 substituents, the redox potentials for [Fe-
ACHTUNGTRENNUNG(pda)2]

2+ /1+ /0/1�/2� are all shifted towards positive voltages,
which stabilizes reduced and destabilizes oxidized species.
The large quadrupole splitting in 57Fe Mçssbauer spectra ob-
served for the intermediate-spin FeIII ions in 1 and 3HT, and
the extraordinarily large quadrupole splitting observed for
the high-spin FeII ion in 3LT results from covalent bonding
between the iron and the ligand donors, in which the va-
lence contribution to the electric field gradient is not re-
duced, but significantly increased by the covalence contribu-
tion.

Experimental Section

N,N’-Bis(pentafluorophenyl)-o-phenylenediamine (H2pda) was prepared
according to a reported procedure.[10] n-Butyllithium (1.6m solution in n-
hexane) and [AsPh4]Cl were purchased from Aldrich. All syntheses were
performed under a dry, oxygen-free argon atmosphere by using standard
Schlenk techniques and dried solvents.

ACHTUNGTRENNUNG[FeIII
ACHTUNGTRENNUNG(pda2�) ACHTUNGTRENNUNG(pdaC�)] (1): nBuLi (3.9 mL, 6.24 mmol) was slowly added at

�50 8C to a solution of H2pda (1.38 g, 3.13 mmol) in diethyl ether
(30 mL). After stirring for 15 min, a suspension of FeCl2 (0.20 g,
1.58 mmol) in THF (15 mL) was added through a cannula and the reac-
tion mixture was allowed to warm to RT. The reaction mixture was
stirred overnight, during which time the color changed from yellow to
orange. A solution of FeCl3 (0.51 g, 3.14 mmol) in THF (5 mL) was then
added to the reaction mixture, cooled to 0 8C. The reaction mixture was
then stirred for 1 h at RT, all volatiles were removed in vacuo, and the
residue was extracted with toluene (120 mL) and recrystallized from a
Et2O/toluene mixture (2:1). The air- and moisture-sensitive dark blue–
green crystals, which were suitable for X-ray crystallography, were
washed with cold n-pentane and dried in vacuo. Yield: 1.02 g (70%); HR
EI-MS: m/z calcd: 931.9779; found: 931.9816 [M]+ ; elemental analysis
calcd (%) for C36H8F20N4Fe: C 46.38, H 0.86, N 6.01; found: C 46.00, H
0.79, N 6.16.

ACHTUNGTRENNUNG[AsPh4]2 ACHTUNGTRENNUNG[FeII
ACHTUNGTRENNUNG(pda2�)2] (2): nBuLi (0.56 mL, 0.896 mmol) was slowly

added to a solution of H2pda (200 mg, 0.454 mmol) in THF (2.5 mL)
maintained at �50 8C. After the yellow solution was stirred for 10 min
anhydrous FeCl2 (28.8 mg, 0.227 mmol) suspended in THF (2.5 mL) was
added. The reaction mixture was stirred for 1 h at RT, afterwards well-
dried [AsPh4]Cl (190 mg, 0.454 mmol) suspended in THF (2.5 mL) was
added with vigorous stirring. The bright-orange crystals appeared during
the first 10 min of stirring. After the reaction mixture was kept at +4 8C
for several hours, a red solution was decanted, and an orange crystalline
product was dried in vacuo. The yield of the raw product was 293 mg.
The solid was then recrystallized from a toluene/acetonitrile mixture
(16:5.5 mL) to get bright-orange extremely sensitive crystals suitable for
X-ray crystallography. Yield: 221 mg (57%). ESI-MS (MeCN): m/z : 932
[Fe ACHTUNGTRENNUNG(pda)2]

� , 383 [AsPh4]
+ ; elemental analysis calcd (%) for

C112H80As2F20FeN4: C 65.06, H 3.90, N 2.71, Fe 2.70; found: C 64.82, H
4.11, N 2.68, Fe 2.63.

Physical measurements : ESI-MS spectra were obtained on a Finnigan
MAT 95 spectrometer. High-resolution mass spectra were obtained on a
Finnigan MAT 95S mass spectrometer (70 eV, EI). Cyclic voltammo-
grams were recorded with an EG&G potentiostat/galvanostat. Electronic
spectra were recorded with a Perkin–Elmer double-beam UV/VIS/NIR
spectrometer Lambda 19 (300–2000 nm). Temperature-dependent mag-
netic susceptibility data were recorded on an MPMS Quantum Design
SQUID magnetometer in the temperature range 2–300 K. The experi-

Figure 20. Calculated orientation of the EFG tensor in the molecular
structure of 1 (left) and the monoanion in 3HT (right).
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mental magnetic susceptibility data were corrected for underlying dia-
magnetism and temperature-independent paramagnetism. Mçssbauer
data were recorded on alternating constant-acceleration spectrometers.
The sample temperature was maintained constant in an Oxford Instru-
ments Variox cryostat or an Oxford Instruments Mçssbauer-Spectromag
cryostat. The latter was used for measurement in applied magnetic fields
with the field oriented perpendicular to the g-beam. Isomer shifts are
given relative to a-Fe at room temperature. Elemental analyses were per-
formed by the Microanalytical Laboratory, M<lheim an der Ruhr (Ger-
many).

X-ray crystallographic data collection and refinement of the structures :
A dark green single crystal of 1 and an orange crystal of 2 were coated
with perfluoropolyether, picked up with nylon loops and were immedi-
ately mounted in the nitrogen cold stream of a Bruker-Nonius Kap-
paCCD diffractometer equipped with a Mo-target rotating-anode X-ray
source and a graphite monochromator (l=0.71073 O). Final cell con-
stants were obtained from least-squares fits of all measured reflections.
Intensity data were corrected for absorption using intensities of redun-
dant reflections. The structures were readily solved by Patterson methods
and subsequent difference Fourier techniques. The Siemens SHELXTL[36]

software package was used for solution and refinement of the structures.
All non-hydrogen atoms were anisotropically refined and hydrogen
atoms were placed at calculated positions and refined as riding atoms
with isotropic displacement parameters. Crystallographic data of the
compounds are listed in Table 9.

Calculations : The program package ORCA 2.6 revision 04 was used for
all calculations.[37] Geometry optimization for all complexes were per-
formed with the B3LYP functional,[21] and additionally with PW91,[20]

BP86,[18,19] and B3P86[18] functionals for 1. Empirical Van der Waals
(VDW) corrections[38] were used for geometry optimization of 1 and
anions in 2 and 3. The triple-z basis sets with one-set of polarization func-
tions[39] (TZVP) were used for the iron and nitrogen atoms, and the
double-z basis sets with one-set of polarization functions[40] (SVP) were
used for all other atoms. The resolution of the identity approximation
(RI/RIJONX) was employed[41,42] with matching auxiliary basis sets.[42]

Convergence criteria for geometry optimization were set to default
values (OPT), and “tight” convergence criteria were used for SCF calcu-
lations (TIGHTSCF). Electronic energies and properties were calculated
with the B3LYP functional with the same basis sets and SCF convergence
criteria as for geometry optimization. Broken symmetry solutions were
analyzed with the corresponding orbital transformation.[28,43] For calcula-
tion of Mçssbauer parameters, the “core” CPACHTUNGTRENNUNG(PPP) basis set for iron[29,44]

with enhanced integration accuracy on the iron (SpecialGridIntAcc 7)
were used. High-spin states were calculated on the high-spin geometries,
when the exchange coupling constants were estimated.[26] All reduced or-
bital charges and spin densities were calculated according to Lçwdin pop-
ulation analysis.[45] Orbitals and spin densities were visualized with the
program Molekel.[46]
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