
R

o
S

S
M

C

a

A
R
A
A

K
I
D
A
L
S
R
E

0
d

Coordination Chemistry Reviews 254 (2010) 1358–1382

Contents lists available at ScienceDirect

Coordination Chemistry Reviews

journa l homepage: www.e lsev ier .com/ locate /ccr

eview

-Dithiolene and o-aminothiolate chemistry of iron:
ynthesis, structure and reactivity

tephen Sproules ∗, Karl Wieghardt
ax-Planck-Institut für Bioanorganische Chemie, Stiftstrasse 34-36, D-45470 Mülheim an der Ruhr, Germany

ontents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1359
2. Mononuclear complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1360

2.1. Bis(dithiolene) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1360
2.2. Bis(aminothiolate) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1362

3. Dinuclear complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1363
3.1. Bis(dithiolene) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1363

3.1.1. Synthesis and structural overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1363
3.1.2. Electronic structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1366

3.2. Bis(aminothiolate) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1367
3.2.1. Synthesis and molecular and electronic structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1367

4. Reactions of Fe-bis(dithiolene) and -bis(aminothiolate) complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1370
4.1. Lewis base adducts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1370

4.1.1. Pyridines and amines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1370
4.1.2. Phosphines, phosphites, arsines, and stibines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1372
4.1.3. Cyanide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1375
4.1.4. Nitric oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1375
4.1.5. Bidentate Lewis bases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1378

4.2. Halogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1379
5. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1380

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1380
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1380

r t i c l e i n f o

rticle history:
eceived 22 September 2009
ccepted 6 December 2009
vailable online 18 January 2010

a b s t r a c t

Homoleptic complexes with an iron center bound by two o-dithiolene or o-aminothiolate ligands, or one
tetradentate aminothiolate ligand will be discussed in the context of their molecular and electronic struc-
tures. These compounds are predominantly dimeric and exhibit rich redox chemistry due to the multiple
redox active iron and ligand components. Their reaction with small molecules, namely, pyridines, amines,
phosphines, phosphites, arsines, stibines, cyanide, halogens, and nitric oxide, has produced extensive
eywords: hat a
libraries of compounds t
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clear adduct complexes access
generates a multitude of electr

Abbreviations: SFe, spin state of iron ion; SL, spin state of ligand(s); St , total spin ground st
coupling constant; g, g-value; A, magnetic hyperfine; ı, isomer shift; �EQ, quadrupole split
molecular orbital; SOMO, singly occupied molecular orbital; HOMO, highest occupied m
overlap; LMCT, ligand-to-metal charge transfer; LLCT, ligand-to-ligand charge transfer;
EPR, electron paramagnetic resonance; py, pyridine; tBu-py, 4-tert-butylpyridine; dmf
diphenylphoshinoethane; dppet, diphenylphosphinoethylene; dppm, diphenylphoshino
quin, isoquinoline; pic, picoline; rad•+, 2-(p-N-methylpyridinium)-4,4,5,5-tetramethylimid

∗ Corresponding author.

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.12.012
re also reviewed. These five- and six-coordinate mononuclear and dinu-

an incredibly broad range of iron and ligand spin and oxidation states that
onic structures.

© 2009 Elsevier B.V. All rights reserved.

ate; �eff , effective magnetic moment; ZFS, D, zero-field splitting; E/D, rhombicity; J,
ting; DFT, density functional theory; MO, molecular orbital; DOMO, doubly occupied

olecular orbital; LUMO, lowest unoccupied molecular orbital; S, orbital integral
LLIVCT, ligand-to-ligand intervalence charge transfer; UV, ultraviolet; Vis, visible;
, N,N′-dimethylformamide; dmso, dimethylsulfoxide; thf, tetrahydrofuran; dppe,
methane; dppb, diphenylphoshinobenzene; dppa, diphenylphoshinoacetylene; i-
azoline-1-oxyl; idzm•+, 2-(p-pyridyl)-4,4,5,5-tetramethylimidazolinium; G, Gauss.

http://www.sciencedirect.com/science/journal/00108545
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Fig. 1. Calculated molecular structures of uncoordinated catechol (H2LO,O) and
benezene-1,2-dithiol (H2LS,S) and their deprotonated one-electron oxidized ben-
zosemiquinone (HL

•
O,O) and dithiobenzosemiquinone (HL

•
S,S) radical forms. Below

•

S. Sproules, K. Wieghardt / Coordinatio

. Introduction

The term “dithiolene” was introduced as a simple nomencla-
ure to describe bidentate sulfur-donor ligands connected via an
nsaturated carbon–carbon bond [1,2]. It is used to encompass all
orms of the ligand without giving bias to one particular struc-
ure or valence formalism [3,4]. The description was required, as
xperimental evidence accumulated over the last 50 years would
estify, that this ligand is highly redox noninnocent; the redox lev-
ls are presented in Scheme 1. In the 1960s, procedures for the
ynthesis and isolation of dithiolene ligands were developed that
purred an enormous upsurge in the isolation and characterization
f then novel coordination compounds [3]. These complexes pos-
essed rich redox chemistry and intriguing electronic structures
hat surfaced when redox active ligand(s) were tethered to a tran-
ition metal; iron complexes were among the first to be prepared
nd characterized [5].

It was some years later that the chemistry of analogous
ioxolene ligands (chiefly catechols) was developed [7]. It is
uite interesting to observe that although dithiolene and diox-
lene ligands have the same three redox levels (dianionic,
adical monoanion, neutral) there appears to be an unambigu-
us acceptance of the existence of O,O′-semiquinonate(1-) �
adicals in coordination compounds while the coordination of
,S′-dithiosemiquinonate(1-) � radical ligands have been largely
gnored or even explicitly ruled out [8,9]. The coordination
hemist’s primary method for determining ligand radical charac-
er has been (and still is) X-ray crystallography, and an open-shell
emiquinone ligand is easily discriminated from the closed-shell
eutral quinone and dianionic catecholate forms by significant dif-

erences in the C–O bond distances and aptly named quinoidal
istortion of the six-membered ring that is generally beyond the
stimated standard deviations, 3� (Fig. 1) [10].

Although sulfur is less electronegative than oxygen, consider-
bly more spin density resides on the sulfur atom (75% cf. 45% for
xygen, Fig. 1) [11], and therefore less spin density is delocalized
ver the phenyl ring. As such, the variation in the C–S and C–C bond
engths is typically inside the 3� level, hampering an assignment of
he redox level of the ligand by X-ray crystallography. However, it
s quite interesting albeit expected, that dithiosemiquinone ligands
o exist in coordination compounds, and we have demonstrated
hat the correct electronic structures are revealed using the com-

ination of high-quality X-ray crystallography, spectroscopy, and
heoretical calculations [11–15].

The history of aminothiolate [16] ligands closely parallels that
f dithiolates, since they share many similarities [17]. These lig-

Scheme 1. Olefinic (top) and aromatic (bottom) dithiolene ligand redox levels [6].
are the Mulliken spin density plots for the S = 1/2 neutral radicals (HLO,O, left) and
(HL

•
S,S, right) [11]. Red: �-spin density; �-spin density. Red spheres represent oxy-

gen atoms; yellow spheres: sulfur; black spheres: carbon; white spheres: hydrogen
atoms.

ands carry an additional dimension in that the nitrogen ligand
can be doubly or singly protonated, as well as alkylated [16],
which increases its versatility over dithiolenes; the redox levels of
aminothiolates are shown in Scheme 2. As such, there are several
examples of aminothiolate moieties in polydentate ligands coordi-
nating iron that possess novel molecular structures and reactivities
that will not be included in this article [18]. The advantage of N,S

coordination about iron was realized when it became apparent
that it resembled numerous biological systems, in particular the
nitrogenases [19]. Thus, these complexes served as both structural
and functional models through adopting uncommon structures,

Scheme 2. Redox and protonation levels for aminobenzenethiolate ligands [16].
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Scheme 3. Dithiolene lig

tabilizing unusual metal oxidation states, and creating vacant
oordination sites and electron deficiency [20].

Sellmann et al. published three papers exclaiming that high-
alent Fe(IV) and Fe(V) ions were stabilized by dithiolene and
minothiolate ligands implying their redox innocence [9,21,22].

he iron ions in the compounds in question, [Fe(bdt)2(PMe3)2] [9],
Fe(bdt)2(PMe3)] [9], [Fe(bmae)2(PnPr3)] [22], [Fe(bmae)2I] [21],
here bdt = benzene-1,2-dithiolate (Scheme 3) and bmae = 1,2-

is(mercaptoanilino)ethane (Scheme 4) [23], have a formal

Scheme 4. Aminothiolate ligands and their abbreviations [16].
and their abbreviations.

oxidation state [24] of +IV, +IV, +IV, and +V, respectively. However,
the observation of intense electronic transitions in the near-
infrared (>600 nm) region is strong evidence for the presence
of oxidized ligands, and showed that oxidation state assignment
based on X-ray crystallography was ambiguous at best, partic-
ularly for structures solved at room temperature. So, despite
their long history in coordination chemistry, Fe-dithiolene and Fe-
aminothiolate complexes have only very recently received the kind
of spectroscopic and theoretical examination necessary to correctly
assign their true electronic structure [25–27]. For example, a reeval-
uation of the aforementioned high-valent Fe complexes showed
that indeed the ligands were oxidized rather than the metal [14].

In this article we will present an overview of bis(dithiolene)
and bis(aminothiolate) iron complexes, as well as tetradentate
N2S2 complexes of iron, with an emphasis on their molecular and
electronic structure that affords a physical oxidation state [24]
assignment of both the redox active ligand and metal. A list of the
ligands and their abbreviations is presented in Schemes 3 and 4.
Furthermore, we will provide an overview of reactions of these
homoleptic complexes with various small molecules, such as Lewis
bases that typically lead to five- or six-coordinate adduct complexes
with quite varied electronic structures that cover a range of ligand
oxidation states, and iron oxidation and spin states.

2. Mononuclear complexes

2.1. Bis(dithiolene)

Mononuclear Fe bis(dithiolene) complexes are extremely rare,

with just four crystallographically characterized examples. The first
ever reported crystal structure was [PPh4]2[FeII(S2C4O2)2] [28],
which contains the quite unusual dithiosquarato ligand (S2C4O2)2−

(Fig. 2). This complex, along with [FeII(SPh)4]2− were prepared
to model the FeIIS4 site in rubredoxins and horse liver alcohol
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Fig. 3. Qualitative MO scheme for [FeII(bdt)2]2− (S = 1). The 1b1u → 2b2g transition
is clearly ligand-to-metal charge transfer and has very little intensity due to the
poor donor–acceptor orbital overlap. The large ZFS arises from spin-conserving
Fig. 2. Crystal structures of [Fe(dtsq)2]2− [28], and [Fe(bdt)2]2− [30].

ehydrogenase. Interestingly, though the sulfur-donor ligands are
identate, this ferrous complex possesses near-perfect tetrahedral
eometry; the dihedral angle between the FeS2 planes is 85.8◦. The
e–S bond lengths of 2.389 Å are longer than those of [FeII(SPh)4]2−

ecause the bond is more ionic. The constraints imposed by the
yclobutenone moiety produce a large S–Fe–S angle of 95.7◦ and
S· · ·S distance of 3.541 Å. The large dithiolate bite angles result

rom contributions from two resonance structures that produce
ery short C–S bond lengths of 1.688 Å [29]. This creates a very poor
onor ligand and the observed tetrahedral geometry. As expected,
he central ion is high-spin Fe(II) (SFe = 2); the room tempera-
ure effective magnetic moment (�eff) is 5.0 �B consistent with
our unpaired electrons. The low-temperature region (<50 K) was

odeled using a zero-field splitting (ZFS) parameter D = +9.2 cm−1

nd rhombicity E/D = 0.27. Applied-field Mössbauer spectroscopy
ecorded a very large isomer shift, ı = 0.668 mm s−1 and quadrupole
plitting, �EQ = −3.97 mm s−1 at 80 K (Table 2), typical of high-spin
e(II).

In 1984, Sellmann et al. produced [AsPh4]2[Fe(bdt)2] from the
ombination of FeCl2·4H2O and Li2bdt under an anaerobic atmo-
phere (Fig. 2) [31]. The lithium salt of the dithiolene ligand
as prepared from the reaction of benzene-1,2-dithiol (bdtH2)

nd n-butyllithium in hexane. The crystal structure of this salt
dentified well separated cations and anions in a 2:1 ratio. The
Fe(bdt)2]2− anion is perfectly square planar, in stark contrast to the
is(dithiosquarato) complex described above. At this time, a room
emperature magnetic moment of 3.55 �B was reported, suggest-
ng an St = 1 state, and later, the zero-field Mössbauer data were
ollected for [NMe4]2[Fe(bdt)2] [32], with ı = 0.435 mm s−1 and
EQ = 1.161 mm s−1 at 80 K (Table 2). A methoxy-ester-substituted

enzenedithiolate ligand, 2-methylcarboxybenzene-1,2-dithiolate
mcbdt)2− was prepared by Sellmann et al. in an attempt to iso-
ate water soluble complexes [33]. The planar [AsPh4]2[Fe(mcbdt)2]
omplex synthesized under anaerobic conditions was struc-
urally characterized; its metric parameters mirror those of
AsPh4]2[Fe(bdt)2]. Only one stereoisomer was found to be
resent in solution: the trans isomer, thus the iron sits on the
rystallographic inversion center. It also afforded an effective mag-
etic moment of 2.96 �B at room temperature. The structure of
Fe(bdt) ]2− ion, isolated as the [HNEt ]+ salt [30], was repeated
2 3
ome years later with near-identical metrical parameters. The data
ere collected at 100 K, which greatly reduced the estimated stan-
ard deviation, and gave an average C–S bond length of 1.769 Å
nd six equidistant C–C bonds (average 1.398 Å) in the aromatic
dx2−y2 and dz2 to dxz and dyz ligand field transitions, with smaller contributions
from SOMO–SOMO (dxz and dyz) spin flip transitions [30].

ring, clearly indicated two closed-shell dithiolate dianion ligands
bound to a ferrous ion.

A thorough spectroscopic and theoretical examination of
[Fe(bdt)2]2− elucidated its electronic structure [30]. Variable-
field, variable-temperature magnetic susceptibility measure-
ments gave �eff = 3.18 ± 0.01 �B in the temperature range of
50–300 K. Below 50 K, the data was modeled with D = +28 cm−1

and E/D = 0.08. Therefore, the central ion is intermediate-
spin Fe(II), SFe = 1. Applied-field measurements could only be
accounted for using the large positive value for D, thus con-
firming the triplet ground state. A 3B1g ground state was
computed for this dianion, whose electronic configuration is
(1ag)2(2ag)2(1b3g)2(1au)2(1b2g)2(1bu)2(2b2g)1(2b3g)1(1b1g)0. The
molecular orbital (MO) manifold is shown in Fig. 3 and Mulliken
spin density plot in Fig. 4. Here, the intermediate-spin ferrous ion
is seen as (dx2−y2 )2(dz2 )2(dxz)1(dyz)1(dxy)0, with two unpaired �-
spin electrons localized on the metal. The large ZFS for this Fe(II)
ion stems from spin-conserving d–d transitions from the doubly

occupied dx2−y2 and dz2 orbitals (DOMOs) to the singly occupied
dxz and dyz orbitals (SOMOs) (Fig. 3). The DFT-derived D = +18 cm−1

agrees nicely with the experiment both in magnitude and sign.
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ig. 4. Mulliken spin density plot for [FeII(bdt)2]2− (red: �-spin; yellow: �-spin).

An interesting comparison was made with the isoelectronic
Co(bdt)2]1− [30], which is deep blue in color compared to the
ellow iron compound. Both have similar ZFS values and the same
round state electronic configuration. The prominent difference
n color, noticeable in the electronic absorption spectra, is due
o the 50% Co composition of the 2b2g SOMO, whereas this MO
as >90% Fe character in [Fe(bdt)2]2−. The larger effective nuclear
harge of Co stabilizes the 3d orbitals such that they are at a
omparable energy to the S 3p orbitals of the dithiolene lig-
nds. This generates highly covalent frontier orbitals that render
ssignment of physical oxidation states for the ligand and metal
mpossible. As such, it is best represented by the resonance forms
CoIII(bdt2−)(bdt2−)]1− ↔ [CoII(bdt2−)(bdt•1−)]1− ↔ [CoII(bdt•1−)
bdt2−)]1−. The existence of partial ligand radicals gives rise to an
ntense absorption band (1b1u → 2b1g) in the visible region with
oth ligand-to-metal (LMCT) and ligand-to-ligand charge transfer
LLCT) character from which the deep blue color is derived. In
ontrast, the low effective nuclear charge of the intermediate-spin
e(II) ion provides a large energy separation between the Fe 3d
rbitals and the S 3p orbitals such that the SOMOs (2b2g and
b3g) are clearly metal-based (Fig. 3). Therefore, the equivalent
b1u → 2b2g electronic transition occurs in the UV region of
he spectrum and has very little intensity resulting in a yellow
ompound.

Air-sensitive [Fe(L)2]2− (L = dithiolene) rapidly oxidizes in air to
ive a [FeIII(L)2]1− complex that, in all but three examples [34–36],
imerizes through formation of Fe–S bonds [37]. The most promi-
ent exception to this process was reported by Almeida et al.
ith the crystallographic characterization of [NBu4][FeIII(qdt)2]

35], containing the planar aromatic dithiolate ligand, quinoxaline-
,3-dithiolate (qdt)2−. The C–S and Carom–Carom bond distances
f 1.737 and 1.475 Å suggest some degree of ligand oxidation,
owever, the highly electron withdrawing pyrazine ring leads
o similar intraligand bond distances in other complexes with
his ligand [38], such that this complex is formulated as a cen-
ral Fe(III) ion bound by two closed-shell dithiolate ligands. With
o steric encumbrance supplied by the dithiolene ligand, the
quare planar monomeric structure is stabilized by short contacts
etween the Fe ion and the [NBu4]+ countercations. There are
dditional interactions between the (qdt)2− ligands of adjacent
onoanions. The original magnetic susceptibility measurement

howed temperature-independent magnetic moment of 2.34 �B
hich was erroneously described as a low-spin ferric ion (SFe = 1/2)
ith g = 2.7! Following the same synthetic procedure but using

AsPh4]+ countercations leads to the standard dimeric structure
AsPh4]2[FeIII

2(qdt)4] [35]; so the countercation tilts the balance
etween monomeric and dimeric entities. A re-investigation of this

omplex produced a magnetic moment of 4.2 �B [39], with the
ow-temperature region below 50 K modeled using D = +16.2 cm−1.
ecrystallization of this mononuclear species leads to a dimeric
omplex, as characterized by its Mössbauer parameters and mag-
etic moment, highlighting the delicate equilibrium between
istry Reviews 254 (2010) 1358–1382

monomer and dimer in solution. These parameters are consistent
with an intermediate-spin ferric SFe = 3/2 ion. The Mössbauer spec-
trum afforded a single quadrupole doublet with an isomer shift
ı = 0.37 mm s−1 and quadrupole splitting �EQ = 3.02 mm s−1 at 80 K
(Table 2). Such a large quadrupole splitting, as will be discussed for
the dimeric complexes, is incompatible with a low-spin ferric ion. It
is also worthy to note the decrease in the isomer shift and dramatic
increase in the quadrupole splitting when oxidizing [FeII(L)2]2− to
[FeIII(L)2]1−, consistent with a metal-centered process. The calcu-
lated Mössbauer parameters are in good agreement with a St = 3/2
ground state, which is in keeping with simple ligand field theory
for four-coordinate, square planar d5 complexes.

The second example surfaced very recently in attempts to
prepare diffraction-quality crystals [CoCp2]2[Fe2(pdt-p-OMe)4],
where (pdt-p-OMe)2− is 1,2-bis(p-anisyl)-1,2-ethylenedithiolate
[36]. The resultant structure gave a 1:1 mixture of dimeric
[CoCp2][Fe2(pdt-p-OMe)4] and monomeric [CoCp2][Fe(pdt-p-
OMe)2]. This serendipitous result suggested that the weak Fe–S
bridging bonds could be disrupted by crystal packing effects. The
C–S and C–C distances of 1.763 and 1.373 Å indicate two closed-
shell dithiolate ligands. Like the other monomeric complexes, this
monoanion is perfectly square planar with the Fe ion located at the
crystallographic inversion center. Density functional theoretical
(DFT) calculations (using the BP86 pure functional) have shown
that the lowest energy structure is that with an intermediate-spin
ferric ion coordinated by two closed-shell dianionic dithiolate
ligands [40]. This solution is 7 kcal/mol more favorable than the
low-spin option, which although small, is a significant energy
difference. Interestingly, the calculated Fe–S bond distances are in
better agreement with the SFe = 1/2 state when comparing with
the data obtained from X-ray analysis. The SFe = 3/2 solution gives
+2.55 unpaired (Mulliken) spins on the Fe ion and +0.27 spins
distributed across the four sulfurs of the two dithiolene ligands.
Thus, when [FeII(L)2]2− is oxidized an intermediate-spin ferric ion
is generated which in turn stabilizes the iron 3d orbital manifold
relative to the sulfur 3p orbitals producing more covalent Fe–S
bonds. The SOMOs are still predominantly metal in character [39]
and the covalency is not as large as for [Co(L)2]1− [30].

A unique crystal structure of [Per]2[Fe(mnt)2] (mnt2− =
maleonitrile-2,3-dithiolate) was prepared by electrochemical oxi-
dation of perylene in a dichloromethane solution containing
[NBu4]2[Fe2(mnt)4] [34]. The [Fe(mnt)2]1− units are well separated,
with the closest distance (Fe· · ·S) at 3.345 Å (Table 1). Also, they
are perfectly square planar with Mössbauer parameters (Table 2)
consistent with a central intermediate-spin Fe(III) (SFe = 3/2) ion.
However, its temperature-dependent magnetic behavior is very
similar to other dimeric dianions. This implies that one perylene
is neutral and the other is a radical cation [Per•]+.

2.2. Bis(aminothiolate)

There is just one example of a monomeric bis(aminothio-
late) complex of Fe, that being [PPh4][FeIII(tbfibt)2], where
(tbfibt)2− = 4,6-di-tert-butyl-2-[(pentafluorophenyl)imino]benze-
nethiolate (Fig. 5) [39]. The key to the isolation of a monomeric
species was the pentafluorophenyl substituent of the amine,
which introduces steric bulk close to the metal thus prevent-
ing dimerization. The crystal structure of the aforementioned
compound consists of well separated tetraphenylphosphonium
cations and [FeIII(tbfibt)2]1− monoanions and a solvent molecule
of diethylether. The intraligand bond distances are consistent

with a closed-shell iminothiolato(2-) ligands. The Fe atom rests
at the crystallographic inversion center, and the two pentafluo-
rophenyl groups are near-orthogonal (76.9◦) to the planes of the
five-membered chelate rings of the bis(iminobenzenethiolato)iron
anion.
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Table 1
Salient structural parameters for crystallographically characterized Fe bis(dithiolene) dimers.

Compounda Counterion av. Fe–Seq
b Fe–Sap

c Fe· · ·Fed Pyramidale T, K Ref

[FeIII
2(bdt)4]2− NEt4

+ 2.230 2.477 3.148 0.383 RTf [48]
HNEt3

+ 2.231 2.471 3.137 0.386 100 [14]
NBu4

+ 2.230 2.424 3.036 0.418 100 [14]

[FeIII
2(tdt)4]2− NBu4

+ 2.220 2.513 3.252 0.384 RT [49]
[FeIII

2(qdt)4]2− AsPh4
+ 2.234 2.488 3.194 0.344 RT [35]

[FeIII
2(cbdt)4]2− NBu4

+ 2.224 2.473 3.089 0.374 150 [50]
[FeIII

2(dcbdt)4]2− NBu4
+ 2.225 2.476 3.114 0.368 RT [51]

[FeIII
2(pzdt)4]2− NEt4

+ 2.232 2.479 3.109 0.372 100 [52]
[FeIII

2(pdt-p-OMe)4]2− NBu4
+ 2.216 2.474 3.091 0.451 100 [36]

[FeIII
2(mnt)4]2− NBu4

+ 2.225 2.474 3.079 0.361 RT [47]
Hpy+g 2.227 2.494 3.065 0.362 RT [53]
[(4-NO2bz)py]+h 2.216 2.439 2.927 0.385 RT [54]
Per+i 2.194 3.345 4.098 0 RT [34]
FeCp*

2
+j 2.229 2.448 3.022 0.398 RT [55,56]

CoCp2
+ 2.226 2.496 3.094 0.360 RT [55]

BEDT+k 2.224 2.477 3.043 0.362 RT [57]
[Fe2(H2O)2(15-C-5)]2+l 2.233 2.455 3.098 0.375 100 [46]

[FeIII
2(dmit)4]2− NBu4

+ 2.245 2.478 3.168 0.351 RT [58]
FeCp*

2
+ 2.238 2.500 3.166 0.359 RT [58]

[FeIII
2(tdas)4]2− NEt4

+ 2.245 2.501 3.238 0.388 RT [59]
BEDT+ 2.305 2.721 3.257 0.441 RT [60]
BEDS+m 2.243 2.466 3.078 0.351 RT [61]

[FeIII
2(dmcdt)4]2− PPh4

+ 2.240 2.466 3.120 0.434 RT [62]

[FeIII
2(tbbdt)4]1− NBu4

+ 2.230 2.424 2.851 0.423 100 [14]

[FeIII
2(pdt-p-OMe)4]1− NBu4

+ 2.206 2.337 2.770 0.471 100 [36]
CoCp2

+ 2.207 2.328 2.744 0.491 213 [36]

[FeIII
2(pdt-p-tBu)4]1− CoCp2

+ 2.207 2.348 2.804 0.478 100 [27]
[FeIII

2(tfd)4]1− [Fe(�-SMe)3(CO)6]+n 2.190 2.315 2.756 0.463 RT [63]

[FeIII
2(pdt-p-Me)4]0 2.195 2.312 2.821 0.469 100 [27]

[FeIII
2(pdt-p-OMe)4]0 2.198 2.335 2.792 0.490 100 [36]

a Ligand abbreviations available in Scheme 3.
b Seq = equatorial sulfur stoms.
c Sap = apical sulfur atom.
d Intra-iron distance.
e Pyramidalization is a measure of the distance of the Fe atom out of the S4 equatorial plane.
f RT = room temperature (283–303 K).
g Hpy+ = pyridinium.
h [(4-NO2bz)py]+ = 1-(4′-nitrobenzyl)pyridinium.
i Per+ = perylene radical cation.
j FeCp*

2 = decamethylferrocenium.
k BEDT+ = bis(ethylenedithio)tetrathiafulvalene.
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l [Fe(H2O)2(15-C-5)]2+ = diaqua(1,4,7,10,13-pentaoxacyclopentadecane)iron(II).
m BEDS+ = bis(ethylenedithio)tetraselenafulvalene.
n [Fe2(�-SMe)3(CO)6]+ = tri-�-methylthio-hexacarbonyldiiron(II).

This paramagnetic species exhibited a rhombic X-band EPR
pectrum that was simulated considering a 3:2 ratio of two isomers
a and b) with ga = (3.14, 4.90, 1.90) and gb = (3.36, 482, 1.99): the
is and trans isomers of this monoanion. A large zero-field splitting
D = +18.0 cm−1) and rhombicity (E/D = 0.19) were derived from the
imulation, similar to the values obtained for [NBu4][FeIII(qdt)2]
39]. The compound has a room temperature magnetic moment
f 3.85 �B consistent with an intermediate-spin Fe(III) ion and
t = 3/2 ground state. The Mössbauer spectrum exhibits of a sin-
le quadrupole doublet with an isomer shift ı = 0.23 mm s−1 and an
normous quadrupole splitting �EQ = 4.55 mm s−1. The qualitative
onding scheme displayed in Fig. 6 shows three singly occupied
etal d orbitals, one doubly occupied d orbital, and one d orbital

s empty. This is the hallmark of intermediate-spin Fe(III) and the

ulliken spin density plot localizes three unpaired electrons at the

erric ion (Fig. 6). Interestingly, the Fe composition of the SOMOs is
lightly less than those of intermediate-spin Fe(II) dianionic com-
lexes due to increased Fe–S covalency. This electronic structure
escription parallels that for [NBu4][FeIII(qdt)2] described above.
3. Dinuclear complexes

3.1. Bis(dithiolene)

3.1.1. Synthesis and structural overview
In 1963 [5], the reaction of ferrous chloride and toluene-

3,4-dithiolate(tdt)2−, with the addition of tetraphenylarsonium
chloride yielded the first bis(dithiolene)iron complex, formulated
as [AsPh4][Fe(tdt)2]. Gray et al. proposed a high-spin Fe(I) d7

(SFe = 3/2) central ion given a room temperature effective mag-
netic moment of 4.39 �B, implying two open-shell (tdt•)1− �
radical ligands. At almost the same time, Weiher et al. com-
bined FeCl3·6H2O with Na2(mnt) and [NEt4]Cl in ethanol to give
[NEt4][Fe(mnt)2] [41]. The magnetic susceptibility at room tem-

perature corresponded to ∼1.6 �B, consistent with St = 1/2, is
provided by a low-spin ferric ion coordinated by two closed-
shell mnt2− ligands. An alternative synthetic pathway was
used to prepare the first neutral iron bis(dithiolene), [Fe(tfd)2]
(tfd2− = bis(trifluoromethyl)ethylenedithiolate), via the reaction of
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Table 2
Experimental Mössbauer spectral parameters for monomeric and dimeric homoleptic iron bis(dithiolene) complexes at 80 K.

Compounda Counterion ıb �EQ
c SFe

d St
e Ref

[FeII(dtsq)2]2− PPh4
+ 0.66 −3.97 2 2 [28]

[FeII(bdt)2]2− NMe4
+ 0.44 1.16 1 1 [32]

NHEt3
+ 0.44 1.19 1 1 [30]

NBu4
+ 0.46 1.08 1 1 [30]

[FeIII(qdt)2]1− NBu4
+ 0.37 3.02 3/2 3/2 [39]

[FeIII
2(bdt)4]2− NBu4

+ 0.31 2.95 3/2 0 [48]
[FeIII

2(tdt)4]2− NBu4
+ 0.34 2.95 3/2 0 [69]

[FeIII
2(tbbdt)4]2− NBu4

+ 0.36 2.87 3/2 0 [14]
[FeIII

2(Cl4-bdt)4]2− NBu4
+ 0.32 3.02 3/2 0 [69]

[FeIII
2(qdt)4]2− PMePh3

+ 0.34 3.33 3/2 0 [71]
PPh4

+ 0.35 3.31 3/2 0 [39]

[FeIII
2(cbdt)4]2− f NBu4

+ 0.34 3.01 3/2 0 [50]
[FeIII

2(dcbdt)4]2− NBu4
+ 0.32 3.01 3/2 0 [51]

[FeIII
2(pdt)4]2− NEt4

+ 0.35 2.37 3/2 0 [69,70]
[FeIII

2(pdt-p-tBu)4]2− Cp2Co+ 0.36 2.26 3/2 0 [27]
[FeIII

2(tfd)4]2− NEt4
+ 0.33 2.50 3/2 0 [69]

[FeIII
2(mnt)4]2− NEt4

+ 0.33 2.76 3/2 0 [69,70,72]
NBu4

+ 0.33 2.68 3/2 0 [34]
Hpy+ 0.35 2.69 3/2 0 [53]
Per+ 0.34 2.79 3/2 0 [34]
FeCp*

2
+ 0.34 2.64 3/2 0 [56]

[FeIII
2(dmit)4]2− NBu4

+ 0.36 2.58 3/2 0 [51]

[FeIII
2(tbbdt)4]1− NBu4

+ 0.28 2.70 3/2 1/2 [14]
[FeIII

2(pdt-p-tBu)4]1− CoCp2
+ 0.29 2.13 3/2 1/2 [27]

[FeIII
2(Cl4-bdt)4]0 0.32 3.15 3/2 0 [69]

[FeIII
2(pdt)4]0 0.25 2.01 3/2 0 [69]

[FeIII
2(pdt-p-Me)4]0 0.26 2.18 3/2 0 [27]

[FeIII
2(pdt-p-tBu)4]0 0.25 1.93 3/2 0 [27]

[FeIII
2(tfd)4]0 0.25 2.39 3/2 0 [69]

a Ligand abbreviations available in Scheme 3.
b Isomer shift, mm s−1.
c Quadrupole splitting, mm s−1. The sign is unknown unless determined by an applied-field measurement.
d Intrinsic iron spin state.
e Total spin ground state of the complex.
f Spectrum recorded at 4.2 K.

Fig. 5. Crystal structure of the monoanion in [PPh4][Fe(tbfibt)2] [39].
Fe(CO)5 and bis(trifluoromethyl)-1,2-dithietene [42]. In the same
publication, Holm and co-workers also isolated the monoanion
[NEt4][Fe(tfd)2]. The monoanionic complex with an St = 1/2 ground
state did not yield an EPR signal at temperatures approaching
100 K. The field was first alerted to the possible dimerization
of two monoanionic units with the crystallographic characteri-
zation of [Co2(tfd)4] that showed a dimeric structure, with the
planar [Co(tfd)2]1− units linked by reasonably robust Co–S bonds
at 2.382 Å [43]. The dimeric nature of Fe bis(dithiolene) complexes
was inferred by Balch and Holm [44], noticing that [Fe2(tfd)4]
was isomorphous to the Co species. Moreover, these Co and
Fe complexes possessed similar electron transfer behavior, and
they proceeded to isolate [NEt4][Fe2(tfd)4] and [NEt4]2[Fe2(tfd)4].
Interestingly, magnetic susceptibility data showed these neutral,
monoanionic, and dianionic dimers have room temperature mag-
netic moments of 1.59, 2.08 and 1.39 �B, for what are considered
St = 0, St = 1/2, and St = 0 compounds, respectively.

A different synthetic approach to manufacturing dithiolene lig-
ands employed by Schrauzer et al. afforded the first neutral iron
bis(dithiolene) complexes [45]. The procedure involves reacting

benzoin (an �-hydroxyketone collectively known as acyloins) with
phosphorus pentasulfide in a high boiling point solvent, such as
dioxane or xylene. The reaction produces in situ a dithiophos-
phoric ester that readily reacts with metal chlorides to afford
metal dithiolene complexes (Scheme 5). The electrochemistry of



S. Sproules, K. Wieghardt / Coordination Chemistry Reviews 254 (2010) 1358–1382 1365

Fig. 6. Qualitative MO manifold and Mulliken spin density plot for [Fe(tbfibt)2]1−

[39].

Scheme 5. Ref. [45].
Fig. 7. Crystal structure of the dianionic complex [Fe2(mnt)4]2− [46].

[Fe2(pdt)4] (pdt2− = 1,2-diphenyl-1,2-ethylenedithiolate) showed
four reversible reduction processes, similar to [Fe2(tfd)4]. The
neutral species was chemically reduced using one and two equiv-
alents of anhydrous hydrazine to give [AsPh4][Fe2(pdt)4] and
[AsPh4]2[Fe2(pdt)4], respectively. The former was classified as dia-
magnetic following the Gouy method.

Crystallographic characterization of centrosymmetric [NBu4]2
[Fe2(mnt)4] in 1967 confirmed the suspected dimeric nature of
these compounds [47], with each Fe ion bound by five sulfur atoms
that rest at the vertices of a square pyramid (Fig. 7). The apical
Fe–S bond is longer (2.474 Å) than the equatorial Fe–S bonds (avg.
2.223 Å) to the two (mnt)2− ligands. The Fe atom is positioned 0.36 Å
out of the equatorial plane and the Fe···Fe distance of 3.079 Å is out
of the range for a metal–metal bond. These are the salient structural
features synonymous with all [Fe2(L)4]2− (Table 1).

Alvarez and Hoffmann provided an elegant account for the
observed dimerization in Fe and Co bis(dithiolene) complexes [64].
Unlike the Group 10 metals Pd and Pt, where the dimerization
occurs though metal–metal bonds, for the smaller Fe atom, bond-
ing occurs between the dz2 and the S 3pz orbitals that produces two
bonding and two antibonding molecular orbitals. For d8 systems,
the antibonding levels are filled to give a net repulsive inter-
action, however, these levels are empty for Fe(III) d5 (generally
accepted to be the Fe oxidation state in dianionic dimers) creating
the stabilizing bond. Additionally, the Fe atom is lifted out of the
bis(dithiolene) equatorial plane to minimize inter-ring repulsion
between the adjacent metallodithiolene � layers. The structural
data presented in Table 1 shows a consistent pyramidalization of
the Fe ion that increases upon oxidation of the dimer from a dian-
ion to a neutral species. This in turn shortens the Fe· · ·Fe distance
to ∼2.8 Å for the neutral complexes, though this is not regarded
as a metal–metal bond. Eisenberg [63], in his light-hearted and
rather amusing account of the 2-year crystallographic determina-
tion of [Fe2(�-SMe)3(CO)6][Fe2(tfd)4], suggested a decrease in the
electron density in the vicinity of the Fe ion in systems containing
strong � acid ligands, such as (tfd)2−, increases the metal–metal
interaction in more oxidized species.

More noteworthy are the intraligand distances that change dra-
matically across electron transfer series, [Fe2(pdt-p-OMe)4]z (z = 0,
1−, 2−), shown in Scheme 6. Each member was very recently crys-
tallographically characterized (Fig. 8) [36]. For the dianion, the C–S
and C–C bond distances of 1.768 and 1.352 Å clearly indicate closed-
shell, dianionic dithiolate ligands. One-electron oxidation leads to
a slight shortening of all five Fe–S bonds, and more importantly, the
C–S bonds of the terminal dithiolene ligand shorten to 1.725 Å and

the C–C bonds lengthen to 1.378 Å. The same bonds for the bridging
dithiolene remain essentially unchanged. This effect is amplified
in the neutral compound, [Fe2(pdt-p-OMe)4], where the bridging
dithiolene ligands have C–S at 1.753 Å C–C at 1.371 Å indicative of
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cheme 6. Variation of the intraligand bond distances (Å) in the [Fe(pdt-p-OMe)4]z

z = 0, blue; 1−, red; 2−, green) series [36].

ianionic dithiolates, while the terminal dithiolenes have short C–S
1.708 Å) and long C–C (1.397 Å) bonds representative of monoan-
onic � radical ligands.

While metathesis is the most common method for appending
ithiolenes to iron, one additional route has been devel-
ped. The activated acetylene, dimethylacetylene dicarboxylate
s reacted with [PPh4]2[Fe2S12] to give [PPh4]2[Fe2(dmcdt)4]
dmcdt2− = dimethyldicarboxyethylenedithiolate) [62]. Schrauzer
eported reactions of Fe(CO)5 or Fe3(CO)12 with diphenylacetylene
nd elemental sulfur that yielded [Fe2(�-S)2(pdt)2], rather than a
omoleptic complex, as in the case for nickel [45].

.1.2. Electronic structure
It was shown early on that Fe bis(dithiolene) complexes form

four-membered electron transfer series [4,44,45]. Air-sensitive,
onomeric [FeII(L)2]2− is readily oxidized in air to give the dian-

onic dimer. The process can be reversed: a black-red solution
f [FeIII

2(bdt)4]2− combined with sodium borohydride produces
red-yellow solution of the monomer, which was isolated in

6% yield [32]. Sawyer et al. presented a detailed discussion on
hether this two-electron oxidation was metal- or ligand-centered

49]; ultimately favoring the latter and formulated the product
s [FeII

2(tdt)2(tdt•)2]2−. It became apparent later on with a high-
uality X-ray crystal structure of [NBu4]2[Fe2(bdt)4] at 100 K that
he intraligand bond distances consistent with closed-shell (bdt)2−
igands coordinated to two ferric ions [14], which is the general con-
ensus derived from crystallographic, magnetic and spectroscopic
nalysis for other systems. It should be noted that complexes with
mnt)2− are the most abundantly studied and characterized, and

ig. 8. Crystal structure of the neutral complex [Fe2(pdt-p-OMe)4] that is repre-
entative of the monoanion and dianion members of this electron transfer series
36].
istry Reviews 254 (2010) 1358–1382

the extensive delocalization throughout this ligand renders an oxi-
dation state assignment near-impossible. The clearest example of
this can be seen comparing [Ni(mnt)2]1− and [Ni(mnt)2]2− [65],
which show no change in the intraligand bond distances despite
ligand oxidation in the former [66].

The spin state of the ferric ion has been a more debated
topic in the literature; both intermediate-spin (SFe = 3/2) and
low-spin (SFe = 1/2) states have been considered. Variable-
temperature magnetic susceptibility data for a number of
different [Fe2(L)4]2− salts has been successfully modeled assum-
ing intramolecular antiferromagnetic coupling between the ferric
ions [14,27,34,39,48,50,53,54,60]. Dance was the first to include a
necessary second paramagnetic state to adequately fit the mag-
netic data at higher temperatures. This excluded the possibility of
a very strong interaction between the mononuclear subunits, like
an Fe–Fe bond, that would give each a doublet spin state [67]. For
all but two [51,56], the best fit was obtained for two intermediate-
spin (SFe = 3/2) ions; the coupling affords the St = 0 ground state.
The coupling values, J, range from −80 to −300 cm−1, depend-
ing on the dithiolene ligand. The magnetic susceptibility data
of [Fe2(dcbdt)4]2− (dcbdt2− = 4,5-dicyanobenzene-1,2-dithiolate)
afforded a slightly better fit assuming two antiferromagneti-
cally coupled low-spin (SFe = 1/2) ferric ions [51]. Considering
the structural data shown in Table 1, it is not entirely clear
why this is the case, though a very unique dimeric structure
was obtained for the analogous nickel salt [NBu4]2[Ni2(dcbdt)4]
[68]. Mössbauer spectroscopy has been particularly useful for
gauging the iron oxidation and spin state. The Mössbauer param-
eters recorded at 80 K for a large number of dimeric dianions
are listed in Table 2 and show the range for the isomer shift
is 0.31–0.36 mm s−1 and quadrupole splitting 2.26–3.31 mm s−1

[14,27,34,39,48,50,51,53,56,69–71]. These parameters are the
same as those for mononuclear [NBu4][FeIII(qdt)2] [39], and
clearly indicate two intermediate-spin Fe(III) (SFe = 3/2) ions that
antiferromagnetically couple to give the St = 0 ground state.
Larger quadrupole splittings occur for complexes with aromatic-
1,2-dithiolate ligands; and increase with increasing electron
withdrawing nature of the substituent. The “olefinic” dithiolenes,
those with a genuine carbon–carbon double bond [6], show the
same substituent trend and are overall smaller than their aromatic
dithiolate counterparts. The large quadrupole splitting seen for
[NBu4]2[Fe2(dcbdt)4] suggests that it has intermediate-spin ferric
ions rather than low-spin ferric ions, in accordance with simple
ligand field theory.

Dimeric dianions have been used as counteranions in
charge transfer salts, particularly [Fe2(mnt)4]2− [34,50,51,53,
54,56,58,60,61]. Here, bis(dithiolene) salts are incorporated due to
their planar structure, extensive � orbital system of the metal-
lodithiolene ring that forms stable ion-radical species at various
potentials, and intramolecular antiferromagnetic interactions. A
thorough overview of the properties and uses of these materials
has been collated by Faulmann and Cassoux [73].

The electronic structure of the more oxidized members of
the electron transfer series (monoanion, neutral, monocation)
had, until very recently, been ignored. One-electron oxidation of
[FeIII

2(L)4]2− leads to a St = 1/2 monoanionic dimer, [Fe2(L)4]1−

[27], where formal oxidation states of +III and +IV can be assigned
to the iron centers. Further oxidation gives formally the neutral
Fe(IV)/Fe(IV) compound, and in some cases, this neutral species
can be reversibly one-electron oxidized to the monocationic dimer,
formally Fe(IV)/Fe(V). The possibility of stabilizing high-valent iron

must be questioned in systems containing redox active dithiolene
ligands. Certainly there is every indication from X-ray crystallogra-
phy that the ligands are oxidized, clearly evident from an analysis
of the intraligand bond distances in the [Fe2(pdt-p-OMe)4]z (z = 0,
1−, 2−) series (Scheme 6) [36].
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ig. 9. Electronic absorption spectra, cyclic voltammogram and IR spectra for the [F
he presence (and absence) of a �(C S•) stretching frequency.

The cyclic voltammogram of the [Fe2(pdt-p-tBu)4]z (z = 1+, 0,
−, 2−) electron transfer series is shown in Fig. 9, along with
he electronic absorption and infrared spectra [27]. These spec-
roscopic methods are used to diagnose the presence of ligand

radicals [15], and these radical fingerprints are clearly evident
n this electron transfer series. Firstly, there is an increase in the
ntensity of the charge transfer band at ∼650 nm as the dian-
onic compound is oxidized through to the monocationic dimer.
econdly, the infrared spectrum of the monoanion and neutral
ompounds exhibit a new feature at 1164 cm−1 that has been
ssigned to the C S• stretching frequency [13]; it is noticeably
bsent in the spectrum of the dianion. Zero-field Mössbauer
pectroscopy assesses the other redox active site in the complex:
he iron ion. Mössbauer spectra of the monoanionic dimers,
Fe2(L)4]1− [14,27], exhibit only a single quadrupole doublet which
ules out a metal-centered oxidation to give a FeIIIFeIV mixed
alent species and indicates ligand mixed valency of class II or
II on the timescale of the Mössbauer experiment (Fig. 10). The
somer shift and quadrupole splitting both decrease consistent

ith a weakening of the ligand field provided by the coordinated
radical that increases the effective nuclear charge of the iron ion.

urther ligand-centered oxidation to neutral [Fe2(L)4] leads to a
urther decrease in the isomer shift and quadrupole splitting with
he sole exception of [Fe2(Cl4-bdt)4]0 [69].

The spectroscopic data clearly show that the intrinsic oxida-
ion state of the iron ion remains +III in an intermediate-spin
SFe = 3/2) state, and therefore this electron transfer series is con-
ect by reversible ligand-centered redox processes (Scheme 7).
y crystallography [14,27,36,63], we can identify the terminal
ithiolene ligand as the oxidized entity, since the bridging lig-
nd with three-coordinate sulfur (thioether character) is more
ifficult to oxidize. The oxidation of the dithiolene to a � radical
onoanionic ligand increases the � acidity of this species, which

s noted by Eisenberg [63], removes electron density away from
erric ion and lowers the isomer shift. The temperature depen-
ence of the magnetic moments for the neutral, monoanionic and

ianionic dimers have been successfully modeled assuming two
ntiferromagnetically intermediate-spin Fe(III) (SFe = 3/2) ions with
oupling values, JFe1Fe2, ranging −250 to −200 cm−1, and for the
onoanion and neutral species, metal–radical ligand couplings

f −140 and −200 cm−1, respectively [27]. The St = 1/2 ground
dt-p-tBu)4]z (z = 1+, 0, 1−, 2−) electron transfer series [27]. The dotted line indicates

state of [Fe2(pdt-p-Me)4]1− was established with �eff = 1.8 �B at
4.2 K.

Broken symmetry DFT calculations on this electron transfer
series (1+ → 2−)[74] gratifyingly show three �-spins (spin up) at
one Fe ion, and three �-spins (spin down) at the other in the
Mulliken spin density plot (Fig. 11). This is the hallmark for two
antiferromagnetically coupled intermediate-spin ferric ions. For
[Fe2(pdt-p-Me)4]2−, slightly less than three spins are located at the
ferric ion in the due to covalent Fe–S bonds that deposit spin density
on the sulfur atoms of the first coordination sphere. This contrasts
the spin density distribution for [FeII(bdt)2]2−, where the unpaired
spins are entirely localized on the metal. Oxidation of one termi-
nal dithiolene ligand sees +0.71 spins localized there, consistent
with the electronic structure defined spectroscopically. This trend
continues for the neutral, where spin density is seen on the other
terminal dithiolene, and the monocation, where a bridging ligand
is now oxidized.

3.2. Bis(aminothiolate)

3.2.1. Synthesis and molecular and electronic structures
Preparation of iron aminothiolate compounds developed along

side analogous dithiolene chemistry because it was shown that
these entities undergo facile one-electron transfer reactions [17].
However, there is a dearth of isolated and structurally characterized
of homoleptic bis(aminothiolate) compounds essentially due to the
profound insolubility of compounds with the commercially avail-
able aminobenzenethiolate ligand [75]. There are many examples
of aminobenzenethiolate units in large polydentate ligands where
coordinating units have been appended to the amino group that
will not feature in this discussion [18].

The original paper in this field by Larkworthy et al. presented the
reaction of aminobenzenethiol with ferrous sulfate in the presence
of sodium hydroxide and sodium acetate to produce the pale yellow
[Fe(abt)2] [75]. A less than stoichiometric quantity of hydroxide was
used to prevent rust formation (hydrated oxides of iron). Attempts

to prepare a ferric complex failed because the ligand was routinely
oxidized to the dimeric disulfide-bridged (abt)2. [FeII(abt)2], as it
was then formulated, exhibited an effective magnetic moment of
3.95 �B at 308 K. This low moment was caused by large antiferro-
magnetic exchange coupling between two high-spin Fe(II) (SFe = 2)
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ig. 10. Mössbauer spectra of [FeIII
2(L)4]2− (A), [FeIII

2(L•)(L)3]1− (B), and
FeIII

2(L•)2(L)2]0 (C), where L = (pdt-p-tBu)2− , recorded at 80 K [27].

ons and, based on its poor solubility and the spectroscopy, it
as proposed this isolated compound was a sulfur-bridged six-

oordinate polymer.
In 2003, preparation and crystallographic characterization

f (�-S,S)[FeII(tbabt)2]2 [25], with the more soluble tert-butyl-
1−
ubstituted aminobenzenethiolate ligand (tbabt) [76], confirmed

dimeric structure where the planar monomeric units are con-
ected by Fe–S bonds. The intraligand bond distances were
onsistent with four (tbabt)1− ligands bound to two ferrous ions
o account for the overall neutral charge. The single quadrupole

Scheme 7. Refs. [14,27].

Fig. 11. Mulliken spin density plots for the [FeIII
2(L)4]z (z = 1+, 0, 1−, 2−; L = pdt-

p-Me2−) from dianion (top) to monocation (bottom) (red: �-spin; yellow: �-spin)
[74].
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Table 3
Experimental Mössbauer spectral parameters for homoleptic iron
bis(aminothiolate) dimers at 80 K.

Compounda ıb �EQ
c SFe

d Ref

(�-S,S)[FeII(abt)2]2 0.91 4.10 2 [25]
(�-S,S)[FeII(tbabt)2]2 0.88 3.68 2 [25]
(�-NH,NH)[FeIII(tbibt)(tbabt)]2 0.33 2.83e 3/2 [25,77]
(�-S,S)[FeIII(tbibt)(tbabt)]2 0.30 2.71 3/2 [25]
(�-NH,NH)[FeIII(tbibt)(tbitbs•)]2 0.20 2.67 3/2 [26]
(�-S,S)[FeIII(tbibt)(tbitbs•)]2 0.17 2.73 3/2 [26]
(�-S,S)[FeII(bmae)]2 0.87 3.24 2 [25]

(�-S,S)[FeIII(bmae•)]2 0.16 2.68 3/2 [26]
0.25 2.06 3/2

a Ligand abbreviations available in Scheme 4.
b Isomer shift, mm s−1.
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c Quadrupole splitting, mm s−1. The sign is unknown unless determined by an
pplied-field measurement.
d Intrinsic iron spin state.
e The published quadrupole splitting is erroneous.

oublet in the Mössbauer spectra of (�-S,S)[FeII(abt)2]2 and (�-
,S)[FeII(tbabt)2]2 have ı = 0.91 and 0.85 mm s−1 and �EQ = 4.10
nd 3.68 mm s−1, respectively, which are classic values for
igh-spin ferrous (Table 3). The magnetic data (4–300 K) of (�-
,S)[Fe(abt)2]2 was refitted for SFe1 = SFe2 = 2 (St = 0) that gave an
xchange coupling of J = −47 ± 4 cm−1 and zero-field splitting of
D1| = |D2| = 10 ± 5 cm−1.

The yellow high-spin ferrous complexes are very air-sensitive,
nd exposure to dioxygen in the solution and solid state results
n dark, usually black powders, that had not until recently been
haracterized [25,26,75]. In an attempt to produce a ferric species
25], a mixture of aminobenzenethiol and FeCl2·4H2O was stirred
ith triethylamine in aerated tetrahydrofuran, however, the resul-

ant yellow-green crystals isolated in 70% yield were that of
PPh4][FeII(abt)2(itbs•)]—a five-coordinate iron salt with an apical
minothionebenzosemiquinone radical ligand (itbs•)1−. The redox
evel of the ligands is clearly established from the X-ray structure:
wo (abt)1− ligands with C–S and C–N bond distances of 1.762 and
.444 Å, respectively, with the apical (itbs•)1− ligand has a short C–S
ond at 1.747 Å and a very short C–N bond at 1.356 Å. These values
re in agreement with the known intraligand distances for the var-
ous redox levels on aminothiolates derived from crystallographic
tudies (Scheme 8) [78]. Its Mössbauer spectrum consists of a 1:1
ixture of two quadrupole doublets, with ı = 0.92 and 0.88 mm s−1,

nd �EQ = 4.05 and 3.38 mm s−1, respectively, which indicates two
tructurally slightly different high-spin Fe(II) (S = 2) ions due to two
ifferent conformations of the apical (itbs•)1− ligand. An effective
agnetic moment, �eff ∼4.2 �B corresponds to a St = 3/2 ground

tate, generated by the antiferromagnetic coupling of the ligand
adical (SL = 1/2) with the high-spin Fe(II) center. The coupling was
stimated at J = −135 ± 25 cm−1.
A similar procedure was followed using the more soluble
ert-butyl-substituted (tbabt)1− ligand [25], which resulted in a
rown precipitate. Its structural characterization identified this
s the oxidized dimer, (�-NH,NH)[FeIII(tbibt)(tbabt)]2, where the

Scheme 8. Bond distances (Å) in aminothiolate ligands [78].
Fig. 12. X-ray crystallographic structures of the two isomers (�-
NH,NH)[FeIII(tbibt)(tbitbs•)]2 (top) and (�-S,S)[FeIII(tbibt)(tbitbs•)]2 (bottom)
[26].

bridge is an Fe–N bond. The terminal (tbabt)1− ligands are char-
acterized by C–S and C–N bond lengths of 1.771 and 1.458 Å,
respectively, while the more electron rich and consequently bridg-
ing 4,6-di-tert-butyliminobenzenethiolate (tbibt)2− ligands have
the same C–S distance with a noticeably shorter C–N bond
(1.423 Å). The protonation and oxidation level of the ligands are
distinguished by IR spectroscopy, with the assignment of �as,
�s(NH2) and �(N–H) stretching vibrations. Interestingly, the same
reaction carried out with lithium methoxide as base, afforded (�-
S,S)[FeIII(tbibt)(tbabt)]2. These isomers are discriminated by their
electronic absorption spectra, with a slight blue-shift in the lat-
ter. The Mössbauer spectral parameters show a clear change in
the iron oxidation state. Isomer shifts of 0.33 and 0.30 mm s−1

and quadrupole splittings of 2.83 [77] and 2.71 mm s−1 for the
(�-NH,NH) and (�-S,S) compounds, respectively, are indicative
of intermediate-spin Fe(III) (SFe = 3/2) ions, as outlined for the
bis(dithiolene) analogues.

Dichloromethane solutions of the [FeIII(tbibt)(tbabt)]2 isomers
are sensitive to oxygen; brown solutions transform into dark-blue
solutions that upon addition of hexane, yielded dark brown-black
crystals in excellent yields [26]. Both isomers have been struc-
turally characterized, and compared to the [FeIII(tbibt)(tbabt)]2
precursors, the terminal (tbabt)1− ligands have been oxidized

that sees the C–S and C–N bond distances shorten to 1.742
and 1.386 Å for the �-NH,NH isomer, and 1.727 and 1.360 Å for
the �-S,S isomer, respectively (Fig. 12). Additionally, there is a
quinoidal distortion of the aromatic ring, with four long and two
short C–C bonds. These oxidized products are formulated as (�-
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Scheme 9. Refs. [25,26].

H,NH)[FeIII(tbibt)(tbitbs•)]2 and (�-S,S)[FeIII(tbibt)(tbitbs•)]2 and
epresent the highest oxidation level for this three-membered
roton–electron transfer series, as shown in Scheme 9. The near-
lack color of these compounds stems from a very intense
bsorbance band at ∼550 nm which has a molar extinction coef-
cient of 5800 M−1 cm−1 for (�-NH,NH)[FeIII(tbibt)(tbitbs•)]2 and
4000 M−1 cm−1 for (�-S,S)[FeIII(tbibt)(tbitbs•)]2 [26]. These are
onsidered ligand-to-ligand intervalence charge transfer (LLIVCT)
ands, underscoring the ligand-centered oxidation. The isomer
hifts of 0.20 and 0.17 mm s−1, and quadrupole splittings of 2.67
nd 2.73 mm s−1 for the (�-NH,NH) and (�-S,S) isomer, respec-
ively, indicate two intermediate-spin Fe(III) central ions; the
maller isomer shift upon ligand oxidation parallels the same
rend described for the bis(dithiolene) systems. The temperature-
ependent magnetic susceptibility measurements were modeled
sing two exchange coupled subspins of S* = 1, where S* stems
rom the antiferromagnetically coupled intermediate-spin Fe(III)
SFe = 3/2) with one ligand radical (SL = 1/2). Although fictitious, it
as physical meaning and a coupling constant of J = −330 cm−1 was
omputed.
Sellmann et al. prepared iron compounds with a tetraden-
ate bis(aminobenzenethiolate) ligand, where the two halves are
ridged by ethane [79]. The dialkali salt of this ligand is combined
ith hydrated ferrous chloride to produce what as formulated as

Fe(bmae)]x, where (bmae)2− = 1,2-bis(2-mercaptoanilino)ethane
istry Reviews 254 (2010) 1358–1382

(Scheme 4). Alternatively, the compound could be prepared
via borohydride reduction of [Fe(gma)], where gma = glyoxal-
bis(2-mercaptoanil) — a tetradentate bis(aminobenzenethiolate)
bridged by an ethylene moiety [80], or thermal decarbonylation
of [Fe(CO)2(bmae)] [81]. The synthesis was repeated recently and
its Mössbauer spectrum was recorded at 80 K [25]. The isomer shift
and quadrupole splitting are similar to the bidentate aminoben-
zenethiolate complexes that indicate this compound consists of
two high-spin ferrous ions with the tetradentate ligands in their
dianionic form. The magnetic moment of 5.5 �B at 295 K under-
scores the dimeric nature of the complex and the temperature
dependence over the temperature range of 4–300 K was mod-
eled using two antiferromagnetic S = 2 spins with J = −35 cm−1 and
|D| = 10 ± 5 cm−1.

A yellow precipitate of [FeII(bmae)]2 handled in air quickly
becomes black as the complex is oxidized according to Eq. (1):

[FeII(bmae)]2 + O2 → [FeIII(bmae•)]2 + 2H2O (1)

The redox level of the ligand is qualified by the X-ray struc-
ture analysis [26]. The unit cell contains three crystallographically
independent dimers wherein the terminal N,S-coordinated half of
the (bmae)2− ligand is an iminothionesemiquinonate radical as
judged from their uniformly short C–S distances (avg. 1.728 Å)
and the quinoid distortion of the corresponding six-membered
rings. For the bridging part, the C–S distances are long (avg.
1.77 Å) and indicate the presence of an iminobenzenethiolate oxi-
dation level, such that the tetradentate ligand is (bmae•)3−. This
renders the central ion ferric and the complex is formulated
[FeIII(bmae•)]2. Its Mössbauer spectrum consists of a 48:52 mixture
of two quadrupole doublets: ı = 0.16 mm s−1, �EQ = 2.68 mm s−1;
ı = 0.25 mm s−1, �EQ = 2.06 mm s−1, both consist of intermediate-
spin ferric (SFe = 3/2) [26]. The diamagnetic ground state is a result
of metal–metal and metal–ligand radical antiferromagnetic cou-
pling. A consequence of the ligand oxidation sees a very intense
LLIVCT band to appear in the electronic absorption spectrum.

4. Reactions of Fe-bis(dithiolene) and -bis(aminothiolate)
complexes

Early research speculated that the dimeric dianions of the
type [Fe2(L)4]2− existed as monomers, [Fe(L)2]1−, in solution
[5,42,44,49,62,82]. It was soon realized that these monomers only
came about when using polar, coordinating solvents such as pyri-
dine (py), N,N′-dimethylformamide (dmf) and dimethylsulfoxide
(dmso), otherwise in dichloromethane, tetrahydrofuran (thf) and
acetone, the dimeric structure persisted. These solution studies
were the first examples of dimer cleavage reactions to form five-
coordinate adducts with the solvent. The following is a survey of
the different types of small molecules that can cleave these iron
bis(dithiolene) and bis(aminothiolate) dimers. Many of the prod-
ucts themselves form multi-membered electron transfer series, and
we provide an overview of their varied molecular and electronic
structures.

4.1. Lewis base adducts

4.1.1. Pyridines and amines
In 1966 [82], Gray et al. isolated the first stable five-coordinate

adduct of an iron bis(dithiolene) during the preparation of
[Fe(tdt)2]1−. Although the magnetic and spectroscopic properties
of these complexes were altered by changing of the solvent from

dichloromethane to dmf and dmso, these adducts were too labile
to be isolated. However, when the reaction mixture containing
the then formulated, [NBu4][Fe(tdt)2], was dissolved in pyridine,
red plates of [NBu4][Fe(tdt)2·py] were isolated after addition of 2-
propanol. Subjecting this compound to heat under high vacuum
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Fig. 13. Crystal structure of the monoanion in PMePh3[Fe(tbbdt)2(tBu-py)] [14].

Table 4
Experimental Mössbauer spectral parameters for iron bis(dithiolene) pyridine
adducts.

Compounda ıb �EQ
c SFe

d St
e Ref

[FeIII(mnt)2(py)]1− 0.33 2.41 3/2 3/2 [69,70]
[FeIII(tfd)2(py)]1− 0.33 2.61 3/2 3/2 [69]
[FeIII(Cl4-bdt)2(py)]1− 0.33 3.02 3/2 3/2 [69]
[FeIII(tbbdt)2(tBu-py)]1− 0.33 3.03 3/2 3/2 [14]
[FeIII(tbbdt)(tbbdt•)(tBu-py)]0 0.29 3.02 3/2 1 [14]
[FeIII(qdt)2(py)]1− 0.35 3.12 3/2 3/2 [71]
[FeIII(mnt)2(�-pic)]1− f 0.36 2.59 3/2 3/2 [69]
[FeIII(mnt)2(i-quin)]1−g 0.36 2.46 3/2 3/2 [69]
[FeIII(mnt)2(4-NH2py)]1− 0.37 2.18 3/2 3/2 [69]

[FeIII(mnt)2(idzm+)]0h 0.33 2.48 3/2 3/2 [89]
0.53 3.10 1/2 1/2

a Ligand abbreviations available in Scheme 3.
b Isomer shift, mm s−1.
c Quadrupole splitting, mm s−1. The sign is unknown unless determined by an

applied-field measurement.
d Intrinsic iron spin state.
e

arises from the antiferromagnetic coupling of the intermediate-
spin ferric ion (SFe = 3/2) with the unpaired spin on the ligand
radical (SL = 1/2). Below 100 K, a spin-crossover transition occurs
where the singlet ground state is afforded by the antiferromag-
S. Sproules, K. Wieghardt / Coordinatio

or several hours purged the pyridine, leaving the purple micro-
rystalline [NBu4][Fe(tdt)2] behind. The pyridine adduct has a room
emperature magnetic moment of 3.94 �B that is consistent with a
t = 3/2 ground state and electronic spectra very similar to the same
e bis(dithiolene) anions in dmf or dmso.

McCleverty et al. [83,84] produced a surfeit of pyridine-based
dducts with the different Fe bis(dithiolenes). Black crystalline
ompounds were isolated using an excess of a Lewis base,
= pyridine, �-, �-, �-picoline, 4-aminopyrdine, 4-vinylpyridine,
uinoline, isoquinoline, that in solution ranged from orange-
rown ([Fe(mnt)2(B)]1−) to dark orange-red ([Fe(tdt)2(B)]1−). All
ere noted for having a quartet ground state and high labil-

ty in solution that precluded an electrochemical examination.
dditionally, very stable, six-coordinate adducts were formed

n the reaction of 2,2′-bipyridine (bpy) or o-phenanthroline
phen) with [Fe2(mnt)4]2− and [Fe2(tfd)4]2− [82–85]. These
omplexes will be discussed in Section 4.1.5. Dance and
iller isolated a plethora of [Fe(mnt)2(B)]1− adducts, with the

mmonia, n-butylamine, tert-butylamine, benzylamine, piperi-
ine, morpholine, 3-azadicyclo[3.2.2]nonane, 4-cyanopyridine,
-aminopyridine, imidazole, and 1-methylimidazole species [86].
hey were characterized as having St = 3/2 ground states, and their
ormation constants were dictated by the basicity of the amine and
ts steric bulk. In solution they are in rapid reversible equilibrium
etween the five-coordinate adduct and the four-coordinate Fe
is(dithiolene) plus free base [85,86]. Adducts with ethylamine, tri-
thylamine, tri-n-propylamine, aniline, and p-phenylenediamine
id not yield isolable solids.

Eaton and Holm utilized this type of cleavage reaction to
roduce bridged binuclear bis(dithiolene) complexes of iron and
obalt [87]. The strategy involved adding an excess of various
,4′-bipyridines in a high boiling point solvent that yielded com-
lexes of the type [Fe(L)2–(B-B)–Fe(L)2]0/2− (L = (mnt)2−, (tfd)2−;
-B = bridging bipyridine); the complex charge was dependent on
hether the dianionic or neutral bis(dithiolene) dimer was used.

wo dinuclear complexes with bridging ethylenediamine and 1,4-
iazacyclo[2.2.2]octane (dabco) were reported by Dance and Miller
86]. Like their mononuclear counterparts, these bridged binuclear
pecies exhibited magnetic moments in the range of 3.98–4.17 �B
ndicating that no communication between planar [Fe(L)2]1− units

as affected by the bridging ligand [86,87].
A one-pot reaction of sodium metal, H2tbbdt and 4-tert-

utylpyridine (tBu-py) in ethanol was treated with FeCl3 and
PMePh3]Br to give the dark red [PMePh3][Fe(tbbdt)2(tBu-py)] [14].
his compound was stable enough to obtain single crystals from a
:1 dichloromethane/toluene solvent mixture at room tempera-
ure. From the crystal structure, shown in Fig. 13, it is clear that
here are two closed-shell dianionic dithiolate ligands coordinated
o an intermediate-spin Fe(III) ion (SFe = 3/2). Two other crystal
tructures of this type, namely [NEt4][Fe(etdt)2(py)] (etdt2− = 1,2-
iethyl-1,2-dithiolate) [88], and [Fe(mnt)2(idzm+)] [57,89], where
idzm)+ is the 2-(p-pyridyl)-4,4,5,5-tetramethylimidazolinium
ation, show bond distances consistent with this electronic struc-
ure description. The latter is unique in that it is touted as having
St = 3/2 ↔ St = 1/2 spin-crossover at 1.5 K [89]. However, in view

f the Mössbauer parameters posted in Table 4 [89,90], this phe-
omenon seems incompatible with an increase in the isomer shift

or the minor species at temperature below 4.2 K such that it
ould be classified as a low-spin Fe(III) (SFe = 1/2) ion [91]. The
ame group was more successful in identifying spin-crossover
n a rather curious compound, titled [Fe(mnt)2(rad•+)], where

rad•)+ is the radical cation 2-(p-N-methylpyridinium)-4,4,5,5-
etramethylimidazoline-1-oxyl (Fig. 14) [90]. It was prepared from
he reaction of [Fe2(mnt)4]2− and the (rad•+)I; its crystal structure
as metric parameters very similar to [NBu4][Fe(tfd)2(OPPh3)] [92].
he magnetic susceptibility data could only be accounted for by
Total spin state of the complex.
f �-pic = �-picoline.
g i-quin = isoquinoline.
h Measured at 1.5 K. Parameters for the two subspectra are given.

a St = 1 spin ground state at temperatures exceeding 100 K that
Fig. 14. Structure of [FeIII(mnt)2(rad•+)] [90].
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etic coupling of a low-spin ferric center (SFe = 1/2) with the radical
oublet spin.

Sellmann and co-workers have produced a raft of iron five-
nd six-coordinate mononuclear and dinuclear complexes with
entadentate NS4 ligands [93], where two benzenedithiolates are
ridged by a 2,6-dialkylpyridine moiety. An impressive array of
xquisite reaction chemistry has been investigated with numerous
mall molecules such as phosphines, phosphites, carbon monox-
de, nitric oxide, hydrazines, azide and solvents; their molecular
nd electronic structures, interconversion reactions and relevance
o bioinorganic chemistry have been explored.

The stability of [PMePh3][Fe(tbbdt)2(tBu-py)] rendered it
menable to both electrochemical and chemical oxidation. Its cyclic
oltammogram exhibited one reversible oxidation at −0.175 V
vs. Fc+/Fc) and the controlled-potential coulometric generation of
his neutral species was characterized by new intense absorption
ands in the near-infrared region (>600 nm). The defining indicator
hat this redox process is ligand-centered comes from Möss-
auer spectroscopy, in that both the isomer shift and quadrupole
plitting remain almost stationary after the one-electron oxida-
ion (Table 4). For [Fe(tbbdt)2(tBu-py)]1−, the ı = 0.30 mm s−1 and

EQ = 3.03 mm s−1 values define an intermediate-spin ferric ion;
he same values are seen for monomeric [FeIII(qdt)2]1− in Section
.1, and the dimeric bis(dithiolene) complexes described in Sec-
ion 3.1.2. All known bis(dithiolene) pyridine adducts have the
ame electronic structure, with identical isomer shifts and large
uadrupole splittings observed [14,69,83,89]. The quadrupole split-
ings are slightly smaller for the (mnt)2− and (tfd)2− compared
o systems with aromatic dithiolates due to the former being
tronger � acids. The instability of [Fe(mnt)2(4-NH2py)]1− has been
ttributed to the potential ability for the amine to bind another
Fe(mnt)2]1− unit and generate a polymeric chain of six-coordinate

onomers [84]. The higher coordination number is consistent with
he lower quadrupole splitting of this species compared to its five-
oordinate analogues [69].

The qualitative molecular orbital manifold shown in Fig. 15
or [FeIII(bdt)2(py)]1− shows one empty, one doubly occupied,
nd three singly occupied Fe d orbitals [94]. The Mulliken spin
ensity analysis locates three unpaired electrons at the iron atom,
ith a small amount of spin density on the pyridine nitrogen
ue to covalency. One-electron oxidation of this monoanion
enerates a neutral species with the same 3d orbital occupancy
lus an additional ligand-centered SOMO (Fig. 16). The orbital

ntegral overlap value of S = 0.61 underscores the strong antifer-
omagnetic coupling between the metal and ligand radicals that
ffords the triplet ground state. The Mulliken spin density plot
or [FeIII(bdt)(bdt•)(py)]0 shows three �-spins at the metal and a
ingle �-spin spread over both dithiolene ligands. The calculated
össbauer parameters ([FeIII(bdt)2(py)]1−: ı = 0.39 mm s−1,
EQ = 3.43 mm s−1; [FeIII(bdt)(bdt•)(py)]0: ı = 0.34 mm s−1,
EQ = 3.17 mm s−1) based on these electronic structures are

n excellent agreement with the experimental values [94].

.1.2. Phosphines, phosphites, arsines, and stibines
Schrauzer et al. demonstrated that the black insoluble residue

rom the reaction of FeSO4 and Na2S2C2H2 afforded a soluble green
rystalline compound when treated with tri-n-butylphosphine
PnBu3) [45]; it was formulated as [Fe(S2C2H2)2·PnBu3]. Balch
xtended these reactions to arsines and stibines [95], though
hese were only performed with [Fe2(tfd)4]. The charge-neutral

dducts are diamagnetic and polarography showed a reversible
ne-electron reduction to the monoanionic species [Fe(tfd)2·(B)]1−

B = Lewis base). These can be prepared by reacting the Lewis base
ith [Fe2(tfd)4]2− [83,84]. The second reduction was described as

rreversible and associated with the loss of the Lewis base.
Fig. 15. Qualitative MO scheme for the [FeIII(bdt)2(py)]1− (top) and spin density plot
together with a value of the spin density from a Mulliken spin population analysis
(bottom) [94].

McCleverty synthesized a profusion of phosphine, phosphate,
diphosphino, and arsine adducts using (mnt)2− [83,84,96], (tfd)2−

[83,84,96], (Cl4-bdt)2− [96], and a host of substituted (pdt)2− lig-
ands [83,97]. The diphosphino ligand, (diphenylphosphino)ethane
(dppe), was found to bind in a monodentate fashion, with the
sole exception of [NEt4][Fe(mnt)2(dppe)], which is suspected to
be six-coordinate [96]. The tfd- and mnt-containing species with
phosphines form a three-membered electron transfer series. The

potential for the one-electron reduction responds to the basicity
of the phosphine; the order of increasing negative potential being
P(CH2CH2CN)3 < P(OPh)3 < PEtPh2 < PiPr3 < P(OEt)3 < PEt2Ph < PEt3
[84], the same order followed by the half-wave potentials for
the [PR3]0/1− couple [98]. For the pdt-containing systems, a
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ig. 16. Qualitative MO scheme for the [FeIII(bdt)(bdt•)(py)]0 (top) and spin density
lot together with a value of the spin density of the Mulliken spin population analysis
bottom) [94].

hree-membered electron transfer series also exists, although a
ore complicated electrochemical response was seen with the

eduction to the monoanion. The cyclic voltammogram was cured
ith the addition of phosphine and a very fast scan rate [91],

uch that it clearly indicated loss of the coordinated Lewis base.
he reversibility of this reduction is highly dependent on the
ubstituents of the dithiolene ligand, while the stability of the
onocation was compromised when using P(NMe2)3 [97].
Eaton and Holm introduced bidentate bis(phosphino)ligands

o [Fe2(mnt)4]2− and [Fe2(tfd)4]2−/0 under an inert atmo-
phere to exclude the formation of phosphine oxides [87].
he resultant dinuclear complexes, [Fe(L)2–(B-B)–Fe(L)2]z (z = 0,
−) are bridged by (diphenylphosphino)benzene (dppb) and
diphenylphosphino)ethylene (dppet), represented by (B-B). Reac-
ions involving (diphenylphosphino)acetylene (dppa) yielded a 1:1
toichiometry, [Fe2(tfd)2(dppa)], which maybe two cis octahedral
oubly bridged units. The electrochemistry, magnetic properties
nd electronic absorption spectra were examined and communi-
ation across the bridging ligand was assessed [87].

The crystal structure of [Fe(tfd)2(AsPh3)] first appeared briefly
n 1970 [92], with the full crystal structure analysis not entering the

iterature until 1977 [99]. It has a square pyramidal Fe center dis-
laced 0.23 Å out of the S4 basal plane. The Fe–As bond distance of
.325 Å and the (tfd)2− ligands have short C–S (av. 1.702 Å) and long
–C (av. 1.372 Å) bond lengths consistent with oxidized ligands. The
Fig. 17. Crystal structures of [Fe(bdt)2(PMe3)2] and [Fe(bdt)2(PMe3)] [9,14].

monomeric units are orientated such that the Fe· · ·S and Fe· · ·Fe
intermolecular distances are 4.178 and 4.788 Å, respectively. Dark
green crystals of Fe(pdt)2{P(OMe)3} was the first phosphite adduct
to be characterized by X-ray crystallography [100]. Much like the
arsine adduct, the Fe atom adopts a square pyramidal geometry,
with the central ion 0.337 Å above the bis(dithiolene) equatorial
plane. Again, short C–S and long C–C bonds point to oxidized dithi-
olene ligands. The Fe–P distance of 2.143 Å is, as expected, shorter
than the arsine complex described above. Two other phosphine
adduct structures derived from the cleavage an Fe bis(dithiolene)
dimer have been reported [36,91]. On the whole, the Fe–P bond
distance is ∼2.14 Å for a phosphite and ∼2.25 Å for a phos-
phine. Sellmann and co-workers prepared [Fe(bdt)2(PMe3)2] from
a one-pot reaction of FeCl2·4H2O, trimethylphosphine and Na2(bdt)
(Fig. 17) [9]. This exists in equilibrium with [Fe(bdt)2(PMe3)]
(Fig. 17) in solution that can be manipulated by altering the
amount of phosphine. Additionally, [NMe4][Fe(bdt)2(PMe3)2] can
be isolated via the same reaction with the inclusion of tetram-
ethylammonium chloride under strictly anaerobic conditions [9].
[Fe(bdt)2(PMe3)] can be chemically oxidized to the monocation
[9]; this has been isolated with the (tbbdt)2− ligand [14]. Contro-
versially, the original crystal structures of [Fe(bdt)2(PMe3)2] and
[Fe(bdt)2(PMe3)] were published as having a high-valent Fe(IV)
with two closed-shell (bdt)2− ligands [9]. In both molecules, the
dithiolene ligands have somewhat shorter average C–S bond dis-
tances (1.748 Å) than observed for [Fe2(bdt)4]2− (av. 1.763 Å). The
six-coordinate [Fe(bdt)2(PMe3)2] has a distorted octahedral geom-
etry: the Fe–P distances of 2.322 and 2.327 Å are significantly longer
than the five-coordinate adducts, and the P–Fe–P angle is 159.8◦.
The Fe atom is perfectly planar with respect to the two dithiolene
ligands and the Fe–S bond lengths average 2.241 Å. In contrast,
the X-ray structural analysis of [NEt4][Fe(bdt)2(PMe3)2] shows a
very regular octahedral geometry with a P–Fe–P angle of 180◦. The
S–C bond distances are only slightly longer (av. 1.753 Å) than the

neutral compound and the Fe–S bonds are also slightly longer at
2.253 Å. It is quite obvious that the resolution of the crystallogra-
phy is insufficient to discern the oxidation level of the metal and
the aromatic-1,2-dithiolate ligands.
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Table 5
Experimental Mössbauer spectral parameters for iron bis(dithiolene) phosphine and
phosphite adducts.

Compounda ıb �EQ
c SFe

d St
e Ref

[FeIII(bdt)2(PMe3)2]1− 0.29 1.67 1/2 1/2 [9]
[FeIII(tbbdt)2(PMe3)2]1− 0.24 1.56 1/2 1/2 [14]
[FeIII(bdt•)(bdt)(PMe3)2]0 0.17 1.54 3/2 1 [9]
[FeIII(tbbdt•)(tbbdt)(PMe3)2]0 0.15 1.46 3/2 1 [14]
[FeIII(bdt•)(bdt)(PMe3)]0 0.12 3.03 3/2 1 [9]
[FeIII(tbbdt•)(tbbdt)(PMe3)]0 0.11 3.18 3/2 1 [14]
[FeIII(tbbdt•)(tbbdt)(PiPr3)]0 0.09 3.19 3/2 1 [14]
[FeIII(tbbdt•)2(PMe3)]1+ 0.25 2.60 3/2 1/2 [14]

[FeII(pdt•)2(PPh3)]0 0.12 2.78 0 0 [69]
[FeII(pdt•)2{P(OPh)3}]0 0.08 2.55 0 0 [91]
[FeII(pdt-p-tBu•)2{P(OMe)3}]0 0.06 −2.69 0 0 [91]
[FeIII(pdt•)2{P(OPh)3}]1+ 0.25 1.74 3/2 1/2 [91]

[FeII(tbitbs•)2{P(OPh)3}]0 0.06 2.92 0 0 [26]
[FeII(bmae••)2(PPh3)]0 0.04 3.16 0 0 [22]

a Ligand abbreviations available in Schemes 3 and 4.
b Isomer shift, mm s−1.
c Quadrupole splitting, mm s−1. The sign is unknown unless determined by an

a

v
g
e
p
c
f
(
s
[
a
m
l
[
l
C
s
t
F
f
o
w
p

a
a
p
a
f

pplied-field measurement.
d Intrinsic iron spin state.
e Total spin state of the complex.

Similar systems with aminobenzenethiolate ligands were pro-
ided by Sellmann et al., with a host of six-coordinate complexes
enerated in a one-pot reaction of FeCl2·4H2O, Li2bmaeH2 and
ither PR3 (R = Et, nPr, nBu), P(OR′)3 (R′ = Et, nPr), (diphenylphos-
hino)methane (dppm), or dppe [81,101]. Several have been
rystallized showing the phosphine/phosphite ligands in a cis con-
ormation with a significant puckering of the ethane bridge of
bmae)2− [101]. It was further suggested that the (bmae)2− ligand
tabilized high-valent Fe(IV) and Fe(V) [21,22]. The five-coordinate
Fe(bmae)(PnPr3)] and [Fe(bmae)(PPh3)] complexes (formed in

one-pot reaction rather than cleavage of a dimer) are for-
ally described as a Fe(IV) central ion bound by a (bmae)4−

igand in its tetraanionic form [22]. It is proposed that initially
FeII(bmaeH2)(PR3)2] is formed, and its subsequent exposure to air
eads to deep blue-green [Fe(bmae)(PR3)] (R = Me, Et, nPr, nBu, Ph,
y, OMe, OPh). However, the two crystal structures exhibit very
hort C–S and C–N bond lengths of ∼1.71 and ∼1.35 Å, respectively,
hat are incompatible with a closed-shell aminothiolate ligand.
rom these ligand dimensions, the PPh3 and PnPr3 adducts were
ormulated as [FeII(bmae••)(PR3)], where each aminobenzenethi-
late arm is one-electron oxidized. Only [FeII(tbitbs•)2{P(OPh)3}]
as prepared via a dimer cleavage reaction and its structural
arameters are very similar to the (bmae••)2− compounds [26].

An assignment of physical oxidation states for these phosphine
dducts is offered by Mössbauer spectroscopy. The isomer shift

nd quadrupole splittings for the characterized complexes are dis-
layed in Table 5 and show that a different iron oxidation state is
ssigned depending on whether the dithiolene ligand is olefinic,
or example (pdt)2− [91], or aromatic, such as (bdt)2− [9,14]. This is

Scheme 11. R
Scheme 10. Ref. [91].

clearly evident from the crystallography, with two ligand radicals in
the structure of [FeII(pdt•)2{P(OPh)3}] [91]. Since the compound is
diamagnetic, the central ion must be low-spin Fe(II) (SFe = 0). Thus,
the ı = 0.08 mm s−1 and �EQ = 2.55 mm s−1 can be compared with
its one-electron oxidized species, where the isomer shift changes
markedly to ı = 0.25 mm s−1 and quadrupole splitting decreases to
�EQ = 1.74 mm s−1. This paramagnetic St = 1/2 species possesses an
axial EPR signal with 31P hyperfine coupling and an electronic struc-
ture best described as [FeIII(pdt•)2{P(OPh)3}]1+, where the ferric
ion is intermediate-spin SFe = 3/2 [14,27]. Incidentally, coulomet-
rically generated [Fe(pdt){P(OMe)3}]1− exhibits a nearly isotropic
EPR signal with no resolved 31P hyperfine that corresponds to a
[FeII(pdt)(pdt•){P(OMe)3}]1− electronic structure where the intrin-
sic spin state at Fe(II) is assumed to be SFe = 1; antiferromagnetic
coupling of the ligand and metal produces the doublet ground state
[91]. The magnitude of the 31P hyperfine is consistent with the
fluid solution measurements recorded by McCleverty et al. [84,97],
though in the absence of Mössbauer data, a low-spin ferrous ion
cannot be discounted. Interestingly, a room temperature magnetic
moment of 3.97 �B was measured for [Fe(tfd)2(PPh3)]1− indicating
a spin quartet (S = 3/2) [95]. It was subsequently shown that this was
in fact a phosphine oxide complex, [Fe(tfd)2(OPPh3)]1− [92], due to
aerial oxidation of triphenylphosphine. The electron transfer series
is described in Scheme 10, where L′ is an olefinic dithiolene [91].

A combination of Mössbauer and EPR spectroscopy facilitated
a reinterpretation of the redox behavior of [Fe(tbbdt)2(PMe)x]
(x = 1, 2) that does not included high-valent Fe(IV) (Scheme 11)
[14]. Both complexes, in equilibrium in solution, have an
intermediate-spin Fe(III) (SFe = 3/2), antiferromagnetically cou-
pled to one ligand � radical (SL = 1/2) to give a triplet ground
state — [FeIII(bdt)(bdt•)(PMe3)x] (x = 1, 2). Zero-field splittings of
D = −27 cm−1 (x = 1) and D = +16 cm−1 (x = 2) are quintessentially
intermediate-spin ferric. Moreover, the presence of C S• stretch-
ing frequencies and intense IVCT bands in the electronic absorption
spectrum assist in classifying the ligand oxidation level to give a
consistent electronic structure description for these molecules [15].

Recently, Donahue et al. exploited the loss of the phosphine
upon electrochemical reduction of the adduct to develop a method
of controlled phosphine binding [36]. Triphenylphosphine is intro-
duced to [Fe2(pdt-p-OMe)4] to produce the five-coordinate adduct.
The application of a −1.0 V reducing potential liberates the phos-
phine and the monomeric bis(dithiolene) units dimerize. Switching
the potential at the working electrode to +1.0 V regenerates

the neutral dimer that sequesters phosphine to close the cycle
(Scheme 12). Such a scheme can be applied to other Lewis bases,
or mixtures, where the applied potential or the dithiolene ligand
substituents can be used to modify the system for selective binding.

ef. [14].
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Scheme 12. Ref. [36].

.1.3. Cyanide
McCleverty et al. cleaved both [Fe2(mnt)2]2− and [Fe2(tfd)4]2−

ith two equivalents of potassium cyanide and showed their
oom temperature magnetic moments are consistent with a St = 1/2
round state [84]. Red-black [NBu4]2[Fe(mnt)2(CN)] and purple-
rown [PPh4]2[Fe(tfd)2(CN)] exhibit similar electronic absorption
pectra as the phosphine analogues that were quite different to
ewis base adducts of pyridines and nitric oxide. Other monoan-
onic nucleophiles such as azide and isocyanate also yielded
ve-coordinate adducts, while isothiocyanate and dicyanoamide
roved unreactive [84]. In contrast to cyanide, these weak-field lig-
nds produced quartet spin adducts similar to the pyridine systems.
he cyanide adduct was revisited and the X-ray structure of dark
reen [NBu4][Fe(pdt-p-tBu)2(CN)] was solved [91]. The short C–S
nd long C–C bond distances clearly indicate a ferrous ion bound
y two monoanionic � radical dithiolene ligands. The cyanide sits
t a distance of 1.888 Å and the Fe atom floats 0.236 Å over the equa-
orial plane. [NBu4][Fe(pdt-p-tBu)2(CN)] forms a three-membered
lectron transfer series [91]; it can be reversibly one-electron oxi-
ized and reduced. The cyanide stretching frequency responds
rimarily to the charge of the complex with the highest frequency
2138 cm−1) observed for the neutral species and the lowest fre-
uency (2047 cm−1) for the dianionic complex. Moreover, each
ember exhibits a �(C S•) stretch at ∼1154 cm−1 and intense

bsorption bands >600 nm in their electronic spectra (Fig. 18).
hese are the hallmarks for dithiolene ligand radicals.

The intrinsic spin state of the central iron ion is derived from
he Mössbauer spectral parameters. The mononanion has a small
somer shift of 0.11 mm s−1 and negatively signed quadrupole split-
ing �EQ = −2.55 mm s−1 (from an applied-field measurement) are
ndicative of a low-spin Fe(II) (SFe = 0) ion, as seen for the phosphine
nd phosphite adducts. Reduction to [FeII(L)(L•)(CN)]2− is ligand-
entered with the ferrous ion now intermediate-spin (SFe = 1)
ntiferromagnetically coupled to one ligand radical (SL = 1/2) to give
doublet ground state. The large isomer shift and quadrupole split-

ing are indicative of an intermediate-spin state, SFe = 1. The neutral
omplex, isolated from chemical oxidation of the monoanion by
errocenium hexafluorophosphate, showed three quadrupole dou-
lets in its Mössbauer spectrum. At 80 K, the spectrum was fitted

n a 50:40:10 ratio that shifts to 58:30:12 at 4.2 K. At low tem-
eratures, the dominant contribution comes from the quadrupole
oublet described by ı = 0.26 mm s−1 and �EQ = 1.93 mm s−1 that
epresents an intermediate-spin Fe(III) central ion. At room tem-
erature, the ratio shifts to 30:70, with a dominant quadrupole
oublet (ı = 0.65 mm s−1, �EQ = 0.65 mm s−1) representative of a
igh-spin Fe(III) (SFe = 5/2). The temperature dependence of the
round state describes a St = 3/2 → 1/2 gradual spin-crossover phe-
omenon. Similar behavior is witnessed for FeIII(LN,O

•)Br, where

N,O is the monoanionic � radical of the o-iminophenolate [102].

Density functional theoretical calculations on the monoanionic
nd neutral species augment the electronic structure elucidated
rom spectroscopy [91]. For [FeII(L•)2(CN)]1−, three metal d orbitals
re found to be doubly occupied, while the HOMO and the LUMO
Fig. 18. Electronic spectral changes observed during the oxidation of [FeII(pdt-
p-tBu•)2(CN)]1− yielding [FeIII(pdt-p-tBu•)2(CN)]0 (top), and reduction of
[FeII(pdt-p-tBu•)2(CN)]1− yielding [FeII(pdt-p-tBu)(pdt-p-tBu•)(CN)]2− (bottom), in
dichloromethane solution [91].

have 73% and 80% ligand character, respectively (Fig. 19). There
are two empty d orbitals above the LUMO, such that overall, this
orbital manifold confirms a low-spin ferrous ion coordinated by
two monoanionic ligand � radicals. This scheme is contrasted by
[FeIII(L•)2(CN)], where one doubly occupied and three singly occu-
pied d orbitals define an intermediate-spin ferric center with two
antiferromagnetic ligand � radicals (Fig. 20).

The spatial overlap of the �-spin (metal) and �-spin (ligand)
SOMOs is strong (S = 0.77 and 0.57, respectively) and supports anti-
ferromagnetic coupling to give the doublet ground state (Fig. 21).
These electronic structures are validated by the computed Möss-
bauer parameters: ı = 0.16 mm s−1, �EQ = −2.62 mm s−1 (exptl:
ı = 0.11 mm s−1, �EQ = −2.55 mm s−1) for [Fe(pdt-p-tBu)2(CN)]1−

and ı = 0.17 mm s−1, �EQ = 2.05 mm s−1 (exptl: ı = 0.25 mm s−1,
�EQ = 1.93 mm s−1) for [Fe(pdt-p-tBu)2(CN)], which provide excel-
lent agreement between experiment and theory [91,94].

4.1.4. Nitric oxide
Locke et al. communicated the first iron bis(dithiolene) dimer

cleavage reaction with nitric oxide in 1966 [1], and described the
St = 1/2 species [Fe(L)2(NO)]2−, where L represents either (mnt)2−

or (tfd)2−. The same compounds had been prepared in situ and their
EPR spectra recorded [103], but it was not until they were isolated
as solids that it was realized they formed a new series of monon-
itrosyl complexes related by one-electron transfer reactions [1].
McCleverty et al., in a spirit similar to their work with other Lewis
bases, constructed extensive libraries of mononitrosyl complexes of
iron with (mnt)2−, (tfd)2−, (Cl4-bdt)2−, (tdt)2− and various phenyl-
substituted (pdt)2− dithiolene ligands [1,2,104]. It was shown that a

three-member electron transfer series existed for [Fe(mnt)2(NO)] ,
[Fe(Cl4-bdt)2(NO)]z (z = 1−, 2−, 3−), and [Fe(tdt)2(NO)]z (z = 0, 1−,
2−), whereas [Fe(tfd)2(NO)]z revealed four-members (z = 0, 1−, 2−,
3−) and [Fe(pdt)2(NO)]z five-members (z = +1, 0, 1−, 2−, 3−). Iso-
lation of two or more members of these electron transfer series



1376 S. Sproules, K. Wieghardt / Coordination Chemistry Reviews 254 (2010) 1358–1382

Fig. 19. Qualitative MO scheme for the [FeII(L•)2(CN)]1− , where L = dithiolene [91].

Fig. 20. Qualitative MO scheme for the [FeIII(L•)2(CN)]0 where L = dithiolene [91].
Fig. 21. Spin density plot and values from the Mulliken spin population analysis for
[FeIII(L•)2(CN)]0 where L = dithiolene [91].

facilitated a comparison of the physical properties across a series
and between different dithiolene ligands. The paramagnetic dian-
ionic and neutral complexes, both St = 1/2, have strikingly different
isotropic EPR spectra. Dianions are characterized by g ∼2.03 with
prominent hyperfine coupling of ∼15 G from the 14N nucleus
(I{14N}= 1) [1,2,104]. This hyperfine splitting is simplified with
the introduction of 15NO (I{15N}= 1/2) [103]. The neutral com-
plexes have g ∼2.009 and no observed hyperfine splitting [1,2,104].
The �(NO) stretching frequency varied 1650–1620 cm−1 for the
dianions, 1870–1770 cm−1 for the monoanions, and just a narrow
range of 1794–1802 cm−1 for the neutral complexes, though these
all contained phenyl-substituted (pdt)2− dithiolenes. Around this
time, the structure of [Fe(mnt)2(NO)]2− was characterized by X-ray
crystallography [105]. The intraligand distances of the (mnt)2− lig-
ands proved to be consistent with their dianionic form, while the
Fe–N–O angle is significantly bent at 168◦. A correlation between
the �(NO) stretching frequency and the deviation of the oxygen
atom away from the apical axis was thwarted by the large thermal
motion of the oxygen atom that precluded an accurate measure-
ment. The stretching frequency was dependent on the degree of
� backbonding of the dithiolene ligand, which was modulated by
the substituent [2]. Thus, complexes with (mnt)2− ligands have
the highest stretching frequency; the order of increasing �(NO)
is (mnt)2− > (tfd)2− > (Cl4-bdt)2− > (tdt)2− > (pdt)2−. The same trend
was observed for the redox potentials. Moreover, the large dif-
ference in the stretching frequency between the dianionic and
monoanionic species of a particular series, compared with the rel-
atively small, to nonexistent difference between monoanionic and
neutral complexes, suggested a different electronic structure for
the dianions on the one hand, with that of the monoanions and
neutral species on the other.

The reaction of [Fe2(pdt)4] with NO led to the formation of two
products: one brown, the other purple [1,2,106]. The former is
the monomeric compound, [Fe(pdt)2(NO)], whereas the latter was
formulated as [Fe2(pdt)2(NO)2] [106]. It was quickly discovered
that this composition was inaccurate, and that the dimeric species
was in fact [Fe2(pdt)3(NO)2]. This neutral dimeric compound also
formed a three-membered electron transfer series as the cyclic
voltammogram showed two reversible one-electron reductions to
the monoanionic and dianionic forms [106].

The elucidation of the electronic structures of these iron nitrosyl
complexes did not appear until very recently [107,108]. The com-
plexity of these systems resides in its multiple redox active sites,
that is (a) the NO ligand is the archetypal noninnocent ligand which
can be bound to an iron ion as NO+ (S = 0), NO (S = 1/2), or NO− (S = 0
or 1), (b) the central ion can possess a d6 (SFe = 0, 1, or 2) or d5
(SFe = 1/2, 3/2, or 5/2) electron configuration, and (c) the dithiolene
ligands may be coordinated as closed-shell dianion (SL = 0) or as �
radical monoanion (SL = 1/2). Assigning a formal oxidation state to
the iron ion is obviated by the introduction by Enemark and Feltham
of the {FeNO}n notation where n corresponds to the familiar num-
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ligands and one N atom from a nitrosyl ligand. From an assessment
of the intraligand C–S and C–C bond distances, the terminal dithi-
olene ligand is a monoanionic � radical, while the two bridging
dithiolene ligands are better described in their dianionic dithiolate
S. Sproules, K. Wieghardt / Coordinatio

er of d electrons on the metal when the nitrosyl ligand is formally
O+ [109]. However, X-ray crystallography has been used to define

he oxidation level of the dithiolene ligand, and in concert with
ther spectroscopic measurements, a complete electronic assign-
ent for the maximally five-membered electron transfer series was

xecuted (Scheme 13).
There are two additional crystal structures of dianionic com-

lexes, namely [Fe(tdt)2(NO)]2− and [Fe(Cl2-bdt)2(NO)]2− [110],
hat possess intraligand bond distances consistent with two closed-
hell aromatic dithiolate ligands. Moreover, the Fe–NO unit is bent
151.8◦ and 153.4◦, respectively) and given the clear 14N hyper-
ne coupling in the room temperature and frozen solution EPR
pectra [107,111], this indicates coordinated a nitrosyl (NO•) rad-
cal (SL = 1/2). Thus, the central ion is low-spin Fe(II) (SFe = 0). The

össbauer spectra for these dianions have isomer shifts ranging
.20–0.33 mm s−1 and, more importantly, small quadrupole split-
ings of 0.79–1.16 mm s−1 consistent with a diamagnetic ferrous
on.

Diamagnetic [Fe(L)2(NO)]1− has been crystallographically char-
cterized four times, where L = (mnt)2− [112], (pdt-p-Me)2− [107],
Cl2-bdt)2− [110], and (bdt)2− [113]. Here, the C–S bond distances
f 1.723, 1.746, 1.733 and 1.741 Å, respectively, are significantly
horter than the corresponding dianions described above that
ould suggest degree of dithiolene ligand oxidation. However,

he most salient structural feature is the nearly linear Fe–NO
nit: 180◦, 176.2◦, 177.6◦, and 176.2◦, respectively. Together with
he pronounced increase in the �(NO) stretching frequency of
70–205 cm−1, this infers that the nitrosyl is now coordinated
s NO+ and that the monoanionic complexes are formulated as
FeII(L)2(NO+)]1−, carrying a {FeNO}6 core. The very small iso-

er shifts (ı = 0.01–0.05 mm s−1) and reasonably large quadrupole
plittings (�EQ = 1.68–2.48) are not obviously attributable to low-
pin Fe(II) (SFe = 0), however, strong � backbonding from the (NO)+

emoves electron density about the iron nucleus and creates a
ore anisotropic electron density distribution that generates these
össbauer parameters [114].
The two neutral Fe(L)2(NO) complexes that have been analyzed

y X-ray crystallography, where the dithiolene ligands are (pdt-
-Me)2− (Fig. 22) and (pdt-p-Ph)2− [107], as expected have very
imilar metric parameters. Both have short C–S bond distances of
1.71 Å and long C–C bonds at ∼1.39 Å that reveal oxidized dithio-

ene ligands with a linear Fe–NO unit. Most importantly, the change
n the �(NO) stretch when the monoanionic complex is oxidized
s, on average, only 30 cm−1 [2,104,107], such that these neutral

olecules are regarded as having an {FeNO}6 core. Thus, the dithi-
lene ligand is oxidized and the frozen solution EPR spectrum is
onsistent with an unpaired electron on the dithiolene ligand given
he small g-anisotropy and the absence of 14N hyperfine coupling
107]. The electronic structure is defined as [FeII(L)(L•)(NO+)], and
he Mössbauer parameters are very similar to those of the monoan-
onic complexes indicating again, a low-spin Fe(II) central ion. The
nly monocationic species to be chemically isolated is [Fe(pdt-p-
e)2(NO)](BF4), obtained from the reaction of [Fe2(pdt-p-Me)4]
ith NOBF4 [107]. Like the monoanion and neutral species of this

lectron transfer series, the electronic spectrum of this monoca-
ion is dominated by intense absorption bands in the near-infrared
egion that are twice as intense as for the neutral compound. The
hift in the �(NO) frequency of only 33 cm−1 and given the similarity
f the Mössbauer parameters (ı = 0.07 mm s−1, �EQ = 1.40 mm s−1)
107], this compound is formulated as [FeII(L•)2(NO+)]+, again with
{FeNO}6 central core. The complete series is summarized in
cheme 13.
The crystal structures of neutral dinuclear [Fe2(pdt-p-

e)3(NO)2] (Fig. 22) and [Fe2(pdt-p-tBu)3(NO)2] were very
ecently acquired [108]. Each square pyramidal, five-coordinate
ron center is bound by four S atoms from two or three dithiolene
Fig. 22. Crystal structures of the neutral [Fe(pdt-p-Me)2(NO)] [107] and [Fe2(pdt-
p-Ph)3(NO)2] [108].
Scheme 13. Ref. [107].
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Scheme 14. Ref. [108].

orm. To balance the charge, one center is {FeNO}7 while the other is
FeNO}6, which is certainly in keeping with the two �(NO) stretches
f 1754 and 1809 cm−1 for [Fe2(pdt-p-Me)3(NO)2], and 1768 and
810 cm−1 for [Fe2(pdt-p-tBu)3(NO)2] [108]. Each Mössbauer
pectrum consists of two quadrupole doublets of equal intensity,
ith ı = 0.07 mm s−1, �EQ = 1.57 mm s−1 and ı = 0.22 mm s−1,
EQ = 1.16 mm s−1, respectively, for [Fe2(pdt-p-Me)3(NO)2]. The

atter quadrupole doublet has similar parameters to the {FeNO}7

nit in the mononuclear dianions (see above) whereas the former is
rchetypical of {FeNO}6, with both iron centers in the +II oxidation
tate, and both low-spin (SFe1 = SFe2 = 0). Therefore, the diamagnetic
round state is derived from antiferromagnetic coupling between
ne NO• (S = 1/2) and a monoanionic � radical dithiolene (S = 1/2)
ediated by the [Fe2S2] central core. Chemical reduction of the

eutral binuclear compound with cobaltocene generates a light
reen precipitate of [CoCp2][Fe2(pdt-p-tBu)3(NO)2] [108]. This salt
s paramagnetic (St = 1/2) and displays a nearly isotropic frozen
olution EPR spectrum devoid of any hyperfine features indicating
he presence of a sulfur-centered radical. The electronic absorption
pectrum has an intense band at 1200 nm and the shift in the
(NO) stretches to 1734 and 1689 cm−1 shows the dithiolene
adical has been retained with now two equivalent {FeNO}7 units.
ts Mössbauer spectrum exhibits a single quadrupole doublet

ith ı = 0.25 mm s−1 and �EQ = 0.96 mm s−1. The dianionic species
hows no intense absorption bands in the region >800 nm and
he �(NO) stretch is very broad, but more or less unchanged at
638 cm−1. The electronic structures of these three members of
his series are profiled in Scheme 14.

.1.5. Bidentate Lewis bases
Strong donor ligands such as 2,2′-bipyridine and o-

henanthroline readily cleave iron bis(dithiolene) dimers to
orm, in contrast to their monodentate pyridine analogues,
ery stable six-coordinate complexes [82,84,85]. McCleverty et
l. have prepared orange-brown [Fe(mnt)2(B-B)]1− and blue-
rey [Fe(tfd)2(B-B)]1− with (B-B) = 2,2′-bipyridine (bpy) and
-phenanthroline (phen). These results were paralleled in a spec-
roscopic and kinetic study of these six-coordinate adducts with
thylenediamine, 2,2′-bipyridine and o-phenanthroline [85]. All
hese species are characterized by a room temperature magnetic

oment of ∼1.85 �B and fluid solution EPR spectra with g ∼2.085.
his signal was destroyed after addition of molecular iodine. At
7 K, an axial g-tensor was observed [85]. These compounds are
eversibly one-electron oxidized and reduced, so presumably the
odine oxidizes to a neutral species with integer spin (S = 0 or 1). The
össbauer spectra of [Fe(mnt)2(bpy)]1− and [Fe(mnt)2(phen)]1−

t 80 K consist of a single quadrupole doublet with ı = 0.32 mm s−1,
EQ = 1.85 mm s−1, and ı = 0.31 mm s−1, �EQ = 1.80 mm s−1,

espectively [69]. These values are used to assign a [FeIII(L)2(B-
)]1− electronic structure, with a central low-spin iron (SFe = 1/2)
Scheme 15.

ion. McCleverty and Orchard prepared an analogous six-coordinate
diphosphino complex, [NEt4][Fe(mnt)2(dppe)] [96], whose elec-
tronic absorption spectrum closely resembles that for the bidentate
N-donor complexes. It was therefore concluded that this species
is probably six-coordinate, rather than bridging two planar iron
bis(dithiolene) units [87], or a five-coordinate adduct with the
dppe bound in a monodentate fashion [96]. This species was
oxidized to the neutral form, though it is unclear whether this is
five- or six-coordinate.

Bidentate sulfur-donor ligands such as dithiocarbamates,
(dtc)1−, and 1,1-dithiolates can be added to [Fe2(mnt)4]2− to pro-
duce a monomeric complex with an FeS6 polyhedron [115,116].
McCleverty and co-workers prepared a series of such complexes, as
outlined in Scheme 15, where each contained a low-spin ferric ion
(SFe = 1/2). Additionally, it was also shown that dialkali salts of 1,2-
dithiolene ligands are capable of cleaving the bis(dithiolene) dimer
to form tris(dithiolene) complexes. These have been reported for
[Fe(mnt)3]3− [85], [Fe(mnt)3]2− [117], and [Fe(Cl4-bdt)3]2− [118].
For the latter, the first product was not a trianion as is the case
for the mnt species. Both [FeIII(mnt)3]3− and [FeIII(mnt)2(Etdtc)]2−

(Etdtc1− = diethyldithiocarbamate) have been structurally char-
acterized [116]; each contain a distorted octahedral FeS6 core.
Both compounds contain low-spin Fe(III) ions that are coordi-
nated by three closed-shell dithiolate or dithiocarbamate ligands.
Their Mössbauer isomer shifts (ı = 0.39 and 0.36 mm s−1, respec-
tively) and quadrupole splittings (�EQ = 1.77 and 1.68 mm s−1,
respectively) [69,70,116,119] are the similar to the bidentate
nitrogen-donor adducts. However, they have room temperature
magnetic moments ranging 2.50–2.60 �B [115], and although these
are significantly higher than the bidentate N-donor adducts, they
are similar to the values for the spin doublet tris(dithiolene) com-
plexes [117,120]. The rhombic EPR spectrum (g = 2.14, 2.10, 2.01)
for [Fe(mnt)3]3− could only be obtained at liquid helium tempera-
tures [121], in contrast to the N- and P-donor analogues.

One-electron oxidation of these six-coordinate complexes is
very facile; for [Fe(mnt)3]3− it occurs on the bench in air [85]. Each
of the FeS6 compounds in Scheme 15 exhibit either reversible or
quasi-reversible one-electron oxidations; the Mössbauer param-
eters would suggest that this is metal-centered [69,70,116,122].
There is certainly a slight shortening of the Fe–S bond lengths to
assign the oxidized products as Fe(IV) (S = 1) compounds [116,123],
though it must be noted that the highly covalent Fe–S bonds
renders such an oxidation state assignment somewhat ambigu-
ous and that no comparisons can be made with the ferryl

[FeIVO]2+ entity. Only four compounds have been isolated, namely
[Fe(mnt)3]2− [117], [Fe(Cl4-bdt)3]2− [118], [Fe(mnt)2(Etdtc)]1−

[116], and [Fe(mnt)2{S2C:C(CN)2}]1− [115]; each have magnetic
moments close to 2.8 �B for St = 1 species. It is not known whether
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evident in the spectrum of [FeIII(tbitbs•)2Cl] [26]. This consistent
picture of the electronic structure of these compounds is under-
scored by the narrow range of isomer shifts (ı = 0.11–0.21 mm s−1)
and quadrupole splittings (�EQ = 2.63–3.41 mm s−1) [21,26,39]
S. Sproules, K. Wieghardt / Coordinatio

he N- and P-containing adducts also stabilize a reputed Fe(IV),
ut it seems highly plausible by analogy to systems with three
identate sulfur-donor ligands. It would appear that six-coordinate
dducts, formed by three bidentate ligands manage to coordinate
o a high-valent iron ion that is not seen for other adducts.

Yandell and Sutin treated [Fe(mnt)3]2− with a selection of inor-
anic bases that reacted according to Eq. (2) (B = PPh3, OPPh3, AsPh3,
AsPh3, py), which were monitored by UV–visible spectroscopic
easurements [85]. The same bases did not react with the corre-

ponding tris(dithiolene) trianion:

[Fe(mnt)3]2− + 2B → 2[Fe(mnt)2(B)]1− + [(mnt)2]2− (2)

As described previously, the formed adducts had a St = 3/2
round state, with the sole exception of [FeIII(mnt)2(PPh3)]1−,
hich as noted previously (Section 4.1.2), has a St = 1/2 ground

tate.

.2. Halogens

In reactions with dimeric bis(dithiolene) and bis(aminothiolate)
omplexes, halogens, in particular iodine, are employed as oxi-
izing agents. However, it seems that the resultant halide ions
re able to cleave the weakened Fe–S bonds to form neutral five-
oordinate complexes. There are two examples of bis(dithiolene)
omplexes, namely [Fe(etdt)2I] [88], and [Fe(pdt-p-tBu)2I] [91] that
ere formed via oxidation of the parent [Fe2(L)4] with molecu-

ar iodine. Initially, [Fe2(etdt)4]2− was prepared under anaerobic
onditions [88], and this was treated with three equivalents of
odine, whereas [Fe(pdt-p-tBu)2I] was retrieved from the mixture of
quimolar amounts of [Fe2(pdt-p-tBu)4] and I2 [91]. It would seem
ikely that first iodine oxidizes [Fe2(etdt)4]2− to the neutral dimer,
nd further oxidation, in this instance of a bridging ligand, weakens
he Fe–S bond to the extent that it is readily supplanted by iodide.
he X-ray structural analysis of [Fe(etdt)2I] shows very short C–S
ond distances (avg. 1.699 Å) and long C–C distances (avg. 1.382 Å)
nambiguously confirm two monoanionic � radical dithiolene lig-
nds [88], such that the reaction is described by Eq. (3), where the
wo dianionic bridging dithiolene ligands have been one-electron
xidized.

FeIII
2(L)2(L•)2]0 + I2 → 2[FeIII(L•)2I]0 (3)

These complexes have a doublet spin ground state, and EPR
pectra consistent with an iron-centered paramagnet [91]. The
t = 1/2 arises from strong antiferromagnetic coupling between the
wo dithiolene radicals (SL = 1) and an intermediate-spin Fe(III)
SFe = 3/2) central ion. The most unique feature of these systems
ppears in their X-band EPR spectra that display a complicated
ine pattern centered on gmin ascribed to iodine (I{127I}= 5/2, 100%
atural abundance) hyperfine coupling (Fig. 23) [91]. The spec-
rum could only be simulated with the inclusion of a large electric
uadrupole interaction from the halide that is rotated ‘off’ the prin-
iple axes of the corresponding magnetic hyperfine. The major
omponents of the electric field gradient tensor are found along
max which is perpendicular to Amax, centered on gmin. This phe-
omenon is inherent to the EPR spectra of all halide adducts
egardless of the nature of the two ligand � radicals [26,102,124].
he electronic structure is very similar to [FeIII(L•)2(CN)]0 (Section
.1.3), with the Mulliken spin population analysis showing three
npaired electrons on the ferric ion (intermediate-spin, SFe = 3/2)
nd two unpaired electrons dispersed over the dithiolene ligands.

The somewhat controversial assignment of an Fe(V) ion in

Fe(bmae)I] required the (bmae)4− ligand to be in its fully reduced,
losed-shell form [21]. This description is incompatible with
he short C–S and C–N bond distances at 1.719 and 1.342 Å,
espectively, which are not indicative of single bonds. From this
tructure, the compound was re-formulated as [FeIII(bmae••)I]
Fig. 23. X-band EPR experimental spectrum and simulation for [Fe(pdt-p-tBu)2I]
[91].

[26], where each aminobenzenethiolate arm of the tetraden-
tate ligand has been one-electron oxidized. This is the only
aminothiolate halide adduct to be crystallographically charac-
terized [21], however, the series of [FeIII(tbitbs•)2X] (X = Cl, Br,
I) and [FeIII(tbfitbs•)2I] have near-identical absorption bands at
560–540 nm with intensities exceeding 104 M−1 cm−1 [26,39].
Fig. 24 shows the distinctive absorption band for these com-
plexes that maybe described as a ligand-to-ligand charge transfer
(LLCT) transition. The [FeIII(tbitbs•)2X] compounds were prepared
via halogen oxidation of the dimeric (�-S,S)[FeIII(tbibt)(tbitbs•)]2,
where oxidation of a bridging (tbibt)2− ligand weakens the inter-
layer Fe–S bond that is subsequently cleaved by the halide [26]. The
same products are obtained if (�-NH,NH)[FeIII(tbibt)(tbitbs•)]2 is
used. Sellmann and co-workers generated [FeIII(bmae••)I] through
I2 oxidation of [FeII(bmae••)(PnPr3)] [21], whereas molecular iodine
was added to monomeric [FeIII(tbfibt)2]1− to achieve the charge-
neutral five-coordinate species [39]. Similar EPR spectra have been
recorded for these doublet spin species, with the simulation requir-
ing rotation of the electric quadrupole tensor for the iodo and
bromo compounds [26]. No resolved hyperfine splittings were
Fig. 24. Electronic absorption spectra for [FeIII(tbitbs•)2X], where X = Cl, Br, I [26].
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hat, much like previous discussions on the dimeric and five-
oordinate adducts, identify an intermediate-spin central ion.

. Summary

There is an immense variety of coordination complexes incor-
orating iron bis(dithiolene) and bis(aminothiolate) units; their
hysical and spectroscopic properties have been elucidated by
rystallographic, spectroscopic and theoretical techniques. In
ssence, they can be categorized into nine groups, distinguished
y their iron and ligand(s) oxidation levels. Many conclusions can
e taken from the data summarized in Table 6, namely, and in
o particular order: (1) the four-member electron transfer series

or the dimeric iron bis(dithiolenes) are connected by ligand-
entered redox processes, (2) the square-planer iron bis(dithiolene)

nd bis(aminothiolate), as well as their pyridine adducts, are
enchmark examples for intermediate-spin ferric, (3) all nitrosyl-
ontaining complexes contain low-spin ferrous ions, (4) the ligand
nd iron oxidation states in phosphine adducts is dependent on

able 6
lassification and overview of spin states adopted by monomeric and dimeric
omoleptic iron bis(dithiolene) and bis(aminothiolate) complexes and their five-
nd six-coordinate adducts.

Type Compound SFe
a SL

b St
c

I [FeIII
2(L)(L•)3]1+ 3/2 3/2 1/2

II

[FeIII
2(L)2(L•)2]0 3/2 1 0

[FeIII(L•)2(CN)]0 3/2 1 1/2
[FeIII

2(ibt)2(itbs•)2]0 3/2 1 0
[FeIII(L•)2(PR3)]1+ 3/2 1 1/2
[FeIII(L•)2(X)]0 3/2 1 1/2

III
[FeII(L•)2(CN)]1− 0 0 0
[FeII(L•)2(PR3)]0d 0 0 0
[FeII(L•)2(NO+)]1+ 0 0 0

IV

[FeIII
2(L)3(L•)]1− 3/2 1/2 1/2

[FeIII(L)(L•)(py)]0 3/2 1/2 1
[FeIII(mnt)(rad•+)]0 3/2 1/2 1

1/2 1/2 0
[FeIII(bdt)(bdt•)(PR3)x]1+ 3/2 1/2 1

V

[FeII(L)(L•)(CN)]2− 1 1/2 1/2
[FeII(L)2(NO•)]2− 0 1/2 1/2
[FeII(L′)(L′•)(PR3)]1−e 1 1/2 1/2
[FeII(L)(L•)(NO+)]0 0 1/2 1/2

VI

[FeIII
2(L)4]2− 3/2 0 3/2

[FeIII(L)2]1− 3/2 0 0
[FeIII(L)2(py)]1− 3/2 0 3/2
[FeIII(bdt)2(PR3)2]1− 3/2 0 3/2
[FeIII(tfd)2(OPPh3)]1− 3/2 0 3/2
[FeIII(mnt)2(idzm+)]0 3/2 0 3/2
[FeIII

2(ibt)2(abt)2]0 3/2 0 0

VII

[FeII(L)2(NO−)]3− 0 0 0
[FeII(dtsq)2]2− 2 0 2
[FeII(bdt)2]2− 1 0 1
[FeII(L)2(NO+)]1− 0 0 0
[FeII

2(abt)4]0 2 0 0

VIII

[FeIII(L)2(S-S)]3− f 1/2 1/2 0
[FeIII(L)2(dtc)]2−g 1/2 1/2 0
[FeIII(L)2(N-N)]1− 1/2 1/2 0
[FeIII(L)2(dppe)]1− 1/2 1/2 0

XI
[FeIV(L)2(dtc)]2− 1 0 1
[FeIV(mnt)3]2− 1 0 1

a Intrinsic spin state of the iron ion.
b Total spin of ligand(s).
c Total spin ground state of the complex.
d Not including aromatic dithiolenes.
e L′ = olefinic dithiolene.
f S-S = 1,1-dithiolate(2-) or 1,2-dithiolate(2-).
g dtc = dialkyldithiocarbamate(1-).
istry Reviews 254 (2010) 1358–1382

the type of dithiolene ligand (olefinic or aromatic), (5) strong-field
ligands like cyanide or phosphine do not necessarily have a pref-
erence for low-spin iron states, when they displace a weak-field
ligand such as pyridine, and (6) high-valent iron is not stabi-
lized by dithiolene or aminothiolate ligands, with the possible,
albeit ambiguous exception of iron ligated by three bidentate
ligands.

Success in assigning a physical or spectroscopic oxidation state
for the metal and ligands principally stems from X-ray crystallog-
raphy and Mössbauer spectroscopy. For the former, the intraligand
bond distances are the most useful measure of the ligand oxida-
tion state, although there are several examples where this is not
the case. Hence, it is important to look for signs of radical or oxi-
dized ligands with spectroscopy, and these have been revealed
in vibrational, optical, X-ray absorption, and magnetic resonance
spectra of these systems. The effectiveness of Mössbauer spec-
troscopy is greatly enhanced when spectra of several members
of a particular class of compound and several members of an
electron transfer series are recorded, such that a self-consistent
picture of their intrinsic electronic structure can be drawn. Grati-
fyingly, contemporary theoretical methods are up to the challenge,
and efficiently reproduce the correct electronic structure that is
readily calibrated and validated by calculation of spectroscopic
observables, such as key vibrational frequencies and Mössbauer
parameters.

The most prominent theme throughout this article is the fact
that dithiolene and aminothiolate ligands, akin to their diimine,
aminophenolate, dioxolene analogues, are clearly redox noninno-
cent. This message, heavily represented in our own chemistry,
is one that we find needs to be continually raised in coordina-
tion chemistry. These compounds are classic examples where the
chemistry and electronic structure is defined by the intrinsic redox
interplay that exists between a redox active transition metal and a
noninnocent ligand.
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