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ARTICLE INFO ABSTRACT
Article history: The 50-year old debate regarding the true electronic structure of transition metal bis(dithiolene)
Received 14 September 2010 complexes has been revolutionized recently by involvement of sulfur K-edge X-ray absorption spec-
Accepted 3 December 2010 troscopy (XAS) to directly probe the sulfur composition of the frontier orbitals. In concert with other
Available online 16 December 2010 spectroscopic methods, and increasingly theoretical calculations, a more accurate electronic structure
description has been delivered. The methodology developed has also been applied to mono(dithiolene)
Keywords: and tris(dithiolene) coordination complexes whereby the electronic structure of these systems has been
Dithiolene defined in terms of physical oxidation levels of both metal and ligand, ultimately providing direct exper-
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imental evidence for the noninnocence of dithiolene ligands.
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1. Introduction

When in 1965 Harry Barkus Gray penned a paper entitled “The
Myth of Nickel(Ill) and Nickel(IV) in Planar Complexes” [1], he
reaffirmed that [Ni(dithiolene),]%1~ exhibited chemical and phys-
ical properties incompatible with their Ni(IV) and Ni(Ill) formal
oxidation states [2], respectively, and then proceeded to ignite
a vigorous debate by announcing that these complexes are best
viewed as metal stabilized radical-ligand systems. At this stage, tran-
sition metal dithiolene chemistry was in its formative years having
burst on the scene in the early 1960s owing to the targeted syn-
thesis of dithiolate ligands, either cis-ethylene-1,2-dithiolates or
aromatic-1,2-dithiolates, and their subsequent reaction with metal
salts, principally chlorides. They generated considerable interest
given their prolific display of intense colors, multiple reversible
redox processes, irregular geometries, and, most notably, nonclas-
sical electronic structures. It was the last that precipitated the great
dithiolene war of the 1960s; an intense volley of words bundled into
JACS communications interspersed by the occasional full paper that
were hurled between the key protagonists of the era who fought
over the ground state description of bis(dithiolene)nickel. The out-
come of which not only made the careers of many of today’s notable
inorganic chemists, but also gave the field its first redox noninno-
cent bidentate ligand, the dithiolene (Scheme 1).

In their original synthetic paper of 1963 [3], Gray and co-workers
isolated the monoanionic bis(dithiolato)nickel complex, that of
[Ni(tdt),]'~ (S=1/2) where (tdt)?~ is toluene-3,4-dithiolate, and
defined this as Ni(I) bound by two dithiolate radical anions. The
unpaired electron on each radical ligand was said to be paired with
its partner in one of the 7 molecular orbitals (MOs) of these square
planar complexes. This implied that the Ni(I) d® central ion bore
the unpaired spin, though, as pointed out by the Harvard team of
Maki, Edelstein, Davison, and Holm [4], as well as Schrauzer and
his colleagues in Munich [5], this would not generate the observed
rhombic EPR signal. The preceding paper detailed the preparation
of [M(mnt),]>~ complexes, where (mnt)2~ is maleonitriledithi-
olate, with divalent metals Co, Ni, Pd, Pt, Cu, and Zn [6]. The
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ground state for [Ni'(mnt), ]2~ (S=0) calculated using a modified
Wolfsberg-Helmholz method was described as (4byg )2(4ag)? =1Ag
[7], where 4ag is the dx27y2 orbital and 4by; the dy, orbital; the
crystal structure soon followed [8]. Gray et al. regrouped by stat-
ing that these frontier orbitals were “definitely more ligand than
metal” in character, and defined the ground state configuration for
[Ni"(mnt)(mnt*)]'~ (S=1/2) as.(4byg)?(4ag)! =2A, containing one
mnt radical anion [7]; the nickel ions in both species bear a +II
physical oxidation state [2].

The first neutral complex, [Ni(pdt),]° (S=0), where (pdt)?~ is
1,2-diphenyl-1,2-ethylenedithiolate, was prepared by Schrauzer
and Mayweg from the esoteric reaction of nickel sulfide and
diphenylacetylene [9]. They deduced a square planar structure
with a Ni(Il) d® central ion where the +II charge was compen-
sated by “two electrons occupying low-lying m-MO extending over
the whole complex.” Two degenerate ligand-based unoccupied
orbitals, identified as 2b,g and 2byy, MOs [5], are key to the elec-
tronic structure of the neutral complex. Since the former can only
interact with the metal dy.y, orbitals, it is destabilized with respect
to the 2byy, MO, to give an ordering of nd <2by, <2byg <(n+1)p.
The neutral complex was best described by valence bond reso-
nance forms with a combination of dithiolate and dithioketone
forms of the ligand (Scheme 1), where the true electronic struc-
ture lies somewhere between these extremes (Scheme 2). There
were certainly structural data to give credence to such a formula-
tion, with a shortening of the C-S and lengthening of the C-C bonds
as charge was added to the basic [MS4] unit. As a consequence,
the associated infrared (IR) stretching frequencies increased and
decreased, respectively [10]. From this platform, Schrauzer et al.
defined the intense low-energy charge transfer (CT) band in the
electronic spectra of [Ni(pdt);]° (S=0) and [Ni(pdt),]'~ (5=1/2)
as an inner-m-transition 2byy — 2byg [5,10]. The dianion exhibited
a completely different absorption profile consistent with a filled
2byz MO; the three-membered electron transfer series is related by
occupation of this level. Therefore, as stated by Schrauzer, “.. .the
reduction of the complexes does not change the formal +Il oxidation
state of the nickel, palladium, or platinum atoms” [10].

Scheme 1. The three oxidation levels of a dithiolene ligand.
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Scheme 2. Limiting ligand and metal oxidation levels for planar members of the electron transfer series [Ni(L),J* (z=0, 1—, 2—) [16].
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The Harvard team joined Schrauzer and Mayweg in declar-
ing a ZBzg ground state (2B3g in the original report; the y-axis
defined as bisecting the dithiolene ligands) for the monoanionic
bis(dithiolene)nickel complex [4], however there was a difference
of opinion as toits composition. Their work was initiated by the pos-
sibility of isolating the three members of an electron transfer series
differing only in the total number of valence electrons [11].In doing
so, they described the first ever four-coordinate paramagnetic
complexes of Pd and Pt [12]. A rigorous electron paramagnetic res-
onance (EPR) spectroscopic study of [Ni(mnt), ]!~ (S=1/2) afforded
theoretical expressions for the g and A tensors using perturbation
theory. The singly occupied molecular orbital (SOMO) for these pla-
nar systems (byg) was described as 50% metal in character and the
ground state declared a d3-hole (dx;)'(dxy)? configuration imply-
ing a low-spin Ni(Ill) d” central ion [4]. Schrauzer and Mayweg
settled on 18% Ni character maintaining a Ni(Il) d® ion [5], before
promptly revising that to 51% a few years later with extended
Wolfsberg-Helmholz calculations [13] bringing it into excellent
agreement with a single-crystal EPR study on NBuy[Ni(mnt), ] [14].
In a subsequent study aimed at defining the metal contribution
to the SOMO through deviation of the g-tensor [15], the Harvard
team concluded that, although the spectrum did not favor - in
their parlance - a cationic-stabilized free-radical in [Ni-S4]'~ com-
pounds, overall the method was inadequate at defining the point
at which “the description is changed from ligand free radical to
metal-localized radical;” this is currently a subjective matter.

It was not until the rise of density functional theory (DFT) that
a re-examination of the bis(dithiolene)nickel series was under-
taken. Early Hiickel and Wolfsberg-Helmholz MO calculations were
clearly too primitive and too varying in their description of the
frontier orbitals to give an unambiguous result. We had to wait
30 years before a seminal study by one of the grand sages of
dithiolene chemistry was published in 1998, along with crystallo-
graphic characterization of the three-membered electron transfer
series [Ni(mdt),]? (z=0, 1—, 2—), where (mdt)?~ is 1,2-dimethyl-
1,2-ethylenedithiolate [16]. Geometry optimizations accurately
reproduced the X-ray structures of all members, including the
experimental trends in the Ni-S, C-S and C-C bond distances

when passing from the dianionic to monoanionic and neutral com-
plexes. Furthermore, it was shown that S 3p character accounted for
~60% of the electroactive 5b; MO in the neutral and monoanionic
species; reduced to 50% in the dianionic compound [ 16], with the Ni
3dy; content calculated to be 13.3%, 19.5%, and 38.9% for the neutral,
monoanion, and dianion complexes, respectively; a Ni(I1) d® central
ionin each. More recently, an elaborate correlated ab initio study on
the [Ni(tbbdt); J? (z=0, 1—, 2—) series, where (tbbdt)2~ is Sellmann’s
3,5-di-tert-butylbenzene-1,2-dithiolate ligand [17]. Its goal was to
address the singlet diradical nature of the neutral compound, and
followed a similar study of analogous the bis(diimine)nickel com-
plex [18]. A diradical character of 32% was computed, though it was
emphatically emphasized that this value is heavily dependent on
the theoretical method used, differing quite markedly from a previ-
ous foray using DFT calculations [19]. This diradical character was
supported by the magnitude of the singlet-triplet gap that was cor-
related to the very intense ligand-to-ligand charge transfer (LLCT)
band in the near-infrared (NIR) region of the electronic spectrum
[17].

The success of these later theoretical studies to elucidate the
electronic structure of the bis(dithiolene)nickel electron trans-
fer series, and related series with other transition metals, was
the correlation of experiment with theory by calculating physical
observables. However, sulfur itself is amongst the most spectro-
scopically silent elements in the periodic table, with only the 33S
isotope (I=3/2, 0.75% natural abundance) offering something of a
glimmer, there is almost nothing physical to calculate. Enter sulfur
K-edge X-ray absorption spectroscopy (XAS) to enliven electronic
structure studies of dithiolene compounds. The technique is ele-
ment specific and directly probes the nature of the sulfur atoms
in a given system without interference from other absorbers. This
account presents an overview of the way in which sulfur K-edge
XAS has revolutionized the study of transition metal dithiolene
chemistry; a list of the ligands and their abbreviations is presented
in Scheme 3. For the first time, we have a method to directly mea-
sure the oxidation level of the dithiolene ligand and in conjunction
with metal K- and L-edges, the physical oxidation state of the cen-
tral metal ion as well.
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(edt)” (mdt)* (pdt)*
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(tbbdt)* Cl Cl

(Cly-bdt)* (Cly-bdt)*
where bdt® = benzene-1 ,2-dithiolato

tdt*” = toluene-3.4-dithiolato

tbbdt* = 3,5-di-tert-butylbenzene-1,2-dithiolato
Clz-bdtz' = 3,6-dichlorobenzene-1,2-dithiolato
Cl4-bdt2‘ = 3,4,5,6-tetrachlorobenzene-1,2-dithiolato
edt’ = 12-cthylenedithiolato

mdt? = 1 2-dimethyl-1,2-ethylenedithiolato
pdt? = 1,2-diphenyl-1,2-ethylenedithiolato

tfd?" = bis(trifluoromethyl)ethylenedithiolato
mnt?” = maleonitrile-2,3-dithiolato

Scheme 3. Dithiolene ligands and their abbreviations.
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Fig. 1. Simplified depiction of the components of a metal K-edge XAS experiment: Excitation of a core 1s electron to vacant d orbitals generates the pre-edge features whereas
the rising-edge is dominated by dipole-allowed 1s — np transitions (XANES). Beyond the edge, the input energy from the X-ray beam is sufficient to eject the electron from
the absorbing atom which emanates as a photoelectron that interacts with electrons of the surrounding atoms giving rise to oscillations in the spectrum (EXAFS).

2. The experiment

All sulfur K-edge data presented in this review were measured
at the Stanford Synchrotron Radiation Lightsource (née Stanford
Synchrotron Radiation Laboratory) under ring conditions of 3 GeV
and 60-100 mA. The experiments were performed on the 54-pole
wiggler beamline 6-2 or 4-3 in high field (10 kG) mode with a fully
tuned Si(111) double crystal monochromator followed by a Ni-
coated harmonic rejection mirror. Details of the optimization of this
setup have been previously described [20]. Metal K-edge data were
measured using a focused 20-pole wiggler beamline 7-3. A Si(2 2 0)
monochromator was utilized for energy selection, and a harmonic
rejection mirror was present to minimize higher harmonic compo-
nents in the X-ray beam.

In an overly simplified picture (Fig. 1), K-edge X-ray absorp-
tion spectra arise from promotion of a core 1s electron to a vacant
orbital on an absorbing atom. This part of the spectrum is named
X-ray absorption near-edge structure (XANES) and provides elec-
tronic structure information about the material under examination.
As more energy is applied - beyond the edge - the core electron is
jettisoned from the absorbing atom and emanates outward as a
photoelectron interacting with the immediate neighbors generat-
ing an oscillating pattern in the spectrum. This post edge region
of the spectrum is coined extended X-ray absorption fine struc-
ture (EXAFS) since the oscillations arising from the interference of
the photoelectron with electrons in the surrounding atoms yields
geometric information about the system, mainly distances.

The XANES part of the experiment is subdivided into pre-edge
and rising-edge regions. The rising-edge is dominated by electric
dipole-allowed 1s— np transitions (Fig. 1). The pre-edge region
in metal K-edge spectra arises from electric dipole-forbidden but
quadrupole-allowed 1s — nd that can gain intensity through mix-
ing of metal p character via departure from centrosymmetry, for
example a twist from square planar to tetrahedral. This also affects
the ligand field and hence the transition energy. The K-edge is a
direct measure of the effective nuclear charge (Z¢) of an element,
i.e. its oxidation state, with the core 1s orbital shifting to deeper
binding energy with increasing Z.. This gives rise to the generally
accepted rule of thumb that a 1 eV shift in the edge to higher energy
corresponds to an increase in the oxidation state by one unit.

The perfect compliment to a metal K-edge is the sulfur K-
edge. It follows the same principles described above except that
its pre-edge features result from electric dipole-allowed S 1s — 3p
transition (Fig. 2). There are two ways to create a vacant site in

the S 3p orbitals, namely removing an electron generating a sulfur-
centered radical and a partial hole from covalent M-S bonding that
shifts electron density from filled S 3p orbitals to vacant metal d
orbitals. Thus, S K-edge probes all singly occupied and unoccupied
orbitals of a transition metal complex that have S 3p character, and
therefore is a direct measure of the covalency of a metal-sulfur
bond whereby the peak intensity reflects the amount of S 3p con-
tent of the absorbing orbital [21,22]. The oxidation level of the sulfur
atoms will be reflected in the pre- and rising-edge energies, but
usually with more than one sulfur atom present, as is the case for
a dithiolene ligand, a 1eV shift is rarely observed. Furthermore,
changes in complex geometry can counteract this shift since the
ligand field is affected.
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Fig. 2. Simplified molecular orbital manifold indicating the pre-edge and edge tran-
sitions in a sulfur K-edge XAS spectrum.
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Fig. 3. Bond distances (A) from a geometry optimized benzene-1,2-dithiol (H,L) and
its one-electron oxidized form, HL [23].

This review is directed at presenting an overview of the impact
that sulfur K-edge XAS studies have provided in describing the
electronic structure of transition metal dithiolene complexes. The
existence of a monoanionic dithiolene radical ligand (L*)!-, is fin-
gerprinted by a low-energy (typically <2470eV) pre-edge peak
defined as a S 1s — L* transition. In many cases, particularly when
S K-edge spectra of two or more members of an electron trans-
fer series have been recorded, a simple qualitative examination is
sufficient to determine metal and ligand oxidation levels. As will
be evident throughout, S K-edge XAS works in concert with metal
K-edge XAS, and many other spectroscopic and increasingly, the-
oretical methods, to give an electronic structure description for
transition metal complexes with one, two, or three dithiolene lig-
ands.

3. Mono(dithiolene) complexes

Proper determination of the electronic structure of tran-
sition metal dithiolene complexes requires identification of
structural and spectroscopic features that allow the unequiv-
ocal detection and characterization of monoanionic dithiolene
radicals. Many authors have attempted to discern between
dithiolate(2—) and its monoanionic radical form in a given complex
by their crystallographically determined structural parameters
(Fig. 3).

The underlying assumption has always been that the phenyl
ring of an aromatic-1,2-dithiolate has six equidistant C-C bonds
or displays two short and four long C-C bonds in the radical form.
Additionally, the C-S bonds would shrink upon oxidation of a dithi-
olate dianion (Fig. 3). This behavior is firmly ensconced in dioxolene
systems (catecholates and semiquinonates) [24,25] but is missed in
dithiolene chemistry owing to the overwhelming parentage by the
sulfur atoms of the unpaired spin that curtails the quinoid-like dis-
tortion such that it is rarely outside the crystallographic 3o level
(Fig. 4)[17,23].

Sulfur K-edge X-ray absorption spectroscopy is the ideal exper-
imental probe of radical character in transition metal dithiolene
complexes. Specifically, the quantification of sulfur 3p content

Fig. 4. Mulliken spin densities of the radicals (a) o-benzosemiquinone and (b) o-
dithiobenzosemiquinone [23].

+0.15

+0.17

Fig. 5. Spin density plot for [Co"(tren)(bdt*)]?* obtained from a Mulliken spin pop-
ulation analysis [23].

in the unoccupied antibonding valence orbitals determines their
covalency and highlights the noninnocence of dithiolene ligands in
situations that give rise to an inverted bonding scenario.

3.1. Iron and cobalt

In a recent report it was shown that it is possible to elec-
trochemically generate a one-electron oxidized form of a
1,2-dithiolate ligand while coordinated to cobalt [23]. The
precursor [Co"(tren)(bdt)](PFs) (S=0) is an archetypal Werner-
type complex with a central low-spin Co(Ill) d8 (Sc,=0),
neutral tren (tren=tris(2-aminoethyl)amine) and diamagnetic
(bdt)2~ (bdt=benzene-1,2-dithiolate). The oxidized product
[Co'l(tren)(bdt®)]** (S=1/2) possessed an S,S'-coordinated
dithiolene radical in an experiment directly analogous of an
0,0'-coordinated o-benzosemiquinonate(1—) ligand (sq®)!~. The
latter was characterized by X-ray crystallography [26], where
short C-0 and a quinoid distortion of the aromatic ring (four long
and two short C-C bonds) supported such a formulation. Perhaps
the most important evidence for a coordinated (sq®)!~ ligand
came from its EPR spectrum, with a *°Co (I=7/2, 100% natural
abundance) magnetic hyperfine interaction of (Ac,)=9.76 G [26].
For electrochemically generated [Co(tren)(bdt*)]?*, a value of
(Aco) =14 G was recorded [23], slightly larger due to more covalent
Co-S bonds. A clear distinction is made when this EPR spectrum is
compared with a genuine Co'VSg (S=1/2) center in [Co'V(dtc)s]*,
where (dtc)!~ is diethyldithiocarbamate, with (Aco) = 140 G [27]. So
electron-starved is the Co(IV) d° central ion in [Co!V(dtc);]!* that
it eventually consumes itself generating [Co'5(dtc)s]?* with the
more satisfying d® configuration, such that it is almost impossible
to entertain a [Co!V(tren)(bdt)]%* electronic structure for this
electrochemically oxidized dication. DFT calculations elegantly
visualize the electronic structure as is shown by the Mulliken spin
density plot presented in Fig. 5 with the unpaired electron found
almost exclusively (only 3% Co) on the dithiolene ligand [23].

The analogous Fe compound, [Fe!!(cyclam)(tdt)](PFs) (S=1/2)
is again a Werner-type complex with an octahedral low-spin
Fe(lll) d® (Sre=1/2) central ion bound by the tetradentate,
closed-shell cyclam (cyclam=1,4,8,11-tetraazacyclotetradecane)
and bidentate (tdt)2~ (tdt=toluene-3,4-dithiolate) ligands [28].
Its cyclic voltammogram displays one reversible reduction and
one reversible oxidation wave to neutral and dicationic species,
respectively. While it is trivial to diagnose the neutral species as
[Fe''(cyclam)(tdt)]° (S=2) with a high-spin Fe(II) d® ion shown by
Mossbauer spectroscopy, the identity of the oxidation as metal-
or ligand-centered is not immediately apparent, since unlike
cobalt, +IV and higher oxidation states feature prominently in
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[Fe'Y(cyclam)(tdt)]” ..—T- [Fe(cyclam)(tdt)]"*

=2 (5="%)

[Fe(cyclam)(tdt*)]**
(5=0)

Scheme 4. The three-membered electron transfer series of [Fe!(cyclam)(tdt)]?
(z=0, 1+, 2+) [28].

iron chemistry. The two possibilities [Fe!V(cyclam)(tdt)]?* (5=1)
or [Fe'(cyclam)(tdt*)]2* (S=0) were distinguished by Méssbauer
spectroscopy - the bread and butter approach for iron. The pre-
cursor [Fell(cyclam)(tdt)]'* (S=1/2) is characterized by an isomer
shift §=0.38 mms~! and quadrupole splitting AEq=1.80mms~.
The oxidized dication has §=0.29 mms~! and AEq=-2.24mms"!
which is quite similar to the starting material, however a
0.09mms~! lowering of the isomer shift does not entirely elimi-
nate the Fe(IV) possibility. Applied-field Méssbauer measurements
settled the argument, as the absence of an internal magnetic field
around the iron nucleus rules out an Fe(IV) S=1 species. DFT cal-
culations confirmed this as a ligand-centered oxidation to give
[Fell(cyclam)(tdt®)]>* (S=0) in particular by calculation of the
Mossbauer parameters; the electron transfer series is defined in
Scheme 4. The diamagnetic ground state arrives via strong antifer-
romagnetic coupling of the metal- and ligand-centered unpaired
electrons that classifies this species as a singlet diradical; the Mul-
liken spin density plot is shown in Fig. 6 [28].

X-ray absorption spectroscopy truly cemented the message,
with a combination of metal and ligand K-edge measure-
ments. The Fe K-edge spectra of [Fe(cyclam)(tdt)]'* (S=1/2)
and [Fe''(cyclam)(tdt®)]?* (S=0) exhibit similar rising-edge ener-
gies, and more importantly, similar pre-edge peaks at 7112.2eV
for [Felll(cyclam)(tdt)]'* and 7112.5eV for [Fell(cyclam)(tdt®)]?*
indicating a similar effective nuclear charge (Z.¢) at Fe, corrob-
orating the Mdssbauer spectral parameters. Had the metal been
oxidized, ~1eV shift to higher energy would have been antici-
pated. The sulfur K-edge XAS spectra are shown in Fig. 7 and
the existence of a dithiolene radical is abundantly clear from
the low-energy pre-edge peak at 2469.6eV in the spectrum of
[Fe'(cyclam)(tdt*)]?*: the dithiolene radical fingerprint. There are
two other pre-edge peaks at 2471.1 and 2472.6eV. The S K-edge

Fig. 6. Spin density plot for [Fe'(cyclam)(bdt*)]?* obtained from a Mulliken spin
population analysis [28].

c

8 15

el

o

=

(=]

w

<

= i+

[+}]

N

®

E

o 0.54

= [Fe"(cyclam)(tdt)]"*

[Fe"(cyclam)(tdt")]**
[Co"(tren)(bdt)]™
0.0 T T T T T T T T T
2468 2470 2472 2474 2476
E, eV

Fig. 7. Comparison of the normalized S K-edge spectra of [Fe'(cyclam)(tdt)]'*,
[Fe(cyclam)(tdt*)]?*, and [Co™(tren)(bdt)]'* [28].

spectrum of [Fel'(cyclam)(tdt)]!* is noticeably devoid of any peak
below 2470eV - no dithiolene radical. However, this being Fe
chemistry, it is never a simple as it seems, with a pre-edge shoulder
at2470.0 eV. This is defined as a transition to the t,; singly occupied
orbital (SOMO) which gains intensity from a weak covalent inter-
action between the Fe 3dy; orbital and a 7 orbital of the dithiolate
ligand, thus indicating a small contribution from the [Fe!'-tdt*]!*
resonance structure. The two remaining peaks are defined as tran-
sitions to o* MOs (Fe eg orbitals) which are split by multiplet effects,
rarely reported for S K-edge spectra. The calibrant, the S K-edge
spectrum of [Co'l(tren)(bdt)]'* (S=0) shows only one pre-edge
peak at 2470.6 eV consistent with its aforementioned electronic
structure. The peak is due to 1s — Co-S ¢* transitions.

This exhaustive spectroscopic study was elegantly supported by
DFT calculations. Specifically, the qualitative validity of an open-
shell singlet ground state description in the reproduction of the
correct number of peaks by TD-DFT calculation of the S K-pre-edge
spectrum. As demonstrated in Fig. 8, the simple closed-shell singlet
ground state from a nonbroken symmetry, spin-restricted calcu-
lation fails to account for the experimental S K-pre-edge spectral
profile. Only the BS(1,1) singlet diradical solution accommodates
both the number and the intensity of the pre-edge region for
[Fe'l(cyclam)(tdt®)]%*. Furthermore, the singlet diradical solution

| IFe"(cyclam)(tdt")]**

-
(3]
|

Broken symmetry (S = 0)

Closed-shell (S=0)

Normalized Absorption
& =

0'0_-""[".‘ T T \--‘---_‘I T T e T
2468 2470 2472 2474 2476
E, eV

Fig. 8. Comparison of the calculated BS(1,1) open-shell singlet and spin-restricted
closed-shell spectra with the experimental data [28].
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Fig. 9. Overlay of the normalized S K-edge spectra of [Ru(cyclam)(tdt)]'*, and
[Ru™(cyclam)(tdt)]** [30].

was a significant 7 kcalmol~! more stable than the closed-shell,
spin-restricted S=0 approach.

3.2. Ruthenium

In contrast to this apparently straightforward description of
the electronic structure for the Fe series, it has been subse-
quently shown that ruthenium is a world apart from iron. Kaupp
proposed that the [Ru-L]'* (S=1/2) moiety is best described
as a superposition of resonance structures [Ru'-(L*)]'* «< [Ru'll-
(L27)]™ such that the “true” spectroscopic oxidation state is
intermediate between these integer descriptions [29]. Accord-
ingly, the dicationic unit was described as a superposition of
the [Rull-(L9)]%* < [Ru'l-(L*)]%* resonance structures [29]. An XAS
study was conducted on [Ru(cyclam)(tdt)]'* (S=1/2) and its
one-electron oxidized product, [Ru(cyclam)(tdt)]?* (S=0), which
are isoelectronic to the previously described Fe series [30].
The Ru K-edge spectra, whose rising-edge directly respond to
the Z.¢ of the Ru ion, exhibited energies of 22,115.3eV for
[Ru(cyclam)(tdt)]'* and 22,115.6eV for [Ru(cyclam)(tdt)]?* [30].
These data were calibrated by comparison with the edge posi-
tion of [Ru'(cyclam)(dtc)](BPhy) (S=0) and cis-[Ru(cyclam)Cl,]CI
(§=1/2) at 22,114.6 and 22,115.8eV, respectively. The shift of
1.2 eV to higher energy for [Ru"l(cyclam)Cl, |Cl supports the assign-
ment that it possesses a bona fide Ru(Ill) d> central ion, whereas
[Rull(cyclam)(dtc)](BPhy) has a genuine Ru(ll) d® ion. The result
for [Ru(cyclam)(tdt)]'* sits midway between these two edges, and
highlights the non-integer spectroscopic oxidation state for the Ru
ion. For [Ru(cyclam)(tdt)]?*, the value is high enough that the Ru
ion could be defined with a physical oxidation state of +III.

An overlay of the S K-edge spectra of [Ru(cyclam)(tdt)]!*/2* is
provided in Fig. 9 [30]. A low-energy pre-edge peak at 2470.0eV
is evident and bears some resemblance to the radical fingerprint
peak in [Fe(cyclam)(tdt*)]?*. This feature is described as a S
1s— SOMO transition for [Ru(cyclam)(tdt)]!* where the SOMO
comprises 34.9% Ru dy; and 56.6% tdt 7*; the remainder is found
on the cyclam unit. So, in many respects, this is our fingerprint
peak since the SOMO possess considerable ligand radical charac-
ter with contributions from the [Rul/(cyclam)(tdt*)]'* resonance
structure, however, unlike the iron analogue, the unpaired spin is
truly delocalized (Class III) over both metal and ligand.

The S K-edge spectrum of [Ru(cyclam)(tdt)]?* has a very
intense pre-edge peak at the same energy (2469.9 eV) as for the
monocation. This indicates that oxidation of the latter involved
removing the electron from the heavily delocalized SOMO

Fig. 10. Simplified bonding scheme for the m interactions in isoelectronic
[Fe(cyclam)(tdt)]'*, [Ru(cyclam)(tdt)]'*, and [Co"(tren)(bdt®)]?* (S=1/2)[30].

without dramatically altering its composition (27.1% Ru; 61.2%
tdt), thus a delocalized LUMO is created. Therefore, the elec-
tronic structure is best represented by the resonance structures
{[Rull(cyclam)(tdt®)]?* < [Rulll(cyclam)(tdt*)]** < [Ru!V(cyclam)
(tdt2~)]**}. Given their apparent equal weighting, the effective
average oxidation state for the Ru ion is +III, in keeping with the
rising-edge energy in the Ru K-edge. These observations were
corroborated by TD-DFT calculations.

The outcome facilitated a detailed comparison of the
electronic structures of three isoelectronic species, namely
[Co(tren)(bdt*)]?*, [Fe!ll(cyclam)(tdt)]!*, and [Ru(cyclam)(tdt)]'*.
All possess a doublet ground state, though this manifests in
distinctly different ways: [Co'l(tren)(bdt®)]?* has a diamagnetic
Co(I1) d® (Sc, = 0) ion bound by a dithiolene ligand radical (S, = 1/2);
[Fe'(cyclam)(tdt)]'* is a Werner-type complex with a low-spin
ferric d> configuration; and finally the SOMO of [Ru(cyclam)(tdt)]'*
is completely delocalized represented by two resonance structures
{[Ru"(cyclam)(tdt*)]'* <> [Ru(cyclam)(tdt)]!*}. This behavior is a
consequence of the relative energies of the metal d orbitals with
respect to the redox-active 7* orbital of the dithiolene ligand, as
depicted by the simplified bonding scheme in Fig. 10. The energy
of the Fe 3d orbitals is higher than the dithiolene ligand 7 donor
orbitals giving rise to a “normal” bonding situation (see Section
4.1). The corresponding Co complex exhibits the lowest d orbital
energies because of the greater effective nuclear charge of what is
formally low-spin Co(IV) d°. This facilitates an “inverted” bonding
scheme (Fig. 12, Section 4.1) the consequence of which is that one
electron is transferred to Co from the dithiolate ligand generat-
ing the coordinated dithiolene 7 radical monoanion. The Ru 4d
orbitals are equivalent in energy to the ligand 7 donor orbitals
and therefore adopt a completely covalent bonding situation; the
assignment of an integer physical oxidation state is no longer
meaningful.

The pervasive covalency persists in [Ru(cyclam)(tdt)]?*
such that its closed-shell singlet ground state is best
viewed by three resonance structures {[Ru’(cyclam)
(tdt?)]%* < [Rull(cyclam)(tdt*)]** < [RulY(cyclam)(tdt?~)]?*}.

The analogous Fe compound is a singlet diradical with strongly
antiferromagnetic coupled metal- and ligand-centered unpaired
electrons, [Felll(cyclam)(tdt*)]?*.

4. Bis(dithiolene) complexes

The decades old debate regarding the correct electronic struc-
ture description for transition metal bis(dithiolene) complexes was
revived with three pivotal XAS studies [31-33]. Specifically, sulfur
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Fig. 11. Depiction of the redox-active 2bg MO in square planar bis(dithiolene)
complexes [17].

K-edge XAS, as a direct probe of the sulfur 3p content of the half
and unoccupied orbitals, did more than any other spectroscopic
venture, reveal the underlying noninnocence of dithiolene ligands.
The conclusions drawn were complimented by measurements of
various metal K- and L-edges, and tidily wrapped up by theoretical
calculations.

Before going to the actual complexes, it is instructive to
have an idea about the electronic structure of the hypothetical
bis(dithiolato) ligand unit (L)% [17,33,34]. The ligand unit of
D,, symmetry features eight orbitals corresponding to symmetry-
adapted linear combinations of the sulfur 3p orbitals. Four of these
are of m-type (1b3g, 1b1y, 1b2g, 1ay) and the remaining four are
of o-type orbitals (1byy, 1b3y, 1byg, 1ag). For the hypothetical
bis(dithiolato) unit, the HOMO (7*-byg) can undergo a symmetry-
allowed 7t interaction with a dy, orbital of a central metal ion.
Similarly, the symmetric and antisymmetric combinations of the
bis(dithiolato) 1ay and 1bsg orbitals, respectively, can w-interact
with the dy; metal orbital. Finally, the antisymmetric 1b;¢ orbital
can o-interact with the metal dy, orbital. Members of any one
electron transfer series (except Cu) were found to differ by the occu-
pation of the redox-active 2byz MO (Fig. 11). As it will be shown,
the innocent and noninnocent nature of the dithiolene ligand in
a bis(dithiolato) ligand unit is controlled mainly be the extent of
interaction of the ligand m*-by, orbital with the metal dy, orbital,
in turn dictated by their relative energies.

The 2byg MO is filled in dianionic bis(dithiolene) complexes of
Ni, Pd, Pt, and the monoanionic Cu and Au species. It is the SOMO
in the one-electron oxidized product, the spin doublet [M(L);]!~
(M=Ni, Pd, Pt) and [Au(L);]° whose composition has been exten-
sively studied by EPR [4,14] and ESEEM/ENDOR [35] spectroscopies
that led to the conclusion that it is predominantly ligand in charac-
ter with varying degrees of metal (dx.) content. These EPR results
would be utilized to calibrate and interpret the S K-edge data. A fur-

Normal

Wsomo = V1-02 metal d — a ligand

metal
d orbital

v
\

\
\ "‘.
A K ligand
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ther one-electron oxidation to diamagnetic neutral Ni, Pd, Pt, and
monocationic Au complexes results in emptying the 2b,; MO such
that it is now the LUMO. Using S K-pre-edge peak intensities and
theoretical calculations, the sulfur 3p content, and thus the cova-
lency in bis(dithiolene) complexes was resolved and the ground
state wavefunction described.

4.1. Nickel, palladium, and platinum

Solomon and co-workers first addressed the bonding and cova-
lency in the bis(dithiolene)nickel series in 2003, with an elaborate
sulfur K-edge XAS and density functional theoretical study [33]. The
compounds in question, [Ni(mdt), J* (z=0, 1—, 2—), had been crys-
tallographically, spectroscopically and theoretically characterized
afewyears earlier by Holm [ 16]. The noninnocence of the dithiolene
ligand had already been exposed by EPR [4,14] and ENDOR/ESEEM
[35] spectroscopies, however, that examination was limited to the
paramagnetic member of the series, the S=1/2 monoanion. Sulfur
K-edge XAS, complimented by Ni K- and L-edge XAS, and calibrated
by EPR data for the monoanion, would deliver a quantitative assess-
ment of the bonding and covalency across the whole series.

Covalency was defined as the ligand (sulfur) character in the
unoccupied orbital ¢*=(1 — a2)!/2|metal 3d) — «|S 3p) [22,36]. The
sulfur covalency is determined from the intensity of the transition
(Dg) to an unoccupied orbital (¢*) by the relationship detailed in Eq.
(1), where the a2 is the S 3p content, A the area under the pre-edge
peak, n the number of absorbing nuclei (n=4 for bis(dithiolene)
complexes). The key ingredient is the transition dipole integral,
I(S), for the S 1s — 3p excitation [21], which is derived from the
experimental spectrum.

Do(S1s — ¢*) = constant|(S 1s|r|¢*)|? = a®I(S1s — 3p)

- (%) 21(S) 1)

The poignant questioned raised in this study was the notion of an
“inverted bonding” scheme. A “normal bonding” scheme (Fig. 12,
left) is characterized as having the metal d orbital manifold desta-
bilized relative to the ligand orbitals; an inverted arrangement
(Fig. 12, right) is, not surprisingly, the other way round. If the ligand
content exceeds 50%, this is the territory of the inverted scheme and
underscores a highly covalent bonding scenario.

Solomon and co-workers set about defining the transition dipole
integral, I(S) for the free dithiolene ligand, approximating it via a
linear relationship between I(S) and the effective nuclear charge
(Zegr) of sulfur. This came about based on determined integrals for
sulfide (527) [37] and thiolate (RS~) [38], and merely extrapolating
the value for Nayedt based on a comparison of their rising-edge
energies ascribed as the S 1s — 4p transition from recorded S K-
edge spectra of these salts [33]. A value of I(S)=9.15 was obtained.
The consequence of having two dithiolene ligands in proximity in

Inverted

metal
d orbital

Fig. 12. Depiction of the relative orbital energies that generate a normal (left) and inverted (right) bonding scheme [33].
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Fig. 13. Comparison of the normalized S K-edge XAS spectra for [Ni(mdt),}J* (z=0,
1-,2-)[33].

a square planar (D, symmetry) arrangement, as well as the inclu-
sion of a Ni ion, further modified the I(S) value: extrapolation gave
9.84, 10.39, and 10.94, for the dianionic, monoanionic, and neu-
tral species, respectively. This was tracked by the S 1s— C-S7*
transition in the S K-edge spectra. The spectra themselves, over-
laid in Fig. 13, show two pre-edge peaks. For the dianion, the first
low-energy shoulder arises from ~20% oxidized impurity in this
highly air-sensitive compound; subtraction of the spectrum of the
monoanion eliminated this feature, leaving one pre-edge peak at
2471.2eV.

The spectra of the monoanion and neutral complexes have two
pre-edge peaks at 2470.0 and 2471.0 eV, and 2470.1 and 2471.1eV,
respectively. Pseudo-Voigt deconvolution provided a value for Dy
which in turn produced quantified covalencies for the frontier
orbitals (a2¢, Table 1). Reassuringly, the numbers resemble a similar
determination by EPR (averaged for the monoanion o2?, Table 1).
The data experimentally confirm the inverted bonding scheme,
with frontier 0* 1b1g (Ni dxzfyz + Lo* — byg; 13byg in Ref. [33]) and
T* 2bg (Nidy, + L™ - byg; 5hyg in Ref. [33]) being of predominantly
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Table 1
Pre-edge peak energies, identified transition, and experimental covalencies derived
from S K-edge pre-edge spectra.

E (eV) Transition? Experimental covalency (%)
a2b a2c «2d

[Ni(mdt),]?~ 2471.2 S1s— 1byg 77 81 62
Ni(mdt); ]!~ 2470.0 S1s— 2b,, 59 62 59
[Ni(mdt),] g

2471.0 S1s— 1byg 71 75 58
[Ni(mdt),]° 2470.1 S 15— 2by, 67 70 56

24711 S1s— 1byg 57 57 51

2 13b1g=1b1g MO and 5b,g = 2byg MO in Ref. [33].

b XAS and EPR covalency values averaged for [Ni(mdt),]'~ complex from Ref. [33].
¢ Quantification based on old transition dipole integral from Ref. [33].

d Quantification based on new transition dipole integral from Ref. [32].

ligand character [33]. The Ni dy, d,2, and dxzfyz have no involve-
ment in bonding and are occupied across the series; the MO scheme
for this three-membered series is presented in Fig. 14. The S 3p char-
acter (EPR calibrated, o2, Table 1) of the 1b1g MO decreases along
the series, with 77% for the dianion, 71% for the monoanion, and
57% in the neutral complex (Table 1). The opposite behavior occurs
for the 2by; MO, with 59% S 3p in the monoanion that increases to
67% in the neutral.

Furthermore, Solomon et al. then calibrated their DFT cal-
culations to match the experimental covalencies. The GGA
density functional calculations worked best with 10% Hartree-Fock
exchange that satisfactorily accounted for the S 3p covalency in the
2by LUMO of [Ni(mdt),;]°. This, however, led to no spin polariza-
tion of the ground state - a broken symmetry solution with spin
of different sign on each ligand [19,33]. When the Hartree-Fock
exchange was dialed up to 25%, 0.4 of an electron spin was located
on each ligand. The latter solution was in better agreement with
the EPR-calibrated data (based on EPR spin distribution [14,35])
displayed in Table 1. The 25% Ni dx; character of the 2by; LUMO
of [Ni(mdt);]° acts as a superexchange pathway between the two
partially spin polarized ligands [17,33].

The accuracy of the extrapolated I(S) values for coordinated
dithiolene ligands was improved with correlation of the S K-edge
XAS data with the 33S EPR superhyperfine for [Cull(mnt); ]2~ [32].
The value of I(S)=14.1 for the S 1s— 3p transition in this com-
plex represents a S atom with considerably more positive charge
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Fig. 14. Kohn-Sham orbital picture of the [Ni(mdt), ] (z=0, 1—, 2—) series with symmetrized geometry from the X-ray structure of [Ni(mdt),|° calculated at the B88P86/BS5

level [33].
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Fig. 15. Comparison of the normalized S K-edge XAS spectra for [Ni(tbbdt),]? (z=0,
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than the previous S~ and RS~ benchmarks [33], and thereby a
more accurate linear relationship between I(S) and the S 1s — 4p
transition energy was derived such that the I(S) for a range of S-
containing ligands could be determined by interpolation rather than
extrapolation. The result was a revision of the covalencies for the
[Ni(mdt),]%1-/2= series as noted in Table 1 («24), and a comparison
with the [Ni(mnt);]'=/2~, bearing the more electron withdrawing
cyanide substituents on the dithiolene ligand.

The final revision of the experimental and calculated cova-
lency in the bis(dithiolene)nickel series came from a further
re-evaluation of the S 1s — 3p transition dipole integral [31]. It had
long been known that the magnitude of the integral is dependent
on the radial functions of the 1s and 3p orbitals, and in the case of
the latter that are involved in bonding, these orbitals will exhibit
different degrees of radial distortion (as an expansion in the case
of antibonding orbitals) depending on whether the acceptor orbital
with S 3p character is ¢* or 7*. The pre-edge transitions for these
bis(dithiolene) complexes are S 1s — 1bz ¢* and S 1s— 2byg 7%,
and it was shown that the 7* orbital is more contracted than the
o* orbital giving (up to 20%) a smaller value for the dipole integral.
The S K-edge XAS data collected for the [Ni(tbbdt),]%/1-/2= series
is shown in Fig. 15, and are very similar to both [Ni(mdt),]9/1-/2-
[33] and [Ni(mnt),]'~/2- series [32].

The salient point of this work was the fact that neither I(S)
nor o2 are physical observables, whereas the oscillator strength
is an observable. Therefore, the oscillator strength was directly
calculated using a newly devised time dependent (TD) DFT pro-
tocol [31], and then I(S) and o? were factorized out after the
correlation of experimental and calculated oscillator strengths,
using [Aul!'(tbbdt)(tbbdt*)]° as the reference complex (vide infra).
The results for a range of bis(dithiolene) compounds studied are
posted in Table 2, including a redetermination of the covalency in
[Ni(mdt),]1=/2-,

Fig. 16 presents an overlay of the S K-edge XAS spectra for the
bis(dithiolene) monoanions of Ni, Pd and Pt [31]. Each exhibit two
pre-edge peaks with the lowest energy feature (2469.7 +£0.2 eV)
assigned as the S 1s— 2b,, transition - our radical fingerprint -
with one hole in this predominantly ligand-based orbital (>50%,
Table 2). The second and more intense peak is the 1s — 1by transi-
tion that increases in intensity and shifts ~1.5 eV to higher energy
on going from [Ni(tbbdt),]'~ to [Pd(tbbdt),]'~ to [Pt(tbbdt),]'~.

Therefore, it has been ultimately shown through S K-edge
XAS measurements that bis(dithiolene) complexes of Group 10
metals (Ni, Pd, Pt) form three-membered electron transfer series
that are interrelated by ligand-centered redox events while

Table 2
Calculated and experimental covalencies for bis(dithiolene) complexes [31].
Complex Transitions Experimental Calculated
covalency? covalency
[Ni(tbbdt), ]~ S1s— 2by, 53.6 47.9
S1s— 1byg 76.8 84.6
[Pd(tbbdt), ]!~ S 15— 2byg 61.1 56.0
S1s— 1byg 81.8 94.0
[Pt(tbbdt), |- S 15— 2by, 56.2 56.7
S1s— 1byg 86.0 82.0
[Au(tbbdt),]° S1s— 2byg 60.0 60.0
S1s— 1byg 110.0 110.0
[Au(tbbdt), ]!~ S1s— 1byg 1332 109.2
[Cu(tbbdt), ]~ S1s— 1byg 107.1 115.2
[Ni(tbbdt); |2~ S1s— 1byg 45.9 776
[Ni(tbbdt), ]° S 1s— 2byg 76.7 b
S1s— 1byg 74.0
[Pd(tbbdt), |*~ S1s—1byg ¢ 88.2
[Pt(tbbdt), [>~ S1s— 1byg ¢ 83.1
[Co(tbbdt), ]!~ S 15— 2bsg 56.1 52.5
S1s— Zng
S1s— 1byg 81.8 80.0
[Ni(mdt), ]~ S 1s— 2by,d 46.2 51.2
S1s— 1byg® 91.2 834
[Ni(mdt), >~ S1s— 1byg 93.0 76.8

2 Neutral [Au(tbbdt);]° calibrated experimental covalency.

b Calculations were not performed.

¢ Feature is not well resolved from edge and therefore accurate areas (covalencies)
cannot be obtained.

d Equivalent to the S 1s — 5byg transition in Ref. [33].

¢ Equivalent to the S 1s— 13byg transition in Ref. [33].
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Fig. 16. Overlay of the normalized S K-edge XAS spectra for [M(tbbdt),]'~ (M=Ni,
Pd, Pt) [31].

the metal maintains a +II physical oxidation state throughout
(Scheme 5).

4.2. Copper and gold

A single crystal of 0.1-0.5mol% (NBuy),[Cu'l(mnt),] (S=1/2)
diluted in diamagnetic (NBuy),[Ni'l(mnt),] was analyzed by X-
band EPR spectroscopy [40]. Due to the sample being a selectively
orientated crystal, the extremely narrow spectral line width allows
for observation of 33S magnetic hyperfine features [40,41]. From
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Scheme 5. Three-membered electron transfer series for [M(L);]° (M=Ni, Pd, Pt)
[39].
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Scheme 6. Four-membered electron transfer series for [Au(L);)? (z=1+,0, 1—, 2—) [39,45].

this EPR spectrum, the sulfur content of the SOMO was deter-
mined which led to a reappraisal of the dipole integral, I(S), for
the S 1s— 3p transition in [Cu''(mnt),]2~ (S=1/2) [32]. Solomon
et al. then used this I(S) value to compute the covalency in
[Cu(mnt),]'~/2~.The S K-edge spectra are characterized by one pre-
edge feature, at 2470.1 eV and 2470.4 eV, respectively. The intensity
is significantly greater for the monoanionic complex. The dian-
ion is readily described as a classic Werner-type complex with a
Cu(Il) d® central ion coordinated by two dianionic dithiolate lig-
ands. This assignment was provided by the axial EPR spectrum that
is the hallmark of Cu(Il) [4]. Thus, the pre-edge peak arises from
the S 1s— 1byg transition; the ¢* SOMO of this dianion. The one-
electron oxidized product, [Cu(mnt),]'~ (S=0) was classified as
a metal-centered event, giving a Cu(Ill) d® central ion with two
dithiolate ligands, as opposed to a Cu"'-radical species proposed by
Sawyer et al. [42]. The shift to lower energy by 0.3 eV reflects an
increase in Zg of the metal ion that stabilizes the frontier orbitals
with respect to the S 1s orbital. The calculated per hole (one hole
for the dianion and two holes in the monoanion) S character is
0.7 in [Cu"(mnt), ]!~ compared to 0.63 in [Cu”(mnt), ]?~. This was
corroborated by Cu K- and L-edge with measurements, where the
pre-edge energies shift by ~1.5 eV upon one-electron oxidation of
[Cu''(mnt), ]2~ to [Cu(mnt), ]~ [32].

For its Group 11 congener, bis(dithiolene)gold complexes have
been investigated in depth in the past [43]. Most are monoanionic
[Au™(L),]'~ (§=0) where the diamagnetic Au(lll) d® central ion is
coordinated by two dianionic dithiolate ligands. Like so many other
dithiolene compounds, this also exhibited reversible one-electron
redox chemistry, and formed three-membered electron transfer
series with an aryl dithiolene. It was the isolation and character-
ization of the neutral species, [Au'!/(tbbdt)(tbbdt®)]? (S=1/2) that
showed the oxidation was ligand-centered [44]. Most insightful
were the 197Au Méssbauer spectral parameters, with the isomer
shift §=3.36 mms~! and quadrupole splitting AEq=2.92 mms~!
for [Au'(tbbdt),]'~ remaining more or less unchanged in the neu-
tral compound, with §=3.20mms~! and AEq=3.06 mms~! [44].

The electron transfer series was extended to four members
using a substituted 1,2-diphenyl-1,2-dithiolate ligand (pdt)%~
[45]. The structural characterization of the neutral and mono-
cationic complexes showed shortening of the C-S bonds and
concomitant lengthening of the olefinic C-C bonds as the species
became more oxidized. The electronic structures of the mem-
bers of this series are defined in Scheme 6. The electronic
absorption spectra displayed characteristics of S,S’-coordinated
dithiolene radicals with intervalence charge transfer (IVCT)
bands in the near infrared region of the spectrum, and a truly
amazing X-band EPR spectrum for [Aul(pdt)(pdt*)]° (S=1/2),
which is only the second example where the quadrupole
interaction is larger than the magnetic hyperfine interac-
tion, confirms a d® central ion for this compound with a
(1ag)2(2ag)2(1b3g)*(1h2g)a(1ay)*(2b3g ) (1b14)*(2bag)' (1b1)°
electronic configuration; the MO scheme is displayed in Fig. 17
[17].

The S K-edge XAS spectra of [Aul!(tbbdt),]%/1~ are overlaid in
Fig. 18. A single intense peak in the spectrum of [Aulll(tbbdt),]'~
at 2471.18 eV is assigned as the S 1s — 1by, transition. The neutral
has an extra pre-edge peak at 2469.8 eV indicating the presence
of a ligand radical (S 1s— 2by, transition). Due to the very high
effective nuclear charge of gold, the 5d manifold lies very deep in
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Fig. 17. Kohn-Sham MOs and energy scheme for [Au(bdt)(bdt*)]° from a spin-
unrestricted ZORA/B3LYP DFT calculation [17,31].

energy, and thus metal-ligand covalency is minimized compared
with [M(L)(L*)]'~ (M =Ni, Pd, Pt) described in Section 4.1. As such,
this compound was selected as the reference for TD-DFT computed
covalency in the 2b,g and 1b1g MOs [31], where an integrated area
of 0.704units? corresponds to 60% S 3p character in the former;

. 2.04 _ Exptl
(=) ] a0
S {[Au"(tbbdt)(tbbdt’)]
2 15
(]
(7]
]
< 1.0-
=]
Q
N
= 05 y
£
T
S
Z 00
Calcd
>
b~
(2]
c
9
£
=]
9
o
=
o
3]
o
2468 2469 2470 2471 2472
E, eV

Fig. 18. Experimental (top) and calculated (bottom) S K-pre-edge XAS spectra for
[Au(tbbdt); ]!~ complexes obtained from ZORA/BP86 TD-DFT calculations [31].
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1.56 units? represents 110% S 3p character in the two 1b4g holes
(Table 2).

The calculated spectra for [Aulll(tbbdt),]%/1~ are compared with
the experimental data in Fig. 18, where the calculated transition
energies (after a constant shift of +61.22eV [31]) of 2469.8 and
2471.17eV for [Au'l(tbbdt)(tbbdt*)]? (experimental 2469.8 and
2471.12eV) and 2470.83eV for [Aull(tbbdt),]'~ (experimental:
2471.18 eV). Moreover, the calculated intensity ratio of 1:2.25 in
the spectrum of the neutral complex was in excellent agreement
with the experimental ratio of 1:2.21.

4.3. Cobalt

The mononuclear complex [Co(tbbdt),;]!~ (S=1) was syn-
thesized and structurally characterized in 2005. The electronic
structure of this species had been the subject of an intense
spectroscopic examination, and based on electronic absorp-
tion, variable-field variable-temperature magnetic measurements,
magnetic circular dichroism (MCD) spectroscopy, and ab initio
theoretical calculations, the redox-active 2by; MO was esti-
mated to be 50% Co dy, and 50% ligand m*-bye. Therefore,
the oxidation state of the Co ion (and dithiolene ligands)
cannot be unambiguously assigned, leaving the electronic struc-
ture best represented by the following resonance forms {[Co™
(tbbdt), ]!~ < [Coll(tbbdt*)(tbbdt)]'~ < [Coll(tbbdt)(tbbdt®)]'~}.

Along with the deep blue color that delivers an envelope of
intense CT bands between 500 and 700 nm in the electronic spec-
trum, the S K-edge spectrum also indicates considerable ligand
radical character in this compound. The spectrum, overlaid with
that of [Ni'l(tbbdt)(tbbdt*)]'~ (S=1/2) in Fig. 19, shows two pre-
edge features: a shoulder at 2470.16 eV and a peak at 2470.77 eV.
The rising-edge (~2473 eV) is slightly lower in energy than that for
the Ni compound (~2473.6 eV). The calculated electron configura-
tion of (1ay )2 (1b14)?(2b3g)! (2b2g) (1b1¢)° has a spin triplet ground
state with one less valence electron than [Nil!(tbbdt)(tbbdt®)]'~
(5=1/2) with an additional hole in the 2b3; MO.

The pre-edge region was calculated using three transitions, with
the first peak comprising the two 1s — 7 (2b3g and 2by, ). The com-
bined covalency calculated of 53% (18% 2bsg, 35% 2byg) compares
nicely with the 56% S 3p character derived from the experiment.
The second peak is solely the 1s — 1b;; o™ transition, to the LUMO,
with an experimental covalency of 82% that again is in excellent
agreement with the calculations (Table 2).

The experimental - particularly S K-edge - and theoreti-
cal correlation of covalency in bis(dithiolene) systems led to
the conclusion that with more than 50% S 3p character in
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Fig. 20. Calculated energy of the metal dy, orbital relative to the ligand m*-byg
orbital energy for the different complexes in the [M(L),]* series. Despite the Cu
3dy, orbital being lower in energy than the ligand m*-b,g, the complex is formulated
as [Cu"(L),]"~ with two closed-shell dithiolate ligands (see text) [31].

the redox-active 2by; SOMO in monoanions of Ni, Pd, Pt, and
neutral Au compound, these are best viewed as delocalized
Class Il mixed-valence ligand radicals coordinated to a closed-
shell d® central ion. The radical character decreases in the
order [Aull(L);]% ~[Pd"(L),]*~ > [PtlI(L), ]~ > [Nill(L),]'~, which is
attributed to the energy of the d orbitals in relation to the ligand
7 donor orbitals. This is made clear in Fig. 20 where the calcu-
lated energy of the ligand 7*-b,; orbital is compared to the energy
of the dy; orbital for different [M(tbbdt), ] complexes (M =Fe, Co,
Ni, Cu, Pd, Pt, Au). For Au and Pd, where the dy; orbital is situ-
ated at very low energy so that metal-ligand mixing is minimal,
provide maximum ligand character (~60% S 3p). This is contrasted
by [Co(tbbdt),]'~, where the d, orbital is of comparable energy
to the ligand w*-by, orbital that maximizes metal-ligand mixing
in the 2byg SOMO (35% S 3p). For [Fe!l(tbbdt); ]2~ (S=1), based on
previous work, the first redox event is a metal-centered oxidation
because the Fe 3d manifold is much higher in energy than the lig-
and m-donor orbitals. The only reason why the redox chemistry
does not occur in the case of [Culll(tbbdt), ]!~ (S=0) is the electron
count - the acceptor dy; orbital is filled in the case of Cu(Ill) and the
only possible acceptor orbital at the copper atom is the dxy-based
1b4g orbital that is energetically inaccessible. Despite the high Z
of Cu(IlI), oxidation of the ligand does not occur.

5. Tris(dithiolene) complexes

Homoleptic coordination complexes with three dithiolene lig-
ands were initially misdiagnosed by Schrauzer et al. [46]. In their
original press release, reactions of early transition metals with
dithiolene ligand precursors (dithiophosphoric esters) were said to
produce bis(dithiolene) entities only, though this was quickly cor-
rected [47]. Unlike their bis(dithiolene) counterparts, experimental
research on tris(dithiolene) complexes rapidly declined in the
1970s, and perhaps in part because unlike the nearly perfect square
planar homogeneity of the bis(dithiolene) systems, tris(dithiolene)
complexes threw up a number of geometric challenges that were
difficult to accommodate in a single picture. Namely, X-ray struc-
tural studies of [Re(pdt)s]° [48], [Mo(edt)s;]° [49], and [V(pdt);]°
[50,51], published in 1965, 1965, and 1966, respectively, were the
first coordination compounds with molecular trigonal prismatic
geometry, and defied the maxim that ‘six-coordinate equals octa-
hedral’. It soon became apparent that there was a sliding scale to
the trigonal prismatic geometry, with the early take-home mes-
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Fig. 21. (a) Trigonal twist angle, ®, defined as the dihedral angle between the two
essentially coplanar S3 planes of a MSg polyhedron, and (b) chelate fold angles, «, o/,
«”, defined as the dihedral angle between the MS; and S,C, planes along the S---S
vector.

sage that the more reduced species drifted toward octahedral but
not with any defining regularity [52,53].

The pioneers in this field recognized an intrinsic electronic
effect was operative but found formulating a self-consistent pic-
ture inhibited by the variety of structural modifications available
in tris(dithiolene) systems, through varying degrees of twisting
and folding (Fig. 21). Therefore, the lack of definition to the elec-
tronic structure of what are anywhere from two- to six-membered
electron transfer series has seen tris(dithiolene) complexes largely
ignored in contrast to the recent advances in application driven
studies employing their bis(dithiolene) analogues [54]. The use of
X-ray absorption spectroscopy has been a revelation in this area
of research, with the elegant combination of metal and sulfur K-
edge studies complementing existing spectroscopic measurements
obtained over the last half century.

Tris(dithiolene) complexes are quite different from their
bis(dithiolene) counterparts with respect to a ligand field theo-
retical picture. In general terms, the three-fold axis splits the d
orbitals into one nondegenerate a; — the nonbonding d,> orbital
- and two sets of degenerate e orbitals (dxz_yz’xy and dy,y;), that
are 7 and o antibonding, respectively, to three dithiolene ligands.
These symmetry labels apply to molecules of D3 symmetry, which
are all species with twist angles not equal to 0° or 60°. For the latter
(®=60°), the structure and thus ligand field splitting is that of an
octahedron, however, significant deviations from 60° arise due to
the restrictions imposed by the ligand bite angle [55] that leads to
a small splitting the essentially t,¢ orbitals into a and e levels. Nev-
ertheless, for simplicity, molecules with up to 25° twists are still
described as octahedral. For ® =0°, the structure has a higher sym-
metry, that of D3, although the ligand field splitting is the same,
with a}, ¢ and e” levels. As noted previously [56,57], the splitting
of the a} and e’ orbitals decrease as the structure twists toward
octahedral, until near to the octahedral limit in complexes of Cr,
Mn, and Fe, they are more conveniently described as tg orbitals
[57-59].

More interestingly, trigonal prismatic arrays of three dithiolene
ligands act cooperatively. Individually, each dithiolate dianion is a
six-electron donor. When these are arranged in a trigonal prism,
the HOMO of each ligand form one nondegenerate 2a), orbital
that is nonbonding with respect to the metal, and one degener-
ate ¢’ level that is strongly 7 bonded to the metal d orbitals of
like symmetry. Thus, oxidative holes are generated when elec-
trons are removed from the a, orbital is these systems, and hence
we characterize the three dithiolene ligands collectively as (L3)5-,
with both the @), and e’ level occupied; (L3 Y= where the a, is
the SOMO and thus the unpaired electron is shared by all three
dithiolene ligands; and finally (L3)*~, in which the a, level is com-
pletely empty (LUMO) accounting for two holes but no unpaired

electrons (radicals). This is an important distinction with octahe-
dral tris(dithiolenes), such as the Cr electron transfer series [58,59],
and the thoroughly interrogated bis(dithiolene) complexes of late
transition metals [17,31-34,44,57-59]. It is also worth considering
a further oxidation to (L3)3~* involves removal of a ligand electron
from the e’ state generating three oxidative holes though only one
unpaired electron (S =1/2). The existence of this electron config-
uration in a trigonal prismatic array is highly unlikely, and as is
described below, the ligands lose their interdependency, drift to
an octahedral arrangement as (L*)3, Sp =3/2; the issue of radical
(de)localization is still a matter of debate in such systems.

5.1. Vanadium

The crystal structure of [V(pdt)3]° (S=1/2) represented only
the third example of a coordination complex with molecular
trigonal prismatic geometry [50,51], following hot on the heels
of [Re(pdt)3]° [48], and [Mo(edt)3]° [49]. Synonymous with all
known dithiolene complexes, this species could be successively
and reversibly one-electron reduced to [V(pdt);]'~ (S=0) and
[V(pdt)s]?~ (S=1/2)[50,60-62]. Kwik and Stiefel had already deter-
mined through interpretation of the spin Hamiltonian parameters
from a single-crystal EPR examination of [AsPh4],[V(mnt); ] diluted
in diamagnetic [AsPh4],[Mo(mnt)s3] that the ground state for this
molecule is 2A; with the unpaired electron located in the 3a)
MO (the d,, orbital), i.e. a V(IV) d! ion coordinated by three
dithiolate(2—) ligands [63]. Furthermore, he recognized that the
corresponding neutral complex of this series, having a nearly iden-
tical room temperature ERP spectrum, has the same 2A; ground
state and that these two members were differed by two electrons
removed from the tris(dithiolene) unit [63]. This was supported by
extended Hiickel molecular orbital calculations performed several
years earlier by Eisenberg published along with the full crystallo-
graphic analysis [51]. This conclusion refuted testimony of Davison,
Edelstein, Holm, and Maki [60,64], who tendered a V(III) d2 central
ion for the neutral and dianionic complexes citing an extensively
delocalized unpaired electron across all three ligands; the 1V
hyperfine value being half that for a genuine V(IV) center, using
[VIVO(H,0)4]%* and [VO(bpy)s]° - as it was then classified - as
guides[65]. It should be noted that these were more or less the
only vanadium EPR data available at the time.

However, the monoanionic member of this electron transfer
series is impervious to scrutiny by EPR, so it remained ill-defined
in the literature. Hence, there was no better moment to use XAS
to study this series [66]. The V K-edge spectra for [V(pdt)s]°,
[V(pdt)s]'—, and [V(mnt)3]%~ are shown in Fig. 22. Included in this
plot is the spectrum of [V(dtc)3]°, bearing a genuine V(III) ion
while retaining the common VSg polyhedron [67]. The pre-edge
region (5164-5170eV, inset Fig. 22) shows peaks derived from
V 1s — 3d electric dipole-forbidden, but quadrupole-allowed, are
most useful at defining the Zq of the V ion in each compound.
The three tris(dithiolene) complexes have identical pre-edge peaks
within experimental error at 5466.9 +0.2 eV. Most importantly,
the first pre-edge peak in the spectrum of [VII(dtc)3]° occurs at
5465.7 eV whichis 1 eV lower in energy. Clearly, the tris(dithiolene)
complexes can be assigned a physical oxidation state of +IV for the
vanadium ion. The slight shift to lower energy for the dianion is
attributed to its distorted octahedral geometry (® =38°), since the
pre-edge is dominated by transitions to the 5¢’ (d,» 7yzyxy) MOs.

Furthermore, the pre-edge intensities differ across the four com-
pounds, with a weak pre-edge for [V!(dtc)3]° and [VV(mnt)3]*~
compared to [VV(pdt)3]° and [VIV(pdt)s]!~. The difference lies in
the trigonal twist angle, with the larger twist away from centrosym-
metric octahedral facilitating greater V 4p mixing into the 5¢’ MOs.
So for trigonal prismatic [VIV(pdt)3]° (© =4.6°) and [V!V(pdt)3]'~
(®=0.8°) their pre-edge intensity is 2-3 times larger than for
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Fig. 23. Comparison of the normalized S K-edge XAS spectra of [VV(pdt);]°,
[VV(pdt)s]'~, and [VV(pdt)s ]~ [66].

[V(mnt)3]?~ (© =38.0°) with up to 4% V 4p character in the 5¢’ level
[66]. Moreover, the intensity remains more or less unchanged in
the solution spectra, thus proving the trigonal prismatic geometry
isretained in the absent of lattice packing forces, and underscoring
the versatility of XAS. This useful geometry marker was utilized
for electrochemically generated [VV(mnt);]'~ (S=0). While the

pre-edge peak energy supported a +IV physical oxidation state for
the metal ion, the intensity is consistent with a trigonal prismatic
structure for this monoanion, as has been revealed for all crystal-
lographically characterized tris(dithiolene) vanadium monoanions
[66,68].

In the S K-edge spectra of this series (Fig. 23), the ligand hole
peak is clearly evident at 2470.2 eV for [V(pdt)s]° and [V(pdt)3]!-,
and noticeably absent in the spectrum of [V(pdt);]2~. It is described
as the S 1s — 24, transition, to an orbital that is singly occupied in
the monoanion, (L3 )°~*, and empty for the neutral, (L3 )*~. The first
pre-edge peak in the dianionic complex, at 2470.4 eV, albeit close
in energy to the dithiolene radical peak, is in facta S 1s — 5€’(a) (a
representing a “spin up” electron) that corresponds to the shoulder
at 2471.0eV for [V(pdt);]'~ and 2471.1 eV for [V(pdt)s]?; the shift
to lower energy consistent with a more reduced tris(dithiolene) lig-
and set in the dianion, (L3)%~. Additionally, the change in geometry
also contributes to the transition energies. The intensity for this
peak is a reflection of the S 3p content of the 2a’, and 5¢'(a) MOs.
The transition to the 5¢'(3) (3 representing a “spin down” electron)
MOs is at higher energy and buried under transitions to the dithi-
olene C-S 7* orbital and the rising edge itself, due to significant
spin polarization of the V-S bonds in this series. This is highlighted
by the Mulliken spin population analysis, with between 1.4 and
1.5 a-spins on V and significant 3-spin on the dithiolene S atoms
(Fig. 24).

The crystal structures of all known tris(dithiolene)vanadium
monoanions exhibit a significant dithiolene chelate fold angle o
>20° (Fig. 21) [66,68]. Although calculations underestimate this in
the geometry optimized structures, it does represent a lowering of
the symmetry from D3 to Cgp. This allows the metal- (3a)) and
ligand-centered (2a),) SOMOs to mix (since both transform as a’)
facilitating strong antiferromagnetic coupling giving rise to a dia-
magnetic ground state that is perhaps the driving force behind the
paddle-wheel motif. A synopsis of the electronic structures for this
electron transfer series is shown in Fig. 25. The redox-active orbital
is the purely ligand-based 2a), that once filled leads to a distorted
octahedral geometry for all structurally characterized dianions.
When this orbital is half-filled or empty, the interligand electron
repulsion is minimized, and trigonal prismatic VSg polyhedra pre-
vail in the neutral and monoanionic species.

5.2. Chromium

Six-coordinate tris(dithiolene)chromium complexes have been
known to form a four-membered electron transfer series described
by Scheme 7 where each member is related by reversible one-
electron transfer waves [53,58,59,61,64,69,70].

This is contrasted by the dioxolene (catechol) [71] and diimine
(bipyridine)[72] analogues whose electrochemistry (cyclic voltam-

Fig. 24. Mulliken spin density plots for [VV(pdt)3]° (left) and [VV(pdt)3]'~ (middle) and [VV(pdt)3 ]2~ (right) obtained from B3LYP/TZVP DFT calculations [66].
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Fig. 25. Qualitative MO scheme depicting the ordering of the frontier orbitals for the [V(L3)]? (z=0, 1—, 2—, 3—) electron transfer series derived from B3LYP DFT calculations.
The MOs shown left are derived from the calculation of trigonal prismatic [V(edt);]° annotated with D3, symmetry labels [66].
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Scheme 7. The four-membered electron transfer series of [Cr'"'(L); J? (z=0, 1—, 2—,
3-)[58,59].

metry or polarography) extends to all seven members within the
solvent window, [Cr(L)3}* (z=3+, 2+, 1+, 0, 1—, 2—, 3—). The cel-
ebrated work of Raymond et al. [73], and Pierpont et al. [71,74],
with input from Kitagawa et al. [75], and calculations by Gordon
and Fenske [76], led to a consensus physical oxidation state of
+III (d3) for the Cr ion for the Cr(dioxolene)s series; each member
therefore linked by a ligand-centered one-electron redox process
generating o-catecholate (cat)?~, o-benzosemiquinonate (sq®)!-,
and o-benzoquinone (bq)?, oxidation levels of the dioxolene ligand,
as depicted in Scheme 8.

Therefore, it was rather surprising when in 2006 Lay et al.
published an XAS study on Cr-catecholate complexes and argued
that the monoanion possessed a Cr(V) d! central ion with three
closed-shell catecholate(2—) ligands [77]. Similarly, the dian-
ion was diagnosed with a Cr(IV) d? ion coordinated by three
catecholate(2—) ligands. On the subject of the neutral complex,
they were in complete agreement with all another authors and
specified a [Cr(L*)3]9 (S=0) electronic structure, that is a Cr(III) d3
central ion bound by three open-shell o-benzosemiquinonate(1-)
ligand radicals. While we could quite spend some time here refut-

o° o° o
-e -e
+e +e
o o o
(cat)* (sq")"" (ba)®

Scheme 8. Dioxolene ligand redox levels [25].

ing these observations, we have in fact already addressed this in
2007, showing the overlay of the Cr K-edge XAS spectra of the
neutral and monoanionic tris(dioxolene)chromium complexes and
revealing both an identical pre- and rising-edge energies [59]. This
confirms the early work that both complexes have Cr in the same
physical oxidation state (+III). Moreover, this paper also showed
the Cr and S K-edge spectra of [Cr(tbbdt)s;]!~ (S=1/2), where
(tbbdt)2~ =3,5-di-tert-butylbenzene-1,2-dithiolate. Arguably, the
redox noninnocence of dithiolene ligands bound to Cr had been
exposed by electronic absorption and, more importantly, infrared
spectroscopy, which indicated the tris(dithiolene) series mir-
rored the tris(dioxolene) one. This compound was formulated
[Crli(tbbdt)(tbbdt®*), ]!~ and exhibited two pre-edge peaks in its
S K-edge spectrum (Fig. 26). The first at 2469.8 eV is the radical fin-
gerprint assigned as a S 1s — L* transition to the two bonafide holes
in the S 3p orbitals. The higher energy feature at 2471.2 eV corre-
sponded nicely to the single intense pre-edge peak at 2470.8 eV
in isoelectronic [MoY(tbbdt)3]'~ (S=1/2),- a transition typical for
S,S’-coordinated, closed-shell benzene-1,2-dithiolates(2—) [78].
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Fig. 26. Comparison of the normalized S K-edge XAS spectra of

[Cri(tbbdt)(tbbdt*); '~ and [Mo (tbbdt)s]'~ [59].
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This was followed by a more complete study of three mem-
bers of the series: [Cr(Cly-bdt);]? (z=1—, 2—, 3—) [58]. Being a
symmetrically substituted aromatic dithiolate ligand, it was not
amenable to an IR spectroscopic diagnosis, so XAS proved to be
the most meaningful experiment. The Cr K-pre-edge energies, that
arise from quadrupole-allowed transitions into the 3d manifold
that gain intensity from mixing of Cr 4p character, were found to
be identical within experimental error at 5990.1 +0.2 eV consis-
tent with no change in Z.¢ across this series. The pre-edge peak for
[Cr(tbbdt)(tbbdt*), ]!~ was found at 5989.7 eV; the subtle differ-
ence reflecting the varying electronic properties of a ‘Bu versus a
Cl substituent. Two pre-edge peaks were found in the Cr K-edge
spectra of [Cr(mnt)3]%~ (S=1) and [Cr(mnt);]?~ (§=3/2), with a
rather noticeable low-energy shoulder in the former at 5989.4eV.
For the first time these pre-edge peaks were assigned with the aid
of TD-DFT calculations. The calculated pre-edges of [Cr(mnt)s3]2~
and [Cr(mnt)3]3~ are displayed in Fig. 27, since these are a little
more lively than their [Cr(Cl,-bdt)s J* (z=1—, 2—, 3—) counterparts.

For the Werner-type [Cr'l(mnt);]3~, one pre-edge peak assigned
as predominately due to the Cr 1s — tp4([3) transitions, that is, exci-
tation to the three singly occupied Cr tp, orbitals. The spectrum of
[Cr(mnt)3]?~ also has this feature, and calculations also deliver on
the low-energy shoulder ascribed as the Cr 1s — L*(a) transition,
where the absorbing orbital is computed to comprise 35.5% Cr 3d,
and most importantly, 1.4% Cr 4p character, which gives this peak
intensity through the incorporation of dipole-allowed character.

The formulation of this electron transfer series is elegantly cor-
roborated by the S K-edge spectra (Fig. 28). Overlooking the small
amount of oxidized impurity (~15%), the spectrum of [Crl(Cl,-
bdt);]3~ (S=3/2) has no prominent pre-edge features. The spectra
of the monoanion and dianion have two pre-edge peaks: the
first indicative of a dithiolene ligand radical at 2469.7 eV, where
the intensity of this peak reflects the number of radicals with
two in [Cr"'(Cl,-bdt)(Cly-bdt*), ]!~ (S=1/2) compared with one
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Fig. 28. Overlay of the S K-edge XAS spectra for [Cr™(Cl,-bdt); ] (z=1-, 2—, 3—)
electron transfer series [58].

in [Cr'(Cl,-bdt),(Cl,-bdt®)]>~ (S=1). Again the calculations aug-
mented the experimental data to give a self-consistent picture for
this tris(dithiolene)chromium electron transfer series (Fig. 29).

However, the missing member of the series, [Cr(dithiolene)3]°
(5=0) has not been sufficiently characterized to unambiguously
define its electronic structure, let alone its molecular structure.
Only two molecules have ever been isolated, that being [Cr(pdt);]°
by Schrauzer and Mayweg [69], and [Cr(tfd)3]° by Holm and co-
workers, where (tfd)2~ is bis(trifluoromethyl)ethylenedithiolate
[64]. Based on X-ray powder diffraction and electronic absorp-
tion spectroscopy [50], Gray et al. suggested that [Cr(pdt)s]° is
also trigonal prismatic given its similarity to [V(pdt);]° - known
at the time to be trigonal prismatic - and [V(pdt)s]'~, which was
recently shown to be more trigonal prismatic than the neutral com-
pound [66]. DFT calculations predicted that a trigonal prismatic
(®=4.3°) neutral tris(dithiolene)chromium complex would com-
prise a Cr(IV) d2 central ion encapsulated by a (L3 )*~ tris(dithiolene)
unit, i.e. two oxidized holes. The corresponding broken symmetry
BS(3,3) calculation produced an octahedral structure (® =49.7°)
defined as Cr(Ill) d3 ion bound by three monoanionic dithiolene
radicals, [CrM(L*)3]°, completely analogous to the dioxolene com-
pound [58]. Although there is no crystal structure to confirm the
complex geometry, calculations weigh heavily on the side of the
octahedral structure, with this solution being 20 kcal mol~! more
stable.

5.3. Manganese and iron

The history of tris(dithiolene) chemistry of Mn and Fe is rather
thin owing to the limited number of compounds synthesized. In
1968, McCleverty et al. described the preparation of [Mn(mnt)3 %~
(§=3/2), [Fe(mnt)3]3~ (S=1/2), and [Fe(mnt)3]>~ (S=1) [61]. Prior
to 2009, only the latter had been structurally characterized [79],
and described as a low-spin Fe(IV) d4 ion (S=1) coordinated by
three closed-shell dithiolate(2—) ligands. This assignment was sup-
ported by a change in the Méssbauer isomer shift of 0.14 mm s~!
[80]. What is so fascinating is the general idea that Fe(IV) will form
so easily — aerial oxidation of solid [Fe(mnt)3 ]3>~ on the bench gives
the triplet dianionic [Fe(mnt)3 ]2~ complex. It turns out that there
is “Fe(IV)” and then there is “Fe(IV)”.

With only four isolated tris(dithiolene)manganese complexes
[53,58,61,70,81], all of which are S=3/2 dianions, the electronic
structure is readily formulated as [Mn'Y(dithiolato);]?~. The EPR
spin Hamiltonian parameters reported for [Mn!V(mnt)3]?~ and
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orbitals for [Cr'"(Cl,-bdt)3 ]3>~ calculated at the B3LYP/TZVP level shown right [57].

[Mn!V(Cl,-bdt)3]?>~ are very much identical to [Mn!V(dtc);]'*, con-
taining the redox inert diethyldithiocarbamate(1-) ligand [58].
Moreover, their S K-edge spectra are almost superimposable
leaving no doubt that these are three dithiolate(2—) ligands.
Not surprisingly, the Mn(IV) d3 configuration leads to octahe-
dral geometries as told by the crystallographically characterized

[Mn!V(Cl,-bdt);]*>~ (©=48.2°) [58], [MnY(mnt);]?2~ (©=49.9°)
[58] and [Mn!V(bdt);]2~ (® =44.7°) [81] dianions.

The Fe K-edge spectra of [Fe(mnt);]*~ and [Fe(mnt);]2~ are
overlaid in Fig. 30 [57]. The shift of 0.8eV in the rising-edge
energy indicates an increase in Zeg upon oxidation of the trian-
ion. On the other hand, the pre-edge energy only shifts by 0.3 eV,
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expansion of the pre-edge region [57].

though in the opposite direction. The expected ~1 eV shift is coun-
teracted by a decrease in the trigonal twist angle (®=53.4° for
[Fe(mnt);]3~; ®=46.6° [Fe(mnt);]?~) which lowers the pre-edge
transition energy for the dianion.

The deconvoluted S K-edge spectra compared in Fig. 31 each
shows three pre-edge peaks (red, blue, and green). Using infor-
mation gained from the S K-edge assignment of Napmnt and
[Fell(cyclam)(mnt)]'* [28], these three peaks were assigned as
transitions to the half-filled t,; orbital(s), empty Fe-S antibonding
eg orbitals, and the C-S m* MO of the mnt ligands (Table 3)

The salient feature of this comparison is the significant increase
in the intensity of the S 1s— t, peak in [FelV(mnt);]?-, and its
shift to lower energy due to the larger Z.s of a +IV ion rather
than the generation of a ligand hole. This is elegantly demon-
strated in Fig. 32 which shows an overlay of the S K-edge spectra
of [M(mnt)3]2~ (M=V, Cr, Mn, Fe) [57,58,66]. Only the chromium
complex has a genuine ligand radical pre-edge peak at 2469.9 eV
and is thus formulated as [Cr'!(mnt),(mnt*)]2~ [58]. The remaining
complexes have three (mnt)?~ ligands coordinating a +IV central
ion [57,58,66]. Moving left to right across the first row transition
metals, the energy of this S 1s — tg transition becomes lower in
energy due to the increasing Z.g of the metal ion.

It is with DFT calculations that the true nature of the Fe(IV)
ion is expressed. The case for [Fel'(mnt)3]3~ (S=1/2) is straight-
forward; the Mulliken spin density plot in Fig. 33 (left) sees one
unpaired electron in an Fe t,¢ orbital. The Mdssbauer parameters —
aside from the sign of the quadrupole splitting - are in excellent
agreement with the experimental data (Table 4). In silico one-
electron oxidation to the dianion afforded two possibilities: (1)
a simple spin-unrestricted S=1 approach, or (2) a broken sym-
metry BS(3,1) which encompasses an intermediate-spin ferric ion
(Sre =3/2) coordinated by one (mnt*)!~ ligand radical (S, =1/2). In
the latter approach, the solution converged back to the simple spin-
unrestricted triplet ground state, i.e. no ligand radicals were found

Table 3
Energies (eV) of the pre-edge transitions and the dipole-allowed edge feature [57].
E(tzg) E(eg) E(Ly+) E(rising-edge)
[Fe'(mnt); >~ 2470.5 24709 24715 24729
[FeV(mnt)s; >~ 24703 2470.6 2471.8 2473.3
Na,mnt? - - 2471.1 24723
[Fe(cyclam)(mnt)]?* 2470.2 2470.9 2471.9 24733

2 From Ref. [32].
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Fig. 33. Mulliken spin density plots for [Fe'(mnt);]>~ (left) and [FeV(mnt);]?~
(right) obtained from B3LYP/TZVP DFT calculations [57].

computationally. The calculated Md&ssbauer parameters are once
again mirrored the experimental result (Table 4).

The nature of this Fe(IV) species is best visualized in the Mulliken
spin density plot (Fig. 33, right), where +1.77 spins are found on Fe,
+0.27 on the sulfur atoms, and —0.03 on the olefinic carbon atoms.
This underscores a highly covalent system for this FelVSg poly-
hedron, and starkly contrasts the case for [(N4)Fe(dithiolene)]?",
where replacing two S,S’-coordinated dithiolate(2—) ligands for a
tetradentate N4 cyclam reduces the covalency and pushes the elec-
tronic structure to a [Fe!!(cyclam)(mnt*)]?* singlet diradical rather
than stabilization of an Fe(IV) [28].

5.4. Molybdenum and tungsten

Unlike the late transition metal square planar bis(dithiolene)
complexes where a common electronic structure prevails for
most metals, the early transition metal tris(dithiolene) com-
pounds show profound differences across the period and down
groups. A case in point is group 6: Cr, Mo, and W. As
described above, experimental and theoretical data for the neu-
tral tris(dithiolene)chromium complex point toward an octahedral
compound formulated as [Cr''(L*);]° akin to its tris(dioxolene)
analogue [58,59]. Moving down the group to the second row, neu-
tral tris(dithiolene)molybdenum complexes, which are abundant
in the literature [43], have for their entire existence been cast as
[MoVY!(L)31°. A similar position has been described for tungsten, in
that the metal in its highest oxidation state (+VI) is coordinated by
three dithiolate(2—) ligands. It was not until 2007 that this posi-
tion was revised [78], and it was the combination of IR and XAS
that motivated the reformulation. Two compounds from the three-
membered electron transfer series, namely [Mo(tbbdt);]* (z=0,
1-) were isolated, structurally characterized, and their IR spectra
recorded. The monoanionic compound shows no v(C=S*) stretch,
whereas the neutral complex does, at 1106 cm~!. The tungsten
analogue exhibited an identical stretch, and implied these neutral
compounds could not be described as Mo(VI) and W(VI) species.

Sulfur K-edge XAS provided the final nail in the coffin of
a M(VI) d° ion in these neutral species. The S K-edge spec-
trum of [MoV(tbbdt)s]!~ displays a single intense pre-edge peak
at 2470.8eV typical for S,S'-coordinated closed-shell dithiolate
ligands (Fig. 34). On the other hand, the S K-edge spectra of
[Mo(tbbdt)3]° and [W(tbbdt)3]° exhibited two pre-edge peaks at

Table 4
Comparison of the calculated and experimental (in parentheses) Méssbauer param-
eters [57].
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Fig. 34. Overlay of the normalized S K-edge XAS spectra of [Mo(tbbdt)3]%'- [78].

~2470.2 eV and 2471.3 eV. The lower energy feature was assigned
as aS 1s— L* transition - the radical fingerprint - whereas the sec-
ond pre-edge feature corresponds to a S 1s — 5e’ transition, as seen
in the spectrum of the monoanion and moved to higher energy
owing to an oxidized tris(dithiolene) ligand set. The electron trans-
fer series was therefore defined as given in Scheme 9 where the
neutral compound is a singlet diradical owing to the strongly anti-
ferromagnetic coupling of the ligand radical with the Mo(V) d!
center [78].

This interpretation was modified by Solomon and co-workers
[82] in a meaty spectroscopic and theoretical tome deploying S K-
edge XAS on a series generated by Holm et al. [Mo(mdt)3]? (z=0,
1-,2-)[83,84]. The S K-edge spectra for the three-membered elec-
tron transfer series are overlaid in Fig. 35, and were interpreted as
all containing a low-spin Mo(IV) d2 central ion with a successive
oxidation of the tris(dithiolene) ligand set from (L3 )%~ in the dian-
ion, to (L3)*>~* in the monoanion, to (L3 )*~ - two valence holes - in
the neutral (Scheme 10).

There is clearly a different spectral profile for the monoanionic
[Mo(mdt)3]'~ compared with our spectrum of [MoV(tbbdt)s]'~;
the spectra of these two complexes are contrasted in Fig. 36. The
former, containing an “olefinic” dithiolene ligand (BL) exhibits two
pre-edge peaks with the first being the hallmark of a dithiolene
radical, while the second is the previously noted S 1s — 5¢’ transi-

§(mms—1) AEq (mms—1) 7
[Fe'(mnt); ]~  0.37 (0.36) +190  (-1.68) 098 (0.85)
[Fe¥(mnt);]>  0.38 (0.39) 235 (~177) 065 (0.62)

2 Asymmetry parameter of the electric field gradient.
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tion. The complex is formulated as [Mo!V(L3>~*)]1~, and contrasts
the aromatic-1,2-dithiolate(AL) analogue, that is [MoY(tbbdt)s;]'~,
with three dithiolate(2—) ligands.

These electronic structural differences are a consequence of
the complex geometries. The distorted octahedral [MoY(tbbdt)s ]!~
(®=31.9°) [78] facilitates a configurational interaction between
the 3a] (Mo 4d, orbital) and 3a] MOs (both transform as a; in
the D3 symmetry of a distorted octahedron) that destabilizes the
d,> orbital relative to the purely ligand-based 2a, MO. The trigo-
nal twist is absent in [Mo'V(mdt)3]'~ (© = 1.6°) [84], thus the 2a, is
singly occupied.

Solomon et al. applied their standard method to quantify the
covalency for the [Mo(mdt)s;]? (z=0, 1—, 2—) series [32,33], where
the covalency (or S 3p character), o2, is directly proportional to
the peak intensity, Dy described by Eq. (1) in Section 4.1. The cal-
culated and experimental covalencies (S 3p content) were in very
good agreement across the series. Additionally, the consequence of
the chelate fold (Fig. 21) that represents a lowering of symmetry
to C3p, in the neutral complex reversed the computational observa-
tions of Campbell and Harris [85]. The S 3p content of the 2a;, MO
decreases due to a configurational interaction between the filled
3a; HOMO and 2a), LUMO (both transform as a’ in C3;, symmetry)
upon dithiolene folding leads to stabilization of the Mo d,> orbital
and concomitant destabilization of the 2a, MO leading to a greater
stabilization of the Cs, distorted complex over a purely trigonal
prismatic D3, one (Fig. 21). Campbell and Harris deemed the oppo-
site occurred affording a Mo(VI) d° ion and fully occupied ligand
m-donor orbitals [85].

The overlay of the S K-edge spectra of [Mo(tbbdt)3;]° and
[Mo(mdt)3]° shown in Fig. 37 present a rather interesting compar-
ison, since the former was classified as Mo(V) d! with one valence
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Fig. 36. Comparison of the normalized S K-edge XAS spectra of [Mo'V(mdt)s;]'~ and
[MoY(tbbdt)s |1~ [82].

hole; the latter low-spin Mo(IV) d? with two valence holes. There
is no disputing the keen similarity between the two spectra, such
that Solomon and co-workers declared that [Mo(tbbdt)s]° has 1.4
valence holes as derived from the first pre-edge peak intensity, cal-
ibrated by the spectrum of [Mo"V(mdt)3]'~ (1 hole=0.6 units of
intensity). DFT calculations declared that a D3 distortion (trigonal
twist, Fig. 38), which leads to a Mo(V) d! and (L3)°~* configuration,
was not as energetically favorable as a D3;, — C3p, distortion (dithi-
olene folding) that maintains the trigonal prismatic MoSg core and
stabilizes the d,, orbital relative to the 2a;, orbital. Thus, it was con-
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cluded, as detailed in Fig. 38, that both neutral complexes are best
viewed as [Mo!V(L34)]0.

This is by no means the end of the discussion, for instance, nei-
ther group ever sought to publish the Mo K-edge spectra for their
respective series. For [Mo(tbbdt)3]%!~, according to our descrip-
tion of both having a physical Mo(V) oxidation state, they should
have overlapping rising-edge energies barring any influence of
the noted difference in their trigonal twist angles. Likewise for
the [Mo!V(mdt);]%1-/2-series. Secondly, it is worth comparing
the S K-pre-edge intensities for two sets of isoelectronic com-
plexes: [Mo'V(pdt)3]° and [ReY(pdt)3]'*, and [Mo'V(pdt);]'~and
[ReV(pdt)3]° (Fig. 39) [86], given that the electronic structure of the
tris(dithiolene)rhenium series has been unambiguously defined
(vide infra).

The former are both described as d? central ions encapsulated
by a (L3)* ligand set; the latter with a one-electron reduced ligand
set (L3)°~*. Even keeping in mind that [ReY(pdt)3]!* optimizes as
Dy, with no hint of chelate folding [87], there is a glaringly obvi-
ous lack of intensity for the first pre-edge peak in the molybdenum
series compared with the rhenium series for what are transitions to
the empty ligand-centered 24, orbital. Certainly, the S 3p content
will change owing to the different covalencies inherent to Mo-S
and Re-S bonds. However, the data already published on these
systems maintains the calculated S 3p content of the 2d), orbital
lies in the range of 60-70%, not enough to account for the vast
disparity in the intensity of the first pre-edge peak presented in
Fig. 39. One of the salient points that came out of the DFT analysis
of the bis(dithiolene) series were the different values for the dipole
integral I(S) for transitions to o* and m* acceptor orbitals [31].
For tris(dithiolenes), the first pre-edge is a transition to an essen-
tially nonbonding ligand-based orbital, ignoring for the moment
the degree of its nonbonding nature that is modulated by con-
figurational mixing brought about by chelate folding. Perhaps a
different I(S) value is warranted, however, unlike the routine con-
sistency seen across the square planar bis(dithiolene) series with so
many metals, the same depth is not yet available in tris(dithiolene)
compounds for such a determination.

5.5. Rhenium

An X-ray structural study of [Re(pdt)3]° (S=1/2) in the early
1960s led to the discovery of the first six-coordinate compound
with a trigonal prismatic structure [48]. This was soon followed
by [Mo(edt);]° (S=0) [49], and [V(pdt)3]° (5=1/2)[50,51] - a peri-
odic trifecta - such that it was quickly realized that this unique
geometry was synonymous amongst neutral tris(dithiolene) com-
plexes of early transition metals. Recognizing an intrinsic electronic
effect was operative, the pioneers of dithiolene chemistry sought
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answers from molecular orbital calculations. As mentioned pre-
viously, the calculated electronic configuration for [VIV(pdt)3]° of
(4¢')?(3d;)'(2a,)°(5¢')° was absolutely correct as successive gen-
erations would discover with new spectroscopic forays into this
field [51,66]. However, neutral tris(dithiolene)rhenium was more
challenging, as can be gleaned from the dearth of literature on this
subject post the 1966 trigonal prismatic revolution (which of course
makes it so easy to review). As a third row transition metal, there
was simply no basis set to describe the Re atom; there was not an
abacus on the planet that could handle that many electrons and
the relativistic effects. Not deterred by this Gray et al. [88] pro-
posed a Re(VI)d! central ion implying three dithiolate(2—) ligands:
[ReVI(L36-)]9 [89]. The Schrauzer and Mayweg approach utilized a
different coulombic potential (i.e. zero line) that generated a dif-
ferent ordering of the frontier orbitals that, in this day and age,
led to a [Re!V(L34-)]% formulation [69]. Al-Mowali and Porte recog-
nized these electronic structures were incongruous with the EPR
spectrum, and put forth a [ReV(L3>~*)]° formulation - a ligand-
centered paramagnet [90]. It turns out they were correct, though
their analysis of the frozen solution EPR spectrum was erroneous.
As it happens, this spectrum is the most amazing continuous wave
EPR spectrum ever seen and attributable to the intrinsic properties
of aRe(V) d? ion in a trigonal prismatic ligand field [87]; the spec-
trum alone proves the formulation of Al-Mowali and Porte to be
correct.

This renders [ReY(L3°~*)]° as a reference for the rest of the
[Re(dithiolene)s;J? (z=1+, 0, 1—, 2—) series; the neutral compound
can be reversibly one-electron oxidized, and twice one-electron
reduced[70,87,88].The frozen solution EPR spectrum of the dianion
unambiguously indicated a [Re!V(L36-)]?~ electronic structure with
highly anisotropic g values and large magnetic hyperfine interac-
tion due to the 18%187Re (I=5/2, 100% natural abundance) isotopes
[87]. As in the case of the vanadium series, the diamagnetic mem-
bers have been overlooked.

A simple S K-edge XAS study conveniently cleared up any mys-
tery surrounding this electron transfer series. The S K-edge spectra
for [ReV(pdt)s3]? (z=1+, 0, 1-) and [Re!V(mnt);]2~ are overlaid in
Fig. 40 [86]. The spectrum of the neutral, whose electronic struc-
ture is set in stone, shows two pre-edge peaks defined as S 1s — 2da),
(ligand hole) and S 1s— 5¢’ transitions that have S 3p character
through covalent bonds with the Re 5d,>_2 ,, orbitals. From a
purely qualitative view, oxidation to the monocation sees the first
pre-edge peak double in intensity revealing a ligand-centered oxi-
dation to a [ReY(L3#")]!* (S=0) species. One-electron reduction of
the neutral compound fills the 2a), MO such that the spectrum of
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[Re"(Ls*)1*
5=0

[ReY(L,>)]°

[ReV(L,5)]"™
$=0

[Re"(L*)1>

0°

C

Fig. 41. Qualitative MO scheme depicting the ordering of the frontier orbitals for the [Re(L3)]? (z=1+, 0, 1—, 2—) electron transfer series derived from B3LYP/ZORA DFT
calculations. The MOs shown left are derived from the [Re(edt);]'* calculation with D3, symmetry labels. The arrow represents a twist away from trigonal prismatic
geometry for the monocation and neutral species, to a distorted trigonal prism for the monoanionic complexes, and finally a distorted octahedral dianionic species [87].

the monoanion has only one pre-edge peak attributed to a 1s — 5¢’
transition that is at slightly lower energy than the corresponding
peak in [ReY(pdt)3]'* and [ReV(pdt)3]? because the sulfur has been
reduced. Finally, this pre-edge peak in [Re!Y(mnt);]?~ (S=1/2) has
diminished intensity since one of the four holes in the 5¢’ level is
now occupied. The calculated spectra mirror the experimental data
almost perfectly [87].

The electronic structures of this series are visualized in
the qualitative MO scheme provided in Fig. 41. Like with
tris(dithiolene)vanadium, the first three members differ in the
occupation of the 2a;, MO - ligand-centered redox events - after
which the 5¢’ level begins to fill. The occupancy of these orbitals
leads to a twisting of the geometry away from trigonal pris-
matic (calculated for the monocation; experimentally measured
for the neutral) to distorted trigonal for the monoanion, and finally
to a distorted octahedral polyhedron for the dianionic species —
[ReV(mnt)3]2~ has a crystallographic trigonal twist of 38.3° [91].

6. Conclusion

The spectroscopic veil of silence that shrouded sulfur has been
lifted by the application of sulfur K-edge XAS. The technique allows
the sulfur atoms of any given transition metal dithiolene com-
plex to be directly probed, a possibility previously limited to costly
33S-labeled EPR experiments of paramagnetic compounds. The out-
come of these S K-edge XAS studies was a direct experimental
measure of the noninnocence of dithiolene ligands, particularly
in the case of bis(dithiolene) systems, wherein quantification of
the redox-active orbital revealed greater than 50% sulfur 3p char-
acter. This evokes an “inverted bond” scenario, and the members
of any bis(dithiolene) and tris(dithiolene) electron transfer series
that are interrelated by one-electron redox steps see electrons
removed/added from the redox-active 2b,g or 2a, orbitals that are

a predominantly ligand in character. This is the very essence of
a redox noninnocent ligand, and underscores the original premise
that the chelating dithiolene was probably the first well recognized
member of the ever growing list of noninnocent bidentate ligands.

It is quite amazing (and generally annoying for the rest of us!)
that the early pioneers of transition metal dithiolene chemistry
could intuitively recognize the redox noninnocence of these ligands
at the very genesis of transition metal dithiolene chemistry despite
the dearth of spectroscopic evidence to support their assignments.
It was the very notion that a dithiolate ligand in a coordination
compound could be one-electron oxidized to a radical monoanion,
and potentially further to a neutral dithioketone, that prompted
McCleverty to coin the term “dithiolene” [92]. The purpose was to
have one encompassing term for all forms of the ligand without
giving bias to one particular structure or valence formalism [93].
And it worked, for now we can use the word dithiolene and obvi-
ate the need to specify the ligand oxidation level. The consequence
of streamlining the nomenclature was that the dithiolene radical
was more or less lost from our chemistry vernacular, and it was the
prudent use of sulfur K-edge XAS that brought it back into consid-
eration when defining the electronic structures of these intriguing
coordination compounds.
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