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Metal and Ligand Oxidation States in Dioxolene
Complexes: Meaning, Assignment and Control
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Many features of the structural, magnetochemical, spectral, electrochemical, and
chemical behavior of transition metal complexes with redox-active dioxolene ligands
indicate that most of them are valence-localized species with well defined and
experimentally distinguishable metal- and dioxolene-oxidation states. The valence
localization results mainly from large structural differences between individual
oxidation states of the dioxolene ligands. It is shown that dioxolene complexes may
be treated like weakly coupled mixed-valence compounds, and a qualitative “‘lo-
calized-valence” model is developed in order to interpret physical and chemical
properties of dioxolene complexes, including their bistability, in a unifying way.

Key Words: dioxolenes, quinones, semiquinones, catecholates, electronic structure,
oxidation states, valence localization, bistability, molecular structures, magneto-
chemistry, electrochemistry, electronic spectroscopy

Abbreviations Used: The term ‘“‘dioxolene” (Diox) is used for ligands derived from
1,2-di-oxo-benzene, irrespective of their oxidation state, i.e., for catecholate di-
anion (Cat), ortho-semiquinone radical-anion (SQ) or ortho-quinone (Q), without
specifying the substituents on the benzene ring. The individual oxidation states of
the 3,5-di-tert.butyl-1,2-dioxo-benzene (DBDiox) are denoted DBCat, DBSQ and
DBQ. CDiox, CQ, CSQ, CCat denote 3,4,5,6-tetrachloro-1,2-dioxo-benzene.
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Analogously, PDiox, PCat, PSQ, and PQ stand for 9,10-phenanthrenedioxolen
and its particular oxidation states.

INTRODUCTION

The great variety of structural, physical and chemical properties
exhibited by metal dioxolene complexes!?> makes them the subject
of a vigorously growing and truly fascinating research field. Distinct
structural types, which are often interconvertible by small varia-
tions in the solvent, temperature or co-ligand nature, bistability,
extensive redox series whose members have profoundly different
properties, unusually intense absorption bands in the visible and
near-infrared spectral regions, solvatochromism and thermochro-
mism, intramolecular antiferro- and ferromagnetic spin—spin cou-
plings, and activation of small molecules like O, and N,, represent
some of the frequently encountered features. Many unusual as-
pects of the chemistry of dioxolene complexes appear to be related
to the redox activity of the dioxolene ligand that may exist in three
different oxidation states, i.e., quinone, Q, semiquinone radical
anion, SQ (i.e., Q™ ), and catecholate dianion, Cat (i.e., Q>7),
which are related by one-electron transfers (see Scheme I). Ap-
parently, elucidation of the electron distribution in dioxolene com-
plexes, that is, the assignment of the metal- and dioxolene-oxi-
dation states together with the assessment of the extent of electron
(de)localization, would provide the key to the understanding of
this unique class of coordination compounds. Surprisingly, with
only few exceptions,>~> dioxolene complexes escape the attention
of theoretical chemists and many aspects of their behavior are still
not satisfactorily interpreted. It is the aim of this Comment to
indicate how the diverse properties of dioxolene complexes could
be, at least qualitatively, approached and interpreted using a single
concept of valence localization.

LOCALIZED OR DELOCALIZED VALENCE?

Redox activity of dioxolenes, Scheme I, is retained upon their
coordination and, importantly, the dioxolene oxidations and
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SCHEME I Dioxolene ligands and their redox couples. (The quinone formula
on the left shows the numbering of ring carbon atoms.)

reductions occur in the same potential range where metal-local-
ized redox couples may be expected. Hence,® a complex molecule
containing a dioxolene ligand coordinated to a redox active metal
atom may, in principle, exist either in one of the three possible va-
lence-localized structures of similar energy: {M®*2+(Cat)}; I
{M@=+D+(SQ)}; I, and M"+(Q)}; I, or it may occur as a delo-
calized {M(Diox)}** species. Principal valence-bond, VB, struc-
tures of the valence-localized forms are shown in Fig. 1. The de-
localized structure may be, in VB terms, viewed as a “mixture”
of at least two valence-localized forms. Even more complicated
situations arise when two or three dioxolene ligands are coordi-
nated to the same metal atom. The problem of valence localization
between the metal and individual dioxolene ligands is then com-
pounded by the possibility of an electronic interaction between
dioxolene ligands themselves. If all inter-dioxolene and metal-diox-
olene interactions are weak the ligand-localization of valences may
give rise to two different situations: (i) all the dioxolene ligands
are in the same oxidation state, like in [Co™(bpy)(DBSQ),] or
[Cr"(DBSQ);], (ii) two dioxolene ligands in different, experi-
mentally clearly distinguishable, oxidation states are coordinated
to the same metal atom like in [Co™™(bpy)(DBCat)(DBSQ)]. Such
complexes are typical examples of “ligand based mixed valence”,
LBMYV, species.”

The above- discussion indicates that the first question to be an-
swered when interpreting the chemistry of dioxolene complexes is
whether we are dealing with valence-localized molecules, for which
the oxidation-state concept is applicable, or with electronically
delocalized species. From this point, we can proceed further and
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FIGURE 1 Principal valence-bond structures contributing to the valence forms of
dioxolene complexes.

investigate the relations between oxidation states of dioxolene li-
gands and properties of their complexes.

From an experimental point of view, a complex molecule may
be looked upon as valence-localized as long as it exhibits properties
characteristic for its components, i.e., for the metal atom and
dioxolene ligand(s) in their particular oxidation states.®*° On the
other hand, extensive delocalization would lead to a behavior that
could be attributed to the whole complex molecule only, bearing
no resemblance to that of the components.®®® Most dioxolene
complexes exhibit!-2-1° a clear correspondence between the metal
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and dioxolene formal oxidation states on one side and experimen-
tally observable behavior, especially intradioxolene bond lengths
and vibrational frequencies, magnetic properties, nature of clec-
tronic transitions, electrochemistry and chemical reactivity, on the
other. Dioxolene complexes may thus clearly be grouped according
to the dioxolene ligand oxidation states into distinct classes whose
members show rather similar patterns of behavior. Hence, it may
be concluded that most dioxolene complexes are valence-localized
species where the formal oxidation states of the metal and diox-
olene ligand(s) may be defined and experimentally determined.

PHYSICAL MEANING OF VALENCE LOCALIZATION

Using a simple one-electron MO approach, an assignment of for-
mal oxidation states requires®%° us to find a scheme of dividing
valence electrons between the metal atom and dioxolene ligand(s),
which are thus associated with well-defined electron configura-
tions. As the o-bonding between the metal atom and chelating
dioxolenes is the same in all valence forms considered, the orbitals
whose occupancy determines the oxidations states are the dioxo-
lene frontier orbital, 3b,;, and the uppermost metal d orbitals. The
3b, orbital is empty in o-quinones, singly occupied in semiquinone
radical anions and doubly occupied in catecholate dianions. It is
n-antibonding with respect to C-0O, C;-C,, and C;—C,4 bonds and
w-bonding toward C,—C,, C,—C;, C,—Cs, and C4-C, bonds3-3:10:11
(see Fig. 2). Although the 3b, orbital has the right symmetry to
mix with a corresponding d,, metal orbital, their interaction has to

9 9
O O
0 Q

A
O O

FIGURE 2 The 3b, frontier orbital of a dioxolene ligand.
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be rather weak in order to keep both the dioxolene ligand and the
metal atom in localized, distinguishable oxidation states. The
weakness of the 3b,-d, interaction is usually explained by an
energy gap between these orbitals.’>1? The 3b, orbital is simply
assumed to lie energetically above the frontier d orbitals in quinone
and semiquinone complexes and below them in catecholates. Near-
equal 3b, and d, orbital energies are assumed in several Ru and
Os complexes that are believed to have delocalized structures.!?
The MO approach implicitly assumes'® that the Coulombic and
exchange interactions as well as the energies and wavefunctions
of all molecular orbitals are identical in different valence forms,
i.e., independent of the metal and dioxolene oxidation state. Con-
sideration that different valence forms have profoundly different
molecular structures and often also different total spins indicates
that the qualitative one-electron MO approach is grossly oversim-
plified. Despite that, it has been quite successful in explaining some
features of the dioxolene chemistry. On the other hand, it is dif-
ficult to understand on the MO basis why small changes in 3b, and
d, orbital energies, caused by minor variations in the co-ligand
nature, often result in a net switch from one localized valence
form to another,!-? instead of subtle electron density shifts via the
M-Diox w-bonding. The latter behavior is very common for ligands
like a-diimines, carbonyls, isocyanides, or phosphines. This dif-
ference in the extent of w-bonding is even more striking if we
consider that, compared with the 3b; dioxolene wr-orbital, the -
orbitals of the latter ligands lie energetically much more above the
d,-metal orbital. The simple MO picture also fails to explain sat-
isfactorily the existence of LBMV dioxolene complexes'? and
switching between different valence forms on changing the tem-
perature.!4-18 The electronic spectra of quinone complexes!®-*
also cannot be explained using a simple MO approach.

A clue to the development of a more general model of dioxo-
lene complexes is provided by a realization that they exhibit!-2-1¢
all the essential magnetochemical, spectroscopic and electrochemi-
cal features typical for class II mixed valence compounds? with
weakly coupled but localized “centers of different valence”. How-
ever, the centers responsible for the ‘“mixed valence behavior”
are completely different species, i.e., the metal atom and the
dioxolene ligand(s). Terminologically, it is thus not correct to
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talk about mixed valence species. Instead, we may use the terms
‘“‘valence-localized”, which is preferred in this Comment, or “va-
lence-trapped”.

Contrary to typical mixed valence complexes, where the metal
atoms in different oxidation states are separated by a bridging
ligand, the dioxolene ligands are covalently o-bonded to the metal
atoms bringing the ‘“‘centers of different valence” into close prox-
imity. Despite that, the valence localization occurs as a conse-
quence of gross structural differences between the valence forms,
as was firmly established by solid-state structural data!->-?¢ and by
bond stretching frequencies that might be obtained!®-212427-30 by
resonance Raman spectra even in fluid solutions. Comparisons!-?
and statistical evaluation?® of intradioxolene bond lengths in many
complexes have shown that a characteristic set of intradioxolene
bond lengths corresponds to each dioxolene oxidation state, i.e.,
to each valence form I-III (see Table I). This set of structural
parameters changes to another, profoundly different, set when a
dioxolene oxidation state is changed. Complexes with intermediate
values of bond lengths are very rare. As long as their oxidation
state is unchanged, dioxolene ligands exhibit only small scatter of
structural parameters when bound to different metal atoms or in
different coordination environments. These observations point to
the following conclusions: (i) A change between any two of the
valence forms I, II, III is associated with a large change of the
lengths of all bonds of the metal-dioxolene chelate ring and within
the dioxolene ligand. (ii) The energy of a given valence form sharply

TABLE I

Intradioxolene C-O and C,-C, bond distances and vibrational frequencies
characteristic for different oxidation states of coordinated dioxolenc ligands.

Ox. State d(C-0), A d(C,-Cy), A Vibr. Frequencies, cm~*
M(Cat) 1.34-1.47 1.37-1.41 1480(s) ring breathing
1.352 1250-1275(s) C-0O stretch
M(SQ) 1.27-1.31 1.43-1.45 1400-1500(s) C-0O stretch
1.29% 1250(w)
M(Q) 1.23 1.53 1630-1640  C=O stretch
500-600°

‘*Most frequent value.
*Group of skeletal vibrations which dominates resonance Raman spectra.
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increases when the bond lengths are distorted from the narrow
range typical for the pertinent dioxolene oxidation state. These
two interrelated effects suggest that individual valence forms pos-
sible for a given dioxolene complex are separated by rather high
energy barriers. This is schematically shown in Fig. 3, where the
Gibbs free energy of the valence forms possible for several types

M (Q)} G
i

M (Q)}
1

(M(nd).(so))
M+ 2+(Cat)} 11
1

(M("’z)’(Cat))
1 Ml (SQ)}
11

CATECHOLATE COMPLEX

SEMIQUINONE COMPLEX

. e
M2+ (Cat)}
i
{lre 12+ (SQ))
( 1 iMr+(Q)} Coll(Cat)(SQ) Coli(sQ),
1 Mnl(Cat), Mnil(SQ),
cull(Cat) cul(sQ)
a q

QUINONE COMPLEX BISTABLE COMPLEXES

FIGURE 3 Localized-valence moae! ot dioxolene complexes. Gibbs free energies
of individual valence forms are plotted against a coordinate ¢ that comprises all
structura) coordinates which depend on the dioxolene and metal oxidation states.
(Electronic interaction between the valence forms manifested by energy separation
between corresponding curves at the crossing points is not shown.)
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of dioxolene complexes are plotted against a generalized “‘global”
coordinate g that is a function®®-*! of all inner (bond lengths, angles)
and outer (solvation or lattice) coordinates which change with the
dioxolene oxidation state. According to this localized-valence model,
structures of dioxolene complex molecules are trapped in narrow,
deep energetic minima, each of which corresponds to a definite
electron distribution between the metal and dioxolene ligand(s),
i.e., to their definite oxidation states, or, in other words, to definite
valence forms I, II, and III. The “mixed-valence-like” behavior
of many dioxolene complexes is a result of the availability of two
such “energy wells” which have similar zero-point energies but
which correspond to valence forms with completely different elec-
tron distributions.

This model clearly shows that the presence and the height of
the energy barriers separating the valence forms of dioxolene com-
plexes are responsible for their valence localization, whereas equi-
librium energies of individual valence forms determine in which
oxidation states the dioxolene ligand(s) and the metal atom occur
(see Fig. 3). Conditions necessary for the presence of high barriers
and, thus, for a prominent valence localization are (i) large struc-
tural differences, Ag, between individual valence forms, (ii) nar-
rowness of corresponding energy wells, and, importantly, (iii) rather
weak interaction between the wavefunctions of the valence forms.
The MO requirement of a weak 3b,~-d,, orbital interaction is im-
plicitly included in the above-mentioned condition of the weak
interaction. However, large structural differences between the va-
lence forms also imply significant differences in orbital energies
and wavefunctions (i.e., radial distribution and contributions of
atomic orbitals) not only of 3b, and d,, but of all molecular orbitals
involved. Hence, the interaction term H,; = (¥|H|¥;), where i
# j denotes two non-equivalent valence forms, thus cannot be
approximated by a simple (3b,|H|d,) term pertinent to the sim-
plified MO approach. In conclusion, the localized-valence model
allows for some, albeit limited, 3b;—d,, interaction to occur within
each valence form of a dioxolene complex. The 3b,—d, energy gap
does not have the paramount importance assumed by the simple
MO model. The electronic interaction between the valence forms
is weak mainly because of large differences between corresponding
wavefunctions ¥,;, ¥;.
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SOME EXPERIMENTAL MANIFESTATIONS OF
VALENCE LOCALIZATION

Structural investigations'->?¢ afford the most definite evidence
for valence localization in dioxolene complexes, the C—O and C,—
C, bond distances providing the most direct criteria for the as-
signment of a dioxolene oxidation state (see Table I). Dependence
of the bond distances on the dioxolene oxidation state may be
easily explained using the limiting valence forms of Fig. 1 or,
better, by a successive filling of the 3b; orbital when going from
Q to SQ and to Cat according to the bonding and antibonding
character of the 3b, orbital with respect to individual intradioxo-
lene bonds (see Fig. 2). Thus, the C-0O, C;-C,, and Cs—Cq
bonds are elongated, whereas the C,-C,, C,-C,, C,~Cs, and
Cs—C,; bond lengths decrease when changing the dioxolene oxi-
dation state in the Q — SQ — Cat order. Consequently, the diox-
olene carbon ring is diene-like (i.e., C,-C;, C4—C;, and C¢—C,
bonds longer than C;-C, and C;—C,) for Q and SQ ligands and
aromatic (i.e., all C—C bonds nearly equal) for Cat. The relation
between molecular structures and valence localization has been
nicely demonstrated®® by a statistical treatment of bond lengths
within 146 independent dioxolene ligands in 75 different com-
plexes. Most of the known structures are closely grouped around
structurally defined?® oxidation states —1 (SQ) and —2 (Cat).
Obviously, changes in the metal atom or co-ligands either do not
influence the intradioxolene bond distances appreciably or change
them in major steps due to switching between the valence forms.
In contrast, delocalized complexes, like, e.g., metal 1,2-benzodi-
imines, do not occur in structurally distinct classes, but exhibit
broad ranges of intra-ligand bond lengths, the particular values
depending gradually on the coordination environment.3

Magnetic properties of semiquinone complexes provide excellent
evidence for a strict valence localization. EPR spectra of complexes
with a single SQ ligand coordinated to a metal atom, whose up-
permost d orbital is either empty or doubly occupied, originate
from SQ-localized radicals perturbed by a weak interaction with
the metal atom. g-factors are close to those of free SQ ligands and
metal hyperfine splitting constants are much smaller than those of
metal localized radicals.?*3° On the other hand, EPR signals of
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paramagnetic catecholate complexes like [Cul'(bpy)(DBCat)] ¥
and [Mn(CO),;(DBCat)]?~ 3¢ clearly correspond to metal-localized
d® and d’ configurations, respectively. Well-developed and sharp
EPR signals of SQ radical ligands found for LBMV complexes
[VY(O)(DBSQ)(pn-DBCat)), 37 and [Co™(bpy)(DBCat)(DBSQ)]
indicate that the Cat < SQ electron hopping is siow on the EPR
timescale, apparently because of high energy barriers between the
Cat and SQ structures.

Complexes with a (d,;)!(3b,)! electron configuration have spin-
paired ground states but they very often possess low-lying ther-
mally accessible high-spin excited state(s). This shows that the
interaction between the 3b, and d,. magnetic orbitals is rather weak
and may be better described as an antiferromagnetic coupling than
a covalent w-bond. The same is true for SQ-SQ interaction in
many bis- or tris-SQ complexes. M-SQ and SQ-SQ antiferro-
magnetic couplings are often experimentally manifested by tem-
perature dependent magnetic moments3®-% or paramagnetically
induced shifts of NMR signals.*! High-field Mdssbauer spectra ob-
tained on antiferromagnetically coupled Fe™-SQ complexes,*
[Fe(salen)(DBSQ)], [Fe(bpy)(PSQ)(PCat)], [Fe(DBSQ),], and
[Fe(PSQ);], have shown that the residual unpaired electrons, that
are not antiferromagnetically coupled with the SQ-electrons, are
indeed Fe-localized. This is in accord with the localized Fe'™ formal
oxidation state.

If the metal magnetic orbital is d,, i.e., orthogonal to the 3b,
dioxolene magnetic orbital, a strong M-SQ ferromagnetic cou-
pling will occur, giving rise to high-spin ground states.!® This
is the case of a Cu'(SQ)* complex*® [Cu(di-2-pyridylam-
ine)(DBSQ)]* and of octahedral Ni''(SQ)* complexes3?+*
[Ni(py)»(PSQ),] and [Ni(n,)(DBSQ)]*, n, = cyclic tetraza-ligand.
Interestingly, the analogous 5-coordinated trigonally bipyramidai
[Ni(n;)(DBSQ)]* complex exhibits an antiferromagnetic Ni''-SQ
coupling® because of the loss of orthogonality between the mag-
netic orbitals. Evidently, the magnetic properties might be con-
trolled stereochemically.

Peculiar magnetic properties of dioxolene complexes are clear
consequences of their valence localization. Should these species
be electronically delocalized, a strong covalent interaction would
replace the antiterromagnetic coupling and high-spin states would
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lie unaccessibly high in energy. On the other hand, if there were
no energy barriers between the valence forms, an intramolecular
M — 8Q electron transfer from higher d, to lower 3b,; orbital
would produce MMCat* complexes instead of ferromagnetically
coupled M"SQ+ species; M = Cu, Ni.

Electronic absorption spectra. The localized-valence model (Fig.
3) suggests that electronic transitions in dioxolene complexes may
occur either within the lowest-energy valence form or between two
different valence forms. Transitions which do not change the va-
lence form are best observable for complexes that contain only
one dioxolene ligand. They show absorption bands characteristic
for the metal atom and/or the dioxolene ligand in their particular
oxidation states. For example,’ [Co(triphos)(DBCat)] exhibits dd
transitions typical for trigonal-bipyramidal Co", whereas
[Co(trien)(DBCat)] * shows two low-intensity absorption bands?*
that are characteristic for octahedrally coordinated Co™. The ob-
servation of low-intensity NIR absorption bands for [Os(bpy),-
(DBCat)]* was used®® to assign the Os oxidation state as III.
Many DBSQ complexes may be easily characterized!® by a sharp
intense intraligand band around 310 nm and by a weaker broad
band!®+7 between 600 and 700 nm. The intensities and energies of
the SQ ligand-localized absorption bands are very similar to those
observed for free, uncoordinated SQ radical-anions.*® The occur-
rence of weakly perturbed metal- and dioxolene-localized elec-
tronic transitions indicates that the metal atom and the dioxolene
ligand essentially behave as isolated, weakly interacting chromo-
phores in accord with the localized-valence model.

Spectra of most dioxolene complexes in the visible and NIR
spectral regions are dominated by intense absorption bands which
belong to transitions between the valence forms. These transitions,
if identified, have been described!:2-10-19.20.23.28 35 MI.CT for Q and
SQ complexes and as LMCT for Cat complexes. However, as
follows from Fig. 3, the energies of optical, i.e., vertical, transitions
between valence forms are determined mainly by the reorgani-
zational energy*?~3? that might be more important than the dif-
ferences between the energies of the optical orbitals or between
the zero-point energies of the valence forms in question. Hence,
the localized-valence model indicates that some of the intense vis-
ible and NIR absorption bands exhibited by dioxolene complexes
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could be treated as intervalence charge transfer bands, i.e., within
the framework of the Marcus—Hush theory.**-52 This hypothesis,
however, still remains to be tested experimentally.

Noteworthy, dioxolene complexes exhibit other unique spectral
features that are direct consequences of the valence localization.
Low-energy NIR bands were found®!? for several LBMV com-
plexes like [Co™(bpy)(DBCat)(DBSQ)]. An intense band at 2300
nm may be assigned either as a DBCat — Co™ LMCT (in accord
with a low-energy difference from the [Co™(bpy)(DBSQ),] valence
form) or as a Cat — SQ LLCT. In another example, weak coupling
between SQ- and M-localized unpaired electrons is responsible for
high intensities (e = 5000 M ~'cm™!) of spin-forbidden metal lo-
calized transitions in'®>? [Cr(n,)(DBSQ)J?** and, presumably, also
in** [Cr(SQ),]. Some bis- and tris-semiquinone complexes may be
looked upon as composed of weakly interacting localized M(SQ)
chromophores. This conclusion is supported, e.g., by comparisons
of the spectra of [Co(bpy)(DBSQ),] with [Co'{(DBSQ);] and of
the members of >® [Cr'(DBDiox),]™ and>® [Cr'(bpy)(DBDiox),]"
redox series.

The electrochemical behavior of dioxolene complexes exhibits,
in accord with the localized-valence model, a series of dioxolene-
localized redox couples which might be flanked with metal-local-
ized couples. Spectroelectrochemical characterization of individual
members of the redox series provides a powerful way to solve the
question of the metal- vs. dioxolene-localization of the redox changes
and, thus, to assign the oxidation states electrochemically.9-20:36
For example, detailed UV-VIS, IR, resonance Raman, and EPR
spectroelectrochemical studies of Re and Mn carbonyl-dioxolene
complexes has afforded a comprehensive view on the dioxolene-
metal interaction as a function of a dioxolene oxidation state.!%%0
Redox series based on bis- and tris-dioxolene complexes usually
show two groups of redox couples separated by a larger potential
gap.!? In analogy with the [Ru(bpy);]” redox series, this behavior
may be explained by one-electron steps that are successively lo-
calized on single dioxolene ligands.*’

Unusually, there are cases in which a one-electron oxidation or
reduction of a dioxolene complex leads to a simultaneous change
of both metal and dioxolene oxidation states. Thus, oxidation of
[Ru™(NH,),(Cat)]* produces®® [Ru"(NH;),(Q)]**, i.e., it is ac-
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companied by a metal reduction. Similarly, reduction of [VI(SQ);]
leads* to [V V(Cat);] .

The overall pattern of electrochemical behavior of dioxolene
complexes, characterized by well-defined localization of the redox
changes either on the metal or dioxolene ligand, supports the lo-
calized-valence model. However, this model implies (vide supra)
that the redox steps are accompanied by energy changes which
result from the necessary readjustment of all dioxolene and metal
orbitals to the new structures of the redox products. Hence, the
redox potentials are not simply proportional to the energies of the
redox orbitals, 3b;, and d, for the dioxolene- and metal-localized
redox steps, respectively. The relaxation energies!® might present
a very important contribution and must be taken into account when
interpreting structural correlations of redox potentials of dioxolene
complexes. Indeed, these correlations often exhibit unusual and
yet not fully understood features, sometimes inconsistent with
spectroelectrochemically assigned localization of the redox steps.

Activation of small molecules such as dioxygen is the most prom-
inent aspect of chemical reactivity!>%° of catecholate complexes
of Fel_ Col, RW™  Ir'™ and Cu. The mechanism is based on a
simultaneous O, binding to the metal atom and to the C;-atom of
the Cat ligand. Such bicentric substrate activation is made possible
by the valence localization of the catecholate complexes which
simultaneously provides an electrophilic (M) and nucleophilic (Cat)
coordination sites. The Cat ligand also behaves as an electron
reservoir able to reduce the metal-coordinated substrate by one
or two electrons. Noteworthy, the ability to coordinate O, by
[M(triphos)(Cat)]* complexes increases® in the order Co < Rh
< Ir, i.e., following the spectroscopically and electrochemically
established?* order of increasing valence localization. Such chem-
ical behavior is profoundly different from highly delocalized 1,2-
dithiolene complexes which lack definite coordinative and redox
sites and are thus much less reactive®-%? toward substrate (oxi-
dative) additions.

CONTROL OF OXIDATION STATES AND BISTABILITY

The ground-state electron distribution in a dioxolene complex is
determined by that valence form which has the lowest Gibbs free
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energy, G (see Fig. 3). If two different valence forms of a dioxolene
complex have similar zero-point energies (Fig. 3—lower right),
their relative position may be changed by internal (structural) or
external (temperature, medium, etc.) perturbations. Such a diox-
olene complex molecule is bistable, i.¢., it may exist in two different
states of very different electron distribution and, hence, properties.
Controllable switching between such two states is possible as long
as the valence forms are separated by a large energy barrier that
prevents their rapid interconversions by electron hopping. The two
states in question differ only in the metal and dioxolene oxidation
states. Hence, they may be termed redox isomers o~ »~lence iso-
mers.

Co-ligand control of oxidation states in dioxolene complexes is
most common for 4-coordinated Cu complexes,>>%* which exist in
the Cu'(SQ) valence form for “soft”” (phosphines, arsines, CO,
olefins, acetylenes) co-ligands and in the Cu'(Cat) form with a
“harder” co-ligand bpy. Apparently, a stronger “hard”” donor de-
stabilizes copper d-orbitals. However, this destabilization is com-
pensated by the reorganization energy between the SQ and Cat
structures and the valence forms are switched. Noteworthy, the
Cu'-SQ m-back bonding is too weak to compensate for the in-
creased electron density on the Cu atom in the latter complexes
by a gradual increase in delocalization. The valence-form switching
is made possible by the total energy change, not by small shifts in
orbital energies (d, and 3b, in this case).

Temperature switching of valence forms was best studied for
[Co™ (a-diimine) (DBCat) (DBSQ)] / [Co™ (a-diimine) (DBSQ),]
valence isomers.*-17 A temperature-dependent equilibrium be-
tween these two distinct valence isomers exists in solutions, whereas
sudden switching was found in the solid state, the switching tem-
perature being dependent on the a-diimine co-ligand. Other ex-
amples of temperature-dependent equilibria’ between dioxolene
valence isomers comprise,?864 e g [Mn!'(py),(DBSQ),)/
[Mn'V(py),(DBCat),], [(BuOCS,)Ni"'(SQ)}J/[(BuOCS,)Ni"(Cat)],
and [Rh'(cod)(AsEt;)(SQ))/[Rh"(cod)(AsEt;)(DBCat)] com-
plexes. Switching from the {M®*2+(Cat)} to the {(M"*"*(SQ)}
valence form with rising temperature appears to be caused>!6 by
higher entropy of the latter that results from higher degeneracy
(orbital and, namely, spin) and from “‘looser”” M-Diox vibrations.
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Temperature control of valence forms is often accompanied by
a medium control. Solid state switching between [Co™(a-di-
imine)(DBCat)(DBSQ)] and [Co"(a-diimine)(DBSQ),] valence
isomers is strongly dependent on the presence of a solvent molecule
in the crystal lattice.!® The [Mn'"(py),(DBSQ),]J/[Mn!(py).-
(DBCat),],'* [(BuOCS,)Ni"(SQ))/[(BuOCS,)Ni"(Cat)],> and
[Rh'(cod)(AsEt;)}(SQ)}/[Rh"(cod)(AsEt;)(DBCat)] ¢ equilibria
are solvent-dependent, more polar solvents favoring the {M®*+2)+-
(Cat)} forms.

DO DELOCALIZED DIOXOLENE COMPLEXES EXIST?

Delocalization in dioxolene complexes might occur if the energy
barrier between the valence forms was strongly diminished by their
electronic interaction, H; ; (see Fig. 4—Ileft). There is virtually no
experimental evidence available that would indicate a delocaliza-
tion within the {M(SQ)} valence form. SQ ligands behave as very
weak m-acceptors, the amount of electron density transferred being
rather limited.?>* The possibility of tuning the extent of M — SQ
w-back donation by changing the co-ligands was recently demon-

M

{M"‘""(Cot)}
I

MM (Cat)}
1

{M(no\)o(so))
11 (M (Q)}
b3 M(Q)I

II1b

q q
QUINONE COMPLEX DELOCALIZED QUINONE COMPLEX

FIGURE 4 Delocalization in quinone complexes. Left: electronic interaction Hy; 1y
causes separation of the energy curves. Right: strong interaction leads to a com-
pletely delocalized complex. Curves {M(Q)}"* and *{M(Q)}"* correspond to the
delocalized structure IIIb and its electronic excited state, respectively.
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strated® by the EPR, resonance Raman and electrochemical study
of [Re!(CO),_,(PPh;),(DBSQ)] complexes; n = 0, 1, 2. Although
the Re-SQ mw-interaction increases with increasing n, the oxidation
states remain well defined.

Catecholate complexes usually possess well-localized oxidation
states. However, some (but not all!) of the catecholate complexes
of electron-deficient metal atoms exhibit structures distorted to-
ward those of SQ complexes. The structural oxidation states?® then
have values between —1 and —2. [VVY(phen)(DBCat),]*,5°
[V¥(bpy)(CCat),},% and [TcY{(DBCat),] 257 are some examples.
Apparently, the catecholate ligand may behave as a r-donor, trans-
ferring some electron density toward the metal. This effect is es-
pecially apparent in the structure® of [Co™(triphos)(DBCat)]* whose
structural oxidation state is>® —1.3. The presence of an extensive
Co! « Cat n-interaction is also indicated by a strong dependence
of the potential of the Co'™/Co couple on the substituents on the
dioxolene ligand.® However, spectral and spectroelectrochemical
results® still support the valence-localized view of [Co™(tri-
phos)(DBCat)]*.

Structures intermediate between those of SQ and Cat were found
for Ru and Os complexes [Ru(DBDiox);],'? [Os(DBDiox)s],*?
[Os(PPh,),(DBDiox)CL,],%* [Ru(4-Bu'-pyridine),(DBDiox),] % and
[Ru(bpy)(DBDiox),].7® Although these structures were originally
regarded as evidence for extensively delocalized electronic struc-
tures, it cannot be excluded? that they actually belong to a struc-
turally disordered mixture of valence-localized Cat and SQ species.
Moreover, the solution spectral and electrochemical properties of
these complexes resemble? those of their valence-localized con-
geners like [M(bpy),(Diox)]**, M = Ru, Os. The problem of Ru—
Diox and Os-Diox delocalization remains open for further in-
vestigations. Nevertheless, there appears to be good evidence for
an SQ-SQ delocalization in [Ru(PPh,;),(SQ),] complexes as the
potentials of the oxidation and reduction of [Ru(PPh,),(DBSQ)-
(CSQ)] are intermediate” between those of [Ru(PPh;),(DBSQ),]
and [Ru(PPh;),(CSQ),] and the DBSQ- and CSQ-localized redox
steps cannot be distinguished in the mixed-ligand compound.”

Quinone complexes are the least understood members of diox-
olene family. The only example characterized crystallographically,
[MoO,Cl,(PQ)],”? shows very short C—O bonds and long C,-C,
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bonds in accord with the expectation based on the localized-valence
model. However, most of quinone complexes are chemically very
unstable toward dissociation of the Q ligand. The only stable ex-
amples known are?!2 [Ru(bpy),(Q)}* and'?-?*:2¢ [M(CO),(PPh;),-
(DBQ)]*; M = Mn, Re. Contrary to simple MO expectations,
the M — Q CT absorption band occurs at an energy higher than
for analogous SQ complexes!*-22 and the Ru— CQ transition was
found??-2 at higher energy than Ru— DBQ. Moreover, resonance
Raman spectra measured using excitation into the unusually in-
tense ‘M — Q" absorption band exhibit!®~2! very large enhance-
ment of Raman peaks corresponding to a group of skeletal M—O
vibrations that are coupled to the C,—C, and ring deformation
vibrations. Also, the potential of the dioxolene-localized SQ/Q
redox couple is strongly dependent on the co-ligand nature as was
found!®2° for [M(CO)*~"(PPh,),(DBQ)]*/[M(CO)*~"(PPh;),-
(DBSQ)] couples; M = Re!, Mn', n = 0, 1, 2. All these obser-
vations indicate that the stable “quinone” complexes are the only
genuinely delocalized dioxolene complexes for which it is not possi-
ble to distinguish the metal and dioxolenc oxidation states. In VB
terms, the delocalized {M(Q)}** valence form could be expressed
by a resonance between structures III and IIla that produces a
delocalized structure IIIb. In a simple one-electron MO model,
the {M(Q)} valence form may be characterized by a doubly occu-
pied orbital described as (d,. + 3b,) that results from a (nearly) com-
plete mixing between the metal and dioxolene frontier orbitals. The
localized-valence model interprets these “quinone™ complexes as
a delocalized Robin—Day class III mixed valence species.”® Delocal-
ization arises from a strong interaction between localized valence
forms {M=+1D+(SQ)}, I1, and {M**(Q)}, IIL, as shown in Fig. 4.
Conditions that would enable such a strong electronic interaction

o2 X

N

I I1la 111b
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need to be elucidated by further research. Examples known so far
comprise only a few complexes of electron-donating, albeit difficult
to oxidize, metal centers of d° configuration: Ru'l, Re!, and Mn'.
The energy gain from a formation of a delocalized w-bonding within
the MQ chelate ring might, in these special cases, overcome the
energy needed to reorganize the intradioxolene bonds into the
delocalized structure.

CONCLUDING REMARKS

The behavior of most dioxolene complexes is, essentially, a be-
havior of class I, i.e., weakly coupled, mixed valence compounds.
Localization of the metal- and dioxolene-oxidation states produces
at least two distinct redox, magnetic, chromophoric or reactive
centers whose simultaneous presence in the molecule is responsible
for all the peculiar properties observed for dioxolene complexes.
However, the “right” strength of electronic interaction between
the metal and dioxolene centers is a necessary prerequisite for the
bistability, intense low-energy electronic transitions, magnetic in-
teractions, localization of successive redox steps on individual li-
gands and substrate activation by concerted coordination and elec-
tron transfer. If the interaction was too low (class I), a simple sum
of the behaviors of the isolated dioxolene ligand and metal atom
in their particular oxidation states would be observed. On the other
hand, too large a delocalization (class III) would level off the
distinctiveness of the metal and ligand centers. Delocalized mole-
cules would be much less reactive, certainly not exhibiting any
bistability.

The localized-valence model proposed above has many conse-
quences for the interpretations and predictions of the experimental
behavior of dioxolene complexes. Although the structural chem-
istry and magnetochemistry appears to be quite well understood,
their electrochemistry and, particularly, electronic spectroscopy
and excited state behavior need to be investigated much more
deeply. Some aspects of dioxolene chemistry will certainly be fur-
ther developed aiming at specific applications like molecular
switching, optical materials active in the red and NIR spectral
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regions, photochromism, electrochromism, and (electro)catalytic
substrate activation.
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