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Abstract

Coordination compounds based on the substituted o-iminoquinonato, o-iminosemiquinonato and o-amidophenolato ligands with transition metal
ions are described from the viewpoint of their structural and magnetic properties. The present review summarizes data on homoleptic transition metal

Abbreviations1: Q, quinone; SQ, semiquinone; Cat, catecholate; 3,5-DBBQ, 3,5-di-tert-butyl-o-benzoquinone; 3,5-DBSQ and 3,5-DBCat, its semiquinone and
catecholate forms respectively; 3,6-DBBQ, 3,6-di-tert-butyl-o-benzoquinone; 3,6-DBSQ and 3,6-DBCat, its semiquinone and catecholate forms respectively; 9,10-
PhenQ, 9,10-phenanthrenequinone; 9,10-PhenSQ and 9,10-PhenCat, its semiquinone and catecholate forms respectively; o-Cl4BQ, tetrachloro-o-benzoquinone;
o-Cl4SQ and o-Cl4Cat, its semiquinone and catecholate forms respectively; IBQ, o-iminobenzoquinone; ISQ, o-iminobenzosemiquinonato radical–anion; AP,
o-amidophenolato dianion; APH, o-aminophenolato anion; APH2, o-aminophenol.
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omplexes of bulky bidentate N-aryl-o-iminoquinonato type ligands involving comparison with o-quinonato analogues; penta- and hexacoordinate
is-o-iminobenzoquinonato complexes of ML2X, ML2X2 and ML2L′ types; mono-o-iminobenzoquinonato complexes and complexes based on
hree-, tetra- and pentadentate bis-o-iminobenzoquinones. Synthetic aspects are also included.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Significant progress has been made in recent years in the field
f complexes with redox-active o-quinonato, o-iminoquinonato
nd related ligands. The extensive data on complexes of these lig-
nds types have been collected [1–25]. The investigation of metal
omplexes with o-iminobenzoquinonato ligands has attracted
ttention in view of their distinctive features. The presence of
itrogen (its main isotope 14N is magnetic) in o-iminoquinones
eveals additional information on the spin density distribution in
helate ring. The application of o-iminosemiquinone (as well as
-semiquinone) as a spin label in metal complexes allows one to
onitor complex composition, structure and dynamic processes

imply by means of EPR spectroscopy [8,26–31].
On the other hand, o-iminosemiquinones contain an unpaired

lectron similar to the o-semiquinones. Hence these ligands in
omplexes can be considered as magnetic centers. From this
oint of view the investigation of magnetic exchange interactions
etween ligands and/or between ligand and metal is important.
he redox-potentials of o-iminoquinones are shifted to more
egative range compared to the redox-potentials of o-quinones.
his also allows the synthesis of transition metal complexes
ontaining the o-iminobenzosemiquinone – radical–anion form
f o-iminoquinone. The variation of substituents at the nitrogen
tom of o-iminobenzoquinone leads to a widening of the range
f steric hindrance near the metallic center.

This review highlights the versatility of o-
minobenzoquinone ligands in structural and magnetic
ngineering aspects. We will begin with a review of
ono-o-iminobenzoquinonato systems, followed by the

escription of bis-ligand systems of M(ISQ)2X/M(ISQ)2L and
(ISQ)2X2/M(ISQ)2L2 types, and then homoleptic multi-

igand systems will be discussed. Other o-iminobenzoquinonato
pecies will be described in the final section of the review.

The complexes can be synthesized by several approaches
sing different forms of ligands as starting reagents: correspond-
ng o-iminobenzoquinones (IBQ), o-iminobenzosemiquinones
ISQ) or o-aminophenols (APH2). Scheme 1 displays o-
minophenols which are the most used as ligands in
-iminobenzoquinonato type complexes reported in literature.

. General remarks

The detailed analysis of X-ray data on transition metals
-quinono (Q), o-semiquinonato (SQ) and catecholate (Cat)

omplexes has shown that lengths of C–O and C–C bonds
f the chelate ring are sensitive to the oxidation level of lig-
nd [1,2,4,5,13,15,19,32,33]. The C–O distance in catecholate
omplexes varies in the range of 1.32–1.39 Å, while the C–C

3

ansition metal; Complexes; O,N-ligands; X-ray structure; EPR; Magnetochem-

ond of the hexatomic carbon ring is close to aromatic one and
as an average value of 1.39–1.41 Å; for semiquinonato com-
lexes these values are: C–O 1.28–1.31 Å, C–C 1.42–1.45 Å;
or complexes with neutral quinones [33] the C–O bond
engths is ∼1.23 Å, and C–C is ∼1.53 Å. These parameters
re helpful in the determination of electronic configuration
f high-spin complexes containing one or more o-quinone
igands.

In the case of low-spin systems, EPR spectroscopy is also a
seful tool to obtain additional information on the unpaired elec-
ron localization. Variable-temperature magnetic susceptibility

easurements are applied to determine a number of unpaired
lectrons, the character and the exchange interaction energy of
he unpaired electrons on �*SQ-MO and non-bonding AO of

etal center.
o-Iminobenzoquinone (like o-quinone) undergoes a

eries of redox transitions. Scheme 2 shows neutral o-
minobenzoquinone and its mono- and doubly reduced forms
o-iminobenzosemiquinone ISQ− and o-amidophenolate AP2−,
espectively) connected by one-electron redox-steps and the
urther protonation of dianion AP2− with the formation of
-aminophenolate anion APH− and o-aminophenol APH2.

Redox processes in complexes with these ligands are
ccompanied by changes in the geometrical parameters of
he o-iminoquinonato groups. X-ray data on o-iminoquinone
omplexes provide important information on the compounds’
omposition and structure, and oxidation level. However, in
ome cases when strong antiferromagnetic coupling is present
n the complex, the iminobenzosemiquinone bond lengths (as
ell as o-semiquinone) can provide misleading information

bout the oxidation level of ligands and, consequently, central
etal.
The investigation of magnetic properties coupled with spec-

roscopic and X-ray data allows one to make some important
onclusions about the electronic structure of complexes and the
haracter of the electronic interactions.

. Mono-o-iminobenzoquinonato complexes

Among transition metal complexes containing one 4,6-di-
ert-butyl-N-aryl-o-iminobenzoquinonato ligand and another
eutral donor and/or valence-bound ligand are complexes of
opper, nickel, palladium, platinum, cobalt, iron, ruthenium and
smium with ISQL1-L4,L7 type ligands.
.1. Synthesis

(i) A common way to prepare mono-o-iminobenzoquinonato
complex is the exchange reaction between the equivalent
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uinon
Scheme 1. Types of o-aminophenols used as ligands for o-iminobenzoq

amounts of o-aminophenol APH2 and a corresponding
metal salt (Eqs. (1) and (2) in Scheme 3). The inser-

tion of neutral donor ligands allows one to complete the
coordination sphere of a central metal. An acid residue
(for example, HCl, HBr, CH3COOH etc.) is usually
neutralized by some base (Et3N, NaOEt, etc.). Subse-

Scheme 2. Forms of the o-iminobenzoquinonato type ligand c
ato complexes. Superscript L numbers identify species cited in the text.

quent oxidation of the o-amidophenolato product leads
to o-iminobenzosemiquinonato or o-iminobenzoquinonato

complexes.

For instance, complex [Cu(dmtacn)ISQL1]PF6 (1),
shown in Scheme 4, was synthesized by the reac-
tion of CuCl2·6H2O with 4,6-di-tert-butyl-N-phenyl-

onnected by one-electron redox and protonation steps.
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o-imi
Scheme 3. Synthetic ways to mono-

o-aminophenol and 1,4-dimethyl-1,4,7-triazacyclononane
(dmtacn) in the presence of air and Et3N with subsequent
addition of [n-Bu4N]PF6 [6].

A common synthetic route to hexacoordi-
nate mono-o-iminobenzoquinonato nickel(II),
cobalt(III) and iron(III) complexes (Scheme 4)
with tetradentate tris-(2-aminoethyl)amine (tren)
[NiII(tren)(IBQL1)](PF6)2 (2), [NiII(tren)(ISQL1)](ClO4)
(3), [CoIII(tren)(ISQL1)](ClO4)2·0.5CH3OH·0.5H2O (4)

and [FeIII(tren)(ISQL1)](ClO4)2·0.5CH3OH·0.5H2O (5)
is the interaction of equivalent amounts of a neutral
tetradentate ligand tren, 4,6-di-tert-butyl-N-phenyl-o-

Scheme 4. The structure of complex cations [Cu(dmtacn)ISQL1]+ and
nobenzoquinonato type complexes.

aminophenol APH2
L1 with nickel or cobalt acetates

M(CH3COO)2·4H2O (M = Ni, Co), or iron(II) chloride
FeCl2·4H2O in methanol solution in the presence of air, two
molar equivalent of Et3N, and LiPF6 or LiClO4 salts [34].
To prepare complex with neutral o-iminobenzoquinone
[NiII(tren)(IBQL1)](PF6)2 (2), a strong current of air was
passed through the reaction mixture at room temperature.
On the other hand, the o-iminobenzosemiquinonato
complex [NiII(tren)(ISQL1)](ClO ) (3) was prepared by
4
heating the reaction mixture for 30 min in the presence
of air but without specifically passing air through the
solution.

[NiII(tren)(ISQL1)]+ in crystals of 1 [6] and 3 [34] respectively.
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and p

(

Scheme 5. Structures of palladium

The mono-o-amidophenolato complexes of
[MII(APL1)(bipy)] type (Scheme 5), where M = Pd
(6), Pt (7), (formed from APH2

L1 and M(bipy)Cl2 in the
presence of NaOMe and the absence of air) give complex
cations [MII(ISQL1)(bipy)](PF6), where M = Pd (8), Pt (9),
after oxidation by ferrocenium hexafluorophosphate [35].

A palladium complex, similar to 6, is
[PdII(APL4)(tbipy)]0 (10), where tbipy is 4,4′-di-tert-
butyl-2,2′-dipyridyl [36] is a product of the one-electron
reduction of o-iminobenzosemiquinonato palladium(II)
complex [PdII(ISQL4)(tbipy)](PF6) (11) (prepared accord-
ing to Eq. (2) shown in Scheme 3) by a cobaltocene. On
the other hand, [PdII(IBQL4)(tbipy)](PF6)(BF4)·2CH2Cl2
(12), a complex with O,N-coordinated neutral o-
iminobenzoquinone IBQL4, is an one-electron oxidized
derivative of the o-iminobenzosemiquinonato complex 11

[36].

Mono-(N-phenyl-o-iminobenzosemiquinonato) ruthe-
nium and osmium complexes of [M(ISQL1)(bipy)2](PF6)
type (M = Ru, 13; Os, 14), Scheme 6, are also products

(

Scheme 6. Ruthenium and osmium mono-o-iminobenzo
latinum complexes 6–12 [35,36].

of exchange reaction of o-aminophenols with appropriate
metal salt in the presence of base and air [11,37].

(ii) In some cases, when the o-iminobenzoquinone form of
the ligand is stable, it is possible to perform the exchange
reaction between metal salt and o-iminobenzosemiquinone
thallium derivative which can easily be synthesized
from thallium amalgam and the corresponding o-
iminobenzoquinone [38]. This method allows one to avoid
the presence of any base and air in the reaction mix-
ture. Eq. (3) in Scheme 3 exhibits the synthesis of
mono-o-iminobenzosemiquinonato nickel complexes of
(Ph3P)Ni(ISQ)(o-Tol) type (ISQ is ISQL2, 15; ISQL3, 16;
ISQL7, 17) with Ni–C �-bond [39].

iii) One can use exchange reactions of the neutral ligand
(e.g. exchange of PPh3 with AsEt3, Py, Pyz, Et3N,
isonitriles RNC, Me3P etc.). They do not affect the o-

iminobenzosemiquinonato ligand in coordination sphere
[39] (Eq. (3) in Scheme 3).

iv) Template synthesis. There is only one example of o-
iminobenzoquinone synthesis within the coordination

semiquinonato complexes 13, 14 and 18 [11,40].
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sphere of the central metal. The ruthenium complex
RuCl2(BDI)(IBQL1) (18) is a product of the reaction
of RuCl2(PhNH2)2(BDI) and 3,5-di-tert-butylcatechol in
methanol at room temperature (Eq. (4) in Scheme 3) [40].

.2. Structure and magnetism

The bulky N-aryl-substituted 4,6-di-tert-butyl-
-iminobenzoquinone forms a copper complex
Cu(dmtacn)ISQL1]PF6 (1) [6] whose crystals consist of
Cu(dmtacn)ISQL1]+ cations and PF6

− anions (Scheme 4). The
–N, C–O, C–C distances (X-ray) (see Table 1) suggest the

adical–anion form ISQ of O,N-coordinated ligand to be present.
opper(II) ion lies in pentacoordinate square–pyramidal envi-

onment where the ISQL1 ligand occupies two places in pyramid
ase and one of nitrogen atoms of dmtacn is in the apical site.

The low-temperature value of μeff (see Table S1 of
upplementary information) is close to the spin-only value for
ystems with S = 1. Therefore the authors conclude this complex
consists of intramolecularly ferromagnetically coupled Cu(II)

on (SCu = 1/2) and radical–anion ISQL1 (Srad = 1/2). Ferromag-
etic coupling arises between the half-occupied dx2−y2 copper
O and �*-MO of ISQ radical ligand; the symmetry of the

nteracting orbitals requires ferromagnetic exchange only. The
ehavior of μeff at different temperatures is typical for multispin
ystems with triplet ground state and thermal population of an
xcited state with lower spin multiplicity.

Hexacoordinate mono-o-iminobenzoquinonato nickel(II),
obalt(III) and iron(III) complexes with the tetradentate ligand
ris-(2-aminoethyl)amine (tren) were reported in ref. [34].
ll the compounds are salts containing complex cations:

NiII(tren)(IBQL1)](PF6)2 (2), [NiII(tren)(ISQL1)](ClO4) (3),
CoIII(tren)(ISQL1)](ClO4)2·0.5CH3OH·0.5H2O (4) and
FeIII(tren)(ISQL1)](ClO4)2·0.5CH3OH·0.5H2O (5).

The structurally characterized complexes of the neutral
,N-coordinated o-iminobenzoquinone were not reported in

he literature prior to the publication [34]. Only data on
,N-coordinated o-iminodenzoquinonato complexes generated

lectrochemically in solution have been presented [6,7].
All compounds contain the octahedral cation [M(tren)(IBQL1

r ISQL1)]n+. Geometrical characteristics of O,N-coordinated
igands in 2–5 confirm the oxidation level of ligand: for IBQL1

igand in [NiII(tren)(IBQL1)]2+ distances C–O and C–N are
horter (up to 0.08 and 0.05 Å respectively) than those in
SQL1 ligands of the other three complex cations (namely,
NiII(tren)(ISQL1)]+ (Scheme 4), [CoIII(tren)(ISQL1)]2+ and
FeIII(tren)(ISQL1)]2+).

The UV–visible spectra of the compounds described
re also helpful for determining the oxidation level
f the O,N-coordinated ligands. Radical–anionic o-
minobenzosemiquinonato complexes (3–5 as well as 1) display
number of intense intraligand charge transfer absorptions with
axima in the range 450–950 nm and extinction coefficients
f ∼103 M−1 cm−1. These absorptions, which are connected
ith transitions in the ISQ ligand(s), are absent in complexes of
eutral o-iminobenzoquinone or dianionic o-amidophenolato
pecies [34]. For IBQ-complexes maxima at 400–500 nm are Ta
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(Table S2). The value A(14N) = 7.8 G is typical for ISQ com-
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ypical. For example, [NiII(tren)(IBQL1)](PF6)2, 2, has bands
t 411 and 488 nm with ε of ∼3–4 × 103 M−1 cm−1 and has no
bsorption above 500 nm. The same spectroscopic features are
hown by M(IBQ) species generated electrochemically from 1,
and 4. For AP-complexes, the most intense absorptions are

sually observed below 400 nm.
The M–O and M–N bond lengths in 2–5 are typical for the

orresponding metal: octahedral Ni(II) in 2 and 3 {Ni–O are
.119 and 2.053 Å, Ni–N are 2.054 and 2.033 Å in complexes
NiII(tren)(IBQL1)](PF6)2 (2) and [NiII(tren)(ISQL1)](ClO4)
3), respectively}; low-spin Co(III) (d6, SCo = 0) in 4 {Co–O,
.885 Å; Co–N, 1.921 Å in [CoIII(tren)(ISQL1)](ClO4)2 (4)}
nd low-spin Fe(III) (d5, SFe = 1/2) in 5 {Fe–O, 1.910 Å; Fe–N,
.859 Å in [FeIII(tren)(ISQL1)](ClO4)2 (5)} also in an octahedral
nvironment.

Magnetochemical data are in accordance with X-ray
esults. The ground state of o-iminobenzoquinone com-
lex [NiII(tren)(IBQL1)](PF6)2 (2) is S = 1, which is usual
or hexacoordinate Ni(II) (d8, SNi = 1) complexes. The
round state of the o-iminobenzosemiquinonato analogue
NiII(tren)(ISQL1)](ClO4) (3) is S = 3/2 (Table S1) attained via
trong, symmetry required, intramolecular ferromagnetic cou-
ling between the eg subshell of nickel(II) (d8, SNi = 1) and
*-MO of ISQ (Srad = 1/2) [34].

The complex [CoIII(tren)(ISQL1)](ClO4)2·0.5CH3OH·0.5H2O
4) possesses an S = 1/2 ground state. The EPR spectrum, in
H2Cl2 solution (g = 1.997) exhibits HFS on cobalt 59Co and
ne nitrogen with HFS constants 14.0 G and 8.8 G respectively.
he unpaired electron is localized on organic ligand MO with
weak contribution of metal orbitals. These data agree with

he description of this complex 4 as diamagnetic low-spin
obalt(III) with the o-iminobenzosemiquinone radical–anion
34].

In the dication [FeIII(tren)(ISQL1)]2+ 5, strong metal – lig-
nd antiferromagnetic exchange from the coupling of low-spin
ron(III) (d5, SFe = 1/2), connected with tetradentate ligand
tren”, and radical–anion o-iminobenzosemiquinone causes dia-
agnetism [34].
Mono-o-amidophenolato complexes of [MII(APL1)bipy]

ype (where M = Pd (6), Pt (7)) give complex cations
MII(ISQL1)bipy](PF6) (M = Pd (8), Pt (9)) under oxidation
y ferrocenium hexafluorophosphate (Scheme 5) [35]. Table 1
resents selected bond distances in complexes 6–9. C–O and
–N bonds of chelate ring in o-iminobenzosemiquinonato com-
lexes 8 and 9 are 0.04–0.05 Å shorter than those bonds in
-amidophenolato complexes 6 and 7. The oxidation of 6 and
results in the elongation of M–O and M–N bonds with O,N-

helated ligands of about 0.02 and 0.03–0.04 Å respectively. The
–C distances in the quinone part of the ISQ ligands, for 8 and
, display a quinonoid type pattern.

The UV–visible spectra of o-amidophenolato complexes 6
nd 7, display very intense broad absorption bands at 745
nd 780 nm (ε ∼ 103–104 M−1 cm−1). These were assigned
o a spin and dipole allowed LLCT (ligand-to-ligand charge

ransition) between AP and bipy ligands. As will be shown
elow, these LLCT bands are typical for square-planar com-
lexes with o-iminosemiquinone and another bidentate ligand;

p
g
A

istry Reviews 253 (2009) 291–324 297

hey are only weakly dependent on the nature of the metal.
he ISQ-complexes 8 and 9 have absorption bands of in the
00–1000 nm range with intensities ∼103 M−1 cm−1 indicating
radical–anion O,N-coordinated ligand; there is no very intense
LCT band.

Complexes 8, 9 possess an S = 1/2 ground state while
and 7 are, of course, diamagnetic. The EPR param-

ters of 8, 9 (Table S2 of Supplementary informa-
ion) show localization of the unpaired electron on the
rganic ligand: for [PdII(ISQL1)bipy](PF6) (8) giso = 2.002,
or [PtII(ISQL1)bipy](PF6) (9) giso = 2.00; HFS constants
(14N) = 7.71 and 7.1 G; A(H) = 4.6 and 4.67 G for Pd and
t complexes respectively. These results are typical of square-
lanar complexes of diamagnetic metals with one organic radical
igand.

An interesting series of palladium com-
lexes is described in ref. [36]. Complexes
PdII(APL4)(tbipy)]0 (10), [PdII(ISQL4)(tbipy)](PF6) (11),
nd [PdII(IBQL4)(tbipy)](PF6)(BF4)·2CH2Cl2 (12) represent
he redox-series of the O,N-chelating ligand (Scheme 5). Here
bipy is 4,4′-di-tert-butyl-2,2′-dipyridyl. The first compound,
0, is a neutral diamagnetic palladium(II) complex with
-amidophenolato dianion. It is a product of one-electron
eduction of 11 – a paramagnetic o-iminobenzosemiquinonato
alladium(II) complex. On the other hand, 12, a complex with
,N-coordinated neutral o-iminobenzoquinone IBQL4, is an
ne-electron oxidized derivative of o-iminobenzosemiquinonato
omplex 11.

The AP-complex 10 shows a very intense broad LLCT
bsorption at 708 nm (∼104 M−1 cm−1), the ISQ-complex
1 has two intense bands at 436 and 460 nm with
∼ 5 × 103 M−1 cm−1 and a number of bands in the range
00–1000 nm with ε ∼ 0.5–0.7 × 103 M−1 cm−1 while for IBQ-
omplex 12 absorption above 550 nm is not observed but there
s an intense band at 385 nm (ε ∼ 7 × 103 M−1 cm−1). All
omplexes were characterized by X-ray crystallography. Geo-
etrical characteristics of O,N-chelated ligands are given in
able 1. They clearly show the differences in structures of neutral
BQ0, radical–anion ISQ− and dianion AP2− forms of O,N-
oordinated ligand.

Paramagnetic complex 11 has the expected S = 1/2 ground
tate with an X-band EPR spectrum, in CH2Cl2 solution at
98 K, (Table S2) typical for a ligand-centered radical in o-
minobenzosemiquinonato complexes.

Mono-(N-phenyl-o-iminobenzosemiquinonato) ruthenium
nd osmium complexes of [M(ISQL1)(bipy)2](PF6) type
M = Ru, 13; Os, 14), Scheme 6, have been investigated
y spectroelectrochemistry and X- and W-band EPR [11]
nd also studied in ref. [37] with similar results. A large
ifference in g-anisotropy was observed. Ruthenium com-
lex 13 has a value of g = 2.0049 at 298 K with hyperfine
oupling of the unpaired electron with both the nitrogen
tom of o-iminobenzosemiquinone ligand and the ruthenium
lexes [34,35,39] but A(99Ru) = 10.1 G, A(101Ru) = 11.3 G are
reater than those observed for other Ru-complexes (4–8 G for
(99Ru) and 4.4–8.6 G for (101Ru)). This was rationalized in
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erms of a large ligand-to-metal spin transfer [11]. An isotropic
value indicates a ligand-centered (o-iminobenzosemiquinone)
npaired electron, but g-anisotropy (evaluated from W-band
PR at 5 K, �g = g1–g3 = 0.0665) reflects a remarkable con-

ribution of the metal to SOMO in [RuII(ISQL1)(bipy)2](PF6)
13). The assignment of 13 as [RuII(ISQL1)(bipy)2](PF6)
pecie is preferable to [RuIII(APL1)(bipy)2](PF6) based on
he comparison of �g in ruthenium(II) and ruthenium(III)
omplexes. The value of �g for different ruthenium(III)
ioxolene and related complexes varies in the range of
.2–0.8 depending on the degree of metal/ligand orbital
ixing (e.g., �g = 0.833 for [(4-OOC-CH2-Cat)Ru(NH3)4],

-OOC-CH2-Cat = 4-(carboxylatomethyl)catecholate trianion
41]; 0.54 for [(acac)2RuIII(�-Q2)RuIII(acac)2], Q2 = dianion of
,10-phenanthroline-5,6-diimine [10], 0.19–0.30 for a series of
onocations/monoanions [LRu(acac)2]+/− complexes, L is the

erivative of o-aminophenol or o-aminothiophenol [42]). On the
ther hand, ruthenium(II) complexes reported in the literature
eveal g-anisotropy values of 0.008 < �g < 0.08 (e.g. 0.082 for
(3,5-DBSQ)Ru(bipy)2]+ [43], 0.0083 for [(4-oxo-5-methyl-
Q)Ru(bipy)2] [44] 0.036 for [(4,7-NN-phenSQ)Ru(bipy)2]+,
,7-NN-phenSQ = 4,7-phenanthroline-5,6-semiquinolate [45]).
he significant metal–ligand orbital mixing for ruthenium
omplexes with o-quinones, o-iminoquinones, o-diimines and
ts derivatives is quite common [15,17,45–50].

The UV–visible spectrum of 13 allows one to corrob-
rate assignment of complex as an ISQ-specie due to a
umber of intense bands in the range 500–1000 nm with
∼ 103–104 M−1 cm−1 where bands at ∼500 and 690 nm were
ssigned to a MLCT (metal-to-ligand charge transfer) [11,16].
he osmium analogue 14 is characterized by absorption bands
t about 530 and 690 nm with the same assignment.

With respect to the EPR spectrum of the osmium com-
lex 14, the HFC of 189Os was not observed because
f the large line width, the g-anisotropy (�g = 0.370,
able S2) is much higher than in ruthenium analogue 13.
his illustrates a large contribution of a metal-centered
tate [OsIII(APL1)(bipy)](PF6). The heavier osmium stabilizes
he higher oxidation state relative to the ruthenium homo-
ogue [13,51]. For comparison, the o-iminobenzosemiquinonato
smium(III) complexes OsIII(PPh3)(ap-R)(ISQMe), where ap-R
s tridentate dianionic ligands derived from 2-arylazo-4-
ethylphenol (aryl is p-methoxyphenyl, p-tolyl, phenyl,

-chlorophenyl and p-nitrophenyl), ISQMe is radical–anion
-methyl-o-iminobenzosemiquinone, were reported to be dia-
agnetic due to antiferromagnetic coupling of the low-spin

smium(III) (d5, S = 1/2) with the o-iminobenzosemiquinonato
npaired electron [52].

Four-coordinate nickel complexes of (Ph3P)Ni(ISQ)(o-Tol)
ype simultaneously containing a o-iminobenzosemiquinone
adical–anion and o-tolyl �-bound to nickel have been reported
n ref. [39]. EPR spectroscopic data are given in Table S2. EPR
nvestigations indicate a strongly distorted geometry divergent

rom square planar to tetrahedral. The geometry distortion is
xplained by the steric repulsion of ligands. In the series of
omplexes (Ph3P)Ni(ISQL2)(o-Tol) (15), (Ph3P)Ni(ISQL3)(o-
ol) (16), (Ph3P)Ni(ISQL7)(o-Tol) (17) (Scheme 7), the decrease

2
A
a
t

cheme 7. o-Iminobenzosemiquinonato nickel complexes 15–17 [39].

f N-aryl hindrance leads to a decrease of steric repulsion. Con-
equently, the geometry of complex tends to be square planar.
omplexes are able to ligand exchange: neutral Ph3P ligand can
e substituted with such ligands as Et3As, Py, Pyz, Et3N, RNC,
e3P. At the same time, more bulky ligands (Ph3As, Bu3

tP,
identate ligand bipy) fail to substitute the Ph3P ligand in the
oordination sphere.

The next remarkable ruthenium complex RuCl2(BDI)
IBQL1) (18) is a product of oxidative coupling of ruthen-
ted aniline with 3,5-di-tert-butyl-catechol [40]. According
o X-ray, it is a ruthenium(II) complex of neutral N-phenyl-
,2-phenylenediimine (BDI) and o-iminobenzoquinone IBQL1

Scheme 6, Table 1).

. Pentacoordinate bis-o-iminobenzoquinonato
omplexes of M(ISQ)2X/M(ISQ)2L types

The bis-o-iminoquinonato complexes of ML2X and ML2L′
pecies, where X is halogen or other anionic ligand, L′ is a neu-
ral ligand, L the o-iminobenzosemiquinone radical–anion or
-amidophenolate dianion, are an interesting group (Scheme 8).
uch complexes include the possibility to find: (i) heteroligand
ystems containing different types of radicals and (ii) linear
olecular chains where X will be the connecting bridge between
L2 fragments. Halogen-containing species ML2Hal are repre-

ented in the literature by cobalt, iron and manganese complexes
53–56].

.1. Synthesis

Synthetic methods to M(ISQ)2X type compounds (Scheme 9)
epend on the nature of the metal and possible steric hin-
rance of the o-iminobenzoquinonato ligand. Cobalt complexes
o(ISQL1)2Cl (19) and Co(ISQL1)2I (20) were prepared by

he treatment of 2-anilino-4,6-di-tert-butylphenol APH2
L1 with

norganic cobalt(II) salt ([Co(H2O)6](BF4)2 for 19 and CoI2 for

0) in CH3CN solutions in the presence of air and Et3N [54].

1:1 molar ratio of cobalt salt to ligand was employed for 19
nd 1:1.56 for 20 (but not as 1:2) to avoid the formation of
ris-ligand specie Co(ISQL1)3 (54, see Section 6.5). Notewor-
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L2X

t
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Scheme 8. Complexes of M
hy, the chlorine atom for 19 was taken away from CHCl3 used
s component of solvent mixture (CH3CN/CHCl3) to isolate
9. Yields were ∼10% for 19 and 43% for 20 (calculated per
nitial o-aminophenol). Pentacoordinate species Co(ISQL3)2Cl

Scheme 9. Preparation of ML2X type complexes.
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and ML2L′ types [53–61].

21) and Co(ISQL2)2Cl (22) were synthesized by different meth-
ds. Co(ISQL3)2Cl (21) was formed as a product of reaction
etween bis-ligand specie Co(ISQL3)2 (56, Section 6.5) and
H2Cl2 [53]. Note, chlorine atom in 21 was also abstracted

rom the chlorine-containing solvent. However Co(ISQL2)2 (55,
ection 6.5) does not react with CH2Cl2 [53].

Another way to prepare 21 is the interaction of anhydrous
oCl2 with thallium o-iminobenzosemiquinone and neutral o-

minobenzoquinone in a 1:1:1 molar ratio. This synthetic method
pplied to prepare 22 gives the hard to separate mixture of
esired product 22 and four-coordinate complex 55. Therefore
pure sample of Co(ISQL2)2Cl (22) was prepared using the

eaction of dry CoCl2 with neutral o-iminobenzoquinone IBQL2

molar ratio 1:2) with yield ∼60% [55]. The iodide complex
o(ISQL3)2I (23) – analogue of 20 – was easily prepared by

he oxidation of Co(ISQL3)2 (56, Section 6.5) by iodine I2 in
oluene solution with yield 42% [55].

The iron species Fe(ISQL1)2Hal [56], Hal = Cl (24), Br (25), I

26), were synthesized using a method similar to that for prepa-
ation of cobalt complexes 29 and 20: from iron(II) salts and
-anilino-4,6-di-tert-butylphenol in presence of Et3N (molar
atio was 1:1.5:3) and air.
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Scheme 10. Preparation of

More bulky iron and manganese complexes Fe(ISQL3)2Br
27) and Mn(ISQL2)2Cl (28) were prepared from the corre-
ponding metal halides (FeBr2, MnCl2), corresponding thallium
-iminobenzosemiquinones and o-iminobenzoquinone in molar
atio 1:1:1 [55].

Besides halogen-containing complexes, other ML2X com-
lexes were reported in literature: FeIII(ISQL1)2(N3) (29) and
eIII(ISQL1)2(NCS) (30) [57], Co(ISQL3)2(SCN) (31) [55] and
o(ISQL4)2(CH2CN) (32) [60] (Scheme 8). Complex 32 was
repared when the synthesis of 57 was carried out in acetoni-
rile instead of methanol in the presence of air. The iron–azide
omplex 29 was synthesized from o-aminophenol APH2

L1,
ron salt [FeIII(dmfa)6](ClO4)3 (dmfa = dimethylformamide)
nd sodium azide (molar ratio is 2:1:4) on air in methanol solu-
ion (Scheme 10, Eq. (1)). Complex 30 was prepared in an
nalogous way using potassium thiocyanate instead of sodium
zide (Scheme 10, Eq. (2)). The SCN-group was inserted into
obalt complex 31 by the exchange reaction between chlo-
ide complex Co(ISQL3)2Cl (21) and KSCN (Scheme 10, Eq.
3)).

An unusual o-iminobenzosemiquinonato complex
binuclear iron complex containing �-oxo-bridge,

ISQL6)2Fe–O–Fe(ISQL6)2 (33), was described in ref.
58] (Scheme 8). Complex 33 was synthesized by the reaction
f [Fe(H2O)6](ClO4)2 with o-aminophenol APH2

L6 in the
resence of Et3N and air.

The pentacoordinate manganese(III) complexes
n(ISQL2)(APL2)L (L is THF (34) or CH3OH (35))
ere synthesized from four-coordinate Mn(ISQL2)(APL2)

69, see Section 6.8) by dilution of this compound in cor-

esponding solvent [61] or from manganese(II) salt and
-iminobenzosemiquinonato thallium salt (molar ratio is 1:2)
n a suitable solvent medium [59].

t
w
p

Scheme 11. Angle reducing in ML2X type com
X type complexes 29–31.

.2. Structure and magnetism

Selected structural data on M(ISQ)2X and M(ISQ)2L types
omplexes are shown in Table 2. All the complexes adopt

distorted square–pyramidal geometry. In all cases, O,N-
helating ligands form the pyramid base while X (L) substituent
s axial. The geometric characteristics undoubtedly indicate
adical–anionic o-iminobenzosemiquinone ligands in 19–21,
4–30, 32 and 33 (C–O, 1.29–1.31 Å, C–N, 1.34–1.36 Å,
ypical quinoid type distortion of C–C rings in quinonic
art), while the manganese complex 34 contains ligands in
ifferent oxidation levels: o-iminobenzosemiquinone and o-
midophenolate.

Increasing steric hindrance near the metallic center (due to
-aryl substituents) heightens the distortion of the pyramid

Scheme 11). The N–M–N bond angle tends to be reduced in
omparison with O–M–O (Table 2): in 19, 20, 24–26, 29–32
he difference ∠(O–M–O)–∠(N–M–N) is not more than ∼6.2◦,
hile in 21, 27 and 28 it achieves 22–25.8◦. The situation is

eversed in the binuclear iron complex 33 where ∠(O–M–O) is
t about 13◦ less than ∠(N–M–N) due to steric repulsion of two
(ISQ)2 components.
The electronic spectra of all M(ISQ)2X type com-

lexes (19–32) are characterized by a very intense broad
bsorption with maximum in the range 700–850 nm (with
∼ 0.3–1.2 × 104 M−1 cm−1) and another in the range
50–700 nm (with ε ∼ 0.8–1.5 × 104 M−1 cm−1). There have
een no detailed assignment of these bands. Usually they are
nterpreted as a LLCT between �-orbitals of ISQ ligands or as
LMCT [54,56,57,60]. Similar bands are observed in the spec-
ra of bis-ligand square-planar complexes of M(ISQ)2 type, for
hich a more detailed analysis of the electronic structure was
erformed (see Section 6.2).

plexes with the growth of R substituents.
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hart 1. The qualitative scheme of magnetic exchange interactions in ML2X
omplexes. Here and in other Charts: a.f.c. is antiferromagnetic coupling, f.c. is
erromagnetic coupling.

The electronic spectrum of the binuclear iron complex 33
esembles closely the spectra of these M(ISQ)2X complexes
nd reveals the presence of this type of core [58].

The magnetic behavior of these complexes is rather inter-
sting (Table S3 of Supplementary information). All the cobalt
omplexes 19–23 [54,55] are diamagnetic (ground state S = 0)
n spite of the presence of two radical ISQ ligands. Authors have
hown that the electronic structures of these complexes may be
orrectly described as singlet diradical containing a diamagnetic
ow-spin cobalt(III), d6, and two o-iminobenzosemiquinonato
adical–anions which are strongly antiferromagnetically cou-
led. Complex 32 is also diamagnetic (S = 0) and contains
carbon-coordinated anion (CH2CN)− [60]. The manganese

omplex 28 possesses a triplet ground state which is attained
hrough strong antiferromagnetic coupling of two (among four)
npaired electrons (d1

xz, d1
yz) of high-spin manganese(III), d4

SMn = 2), with two unpaired electrons on �*-MO of the ISQ
adical ligands [55]. It is remarkable that the replacement of an
nionic apical substituent (Cl in 28) with a neutral donor group
THF in 34) with conservation of oxidation state Mn(III) stabi-
izes a different ground state for the complex, namely an S = 3/2
round state in MnIII(ISQL2)(APL2)THF (34) [59].

The most interesting magnetochemical behavior of these
L2X complexes was observed with the iron complexes. The

omplex Fe(ISQL1)2Cl (24) has an S = 3/2 ground state while
e(ISQL1)2I (26) – an S = 1/2 state at low temperature [56]. High-
pin iron(III), d5, SFe = 5/2, in 24 or intermediate-spin iron(III),
5, SFe = 3/2, in 26 is coupled antiferromagnetically with two
adical ISQ ligands causing the resultant ground states of these
omplexes (Chart 1).

The unit cells in crystals of Fe(ISQL1)2Br (25) contain two
ifferent structural forms (it is the first polymorph – an 1:1

ixture of 25a and 25b at temperature below 120 K) [56].
hese two forms reveal different states of iron(III): ground state
f 25a is an S = 1/2 while 25b possesses an S = 3/2 ground
tate [57]. The difference in spin states of central ion in two
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hart 2. The qualitative scheme of magnetic exchange interactions in binuclear
ron complex 33.

pecies 25a and 25b is embodied in structural features as well
s in Mössbauer spectroscopy and magnetochemistry. Note
hat the second polymorph containing only 25b [57] was also
repared using a procedure which differs slightly from that
ne for first polymorph containing both forms (25a and 25b):
aOCH3 was applied as the base instead of Et3N and molar

atio FeBr2 to o-aminophenol was 1:1 [57] contrary to 1:1.5
56]. Moreover, Ph3P was added to promote the crystalliza-
ion of the product in the case of first polymorph (25a and
5b). This step was omitted in the synthesis of the second
olymorph (25b).

Iodide Fe(ISQL1)2I (26) and azide Fe(ISQL1)2(N3) (29) com-
lexes possess the pure S = 1/2 ground state in the range of
–130 K and 4–49 K respectively. At higher temperature, spin
rossover to S = 3/2 form is observed [57]. Molecules of 25a in
rst polymorph form of 25 undergo spin crossover above 150 K.
pin crossover S = 1/2 ↔ S = 3/2 is accompanied by structural
hanges of the metal–chelate units. In the S = 1/2 form, the Fe–O
onds (1.87–1.88 Å) and Fe–N (1.88–1.89 Å) are short. Upon
pin crossover to S = 3/2 state, the Fe–O and Fe–N distances
ecome longer achieving values of 1.94–1.96 and 2.01–2.05 Å
Table 2) while the axial Fe–X bond length is nearly constant.
n fact, the o-iminobenzosemiquinonato ligands also remain
nchanged within experimental error. Magnetochemical stud-
es of Fe(ISQL1)2I (26) have shown the presence of 63% of
= 1/2 form and 37% of S = 3/2 form at 295K [57]. The first
olymorph of 25 contains 18.5% of the S = 1/2 form (25a) and
1.5% of the S = 3/2 form (25b) at 295 K. These results are in
greement with crystallographic data on S = 3/2 and 1/2 forms.
stimated ratio of S = 1/2 to S = 3/2 forms based on X-ray deter-
inations is 84:16 for 26, 42:58 for 25a in first polymorph,
hile 25b is in S = 3/2 form only; and 80:20 for 29. Com-
ound Fe(ISQL1)2(SCN) (30) has a temperature independent
= 3/2 ground state. Based on our unpublished data, the iron
omplex Fe(ISQL3)2Br (27) has an S = 1/2 ground state. In this
omplex, antiferromagnetic coupling metal–ligand takes place
etween intermediate spin iron(III), d5 (SFe = 3/2), and radical
igand with exchange parameters J(Fe-ISQ) = J = −66(7) cm−1

nd J(ISQ-ISQ) = J12 = −106(19) cm−1 (Chart 1).

The binuclear iron complex 33 has an S = 0 ground state. The

trong antiferromagnetic coupling between high-spin iron(III),
5 (SFe = 5/2), and two ISQL6 radical ligands leads to S* = 3/2
tate for each half of molecule. The observed singlet ground state

C
f

a

istry Reviews 253 (2009) 291–324

f 33 is attained through the strong antiferromagnetic coupling
etween the two halves through the �-oxo group [58] (Chart 2).

. Hexacoordinate bis-o-iminobenzoquinonato
omplexes of M(ISQ)2X2/M(ISQ)2L2 types

Hexacoordinate bis-o-iminobenzoquinonato complexes, of
(ISQ)2X2/M(ISQ)2L2 are still rare. We have found only seven

xamples of such complexes in the literature. There is a nickel
omplex [NiII(IBQL4)2(OClO3)2] (36) [62], rhenium complex
eII(ISQL2)2(CO)2 (37) [61] and a number of zirconium
omplexes ZrIV(APtBu)2(THF)2 (38), ZrIV(ISQtBu)2Cl2 (39),
Li(Et2O)]2[ZrIV(APtBu)2Ph2] (40), [Li(Et2O)]2[ZrIV(APtBu)2
p-Tol)2] (41), [Li(Et2O)]2[ZrIV(APtBu)2Me2] (42), where
APtBu]2− and [ISQtBu]•− are the 4,6-di-tert-butyl-N-tert-butyl-
-amidophenolate dianion and 4,6-di-tert-butyl-N-tert-butyl-o-
minobenzosemiquinonato radical–anion respectively [63,64]
Scheme 12).

.1. Synthesis

The nickel complex 36 is a product of the oxidation of bis-o-
minobenzosemiquinonato nickel(II) complex Ni(ISQL4)2 (45,
ee Section 6.2) with two equivalents of AgClO4·H2O [62]
hile the rhenium complex ReII(ISQL2)2(CO)2 (37) was pre-
ared from rhenium carbonyl and o-iminobenzoquinone IBQL2

nder UV in toluene [61]. This synthetic method will also be
onsidered in Section 6.1.

The exchange reaction of double equivalent of lithium
-amidophenolate with zirconium(IV) chloride ZrCl4(THF)2
ffords zirconium bis-o-amidophenolate ZrIV(APtBu)2(THF)2
38). Oxidation of 38 by gaseous chlorine at −78 ◦C leads
o the bis-o-iminobenzosemiquinonato product ZrIV(ISQtBu)
Cl2 (39) [63]. The latter complex was also prepared by the
xidation of bis-o-amidophenolate complex 38 with PhICl2 at
ow temperature and from ZrCl4 and two equivalents of lithium
-iminobenzosemiquinone (ISQtBu)Li. In all cases the yield was
ot greater than 55%. Aryl/alkyl derivatives [Li(Et2O)]2
ZrIV(APtBu)2Ph2] (40), [Li(Et2O)]2[ZrIV(APtBu)2(p-Tol)2]
41), [Li(Et2O)]2[ZrIV(APtBu)2Me2] (42) were prepared from

freshly prepared in situ bis-o-amidophenolate complex
rIV(APtBu)2(Et2O)2 which is the closest analogue of 38
nd corresponding aryl/alkyllithium in diethyl ether. The
reparative yield was less 37%.

.2. Structure and magnetism

Complex 36 adopts a hexacoordinate octahedral geometry
here neutral O,N-coordinated o-iminobenzoquinones form the

quatorial plane being trans to each other. The ligand charac-
eristics are typical for neutral IBQ (C–O is 1.239(2) Å, C–N is
.296(2) Å, formally double C–C are 1.352(2) and 1.357(2) Å
62]) and close to the corresponding characteristics of IBQ lig-
nds in palladium complexes 49 and 51 (see Section 6.3) [62].

omplex 36 possesses the expected triplet ground state (S = 1)

or nickel(II) complexes of octahedral geometry.
The rhenium(II) complex 37 was prepared by the oxidative

ddition of o-iminobenzoquinone IBQL2 to rhenium car-
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Scheme 12. Complexes 36 [62], 37 [61], 3

onyl [61]. Noteworthy is the significant difference between
eactivity of manganese and rhenium carbonyls toward o-
minobenzoquinone: the reaction of Mn2(CO)10 with IBQL2

nder the same conditions leads to complete elimination of
O groups yielding four-coordinate manganese(III) complex
4 (see Section 6.8). Complex 37 has a distorted octahedral
eometry. However, here the CO groups are in the cis-position
in contrast to trans-location of OClO3

−-groups in 36). In rhe-
ium complex 37, O,N-coordinated ligands adopt a geometry
ith trans nitrogen atoms (N–Re–N is 163.85(6)◦). The bond

engths C–O (1.311(2), 1.305(2) Å), C–N (both 1.360(2) Å) and
ther characteristics of O,N-coordinated ligands clearly reveal
adical–anionic ISQ− coordination mode. Antiferromagnetic
xchange between t2g unpaired electron of low-spin rhenium(II)
d5, S = 1/2) and one unpaired electron on ligand �*-MO of one

SQ ligand causes an observed doublet ground state of 37 that
s supported by X-band EPR spectrum of toluene solution of 37
xhibiting HFC with rhenium nuclei of 37 G with giso = 1.982.

d
t
a

40, and complex anions in 40–42 [63,64].

X-ray crystallography was used to determine the molec-
lar structure of the zirconium complexes 38, 39, 40 and
2. Noticeably, the solid zirconium complexes adopt quite
ifferent geometries. While ZrIV(APtBu)2(THF)2 (38) has hex-
coordinate trigonal antiprism geometry and ZrIV(ISQtBu)2Cl2
39) has intermediate conformation between trigonal antiprism
nd prism, complex dianions [ZrIV(APtBu)2Ph2]2− in 40 and
ZrIV(APtBu)2Me2]2− in 42 adopt a slightly distorted octahedral
eometry. In all cases the geometric features are rationalized by
he small chelating O–Zr–N angle of the O,N-ligands (av. over
oth ligands: 76.0◦ in 38, 72.6◦ in 39, 72.0◦ in 40, 71.2◦ in 42).

In complexes 38, 40 and 42, the bond lengths in
,N-chelating ligands support the dianionic nature of the o-

midophenolate ligands [63,64]. The chloride complex 39 has
adical–anionic o-iminobenzosemiquinones with C–O and C–N

istances of 1.316(3) and 1.339(3) Å in contrast with those dis-
ances in 38, 40, 42 (av. 1.358(5) and 1.413(6) Å in 48, 1.366(5)
nd 1.403(5) Å in 40, 1.369(3) and 1.398(3) Å in 42).
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As one can expect, the bis-o-iminobenzosemiquinonato zir-
onium complex 39 should be a diradical complex. The magnetic
ata (μeff is 0.12 μB at 4 K and 1.25 μB at 400 K) and EPR lead
o the supposition of spin-pairing in this diradical complex to
reate a singlet ground state with the thermally accessible triplet
xcited state [63].

. Homoleptic transition metal complexes with
identate N-aryl-o-iminoquinone ligands. Comparison
ith o-quinone analogues

Here, we will consider homoleptic complexes of transi-
ion metals V, Cr, Mn, Fe, Co, Ni, Pd, Pt, Cu with different
ubstituted o-iminoquinonato ligands and compare with their
-quinone analogues. The selected bond lengths of some o-
minobenzoquinonato transition metal complexes are listed in
able 3. Tables S4 and S5 of supplementary information con-

ain the EPR spectroscopic data and magnetic data on complexes,
espectively.

.1. Synthetic methods

There are three principal methods to prepare homoleptic o-
minobenzoquinonato transition metal complexes.
(i) The first is the reaction of corresponding o-aminophenols
with transition metal salts in the presence of stoichiometric
amounts of base (e.g. Et3N) and air (or without the latter)
(Scheme 13). This method was used for the syntheses of the

Scheme 13. Synthetic ways to homoleptic
istry Reviews 253 (2009) 291–324

overwhelming majority of complexes reported. There are
complexes of cobalt [53,60,65], nickel [6,60], iron [7,66],
chromium [7], manganese [67,68], vanadium [7]. How-
ever, different conditions and limitations take place in this
method. On the one hand, this method requires the use of
a polar solvent and this can complicate the product by sol-
vation. On the other hand, air imposes a limitation on the
stability of the product.

(ii) The second method is exchange reaction of transi-
tion metal salts with an alkali or thallium salt of
o-iminobenzosemiquinone. Thus method does not require
air oxygen as external oxidant. Applicability of this method
was shown in [53].

iii) The third method consists in the interaction of free o-
iminobenzoquinones with metal carbonyls. Only this third
method is applicable for the preparation of the square planar
bis-ligand manganese complex [61]. Some cobalt com-
plexes were also prepared by third method [53]. In this
method, an inert solvent medium may be chosen (hex-
ane, toluene etc.). But the main limitation of this method
is the stability of free neutral o-iminobenzoquinone. The
free o-iminobenzoquinone form of the ligands APH2

L1,
APH2

L4 – APH2
L7, (AP-AP)H3

L9, APH2
L10, APH2-APH2

L11,L12,L14,L15, APH2-NH-APH2
L13 is not very stable

because of the absence of substituents in the two and six

positions of the N-aryl fragment (i.e. when �- or �-carbon
atoms have hydrogen atoms). This form undergoes rear-
rangement by intramolecular cyclization to phenoxazine
species. Therefore syntheses in most of these cases proceed

o-iminobenzoquinonato complexes.
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Table 3
Selected bond lengths (Å) of o-iminosemiquinonato (ISQ), o-aminophenolato (APH) and o-amidophenolato (AP) ligands in transition metal complexes

N Complex C1–O C2–N C1–C2 C2–C3 C3–C4 C4–C5 C5–C6 C1–C6 M–O M–N Reference

44 NiII(ISQL5Cl)2
a 1.333 1.370 1.427 1.430 1.384 1.430 1.396 1.429 av. 1.827 av. 1.859 [6]

45 NiII(ISQL4)2
a 1.315 1.355 1.432 1.418 1.376 1.430 1.385 1.425 av. 1.836 av. 1.844 [60]

45a [NiII(ISQL4)(APL4)]−[CoCp2]+ ISQ 1.329 1.378 1.407 1.410 1.386 1.407 1.384 1.428 1.844 1.831 [60]
AP 1.345 1.382 1.422 1.394 1.401 1.386 1.411 1.403 1.846 1.843

46 PdII(ISQL1)2
a 1.314 1.352 1.430 1.425 1.374 1.431 1.375 1.430 1.977 1.959 [6]

47 PtII(ISQL1)2
a 1.317 1.372 1.419 1.414 1.373 1.430 1.376 1.427 1.977 1.946 [35]

48 PdII(ISQL4)2 1.341 1.354 1.437 1.413 1.377 1.421 1.377 1.427 1.975 1.963 [62]
49 [PdII(ISQL4)(IBQL4)][BF4] IBQ 1.255 1.316 1.491 1.424 1.353 1.478 1.350 1.450 1.997 2.011 [62]

ISQ 1.313 1.345 1.443 1.417 1.362 1.445 1.376 1.427 1.974 1.966
50 [Cp2Co][PdII(ISQL4)(APL4)] ISQ 1.329 1.377 1.422 1.406 1.388 1.401 1.403 1.426 2.001 1.960 [62]

AP 1.341 1.378 1.426 1.406 1.391 1.400 1.396 1.405 1.984 1.996
51 [PdII(IBQL4)2]3(BF4)4{(BF4)2H}2 av. 1.252 av. 1.301 av. 1.506 av. 1.430 av. 1.350 av. 1.472 av. 1.353 av. 1.447 av. 2.005 av. 1.996 [62]
52 CuII(ISQL1)2 1.290 1.335 1.454 1.425 1.369 1.432 1.376 1.436 av. 1.912 av. 1.936 [6]
53 CuII(ISQSMe)2 av. 1.294 av. 1.353 av. 1.454 av. 1.420 av. 1.369 av. 1.433 av. 1.376 av. 1.430 av. 1.923 av. 1.937 [78]
54 CoIII(ISQL1)3 av. 1.304 av. 1.347 av. 1.438 av. 1.428 av. 1.369 av. 1.433 av. 1.380 av. 1.427 av. 1.888 av. 1.934 [65]
55 CoII(ISQL2)2 av. 1.327 av. 1.368 av. 1.418 av. 1.413 av. 1.378 av. 1.419 av. 1.382 av. 1.413 av. 1.822 av. 1.840 [53]
57 CoIII(ISQL4)(APL4) av. 1.328 av. 1.373 av. 1.422 av. 1.406 av. 1.380 av. 1.420 av. 1.385 av. 1.417 av. 1.823 av. 1.936 [60]
57a [CoIII(APL4)2]−[CoCp2]+a 1.339 1.388 1.402 1.393 1.394 1.397 1.402 1.404 av. 1.830 av. 1.837 [60]
58 FeIII(ISQL1)3 av. 1.303 av. 1.343 av. 1.453 av. 1.423 av. 1.357 av. 1.432 av. 1.380 av. 1.432 av. 2.014 av. 2.099 [7]
59 FeIII(ISQL5F)3 av. 1.284 av. 1.339 av. 1.456 av.1.423 av. 1.369 av. 1.434 av. 1.375 av. 1.437 av. 2.010 av. 2.086 [66]
60 FeIII(ISQL5Bu−t)3

b av. 1.295 av. 1.352 av. 1.442 av. 1.421 av. 1.373 av. 1.426 av. 1.381 av. 1.429 av.1.904/1.996 av.1.922/2.075 [66]
61 CrIII(ISQL1)3 av. 1.304 av. 1.358 av. 1.437 av. 1.420 av. 1.373 av. 1.427 av. 1.379 av. 1.427 av. 1.954 av. 2.001 [7]
62 MnIII(ISQL1)2(APHL1) ISQ av. 1.306 1.339 av. 1.352 av. 1.442 av. 1.412 av. 1.359 av. 1.422 av. 1.378 av. 1.428 av. 1. 916 av. 2.016 [92]

APH 1.422 1.399 1.383 1.382 1.387 1.388 1.409 1.896 2.345
63 MnIV(ISQL1)2(APL1) ISQ av. 1.301 av. 1.353 av. 1.435 av. 1.426 av. 1.362 av. 1.436 av. 1.373 av. 1.425 av. 1.908 av. 1.976 [92]

AP 1.342 1.395 1.421 1.402 1.383 1.412 1.389 1.411 1.873 1.963
64 MnIV(ISQL5But)2(APL5But) ISQ av. 1.300 av. 1.350 av. 1.434 av. 1.416 av. 1.371 av. 1.427 av. 1.377 av. 1.427 av. 1.922 av. 1.959 [68]

AP 1.330 1.384 1.413 1.404 1.385 1.411 1.390 1.412 1.868 1.919
69 MnIII(ISQL2)(APL2)a 1.326 1.368 1.412 1.401 1.383 1.407 1.387 1.421 1.859 1.896 [61]
70 VV(APL1)2(ISQL1) ISQ 1.317 1.344 1.423 1.427 1.378 1.421 1.385 1.412 1.945 2.079 [7]

AP av. 1.323 av. 1.362 av. 1.422 av. 1.407 av. 1.379 av. 1.416 av. 1.373 av. 1.418 av. 1.916 av. 1.990
71 VV(APL1)2(APHL1)c APH av. 1.354 av. 1.472 av. 1.398 av. 1.382 av. 1.389 av. 1.397 av. 1.395 av. 1.415 av. 1.893 av. 2.230 [7]

AP av. 1.333 av. 1.386 av. 1.413 av. 1.403 av. 1.389 av. 1.409 av. 1.385 av. 1.413 av. 1.915 av. 1.975

a For 57a, 69 the two ligands in the neutral molecules are crystallographically identical.
b Fe–O and Fe–N bonds are given at two temperatures (100 and 293 K).
c For 71 average values of distances are calculated per both crystallographically independent molecules in the unit cell.
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from the o-aminophenol form of the ligands (first method)
to prepare o-iminobenzoquinonato complexes.

.2. Nickel

Bis-ligand o-benzoquinonato and o-iminobenzoquinonato
ickel complexes are similar in their structure as well as in their
agnetic properties in most cases [6,60,69].
o-Iminoquinonato nickel(II) complexes Ni(ISQL1)2 (43) and

i(ISQL5Cl)2 (44), where ISQL5Cl is 4,6-di-tert-butyl-N-(3,5-
ichlorophenyl)-o-iminobenzosemiquinone, were reported in
6]. Complex Ni(ISQL4)2 (45) which is analogue of cobalt com-
lex 7 was characterized in [60].

X-ray data are available for Ni(ISQL5Cl)2 (44) and
i(ISQL4)2 (45) (Scheme 14). Complexes 44 and 45 are square
lanar, and centrosymmetric, as are all bis-o-semiquinone nickel
omplexes. The Ni–O and Ni–N, C–O, C–N bond distances
Table 3) indicate the radical–anion form of the ligands. Wor-
hy of note is that the C–O and C–N distances in 44 and 45
end to values intermediate between those usual for ISQ and
P ligands. They are about 0.01–0.02 Å longer than the usual
ond lengths in ISQ complexes. It is a common situation in
quare-planar complexes (Ni, Pd, Pt, Co etc.) with very strong
ntiferromagnetic exchange ligand–ligand and is rationalized
y the formation of molecular orbital over both ligands (see
elow).

Complexes 43–45 are diamagnetic, the 1H NMR spectra of
3 and 44, recorded at 298 K, showed no line broadening, being
vidence of an S = 0 ground state. The strong antiferromagnetic

igand–ligand exchange takes place in all monomeric square-
lanar nickel(II) complexes with two radical–anion ligands
either o-benzosemiquinone or o-iminobenzosemiquinone). The
eduction of 45 with cobaltocene yields the paramagnetic ionic

f
c
1
i

Scheme 14. The structures of o-iminobenzosemiquinonato 44, 45
istry Reviews 253 (2009) 291–324

omplex [NiII(ISQL4)(APL4)]−[CoCp2]+ (45a) where the anion
ossesses an S = 1/2 ground state (Table S5) [60].

The electronic spectra of complexes 43–45 contain intrali-
and transition bands of ε ∼ 103 M−1 cm−1 in the range
00–700 nm indicative for ISQ ligands, and a very intense
ε ∼ 3–5 × 104 M−1 cm−1) absorption maximum in the range
00–900 nm. A number of studies include the calculations of
lectronic structures of bis-ligand nickel, cobalt, palladium,
latinum, iron etc. complexes with o-benzoquinonediimine and
-benzoquinonedithiolate ligands [60,62,70–73] in order to
nderstand their structural and spectroscopic properties. The
lectronic spectra of the neutral complexes and their monoca-
ions and monoanions can be considered using a model which
nvolves two redox-active molecular orbitals shown in Chart 3.
epending on the complex symmetry, authors have chosen D2h
r C2h point groups. In the first case, the 1b1u and 2b2g MOs
re the positive and negative combinations of the SOMO of two
adical ligands. (In ML2 complexes of O,N-ligands, the complex
ymmetry is reduced from D2h to C2h and the redox-active MOs
re au and bg).

The symmetry of the 1b1u MO does not allow the interaction
ith the d-AOs of the central transition metal, while the 2b2g
O can interact with the dxz,dyz-AO. The degree of this orbital
ixing depends on the relative energies of orbitals.
For neutral ML2 species the 1b1u MO is HOMO and

he 2b2g MO is LUMO. In general, the electronic spectra
f such complexes are dominated by the 1b1u → 2b2g tran-
itions which are LLCT or LMCT in origin depending on
he metal contribution to the 2b2g orbital which can be dif-

erent for various metals and ligands. For instance, in the
ase of nickel complex Ni(o-benzosemiquinonediinine)2, the
b1u → 2b2g transition is LLCT in origin because of the weak
nteraction of 2b2g with low-lying Ni 3dxz,yz orbitals [60,72].

and o-benzosemiquinonato nickel complexes [6,60,69,76].
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Chart 3. The two redox-active M

or dithiolato complexes M(o-benzosemiquinonedithiolate)2,
= Ni, Pd, Pt, the 2b2g MO has 16–26% of metal d-character

73] and the 1b1u → 2b2g transition can also be consid-
red as LLCT. However, the reduction of these complexes
o dianions [M(o-benzene-dithiolate)2]2− leads to increased

etal character in 2b2g MO up to 52% [73]. In dianionic
Fe(o-benzene-dithiolate)2]2− the 2b2g orbital is predominantly
etal in character (82% of dxz) and 1b1u → 2b2g transition is

ow LMCT transition [71]. Detailed calculations taking into
ccount configuration interactions show, however, that some of
ow-lying bands can be composed of double and triple exci-
ations involving lower occupied and higher vacant orbitals
60].

In the monocations [ML2]+ the 1b1u orbital is SOMO, while
n the monoanions [ML2]−, the 1b1u orbital is doubly occu-
ied and the 2b2g orbital is now the SOMO. The change in the
rbital occupations as compared to that of the neutral species
auses a shift of the 1b1u → 2b2g transition to the near-infrared
egion. Noteworthy, the spectra of monocations and monoanions
how very intense absorption in 1200–1800 nm. The correspond-
ng transition was considered as ligand-to-ligand intervalence
harge transfer (LLIVCT), since the complexes contain ligands
n different oxidation states (i.e. SQ and Q; SQ and Cat) [74].

For instance, the reduction of 45 to 45a leads to a
athochromic shift (from 900 to 1340 nm) and LLCT is formally
LIVCT [60].

In Ni(3,6-DBSQ)2 [69], the Ni–O (1.825(2) and 1.824(2) Å)
istances are significantly shorter than analogous distances in
reviously reported nickel complexes: (Py)2Ni(9,10-phenSQ)2
2.022, 2.028, 2.082, 2.100 Å) [4]; (CTH)Ni(3,5-DBSQ)[PF6]

2.06 Å) [75]. The C–O (1.309 and 1.304 Å), and C–C bonds
f the chelate ring (1.435 Å) lie in ranges characteristic for
hese types of bonds in SQ ligands (1.27–1.31 Å for C–O and
.42–1.45 Å for C–C bonds). Ni(3,6-DBSQ)2 is a monomeric

t
i
e
m

square-planar complexes ML2.

entrosymmetric square-planar complex (Scheme 14) of diva-
ent nickel with d8 configuration (X-ray).

Ni(3,6-DBSQ)2 is diamagnetic over a wide temperature inter-
al from 77 to 470 K (in contrast to other nickel semiquinone
omplexes described in literature [1,32]). The antiferromagnetic
igand–ligand coupling is so strong that the triplet state of the
omplex is inaccessible even at 400 K. Tetrameric complexes
Ni(3,5-DBSQ)2]4 and [Ni(9,10-phenSQ)2]4 were investigated
n the same manner as cobalt analogues [Co(3,5-DBSQ)2]4
nd [Co(9,10-PhenSQ)2]4 [4]. Nickel tetramers contain four
ickel(II) centers with SNi = 1 and eight radical centers with
rad = 1/2. The exchange interactions in the tetramer are weak.

An unusual six-coordinate nickel complex Ni(3,6-
BSQ)2(3,6-DBBQ) (Scheme 14) was obtained using the

eaction of excess 3,6-DBBQ with nickel carbonyl Ni(CO)4
76]. The complex molecule consists of nickel(II) with ligands in
ifferent oxidation states (X-ray). Ni(3,6-DBSQ)2(3,6-DBBQ)
s strongly paramagnetic (μeff = 4.57 μВ).

.3. Palladium and platinum

The palladium and platinum analogues of 43–45, Pd(ISQL1)2
6] (46) and Pt(ISQL1)2 [35] (47) are diamagnetic (ground state
s S = 0) and square planar. The neutral palladium complex
d(ISQL4)2 (48) and its mono-reduced and mono-/di-oxidized
erivatives form a redox series [62]. Mono-oxidized tetraflu-
roborate [Pd(ISQL4)(IBQL4)][BF4] (49) and mono-reduced
obalticenium [Cp2Co][Pd(ISQL4)(APL4)] (50) salts are para-
agnetic with S = 1/2. In both cases, the magnetic moment is

emperature-independent at 1.7 μB. X-band EPR spectrum of

he monocation [Pd(ISQL4)(IBQL4)]+ in 49 (CH2Cl2, 10 K) is
sotropic with giso = 2.0007 reflecting a ligand-based unpaired
lectron without any sizeable metal character. However, the
onoanion [Pd(ISQL4)(APL4)]− in 50 has a rhombic signal with
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1 = 2.0715, g2 = 2.0167, and g3 = 1.974 (Table S4). This situa-
ion is typical for a number of square planar monocations [ML2]+

nd monoanions [ML2]− [72] and can be rationalized in terms
f the nature of the redox-active MOs. DFT calculations have
hown that the magnetic features of such complexes can be inter-
reted using a model involving two molecular orbitals which are
asically the symmetric and antisymmetric combination of the
OMO of the free radical ligand (Chart 3) [35,62,72]. As it was
entioned above (Section 6.2), the SOMO of the monocation

s “ungerade” and cannot mix with metal d-AO causing only a
mall g-shift and reflecting clear organic radical character. The
OMO of monoanion is “gerade” and can mix with the dxz and
yz orbitals. In this case, the spin-orbit coupling of excited states
ith the ground state is efficient, g-shift is large, HFC with metal

tom is observed [35,72].
The neutral complexes 46–48 display very intense LLCT

and (with maxima at 875, 813 and 871 nm, respectively) (Chart
). The expected LLIVCT for monocationic 49 and monoanionic
0 complexes (∼2.5 × 104 M−1 cm−1) are observed at 1996 and
547 nm, respectively. Moreover, an intraligand transition of the
,N-coordinated IBQ ligand in 49 was found at 504 nm while
,N-coordinated AP ligand in 50 gives rise to absorption at
360 nm. This clearly shows the presence of neutral IBQ ligand

n 49 and dianionic AP ligand in 50.
The geometrical characteristics of complexes 48–50 (X-ray)

C–O, C–N, C–C, Pd–O and Pd–N bonds etc.) clearly estab-
ish the oxidation level of the O,N-chelated ligands in these
omplexes (Table 3). Noteworthy, ligands in monocation com-
ound 49 have different parameters allowing one to determine

he oxidation level of each ligand. For monoanion 50, bond
engths C–O, C–N, C–C in O,N-chelated ligands are quite close
nd can be considered to be identical within experimental error
±0.01 Å). Values of the C–O, C–N and C–C bond distances in

S
h
i

Chart 4. LLCT in square-planar complexes of
istry Reviews 253 (2009) 291–324

0 are average between the expected lengths of radical–anion
SQ and dianion AP ligands indicating delocalization of the
npaired electron over two ligands.

The crystal structure of dication derivative
PdII(IBQL4)2]3(BF4)4{(BF4)2H}2 (51) is more compli-
ated. The unit cell of 51 contains four BF4

− anions and two
(BF4)2H}− monoanions and four molecules of crystallization
H2Cl2 per three [PdII(IBQL4)2]2+ dications. Two crystal-

ographically independent [PdII(IBQL4)2]2+ dications differ
n the position of CF3-groups. In first dication CF3-groups
re located on different sides of planar dication moiety (as in
eutral [PdII(ISQL4)2] 48), while they are on the same side in
he second dication (as in monocation 49 and monoanion 50).
istances C–O and C–N are in average 1.252(5) and 1.301(5) Å
the shortest bonds among such type of bond in homoleptic

-iminobenzoquinonato type complexes. These and other ligand
haracteristics clearly show the neutral o-iminobenzoquinonato
oordination mode. The complex is diamagnetic and does not
how any LLIVCT bands above 630 nm.

.4. Copper

The square planar bis-o-iminobenzosemiquinonato copper
omplex Cu(ISQL1)2 (52) (Scheme 15) was synthesized by
he reaction of 4,6-di-tert-butyl-N-phenyl-o-aminophenol with
nhydrous CuCl in CH3CN solution in the presence of air and
riethylamine [6]. The geometrical parameters (Table 3) in 52
re close to those in mono-ISQ type complexes (Section 3.2)
nd other o-iminobenzosemiquinonato complexes.
The temperature dependence of μeff (Table S5) indicates a
= 1/2 ground state and the occupancy of an excited state with
igher spin multiplicity. The copper-ligand exchange coupling
s ferromagnetic (due to the orthogonality of (dx2−y2)1 mag-

M(ISQ)2 type. Modified from ref. [62].
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Scheme 15. Structures of copper o-iminosemiquin

etic orbital of copper(II) and the �*-MO of radical) while
igand–ligand coupling is strongly antiferromagnetic [6] (see
he qualitative Chart 5).

Another bis-o-iminobenzosemiquinonato copper complex
3 was non-planar [78] containing two chelating 4,6-di-
ert-butyl-N-(2-methyltiophenyl)-o-iminobenzosemiquinolate
adical–anion ligands (Scheme 15). The dihedral angle between
helate planes is 32.20(9)◦. Additional methylthio-groups of
he N-aryls are located on one side of the hypothetical complex
lane. Supplemental weak coordination of one sulfur to copper
s observed (this distance is 3.198(1) Å while the second one is
.475(1) Å).

The variable-temperature magnetic susceptibility mea-
urements show a doublet ground state of 53 with an
ntiferromagnetic spin interaction (as in planar copper complex
2). However, the two situations are different for 52 and 53.
he X-band EPR spectrum of 52 in frozen solvent (CH2Cl2 or
HF) shows an axial symmetric g-factor anisotropy with slight

hombic distortions (�g = 0.17, Table S4) with gz > gx, gy [6]
ndicative of dominant antiferromagnetic coupling between rad-

cal ligands leading to substantial copper(II) character of the
npaired electron.

In the case of 53, the X-band EPR spectrum in CH2Cl2
olution represents a radical–type spectrum with giso = 2.0012

hart 5. The qualitative scheme of magnetic exchange interactions in 52.
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52, 53 and o-semiquinonato complexes [6,77,78].

Table S4). In frozen state, g-anisotropy (�g = 0.093, Table S4)
s less pronounced than that in 52. So, EPR data signify the
owest spin state of 53 to be of predominant ligand character
n contrast to that one in 52. As the result, the copper–ligand
nteraction is strongly antiferromagnetic with J = −414 cm−1,
nd ligand–ligand exchange J12 is also antiferromagnetic but
uch weaker (J12 = −114 cm−1). The remarkable difference in

pin interactions of 52 and 53 is probably caused by the non-
lanar configuration of 53 (contrary to 52) and, as a consequence,
ecreasing ligand–ligand and increasing metal–ligand exchange
n 53.

A mononuclear bis-ligand o-benzosemiquinonato copper(II)
omplex Cu(3,6-DBSQ)2 was described in ref. [69]. This
omplex is an isostructural analogue of nickel complex
i(3,6-DBSQ)2 according to cell parameters measurements

nd space group determination. From the temperature
ependence of μeff, the calculated coupling constants
or Cu(3,6-DBSQ)2 are J(SQ-SQ) = −179 cm−1 and J(Cu-
Q) = 100 cm−1 [69]. Thus, magnetic features of Cu(ISQL1)2
52) and its SQ analogue Cu(3,6-DBSQ)2 are the same
ut all exchange interactions in 52 are more substan-
ial.

The copper complex with 3,5-DBSQ is a centrosymmetric
imer [Cu(3,5-DBSQ)2]2 [77] (Scheme 15) where the copper
tom lies in a strongly distorted square-planar environment.
wo Cu(3,5-DBSQ)2 fragments are coupled into a dimer by
ridge oxygen atoms which occupy axial sites towards the
ypothetical CuO4 plane of each fragment. The copper-bridge
xygen distance is 2.416 Å and the C–O bonds in the ligands
re typical for the semiquinone form (1.290–1.296 Å). This is
ormally a bridged dimeric bis-semiquinonato copper(II) com-
lex whose magnetic properties were interpreted in ref. [79].

he ground state of the Cu(3,5-DBSQ)2 moiety is a doublet

ike the mononuclear analogue Cu(3,6-DBSQ)2. The interaction
etween the Cu(SQ)2 fragments in the dimer is weak antiferro-
agnetic.
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Co(3,6-DBSQ)3 indicates a doublet ground state with a weak
antiferromagnetic exchange between three equivalent radical SQ
ligands mediated by low-spin cobalt(III).
Scheme 16. Structures of o-iminobenzosemiquinonato 54–57 and o-

.5. Cobalt

Wieghardt and co-workers reported [65] X-ray data and
agnetochemistry for the first tris-ligand complex with

-iminobenzoquinone ligands tris-(4,6-di-tert-butyl-N-phenyl-
-iminobenzosemiquinonato)cobalt(III) Co(ISQL1)3 (54).
obalt(III) is bound to three 4,6-di-tert-butyl-N-phenyl-
-iminobenzosemiquinone radicals ISQL1 in a distorted
ctahedral fashion (Scheme 16). Selected bond distances for
his complex and other homoleptic o-iminobenzoquinonato
omplexes are listed in Table 3. The C–N bonds of the chelate
ing are significantly shorter than Cphenyl–N (1.420 ± 0.005 Å).
verage C–O distances are also shorter than expected for
atecholates [1,32]. Six C–C distances of the o-quinone
art show distortion of quinoid type while C–C bonds of
-phenyl substituent are identical within experimental error

1.39 ± 0.01 Å). The Co–O bonds and Co–N bonds indicate a
ow-spin configuration of Co(III) (d6, SCo = 0).

The low-temperature value of μeff for 54 (3.71 μB at 15 K)
s close to expected for a S = 3/2 ground state where three
SQ radical–anions are ferromagnetically coupled. The fer-
omagnetic coupling is caused by the orthogonality of three
*-magnetic orbitals in octahedral geometry (see the qualita-

ive Chart 6). The nonequivalence of the J values is justified
y the difference in dihedral angles between the chelate ring
lanes: while the first one is 92.7◦ (the closest to 90◦, clear
rthogonality), the other two are 79.4◦ and 82.8◦ giving rise to

ntiferromagnetic contribution to the overall coupling.

The literature data on o-quinone cobalt complexes cover
he coordination chemistry of 3,5-DBBQ, 3,6-DBBQ and 9,10-
henQ. C
semiquinonato [Co(3,5-DBSQ)2]4 cobalt complexes [53,60,65,67].

The mononuclear tris-ligand octahedral cobalt complex
o(3,6-DBSQ)3 is formed in the case of 3,6-tert-butyl-o-
enzoquinone 3,6-DBBQ [80]. The Co–O, C–O and C–C bond
istances of the chelate rings allow us to interpret this complex
s a tris-semiquinonato cobalt(III) complex. An EPR spectrum
f Co(3,6-DBSQ)3 in solution is not observed. The temperature
ependence of μeff for Co(3,6-DBSQ)3 (1.82 μB (5 K), that is
lose to 1.73 μB of S = 1/2, and 3.04 μB (350 K) near the value
μB expected for three noninteracting S = 1/2 centers) indi-
ate an S = 3/2 system at higher temperature. An EPR spectrum
f Co(3,6-DBSQ)3 powder is a broadened line with g = 2.108
ithout HFC with 59Co (I = 7/2, 100%). The line broadening

ncreases with temperature from values of ∼500 G (at 100 K)
o ∼2000 G (at 260 K), the integral intensity decreases over
his temperature range. The temperature dependence of μeff for
hart 6. The qualitative scheme of magnetic exchange interactions in 54.
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Fifteen years prior to the publication of results on Co(3,6-
BSQ)3, the same authors [67] demonstrated that the bis-

emiquinonato complexes Co(3,5-DBSQ)2 and Ni(3,5-DBSQ)2
re more structurally complicated. Note that 3,5-di-tert-
utyl-o-benzoquinone is the closest o-quinone analogue of
,6-di-tert-butyl-N-phenyl-o-iminobenzoquinone IBQL1. The
-ray structural analysis was made for Co(3,5-DBSQ)2.
Co(3,5-DBSQ)2 is a centrosymmetric tetramer [Co(3,5-

BSQ)2]4 (Scheme 16). The cobalt atom lies in a strongly
istorted environment consisting of ordinary chelate-bonded o-
emiquinonato ligands and bridge ligands connecting two and
hree metallic centers. The C–O groups with bridging oxygen do
ot have adjacent tert-butyl substituents. The C–O and C–C bond
istances in the chelate ring are typical for a radical semiquinone
orm. The exception, the C–O bond with the oxygen bound
o three cobalt centers (1.328 Å), is rationalized to be a con-
equence of charge redistribution in the quinone fragment for
he bonding provision of one oxygen with three metal atoms.
he average Co–O bond distances are in good agreement with
igh-spin cobalt(II) in octahedral environment. The magnetic
eatures were interpreted in ref. [4].

As shown above, cobalt(II, III) usually form six-
oordinate compounds. However, the use of N-aryls in
-iminobenzoquinones allow us to reduce the coordination num-
er and synthesize complexes of other structures.

In the case of 4,6-di-tert-butyl-N-(2,6-dialkylphenyl)-o-
minobenzoquinones (where alkyl is iso-propyl or methyl),
he cobalt complexes formed are four-coordinated bis-ligand
o(ISQ)2 species (Scheme 16) [53]. Complexes Co(ISQL2)2

55) and Co(ISQL3)2 (56) have square-planar geometry (X-
ay) with trans-orientation of ligands and consist of low-spin
obalt(II) (d7, SCo = 1/2) and two o-iminobenzosemiquinones
Srad = 1/2) (magnetochemistry, IR and UV spectroscopy). The
ntraligand bonds lengths in 55 (Table 3) lie in the upper limit of
he range typical for o-iminobenzosemiquinone – radical–anion
oordination mode and seem to be intermediate between the ISQ
nd AP coordination mode. This situation resembles the case of
ickel, palladium and platinum complexes 44–48. All complexes
how strong antiferromagnetic ligand–ligand coupling.

According to EPR spectroscopy (Table S4) and magnetic
usceptibility data (Table S5) the complexes possess a metal-
ocalized S = 1/2 ground state. This situation is the result
f the strong antiferromagnetic coupling, known in literature
6,35,81], between two unpaired electrons on �*-MO of two
igands mediated by the metal 3dπ and 4pz orbitals (see the

ualitative Chart 7).

Another o-iminoquinone ligand contains a 2-
rifluoromethylphenyl substituent at the nitrogen atom
60]. Complex Co(ISQL4)2 (57) also has a planar configuration

C
w
p
o
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Scheme 16). The ligands are equivalent with geometrical
arameters similar to those in Co(ISQL2)2 (55) with only minor
engthening of the C–O and C–N bonds (see Table 3). However
ased on X-ray and EPR the authors proposed the charge distri-
ution of complex 57 to be [CoIII(ISQL4)(APL4)]. Complex 57
as a rhombic X-band EPR spectrum in frozen CH2Cl2 solution
Table S4) with no observable 59Co hyperfine splitting. The
agnetic moment of 57 is 2.35 μB in the temperature range of

0–298 K [60].
However, the description of 57 as [CoIII(ISQL4)(APL4)] is

ot incontrovertible. The second possible description of 57 may
e [CoII(ISQL4)2]. Theoretically, [CoIII(ISQL4)(APL4)] should
ave a ligand-centered unpaired electron and, as a consequence,
normal EPR spectrum with small anisotropy and g ∼ 2.00. But

his is not the case (see above). For explanation of the large
-anisotropy, the authors suppose the possibility of antiferro-
agnetic exchange between cobalt(III) with S = 1 local spin state

nd ISQ radical with Srad = 1/2 leading to a metal centered dou-
let state. However, in the square-planar geometry of cobalt(III)
ith S = 1, the unpaired electrons occupy MOs with dx2−y2 and

z2 character whose symmetry does not allow them to interact
ith ligand �-MOs. Thus there is reason to doubt the possibility
f such a supposition.

The square planar Co(ISQ)2 complexes 55, 56 display very
ntense LLCT absorption in the ∼900 nm region. This LLCT
ith ε ∼ (1–7) 104 M−1 cm−1 is typical for all M(ISQ)2 type

omplexes but it is shifted to long-wave region (1200–2000 nm)
n mixed-valence M(ISQ)(AP) species. Complex 57 also
isplays this LLCT at 916 nm (ε = 2.5 × 104 M−1 cm−1),
ut also exhibits weak and broad absorption at 1600 nm
ε = 2.5 × 103 M−1 cm−1). Thus, it is possible that 57 is
CoII(ISQL4)2] rather than [CoIII(ISQL4)(APL4)].

Wieghardt and co-workers also reported the reduced deriva-
ive [CoIII(APL4)2]−[CoCp2]+ (57a) where [CoCp2]+ is the
obaltocenium cation [60] characterized by X-ray analysis. As
hown in Table 3, the C–N and C–O bond lengths in the monoan-
on unit [CoIII(APL4)2]− of 57a, possessing an S = 1 ground
tate, are slightly (0.011–0.015 Å) longer than those in neutral
omplex 57. Six C–C bonds are equidistant at 1.40 Å within
xperimental error. Thus, the geometric characteristics of lig-
nds in 57a indicate the presence of two dianionic (APL4)2−
igands.

.6. Iron

The tris-o-iminobenzosemiquinonato iron complexes
e(ISQL1)3 (58) [7], Fe(ISQL5F)3 (59) and Fe(ISQL5tBu)3 (60)
66] resemble the cobalt analogue 54 [65] in their structures
Scheme 17). As one can expect, the o-iminobenzosemiquinone
art of O,N-coordinated ligands exhibits different C–C bond
istances in the ring indicating a typical quinoid pattern
Table 3). Additionally, the average C–O and C–N bond
engths, at 1.28–1.30 Å and 1.33–1.35 Å, respectively, are
ignificantly shorter than the corresponding single C–O and
–N bonds, and they lie in the typical range for radical–anions

ith one-and-half C–O and C–N bonds. Thus, the structural
arameters of ligands (Table 3) in 58–60 are typical for
-iminobenzosemiquinonato radical–anion ligands.
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interactions of the low-spin iron(III) (t2g, SFe = 1/2) and the
three equivalent radicals (Srad = 1/2) and super-exchange
interaction between the ligand radicals (Chart 8, bottom). This
singlet ground state owes its origin to the condition |J′| > 1/3
Scheme 17. Structures of o-iminobenzosemiquinonato 58, 61 a

The Fe–O and Fe–N distances observed for 58–60 reveal
emarkable differences. The Fe–O and Fe–N bonds for 58 and 59
t 100 K, and for 60 at 293 K (see Table 3) are in good agreement
ith a high-spin Fe(III) assignment, but these bonds for 60 at
00 K are significantly shorter supporting the presence of low-
pin Fe(III) ion in 60 at 100 K. Thus, the authors [66] suppose
hat the spin state of iron in 60 changes from S = 5/2 at 293 K to
= 1/2 at lower temperatures.

Magnetic susceptibility measurements and Mössbauer spec-
roscopic studies performed for these iron complexes have made
lear this point. Low-temperature values of μeff for Fe(ISQL1)3
58) and Fe(ISQL5F)3 (59) (Table S5) are close to spin-only
alue of system with two unpaired electrons on one center (S = 1,
.83 μB). The increasing μB with temperature rise indicates the
nset of thermal population of excited spin manifolds. The anti-
erromagnetic exchange between �*-MO unpaired electrons of
hree ISQ radical–anions and d�-electrons of high-spin Fe(III)
d5, S = 5/2) in 58 and 59 causes the S = 1 ground state (see the
ualitative Chart 8, top) [7,66].

A significantly different situation takes place in the case of
he iron complex Fe(ISQL5tBu)3 (60). The weak paramagnetism
f this complex at low temperature (μeff ≈ 1 μB at 10–120 K)
as determined to be the result of a paramagnetic impurity (3%
f S = 5/2) [66]. Above 130 K, the μeff increases rapidly reach-
ng 2.83 μB at about 250 K. The magnetic behavior of 60 reveals
he presence of a phase transition in the solid sample at approxi-

ately 175 K, corroborating the spin crossover assumed earlier
or the central iron(III) of 60 basing on the X-ray diffraction data
t high and low temperatures.

The zero-field Mössbauer spectra of solid 58 and 59
ecorded at 80 K are quite similar and typical for octahedral
igh-spin iron(III) complexes (isomer shift δ = 0.54 mm s−1 for
oth complexes, quadrupole splitting �EQ = 1.035 for 58 and
.88 mm s−1 for 59). Mössbauer spectroscopic data for 60 were
ollected in the temperature range of 4.2–297 K. At low temper-
ture (4.2–160 K), isomer shift is small (δ = 0.13–0.12 mm s−1)

ith large quadrupole splitting (|�EQ| = 1.34–1.37 mm s−1).
t higher temperature (240–297 K), the isomer shift increases

δ = 0.38–0.40 mm s−1) while the quadrupole splitting
arameter decreases (|�EQ| = 0.75–0.92 mm s−1). The

C
(

benzosemiquinonato complexes of iron and chromium [7,82].

ow-temperature Mössbauer parameters of 60 indicate the
resence of low-spin iron(III) with SFe = 1/2. In the high-
emperature (above 250 K), the Mössbauer parameters of
0 are close to those of complexes 58 and 59 (at 290 K,
= 0.40 mm s−1, �EQ = 0.89 mm s−1), evidence of high-spin
tate SFe = 5/2. In summary, the Mössbauer spectroscopic data
onfirm the presence of the typical high-spin Fe(III) ↔ low-spin
e(III) equilibrium for compound 60 with fast spin crossover
echanism [66]. The singlet ground state observed at low

emperatures arises from the competing antiferromagnetic
5

hart 8. The qualitative scheme of magnetic exchange interactions in 58, 59
top) and 60 (bottom).
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J|, where J′ represents the radical–radical coupling and J is the
ntiferromagnetic iron–radical coupling.

The electronic spectra of these complexes show intense
MCT transitions at 420–440 nm (ε ∼ 6–7 × 103 M−1 cm−1)
nd LLCT at 740–750 nm (ε ∼ 9 × 103 M−1 cm−1), common for
his type of complex (M(ISQ)n).

What about iron o-benzosemiquinone complexes? Accord-
ng to [82], Fe(9,10-PhenSQ)3 also has a distorted octahedral
tructure and includes three o-semiquinonato radical–anions
ound to iron(III). The Mössbauer spectra of complexes
e(9,10-PhenSQ)3, Fe(o-Cl4SQ)3 and Fe(3,5-DBSQ)3 show the
igh-spin state of iron(III) (SFe = 5/2). In complexes of Fe(SQ)3
ype, the antiferromagnetic metal–ligand coupling (with J(Fe-
Q) < −100 cm−1) [82] leads to a triplet ground state.

In addition to the mononuclear iron complex Fe(3,5-DBSQ)3,
,5-di-tert-butyl-o-benzoquinone also forms a tetranuclear com-
ound [Fe(3,5-DBSQ)(3,5-DBCat)]4 [83] with a tetrameric
tructure like its cobalt and nickel analogues but each FeL2 moi-
ty contains ligands in different oxidation states (radical–anion
-semiquinone and dianion catecholate).

.7. Chromium

The tris-o-iminobenzosemiquinonato chromium Cr(ISQL1)3
61) complex [7] resembles cobalt 54 and iron 58–60 ana-
ogues in their structures (Scheme 17) (X-ray studies) [7,65,66].
elected bond lengths in 61 are listed in Table 3. Strong
ntiferromagnetic coupling of three ISQ radical–anions with
he singly occupied d�-AO of high-spin Cr(III) (d3) in 61
eads to the observed S = 0 ground state for the chromium
omplex. Calculated values of the metal–ligand antiferro-
agnetic coupling constant are given in Table S5. The

lectronic spectrum of 61 is dominated by an intense sharp
and at ∼520 nm (with ε = 1.7 × 103 M−1 cm−1) assigned to

spin forbidden transition of a spin flip in the ground
tate [84] intensified due to the strong antiferromagnetic
xchange coupling between the Cr(III) and the three ISQ
adicals. The same electronic spectroscopic features were
bserved in [Cr(CTH)(3,5-DBSQ)]2Cl(PF6)3, [Cr(CTH)(o-
l4SQ)](PF6) [85] and in the Cr(SQ)3 series [86–88]. The
orresponding LLCT band is observed at ∼750 nm. These
esults resemble closely those of o-semiquinone chromium com-
lexes.

Tris-ligand chromium complexes of the Cr(SQ)3 type are
mong early examples of polysemiquinone complexes [86].
-ray data for Cr(3,5-DBSQ)3 [87] and Cr(o-Cl4SQ)3 [88]

how these compounds to be monomeric with octahedral struc-
ures. The C–O bonds average 1.28(1) Å and are typical for
he radical–anion form of the ligands. Noteworthy, these bonds
re shorter than the C–O bond in the molybdenum complex
Mo(o-Cl4Cat)3]2 which is a dimer [89] with the tetrachloro-
-catecholate dianion. Complex Cr(9,10-PhenSQ)3 was also
haracterized structurally (Scheme 17) [1].
The variable-temperature magnetic susceptibility measure-
ents for chromium o-semiquinone complexes are reported

n ref. [82,90], theoretical studies of semiquinonato chromium
omplexes made in ref. [91]. Complex Cr(3,5-DBSQ)3 is

9

E
t

hart 9. The qualitative scheme of magnetic exchange interactions in 62 and
3.

iamagnetic, complexes Cr(o-Cl4SQ)3 and Cr(9,10-PhenSQ)3
xhibit weak paramagnetism (1.08 μB and 1.15 μB respectively
t 285 K; 0.38 μB and 0.30 μB at 4.2 K).

Thus, Cr(ISQ)3 and Cr(SQ)3 complexes contain
hromium(III) (SCr = 3/2) bound to three paramagnetic
adical ligands with strong antiferromagnetic metal–ligand
oupling.

.8. Manganese

Wieghardt and co-workers [92] have reported two, dis-
orted octahedral, o-iminobenzoquinonato manganese MnL3
omplexes with different oxidation levels of metal and ligands.

The first complex (62) is MnIII(ISQL1)2(APHL1) containing
wo o-iminobenzosemiquinonato radical–anions (ISQL1) and
ne o-aminophenolato anion (APHL1) as shown on Scheme 18.
he geometrical characteristics of the first two ligands lie in

anges characteristic for ISQ (Table 3). The third ligand con-
ains the protonated nitrogen atom (sp3 hybridization), with C–O
1.34 Å) and C–N (1.42 Å) bonds typical of phenolates and aro-
atic amines respectively. Furthermore, the C–C bonds of the

minophenolato are equal (1.39 ± 0.015 Å).
The second (63) also contains two O,N-coordinated o-

minobenzosemiquinonato ligands which reveal the same
tructural features as the ISQ ligands in 62 [92]. However, unlike

nIII(ISQL1)2(APHL1) (62), the third ligand in 63 is not pro-
onated at nitrogen, rather the N atom has sp2 hybridization
the sum of angles at nitrogen is 355.5◦). Six C–C distances
f the carbon cycle of third ligand are almost equal (on aver-
ge, 1.40 ± 0.015 Å), the C–O and C–N bonds are typical for
n O,N-coordinated o-amidophenolato dianion (Table 3). The
bserved Mn–O and Mn–N distances confirm an oxidation
evel of manganese Mn(IV), d3; they are shorter than those
n 62. Thus, the molecular structure of 63 can be assigned as

nIV(ISQL1)2(APL1) (Scheme 18).
The magnetic moments μeff (Table S5) indicate that the

round states of 62 and 63 are a triplet (S = 1) and doublet
S = 1/2) respectively. The ligand–ligand exchange constant J12
s close to zero for both complexes while metal–ligand exchange
oupling was calculated to be strong for both complexes (Chart

, Table S5).

A solution of 63 in CH2Cl2 at 298 K reveals an isotropic
PR spectrum with giso = 1.983 and HFS on one 55Mn and on

hree nitrogen atoms 14N (Table S4) confirming a metal-centered
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cheme 18. The structures of o-iminobenzosemiquinonato 62, 63, 69 and o-be

round state S = 1/2 for 63. At 10 K, the EPR spectrum of the
rozen solution displays rhombic symmetry. These results are
lose to EPR spectroscopic data for the o-quinonato analogue
nIV(3,6-DBSQ)2(3,6-DBCat) mentioned below [93].
The principal differences between the similar struc-

ured o-iminoquinonato 63 and o-quinonato complexes
MnIV(ISQL1)2(APL1) and MnIV(3,6-DBSQ)2(3,6-DBCat)]
an be deduced from NIR studies. The NIR spectrum of the o-
uinonato complex contains a broad charge transfer band with
aximum at 2300 nm which intensifies with decrease of temper-

ture. This was explained as the result of valence tautomerism
etween the redox-isomers MnIV(3,6-DBSQ)2(3,6-DBCat) and
nIII(3,6-DBSQ)3 in the solid. In contrast to the latter, the o-

minobenzoquinonato complex MnIV(ISQL1)2(APL1) (63) has
o corresponding temperature dependent absorption band in
he region of 1100–2500 nm. In other words, there is no
harge redistribution. The oxidation levels of the ligands (two
-iminobenzosemiquinones and one o-amidophenolate) and
n(IV) remain fully localized in the 2–300 K temperature range.
he antiferromagnetic interactions between radical ligands and
entral Mn(IV) ion in the o-iminobenzoquinonato complex 63
re significantly stronger than in its o-benzoquinonato analogue.
his is explained [92] by greater covalency of the Mn–N bonds

N
i
c
a

miquinonato Mn(3,6-DBSQ)2(3,6-DBCat) manganese complexes [61,92,93].

n MnIV(ISQL1)2(APL1) (63) as compared with corresponding
n–O bonds in MnIV(3,6-DBSQ)2(3,6-DBCat).
A series of manganese(III) complexes 64–68, identi-

al with 63, is described in ref [68]. All these com-
lexes contain the (3,5-disubstituted-N-aryl)-4,6-di-tert-butyl-
-iminobenzoquinonato type ligand derived from APH2

L5X

X = But, Me, OMe, CF3, Cl) and can be described as
n(ISQL5X)2(APL5X) complexes.
Application of the more sterically hindered 4,6-di-tert-butyl-

-(2,6-di-iso-propylphenyl)-o-iminobenzoquinone IBQL2 gen-
rates the unusual four-coordinate manganese complex
n(ISQL2)(APL2) (69) (Scheme 18) [61]. The complex was

btained by the reaction of Mn2(CO)10 with the neutral o-
minobenzoquinone in a non-polar solvent (toluene) to avoid
he formation of manganese complexes with solvent in the coor-
ination sphere. According to spectroscopic data, the complex
onsists of manganese(III) and ligands in different oxidation
tates. One ligand is o-iminobenzosemiquinolate ISQL2 while
he second one is the dianionic o-amidophenolate APL2. The
IR spectrum of 69 contains a broad LLCT band with max-
mum at 1640 nm (6100 cm−1). In the case of mixed valent
omplexes containing both mono- and di-anion, similar bands
t 2000–2500 nm are attributed to ligand–ligand charge transfer
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72,81]. In solution, complex 69 has no EPR spectrum. However,
he solid 69 at low temperature (120 K) has an EPR spectrum
Table S4) which is typical for manganese(III) systems with an
= 3/2 state [94]. At this temperature, the effective magnetic
oment of 69 μeff is 3.08 μB. At 5 K μeff is 1.96 μB indicating
doublet ground state. Such behavior can be rationalized by the
ccupancy of an excited state with higher spin multiplicity at
ncreasing temperature.

X-ray studies of 69 give interesting results. It is centrosym-
etric square-planar molecule. The chelate ring bond lengths
hich may indicate the valence state of the ligand are an

verage between radical–anionic o-iminobenzosemiquinones
nd dianionic o-amidophenolates: the C–O and C–N bond
engths are 1.326(4) and 1.368(3) Å respectively. The two lig-
nds in 69 are crystallographically identical. The six-membered
arbon rings in the quinone part of ligands display quinoid
istortion but it is feebly marked in comparison with typi-
al o-iminosemiquinones; the C–C bond length varies in the
ange 1.383(3)–1.421(3) Å (Table 3). In typical radical–anions
SQ, this range is 1.36–1.43 Å, in dianions AP2− 1.39–1.42 Å
6,7,35,53,92]. The structural equivalence is explained by the
ormation of a molecular orbital delocalizing over both ligands.
he structure of 69 may be described as the combination of two

esonance forms:

ISQL2)MnIII(APL2) ↔ (APL2)MnIII(ISQL2).

As in the case of cobalt and nickel, the reaction of
n2(CO)10 with different kind of quinones (3,5- or 3,6-DBBQ)

ields different products. A tetrameric manganese(II) complex
MnII(3,5-DBSQ)2]4 was isolated [5] with structure similar to
hose of the cobalt and nickel analogues. Magnetochemical stud-
es have shown the antiferromagnetic metal–ligand exchange
herein.

With 3,6-DBBQ, the monomeric tris-ligand complex
nIV(3,6-DBSQ)2(3,6-DBCat) was isolated [93] (Scheme 18).
-ray data show this complex to be of weakly distorted struc-

ure. The short interatomic distances Mn–O and geometrical
arameters of the organic ligands indicate the formation of a

anganese(IV) complex containing ligands in different oxida-

ion states.
As mentioned above, a temperature-dependent LLCT band

or MnIV(3,6-DBSQ)2(3,6-DBCat) is observed in the NIR at

d
V
p
i

Scheme 19. The structure of vanadi
istry Reviews 253 (2009) 291–324 315

300 nm (this band would not be observed in the case of forma-
ion of a manganese(III) complex MnIII(3,6-DBSQ)3). This fact
as interpreted by authors as the shift of charge distribution to

ormation of the manganese(III) redox-isomer:

nIV(3, 6-DBSQ)2(3, 6-DBCat) � MnIII(3, 6-DBSQ)3

The ground state of MnIV(3,6-DBSQ)2(3,6-DBCat) is a dou-
let (S = 1/2) with a metal localized unpaired electron according
o anisotropic EPR spectroscopic data. A similar type of redox-
somerism was found for bis-quinone manganese complexes
ith donor nitrogen ligands [95].

.9. Vanadium

There are two homoleptic vanadium(V) complexes con-
aining o-iminobenzoquinonato ligands [7] forming complexes
ontaining o-iminobenzoquinone ligands in different oxidation
tates similar to the complexes of Mn. The first compound is
(APL1)2(ISQL1) (70) synthesized from VCl3·(THF)3 and o-

minophenol APH2
L1 (molar ratio was 1:3) in acetonitrile in

he presence of Et3N and air (yield 55%). An X-ray study of 70
as shown the presence of two ligands with identical oxidation
evel and another which is distinct. This third ligand has C–O and
–N bonds which are shorter than the corresponding bonds in

he other two ligands and has the quinoid type distortion typical
or the o-iminosemiquinonato form of the ligand. The two identi-
al ligands have geometrical parameters close to those expected
or an O,N-coordinated dianion o-amidophenolate (APL1)2−.

The second complex – V(APL1)2(APHL1) (71) was prepared
y the reaction of o-aminophenol with VO(SO4) 5H2O also in
cetonitrile in the presence of Et3N and air (yield 26%). The
resence, in this complex, of the o-aminophenolato ligand APH
as determined from the sp3 hybridized nitrogen atom with
ound hydrogen (Scheme 19).

The ground state of complex 70 is doublet (S = 1/2)
Table S5), with an isotropic EPR spectrum in frozen CH2Cl2
olution at 60 K (Table S4) showing the localization of the
npaired electron on the organic ligand with diamagnetic vana-

ium(V), corroborating the formulation of the complex as
(APL1)2(ISQL1). In contrast to V(APL1)2(ISQL1) (70), com-
lex V(APL1)2(APHL1) (71) is diamagnetic (ground state S = 0);
t has a resolved 1H NMR spectrum.

um complexes 70 and 71 [7].
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We have not found the structurally characterized homoleptic
anadium complexes with o-quinone ligands. In [90] the vana-
ium complex with tetrachloro-o-benzoquinonato ligands was
escribed to be a tris-semiquinonato complex of V(III), V(o-
l4SQ)3, with doublet spin state. The EPR spectrum of this
omplex in Et2O solution at ambient temperature consists of
ight HFS components with giso = 2.0079 and HFS constant
i(51V) = 4.1 G (51V, I = 7/2, 99.8%). Based on the compari-
on of its EPR and EPR of tris-ligand vanadium complexes
ith chelating ligands (the HFC on vanadium, with metal-

ocalized unpaired electron, usually lies in the range 60–80 G,
or example the EPR spectroscopic parameters of V(bipy)3 [96]
nd V(1,2-dithiolene)3 [97] are: giso = 1.9831, Ai(51V) = 84 G
nd giso = 1.9960, Ai(51V) = 61.5 G, respectively) the authors
oncluded that the doublet ground state is attained through
ntiferromagnetic exchange of two unpaired electrons on t2g
ubshell of V(III), d2, with two o-semiquinone unpaired elec-
rons. In this case, the third SQ ligand causes a S = 1/2 state,
here the unpaired electron is localized on the organic frag-
ent (o-semiquinone). However, two different descriptions of

his complex are also possible: VIV(o-Cl4SQ)2(o-Cl4Cat) and
V(o-Cl4SQ)(o-Cl4Cat)2. In both cases the unpaired electron
ill be a SQ-localized. In the case of V(IV) complex, it requires

ntiferromagnetic coupling of unpaired electrons of V(IV), d1,
nd one SQ ligand. It is difficult to choose between these three
escriptions.

. Coordination compounds of other
-iminobenzoquinone derivatives

The chemistry of N-aryl-o-iminobenzoquinonato complexes
ased on APH2

L1-APH2
L7 and (AP-AP)H3

L9 is the most
eveloped in the literature. The coordination chemistry of 4,6-
i-tert-butyl-o-aminophenol APH2

L8 is less widely presented.
owever, this ligand was also reported as a good ligand for

he complexation of transition elements [98–103] including tris-
igand complexes [98,99] which resemble complexes of M(SQ)3
nd M(ISQ)3. Mono-o-aminophenolato complexes of this lig-
nd include the four-coordinate complexes Ir(APL8)(NO)(PPh3)
72), Pt(APL8)X (73), where X – oxalate, malonate, formate,
cetate etc., and Pt(APL8)(PPh3)2 (74) [103] (Scheme 20).

The tridentate ligands (AP-AP)H3
L9 and APH2

L10

orm hexacoordinate bis-ligand products. For example,
he neutral complex MnIV(APL10)2 (75) (Scheme 21),
omplex cation [MnIV(APL10)(ISQL10)]+ in complex
MnIV(APL10)(ISQL10)](PF6)·CH2Cl2 (76), and iron complex
FeIII(ISQL10)2](ClO4)·0.5H2O (77) [104].

The quadruplet ground state of MnIV(APL10)2 (75) is caused
y high-spin manganese(III) (d3, SMn = 3/2) with diamagnetic
P ligands (Table S6 of Supplementary information). In the case
f [MnIV(APL10)(ISQL10)](PF6)·CH2Cl2 (76), one t2g electron
f high-spin manganese(III) (d3, SMn = 3/2) and the unpaired
lectron of the �*-MO of the O,N,N-coordinated radical–anion

SQL10 (Srad = 1/2) are coupled strongly antiferromagnetically
roducing an S = 1 ground state [104].

The EPR spectrum of a frozen solution of
FeIII(ISQL10)2](ClO4)·0.5H2O (77) in CH2Cl2 at 10 K

(
s
i

istry Reviews 253 (2009) 291–324

ith g = 1.9905 is evidence of an unpaired electron localized
n an organic ligand MO with a weak contribution of metal
rbitals. The magnetic and EPR data suggest antiferromagnetic
xchange between a t2g unpaired electron of low-spin iron(III),
d5, SFe = 1/2), and unpaired electrons of two radical ligands
ielding ground state S = 1/2 of 77. Mössbauer spectrum of 77
s typical for octahedral low spin ferric ion (the isomer shift
= 0.14 mm s−1, quadrupole splitting �EQ = 1.70 mm s−1).

Complexes with (AP-AP)H3
L9 type ligand have been pre-

ared for such metals as Ni (78), Fe (79), Co (80), Mn (81),
i (82), V (83) [105–109] (Scheme 21). In Scheme 21, ligand
AP-APL9) is a trianion, (AP-ISQL9) is a dianion–radical and
AP-IBQL9) is a monoanion. The manganese (81) and cobalt
80) complexes are the most interesting. Two possible elec-
ronic configurations of manganese complex 81, possessing a
oublet ground state [106,109], were discussed in ref. [110].
he first is the configuration MnII(AP-IBQL9)2 of low-spin man-
anese(II) (d5, SMn = 1/2), with two monoanionic diamagnetic
igands like the nickel complex. The second one is the con-
guration MnIV(AP-ISQL9)2 of high-spin manganese(IV) (d3,
Mn = 3/2), with two radical–dianions [AP-ISQL9]2− (Srad = 1/2)
nd strong antiferromagnetic metal–ligand exchange. Based on
-ray [106] and EPR data analysis, 81 can be described [110] as

ntermediate between MnII(AP-IBQL9)2 and MnIV(AP-ISQL9)2
tates.

The electronic structure and behavior of cobalt complex
o(AP-IBQL9)(AP-ISQL9) (80) was described in a num-
er of ref. [106,107,109,111,112]. Evidently, this cobalt(III)
omplex is in an equilibrium with a form of cobalt(II)
valence tautomerism) [111] in non-polar solvents (toluene,
im-dichloroethane): CoIII(AP-IBQL9)(AP-ISQL9) ↔ CoII(AP-
BQL9)2.

The titanium complex TiIV(AP-ISQL9)2 (82) contains two
= 1/2 radical centers with negligible spin–spin interaction

Table S6). However, low-temperature value of the μeff indi-
ates the ferromagnetic ligand–ligand coupling leading to an
= 1 ground state [108]. An EPR spectrum of frozen toluene-
H2Cl2 solution of 82 at 4 K is also consistent with triplet ground

tate.
The vanadium complex 83 has an EPR signal with g = 1.99

ithout hyperfine splitting both in solid and in frozen solu-
ion at 4.2 K; and reveals a nearly temperature-independent

agnetic moment with value of 1.71 μB at room tempera-
ure [108]. Geometrical characteristics of ligands in 83 are
onsistent with VIV(AP-ISQL9)2 formulation. In this case, the
bserved doublet ground state of complex 83 requires an anti-
erromagnetic exchange between vanadium(IV) (d1, S = 1/2)
nd one radical ligand. An alternative assignment of 83 is
V(AP-APL9)(AP-ISQL9) consistent with the spectroscopic
ata, EPR in particular. In this case there is no need for the anti-
erromagnetic metal–ligand exchange. Authors conclude that
he formulation of 83 may be intermediate between VIV(AP-
SQL9)2 and VV(AP-APL9)(AP-ISQL9).
Iron complex 79 contains iron(III) coordinated by anion
AP-IBQL9)− and dianion–radical (AP-ISQL9)2− ligands. No
tructural difference was found between ligands suggest-
ng charge delocalization over the entire organic region



A.I. Poddel’sky et al. / Coordination Chemistry Reviews 253 (2009) 291–324 317

um an

o
s
r
i
M

A
(
r
t
a
I
l
a
s

A
l
(
a
d
p
b
g

w
(

o
u
(
8
8
p

(
i
r
m
f
n
(
T
8
J

Scheme 20. o-Amidophenolato iridi

f the molecule [109]. The Complex has an S = 2 ground
tate (μeff = 5.25 μB at room temperature) which is a
esult of antiferromagnetic coupling between the S = 5/2
ron(III) (δ = 0.4164(5) mm s−1 and �EQ = 0.479(1) mm s−1 in

össbauer spectrum) and the S = 1/2 radical ligand.
Complexes containing one tridentate ligand based on (AP-

P)H3
L9, namely, cobalt Co(tpy)(AP-ISQL9)Y, where Y = PF6

84) or BPh4 (85), and nickel Ni(tpy)(AP-ISQL9)PF6 (86) are
eported in ref. [113] (tpy = 2,2′:6′,2′′-terpyridine). In species 85,
he [Co(tpy)(AP-ISQL9)]+ cation is pseudo octahedral (X-ray)
nd the structural characteristics are close to those for M(AP-
SQL9)2 complexes [108,109]. A valence tautomeric equi-
ibrium [CoIII(tpy)(AP-ISQL9)]+ ↔ [CoII(tpy)(AP-IBQL9)]+ is
pparently present. The nickel complex 86 has a triplet ground
tate.

In the binuclear manganese(IV) complex Mn2(ISQ-
PL11)2(ISQ-ISQL11) (87), two of the three tetradentate

igands of APH2-APH2
L11 type are in radical–trianion form

Scheme 22) while third ligand is diradical–dianion [68]. There
re two organic radical centers and high-spin manganese(IV),
3
 (SMn = 3/2) in complex 87 molecule in each side of three m-
henylene fragments. The strong antiferromagnetic exchange
etween manganese and radical fragments’ unpaired electrons
ives rise to one S = 1/2 center on each of two metallic fragment

e
d
u
i

Scheme 21. Complexes 75, 77
d platinum complexes 72–74 [103].

hich suffer a weak antiferromagnetic interaction (Table S6)
Chart 10).

The data on similar tris-ligand complexes M2(ISQ-ISQL11)3
f other metals (M = Fe (88), Co (89), Cr (90)), and also bin-
clear bis-ligand complexes of M2(ISQ-ISQL11)2 composition
M = Cu (91), Ni (92)) are collected in ref. [114]. The cobalt
8 and iron 89 complexes are reported in [115]. All complexes
8–92 contain ISQ radical–anion fragments connected by m-
henylene bridges.

The zero-field Mössbauer spectrum of 88 at 80 K
δ = 0.56 mm s−1 and �EQ = 1.011 mm s−1) indicates high-spin
ron(III). For cobalt complex 89, the exchange between organic
adical centers in each M(ISQ)3 fragment is weak antiferro-
agnetic while coupling of two of these fragments is weak

erromagnetic (Table S6, Chart 10). Chromium (90) and
ickel (92) complexes are diamagnetic. Copper compound 91
Scheme 22) contains two uncoupled copper(II) centers [114].
wo different exchange mechanisms take place in manganese
7 and cobalt 89 complexes: weak antiferromagnetic exchange
12 between two MnL3 fragments in 87 but weak ferromagnetic

xchange between two CoL3 fragments in 89. It can be due to
ifferences in geometry of ML3 fragments and the ML3-ML3
nits – the different dihedral angles between the planes contain-
ng the next-neighbor rings (the iminosemiquinonato rings with

[104], 78–83 [105–110].
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cheme 22. Diradical dianion, (ISQ-ISQL11)2−, and monoradical three-anion, (
uthenium (93) complexes [68,114,37].

espect to the linker m-phenylene rings). Each ligand has two

ifferent values of this dihedral angle: in the cobalt complex
9 they are in the range of 66.8–72.1◦ and 83.3–88.1◦ (close
o orthogonal providing a ferromagnetic coupling mechanism),
hile in the manganese complex 87 they are 61.6–72.8◦ and

hart 10. The qualitative scheme of magnetic coupling in binuclear complexes
7 and 89.
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PL11)3−, forms of ligand (top) and binuclear manganese (87), copper (91) and

9.5–83.3◦ causing a greater antiferromagnetic contribution to
he resulting exchange.

The dinuclear and spin triplet ruthenium(II) complex
(bipy)2Ru(ISQ-ISQL11)Ru(bipy)2](PF6)2 (93), Scheme 22,
ontains iminobenzosemiquinonato fragments [L2Ru(ISQ)]+

hich are intramolecularly ferromagnetically coupled
J = 85 cm−1) as established by EPR and variable-temperature
agnetic susceptibility measurements [37]. Definitely, ferro-
agnetic exchange in this case is provided by the orthogonality

f m-phenylene and o-iminobenzosemiquinone rings of
SQ-ISQL11 ligand.

The complexes based on analogous APH2-APH2
L12 type

igand are limited by copper and zinc derivatives [116]. Both
omplexes are mononuclear and contain one tetradentate organic
igand in the dianion form – diiminodiphenolate (IP-IPL12)2−
Scheme 23). In copper complex Cu(IP-IPL12) (94), the divalent
opper is coordinated by the ligand in a nearly square-planar
oordination polyhedron (also true for the zinc analogue; in the
ccordance with X-ray data the sum of bond angles around Zn
s 361.5◦).

The complex 94 was prepared by the reaction of APH2-
PH2

L12 with [CuI(MeCN)4](ClO4) in dry methanol in the
resence of air. Reaction of the same ligand APH2-APH2

L12

ith CuII(ClO4)2·6H2O (1:1) in dry methanol under an argon
tmosphere with 2 equivalent of NEt3 leads to the neutral com-
lex CuII(APH-APHL12) (95). On the other hand, oxidation
f neutral complex 94 in dry CH2Cl2 with ferrocenium hex-
fluorophosphate [Fc]PF6 (1:1) produces the ionic complex
CuII(IBQ-ISQL12)]+(PF6)− (96). The oxidation of 94 with the
tronger one-electron oxidant [NiIII(tacn)2](ClO4)3 (where tacn

s 1,4,7-triazacyclononane) in molar ratio 1:2 generates another
onic complex [Cu(IBQ-IBQL12)]2+(ClO4

−)2 (97) [116]. Com-
lexes 94, 95 and 97 exhibit temperature-independent magnetic
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Scheme 23. Ligands derived from APH2-A

oments typical for a copper(II) ion, d9, with diamagnetic
igands (Table S6). On the other hand, complex [CuII(IBQ-
SQL12)]+(PF6)− (96) has a temperature-dependent magnetic
oment μeff of 0.45 μB at 5 K and 2.4 μB at 290 K. Modeling

he temperature dependence reveals the antiferromagnetic cou-
ling constant J = −48.5 cm−1 [116]. Resulting ground state of
6 is S = 0. The EPR spectrum of 96 at 50 K in CH2Cl2 appears
t g = 2.0 with a typical half-field signal of an S = 1 system with
= 4.0. Decreasing temperature leads to the disappearance of

he latter signal (with g = 4.0). Based on the analysis of temper-
ture dependence of �ms = 2 transition in a half field in EPR
from this temperature dependence, an antiferromagnetic cou-

ling constant J = −7 cm−1 was evaluated) the authors suggested
hat this coupling constant J does not represent intramolec-
lar spin exchange between the organic radical and the CuII

ecause coupling is inter- rather than intramolecular in nature.

i
d
o
a

12 and its copper complexes 94–97 [116].

owever, stronger intermolecular than intramolecular exchange
eems unlikely. The magnetic behavior may be rationalized by
he usual copper(II)-ISQ coupling process and the occupancy of
n excited state with higher spin multiplicity (S = 1).

Complexes 94, 95 and 97 display EPR spectra typical for
quare planar Cu(II) complexes with copper hyperfine structure
116].

An unusual vanadium(V) complex with the pentadentate
igand APH2-NH-APH2

L13, containing two o-iminoquinonato
ragments has been reported in [7]. Diamagnetic complex
VVO{(APH)-NH-(AP)}L13] (98) was prepared by the reac-
ion of APH2-NH-APH2

L13 with vanadyl salt [NEt4][VOBr4]

n acetonitrile solution in the presence of Et3N. Vanadium has a
istorted octahedral environment, V = O bond length is 1.65 Å,
ne of O,N-coordinated fragments contains protonated nitrogen
tom (APH) (Scheme 24).
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cheme 24. Vanadium complex [VVO{(APH)-NH-(AP)}L13] (98) [7].

A number of bis-o-iminobenzosemiquinonato nickel, pal-
adium and copper complexes (Scheme 25) derived from the
etradentate ligands APH2-APH2

L14 and APH2-APH2
L15 are

eported in ref. [117]. Nickel(II) complexes Ni(APH2-APHL14)2

99) and Ni(IP-IPHL14)2 (100) reveal a distorted octahedral envi-
onment of nickel(II) bound with two tridentate ligands, namely
,N,N′-coordinated o-aminophenol-o-aminophenolate (APH2-
PHL14)− and o-iminophenol-o-iminophenolate (IP-IPHL14)−

l
T
t
2

Scheme 25. Structures of nickel, palladium and copper complexes of tetrade
istry Reviews 253 (2009) 291–324

onoanions correspondingly. Both complexes are paramagnetic
ith an S = 1 ground state (Table S6).
The diamagnetic nickel(II) and palladium(II) derivatives,

omplexes 101 and 102, contain the organic ligand in the
orm ISQ-ISQL15 where the two components are radical–anions
-iminobenzosemiquinones [117]. The copper complex 103
as also been prepared containing the o-iminophenolate-o-
minophenolate dianion (IP-IP L15)2− – the oxidized diimine
erivative of APH2-APH2

L15. Central atoms in 101 and 102
re in square-planar environment while copper(II) in 103 was
dditionally coordinated with a water molecule.

The palladium complex 104 is a dimer due to four N–H· · ·O
ydrogen bonds between two tetradentate o-aminophenolate-o-
minophenolate (APH-APHL15)2− ligands (Scheme 25). The
ntramolecular Pd–Pd distance is 3.0846(4) Å. The two lig-
nd halves are clearly aromatic and two nitrogen atoms are
p3 hybridized in the dimer 104. The geometrical features are
he same with those of O,N-coordinated APHL1 ligands in, for
nstance, [MnIII(APHL1)(ISQL1)2] [92].

Turning back to the ligand derived from APH2
L10,

here is a diamagnetic, binuclear cobalt complex
o2(NCS)2(APL10)2(AQ) (105) (Scheme 26) [104] where
Q is 8-aminoquinoline. The o-amidophenolate dianion
igands (APL10)2− bridge between two cobalt(III) centers.
he authors were not able to report a rational synthetic path

o 105. This complex was obtained as a byproduct (with
% yield) of another complex with the APH2

L10 ligand

ntate ligands derived from APH2-APH2
L14 and APH2-APH2

L15 [117].
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)2(AQ) (105) and [Fe(ISQL10)(3,5-DBCat)]2 (107) [104].
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Scheme 26. Dinuclear complexes Co2(NCS)2(APL10

K[CoII(ISQL10)(IBQL10)](NCS)2 (106) – by the reaction
f KSCN, Co(ClO4)2·6H2O, ligand APH2

L10 (5:1:1) in the
resence of air and an excess Et3N. 8-Aminoquinoline, AQ,
s present as a ∼2% impurity in the starting ligand APH2

L10

104]. The cobalt complex 106 contains ligands in different oxi-
ation states (one is a radical–anion o-iminobenzosemiquinone
SQL10 and the other is a neutral o-iminobenzoquinone IBQL10)
ccording to magnetic data. Complex 106 possesses an S = 1
round state resulting from a strong antiferromagnetic exchange
etween the high-spin cobalt(II) (d7, SCo = 3/2) and a radical
igand.

The interesting dinuclear iron complex [Fe(ISQL10)(3,5-
BCat)]2 (107) consists of two moieties FeIII(ISQ)(Cat),
here iron(III) is bound with the radical–anion
-iminobenzosemiquinone, ISQL10, and dianion 3,5-di-
ert-butyl-catecholate, 3,5-DBCat (Scheme 26). The isomer
hift δ = 0.51 mm s−1 and Mössbauer quadrupole splitting
EQ = 0.99 mm s−1 for 107 are typical for an octahedral

igh-spin Fe(III) ion [104].
The insertion of –CH2OH group (group with a poten-

ial valence) into the 2-position of N-phenyl in APH2
L1

esults in a new redox-active ligand APH2(CH2OH)L16

Scheme 27) [118]. An unique trinuclear manganese com-
lex [MnIIMnIIIMIV(AP(CH2O−)L16)(ISQ(CH2O−)L16)2
IBQ(CH2O−)L16)Cl] (108) containing manganese(II), man-
anese(III) and manganese(IV) was prepared by the reaction
f MnCl2 with ligand APH3

L16 in 1:1 molar ratio. The X-ray
tructure of 108 clearly shows the oxidation levels of the central

etals. In Scheme 27, pentacoordinate Mn(1) is Mn(III),
n(2) is Mn(II) and Mn(3) is Mn(IV). Manganese atoms are

onnected to each other by two �-alkoxo (–CH2OH) groups.
igh-spin manganese(IV) (Mn(3) in Scheme 27) is bound

a
i
f
t

Chart 11. The qualitative scheme of magnetic cou
cheme 27. Trinuclear manganese complex [MnIIMnIIIMIV

AP(CH2O−)L16)(ISQ(CH2O−)L16)2(IBQ(CH2O−)L16)Cl] (108) [118].

ith o-amidophenolate and o-iminobenzosemiquinone in an
ctahedral fashion. The coordination environment of high-
pin manganese(II), Mn(2), consists of the O,N-coordinated
-iminobenzoquinone ligand IBQ and four �-alkoxo groups.
quare–pyramidal geometry of high-spin manganese(III),
n(1), is formed by radical–anion o-iminobenzosemiquinone
nd two �-alkoxo bridges in the base of pyramid and chloride
on in apical position. The effective magnetic moment increases
rom 5.8 μB at 2 K to a maximum of 8.48 μB at 10 K and
hen it slowly decreases to 7.6 μB at 300 K. Authors have

pling in trinuclear manganese complex 108.
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roposed that the magnetic exchange manganese(III)–ISQ
nd manganese(IV)–ISQ interactions have a strong antifer-
omagnetic nature (−J > 200–300 cm−1) leading to effective
pin states S* = 1 for the high-spin Mn(IV)-center and S* = 3/2
or high-spin Mn(III) center (see Chart 11). The simulation
f magnetic data (variable-temperature magnetic suscepti-
ility measurements and variable-temperature variable-field
agnetization measurements) gave the exchange parameters

12 = 2.6–2.7 cm−1, J23 = −(0.1–0.3) cm−1, g1 = g2 = g3 = 2.05
nd D (for Mn(III)) = 8.0 cm−1.

. Some conclusions

At the present time the chemistry of o-semiquinonato and
elated transition metal complexes forms an independent field
f research and has many interesting aspects. One of them is
epresented by their unique magnetic properties. Because of
he possibility of designing of a hetero-spin multicenter sys-
em where the magnetic centers are the metal ions and radical
-semiquinones and related ligands, interest in the investigation
f such complexes has greatly increased. Remarkable contribu-
ions to modeling and directed synthesis of high- and low-spin
olecules, and investigation of their physical properties was
ade by the scientific groups of A.L. Balch; F. Brito; R.M.
uchanan and C.W. Lange; A. Dei and D. Gatteschi; D.N.
endrickson and M.W. Lynch; W. Kaim; A.B.P. Lever; J.K.
cCusker; C.G. Pierpont, A. I. Prokof’ev, N.N. Bubnov and

.P. Solodovnikov; D.A. Shultz; K. Wieghardt; M.D. Ward.
A large number of o-iminobenzoquinonato type complexes

ave been synthesized and their structural features and mag-
etic properties have been investigated in detail. Thus far, it
as been shown that the type of magnetic exchange interac-
ions in o-iminobenzosemiquinonato complexes is very strictly
etermined by the molecular structure which determines the
ymmetry and relative position (and the overlap integral and
he resonance integral, consequently) of interacting MOs of
npaired electrons, and by electronic structure of compounds
hich determines the electron and spin state of central metal

nd ligands.
o-Iminobenzoquinonate ligands are non-innocent in com-

lexes formed from the viewpoint of their structural as
ell as magnetic properties. Bidentate N-phenyl-substituted
-iminobenzoquinonates form structural analogues of o-
uinolates in most cases. The growth of steric shielding
ear the central metal atom leads to significant structural
hanges and consequently results in the appearance of remark-
ble magnetochemical features. The presence of an additional
onor neutral group or a group with potential valence (in
hree-, tetra-, pentadentate ligands etc.) can be the cause of
i-, three- and polynuclear complex formation. The more
ronounced covalent character of metal-to-nitrogen bond in
omparison with metal-to-oxygen bond gives rise to an increased
erro/antiferromagnetic exchange interaction between the mag-

etic centers of o-iminobenzoquinonato complexes. Different
hannels of exchange interactions appear depending on the
ature and the oxidation level of a central metal atom(s) and
igands.
istry Reviews 253 (2009) 291–324

Thus, the many structural features and coordination capabili-
ies of the o-iminobenzoquinonato ligands allow one to design a
ide variety of complexes with interesting, rare and in some

ases unique structural and magnetic properties. Sometimes
agneto-structural correlations in o-iminosemiquinonato and o-

emiquinonato complexes are strict and obvious to such an extent
hat Oliver Kahn has defined these ligands as “visual teaching”
n one of his works [119].

o-Iminobenzoquinonato type complexes can serve as mod-
ling objects and structural units in the design of molecular
nd supramolecular magnetic devices. On the other hand, many
ransition metal complexes with o-iminobenzoquinonato type
igands are active in different catalytic processes (this aspect
s the subject of another special review), and to have poten-
ial relevance to biochemical processes modeling biochemical
ystems. Furthermore, o-iminobenzoquinonato complexes can
e applied in the field of small molecule fixation/activation.
he next decade of research will be likely connected with the
pplication of known and new complexes to these prospective
reas.
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