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Abstract—The currently available published data on the synthesis, structure, and chemical properties of
Group III metal complexes based on bi-, tri-, and tetradentate o-iminoquinone redox-active ligands are pre-
sented and analyzed.
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INTRODUCTION
The chemistry of metal complexes with redox-

active ligands has been intensively developed over the
last several years owing to large diversity of practically
useful properties inherent in compounds of this type
owing to the organic moiety [1–6]. More and more
unusual chemical transformations are becoming avail-
able because of the ability of the ligands to undergo
reversible redox transformations within the metal
coordination sphere [7–13]. Yet another important
aspect of the chemistry of these compounds is the pos-
sibility of targeted design of magnetically active metal
derivatives with radical forms of redox-active ligands.
These properties are especially significant for the
chemistry of Main Group metals, which are unable to
easily change their oxidation states and do not tend to
form paramagnetic stable ions. A recent publication is
devoted to the coordination chemistry of Main

Group IV metals with redox-active o-iminoquinone
ligands [14]. This review summarizes published data
on the synthesis, structure, and chemical properties of
complexes of Group III elements, including rare earth
elements and actinides, with ligands of this type.

GROUP III METAL COMPLEXES
WITH BIDENTATE o-IMINOQUINONE 

LIGANDS

In the metal coordination sphere, bidentate ON-
chelating redox-active o-iminobenzoquinone ligands
can exist in any of three redox forms: neutral (o-imi-
nobenzoquinone, imQ0), singly reduced (o-imino-
benzosemiquinolate, imSQ–), and double reduced
(o-amidophenolate, AP2–) ones (Scheme 1).

Scheme 1.

The key methods for the synthesis of Group III
o-iminobenzoquinone metal complexes are generally
similar and include direct reaction of metals (or their
amalgams) with o-iminobenzoquinones, exchange
reactions between the appropriate alkali metal deriva-
tives and group III metal halides, and oxidative addi-
tion of o-iminobenzoquinones to metal compounds in

low oxidation states. In the vast majority of synthetic
approaches to the preparation of Al, Ga, In, and Tl
o-iminobenzoquinone derivatives, sterically hindered
4,6-di-tert-butyl-N-(2,6-di-isopropylphenyl)-o-imi-
nobenzoquinone (DippimQ) and its mono-
((DippimSQ)Na) and disodium ((DippAP)Na2) salts
serve the starting compounds (Scheme 2).
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Scheme 2.

In some cases, where desired o-iminobenzoqui-
nones are unstable in solution, the corresponding
o-aminophenols (doubly reduced protonated o-imi-
nobenzoquinone (AP2–)H2) are used as the starting
compounds for the synthesis of o-iminobenzoquinone
metal derivatives.

Complexes of boron group elements. Since the
chemistry of boron considerably differs from the
chemistry of other Group III elements, none of the
above-mentioned general methods is applicable for
the preparation of its o-iminoquinone derivatives.
Most of known boron o-amidophenolates are synthe-
sized from o-aminophenols and boric acid derivatives
[15, 16].

The reaction of two equivalents of phenylboronic
acid and bis-o-aminophenols occurs under rather
drastic conditions and gives bis-oxazaborolidines 1
containing two planar five-membered CCNBO rings
in which each boron atom has a trigonal geometry
(Scheme 3) [16]. Thus, despite the fact that formally
tetradentate ONNO ligands were used as the starting
compounds, complexes 1 represent two alkyl-bridged
o-amidophenolate moieties (AP)BPh. In solution, all
compounds of type 1 are symmetrical because of the
presence of C2 rotation axis; however, in the crystals,
this symmetry is broken. The presence of two Lewis
acid sites in one molecule makes compounds 1 of
interest for bimolecular catalysis.

Scheme 3.

A complex of different type containing two
(AP)B moieties in one molecule was obtained in a
moderate yield upon the reaction of unsubstituted
o-aminophenol with the diborane B2(NMe2)4
(Scheme 4) [17]. Dimeric complex 2 is located at
the inversion center: the O atoms and NH groups of
two (AP)B molecules are in trans-positions relative

to each other. According to X-ray diffraction data,
π-stacking with interplanar spacing of 3.48 Å is
present in the crystal of 2. In addition, each mole-
cule of 2 is connected to four other molecules of two
neighboring columns through NH···O contacts
(2.32 Å), thus forming infinite sheets of hydrogen-
bonded molecules.

Scheme 4.
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Boron-containing ferrocenyl complexes 3,
which are formed upon the reaction of boric acid
derivatives with o-aminophenol functionalized with a
bis(diphenylphosphine)ferrocenyl group (Scheme 5),
are promising ligands for asymmetric catalysis due to
secondary interactions between the boronate group,
which is a weak Lewis acid site, and the substrate,

which is a Lewis base [15]. Complexes 3 form stable
metal complexes 4 when treated with Me2Pt(COD)
(COD is cyclooctadiene) (Scheme 5) and stable
adducts with Rh(I) complexes, exhibiting catalytic
activity towards hydrogenation and hydroformylation
of simple substrates.

Scheme 5.

Meanwhile, when unsubstituted o-aminophenol
reacts with Me3Ga, only the hydroxyl group of the
ligand is deprotonated and o-aminophenolate rather
than o-amidophenolate complex is formed as the
reaction product (Scheme 6) [18]. Analysis of the
crystal structure of 5 showed that molecules of the
complex do not form dimers, but are bound to neigh-
boring molecules by NH···O hydrogen bonds.

Scheme 6.
Gallium metal does not react with DippimQ; how-

ever, the reaction of gallium amalgam involves incom-

plete reduction of DippimQ to give mixed-ligand com-
plex 6 (Scheme 7) [19]. The presence of two differently
charged o-iminoquinone ligands in 6 is unambigu-
ously indicated by ESR spectroscopy data, pointing to
the presence of fast (on the ESR time scale) migration
of the unpaired electron between two redox-active
ligands. Decoordination of the THF molecule upon
dissolution of 6 in hexane leads to a change in the
geometry of the resulting four-coordinate complex 7
to a tetrahedral geometry in which delocalization of
the unpaired electron over both ligands is impossible.
Complex 8 formed upon the addition of pyridine to a
solution of 7 was isolated in a pure state. The structure
of this complex in solution is similar to that of 6 and is
retained in the crystalline state, as indicated by the
presence of ligand–ligand charge transfer band
(~2010 nm) in the near IR range.

Scheme 7.
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A convenient method for the synthesis of metal
complexes containing a redox-active ligand as the
dianion is reduction of o-iminoquinone with metal
halides in low oxidation states. The reaction of

DippimQ with “GaI” affords o-amidophenolate 9,
which can also be synthesized by the reaction of
DippimQ with gallium metal in the presence of a stoi-
chiometric amount of iodine (Scheme 8) [19].

Scheme 8.

When (DippAP)Na2 is used as the starting compound,
gallium o-amidophenolate derivatives are formed
by exchange reaction with metal halides: dimeric gallium
o-amidophenolate 10 is obtained by reaction between

(DippAP)Na2 and MeGaI2 (Scheme 9) [20], whereas the
formation of either 11 [21] or 12 [19] in the reaction of
(DippAP)Na2 with GaI3 depends on the reactant ratio
(2 : 1 or 3 : 2, respectively) (Scheme 10).

Scheme 9.

Scheme 10.
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dophenolate derivatives: the reaction between DippimQ and
InI gives biradical complex 13, while In2I4 disproportion-

ates in the presence of DippimQ and thus a mixture of prod-
ucts 13 and 14 is formed (Scheme 11) [22]. Complex 14
containing metal-coordinated DippimQ ligand can also be
obtained by direct reaction of DippimQ with InI3 in toluene.
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Scheme 11.

The reaction of (DippAP)Na2 with InI3 in non-polar
solvents is accompanied by oxidation of the o-ami-
dophenolate ligand with the In3+ ion, and paramag-
netic complex 13 is again formed (Scheme 11). The
redox process between (DippAP)2– and In3+ was sup-
pressed in [23] by using the strategy of decreasing the

electron-acceptor properties of In3+ by introduction of
a neutral N-donor ligand into the metal coordination
sphere and by replacement of the electron-withdraw-
ing iodine atom by an electron-donating alkyl group;
this furnished indium o-amidophenolates 15 and 16
(Scheme 12).

Scheme 12.

Indium bis-o-amidophenolate obtained by exchange
reaction between (DippAP)Na2 and InI3 (2 : 1)  in THF
represents ionic complex [(DippAP)2In]–[Na(DME)3]+ 17,

unlike gallium analogue 11 (Scheme 13) [24]. Complex 17
is also formed via the reduction of the (DippimSQ)– radical
anion by monovalent indium ion (Scheme 13).

Scheme 13.
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The reaction of gallium (11) or indium (17) bis-o-
amidophenolate with excess alkyl/allyl halides (RHal)
involves the oxidative addition of two RHal molecules
to Main Group metal complexes accompanied by the

formation of two new C–C bonds [21, 24]. The reac-
tions proceed under relatively mild conditions and
afford diamagnetic complexes 18, which contain imi-
nocyclohexa-1,4-dienolate type ligands (Scheme 14).

Scheme 14.

The reactions of gallium o-amidophenolate com-
plexes 9 and 10 with single-electron oxidants are accom-
panied by oxidation of the (DippAP)2– ligand of the start-
ing compounds, giving rise to new paramagnetic gallium
derivatives (Scheme 15) [25]. The first steps of these

reactions involve the formation of monoradical interme-
diates, detected by ESR spectroscopy, which subse-
quently undergo symmetrization to afford biradical metal
complexes 19–22. Complex 19 is also a major product of
oxidation of 10 with oxygen [20].

Scheme 15.
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Scheme 16.

The symmetrization pathway of monoradical indium
complexes is determined by the degree of filling of the
metal coordination sphere in the products; therefore, the

formation of six-coordinate complex 26 rather than five-
coordinate 13 upon the oxidation of 15 with tetrameth-
ylthiuram disulfide is quite reasonable (Scheme 17) [26].

Scheme 17.

The oxidation of indium bis-o-amidophenolate
complex 17 with mercury(II) halides also results in the

formation of bis-o-iminobenzosemiquinone deriva-
tives 27 and 28 (Scheme 18) [27].

Scheme 18.

The exchange reaction between (DippimSQ)Na and
the corresponding metal halides/alkyl halides is the most
convenient synthetic route to biradical derivatives of gal-

lium [25, 28] and indium [22, 26]—final oxidation prod-
ucts of o-amidophenolate complexes 9, 10, and 16—and
biradical derivative of aluminum [29] (Scheme 19).

Scheme 19.
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Using (DippimSQ)2MI (M = Al (31), Ga (20)) as
the starting compounds, aluminum and gallium
complexes 32–38 with various inorganic (and phe-
noxyl) substituents in the apical position were pre-

pared by exchange reactions with excess inorganic
salts (NaN3, KNCS, KNCO) and stoichiometric
amounts of sodium phenoxide (Scheme 20)
[27‒29].

Scheme 20.

The magnetic properties of a series of
(DippimSQ)2MX complexes 13, 19–23, 27–38 depend
substantially on the nature of the apical substituent X.
In the complexes with alkyl substituents, weak ferro-
magnetic coupling takes place between the unpaired
electrons of the radical anion ligands. In the case of
derivatives with inorganic substituents and the com-
plex with a phenoxyl group, rather strong antiferro-
magnetic exchange is present between the spins of the
organic ligands. Density functional theory calcula-

tions performed for a series of (DippimSQ)2GaX com-
plexes revealed indirect antiferromagnetic exchange
via interaction of p-orbitals of the o-iminobenzoqui-
none oxygen and nitrogen atoms with the p- or π-orbit-
als of heteroatoms of the apical substituent X [28]. The
magnetic exchange energy is correlated with the Ga–
X bond length [27]. The coordination of the neutral
donor ligands to the metal center (Scheme 21) changes
the molecular geometry from five to six coordination
and disrupts the indirect magnetic exchange [27].

Scheme 21.
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intramolecular rearrangement with C–H bond activa-
tion and formation of new C–N bonds (Scheme 22).
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Scheme 22.

N-(2,6-Dimethylphenyl)phenanthrene-o-iminoqui-
none (DmpPhenimQ) is also used as a ligand for the syn-
thesis of o-iminoquinone complexes. The reaction of an
equimolar mixture of DmpPhenimQ and B(C6F5)3 in the
presence of hydrogen in refluxing toluene for 1 h gives a
mixture of diamagnetic (42) and paramagnetic (43)
products, while the subsequent heating of the reaction

mixture is accompanied by quantitative conversion of 42
to boron o-amidophenolate 44 (Scheme 23) [32]. Com-
plex 43 is a rare example of structurally characterized
polyaromatic borocyclic radical. Its stability under aero-
bic conditions is due to spin density delocalization over
the aromatic skeleton of the redox-active ligand, which is
confirmed by ESR data.

Scheme 23.
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Equimolar amounts of DmpPhenimQ and Me3Al react
to afford diamagnetic binuclear complex 45; this is accom-
panied by disruption of the conjugated structure of the

ligand due to migration of one methyl group of AlMe3 to
the carbon atom bonded to the ligand oxygen atom, result-
ing in the C–C bond formation (Scheme 24) [33].

Scheme 24.

Gallium complex containing a coordinated neutral
o-iminoquinone ligand was obtained by the reaction
of GaCl3 with acenaphthene-1-imin-2-ones
(DippMIAN) (Scheme 25) [34]. The crystal cell of 46

contains single [(DippMIAN)2GaCl2]+[GaCl4]– ions,
presumably resulting from disproportionation of ini-
tially formed (DippMIAN)GaCl3.

Scheme 25.

Gallium complexes containing DippMIAN in singly
and doubly reduced forms were prepared by stepwise
reduction of the ligand with gallium metal in the pres-
ence of a stoichiometric amount of iodine (Scheme 26)

[35]. Dimeric diamagnetic complex 48 reacts with phe-
nylacetylene to give cycloaddition product 49; also, com-
pound 48 exhibits catalytic activity in hydroamination
and hydroarylation of unsaturated substrates.
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The only currently known thallium o-iminobenzo-
quinone derivative is thallium(I) o-iminoben-
zosemiquinolate (DippimSQ)Tl (50), which is formed
upon reduction of DippimQ with thallium amalgam
[36].

Rare earth metal and actinide complexes. The first
o-iminoquinone complexes of rare earth metals were
obtained from N-(2,6-di-isopropylphenyl)phenan-

threne-o-iminoquinone (DippPhenimQ) [37]. The
scandium and ytterbium oxidation with DippPhenimQ
in benzene gives tris-ligand derivatives of trivalent
metals 51 and 52 containing equivalent radical anion
ligands DippPhenimSQ. However, according to NMR
spectroscopy data, in THF, the obtained complexes
occur in equilibrium with their o-amidophenolate
forms (Scheme 27).

Scheme 27.

The reactions of DippPhenimQ with neodym-
ium(II) and dysprosium(II) iodides also lead to the
formation of metal complexes formed by trivalent lan-
thanides, but, apart from two iodine atoms, the metal
coordination spheres of 53 and 54 contain two differ-
ently charged redox-active ligands DippPhenimQ and
DippPhenimSQ. Both ligands are coordinated to the
metal according to the η1 fashion, which is highly

unusual for o-iminoquinones (Scheme 28). During
the reaction, partial disproportionation of 53 and 54
takes place, giving rise to lanthanide triiodide and
(DippPhenimSQ)3M; however, only the dysprosium
complex (DippPhenimSQ)3Dy (55) (whose structure is
similar to those of 51 and 52) was isolated from the
reaction mixture.

Scheme 28.

The oxidation of ytterbium and europium with
DippimQ affords complexes of divalent rather than tri-
valent lanthanides (56 and 57). The same products

can also be prepared by the exchange reaction between
(DippAP)K2 and the diiodides of the corresponding
metals (Scheme 29) [38].
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Scheme 29.

The oxidative addition of an equivalent of Dip-

pimQ to o-amidophenolate Yb(II) (56) and Eu(II)
(57) derivatives is accompanied by lanthanide oxi-
dation to Ln(III) (Ln = Yb, Eu) and affords mixed-
ligand derivatives 58 and 59; alternatively, these

complexes can be obtained by exchange reaction
between (DippimSQ)K and LnI2 (2 : 1). When 56 is
oxidized in a non-coordinating solvent, o-ami-
dophenolate-bridged dimer 60 is formed
(Scheme 30).

Scheme 30.

A series of DippimQ-based neodymium(III) bis-
o-iminoquinone complexes was prepared, with the
DippimQ ligand existing in three different redox
states [39]. The complex (DippimQ)2NdI3 (61) con-
taining coordinated neutral o-iminoquinone
ligands was prepared by the reaction of two equiva-
lents of DippimQ with NdI3 · 3.5THF. The successive

reduction of DippimQ within the coordination sphere
of 61 with KC8 furnishes bis-o-iminobenzosemiqui-
none (62) and bis-o-amidophenolate (63) Nd(III)
derivatives. Complex 64, produced upon treatment
of 63 with crown ether, does not have a potassium
cation in the neodymium coordination sphere
(Scheme 31).
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Scheme 31.

Complex 64 is rapidly oxidized with elemental sul-
fur and selenium to give bis-o-iminobenzosemiqui-
none complexes 65 and 66, respectively, in which neo-
dymium-coordinated chalcogen atoms form six-
membered rings (Scheme 32). These reactions attract
particular attention, because of the fact that participa-

tion in multielectron processes is highly unusual for
lanthanides. Complex 63 also reacts with sulfur to give
65, but does not react with selenium because the metal
center is blocked by the potassium ion; however, when
crown ether is added to the reaction mixture, com-
pound 66 is rapidly formed.

Scheme 32.

Complexes of actinides with o-iminoquinone
ligands are represented by uranium and thorium com-
pounds. Uranium(IV) complex 67 containing o-ami-
dophenolate ligand DippAP is prepared from tetraben-
zyluranium via successive reductive elimination of the
benzyl radicals under the action of DippimQ [40]. The
formation of o-iminosemiquinone intermediate 68 in
the first stage of the reaction was proved by conducting
the experiment with U(CD2C6D5); however,
attempted synthesis of 68 resulted in complex 67 being
isolated from the reaction mixture (Scheme 33). The
targeted synthesis of 68 was performed from

(DippimSQ)UI3(THF)2 (69), which was prepared by
oxidative addition of DippimQ to uranium(III) iodide.
Treatment of 69 with KC8 led to reduction of
(DippimSQ) to give uranium(IV) o-amidophenolate
(DippAP)UI2(THF)2 (70). The exchange reaction of 70
with one equivalent of PhCH2K was accompanied by
the formation of the monoalkyl complex
(DippAP)UI(CH2Ph)(THF)2 (71), whereas attempted
synthesis of 67 by exchange reaction of 70 with two
equivalents of PhCH2K resulted in decomposition of
the product.

 

t-Bu t-Bu t-Bu

t-But-Bu

t-Bu t-Bu

t-Bu t-But-Bu
(61)

(62)

(64) (63)

t-Bu t-Bu

DippDipp Dipp Dipp

Dipp Dipp

2DippimQ
NdI3 ∙ 3.5THF

Dipp Dipp

t-But-Bu

t-Bu

–2KI

18-crown-6

K(18-crown-6)+

2KC8

2KC8

–C8

–KI

–C8

–

(64)
+5/8S  or  5Se

t-Bu

t-Bu O

N

Dipp

t-Bu

t-BuO

N

Dipp

Nd

E = S (65), Se (66)

E
E E

E
E

O O
O

O
O

O
K

O

O

−

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46  No. 3  2020



COMPLEXES OF GROUP III METALS BASED 167
Scheme 33.

The exchange reaction between alkali metal N-tert-
butyl-, N-adamantyl-, and N-dipp-substituted o-ami-
dophenolates and uranium tetrachloride in 2 : 1 ratio

gives rise to uranium(IV) bis-o-amidophenolate com-
plexes 72–74 (Scheme 34) [41].

Scheme 34.

On treatment of complexes 72–74 with an equivalent
of iodobenzene dichloride, oxidative addition of chlorine
to the complexes takes place, resulting in the formation of
bis-o-iminosemiquinone derivatives 75–77 (Scheme 35).

The bis-o-iminosemiquinone complex (imSQt-Bu)2UI2-
(THF) (78) is the product of oxidative addition of iodine to
complex 72, whereas complexes 73 and 74 decompose on
treatment with iodine.

Scheme 35.

The first binuclear complexes of actinides with qui-
none-bridged metal centers were obtained by the reac-
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quinone and 2,5-bis[2-(methoxy)anilide]-1,4-benzo-

quinone dianions with uranium(IV) and thorium(IV)
complexes based on tripodal tris[2-amido(2-pyr-
idyl)ethyl]amine (L) (Scheme 36) [42]. The presence
of ligand L in the actinide coordination sphere
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accounts for the kinetic and thermodynamic stability
of binuclear complexes 79–81. Thorium complexes 79
and 80 are diamagnetic, whereas 81 has two U(IV)
magnetic centers. However, according to magne-
tochemical data, the magnetic exchange coupling
between them is negligibly small. The reduced form of

81, [K(18-c-6)(THF)2]+[81–], is unstable and highly
sensitive to air oxygen and moisture. However,
according to X-ray diffraction data, it is a new type of
UIVUIV complex in which the metal centers are linked
by the para-iminoquinone radical anion bridge.

Scheme 36.

GROUP IIIa METAL COMPLEXES
WITH o-IMINOQUINONE TYPE 

TRIDENTATE LIGANDS
Complexes of boron group elements. The dimethyl

derivatives of Group IIIa metals containing a triden-
tate ONN-ligand are obtained via reactions of the
enamine form of N-(1-(5,7-di-tert-butyl-2-methyl-
2,3-dihydrobenzo[d]oxazol-2-yl)ethylidene)-2,6-di-
isopropylaniline with Me3M (M = Al, Ga, In, Tl)
(Scheme 37) [43]. Despite the presence of two alkyl

groups in the metal coordination sphere, crystalline
complexes 82–85 are stable to air oxygen and mois-
ture; however, in solutions of 82 in various solvents,
one of the methyl groups migrates from aluminum to
the ligand C=N group (Scheme 37). Unlike alumi-
num and gallium derivatives, complexes 84 and 85
exhibit intense photoluminescence at room tempera-
ture, which makes them promising for the design of
photoactive materials.
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An abundant series of monomeric boronates 86
was prepared by condensation of unsymmetrical
amino-bis-phenols with various arylboronic acids
(Scheme 38) [44]. The boron atom in 86 has a tetrahe-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
dral environment formed via covalent bonding to oxy-
gen atoms of the tridentate ligand and the donor-
acceptor coordination of the protonated sp3-hybrid-
ized nitrogen atom.
Scheme 38.
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A similar coordination environment is inherent in sation of unsubstituted bis-phenolamines and phenyl-

the boron atom in compounds 87 prepared by conden-
 boronic acid (Scheme 39) [45].
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Quite a few Group III metal complexes were pre-

pared from 3,5-di-tert-butyl-1,2-quinone-1-(2-
hydroxy-3,5-di-tert-butylphenyl)imine (ONO). This
tridentate ligand contains two oxygen atoms in the
ortho-positions relative to the N atom. Being com-
plexed with a metal, it can exist in four redox states
(Scheme 40) [46]. The neutral (ONO0) and doubly
reduced (ONO2) forms are radicals, whereas mono-
(ONO1) and trianions (ONO3) are diamagnetic.
Scheme 40.
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The geometry of the coordination unit in the boron
complex (ON(H)O3)BCl (88) prepared by trans-
metallation reaction between BCl3 and the zinc com-
plex Zn(ONO1)2 [47] is similar to that of compounds
87 based on unsubstituted bis-phenolamines.

Since free ONO ligand is unstable, the major syn-
thetic route to metal complexes based on this ligand is
the template synthesis from 3,5-di-tert-butylcatechol
((3,5-Cat)H2), ammonia, and salts of appropriate
metals in alcohols in the presence of air oxygen. The
reaction of (3,5-Cat)H2 with aluminum and gallium
trichlorides in 4 : 1 molar ratio carried out in ethanol
in the presence of air oxygen gives octahedral mixed-
ligand complexes (ONO1)(ONO2)MIII (M = Al (89),
Ga (90)) [47]. In [48], the mixed-ligand gallium deriv-
ative 90 was synthesized by electrolysis of a solution of
(3,5-Cat)H2 in liquid ammonia with a gallium anode.

Diamagnetic thallium complexes generally
described as (ONO1)Tl(X)Ar (91) and (ONO1)TlAr2
(92), where X is halogen, Ar is phenyl or substituted
phenyl, are also generated via template synthesis by
the reaction of 3,5-di-tert-butyl-o-aminophenol with
thallium(III) mono- and diaryl complexes (2 : 1) in
polar solvents [49].

A series of aluminum complexes containing one
ONO ligand in various oxidation states was synthe-
sized by exchange of aluminum halides with alkali
metal salts (ON(H)O3)M2 (M = Li, K) and (ONO1)K
[50]. The reactions of aluminum halides with
(ON(H)O3)M2 (M = Li, K) taken in 1 : 1 ratio give
five-coordinate aluminum complexes 93 and 94, in
which the metal atom occurs in a trigonal bipyramidal
coordination environment (Scheme 41).

Scheme 41.

The reaction of AlCl3 with the monoanionic salt
(ONO1)K in the presence of stoichiometric amounts

of diphenylacetylacetonate  or 8-hydroxy-

quinoline (QuinO–) results in the formation of octa-
hedral aluminum complexes 95 and 96, which can
undergo single-electron reduction to monoradical
derivatives 97 and 98 (Scheme 42).
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The oxidation of complex 93 with various o-qui-
nones (Q) involves expulsion of HCl, resulting in the
formation of aluminum complexes 99–101 with two
redox-active ligands of different nature (Scheme 43).
The electronic structures of 99–101 are different: in
the case of less electron-withdrawing o-phenanthren-
equinone and pyrene-4,5-dione, biradical
(ONO2)Al(SQ)(Py) species are formed (SQ = is the

radical anion of the corresponding o-quinone); mean-
while, the radical anion of the highly electron-with-
drawing tetrachloro-o-quinone can oxidize ONO to
the monoanion ONO1 and, hence, the electronic
structure of complex 99 should be considered as a
combination of two forms, (ONO2)Al(SQ)(Py) and
(ONO1)Al(Cat)(Py) (Cat = o-quinone dianion).

Scheme 43.

The binuclear dianionic gallium complex 102 was syn-
thesized by the reaction of hexadentate 1,2-bis(3,5-di-tert-
butyl-2-hydroxyphenyl)oxamine (H4(Bbpo)) with two

equivalents of gallium chloride in the presence of an
ammonium salt (Scheme 44) [51]. Each gallium atom in
102 has a distorted trigonal bipyramidal environment.

Scheme 44.

Electrochemical oxidation of the diamagnetic
dianion 102 proceeds reversibly in two single-electron

steps giving mono- and biradical derivatives, respec-
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Scheme 45.

Rare earth metal and actinide complexes. Tris-
ligand o-iminobenzoquinone rare earth metal com-
plexes (ONO1)3MIII (M = Sc, Y, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were prepared
for the first time by template synthesis from 3,5-di-
tert-butylcatechol and the chlorides or nitrates of the
appropriate metals in the presence of ammonia in
aqueous ethanol [52].

The complexes (ONO1)3MIII (M = La (103), Sm
(104), Yb (105)) can also be prepared by the reaction of
bis(2-hydroxy-3,5-di-tert-butylphenyl)amine (ONO3H3)
with hydrated metal chlorides in the presence of amine or
by the reaction of 3,5-di-tert-butyl-1,2-quinone-1-(2-
hydroxy-3,5-di-tert-butylphenyl)imine (ONO1H) with
silylamides of the same metals (3 : 1) [53]. According to X-
ray diffraction data, the metal atom in (ONO1)3M (M =
La (103) [53], Sm (104) [54]) exists in the trivalent state

and is coordinated to three equivalent ONO1 ligands; the
metal coordination number is nine; and the coordination
polyhedron is a tricapped trigonal prism. Complexes 103
and 104 and the aluminum complex (ONO1)(ONO2)Al
(89) served as the basis for photovoltaic cells; the best char-
acteristics were recorded for semiconductor devices with
the photoactive layer based on the aluminum compound
[53].

A series of nine-coordinate tris-chelate lanthanide(III)
complexes 106 was synthesized by reactions of the reduced
form of the tridentate 2,4,6,8-tetrakis(tert-butyl)-9-
hydroxyphenoxazin-1-one ligand ((ONO')H3) with the
acetates (OAc)3Ln (Ln = La, Pr, Sm, Eu, Gd, Tb, Dy, Yb)
(Scheme 46) [55, 56]. The coordination polyhedron of
(ONO')3Ln (Ln = La, Pr, Sm, Eu, Gd, Tb, Dy), like that
of (ONO)3Ln (Ln = La (103), Sm (104)), is a tricapped
trigonal prism formed by six oxygen atoms and three nitro-
gen atoms of the deprotonated ONO' ligand.

Scheme 46.
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the reaction of (ONO')H with uranyl bis-trimethylsilyl-
amide (Scheme 47) [57]. The possibility of preparing the

complex with the most oxidized form of the ligand is pro-
vided by the use of uranium(VI) as the starting compound,
which rules out the intramolecular redox process resulting
in reduction of the redox-active ligand.
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Scheme 47.

Meanwhile, the reaction of uranium(III) iodide
with the monopotassium salt (ONO')K, similarly to
the synthesis of o-iminoquinone complex 69, is
accompanied by metal-to-ligand electron transfer
and gives uranium(IV) complex 108 containing a
doubly reduced ligand (Scheme 48). When this reac-

tion is conducted in the presence of an equivalent of
KC8, reduction of the redox-active ligand takes
place, and the resulting complex 109 contains ONO'
in the trianionic state. Compound 109 is also gener-
ated by direct reduction of 108 with potassium car-
bide (Scheme 48).

Scheme 48.

The pentamethylcyclopentadienyl analogue of
109, (ONO')UIV(Cp*)(THF)2 (110), was prepared by
a similar pathway; the complex (Cp*)UIIII2(THF)3
generated in situ from UI3(THF)4 and K(Cp*) was
used as the starting uranium compound.

COMPLEXES OF GROUP III METALS
WITH TETRADENTATE o-IMINOQUINONE 

TYPE LIGANDS

The chemistry of Group III metal complexes with
tetradentate o-iminoquinone ligands is much less
studied than that for silicon Group elements [14]. A
series of six-coordinate aluminum complexes 111–

114 stabilized by phosphine oxide donor ligands was
synthesized by the reactions of potential tetradentate
N2O2

3– formazanate ligands (FormR) with Al(OiPr)3
in the presence of two equivalents of phosphine oxides
of different nature (Scheme 49) [58]. The aluminum
atom in 111–114 occurs in an octahedral environment
formed by the O,N,N,O atoms of the formazanate
ligand in equatorial positions and two phosphine
oxide donors in axial positions. Complex 112 in com-
bination with (n-Pr)3N is an electroluminescent emit-
ter with electroluminescence maximum at 735 nm,
which attests to potential use of six-coordinate for-
mazanate aluminum complexes as functional
materials.
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Scheme 49.

The reaction of FormCN with BF3 · OEt2 in the pres-
ence of triehylamine does not lead to four-coordinate
boron complex with formazanate O,N,N,O-coordina-
tion, as in the case of aluminum compounds 111–114,

since in this case, five-membered chelate rings that could
be formed would have been too strained; instead, a mix-
ture of sterically less crowded compounds 115–119 is
formed during the reaction (Scheme 50) [59].

Scheme 50.

The tetradentate ONNO ligand formed upon
condensation of 3,5-di-tert-butylcatechol and eth-
ylenediamine reacts with one equivalent of AlEt3 in
THF to give the expected ethyl aluminum complex

120, whereas addition of a non-polar solvent (pen-
tane) to the reaction mixture is accompanied by the
formation of dimer 121 (Scheme 51) [60]. The
coordination geometry of each five-coordinate
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metal center in 121 is a nearly perfect square pyra-
mid with the base being formed by planar coordina-
tion of the tetradentate ONNO ligand and the api-
cal position being occupied by the bridging nitrogen
atom. Dimer 121 reacts with two equivalents of ben-
zyl alcohol at room temperature to give alkoxide
derivative 122. Complexes 120–122 exhibit a high

catalytic activity towards ring opening polymeriza-
tion of rac-lactide at room temperature; further-
more, the catalyst system can be generated in situ
from ONNO and AlEt3 in THF after the subsequent
(15 min later) addition of a benzyl alcohol–rac-lac-
tide mixture (1 : 100).

Scheme 51.

Tetradentate N,N'-bis-(iminophenol)acenaph-
thene (Phen-BIAN) reacts with UO2(OAc)2 in eth-
anol to give diamagnetic oxide-bridged dimer 123
containing two uranyl metal centers and Phen-
BIAN coordinated in the tetradentate fashion; as a
result, each UO2 center occurs in a pentagonal-

bipyramidal coordination environment (Sche-
me 52) [61]. The electrochemical reduction of the
complex demonstrates a wide range of uranium oxi-
dation states that can be attained via the formation
of U(VI)/U(V) and U(V)/U(IV) mixed-valence
derivatives in solution.

Scheme 52.

In conclusion, it is noteworthy that the field of
chemistry addressing metal complexes with various
redox-active ligands has been intensively developed in
recent years and is covering more and more com-
pounds. New types of organic ligands capable of

changing the oxidation state within a metal coordina-
tion sphere are synthesized and known redox-active
systems are deliberately modified. The o-iminoqui-
none ligands possess a great potential for such a mod-
ification, which is attained by introducing various
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functional substituents into the nitrogen-containing
moiety [62–74]. One more promising trend in this
area is reflected by the first studies of o-iminoquinone
complexes of rare earth elements and actinides [37–
42, 53, 55–57, 61].
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