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Hetero-polynuclear complexes
�-Diketones
�-Diketophenols
Poly-�-diketones
Poly-�-diketophenols
Photophysical properties

The synthetic procedures aimed at introducing a progressively increasing number of carbonyl groups
inside the coordination moiety or at further inserting phenol groups at the end of or between the polyke-
tone moiety and the formation of the related homo- and heteropolynuclear complexes are reported
together with the stereochemical, magnetic and optical properties arising from these aggregations. The
ability of poly-�-diketones in the selective separation of specific metal ions across liquid membranes is
also evaluated. Furthermore, the development of the resulting complexes into the third direction, via coor-
dination of appropriate bridging groups, with the formation of discrete or polymeric systems is illustrated
in detail. Finally, the insertion of additional donor groups at the periphery or between the �-diketonato
moieties was taken into consideration, together with the role of specific spacers with or without additional

culiar
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. Introduction

Classical �-diketones and related ligands have been studied for
ore than a century and their ability to give rise to a rich and inter-

sting coordination chemistry is well documented [1–13]. They act
nder appropriate conditions as uninegative O2-chelating donors,
apable of stabilizing mononuclear or polynuclear complexes. In
articular, their keto-enol tautomerism (Scheme 1) was studied in
olution by IR and NMR spectroscopy and in the solid state by X-ray
ingle crystal diffraction [9–13]. Two excellent reviews appeared
hile our paper was in preparation or under referees evaluation

12,13].
A special class is represented by the �-diketone 2-hydroxy-

,4,6-cycloheptanetrione (tropolone), its substituted derivatives
nd the related �-hydroxyketones, which form quite stable com-
lexes with d- and f-metal ions, where up to four or five ligands are
rmly coordinated to the metal ion to complete the coordination
equirements [14,15].

There is a growing amount of literature which especially deals
ith the possible applications of these complexes as components

f molecular devices or as precursors in the formation of new mate-
ials. Phosphors for lighting and high efficiency electroluminescent
evices for light-emitting diodes, contrast agents for medical mag-
etic resonance imaging, NMR shift reagents, transport carriers
f alkali metal ions across biological membranes, luminescent
robes for proteins and amino acids, light-emitting sensors in fluo-
oimmunoassays, tags for time-resolved luminescent microscopy,
agnetically addressable liquid crystals, magnetic alloys for refrig-

ration, superconducting materials, specific redox reagents for
hemical transformation or molecular-based information, acid cat-
lysts for sophisticated organic transformations or for the cleavage
f phosphodiester bridges in RNA, fully justify the efforts made to
ontrol the metallic sites and to selectively introduce specific metal
ons into organized assemblies [16–31].

The photophysical characterization both in solution and in the
olid state of complexes and polymers containing d- and/or 4f-
etal ions is relevant in determining the complexes with the best
erformance for their successful application as emitting layers in
ight-emitting diodes for display applications. However, the archi-
ecture of the device is also of major importance, to allow for
ood charge transport and recombination and thus obtain pure
olours and high emission quantum efficiency. The usually broad

Scheme 1. Keto-enol tautomerism in �-diketones.
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architectures and properties of the resulting complexes.
© 2008 Published by Elsevier B.V.

mission from organic molecules and transition metal complexes,
hich occurs either from singlet or from LMCT states, requires the
se of filters to obtain monochromatic colors. Further, tuning of
evice parameters can lead to changes in colour. Organometallic

ridium(III) and lanthanide(III) phosphorescent compounds have
een widely studied and applied as emitters in high efficient
rganic light-emitting diodes [32,33].

Considerable interest has been recently shown in the prepa-
ation and photophysical characterisation of heterometallic d,
-complexes, in which the strong absorption of light by MLCT tran-
itions associated with d-block fragments, typically ruthenium(II),
smium(II), rhenium (I) or platinum(II) is used to sensitise lumines-
ence from lanthanide(III) ions with low-energy f–f excited states.
his allows near-infrared emission from lanthanide(III) ions to be
enerated by energy-transfer from the strongly-absorbing d-block
ntenna group. In the lanthanide(III) ions the emission comes from
–f transitions. Due to the core nature of the 4f electrons, which are
hielded from the coordination environment by the 5s25p6 elec-
rons, little vibrational coupling with the environment is seen, and
he emission bands are narrow and ion-specific, leading to pure
olours and potentially high emission efficiencies.

The fields of application of the emitting lanthanide(III) com-
lexes depend on the emission wavelength. Ions with transitions in
he visible range of the spectrum are utilized for television screens
nd LEDs, in liquid crystals, as well as in fluoroimmunoassays and
n biophysical applications. The ions which emit in the near-IR have
ound application in lasers and could also be useful for telecommu-
ications and optical amplifiers. Although these complexes were
uccessfully utilized as emitting layers in LEDs, it is more efficient
o incorporate the organometallic or coordination complexes into
olymers, which can additionally function as charge-transport lay-
rs to facilitate the formation and confinement of excitons. More
ecently, efforts were started in the utilization of polymers with
ovalently attached emitting complexes, to avoid phase separation
uring operation and consequent loss of the emitting layer. In addi-
ion, polymers have the advantage of displaying higher flexibility
nd mechanical stability, as well as ease in processability and device
ntegration [32,33].

The functionalization of these complexes at the periphery of the
oordination moiety or their grafting on suitable platforms gives
ise to supramolecular structures capable of originating organized
ystems with peculiar chemical and/or physical properties. Thus,
he insertion of additional donor atoms at the periphery of the
helating moiety gives rise to a series of quite interesting self-
rganizing systems, containing similar or dissimilar metal ions,
hich form planar or tridimensional metal organic frameworks
ith defined porosity.
Furthermore, the increasing of carbonyl groups with the con-
equent formation of tri- or tetraketones and bis-�-diketones
r bis-�-triketones (Scheme 2) allowed for the formation of
ell defined homo- and/or hetero-polynuclear complexes with



P.A. Vigato et al. / Coordination Chemistry Reviews 253 (2009) 1099–1201 1101

out a

p
t
i
o
o
q
m
c
p
a
4
p
f

o
w
s
g
b
n
o
r
g
a
p
t
t
b
t

a
t
h
t
a
i

t
k
m
g

t
c
t
s
t
t
b

2

k

Scheme 2. Poly-�-diketones with or with

eculiar physico-chemical properties, arising from the coordina-
ion of equal or different metal ions, in close connection and
nteracting with each other through the carbonyl bridges. More-
ver, these ligands generally coordinate in the equatorial plane
f metal ions as copper(II), nickel(II), cobalt(II), giving rise to
uite flat complexes which can contain coordinating solvents or
onodentate ligands in the axial positions. These axial ligands

an be exchanged by stronger coordinating ligands which, when
otentially bridging linkers as 4,4′-bipyridine, pyrazine, 4,4′-trans-
zopyridine, 2,2′-dipyridylamine, 1,4-diazabicyclo[2,2,2]octane,
,4′-dipyridyl sulfide, 2,2′-bipyrimidine, self-organize into oligo- or
olymeric-species with quite sophisticated architectures and new
unctionalities and properties.

Also, the introduction of a suitable spacer with or with-
ut additional donor groups between the �-diketonate moieties
as successfully carried out. Thanks to the template ability of

pecific metal ions, such as nickel(II), copper(II), cobalt(II), man-
anese(II), zinc(II), cadmium(II), vanadyl(IV) or uranyl(IV), two
is-�-diketonates can be ordered in such a way as to offer two,
ot immediately adjacent, O2O2 compartments for the recognition
f equal or different metal ions through one or sequential specific
ecognition processes. Of course, when iron(III), manganese(III),
allium(III) or lanthanide(III) ions are employed as templating
gents, three bis-�-diketones can be accommodated in the appro-

riate coordination environment of these metal ions giving rise to
wo tridimensional O2O2O2 chambers, with the consequent forma-
ion of helicate structures. The further presence of donor groups
etween the two �-diketonate moieties gives rise, upon complexa-
ion, to three adjacent compartments, two external O2O2 or O2O2O2

�
p
t
i
s

spacer and their keto-enol tautomerism.

nd one inner O2X2nO2 or O2O2X3nO2O2 (X = N, O, S; n = 1,2) with
he easy formation of homo- or heterotrinuclear complexes and/or
omodinuclear complexes which can selective encapsulate into
he free coordination chamber alkali or alkaline metal ions, whose
dditional presence favours the evolution of discrete complexes
nto polymeric ones.

Finally, the insertion of phenol groups at the end or between
he carbonyl moieties generates an interesting series of �-
etophenolate systems (Scheme 3), capable of securing up to eight
etal ions in close proximity, the metal ion assembly being mainly

overned by the presence or the release of the phenol protons.
All these typologies of �-diketonate or �-diketophenolate sys-

ems offer a wide chance to study the properties of the related
omplexes and to set up the best synthetic procedures for directing
he chemical reactions toward discrete, bidimensional or tridimen-
ional systems, varying the metal ion and/or its oxidation state,
he number of carbonyl or phenol groups engaged in coordination,
he additional donating groups of the ligands and/or the type of
ridging ligand.

. Aim of the review

The review is aimed at giving an overview of the well
nown �-diketones and �-ketophenols and related complexes (the

-diketones and related derivatives are also inserted for com-
leteness) and their evolution into more sophisticated systems
hrough functionalization or insertion of progressively increas-
ng number of donor groups (i.e. carbonyl and phenol groups,
pacers with or without donor atoms) for obtaining quite com-
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Scheme 3. Keto

lex systems with peculiar and interesting properties to be
pplied in basic and applied chemistry and technology. The role
f these systems as molecular components or precursors in the
esign of new materials, devices or probes is another goal of the
aper.

The formation of discrete, oligomeric or polymeric complexes
ia the insertion of additional appropriate bridging groups and the
tereochemical and physico-chemical (especially, magnetic optical
nd electrochemical) properties arising from these supramolecu-
ar architectures, together with the role of the different metal ions
especially d-and 4f-metal ion) in determining stereochemistry and
roperties of the resulting complexes represent relevant aspects,
onsidered in the present review.

. �-Diketonato complexes and related derivatives

Tropolone (2-hydroxy-2,4,6-cycloheptanetrione) and its substi-
uted derivatives (H–1a· · ·H–1d) can be classified as �-diketones,
apable of acting in consequence of deprotonation as strong biden-
ate oxygen donor chelators of metal ions. Thus, �-diketones and
-diketones share many common features: both ligands are biden-

ate and both bond through delocalized chelate rings formed
hrough two oxygen atoms. The smaller bite distance and angle
nd the increased delocalization over the larger tropolonato aro-

atic system give rise to an increased coordination number at the
etal center and change in the physico-chemical properties and

eactivity [34,35].
In the past H–1a was successfully used for the preparation, by its

eaction with a wide variety of metal(II) salts, of [M(1a)2] (M = CuII,

s
b
u
T
t

ol derivatives.

iII, CoII, PdII, ZnII, PbII, FeII, MnII, HgII, SnII, BeII, MgII, CaII, SrII,
aII) which are volatile enough to be purified by sublimation with-
ut decomposition, except [Fe(1a)2] where a partial oxidation to
Fe(1a)3] occurs [35].

[Cu(1a)2] exists as a sandwich-type dimer: two square pla-
ar monomers are stacked face-to-face. The related mesomorphic
ubstituted tropolonato complexes [Cu(1b)2] are also square pla-
ar with a rod-like calamitic structure, while the packing in the
rystals shows a similar arrangement to that in the smectic C
hase. There is no Cu· · ·Cu interaction, the closest Cu· · ·Cu approach
eing at 6.413 Å. The nickel(II) and oxovanadium(IV) complexes of
–1b, despite having melting points (50 and 90 ◦C, respectively)

ower than the related copper(II) analogues, do not display any
esophase. An octahedral environment about the nickel(II) ion was

roposed [36].
[Cu(L)(tmeda)][B(C6H5)4] (H–L = H–1a, H–1c), prepared by

uCl2·2H2O, N,N,N′,N′-tetramethylethylenediamine (tmeda) and
–1a or H–1c, crystallizes as [Cu(L)(tmeda)(ClCH2CH2Cl)][B(C6H5)4]
nd [Cu(L)(tmeda)(CH3COCH3)][B(C6H5)4] with the copper(II) ion
oordinated by two tropolone oxygen atoms and two diamine
itrogen atoms. The axial interaction with a dichloroethane
olecule is weak whereas the axial acetone molecule is firmly

oordinated to the copper(II) ion, giving rise to a square pyramidal
oordination. These complexes, fairly soluble and remarkably

olvatochromic in a large variety of solvents, are useful as Lewis
asicity indicators in solution because their d–d bands contin-
ously shift to red with increasing donor number of solvent.
he addition of various anions to these solvatochromic sys-
ems leads to a quantitative view of the competition between
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Fig. 1. Structure of [Zn(1a)2]n (

olvent and anion molecules for coordination to the metal(II)
enter [37].
The related �-hydroxyketones 3-hydroxy-2,6-disubstituted-
-pyranone (H–2a· · ·H–2c) and 3-hydroxy-1,2-disubstituted-
-pyridinone (H–3a· · ·H–3c) form the similar complexes
M(L)2]·nH2O when reacted with the appropriate transition or non-
ransition metal(II) ion [38–40]. The structure of [Zn(2a)2]·1.5H2O
[Zn(1c)2(C2H5OH)]2 (b) [39].

an be viewed as layers of · · ·ABA· · ·ABA· · · sandwiches with layers
consisting of five coordinate, square pyramidal complexes, and

ayers B of six coordinate octahedral complexes. A five coordination
s also adopted by [Sn(3a)2], where the coordination environment
s very similar to that of [Sn(1a)2] [39]. In [Zn(3a)2] the zinc(II) ion
s five coordinate in a distorted square pyramidal geometry while
n [Pb(3a)2] each lead(II) ion is in a O5 environment, two oxygen
toms acting as bridging groups to give a dimeric structure [38].
inally, SnCl4 and H2–3a afford [Sn(3a)2(Cl)2], which contains two
is chloride anions [40].
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The complexes [M(1a)2] (M = NiII, CoII) appear to be oligomeric
hile in [Zn(1a)2] each tropolonato ligand chelates to the zinc(II)

on and, in addition, bridges an adjacent zinc(II) ion giving
ise to coordination polymer in which Zn2O2 rhomboids are
inked in a orthogonally alternating manner and each metal
on is distorted octahedral (Fig. 1a). [Zn(1c)2] in ethanol affords
Zn(1c)2(C2H5OH)]2 whose structure was described as an ethanol-
apped dimeric fragment of the polymer adopted by [Zn(1a)2]. The
wo [1c]− ligands chelate the zinc(II) ion; one has also a bridging
ole. The remaining coordination site of each octahedral zinc(II) ion
s occupied by an ethanol oxygen (Fig. 1b) [39].

[Sn(1a)2] adopts a pseudo-five coordinate SnO4E (E = lone pair)
everely distorted trigonal bipyramidal structure with one equa-
orial site occupied by a stereochemically active lone pair (Fig. 2a)
39].

In the six coordinate tin(IV) complexes [Sn(L)2(X)2] (H–L = H–1a,
–1c; X = Cl, Br, I), prepared by reaction of SnX4 and H–L, the
wo halogenide anions are cis to each other, as ascertained for
Sn(1a)2(Cl)2] (Fig. 2b) [40]. Furthermore, SnCl4 and H–1b (in a
:2 molar ratio) in benzene/methanol afford [Sn(1b)2(Cl)2] which
volves into [Sn(1b)3(Cl)] in the presence of [Na(1b)] [34,40]. A mix-
ure of [Sn(CH3)3(Cl)] and [NH4(1a)] gives rise to [Sn(1a)(CH3)3],

p
d
s
f
r

y Reviews 253 (2009) 1099–1201

here the tin(IV) geometry is intermediate between square pyra-
idal and trigonal bipyramidal as occurs also in [Sn(1a)(C6H5)3].

oth in the solid state and in solution [Sn(1a)(CH3)3] demethylates
o [Sn(1a)2(CH3)2], where the octahedral tin(IV) ion is surrounded
y the two [1a]− chelating ligands and two cis-methyl groups [41].

Heating IrCl3 with an excess of H–1a and sodium acetate
n water forms [Ir(1a)3] together with a polymeric red-black
olid which, by addition of [Zn(CH3)3] in tetrahydrofuran/pyridine,
ffords [Ir(1a)2(CH3)(py)]. The octahedral iridium(III) ion is equa-
orially coordinated by two chelating [1a]− ligands and axially by a

ethyl group trans to a pyridine molecule. At high temperature the
ethyl group can be substituted by various solvents (cyclohexane,
esitylene, benzene, acetone, etc.) proving the ability of this com-

lex to activate the C H bond of these molecules with an activation
apability higher than that of the related acetylacetonate complex
42].

[M(1a)4] or [M(1c)4] occur for M = PbIV, SnIV, ThIV, UIV, PaIV,
pIV, PuIV. NMR studies of the contact and pseudocontact shifts
f the eight coordinate complex [U(1c)4], using [Th(1c)4] as the
iamagnetic analogue, indicate that the uranium(IV) complex has
is-disphenoid structure in CHCl3 and a D4 square antiprism struc-
ure in dimethylsulfoxide [43].

AnCl4 (An = ThIV, PaIV, UIV, NpIV, PuIV) and [Li(1a)] afford in
xygen-free dichloroethane [An(1a)4] which, with the excep-
ion of the neptunium(IV) and plutonium(IV) complexes, form
An(1a)4(DMF)] by recrystallization from oxygen-free dimethylfor-

amide, as confirmed by the X-ray structure of [Th(1a)4(DMF)],
here the monocapped square antiprismatic nine coordina-

ion about the thorium(IV) ion is formed by eight oxygen
toms from four bidentate [1a]− ligands and one dimethylfor-
amide oxygen (Fig. 3). The complexes [An(1a)4] evolve into

i[An(1a)5] when reacted with [Li(1a)] in oxygen-free DMF. Fur-
hermore, [Pa(1a)4(X)] (X = Cl−, Br−), prepared by PaCl5 and
–1a in CH2Cl2, reacts with [Li(1a)] in ethanol at 60 ◦C to form

Pa(1a)4(C2H5O)], which turns into [Pa (1a)4(ClO4)] by the addition
f HClO4 in acetone. Finally, [Pa(1a)4(Cl)] in DMSO/CH2Cl2 forms
Pa(1a)4(Cl)(DMSO)] [44].

Because of their similar charge to ionic radius ratios, the
erium(IV) ion is a generally accepted structural analog for the
lutonium(IV) ion, and thus the complexes [Ce(L)4] (H–L = H–2a,
–2d) have been employed as structural models for the cor-

esponding [Pu(L)4] structures. The expectation of structural
orrelation between the plutonium(IV) and cerium(IV) complexes
as met in the near identical [M(2a)4] crystal structures, which

xhibit a tetragonal dodecahedral coordination geometry. How-
ver, substitution of [2a]− for [2d]− led to a dramatic change in the
oordination polyhedron about the cerium(IV) ion, particularly the
igand orientation about the metal ion, a result that was surprisingly
bsent in the analogous plutonium(IV) structure [45].

[Mo2O4(1a)2(OC2H5)2], prepared by H–1a and [Mo2O4]2+ which
erives from Na2MoO4·2H2O and hydrazinium dichloride in HCl,
hows a [MoO(�-O)2MoO]2+ core in a syn configuration, with a
o· · ·Mo distance of 2.564 Å. The distorted octahedral coordination

eometry of each molybdenum ion is completed by a tropolonato
nd an ethanol ligand (Fig. 4a) [46].

H2–4, containing two molybdenocene-tropolonato groups
ppended to the upper ring of a calix-[4]-arene platform via
hotoactive azo spacers in order to change the properties of
he resulting calixarene in response to light, was prepared by
eaction of calix-[4]-arene with methyl-p-toluensulfonate in the

resence of K2CO3 followed by treatment of the resulting 1,3-
imethoxy-calix-[4]-arene with an excess of tropolone-diazonium
alt. Complexation of [Mo2(C5H4)4(OH)2] (CF3SO3)2 with H2–4
orms the air stable complex [Mo2(4)(C5H4)4(OH)2] (CF3SO3)2,
esulting in a large change in the UV–vis spectrum due to the
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Fig. 2. Structures of [Sn(1a)2]

quilibrium, strongly dependent from the solvent, between the
ydrazonic form and the diiminic form of [4]− which takes place

n pyridine but not in methanol where [4]− is exclusively in the
ydrazone form [47].

Photodeposition experiments demonstrate that the uranyl(VI)
omplexes [UO2(L)2(S)] (H–L = tropolone, iso-amyltropolone,
ert-octyltropolone, tert-amyltropolone, n-hexyltropolone, n-
ctyltropolone; S = solvent) are excellent precursors for the
reparation of thin films of uranium oxides to be used as patterns

n X-ray masks. The H2–L ligands derived by alkylation of sodium

yclopentadienyl with an alkyl halide, followed by cycloaddition
ith dichloroketene and further hydrolysis of the cycloadduct

48].
In [UO2(1a)2(L)] (L = C2H5OH, C5H5N), prepared from

O2(NO3)2·6H2O and H–1a in ethanol or pyridine, the equa-

l
a
i
i
e

Fig. 3. Structure of [Th(1a)4(DMF)] (
9] and [Sn(1a)2(Cl)2] (b) [40].

orial coordination about an almost perpendicular O–U–O group
onsists of four oxygen atoms from two [1a]− ligands and one
thanol oxygen or one pyridine nitrogen (Fig. 4b) [49].

In the past [Ln(1a)3] and M[Ln(1a)4] (M = NH4
+, K+) were syn-

hesized for the whole series of the lanthanide(III) ions [34]; the
ecently solved structure of {K[Ln(1a)4]·DMF}∞ (Ln = TbIII, DyIII,
oIII, ErIII, TmIII, YbIII, LuIII), proves that the lanthanide(III) ion

s coordinated by the eight oxygen atoms of four [1a]− ligands.
he potassium cation bridges two {Ln(1a)4}− units and has a
oordination number of seven through interactions with six oxy-
en atoms from two {Ln(1a)4}− units and one oxygen atom from
dimethylformamide molecule. These lanthanide complexes are

sostructural, except the terbium(III) one, whose structure differs
bout the relative position of the potassium ion with respect to the
anthanide(III) ion. In all cases, a distorted dodecahedron around
he lanthanide cation occurs (Fig. 5a) [50].

Spectrophotometric titrations show that H–1a reacts with all
he lanthanide cations to form [M(1a)]2+, [M(1a)2]+, [M(1a)3],
nd [M(1a)4]−, successively. The calculated formation constants
f [M(1a)3] and [M(1a)4]−, K3 and K4 respectively, show dif-
erent trends that depend on the size of lanthanide cations:

og K3 increases as the size of the lanthanide decreases, as usu-
lly observed for lanthanide cations where no steric hindrance
s present between ligands upon complex formation, as the
nteraction between lanthanide cations and the ligand is mainly
lectrostatic. The strength of this interaction increases with the

a) [44] and [Pu(2a)4] (b) [45].
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Fig. 4. Structures of [Mo2O4(1a)2(OC2H5

tomic number of the lanthanide. As the atomic number increases,
he charge density on the lanthanide cation increases, leading to
arger log K3 values. The log K4 values steadily decreases as the size
f the lanthanide cation decreases, owing to the increasing steric
indrance between the four ligands in [M(1a)4]− with the smaller

anthanide cations: the ligands must be located at closer proximity

hen the effective radii of the lanthanide(III) cations decrease [50].

Luminescence lifetimes of the ytterbium(III) complex in
2O/D2O and CH3OH/CD3OD-d4 provide evidence of one coordi-
ated water or methanol molecule, indicating that the coordination

N
h
a
i

Fig. 5. Structure of {K[Yb(1a)4]·DMF}∞ (a)

Fig. 6. Structure of [M(4b)] (M = FeIII ,G
) [46] and [UO2(1a)2(C2H5OH)] (b) [49].

eometry around the lanthanide(III) cation in [M(1a)4]− in solution
s different than that in the solid state, where no solvent molecule
s bound to the lanthanide cation. Nevertheless, [1a]− is able to
ensitize several lanthanide cations that emit in the near-infrared
omain with quantum yields comparable to the highest quantum
ields reported for other lanthanide complexes that emit in the

IR domain in organic solvents. For all the complexes [Ln(1a)4],
owever, a significant residual ligand emission persists owing to
n incomplete energy transfer from the ligand to the lanthanide
on [50].

[50] and [Yb2Li4(4a)6(Cl)4] (b) [52].

aIII) (a) and [Cu(H-4b)] (b) [53].
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The air stable complexes [Ln(1c)3] (Ln = Eu, Er, Yb), derived from
–1c, NaOH and the appropriate LnCl3·6H2O, contain only traces
f water or methanol although recovered from a water/methanol
olution; they have been supposed to be dimeric or trimeric in
rder to complete the high coordination number required by the
anthanide(III) ions. The NMR spectra of [Eu(1c)3]n in (CD3)2SO
how a double pattern of [1c]− ligands, indicating the different
ole of the oxygen atoms bridging the europium(III) ions. The
ack of quenching in the fluorescence of these complexes is an
dditional proof of the absence of water in the coordination envi-
onment of the lanthanide(III) ion. These oligomeric complexes
asily turn into the monomeric ones [Ln(1c)3(phen)] in the pres-
nce of 1,10-phenanthroline. [Er(1c)3(phen)]·H2O is soluble in a
ariety of solvents and appears to be monomeric with the metal ion
n an eight coordinate environment. Thermogravimetric analyses
ndicate the loss of one non-coordinated water molecule. Again the
resence of water only in the crystalline framework and not directly
onded to the central metal ion is proved by the photophysical
ehaviour [51].

A functionalization at the periphery of the chelating nitrogen-
ontaining ligands was introduced in order to allow them to serve
s dinucleating ligands towards equal or different lanthanide(III)
ons. 1,10-Phenanthroline-5,6-dione (pdon) is a ditopic ligand

hich contains two well separated coordinating sites, one con-
aining two nitrogen atoms and one containing two oxygen atoms,
oth suitable for lanthanide(III) complexation. Thus, the reaction
f [Er(1c)3]n with pdon in anhydrous methanol in a 1:1 molar
atio under reflux affords [Er(1c)3(pdon)]·0.2H2O with the lan-
hanide(III) ion coordinated to the two nitrogen atoms of the
unctionalized phenanthroline. This mononuclear complex reacts
n equimolar amount of [Er(1c)3]n in anhydrous hot methanol
o produce [Er2(1c)6(pdon)]·H2O, as proved by ESI–MS spectrom-
try and IR and NMR spectroscopy. The erbium(III) complexes
how efficient NIR emissions at about 1550 nm upon excitation
t 355 nm in the UV ligand absorption band, emerging as possible
andidates as active materials of plastic amplifiers for telecommu-
ication. In particular [Er(1c)3]n, [Er(1c)3(phen)], [Er(1c)3(pdon)],
nd [{Er(1c)3}2(pdon)] show photoluminescent efficiency values at
550 nm larger than that for [Er(Q)3] (H–Q = 8-hydroxyquinoline),
ormally assumed as a reference material [51].

H–1a easily affords 2-(tosyloxytropone), which gives rise to
–4a in the presence of an excess of isopropylamine. [Li(4a)]6,

esulting from the treatment of H–4a with an excess of n-
utyllithium in toluene, contains an hexameric core of two Li3O3
ings each showing a chair conformation. The aminotroponate
oieties bridge both six-membered rings. Each lithium(I) ion is

etracoordinate. H–4a and KH afford [K(4a)] which reacts with
nCl3 (Ln = Y, Lu) to form [Ln(4a)3] whose structure was not
eported yet. On the contrary, a 2:1 mixture of [Li(4a)]6 and YbCl3
roduces [Yb2Li4(4a)6(Cl)4], where two {Yb(4a)3}units are bridged
y four {LiCl} units. Each heptacoordinate ytterbium(III) ion is sur-
ounded by three [4a]− ligands and one chloride ion. The center of
he complex contain a {Li–Cl–Li–Cl} square with two square pla-
ar lithium(I) ion surrounded by two chloride and two the oxygen
toms of the [4a]− ligands, while the other two tetracoordinate
ithium(I) ions are coordinated by two chloride anions and two
etrahydrofuran oxygen atoms (Fig. 5b) [52].

The amide derivative [Ca(L)2(THF)2] (H–L = [N{Si(CH3)2}]−)
eacts with H–4a in tetrahydrofuran or H–4a and N-isopropyl-
-(isopropylamino)troponeimine (H–L′) in toluene to afford

he dinuclear complexes [Ca(4a)2(L)2(THF)2] and [Ca(4a)2(L′)2],
espectively. In the former complex, each metal ion is asymmet-
ically bridged by the oxygen atoms of the [4a]− ligands, the
oordination environment being completed by two amide nitro-
en atoms, one from [4a]− and the other from [L]−, and by one

F
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etrahydrofuran oxygen. In the latter complex the two five coordi-
ate metal ion are symmetrically bridged by the oxygen atoms of
he [4a]− ligands. The distorted trigonal bipyramidal environment
bout each calcium(II) center is completed by the amide nitrogen
f a [4a]− chelate and the two nitrogen atoms of one [L′]− ligand
52].

One equivalent of 1,4,7-triazacyclononane, 3 equiv. of 5-
ydroxy-2-hydroxymethyl-4H-4-pyranone and an excess
ormaldehyde give H3–4b, which in the presence of appropri-
te metal salt, forms the isostructural [M(4b)] (M = FeIII, GaIII,
nIII) or [Cu(H-4b)]·3H2O. In [M(4b)], the coordination about the

etal(III) ion is a distorted octahedron with three amine nitrogen
toms occupying one face and the opposite face being occupied
y three enolate–oxygen atoms (Fig. 6a). In [Cu(H-4b)]·3H2O
he copper(II) ion is square pyramidal with [H-4b]2− acting as a
entadentate ligand through the three tertiary amine nitrogen
nd two enolate oxygen atoms. One of the three 3-hydroxy-4-
yrone chelating arms remains free and protonated (Fig. 6b).
he cyclic voltammogram of [Fe(4b)] exhibits a quasi-reversible
edox wave at E1/2 = −0.53 mV (reference electrode Ag/AgCl) from
he {FeIII(4b)}/{FeII(4b)}− couple, whereas [Cu(H-4b)] shows an
rreversible one-electron reduction of [CuII(H-4b)]/[CuI(H-4a)]− at
pc = −0.87 V. These low redox potentials indicate that the iron(III)
on in [Fe(4a)] and the copper(II) ion in [Cu(H-4b)] are preferen-
ially stabilized by the macrocyclic ligand. Variable temperature
H NMR spectra show that [Ga(4b)] is more rigid than [In(4b)]
53].

. �-Diketonato complexes with oxygen donor ligands

.1. Complexes with d-transition and non transition metal ions

�-Diketones react with stoichometric amounts of the appro-
riate metal(II) ion to form [M(�-dike)2]n (n = 1–4) and [M(�-
ike)2(S)n] (n = 1, 2) in non coordinating and coordinating solvents,
espectively. On gentle heating, the solvent molecules can be
emoved from [M(�-dike)2(S)n] with the consequent formation of
he mononuclear complexes [M(�-dike)2] which, in the absence of
dditional coordinating ligands, quite often turn into the di- or -
olynuclear ones by oligomerization through the bridging oxygen
toms, as observed in [Ni3(5)6] [54] and [Co4(5)8] [55]. The struc-
ure of [Ni3(5)6] shows that the three nearly octahedral nickel(II)
ons are in the linear trimeric array, resulting from the sharing of tri-
ngular faces of adjacent octahedral. A [5]− oxygen is at each apex of
inear triad of fused octahedra. The intramolecular Ni· · ·Ni distances
re 2.882 and 2.896 Å. The closest intermolecular Ni· · ·Ni distance
s ∼8 Å. A similar octahedral coordination about each metal(II)
on was found also in [Co4(5)8]. Ferromagnetic coupling between
djacent ions and a smaller antiferromagnetic interaction between
he terminal ions occurs in [Ni3(5)6]. The addition of an excess of
-diketone to [M(�-dike)2]n avoids oligomerization forming [M(�-

ike)3]− as found for [Co(5)3]− [54,56].
[M(6)2(H2O)2] (M = NiII, ZnII, CdII), prepared from H–6 and the

ppropriate metal salt in ethanol, gives rise to [M(6)2(py)2] in pyri-
ine, with the nickel(II) ion in a trans-configuration and the zinc(II)
nd cadmium(II) ones in a cis-configuration. [M(6)2(H2O)2] evolves
nto [M(6)2], when heated at 100 ◦C in non coordinating solvents.

hen heated at 215 ◦C for 30 min or in benzene at 70 ◦C for sev-
ral days, [Ni(6)2] forms [Ni3(6)6] and [Ni3(6)6]·2C6H6, respectively.

urthermore, [Zn2(6)4] results from evaporation at 70 ◦C of a ben-
ene solution of [Zn(6)2] [57].

The structure of [Ni(6)2], similar to that of the copper(II) and
alladium(II) analogues, contains a square planar metal(II) ion sur-
ounded by four oxygen atoms from two chelating [6]− ligands. On
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he contrary, in [Zn(6)2] a very distorted tetrahedral coordination
bout the metal ion occurs [57].

[Ni3(6)6] has a linear Ni3 cluster (Ni· · ·Ni distances of 2.811 Å)
urrounded by chelating and bridging [6]− ligands. Each nickel(II)
on is in an O6 distorted octahedral environment of six oxygen
toms from the [6]− ligands (Fig. 7a). [Ni3(6)6]·2C6H6 has a very
imilar structure with the benzene guests filling up the cavity
paces [58].

In [Zn2(6)4] two [6]− ligands chelate to each zinc(II) ion by four
xygen atoms, while one oxygen atom also bridges to the neigh-
ouring zinc(II) center. The coordination environment of the zinc(II)

ons is intermediate between trigonal bipyramidal and square pyra-
idal (Fig. 7b) [57].
In [Pb(5)2], obtained by refluxing an acetylacetone/toluene mix-

ure over the lead foil, the lead(II) ion is chelated by two [5]− ligands,
iving rise to a distorted square pyramidal PbO4 geometry. Short
ontacts among neighbouring molecules give rise to zigzag chains
58].

[Pb(6)2] contains polymeric chains of the dimeric {Pb2(6)4}
nits, linked through hexa–hapto-interactions of the lead(II) ions
ith phenyl groups from adjacent units. Each lead ion also appears

o be involved in intraunit dihapto–aromatic interactions, thus
ttaining a total hapticity of 13. Thus, rather than an highly
nusual PbO5 coordination sphere, the complex has been consid-
red to contain a tridecahapto PbO5C8 center with an irregular
ut “holodirected” coordination sphere. [Sn(6)2] strongly resem-
les the lead(II) analogue with the SnO5 unit “hemidirected” and
here both �2- and �6-interaction with ligand phenyl groups occur

hrough the face remote from the oxygen donors. The interactions,
iving rise to a polymeric form in the solid, are stronger for the
ead(II) than for the tin(II) complex [59].

[Pb(7)2], obtained from equivalent amounts of Pb(CH3COO)2
nd [Na(7)] in water at room temperature, contains a four coor-
inate lead(II) ion, chelated by the oxygen atoms of the two
7]− ligands; the coordination sphere around the lead ion can be
escribed as a square pyramid with four oxygen atoms forming the
quare plane and the lone pair of electrons at the axial position.
he structure of [Pb(8)2], obtained from Pb(CH3COO)2 and [Na(8)],
s similar to those of [Cu(7)2] and [Ni(7)2] but differs from that of
Pb(7)2] as it is based on a dinuclear {Pb2(8)4} unit, where each
ead ion can be viewed as seven coordinate, chelated by the oxy-
en atoms of two diketonate ligands, the coordination environment

eing completed by one fluorine and two further bridging oxygen
toms [60].

The family of butterfly-type tetrametallic vanadium alkox-
de clusters [V2

III(VIVO)2(5)4(OCH3)6], [(VIVO)4(5)2(H-tea)2
OCH3)2] and [(VIVO)4(5)2(L)2(OCH3)2] (H3-tea = triethanolamine;

f
r
s
t
m

Fig. 7. Structure of [Ni3(6)6] (a) [
y Reviews 253 (2009) 1099–1201

2–L = N,N′-bis-(2-hydroxyethyl)-N′-(2-pirrolylmethylidene)ethy-
enediamine), was recently enlarged to [V2(VO)2(5)4{RC(CH2
)3}2], [V2(VO)2(5)2(C6H5COO)2{CH3C(CH2O)3}2], [V4Cl2(6)4
RC(CH2O)3}2] (R = CH3, C2H5, CH2OH), and [V4Cl2(6)4(CH3O)6].
n particular, the V2

IIIV2
IV complexes [V2(VO)2(5)4{RC(CH2O)3}2]

re prepared by heating equimolar amounts of [V(5)3], [VO(5)2]
nd RC(CH2OH)3 in CH3CN under reflux for 12 h; the same prod-
cts are also isolated, but in much lower yields, when [VO(5)2]

s omitted from the reaction. Their similar structure (Fig. 8a)
ontains four coplanar metal ions at the corners of a rhombus
ound by two triply deprotonated, �2,�2,�3-[R(CH2O)3]3− ligands.
he two vanadyl(IV) ions are easily detectable as they have the
haracteristic V O group, whereas the other two vanadium(III)
ons are in a regular octahedral geometry. Each �2-arm of the
ris-alkoxides bridges an edge of the rhombus. The �3-arms
f the two tris-alkoxides bridge three adjacent vanadium ions,
orming a butterfly core. A chelating diketonate completes the six-
oordination at each metal ion. The structures of these complexes
re closely related to the tetrametallic mixed-valence V2

IIIV2
IV

luster [V2(VO)2(5)4(OCH3)6] where six methoxides take the place
f the two [CH3C(CH2O)3]3− groups in these complexes. The V4

III

lusters [V4(6)4(Cl)2 {RC(CH2O)3}2] (R = CH3, C2H5, CH2OH) have
een isolated from the reaction at 15 ◦C for 16 h of [VCl3(THF)3],
C(CH2OH)3 and [Na(6)] in tetrahydrofuran or acetonitrile under
naerobic conditions. In these complexes, each vanadium(III) ion
as a chelating [6] ligand; also two vanadium(III) ions have a
erminal chloride (Fig. 8b). The similar reaction in methanol and
n the absence of the triol yields [V4(6)4(Cl)2 (OCH3)6], where
ix methoxides replace the six arms of the two tris-alkoxides
f [V4(6)4(Cl)2 {RC(CH2O)3}2] (R = C2H5, CH2OH) (Fig. 8c). All
hese clusters are dominated by antiferromagnetic interactions
61].

A simple method for obtaining heterotrinuclear complexes
as recently reported for [Pt2Co(5)2(�-CH3COO)4], prepared from

Pt(5)2] and Co(CH3COO)2·4H2O in air and in acetic acid at 110 ◦C.
he central, slight distorted tetrahedral cobalt(II) ion is coordinated
o four oxygen atoms of two bridging acetates which connect it to
ach square planar platinum(II) ion whose coordination sphere is
ompleted by the two oxygen atoms of a [5]− chelate (Fig. 9). The
ynthesis requires air oxygen, while no reaction between [Pt(5)2]
nd Co(CH3COO)2·4H2O occurs in argon. A rather complicated
athway was proposed where the intermediate cobalt (III) species,

ormed in the oxidative CoII/O2 system, remove [5]− (e.g., by its free
adical oxidation to CH3COOH) from the platinum(II) coordination
phere, facilitating the entry of cobalt (II) acetate into the coordina-
ion vacancies thus formed. Noticeably, zinc(II) acetate, where the

etal ion is not oxidizable, does not react with [Pt(5)2] [62].

58] and [Zn2(6)4] (b) [57].
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ing [10] ligands [64]. Furthermore, the actinide ions, showing a
wider range of oxidation states (III–VII), form a larger variety of �-
Fig. 8. Structure of [V2(VO)2(5)4{CH3C(CH2O)3}2 (a), [V4(

The stacked homo- and heterodinuclear complexes
[M(6)2][Cu(9)2]}, (M = CuII, PtII, PdII), are achieved by mix-
ng equimolar CH2Cl2 solutions of [M(6)2] and [Cu(9)2].
[Cu(6)2][Cu(9)2]}n contains two approximately planar cop-
er(II) centers; the two complexes are alternately aligned as
olumnar stacks, with an average phenyl-pentafluorophenyl
istance of 3.610 Å (Fig. 10). Synchrotron radiation X-ray pow-
er experiments indicate that the same alignment was achieved
hrough similar arene-perfluoroarene interactions in all these com-
lexes. The M· · ·M distance at 100K was estimated to be 3.611 Å
Cu· · ·Cu), 3.605 Å (Cu· · ·Pd) and 3.592 Å (Cu· · ·Pt). The formation of
[M(6)2][Cu(9)2]} does not depend on the starting ratios of [M(6)2]
nd [Cu(9)2]. When equimolar amounts of [Cu(6)2], [Pd(6)2] and
Cu(9)2] are mixed together, {[Pd(6)2][Cu(9)2]} exclusively forms.
imilarly, [Cu(6)2], [Pt(6)2] and [Cu(9)2] in a 1:1:1 molar ratio give

[Pt(6)2][Cu(9)2]}, while [Pd(6)2], [Pt(6)2] and [Cu(9)2] in a 1:1:1
olar ratio produces a mixture (≈1:2) of {[Pd(6)2][Cu(9)2]} and

[Pt(6)2][Cu(9)2]} [63]. Non-radiative decay occurs in solid-state
uminescence and UV–vis spectroscopy of the CuPt complex,

Fig. 9. Structure of [Pt2Co(5)2(�-CH3COO)4] [62].

d
t
a

)2{CH3C(CH2O)3}2] (b) and [V4(6)4(Cl)2(OCH3)6] (c) [61].

hile [Pt(6)2] shows luminescence around 540 nm (irradiation
t 440 nm), suggesting an energy transfer between the closely
rranged platinum(II) and copper(II) complexes [63].

.2. Lanthanide and actinide complexes

The larger lanthanide(III) or actinide(III) ions afford mononu-
lear complexes where the coordination insaturation of the
omplexes [M(�-dike)3] is filled by coordinating solvent molecules
generally water) or by an additional �-diketonate ligand as occurs
or the isostructural complexes Cs[M(10)4] (M = YIII, EuIII, AmIII),
here the metal(III) ion is dodecahedrally coordinated to the

ight, essentially equivalent, oxygen atoms of the four chelat-
−

iketonato complexes, the most studied being [An(�-dike)4], with
he eight coordinate actinide(IV) ion in a dodecahedral or square
ntiprismatic environment, often isostructural with the cerium(IV)

Fig. 10. Structure of {[Cu(6)2][Cu(9)2]} [63].
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nalogues, and [UO2(�-dike)2(L)] where L is a neutral monoden-
ate ligand with the uranium(VI) ion in a pentagonal bipyramidal
nvironment. Their structure and properties were exhaustively
eviewed in the past [6].

The same behaviour was observed with the whole series of
anthanide(III) salts and variously substituted �-diketones. The
erium(III) salts, however, can give rise to additional complexes,
s found in [Ce(5)3(H-5)2], obtained from H–5, neutralized with
H3, and Ce(NO3)3·6H2O, where the distorted square antipris-
atic cerium(III) ion is coordinated by eight oxygen atoms of three

identate [5]− ligands and two unidentate H–5 ligands. Intra- and
ntermolecular H-bonds through the neutral enol H–5 unidentate
igands, result in the formation of a cyclic dimer with a Ce· · ·Ce
istance of 7.976 Å (Fig. 11a) [65]. Furthermore, [CeIV(11)4] and
[CeIII(11)4], (M = Na+, NH4

+) were obtained by mixing an aque-
us solution of CeCl3·7H2O with an ethanol solution of H–11 and
aOH or NH4OH: an excess of H–11 forms M[Ce(11)4] whereas an
xcess of CeCl3·7H2O causes oxidation to cerium(IV) with forma-
ion of [Ce(11)4]. Sublimation at reduced pressure was successful
or [Ce(11)4] and Na[Ce(11)4] while [NH4][Ce(11)4] decomposes to
NH4](11) and [Ce(11)3]. [Ce(11)4] contains an O8 eight coordinate,
quare antiprismatic cerium(IV) ion, coordinated by four bidentate
11]− ligands (Fig. 11b). The molecules are totally enveloped by the
(CH3)3 and CF3 groups and this explains the high volatility. The
olecules in [NH4][Ce(11)4], where the coordination of [11]− to
he metal centers is similar to that of [Ce(11)4], form helices by
ydrogen bridges causing the non-volatility nature of the complex
66].

CeCl3·7H2O or Ce(NO3)3·6H2O and [M(5)] (M = Na+, NH4
+)

n aqueous solution at 21 and 45 ◦C yield [Ce(5)3(H2O)2]·H2O

e
t
[
r
d

y Reviews 253 (2009) 1099–1201

r [Ce(5)3(H2O)2], respectively, whereas similar treatment of
NH4)2[Ce(NO3)6] gives only the former complex at both tempera-
ures. Desiccation of the hydrate complexes over silica gel turns the

ormer into [Ce(5)3(H2O)2], whereas the latter [Ce(5)3(H2O)2]·H2O
ndergoes decomposition rather than dehydration. Aerial oxi-
ation of [Ce(5)3(H2O)2] in dichloromethane/toluene affords
-[Ce(5)4] and �-[Ce(5)4], respectively. Careful treatment of an
queous solution of (NH4)4[Ce(SO4)4] and H–5 in aqueous ammo-
ia at pH 5 gives the unstable, light-sensitive [Ce(5)4]·10H2O whose
tructure contains layers of [Ce(5)4] sandwiched between exten-
ive hydrogen-bonded layers of water molecules which do not
nteract with the metal ion. Electrochemical experiments show
he unstable nature of [Ce(5)3(H2O)2], while the reduction of
Ce(5)4] yields well-defined cyclic voltammograms in acetonitrile
r acetone, corresponding to a quasi-reversible process. For the
CeIV(5)4]/[CeIII(5)4]− redox couple, a reversible potential of 0.22 V
ersus SHE was obtained in acetone or acetonitrile at both gold and
lassy carbon electrodes, consistent with the ease of both oxidation
nd reduction of the cerium acetylacetonate complexes as found in
he synthetic studies [67].

The complexes [Ce(�-dike)4] have been employed as precur-
ors in metal organic chemical vapour deposition (MOCVD) and
tomic layer epitaxy (ALE) or as dopants in SrS and CaGa2S2
hin films, owing to their ability to produce blue-green or green

lectroluminescent phosphors. [Ce(10)4], reported as an explana-
ory example of these complexes, derives from the reaction of
NH4]4[Ce(SO4)4]·2H2O in H2O and H–10 in toluene in a 1:4 molar
atio; its structure exhibits an eight coordinate cerium(IV) ion in a
istorted square antiprism [68].
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Fig. 12. Structures of [Tb2(10)4(CF3COO)2(H2O)4] (a) [72

The sodium salts of H–7, H–7a and H–7b react with
c(NO3)3·nH2O to form [Sc(L)3], whose structure indicates an
ctahedral coordination about the scandium(III) ion. Crystals of
Sc(7a)3] contains both facial and meridional isomers in a 2:1 ratio.
Sc(7a)3] and [Sc(7b)3], which have a lower melting point and a

igher volatility than [Sc(7)3], deposit thin films of Sc2O3 over a
ide temperature range (400–600 ◦C) [69].

[Ln(�-dike)3(H2O)n], derived from LnCl3·nH2O and [Na(�-dike)]
n water/ethanol and in a 1:3 molar ratio, can exist as the only one
r together with dimeric or oligomeric species [70]. [Y(12)3(H2O)]

t
t

(
o

Fig. 13. Structures of [Eu2(7)6(triglyme)] (
0)3(H2O)2] (b) [72] and [Gd4(10)8(OH)4(H2O)6] (c) [73].

ontains a seven coordinate yttrium(III) ion in an O7 distorted
onocapped octahedron formed by six oxygen atoms of three �-

iketonates and the oxygen of a water molecule [70] while in the
sostructural complexes [Ln(5)3(H2O)2] (Ln = La, Pr, Nd, Sm) each

etal(III) ion is surrounded by eight oxygen atoms, contributed by
−
hree bidentate [5] groups and two water molecules arranged at

he vertices of a distorted square antiprism [71].
Similar experimental conditions form [Tb2(10)4(CF3COO)2

H2O)4][Tb(10)3(H2O)2]2, where the CF3COO− bridging ligands
riginate from the reaction of the �-diketone with unreacted NaOH

a) and [La(7)3(tetraglyme)] (b) [74].
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complex acts as homogeneous catalyst in the oxidation by air of
aliphatic aldehydes, but not the aromatic ones, to the correspond-
Fig. 14. Structure of [Yb2(5)2(�-NO3)2(NO3)2(H2O)4] [75].

n water/methanol. Each eight coordinate monomeric terbium unit
omprises three chelating [10]− ligands and two water molecules
rranged in a distorted square antiprismatic geometry. The dimeric
nit consists of two distorted antiprismatic terbium(III) centers
ridged by two trifluoroacetate molecules; each of these is coor-
inated to two [11]− ligands and two water molecules (Fig. 12a and
) [72].

GdCl3·6H2O and [Na(10)] give [Gd4(10)8(OH)4(H2O)6] in
ater/ethanol and [Gd(10)3(CH3COCH3)(H2O)] in acetone. The

etramer has a distorted dicapped cubane structure, containing
our gadolinium(III) ions and four triply bridging hydroxy ligands.
ach tricapped trigonal prismatic gadolinium ion is bonded to
hree �3-hydroxo ligands, one �2- and one terminal aqua lig-
nd and two asymmetrically chelated [10]− ligands (Fig. 12c). In
Gd(10)3(CH3COCH3)(H2O)], two [10]− ligands are symmetrically
helated to the eight coordinate square antiprismatic gadolin-
um(III) ion while the third [10]− ligands is asymmetric owing to

strong intermolecular hydrogen bonding with the coordinated
ater [73].

The reaction of [Ln(7)3(H2O)2] with 2,5,8,11-tetraoxadodecane
triglyme) in hexane yields [Ln2(7)6(triglyme)] (Ln = Eu, Tb),
here two {Ln(7)3} moieties are linked by a triglyme molecule.
oth metal centres are eight coordinate in a square antipris-
atic geometry (Fig. 13a). In contrast, [La(7)3(H2O)2] and

,5,8,11,14-pentaoxapentadecane (tetraglyme) in hexane form
La(7)3(tetraglyme)] where the nine coordinate lanthanum(III) ion
inds to all three bidentate [7]− ligands and only to three of the
ve possible oxygen atoms of the tetraglyme ligand. The metal ion
dopts a square monocapped antiprismatic geometry with an oxy-
en atom capping one of the square faces (Fig. 13b). These air-
nd moisture-stable complexes have good volatility and thermal
tability [74].

Ln(NO3)3·6H2O (Ln = La, Pr, Nd, Sm) and H2–acacen, derived
rom the [2 + 1] condensation of H–5 and ethylendiamine, form
n tetrahydrofuran/cyclohexane {[Ln(H2-acacen)2(NO3)3]·C6H12}n,

here the 10 coordinate metal(III) ion is linked by three bidentate
itrate anions and four oxygen atoms from two H2–acacen ligands,
ne acting as chelate through an unusual [14]-membered ring and
he other acting as a bridging ligand. The heavier lanthanide(III)
itrates decompose H2–acacen in water and to a lower extent in
etrahydrofuran, giving rise to [Ln2(5)2(�-NO3)2(NO3)2(H2O)4] as
roved for the ytterbium(III) complex, where the nine coordinate
anthanide(III) ion contains two water molecules, two bidentate
itrate anions one of which bridges the two metal centres via one
xygen atom (Fig. 14) [75].

i
s
m

Fig. 15. Structure of [Y5(�-6)4(6)6(�4-O)(�3-O)4]5− [81].

The synthesis and structural characterisation of lanthanide
xo/hydroxyl clusters attract considerable attention since they
ave proved to be useful for a variety of applications ranging from

uminescent and magnetic materials to their use in homogeneous
atalysis and in developing synthetic nucleases for hydrolysis of
hosphate diester bonds, including those present in nucleic acids.
ecent developments have successfully revealed the formation
echanism of these finite sized molecular entities. When lan-

hanide salts, usually LnX3 (X = Cl−, I−, NO3
−, CF3SO2

−, ClO4
−), are

ydrolysed in the presence of a base, they tend to form polynuclear
xo/hydroxo aggregates on the condition that the extent of hydrol-
sis is carefully controlled. These clusters can be formed from the
anthanide salt alone or in presence of a ligand (i.e. carboxylates, �-
iketonates, alkoxides, phenoxides), in which case the term ligand
ontrolled hydrolysis is used. However, the molecular structure of
he final compound often remains unpredictable and unexpected
nd unusual assemblies have been isolated and characterised.
ecently, a reliable method for the synthesis of hydroxo-bridged

anthanide cages has been developed, whose synthetic pathway
nvolves the reaction of LnCl3·6H2O and a �-diketone in the
resence of triethylamine as a base. In general, the dimensions of
he cage depend on the size of both lanthanide(III) and the ligand:

ore bulky substituents (as phenyl groups) at the periphery of the
igand give rise to smaller metal aggregation [76–79].

[Ln5(�-6)4(6)6(�4-OH)(�3-OH)4] (Ln = EuIII, DyIII)and H5[Y5(�-
)4(6)6(�4-O)(�3-O)4], prepared by reaction of the appropriate
nCl3·6H2O with H–6 in a 1:2 molar ratio and in the presence of
(C2H5)3 [80,81], show a similar structure with a square pyra-
idal core of five metal ions surrounded by 10 peripheral [6]−

igands. Each square antiprismatic lanthanide ion is coordinated
y eight oxygen atoms. In the yttrium complex each triangu-
ar face of the square pyramid is capped by one �3-O moiety,
s occurs in [Ln9(12)16(O)2(OH)8]− (Ln = Sm, Eu, Gd, Dy, Er) [82]
r [Na(C2H5OH)6][Y9(13)16(�4-O)2(�3-OH)8]− [83]. In the square
ase, four yttrium(III) ions are linked by one �4-O atom. Six [6]− lig-
nds are terminal chelates and four are bridging chelates bonding
o two metal ions that belong to the base of the polyhedra. The api-
al yttrium(III) ion is bonded to two chelate ligands (Fig. 15). This
ng acids. For [Dy5(�-6)(6)6(�4-OH)(�3-OH)4] the appearance of
low relaxation of the magnetization below 3K is typical of single
olecular magnets [81].
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Fig. 16. Structures of [Er5(6)7(�3-OH)4(�4-OH)7(o-NO2C6

LnCl3·6H2O (Ln = Er, Tm), H–6 and o-nitrophenol (H–L) in
ethanol and in the presence of N(C2H5)3, yield the isomorphous

lusters [NH(C2H5)3][Ln5(6)7(�3-OH)4(�4-OH)7(L)3(Cl)], contain-
ng a pentanuclear square pyramidal core of lanthanide ions
urrounded by 10 peripheral ligands and a chloride anion. Each tri-
ngular face of the square pyramid is capped by one �3-O moiety.
n the square base, four lanthanide atoms are linked by one �4-O
tom. Differently from [Eu5(6)10(OH)5], where six ligands are ter-
inal chelates and four are bridging chelates bonding to two metal

ons that belong to the base of the polyhedron, in these complexes
hree of the four bridging [6]− ligands are formally substituted by o-
itrophenolato ligands. The phenolate oxygen atoms always bridge
wo lanthanide ions. Two of the three o-nitrophenolato ligands also
ind a lanthanide ion through one oxygen atom of the NO2 group,
hereas the NO2 group of the third o-nitrophenolato ligand, located

etween two lanthanide(III) ions is turned away from the cluster
ore. This generates a free coordination site on one lanthanide (III)
on, which is occupied by a chlorine atom, and results in a nega-
ively charged cluster core (Fig. 16a). The formation of the hydroxido
ridges can be explained by the presence of water in the reaction
ixture which can be deprotonated by the addition of base [84].
Under the same reaction conditions, LnCl3·6H2O (Ln = Yb, Lu)

ffords [Ln4(6)8(�3-OH)2(L)2] (H–L = o-nitrophenol) (Fig. 16b). A
omparable Ln4 core was observed also in the [Nd4(�2-,�1-
)6(5)4(�3-OH)2] and [Ln4(6)10(�3-OH)2] (Ln = Pr, Nd, Sm). Two
ypes of coordination modes are observed for the ligation of [6]−

o the ytterbium(III) and lutetium(III) centers in the tetranuclear
lusters. Of the eight [6]− ligands, six chelate the metal centers in
2-fashion, and two more both chelate and bridge two metal cen-

ers. The o-nitrophenolato ligands chelate one metal ion and bridge
nother metal ion through one oxygen atom, thus they are (�-
)-�2-coordinating. The tetranuclear core of [Ln4(6)10(�3-OH)2]

Ln = Pr, Nd, Sm) is similar to that in [Ln4(6)8(�3-OH)2(L)2] with
he [6]− ligands coordinating in a chelating and bridging fash-
on. The only difference between these complexes derives from
he presence of the two o-nitrophenolato ligands. In [Ln4(6)10(�3-

H)2], the positions of the o-nitrophenolato ligands are formally

eplaced by two more [6]− ligands, which bind in the same coor-
inating and bridging arrangement. A significant difference arises
ith respect to the ionic radius of the center metal ion: whereas the

luster size decreases from [Ln5(6)10(OH)5] or [Ln4(6)10(�3-OH)2]

s
c
a
t
g

(Cl)]− (a) and [Yb4(6)8(�3-OH)2(o-NO2C6H4O)2] (b) [84].

y increasing the ionic radius, the opposite trend is observed for
NH(C2H5)3][Ln5(6)7(�3-OH)4(�4-OH)(L)3(Cl)], and [Ln4(6)8(�3-
H)2(L)2] where the two �3-oxygen atoms in the core of the cluster
re parts of hydroxy groups. Each metal ion is coordinated to eight
xygen atoms in a square antiprismatic arrangement [84].

Furthermore, the isomorphous oxo-clusters [NH(C2H5)3]
Ln9(�-12)8(12)8(�4-O)2(�3-OH)8]·2CH3OH·CHCl3 (Ln = Sm, Eu,
d, Dy, Er) were obtained by mixing LnCl3·nH2O and H–12 in a 9:16
olar ratio in methanol and subsequent addition of an excess of
(C2H5)3, which ready produces oxo and hydroxo groups capable

o bridge the lanthanide ions making up a {Ln9(�4-O)2(�3-OH)8}
ore and 16 peripheral [12]− ligands, eight acting as chelating
nd eight as bridging and chelating groups. By similar procedures
Eu8(7)12(�4-O)(�3-OH)12] was synthesised. In the {Ln9(�4-
)2(�3-OH)8} core the metal skeleton has been considered to be

ormed by two square pyramidal pentanuclear units assembled
ia an apical lanthanide(III) ion. Each triangular face of the square
yramids is capped by one �3-OH group, so that the central square
ntiprismatic lanthanide(III) ion is surrounded by eight �3-OH
roups. Four lanthanide(III) metal ions in each square base are
inked by one �4-O. Each lanthanide(III) ion, at the corner of the
quare bases, is chelated by one terminal [6]− chelate and further
oordinated by two bridging and chelating [6]− ligands, which link
he metal ion with two neighbour metal ions at the corners. Thus,
ach lanthanide(III) ion is eight coordinate in a distorted bicapped
rigonal prismatic geometry (Fig. 17a) [83].

Methanolic solutions of LaCl3, H–6 and an excess of N(C2H5)3
esult in the formation of [La12(6)18(OH)12(Phgly)2(CO3)2], where
Phgly]− is the unexpected phenylglyoxylate anion bonded in a �2-
1:�2-fashion and each lanthanum(III) ion is coordinated by nine
xygen atoms. In the cage, 12 oxygen atoms act as �3- and four as
2- bridging groups. Two CO3

2− anions, most likely due to CO2 fix-
tion from the atmosphere, are trapped in the middle of the cage,
ach carbonate binding to six different metal centres with a chelat-
ng and bridging configuration. Overall a �6-�1: �1: �1: �1: �1:

2-coordination mode occurs. Repeating the preparation and the

ubsequent crystallisation of the product under nitrogen and in the
omplete absence of CO2, and adding different sources of carbon-
te to the reaction mixture (K2CO3, (NH4)2CO3) failed to yield the
emplated dodecanuclear lanthanum(III) cluster. The two phenyl-
lyoxylate ligands can plausibly originate during the formation and
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coordination sphere was barely discernible by EXAFS analysis, also
supported by molecular modelling and Monte Carlo simulations
which display slight distortions in the lanthanide coordination
geometry (Fig. 20) [87].
Fig. 17. Structures of [Sm9(�-12)8(12)8 (�3-O)2(OH

rowth of the La12 hydroxyl cage which acts as catalyst in the oxida-
ion reaction of [6]− to phenylglyoxylate by the atmospheric oxygen
Fig. 17b) [85].

The coordinated �-diketonate can be partially (or totally) substi-
uted by other ligands: equimolar amounts of [Ce(5)4] or [Ce(10)4]
nd the calix-4-arene (H2–L) in boiling toluene give [Ce(5)2(L)] or
Ce(10)2(L)]. The further reaction of [Ce(5)2(L)2] with bromine in
1:2 ratio in diethyl ether resulted in bromination of [5]− in the
-position with formation of [Ce(14)2(L)2]. The same bromination
y N-bromosuccinimide occurs also in [Ce(5)4] to form [Ce(14)4].
hese complexes show the typical cone geometry of the calixarene
igand with the methoxy groups bound to the eight coordinate
quare antiprismatic cerium(IV) ion. The four donor atoms of the
alixarene in these complexes define a mean O4 plane with the
erium(IV) ion above this plane (Fig. 18) [68].

In [Eu(15)3(H2O)(DMF)], prepared by reaction in ethanol of
uCl3·6H2O with 3 equiv. of H–15 deprotected with an aqueous
olution of ammonia, followed by recrystallization of the result-
ng precipitate from dimethylformamide, the square antiprismatic
uropium(III) ion is coordinated by the three chelating [15]− lig-
nds, one dimethylformamide and a water molecule which forms
trong hydrogen bonds to the oxygen atoms of two ligands of a
econd {Eu(15)3} moiety, giving rise to a dimeric array (Fig. 19).
emarkably, the europium(III) ion can be sensitized by visible

ight (up to 475 nm). To circumvent the coordination of solvent
olecules to the lanthanide ions, [NH(C2H5)4][Eu(15)4] was tested;

t shows a better shielding while solubility and visible light excita-
ion remain similar [86].

. �-Diketonato complexes with nitrogen donors ligands

.1. Lanthanide complexes
The reaction of meso-tetraphenylporphyrin (H2-TPP) with
Eu(5)3(H2O)2] in refluxing 1,2,4-trichlorobenzene affords
Eu(5)(TPP)]. The reaction is general and proceeds with sev-
ral different �-diketonato complexes of the entire lanthanide
) [83] and [La12(6)18(OH)12(Phgly)2(CO3)2] (b) [85].

eries. Attempts to obtain single crystals, suitable for X-ray diffrac-
ion analysis, of [Ln(5)(TPP)] (Ln = Gd, Sm) have failed so far; thus,
xtended X-ray absorption fine structure spectroscopy (EXAFS)
as used to elucidate the structure of [Ln(5)(TPP)] in the solid

tate. In [Gd(5)(TPP)] the gadolinium(III) ion was found to be
oordinated by four monoporphyrin nitrogen atoms and three
r four oxygen atoms from a [5]− anion and one or two water
olecules. The presence of the second water molecule in the
Fig. 18. Structure of [Ce(14)2(L)2] [68].
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Fig. 19. Structure of [Eu(15)3(H2O)(DMF)] [86].

A quite interesting approach was proposed, based on the
eaction of appended �-diketonate to the appropriate posi-
ion of the porphyrin ring through an alkali chain (H3–16)
nd subsequent lanthanide(III) coordination with an excess of
Ln{N(Si(CH3)3)2}3]·[Li(Cl)(THF)3] (Ln = Nd, Eu, Yb) in refluxing
is(2-methoxyethyl)ether, to afford the complexes [Ln(16)(H2O)],
imilar to each other according to their mass spectra. H3–16 derives
rom the condensation of o-hydroxybenzaldehyde, benzaldehyde
nd pyrrole in a molar ratio of 3:1:4 in propionic acid. Treatment
f the resulting phenol containing porphyrin with an excess of
,4-dibromobutane in dry dimethylformamide and in the presence
f anhydrous K2CO3 forms 5-(2-(4-bromobutyl)-phenyl)-10,15,20-
riphenylporphyrin, which gives H3–16 by the addition of diethyl

alonate and a slight excess of sodium methoxide in dry dimethyl-
ormamide. Spectroscopic evidence suggests that the structures of
Ln(16)(H2O)] contain one [16]3− ligand coordinated to the metal
on with four nitrogen atoms of the porphyrinate and three oxy-
en atoms, two from the appended diethyl malonate anion and
ne from water. Photoluminescence studies indicate that the por-
hyrin ring could act as an antenna for the near-infrared emission
f lanthanide ions [88].

In order to obtain suitable photophysical properties, the water
olecule in [Ln(�-dike)3(H2O)n] must be substituted by donat-

ng ligands capable of enhancing the luminescence efficiency, like
he neutral monodentate nitrogen donor ligands (L), which form

Ln(�-dike)3(L)2] as found in [Eu(10)3(py)2] or [Ho(10)3(4-pic)2]
here the metal ion is in a square antiprismatic environment

Fig. 21) [89], and especially the neutral bidentate nitrogen donors
igands, i.e. phenanthroline (phen) or bipyridine (bipy), which form

Fig. 20. Proposed structure of [Gd(5)(TPP)] [87].
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Fig. 21. Structure of [Eu(10)3(py)2] [89].

Ln(10)3(phen)n] or [Ln(10)3(bipy)n] where the coordination chem-
stry depends on the size of the lanthanide(III) ions and on the
olvent. The lanthanide(III) complexes derive from the reaction
f Ln(CF3SO3)3 with H–10, CsOH and either bipy or phen in a
:3:3:1 ratio in methanol; for the analogous erbium(III) complexes
cetonitrile was used [90]. With the heavier lanthanide ions the
ight coordinate complexes [Ln(10)3(bipy)] (Ln = Er, Dy, Ho, Yb) or
Ln(10)3(phen)] (Ln = Tb, Ho, Yb) were isolated whereas with the
arly lanthanide ions the 10 coordinate complexes [Ln(10)3(bipy)2]
for Ln = La, Sm) and [Ln(10)3(phen)2] (Ln = La, Ce, Pr, Nd) were iso-
ated; [Sm(10)3(bpy)2] and [Sm(10)3(bpy)(H2O)]·(bpy) have been
ynthesized in dry or in regular methanol, respectively [90].

In [Er(10)3(phen)] the square antiprismatic environment about
he eight coordinate erbium(III) ion is reached by six oxygen atoms
rom three [10]− ligands and two phenanthroline nitrogen atoms
Fig. 22a). In [Sm(10)3(bipy)(H2O)]·bipy the nine coordination
round the samarium(III) ion consists of seven oxygen atoms from
hree [10]− ligands and one water molecule and two bipyridine
itrogen atoms (Fig. 22b). On the contrary, in [La(10)3(bipy)2] both
ipy ligands are bound to the O6N4 10 coordinate lanthanum(III)

on together with three chelating [10]− ligands (Fig. 22c) [90].
Also, 4,7-diethyldicarboxylate-1,10-phenanthroline or 4,4′-

imethoxy-2,2′-bipyridine (L), reacting in toluene for 15 days with
Ln(5)3(H2O)2], form [Ln(5)3(L)] (Ln = Eu, Er, Yb, Tb), with the
ight coordinate lanthanide(III) ion in a slightly distorted square
ntiprism formed by six oxygen atoms of the three bidentate [5]−

igands and the two nitrogen atoms of the neutral chelating ligand.
ttempts to prepare the analogous lanthanide complexes of the
,2′-bipyridine-4,4′-diethyldicarboxylate under similar conditions
ere unfruitful [91].

Remarkable electronic effects of the substituents on the basic-
ty of the nitrogen atoms have been found in bipyridine systems:

′ ′
ith electron-attracting groups, such as in 2,2 -bipyridine-4,4 -
iethyldicarboxylate, no coordination to any lanthanide ions was
bserved while an enhanced basicity of the coordinating nitro-
en atoms, deriving by the replacing the substituents with the
wo electron-donating OCH3 groups, allows the isolation of the



P.A. Vigato et al. / Coordination Chemistry Reviews 253 (2009) 1099–1201 1117

(10)3

l
c
l
a
e
E
i
m
o
a
e
t
t
4
l
w
i
t
t
f
4
a
l
c

H
(

m
d
e
[
d
d
g
m
c
[
a
i
n
c
e
a
[

p
o
[
t

Fig. 22. Structures of [Er(10)3(phen)] (a), [Sm

anthanide(II) complexes. On the other hand, the presence of two
arboxyethyl groups on the 4, 7 positions of the phenanthroline
igand does not prevent coordination to these lanthanide(III) ions,
lthough a lengthening, of the Ln–N bond distance was measured
specially for the europium(III) complex. The lengthening of the
u–N bond distances observed in the solid state became a strong
nstability once in solution and the loss of the aromatic ligand,

onitored by UV–vis analysis, causes a progressively lowering
f the emission properties of the complex. On the other hand,
slight change in size of the lanthanide(III) ion, moving from

uropium(III) to terbium(III), produced an increase in stability such
hat it was possible to perform the UV–vis spectra in solution in
he case of the terbium(III) complex with 1,10-phenanthroline-
,7-diethyldicarboxylate and observe the expected metal-centered

uminescence. While the erbium(III) and ytterbium(III) complexes
ith 4,4′-dimethoxy-2,2′-bipyridine show no sensitized emission

n the UV–vis range, the europium(III) and terbium(III) deriva-
ives perform an appreciable energy transfer from the ligand to
he metal ion. In particular, [Tb(5)3(L)] shows a complete trans-
er, and the emission quantum yield is almost the same as its ligand
,4′-dimethoxy-2,2′-bipyridine. Moreover, the use of relatively long
lkoxy chains (OC8H17) as 4,7-substituents on 1,10-phenanthroline

ed to the formation of the related pro-mesogenic europium(III)
omplex [91].

Furthermore, the aqua ligands of [Eu(L)3 (H2O)2] (H–L = H–10,
–17, H–18) can be replaced by 4,4′-dimethoxy-2,2′-bipyridine

dmbipy) and 4,7-dimethyl-1,10-phenanthroline (dmphen). The

p
t

p
i

(bipy)(H2O)] (b) and [La(10)3(bipy)] (c) [90].

etal ion coordination is influenced by the nature of the �-
iketonate ligand, which can be rationalized by considering the
nhanced electron-withdrawing power of the hexafluorinated
10]− ligand versus the trifluorinated [17]− and [18]− ones; coor-
inating ability of the oxygen atom in the former is weaker
ue to the presence of an additional electron-withdrawing CF3
roup in the former. A larger ligand-metal separation releases
ore of the steric congestion around the lanthanide ion for the

omplexes with [10]− when compared to those with [17]− or
18]−, making facile the accommodation of the neutral ligand
nd, possibly, a larger number of coordinated ligands resulting
n a different metal coordination. Complexes of [10]− feature a
onacoordinate distorted square antiprismatic monocapped metal
enter with a coordinated water in [Eu(10)3(dmbipy)(H2O)] or
thanol in [Eu(10)3(dmphen)(C2H5OH)]. The use of [17]− and [18]−

ffords eight coordinate, distorted square antiprismatic complexes
92].

Photoluminescence studies show that excitation of the com-
lexes is ligand based and that the emission is characteristic
f the europium(III) ion. The higher overall quantum yields of
Eu(10)3(dmbipy)(H2O)] and [Eu(10)3(dmphen)(C2H5OH)] is due
o the high efficiencies of ligand-to-metal energy transfer processes

rior to lanthanide-centered luminescence, indicated by the sensi-
ization efficiencies [92].

Appropriate fuctionalization at the periphery of 2-(2-
yridyl)benzimidazole (PB) was introduced according to Scheme 6c

n order to modify the photophysical properties of the resulting lan-
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red emission with an efficiency similar to those of mononuclear
118 P.A. Vigato et al. / Coordination Ch

hanide(III) complexes. Thus, the ligand LA, containing a chelating
-(2-pyridyl)benzimidazole unit with a pendant anthacenyl group
An) connected via a methylene spacer, was used to prepare the
ight coordinate lanthanide(III) complexes [Ln(10)3(LA)] (Ln = Nd,
d, Er, Yb) by slow evaporation of a 1:1 mixture of [Ln(10)3(H2O)2]

n dichloromethane/heptane. All the complexes have a square
ntiprismatic N2O6 coordination geometry. In [Yb(10)3(LA)] the
nthracene unit is folded back towards the chelating PB unit, with
he centroid of the anthracene unit being 3.8 Å from the centroid
f the pyridyl ring [93].

Whereas the free ligand LA displays typical anthracene-based
uorescence, this fluorescence is completely quenched in its com-
lexes. The An group in LA acts as an antenna unit: in the
omplexes [Ln(10)3(LA)] (Ln = Nd, Er, Yb) selective excitation of
he anthracene results in sensitised near-infrared luminescence
rom the lanthanide centres with concomitant quenching of An
uorescence. The anthracene fluorescence is also quenched even

n the gadolinium(III) complex. The quenching of anthracene
uorescence in coordinated LA was proposed to be due to intra-

igand photoinduced electron-transfer from the excited anthracene
hromophore 1An* to the coordinated PB unit generating a short-
ived charge-separated state [An•+–PB•−] which collapses by back
lectron-transfer to give 3An*. This electron-transfer step is only
ossible upon coordination of LA to the metal centre, which strongly

ncreases the electron acceptor capability of the PB unit, such
hat 1An* → PB PET is endoergonic in free LA but exergonic in
ts complexes. It was proposed that the sensitization mechanism
ncludes 1An* → PB photoinduced electron transfer to generate
harge-separated [An•+–PB•−], then back electron-transfer to gen-
rate 3An* which finally sensitises the lanthanide(III) centre via
nergy transfer. The presence of 3An* in LA and its complexes is
onfirmed by nanosecond transient absorption studies, which have
lso shown that the 3An* lifetime in the neodymium(III) com-
lex matches the rise time of Nd-centered near-infrared emission,
onfirming that the final step of the sequence is 3An* → Ln(III)
nergy-transfer [93].

Furthermore, when the dendritic ligands LB–LD of Scheme 6c are
reated with [Eu(6)3(H2O)2] under conventional conditions, only
he zeroth-generation europium complex [Eu(6)3(L)] is obtained;
he superior homologues do not form europium(III) complexes [93].

Conjugated 1,10-phenanthrolines, where the 3,8-substituents
re C C6H4R (R = H, CH3, OCH3, N(CH3)2) were synthesized as
unable fluorophores by cross-coupling reactions of 3,8-dibromo-
,10-phenanthroline with substituted phenylacetylenes or by
ross-coupling reactions of 3,8-diethynyl-1,10-phenanthroline
ith substituted haloarenes. Both approaches are applicable to
ost derivatives; however, when an unstable or highly volatile

lkyne is required for the former route, the latter one is pre-
erred. These conjugated phenanthrolines show a red shift in
cetonitrile of the major electronic transitions, high fluorescence
uantum efficiencies in various solvents and short excited. State
ifetime, suggesting that the emitting excited state is a singlet �–�*
tate. The weak emission of 1,10-phenanthroline is blue-shifted
pon increasing solvent polarity. This behaviour was attributed
o a close proximity of the �–�* and n–�* singlet excited states,
ith the latter becoming more contributing in nonpolar solvents.

his may explain the low fluorescence quantum efficiency of
,10-phenanthroline, since n–�* excited states often decay by non-
adiative pathways [93].

Emission colour changes from purple to bright blue is attained
y the addition of metal ions (i.e. zinc(II) ions) into an acetoni-

rile solution of the phenylethynyl (R H) or the tolyl derivative
R CH3). A bright yellow fluorescence is observed when zinc(II)
ons are added to a solution of the 4-methoxyphenylethynyl deriva-
ive (R OCH3) in acetonitrile. More relevant shifts are observed

c
5
s
t

y Reviews 253 (2009) 1099–1201

hen strong acids are added to protonate the conjugated lig-
nds. While the parent derivative (R H) exhibits a bright purple
mission, addition of methanesulfonic acid to its solution in
cetonitrile causes an intense yellow-green emission. A slightly
maller shift to longer wavelengths is observed in dichloromethane,
s expected for a less polar solvent. A relatively small drop in
uorescence quantum efficiency is observed upon protonation
93].

A simple approach for red shifting the absorption spectrum
f the �-diketonato ligands by incorporating both an electron
onor and an electron acceptor ligands was successfully tested
94]. H–18a, derived from 4-(dimethylamino)acetophenone and

ethyl-4-nitrobenzoate, reacts with LnCH3·nH2O in methanol and
n the presence of NaOH to form [Ln(18a)3(phen) [(Ln = Nd, Er,
b) with a structure similar to those above reported for the other
Ln(�-dike)3(phen)] complexes. They display an intense intra-
igand charge-transfer absorption transition in the visible region
f the spectrum at 400–550 nm which was utilized to achieve
isible-light excitation of metal centred infrared luminescence of
he lanthanide(III) ions. Indeed, the complexes [Ln(18a)3(phen)]
Ln = Nd, Er, Yb), displaying a characteristic infrared emission due
o f–f transition upon excitation in ligand absorption bands, both in
he solid state and in dimethylsulfoxide are suitable for visible-light
xcitation of NIR-emitting lanthanide ions. The main advantage of
18a]− is its lowest energy absorption transition which extends into
he visible range and allows excitation of lanthanide luminescence
ith wavelengths up to 550 nm [94].

The standard synthetic procedure affords [Ln(18b)3(phen)]
Ln = La, Nd, Eu, Gd, Dy, Er, Yb). No liquid crystal phases are
bserved for the light lanthanides complexes (Ln = La, Nd), whereas
he heavy lanthanide complexes exhibit a monotropic smectic A
hase with the molecules arranged in layers with interdigitation
f the molten aliphatic chains. The modification of the diben-
oylmethanate ligand by addition of long alkyl chains to obtain
iquid crystal phases has no influence on the excellent lumines-
ent properties of these materials. As luminescent materials, these
anthanide(III) �-diketonate complexes offer an alternative to the
uminescent liquid crystal that are obtained by doping lumines-
ent non-mesomorphic lanthanide(III) �-diketonate complexes in
liquid crystalline host matrix [94].

When 2,2′-bipyrimidine (bpm) is used as chelating lig-
nd, dinuclear or polynuclear lanthanide(III) complexes have
een synthesized. A H–L:LnCl3·6H2O:bpm = 6:2:1 molar ratio
ffords [Ln2(L)6(bpm)] (Ln = EuIII, TbIII, ErIII for H–L = H–17;
n = EuIII for H–L = H–6), where bpm acts as a bridging ligand.
Eu2(6)6(bpm)] has two eight coordinate distorted square antipris-

atic europium(III) sites, 7.011 Å apart and symmetrically related
y an inversion center lying on the planar bpm moiety (Fig. 23a).
lthough the Eu· · ·Eu, Eu–O, and Eu–N distances are similar

o those in [Eu2(6)6(bpm)], the coordination sphere of each
etal(III) ion in [Eu2(17)6(bpm)] is a square bicapped trigonal

rism (Fig. 23b). Both structures show strong intermolecular �–�
nteractions that may be responsible for their high melting points.
he analysis of the absorption, excitation, and emission spectra of
he dinuclear complexes along with a comparison with analogous

ononuclear complexes containing the same �-diketone ligands
nd 1,10-phenanthroline suggests that the dinuclear complexes
ollow the luminescence mechanism of general lanthanide(III)
omplexes. An electroluminescent device with the structure
TO/PEDOT/PVK + PBD + [Eu2(6)6(bpm)] 10 wt.%/LiF/Al shows pure
omplexes (PVK = poly(9-vinylcarbazole), PBD = 2-(4-biphenylyl)-
-(4-tert-butylphenyl)-1,3,4-oxadiazole, PEDOT = poly(styrene-
ulfonate)-doped poly(3,4-ethylenedioxythiophene)). It seems
hat in solution the photoluminescence efficiency depends more
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Fig. 23. Structures of [Eu2(6)2(bpm)] (a), [Eu2(17)2(bpm

n the �-diketone sensitizing ligand than the nuclearity or the
ridging ligand. The dinuclear compounds are also considered
o follow the luminescence mechanism adopted in mononuclear
anthanide complexes. [Eu2(dbm)6(bpm)] readily forms a polymer
lectroluminescent (EL) device ITO/PEDOT (30 nm)/PVK + PBD + Eu
omplex (≈80 nm)/LiF(1 nm)/Al(100 nm) that produces pure red
L. Overall, the dinuclear system shows similar thermal stability,
mproved EL colour purity, and comparable EL efficiency with
espect to the corresponding mononuclear system [95].
Attempts to synthesize homodinuclear complexes using
he larger lanthanum(III), praseodymium(III) or neodymium(III)
ons by this method result in the mononuclear complexes
Ln(17)3(bpm)], even in the presence of excess lanthanide salt
nd excess [17]− ligand. By the same procedure H–10 affords

b

u
d
p

[Eu(10)3(bpm)]n (c) and [Tb(10)3(bpm)(H2O)] (d) [95].

Ln(10)3(bpm)] (Ln = NdIII, EuIII, GdIII), where an unusual one-
imensional array occurs in which each lanthanide(III) complex is
onnected to another through bpm bridging units. Each 10 coor-
inate lanthanide(III) ion is coordinated by six oxygen atoms from
hree �-diketonate ligands and four nitrogen atoms from two bpm
igands (Fig. 23c). Under similar conditions TbCl3·5H2O, produces
Tb(10)3(bpm)(H2O)], where the terbium(III) ion is nine coordinate
ith six oxygen atoms coming from the three [10]− ligands, two
itrogen atoms coming from the bpm ligand, and one covalently

onded water molecule (Fig. 23d) [95].

Luminescent studies show that the neodymium(III) complex
ndergoes non-radiative relaxation through solvent vibrational
eactivation, while the lowest excited state of the gadolinium com-
lex, 6P7/2, is higher in energy than the T1 state of the [10]− ligand,
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Fig. 24. Structures of {[Cu(5

aking luminescence improbable for both of these complexes.
n contrast, the terbium(III) complex emits in the visible region
f the spectrum when solutions of the complex are excited at
04 nm associated with the �–�* transition of the [10]− ligand.
mission lines corresponding to transitions from the 5D4 state to
he 7FJ manifold of the terbium(III) are observed. The intensity of
hese emissions decreases as temperature is increased. Lifetime

easurements of the terbium complex fit to a monoexponen-
ial with the lifetime decreasing as the temperature is increased
95].

�-Diketonato complexes can derive from hydrolysis of the
elated ketoimine derivatives. For instance, 6-amino-3-methyl-1-
henyl-4-azahex-2-en-1-one or 6-amino-3,6-dimethyl-1-phenyl-
-azahex-2-en-1-one (H–L) react with Cu(ClO4)2·6H2O in the
resence of N(C2H5)3 to yield [Cu3(L)3(�3-OH)](ClO4)2, whereas
-amino-3-methyl-1-phenyl-4-azahept-2-en-1-one undergoes
ydrolysis under the same reaction conditions, forming [Cu(12)(pn)
lO4] (pn = 1,3-propandiamine). Furthermore, Cu(BF4)2·6H2O
nd the tridentate Schiff base 7-amino-4-methyl-5-aza-3-
epten-2-one (H-L), prepared by the [1 + 1] condensation
f 1,2-diaminoethane and H-5, gives rise to [Cu2(L)2(�-4,4′-
ipy)](BF4)2 which hydrolyses to the linear polymeric compound
Cu(5)2(�-4,4′-bipy)]n, where each copper ion is in an elongated
ctahedron. When Cu(ClO4)2·6H2O is employed, {[Cu(5)(�-4,4′-
ipy)(CH3OH)](ClO4)}n occurs, where the five coordinate metal
enters, bridged via 4,4′-bipyridyl units, are in a square pyramidal
nvironment with a methanol oxygen in the axial position. The
quatorial plane consists of two cis-coordinated 4,4′-bipyridine
igands and two oxygen atoms of the [5]− moiety. Each 4,4′-
ipyridine ligand links adjacent {Cu(5)(CH3OH)}+ units giving rise
o the 1D zigzag chain (Fig. 24) [96].

The 1D flexible zigzag coordination polymer, {[Zn(12)2
bpp)]·1.5H2O}n (bpp = 1,3-bis(4-pyridyl)-propane), synthesized by
mbient evaporation of mixed solutions of Zn(NO3)2·6H2O, H–12
nd bpp, each distorted octahedral zinc(II) ion is surrounded by
our equatorial oxygen atoms from two [12]− ligands and two axial
itrogen donors from two bpp ligands. The notable feature of this
aterial is the flexible zigzag chains running in two nearly perpen-

icular directions, which enables them to interweave, generating
D entangled network [97].

�-Diketone functionalization at the periphery of the coordi-
ating moiety was primarily carried out in order to maintain
heir coordination properties toward appropriate 3d- or 4f-metal

ons, enhancing their physico-chemical properties, especially the
ptical ones. The same strategy was used also in the design
nd synthesis of the emitting complexes [Ln(�-dike)3(L)] varying
n the neutral antenna L, mainly substituted phenanthroline or
ipyridine.

e
d
t
c
l

,4′-bipy)(CH3OH)]+}n [96].

Lanthanide(III)-based LEDs have become increasingly common.
he appeal of these emitting ions lies within the pure emission
olour as well as the possibility of attaining near unity pho-
oluminescence quantum yields as well as electroluminescence
fficiencies higher than for organic and transition metal-based
evices. While several examples exist of materials containing
hese f elements, the field is wide open. The synthesis and
haracterization of new precursors will allow the determina-
ion of which ligand architectures lead to the more promising
harge transport and recombination properties, as well as better
atching with the common hole and electron transport lay-

rs. Further, new ligands will also allow for incorporation of the
omplexes into polymer hosts and thus taking advantage of the
rocessability and long-term stability of polymer-based emitting

ayers.
Incorporation of these complexes into polymers has been car-

ied out through two different strategies: (i) formation of blended
ompounds, i.e. incorporation of complexes into the polymers and
ii) formation of polymers based on methylmethacrylate and acrylic
cid with the emitting complex covalently attached to the polymer
ackbone.

The f–f transitions which are responsible for the lanthanide(III)
uminescence are parity and, in some cases, spin forbidden. As
uch, the most efficient mechanism of excitation involves excita-
ion of a coordinated ligand, leading to population of its singlet state
hich subsequently decays through intersystem crossing (ISC) to
triplet state. The triplet state, finally, through a dipole–dipole

xchange mechanism, leads to the population of the emissive f
xcited state. More recently, Ln(III)-based emitting complexes have
een described in which the sensitization occurs through LMCT
tates of transition metal complex moieties present in the lan-
hanide ion edifice [33].

Dentritic �-diketones represent an interesting class of chelat-
ng ligands with different functionalizations at the periphery
f the coordinating moiety in order to tune adequately the
hysico-chemical properties of the resulting complexes to make
hem suitable for different applications, ranging from laser mate-
ials, to organic light-emitting diodes and fluorescent probes
98,99].

Several dendritic �-diketonates and corresponding europium
omplexes were designed and synthesized based on the fol-
owing consideration: (i) high light-harvesting capability and
fficient energy transfer to the focal ion in virtue of high

xtinction coefficient of the terminated carbazole units; (ii) den-
ron functionalization to incorporate carbazole units to realize
he carrier-injection adjustment; (iii) avoiding core lumines-
ence quenching by the means of the dendron to enhance core
uminescence. The dendritic �-diketonate ligands contains diben-
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Scheme 4. Procedure for designing the first generation dend

Scheme 5. Procedure for designing the second
y Reviews 253 (2009) 1099–1201 1121

ritic ligands and the related lanthanide(III) complexes.

and third generation dendritic ligands.
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oylmethane cores, poly(arylether) dendrons, and the grafted
arbazole peripheral functional groups. Due to the acceptable yield
f Claisen condensation, convergent synthetic approach through
theral connectivity was utilized to achieve the first generation
uropium complexes. For the second and third generation den-
rons, a hyperbranch core synthetic approach containing the
dvantages of convergent and divergent approaches was intro-
uced. In particular, a first generation branched dibenzoylmethane
erivatives and the related europium(III) complexes [Eu(L)3(phen)]
H–L = H–19, H–20 and H–21) were synthesized, according the
pproach of Scheme 4 [99]. The second and third generation
endrons and the related europium(III) complexes [Eu(L)3(phen)]
H–L = H–22, H–23 and H–24) were obtained by the hypercore
pproaches of Scheme 5. These systems have been characterized
y NMR and MALDI-TOF spectra which gave fully support to the
roposed structure of the ligands and the related europium(III)
omplexes. The dendron-functionalized carbazole units not
nly tune the carrier-transporting capability, but also exhibit
trong light-harvesting potential, resulting in a strong intense
mission from the central europium(III) ion via sensitization
100].

Furthermore, the bis-substituted dibenzylmethane H–24a, pre-
ared by condensation under strong basic conditions (NaH) of the
elated ester- and keto-derivatives both containing appended car-
azole units, reacts with EuCl3·6H2O and 1,10-phenantholine or
,7-phenyl-1,10-phenantholine (L), to form [Eu(24a)3(L)], whose
hotoluminescence properties in dichloromethane and in solid
atrix show the carbazole moiety to be a better sensitizer for the
etal-centered emitting states of the europium(III) ion compared

o the dibenzoylmethane and phenanthroline units. Thus an effi-

ient population of the europium(III) emitting states by energy
ransfer occurs from the carbazole units. Notably, in both cases,
strong enhancement in the metal centered luminescent inten-

ity was detected in solid matrix, which provides evidence for the
imited action of the vibrational quenchers under these conditions

t
[
c
i
t

y Reviews 253 (2009) 1099–1201

98]. Transporting properties of the carbazole moieties appear to
e appealing when integrated into the emitting units [100].

Moreover, attachment of the dendritic bromides to the 2-
osition of dibenzoylmethane was achieved from the correspond-

ng dendritic bromides and dibenzoylmethane in tetrahydrofuran
nd in the presence of NaH as a strong base (Scheme 6a), while
he dendritic dibenzoylmethane derivatives with the polyether
endron attached to the phenyl group of the �-diketones were
ynthesized by condensation of the appropriate dendritic ester
ith acetophenone in the presence of NaH (Scheme 6b). The

tructure of the systems were inferred by NMR and mass spectra
100].

The dendritic �-diketonato ligands H–25, H–26, H–27, H–28 and
–29, which contain a dibenzoylmethane core and poly(arylether)
endron, have been synthesized by a convergent strategy. The
ttachment point of the dendron to dibenzoylmethane plays an
mportant role in the preparation of europium(III) complexes. Reac-
ion of the �-diketonato ligands H–27, H–28 and H–29, which bear
dendron substituted on the phenyl group of dibenzoylmethane,
ith EuCl3·6H2O gives the first- to third-generation dendritic

uropium(III) complexes in good yields, while europium(III) com-
lexes could not be formed with �-diketonato ligands H–25 and
–26, which have dendrons attached to the 2-position of diben-
oylmethane. The resulting dendritic europium(III) complexes
Eu(L)3] (H–L = H–25· · ·H–29) were characterized by MALDI-TOF

ass spectrometry, and further confirmed by luminescence mea-
urements. Incorporation of 1,10-phenanthroline as the second
igand in these dendritic (�-diketonato)europium(III) complexes
ives new dendritic europium(III) complexes with enhanced lumi-
escence intensity [101].

.2. Iridium(III) complexes

A family of cyclometalated iridium(III) complexes successfully
sed as molecular components for organic light-emitting oxides
OLED), was prepared by reaction of IrCl3·nH2O with an excess
f the desired pyridine containing ligand L (Scheme 7) to give a
hloride-bridged dimer [Ir2(L-H)4(�-Cl)2], subsequently converted
nto the emissive, stable iridium(III) complexes [Ir(�-dike)(L–H)2]
y replacing the bridging chloride ions with a �-diketonate lig-
nd, i.e. H–5, H–6, H–7 and H–12. In these complexes, which are
table and sublimable in vacuum without decomposition, the irid-
um(III) ion is octahedrally coordinated by the three chelating
igands, with the cyclometalating groups in a trans disposition, and

he two carbon in a cis-disposition as found in [Ir(5)(ppy-H)2] and
Ir(5)(tpy-H)2] (Fig. 25a), reported as explanatory examples, where
lose intermolecular contacts in both the complexes lead to signif-
cantly red shifted emission spectra for crystalline samples relative
o their solution spectra [102].
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The majority of the [Ir(5)(L–H)2] complexes phosphoresce with
igh quantum efficiencies, resulting form spin–orbit coupling of
he iridium(III) center. The lowest energy (emissive) excited state
n these complexes is a mixture of 3MLCT and 3(�–�*) states. By
hoosing the appropriate [L–H]− ligand, the related [Ir(5) (L–H)2]
omplexes can be prepared which emit in any colour from green
o red. Simple, systematic changes in the [L–H]− ligands, which
ead to bathochromic shifts of the free ligands, lead to similar
athochromic shifts in the iridium(III) complexes of the same lig-
nds, consistent with {Ir(L–H)} centered emission [102].

[Ir(5)(pba-H)], prepared by reaction of IrCl3·3H2O with 4-
2-pyridyl)benzaldehyde (pba) in 2-ethoxyethanol/water, is an
xcellent homocysteine-selective sensor. The addition of homo-
ysteine (Hcy), HS(CH2)2CH(NH2)COOH, to [Ir(5)(pba-H)] in
H2Cl2/CH3OH causes a colour change from orange to yellow
nd a luminescent variation from deep red to green, attributed
o the formation of a thiazinone group by selective reaction of

he aldehyde group of the coordinated [pba-H]− with homocys-
eine with the consequent formation of a complex formulable as
Ir(5)(pba = cy-H)2]. Remarkably, [Ir(5)(pba-H)2] shows uniquely
uminescent recognition of Hcy over other amino acids (includ-

g
[

o

Scheme 6. Syntheses of polyaryle
y Reviews 253 (2009) 1099–1201 1123

ng cysteine) and thiol-related peptides (reduced glutathione), in
greement with the higher luminescent quantum yield of the
dduct of [Ir(5)(pba-H)2] with Hcy compared with that of the
dduct with Cys. A photoinduced electron-transfer process might
e responsible for the high specificity of [Ir(5)(pba-H)2] toward Hcy
ver Cys [102].

[Ir(5)(ppy-H)2], [Ir(5)(bt-H)2], [Ir(5)(btp-H)2], doped into the
missive region of multilayer, vapor-deposited organic light-
mitting diodes, give green, yellow, and red electroluminescence,
espectively, with very similar current–voltage characteristics.
hese systems give high external quantum efficiencies, the
Ir(5)(ppy-H)2}dopant giving the highest one. The {Ir(5)(btp-H)2}
ased device gives saturated red emission with a quantum effi-
iency of 6.5% and a luminance efficiency of 2.2 Im/W. These
Ir(5)(L–H)2} doped OLEDs show some of the highest efficiencies
eported for organic light-emitting diodes. The high efficiencies
esult from efficient trapping and radiative relaxation of the sin-

les and triplet excitons formed in the electroluminescent process
102].

The convergent synthetic approach, involving the reaction
f the corresponding dendritic bromide and acetylacetonate

ther-containing dendrons.
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Scheme 6. (Continued ).

Fig. 25. Structures of [Ir(5)(ppy-H)2] (a) [102] and [Ir(5)(btp-H)2] (b) [105].
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n the presence of NaH, has been developed also for the syn-
hesis of carbazole peripherally functionalized �-diketonato
endrons H–30· · ·H–33, which smoothly give the green emitters
Ir(L)(ppy-H)2] when mixed with [Ir2(�-Cl)2(ppy-H)4], derived
rom IrCl3·nH2O and 2-phenylpyridine (ppy) in the presence of
a2CO3 in 2-ethoxyethanol [103].

Notably, in the cases of the second- and third-generation den-
rons, the reactions proceeded slowly, probably owing to the large
pace hindrance and low solubility of the high-generation den-
ritic ligands. Another advantage of this approach is the possibility
f easily tuning the color of emission with the same kind of �-
iketonato dendrons by using different cyclometallating ligands

nstead of ppy. Following the same two-step procedure, the blue-
reen-emitting and red-emitting iridium(III)-cored dendrimers,
Ir(32)(dfp-H)2] and [Ir(32)(btp-H)2], were obtained in a pure
orm by neutral alumina column chromatography. All these den-
ritic iridium complexes are soluble in common organic solvents,
uch as dichloromethane, trichloromethane, tetrahydrofuran and
oluene. Their photoluminescent properties both in solution and
n the solid state were tested. It was found that all the dendrimers
etained the photophysical properties of the corresponding small
nalogues with high emission quantum yields (0.06–0.30). Effi-

ient energy transfer from the carbazole units to the iridium core
as been observed. These dendrimeric functionalized carbazole
nits exhibited distinct light-harvesting potential, resulting in a
trong intense emission from the iridium core of the dendrimers
103].

c
o
t
t
k

y Reviews 253 (2009) 1099–1201 1125

The blended and covalently bonded �-diketonate synthetic
trategies, above described for the lanthanide(III) complexes,
ave been used to obtain polymers containing iridium(III) phos-
hor dopings. In the first strategy conjugated polymers as
oly(phenylenevinylenes), polyfluorenes, and poly(p-phenylenes)
r non nonconjugated polymers as polyvinylcarbozole have been
sed to prepare OLEDs. The devices obtained, however, have rela-
ively low efficiency [104].

Several routes to obtain electroluminescent polymers by graft-
ng high-efficiency phosphorescent organometallic complexes as
opants and charge transport moieties onto alkyl side chains of
ully conjugated polymers for polymer light-emitting diodes (PLED)
ith single layer/single polymers have been studied. The polymer

ystem investigated involves polyfluorene as the base conjugated
olymer, carbazole as the charge transport moiety and a source for
reen emission by forming an electroplex with the PF main chain,
nd cyclometalated iridium complexes as phosphorescent dopants.
he devices prepared therewith can emit red light with the high
fficiency 2.8 cd/A at 7 V and 65 cd/m2, comparable to that of the
ame iridium(III) complex-based OLED, and can emit the light with
road band containing blue, green, and red peaks (2.16 cd/A at 9 V)
105].

Red-emitting phosphorescent iridium complexes based on
Ir(5)(btp-H)2] (btp = 2-(2′-benzo[b]thienylpyridine)) have been
ttached either directly (spacerless) or through a –(CH2)8–
hain (octamethylene–tethered) at the 9-position of a 9-

ctylfluorene host. The resulting dibromo-functionalized spacer-
ess complex [Ir(34a)(btp-H)2] or octamethylene–tethered com-
lex [Ir(34b)(btp-H)2] were chain extended by Suzuki polyconden-
ations using the appropriate bis(boronate)-terminated fluorine
acromonomers in the presence of end-capping chloroben-

ene solvent to produce the statistical spacerless H–38 and
ctamethylene–tethered copolymers H–35a, H–35b, H–35c and
–35d, (where m and n as referred in the related formula have
een estimated by 1HNMR spectra) containing an even dispersion
f the pendant phosphorescent fragments.

The structure of the spacerless monomer complex [Ir(34b)(btp-
)2], which resembles that of the non-functionalized phospho-

escent iridium(III) complex [Ir(5)(btp-H)2] adopts a face-to-face
onformation of the iridium complex and fluorenyl group in the

rystalline state (Fig. 25b). This conformation, with a separation of
nly 3.6 Å between cyclometalating ligand and fluorenyl group at
he closest point, is expected to facilitate �–� interactions between
hese parts of the spacerless monomer. Such orbital interactions are
now to be the key requirement for triplet energy transfer [105].
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Scheme 7. Pyridine containing ligands (L) e

The photo- and electroluminescence efficiencies of the
ctamethylene-tethered copolymers [Ir(35a)(btp-H)2] and
Ir(35b)(btp-H)2] are double those of the spacerless copoly-

ers [Ir(35c)(btp-H)2] and [Ir(35d)(btp-H)2], and this is consistent
ith suppression of the back transfer of triplets from the red

hosphorescent iridium complex to the polyfluorene backbone

n [Ir(35c)(btp-H)2] and [Ir(35d)(btp-H)2]. The incorporation of a
(CH2)8– chain between the polymer host and phosphorescent
uest is thus an important design principle for achieving higher
fficiencies in those electrophosphorescent organic light-emitting

l
t
e
c
i

ed in the preparation of [Ir(�-dike)(L–H)2].

iodes for which the triplet energy levels of the host and guest are
imilar.

The lower photo- and electroluminescence efficiencies of the
pacerless copolymers [Ir(35a)(btp-H)2] and [Ir(35b)(btp-H)2] are
onsistent with greater triplet energy transfer in the spacer-

ess systems and with triplet energy back transfer reducing the
riplet population at the iridium complexes. In thin films, triplet
nergy back transfer is inhibited in the octamethylene–tethered
opolymers [Ir(35c)(btp-H)2] and [Ir(35d)(btp-H)2]by the distance
mposed through the tether. It was concluded that the incorpora-
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Scheme 8. Preparation of dendritic pyridine-based ligands.
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ion of a spacer between polymer host and phosphorescent guest
s an important design principle for achieving higher efficien-
ies in those electrophosphorescent OLEDs for which the triplet
nergy levels of the host and guest are similar. Furthermore, it was
emonstrated that covalently linking the guest through a tether
ather than by conjugative linkage is an important improvement in
he design of solution processible electrophosphorescent polymers
103,105].

Also a simple synthetic route was developed for the dendritic
ridium(III) complexes [Ir(5)(L–H)] (L = dfp-G1, dfp-G2, ppy-G1,
py-G2, btp-G1, btp-G2) based on the tunable pyridine-based lig-
nds of Scheme 8. [Ir(5)(L–H)] (L = ppy, dfp, btp) were used as the
ores of these dendrimers to tune the phosphorescent emission
rom blue to red. These dendritic iridium(III) complexes exhibit tun-
ble photoluminescence from blue to red. The photoluminescence
uantum yields of these dendritic complexes in neat films increased
ith the increasing generation number of dendritic CN̂ chelating

igands. These iridium complexes were used as dopants for fabricat-
ng polymer-based electrophosphorescent light-emitting diodes

ith the highest external quantum efficiency of 12.8% [105].
The condensation of 2-acetyl-1,10-phenanthroline with

,2,3,3,3-pentafluoro-propanate in the presence of Na in ben-
ene affords H-36, which reacts with [Ir2(�-Cl)2(dfp-H)4] to form
Ir(36)(dfp-H)2], where the iridium(III) ion is six coordinated by
wo carbon atoms and four nitrogen atoms from the two cyclomet-
lated [dfp-H]− ligands and two nitrogen atoms from [36]−. The
wo carbonyl groups in the �-diketone fragment of [36]− are in the
rans form and uncoordinated (Fig. 26a) [106].
[Ir(36)(dfp-H)2] and LnCl3·6H2O (Ln = Eu, Gd) or [Eu(11a)3
H2O)2] give [LnIr3(36)3(dfp-H)6(Cl)](Cl)2 or [EuIr(36)(11a)(dfp-
)2], respectively. In the tetranuclear EuIr3 complex (Fig. 26b) each

ridium(III) ion maintains the same configuration of [Ir(36)(dfp-
)2] while the seven coordinate europium(III) ion is linked by six

l
o
i
b
f

Fig. 26. Structures of [Ir(36)(dfp-H)2] (a) an
y Reviews 253 (2009) 1099–1201

xygen atoms of the three [36]− ligands and one chloride anion
oming from the starting EuCl3·6H2O. The Eu· · ·Ir distances, 6.028,
.907, and 6.100 Å, are suitable for effective energy transfer in the
onor–bridge–acceptor system. Photophysical studies indicate that
he high efficient red luminescence from the europium(III) ion is
ensitized by the 3MLCT (metal-to-ligand-charge transfer) energy
ased on the {IrIII(36)(dfp-H)2} unit. The excitation window for
he EuIr3 complex extends up to 530 nm (1 × 10−3 M in ethanol),
ndicating that it can emit red light under the irradiation of sun-
ight. Furthermore, when the dinuclear EuIr are complex excited
t 480 nm, a bright red emission centered at 613 nm is observed,
gain sensitized by the 3MLCT energy of the Ir-based chromophore
Ir(36)(dfp-H)2}. Moreover, the high quantum efficiencies of the
hese complexes implies not only that the d → f energy trans-
er occurs between the iridium(III) center and the europium(III)
enter but also that the energy transfer is very efficient
106].

. �-Diketonato complexes containing redox groups

.1. Ferrocene containing complexes

Multiferrocene assemblies have received attention owing to the
edox active properties associated with the ferrocene units. These
rganometallic assemblies are useful in a huge range of applications
rom designing electron reservoirs, recognition of anionic species

ike H2PO4

− to enzyme sensors and model compounds for fixation
f organometallic species on suitable surfaces. Ferrocene contain-
ng �-diketones belong to this class of compounds. They derive from
enzoylation or acylation of the methyl ketone groups of acetyl-
errocene or bisacetylferrocene and have been used in metal ion

d [EuIr3(36)3(dfp-H)6(Cl)]2+ (b) [106].
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omplexation [107].

H–37 or H–38 and copper(II) acetate afford [Cu(37)2], or
Cu(38)2] with a four coordinate square planar copper(II) ion bound
o two bidentate [37]− or [38]− ligands, respectively. The ferrocene

ubstituents in [Cu(37)2] are in an anti arrangement. The pairs of
errocene substituents on each ligand in [Cu(38)2] are syn and adopt
n anti arrangement with respect to the pair on the other diketonate
igand (Fig. 27a and b) [108].

a
l
[
[

Fig. 27. Structures of [Cu(37)2] (
y Reviews 253 (2009) 1099–1201 1129

[M(37)3] (M = AlIII, CrIII, MnIII, FeIII) and [M(37)]2 (M = CoII, NiII,
uII), prepared by a similar procedure, undergo reversible one-
lectron oxidation at potential values essentially overlapping each
ther. This means that the central metal ion prevents any electronic
ommunication between the two or three ferrocene fragments. In
ddition to these reversible ferrocene-centered oxidations, there
re reversible one-electron reductions at the metal(III) ion for
Mn(37)3] and [Fe(37)3] (but nor for [Cr(37)3] or [A1(37)3]. The

etal-centre reductions of [M(37)2] are irreversible owing to fur-
her reactions following reduction [108].

A mixture of H–37, tris(2-aminoethyl)amine (tren) and
obalt(II) chloride do not give the related tripodal ketoimine
omplex but [Co(37)(tren)](BPh4)·CH3COCH3, where the slightly
istorted octahedral cobalt(II) ion is coordinated by the four
itrogen atoms of tren and the two oxygen atoms of [37]−

109].
1,2-Bis(4-pyridyl)ethane (bpe), Zn(CH3COO)2·2H2O and H–37

fford in methanol and in the dark the one-dimensional complex
hain {[Zn(37)2(bpe)]·2H2O}n, consisting of six coordinate zinc(II)
enters, bridging 1,2-bis(4-pyridyl)ethane and chelating [37]− lig-
nds. Each zinc(II) ion is in a distorted octahedral environment with
our oxygen atoms from two [37]− ligands in the equatorial plane,
nd two nitrogen atoms from the bridging bpe ligands in the axial
ositions. The intrachain Zn· · ·Zn distance is 13.806 Å (Fig. 28) [109].

The corresponding reaction of H2–37a with copper(II) acetate
ields the square planar complex [Cu(37a)]. Furthermore, H2–37 or
2–37a and UO2(NO3)·6H2O afford [UO2(37)2(S)] or [UO2(37a)(S)],
here the equatorial five coordination about the uranyl(VI) ion is

eached by two �-diketonato moieties and one solvent molecule
110].

1-Ferrocenylbutane-1,3-dione (H–37), 1,3-diferrocenylpro-
ane-1,3-dione (H–38), 1-ferrocenyl-3-phenylpropane-1,3-dione
H–39), 1-ferrocene-4,4,4-trifluorobutane-1,3-dione (H–40) and
,4,4-trichloro-1-ferrocenylbutane-1,3-dione (H–41), prepared
y Claisen condensation of acetylferrocene with the appropri-

te ester in the presence of sodium amide, sodium ethoxide or
ithium diisopropylamide, form [Rh(L)(cod)] when treated with
Rh2(Cl)2(cod)2] and [Cu(L)2] with copper(II) acetate just as readily
111].

a) and [Cu(38)2] (b) [108].
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Treatment of [Rh(L)(cod)] with CO affords [Rh(L)(CO)2]
H–L = H–37, H–38, H–40) in a better yield than the treatment
f [Rh(Cl)(CO)2] with H–L. In [Rh(40)(CO)2] the rhodium(I) ion is

quare planar with two cis CO ligands. The further reaction with
Ph3 affords [Rh(40)(PPh3)(CO)2]. The formal reduction potential
or the electrochemically reversible one electron oxidation of the
errocenyl group varies between 0.304 V (for the complex with
40]−) and 0.172 V (for the complex with [38]−) versus Fc+/Fc in a

o
f
o
b
m

y Reviews 253 (2009) 1099–1201

anner that could be directly traced to the electronegativities of the
groups of the �-diketonato ligands, as well as to the pKa

′ values
f the free �-diketones. Anodic peak potentials for the dominant
yclic voltammetry peak associated with rhodium(I) oxidation are
etween 0.718 V (for the complex with [39]−) and 1.022 V (for the
omplex with [37]−) versus Fc/Fc+. Coulombmetric experiments
mplicate a second, much less pronounced anodic wave for the
pparent two-electron rhodium(I) oxidation that overlaps with the
errocenyl anodic wave and that the redox processes associated
ith these two rhodium(I) oxidation waves are in slow equilibrium
ith each other [112].

LnCl3·6H2O (Ln = Yb, Lu) and 2 equiv.of H–39 in methanol in
he presence of N(C2H5)3 hydrolyse to [Ln4(39)8(�-OH)4], made
p of a distorted Ln4O4 cubane core consisting of four �3-oxygen
toms while the eight [39]− ligands build up the peripheral part
f the cluster making them lipophilic and enabling the clusters
o dissolve in a huge range of organic solvents like chloroform,
ichloromethane and toluene. The oxygen atoms of the clusters
ore are �3-coordinated, these oxygen atoms being part of hydroxyl
roups. The [39]− ligands are uniformly �2-coordinated to each
etal centre (Fig. 29) [113,114].
In [Ln(39)3(phen)] (Ln = La, Nd, Eu, Yb), obtained by addition of

,10-phenanthroline to [Ln(39)3(H2O)2] in 1,2-dichloroethane, the
ight coordinate lanthanide(III) ion is bound by the oxygen atoms of
hree [39]− ligands and two nitrogen atoms of the phenanthroline
igand as found in the [Nd(39)3(phen)] (Fig. 30a) [113].

3,8-Bis(ferrocenyl-ethynyl)-1,10-phenanthroline (Fc2phen) was
sed with the aim to improve the solubility in organic solvents
f the related complexes [Ln(L)3(Fc2phen)] (Ln = La, Nd, Eu, Yb;
–L = H–6, H–17, H–37), obtained by mixing equimolar amounts
f Fc2phen and [Ln(L)3(H2O)2] in dichloroethane, and to expand
he �-system of the phenanthroline ring in order to produce a
ed shift of the excitation wavelength. The ligand was prepared by
eacting under argon 3,8-dibromo-1,10-phenanthroline, ferroceny-
acetylide, [Pd(PPh3)2(Cl)2], CuI and diisopropylimide followed
y the addition of dry N,N-dimethylformamide and after 2 days
f an aqueous solution of potassium cyanide, separation of the
rganic phase and purification of the resulting product by chro-
atography on a silica column. In [Nd(17)3(Fc2phen)] three [17]−

igands and one 3,8-bis(ferrocenyl-ethynyl)-1,10-phenanthroline
igand coordinate to the distorted dodecahedral neodymium(III)
on. The two ferrocene moieties are oriented opposed to each other

ith respect to the axis along the ethynyl bridges (Fig. 30b). The
est luminescence properties were found for [Ln(6)3(Fc2phen)]
here visible light with a wavelength up to 420 nm (blue light)

ould be used for excitation of the europium(III), neodymium(III)
nd ytterbium(III) ions. The presence of the ferrocene moieties
hifts the ligand absorption bands of the rare-earth complexes
o longer wavelengths so that the complexes can be excited
ot only by ultraviolet radiation but also by visible light of
avelengths up to 420 nm. Red photoluminescence is observed

or the europium(III) complexes and near-infrared photolumi-
escence for the neodymium(III) and ytterbium(III) complexes
114].

.2. Tetrathiafulvalene containing complexes

Various redox-active ligands, where the electroactive lead is
layed by the tetrathiafulvalene (TTF) moiety, have been prepared
ith the aim of forming via their coordination to a metal ion hybrid
rganic–inorganic building blocks. Depending on the coordination
unction and on the number of free coordination sites, modulation
f the molecular architectures and electronic properties can
e envisioned in regard to the preparation of multifunctional
aterials.
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Fig. 28. Structure of {[Zn(37)
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Fig. 29. Structure of [Lu4(39)8(�-OH)4] [113].
H2–42, H–43 and H–44, prepared according to Scheme 9a,
orm the related nickel(II), cobalt(II) and manganese(II) complexes,
hose insolubility precludes any further electrochemical investi-

ation or the use of these building blocks to prepare redox-active

w
d
s
s

Fig. 30. Structures of [Nd(39)3(phen)] (a) [1
2(bpe)]·2H2O}∞ [109].

aterials. On the contrary, the similarly prepared ligands H–45,
–46 and H–47, which are in the enol form in solution and in

he solid state as confirmed by X-ray structural determinations
115,116], form the soluble complexes [M(L)2] (M = ZnII, NiII), when
eacted with the appropriate metal(II) acetate at 0 ◦C in tetrahydro-
uran/methanol. The complexes [M(L)(py)2], obtained by dissolving
M(L)2] in pyridine, contain an octahedral metal(II) ion is chelated
n the equatorial plane by two [L]− ligands and by two axial pyridine

olecules (Fig. 31a) [116].
Moreover H–48, prepared according Scheme 9b, when treated

ith the appropriate metal(II) acetate in tetrahydrofuran gives
ise to [M(48)2(H2O)2] (M = CuII, NiII, ZnII), which turns into
M(48)2(S)2] (S = pyridine, dimethylsulfoxide) in coordinating sol-
ents, as proved by the X-ray structure of [Zn(48)2(DMSO)2] where
he six coordinate zinc(II) ion is chelated by two [48]− ligands in the
quatorial plane with the axial position occupied by two dimethyl-
ulfoxide molecules (Fig. 31b) [117].

The complexes [M(45)2(py)2] (M = NiII, ZnII) exhibit two main
eversible systems, the first one being broader (+0.00 V for the
inc(II) complex and +0.00/+0.08 V for the nickel(II) complex vs.
c+/Fc) than the second one (+0.33 V for the zinc(II) complex and
0.37 V for the nickel(II) complex vs. Fc+/Fc). Thin-layer cyclic
oltammetry shows that each system involves the exchange of
wo electrons. The first oxidation wave was deconvoluted into two
ell-defined separation for the [Zn(45)2(py)2]. The second oxi-
ation wave is a two-electron process. The splitting of the first
ystem indicates that the two TTF cores in one complex oxidize
uccessively into cation radical species, which subsequently oxi-

13] and [Nd(17)3(Fc2phen)] (b) [114].
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ize simultaneously into the dication species, accordingly to the
equence described in scheme. This splitting, independent of the
oncentration, shows the existence of intramolecular electronic
nteractions between the two TTF cores within the zinc(II) and the

n
t
b
i

Scheme 9. Preparation of electroactive t
y Reviews 253 (2009) 1099–1201
ickel(II) complexes, also confirmed by the UV–vis-near IR inves-
igation carried out after the chemical oxidation of [M(45)2(py)2]
y a successive aliquot addition of NOSbF6. In both cases, chem-
cal oxidation with 1 equiv. of NOSbF6 leads to the appearance

etrafulvalene-containing ligands.
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Fig. 31. Structures of [Ni(45)2(py)2]

f new bands, diagnostic of the formation of the cation radi-
al species. As expected, the maximum absorption for the two
ormer bands is obtained with 2 equiv. of the oxidizing agent.
nterestingly, a weaker and broader band is also observed at
200 nm, which reaches its maximum with 1 equiv. of the oxidiz-
ng agent and disappears upon the addition of another equivalent
f NOSbF6. This band, more intense for the nickel(II) complex
han for the zinc(II) one and independent of the concentra-
ion in CH2Cl2, is observed at low concentration in a mixture

C
I
c
m

Fig. 32. Structures of [Gd(10)3(NIT-C2H5)]∞ (a) [122
6] and [Zn(48)2(DMSO)2] (b) [117].

f CH3CN/CH2Cl2, suggesting the formation of an intramolecular
ixed-valence species during the addition of 1 equiv. of NOSbF6

117].

A similar cyclic voltammetry behaviour was found for
Zn(48)2(L)2] (L = pyridine, dimethylsulfoxide) or [Ni(47)2(py)2] in

H2Cl2 and for [M(48)2(H2O)2] (M = Zn, Ni, Cu) in tetrahydrofuran.

t was verified also that tuning of the redox properties of the TFF
an be achieved by changing the apical ligand of the six coordinated
etal complexes from water to dimethylsulfoxide or pyridine [117].

] and [Dy(10)3(NIT-C6H4OC6H5)]∞ (b) [123].
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.3. Redox and photoactive complexes

H–6a, prepared from 4-methyl-benzoyl acid-methyl ester and
olyl acetone in the presence of NaH, reacts with RuCl3 to form
Ru(6a)3] which by subsequent reduction with Zn–Hg amal-
am in acetonitrile and water, produces cis-[Ru(6a)2(CH3CN)2].
he final addition of the Schiff base 1-(4-hydroxy-5-[(pyridin-
-ylmethylene)-amino]-methyl-tetrahydro-furan-2-yl)-5-methyl-
H-pyrimidine-2,4-dione (L), prepared by refluxing 5′-amino-5′-
eoxy-thymidine and 2-pyridinecarboxaldehyde in anhydrous
thanol, gives a diastereomeric mixture of [Ru(6a)2(L)], separated
y chromatography [118]. [Ru(6a)2(L)] belongs to the class of
edox- and photoactive transition-metal complexes that function
s spectroscopic probes for photophysical studies in nucleic
cids. These complexes have been used to study long-range
lectron transfer and energy transfer in DNA, DNA hybridiza-
ion, and the development of biosensors. Modification of the
′ position of thymidine by covalent attachment of iminopy-
idine allows access to both metal complexes and does not
omplicate the phosphoramidation at the 3′ position, which is
ecessary for the incorporation of metal nucleosides into DNA
119–121]. Electrochemical (E1/2 = 0.265 V vs. NHE) and electronic
�max = 600, 486 nm) data indicate that [Ru(6a)2(L)] is a suitable
robe for DNA-mediated ground-state electron-transfer studies
118].

. �-Diketonato complexes containing radicals as ligands

The linear chain lanthanide(III) �-diketonate complexes with
itronyl-nitroxide radicals [Ln(10)3(NIT-R)]∞ have been pre-
ared by mixing [Ln(10)3(H2O)2] (Ln = Gd, Dy, Tb, Eu, Ho, Tm)
ith the appropriate nytronyl-nitroxide radical NIT-R (NIT-R = 2-

4′-R)-4,4′,5,5′-tetramethylimidazoline-1-oxyl-3-oxide; R = C2H5,
H2CH(CH3)2, C6H4OC6H5) in non-coordinating solvents. In these
omplexes the nytronyl-nitroxide radicals bridge two different
anthanide(III) ions, giving rise to a 1D-linear chain molecular
ramework. The metal ions are eight coordinate, their dodecahe-
ral environment being completed by three chelating [10]− ligands
Fig. 32a and b) [122,123].

The magnetism of this type of lanthanide-radical chain is char-
cterized by the presence of nearest neighbour (NN) ferromagnetic
etal–radical and next-nearest neighbour (NNN) antiferromag-

etic metal–metal or radical–radical magnetic coupling (JMr, JMM,
nd Jrr, respectively). The overall behaviour at low tempera-
ure depends on the ratio between ferro- and antiferromagnetic
nteractions. The low-temperature powder data suggest that ferro-

agnetic interactions dominate [121–123].
Furthermore, [Dy(10)3(NITC6H4OC6H5)] represents a success-

ul preparation of a single chain magnet from a material known
o undergo 3D magnetic ordering. The chains exhibit all the fea-
ures of a slowly relaxing system, including a crossover between
wo Arrhenius regimes, and a hysteresis loop opens below 3 K. The
bservation of such a crossover in [Dy(10)3(NITC6H4OC6H5)], if due
o finite-size effects, would suggest a significant contribution to
he barrier coming from the anisotropic building blocks, as the bar-
ier is not exactly halved. This allows one to investigate the effect
f the dynamics of rare-earth single-ion units when arranged in
hains. These dynamic features are accompanied by a very rich
tatic behaviour that could be due to the interplay of NN and NNN

nteractions, with the presence of several low-energy states [122].

[Tm(10)3(NITC6H4OC6H5)]∞ belongs to the family of single
hain magnets. Both static and dynamic magnetic measurements
nd a dependence of the out-of-phase signal on the frequency,
bserved below 3 K, indicate Ising magnetic anisotropy. Compar-

b
w
b
r
a

y Reviews 253 (2009) 1099–1201

son of the extracted parameters with those of other isostructural
anthanide compounds confirms a trend along the lanthanide series
123].

Very little data are available on the magnetic anisotropy of
hulium(III) which often is EPR-silent. Magnetic measurements
onfirm a sizeable magnetic anisotropy. In particular dc measure-
ents confirm the trend observed in the position and in the with

f unusual steps in magnetization curves, which is characteristic of
he anisotropic lanthanide(III) ions. They also give access to a value
f the intra-chain exchange interaction. Dynamic measurements
gree with a trend on the blocking temperature of the fam-
ly, with the thulium(III) compound fitting between holmium(III)
nd erbium(III) derivatives. It confirms the importance of the
ingle-ion anisotropy in building one-dimensional lanthanide-
ased magnets, showing that fine tuning of the behaviour of these

sostructural magnets can be achieved by choosing the appropriate
anthanide(III) ion [123].

Also, the 1D-magnetic chains [M(10)2(NITC6H4OR)]∞ (M = MnII,
oII, CuII; R = H, CH3) have been obtained; again the radicals
ct as bridging building block in the formation of 1D-magnetic
hains, showing slow relaxation of the magnetization and hys-
eresis effect. In particular [Co(10)2(NITC6H4OCH3)]∞ consists of
lternating {Co(11)2} and radical moieties arranged in 1D arrays
ith a helical structure arising from the trigonal crystallographic

attice. Similar structures have been reported for the manganese
nalogue (Fig. 33a) [124,125].

The temperature dependence of �T of the cobalt(II) complex
ndicates 1D ferrimagnetic behaviour. The rapid increase of �T
elow 100 K suggests strong intrachain interactions as observed in
D ferro- and ferrimagnets. Antiferromagnetic coupling between
obalt(II) and the NITC6H4OCH3 radical is suggested by the
emperature dependence of the magnetic susceptibility of the

ononuclear complex [Co(10)2(NITC6H4OCH3)2], where the coor-
ination of the central cobalt(II) ion is essentially the same as in the
hain compound. The unique feature of [Co(10)2(NITC6H4OCH3)]∞
ts highly one-dimensional nature, allowed to record the slow relax-
tion of the magnetization in the paramagnetic phase of a 1D
ompound. The different magnetic behaviour of the manganese(II)
erivative, which orders ferrimagnetically at 4.6 K is because of
he almost negligible anisotropy of the manganese(II) centers. The
nisotropy of the cobalt–radical exchange interaction in the chain
ives a barrier for the reorientation of the magnetization. This, com-
ined with the smaller spin of cobalt(II) compared to manganese(II)
enters, determines slow relaxation of the magnetization before the
eak interchain dipolar interaction can induce three-dimensional
agnetic order [124,125].
1D magnetic systems are well known to be able to show long-

ange order only at 0 K. The research in molecular magnetism of
he last two decades therefore has been characterized by strong
fforts to efficiently connect magnetic chains in 3D networks to
bserve bulk magnetism. It was shown that magnetic bistability
nd the related memory effect can indeed be observed in a 1D mate-
ial without requiring any interchain interaction. These results may
pen new perspectives including that of storing information in a
ingle magnetic polymer as well as in the novel class of 1D mate-
ials where ionic structures are obtained inside carbon nanotubes
124,125].

In [Mn(10)2(L)]n, resulting from the coordination of [Mn(10)2]
ith the biradical ligand L obtained by grafting two nitronyl nitrox-

de radicals in the 5 and 5′ protons of a 2,2′bipyridine ligand, the

ipyridine moiety acts as a chelate toward one {Mn(10)2} unit,
hile the pendent nitronyl nitroxide radicals are symmetrically

ound in trans configuration to additional {Mn(10)2} units, giving
ise to an infinite chain with a biradical bridging {Mn(10)2} units
nd pending {Mn(10)2(bipyridine)}cores (Fig. 33b) [126].
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Fig. 33. Structure of [Mn(10)2(NIT-C6H4OCH3)]∞ (a) [124,125] and [Mn(10)2(L)]∞ (L = 5,5′-nitronylnitroxide-2,2′-bipyridine) (b) [126].

Scheme 10. Nitroxide ligands used in the design of spin-transition-like copper(II) complexes.
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Fig. 34. Structure of [Cu4(10)8(LD)2] [127].

Fig. 35. Structure of [Cu6(49)6(�3-OCH3)4 (�-OCH3)2] [128].
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The magnetic behaviour of this complex is dominated by the
trong antiferromagnetic interactions (J = −203 cm−1) due to the
adical centers directly bound to manganese(II) ions while a sec-
nd antiferromagnetic interaction (J′ = −0.62 cm−1) results from the
oupling of the peripherical nitronyl nitroxide radicals with the
entral manganese(II) ions coordinated to the bipyridine moiety.
ualitatively, the minimum found in the susceptibility measure-
ents closely matches the value expected for a ground spin state

= 3/2 added to a spin S = 5/2 imported by the additional manganese
enter. The susceptibility increase found at cryogenic temperature
as viewed as the result of fictive ferromagnetic coupling related

o the true antiferromagnetic coupling J1 between the pseudospin
= 3/2 and spin S = 5/2 of the additional manganese ion [126].

Mononuclear, dinuclear and tetranuclear copper(II)-nitroxide
omplexes have been prepared with the nitroxide ligands LA–LF of
cheme 10. In the mononuclear complexes [Cu(10)2(L)2], prepared
y reaction of [Cu(10)2] and the appropriate ligand L in a 1:2 molar
atio in heptane, two radical ligands coordinate to the copper(II) ion
y their pyridyl nitrogen while the oxyl groups are not coordinated.
n these complexes the magnetic metal–ligand interaction is weak.
hanging the [Cu(10)2]:L ratio the dinuclear [Cu2(10)4(L)2] and
he tetranuclear [Cu4(10)8(L)2] complexes occur, where L includes
eso, chiral, and racemic 2-(3-pyridyl)-nitronyl nitroxides differ-

ntly substituted in positions 4 and/or 5 by ethyl groups and
yrimidyl nitroxides, exhibiting a spin-transition-like behaviour
ave been prepared and characterized. Depending on the stoi-
hiometry of the reaction, tetranuclear and binuclear complexes
ere obtained whose structures are cyclic. The tetranuclear species,
hich include two intracyclic and two exocyclic metal sites, are

imilar to the previously reported complex of the tetramethylated
nalogue, while the binuclear complexes involve only endocyclic
etal ions and have uncoordinated N-oxyl groups. The tetranuclear

omplexes exist as two isomers depending on the crystallization
emperature: at room temperature, N-oxyl ligand coordination is
xial–axial, while it is axial–equatorial at low temperature (Fig. 34).
his isomerism concerns N-oxyl bonding to the exocyclic metal cen-
ers for the derivatives of 4,5-diethyl-substituted ligands while it
nvolves the endocyclic metal site in the complex of the monoethy-
ated ligand, which converts reversibly from a high-spin state to a
ow-spin state, as observed for the complex of the tetramethylated
igand. Binuclear complexes are diamagnetic at room temperature
ut convert to a paramagnetic state on warming (90–110 ◦C); the
ransition is irreversible and sharp [127].

. �-Diketonato complexes with additional donor groups
t the periphery of the coordinating moiety

The introduction of additional donor groups at the periphery of

he coordinating moiety of �-diketones can give rise, via molecular
ssembly, to quite sophisticated supramolecular architectures.

A first example is represented by H–49, which reacts with
uCl2·2H2O in methanol and in the presence of N(C2H5)3 to afford
Cu(49)2]. The use of Cu(NO3)2·3H2O instead of CuCl2·2H2O pro-

Fig. 36. Structure of [CuAg
y Reviews 253 (2009) 1099–1201 1137

uces [Cu6(49)6(�3-OCH3)4(�-OCH3)2], where two of the three
ndependent copper ions are square pyramidal, coordinated to
wo oxygen atoms from a [49]− ligand and three methoxy lig-
nds, though for one copper(II) ion the methoxy ligands all have
3-coordination whereas for the other copper(II) ion one of them
ridges between only two copper centres. The third copper(II) ion

s square planar, coordinated to two oxygen atoms from a [49]−

igand, one �2-methoxy ligand and one �3-methoxy ligand. The
wo outer {Cu2(�-OCH3)2(49)2} units in the hexacopper complex
re markedly curved, with the [49]− ligands bent away from the
entral {Cu2(�-OCH3)2} unit (Fig. 35) [128].

[Cu(49)2] and AgNO3 in dimethylformamide/methanol give
CuAg(49)2(NO3)]∞, where the copper(II) ion adopts a distorted
quare pyramidal geometry with the equatorial positions occupied
y four oxygen atoms from two [49]− ligands and the axial posi-
ion occupied by an oxygen atom of the nitrate anion. The silver
on adopts a distorted T-shaped geometry, being coordinated to
wo cyanide groups and also to the coordinated oxygen atom of
he nitrate ion. Coordination to the two cyanide groups to the sil-
er(I) ion links the {Cu(49)2}units into one-dimensional polymeric
hains. The bridging nitrate ligands interlink pairs of chains to form
ladder structure (Fig. 36) [128].
(49)2(NO3)]∞ [128].
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Fig. 37. Structure of

In [Fe(49)3], synthesised from Fe(NO3)3·9H2O and 3 equiv.
f H–49 in methanol in the presence of N(C2H5)3, the dis-
orted octahedral iron(III) ion is coordinated by six oxygen
toms from three [49]− ligands. [Fe(49)3] and AgNO3 in ace-
one/methanol give after two weeks a mixture of {[Fe2Ag2(49)4(�-
CH3)2(NO3)2]·CH3COCH3}∞ and [Fe2Ag(49)4(�-OCH3)2(NO3)]∞,

he former being the major product, and [FeAg(49)3NO3]∞ when
eft for longer periods.

In [FeAg(49)3(NO3)]∞ the iron(III) ion has the same coordina-
ion geometry as in [Fe(49)3], while the distorted trigonal planar
ilver ion is coordinated to two cyanide groups and to an oxygen
tom from the nitrate ion; this enables the {AgNO}3 units to bridge
etween {Fe(49)3} moieties and to link the iron complexes into
ne-dimensional chains (Fig. 37). One of the three cyanide groups
resent on each {Fe(49)3} moiety is uncoordinated and this pre-
ents cross-linking of the chains into layers [128].

Each distorted octahedral iron centre of {[Fe2Ag2 (49)4(�-
CH3)2(NO3)2]·CH3COCH3}∞ is coordinated to two bidentate [49]−

igands and two methoxides which bridge two iron centres, leading
o the formation of {Fe2(49)4(�-OCH3)2} dimers. One four coordi-
ate, flattened tetrahedral silver ion is linked to two cyanide groups
nd two nitrate groups; the other is three coordinate, and bound
o two cyanide groups and one nitrate ion. One nitrate ion bridges
he silver centres while the cyanide groups link the {Fe2(49)4(�-
CH3)2} dimers into tapes. Each cyanide group of the dimer is
oordinated and two silver centres link each dimer to its neighbour,
enerating [28]-membered rings. The bridging nitrate interlinks
hese tapes into a layer structure. The layers are connected into
he gross structure by short Ag· · ·Ag contacts (3.323 Å) (Fig. 38a).
lso in [Fe2Ag(49)4(�-OCH3)2(NO3)]∞, each iron centre is coordi-
ated to two bidentate [49]− ligands, while the bridging methoxide

igands lead to the formation of {Fe2(49)4(�-OCH3)2} dimers. The
istorted tetrahedral silver centre is surrounded by three nitriles
nd one oxygen atom of a nitrate anion. This coordination links the
Fe2(49)4(�-OCH3)2} dimers into a one-dimensional tape struc-
ure. One of the nitriles on each dimer is uncoordinated, and as a
onsequence there are no coordination links between neighbouring
apes (Fig. 38b) [128].

[Fe(49)3] and AgNO3 in methanol afford [FeAg(49)3(NO3)]∞ and
Fe2Ag2(49)4(�-OCH3)2(NO3)2] as major products, together with
mall quantities of {[Fe2Ag(49)4(�-OCH3)2](OH)·0.4H2O}∞. In this
omplex the distorted octahedral iron centre is coordinated to two

−
identate [49] ligands and two bridging methoxides, giving rise to
Fe2(49)4(�-OCH3)2} dimers. The distorted tetrahedral silver cen-
re is coordinated to four cyanide groups. Furthermore, all of the
yanide groups are coordinated to silver centres, giving rise to a
hree-dimensional network (Fig. 38c) [128].

i
t
e
g
i

(49)3(NO3)]∞ [128].

[Al(49)3]·6H2O, derived from equimolar methanolic solutions of
l(NO3)3·9H2O and H–49 in the presence of NaHCO3, transmeta-

ates when reacted with AgNO3 in dimethylformamide/methanol
ffording [Ag(49)]∞. The silver(I) ion in a distorted T-shaped coor-
ination mode is bound to two oxygen atoms from different [49]−

igands and the nitrogen atom of a cyanide group. This coordination
eads to the formation of a two-dimensional sheet structure con-
aining both [12]- and [24]-membered rings. The anti conformation
dopted by the [49]− ligand prevents chelation of the oxygen atoms
Fig. 38d) [128].

H–50, prepared by the reaction of 4-methylpyridine with
H3COCl in CHCl3 at 20 ◦C followed by purification of the result-

ng residue by extraction with toluene and chromatography using
exane/ethylacetate as eluant [129], forms the square planar
Cu(50)2], the tetrahedral [Be(50)2], and the octahedral complexes
M(50)3] (M = AlIII, FeIII) capable to act as building blocks in the
ormation of a group of metal organic frameworks (MOFs) by
eaction with appropriate metal salts [130]. In particular, H–50
nd Cu(NO3)2·2.5H2O in methanol/water/tetrahydrofuran and in
he presence of NaHCO3 form [Cu(50)2]·2.5H2O·0.5THF, where
he copper(II) ion is in a slightly distorted square planar O4
nvironment and the pyridyl rings are aligned approximately
erpendicular to the coordinating moiety [131]. Furthermore,
u(CH3COO)2·H2O and H–50 in ethanol/water at room temperature
roduces [Cu(50)2]·0.5C2H5OH.3H2O, which turns into [Cu(50)2]
y removal of solvate molecules under vacuum. Crystallization of
Cu(50)2] in a variety of solvents affords the related solvate com-
lexes. The coordination about the copper(II) ion always is square
lanar, however the molecules self assemble in a two-dimensional
quare grid or a three-dimensional framework according to the
olvent used. The major of the prepared complexes are two-
imensional square grid frameworks, while two solvate complexes
re three-dimensional doubly interpenetrated frameworks. In
hese complexes one DMSO, one C6H6, one C5H5N or two CH3CN
uest molecules per square-grid unit are enclathrated between
he square-grid [Cu(50)2] layers, respectively, with interlayer
u· · ·Cu separations of 7.65, 7.56, 7.42, and 7.43 Å. [Cu(50)2]·4DMF
nd [Cu(50)2]·4THF have very similar square-grid structures,
ut with larger numbers of solvent molecules and correspond-

ngly larger Cu· · ·Cu separations, 8.92 and 9.30 Å, respectively.
n [Cu(50)2]·0.5C2H5OH·3H2O and [Cu(50)2]·0.1THF·2.25H2O, two
dentical slightly distorted NbO three-dimensional frameworks are

nterpenetrated with each other. Despite this interpenetration,
hese compounds retain one dimensional pores of about 7 Å diam-
ter which are filled with solvent molecules. In the 2D square
rid frameworks, the solvent guest molecules have no specific
nteractions with one another (Fig. 39a); while in the 3D NbO frame-
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Fig. 38. Structures of [Fe2Ag2(49)4(�-OCH3)2(NO3)2]∞ (a), [Fe2Ag(49)4(�-OCH

orks, the solvent guest molecules of [Cu(50)2]·0.5C2H5OH·3H2O

nd [Cu(50)2]·0.1THF·2.25H2O form hydrogen-bonded aggregates
hich support the interconnected one-dimensional pores in the 3D
bO [Cu(50)2] frameworks (Fig. 39b) [131].

[Cu3Cd(50)6(NO3)2]·3CH3OH·1.5THF and [Cu2Cd(50)4(Cl)2]·
H2O.THF have been obtained over a period of two days by lay-

o
o
i
t
t

ig. 39. The two-dimensional square grid framework of [Cu(50)2]·C6H6 (a) and the three-
here the methyl groups and the solvent molecules are omitted for clarity [131].
O3)]∞ (b), {[Fe2Ag(49)4(�-OCH3)2](OH)·0.4H2O}∞ (c) and [Ag(49)]∞ (d) [128].

ring a methanol solution of Cd(NO3)2·4H2O or a water solution

f CdCl2·2.5H2O, respectively, onto a tetrahydrofuran solution
f [Cu(50)2]. The Cu3Cd complex is an example of a 1D non-
nterpenetrating ladder structure, with the 1D ladders stacked
ogether in ABCABC packing. The pores in one 1D ladder are close
o those in adjacent layers and b crystallographic directions, giving

dimensional doubly interpenetrated framework of [Cu(50)2]·0.5C2H5OH.3H2O (b),
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ise to a 2D network of interconnected channels. The resulting
ores occupy about 60% of the crystal volume. The Cu2Cd complex
as a 2D square-grid structure in which {Cd(Cl)2} units are bridged
y {Cu(50)2} building blocks with a Cd· · ·Cd and Cu· · ·Cu distance
f 19.718 Å. The 2D square-grid layers are stacked so as to repeat
very six layers (ABCDEF. . . packing). The porosity of the Cu2Cd
omplex is about 63% [132].

The copper sites in these two porous Cu3Cd and Cu2Cd M′MOFs
re accessible for host–guest interactions. Encapsulation of solvent
olecules to the copper sites occurs in the crystal structures of

oth the Cu3Cd and Cu2Cd complexes which turn opaque in air;
he desolvated frameworks are stable up to about 220 and 210 ◦C,
espectively, and then decompose [132].

In [Be(50)2]·CH3OH, prepared from H–50, beryllium sulfate
n aqueous pyridine solution followed by recrystallization of the
recipitate from methanol/water, the tetrahedral beryllium(II)

on is coordinated by two �-diketonate moieties. [Be(50)2] is an
xtended connector for the generation of [Be2Co(50)2(Cl)2]·H2O,
Be2Co(50)2(SO4)(CH3OH)2]·H2O·CH3OH, [Be2Cu2(50)4(Cl)3],

Cu2Be2(50)4(Br)2]·5.33CHCl3 or [Be2Cu2(50)4(Br)3] by reaction
ith the appropriate metal(II) salt in ethanol/chloroform [133].

[Be2Co(50)2(Cl)2]·H2O exists as a discrete molecular complex
here two {Be(50)2} units act as monodentate ligands toward a

b
g
l
a

Fig. 40. Structures of [Be2Co(50)2(Cl)2] (a), [Be2Co(50)2(SO4)(CH3OH)
y Reviews 253 (2009) 1099–1201

entral four coordinate cobalt(II) ion which is further linked by two
hloride ions (Fig. 40a). Also in [Be2Co(50)2(SO4)(CH3OH)2]·H2O
he two {Be(50)2} units connect two cobalt(II) ions, 18.41 Å apart,
ith the generation of a mixed-metal-organic chain. The coordina-

ion environment of the cobalt ion is completed with two trans
xygen atoms of the bridging sulfate anions, which give rise to
o···Co distance 5.39 Å and two methanol molecules (Fig. 40b).
he isomorphous complexes [Be2Cu2(50)4(X)3] (X = Cl, Br) are the
ixed-valence species with copper–halogenide linkages closely

elated to molecular diamonds. The Cu2X2 ring involves both cop-
er(I) and copper(II) ions, the latter coordinating an additional
alogenide ion and thus making the valence state of the two
opper centres easily distinguishable. The complexes adopt a one-
imensional structure and exist as double chains (Fig. 40c). In
Be2Cu2(50)4(Br)2]·5.33CHCl3 an open 2D structure was observed,
nvolving the square-like {Cu2Br2} unit which serves as a four-
onnected point for the 2D regular square-grid networks where
he two {Be(50)2} ligands bridge pairs of tetrahedral copper(I) ions
t distances of 18.1–18.5 Å, and the successive layers are separated

y only 4.1 Å. The structure is very open and enclathrates a set of
uest molecules (Fig. 40d). Unfortunately, removal of the accumu-
ated chloroform molecules leads to disintegration of the network
nd a loss of crystallinity [133].

2]n (b), [Be2Cu2(50)4(Cl)3]n (c) and [BeCu2(50)4(Br)2]n (d) [133].
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Fig. 41. Structures of [Fe2Cd (50)6(NO3)2

The distorted octahedral complexes [M(50)3] (M = AlIII, FeIII),
repared by addition of M(NO3)3·nH2O in water to a methanol
olution of H–50 neutralized with NaHCO3, have structural fea-
ures suitable to be used as triangular building blocks for
he synthesis of heteropolynuclear polymers via complexation
ith the appropriate metal salts. Thus, Cd(NO3)2·4H2O and

Fe(50)3] in methanol afford {[Fe2Cd(50)6(NO3)2]·2H2O}n. Simi-
arly, slow diffusion of CoCl2·6H2O into a methanol/chloroform
olution of [Al(50)3] leads to [Al2Co(50)6(Cl)2]·4CHCl3·2CH3OH.
AlCo(50)3(X)2(CH3OH)] (X = NO3

−, Cl−), containing a different
mount of solvate molecules were synthesized in a similar way.
hese Al2Co or AlCo complexes readily lose incorporated solvent
olecules with disintegration of the structure. They are also unsta-

le under the mother solution since the initially formed crystals
ose crystallinity and dissolve in a period of 15–20 days. It was not
ossible to obtain crystals by the same method using [Fe(50)3]: but
nly the isomorphous complexes [M(50)2(H2O)2]·3H2O (M = CdII,
oII) [133].
{[Fe2Cd(50)6(NO3)2]·2H2O}n, containing alternating cad-

ium(III) and iron(III) centres, exemplifies a 1D array of
eterobimetallic squares sharing opposite vertices (Fig. 41a).
he {Fe(50)3} units serve as angular bidentate connectors and
he organic ligands bridge pairs of iron and cadmium ions at
0.0 Å. The six coordination of the cadmium ions includes the
yridyl nitrogen atoms of four {Fe(50)3} molecules and two
rans-situated nitrate groups. The same structure was observed for
[Al2Co(50)6(Cl)2]·4CHCl3·2CH3OH. The chloride ions, which are
rans-coordinated to cobalt(II) centres, have a smaller size than the
itrate groups in the Fe2Cd complex: the liberated crystal volume

s occupied by guest chloroform molecules, four per cobalt ion
133].

A 2D network takes place in [AlCd(50)3(NO3)2(CH3OH)]·2CHCl3
nd [AlCd(50)3(Br)2(CH3OH)]·2CHCl3·2CH3OH, where all the avail-
ble side functionalities of [Al(50)3] are employed for binding with
admium ions, resulting in the generation of a polymer. In the
ormer complexes the cadmium ions adopt a distorted seven coor-
ination including three pyridyl nitrogen atoms and oxygen atoms
f monodentate and asymmetric-bidentate nitrate groups and a
ethanol molecule. In the latter complex, the six coordination

f the cadmium ions is retained with two trans-situated bromide
nions and also with three equatorial pyridyl nitrogen-donors and
methanol molecule. Thus, both the aluminum and cadmium ions

rovide three-connected vertices for the polymeric structure. The
esulting coordination network is very open and consists of two
inds of equal regions, i.e. dense molecular squares and very open
ctagons, these last providing large enough voids for hosting the
uest molecules (Fig. 41b) [133].

S
t
c
g
[

and [AlCd(50)3(Br)2(CH3OH)]n (b) [133].

{[FeAg(50)3(NO3)]·2CH3CN·2(1,2-C6H4Cl2)}n or {[Fe2Ag3(50)6
NO3)3]·5.5(1,2-C6H4Cl2)}n were obtained by the reaction of
Fe(50)3] in 1,2-C6H4Cl2 and a lower and a larger concentration of
gNO3 in CH3CN, respectively. Crystals of the FeAg complex, which
as a 2D trigonal grid structure with approximately hexagonal
11.7 Å × 16.0 Å) pores filled by solvent molecules, became opaque
hen immersed in other solvents, showing that the lattice is not

table under solvent exchange.
The framework of Fe2Ag3 complex is much more stable, as it

an encapsulate a variety of guest solvent molecules which can be
nterconverted in single crystal to single crystal transformations.
n the crystal structure AgNO3 nodes are bridged by tridentate
[Fe(50)3]} building blocks to form a 1D porous ladder with Fe· · ·Fe
istances of 19.50 Å (across the “rungs” of the ladder) and 18.35 and
9.01 Å (along the “uprights”). This framework encloses two crystal-
ographically independent, centrosymmetric pores, the larger one
ccomodating six guest molecules and the smaller one five. These
D ladders are further interconnected by weak Ag· · ·Ag interac-
ions (3.29 Å) and accompanying bridging nitrate anions to form
nfinite 2D sheets separated by ca. 5.9 Å. Also, the “rung” Ag atoms
n adjacent 2D layers are linked by nitrate ions to produce an over-
ll 3D network. {[Fe2Ag3(50)6(NO3)3]·6C6H5Br}∞, occurring when
he above reaction is carried out dissolving [Fe(50)3] in C6H5Br,
as the same structure of the above Fe2Ag3 complex except that
ll pores have the same dimensions and contain six bromobenzene
uest molecules. The two Fe2Ag3 crystals can be inetrconverted
ach other by treatment with the appropriate solvent, maintain-
ng the framework connectivity despite the fact that the different
uests lead to noticeable changes in the pore geometry and sym-
etry, Fe· · ·Fe and Ag· · ·Ag distances, and interlayer separations

134].
Polynuclear manganese clusters often exhibit large, some-

imes abnormally large spin values in the ground state. This
arge spin value, combined with a large magnetic anisotropy,
as led some of these species to be single molecule magnets
SMMs), attracting extensive attention because they represent
anoscale magnetic particles of a well-defined size. They display
luggish magnetization relaxation phenomena such as magne-
ization hysteresis loops and frequency-dependent out-of-phase
lternating current magnetic susceptibility. The remarkable mag-
etic properties of a SMM arise from its high-spin ground state
plit by a large negative axial zero-field splitting. A number of

MMs containing different metal ions have been reported and
he development of rational syntheses of multinuclear metal
omplexes, especially from building blocks possessing high spin
round states, is a stimulating goal of coordination chemists
135–145].
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Fig. 42. Structure of [Mn2
IIMn2

III(51b)2(O)(Cl3CCOO

The pyridine-containing �-diketone ligands H–51a and
–51b, prepared by Claisen condensation of ethyl picol-

nate with p-methylacetophenone or acetophenone and
odium ethoxide in a 1:1:1 molar ratio in anhydrous ether,
eact with [Mn3(O)(Cl3CCOO)(H2O)3] in a 1.5:1 molar ratio
nd in CH2Cl2/Et2O to give [Mn4(L)2(O)(CH3CCOO)6]. When
Mn3(O)(C6H5COO)(py)2(H2O)] was employed as manganese
ource, the above reactions afford [Mn6(O)2(L)3(C6H5COO)6] [146].

In [Mn4(51b)2(O)(Cl3CCOO)6] the central [Mn4(�4-O)]8+ core
ontains a distorted Mn4 tetrahedron with two octahedral man-
anese(III) and two octahedral manganese(II) ions. A �4-O atom
ridges the four manganese ions. The Mn···Mn distances fall in
he range 3.214· · ·3.674 Å with the shortest one being between

nIII· · ·MnII ions, which are bridged through the �4-O atom and
n oxygen of the diketonate group, and the longest one being
etween the MnII· · ·MnIII ions, which are bridged only by the �4-O
tom and two bidentate chelate carboxylato ligands. The periph-
ral ligations are provided by six bridging trichloroacetate anions
nd two bridging diketonate groups which behave as �1:�2:�1:�2-
igands, bridging one manganese(III) and one manganese(III) ion;
ach ligand chelates one metal ion through its nitrogen atoms
nd connects this metal ion with a second one through bridg-
ng oxygen atoms. The six bridging trifluoroacetate anions can
e separated into three classes: the groups bridging two man-
anese(III) ions, the groups bearing bridging two manganese(II)
ons and the groups bridging one manganese(II) and one man-
anese(III) ion. The structure of the tetramanganese complex with
51b]− is very similar to that of [51a]− except that one of six
l3CCOO− groups is bridging two manganese ions in a �2:�1:�2-
inding mode, completing a distorted pentagonal bipyramid
oordination environment around one manganese(II) ion (Fig. 42a)
146].

H–51a and H–51b and {Mn3O(C6H5COO)6(H2O)(py)} in CH2Cl2
fford the isostructural complexes [Mn6(L)3(O)2(C6H5COO)8] with
{MnII

3MnIII
3(�4-O)2}11+ core and peripheral ligations provided

y eight benzoate groups and three [L]− ligands. Seven of the
ight C6H5COO− groups are bridging two manganese ions and are
n a syn,syn- �1:�1:�2 binding mode. The remaining C6H5COO−

roup is in a �1:�2:�3 mode, one oxygen atom being terminal to
ne manganese ion and the other one bridging other two man-
anese ions. Two [L]− ligands behave as �1:�2:�1:�2 ligands,

here each ligand chelates one metal ion through its nitrogen atom

nd connects this metal ion with a second one through a bridging
xygen atom and a terminal oxygen atom; and the third [L]− lig-
nd chelates as a �1:�3:�1:�3-bridging group; the coordination
f this ligand is similar to the other two �-diketonates by con-

g
b
t
g
i

) and [Mn3
IIMn3

III(51a)3(O)2(C6H5COO)8] (b) [146].

ecting to the metal ion terminally though the nitrogen and one
xygen atoms, but bridging three manganese ions by the other
xygen atom. Four manganese ions are six coordinate with slight
istorted octahedral geometry while the other two are seven coor-
inate with distorted pentagonal bipyramidal geometry (Fig. 42b)
146].

Both the complexes [Mn4(L)2(O)(Cl3CCOO)6] are trapped
alence tetranuclear MnII

2MnIII
2 species where intramolecular

ntiferromagnetic exchange occur. Variable temperature magnetic
usceptibility and magnetization measurements indicate that the
nII

3MnIII
3 complexes have a ground state spin value of S = 7/2

ith significant magnetoanisotropy as gauged by the D-value of
0.46 cm−1. The frequency dependence of the out-of-phase com-
onent in alternating current magnetic susceptibilities indicates
he slow magnetic relaxation of a superparamagnetic molecule
146].

An isopropanol solution of H–51c and an aqueous solution at pH
of LaCl3·6H2O afford [La2(51c)6], where each of the two 10 coordi-
ate lanthanum ions is bound by four terminal diketonate oxygen
toms, four bridging diketonate oxygen atoms and two terminal
yridyl nitrogen atoms. Two of the terminal oxygen atoms arise
rom solely bidentate diketonates which have non-coordinating
yridyl nitrogen atoms, the other two arising from bidentate dike-
onates that also bridge to the other lanthanum ion centre through
he other oxygen atom. The pyridyl nitrogen of the bridging �-
iketonate ligands is coordinated to the other lanthanum ion. Thus,
ne of the diketonate ligands at each lanthanum ion is bidentate
hrough two oxygen atoms, two are bidentate through a bridging
xygen and a pyridyl nitrogen and the other is bidentate through
bridging and terminal oxygen and overall eight pyridyl nitro-

en atoms are unbound by lanthanum. Dimerization via diketonate
xygen atoms is preferred over the coordination of either dangling
yridyl nitrogen atoms or solvent water molecules. The La· · ·La dis-
ance is 3.783 Å (Fig. 43a) [147].

The isostructural complexes [Ln2(�-52)2(52)4] (Ln = Tb,Y) were
repared by the reaction of LnCl3 with a slight excess of H–52 in
cetone/water. Attempts to prepare the mononuclear complexes
Tb(52)3(L)], where L is a chelating ligand such as 2,2′-bipyridine
r 1,10-phenanthroline, were not successful [148].

[Tb2(�-52)2(52)4] contains two metal(III) ions, 4.027 Å apart,
ach chelated by two [52]− ligands through the diketonate oxy-

en atoms. The remaining two [52]− ligands display chelating and
ridging bonding mode-chelate to one of the terbium(III) ions
hrough the nitrogen atom of the 7-azaindolyl group and one oxy-
en atom of the diketonate and chelate to the second terbium(III)
on by using two oxygen atoms of the diketonate, giving rise to eight
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Fig. 43. Structures of [La2(51c)6] (a

oordinate terbium(III) ions a distorted square antiprism formed by
he four oxygen atoms from the two chelating ligands in one square
lane and two oxygen atoms and two nitrogen atoms from the two
ridging ligands in another square plane. An extensive � stacking

n the crystal lattice occurs (Fig. 43b) [148].
[Tb2(�-52)2(52)4] displays characteristic terbium(III) emission

ands while the yttrium(III) analogue displays weak blue lumi-
escence attributable to the ligand. Single-layer and double-layer
lectroluminescent devices for [Tb2(�-52)2(52)4] were made,
here the complex doped poly(vinylcarbazole) (PVK) layer func-

ions as both the emitting layer and the hole transport layer
nd prebulk deposition (PBD) material (2,4-(diphenyl)-5-(4-tert-
utylphenyl)-1,3,4-oxadiazole) functions as an electron transport

ayer (in the double-layer device), demonstrating that [Tb2(�-
2)2(52)4] is a green emitter in electroluminescent devices [148].

A range of �-diketones, bearing a side polyether chain, designed
ith the aim to obtain monomeric, volatile complexes to be
sed in MOCVD, was prepared by deprotonation of H–5 or H–12
ith sodium in liquid ammonia in the presence of catalytic

mounts of Fe(NO3)3, followed by treatment with 1 equiv. of
rCH2CH2(OCH2CH2)nOCH3 to give, after work-up, the desired

unctionalized �-diketone H–53a· · ·H–53e. On reaction with the
esired �-diketone in dry toluene, BaH2 dissolves smoothly to form
Ba(L)2], proposed to be monomer in solution but polymeric in
he solid state. The same behaviour was observed for the cop-
er(II) complexes [Cu(L)2], derived from the reaction of the same
-diketones with Cu(NO3)2 in water/ethanol solution containing

H3. [Cu(53e)2] is polymeric with each octahedrally distorted, cop-
er ion surrounded by six oxygen atoms: two [53e]− ligands are
ound in a bidentate manner to each copper(II) ion to give a dis-
orted square planar arrangement, while the two axial coordination

[
t
Y
t

Fig. 44. Structure of [C
] and [Tb2(�-52)2(52)4] (b) [148].

ites are taken up by the terminal oxygen atoms of the polyether
hain from a �-diketone attached to the neighbouring copper ion
Fig. 44) [149].

. Heteropolynuclear �-diketonato complexes

The substitution of the coordinated water molecules in [Ln(�-
ike)3(H2O)n] (n = 1, 2) can be achieved by using appropriate metal
omplexes as ligands. In the resulting heterodi- or heteropolynu-
lear complexes a quite sophisticated supramolecular array takes
lace, with peculiar photophysical or magnetic properties originat-

ng from the typology of the metal ions interfering each other.
Transition metal complexes containing antenna chromophores

ave been successfully experimented as lanthanide sensitizers.
he d-block containing chromophores afford a series of advan-
ages, including (i) low-energy absorption in the visible region
rising from the red-shifted ILCT (intraligand charge transfer) or
LCT (metal-to-ligand charge transfer) transitions, causing a better

nergy match between d-block donors and lanthanide(III) accep-
ors and thus less waste in energy, (ii) relatively high triplet
uantum yields resulting from the rapid intersystem crossing
nduced by heavy-metal effect, (iii) relatively long lived triplet
xcited states that facilitate energy transfer to the adjacent lan-
hanide(III) centers, (iv) facile detection of both quenching of the
-block chromophores and the sensitized emission from the lan-
hanide(III) centers.
The tetranuclear Ru2Ln2 nature of the complexes
Ru2Ln2(17)6(bipy)4(4,4-bipy)4(H2O)](Cl)4, prepared by reac-
ion of [Ru(bipy)2(4,4′-bipy)4](Cl)2 with [Ln(17)3(H2O)2] (Ln = Nd,
b, Gd) in methanol, was inferred by ESI–MS spectra. By exciting
he Ru2Nd2 complex at 420 nm, strong emission bands originate at

u(53e)2]n [149].
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Fig. 45. Structures of [RuNd(10)3(Cl)2(t-bubipy)2(bpm)

00, 1059, and 1333 nm, due to the 4F3/2 → 4I9/2, 4I11/2, and 4I13/2
eodymium(III) transitions, indicating that the neodymium(III)

ons are excited by the 3MLCT (metal-to-ligand charge transfer)
tate of the Ru-bipy sensitizer. In the same way, no emission
ands are observed in the near-infrared region for the complexes
Ru(bipy)2(4,4′-bipy)2](Cl)2 and [Nd(17)3(H2O)2]. Emission in the
ear-infrared region of the Ru2Yb2 complex was also observed.
he energy transfer rates in the Ru2Nd2 and the Ru2Yb2 complexes
re rather high [150].

[Ru(t-bubipy)2(bpm)](PF6)2 and [Os(t-bubipy)2(bpm)](PF6)2 (t-
ubipy = 4,4′-tert-butyl-2,2′-bipyridine, bpm = 2,2′-bipyrimidine)
ere prepared by reaction of the appropriate [M(t-bubipy)2(Cl)2]
ith 1 equiv. of bpm, followed by anion metathesis, while the sub-

equent addition of t-bubipy and bpm to [Ru(dmso)4(Cl)2] affords
Ru(t-bubipy)(bpm)(Cl)2] whose chloride ions can be replaced
ith thiocyanates by treatment with 2 equiv. of AgNO3 followed

y addition of KNCS. The further reaction of these complexes
ith [Ln(10)3(H2O)2] affords [MLn(10)3(t-bubipy)2(bpm)](PF6)2,

MLn(10)3(SCN)2(t-bubipy)2(bpm)(H2O)] or [MLn(10)3(Cl)2(t-
ubipy)2(bpm)] (M = RuII, OsII; Ln = Nd, Pr, Gd, Yb), where
he transition metal ion is octahedral and the lanthanide(III)
on is nine coordinate in the presence of an additional water

olecule and eight coordinate when the water molecule is absent
Fig. 45a and b). [Ru(t-bubipy)(bpm)(X)2] (X = Cl−, NCS−) and
M(t-bubipy)2(bpm)](PF6)2 (M = RuII, OsII) have a low-energy
UMO arising from the presence of 2,2′-bipyrimidine ligand, and
onsequently have lower-energy 1MLCT and 3MLCT states than
nalogous complexes of bipyridine. UV–vis and luminescence
tudies show that binding of the {Ln(10)3} fragment at the sec-
nd site of the bpym ligand reduces the 3MLCT energy of the
uthenium(II) or osmium(II) fragment still further; consequently
n [RuLn(t-bubipy)2(bpm)(10)3(X)2)] (X = Cl−, NCS−) and [OsLn(t-
ubipy)2(bpm)(10)3](PF6)2 the 3MLCT is too low to sensitize
he luminescent f–f states of neodymium(III) or ytterbium(III)
ons, but in [RuLn(t-bubipy)2(bpm)(10)3](PF6)2 the 3MLCT energy
llows energy transfer to the neodymium(III) or ytterbium(III)
ons resulting in sensitized near-infrared luminescence on the

icrosecond timescale [151].
Furthermore, d-block chromophores have been converted to

he lanthanide luminophore by bifunctional ligands with suitable
onding sites for d- and f-metal ions. Acetylide-functionalized pyri-
ine, bipyridine, phenanthroline and terpyridine have been used
or the synthesis of d, f-heterometallic arrays, capable to allow
→ f energy transfer to occur from transition metal alkynyl chro-

ophores to f-block luminophores, thus emitting NIR lanthanide

uminescence by excitation of the charge transfer absorption in the
rganometallic energy donors.

The key feature of the molecular design of di- or multinu-
lear PtLn systems is the grafting of a square planar {Pt(N–N)},

i
s
(
o
[

nd [RuNd(10)3(SCN)2(t-bubipy)2(bpm)(H2O)] (b) [151].

Pt(N–N–N)} or {Pt(P–P)} unit (N–N = bipyridine, phenanthroline;
–N–N = terpyridile; P–P = diphosphine) onto an ethynyl ligand

uitable for lanthanide(III) complexation. The resulting PtLn,
tLn2, Pt2Ln2 or PtLn4 complexes exhibit relatively easy synthe-
is and high stability, strong luminescence of the lanthanide(III)
enter due to quantitative energy transfer from visible-light
rradiation up to 460 nm, a luminescence quantum yield inde-
endent of the presence of oxygen and a redox behaviour of
he platinum(II) unit insensitive to binding of the lanthanide(III)
pecies.

[Pt(t-buterpy)(C Cterpy)](BF4), prepared by [Pt(t-buterpy)(Cl)]
BF4) (t-buterpy = 4,4′,4′′-tert-butyl-2,2′:6′,2′′-terpyridine) and 4-
thynil-2,2′:6′,2′′-terpyridine (HC Cterpy) in dimethylformamide
ediated by CuI under anaerobic conditions, reacts with

Eu(10)3(H2O)2] in CH2Cl2 under argon to afford [PtEu(t-
uterpy)(C Cterpy)(10)3](BF4). The flat {Pt(t-buterpy)(C Cterpy)}
ore links to the nine coordinated distorted monocapped square
ntiprismatic europium(III) ion with the three nitrogen atoms of
he free terpyridine subunit and six oxygen atoms of the three
10]− ligands (Fig. 46). Irradiation up to 460 nm in the MLCT state
f the platinum(II) subunit results in an energy transfer to the
uropium(III) center, which strongly luminesces in the red with an
verall luminescence quantum yields of 38%. The energy transfer
rocess is quantitative and not sensitive to oxygen and the com-
lexation of the europium(III) to the platinum(II) metallosynthon
llows the recovery of the energy lost due to triplet-oxygen quench-
ng of the MLCT state observed in the uncomplexed platinum(II)
recursor

The CuI-catalyzed coupling of cis-[Pt(N–N)(Cl)2] (N–N = bipy,
-bubipy) with 4-ethynylpyridine (HC Cpy) or 3-ethynyl-1,10-
henantroline (HC Cphen) affords cis-[Pt(N–N)(C Cpy)2] or cis-
Pt(N–N)(C Cphen)2], respectively. Cis-[Pt(N–N)(C Cpy)2] reacts
ith [Ln(�-dike)3(H2O)2] ([�-dike]− = [10]−, [17]−; Ln = Gd, Pr,
d, Er, Eu) to give cis-[PtLn(N–N)(C Cpy)2(�-dike)3]∞. Cis-

PtLn(bipy)(C Cpy)2(17)3] (Ln = Yb, Er) (Fig. 47a) contains a zigzag
hain with a cis arrangement of the two 4-pyridyl units at the
latinum(II) centres. Each lanthanide(III) centre is eight coordinate
quare antiprismatic from the three bidentate [17]− ligands and two
onodentate pyridyl ligands, each from a different platinum(II)

nit. The Pt· · ·Yb distances within the chain are at 9.92 and 9.88 Å.
he {Pt(bipy)} units from adjacent chains are stacked together in
airs such that there is a Pt· · ·Pt separation of 3.334 Å in the PtTb
nd 3.337 Å in the PtEu complexes, approximately perpendicular
o the zigzag chain. The Pt· · ·Pt interactions change the photophys-

cal properties of these complexes, with the lowest energy excited
tate changing from 3MLCT excited state in monomers to 3MMLCT
metal–metal bond to ligand charge-transfer) in stacked dimers or
ligomers where a metal–metal bonding interaction takes place
153].
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Fig. 46. Structure of [PtEu(t

On the contrary, [PtLn2(t-bubipy)(C Cphen)2(10)6], prepared

rom a mixture of [Pt(t-bubipy)(C Cphen)2] and [Ln(10)3(H2O)2],
orms discrete trinuclear PtLn2 complexes by attachment of a
Ln(10)3} fragment at each of the two pendant phenanthro-
ine sites as ascertained by the structure of the PtYb2 complex,

here a square planar platinum(II) and two eight coordi-

[

c
i
[

Fig. 47. Structures of cis-[PtYb(bipy)(C Cpy)2(17)3]n (a
y)(C Cterpy)(10)3]+ [152].

ate square-antiprismatic ytterbium(III) centres occur (Fig. 47b)

153].

In solution the complexes [Pt(N–N)(C CR)2] show platinum(II)-
entered 3MLCT luminescence between 508 and 526 nm, which
s quenched by the addition of the {Ln(�-dike)3} fragments. For
PtLn2(t-bubipy)(C Cphen)2(10)6] (Ln = Yb, Nd, Er), this quenching

) and [PtYb2(t-bipy)(C Cphen)2(10)6] (b) [153].
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Fig. 48. Structure of [Pt6Ln6(�

s associated with Pt→Ln energy transfer resulting in sensitised
ear-infrared luminescence characteristic of these lanthanide(III)

ons. For [PtLn(bipy)(C Cpy)2(17)3]∞ in solution, however, the
uenching arises from a shift of the platinum(II) based 3MLCT tran-
ition to higher energy following coordination of the {Ln(17)3}
ragment; this increase in the 3MLCT energy was supposed to bring
t energetically close to a higher lying non-radiative excited state

hich provides an efficient quenching pathway. On the contrary,
n the solid state, where the complexes [Pt2Ln2(bipy)4(C Cpy)4(�-
ike)6] occur via aggregation of two monomeric PtLn species, the
hromophore has 3MMLCT character rather than 3MLCT charac-
er and luminescence at lower energies (ca. 630 nm) than those
f the monomeric platinum(II) complexes. In the PtLn adducts
Ln = Yb, Nd, Er, Pr) the platinum(II) based 3MMLCT luminescence
s quenched to an extent depending on the ability of the different
anthanide(III) ions to act as energy acceptors, with ytterbium(III)
on providing the least quenching (slowest Pt → Ln energy transfer)
nd either neodymium(III) or europium(III) ions providing the most
uenching (fastest Pt → Ln energy transfer) depending on whether
he platinum(II)-based emission comes from an 3MLCT state (better
verlap with the absorption spectrum of the europium(III) com-
lex) or a lower energy 3MMLCT state (better overlap with the
bsorption spectrum of the neodymium(III) complex) [153].

Furthermore, [Pt{CH3)3SiC Cbipy}(C Cbipy)2], prepared by
he reaction of [Pt{(CH3)3Si C Cbipy}(Cl)2] with HC Cbipy in the
resence of CuI and diisopropylamine, reacts with [Ln(10)3(H2O)2]
Ln = Nd, Yb) to form [PtLn2{(CH3)3SiC Cbipy}(C Cbipy)2(10)6],
hile it reacts with cis-[Pt(dppm)(Cl)2] (dppm = (Ph)2PCH2P(Ph)2)

n the presence of KF and CuI to give [Pt6(�-dppm)2(C Cbipy)12].
ddition of 8.8 equiv. of [Ln(10)3(H2O)2] (Ln = Nd, Gd, Yb) to
suspension of [Pt6(�-dppm)2(C Cbipy)12] in dichloromethane

nduces formation of [Pt6Ln6(�-dppm)2(C Cbipy)12(10)18], by
ncorporation of six {Ln(10)3} units through the 2,2′-bipyridyl
helating groups as ascertained in the Pt6Yb6 complex by X-

ay diffraction. The {Pt6(�-dppm)2(C Cbipy)12} moiety is made
p of a {Pt2(�-dppm)2(C Cbipy)4} unit incorporating four
Pt(C Cbipy)2} units via 2,2′-bipyridyl chelating in the diplat-
num unit. The {Pt2(�-dppm)2(C Cbipy)4} framework displays

face-to-face conformation, with a Pt· · ·Pt distance of 3.221 Å,

c
e
m
i
i

m)2(C Cbipy)12(10)18] [154].

uggesting that a �–� stacking is operative between face-to-
ace bipyridyl rings. The {bipyC C Pt C Cbipy} arrays in four
Pt(bipy)(C Cbipy)2} moieties are cis-arranged. As observed in
Pt {(CH3)3SiC Cbipy}(C Cbipy)2], the four {Pt(bipy)(C Cbipy)2}

oieties in {Pt6(�-dppm)2(C Cbipy)12} assembly are char-
cteristic of platinum(II) square planar geometries built by
,2′-bipyridyl chelating and bis(acetylide) �-coordination. Of the
ight [C Cbipy]− ligands in the four {Pt(bpy)(C Cbipy)2} moieties,
ix are bound to {Yb(10)3} units through 2,2′-bipyridyl chelating
hereas the other two are not coordinated. The eight coordinate

tterbium(III) centres are in a N2O6 distorted square antiprism. The
t· · ·Pt distances through bridging [C Cbipy]− moieties are 8.54
nd 8.52 Å. The Pt· · ·Yb separations across the bridging [C Cbipy]−

oieties are in the range 8.41–8.80. Other Pt· · ·Yb distances are of
0.48, 16.73, and 16.37 Å, respectively (Fig. 48) [154].

For the PtLn2 (Ln = Nd, Yb) species, the platinum(II)
hromophore-based 3MLCT emission in the visible region
isappears entirely, indicating unambiguously that the
PtII(bipy)(C CR)2}-based emission is entirely quenched because
f rapid and complete energy transfer from the platinum(II)-
ased energy donors. In contrast, residual emissions due to Pt6
lkynyl moiety are observed with maxima at 520–650 nm for
t6Ln6 (Ln = Nd, Yb) compounds, revealing incomplete energy
ransfer from the platinum(II) based antenna donors to the lan-
hanide(III) centres. As there exist both {Pt(bipy)(acetylide)2} and
Pt2(dppm)2(acetylide)2} antenna chromophores in the Pt6Ln6
pecies, sensitized NIR lanthanide(III) luminescence in these
t6Ln6 complexes is likely induced by Pt → Ln energy transfer from
oth d(Pt) → �*(bpy) 3MLCT and d(Pt2) → �*(C Cbpy) 3MMLCT
riplet states. As revealed in PtLn2 compounds, the Pt → Ln energy
ransfer from the {Pt(bipy)(acetylide)2} antenna group to the
anthanide centre is rapid and complete, due to the direct linkage
f {Pt(bipy)(C CR)2} chromophores with lanthanide centres,
he short Pt· · ·Ln distances (8.4–8.80 Å) as well as the favourable

onjugation in the bridging ligand C Cbpy. By contrast, Pt → Ln
nergy transfer from the {Pt2(dppm)2(acetylide)2} cluster chro-
ophore is indirect, long-range (Pt· · ·Ln = 10.5, 16.4 and 16.7 Å) and

ncomplete, inducing some residual platinum(II) based emission
n the Pt6Ln6 species [154].
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Fig. 49. Structures of [Pt2Ln2(�-dppm)2(C Cbipy)4(10)6(

[Pt(dppm)(Cl)2] reacts with 3-(CH3)3SiC Cbipy in the presence
f the desilylation fluoride catalyst KF and CuI or with 5–HC Cphen
n the presence of CuI to give [Pt2(�-dppm)2(C Cbipy)4] or [Pt2(�-
ppm)2(C Cphen)4], which link[Ln(10)3(H2O)2] (Ln = Nd, Eu, Tb)
o afford [Pt2Ln2(�-dppm)2(C Cbipy)4(10)6(H2O)2] or [Pt2Ln4(�-
ppm)2(C Cphen)4(10)12], respectively [154].

The Pt2Ln2 array is composed of {Pt2(�-dppm)2(C Cbipy)4}
nits incorporating {Ln(10)3} groups through 2,2′-bipyridyl
helating, stabilized by strong intramolecular hydrogen bonding
nteractions between the coordinated water and the free bipyridyl
itrogen atom. The {Pt2(�-dppm)2(C Cbipy)4}unit displays a face-
o-face conformation with a Pt· · ·Pt distance of ca. 3.25 Å, implying
he presence of metal· · ·metal contacts. The nine coordinate lan-
hanide(III) center is in a N2O7 distorted capped square antiprism.
he platinum(II) center exhibits a square planar geometry built
rom trans-oriented N2P2 donors. The intramolecular Pt· · ·Ln sepa-
ation is ca. 8.8 Å (Fig. 49a) [154].

In the Pt2Eu4 complex four {Eu(10)3} units are linked to the
Pt2(�-dppm)2(C Cphen)4} unit through 1,10-phenantroline
helation. The platinum(II) center exhibits an approximately
quare planar geometry with trans-oriented C2P2 donors, whereas
he eight coordinated europium(III) center is in a N2O6 dis-

orted square antiprism. The Pt· · ·Pt distance (3.298 Å) is a little
onger than those in the Pt2Nd2 and Pt2Eu2 complexes (3.246
nd 3.251 Å). The intramolecular Pt· · ·Eu separation is ca. 10.2 Å
Fig. 49b). Upon irradiation of the MLCT absorption of the diplat-
num alkynyl moiety at 350–450 nm, all of the Pt2Ln2 and Pt2Ln4

(
[
o
(
e

] (a) and [Pt2Eu4(�-dppm)2 (C Cphen)4(10)12] (b) [154].

omplexes exhibit characteristic emissions for these lanthanide
ons with lifetimes in the microsecond range in both the solid
tate and in CH2Cl2 solution at 298 K. By contrast, MMLCT and
igand-centered emissions from diplatinum alkynyl chromophores
isappeared entirely for all of the Pt–Ln complexes in both
he solid state and in CH2Cl2 solution, indicating that the Pt-
ased luminescence is completely quenched because of a quite
fficient and fast energy transfer occurring from the d-block
hromophores to the f-block luminophores. Three emission bands
ere observed for the PtNd complexes at ca. 865, 1060 and

330 nm, four for the PtEu complexes at ca. 595, 615, 650 and
95 nm and one for PtYb complexes at ca. 980 nm. For the Pt2Ln2
nd Pt2Ln4 arrays in [Pt2Ln2(�-dppm)2(C Cbipy)4(10)6(H2O)2]
r [Pt2Ln4(�-dppm)2(C Cphen)4(10)12] (Ln = Nd, Eu, Yb), the
xcitation of d(Pt) → �*(R–C C) MLCT absorption induces
ensitisation of lanthanide luminescence through efficient
→ f energy transfer from platinum(II) alkynyl chromophores

154].
[Pt(dppm)(Cl)2] reacts with 2.3 equiv. of HC CC6H4terpy in the

resence of CuI and diisopropylamine to form cis-[Pt(dppm)
C CC6H4terpy)2]. Instead, the reaction of cis-[Pt(dppm)
C CC6H4terpy)2] with 1 equiv. of dppm affords trans-[Pt2

dppm)2(C CC6H4terpy)4] which is also accessible by reaction of
Pt(dppm)(Cl)2] with 2.3 equiv. of HC CC6H4terpy in the presence
f 1 equiv. of dppm. The subsequent reaction of cis-[Pt(dppm)
C CC6H4terpy)2] or trans-[Pt2(dppm)2(C CC6H4terpy)4] with an
xcess of [Ln(10)3(H2O)2] (Ln = Nd, Eu, Gd, Yb) in dichloromethane
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Fig. 50. Structures of cis-[Pt(�-dppm)(C CC6H4terpy)2] (a

ives rise to [PtLn2(dppm)(C CC6H4terpy)2(10)6] or [Pt2Ln4
dppm)2(C CC6H4terpy)4(10)12], respectively [155].

The platinum(II) center in [Pt(dppm)(C CC6H4terpy)2] adopts
distorted square planar geometry composed of cis-oriented C2P2
onors from �-coordinated acetylides and chelated dppm. Inter-
olecular Pt–Pt contact is absent since the shortest Pt···Pt distance

s 10.88 Å between adjacent platinum(II) ions in the crystal lattice
Fig. 50a). For [Pt2Ln4(dppm)2(C CC6H4terpy)4(10)12] (Ln = Nd, Eu,
b), the {Pt2(�-dppm)2(C CC6H4terpy)4} subunit exhibits a face-
o-face conformation, in which the two platinum(II) coordination
lanes are in parallel orientation. The diplatinum(II) ions, doubly

inked by two �-dppm to give a eight-membered ring consisting of
t2P4C2 atoms, are in distorted square planar environments built by
rans-arranged C2P2 donors with intramolecular Pt· · ·Pt distances
f 3.41, 3.30, 3.31 Å in Pt2Nd4, Pt2Eu4 and Pt2Yb4 respectively.
he lanthanide(III) ions are nine coordinated in a N3O6 distorted

apped square antiprism. The intramolecular Pt· · ·Ln distances
cross the bridging {C CC6H4terpy} groups are in the range from
4.01 to 14.15 Å (Fig. 50b). Both cis-[Pt(dppm)(C CC6H4terpy)2]
r trans-[Pt2(dppm)2(C CC6H4terpy)4] exhibit intense, long-
ived room-temperature phosphorescence originating from

P
r
[
s

rans-[Pt2Nd4(�-dppm)2(C CC6H4terpy)4(10)12] (b) [155].

n admixture of 3ILCT [� → �(C CC6H4terpy)] and 3MLCT
d(Pt)�*(C CC6H4terpy)]/3MMLCT [d�*(Pt2) → p�(Pt2)/�*(C CC6

4terpy)] triplet states. The phosphorescent character qualifies
hese platinum(II) precursors as favourable energy donors to
acilitate Pt → Ln energy transfer in the PtLn2 and Pt2Ln4 adducts.
pon excitation at 360–450 nm for the PtLn2 complexes and at
60–500 nm for the Pt2Ln4 (Ln = Nd, Eu, Yb) complexes, where
nly the platinum(II) alkynyl antenna chromophores absorb
trongly, the PtLn2 and Pt2Ln4 species exhibit bandlike lanthanide
uminescence that is typical of the corresponding lanthanide(III)
ons, demonstrating unambiguously that efficient Pt → Ln energy
ransfer occurs indeed from the platinum(II) alkynyl antenna
hromophores to the lanthanide(III) centers across the bridging
C CC6H4terpy} group with intramolecular Pt· · ·Ln distances being
a. 14.2 Å. The Pt → Ln energy transfer rate (KET) is 6.07 × 107 s−1

or Pt2Nd4 and 2.12 × 105 s−1 for Pt2Yb4 species [155].

The complexes cis-[Pt(P–P)(C CC6H4terpy)2] (P–P = Ph2P(CH2)n

Ph2; n = 2, 3), prepared by cis-[Pt(P–P)(Cl)2] and HC(CC6H4terpy,
eact with an excess of [Ln(10)(H2O)2] in CH2Cl2 to form cis-
PtLn2(P–P)(C CC6H4terpy)2(10)6] (Ln = Eu, Nd, Tb), where the
quare planar platinum(II) and the distorted square antipris-
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oxygen atoms. The transition metal(II) ion is bound to the two
imine nitrogen atoms and the two phenolate oxygen atoms of
[La]2−, while the lanthanide(III) ion is eight coordinate with six
oxygen atoms of three [10]− and two phenolate oxygen atoms
Fig. 51. Structure of cis-[PtEu2(

atic lanthanide(III) ions are at Pt· · ·Ln distances in the range
4.23–14.46 Å (Fig. 51) [156].

Upon excitation at 250–450 nm, these PtLn2 complexes show
haracteristic emissions of the corresponding lanthanide(III)
ons with microsecond to millisecond (for europium(III) species)
anges of lifetimes in both the solid state and dichloromethane.
he observation of characteristic emissions from the correspond-
ng lanthanide(III) centers by excitation of platinum(II)-based
bsorption (�ex = 350–450 nm) demonstrate that the sensitized
anthanide luminescence is indeed achieved by Pt → Ln energy
ransfer from the platinum(II)-based antenna triple states. As
xpected, give emission bands were observed for europium(III)
pecies at 581, 596, 616, 652, and 687 nm, three for the PtNd
pecies at 877, 1066, and 1339 nm, and one for the PtYb species
t 981 nm. In dichloromethane solutions of the PtLn2 com-
lexes, ILCT fluorescence from the 1� → �* excited state of

CC6H4terpy is observed with a maximum at 420–460 nm,
hereas low-energy phosphorescence emission from 3ILCT

� → �*(C CC6H4terpy))/3MLCT(d�(Pt) → �*(C CC6H4terpy))
riplet states is quenched. Since the tail of the ILCT fluorescence
mission may overlap with the phosphorescence region of the
t(C CC6H4terpy)2 moiety, it is uncertain whether the phos-
horescence of the platinum(II) alkynyl chromophore is entirely
uenched. Thus, the [Pt(P–P)(C(CC6H4terpy)2] precursors exhibit
ntense, long-lived room-temperature phosphorescence, originat-
ng probably from an admixture of 3ILCT (� → �*(C CC6H4terpy))
nd 3MLCT(d(Pt) → �*(C CC6H4terpy) triplet states, which quali-
es them as favourable energy donors to facilitate Pt → Ln energy
ransfer in the corresponding PtLn2 heterotrinuclear complexes.
s above anticipated, sensitized lanthanide luminescence in PtLn2
eterotrinuclear complexes is attained through efficient energy
ransfer from the platinum(II) alkynyl chromophore based 3MLCT
nd 3ILCT triplet states [156].

Heterodi- and heteropolynuclear d, f complexes with pecu-

iar magnetic properties have been prepared by using sin-
le binucleating ligands as 1,1′-dipyridyloxime (H-pdk). For
nstance, [CuDy2(10)6(dpk)2], prepared from [Cu(dpk)2] and
Dy(10)3(H2O)2], contains a linear DyCuDy trinuclear core, where
ach oximate N–O− group bridges one O8 eight coordinate, lat-
)(C CC6H4terpy)2(10)6] [156].

ral dysprosium(III) ion, with three [10]− ligands completing its
oordination environment, and the central N4 square planar cop-
er(II) ion (Fig. 52). The similar trinuclear core was found also

n [NiDy2(10)6(dpk)2(py)2] or [NiLn2(10)6(dpk)2(phen)], which
oordinate additional nitrogen-containing ligands. Magnetic sus-
eptibility measurements revealed that the Ln2Ni complexes do not
osses appreciable intramolecular ferromagnetic or ferrimagnetic

nteraction. The frequency dependence of out-of-phase ac suscep-
ibility, observed only for the Dy2Cu complex, is an indication of its
ehaviour as single-molecule magnet

Equimolar amounts of [M(La)] (M = CuII, NiII; H2–La = N,N′-
is(salicylidene)-2-iminobenzylamine) and [Ln(10)3(H2O)2]
Ln = Gd, Lu) furnish [MLn(10)3(La)], where the shortest inter-

olecular M· · ·M, M· · ·Ln and Ln· · ·Ln distances, 6.002, 7.522, and
.507 Å for the CuGd complex, 5.945, 7.510 and 8.555 Å for the
iGd complex and 5.972, 7.455, 8.635 Å for the NiLu complex,

espectively, attest that discrete dinuclear entities take place. The
wo metal ions, 3.248, 3.214 and 3.151 Å apart for the CuGd, NiGd
nd NiLu complex, respectively, are bridged by the two phenolate
Fig. 52. Structure of [CuDy2(10)6(dpk)2] [157].
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Fig. 53. Structure of [NiGd(10)3(La)] [158].

f [La]2− (Fig. 53). Magnetic data indicate a ferromagnetic spin
oupling between the gadolinium(III) and copper(II) ions [158].

Furthermore, the mononuclear complexes, derived from sym-
etric or asymmetric acyclic compartmental ligands with the

ransition metal ion in the inner N2O2 coordination chamber
nd the outer O2O2 chamber ready for further metal ion com-
lexation, form heterodi- and -polynuclear lanthanide complexes
hose magnetic properties strongly depend upon the result-

ng supramolecular assembly. Several of these systems have
idely been discussed in previous reviews [9,10]; we report
ere some explanatory examples, published in the most recent

iterature. H4–Lb and H4–Lc, derived from the [2 + 1] condensa-
ion of 2,3-dihydroxybenzaldehyde with 1,3-diaminopropane or
,N′-dimethylethylenediamine, respectively, form with the appro-
riate metal(II) salt [M(H2-Lb)] and [M(H2-Lc)] (M = CoII, NiII,
uII, ZnII), which react with [M′(5)4] (M′ = UIV, ThIV, ZrIV) in a
:1 molar ratio in pyridine at 110 ◦C to afford [M2M′(Lb)2]·npy

′ c ◦
nd [M2M (L )2]·npy. By lowering the temperature to 20 C and
o 60 ◦C, [CuU(5)2(Lb)(py)] together with [Cu2U(Lb)2(py)] and
CuU(5)2(Lc)(py)] were formed, respectively, this last complex
dentical to that synthesized from [M(5)2] and [U(5)2(H2-Lc)].
oticeably, similar treatment of [Cu(5)2] with [U(5)2(H2-Lb)] gives

t
b
t
n
t

Fig. 55. Structures of [Cu2Gd2(10)4(Ld)2] (a) [160
Fig. 54. Structure of [CuU(5)2(Lc)(py)] [159].

ixtures of the CuU and Cu2U complexes [159].In [MU(5)2(Lc)(py)]
M = CuII, ZnII) the transition metal(II) and the uranium(IV) ions in
he inner N2O2 and outer O2O2 cavity of [Lc]4−, respectively, are
ridged by the two oxygen atoms of the salicylidene fragments.
our oxygen atoms from [Lc]4− and four from [5]− complete the
odecahedron around the uranium(IV) ion (Fig. 54). The Cu· · ·U dis-
ance in [CuU(5)2(Lc)(py)] is 3.574 Å and the shortest intermetallic
u· · ·Cu distance is 8.783 Å. Antiferromagnetic coupling occurs in
CuU(5)2(Lc)(py)].

The tetranuclear M2Ln2 complexes [M2Ln2(10)4(Ld)2] (M = Cu,
i; Ln = La· · ·Lu except Pm; H3–Ld = 1-(2-hydroxybenzamido)-
-(2-hydroxy-3-methoxybenzylideneaminoethylene)) were pre-
ared by simple mixing equimolar methanolic solutions of
[M(Ld)]·nH2O and [Ln(10)3(H2O)2], in order to investigate the
ature of the CuII–LnIII magnetic interactions and to try to under-
tand why some complexes, i.e. the Cu2

IITb2
III and Cu2

IIDy2
III

omplexes, are single molecule magnets while the other complexes
re not. The powder X-ray diffraction patterns showed that the
u2Ln2 complexes are isomorphous to each other. All the Cu2Ln2
omplexes possess a similar cyclic tetranuclear structure, in which

he copper(II) and lanthanide(III) ions are arrayed alternately via
ridges of the {Cu(Ld)} unit as found in the Cu2Gd2 complex. The
wo phenoxo and the methoxy groups at one side of the pla-
ar copper(II) complex coordinate to a gadolinium(III) ion as a
ridentate ligand with a Cu· · ·Gd distance of 3.432 Å. The amido

] and [Cu2Dy2(10)4(Le)2(DMF)4] (b) [162].
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(Ln = Gd, Dy). Introduction of ethyl groups ion place of methyl
groups leads to a remarkable steric effect: the same procedures
using [Cu(H-dmg)2] or [Cu(H-emg)2] gives [Cu2Gd2(10)4(dmg)2(H-
dmg)2(CH3OH)2]n and [Cu2Gd2(10)4(emg)2(H-emg)2(CH3OH)4],
P.A. Vigato et al. / Coordination Ch

xygen atom on the opposite side of the copper(II) complex coor-
inates to another gadolinium(III) ion as a monodentate ligand
ith the Cu· · ·Gd distance of 5.620 Å. Including the coordination

f the two [10]− ions as a bidentate chelate ligand, the gadolin-
um(III) ion reaches an O8 eight coordinate geometry (Fig. 55a)
160,161,137].

Also the Ni2Ln2 complexes are isomorphous to each other but
re not isomorphous to the Cu2Ln2 analogues. FAB–MS of the
i2Ln2 complexes shows a molecular ion peak corresponding to the

etranuclear species [Ni2Ln2(10)3(Ld)2]+, indicating that the Ni2Ln2
omplexes assume a tetranuclear structure similar to that of the
u2Gd2 complex [160,161,137].

The temperature-dependent magnetic susceptibilities from 2 to
00 K and the field-dependent magnetizations from 0 to 5 T at 2 K,
easured for the Cu2Ln2 and Ni2Ln2 complexes with the Ni2Ln2

omplex containing diamagnetic nickel(II) ions being used as a
eference for the evaluation of the Cu–Ln magnetic interactions,
ave revealed that the interactions between the copper(II) and lan-
hanide(III) ions are very weakly antiferromagnetic for Ln = Ce, Nd,
m, Yb, ferromagnetic for Ln = Gd, Tb, Dy, Ho, Er, Tm, and negligible
or Ln = La, Eu, Pr, Lu. The magnetic properties examined down to
.1 K reveal the unusual slow setting-up of a 3D order below 0.6 K.

Among the Cu2Ln2 complexes exhibiting ferromagnetic interac-
ion, only the terbium(III) and dysprosium(III) complexes showed a
requency dependence of �′

M and �′′
2, and were therefore expected

o be SMMs, while the gadolinium(III), holmium(III), erbium(III)
nd thulium(III) complexes showed no frequency dependence
nder the same experimental conditions. With the goal of better
nderstanding the evolution of the intramolecular magnetic inter-
ctions, X-ray magnetic circular dichroism has also been measured
n CuII

2TbIII
2, CuII

2DyIII
2, and Ni2IITb2

III complexes, both at the
- and M-edge of the metal ions and at the K-edge of the nitro-
en and oxygen atoms. It was observed that the moment on the
f ions is lower than that is predicted by Hund’s rule, the orbital
oment on the copper ions is almost completely quenched and the
oments on the 3d and 4f ions are parallel, which confirms the fer-

omagnetic coupling deduced from SQUID observations. While no
agnetic polarization could be measured on the nitrogen atoms,

ome amount has been detected on the oxygen. This is relevant,
ince the magnetic intramolecular coupling within these SMMs
sually pass through light elements such as oxygen. Unfortunately,

t was not possible to perform these measurements below 2 K,
here a more intense signal below the blocking temperature could
robably be observed. A closer examination of the low tempera-
ure magnetic properties down to 0.1 K. of the Cu2Tb2 complex
xhibiting SMM behaviour have revealed an unexpected behaviour,
scribed to the very slow setting-up of a 3D order below 0.6 K
160,161,137].

Furthermore, 2-hydroxy-N-(2-{[2-hydroxyphenyl)methylene]
mino}-2-methylpropyl)benzamide (H3–Le), containing an inner
2O2 coordination site and an oxygen atom coming from an amide

unction not involved in this site, by treatment with copper(II)
cetate in the presence of piperidine (pip) affords [H-pip)[Cu(Le)]
hich reacts with the appropriate Ln(10)3·nH2O (Ln = Gd,Dy,Tb) in
ethanol to yield [Cu2Ln2(10)4(Le)2(CH3OH)2]; slow diffusion of

cetone into a dimethylformamide solution of these complexes
ives [Cu2Ln2(10)4 (Le)2(DMF)4]. In [Cu2Dy2(10)4(Le)2(DMF)4]
ach distorted square pyramidal copper(II) ion is surrounded by
he N2O2 atoms of a [Le]3− ligand in the basal plane and a
imethylformamide oxygen atom in apical position while each

ight coordinate dysprosium(III) ion is surrounded by two [10]−

igands and linked to the anionic [Le]3− entity by the two phenoxo
xygen atoms that make a double bridge between the two metal
ons with a Cu· · ·Dy separation of 3.297 Å. The coordination sphere
s completed by a dimethylformamide oxygen atom and the amide
y Reviews 253 (2009) 1099–1201 1151

unctions not involved in the copper coordination. Thus, two het-
ronuclear CuDy entities are assembled through the oxygen atoms
f the amido groups to form a double (Cu–N–C–O–Dy) bridge. The
hortest metal· · ·metal separations not related by a material link
re equal to 5.900 Å for Cu···Cu, 6.087 Cu· · ·Dy and 7.813 Å and
y· · ·Dy. The intermolecular metal· · ·metal separations, larger than
0.4 Å, preclude any significant magnetic interaction between these
etranuclear units (Fig. 55b) [162].

Ferromagnetic interactions are active in the Cu2Gd2 entities,
hrough the double phenoxo bridge (J = 3.2 cm−1) and through
he single amide bridge (J = 9.54 cm−1), these interactions are still
resent in the Cu2–Tb2 and Cu2–Dy2 complexes which behave
s single molecule magnets (SMMs), due to the introduction of
nisotropic lanthanide(III) ions in place of gadolinium(III) ions
162].

Compartmental ligands and �-diketones were jointly used
or the recognition of alkaline earth ions. [Cu(L)], where H2–Lf

s the Schiff base derived from the [2 + 1] condensation of 3-
ethoxy-2-hydroxy-benzaldehyde with 1,2-diaminoethane, reacts
ith related metal(II) hydroxide in the presence of H–7 to yield

CuM(7)2(Lf)], (M = CaII, SrII, BaII). In [CuCa(7)2(Lf)(CH3OH)] the
opper(II) and calcium(II) cations, 3.460 Å apart, are doubly bridged
y phenoxo oxygen atoms. The five coordinate copper(II) ion is
quatorially bound to the nearly coplanar N2O2 donors afforded
y the inner chamber of [Lf]2− while the axial position is occu-
ied by the methanol oxygen atom. The eight coordinate calcium
ation is surrounded by the O2O2 donors of the outer chamber of
Lf]2− and by four oxygen atoms from two chelating [7]− anions.
–�• stacking interactions between the aromatic rings induce

hort intermolecular Cu· · ·Cu (3.819 Å) and large Ca· · ·Ca (8.951 Å)
istances (Fig. 56) [163].

The copper(II) oximato complexes [Cu(H-dmg)2] and
Cu(H-emg)2] (H2-dmg = dimethylglyoxime, H-emg = methylethyl-
lyoxime) act as templates in the synthesis of heteropolynuclear
omplexes, mediating the magnetic interaction between the metal
ons through the N–O bridges [9,10]; consequently, they have
een chosen as precursors for the preparation of 3d, 4f-ferri- or
ferromagnetic molecular materials. They, after deprotonation
n basic media, form discrete tetranuclear, pentanuclear or one
imensional polymeric species by reaction with [Ln(10) (H O) ]
Fig. 56. Structure of [CuCa(7)2(Lf)(CH3OH)] [163].
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Fig. 57. Structures of [Cu2Gd2(10)4(dmg)2(H-dmg)2(CH3O

espectively [164,165]. In the chain structure of the {Gd2Cu2}n com-
lex, the gadolinium(III) ions are eight coordinate with a methanol
olecule coordinated in place of a [10]− ligand while the copper(II)

ons are five coordinate with a neighbouring oximate oxygen atom
ocated in the axial position. The gadolinium and copper ions,
.044 Å apart, are doubly bridged by the oximate N–O groups. Also
he two gadolinium(III) ions are doubly bridged by oximate oxygen
toms. The interatomic Gd· · ·Gd and Cu· · ·Cu distances are 4.023 Å
nd 3.889 Å, respectively. The {Cu(dmg)(H-dmg)} moieties form
sandwich dimer, correlated with an inversion of symmetry. The

ore structure of the tetranuclear Cu2Gd2 complex is the same as
hat of {Gd2Cu2}n. The Gd· · ·Gd and Gd· · ·Cu separations are 3.985,
.939 and 4.784 Å, respectively, within a molecule. The presence of
ent ethyl groups in {Cu(emg)(H-emg)} prevents dimerization of
his moiety. Instead, a methanol ligand occupies the axial position
Fig. 57a and b) [164,165].

Using the same procedure, [Dy(10)3(H2O)2] gives [Cu2Dy2(10)4
emg)2(H-emg)2(ROH)4] (R = CH3, C2H5) and [Cu2Dy2(10)4
dmg)2(H-dmg)2(CH3OH)2]n. The Cu2Gd2 and Cu2Dy2 complexes
re isomorphous. Solely the cis-isomer of the [Cu(emg)(H-emg)]
oiety in the Dy2Cu2 complex (R = C2H5) was observed, in contrast

o the case of [Cu2Dy2(11)4(emg)2(H-emg)2(CH3OH)4], where
nly the trans-isomer was found. Also in the absence of the X-ray
tructure of {Cu2Dy2}n, the cell parameters strongly support that
Cu2Dy2}n and {Cu2Gd2}n are isomorphous [164,165].

In [P(C6H5)4]2[CuGd4(10)8(dmg)2(CH3COO)4], prepared by
ixing Gd(CH3COO)3·4H2O and [Gd(10)3(H2O)2] in a 2:1 molar

atio to [Cu(dmg)2]2− followed by addition of [P(C6H5)4](Cl), there
re two crystallographically independent {Gd(10)2}units: one with
n eight coordinate gadolinium(III) ion and the other with a nine
oordinate gadolinium(III) ion. The {Cu(dmg)2}2+ ion is surrounded
y four {Gd(10)2}2+ units, giving rise to Cu· · ·Gd distances of 3.183
nd 3.853 Å. The four gadolinium(III) ions are at the corners of a
ectangle while the copper(II) ion sits at the center. For the shorter
dge of the rectangular gadolinium array, the oximato oxygen

toms doubly bridge two gadolinium ions, giving rise to a butterfly-
ike structure in the Gd2O2 moiety. An acetate oxygen atom also
ridges two gadolinium(III) ions, 3.713 Å, apart. For the longer edge,
n acetate anion bridges two gadolinium(III) ions, 6.713 Å, apart, in
�1,3-manner (Fig. 58) [164,165].

f
1

f
d
[

(a) and [Cu2Gd2(10)4(emg)2(H-emg)2(CH3OH)4] (b) [165].

The {Cu2Dy2}n one-dimensional polymeric complexes, con-
isting of alternating dicopper(II) and digadolinium(III) units,
xhibit ferrimagnetic behaviour, ascribable to antiferromagnetic
oupling across the oximate N–O bridges between the high-spin
omodinuclear units. Although ferromagnetic coupling between
adolinium (III) and copper (II) ions has often been observed, the
Cu2Gd2}n and Cu2Gd2 complexes were reported to have antifer-
omagnetic coupling due to their bent Cu–N–O–Gd structure. As a
esult, the {Cu(dmg)2} core plays the role of ferrimagnetic cou-
ler between the gadolinium(III) spins. {Cu2Gd2}n is A2B2-type

erromagnetic chain. Also in [Cu2Dy2(10)4(emg)2(H-emg)2(ROH)4]
R = CH3, C2H5), as in [Cu2Dy2(10)4(dmg)2(H-dmg)2(CH3OH)2]n,
he M–H curves clarified antiferromagnetic coupling between
he dysprosium(III) and the copper(II) ions in the Dy2Cu2

otif, leading to the dysprosium(III) magnetic moments alignes
arallel ({Cu(↓)Dy(↑)Cu(↓)Dy(↑)]). Ac magnetic susceptibility
easurements on [Cu2Dy2(10)4(emg)2(H-emg)2(CH3OH)4] and

Cu2Dy2(10)4(dmg)2(H-dmg)2(CH3OH)2]n show a �ac (in-phase)
ecrease and a concomitant �′′

ac (out-of-phase) increase with
frequency increase. Low temperature magnetization measure-
ents on {Cu2Dy2}n exhibit magnetic hysteresis, characteristic

f single-chain magnets. Finally magnetic measurements on
P(C6H5)4]2[Cu2Gd2(10)8(dmg)2(CH3COO)4] reveal high ground
pin multiplicity, as expected regardless of the sign of magnetic
u· · ·Gd coupling through N–O bridges. The ground state was sug-
ested to be Stot = 27/2 with the exchange parameter 2J/KB = −2.9 K
etween the gadolinium and copper ions. The antiferromagnetic
oupling is operative owing to the largely distorted Gd–O–N–Cu
ridges [164,165].

0. 1,3,5-Triketonato complexes

The �,	-tricarbonyl compounds, the higher analogues of the �-
icarbonyl compounds, can take triketo-, monoenol- and bisenol-

orms in their tautomeric equilibrium, deeply studied by IR and
H NMR spectroscopy, the percentage of the different tautomeric
orms depending on the solvent polarity the temperature and the
ifferent substituents at the periphery of the coordinating moiety
6,9,12,166,167].
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of another symmetry-related dinuclear unit at a distance of 3.01 Å.
The copper ions are distorted octahedral with the two coordinated
water molecules on the same side of the plane described by the two
copper ions and two triketonates [171].
Fig. 58. Structure of [CuGd4

The well developed �-system, present in the potentially
inegative, tridentate ligands H2–54a· · ·H2–54f, confers them a
lanar structure. Mononuclear or dinuclear complexation occurs
hen these ligands are reacted with the appropriate metal salt,

he dinuclear complexes being favoured over the mononuclear
ne at higher temperatures. For instance, [Cu(H-54a)2]·2H2O or
Cu2(54a)2] occur when copper(II) acetate is added to H2–54a
n water/methanol at about 0 ◦C or 30 ◦C, respectively. The

ononuclear blue complex transforms into the dinuclear green
ne at about 80 ◦C under reduced pressure or when dissolved
n boiling methanol. On the other hand the green complex
hanges into the blue one in pyridine in the presence of a large
xcess of H2–54a, once the solvent is removed at 0 ◦C. These
ransformations indicate that [Cu2(54a)2] is stable at elevated
emperature, while [Cu(H-54a)2] prefers a lower temperature
nd that the conversion from one to the other is reversible
168].

While H2–54a· · ·H2–54f give rise to homodinuclear vanadyl(IV)
omplexes, they are not suitable for the formation of dinuclear
ranyl(VI) complexes as the seven coordinated pentagonal bipyra-
idal geometry around this ion imposes constraints on these

helating ligands [169,170]. On the contrary, no problem arises
or the preparation of mononuclear complexes as ascertained
or [UO2(H-54b)2(CH3OH)], where the seven coordinate pentag-
nal bipyramidal uranium(VI) ion is equatorially surrounded by
wo [H-54b]− ligands in a cis-configuration and one methano-
ic oxygen atom. In the presence of N(C2H5)3, the trinuclear
omplexes occur as found for [NH(C2H5)3]2[(UO2)3(54c)3(�3-
)] which contains a nearly equilateral triangle of uranyl(VI)

ons with a central {�3-O}2− ion, trigonally bonded to the
hree uranium ions and additionally linked by two bridging
54c]2− ligands resulting in a seven coordination about each ura-

ium ion in a nearly pentagonal bipyramidal geometry (Fig. 59)
169].

In [Cu2(L)2(py)2] (H2–L = H2–54a, H2–54d, H2–54e–H2–54f) the
opper(II) ions are square pyramidal with the four oxygen atoms
rom two [L]2− ligands attached to each copper ion coplanar and
dmg)2(CH3COO)4]2− [165].

wo axial pyridine molecules trans to each other, this precluding
ny dimerization (Fig. 60)

Dimerization occurs in [Cu2(55)2(H2O)2], as the sixth axial coor-
ination site of one dinuclear unit is occupied by a ketone oxygen
Fig. 59. Structure of [(UO2)3(54c)3(�3-O)]2− [169].
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with the two metal ions occupying the external O2O2 chambers and
very weakly magnetically interacting each other.

H2–57, obtained by reaction of [Na(5)] with I2 [177], affords
[Ni2(57)(tmeda)2(H2O)2](ClO4)2·H2O or [Ni2(57)(NO3)2(tmeda)2]
when mixed with stoichiometric amounts of the appropriate
Fig. 60. Structure o

A comparable strong antiferromagnetic interaction, with no
PR signals at room temperature and often diamagnetism, was
ound in these dicopper(II) complexes indicating that changes of
ubstituent groups produce a small perturbation on a very large
xchange interaction [172], while −2J value of 160 cm−1 occurs in
(VO)2(54a)2(py)2] [170].

[M2(54a)2(H2O)4)] (M = NiII,CoII) have been isolated by a syn-
hetic procedure similar to that of the copper(II) analogues,
hile the corresponding mononuclear ones could not be obtained

y the procedure employed in the synthesis of [Cu(H-54a)2].
ickel(II) or cobalt(II) acetate, allowed to react with an excess of
2–54a with the purpose of obtaining the related mononuclear

helates, always produce the dinuclear complexes and byproducts
1-hydroxy-2,6-diacetyl-3-acetomethyl-5-methylbenzene and/or
,8-dihydroxy-3,6-dimethyl-7-acetylnaphtalene) derived from the
imolecular condensation of H2–54a. [M(H-54a)2] was prepared
y the ligand exchange reaction between [M(5)2] and H2–54a in
nhydrous diethylether or by the reaction of [M2(54a)2] and molten
2–54a [173,174].

Coordinated water in [M2(54b)2(H2O)4] (M = NiII, CoII) can easily
e replaced by pyridine to afford [M2(54b)2(py)4], where each octa-
edral metal(II) ion is surrounded by to the four coplanar carbonyl
xygen atoms of two [54b]− ligands and two axial pyridine nitrogen
toms. The Ni· · ·Ni distance of (3.166 Å) is 0.106 Å shorter than the
o· · ·Co one. While the magnetic moments of dinickel(II) chelates
re typical of magnetically dilute complexes at room temperature
lthough there is evidence for spin coupling at lower temperatures,
he occurrence of an antiferromagnetic interaction between the
wo cobalt(II) ions in [Co2(54b)2(py)4] was found (Fig. 61) [174,175].

[Ni3(54f)2(OH)2(CH3OH)4], obtained under conditions that
avour [Ni2(54f)2(CH3OH)], shows a magnetic susceptibility
ehaviour in the 4–296 K temperature range typical of linear array
f three nickel(II) ions with the adjacent metal(II) ions ferro-
agnetically coupled (J12 = 10 cm−1), and the terminal nickel(II)

ons antiferromagnetically coupled (J13 = −6 cm−1). Dissolution of
Ni3(54f)2(OH)2(CH3OH)4] in pyridine, followed by slow evapo-
ation at room temperature in air, causes a ligand oxidation and
igration of the tert-butyl group from the terminal carbonyl 3-

arbon to the adjacent 4-carbon. In addition, a hydroxyl group

esides on the same carbon in the final product. The entire pro-
ess has converted the original ligand, [54f]2− to [56]3− through a
hemical pathway involving an oxidation of the 4-carbon of [54f]2−

nd an attack of OH− on the carbonyl 3-carbon, followed by a ben-
ylic acid type rearrangement. The final coordination environment
(54d)2(py)2] [170].

f each nickel(II) ion in the final complex [Ni2(H-56)2(py)4] con-
ists of one �-diketonate chelate ring, one carboxylate oxygen and
ne hydroxo oxygen, forming together a 5-membered �-hydroxy
arboxylate chelate ring, and two pyridine nitrogen atoms (Fig. 62)
176].

1. 1,3,5,7-Tetraketonato complexes

Tetraketones, containing two (H2–57, H2–58a· · ·H2–58b) or
hree enolisable protons (H3–59a, H3–59b), have been prepared
o far; they give rise to different structures when reacted with
he appropriate metal salt. The first ligand type quite easily forms
olynuclear complexes; dinuclear entities can be obtained only
hen additional charged or neutral ligands are inserted in order

o prevent oligomerization. The second tetraketone type forms
omotrinuclear complexes, with the metal ions close together and
trongly interacting each other, in addition to homodinuclear ones
Fig. 61. Structure of [M2(54b)2(py)4] (M = NiII, CoII) [174].
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ickel(II) salt and N,N,N′,N′-tetramethylenediamine (tmeda) in
thanol. In [Ni2(57)(tmeda)2(H2O)2](ClO4)2·H2O one nickel(II)
on is square planar and the other one is octahedral, being
oordinated also to the two water molecules, while two octa-
edral nickel(II) ions occur in [Ni2(57)(NO3)2(tmeda)2] where
wo coordination site of each metal ion being filled by a
helating nitrate group. Two square planar nickel(II) ions occur
lso in [Ni2(57)(tmeda)2](BPh4)2, prepared by the addition of
odium tetraphenylborate to [Ni2(57)(NO3)2 (tmeda)2] in 1,2-
ichloroethane [178].

The meso (�–�) isomer and the racemic isomer (a mixture
f �–� and �–�) of [Ru2(57)(5)4] originate from the reaction
f [Ru(5)2(CH3CN)](PF6) and H2–57 in toluene. The reaction of
2–57 with [Ru(7)2(CH3CN)2](PF6) forms [Ru(H-57)(7)2], in addi-

ion to [Ru2(57)(7)4], the latter being a mixture of meso and racemic
somers, as above described for [Ru2(57)(5)4]. Mixtures of the

eso (�–� and �–�) and racemic (�–� and �–�) isomers of
Ru2(57)(5)2(7)2] were obtained from the reaction of [Ru2(57)(5)4]
nd [Ru(7)2(CH3CN)2](PF6), while a mixture of meso and racemic
somers of [Ru2(57)(bipy)4](PF6)2 was synthesized by reaction of
Ru(Cl)2(bipy)2](Cl)·2H2O with H2–57 in water/ethanol followed by
he addition of KHCO3 [179].

In the meso isomer of [Ru2(57)(5)4] the two �-diketonato
roups of the bridging [57]2− ligand are almost perpendicular
o one another. The octahedral coordination about each ruthe-
ium(II) ion is completed by two chelating [5]− ligands (Fig. 63a).
similar structure has been proposed for the other complexes.

oltammetric and electrospectroscopic measurements show that
he comproportionation constant values Kc and Kc

′of the mixed-
alence RuIIIRuIV and RuIIRuIII complexes, respectively, are low
ecause of the non-coplanarity of the two �-diketonato units
f [57]2− as revealed by the structure of [Ru2(57)(5)4]. Such a
tructure weakens the electron interaction between the two ruthe-
ium(III) ions in [Ru2(57)(bipy)4](PF6)2, and this influences the

onproportional constant values, slightly smaller than those of
Ru2(57)(5)4] and [Ru2(57)(7)4]. The Kc of the oxidation process
uIIIRuIII �RuIIIRuIV �RuIVRuIV, and the Kc

′ of the reduction pro-
ess RuIIIRuIII �RuIIRuIII �RuIIRuII of [Ru2(57)(7)4] were larger
han those of [Ru2(57)(5)4]. This would be due to the electron

i
c
a
C
t

y Reviews 253 (2009) 1099–1201 1155

onating properties of the tert-butyl groups in the [7]− ligand. Fur-
hermore, the Kc values were larger than those of the Kc

′ in both
he [Ru2(57)(5)4] and [Ru2(57)(7)4] [179].

[Ru(5)2(CH3CN)2](PF6) and H2–57 in toluene afford [Ru(5)2(H-
7)], whose � and � isomers can be separated by chromatography.
he racemic complex reacts with the appropriate metal perchlo-
ate in methanol to afford [Ru2Pd(5)4(57)2] or [Ru3M(5)6(57)3]
M = FeIII, AlIII). The analogous chiral complexes are similarly
btained by �-[RuIII(5)2(H-57)]. For [{�-Ru(5)2(57)}2Pd], identi-
al NMR spectra were recorded as for the racemic complex, this
mplying that the diastereomeric properties of peripheral ruthe-
ium(III) groups has little effect on the configuration of a central
alladium(II) core, because the two ruthenium(III) moieties are
emote from each other so that their �/� configurations do not
ffect the stereochemistry of the central core. The same behaviour
s observed for [{D-Ru(5)2(57)}3Fe]; on the contrary, NMR and
D data show that the central labile core of the aluminum(III)

on in [{�-Ru(5)2(57)}3Al] takes initially the coordination struc-
ure analogous to �-[Al(5)3] or �-[{�-Ru(5)2(57)}3Al], which
lowly epimerizes to a diastereomeric mixture of �- and �-[{�-
u(5)2(57)}3Al]. This agrees with the low energy differences of
.2 KJ mol−1 between � and �-[{�-Ru(5)2(57)6}3Al]. The molecu-
ar stacking in a crystalline state represents a main factor in locking
he chiral configuration around the aluminum(III) core. According
o the structure obtained by XRD data, the chiral configuration
f the central aluminum(III) core is stabilized by intermolecular
nteractions with the three branches ejected from the neighbour-
ng molecules (Fig. 63b). This locks the Ru2Al complex as a �-form
n the solid state [179].

A mixture of (��/��)-rac- and (��)-meso-[Ru2
III(5)4(L)]

H2–L = 1,4-dihydroxy-9,10-anthraquinone) was synthesized by
he reaction of H2–L and [Ru(5)2(CH3CN)2] in the presence of
H3COONa under aerobic conditions. The two diastereomers have
een separated by chromatography. The structure of the (��)-
eso isomer shows that each ruthenium ion is bonded to the bridge

ia two oxygen donor centers in a �-diketonate chelate fashion.
he ruthenium centers lie virtually in the same plane as the [L]2−

ridging ligand. Each RuO6 configuration is in a slightly distorted
ctahedral arrangement. The Ru· · ·Ru distance is 8.158 Å. It con-
ains two antiferromagnetically coupled ruthenium(III) ions. The
otential of both the ligand (L0 → L4−) and the metal complex
ragment combination [RuII(5)2]2 → {[RuIV(5)2]2}4+ to exist in five
ifferent redox states creates a large variety of combinations, which
as assessed for the electrochemically reversibly accessible 2+,
+, 0, 1−, 2− forms using cyclic voltammetry as well as EPR and
V–vis–NIR spectroelectrochemistry. The results for the two iso-
ers are similar: oxidation to [Ru2(5)4(L)]+ causes the emergence of
near-infrared band at 1390 nm, without revealing an EPR response
ven at 4 K. Reduction to [Ru2(5)4(L)]− produces an EPR signal,
ignifying metal-centered spin but no near-infrared absorption.
he metal-based oxidation of [RuIII

2(�-L2−)(5)4] was tentatively
ssumed to a mixed-valent intermediate [RuIIIRuIV(5)4(�-L2−)]+

nd ligand-centered reduction to a radical complex [RuIII
2(5)4(�-

3−)]− with antiferromagnetic three-spin interaction [180].
Equimolar amounts of Co(CH3COO)4·4H2O, di-2-pyridylamine

dpa) and H2–57 in CH2Cl2/CH3OH produce the chiral square
omplex [Co4(57)4(dpa)4], with the four octahedral cobalt(II)
enters in the identical chirality, i.e, either all in a � or �
ptical geometry. Each edge of the square, i.e. each pair of
obalt (II) ions, has a helical structure similar to that observed

n [Co2(57)(dpa)4(CH3COO)2(H2O)2], with [57]− bridging two
obalt(II) ions. The Co· · ·Co distances along the edge of the square
re essentially identical (8.009 and 8.000 Å) while the diagonal
o· · ·Co separation distance is 11.306 Å. The dpa ligand is chelated
o each cobalt(II) ion via the two pyridyl nitrogen atoms (Fig. 64). In



1156 P.A. Vigato et al. / Coordination Chemistry Reviews 253 (2009) 1099–1201

f [Ni2(

t
a

d
D
l
a
i
(
g
d
o
t
i
o
a
c
a
e
i
i
a

a
d
d
c
o
o
a
o
e
i
h

i
q
w
d

Fig. 62. Structure o

he tetracobalt(II) and dicobalt(II) complexes ferromagnetic inter-
ctions occur [181].

Claisen condensation of alkyl acetates or methyl ketones with
ialkyl oxalates, followed by acid workup, yields H2–58a· · ·H2–58c.
eprotonation of H2–58b with aqueous ammonia in ethanol, fol-

owed by the addition of the appropriate metal(II) dichloride,
ffords [M8(58b)8]·4H2O (M = CaII, CdII, MnII) which leads to the
sostructural [M8(58b)8(S)4] (S = C2H5OH, C3H7OH, (CH3)2CHOH,
CH3)3COH). In [Mn8(58b)8(C3H7OH)4] (Fig. 65) the eight man-
anese ions are seven coordinate and at the corners of two
ifferently sized concentric squares, turned 45◦ relative to each
ther. The four outer manganese ions are linked in a �1-fashion
hrough the two ester carbonyl oxygen atoms of a set of four ketip-
nic acid diester dianions, which lie almost in a plane. The two keto
xygen atoms of these four ligands are �2-bound and bridge inner
nd outer manganese ions. Furthermore, a propanol molecule is
oordinated to each of the four outer manganese ions. Four ketipinic

cid diester dianions are each bound in a �1-fashion through the
ster carbonyl oxygen atoms to one outer and one inner manganese
on. One of the keto oxygen atoms forms a �2 bridge between two
nner manganese ions, and the other forms a �3 bridge to two inner
nd an outer manganese ion [181].

(
[
f
(
c

Fig. 63. Structures of [Ru2(57)(5)4] (a) [179]
H-56)2(py)4] [176].

Tetranuclear adamantanoid chelate complexes are formed in
one-pot reaction from dimethyl malonate, methyllithium, the

esired metal(II) chloride and oxalylchloride at −78 ◦C in tetrahy-
rofuran (THF) and subsequent workup with aqueous ammonium
hloride. However, this methodology does not work in the case
f ethyl acetate and oxalylchloride. Instead, double deprotonation
f H2–58b with methyllithium at −78 ◦C in tetrahydrofuran and
ddition of magnesium chloride, followed by workup with aque-
us ammonium chloride, furnishes [NH4]4[(Mg4(58b)6)] where, on
ach face of the tetrahedron constituted by the four magnesium
ons, three oxygen atoms bind an ammonium ion through three
ydrogen bonds [181].

Double deprotonation of H2–58b with sodium hydroxide
n a methanol sodium tetrafluoroborate solution and subse-
uent treatment with CuCl2·2H2O lead to [Cu3Na(58b)3](BF4),
hich crystallizes from tetrahydrofuran to give the double-
ecker metalla-coronate complex [Cu6Na2(58b)6(BF4)2(THF)2

H2O)2] and the triple decker metalla-crown ether complex
Cu9Na3(58b)9(BF4)2(THF)2](BF4) (Fig. 66a and b). A common
eature of [Cu6Na2(58b)6(BF4)2(THF)2(H2O)2] and [Cu9Na3(58b)9
BF4)2(THF)2](BF4) is the neutral, [15]-membered trimetalla-
rown-6(15-MC-6) building block. Formal replacement of the three

and �-[{�-Ru3(5)6(57)3}Al] (b) [179].
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Fig. 64. Structure of [Co4(57)4(dpa)4] [181].

Fig. 65. Structure of [Mn8(58b)8(C3H7OH)4] [181].
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Fig. 66. Structures of [Cu6Na2(58b)6(BF4)2(THF)2(H

opper(II) centers in the 15-MC-6 fragments of [Cu6Na2(58b)6
BF4)2(THF)(H2O)2] or [Cu9Na3(58b)9(BF4)2(THF)2](BF4) by C2H5O
ridges leads to the topologically equivalent crown ether 18-
rown-6. The three copper(II) ions in the 15-MC-6 fragments are
inked across the triangular edges by bis(bidentate)diethyl
etipinate dianions. A sodium ion is encapsulated in the
enter of the 15-MC-6 fragment. In order to accomplish
ight coordination of the sodium ions, aggregation of the
Cu3Na(58b)3}+ monomers furnishes double- and triple-
ecker metalla-coronates [Cu6Na2(58b)6(BF4)2(THF)2(H2O)2]
nd [Cu9Na3(58b)9(BF4)2(THF)2](BF4). The stacking features
re governed by the coordination of water molecules, which
ead to the formation [Cu6Na2(58b)6(BF4)2(THF)2(H2O)2] where
oth sides of the stack are totally coordinatively blocked by
olvent molecules (tetrahydrofuran or water) or the coun-
erions. However, without water coordination, the most
uitable ligation around the copper(II) and the sodium ions is

chieved by the formation of [Cu9Na3(58b)9(BF4)2(THF)2](BF4)
181].

H3–59a and H3–59b, prepared by benzoylation or acetylation
f 1-phenyl 1,3,5-hexanetrione or 2,4,6-heptanetrione using NaH
s the base and monoglyme as solvent, form homotrinuclear or

a
t
w
t
[

Fig. 67. Structure of [Co2
a) and {[Cu9Na3(58b)9(BF4)2(THF)2](BF4) (b) [181].

omodinuclear copper(II), nickel(II) and cobalt(II) complexes by
eaction with the appropriate metal salt in methanol/water or ace-
one/water and in the presence of base. Isolation of complexes
ith two or three metal ions appears to depend on preparative
etails such as the solvent, temperature and base used [181].
he infrared spectra of these complexes are very similar, none
f them exhibiting absorption due to free unchelated carbonyl
roups. The low magnetic moment of [Cu3(59a)3(H2O)3] indicates
ntramolecular antiferromagnetic interactions, while the high mag-
etic moment of [Ni3(59a)2(H2O)6] and [Co3(59a)2(H2O)6] has
een assumed to be indicative of ferromagnetic interactions, sug-
esting a configuration with the three metal(II) ions close each
ther and bridged by the carbonyl oxygen atoms. The magnetic
ehaviour, typical of isolated metal(II) ions, and the lack of free
arbonyl absorptions in the IR spectra of the binuclear complexes
upport a coordination of the two metal ions in the two exter-
al chambers as found in [Co2(H-59a)2(py)4], prepared by H3–59a

nd CoCl2·6H2O in the presence of N(C2H5)3 in refluxing ace-
one under nitrogen followed by crystallization from pyridine,
here the cobalt(II) ions reside at the 1,3- and 5,7-enolate posi-

ions with the potential third central coordination site vacant
182].

(60)2(py)4] [182].



P.A. Vigato et al. / Coordination Chemistr

z
b
[
i
h
v
a
o
c
w
u
i
l
a
b
w

[
u
i
d
a
d
b
a
p
p
I
p
a
t
T
h
U

1
b

m
t
m
d
a
t
a

s
a
c
S

1

[
t
o
e

b
r
c
a
f
a
�
t
n
a
t
N
e
m
o
o

Fig. 68. Structure of [(UO2)2M(59a)2(py)4] (M = CoII, NiII) [183].

Crystallization of this dicobalt(II) complex from ben-
ene/pyridine in the air causes oxidation of the 4-carbon of
oth ligands to carbonyls and the consequent formation of
Co2(60)2(py)4]·4py where the two six coordinate cobalt(II)
ons, 5.37 Å apart, are bound to two 1,7-diphenyl-1,3,4,5,7-
eptanepentaonato [60]2− ligands at the 1,3- and 5,7-positions
ia four enolate oxygen atoms from two different [60]2− ligands
nd two axial pyridine nitrogen atoms (Fig. 67). The oxidation
f the 4-carbon atom to carbonyl does not destroy the dianionic
haracter of the ligand and therefore the complex. No oxidation
as observed in the dinuclear copper(II), nickel(II), zinc(II) and
ranyl(VI) and several heterotrinuclear complexes of H3–59a,

ndicating that the oxidation to the 1,3,4,5,7-pentaketonate [60]2−

igand is metal ion dependent rather than due to unusual lig-
nd reactivity. This assumption is corroborated by the chemical
ehaviour of [Mn2(H-59a)2] which is also oxidized to [Mn2(60)2],
hose structure is similar to that of [Co2(60)2] [182].

In the isomorphous heterotrinuclear complexes
(UO2)2M(59a)2(py)4] (M = ZnII, CuII, NiII, CoII, FeII, MnII), two
ranyl(VI) ions occupy the two terminal coordination positions

n the molecules with four ketonate oxygen atoms and one pyri-
ine nitrogen constituting the five equatorial donor atoms in
distorted pentagonal bipyrimidal coordination geometry; the

ivalent transition metal ion occupies the central position and is
ound to four ketonate oxygen atoms, which all act as bridging
toms between the transition metal and uranium atom. In addition
yridine nitrogen atoms occupy the fifth and sixth coordination
osition above and below the plane of the tetraketonates (Fig. 68).

t was suggested that a reasonable precursor to these trinuclear
roducts is [(UO2)2(H-59a)2(S)2], where the two uranyl(VI) ions
re in the external O2O2 sites, a solvent molecule (S) completing
he pentagonal equatorial coordination of each uranyl(VI) ion.
his could explain the easy and specific preparation of the related
eterotrinuclear complexes from solutions containing different
O2

2+: M2+ ratios [183,184].

2. Dinuclear and polynuclear complexes derived from
is-�-diketones with a spacer without donor groups

The bis-�-diketones are tetraketones where two �-diketonato
oieties are separated by a spacer which does not contain addi-

ional donor groups. The linkage between the two �-diketone

oieties and the spacer occurs at the position 1 or 2 of the �-

iketones. In these systems, the two �-diketonate moieties behave
s two well separated coordinating moieties; hence they give rise
o dinuclear complexation where the two metal ions do not inter-
ct each other, a possible interaction occurring only through the

(
T
c
p

y Reviews 253 (2009) 1099–1201 1159

pacer group and/or through additional bridging groups, appropri-
tely added during the synthesis of the related complexes. In these
ompounds two keto-enol equilibria can take place according to
cheme 11.

2.1. Complexes containing an aliphatic spacer

These tetraketones form dinuclear complexes [M2(L)2] or
M2(L)3] where each metal(II) or metal(III) ion lies in one of
he two O2O2 or O2O2O2 coordination chambers formed by two
r three bis-�-diketonato ligands in consequence of metal ion
ncapsulation.

The branched H2–61a· · ·H2–61d and linear H2–62a· · ·H2–62c
is-�-diketones, linked through alkyl chains, were prepared by
eaction of H–5 and the appropriate �,
-dibromoalkane. IR indi-
ates that the shorter branched compounds (H2–61a and H2–61b)
nd the linear �-diketonates (H2–62a· · ·H2–62c) are in a bis-enol
orm while the longer-branched analogues (H2–61c and H2–61d)
re in the keto-form [185,186]. In general, both linear and branched
-diketones closely resemble the corresponding �-diketones, once

he increase in molecular mass and the electronic effect of the con-
ecting alkyl chain are taken into consideration. The effect of the
lkyl chain depends markedly on the point of attachment: when
his is a terminal carbon atom, only very minor changes in the 1H
MR in CDCl3 chemical shifts and in the keto-enol or acid–base
quilibria are observed, compared to H–5. When the point of attach-
ent is the central carbon atom, however, a marked downfield shift

f the enolic OH proton results, together with a drastic lowering
f the enol percentage and of the acidity [187,188].
These bis-�-diketones (H2–L) react with Cu(X)2·nH2O,
X = CH3COO−, NO3

−, Cl−) in anhydrous ethanol to form [Cu(L)].
he square planar copper(II) complexes with linear �-diketone
oordinate pyridine to give rise to the five coordinate, square
yramidal complexes [Cu(L)(py)] which evolve in ethanol into
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he insoluble square planar polymeric complexes [Cu(L)]n. Partial
epolymerisation of [CuL]n occurs upon prolonged heating in chlo-
oform. Attempts to depolymerise [CuL]n by vacuum sublimation
esult only in decomposition [187,188].

The copper(II) complexes with the branched bis-�-diketonate
igands show similar physico-chemical properties but differ

arkedly in their solubility: the complexes of H2–61a and H2–61b
re completely insoluble in chloroform while that of H2–61d is
ery soluble and that of H2–61c shows an intermediate behaviour.
he UV–vis spectra of the chloroform solutions thus obtained are
imilar to those of the corresponding solids and nearly identical
o that of the bis-(3-hexyl-2,4-pentanedionato) copper(II) com-
lex. [Cu(61c)] was suggested to be a polymer–monomer mixture,
Cu(61d)] a bifurcated monomer both in the solid state and in solu-
ion and [Cu(61a)] and [Cu(61b)] polymers as supported by the
ccurrence of the parent peak of the monomeric species in the mass
pectrum of [Cu(61d)] and only of fragments in the mass spectra of
Cu(61a)] and [Cu(61b)] [187,188].

2.2. Complexes containing a phenylene spacer
H2–63a· · ·H2–63h have been prepared by Claisen condensation
f a 1:2 mixture of dimethyl-isophthalate or dimethyl-5-
thoxyisophtalate and the appropriate ketone (acetone, butan-
-one, pentan-2-one, 3,3-dimethylbutan-2-one, acetophenone,
-decanone or 2-undecanone) respectively, with an excess of

c
c
w
t
m

cheme 11. Bis-�-diketones with a spacer without donor atoms, their schematic represen
omplexation.
y Reviews 253 (2009) 1099–1201

odium amide in dry diethyl ether/tetrahydrofuran at low temper-
ture (0 ◦C) [189–191]. These �-diketones are in the enolic form
n the solid state, as confirmed by the X-ray structure of H2–63d,
nd in solution according to 1H NMR spectra in CDCl3 or DMF-d7,
here they are stabilized by the occurrence of O–H· · ·O hydrogen

onds and by the conjugated nature of this tautomer with respect
o its corresponding bis-keto form. H2–63e adopts a planar struc-
ure as expected to maximize conjugation with the two diketonate
nits arranged asymmetrically about the 1,3-phenylene spacer, i.e.
ne diketonate is oriented in the opposite direction from the other,
ointing toward different protons around the 1,3-central phenyl
ing [189–191].

H2–63a and the appropriate metal acetate in hot ethanol form
M2(63a)2]·nC2H5OH (M = ZnII, CuII, CoII, NiII, MnII; n = 0,1,2,4),
hich turns into [(M2(63a)]2·npy, (n = 1, 2, 4) in pyridine. Under

imilar conditions UO2(NO3)2·6H2O and VO2(CH3COO)2·2H2O
fford [(UO2)2(63a)2(C2H5OH)2] and [(VO)2(63a)2]·2H2O.
AB mass spectra of [(Cu)2(63a)2], [(Ni)2(63a)2]·4H2O and
(Zn)2(63a)2] indicate the occurrence of dinuclear entities.
lthough too involatile for mass spectrometry measurements,
lso for the complexes with the other metal ions a homodinu-

lear structure was suggested. For the homodinuclear copper(II)
omplexes a small exchange coupling through the benzene ring
as proposed while for the nickel(II) and cobalt(II) complexes

he magnetic moments are comparable with those expected for
agnetically diluted, octahedral species without no magnetic

tation and the adjacent chambers and complex formation in consequence of metal
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nteraction between the two metal ions [189]. Attempts to produce
he related mononuclear complexes were successful only for
VO(H-63)2]·H2O, recovered from the mother liquor after precip-
tation of [(VO)2(63a)2]·2H2O. According to mass spectrometry

easurements, the subsequent reaction of [VO(H-63a)2] with cop-
er acetate affords [CuVO(63a)2] [189]. Th(NO3)4 and H2–63a in
ot ethanol yield the insoluble and involatile complex [Th(63a)2],

or which a dinuclear or an oligomeric structure was suggested.
Iron(III) salts and H2–63a or H2–63d under basic conditions

ield [Fe2(L)3] where the two iron(III) centres are bridged by three
L]2− ligands to produce a triple helical arrangement with each

etal ion surrounded by three �-diketonato fragments. Each din-
clear complex has homochiral iron(III) centres (either �–� or
–�) equally contained in each crystal (Fig. 69) [190].
[Cu2(63d)2(THF)2], synthesised by equimolar amounts of

2–63d and copper(II) chloride in tetrahydrofuran and in the
resence of base, has two five coordinate square pyramidal cop-
er(II) ions bridged by two [63d]2− ligands. The basal plane
f each copper(II) ion is filled by four �-diketonato oxygen
toms while the apical position is occupied by a tetrahy-
rofuran molecule on opposite sides of the mean plane of
he {Cu2(63d)2} unit. The structures of [Cu2(63d)2(py)2]·py
nd [Cu2(63d)2(dmapy)2]·3.25THF, obtained by crystallization of
Cu2(63d)2(THF)2] from tetrahydrofuran/pyridine or tetrahydro-
uran in the presence of 4-dimethylaminopyridine (dmapy), are
imilar to that of the starting tetrahydrofuran complex with two
yridine or 4-dimethylaminopyridine ligands replacing the bound
etrahydrofuran molecules (Fig. 70) [190].

[Cu2(63d)2(THF)2] and excess 4,4′-bipyridine produce [Cu2
63d)2(bipy)2]·2bipy, which does not have an extended bridged
tructure, but the same stoichiometry, connectivity and general
tereochemistry as the analogous dinuclear complexes incor-
orating tetrahydrofuran, pyridine or 4-dimethylaminopyridine.
n the contrary, 4,4′-trans-azopyridine (azpy) gives rise to the

ne dimensional polymer {[Cu2(63d)2(azpy)]·2THF}n, where the
opper(II) ions are five coordinate, square pyramidal with 4,4′-
rans-azopyridine ligands occupying apical positions such that they
ridge adjacent copper(II) dimer units in a step-like fashion (Fig. 71)
190].

(
fi
p

Fig. 70. Structure of [Cu2
Fig. 69. Structure of [Fe2(63d)3] [190].
In contrast to the above, [Cu2(63d)2(THF)2] and excess pyrazine
pyz) form [Cu4(63d)4(pyz)2]·4THF, with the copper(II) ions again
ve coordinate square pyramidal but with the pyrazine ligands
rotruding on the same side of the mean plane of each dinuclear

(63d)2(py)2] [190].
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o
H2–63c and an aqueous solution of cobalt(II) acetate, contain two
Fig. 71. Structure of [Cu2(63d)2(azpy)]n [190].

opper(II) entity such that bridging between copper centres on
djacent complexes takes place to produce a discrete tetranuclear
imer of dimers (Fig. 72) [190].

An analogous structure was found in [Cu4(63d)4(apyz)2],
erived from equimolar amounts of aminopyrazine (apyz) and
Cu2(63d)2] in tetrahydrofuran/diethyl ether. The copper(II) ions
re weakly antiferromagnetically coupled, mediated by the
minopyrazine linker units, while no coupling occurs across the
enzene rings in each dinuclear component [191].

Under the above conditions, 1,4-diazabicyclo[2,2,2]octane

dabco) affords [Cu4(63d)4(dabco)2], which contains a tetranuclear
andwich structure with two dinuclear units approximately planar
nd 7.26 Å apart, resulting in four, five coordinate copper(II) centres
191].

o
a
�

Fig. 72. Structure of [Cu4(
y Reviews 253 (2009) 1099–1201

Equimolar amounts of [Cu2(63d)2] and 2,2′-dipyridylamine
dpa) in tetrahydrofuran afford [Cu2(63d)2(dpa)2], where each cop-
er(II) ion is square pyramidal and two 2,2′-dipyridylamine ligands
oordinate trans with respect to each other. Only one of the 2,2′-
ipyridylamine pyridyl nitrogen atoms coordinates to a copper
entre [192].

[Cu2(63d)2] and 4,4′-dipyridyl sulfide (dps) form {[Cu2(63d)2
dps)2]·2THF}∞, consisting of one-dimensional chains incorpo-
ating alternate {Cu2(63d)2} and dps units in a 1:1 ratio. Each
inuclear unit is attached to two adjacent units by bridging 4,4′-
ipyridyl sulfide linkers which project on opposite sides of the
icopper(II) unit in a mutually trans fashion. The 4,4′-dipyridyl sul-
de units are bound in the axial sites of each square pyramidal
opper(II) ion (Fig. 73a) [191].

The same reaction, using 4,4′-(1,3-xylene)-bis(3,5-dimethylpy-
azolo) (xbp) as linker, yields the polymeric product {[Cu2
63d)2(xbp)]·2.2THF}∞ with the bis-pyrazole units linking
Cu2(63d)2} units in a stepwise manner through square pyramidal
opper(II) centres (Fig. 73b) [191].

Hexamethylenetetramine (hmt) and [Cu2(63d)2] in tetrahydro-
uran in a 2:3 molar ratio afford [Cu6(63d)6(hmt)2]n, where a
wo-dimensional network takes place with the hexamethylenete-
ramine ligand acting as triply bridging unit. Each dinuclear
omponent incorporates two, five coordinate copper(II) centres
ith one hexamethylenetetramine linker coordinated on either

ide of the mean plane of the platform. Each layer in the network
ay be viewed as being composed of fused chiral hexagons, each

exagon being defined by six dinuclear platforms and six hexam-
thylenetetramine linker units forming infinite two-dimensional
heets [191].

Crystals of [Co2(63c)2(py)4]·2.25CHCl3·0.5H2O (Fig. 74a), grown
ver three days at the interface of a chloroform/pyridine solution of
ctahedral cobalt(II) centres with pyridine ligands occupying both
xial positions and the oxygen donors from two essentially planar
-diketone fragments binding in the equatorial positions [192].

63d)4(pyz)2] [190].
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Fig. 73. Structures of {[Cu2(63d)2(dps)2]·2TH

In the isostructural complexes [Co2(63d)2(Etpy)4]·0.25H2O,
Ni2(63d)2(Etpy)4] and [Zn2(63d)2(Etpy)4], derived from H2-63d
nd the appropriate metal(II) acetate in 4-ethylpyridine (Etpy), the
is-�-diketonato oxygen atoms again occupy the equatorial posi-
ions of the respective metal ions, with the 4-ethylpyridine ligands
ound in each axial site, approximately orthogonal with respect to

ach other with �–� interactions between them [192].

On the contrary, in the similarly prepared [Zn2(63a)2(Etpy)2]
Fig. 74b) each metal ion is five coordinate in a distorted trigo-
al bipyramidal geometry with the axial 4-ethylpyridine groups

t
q
s
s

Fig. 74. Structures of [Co2(63c)2(py)4] (a
) and {[Cu2(63d)2(xbp)]·2.2THF}∞ (b) [191].

n the zinc ions lying on opposite sides of the equatorial plane
192].

For [Zn2(63d)2(py)2] one irreversible ligand centred oxi-
ation process at +1.465 V and another at −1.99 V with a
houlder at −2.16 V are observed (reference electrode Ag/AgCl).
Co (63d) (py) ] exhibits irreversible oxidation at +1.29 V assigned
2 2 4
o the CoII/CoIII metal-centered process and a metal-centered
uasi reversible wave at −1.755 V (�E = 165 mV at 100 mV s−1

can rate) together with additional irreversible reductions, pre-
umably ligand centred, below −2.0 V. [Ni2(63d)2(py)4] displays

) and [Zn2(63d)2(Etpy)4] (b) [192].
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quasi-reversible metal-centered NiII/NiIII oxidation at +1.04 V
�E = 155 mV at 100 mV s−1 scan rate) and an irreversible reduc-
ion near −1.85 V, somewhat comparable to that reported for
Ni(5)2(H2O)2] of −1.70 V. [Cu2(63d)2] exhibits an irreversible
xidation process at +1.64 V possibly associated to the CuII/CuIII

opper-centered process with a prior wave as a shoulder at +1.35 V
nd an irreversible wave at −1.26 V assigned to a CuII/CuI pro-
ess. Other irreversible redox processes are seen below −1.6 V,
ossibly associated with sequential metal reduction. Oxidation for
Fe2(63d)3] (+1.43 V) is shifted catodically slightly higher compared
o the process reported for [Fe(5)3]. No other processes are observed
efore approximately +2 V, where they occur in a similar position to
xidative processes for the free ligand. [Fe2(63d)3] displays a metal-
entered FeIII/FeII reduction process near −0.7 V (E1/2 = −0.745 V,
E = 150 mV at 100 mV s−1 scan rate) in agreement with the metal-

entered reduction process occurring in [Fe(�-dike)3] followed
y further irreversible waves below −1.0 V presumably associ-
ted with other metal centres or the ligand itself. For [Fe2(63e)3],
wo sequential reversible reductions were observed at −0.46 and
0.58 V. The absence of a second, closely following wave suggests
single-electron process; alternatively, the two metal-centered

eduction processes are too close to resolve. In these complexes,
ssignment as sequential metal-centered processes was not made
ith certainty, given the redox behaviour of the ligand itself. Reduc-

ion processes are not substantially shifted from those found for
he zinc(II) complexes, where the metal ion is electroinactive, sug-
esting these processes formally involve ligand-centered molecular
rbitals [190,192].

Stoichiometric amounts of H2–63e or H2–63f and LnCl3·6H2O
n the presence of N(C2H5)3 form the triple stranded complexes

Ln2(L)3]·nH2O (Ln = Eu, Sm, Nd, Y for H2–63e, Ln = Eu, Nd for
2–63f), while [Hpip]2[Eu2(63e)4] is prepared by altering the

igand-to-metal ratio to 2:1 and using piperidine as counterion
193]. The complexes display strong visible (red or pink) or NIR
uminescence upon irradiation at the ligand band around 350 nm,

r
H
F
a
i

Fig. 75. Structures of [Cu3(64a)3(DMF)] (a), [Ni3
y Reviews 253 (2009) 1099–1201

epending on the choice of the lanthanide. The luminescence sig-
als of the dinuclear complexes are up to 11 times more intense
han the luminescence signals of similar mononuclear complexes.
63e]2− is an efficient sensitizer, particularly for the samarium(III)
nd neodymium(III) ions. Photophysical studies of the europium
omplexes at room temperature and 77 K show the presence of
thermally activated deactivation pathway, attributed to ligand-

o-metal charge transfer (LMCT). Quenching of the luminescence
rom this level seems to be operational for the europium(III) com-
lex but not for the samarium(III) and neodymium(III) complexes,
hich exhibit long lifetimes. Compared with the triple-stranded

olid state structure of [Eu2(63e)3], the quadruple-stranded com-
lex [Eu2(63e)4]2− displays a more intense emission signal with a
istinct emission pattern indicating the higher symmetry of this
omplex. The sensitizing properties of the ligands, investigated by
uminescence spectroscopy, show that their 3�–�* state is well
laced to allow energy transfer to europium(III), samarium(III) and
eodymium(III) excited states, following UV absorption. The com-
lexes have long luminescence lifetimes and high luminescence
uantum yields, even in the case of the europium(III) complex
here it is shown that the presence of a thermally activated LMCT
athway acts to deactivate the 5D0 state. These results indicate that
he energy transfer process is efficient [193].

Simple �-diketones were successfully used as extractant in
iquid–liquid extraction studies [192]; analogously, the extrac-
ion behaviour of H2–63c, H2–63d, H2–63e, H2–63g and H2–63h
owards cobalt(II) and zinc(II) was studied using the radiotracer
echnique both in the absence and presence of 4-ethylpyridine.
t pH 8.7 in the absence of 4-ethylpyridine, cobalt(II) extrac-

ion ranges from 2 to 13% for the above ligand series, while the
ange is 3–53% for zinc(II). The more lipophilic ligand derivatives

2–63g and especially H2–63h give rise to enhanced extraction.
urthermore, 4-ethylpyridine considerably enhances the percent-
ge extraction and reduces the time required to reach equilibrium
n the presence of stoichiometric amounts of extractants. With the

(64d)3(py)6] (b) and [Fe4(64c)6] (c) [195].
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ddition of 2 equiv. (relative to the employed �-diketone) of 4-
thylpyridine the extraction of cobalt(II) and zinc(II), respectively,
arkedly increases from 13 to 70% and from 53 to 85% in the case of
2–63h. The time required to reach equilibrium in the case of the
obalt(II) ion is also approximately reduced (from 3 to 1.5 hours).
sing only 4-ethylpyridine at the same concentration the metal
xtraction is negligible (≤1%.). Both in the presence and absence
f 4-ethylpyridine, these systems show no significant extraction of
etal ions below approximately pH 6 and thus the extracted metal
ay be stripped by pH adjustment of the aqueous phase to pH < 6.
Furthermore, extraction of cobalt(II) and zinc(II) ions

1 × 10−4 M) at pH 8.7 under variable H2–63d or H2–63h con-
entration (5 × 10−4 to 1.5 × 10−3 M) in the presence of a fixed
oncentration (2 × 10−3 M) of 4-ethylpyridine, as well as in the
bsence of this coligand in the case of the zinc(II) ion, shows that
ixed 1: 1 and 1: 2 (metal: ligand) species are extracted, their

roportions differing somewhat from system to system. Variation
f the 4-ethylpyridine concentration (2 × 10−4 to 2 × 10−3 M) while
he other concentrations are held constant carried out to probe
-ethylpyridine dependence, indicates that in the case of H2–63d
ith both the zinc(II) and cobalt(II) ions, a metal: 4-ethylpyridine

atio of approximately 1: 1 occurs while for H2–63h the ratio is
omewhat lower at 0.7 for both the metal ions systems, indicating
ome involvement of extracted species where not all metal sites
ave an attached 4-ethylpyridine. A pH dependence study for
he ZnII/H2–63h system, employing a pH variation from 7.0–8.8,
ndicates that a mixture of singly and doubly deprotonated ligands
re involved in the extraction process. Similar experiments, carried
ut in the presence of 4-ethylpyridine (2 × 10−3 M) for both the
obalt(II) and zinc(II) ions over the pH range 7.5–8.7, prove that
-ethylpyridine influences the stoichiometry of the extracted
pecies for the zinc ion [192].

Experiments, using H2–63d and H2–63h at a concentration
f 1 × 10−3 M in the chloroform phase and a zinc(II) concentra-
ion in the aqueous phase from 1 × 10−4 M to 5 × 10−3 M (at pH
.7), show that, metal:ligand = 1:1 species are extracted with both

igands in the absence of added 4-ethylpyridine. This ratio, compa-
able to the corresponding X-ray structure, suggests that, under the
xperimental conditions employed, related solid state and organic
hase solution structures occur. The symmetric 1H NMR spec-
rum observed for the zinc(II) complex of H2–63d also agrees with
his assumption. The same experimental conditions, but also in
he presence of 4-ethylpyridine (2 × 10−3 M), lead to the approx-
mately formation of [M(H-L)2] species. Thus, in the absence of
-ethylpyridine only a 1:1 (M: L) complex, most likely of type
M2(L)2], occurs while in the presence of 4-ethylpyridine the domi-
ant complex in each case corresponds to a 1: 2 (M: L) species, most

ikely of type [M(H-L)2(4-ethylpyridine)]. These results agree those
btained in the ligand dependence studies where, under different
onditions, mixtures of 1:1 and 1:2 species are proposed to occur in
oth the presence and absence of added 4-ethylpyridine. Overall,
he solvent extraction experiments point to three complex species
eing formed in the respective organic phases, with the mix of each
pecies depending on the conditions employed. In the absence of
-ethylpyridine both 1:1 and 1:2 (M:L) complexes are proposed to
ccur while in the presence of 4-ethylpyridine a 1:2 (M:L) com-
lex appears to be the dominant extracted species in all cases
192].

Complete extraction of the copper ion and high selectiv-
ty for copper(II) over the other four metal(II) ions occur

hen equal amounts of water solutions of cobalt(II), nickel(II),

opper(II), zinc(II), cadmium(II) perchlorate (1 × 10−4 M) are
haken for 24 h at pH 7.8 with H2–63d, H2–63g and H2–63h
1 × 10−3 M) in chloroform. Similar experiments in the pres-
nce of 4-ethylpyridine (2 × 10−3 M, pH 7.4) again show a

s
i
d
[

y Reviews 253 (2009) 1099–1201 1165

lear selectivity for the copper(II) ion, although the extraction
f other metal ions is enhanced significantly increasing from

to 24% in the case of the zinc(II) ion with H2–63d and
rom 0 to 35% in the case of the nickel(II) ion with H2–63h
192].

Stoichiometric amounts of HOOCCH2N[CH2CH2N(CH2COOH)
H2CONHC3H7]2 (H3–L), LnCl3·6H2O (Ln = Eu, La, Y) and
NH(C2H5)3]2[63e], derived from the deprotonation of H2–63e
ith excess N(C2H5)3 in dimethylformamide with 1% H2O, lead

o [NH(C2H5)3]2[Ln2(63e)(L)2], synthesized also by stepwise
ssembly of [Ln(L)] and [NH(C2H5)3]2 [63e] in 2:1 molar ratio as
onfirmed by ESI–MS and NMR spectra in DMF-d7/D2O. [Eu(L)],
pon excitation at 350 nm, shows a very weak luminescence, due
o the lack of any sensitising groups in the complex. Addition of
he sensitizer [63e]2− leads to an approximately ≈200-fold signal
ncrease. Titration experiments confirm the 2:1 stoichiometry of
Eu(L)] to [63e]2−; a similar control experiment, performed by
ddition of dibenzoylmethane to [Eu(L)] under the same con-
itions indicate a 1:1 ratio of dibenzoylmethide to [Eu(L)]. The

uminescence spectrum of the complex from the one-pot assembly
as identical in shape and peak intensities with the spectrum
f the step-wise assembly. The same luminescence signal output
emonstrates that the sensitisation of both the europium(III) ions
akes place via the bound bis-didentate ligand by energy transfer
rom [63e]2− to the europium(III) ion [194].

1H NMR spectra in CDCl3 of H2–64a· · ·H2–64h and H2–65,
erived from Claisen condensation of dimethylterephthalate or
,6-dimethylnaphthlalene-2,6-dicarboxylate with the appropriate
etone in dry diethylether in the presence of sodium amide,
ndicate that all these ligands exist almost entirely in their bis-
nol tautomeric form, proved by the X-ray structure of H2–64d
here the two �-diketone fragments are in opposite direction

ach other. These ligands react with the desired metal chloride
n tetrahydrofuran or tetrahydrofuran/pyridine and in the pres-
nce of excess Na2CO3 or NaHCO3 to form [Cu3(L)3], [Fe4(L)6]
nd [Ga4(64a)6] or [M3(L)3(py)6] (M = CoII, NiII, ZnII), respectively
195].

The similar essentially planar structures of [Cu3(64a)3
DMF)]·DMF and of [Cu3(64a)3]·0.3CH3CN contain three cop-
er(II) ions at the corners of an equilateral triangle and three
ianionic [64a]− ligands comprising the sides in the latter com-
quare planar, in the former one two copper(II) ions are approx-
mately square planar and the third one is square pyramidal,
ue to coordination of a dimethylformamide molecule (Fig. 75a)
195].
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All the solvate complexes [M3(L)3(py)6] (M = CoII, ZnII, NiII;
2–L = H2–64a· · ·H264e) have the same triangular structure some-
hat distorted from an ideal equilateral triangle, where each
etal(II) ion is in an octahedral arrangement with the pyri-

ine ligands occupying the axial sites. In the Ni3 complex
he Ni· · ·Ni distances range from 10.56 to 10.77 Å (Fig. 75b)
195].

Cobalt(II) extraction by H2–64e· · ·H2-64h (H2–L) at pH 8.7
nd in the absence of 4-ethylpyridine is negligible (1–2%) for
ach member of the above ligand series, while zinc(II) extrac-
ion ranges from 2 to 35%; H2–64h gives rise to enhanced
xtraction. On addition of 2 equiv. of 4-ethylpyridine relative
o H2–64h, the cobalt(II) and zinc(II) extraction is markedly
nhanced from ∼2 to 26% and from 35 to 61%, respectively.
urther, the time for equilibrium to be reached in the case of
obalt(II) ion is also approximately halved (from 3 to 1.5 h).
arallel control experiments in the absence H2–64h but at the
ame concentration of 4-ethylpyridine indicate a negligible metal
xtraction at ≤1%. Both in the presence and absence of 4-
thylpyridine, these systems show no significant extraction of
etal below approximately pH 6 and thus stripping may be

chieved by pH adjustment of the aqueous phase to pH < 6
195].

Cobalt(II) and zinc(II) extraction (at a fixed concentra-
ion of 1 × 10−4 M) under variable H2–L concentration from
× 10−4 to 1.5 × 10−3 M in the presence of a fixed concentra-

ion (2 × 10−3 M) of 4-ethylpyridine indicates the presence of
M(H-L)2] predominantly. 4-Ethylpyridine dependence studies,
sing a variation of the 4-ethylpyridine concentration over the
ange 2 × 10−4 M to 2 × 10−3 M while the other concentrations are
eld constant, suggest that the predominant species extracted
pproximates one 4-ethylpyridine coordinated per each metal
entre.

When H2–64h for cobalt(II) and nickel(II) ions or H2–64d
or zinc(II) ion (1 × 10−3 M) in CHCl3 are treated with an excess
etal(II) ion in water, the species occurring in the organic phase
ave a 1:1 = Zn:H2–L ratio compatible with the formation of a com-
lex formulated as [M3(L)3]. The presence of 4-ethylpyridine leads
o extracted species with a 1:2 = M:L ratio likely of type [M(L)2(4-

Fig. 76. Structure of [Cu3(64b)3(4,4′-bipy)(THF)]∞ [196].

Fig. 77. Structure of [Cu3(64b)3(pyz)]∞ [196].
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thylpyridine)]. Competitive extractions, carried out at pH 7.8 in the
bsence of 4-ethylpyridine using equal concentrations (1 × 10−4 M)
f cobalt(II), nickel(II), copper(II), zinc(II) and cadmium(II) perchlo-
ates in water with chloroform solution of the appropriate H2–L
igand (1 × 10−3 M), show quantitative (100%) extraction of the cop-
er ion with zero extraction of for the remaining four metal ions.
imilar competitive extraction experiment, carried out in the pres-
nce of 4-ethylpyridine (2 × 10−3 M) at pH 7.4, show effectively
uantitative extraction of copper(II) across all ligand derivatives. In
ontrast, extraction of cobalt(II), nickel(II), zinc(II) and cadmium(II)
as found to be zero in all cases apart from nickel(II) with H2–64h,
here a marked nickel(II) extraction enhancement occurs (from ∼0

o 63%) [196].
[Fe4(64c)6]·6THF, [Fe4(64b)6]·H2O, [Fe4(64c)6]·6THF, [Ga4

64a)6]·8.5THF have a similar tetranuclear assembly. In
Fe4(64c)6]·6THF (Fig. 75c) the four iron(III) ions are at the
ertices of tetrahedron with the six ligands bridging the metal ions
efining the edges. The structure is maintained in solution. The
ix coordinate, approximately octahedral iron(III) ions are very
eakly antiferromagnetically coupled [195].

[Cu3(64b)3]0.5H2O, whose structure resembles that of the
bove similar complexes, reacts with 1.5 equiv. of 4,4-bipyridine
n tetrahydrofuran to form the one-dimensional step-like complex
[Cu3(64b)3(4,4′bipy)(THF)]·2.75THF}∞. One copper(II) ion of each
rinuclear unit is not axially bound to a 4,4′-bipiridine linker but to
tetrahydrofuran molecule. The same reaction in the presence of

n excess of 4,4′-bipyridine again originates the same one dimen-
ional step-like polymeric complex, showing the same structures
Fig. 76) [196].

The smaller pyrazine gives rise to {[Cu3(64b)3(pyz)]·THF}∞,
hose stepped polymeric structure resembles that with 4,4’-

ipyridine. However, in this complex no tetrahydrofuran molecules
re bound to individual copper(II) centres; thus, two copper(II) sites
n each triangle are formally five coordinate, while the third cop-
er(II) site is square planar (Fig. 77) [196].
The addition of excess 1,4-diazobicyclo-[2,2,2]-octane
dabco) to a tetrahydrofuran solution of [Cu3(64d)3] forms
[Cu3(64d)3(dabco)3]·(C2H5)2O}n, where each copper ion is six
oordinate with three dabco units per triangular complex bridging
xial positions to produce an infinite one-dimensional triangular

t
h

c

Fig. 78. Structure of [Cu3(6
y Reviews 253 (2009) 1099–1201 1167

rismatic arrangement (Fig. 78) [196].

Equimolar amounts of hexamethylenetetramine (hmt) and
Cu3(64c)3]·2H2O in tetrahydrofuran afford [Cu3(64c)3(hmt)]n,
hose structure reveals neutral three-dimensional network with

oth hexamethylenetetramine and {Cu3(64c)3} acting as triply-
ridging units. Each triangle incorporates three five coordinate
opper(II) centres, with three hexamethylenetetramine linkers
oordinated on one side of the mean plane of the triangle. The struc-

ure was ascribed as a network arrangement with an anti-clockwise
elical twist where the crystals are optically active (Fig. 79) [196].

Cyanoacetic diisopropyl ester, triethylamine, dry magnesium
hloride and isophthaloylchloride in acetonitrile at −15 ◦C for 16 h

4d)3(dabco)3]n [196].
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nd work up in 1N HCl afford H2–66, capable to self assemble in
ne pot to the triple helicate [Fe2(66)3] when treated with FeCl3
nd N(C2H5)3 in CH2Cl2 (Fig. 80). Each of the two iron(III) cen-
res, 7.09 Å apart, is octahedrally surrounded by six oxygen atoms.
he interior of the metallacryptand is not suitable for alkali metal
ations complexation. Cyclic voltammograms of [Fe2(66)3] display
quasireversible, one-potential, two-electron transfer process at

1/2 = −430 mV (reference electrode Fc+/Fc), corresponding to the
edox process [Fe2

III(66)3]� [FeII
2(66)3]2− [197].

Reaction of isophthalaldehyde with 2,2,2-trimethoxy-4,5-
imethyl-1,3,2-dioxaphospholene or 2,2,2-trimethoxy-4,5-di-
thyl-1,3,2-dioxaphospholene at room temperature and heat-
ng of the resulting intermediate in methanol under nitrogen,
fford H2–67a and H2–67b, respectively, which reacts with a
H2Cl2/H2O solution of [Cu(NH3)4]2+ to produce the molecular
quares [Cu4(67a)4] and [Cu4(67b)4], with an edge of 14 Å, the
rganic bridging groups are at the corners all bent away from
oplanarity while the metal ions are in the center of the sides
Fig. 81a). The {Cu4(L)4} squares are parallel and create channels,
lled by solvent whose removal causes a crystallinity loss; the
esulting non-crystalline materials adsorb at room temperature
nder hydrogen pressure (75 atm) approximately 4.3 and 4.4
olecules of H2 per molecule of complex, respectively. Greater

dsorption was observed at 77 K under lower hydrogen pressure
43 atm) 4.3% for [Cu4(67a)4] and 4.2% w/w for [Cu4(67b)4].
hese values, among the best recorded for porous metal-organic
ompounds, demonstrate that non-crystalline, molecular hosts
an function effectively in H2 adsorption [198].

[Cu4(67a)4] and 4,4′-bipy produce the polymeric complex
Cu4(67a)4(4,4′-bipy)2]n (Fig. 81b), with the 4,4′-bipy molecules
ntra- and intermolecularly bonded to the molecular square. The
u· · ·Cu distances in [Cu4(67a)4] are longer than those normally
bserved in the 4,4′-bipy-bridged complex (ca. 10 Å). However,
n [Cu4(67a)4(4,4′-bipy)2]n the 4,4′-bipy molecules are accommo-
ated by means of smaller distortions at the two copper(II) ions

nd larger distortions at the other two copper(II) ions. The square
yramidal environment of the copper(II) ions favours both changes,
ringing the endo-coordinated copper ions closer together, and the
xo-coordinated ones farther apart [197].

Fig. 79. Structure of [Cu3(64c)3(hmt)]n [196].
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[Cu4(67a)4] and [Cu4(67b)4] readily incorporate C60 or C70
n chlorobenzene, as confirmed by the X-ray structure of
[Cu4(67b)4·(C60)]}, where the ethyl groups of the [67b]2− ligands
re all oriented toward the C60 guest; the Cu· · ·Cu distances (13.96
nd 14.06 Å) are slightly smaller than in [Cu4(67b)4]. Weak inter-
ctions stabilize the host–guest adduct.

The condensation of benzene-1,3-dicarboxaldehyde with 2,4-
entanedione and subsequent catalytic hydrogenation of the
esulting product affords H2–68 which, on treatment with aqueous
Cu(NH3)4]2+, gives rise to [Cu2(68)2] whose structure consists of a
inuclear assembly with a Cu· · ·Cu distance of 4.908 Å and essen-
ially planar {Cu(�-diketonato)2} moieties (Fig. 82). The addition
f pyridine to [Cu2(68)2] gives rise to [Cu2(68)2(py)2] with the two
yridine in the external axial positions [199].

Equimolar amounts of [V(X)3(THF)3] (X = Cl−, Br−) or
V(Cl)2(tmeda)2] (tmeda = N,N,N′,N′-tetramethylethylenediamine)
nd [Na2(68)], generated in tetrahydrofuran from H2–68 and
equiv. of NaH, produce [V2(68)2(X)2(THF)2] (Fig. 83) or

V2(68)2(Cl)2(tmeda)2], which have analogous dinuclear enti-
ies with a V· · ·V distance just over 11.66 Å for the former and
1.444 Å for the latter. The [68]2− ligand orientation again is in an
xtended conformation while the remaining sites are occupied by
meda [200].

2.3. Complexes containing other aromatic spacers

Claisen condensation of the appropriate precursors in
ry diethylether and in the presence of NaOCH3 affords
2–69a· · ·H2–69d, H2–70, H2–71 and H2–72a· · ·H2–72c. An ace-

one/petroleum ether solution of N(C2H5)3 and {H2[Eu2(72a)4].

2H5OH}, obtained from equimolar amounts of H2–72a and
uCl3 in ethanol, affords [NH(C2H5)3]2[Eu2(72a)4].C2H5OH, where
our [72a]2− ligands bridge the two O8 eight coordinate, square
ntiprismatic europium(III) ions with bidentate coordination to
ach metal ion, thus surrounded by eight oxygen atoms of the
our [72a]2− ligands (Fig. 84). The europium(III) complexes with

2–72a have stronger luminescence and luminescence lifetime
hen compared with �-diketonato (i.e. H–17) and other similar

is �-diketonate complexes. In the complexes with H2–69a and
2–72b, substitution of CF3 with C2F5 causes noticeable increase

n the luminescence intensity [201].

The similar larger ligand H2–73, derived from alkylation of H–5
y 2,7-bromo(methyl)naphthalene, in the presence of an aque-

us solution of [Cu(NH3)4]2+ rapidly turns into [Cu2(73)2] with
Cu· · ·Cu distance of 7.349 Å and two almost parallel {Cu(�-

iketonato)2} moieties which favour �-stacking between adjacent
olecules. [Cu2(73)2] changes in solution from olive green to

urquoise on addition of a nitrogen containing coordinating base,
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Fig. 80. Structure of [Fe2(66)3] [197].

Fig. 81. Structures of [Cu4(67a)4] (a) and

i
a
c
[
p
i
2
p
a

Fig. 82. Structure of [Cu2(68)2] [199].

H
t
i

Fig. 83. Structure of [V2(68
[Cu4(67a)4(4,4′-bipy)2]n (b) [198].

n consequence of the formation of the related complex: pyridine
nd quinoline act as monodentate ligands while the larger binding
onstants for pyrazine, 2-aminopyrazine and 1,4-diazabicyclo-
2,2,2]-octane (dabco) are consistent with endo-coordination,
roved by the structures of [Cu2(73)2(�-dabco)] (Fig. 85) contain-

ng two square pyramidal copper (II) ions, 7.403 Å apart, and of the
,5-dimethylpyrazine (2,5-CH3-pyz) adduct [Cu2(73)2(2,5-CH3-
yz)]·4CH2Cl2 where the square pyramidal copper(II) ions, 7.554 Å
part, are slightly displaced toward the axial nitrogen atoms.

ydrogen bonding between the NH2 group of 2-aminopyrazine and

he oxygen atoms of the [Cu2(73)2] host is probably responsible for
ts unusually large binding constant [202,203].

)2(Cl)2(THF)2] [200].
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4,4′-Bis(bromomethyl)-1,1′:3′,1′′-terphenyl, synthesized from
,4′-dimethyl-1,1′:3′,1′′-terphenyl by radical bromination with
N(CH3)4](Br)3, allowed to react with 2 equiv. of potassium acety-
acetonate in tert-butanol, affords H2–74, which reacts with
Cu(NH3)4](SO4) in H2O/CHCl3 to form the macrocycle [Cu2(74)],
arge enough to encapsulate and coordinate 4,4′-bipyridine giving
ise to [Cu2(74)2(4,4′-bipy)], where the two nitrogen donors occupy
he internal axial positions of the two square pyramidal copper(II)
ons 11.8 Å apart (Fig. 86) [204].

2.4. Complexes with related ligands bearing an aromatic or an
liphatic spacer

Equimolar amounts of H2–75 or H2–76, and [Pt(Cl)4]2− lead to
is-[Pt3(75)3] (Fig. 87a) or cis-[Pt2(76)2] (Fig. 87b) metallomacro-
yclic assemblies, where the aromatic rings of the isophthaloyl and
erephthaloyl moieties are essentially coplanar with the coordina-
ion environment of the platinum(II) ions. A distorted square planar
eometry about each platinum(II) ion occurs in both cis-[Pt3(75)3]
nd cis-[Pt2(75)2] [205].

195Pt NMR studies reveal that I2 react with the cis-[Pt3(75)3]
n chloroform at room temperature to yield, by stepwise oxida-
ive addition to each platinum(II) centre, the mixed valence species
is-[PtII

2PtIV(75)3(I)2] and cis-[PtIIPtIV
2(75)3(I)4], and the fully

xidised cis-[PtIV
3(75)3(I)6], depending on the I2:cis-[PtII

3(75)3]
olar ratio. Treatment of cis-[PtII

2(76)2] with iodine results
n facile oxidative addition to yield cis-[PtIV

2(76)2(I)4], where
he [76]2− ligands remain cis-S,O-coordinated to the plat-
num(IV) centres, with the halides in trans axial positions.
he molecules in the crystal structure of cis-[PtIV

2(76)2(I)4],
ave their trans-platinum(IV)–iodo axes essentially aligned, with
ery close intermolecular iodide contacts resulting in chains
f weakly bound metallamacrocycles in the solid (Fig. 88)
206].

An alternative electrolytic synthesis method, using a sim-
le two-compartment glass cell containing cis-[Pt2(76)2] and a
hosen halide salt in dichloromethane, leads to the formation

f cis-[Pt2

IV(76)2(X)4] (X = Cl−, Br−) in consequence of the Br2
r Cl2 in situ release at the anode. In these complexes the
76]2− ligands remain coordinated in a cis-S,O-fashion, and halide
ons occupy the trans axial sites of octahedral platinum(IV) ions
205,206].

o
c

f
a

y Reviews 253 (2009) 1099–1201

1H NMR spectra in CDCl3 of the chiral ligand H2–77, prepared by
laisen condensation of the acetone ketal of l-tartaric acid diethyl
ster with 2 equiv. of 4-bromoacetophenone in the presence of
odium amide, reveal that the ligand adopts the bis-enol rather
han the tetraketo form. In methanol H2–77 forms the structurally
ery similar dinuclear complexes [M2(77)3] with iron(III) chlo-
ide or gallium(III) nitrate. Three [77]2− ligands bridge the two
ctahedral metal(III) centers, with a Fe· · ·Fe separation of 5.343 Å
nd a Ga· · ·Ga separation of 5.448 Å, giving rise to a right-handed
,�-helix (Fig. 89a) [207].

The size of the internal cryptand-type cavity is capable to bind
ithium cations, but is too small for sodium or potassium cations.

ass and NMR spectra in CDCl3 show that uptake of LiClO4, but not
III III
f NaClO4 or KClO4 by [M2(77)3] (M = Ga , Fe ) occurs with the

onsequent formation of [M2Li(77)3](ClO4) [207].
H2–77 and 0.3 equiv. Ni(CH3COO)2·4H2O in refluxing pyridine

or 3.5 h afford [H-py]2[Ni2(77)3] with [Ni2(77)3]2− presumably
dopting a right-handed (��) triple-stranded dinuclear helicate as
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Fig. 84. Structure

ound for the corresponding neutral complexes [M2(77)3] (M = GaIII,
eIII). When H2–77 is reacted with 1.5 equiv. of Ni(CH3COO)2·4H2O
n pyridine, [Ni3(77)2(CH3COO)2(py)2] takes place (Fig. 89b). The
ickel ions possess a distorted octahedral coordination geome-
ry with the [77]2− ligands occupying the equatorial positions.
he two external metal ions are coordinating to the �-diketonate
nits of the [77]2− ligands, while the third one is included in the

entre of the molecule binding to the internal carbonyl oxygen
toms of the �-diketonates which bridge the central and the ter-
inal nickel ions. Also the acetate groups bridge the central and

he terminal nickel(II) ions. The terminal metal centres are sat-
rated by coordination of a pyridine each. In this arrangement

Fig. 85. Structure of [Cu2(73)2(dabco)] [202].
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2(72a)4]2− [201].

he Ni–Ni–Ni axis is close to linear and separations of 3.060 and
.065 Å are observed between the central and the terminal nickel

ons and. While UV–vis spectra of H2–77, [py-H]2[Ni2(77)3] and
Ni3(77)2(CH3COO)2 (py)2] in dichloromethane are very similar,
ircular dichroism indicates significant difference in the geometry
f the coordinated ligands. The conformational differences of the
igands in [Ni3(77)2(CH3COO)2(py)2] and [H-py]2[Ni2(77)3] causes
uorescence in the former complex in dichloromethane at room
emperature, while the latter one is nonemissive under similar
onditions [208].

H2–77a reacts with Tb(NO3)3·6H2O in ethanol and in the
resence of N(C2H5)3 to afford the triple-stranded helicate
Tb2(77a)3(H2O)2] which evolves into [Tb2(77a)3(DMF)2] when
ecrystallized from dimethylformamide. The slow substitution
f dimethylformamide by OP(C6H5)2CH2CH2(C6H5)2PO (L) gives
ise to the polymeric complex [Tb2(77a)3(L)]n which results also
y direct assembly of a mixture of the ligand and the ter-
ium(III) salt at 78 ◦C in ethanol. The dinuclear helical complexes
onsist of a {Tb2(77a)3} fragment, capped by two monoden-
ate water or dimethylformamide ligand, respectively. Both the
even coordinate terbium(III) ions are in a monocapped octa-
edral environment completed by six oxygen atoms of three
-diketonate moieties from the [77a]− ligands (Fig. 90a). The

olymeric complex [Tb2(77a)3(L)]n consists of infinite paral-

el chains, formed by helical {Tb2(77a)3} units bridged by L
igands, the structure of each {Tb2(77a)3(L)}n fragment resem-
ling those of the related dinuclear complexes (Fig. 90b)
208].
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3. Dinuclear and polynuclear complexes derived from
is-�-diketones with a spacer bearing additional donor

toms

These tetraketones contain two �-diketonato moieties, linked
t the 1 or 2 positions of a spacer bearing additional donor

p
t
i
w

cheme 12. Bis-�-diketones with a spacer bearing donor atoms, their schematic represen
r heteronuclear complexation.

Fig. 86. Structure of [Cu2(7
y Reviews 253 (2009) 1099–1201

toms. They can for the homo-[M3
II(L)2]2+ or-[M3

III(L)3]3+ and
specially the heterotrinuclear [M2M′(L)2]2+ or [M2M’(L)3]3+ com-

lexes, where the two equal metal(II) or metal(III) ions lie in
he two external O2O2 or O2O2O2 sites and the hetero metal
on M′ in the inner O2XnO2 or O3XnO3 (X = N, O, n = 1, 2) site

ith the metal ions close enough to interact each other. Of

tation and the adjacent chambers and complex formation in consequence of homo-

4)2(4,4′-bipy)] [204].
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1

Fig. 87. Structures of cis-[Pt3(7

ourse homodinuclear complexation at the two external cham-

er is feasible, giving rise to [M2

II(L)2] or]M2
III(L)3] structural

rrangements comparable to those observed with the related bis-
-diketones linked to a spacer without additional donor groups

Scheme 12).

a

(

Fig. 88. Structure of cis-[
a) and cis-[Pt2(76)2] (b) [205].

3.1. Complexes with a spacer containing thioether or aliphatic

mine donors

H2–78a· · ·H2–78c react with [Ru(H)(Cl)(CO)(PPh3)3], [Ru(H)
Cl)(CO)(PPh3)2(py)] [Ru(H)(Cl)(CO)(PPh3)2(pip)] or [Ru(H)(Cl)

Pt2(76)2(I)4] [206].
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Fig. 89. Structures of [M2(77)3] (M = GaIII , FeIII) (a) [207] and [Ni3(77)2(CH3COO)2(py)2] (b) [208].
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Fig. 90. Structure of [Tb2(77a)3(H2O)2] (a) and [

CO)(PPh3)2(mor)] in a 2:1 molar ratio in benzene to form
Ru2(L)2(Cl)2(CO)2(PPh3)2(L)2] (L = triphenylphosphine (PPh3),
yridine (py), piperidine (pip), morpholine (mor)), where the
L]2− ligands act as bridging groups with the thioether donor not
oordinated to the octahedral ruthenium(III) ions [209].

Cyclic voltammetry of the octahedral complexes [Ru2(L)2(X)2
L)4] (X = Cl−, Br−; L = PPh3, AsPh3), derived from H2–78a· · ·
2–78c and [Ru(X)3(PPh3)3], [Ru(X)3(AsPh3)3], and [Ru(Br)3

PPh3)2(CH3OH)] in benzene and in a 2:1 ratio in acetonitrile at a
lassy carbon working electrode, using s.c.e. as reference, exhibits
wo successive quasi reversible or irreversible couples at positive
otential due to the oxidations: RuIIIRuIII �RuIIIRuIV �RuIVRuIV.

he irreversible oxidation was assumed to be due to oxidative disso-
iation of the ligands, occurring at the ruthenium(IV) centre. These
uthenium(III) complexes catalyse the oxidation of C6H5CH2OH
nd cyclohexanol to C6H5CHO and cyclohexanone respectively

Fig. 91. Structure of [Fe2K(82c)3]+ [216].
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a)3{OP(C6H5)2CH2CH2(C6H5)2PO}]∞ (b) [208].

sing N-methylmorpholine-N-oxide as cooxidant. Furthermore,
he ligands and the majority of the complexes have antifun-
al activity; in particular they show growth inhibitory activity
gainst the bacteria Escherichia coli, Bacillus sp. and Pseudomonas sp.
210,211].

H2–79, prepared by reaction of H–5 and S2Cl2, breaks down in
he presence of [Ru(5)2(CH3CN)2] in acetone at 25 ◦C under argon
orming [Ru(5)2(79a)], where [79a]− behaves as an O,S chelat-
ng ligand. However, when the same reaction is carried out under
eflux, two isomers of sulfur-bridged binuclear [Ru2(5)4(�–79b)]
re obtained, where [79b]− behaves as a O,S,O-bridging and
helating ligand. In addition, an orange fraction occurs, iden-
ified according to mass spectrometry as the [79]2−-bridged
i-ruthenium(III) complex [Ru2(79)(5)4]. A similar reaction of
Ru(7)2(CH3CN)2] with H2-79 under refluxing conditions in ace-
one yields two isomeric binuclear complexes, identified as the
acemic and meso forms of [Ru2

II(7)4(79b)]. The X-ray structure
f racemic (�, � and �, �) and the meso (�, �) forms of
Ru2(5)4(�–79b)] confirm the above reported structure: in both
omplexes the sulfur atom of the [79b]2− ligand bridges two octa-
edral ruthenium(III) ions. There is no difference in the electronic
pectra of the meso and racemic isomers of the dinuclear complexes.
he X-ray photoelectron spectra (XPS) and cyclic voltammetric
tudies of the mononuclear complex indicate the presence of the
uthenium(III) ion whereas the spectra of all of the binuclear
omplexes indicate the presence of both ruthenium(III) and ruthe-
ium(II) species. Electrochemical data show that the binuclear
omplexes do not have distinct RuII and RuIII ions, whereas the
alence averaged of the oxidation state is 2.5 on each ruthenium
on, thus an extensive electron delocalization takes place in the

Ru–S–Ru} core in all of the binuclear complexes [212].

Mass spectra indicate a trimeric structure for [VO(79)(py)] and
VO(79)(DMSO)], prepared by reaction of equimolecular amounts
f [VO(5)2] and the H2–79 in pyridine or dimethylsulfoxide, respec-
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ively. No V· · ·V magnetic interaction occurs in these complexes
213].

In the isomorphous high spin complexes [M(80)(H2O)2]·H2O
M = CoII, NiII), obtained by the related metal(II) acetate and
2–80 in methanol/acetone, [80]2− coordinates via the two sul-

ur atoms but uses only two oxygen atoms for binding to the
seudo-octahedral metal(II) ion. The sulfur donors are mutually
is while the two bound �-diketone oxygen atoms are trans. The
emaining two coordination sites are occupied by water molecules
214].

The four ketonic moieties of H2–81 are at the appropri-
te positions to form homo- or heterotrinuclear complexes in
ddition to homodinuclear ones. Equimolar amounts of H2–81
nd the appropriate metal(II) acetate or uranyl(VI) nitrate
exahydrate in ethanol give [Zn2(81)2], [Cu2(81)2]·2H2O and
M2(81)2(H2O)4]·2H2O (M = NiII, MnII) or [(UO2)2(81)2(C2H5OH)2],
paringly soluble in non coordinating solvents and more soluble in
imethylsulfoxide or pyridine where they form the related adducts
s found for [(UO2)2(81)2(py)2] and [(UO2)2(81)2(dmso)2]. Further-
ore, UV–vis spectra of the copper(II) and nickel(II) complexes

n dimethylsulfoxide show the occurrence of a five coordinate
opper(II) and a non-planar high spin nickel(II) species. For all
hese complexes a dinuclear structure was proposed , also tak-
ng into account that they are easily converted into the trinuclear
nes [M3(81)2 (OH)(H2O)2](ClO4) (M = CuII, NiII), when treated with
quimolar amounts of the appropriate metal perchlorate. The same
rinuclear complexes have been obtained by reaction of the ligand
2–81 with the appropriate metal salt in a 2:3 molar ratio. The
inuclear complexes exhibit physico-chemical properties typical
f isolated �-diketonato compounds without magnetic coupling
etween the two metal(II) ions while in the trinuclear species (for

nstance in the trinuclear copper(II) complexes), antiferromagnetic
nteractions take place, indicating that the metal ions are close each
ther [215].

3.2. Complexes with a pyridine spacer
Equimolar alcohol solutions of H2–82a and copper(II) or
ranyl(IV) acetate or vanadyl(IV) sulfate precipitate [M2(82a)2
solvent)n] (n = 0,2), while the complexes [M2(82a)2(py)4] (M = CoII,
iII) are conveniently prepared by refluxing equimolar quantities of

l
t
i
l
c

y Reviews 253 (2009) 1099–1201 1175

he ligand and the appropriate metal(II) acetate in pyridine. UV–vis
pectra indicate that in [Cu2(82a)2] the copper(II) ions are square
lanar while in [M2(82a)2(py)4] (M = NiII, CoII) the metal(II) ions
re octahedral. The magnetic moments indicate the occurrence of
weak antiferromagnetic interaction in these dinuclear complexes

215].
A mixture of [Cu2(82a)2] or [Ni2(82a)2(py)4] and a slight

xcess of Ba(SCN)2 in hot ethanol gives [Cu2Ba(82a)2(SCN)2]
nd [Ni2Ba(82a)2(SCN)2], respectively, which presumably have

discrete trinuclear structure with the barium(II) ion in
he inner coordination chamber. If KNCS is used, only the
tarting binuclear precursors are recovered. Furthermore, dis-
rete homotrinuclear [Zn3(82a)(CH3COO)2] and heterotrinuclear
omplexes [M2M′(82a)2]2+ (M = CuII, NiII; M′ = ZnII, BaII) or polynu-
lear manganese(II) complexes, particularly [Mn4(82a)2]4+ and
Mn8(82a)6(O)2], have been suggested to occur [215].

H2–82a· · ·H2–82d and iron(III) chloride in the presence of the
ppropriate metal salt yield [Fe2M(L)3](X)n (M = KI n = 1; BaII, SrII

= 2; LaIII n = 3), where the guest cation Mn+ is encapsulated in the
avity of the bicyclic dinuclear {Fe(L)3} host. In [Fe2K(82c)3](PF6)
Fig. 91) the potassium ion is nine coordinated by six oxygen and
hree nitrogen atoms of the three ligands. The ligands are coordi-
ated in a helical fashion to the octahedral iron centers which are
.01 Å apart. In the chiral complex [Fe2K(82c)3]+ either a (�,�)-fac
r (�,�)-fac {2}-iron cryptate occurs. Also in [Fe2K(82d)3][Fe(Cl)4]
he cation is a racemic mixture of the helical (�,�)-fac or (�,�)-fac
2}-iron cryptates. In [Fe2Ba(82b)3]2+ the barium ion is 11 coordi-
ated by six oxygen and three nitrogen atoms of the three ligands
nd two additional tetrahydrofuran molecules, situated between
ach of the two ligand strands. [Fe2Ba(82b)3]2+ is helical with either
�,�)-fac or (�,�)-fac coordinated iron centers, comparable to
Fe2La(82b)3]3+ [216].

0.75 equiv. of H2–82b· · ·H2–82d and 1 equiv. of the related
etal(II) dichloride form the bis(triple-helical) complexes

M8(L)6(O)3] (M = MnII, CoII, CdII) with a core of eight octahe-
ral metal(II) ions, forming a twofold capped, slightly twisted
rigonal prism with a �3-O2− ion centered in each of the two
nner faces. All the six [L]2− ligands link to three metal(II) ions.
he two antipodal metal(II) ions are coordinated by three �1- and
hree �2-oxygen chelate atoms of three ligands. However, the six

etal centres, constituting the trigonal prism, are coordinated by
ne pyridylene nitrogen and two �2-chelate oxygen atoms. Two
xtra �3-O2− ions complete the coordination of the metal(II) ions
Fig. 92) [216].

The one-pot reaction of H2–82a, Cu(NO3)2·3H2O, Ln(NO3)3·
H2O and N(C2H5)3 gives rise to [Cu2Ln(82a)2(NO3)3] (Ln = Y, La-
u), where two [82a]2− ligands sandwich two copper(II) ions
ia the 1,3-diketonate sites and one lanthanide(III) ion via the
,6-diacetylpyridine site. Each five coordinate square pyrami-
al copper(II) ion has a water, methanol or dimethylformamide
olecule at the axial site while the O2O2 equatorial coordination is

ormed by the four oxygen atoms of two diketonate moieties of two
ifferent [82a]2− ligands and the 10 or 12 coordinate lanthanide(III)

on has an equatorial O4N2 hexagonal site formed by four oxygen
nd two nitrogen atoms of two diacetylpyridine entities and two
r three nitrate ions bonded above and below the equatorial plane
217,218].

The structures of these complexes have been classified into three
ypes (A, B, and C) with respect to the geometry about the central
anthanide(III) ion: in type A the three nitrate ions are bonded to the

anthanide ion; the type B (further subdivided in B1, B2 and B3) has
wo coordinate nitrate ions above and below the lanthanide ion;
n the type C one dimethylformamide molecule is bonded to the
anthanide(III) ion along with two nitrate ions. The type A and B
omplexes were obtained by slow crystallization from methanol,
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Fig. 92. Structures of [M8(82

hereas the type C complexes were obtained by crystallization
rom dimethylformamide [217,218].

The type A structure, found only in [Cu2La(82a)2(NO3)3
CH3OH)2]·CH3OH (Fig. 93), consists of 2 equiv. copper(II) ions with
he methanol molecules on the same side with respect to the equa-
orial plane and a 12 coordinate lanthanum(III) ion axially bonded
y three bidentate nitrate groups: two on one side and one on the
ther side with respect to the equatorial plane. The two [82a]2−

igands of the {Cu2La(82a)2} moiety are twisted at the lanthanide
on. The Cu· · ·La and Cu· · ·Cu separations of the trinuclear core are
.648 and 7.153 Å, respectively. The shortest Cu· · ·Cu, Cu· · ·La, and
a· · ·La intermolecular separations are 7.152, 8.577, and 9.393 Å,

espectively [217,218].

[Cu2Lu(82a)2(NO3)2(CH3OH)(H2O)](NO3)·CH3OH (Fig. 94) is an
xample of the B1 type: the two non-equivalent copper(II) ions
ave an axial methanol or water molecule, respectively, in oppo-
ite position with respect to the equatorial plane. The 10 coordinate

3
c
[
m
[

3] (M = MnII, CoII, CdII) [216].

utetium(III) ion has two axial bidentate nitrate on opposite sides
ith respect to the equatorial coordination plane. Within the non

oplanar trinuclear {Cu2Ln(82a)2}moiety the intermetallic Cu· · ·Lu
istances are 3.625 and 3.629 Å, while the Cu· · ·Cu separation

s 7.252 Å. The shortest Cu· · ·Cu, Cu· · ·Lu, and Lu· · ·Lu inter-
olecular separations are 7.168, 6.9621, and 7.305 Å, respectively

217,218].
The type B2 structure, observed in [Cu2Nd(82a)2(NO3)2

CH3OH)2](NO3)·3CH3OH (Fig. 95), is essentially the same as
hat of the Cu2Lu analogue. One methanol molecule coordi-
ates each equivalent copper(II) ion and the Cu· · ·Nd and Cu· · ·Cu
eparations in the two molecules present in the unit cell are

.650 and 7.301, 3.641 and 7.282 Å, respectively. The trinu-
lear {Cu2Nd(82a)2} moiety is coplanar with respect to the two
82a]2− ligands. The shortest Cu· · ·Cu, Cu· · ·Nd, and Nd· · ·Nd inter-

olecular separations are 7.323, 7.177, and 7.341 Å, respectively
217,218].
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Fig. 93. The type A structure of

The Cu2Gd and Cu2Ho complexes (Fig. 96) have the B3
ype structure. In [Cu2Gd(82a)2(NO3)2(CH3OH)2](NO3)·CH3OH
ne methanol molecule fills the axial site of each copper(II) ion
hile the 10 coordinate gadolinium(III) ion, located at an inver-

ion center, has two bidentate nitrate ions. The trinuclear core
orms a planar structure with intermetallic Cu· · ·Gd and Cu· · ·Cu
eparations of 3.469 and 7.298 Å, respectively [217,218]. In the
imilar complex [Cu2Ho(82a)2(NO3)2(CH3OH)(H2O)](NO3)·CH3OH
ach copper(II) ion has a methanol or water molecule at the apical
osition while the coordination about the holmium(III) ion par-
llels that of the gadolinium(III). The intermetallic Cu· · ·Ho and
u· · ·Cu separations are 3.637 and 7.273 Å, respectively. The short-

st Cu· · ·Cu, Cu· · ·Ho and Ho· · ·Ho intermolecular separations are
.520, 7.2283 and 7.5524 Å, respectively [217].

The Cu2La, Cu2Nd, Cu2Sm, Cu2Cu and Cu2Gd complexes,
btained by crystallization of [Cu2Ln(82a)2(NO3)3(CH3OH)2],
Cu2Ln(82a)2(NO3)3(CH3OH)2] (NO3), (Ln = Nd, Sm, Gd), and

H
t
[
i

Fig. 94. The type B1 structure of [Cu2Lu(8
a(82a)2(NO3)3(CH3OH)2] [217].

Cu2Eu(82a)2(NO3)2](NO3), from dimethylformamide, show the
ype C structure of [Cu2Sm(82a)2(NO3)3(DMF)2]·DMF.0.5(C2H5)2O
Fig. 97), where the copper(II) ions have a dimethylformamide oxy-
en or an oxygen of a monodentate nitrate group at the apical
osition, respectively. The 10 coordinate samarium(III) ion is sur-
ounded by one bidentate nitrate ion and one monodentate nitrate
on, located on the same side with respect to the equatorial plane,
nd one dimethylformamide molecule. The intermetallic Cu· · ·Sm,
u· · ·Sm, and Cu· · ·Cu separations are 3.616, 3.685, and 7.254 Å,
espectively. The shortest Cu· · ·Cu, Cu· · ·Sm and Sm· · ·Sm inter-
olecular separations are 7.410, 8.437 and 8.848 Å, respectively

217].

The similar one pot reaction of equimolar amounts of

2–82a, Ni(NO3)2·6H2O and Ln(NO3)3·nH2O in methanol con-
aining N(C2H5)3 affords different crystalline types (A–D) of
Ni2Ln(82a)2(NO3)2(H2O)4], with two [82a]2− ligands sandwich-
ng two six coordinate nickel(II) ions by the terminal 1,3-diketonate

2a)2(NO3)3(CH3OH)(H2O)]+ [217].
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Fig. 95. The type B2 structure of

ites and one 10 coordinate lanthanide(III) ion by the central 2,6-
iacylpyridine site to afford a {Ni2Ln(82a)2} core of a linear NiLnNi
tructure [218].

In the type A [Ni2Ln(82a)2(NO3)2(CH3OH)4](NO3)·CH3OH
Ln = La, Ce, Pr, Nd, Sm, Eu, Gd), the {Ni2Ln(82a)2} core affords

N2O4 hexagonal base for the lanthanide(III) ion together with
wo bidentate nitrate groups above and below this base and an
4 tetragonal base for the nickel(II) ion each with two methanol
olecules at the axial sites. In the Ni2Gd complex the Ni· · ·Gd

nd Ni· · ·Ni separations are 3.692 and 7.383 Å, respectively. The
ther Ni· · ·Ln and Ni· · ·Ni distances are comparable (Fig. 98)
218].
In the type B [Ni2Ln(82a)2(NO3)2(H2O)2(CH3OH)2](NO3)2H2O·CH3OH
Ln = Sm, Eu, Gd), the two non-equivalent nickel(II) ions have one
ater and one methanol molecule at the axial sites, cis with respect

o the basal plane. The Ni· · ·La distances are shorter than those
ccurring in the type A (Fig. 99) [218].

i
s
t
(
(

Fig. 96. The type B3 structure of [Cu2Ho(
d(82a)2(NO3)2(CH3OH)2]+ [217].

In the type C [Ni2Ln(82a)2(NO3)3(CH3OH)4] (Ln = Gd, Tb, Dy)
he 2 equiv. nickel(II) centres have two methanol molecules at the
xial sites while the lanthanide(III) ion has two unidentate and one
identate nitrate groups (Fig. 100) [218].

In the type D [Ni2Ln(82a)2(NO3)2(H2O)(CH3OH)3](NO3).

C2H5)2O·CH3OH (Ln = Ho–Lu), two bidentate nitrate groups link
o the lanthanide(III) ion while the apical position of the two non-
quivalent nickel(II) ions are filled by two methanol molecules
r one water and one methanol molecule, respectively (Fig. 101)
218].

Obviously the size of the lanthanide(III) ion is a dominant
actor determining the trinuclear core structure. Large LaIII–NdIII
ons (ionic radius 1.06–0.99 Å) preferentially afford type A, and
ubsequent SmIII–GdIII ions (0.96–0.94 Å) afford both type A and
ype B. Type C is produced with GdIII–DyIII ions of medium size
0.94–0.91 Å), and type D is produced with small HoIII–LuIII ions
0.89–0.85 Å). The {Ni2Ln(82a)2} core is essentially coplanar in

82a)2(NO3)2(CH3OH)(H2O)]+ [217].
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Fig. 97. The type C structure of

ype A, whereas it shows a distortion in types B, C and D in the
ncreasing order B < C < D. This distortion is the necessary result

hen the central N2O4 cavity accommodates a small lanthanide(III)
on while maintaining the terminal nickel geometry with ordinary
ond distances. The terminal nickel(II) ions keep their geometries
hile allowing an optimal coordination environment for the cen-

ral lanthanide(III) ion. A comparison of the structures of the Ni2Ln
omplexes with those of the analogous Cu2Ln complexes shows
hat in the latter ones the {CuII bis(1,3-diketonato)} moiety prefers

planar geometry irrespective of the kind of lanthanide(III) ion
218].
The cryomagnetic properties of the Cu2Ln trinuclear complexes,
n the temperature range of 2–300 K under an applied field of 500
, were analyzed also in comparison with the Cu2La, Cu2Ln, and
u2Y complexes with a diamagnetic lanthanide(III) or yttrium(III)

ϑ
t
m
s

Fig. 98. The type A structure of [Ni2Gd
m(82a)2(NO3)3(DMF)2] [217].

on or with the Zn2Ln analogues, neglecting the magnetic inter-
ction between adjacent trinuclear units because of significant
etal–metal separations (>7.1 A). The Cu2La, Cu2Lu and Cu2Y com-

lexes show a weak antiferromagnetic coupling (J = −0.51, −0.39
nd −0.47 cm−1 respectively), supported also by studies on the field
ependence on magnetization for these complexes. The magnetic
oment of the Cu2Gd complex (8.30 �B) very close to the spin-

nly value (8.30 �B) increases with decreasing temperature up to
.74 �B at 3 K: ferromagnetic interaction (J = +1.4 cm−1) was found
etween the copper(II) and gadolinium(III) ions corroborated also
y the field dependence of the magnetization while the negative

-value (−0.11 K) means an antiferromagnetic interaction between

he two terminal copper(II) ions. The temperature variation of the
agnetic moment and the field dependence of the magnetization

uggest an antiferromagnetic interaction between the copper(II)

(82a)2(NO3)2(CH3OH)4]+ [218].



1180 P.A. Vigato et al. / Coordination Chemistry Reviews 253 (2009) 1099–1201

Gd(82

a
f

a
A
i
i
n
a
f

[
e
b
c
o
c
d
w

m
i
E
o
t
E
t
{
b
m
d
p
d
w

Fig. 99. The type B structure of [Ni2

nd lanthanide(III) ions for Cu2Ce, Cu2Pr, Cu2Nd, and Cu2Sm and a
erromagnetic one for Cu2Tb, Cu2Dy, Cu2Ho and Cu2Er [217].

Magnetic studies for the Ni2La and Ni2Lu complexes indicate an
ntiferromagnetic interaction between the terminal nickel(II) ions.
magnetic analysis of the Ni2Gd complex indicates a ferromagnetic

nteraction between the adjacent nickel(II) and gadolinium(III)
ons and an antiferromagnetic interaction between the terminal
ickel(II) ions. For the other Ni2Ln complexes, the NiII–LnIII inter-
ction is weakly antiferromagnetic for Ln = Ce, Pr, and Nd and
erromagnetic for Ln = Gd, Tb, Dy, Ho and Er [218].

H–82b, CaH2 and Cu(CH3COO)2 in methanol afford
Cu2Ca(82b)2(CH3COO)2(CH3OH)2], where the calcium(II) ion is
ncapsulated at the center of the {Cu2(82b)2} moiety coordinated
y two acetate anions. The two crystallographically equivalent

opper(II) ions are tetragonal pyramidal, each with two pairs of
xygen donors and one molecule of methanol. In contrast, H2–82b,
opper(II) acetate and cesium carbonate in methanol form the one-
imensional polymer {[Cu8Cs6(82b)8(CH3COO)4](CH3COO)2}n

hose individual modules contain two concave {Cu2(82b)2}

n
(
{
f

Fig. 100. The type C structure of [Ni2G
a)2(NO3)2(H2O)2(CH3OH)2]+ [218].

etallacoronands linked by two bidentate acetate ions, resulting
n a tetragonal pyramidal coordination of the four copper ions.
ndohedral encapsulation of two cesium ions and two molecules
f ethanol into the thus formed container {Cu4(82b)4(CH3COO)2}
hen gives the cryptate [Cu4Cs2(82b)4(CH3COO)2(C2H5OH)2].
xohedral coordination of a further cesium ion to
he cryptate generates the self-complementary unit
Cu4Cs3(82b)4(CH3COO)2(C2H5OH)2}+. Linkage of these building
locks alternately rotated by 90◦ finally affords the dicationic
onomer [Cu8Cs6(82b)8(CH3COO)4(C2H5OH)2]2+ of the one-

imensional coordination polymer. An interesting feature of this
olymeric complex is the formal encapsulation of a cesium acetate
imer between the two concave {Cu2(82b)2} metallacoronands
ith a very short Cs· · ·Cs distance of 3.75 Å (Fig. 102) [219].
The isomorphous complexes {[Co2Ln(82a)2(H2O)4][Cr(CN)6]}·
H2O (La, n = 3; Gd, n = 4), derived from [Co2Ln(82a)2(NO3)3]·4H2O
Ln = LaIII, GdIII) and K3[Cr(CN)6] in water, show a trinuclear
Co2Ln(82a)2(H2O)4}3+ unit with a linear CoLnCo core, held by
our enolate bridges between two [82a]2− ligands. Each elon-

d(82a)2(NO3)3(CH3OH)4] [218].
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Fig. 101. The type D structure of [N

ated octahedral cobalt(II) ion is located at the �-diketone sites
f [82a]2− with two axial cyano nitrogen atoms. The 10 coordinate
anthanide(III) ion in the 2,6-diacetylpyridine site has four water

olecules above and below the {Co2Ln(82a)2} plane. Four equato-
ial cyano groups of [Cr(CN)6]3− coordinate to adjacent cobalt(II)
ons to form a 2D grid layer extended by Cr–CN–Co linkages. The
Co2Ln(82a)2} moiety is not planar and the two ligands show a sig-
ificant twist with respect to the central lanthanide(III) ion. Also the
wo {CoO4} planes in the trinuclear unit are not coplanar (Fig. 103).

agnetic susceptibility measurements indicate an onset tridimen-
ional ferromagnetic ordering [220].

3.3. Complexes with a polyether spacer

H2–83a and H2–84b, bearing two �-diketones at both termi-
als of a polyethylene glycol framework, form [M(L)] (M = CuII, ZnII)
ith the metal ion coordinated by two �-ketoenolate groups. These

omplexes have been used for the extraction of alkali metal picrates
rom water into chloroform [Cu(83a)] and [Cu(83b)] are selective
n the extraction of the sodium and the potassium ion, respec-
ively, exhibiting selectivity for ionic diameters based on cavity
ize. In these complexes contributions from two anionic oxygen
toms each from two �-ketoenolate units and three or four neutral
xygen atoms in the polyether linkage afford the most appro-
riate and selective binding site to these alkali metal ions. The
artition coefficients of Na+ and K+ picrates were negligibly small
hen H2–83a and H2–83b were used in their free or K+ salt forms

221].
H2–83c, copper(II) acetate and a large excess of the desired alkali

etal acetate in methanol give [Cu2M(83c)2(CH3COO)]·2CH3OH
M = KI, RbI, CsI). In the potassium complex the two square pyrami-
al copper(II) centres are linked to four oxygen atoms of the [83c]2−

igands and to the oxygen of a methanol molecule, affording a
22]-metallacrown-[8]-system wrapped around the central potas-
ium ion which is coordinated by four carbonyl oxygen and four
thyleneglycol oxygen donors. Coordination of an acetate group

ompletes the coordination about the potassium ion. Thus, this
omplex can be described as a double-stranded helicate encapsu-
ating a potassium ion (Fig. 104) [222].

A methanol solution of H2–84a and nickel(II) acetate in the
resence of a large excess of template cesium acetate separates

M
o
o
[
t

2a)2(NO3)2(H2O)(CH3OH)3]+ [218].

Cs[Ni2Cs(84a)3]} with a [Ni2(84a)3]2− core composed of two
6 octahedral nickel(II) centres linked by three [84a]2− dian-

ons. The resulting {2}-metallacryptands are homochiral with
ither (�,�)-fac or (�,�)-fac configuration at the nickel cen-
res. They hold a cesium ion in the void, coordinated by six
arbonyl oxygen and six catecholate oxygen donors. Charge com-
ensation of the {2}-metallacryptates [Ni2Cs(84a)3]− is achieved
hrough external cesium ions to give Cs[(�,�)/(�,�)Ni2Cs(84a)3]
hich self-aggregate alternating across the external cesium ions

o give the one-dimensional meso-{Cs[Ni2Cs(84a)3]}·2CH3OH]n,
here the external cesium ions are coordinated to two sets of three
eripheral carbonyl oxygen donors and two methanol molecules
Fig. 105) [222].

The one-dimensional polymer rac-{Cs[Mg2Cs(84a)3]}n, orig-
nating from H2–84a, Mg(CH3COO)2 and Cs(CH3COO), contains
wo octahedral magnesium(II) ions are linked through three
84a]2− ligands by six diketo oxygen donors. The resulting {2}-

etallacryptands are homochiral with either (�,�)-fac or (�,�)-
ac stereochemistry at the magnesium centres and capable to host
cesium ion in the cavity, which is coordinated by six carbonyl and

ix catecholate oxygen donors each. Charge compensation of the
hus formed enantiomers [(�,�)/(�,�)Mg2Cs(84a)3]− is achieved
hrough external cesium ions which aggregate to give {Cs[(�,�)-

g2Cs(84a)3]}n and {Cs[(�,�)-Mg2Cs(84a)3]}n, packed in the
rystals in alternating homochiral layers (Scheme 13). In {Cs[(�,�)-
g2Cs(84a)3]}n, the coupling external cesium ions are coordinated

y two sets of three peripheral carbonyl oxygen donors and two
cetonitrile molecules (Fig. 106) [223].

The bulkier H2–84b,cesium or rubidium acetate and magne-
ium, cobalt or zinc acetate in a 3.2:1 ratio yield the meandering
olymer meso-{[(�,�)-M2

2M1(84b)3]Mend
1)({[(�,�)-

II
2MI(84b)3]}Mside

1)][([(�,�)-MII
2MI(84b)3]}Mend

1)({[(�,�)-
II

2M1(84b)3]Mside
1)]}n (MI = CsI, RbI; MII = MgII, CoII, ZnII),

here the {2}-metallacryptates {[(�,�/�,�)-M2
2 M1(84b)3]}−

re linked by only one cesium ion end-on to give the frag-
ents meso-{[(�,�)-MII

2MI(84b)3]Mend
I)([(�,�)-MII

2MI(84b)3]
I

side }, which are connected by the second cesium ions side-
n (Scheme 14) [223]. On the contrary, zinc(II) acetate, cesium
r rubidium acetate and H2–84b in a 4:2:1 molar ratio afford
Zn2M(84b)2(CH3COO)] (M = CsI, RbI). In the Zn2Cs complex
wo [84b]2− ligands together with an encapsulated cesium ion
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[Pd2(L)2], isostructural with (P)-[Cu2(85c)2]. In the solid-state
the helicates self-organize into polymeric superstructures with
linear threading of the transition-metal ions, as exemplarily pre-
sented for (P)-[Pd2(85d)2]∞ (Fig. 109). Solution CD measurements
182 P.A. Vigato et al. / Coordination Ch

reate a {2}-metallacoronate, folded by an acetate bridge. In
he heteroleptic cryptate, one acetate oxygen atom functions
s a �1-donor to one zinc ion and the other as a �2-donor
o the other zinc ion and to the cesium ion. The cesium ion
t one side is coordinatively unsaturated and, therefore, two
olecules of [Zn2Cs(84b)2(CH3COO)] form a dimer, due to

ation–� interaction of neighbouring phenyl groups (Fig. 107)
223].

Esterification of (2S,3S)-1,4-dimethoxy-2,3-butanediol, derived
rom l-tartaric acid, and ethyl bromoacetate in the pres-
nce of sodium hydride, affords (2S,3S)-1,4-dimethoxy(2,3-
thylacetoxy)butane which, by subsequent Claisen condensation
ith acetophenone and sodium amide, leads to the enan-

iomerically pure ligand H2–85a. H2–85b is similarly prepared
sing d-tartaric acid. Reaction of 1 equiv. of H2–85a and cop-
er(II) acetate and 0.5 equiv. of cesium acetate in methanol
ields [Cu2Cs(85a)2(CH3OH)2](CH3COO) which evolves in the
opper cubane (CCCC) [Cu4(85a)2(OCH3)4]. The same synthetic
athway using H2–85b affords the single enantiomeric cubane
A,A,A,A)-[Cu4(85b)2(OCH3)4]. [Cu4(85a)2(OCH3)4] exists as a sin-
le enantiomer with a [Cu4(�3-O)4] cubane core, consisting of
wo interpenetrating tetrahedra: one made up of four copper
ons and one of four �3-OCH3 ligands. The Cu· · ·Cu separa-
ions are 2.98 Å and 3.25 Å. The approximate square pyramidal
oordination about each copper(II) ion is reached by two �1-O
ons from the ligand and three �3-OCH3 donors. Consequently,
he two bisbidentate ligands bridge opposite edges of the cop-
er tetrahedron (Fig. 108a). Whereas in other complexes above
eported, for instance in [Cu2Cs(83c)2(CH3OH)2](CH3COO), the
ole of the cesium(I) ion in determining the reaction path-
ay and hence the resulting structures via encapsulation in

he coordination moiety is clear, its role in the formation
f both the cubane (C,C,C,C)-[Cu4(85a)2(OCH3)4] and (A,A,A,A)-

Cu4(85b)2(OCH3)4] enantiomers is not yet clear; however, in
he absence of cesium ions only polymeric materials are isolated
224].

The reaction of H2–85a or H2–85d (H2–L) with potassium
cetate and copper(II) acetate monohydrate in a 1:2:2 molar

S
{

y Reviews 253 (2009) 1099–1201

atio results in the formation of (C,C,C,C)-[Cu4(L)2(OCH3)4], with
he same of structure of (C,C,C,C)-[Cu4(85a)2(OCH3)4]. Unex-
ectedly, H2-85c reacts with 5 equiv. of potassium acetate and
equiv. of copper(II) acetate monohydrate to yield the double-

tranded helicate (P)-[Cu2(85c)2], where each copper(II) ion
as approximate square planar coordination, formed by the
helating 1,3-diketo units of the ligands. The Cu· · ·Cu distances
Dintra = Dinter = 3.55 Å) are rather short. In the absence of alkali ions,
nly polymeric material is isolated, insoluble in standard solvents
224].

When H2–85a, lithium hydroxide monohydrate and nickel(II)
cetate tetrahydrate react in methanol at room temperature,
he heterochiral complex (�,�)-[Ni2Li2(85a)2(OCH3)2(CH3OH)2]
s isolated, where each approximately octahedral nickel(III) ion
oordinates to two �1-oxygen atoms and two �2-oxygen atoms
rom each ligand and two �2-(OCH3) donors. One nickel(II) ion has

- and the other one has �-configuration with a Ni· · ·Ni distances
f 3.08 Å. However, because of the stereogenic centres of [85a]2−,
he complex is not a mesocate, but rather exists as a single enan-
iomer with idealized C2 molecule symmetry. Each halve of the
ickel(II) coronate backbone hosts an approximately square pyra-
idal lithium cation with a Li· · ·Li distance of 6.14 Å, coordinated by

wo carbonyl �2-oxygen donors and two ether �2-oxygen donors of
ne ligand [85a]2− and a �1-oxygen donor of methanol (Fig. 108b)
224].

Equimolar amounts of H2–85a or H2–85d and palladium(II)
cetate in the presence of pyridine afford the helicates (P)-
cheme 13. Schematic representation of {Cs[(�,�)-Mg2Cs(84a)3]}n (a) and
Cs[(�,�)-Mg2Cs(84a)3]}n (b).
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Fig. 102. Structure of {[Cu8Cs8(8

f palladium(II) helicates [Pd2(85a)2] and [Pd2(85b)2], similarly
ynthesized from H2-85b in CH2Cl2, display a perfect mirror
mage with an slightly bathochromic-shifted, enhanced absorp-
ion at 401 nm, compared to the free ligand at 367 nm, induced
y the helicity of complexes (P)-[Pd2(85a)2] and (M)-[Pd2(85b)2]
224].
4. Hexaketonate complexes

H3–86a and H3–86b, which behaves as tris-(�-diketonate)
ystems, are formally accessible by the coupling of benzene-1,3,5-

t
t
o
s
t

H3COO)4(C2H5OH)2]2+}n [219].

ricarboxylic acid trichloride with three monoanions of dialkyl- or
iaryl malonate. Treatment of di-tert-butyl malonate with methyl-

ithium, iron(II) dichloride and benzene-1,3,5-tricarboxylic acid
richloride at −78 ◦C in tetrahydrofuran, under aerobic conditions
nd subsequent thin-layer chromatography, affords [Fe4(86a)4]
here four O6 octahedral iron(III) centres, at mean Fe· · ·Fe dis-
ance of 8.57 Å are at the apices of a tetrahedron and the four
ris-bidentate [86a]3− ligands are located above the triangular faces
f the tetrahedron. Hence, the complex has nearly T-molecular
ymmetry and the crystal is a racemic mixture of homoconfigura-
ional (�,�,�,�)-fac and (�,�,�,�)-fac stereoisomers (Fig. 110a)
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Fig. 103. Structure of {[Co2Gd(82a)2(H2O)4][Cr(CN)6]}n [220].

Fig. 104. Structure of [Cu2M(83c)2(CH3COO)] (M = KI, RbI, CsI) [222].

Fig. 105. Structure of {Cs[Ni2Cs(84a)3]} [222].
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Fig. 106. Structure of {Cs[(�,�)-Mg2Cs(84a)3]}n [223].

Fig. 107. Structure of [Zn2Cs(84b)2(CH3COO)] [223].
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On the contrary, p-tolylmalonate, methyllithium, iron(II) dichlo-
ide and benzene-1,3,5-tricarboxylic acid trichloride at −78 ◦C in
etrahydrofuran yield [Fe6(86b)6], where the iron(III) centres
efine the apices of a distorted trigonal antiprism in which six
ris-bidentate [86b]3− ligands make up the equatorial faces leaving
he top and the bottom triangles unoccupied. The iron(III) centres
re identically octahedrally coordinated by six oxygen donors in a
ompressed antiprismatic arrangement with shorter (8.54 Å) and
onger (9.69 Å) Fe· · ·Fe distance. In the crystal [Fe6(86b)6] exists as

racemic mixture of homoconfigurational (�,�,�,�,�,�)-
ac and (�,�,�,�,�,�)-fac stereoisomers (Fig. 110b)
225].
The tris-�-diketone H3–86c was prepared by reaction of 1,3,5-
ris(bromomethylbenzene) with acetylacetone in the presence of
K{OC(CH3)3}] in tetrahydrofuran. The structure of the similar
ris-�-diketone H3–86d, obtained by addition of 3-chloro-2,4-
entandione to an aqueous solution of Na2CO3 and trithiocyaminic
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cid, indicates that the �-diketonate moieties are in the enol
orm. ESI-mass spectrometry shows that these ligands self-
ssemble, when reacted with Cu(CH3COO)2·2H2O in pyridine to
orm [Cu3(L)2]. H3–86d extracts the copper(II) ion from water into
hloroform as [Cu3(86a)2] with high efficiency [226].

The condensation of 6-methyl-2,4-heptanedione and
imethylisophtalate in tetrahydrofuran and in presence of
aH affords the bis-�-triketone H4–87 which contains a benzene

pacer between the two coordinating moieties. In a one pot reac-
ion with the appropriate metal salt it forms [Cu4(87)2(py)4]·2py
r [(UO2)2(Zn)2(87)2(py)6]. In the tetracopper(II) complex, the
our copper ions are grouped into two sets of two with a Cu· · ·Cu
istance of 6.9 Å across the plane of the phenyl groups and an

ntragroup Cu· · ·Cu distance of 3.021 Å. The coordination sphere
f the copper ions is composed of four ketonate oxygen atoms
n the distorted tetragonal pyramid; within the molecule, the
yridine residues alternate above and below the plane of the

igand (Fig. 111). Strong magnetic exchange between the copper(II)
ons in the binuclear units causes the molecule to be diamagnetic
t room temperature. Cyclic voltammetry in pyridine in the range
rom 0 to −1.2 V yields one quasi reversible wave with E1/2 = −0.8 V
ersus SSCE. Chronoamperometric data reveal that this wave is

four-electron transfer process ascribed to two two-electron
ransfers in non-interacting binuclear centres [227].

5. Poly-�-diketophenolate complexes

The introduction of phenol groups at the periphery of the
-diketonato moieties or between them gives rise to the poly-�-
etophenolates H2–88a· · ·H4–94, which progressively increase or
odify their coordination properties and consequently the metal

on assembly and the related physico-chemical properties.
For H2–88a· · ·H2–88c, synthesized by the Wittig reaction of

-hydroxyacetophenone with the appropriate alkylacetate in the
resence of Na under nitrogen, one keto- and two enol-tautomeric
orms can occur; the keto-form however was not observed in
he solid state. The coordination properties of these ligands have
een already reviewed. In [Cu2(L)2·H2O], obtained by reaction of
quimolar amounts of H–L and copper(II) acetate or synthesized
y heating the mononuclear analogues [Cu(H-L)2] (H2–L = H2–88a,
2–88b) which are stable only below 15 ◦C, strong antiferromag-
etic interactions between the two copper(II) ions occur. Also, the
omplexes [Ln2(88c)2(NO3) (OH)]·nH2O (Ln = La, Eu, Pr; n = 2, 3, 6)
ave been prepared by reaction of H2–88c with Ln(NO3)3·nH2O in
he presence of LiOH [9,10,12].

H2–88a or H2–88b and UO2(CH3COO)2·2H2O afford [UO2(H-
8a)2(C2H5OH)] or [UO2(H-88b)2(C2H5OH)], containing a seven
oordinate uranium(VI) ion in a pentagonal bipyramidal geome-
ry with the uranyl oxygen atoms occupying the axial positions
nd four oxygen atoms from two bidentate �-diketophenolate lig-
nds and the one ethanol oxygen forming the equatorial pentagon.
he ligands [H-88a]− are in a trans arrangement in [UO2(H-
8a)2(C2H5OH)] while the [H-88b]− ones adopt the cis form in
UO2(H-88b)2(C2H5OH)]. In solution the two complexes have a
uxional behaviour: variable temperature 1H NMR spectra indicate
hat the cis and trans isomers are in equilibrium for both complexes.

Transmetalation reaction occurs when copper(II) acetate is
dded to [UO2(H-88b)2(C2H5OH)] in ethanol with the forma-
ion of [Cu(H-88b)2(H2O)], whereas nickel(II) acetate produces a

artial transmetalation, forming a mixture of the mononuclear
ranyl(VI) and nickel(II) complexes. In contrast, mass spectrome-
ry, magnetic and ESR data show that the addition of manganese(II)
cetate to an ethanol solution of the appropriate mononuclear
ranyl(VI) complex produces [UO2Mn(88a)2(C2H5OH)]·1.5H2O and

c
M
w
t
l

y Reviews 253 (2009) 1099–1201

UO2Mn(88b)2(C2H5OH)]·2H2O, respectively, where the high spin
anganese(II) ion is in an O6 octahedral environment. A dimeric

tructure for [UO2Mn(88a)2(C2H5OH)]·1.5H2O and a monomeric
ne for [UO2Mn(88b)2(C2H5OH)]·2H2O was proposed [228].

In [M(H2-89)2] (M = NiII, CoII, ZnII), derived from H3–89 and
he related metal(II) salt, the metal ion is surrounded by two �-
iketonate moieties in non coordinating solvents and achieves a six
oordination in coordinating solvents [229]. On the contrary a tetra-
edral coordination occurs in [Li(H2-89)2]− [230] and an octahedral
ne in [M(H2-89)3] (M = FeII, CrII) [231].

Hetero- or homotrinuclear complexes derive from the reaction
f [M(H2-89)2] (M = NiII, CoII, ZnII) with a different or alike metal
alts under basic conditions. The synthetic conditions are critical to
btain the hetetrotrinuclear complexes, especially when the differ-
nt metal ions have similar physico-chemical properties, because
ixtures of the related homotrinuclear compounds, [M3(89)2] and

M′
3(89)2], can be obtained. The boiling temperature used and the

elatively long time required to dissolve the mononuclear complex
n the presence of a large excess of N(C2H5)3 favour reorganization
o yield homotrinuclear complexes. The use of NaH in dry tetrahy-
rofuran at room temperature, to minimize this reorganization,
oes not give rise to analytically pure heterotrinuclear complexes.
he use of pyridine gives rise to [M2(H-89)2(py)4], living a vacancy
n the central position. On the contrary, using metal ions with differ-
nt physico-chemical properties, the formation of heterotrinuclear
pecies is easier as occurs for [(UO2)2M(89)2(py)4]·2py, derived
rom the treatment of [M(H2-89)2] (M = NiII, CoII, ZnII) and uranyl
cetate in a strong basic medium. The isostructural complexes
(UO2)2M(89)2(py)4]·2py (M = CoII, NiII) (Fig. 112) contain the octa-
edral transition metal(II) ion in the inner chamber, coordinated
y two axially pyridine nitrogen atoms and four equatorial oxygen
toms of two �-diketonato moieties. The two distorted pentago-
al bipyramidal uranyl(VI) ions occupy the outer chambers with
wo ketonate oxygen atoms, two phenolate oxygen atoms, and one
yridine nitrogen atom constituting the five equatorial donors. The
89]2− ligands and the three metal ions are essentially coplanar.
he specificity of this controlled synthesis is achieved because the
uter positions are the only ones accessible to form the seven coor-
ination of the uranium(VI) ions in these compounds [232].

The �-diketone groups of H3–90 lie completely in the enolic
orm in the solid state and in solution, in an anti–syn conforma-
ion with respect to the phenol group [233]. Equimolar amounts
f H3–90 and M(CH3COO)2·4 H2O (M = NiII, MnII) in pyridine pro-
uce [M2(H-90)2(py)4], where the two N2O4 octahedral metal(II)

entres, 7.921 Å apart in the Ni2 complex and 9.301 Å apart in the
n2 complex, are bridged and chelated by two [H-90]2− ligands,
hile two axial pyridine ligands for each metal ion occupy cis and

rans positions, respectively. The non-completely planar [H-90]2−

igands are in the syn–syn conformation in the Ni2 complex and
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Fig. 108. Structures of [Cu4(85a)2(OCH3)4] (a) a

n anti–syn conformation with respect to their �-diketonate units
n the Mn2 complex (Fig. 113). The phenolic proton atom remains
n the ligand after complexation. [Ni2(H-90)2(py)2(THF)2] shows
he same structural features as [Ni2(H-90)2(py)4]. In both com-
lexes the magnetic susceptibility data indicate two noninteracting
ickel(II) centres (Fig. 114) [233,234].

H3–90 and Mn(CH3COO)2·4H2O in CH3OH/C5H5N afford
Mn3(H-90)3] (Fig. 115), where a quasi colinear trinuclear array
f manganese(II) ions in a coordination environment intermedi-
te between octahedral and trigonal prismatic is chelated and
ridged by three [H-90]2− ligands wrapped around the molecu-

ar axis in an irregular helical manner, with distances of 3.024
nd 5.044 between the two neighbouring manganese(II) ions
nd 8.076 Å between the two peripheral metal ions. The periph-
ral metal(II) ions are chelated by the �-diketonate units of

he ligands. The central metal(II) ion is bridged to one exter-
al manganese ion by the three inner oxygen donors of the
orresponding diketonate groups, with the oxygen atoms from
he phenol units completing the six coordination around this

t
e
[
h

Scheme 14. Schematic representation of the polymer meso-{[(�
,�)-[Ni2Li2(85a)2(OCH3)2(CH3OH)2] (b) [224].

on. The cavity between the central and one terminal man-
anese(II) ion most likely contains the three phenolic protons. In
ontrast with [Mn2(H-90)2(py)4], in [M3(H-90)3] the [H-90]2− lig-
nds exhibit a syn–syn conformation of their �-diketonate groups
234].

H3–90 and basic manganese(III) acetate in dimethylformamide,
enerated in situ by mixing Mn(CH3COO)2 and [N(C4H9)]4[MnO4]
n a 4:1 molar ratio, lead, after workup with several solvents, to
Mn2(91)2(py)4], where [91]3−, resulting from the degradation of
90]3−, possesses a carboxylate residue in the place of a 3-oxo-3-
henylpropionyl group and can be viewed as the outcome of the
xidative cleavage of one of the 1,3-diketone units of H3–90. If
he mixtures yielding [Mn2(91)2(py)4] are allowed to stand unper-
urbed for a longer period of time, the formation of [Mn2(90)2(py)4]
ould be observed. A parallel reaction of H3–91, obtained by

he Claisen condensation of 5-methyl-3-acetylsalicylic acid and
thyl benzoate, with a manganese(III) salt in pyridine affords
Mn2(91)2(py)4], consisting of two octahedral manganese(III) ions,
eld at a distance of 5.261 Å by two [91]3− ligands. Each metal(III)

,�)-M2
IIMI(84b)3]MI

end)([(�,�)-M2
IIMI(84b)3] MI

side}.
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Fig. 109. Structure

on is equatorially coordinated by four adjacent oxygen donors from
wo [91]− ligands and axially by two staggered pyridine nitrogen
toms (Fig. 116) [234].

Antiferromagnetic interactions occurs in [Mn3(H-90)3]; the
xperimental data fit with a model where an exchange-coupled

nII· · ·MnII pair (J = −2.75 cm−1) is next to a third, magnetically

solated manganese(II) center. For [Mn2(91)2(py)4], a weak anti-
erromagnetic coupling within the molecule (J = −1.48 cm−1) and
eaker intermolecular ferromagnetic interaction (J = 0.39 cm−1)

ccur [234].

v
r
n
[
d

d2(85d)2]∞ [224].

The isolation and characterization of [Mn2(H-90)2(py)4] and
Mn3(H-90)3] demonstrate the versatility of the {MnII(H-90)}2−

ystem, whose molecular information can be expressed in the
orm of either of two discrete species with different topologies
nd magnetic properties, depending on the nature of the sol-

ent used. The kinetic ability of the manganese(II) ion allows the
eversible interconversion of these two complexes by using exter-
al stimuli. Thus, [Mn3(H-90)3], in pyridine/diethylether forms
Mn2(H-90)2(py)4] in high yield after a few days, showing that the
inuclear complex is more stable than the trinuclear one in pyri-
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Fig. 111. Structure of [Cu4(87)2(py)4] [227].

ine and that the multiple dissociation and rearrangement steps
ecessary for this conversion are kinetically accessible under the
eaction conditions. On the contrary, [Mn2(H-90)2(py)4] converts
n dichloromethane/diethylether/hexane into [Mn (H-90) ], prov-
3 3
ng that if pyridine is not present in a large excess, the trinuclear
omplex is the most stable species and that its formation from
he dinuclear analogue is also feasible kinetically. Thus, [Mn2(H-
0)2(py)4] and [Mn3(H-90)3] constitute a binary molecular switch

Fig. 112. Structure of [(UO2)2M(89)2(py)4] (M = NiII, CoII) [232].

p
t
p
a
a

a) and [Fe6(86b)6] (b) [225].

hat can be externally addressed by controlling the nature of the sol-
ent medium. In addition of structurally distinct architectures, the
wo states of the switch are two magnetic entities displaying differ-
nt properties. In one case the assembly possesses two uncoupled
anganese(II) ions, and in the other it is formed by two exchange

oupled manganese(II) centres next to a third, magnetically inde-
endent manganese(II) ion. This system represents an important
ontribution to the growing of adaptive chemistry, by which com-
lex chemical systems are described, capable of delivering different
esponses to a variety of environmental stimuli [234].

Equimolar amounts of Cu(CH3COO)2·2H2O and H3–90 in dime-
hylformamide produce [Cu2(H-90)2(DMF)2], while Cu(NO3)2,
uCl2 or CuBr2, H3–90 and [N(C4H9)4](OH) in a 8:1:16.4 molar
atio yield [Cu8(90)2(OCH3)8(NO3)2], [Cu8(90)2(OCH3)8(Cl)2] or
Cu(90)2(OCH3)7.86(Br)2.14], respectively. The same reaction in the
resence of a lower amount of [N(C4H9)4](OH), affords catena-
Cu4(90)(OCH3)3(NO3)2(H2O)0.36]. Similarly, when Cu(ClO4)2 is
sed, [Cu8(90)2(OCH3)8)(ClO4)2(CH3OH)4] is obtained [235].

In [Cu2(H-90)2(DMF)2] (Fig. 117) the two square pyramidal cop-
er(II) ions are chelated and bridged by the �-diketonate units of

wo [H-90]2− groups. The apical position of each metal ion is occu-
ied by the dimethylformamide oxygen atom. The phenol groups
re not deprotonated and form hydrogen bonds with the oxygen
toms of neighbouring �-diketonate moieties [235].

Fig. 113. Structure of [Mn2(H-90)2(py)4] [233].
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Fig. 114. Structure o

[Cu8(90)2(OCH3)8(NO3)2] (Fig. 118a) is a cluster of eight cop-
er(II) centres arranged in two tetranuclear linear units, linked
ogether by six �3-OCH3 and two �-OCH3 groups. The asymmet-
ic unit contains four, strictly linear metal ions, gathered by the
emplate action of one [90]3− ligand. The coordination around the
opper ions is completed by nitrate ligands in an unusual �3-NO3

−

inding mode, which links each {Cu8(90)2(OCH3)8}2+ aggregate to
wo other resulting in the formation of a 1D coordination poly-

er of clusters. Two of the four crystallographically independent
opper(II) ions of [Cu8(90)2(OCH3)8(NO3)2] are distorted octahe-
ral, one is intermediate between trigonal bipyramidal and square
yramidal, and the last one is square pyramidal. The axial positions
re taken by the six long bonds of the metal ions with �3-OCH3
roups, which connect both the Cu4 moieties to each other, or by the
onds with NO3

− ligands. The average Cu· · ·Cu distance within the
etranuclear arrays (2.883–2.999 Å) are shorter than between them
2.961-3.467 Å). The shortest intercluster Cu· · ·Cu distance within
he 1D chain is 5.231 Å [235].

In [Cu8(90)2(OCH3)8(Cl)2], structurally related to [Cu8(90)2
OCH3)8(NO3)2] except that two coordinating positions of the
opper(II) ions filled by NO3

− in the latter complex are vacant
n the former one, the connection between {Cu8(90)2(OCH3)8}2+

lusters takes place with bridging chloride ligands. Thus, within
he asymmetric unit of [Cu8(90)2(OCH3)8(Cl)2] there is one
ctahedral copper(II) ion, two square pyramidal copper(II) and
he last one in a geometry that is intermediate between
quare pyramidal and trigonal bipyramidal. The Cu· · ·Cu dis-
ances are in the range 2.904–2.990 Å within the tetranuclear
rrays and 3.013–3.567 Å across the chains, only slightly longer
han in the dinitrato complex. [Cu8(90)2(OCH3)7.86(Br)2.14] is
sostructural with [Cu8(L)2(OCH3)8(Cl)2], the most relevant dif-
erence being the partially substitution of �-OCH3 with �-Br
235].

[Cu8(90)2(OCH3)8(ClO4)2(CH3OH)4] shows similar octanuclear

nit not bridged, however, into infinite chains but in the form of
iscrete isolated clusters. Four vacant coordination sites are occu-
ied by methanol molecules. Six copper(II) ions are in an elongated
ctahedron while the remaining two are close to a square pyramidal
ne (Fig. 118b) [235].

d
b
o
p
[

H-90)2(py)4] [233].

Catena-[Cu4(90)(OCH3)3(NO3)2(H2O)0.36] (Fig. 119) features
our closely spaced copper(II) ions, assembled by the chelating
ffect of the five adjacent oxygen atoms of the ligand [90]3−.
ach tetranuclear moiety is linked to two other equivalent frag-
ents in a shifted manner, rather than face to face. There are

wo different ways in which the {Cu4(90)}5+ units are connected.
he linkage of the largest contact involves a total of four �3-
CH3 ligands and two �2-NO3

− groups. The other connection
ode occurs through the action of two �3-OCH3 groups, one
-NO3

− ligand, and one �3-NO3
− moiety. The asymmetric unit

lso contains one terminal ligand consisting of a partially occu-
ied molecule of water. In the repeating unit of this polymer
here are two octahedral copper(II) centres, one copper(II) ion
n a coordination geometry distributed between octahedral and
quare pyramidal and a fourth copper(II) ion in a square pyrami-
al geometry with an additional, very long axial bond to a nitrate

igand. Within the catena-[Cu4(90)(OCH3)3(NO3)2(H2O)0.36] poly-
er there are eight unique Cu2O2 pairs with Cu· · ·Cu distances

f 2.850–2.964 Å within the {Cu4(90)}5+ unit, 3.325–3.376 Å
ithin the short link, and 3.278–3.429 Å within the long link

235].
A very weak antiferromagnetic exchange between the copper(II)

entres was found in [Cu2(H-90)2(DMF)2] (J = −0.73 cm−1) while
trong antiferromagnetic coupling (J = −113.8–−177.3 cm−1) occurs
n [Cu8(90)2(OCH3)8(NO3)2], [Cu8(90)2(OCH3)8(ClO4)2(CH3OH)4],
nd catena-[Cu4(90)(OCH3)3(NO3)2(H2O)0.36] [235].

Again H3–90 shows its great potential for the aggregation of
opper(II) spin carriers into structures with different degrees of
ggregation and magnetic spin–spin interactions. The formed prod-
ct can be chemically controlled by small changes in the reaction
onditions, especially the molar ratio between the reactants or the
sed counteranions.

Co(CH3COO)2·4H2O and H3–90 lead to [Co2(H-90)2(py)4]
n pyridine and [Co2(H-90)2(CH3OH)4] in methanol, while in

imethylformamide and in the presence of 2,2′-bipyridine (bipy),
ipyridylamine (bipya), 4,4′-biphenyl-2,2′-bipyridine (Ph2bipy)
r phenanthroline (phen), capable to block two cis coordination
ositions of the metal ion and to force the polyketonate ligand
H-90]2− to adopt a syn,anti mode in the formation of dinuclear
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Fig. 115. Structure of [M

Fig. 116. Structure of [Mn2(91)2(py)4] [234].
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n3(H-90)3] [234].

omplexes, they form [Co2(H-90)2(bipy)2], [Co2(H-90)2(bpya)2],
Co2(H-90)2(Ph2bipy)2] and [Co2(H-90)2(phen)2], respectively.
o(CH3COO)2·4H2O, allowed to react with H3–90 for 24 h in CH2Cl2,
roduces [Co3(H-90)3] which turns into [Co2(H-90)2(py)4] in pyri-
ine/toluene. The reverse conversion of [Co2(H-90)2(CH3OH)4]
o [Co3(H-90)3] was successfully achieved in CH2Cl2
235].

[Co2(H-90)2(py)2] (Fig. 120a) contains two distorted octahedral
obalt(II) centres, 7.955 Å apart, equatorially chelated and bridged
y two [H-90]2− ligands in a syn,syn conformation by means of
heir deprotonated �-diketonate moieties and axially coordinated
y two pyridine ligands [235].

In [Co2(H-90)2(bipy)2] (Fig. 120b) both cobalt(II) ions are
athered by two [H-90]2− ligands which again use the chelat-
ng �-diketonate groups for coordination while maintaining the

rotons on their phenol groups. These protons are part of
ydrogen bonds with one oxygen atom of a neighbouring diket-
nate. The distorted octahedral cobalt(II) centres are additionally
oordinated by chelating bipyridyl ligands that occupy two cis
oordination sites on each metal ion. This forces the [H-90]2−
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Fig. 117. Structure of [Cu2(H-90)2(DMF)2] [235].

Fig. 118. Structures of [Cu8(90)2(OCH3)8(NO3)2] (a) and [Cu8(90)2(OCH3)8(ClO4)2(CH3OH)4] (b) [235].

Fig. 119. Structure of catena-[Cu4(90)(OCH3)3(NO3)2(H2O)0.36] [235].
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Fig. 120. Structures of [Co2(H-90)2(py)4] (a), [Co2(H-90)2(bipy)2] (b) and [Co3(H-90)3] (c) [236].

Fig. 121. Structures of [Cu2(H2-92)2(py)2] (a), [Mn2(H2-92)2(DMF)4] (b) and [Co2(H2-92)2(CH3OH)4] (c) [237].
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Fig. 122. Structure of [Mn4

igands to adopt a conformation closer to the syn,anti mode in
rder to achieve the dinuclear assembly. The Co· · ·Co distance
8.986 Å) significantly increase with respect to [Co2(H-90)2(py)2
236].

[Co3(H-90)3] (Fig. 120c) consists of a quasi-linear array of three
obalt(II) ions, with intermetallic separations of 2.840 and 4.907 Å
etween the two closer cobalt(II) ions and 7.747 Å between the ter-
inal cobalt(II) ions, held together by three [H-90]2− ligands that

etain the protons on the phenol groups. Each ligand chelates the

hree metal ions through two �-diketonate moieties and a third
oordination pocket formed by the phenol oxygen and the inner
xygen of one �-diketonate, which then acts in a bridging mode.
he fourth potential coordination pocket is most likely occupied by

l
H
i
(

Fig. 123. Structure of [Ni2(
3)(CH3COO)6(pyz)]2 [238].

he phenol protons, which are presumably participating in hydro-
en bridges, similar to those observed in [Co2(H-90)2(py)2] and
Co2(H-90)2(bipy)2]. An octahedral geometry around the external
obalt(II) ions occurs while a trigonal prismatic coordination was
bserved for the inner cobalt(II) ion. Both �-diketonate units of
ach ligand are cis with respect to their respective phenol group
236].

Dimethylisophthaldehyde and 2′-hydroxyacetophenone in
thyleneglycol dimethylether containing activated molecu-

ar sieves followed by the addition of NaH at 4 ◦C produce

4–92, which reacts with the appropriate metal(II) acetate
n pyridine to form [Cu2(H2-92)2(py)2] and [M(H2-92)2(py)4]
M = NiII, MnII). The same reaction with Co(CH3COO)2·4H2O in

H3-94)2(py)4] [239].
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Fig. 124. Structures of [Mn4(H2-94)2(CH3COO)2(p

ethanol affords [Co2(H2-92)2(CH3OH)4], while recrystalliza-
ion of [Mn2(H2-92)2(py)4] from dimethylformamide produces
Mn2(H2-92)2(DMF)4] [237].

The two square pyramidal copper(II) ions in [Cu2(H2-92)2(py)2],
.539 Å apart, are bridged and chelated by two [H2-92]2− ligands
hrough their �-diketonate moieties and by two axial pyridine
igands. H4–92 is preferentially deprotonated at the methylene
ositions between the carbonyl groups of the �-diketone fragments
Fig. 121a) [237].

In [Ni2(H2-92)2(py)4], [Mn2(H2-92)2(DMF)4] (Fig. 121b) and
Co2(H2-92)2(CH3OH)4] (Fig. 121c) two [H2-92]2− ligands bridge
wo distorted octahedral metal(II) ions, 7.322 Å, 7.609 Å and 7.410 Å
part, linked through chelation of both metal ions by each of

wo [H2-92]2− ligands displaying the same cis–cis conformation as
n [Cu2(H2-92)2(py)2], but is in contrast with [Mn2(H-90)2(py)4]

here the ligand is found in the syn–anti conformation. Each metal
on is axially coordinated by two solvent molecules. Magnetic

easurements show that the metal ions within these dinu-

d
m
�
t
9

) and [Mn4(H2-94)2(CH3COO)2(DMF)4] (b) [239].

lear complexes are maintained almost mutually independent
237].

H4–93, synthesized through Claisen condensation of dimethyl-
-methoxyisophthalate with 2-hydroxyacetophenone followed by
cidification of the resulting product and crystallization from ace-
one, has its two �-diketones in the enolic form both in the
olid state and in CHCl3. It reacts with [Mn3O(RCOO)6(pyz)3](ClO4)
R = CH3,C6H5,pCH3C6H4) and pyrazine (pyz) in CHCl3 to form
Mn4(H2-93)(RCOO)6(pyz)]2 whose structures, differing only in
he nature of the R group of the carboxylate, consist of two
etranuclear manganese(III) clusters assembled into a centrosym-

etric molecule by two [H2-93]2− and two pyrazine ligands.
ach tetranuclear fragment features a Mn4O2 core of four octahe-
ral manganese(III) ions bridged by two �3-oxides. Each pair of

anganese(III) ions is also bridged by either one to two syn,syn-
-CH3COO− groups. The terminal manganese(III) ions complete

heir coordination with a chelating diketonate group from the [H2-
3]2− ligands, which thus subtend the clusters opposite to each
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Fig. 125. Structure of

ther. Two pyrazine ligands bind the two central manganese(III)
ons, thereby further linking the two Mn4 units and leading to the
hortest intercluster Mn· · ·Mn distance of 7.443 Å (Fig. 122). The
tructure is maintained in CH2Cl2 [238].
H4–93 and 1.5 equiv. of BBr3 give H5–94 containing one �-
iketone in the enolic form and the other in the biscarbonyl
automer in the solid state. H5–94 and M(CH3COO)2·4H2O (M = NiII,

a
m

t
t

(H-94)2(py)6] [239].

oII) in pyridine produce [M2(H3-94)2(py)4] with the two pseudo-
ctahedral metal(II) ions, 7.714 Å apart in the nickel(II) complex
nd 7.807 Å apart in the cobalt(II) one, equatorially bridged by
wo [H3-94]2− ligands, their axial sites being occupied by pyri-
ine ligands. The phenol protons remain at their original locations,
eing part of intramolecular hydrogen bonds as observed in
he free ligand, although [H3-94]2− has varied its conformation
pon coordination with respect to solid H5–94. In the dicobalt(II)
omplex [H3-94]2− is more removed from planarity. The short-
st intermolecular metal· · ·metal separation is 8.929 Å for the
ickel(II) complex and 9.038 Å for the cobalt(II) one (Fig. 123)
239].

H5–94 and Mn(CH3COO)2·4H2O afford [Mn4(H2-94)2(CH3
OO)2(py)5] (Fig. 124a) in pyridine and [Mn4(H2-94)2(CH3COO)2
DMF)4] (Fig. 124b) in dimethylformamide. In [Mn4(H2-
4)2(CH3COO)2(py)5] the Mn4O6 zigzag linear core is built
p by the action of two [H2-94]3− ligands located opposite to
ach other and running along the chain, each engaging its central
henolate and both 1,3-diketonate moieties for coordination,
hereby chelating and bridging the metal ions. The external phenol

oieties of the ligands are not involved in coordination and retain
heir protons, which form intramolecular hydrogen bonds as in
M2(H3-94)2(py)4] (M = NiII, CoII). Additional bridging within the
luster is ensured by two syn,syn-CH3COO− ligands, supporting
he two manganese(II) pairs, respectively. The central pair of metal
ons is in turn bridged only by two alkoxide-type oxygen atoms.
erminal ligation is completed by five pyridine ligands, one on
ach metal except for one manganese(II) ions, which is bound to
wo such molecules and is therefore seven coordinate. The remain-
ng manganese ions are pseudo-octahedral. The intramolecular

n· · ·Mn separations are 3.287, and 3.495 and 3.350 Å, between
wo adjacent metal ions, 5.752 and 5.898 Å between one external

nd one inner metal ion and 8.804 Å between the two external
etal ions [239].
The structure of [Mn4(H2-94)2(CH3COO)2(DMF)4], similar to

hat of [Mn4(H2-94)2(CH3COO)2(py)5] with dimethylformamide
erminal ligands instead of pyridine, contains octahedral man-
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anese(II) ions bound to one solvate ligand at intermetallic
istances of 3.318, 3.387 5.861 and 8.903 Å [239].

The structure of [Mn3(H-94)2(py)6] (Fig. 125) comprises a
ixed-valence trinuclear MnIII

2MnII array, supported by two [H-
4]4− ligands, one on each side of the chain. The oxygen donors
f these ligands occupy all the equatorial positions of the metal
ons as chelates, the axial sites being saturated by pyridine lig-
nds. [H-94]4− coordinates the metal ions in an asymmetric
anner, by using three nonadjacent coordination pockets. This

omes about through the involvement of two phenoxide groups
nd �-diketonate moieties per ligand. The third phenol moiety
f each ligand retains its proton, and both groups are found in
ront of each other at the same end of the molecule. The cen-
ral and one external metal ions are in a 3+ oxidation state. The

n· · ·Mn distances are 5.246 and 5.155 Å between neighbouring
etal ions and 10.381 Å between the two external metal ions

239].
Antiferromagnetic interactions dominate the coupling within

he [Mn4(H2-93)(CO)2(RCOO)6(pyz)]2 clusters (Jbb = −50.6 cm−1,
wb = −22 cm−1, Jww = 7.6 cm−1) [238] while the manganese(II)
ons weakly interact with coupling constants of J1 = 1.13 cm−1

nd J2 = −0.43 cm−1 for [Mn4(H2-94)2(H3COO)2(py)5] and
1 = −5.4 cm−1 and J2 = −0.4 cm−1 (S = 5/2) for [Mn3(H-94)2(py)6],
hese results are consistent with X-band EPR measurements [239].

6. Conclusion and perspectives

The well established coordinating properties of �-diketones
nd �-diphenols and related ligands have been widely used
n the design of mononuclear and especially polynuclear com-
lexes. The physico-chemical properties deriving from the resulting
upramolecular assembly allowed for their employment as molec-
lar components and precursors of novel materials. The growing
f oxides on suitable surfaces via CVD technology using volatile �-
iketonate was further tested. The growth of literature, dealing with
ew and promising aspects in basic research and possible appli-
ations of these systems, testifies that the field is far from being
xhausted and appears quite rich and fruitful.

The recently undertaken synthetic routes, aimed at func-
ionalising the �-diketones in order to magnify or modify the
hysico-chemical properties of the related complexes, have pro-
uced 1D, 2D or 3D metal organic frameworks (MOFs and
′MOFs) with well defined cavities capable of encapsulating spe-

ific molecules (i.e. H2) or solvents.
The optical and magnetic properties of mononuclear and het-

ropolynuclear complexes, especially those containing d- and f-
etal ions, and their ability to give rise to supramolecular archi-

ectures have been clarified in more detail. Furthermore, the large
pin values of specific polynuclear clusters, combined with a large
agnetic anisotropy, have led some of these species, for instance

ome polynuclear manganese complexes, to act as single molecule
agnets, i.e. nanoscale magnetic particles of well defined size and

tructure. The development of appropriate syntheses of multin-
clear metal systems, from building blocks possessing high spin
round states, is a stimulating and promising field to be pursued
y supramolecular chemists.

Furthermore, the use of a wide range of radicals as nytrosyl-
itroxide ligands which act as magnetic modulators for 3d- or 4f-
-diketonates complexes and the properties of the resulting poly-

eric compounds which give rise to single chain magnets are better

larified. This opens new perspectives in storing information in a
ingle magnet polymer.

The preparation of a large variety of mononuclear iridium(III) or
anthanide(III) complexes, containing functionalized �-diketonates
y Reviews 253 (2009) 1099–1201 1197

nd/or functionalized pyridine-based ligands, facilitated a better
nderstanding of their optical properties and consequently, the set
p of more efficient probes and devices, where they act as the nec-
ssary molecular components. Furthermore, the syntheses of the
nteresting series of bifunctional ligands and the related d- and f-
eteronuclear complexes with a programmed variation of the d:
ratio was essential in producing systems capable of efficiently

hanging the d-block chromophores into f-block luminophores.
New biosensors, multi-redox and photoactive complexes for

dvanced photophysical studies are currently under scrutinity.
The non casual occurrence of oxo-hydroxo lanthanide(III) clus-

ers is remarkable, owing to their role in catalytic processes. The
ossibility to adequately tune the stoichiometric complexity and
he structure of these clusters (for instance using �-diketonates
ith different steric hindrance) will favour fast growing results and

pplications.
The formation of discrete, complexes and their evolution into

he related oligomeric or polymeric species via the insertion
f appropriate bridging groups (4,4′-bipyridine, pyrazine, 2,2′-
ipyrimidine, etc.) was appropriately described by single crystal
-ray diffraction measurements, which elucidated the role of the
ifferent bridging spacers and of the different metal ions in the
esulting molecular aggregation.

The insertion of spacers, containing coordinating or non coor-
inating donors between the �-diketonato and �-ketophenolato
oieties, was successfully carried out and the role of different metal

ons in addressing the synthetic pathway and toward a designed
toichiometry was checked.

The availability of binary molecular switches, belonging to two
ifferent magnetic entities with different properties, capable of
elivering different responses to a variety of external stimuli, repre-
ent a major breakthrough in the growing of adaptative chemistry.

The use of the superior homologues of �-diketones (i.e. tri-,
etraketones, bis-�-diketones containing additional donor groups)
n the selective separation of specific metal ions (i.e. Cu2+ with
espect to Zn2+ and Cd2+) was taken into consideration. The inter-
sting results obtained offer new possibilities in the application
f a new generation of �-diketones in separation science and
echnology.

Thus, the ligand design-metal ion role in complexation reaction
as satisfactorily elucidated offering the chemists new opportuni-

ies for directing sophisticated synthesis.
All these results and those continuously appearing in the

cientific literature show the vitality and the yet unexplored possi-
ilities of these systems; there will continue to be a great interest
hown in studies of basic and applied aspects, associated with
rogressively sophisticated �-diketonate and �-ketophenolate
omplexes.
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