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coordinating moiety of 3-diketones and the physico-chemical properties arising from the related com-
plexes are considered also in correlation with their potential in the preparation of probes and devices,
where molecular components are essential. The role of the different metal ions in directing the preparation
pathways and tuning peculiar properties to the resulting systems is discussed.
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Hetero-polynuclear complexes
[3-Diketones

-Diketophenols
Poly-f-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-f3-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 3-diketonato
moieties was taken into consideration, together with the role of specific spacers with or without additional
donors in determining peculiar architectures and properties of the resulting complexes.

© 2008 Published by Elsevier B.V.

1. Introduction

Classical B-diketones and related ligands have been studied for
more than a century and their ability to give rise to a rich and inter-
esting coordination chemistry is well documented [1-13]. They act
under appropriate conditions as uninegative O,-chelating donors,
capable of stabilizing mononuclear or polynuclear complexes. In
particular, their keto-enol tautomerism (Scheme 1) was studied in
solution by IR and NMR spectroscopy and in the solid state by X-ray
single crystal diffraction [9-13]. Two excellent reviews appeared
while our paper was in preparation or under referees evaluation
[12,13].

A special class is represented by the a-diketone 2-hydroxy-
2,4,6-cycloheptanetrione (tropolone), its substituted derivatives
and the related a-hydroxyketones, which form quite stable com-
plexes with d- and f-metal ions, where up to four or five ligands are
firmly coordinated to the metal ion to complete the coordination
requirements [14,15].

There is a growing amount of literature which especially deals
with the possible applications of these complexes as components
of molecular devices or as precursors in the formation of new mate-
rials. Phosphors for lighting and high efficiency electroluminescent
devices for light-emitting diodes, contrast agents for medical mag-
netic resonance imaging, NMR shift reagents, transport carriers
of alkali metal ions across biological membranes, luminescent
probes for proteins and amino acids, light-emitting sensors in fluo-
roimmunoassays, tags for time-resolved luminescent microscopy,
magnetically addressable liquid crystals, magnetic alloys for refrig-
eration, superconducting materials, specific redox reagents for
chemical transformation or molecular-based information, acid cat-
alysts for sophisticated organic transformations or for the cleavage
of phosphodiester bridges in RNA, fully justify the efforts made to
control the metallic sites and to selectively introduce specific metal
ions into organized assemblies [16-31].

The photophysical characterization both in solution and in the
solid state of complexes and polymers containing d- and/or 4f-
metal ions is relevant in determining the complexes with the best
performance for their successful application as emitting layers in
light-emitting diodes for display applications. However, the archi-
tecture of the device is also of major importance, to allow for
good charge transport and recombination and thus obtain pure
colours and high emission quantum efficiency. The usually broad
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Scheme 1. Keto-enol tautomerism in 3-diketones.

emission from organic molecules and transition metal complexes,
which occurs either from singlet or from LMCT states, requires the
use of filters to obtain monochromatic colors. Further, tuning of
device parameters can lead to changes in colour. Organometallic
iridium(IIl) and lanthanide(Ill) phosphorescent compounds have
been widely studied and applied as emitters in high efficient
organic light-emitting diodes [32,33].

Considerable interest has been recently shown in the prepa-
ration and photophysical characterisation of heterometallic d,
f-complexes, in which the strong absorption of light by MLCT tran-
sitions associated with d-block fragments, typically ruthenium(Il),
osmium(II), rhenium (I) or platinum(Il) is used to sensitise lumines-
cence from lanthanide(lll) ions with low-energy f-f excited states.
This allows near-infrared emission from lanthanide(IIl) ions to be
generated by energy-transfer from the strongly-absorbing d-block
antenna group. In the lanthanide(III) ions the emission comes from
f-f transitions. Due to the core nature of the 4f electrons, which are
shielded from the coordination environment by the 5s25p6 elec-
trons, little vibrational coupling with the environment is seen, and
the emission bands are narrow and ion-specific, leading to pure
colours and potentially high emission efficiencies.

The fields of application of the emitting lanthanide(Ill) com-
plexes depend on the emission wavelength. lons with transitions in
the visible range of the spectrum are utilized for television screens
and LEDs, in liquid crystals, as well as in fluoroimmunoassays and
in biophysical applications. The ions which emit in the near-IR have
found application in lasers and could also be useful for telecommu-
nications and optical amplifiers. Although these complexes were
successfully utilized as emitting layers in LEDs, it is more efficient
to incorporate the organometallic or coordination complexes into
polymers, which can additionally function as charge-transport lay-
ers to facilitate the formation and confinement of excitons. More
recently, efforts were started in the utilization of polymers with
covalently attached emitting complexes, to avoid phase separation
during operation and consequent loss of the emitting layer. In addi-
tion, polymers have the advantage of displaying higher flexibility
and mechanical stability, as well as ease in processability and device
integration [32,33].

The functionalization of these complexes at the periphery of the
coordination moiety or their grafting on suitable platforms gives
rise to supramolecular structures capable of originating organized
systems with peculiar chemical and/or physical properties. Thus,
the insertion of additional donor atoms at the periphery of the
chelating moiety gives rise to a series of quite interesting self-
organizing systems, containing similar or dissimilar metal ions,
which form planar or tridimensional metal organic frameworks
with defined porosity.

Furthermore, the increasing of carbonyl groups with the con-
sequent formation of tri- or tetraketones and bis-[3-diketones
or bis-fB-triketones (Scheme 2) allowed for the formation of
well defined homo- and/or hetero-polynuclear complexes with
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Scheme 2. Poly-f3-diketones with or without a spacer and their keto-enol tautomerism.

peculiar physico-chemical properties, arising from the coordina-
tion of equal or different metal ions, in close connection and
interacting with each other through the carbonyl bridges. More-
over, these ligands generally coordinate in the equatorial plane
of metal ions as copper(Il), nickel(Il), cobalt(Il), giving rise to
quite flat complexes which can contain coordinating solvents or
monodentate ligands in the axial positions. These axial ligands
can be exchanged by stronger coordinating ligands which, when
potentially bridging linkers as 4,4’-bipyridine, pyrazine, 4,4'-trans-
azopyridine, 2,2’-dipyridylamine, 1,4-diazabicyclo[2,2,2]octane,
4,4'-dipyridyl sulfide, 2,2’-bipyrimidine, self-organize into oligo- or
polymeric-species with quite sophisticated architectures and new
functionalities and properties.

Also, the introduction of a suitable spacer with or with-
out additional donor groups between the [3-diketonate moieties
was successfully carried out. Thanks to the template ability of
specific metal ions, such as nickel(Il), copper(Il), cobalt(Il), man-
ganese(Il), zinc(Il), cadmium(Il), vanadyl(IV) or uranyl(IV), two
bis-3-diketonates can be ordered in such a way as to offer two,
not immediately adjacent, 0,0, compartments for the recognition
of equal or different metal ions through one or sequential specific
recognition processes. Of course, when iron(Ill), manganese(IIl),
gallium(Ill) or lanthanide(Ill) ions are employed as templating
agents, three bis-f3-diketones can be accommodated in the appro-
priate coordination environment of these metal ions giving rise to
two tridimensional 0,0,0, chambers, with the consequent forma-
tion of helicate structures. The further presence of donor groups
between the two [3-diketonate moieties gives rise, upon complexa-
tion, to three adjacent compartments, two external 0,0, or 0,0,0,

and one inner 0,X5,0, or 0,0,X3,0,0, (X=N, O, S; n=1,2) with
the easy formation of homo- or heterotrinuclear complexes and/or
homodinuclear complexes which can selective encapsulate into
the free coordination chamber alkali or alkaline metal ions, whose
additional presence favours the evolution of discrete complexes
into polymeric ones.

Finally, the insertion of phenol groups at the end or between
the carbonyl moieties generates an interesting series of -
ketophenolate systems (Scheme 3), capable of securing up to eight
metal ions in close proximity, the metal ion assembly being mainly
governed by the presence or the release of the phenol protons.

All these typologies of [3-diketonate or (3-diketophenolate sys-
tems offer a wide chance to study the properties of the related
complexes and to set up the best synthetic procedures for directing
the chemical reactions toward discrete, bidimensional or tridimen-
sional systems, varying the metal ion and/or its oxidation state,
the number of carbonyl or phenol groups engaged in coordination,
the additional donating groups of the ligands and/or the type of
bridging ligand.

2. Aim of the review

The review is aimed at giving an overview of the well
known [3-diketones and [3-ketophenols and related complexes (the
a-diketones and related derivatives are also inserted for com-
pleteness) and their evolution into more sophisticated systems
through functionalization or insertion of progressively increas-
ing number of donor groups (i.e. carbonyl and phenol groups,
spacers with or without donor atoms) for obtaining quite com-
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Scheme 3. Keto-phenol derivatives.

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

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

3. a-Diketonato complexes and related derivatives

Tropolone (2-hydroxy-2,4,6-cycloheptanetrione) and its substi-
tuted derivatives (H-1a.--H-1d) can be classified as a-diketones,
capable of acting in consequence of deprotonation as strong biden-
tate oxygen donor chelators of metal ions. Thus, a-diketones and
[3-diketones share many common features: both ligands are biden-
tate and both bond through delocalized chelate rings formed
through two oxygen atoms. The smaller bite distance and angle
and the increased delocalization over the larger tropolonato aro-
matic system give rise to an increased coordination number at the
metal center and change in the physico-chemical properties and
reactivity [34,35].

In the past H-1a was successfully used for the preparation, by its
reaction with a wide variety of metal(Il) salts, of [M(1a),] (M= Cu"l,

Ni”, COH, PdH, anl' Pb”, Fe”, Mn”, Hg", SHH, BEH, Mg”, Ca", Sl'",
Ba!') which are volatile enough to be purified by sublimation with-
out decomposition, except [Fe(1a),] where a partial oxidation to
[Fe(1a)3] occurs [35].

[Cu(1a),] exists as a sandwich-type dimer: two square pla-
nar monomers are stacked face-to-face. The related mesomorphic
substituted tropolonato complexes [Cu(1b),] are also square pla-
nar with a rod-like calamitic structure, while the packing in the
crystals shows a similar arrangement to that in the smectic C
phase. There is no Cu- - -Cu interaction, the closest Cu. - -Cu approach
being at 6.413 A. The nickel(Il) and oxovanadium(IV) complexes of
H-1b, despite having melting points (50 and 90°C, respectively)
lower than the related copper(Il) analogues, do not display any
mesophase. An octahedral environment about the nickel(Il) ion was
proposed [36].

[Cu(L)(tmeda)][B(CeHs)4] (H-L=H-1a, H-1c), prepared by
CuCl,-2H,0, N,N,N',N'-tetramethylethylenediamine (tmeda) and
H-1aor H-1c, crystallizes as [Cu(L)(tmeda)(CICH, CH, C1)][B(CgHs )4]
and [Cu(L)(tmeda)(CH3COCH3)][B(CgHs)4] with the copper(Il) ion
coordinated by two tropolone oxygen atoms and two diamine
nitrogen atoms. The axial interaction with a dichloroethane
molecule is weak whereas the axial acetone molecule is firmly
coordinated to the copper(Il) ion, giving rise to a square pyramidal
coordination. These complexes, fairly soluble and remarkably
solvatochromic in a large variety of solvents, are useful as Lewis
basicity indicators in solution because their d-d bands contin-
uously shift to red with increasing donor number of solvent.
The addition of various anions to these solvatochromic sys-
tems leads to a quantitative view of the competition between
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Fig. 1. Structure of [Zn(1a),], () and [Zn(1¢);(C;H50H)], (b) [39].

solvent and anion molecules for coordination to the metal(Il)
center [37].

OH
O
R
R
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The related «a-hydroxyketones 3-hydroxy-2,6-disubstituted-
4-pyranone (H-2a.--H-2c¢) and 3-hydroxy-1,2-disubstituted-
4-pyridinone (H-3a.--H-3c¢) form the similar complexes
[M(L);]-nH,0 whenreacted with the appropriate transition or non-
transition metal(Il) ion [38-40]. The structure of [Zn(2a),]-1.5H,0

0

can be viewed as layers of - - -ABA. - -ABA. - - sandwiches with layers
A consisting of five coordinate, square pyramidal complexes, and
layers B of six coordinate octahedral complexes. A five coordination
is also adopted by [Sn(3a),], where the coordination environment
is very similar to that of [Sn(1a);] [39]. In [Zn(3a); ] the zinc(II) ion
is five coordinate in a distorted square pyramidal geometry while
in [Pb(3a);] each lead(Il) ion is in a O5 environment, two oxygen
atoms acting as bridging groups to give a dimeric structure [38].
Finally, SnCl4 and Hy-3a afford [Sn(3a),(Cl); ], which contains two
cis chloride anions [40].

0 0]

H-4a

HO'  m,4p
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The complexes [M(1a),] (M =Nill, Co!!) appear to be oligomeric
while in [Zn(1a),] each tropolonato ligand chelates to the zinc(II)
ion and, in addition, bridges an adjacent zinc(Il) ion giving
rise to coordination polymer in which Zn,0, rhomboids are
linked in a orthogonally alternating manner and each metal
ion is distorted octahedral (Fig. 1a). [Zn(1c);] in ethanol affords
[Zn(1c),(Cy,H50H)], whose structure was described as an ethanol-
capped dimeric fragment of the polymer adopted by [Zn(1a),]. The
two [1c]~ ligands chelate the zinc(II) ion; one has also a bridging
role. The remaining coordination site of each octahedral zinc(II) ion
is occupied by an ethanol oxygen (Fig. 1b) [39].

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

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

where the tin(IV) geometry is intermediate between square pyra-
midal and trigonal bipyramidal as occurs also in [Sn(1a)(CgHs)3].
Both in the solid state and in solution [Sn(1a)(CHs3)3] demethylates
to [Sn(1a);(CH3), ], where the octahedral tin(IV) ion is surrounded
by the two [1a]~ chelating ligands and two cis-methyl groups [41].

Heating IrCl; with an excess of H-1a and sodium acetate
in water forms [Ir(1a);] together with a polymeric red-black
solid which, by addition of [Zn(CH3 )3] in tetrahydrofuran/pyridine,
affords [Ir(1a),(CHs)(py)]. The octahedral iridium(IIl) ion is equa-
torially coordinated by two chelating [1a]~ ligands and axially by a
methyl group trans to a pyridine molecule. At high temperature the
methyl group can be substituted by various solvents (cyclohexane,
mesitylene, benzene, acetone, etc.) proving the ability of this com-
plex to activate the C—H bond of these molecules with an activation
capability higher than that of the related acetylacetonate complex
[42].

[M(1a)4] or [M(1c)4] occur for M=Pb", sn!V, ThIV, UV, palV,
Np"V, PulV. NMR studies of the contact and pseudocontact shifts
of the eight coordinate complex [U(1c)4], using [Th(1c)4] as the
diamagnetic analogue, indicate that the uranium(IV) complex has
bis-disphenoid structure in CHCl3 and a D4 square antiprism struc-
ture in dimethylsulfoxide [43].

AnCly (An=Th", PalV, UV, Np%, Pu!V) and [Li(1a)] afford in
oxygen-free dichloroethane [An(1a)s] which, with the excep-
tion of the neptunium(IV) and plutonium(IV) complexes, form
[An(1a)4(DMF)] by recrystallization from oxygen-free dimethylfor-
mamide, as confirmed by the X-ray structure of [Th(1a)4(DMF)],
where the monocapped square antiprismatic nine coordina-
tion about the thorium(IV) ion is formed by eight oxygen
atoms from four bidentate [1a]~ ligands and one dimethylfor-
mamide oxygen (Fig. 3). The complexes [An(1a)4] evolve into
Li[An(1a)s] when reacted with [Li(1a)] in oxygen-free DMF. Fur-
thermore, [Pa(1a)4(X)] (X=Cl-, Br~), prepared by PaCls and
H-1a in CH,Cl,, reacts with [Li(1a)] in ethanol at 60°C to form
[Pa(1a)4(CyH50)], which turns into [Pa (1a)4(ClO4)] by the addition
of HCIO4 in acetone. Finally, [Pa(1a)4(Cl)] in DMSO/CH;Cl, forms
[Pa(1a)4(Cl)(DMSO)] [44].

Because of their similar charge to ionic radius ratios, the
cerium(IV) ion is a generally accepted structural analog for the
plutonium(IV) ion, and thus the complexes [Ce(L)4] (H-L=H-2a,
H-2d) have been employed as structural models for the cor-
responding [Pu(L)4] structures. The expectation of structural
correlation between the plutonium(IV) and cerium(IV) complexes
was met in the near identical [M(2a)4] crystal structures, which
exhibit a tetragonal dodecahedral coordination geometry. How-
ever, substitution of [2a]~ for [2d]~ led to a dramatic change in the
coordination polyhedron about the cerium(IV) ion, particularly the
ligand orientation about the metal ion, aresult that was surprisingly
absent in the analogous plutonium(IV) structure [45].

[Mo,04(1a),(0C,Hs); ], prepared by H-1a and [Mo,04]%* which
derives from Na;Mo0,4-2H,0 and hydrazinium dichloride in HCI,
shows a [MoO(u-0);MoO]?* core in a syn configuration, with a
Mo - -Mo distance of 2.564 A. The distorted octahedral coordination
geometry of each molybdenum ion is completed by a tropolonato
and an ethanol ligand (Fig. 4a) [46].

H,-4, containing two molybdenocene-tropolonato groups
appended to the upper ring of a calix-[4]-arene platform via
photoactive azo spacers in order to change the properties of
the resulting calixarene in response to light, was prepared by
reaction of calix-[4]-arene with methyl-p-toluensulfonate in the
presence of K,CO3 followed by treatment of the resulting 1,3-
dimethoxy-calix-[4]-arene with an excess of tropolone-diazonium
salt. Complexation of [Moy(C5Hy)4(OH),] (CF3SO3), with H,-4
forms the air stable complex [Mo;(4)(CsH4)4(OH),] (CF3S03)s,,
resulting in a large change in the UV-vis spectrum due to the
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Fig. 2. Structures of [Sn(1a);] (a) [39] and [Sn(1a)2(Cl);] (b) [40].

equilibrium, strongly dependent from the solvent, between the
hydrazonic form and the diiminic form of [4]~ which takes place
in pyridine but not in methanol where [4]~ is exclusively in the
hydrazone form [47].

R
7O
O A3
o) o(CH2)a
o} R

Photodeposition experiments demonstrate that the uranyl(VI)
complexes [UO,(L)>(S)] (H-L=tropolone, iso-amyltropolone,
tert-octyltropolone, tert-amyltropolone, n-hexyltropolone, n-
octyltropolone; S=solvent) are excellent precursors for the
preparation of thin films of uranium oxides to be used as patterns
in X-ray masks. The H,-L ligands derived by alkylation of sodium
cyclopentadienyl with an alkyl halide, followed by cycloaddition
with dichloroketene and further hydrolysis of the cycloadduct
[48].

In [UOy(1a)y(L)] (L=CyHs0H, CsHsN), prepared from
UO,(NO3),-6H,0 and H-1a in ethanol or pyridine, the equa-

(b)

torial coordination about an almost perpendicular O-U-O group
consists of four oxygen atoms from two [1a]~ ligands and one
ethanol oxygen or one pyridine nitrogen (Fig. 4b) [49].

In the past [Ln(1a);] and M[Ln(1a)4] (M=NH4*, K*) were syn-
thesized for the whole series of the lanthanide(IIl) ions [34]; the
recently solved structure of {K[Ln(1a)4]-DMF},, (Ln=Tb'l, Dy!!l,
Ho', Erll, Tm!M, yb!!, Lu'!), proves that the lanthanide(IIl) ion
is coordinated by the eight oxygen atoms of four [1a]~ ligands.
The potassium cation bridges two {Ln(1a)4}~ units and has a
coordination number of seven through interactions with six oxy-
gen atoms from two {Ln(1a)4}~ units and one oxygen atom from
a dimethylformamide molecule. These lanthanide complexes are
isostructural, except the terbium(IIl) one, whose structure differs
about the relative position of the potassium ion with respect to the
lanthanide(III) ion. In all cases, a distorted dodecahedron around
the lanthanide cation occurs (Fig. 5a) [50].

Spectrophotometric titrations show that H-1a reacts with all
the lanthanide cations to form [M(1a)]?*, [M(1a);]*, [M(1a)s],
and [M(1a)4]~, successively. The calculated formation constants
of [M(1a)3] and [M(1a)4]~, K3 and K, respectively, show dif-
ferent trends that depend on the size of lanthanide cations:
log K3 increases as the size of the lanthanide decreases, as usu-
ally observed for lanthanide cations where no steric hindrance
is present between ligands upon complex formation, as the
interaction between lanthanide cations and the ligand is mainly
electrostatic. The strength of this interaction increases with the

Fig. 3. Structure of [Th(1a)4(DMF)] (a) [44] and [Pu(2a)4] (b) [45].
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Fig. 4. Structures of [Mo0,04(1a)2(0OC2Hs )2 ] (a) [46] and [UOy(1a),(C2HsOH)] (b) [49].

atomic number of the lanthanide. As the atomic number increases,
the charge density on the lanthanide cation increases, leading to
larger log K3 values. The log K4 values steadily decreases as the size
of the lanthanide cation decreases, owing to the increasing steric
hindrance between the four ligands in [M(1a)4]~ with the smaller
lanthanide cations: the ligands must be located at closer proximity
when the effective radii of the lanthanide(III) cations decrease [50].

Luminescence lifetimes of the ytterbium(Ill) complex in
H,0/D,0 and CH30H/CD30D-d4 provide evidence of one coordi-
nated water or methanol molecule, indicating that the coordination

geometry around the lanthanide(III) cation in [M(1a)4]~ in solution
is different than that in the solid state, where no solvent molecule
is bound to the lanthanide cation. Nevertheless, [1a]~ is able to
sensitize several lanthanide cations that emit in the near-infrared
domain with quantum yields comparable to the highest quantum
yields reported for other lanthanide complexes that emit in the
NIR domain in organic solvents. For all the complexes [Ln(1a)4],
however, a significant residual ligand emission persists owing to
an incomplete energy transfer from the ligand to the lanthanide
ion [50].

Fig. 6. Structure of [M(4b)] (M =Fe!",Ga") (a) and [Cu(H-4b)] (b) [53].
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The air stable complexes [Ln(1c)3] (Ln=Eu, Er, Yb), derived from
H-1¢, NaOH and the appropriate LnCl3-6H;0, contain only traces
of water or methanol although recovered from a water/methanol
solution; they have been supposed to be dimeric or trimeric in
order to complete the high coordination number required by the
lanthanide(IIl) ions. The NMR spectra of [Eu(1c)s3], in (CD3),SO
show a double pattern of [1c]~ ligands, indicating the different
role of the oxygen atoms bridging the europium(lll) ions. The
lack of quenching in the fluorescence of these complexes is an
additional proof of the absence of water in the coordination envi-
ronment of the lanthanide(Ill) ion. These oligomeric complexes
easily turn into the monomeric ones [Ln(1c)3(phen)] in the pres-
ence of 1,10-phenanthroline. [Er(1c)s;(phen)]-H,0 is soluble in a
variety of solvents and appears to be monomeric with the metal ion
in an eight coordinate environment. Thermogravimetric analyses
indicate the loss of one non-coordinated water molecule. Again the
presence of water only in the crystalline framework and not directly
bonded to the central metal ion is proved by the photophysical
behaviour [51].

A functionalization at the periphery of the chelating nitrogen-
containing ligands was introduced in order to allow them to serve
as dinucleating ligands towards equal or different lanthanide(III)
ions. 1,10-Phenanthroline-5,6-dione (pdon) is a ditopic ligand
which contains two well separated coordinating sites, one con-
taining two nitrogen atoms and one containing two oxygen atoms,
both suitable for lanthanide(Ill) complexation. Thus, the reaction
of [Er(1c)3], with pdon in anhydrous methanol in a 1:1 molar
ratio under reflux affords [Er(1c);(pdon)]-0.2H,0 with the lan-
thanide(Ill) ion coordinated to the two nitrogen atoms of the
functionalized phenanthroline. This mononuclear complex reacts
an equimolar amount of [Er(1c)s], in anhydrous hot methanol
to produce [Ery(1¢)s(pdon)]-H, 0, as proved by ESI-MS spectrom-
etry and IR and NMR spectroscopy. The erbium(Ill) complexes
show efficient NIR emissions at about 1550 nm upon excitation
at 355 nm in the UV ligand absorption band, emerging as possible
candidates as active materials of plastic amplifiers for telecommu-
nication. In particular [Er(1c)s],, [Er(1¢)s(phen)], [Er(1¢)s(pdon)],
and [{Er(1c)s3 }»(pdon)] show photoluminescent efficiency values at
1550 nm larger than that for [Er(Q)s] (H-Q=8-hydroxyquinoline),
normally assumed as a reference material [51].

H-1a easily affords 2-(tosyloxytropone), which gives rise to
H-4a in the presence of an excess of isopropylamine. [Li(4a)]g,
resulting from the treatment of H-4a with an excess of n-
butyllithium in toluene, contains an hexameric core of two Li303
rings each showing a chair conformation. The aminotroponate
moieties bridge both six-membered rings. Each lithium(I) ion is
tetracoordinate. H-4a and KH afford [K(4a)] which reacts with
LnCl; (Ln=Y, Lu) to form [Ln(4a);] whose structure was not
reported yet. On the contrary, a 2:1 mixture of [Li(4a)]g and YbCl3
produces [Yb,Lis(4a)s(Cl)4], where two {Yb(4a)3 } units are bridged
by four {LiCl} units. Each heptacoordinate ytterbium(III) ion is sur-
rounded by three [4a]~ ligands and one chloride ion. The center of
the complex contain a {Li-CI-Li-Cl} square with two square pla-
nar lithium(I) ion surrounded by two chloride and two the oxygen
atoms of the [4a]~ ligands, while the other two tetracoordinate
lithium(I) ions are coordinated by two chloride anions and two
tetrahydrofuran oxygen atoms (Fig. 5b) [52].

The amide derivative [Ca(L),(THF),] (H-L=[N{Si(CH3)}]")
reacts with H-4a in tetrahydrofuran or H-4a and N-isopropyl-
2-(isopropylamino)troponeimine (H-L') in toluene to afford
the dinuclear complexes [Ca(4a),(L)2(THF),] and [Ca(4a),(L'),],
respectively. In the former complex, each metal ion is asymmet-
rically bridged by the oxygen atoms of the [4a]~ ligands, the
coordination environment being completed by two amide nitro-
gen atoms, one from [4a]~ and the other from [L]~, and by one

tetrahydrofuran oxygen. In the latter complex the two five coordi-
nate metal ion are symmetrically bridged by the oxygen atoms of
the [4a]~ ligands. The distorted trigonal bipyramidal environment
about each calcium(II) center is completed by the amide nitrogen
of a [4a]~ chelate and the two nitrogen atoms of one [L']~ ligand
[52].

One equivalent of 1,4,7-triazacyclononane, 3equiv. of 5-
hydroxy-2-hydroxymethyl-4H-4-pyranone and an  excess
formaldehyde give H3-4b, which in the presence of appropri-
ate metal salt, forms the isostructural [M(4b)] (M=Fe!ll, Ga'll,
In'") or [Cu(H-4b)]-3H,0. In [M(4b)], the coordination about the
metal(Ill) ion is a distorted octahedron with three amine nitrogen
atoms occupying one face and the opposite face being occupied
by three enolate-oxygen atoms (Fig. 6a). In [Cu(H-4b)]-3H,0
the copper(Il) ion is square pyramidal with [H-4b]?~ acting as a
pentadentate ligand through the three tertiary amine nitrogen
and two enolate oxygen atoms. One of the three 3-hydroxy-4-
pyrone chelating arms remains free and protonated (Fig. 6b).
The cyclic voltammogram of [Fe(4b)] exhibits a quasi-reversible
redox wave at Ey, =—0.53 mV (reference electrode Ag/AgCl) from
the {Fe''(4b)}/{Fe'l(4b)}~ couple, whereas [Cu(H-4b)] shows an
irreversible one-electron reduction of [Cu"'(H-4b)]/[Cu'(H-4a)]~ at
Epc=-0.87V. These low redox potentials indicate that the iron(III)
ion in [Fe(4a)] and the copper(ll) ion in [Cu(H-4b)] are preferen-
tially stabilized by the macrocyclic ligand. Variable temperature
TH NMR spectra show that [Ga(4b)] is more rigid than [In(4b)]
[53].

4. B-Diketonato complexes with oxygen donor ligands
4.1. Complexes with d-transition and non transition metal ions

[3-Diketones react with stoichometric amounts of the appro-
priate metal(Il) ion to form [M(p-dike);], (n=1-4) and [M(B-
dike);(S)n] (n=1, 2) in non coordinating and coordinating solvents,
respectively. On gentle heating, the solvent molecules can be
removed from [M([3-dike),(S),] with the consequent formation of
the mononuclear complexes [M([3-dike), ] which, in the absence of
additional coordinating ligands, quite often turn into the di- or -
polynuclear ones by oligomerization through the bridging oxygen
atoms, as observed in [Ni3(5)g] [54] and [Co4(5)g] [55]. The struc-
ture of [Ni3(5)g] shows that the three nearly octahedral nickel(II)
ions are in the linear trimeric array, resulting from the sharing of tri-
angular faces of adjacent octahedral. A[5]~ oxygenis at each apex of
linear triad of fused octahedra. The intramolecular Ni. - -Ni distances
are 2.882 and 2.896 A. The closest intermolecular Ni- - -Ni distance
is ~8 A. A similar octahedral coordination about each metal(Il)
ion was found also in [Co4(5)g]. Ferromagnetic coupling between
adjacent ions and a smaller antiferromagnetic interaction between
the terminal ions occurs in [Ni3(5)g]. The addition of an excess of
[-diketone to [M([3-dike), ], avoids oligomerization forming [M([3-
like)3]~ as found for [Co(5)3]~ [54,56].

[M(6)2(H,0);] (M=Nill, zn!", cd"), prepared from H-6 and the
appropriate metal salt in ethanol, gives rise to [M(6),(py),] in pyri-
dine, with the nickel(Il) ion in a trans-configuration and the zinc(II)
and cadmium(II) ones in a cis-configuration. [M(6),(H;0), ] evolves
into [M(6);], when heated at 100°C in non coordinating solvents.
When heated at 215°C for 30 min or in benzene at 70°C for sev-
eral days, [Ni(6),] forms [Ni3(6)g] and [Ni3(6)g]-2CsHg, respectively.
Furthermore, [Zn,(6)4] results from evaporation at 70°C of a ben-
zene solution of [Zn(6),] [57].

The structure of [Ni(6),], similar to that of the copper(Il) and
palladium(II) analogues, contains a square planar metal(Il) ion sur-
rounded by four oxygen atoms from two chelating [6]~ ligands. On
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the contrary, in [Zn(6);] a very distorted tetrahedral coordination
about the metal ion occurs [57].

[Ni3(6)g] has a linear Ni3 cluster (Ni---Ni distances of 2.811A)
surrounded by chelating and bridging [6]~ ligands. Each nickel(II)
ion is in an Og distorted octahedral environment of six oxygen
atoms from the [6]~ ligands (Fig. 7a). [Ni3(6)g]-2CgHg has a very
similar structure with the benzene guests filling up the cavity
spaces [58].

In [Zny(6)4] two [6]~ ligands chelate to each zinc(Il) ion by four
oxygen atoms, while one oxygen atom also bridges to the neigh-
bouring zinc(II) center. The coordination environment of the zinc(II)
ions is intermediate between trigonal bipyramidal and square pyra-
midal (Fig. 7b) [57].

In[Pb(5),], obtained by refluxing an acetylacetone/toluene mix-
ture over the lead foil, the lead(Il) ion is chelated by two [5]~ ligands,
giving rise to a distorted square pyramidal PbO4 geometry. Short
contacts among neighbouring molecules give rise to zigzag chains
[58].

[Pb(6),] contains polymeric chains of the dimeric {Pby(6)4}
units, linked through hexa-hapto-interactions of the lead(Il) ions
with phenyl groups from adjacent units. Each lead ion also appears
to be involved in intraunit dihapto-aromatic interactions, thus
attaining a total hapticity of 13. Thus, rather than an highly
unusual PbOs5 coordination sphere, the complex has been consid-
ered to contain a tridecahapto PbOs5Cg center with an irregular
but “holodirected” coordination sphere. [Sn(6),] strongly resem-
bles the lead(Il) analogue with the SnOs5 unit “hemidirected” and
where both n2- and m8-interaction with ligand phenyl groups occur
through the face remote from the oxygen donors. The interactions,
giving rise to a polymeric form in the solid, are stronger for the
lead(II) than for the tin(Il) complex [59].

[Pb(7),], obtained from equivalent amounts of Pb(CH3C0O0),
and [Na(7)] in water at room temperature, contains a four coor-
dinate lead(Il) ion, chelated by the oxygen atoms of the two
[7]~ ligands; the coordination sphere around the lead ion can be
described as a square pyramid with four oxygen atoms forming the
square plane and the lone pair of electrons at the axial position.
The structure of [Pb(8);], obtained from Pb(CH3COO), and [Na(8)],
is similar to those of [Cu(7),] and [Ni(7),] but differs from that of
[Pb(7),] as it is based on a dinuclear {Pb;(8)4} unit, where each
lead ion can be viewed as seven coordinate, chelated by the oxy-
gen atoms of two diketonate ligands, the coordination environment
being completed by one fluorine and two further bridging oxygen
atoms [60].

The family of butterfly-type tetrametallic vanadium alkox-
ide clusters [VZIII(VIVO)2(5)4(OCH3 )], [(V‘VO)4(5)2(H—tea)2
(OCH3);] and [(VIVO)4(5)2(L)2(OCH3 )2] (H3-tea =triethanolamine;

H,-L=N,N'-bis-(2-hydroxyethyl)-N'-(2-pirrolylmethylidene)ethy-
lenediamine), was recently enlarged to [V2(V0),(5)4{RC(CH;
O)3}2],  [V2(VO)2(5)2(CsHsCO0) {CH3C(CH0)3}2],  [V4Cl2(6)4
{RC(CH20)3}2] (R=CH3, CoHs, CH,0H), and [V4Cl»(6)4(CH30)6].
In particular, the V,V,V complexes [V,(V0),(5)4{RC(CH20)3};]
are prepared by heating equimolar amounts of [V(5)3], [VO(5);]
and RC(CH,O0H)3 in CH3CN under reflux for 12 h; the same prod-
ucts are also isolated, but in much lower yields, when [VO(5);]
is omitted from the reaction. Their similar structure (Fig. 8a)
contains four coplanar metal ions at the corners of a rhombus
bound by two triply deprotonated, .y, 2, 3-[R(CH20)3]3~ ligands.
The two vanadyl(IV) ions are easily detectable as they have the
characteristic V=0 group, whereas the other two vanadium(III)
ions are in a regular octahedral geometry. Each py-arm of the
tris-alkoxides bridges an edge of the rhombus. The p3-arms
of the two tris-alkoxides bridge three adjacent vanadium ions,
forming a butterfly core. A chelating diketonate completes the six-
coordination at each metal ion. The structures of these complexes
are closely related to the tetrametallic mixed-valence V,1Vv,V
cluster [V,(VO),(5)4(0OCHj3)g] where six methoxides take the place
of the two [CH3C(CH,0)3]3~ groups in these complexes. The V,4!I!
clusters [V4(6)4(Cl)2 {RC(CH20)3}2] (R=CH3, CyHs, CHon) have
been isolated from the reaction at 15°C for 16 h of [VCl3(THF)s],
RC(CH,OH)3 and [Na(6)] in tetrahydrofuran or acetonitrile under
anaerobic conditions. In these complexes, each vanadium(III) ion
has a chelating [6] ligand; also two vanadium(IIl) ions have a
terminal chloride (Fig. 8b). The similar reaction in methanol and
in the absence of the triol yields [V4(6)4(Cl); (OCH3)g], where
six methoxides replace the six arms of the two tris-alkoxides
of [V4(6)4(C1)2 {RC(CHzo)g}zl (R=C2H5, CHon) (Flg SC) All
these clusters are dominated by antiferromagnetic interactions
[61].

A simple method for obtaining heterotrinuclear complexes
was recently reported for [Pt;Co(5),(-CH3C0O0)4], prepared from
[Pt(5),] and Co(CH3CO0),-4H,0 in air and in acetic acid at 110°C.
The central, slight distorted tetrahedral cobalt(Il) ion is coordinated
to four oxygen atoms of two bridging acetates which connect it to
each square planar platinum(Il) ion whose coordination sphere is
completed by the two oxygen atoms of a [5]~ chelate (Fig. 9). The
synthesis requires air oxygen, while no reaction between [Pt(5); ]
and Co(CH3CO00),-4H,0 occurs in argon. A rather complicated
pathway was proposed where the intermediate cobalt (III) species,
formed in the oxidative Co'/O, system, remove [5]~ (e.g., by its free
radical oxidation to CH3COOH) from the platinum(II) coordination
sphere, facilitating the entry of cobalt (II) acetate into the coordina-
tion vacancies thus formed. Noticeably, zinc(Il) acetate, where the
metal ion is not oxidizable, does not react with [Pt(5),] [62].

(b)

Fig. 7. Structure of [Ni3(6)s] (a) [58] and [Zn,(6)4] (b) [57].
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Fig. 8. Structure of [V3(V0)(5)4{CH3C(CH;0)s3}2 (a), [Va4(6)4(Cl)2{CH3C(CH20)3}2] (b) and [V4(6)4(Cl)2(OCH3)s] (c) [61].

The stacked homo- and heterodinuclear complexes
{[M(6)z][Cu(9)21}, (M=cCull, Pt, Pd"), are achieved by mix-
ing equimolar CH,Cl, solutions of [M(6);] and [Cu(9),].
{[Cu(6);][Cu(9),]}n contains two approximately planar cop-
per(Il) centers; the two complexes are alternately aligned as
columnar stacks, with an average phenyl-pentafluorophenyl
distance of 3.610A (Fig. 10). Synchrotron radiation X-ray pow-
der experiments indicate that the same alignment was achieved
through similar arene-perfluoroarene interactions in all these com-
plexes. The M- --M distance at 100K was estimated to be 3.611A
(Cu- - -Cu), 3.605A (Cu- - -Pd) and 3.592 A (Cu. - -Pt). The formation of
{[M(6),][Cu(9),]} does not depend on the starting ratios of [M(6);]
and [Cu(9),]. When equimolar amounts of [Cu(6),], [Pd(6),] and
[Cu(9),] are mixed together, {[Pd(6),][Cu(9),]} exclusively forms.
Similarly, [Cu(6),], [Pt(6);] and [Cu(9),] in a 1:1:1 molar ratio give
{[Pt(6)2][Cu(9)2]}, while [Pd(6),], [Pt(6);] and [Cu(9);] in a 1:1:1
molar ratio produces a mixture (~1:2) of {[Pd(6),][Cu(9)2]} and
{[Pt(6)2][Cu(9),]} [63]. Non-radiative decay occurs in solid-state
luminescence and UV-vis spectroscopy of the CuPt complex,

while [Pt(6),] shows luminescence around 540 nm (irradiation
at 440nm), suggesting an energy transfer between the closely
arranged platinum(II) and copper(Il) complexes [63].

4.2. Lanthanide and actinide complexes

The larger lanthanide(III) or actinide(Ill) ions afford mononu-
clear complexes where the coordination insaturation of the
complexes [M([3-dike)s] is filled by coordinating solvent molecules
(generally water) or by an additional 3-diketonate ligand as occurs
for the isostructural complexes Cs[M(10)4] (M=Y" Eull, Am'l),
where the metal(Ill) ion is dodecahedrally coordinated to the
eight, essentially equivalent, oxygen atoms of the four chelat-
ing [10]~ ligands [64]. Furthermore, the actinide ions, showing a
wider range of oxidation states (III-VII), form a larger variety of [3-
diketonato complexes, the most studied being [An([3-dike),], with
the eight coordinate actinide(IV) ion in a dodecahedral or square
antiprismatic environment, often isostructural with the cerium(IV)

Fig. 9. Structure of [Pt;Co(5)2(p-CH3C00)4] [62].

Fig. 10. Structure of {[Cu(6)2][Cu(9),]} [63].
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analogues, and [UO,(3-dike),(L)] where L is a neutral monoden-
tate ligand with the uranium(VI) ion in a pentagonal bipyramidal
environment. Their structure and properties were exhaustively
reviewed in the past [6].

R} R

or [Ce(5)3(H,0),], respectively, whereas similar treatment of
(NHg4)2[Ce(NO3)g] gives only the former complex at both tempera-
tures. Desiccation of the hydrate complexes over silica gel turns the

(O ome
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The same behaviour was observed with the whole series of
lanthanide(Ill) salts and variously substituted (3-diketones. The
cerium(IIl) salts, however, can give rise to additional complexes,
as found in [Ce(5)3(H-5),], obtained from H-5, neutralized with
NH3 and Ce(NOs)3-6H,0, where the distorted square antipris-
matic cerium(IIl) ion is coordinated by eight oxygen atoms of three
bidentate [5] ligands and two unidentate H-5 ligands. Intra- and
intermolecular H-bonds through the neutral enol H-5 unidentate
ligands, result in the formation of a cyclic dimer with a Ce..-Ce
distance of 7.976 A (Fig. 11a) [65]. Furthermore, [Ce!V(11)4] and
M[Cell(11)4], (M=Na*, NH4*) were obtained by mixing an aque-
ous solution of CeCl3-7H,0 with an ethanol solution of H-11 and
NaOH or NH40H: an excess of H-11 forms M[Ce(11)4] whereas an
excess of CeCl3-7H,0 causes oxidation to cerium(IV) with forma-
tion of [Ce(11)4]. Sublimation at reduced pressure was successful
for [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 Og eight coordinate,
square antiprismatic cerium(IV) ion, coordinated by four bidentate
[11]~ ligands (Fig. 11b). The molecules are totally enveloped by the
C(CH3)3 and CF3 groups and this explains the high volatility. The
molecules in [NH4][Ce(11)4], where the coordination of [11]~ to
the metal centers is similar to that of [Ce(11)4], form helices by
hydrogen bridges causing the non-volatility nature of the complex
[66].

CeCl3-7H,0 or Ce(NOs3)3-6H,0 and [M(5)] (M=Na*, NH4")
in aqueous solution at 21 and 45°C yield [Ce(5)3(H,0),]-H,0

former into [Ce(5)3(H,0), |, whereas the latter [Ce(5)3(H,0),]-H,0
undergoes decomposition rather than dehydration. Aerial oxi-
dation of [Ce(5)3(H;0);] in dichloromethane/toluene affords
a-[Ce(5)4] and B-[Ce(5)4], respectively. Careful treatment of an
aqueous solution of (NH4)4[Ce(SO4)4] and H-5 in aqueous ammo-
nia at pH 5 gives the unstable, light-sensitive [Ce(5)4]-10H,0 whose
structure contains layers of [Ce(5)4] sandwiched between exten-
sive hydrogen-bonded layers of water molecules which do not
interact with the metal ion. Electrochemical experiments show
the unstable nature of [Ce(5)3(H0),], while the reduction of
[Ce(5)4] yields well-defined cyclic voltammograms in acetonitrile
or acetone, corresponding to a quasi-reversible process. For the
[Ce'V(5)4]/[Ce!(5)4] redox couple, a reversible potential of 0.22V
versus SHE was obtained in acetone or acetonitrile at both gold and
glassy carbon electrodes, consistent with the ease of both oxidation
and reduction of the cerium acetylacetonate complexes as found in
the synthetic studies [67].

The complexes [Ce(p-dike),] have been employed as precur-
sors in metal organic chemical vapour deposition (MOCVD) and
atomic layer epitaxy (ALE) or as dopants in SrS and CaGa,S,
thin films, owing to their ability to produce blue-green or green
electroluminescent phosphors. [Ce(10)4], reported as an explana-
tory example of these complexes, derives from the reaction of
[NH4]4[Ce(S04)4]-2H,0 in H,0 and H-10 in toluene in a 1:4 molar
ratio; its structure exhibits an eight coordinate cerium(IV) ion in a
distorted square antiprism [68].
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Fig. 12. Structures of [Tb;(10)4(CF3C00),(H20)4] (a) [72] [Tb(10)3(H20) ] (b) [72] and [Gd4(10)s(OH)a(H20)s] () [73].

The sodium salts of H-7, H-7a and H-7b react with
Sc(NO3)3-nH,0 to form [Sc(L)3], whose structure indicates an
octahedral coordination about the scandium(IIl) 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
higher volatility than [Sc(7)3], deposit thin films of Sc;03 over a
wide temperature range (400-600°C) [69].

[Ln(pB-dike)s(H,0)n], derived from LnCl3-nH; 0 and [Na([3-dike)]
in water/ethanol and in a 1:3 molar ratio, can exist as the only one
or together with dimeric or oligomeric species [70]. [Y(12)3(H,0)]

contains a seven coordinate yttrium(Ill) ion in an O; distorted
monocapped octahedron formed by six oxygen atoms of three [3-
diketonates and the oxygen of a water molecule [70] while in the
isostructural complexes [Ln(5)3(H,0);] (Ln=La, Pr, Nd, Sm) each
metal(Ill) ion is surrounded by eight oxygen atoms, contributed by
three bidentate [5]~ groups and two water molecules arranged at
the vertices of a distorted square antiprism [71].

Similar experimental conditions form [Tb;(10)4(CF3C0O0),
(H20)4][Tb(10)3(H,0),],, where the CF3COO~ bridging ligands
originate from the reaction of the (3-diketone with unreacted NaOH

Fig. 13. Structures of [Eu,(7)s(triglyme)] (a) and [La(7)s(tetraglyme)] (b) [74].
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Fig. 14. Structure of [Yb2(5)2(-NO3)2(NO3)2(H20)4] [75].

in water/methanol. Each eight coordinate monomeric terbium unit
comprises three chelating [10]~ ligands and two water molecules
arranged in a distorted square antiprismatic geometry. The dimeric
unit consists of two distorted antiprismatic terbium(Ill) centers
bridged by two trifluoroacetate molecules; each of these is coor-
dinated to two [11]~ ligands and two water molecules (Fig. 12a and
b) [72].

GdCl3-6H,0 and [Na(10)] give [Gd4(10)g(OH)4(H20)g] in
water/ethanol and [Gd(10);(CH3COCH;3)(H,0)] in acetone. The
tetramer has a distorted dicapped cubane structure, containing
four gadolinium(IIl) ions and four triply bridging hydroxy ligands.
Each tricapped trigonal prismatic gadolinium ion is bonded to
three p3-hydroxo ligands, one w,- and one terminal aqua lig-
and and two asymmetrically chelated [10]~ ligands (Fig. 12c). In
[Gd(10)3(CH3COCH3)(H20)], two [10]~ ligands are symmetrically
chelated to the eight coordinate square antiprismatic gadolin-
ium(IIl) ion while the third [10]~ ligands is asymmetric owing to
a strong intermolecular hydrogen bonding with the coordinated
water [73].

The reaction of [Ln(7)3(H,0),] with 2,5,8,11-tetraoxadodecane
(triglyme) in hexane yields [Lny(7)g(triglyme)] (Ln=Eu, Tb),
where two {Ln(7)3;} moieties are linked by a triglyme molecule.
Both metal centres are eight coordinate in a square antipris-
matic geometry (Fig. 13a). In contrast, [La(7)3(H,0);] and
2,5,8,11,14-pentaoxapentadecane (tetraglyme) in hexane form
[La(7)3(tetraglyme)] where the nine coordinate lanthanum(IIl) ion
binds to all three bidentate [7]~ ligands and only to three of the
five possible oxygen atoms of the tetraglyme ligand. The metal ion
adopts a square monocapped antiprismatic geometry with an oxy-
gen atom capping one of the square faces (Fig. 13b). These air-
and moisture-stable complexes have good volatility and thermal
stability [74].

Ln(NO3)3-6H,0 (Ln=La, Pr, Nd, Sm) and Hj-acacen, derived
from the [2+1] condensation of H-5 and ethylendiamine, form
in tetrahydrofuran/cyclohexane {[Ln(H;-acacen),(NO3)3]-CgH12 }n,
where the 10 coordinate metal(Ill) ion is linked by three bidentate
nitrate anions and four oxygen atoms from two Hy-acacen ligands,
one acting as chelate through an unusual [14]-membered ring and
the other acting as a bridging ligand. The heavier lanthanide(III)
nitrates decompose Hy-acacen in water and to a lower extent in
tetrahydrofuran, giving rise to [Lny(5)2(-NO3)2(NO3)2(H20)4] as
proved for the ytterbium(Ill) complex, where the nine coordinate
lanthanide(Ill) ion contains two water molecules, two bidentate
nitrate anions one of which bridges the two metal centres via one
oxygen atom (Fig. 14) [75].

Fig. 15. Structure of [Ys(1.-6)4(6)s(jLa-0)(e3-0)4]>~ [81].

The synthesis and structural characterisation of lanthanide
oxo/hydroxyl clusters attract considerable attention since they
have proved to be useful for a variety of applications ranging from
luminescent and magnetic materials to their use in homogeneous
catalysis and in developing synthetic nucleases for hydrolysis of
phosphate diester bonds, including those present in nucleic acids.
Recent developments have successfully revealed the formation
mechanism of these finite sized molecular entities. When lan-
thanide salts, usually LnX3 (X=Cl—, I, NO3~, CF3S0O,~, ClO4 ™), are
hydrolysed in the presence of a base, they tend to form polynuclear
oxo/hydroxo aggregates on the condition that the extent of hydrol-
ysis is carefully controlled. These clusters can be formed from the
lanthanide salt alone or in presence of a ligand (i.e. carboxylates, [3-
diketonates, alkoxides, phenoxides), in which case the term ligand
controlled hydrolysis is used. However, the molecular structure of
the final compound often remains unpredictable and unexpected
and unusual assemblies have been isolated and characterised.
Recently, a reliable method for the synthesis of hydroxo-bridged
lanthanide cages has been developed, whose synthetic pathway
involves the reaction of LnCl3-6H,0 and a (-diketone in the
presence of triethylamine as a base. In general, the dimensions of
the cage depend on the size of both lanthanide(III) and the ligand:
more bulky substituents (as phenyl groups) at the periphery of the
ligand give rise to smaller metal aggregation [76-79].

[Lns(11-6)4(6)s(a-OH)(pe3-OH)4] (Ln=Eu'™, Dy")and Hs[Ys( .-
6)4(6)s(L4-0O)(e3-0)4], prepared by reaction of the appropriate
LnCl3-6H,0 with H-6 in a 1:2 molar ratio and in the presence of
N(CyHs)s3 [80,81], show a similar structure with a square pyra-
midal core of five metal ions surrounded by 10 peripheral [6]~
ligands. Each square antiprismatic lanthanide ion is coordinated
by eight oxygen atoms. In the yttrium complex each triangu-
lar face of the square pyramid is capped by one p3-O moiety,
as occurs in [Lng(12)15(0)2(0OH)g]~ (Ln=Sm, Eu, Gd, Dy, Er) [82]
or [Na(CoHsOH)s][Yo(13)16(jra-0)2(pu3-OH)g ]~ [83]. In the square
base, four yttrium(III) ions are linked by one p.4-O atom. Six [6]~ lig-
ands are terminal chelates and four are bridging chelates bonding
to two metal ions that belong to the base of the polyhedra. The api-
cal yttrium(IIl) ion is bonded to two chelate ligands (Fig. 15). This
complex acts as homogeneous catalyst in the oxidation by air of
aliphatic aldehydes, but not the aromatic ones, to the correspond-
ing acids. For [Dys(-6)(6)g(js-OH)(pu3-OH)4] the appearance of
slow relaxation of the magnetization below 3K is typical of single
molecular magnets [81].
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Fig. 16. Structures of [Ers(6)7(j3-OH)4(pa-OH)7(0-NO2CsH40)3(Cl)]~ (a) and [Yb4(6)s(ju3-OH)2(0-NO2CsH40), ] (b) [84].

LnCl3-6H,0 (Ln=Er, Tm), H-6 and o-nitrophenol (H-L) in
methanol and in the presence of N(CyHs)3, yield the isomorphous
clusters [NH(C;Hs)3][Lns(6)7(3-OH)4(4-OH)7(L)3(Cl)], contain-
ing a pentanuclear square pyramidal core of lanthanide ions
surrounded by 10 peripheral ligands and a chloride anion. Each tri-
angular face of the square pyramid is capped by one p.3-O moiety.
In the square base, four lanthanide atoms are linked by one p4-O
atom. Differently from [Eus(6)19(OH)s], where six ligands are ter-
minal chelates and four are bridging chelates bonding to two metal
ions that belong to the base of the polyhedron, in these complexes
three of the four bridging [6]~ ligands are formally substituted by o-
nitrophenolato ligands. The phenolate oxygen atoms always bridge
two lanthanide ions. Two of the three o-nitrophenolato ligands also
bind a lanthanide ion through one oxygen atom of the NO, group,
whereas the NO, group of the third o-nitrophenolato ligand, located
between two lanthanide(IIl) ions is turned away from the cluster
core. This generates a free coordination site on one lanthanide (III)
ion, which is occupied by a chlorine atom, and results in a nega-
tively charged cluster core (Fig. 16a). The formation of the hydroxido
bridges can be explained by the presence of water in the reaction
mixture which can be deprotonated by the addition of base [84].

Under the same reaction conditions, LnCl3-6H,0 (Ln=Yb, Lu)
affords [Lng(6)g(3-OH)2(L)2] (H-L=o-nitrophenol) (Fig. 16b). A
comparable Lng core was observed also in the [Ndg4(w2-,wm1-
5)5(5)4(M3-OH)2] and [Lng(6)10(p3-OH)2] (Ln=Pr, Nd, Sm). Two
types of coordination modes are observed for the ligation of [6]~
to the ytterbium(Ill) and lutetium(Ill) centers in the tetranuclear
clusters. Of the eight [6]~ ligands, six chelate the metal centers in
m?2-fashion, and two more both chelate and bridge two metal cen-
ters. The o-nitrophenolato ligands chelate one metal ion and bridge
another metal ion through one oxygen atom, thus they are (.-
0)-m?2-coordinating. The tetranuclear core of [Lng(6)1o(p3-OH);]
(Ln=Pr, Nd, Sm) is similar to that in [Lns(6)g(p3-OH)2(L),] with
the [6]~ ligands coordinating in a chelating and bridging fash-
ion. The only difference between these complexes derives from
the presence of the two o-nitrophenolato ligands. In [Lng(6)19(jt3-
OH), ], the positions of the o-nitrophenolato ligands are formally
replaced by two more [6]~ ligands, which bind in the same coor-
dinating and bridging arrangement. A significant difference arises
with respect to the ionic radius of the center metal ion: whereas the
cluster size decreases from [Ln5(6)19(OH)s] or [Lng(6)19(jr3-OH), ]

by increasing the ionic radius, the opposite trend is observed for
[NH(C>Hs)3][Lns(6)7(pn3-OH)a(prg-OH)(L)3(Cl)], and [Lng(6)s(pe3-
OH);(L),] where the two p3-oxygen atoms in the core of the cluster
are parts of hydroxy groups. Each metal ion is coordinated to eight
oxygen atoms in a square antiprismatic arrangement [84].

Furthermore, the isomorphous oxo-clusters [NH(CyHs)s3]
[LHQ(M—12)8(12)8(}L4—0)2(Mg—OH)g]~2CH30H~CHC13 (Ln=Sm, Eu,
Gd, Dy, Er) were obtained by mixing LnCl3-nH,0 and H-12ina 9:16
molar ratio in methanol and subsequent addition of an excess of
N(CyHs)3, which ready produces oxo and hydroxo groups capable
to bridge the lanthanide ions making up a {Lng(p4-0)2(3-OH)g}
core and 16 peripheral [12]~ ligands, eight acting as chelating
and eight as bridging and chelating groups. By similar procedures
[Eug(7)12(4-O)(3-OH)12] was synthesised. In the {Lng(jLg-
0)2(3-OH)g} core the metal skeleton has been considered to be
formed by two square pyramidal pentanuclear units assembled
via an apical lanthanide(III) ion. Each triangular face of the square
pyramids is capped by one p3-OH group, so that the central square
antiprismatic lanthanide(Ill) ion is surrounded by eight p3-OH
groups. Four lanthanide(Ill) metal ions in each square base are
linked by one w4-0O. Each lanthanide(IIl) ion, at the corner of the
square bases, is chelated by one terminal [6]~ chelate and further
coordinated by two bridging and chelating [6]~ ligands, which link
the metal ion with two neighbour metal ions at the corners. Thus,
each lanthanide(Ill) ion is eight coordinate in a distorted bicapped
trigonal prismatic geometry (Fig. 17a) [83].

Methanolic solutions of LaCls, H-6 and an excess of N(CyHs)3
result in the formation of [La;3(6)13(OH)2(Phgly),(CO3),], where
[Phgly]~ is the unexpected phenylglyoxylate anion bonded in a ;-
n!:m2-fashion and each lanthanum(III) ion is coordinated by nine
oxygen atoms. In the cage, 12 oxygen atoms act as W3- and four as
W2- bridging groups. Two CO32~ anions, most likely due to CO fix-
ation from the atmosphere, are trapped in the middle of the cage,
each carbonate binding to six different metal centres with a chelat-
ing and bridging configuration. Overall a pg-n': m': m1: n1: nl:
m?2-coordination mode occurs. Repeating the preparation and the
subsequent crystallisation of the product under nitrogen and in the
complete absence of CO,, and adding different sources of carbon-
ate to the reaction mixture (K,COs3, (NH4)>,CO3) failed to yield the
templated dodecanuclear lanthanum(IIIl) cluster. The two phenyl-
glyoxylate ligands can plausibly originate during the formation and
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Fig. 17. Structures of [Smo(pu-12)s(12)s (p3-0)2(0H)s]™ (a) [83] and [La2(6)15(OH)12(Phgly)2(CO3)2] (b) [85].

growth of the La;; hydroxyl cage which acts as catalyst in the oxida-
tionreaction of [6]~ to phenylglyoxylate by the atmospheric oxygen
(Fig. 17b) [85].

The coordinated (3-diketonate can be partially (or totally) substi-
tuted by other ligands: equimolar amounts of [Ce(5)4] or [Ce(10)4]
and the calix-4-arene (H,-L) in boiling toluene give [Ce(5),(L)] or
[Ce(10),(L)]. The further reaction of [Ce(5),(L);] with bromine in
a 1:2 ratio in diethyl ether resulted in bromination of [5]~ in the
3-position with formation of [Ce(14),(L)]. The same bromination
by N-bromosuccinimide occurs also in [Ce(5)4] to form [Ce(14)4].
These complexes show the typical cone geometry of the calixarene
ligand with the methoxy groups bound to the eight coordinate
square antiprismatic cerium(IV) ion. The four donor atoms of the
calixarene in these complexes define a mean O4 plane with the
cerium(IV) ion above this plane (Fig. 18) [68].

In [Eu(15)3(H,0)(DMF)], prepared by reaction in ethanol of
EuCl3-6H,0 with 3 equiv. of H-15 deprotected with an aqueous
solution of ammonia, followed by recrystallization of the result-
ing precipitate from dimethylformamide, the square antiprismatic
europium(Ill) ion is coordinated by the three chelating [15]~ lig-
ands, one dimethylformamide and a water molecule which forms
strong hydrogen bonds to the oxygen atoms of two ligands of a
second {Eu(15)3} moiety, giving rise to a dimeric array (Fig. 19).
Remarkably, the europium(lll) ion can be sensitized by visible
light (up to 475nm). To circumvent the coordination of solvent
molecules to the lanthanide ions, [NH(C,Hs )4 ][Eu(15)4] was tested;
it shows a better shielding while solubility and visible light excita-
tion remain similar [86].

5. B-Diketonato complexes with nitrogen donors ligands
5.1. Lanthanide complexes

The reaction of meso-tetraphenylporphyrin (H,-TPP) with
[Eu(5)3(H,0),] in refluxing 1,2,4-trichlorobenzene affords
[Eu(5)(TPP)]. The reaction is general and proceeds with sev-
eral different (3-diketonato complexes of the entire lanthanide

series. Attempts to obtain single crystals, suitable for X-ray diffrac-
tion analysis, of [Ln(5)(TPP)] (Ln=Gd, Sm) have failed so far; thus,
extended X-ray absorption fine structure spectroscopy (EXAFS)
was used to elucidate the structure of [Ln(5)(TPP)] in the solid
state. In [Gd(5)(TPP)] the gadolinium(Ill) ion was found to be
coordinated by four monoporphyrin nitrogen atoms and three
or four oxygen atoms from a [5]~ anion and one or two water
molecules. The presence of the second water molecule in the
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. 18. Structure of [Ce(14),(L),] [68].
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Fig. 19. Structure of [Eu(15);(H,O0)(DMF)] [86].

A quite interesting approach was proposed, based on the
reaction of appended [(-diketonate to the appropriate posi-
tion of the porphyrin ring through an alkali chain (H3-16)
and subsequent lanthanide(Ill) coordination with an excess of
[Ln{N(Si(CH3)3)2 }3]-[Li(Cl1)(THF)3] (Ln=Nd, Eu, Yb) in refluxing
bis(2-methoxyethyl)ether, to afford the complexes [Ln(16)(H,0)],
similar to each other according to their mass spectra. H3-16 derives
from the condensation of o-hydroxybenzaldehyde, benzaldehyde
and pyrrole in a molar ratio of 3:1:4 in propionic acid. Treatment
of the resulting phenol containing porphyrin with an excess of
1,4-dibromobutane in dry dimethylformamide and in the presence
of anhydrous K,CO3 forms 5-(2-(4-bromobutyl)-phenyl)-10,15,20-
triphenylporphyrin, which gives H3-16 by the addition of diethyl
malonate and a slight excess of sodium methoxide in dry dimethyl-
formamide. Spectroscopic evidence suggests that the structures of
[Ln(16)(H,0)] contain one [16]3~ ligand coordinated to the metal
ion with four nitrogen atoms of the porphyrinate and three oxy-
gen atoms, two from the appended diethyl malonate anion and
one from water. Photoluminescence studies indicate that the por-
phyrin ring could act as an antenna for the near-infrared emission
of lanthanide ions [88].

In order to obtain suitable photophysical properties, the water
molecule in [Ln(f3-dike)s;(H,0),] must be substituted by donat-
ing ligands capable of enhancing the luminescence efficiency, like
the neutral monodentate nitrogen donor ligands (L), which form
[Ln(B-dike)s(L),] as found in [Eu(10)3(py)2] or [Ho(10)3(4-pic);]
where the metal ion is in a square antiprismatic environment
(Fig. 21) [89], and especially the neutral bidentate nitrogen donors
ligands, i.e. phenanthroline (phen) or bipyridine (bipy), which form

Fig. 20. Proposed structure of [Gd(5)(TPP)] [87].

Fig. 21. Structure of [Eu(10)3(py)2] [89].

[Ln(10)3(phen), ] or [Ln(10)3(bipy), ] where the coordination chem-
istry depends on the size of the lanthanide(Ill) ions and on the
solvent. The lanthanide(Ill) complexes derive from the reaction
of Ln(CF3S03)3 with H-10, CsOH and either bipy or phen in a
1:3:3:1 ratio in methanol; for the analogous erbium(III) complexes
acetonitrile was used [90]. With the heavier lanthanide ions the
eight 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
early lanthanide ions the 10 coordinate complexes [Ln(10)3(bipy); ]
(for Ln=La, Sm) and [Ln(10);(phen), ] (Ln=La, Ce, Pr, Nd) were iso-
lated; [Sm(10)3(bpy)2]| and [Sm(10)3(bpy)(H,0)]-(bpy) have been
synthesized in dry or in regular methanol, respectively [90].

In [Er(10)3(phen)] the square antiprismatic environment about
the eight coordinate erbium(IIl) ion is reached by six oxygen atoms
from three [10]~ ligands and two phenanthroline nitrogen atoms
(Fig. 22a). In [Sm(10);(bipy)(H,0)]-bipy the nine coordination
around the samarium(III) ion consists of seven oxygen atoms from
three [10]~ ligands and one water molecule and two bipyridine
nitrogen atoms (Fig. 22b). On the contrary, in [La(10)3(bipy); ] both
bipy ligands are bound to the OgN4 10 coordinate lanthanum(III)
ion together with three chelating [10]~ ligands (Fig. 22c) [90].

Also, 4,7-diethyldicarboxylate-1,10-phenanthroline or 4,4'-
dimethoxy-2,2’-bipyridine (L), reacting in toluene for 15 days with
[Ln(5)3(H0);], form [Ln(5)3(L)] (Ln=Eu, Er, Yb, Tb), with the
eight coordinate lanthanide(IIl) ion in a slightly distorted square
antiprism formed by six oxygen atoms of the three bidentate [5]~
ligands and the two nitrogen atoms of the neutral chelating ligand.
Attempts to prepare the analogous lanthanide complexes of the
2,2'-bipyridine-4,4’-diethyldicarboxylate under similar conditions
were unfruitful [91].

Remarkable electronic effects of the substituents on the basic-
ity of the nitrogen atoms have been found in bipyridine systems:
with electron-attracting groups, such as in 2,2’-bipyridine-4,4’-
diethyldicarboxylate, no coordination to any lanthanide ions was
observed while an enhanced basicity of the coordinating nitro-
gen atoms, deriving by the replacing the substituents with the
two electron-donating OCH3 groups, allows the isolation of the



PA. Vigato et al. / Coordination Chemistry Reviews 253 (2009) 1099-1201 1117

(b)

Fig. 22. Structures of [Er(10);(phen)] (a), [Sm(10)3(bipy)(H20)] (b) and [La(10)s(bipy)] (c) [90].

lanthanide(II) complexes. On the other hand, the presence of two
carboxyethyl groups on the 4, 7 positions of the phenanthroline
ligand does not prevent coordination to these lanthanide(III) ions,
although a lengthening, of the Ln-N bond distance was measured
especially for the europium(Ill) complex. The lengthening of the
Eu-N bond distances observed in the solid state became a strong
instability once in solution and the loss of the aromatic ligand,
monitored by UV-vis analysis, causes a progressively lowering
of the emission properties of the complex. On the other hand,
a slight change in size of the lanthanide(Ill) ion, moving from
europium(III) to terbium(III), produced an increase in stability such
that it was possible to perform the UV-vis spectra in solution in
the case of the terbium(Ill) complex with 1,10-phenanthroline-
4,7-diethyldicarboxylate and observe the expected metal-centered
luminescence. While the erbium(Ill) and ytterbium(IIl) complexes
with 4,4’-dimethoxy-2,2’-bipyridine show no sensitized emission
in the UV-vis range, the europium(lll) and terbium(III) deriva-
tives perform an appreciable energy transfer from the ligand to
the metal ion. In particular, [Tb(5)3(L)] shows a complete trans-
fer, and the emission quantum yield is almost the same as its ligand
4,4'-dimethoxy-2,2’-bipyridine. Moreover, the use of relatively long
alkoxy chains (OCgH;17) as 4,7-substituents on 1,10-phenanthroline
led to the formation of the related pro-mesogenic europium(III)
complex [91].

Furthermore, the aqua ligands of [Eu(L); (H,0),] (H-L=H-10,
H-17, H-18) can be replaced by 4,4'-dimethoxy-2,2’-bipyridine
(dmbipy) and 4,7-dimethyl-1,10-phenanthroline (dmphen). The

metal ion coordination is influenced by the nature of the [3-
diketonate ligand, which can be rationalized by considering the
enhanced electron-withdrawing power of the hexafluorinated
[10]~ ligand versus the trifluorinated [17]~ and [18]~ ones; coor-
dinating ability of the oxygen atom in the former is weaker
due to the presence of an additional electron-withdrawing CF;3
group in the former. A larger ligand-metal separation releases
more of the steric congestion around the lanthanide ion for the
complexes with [10]- when compared to those with [17]~ or
[18]~, making facile the accommodation of the neutral ligand
and, possibly, a larger number of coordinated ligands resulting
in a different metal coordination. Complexes of [10]~ feature a
nonacoordinate distorted square antiprismatic monocapped metal
center with a coordinated water in [Eu(10)3;(dmbipy)(H,0)] or
ethanol in [Eu(10)3(dmphen)(C;H50H)]. The use of [17]~ and [18]~
affords eight coordinate, distorted square antiprismatic complexes
[92].

Photoluminescence studies show that excitation of the com-
plexes is ligand based and that the emission is characteristic
of the europium(Ill) ion. The higher overall quantum yields of
[Eu(10)3(dmbipy)(H,0)] and [Eu(10)3(dmphen)(C;Hs0H)] is due
to the high efficiencies of ligand-to-metal energy transfer processes
prior to lanthanide-centered luminescence, indicated by the sensi-
tization efficiencies [92].

Appropriate fuctionalization at the periphery of 2-(2-
pyridyl)benzimidazole (PB) was introduced according to Scheme 6¢
in order to modify the photophysical properties of the resulting lan-
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thanide(III) complexes. Thus, the ligand LA, containing a chelating
2-(2-pyridyl)benzimidazole unit with a pendant anthacenyl group
(An) connected via a methylene spacer, was used to prepare the
eight coordinate lanthanide(Ill) complexes [Ln(10)3(LA)] (Ln = Nd,
Gd, Er, Yb) by slow evaporation of a 1:1 mixture of [Ln(10)3(H;0),]
in dichloromethane/heptane. All the complexes have a square
antiprismatic N,Og coordination geometry. In [Yb(10)3(LA)] the
anthracene unit is folded back towards the chelating PB unit, with
the centroid of the anthracene unit being 3.8 A from the centroid
of the pyridyl ring [93].

Whereas the free ligand L* displays typical anthracene-based
fluorescence, this fluorescence is completely quenched in its com-
plexes. The An group in LA acts as an antenna unit: in the
complexes [Ln(10)3(LA)] (Ln=Nd, Er, Yb) selective excitation of
the anthracene results in sensitised near-infrared luminescence
from the lanthanide centres with concomitant quenching of An
fluorescence. The anthracene fluorescence is also quenched even
in the gadolinium(Ill) complex. The quenching of anthracene
fluorescence in coordinated LA was proposed to be due to intra-
ligand photoinduced electron-transfer from the excited anthracene
chromophore 'An* to the coordinated PB unit generating a short-
lived charge-separated state [An**-PB*~] which collapses by back
electron-transfer to give 3An*. This electron-transfer step is only
possible upon coordination of LA to the metal centre, which strongly
increases the electron acceptor capability of the PB unit, such
that 'An*— PB PET is endoergonic in free L* but exergonic in
its complexes. It was proposed that the sensitization mechanism
includes 'An* — PB photoinduced electron transfer to generate
charge-separated [An**-PB*~], then back electron-transfer to gen-
erate 3An* which finally sensitises the lanthanide(Ill) centre via
energy transfer. The presence of 3An* in LA and its complexes is
confirmed by nanosecond transient absorption studies, which have
also shown that the 3An* lifetime in the neodymium(Ill) com-
plex matches the rise time of Nd-centered near-infrared emission,
confirming that the final step of the sequence is 3An* — Ln(III)
energy-transfer [93].

Furthermore, when the dendritic ligands LB-LP of Scheme 6c are
treated with [Eu(6)3(H,0);] under conventional conditions, only
the zeroth-generation europium complex [Eu(6)3(L)] is obtained;
the superior homologues do not form europium(IIl) complexes [93].

Conjugated 1,10-phenanthrolines, where the 3,8-substituents
are —C=CgH4R (R=H, CH3, OCH3, N(CH3),;) were synthesized as
tunable fluorophores by cross-coupling reactions of 3,8-dibromo-
1,10-phenanthroline with substituted phenylacetylenes or by
cross-coupling reactions of 3,8-diethynyl-1,10-phenanthroline
with substituted haloarenes. Both approaches are applicable to
most derivatives; however, when an unstable or highly volatile
alkyne is required for the former route, the latter one is pre-
ferred. These conjugated phenanthrolines show a red shift in
acetonitrile of the major electronic transitions, high fluorescence
quantum efficiencies in various solvents and short excited. State
lifetime, suggesting that the emitting excited state is a singlet w—7r*
state. The weak emission of 1,10-phenanthroline is blue-shifted
upon increasing solvent polarity. This behaviour was attributed
to a close proximity of the m—m* and n-m* singlet excited states,
with the latter becoming more contributing in nonpolar solvents.
This may explain the low fluorescence quantum efficiency of
1,10-phenanthroline, since n-7* excited states often decay by non-
radiative pathways [93].

Emission colour changes from purple to bright blue is attained
by the addition of metal ions (i.e. zinc(Il) ions) into an acetoni-
trile solution of the phenylethynyl (R=H) or the tolyl derivative
(R=CH3). A bright yellow fluorescence is observed when zinc(II)
ions are added to a solution of the 4-methoxyphenylethynyl deriva-
tive (R=0CHj3) in acetonitrile. More relevant shifts are observed

when strong acids are added to protonate the conjugated lig-
ands. While the parent derivative (R=H) exhibits a bright purple
emission, addition of methanesulfonic acid to its solution in
acetonitrile causes an intense yellow-green emission. A slightly
smaller shift to longer wavelengths is observed in dichloromethane,
as expected for a less polar solvent. A relatively small drop in
fluorescence quantum efficiency is observed upon protonation
[93].

A simple approach for red shifting the absorption spectrum
of the B-diketonato ligands by incorporating both an electron
donor and an electron acceptor ligands was successfully tested
[94]. H-18a, derived from 4-(dimethylamino)acetophenone and
methyl-4-nitrobenzoate, reacts with LnCH3-nH, O in methanol and
in the presence of NaOH to form [Ln(18a)s;(phen) [(Ln=Nd, Er,
Yb) with a structure similar to those above reported for the other
[Ln(B-dike)s(phen)] complexes. They display an intense intra-
ligand charge-transfer absorption transition in the visible region
of the spectrum at 400-550nm which was utilized to achieve
visible-light excitation of metal centred infrared luminescence of
the lanthanide(Ill) ions. Indeed, the complexes [Ln(18a);(phen)]
(Ln=Nd, Er, Yb), displaying a characteristic infrared emission due
to f—f transition upon excitation in ligand absorption bands, both in
the solid state and in dimethylsulfoxide are suitable for visible-light
excitation of NIR-emitting lanthanide ions. The main advantage of
[18a]~ isits lowest energy absorption transition which extends into
the visible range and allows excitation of lanthanide luminescence
with wavelengths up to 550 nm [94].

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

When 2,2’-bipyrimidine (bpm) is used as chelating lig-
and, dinuclear or polynuclear lanthanide(Ill) complexes have
been synthesized. A H-L:LnCl3-6H,0:bpm=6:2:1 molar ratio
affords [Lny(L)g(bpm)] (Ln=Eu, Tb" Er'" for H-L=H-17;
Ln=Eu'' for H-L=H-6), where bpm acts as a bridging ligand.
[Euy(6)s(bpm)] has two eight coordinate distorted square antipris-
matic europium(lll) sites, 7.011 A apart and symmetrically related
by an inversion center lying on the planar bpm moiety (Fig. 23a).
Although the Eu.--Eu, Eu-O, and Eu-N distances are similar
to those in [Euy(6)s(bpm)], the coordination sphere of each
metal(Ill) ion in [Euy(17)s(bpm)] is a square bicapped trigonal
prism (Fig. 23b). Both structures show strong intermolecular -1
interactions that may be responsible for their high melting points.
The analysis of the absorption, excitation, and emission spectra of
the dinuclear complexes along with a comparison with analogous
mononuclear complexes containing the same [-diketone ligands
and 1,10-phenanthroline suggests that the dinuclear complexes
follow the luminescence mechanism of general lanthanide(III)
complexes. An electroluminescent device with the structure
ITO/PEDOT/PVK +PBD + [Eu,(6)s(bpm)] 10 wt.%/LiF/Al shows pure
red emission with an efficiency similar to those of mononuclear
complexes (PVK=poly(9-vinylcarbazole), PBD =2-(4-biphenylyl)-
5-(4-tert-butylphenyl)-1,3,4-oxadiazole, = PEDOT = poly(styrene-
sulfonate)-doped poly(3,4-ethylenedioxythiophene)). It seems
that in solution the photoluminescence efficiency depends more
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Fig. 23. Structures of [Euy(6)2(bpm)] (a), [Euz(17)2(bpm)] (b), [Eu(10)3(bpm)], (c) and [Tb(10)3(bpm)(H20)] (d) [95].

on the B-diketone sensitizing ligand than the nuclearity or the
bridging ligand. The dinuclear compounds are also considered
to follow the luminescence mechanism adopted in mononuclear
lanthanide complexes. [Eu;(dbm)g(bpm)] readily forms a polymer
electroluminescent (EL) device ITO/PEDOT (30 nm)/PVK +PBD +Eu
complex (~80nm)/LiF(1 nm)/Al(100 nm) that produces pure red
EL. Overall, the dinuclear system shows similar thermal stability,
improved EL colour purity, and comparable EL efficiency with
respect to the corresponding mononuclear system [95].

Attempts to synthesize homodinuclear complexes using
the larger lanthanum(IIl), praseodymium(Ill) or neodymium(III)
ions by this method result in the mononuclear complexes
[Ln(17)3(bpm)], even in the presence of excess lanthanide salt
and excess [17] ligand. By the same procedure H-10 affords

[Ln(10)3(bpm)] (Ln=Nd", Eull, Gd"), where an unusual one-
dimensional array occurs in which each lanthanide(Ill) complex is
connected to another through bpm bridging units. Each 10 coor-
dinate lanthanide(IIl) ion is coordinated by six oxygen atoms from
three (3-diketonate ligands and four nitrogen atoms from two bpm
ligands (Fig. 23c). Under similar conditions TbCl3-5H;0, produces
[Tb(10)3(bpm)(H,0)], where the terbium(III) ion is nine coordinate
with six oxygen atoms coming from the three [10]~ ligands, two
nitrogen atoms coming from the bpm ligand, and one covalently
bonded water molecule (Fig. 23d) [95].

Luminescent studies show that the neodymium(Ill) complex
undergoes non-radiative relaxation through solvent vibrational
deactivation, while the lowest excited state of the gadolinium com-
plex, 6P7/2, is higher in energy than the Ty state of the [10]~ ligand,
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Fig. 24. Structures of {[Cu(5)(j-4,4'-bipy)(CH3O0H)]*}, [96].

making luminescence improbable for both of these complexes.
In contrast, the terbium(Ill) complex emits in the visible region
of the spectrum when solutions of the complex are excited at
304 nm associated with the —m* transition of the [10]~ ligand.
Emission lines corresponding to transitions from the >D, state to
the 7F; manifold of the terbium(Ill) are observed. The intensity of
these emissions decreases as temperature is increased. Lifetime
measurements of the terbium complex fit to a monoexponen-
tial with the lifetime decreasing as the temperature is increased
[95].

[3-Diketonato complexes can derive from hydrolysis of the
related ketoimine derivatives. For instance, 6-amino-3-methyl-1-
phenyl-4-azahex-2-en-1-one or 6-amino-3,6-dimethyl-1-phenyl-
4-azahex-2-en-1-one (H-L) react with Cu(ClOg4),-6H,0 in the
presence of N(C;Hs); to yield [Cus(L)3(p3-OH)](ClO4)2, whereas
7-amino-3-methyl-1-phenyl-4-azahept-2-en-1-one  undergoes
hydrolysis under the same reaction conditions, forming [Cu(12)(pn)
ClOo4] (pn=13-propandiamine). Furthermore, Cu(BF4),-6H,0
and the tridentate Schiff base 7-amino-4-methyl-5-aza-3-
hepten-2-one (H-L), prepared by the [1+1] condensation
of 1,2-diaminoethane and H-5, gives rise to [Cuy(L)y(n-4,4'-
bipy)](BF4), which hydrolyses to the linear polymeric compound
[Cu(5)2(-4,4'-bipy)]n, where each copper ion is in an elongated
octahedron. When Cu(ClO4),-6H,0 is employed, {[Cu(5)(p-4,4"-
bipy)(CH30H)](ClO4)}n occurs, where the five coordinate metal
centers, bridged via 4,4’-bipyridyl units, are in a square pyramidal
environment with a methanol oxygen in the axial position. The
equatorial plane consists of two cis-coordinated 4,4’-bipyridine
ligands and two oxygen atoms of the [5] moiety. Each 4,4'-
bipyridine ligand links adjacent {Cu(5)(CH3OH)}* units giving rise
to the 1D zigzag chain (Fig. 24) [96].

The 1D flexible zigzag coordination polymer, {[Zn(12),
(bpp)]-1.5H, 0}, (bpp = 1,3-bis(4-pyridyl)-propane), synthesized by
ambient evaporation of mixed solutions of Zn(NO3),-6H,0, H-12
and bpp, each distorted octahedral zinc(Il) ion is surrounded by
four equatorial oxygen atoms from two [12]~ ligands and two axial
nitrogen donors from two bpp ligands. The notable feature of this
material is the flexible zigzag chains running in two nearly perpen-
dicular directions, which enables them to interweave, generating
2D entangled network [97].

[3-Diketone functionalization at the periphery of the coordi-
nating moiety was primarily carried out in order to maintain
their coordination properties toward appropriate 3d- or 4f-metal
ions, enhancing their physico-chemical properties, especially the
optical ones. The same strategy was used also in the design
and synthesis of the emitting complexes [Ln([3-dike)s(L)] varying
in the neutral antenna L, mainly substituted phenanthroline or
bipyridine.

Lanthanide(Ill)-based LEDs have become increasingly common.
The appeal of these emitting ions lies within the pure emission
colour as well as the possibility of attaining near unity pho-
toluminescence quantum yields as well as electroluminescence
efficiencies higher than for organic and transition metal-based
devices. While several examples exist of materials containing
these f elements, the field is wide open. The synthesis and
characterization of new precursors will allow the determina-
tion of which ligand architectures lead to the more promising
charge transport and recombination properties, as well as better
matching with the common hole and electron transport lay-
ers. Further, new ligands will also allow for incorporation of the
complexes into polymer hosts and thus taking advantage of the
processability and long-term stability of polymer-based emitting
layers.

Incorporation of these complexes into polymers has been car-
ried out through two different strategies: (i) formation of blended
compounds, i.e. incorporation of complexes into the polymers and
(ii) formation of polymers based on methylmethacrylate and acrylic
acid with the emitting complex covalently attached to the polymer
backbone.

The f-f transitions which are responsible for the lanthanide(III)
luminescence are parity and, in some cases, spin forbidden. As
such, the most efficient mechanism of excitation involves excita-
tion of a coordinated ligand, leading to population of its singlet state
which subsequently decays through intersystem crossing (ISC) to
a triplet state. The triplet state, finally, through a dipole-dipole
exchange mechanism, leads to the population of the emissive f
excited state. More recently, Ln(Ill)-based emitting complexes have
been described in which the sensitization occurs through LMCT
states of transition metal complex moieties present in the lan-
thanide ion edifice [33].

Dentritic 3-diketones represent an interesting class of chelat-
ing ligands with different functionalizations at the periphery
of the coordinating moiety in order to tune adequately the
physico-chemical properties of the resulting complexes to make
them suitable for different applications, ranging from laser mate-
rials, to organic light-emitting diodes and fluorescent probes
[98,99].

Several dendritic [3-diketonates and corresponding europium
complexes were designed and synthesized based on the fol-
lowing consideration: (i) high light-harvesting capability and
efficient energy transfer to the focal ion in virtue of high
extinction coefficient of the terminated carbazole units; (ii) den-
dron functionalization to incorporate carbazole units to realize
the carrier-injection adjustment; (iii) avoiding core lumines-
cence quenching by the means of the dendron to enhance core
luminescence. The dendritic 3-diketonate ligands contains diben-
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zoylmethane cores, poly(arylether) dendrons, and the grafted
carbazole peripheral functional groups. Due to the acceptable yield
of Claisen condensation, convergent synthetic approach through
etheral connectivity was utilized to achieve the first generation
europium complexes. For the second and third generation den-
drons, a hyperbranch core synthetic approach containing the
advantages of convergent and divergent approaches was intro-
duced. In particular, a first generation branched dibenzoylmethane
derivatives and the related europium(IIl) complexes [Eu(L)3(phen)]
(H-L=H-19, H-20 and H-21) were synthesized, according the
approach of Scheme 4 [99]. The second and third generation
dendrons and the related europium(Ill) complexes [Eu(L)3(phen)]
(H-L=H-22, H-23 and H-24) were obtained by the hypercore
approaches of Scheme 5. These systems have been characterized
by NMR and MALDI-TOF spectra which gave fully support to the
proposed structure of the ligands and the related europium(III)
complexes. The dendron-functionalized carbazole units not
only tune the carrier-transporting capability, but also exhibit
strong light-harvesting potential, resulting in a strong intense
emission from the central europium(Ill) ion via sensitization
[100].

H-30

Y\H(CHZ)ZQ (CHz)A

(CH2)4~N

o O)

n o]
H-27 1

0
H-28 2
H-29 3

Furthermore, the bis-substituted dibenzylmethane H-24a, pre-
pared by condensation under strong basic conditions (NaH) of the
related ester- and keto-derivatives both containing appended car-
bazole units, reacts with EuCl3-6H,0 and 1,10-phenantholine or
4,7-phenyl-1,10-phenantholine (L), to form [Eu(24a)s(L)], whose
photoluminescence properties in dichloromethane and in solid
matrix show the carbazole moiety to be a better sensitizer for the
metal-centered emitting states of the europium(IIl) ion compared
to the dibenzoylmethane and phenanthroline units. Thus an effi-
cient population of the europium(Ill) emitting states by energy
transfer occurs from the carbazole units. Notably, in both cases,
a strong enhancement in the metal centered luminescent inten-
sity was detected in solid matrix, which provides evidence for the
limited action of the vibrational quenchers under these conditions

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

Moreover, attachment of the dendritic bromides to the 2-
position of dibenzoylmethane was achieved from the correspond-
ing dendritic bromides and dibenzoylmethane in tetrahydrofuran
and in the presence of NaH as a strong base (Scheme 6a), while
the dendritic dibenzoylmethane derivatives with the polyether
dendron attached to the phenyl group of the (-diketones were
synthesized by condensation of the appropriate dendritic ester
with acetophenone in the presence of NaH (Scheme 6b). The
structure of the systems were inferred by NMR and mass spectra
[100].

The dendritic B-diketonato ligands H-25, H-26, H-27, H-28 and
H-29, which contain a dibenzoylmethane core and poly(arylether)
dendron, have been synthesized by a convergent strategy. The
attachment point of the dendron to dibenzoylmethane plays an
important role in the preparation of europium(IIl) complexes. Reac-
tion of the 3-diketonato ligands H-27, H-28 and H-29, which bear
a dendron substituted on the phenyl group of dibenzoylmethane,
with EuCl3-6H,0 gives the first- to third-generation dendritic
europium(IIl) complexes in good yields, while europium(IIl) com-
plexes could not be formed with (3-diketonato ligands H-25 and
H-26, which have dendrons attached to the 2-position of diben-
zoylmethane. The resulting dendritic europium(Ill) complexes
[Eu(L)3] (H-L=H-25...H-29) were characterized by MALDI-TOF
mass spectrometry, and further confirmed by luminescence mea-
surements. Incorporation of 1,10-phenanthroline as the second
ligand in these dendritic (3-diketonato)europium(Ill) complexes
gives new dendritic europium(IIl) complexes with enhanced lumi-

nescence intensity [101].
R
N

RQR Q/
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5.2. Iridium(Ill) complexes

A family of cyclometalated iridium(IIl) complexes successfully
used as molecular components for organic light-emitting oxides
(OLED), was prepared by reaction of IrCl3-nH,0 with an excess
of the desired pyridine containing ligand L (Scheme 7) to give a
chloride-bridged dimer [Iry(L-H)4(p-Cl); ], subsequently converted
into the emissive, stable iridium(IIl) complexes [Ir([3-dike)(L-H),]
by replacing the bridging chloride ions with a 3-diketonate lig-
and, i.e. H-5, H-6, H-7 and H-12. In these complexes, which are
stable and sublimable in vacuum without decomposition, the irid-
ium(Ill) ion is octahedrally coordinated by the three chelating
ligands, with the cyclometalating groups in a trans disposition, and
the two carbon in a cis-disposition as found in [Ir(5)(ppy-H),] and
[Ir(5)(tpy-H), | (Fig. 25a), reported as explanatory examples, where
close intermolecular contacts in both the complexes lead to signif-
icantly red shifted emission spectra for crystalline samples relative
to their solution spectra [102].
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The majority of the [Ir(5)(L-H), ] complexes phosphoresce with
high quantum efficiencies, resulting form spin-orbit coupling of
the iridium(IIl) center. The lowest energy (emissive) excited state
in these complexes is a mixture of 3MLCT and 3(w-7*) states. By
choosing the appropriate [L-H]~ ligand, the related [Ir(5) (L-H),]
complexes can be prepared which emit in any colour from green
to red. Simple, systematic changes in the [L-H]~ ligands, which
lead to bathochromic shifts of the free ligands, lead to similar
bathochromic shifts in the iridium(Ill) complexes of the same lig-
ands, consistent with {Ir(L-H)} centered emission [102].

[Ir(5)(pba-H)], prepared by reaction of IrCl3-3H,0 with 4-
(2-pyridyl)benzaldehyde (pba) in 2-ethoxyethanol/water, is an
excellent homocysteine-selective sensor. The addition of homo-
cysteine (Hcy), HS(CH,),CH(NH,)COOH, to [Ir(5)(pba-H)] in
CH,Cl,/CH30H causes a colour change from orange to yellow
and a luminescent variation from deep red to green, attributed
to the formation of a thiazinone group by selective reaction of
the aldehyde group of the coordinated [pba-H]~ with homocys-
teine with the consequent formation of a complex formulable as
[Ir(5)(pba=cy-H);]. Remarkably, [Ir(5)(pba-H),] shows uniquely
luminescent recognition of Hcy over other amino acids (includ-

ing cysteine) and thiol-related peptides (reduced glutathione), in
agreement with the higher luminescent quantum yield of the
adduct of [Ir(5)(pba-H),] with Hcy compared with that of the
adduct with Cys. A photoinduced electron-transfer process might
be responsible for the high specificity of [Ir(5)(pba-H), | toward Hcy
over Cys [102].

[Ir(5)(ppy-H)2 ], [Ir(5)(bt-H);], [Ir(5)(btp-H),], doped into the
emissive region of multilayer, vapor-deposited organic light-
emitting diodes, give green, yellow, and red electroluminescence,
respectively, with very similar current-voltage characteristics.
These systems give high external quantum efficiencies, the
{Ir(5)(ppy-H), }dopant giving the highest one. The {Ir(5)(btp-H),}
based device gives saturated red emission with a quantum effi-
ciency of 6.5% and a luminance efficiency of 2.2Im/W. These
{Ir(5)(L-H),} doped OLEDs show some of the highest efficiencies
reported for organic light-emitting diodes. The high efficiencies
result from efficient trapping and radiative relaxation of the sin-
gles and triplet excitons formed in the electroluminescent process
[102].

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

O (0]
NaH THF
+
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Scheme 6. Syntheses of polyarylether-containing dendrons.
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Fig. 25. Structures of [Ir(5)(ppy-H).] (a) [102] and [Ir(5)(btp-H)] (b) [105].
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in the presence of NaH, has been developed also for the syn-
thesis of carbazole peripherally functionalized [-diketonato
dendrons H-30.--H-33, which smoothly give the green emitters
[Ir(L)(ppy-H)2] when mixed with [Iry(w-Cl)2(ppy-H)4], derived
from IrCl3-nH,0 and 2-phenylpyridine (ppy) in the presence of
Na,COs3 in 2-ethoxyethanol [103].

H-34b

The blended and covalently bonded B-diketonate synthetic
strategies, above described for the lanthanide(Ill) complexes,
have been used to obtain polymers containing iridium(IIl) phos-
phor dopings. In the first strategy conjugated polymers as
poly(phenylenevinylenes), polyfluorenes, and poly(p-phenylenes)
or non nonconjugated polymers as polyvinylcarbozole have been
used to prepare OLEDs. The devices obtained, however, have rela-
tively low efficiency [104].

Several routes to obtain electroluminescent polymers by graft-
ing high-efficiency phosphorescent organometallic complexes as
dopants and charge transport moieties onto alkyl side chains of
fully conjugated polymers for polymer light-emitting diodes (PLED)
with single layer/single polymers have been studied. The polymer
system investigated involves polyfluorene as the base conjugated
polymer, carbazole as the charge transport moiety and a source for
green emission by forming an electroplex with the PF main chain,
and cyclometalated iridium complexes as phosphorescent dopants.
The devices prepared therewith can emit red light with the high
efficiency 2.8 cd/A at 7V and 65 cd/m2, comparable to that of the
same iridium(IIl) complex-based OLED, and can emit the light with
broad band containing blue, green, and red peaks (2.16cd/A at9V)
[105].

Red-emitting phosphorescent iridium complexes based on
[Ir(5)(btp-H);] (btp=2-(2’-benzo[b]thienylpyridine)) have been
attached either directly (spacerless) or through a —(CHj)g-
chain (octamethylene-tethered) at the 9-position of a 9-

q m n
H-35%a 0 96 0.06
H-35b o0 85 0.8
H-35¢ g8 96 008
H-35d § 93 030

Notably, in the cases of the second- and third-generation den-
drons, the reactions proceeded slowly, probably owing to the large
space hindrance and low solubility of the high-generation den-
dritic ligands. Another advantage of this approach is the possibility
of easily tuning the color of emission with the same kind of 3-
diketonato dendrons by using different cyclometallating ligands
instead of ppy. Following the same two-step procedure, the blue-
green-emitting and red-emitting iridium(Ill)-cored dendrimers,
[Ir(32)(dfp-H),] and [Ir(32)(btp-H);], were obtained in a pure
form by neutral alumina column chromatography. All these den-
dritic iridium complexes are soluble in common organic solvents,
such as dichloromethane, trichloromethane, tetrahydrofuran and
toluene. Their photoluminescent properties both in solution and
in the solid state were tested. It was found that all the dendrimers
retained the photophysical properties of the corresponding small
analogues with high emission quantum yields (0.06-0.30). Effi-
cient energy transfer from the carbazole units to the iridium core
has been observed. These dendrimeric functionalized carbazole
units exhibited distinct light-harvesting potential, resulting in a
strong intense emission from the iridium core of the dendrimers
[103].

octylfluorene host. The resulting dibromo-functionalized spacer-
less complex [Ir(34a)(btp-H),] or octamethylene-tethered com-
plex [Ir(34b)(btp-H), ] were chain extended by Suzuki polyconden-
sations using the appropriate bis(boronate)-terminated fluorine
macromonomers in the presence of end-capping chloroben-
zene solvent to produce the statistical spacerless H-38 and
octamethylene-tethered copolymers H-35a, H-35b, H-35c¢ and
H-35d, (where m and n as referred in the related formula have
been estimated by THNMR spectra) containing an even dispersion
of the pendant phosphorescent fragments.

The structure of the spacerless monomer complex [Ir(34b)(btp-
H),], which resembles that of the non-functionalized phospho-
rescent iridium(Ill) complex [Ir(5)(btp-H),] adopts a face-to-face
conformation of the iridium complex and fluorenyl group in the
crystalline state (Fig. 25b). This conformation, with a separation of
only 3.6 A between cyclometalating ligand and fluorenyl group at
the closest point, is expected to facilitate 7w—1r interactions between
these parts of the spacerless monomer. Such orbital interactions are
know to be the key requirement for triplet energy transfer [105].



1126 PA. Vigato et al. / Coordination Chemistry Reviews 253 (2009) 1099-1201

| S | N = | | R AN R
/N /N N /N /N /N
S N ] S X
PPy bzq thp
tpy i

% et A
C6
0] /N :: :: :j’ ::
S /N S /N
op S

btth
obsn

F
dig btp
Bih
=N | =N
O /N
CHO
) NH

COOH

pba-cy
S N E E
S o} N
Sy P
g
Pq bo

Bbsn

Scheme 7. Pyridine containing ligands (L) employed in the preparation of [Ir(3-dike)(L-H),].

The photo- and electroluminescence efficiencies of the
octamethylene-tethered copolymers [Ir(35a)(btp-H);] and
[Ir(35b)(btp-H),;] are double those of the spacerless copoly-
mers [Ir(35¢)(btp-H), | and [Ir(35d)(btp-H); ], and this is consistent
with suppression of the back transfer of triplets from the red
phosphorescent iridium complex to the polyfluorene backbone
in [Ir(35¢c)(btp-H), | and [Ir(35d)(btp-H);]. The incorporation of a
—(CHy)g- chain between the polymer host and phosphorescent
guest is thus an important design principle for achieving higher
efficiencies in those electrophosphorescent organic light-emitting

diodes for which the triplet energy levels of the host and guest are
similar.

The lower photo- and electroluminescence efficiencies of the
spacerless copolymers [Ir(35a)(btp-H), | and [Ir(35b)(btp-H),] are
consistent with greater triplet energy transfer in the spacer-
less systems and with triplet energy back transfer reducing the
triplet population at the iridium complexes. In thin films, triplet
energy back transfer is inhibited in the octamethylene-tethered
copolymers [Ir(35c¢)(btp-H), | and [Ir(35d)(btp-H); ]by the distance
imposed through the tether. It was concluded that the incorpora-
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tion of a spacer between polymer host and phosphorescent guest
is an important design principle for achieving higher efficien-
cies in those electrophosphorescent OLEDs for which the triplet
energy levels of the host and guest are similar. Furthermore, it was
demonstrated that covalently linking the guest through a tether
rather than by conjugative linkage is an important improvement in
the design of solution processible electrophosphorescent polymers
[103,105].

Also a simple synthetic route was developed for the dendritic
iridium(Ill) complexes [Ir(5)(L-H)] (L=dfp-G1, dfp-G2, ppy-Gl1,
ppy-G2, btp-G1, btp-G2) based on the tunable pyridine-based lig-
ands of Scheme 8. [Ir(5)(L-H)] (L =ppy, dfp, btp) were used as the
cores of these dendrimers to tune the phosphorescent emission
from blue tored. These dendritic iridium(IIl) complexes exhibit tun-
able photoluminescence from blue to red. The photoluminescence
quantumyields of these dendritic complexes in neat films increased
with the increasing generation number of dendritic CN chelating
ligands. These iridium complexes were used as dopants for fabricat-
ing polymer-based electrophosphorescent light-emitting diodes
with the highest external quantum efficiency of 12.8% [105].

The condensation of 2-acetyl-1,10-phenanthroline with
2,2,3,3,3-pentafluoro-propanate in the presence of Na in ben-
zene affords H-36, which reacts with [Iry(w-Cl),(dfp-H)4] to form
[Ir(36)(dfp-H), |, where the iridium(III) ion is six coordinated by
two carbon atoms and four nitrogen atoms from the two cyclomet-
alated [dfp-H]~ ligands and two nitrogen atoms from [36]~. The
two carbonyl groups in the 3-diketone fragment of [36]~ are in the
trans form and uncoordinated (Fig. 26a) [106].

[Ir(36)(dfp-H);] and LnCl3-6H,0 (Ln=Eu, Gd) or [Eu(11a)s
(H0),] give [Lnlr3(36)s(dfp-H)g(Cl)](Cl); or [Eulr(36)(11a)(dfp-
H), ], respectively. In the tetranuclear Eulr; complex (Fig. 26b) each
iridium(IIl) ion maintains the same configuration of [Ir(36)(dfp-
H),] while the seven coordinate europium(IIl) ion is linked by six

oxygen atoms of the three [36]~ ligands and one chloride anion
coming from the starting EuCl3-6H,0. The Eu. - -Ir distances, 6.028,
5.907, and 6.100 A, are suitable for effective energy transfer in the
donor-bridge-acceptor system. Photophysical studies indicate that
the high efficient red luminescence from the europium(IIl) ion is
sensitized by the 3MLCT (metal-to-ligand-charge transfer) energy
based on the {Ir'!'(36)(dfp-H),} unit. The excitation window for
the Eulrs complex extends up to 530nm (1 x 10-3 M in ethanol),
indicating that it can emit red light under the irradiation of sun-
light. Furthermore, when the dinuclear Eulr are complex excited
at 480 nm, a bright red emission centered at 613 nm is observed,
again sensitized by the 3MLCT energy of the Ir-based chromophore
{Ir(36)(dfp-H), }. Moreover, the high quantum efficiencies of the
these complexes implies not only that the d— f energy trans-
fer occurs between the iridium(Ill) center and the europium(III)
center but also that the energy transfer is very efficient
[106].

6. [-Diketonato complexes containing redox groups
6.1. Ferrocene containing complexes

Multiferrocene assemblies have received attention owing to the
redox active properties associated with the ferrocene units. These
organometallic assemblies are useful in a huge range of applications
from designing electron reservoirs, recognition of anionic species
like H,PO4~ to enzyme sensors and model compounds for fixation
of organometallic species on suitable surfaces. Ferrocene contain-
ing B-diketones belong to this class of compounds. They derive from
benzoylation or acylation of the methyl ketone groups of acetyl-
ferrocene or bisacetylferrocene and have been used in metal ion

(b)

Fig. 26. Structures of [Ir(36)(dfp-H)] (a) and [Eulr3(36)3(dfp-H)s(CI)]?* (b) [106].
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complexation [107].

H-37 CHs
H-38 C5H5FCC5H4
H-39 CF;
H-40 CgHs
H-41 CH;

H2-37a

H-37 or H-38 and copper(ll) acetate afford [Cu(37),], or
[Cu(38),] with a four coordinate square planar copper(Il) ion bound
to two bidentate [37]~ or [38]~ ligands, respectively. The ferrocene
substituents in [Cu(37);] are in an anti arrangement. The pairs of
ferrocene substituents on each ligand in [Cu(38),] are syn and adopt
an anti arrangement with respect to the pair on the other diketonate
ligand (Fig. 27a and b) [108].

(a)

[M(37)3] (M =AI" ¢t Mn!", Fe) and [M(37)], (M =Co", Ni,
Cul"), prepared by a similar procedure, undergo reversible one-
electron oxidation at potential values essentially overlapping each
other. This means that the central metal ion prevents any electronic
communication between the two or three ferrocene fragments. In
addition to these reversible ferrocene-centered oxidations, there
are reversible one-electron reductions at the metal(Ill) ion for
[Mn(37)3] and [Fe(37)3] (but nor for [Cr(37)3] or [A1(37)3]. The
metal-centre reductions of [M(37),] are irreversible owing to fur-
ther reactions following reduction [108].

A mixture of H-37, tris(2-aminoethyl)amine (tren) and
cobalt(Il) chloride do not give the related tripodal ketoimine
complex but [Co(37)(tren)](BPhy)-CH3COCH3, where the slightly
distorted octahedral cobalt(ll) ion is coordinated by the four
nitrogen atoms of tren and the two oxygen atoms of [37]
[109].

1,2-Bis(4-pyridyl)ethane (bpe), Zn(CH3C00),-2H,0 and H-37
afford in methanol and in the dark the one-dimensional complex
chain {[Zn(37),(bpe)]-2H, 0}, consisting of six coordinate zinc(II)
centers, bridging 1,2-bis(4-pyridyl)ethane and chelating [37]~ lig-
ands. Each zinc(Il) ionis in a distorted octahedral environment with
four oxygen atoms from two [37]~ ligands in the equatorial plane,
and two nitrogen atoms from the bridging bpe ligands in the axial
positions. The intrachain Zn- - -Zn distance is 13.806 A (Fig. 28)[109].

The corresponding reaction of H,-37a with copper(Il) acetate
yields the square planar complex [Cu(37a)]. Furthermore, H,-37 or
H,-37a and UO,(NO3)-6H,0 afford [UO,(37),(S)] or [UO,(37a)(S)],
where the equatorial five coordination about the uranyl(VI) ion is
reached by two (3-diketonato moieties and one solvent molecule
[110].

1-Ferrocenylbutane-1,3-dione (H-37), 1,3-diferrocenylpro-
pane-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 4-trichloro-1-ferrocenylbutane-1,3-dione (H-41), prepared

by Claisen condensation of acetylferrocene with the appropri-
ate ester in the presence of sodium amide, sodium ethoxide or
lithium diisopropylamide, form [Rh(L)(cod)] when treated with
[Rhy(Cl)2(cod), ] and [Cu(L), ] with copper(Il) acetate just as readily
[111].

Fig. 27. Structures of [Cu(37),] (a) and [Cu(38),] (b) [108].
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Treatment of [Rh(L)(cod)] with CO affords [Rh(L)(CO),]
(H-L=H-37, H-38, H-40) in a better yield than the treatment
of [Rh(ClI)(CO),] with H-L. In [Rh(40)(CO);] the rhodium(l) ion is
square planar with two cis CO ligands. The further reaction with
PPhj affords [Rh(40)(PPh3)(CO);]. The formal reduction potential
for the electrochemically reversible one electron oxidation of the
ferrocenyl group varies between 0.304V (for the complex with
[40]7) and 0.172V (for the complex with [38]) versus Fc*/Fc in a

manner that could be directly traced to the electronegativities of the
R groups of the B-diketonato ligands, as well as to the pK;’ values
of the free (3-diketones. Anodic peak potentials for the dominant
cyclic voltammetry peak associated with rhodium(I) oxidation are
between 0.718 V (for the complex with [39]7) and 1.022 V (for the
complex with [37]) versus Fc/Fc*. Coulombmetric experiments
implicate a second, much less pronounced anodic wave for the
apparent two-electron rhodium(I) oxidation that overlaps with the
ferrocenyl anodic wave and that the redox processes associated
with these two rhodium(I) oxidation waves are in slow equilibrium
with each other [112].

LnCl3-6H,0 (Ln=Yb, Lu) and 2 equiv.of H-39 in methanol in
the presence of N(CyHs)3 hydrolyse to [Lng(39)s(w-OH)4], made
up of a distorted LngO4 cubane core consisting of four p3-oxygen
atoms while the eight [39]~ ligands build up the peripheral part
of the cluster making them lipophilic and enabling the clusters
to dissolve in a huge range of organic solvents like chloroform,
dichloromethane and toluene. The oxygen atoms of the clusters
core are jL3-coordinated, these oxygen atoms being part of hydroxyl
groups. The [39]~ ligands are uniformly m2-coordinated to each
metal centre (Fig. 29) [113,114].

In [Ln(39)3(phen)] (Ln=La, Nd, Eu, Yb), obtained by addition of
1,10-phenanthroline to [Ln(39)3(H,0),] in 1,2-dichloroethane, the
eight coordinate lanthanide(IIl) ion is bound by the oxygen atoms of
three [39]~ ligands and two nitrogen atoms of the phenanthroline
ligand as found in the [Nd(39)s;(phen)] (Fig. 30a) [113].

3,8-Bis(ferrocenyl-ethynyl)-1,10-phenanthroline (Fc,phen) was
used with the aim to improve the solubility in organic solvents
of the related complexes [Ln(L);(Fcophen)] (Ln=La, Nd, Eu, Yb;
H-L=H-6, H-17, H-37), obtained by mixing equimolar amounts
of Fcaphen and [Ln(L)3(H20),] in dichloroethane, and to expand
the m-system of the phenanthroline ring in order to produce a
red shift of the excitation wavelength. The ligand was prepared by
reacting under argon 3,8-dibromo-1,10-phenanthroline, ferroceny-
lacetylide, [Pd(PPhs3),(Cl);], Cul and diisopropylimide followed
by the addition of dry N,N-dimethylformamide and after 2 days
of an aqueous solution of potassium cyanide, separation of the
organic phase and purification of the resulting product by chro-
matography on a silica column. In [Nd(17)3(Fcyphen)] three [17]~
ligands and one 3,8-bis(ferrocenyl-ethynyl)-1,10-phenanthroline
ligand coordinate to the distorted dodecahedral neodymium(III)
ion. The two ferrocene moieties are oriented opposed to each other
with respect to the axis along the ethynyl bridges (Fig. 30b). The
best luminescence properties were found for [Ln(6)3(Fcyphen)]
where visible light with a wavelength up to 420nm (blue light)
could be used for excitation of the europium(III), neodymium(III)
and ytterbium(IIl) ions. The presence of the ferrocene moieties
shifts the ligand absorption bands of the rare-earth complexes
to longer wavelengths so that the complexes can be excited
not only by ultraviolet radiation but also by visible light of
wavelengths up to 420nm. Red photoluminescence is observed
for the europium(Ill) complexes and near-infrared photolumi-
nescence for the neodymium(lll) and ytterbium(Ill) complexes
[114].

6.2. Tetrathiafulvalene containing complexes

Various redox-active ligands, where the electroactive lead is
played by the tetrathiafulvalene (TTF) moiety, have been prepared
with the aim of forming via their coordination to a metal ion hybrid
organic-inorganic building blocks. Depending on the coordination
function and on the number of free coordination sites, modulation
of the molecular architectures and electronic properties can
be envisioned in regard to the preparation of multifunctional
materials.
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Fig. 28. Structure of {[Zn(37),(bpe)]-2H,0} [109].

Fig. 29. Structure of [Lus(39)s(-OH)4] [113].

H,-42, H-43 and H-44, prepared according to Scheme 9a,
form the related nickel(II), cobalt(Il) and manganese(Il) complexes,
whose insolubility precludes any further electrochemical investi-
gation or the use of these building blocks to prepare redox-active

(b)

materials. On the contrary, the similarly prepared ligands H-45,
H-46 and H-47, which are in the enol form in solution and in
the solid state as confirmed by X-ray structural determinations
[115,116], form the soluble complexes [M(L),] (M= Zn", Ni'"), when
reacted with the appropriate metal(Il) acetate at 0 °C in tetrahydro-
furan/methanol. The complexes [M(L)(py), ], obtained by dissolving
[M(L),] in pyridine, contain an octahedral metal(Il) ion is chelated
in the equatorial plane by two [L]~ ligands and by two axial pyridine
molecules (Fig. 31a) [116].

Moreover H-48, prepared according Scheme 9b, when treated
with the appropriate metal(Il) acetate in tetrahydrofuran gives
rise to [M(48),(H,0),] (M=cCul, Ni'!, zn!'), which turns into
[M(48),(S)2] (S =pyridine, dimethylsulfoxide) in coordinating sol-
vents, as proved by the X-ray structure of [Zn(48),(DMSO), | where
the six coordinate zinc(Il) ion is chelated by two [48]~ ligands in the
equatorial plane with the axial position occupied by two dimethyl-
sulfoxide molecules (Fig. 31b) [117].

The complexes [M(45),(py)2] (M=Nil', Zn'') exhibit two main
reversible systems, the first one being broader (+0.00V for the
zinc(Il) complex and +0.00/+0.08 V for the nickel(Il) complex vs.
Fc*/Fc) than the second one (+0.33V for the zinc(Il) complex and
+0.37V for the nickel(Il) complex vs. Fc*/Fc). Thin-layer cyclic
voltammetry shows that each system involves the exchange of
two electrons. The first oxidation wave was deconvoluted into two
peaks corresponding to a one-electron process for each with a
well-defined separation for the [Zn(45),(py)2]. The second oxi-
dation wave is a two-electron process. The splitting of the first
system indicates that the two TTF cores in one complex oxidize
successively into cation radical species, which subsequently oxi-

Fig. 30. Structures of [Nd(39);(phen)] (a) [113] and [Nd(17)s;(Fc,phen)] (b) [114].
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dize simultaneously into the dication species, accordingly to the
sequence described in scheme. This splitting, independent of the
concentration, shows the existence of intramolecular electronic
interactions between the two TTF cores within the zinc(Il) and the
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nickel(II) complexes, also confirmed by the UV-vis-near IR inves-
tigation carried out after the chemical oxidation of [M(45),(py)2]
by a successive aliquot addition of NOSbFg. In both cases, chem-
ical oxidation with 1equiv. of NOSbFg leads to the appearance

(o]
R S

?—{— (0]
S S
<
R S R

(o]
R=R'= CH;

_/—CN

CsOH, H,0

(o]

CsOH, Hy0
CHyl
(0]
_/—CN R S
s s
CsOH, Hy0

R=R'= CH;, R"= SCH;
R=R'=R"= CH;
R=R'=R"= SCH;

/
o -
\
S
|
H,0
= HCI =
—_—
HO —
HO
N=—
O

Scheme 9. Preparation of electroactive tetrafulvalene-containing ligands.
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Fig. 31. Structures of [Ni(45),(py)2] (a) [116] and [Zn(48),(DMSO0),] (b) [117].

of new bands, diagnostic of the formation of the cation radi-
cal species. As expected, the maximum absorption for the two
former bands is obtained with 2equiv. of the oxidizing agent.
Interestingly, a weaker and broader band is also observed at
2200 nm, which reaches its maximum with 1 equiv. of the oxidiz-
ing agent and disappears upon the addition of another equivalent
of NOSbFg. This band, more intense for the nickel(Il) complex
than for the zinc(Il) one and independent of the concentra-
tion in CH,Cl,, is observed at low concentration in a mixture

of CH3CN/CH;Cl,, suggesting the formation of an intramolecular
mixed-valence species during the addition of 1equiv. of NOSbFg
[117].

A similar cyclic voltammetry behaviour was found for
[Zn(48),(L);] (L= pyridine, dimethylsulfoxide) or [Ni(47),(py).] in
CH,Cl; and for [M(48),(H,0),] (M=Zn, Ni, Cu) in tetrahydrofuran.
It was verified also that tuning of the redox properties of the TFF
can be achieved by changing the apical ligand of the six coordinated
metal complexes from water to dimethylsulfoxide or pyridine [117].

Fig. 32. Structures of [Gd(10)3(NIT-C;Hs)]. (a) [122] and [Dy(10)3(NIT-C¢H40CsHs )]« (b) [123].
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6.3. Redox and photoactive complexes

H-6a, prepared from 4-methyl-benzoyl acid-methyl ester and
tolyl acetone in the presence of NaH, reacts with RuCl; to form
[Ru(6a)s;] which by subsequent reduction with Zn-Hg amal-
gam in acetonitrile and water, produces cis-[Ru(6a),(CH3CN),].
The final addition of the Schiff base 1-(4-hydroxy-5-[(pyridin-
2-ylmethylene)-amino]-methyl-tetrahydro-furan-2-yl)-5-methyl-
1H-pyrimidine-2,4-dione (L), prepared by refluxing 5’-amino-5'-
deoxy-thymidine and 2-pyridinecarboxaldehyde in anhydrous
ethanol, gives a diastereomeric mixture of [Ru(6a),(L)], separated
by chromatography [118]. [Ru(6a),(L)] belongs to the class of
redox- and photoactive transition-metal complexes that function
as spectroscopic probes for photophysical studies in nucleic
acids. These complexes have been used to study long-range
electron transfer and energy transfer in DNA, DNA hybridiza-
tion, and the development of biosensors. Modification of the
5’ position of thymidine by covalent attachment of iminopy-
ridine allows access to both metal complexes and does not
complicate the phosphoramidation at the 3’ position, which is
necessary for the incorporation of metal nucleosides into DNA
[119-121]. Electrochemical (E;;; =0.265V vs. NHE) and electronic
(Amax =600, 486 nm) data indicate that [Ru(6a),(L)] is a suitable
probe for DNA-mediated ground-state electron-transfer studies
[118].

7. B-Diketonato complexes containing radicals as ligands

The linear chain lanthanide(Ill) 3-diketonate complexes with
nitronyl-nitroxide radicals [Ln(10)3(NIT-R)],, have been pre-
pared by mixing [Ln(10)3(H,0)2] (Ln=Gd, Dy, Tb, Eu, Ho, Tm)
with the appropriate nytronyl-nitroxide radical NIT-R (NIT-R=2-
(4'-R)-4,4',5,5 -tetramethylimidazoline-1-oxyl-3-oxide; R=C,Hs,
CH,CH(CH3),, CgH40CgHs5) in non-coordinating solvents. In these
complexes the nytronyl-nitroxide radicals bridge two different
lanthanide(III) ions, giving rise to a 1D-linear chain molecular
framework. The metal ions are eight coordinate, their dodecahe-
dral 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-
acterized by the presence of nearest neighbour (NN) ferromagnetic
metal-radical and next-nearest neighbour (NNN) antiferromag-
netic metal-metal or radical-radical magnetic coupling (Jumy, JMM,
and Jir, respectively). The overall behaviour at low tempera-
ture depends on the ratio between ferro- and antiferromagnetic
interactions. The low-temperature powder data suggest that ferro-
magnetic interactions dominate [121-123].

Furthermore, [Dy(10)3(NITCgH40CgHs )] represents a success-
ful preparation of a single chain magnet from a material known
to undergo 3D magnetic ordering. The chains exhibit all the fea-
tures of a slowly relaxing system, including a crossover between
two Arrhenius regimes, and a hysteresis loop opens below 3 K. The
observation of such a crossover in [Dy(10)3(NITCgH40CgH5s )], if due
to finite-size effects, would suggest a significant contribution to
the barrier coming from the anisotropic building blocks, as the bar-
rier is not exactly halved. This allows one to investigate the effect
of the dynamics of rare-earth single-ion units when arranged in
chains. These dynamic features are accompanied by a very rich
static behaviour that could be due to the interplay of NN and NNN
interactions, with the presence of several low-energy states [122].

[Tm(10)3(NITCgH40CgH5)]« belongs to the family of single
chain magnets. Both static and dynamic magnetic measurements
and a dependence of the out-of-phase signal on the frequency,
observed below 3K, indicate Ising magnetic anisotropy. Compar-

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

Very little data are available on the magnetic anisotropy of
thulium(Ill) which often is EPR-silent. Magnetic measurements
confirm a sizeable magnetic anisotropy. In particular dc measure-
ments confirm the trend observed in the position and in the with
of unusual steps in magnetization curves, which is characteristic of
the anisotropic lanthanide(III) ions. They also give access to a value
of the intra-chain exchange interaction. Dynamic measurements
agree with a trend on the blocking temperature of the fam-
ily, with the thulium(Ill) compound fitting between holmium(III)
and erbium(Ill) derivatives. It confirms the importance of the
single-ion anisotropy in building one-dimensional lanthanide-
based magnets, showing that fine tuning of the behaviour of these
isostructural magnets can be achieved by choosing the appropriate
lanthanide(III) ion [123].

Also, the 1D-magnetic chains [M(10),(NITCgH40R)]o. (M =Mn!,
Co'l, cu'l; R=H, CH3) have been obtained; again the radicals
act as bridging building block in the formation of 1D-magnetic
chains, showing slow relaxation of the magnetization and hys-
teresis effect. In particular [Co(10),(NITCgH4OCH3)] consists of
alternating {Co(11);} and radical moieties arranged in 1D arrays
with a helical structure arising from the trigonal crystallographic
lattice. Similar structures have been reported for the manganese
analogue (Fig. 33a) [124,125].

The temperature dependence of xT of the cobalt(Il) complex
indicates 1D ferrimagnetic behaviour. The rapid increase of xT
below 100 K suggests strong intrachain interactions as observed in
1D ferro- and ferrimagnets. Antiferromagnetic coupling between
cobalt(ll) and the NITCgH4OCH;3 radical is suggested by the
temperature dependence of the magnetic susceptibility of the
mononuclear complex [Co(10),(NITCgH40CH3), ], where the coor-
dination of the central cobalt(Il) ion is essentially the same as in the
chain compound. The unique feature of [Co(10),(NITCgH40CH3)]s0
its highly one-dimensional nature, allowed to record the slow relax-
ation of the magnetization in the paramagnetic phase of a 1D
compound. The different magnetic behaviour of the manganese(II)
derivative, which orders ferrimagnetically at 4.6K is because of
the almost negligible anisotropy of the manganese(II) centers. The
anisotropy of the cobalt-radical exchange interaction in the chain
gives a barrier for the reorientation of the magnetization. This, com-
bined with the smaller spin of cobalt(Il) compared to manganese(II)
centers, determines slow relaxation of the magnetization before the
weak interchain dipolar interaction can induce three-dimensional
magnetic order [124,125].

1D magnetic systems are well known to be able to show long-
range order only at OK. The research in molecular magnetism of
the last two decades therefore has been characterized by strong
efforts to efficiently connect magnetic chains in 3D networks to
observe bulk magnetism. It was shown that magnetic bistability
and the related memory effect canindeed be observed in a 1D mate-
rial without requiring any interchain interaction. These results may
open new perspectives including that of storing information in a
single magnetic polymer as well as in the novel class of 1D mate-
rials where ionic structures are obtained inside carbon nanotubes
[124,125].

In [Mn(10),(L)],, resulting from the coordination of [Mn(10),]
with the biradical ligand L obtained by grafting two nitronyl nitrox-
ide radicals in the 5 and 5’ protons of a 2,2’bipyridine ligand, the
bipyridine moiety acts as a chelate toward one {Mn(10),} unit,
while the pendent nitronyl nitroxide radicals are symmetrically
bound in trans configuration to additional {Mn(10),} units, giving
rise to an infinite chain with a biradical bridging {Mn(10),} units
and pending {Mn(10),(bipyridine)}cores (Fig. 33b) [126].
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(a) (b)

Fig. 33. Structure of [Mn(10),(NIT-CsH40CH3)]., (a) [124,125] and [Mn(10);(L)]., (L=>5,5'-nitronylnitroxide-2,2’-bipyridine) (b) [126].
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Scheme 10. Nitroxide ligands used in the design of spin-transition-like copper(Il) complexes.
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Fig. 35. Structure of [Cug(49)s(p3-OCHs3)4 (-OCHs),] [128].
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The magnetic behaviour of this complex is dominated by the
strong antiferromagnetic interactions (J=—203cm™!) due to the
radical centers directly bound to manganese(Il) ions while a sec-
ond antiferromagnetic interaction (J' = —0.62 cm~!) results from the
coupling of the peripherical nitronyl nitroxide radicals with the
central manganese(Il) ions coordinated to the bipyridine moiety.
Qualitatively, the minimum found in the susceptibility measure-
ments closely matches the value expected for a ground spin state
S=3/2addedtoaspinS=5/2imported by the additional manganese
center. The susceptibility increase found at cryogenic temperature
was viewed as the result of fictive ferromagnetic coupling related
to the true antiferromagnetic coupling J; between the pseudospin
S=3/2 and spin S=5/2 of the additional manganese ion [126].

Mononuclear, dinuclear and tetranuclear copper(ll)-nitroxide
complexes have been prepared with the nitroxide ligands La-Lg of
Scheme 10. In the mononuclear complexes [Cu(10),(L), ], prepared
by reaction of [Cu(10),] and the appropriate ligand L in a 1:2 molar
ratio in heptane, two radical ligands coordinate to the copper(Il)ion
by their pyridyl nitrogen while the oxyl groups are not coordinated.
In these complexes the magnetic metal-ligand interaction is weak.
Changing the [Cu(10);]:L ratio the dinuclear [Cu;(10)4(L);] and
the tetranuclear [Cuy(10)g(L), ] complexes occur, where L includes
meso, chiral, and racemic 2-(3-pyridyl)-nitronyl nitroxides differ-
ently substituted in positions 4 and/or 5 by ethyl groups and
pyrimidyl nitroxides, exhibiting a spin-transition-like behaviour
have been prepared and characterized. Depending on the stoi-
chiometry of the reaction, tetranuclear and binuclear complexes
were obtained whose structures are cyclic. The tetranuclear species,
which include two intracyclic and two exocyclic metal sites, are
similar to the previously reported complex of the tetramethylated
analogue, while the binuclear complexes involve only endocyclic
metal ions and have uncoordinated N-oxyl groups. The tetranuclear
complexes exist as two isomers depending on the crystallization
temperature: at room temperature, N-oxyl ligand coordination is
axial-axial, while it is axial-equatorial at low temperature (Fig. 34).
This isomerism concerns N-oxyl bonding to the exocyclic metal cen-
ters for the derivatives of 4,5-diethyl-substituted ligands while it
involves the endocyclic metal site in the complex of the monoethy-
lated ligand, which converts reversibly from a high-spin state to a
low-spin state, as observed for the complex of the tetramethylated
ligand. Binuclear complexes are diamagnetic at room temperature
but convert to a paramagnetic state on warming (90-110°C); the
transition is irreversible and sharp [127].

8. B-Diketonato complexes with additional donor groups
at the periphery of the coordinating moiety

The introduction of additional donor groups at the periphery of
the coordinating moiety of 3-diketones can give rise, via molecular
assembly, to quite sophisticated supramolecular architectures.

A first example is represented by H-49, which reacts with
CuCl,-2H, 0 in methanol and in the presence of N(C,Hs )3 to afford
[Cu(49);]. The use of Cu(NOs3);-3H,0 instead of CuCl,-2H,0 pro-

duces [Cug(49)s(w3-OCHs)4(-OCHs3)3], where two of the three
independent copper ions are square pyramidal, coordinated to
two oxygen atoms from a [49] ligand and three methoxy lig-
ands, though for one copper(ll) ion the methoxy ligands all have
3-coordination whereas for the other copper(Il) ion one of them
bridges between only two copper centres. The third copper(Il) ion
is square planar, coordinated to two oxygen atoms from a [49]~
ligand, one p;-methoxy ligand and one p3-methoxy ligand. The
two outer {Cuy(-OCH3),(49),} units in the hexacopper complex
are markedly curved, with the [49]~ ligands bent away from the
central {Cuy(p-OCH3),} unit (Fig. 35) [128].

[Cu(49);] and AgNOs3 in dimethylformamide/methanol give
[CuAg(49),(NO3)]w, where the copper(ll) ion adopts a distorted
square pyramidal geometry with the equatorial positions occupied
by four oxygen atoms from two [49]~ ligands and the axial posi-
tion occupied by an oxygen atom of the nitrate anion. The silver
ion adopts a distorted T-shaped geometry, being coordinated to
two cyanide groups and also to the coordinated oxygen atom of
the nitrate ion. Coordination to the two cyanide groups to the sil-
ver(I)ion links the {Cu(49),} units into one-dimensional polymeric
chains. The bridging nitrate ligands interlink pairs of chains to form
a ladder structure (Fig. 36) [128].
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Fig. 36. Structure of [CuAg(49),(NOs)] [128].
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Fig. 37. Structure of [FeAg(49);(NOs3)]. [128].

In [Fe(49)3], synthesised from Fe(NO3)3-9H,0 and 3equiv.
of H-49 in methanol in the presence of N(C;Hs);, the dis-
torted octahedral iron(Ill) ion is coordinated by six oxygen
atoms from three [49]~ ligands. [Fe(49)3] and AgNO;3; in ace-
tone/methanol give after two weeks a mixture of {[Fe; Ag,(49)4( -
OCH3)2(NO3);]-CH3COCH3 } and [Fe; Ag(49)4(p-OCH3 )2(NO3)] oo,
the former being the major product, and [FeAg(49)3;NOs]. when
left for longer periods.

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

Each distorted octahedral iron centre of {[Fe,Ag, (49)4(w-
OCH3),(NO3 ), ]-CH3COCH3 } is coordinated to two bidentate [49]~
ligands and two methoxides which bridge two iron centres, leading
to the formation of {Fe,(49)4(p-OCHs),} dimers. One four coordi-
nate, flattened tetrahedral silver ion is linked to two cyanide groups
and two nitrate groups; the other is three coordinate, and bound
to two cyanide groups and one nitrate ion. One nitrate ion bridges
the silver centres while the cyanide groups link the {Fe,(49)4( .-
OCH3),} dimers into tapes. Each cyanide group of the dimer is
coordinated and two silver centres link each dimer to its neighbour,
generating [28]-membered rings. The bridging nitrate interlinks
these tapes into a layer structure. The layers are connected into
the gross structure by short Ag: - -Ag contacts (3.323 A) (Fig. 38a).
Also in [Fe;Ag(49)4(-OCH3)2(NO3)], each iron centre is coordi-
nated to two bidentate [49]~ ligands, while the bridging methoxide
ligands lead to the formation of {Fe;(49)4(p-OCHs),} dimers. The
distorted tetrahedral silver centre is surrounded by three nitriles
and one oxygen atom of a nitrate anion. This coordination links the
{Fe,(49)4(-OCHs),} dimers into a one-dimensional tape struc-
ture. One of the nitriles on each dimer is uncoordinated, and as a
consequence there are no coordination links between neighbouring
tapes (Fig. 38b) [128].

[Fe(49);] and AgNO3 in methanol afford [FeAg(49)3(NO3 )]« and
[FezAg2(49)4(-OCH3)2(NO3),] as major products, together with
small quantities of {[Fe;Ag(49)4(-OCH3),](OH)-0.4H;0} . In this
complex the distorted octahedral iron centre is coordinated to two
bidentate [49]~ ligands and two bridging methoxides, giving rise to
{Fe,(49)4(|.-OCHs), } dimers. The distorted tetrahedral silver cen-
tre is coordinated to four cyanide groups. Furthermore, all of the
cyanide groups are coordinated to silver centres, giving rise to a
three-dimensional network (Fig. 38c) [128].

[Al(49)3]-6H,0, derived from equimolar methanolic solutions of
AI(NO3)3-9H,0 and H-49 in the presence of NaHCO3, transmeta-
lates when reacted with AgNOs3 in dimethylformamide/methanol
affording [Ag(49)]w. The silver(I) ion in a distorted T-shaped coor-
dination mode is bound to two oxygen atoms from different [49]~
ligands and the nitrogen atom of a cyanide group. This coordination
leads to the formation of a two-dimensional sheet structure con-
taining both [12]- and [24]-membered rings. The anti conformation
adopted by the [49]~ ligand prevents chelation of the oxygen atoms
(Fig. 38d) [128].

H-50, prepared by the reaction of 4-methylpyridine with
CH3COCl in CHCl3 at 20°C followed by purification of the result-
ing residue by extraction with toluene and chromatography using
hexane/ethylacetate as eluant [129], forms the square planar
[Cu(50);], the tetrahedral [Be(50),], and the octahedral complexes
[M(50)3] (M=AI", Fel") capable to act as building blocks in the
formation of a group of metal organic frameworks (MOFs) by
reaction with appropriate metal salts [130]. In particular, H-50
and Cu(NOs3),;-2.5H,0 in methanol/water/tetrahydrofuran and in
the presence of NaHCO3 form [Cu(50);]-2.5H,0-0.5THF, where
the copper(ll) ion is in a slightly distorted square planar Og4
environment and the pyridyl rings are aligned approximately
perpendicular to the coordinating moiety [131]. Furthermore,
Cu(CH3C00);,-H,0 and H-50 in ethanol/water at room temperature
produces [Cu(50),]-0.5C,H50H.3H,0, which turns into [Cu(50),]
by removal of solvate molecules under vacuum. Crystallization of
[Cu(50);] in a variety of solvents affords the related solvate com-
plexes. The coordination about the copper(Il) ion always is square
planar, however the molecules self assemble in a two-dimensional
square grid or a three-dimensional framework according to the
solvent used. The major of the prepared complexes are two-
dimensional square grid frameworks, while two solvate complexes
are three-dimensional doubly interpenetrated frameworks. In
these complexes one DMSO, one CgHg, one CsHsN or two CH3CN
guest molecules per square-grid unit are enclathrated between
the square-grid [Cu(50),] layers, respectively, with interlayer
Cu- - -Cu separations of 7.65, 7.56, 7.42, and 7.43 A. [Cu(50),]-4DMF
and [Cu(50),]-4THF have very similar square-grid structures,
but with larger numbers of solvent molecules and correspond-
ingly larger Cu.--Cu separations, 8.92 and 9.30A, respectively.
In [Cu(50);]-0.5C;Hs0H-3H,0 and [Cu(50),]-0.1THF-2.25H,0, two
identical slightly distorted NbO three-dimensional frameworks are
interpenetrated with each other. Despite this interpenetration,
these compounds retain one dimensional pores of about 7 A diam-
eter which are filled with solvent molecules. In the 2D square
grid frameworks, the solvent guest molecules have no specific
interactions with one another (Fig. 39a); while in the 3D NbO frame-



PA. Vigato et al. / Coordination Chemistry Reviews 253 (2009) 1099-1201 1139

Fig. 38. Structures of [Fe;Ag>(49)a(jr-OCHs )2(NO3 )2 | (@), [Fe2Ag(49)4(.-OCH3 )2(NO3)]w (b), {[Fe2Ag(49)a(r-OCH;3)2J(OH)-0.4H2 0} () and [Ag(49)]x (d) [128].

works, the solvent guest molecules of [Cu(50),]-0.5C;Hs0H-3H,0 ering a methanol solution of Cd(NO3),-4H,0 or a water solution
and [Cu(50),]-0.1THF-2.25H,0 form hydrogen-bonded aggregates of CdCly-2.5H,0, respectively, onto a tetrahydrofuran solution
which support the interconnected one-dimensional pores in the 3D of [Cu(50);]. The CuzCd complex is an example of a 1D non-

NbO [Cu(50); ] frameworks (Fig. 39b) [131]. interpenetrating ladder structure, with the 1D ladders stacked
[Cu3Cd(50)6(NO3);]-3CH30H-1.5THF and [CuyCd(50)4(Cl)3]- together in ABCABC packing. The pores in one 1D ladder are close
5H,0.THF have been obtained over a period of two days by lay- to those in adjacent layers and b crystallographic directions, giving

(b)

Fig. 39. The two-dimensional square grid framework of [Cu(50),]-CsHg (a) and the three-dimensional doubly interpenetrated framework of [Cu(50),]-0.5C;HsOH.3H,0 (b),
where the methyl groups and the solvent molecules are omitted for clarity [131].
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rise to a 2D network of interconnected channels. The resulting
pores occupy about 60% of the crystal volume. The Cu,Cd complex
has a 2D square-grid structure in which {Cd(Cl), } units are bridged
by {Cu(50),} building blocks with a Cd.-.Cd and Cu-. - -Cu distance
of 19.718 A. The 2D square-grid layers are stacked so as to repeat
every six layers (ABCDEF... packing). The porosity of the Cu,Cd
complex is about 63% [132].

The copper sites in these two porous Cu3Cd and Cu,Cd M’MOFs
are accessible for host-guest interactions. Encapsulation of solvent
molecules to the copper sites occurs in the crystal structures of
both the Cu3Cd and Cu,Cd complexes which turn opaque in air;
the desolvated frameworks are stable up to about 220 and 210°C,
respectively, and then decompose [132].

In [Be(50),]-CH30H, prepared from H-50, beryllium sulfate
in aqueous pyridine solution followed by recrystallization of the
precipitate from methanol/water, the tetrahedral beryllium(II)
ion is coordinated by two [3-diketonate moieties. [Be(50),] is an
extended connector for the generation of [Be;Co(50),(Cl),]-H;0,
[Be;C0(50)(S0O4)(CH30H),]-H,0-CH30H, [BexCuy(50)4(Ch)s],
[CuyBey(50)4(Br);]-5.33CHCI3 or [Be,Cuy(50)4(Br)s] by reaction
with the appropriate metal(II) salt in ethanol/chloroform [133].

[Be2Co(50),(Cl),]-H,0 exists as a discrete molecular complex
where two {Be(50),} units act as monodentate ligands toward a

central four coordinate cobalt(Il) ion which is further linked by two
chloride ions (Fig. 40a). Also in [Be;Co(50),(S04)(CH30H),]-H,0
the two {Be(50),} units connect two cobalt(Il) ions, 18.41 A apart,
with the generation of a mixed-metal-organic chain. The coordina-
tion environment of the cobalt ion is completed with two trans
oxygen atoms of the bridging sulfate anions, which give rise to
Co---Co distance 5.39A and two methanol molecules (Fig. 40b).
The isomorphous complexes [Be;Cuy(50)4(X)3] (X=Cl, Br) are the
mixed-valence species with copper-halogenide linkages closely
related to molecular diamonds. The Cu,X; ring involves both cop-
per(I) and copper(Il) ions, the latter coordinating an additional
halogenide ion and thus making the valence state of the two
copper centres easily distinguishable. The complexes adopt a one-
dimensional structure and exist as double chains (Fig. 40c). In
[Be,Cu;y(50)4(Br);]-5.33CHCI3 an open 2D structure was observed,
involving the square-like {Cu;Bry} unit which serves as a four-
connected point for the 2D regular square-grid networks where
the two {Be(50), } ligands bridge pairs of tetrahedral copper(I) ions
at distances of 18.1-18.5 A, and the successive layers are separated
by only 4.1 A. The structure is very open and enclathrates a set of
guest molecules (Fig. 40d). Unfortunately, removal of the accumu-
lated chloroform molecules leads to disintegration of the network
and a loss of crystallinity [133].

Fig. 40. Structures of [Be;Co(50),(Cl)2] (a), [Be2Co(50)2(S04)(CH30H), ], (b), [Be2Cuz(50)4(Cl)3], (c) and [BeCuz(50)4(Br)2 ], (d) [133].
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(b)

Fig. 41. Structures of [Fe,Cd (50)s(NOs3 )], (a) and [AICd(50);(Br),(CH3OH)], (b) [133].

The distorted octahedral complexes [M(50)3] (M=Al" Fell),
prepared by addition of M(NO3)3-nH,0 in water to a methanol
solution of H-50 neutralized with NaHCOs3, have structural fea-
tures suitable to be used as triangular building blocks for
the synthesis of heteropolynuclear polymers via complexation
with the appropriate metal salts. Thus, Cd(NOs3),-4H,0 and
[Fe(50)3] in methanol afford {[Fe,Cd(50)s(NOs3),]-2H,0},. Simi-
larly, slow diffusion of CoCl,-6H,0 into a methanol/chloroform
solution of [Al(50);] leads to [Al;Co(50)g(Cl),]-4CHCIl3-2CH30H.
[AlCo(50)3(X),(CH30H)] (X=NO3~, Cl7), containing a different
amount of solvate molecules were synthesized in a similar way.
These Al,Co or AlCo complexes readily lose incorporated solvent
molecules with disintegration of the structure. They are also unsta-
ble under the mother solution since the initially formed crystals
lose crystallinity and dissolve in a period of 15-20 days. It was not
possible to obtain crystals by the same method using [Fe(50)s]: but
only the isomorphous complexes [M(50),(H,0),]-3H,0 (M=Cd",
Co'[133].

{[Fe;Cd(50)s(NO3);]-2H,0},, containing alternating cad-
mium(Ill) and iron(Ill) centres, exemplifies a 1D array of
heterobimetallic squares sharing opposite vertices (Fig. 41a).
The {Fe(50)3} units serve as angular bidentate connectors and
the organic ligands bridge pairs of iron and cadmium ions at
10.0A. The six coordination of the cadmium ions includes the
pyridyl nitrogen atoms of four {Fe(50);} molecules and two
trans-situated nitrate groups. The same structure was observed for
{[Al;Co(50)5(Cl);]-4CHCl3-2CH30H. The chloride ions, which are
trans-coordinated to cobalt(Il) centres, have a smaller size than the
nitrate groups in the Fe,Cd complex: the liberated crystal volume
is occupied by guest chloroform molecules, four per cobalt ion
[133].

A 2D network takes place in [AICd(50)3(NOs3 ),(CH30H)]-2CHCl;3
and [AICd(50)3(Br);(CH30H)]-2CHCl3-2CH30OH, where all the avail-
able side functionalities of [Al(50)3] are employed for binding with
cadmium ions, resulting in the generation of a polymer. In the
former complexes the cadmium ions adopt a distorted seven coor-
dination including three pyridyl nitrogen atoms and oxygen atoms
of monodentate and asymmetric-bidentate nitrate groups and a
methanol molecule. In the latter complex, the six coordination
of the cadmium ions is retained with two trans-situated bromide
anions and also with three equatorial pyridyl nitrogen-donors and
a methanol molecule. Thus, both the aluminum and cadmium ions
provide three-connected vertices for the polymeric structure. The
resulting coordination network is very open and consists of two
kinds of equal regions, i.e. dense molecular squares and very open
octagons, these last providing large enough voids for hosting the
guest molecules (Fig. 41b) [133].

{[FeAg(50)3(NO3)]-2CH3CN-2(1,2-CgH4Cl3)}n or {[Fe2Ag3(50)s
(NO3)3]-5.5(1,2-CgH4Cly)}n were obtained by the reaction of
[Fe(50)3] in 1,2-CgH4Cl, and a lower and a larger concentration of
AgNOs3 in CH3CN, respectively. Crystals of the FeAg complex, which
has a 2D trigonal grid structure with approximately hexagonal
(11.7 A x 16.0 A) pores filled by solvent molecules, became opaque
when immersed in other solvents, showing that the lattice is not
stable under solvent exchange.

The framework of Fe;Ags complex is much more stable, as it
can encapsulate a variety of guest solvent molecules which can be
interconverted in single crystal to single crystal transformations.
In the crystal structure AgNO3 nodes are bridged by tridentate
{[Fe(50)3]} building blocks to form a 1D porous ladder with Fe. - -Fe
distances of 19.50 A (across the “rungs” of the ladder) and 18.35 and
19.01 A (along the “uprights”). This framework encloses two crystal-
lographically independent, centrosymmetric pores, the larger one
accomodating six guest molecules and the smaller one five. These
1D ladders are further interconnected by weak Ag---Ag interac-
tions (3.29A) and accompanying bridging nitrate anions to form
infinite 2D sheets separated by ca. 5.9 A. Also, the “rung” Ag atoms
in adjacent 2D layers are linked by nitrate ions to produce an over-
all 3D network. {[Fe;Ag3(50)5(NO3)3]-6CgHs5Br}, occurring when
the above reaction is carried out dissolving [Fe(50)3] in CgHsBr,
has the same structure of the above Fe,Agz complex except that
all pores have the same dimensions and contain six bromobenzene
guest molecules. The two Fe,Ags crystals can be inetrconverted
each other by treatment with the appropriate solvent, maintain-
ing the framework connectivity despite the fact that the different
guests lead to noticeable changes in the pore geometry and sym-
metry, Fe...Fe and Ag---Ag distances, and interlayer separations
[134].

Polynuclear manganese clusters often exhibit large, some-
times abnormally large spin values in the ground state. This
large spin value, combined with a large magnetic anisotropy,
has led some of these species to be single molecule magnets
(SMMs), attracting extensive attention because they represent
nanoscale magnetic particles of a well-defined size. They display
sluggish magnetization relaxation phenomena such as magne-
tization hysteresis loops and frequency-dependent out-of-phase
alternating current magnetic susceptibility. The remarkable mag-
netic properties of a SMM arise from its high-spin ground state
split by a large negative axial zero-field splitting. A number of
SMMs containing different metal ions have been reported and
the development of rational syntheses of multinuclear metal
complexes, especially from building blocks possessing high spin
ground states, is a stimulating goal of coordination chemists
[135-145].
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Fig. 42. Structure of [Mn,"Mn,"(51b),(0)(Cl3CCO0)s] (a) and [Mn3"Mns3'"(51a)3(0),(CsHsCO0)g] (b) [146].

The pyridine-containing [-diketone ligands H-51a and
H-51b, prepared by Claisen condensation of ethyl picol-
inate with p-methylacetophenone or acetophenone and
sodium ethoxide in a 1:1:1 molar ratio in anhydrous ether,
react with [Mn3(O)(Cl3CCOO)(H,0)3] in a 1.5:1 molar ratio
and in CH,Cly/Et;,O to give [Mny(L),(O)(CH3CCOO)s]. When
[Mn3(0)(CgH5COO)(py)2(H20)] was employed as manganese
source, the above reactions afford [Mng(0),(L)3(CgH5C00)g] [146].

In [Mn4(51b),(0)(Cl3CCO0)s] the central [Mng(jug-0)]3* core
contains a distorted Mn4 tetrahedron with two octahedral man-
ganese(lll) and two octahedral manganese(ll) ions. A p4-O atom
bridges the four manganese ions. The Mn---Mn distances fall in
the range 3.214---3.674 A with the shortest one being between
Mn'...Mn"' ions, which are bridged through the p4-O atom and
an oxygen of the diketonate group, and the longest one being
between the Mn!...Mn!"" ions, which are bridged only by the p4-O
atom and two bidentate chelate carboxylato ligands. The periph-
eral ligations are provided by six bridging trichloroacetate anions
and two bridging diketonate groups which behave asn!:m2:m!: ;-
ligands, bridging one manganese(Ill) and one manganese(IIl) ion;
each ligand chelates one metal ion through its nitrogen atoms
and connects this metal ion with a second one through bridg-
ing oxygen atoms. The six bridging trifluoroacetate anions can
be separated into three classes: the groups bridging two man-
ganese(Ill) ions, the groups bearing bridging two manganese(II)
ions and the groups bridging one manganese(ll) and one man-
ganese(Ill) ion. The structure of the tetramanganese complex with
[51b]~ is very similar to that of [51a]~ except that one of six
Cl3CCOO~ groups is bridging two manganese ions in a m2:m!: ;-
binding mode, completing a distorted pentagonal bipyramid
coordination environment around one manganese(Il) ion (Fig. 42a)
[146].

H-51a and H-51b and {Mn30(CgH5C0O0)s(H20)(py)} in CH,Cl,
afford the isostructural complexes [Mng(L)3(0),(CsH5CO0)g] with
a {Mn!'3Mn""'3(4-0),}11* core and peripheral ligations provided
by eight benzoate groups and three [L]~ ligands. Seven of the
eight CcH5COO~ groups are bridging two manganese ions and are
in a syn,syn- m':m!:, binding mode. The remaining CgH5CO0~
group is in a n':m?: 3 mode, one oxygen atom being terminal to
one manganese ion and the other one bridging other two man-
ganese ions. Two [L]~ ligands behave as m!:mZ:n!:u, ligands,
where each ligand chelates one metal ion through its nitrogen atom
and connects this metal ion with a second one through a bridging
oxygen atom and a terminal oxygen atom; and the third [L]~ lig-
and chelates as a m':m3:m!:p3-bridging group; the coordination
of this ligand is similar to the other two 3-diketonates by con-

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

Both the complexes [Mny4(L),;(O)(Cl3CCO0)g] are trapped
valence tetranuclear Mn!'; Mn'!l; species where intramolecular
antiferromagnetic exchange occur. Variable temperature magnetic
susceptibility and magnetization measurements indicate that the
Mn!sMn"; complexes have a ground state spin value of S=7/2
with significant magnetoanisotropy as gauged by the D-value of
—0.46 cm~!. The frequency dependence of the out-of-phase com-
ponent in alternating current magnetic susceptibilities indicates
the slow magnetic relaxation of a superparamagnetic molecule
[146].

An isopropanol solution of H-51c and an aqueous solution at pH
3 of LaCl3-6H,0 afford [Lay(51¢)g ], where each of the two 10 coordi-
nate lanthanum ions is bound by four terminal diketonate oxygen
atoms, four bridging diketonate oxygen atoms and two terminal
pyridyl nitrogen atoms. Two of the terminal oxygen atoms arise
from solely bidentate diketonates which have non-coordinating
pyridyl nitrogen atoms, the other two arising from bidentate dike-
tonates that also bridge to the other lanthanum ion centre through
the other oxygen atom. The pyridyl nitrogen of the bridging 3-
diketonate ligands is coordinated to the other lanthanum ion. Thus,
one of the diketonate ligands at each lanthanum ion is bidentate
through two oxygen atoms, two are bidentate through a bridging
oxygen and a pyridyl nitrogen and the other is bidentate through
a bridging and terminal oxygen and overall eight pyridyl nitro-
gen atoms are unbound by lanthanum. Dimerization via diketonate
oxygen atoms is preferred over the coordination of either dangling
pyridyl nitrogen atoms or solvent water molecules. The La- - -La dis-
tance is 3.783 A (Fig. 43a) [147].

The isostructural complexes [Ln;(-52)2(52)4] (Ln=Tb,Y) were
prepared by the reaction of LnCl; with a slight excess of H-52 in
acetone/water. Attempts to prepare the mononuclear complexes
[Tb(52)3(L)], where L is a chelating ligand such as 2,2’-bipyridine
or 1,10-phenanthroline, were not successful [148].

[Tby(.-52),(52)4] contains two metal(lll) ions, 4.027 A apart,
each chelated by two [52]~ ligands through the diketonate oxy-
gen atoms. The remaining two [52]~ ligands display chelating and
bridging bonding mode-chelate to one of the terbium(IIl) ions
through the nitrogen atom of the 7-azaindolyl group and one oxy-
gen atom of the diketonate and chelate to the second terbium(III)
ion by using two oxygen atoms of the diketonate, giving rise to eight
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Fig. 43. Structures of [Lay(51¢)s] (a) [147] and [Tb,(-52),(52)4] (b) [148].

coordinate terbium(IIl) ions a distorted square antiprism formed by
the four oxygen atoms from the two chelating ligands in one square
plane and two oxygen atoms and two nitrogen atoms from the two
bridging ligands in another square plane. An extensive T stacking
in the crystal lattice occurs (Fig. 43b) [148].

[Tby(-52)2(52)4] displays characteristic terbium(IIl) emission
bands while the yttrium(Ill) analogue displays weak blue lumi-
nescence attributable to the ligand. Single-layer and double-layer
electroluminescent devices for [Tby(w-52),(52)4] were made,
where the complex doped poly(vinylcarbazole) (PVK) layer func-
tions as both the emitting layer and the hole transport layer
and prebulk deposition (PBD) material (2,4-(diphenyl)-5-(4-tert-
butylphenyl)-1,3,4-oxadiazole) functions as an electron transport
layer (in the double-layer device), demonstrating that [Tby(w-
52),(52)4] is a green emitter in electroluminescent devices [148].

Arange of -diketones, bearing a side polyether chain, designed
with the aim to obtain monomeric, volatile complexes to be
used in MOCVD, was prepared by deprotonation of H-5 or H-12
with sodium in liquid ammonia in the presence of catalytic
amounts of Fe(NOs)s;, followed by treatment with 1equiv. of
BrCH,CH,(OCH,CH,),0CH3 to give, after work-up, the desired
functionalized (-diketone H-53a.--H-53e. On reaction with the
desired [3-diketone in dry toluene, BaH, dissolves smoothly to form
[Ba(L); ], proposed to be monomer in solution but polymeric in
the solid state. The same behaviour was observed for the cop-
per(Il) complexes [Cu(L);], derived from the reaction of the same
[3-diketones with Cu(NO3), in water/ethanol solution containing
NHs. [Cu(53e), ] is polymeric with each octahedrally distorted, cop-
per ion surrounded by six oxygen atoms: two [53e]~ ligands are
bound in a bidentate manner to each copper(ll) ion to give a dis-
torted square planar arrangement, while the two axial coordination

sites are taken up by the terminal oxygen atoms of the polyether
chain from a (3-diketone attached to the neighbouring copper ion
(Fig. 44) [149].

9. Heteropolynuclear 3-diketonato complexes

The substitution of the coordinated water molecules in [Ln({3-
dike)3(H,0),] (n=1, 2) can be achieved by using appropriate metal
complexes as ligands. In the resulting heterodi- or heteropolynu-
clear complexes a quite sophisticated supramolecular array takes
place, with peculiar photophysical or magnetic properties originat-
ing from the typology of the metal ions interfering each other.

Transition metal complexes containing antenna chromophores
have been successfully experimented as lanthanide sensitizers.
The d-block containing chromophores afford a series of advan-
tages, including (i) low-energy absorption in the visible region
arising from the red-shifted ILCT (intraligand charge transfer) or
MLCT (metal-to-ligand charge transfer) transitions, causing a better
energy match between d-block donors and lanthanide(IIl) accep-
tors and thus less waste in energy, (ii) relatively high triplet
quantum yields resulting from the rapid intersystem crossing
induced by heavy-metal effect, (iii) relatively long lived triplet
excited states that facilitate energy transfer to the adjacent lan-
thanide(III) centers, (iv) facile detection of both quenching of the
d-block chromophores and the sensitized emission from the lan-
thanide(III) centers.

The tetranuclear RuyLn, nature of the complexes
[RuyLny(17)g(bipy)4(4,4-bipy)4(H,0)](Cl)4, prepared by reac-
tion of [Ru(bipy),(4,4’-bipy)4](Cl), with [Ln(17)3(H20),] (Ln=Nd,
Yb, Gd) in methanol, was inferred by ESI-MS spectra. By exciting
the Ru;Nd, complex at 420 nm, strong emission bands originate at

Fig. 44. Structure of [Cu(53e);], [149].
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Fig. 45. Structures of [RuNd(10)3(Cl),(t-bubipy),(bpm)] (a) and [RuNd(10);(SCN),(t-bubipy),(bpm)(H,0)] (b) [151].

900, 1059, and 1333 nm, due to the 4F3 — 4lgp5, 4111, and 4143,
neodymium(IIl) transitions, indicating that the neodymium(III)
ions are excited by the 3MLCT (metal-to-ligand charge transfer)
state of the Ru-bipy sensitizer. In the same way, no emission
bands are observed in the near-infrared region for the complexes
[Ru(bipy),(4,4’-bipy),; ](Cl); and [Nd(17)3(H;0),]. Emission in the
near-infrared region of the Ru,Yb, complex was also observed.
The energy transfer rates in the Ru,Nd; and the Ru,Yb, complexes
are rather high [150].

[Ru(t-bubipy)>(bpm)](PFg ), and [Os(¢-bubipy),(bpm)](PFg )2 (t-
bubipy =4,4'-tert-butyl-2,2’-bipyridine, bpm=2,2’-bipyrimidine)
were prepared by reaction of the appropriate [M(t-bubipy),(Cl);]
with 1 equiv. of bpm, followed by anion metathesis, while the sub-
sequent addition of t-bubipy and bpm to [Ru(dmso)4(Cl), | affords
[Ru(t-bubipy)(bpm)(Cl);] whose chloride ions can be replaced
with thiocyanates by treatment with 2 equiv. of AgNO3 followed
by addition of KNCS. The further reaction of these complexes
with [Ln(10)3(H;0),] affords [MLn(10)s(t-bubipy),(bpm)](PF¢),,
[MLn(10)3(SCN);(t-bubipy),(bpm)(H20)] or [MLn(10)3(Cl);(t-
bubipy);(bpm)] (M=Ru!, Os!; Ln=Nd, Pr, Gd, Yb), where
the transition metal ion is octahedral and the lanthanide(III)
ion is nine coordinate in the presence of an additional water
molecule and eight coordinate when the water molecule is absent
(Fig. 45a and b). [Ru(t-bubipy)(bpm)(X),] (X=Cl~, NCS™) and
[M(t-bubipy),(bpm)](PFs), (M=Rul!, Os!) have a low-energy
LUMO arising from the presence of 2,2’-bipyrimidine ligand, and
consequently have lower-energy 'MLCT and 3MLCT states than
analogous complexes of bipyridine. UV-vis and luminescence
studies show that binding of the {Ln(10)3;} fragment at the sec-
ond site of the bpym ligand reduces the 3MLCT energy of the
ruthenium(Il) or osmium(Il) fragment still further; consequently
in [RuLn(t-bubipy),;(bpm)(10)3(X),)] (X=Cl-, NCS~) and [OsLn(t-
bubipy),(bpm)(10)3](PFs), the 3MLCT is too low to sensitize
the luminescent f-f states of neodymium(Ill) or ytterbium(III)
ions, but in [RuLn(t-bubipy),(bpm)(10)3](PFg), the 3MLCT energy
allows energy transfer to the neodymium(lll) or ytterbium(III)
ions resulting in sensitized near-infrared luminescence on the
microsecond timescale [151].

Furthermore, d-block chromophores have been converted to
the lanthanide luminophore by bifunctional ligands with suitable
bonding sites for d- and f-metal ions. Acetylide-functionalized pyri-
dine, bipyridine, phenanthroline and terpyridine have been used
for the synthesis of d, f-heterometallic arrays, capable to allow
d — f energy transfer to occur from transition metal alkynyl chro-
mophores to f-block luminophores, thus emitting NIR lanthanide
luminescence by excitation of the charge transfer absorption in the
organometallic energy donors.

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

{Pt(N-N-N)} or {Pt(P-P)} unit (N-N =bipyridine, phenanthroline;
N-N-N=terpyridile; P-P=diphosphine) onto an ethynyl ligand
suitable for lanthanide(Ill) complexation. The resulting PtLn,
PtLn,, PtyLn, or PtLng complexes exhibit relatively easy synthe-
sis and high stability, strong luminescence of the lanthanide(III)
center due to quantitative energy transfer from visible-light
irradiation up to 460nm, a luminescence quantum yield inde-
pendent of the presence of oxygen and a redox behaviour of
the platinum(Il) unit insensitive to binding of the lanthanide(III)
species.

[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-
ethynil-2,2':6’,2"-terpyridine (HC=Cterpy) in dimethylformamide
mediated by Cul under anaerobic conditions, reacts with
[Eu(10)3(H,0),] in CH,Cl, under argon to afford [PtEu(t-
buterpy)(C=Cterpy)(10)s |(BF4). The flat {Pt(t-buterpy)(C=Cterpy)}
core links to the nine coordinated distorted monocapped square
antiprismatic europium(IIl) ion with the three nitrogen atoms of
the free terpyridine subunit and six oxygen atoms of the three
[10]~ ligands (Fig. 46). Irradiation up to 460 nm in the MLCT state
of the platinum(ll) subunit results in an energy transfer to the
europium(IIl) center, which strongly luminesces in the red with an
overall luminescence quantum yields of 38%. The energy transfer
process is quantitative and not sensitive to oxygen and the com-
plexation of the europium(III) to the platinum(Il) metallosynthon
allows the recovery of the energy lost due to triplet-oxygen quench-
ing of the MLCT state observed in the uncomplexed platinum(II)
precursor

The Cul-catalyzed coupling of cis-[Pt(N-N)(Cl),] (N-N=bipy,
t-bubipy) with 4-ethynylpyridine (HC=Cpy) or 3-ethynyl-1,10-
phenantroline (HC=Cphen) affords cis-[Pt(N-N)(C=Cpy),] or cis-
[Pt(N-N)(C=Cphen),], respectively. Cis-[Pt(N-N)(C=Cpy);] reacts
with [Ln(p-dike)s;(H,0);] ([B-dike]==[10]-, [17]"; Ln=Gd, Pr,
Nd, Er, Eu) to give cis-[PtLn(N-N)(C=Cpy),(B-dike)s]. Cis-
[PtLn(bipy)(C=Cpy)2(17)3] (Ln=Yb, Er) (Fig. 47a) contains a zigzag
chain with a cis arrangement of the two 4-pyridyl units at the
platinum(II) centres. Each lanthanide(III) centre is eight coordinate
square antiprismatic from the three bidentate [17]~ ligands and two
monodentate pyridyl ligands, each from a different platinum(II)
unit. The Pt - -Yb distances within the chain are at 9.92 and 9.88 A.
The {Pt(bipy)} units from adjacent chains are stacked together in
pairs such that there is a Pt- - -Pt separation of 3.334A in the PtTb
and 3.337A in the PtEu complexes, approximately perpendicular
to the zigzag chain. The Pt. - -Pt interactions change the photophys-
ical properties of these complexes, with the lowest energy excited
state changing from 3MLCT excited state in monomers to 3SMMLCT
(metal-metal bond to ligand charge-transfer) in stacked dimers or
oligomers where a metal-metal bonding interaction takes place
[153].
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Fig. 46. Structure of [PtEu(t-bubipy)(C=Cterpy)(10);]* [152].

On the contrary, [PtLny(t-bubipy)(C=Cphen),(10)s], prepared
from a mixture of [Pt(t-bubipy)(C=Cphen), | and [Ln(10)3(H,0);],
forms discrete trinuclear PtLn, complexes by attachment of a
{Ln(10)3} fragment at each of the two pendant phenanthro-
line sites as ascertained by the structure of the PtYb, complex,
where a square planar platinum(ll) and two eight coordi-

(b)

nate square-antiprismatic ytterbium(Ill) centres occur (Fig. 47b)
[153].

In solution the complexes [Pt(N-N)(C=CR), ] show platinum(II)-
centered 3MLCT luminescence between 508 and 526 nm, which
is quenched by the addition of the {Ln(f3-dike)s;} fragments. For
[PtLny(t-bubipy)(C=Cphen),(10)s] (Ln=Yb, Nd, Er), this quenching

Fig. 47. Structures of cis-[PtYb(bipy)(C=Cpy).(17)3]. (a) and [PtYb,(t-bipy)(C=Cphen),(10)s] (b) [153].
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Fig. 48. Structure of [PtsLng(p-dppm)2(C=Cbipy)i2(10)15] [154].

is associated with Pt—Ln energy transfer resulting in sensitised
near-infrared luminescence characteristic of these lanthanide(III)
ions. For [PtLn(bipy)(C=Cpy)»(17)3]~ in solution, however, the
quenching arises from a shift of the platinum(II) based 3MLCT tran-
sition to higher energy following coordination of the {Ln(17)3}
fragment; this increase in the 3MLCT energy was supposed to bring
it energetically close to a higher lying non-radiative excited state
which provides an efficient quenching pathway. On the contrary,
in the solid state, where the complexes [Pt;Ln,(bipy)4(C=Cpy)4(p-
dike)g] occur via aggregation of two monomeric PtLn species, the
chromophore has 3MMLCT character rather than 3MLCT charac-
ter and luminescence at lower energies (ca. 630 nm) than those
of the monomeric platinum(Ill) complexes. In the PtLn adducts
(Ln=Yb, Nd, Er, Pr) the platinum(II) based 3MMLCT luminescence
is quenched to an extent depending on the ability of the different
lanthanide(III) ions to act as energy acceptors, with ytterbium(III)
ion providing the least quenching (slowest Pt — Ln energy transfer)
and either neodymium(IIl) or europium(IIl) ions providing the most
quenching (fastest Pt — Ln energy transfer) depending on whether
the platinum(Il)-based emission comes from an 3MLCT state (better
overlap with the absorption spectrum of the europium(Ill) com-
plex) or a lower energy 3MMLCT state (better overlap with the
absorption spectrum of the neodymium(IIl) complex) [153].
Furthermore, [Pt{CH3);SiC=Cbipy}(C=Cbipy),], prepared by
the reaction of [Pt{(CH3)3Si C=Cbipy}(Cl),] with HC=Cbipy in the
presence of Cul and diisopropylamine, reacts with [Ln(10)3(H,0), |
(Ln=Nd, Yb) to form [PtLn,{(CHj3)3SiC=Cbipy}(C=Cbipy),(10)s],
while it reacts with cis-[Pt(dppm)(Cl); ] (dppm =(Ph), PCH,P(Ph),)
in the presence of KF and Cul to give [Ptg(p-dppm),(C=Cbipy)i2].
Addition of 8.8equiv. of [Ln(10)3(H,0),] (Ln=Nd, Gd, Yb) to
a suspension of [Ptg(p-dppm),(C=Cbipy);2] in dichloromethane
induces formation of [PtgLng(p-dppm),(C=Cbipy)2(10)g], by
incorporation of six {Ln(10)3} units through the 2,2’-bipyridyl
chelating groups as ascertained in the PtgYbg complex by X-
ray diffraction. The {Ptg(p-dppm),(C=Cbipy);»} moiety is made
up of a {Pty(p-dppm),(C=Cbipy)s} unit incorporating four
{Pt(C=Cbipy),} units via 2,2’-bipyridyl chelating in the diplat-
inum unit. The {Pty(p-dppm),(C=Cbipy)s} framework displays
a face-to-face conformation, with a Pt.--Pt distance of 3.221A,

suggesting that a w-m stacking is operative between face-to-
face bipyridyl rings. The {bipyC=C—Pt—C=Cbipy} arrays in four
{Pt(bipy)(C=Cbipy),} moieties are cis-arranged. As observed in
[Pt {(CH3)3SiC=Cbipy}(C=Cbipy), ], the four {Pt(bipy)(C=Cbipy),}
moieties in {Ptg(p-dppm),(C=Cbipy);2} assembly are char-
acteristic of platinum(Il) square planar geometries built by
2,2'-bipyridyl chelating and bis(acetylide) o-coordination. Of the
eight [C=Cbipy]~ ligands in the four {Pt(bpy)(C=Cbipy), } moieties,
six are bound to {Yb(10)3} units through 2,2’-bipyridyl chelating
whereas the other two are not coordinated. The eight coordinate
ytterbium(III) centres are in a N, Og distorted square antiprism. The
Pt..-Pt distances through bridging [C=Cbipy]~ moieties are 8.54
and 8.52 A. The Pt. - -Yb separations across the bridging [C=Cbipy]~
moieties are in the range 8.41-8.80. Other Pt- - -Yb distances are of
10.48, 16.73, and 16.37 A, respectively (Fig. 48) [154].

For the PtLn, (Ln=Nd, Yb) species, the platinum(Il)
chromophore-based 3MLCT emission in the visible region
disappears entirely, indicating unambiguously that the
{Pt(bipy)(C=CR), }-based emission is entirely quenched because
of rapid and complete energy transfer from the platinum(Il)-
based energy donors. In contrast, residual emissions due to Ptg
alkynyl moiety are observed with maxima at 520-650nm for
PtsLng (Ln=Nd, Yb) compounds, revealing incomplete energy
transfer from the platinum(Il) based antenna donors to the lan-
thanide(III) centres. As there exist both {Pt(bipy)(acetylide),} and
{Pty(dppm),(acetylide),} antenna chromophores in the PtgLng
species, sensitized NIR lanthanide(Ill) luminescence in these
PtgLng complexes is likely induced by Pt — Ln energy transfer from
both d(Pt)— m*(bpy) 3MLCT and d(Pt;)— m*(C=Cbpy) 3MMLCT
triplet states. As revealed in PtLn, compounds, the Pt — Ln energy
transfer from the {Pt(bipy)(acetylide),;} antenna group to the
lanthanide centre is rapid and complete, due to the direct linkage
of {Pt(bipy)(C=CR),} chromophores with lanthanide centres,
the short Pt.--Ln distances (8.4-8.80A) as well as the favourable
conjugation in the bridging ligand C=Cbpy. By contrast, Pt — Ln
energy transfer from the {Pt;(dppm),(acetylide),} cluster chro-
mophore is indirect, long-range (Pt- - -Ln=10.5, 16.4 and 16.7 A) and
incomplete, inducing some residual platinum(II) based emission
in the PtgLng species [154].
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(b)

Fig. 49. Structures of [Pt,Ln,(p-dppm),(C=Cbipy)4(10)s(H20),] (a) and [Ptz Eus(-dppm); (C=Cphen)4(10);2] (b) [154].

[Pt(dppm)(Cl), ] reacts with 3-(CH3)3SiC=Cbipy in the presence
of the desilylation fluoride catalyst KF and Cul or with 5-HC=Cphen
in the presence of Cul to give [Pt (j-dppm),(C=Cbipy)4] or [Pta( -
dppm),(C=Cphen),], which link[Ln(10)3(H,0),] (Ln=Nd, Eu, Tb)
to afford [Pty Ln;(p-dppm), (C=Cbipy)4(10)s(H20),] or [PtyLng (-
dppm),(C=Cphen)4(10)1; ], respectively [154].

The PtyLn, array is composed of {Pty(-dppm),(C=Cbipy)s}
units incorporating {Ln(10);} groups through 2,2’-bipyridyl
chelating, stabilized by strong intramolecular hydrogen bonding
interactions between the coordinated water and the free bipyridyl
nitrogen atom. The {Pt;(-dppm),(C=Cbipy),} unit displays a face-
to-face conformation with a Pt- - -Pt distance of ca. 3.25 A, implying
the presence of metal. - -metal contacts. The nine coordinate lan-
thanide(III) center is in a N, O distorted capped square antiprism.
The platinum(Il) center exhibits a square planar geometry built
from trans-oriented N, P, donors. The intramolecular Pt. - -Ln sepa-
ration is ca. 8.8 A (Fig. 49a) [154].

In the PtyEuy complex four {Eu(10)3} units are linked to the
{Pty(p-dppm),(C=Cphen),} unit through 1,10-phenantroline
chelation. The platinum(Il) center exhibits an approximately
square planar geometry with trans-oriented C,P, donors, whereas
the eight coordinated europium(Ill) center is in a N;Og dis-
torted square antiprism. The Pt---Pt distance (3.298A) is a little
longer than those in the Pt;Nd, and PtyEu, complexes (3.246
and 3.251 A). The intramolecular Pt.--Eu separation is ca. 10.2A
(Fig. 49b). Upon irradiation of the MLCT absorption of the diplat-
inum alkynyl moiety at 350-450 nm, all of the Pt,Ln; and Pt;Lng

complexes exhibit characteristic emissions for these lanthanide
ions with lifetimes in the microsecond range in both the solid
state and in CH,Cl, solution at 298 K. By contrast, MMLCT and
ligand-centered emissions from diplatinum alkynyl chromophores
disappeared entirely for all of the Pt-Ln complexes in both
the solid state and in CH,Cl, solution, indicating that the Pt-
based luminescence is completely quenched because of a quite
efficient and fast energy transfer occurring from the d-block
chromophores to the f-block luminophores. Three emission bands
were observed for the PtNd complexes at ca. 865, 1060 and
1330 nm, four for the PtEu complexes at ca. 595, 615, 650 and
695 nm and one for PtYb complexes at ca. 980 nm. For the Pt;Ln;
and PtyLng arrays in [PtyLny(p-dppm),(C=Cbipy)4(10)s(H20)2]
or [Pt;Lng(p-dppm),(C=Cphen)4(10)12] (Ln = Nd, Eu, Yb), the
excitation of d(Pt)— m*(R-C=C) MLCT absorption induces
sensitisation of lanthanide luminescence through efficient
d—f energy transfer from platinum(Il) alkynyl chromophores
[154].

[Pt(dppm)(Cl), ] reacts with 2.3 equiv. of HC=CCgHgterpy in the
presence of Cul and diisopropylamine to form cis-[Pt(dppm)
(C=CCgHgterpy),]. Instead, the reaction of cis-[Pt(dppm)
(C=CCgHyterpy),] with 1equiv. of dppm affords trans-[Pt,
(dppm),(C=CCgHgterpy)s] which is also accessible by reaction of
[Pt(dppm)(Cl), ] with 2.3 equiv. of HC=CCgH4terpy in the presence
of 1equiv. of dppm. The subsequent reaction of cis-[Pt(dppm)
(C=CCgHgterpy), ] or trans-[Pty(dppm),(C=CCgHyterpy)4] with an
excess of [Ln(10)3(H,0), ] (Ln=Nd, Eu, Gd, Yb) in dichloromethane
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Fig. 50. Structures of cis-[Pt(-dppm)(C=CCsHaterpy), ] (a) and trans-[Pt;Nd4(p-dppm),(C=CCgHaterpy)4(10):2] (b) [155].

gives rise to [PtLny(dppm)(C=CCgHsterpy);(10)s] or [PtyLng
(dppm),(C=CCsHyterpy)4(10);2], respectively [155].

The platinum(II) center in [Pt(dppm)(C=CCgHaterpy),] adopts
a distorted square planar geometry composed of cis-oriented C,P;
donors from o-coordinated acetylides and chelated dppm. Inter-
molecular Pt-Pt contact is absent since the shortest Pt.--Pt distance
is 10.88 A between adjacent platinum(ll) ions in the crystal lattice
(Fig. 50a). For [Pt;Lng(dppm),(C=CCgHy4terpy)4(10)12] (Ln=Nd, Eu,
Yb), the {Pty(-dppm),(C=CCgHaterpy),} subunit exhibits a face-
to-face conformation, in which the two platinum(II) coordination
planes are in parallel orientation. The diplatinum(Il) ions, doubly
linked by two p-dppm to give a eight-membered ring consisting of
Pt,P4C, atoms, are in distorted square planar environments built by
trans-arranged C,P, donors with intramolecular Pt- - -Pt distances
of 3.41, 3.30, 3.31A in Pt;Ndy4, PtyEus and Pt,Yb, respectively.
The lanthanide(Ill) ions are nine coordinated in a N3Og distorted
capped square antiprism. The intramolecular Pt---Ln distances
across the bridging {C=CCgHyterpy} groups are in the range from
14.01 to 14.15A (Fig. 50b). Both cis-[Pt(dppm)(C=CCgHaterpy);]
or trans-[Pty(dppm),(C=CCgHaterpy)s] exhibit intense, long-
lived room-temperature phosphorescence originating from

an admixture of 3ILCT [w— mw(C=CCgHaterpy)] and 3MLCT
[d(Pt)w*(C=CCgHyterpy)]/>MMLCT [do*(Pt;) — po(Pty)/m*(C=CCgq
Hyterpy)] triplet states. The phosphorescent character qualifies
these platinum(Il) precursors as favourable energy donors to
facilitate Pt — Ln energy transfer in the PtLn, and Pt;Lng adducts.
Upon excitation at 360-450 nm for the PtLn, complexes and at
360-500nm for the PtyLng (Ln=Nd, Eu, Yb) complexes, where
only the platinum(Il) alkynyl antenna chromophores absorb
strongly, the PtLn;, and Pt,Lng species exhibit bandlike lanthanide
luminescence that is typical of the corresponding lanthanide(III)
ions, demonstrating unambiguously that efficient Pt — Ln energy
transfer occurs indeed from the platinum(Il) alkynyl antenna
chromophores to the lanthanide(Ill) centers across the bridging
{C=CCgHgaterpy} group with intramolecular Pt- - -Ln distances being
ca. 14.2A. The Pt— Ln energy transfer rate (Kgr) is 6.07 x 107 s~1
for Pt;Nd,4 and 2.12 x 10° s~ for Pt,Yb, species [155].

The complexes cis-[ Pt(P-P)(C=CCgHg4terpy), | (P-P=Ph,P(CH; ),
PPh,; n=2, 3), prepared by cis-[Pt(P-P)(Cl),] and HC(CCgHaterpy,
react with an excess of [Ln(10)(H,0),] in CH,Cl, to form cis-
[PtLny(P-P)(C=CCgHg4terpy)2(10)s] (Ln=Eu, Nd, Tb), where the
square planar platinum(ll) and the distorted square antipris-
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Fig. 51. Structure of cis-[PtEu,(p-P-P)(C=CCsHaterpy).(10)s] [156].

matic lanthanide(Ill) ions are at Pt---Ln distances in the range
14.23-14.46 A (Fig. 51) [156].

Upon excitation at 250-450 nm, these PtLn, complexes show
characteristic emissions of the corresponding lanthanide(III)
ions with microsecond to millisecond (for europium(IIl) species)
ranges of lifetimes in both the solid state and dichloromethane.
The observation of characteristic emissions from the correspond-
ing lanthanide(Ill) centers by excitation of platinum(Il)-based
absorption (Aex =350-450nm) demonstrate that the sensitized
lanthanide luminescence is indeed achieved by Pt— Ln energy
transfer from the platinum(Ill)-based antenna triple states. As
expected, give emission bands were observed for europium(III)
species at 581, 596, 616, 652, and 687 nm, three for the PtNd
species at 877, 1066, and 1339 nm, and one for the PtYb species
at 981 nm. In dichloromethane solutions of the PtLn, com-
plexes, ILCT fluorescence from the ! — w* excited state of
C=CCgHgterpy is observed with a maximum at 420-460nm,
whereas low-energy phosphorescence emission from 3ILCT
(m — m*(C=CCgHyterpy))/?MLCT(dm(Pt) — w*(C=CCeH4terpy))
triplet states is quenched. Since the tail of the ILCT fluorescence
emission may overlap with the phosphorescence region of the
Pt(C=CCgHgterpy), moiety, it is uncertain whether the phos-
phorescence of the platinum(Il) alkynyl chromophore is entirely
quenched. Thus, the [Pt(P-P)(C(CCgH4terpy),] precursors exhibit
intense, long-lived room-temperature phosphorescence, originat-
ing probably from an admixture of 3ILCT (7 — w*(C=CCgHyterpy))
and 3MLCT(d(Pt) - m*(C=CCgHgaterpy) triplet states, which quali-
fies them as favourable energy donors to facilitate Pt — Ln energy
transfer in the corresponding PtLn, heterotrinuclear complexes.
As above anticipated, sensitized lanthanide luminescence in PtLn,
heterotrinuclear complexes is attained through efficient energy
transfer from the platinum(Il) alkynyl chromophore based 3MLCT
and 3ILCT triplet states [156].

Heterodi- and heteropolynuclear d, f complexes with pecu-
liar magnetic properties have been prepared by using sin-
gle binucleating ligands as 1,1’-dipyridyloxime (H-pdk). For
instance, [CuDy,(10)s(dpk);], prepared from [Cu(dpk),] and
[Dy(10)3(H,0);], contains a linear DyCuDy trinuclear core, where
each oximate N-O~ group bridges one Og eight coordinate, lat-

eral dysprosium(IIl) ion, with three [10]~ ligands completing its
coordination environment, and the central N4 square planar cop-
per(Il) ion (Fig. 52). The similar trinuclear core was found also
in [NiDy;(10)s(dpk)2(py)2] or [NiLnz(10)s(dpk),(phen)], which
coordinate additional nitrogen-containing ligands. Magnetic sus-
ceptibility measurements revealed that the Ln, Ni complexes do not
posses appreciable intramolecular ferromagnetic or ferrimagnetic
interaction. The frequency dependence of out-of-phase ac suscep-
tibility, observed only for the Dy, Cu complex, is an indication of its
behaviour as single-molecule magnet

Equimolar amounts of [M(L?)] (M=Cull, Nill; H,-L2=N,N'-
bis(salicylidene)-2-iminobenzylamine) and [Ln(10)3(H0),]
(Ln=Gd, Lu) furnish [MLn(10)3(L?)], where the shortest inter-
molecular M- --M, M. -.Ln and Ln- - -Ln distances, 6.002, 7.522, and
8.507 A for the CuGd complex, 5.945, 7.510 and 8.555A for the
NiGd complex and 5.972, 7.455, 8.635A for the NiLu complex,
respectively, attest that discrete dinuclear entities take place. The
two metal ions, 3.248, 3.214 and 3.151 A apart for the CuGd, NiGd
and NiLu complex, respectively, are bridged by the two phenolate
oxygen atoms. The transition metal(Il) ion is bound to the two
imine nitrogen atoms and the two phenolate oxygen atoms of
[L2]2~, while the lanthanide(Ill) ion is eight coordinate with six
oxygen atoms of three [10]~ and two phenolate oxygen atoms

Fig. 52. Structure of [CuDy,(10)s(dpk),] [157].
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Fig. 53. Structure of [NiGd(10)3(L?)] [158].

of [L2]?~ (Fig. 53). Magnetic data indicate a ferromagnetic spin
coupling between the gadolinium(III) and copper(Il) ions [158].
Furthermore, the mononuclear complexes, derived from sym-
metric or asymmetric acyclic compartmental ligands with the
transition metal ion in the inner N,O, coordination chamber
and the outer 0,0, chamber ready for further metal ion com-
plexation, form heterodi- and -polynuclear lanthanide complexes
whose magnetic properties strongly depend upon the result-
ing supramolecular assembly. Several of these systems have
widely been discussed in previous reviews [9,10]; we report
here some explanatory examples, published in the most recent
literature. Hy-LP and H4-LS, derived from the [2+1] condensa-
tion of 2,3-dihydroxybenzaldehyde with 1,3-diaminopropane or
N,N'-dimethylethylenediamine, respectively, form with the appro-
priate metal(Il) salt [M(H,-LP)] and [M(H,-L¢)] (M=Co", Nil,
cul!, zn"), which react with [M'(5)4] (M'=UY, Th", zr'V) in a
2:1 molar ratio in pyridine at 110°C to afford [M,M'(LP),]-npy
and [M;M'(L¢),]-npy. By lowering the temperature to 20°C and
to 60°C, [CuU(5)2(LP)(py)] together with [Cu,U(LP),(py)] and
[CuU(5),(L)(py)] were formed, respectively, this last complex
identical to that synthesized from [M(5);] and [U(5),(Hy-L%)].
Noticeably, similar treatment of [Cu(5),] with [U(5),(H,-LP)] gives

(a) (b)

Fig. 54. Structure of [CuU(5),(L¢)(py)] [159].

mixtures of the CuU and Cu, U complexes [159].In [MU(5),(L)(py)]
(M=Cul!, Zn") the transition metal(Il) and the uranium(IV) ions in
the inner N,O, and outer 0,0, cavity of [L]*~, respectively, are
bridged by the two oxygen atoms of the salicylidene fragments.
Four oxygen atoms from [L¢]*~ and four from [5]~ complete the
dodecahedron around the uranium(IV)ion (Fig. 54). The Cu. - -U dis-
tance in [CuU(5),(L)(py)] is 3.574 A and the shortest intermetallic
Cu---Cu distance is 8.783 A. Antiferromagnetic coupling occurs in
[Cul(5)2(L)(py)l-

The tetranuclear M,Ln; complexes [MLn,(10)4(L4),] (M= Cu,
Ni; Ln=La---Lu except Pm; Hs3-L4=1-(2-hydroxybenzamido)-
2-(2-hydroxy-3-methoxybenzylideneaminoethylene)) were pre-
pared by simple mixing equimolar methanolic solutions of
K[M(LY)]-nH,0 and [Ln(10)3(H,0),], in order to investigate the
nature of the Cu'-Ln'" magnetic interactions and to try to under-
stand why some complexes, i.e. the Cuy!'Tb,!' and Cu,!'Dy,!!
complexes, are single molecule magnets while the other complexes
are not. The powder X-ray diffraction patterns showed that the
CuyLn, complexes are isomorphous to each other. All the Cu,Ln,
complexes possess a similar cyclic tetranuclear structure, in which
the copper(Il) and lanthanide(Ill) ions are arrayed alternately via
bridges of the {Cu(L4)} unit as found in the Cu;Gd, complex. The
two phenoxo and the methoxy groups at one side of the pla-
nar copper(ll) complex coordinate to a gadolinium(IIl) ion as a
tridentate ligand with a Cu.--Gd distance of 3.432A. The amido

Fig. 55. Structures of [CuzGd2(10)4(L), ] (a) [160] and [CuzDy,(10)4(Le )(DME)4] (b) [162].
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oxygen atom on the opposite side of the copper(Il) complex coor-
dinates to another gadolinium(IIl) ion as a monodentate ligand
with the Cu---Gd distance of 5.620A. Including the coordination
of the two [10]~ ions as a bidentate chelate ligand, the gadolin-
ium(Ill) ion reaches an Og eight coordinate geometry (Fig. 55a)
[160,161,137].

Also the Ni,Ln, complexes are isomorphous to each other but
are not isomorphous to the CuyLn, analogues. FAB-MS of the
Ni,Ln, complexes shows a molecular ion peak corresponding to the
tetranuclear species [Ni,Ln,(10)3(L),]*, indicating that the NiyLn,
complexes assume a tetranuclear structure similar to that of the
Cu,Gd, complex [160,161,137].

The temperature-dependent magnetic susceptibilities from 2 to
300K and the field-dependent magnetizations from 0 to 5T at 2K,
measured for the CuyLn, and NiyLn, complexes with the NijyLn;
complex containing diamagnetic nickel(Il) ions being used as a
reference for the evaluation of the Cu-Ln magnetic interactions,
have revealed that the interactions between the copper(Il) and lan-
thanide(III) ions are very weakly antiferromagnetic for Ln=Ce, Nd,
Sm, Yb, ferromagnetic for Ln = Gd, Tb, Dy, Ho, Er, Tm, and negligible
for Ln=La, Eu, Pr, Lu. The magnetic properties examined down to
0.1 K reveal the unusual slow setting-up of a 3D order below 0.6 K.

Among the Cu,Ln; complexes exhibiting ferromagnetic interac-
tion, only the terbium(IIl) and dysprosium(Ill) complexes showed a
frequency dependence of x}, and x7, and were therefore expected
to be SMMs, while the gadolinium(III), holmium(III), erbium(III)
and thulium(Ill) complexes showed no frequency dependence
under the same experimental conditions. With the goal of better
understanding the evolution of the intramolecular magnetic inter-
actions, X-ray magnetic circular dichroism has also been measured
on Cu'l, by, cull, Dy, and Ni,"'Tb,! complexes, both at the
L- and M-edge of the metal ions and at the K-edge of the nitro-
gen and oxygen atoms. It was observed that the moment on the
4f jons is lower than that is predicted by Hund'’s rule, the orbital
moment on the copper ions is almost completely quenched and the
moments on the 3d and 4f ions are parallel, which confirms the fer-
romagnetic coupling deduced from SQUID observations. While no
magnetic polarization could be measured on the nitrogen atoms,
some amount has been detected on the oxygen. This is relevant,
since the magnetic intramolecular coupling within these SMMs
usually pass through light elements such as oxygen. Unfortunately,
it was not possible to perform these measurements below 2K,
where a more intense signal below the blocking temperature could
probably be observed. A closer examination of the low tempera-
ture magnetic properties down to 0.1K. of the Cu,Tb, complex
exhibiting SMM behaviour have revealed an unexpected behaviour,
ascribed to the very slow setting-up of a 3D order below 0.6K
[160,161,137].

Furthermore, 2-hydroxy-N-(2-{[2-hydroxyphenyl)methylene]
amino}-2-methylpropyl)benzamide (H3-L¢), containing an inner
N, 0, coordination site and an oxygen atom coming from an amide
function not involved in this site, by treatment with copper(Il)
acetate in the presence of piperidine (pip) affords [H-pip)[Cu(L¢)]
which reacts with the appropriate Ln(10)3-nH,0 (Ln=Gd,Dy,Tb) in
methanol to yield [CuyLn,(10)4(L¢),(CH30H),]; slow diffusion of
acetone into a dimethylformamide solution of these complexes
gives [CupLlny(10)4 (L®)2(DMF)4]. In [CuzDy2(10)4(L¢)2(DMF)4]
each distorted square pyramidal copper(ll) ion is surrounded by
the N,O, atoms of a [L®]3~ ligand in the basal plane and a
dimethylformamide oxygen atom in apical position while each
eight coordinate dysprosium(Ill) ion is surrounded by two [10]~
ligands and linked to the anionic [L¢]3~ entity by the two phenoxo
oxygen atoms that make a double bridge between the two metal
ions with a Cu. - -Dy separation of 3.297 A. The coordination sphere
is completed by a dimethylformamide oxygen atom and the amide

functions not involved in the copper coordination. Thus, two het-
eronuclear CuDy entities are assembled through the oxygen atoms
of the amido groups to form a double (Cu-N-C-0-Dy) bridge. The
shortest metal. - -metal separations not related by a material link
are equal to 5.900A for Cu---Cu, 6.087 Cu---Dy and 7.813A and
Dy- - -Dy. The intermolecular metal. - -metal separations, larger than
10.4 A, preclude any significant magnetic interaction between these
tetranuclear units (Fig. 55b) [162].

Ferromagnetic interactions are active in the Cu,Gd, entities,
through the double phenoxo bridge (J=3.2cm™!) and through
the single amide bridge (J=9.54cm™1), these interactions are still
present in the Cu,-Tb, and Cu,-Dy; complexes which behave
as single molecule magnets (SMMs), due to the introduction of
anisotropic lanthanide(Ill) ions in place of gadolinium(IIl) ions
[162].

Compartmental ligands and P-diketones were jointly used
for the recognition of alkaline earth ions. [Cu(L)], where Hy-Lf
is the Schiff base derived from the [2+1] condensation of 3-
methoxy-2-hydroxy-benzaldehyde with 1,2-diaminoethane, reacts
with related metal(II) hydroxide in the presence of H-7 to yield
[CuM(7),(LH)], (M=cal, s, Ball). In [CuCa(7),(Lf)(CH3;0H)] the
copper(Il) and calcium(Il) cations, 3.460 A apart, are doubly bridged
by phenoxo oxygen atoms. The five coordinate copper(Il) ion is
equatorially bound to the nearly coplanar N,O, donors afforded
by the inner chamber of [Lf]2~ while the axial position is occu-
pied by the methanol oxygen atom. The eight coordinate calcium
cation is surrounded by the 0,0, 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
short intermolecular Cu---Cu (3.819A) and large Ca---Ca (8.951 A)
distances (Fig. 56) [163].

The copper(ll) oximato complexes [Cu(H-dmg),] and
[Cu(H-emg),] (Hy-dmg = dimethylglyoxime, H-emg = methylethyl-
glyoxime) act as templates in the synthesis of heteropolynuclear
complexes, mediating the magnetic interaction between the metal
ions through the N-O bridges [9,10]; consequently, they have
been chosen as precursors for the preparation of 3d, 4f-ferri- or
-ferromagnetic molecular materials. They, after deprotonation
in basic media, form discrete tetranuclear, pentanuclear or one
dimensional polymeric species by reaction with [Ln(10)3(H,0),]
(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);, ] or [Cu(H-emg), ] gives [Cu,;Gd,(10)4(dmg),(H-
dmg),(CH30H)z]n and [CupGd;(10)4(emg)y(H-emg)y(CH30H)4],

Fig. 56. Structure of [CuCa(7),(Lf)(CH30H)] [163].
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(a)

D

(b)

Fig. 57. Structures of [Cu,;Gd;(10)4(dmg),(H-dmg),(CH30H); ], (a) and [Cu, Gd;(10)4(emg), (H-emg),(CH30H)4] (b) [165].

respectively [ 164,165]. In the chain structure of the {Gd;Cu; }, com-
plex, the gadolinium(IIl) ions are eight coordinate with a methanol
molecule coordinated in place of a[10]~ ligand while the copper(II)
ions are five coordinate with a neighbouring oximate oxygen atom
located in the axial position. The gadolinium and copper ions,
4.044 A apart, are doubly bridged by the oximate N-O groups. Also
the two gadolinium(IIl) ions are doubly bridged by oximate oxygen
atoms. The interatomic Gd. - -Gd and Cu. - -Cu distances are 4.023 A
and 3.889 A, respectively. The {Cu(dmg)(H-dmg)} moieties form
a sandwich dimer, correlated with an inversion of symmetry. The
core structure of the tetranuclear Cu,Gd, complex is the same as
that of {Gd,Cu; },. The Gd- - -Gd and Gd- - -Cu separations are 3.985,
3.939 and 4.784 A, respectively, within a molecule. The presence of
bent ethyl groups in {Cu(emg)(H-emg)} prevents dimerization of
this moiety. Instead, a methanol ligand occupies the axial position
(Fig. 57a and b) [164,165].

Using the same procedure, [Dy(10)3(H;0);] gives [Cu, Dy, (10),4
(emg)y(H-emg)2(ROH)4] (R=CH3, CpHs) and [Cu;Dy»(10)4
(dmg),(H-dmg),(CH30H); ]5. The Cu,Gd; and Cu,Dy, complexes
are isomorphous. Solely the cis-isomer of the [Cu(emg)(H-emg)]
moiety in the Dy, Cu; complex (R =C,Hs) was observed, in contrast
to the case of [CuyDy,(11)4(emg),(H-emg),(CH30H)4], where
only the trans-isomer was found. Also in the absence of the X-ray
structure of {Cu,Dys> }, the cell parameters strongly support that
{CuyDy3}n and {Cu,Gd;}, are isomorphous [164,165].

In [P(CeHs)4]2[CuGd4(10)s(dmg),(CH3CO0)4], prepared by
mixing Gd(CH3C00);-4H,0 and [Gd(10)3(H20),] in a 2:1 molar
ratio to [Cu(dmg); ]2~ followed by addition of [P(CgH5)4](Cl), there
are two crystallographically independent {Gd(10), } units: one with
an eight coordinate gadolinium(IIl) ion and the other with a nine
coordinate gadolinium(Ill) ion. The {Cu(dmg), }* ion is surrounded
by four {Gd(10),}2* units, giving rise to Cu. --Gd distances of 3.183
and 3.853 A. The four gadolinium(lIl) ions are at the corners of a
rectangle while the copper(ll) ion sits at the center. For the shorter
edge of the rectangular gadolinium array, the oximato oxygen
atoms doubly bridge two gadolinium ions, giving rise to a butterfly-
like structure in the Gd,0, moiety. An acetate oxygen atom also
bridges two gadolinium(lll) ions, 3.713 A, apart. For the longer edge,
an acetate anion bridges two gadolinium(IIl) ions, 6.713 A, apart, in
a w1 3-manner (Fig. 58) [164,165].

The {Cu,;Dy;}, one-dimensional polymeric complexes, con-
sisting of alternating dicopper(ll) and digadolinium(IIl) units,
exhibit ferrimagnetic behaviour, ascribable to antiferromagnetic
coupling across the oximate N-O bridges between the high-spin
homodinuclear units. Although ferromagnetic coupling between
gadolinium (III) and copper (II) ions has often been observed, the
{CuyGd;}» and Cu,Gd;, complexes were reported to have antifer-
romagnetic coupling due to their bent Cu-N-0-Gd structure. As a
result, the {Cu(dmg),} core plays the role of ferrimagnetic cou-
pler between the gadolinium(Ill) spins. {Cu,Gd;}, is AyBa-type
ferromagnetic chain. Also in [Cuy Dy»(10)4(emg),(H-emg),;(ROH)4]
(R=CHs, C3Hs), as in [CuyDy2(10)4(dmg),(H-dmg)o(CH30H); ],
the M-H curves clarified antiferromagnetic coupling between
the dysprosium(Ill) and the copper(ll) ions in the Dy,Cu,
motif, leading to the dysprosium(Ill) magnetic moments alignes
parallel ({Cu(})Dy(1)Cu({)Dy(1)]). Ac magnetic susceptibility
measurements on [Cu,Dy,(10)4(emg),(H-emg),(CH30H)4] and
[CuzDy>(10)4(dmg)y(H-dmg)2(CH3OH)2]n show a xac (in-phase)
decrease and a concomitant xj. (out-of-phase) increase with
a frequency increase. Low temperature magnetization measure-
ments on {Cu,Dy,}, exhibit magnetic hysteresis, characteristic
of single-chain magnets. Finally magnetic measurements on
[P(CeHs)4]2[CUzcdz(10)g(dmg)2(CH3COO)4] reveal high ground
spin multiplicity, as expected regardless of the sign of magnetic
Cu. - -Gd coupling through N-O bridges. The ground state was sug-
gested to be Siot =27/2 with the exchange parameter 2J/Kg = —2.9K
between the gadolinium and copper ions. The antiferromagnetic
coupling is operative owing to the largely distorted Gd-O-N-Cu
bridges [164,165].

10. 1,3,5-Triketonato complexes

The B,3-tricarbonyl compounds, the higher analogues of the [3-
dicarbonyl compounds, can take triketo-, monoenol- and bisenol-
forms in their tautomeric equilibrium, deeply studied by IR and
1TH NMR spectroscopy, the percentage of the different tautomeric
forms depending on the solvent polarity the temperature and the
different substituents at the periphery of the coordinating moiety
[6,9,12,166,167].
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Fig. 58. Structure of [CuGd,(10)s(dmg),(CH3C00)4]%~ [165].

The well developed mr-system, present in the potentially
dinegative, tridentate ligands H,-54a.--H,-54f, confers them a
planar structure. Mononuclear or dinuclear complexation occurs
when these ligands are reacted with the appropriate metal salt,
the dinuclear complexes being favoured over the mononuclear
one at higher temperatures. For instance, [Cu(H-54a);]-2H,0 or
[Cuy(54a);] occur when copper(ll) acetate is added to H,-54a
in water/methanol at about 0°C or 30°C, respectively. The
mononuclear blue complex transforms into the dinuclear green
one at about 80°C under reduced pressure or when dissolved
in boiling methanol. On the other hand the green complex
changes into the blue one in pyridine in the presence of a large
excess of Hy-54a, once the solvent is removed at 0°C. These
transformations indicate that [Cuy(54a),] is stable at elevated
temperature, while [Cu(H-54a),] prefers a lower temperature
and that the conversion from one to the other is reversible
[168].

While H,-54a. - -H,-54f give rise to homodinuclear vanadyl(IV)
complexes, they are not suitable for the formation of dinuclear
uranyl(VI) complexes as the seven coordinated pentagonal bipyra-
midal geometry around this ion imposes constraints on these
chelating ligands [169,170]. On the contrary, no problem arises
for the preparation of mononuclear complexes as ascertained
for [UO,(H-54b),(CH30H)], where the seven coordinate pentag-
onal bipyramidal uranium(VI) ion is equatorially surrounded by
two [H-54b]~ ligands in a cis-configuration and one methano-
lic oxygen atom. In the presence of N(CyHs)s, the trinuclear
complexes occur as found for [NH(C;Hs)3]2[(UO;)3(54¢)3(jus3-
0)] which contains a nearly equilateral triangle of uranyl(VI)
ions with a central {u3-0}?~ ion, trigonally bonded to the
three uranium ions and additionally linked by two bridging
[54c]?~ ligands resulting in a seven coordination about each ura-
nium ion in a nearly pentagonal bipyramidal geometry (Fig. 59)
[169].

In [CUz(L)z(py)z] (Hz -L=H,-54a,H, -54d, H,-54e-H, —54f) the
copper(Il) ions are square pyramidal with the four oxygen atoms
from two [L]?~ ligands attached to each copper ion coplanar and

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

Dimerization occurs in [Cuy(55),(H,0),], as the sixth axial coor-
dination site of one dinuclear unit is occupied by a ketone oxygen
of another symmetry-related dinuclear unit at a distance of 3.01 A.
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. 59. Structure of [(UO> )3(54¢)3(p3-0)]>~ [169].
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Fig. 60. Structure of [Cu,(54d),(py).] [170].

A comparable strong antiferromagnetic interaction, with no
EPR signals at room temperature and often diamagnetism, was
found in these dicopper(ll) complexes indicating that changes of
substituent groups produce a small perturbation on a very large
exchange interaction [172], while —2J value of 160 cm~! occurs in
[(VO)2(54a)2(py)2] [170].

[M,(54a),(H,0)4)] (M=Nill,Co") have been isolated by a syn-
thetic procedure similar to that of the copper(ll) analogues,
while the corresponding mononuclear ones could not be obtained
by the procedure employed in the synthesis of [Cu(H-54a),].
Nickel(II) or cobalt(Il) acetate, allowed to react with an excess of
H,-54a with the purpose of obtaining the related mononuclear
chelates, always produce the dinuclear complexes and byproducts
(1-hydroxy-2,6-diacetyl-3-acetomethyl-5-methylbenzene and/or
1,8-dihydroxy-3,6-dimethyl-7-acetylnaphtalene) derived from the
bimolecular condensation of H,-54a. [M(H-54a),] was prepared
by the ligand exchange reaction between [M(5);] and Hy-54a in
anhydrous diethylether or by the reaction of [M;(54a), ] and molten
H,-54a [173,174].

Coordinated water in [M,(54b),(H,0)4] (M =Nill, Col") can easily
be replaced by pyridine to afford [M;(54b),(py)4], where each octa-
hedral metal(Il) ion is surrounded by to the four coplanar carbonyl
oxygen atoms of two [54b]~ ligands and two axial pyridine nitrogen
atoms. The Ni. - -Ni distance of (3.166 A) is 0.106 A shorter than the
Co- - -Co one. While the magnetic moments of dinickel(II) chelates
are typical of magnetically dilute complexes at room temperature
although there is evidence for spin coupling at lower temperatures,
the occurrence of an antiferromagnetic interaction between the
two cobalt(Il)ions in [Co,(54b),(py)4] was found (Fig. 61) [174,175].

[Ni3(54f),(OH),(CH30H)4], obtained under conditions that
favour [Niy(54f),(CH30H)], shows a magnetic susceptibility
behaviour in the 4-296 K temperature range typical of linear array
of three nickel(Il) ions with the adjacent metal(Il) ions ferro-
magnetically coupled (J;;=10cm™1), and the terminal nickel(II)
ions antiferromagnetically coupled (J13 =—6cm~1). Dissolution of
[Ni3(54f),(OH),(CH30H)4] in pyridine, followed by slow evapo-
ration at room temperature in air, causes a ligand oxidation and
migration of the tert-butyl group from the terminal carbonyl 3-
carbon to the adjacent 4-carbon. In addition, a hydroxyl group
resides on the same carbon in the final product. The entire pro-
cess has converted the original ligand, [54f]2~ to [56]°>~ through a
chemical pathway involving an oxidation of the 4-carbon of [54f]2~
and an attack of OH~ on the carbonyl 3-carbon, followed by a ben-
zylic acid type rearrangement. The final coordination environment

of each nickel(II) ion in the final complex [Niy(H-56),(py)4] con-
sists of one [3-diketonate chelate ring, one carboxylate oxygen and
one hydroxo oxygen, forming together a 5-membered o-hydroxy
carboxylate chelate ring, and two pyridine nitrogen atoms (Fig. 62)
[176].

11. 1,3,5,7-Tetraketonato complexes

Tetraketones, containing two (H,-57, H,-58a.--H,-58b) or
three enolisable protons (H3-59a, H3-59b), have been prepared
so far; they give rise to different structures when reacted with
the appropriate metal salt. The first ligand type quite easily forms
polynuclear complexes; dinuclear entities can be obtained only
when additional charged or neutral ligands are inserted in order
to prevent oligomerization. The second tetraketone type forms
homotrinuclear complexes, with the metal ions close together and
strongly interacting each other, in addition to homodinuclear ones
with the two metal ions occupying the external 0,0, chambers and
very weakly magnetically interacting each other.

H,-57, obtained by reaction of [Na(5)] with I, [177], affords
[Niz(57)(tmeda);(H20)2](Cl0O4)2-H20 or [Nip(57)(NO3 )2(tmeda), ]
when mixed with stoichiometric amounts of the appropriate

Fig. 61. Structure of [M(54b)>(py)a] (M=Ni", Co") [174].
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nickel(Il) salt and N,N,N’,N’-tetramethylenediamine (tmeda) in
ethanol. In [Niy(57)(tmeda);(H20),](ClO4);-H,0 one nickel(ll)
ion is square planar and the other one is octahedral, being
coordinated also to the two water molecules, while two octa-
hedral nickel(Il) ions occur in [Niy(57)(NO3),(tmeda),;] where
two coordination site of each metal ion being filled by a
chelating nitrate group. Two square planar nickel(Il) ions occur
also in [Niy(57)(tmeda);|(BPhg),, prepared by the addition of
sodium tetraphenylborate to [Niy(57)(NO3), (tmeda),] in 1,2-
dichloroethane [178].

The meso (A-A) isomer and the racemic isomer (a mixture
of A-A and A-A) of [Ruy(57)(5)4] originate from the reaction
of [Ru(5);(CH3CN)](PFg) and H;-57 in toluene. The reaction of
H,-57 with [Ru(7),(CH3CN),](PFg) forms [Ru(H-57)(7);], in addi-
tion to [Ruy(57)(7)4], the latter being a mixture of meso and racemic
isomers, as above described for [Ru,(57)(5)4]. Mixtures of the
meso (A-A and A-A) and racemic (A-A and A-A) isomers of
[Ruy(57)(5)2(7),] were obtained from the reaction of [Ru,(57)(5)4]
and [Ru(7),(CH3CN), ](PFg), while a mixture of meso and racemic
isomers of [Ruy(57)(bipy)4](PFg), was synthesized by reaction of
[Ru(Cl),(bipy);](Cl)-2H, 0 with H,-57 in water/ethanol followed by
the addition of KHCO3 [179].

HO_ ,C(CH3)s & =
O%\/Y
0 o}
oH © ©
Hs-56 H,-57
Q o]
¢
R R R
H,-58a OCH;

H,-58b OC;H;
H2-58C OC(CH';)';

Hs-59a CgHjs
H3-59b CH;

Hy-60

In the meso isomer of [Ruy(57)(5)4] the two [3-diketonato
groups of the bridging [57]2~ ligand are almost perpendicular
to one another. The octahedral coordination about each ruthe-
nium(Il) ion is completed by two chelating [5]~ ligands (Fig. 63a).
A similar structure has been proposed for the other complexes.
Voltammetric and electrospectroscopic measurements show that
the comproportionation constant values K. and K. of the mixed-
valence RuRuV and Rul'Ru'! complexes, respectively, are low
because of the non-coplanarity of the two [-diketonato units
of [57]%>~ as revealed by the structure of [Ruy(57)(5)4]. Such a
structure weakens the electron interaction between the two ruthe-
nium(Ill) ions in [Ruy(57)(bipy)s](PFg)2, and this influences the
conproportional constant values, slightly smaller than those of
[Ruy(57)(5)4] and [Ruy(57)(7)4]. The K. of the oxidation process
Ru"Ru' = Rul"Ru!Y = Ru!VRu!V, and the K.’ of the reduction pro-
cess Ru"Rul' = Ru'Ru'l = Ru''Ru" of [Ruy(57)(7)4] were larger
than those of [Ruy(57)(5)4]. This would be due to the electron

donating properties of the tert-butyl groups in the [7]~ ligand. Fur-
thermore, the K. values were larger than those of the K¢’ in both
the [Ruy(57)(5)4] and [Ruy(57)(7)4] [179].

[Ru(5),(CH3CN), |(PFg) and H,-57 in toluene afford [Ru(5),(H-
57)], whose A and A isomers can be separated by chromatography.
The racemic complex reacts with the appropriate metal perchlo-
rate in methanol to afford [RuyPd(5)4(57);] or [RuzM(5)s(57)3]
(M=Fell AIl). The analogous chiral complexes are similarly
obtained by A-[Ru""(5),(H-57)]. For [{A-Ru(5),(57)},Pd], identi-
cal NMR spectra were recorded as for the racemic complex, this
implying that the diastereomeric properties of peripheral ruthe-
nium(III) groups has little effect on the configuration of a central
palladium(II) core, because the two ruthenium(Ill) moieties are
remote from each other so that their A/A configurations do not
affect the stereochemistry of the central core. The same behaviour
is observed for [{D-Ru(5),(57)}sFe]; on the contrary, NMR and
CD data show that the central labile core of the aluminum(III)
ion in [{A-Ru(5),(57)}3Al] takes initially the coordination struc-
ture analogous to A-[Al(5);] or A-[{A-Ru(5),(57)}3Al], which
slowly epimerizes to a diastereomeric mixture of A- and A-[{A-
Ru(5),(57)}3Al]. This agrees with the low energy differences of
1.2KJ mol~! between A and A-[{ A-Ru(5),(57)s }3Al]. The molecu-
lar stacking in a crystalline state represents a main factor in locking
the chiral configuration around the aluminum(III) core. According
to the structure obtained by XRD data, the chiral configuration
of the central aluminum(Ill) core is stabilized by intermolecular
interactions with the three branches ejected from the neighbour-
ing molecules (Fig. 63b). This locks the Ru;Al complex as a A-form
in the solid state [179].

A mixture of (AA/AA)-rac- and (AA)-meso-[Ruy!(5)4(L)]
(Hy-L=1,4-dihydroxy-9,10-anthraquinone) was synthesized by
the reaction of H,-L and [Ru(5),(CH3CN),] in the presence of
CH3COONa under aerobic conditions. The two diastereomers have
been separated by chromatography. The structure of the (AA)-
meso isomer shows that each ruthenium ion is bonded to the bridge
via two oxygen donor centers in a [3-diketonate chelate fashion.
The ruthenium centers lie virtually in the same plane as the [L]>~
bridging ligand. Each RuOg configuration is in a slightly distorted
octahedral arrangement. The Ru---Ru distance is 8.158 A. It con-
tains two antiferromagnetically coupled ruthenium(IIl) ions. The
potential of both the ligand (L° — L%~) and the metal complex
fragment combination [Ru'(5);] — {[RuV(5);],}** to exist in five
different redox states creates a large variety of combinations, which
was assessed for the electrochemically reversibly accessible 2+,
1+, 0, 1—, 2— forms using cyclic voltammetry as well as EPR and
UV-vis-NIR spectroelectrochemistry. The results for the two iso-
mers are similar: oxidation to [Ruy(5)4(L)]* causes the emergence of
anear-infrared band at 1390 nm, without revealing an EPR response
even at 4K. Reduction to [Ruy(5)4(L)]- produces an EPR signal,
signifying metal-centered spin but no near-infrared absorption.
The metal-based oxidation of [Ruly(w-L2~)(5)4] was tentatively
assumed to a mixed-valent intermediate [Ru"Ruv(5)4(p-L2-)]*
and ligand-centered reduction to a radical complex [Rullly(5)4( .-
L3-)]~ with antiferromagnetic three-spin interaction [180].

Equimolar amounts of Co(CH3C00)4-4H,0, di-2-pyridylamine
(dpa) and Hy-57 in CH,Cl,/CH30H produce the chiral square
complex [Co4(57)4(dpa)s], with the four octahedral cobalt(Il)
centers in the identical chirality, i.e, either all in a A or A
optical geometry. Each edge of the square, i.e. each pair of
cobalt (II) ions, has a helical structure similar to that observed
in [Coy(57)(dpa)4(CH3C00),(H,0),], with [57]~ bridging two
cobalt(Il) ions. The Co- - -Co distances along the edge of the square
are essentially identical (8.009 and 8.000A) while the diagonal
Co- - -Co separation distance is 11.306 A. The dpa ligand is chelated
to each cobalt(Il) ion via the two pyridyl nitrogen atoms (Fig. 64). In
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Fig. 62. Structure of [Niy(H-56)2(py)4] [176].

the tetracobalt(Il) and dicobalt(Il) complexes ferromagnetic inter-
actions occur [181].

Claisen condensation of alkyl acetates or methyl ketones with
dialkyl oxalates, followed by acid workup, yields H,-58a. - -H,-58c.
Deprotonation of H,-58b with aqueous ammonia in ethanol, fol-
lowed by the addition of the appropriate metal(Il) dichloride,
affords [Mg(58b)g]-4H,0 (M=Call, cd!!, Mn"') which leads to the
isostructural [Mg(58b)g(S)4] (S=C,H50H, C3H;0H, (CH3),CHOH,
(CH3)3COH). In [Mng(58b)g(C3H;0H)4] (Fig. 65) the eight man-
ganese ions are seven coordinate and at the corners of two
differently sized concentric squares, turned 45° relative to each
other. The four outer manganese ions are linked in a p{-fashion
through the two ester carbonyl oxygen atoms of a set of four ketip-
inic acid diester dianions, which lie almost in a plane. The two keto
oxygen atoms of these four ligands are py-bound and bridge inner
and outer manganese ions. Furthermore, a propanol molecule is
coordinated to each of the four outer manganese ions. Four ketipinic
acid diester dianions are each bound in a .;-fashion through the
ester carbonyl oxygen atoms to one outer and one inner manganese
ion. One of the keto oxygen atoms forms a ., bridge between two
inner manganese ions, and the other forms a 3 bridge to two inner
and an outer manganese ion [181].

Tetranuclear adamantanoid chelate complexes are formed in
a one-pot reaction from dimethyl malonate, methyllithium, the
desired metal(Il) chloride and oxalylchloride at —78 °C in tetrahy-
drofuran (THF) and subsequent workup with aqueous ammonium
chloride. However, this methodology does not work in the case
of ethyl acetate and oxalylchloride. Instead, double deprotonation
of H,-58b with methyllithium at —78°C in tetrahydrofuran and
addition of magnesium chloride, followed by workup with aque-
ous ammonium chloride, furnishes [NH4[4[(Mg4(58b)g)] where, on
each face of the tetrahedron constituted by the four magnesium
ions, three oxygen atoms bind an ammonium ion through three
hydrogen bonds [181].

Double deprotonation of H;-58b with sodium hydroxide
in a methanol sodium tetrafluoroborate solution and subse-
quent treatment with CuCl,-2H,0 lead to [CuzNa(58b)s3](BF,),
which crystallizes from tetrahydrofuran to give the double-
decker metalla-coronate complex [CugNay(58b)g(BF4),(THF),
(H20);] and the triple decker metalla-crown ether complex
[CugNa3(58b)g(BF4),(THF),](BF4) (Fig. 66a and b). A common
feature of [CugNa,(58b)s(BF4),(THF),(H20),] and [CugNa3z(58b)g
(BF4)2(THF),](BF4) is the neutral, [15]-membered trimetalla-
crown-6(15-MC-6) building block. Formal replacement of the three

Fig. 63. Structures of [Ruz(57)(5)4] (a) [179] and A-[{A-Ru3(5)s(57)3}Al] (b) [179].
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Fig. 65. Structure of [Mng(58b)s(C3H70H)4] [181].
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Fig. 66. Structures of [CugNay(58b)s(BF4)2(THF)2(H20)2] (a) and {[CugNa3(58b)o(BF4)2(THF)2](BF4) (b) [181].

copper(Il) centers in the 15-MC-6 fragments of [CugNay(58b)g
(BF4)2(THF)(H20)2] or [CugNa3(58b)g(BF4),(THF); ](BF4) by C;Hs0
bridges leads to the topologically equivalent crown ether 18-
crown-6. The three copper(ll) ions in the 15-MC-6 fragments are
linked across the triangular edges by bis(bidentate)diethyl
ketipinate dianions. A sodium ion is encapsulated in the
center of the 15-MC-6 fragment. In order to accomplish
eight coordination of the sodium ions, aggregation of the
{Cu3Na(58b);}* monomers furnishes double- and triple-
decker metalla-coronates [CugNay(58b)g(BF4),(THF),(H20),]
and [CugNa3(58b)g(BF4),(THF);](BF4). The stacking features
are governed by the coordination of water molecules, which
lead to the formation [CugNa,(58b)g(BF4),(THF);(H,0),] where
both sides of the stack are totally coordinatively blocked by
solvent molecules (tetrahydrofuran or water) or the coun-
terions. However, without water coordination, the most
suitable ligation around the copper(Ill) and the sodium ions is
achieved by the formation of [CugNas(58b)g(BF4),(THF),](BF4)
[181].

Hs3-59a and H3-59b, prepared by benzoylation or acetylation
of 1-phenyl 1,3,5-hexanetrione or 2,4,6-heptanetrione using NaH
as the base and monoglyme as solvent, form homotrinuclear or

P—

g
A}
g
Cad P
J \J

? (>

homodinuclear copper(ll), nickel(Il) and cobalt(Il) complexes by
reaction with the appropriate metal salt in methanol/water or ace-
tone/water and in the presence of base. Isolation of complexes
with two or three metal ions appears to depend on preparative
details such as the solvent, temperature and base used [181].
The infrared spectra of these complexes are very similar, none
of them exhibiting absorption due to free unchelated carbonyl
groups. The low magnetic moment of [Cuz(59a)3(H,0)3] indicates
intramolecular antiferromagnetic interactions, while the high mag-
netic moment of [Ni3(59a),;(H,0)g] and [Cos(59a),(H20)s] has
been assumed to be indicative of ferromagnetic interactions, sug-
gesting a configuration with the three metal(ll) ions close each
other and bridged by the carbonyl oxygen atoms. The magnetic
behaviour, typical of isolated metal(Il) ions, and the lack of free
carbonyl absorptions in the IR spectra of the binuclear complexes
support a coordination of the two metal ions in the two exter-
nal chambers as found in [Co,(H-59a),(py)4], prepared by H3-59a
and CoCl,-6H,0 in the presence of N(CyHs)s in refluxing ace-
tone under nitrogen followed by crystallization from pyridine,
where the cobalt(Il) ions reside at the 1,3- and 5,7-enolate posi-
tions with the potential third central coordination site vacant
[182].

Fig. 67. Structure of [C0o2(60)2(py)s] [182].
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Fig. 68. Structure of [(UO;);M(59a),(py)s4] (M =Co", Ni'") [183].

Crystallization of this dicobalt(Il) complex from ben-
zene/pyridine in the air causes oxidation of the 4-carbon of
both ligands to carbonyls and the consequent formation of
[Co,(60),(py)s]-4py where the two six coordinate cobalt(Il)
ions, 5.37A apart, are bound to two 1,7-diphenyl-1,3,4,5,7-
heptanepentaonato [60]2~ ligands at the 1,3- and 5,7-positions
via four enolate oxygen atoms from two different [60]2~ ligands
and two axial pyridine nitrogen atoms (Fig. 67). The oxidation
of the 4-carbon atom to carbonyl does not destroy the dianionic
character of the ligand and therefore the complex. No oxidation
was observed in the dinuclear copper(Il), nickel(Il), zinc(II) and
uranyl(VI) and several heterotrinuclear complexes of H3-59a,
indicating that the oxidation to the 1,3,4,5,7-pentaketonate [60]2~
ligand is metal ion dependent rather than due to unusual lig-
and reactivity. This assumption is corroborated by the chemical
behaviour of [Mny(H-59a); ] which is also oxidized to [Mn,(60),],
whose structure is similar to that of [Co,(60),] [182].

In the isomorphous heterotrinuclear complexes
[(UO3),M(59a),(py)s] (M=2Zn!l, cul, Ni'", Co', Fell, Mn"), two
uranyl(VI) ions occupy the two terminal coordination positions
in the molecules with four ketonate oxygen atoms and one pyri-
dine nitrogen constituting the five equatorial donor atoms in
a distorted pentagonal bipyrimidal coordination geometry; the
divalent transition metal ion occupies the central position and is
bound to four ketonate oxygen atoms, which all act as bridging
atoms between the transition metal and uranium atom. In addition
pyridine nitrogen atoms occupy the fifth and sixth coordination
position above and below the plane of the tetraketonates (Fig. 68).
It was suggested that a reasonable precursor to these trinuclear
products is [(UO,);(H-59a),(S),], where the two uranyl(VI) ions
are in the external 0,0, sites, a solvent molecule (S) completing
the pentagonal equatorial coordination of each uranyl(VI) ion.
This could explain the easy and specific preparation of the related
heterotrinuclear complexes from solutions containing different
UO,2*: M2* ratios [183,184].

12. Dinuclear and polynuclear complexes derived from
bis-f3-diketones with a spacer without donor groups

The bis-[3-diketones are tetraketones where two [3-diketonato
moieties are separated by a spacer which does not contain addi-
tional donor groups. The linkage between the two [3-diketone
moieties and the spacer occurs at the position 1 or 2 of the 3-
diketones. In these systems, the two [3-diketonate moieties behave
as two well separated coordinating moieties; hence they give rise
to dinuclear complexation where the two metal ions do not inter-
act each other, a possible interaction occurring only through the

spacer group and/or through additional bridging groups, appropri-
ately added during the synthesis of the related complexes. In these
compounds two keto-enol equilibria can take place according to
Scheme 11.

12.1. Complexes containing an aliphatic spacer

These tetraketones form dinuclear complexes [Mj(L);] or
[My(L)3] where each metal(Il) or metal(Ill) ion lies in one of
the two 0,0, or 0,0,0, coordination chambers formed by two
or three bis-f3-diketonato ligands in consequence of metal ion
encapsulation.

The branched H,-61a..-H,-61d and linear H,-62a.--H;-62c
bis-B-diketones, linked through alkyl chains, were prepared by
reaction of H-5 and the appropriate o,w-dibromoalkane. IR indi-
cates that the shorter branched compounds (H,-61a and H,-61b)
and the linear -diketonates (H,-62a. - -H,-62c) are in a bis-enol
form while the longer-branched analogues (H,-61c and H,-61d)
are in the keto-form [185,186]. In general, both linear and branched
[3-diketones closely resemble the corresponding [3-diketones, once
the increase in molecular mass and the electronic effect of the con-
necting alkyl chain are taken into consideration. The effect of the
alkyl chain depends markedly on the point of attachment: when
this is a terminal carbon atom, only very minor changes in the 'H
NMR in CDCl3 chemical shifts and in the keto-enol or acid-base
equilibria are observed, compared to H-5. When the point of attach-
ment is the central carbon atom, however, a marked downfield shift
of the enolic —OH proton results, together with a drastic lowering
of the enol percentage and of the acidity [187,188].
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These bis-B-diketones (H,-L) react with Cu(X),-nHO0,

(X=CH3C00~, NO3~, C17) in anhydrous ethanol to form [Cu(L)].
The square planar copper(ll) complexes with linear (3-diketone
coordinate pyridine to give rise to the five coordinate, square
pyramidal complexes [Cu(L)(py)] which evolve in ethanol into
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the insoluble square planar polymeric complexes [Cu(L)],. Partial
depolymerisation of [CuL], occurs upon prolonged heating in chlo-
roform. Attempts to depolymerise [CuL], by vacuum sublimation
result only in decomposition [187,188].

The copper(Il) complexes with the branched bis-[3-diketonate
ligands show similar physico-chemical properties but differ
markedly in their solubility: the complexes of H,—61a and H,-61b
are completely insoluble in chloroform while that of H,-61d is
very soluble and that of Hy-61c shows an intermediate behaviour.
The UV-vis spectra of the chloroform solutions thus obtained are
similar to those of the corresponding solids and nearly identical
to that of the bis-(3-hexyl-2,4-pentanedionato) copper(Il) com-
plex. [Cu(61c)] was suggested to be a polymer-monomer mixture,
[Cu(61d)] a bifurcated monomer both in the solid state and in solu-
tion and [Cu(61a)] and [Cu(61b)] polymers as supported by the
occurrence of the parent peak of the monomeric species in the mass
spectrum of [Cu(61d)] and only of fragments in the mass spectra of
[Cu(61a)] and [Cu(61b)] [187,188].

12.2. Complexes containing a phenylene spacer

H,-63a. - -H,-63h have been prepared by Claisen condensation
of a 1:2 mixture of dimethyl-isophthalate or dimethyl-5-
ethoxyisophtalate and the appropriate ketone (acetone, butan-
2-one, pentan-2-one, 3,3-dimethylbutan-2-one, acetophenone,
2-decanone or 2-undecanone) respectively, with an excess of

sodium amide in dry diethyl ether/tetrahydrofuran at low temper-
ature (0°C) [189-191]. These [3-diketones are in the enolic form
in the solid state, as confirmed by the X-ray structure of H,-63d,
and in solution according to 'H NMR spectra in CDCl3 or DMF-d5,
where they are stabilized by the occurrence of O-H---O hydrogen
bonds and by the conjugated nature of this tautomer with respect
to its corresponding bis-keto form. H,-63e adopts a planar struc-
ture as expected to maximize conjugation with the two diketonate
units arranged asymmetrically about the 1,3-phenylene spacer, i.e.
one diketonate is oriented in the opposite direction from the other,
pointing toward different protons around the 1,3-central phenyl
ring [189-191].

H,-63a and the appropriate metal acetate in hot ethanol form
[M»(63a),]-nC;HsOH (M=2zn!, cul!, co', Ni!, Mn!'; n=0,1,2,4),
which turns into [(M,(63a)],-npy, (n=1, 2, 4) in pyridine. Under
similar conditions UO,(NOs3),-6H,0 and VO,(CH3C00),-2H,0
afford [(U02)2(63a)2(C2H50H)2] and [(VO)2(638)2]-2H20.
FAB mass spectra of [(Cu)y(63a);], [(Ni),(63a);]-4H,0 and
[(Zn),(63a),] indicate the occurrence of dinuclear entities.
Although too involatile for mass spectrometry measurements,
also for the complexes with the other metal ions a homodinu-
clear structure was suggested. For the homodinuclear copper(II)
complexes a small exchange coupling through the benzene ring
was proposed while for the nickel(Il) and cobalt(Il) complexes
the magnetic moments are comparable with those expected for
magnetically diluted, octahedral species without no magnetic
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Scheme 11. Bis-f3-diketones with a spacer without donor atoms, their schematic representation and the adjacent chambers and complex formation in consequence of metal

complexation.
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interaction between the two metal ions [189]. Attempts to produce
the related mononuclear complexes were successful only for
[VO(H-63),]-H,0, recovered from the mother liquor after precip-
itation of [(VO),(63a);]-2H,0. According to mass spectrometry
measurements, the subsequent reaction of [VO(H-63a), ] with cop-
per acetate affords [CuVO(63a);] [189]. Th(NO3)4 and H,-63a in
hot ethanol yield the insoluble and involatile complex [Th(63a);],
for which a dinuclear or an oligomeric structure was suggested.

Iron(IIl) salts and H,-63a or H,-63d under basic conditions
yield [Fe,(L)3] where the two iron(IIl) centres are bridged by three
[L]?~ ligands to produce a triple helical arrangement with each
metal ion surrounded by three (3-diketonato fragments. Each din-
uclear complex has homochiral iron(Ill) centres (either A-A or
A-A)equally contained in each crystal (Fig. 69) [190].

[Cuy(63d),(THF),], synthesised by equimolar amounts of
H,-63d and copper(Il) chloride in tetrahydrofuran and in the
presence of base, has two five coordinate square pyramidal cop-
per(Il) ions bridged by two [63d]?>~ ligands. The basal plane
of each copper(ll) ion is filled by four [-diketonato oxygen
atoms while the apical position is occupied by a tetrahy-
drofuran molecule on opposite sides of the mean plane of
the {Cuy(63d),} unit. The structures of [Cuy(63d),(py):]-py
and [Cuy(63d),(dmapy),]-3.25THF, obtained by crystallization of
[Cu,(63d),(THF);] from tetrahydrofuran/pyridine or tetrahydro-
furan in the presence of 4-dimethylaminopyridine (dmapy), are
similar to that of the starting tetrahydrofuran complex with two
pyridine or 4-dimethylaminopyridine ligands replacing the bound
tetrahydrofuran molecules (Fig. 70) [190].

[Cuy(63d),(THF);] and excess 4,4'-bipyridine produce [Cu,
(63d),(bipy), |-2bipy, which does not have an extended bridged
structure, but the same stoichiometry, connectivity and general
stereochemistry as the analogous dinuclear complexes incor-
porating tetrahydrofuran, pyridine or 4-dimethylaminopyridine.
On the contrary, 4,4'-trans-azopyridine (azpy) gives rise to the
one dimensional polymer {[Cuy(63d),(azpy)]-2THF},, where the
copper(Il) ions are five coordinate, square pyramidal with 4,4'-
trans-azopyridine ligands occupying apical positions such that they
bridge adjacent copper(Il) dimer units in a step-like fashion (Fig. 71)
[190].

Fig. 69. Structure of [Fe,(63d)3] [190].

In contrast to the above, [Cu,(63d),(THF);, ] and excess pyrazine
(pyz) form [Cuy(63d)4(pyz), ]-4THF, with the copper(Il) ions again
five coordinate square pyramidal but with the pyrazine ligands
protruding on the same side of the mean plane of each dinuclear

Fig. 70. Structure of [Cu,(63d);(py).] [190].
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Fig. 71. Structure of [Cu(63d)(azpy)], [190].

copper(Il) entity such that bridging between copper centres on
adjacent complexes takes place to produce a discrete tetranuclear
dimer of dimers (Fig. 72) [190].

An analogous structure was found in [Cuy(63d)4(apyz),],
derived from equimolar amounts of aminopyrazine (apyz) and
[Cuy(63d);] in tetrahydrofuran/diethyl ether. The copper(Il) ions
are weakly antiferromagnetically coupled, mediated by the
aminopyrazine linker units, while no coupling occurs across the
benzene rings in each dinuclear component [191].

Under the above conditions, 1,4-diazabicyclo[2,2,2]octane
(dabco) affords [Cuy(63d)4(dabco); ], which contains a tetranuclear
sandwich structure with two dinuclear units approximately planar
and 7.26 A apart, resulting in four, five coordinate copper(Il) centres
[191].

Equimolar amounts of [Cuy(63d),] and 2,2’-dipyridylamine
(dpa)in tetrahydrofuran afford [Cu,(63d),(dpa), ], where each cop-
per(Il) ion is square pyramidal and two 2,2’-dipyridylamine ligands
coordinate trans with respect to each other. Only one of the 2,2’-
dipyridylamine pyridyl nitrogen atoms coordinates to a copper
centre [192].

[Cuy(63d);] and 4,4'-dipyridyl sulfide (dps) form {[Cu;(63d);
(dps),]-2THF}, consisting of one-dimensional chains incorpo-
rating alternate {Cu,(63d),} and dps units in a 1:1 ratio. Each
dinuclear unit is attached to two adjacent units by bridging 4,4’-
dipyridyl sulfide linkers which project on opposite sides of the
dicopper(Il) unit in a mutually trans fashion. The 4,4’-dipyridyl sul-
fide units are bound in the axial sites of each square pyramidal
copper(ll) ion (Fig. 73a) [191].

The same reaction, using 4,4’-(1,3-xylene)-bis(3,5-dimethylpy-
razolo) (xbp) as linker, yields the polymeric product {[Cu;
(63d),(xbp)]-2.2THF}», with the bis-pyrazole units linking
{Cuy(63d);} units in a stepwise manner through square pyramidal
copper(ll) centres (Fig. 73b) [191].

Hexamethylenetetramine (hmt) and [Cu,(63d); ] in tetrahydro-
furan in a 2:3 molar ratio afford [Cug(63d)s(hmt);],, where a
two-dimensional network takes place with the hexamethylenete-
tramine ligand acting as triply bridging unit. Each dinuclear
component incorporates two, five coordinate copper(ll) centres
with one hexamethylenetetramine linker coordinated on either
side of the mean plane of the platform. Each layer in the network
may be viewed as being composed of fused chiral hexagons, each
hexagon being defined by six dinuclear platforms and six hexam-
ethylenetetramine linker units forming infinite two-dimensional
sheets [191].

Crystals of [Co,(63¢),(py)s4]-2.25CHCI3-0.5H, 0 (Fig. 74a), grown
over three days at the interface of a chloroform/pyridine solution of
H,-63c and an aqueous solution of cobalt(Il) acetate, contain two
octahedral cobalt(Il) centres with pyridine ligands occupying both
axial positions and the oxygen donors from two essentially planar
[3-diketone fragments binding in the equatorial positions [192].

Fig. 72. Structure of [Cus(63d)4(pyz)2] [190].
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(C))

(b)

Fig. 73. Structures of {[Cu,(63d),(dps),]-2THF}. (a) and {[Cu,(63d),(xbp)]-2.2THF} (b) [191].

In the isostructural complexes [Co,(63d),(Etpy)4]-0.25H,0,
[Ni,(63d),(Etpy)4] and [Zny(63d),(Etpy)s], derived from H,-63d
and the appropriate metal(Il) acetate in 4-ethylpyridine (Etpy), the
bis-3-diketonato oxygen atoms again occupy the equatorial posi-
tions of the respective metal ions, with the 4-ethylpyridine ligands
bound in each axial site, approximately orthogonal with respect to
each other with - interactions between them [192].

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

(a)

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

For [Zny(63d),(py)2] one irreversible ligand centred oxi-
dation process at +1.465V and another at —1.99V with a
shoulder at —2.16V are observed (reference electrode Ag/AgCl).
[Co,(63d),(py)s] exhibits irreversible oxidation at +1.29 V assigned
to the Co"/Co' metal-centered process and a metal-centered
quasi reversible wave at —1.755V (AE=165mV at 100mVs~!
scan rate) together with additional irreversible reductions, pre-
sumably ligand centred, below —2.0V. [Ni,(63d),(py)4] displays

Fig. 74. Structures of [Co(63c)(py)s] (a) and [Zn;(63d),(Etpy)s] (b) [192].
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a quasi-reversible metal-centered Ni''/Ni'l oxidation at +1.04V
(AE=155mV at 100mVs~! scan rate) and an irreversible reduc-
tion near —1.85 V, somewhat comparable to that reported for
[Ni(5)2(H20),] of —1.70V. [Cuy(63d),] exhibits an irreversible
oxidation process at +1.64V possibly associated to the Cul!/Cull
copper-centered process with a prior wave as a shoulder at +1.35V
and an irreversible wave at —1.26V assigned to a Cul'/Cu! pro-
cess. Other irreversible redox processes are seen below —1.6V,
possibly associated with sequential metal reduction. Oxidation for
[Fe,(63d)3] (+1.43 V)is shifted catodically slightly higher compared
to the process reported for [Fe(5);]. No other processes are observed
before approximately +2 V, where they occur in a similar position to
oxidative processes for the free ligand. [Fe,(63d)3 ] displays a metal-
centered Fell/Fe!' reduction process near —0.7V (Eyj;=-0.745V,
AE=150mV at 100mV s~! scan rate) in agreement with the metal-
centered reduction process occurring in [Fe(3-dike);] followed
by further irreversible waves below —1.0V presumably associ-
ated with other metal centres or the ligand itself. For [Fe,(63e)s3],
two sequential reversible reductions were observed at —0.46 and
—0.58 V. The absence of a second, closely following wave suggests
a single-electron process; alternatively, the two metal-centered
reduction processes are too close to resolve. In these complexes,
assignment as sequential metal-centered processes was not made
with certainty, given the redox behaviour of the ligand itself. Reduc-
tion processes are not substantially shifted from those found for
the zinc(Il) complexes, where the metal ion is electroinactive, sug-
gesting these processes formally involve ligand-centered molecular
orbitals [190,192].

Stoichiometric amounts of H-63e or H,-63f and LnCl3-6H,0
in the presence of N(C;Hs)3 form the triple stranded complexes
[Lny(L)3]-nH,0 (Ln=Eu, Sm, Nd, Y for H,-63e, Ln=Eu, Nd for
H,-63f), while [Hpip],[Euy(63e),] is prepared by altering the
ligand-to-metal ratio to 2:1 and using piperidine as counterion
[193]. The complexes display strong visible (red or pink) or NIR
luminescence upon irradiation at the ligand band around 350 nm,

(@)

depending on the choice of the lanthanide. The luminescence sig-
nals of the dinuclear complexes are up to 11 times more intense
than the luminescence signals of similar mononuclear complexes.
[63e]? is an efficient sensitizer, particularly for the samarium(III)
and neodymium(IIl) ions. Photophysical studies of the europium
complexes at room temperature and 77 K show the presence of
a thermally activated deactivation pathway, attributed to ligand-
to-metal charge transfer (LMCT). Quenching of the luminescence
from this level seems to be operational for the europium(IIl) com-
plex but not for the samarium(IIl) and neodymium(IIl) complexes,
which exhibit long lifetimes. Compared with the triple-stranded
solid state structure of [Eu,(63e)s], the quadruple-stranded com-
plex [Euy(63e)4]2 displays a more intense emission signal with a
distinct emission pattern indicating the higher symmetry of this
complex. The sensitizing properties of the ligands, investigated by
luminescence spectroscopy, show that their 3w-m* state is well
placed to allow energy transfer to europium(IIl), samarium(IIl) and
neodymium(IIl) excited states, following UV absorption. The com-
plexes have long luminescence lifetimes and high luminescence
quantum yields, even in the case of the europium(Ill) complex
where it is shown that the presence of a thermally activated LMCT
pathway acts to deactivate the >Dy state. These results indicate that
the energy transfer process is efficient [193].

Simple [3-diketones were successfully used as extractant in
liquid-liquid extraction studies [192]; analogously, the extrac-
tion behaviour of H,-63c, H,-63d, H,-63e, H,-63g and H,-63h
towards cobalt(Il) and zinc(Il) was studied using the radiotracer
technique both in the absence and presence of 4-ethylpyridine.
At pH 8.7 in the absence of 4-ethylpyridine, cobalt(Il) extrac-
tion ranges from 2 to 13% for the above ligand series, while the
range is 3-53% for zinc(Il). The more lipophilic ligand derivatives
H,-63g and especially H-63h give rise to enhanced extraction.
Furthermore, 4-ethylpyridine considerably enhances the percent-
age extraction and reduces the time required to reach equilibrium
in the presence of stoichiometric amounts of extractants. With the

Fig. 75. Structures of [Cuz(64a);(DMF)] (a), [Ni3(64d)s(py)s] (b) and [Fe4(64c)s] (c) [195].
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addition of 2equiv. (relative to the employed [3-diketone) of 4-
ethylpyridine the extraction of cobalt(Il) and zinc(II), respectively,
markedly increases from 13 to 70% and from 53 to 85% in the case of
H,-63h. The time required to reach equilibrium in the case of the
cobalt(Il) ion is also approximately reduced (from 3 to 1.5 hours).
Using only 4-ethylpyridine at the same concentration the metal
extraction is negligible (<1%.). Both in the presence and absence
of 4-ethylpyridine, these systems show no significant extraction of
metal ions below approximately pH 6 and thus the extracted metal
may be stripped by pH adjustment of the aqueous phase to pH<®6.

Furthermore, extraction of cobalt(Il) and zinc(Il) ions
(1x10-*M) at pH 8.7 under variable H,-63d or H,-63h con-
centration (5x 10~* to 1.5 x 10-3 M) in the presence of a fixed
concentration (2 x 10-3 M) of 4-ethylpyridine, as well as in the
absence of this coligand in the case of the zinc(Il) ion, shows that
mixed 1: 1 and 1: 2 (metal: ligand) species are extracted, their
proportions differing somewhat from system to system. Variation
of the 4-ethylpyridine concentration (2 x 104 to 2 x 10-3 M) while
the other concentrations are held constant carried out to probe
4-ethylpyridine dependence, indicates that in the case of H,-63d
with both the zinc(Il) and cobalt(Il) ions, a metal: 4-ethylpyridine
ratio of approximately 1: 1 occurs while for H,-63h the ratio is
somewhat lower at 0.7 for both the metal ions systems, indicating
some involvement of extracted species where not all metal sites
have an attached 4-ethylpyridine. A pH dependence study for
the Zn''/H,-63h system, employing a pH variation from 7.0-8.8,
indicates that a mixture of singly and doubly deprotonated ligands
are involved in the extraction process. Similar experiments, carried
out in the presence of 4-ethylpyridine (2 x 10-3 M) for both the
cobalt(Il) and zinc(Il) ions over the pH range 7.5-8.7, prove that
4-ethylpyridine influences the stoichiometry of the extracted
species for the zinc ion [192].

Experiments, using H,-63d and H,-63h at a concentration
of 1x1073M in the chloroform phase and a zinc(Il) concentra-
tion in the aqueous phase from 1x107#M to 5 x 10~3M (at pH
8.7), show that, metal:ligand = 1:1 species are extracted with both
ligands in the absence of added 4-ethylpyridine. This ratio, compa-
rable to the corresponding X-ray structure, suggests that, under the
experimental conditions employed, related solid state and organic
phase solution structures occur. The symmetric 'H NMR spec-
trum observed for the zinc(Il) complex of H,-63d also agrees with
this assumption. The same experimental conditions, but also in
the presence of 4-ethylpyridine (2 x 10~3 M), lead to the approx-
imately formation of [M(H-L),] species. Thus, in the absence of
4-ethylpyridine only a 1:1 (M: L) complex, most likely of type
[M3(L);], occurs while in the presence of 4-ethylpyridine the domi-
nant complex in each case correspondstoa 1: 2 (M: L) species, most
likely of type [M(H-L),(4-ethylpyridine)]. These results agree those
obtained in the ligand dependence studies where, under different
conditions, mixtures of 1:1 and 1:2 species are proposed to occur in
both the presence and absence of added 4-ethylpyridine. Overall,
the solvent extraction experiments point to three complex species
being formed in the respective organic phases, with the mix of each
species depending on the conditions employed. In the absence of
4-ethylpyridine both 1:1 and 1:2 (M:L) complexes are proposed to
occur while in the presence of 4-ethylpyridine a 1:2 (M:L) com-
plex appears to be the dominant extracted species in all cases
[192].

Complete extraction of the copper ion and high selectiv-
ity for copper(Il) over the other four metal(ll) ions occur
when equal amounts of water solutions of cobalt(Il), nickel(II),
copper(Il), zinc(Il), cadmium(Il) perchlorate (1 x 10~4M) are
shaken for 24h at pH 7.8 with H,-63d, H,-63g and H,-63h
(1x10-3M) in chloroform. Similar experiments in the pres-
ence of 4-ethylpyridine (2x10-3M, pH 74) again show a

clear selectivity for the copper(Il) ion, although the extraction
of other metal ions is enhanced significantly increasing from
0 to 24% in the case of the zinc(Il) ion with H,-63d and
from 0 to 35% in the case of the nickel(Il) ion with H,-63h
[192].

Stoichiometric amounts of HOOCCH;N[CH;CH;N(CH,COOH)
CH,CONHC3H7], (H3-L), LnCl3-6H,0 (Ln=Eu, La, Y) and
[NH(C;Hs)3]2[63e], derived from the deprotonation of H,-63e
with excess N(C;Hs)3 in dimethylformamide with 1% H,O, lead
to [NH(CyHs)3]2[Lny(63e)(L),], synthesized also by stepwise
assembly of [Ln(L)] and [NH(C;Hs)3], [63e] in 2:1 molar ratio as
confirmed by ESI-MS and NMR spectra in DMF-d;/D,0. [Eu(L)],
upon excitation at 350 nm, shows a very weak luminescence, due
to the lack of any sensitising groups in the complex. Addition of
the sensitizer [63e]2~ leads to an approximately ~200-fold signal
increase. Titration experiments confirm the 2:1 stoichiometry of
[Eu(L)] to [63e]?>~; a similar control experiment, performed by
addition of dibenzoylmethane to [Eu(L)] under the same con-
ditions indicate a 1:1 ratio of dibenzoylmethide to [Eu(L)]. The
luminescence spectrum of the complex from the one-pot assembly
was identical in shape and peak intensities with the spectrum
of the step-wise assembly. The same luminescence signal output
demonstrates that the sensitisation of both the europium(IIl) ions
takes place via the bound bis-didentate ligand by energy transfer
from [63e]2~ to the europium(IIl) ion [194].

TH NMR spectra in CDCl;3 of H,-64a.--H,-64h and H,-65,
derived from Claisen condensation of dimethylterephthalate or
2,6-dimethylnaphthlalene-2,6-dicarboxylate with the appropriate
ketone in dry diethylether in the presence of sodium amide,
indicate that all these ligands exist almost entirely in their bis-
enol tautomeric form, proved by the X-ray structure of H,-64d
where the two 3-diketone fragments are in opposite direction
each other. These ligands react with the desired metal chloride
in tetrahydrofuran or tetrahydrofuran/pyridine and in the pres-
ence of excess Na;CO3 or NaHCO3; to form [Cus(L)3], [Feq(L)s]
and [Gay(64a)s] or [M3(L)3(py)s] (M =Col, Nill, Zn!!), respectively
[195].

Hy-64a CHj
H>-64b C,H;
H>-64¢  C3Hy
H;-64d C(CH3)3
Hj-64e  CgHs
Hy-64f CgH|3
Hy-64g CgH,7
Hy-64h  CoHjg

Hy-65

The similar essentially planar structures of [Cu3(64a);3
(DMF)]-DMF and of [Cus(64a)3]-0.3CH3CN contain three cop-
per(Il) ions at the corners of an equilateral triangle and three
dianionic [64a]~ ligands comprising the sides in the latter com-
plex. While in the latter complex the three copper(Il) ions are
square planar, in the former one two copper(ll) ions are approx-
imately square planar and the third one is square pyramidal,
due to coordination of a dimethylformamide molecule (Fig. 75a)
[195].
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All the solvate complexes [M3(L)3(py)s] (M=Col, zn!l, Nill;
H,-L=H,-64a. - -H,64e) have the same triangular structure some-
what distorted from an ideal equilateral triangle, where each
metal(ll) ion is in an octahedral arrangement with the pyri-
dine ligands occupying the axial sites. In the Ni3 complex
the Ni---Ni distances range from 10.56 to 10.77A (Fig. 75b)
[195].

Cobalt(Il) extraction by H,-64e.-.-H,-64h (H,-L) at pH 8.7
and in the absence of 4-ethylpyridine is negligible (1-2%) for
each member of the above ligand series, while zinc(Il) extrac-
tion ranges from 2 to 35%; H,-64h gives rise to enhanced
extraction. On addition of 2equiv. of 4-ethylpyridine relative
to H,-64h, the cobalt(ll) and zinc(Il) extraction is markedly
enhanced from ~2 to 26% and from 35 to 61%, respectively.
Further, the time for equilibrium to be reached in the case of
cobalt(ll) ion is also approximately halved (from 3 to 1.5h).
Parallel control experiments in the absence H,-64h but at the
same concentration of 4-ethylpyridine indicate a negligible metal
extraction at <1%. Both in the presence and absence of 4-
ethylpyridine, these systems show no significant extraction of
metal below approximately pH 6 and thus stripping may be
achieved by pH adjustment of the aqueous phase to pH<6
[195].

Cobalt(Il) and zinc(Il) extraction (at a fixed concentra-
tion of 1x10~*M) under variable H,-L concentration from
5x 1074 to 1.5x 1073 M in the presence of a fixed concentra-
tion (2 x 1073 M) of 4-ethylpyridine indicates the presence of
[M(H-L);| predominantly. 4-Ethylpyridine dependence studies,
using a variation of the 4-ethylpyridine concentration over the
range 2 x 1004 M to 2 x 10~3 M while the other concentrations are
held constant, suggest that the predominant species extracted
approximates one 4-ethylpyridine coordinated per each metal
centre.

When H;-64h for cobalt(ll) and nickel(Il) ions or H;-64d
for zinc(Il) ion (1 x 10~3 M) in CHCl; are treated with an excess
metal(Il) ion in water, the species occurring in the organic phase
have a 1:1=Zn:H;,-Lratio compatible with the formation of a com-
plex formulated as [M3(L)s]. The presence of 4-ethylpyridine leads
to extracted species with a 1:2 =M:L ratio likely of type [M(L),(4-

Fig. 76. Structure of [Cu3(64b);(4,4'-bipy)(THF)]., [196].

Fig. 77. Structure of [Cu3(64b);(pyz)]. [196].
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ethylpyridine)]. Competitive extractions, carried out at pH 7.8 in the
absence of 4-ethylpyridine using equal concentrations (1 x 10~4 M)
of cobalt(II), nickel(I), copper(1l), zinc(Il) and cadmium(II) perchlo-
rates in water with chloroform solution of the appropriate H,-L
ligand (1 x 10-3 M), show quantitative (100%) extraction of the cop-
per ion with zero extraction of for the remaining four metal ions.
Similar competitive extraction experiment, carried out in the pres-
ence of 4-ethylpyridine (2 x 103 M) at pH 7.4, show effectively
quantitative extraction of copper(Il) across all ligand derivatives. In
contrast, extraction of cobalt(II), nickel(II), zinc(II) and cadmium(II)
was found to be zero in all cases apart from nickel(Il) with H,-64h,
where a marked nickel(Il) extraction enhancement occurs (from ~0
to 63%) [196].

[FE4(64C)6]6THF, [FE4(64b)6]H20, [FE4(G4C)5]6THF, [03.4
(64a)s]-8.5THF have a similar tetranuclear assembly. In
[Fe4(64c)g]-6THF (Fig. 75c) the four iron(Ill) ions are at the
vertices of tetrahedron with the six ligands bridging the metal ions
defining the edges. The structure is maintained in solution. The
six coordinate, approximately octahedral iron(lll) ions are very
weakly antiferromagnetically coupled [195].

[Cu3(64b)3]0.5H,0, whose structure resembles that of the
above similar complexes, reacts with 1.5 equiv. of 4,4-bipyridine
in tetrahydrofuran to form the one-dimensional step-like complex
{[Cu3(64b)3(4,4'bipy)(THF)]-2.75THF} .. One copper(ll) ion of each
trinuclear unit is not axially bound to a 4,4’-bipiridine linker but to
a tetrahydrofuran molecule. The same reaction in the presence of
an excess of 4,4’-bipyridine again originates the same one dimen-
sional step-like polymeric complex, showing the same structures
(Fig. 76) [196].

The smaller pyrazine gives rise to {[Cus3(64b)s(pyz)] THF}«,
whose stepped polymeric structure resembles that with 4,4~
bipyridine. However, in this complex no tetrahydrofuran molecules
are bound to individual copper(Il) centres; thus, two copper(Il) sites
in each triangle are formally five coordinate, while the third cop-
per(ll) 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]-(C2Hs5),0}n, where each copper ion is six
coordinate with three dabco units per triangular complex bridging
axial positions to produce an infinite one-dimensional triangular

prismatic arrangement (Fig. 78) [196].

CN CN

(H3C)2CHO OCH(CH3)2

Hy-67a CH;
H3-67b CH,CH;

o O o O

H,-68

Equimolar amounts of hexamethylenetetramine (hmt) and
[Cu3(64c)3]-2H,0 in tetrahydrofuran afford [Cus(64c)s;(hmt)],,
whose structure reveals neutral three-dimensional network with
both hexamethylenetetramine and {Cus(64c)s} acting as triply-
bridging units. Each triangle incorporates three five coordinate
copper(ll) centres, with three hexamethylenetetramine linkers
coordinated on one side of the mean plane of the triangle. The struc-
ture was ascribed as a network arrangement with an anti-clockwise
helical twist where the crystals are optically active (Fig. 79) [196].

Cyanoacetic diisopropyl ester, triethylamine, dry magnesium
chloride and isophthaloylchloride in acetonitrile at —15°C for 16 h

Fig. 78. Structure of [Cus(64d)s;(dabco)s], [196].
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and work up in 1N HCI afford H,-66, capable to self assemble in
one pot to the triple helicate [Fe;(66)3] when treated with FeCl;
and N(CyHs)s in CH,Cl, (Fig. 80). Each of the two iron(Ill) cen-
tres, 7.09 A apart, is octahedrally surrounded by six oxygen atoms.
The interior of the metallacryptand is not suitable for alkali metal
cations complexation. Cyclic voltammograms of [Fe;(66)s3] display
a quasireversible, one-potential, two-electron transfer process at
Ejj, =—430mV (reference electrode Fc*/Fc), corresponding to the
redox process [Fe;!1(66)3] = [Fel,(66)3]%~ [197].

Reaction of isophthalaldehyde with 2,2,2-trimethoxy-4,5-
dimethyl-1,3,2-dioxaphospholene or 2,2,2-trimethoxy-4,5-di-
ethyl-1,3,2-dioxaphospholene at room temperature and heat-
ing of the resulting intermediate in methanol under nitrogen,
afford H,-67a and H,-67b, respectively, which reacts with a
CH,Cl,/H,0 solution of [Cu(NH3)4]?* to produce the molecular
squares [Cus(67a)4] and [Cus(67b)4], with an edge of 14 A, the
organic bridging groups are at the corners all bent away from
coplanarity while the metal ions are in the center of the sides
(Fig. 81a). The {Cuy4(L)4} squares are parallel and create channels,
filled by solvent whose removal causes a crystallinity loss; the
resulting non-crystalline materials adsorb at room temperature
under hydrogen pressure (75atm) approximately 4.3 and 4.4
molecules of Hy per molecule of complex, respectively. Greater
adsorption was observed at 77 K under lower hydrogen pressure
(43atm) 4.3% for [Cus(67a)s] and 4.2% w/w for [Cuy(67b)s].
These values, among the best recorded for porous metal-organic
compounds, demonstrate that non-crystalline, molecular hosts
can function effectively in H, adsorption [198].

[Cuy(67a)4] and 4,4'-bipy produce the polymeric complex
[Cuy(67a)4(4,4'-bipy);]n (Fig. 81b), with the 4,4’-bipy molecules
intra- and intermolecularly bonded to the molecular square. The
Cu.--Cu distances in [Cuy(67a)4] are longer than those normally
observed in the 4,4'-bipy-bridged complex (ca. 10A). However,
in [Cuy(67a)4(4,4'-bipy), |n the 4,4’-bipy molecules are accommo-
dated by means of smaller distortions at the two copper(Il) ions
and larger distortions at the other two copper(Il) ions. The square
pyramidal environment of the copper(Il)ions favours both changes,
bringing the endo-coordinated copper ions closer together, and the
exo-coordinated ones farther apart [197].

Fig. 79. Structure of [Cus(64c¢)s;(hmt)], [196].

[Cuy(67a)4] and [Cuy(67b)4] readily incorporate Cgg or Cyg
in chlorobenzene, as confirmed by the X-ray structure of
{[Cuy(67b)4-(Cgp)]}, where the ethyl groups of the [67b]?~ ligands
are all oriented toward the Cgg guest; the Cu. - -Cu distances (13.96
and 14.06 A) are slightly smaller than in [Cus(67b)4]. Weak inter-
actions stabilize the host-guest adduct.

The condensation of benzene-1,3-dicarboxaldehyde with 2,4-
pentanedione and subsequent catalytic hydrogenation of the
resulting product affords H,—68 which, on treatment with aqueous
[Cu(NH3)4]%, gives rise to [Cuy(68),] whose structure consists of a
dinuclear assembly with a Cu.--Cu distance of 4.908 A and essen-
tially planar {Cu(f3-diketonato),} moieties (Fig. 82). The addition
of pyridine to [Cu,(68);] gives rise to [Cu,(68),(py)] with the two
pyridine in the external axial positions [199].

Equimolar amounts of [V(X)3(THF)3] (X=Cl=, Br~) or
[V(Cl);(tmeda);] (tmeda=N,N,N',N'-tetramethylethylenediamine)
and [Nay(68)], generated in tetrahydrofuran from H,-68 and
2equiv. of NaH, produce [V,(68),(X),(THF),] (Fig. 83) or
[V2(68),(Cl),(tmeda),;], which have analogous dinuclear enti-
ties with a V...V distance just over 11.66A for the former and
11.444 A for the latter. The [68]2~ ligand orientation again is in an
extended conformation while the remaining sites are occupied by
tmeda [200].

12.3. Complexes containing other aromatic spacers

Claisen condensation of the appropriate precursors in
dry diethylether and in the presence of NaOCH;3 affords
H,-69a. - -Hz—ﬁgd, H,-70, H,-71 and Hy-72a...H;-72¢. An ace-
tone/petroleum ether solution of N(CoHs)s and {Hz[Euy(72a)4)
C,H50H}, obtained from equimolar amounts of H;-72a and
EuCl3 in ethanol, affords [NH(CyHs )3 ]2 [Euy(72a)4].CoHsOH, where
four [72a]?~ ligands bridge the two Og eight coordinate, square
antiprismatic europium(IIl) ions with bidentate coordination to
each metal ion, thus surrounded by eight oxygen atoms of the
four [72a]?~ ligands (Fig. 84). The europium(Ill) complexes with
H,-72a have stronger luminescence and luminescence lifetime
when compared with (3-diketonato (i.e. H-17) and other similar
bis B-diketonate complexes. In the complexes with H,-69a and
H,-72b, substitution of CF3 with C;Fs5 causes noticeable increase
in the luminescence intensity [201].

Fan+1 CnCn Fon+1
(o] 0 0 (@]
n

H,-69a 1
H3-69b 2
Ha-69¢ 3
H5-69d 4

The similar larger ligand H,-73, derived from alkylation of H-5
by 2,7-bromo(methyl)naphthalene, in the presence of an aque-
ous solution of [Cu(NH3)4]%* rapidly turns into [Cuy(73);] with
a Cu---Cu distance of 7.349A and two almost parallel {Cu(B-
diketonato), } moieties which favour m-stacking between adjacent
molecules. [Cuy(73);] changes in solution from olive green to
turquoise on addition of a nitrogen containing coordinating base,
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in consequence of the formation of the related complex: pyridine
and quinoline act as monodentate ligands while the larger binding
constants for pyrazine, 2-aminopyrazine and 1,4-diazabicyclo-
[2,2,2]-octane (dabco) are consistent with endo-coordination,
proved by the structures of [Cuy(73),(-dabco)] (Fig. 85) contain-
ing two square pyramidal copper (II) ions, 7.403 A apart, and of the
2,5-dimethylpyrazine (2,5-CHs-pyz) adduct [Cuy(73),(2,5-CHs-
pyz)]-4CH,Cl, where the square pyramidal copper(Il) ions, 7.554 A
apart, are slightly displaced toward the axial nitrogen atoms.
Hydrogen bonding between the NH, group of 2-aminopyrazine and
the oxygen atoms of the [Cu;(73),] host is probably responsible for
its unusually large binding constant [202,203].

Fig. 82. Structure of [Cu,(68),] [199].

Fig. 83. Structure of [V,(68),(Cl),(THF);] [200].
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4,4'-Bis(bromomethyl)-1,1":3/,1”-terphenyl, synthesized from
4,4'-dimethyl-1,1":3/,1"-terphenyl by radical bromination with
[N(CH3)4](Br)s, allowed to react with 2 equiv. of potassium acety-
lacetonate in tert-butanol, affords H,-74, which reacts with
[Cu(NH3)4](SO4) in HO/CHCI3 to form the macrocycle [Cuy(74)],
large enough to encapsulate and coordinate 4,4’-bipyridine giving
rise to [Cuy(74),(4,4'-bipy)], where the two nitrogen donors occupy
the internal axial positions of the two square pyramidal copper(II)
ions 11.8 A apart (Fig. 86) [204].

12.4. Complexes with related ligands bearing an aromatic or an
aliphatic spacer

Equimolar amounts of H,-75 or H,-76, and [Pt(Cl)4]?~ lead to
cis-|Pt3(75)3] (Fig. 87a) or cis-[Pty(76),] (Fig. 87b) metallomacro-
cyclic assemblies, where the aromatic rings of the isophthaloyl and
terephthaloyl moieties are essentially coplanar with the coordina-
tion environment of the platinum(II) ions. A distorted square planar
geometry about each platinum(II) ion occurs in both cis-[Pt3(75)3]
and cis-[Pt,(75),] [205].

CsF7

Hy-71

F2n+‘ICn CnF2n+1
o O o O
n
H2-72a 1
Hy-72b 2
H>-72¢ 3

195pt NMR studies reveal that I, react with the cis-[Pt3(75)s]
in chloroform at room temperature to yield, by stepwise oxida-
tive addition to each platinum(II) centre, the mixed valence species
CiS-[Ptllzpth(75)3(I)2] and CiS-[PtHPth2(75)3(I)4], and the fully
oxidised cis-[Pt!V3(75)3(I)s], depending on the I,:cis-[Pt!5(75)3]
molar ratio. Treatment of cis-[Pt!',(76),] with iodine results
in facile oxidative addition to yield cis-[Pt!V,(76),(1)4], where
the [76]%~ ligands remain cis-S,0-coordinated to the plat-
inum(IV) centres, with the halides in trans axial positions.
The molecules in the crystal structure of cis-[Pt"Y,(76),(1)4],
have their trans-platinum(IV)-iodo axes essentially aligned, with
very close intermolecular iodide contacts resulting in chains
of weakly bound metallamacrocycles in the solid (Fig. 88)
[206].

An alternative electrolytic synthesis method, using a sim-
ple two-compartment glass cell containing cis-[Pt;(76),] and a
chosen halide salt in dichloromethane, leads to the formation
of cis-[Pt!V(76),(X)4] (X=Cl-, Br) in consequence of the Br,
or Cly in situ release at the anode. In these complexes the
[76]2- ligands remain coordinated in a cis-S,0-fashion, and halide
ions occupy the trans axial sites of octahedral platinum(IV) ions
[205,206].

1H NMR spectra in CDCl; of the chiral ligand H,-77, prepared by
Claisen condensation of the acetone ketal of L-tartaric acid diethyl
ester with 2 equiv. of 4-bromoacetophenone in the presence of
sodium amide, reveal that the ligand adopts the bis-enol rather
than the tetraketo form. In methanol H,-77 forms the structurally
very similar dinuclear complexes [M,(77)3] with iron(Ill) chlo-
ride or gallium(Ill) nitrate. Three [77]%~ ligands bridge the two
octahedral metal(Ill) centers, with a Fe. - -Fe separation of 5.343 A
and a Ga.--Ga separation of 5.448 A, giving rise to a right-handed
A,A-helix (Fig. 89a) [207].

o O o O

Hy-73

The size of the internal cryptand-type cavity is capable to bind
lithium cations, but is too small for sodium or potassium cations.
Mass and NMR spectra in CDCl3 show that uptake of LiClOg4, but not
of NaClO4 or KCIO4 by [M3(77)3] (M=Ga'll, Fel') occurs with the
consequent formation of [M;Li(77)3](ClO4) [207].

H,-77 and 0.3 equiv. Ni(CH3COO),-4H,0 in refluxing pyridine
for 3.5h afford [H-py]»[Niy(77)3] with [Niy(77)3]*>~ presumably
adopting aright-handed (A A) triple-stranded dinuclear helicate as
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Fig. 84. Structure of [Euy(72a)4]>~ [201].

found for the corresponding neutral complexes [My(77)3] (M =Gall,
Fe'l). When H,-77 is reacted with 1.5 equiv. of Ni(CH3C00),-4H,0
in pyridine, [Ni3(77),(CH3C00),(py)2] takes place (Fig. 89b). The
nickel ions possess a distorted octahedral coordination geome-
try with the [77]%~ ligands occupying the equatorial positions.
The two external metal ions are coordinating to the [3-diketonate
units of the [77]?~ ligands, while the third one is included in the
centre of the molecule binding to the internal carbonyl oxygen
atoms of the 3-diketonates which bridge the central and the ter-
minal nickel ions. Also the acetate groups bridge the central and
the terminal nickel(I) ions. The terminal metal centres are sat-
urated by coordination of a pyridine each. In this arrangement

Fig. 85. Structure of [Cu,(73),(dabco)] [202].

the Ni—-Ni-Ni axis is close to linear and separations of 3.060 and
3.065 A are observed between the central and the terminal nickel
ions and. While UV-vis spectra of Hy-77, [py-H],[Ni>(77)3] and
[Ni3(77),(CH3CO0), (py)2] in dichloromethane are very similar,
circular dichroism indicates significant difference in the geometry
of the coordinated ligands. The conformational differences of the
ligands in [Ni3(77),(CH3CO0),(py)2] and [H-py]2[Niy(77)3] causes
fluorescence in the former complex in dichloromethane at room
temperature, while the latter one is nonemissive under similar
conditions [208].

Hy-77a reacts with Tb(NO3)3-6H,0 in ethanol and in the
presence of N(CyHs);3 to afford the triple-stranded helicate
[Tby(77a)3(H20),] which evolves into [Tby(77a);(DMF);] when
recrystallized from dimethylformamide. The slow substitution
of dimethylformamide by OP(CgHs),CH,CH;(CgHs),PO (L) gives
rise to the polymeric complex [Tby(77a);3(L)], which results also
by direct assembly of a mixture of the ligand and the ter-
bium(III) salt at 78°C in ethanol. The dinuclear helical complexes
consist of a {Tby(77a);} fragment, capped by two monoden-
tate water or dimethylformamide ligand, respectively. Both the
seven coordinate terbium(Ill) ions are in a monocapped octa-
hedral environment completed by six oxygen atoms of three
[-diketonate moieties from the [77a]~ ligands (Fig. 90a). The
polymeric complex [Tby(77a)s(L)], consists of infinite paral-
lel chains, formed by helical {Tb,(77a);} units bridged by L
ligands, the structure of each {Tb,(77a)3;(L)}, fragment resem-
bling those of the related dinuclear complexes (Fig. 90b)
[208].
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13. Dinuclear and polynuclear complexes derived from
bis--diketones with a spacer bearing additional donor
atoms

These tetraketones contain two [3-diketonato moieties, linked
at the 1 or 2 positions of a spacer bearing additional donor

SPACER —

AV

atoms. They can for the homo-[M3!(L),]?* or-[M3"(L);]?* and
especially the heterotrinuclear [M,M’(L), ]2* or [MyM’(L)3 ]** com-
plexes, where the two equal metal(Il) or metal(Ill) ions lie in
the two external 0,0, or 0,0,0, sites and the hetero metal
ion M’ in the inner 0,X;0, or 03X;03 (X=N, O, n=1, 2) site
with the metal ions close enough to interact each other. Of

S e

YT
NS \Mgo
P
v ¥@_J

0;X303

0,050,

M = M' homotrinuclear
M # M' heterotrinuclear
M' = 0 homodinuclear

X
o RN F W/ % :
o o ‘¢ o | Yo~ - P

o) O

Scheme 12. Bis-(3-diketones with a spacer bearing donor atoms, their schematic representation and the adjacent chambers and complex formation in consequence of homo-

or heteronuclear complexation.

Fig. 86. Structure of [Cu,(74),(4,4'-bipy)] [204].
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Fig. 87. Structures of cis-[Pt3(75)s] (a) and cis-[Pt2(76)2] (b) [205].

course homodinuclear complexation at the two external cham- 13.1. Complexes with a spacer containing thioether or aliphatic

ber is feasible, giving rise to [M;!(L);] or]M,!(L)3] structural amine donors

arrangements comparable to those observed with the related bis-

[3-diketones linked to a spacer without additional donor groups H,-78a.--H,-78c react with [Ru(H)(Cl)(CO)(PPh3)3], [Ru(H)
(Scheme 12). (C1)(CO)(PPh3)2(py)] [Ru(H)(CI)(CO)(PPh3),(pip)] or [Ru(H)(CI)

Fig. 88. Structure of cis-[Pt(76),(1)4] [206].
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Fig. 90. Structure of [Tb,(77a);(H20),] (a) and [Tb2(77a)3{OP(C5H5 )2CH,;CH,(CgHs )2 PO}]QL (b) [208].

(CO)(PPh3);(mor)] in a 2:1 molar ratio in benzene to form
[Ruy(L)2(Cl1)2(CO)2(PPh3)a(L),]  (L=triphenylphosphine (PPhs),
pyridine (py), piperidine (pip), morpholine (mor)), where the
[L]?~ ligands act as bridging groups with the thioether donor not
coordinated to the octahedral ruthenium(III) ions [209].

Cyclic voltammetry of the octahedral complexes [Ruy(L),(X)
(L)4] (X=Cl=, Br—; L=PPhs, AsPhs), derived from H,-78a.--
H,-78c and [Ru(X)3(PPhs)s], [Ru(X)3(AsPhs);], and [Ru(Br);
(PPh3),(CH30H)] in benzene and in a 2:1 ratio in acetonitrile at a
glassy carbon working electrode, using s.c.e. as reference, exhibits
two successive quasi reversible or irreversible couples at positive
potential due to the oxidations: Ru'Ru! < Ru"Ru!Y < RulVRulV.
Theirreversible oxidation was assumed to be due to oxidative disso-
ciation of the ligands, occurring at the ruthenium(IV) centre. These
ruthenium(Ill) complexes catalyse the oxidation of CgH5CH,OH
and cyclohexanol to CgH5CHO and cyclohexanone respectively

Fig. 91. Structure of [Fe,;K(82c)s;]* [216].

using N-methylmorpholine-N-oxide as cooxidant. Furthermore,
the ligands and the majority of the complexes have antifun-
gal activity; in particular they show growth inhibitory activity
against the bacteria Escherichia coli, Bacillus sp. and Pseudomonas sp.
[210,211].

H,-79, prepared by reaction of H-5 and S,Cl,, breaks down in
the presence of [Ru(5);(CH3CN), ] in acetone at 25 °C under argon
forming [Ru(5),(79a)], where [79a]~ behaves as an O,S chelat-
ing ligand. However, when the same reaction is carried out under
reflux, two isomers of sulfur-bridged binuclear [Ruy(5)4(j~79b)]
are obtained, where [79b]- behaves as a 0,5,0-bridging and
chelating ligand. In addition, an orange fraction occurs, iden-
tified according to mass spectrometry as the [79]?~-bridged
di-ruthenium(Ill) complex [Ruy(79)(5)4]. A similar reaction of
[Ru(7);(CH3CN), | with H»-79 under refluxing conditions in ace-
tone yields two isomeric binuclear complexes, identified as the
racemic and meso forms of [Ruy'(7)4(79b)]. The X-ray structure
of racemic (A, A and A, A) and the meso (A, A) forms of
[Ruz(5)4(—-79b)] confirm the above reported structure: in both
complexes the sulfur atom of the [79b]2~ ligand bridges two octa-
hedral ruthenium(IIl) ions. There is no difference in the electronic
spectra of the meso and racemic isomers of the dinuclear complexes.
The X-ray photoelectron spectra (XPS) and cyclic voltammetric
studies of the mononuclear complex indicate the presence of the
ruthenium(IIl) ion whereas the spectra of all of the binuclear
complexes indicate the presence of both ruthenium(IIl) and ruthe-
nium(Il) species. Electrochemical data show that the binuclear
complexes do not have distinct Ru!! and Ru' ions, whereas the
valence averaged of the oxidation state is 2.5 on each ruthenium
ion, 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)(DMSO0)], prepared by reaction of equimolecular amounts
of [VO(5),] and the H,-79 in pyridine or dimethylsulfoxide, respec-
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tively. No V...V magnetic interaction occurs in these complexes

[213].
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In the isomorphous high spin complexes [M(80)(H,0),]-H,O
(M=Co"l, Ni'), obtained by the related metal(ll) acetate and
H,-80 in methanol/acetone, [80]2~ coordinates via the two sul-
fur atoms but uses only two oxygen atoms for binding to the
pseudo-octahedral metal(Il) ion. The sulfur donors are mutually
cis while the two bound [(3-diketone oxygen atoms are trans. The
remaining two coordination sites are occupied by water molecules
[214].

The four ketonic moieties of H,-81 are at the appropri-
ate positions to form homo- or heterotrinuclear complexes in
addition to homodinuclear ones. Equimolar amounts of H,-81
and the appropriate metal(Il) acetate or uranyl(VI) nitrate
hexahydrate in ethanol give [Zn,(81);], [Cuy(81);]-2H,0 and
[M2(81),(H,0)4]-2H,0 (M=Nill, Mn'!) or [(UO,);(81),(C2H50H), ],
sparingly soluble in non coordinating solvents and more soluble in
dimethylsulfoxide or pyridine where they form the related adducts
as found for [(UO, ),(81),(py)2] and [(UO; ),(81),(dmso); |. Further-
more, UV-vis spectra of the copper(ll) and nickel(Il) complexes
in dimethylsulfoxide show the occurrence of a five coordinate
copper(Il) and a non-planar high spin nickel(Il) species. For all
these complexes a dinuclear structure was proposed , also tak-
ing into account that they are easily converted into the trinuclear
ones [M3(81), (OH)(H,0),](Cl04) (M = Cul!, Ni''), when treated with
equimolar amounts of the appropriate metal perchlorate. The same
trinuclear complexes have been obtained by reaction of the ligand
H,-81 with the appropriate metal salt in a 2:3 molar ratio. The
dinuclear complexes exhibit physico-chemical properties typical
of isolated [-diketonato compounds without magnetic coupling
between the two metal(Il) ions while in the trinuclear species (for
instance in the trinuclear copper(Il) complexes), antiferromagnetic
interactions take place, indicating that the metal ions are close each
other [215].

13.2. Complexes with a pyridine spacer

Equimolar alcohol solutions of H,-82a and copper(ll) or
uranyl(IV) acetate or vanadyl(IV) sulfate precipitate [M;(82a),
(solvent),](n=0,2), while the complexes [M,(82a),(py)4] (M= Coll,
Ni'l) are conveniently prepared by refluxing equimolar quantities of

the ligand and the appropriate metal(Il) acetate in pyridine. UV-vis
spectra indicate that in [Cuy(82a),] the copper(ll) ions are square
planar while in [M,(82a),(py)s] (M=Nil, Co'") the metal(Il) ions
are octahedral. The magnetic moments indicate the occurrence of
a weak antiferromagnetic interaction in these dinuclear complexes
[215].

A mixture of [Cuy(82a),] or [Niy(82a),(py)s] and a slight
excess of Ba(SCN), in hot ethanol gives [CuyBa(82a),(SCN);]
and [NiyBa(82a),(SCN),], respectively, which presumably have
a discrete trinuclear structure with the barium(Il) ion in
the inner coordination chamber. If KNCS is used, only the
starting binuclear precursors are recovered. Furthermore, dis-
crete homotrinuclear [Zn3(82a)(CH3C0O0),] and heterotrinuclear
complexes [M,M'(82a),]%* (M =Cull, Nill; M’ =Zn!, Bal') or polynu-
clear manganese(ll) complexes, particularly [Mns(82a);]** and
[Mng(82a)s(0),], have been suggested to occur [215].

H,-82a.--H,-82d and iron(Ill) chloride in the presence of the
appropriate metal salt yield [Fe,M(L)3](X), (M=K! n=1; Ball, Sr!!
n=2; Lall' n=3), where the guest cation M™* is encapsulated in the
cavity of the bicyclic dinuclear {Fe(L)3} host. In [Fe;K(82c)3|(PFg)
(Fig. 91) the potassium ion is nine coordinated by six oxygen and
three nitrogen atoms of the three ligands. The ligands are coordi-
nated in a helical fashion to the octahedral iron centers which are
7.01 A apart. In the chiral complex [Fe,K(82¢);]* either a (A,A)-fac
or (A,A)-fac {2}-iron cryptate occurs. Also in [Fe, K(82d); ][Fe(Cl)4]
the cation is a racemic mixture of the helical (A,A)-facor (A,A)-fac
{2}-iron cryptates. In [Fe;Ba(82b)3]%* the barium ion is 11 coordi-
nated by six oxygen and three nitrogen atoms of the three ligands
and two additional tetrahydrofuran molecules, situated between
each of the two ligand strands. [Fe,Ba(82b);]2* is helical with either
(A,A)-fac or (A,A)-fac coordinated iron centers, comparable to
[Fe,La(82b)3]3* [216].

0.75equiv. of H,-82b..-H,-82d and 1equiv. of the related
metal(ll) dichloride form the bis(triple-helical) complexes
[Mg(L)s(0)3] (M=Mn'", Co'l, cd") with a core of eight octahe-
dral metal(Il) ions, forming a twofold capped, slightly twisted
trigonal prism with a w3-0%~ ion centered in each of the two
inner faces. All the six [L]?~ ligands link to three metal(ll) ions.
The two antipodal metal(II) ions are coordinated by three ;- and
three w,-oxygen chelate atoms of three ligands. However, the six
metal centres, constituting the trigonal prism, are coordinated by
one pyridylene nitrogen and two -chelate oxygen atoms. Two
extra u3-02~ ions complete the coordination of the metal(ll) ions
(Fig. 92) [216].

The one-pot reaction of H;-82a, Cu(NOs3);-3H,0, Ln(NO3)3-
6H,0 and N(C,Hs)3 gives rise to [Cuy;Ln(82a),(NOs3)3] (Ln=Y, La-
Lu), where two [82a]?~ ligands sandwich two copper(ll) ions
via the 1,3-diketonate sites and one lanthanide(Ill) ion via the
2,6-diacetylpyridine site. Each five coordinate square pyrami-
dal copper(Il) ion has a water, methanol or dimethylformamide
molecule at the axial site while the 0,0, equatorial coordination is
formed by the four oxygen atoms of two diketonate moieties of two
different [82a]%~ ligands and the 10 or 12 coordinate lanthanide(III)
ion has an equatorial O4N, hexagonal site formed by four oxygen
and two nitrogen atoms of two diacetylpyridine entities and two
or three nitrate ions bonded above and below the equatorial plane
[217,218].

The structures of these complexes have been classified into three
types (A, B, and C) with respect to the geometry about the central
lanthanide(IIl)ion: in type A the three nitrate ions are bonded to the
lanthanide ion; the type B (further subdivided in B1, B2 and B3) has
two coordinate nitrate ions above and below the lanthanide ion;
in the type C one dimethylformamide molecule is bonded to the
lanthanide(III) ion along with two nitrate ions. The type A and B
complexes were obtained by slow crystallization from methanol,
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Fig. 92. Structures of [Mg(82b)s(0)3] (M =Mn'", Co", cd") [216].

whereas the type C complexes were obtained by crystallization
from dimethylformamide [217,218].

The type A structure, found only in [CuyLa(82a);(NOs3);
(CH30H);]-CH3OH (Fig. 93), consists of 2 equiv. copper(Il) ions with
the methanol molecules on the same side with respect to the equa-
torial plane and a 12 coordinate lanthanum(III) ion axially bonded
by three bidentate nitrate groups: two on one side and one on the
other side with respect to the equatorial plane. The two [82a]%~
ligands of the {Cu,La(82a),} moiety are twisted at the lanthanide
ion. The Cu---La and Cu- - -Cu separations of the trinuclear core are
3.648 and 7.153 A, respectively. The shortest Cu. --Cu, Cu---La, and
La.--La intermolecular separations are 7.152, 8.577, and 9.393 A,
respectively [217,218].

[CuzLu(82a),(NO3),(CH30H)(H;0)](NO3)-CH30H (Fig. 94) is an
example of the B1 type: the two non-equivalent copper(ll) ions
have an axial methanol or water molecule, respectively, in oppo-
site position with respect to the equatorial plane. The 10 coordinate

lutetium(IIl) ion has two axial bidentate nitrate on opposite sides
with respect to the equatorial coordination plane. Within the non
coplanar trinuclear {Cu,Ln(82a), } moiety the intermetallic Cu. - -Lu
distances are 3.625 and 3.629A, while the Cu---Cu separation
is 7.252A. The shortest Cu---Cu, Cu---Lu, and Lu---Lu inter-
molecular separations are 7.168, 6.9621, and 7.305 A, respectively
[217,218].

The type B2 structure, observed in [Cu,Nd(82a),(NOs),
(CH30H),](NO3)-3CH30H (Fig. 95), is essentially the same as
that of the CupLu analogue. One methanol molecule coordi-
nates each equivalent copper(ll) ion and the Cu.--Nd and Cu---Cu
separations in the two molecules present in the unit cell are
3.650 and 7301, 3.641 and 7.282A, respectively. The trinu-
clear {Cuy;Nd(82a),} moiety is coplanar with respect to the two
[82a]2- ligands. The shortest Cu. - -Cu, Cu- - -Nd, and Nd. - -Nd inter-
molecular separations are 7.323, 7.177, and 7.341 A, respectively
[217,218].
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Fig. 93. The type A structure of [Cu,La(82a),(NO3)3(CH30H), ] [217].

The Cu;Gd and Cu,Ho complexes (Fig. 96) have the B3
type structure. In [Cu,;Gd(82a),(NOs3),(CH30H);](NO3)-CH30H
one methanol molecule fills the axial site of each copper(ll) ion
while the 10 coordinate gadolinium(IIl) ion, located at an inver-
sion center, has two bidentate nitrate ions. The trinuclear core
forms a planar structure with intermetallic Cu---Gd and Cu.--Cu
separations of 3.469 and 7.298 A, respectively [217,218]. In the
similar complex [Cu;Ho(82a),(NO3 ),(CH30H)(H,0)](NO3)-CH3OH
each copper(Il) ion has a methanol or water molecule at the apical
position while the coordination about the holmium(IIl) ion par-
allels that of the gadolinium(IIl). The intermetallic Cu.--Ho and
Cu. - -Cu separations are 3.637 and 7.273 A, respectively. The short-
est Cu---Cu, Cu---Ho and Ho---Ho intermolecular separations are
7.520, 7.2283 and 7.5524 A, respectively [217].

The Cuyla, Cuy;Nd, CuySm, CupCu and Cu,Gd complexes,
obtained by crystallization of [CuyLn(82a);(NOs3)3;(CH30H);],
[Cuan(SZa)z(N03)3(CH3OH)2] (NO3 ), (LH=Nd, Sm, Gd), and

[CuyEu(82a),(NO3);](NO3), from dimethylformamide, show the
type C structure of [Cu;Sm(82a),(NO3)3(DMF); ]-DMF.0.5(C,Hs),0
(Fig. 97), where the copper(Il) ions have a dimethylformamide oxy-
gen or an oxygen of a monodentate nitrate group at the apical
position, respectively. The 10 coordinate samarium(III) ion is sur-
rounded by one bidentate nitrate ion and one monodentate nitrate
ion, located on the same side with respect to the equatorial plane,
and one dimethylformamide molecule. The intermetallic Cu. --Sm,
Cu---Sm, and Cu---Cu separations are 3.616, 3.685, and 7.254 A,
respectively. The shortest Cu.--Cu, Cu---Sm and Sm---Sm inter-
molecular separations are 7.410, 8.437 and 8.848 A, respectively
[217].

The similar one pot reaction of equimolar amounts of
H,-82a, Ni(NOs3),-6H,0 and Ln(NOs3)3-nH,0 in methanol con-
taining N(C,Hs); affords different crystalline types (A-D) of
[Ni,Ln(82a),(N0O3),(H,0)4], with two [82a]2~ ligands sandwich-
ing two six coordinate nickel(II) ions by the terminal 1,3-diketonate

Fig. 94. The type B1 structure of [Cu,Lu(82a),(NOs3);(CH3OH)(H,0)]* [217].
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Fig. 95. The type B2 structure of [Cu;Nd(82a),(NOs3 ),(CH3O0H), ]* [217].

sites and one 10 coordinate lanthanide(IIl) ion by the central 2,6-
diacylpyridine site to afford a {Ni,Ln(82a),} core of a linear NiLnNi
structure [218].

In the type A [Ni,Ln(82a),;(NO3),(CH30H)4](NO3)-CH30H
(Ln=La, Ce, Pr, Nd, Sm, Eu, Gd), the {Ni,Ln(82a),} core affords
a N,04 hexagonal base for the lanthanide(IIl) ion together with
two bidentate nitrate groups above and below this base and an
04 tetragonal base for the nickel(Il) ion each with two methanol
molecules at the axial sites. In the Ni,Gd complex the Ni.--Gd
and Ni---Ni separations are 3.692 and 7.383 A, respectively. The
other Ni---Ln and Ni---Ni distances are comparable (Fig. 98)
[218].

In the type C [Ni;Ln(82a),(NOs3)3(CH30H)4] (Ln=Gd, Tb, Dy)
the 2 equiv. nickel(Il) centres have two methanol molecules at the
axial sites while the lanthanide(III) ion has two unidentate and one
bidentate nitrate groups (Fig. 100) [218].

In the type D [NiyLn(82a);(NOs3);(H,0)(CH30H)3](NOs)
(C3H5)2,0-CH30H (Ln=Ho-Lu), two bidentate nitrate groups link
to the lanthanide(IIl) ion while the apical position of the two non-
equivalent nickel(Il) ions are filled by two methanol molecules
or one water and one methanol molecule, respectively (Fig. 101)
[218].

Obviously the size of the lanthanide(Ill) ion is a dominant
factor determining the trinuclear core structure. Large La'l-Nd!!

In the type B [Ni;Ln(82a),(NO3 ),(H,0),(CH30H); ](NO3)2H,0-CH3Okbns (ionic radius 1.06-0.99 A) preferentially afford type A, and

(Ln=Sm, Eu, Gd), the two non-equivalent nickel(Il) ions have one
water and one methanol molecule at the axial sites, cis with respect
to the basal plane. The Ni.--La distances are shorter than those
occurring in the type A (Fig. 99) [218].

subsequent Sm'-Gd!! ions (0.96-0.94 A) afford both type A and
type B. Type C is produced with Gd"'-Dy'! jons of medium size
(0.94-0.91 A), and type D is produced with small Ho'"-Lu!" jons
(0.89-0.85A). The {Ni,Ln(82a),} core is essentially coplanar in

Fig. 96. The type B3 structure of [Cu;Ho(82a),(NOs3 ), (CH3OH)(H,0)]* [217].
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Fig. 97. The type C structure of [Cu;Sm(82a),(NO3)3(DMF),] [217].

type A, whereas it shows a distortion in types B, C and D in the
increasing order B<C<D. This distortion is the necessary result
when the central N, O4 cavity accommodates a small lanthanide(III)
ion while maintaining the terminal nickel geometry with ordinary
bond distances. The terminal nickel(II) ions keep their geometries
while allowing an optimal coordination environment for the cen-
tral lanthanide(III) ion. A comparison of the structures of the Ni,Ln
complexes with those of the analogous Cu,Ln complexes shows
that in the latter ones the {Cul! bis(1,3-diketonato)} moiety prefers
a planar geometry irrespective of the kind of lanthanide(IIl) ion
[218].

The cryomagnetic properties of the Cu,Ln trinuclear complexes,
in the temperature range of 2-300 K under an applied field of 500
G, were analyzed also in comparison with the Cu,La, CuyLn, and
Cu,Y complexes with a diamagnetic lanthanide(III) or yttrium(III)

ion or with the Zn,Ln analogues, neglecting the magnetic inter-
action between adjacent trinuclear units because of significant
metal-metal separations (>7.1 A). The Cu,La, CuyLu and Cu,Y com-
plexes show a weak antiferromagnetic coupling (J=-0.51, —0.39
and —0.47 cm~! respectively), supported also by studies on the field
dependence on magnetization for these complexes. The magnetic
moment of the Cu,Gd complex (8.30 wB) very close to the spin-
only value (8.30 pp) increases with decreasing temperature up to
9.74 g at 3K: ferromagnetic interaction (J=+1.4cm~!) was found
between the copper(Il) and gadolinium(IIl) ions corroborated also
by the field dependence of the magnetization while the negative
¥-value (—0.11 K) means an antiferromagnetic interaction between
the two terminal copper(Il) ions. The temperature variation of the
magnetic moment and the field dependence of the magnetization
suggest an antiferromagnetic interaction between the copper(Il)

Fig. 98. The type A structure of [Ni,Gd(82a),(NO3 ),(CH30H)4]" [218].
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(o)

Fig. 99. The type B structure of [Ni,Gd(82a),(NOs)2(H20)2(CH30H),]* [218].

and lanthanide(III) ions for Cu,Ce, Cu,Pr, Cu;Nd, and Cu;Sm and a
ferromagnetic one for Cu,Tb, Cuy Dy, CupHo and CuyEr [217].

Magnetic studies for the NiyLa and Ni,Lu complexes indicate an
antiferromagnetic interaction between the terminal nickel(II) ions.
A magnetic analysis of the Ni; Gd complex indicates a ferromagnetic
interaction between the adjacent nickel(Il) and gadolinium(III)
ions and an antiferromagnetic interaction between the terminal
nickel(II) ions. For the other Ni,Ln complexes, the Ni'l-Ln'! inter-
action is weakly antiferromagnetic for Ln=Ce, Pr, and Nd and
ferromagnetic for Ln=Gd, Tb, Dy, Ho and Er [218].

H-82b, CaH, and Cu(CH3COO), in methanol afford
[CuyCa(82b),(CH3C0O0),(CH30H), ], where the calcium(Il) ion is
encapsulated at the center of the {Cu,(82b),} moiety coordinated
by two acetate anions. The two crystallographically equivalent
copper(Il) ions are tetragonal pyramidal, each with two pairs of
oxygen donors and one molecule of methanol. In contrast, H,-82b,
copper(Il) acetate and cesium carbonate in methanol form the one-
dimensional polymer {[CugCsg(82b)g(CH3C00),4](CH3C0O0),}x
whose individual modules contain two concave {Cu,(82b),}

metallacoronands linked by two bidentate acetate ions, resulting
in a tetragonal pyramidal coordination of the four copper ions.
Endohedral encapsulation of two cesium ions and two molecules
of ethanol into the thus formed container {Cu,4(82b)4(CH3C0O0),}
then gives the cryptate [CusCs;y(82b)4(CH3C00),(C,H50H),].
Exohedral coordination of a further cesium ion to
the cryptate generates the self-complementary unit
{Cu4Cs3(82b)4(CH3C0O0),(CaHsOH), }*. Linkage of these building
blocks alternately rotated by 90° finally affords the dicationic
monomer [CugCsg(82b)g(CH3C00)4(C;H50H),]2* of the one-
dimensional coordination polymer. An interesting feature of this
polymeric complex is the formal encapsulation of a cesium acetate
dimer between the two concave {Cu,(82b),} metallacoronands
with a very short Cs: - -Cs distance of 3.75 A (Fig. 102) [219].

The isomorphous complexes {[Co,Ln(82a),(H,0)4][Cr(CN)s]}-
nH,0 (La, n=3; Gd, n=4), derived from [Co,Ln(82a),(NO3)3]-4H,0
(Ln=Lal, Gd"") and K3[Cr(CN)s] in water, show a trinuclear
{Co,Ln(82a),(H,0)4}3* unit with a linear CoLnCo core, held by
four enolate bridges between two [82a]?~ ligands. Each elon-

Fig. 100. The type C structure of [Ni, Gd(82a),(NO3)3;(CH30H)4] [218].
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Fig. 101. The type D structure of [Ni;Lu(82a),(NOs3),(H,0)(CH3OH);]* [218].

gated octahedral cobalt(Il) ion is located at the B-diketone sites
of [82a]2~ with two axial cyano nitrogen atoms. The 10 coordinate
lanthanide(IIl) ion in the 2,6-diacetylpyridine site has four water
molecules above and below the {Co,Ln(82a),} plane. Four equato-
rial cyano groups of [Cr(CN)g]?~ coordinate to adjacent cobalt(Il)
ions to form a 2D grid layer extended by Cr-CN-Co linkages. The
{Co,Ln(82a),} moiety is not planar and the two ligands show a sig-
nificant twist with respect to the central lanthanide(III) ion. Also the
two {Co04} planes in the trinuclear unit are not coplanar (Fig. 103).
Magnetic susceptibility measurements indicate an onset tridimen-
sional ferromagnetic ordering [220].

13.3. Complexes with a polyether spacer

H,-83a and H,-84b, bearing two [(3-diketones at both termi-
nals of a polyethylene glycol framework, form [M(L)] (M =Cu", zn'")
with the metal ion coordinated by two 3-ketoenolate groups. These
complexes have been used for the extraction of alkali metal picrates
from water into chloroform [Cu(83a)] and [Cu(83b)] are selective
in the extraction of the sodium and the potassium ion, respec-
tively, exhibiting selectivity for ionic diameters based on cavity
size. In these complexes contributions from two anionic oxygen
atoms each from two [3-ketoenolate units and three or four neutral
oxygen atoms in the polyether linkage afford the most appro-
priate and selective binding site to these alkali metal ions. The
partition coefficients of Na* and K* picrates were negligibly small
when H,-83a and H,-83b were used in their free or K* salt forms
[221].

H,-83c, copper(ll) acetate and a large excess of the desired alkali
metal acetate in methanol give [Cu,;M(83c),(CH3C00)]-2CH30H
(M=K, Rb!, Cs"). In the potassium complex the two square pyrami-
dal copper(Il) centres are linked to four oxygen atoms of the [83¢]2~
ligands and to the oxygen of a methanol molecule, affording a
[22]-metallacrown-[8]-system wrapped around the central potas-
sium ion which is coordinated by four carbonyl oxygen and four
ethyleneglycol oxygen donors. Coordination of an acetate group
completes the coordination about the potassium ion. Thus, this
complex can be described as a double-stranded helicate encapsu-
lating a potassium ion (Fig. 104) [222].

A methanol solution of H,-84a and nickel(Il) acetate in the
presence of a large excess of template cesium acetate separates

{Cs[Ni,Cs(84a)3]} with a [Niy(84a);]*>~ core composed of two
Og octahedral nickel(Il) centres linked by three [84a]>~ dian-
ions. The resulting {2}-metallacryptands are homochiral with
either (A,A)-fac or (A,A)-fac configuration at the nickel cen-
tres. They hold a cesium ion in the void, coordinated by six
carbonyl oxygen and six catecholate oxygen donors. Charge com-
pensation of the {2}-metallacryptates [Ni,Cs(84a)s3]~ is achieved
through external cesium ions to give Cs[(A,A)/(A,A)Ni,Cs(84a)s]
which self-aggregate alternating across the external cesium ions
to give the one-dimensional meso-{Cs[Ni,Cs(84a)s]}-2CH30H],,
where the external cesium ions are coordinated to two sets of three
peripheral carbonyl oxygen donors and two methanol molecules
(Fig. 105) [222].

The one-dimensional polymer rac-{Cs[Mg,Cs(84a)s]},, orig-
inating from H,-84a, Mg(CH3CO0), and Cs(CH3COO), contains
two octahedral magnesium(ll) ions are linked through three
[84a]%~ ligands by six diketo oxygen donors. The resulting {2}-
metallacryptands are homochiral with either (A,A)-fac or (A,A)-
fac stereochemistry at the magnesium centres and capable to host
a cesium ion in the cavity, which is coordinated by six carbonyl and
six catecholate oxygen donors each. Charge compensation of the
thus formed enantiomers [(A,A)/(A,A)Mg,Cs(84a)3 ]~ is achieved
through external cesium ions which aggregate to give {Cs[(A,A)-
Mg,Cs(84a);]}n and {Cs[(A,A)-Mg,Cs(84a)s]}n, packed in the
crystalsinalternating homochiral layers (Scheme 13).In {Cs[(A,A)-
Mg, Cs(84a)s]}n, the coupling external cesium ions are coordinated
by two sets of three peripheral carbonyl oxygen donors and two
acetonitrile molecules (Fig. 106) [223].

The bulkier H,-84b,cesium or rubidium acetate and magne-
sium, cobalt or zinc acetate in a 3.2:1 ratio yield the meandering
polymer meso-{[(A,A)-M2,M!(84b)3[Mena J{[(A,A)-
M",M!(84b)3 [} Mgige DI([(A, A )-M";M!(84b)3 1} Meng ({I(A,A)-
M, M!(84b)3 IMige )]}n  (M'=Cs!, Rbl; M!'=Mgll, Coll, zn'h),
where the {2}-metallacryptates {[(A,A/A,A)-M?; M!(84b)3]}~
are linked by only one cesium ion end-on to give the frag-
ments meso-{[(A,A)-M',M!(84b); [Mena'J([(A,A)-M",M!(84b);
M;ige'}, which are connected by the second cesium ions side-
on (Scheme 14) [223]. On the contrary, zinc(Il) acetate, cesium
or rubidium acetate and H,-84b in a 4:2:1 molar ratio afford
[Zn,M(84b),(CH3C00)] (M=Cs!, Rb"). In the Zn,Cs complex
two [84b]%~ ligands together with an encapsulated cesium ion
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create a {2}-metallacoronate, folded by an acetate bridge. In
the heteroleptic cryptate, one acetate oxygen atom functions
as a pi-donor to one zinc ion and the other as a p-donor
to the other zinc ion and to the cesium ion. The cesium ion
at one side is coordinatively unsaturated and, therefore, two
molecules of [Zn,Cs(84b),(CH3CO0)] form a dimer, due to
cation—-m interaction of neighbouring phenyl groups (Fig. 107)
[223].

HZ-SZa CH3
H,-82b C(CH3);

H>-82¢ C,4H;S
H-82d CjpHg

o el itaas
O O R“ 0O O
n

H,-83a 1 CHj
H>-83b 2 CHj
Hz-SSC 1 C(‘H_a
H,-83d 0 CgHs

Esterification of (25,3S)-1,4-dimethoxy-2,3-butanediol, derived
from L-tartaric acid, and ethyl bromoacetate in the pres-
ence of sodium hydride, affords (2S,35)-1,4-dimethoxy(2,3-
ethylacetoxy)butane which, by subsequent Claisen condensation
with acetophenone and sodium amide, leads to the enan-
tiomerically pure ligand H,-85a. H,-85b is similarly prepared
using D-tartaric acid. Reaction of 1equiv. of H,-85a and cop-
per(Il) acetate and 0.5equiv. of cesium acetate in methanol
yields [Cu,Cs(85a),(CH30H),](CH3C0O0) which evolves in the
copper cubane (CCCC) [Cuy(85a);(OCH3)4]. The same synthetic
pathway using H,-85b affords the single enantiomeric cubane
(A,A,A,A)-[Cuy(85b),(OCH3)4]. [Cuy(85a),(0OCH3)4] exists as a sin-
gle enantiomer with a [Cug(p3-O)4] cubane core, consisting of
two interpenetrating tetrahedra: one made up of four copper
ions and one of four pw3-OCHj3 ligands. The Cu.--Cu separa-
tions are 2.98 A and 3.25A. The approximate square pyramidal
coordination about each copper(ll) ion is reached by two ;-0
ions from the ligand and three pw3-OCHs; donors. Consequently,
the two bisbidentate ligands bridge opposite edges of the cop-
per tetrahedron (Fig. 108a). Whereas in other complexes above
reported, for instance in [Cu,Cs(83c),;(CH30H);](CH3COO), the
role of the cesium(l) ion in determining the reaction path-
way and hence the resulting structures via encapsulation in
the coordination moiety is clear, its role in the formation
of both the cubane (C,C,C,C)-[Cuy(85a),(OCH3)4] and (AAAA)-
[Cuy(85b),(0OCH3)4] enantiomers is not yet clear; however, in
the absence of cesium ions only polymeric materials are isolated
[224].

The reaction of Hy-85a or H,-85d (H,-L) with potassium
acetate and copper(ll) acetate monohydrate in a 1:2:2 molar

ratio results in the formation of (C,C,C,C)-[Cuy4(L),(OCH3)4], with
the same of structure of (C,C,C,C)-[Cuy(85a),(OCH3)4]. Unex-
pectedly, H,-85c¢ reacts with 5equiv. of potassium acetate and
1 equiv. of copper(ll) acetate monohydrate to yield the double-
stranded helicate (P)-[Cuy(85c);], where each copper(Il) ion
has approximate square planar coordination, formed by the
chelating 1,3-diketo units of the ligands. The Cu.--Cu distances
(Dintra = Dinter = 3.55 A) are rather short. In the absence of alkali ions,
only polymeric material is isolated, insoluble in standard solvents
[224].

When H;-85a, lithium hydroxide monohydrate and nickel(II)
acetate tetrahydrate react in methanol at room temperature,
the heterochiral complex (A,A)-[Ni,Liy(85a),(0CH3),(CH30H), |
is isolated, where each approximately octahedral nickel(Ill) ion
coordinates to two wq-oxygen atoms and two p,-oxygen atoms
from each ligand and two p.;-(OCH3) donors. One nickel(II) ion has
A- and the other one has A-configuration with a Ni- - -Ni distances
of 3.08 A. However, because of the stereogenic centres of [85a]%~,
the complex is not a mesocate, but rather exists as a single enan-
tiomer with idealized C, molecule symmetry. Each halve of the
nickel(II) coronate backbone hosts an approximately square pyra-
midal lithium cation with a Li- - -Li distance of 6.14 A, coordinated by
two carbonyl p,-oxygen donors and two ether p,-oxygen donors of
one ligand [85a]®~ and a j.-oxygen donor of methanol (Fig. 108b)
[224].

Equimolar amounts of H,-85a or H,-85d and palladium(II)
acetate in the presence of pyridine afford the helicates (P)-
[Pdy(L),], isostructural with (P)-[Cuy(85c);]. 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)-[Pd,(85d);]~ (Fig. 109). Solution CD measurements

(b) .

s

Scheme 13. Schematic representation of {Cs[(A,A)-Mg,Cs(84a)s]}, (a) and
{Cs[(A,A)-Mg>Cs(84a)3]}n (b).
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Fig. 102. Structure of {[CugCsg(82b)s(CH3C00)4(C2HsOH), 1%+ ), [219].

of palladium(Il) helicates [Pd;(85a),] and [Pd,(85b),], similarly
synthesized from H,-85b in CH,Cl,, display a perfect mirror
image with an slightly bathochromic-shifted, enhanced absorp-
tion at 401 nm, compared to the free ligand at 367 nm, induced
by the helicity of complexes (P)-[Pd,(85a),] and (M)-[Pd,(85b);]
[224].

14. Hexaketonate complexes

H3;-86a and Hs;-86b, which behaves as tris-([3-diketonate)
systems, are formally accessible by the coupling of benzene-1,3,5-

tricarboxylic acid trichloride with three monoanions of dialkyl- or
diaryl malonate. Treatment of di-tert-butyl malonate with methyl-
lithium, iron(Il) dichloride and benzene-1,3,5-tricarboxylic acid
trichloride at —78 °C in tetrahydrofuran, under aerobic conditions
and subsequent thin-layer chromatography, affords [Fe,;(86a)4]
where four Og octahedral iron(Ill) centres, at mean Fe---Fe dis-
tance of 8.57 A are at the apices of a tetrahedron and the four
tris-bidentate [86a]>~ ligands are located above the triangular faces
of the tetrahedron. Hence, the complex has nearly T-molecular
symmetry and the crystal is a racemic mixture of homoconfigura-
tional (A,A,A,A)-facand (A,A,A,A)-fac stereoisomers (Fig. 110a)
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N

Fig. 103. Structure of {[Co,Gd(82a),(H20)4][Cr(CN)s ]}, [220].

Fig. 104. Structure of [Cu;M(83c),(CH3C00)] (M=K, Rb!, Cs') [222].

Fig. 105. Structure of {Cs[Ni,Cs(84a);]} [222].
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Fig. 106. Structure of {Cs[(A,A)-Mg,Cs(84a)s]}, [223].

Fig. 107. Structure of [Zn,Cs(84b),(CH3C00)] [223].

[225].
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On the contrary, p-tolylmalonate, methyllithium, iron(II) dichlo-
ride and benzene-1,3,5-tricarboxylic acid trichloride at —78°C in
tetrahydrofuran yield [Feg(86b)g], where the iron(Ill) centres
define the apices of a distorted trigonal antiprism in which six
tris-bidentate [86b]3~ ligands make up the equatorial faces leaving
the top and the bottom triangles unoccupied. The iron(IIl) centres
are identically octahedrally coordinated by six oxygen donors in a
compressed antiprismatic arrangement with shorter (8.54 A) and
longer (9.69 A) Fe. - -Fe distance. In the crystal [Feg(86b)s] exists as
a racemic mixture of homoconfigurational (A,A,AAAA)-
fac and (A,AAAAA)-fac  stereoisomers (Fig. 110b)
[225].

The tris--diketone H3;-86¢ was prepared by reaction of 1,3,5-
tris(bromomethylbenzene) with acetylacetone in the presence of
[K{OC(CH3)3}] in tetrahydrofuran. The structure of the similar
tris-B-diketone H3-86d, obtained by addition of 3-chloro-2,4-
pentandione to an aqueous solution of Na;CO3 and trithiocyaminic
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acid, indicates that the (-diketonate moieties are in the enol
form. ESI-mass spectrometry shows that these ligands self-
assemble, when reacted with Cu(CH3COO),-2H,0 in pyridine to
form [Cus(L),]. H3-86d extracts the copper(Il) ion from water into
chloroform as [Cus(86a),] with high efficiency [226].

The condensation of 6-methyl-2,4-heptanedione and
dimethylisophtalate in tetrahydrofuran and in presence of
NaH affords the bis-p-triketone H4-87 which contains a benzene
spacer between the two coordinating moieties. In a one pot reac-
tion with the appropriate metal salt it forms [Cu4(87),(py)s]-2py
or [(UO3)2(Zn),(87)2(py)s]. In the tetracopper(ll) complex, the
four copper ions are grouped into two sets of two with a Cu.--Cu
distance of 6.9A across the plane of the phenyl groups and an
intragroup Cu.--Cu distance of 3.021A. The coordination sphere
of the copper ions is composed of four ketonate oxygen atoms
in the distorted tetragonal pyramid; within the molecule, the
pyridine residues alternate above and below the plane of the
ligand (Fig. 111). Strong magnetic exchange between the copper(Il)
ions in the binuclear units causes the molecule to be diamagnetic
at room temperature. Cyclic voltammetry in pyridine in the range
from 0 to —1.2V yields one quasi reversible wave with E;j; =-0.8V
versus SSCE. Chronoamperometric data reveal that this wave is
a four-electron transfer process ascribed to two two-electron
transfers in non-interacting binuclear centres [227].

15. Poly-[3-diketophenolate complexes

The introduction of phenol groups at the periphery of the
[-diketonato moieties or between them gives rise to the poly-3-
ketophenolates H,-88a. - -H4-94, which progressively increase or
modify their coordination properties and consequently the metal
ion assembly and the related physico-chemical properties.

For H,-88a.--H,-88c, synthesized by the Wittig reaction of
o-hydroxyacetophenone with the appropriate alkylacetate in the
presence of Na under nitrogen, one keto- and two enol-tautomeric
forms can occur; the keto-form however was not observed in
the solid state. The coordination properties of these ligands have
been already reviewed. In [Cuy(L),-H,0], obtained by reaction of
equimolar amounts of H-L and copper(Il) acetate or synthesized
by heating the mononuclear analogues [Cu(H-L),] (H,-L=H,-88a,
H,-88b) which are stable only below 15°C, strong antiferromag-
netic interactions between the two copper(Il) ions occur. Also, the
complexes [Ln,(88c),;(NO3) (OH)]-nH,0 (Ln=La, Eu, Pr; n=2, 3, 6)
have been prepared by reaction of H,-88c¢ with Ln(NOs3)3-nH,0 in
the presence of LiOH [9,10,12].

H,-88a or H,-88b and UO,(CH3COO0),-2H,0 afford [UO,(H-
88a),(C,H50H)] or [UO,(H-88b),(C;H50H)], containing a seven
coordinate uranium(VI) ion in a pentagonal bipyramidal geome-
try with the uranyl oxygen atoms occupying the axial positions
and four oxygen atoms from two bidentate [3-diketophenolate lig-
ands and the one ethanol oxygen forming the equatorial pentagon.
The ligands [H-88a]~ are in a trans arrangement in [UO,(H-
88a),(C;H50H)] while the [H-88b]~ ones adopt the cis form in
[UO,(H-88b),(C;H50H)]. In solution the two complexes have a
fluxional behaviour: variable temperature 'H NMR spectra indicate
that the cis and trans isomers are in equilibrium for both complexes.

Transmetalation reaction occurs when copper(ll) acetate is
added to [UO,(H-88b),(C,Hs0H)] in ethanol with the forma-
tion of [Cu(H-88b),(H,0)], whereas nickel(Il) acetate produces a
partial transmetalation, forming a mixture of the mononuclear
uranyl(VI) and nickel(II) complexes. In contrast, mass spectrome-
try, magnetic and ESR data show that the addition of manganese(II)
acetate to an ethanol solution of the appropriate mononuclear
uranyl(VI) complex produces [UO,Mn(88a),(C,H50H)]-1.5H,0 and

[UO,Mn(88b),(C,H50H)]-2H,0, respectively, where the high spin
manganese(Il) ion is in an Og octahedral environment. A dimeric
structure for [UO,Mn(88a),(C,H50H)]-1.5H,0 and a monomeric
one for [UO,Mn(88b),(C,H50H)]-2H,0 was proposed [228].

In [M(H,-89),] (M=Nill, Co"!, zn!"), derived from H3-89 and
the related metal(Il) salt, the metal ion is surrounded by two [3-
diketonate moieties in non coordinating solvents and achieves a six
coordination in coordinating solvents [229]. On the contrary a tetra-
hedral coordination occursin [Li(H,-89),]~ [230] and an octahedral
one in [M(H,-89)3] (M =Fell, cr'l) [231].

Hetero- or homotrinuclear complexes derive from the reaction
of [M(H,-89),] (M=Nill, Co!, Zn"') with a different or alike metal
salts under basic conditions. The synthetic conditions are critical to
obtain the hetetrotrinuclear complexes, especially when the differ-
ent metal ions have similar physico-chemical properties, because
mixtures of the related homotrinuclear compounds, [M3(89),] and
[M’3(89),], can be obtained. The boiling temperature used and the
relatively long time required to dissolve the mononuclear complex
in the presence of a large excess of N(C,Hs )3 favour reorganization
to yield homotrinuclear complexes. The use of NaH in dry tetrahy-
drofuran at room temperature, to minimize this reorganization,
does not give rise to analytically pure heterotrinuclear complexes.
The use of pyridine gives rise to [M(H-89),(py)4], living a vacancy
in the central position. On the contrary, using metal ions with differ-
ent physico-chemical properties, the formation of heterotrinuclear
species is easier as occurs for [(UO;),M(89),(py)s4]-2py, derived
from the treatment of [M(H,-89),] (M=Ni'l, Co!, Zn'") and uranyl
acetate in a strong basic medium. The isostructural complexes
[(UO3),M(89),(py)a]-2py (M= Col!, Nil") (Fig. 112) contain the octa-
hedral transition metal(Il) ion in the inner chamber, coordinated
by two axially pyridine nitrogen atoms and four equatorial oxygen
atoms of two [3-diketonato moieties. The two distorted pentago-
nal bipyramidal uranyl(VI) ions occupy the outer chambers with
two ketonate oxygen atoms, two phenolate oxygen atoms, and one
pyridine nitrogen atom constituting the five equatorial donors. The
[89]%~ ligands and the three metal ions are essentially coplanar.
The specificity of this controlled synthesis is achieved because the
outer positions are the only ones accessible to form the seven coor-
dination of the uranium(VI) ions in these compounds [232].

(H3C)zHCH,C CHaCH(CHa)

o o0 O O O O

R
Hy-88a CH;
H,-88b  CgHs
H,-88¢ C(CHz)s

The -diketone groups of H3-90 lie completely in the enolic
form in the solid state and in solution, in an anti-syn conforma-
tion with respect to the phenol group [233]. Equimolar amounts
of H3-90 and M(CH3C00),-4 H,O0 (M=Ni"", Mn"") in pyridine pro-
duce [M3(H-90),(py)4], where the two N,0O4 octahedral metal(II)
centres, 7.921 A apart in the Ni, complex and 9.301 A apart in the
Mn, complex, are bridged and chelated by two [H-90]%~ ligands,
while two axial pyridine ligands for each metal ion occupy cis and
trans positions, respectively. The non-completely planar [H-90]2~
ligands are in the syn-syn conformation in the Ni, complex and
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(b)

Fig. 108. Structures of [Cus(85a),(OCH3)4] (a) and {(A,A)-[Ni,Li,(85a),(OCH3 ),(CH30H), ] (b) [224].

in anti-syn conformation with respect to their 3-diketonate units
in the Mn, complex (Fig. 113). The phenolic proton atom remains
on the ligand after complexation. [Niy(H-90),(py),(THF),] shows
the same structural features as [Niy(H-90),(py)s4]. In both com-
plexes the magnetic susceptibility data indicate two noninteracting
nickel(Il) centres (Fig. 114) [233,234].

H3-90 and MH(CH3COO)24H20 in CH30H/C5H5N afford
[Mn3(H-90)3] (Fig. 115), where a quasi colinear trinuclear array
of manganese(Il) ions in a coordination environment intermedi-
ate between octahedral and trigonal prismatic is chelated and
bridged by three [H-90]%~ ligands wrapped around the molecu-
lar axis in an irregular helical manner, with distances of 3.024
and 5.044 between the two neighbouring manganese(ll) ions
and 8.076 A between the two peripheral metal ions. The periph-
eral metal(ll) ions are chelated by the [-diketonate units of
the ligands. The central metal(Il) ion is bridged to one exter-
nal manganese ion by the three inner oxygen donors of the
corresponding diketonate groups, with the oxygen atoms from
the phenol units completing the six coordination around this

S ¢

O = ¢, Rt

Scheme 14. Schematic representation of the polymer meso-{[(A,A)-M,"M'(84b)3 [M'ena )([(A,A)-M3"M!(84b)3] Mlgige }.

ion. The cavity between the central and one terminal man-
ganese(Il) ion most likely contains the three phenolic protons. In
contrast with [Mny(H-90),(py)s], in [M3(H-90)3] the [H-90]3 lig-
ands exhibit a syn-syn conformation of their (3-diketonate groups
[234].

H3-90 and basic manganese(IIl) acetate in dimethylformamide,
generated in situ by mixing Mn(CH3COO);, and [N(C4Hg)]4[MnOg4]
in a 4:1 molar ratio, lead, after workup with several solvents, to
[Mny(91),(py)s], where [91]3-, resulting from the degradation of
[90]3-, possesses a carboxylate residue in the place of a 3-oxo-3-
phenylpropionyl group and can be viewed as the outcome of the
oxidative cleavage of one of the 1,3-diketone units of H3-90. If
the mixtures yielding [Mn;(91),(py)4] are allowed to stand unper-
turbed for alonger period of time, the formation of [Mn;(90),(py)4]
could be observed. A parallel reaction of H3-91, obtained by
the Claisen condensation of 5-methyl-3-acetylsalicylic acid and
ethyl benzoate, with a manganese(lll) salt in pyridine affords
[Mn5(91)2(py)4], consisting of two octahedral manganese(III) ions,
held at a distance of 5.261 A by two [91]3~ ligands. Each metal(III)

—
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Fig. 109. Structure of P-[Pd,(85d);]. [224].

ionis equatorially coordinated by four adjacent oxygen donors from
two [91]~ ligands and axially by two staggered pyridine nitrogen
atoms (Fig. 116) [234].

Antiferromagnetic interactions occurs in [Mn3(H-90)3]; the
experimental data fit with a model where an exchange-coupled
Mn"...Mn"" pair (J=-2.75cm™1) is next to a third, magnetically
isolated manganese(Il) center. For [Mn3(91),(py)s], a weak anti-
ferromagnetic coupling within the molecule (J=—1.48cm~1) and
weaker intermolecular ferromagnetic interaction (J=0.39cm™1)
occur [234].

The isolation and characterization of [Mny(H-90),(py)4] and
[Mn3(H-90);] demonstrate the versatility of the {Mn!/(H-90)}2~
system, whose molecular information can be expressed in the
form of either of two discrete species with different topologies
and magnetic properties, depending on the nature of the sol-
vent used. The kinetic ability of the manganese(II) ion allows the
reversible interconversion of these two complexes by using exter-
nal stimuli. Thus, [Mn3(H-90)3], in pyridine/diethylether forms
[Mn3(H-90),(py)4] in high yield after a few days, showing that the
dinuclear complex is more stable than the trinuclear one in pyri-
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Fig. 110. Structures of [Fe4(86a)4] (a) and [Fes(86b)s] (b) [225].

Fig. 111. Structure of [Cu4(87)2(py)a] [227].

dine and that the multiple dissociation and rearrangement steps
necessary for this conversion are kinetically accessible under the
reaction conditions. On the contrary, [Mn,(H-90),(py)4] converts
in dichloromethane/diethylether/hexane into [Mn3(H-90)3], prov-
ing that if pyridine is not present in a large excess, the trinuclear
complex is the most stable species and that its formation from
the dinuclear analogue is also feasible kinetically. Thus, [Mny(H-
90),(py)4] and [Mn3(H-90)3] constitute a binary molecular switch

Fig. 112. Structure of [(UO,)>,M(89)>(py)s4] (M=Ni", Co") [232].

that can be externally addressed by controlling the nature of the sol-
vent medium. In addition of structurally distinct architectures, the
two states of the switch are two magnetic entities displaying differ-
ent properties. In one case the assembly possesses two uncoupled
manganese(Il) ions, and in the other it is formed by two exchange
coupled manganese(Il) centres next to a third, magnetically inde-
pendent manganese(Il) ion. This system represents an important
contribution to the growing of adaptive chemistry, by which com-
plex chemical systems are described, capable of delivering different
responses to a variety of environmental stimuli [234].

Equimolar amounts of Cu(CH3C0O),-2H,0 and H3-90 in dime-
thylformamide produce [Cuy(H-90),(DMF);], while Cu(NOs),,
CuCl; or CuBr;, H3-90 and [N(C4Hg)4](OH) in a 8:1:16.4 molar
ratio yield [CUg(QO)z(OCH3 )8(NO3 )2], [CUg(QO)z(OCHg )g(Cl)z] or
[Cu(90),(0OCH3)7.86(Br),.14], respectively. The same reaction in the
presence of a lower amount of [N(C4Hg)4](OH), affords catena-
[CU4(90)(OCH3 )3(N03 )2(]‘]20)0_35]. Similarly, when CU(C104)2 is
used, [Cug(90),(0CH3)g)(ClO4),(CH30H),4] is obtained [235].

In [Cuy(H-90),(DMF), ] (Fig. 117) the two square pyramidal cop-
per(Il) ions are chelated and bridged by the (3-diketonate units of
two [H-90]%~ groups. The apical position of each metal ion is occu-
pied by the dimethylformamide oxygen atom. The phenol groups
are not deprotonated and form hydrogen bonds with the oxygen
atoms of neighbouring [3-diketonate moieties [235].

Fig. 113. Structure of [Mn,(H-90),(py)4] [233].
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Fig. 114. Structure of [Niy(H-90),(py)4] [233].

[Cug(90),(0OCH3)g(NO3),] (Fig. 118a) is a cluster of eight cop-
per(ll) centres arranged in two tetranuclear linear units, linked
together by six pw3-OCH3 and two pw-OCHj3 groups. The asymmet-
ric unit contains four, strictly linear metal ions, gathered by the
template action of one [90]3~ ligand. The coordination around the
copper ions is completed by nitrate ligands in an unusual p3-NO3~
binding mode, which links each {Cug(90),(OCHs3)g}%* aggregate to
two other resulting in the formation of a 1D coordination poly-
mer of clusters. Two of the four crystallographically independent
copper(Il) ions of [Cug(90),(OCH3)g(NO3),] are distorted octahe-
dral, one is intermediate between trigonal bipyramidal and square
pyramidal, and the last one is square pyramidal. The axial positions
are taken by the six long bonds of the metal ions with p3-OCHj3
groups, which connect both the Cu, moieties to each other, or by the
bonds with NO3~ ligands. The average Cu. - -Cu distance within the
tetranuclear arrays (2.883-2.999 A) are shorter than between them
(2.961-3.467 A). The shortest intercluster Cu: --Cu distance within
the 1D chain is 5.231 A [235].

In [Cug(90),(OCH3)g(Cl),], structurally related to [Cug(90),
(OCH3)3(NO3),] except that two coordinating positions of the
copper(Il) ions filled by NO5s~ in the latter complex are vacant
in the former one, the connection between {Cug(90),(OCH3)g}%*
clusters takes place with bridging chloride ligands. Thus, within
the asymmetric unit of [Cug(90),(OCHs3)g(Cl);] there is one
octahedral copper(Il) ion, two square pyramidal copper(Il) and
the last one in a geometry that is intermediate between
square pyramidal and trigonal bipyramidal. The Cu.--Cu dis-
tances are in the range 2.904-2.990A within the tetranuclear
arrays and 3.013-3.567 A across the chains, only slightly longer
than in the dinitrato complex. [Cug(90),(OCHs3)755(Br);14] is
isostructural with [Cug(L),(OCHj3)g(Cl),], the most relevant dif-
ference being the partially substitution of w-OCHs3 with w-Br
[235].

[Cug(90),(0OCH3)g(Cl04),(CH30H)4] shows similar octanuclear
unit not bridged, however, into infinite chains but in the form of
discrete isolated clusters. Four vacant coordination sites are occu-
pied by methanol molecules. Six copper(Il) ions are in an elongated
octahedron while the remaining two are close to a square pyramidal
one (Fig. 118b) [235].

Catena-[Cuy4(90)(OCH3)3(NO3),(H;0)936] (Fig. 119) features
four closely spaced copper(Il) ions, assembled by the chelating
effect of the five adjacent oxygen atoms of the ligand [90]3~.
Each tetranuclear moiety is linked to two other equivalent frag-
ments in a shifted manner, rather than face to face. There are
two different ways in which the {Cu,4(90)}°* units are connected.
The linkage of the largest contact involves a total of four ps-
OCHj3 ligands and two p,-NOs3~ groups. The other connection
mode occurs through the action of two w3-OCHs groups, one
r-NO3~ ligand, and one p3-NO3~ moiety. The asymmetric unit
also contains one terminal ligand consisting of a partially occu-
pied molecule of water. In the repeating unit of this polymer
there are two octahedral copper(Il) centres, one copper(Il) ion
in a coordination geometry distributed between octahedral and
square pyramidal and a fourth copper(Il) ion in a square pyrami-
dal geometry with an additional, very long axial bond to a nitrate
ligand. Within the catena-[Cu4(90)(OCH3)3(NO3)2(H20)0.36] poly-
mer there are eight unique Cu,;0, pairs with Cu.--Cu distances
of 2.850-2.964A within the {Cu4(90)}°* unit, 3.325-3.376A
within the short link, and 3.278-3.429A within the long link
[235].

Avery weak antiferromagnetic exchange between the copper(Il)
centres was found in [Cuy(H-90),(DMF),] (J=-0.73cm~1) while
strong antiferromagnetic coupling (J= —113.8-—177.3 cm~!) occurs
in [Cug(90)2(0CH3)g(NO3 )], [Cug(90)2(0OCH3)g(Cl04),(CH30H)4],
and catena—[Cu4(90)(OCH3 )3(N03 )2(H20)0.36] [235]

Again H3-90 shows its great potential for the aggregation of
copper(Il) spin carriers into structures with different degrees of
aggregation and magnetic spin-spininteractions. The formed prod-
uct can be chemically controlled by small changes in the reaction
conditions, especially the molar ratio between the reactants or the
used counteranions.

Co(CH3C00),-4H,0 and H3-90 lead to [Coy(H-90),(py)4]
in pyridine and [Co,(H-90),(CH30H)4] in methanol, while in
dimethylformamide and in the presence of 2,2’-bipyridine (bipy),
bipyridylamine (bipya), 4,4’-biphenyl-2,2’-bipyridine (Ph,bipy)
or phenanthroline (phen), capable to block two cis coordination
positions 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 [Mn3(H-90)3] [234].

complexes, they form [Co,(H-90),(bipy);], [Co2(H-90),(bpya),],
[Coz(H-90),(Phybipy),] and [Coz(H-90),(phen);], respectively.
Co(CH3C00),-4H,0, allowed to react with H3-90 for 24 h in CH,Cl,,
produces [Co3(H-90)3] which turns into [Co,(H-90),(py)4] in pyri-
dine/toluene. The reverse conversion of [Coy(H-90),(CH30H),]
to [Co3(H-90)3] was successfully achieved in CH)Cl,
[235].

[Co2(H-90),(py)2 ] (Fig. 120a) contains two distorted octahedral
cobalt(Il) centres, 7.955 A apart, equatorially chelated and bridged
by two [H-90]2- ligands in a syn,syn conformation by means of
their deprotonated [3-diketonate moieties and axially coordinated
by two pyridine ligands [235].

In [Coy(H-90),(bipy),] (Fig. 120b) both cobalt(Il) ions are
gathered by two [H-90]%~ ligands which again use the chelat-
ing 3-diketonate groups for coordination while maintaining the
protons on their phenol groups. These protons are part of
hydrogen bonds with one oxygen atom of a neighbouring diket-

< onate. The distorted octahedral cobalt(Il) centres are additionally
coordinated by chelating bipyridyl ligands that occupy two cis
Fig. 116. Structure of [Mn2(91)2(py)a] [234]. coordination sites on each metal ion. This forces the [H-90]%~
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Fig. 117. Structure of [Cuy(H-90),(DMF);] [235].

Flg. 118. Structures of [Cus(90)2(OCH3 )3(NO3 )2] (a) and [CUg(go)z(OCH3 )8(C104)2(CH30H)4] (b) [235]

Fig. 119. Structure of catena-[Cu4(90)(OCH3)3(NO3)2(H20)036] [235].
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Fig. 121. Structures of [Cuz(H2-92)2(py)2] (a), [Mn2(H2-92),(DMF)4] (b) and [Co,(H2-92),(CH30H)4] (c) [237].
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Fig. 122. Structure of [Mn4(H2-93)(CH3COO0)s(pyz)]> [238].

ligands to adopt a conformation closer to the syn,anti mode in
order to achieve the dinuclear assembly. The Co.--Co distance
(8.986 A) significantly increase with respect to [Co,(H-90)>(py),
[236].

[Co3(H-90)3] (Fig. 120c) consists of a quasi-linear array of three
cobalt(Il) ions, with intermetallic separations of 2.840 and 4.907 A
between the two closer cobalt(Il) ions and 7.747 A between the ter-
minal cobalt(Il) ions, held together by three [H-90]2~ ligands that
retain the protons on the phenol groups. Each ligand chelates the
three metal ions through two (3-diketonate moieties and a third
coordination pocket formed by the phenol oxygen and the inner
oxygen of one [(3-diketonate, which then acts in a bridging mode.
The fourth potential coordination pocket is most likely occupied by

the phenol protons, which are presumably participating in hydro-
gen bridges, similar to those observed in [Co,(H-90),(py)2] and
[Coy(H-90),(bipy);]. An octahedral geometry around the external
cobalt(II) ions occurs while a trigonal prismatic coordination was
observed for the inner cobalt(I) ion. Both B-diketonate units of
each ligand are cis with respect to their respective phenol group
[236].

Dimethylisophthaldehyde and 2’-hydroxyacetophenone in
ethyleneglycol dimethylether containing activated molecu-
lar sieves followed by the addition of NaH at 4°C produce
H4-92, which reacts with the appropriate metal(Il) acetate
in pyridine to form [Cuy(H2-92),(py)2] and [M(H3-92),(py)4]
(M=Nil!, Mn"). The same reaction with Co(CH3C0O0),-4H,0 in

Fig. 123. Structure of [Ni,(H3-94)2(py)4] [239].
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Fig. 124. Structures of [Mn4(H>-94),(CH3CO0),(py)s] (a) and [Mn4(H,-94),(CH3CO0),(DMF)4] (b) [239].

methanol affords [Coy(H3-92),(CH30H)4], while recrystalliza-
tion of [Mny(H2-92),(py)4] from dimethylformamide produces
[Mn3(H2-92),(DMF)4] [237].

The two square pyramidal copper(Il) ions in [ Cuy(H2-92),(py)2 ],
7.539 A apart, are bridged and chelated by two [H,-92]%~ ligands
through their (-diketonate moieties and by two axial pyridine
ligands. H4-92 is preferentially deprotonated at the methylene
positions between the carbonyl groups of the 3-diketone fragments
(Fig. 121a) [237].

In [Niy(H2-92),(py)al, [Mny(H2-92),(DMF)4] (Fig. 121b) and
[Co,(H2-92),(CH30H),4] (Fig. 121c) two [H»-92]?~ ligands bridge
two distorted octahedral metal(Il) ions, 7.322 A, 7.609 A and 7.410 A
apart, linked through chelation of both metal ions by each of
two [H,-92]2" ligands displaying the same cis—cis conformation as
in [Cuy(H3-92),(py)2], but is in contrast with [Mny(H-90),(py)s]
where the ligand is found in the syn-anti conformation. Each metal
ion is axially coordinated by two solvent molecules. Magnetic
measurements show that the metal ions within these dinu-

clear complexes are maintained almost mutually independent
[237].

H4-93, synthesized through Claisen condensation of dimethyl-
2-methoxyisophthalate with 2-hydroxyacetophenone followed by
acidification of the resulting product and crystallization from ace-
tone, has its two [-diketones in the enolic form both in the
solid state and in CHCl3. It reacts with [Mn3O(RCOO)g(pyz)3](Cl04)
(R=CH3,CgHs,pCH3CgH,) and pyrazine (pyz) in CHCl3 to form
[Mng(H2-93)(RCO0)s(pyz)], whose structures, differing only in
the nature of the R group of the carboxylate, consist of two
tetranuclear manganese(lll) clusters assembled into a centrosym-
metric molecule by two [H,-93]>~ and two pyrazine ligands.
Each tetranuclear fragment features a Mn40, core of four octahe-
dral manganese(Ill) ions bridged by two ps-oxides. Each pair of
manganese(Ill) ions is also bridged by either one to two syn,syn-
-CH3COO~ groups. The terminal manganese(lll) ions complete
their coordination with a chelating diketonate group from the [H;-
93]2- ligands, which thus subtend the clusters opposite to each
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Fig. 125. Structure of [Mn3(H-94),(py)s] [239].

other. Two pyrazine ligands bind the two central manganese(III)
ions, thereby further linking the two Mn4 units and leading to the
shortest intercluster Mn.--Mn distance of 7.443 A (Fig. 122). The
structure is maintained in CH,Cl, [238].
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H4-93 and 1.5equiv. of BBr3 give H5-94 containing one [3-

diketone in the enolic form and the other in the biscarbonyl
tautomer in the solid state. Hs—94 and M(CH3C00),-4H,0 (M= Nill,

Co'') in pyridine produce [M,(H3-94),(py)4] with the two pseudo-
octahedral metal(ll) ions, 7.714 A apart in the nickel(Il) complex
and 7.807 A apart in the cobalt(Il) one, equatorially bridged by
two [H3-94]2- ligands, their axial sites being occupied by pyri-
dine ligands. The phenol protons remain at their original locations,
being part of intramolecular hydrogen bonds as observed in
the free ligand, although [H3-94]%~ has varied its conformation
upon coordination with respect to solid H5-94. In the dicobalt(II)
complex [H3-94]2~ is more removed from planarity. The short-
est intermolecular metal.--metal separation is 8.929A for the
nickel(Il) complex and 9.038 A for the cobalt(ll) one (Fig. 123)
[239].

Hs5-94 and MH(CH3COO)2~4H20 afford [MH4(H2-94)2(CH3
CO0),(py)s] (Fig. 124a) in pyridine and [Mn4(H-94),(CH3COO0),
(DMF)4] (Fig. 124b) in dimethylformamide. In [Mny(H;-
94),(CH3C00),(py)s] the MnyOg zigzag linear core is built
up by the action of two [H,-94]*~ ligands located opposite to
each other and running along the chain, each engaging its central
phenolate and both 1,3-diketonate moieties for coordination,
thereby chelating and bridging the metal ions. The external phenol
moieties of the ligands are not involved in coordination and retain
their protons, which form intramolecular hydrogen bonds as in
[M>(H3-94),(py)s] (M=Nill, Co"). Additional bridging within the
cluster is ensured by two syn,syn-CH3COO~ ligands, supporting
the two manganese(ll) pairs, respectively. The central pair of metal
ions is in turn bridged only by two alkoxide-type oxygen atoms.
Terminal ligation is completed by five pyridine ligands, one on
each metal except for one manganese(Il) ions, which is bound to
two such molecules and is therefore seven coordinate. The remain-
ing manganese ions are pseudo-octahedral. The intramolecular
Mn- - -Mn separations are 3.287, and 3.495 and 3.350 A, between
two adjacent metal ions, 5.752 and 5.898 A between one external
and one inner metal ion and 8.804 A between the two external
metal ions [239].

The structure of [Mngy(H,-94),(CH3C00),(DMF)4], similar to
that of [Mn4(H,-94),(CH3C00),(py)s] with dimethylformamide
terminal ligands instead of pyridine, contains octahedral man-
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ganese(Il) ions bound to one solvate ligand at intermetallic
distances of 3.318, 3.387 5.861 and 8.903 A [239].

The structure of [Mn3(H-94),(py)s] (Fig. 125) comprises a
mixed-valence trinuclear Mn!'; Mn!! array, supported by two [H-
94]* ligands, one on each side of the chain. The oxygen donors
of these ligands occupy all the equatorial positions of the metal
ions as chelates, the axial sites being saturated by pyridine lig-
ands. [H-94]* coordinates the metal ions in an asymmetric
manner, by using three nonadjacent coordination pockets. This
comes about through the involvement of two phenoxide groups
and B-diketonate moieties per ligand. The third phenol moiety
of each ligand retains its proton, and both groups are found in
front of each other at the same end of the molecule. The cen-
tral and one external metal ions are in a 3+ oxidation state. The
Mn- --Mn distances are 5.246 and 5.155A between neighbouring
metal ions and 10.381A between the two external metal ions
[239].

Antiferromagnetic interactions dominate the coupling within
the [Mny(H,-93)(CO),(RCO0)s(pyz)]» clusters (Jyp=—50.6cm™1,
Jub=—22cm™!, Juw=7.6cm"1) [238] while the manganese(ll)
ions weakly interact with coupling constants of J;=1.13cm™!
and J,=-043cm~! for [Mny(H;-94);(H3C00),(py)s] and
Ji==5.4cm™! and J,=—0.4cm~! (§=5/2) for [Mn3(H-94),(py)s],
these results are consistent with X-band EPR measurements [239].

16. Conclusion and perspectives

The well established coordinating properties of (3-diketones
and B-diphenols and related ligands have been widely used
in the design of mononuclear and especially polynuclear com-
plexes. The physico-chemical properties deriving from the resulting
supramolecular assembly allowed for their employment as molec-
ular components and precursors of novel materials. The growing
of oxides on suitable surfaces via CVD technology using volatile [3-
diketonate was further tested. The growth of literature, dealing with
new and promising aspects in basic research and possible appli-
cations of these systems, testifies that the field is far from being
exhausted and appears quite rich and fruitful.

The recently undertaken synthetic routes, aimed at func-
tionalising the [-diketones in order to magnify or modify the
physico-chemical properties of the related complexes, have pro-
duced 1D, 2D or 3D metal organic frameworks (MOFs and
M'MOFs) with well defined cavities capable of encapsulating spe-
cific molecules (i.e. Hy) or solvents.

The optical and magnetic properties of mononuclear and het-
eropolynuclear complexes, especially those containing d- and f-
metal ions, and their ability to give rise to supramolecular archi-
tectures have been clarified in more detail. Furthermore, the large
spin values of specific polynuclear clusters, combined with a large
magnetic anisotropy, have led some of these species, for instance
some polynuclear manganese complexes, to act as single molecule
magnets, i.e. nanoscale magnetic particles of well defined size and
structure. The development of appropriate syntheses of multin-
uclear metal systems, from building blocks possessing high spin
ground states, is a stimulating and promising field to be pursued
by supramolecular chemists.

Furthermore, the use of a wide range of radicals as nytrosyl-
nitroxide ligands which act as magnetic modulators for 3d- or 4f-
[3-diketonates complexes and the properties of the resulting poly-
meric compounds which give rise to single chain magnets are better
clarified. This opens new perspectives in storing information in a
single magnet polymer.

The preparation of a large variety of mononuclear iridium(III) or
lanthanide(IIl) complexes, containing functionalized 3-diketonates

and/or functionalized pyridine-based ligands, facilitated a better
understanding of their optical properties and consequently, the set
up of more efficient probes and devices, where they act as the nec-
essary molecular components. Furthermore, the syntheses of the
interesting series of bifunctional ligands and the related d- and f-
heteronuclear complexes with a programmed variation of the d:
f ratio was essential in producing systems capable of efficiently
changing the d-block chromophores into f-block luminophores.

New biosensors, multi-redox and photoactive complexes for
advanced photophysical studies are currently under scrutinity.

The non casual occurrence of oxo-hydroxo lanthanide(III) clus-
ters is remarkable, owing to their role in catalytic processes. The
possibility to adequately tune the stoichiometric complexity and
the structure of these clusters (for instance using (-diketonates
with different steric hindrance) will favour fast growing results and
applications.

The formation of discrete, complexes and their evolution into
the related oligomeric or polymeric species via the insertion
of appropriate bridging groups (4,4’-bipyridine, pyrazine, 2,2’'-
dipyrimidine, etc.) was appropriately described by single crystal
X-ray diffraction measurements, which elucidated the role of the
different bridging spacers and of the different metal ions in the
resulting molecular aggregation.

The insertion of spacers, containing coordinating or non coor-
dinating donors between the (3-diketonato and [3-ketophenolato
moieties, was successfully carried out and the role of different metal
ions in addressing the synthetic pathway and toward a designed
stoichiometry was checked.

The availability of binary molecular switches, belonging to two
different magnetic entities with different properties, capable of
delivering different responses to a variety of external stimuli, repre-
sent a major breakthrough in the growing of adaptative chemistry.

The use of the superior homologues of (3-diketones (i.e. tri-,
tetraketones, bis-3-diketones containing additional donor groups)
in the selective separation of specific metal ions (i.e. Cu?* with
respect to Zn* and Cd?*) was taken into consideration. The inter-
esting results obtained offer new possibilities in the application
of a new generation of (3-diketones in separation science and
technology.

Thus, the ligand design-metal ion role in complexation reaction
was satisfactorily elucidated offering the chemists new opportuni-
ties for directing sophisticated synthesis.

All these results and those continuously appearing in the
scientific literature show the vitality and the yet unexplored possi-
bilities of these systems; there will continue to be a great interest
shown in studies of basic and applied aspects, associated with
progressively sophisticated [-diketonate and [-ketophenolate
complexes.
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