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Abstract

Symmetric and asymmetric compartmental acyclic Schiff bases and their reduced polyamine analogues have been considered; they have been
classified according to their synthetic procedures, i.e. the condensation ratio between the formyl (or keto) and amine precursors, as [1 + 1] acyclic,
[1+ 1] asymmetric end-off, [1 + 2] or [2 + 1] symmetric end-off, [2 + 1] or [1 + 2] side-off asymmetric and [3 + 1] or [1 + 3] systems. Their preparation
has been reviewed, together with the physico-chemical and structural properties arising from the different synthetic reactions. The influence of their
symmetric or asymmetric nature, their planar or three-dimensional structure on the possibility to obtain the same or different recognition processes
at the two adjacent chambers were evaluated. The magneto-structural correlations of the homo- and hetero-dinuclear or -polynuclear complexes,
together with the photochemical and photophysical properties resulting from these specific recognition processes, were also considered. The use
of specific linkers, capable of forming oligomeric or polymeric complexes or unusual structures (as helicates) with the consequent modification of
their properties (especially the magnetic interaction between the metal ions), is also reported. The design and diversification of the two adjacent
sites, aimed at enhancing the ability of these ligands to act as selective transfers of specific cations, anions or salts across liquid membranes is
considered and the results obtained are adequately discussed. Finally, the specific reactivity and catalytic properties of these systems are discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction tive coordination of metal ions. The properties arising from this
aggregation were investigated in detail by different physico-

Many variously shaped polydentate chelating ligands has chemical procedures and adequately reviewed [1-18].
been prepared in the past and successfully used in the selec- These systems were acyclic or cyclic in nature, planar or tridi-
mensional in their framework, this depending on the designed
structure (discrete, ordered, porous, helicoidal, 1D, 2D or 3D
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Compartmental ligands, i.e. compounds with two (or more)
coordination chambers in close proximity, represented a relevant
evolution, owing to their capability of providing different, well
selective recognition of charged and/or neutral species at their
adjacent chambers. These systems quite often are Schiff bases
(or the related reduced derivatives), obtained by condensation of
appropriately designed and prepared formyl- (or keto-) and pri-
mary amine precursors. The synthesis and the properties of these
ligands and related complexes have been reviewed up to 2002
[18]. Furthermore, a more recent paper reviewed the results pub-
lished on related macrocyclic compartmental systems up to 2005
[19]. Here we report the most recent results achieved with the
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acyclic compartmental systems which have been classified into
[1+1]acyclic, [1+ 1], [1 +2]or [2+ 1] end-off, [2+ 1] or [1 +2]
side-off and [3 + 1] or [1+ 3] polypodal systems according to
Scheme 1.

The [1+ 1] acyclic ligands are obtained by reaction of one
equivalent of formyl- or keto-derivative with an equimolar
amount of a primary amine. Several of these precursors, except
those containing additional donor groups at the appropriate
positions (i.e. 3-methoxy-3-ethoxy-, 2-hydroxybenzaldehyde,
3-formylsalicylic acid), are not strictly compartmental; never-
theless, they can serve as dinucleating or polynucleating ligands
through their phenolate and alcoholate oxygen atoms. More rel-
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~
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Scheme 1. A schematic representation of the examined ligands.
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Scheme 1. (Continued).

evant,, through quite specific self-assembling reactions, they
can give rise to hetero-polynuclear systems capable of act-
ing as single molecule magnets (SMM). Some examples are
reported which demonstrate that preorganization of the ligand,
as occurs in the compartmental systems, although quite useful,
is not a necessary requisite for obtaining organized polynuclear
systems. Self-organization of different, organic and inorganic
components can produce quite sophisticated supramolecular
architectures. When the formyl- or the amine-precursors contain
an additional pendant group with donating atoms, this conden-
sation reaction gives rise to [1 + 1] asymmetric end-off ligands,
which contain two adjacent dissimilar coordination chambers
appropriately designed to verify the different stereochemistry
and properties of the dinuclear complexes obtained according to
the coordination moiety of the two chambers. Thus, these ligands
were progressively modified in order to provide [5 + 5], [5 + 6],
[6 + 5] and [6 + 6] adjacent chambers and to verify the parameters
affecting the stereochemistry of the resulting complexes.

The [1 + 2] end-off ligands, mainly symmetric, derive from
the condensation of one equivalent of a suitable diformyl pre-
cursor with two equivalents of a functionalized amine while the
[2 + 1] end-off ligands originate from the reaction of two equiv-
alents of the desired formyl derivative with one equivalent of a
diamine bearing a bridging group (mainly a—OH group) between
the two primary aminic functions.

The [2+ 1] side-off ligands originate from the reaction of
two equivalents of a formyl-precursor, bearing an additional
donor group at the three-position with one equivalent of a suit-
able diamine while the [1 + 2] side-off ligands are obtained by
condensation of one equivalent of the appropriate function-
alized diformyl precursor with two equivalents of a primary
monoamine derivative.

Finally the [3+1] polypodal ligands derive from the
condensation of a formyl derivative with the triamines
(NH2)(CH2),N[(CH2),NH2](CH2),NH, ~ (n=2 or 3),
N(C6H4NH2)3 or C6H3(CECC6H4NH2)3 in a 3:1 molar
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ratio. Quite interesting, the two chambers of these ligands
can give rise to a site migration of specific metal ions (i.e.
a lanthanide ion) from the outer to the inner coordination
chamber, generating a molecular metal ion movement inside the
ligand, which depends on the pH of the solution. Also relevant
is the capability of these ligands to form heterodinuclear
lanthanide(IT) complexes, only with specific LnLn’ couples,
thus furnishing an example of lanthanide ion discrimination
on the basis of the ionic radius. Similarly the [1 + 3] polypodal
ligands derived from the reaction of one equivalent of a suitable
triformyl- or triacetyl-derivative with three equivalents of a
diamine of the type NH,—R-NH>; the further condensation at
the free NH» groups of the resulting Schiff bases with a formyl
derivative (i.e. salicylaldehyde) can give rise to the designed
ligand.

Further synthetic details of these ligands and related com-
plexes will be given in the appropriate section of the review.

In the related metal complexes the group D reported in
Scheme 1 provides an endogenous bridge (i.e. —OH, —SH,
—N=N-, =N-NH-); a further exogenous bridge may be pro-
vided by a mono- or bidentate anion. The chains R, R! or R
can contain additional donor atoms (NH, S, O, P, etc.) producing
a multiplicity of different compartments.

The complexation with weakly or non-coordinating anions
can favor hydrolysis of the Schiff bases. And the resulting formyl
precursor acts as ligand, quite often giving rise to quite sophisti-
cated complexes. To avoid these problems the Schiff bases have
been reduced to the corresponding polyamine derivatives, less
sensitive to hydrolysis and more flexible. These reduced com-
pounds contain NH groups which may be further functionalized
by appropriate synthetic procedures. Noticeably, in the presence
of metal ions, these amine derivatives can be reoxidized to the
related Schiff bases and some explanatory examples are reported
in the text.

The experimental conditions are also relevant: Some Schiff
bases really form but, on heating, they evolve into more com-
plex systems. Some explanatory examples are reported in the
text especially in the section dedicated to [2 + 1] side-off sys-
tems. Furthermore, the presence of secondary amine groups
close to the imine group of the Schiff bases favors a cyclisation
reaction with the formation of one or more dihydroxy benzoim-
idazole rings which can easily be oxidized to the corresponding
benzoimidazole rings.

These acyclic ligands have been used for the generation of
compounds with specific spectroscopic and magnetic properties.
Complexes containing magnetic metal centers exhibit magnetic
properties which are not simply the sum of those of the indi-
vidual ions surrounded by their nearest-neighbor ligands; these
properties result from both the nature and the magnitude of
the interactions between the metal ions within the molecular
unit. Using compartmental ligands, dinuclear complexes can
be synthesized where the two metal centers, if paramagnetic,
can interact with each other through the endogenous and/or
the exogenous bridges in a ferromagnetic or antiferromagnetic
way. By changing the type of ligand, the distance between the
two chambers and/or the paramagnetic centers, it is possible
to vary considerably the magnetic interaction, and particular

complexes are good models for the fabrication of molecular
ferromagnets.

Furthermore, the specific recognition processes occurring at
the two chambers, especially when strongly asymmetric ligands
(especially with the end-off or side-off ones) are used, can con-
fer peculiar optical properties; the resulting systems can be the
necessary molecular components in the fabrication of quite effi-
cient optical devices (for instance, simultaneous presence of an
appropriate organic moiety acting as an antenna toward the lan-
thanide ion through an energy transfer process, and emission at
different wavelengths, red-shift of the bands in consequence of
complexation, etc.).

Very efficient catalytic processes, arising from the simul-
taneous presence of two (or more) equal or different metal
ions inside an appropriate organic framework, very interesting
in processes of industrial or biological relevance as oxidation,
reduction, polymerization or hydrolysis of organic substrates,
have been proposed. In particular, oxidation of substituted cate-
chol to the corresponding quinone, polymerization of olefins
(norbornene by Pd, complexes, e-caprolactone, D,L-lactide,
etc.), reduction of aldehydes to the corresponding alcohols,
H> O, disproportionation (especially by polynuclear manganese
complexes), activation of small molecules, benzene hydroxyla-
tion (especially by di- or polynuclear copper complexes), amide
formation by hydrolysis of nitriles by Pd; complexes, hydrolysis
of phosphoric esters and DNA phosphodiesters cleavages, etc.
are mentioned in the following sections.

Furthermore, preorganization is necessary, when specific
salt recognition must be achieved; this is particularly rele-
vant in the selective transport and separation of cations and
the related anions across liquid membranes, quite important
in hydrometallurgy. Acyclic side-off ligands containing addi-
tional functionalizations (i.e., bearing protonable groups) have
demonstrated their potential in the transport from a feeding to
a receiving water solution across an organic medium of metal
sulfates (especially nickel(Il) over copper and cobalt(II) sulfate).

When the self-condensation reactions are not feasible, these
ligands can be obtained by template procedure which directly
gives the designed complexes. Metal ion self-assembly pro-
cesses are of paramount relevance in the evolution of single
systems into supramolecular architectures. In addition to this
structural role, the metal ion exerts a functional role in deter-
mining new physico-chemical properties. In the development of
this chemistry engineering exo-dentate ligands (spacers or link-
ers) connect dinuclear entities (nodes) influencing the structural
and functional properties of the single components. By this pro-
cedure tetranuclear or polynuclear systems have been prepared
from both homo- and heterodinuclear complexes, d,d- and espe-
cially d,f-complexes with end-off and side-off ligands. The 3d,
4f-complexes are particularly interesting since the metal ions
interact selectively with the different spacers, generating porous
molecular materials, single molecule magnets or single chain
magnets. The role of the metal ion is quite important in deter-
mining the reaction pathway; the ligand:metal ratio is also quite
relevant in the formation of dinuclear or polynuclear species and
examples of these different pathways are reported in this review.
In addition, a role in directing these reactions is also played by
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the anions, especially when they act as exogenous bridges. These
exogenous bridges can contain two neutral or anionic function-
alities (pyridine or carboxylic groups) separated by appropriate
spacers. This hence can allow the dinuclear species to evolve
into polynuclear ones.

The stoichiometry of the reaction is also relevant in deter-
mining the stereochemistry of the resulting complexes. A large
amount of metal ions with respect to the ligand tends to form
polynuclear aggregates. Furthermore, MLn or M>Ln, com-
plexes can be obtained by varying the stoichiometry of the
reactants, the amine, the solvent and the temperature reaction.

Moreover, the prepared complexes can undergo transmeta-
lation reactions when reacted with a different metal salt; this
synthetic procedure allows the formation of not otherwise acces-
sible complexes. Template and transmetalation reactions quite
often give rise to the designed complexes in high yield and in a
satisfactory purity grade. Thus, the large actinide ions quite often
transmetalate the transition metal ions from the related mononu-
clear complexes giving rise to quite complicated polynuclear
entities. Also the reverse, although much less frequently, was
observed: thus the cobalt(Il) ion substituted the lanthanide(IIT)
ion from the outer O,O; chamber of heterodinuclear MLn com-
plexes with side-off ligands forming the related MCo species.

Finally, the acyclic ligands can be functionalized by insert-
ing appropriate groups in the aliphatic and/or aromatic chains of
the formyl- or keto- and amine precursors. Following this strat-
egy, reactive groups for well defined supports (i.e. —Si(OR);3
for activated silica) can be introduced at the periphery of the
coordinating moiety, making their link to these supports quite
feasible. Heterogeneous catalysts or modified surfaces, bearing
well-defined molecular assemblies have been prepared follow-
ing these synthetic strategies [20-26].

2. Aim of the review

This article reviews the most interesting results published
in the last years up to 2006 on the basic and applied aspects
related to the acyclic compartmental ligands and their mononu-
clear, homo- and hetero-dinuclear or -polynuclear complexes.
The design and synthesis, the physico-chemical properties,
the magneto-structural correlations, the reactivity and catalytic
activities of these systems have been examined. The ligands,
symmetric or asymmetric in nature, generally derive from
the self-condensation or template synthesis of appropriately
designed formyl- and amine-precursors. By these procedures
[1+1], [1+2] or [2+ 1] planar and [3 + 1] or [1 + 3] polypodal

HoN

OH

H,N-R

\

NH

\

R

Scheme 2. Synthetic pathways of the [1 + 1] acyclic ligands.
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Fig. 1. Structure of [Mng(1a)2(0)>(CH3CO0),(CH30)¢].

systems have been obtained and the review has been ordered
accordingly to the increasing complexity of the obtained Schiff
bases. Attention was devoted to the systems derived from the
reduction of the iminic groups of these compartmental Schiff
bases; the coordinating ability of these polyamine derivatives
and the physico-chemical properties of the resulting complexes
have been considered and reviewed in the appropriate sections.

3. [1+1] Acyclic systems

The phenolic oxygen atoms of the Schiff bases, obtained
by reaction of equimolar amounts of substituted salicylalde-
hyde or 3-diketones with monoamines (NH>—R) or substituted
aminophenol with aldehyde (Scheme 2), can act as bridging
groups giving rise to dinuclear or polynuclear entities.

In a recent review [19] it was reported that the
Schiff bases Hjz-la---H3z-1d react with manganese(Il)
acetate tetrahydrate under anaerobic conditions to give
[Mn,(L)(CH3COO)(s01v)],, (solv=CH;3;O0H, H,0),
as indicated by EPR spectra [27] and, under aero-
bic  conditions,  [Mng(L),(0)2(CH3CO0),(CH30)5]
(Fig. 1), where the six octahedral manganese ions, dis-
tributed in two p-oxo-centered trinuclear arrays, give
rise to antiferromagnetic interactions [28]. Under similar

Fig. 2. Structure of [Mn4(2),(CH;CO0)4(CH30H),].

anaerobic conditions [Mny4(2)2(CH3COO)4(CH30H), ],
[Mn4(3)2(CH3COO)4(CH30H), ], and [Mny(H-4);
(CH3CO0)4(CH30H);] have been synthesized where,

according to magnetic and EPR spectra, an overall antiferro-
magnetic coupling of the manganese(Il) ions in the solid state
and in solution occurs [28,29].

In [Mn4(2)2(CH3CO0)4(CH30H),] (Fig. 2) the two [2]>~
ligands coordinate to the two outer N>Oj3 trigonal bipyramidal
manganese ions through two nitrogen and one oxygen atom and
to the two inner, Og distorted octahedral manganese ions through
three oxygen atoms. The four acetate ligands bridge the inner and
the outer manganese ions. The Mn- - -Mn distances are 3.413 A
and 3.297 A. The arrangement of the four manganese ions is
chair like [29].

More recently, Schiff bases derived from the [1 + 1] conden-
sation of aldehydes or ketones with primary amines, bearing
additional groups, and the related reduced polyamine deriva-
tives have been successfully used in the synthesis of polynuclear
complexes, upon coordination with appropriate metal ions.

Fig. 3. Structure of [Ndy(5a)3(NO3)3].
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Fig. 4. Structure of [EuZn(5a)3;(NO3)2].

H-5a, derived from the condensation of 2-aminophenol
and 2-formylpyridine, forms [Lny(5a)3(NO3)3] with most
lanthanide(Ill) ions but also [EuDy(5a)3(NO3)3] and
[ZnEu(5a)3(NO3),]. In the isostructural [Lny(5a)3(NO3)3]
(Ln=Nd™, oM, DyHI) the two nine coordinate lanthanide
ions are bridged by the phenolate oxygen atoms of three
[Sa]~ ligands: one lanthanide ion is coordinated by two
[Sa]™ ligands and one nitrate ion, while the other lanthanide
ion binds to one ligand [5a]~ and two nitrate ions (Fig. 3).
In [ZnEu(5a)3(NOs3),] the europium(IIl) ion is again nine
coordinate, while the zinc(II) ion is six coordinate in a distorted
octahedral geometry (Fig. 4). Quantum mechanical calculations
indicate that the formation of the ZnEu heterodinuclear complex
is slightly favored energetically over the Eu; homodinuclear
complex [30].

In  [Mn3(5a);(CH3COO)4(H;0);] and  [Mn3(5b),
(CH3COO)4 (CH30H);], prepared by H-5a or H-5b and

Fig. 5. Structure of [Mn3(5a)2(CH3COO)4(H,0),].

Fig. 6. Structure of [Mn4(5a)s]%*.

Mn(CH3COO),-2H,0, the two terminal NsO octahedral
manganese(I) ions and the central Og distorted octahedral man-
ganese ion are linked by four acetate and two phenolate oxygen
bridges. The intra- and inter-molecular Mn- - -Mn separations
are 3.417 A and 6.834 A for [Mn3(5a),(CH3CO0)4(H,0),] and
3.523 A and 7.046 A for [Mn3(5b),(CH3COO)4 (CH30H);]
(Fig. 5). A relatively weak intramolecular antiferromagnetic
interaction between the manganese(Il) ions was observed in
these complexes [31].

H-5a and [Mn(acac);] form both [Mn(5a),]-4H,O and
[Mny(5a)e](BPhy4); [32]. In the tetramanganese(Il) complex the
three outer metal ions exhibit equivalent N4O» distorted octa-
hedral environments while the fourth manganese(Il) ion is in a
Og¢ coordination geometry. The average Mn. - -Mn distance is
3.310 A (Fig. 6) [32].

H-6 is oxidized to H-5¢ wupon coordination with
Zn(CH3C00);-2H,0 and forms [Zn3(5¢)2(CH3CO0)4].
One phenolate oxygen and two acetate oxygen atoms bridge

Fig. 7. Structure of [Zn3(5¢)2(CH3COO0)4].
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Fig. 8. Structure of {[Cu3(7)3(u3-C204)][Cu(7)(H,0)]}*.

each N;O3 distorted trigonal bipyramidal external zinc(I) ion
and the central Og octahedral zinc(II) ion. The intramolecular
Zn- - -Zn distance is 3.355 A (Fig. 7) [33].

In {[Cu3(7)3(13-C204)][Cu(7)(H20)](C104)2 }-0.5H,0-0.5
CH3O0H, derived from the reaction of H-7 with Cu(Cl04);-6H,O
and K;[Cu(C204)]-2H;0, the three copper(Il) ions are bridged
by an oxalate group to form an asymmetric unit with one
short (3.87110%) and two long Cu---Cu distances (5.597 and
5.079 A). One copper(Il) ion has a NyO, distorted square pla-
nar geometry, while the other two copper(Il) ions are in a N,O3
square pyramidal environment (Fig. 8) [34]. An overall anti-
ferromagnetic coupling operates between the copper(Il) ions
within the trinuclear copper(Il) unit originated by the ferromag-
netic (J=1.48 cm™") interaction between the copper(Il) ions via
the oxalate bridge and the antiferromagnetic (/= —12.82cm™!)
interaction between the copper(Il) ions via the single oxygen
atom bridge in the [Cu3(7)3(w3-C204)]" cation [34].

H-8 and Ni(CCI3C00), produce [Niz(8)2 (-
CCl13CO0O)(CCI3COO)(CH30H)] with the two metal(Il)

Fig. 9. Structure of [Niy(8)2(u-CClzCOO)(CCI3COO)(CH30H)].

Fig. 10. Structure of [Cu3(8)3(n-OH)]**.

ions, 3.058 A apart, in different distorted octahedral O4Nj
environments. In one nickel(Il) ion, two oxygen atoms, one
from a monodentate trichloroacetate and the other from a
bridging trichloroacetate group are in apical position, whereas
in the other nickel(II) ion one oxygen atom comes from bridging
trichloroacetate group and other oxygen atom comes from a
methanol molecule (Fig. 9) [35].

The condensation of N,N-dimethylethylenediamine with
salicylaldehyde or acetylacetone, using Cu(ClO4),-6H>O as
templating agent in the presence of base, affords the
isostructural complexes [Cu3(8)3(u3-OH)](ClO4)7-1.5H,0 and
[Cu3(9)3(3-OH)](C104),-1.5H,0, respectively, which con-
tain a partial cubane CuzO4 core. The basal plane of
the square pyramidal copper centers comprises two nitro-
gen atoms and an oxygen atom from the tridentate ligand
[8]7 or [9] and the hydroxy OH™, while oxygen atom
of the ligand completes the coordination sphere in the api-
cal site. The average Cu---Cu distance is 3.210 A (Fig. 10).
While [Cu3(8)3(u3-OH)](ClO4);,-1.5H;0 exhibits a ferromag-
netic interaction between the copper(Il) ions (J=7.83cm™!),
[Cu3(9)3(3-OH)](Cl04);,-1.5H> 0 shows an antiferromagnetic
interaction (J=—2.40cm™1) [36,37].

The employment of CuCl,-2H,O  instead  of
Cu(ClOy4)2-6H,O results in the formation of the 1D
chain complex {[Cu3(8)2(C1)3(H20)21(C1)-3.5H,0} .
The subsequent replacement of the bridging chloro lig-
ands by azido groups yields, depending upon the used
solvents, [Cu3(8)2(N3)4(DMF),], [Cu(8)(N3)(DMF)],, and
{[Cu(8)(N3)]-[Cu(8)(N3)1}x [38].

In the chain complex {[Cu3(8)2(C1)3(H20),](C1)-3.5H,0},
two copper(Il) ions are five coordinate in slightly distorted
square pyramidal geometry while the third one is six coordi-
nate in an elongated octahedral environment. Within the trimeric
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Fig. 11. Structure of {[Cu3(8)2(C)3(H20)2]* } ..
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Fig. 12. Structure of [Cu3(8)2(N3)4sDMF);].

cation, the Cu- - -Cu distances are similar, 3.257 A and 3.223 A,
while the intertrimer Cu. - -Cu separation is 5.161 A (Fig. 11)
[38].

[Cu3(8)2(N3)4(DMF);] contains one central octahedral six
coordinate and two terminal square pyramidal five coordinate
copper(Il) ions bridged by two end-on azido ligands (Fig. 12)
[38], while the structure of [Cu(8)(N3)(DMF)],, consists of end-
to-end azido-bridged 1D infinite chains where each slightly
distorted square pyramidal copper ion is coordinated by a
[8]~ and two azido ligands. The intrachain Cu- - -Cu distance
is 5.530 A, while the closest interchain Cu---Cu distance is
7.671 A (Fig. 13) [38].

{[Cu(8)(N3)],-[Cu(8)(N3)]} contains 1D chains, similar
to that of [Cu(8)(N3)(DMF)],, with discrete {Cu(8)(N3)}

Fig. 13. Structure of [Cu(8)(N3)(DMF)],,.

monomers beside the chains,
is square planar. The
5.392 A [38].

The overall magnetic behaviour of [Cu3(8),
(H20)2(CD3](Cl)-6H2,0 corresponds to a weak antifer-
romagnetic coupled system (J=—4.89cm~!) while in
[Cu3(8)2(N3)4(DMF);] a ferromagnetic coupling between the
adjacent copper(Il) ions occurs (J/=32.6 cm™!). Intrachain
ferromagnetic interactions (J=6.7 em™!, zZ/=—13cm™!
and J=6.64cm™!, z/'=—0.30cm™!, respectively) operate
in[Cu(8)(N3)(DMF)], and {[Cu(8)(N3)]-[Cu(8)(N3)]} [38].

where the copper ion
intrachain Cu---Cu distance is
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H-10,H-11,H-12,H-13, H-13a and H-13b, on treatment with
Cu(ClO4)2-6H20 and N(C2Hjs)3, yield [Cu3(L)3(OH)](ClO4),,
whereas H-13c¢ hydrolyses under the same reaction conditions.
In these complexes, [CU3(L)3(}L3—OH)]2+ is comprised of three
{Cu(L)} subunits, held together by the oxygen atom of a sin-
gle, triply bridging hydroxo group, coordinated to each of
the three square pyramidal copper centers, and by the three
bridging carbonyl oxygen atoms, each of them from a differ-
ent ligand molecule. The Cu. - -Cu distances are in the range
3.164-3.329 A (Fig. 14) [39]. Magnetic data indicate an anti-
ferromagnetic coupling constant in all these complexes with a
J=—66.7cm™! for [Cuz(10)3(OH)](Cl04),,J = —36.6 cm™ ' for

OH
OH
R \
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[Cu3(11)3(OH)](ClO4), J=—24.5cm™! for [Cu3(12)3;(OH)]
(Cl0y4),, J=-—149 cm™! for [Cu3(13)3(OH)](ClO4),,
J=-256cm™! for  [Cu3(13a)3(n3-OH)](ClO4),  and
J=—112cm™! for [Cuz(13b)3(n-OH)](ClO4)>. EPR spectra
at low temperature show the existence of spin frustration
in  [Cu3(12)3(OH)I(Cl104)2,  [Cu3(13)3(OH)](ClO4)2 and
[Cu3(13a)(n-OH)](ClO04); [39].

The ability of [1 + 1] Schiff bases or ketimines to self assem-
ble in the presence of different metal ions into clusters with
particular magnetic properties (i.e. the capability to behave as
single molecule magnet) was proved with Hp-13d, which is
known to give cubane-like clusters with copper(Il) salts and a
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Fig. 14. Structure of [Cu3(11)3(w3-OH)]>*.

family of heteronuclear Ln3"'Cug!' clusters in a one-pot reaction
of CuCl; and Ln(ClO4) [39].

[Dy3Cus(13d)6(13-OH)(1-H20)10)(C,-ClO4  is  built
from three dysprosium(III) ions arranged in a triangular fashion
with {Cuy(13d); } units on each edge of the triangle. Six alkoxo
oxygen atoms of the deprotonated ligands [13d]>~ and six OH
groups bridge the different metal ions in a p3-fashion. The
six OH groups connect the dysprosium(IIl) ions within the
triangular framework {Dy3(OH)¢} and with the copper(Il) ions
of adjacent {Cuy(13d),} units. One alkoxo bridge connects
the copper(Il) ions within the {Cuy(13d);}units and the
second bridge with adjacent dysprosium(IIl) ions. The three
dysprosium(IIl) ions, with a Dy---Dy distance in the range
3.788-3.820 A, have the same eight coordinate environment.
The Cu---Cu distances of the six, five coordinate copper(Il)
ions are in the range 3.138-3.195 A. Moreover, four copper(Il)
ions have an additional weakly coordinated water molecule in
the sixth position to form an elongated octahedron (Fig. 15).
The complex exhibits hysteretic behavior of the magnetization
and frequency dependence of the ac susceptibility typical of
single molecule magnet. The ground spin state of the Dy3Cug
complex is expected to be S=3 with an anisotropy barrier of
25K associated with a slow zero-field relaxation and a large
coercive field [39].

H-14, when mixed in the dark with Cu(NOj3);-3H50 in the
presence of NaOH, yields [Cu(H-14)(14)](NO3)-H,O, where
a square pyramidal metal ion and one —CH;NH(CH3), pro-
tonated pendant arm occur. This complex, when exposed to
light in CH,Cl,, turns into [Cu(15),][Cu3z(15)6](Cl)g-4H,0. In
[Cu(15);] the copper ion is square planar while in [Cu3(15)6]6Jr
the trinuclear copper ions are in a linear fashion, held together
by p-phenoxo bridges, with the central copper ion in a distorted
octahedral geometry and the two terminal copper ions in an envi-
ronment intermediate between square pyramidal and trigonal
bipyramidal (Fig. 16) [40].

Fig. 15. Structure of [Dy3Cu6(13d)6(M—OH)@(M—HQO)10]3+.

Condensation of n-alkanoylhydrazines with salicylalde-
hyde affords H,-16a-.--H>-16f, which form [Cuy(L);] with
copper(Il) acetate and [Cu(H-L)(C1)(H>,0)]-xH,O (Hz-L =H>-
16a. - -Hy-16d) or [Cux(H-L),(Cl);] (H-L=H,-16e, H,-
16f) with copper(Il) chloride. In [Cuy(H-16a)>(Cl);] the
distorted square pyramidal copper(Il) ions are 3.039A,
apart. A strong antiferromagnetic coupling was found for
[Cup(H-L)(Cl),] (—2J=466-477cm™") and for [Cus(L),]
(—27=170-243cm™!) [41].

H-17, synthesized by 4-methyl-2-aminopyridine and sal-
icylaldehyde, reacts with Cu(CH3COO),-H,O to form

Fig. 16. Structure of {[Cuz(15)¢]}%*.
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Fig. 17. Structure of [Cuy(17),(CH3COO)(CH30H)]*.

[Cuy(17)2(CH3COO)(CH30H)](CIO4), where the copper ions
are 2.832 A apart. Both copper(II) ions adopt a square pyramidal
geometry, although with a different coordination environment
(Fig. 17). Magnetic and EPR studies suggest a weak ferro-
magnetic interaction (J=17.8 cm™ 1) between the two copper(Il)
centers. Cyclic voltammetric studies point a two-step electron
transfer, indicating the reduction of the two copper(Il) ions to
the copper(l) ones, i.e., CullCu" = cu'Cu! = CulCu! [42].

Fig. 18. Structure of [Nig(19)4].

H,-18, prepared in a two-step process involving the con-
densation of 6-amino-2,4-di-tfert-butylphenol with 5-methyl-
3H-imidazole-4-carbaldehyde followed by reduction of the
Schiff base, is susceptible to aerial oxidation in methanol
containing triethylamine to a not stable radical, presumably
an iminosemiquinone, as indicated by the EPR spectrum
at room temperature, which oxidizes to the iminophenolate

(@) S

N S

Fig. 19. Structure of [Ni(20)2(H-20),(-Cl),] (a), [MnaNiy(20)4(C1)2(H,0)s]
(b) and [Ni4(21)4(CH30H)1] (c).
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form of H-19 upon complexation with nickel(Il) or cop-
per(I) salts, forming [Nis(19)4] and [Cus(19)4], respectively
[43].

In [Nig(19)4]-9CH;,Cl, the distorted square planar nickel
centers are 5.851 A apart, arranged in a butterfly form and
coordinated by the N>O donor set of the deprotonated ligand
and by the nitrogen atom of the imidazolate ring from the adja-
cent NiN>O unit (Fig. 18) [43]. Also in [Cus(19)4(THF)4] the
distorted square pyramidal copper(Il) centers form a butterfly
structure. The four copper(Il) centers are antiferromagnetically
coupled (J=—49cm™") [43].

FaC

H-13a
H-13b
H-13¢

OH N

X

NH

A

H,-16a
H,-16b
Hz-lﬁc
H,-16d
H,-16e
H,-16f

CH,CH,
CH,CH(CH;)
CH,CH,CH,

o} (CH2),CH3

—_——O\N h = O D

(=208 ]

OH

H,-18

1883

[Ni4(20)2(H-20)2(Cl)2] has been prepared by reaction of Hp-
20 with NiCl,-6H50; similarly, [Mn,"INi,1(20)4(H,0),(Cl),]
has been obtained by reaction of MnCl,-6 H,O with Hj-
20 followed by the addition of NiCl,-6 H,O. Finally,
[Nig(21)4(CH30H);], derived from the reaction of the reduced
ligand H;-21 with anhydrous NiCl; in the presence of potassium
tert-butoxide, is unstable under open atmosphere: the coordi-
nating ligands [21]?~ are easily oxidized to [20]>~ with the
consequent formation of [Nig(20)4(CH30H),] [44].

In [Nig(20)2(H-20),(-Cl)2]-4CH,Cl, the four nickel(IT)
ions, located at the four corners of a defective double-cubane
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Fig. 20. Structure of [Mn3(22)2(CH3COO)4(H-Im);].

core, are bridged by two p3-alkoxo, w-phenoxo and p-chloro
groups. The alcoholic oxygen atoms of [H-20]~ are protonated
and coordinated to the nickel(II) ions without bridging. The
shorter Ni- - -Ni distances are in the range 3.067-3.179 A, while
the longer one is 5.304 A. Coordination geometries about the
nickel(II) ions have been described as distorted octahedral and
distorted square pyramidal, respectively (Fig. 19a) [44].

The same defective double-cubane core occurs also in
[Mn,Ni3(20)4(Cl)2(H20)2]-2CH»Cl,. Each manganese(III) ion
is positioned in both edges of double-cubane and each nickel(Il)
ion resides in central position. Octahedral geometries about the
nickel(Il) and the manganese(Ill) ions occur. The Ni---Mn,
Ni- - -Ni and Mn- - -Mn distances are 3.096 and 3.082, 3.1311
and 5.326 A, respectively (Fig. 19b) [44].

[Nis(21)4(CH30OH);] has a remarkably distorted cubane-like
Nig core structure, which can be regarded as a dimer-of-
dimers structure composed by alkoxo-bridged dinickel units.
The Ni---Ni distances for bis-p-alkoxo units are 3.112 and
3.124 A. Two nickel ions are octahedral owing to the additional
coordination of methanol, while other two nickel(II) ions are
square pyramidal (Fig. 19¢) [44].

The effective magnetic moments of [Nig(20)2(H-20)2(j-
Cl);] and [Nig(21)4(CH30H);] correspond to common values
for mononuclear octahedral nickel(Il) complexes. In the
Mn,™Ni, T complex a ferromagnetic interaction between the
metal ions was observed (Jnivn=1.5 cm~ L JNing =20 cm_l)
while in [Cu4(20)4] antiferromagnetic couplings were found
[44].

[Mn3(22)2(CH3COO)4(H-Im);] (H-Im =imidazole), pre-
pared by reaction of [Mn3(O)(CH3COO)e(H-Im)3]-dmf [45]
with salicylaldehyde and ethanolamine, contains three hexa-
coordinate manganese ions, arranged in a linear fashion at a
Mn. - -Mn distance of 3.475 A between adjacent manganese ions.
The central manganese(I) ion is in a Og octahedral environment
while each external manganese(IIl) ion is in a NpO4 octa-
hedral coordination geometry (Fig. 20). An antiferromagnetic
interaction occurs in this trimeric structure (J=—10.2cm™1),
stabilizing a St =3/2 ground state [46].

A tetranuclear pseudo-cubane core was found also in
[Cus(22)4]-CoH50OH-2H, 0, synthesized by reaction of Hp-22
and Cu(ClO4)2-6H0 in the presence of N(C>Hs)s (Fig. 21).
The distorted square planar copper ions are 3.176---3.531 A

apart. Ferromagnetic interactions among copper(Il) centers
(J=5.15cm™!) within the tetranuclear core and weak inter-
cluster antiferromagnetic interactions (zJ' = —0.33 cm™!) were
found [47].

Fe(CH3COO); or MnCl, and Hp-22  afford
[Fe3(22);(CH3COO)3] and [Mng(22)4(Cl)4], where an
oxidation of the iron(Il) or manganese(Il) ions to iron(III)
or manganese(II) ions by oxygen from the air occurs. The
reaction of Ni(CH3COO), or NiCl, with [Nay(22)] gives rise
to [Nisg(22)4(CH30H)4]. These complexes incorporate the
doubly-deprotonated ligand [22]?>~ although the synthesis of
[Ni4(22)4(CH30OH)4] is the only one that specifically requires
the use of a base to deprotonate the ligand [48].

[Fe3(22)3(CH3COQO)3] possesses an [Fe3(pL2—O)3]3Jr core,
with three iron(IIl) ions connected by alkoxo bridges at the
corners of a scalene triangle. Each pair of iron(Il) centers is
additionally bridged by a p.,-acetate ligand (Fig. 22a) [48].

Fig. 21. Structure of [Cu4(22)4].
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Fig. 23. Structure of [{Mng™(22)4(j3-0)(13-N3)(CH30H) }2(3-N3)I* (a),
Mg (22)6(113-0)2(NCS)2] (b) and [Mna"Mny"(22)6(CD2(CH;0H), ] (c).

Fig. 22. Structure of [Fe3(22)3(CH3COO0)3] (a), [Mn4(22)4(Cl)4] (b) and
[Nis(22)4(CH30H)4] (¢).
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[Mny(22)4(Cl)4] contains a {Mna(p2-O)a(pn2-Cl)a} core
with the four manganese centers essentially coplanar in an
approximately square arrangement. Each side of the square is
comprised of an alkoxo and a chloro bridge connecting pairs
of manganese centers, with the core oxygen and chlorine atoms
lying around the square on alternating sides of the Mny plane
(Fig. 22b) [48].

[Ni4(22)4(CH30H)4] has a [Nig(3-O)4] cubane core similar
to that observed in [Fe3(22)3(CH3COO)3] and [Mng(22)4(Cl)4],
except that in [Nig(22)4(CH3OH)4] the ethoxo oxygen atoms
bridge in a p3- rather than in a pp-manner, the peripheral ligation
being completed by four terminal methanol ligands (Fig. 22c)
[48].

For [Fes3(22);(CH3COO)3] an overall antiferromagnetic
interaction (Jo=—9.8cm™!; Jg=—9.4cm™!; Jc=83cm™})
operates while in [Mng(22)4(Cl)4] an overall ferromagnetic
interaction occurs (J= 1.7 cm™!); below 20 K the rapid decrease
in ymT at low temperature was attributed to a combination
of zero-field splitting and antiferromagnetic intermolecu-
lar interactions. Ferromagnetic interactions (Ja =3.8 cm™ L
Jg=9.0cm™!) were found also for [Nig(22)s(CH30H)4] [48].

[{Mny"M(22)4(n3-0)(1-N3)(CH30H) }o(-N3)I(N3)  and
[Mng™(22)6(3-0)2(NCS),]  were prepared by reaction
of Mn(NO3);-6H,O, H-22 and N(C;Hs);, followed by
the addition of NaN3 or NH4SCN; with MnCl;-4H,0
[Mns™n,(22)(C1)2(CH30H),]-2CH30H  was  obtained
[49].

[{Mny™(22)4(113-0)(1-N3)(CH30H) }o (-
N3)](N3)-4CH30H consists of two tetranuclear cluster
units singly bridged by azido in end-to-end mode. In each
tetranuclear core, two five coordinate square pyramidal and two
six coordinate octahedral manganese(IIl) ions occur (Fig. 23a)
[49].

[Mng™(22)6(13-0)2(NCS)2]-9H,0 contains two units with
three independent manganese(IlI) ions. Within each unit, one
octahedral manganese ion is coordinated by a OsN donor set
while the other two metal ions are distorted square pyramidal
and are bridged to one manganese ion of the neighboring trimer
by two p3-oxide atom. Two manganese ions, belonging to neigh-
boring trimers, are doubly bridged by p3-oxide atoms with an
interatomic Mn- - -Mn distance of 2.815 A (Fig. 23b) [49].

In [Mng"™n,"(22)6(Cl),(CH30H),]-2CH30H (Fig. 23c)
the six octahedral or pseudo-octahedral manganese ions are
bridged by p2- and p3-alkoxide atoms from the Schiff base lig-
ands. Two pairs of Mn'!. . .Mn!"! ions are also bridged each by
a po-chloride ion. Magnetic susceptibility measurements indi-
cate the occurrence of antiferromagnetic interactions among the
manganese ions [49].

Ni(CH3COO),-4H,0, NiCl,-6H,O and H3-23 yield
[Niz(H2-23)2(CH3COO),(CH30H);,] where the two nickel(II)
ions are doubly bridged by the phenoxo groups of [Hy-23]~
with a Ni---Ni separation of 3.093 A (Fig. 24). The mag-
netic behavior indicates an antiferromagnetic interaction
(J=-6.9cm™) [50].

[Mn™Cu'l(24),(C1)(CH30H)], derived from the reaction of
CuCl,-2H,0 with MnCl,-4H,O and H,-24, contains a man-
ganese(IIT) and a copper(Il) ion, 3.000 A apart, in a distorted

Fig. 24. Structure of [Nip(H-23)2(CH3COO),(CH30H);,].

octahedral and square planar coordination geometry, respec-
tively (Fig. 25). In [MnCu(24),(C1)(CH30H)] ferromagnetic
interactions occur, and fitting gives a §=5/2 spin ground state
with an exchange coupling constant Jypcy of 78cm™!. The
complex behaves as a single-molecule magnet [51].

Treatment of Fe(CH3COO), with H-25 in ethanol or
H,-26 in acetonitrile affords [Fe3(25);(CH3COQO)3] and

[Fe3(26)3(CH3COO)3], respectively, isostructural  with
[Fe3(22)3(CH3COO)3]. When recrystallized from non-
coordinating solvents, [Fe3(25)3(CH3COO)3;] turns into
[Fes(25)4(0)(OH)(CH3COO0)4], the additional oxo and

hydroxo ligands apparently resulting from residual H,O
in the solvent. A similar treatment of Fe(CH3COO); in
methanol or ethanol with H-26 or recrystallization from
the appropriate alcohol of [Fe3(26)3(CH3COO)3] give
[Fe4(26)4(CH3COO)2(OR)2] (R =CH3, C2Hs) [52].
Carboxylate exchange for [Fe3(22)3(CH3COO)3] and
[Fe3(26)3(CH3COQO)3] with a variety of carboxylates
proved difficult to obtain pure species. Nevertheless, the
reaction of [Fe3(22)3(CH3COOQO)3] in acetonitrile/toluene
with three equivalents of p-NO,CgH4COO,H affords
[Fe5(22)4(0)(OH)(p-NO,CgH4COO)4]. A similar treat-
ment of [Fe3(26)3(CH3COO)3] with six equivalents of
CeH5COOH affords [Fes5(26)4(0)(OH)(CcHsCOO)4]. Again,
the new oxo and hydroxo ligands in the pentanuclear species
probably result from residual water in the solvent. Finally, the
reaction of [Fe3(22)3(CH3COO)3] with three equivalents of
2-picolinic acid (H-pic) forms [Fe;(22)3(pic)2] which contains
a {FexM(u2-0),}2* core, where the iron centers are bridged by
the ethoxo-type oxygen atoms from the [22]>~ ligand [52].
[Fe4(26)4(CH3COO0),(OCH3),] contains a  {Feg™(u,-
0)6}** core, where four of the bridging oxygen atoms are
ethoxo-type oxygen atoms from [26]>~ and the other two are
from additional p,-OCH3 units. The iron centers are located on
the vertexes of a rectangle with two long (3.5 A) and two short
(3.1 A) Fe- - -Fe separations (Fig. 26a) [52].
[Fes5(22)4(0)(OH)(p-NO2CsH4COO)4], [Fes(25)4(0)(OH)
(CH3COO0)4] and [Fes5(26)4(0)(OH)(CgHsCOO)4] are also
isostructural with an incomplete {Fes(j13-0)2(p2-O)s }* cubane
core structure extended at one face by an incomplete adaman-
tane unit. The five p-oxygen atoms are from the Schiff
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Fig. 25. Structure of [MnCu(24),(CI)(CH3OH)].

Fig. 26. Structure  of  [Fes(26)4(CH3CO0),(OCH3),]
[Fes(25)4(O)(OH)(CH3CO0)4] (b).

(a)

and

base ligands and are ethoxo-type or phenoxo-type, while
W3-bridges are oxo and hydroxo groups. The four carboxy-
lato ligands provide additional bridges, three binding in
the typical pr-mode, while the fourth binds in a terminal
manner (Fig. 26b) [52].

Mossbauer data are consistent with five high spin iron(III)
centers for each complex. Variable-temperature magnetic
measurements indicate spin ground states of §=0, 1/2, 0
and 5/2 for the bi-, tri, tetra- and pentanuclear complexes,
respectively, and exclusively antiferromagnetic exchange inter-
actions. In addition, an easy-axis-type magnetic anisotropy
has been observed for the pentanuclear complexes. A low-
temperature micro-SQUID study of one of the pentanuclear
complexes reveals magnetization hysteresis at nonzero field,
attributed to an anisotropy-induced energy barrier to magne-
tization and of molecular origin. Finally, an inelastic neutron
scattering study of one of the trinuclear complexes has
revealed that the magnetic behavior arises from two distinct
species [52].

[Cu(H-22)5] or [Cu(H-27);] and [Cus(22)4], [Cus(27)4],
[Cus(H-28)4] or [Cus(H»-29)4] have been synthesized from
the reaction of copper(Il) acetate with the related ligand ratio,
respectively. In solution the mononuclear complexes can be con-
verted in the corresponding tetranuclear ones by the addition
of copper(Il) acetate and, alternatively, the tetranuclear com-
plexes to the corresponding mononuclear ones with the addition
of the ligand. [Cu4(22)4] and [Cu4(27)4], but not [Cu(22);],
exhibit ability to oxidize 3,5-di-tert-butylcathecol (DTBC) to
the corresponding quinone (DTBQ) [53].

In [Cuyg(H-29)4] a cubane like structure occurs while the
structure of [Cu4(27)4] can be visualized as a pseudodouble
cubane type, where both the cubes share a common face and in
each cube one of the copper(II) corners is missing. Each copper
center is five coordinates (Fig. 27a) [53].

When H;-27 was reduced to the corresponding amine deriva-
tive Hp-30, the tetranuclear pseudo-double cubane structure
in [Cuy4(27)4] was converted to a linear tetranuclear one in
[Cu4(H-30),(30),(CH30H), ](CH3COO),-4CH30H where the
three interconnected Cu; O, rhombi, formed through sharing two
copper centers, exhibit a CusOg chair type core structure. The
resulting geometry around each copper(Il) ion is distorted square
pyramidal with Cu- - -Cu distances of 3.0-3.5 A (Fig. 27b) [53].
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Fig. 27. Structure of [Cu4(27)4] (a) and [Cus(H-30)2(30)>(CH30H), ]2 (b).

Mononuclear and dinuclear nickel(Il) complexes with
H,-22, H-27, H3-28 and Hy-29 were synthesized from
the reaction of 1:2 or 1:1 nickel acetate to ligand
ratios. The more flexible reduced ligand H»-30 reacts with
nickel(Il) acetate in a 1:1: molar ratio to form [Niz(H-
30),(CH3COQO)4(CH30H);]. In these mono-, di-, and trinuclear
complexes, each nickel(II) center is in a distorted octahe-
dral environment. In [Ni(H-22);] and [Ni(H-28),] [H-22]~
and [H»-28]" act as tridentate ligands through the pheno-
late oxygen, the imine nitrogen atoms and alcoholic oxygen
atoms [54].

In [Niz(H-L)2(CH3COO),>(H>0)>] (Ha-L =H3-22, H,-27)
two phenoxo oxygen bridges the two octahedral nickel(Il) cen-
ters, their coordination being completed by an imine nitrogen,
an alkoxo, an acetate oxygen and a water molecule (Fig. 28a)
while in [Ni3z(H-30),(CH3COO)4(CH30H);] the two terminal
nickel(I) ions are bridged through a phenoxo oxygen, a mon-
odentate acetate and a bidentate acetate, to the central nickel(II)
ion (Fig. 28b) [54].

Urea forms an adduct with these dinuclear complexes while
pyridine gives rise to the corresponding mononuclear com-
plexes, as found in [Ni(H-28)(py)3;](CH3COO) where the

Fig. 28. Structure of [Ni3(H-30),(CH3COO)4(CH30H),].

octahedral nickel(Il) ion is bound to one ligand in tridentate
fashion and to three pyridine molecules [54].

[Cuz(H-31)2(-CH30H)21(Cl04)2, obtained by
Cu(ClOy4)2-6H,O and Hj3-31, contains two distorted
square pyramidal copper(Il) centers which are strongly
antiferromagnetically coupled [55].

H»-31a-H,O and H,-31b react with Cu(ClQOy4),-6H,0 and
NaOH to form [Cu4(L)4] with a cubane CuyqQO4 core: four
slightly distorted square pyramidal copper(Il) ions and four oxy-
gen atoms occupy the alternative vertices of the cube (Fig. 29)
[56]. The same reaction in the presence of o-phenanthroline
(phen) affords [Cuz(31b)>(phen)2](ClO4)>, where the two
highly distorted trigonal bipyramidal copper ions, separated by
3.147 A, are doubly bridged by two phenoxides. In [Cug(31a)4],
[Cus(31b)4] and [Cuy(31b),(phen)>](ClO4),, the copper(Il)
ions are antiferromagnetic coupled [56].

In [Cu(32)(L)],, derived from the reaction of [Cu(32)(H,0)]
with urea, pyridine, 2,4-dimethylpyridine, quinoline, 4-
methylquinoline, isoquinoline, or 3-methylisoquinoline (L), two
square pyramidal copper(IT) ions, 3.109 A apart, are bridged by
two phenolate oxygen atoms which, together with the nitrogen
atom of [32]~ and an oxygen atom of urea, form the basal plane
around each copper(Il) ion, while the apical site is occupied by a
bridging phenolate oxygen atom from a neighboring molecule.
Some of these complexes show a significant micro bacterial
activity [57].

The two helical polymeric copper(Il) complexes [Cu(H-
L)(bipy)](CD)-2H, O, synthesized by reaction of CuyCl,-2H,0
with 2,2'-bipyridine and Hp-L (H;-32 or H-33), reveal similar
structures with each distorted octahedral copper(Il) ion is coor-
dinated by two nitrogen atoms of 2,2’-bipyridine, one nitrogen
atom and one oxygen atom of [H-L]™, another oxygen atom
of an adjacent [H-L] ™. Along the helical chain, the neighboring
copper(IT) centers, 6.06 A or 6.26 A apart, are linked by carboxyl
groups of [H-32]~ in triatomic anti-anti configuration (Fig. 30).
A ferromagnetic interaction between the copper(Il) ions operates
in [Cu(H-32)(bipy)](CD)-2H,O (J=1.70 cm~ 1) while a para-
magnetic behavior was found in [Cu(H-33)(bipy)](Cl)-2H,0
[58].
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H>-34---Hy-42 form [Cuy(L)2(H20),]-yH,O (x=0-

y=0-2), when reacted with Cu(CH3zCOO),-2H;0 in
the presence of LiOH. [Cuy(35)2(H20),]-2H,O and
[Cuz(35)2(H20)2]-2H,0  contain  two square pyramidal
copper(Il) centers at a Cu---Cu distance of 2.974A and
3.004 A, respectively. On the contrary, [Cu,(35)2(H20)], and
[Cuy(42)>(H>0)],, are one dimensional polymers with the
dinuclear copper fragment {Cuy(L), } as a building block. Both
copper(Il) ions are in a distorted square pyramidal geometry:

a water molecule is coordinated to one copper(Il) ion while
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the neighboring carbonyl oxygen atom is coordinated to the
other copper(Il) ion to form a helical polymer (Fig. 31).
[Cuz(35)2(H20)2]-2H20 and [Cuy(42)2(H20)]-2H20 show a
moderately strong antiferromagnetic coupling. All the com-
plexes with H,-34- - -H;-42 show significant catalytic activity on
the oxidation of 3,5-di-fert-butylcatechol to the corresponding
quinone derivatives, which increases with increasing the length
of the aliphatic chain R [59].

The  condensation of  glycylglycine and  2-
hydroxypropiophenone in presence of CuCl,-2H,O and
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Fig. 29. Structure of [Cuy(31a)4].

LiOH, followed by the addition of BaCl,-2H,0O, produces
[BaCu;(43)>(H20)3]-2H,0, where each copper(Il) center is
square planar while the barium(Il) ion is eight coordinate.
One [Cu(43)]~ anion acts as a tridentate unit while the other
[Cu(43)]” anion as a monodentate unit toward the barium
ion. The Cu---Cu distance is 3.622 A. Furthermore, the
carboxylate oxygen atom of the tridentate [Cu(43)]” unit
bridges also an adjacent barium(II) ion to form the rungs of
the ladder. The nearest Ba- - -Ba distance is 4.307 A (Fig. 32).
The temperature dependence of magnetic susceptibility of
[BaCu;(43)>(H20)3]-2H,0 indicates an overall ferromagnetic
coupling confirmed by the field dependence of isothermal
magnetization performed at 1.8 K. At 7.3K a weak antiferro-
magnetic coupling between the ferromagnetic units occurs.
The ferromagnetic coupling was ascribed to the coordination
bonds between [Cu(43)]” and the barium(II) ion and the

antiferromagnetic coupling to the interchain interactions.
Since the ferromagnetic coupling is much stronger than the
antiferromagnetic one, the magnetic data were interpreted in
terms of the ferromagnetic dimer model with a weak interdimer
antiferromagnetic interaction [60].

The isostructural complexes
[Lny™Cuy(44)4(H>0)10][Cu(44)], (Ln=La, Ce), prepared
by condensation of glycylglycine and 5-bromo-salicyladehyde
followed by the addition of CuCly-2H,0O and LnCl3-nH;0,
contains three types of [Cu(44)]~ subunits where the copper(Il)
ion is square planar: one acts as a counter anion; another
coordinates to the lanthanide(III) ions through one carboxylate
oxygen and one carbonyl oxygen, and the third coordinates
to the lanthanide(IIl) ions through two carboxylate oxygen
atoms. The lanthanide ions are nine coordinate. The nearest
La---La distance is 8.093A. Extensive hydrogen bonding
forms a three-dimensional network in the solid state (Fig. 33a)
[61]. In the LapCuyq complex a ferromagnetic coupling between
the copper(Il) ions operates with a weak antiferromagnetic
coupling between the hydrogen bonded ferromagnetic units,
while in the Ce,Cuyg complex an antiferromagnetic interaction
occurs [61].

Hs-44, derived from the condensation of 5-
bromosalicylaldehyde and glycylglycine, gives rise to
[BaCu,(44),(H20)4],, when reacted under basic conditions
with CuCl,-2H,0 and BaCl,-2H,0. Each [44]3~ ligand coordi-
nates to a square planar copper(Il) ion while the barium(II) ion
is ten coordinated by four water molecules and six carboxylate
oxygen atoms. [Cu(44)]” coordinates to the barium ions as
bidentate unit, forming an infinite one-dimensional chain. A
two dimensional network structure arises from [Cu(44)]”-Ba
chains, via inter-chain hydrogen bonds (Fig. 33b) [62].

Glycyl-L-tyrosine and 5-bromosalicylaldehyde, in the pres-
ence of NaOH, Cu(CH3COO),-H,0O and SrCl,-6H,0, afford
{[NaSrCu3(45)3(H,0)3]-9H,0} oo ; three [Cu(45)]~ units act as
bidentate ligands toward the strontium ion through their car-
boxylate oxygen atoms, resulting in a tetranuclear subunit with
a Sr- - -Cu separations of 4.373 A. The three square planar cop-
per(I) ions are arranged at the corners of an equilateral triangle
with the Cu- - -Cu distance of 7.516 A. The coordination sphere
of the strontium(II) ion is completed by three aqua ligands. The
six coordinate sodium ions connect two adjacent tetranuclear
subunits, leading to a 1D chiral propeller-like polymeric chain
self-assembly. Each chain is surrounded by six neighboring
chains linked together by hydrogen bonds (Fig. 34). Magnetic
measurements prove a ferromagnetic interaction between adja-
cent copper ions [63].

Glycylglycylglycine and salicylaldehyde, in the pres-
ence of KOH and copper(Il) acetate, form K[Cu(H-
46)]-2H> 0. The further addition of MgSO4 or Cu(NO3),-6H,0
gives rise to [Mg(H;0)6][Cu(H-46)]>-3.5H>0 or [Cup;Cd(H-
46)2(H,0)4]-3.5H,0, respectively. In both complexes an
antiferromagnetic interaction operates [64].

[Mg(H>0)6][Cu(H-46)],-3.5H, 0, where the two square pla-
nar copper(Il) centers are 4.67 A, apart, contains an octahedral
magnesium(II) ion and two [Cu(H-46)]~ almost parallel anions
[64].



PA. Vigato, S. Tamburini / Coordination Chemistry Reviews 252 (2008) 1871-1995 1891

Fig. 30. Structure of {[Cu(H-33)(bipy)]* },.

In [CuyCd(H-46)2(H20)4]-3.5H,0 (Fig. 35) each [Cu(H-
46)]” unit coordinates to the approximately octahedral
cadmium(II) ion via one carboxylate oxygen atom in a syn-
anti-bridging mode. The interaction between copper(II) ions and
imino nitrogen atom of an adjacent [Cu(H-46)]~ group gives
rise to a 2D hydrogen-bonded network. The distance between
the two copper(Il) ions is 3.422 A [64].

H-47-HC1 and copper(Il) salts furnish [Cu(47),]-2H>0
with a distorted octahedral frans-N4O> copper(Il) ion.
[Cue(47)3(48)31(Cl04)6-9H,0, isolated from the reaction of

Fig. 31. Structure of [Cuy(41),(H,0)],,.

[Cu(47),]-2H>,O with Cu(ClOg4);-6H,0, contains the amino
derivative [47] and, surprisingly the related Schiff base ligand
[48]~. The copper(Il) centers forms a cyclohexane-like ring,
where all the [47]~ ligands are distributed on one face of the
metallocyclic ring, and the ligands [48]~ are on the other face.
The adjacent Cu- - -Cu distance in the ring is 9.424 A (Fig. 36)
[65].

The basic unit of [K(ClO4)3{Cu3(49)3}]1(ClO4), derived
from Cu(ClOy4),-6H,0, H-49 and KOH, consists of a trimer
formed by the cyclisation of {Cu(49)} moieties which contain
square planar copper(Il) ions. The highly distorted pentagonal
bipyramidal potassium(I) ion is found above the Cus plane,
bonded to three oxygen atoms of the [Cu3(49)3]** anion and
to the oxygen atoms of three perchlorate ions, which further
interact with the {Cu3(49)3 }>*moiety (Fig. 37) [65].

When NaOH is used instead of KOH, a mixture of
[Na(ClO4)3{Cu3(49)3}1(ClO4) and the 1D polymeric com-
pound {[Cu(49)(H,0)](ClO4)}, was isolated while LiOH and
CsOH afford only {[Cu(49)(H20)](ClO4)},, which also shows
ameridional conformation with an aqua oxygen strongly bonded
to the apex to form a distorted square pyramidal geometry at the
metal center [65].

H-50, derived from the condensation of o-vanillin with
N,N-dimethylethylenediamine, reacts with the appro-
priate nickel(Il) salt to give [Nia(50)2(w1,1-N3)(N3)
(H20)]-H20,  {[Ni2(50)2(j11,1-NCS)(NCS)(H20)][Ni2(50),
(-CH3COO)NCS)(H20)1},  {[Nia(50)(j1.1,1-NCO)(NCO)
(H20)]-H70. In these complexes, one of the two Schiff bases
acts as a tetradentate ligand, while the other as tridentate with a
nonbonded methoxy group [66].

[Niz(SO)z(p,l’l-N3)(N3)(H20)] H,O contains two
octahedral nickel(Il) ions, bridged by one azide anion
in end-on fashion through the nitrogen atom and by
w2-phenolate oxygen atom of the Schiff base (Fig. 38)
[66]. In both the dinuclear units of {[Niz(50)2(w11-
NCS)(NCS)(H20)][Niz(50)2(n-CH;COO)NCS)(H0)1}.
two pseudo-octahedral nickel(II) centers, respectively 3.328 A
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Fig. 32. Structure of [BaCu»(43)2(H>0)3],.

and 3.344 A apart, one with a N4O; donor set and the other
with a N3O3 donor set, are held together by both an isothio-
cyanate group in a 1 1-end-on fashion via a nitrogen atom
and a po-phenolate oxygen atom of a Schiff base ligand.
[Ni2(50)2(j1,1-NCO)INCO)(H20)]-H2O and  [Nip(50)2(pe1,1-

@)

N3)(N3)(H20)]-H;O are isostructural, the only difference being
the OCN™ anion in the former instead of the N3~ anion in the
latter. The Ni- - -Ni distance is 3.305 A [66]. In [Ni2(50)2(j1,1-
N3)(N3)(H,O)]'-H,O a strong ferromagnetic coupling
occurs, while [Niz(50)2(w1,1-NCO)(NCO)(H20)]-H20 and

Fig. 33. Structure of [LayCus(44)4(H20)10]** (a) and [BaCuy(44)>(H20)41, (b).
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Fig. 34. Structure of {[NaSrCu3(45)3(H20)3]-9H20} .

{[Ni2(50)2(pr1,1-NCS)(NCS)(H20)][Ni2(50)2(p.-CH3COO)
(NCS)(H,0)]} show a weak ferromagnetic and a weak
antiferromagnetic coupling, respectively [66].

H-50 reacts with the appropriate salts
[Zn(H-50)2(NCS)][Zn2(50)(p.1,1-CH3 COO)(NCS)3],
[Cd2(50)2(CD)2] and [Cd2(50)2(NCS),] [67]. In
[Zn(H-50)2(NCS)][Zn2(50)(.1,1-CH3COO)(NCS)3],  [Zn(H-
50),(NCS)]* contains a five coordinate N3O, distorted
trigonal bipyramidal zinc(Il) while in [Zn2(50)(wy1-
CH3COO)(NCS)3]~, one zinc(I) ion has an N3O donor
set and the other zinc(II) ion an N, O3 donor set. The two metal
centers are bridged by a w1 3-acetate ligand through the oxygen
atoms in syn—syn fashion and by the p,-phenolate oxygen atom
of the Schiff base ligand. One zinc(I) ion exhibits a distorted
square pyramidal geometry: the five coordination sites are
occupied by the imino and amino nitrogen atoms, two oxygen
atoms from phenoxo and acetato bridges respectively and one
nitrogen from the thiocyanate ligand. The other zinc(II) ion, in
a distorted trigonal bipyramidal environment, is coordinated by

to form

Fig. 36. Structure of [Cug(47)3(48)31°*.

two nitrogen atoms from two thiocyanato ligands, one methoxy
oxygen and two bridging oxygen atoms [67].

[Cd2(50)2(Cl),] and [Cd2(50)2(NCS);] show a very simi-
lar dinuclear structure with two equivalent cadmium(II) centers,
each with a terminal chloride or thiocyanate ligand and a triden-
tate Schiff base [50], bonded through the imine nitrogen, the
amine nitrogen and the phenoxide oxygen [67].

In [La(H-50a)3(NO3)3], derived from the condensation of
3-methoxy-2-hydroxybenzaldehyde and aniline in the presence
of La(NO3)3-5H,0 [68], the lanthanum(III) ion is 12 coordi-
nate with six oxygen atoms from the phenoxo groups and the
methoxy sidearm of the three Schiff base ligands and six oxygen
atoms from three bidentate nitrato anions. The three protonated
nitrogen atoms are intramolecularly hydrogen bonded with the
deprotonated phenol oxygen atoms [68].

[UO2(51)2(THF),],, obtained by the reaction of H-51 with
UO,(NO3);,-6H20 and KOH, contains two approximately pen-
tagonal bipyramidal uranium(VI) ions, coordinated by six oxy-
gen and one nitrogen and bridged by two phenoxo ligands [69].

Fig. 35. Structure of [CuyCd(H-46),(H20)4].
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Fig. 37. Structure of [K(ClO4)3{Cu3(49)3}1*.

[Mn3"™Mn''Ca'!(51a)3(j14-0)(C1)2(CH3CO0); »(H,0); 5
(CH30H)0.3](Clo.8)-5CH30H, [Mn;"'Mn"'Na' (51a)3 (us-
0)(N3)2.7(CH3COO); 3(CH30H)o 3]-2CH30H-5H,0 and
[{Mny"Na'(H-51b)4(13-0)(N3)3(CH30H),](C1)-3CH3OH,
are readily obtained when divalent manganese salts react
with the ligands H»-51a or H3z-51b in the presence of tri-
ethylamine and either CaCl, or NaN3. The two Schiff bases
are formed by the in-situ condensation of o-vanillin with 2-
hydroxypropylamine or 2-aminopropan-1,3-diol, respectively
[70].

The central core of Mn3z™Mn™Ca!f and Mn3;™Mn""Na com-
plexes consists of three manganese(II) centers, chelated by
[51a]?~ via the deprotonated phenol and propanol oxygen atoms
and the imino nitrogen. Two monodentate ligands, (ju-Cl) in the
Mnz M Call complex or (Mml -N3) in the Mn3"™™Mn"'Na! one
and a bidentate acetate provide further bridges between these
three Mn!"" centers to give an isosceles Mn3O triangle with

Fig. 38. Structure of [Niz(50)2(p1,1-N3)(N3)(H20)].

Fig. 39. Structure of
(CH30H)o3].

[Mn3""Mn"VNa(51)3(13-0)(N3)27(CH;CO0); 5

two shorter Mn- - -Mn distances and one longer. Two depro-
tonated phenol oxygen atoms and one deprotonated propanol
oxygen bridge to the manganese(II) ion with a terminal chloride
completing the coordination sphere. Conversely, two depro-
tonated propanol and one deprotonated phenol oxygen atoms
bridge to the calcium(Il) cation, which is further legated by
the central oxo ligand, a water and a disordered mixed mon-
odentate ligand [70]. In the Mz IMnNal complex the three
ligands are oriented mutually parallel. The three deprotonated
propanol oxygen atoms each bridge between their respective
manganese(Ill) and the manganese(Il) centre, while on the other
side of the Mn3O triangle the three deprotonated phenol oxygen
atoms each bridge to the sodium(I) ion with the three methoxy
groups providing additional chelation of the sodium cation. The
coordination sphere of the manganese(Il) ion is completed by
a methanol ligand and a disordered mixed anion (70% N3/30%
acetate) (Fig. 39) [70].

In the Mny"'Na complex two ligands [H-51b]~ adopt the
same structural motif as in the Mn3™Mn'"™Na one with their
alkoxo oxygen atoms bridging to the apical manganese(III) ion
and the deprotonated phenol and methoxy oxygen atoms legat-
ing the sodium cation. An end-on azide ligand bridges the second
short edge of the Mn3O unit, while the long edge is occupied
by a hydrogen bond from a methanol ligand to the deproto-
nated phenol oxygen of the parallel ligand. The fourth ligand
chelates the apical manganese(IIl) ion with its alkoxo oxygen
forming the remaining bridge to the Mn3O triangle. A (13-
m!m'-N3) ligand bridges between two apical manganese(III)
ion of neighboring molecules, forming a weak dimer (Fig. 40)
[70]. Magnetic susceptibility measurements indicate the pres-
ence of dominating antiferromagnetic interaction between the
manganese ions in these pentanuclear complexes [70].
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Fig. 40. Structure of [{Mn4™Na(H-51b)4(3-0)(N3)3(CH;0H) },]*.

Glycylglycine, o-vanillin and LiOH react with CuCl;-2H,0O
and then with AgNOj3 to form [CuAg(52)]. The Schiff base
ligand [52]°~ coordinates to the approximately square planar
copper(Il) ion, giving rise to a [Cu(52)]~ anion. The three coor-
dinate silver(I) ion is in a distorted T-shaped O3 coordination
environment. The [Cu(52)]~ anions coordinate to the silver ions
as a tridentate unit forming a infinite one-dimensional ribbon
(Fig. 41) [71].

H,-53a, oxalic acid and copper(Il) perchlorate lead to
[Cuz(53a)(C204)] where the two copper ions, 5.482 A apart,
are connected by the oxalato group in a bisbidentate bridging
mode. Each distorted square pyramidal copper ion is coordi-
nated by two oxygen atoms arising from the oxalato bridge,
one phenolic oxygen and two nitrogen atoms arising from the
organic ligand (one nitrogen atom from the azomethine group,
and the other one from pyridyl ring). The magnetic data agree
with an antiferromagnetic coupling between the two copper(Il)
jons (J=—9.0cm™1) [72].
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Fig. 43. Structure of [NisNa(55a),(CH3COO)s(OH)1152*.

The formation of [CusMn(53a)4](ClO4),-2H;0 from

[Cuy(53a);] and manganese(Il) perchlorate was veri-
fied by ESI-mass spectrometry, where the peaks due
to  [CusMn(53a)4(ClO4)]", [CusMn(53a)4(H,0)4]" and

[Cu4Mn(53a)4]2+ have been detected. Cryomagnetic inves-
tigations reveal antiferromagnetic interactions between the
copper(Il) and manganese(Il) ions (J=—9.7 em~ Y [73].

CuCl,-2H,0 and H>-53b in the presence of base produce
[Cuz(H-53b),(H20)2](Cl04), where the uncoordinated tertiary
amino groups are protonated. The square pyramidal copper
ions are 3.008 A apart (Fig. 42). A Cryomagnetic investigation
reveals a strong antiferromagnetic coupling between the two
copper(Il) ions [74].
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Fig. 41. Structure of [CuAg(52)].
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4. [1+ 1] Asymmetric end-off systems

The [1+ 1] asymmetric end-off Schiff bases derive from
the condensation of equimolar amounts of 2-formyl 4-methyl
(or bromo)-phenol, containing additional functionalities at the
six-position, and monoamines with an aliphatic or aromatic
chain bearing donor groups. [1+ 1] Asymmetric Schiff bases
have also been obtained by condensation of the amino precur-
sor H,NCH,CH(OH)CH;NRR’ with the appropriate aldehyde,

ketone or thioketone in a 1:1 molar ratio. In both the synthetic
pathways, the final result is the formation of a compartmental
ligand with two dissimilar adjacent chambers capable of giv-
ing rise to hetero-dinuclear or hetero-polynuclear complexation
(Scheme 3).

As observed for other precursors, the formyl derivatives
can serve as compartmental ligands, giving rise to mononu-
clear or, more frequently, polynuclear complexes. H-54,
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prepared by reacting equimolar amount of 5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazatricyclo[9.3.1.1]hexadecane with
3-chloromethyl-5-bromosalicylaldehyde in acetonitrile fol-
lowed by hydrolysis of the resulting compound with NaOH,
forms [Ni(54)](ClO4)-H,O (Fig. 43a) when mixed with
Ni(ClOy4),-6H,O [74].

On the contrary, the reaction of Ni(CH3COO),-4H,0 and
NaBPhy with the formyl precursor H-55a, having adjacent
N>O and O, donor sets, gives the pentanuclear nickel(II)
cluster {[NisNa(55a),(CH3COO)s(OH);] (BPhy)}, (Fig. 43b),
bridged by a sodium(I) cation, repeating throughout the crystal
structure. The polymeric chain is made up of symmetry
equivalent Nip 5Nag 5 units. The complex incorporates a variety
of bridging species, p»-bridging phenolates, p3-bridging
hydroxides and p3-bridging acetates. The six coordinate
sodium cation has an Og donor set of two p,-bridging carbonyl
oxygen atoms, and four p3-bridging acetates in a near perfect
octahedral geometry. The nickel(Il) ions are six coordinate in
a distorted octahedral environment. The Ni- - -Ni and Ni- - -Na
distances, ranging from 2.963 A to 5.438 A, are due to the
different bridging groups [75].

H-55b, prepared by reaction of 3-chloromethyl-2-hydroxy-
5-methylbenzaldehyde and methyl(2-pyridin-2-ylethyl)amine,
affords H-56---H-59 when condensed with the appropri-
ate amine. These ligands react with the required metal
salt and NaNCS to give [Ni3(56)2(CH3COO)2(NCS),],
[Ni3(56)2(CH3CO0)2(CH30H)2](BPhy )2,
[Co3(56)2(CH3COO0)2(NCS),],
[Ni3(57)2(CH3COO)2(NCS)2 1,
[Ni3(57)2(CH3COO)2(CH30H)2](BPh4)2,
[Co3(57)2(CH3CO0)2(NCS) ],

z
N OH s}
R R
/‘—O
i
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K_ XH OH R"

—0

R — OH

Fig. 44. Structure of [Ni3(58)2(CH3COO),(NCS),].

[Ni3(58)2(CH3CO0)2(NCS)2], [Ni3(59)2(CH3CO0)2(NCS)2],
[Mn3(59)2(CH3COO)>(NCS),], respectively. In these com-
plexes (Fig. 44) each metal ion has a distorted octahedral
geometry. The three pairs of metal ions are each doubly
bridged: two pairs of metal ions are each bridged by a cresolate
oxygen and by an oxygen atom from an acetate while the
third pair of metal ions is bridged by the syn-anti-bidentate
oxygen atoms from p3-acetato-kO:kO:kQ’ groups. The
oxygen atom of the pendant 2-methoxyethylimino arm in
[Ni3(59),(CH3COO),>(NCS);] does not coordinate to a metal
ion so paralleling the behavior of the sulfur atoms in the
2-methylsulfanylalylimino pendant arms in the trinuclear
complexes derived from H-60 and H-61. The metal ions

z
+ H,N-R" — ﬁﬁ
N OH N
R/ \R ~

U A(\T

R"

éOH J ?SH

Scheme 3. Synthesis of the [1 + 1] asymmetric end-off ligands.
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Fig. 45. Structure of [Ni3(65)2(CH3CO0),(NCS),].

form an isosceles triangle with two M- --M distances ~3.2 A
and the third one ~5 A. Cryomagnetic studies indicate weak
antiferromagnetic interactions between the adjacent metal ions
with little or no magnetic interactions between the terminal
metal ions [76].

In [Zn(H»-62)(H,0)(NO3)](NO3) and [Mg(H2-62)(H,0)3]
(NO3)2-H; 0, prepared by condensation of H-55¢ with glycine
in the presence of the appropriate metal salt, H>-62 coordinates
to the metal ion through the deprotonated phenolic oxygen, the
carboxylate group and the imine nitrogen. The amine nitrogen
atoms are both protonated and remain uncoordinated [77].

The transmetalation of [Zn(H;-62)(H,O)(NO3)](NO3) with
magnesium(II) salts was studied in different solutions. Thanks
to the strong tendency of the magnesium(Il) ion to bind six
water molecules in aqueous solution, no reaction of [Zn(Hj-
62)(H>,O)(NO3)](NO3) with magnesium salts was observed in
this solvent. Accordingly, the addition of Zn(NO3), to a solu-
tion of [Mg(H2-62)(H,0)(NO3)](NO3)in D>O (pD 9.7) resulted
in the conversion into [Zn(H;-62)(H,0)(NO3)](NO3). By con-
trast, the zinc(Il) ion is replaced by the magnesium(Il) ion
when [Zn(H3-62)(H,O)(NO3)](NO3) is treated with MgCl, in
DMSO. The same reaction does not occur with Mg(NO3),
Mg(ClO4), or MgSO4 while two equivalents of Mg(CH3COO),
yield 38% of [Mg(H>-62)(NO3)(H2,0)](NO3). Addition of
increasing concentrations of NaCl to a 1:1 mixture of [Zn(H;-
62)(NO3)(H20)](NO3) and Mg(ClO4), promotes formation of
[Mg(H2-62)(NO3)(H20)](NO3) up to ca. 40%. Na(CH3COO)
is even more effective than chloride in promoting replace-
ment of the zinc ion from [Zn(H-62)(NO3)(H>O)](NO3)
by the magnesium one. No zinc/magnesium exchange is
observed in the presence of fluoride, bromide and iodide
ions. In line with the effect of the anions described so
far, the magnesium(Il) ion is completely substituted by the
zinc(Il) ion when [Mg(H»-62)(NO3)(H,O)](NO3) is treated
with one equivalent of Zn(NO3); in the absence of chloride
or acetate, while treatment of [Mg(H,-62)(NO3)(H,O)](NO3)
with one equivalent of Zn(CH3CO,); gives a mixture of 68%
[Zn(H»-62)(NO3)(H20)](NO3) and 32% [Mg(H»-62)(NO3)
(H20)I(NO3) [77].

Fig. 46. Structure of [Ni5(66)2(CH3CO0)s(OH),].

In DMSO, MgCl, and Mg(CH3COQ), substitute the
zinc(Il) ion in [Zn(H-62a)(H,O)]; more easily than in
[Zn(H2-62)(NO3)(H20)I(NO3), while Mg(NO3)2, Mg(ClO4)2
and MgSO,4 are ineffective. Furthermore, no substitution
takes place in the presence of iodide, bromide or fluoride
ions [77].

The condensation of H-55b with N-methyl-benzene-1,2-
diamine affords H-63 which, owing to the presence of a

Fig. 47. Structure of [Ni»(69)(CH3COO),(CH3OH)]"*.
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secondary amine, suffers a cyclisation at the imine bond lead-
ing to H»-64, whose reaction with Ni(CH3COO);-4H,0 and
NaNCS gives [Niz(65)2(CH3COO)2(NCS),] where the dihy-
drobenzoimidazole ring system of H;-64 has been oxidized
to the benzoimidazole ring system of H-65. The core of
the structure is an isosceles triangle of distorted octahedral
nickel(II) ions (Ni---Ni distances of 3.19A and 4.91 A), the
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(N NH OH
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apical oxygen atoms of the central nickel(II)-based octahedron
serving also as apices at the other two nickel(Il) ions, respec-
tively. The terminal and the central nickel(Il) ions are each
bridged by a phenolate oxygen atom and by a monodentate
oxygen atom from an acetate while the two terminal nickel(II)
ions are bridged by the syn-anti-bidentate oxygen atoms from
two w3, nl, nz—acetates (Fig. 45) [78].
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Fig. 48. Structure of [Ni»(69)(CH3COO)(NCS)(CH30H)].

The complexes [Ni5(L)g(CH3COO)(OH)2]-nCH30H-mH, 0O
(H-L=H-66, H-67, H-68), prepared by addition of
Ni(CH3COO),-4H,O to the appropriate ligand, have a
closely similar pentanuclear core (Fig. 46). The struc-
ture of [Nis(67)2(CH3COO)s(OH),]-2CH30H-0.5H,O and
[Ni5(68)>(CH3COO)s(0OH),]-CH30OH-2H,O shows the non-
bonding nature of the 3-methylsulfanylpropylimino pendant
arms. The pentanuclear core of the complexes comprises two
dinuclear {Nip(L)} units linked to the third nickel(Il) ion by
bridging w3-hydroxo groups and by syn—syn bidentate bridging
and monodentate bridging acetate anions such that the central
nickel(Il) ion is six coordinate in a distorted Og octahedron.
The remaining nickel(II) ions are also six coordinate in a NOs
distorted octahedron for two terminal nickel(Il) ions and in a
N;O4 donor set for the other two terminal nickel(II) ions [79].

A range of ligands, bearing one imine and one amine arm,
has been prepared and used to generate dinuclear nickel(IT) com-
plexes. The nature of the terminal nitrogen donor atom in the
pendant arms was varied to give combinations derived from
pyridine, imidazole and tertiary amino groups; changing the
spacer present in the side arm allows either five-membered or
six-membered chelate rings to be generated at the metal cen-
ters and so a series of complexes having adjacent [5,5], [5,6],
[6,5] and [6,6] binding compartments was constructed, provid-
ing opportunity to investigate the effect of changing the nature
of the compartment on the bonding capacity of the ligand.

H-69, derived from the condensation of 2-
(2-aminoethyl)pyridine and H-55d, reacts with
Ni(CH3COO),-4H>0 in the presence of NaBF; to yield
[Ni2(69)(CH3COO),(CH30H)](BF4), which contains a dinu-
clear core, derived from a bridging cresolate and a bidentate
bridging acetate together with a monodentate bridging acetate
[80]. Chelation of the pendant nitrogen atoms provides six-
membered chelate rings from the imine arms to one nickel(Il)
ion and five membered chelate rings from the amine arms to

Fig. 49. Structure of [Niz(76)(CH3COO),(NCS)].

the other nickel(II) ion. Both nickel(II) ions are six coordinate
(Fig. 47) [80]. The structure therefore relates directly to
that of [Niz(68)(CH3COO),(NCS)], prepared by reaction of
H-68 with Ni(CH3COO),-4H,0 and NaNCS, where the non
symmetric monobridging acetate and cresolate bridges gives
a Ni---Ni separation of 3.048 A, slightly longer than that in
[Nis(69)(CH3COO), (CH;OH)|BF; (3.029 A) [81].

The same reaction in presence of NaNCS affords
[Niy(69)(CH3COO)(NCS)2(CH30H)], where the two closely
octahedral nickel(II) ions are bridged by the phenolate oxy-
gen atom of [69]", an isothiocyanato nitrogen atom and a
syn—syn bidentate acetate. Chelation from the pendant nitrogen
atoms provides five membered chelate rings from the imine and

Fig. 50. Structure of [Ni»(79)(CH3COO),(NCS)].
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amine arms. Again six coordination at each nickel(II) ion occurs
(Fig. 48) [81].

The generality of this reaction, in which both chelate rings
are five-membered giving a [5,5] coordination set, is shown
by the availability of the analogous dinickel(Il) complexes

1901

[Niz(L)(CH3COO)(NCS)2(CH30H)] where H, L. = H-67, H-70,
H-71 and H-72.

H-73 and H-74, which provide a [6,5] coordination
set, give rise to [Nip(L)(CH3COO)(NCS),(CH30OH)],
containing bridging groups similar to those occurring in
[Niz(L)(CH3COO)(NCS)2(CH30H)] (H-L=H-67, H-70,
H-71, H-72) [81].
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This structural type, having a syn—syn bidentate bridge and a
monodentate thiocyanate bridge, seems to be promoted by the
presence of a five-membered chelating ring at the iminic pendant
arm. Under the same reaction conditions, H-75 and H-76, pro-
viding [5,6] coordination sets, gave [Ni,(L)(CH3COQ),(NCS)].
The introduction of a six-membered chelate ring, on complex-
ation by the iminic arm provided by [75]” or [76], leads to
a different stoichiometry in the resulting dinuclear complexes.
The overall structural features of [Niy(75)(CH3COO),(NCS)]
and [Ni2(76)(CH3COQ),(NCS)] are comparable, revealing that
whilst a basic dinuclear core derived from a bridging phenolate
and a bidentate bridging acetate was retained, a monoden-
tate bridging acetate had replaced the bridging isothiocyanate.
The six coordinate nickel(IT) ions, 3.094 A apart, are again
bridged by the phenolic oxygen atom of [75]~ and a syn—syn
bidentate acetate but further bridging is now provided by a
monodentate bridging ethanoate anion. Chelation from the
pendant nitrogen atoms provides six-membered chelate rings
from the iminic arms to one nickel(I) ion and five mem-
bered chelate rings from the aminic arms to the other nickel(II)
ion. The isothiocyanate anion has migrated to the nickel(II)
ion in the iminic compartment when compared to its posi-
tion in the above [Nip(L)(CH3COO),(NCS)(CH30H)] and a
methanol molecule at the same nickel(I) ion has been lost
(Fig. 49) [81].

Also in [Nip(L)(CH3COO)2(NCS)] (H-L=H-77, H-78,
H-79), where the aliphatic aminic arm provides a five membered
chelate ring while the iminic arm provides a six-membered
chelating ring bearing a dimethylamino group (H-77, H-78)
or histamine (H-79), a monodentate bridging ethanoate occurs
and the coordination geometries at the metal ions resemble that
in [Niz(76)(CH3COO)2(NCS)] as confirmed by the structure
of [Niz(79)(CH3COO)2(NCS)]-H,O (Fig. 50), where the two
six coordinate distorted octahedral nickel(II) ions are 3.080 A
apart [81].

A group of ligands, with both pendant arms, pro-
viding six-membered chelate rings at both metal ions,
was then prepared together with their structurally sim-
ilar [Ni(L)(CH3COO),(NCS)] (H-L=H-80, H-81, H-82)
[81,82].

In [Ni2(80)(CH3COO),(NCS)] the two six coordinate
nickel(Il) ions are again bridged by the phenolate oxygen atom
or the deprotonated ligand, a syn—syn acetate and a monodentate
bridging acetate anion. The dinuclear core is very similar to
that in [Ni(76)(CH3COO),(NCS)]-H,O but chelation from the
pendant nitrogen atoms provides a six-membered chelate ring
from the iminic arm to the related nickel(II) ion and a second
six-membered chelate ring from the aminic arm to the other
nickel(II) ion. The nickel(Il). - -nickel(II) separation is 3.099 A
[81].

H-83, capable of providing a [5,5] coordination set, derives
from the condensation of 2-(methylthio)aniline and H-55a. It
reacts with cobalt(Il) acetate and sodium thiocyanate to give
[C02(83)(CH3COO)(NCS),(CH30H)] whose structural core
parallels that found in the nickel(Il) complexes with simi-
lar ligands providing [5,5] coordination set. The cobalt(Il)
ions are bridged by the cresolato oxygen atom, an isoth-

Fig. 51. Structure of [Co,(83)(CH3CO0),(NCS),(CH30H)].

iocyanato nitrogen atom and a syn—syn bidentate acetate
group. Chelation from the 2-methylsulfanylphenylimino pen-
dant arm provides a five membered chelate ring to one
cobalt ion, and together with a thiocyanato nitrogen atom
gives an overall N;O,S donor set. Chelation from the
N,N-diethylamino-bearing arm provides a five membered
chelate ring to the other cobalt(Il) ion, and together with
a methanol oxygen atom gives an overall N4O;, donor set
(Fig. 51) [82].

In contrast to the above generation of dinuclear complexes,
the reaction of the appropriate metal(Il) acetate, NaNCS
and H-84 or H-61, where the 2-methylsulfanylphenylimino
pendant arm has been replaced by 2-methylsulfanylethylimino-
or by 3-methylsulfanylpropylimino-pendant arms, respec-
tively, gives  [Ni3(L)2(CH3COO)2(NCS),2]-2H,0  and
[Mn3(61),(CH3COQO)>(NCS);,]. The overall structures resem-
ble each other with a triangle of metal ions. In the manganese
complex the three pairs of distorted octahedral manganese(Il)
jons, 3.287A, 5.202A and 3.294 A apart, are each doubly

Fig. 52. Structure of [Mn3(61)2(CH3COOQ),(NCS),].
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Fig. 53. Structure of [Zny(81)(CH3COO),;]* (a) and [Zn,(81)(CH3COO)
(NCS)2] (b).

bridged: two pairs of external . . . internal metal ions are bridged
by a cresolate oxygen and by a monodentate oxygen atom from
an acetate while the two external manganese ions are bridged
by the syn-anti-bidentate oxygen atoms from two w3-acetato-
kO:xk0;kO’ groups. The sulfur atoms from the pendant arms are
not coordinated. Vacant coordination sites arise at the metal ion
incorporated into the iminic compartment and provide an oppor-
tunity for the generation of a complex with enhanced nuclearity
via interaction with the corresponding iminic donor set from a
second ligand molecule to satisfy the octahedral requirement
of the incorporated metal herein the pivotal manganese ion
(Fig. 52) [82].

Fig. 54. Structure of [Cu(56)(p-OCH3)(NCS),] (a) and [Cu,(67)(n-OCH3z)
(NCS)2] (b).

[Zny(81)(CH3COO);] (BPhy), derived from the reaction
of H-81 with Zn(CH3COO);-2H,0O and NaBPhy4, contains
a di-p-acetato-p-cresolato-dizinc(Il) core [83]. Each acetato
bridge is syn—syn bidentate and this contrasts with the binding
mode found in [Niy(81)(CH3COO),(CH30H)](BPhy), where
a di-p-acetato-p-cresolato-dinickel(II) core occurs, but with
one syn—syn bidentate acetato bridge and one monodentate
bridging acetate present. This latter core has been found con-
sistently with the introduction of a six-membered chelating
ring at the iminic binding site in dinuclear nickel(Il) com-
plexes of unsymmetrical Schiff base compartmental ligands
[85]. The Zn---Zn separation is 3.309 A, which is longer
than those observed in related dinickel(II) complexes derived
from compartmental ligands bearing [5,6] and [6,6] coordi-
nation sets where the separation ranges from 3.080-3.099 A
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(3.096 A in [Ni,(81)(CH3COO),(CH30H)|(BPhy)] [84]. This
longer separation is clearly capable of supporting the two
three-atom syn—syn bidentate acetate bridges. Both zinc(Il)
ions are five coordinate, compared to the six coordinate
nickel(Il) ions in [Niz(81)(CH3COO),(CH30H)](BPhys): one
zinc(Il) ion is in a distorted trigonal bipyramidal geometry
and the other zinc(Il) ion in a square pyramidal geometry
(Fig. 53a) [83].

The same reaction in presence of NaNCS gives
[Zny(81)(CH3COO)(NCS),] where a p-acetato-p-cresolato-
dizinc(Il) core occurs with an unusually monodentate acetato

bridge. The two zinc(Il) ions, 3.254 A apart, are in a distorted
square pyramidal geometry with the thiocyanate anions trans
to each other (Fig. 53b) [84].

H-56, H-57 and H-67 form [Cu,(L)(-OCH3)(NCS),] when
treated with Cu(CH3COO);-H;0 in the presence of NaNCS
[85]. In these three dinuclear copper(Il) complexes the presence
of p-methoxy groups occurs rather than the p-acetato groups,
regularly found in the related dinuclear nickel(Il) complexes
[87]. m-Methoxides have also been found in dinuclear copper(1I)
complexes prepared from symmetric compartmental ligands and
copper(Il) acetate [86].

Fig. 55. Structure of [Niy(85)(p-CH3; COO)(CH3;COO0)(H,0)(CH3OH)J* (a), [Niz(85)(1-CH3CO0),(CH3;OH)]* (b) and [Niz(86)(OH)(H,0) (urea)]** (c).
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Fig. 56. Structure of [Cuz(89)(u-CH3COO),]* (a) and [Cu4(92)2(CH3CO0)4]
(b).

In [Cuy(56)(p.-OCH3)(NCS),] the copper ions, 3.074 A
apart, are asymmetrically bridged by the cresolato oxygen
and symmetrically by a methoxy oxygen atom. The copper
ion in the aminic compartment is five coordinate intermediate
between square pyramidal and trigonal bipyramidal while the
four coordinate copper ion in the iminic compartment shows
a weak fifth interaction with the sulfur atom of the NCS™
group of an adjacent complex. The overall chain structure of
the resulting coordination polymer is propagated by a con-
tinuum of Cu-S intermolecular interactions (Fig. 54a) [86].

A similar crystal structure was found for [Cuy(57)(n-OCH3z)
(NCS)2].

Also in [Cuy(67)(p.-OCH3)(NCS);], the copper(Il) ions, at a
distance of 3.096 A, are similarly bridged by the cresolato oxy-
gen and a methoxy oxygen atom. However, a discrete species
is detected in which the five coordinate copper ion in the
iminic compartment is bound to the sulfur atom of the pen-
dant arm, its coordination being completed by the bridging
oxygen atoms, the iminic nitrogen atom, and an isothiocyanate
nitrogen atom. This is in contrast with the behaviour of the
terminal thiomethyl sulfur atom in reactions of related com-
partmental ligands with Ni(CH3COO),, where use of aliphatic
pendant arms (as in H-60 and H-61) gave trinuclear complexes
and aromatic pendant arms were required to induce dinuclear
complexes. It is presumed that this difference derives from
an increased thiophilicity of the copper(Il) ion relative to the
nickel(I) ion. The copper ion in the aminic compartment is
distorted square pyramidal. The donor atoms at one copper(Il)
ion are N3O, and those at the other copper(Il) ion are N,OS
(Fig. 54b) [85].

In order to avoid the risk of hydrolytic cleavage occur-
ring in reactions of asymmetric compartmental ligands
with nickel salts in the presence of weakly or non-
coordinating anions, the Schiff base ligands H-68 and
H-70 were reduced to the corresponding amine deriva-
tives H-85 and H-86. The subsequent reaction of H-85
with Ni(CH3COO),-4H;0 and NaPFg forms [Niz(85)(j-
CH3COO) (CH3COO)(H,0)(CH30H)](PF¢), where the two
six coordinate N,Qy4 distorted octahedral nickel(Il) ions are
bridged by a cresolate oxygen atom and a syn—syn biden-
tate bridging acetate anion. Chelation from the pendant
nitrogen atoms provides five membered chelate rings at
each nickel(Il) ion (Fig. 55a) [88]. The same reaction also
gives [Niz(85)(u-CH3COO),(CH30OH)](PFg), cocrystallised
with [Niz(85)(n-CH3COO),(H20)(CH30H)](PFg). The crys-
tal structure again shows the same dinuclear core containing,
however, one six coordinate N»O4 octahedral nickel(Il) ion
bound to one arm of [85] via the articular N(H) and
pyridinyl nitrogen atoms and to a methanol molecule and
the other five coordinate N>O3 square pyramidal nickel(II)
ion bound to the articular N(C,Hs) atom and terminal
N(CH3); of the second arm of [85]~. The Ni- - -Ni separation
is 3.334A (Fig. 55b). The vacant site in [Nix(85)(pw-
CH3COO),(CH30H)](PFg) is occupied by a water molecule in
[Ni2(85)(-CH3COO),>(H,O)(CH30H)](PFg), where the two
six coordinate distorted octahedral nickel(II) ion are 3.417A
apart [88].
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The structure of [Niz(85)(pn-CH3COO)>(CH30H);](BPhy),
isolated when [BPh4]™ was used instead of [PFg] ™, is closely
similar to that of [Nin(85)(n-CH3COO), (H,O)(CH30H)](PFs):
two methanol molecules are coordinated to the nickel(II) ions
where previously a water molecule and a methanol molecule
were coordinated [88].

The dinuclear core of [Niy(86)(OH)(H,0);(urea)](BPhy),,
derived by mixing H-86, Ni(ClO4),-4H,>0O, NaBPh4 and urea,
contains a bridging cresolate oxygen atom and an hydroxide
anion. The nickel(Il) ion, bound by the [86]~ arm bearing an

C;Hs
CH;

Ne | P
| H-84
P
H-86 j
i

PA. Vigato, S. Tamburini / Coordination Chemistry Reviews 252 (2008) 1871-1995

éi 2

| N
\/

HN

ey

/EE |

CH;
C,H;

L

articular N(H) and a terminal N(CH3), group, is N2 Oy six coor-
dinate and the other one, bound by the [86] arm bearing an
articular N(CoHs) atom and a terminal N(CH3), group, is five
coordinate in a distorted square pyramidal N»O3 coordination.
The Ni- - -Ni separation is 3.049 A, shorter than that found in the
dinuclear nickel(II) complexes with [85]~, this reflecting the
reduced connectivity of the bridges (Fig. 55c) [88].

Cyclic voltammetric studies of [M(87a)](ClO4)-H;O,
[M2(87a)](ClO4)2-2H, 0, [M(88b)](C104)-H,0 and [M;(88b)]
(ClO4)2-2H,O M= cll, N iH), prepared by the con-
densation  of  2-formyl-4-methyl-6-[(4-methylpiperazine-
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1-yDmethyl]phenol ~ with  N-f-amino-ethylisonitrosoethyl-
methylketimine or N-B-amino-methylethylisonitrisoethyl-
methyl-ketimine in the presence of the appropriate metal
perchlorate, prove one quasireversible reduction wave for all
mononuclear complexes and two quasi reversible one electron
reduction waves for the dinuclear complexes. An antiferro-
magnetic interaction occurs in the dicopper(Il) complexes;
in particular, [Cuz(87)](ClO4),-2H,0 shows a —2J value of
283cm™! [89].

The formyl precursor H-89a, deriving from the Man-
nich reaction of 4-bromo-2-hydroxybenzaldehyde and N-
methylpiperazine, affords the related Schiff bases by condensa-
tion with HyNCH,CH,NH(CH,CH,),X (X =CHj3,0,S). These
compounds can be easily reduced to H-89, H-90 and H-91
which react with Cu(CH3COO);-H,0O and N(C,Hs)3 to give
[Cuz(L)(m-CH3COO),](BF4) where the two square pyramidal
copper ions, at a Cu- - -Cu distance of 3.304, 3.263, 3.299 A,
respectively, are bridged by the p.-phenoxo-oxygen of [LL]™ and
by two acetate anions (Fig. 56a) [90].

Kinetic studies of the oxidation of 3,5-di-fert-butylcatechol
to the corresponding quinone, in air saturated methanol solu-
tion of these complexes, show that the turnover numbers of the
complexes increase in the order H-89 < H-90 < H-91. DFT cal-
culations and ESI-MS experiments suggest that a higher affinity
of the group at the 4 position of the piperidine ring of the lig-
and to the copper ion enhances removal of one acetate bridge.
The resulting free coordination site can be used for substrate
binding, thereby resulting in higher turnover numbers for the
catechol oxidation [90].

The condensation of H-89a and l-alanine in presence of
NaOH followed by in situ reduction of the resulting Schiff
base, forms H;-92 which reacts with Cu(CH3COO)-H;0 to
yield [Cus(92)2(CH3C0O0)4]-2CH3CN-2H; 0 (Fig. 56b), where
two dinuclear units are connected by acetate bridging groups.
In each dinuclear unit, the two copper centers are connected
through two acetate bridges in a syn—syn manner and are
bridged internally by the phenolate oxygen of [92]>~ which
acts as a pentadentate donor. One copper(Il) ion is in a dis-
torted OsN octahedral coordination. The second five coordinate
copper center is in a distorted NoO3 square pyramidal arrange-
ment. The Cu---Cu separation inside each dinuclear unit is
3.282A. The Cu---Cu distance between dinuclear entities is
3.449 A [90].

H-93, prepared by methyl chlorination of 5-
methylsalicylaldehyde at the 3-position of the phenol ring
subsequently substituted by di-(2-pycolyl) amine of the phenol
ring, forms H-94 by [1+1] condensation with 2-(amino
methyl)pyridine [91,92]. The first dinuclear complexes with
H-93, obtained by hydrolysis of H-94 in the presence of
nickel(IT) salts with non- or weakly coordinating anions, were
found to have very similar crystal structures, comprising a
bimetallic core with two bridging phenolato groups from two
ligands. The coordination environment around each metal
ion was completed by three nitrogen donor atoms from an
amino arm of the ligand and an oxygen atom of the formyl

group formed by hydrolysis, to give a distorted octahedron
[92].

When reacted with CuBr,, CuCl,-2H,O or MnCl,, H-93
forms the closely similar complexes [M(H-93)(X),]. [Cu(H-
93)(Cl)2]-H,O is converted, under basic conditions, into
[Cu(93)(C1)]-H20. The copper(Il) ion is in a distorted N3OCl,
octahedral geometry in [Cu(H-93)(Cl);]-H,O and square
pyramidal in [Cu(93)(C)]-H,O [93,94]. [Cu(H-93)(Cl);]
and [Cu(93)(CD)] are able to cleave very rapidly unactivated
peptide bonds from bovine serum albumine (BSA) and the
thermo stable enzyme Taq DNA polymerase at micromolar
concentration, under mild pH and temperature conditions.
These complexes are apparently not selective for hydrolysis of
a specific peptide bond but rather for a specific region of the
protein [93].

H-93 and Cu(NO3), afford [Cuz(93)(u-NO3)(NO3)>] [93]
with the two copper ions, 3.065A apart, bridged by an
endogenous w-phenoxo group and by an exogenous biden-
tate nitrate anion: one copper(Il) ion is five coordinate in
an almost ideal square N3O, pyramidal geometry. The other
copper(Il) ion is six coordinate with a much distorted Og
octahedral geometry (Fig. 57). The magnetic susceptibility
measurements indicate a ferromagnetic behavior for this dinu-
clear nitrate complex (J=3.2 cm™!) [94]. Whereas the structure
of the mononuclear complexes appears to be mostly retained
upon dissolution, the dinuclear nitrate complex dissociates in
methanol [94].

H-93 and cobalt or manganese salts of weakly coordinating or
no coordinating anions yield the isomorphous complexes [Cos
(93)21(C104)2-0.7CH30H, [C02(93)2]1(BF4)>2-CH30H (Fig. 58)
and [Mny(93),]1(BF4),-(C2Hs),0, with the metal ion coordi-
nated by three nitrogen donor atoms of a pendant arm, two oxy-
gen atoms from deprotonated cresolate moieties and the oxygen
atom of the formyl group. The two metal ions, in a significantly
distorted N3O3 octahedron surrounding and with a Co- - -Co or
Mn- - -Mn separation of 3.203 A and 3.401 A, are bridged by
two w-phenoxy bridges from two deprotonated cresolates. In
[C02(93),](C104),-0.7CH30H and [Co02(93),]1(BF4),-CH3;OH
an antiferromagnetic interaction occurs (—J/=3.56cm™! and
3.30cm™!) while for [Mn2(93)2]1(BF4)2-(C2Hs)20 a J value of
0.57 cm™! was found [95].

Cu(NO3)2-3H,O and H-95, H-95a or H-95b,
obtained by reduction of the related Schiff bases, form
[Cua(L)(NO3)2(H20)1 5](NO3), where only an endogenous
phenolato bridge occurs, which promotes the large Cu- - -Cu sep-
aration of 3.900 A [91]. One copper(II) ion is in a much distorted
N303 octahedron while the other copper ion is in a distorted
N>O4 octahedron (Fig. 59). The complex shows weak ferro-
magnetic coupling between the two copper ions (J=4.6cm™!).
Cyclic voltammogram of [Cuz(95)(H20);5(NO3)2](NO3) in
acetonitrile, shows two successive irreversible one-electron
electrochemical signals, at —0.13 V and at —0.33 V attributed
to the formation of Cu'Cu! and Cu!Cu' species, respectively. In
addition, a very broad peak at ca. —0.7 V suggests the reduction
of both copper ions to Cu® [91].



1908 PA. Vigato, S. Tamburini / Coordination Chemistry Reviews 252 (2008) 1871-1995

N OH N R | N OH HN
N OH o]
HO
\N " (\N
R X
H,-87 H H-89a H-89 CH,
H,-88  CHj H-90 O
H-91 S

X
Z

N
0
N OH HN \ N N—
. \ /
HO o) B9
H,-92
N| o o NH OH N
S CUW T Ty QI
| WL S | PN



PA. Vigato, S. Tamburini / Coordination Chemistry Reviews 252 (2008) 1871-1995 1909

Fig. 57. Structure of [Cuy(93)(-NO3)(NO3),].

H-95b and CuCl, or Cu(ClO4); in the presence of
NH,>OH-HCI form the structurally similar [Cuy(H-95b),(j-
CD2](CuCly)2, and [Cup(H-95b)2(-Cl1)2](Cl04)4-6CH30H,
respectively, where the phenol group of H-95b and the secondary
amine nitrogen atom are protonated. Two mononuclear units are
doubly bridged by two chloride anions, which hold the two octa-
hedrally distorted copper ions at a distance of 3.439 or 3.521 A,
respectively [95].

H-95, H-95a and H-95b form highly active copper-catalysts
in the oxidative coupling of 2,6-dimethylphenol (DMP) with
the formation of poly(1,4-phenylene ether) (PPE) together with
small percentage of diphenoquinone (DPQ). The highest con-

Fig. 58. Structure of [C02(93)2]%*.

Fig. 59. Structure of [CU2(95)(NO3)2(H20)1‘5]+.

version to PPE was obtained by the copper(Il) complex of H-95b
[95].

H-96, derived from the condensation of H-93 with n-
propylamine, contains adjacent NO and N3O donor sets.
Addition of Ni(CH3COO);-4H,0O together with NaClOg4
or NaPFg gave [NigNa (96),(CH3COO)s(CH30H),](ClO4),
and [NigNa(96),(CH3COO)g(CH30H); |(PFg). The same reac-
tion in the presence of the potassium and ammonium
salts affords [Ni3(96),(CH3COO),(CH30H)(H>0)](BF4)> and
[Ni3(96)>(CH3COO),(CH30H),](PFg),, respectively [96].

In the closely similar structures of
[NigzNa(96),(CH3COO)(CH30OH), |(PFg) and [NigNa
(96)2(CH3COO)s(CH30H);2](ClOy4), the pentanuclear core
comprises two dinuclear {Ni»(96)} units which are each linked
to the sodium ion by a monodentate bridging acetate and two
bridging p3-acetato-kO:kO:xQ’ groups. The intermetallic
Ni- - -Ni separations are 3.388 A while the Na- - -Ni ones are
3.008A, 3.006 A, 4.903A and 4.901 A. The sodium(I) ion
is six coordinate in a distorted Og octahedral donor set. The
nickel(Il) ions are also six coordinate in distorted octahedral
environments: two nickel(I) ions are in NO5 donor compart-
ments whilst the other two nickel(II) ions are in N3O3 donor
compartments (Fig. 60) [96].

Fig. 60. Structure of [NigNa(96),(CH3COO)s(CH30H),]*.
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Fig. 61. Structure of [Ni3(96),(CH3;CO0)s(CH;0H)(H,0)]>*.

Also [Ni3(96)>(CH3COO),(CH30H),](PFg)2 and
[Ni3(96)2(CH3COO)2(CH30H)(H20)](BF4)2 are
closely similar each other. The nickel(II) ions in
[Ni3(96)2(CH3COO)2(CH30H)(H,0)](BF4)2, form a  tri-
angle where the Ni---Ni distances are 3.644 A, 3.639 A and
6.627 A, respectively. Each nickel(Il) ion has a distorted
octahedral geometry with the apical oxygen atoms of the one
nickel(Il)-based octahedron serving also as apices at the other
two nickel(IT) ions. Two nickel(Il) ions are in N3O3 donor
compartments whilst the third nickel(Il) ion is in an N>O4
donor compartment provided by two bridging cresolato oxygen
atoms, two acetate oxygen atoms and two imino nitrogen
atoms. The oxygen atoms of the acetates occupy equatorial
positions of two nickel(Il) ions in the N3O3 compartment and
both acetates form syn—syn bidentate bridges, between these
metal ions and that in the N,O, compartment (Fig. 61) [96].

In [Fe''Zn!'(97)(CH;COO0);3](BPh4)-H,0, prepared by the
reaction of H-97 with Fe(CH3COOQO)3 and Zn(CH3COO);-2H,0
in the presence of sodium tetraphenylborate, the two metal ions,
3.385 A apart, are bridged by the phenolate oxygen atom of
[97]~ and two acetate groups in a syn—syn mode. The six coor-
dinate iron(III) ion is bound to the bidentate arm while the six
coordinate zinc(II) ion is bound to the tridentate arm. The site
specificity of metal ions in the Fe'™Zn'! complex indicates that
the smaller metal ion is bound to the tridentate arm and the larger
metal ion to the tridentate arm (Fig. 62a) [97].

A water/dimethylformamide solution (2:98) of the Fe!'Zn!
complex (2x 1073M) at 25°C completely hydrolyses
tri(p-nitrophenyl)phosphate ~ (TNP) to  hydrogen-di(p-
nitrophenyl)phosphate (HDNP) in 100min followed by
hydrolysis of (DNP™) into phenylphosphate (MNP)>~. It
was found that the {FeZn (DNP)} adduct is formed at the
initial stage and the bound (DNP)~ is slowly hydrolyzed into
phenylphosphate (MMP)2~. The hydrolysis of (DNP)~ into
(MMP)>~ is almost completed in 700 min. Under similar
conditions the analogous Zn, complex has no activity to
hydrolyze (DNP)™. The Zn complex releases the acetate bridge

Fig. 62. Structure of
(CH3CO0),]* (b).

[FeZn(97)(CH3;COO);]* (a) and

[CuMn(97)

more or less in a dilute solution, providing vacant sites on the
two metal centers. The resulting species can accommodate
(DNP)™ in the chelating mode on the iron(IIl) center and OH™
(or H>O) on the zinc(IT) center, allowing the nucleophilic attack
of the OH™ (or HO) to the phosphorus nucleus of (DNP)™
[97].

The complexes [M;My(97)(CH3COO),1(Cl104)
MMy =Cu™™n!', CullFe!!, cu'Co!!, Cu™Nill, Cul'Zn!,
Zn"Co!" and Zn""Ni") were obtained by one-pot reaction of H-
97 and the desired couple of metal(II) acetates in the presence of
sodium perchlorate. For [CuNi(97)(CH3COO)(NCS);] sodium
thiocyanate was used instead of sodium perchlorate. FAB
mass spectrometric studies demonstrate that these complexes
have a discrete heterodinuclear core. For the ZnCo and for
ZnNi complexes the same measurements indicate a partial
disproportionation into the related homodinuclear species
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Fig. 63. Structure of [Cuyg(97),(CH3;CO0)3 1.

while for [CuNi(97)(CH3COO)(NCS),] no ion peak due to the
homodinuclear species was detected [98].
[CuM(97)(CH3C00),](Cl04)-CH;OH  (M=Mn!, Fell,
Cco'l, Ni'l, zn") and [ZnNi(97)(CH3C0O0),](Cl04)-CH30H
are isostructural. In the CulMn!" complex the square pyramidal
copper(Il) ion is bound to the bidentate arm and the nearly

Fig. 64. Structure of [Ni2(99)(CH3COO)(NCS);].

octahedral manganese(Il) ion is bound to the tridentate arm of
[97]. The metal ions, 3.301 A apart, are bridged by the pheno-
late oxygen of [97]~ and two acetate groups (Fig. 62b) [98]. The
site specificity of metal ions in [ZnNi(97)(CH3CO0O);](ClO4),
supported also by the structures of [Zn,(97)(CH3COO),](ClO4)
and [Niz(97)(CH3COO),(CH30H)](PFg), indicates that the
zinc(Il) ion is bound to the bidentate arm and the nickel(II)

Fig. 65. Structure of [Ni4(100)2(CH3COO)4]2+.
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ion to the tridentate arm of [97]”. It was supposed that
[ZnCo(97)(CH3CO0),](ClO4) has a zinc(II) and cobalt(Il) site
occupancy similar to that in [ZnNi(97)(CH3C0OO);](ClOy4). In
[CuNi(97)(CH3COO)(NCS),] the square pyramidal copper(Il),
bound to the bidentate arm, and the six coordinate nickel(II)
ion, bound to the tridentate arm of [97]~, are 3.402 A apart
[98].

Attempts to form homodinuclear copper(Il) complexes by
the reaction of H-97 and Cu(CH3COO);-H> O in the presence of
sodium perchlorate, yield [Cu4(97)2(CH3CO0)3](ClO4)3-H2O
which shows a dimer-of-dimers structure, comprised of two
dissimilar {Cuy(97)(CH3COO)}>* units (A and B) bridged by
another acetate group. In the unit A, two square pyramidal cop-
per(Il) ions are doubly bridged by the phenolic oxygen atom
and an acetate group. In unit B, the two copper(Il) ions are
singly bridged by the phenolic oxygen atom; one copper(Il) ion,
bound to the bidentate arm, assumes a planar geometry while
the geometry around the other copper(Il) ion is square pyrami-
dal (Fig. 63) [98]. [Cu4(97)2(CH3COO0)3](Cl04)3-H,0O when
reacted with [Zny(97)(CH3CO0);2](Cl04) (1:2) in dimethyl-
formamide at 60°C for 6h almost quantitatively forms
[CuZn(97)(CH3CO0),](Cl0Oy4), [98].

H-98 and H-99, prepared by in situ condensation of H-93 with
the requisite amine, react with nickel(II) acetate to give, after the
addition of NaBF4 or NaNCS, [Ni(98)(CH3COO);,](BF,4) and
[Ni2(99)(CH3COO)(SCN);], whose structure has a common
tilted metallocyclic core derived from a bridging phenolate, a
bidentate bridging acetate and a pair of nickel(Il) ions with a fur-
ther acetate bridge in [Niz(98)(CH3COO);,](BF4) and an asym-
metric isothiocyanato bridge in [Niz(99)(CH3COO)(SCN),].
In [Niy(98)(CH3COO),](BF4) the terminal —OH group of
the aminic pendant arm binds to a nickel ion but in
[Ni2(99)(CH3COO)(SCN),] an isothiocyanate anion binds in
the corresponding position with the terminal —-NH; group
of the non-coordinated pendant group. This appears to
reflect the comparative bond strengths of the putative donor
groups: in [Ni2(98)(CH3COO),](BF4) the counter ion is non-
coordinating and so the pendant arm binds fully, whereas
in [Ni2(99)(CH3COO)(NCS)3] the isothiocyanate anion binds
preferentially to the nickel ion [99]. [Ni2(98)(CH3COO);](BF4)
contains two six coordinate nickel(II) ions, one in a N»Oy4 octa-
hedral environment and the other in a N3 O3 distorted octahedral
environment, bridged by the phenolate oxygen atom of [98]™
and by two syn—syn bidentate acetate anions.. The Ni- - -Ni sep-
aration is 3.332 A (Fig. 64a). In [Ni»(99)(CH3COO)(NCS), ] the
six coordination of the nickel(II) ion in the aminic compartment
is completed by interaction with the three nitrogen atoms of the
dipodal arm and the nitrogen atom of an isothiocyanate anion.
The coordination geometry at the nickel(Il) in the iminic com-
partment is square pyramidal, with an NCS™ in an axial position.
[99]~ provides a molecular cleft into which the metal ions fit.
The terminal amino function is not coordinated and the Ni- - -Ni
separation is 3.208 A (Fig. 64b) [99].

The reaction of 2-(2-aminoethylamino)ethanol
and 3-[(bispyridin-2-ylmethylamino)methyl]-2-2-
hydroxy-5-methylbenzaldehyde, followed by the
addition of Ni(CH3C0O0),-4H,O and NaNCS affords

(@)

Fig. 66. Structure of
[Cu3(101b)y(C1),1** (b).

[FeZn(101)(.-OCH3)(w-CH3COO)]*  (a) and

[Niy(98)(CH3COO)(NCS), ], whose structure is closely similar
to that of [Niz(99)(CH3COO)(NCS);,], contains two six coor-
dinate nickel(II) ions, 3.332 A apart, bridged by the cresolate
oxygen atom of [98] ", and a syn—syn bidentate ethanoate anion.

On the contrary the reaction of the preformed or formed in situ
H-99 with Ni(CH3COO);,-4H,0 in the presence of either BF,~
or PF¢~ counter anions gives [Nig(100)2(CH3COO0)4](X)2
(X=BF4~, PF¢™), where the iminic pendant arm of [99]~
has been converted into the amidic pendant arm of [100]™.
Each nickel ion is in a pseudo-octahedral geometry: the
nickel(I) ions in the aminic compartments are coordinated
by N3O3 donor sets and those in the amidic compartments
are coordinated by N>O4 donor sets. The octahedral share
an oxygen apex, and the pairs of nickel ions are bridged by
the cresolato oxygen atoms and by two syn—syn acetates. The
average Ni---Ni separations are 3.415A (Fig. 65). A possi-
ble pathway for the generation of [Nis(100),(CH3CO0)4](X)2
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was proposed, where the initially formed dinuclear complex
[Ni2(99)(CH3COO);]* is hydrolyzed at the imine to give
[Niz(93)(CH3COO),(H,NCH,CH,NHCH,CH,;NH,)]*. Two
molecules of this complex self assemble to produce the
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tetranickel(II) carbinolamine complex
[Nis(100a),(CH3CO0)41**, which undergoes  oxidation
of the carbinolamine C-N bond followed by tautomerisation to
produce the amidic product [Nig(100)>(CH3COOQ)4](X), [100].
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The formyl precursor H-101', prepared by reaction
of (2-chloromethyl-4-methyl-6-formyl)phenol with N-(2-
hydroxybenzyl)-N-(2-pyridylmethyl)amine ~ [101],  forms
H;-101 by condensation with 2-amino-6-methylperhydro-1,4-
diazepine [102]. The same condensation in the presence of
Zn(CH3C0OO0);-6H,0, Fe(ClO4)3-9H,0 and Na(CH3COO)
affords [FeZn'(101)(n-OCH3)(n-CH3CO0)](Cl04) [103]
where the iron(IIl) ion in a NyO4 octahedral environment
and the zinc(Il) ions in a highly distorte N3O3 octahedral
environment, 3.08 A apart, are bridged by the phenolate oxygen
of [101]>~ and by exogenous carboxylate and methoxy groups
(Fig. 66a) [103].

[Cu(CH3CN)4](ClO4) and H-101a, derived from 2-
chloropycolylchloride and 4-tert-butyl-2,6-diaminophenol,
form  [Cup'(H-101a) (CH3CN),](ClO4),. The  fur-
ther addition of O at 80°C in nitrile solvent
gives rise to [Cup!'(101a)(OOH)(RCN)]** (R=CHs,
CH3;CH;, CgHs5CH;), which thermally turns into
[Cu3”(101b)2(Cl)2](PF6)2: a multiple oxidative reaction,
as revealed by the X-ray structure, has transformed [101a]™
into the Schiff base [101b]~. The presence of chloride ligands
indicates that CH»Cly, used as solvent, has been involved
in the complicated and multistep reaction. The trinuclear
complex is constructed of a dimer of the modified Schiff base
ligand [101b]™, connected by coordination to an additional
central copper(Il) ion. The terminal copper(Il) ions are slightly
distorted square pyramidal while the central copper(Il) ion is
six coordinate (Fig. 66b) [104].

H>-102, obtained by [1+1] condensation of methyl-
2-aminocyclopenten- 1-ene-1-dithiocarboxylate with
1,3-diamino-2-hydroxypropane followed by addition of
1-hydroxomethylpyrazole to the resulting Schiff base, reacts
with the appropriate nickel(II) salt in the presence of base and
pyrazole (H-Pz) or 2-mercaptopyridine (H-Spy) to generate
[Ni2(102)(-pz)(H20)](Cl04)-CH3COCH3  or [Nip(102)(p-
Spy)](BPhy). In both the complexes, the nickel center, bound to
the bidentate NS arm of [102]>~, has approximate square planar
geometry while the other nickel(I) center has a distorted octa-
hedral geometry in [Ni(102)(p-pz)(H20)](ClO4)-CH3COCH3
and a square pyramidal geometry in [Nip(102)(-Spy)](BPhy)
(Fig. 67) [105].

Magnetic moments of 323 and 3.16pp at
room temperature are in agreement with the pres-
ence of only one high-spin nickel(Il) center in

both [Niz(102)(p-pz)(H20)](Cl04)-CH3COCH3 and
[Niz(102)(p-Spy)I(BPhys).  Electrochemical results from
[Ni(102)(-pz)(H20)](Cl04)-CH3COCH3 and [Nip(102)(-
Spy)](BPhy) thus indicate the possible involvements of the five
binuclear nickel species Ni'Ni'l = NillNilll = Nj'INj!l
and NilINill = Nil'Nij! = Ni!Nil. In [Nip(102)(p-
pz)(H20)](Cl104)-CH3COCHj;, process NilINi'l = NilINj!l
is reversible at low temperature and at higher scan speeds
(>500mV s~!) and probably involves electron transfer at the
octahedral site [105].

The homodinuclear complexes [Cuy(104)(u-pz)](C104) and
[Cuz(103)(-pz)](ClO4) or the hetero-dinuclear [CuZn(104) (-
pz)I(C104) and [CuZn(103)(p-pz)](ClO4) derive from the

Fig. 67. Structure of [Niy(102)(w-pz)(H,0)]*.

one-pot reaction of [Cu(CH3CN)4](ClO4) or Zn(ClO4),-6H,0O
and [Cu(CH3CN)4](ClO4) with H»-102 and H»-103 in the
presence of base and pyrazole, followed by exposure to atmo-
spheric oxygen. Noticeably, H>-103 was prepared is the same
way as H»-102, using 1-hydroxymethylpyrazole instead of
1-hydroxymethyl-2,5-dimethylpyrazole). During the reaction,
H>-102 undergoes an interesting change to H-104 when
dimethylpyrazole from one of its pyrazolyl arms gets exchanged
with an extraneous pyrazole molecule, the latter being added
to bridge the metal centers as confirmed by mass spectrome-
try and crystal structure analysis. Reversal of the sequence of
metal ion addition in the formation of hetero-dinuclear com-
plexes does not however affect the course of this reaction.
The regioselective nature of these asymmetric binucleating
ligands can selectively bind copper(I) in one of the sites
that involves the ONS donor set, thus offering an opportu-
nity to isolate a heterodinuclear compound by a single step
reaction [105].

[CuZn(104)(-pz)](C104) has the ligand [102]?>~ in the
modified form [104]>~. The steric constraints imposed by the
dimethylpyrazolyl arms of [102]>~ could be the driving force
for such exchange reaction. This explanation gains further evi-
dence by the isolation of a compound with ligand structure
of [102]>~ remaining intact when a larger cation as cad-
mium(II) is used to replace the zinc(Il) ion in the above reaction.
Use of imidazole as a bridging ligand in the above synthe-
ses did not yield the desired products. The X-ray structures
of [Cuz(104)(p-pz)](ClO4) and [CuZn(104)(p.-pz)](ClO4) con-
firm the modified structure of [104]>~ involving the replacement
of dimethylpyrazolyl part by pyrazole in one of the appended
arms. In [Cuz(104)(.-pz)](ClOy4), one of the copper(Il) centers
has an approximate square planar geometry while the adja-
cent copper(Il) center is five coordinate with a highly distorted
square pyramidal geometry. The Cu- - -Cu separation is 3.368 A.
[CuZn(103)(-pz)1(C104) shows an essentially similar structure
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to that of [CuZn(104)(j.-pz)](ClOy4), with a Cu- - -Zn separation
of 3.340 A [105].

A strong antiferromagnetic coupling was observed in
[Cup(104)(-p2)](C104) (J=-285cm™") and [Cur(103)(p-
pz)](Cl04) (J=—296cm™!) in agreement with EPR silent
spectra at room temperature and at 77 K both in CH3CN/toluene
and solid state. Both the complexes undergo two one-electron
reductions and a single step two-electron oxidation at ca. —0.26,
—1.40, and 1.0V versus Ag/AgCl reference, respectively. The
quasi reversible process at —0.26 V is due to a one-electron
Cu''Cu"! = Cu''Cu! reduction involving the square pyramidal
copper site, while the Cu'™-Cu! = Cu!Cu' reduction at more neg-
ative potential involves the square planar copper center. The
oxidation Cu''Cu! = Cu™Cu!! process involves a couple of
electrons, resulting in a single-step two-electron transfer [105].

]
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5. [1+2] Symmetric end-off systems

The [1+2] symmetric end-off compartmental ligands
derive from the condensation of the diformyl precursors
2,6-diformyl-pyridazine, 2,6-diformyl-4-methylphenol, 2,6-
diformyl-4-methylthiophenol or 3,5-diformylpyrazole with the
primary amine precursors of Scheme 4. The reaction of these
Schiff bases, containing two identical adjacent coordination
chambers, with d-metal ions in a 1:2 molar ratio and in the
presence of base as deprotonating agent, gives rise to the corre-
sponding homodinuclear complexes, while the use of a 1:1 molar
ratio favours mononuclear complexation. The same results may
be obtained by a template procedure. Analogously, the related
polyamine derivatives, synthesized by reduction of the [1 + 2]
Schiff base, form quite easily homodinuclear complexes when
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Scheme 4. Synthesis of the [1 + 2] symmetric end-off ligands.
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reacted with the appropriate metal salt in the presence of base.
The resulting dinuclear complexes contain an endogenous pyri-
dazine N=N; phenolate oxygen —O~ or a thiophenolate sulfur
S~ and an exogenous bridging group. This last may form, under
appropriate conditions, an additional intermolecular bridge,
linking two dinuclear entity and giving rise to polynuclear
species.

H;-105, prepared by condensation of 3,6-diformylpyridazine
and o-aminophenol, adopts an all trans configuration with

N\ OH

F

H,-101'

H-101b

the pyridazine ring rotated ca. 180° away from the imine
nitrogen atoms and phenolic protons. The pyridazine diimine
unit is fairly flat. With the appropriate metal acetate it forms
[Co2(105)(CH3CO0),], [Ni2(105)(CH3CO0)2(H20)] and

[Cuz(105)(CH3CO0)2(H20)2(CH3CN)]; IR spectra support
a 1,3-bridging bidentate coordination mode for the acetate
groups in these complexes. The magnetic moments are typical
for high spin octahedral nickel(Il) or cobalt(Il) complexes
[106].

/
/
/

H-101a

H,-102  CH; CHs
H,-103 H H
H,-104 CH; H
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106a, prepared by condensation of 3,6-diformyl-
pyridazine with p-anisidine, forms [Cu4(106a)4](PF¢)4-
CH;3CN-H;0-0.25C,H50C,Hs, [Cug(106a)4](BF,),

[Zn2(106a)>(CH3CN)2(H20)2](Cl104)4-CH3CN,  [Niz(106a)
2(CH3CN)4](BF4)4-0.25C,H50C;,Hs, [Co2(106a),(H20),
(CH3CN)2](C104)4-0.5CH3CN and [Mn2(106a),(Cl1)4]-3H;0,
when reacted with the corresponding metal salt. The tetranuclear
complexes, by further reaction with thiocyanate anions, led to
[Cuz(106a)>(NCS)2]-H>O, also directly obtained from a mix-
ture of 106a, [Cu(CH3CN)4](BF4) and thiocyanate anions [107].

[CU4(1063)4](PF6)4-CH3CN'H20~0.25C2H50C2H5 con-
tains distorted tetrahedral copper(I) centers coordinated by two
almost perpendicular and fairly flat strands of 106a in a [2 x 2]
grid arrangement. Each 106a strand provides two bidentate
N> donor sets to two different copper(I) ions. The pyridazine
groups bridge each copper(I) centre to two neighboring
copper(l) centers, forming a rhombus of bridged copper ions
(Fig. 68a) [107].

In marked contrast, [Zny(106a),(CH3CN)>(H>0);](ClO4)4,
[Niz(106a),(CH3CN)4](ClO4)4 and [Coy(106a),(CH3CN),
(H20)2](C104)4 are similarly self-assembled as side-by-side
structures, where each distorted octahedral metal(I) ion is
bound by two almost coplanar N, bidentate moieties from
two different 106a strands, and by two axial acetonitrile
and/or water molecules. The two 106a ligand strands are sig-
nificantly twisted. A comparable M- --M separation occurs
in these homodinuclear complexes: 4.066 A for the Coy,
4.050 A for the Zn, and 4.056 A for the Niy complex, respec-
tively (Fig. 68b). [Mn(106a)(Cl)4]-3H,0, not structurally
characterized, was proposed to adopt the same side-by-side
architecture. Variable temperature magnetic susceptibility stud-
ies yielded small negative J values for these side-by-side
complexes: J=-21.6 cm~ ! for [Niz(106a),(H>O)41(BF4)4;
J=—=7.6cm~! for [Coa(106a):(H20)4](Cl04)s; J=—3.2cm ™!
for [Mn,(106a),(C1)4]-3H,0 [107].

The product, derived from the reaction of equimolar amounts
of 106a and silver(I) tetrafluoroborate, contains two dis-
tinctly different [2 x 2] grids in a 1:4 ratio: one nearly square
with exact S4 symmetry and the other rhombically distorted,
nearly planar with approximate C, symmetry leading to [Cp-
Ag4(106a)4]4[S4-Aga(106a)](BF4)20. Each silver(I) centre is
situated at the intersection of two approximately orthogonally
arranged ligands, each of which provides two nitrogen donor
sets, resulting in three sets of subtly different flattened tetrahe-
dral geometries. The architecture of the [C2—Ag4(106a)4]4+ grid,
where the four nearly coplanar silver(I) ions form a rhombus, is
similar to that of the analogous copper(l) structure with 106a. In
the [S4-Ag:{4(1()621)4]4Jr grid there is a small tetrahedral distortion
of the Ags square with the silver(I) ions alternating above and
below the Ags mean plane. In contrast to [Cz—Ag4(106a)4]4+,
the neighboring pyridazine rings are orthogonal (Fig. 68c) [107].

The reaction of 106b with AgBF, gives [Ag>(106b),](BF4),,
with a dinuclear side-by-side architecture (Fig. 68d) rather than
the tetranuclear [2 x 2] grid architecture formed by 106a. The
silver(I) ions, 3.800 A apart, are in a Ny tetrahedrally distorted
square planar geometry somewhat shorter than in the silver(I)
grid complexes of 106a. [107].

Fig. 68. Structure of [Cuy(106a)4]** (a) and [Zny(106a)2(CH3CN) (H,0), 1+
(b), [Ss-Ag4(106)]*" (c) and [Ag2(106b)2](BE4): (d).
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107a, deriving from the condensation of 3,6-
diformylpyridazine and 2-(2-aminoethyl)pyridine, and the
related reduced amine derivative 107b [108] react with
copper(Il) or cobalt(Il) perchlorate to afford [Cuy(107a)(j.-
OH)](ClO4)3, [Co2(107a)(n-OH)(CH3CN)4](ClO4)3  and
[Cuz(107b)(-OH)](ClO4)3, respectively. The oil, formed
by the analogous reaction using nickel(Il) perchlorate,
in the presence of either azide or thiocyanate ions,
turns  into  [Niz(107a)(u-NCS)(CH3CN)3(H20)](ClO4)3
or [Niz(107a)(u-N3)(CH3CN)4](ClO4)3 with the added anion
acting as a one-atom bridge. Attempts to reproduce this
architecture from [Cu,(107a)(p.-OH)](ClO4)3, by the addition
of tetraethylammonium halide, resulted in the formation of
[Cuz(107a)(-OH)(Y)2]1(Cl1O), (Y =Cl1—, Br™) [108].

In [Cu,(107a)(-OH)](ClO4)3 both the hydroxide ion and
the pyridazine moiety bridge the two square planar copper(Il)
jons, 3.392 A apart and in a N3O environment [108].

In [Coy(107a)(p-OH)(CH3CN)4](ClO4)3 (Fig. 69a) five of
the six donors of both the distorted octahedral cobalt(Il) cen-
ters are nitrogen atoms, with the two pyridazine nitrogen atoms
spanning the two metal centers while the sixth is a hydroxide
oxygen donor which bridges the two metal centers. The Co- - -Co
distance is 3.477 A [108].

In [Niz(107a)(-NCS)(CH3CN)3(H20)](ClO4)3 the two
nickel(I) centers are in a Ng or N5O distorted octahedral
environment, respectively with the pyridazine and thiocyanate
nitrogen atoms bridging the two metal centers. One nickel(II)
ion has a coordinated water molecule in place of an acetonitrile
one. The Ni- - -Ni distance is 3.606 A (Fig. 69b). Also in the sim-
ilar [Ni2(107a)(j-N3)(CH3CN)4](ClO4)3 the nickel(IT) centers
are in Ng distorted octahedral environments [108].

Strong antiferromagnetic exchange (—2J/=1146cm™')
is exhibited by [Cuz(107a)(n-OH)](ClO4)3, which is
typical of hydroxide-bridged systems, whereas the
competing antiferromagnetic pyridazine bridging path-
way and ferromagnetic 1,1-bridging azide pathway
resulted in the observation of weak antiferromagnetic
exchange in [Ni2(107a)(u-N3)(CH3CN)4](ClO4)3 (2=
—14cm™"). Cyclic voltammetry and coulometry results on
[Co2(107a)(u-OH)(CH3CN)4](ClO4)3,  [Nia(107b)(-NCS)
(CH3CN)3(H20)I(C104)3  and  [Cuz(107b)(1-OH)](C104)3
revealed multiple redox processes, tentatively assigned to a mix-
ture of metal centered and ligand centered redox processes [108].

3,5-diformylpyrazole and 2,6-diisopropylphenylamine form
H-108a which, by treatment with potassium ferz-butoxide
and [Ni(Cl);(DME)] (DME =dimethoxyethane), affords
[Nig(108a)3(Cl)9], as indicated by FAB mass spectrome-
try and confirmed by the X-ray structure. Three dinuclear
{N2(108a)(Cl)3} building blocks have assembled via Cl-
bridges to form a hexanuclear array with all the metal ions
in distorted octahedral environment. The central {Nig(Cl)9}
core consists of two roughly planar {Ni3(Cl)3} ring systems,
each capped by a p3-Cl ion. These two {Ni3(Cl)3} planes are
almost parallel and are held together by the three pyrazolate
clips, thus forming a cage-like structure which accommodates
a single chloride ion in its centre. Interstitial pg-Cl ion is bound
to all the six nickel ions in an almost trigonal prismatic fashion

(@

Fig. 69. Structure of [Coz(107a)(p,-OH)(CH3CN)4]3+ (a) and [Niz(107a)(p.-
NCS)(CH3CN)3(H,0)1* (b).

(Fig. 70a). An analogous structure occurs in [Nig(108a)3(Br)o],
derived from the reaction of H-108a with [Ni(Br),(DME)]: the
expanded {Ni3(Br)s3} belts give rise to an enlarged cavity suited
to accommodate the larger bromide ion [108].

In the presence of ethanol, [Nig(108a)3(Cl)9] is degraded
to [Nis(108a)2(Cl)¢(C2H50H)4], where two {Niy(108a)Cl)3}
building blocks are linked via chloride bridges to form a stair like
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dimeric aggregate. The octahedral nickel(II) ions are somewhat
distorted (Fig. 70b) [108].

As 108b is an oil difficult to be puri-
fied, [Cuy(108b)(CH3C0O0),>(H,0)5] and
[Cuz(108b)(NCS)2(DMF)I(BF4) were formed by the
template condensation of 3,5-diformylpyrazole and 2-(2-
aminoethyl)pyridine in the presence of copper(Il) acetate or
tetrafluoroborate, the last complex in the presence of NaOH.
[Cuz(108b)(CH3CO0)3(H20);] features two distinct cop-
per(Il) centers bridged by the bis-tridentate pyrazolate ligand.
One copper(Il) ion is five coordinate in a distorted trigonal
bipyramidal coordination while the other copper(Il) ion is
six coordinate, distorted octahedral. The Cu- - -Cu distance is
4.400 A (Fig. 70c) [108]. In [Cuy(108b)(NCS)>(DMF)](BEy),
[108b]~ coordinates as in [Cup(108b)(CH3COO)3;(H,0);];
both the Ny square planar and the five coordinate N4O
square pyramidal copper(Il) ions are coordinated by three
nitrogen donors from [108b]~ and a thiocyanate nitrogen in
the equatorial plane, the latter being axially coordinated by a
dimethylformamide oxygen. The two copper(Il) centers are
4.506 A apart (Fig. 70d) [108].

The enantiopure ligand H-109, prepared by condensation
of 2,6-diformyl-4-methylphenol with (8)-(—)-1-
phenylethylamine, reacts with zinc(Il) chloride but not
with copper(Il), cobalt(Il) and nickel(Il) salts to afford [Zn(H-
109)(Cl1);], where the zinc ion is four coordinate in a distorted
tetrahedral geometry. The complexation induces a proton
transfer from the oxygen to the uncoordinated nitrogen [109].

A comparison of H-109 and [Zn(H-109)(Cl),] in acetonitrile
reveals that the zinc ion considerably enhances (ca. 12 times)
the fluorescence while the emission band of the free ligand
does not shift with varying concentration. The emission band of
[Zn(H-109)(Cl),] is concentration-dependent: the band maxima
gradually shift to lower energy with increasing concentrations.
This shift could be due to the intermolecular hydrogen-bonding
association of [Zn(H-109)(Cl);] at relatively higher concentra-
tions. The blue shift of the emission band at 504 nm by the zinc
complex as compared to the emission band at 580 nm of free
ligand was proposed to arise from an excited state, centered on
H-109, which contains a phenolic proton, transferred to the adja-
cent imine nitrogen upon complexation with the zinc(Il) ion as
proved by the X-ray structure of [Zn(H-109)(Cl),] [109].
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The condensation of 2,6-diformyl-4-methyphenol with 6-
amino-6-methylperhydro-1,4-diazepine affords H-110a, which
forms [Cuz(110a)(OH)](ClO4)>-H,O in the presence of
Cu(Cl04)-6H,O and NaOH. Two five coordinate distorted
square pyramidal copper(I) ions, at a distance of 2.896 A,
are bridged by the phenolate oxygen of [110a]™ and by an
exogenous hydroxo ion [110]. [Cuz(110a)(OH)](ClO4)2-H>O
maintains the same structure also in methanol and acetoni-
trile. The cyclic voltammetry, square-wave voltammetry and
chronoamperometric experiments of the complex in acetoni-
trile indicates a quasi-reversible wave at E1, =—0.70 V versus
NHE, assigned to the redox couple Cu'lCu'!/Cu!'Cu!. When the
scan rate is increased, a second process, attributed to the for-
mation of the Cu!Cu! species, proved by a cathodic peak at
—1.08 V versus NHE, appears. This complex can catalyze the
oxidation of 3,5-di-fert-butylcatechol in methanol with O, under
basic conditions. Furthermore, it promotes hydrolysis of 2,4-
bis(dinitrophenyl)phosphate in water/acetonitrile at pH = 6 and
at 50 °C and mediate DNA phosphodiester cleavage through a
hydrolytic mechanism [110].

[M2(110)(OH)(py)21(Cl04)2 (M =Zn'"", Ni'h), [Zna(111)(p-
OH)(py)s1(Cl04),  and  [Nia(111)(1-OH)(py)al(ClO4)
were prepared by the reaction of H-110 or H-111 with
M(CIO4)7-6H20 in pyridine. The latter complex turns into
[Ni2(110)(n-OH)(H20)](ClO4); on heating [111].

The structures of [Zno(110)(p-
OH)(py)21(ClO4)2-(CH3)CHOH and
[Ni2(110)(-OH)(py)2](ClO4), resemble each other: the
dinuclear core, bridged by hydroxide and phenolate ions,
shows a M- - -M interatomic separation of 3.116 A and 3.069 A,
respectively. The metal(Il) ions have a five coordinate distorted
square pyramidal geometry with two pyridine molecules at the
apex, trans with respect to the mean equatorial plane (Fig. 71)
[111].

The same core, with a Zn---Zn or Ni---Ni sep-
aration of 3.139A and 3.156A, was found in
[Zn2(110)(-OH)(py)31(Cl104)2-0.5(CH3),CHOH and
[Nip(111)(-OH)(py)4](ClOy4)2, respectively. In the for-
mer complex one zinc ion is five coordinate in a geometry
intermediate between square pyramidal and trigonal bipyrami-
dal with further coordination of one pyridine molecule, whereas
the other zinc ion has a six coordinate geometry together with
two pyridine molecules occupying the axial sites [111].

The zinc(Il) complexes are diamagnetic while
in Ni(D(-OH)(py)2](Cl0s);  and  [Nip(111)(p-
OH)(py)4](ClO4); an antiferromagnetic interaction operates
between the nickel(Il) ions. The magnetic moment of
[Nip(111)(n-OH)(H20)](ClOy4); indicates the presence of a
mixed-spin complex with one paramagnetic square pyramidal
and one diamagnetic square planar nickel(II) ion.

While the dizinc complexes cannot hydrolyze di(p-
nitrophenyl) phosphate into mono(p-nitrophenyl) phosphate, the
dinickel(IT) complexes facilitate this hydrolysis [111].

[Zn3(111)(u-CH3COO0);2](C104) and [Znp(111)(pu-
CH3CH>COO),](Cl04) were prepared by condensation
of 2,6-diformyl-4-methylphenol with 2-(2-aminoethane)-
pyridine in the presence of the appropriate zinc(Il)

Fig. 70. Structure of [Nig(1082)3(Cl)o] (a), [Nis(108a),(Cl)s(C2HsOH),] (b)
and [Cu,(108b)(CH3CO0)3(H,0),] (¢).

carboxylate and NaClO4. A similar condensation reaction
in the presence of HCOONa and Zn(ClO4)2-6H>O affords
[Zn4(111)2(p1,1-HCOO), (1 3-HCOO), ] (ClO04)7 [112].
[Zny(111)(r1 3-CH3CO0)J(CI04)  and  [Znp(111)(jry 3-
CH3CH>COO),](Cl0O4) consist of two zinc ions assembled by
a phenolate oxygen and a pair of syn—syn carboxylate bridges.
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Fig. 71. Structure of [Zn,(110)(n-OH)(py)21*.

Each of the two five coordinate slightly distorted trigonal
bipyramidal zinc ion is further coordinated by two nitrogen
atoms form the [111]~ ligand, forming two ZnN,O3 polyhedral
joined at their shared vertex by the phenoxo-bridging oxygen
atom in a face-to-face fashion. The Zn-.--Zn separations is
3.281 A and 3.331 A, respectively (Fig. 72a) [112].

In  [Zng(111)2(p1,1-HCOO)(p1,3-HCOO),J(ClO4)2  two
identical dinuclear [Zny (111)(p1,1-HCOO) (.1 3-HCOO)]* sub-
units are connected each other via the coordination of the
dangling oxygen from the formate to the zinc ion of the other
subunit. The two zinc ions within a subunit, 3.130 A apart, are
five coordinate N3O, distorted square pyramidal, while the other
zinc(Il) ion is six coordinate N>Og4 distorted octahedral and
bridged by a phenolate oxygen, a monodentate formate oxygen
and additional syn—syn bidentate formates (Fig. 72b) [112].

H-111 and Cu(ClO4); and in the presence of KOH afford
[Cuz(111)(-OH)(-C104)](Cl0O4); the same reaction in the fur-
ther presence of 3,4-dihydroxy-methylbenzoate (H-cat) gives
rise  to {[Cup(111)(pn.-OH)(CH3O0H)][Cu(cat)>]o.5 }(ClO4).
CuCl, reacts with H-111 in the same medium but in the
absence of base to form [Cuy(111)(u-Cl);][CusClglos. In
these complexes, [111]~ acts as a pentadentate ligand bridg-
ing through the phenolate oxygen two copper(Il) ions in
close proximity, (2.992 10\, 3.001 and 2.970/0%, respectively).
Two exogenous bridges occur, respectively an hydroxo
and a perchlorate for [Cuy(111)(-OH)(p-ClO4)](ClO4)
and two chlorides for [Cup(111)(p-Cl)2][CurClglo.s,
while only one hydroxo bridge occurs in {[Cup(111)(j-
OH)(CH30H)][Cu(cat)2]o5 }(ClO4) where and oxygen atom
of a coordinate methanol and a catecholate oxygen from
[Cu(cat)g]z_ complete the coordination sphere about the two
square pyramidal copper(Il) ions. The copper(Il) ions are
square pyramidal also in [Cuz(111)(p-OH)(-ClO4)](ClO4)
and intermediate between square pyramidal and trigonal
bipyramidal in [Cuz(111)(-C1)2][(CuzClelos. {[Cua(111)(j-
OH)(CH30H)][Cu(cat)]o.5 }(C1O4) exhibits an uncommon

Fig. 72. Structure of [Znp(111)(p3-CH3COO0):]* (a) and [Zng(111)2(ju1,1-
HCOO),(p1,3-HCO0),1%* (b).

anion consisting of a bis-(catecholate) cuprate(I) moiety.
[Cuz(111)(-OH)(.-Cl104)](ClO4) shows a rather low catalytic
activity in the oxidation of 3,5-di-fert-butylcatechol under
aerobic conditions, ascribed to steric limitation of the catechol
to coordinate the central CuyO; core [112].

An interesting strategy for the formation of polynuclear
complexes, starting from end-off compartmental dinuclear
compounds was successfully experimented. The starting
point is the formation of a dinuclear complex capable
of turning into a polynuclear one by further coordina-
tion of suitable exo-di or -polydentate ligands [113,116].
Thus, [Cuy(111)(OH)](ClO4),, when reacted with 4-4'-
bipyridine, (4-4'-bipy) or 1,2-bis(4-pyridyl)ethylene (4,4’-bpe)
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Fig. 73. Structure of [Cuy(111),(-OH) (p-4,4'-bipy)21** (a), [Cug(111)2 (-
OH),(p-acdca)* (b) and [Cus(111),(p-OH)z (u-4,4"-bpno), 1 # (c).

forms [Cusq(111)7(-OH),(w-4,4"-bipy)21(Cl04)4-3H,0 and
[Cug(111)2(-OH)2(pu-4,4"-bpe)21(Cl04)4-4H0. These com-
plexes have been obtained also through a multicomponent self-
assembly process, namely by mixing together the stoichiometric
amounts of H-111, the exo-bidentate ligand and lithium hydrox-
ide, followed by the addition of copper(II) perchlorate [113].
In these tetranuclear compounds (Fig. 73a and b) the
copper(Il) ions, bridged by an endogenous phenolate oxy-
gen and by an exogenous hydroxo oxygen, exhibit a square
pyramidal stereochemistry where the apical positions are occu-
pied by the nitrogen atoms arising from the spacers. The
dimensions of the rectangles, i.e. the distances between the

copper ions, are: 3.069 x 11.641 A and 3.089 x 11.725 A for
the two independent molecules in [Cug(111)2(-OH), (-4,4 -
bipy)21(Cl04)4-3H,0, and 3.069x13.934 A in [Cuy(111)5(p.-
OH),(p-4,4’-bpe)2]1(Cl04)4-4H,0. An antiferromagnetic inter-
action (J= —300cm~!) between the two copper ions inside
the compartmental ligand has been estimated. The interaction
through 4,4’-bipyridine or 4,4’-bis(4-pyridyl)ethylene was neg-
ligible with a series of dinuclear copper(Il) complexes [114],
the exchange coupling constant ranging between —0.05 and
—0.1cm™!, irrespective of the nature of the magnetic orbitals of
the copper(Il) ions (d,2_ 2 or d.2) [113].

This synthetic approach was further developed by using
the exo-polydentate bridging ligands 1,2-bis(4-pyridyl)ethane
(bpeta), the dianion of the acetylene-dicarboxylic acid (Hj-
acdca) and 4,4’-bipyridine-N,N’-dioxide (4,4’-bpno) [115].

As in the case of the 4,4'-bipy and 4,4’-bpe linkers [113],
in [Cus(111)7(p-OH)2 (u-bpeta)](Cl04)4, obtained by reaction
of [Cuz(111)(p-OH)](Cl104), with bpeta, a molecular rectangle
(3.090 x 13.595 A) forms with the short edges constructed from
the pre-existing p-hydroxo and p-phenoxo groups and the long
ones constructed from anti-bpeta molecules. The copper(Il) ions
display a square pyramidal stereochemistry similar to the above
one with the apical positions occupied by the nitrogen atoms
arising from the bridging bpeta molecules [115].

Furthermore, [Cuy(111)(w-OH)](CIO4); and the dian-
ion of the acetylene—dicarboxylic acid, [acdca]>~, afford
[Cus(111)7(p-OH)2(u-acdca)](Cl04),, where each carboxy-
lato group forms a third bridge between the copper(Il) ions
within the dinuclear moiety (syn—syn bridging mode). The cop-
per(Il) ions of each dinuclear unit, 2.959 A apart, are again five
coordinate, square pyramidal with the apical positions occupied
by the oxygen atoms of the carboxylato bridges (Fig. 73c) [115].

In  [Cuq(111)2(-OH),(-4,4'-bpno)](Cl04)4,  similarly
prepared by using 4,4’-bpno as polynucleating ligand, the
4,4'-bpno molecule connects two copper(Il) ions, which are
disposed in trans position with respect to the bridge. The two
dinuclear moieties are almost parallely disposed above and
below the 4,4’-bpno bridge. The copper(Il) ions, bridged by
4,4'-bpno, show a square pyramidal stereochemistry, with the
oxygen atom arising from 4,4’-bpno in the apical position. The
other two copper(Il) ions, which are not bridged by 4,4’-bpno,
exhibit a square planar coordination geometry. The distance
between the copper ions within the binuclear moiety is 3.009 A,
while the distance between the copper ions bridged by 4,4’-bpno
is 12.024 A (Fig. 73d) [115].

The condensation of 2,6-diformyl-4-methylphenol with
2-(aminoethyl)pyridine affords H-111, which, by reaction
with Zn(ClO4)2-6H,O in the presence of LiOH, gives
rise to [Zny(111)(OH)](ClO4),. The diffusion of trans-1,2-
bis(4-pyridyl)ethylene (4,4’-bpe) into a methanol solution
of [Znz(111)(OH)](ClO4), affords [Zng(111),(.-OH),(ju-4,4'-
bpe)a] (ClO4)4-4H,0O within a period of two weeks. The
same synthetic pathway over a period of 2 days affords the
infinite one-dimensional laden-like complex {[Zny(111)(p-
OH)(p-4,4'-bpe)](Cl04)2-4H0} o [116].

The structure of the tetranuclear complex (Fig. 74a) reveals
that two dinuclear [Zny(111)(OH)]?* units assemble with two
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Fig. 74. Structure of [Zng(111);(w-OH),(p-4,4'-bpe)a] ** (a) and {[Zn(111)2(p-OH)z(w-4,4'-bpe)2 1> }oo (b).

molecules of 4,4-bpe to form the tetranuclear rectangular
entity [Zng(111)2(w-OH)s(p-4,4"-bpe),]**. The metal ions,
with intradimer and interdimer Zn- - -Zn distances of 3.135, and
13.542 A respectively, adopt a square pyramidal geometry where
the pyridyl nitrogen atoms of 4,4’-bpe occupy the apical posi-
tions, while the remaining sites are occupied by a single oxygen,
and two nitrogen atoms of [111]™ and a single oxygen atom of
a up-OH™ ion [116].

In the polymeric complex {[Znp(111)(-OH)(pu-4,4'-
bpe)](Cl04),-2Hy0} s the metal ions and the organic
components have assembled such that the bipyridines are in a
face-to-face stacked arrangement. The two zinc ions in the dinu-
clear unit are separated by 3.19 A. In contrast to the tetranuclear
complex, in the polymeric one, each zinc(Il) ion lies on an octa-
hedral rather than a square pyramidal, coordination environment
such that the two nitrogen atoms of two 4-pyridyl groups adopt
a transoid arrangement. [Zny(111)(n-OH)] unit and 4,4’-bpe
assemble to form a 1D ladder-like coordination polymer. The
Schiff base ligands are oriented anti-parallel along the poly-
mer backbone, with the zinc ions being separated by 14.3 A
(Fig. 74b) [116].

Both the tetranuclear and the polymeric zinc(Il) complexes
have a suitable configuration to give rise to [2+2] pho-
todimerization in the solid state. Thus, exposure of crystals of
[Zn4(111)7(p-OH), (p-4,4"-bpe)21(C104)4-4H,0 to UV radi-
ation, resulted in dimerization of 4,4’-bpe to give 4,4'-tpcb,
quantitatively. Optical microscopy revealed that the trans-
parency of the single crystals remained intact during the
photoreaction, which suggested that the reaction occurred
via a single crystal to single crystal (SCSC) transformation.
A single crystal X-ray diffraction analysis of the photore-
acted sample confirms that the reaction occurred via a

SCSC transformation. Overlay views of [Zn4(111) (-OH)> (ju-
4.4'-bpe)](C104)4-'4H20 and  [Zng(111),(p-OH), (4,4’ -
tpcb)2](C104)4-4H,0 reveal a olefin photodimerization to
give rctt-tetrakis(4-pyridyl)cyclobutane (4,4'-tpcb). In this
arrangement, 4,4'-tpcb lies within [Zng(111)2(u-OH)o(pu-4,4'-
tpcb)2](C104)4 such that the pyridyl groups, which adopt
an unsymmetrical boat conformation, interact with the Schiff
base complex within a tetranuclear assembly, similar to
[Zn4(111)2(u-OH)o (p-4,4"-bpe)21(C104)4-4H,0. To accom-
modate 4,4'-tpcb, the distances between the metal ion within
and between the Schiff base ligands have slightly increased and
decreased, to 3.182, 13.36 A, respectively [116].
[Zng(111)y(pu-OH)y (p-4,4'-tpeb)](C104)4-HoO  exhibits a
remarkably different fluorescence emission than [Zng(111),(p.-
OH);,(u-4,4"-bpe)21(C104)4-4H,0.  Specifically, excitation
of [Zn4(111)2(u-OH)o (u-4,4"-bpe)21(C104)4-4H,0 at
290nm gives blue emission at 464nm, while that of
[Zng(111)7(u-OH)y (u-4,4'-tpcb)1(C104)4-4H, O gives
green emission at 520nm. Illumination of cleaved crys-
tals  of  [Zng(111)2(-OH)z(u-4,4"-bpe)2](C104)4-4H,0
and  [Zng(111)2(u-OH)o(u-4,4"-tpcb)21(C104)4  using a
handheld UV lamp demonstrates that the emissions are
propagated from the bulk, an observation confirmed by
laser scanning confocal fluorescence microscopy, which
reveals a consistent difference in fluorescence between
[Zn4(111)2(u-OH)2(jw-4,4"-bpe)2](C104)4-4H,0 and
[Zng(111)7(u-OH), (u-4,4"-tpeb)21(C104)4 as determined by
comparing ratios of the fluorescence at 480 and 510 nm at dif-
ferent depths in each crystalline solid. Similarly, UV-irradiation
of a powdered crystalline sample of {[Znp(111)(u-OH)(jr-
4,4'-bpe)](C104),-2H,0} for a period of 32h produced the
similar complex with 4,4'-tpcb, as determined by 'H NMR
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spectroscopy. A thermogravimetric analysis revealed that the
solid lost approximately two of the included water molecules
during the photoreaction [116].

The [1+2] condensation of 2,7-diformyl-1,8-
naphthalenediol with N,N'-dimethylethylenediamine
forms Hjp-111a, which reacts with two equivalents of
CuCl>-2H;0O under basic conditions to give rise to
a mixture of [Cu3(111a)(Cl);(OCH3)(CH30H)] and
[Cuz(111a)(C1)4(CH30H)]. When the reaction is carried
out using three equivalent of CuCl;-2H,0, only the second
complex forms [117].

7

HN——N

H-108b

E%
% P

H-111

The similar structure of both complexes demonstrates that
[111a]*>~ is capable of coordinating three metal ions in a
linear fashion. The two terminal copper(Il) ions are coor-
dinated by an N;O compartment of [111a]?>~ while the
central copper(Il) ion is coordinated by the O, compart-
ment of [111a]>~. In [Cus(111a)(Cl)4(CH30H)], the central
copper(Il) ion is additionally bridged to the two termi-
nal copper(Il) ions by two external chloride ions, while in
[Cusz(111a)(C1)3(OCH3)(CH30H)] one chloride ion is sub-
stituted by a methanolate bridge. While the coordination
environment of one external copper(Il) ion is close to square
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pyramidal, the coordination environments of the other two
copper(Il) ions exhibit severe distortions towards trigonal
bipyramidal (Fig. 75). In [Cusz(111a)(Cl)4(CH3OH)] antiferro-
magnetic interactions between the central and the two external
metal ions occur (J12=—291cm™'; Jp3=—162cm™'; J13=0)
[117].

The Schiff base precursors, prepared by [1 + 1] condensation
of ethylenediamine or 1,3-diaminopropane with salicylaldehyde
or 3-methoxy-2-hydroxybenzaldehyde, respectively, react in
situ with 2,6-diformyl-4-methyl (or-fert-butyl) phenol to form
Hs-112a- - -H3-112¢ [118]. The keto-enol tautomeric forms of
these ligands were studied in polar and non-polar solvents:
the keto-amine tautomeric form occurs in non polar solvents
as toluene or hexane while the enolimine form is formed in
polar solvents as methanol, ethanol or dioxane/water. These
ligands, when treated with CuCly-2H,O or CdCl,-2H;0,
form [M>(L)](Cl): tetrahedral and square planar coordination
about the metal(Il) ions was proposed for the cadmium(Il)
and the copper(Il) complexes, respectively. In [Cuy(L)](CD)
an antiferromagnetic interaction between the two copper(Il)
centers occurs [118].

N OH

Z—A

R R' R"
H-l2a - cyy, (CHy, H
Hy-112b  C, (CH,);  OCH;
H3;-112¢  C(CH;); (CH,);  OCH;

H3-112d, derived from the [1+2] condensation of 2,6-
diformyl-4-methylphenol and 6-amino-2,4-di-tert-butylphenol,
reacts in air with various transition metal compounds to
form the related di- or polynuclear complexes. In par-
ticular, when nickel(Il) acetate and H3-112d are allowed
to react in the presence of sodium acetate with a slight
excess of urea, [Nip(112d)(u-CH3COO)(-urea) (CH30OH);]
is obtained; in the absence of urea, [Nig(H-112d),(p3-
OCH3)2(CH3COOQ),(CH30H); ] forms, which can also be trans-
formed into [Niz(112d)(pn-CH3zCOO)(-urea)(CH30H);] by
addition of urea. In agreement with electronic and X-ray diffrac-
tometric data, [Nip(112d)(n-CH3COO)(p-urea)(CH30OH);]
contains two nickel(II) ions, 2.966 A apart, triply bridged by the

v\

= N
Fig. 75. Structure of [Cu3(111a)(Cl)4(CH30H)].

carbonyl oxygen of urea, the phenolate oxygen and one acetate
oxygen. Each nickel ion is in a distorted octahedral NO5 environ-
ment. The NH; groups of urea enter into hydrogen bonding, this
making urea presumably not susceptible to alcoholysis [119].

[Nis(H-112d)>(p3-OCH3)2(CH3CO0)2(CH30H), |
contains a roughly cubic NigO4 unit, consisting of two
interpenetrating tetrahedra, one of four nickel ions and one
of four pz-oxygen atoms originating from two cresolate and
two methoxide groups. Each nickel(Il) ion is in a distorted
octahedral environment with an NOs5 donor set. The Ni- - -Ni
distances on different cubic faces are also different, the shortest
being 3.047 A and the longest 3.227 A (Fig. 76a) [119].

Copper perchlorate and H3-112d, in the absence of protic
solvents, afford [Cu,(112d)(p-OCH3)(THF),] which is trans-
formed easily into [Cug(112d)(p4-0)]; adventitious water in
the solvent serves as a source of the w4-oxo ligand [119].

In [Cuz(112d)(p.-OCH3)(THF),] the distorted square pyra-
midal copper ions are doubly bridged by the phenoxo and the
methoxide group, the five coordination being completed by two
tetrahydrofuran oxygen atoms oriented ¢rans to each other [119].

[Cus(112d)7(p4-O)] consists of four distorted square pla-
nar copper(Il) ions bridged by a central p4-oxygen atom in
an approximately tetrahedral environment. The phenolate oxy-
gen atoms of [112d]>~ bridge two copper centers. The Cu- - -Cu
distances range from 2.759 A to 3.368 A (Fig. 76b) [119].

The reaction of H3z-112d with the appropri-
ate metal compound under basic conditions affords
[Feo!"'(112d)], [Mn,""'(112d),], [Cry"M(112d),],
[(VIVO)(112d){OCH(CH3),}] ~ and  [(VVO)(112d),],
respectively.

In [Fe;(112d),]-2.5CH3CN (Fig. 77a), two d5-high spin, six
coordinate, distorted N,Oy4 octahedral iron(III) centers, 3.32A
apart and sharing a common edge, are bridged by two pheno-
late oxygen atoms. Each iron center is also coordinated to two
nitrogen atoms, trans to each other, belonging to two different
[112d]3~ ligands [119].

[Mn;"(112d),], which is considered to possess an
identical coordination sphere and atom connectivity as
[Fe,'(112d),], yields on recrystallization from tetrahy-
drofuran [Mn,"'(112d),(THF),], in which the phenolate
bridge between two manganese centers prevailing in
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Fig. 76. Structure of [Nis(H-112d)(p3-OCH3)2(CH3COO0)2(CH30H),] (a)
and [Cus (112d)2(p4-0)] (b).

[Mny(112d),] does not persist any more, this resulting
in a comparatively long Mn---Mn separation (6.45A).
[Mn,'(112d),(THF);]-4CH3CN (Fig. 77b) is based on two
MnO4N; octahedra, in which two triply deprotonated ligands
[112d]3~ span between the two d*-high spin manganese centers
[119].

[(VO),(112d){OCH(CH3), } ] contains a bridging isopropox-
ide originating from the vanadium isopropoxide starting
material. The two five coordinate distorted square pyramidal
vanadyl(IV) ions, 3.063 A apart, are additionally bridged by a
phenolate oxygen of [112d]*~. The V=0 groups are trans to
each other [119]. Also in [(VO),(112d),]-2.5CH3CN (Fig. 77¢c),

Fig. 77. Structure of [Fey(112d)2] (a),
[(VO)2(112d),] (c).

[Mn,(112d),(THF);] (b) and
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the vanadium(V) ions are in a distorted O4N square pyramidal
coordination. Each [112d]?~ ligand with its five donor atoms
spans between two vanadium(V) centers but one nitrogen atom
does not coordinate to any of the metal centers [119].

In [Nip(112d)(u-CH3COO)(p-urea)(CH30H)2] an  anti-
ferromagnetic exchange coupling between the two metal
centers (J=—3.5cm™') operates. The magnetic proper-
ties of [Nig(H-112d),(pn3-OCH3)2(CH3COO),(CH30H); ]
are dominated by a ferromagnetic exchange inter-
action between the nickel(Il) ions as propagated by
bridging phenoxides and methoxides (Ji2 =+8.0cm™!,
Jia=Ju=J23=J34=+0.9 cm~ ! and Ji3=-3.95 cm~! ). In
[Cup(112d)(n-OCH3)(THF)] a very strong intramolecular

antiferromagnetic coupling occurs (J=—192.1 cm™!) while in
[Cus(112d)7(p4-O)] antiferromagnetic interactions between
the four copper(Il) ions dominate(Jip=J34=—122.3 cm~ L,
J3=Joa=J13=—90.0cm™! and Jy4=0). Susceptibility data
indicate antiferromagnetic interactions between the metal
centers: J=—127cm~! for [Fep(112d);]; —2.95cm™!
for [Mny(112d),]; —0.66cm™' for [Mny(112d),(THF),];
—7.6cm~!  for [Fep(112d);] and —128.5cm~! for
[(VO)2(112d){(-OCH(CH3); }]. The electrochemical results
of these complexes suggest the generation of ligand-centered
oxidation processes attributable to the phenoxyl radicals rather
than the formation of unusually high oxidation states at the
metal centers [119].

Fig. 78. Structure of [Niy(H-113a),(py)s] (a), [Fe™Nip ™ (113¢), (n-CH3CO0), (L) (CH3;OH), 1%+ (b) and [Mny 'Y Mn,(113¢)3 (L), 13+ (¢).
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It is well documented that the end-off acyclic lig-
ands Hj3-113a- - -H3-113c, derived from the condensation of
2,6-diacety-4-methylphenol, 2,6-diacetyl-4-tert-butylphenol or
2,6-diformyl-4-methylphenol with a large excess of both
NH;OH-HCI and CH3COOK, are excellent di- or poly-
nucleating systems. The resulting complexes show peculiar
magnetic properties: their antiferromagnetic or ferromagnetic
behavior, mediated by the N-O bridges, can be tuned by changing
the metal ion assembly [120].

Hs3-113a. - -H3-113¢, when mixed with the desired metal(II)
acetate, afford [Mp(H-113a);] (M:Cu”, Nill, Co“), electro-
chemically reducible in two one electron steps. Pyridine solu-
tions of [Ni>(H-113a),(CH30H),]-CH3OH give rise to [Ni, (H-
113a)2(py)4]-2py (Fig. 78a), where two pseudo-octahedral
nickel(Il) centers, separated by 3.058 A, are bridged by two
phenoxide oxygen atoms. [Niz(H-113a)>(py)4]-2py loses pyri-
dine molecules in the absence of pyridine vapor and forms the
square pyramidal complex [Nip(H-113a),(py)2]-py. In [Cox(H>-
113¢)(CH30H)2(H20)21(CD)2, [Niz2 (H2-113¢)2(H20)41(C104)>
and [Cup(H3-113¢)(ClOy4),], derived from the reaction of
the appropriate metal chloride or perchlorate salt and Hj-
113c, the two metal ions are in an octahedral N>Oy4
environment [120].

In the isostructural tetranuclear complexes
[M>"Ni»"(113¢), (1-CH3COO0), (L)2(CH30H), | (BFy )2,
synthesized by reaction of [M(L)(Cl)3] (M=Fel, Mn!;
L=1,4,7-trimethyl-1,4,7-triazacyclononane), with H3-113c,
Ni(CH3COO),-4H;0 and triethylamine followed by the addi-
tion of tetrabutylammonium tetrafluoroborate, each nickel(Il)
ion is coordinated to two azomethine nitrogen atoms and two
bridging phenolate oxygen atoms from the oxime ligands.
The nickel centers, 3.086 A apart, adopt distorted octahedral
environments. The coordination geometry of the terminal
d> high-spin iron(IIl) or d* high-spin manganese(III) ions is
distorted octahedral in fac-FeN3O3 cores. The M-Ni-Ni-M
skeleton is not perfectly linear. An intramolecular separation
between the terminal iron ions of 9.996 A is found while the
Fe- - -Ni distance is 3.505 A (Fig. 78b) [120].

Furthermore, the complexes M, T™Mn, ¥ (113¢)3(L)21(ClO4)
M =Mn Fe', Cr'') were obtained by mixing
under argon methanolic solutions of [Mn,!1(113¢)3]°~,
derived from the reaction under basic conditions of
H3-113¢  and Mn(CH3COO);-4H,0, with  [Mn3(p-
0)(CH3CO0)6(H20)31(CH3COO0), [Fe(L)(CD3] or
[Cr(L)(Br)3] (L=1,4,7-trimethyl-1,4,7-triazacyclononane)
and NaClO4 or AgClO4. [Mny!VMn,I(113¢)3(L)2](Cl04)3
was synthesized by the same procedure employed for
[Mn, "M, (113¢)3(L);](ClO4) but in air. The cyclic voltam-
metry of the MnyMn,!' complex exhibits two consecutive
2e” oxidation processes in the potential range from 0.00
to 1.0V versus Fc*/Fc and one 2e~ reduction at —0.75V
versus Fc*/Fc. The first pair of oxidations is assigned to the
oxidation of the two terminal manganese(IIl) centers to their
manganese(IV) forms. The very similar oxidation potential
for the couples indicates negligible interactions between the
terminal manganese centers. The second pair of oxidations
belongs to the central manganese(Il) ions and the comparatively

high oxidation potentials for the couple Mn''/Mn!!! reflects the

highly unfavorable oxidation of central manganese(Il) in aero-
bic conditions. Therefore, the oxidation equilibria are expressed
as MnHInHMnHMNHI = MHIVMHHMHHMHIV = MHIVMHIH
Mn"™Mn!V. The 2e~ reduction step in the more nega-
tive potential (—0.75V vs. Fc*/Fc) is attributable to the
equilibrium Mn"™Mn"Mn"MN! = Mn"Mn"Mn'Mn!!,
The comproportionation constant, K., for the equilibrium
Mn"MnT™MnTMn™ + Mn!VMn"™n"Mn!Y = 2Mn!Y Mn!!
Mn"™™Mn! shows that the isolation of the mixed-valence species
MnVMn"™Mn"Mn is very unfavorable. Accordingly, all
attempts to isolate the species failed [120].

The X-ray structures at 100K of the MnyTMn,!,
Mn, Y Mn, ! and Fe>™Mn, ! complexes (Fig. 78¢) confirm that
linear tetranuclear complexes have indeed been formed with a
geometry in which two terminal pseudo-octahedral polyhedra
are joined by three oximato N-O groups, derived from the cen-
tral [Mn,1(113¢)31°~ core. As expected, the donor atoms for the
metal ions of the cations in the three complexes are identical,
{MN303} for the terminal manganese(III), manganese(IV) and
iron(IIT) and the manganese(Il) ions, but not the coordination
environment. For the Mn,™™Mn, " complex a Mn!!". . .Mn! sep-
aration of 10.129 A occurs while for the Fe,Mn,!! complex
a Felll. . .Fell distance of 10.034 A was measured. The central
dimanganese(III) face-shared dioctahedron, essentially identical
with one another in these complexes, is severely distorted [120].

The copper(Il) centers in [Cux(H-113a);] are strongly anti-
ferromagnetically coupled with a —2J value of 554 cm™~!. The
nickel(II) centers in [Nip(H-113a),(CH30H),]-CH3OH
and [Nip(H-113a), (py)2]'py are respectively weakly
(=2J=32cm™!) or moderately (—2J=19.5 cm™ ) anti-
ferromagnetically coupled, whereas [Niy(H-113b)>(H>0);]
shows a moderate ferromagnetic interaction (2/=15.1cm™").

[Coz(H2-113¢)2(CH30H)2(H20)2](Cl)2, [Niz(Hz-
113¢)2(H20)4](CI04)2 and [Cup(Hz-113¢)2(Cl04)2] show
an antiferromagnetically behavior (J=-6.9, —16.0 and

—452cm™!, respectively. The magnetic interaction prevailing
in [Fex"Niy'(113¢),(-CH3CO0),(L),(CH30H),|(BEy); is
antiferromagnetic in nature (J12 =J34=—6.8, J13=J24=—3.2,
Jy==77, Ja=—1.8cm™). Finally, the magnetic behavior
of the complexes [M>Mny'(113¢)>(L),](Cl0O4), (M=Mn'",
Fel, i x=1; M=Mn!Y, x=3) indicates weak antiferro-
magnetic coupling between the manganese(Il) centers in the
central trisphenoxo-bridged dimanganese(Il) core, whereas the
coupling between the terminal metal ion and its neighboring
manganese(I) center is weak ferromagnetic in Mny™Mn,!T
and Mn,"VMn! or antiferromagnetic in the Fe,MMn, ! and
Cr"Mn! complexes [120].

113, prepared by reduction of the condensation prod-
uct of 2-(2-aminoethyl)pyridine with isophthalaldehyde, does
not form pure copper(I) complexes in the solid state:
[Cupy(113)(CH3CN),]J(ClO4)2 (x=2 or 4), likely formed
in acetonitrile by mixing under an inert atmosphere
[Cu(CH3CN)4](Cl04) with 113, reacts with dioxygen to give
[Cuz(114) (OH)(CIO4)](ClOy4), where intramolecular ligand
hydroxylation occurs. In this complex the two five coordinate
copper(IT) ions, 3.006 A apart and linked each other by a pheno-
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Fig. 79. Structure of [Cus(114),(OH)(ClO4)21* (a) and
[Co3(116a)(CH3COO),(NCS),] (b).

late oxygen of [114], one hydroxo oxygen and two perchlorate
oxygen atoms, are in a square pyramidal environment (Fig. 79a)
[120].

[Cuz(115a)(OH)](Cl04),, analogously prepared by oxi-
dation of the copper(I) complexes of 115 with dioxygen,
when treated with an excess of chloride ions leads to
[Cuy(115a)(Cl)3] which regenerates [Cuy(115a)(OH)](ClO4)2
by addition of water. In [Cuy(115a)(Cl)3] the two copper(Il)
ions, five coordinate in a distorted trigonal bipyramidal or
square pyramidal geometry and 3.293 A apart, are bridged
by an endogenous phenolate and an exogenous chloride
ion [120].

[Co3(116a)(CH3COO0O),(NCS);], in which H-116 has been
modified to H»-116a, derives from the reaction of H-116

Fig.  80. Structure  of  [Niy
[Niz(116)(CH3COO0),(CH30H), ]* (b).

(116)(CH;CO0),(NCS)]  (a) and

with Co(CH3COOQ);-4H;0 and NaNCS. The trinuclear core,
formed by a triangle of cobalt(I) ions, at Co- - -Co distances of
3.3937 A, 3.964 A and 3.202 A, is supported by two tridentate
acetate bridges, (one in p3-acetato-kO, kO; kO'-bridging mode
and the other in pz-acetato-kO; kO’; kO-bridging mode).
Two cobalt(I) ions have a distorted octahedral geometry
and are donor set asymmetric with one cobalt(Il) ion in an
N,Og4 environment, and the other cobalt(Il) ion in an N3Os3
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environment. The third five coordinate cobalt(Il) ion is in a
distorted N,Oj3 trigonal bipyramidal coordination geometry.
One octahedral and the trigonal bipyramidal cobalt ions are
bridged by a cresolate oxygen and by an acetate oxygen.
The other octahedral and the trigonal bipyramidal cobalt ions
are bridged by the two acetates. Finally, the two octahedral
cobalt ions are bridged by a cresolate oxygen and by the
syn-anti-bidentate oxygen atoms from a p3-acetato-kO; kO;
kO-bridge (Fig. 79b) [121].

N OH
OH
H;-112d
R
R R’
N OH N
o~ on
R R'
H;-113a  Cp, CH,4
H;-113b  C(CH;) CH;
H;-113¢  CHj;4 H

The cobalt(Il) ion appears to be a prerequisite for lig-
and rearrangement to occur as dinuclear copper(I) and
copper(Il) complexes have been reported with intact H-
116 [122,123]; furthermore, [Ni(116)(CH3COQO),(NCS)] and
[Ni2(116)(CH3COO),(CH30OH);, J(PF¢)-CH3OH were prepared
by the reaction of H-116 with Ni(CH3COO),;-4H,0 and the
appropriate sodium salt [121]. They contains a basic dinuclear
core, derived from two six coordinate octahedral nickel(II) ions,

abridging cresolato oxygen atom and a bridging syn—syn acetate
anion. This was augmented by a monodentate bridging acetate
anion (p-acetato-k O, kO’: kO) in [Niz(116)(CH3COO),(NCS)]
and by a second bridging syn—syn acetate anion in
[Niy(116)(CH3COO),(CH30H),](PFg)-CH30H (Fig. 80a and
b). The Ni- - -Ni separation of the latter complex (3.4833 A),
longer than that found in the former one (3.1186 A), reflects the
addition of the longer three-atom bridge to the common core
[121].

R"
R’ R
\N R N
N N
I N

R R' R"

113 H H H

H-114 OH H H

115 H CH, H

H-115a OH CH; H
H-116 OH CH; CHs

[He-117a](POy), obtained by reduction of the related Schiff
base followed by treatment with phosphoric acid, reacts
with Cu(CH3COO);-H>,0O and N(CyHs); to give [Cujg(H-
117)6(PO4)3]C3H70H-24H,0 [124]. Phosphate ions bridge the
copper(Il) ions in a pe-,ps-and pg-fashion, while [H-117]*
acts as a pentadentate ligand, forming dinuclear copper(Il)
units {Cup(H-117)} with the metal ions is a square pyrami-
dal NO4 geometry. The remaining copper(Il) ions have trigonal
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Fig. 81. Structure of [Cu;g(H-117)6(PO4)s].

bipyramidal Os environments. In the dinuclear unit, the sepa-
rations between copper(Il) ions are 3.014-3.021 A, while the
8-, - and pg-phosphate bridges separate the copper(Il) ions
by 3.041-3.048, 3.558-3.579, and 3.542-3.590 10%, respectively
(Fig. 81). According to magnetic susceptibility measurements,
in [Cu3(H-117)6(PO4)3]C3H;70OH 24H, 0O strong antiferromag-
netic interactions are operative through the phenoxo bridges
while weak magnetic interactions through O-P-O bridges
occurs [124].

Treatment of H-118 [125] with a mixture of [Zn(C,Hs)(Cl)]
and [Zn(CyHs)2] afford [Zna(118)(p-OC2Hs)(Cl)2] [126],
structurally similar to [Zn, (118)(u-OCH3)(NO3), ] reported as a
B-lactamase model [127]. The reaction of [K(118)] with MCl,
(M=Co!, Mg!") presumably yields [M(118)(Cl)3] which, by
metathesis with TI(OC;,Hjs) affords [M»(118)(u-OCyHs)(Cl),].
This method proved untenable for the dizinc(II) complex,
in which case [Zny(118)(Cl)3], isolated and structurally
characterized, could not be converted cleanly to [Zn,(118)(jv-
OC,Hj5)(Cl)2]. [Zn(118)(pu-OC,Hs)(Cl);, ] contains one square
pyramidal zinc(II) ion and one trigonal bipyramidal zinc(II)
ion. The two bridging oxygen atoms are asymmetrically placed
between the two zinc ions. 'H NMR spectra showed reten-
tion of the dizinc structure in solution, although fluxionality
between isomers with and without mirror symmetry (e.g., meso
and RR/SS diastereomers, respectively) occurs [126].

The dicobalt(IT) and dimagnesium(II) complexes contain one
phenolate bridging oxygen of [118]~, two chloride anions in an

anti disposition, and a single bridging ethoxide. In [Co, (118)(j.-
OC;,Hj5)(Cl),] one metal ion is distorted trigonal bipyramidal
and the other is square pyramidal. One magnesium(Il) ion in
[Mg>(118)(n-OC2Hs)(Cl),] is six coordinate, while the other is
five coordinate square pyramidal. The dimagnesium(II) complex
in solution retains the dimeric structure, showing, however, a
different fluxionality from the analogous dizinc complex [126].

[M,(118)(n-OC,Hs)(Cl)2] M =2Zn", Mg, Co'') rapidly
polymerize in tetrahydrofuran at room temperature e-
caprolactone (CL) with the formation of high molecular
weight atactic polycaprolactone (PCL) with a narrow molecular
weight distribution: the dimagnesium compound shows maxi-
mal activity; the CL polymerization order is: Mgy >Cop >Zn;.
Furthermore, these complexes catalyze the polymerization
DL-lactide(LA) to atactic polylactide with a narrow weight dis-
tribution. High molecule weight polymers were only accessible
with the dizinc complex. The reactivity trend for this polymer-
ization is Znjy 3> Cop = Mg». The dimagnesium and the dicobalt
complexes are more susceptible than the dizinc(Il) one to side
reactions that change the nature of the catalytically active species
[126].

In the similar ligand H-118a, derived from the Mannich reac-
tion between p-hydroxybenzaldehyde and N-methylpiperazine
in the presence of formaldehyde, the piperazine rings are in
a chair conformation. It forms [M(118a)(CH3COO)]-H,O
M=cu",  Nilh, {Zn(118a)(CH3;COO0)(H,0);] or
[M>(118a)(CH3CO0),(H,0),,1(C104) (n=1M=Cul,
n=4M=Nil; n=2M=2Zn""), when reacted with the appropri-
ate metal(Il) acetate. EPR and magnetic data of the dinuclear
copper(I) complexes indicate an antiferromagnetic interaction.
The mononuclear nickel(Il) complex is square planar and
diamagnetic whereas the six coordinated dinuclear nickel(Il)
complex shows a magnetic moment value of 2.98 BM. Cyclic
voltammetric studies in dimethylformamide (Ag/AgCl ref-
erence electrode) proved one irreversible reduction wave for
all the mononuclear complexes; two irreversible one-electron
reduction waves for the dinuclear complexes are obtained corre-
sponding to the reduction processes MIIM = MIIM! = MM,
Also one irreversible oxidation wave for the mononuclear
nickel(Il) complex and two irreversible oxidation waves for
the dinuclear nickel(I) complexes are obtained, corresponding
to the processes Ni'Nil = Ni'™Nil = NiINi'l, Kinetic
studies on the oxidation of pyrocatechol to o-quinone, using
these mono and dinuclear copper(Il) complexes as catalysts,
indicate higher activity of the dinuclear copper(Il) complex
than the mononuclear one. Furthermore, the hydrolysis of
4-nitrophenylphosphate using the mono and dinuclear cop-
per(ID), nickel(Il) and zinc(II) complexes proves the dinuclear
complexes to have higher rate constant values than those of
the corresponding mononuclear complexes. The rate constant
values for the complexes for the hydrolysis are in order
nickel(IT) > copper(Il) > zinc(IT) [128].

The imine-amine-thioether 119a, prepared by condensation
between 119 and N',N'-dimethylethane-1,2-diamine, forms the
tetraamine-thioether 119¢ by subsequent reduction. Treatment
of 119a or 119¢ with [Pd(Cl),(CH3CN); ] gives, upon addition of
an excess of LiClOy4, [Pdz(119b)(Cl1)2](Cl104) or [Pd(119d) (-
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CD](CIOg4),, respectively. [Pd2(119b)(CH3COO)](ClO4), was
prepared by a similar procedure. Thus, the thioethers 119a and
119c¢ undergo a Pd-promoted S—C bond cleavage reaction to
generate dinuclear palladium complexes of the binucleating
thiophenolate ligand [119b]™ and [119d]~, respectively [129].

pelves

of [Pd2(119b)(SCN)2](Cl04) or [Pd2(119b)(N3)21(ClOy),
respectively. The related tetraphenylborate derivatives
were prepared by a similar procedure. The addition of
Pb(ClO4);> to [Pda(119b)(C1)2](ClO4) in propionitrile forms
[Pd4(119b)2(u12-CN)2](ClO4)s where the cyanide ions are

ol

NH OH HN
OH HO
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The Dbisacetonitrile derivative [Pd(119b)(CH3CN);]
(ClO4)3, obtained by chloride abstraction from

[Pd2(119b)(C1),]1(C104) with anhydrous Pb(ClOg4);, when
treated with NaNCS or NaNj results in the formation

N
H-118a
NH S HN
~ R
N S - N
o R RN
H-119¢ C(CHs)
H-119d H
presumably generated via a lead(IT)-mediated
retro-hydrocyanation  of  the  solvent. The  reac-
tion of  [Pd(119b)(CH3CN),](ClOq4)3 with  water

smoothly gives [Pd2(119b)(NHCOCH3)](ClO4),.
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Fig. 82. Structure of [Pd,(119b)(Cl)2]* (a), [Pd2(119d)(C1)]** (b), [Pd4(119b),(u-CN)2]** (c).

[Pd>(119b)(NCHCH,ClI),(Cl04)3, prepared in situ
from [Pdy(119b)(C1);](C104) and Pb(ClO4); in neat 2-
chloroacetonitrile, is also hydrated by aqueous methanol to give
[Pd>(119b)(NHOCCH,C1)](Cl1QO4);; the chloro-function is not
hydrolyzed under these conditions. [Pd(1 19b)(n] -Ph),|(BPhy),
formed as a side product in the salt metathesis reaction between
[Pd(119b)(CH3CN);](ClO4)3 and NaBPhy, is stable toward
heat, moisture and air [129].

The structure of [Pdy(119b)(X),](Cl04) (X=Cl—, SCN—,
N37) (Fig. 82a) are very similar to each other. Each distorted
square planar palladium(II) ion is coordinated by one bridging
thiolate sulfur atom, two nitrogen atoms and a terminal chloro
ligand or a thiocyanate via its sulfur atom in a monoden-
tate fashion or two azide ions in an end-on fashion. The
Pd---Pd separation is 3.922A in [Pdy(119b)(Cl);](ClOy),
3.877A in [Pd>(119b)(SCN);](Cl04)-CH3CN and
3.971A in [Pd2(119b)(N3)2](Cl04),. Also in
[Pd>(119d)(C1)](Cl0O4)2-CH30H each palladium ion is coordi-
nated by one bridging thiolate sulfur atom, two nitrogen atoms
and a chloro ligand, but in contrast to [Pd,(119d)(C1)](CIO4)>
the latter acts in a bridging mode. As a consequence, the
Pd- - -Pd distance is much shorter (3.087 A) (Fig. 82b). In
[Pd4(119b)>(-CN)2](ClO4)4, the two [Pd»(119b)]3* units are

linked via two 1 »2-bridging cyanide ions to give a tetranuclear
palladium(II) complex. The separation of the p.; 2-CN-bridged
palladium(II) ions (5.090 A) is much longer than the Pd- - -Pd
distances in the [Pd;(119b)]** units (3.981 A) (Fig. 82c).

In [Pd2(119b)(NHOCCH;C1)](ClO4)2, the 2-
chloroacetamidato unit bridges the two palladium ions in a
p1,3-bridging mode to generate a N3S coordination environment
for palladium(II) ion and a N>OS coordination environment for
the other palladium(II) ion. In [Pd2(119b)(CH3COO)](ClO4)2
each palladium ion features a planar coordination comprised
of tertiary amine, imine and thiophenolate sulfur atoms from
the supporting ligand [119b]~ and one oxygen atom of a
p1,3-bridging acetate ion. The Pd---Pd distance is 3.685 A.
Finally, in [Pd(119b)(n'-CgHs)>1(BPhy) both phenyl groups
are m'-coordinated to the planar palladium ions, which are
3.925 A apart [129].

119, when condensed with two equivalents of 2-
(diphenylphosphino)ethyleneamine, yields 120a as colorless oil.
The subsequent reduction of the imine functions of 120a pro-
duces the phosphanyl-substituted amine-thioether 121a. The
reaction of 120a or 121a with [Pd(CH3CN),(Cl);] gives,
upon addition of an excess of LiClOy4, [Pd2(120b)(C1)2](ClO4)
or [Pd>(121b)(C1)](ClO4),, respectively. Again the thio-
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late functions of 120a and 121b can be selectively
deprotected with [Pd(CH3CN),>(Cl);] without affecting the
phosphine groups. Reaction of [Pdy(120b)(Cl)2](ClO4) with
Pb(ClO4), produces [Pd>(120b)(CH3CN);2](ClO4)3, which
reacts with various anions (X=SCN~—, N3—, I~ and CN7)
to form [Pdy(120b)(X)2](ClO4). As previously observed
for [Pdy(119d)(CH3CN),](ClOy4)3, the Pd-bound acetoni-
trile ligands in [Pdy(120b)(CH3CN)2](ClO4)3 are readily
transformed into acetamide in basic water, giving rise to
[Pd>(120b)(NHCOCH3)](ClO4); [129].

In [Pd,(120b)(CI)2](Cl04)-C2HsOH each palladium(II) ion
is surrounded by a nitrogen, a sulfur and a phosphorous atom of
[120b]~, and a terminal chloro ligand in a distorted square planar
manner. The overall conformation of [120b]™ in this complex
is very similar to that of [119b]~ in [Pd,(119b)(C1)2](ClO4). In
contrast to [Pd>(119b)(Cl),](ClO4), no strain occurs around the
bridging thiophenolate sulfur atom in [Pd;(120b)(Cl1)>](ClO4).
The Pd.--Pd distance in [Pd2(120b)(Cl);](ClO4) (4.389A)
is different from that in [Pdy(119b)(Cl);](ClO4) (3.922 A):
replacement of the -N(CH3);, groups in [119b]~ by the —PPh;
onesin [120b]~ does not change the overall ligating properties of
the supporting ligand but releases some strain in the ligand back-
bone due do a lengthening of the Pd—S bonds (Fig. 83a) [129].

In [Pdy(121b)(CD](ClO4), the conformation adopted
by [121b]™ is very similar to that of [119d]™ in
[Pd>(119d)(p-C1)] (ClO4)>. Thus, as was observed for
[120b]~, the ligating properties of [121b]™ are not
markedly affected by conversion of the —-N(CHj3), into
PPhy groups (Fig. 83b). In [Pd(120b)(1);](C1O4) one
palladium(I) ion is almost perfectly planar while the
other palladium(Il) ion is significantly distorted from
square planar towards tetrahedral. In [Pd,(120b)(CN),](ClO4)
both cyanides act as monodentate ligands, generating dis-
torted square-planar NSPC environments for both palladium
ions. In [Pd2(120b)(NHCOCHj3)](C104),-CH3CN-CH30H the
acetamidato unit bridges the two palladium(II) ions in a pj 3-
bridging mode at a Pd---Pd distance of 3.711 A (Fig. 83c) [129].

[Pd>(120b)(C1),](C104) is active in the vinyl-addition
polymerization of norbornene, when activated with methylalu-
moxane (MAQO) or B(CgF5)3/Al(C2Hs)3. Without a cocatalyst,
no activity is observed and with B(CgFs)3 alone only a very low
activity can be obtained. It was suggested that the lower catalytic
activity of [Pd;(120b)(Cl)2](ClO4) than that of the related
(2,6-bis-(thio)semicarbazide-4-methylphenolato-N,0,0'(S))-
dichloro-dipalladium(II) compounds can be due to the presence
of the PhyP-ligating group in [Pdy(120b)(Cl)>](ClO4) which
could shield the active centre with its bulkiness and because
the Pd—P bond is less likely to open even in the presence
of the cocatalysts to create a necessary open coordination
site [129].

6. [2+1] Symmetric end-off systems
The [2+1] symmetric end-off ligands have been
obtained by reaction of the appropriate formyl- or

keto-derivatives with H,NCH,CHOHCH;NH, or
H>N(CH;), NHCH,CHOHCH,;NH(CH;),NH, in a 2:1

Fig.  83. [Pdy(120b)(Cl),]*  (a),
[Pd,(120b)(NHCOCH3)]** (c).

[Pd,(121b)(CH** (b) and

molar ratio, according to Scheme 5. Again the related
polyamine derivatives have been synthesized by reduction
of the Schiff bases with NaBH4 or similar reducing agents.
The homodinuclear complexes derive from the reaction of the
desired preformed ligand with two equivalents of the appro-
priate metal salt (in the presence of an additional coordinating
ligand when the anion is fairly coordinating). For the Schiff
base complexes the template procedure, using comparable
experimental conditions, affords the same complexes. These
complexes contain an endogenous alcoholate oxygen bridge and
an exogenous one formed by an additional anionic group which,
when polydentate, easily forms also intermolecular linkages.
Also, intermolecular interactions through the oxygen phenolate
atoms of the end-off ligands can give rise to aggregates with
higher nuclearity.
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Scheme 5. Synthesis of the [2 + 1] symmetric end-off ligands.

The condensation of the appropriate aldehyde with 1,3-
diamino-2-propanol in the presence of Cu(ClOy4),-6H;0,
pyrazole (H-pz) or 7-azaindole (H-ind) and triethylamine affords
the almost planar complexes [Cuy (L)(p-pz)] or [Cu (L)(pu-ind)]
(H3-L =H3-122a, H3-122b, H3-122c¢), where the metal centers
are doubly bridged by the alkoxo oxygen of [L]3~ and the pyra-
zolate or 7-azaindolate anion. In addition, each metal ion is
coordinated to one imine nitrogen and one phenoxo oxygen
afforded by [L]?~. The metal centers are antiferromagneti-
cally coupled in; on the contrary, an intradimer ferromagnetic
interaction occurs in [Cuy(122a)(p-ind)] (J=26cm™!) and in
[Cup(122¢)(p-ind)] (J=16.7cm™1) [130].

Similarly, [Cu;(122¢)(p-OHCsH4CH=CHCOO)], synthe-
sized by the reaction of [Cuy(122¢)(CH3COO)] with the sodium
salt of p-hydroxycinnamic acid (p-OHC¢H4CH=CHCOO-Na),
consists of an asymmetrically dibridged square planar NO3
dicopper(II) unit having an alkoxo bridge of [122¢]*~ and the
p-hydroxycinnamate in a three atom bridging mode, giving a
Cu- - -Cu distance of 3.475 A. The complex self assembles to
form a helical supramolecular structure involving the oxygen
atom of the pendant —OH group of the p-hydroxycinnamate and
one phenoxy oxygen atom of the Schiff base belonging to differ-
ent symmetric units. The two metal ions antiferromagnetically
interact each other (—2J) [131].

H3z-123 and Cu(CH3COO),-H,O form
[Cuy(123)(CH3COO0O)], where a dicopper(Il) unit is bridged by
the alkoxide and acetate oxygen atoms. [Cuy(123)(CH3COO)],
when mixed the sodium salt of p-hydroxycinnamic acid, gives
rise to [Cux(123)(p-OHCcH4CH=CHCOO)(CH30H)] and
[Cur(123)(p-OHCcH4CH=CHCOO)]-(H,0) which have a
(p-alkoxo)(-carboxylate)-dicopper(Il) core with a Cu---Cu
distance of 3.504 A and 3.501 A, respectively. In the former
complex, one copper(I) has a square planar NO3 coordination
geometry and the other copper(Il) ion has a square pyramidal
coordination geometry, while in the latter the copper centers
have a square planar NO3 coordination geometry. [123]3~
behaves as a pentadentate ligand with the alkoxo oxygen atom
bridging the copper centers. Variable temperature magnetic
studies show for all these complexes an antiferromagnetically
coupled spin system: J=—200cm~! for [Cun(122a)(p-

pz)] and J=—175cm™!' for [Cup(122b)(p-pz)], while a
singlet-triplet energy separation of 116, 160 and 132cm™!

were found in [Cuz(122¢)(p-OHCcH4CH=CHCOO)],
[Cuz(123)(p-OHCgH4CH=CHCOO)(CH30H)] and
[Cuz(123)(p-OHCgH4CH=CHCOO)(H,0)], respectively
[131,132].

In the alkoxo—phenoxo bridged tetranuclear copper(Il) com-
plexes [Cus(122¢)2(RCOO);] (R=p-OHCgH4, 0-OHCgHy),
derived from [Cu,(122¢)(CH3COO)] and the sodium salt of
para- or ortho-hydroxybenzoic acid, two [Cu;(122¢)(RCOO)]
units self assemble to the tetranuclear complex by covalent link-
age through the axial ligation of the phenoxo oxygen atom
of [122¢]*>~. Within the dimeric unit, the dicopper(I) core is
bridged by the mono-atomic alkoxo oxygen of [122¢]3~ and
the three-atomic carboxylato oxygen atoms retaining the asym-
metrically dibridged structure of [Cu,(123)(CH3COO)]. The
Cu- - -Cu distance of 3.48 A in both complexes is similar to the
Cu- - -Cu distance in [Cuy(122¢)(CcHs5COO)]. The other struc-
tural features also resemble with the benzoate complex except
that the two copper(Il) centers in the tetrameric complexes have
asquare pyramidal NO4 coordination geometry (Fig. 84a) [133].
In [Cus(122¢)2(1,1-N3)2]-5H2 O, obtained only by reaction of
Cu(NO3);, H3-122¢, and NaN3, a distorted cubic unit CuyN>O»
occurs with the four copper ions bridged two by two by nitro-
gen atoms from two azide ions in an end-on fashion and three
by three by the alkoxo oxygen atoms from two anionic lig-
ands [122¢]>~. Two copper(Il) ions are five coordinate in a
N>O3 environment while the other two copper(Il) ions show
a N»O» planar arrangement. The Cu- - -Cu separation ranges
from 3.156 to 3.661 A, this depending on the involved bridging
groups (Fig. 84b) [134]. [Cu4(122¢),(p-OHCsH4COO);] and
[Cus(122¢)2(0-OHCcH4COO), ] are antiferromagnetically cou-
pled spin systems with intradimer J1 and interdimer J, exchange
couplings of —132 and —72 cm™! for the former and —167 and
—67cm™! for the latter complex, respectively [133]. Further-
more, magnetic and EPR data indicate strong antiferromagnetic
interactions associated with the alkoxides and weak ferromag-
netic interactions arising from the azides [134].

[Cuz(122¢)(H-122¢)(Im)](C104)  and [Cuz(122¢)(H-
122¢)(CH3-Im)](CIQO4), related to the trinuclear core of the
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Fig.  84. Structure  of and

[Cug(122¢)2(u1,1-N3)2] (b).

[Cu4(122(!)2(p-HOC6H4COO)2] (a)

active site of ascorbate oxidase, have been prepared by mixing
together [Cup(122¢)(Br)] and [Cu(H-122¢)] in the presence
of imidazole (H-Im) or methylimidazole (H-CH3z-Im) and
Na(ClOy4). Their structure consists of a trinuclear copper(Il)
core in which the monomeric type-2 mimic complex [Cu(H-
122¢)] forms a covalent linkage with the dinuclear type-3 mimic
complex [Cup(122¢)(Br)] through two phenoxo oxygen atoms
belonging to [Cu(H-122¢)]. The removal of the exogenous
bromide bridging ligand of [Cuy(122¢)(Br)] results in the
binding of the phenoxo oxygen atoms of [Cu(H-122¢)] to one
copper center of the [Cuy(122¢)]*. Two copper(Il) ions are
four coordinate while the third copper(Il) ion displays a five
coordinate geometry. [122¢]3~ acts as a pentadentate ligand
bound to two copper(Il) ions with an endogenous alkoxide
bridge. The Cu- - -Cu distances are in the range 3.202-3.438 A
(Fig. 85a) [135].

A quite similar synthetic procedure affords also
[Cu3(122¢)(H-122¢)(CH3-Im)(H20)](ClO4) where a
monomeric unit binds to one copper center of a dinuclear
unit through the phenoxo oxygen atom. The copper(Il)
ion of the monomeric unit is four coordinate in a N;Oj
coordination environment. One copper(Il) ion of the din-
uclear unit is five coordinate in a NQO4 environment and
is linked to the other two copper ions through alkoxo and

Fig. 85. Structure of [Cuz(122¢)(H-122¢)(CH3-Im)] (a) and [Cug(122¢),(3-
ppz)2].

phenoxo oxygen atoms. The third copper(Il) ion has a
square pyramidal geometry. An antiferromagnetic behavior
was observed for these trinuclear copper(Il) complexes: the
coupling constants J; and J, are —82.7 and —73cm™! for
[Cuz(122¢)(H-122¢)(Im)](Cl04) and —98.3 and —46.1 cm™!
for [Cuz(122¢)(H-122¢)(CH3-Im)](Cl04) [135,136].

In [Cus(122¢)>(3-ppz)2], prepared from [Cuy(122¢),(Br)]
and 3-phenylpyrazole (H-3-ppz), two dimeric {Cuy(122c)}
units, where the pentadentate ligand [122¢P~ provides the
endogenous alkoxo-bridge for the two copper(Il) ions, are cova-
lently linked by two [3-ppz]™~ ligands. Two copper(Il) ions are
five coordinate square pyramidal while the other two copper(Il)
ions are four coordinate square planar. The Cu- - -Cu distances
are in the range 3.261- - -3.492 A (Fig. 85b) [136].

[Mn4(122¢)(0)2(CH3COO)5] was obtained only when
[Mn3(O)(CH3COO)es(py)3]-py and H3-122¢ were reacted in a
2:1 molar ratio under basic conditions in the presence of a pro-
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Fig. 86. Structure of [Mn4(122¢)(0)2(CH3COO)s].

tic solvent; no reaction was observed when the reaction was
performed in dichloromethane. The same tetramanganese(I1I)
complex results when [Mnj2(0)12(CH3C00);6(H20)4] is
treated in CH3CN/CH3OH with four equivalents of H3-122¢ or
when [Mn3(0O)(CH3COO)g(py)3]-py was replaced with “man-
ganese(IIl) acetate”, a polymer of Mnj3 trinuclear units. The
employment of [Mn3(O)(O2CR)s(py)3] (R=C;Hs,C(CH3)3)
gave the corresponding complexes [Mn4(122¢)(0)2(RCOO)s]
[137].

[Mn4(122¢)(0),(CH3COO0)5]-CH3CN contains a
{Mn40,}%* core with peripheral ligation provided by
five doubly-bridging acetate groups and one pentadentate
ligand [122¢]?~. The core has been described as derived
from two triangular, oxide-bridged {Mn3O} units sharing
an edge and thus giving a {Mn4O,} butterfly-like core.
Two five coordinate square pyramidal manganese(Ill) ions
occupy the body positions of the butterfly while the other
two six coordinate octahedral manganese(IIl) ions occupy
the wingtip positions. There is a carboxylate group bridging
each body-wingtip manganese pair, and a fifth carboxylate
bridges the body-body manganese pair. [122¢]3~ completes
the peripheral ligation, chelating each wingtip manganese ion
and bridging them by the central oxygen atom (Fig. 86). The
structure of [Mna(L)(0)2(RCOO)]-CH30H-2CH,Cl,-C7H6
(R=C(CH3)3) is the same except the difference in the car-
boxylate groups [137]. Two dominant antiferromagnetic
(J1=—86.3cm™! and J,=—47.32cm™!') and one minor
ferromagnetic (J3=11.13cm™!) exchange pathways lead
to a singlet magnetic ground state of [Cus(122¢)2(3-ppz)2].
Also a weak antiferromagnetic intermolecular interaction
operates (J'=-0.765 cm™!) [136]. Three intramolecular
antiferromagnetic interactions between the manganese ions
occurs in [Mng(122¢)(0)2(RCOO)s], the coupling constants
being for R=CH3 — 6.37cm™!, =5.72cm™! and —1.78 cm™!;
for R=CoHs —7.64cm™!, —6.73cm™!, —2.49cm™!; and
for R=C(CH3); —7.37cm™ !, —6.57cm™! and —1.79cm™!.
These complexes experience spin frustration effects observed
within the Mny butterfly core, giving an St=0 ground state
due to total domination of the spin alignments by the highest J
value [137].

Fig. 87. Structure of [Cuy(122¢)2(n-OOCCH,CsHyCH,COO)] (a) and
[(VO2)2Ce(124c¢),] (b).

Hs3-124a, H3-124b, H3-124c¢, synthesized by condensation
of the appropriate substituted salicylaldehyde and 1,3-diamino-
3-hydroxypropane, when mixed with Cu(ClO4)2-6H,0
and the appropriate carboxylic or dicarboxylic acid
in the presence of base, afford [Cuy(L)(n-HCOO)] or
[Cusa(L)2{-OOCCRCOO}(DMF),] (R=CH,CH,, C(CH3),,
CH,CgH4CH3). [Cux(124a)(n-HCOO)] and [Cuz(124b)(p.-
HCOO)] are essentially distorted square planar copper(Il)
dinuclear complexes, formed by one p-alkoxo oxygen, one-p.-
formate oxygen, one imine nitrogen and one phenoxo oxygen
with Cu---Cu distances of 3.511A and 3.517A, respec-
tively [138]. [Cusa(124a);{p-OOC(CH2),COO}(DMF),] and
[Cus(124b); (n.-OOC(CH;),COO)(DMF),] contain two square
pyramidal dinuclear metal centers, doubly bridged by the
alkoxo oxygen of [124a]?~ or [124b]*~ and the dicarboxylato
oxygen atoms ions of the fumarate anion [139,140].

[Cus(122¢)2 {-OOCRCOO}] (R=C(CH3)»,
CH,>C¢H4CH>) have been described as the stretching of
the two p-alkoxo square planar dinuclear units by the second



1938 PA. Vigato, S. Tamburini / Coordination Chemistry Reviews 252 (2008) 1871-1995

Fig. 88. Structure of [Cuy(H-125a),(H-125b)>(NO3)>].

bridging dimethylmalonato or 1,4-phenylene-dicarboxylato
ligands, respectively (Fig. 87a) [138].

The dinuclear copper(Il) complexes are strong antiferro-
magnetically coupled (—2/=156 and 152cm™') while the
tetranuclear copper(I) complexes, which can be considered
composed of two dimers, show a strong intramolecular fer-
romagnetic interaction (2J ranging from 54 to 155.2cm™)
and a weak interdimer interaction (2J' ranging form —0.53 to
0.13cm™!, respectively) [138].

The oxidation reaction rate of 3,4-di-tert-butylcatechol
to the corresponding quinone, catalyzed by these dinuclear
and tetranuclear copper(Il) complexes, follows the trend
[Cus(122¢)2(n-OOCCH;CeHsCH,COO)] > [Cug (122¢)p { u-
OOCC(CH3)2,COO0}] > [Cup(124a)(ju-

HCOO)] > [Cu,(124b)(n-HCOO)], which correlates
to the averaged Cu(Cu distances in the
complexes, respectively 3.081A  for [Cus(124a)(p-

HCO0)]<3.159A  for  [Cus(124b)(n-HCOO)]>3.511 A
for [Cus(122¢)2{p-OOCC(CH3),CO0)] and 3.517 A for
[Cus(122¢)7(n-OOCCH;CsH4CH,COO)] [138].

[(VO3)2Ce(124c),] and [(VO2),Ce(124d),] were prepared
by the reaction of [VIVO(acac),] and [Ce®(acac)3]-3H,0 with
H3-124¢ or H3-124d, followed by oxidation of the product in
air. [(VO7)2Ce(124c¢);] was also obtained by the reaction in air
of [VIVO(H-124¢)] or [VY 0,(124¢)] with [Ce!!(acac)3]-3H,0.
[VO(H-124c¢)]-H, O derives from the reaction of H3-124¢ with
[VIVO(acac); ] under argon while the same reaction in air yields
[VO(124¢)]-CH3CN where a distorted octahedral vanadium(V)
ion occurs [138].

[(VO,)2Ce(124¢);] has a VV-CelV-VV trinuclear struc-
ture with two dioxovanadium(V) moieties on each side of the
cerium(IV) moiety. Two ligands [124¢]~ are bonded to the eight
coordinate, square antiprismatic cerium ion. Basal oxo atoms of
the five coordinate square pyramidal dioxovanadium moieties
are linked to the cerium ion (Fig. 87b). The endo-structure is
maintained in dimethylsulfoxide; on the contrary, a dimethylsul-
foxide solution of [(VO;),Ce(124d),] complex contains a ~21:1
mixture of the endo (C, symmetry) and exo (C symmetry) iso-
mers, with a structure different from that of [(VO,),Ce(124c¢);].
Steric repulsions between the fert-butyl groups in [124d]>~ may

cause the structural difference between the trinuclear complexes
with [124¢]*~ and [124d]*~ [138].

The voltammogram of [(VO),Ce(124¢);] in acetonitrile
shows a quasi-reversible redox couple with Ej; =—0.60V ver-
sus Fe/Fc* while [VY O(124c¢)] shows a quasi-reversible VV/VIY
redox couple with Ej; =—0.83 V. The current peak values for
the redox couple of [(VO,)>Ce(124c¢),], about two times larger
than those for the redox couple of [VVO(124c)], indicate, a
two-electron redox reaction for [(VO2),Ce(124d),]. The cyclic
voltammogram of [(VO;);Ce(124¢);] shows an irreversible
redox couple with a reduction wave at —0.99 V and an oxidation
wave at —0.41 V. Chemically reduced products of the trinuclear
complexes with [124¢]3~ and [124d]? were prepared by the reac-
tion of the complexes with equimolar amounts of ascorbic acid
in methanol. Moreover the reduced complexes gradually oxi-
dized to reform the starting complexes, respectively even in the
solid state. IR spectrum suggests that the reduced species of
[(VO3)2Ce(124c¢);] is a hydroxo-bridged (V-OH—Ce) trinuclear
complex with a VIV_CelV_V!V trinuclear structure [138].

In  [Mny(124e)(u-OCH3)(pn-CH3COO)(Br)(H2O)]  and
[Mn2(124f)(n-OCH3)(h-CH3COO)(CH3OH); | (Br),
prepared by the reaction of H3z-124e or Hj3-124f with

Fig. 89. Structure of [Cuz(H-126),(CH3OH),(Cl04),].
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Mn(CH3COO)-2H,0 in the presence of an excess of NaBr,
two six coordinate manganese(IIl) ions, 2.943 A and 2.928 A
apart, are triply bridged by the central alcoholato oxygen of
[124e]*~ and by exogenous syn,syn-acetato and methanolato
ligands [140].

P P
| CeHs | CeHs
CgHs CeHs
R
120 C(CHy)
H-120b H

complexes, which retain the solid structure upon dissolution as
indicated by ESI-mass spectra, show catalytic activity toward
disproportionation of HyO,, with first-order dependence on the
catalyst, and saturation kinetics on [H>O»], in methanol and
dimethylformamide. In dimethylformamide, the two complexes
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The two metal ions are  antiferromagnetic
coupled (J=—137cm™! for [Mn;(124e)(j-
OCH3)(n-CH3COO)(Br)(H,0)]  and  —15.1cm™'  for

[Mn,(124)(.-OCH3)(p.-CH3COO)(CH30H), |(Br).  These
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are able to disproportionate at least 1500 eq. of HyO, with-
out significant decomposition, while in methanol they rapidly
lose activity with formation of a non-coupled manganese(Il)
species. ESI mass spectrometry, EPR and UV/vis spectroscopy
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suggest that the major active form of the catalyst occurs in the
Mn, ! oxidation state during cycling. In these complexes and
in the analogous ones with other [124]°~ derivatives the oxi-
dation of the catalyst was assumed to be the rate-limiting step
in the catalytic cycle. Formation of the catalyst-peroxide adduct
is more sensitive to steric effects in dimethylformamide than in
methanol. Overall, kinetics and spectroscopic studies of H,O»
dismutation by these complexes converge at a catalytic cycle
that involves the Mn,™ and Mn,! oxidation states [140].

When two equivalents of 5-methyl-3-formylpyrazole and
1,3-diamino-2-propanol are condensed in the presence of
one equivalent of Cu(NO3);, [Cus(H-125a),(H-125b)2(NO3); ]
is isolated as the sole reaction product. The same reac-
tion in the presence of a variety of copper(Il) or
nickel(Il) salts affords [Cu(H3z-1252)(X)](X)-H,O (X=CI",
Br7), [Ni(H3-125a)(H20)2](X)2 (X=ClO4~, NO3~, BF4~
and [Ni(Hz-125a)(X),] (X=CI—, Br™) [141]. H3-125a acts
as a tetradentate neutral donor in the mononuclear copper(Il)
and nickel(I) complexes, whereas in [Cuq(H-125a),(H-
125b);(NO3)» 1, [H-125a]? and [H-125b]™ act as dinegative
and uninegative, respectively. The square pyramidal copper(Il)
ions are 3.858(3.890 A, apart (Fig. 88). Variable temperature
magnetic susceptibility measurements for [Cus(H-125a),(H-
125b)>(NO3);] are consistent with strong antiferromagnetic
interactions between the copper(Il) centers [141].

In [Cu3(H-126)2(CH30H),(ClO4);], obtained by reaction of
copper(Il) perchlorate with H3-126, i.e. the reduced amine of the
Schiff base H3-122¢, the three copper(Il) ions are in a linear array
with a Cu(Cu distance of 2.986 A. The two terminal copper(Il)
ions are axially elongated distorted octahedral while the central
copper(Il) ion is square planar (Fig. 89) [142]. H3-126 and cop-
per(I) iodide in air form [Cu3 (H-126),(1)2(CH3CN),]-2CH3CN.
The two distorted octahedral terminal copper(Il) ions are linked
by two amine nitrogen atoms and two oxygen atoms of two
[H-126]%" ligands in the equatorial plane and by a iodide and
an acetonitrile in the axial sites. Each phenolate unit further
bridges the central square planar copper(I) ion which is coordi-
nate by four phenolate oxygen atoms. The Cu—Cu—Cu array is
linear with a Cu- - -Cu distance of 2.974 A [143]. A strong anti-
ferromagnetic coupling, dominated by the interaction between
adjacent copper(Il) ions (/=—511 and —473 cm™!), was found
in these complexes; the coupling constant between terminal cop-
per(I) ion is negligible while the intermolecular coupling J'
constant is 0.475 cm™! in the former complex [142,143].

Epichlorohydrin reacts with ethylenedi-
amine in the presence of NaOH to form
H>N(CH32),NHCH;CH(OH)CHoNH(CH2),NH,. This amine
precursor by condensation with salicylaldehyde yields the
related Schiff base, easily reduced to the potentially heptaden-
tate polyamine H3-127 which reacts with nickel(Il) salts to
afford the structurally similar [Ni(H;-127)(H>0)](X)-nH>0O
(X=ClO4~, n=3; X=Cl7, n=1) where the slightly dis-
torted octahedral nickel(II) ion is coordinated by an aqua
oxygen atom and a [H;-127]" ligand through four amine
nitrogen atoms and one phenoxy oxygen atom [144]. Sim-
ilarly, H3-127-HCI reacts with Co(CH3COO);-4H,0 in the
presence NaOH and NaClO4-H>O or Cu(ClO4)2-6H,0 and

Fig. 90. Structure of [Cuz(128)(dpph)(CH30H)(C10O4)2] (only the coordinate
oxygen atoms, of the C1O4~ groups are reported for clarity).

NaOH to form invariantly [Co(H-127)](ClO4) or [Cu(H3-
127)(CDH](Cl104)-CH30OH-H>O. The cobalt(Ill) ion is in a
distorted octahedral geometry, while the copper(Il) center is
coordinated by four nitrogen atoms in the equatorial plane
and an axial protonated phenolic oxygen atom from a neutral
H3-127 ligand [145].

Cu(ClO4)2-6H>0 and [H5-128](Cl)4, previously neutralized
with NaOH, react in a 1:1 molar ratio to yield [Cu(H-
128)(Cl04),] with the copper(Il) ion in an N4O, coordination
environment [146]. When the same reaction was carried out
in a 2:1 molar ratio and in the presence of diphenylphos-
phate [dpph]™, [Cu,(128)(dpph)(CH30H)(Cl04)](ClO04) was
obtained [146]. The two copper(Il) centers, bridged by the
endogenous p-alkoxo oxygen atom and by the exogenous, -
1,3-bridged phosphate group, have distinct geometries: one
copper(Il) ion has a distorted octahedral N,O4 coordination
sphere while the other copper(Il) ion is in a distorted square
pyramidal N, O3 environment. The Cu- - -Cu distance is 3.499 A
(Fig. 90) [146].

Potentiometric studies in aqueous solution (I=0.1NaNOs3,
298 K), show that for [Cul] < [H-128], the mononuclear com-
plex [Cu(H-128)]?* is the only species between pH 3 and 11.
Between pH 6 and 8 in the presence of a twofold metal excess,
leading to the formation of a dinuclear [Cu,(128)]3* forms,
which around pH 11 turns into [Cuy(128)(OH)]?**. The high
stability and the spectroscopic parameters determined for the
complex [Cu(H-128)]** strongly suggest a N4 coordination in
the equatorial plane of the copper(II) ion, similar to that found
in the X-ray structure of [Cu(H-128)](ClO4);. In the presence
of a metal excess, the formation of the dinuclear species causes
a gradual decrease of the EPR signal intensity, due to the anti-
ferromagnetically coupled copper(Il) centers [145].

The binding of D-ribose, D-mannose, D-glucose, and D-
maltose to structurally related mono- and dinuclear copper(Il)
complexes with H-128 and [Cu(H-129)(OH);], deriving from
the structurally closely related but sterically less demanding
ligand H-129, was investigated in alkaline solution in order to
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Scheme 6. Syntehsis of the [2 + 1] side-off ligands.

understand the role of the number of metal ions at the sugar bind-
ing site for carbohydrate-coordinating copper(Il) complexes
[146,147].

[Cuy(128)(OH)2(H,0),]" is formed above pH 9 when a 2:1
molar ratio of copper(Il) ions and H,-128 is provided, while
the mononuclear complex [Cu(H-128)(OH),] is formed in the
presence of equimolar amounts of copper(Il) ions and H-128.
The structures proposed for the corresponding mono- and din-
uclear copper(Il) complexes at pH 12.40, which is used for
carbohydrate coordination, are different in number of hydroxyl

groups coordinated to the metal centers. A 1:1 complex occurs
for all sugars investigated, independently from the metal com-
plex used and the nature or amount of sugar applied. pD-Ribose
or D-mannose chelate [Cu(128)(OH)2(H,0),]* up to 1 order
of magnitude stronger than [Cu(H-128)(OH),] and [Cu(H-
129)(OH),]. Both copper(IT) centers in [Cup(128)(D-ribose)]*
or [Cuy(128)(p-mannose)]™ will therefore participate in the
sugar complexation. The opposite is true for coordination of
D-glucose or glucose-derived disaccharide D-maltose. Here, the
complex formation with the mononuclear complexes [Cu(H-
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128)(OH),] or [Cu(H-129)(OH),] is up to 1 order of magnitude
stronger than coordination to [Cuy(128)(OH),(H;0),]*. The
use of multinuclear instead of mononuclear copper(Il) com-
plexes is therefore not generally superior for coordination of any
biologically interesting carbohydrate. Multipoint interactions
are only favorable for carbohydrates that enable coordination
by a cis,cis-triol, such as D-ribose or D-mannose while car-
bohydrates that chelate the metal complex with a cis-diol,
such as D-mannose, enable strong coordination to mononuclear
copper(Il) complexes [Cu(H-128)(OH);] or [Cu(H-129)(OH);]
only [147].

7. [2 +1] Side-off systems

The [2 + 1] side-off ligands, which derive from the conden-
sation of two equivalent of the designed formyl precursor with
one equivalent of a primary diamine of the type HoNRNH>,
generally contain an inner N,O; and one adjacent outer 00>,
0,57 or 02Ny coordination chamber, although more sophis-
ticated chambers have been designed and the most relevant
examples are reported in this section (Scheme 6). When reacted
with d-transition metal ions, these ligands can form the related
mononuclear complexes, where the metal ion generally resides
into the inner N>O; chamber, although, under appropriate con-
ditions (i.e. solvent, temperature, etc.), a site migration was
described especially with the copper(Il) ion. These complexes
easily coordinate a second equal or different metal ion in the
outer chamber giving rise to the related homo- or heterodinuclear
complexes [10,13,14,18].

The formyl precursors of Scheme 6, by reaction with metal
salts may give rise to polynuclear complexes. For instance, H-
130 reacts with Gd(NOs3)3-5H;0, in the presence of CsOH
to form [Gd3(130)3(OH),(NO3)2(H20)4](NO3); 4H,O, where
the three gadolinium(IIl) ions are held together by a multi-
ple bridging network supported by five oxygen atoms. Each
of the two hydroxo ions simultaneously links to the three
gadolinium ions which, otherwise, are linked two by two by
monoatomic and tetratomic bridges afforded by the ligands
[130]~. Two lanthanide ions achieve a nine coordination envi-
ronment while the third metal ion is eight coordinate resorts. The
intramolecular Gd- - -Gd distances are 3.559- - -3.573 A while the
intermolecular Gd- - -Gd distances vary from 8.188 to 9.734 A
(Fig. 91a). The gadolinium(III) ions are antiferromagnetically
coupled [148].

Similarly, ~ [Dy3(130)3(p3-OH)2(Cl)(H20)4][Dy3(130)
3(n3-OH)2(CDH(H20)51(CD5-19H,0  and  [Dy3(130)3(p3-
OH)»(C1)(H20)5](Cl)3-4H,0-2CH30H-0.7CH3CN have been
prepared. The structure of the former complex consists of a
triangle of dysprosium centers capped by two w3-hydroxo
centers. Along each side of the triangle a [130]™ ligand
bridges by its phenoxo groups. Aldehyde and methoxy groups
also coordinate to the eight coordinate dysprosium centers
(Fig. 91b). A hydrogen bonding network induces a chain
formation with the concomitant 7w—1r interactions [149].

[Dy3(130)3(n3-OH)2(CDH(H20)51(C1)3-4H,0-2CH30H-0.7
CH3CN  crystallizes to give solely the mono-
chloride form of the dysprosium triangles observed

in [Dy3(130)3(p3-OH)2(C2(H20)4][Dy3(130)3(j3-
OH),»(C1)(H20)5](Cl)5-19H, O [149].

These complexes show a very unusual vanishing suscepti-
bility at low temperature, which is unprecedented in systems
comprising an odd number of unpaired electrons. In spite
of the almost non-magnetic ground state, features typical
of single magnet molecular behavior are observed for the
thermally populated excited state, suggesting that a resonant
under-barrier relaxation process is also active. This observa-
tion is strongly relevant to molecular nanomagnetism because
the presence of a large spin ground state appears not to
be a necessary condition to observe slow relaxation of the
magnetization [149].

LnCl3-6H,O (Ln=Tb, Er) and H-131a form the
isostructural trinuclear complexes [Ln3(131a)3(p3-
OH),(Cl)3(CH30H)3](C1)-3CH3OH. In the terbium complex
the three ligands [131a]™ all exhibit the same coordination
mode and the average Tb- - -Tb distance is 3.501 A (Fig. 91c).
The central cores of these complexes are similar to the Gdj
nitrate or chloride complexes above reported [150].

H-131a, TbCl3-6H,O and  Zn(CH3COO),-2H;0,
afford [Tb10(131a)6(131b)2(3-OH)g (p2-CH3COO) 4 (3~
CH3COO),(Cl)4(CH30H);,(H20),](Cl),-2CH3OH where
[131] turns partially into the hemiacetal [131b]*~. The
two halves of the slipped sandwiched structure comprise a
roughly planar set of four terbium(IIl) ions, with an average
Tb- - -Tb distance of 3.818 A, with a fifth terbium(III) ion at
the center considerably displaced from the Tbs plane. The
two crystallographically equivalent halves of the molecule are
connected in an offset manner by two w3-OH groups as well as
two oxygen atoms of the hemiacetal ligands [131b]>~ ligands.
The other methoxide oxygen atoms of the hemiacetal are simply
bound in a terminal 1]1 manner. [131a]~ exhibits two different
coordination modes (w, or w3) with the aldehyde oxygen
atom binding in either a m! or m? fashion. The coordination
environments of the terbium(IIl) ions are completed by four
r2-CH3COO™, two p3-CH3COO™, eight n3-OH™, four C17,
two HrO and two methanol units. Six terbium(III) ions are
eight coordinate and the remaining four are nine coordinate
(Fig. 92a) [150].

On the contrary, H-131a, Eu(NO3)3-6H,O
and Zn(CH3COO0);-2H,0 give [Zn4Euy(131a)4
(CH3COO0)6(NO3)2(OH),]-(C2H5)20  where two equiva-
lent Zny Eu moieties are linked by four bidentate acetate groups.
Each ZnyEu unit bears two [131a]™ groups which bridge
each Eu—Zn edge. The two zinc ions are bridged by a single
acetate group and are separated by 3.364 A. Each Zn,Eu unit
is capped by a p3-OH group. The two unique five coordinate
zinc ions have a different geometry: one has a distorted square
based pyramidal geometry while the other is distorted trigonal
bipyramidal (Fig. 92b). The supramolecular framework of this
complex generates extended channels filled by guest molecules
(as diethyl ether) which can be removed under vacuum. This
reversible encapsulation was successfully studied using a quartz
crystal microbalance (QCM). The ZnsEu,; complex is stable
in acetonitrile solution where it maintains the same structure
found in the solid state. Photophysical investigations indicate
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that energy transfer from the deprotonated salicylaldehyde
ligands to the europium(III) ions takes place [150].

The condensation of 2-formyl-1,8-naphtalenediol with
H>N(CH;)3NH; forms H4-132, which is in a zwitterionic form
with two hydrogen atoms close to the imine nitrogen atoms
and two to the external phenolic oxygen atoms both in the
solid state and in solution [150]. The reaction of Hy4-132 with
one or more equivalents of Cu(CH3COO),-2H,0 gives rise to
[Cu(H,-132)] or [Cuy(132)], respectively. In the mononuclear
complex, the copper(Il) ion lies on the N,O, compartment.

OH

In dichloromethane this complex exhibits an electrochemically
quasi-reversible one-electron transfer wave corresponding to
reduction process Cul' — Cul. In [Cuy(132)], one square planar
copper(Il) ion lies in the inner N,O> compartment, as in the
related mononuclear complex, while the other copper(Il) ion
occupies the outer O20,. The two metal ions are bridged by
two aryloxide functions. Two [Cu(132)] complexes dimerize
by weak apical copper aryloxide interactions to a tetranuclear
entity, this resulting in an overall square pyramidal coordination
environment for each copper center (Fig. 93a) [150,151].
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[Cu(H;-132)] reacts with [VO(acac); ] to form [CuVO(132)],
where the N, O, compartment is occupied by the copper(Il) ion
and the 0,0, compartment hosts the vanadyl(IV) ion. Again,
two dinuclear complexes dimerize by weak apical copper-aryl
oxide interactions to a tetranuclear entity. The vanadyl(IV) oxy-
gen atoms are not involved in this dimerization. The Cu---V
distance is 3.089 A (Fig. 93b) [152].

Temperature dependent magnetic susceptibility measure-
ments established a strong intradimer exchange coupling
(J==371cm™Y) for [Cuy(132)] [150,151] and a ferromag-
netic interaction in [CuVO(132)] [150,151]. The interdimer
interaction is ferromagnetic in both complexes: J=+45.6 cm™!
for the Cup complex and J=0.55cm~! for the CuVO
one [152].

Under specific experimental conditions, the above [2+ 1]
condensation reaction does not give the expected side-off ligand
but follows an unexpected pathway. The reaction of H-131a with
1,2-diaminobenzene or 1,2-diamino-4,5-dimethoxybenzene
in a 2:1 molar ratio and in ethanol at room temperature gives
the designed bright red Schiff bases H;-133 and H;-134,
respectively. However, when this reaction is carried out under
reflux, the colorless benzoimidazole derivatives H>-135 and
H-136 are produced, as confirmed by the X-ray structure of
H»-135 [153].

bonded acetonitrile molecules and by six oxygen atoms from
the three bidentate nitrates, respectively (Fig. 94) [153].

As mentioned above, the complexation reactions of the [2 + 1]
side-off ligands are generally carried out using a 1:1 (or 1:2)
ligand:metal salt ratio; the employment of larger amounts of
metal salts can originate polynuclear complexes. H>-137, Hp-
138 and H;-139 react with a threefold excess of cadmium(II)
acetate, to give the overall neutral cage-like tetranuclear struc-
ture [Cdg(L)2(CH3COO)4], where the cadmium(Il) ions are
seven coordinate. The two phenolate oxygen atoms of [L]>~
behave as a p3-bridging ligand toward three cadmium(II) ions.
Two cadmium ions are further linked to the third cadmium ion
by two bridging acetate ligands. The Cd. - -Cd distances are in
the range of 3.555-5.907 A (Fig. 95) [154].

These complexes behave as electrolytes in methanol owing
to the dissociation of one or more of the coordinated acetate
ligands and as non-electrolytes in chloroform. Time-resolved
spectra and lifetime measurements showed that both ligand-
centered singlet ('LC) and triplet (’LC) emissions coexist
only at 77K, with the shoulder being the 'LC fluorescence
(t=3.4-6.0ns) and the main peak in the lower energy regime
being the 3LC phosphorescence (r=10.9-44.2ms). Compar-
ing the relative intensity of the 'LC with 3LC emission at
77K, the intersystem crossing efficiency follows the order
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A mixing of H-135 or H»-136 with Cu(CH3COO),
and Ln(NO3)3-6H,O produces the isomorphous complexes
[CuLn(H-135)2(NO3)3(CH3CN)2]-2(C2H5)20 (Ln=Eu, Tb,
Er, Yb) or [CuNd(H-136)2(NO3)3(CH3CN)2]-(C2Hs)20. The
CuEu complex (Fig. 94) features a N4O> pseudo-octahedral
copper(Il) and a Oy ten coordinate europium(IIl)) ions, linked
by two [H-135]~ ligands, whose deprotonated phenolic groups
bridge both metal ions. The coordination about the copper(Il)
and the europium(IIl) ions is completed by two, axially weakly

[Cd4(139),(CH3C0O0)4]>[Cd4(138),(CH3CO0O)4]1>[Cd4(137),
(CH3COO)4]. On the other hand, the 'LC emission quan-
tum efficiency is in the order [Cds4(137)2(CH3COO)4]>
[Cd4(138)2(CH3CO0)4] > [Cd4(139)2(CH3COO)4], which
shows that an increase in conjugation or the presence of
a heavy bromine substituent can enhance the ISC effi-
ciency, and thus effectively suppress the 'LC emission
[154].
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Fig‘ 91. Structure of [Gd3(130)3(OH)2(N03)2(H20)4]2+ (a), [Dy3(130)3(|¢3—
OH),(C)(H20)5]** (b) and [Tb3(1312)3(1n-OH)(C1)3(CH30H)3]* (c).

Reaction of H»-138a with Zn(NOs3),-6H,O afforded
[Zn3(138a)>(NO3),]-CH30H. Two distorted square pyramidal
zinc ions are located in the inner N> O» cavities of the two signif-
icantly curved Schiff base ligands. The third central zinc ion is
pseudo-octahedral. The adjacent Zn- - -Zn distances are 3.170 A
and 3.200 A, respectively (Fig. 96) [155].

Larger metal ions as lanthanide(IIl) ions cannot be accom-
modated inside the coordination chambers of these ligands,
i.e. of H>-137 or H»-140. In the resulting complexes the
metal ion is pushed out of the coordination plane of the
ligand, giving rise to sandwiched or polymeric species. A mix-
ture of equimolar amounts of Ln(NO3)3-6H,O (Ln=La, Pr)
and H,-137 yields [Ln(H;-137)(NO3)3(H,0)], where the lan-
thanide ion is nine coordinate. The Schiff base is in a neutral
zwitterionic form. Addition of triethylamine turns [Pr(H»-
137)(NO3)3(H20)] into [Pr(137)(NO3)(H20)(CH30H)] where
the eight coordinate praseodymium(III) ion binds the four N, O,
donors of the Schiff base ligand. Two molecules of H,-137
and one of Ln(NOs3)3 in the presence of CsOH leads to the
sandwich-like complexes Cs[Ln(137);] with the lanthanide(III)
ion linked to two deprotonated ligands. Addition of Pr(NO3);3
to Cs[Pr(137)] afford [Pr(137)(NO3)(H20)(CH30H)] [156].

In the trimetallic tetra-decker complex
[Tb3(140)4(H>0);,](Cl), derived from the reaction of H,-140
with TbCl3-6H,O, the two outer nine coordinate terbium(III)
ions have similar environments comprising the NoO, donor set
of the outer [140]%~ group, the 0,03 set of one inner [140]%~
group and one water oxygen. The central eight coordinate
terbium(III) ion has a square antiprismatic geometry, formed
by the two N>O; donor sets of the internal [140]1%~ ligands.
The phenolic oxygen atoms of the interior [140]°~ group
are bridging, while those of the outer [140]>~ group are
monodentate. The Tb--Tb separations are 3.884 and 3.872 A
[157].

When the reaction of TbCl;3-6H,O with H-140 is carried
out in the presence of Zn(CH3COQ);-2H,O0, the triple-decker
complex [Tb3(140)3(CH3COO),(Cl)] is produced, where two
acetate groups are able to coordinate effectively to one ter-
bium(II) ion, preventing coordination of the fourth (1401~
ligand (Fig. 97) [157].

Molar conductivity and NMR studies indicate that in acetoni-
trile [Tb3(140)4(H20),](Cl) and [Tb3(140)3(CH3COO),(Cl)]
are stable and 1:1 electrolyte and neutral, respectively, in
agreement with the solid-state structures. A slow decomposi-
tion takes place in CD3OD. Both [Tb3(140)4(H20)2](Cl) and
[Tb3(140)3(CH3COO),(Cl)] exhibit green luminescence in the
solid state. In solution the strong absorption bands of the
free ligand H;-140 are all red-shifted on metal ion coordi-
nation. Excitation of the ligand-centered absorption bands of
both [Tb3(140)4(H>0),](Cl) and [Tb3(140)3(CH3COO),(Cl)]
produces the typical emission bands of the terbium(IIl) ion
(°D4 — F,, transitions), while the ligand-centered —m* emis-
sion was not detected. The fluorescence quantum yields
(®em) of [Tb3(140)4(H20)2](Cl), slightly lower than that
of [Tb3(140)3(CH3COO0),(CD)] in CH3CN, 0.153 and 0.181,
respectively, is probably due to the coordination of two
water molecules which can quench lanthanide luminescence.
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Fig. 92. Structure of [Tbo(131a)s(131b),(OH)s(CH3CO0)s(Cl)4(CH30H)»(H20),21** (a) and [ZnyEu,(131a)4(CH3COO)6(NO3 )2 (OH),] (b).

The emission intensities of both [Tb3(140)4(H>0O),](Cl) and
[Tb3(140)3(CH3COO0)2(CD)] in CH3CN are much higher than
those in CH3OH, where some decomposition occurs (as
proved by the NMR data). The absence of typical ter-
bium(IIl) ion excitation bands in the excitation spectra and the
ligand-centered luminescence in the emission spectra of the
[Tb3(140)4(H,0)2]C1 and [Tb3(140)3(CH3COO),(Cl)] indi-
cates that the ligand-to-metal energy transfer takes place
efficiently [157].

Transmetalation reaction of a d-metal(Il) ion by the larger
uranium(I'V) ion was also observed; [Zn(H;-141)], synthesized
by the reaction of H4-141 with Zn(acac), [157], reacts with UCl4
in pyridine in the presence of traces of O, and/or H>O to form
(PyH)2[Ug(141)4(C1)10(0)4] where [Ug(141)4(C1)10(0)4]*" is
built up of four {U,(141)(Cl)2(0)} subunits, held together by

eight pa-phenoxo bridges, four p4-oxo bridges and two addi-
tional wp-chloro bridges (Fig. 98) [158].

This transmetalation reaction does not take place
when the appropriate lead(Il) salt reacts with [M(137)]
(M=Cu'l or Ni'l); on the contrary, [CusPb(137),(H-sal),],
[CuaPb(137)2(NO3)I(NO3), [CuPb(137)(CH3COO);]
and [Ni2Pb(137),(CH3COO)](CH3COO) occur. In
[CuyPb(137),(H-sal)2], the six coordinate lead ion adopts
a distorted octahedral geometry in which four of these sites are
occupied by the two {Cu(137)} ligands and two by the salicylate
[sal]™ ligands, trans to one another, which also bridge the two
five coordinate copper(Il) ions. In [CuyPb(137)>(NO3)](NO3)
and [NiyPb(137),(CH3COO)](CH3COO) one monodentate
nitrate and one bidentate acetate group, respectively, coordi-
nates to the lead(Il) ion which is distorted square pyramidal
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Fig. 93. Structure of [Cuy(132)], (a) and [CuVO(132)], (b).

in the former complex and distorted trigonal pyramidal in the
latter one. The copper centers in [CuyPb(137)2(NO3)](NO3)
adopt strictly four coordinate, square planar geometries. In
[NipPb(137),(CH3COO)](CH3COO) short intermolecular
Ni- - -Ni distances occur (3.497 A) (Fig. 99a and b) [159].
In [CuPb(137)(CH3COO);] the {Cu(137)} unit acts as a
monodentate ligand towards the lead(Il) ion giving rise to a

Fig. 94. Structure of [CuEu(H-135),(NO3)3] (the two weakly bonded acetoni-
trile molecules are omitted for clarity).

Fig. 95. Structure of [Cd4(137),(CH3COO)4].

lead coordination environment intermediate between a distorted
tetrahedron and a distorted trigonal bipyramid (Fig. 99¢) [159].

[CuLn(L)(NO3)3(CH3COCH3)] (Ln=Ce, Nd, Gd, Dy; H>-
L =H,-137, H,-142, H,-143) show closely related structures
[160]. In a typical system [CuDy(137)(NO3)3(CH3COCHj3)]
was prepared by a step-by-step procedure: condensa-
tion of H-130 with ethylenediamine in the presence of
Cu(CH3COO0);-H,0 gives [Cu(137)] which, by further reaction
with Dy(NO3)3-6H,0 in acetone affords [CuDy(137)(NO3)3
(CH3COCH3)], where the slightly distorted square pyramidal
copper(II) and dysprosium(III) ions, 3.461 A apart, are bridged
by the phenolate oxygen atoms. The shortest interunit con-
tacts, Dy- - -Cu=8.06 A, Dy- - -Dy=9.88 A, Cu- - -Cu=10.63 A,
preclude any significant intermolecular magnetic interaction
(Fig. 100) [160]. A similar structure was obtained also for
[CuGd(142)(NO3)3(H>0)], where one water molecule, instead
of acetone, fills the fifth axial coordination of the copper(II) ion
[161].

Fig. 96. Structure of [Zn3(138a),(NO3);].
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Fig. 97. Structure of [Tb3(140)3(CH3CO0),(Cl)].

The reaction of H-131la with 4-methylphenylboronic
acid affords the formyl precursor 5-(4'-methylphenyl)-3-
methoxysalicylaldehyde, which condenses with ethylenedi-
amine to yield H;-139. [Zn(139)], derived from H>-139
and Zn(CH3COO),-2H,0, gives [ZnLn(139)(NO3)3(H20),]
(Ln=La, Nd, Gd, Er or Yb; n=1 or 2) by addition of Ln(NO3)3
[162]. The five coordinate zinc(II) ion, located in the inner N, O,
cavity, adopts a distorted square pyramidal geometry with an

Fig. 99. Structure of [CuPb(137)2(NO3)]* (a) and [Ni»Pb(137),(CH3COO)]*
().

Fig. 98. Structure of [Ug(141)4(Cl)10(0)4]>~. Fig. 100. Structure of [CuDy(137)(NO3)3(CH3COCH3)].
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aqua oxygen atom (Ln=La, Nd) or a monodentate nitrato oxy-
gen atom (Ln=Er, Yb) in the axial position. Depending on the
size of the lanthanide(IIl) ions, their coordination number varies
from nine (Ln =Er, Yb) to ten (Ln=Nd) or eleven (Ln =La). The
lanthanide(III) ions, located in the outer O,O; cavity, complete
the remaining coordination sites with the oxygen atoms from
aqua and nitrato ligands. For the ZnLa complex, the remain-
ing coordination sites are occupied by seven oxygen atoms, six
from three bidentate nitrato ligands and one from the aqua oxy-
gen; for the ZnNd complex, by six oxygen atoms, four from
two bidentate nitrato ligands, one from monodentate nitrato lig-
and and one from the aqua oxygen; and for the ZnEr complex
and the ZnTb complex, by five oxygen atoms, four from two
bidentate nitrato ligands and one from the aqua oxygen. As
the ionic size decreases, the lanthanide ion lowers its coordi-
nation number to relieve the congestion by converting one of its
bidentate nitrato ligand to a less steric demanding monodentate
nitrato ligand. Eventually, the coordination environment of the
lanthanide ion is so congested that it has to transfer the nitrato
ligand to the zinc(Il) ion. The Zn(Ln distances are in the range
3.429---3.583 A [163].

'H NMR and ESI-mass spectra show that the complexes
exist as a mixture of mononuclear, heterodinuclear and het-
erotrinuclear species in methanol, as verified by the X-ray of
[ZnyNd(143),(NO3)»(H20),2]1(NO3), isolated from a methanol
solution of [ZnNd(143)(NO3)3(C,HsOH)]. The related com-
plex [ZnyPr(139);NO3)3(H>0)] dissociate into a mixture
containing at least [ZnPr(139)(NO3)3(H20)] and [Zn(139)],
when dissolved in dimethylsulfoxide and remains undissociated
in acetone. On the contrary, 'H NMR spectra in acetonitrile indi-
cate the occurrence of only one species with a structure similar to
the solid-state one. The conductivity measurements revealed that
all the ZnLn complexes are non-conductors in CH3CN [163].

The photophysical properties of these Schiff base complexes
can be tuned by changing the electronic properties of the sub-
stituents: by extending the conjugation, both the absorption and
emission of the complexes are red shifted. The triplet state emis-
sion of the ZnGd complex was identified at 77 K with a lifetime
of 6.10 ms. Energy transfer was observed from the triplet state
of the ZnLn complex to the excited state of lanthanide metal,
(Ln=Nd, Er, Yb) which emitted in the NIR region [162].

[Zn(143)], when treated with NdA(NOs3)3-6H,O or
NdCl3-6H,0, affords the ZnNd heterodinuclear, the Zn,Nd
heterotrinuclear or the ZnpNd; heterotetranuclear com-
plexes, whose structure is dependent on the Zn:Nd ratio
and counter anions present. A 2:1 Zn:Nd molar ratio
produces [Zn;Nd(143)2(X)2(H20)21(X)-C2HsOH-nH,O
(X=NO3;7, n=1; X=Cl~, n=5) irrespective of the salt used.
When a 1:1 Zn:Nd molar ratio is employed, NdCI3-6H,0
gives [Zn,Nd»(143),(C)¢(CH30H),;]-CH3OH,  whereas
Nd(NO3)-6H,0 affords [ZnNd(143)(NO3)3(CH3CN)JCH3CN
[163].

In [anNd(143)2(NO3)2(H20)2](NO3)-C2H5OH-H20, the
two distorted square pyramidal zinc(Il) ions are bound to the
inner N2O; cores of the two Schiff base ligands. For one zinc
ion, the axial site is occupied by the oxygen atom of a nitrate
group, whereas the other zinc ion bears a water molecule in this

(a)

Fig. 101. Structure of [Zn;Nd(143),(NO3 )2 (H,0)]* (a) and
[Zn;Nd;(143),(Cl)6(CH30H); ] (b).

position. The nine coordinate neodymium(III) ion, sandwiched
between the two parallel {Zn(143)} units, is surrounded by four
phenolate and two methoxy oxygen atoms, two oxygen atoms
of a bidentate nitrate, and one water oxygen (Fig. 101a). In the
similar structure of [ZnyNd(143),(Cl);(H,0)3](C1)-2CH30H,
each zinc ion bears a chloride ligand in an axial posi-
tion while the neodymium(IIl) ion is surrounded by six
oxygen atoms from two [143]> ligands and three aqua
oxygen atoms. The Zn---Nd distances are 3.530A and
3.455A. [ZnyNd;»(143),(Cl)(CH30H),]-CH3OH, comprises
two {ZnNd(143)} units linked together by two bridging chloride
ions bound to both neodymium(III) ions. The square pyrami-
dal zinc(Il) and the eight coordinate neodymium(III) ions are
located in the N, O; inner and O, O outer cavities of each Schift-
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Fig. 102. Structure of [ZnsNd»(138a)(1,4-O0CCsH4CO0), 1%*.

base ligand. The Zn- - -Nd distances are 3.479 A and 3.504 A
while the Nd- - -Nd separation is 4.477 A (Fig. 101b) [163].

[ZnNd(143)(NO3)3(CH3CN)]-CH3CN is similar to the above
reported d,f-heterodinuclear complexes with an acetonitrile
molecule coordinated in an axial position of the zinc(Il) ion
and the neodymium(III) ion surrounded by four [143a]>~
oxygen atoms and six oxygen atoms from three bidentate
nitrate groups. Furthermore, [Zn(143a)], prepared by reac-
tion of Hy-143a with Zn(CH3COOQ),, when treated with the
appropriate lanthanide(II) nitrate hexahydrate gives rise to
[ZuL.n(143a)(NO3)3(H20),] (Ln=La, Nd, Gd, Er, Yb; n=1,2)
[163], whose structures parallel the similar ones of the corre-
sponding complexes with H>-143, H»-137 and H»-139 [163].

The photophysical properties of [Zn(143)], [Zn(143a)],
[Zn(137)] and [Zn(139)], revealed that, at 77 K, both ligand-
centered triplet (*LC) and singlet ('LC) states existed for
the ethylene-bridged complexes, whereas only the 'LC state
was detected for the phenylene-bridged complexes. NIR
sensitization studies of [ZnNd(L)(NO3)3(H>0),,] (Ha-L =H>-
137, H»-139. H,-143, H;-143a) further showed that the
neodymium(III) sensitization took place via the 3LC and 'LC
states when the spacer between the imine groups of the Schiff
base ligand was an ethylene and a phenylene unit, respectively.
Ab initio calculations show that the observed differences can be
attributed to the difference in the molecular vibrational proper-
ties and electron densities of the electronic states between the
ethylene- and phenylene-bridged complexes [163].

According to NMR data, [Zn;Nd(143)2,(NO3);
(H0)2]1(NO3) is stable also in methanol, where it shows a bet-
ter luminescence than [ZnNd(143)(NO3)3(CH3CN)]-CH3CN,
despite the fact that it has a coordinated water molecule.
This may be due to the presence of two chro-
mophores in [Zn;Nd(143)2(NO3)2(H20)2](NO3) vs one
in  [ZnNd(143)(NO3)3(CH3CN)]-CH3CN, which  could
increase the rate of energy-transfer processes. The relative
emission intensity of [ZnyNd(143),(NO3)2(H20)2](NO3)
is similar in CH30H and CH3;0D, whereas for

[ZnNd(143)(NO3)3(CH3CN)]-CH3CN, the relative
emission intensity is much higher in CH3zOD vs
CH3OH. Thus, in CH3OD, the relative emission

intensities  of  [Znp,Nd(143)2(NO3)2(H,0)2](NO3)  and
[ZnNd(143)(NO3)3(CH3CN)]-CH3CN are reversed. Conduc-
tivity studies show that [ZnNd(143)(NO3)3(CH3CN)]-CH3CN
is a 1:1 electrolyte in CH30H, suggesting the loss of a nitrate
anion from the neodymium(IIl) ion and the probable coordina-
tion of methanol in [ZnNd(143)(NO3)3(CH3CN)]-CH3CN with
a luminescence decrease. These data suggest that interactions
with solvent (methanol) are not as important in the photochem-
ical processes in [ZnyNd(143)>,(NO3)2(H20)2](NO3) as they
are in [ZnNd(143)(NO3)3(CH3CN)]-CH3CN [163].

H,-138a, Zn(CH3COO);-2H,0, Nd(NO3)3-6H>,O and
1,4-benzenedicarboxylate afford {[Zns4Nd,(138a)4(1,4-
OO0CC¢H4COO0),]-[Nd(NO3)s(H20)]}-2C,HsOH-3H, 0,
where the dicarboxylate ligands stabilize two trimetallic
{Zn;Nd(138a), } fragments, with the zinc(II) ions in the ON;
cavities of each [138a]?>~ group and the neodymium(III)
jon in the outer 0,0, sets of both [138a]?~ groups. Two
benzenedicarboxylate groups bridge the Zn,Nd moieties such
that each carboxylate group spans a ZnNd set where each
neodymium(IIl) ion is ten coordinate. The resulting complex
cation has an interesting internal elongated prism-like cavity
(Fig. 102) [164].

[Fe(L)] (H-L=H;-144, H,-145) or [Cu(L)(H,0)]
(H-L=H,-146, H,-147, H,-149, H;-150) when reacted
with Gd(NO3)3-6H,O affords [FeGd(L)(NO3)3(S)] or
[(CuGd(L)(NO3)3(S)]. In agreement with previous results, the
d-transition metal(II) ion enters into the inner N>O; coordina-
tion site of the ligand while the gadolinium(IIl) ion occupies
the 0,0, outer site. The precise structure of the final product
depends on the solvent used during the preparation and/or recrys-
tallization. Thus, the structure of [FeGd(144)(NO3)3(CH30H)],
[FeGd(144)(NO3)3(CH3COCH3)],
[FeGd(145)(NO3)3(CH3COCH3)], [CuGd(147)(NO3)3
(CH3COCH3)], [CuGd(149)(NO3)3(H,0)] and
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Fig. 103. Structure of [FeGd(145)(NO3)3;(CH30H)].

[CuGd(150)(NO3)3(H20O)] are very similar with a ten
coordinate gadolinium(III) ion and a square pyramidal or planar
transition metal(Il) ion, the solvent molecule occupying the
apex. The intermolecular Fe(Gd distances (7.610-9.416 A)
are much larger than the intramolecular ones (3.415-3.516 A)
(Fig. 103) [165,166]. The Cu(Gd distance is 3.454 A. In
particular, in [CuGd(149)(NO3)3(H20)] the cyclohexane
moiety, differently from the amine precursor 1,2-diamino
cyclohexane which is in an equimolar mixture of cis and
trans, exists in a diequatorial frans configuration indicating
that the condensation takes place with the diequatorial trans
form of the diamine. The intermolecular Cu- - -Gd distances of
3.401 and 3.449 A: the shortest intermolecular distances are
Cu---Gd 7.657 A and 7.192 A, Cu---Cu 6.469 A and 6.695 A
and Gd---Gd 8.871 A and 9.221 A, respectively. The experi-
mental magnetic susceptibility and magnetization data indicate
the occurrence of weak Fe'l-Gd!! ferromagnetic interactions
(J=0.50 cm™! for [FeGd(144)(NO3)3(CH30H)]; J=0.41 cm™!
for [FeGd(144)(NOs3)3(CH3COCH3)]; J=0.08 cm~ ! for
[FeGd(145)(NO3)3(CH3COCH3)]. The similar ferromagnetic
interaction between copper(Il) and gadolinium(III) ions occurs
inside each dinuclear unit and antiferromagnetic interac-
tions between neighboring dinuclear units (zJ' = —0.027 cm™ ).
Variable-temperature and variable-field magnetic measurements
reveal that the metal centers in [CuGd(149)(NO3)3(H,O)] and
in [CuGd(150)(NO3)3(H20)] are ferromagnetically coupled
(J=6.3cm™! and 5.4 cm™!, respectively) [165-167,169].

The reaction of GA(CF3COQ)3 with [Cu(148)], derived from
the condensation of 3-ethoxysalicylaldehyde and 1,2-diamino-
1-methylpropane in the presence of Cu(CH3COO),-H;O0, gives
[CuGd(148)(CF3;C00)3(C,H50H),], where the nine coordi-
nate gadolinium(III) ion in the outer 0,0, chamber of [148]>~
and the five coordinate square pyramidal copper(Il) ion in the
inner N,O chamber are 3.391 A apart, triply bridged by two
phenoxo oxygen atoms belonging to the hexadentate ligand
[148]%>~ and one bidentate-bridged carboxylate group coordi-
nated in syn—syn (wa-n', ') fashion (Fig. 104). The complex
shows a ferromagnetic interaction (J=4.42 cm~ 1) [168].

Fig. 104. Structure of [CuGd(148)(CF;COO0)3(C2HsOH);] (the fluorine atoms
are omitted for clarity).

The above  reported [Zn3(138a),(NO3),]-CH3CN
and YDbCI3-6H,O under Dbasic conditions afford
[Zn;Yby(138a),(OH),(Cl)4]-2CH3CN  where the central

zinc ion of the Zn3 complex is replaced by two seven coordinate
ytterbium(IIl) ions, which are bridged by two hydroxide ions
with a Yb- - -Yb separation of 3.588 A. The nitrate groups are
also displaced by chlorides. Each zinc(II) ion is five coordinate
and sits slightly above the N>O, plane of each ligand. The
unique Zn- - -Yb distance is 3.481 A (Fig. 105) [155].

Molar conductivity and 'H NMR studies indicate that H,-
138a, [Zn3(138a)2(NO3)2]-CH3CN and [Zny Yba(138a)o(ju-
OH),(Cl)4]-2CH3CN are stable in CH3CN. The UV-vis
absorption bands of the free ligand H,-138a become red-shifted

Fig. 105. Structure of [Zn; Yb,(138a),(OH)2(Cl)4].
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Fig. 106. Structure of [CuyGd,(142)2(NO3)6(u-4,4'-bipy)] (a) and [CuGd(142)(acdca); s(H20)2]o0 (b).

upon coordination to the metal ions in [Zn3(138a)2(NO3);]
and [ZnyYb(138a)2(-OH),(Cl)4]. For [ZnyYbo(138a) (.-
OH),(Cl)4] the typical emission band of ytterbium(IIl) ion,
assigned to the 2F5/2 — 2F7/2 transition is observed at 977 nm
upon excitation of the ligand centered absorption band
either at 275 or 350nm. The free ligand H;-138a and
[Zn3(138a),(NO3)2] do not exhibit NIR luminescence in
CH3CN under similar conditions. The similar NIR lumines-
cence, observed for [Zny Yby(138a)2(ju-OH)2(Cl)4] in the solid
state, clearly indicate that the tetra metallic Zn, Yb, structure
found in the solid state is maintained in acetonitrile. The rela-
tive emission intensities of [Zn; Yby(138a),(u-OH)2(Cl)4] and
[ZnYb(138a)(CH3COO)(NO3),] are higher in CH3CN but sig-
nificantly lower in CH3OH, probably owing to an ability of the
complexes to coordinate methanol which can quench lanthanide
luminescence [155].

Polynuclear systems have been obtained from the reaction of
[CuLn(142)(NO3)3] (Ln=Gd, Sm, Er, Pr) with appropriate di-
or polynucleating linkers. Thus 4,4'-bipyridine (4,4'-bipy) turns
[CuGd(142)(NO3)3] into [Cup Gdy(142)2(NO3)6(p.-4,4’-bipy)],
where 4,4'-bipy interacts only with the copper(Il) ions, linking
two {GdCu(142)} units. Each copper(Il) ion is five coordinate
with a square pyramidal geometry while the gadolinium(III) ions
preserve their coordination sphere from the binuclear precursors.

The short Cu- - -Gd distance is 3.523 A. The distance between
the copper(IT) ions bridged by 4,4'-bipy is 11.745 A (Fig. 106a)
[170].

Furthermore, {[CuGd(142)(acdca); 5(H20)2]- 13 H20} o,
obtained by reacting [CuGd(142)(NO3)3] and the monopotas-
sium salt of acetylenedicarboxylic acid (KH-acdca) under
basic conditions, contains four similar {CuGd(142)} entities
connected through dicarboxylato ligands, resulting in infinite
zigzag chains with Cu---Gd distances ranging from 3.487 to
3.500 A. The {CuGd(142)} entities are alternatively bridged by
one and two dicarboxylato ligands having different connectivity
modes. With the single bridge, the acetylenedicarboxylato lig-
and is bis-chelating towards two gadolinium ions, whereas with
the double bridge each carboxylato group acts as a unidentate
ligand. Two similar, crystallographically non-equivalent chains,
interconnected through hydrogen bonds, are formed: one is
constructed from two {CuGd(142)} units, and the other one
from the other two{CuGd(142)} units. The gadolinium ions
are nine coordinate while the copper ions are five coordinate,
with a square pyramidal geometry. The Gd- - -Gd distances vary
from 8.827 to 9.867 A (Fig. 106b) [170].

{[CuLn(142)(fum); 5(H,0),]-4H,0-C,H50H} », originates
from the reaction of fumaric acid (Hp-fum) in ethanol
with [CuLn(142)(NO3)3] (Ln=Gd, Sm) and LiOH; with-
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out the addition of LiOH, [CuSm(142)(NOj3)3] affords
[CuSm(142)(H2O)(H-fum)(fum)]o [170].

[CuGd(142)(fum); 5(H20),]-4H,0-CoHsOH  (and  the
isostructural CuSm analogue) is a two-dimensional coordina-
tion polymer with a brick-wall architecture. Each {CuGd(142)}
entity is connected through fumarato bridges to three other
heterodinuclear units. Two fumarato linkers connect the
gadolinium ions from three {CuGd(142)} units, with each
carboxylato group acting as a chelator. The distances between
the gadolinium ions are 9.439 and 9.463A. For the third
fumarato linker, each carboxylato group bridges the copper(Il)
and gadolinium(IIT) ions within the {CuGd} building block
(syn—syn bridging mode). The intranode Cu---Gd distance is
3.449 A. The copper ions exhibit a square pyramidal stere-
ochemistry, with the carboxylato oxygen atom in the apical
position, while the nine coordination of the gadolinium ion
is reached by the N>O; donor set of the organic ligand, four
oxygen atoms from the carboxylato groups, and one aqua
oxygen [170].

In [CuSm(142)(H,O)(H-fum)(fum)]s the [fum]?*~ and [H-
fum]™ anions are coordinated only to the samarium ions;
[fum]?~ acts as a bridge, while [H-fum]~ is a terminal ligand,
with the chelating carboxylato group coordinated to samarium.
[fum]?~ links three samarium ions from three different {CuSm}
units simultaneously: one carboxylato group bridges two samar-
ium ions in an anti-anti fashion, while the second is coordinated
through one oxygen atom to the third samarium ion. This results
in a double chain. [H-fum]™ acts as a terminal ligand, being
coordinated to a samarium ion (chelating mode). Again the cop-
per(Il) ions are five coordinate in a square pyramidal geometry,
with an aqua ligand in the apical position.. The coordination
number of the samarium ions is nine. The intranode Cu- - -Sm
distance is 3.548 A [170].

[CuEr(142)(NO3)3] and fumaric acid in the presence LiOH
leads to {[CuEr(142)(H,0),(fum)](NO3)-3 H2O}, where two
nitrato ligands were replaced by one fumarato dianion, result-
ing in a one-dimensional coordination polymer with the
{CuEr(142)} nodes connected by [fum]>~ bridges. The car-
boxylato groups are coordinated in a chelating way only to
the nine coordinate erbium(IIl) ions. The alternate distances
between the erbium ions bridged by fumarato groups are 9.262 A
and 9.308 A. The copper(II) ions are five coordinate in a square
pyramidal geometry [170].

[Cu(142)], Sm(NO3)3-6 H,O, fumaric acid and LiOH
form  [{Cup'Sm'(142),},(fum),](OH),, containing two
{CuySm(142),} moieties linked through two [fum]?®~ ions.
Each carboxylato group acts as a bridge between the copper
and samarium ions in the classical syn—syn bridging mode.
Within each CuySm triad the distances between the metallic
centers range from 3.473A to 3.511A. As in the above
complexes, the copper(Il) ions display a square pyramidal
geometry. The coordination number of the samarium ions is
ten [170].

The self assembly reaction between [CuGd(142)(NOs3)3]
and sodium trimesate = (Hs-trim) gives rise to
{[Cu"Gd"(142)(trim)(H20)2]-H»O}so.  Each  trimesate
anion connects three {CuGd} nodes, resulting in a double

chain. The three carboxylato groups belonging to the trimesate
anion exhibit different coordination modes: bidentate chelating
toward gadolinium, monodentate also to gadolinium, and
syn—syn bidentate bridging as a third bridge between copper(Il)
and gadolinium(III), within a node. The six coordinate copper
ions are in an elongated octahedral geometry, where the apical
positions are occupied by an aqua ligand and a carboxylato
oxygen atom from the trimesate linker. The nine coordination
number of the gadolinium ions derives from four oxygen atoms
from [142]>~, four oxygen atoms from the carboxylato groups,
and one aqua ligand [170].

The structure of polymeric complex {Cu,Pr(142);
(C204)0.5(NC-N-CN)](NC-N-CN)-2H,0} , obtained
by [Cu(142)], praseodymium nitrate, Na(NC-N-CN) and
K[Cr(2,2’-bipy)(C204),], is built up of almost linear trinuclear
{Cu,Pr(142),} units connected by dicyanamido and oxalato
ligands. The praseodymium ions from two trinuclear units are
bridged by an oxalato ligand, resulting in hexanuclear moieties.
These are further interconnected through 1,3-dicyanamido
linkers, which coordinate to the copper ions. Each ten coordi-
nate praseodymium ion is bound to eight oxygen atoms from
two organic ligands, and two oxygen atoms from the oxalato
bridge. The apical positions of the five coordinate square
pyramidal copper ions are occupied by nitrogen atoms from the
[NC-N-CN]~ bridge [170].

[CuPr(142)(NOj3)3] and lithium isonicotinate (Li-isonicot)
form [CuPr(142)(NOj3);(isonicot)], where the binuclear
{CuPr(142)} units are connected by the isonicotinate ligand,
which is coordinated through the carboxylato group to two
praseodymium(IIl) ions and with the nitrogen atom to the
copper(Il) ion. Two praseodymium(IIl) ions, arising from two
{CuPr(142)} units, are bridged by two carboxylato groups
from two isonicotinato bridges in a syn—syn bridging mode.
Each praseodymium(Ill) ion exhibits an Ojo coordination:
four oxygen arise from the two chelating nitrato ligands, four
others from the compartmental ligand, and two oxygen atoms
from the bridging carboxylato groups. The distance between
two praseodymium ions bridged by the carboxylato groups
is 5.525 A. The copper(Il) ion is five coordinate in a square
pyramidal geometry with the apical position occupied by the
nitrogen atoms arising from the pyridyl group of the isoni-
cotinato ligand. The Pr- - -Cu distance within the {PrCu(142)}
building block is 3.611 A [171].

[CuGd(142)(C204)(H20)3][Cr(2,2"-bipy)(C204)2]-9H, O,
resulting from the reaction between [CuGd(142)(NO3)3] and
K[Cr(2,2"-bipy) (C204)2], is not a genuine heteropolynu-
clear complex: the [Cr(2,2'-bipy)(C204)2]~ species are not
coordinated to either copper(Il) or gadolinium(IIl) ions. The
binuclear {CuGd(142)} entities are connected by bis-bidentate
oxalato ions, which result from the partial decomposition
of the [Cr(2,2'-bipy)(C204),]~ ions. Cationic zigzag chains
are thus formed. The coordination number of the gadolinium
ions is nine: four oxygen atoms from the organic ligand, four
from the oxalato bridges, and one aqua ligand. The alternate
distances between the oxalato-bridged gadolinium ions are
6.270 A and 6.331 A. The six coordinate copper ions are in an
elongated octahedral geometry with two aqua ligands in the
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Fig. 107. Structure of [CuGd(147)(NO3)(NC-N-CN)2] -

apical positions. The intranode Cu---Gd distance is 3.534 A
[170].

The synthesis of the isostructural complexes
[CuGd(142)(Hy0)4{M(CN)s}]-3H,0  (M=Fe!ll,  Co'll),
bearing three different spin carriers was successfully achieved
by reacting [CuGd(142)(NOs3)3] with K3[M(CN)g]. In
[CuGd(142)(H20)4{Cr(CN)g }]-3H,0 the {CuGd(142)} moi-
ety preserves the structural features of the whole Cul'Ln
family of complexes with compartmental Schiff base ligands
derived from 3-methoxysalicyladimine. The [Cr(CN)6]3_ ion
connects three metal ions, through three cyano groups. Two cis
cyano ligands bridge the chromium(IIl) and copper(Il) ions.
The nine coordination number of the gadolinium(III) is reached
by four oxygen atoms arising from the organic ligands, three
aqua ligands and two nitrogen atoms from the bridging cyano
groups. The copper(Il) is octahedral with cyano nitrogen atom
and a water molecule in axial positions. The two Cr---Gd
distances are 5.635 and 5.723 A, and the Gd- - -Cu distance is
3.499 A [170].

In [CupGdy(142),(NO3)g(pn-4.4"-bipy)], {[CuGd(142)
(acdca); 5(H20)2]-13H20} o, {[CuGd(142)(fum); 5

(H20)2]-4H,0-CyHsOH } o, { [CuGd(142)(trim)(H0)2]-H20} oo,

[CuGd(142)(0x)(H20)3][Cr(2,2'-bipy)(C204)2]-9H, O the
Cu"-Gd"" exchange interaction was ferromagnetic, with J
values in the range of 3.53-8.96 cm~ L. In [CuSm(142)(H,0)(H-
fum)(fum)]so and [{Cur'Sm!'(142), },(fum),](OH),
most probably an antiferromagnetic interaction between
copper(I) and the samarium(Ill) ions occurs. In
[CuGd(142)(H,0)4{Cr(CN)g }]-3H,O0 the intranode Cu"-Gd'"
ferromagnetic interaction is overwhelmed by the antiferromag-
netic interaction occurring between the cyanobridged Gd'' and
Cr'ions [170].

Similarly, [Cu(L)(H>O)] (H>L = H,-137,H,-147) reacts with
Gd(NO3)3-6H,0 and Na(NC-N-CN) to form the poly-
meric compound [CuGd(L)(NO3)(NC-N-CN);]-CH3COCH3

along with [CuGd(L)(NO3)3]. Also, [Cu(L)(H>0)] reacts with
Na(NC-N-CN) to give [CupNay(L)2(NC-N-CN)>(H20)2],
where the {CuNa(137)(H,0)} and {CuNa(137)(NC-N-CN)}
entities are linked through an additional bridging dicyanamide
acting in the pj; end-on fashion. The Na.--Na separa-
tion is 3.733 A. This dicyanamide bridge yields tetranuclear
Cu-Na-Na—Cu entities in which the planes defined by the
equatorial NoO» donor atoms afforded by the ligands 137>~
to each square planar copper ion are roughly parallel. The
structure of each dinuclear moiety is quite similar except
for the coordination of the sodium ions. Both of them
are coordinated to four oxygen atoms from the compart-
mental ligand [137]°~ and to the nitrogen atom of the
bridging dicyanamide anion. The sixth position of the coor-
dination octahedron is occupied by a water molecule for one
sodium ion and by a nitrogen atom of [NC-N—-CN]~ for the
other sodium ion. Strong intermolecular interactions between
tetranuclear units lead to the formation of one-dimensional
arrangement [167].

In [CuGd(147)(NO3)(NC-N-CN);]-CH3COCHj3 the five
coordinate copper ion sits in the NoO» donor set of (1471~
with the nitrogen atom of a [NC-N-CN]~ ligand axially
bonded. The slightly distorted monocapped antiprismatic poly-
hedron of the nine coordinate gadolinium(III) cation is formed
by four oxygen atoms of [147]>~, two oxygen atoms from
a chelating nitrate anion and three nitrogen atoms from
dicyanamide ligands. All dicyanamide anions act as j. 5-end-to-
end bidentate-bridging ligands either between two gadolinium
ions or between a copper and a gadolinium ion. These bridges
are alternately arranged between the {CuGd(147)} entities,
two Cu---Gd bridges following two Gd---Gd bridges, thus
generating an extended zigzag coordination polymer formu-
lated as {[CuGd(147)(NO3)(NC-N-CN),]-CH3COCH3 },,. The
{CuGd(147)} entities are separated by Gd- - -Gd (8.197 A) and
Cu---Cu (8.974 A) distances much longer than the Cu---Gd
intramolecular one (3.481 A) (Fig. 107) [167].
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Fig. 108. Structure of [CuCo(142)(NCS)2]o-

For [CuGd(147)(NO3)(NC-N-CN);] and
[CuGd(137)(NO3)3] ferromagnetic interaction between
copper(Ill) and gadolinium(IIl) ions occurs (/=8.50 and
8.63cm !, respectively), while the magnetic interaction, trans-
mitted along the chain through the [NC-N-CN),]™ ligands,
is negligible. The experimental magnetization values confirm
the ferromagnetic nature of the Cu'-Gd"! interactions and
the absence of intermolecular magnetic interactions between
the dinuclear units of [CuGd(147)(NO3)(NC-N-CN);]. In
[CuzNay(137)(NC-N-CN), (H,0)], a very weak antiferro-
magnetic interaction between the two copper(Il) ion occurs
(J=-0.6cm™1) [167].

A transmetalation reaction occurs when [CuGd(142)(NO3)3]
is reacted with [N(Et)4]> [Co(NCS)4] with the formation of
[CuCo(142)(NCS);], identical to that obtained by the usual
route involving the reaction of [Cu(142)] with Co(CH3COO),
in the presence of KNCS, where “alternating” and “zig-zag”
chains of dinuclear {CuCo(142)} units are linked by thiocyanate
bridges. Within each dinuclear {CuCo(142)} unit, the dis-
torted square pyramidal copper(Il) and the tetrahedral cobalt(Il)
ions are bridged by two phenoxo oxygen atoms of [142]>~,
with a Cu---Co separation of 3.149 A. The bridging thio-
cyanate group axially coordinates to the copper(Il) ion of one
{CuCo(142)} unit and is linked by its nitrogen atom to the
cobalt ion of a neighboring {CuCo(142)} unit. The cobalt(II)
ion becomes six coordinate in a strongly distorted octahedral
geometry, if the two longer Co—O (methoxy) distortion are con-
sidered (Fig. 108). The magnetic properties have been explained
by a strong antiferromagnetic Cul'-Co!' exchange interaction
(J=—101cm™") through the phenoxo bridges and a weak fer-
romagnetic Cu''-Co!! interaction (J=2.8cm™!) through the
thiocyanato bridges [172].

{[Cu(146)](H,0)}, an inclusion compound where a water
molecule is not coordinated to the planar copper(Il) ion but
hydrogen bonded to the phenolate and to the ethoxy oxygen

atoms, reacts with M(ClO4)-6H,0 (M=Cul, Coll, Mn!)
to form [Cu3M(146)3(H20)3}1(ClO4), which contains the
[CuM(146)(H,0)3]%* cation and two [Cu(146)] moieties. In
the dinuclear core, one copper(Il) ion occupies the inner NoO»
cavity, while the second compartment of [146]>~ is occupied
by the other metal ion that is coordinated also to three water
molecules. The two metal ions are double bridged by the two
phenolate oxygen atoms. The ethoxy oxygen atoms of the ligand
remain uncoordinated. The inner copper(Il) ion in the dinuclear
cation and the two copper(Il) ions in the two mononuclear
complexes are square planar while the second metal(Il) ion is
five coordinate with a Os square pyramidal environment in the
Cu, complex cation and intermediate between square pyramidal
and trigonal bipyramidal in the CuCo and CuMn complex
cations. Two of the three coordinated water molecules interact
with two mononuclear [Cu(146)] moieties, resulting in the for-
mation of the tetranuclear [{Cu(146)},{Cu(146)M(H,0)3 }]**
system (Fig. 109). The metal ions are coupled by a weak
antiferromagnetic interaction (J=—17.4cm™ I —8em™!,
and —14cm™! for Cup, CullMn and CullColl complexes,
respectively) [173].The reaction of 3-methoxysalicylaldehyde
or 3-ethoxysalicylaldehyde with S-methylisothiosemicarbazide
hydroiodide, followed by treatment with AgNOs3, removal
of Agl and addition of Cu(CH3COO);-H,0, affords
[Cu(151)(H,0)] or [Cu(152)(H20)] which give rise to
[CuLn(151)(NO3)3(H,0)] and [CuLn(152)(NO3)3(H>0)]
when mixed with the appropriate lanthanide(IIl) nitrate. In
{[CuCe(151)(NO3)3(H,0)]-CH3COCH3} the square pyra-
midal copper(Il) ion and the eleven coordinate cerium(III)
ion, bridged by two phenoxo oxygen atoms with a Cu---Ce
distance of 3.457 A, reside in the inner N>O, and outer 0,0,
chamber of [151]>~, respectively. A significant intermolecular
interaction between the coordinated water molecule and the
nitrato oxygen of the neighboring molecule occurs, form-
ing tetranuclear {[CuCe(151)(NO3)3(H,0)]-CH3COCH3}»
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Fig. 109. Structure of [{Cu(146)},{Cu,(146)(H,0)3 }]**.

units, which, linked through m—m interactions, give rise to
two-dimensional layers with distances between the mean
planes of neighboring overlapping aromatic rings in the
range of 3.45-3.52A. The ferromagnetic coupling between
the copper(Il) and the gadolinium(IIl) ions occurring in
[CuGd(151)(NO3)3(H20)] and [CuGd(152)(NO3)3(H20)]
(J=5.2 and 5.5cm™!, respectively) is further supported by
the magnetization values for [CuGd(151)(NO3)3(H,O)] at
2.0 K. Magnetic susceptibility and EPR data suggested that the
Cu—Ce interaction is antiferromagnetic in the related complexes
[174].IM(@L)] M=CoNill, cul; H,-L=H,-137, H,-142,
H»-145, H,-153, H4-154) and UCly afford [U(L)(C1)2(S)2] or
[UMH;2-L)(CD2(S)2] (S=solvent), identical to those obtained
directly by treatment of UCl4 with Hy-L. This transmetalation
reaction was assumed to proceed by the initial formation
of heterodinuclear complexes, the subsequent migration of
Cl™ from the uranium(IV) to the transition metal(Il) ion and
the final transformation into [M(L)(Cl),] or [M(H;-L)(CI);]
with elimination of MCl,. In [U(137)(Cly)(py)2] or [U(H;-
154)(Cl,)(py)21, obtained by substitution of the solvent ligands
in the related complexes with pyridine, the uranium(IV) ion is in
a dodecahedral environment [175].The reaction of [M(H3-L)]
M=Co", Ni'', cu!, Zn"; Hy-L =Hy-154, Hy-155, Hy-156)
with [M’(acac)s] M’ =UY, Th'V, Zr'V) in a 2:1 molar ratio
and in pyridine at 110 °C affords [M,M'(L);]-npy. By lowering
the temperature to 20 °C and to 60 °C, [CuU(155)(acac)2(py)]
together with [Cu,U(155)>(py)] and [MU(156)(acac)2(py)]
were formed, respectively, this last identical to that synthesized
from [M(acac);] and [U(H-156)(acac),]. Noticeably, a similar
treatment of [Cu(acac);] with [U(H,-L)(acac);] (Hs-L =Hgy-
154, H4-155) gave mixtures of the CuU and Cu,U complexes
[176].The [MaU(154)2(py)2] M =Co, Ni, Zn) compounds are
isostructural, as well as the [CuyAn(154),(py)]-2py (An=U,
Th) ones. They are built up by two {M(154)} units, which are
linked to the central actinide ion through the phenoxide oxygen
atoms at the three-position of [154]*~ and the oxygen atoms

Fig. 110. Structure of [Nip U(154)2(py)2] (a) and [CuU(156)(acac)>(py)] (b).

of the salicylidene fragment, which are in bridging positions
between the 3d and the Sf-metal ions. The actinide(IV) ion
is in a dodecahedral arrangement. The 3d ion lies in all the
complexes inside the N>O» cavity; in the CooU, NipU, and
ZnoU complexes a pyridine molecule is attached to each 3d
ion, which adopts a square pyramidal coordination mode.
Only one copper(Il) ion coordinates a pyridine molecule in the
CuzAn compounds; the other metal ion is in a square planar
configuration. In all the complexes, the three metal centers are
almost linear (Fig. 110a) [175]. Similar structures were found
also for [Cup U(155)2(py)] and [Zno, U(156),(py)] [176].

The two copper(Il) ions are not coupled in the CuyZr and
Cu,Th compounds. A weak antiferromagnetic coupling was
observed between the nickel(II) and the uranium(IV) ions, while
a ferromagnetic interaction was revealed between the copper(Il)
and the uranium (IV) ions. At low temperature, when the ura-
nium(IV) ion becomes diamagnetic, the two copper(Il) ions are
magnetically isolated, as demonstrated by the magnetization
curve of the CupU compound at 2 K. For the Co,U complex no
conclusive proposal about the absence or presence of coupling
between the cobalt(Il) and the uranium(IV) ions was suggested
[175].In [MU(156)(acac)(py)] (M = Cu'', Zn'!) the 3d- and the
uranium(IV) ions in the N»O, and O,0; cavity of [156]*~,
respectively, are bridged by the two oxygen atoms of the salicyli-
dene fragments. Four oxygen atoms from [156]*~ and four from
[acac]™ complete the dodecahedron around the uranium(IV)
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Fig. 111. Structure of [U4(154)>(H2-154)2(0)(py)21** (a), [U3(156)(CDo(O)IP~ (b), [CuU(141)(CD2(py)s] (¢) and [CuU(A55)(CD3(py)] ™~ (d).

ion (Fig. 110b). The Cu- - -U distance in [CuU(156)(acac),(py)]
is 3.574 A and the intermetallic Cu---Cu distances between
two distinct molecules is 8.783 A. In [Cu,U(L),] the Cu(Cu
distances are 6.446 A for [154]*~, 6.007 A for [155]*~ and
5.922 A for [156]*~. The copper(Il) ion coordinating geome-
try and the Cu(U distance are different on going from [154]*
or [155]*~ and [156]*", due to the different diimino chain;
these geometrical parameters seem to influence the magnetic
behavior of the complexes since the copper(Il)—uranium(IV)
coupling in [CuU(L)(py)] (Hs-L=Hy-154, H4-155) is fer-
romagnetic while it is antiferromagnetic in [Cu;U(156)(py)]
and [CuU(156)(acac)2(py)] [176].U(CF3S03)s4 transmeta-
lates [Cu(Hz-154)] in pyridine forming [U4(154),(H;-
154)7(0)(py)2](CF3S03),, while H4-156 and UCly in pyridine
give [Hpyls [U3(156)(Cl)9(O)] HpyCl-2py; in both complexes
adventitious traces of oxygen and/or water probably entered the
reaction flask during prolonged heating at 80°C and 110°C,
respectively [178].In [U4(154)2(H»-154)>(0)(py)2](CF3S03)5,,

two uranium(IV) ions are bound to the N,O, donor set of the
two inner Schiff base sites [154]*~, whereas the other two
uranium(I'V) ions are bound to the OO, donor set defining
the outer site of the other two Schiff bases [Hy-154]2~. The
four uranium ions are linked by the p4-oxo atom. Three ura-
nium(I'V) ions adopt a dodecahedral configuration; the fourth,
nine coordinate uranium ion is square antiprismatic because
of the coordination of an extra pyridine molecule. The U- - -U
distances are in the range 3.646-3.937 A (Fig. 111a) [177].In
[Hpyl3[U3(156)(Cl)9(O)]-Hpy-2py the seven coordinate ura-
nium ions are in a pentagonal bipyramidal environment. One
uranium(IV) ion is bound to the N>,O, donor set of the inner
site of [156]>~ where two chlorine ions and the p3-oxo atom
complete its coordination. The other two uranium(IV) ions are
linked to two oxygen atoms of the outer site of the Schiff base.
Three terminal chlorine atoms, the py-chloro atom and the
p3-oxo atom complete their coordination spheres (Fig. 111b)
[177].Treatment of [U(acac)4] with H,-143, H-144, H,-145,
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H;-157 gives [U(L),] while [U(L)(acac);] could not be iso-
lated because of their ready disproportionation into [U(L)>] and
[U(acac)s]. The structures of [U(143),]- THF, [U(145),]-THF
and [U(157);] present many common features, the main dif-
ference being related to the higher rigidity of [143]*~ with
respect to [145]>~ or [157]%> . In all cases the metal ion
is bound to the 0,0, donor set of the inner site of each
Schiff base. The uranium ion is distorted dodecahedral in
[U(143),] while its coordination geometry in [U(145),] and
[U(157),] is distorted away from the dodecahedron towards
the square antiprism [178]. [U(143),] and [U(145),] adopt a
meridional configuration in the solid state and in solution, while
[U(157),] exists in solution as the two equilibrating merid-
ional and sandwich isomers and crystallizes in the meridional
isomeric form [178].While [U(acac)4] and Hy-156 afford the
expected compound [U(H»-156)(acac),], H4-141 or H4-158 and
[U(acac)s4] are reproducibility transformed into [U3(141)(H-
141),(acac)y] or [Us(H-158)4(H>-158),], respectively [178].
In [U(H;,-156)(acac);] the slightly distorted dodecahedral ura-
nium(IV) ion is located in the N>O, plane of [H,-156]%
and further bound to the four oxygen atoms of the [acac]™
groups. [H-156]% adopts an umbrella configuration [177].In
[U3(141)(H-141);(acac),]-3THF, one distorted square antipris-
matic uranium(IV) ion is bound to the inner N>O; site of one
Schiff base, to the terminal oxygen atom of another Schiff base
and to two acetylacetonate ligands; a second distorted square
antiprismatic uranium(IV) ion is bound to the inner N, O, sites
of the other two Schiff bases and the third distorted dodecahedral
uranium(IV) ion, which bridges these two subunits, is bound to
the outer Oy site of one Schiff base and to the oxygen atoms
of the other Schiff bases [178].[U4(H-158)4(H,-158),] can be
viewed as two {U2(H-158), } moieties bridged by two distorted
and elongated [H,-158]%~ ligands. In contrast to [U3(141)(H-
141),(acac),], the four uranium ions in [U4(H-158)4(H;-158); ]
are in rather similar dodecahedral environments, each of them
being bound to the N> O, donor atoms of the inner site of a Schiff
base [H-158]°", to the two oxygen atoms of the other Schiff
base in the subunit, and to two oxygen atoms from the remain-
ing bridging Schiff bases [H,-158]>". The difference between
the two uranium ions in each dinuclear subunit results from
the dissymmetric ligation mode of these two bridging Schiff
bases [H-158]>—, each being linked to one uranium(IV) ion via
its two oxygen atoms, and to the other uranium ion via one
oxygen atom only. Each of the six Schiff base ligands has one
non-coordinated oxygen atom, two coordinated to one metal
ion and one bridging [179].Treatment of UCl4 with one equiva-
lent of H»-157 in tetrahydrofuran leads to [U(157)(Cl),(THF)],
alternatively synthesized by reaction of UCly; with an excess
of [U(157),]. In pyridine [U(157)(Cl)2(py)2] was obtained,
where the uranium(IV) ion adopts a distorted dodecahedral con-
figuration, while in [U(L)(CI)2(THF)] it is seven coordinate
in a quite perfect pentagonal bipyramidal environment with
the two chlorine atoms in apical positions. On the contrary,
none of the reactions of UCly and Hy-155, H4-156, Hy-158
in tetrahydrofuran or pyridine affords the mononuclear com-
plexes [U(H2-L)(Cl)2(solv)y], but polynuclear species as found

for [Hpylo [Us(155),(H2-155)(Cl)g]-2HpyCl-2py. The cation
[U4(155)2(H-154)2(C)g]?~ is built up from two dinuclear sub-
units which are bridged by two elongated Schiff bases. One
distorted square antiprismatic uranium(IV) ion of each sub-
mit is bound to the four atoms of the inner N;O, site of
Schiff base [155]*". One of the bridging Schiff bases [H;-
154])>~ coordinates to this uranium ion through one oxygen
atoms which is also bound to the other uranium(IV) ion, which
is in a distorted dodecahedral environment. The other Schiff
base [Hy-154]%~ is coordinated to this uranium(I'V) ion via
non-bridging two oxygen atoms one of this oxygen atoms is
protonated. The outer O4 cavity of the Schiff base [155]%
is occupied by the other uranium(IV) ion, which is further
bound to two chloride ions and to the bridging and terminal
oxygen atoms of a Schiff base [Hp-154]>"; again one oxygen
atom is protonated [180].The transmetalation of [Zn(H,-155)]
by UCly in pyridine affords [U4(155)>(H»-155)2(CD4(py)2],
with a structure very similar to that of [U4(155),(H»-
155),(Cl)]>~, the major difference being the substitution of
one chloride anion bound to one uranium(IV) ion with a
pyridine molecule. When H4-155 was replaced with Hy-158
in its reaction with UCly, {[Hpy]la [Us(158)2(H,-158)(Cl)e]
[U4(158),(H2-158)2(Cl)4(py)2]1}-16py was obtained [180].The
similar treatment of [Cu(H»-156)] with UCly in pyridine affords
[Hpylz> [Ug(156)4(Cl)10(py)4] 6py, where again two terminal
and two bridging Schiff base ligands occur. Two uranium(I'V)
ions occupy respectively the inner N,O, and outer O,0; sites
of each terminal Schiff base ligand which adopts a strongly
curved umbrella shape. The two bridging Schiff-base ligands
contribute three oxygen donor atoms to one of these uranium
ions and only one to oxygen atom the other uranium ion. This
shift of each bridging Schiff base ligand with respect to termi-
nal one is related to its further coordination to a third uranium
ion via one oxygen and two nitrogen donor atoms, and to its
symmetric uranium ion via two oxygen atoms. As a result, the
hexanuclear species is stretched, the longest U(U distance bear-
ing 19.699 A (13.57 A in [U4(155),(H2-155)2(Cl)4(py)2]). Two
uranium ions complete their eight coordination sphere with three
chloride ions, other two metal ions with two chloride ions. Two
of these metal ions adopt a distorted square antiprismatic config-
uration, while the other two uranium ions are found in a distorted
dodecahedral environmental. Two pyridine molecules are bound
to the remaining two uranium ions which are nine coordinate in
a distorted tricapped trigonal prismatic environment [180].Also
[MaUL)2(py)n] (Ha-L=Hy-141, Hy-153, Hy-158- - -Hy-161;
(M=Cu,Zn) and [Cu,;Th(L),] (H4-L =H4-153, H4-156) have
been prepared by the reaction of [M(H;-L)] with [An(acac)4]ina
2:1 molar ratio in refluxing pyridine [180], their structure resem-
bling that of [M2An(154)>(py),] (n=1, 2) above reported [176].
The trinuclear entities may be considered to be magnetically iso-
lated. For the complexes of [141]*~, [153]*~, [156]*~, [161]*~,
[159]*~ with the smallest Cu- - -U distances, the Cu'-U' and
the Cu'-Cu!! coupling is antiferromagnetic and weak antifer-
romagnetic, respectively while for, the complexes of [154]*~,
[155]*~, [158]*and [160]*~ with the largest Cu---U distances,
the Cu''-U' coupling is ferromagnetic and no interaction is
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observed between the copper(Il) ions. The magnetic behav-
ior of the [CuyTh(L)>] compounds (L =[153]*", [156]*7) in
which the thorium(IV) ion is diamagnetic confirms the presence
of weak intramolecular antiferromagnetic coupling between the
copper(Il) ions [180].

Reactions of [M(H-L)] M=Cu'l, Zn"'; Hs-L =H,-141,
H4-152, Hy-154, Hy-155, H4-161) with one equivalent of
UCly in refluxing pyridine afford [MU(L)(Cl)2(py)3] and/or
[Hpy]IMU(L)(CD3(py)] [180]. In all the CuU complexes the
copper(Il) and uranium(IV) ions occupy, respectively, the N, O,
and 0,0, cavities of the Schiff base ligand and are bridged
by the two oxygen atoms of the salicylidene fragments; the
copper(Il) ion adopts a square pyramidal coordination mode.
In [CuU(L)(CDa(py)3] (L= [141]*~, [161]*"), the uranium(IV)
ion is in a dodecahedral environment (Fig. 111c), while in
[CuU(L)(CD3(py)]~ (L=[152]*", [154]*", [155]*") the dis-
placement of two pyridine ligands with a chloride ion occurs,
and the seven coordinate uranium(IV) ion is in a pentagonal
bipyramidal configuration (Fig. 111d) [180].

In [Hpy o [NiU(152)(C)3(py)2 ] [NiU(152)(CD3 (py)] two dif-
ferent anionic complexes occur with two and one pyridine
molecules coordinated to an octahedral and a square pyramidal
nickel(IT) ion, respectively. Comparison of the related CulU™Y
and Ni'"U!V complexes indicate that the coordination geometry
of the uranium(IV) ion is quite identical in all the complexes
[180].

In the presence of three equivalents of AgNO3 in pyri-
dine at 20°C, [CuzUW(155)2(py)2] was partially transformed
into [CuzUV(ISS)z(py)z](NO3), which was sensitive to heat,
being converted back into the uranium(IV) congener. Crystals
of [Cu UMV (155)2(py)2] [CuaUY(155)2(py)2](NO3)-4py were
deposited from a pyridine solution at 80 °C. The synthesis of
[anUV(ISS)z(py)g] (NO3) was easier than that of the copper(II)
analogue, not requiring an excess of AgNO3; this Zn,""UY com-
plex proved to be stable up to 80°C towards the UY — UV
reduction. A refluxing pyridine solution of the complex
deposited [Zno U™ (155)2(py)211Zna UV (155)2(py)2 |(NO3)-4py.
In contrast, oxidation of [anUIV(160)2(py)2] was totally
achieved upon addition of one equivalent of AgNO3 in pyri-
dine, and [Zn, UV (160),(py)>](NO3)-py was isolated in high
yield. Treatment of [Zn(H,-155)] with U(CF3S03)3 in pyri-
dine afforded a mixture of [ZnU" (155)(CF3S03)>(py),] and
[Zn,UY (155),(py),]. Heating the mixture under reflux gave
[Hpy1[ZnoUYY (155),(py)»] (CF3SO3) together with a few crys-
tals of [ZnyUV(155),(py)21(CF3S03)-THF, this uranium(V)
complex likely resulting from oxidation by adventitious traces
of air [180].

The crystals of MUY (155),(py)a]
[M,UY(155),(py)>1(NO3)-4py, isomorphous for M=Zn!!
and Cu'! contain discrete neutral and cationic trinuclear com-
plexes [MzU(lSS)z(py)2]0’+l. The attribution of the uranium
oxidation state is unambiguous in view of the UY-0 distances,
shorter then the UV—0 ones [180].

The condensation of diethylenetriamine and 3-methoxy-
2-hydroxybenzaldehyde affords H,-161a, which reacts with
Ln(NO3)3-6H,0 (Ln=Lal, Nd'!, Eu'l, Tb'l) to form the
isostructural complexes [Ln(H;-161a)(NOs3)3] with the lan-

(a)

Fig. 112. Structure of [La(H3-161a)(NO3)3] (a) and [LaZn(H-161b)(j.-
NO3)(NO3)2(H0)]* (b).

thanide(II) ion ten coordinate with four oxygen atoms from
H-161a and six oxygen atoms from three bidentate nitrato
anions. The phenol oxygen atoms are deprotonated, the hydro-
gen protons being migrated to the two iminic nitrogen atoms
(Fig. 112a) [181].

The terbium(Ill) complex shows strong emission when
excited with 340 nm in the solid state, indicating that H>-161a
is a good antenna to absorb energy and transfer it to the ter-
bium(III) ion. The luminescence intensities for the terbium
complex, weaker on going from acetonitrile, dioxane, methanol
to dimethylformamide solution, may be due to the coordinat-
ing effects of solvents. On the contrary, in the solutions of the
europium(IIl) complex, the luminescence characteristic emis-
sion wavelengths of the europium ion were not observed [181].

As already observed for the [2+2] macrocyclic ligands
derived from the [2+2] condensation of 2,6-diformyl-4-
substituted phenol and 1,5-diamino-3-azapentane [10,18], aring
contraction of the coordination cavity of Hy-161a occurs with
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the consequent formation of Hy-161b, as proved for [LaZn(H-
161b)(-NO3)(NO3)2(L)](NO3) (L =H,0, C,HsOH), obtained
by the condensation the appropriate formyl- and amine-
precursors in the presence of Zn(CH3COQO),-H;0, followed
by reacting the resulting mononuclear zinc(Il) complex with
La(NO3)3-6H,0. The five coordinate zinc(Il) ion resides into
the inner N, O, site of the Schiff base while the ten coordi-
nate lanthanum(III) ion resides into the outer 0,0, site. The
non-coordinating nitrogen atom of the Schiff base is protonated
(Fig. 112b) [181].

The similar reaction with  copper(Il) acetate
and lanthanum(I1II) nitrate affords {[Cuy(H-
161a),]>[La(NO3)6](NO3)}, where an aggregation of two
dinuclear entities [Cux(H-161a),]%*, one [La(NO3)¢]>~
anionic complex and a free nitrate anion occurs. In [Cuy(H-
16121)2]2+ the copper(Il) ions are tetracoordinate in a NyO;
environment, formed by one phenoxy oxygen and one iminic
nitrogen of two different Schiff bases [H-161a]™ while the
methoxy oxygen remains uncoordinated. The central amine
nitrogen of both the Schiff bases is not coordinated and
protonated [181].

The search for neutral ditopic receptors capable of simul-
taneous complexation of both of the counter ions in a target
salt is a subject of great current interest in the general field of
molecular recognition. Recognition of hard anions is ensured by
strong binding to the hard Lewis acidic uranyl(IV) center in the
equatorial plane of the uranium, whereas cation-r interactions
are established between the aromatic sidearms and the cation
partner of the ion pair [182].

[UO,(162a)(CH30H)], [UO,(162b)(CH30H)] and
[UO2(162¢)(CH30H)], used as ditopic receptors towards
tetralkylammonium and larger alkali metal halides, form
strong complexes with [N(CH3)4](Cl) and [N(C4Hg)4](Cl).
The affinities of both salts towards [UO;(162b)(CH30OH)] are
much higher than towards [UO»(162a)(CH30H)]. Binding
constants of salts with bromide or iodide are lower by one to
two orders of magnitude than those of the chloride analogue.
The strong interaction of chloride with the metal centre is
responsible for a major contribution to the driving force for
complexation; a smaller, yet significant contribution to the
stability of complexes with [UO>(162b)(CH30H)] arises
from cation— interactions of the cations with the aromatic
pendants [183].

RbCI, CsCl, and CsF form the isomorphous complexes
{M[UO2(162b)(C1)]},, where each uranyl(VI) ion strongly
coordinates a chloride ion in its equatorial plane. Two
[UO2(162b)(C1)]~ anions are connected through coordination
to alkali metal cations which are placed above the aromatic
sidearms similarly to the analogous uranyl(VI) complex with
[N(CH3)4](Cl). Rubidium and cesium cations are similarly coor-
dinated to six oxygen atoms, three from each receptor, thus
creating a pseudo-crown ether-like environment for the cation.
Additionally, each metal ion in the dimeric unit is linked to both
halide ions and, most importantly, to two aromatic sidearms, one
from each of the receptors (Fig. 113) [183].

[UO2(162a)(CH30H)] does not act as receptor of various
alkali metal salts; however, it shows successful 4:2 complex-

Fig. 113. Structure of {Cs[UO2(162b)(C1)]},.

ation with CsCl forming different structure, in which one
uranyl(VI) complex binds to chloride and the other to a solvent
methanol molecule, and both participate in cesium complexa-
tion. Four {UO,(162¢)} units are assembled in a capsule-like
arrangement in which a {CsCl}, moiety is enclosed. Similarly,
in {Cs[UO,(162d)(F)]-CHCI3}, obtained by slow evapora-
tion of a solution of [UO;(162d)-(CH30H)] and CsF, two
[UO2(162d)(F)]~ anions form a [2 + 2] arrangement with two
cesium cations. The fluoride anions are bound in the equato-
rial plane of the uranyl(VI) centers, and the negatively charged
receptor-fluoride units are connected via coordination to metal
cations situated in close proximity to the aromatic side arms.
Whereas both side arms of [UO;(162b)(CH30H)] establish
cation— interactions with the cesium ion, only one side arm
of [UO»(162d)(CH30H)] interacts with the cesium ion. The
contribution of the side arms in the intramolecular assembly
with the less preorganized complex [UO,(162d)(CH30H)] is
significantly lessened, which renders the cesium ion accessible
to ligation of a competing donor, even as weak as chloroform
[183].

The less ordered structure of the uranyl(VI) complex of
[162d]*~ compared to that of [162b]%~ is proved in the crys-
tal structures of [UO,(162b)(CH30H)] where the side arms
are turned inward in a quasimacrocyclic arrangement capable
of enclosing the methanol guest through CH- - -7 interactions.
[UO2(162b)(CH30H)] is rigid enough to retain essentially the
same concave shape in different complexes, regardless of the
guest coordinated to the uranyl center. In contrast the [162d]>~
unit in [UO,(162d)(CH3OH)] adopts a less regular, more open
conformation, in which the side arms are completely turned
away from the core of the receptor, do not form CH- - - con-
nection with the complexed methanol [183].
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The condensation of 4,4’-diaminodiphenylmethane and
3-methoxy- or 3-ethoxysalicylaldehyde produces H;-162e
and H»-162f, which give rise to [Cu(L);] when mixed
with Cu(NO3)>-H2O. These copper(Il) precursors react
with Gd(NOs3)3-6H,0 to form [Cup;Gdy(L)2(NO3)e] whose
tetranuclear nature was inferred by FAB mass spectra.
The magnetic data shows that the Cu;Gd; complexes
behave as two independent CuGd pairs, each presenting a

ferromagnetic interaction (J=4.78 and 4.6 cm~h). Very
weak additional antiferromagnetic interactions, probably
originating from intra- and/or intermolecular m stacking,
have been suggested below 8 K. The field dependence of the
magnetization for [CuyGd;(162£)>2(NO3)e] at 2.0K confirms
the ferromagnetic nature of the Cu—Gd interactions and the
assembling of the corresponding entities as two independent
pairs [184].
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The formyl- or keto-precursors H;-163 react with
[TiO(acac);] and Li;COs3 to form Liy[Ti(163)3] which
can coordinate lithium ions in a second recognition event,
giving the triply bridged dinuclear helicate-type complexes
Li[Li3Tiz(163)s)]. According to NMR and mass spectroscopy
data both the mononuclear and the polynuclear complexes
are observed in solution as well as in the gas phase. In
the crystal, however, only Li[Li3Ti2(163))] was found. In
Li[LisTi»(163)s] (R=H, C;Hs), two triscatecholate tita-
nium(IV) units [Ti(163)3]>~ are formed with the aldehydes
all oriented in the same direction. Three pseudo-tetrahedrally
coordinated lithium cations are bridging two [Ti(163)3]2*
moieties by binding to an internal catecholate oxygen and a
carbonyl oxygen atom of each Ti-complex moiety giving rise
to [Li3Tiz(163)s]~. The formation of [Li3Ti2(163)¢]~ is highly
specific for lithium counter ions. Sodium and potassium ions
did not mediate polynuclear formation [185].
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In Nay[Tiz(163a)3]-7DMF-H>0 the two pseudo-octahedral
titanium(I'V) ions are bridged by three [163a]~ ligands. One of
these triscatecholate units has the nitrogen atoms oriented to the
outside of the helicate cavity, while the two other azine units have
one nitrogen atom oriented to the inside and one to the outside
of the cavity. Two distorted octahedral sodium ions are bound
to two internal catechol oxygen atoms of one of the complex
units and to a nitrogen atom. In addition one dimethylformamide
molecule is binding from the outside of the cavity to each of
the sodium ions and one water and one dimethylformamide
molecule are bridging the two cations. Two additional sodium
ions are bound to external oxygen atoms of the helicates and are
bridged by dimethylformamide molecules to lead to the poly-
meric chain {[Na(DMF)3][Ti;Nay(163a)3(DMF)3(H,0)]}, in
the solid state (Fig. 114a) [185].

H4-163b- - -H4-163q, similarly prepared by condensa-
tion of 2,3-dihydroxybenzaldehyde and diamine containing
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The azine-bridged dicatechol H4-163a, prepared by conden-
sation of 2,3-dihydroxybenzaldehyde and hydrazine hydrate,
forms the triple-stranded dinuclear helicates My[Tiz(163a)s]
with [TiO(acac);] in the presence of M,CO3 (M = Li, Nal, k)
[185].

appropriate spacers, undergo tautomerisation and show ther-
mochromic and photochromic behavior: when these solids
are cooled in liquid nitrogen, a fading of the intense color
was observed. At low temperature the hydroxy-imine form is
the preferred tautomer, while at higher temperature the more
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colored keto-amine form is favored. The structure at 223K
of Hs-163e shows that the aliphatic—(CHj)4-spacer adopts a
zigzag conformation and connects the two catechol-imine units
in the keto-amine tautomeric form where the proton of the
2-hydroxygroup is transferred to the nitrogen [186].

R
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The synthetic procedure above reported for M4[Ti>(163a)3]
affords also the triple stranded dinuclear helicates M4 [Tia(L)3]
(H4-L =Hy4-163b- - -H4-163j) with each imine moiety directed
towards the outside of the cavity of the helicate. However, an
inward orientation of the imine can be observed, if coordina-
tion to an internal alkali metal cation takes place. In solution

H,-163i

a dynamic exchange between encapsulated and free counterca-
tions takes place and therefore a conformation with the C=N
double bonds directed outside the cavity should be the preferred
one [186].
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Due to the rigidity of the spacer, the Schiff base ligands in
K5 [K;Tiz(163b)3(DMF)g(H20)] wrap around the two titanium
ions, possessing only a slight helical twist. The geometry at
the titanium(IV) centers, 12.547 A apart, is in between a dis-
torted octahedron and a distorted trigonal prism. Two potassium
ions are encapsulated in the large internal cavity, binding to the
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Fig. 114. Structure of [Ti;Nay(163a)3(DMF)3(H,0)1*~ (a), [TizK2(163b)3(DMF)s(H,0)1>~ (b) and [Coy"Fe,Nay (163)3(H20)4(CoHsOH)z 100 (C).

internal oxygen atoms of the catecholate ligands. Their coordina-
tion sphere is saturated by three dimethylformamide molecules
and by a water molecule, bridging the two encapsulated cations
(Fig. 114b) [186].

Also in Nay[Na,Tir(L)3]-nDMF (L =[163f]*~, [163h]*",
[163i]*~, [163j]4’) two sodium cations are encapsulated
in the helicate and additionally bound to two water and
to three dimethylformamide molecules. Again, the three
[L]*~ ligands slightly wrap around the titanium(IV) ions. In
Na;y[Na;Tip(163f)3] the cyclohexyl rings adopt a chair-type

conformation. The two titanium ions, 12.475 A apart, and the
ligands lead to a helix with a somewhat more pronounced
helical twist compared to the phenyl bridged derivative. In
Naj[Na,Tir(163h)3]-13DMF the two titanium ions are at a
distance of 16.946 A. The total length of the cylindrical com-
plex is approximately 2.1 nm. The [163h]*~ ligands adopt a
conformation with the imine hydrogen atoms pointing into
the cavity, directed towards the catecholate oxygen atoms. In
Nay[Na,Ti(163i)3]- 10DMF, 2.05nm long, the titanium(IV)
ions are 14.84 A apart. In addition to the interaction with two
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internal catecholate oxygen atoms and two or three dimethylfor-
mamide molecules, respectively, the two sodium ions also bind
to the imine nitrogen atoms of one of the three [163i]*~ ligands,
enforcing an “inward” orientation of the imines of this strand
[186,187]. Finally, in Nax[NazTi2(163j)3] 13DMF the obtained
supramolecular cylinder is 2.25 nm long with a Ti- - -Ti separa-
tion of 19.06 A. Each internal sodium cation also binds to three
internal catecholate oxygen atoms [187].

In Nay[Nay Tio(163Kk)3], the three [163k]*~ ligands and two
titanium(IV) ions, 16.980 A apart, form a cylinder of approx-
imately 2.1 nm length, with the linear rigid ligands slightly
twisting around the metal-metal axis. Surprisingly, one of the
bipyridine units of the spacers possesses the nitrogen atoms
oriented s-trans to each other, while the others are s-cis con-
figured. Two sodium cations, encapsulated in the interior of the
helicate and separated by 10.603 A solely bind to the internal
oxygen atoms of the catecholates. Three molecules of dimethyl-
formamide complete the six coordination about these cations.
Two further sodium cations bind to the termini of the helicate and
through dimethylformamide-bridging lead to an infinite polymer
in the solid state with alternating helicity of the helices in the
polymer strand [188].

Attempt to bind metal complex units to the outside
of the triple-stranded helicate [Ti2(163Kk)3]*, by reac-
tion with K5[Pd(C1)4] resulted in the hydrolysis products
[PA(L)(Cly)], where L is 5,5'-diamino-2,2'-dipyridine, and
[Ti(3-f0rmylcatecholate)3]2’ [188].

When the bulky ligands H4-1631- - -H4-163n are used with
potassium as the counter cation, oligomeric or polymeric
side products are also observed; H4-163p quantitatively forms
M4y[Ti>(163p)3]. NMR investigations at variable temperature
show that H4-163q, which possesses a spiro fluorenyl group
at the central unit of the spacer, forms the meso-helicate
My[Tiz(163q)3] [188].

The above reaction using [VO(acac);] instead of
[TiO(acac),] affords Mgy[Vo(L)3] (Hs-L=Hy-163a, Hy-
163h-H4-163j). In Nag[V2(163a)3] one [163a]*~ spacer adopts
an s-cis orientation, with the nitrogen lone pairs pointing away
from the cavity of the helicate and the imine hydrogen atoms
pointing inwards, while the other two [163a]*~ spacers adopt
an s-tfrans conformation, with one lone pair of one nitrogen
atom pointing outwards and the other inwards. The latter
conformation is enforced by encapsulation of two sodium
ions in the interior of the helicate [V2(163a)3]4’. Each of the
sodium ions binds to two internal catecholate oxygen atoms and
one of the internal nitrogen atoms and to two methanol oxygen
while further methanol oxygen bridges these two cations. The
coordination at the vanadium centers is distorted octahedral
with a V- - -V separation of 8.339 A [187].

Similarly, the reaction of 3-formylsalicyclic acid and
hydrazine hydrate affords Hy4-163', with one inner N>O, and
one outer 0,0, site capable of interacting with two dif-
ferent metal ions. Moreover, the oxygen atoms from the
carboxylato groups allow the propagation of the helical motif
through subsequent coordination to a third metal ion as shown
in {[CopFe;Na;(163')3(H20)4(C2H50H),] 3H20} o, resulting
from the reaction of Hy-163' with Na,COs3-H,0, followed

by addition of Fe(ClO4)3-6H>,O and Co(ClO4)2-6H0. The
Co,r'Fe,MNa, polymer consists of tetranuclear triple-stranded
dianionic helicates connected through sodium ions. In each
anionic entity {Co,TFe,™(163')3}2~, two cobalt(Il) and two
iron(IIl) ions are accommodated into the resulting triple heli-
cate architecture. The N3Os3 distorted octahedral cobalt(IT) ions
are coordinated by the inner pockets of the helicand while
the iron(IIl) ions are coordinated by the peripheral pockets
of the helicand. Within the tetranuclear helicate the Co- - -Co
and Co- - -Fe distances are 3.620 A and 2.926 A, respectively.
Homochiral [Coanezm(163’)3]2’ anions are connected by
pairs of sodium ions, resulting in a chiral 1-D coordination poly-
mer (Fig. 114c). Each site of the tetranuclear anion interacts with
two six coordinate sodium ions through one carboxylato group.
The bridging mode of the carboxylato group is quite unusual,
connecting one iron and two sodium ions [189].

In {[CoyFe;Naz(163')3(H,0)4(C,Hs0H);]-3H,0} 0 an
antiferromagnetic coupling operates (J; = —44.5 cm™!), result-
ing from a stronger exchange pathway between the iron(IIl) and
cobalt(Il) ions connected by three phenoxo bridges, and a second
weak antiferromagnetic interaction (J =—2.8cm™ 1) between
the two central cobalt(I) ions through the three w-diazino
bridges [189].

H)-164a was prepared by the reaction of 3-methoxy-
2-hydroxybenzaldehyde with 1,2-bis(aminoxy)ethane. The
diamine precursor was obtained by treatment of 1,2-
diaminoethane with N-hydroxyphtalimide followed by hydrazi-
nolysis. Hp-164a, whose structure reveals all-anti conformation
of the ethylenebis(oxynitrilo) bridge, resulting in a planar struc-
ture with two salicylaldoxime units apart from each other, reacts
with nickel(II) or copper(I) acetate to form [Ni(164a)(H,0);]
or [Cu(164a)] with the copper(II) ion in a distorted square planar
geometry [190].

In [Zn3(164a),(CH3COQO);], originating from a 2:3 mixture
of Hp-164a and zinc(II) acetate and containing the central dis-
torted octahedral zinc(Il) ion in an Og environment and the
other two zinc(II) ions in a trigonal bipyramidal in a N, O3 envi-
ronment (Fig. 115a), partially transmetalates with lutetium(III)
or lanthanum(III) salts to form [ZnLu(164a)(CH3COO)3] and
[ZnyLa(164a),(CH3CO0),](NO3), respectively. In the ZnLu
complex (Fig. 115b) the five coordinate square pyramidal
zinc(II) ion in the N O; site and the lutetium(I1I) ion in the exter-
nal 0,0, donor set of [164a]>~ are bridged by an acetate ion.
Thus, the central zinc ion in the initial trinuclear zinc(IT) complex
is replaced by the lutetium(III) ion, and the trinuclear assembly
dissociates. In the ZnyLa complex the two zinc(Il) ions reside
into the N,O, moieties of two [164a]*~ ligand and the result-
ing units {Zn(164a)} further coordinate to the ten coordinate
lanthanum(III) in an n2-fashion. Two acetate ions coordinate to
the trinuclear Zn-La-Zn core from the same side of the complex
(Fig. 115c¢). Probably, the structure of the complex in solution
is essentially the same as that in the crystalline state [190,191].

In [CuGd(164a)(CH3COO)3] and [CuGd(164a)(NOs3)3],
obtained from an equimolar mixture of Hy-164a,
Cu(CH3COO)-H,O and the appropriate gadolinium(III)
salt, the five coordinate square pyramidal or square planar
copper(Il) ion, respectively, is located in the N,O site of
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Fig. 115. Structure of [Zn3(164a),(CH3COO),] (a), [ZnLu(164a)(CH3COO)3] (b) and [Zn;La(164a), (CH3COO0),]" (c).

[164a]*~ while the nine coordinate gadolinium(III) ion resides
in the outer O,0; site. One acetate bridges the two metal ions;
the other two acetates coordinate only to the gadolinium(III) ion
in a bidentate fashion. In [CuGd(164a)(NOj3)3] the coordination
environment about the gadolinium(III) ion is completed by three
bidentate nitrato ligands. The Cu- - -Gd distance are 3.497 A and
3.433A, respectively [191]. H4-164b and Zn(CH3COO),-2H,0

form [Zn3(164b)(CH3COQO),(C,H50H)], with the three zinc
ions in a trigonal bipyramidal geometry. The two 1,2-
bis(salicylideneaminooxy)ethane moieties provide the N,O»
donor set to the two outer zinc ions, while the oxygen atoms of
the central catechol moiety coordinate to all three zinc ions. In
addition, the two acetato ligands act as bridging groups between
two zinc(Il) ions (Fig. 116) [191].
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Fig. 116. Structure of [Zn3(164b)(CH3CO0),(C,HsOH)].

[Zn3(164b)(CH3COO),(C,HsOH)] liberates one zinc(I) ion
when treated with Eu(NO3)3-6H, O, forming the helical complex
[ZnyEu(164b)(CH3COO0),(NO3)(H,0)] where the trinuclear
Zn-Eu-Zn core is bridged by the phenolate oxygen atoms
of [164b]*~ and the acetato anions. The two zinc ions in
a octahedral and a square pyramidal environment, respec-
tively, fill the NoO; donor sets of [164b]*~. Six oxygen atoms
of [164b]*~ wrap around the nine coordinate europium(III)
ion (Fig. 117a). Interestingly, a mixture of H4-164b with
excess zinc(Il) and europium(III) salts gave complexes identi-
cal to [ZnEu(164b)(CH3COO),]*: the zinc(Il) ions, thus, bind
selectively to the two N,O, moieties of [164b]*~ while the
europium(IIl) ion prefers the central cavity. Hence, the het-
erotrinuclear ZnpEu complex is stabilized to a greater extent
than the Zn3 homotrinuclear one. As a result, only the cen-
tral zinc ion of the homotrinuclear complex, initially formed,
is transmetalated quantitatively by the lanthanide(III) ion [191].

NMR, X-ray diffractometry and ESI mass spectrom-
etry indicate that [Zn3(164b)(CH3COO),(C,H50H)]
recognizes the calcium(Il) ion with the formation of Fig. 117. Structure of [ZnsEu(164b)(CH;CO0)>(NO3)(H,0)] (a) and
[Zn,Ca(164b)(Cl04)2(CH30H),], where the {Zny(164b)}  [Cu,Gd(164b)(CH3CO0)3] (b).
moiety forms a one-turn helix surrounding the calcium(IIl)
ion. All the six oxygen atoms of the inner recognition site
of the {Zny(164b)} moiety coordinate to the calcium(II) ion
(Fig. 118). Also, these investigations show that [Zn3(164b)]**
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Fig. 118. Structure of [Zn;Ca(164b)(C104),(CH30H),].

recognize the calcium(Il) ion much easier than barium(II) ion
(the binding is =200 time stronger for Ca!l with respect to
Ball). Under similar conditions the magnesium(Il) ion does not
cause the transmetalation even when 1000 equivalent of Mg!!
is used. Furthermore, [Zn3(164b)(CH3COO),(C,HsOH)] does
not show affinity for alkali metal ions (Nal, K, Rb!, Cs') [192].

In [CuyGd(164b)(CH3COO)3], synthesized by one-pot reac-
tion of Hy-164b with 2 equivalents of Cu(CH3COO), H,0
and one of Gd(CH3COO)3, the two copper ions are octahe-
drally and square pyramidally located at the N»,O, moieties
of [164b]*~ while the four phenoxy oxygen atoms of
the [164b]*~ coordinate to the nine coordinate gadolin-
ium(Ill) ion, which is weakly coordinated to the methoxy
groups. The Gd- - -Cu and Cu- - -Cu distances are 3.309 A and
6.079 A, respectively (Fig. 117b). The ferromagnetic interaction
among the Cu'-Gd"-Cu" triad in [Cu,Gd(164b)(CH3CO0)3]
(Jeuga=5.0cm™h), comparable to that of the correspond-
ing dinuclear complexes [CuGd(164a)(X)3] (J=4.5cm™! for
X =CH3COO and 7.6cm™! for X=NO;7), indicates that the
S =9/2 ground state of [Cu; Gd(164b)(CH3COO)3], in which the
three local spins are aligned in a parallel fashion, is significantly
populated at low temperatures [191].

H4-164c, prepared by the  condensation  of
1,2-bis(aminooxy)ethane with two equivalents of 2,3-
dihydroxybenzaldehyde, adopts an extended conformation
where the two salicylaldoxime moieties are apart from each
other [193]. When mixed with Zn(CH3COO), 'H,O0, it forms
[Zng(164c)4(H20)3], where the N;O; sites of the ligands
[164¢]*~ are occupied by the four outer zinc ions while the
other four inner zinc ions connect a {Zn(164c)} unit to the
adjacent one in such a way that it binds two catecholato
moieties. Phenolate oxygen atoms of the catechol moieties also
coordinate in a pp-fashion to the four inner zinc(Il) ion. The
two types of [164¢]*~—[164¢]*~ linkage with four inner zinc
ions resulted in the formation of a cyclic tetramer. Each of

Fig. 119. Structure of [Zng(164c¢)4(H,0)3].

the inner zinc ions in 0,0, chamber is five coordinate, with
catechol phenolate oxygen donors occupying all five sites:
one inner zinc(Il) ion adopts a trigonal bipyramidal geometry,
whereas the other three zinc ions have a square pyramidal
structure. In the center of the octanuclear cluster, there is
a ZnyO4 eight-membered ring, which adopts a chair—chair
conformation and the four inner Zn- - -Zn distances are in the
range of 3.32-3.45 A. The outer zinc ions have a similar trigonal
bipyramidal geometry. The four outer zinc ions contribute to
the formation of four Zn3zO3 six-membered rings outside of
the inner eight-membered ZnsO4 ring. In addition, there is a

Fig. 120. Structure of [CuAg(166b)]*.
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Zny0, four-membered ring. One outer Zn---Zn interatomic
distance (6.180 A) is considerably shorter than the other three
(7.161 A, 7.328 A and 7.294 A) (Fig. 119). [Zng(164¢)4(H20)3]
also exists in solution and maintains a similar octanuclear
conformation, although exchange of the coordinating water
molecules presumably takes place [193].

OH
N OH 0
N|/ OH 0
OH
H,-163'
O/ OH HO
71—-0 O—\
Similarly, Hs-164c and cobalt(Il) acetate gives
[Cog(164¢)4(C,H50H)3]-2C,HsOH-0.5CHCl3 with the

eight five coordinate cobalt(Il) ions in an assembly of the
[164¢]*~ ligands similar to that of the zinc(II) analogue. Again,

the discrete octanuclear structure occurs also in solution,
as confirmed by ESI mass spectra. An antiferromagnetic
interaction among the cobalt(Il) ions was found [193].

The larger derivative Hg-164d reacts with four equiva-
lents of Zn(CH3COO);,-2H;0 to give [Zn4(164d)(CH3COO),],

o
o OH
0—N OH
o
P,
H,-164a
OH HO o
N—Q  O—N
H,-164b
OH
HO
OH
OH
H,-164¢

together with other isomers. The further addition of bar-
ium(Il) ions turns the mixture of isomers into the sole
[Zn3Ba(164a)(CH3COO0),]**, where a binding of barium(II) ion
in the helical cavity and simultaneous release of a zinc(II) ion
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occurs. The [Zn4(164d)(CH3COO);] isomers did not change
into a single component when an alkali or alkaline-earth metal
ion (M= KL Cs!, MgH, CaH) was added, as supported by the ESI
mass spectrometry. Thus, [Zn4(164d)(CH3COO);] was found to
act as a barium(I)-selective metalloreceptor [193].

The formyl precursors H-165a and H-165b, prepared
by a two-step procedure involving the insertion of a —SR
group at the position —2 of 4-tert-butylphenol followed
by the introduction of a formyl group at the —6 position,
were converted into Hp-166a or H-166b by condensation
with rac-trans-1,2-diaminohexane and into H;-167a and
H»-167b by subsequent reduction. Both the Schiff bases and

S
o) OH
R
H-165a CHj
H-165b  CgH;

H,-166a
H,-166b
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the corresponding polyamines afford [Cu(L)], when reacted
with Cu(CH3COO);-H;0: ESI mass spectra show dimer
peaks in addition to the expected molecular ions, implying
that significant association of the compounds takes place
[194]. These complexes with AgBF4 give [CuAg(L)](BF4).
In [CuAg(166b)](BF4)-1.45CH3CN, the {Cu(166b)} moicty
acts as a ligand toward the silver(I) ion through the two
thioether sulfur atoms and, by bridging interactions, through the
phenoxide oxygen donors. The copper(Il) ion is four coordinate
square planar as in the mononuclear analogue (Fig. 120). EPR
spectra in frozen CH,Cl, show that [CuAg(166b)](BF,) retains
its integrity in solution while [CuAg(166a)](BFs) dimerizes
[194].

OH HO 0
[N_O O—N\
2
Hg-164d
S\ S\
R R
OH OH
NH
NH
OH OH
R /R
S/ S
R R
CHj; H,-167a CHj;
CeHs H,-167b  CzH;
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The viability of using the simple inexpensive Schiff base
derivatives to extract both metal cations and their attendant
anions from aqueous solutions was recently reviewed [19].
Appending appropriate tertiary amine groups to the Schiff
base framework allows the metal salt to be transported in a
zwitterionic form of the ligand. In a solvent-extraction based
process this leaves the pH of the aqueous feed unchanged and
removes the need for inter-stage neutralization in a metal recov-
ery circuit. Direct addition of nickel(II) or copper(Il) sulfate
to the ditopic ligands H»-168a- - -H,-168d in methanol yields
[M(H2-168a. - -d)(SO4)]. The availability of [M(168a---d]
from the reaction of the appropriate Schiff base with the desired
metal(I) acetate, allowed to study the uptake of sulfuric acid
by these complexes in solvent extraction experiments, €.g.
[M(168a- . 'd)](org) + HzSO4(aq) — [M(H2-16Sa- . -d)(SO4)](0rg)
as a function of pH, and to determine how this depends on
preorganization of the ligands. The free ligands H>-168a- - -Hj-
168d and the related complexes show a good solubility in
chloroform [195].

/
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| on
R
R

R R R
H,-168a I\ C(CH,), N(n-C4H,3),
H,-168b C(CH;); N(n-CgH,3),
H,-168¢ Q C(CH3)3 N(n-C¢H5),
H,-168d Q C(CHs)s N(n-CeHyz)y

Very little transfer of sulfate to the organic phase is observed
at pH>2.0. As the pH is dropped to values <0.5 the uptake
increases rapidly, owing to the extraction of two mono-charged
HSO4~ anions which are present in the aqueous phase in an
excess at pH < 1. In contrast, [Cu(168d] loads sulfate at pH <4.5
and the loading curve suggests that [Cu(H,-168d)(SO4)] pre-
dominates in the pH range 1.5-3.5. An important feature of
this loading behavior is that the copper complex of H>-168d is
effectively selective for SO42~ over HSO4™; in contact with an
aqueous sulfate solution at pH 1.92 where the SO42~:HSO4~
ratio is 1:1 the organic phase contains only [Cu(H-168d)(SO4)]
[195].

The insertion of pendant piperidine or morpholine groups
leads to an increase in solubility in non-polar solvents of the
resulting ligands (H;-168e- - -H>-168m), a property of great
importance to the solvent extraction studies. H»-168e and
H>-168f have an extended configuration with the pendant
morpholine groups not well arranged for encapsulation of a
sulfate ion. On the contrary, incorporation of a metal ion into the
Schiff bases binding site of these ligands significantly changes
the disposition of the pendant amine groups aligning them more
effectively for sulfate binding. Ligands with a planar N>O»
donor set form very stable copper(Il) complexes. In order to
facilitate the removal of the copper(Il) ion from these binding
sites, rigid bridging units could be incorporated which alter
the disposition of the N,O, coordination planes to generate
distortions from square planarity. In order to generate distortion
from planarity, a 2,2’-biphenylene moiety was inserted in
order to encourage the formation of pseudo-tetrahedral N>O»
donor set. A strong deviation from planarity was observed in
H-168i and H;-168l. The structure of the free ligands shows
that considerable strain energy would be required to define a
planar N;O, donor set; this destabilizes copper-binding and
hence enhances metal ion recovery from the loaded ligand [196].
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The formation of [M(H,-L)(SO4)] (H;-L =H>-168e- - -H;-
168m) occurs almost immediately upon mixing in alcoholic
solution of the appropriate metal(Il) sulfate and H,-L. Impo-
sition of a different coordination geometry upon the metal ion
does not effect the ability of H,-168i to form discrete metal
sulfate complexes although in the case of nickel(II) the mode
of metal salt binding is shown to be different as determined by
the structure of [Ni(H;-168i)(SO4)]. Noticeably, the formation
of [Zn(H,-168i)(SO4)] indicates that metal salt complexes can
also be formed with other metal ions. Furthermore, [Cu(168h)]
and [Cu(168i)], can also be formed by using copper acetate as
the metal source: the isolation of either [Cuy(H;-168h)(SO4)]
or [Cuz(H-168i)(SO4)] and [Cu(168h)] or [Cu(168i)] depends
on the relative basicities of the anion and the pendant tertiary
amine and on the solvent [196].

The structure of [Cu(168h)] confirms the absence of any asso-
ciated anions. The complex is approximately planar with the
copper(Il) ion into the NoO, Schiff base site. This aligns the
pendant piperidine groups such that a piperidine N- - -N separa-
tion of 5.789 A occurs, compared with 12.158 A and 12.170 A
in the related ethane-bridged free ligand H-168e, and 16.22 A
in H2-168m [196].

The structure of {[Cu(H2-168e)](SO4)} (Fig. 121a) demon-
strates the capability of the copper(Il) complex to incorporate
the sulfate anion between the morpholinium groups by a combi-
nation of direct electrostatic interaction as well hydrogen bonds
to the ammonium nitrogen atoms. Protonation of the morpho-
line units together with sulfate-incorporation causes only minor
changes in the copper(Il) geometry [196].

In [Ni(H,-168e)(SO4)] the sulfate anion is bound by two
separate bifurcated hydrogen bonds as opposed to two single
H-bonds in the copper structure, but the morpholinium N- - -N
distances are very similar. The sulfate is slightly closer to the
metal centre than in the copper structure.

The non-availability of the structure of copper(Il) com-
plexes of H-168i and H;-1681 does not allow defining
the coordination geometry imposed by the biphenylene
bridge which destabilizes extracted copper species. However,
[Ni(H»-168i)(SO4)]-4CH,Cl, crystallizes readily and has a
pseudo-octahedral structure. The unusual presence of the biden-
tate sulfate anion in the nickel(Il) coordination sphere appears to
be favoured by the proximity of the piperidinium nitrogen atoms,
which provide both electrostatic attraction and hydrogen bond.
The other protonated nitrogen atom is arranged too far from the
sulfate oxygen atoms to form any hydrogen bonds (Fig. 121b)
[196].

The extraction studies and the electronic spectra of [Cu(168i)]
and [Cu(H,-168i)(SO4)] suggest that sulfate is only weakly
coordinated to the copper centre in solution, presumably owing
to the displacement of the N, O, donor set from planarity [196].

As nickel(IT) extraction by H-168e- - -H>-1681 requires very
long equilibration times, experiments for the loading/stripping
process were undertaken with copper(Il) using the same ligands.
Whilst the o-phenylene bridged ligand Hz-168g gives >95% of
the theoretical copper-loading when contacted with an excess of
aqueous copper(Il) sulfate solution, it proved impossible to strip
copper(Il) with 5 M sulfuric acid. With H,-168l, copper(Il) was

Fig. 121. Structure of {[Cu(H,-168¢)]1(SO4)} (a) and [Ni(H,-168i)(SO4)] (b).

loaded to >95% of extractant capacity when a 0.01 M chloroform
solution was contacted with an excess of CuSQy in a feed solu-
tion of pH 4.5 (no significant change in pH of the aqueous feed
was observed); the loaded organic phase was stripped to <5%
of copper capacity when contacted with sulfuric acid to give an
equilibrium pH 0O; the sulfate content of the organic phase falls to
<1% of the theoretical capacity when the Cu-stripped organic is
contacted with aqueous ammonia at an equilibrium pH > 11.0.
After one cycle of loading and stripping the extractant H,-168l
was reloaded to the same (>95%) level with copper(Il) sulfate,
indicating that it is robust and stable to hydrolysis, oxidation
and trans-imination when contacted with either high or low pH
aqueous solutions for 24 h at room temperature [196].

Competitive cobalt(Il), copper(Il), zinc(II) and cadmium(II)
mixed metal ion transport experiments (H,O/CHCI3/H,0),
using H»-168l as ionophore in the CHCI3; phase with pH 2.3
for the aqueous source and pH 1.3 for the receiving one, prove
the sole selective transport of copper(Il) over the other metal ions
present in the source phase. This is consistent with the CuSOg4
complex of H-168I being thermodynamically favored in the
organic phase [196].
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Fig. 122. Structure of [Cuz(H2—169)2(SO4)]2*.

In order to increase the cation and anion selectivity, syn-
thetic approaches have been followed involving the introduction
of a strap, as in Hp-169, between the pendant amino groups
which, on protonation, bind the sulfate ion. Straps between
the aminomethyl substituents of the salicylaldehyde units are
readily incorporated using a Mannich condensation of the
appropriate long chain secondary diamine. The resulting func-
tionalized dialdehyde precursor can be converted to the desires
Schiff base by reaction with appropriate amine. [Cuy(Hs-
169)>(504)](SO4), readily isolated by mixing copper(Il) sulfate
and H-169, is made up of two ligands in their zwitterionic
forms (deprotonated phenols and protonated amines), two cop-
per(I) metal centers, 6.4 A apart, and two SO42’ anions, one of
which is encapsulated inside the complex. Each copper(II) ion
is in a distorted trigonal bipyramidal environment. The four tri-
alkylammonium N-H groups form medium to strong H-bonds
with one encapsulated SO42~ anion (Fig. 122). A similar ligand
architecture was found in [Cuy(H;-169),(BF4)](BF4)3 where
the encapsulated BF4 ™ is not coordinated to the distorted square
planar N,O, copper ions but forms weaker H-bonds with the
alkyl ammonium protons. UV/vis and FAB mass spectrometry
results indicate that [Cuy(H>-169)>(S04)](SO4) maintains the
same assembly in solution [197].

H>-170, possessing contiguous tetra- and hexadentate
coordination sites, has been synthesized by condensation
of 2-formyl-4-methyl-6[4-methyl-6-(4-methylpiperazin-
1-yl)methyl]phenol with 1,8-diaminonaphthalene.
[M(H-170)](C104) and [M2(170)](CIO4), have been pre-
pared by reaction of Hp-170 with M(ClO4),-6H,O (M =Cull,
Ni'l), respectively ina 1:1 or 1:2 molar ratio. 'H NMR data show
that the nickel(II) ion is square planar in the NoO, compartment
in the mononuclear complex. Electrochemical studies show for

Fig. 123. Structure of [NiCu(171a)(CoHsOH),]*.

[Cu(H-170)](ClO4) a single quasireversible one electron wave
and at —0.83V (Epc) and two quasireversible one electron
reduction waves for [Cuy(170)](Cl04), at —0.68 V (Epcl) and
—1.35V (Epcz) in the cathodic region. [Ni(H-170)](C1O4) shows
one quasireversible reduction potential at —0.80V (E,.) and
[Niy(170)](C104),> shows two irreversible reduction potentials
at —1.10V (Epcl) and —1.40V (Epc2) in the cathodic region.
Kinetic studies on the oxidation of catechol to o-quinone
using the copper(Il) complexes of H>-170 and hydrolysis of
4-nitrophenyl phosphate using the similar nickel(II) complexes
as catalysts show that the dinuclear complexes have higher rate
constant values than these of the corresponding mononuclear
complexes [198].

Bromination of 5-tert-butyl salicylaldehyde gives 3-bromo-
5-tert-butylsalicyaldehyde which, by palladium-catalyzed cross
coupling with 2-(tri-n-butylstannyl)pyridine in tetrahydro-
furan, produces the formyl precursor H-171. Condensa-
tion of this aldehyde with 2,3-diamino-2,3-dimethylbutane
affords Hp-171a [199]; the Schiff base, by addition of
Ni(CH3COQO);-4H>0 gives rise to [Ni(171a)]. Further addition
of Ni(CH3COO),-4H,0 or Cu(CH3COO),-2H,0, followed by
anion exchange with ammonium hexafluorophosphate, produces
the isomorphous complexes [Ni>(171a)(C,HsOH),](PFg), and
[NiCu(171a)(C,HsOH), |(PF¢), (Fig. 123), where one square
planar nickel(II) ion is located in the inner N,O, cavity while
the second axially elongated octahedral metal ion (nickel(II) or
copper(Il)) occupies the outer O, N> binding site. The two metal
ions are bridged by two phenolate oxygen atoms ataNi- - -Cu and
Ni- - -Ni separation of 2.898 A and 2.950 A, respectively [200].

The enantiomeric chiral ligands H>-171b and H;-171¢, pre-
pared by the condensation of H-171 with either (R,R)- and
(§,9)-1,2-diaminocyclohexane in the form of mono(+)-tartrates,
form mononuclear, homo- and hetero-dinuclear complexes with
copper and nickel salts [199].
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The ruthenium, chromium, titanium, and zinc complexes of
H;-172a and H,-172b, containing two quinoline bases linked
to a tetradentate N,O, Schiff base core, have been prepared
and tested as bifunctional catalysts. The structure of the p-oxo-
titanium dimer [Tiz(172a)2(-0){OCeH4C(CH3)3 }2] shows a
typical Schiff base coordination pattern and illustrates that the
nitrogen atoms of the quinoline groups participate in neither
intra- nor intermolecular coordination. In addition, the quinoline
groups are probably oriented to act as bases toward substrates
coordinated at the apical positions of these complexes. The

Hy-171¢

quinolines are oriented toward the titanium centers such that
replacement of the p-oxo ligand with a ketone ligand places the
quinoline nitrogen atoms close to the ketone a-proton, as would
be required for the quinoline to mediate deprotonation. As an
indication that the quinoline bases can alter the activity of these
Schiff base complexes, the addition of dialkylzinc to aldehydes
in the catalytic formation of the related alcohols was shown to be
accelerated by the complexes with H>-172a or H»-172b relative
to the similar Schiff base lacking the quinoline groups [201].
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8. [1+2] Side off systems

The [1+2] side off ligands derive from the condensa-
tion of one equivalent of the appropriate diformyl precursor
H,-173a, H»-173b or H»-173c¢ with two equivalents of a
monoamines HyN— which quite often contain additional donor
groups (Scheme 7). These Schiff bases can be reduced to the
amine analogues by reaction with BH4 ™.

[Zn(173a)] or [Co(173a)], derived from the reaction of
[Li»(173a)] with the appropriate metal(Il) salt, are converted
into [Zn(H-174a)](PFe), or [Co(H-174a)](PF¢), by conden-
sation with aniline. "H NMR spectra of [Zn(H;-174a)](PF¢)»
indicate the presence of two protons in the NoO; cavity. In
the corresponding amine complexes [M(174b)] (M=Co", Zn'")
prepared by reduction of the imine complexes, the presence of

HZ' 172a (CHz)z
Hy-172b  0-CgHyp

™Y

OH  Ho

—0

n
Hy-173b 1
Hy-173¢ 2

these protons was not detected. [Co''(174b)] can be oxidized
to [Co'''(174b)] by ferricinium ion; the same complexes can be
obtained by oxidation [Co'l(H,-174a)](PFg), with ferricinium
ion to [Co"l(H,-174a)](PFg)3 followed by reduction of the
imine groups. In [Zn(H»-174a)](PFs), the six coordinate
pseudo-octahedral zinc(II) ion coordinates two amine nitrogen
atoms, two phenolic oxygen atoms, and two trans-pyridine
nitrogen atoms. The structure is C, symmetric; the absolute
configuration about the zinc(Il) ion is A, A, A, and the
configuration about the nitrogen atoms of the amine group are
R, R. The imine groups are tilted above and below of the NoO»
plane; the zinc(Il) ion is located in this plane. The open-site
cavity defined by two phenolic oxygen atoms and the two imine
nitrogen atoms is too large to accommodate a metal ion of the
first transition series [202].
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N OH
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Scheme 7. Synthesis of the [1 + 2] side-off ligands.

The condensation of H;-173b, H,-173c, [Na(173b)]
or [Nay(173c¢)] with NH2(CH3),CcH4N (n=1, 2) and
H>NCH,COOH gives rise to Hp-175a, [Na(H-175a)(H20)],
H»-175b and [Na(H3-175¢)(H,O)], which contains one inner
0,03 or 0204 and one outer NoN2Oy or N>O20; adja-
cent coordination site. The formation of [1+2] entities for
these compounds was proved by ESI-mass and 'H NMR
spectra. [Ni(175a)] and [Cu(175a)] have been synthesized
by reaction of H,-175a with the appropriate metal acetate
while [NiNa(L)(CH3COO)]-nH,O (H-L =H;-175a, H>-175b)
derived from the reaction of the preformed ligand with nickel(II)
acetate in the presence of NaOH; the same complexes have been
obtained by template procedure. An octahedral coordination
about the nickel(II) ion was proposed. Similarly, [MNa(H-
175¢)(H,0)] (M:CuH, Nill) was prepared by the reaction of
[Na(H3-173¢)(H,0)] with the appropriate metal acetate; again

an octahedral coordination about the nickel(II) ion was proposed
[203].

The reduction of H,-175a and H3-175b to H,-176a and
H,-176b was monitored by '"H NMR and FAB or ESI-mass
spectra. The related complexes [MNa(L)(CH3COO)]-nH,O or
[MnNa(L)(CH3COO);,]-nH,0 (M=Cu,Ni) were synthesized
by reaction of Hp-176a or H>-176b with the appropriate metal
acetate hydrate in the presence of NaOH. Solid state electronic
spectra and magnetic measurements indicate that the copper(Il)
ion is square pyramidal while nickel(I) ion is octahedral [203].

In [NiBa(177)](CF3S03)2-4H,0, obtained by H-177,
Ni(CH3COO);-4H,0 and Ba(CF3COQ);, in spite of the
open diimine structure in [177]?>~ the nickel(I) ion accepts
intramolecular double chelation from the two salicylidene
imine groups in a head-to-head manner. Thus, the polyether
group forms a loop-like crown-ethers. The nickel(I) ion has an
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octahedral geometry while the barium(II) ion is nine coordinate.
The oxime oxygen atoms were coordinated to the adjacent
barium(Il) ions in a head-to-tail manner. Consequently, the
neighboring nickel(I) ions are pressed closely to form a four-
membered Nip O ring (Fig. 124), this inducing a ferromagnetic
Ni- - -Ni coupling. The complex releases the barium(Il) ion
with the consequent formation of [Ni(177)], when treated with
guanidinium sulfate [204].

| P

[N OH HN——Ph

N OH HN——Ph
/ |N

H,-174b
o
(CH2)mR
OH HN

R
Hz- 176a CjH_lN | 1
H,-176b  CsHyN

H,-178a. - -H,-178d were prepared by condensation of the
appropriate diformyl derivative with methyl- or n-propylamines.
H;-178d and Ni(CH3COO),-4H,0 yield the helical complex
[Niy(178d),]-CHCI3, where each nickel(Il) ion is linked in a
trans square planar geometry by NO-coordination sites from two
different ligands, winding in a helical loop from one nickel(II) to
the other nickel(Il) ion. The nickel ions and chelating groups lie
approximately on two parallel planes, with a Ni- - -Ni distance
of 3.554 A (Fig. 125). The "H NMR spectrum of the complex

1977

confirms the persistence in solution of the helical arrangement.
Reaction of H,-178d with Cu(CH3COOQO);-H;0 yields a com-
plex which, according to ESI mass spectrometry data, was
suggested to be [Cu,(178d);] like the nickel(II) complex [205].

9. Asymmetric side-off systems

The asymmetric side-off compartmental ligands
have been prepared by condensation of 3-methoxy- or

R n m
H,-175a CsHyN 1 1
H»175b  CHN 2 2
Hy-175¢  CcOoH 1 1
(\o |
& OH N—0O
0

H,-177

3-ethoxy-2-hydroxybenzaldehyde, salicylaldehyde or 3-formyl-
2-hydroxybenzoic acid with the amine precursors, derived from
the reaction of the esters of 3-methoxy-2-hydroxobenzoic acid or
salicylic acid with the appropriate diamine HyN-R-NH,. They
contain an inner N, O3 site, with one amide and one amine nitro-
gen and two phenolic functions, and an outer 0,0, or 0,0
site, involving again the two phenolic functions and one or two
oxygen atoms of the methoxy-, ethoxy-, or carboxylic group.
In addition, the Schiff base H-179a, synthesized by the [1 + 1]



1978 PA. Vigato, S. Tamburini / Coordination Chemistry Reviews 252 (2008) 1871-1995

o]

NH OH OH

()

NH,

R = (CHy)p; C(CHj3),CH,; CHyC(CH;3),CH;,
R'= OCH3, OCij; H
R"=QCHj;; H; COOH

O

(—NH OH
\lr\‘l OH

,1

Scheme 8. Synthesis of asymmetric side-off ligands.

condensation of salicylaldehyde with an excess of ethylene-
diamine, by further reaction with 3-formyl-2-hydroxybenzoic
acid, forms, H3-179 which also contains an inner N, O, site and
an outer 0,0 site (Scheme 8).

The reaction of H3z-179 with Cu(CH3COO),-H,O
or the condensation of [Cu(H-179a)(OH)]-2H,O with
3-formyl-2-hydroxybenzoic  acid afford [Cu(H-179)],
which  forms [CuyCo(179)2(H,0)]-H,O-CH30H  or
[CuzNi(179)2(H,0)]-2H,0O  with the appropriate metal(IT)
perchlorate in the presence of NaOH. In both the complexes
the central metal(Il) ion is in an Og distorted octahedral
geometry, formed by four phenolato and two carboxylate
oxygen atoms from two terminal {Cu(179)} moieties. In
[CuyCo(179)2(H20)]-H>,O-CH3OH one terminal square planar
copper(Il) ion lies in a NpO» site and the other copper(Il) ion
is square pyramidal in a N>O3 environment (Fig. 126) while
in [CupNi(179)2(H,0)]'2H,0 the two terminal copper(Il)
ions are in a N;O, square planar environment. The magnetic
properties of these two heterotrinuclear complexes indicate an
antiferromagnetic interaction between the central cobalt(Il) or
nickel(IT) ion and the outer copper(Il) ion (/= —26.2cm™! for
Cu;Co complex and —50.6 cm™! for the CupNi one) [206].

The amine-amide precursors H-180a and H-180b derive from
the reaction of ethylsalicylate and NH>RNH; (R=CH;CHj3,
C(CH3),CH3). H,-180a reacts with 3-formylsalicyclic acid to
form H4-180 which affords K,[Cu(180)]-1.5H,O when mixed
with KOH and Cu(CH3COO);-H,0. The subsequent addition
of Cu(CH3COO);-H,O forms {[Cu4(180),(H,0)]-H,0},,
where the two neutral dinuclear units {Cuy(180)(H,0)} and
{Cuy(180)} are held together by a carboxylic group of the
{Cu,(180)(H,0)} moiety. In the {Cu(180)(H,0)} unit the
inner copper(Il) ion has a square planar N;O, coordina-
tion, while the outer five coordinate copper(Il) ion is in a
Os trigonal bipyramidal geometry. Two {Cu,(180)(H,O)}

units are bridged together to form a tetranuclear structure.
Each {Cu»(180)} units contains an inner square planar
copper(Il) ion in the N>O, coordination set and an outer
copper(Il) ion coordinated by two bridged phenoxo atoms,
one carboxylic oxygen atom, one carboxylic oxygen atom
from the {Cuy(180)(H,O)} moiety of the another adja-
cent unit. Again a tetranuclear structure {Cuy(180)}, is
formed. The two different tetranuclear assembles are held
together to form a 1D {Cu4(180),(H20);}{Cu4(180),}
{Cu4(180),(H,0)7}{Cu4(180);}  chain. This complex
shows is dominated by the antiferromagnetic interactions
between the two copper(Il) ions bridged by two phenoxo
groups (J=—130.5cm™!) with additional weak antiferro-
magnetic interactions between adjacent dinuclear systems
(J=—1.18cm™1) [207].

H3-1813, H3-181b, H3-1823, H3-182b, H3-182C, H3-
181d and H3-183, derived from the [1+1] condensation
of H,-180a, H,-180b, H,-182e, H,-182f, H,-182g with

Fig. 124. Structure of [NiBa(177)],**.
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the related formyl derivative, react with the appropriate
metal(Il) acetate in the presence of potassium hydroxide
or tert-butoxide to form [MK(L)] (M=Cu!, Nill), with a
N,0O, square planar metal(Il) ion and a Os five coordi-
nate potassium ion bound to the outer O,0; site and to
a methanol molecule. The simple mixing of [MK(181a)]
with [Ln(hfacac)3;(H,0)2] or Tb(NO3)3-H,O (Lo =Eu!,
Gd", 1o, Dy) gave [Mj,Lny(181a)(hfacac)s] (H-
hfacac = hexafluoroacetylacetone) or [Cu;Tb,(181a),(NO3)4]

;oL

—R'
R
\ OH N—R'
) l |
R R’

Hz-l783 (CH2)4 ll-C]Hj
Hl-l78b (CHz)g ]]-C3H7
H,-178¢ (CH;)y2 n-C3H;
H2-|78d 0-C6H4 CH3

O |
NH OH

R

NHz

H,-180

=z

NH CH
N OH HO
R o]
H2-130a (CHZ)Z
H,-180b C(CH,),CH,

1979
as indicated by FAB-mass spectra [208]. Under
the same conditions [M(hfacac),] (M=Zn"",
cul, Ni', co", Mn") or [Mn(acac),] form

[Cu, ™M, (181a),(hfacac);] and [Cup™™n,"(181a),(acac),],
(H-facac = hexafluoroacetylacetone;  H-acac = acetylacetone)
[209]. The powder X-ray diffraction patterns showed that the
CuyLn, ™ complexes are isomorphous to each other; the
Nis"Ln,™ complexes, also isomorphous to each other, are not
isomorphous to the Cu,TLn,™ complexes [208,210].
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Fig. 125. Structure of [Ni(178d);].

In the cyclic structure of [Cu,Gd,(181a),(hfacac)s], each
square planar [Cu(181a)]3~ functions as a mononegative bridg-
ing ligand-complex to the two eight coordinate gadolinium(IIT)
ions. The two phenoxo and the methoxy atoms at one side of
the copper(Il) complex coordinate to a gadolinium(III) ion as
a tridentate ligand with a Cu- --Gd distance of 3.432 A while
the amido oxygen atom on the opposite side of the copper(Il)
complex coordinates to another gadolinium(III) ion as a mon-
odentate ligand with a Cu---Gd distance of 5.620 A. The Cu- - -Cu
and Gd---Gd distances are 4.953 and 7.886 A, respectively
(Fig. 127a) [208].

[CuMn;(181a);(acac), ] (Fig. 127b) has a cyclic Cuy"Mn, !
tetranuclear structure, which resembles the above Cu,'Ln,™
ones, the major difference being the hexacoordinate Og envi-
ronment about the manganese(Il) ions instead of the Og eight
coordinate lanthanide(III) ion. Furthermore, each copper(Il) ion
is square planar in a NpO, donor set [209].

Also the structures of [CurTby(182a);(NO3)4]-2CH,OH
and [CuxTb>(183)2(NO3)4(DMF);,] (Fig. 128) resemble those
of the CuyLny ones containing (3-diketonates. The copper(Il)
ions adopt a square planar coordination in the inner N;O»

Fig. 126. Structure of [Cu;Co(179)2(H20)].

Fig. 127. Structure of
[CuyMn;(181a);(acac);] (b).

[CuyGd;(181a);(hfacac)4] (a) and

site, while the nine coordinate terbium(IIl) ions are in the
outer (020, or 0,0) sites. The two ions are doubly bridged
one to the other by two phenoxo oxygen atoms belonging to
[182a]°~ or [183]>~ with Cu---Tb separations of 3.400 and
3.417A, respectively. In [CuyTb,(183)>(NO3)4(DMF);] and
[CuyTb,(182a),2(NO3)4], the copper- - -copper separations are
5.001 and 5.232 A, respectively while the separations between
the copper(Il) and terbium(Ill) ions, bound to each other
through the amido oxygen, are 5.535 and 5.730 A, respec-
tively. The intermolecular metal- - -metal separations are larger
than 6.8 A for [CusTb,(183),(NO3)4(DMF),] and 7.2 A for
[CuyTb,(182a),2(NO3)4] [210].

The magnetic interaction between the Cu'! and Eu'! ions
has been estimated to be small positive or nearly zero. The
CupGds complex with [181a]>~ has an S=8 spin ground
state resulting from the Cu'l-Gd™' ferromagnetic coupling
within the cyclic Cu'Gdy™ tetramer (J;=+43.1cm™! and
J=+1.2cm™!) while the intra- and intermolecular Gd™M-Gd™
magnetic interaction is negligible. A ferromagnetic interaction
between the copper(Il) and terbium(IIl) ions and between
the copper(Il) and dysprosium(IIl) ions was proposed to
occur in the related CusLny complexes with [181a]3~. The
field dependence on the magnetization of these complexes
confirms the ferromagnetic nature of the interaction between
copper(Il) and dysprosium(IIl) ions [208]. In the Cu,Gd,
complexes with [182a]>~ and [183]3~ there are two dif-
ferent ferromagnetic Cu—Gd interactions: the stronger one



PA. Vigato, S. Tamburini / Coordination Chemistry Reviews 252 (2008) 1871-1995 1981

(J=7.09-2.56cm™!) is supported by the double phenoxo
bridge while the weaker one (J=0.53-0.07 cm~!) corresponds
to the single amido bridge (Cu—N-C—O-Gd). Replacement of
the gadolinium(III) ions with the anisotropic terbium(IIl) ions
yields tetranuclear entities showing slow relaxation of mag-
netization and magnetization hysteresis. Detailed relaxation
and hysteresis loop studies establish single-molecule magnet
(SMM) behavior, which is influenced by weak intermolecular
interactions [210]. For the tetranuclear Cu, ™™, complexes the
intramolecular Cu™-Cu! and M"-M" magnetic interactions
have been both neglected, because no Cu''-Cu! magnetic

(a)

NH,

/\NHZ
X

\ NH,

(o —

ﬁ (CHz)zNH;
“~(CH)2NH;
\_ (CHz)oNH;
R
R
OH 0 OH

interaction was detected in [Cup!'Zn,"(181¢),(hfacac)], and
the M'-M!! distance is even longer than the Cu"-Cu'! one.

The calculated coupling constants were J; =—13.3cm™!, and
Jo=—13.3cm™! for [Cus(181a),(hfacac),],J; =—15.8cm™!,
Jo=—158cm™!, for [Cu,"'Ni, ' (181a), (hfacac)];
Ji=—109cm™!, Jr=—37cm™!, and z/'=-0.09cm™!
for [CuyMFe,1(181a), (hfacac);]; Ji=—11.0cm™!,
Jro=—38cm™ !, and 2J/'=—0.06cm™! for

[Cur™™n,I(181a),(hfacac),] and J;=-202cm™' and
Jo=—03cm™! for [CuM'Co,'(181a),(hfacac),] (/' is the
coupling constant between tetranuclear units) [209].

Scheme 9. Synthesis of [3+ 1] (a) or [1 +3] (b) ligands .
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Scheme 9. (Continued ).

10. [3+1] and [1 + 3] Polypodal systems

The synthesis and the coordination chemistry of tripodal
polyamines have been successfully tested in the formation of the
related Schiff bases by [3 + 1] condensation with the appropriate
formyl-derivatives, according to Scheme 9a. Furthermore, the
keto-derivative 1,3,5-trihydroxy-2,4,6-triacetylbenzene forms
[1 + 3] polynucleating ligands by a step by step reaction with the
diamine HyNC(CHj3),CH,;NH5 in a 1:3 molar ratio followed by

condensation of the resulting Schiff base with three equivalents
of salicylaldehyde or 3,5-substituted salicylaldehyde, according
to Scheme 9b.

The complexation of the heptadentate ligands, derived from
ring-substituted salicylaldehydes and tris(2-aminoethyl)amine
(tren) with lanthanide(III) ions was known to be dom-
inated by the sensitivity of these ligands to hydrolysis
which prevented isolation of the expected neutral lan-
thanide complexes [211]. Mixing of Hj3-184, derived from
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) Fig. 130. Structure of [Dyz(184)(o—vani11inat0)(H20)2]2+ (a) and
Fig. 128. Structure of [CuyTb;(183)2(NO3)4(DMF),]. [YbLa(184)(NO3),(CH3;COCH3)]* (b).

Fig. 129. Structure of [EuNa(184)(H,0)(ClOy4)]. Fig. 131. Structure of [Ti4(185€l)4]47.
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3-methoxy-2-hydroxybenzaldehyde instead of salicylaldehyde,
with Ln(NO3)3-6H,0 (Ln=Y, La, Eu, Tb, Dy) does not cause
hydrolysis of the ligand, but proton migration from the phenol
to the imine function and the coordination of the lanthanide(III)
ion at the outer O3 03 site, as confirmed by 'HNMR. Addition of
base (especially CsOH) to [Ln(H3-184)(NO3)3(H>0),] induces
a color change and precipitation of [Ln(184)(H,O)] (Ln=Y,
Eu,Tb,Dy), with a migration of the lanthanide ion from the 0303
to the inner N4O3 chamber. The same complexes have been

0]
o
NH OH
R
NH,
R
H2-182e c(ch)chz
H,-182f  (CH,),
H,-182g  CH,C(CHy),CH,

obtained by direct synthesis with H3-184, LnCl3-nH,O and
CsOH [213]. These complexes, when mixed with NaClOyq, give
rise to [LnNa(184)(ClO4)(H,0)] where, according to NMR
and X-ray data, the europium(III) and the sodium ions, 3.504 A,
apart, are eight coordinate in the inner N4O3 site and in the
outer 0303 coordination site of [184]3~, respectively. The
shortest intermolecular Eu- - -Eu distance is 5.817 A (Fig. 129)
[212,213].

0
O/
NH OH
N OH
H,-183
| ~
N OH

H;-184
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Also, it is possible to introduce a second iden-
tical or different lanthanide(Ill) ion into the outer
0303 chamber through the reaction of [Ln(184)(H,O)]
with  Ln(NO3)3-6H,O or Ln'(NO3)3-6H,O  which
gives rise  to [Lny(184)(NO3)2(H20)21(NO3) or
[LnLn’(184)(NO3)2(H0),]1(NO3)  respectively; FAB-mass
spectra indicate the exclusive formation of heterodinuclear
species, without any trace of signals coming form scrambling
of the two lanthanide ions, especially when the lanthanide(III)
ion (Ln’) in the outer site has a larger ionic radius than
the lanthanide(IIl) ion (Ln) in the inner site. A magnetic
study shows a weak ferromagnetic interaction in the GdNd,
GdCe, and YbGd complexes with [184]°~. In contrast, an
antiferromagnetic interaction occurs in the DyGd and ErGd
complexes. Such magnetic behaviour provides additional
support to the existence of heterodinuclear complexes [212].
[Gd2(184)(NO3)3]-3H,0 shows an antiferromagnetic behavior
(J=—1.04cm™1) [68,213].

The introduction of o-vanillinato [van]~ in a methanol
solution of [Dy(184)(H,O)] and Dy(NOj3)3-5H,O affords
[Dy>(184)(van)(H>,0)2](NO3)2-2H,O (Fig. 130a), with a
core unit built up from two dysprosium(Ill) ions, one nine
coordinate in the inner N4Os coordination site and the
other eight coordinate in the outer O303 coordination site,
triply bridged by three phenolate oxygen atoms of [184]3~
[68].

In  [YbLa(184)(NO3)2(CH3COCH3)]»[La(NO3)s(H20)],
obtained from [Yb(184)] and an excess of La(NOj3)3-5H,0,
the eight coordinate ytterbium(Ill) and ten coordinate
lanthanum(III) ions, 3.633 A apart, are encapsulated by
the N4O3z inner coordination chamber and the outer
0303 chamber of [184]3~, respectively (Fig. 130b)
[213].

The use of appropriate triamines in the [1 + 3] condensation
reaction with 3-formyl-2 hydroxy phenol affords the triscatechol
derivatives Hg-185a, Hg-185b and Hg-185¢ which, analogously
to the related dicatechol ligands Hs-163a- - -H4-163q and Hy-
163, can adopt the catechol imine or the keto-enamine structure.
The equilibrium between the two different structures is tem-
perature dependent and therefore thermochromic behavior can
be observed for the catechol imines. The more intense color
at high temperatures is due to the keto-enamine structure,
while the slightly yellow color at low temperatures corre-
sponds to the catechol imine. In Hg-185¢ hydrogen bonding
with transfer of the hydrogen from the internal hydroxo group
to the imine nitrogen atoms is observed in the solid state
but only at two of the three catechol units. Here, two keto-
enamine and one catechol imine moieties are present in the solid
state.

Hg-185a or Hg-185b react with TiO(acac); and alkali
metal carbonate to form the highly symmetric tetranuclear

Fig. 132. Structure of [Ag3(186),]3*.

complexes Mg[Tis(L)4] (M=Li, Na, K), as indicated by
NMR and FT-ICR MS measurements and confirmed by the
structure of Kg[Tis(185a)4]-23DMF (Fig. 131) which con-
tains four titanium(IV) ions located on the corners of slightly
distorted tetrahedron with all four complex units having
the same configuration. The triangular faces are blocked by
the four ligands [185a]°~, which each coordinate to three

Fig. 133. Structure of {[Ni(H3-188)](SO4)}.
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Fig. 134. Structure of [Tb(190)].

of the metal centers. Four potassium ions lay in the inte-
rior of a huge cavity, each binding to the three oxygen
atoms of the four titanium tris(catecholate) units. Addi-
tionally each potassium ion binds three dimethylformamide
molecules. The Ti- - -Ti distances are in the range 16.7-17.1 A
[214].

The similar reaction of Hg-185¢ with titanium(IV) ions
and sodium salts leads to Na[NaTi(185c)] in which the
sodium ion acts as a template and stabilizes the mononu-
clear titanium(IV) complex. One sodium ion coordinates to
the internal catecholate oxygen atoms and the nitrogen atoms
of [185¢]®~. The potassium ion, bigger than the sodium ion,
cannot act in a similar fashion and give rise to a mixture
of oligomers whose crystallization results in a few crys-
tals of K»[K;(Ti30,)(185¢)>] where [185¢]°~ encapsulates a
Ti3O; cluster. One of the ligands is approaching from the
top, the other from the bottom forming two cavities for the
binding of two potassium cations. Finally, the oligomeric
mixture of coordination compounds of [185¢]®~, when dis-
solved in dimethylsulfoxide, forms the tetranuclear complex
[Ti4(185c)]8’ as indicated by NMR and ESI —mass spectra
[214].

The Cs-symmetry tris-bidentate ligand 186, synthesized
in two steps via NpH4s—Pd/C mediated reduction of tris-4-
nitrotriphenylamine followed by condensation of the resulting
triamine with 2-formylpyridine, reacts with AgPFg¢ in the pres-
ence of [NH4](PFg) to form [Ag3(186),](PFs); (Fig. 132)
which maintains its trinuclear structure also in solution. 'H
NMR complexometric titration of a CD3CN/CDClsz solu-
tion of 186 with successive addition of AgPFg firstly
leads to [Ag2(186)2]2+, which by further addition of the
silver(I) salt, turns into non-fluxional helicate complex
[Ag3(186)2]3+, stable also in the presence of excess silver(I)
ion [215].

HO
R
H,-185a N@
|
H,-185h O
P C
H,-185¢ M
| Y,

H3-187a, H3-187b, H3-187¢c, H3-188 and H3-189, prepared
by [3+ 1] condensation of the appropriate precursors, act as
ditopic ligands for NiSO4 or NiClp. Zwitterionic form of
these ligands has a trianionic N3O3 Ni-binding site and a
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tricationic trialkylammonium sulfate binding site and gives
an overall neutral NiSO4-complex which is needed to achieve
high solubility in non-polar water-immiscible solvents. The
formation of the Schiff bases was confirmed by the X-ray
structure of H3-187a, which is very expanded with the
tertiary amine groups more than 5.2A from their centroid
[216].

lies close to the pseudo-threefold axis and is bonded strongly to
one piperidinium group and weakly to another [216].

The kerosene-soluble ligand H3-188 is a good extractant
for nickel salts, showing high selectivity for recovery of
NiCl, over NiSO4. This reagent can be stripped and recy-
cled directly using aqueous ammonia or by first displacing
the nickel(I) ion with acid and then neutralizing the pendant

—N N—
R? OH _—N HO R?
OH
R3
R3
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R! R? R3
H,-187a r\N/\| CH; N O
E
_ N
H-187b ri /\| “Colly No)
P
Hi-187¢ ( CoHyo (n-CgHy3),
H3'188 r%‘ t-C4H9 N >
H,-189 W +C4H, N

Incorporation of the nickel(Il) ion into the N3O3 donor set
influences the disposition of the pendant tertiary amine groups,
and hence the efficacy of anion binding as observed for {[Ni(H3-
188)(S04)]} (Fig. 133) and {[Ni(H3-188)](Cl)}(Cl), obtained
by reaction of H3-188 with NiSO4-6H,0 or NiCl,-6H,O1ina 1:1
molar ratio in methanol. Formation of these complexes results
in a pseudo-octahedral coordination geometry about the metal
ion. One of the piperidinium protons forms a bifurcated H-bond
to two oxygen atoms of the sulfate ion. Two of the piperidinium
protons make close contacts to the phenolate oxygen atoms in
the same arms of the ligand. In [Ni(H3-188)](Cl)}(Cl) all the
piperidine nitrogen atoms make fairly close contacts to their
neighboring phenolate oxygen atoms. One of the chloride ions

alkylammonium groups. The acid-stripping, however, is accom-
panied by hydrolytic degradation of the reagent [216].

The  condensation  of  5-tert-butyl-2-2-hydroxy-3-
(2'pyridyl)benzaldehyde with tris-(2-aminoethyl)amine in
the presence of lanthanide(IIl) nitrate gives the remarkably
stable isomorphous complexes [Ln(190)], where the seven
coordinate monocapped octahedron lanthanide(IIl) ion encap-
sulates within the N4Oj3 cavity of [190]3~; all the pyridyl groups
remain uncoordinated (Fig. 134). The 'H NMR spectrum of
[Lu(190)] in CD30D proves the presence of only one species
with a structure similar to that in solid-state. Furthermore,
luminescent studies of the europium(IIl) and terbium(III)
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complexes indicate the coordination of two methanol molecules
to the lanthanide ions [217].

Hg-191a, Hg-191b and Hg-191c, derived from the [1+ 3]
condensation of 1,3,5-trihydroxy-2.4,6-triacetylbenzene with
NH;,C(CHj3),CH,;NH; followed by the further [1 + 3] condensa-
tion of the resulting tris-imine derivative with three equivalents
of salicylaldehyde, 3,5-di-fert-butyl-2-hydroxybenzaldehyde
or 5-nitro-2-hydroxybenzaldehyde [218-220], when mixed
with Ni(CH3CO0O0),-4H,O forms [Niz(L)] where the three
square planar diamagnetic metal ions are coordinated by
two phenolato donors and two imine nitrogen donors, as
confirmed by 'H and '>C NMR spectra and X-ray structure.

Whereas the overall structure of [Niz(191c)] is nearly planar,
the structures of [Niz(191a)] and [Niz(191b)] are bowl-shaped
as a result of ligand folding. The Ni- - -Ni distances are 7.00 A,
7.17 A and 7.13 A, respectively. There is a remarkable enhance-
ment of the electronic absorptions on going from Hj-salen to
Hg-191a and from [Ni(salen)] to [Ni3(191a)], attributable to
a strong electronic communication between the three Schiff
base units involving 7 molecular orbitals [218]. Similarly,
the reaction of Hg-191a with Cu(CH3COO),;-2H,0 affords
[Cu3(191a)]-CHCI3-0.5CcH5CH3 where three { Cu(salen) } -like
units are bridged in a m-phenylene arrangement. Each copper
ion is in a distorted square planar coordination environment
[219,220].

H;-190

OH |

HO

"

R R
He-1912  H H
Hg-191b  C(CH3);  C(CHy),

He-191¢  NO, H
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Fig. 135. Structure of [{Mn3(191b)},{Cr(CN)s }(CH30H)3(CH3CN), }>*.

Magnetic susceptibility and EPR measurement show that
in [Cu3(185a)] the three copper(Il) ions are non inter-
acting at room temperature but ferromagnetically coupled
(J=1.52cm™!) with decreasing temperature with an S;=3/2
spin ground state. In particular, the EPR spectrum of
[Cuz(191a)] exhibits a pattern of 10 hyperfine lines due to
the coupling of three copper(Il) ions. Resonances around
g=4 in both perpendicular and parallel mode EPR spec-
tra demonstrate a zero-field splitting of D~ 74 x 10™*cm™!
arising from anisotropic/antisymmetric exchange interactions.
The DFT calculations show an alternation in the sign of
the spin densities of the central benzene ring corroborating
the spin-polarization mechanism as origin for the ferromag-
netic coupling. Experimental and density functional theory
calculations support that the ferromagnetic coupling observed
in [Cuz(191a)] derives from a spin-polarization mechanism
[219].

The three {Ni(salen)}-like subunits are electronically inter-
acting via the 7 system of the bridging chloroglucinol backbone.
The strength of this interaction is mediated by two oppos-
ing effects: the electron density at the terminal phenolates
and the folding of the ligand at the central phenolates.
[Niz(191a)] is irreversibly oxidized at 0.32'V versus ferroce-
nium/ferrocene (Fc*/Fc), whereas [Niz(191b)] and [Niz(191c¢)]
exhibit reversible oxidations at 0.22 V versus Fc*/Fc and 0.52 V
versus Fc*/Fc respectively. The oxidized species [Ni31(191b)]*
and [Niz(191¢)]* undergo a valence—tautomeric transfor-
mation, involving a nickel(IlIl) ion and a phenoxyl radical
species, as observed by EPR spectroscopy. Thus, these oxi-
dized forms exhibit the phenomena of valence tautomerism
and mixed valence simultaneously. The oxidized trinuclear
complexes are intrinsically mixed valence because of three
{Ni(salen)}-like subunits. Additionally, the oxidized species
exhibit a valence tautomerism between a metal-centered
oxidation to the nickel(IIl) species and a ligand-centered
oxidation to a phenoxyl radical. The comparison between
[Ni3'1(191b)]* and [Ni3'I(191¢)]* establishes that the ligand-

centered oxidation occurs at the central benzene ring. The
delocalization of this phenoxyl radical over three {Ni(salen)}-
like units stabilizes this radical compared to the analogous
phenoxyl radical of a mononuclear [Ni'l(salen)]*. This delo-
calization proves the strong electronic communication of the
three {Ni-(salen)} subunits through the central chloroglucinol

unit [220].
The reaction of Hg-191b, Mn(CH3COO),-4H,0,
K3[Cr(CN)s] and NaBPhy in CH30H/H,O yields,

[{(Mn3191b) }>{Cr(CN) } (CH30H)3(CH3CN),](BPhy)3-4
CH3CN-2(C2H5),0, as indicated by MALDI-TOF and ESI
mass spectra and confirmed by the X-ray structure, which
consists of two [Mn3(191b)] complexes bridged by a central
[Cr(CN)g]?~ ion as a sixfold connector (Fig. 135). The
manganese ions are in a N3O, square pyramidal coordination
geometry in which the nitrogen atoms of [Cr(CN)6]’~ units
occupy apical positions. The analysis of the magnetic properties
reveals that this complex is indeed a single-molecule magnet
[220].

11. Conclusion and future perspectives

A remarkable number of papers has been published in the
period of time covered by the present review (2002-2006),
regarding the acyclic Schiff base compartmental ligands, their
reduced polyamine derivatives and the related homo- and/or
hetero-polynuclear complexes.

The different typologies of symmetric or asymmetric ligands,
i.e. [1+1] acyclic, [1+1], [1+2] or [2+ 1] end-off, [2+1] or
[1+2] side-off and [3+ 1] or [1+3] polypodal systems, have
been considered, emphasizing their ability to recognize selec-
tively specific species (especially metal ions in a particular
oxidation state) at the two adjacent similar or dissimilar coor-
dination sites. Generally, the two coordination sites of these
ligands have been designed to give rise to dinuclear complexes,
where the two metal ions complete their coordination environ-
ment with the related counter anions and/or solvent molecules.
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When the ligand design favors the occurrence of coordinative
instauration at the metal ions, owing to the lack of a suitable
donor atom at least in one of the two coordination chambers,
polynuclear or polymeric species are obtained via the forma-
tion of bridges between neighboring complexes (i.e.,—O~,-S™,
CH3COO™, NCS™, N3, etc.).

Special efforts have been devoted in these last years to the
preparation of suitable asymmetric ligands, capable of assuring,
thanks to their quite dissimilar coordination chambers in close
proximity, the coordination of a specific metal ion exclusively
in one of the two chambers with the consequent formation of
pure heteronuclear isomers.

The best conditions for the acquisition of the designed lig-
ands have been reported, together with those which give rise to
systems different from the designed ones. In particular, the role
of the formyl- and amine-precursors in directing the reactions,
especially in the presence of metal ions as templating agents,
the role of the solvent and of the temperature have been evalu-
ated. Also, the site occupancy of the different metal ions, the site
migration and the transmetalation processes have been estimated
especially by X-ray diffractometric, magnetic, ESR, IR, UV—-vis,
NMR and electrochemical measurements. Cyclic voltamme-
try data allowed defining the occurrence and the stability of
mixed-valent complexes, together with their physico-chemical
properties.

In the present review compartmental ligands have been
considered, with adjacent similar or dissimilar coordination
chambers connect by appropriate endogenous bridging groups
as hydroxo, phenolate, thiophenolate, or pyridazine, capable of
holding together two metal ions, giving rise to quite peculiar
physico-chemical properties (i.e. magnetic, optical, electro-
chemical, etc.), to enhanced or unusual reactivity and catalysis
(hydrolysis of phosphoric esters, oxidation of organic substrates,
polymerization of appropriate monomers, etc.).

Recently the immobilization of some quite promising sys-
tems on appropriate surfaces or polymeric platforms has
successfully been pursued. Different synthetic strategies were
proposed for grafting or bonding compartmental Schiff bases
and/or their related complexes to silica gel as follows:

e one step grafting of a compartmental ligand, previously mod-
ified with a peripheral arm bearing a terminal —Si(OR);3
grafting group, to samples of activated silicas;

e grafting on to silica of a primary diamine already functional-
ized with a Si(OR)3 group, and later formation of a grafted
compartmental ligand via suitable condensation reactions;

e bonding of mononuclear or heterodinuclear Schiff base com-
plexes to silica gel samples previously functionalized with
organic compounds bearing terminal coordinating groups.

In all these synthetic pathways, condensation of appropriately
chosen or designed amine and formyl-precursors was employed
to yield acyclic systems capable of recognizing d- and/or f-metal
ion selectively. A rapid growing of basic and applied studies of
this solid-state chemistry can easily be foreseen.

Very recently a quite interesting synthetic strategy was pro-
posed for the preparation of 2D immobilized complexes in

the form of densely packed self-assembled monolayer (SAM)
on atomically planar Au(l11) surface: it consists in the
use of the disulfide diacid HOOC-(CH3);-S,-(CH;5),COOH
(Hp-L') as a suitable exogenous bonding linker between
two dinuclear cobalt(IT) complexes with 2,6-bis(N,N'-bis(-
2-pyrolyl)amino)-methyl)-4-tert-butylphenolato) (H3z-L); the
resulting tetranuclear disulfide complex [Co4(L)2(L")], cleaved
at the gold surface, generates two dinuclear complexes
[Cox(L)(L")] (H-L” =HOOC(CH3);SAu), each bound to the
surface by a covalent Au-thiolate bond. This SAM system is
capable of reversible O, binding, its affinity toward O, being
much higher compared to the dicobalt(Il) solution precursor
[221].

The anchorage of similar systems, bearing suitable function-
alizations at the periphery of their coordinating moiety, on to
molecular platforms (biopolymers or molecules of biological
relevance) originates quite important systems to be employed in
medicine or biology (both in diagnosis and therapy).

The evolution of the dinuclear systems into the polynuclear
ones is another promising goal recently pursued by different
synthetic strategies, i.e.:

e The design of appropriate precursors which give rise to more
sophisticated systems capable of selective multiple recogni-
tion processes.

e The use of specific metal ions suitable to form polynuclear
systems instead of the dinuclear ones.

e The use of bifunctional ligands which link two or more din-
uclear species into a unique entity containing tetranuclear or
ordered polymeric complexes. The particular compartmental
ligands, used to form the dinuclear unit, address the systems
toward the formation of homo- or hetero-polynuclear systems.

This has favored the growth of a chemical engineering aimed
at giving rise to new network topologies, controlled by appropri-
ately designed synthetic routes, capable of turning well defined
heterodinuclear or heterotrinuclear complexes into oligomeric,
1D, 2D or 3D coordination species by the use of suitable spac-
ers. Useful functionalities as molecular magnetic materials,
conducting solids, zeolite-like materials, catalysts, environment
materials, etc. are deriving from this synthetic strategy.

Self-organization of single organic or inorganic components
into sophisticated architectures with peculiar optical and/or mag-
netic properties is another goal of these researches, currently
pursued with great interest. Several of these systems, containing
homo- or hetero-polymetallic clusters, are under scrutiny owing
to their ability to act as single molecule magnets.

This last synthetic strategy has been pursued quite
recently also with different dinucleating ligands as 1,3- or
1,4-substituted phenylene-bis-B-diketonates. Under suitable
experimental conditions they form the planar homodinuclear
[M>(1,3-bis-B-dike);] or homotrinuclear complexes [M3(1,4-
bis-B-dike)3] which, by subsequent reaction with difunc-
tional linkers (L =4,4’-bipyridine, pyrazine, 1,4-diazabiciclo
[2.2.2]-octane 4,4'-dipyridylsulfide, 4,4-(1,3-xylylene)-bis(3,5-
dimethylpyrazole), hexamethylenetetramine etc.) capable of
coordinating the metal ions in their axial positions, evolve
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into the polymeric species [Mj(1,3-bis-B-dike)s(L)]s or
[M3(1,4-bis-B-dike)s(L)]o. Similar systems, under the same
experimental conditions, do not evolve into the polymeric
ones but form only coordination compounds [M>(1,3-
bis-B-dike),(L)2] or dimerize to the tetranuclear species
[M4(1,3-bis-3-dike)4(L),]. Thus, the use of specific chelat-
ing moieties (i.e. bis-B-diketonates), metal ions (i.e. Cull,
Fe!l') or bridging linkers can address selectivity the synthe-
sis towards a unique complex with a well defined complexity
[222]. Using similar polynucleating bis-B-diketonates with
additional coordinating functionalities, the synthesis of homo-
dinuclear, -tetranuclear or -octanuclear complexes can be
tuned [223].

The design of acyclic compartmental ligands as anion recep-
tors is another increasing area of interest. In order to propose
efficient systems, appropriate precursors have been synthesized,
capable of forming complexes with ideal environment for selec-
tive binding of anions, since the size of the encapsulation cavity
could be modulated by the choice of the metal ion. For instance,
quite recently Schiff base complexes have been prepared with
an outer chamber containing four phenol groups into a tetra-
hedral array that tightly binds fluoride ion though four OH- - -F
hydrogen bonding interactions [224].

As further evolution of this concept the design of compart-
mental ligands suitable to recognize a cation in one chamber
and the related anion in the adjacent one in order to transport
selectively a specific salt across an appropriate membrane, was
successfully carried out. The efficiency of a number of side-off
ligands capable of transferring transition metal sulfate from one
water solution into another across an organic membrane was
tested and proposed for the solution of problems of relevance in
hydrometallurgy.

The insertion of appropriate spacers between the coordi-
nating moieties, i.e. the use of appropriate diamine of the
type HoN-spacer-NH; allowed the formation of quite inter-
esting polynuclear helicate complexes capable of including
different metal ions (i.e. Ti!¥ and K! or Nal). The synthesis
of metallohelicates, by twisting multidentate organic ligands,
through interaction with appropriate metal ions, plays a key
role in the development of supramolecular chemistry. Homo-
and hetero-polynuclear species arise from these syntheses with
unique structural features and peculiar optical or magnetic
properties.

All these examples and the continuously growing publica-
tions demonstrate that many efforts are currently carried out
and the related results under adequate scrutiny in order to apply
the acyclic compartmental ligands and/or the related complexes
to different, quite important fields which range from the prepa-
ration of molecular- or nano-systems, to the set up of probes,
sensors and devices for analytical, medical or biological applica-
tions of supramolecular arrays for new or more efficient catalytic
processes, the storage and/or activation of small molecules,
the encapsulation of dangerous species, the selective transport
and recovery of salts or organic compounds. The great interest
devoted to these fields by different, highly esteemed groups all
over the world will lead to new, quite exciting results both in
basic and applied chemistry.
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