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Abstract

This review describes the development on the coordination chemistry of multidentate Schiff base macrocycles with an emphasis on the
author’s contribution to the field. Particular attention is paid to effectiveness of metal ions — especially lanthanides — in supramolecular
self-assembly of the components leading to organized structures. The article is focused on the design, template synthesis and characterizat
of the Schiff base mono- and homo- or heterodinuclear polyaza and polyoxaaza macrocyclic complexes. The factors which prove to be o
much importance in directing the synthetic pathway in these systems are discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction importance in macrocyclic chemistry. They were among the
firstartificial metal macrocyclic complexes to be synthesized.
Interest in exploring metal ion complexes with macro- The metal complexes containing synthetic macrocyclic lig-
cyclic ligands has been continually increasing owing to the ands have attracted a great deal of attention because they
recognition of their role played by these structures in met- can be used as models for more intricate biological macro-
alloproteines. Schiff base macrocycles have been of greatcyclic systems: metalloporphyrins (hemoglobin, myoglobin,
cytochromes, chlorophylls), corrins (vitamim8 and an-
"+ Corresponding authors. Tel.: +48 61 8291356 fax: +48 61 8658008,  1I0UCS (valinomycin, nonactin). These discoveries have
E-mail addresses: wrp@amu.edu.pl (W. Radecka-Paryzek), created supramolecular chemistry and its enormous diversity
jurekl@wchuwr.chem.uni.wroc.pl (J. Lisowski). [1-5].
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Our research effort for the last 25 years has been focused2. Template synthesis of Schiff base macrocyclic
on the design, template synthesis and characterization ofcomplexes
the new supramolecular polyaza and polyoxaaza Schiff base
mono- and homo- or heterodinuclear macrocyclic complexes ~ Recognition of the importance of complexes containing
of metal ions of varying radii and electron configuration —in macrocyclic ligands for supramolecular science, bioinor-
particular rare earth elements — and the factors which proveganic chemistry, biomedical applications, separation and en-
to be of importance in directing the synthetic pathway in capsulation processes as well as formation of compounds
these systems. with unusual properties and structures has led to consid-

Selective recognition and incorporation of rare earth el- €rable effort to develop methods for the synthesis of these
ements into organized architectures has been the subject ofomMpounds. Ideally the macrocyclic complex is formed by
growing importance in supramolecular chemistry. The pecu- adding the required metal ion to a preformed macrocycle.
liar chemical, structural, spectroscopic and magnetic proper- However, the direct synthesis of macrocycles often results
ties of the trivalent lanthanide ions associated with their 4f in very low yield of the desired product with the dom-
configuration make them suitable for development of novel ination of competing linear polymerization or other side
fascinating supramolecular photonic light-converting devices "€actions.
and sensor§6—21], contrast agents in magnetic resonance ~ Many synthetic routes to macrocyclic ligands involve
imaging[22—36] potential radiopharmaceutic§,37—40] the use of the metal ion template to orient the reacting
sensitizers for photodynamic therapy and biomedical diag- 9r0UPS of linear substrates in the desired conformation for
nostic§41-48] and artificial nucleases for hydrolytic cleav- the ring to close. The favorable enthalpy for the formation
age or transesterification of the DNA and RNA phosphate of metal-ligand bonds overcomes the unfavorable entropy of
diester backbonpt9—64] Because ionic radii, coordination ~ the ordering of the multidentate ligand around the metal ion
chemistry and binding behavior of lanthanide(lll) cations and hence it promotes the cyclization reacfib1,82] The
and alkaline earth metal cations are similar, the lanthanideséffective method for the synthesis of Schiff base macrocyclic
with their remarkable multitude of spectroscopic and mag- complexes which involves the condensation reaction between
netic properties, have been broadly used as presumed isomorSuitable dicarbonyl compounds and primary diamines carried
phous replacement for calcium and, to a lesser degree, othePUt in the presence of appropriate metal ions which serve as
biometals, and serve as informative spectroscopic probes oftemplates in directing the steric course of the reaction. In this
metal binding sites in biologically important macromolecules Metal template effect the metal ion — through coordination
[65—-70] The latest suggestion that lanthanides can be ap-— organizes the linear substrates to facilitate the condensa-
plied as therapeutic agents in the treatment of inflamma- tion process which may lead toward either [1+1] or [2+2]
tion, arthritis and atherosclerosis is based on the ability macrocyclic productsHig. 1).
of lanthanide ions to antagonize calcium-dependent pro- Whether the_ cyclizgtion proceeds through an intramolec-
cesse$6,43,44,65,68,71)Conjugation of macrocyclic com- ular condensation to give a [1 + 1] macrocycle or through the
plexes of yttrium and lanthanide radioisotopes to proteins in Pimolecular steps leading to a [2 + 2] macrocycle depends on
monoclonal antibody technology yields agents for radioim-
munotherapy and other medical applicati¢b8,72—74] In
all these cases the metal complex must be sufficiently stable m

O

in vivo and inert to metal release under physiological con-

ditions in order to prevent damaging of nontarget cells. The m

Schiff base macrocyclic complexes, which form neutral or ¢

cationic complexes with the metal of interest, fulfill these |(|)

requirements, because they are extremely rigid and display

kinetic inertness towards metal release, whereas exocyclic

ligands are labile and easy to change. @
Macrocyclic Schiff bases have been widely studied be-

cause they can selectively chelate certain metal ions depend-

ing on the number, type and position of their donor atoms, NH,

the ionic radius of the metal center, and coordinating proper- EU (
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ties of counterions. The chemistry of macrocyclic Schiff base
complexes has been reviewed in excellent papgérs81] In

this review we would like to illustrate the versatility of the
macrocylic systems obtained through the condensation of di-
amines with dicarbonyl compounds, with the focus on our U
ownresearch. Particular attention is paid to the lanthanide(lIl)

macrocyclic Schiff base complexes. Selected results of othersrig. 1. metal templated synthesis of [1 + 1] and [2+2] Schiff base macro-
in the field are included. cyclic complexes.
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the relative proportions of linear substrates, the nature of the Zinc(ll) and magnesium(ll) ions may also act as templates
cation and reactants (chain length, number and location offor this macrocycle constructiof®0]. The investigation of
potential donor atoms), the ratio of the template ionic radius the coordination template effect in generation of Schiff
to the cavity size, conformation of acyclic intermediates and base macrocycles was then extended to the lanthanides. The
coordination properties of counterions. heavier lanthanide cations (Ln=%% Dy%*, Ho®*, Er*,

Rare earth metal ions have found to be very efficient metal Tm3*, Yb®*, Lu*) were found to be effective templat-
templates in the synthesis of the complexes of this type. Theing agents in the synthesis of L[P1]. The complexes
first example of such an action of these ions in the synthesis[LnL1(H20),](ClO4)3-4H,O were isolated using nonstoi-
of polyaza Schiff base macrocyclic compounds was reported chiometric amounts of reactants in order to prevent the for-
for scandium(lll) ion[83]. Rare earth elements are known mation of 2,6-diacetylpyridinedihydrazone. In contrast, an
to have little or no stereochemical requirements and can beanalogous reaction involving lighter lanthanides gave acyclic
accommodated by the stereochemical constraints enforceccomplexes [Ln(L2)](ClO4)3-2H,0 (Ln=La3*, Pr*, Nd®*,
by the template process. Sm?*) and [LnL2(HO)](ClO4)3-2H20 (Ln=E*, Gd*).

In some cases the mononuclear or dinuclear open-chainA noticeable cation-cavity control is seen in the formation
chelates with two terminal carbonyl groups or one termi- of L1 macrocycle, where the larger-radius lanthanides are
nal carbonyl group and one terminal amine group — con- ineffective as templates. The acyclic azine L2 is expected
sidered as potential intermediates in the template processo be more flexible than the L1 macrocycle and thus able
[1,81,82]- can be the final products of the Schiff base con- to form complexes with different geometries and adjust it-
densation[84-89] The formation of these compounds in- self to the specific features of the coordinated metal ion.
stead of the expected macrocycles may be attributed to theYttrium(lll) and dioxouranium(VI) ions, which are similar
unfavorable positioning of the terminal groups which de- in size to scandium(lll), dysprosium(ll) and holmium(lll)
creases the probability of intermolecular linkage with next ions, can also promote the formation of the L1 macrocycle
diamine molecule or a possibility of the nucleophilic attack and give complexes of formula [YL1(N§»s]-2H>O [92] and
of the amine nitrogen on the carbon atom of the carbonyl [UO2L1](NO3)2-2H,0 [93]. In all these cases small quan-
group and stabilizes the open-chain product once formed.tities of metal chelates with 2,6-diacetylpyridine were iso-
The investigation of the mechanism of the formation of Schiff lated together with the above major products. When treating
base complexes demonstrates that the structure and coordithe latter compounds with hydrazine, L1 complexes ot'Tbh
nation mode of potential intermediates is one of the key fac- to Lu®*, Y3*, UO,2* and L2 complexes of 13 to GP*
tors that determine the preferred pathway of the metal-ion- were obtained. Thus the complexes of 2,6-diacetylpyridine
templated condensation in the Schiff base systems and musare regarded as possible intermediates in the formation of
be taken into account in the design and synthesis of desiredmacrocyclic L1 and acyclic L2 Schiff base complexes. The
products. presence of a pyridine between the two carbonyl groups in

2,6-diacetylpyridine ensures initial chelation of the metal ion

through the pyridine nitrogen and two oxygen atoms. Such
3. Tetradentate Schiff base macrocyclic complexes coordination makes the carbonyl more susceptible to a hy-

drazine nitrogen donor attack. The synthesis of the free L1

The first example of the effectiveness of rare earth macrocycle has also been achieved under high dilution con-
elements in the synthesis of Schiff base macrocycles is theditions by treating L2 with an excess of hydrazine without
template condensation reaction of 2,6-diacetylpyridine with the coordination template effect, albeit with low yi¢RD].
hydrazine performed in the presence of scandium perchlorateThe importance of the metal ion in promoting the cyclic con-
[83]. The scandium ion has proved to be suitable template densation is thus clear.
agent for the synthesis of the planar tetradentate nitrogen- The scandium(lll) ion has been shown to be effec-
donor macrocycle (L1) yielding the complex of formula tive template for the synthesis of a 14-membered Schiff

[ScL1(H20)2](ClO4)3-4H20. base [1 + 1] cyclocondensation compound derived from 2,6-
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diacetylpyridine and 3;3diaminodipropylaming94]. The Under the same reaction conditions the lighter lanthanides
coordination number of five can be assigned to the scandiumwere found to be ineffective as templates in the syn-
complex formulated as [ScL3@®)]Cl3-5H,0 assumingthat  thesis of this 15-membered macrocycle. In the reactions
the coordination sphere is filled by four nitrogen donor atoms in which 2,6-diacetylpyridine reacts with 1,8-diamine-3,6-
of the ligand and oxygen atom of one water molecule. These dioxaoctane in the presence of lanthanum(lll), samarium(lIl)
findings appear to be of interest in view of applications of the and europium(lll) chlorides and perchlorates (Lg)Xhe ring
stable Schiff base macrocyclic complexes of the radioactive closure does not occur. Instead, the LnL5(JsX3 com-
ions conjugated to proteins in monoclonal antibody technol- plexes with ligand L5 as acyclic product of partial Schiff base
ogy.47Sc, 9, 1535m 169y 177 | have sufficientenergyto  condensation of two diketone molecules with one diamine
cause cell death following DNA cleavage. Consequently, they molecule are forme{B7]. However, rare earth elements act
are clinically used in radioimmunodiagnosis and radioim- as suitable templates in the synthesis of related macrocy-
munotherapy10,37,74] cle L6 with greater ring size yielding the complexes of gen-
Recently it was found that a nickel(ll) complex of L3 rep- eral formula ML6Xg-nH20, where X=NQ~ orClI~,n=1-6
resents one of the most reactive and selective catalysts for thg98]. The 19-membered macrocycle L6 is product of the yt-
site-specific DNA oxidation and itis convenient as a probe for trium(lll) and lanthanide(ll1)-promoted Schiff base conden-
DNA and RNA structures. An appropriately designed macro- sation reaction between one molecule of 2,6-diacetylpyridine
cyclic ligand for the metal ion can thus fine tune the activity and one molecule of 1,12-diamine-4,9-dioxadodecane. L6,
of the complex toward the selective molecular recognition of contrary to the 15-membered coronand L5 with a similar
nucleotides in DNA and RNA95]. set of donor atoms, appears to be large enough to encap-
sulate all the lanthanides, irrespective of the ionic radii size
. . of central atoms. As the lanthanides may be employed as in-
4. Pentadentate Schiff base macrocyclic complexes formative spectroscopic probes for binding sites of biomet-
) ) o ) als and in biomedical application$,41-48,65,68,71jt
~ The template reaction of 2,6-diacetylpyridine with 1,8- saemed to be of interest to relate the template action of rare
diamine-3,6-dioxaoctane in the presence of yttrium(lll), dys- g4rth metal ions and biologically important magnesium(1),
prosium(il), erbium(lll), thulium(il) and lutetium(lil) chlo- - 2inc(11y and cadmium(il) ions in the synthesis of this system.
rides and perchlorates (I\@(produces_ the complexesofgen- The magnesium complex MgL6(Ci-6H,0 and zinc com-
eral formula ML4(R0)s-6X3 containing a pentadentate 15- oy 711 6(CIQy),-H,0 were found to be less stable in com-
membered L4 macrocyc!e with ans®, set of donors atoms parison with the complex of cadmium CdL6(G3-H,0 as
as a result of [1+1] Schiff base cyclocondensa{,97] well as with yttrium and lanthanide L6 complexi@8,99]
Attempts to obtamt’hese macrocyclic compound;mthe Pres-The difference in the stability of these complexes may be
ence of metal(lll) nitrates were unsuccessful. Nitrate anions explained on the basis of the idea of size-match selectivity
arerelatively good complexing agents for rare earth elements.i, the design and synthesis of Schiff base macrocyclic sys-
The involvement of nitrate groups in the coordination with 1o mg cadmium and lanthanide ions have similar ionic radii
these cations may result in increasing the ionic raQul to the and may coordinate with 19-membered macrocycle in a pla-
values, for which the metal ions do not perfectly fit in the 5 conformation. Magnesium and zinc ions are evidently
cavity of this macrocycle. Thus, when planning the template gajier and the formation of macrocyclic complexes in metal-

synthesis of macrocyclic compounds, the complexing prop- hromoted synthesis requires the adoption of an appreciably
erties of counterions should be also taken into account.

L4 L5 L6
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folded conformation of the macrocycle in order to maintain
the pentadentate coordinating behavior of the ligand. This
may cause steric crowding on one side of the macrocycle.
The readjustment of the macrocycle conformation from the
preferred one could explain the observed lower stability of
the macrocyclic complexes with smaller metal ions in con-
trast to the behavior of the corresponding cadmium and rare
earth element complexes.

Much effort has been devoted in recent years to the
preparation and characterization of uranyl-specific complex-
ing agents — “uranophiles” — with the objective of possi-
ble application as carriers for the transport of uranyl ion
and neutral molecules through supported liquid membranes
[100-103fnd artificial receptors for anion recognitidi94],
as specific chelators for extraction purpo§kd5,106]and
mimicry of active sites in metalloenzymgH)7]. The effec-
tive sequestering of the radioactive spedig408] and the
antimicrobial activity of uranyl Schiff base complexes con-
tinues to be also a topic of vital interg$09]. The dioxoura-
nium(V1) ion, which is normally surrounded eql_Jatona”y bY Fig. 2. Anisotropic-ellipsoid representation of the [LuL8Fl complex
4—6 donor atoms, was found to act as an effective templating cation with the numbering scheme. Thermal ellipsoids are drawn at the 50%
agent for the synthesis of 19-membered macrocyclic com- probability level; hydrogen atoms are depicted as spheres of arbitrary radii
pound L6 derived from 1,12-diamine-4,9-dioxadodecane [114]
and 2,6-diacetylpyridind89]. The axial G=U=0 unit in
[UO2L6](NO3)2-6H20 complex is surrounded byd®; set spermine alkaloids with high affinity toward nucleic acids
of donor atoms of the polyoxaaza macrocycle in or close [112,113]
to the equatorial plane, so as to provide seven-coordinate Template reactions of 2,6-diacetylpyridine with 3,7-
pentagonal bipyramidal geometry. The-O bond distance  diazanonane-1,9-diamine in the presence of trivalent yttrium
of 1.72A for this complex is typical for this structure. The and lanthanide salts (M3 produce 16-membered macro-
ready formation of di-, tri-, tetra-, penta-, hexa- and hepta- cyclic complexes of general formula ML&%H,0, where
uranyl-oxygen cluster ions in fast atom bombardment massX=NO3~, ClO;~, CI~, CRSGO;~, n=0-5 with an N set
spectrometry experiments appears to be the general beof donor atoms as a result of a [1 + 1] Schiff base cyclocon-
havior of uranyl complexes irrespective of the ligand type densatiorj114—116] After numerous unsuccessful attempts
[88,110] the preparation of single crystals suitable for X-ray analysis

The replacement of oxygen atoms by two nitrogen was finally achieved for the lutetium(lll) and ytterbium(lil)
atoms using biogenic amine spermine (1,12-diamine-4,9- L8 complexes isolated from the template reaction of 2,6-
diazadodecane) instead of 1,12-diamine-4,9-dioxadodecanaliacetylpyridine with 3,7-diazanonane-1,9-diamine carried
in metal-directed Schiff base [1 + 1] cyclocondensation re- out in the presence of mixed lutetium or ytterbium chlo-
action with 2,6-diacetylpyridine in the presence of yt- ride and perchlorate salts in argon with the argon atmo-
trium(lll) and lanthanide(lll) (M) perchlorates yields 19- sphere maintained during the crystallization process. The X-
membered pentadentate macrocyclic complexes of formularay structure of [LUL8CI]CIO,4 [114], isostructural with that
ML7(ClO4)2:nH20, wheren = 3-4[111]. of the ytterbium complexl15,116] is shown inFig. 2

The central metal ion is in the seven-coordinate environ-
ment with the N3, N6, N10, N13 and N19 donor atoms of
| the macrocycle occupying the equatorial plane and the axial
N position being filled with chlorine atoms. An uncoordinated
| | | perchlorate anion balances the ionic charge of the complex

N N N N cation. The coordination polyhedron is best described as a
<\ ) pentagonal bipyramid. The five nitrogen atoms of the macro-
U NH HN cycle are almost coplanar (maximum deviation from the least

squares plane is 0.030@)‘or the Luion and 0.033(22} for
Yb) and the metal ion is only slightly (0.104(§)for Luand
L7 L8 0.114(2)5\ for Yb) tilted out of this plane. To our knowledge,
just one example of a structurally characterized pentaaza
Macrocyclic compounds containing biogenic amines are of macrocyclic lutetium(lll) complex has been reported previ-
particular interest as synthetic models of natural macrocyclic ously[117]. By comparison, in this pentadentate texaphyrin
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lutetium(lll) complex — regarded as an example of near-to-
complete in plane metal coordination — the eight-coordinate
metal center is found to be 0.28%bove the mean plane of

the macrocycle and the maximum deviation from planarity is
0.072A. !

UV-vis, NIR, *H NMR and ESI spectral data reveal that  ;7(&
the integrity of the complexes is maintained in solution. The AN
properties of this ytterbium complex were found to be very
important and promising in the area of ytterbium physical
chemistry. For the first time the spectrum of &ife;, — 2Fs/»
transition has been obtained for a molecular complex of yt-
terbium with organic ligands in which all ligand-field com-
ponents of the ground and excited state are well displayed at
room temperaturgl 16].

Unlike the majority of the polyaza macrocyclic complexes
of lanthanides, these L8 complexes show no tendency to
include solvent moIecuIe; in either the me_tal coordinfation Fig. 3. Anisotropic-ellipsoid representation of the p(a-nZn2-
sphere or the crystal lattice. The electronic and steric re- o,)(L8),Cl,]?* peroxo complex cation (from the dioxane solvate structure)
guirements of central metal atoms appear to be fully satisfiedwith the numbering scheme. Thermal ellipsoids are drawn at the 50%
by coordination to the five nitrogen donors of the macro- probability level; hydrogen atoms are depicted as spheres of arbitrary radii
cycle and two chlorine donors. The stabilization of seven- [115:116]
coordination and pentagonal bipyramidal geometry in this
complexes, relatively uncommon in the lanthanide series,
seems to be a consequence of the “best fit” between the sizan other biological systems. The first solid evidence for the
of cations and the cavity of the macrocycle generated dur- formation of an entirely novel planat-n2:n2-peroxide ge-
ing the template process. To the best of our knowledge theseometry was found in peroxo bis(trimethylsilyl)-amido din-
results constitute the only structurally documented instancesuclear lanthanum speci¢$26] and till now remained the
of such a geometry among lutetium and ytterbium macro- only known and structurally characterized example of such
cyclic compounds. These pentaaza macrocyclic complexesa coordination mode of £~ in lanthanide chemistry. The
exhibit the structural similarity to the lutetium texaphyrins, peroxo-group showed previously unreported behavior, act-
which are tested as photosensitizers for use in the photo-ing as a symmetrical doubly bidentate bridge between the two
dynamic treatment of recurrent breast cancer (LUTRIN metal atoms. The use of appropriately positioned, highly hin-
photoangioplastic reduction of atherosclerosis (ANTRYIY dered tris(pyrazolyl)borate ligands made it possible to struc-
and light-based treatment of age-related macular degeneraturally establish this novel coordination mode of the peroxide
tion (OPTRIM™) [46]. Moreover, Y+ complexes are now  in d-block element complexd$27]. Theseu-n%:m2-peroxo
of increasing interest due to their potential application in var- dinuclear copper(ll) complexes were found to have physico-
ious areas of biomedical sciences and technology as promis-chemical properties strikingly similar to those of oxyhemo-
ing probes for fluoroimmunoassajil8], as effective ther-  cyanin. Subsequently, the crystal structure of oxyhemocyanin
apeutic and diagnostic agerjéb], in optical amplification from the horseshoe cralbifnulus polyphemus) was solved,
[119-123]and in laser systenji24]. revealing the presence of precisely this type ofjikg?:m?2-

Slow diffusion of dioxane into a solution of these com- peroxide moiety{128]. In this case the accurate structural
plexes in acetonitrile upon exposure to air leads to — unprece-model compounds preceded the determination of the pro-
dented so far — facile conversion of oxygen into a peroxo tein structure. Based on reports involving binuclear Cu(ll)
bridge of symmetrical side-on bonding type by the polyaza peroxo species, the formation ofian?:m?-peroxo interme-
macrocyclic lanthanide complexes. This fact is exempli- diate was proposed as an attractive novel possibility for the
fied by the isolation, characterization and X-ray structure mechanism of water oxidation an¢ @volution during pho-
determination of isomorphous centrosymmetric dinuclear tosynthesis catalyzed by tetranuclear manganese clusters, al-
lutetium(lll) and ytterbium(lll) macrocyclic complexes of though no such Mn complex has been synthesize il &x.
formula [Lnp(pu-n%:m?-02)(L8)-Cl>](ClO4)2, whereLn=Lu It seems worthy to note that the synthesis of thg?:m?-

[125] or Yb[114,115] in which the peroxo ligand acts as a peroxo dinuclear copper(ll) complexes, regarded as models
planar doubly bidentate bridg€ig. 3). for oxyhemocyanin and oxytyrosinase, required severe con-
These results expand the unique series of compoundsditions: treatment with B0, under anaerobic conditions or

containing this particular coordination mode of the perox- low-temperature (ca-70°C) direct dioxygen addition. The

ide which is considered biologically significant because it formation of Schiff base macrocyclic lanthanigen?:m?-

is known to occur in some oxyhemocyanins and it is pos- peroxo complexes appear to be a result of a one-step template
tulated as a new mode of binding or activation of dioxygen synthesis followed by slow crystallization on the air.
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Fig. 4. Van der Waals radii representation of the building block of the(¥bn?:m?-0,)(L8)2Cl,]?* peroxo complex cation structure without (left) and with
(right) the solvent dioxane molecu&15,116]

Inclusion of an appropriate solvents molecule into are highly disordered. This disorder is more severe in the
the crystal structure of [La{p-n2:m2-02)(L8)>Cl2](ClO4)- benzene solvate, probably due to the higher symmetry and
peroxo dinuclear complexes generates a supramolecular arsmaller steric hindrance of benzene compared with toluene.
chitecture in which the solvent-controlled self-assembly is  Crystals of the methanol solvate of ytterbium(ll)
observed115,116] Solvent molecules play a very impor- complex are a very special cagel6]. The unit cell con-
tantrole in the formation of the three-dimensional structure of tains two different dimeric complex molecules, four chlo-
the crystal. To some extent at least, the shape, symmetry andide and four perchlorate anions and one partially occu-
hydrogen-bonding (or more general: weak interactions) prop- pied methanol molecule: in one of them, formulated as
erties of the solvent molecule influence the resulting crystal [Yb2O5(L8)2(H20),]** there is gu-n%:m2-peroxo bridge be-
structure. tween the two YB'* centersFig. 6), while the other, formu-

The building block of the crystal structure of the dioxane lated as [Yb(OH)2(L8)2(H»0),]** has two hydroxyl bridges
solvate ofu-n2:m2-peroxo dimers is created by a centrosym- (di-w-OH) between the ytterbium ion&ig. 7).
metric hydrogen-bonded tetramer of complexes and perchlo-  The molecule with gu-n2:m?-peroxo bridge is similar
rate anionsKig. 4, left). The solvent (dioxane molecule) fits to the previous ones except for the molecules occupying
perfectly into the voids of this structure. The shape, symme- the axial positions (water molecules instead of chlorides).
try and hydrogen-bond accepting properties of dioxane are The molecule with two hydroxyl bridges is more folded. In
compatible with the shape and properties of the vBid.(4, both molecules, due to symmetry requirements, the central
right) [115,116] Yb-O-Yb—O fragments are exactly planar, but because of

The two three-dimensional structures of crystalsuef the difference in the nature of the bridging oxygen atoms,
mZ:m2-peroxo ytterbium(lll) complexes obtained from sim-  the distances between the Yb atoms are significantly differ-
ple aromatic solvents: benzefil5] and toluend116], are ent: 4.0662(4) and 3.6920(2&) respectively. Crystal pack-
almost identical and contain chains of molecules connecteding is determined by the complicated hydrogen bond sys-
by hydrogen bonds with water molecules; these chains are in-tem involving coordinated water molecules and N-H groups
terconnected via perchlorate anions and this network leavesas hydrogen-bond donors, and chloride anions and oxygen
voids (Fig. 5, left) that can accommodate small flat molecules atoms from the perchlorate groups as acceptors.
of the solvent. Because there are no specific interactions with  These results provide an interesting example of inorganic
only very weakar-stacking Fig. 5, right), solvent molecules  self-organization involving templating as the first step of

Fig. 5. Van der Waals radii representation of the building block of the(¥n?2:m2-0,)(L8)2Cl,]2* peroxo complex cation structure without (left) and with
(right) the solvent toluene molecul&l16].
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Fig. 6. Anisotropic-ellipsoid representation of ten?:m2-peroxo-bridged

[Yb205(L8)2(H20)2]** cation with the numbering scheme. Thermal ellip-  Fig. 7. Anisotropic-ellipsoid representation of ihydroxo-bridged

soids are drawn at the 50% probability level, hydrogen atoms are depicted [Yb,(OH),(L8)2(H20),]** cation with the numbering scheme. Thermal el-

as spheres of arbitrary radii16]. lipsoids are drawn at the 50% probability level, hydrogen atoms are depicted
as spheres of arbitrary radii16].

the assembly of well-defined supramolecular architectures

of higher complexity. They confirm the efficiency of spe-
cially designed macrocycles with rigidity sufficient enough
to present a donor set with a defined geometry to impose un-clization in the presence of lighter lanthanid@$] prompted
usual coordination arrangement around the metal ion. Theus to investigate the template action of lanthanum(lll) using
lutetium(lll) and ytterbium(lll) ions serve as templates to ethylenediamine ar-phenylenediamine. The lanthanum(lil)
orient the reacting groups of linear precursors in the desiredion was found to be an effective template in the synthesis of
conformation for the condensation process, which ultimately 18-membered macrocycle L9 — product of the [2 + 2] Schiff
ends with the pentaaza macrocyclic Schiff base complex. base condensation of 2,6-diacetylpyridine with ethylenedi-
These complexes are able to form the unique dimeric speciesamine[130]. The set of lanthanides usable as substrates for
linked through the biologically significant-nZ:m2-peroxo this macrocycle was subsequently extended to the whole lan-
bridge. The driving force underlying this unusual behavior thanide serieg/6,131,132]Lanthanide contractionis clearly
may be attributed to the stabilizing effect provided by the reflected by the coordination number reduction through the
specific steric arrangement of the two macrocycles. In the series from 12 for La to 9 for Lu. Employment of an appro-
crystal structure, the next level of self-assembly is observed. priate combination of anions favors the isolation of the com-
Complementarity in the supramolecular network, created by plexes in the crystalline form. Structural data suggest that
the molecules of the peroxo complex acting as a host for thethe conformational differences existing among various lan-
solvent guest, is evident. These results point to the role of thanide complexes of the L9 macrocycle, which result from
solvent molecules in the assembly of supramolecular archi- the changes in metal sizes and from the steric requirements of
tectures. These findings reveal that the new macrocyclic ytter-the exocyclic ligands, are also influenced by the interaction
bium(lIl) structures with very peculiar characterist[@4 6] of the ligand with the external water molecules interacting
hold the potential to provide a unique opportunity for the in these compounds with hydrogen bonds to the L9 ligand
physicooptical and NMR spectral investigation. This system [133]. Treatment of the complexes with a variety of coun-
will likely become a powerful tool used for defining inter- terions and with strong acids resulted in the anion metathe-
esting features relating both to spectroscopy and lanthanidesis without any change in the macrocyclic cations. For ex-
macrocyclic chemistry. ample, the anion metathesis between aqueai3r®,; and
[LNL9(CH3COOOY]CIl complexes, where Ln is an appro-
priate lanthanide(lll) ion, gave the yellow [(CER9Ln(j.-

5. Hexadentate Schiff base macrocyclic complexes CrO4)LNL9(CrQy)]-nH20 (Lhn=Sm-Ho, n=10 or 11),
containing chelating as well as bridging chromate,

5.1. Hexadentate macrocyclic complexes derived from and the photochromic [LnL9(C)H20)]2(Cr.07)-2H,0

2,6-diacetylpyridine (Ln=Sm-Gd), containing chelating chromate and ionic

dichromate. These results are the first structures reported for
The failure of the system involving 2,6-diacetylpyridine metal chromate/dichromate complexes containing organic
and hydrazine to undergo complete condensation and cy-ligands[134].
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SN SN hydroxo-benzyl group forms esters by the reaction with acid
‘ ‘ anhydrides, and the primary amino-benzyl group reacts with
N/ N/ thiophosgene to produce the corresponding isothiocyanate,
| | | | which in turn combines with primary amines through a
N N N N thiourea linkage. The lanthanide(lll) L9 macrocycles with
E j @: :@ peripheral isothiocyanate groups can be easily coupled to
N N N N proteins. Due to the inertness of the lanthanide-macrocycle
| \ | | N | entity the resulting conjugates are stable and exhibit char-
= N acteristic lanthanide properties, such as luminescence and
‘ ‘ paramagnetism as well as the specific affinity to the protein.
Z = The lanthanide complexes of the L9 macrocycle with benzyl-
L9 L10

type substituents carrying hydroxo, amino and isothiocyanato
functionalities are therefore suitable for coupling a variety of
Lanthanum(lll), cerium(lll), praseodymium(lll) and substrates such as biomolecules, polymers and glass surfaces.
neodymium(lll) ions may promote the synthesis of a

closely related 18-membered hexaaza macrocycle L10.52. Chiral Schiff base macrocycles

Complexes LnL10(N@)3-2H2,O (Ln=La—Nd) were iso-

lated from the reaction of these lanthanide nitrates with  Theintroduction of chiral diamines in the synthesis of hex-
2,6-diacetylpyridine ancb-phenylenediamine[135]. The aazamacrocycles leads to chiral macrocyclic lanthanide(l11)
structure of the praseodymium complex was then definitively complexes. These compounds are interesting from the per-
established by X-ray crystallograpi$36]. The metal ion  spective of a recent application of lanthanide(lIl) complexes

is coordinated to the six nitrogen donor atoms of the highly of chiral crown ethers as enantioselective catalyist&,143]
symmetrical macrocycle L10, to a bidentate chelating nitrate The first Schiff base complexes of this type were obtained for
and to a methanol molecule on the one side of the macrocyclethe ligand L11, both as racemafég4] and in the enantiop-

and to another bidentate chelating nitrate on the oppositeyre form[145]. The latter complexes have been shown to
side. The macrocycle is double bent into a saddle shape.exhibit circularly polarized luminescence and their photo-
The saddle distortion, although less severe, is observed inphysical properties have been studied in défaib].

SP*, P and Cd* complexes of the analogue of L10
without the methyl substituenf$37]. The crystal structures

=
indicate that the 18-membered hexaaza macrocycles provide (@\l @ (Er\lj\, O
cavities that, if planar, would be too large for these cations N N N N
and distort by tilting the pyridine and benzene rings to O O
N N N N
SCASNOE WS AS
w o

-

opposite sides of the tetraimine plane. The coordination

ability of the polyoxaaza Schiff base macrocycles containing

pyridine head and phenyl lateral units toward yttrium(lll), =
lanthanide(lll), calcium(ll), zinc(ll) and cadmium(ll) ions
has recently been report§38].

The L9 and L10 lanthanide complexes were found to be Both RRRR and SSSS enantiomers of these [LnL11KNO
very effective catalysts with high site selectivity for RNA complexes can be easily obtained in a template conden-
transesterification and are considered as promising syntheticsation of R,R- or S,S-1,2-diaminocyclohexane and 2,6-
nuclease$50,51,139] Unlike the lanthanide chelates of lin-  diformylpyridine. The chirality of the diamine fragments dic-
ear ligands, these macrocyclic complexes are extremely rigidtates the direction of the helical twist of the macrocycle in
and display kinetic inertness toward metal release and de-each enantiomer. The metal complexes of the hexaaza macro-
composition in the presence of competing ligand which cylces containing two 2,6-substituted pyridine rings usually
makes them useful for biologically relevant applications. exhibit a helical twist of the macrocycle (often accompanied
The europium complex of L9 was found to satisfy the ma- by a substantial fold). The twist is measured as the angle de-
jor requirements for a luminescent bio-mark&d0]. The termined by two pyridine rings or, better, by th& torsion
lanthanide complexes with this macrocycle having func- angle determined by-eN bonds of two pyridine rings. Its val-
tionalized peripheral substituents suitable for attachment to ues are moderate for lanthanide complexes (0.44—3026@!
biosubstrates may thus serve as markers for histochemi-much larger for transition metal iofi$46—148] The molec-
cal techniques and immunoass4¥40,141] The symmet- ular structures of [NdL11](Ng)3 and [TmL11](NG)3 com-
rically substituted complexes of L9 were synthesized by the plexes have been determingd9]. The lanthanide(lll) ions
lanthanide-templated Schiff base [2 + 2] cyclocondensation in both complexes are coordinated by a helically twisted hex-
of 2,6-diacetylpyridine with carbon-substituted ethylenedi- adentate macrocycle and two bidentate nitrate anieigs§).
amine=N—CH,—CH(R)-N=, where R =CHgz, —-CH>—OH, The angles between the pyridine rings are 2ar& 28.0 for
—CH,—CgHs, —H>—CgH4—OH, —CH,—CgHs—NH». The the Nd(Ill) and Tm(lll) compounds, respectively. This dif-

L11 L12
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Fig. 8. View of the complex cation [NdL13]. The nitrate anions have been Fig. 9. View of the [LaL11]C4 complex[150]
omitted for clarity[149]. o '

ference reflects tighter wrapping of the macrocycle around  The 151H NMR signals consistent with £symmetry
the Ln(lll) ion with decreasing ion radii. The conformation are observed for the hydroxide derivatives of lanthanide(lll)
of the macrocycle in both complexes is essentially of D complexes with L1J151]. These derivatives can be directly
symmetry. These compounds give rise to eight signals in synthesized in a template synthef8] or obtained from

their 'H NMR spectra and seven signals'ffC NMR spec- mononuclear complexg§$51]. Their crystal structures show
tra, which is consistent with the presence of diastereotopic the formation of a di.-hydroxo-bridged specie$ig. 11).
cyclohexane protons and indicates the effective dym- NMR studies show that the dimeric structure is preserved
metry of the [LnL11](NQ)s complexes in the investigated in solution, as indicated by the formation of heterodinuclear
solutions. dimers containing two different lanthanide ions and observa-

In contrast, the solid state X-ray crystal structure of the tion of close contacts between protons of two macrocycles
chloride derivative [LaL11]G shows lower symmetry of indicated by NOESY spectra. The NMR study also shows
the complex with the twist-bent conformation of the ligand that only homochiral hydroxo-bridged dinuclear (both homo-
(Fig. 9 and unsymmetrical coordination of three chloride an- and heterodinuclear) lanthanide(lll) complexes of ligand L11
ions[150]. Similar structure is observed for arelated racemic are formed. In other words, after the coordination of the hy-
[GdL11(H,0)3]Cl3-3H20 complex[144], where coordina-  droxide anion to the lanthanide(lll) ion the enantiomeric self-
tion of three axial water molecules is observed. This struc- recognition of the chiral mononuclear units takes p[aé2].
ture, with approximate £symmetry, should give rise to 15 Interestingly, these dimeric complexes are one of only a few
IH NMR signals and 133C NMR signals. examples of artificial catalysts for hydrolytic DNA cleavage

On the other hand, NMR spectra of the chloride deriva- [63]. The development of lanthanide(lll)-based synthetic nu-
tives in methanol/chloroform and deuterated water solution cleases stimulates the investigation of dinuclear and polynu-
show 8'H NMR and 7*3C NMR lines and indicate effective  clear hydroxo-bridged lanthanide compleX&§3,154] In
D,-symmetry. The discrepancy between the number of ex- particular, the hydroxo-bridged dinuclear lanthanide com-
pected and observed signals can be explained by the dynamiplexes have proved to be very active catalyjdts5,156]
exchange of chloride anions, e.g. through a dissociative pro-that are more efficient than the corresponding mononuclear
cess depicted ifrig. 10that results from the fast dynamic species. While most of these complexes are characterized
exchange of chloride anions. in the solid state, dinuclear hydroxo-bridged lanthanide(lll)

Cl

\_ /7
IE
Y
/
7 \_9_

Cl

Fig. 10. The dynamic axial ligand exchange in [LnL1€bmplexeg150].
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Fig. 13. Structure and labeling scheme of ligand L13. Arrows indicate “long-
range” NOESY correlation observed for [LnL13](N)@ complexeg158].

Introduction of 1,1-binaphthyl fragments into the macro-
cycle skeleton leads to the formation of lanthanide(lll) com-
plexes of ligand L13158]. NOESY spectra of the La(lll) and
Eu(lll) complexes of L13 show a close contact between pro-

complexes that are well-defined in solution are relatively tonsi andc (Fig. 13 that points to sizable wrapping of the
rare. macrocycle around the Ln(lll) ion. Indeed, both the MM+

Similar difference between the solid state structure and modeled structure and the preliminary X-ray crystal struc-
effective symmetry in solution indicated by NMR de- ture show that the value of the dihedral CNNC angle ex-
scribed above for chloride complexes of L11 is observed for ceeds 66, which corresponds to the largest helical twist for
[LnL12]Cl3-nH,0 (Ln=La®*, Ce* and EF*) complexes this class of complexes. Interestingly, a closely relate®|N
[157]. The crystal structure of the Ce(lll) derivative shows crown ether possessing the identical carbon skeleton of the
a relatively flat macrocycle with slight bend and moderate macrocycle adopts a bent structure and does not coordinate
helical twist of the L12 macrocycle. The Eu(lll) complex, lanthanide(lll) iond158].
however, exhibits large bending of the macrocycle reflecting
its flexibility to adjust to the lanthanide(lll) ion size and axial 5.3 Hexadentate macrocycles derived from
ligands[157] (Fig. 12. 2,6-diformylphenols

Crystal structures of the chiral complexes with the deriva-
tives of L9 macrocycle formed from 2,6-diacetylpyridineand  The incorporation of a phenol fragment into the macro-
carbon-substituted ethylenediamine with chiral substituents cyclic core leads to the formation of ligands that are particu-
show twist-bend conformation of the ligands similar to those |arly suitable for coordination of two metal ions. The bridging
described above with a moderate helical t{ist0,141] hydroxyl groups protrude toward the center of the macrocy-
cle, dividing it into two compartments that can accommo-
date metal ions. The first and most often studied macrocycle
of this type is L14 derived from propylenediamine, called
the Robson ligand159,160] This ligand is able to form a
variety of homodinuclear complexes with first row transi-
tion metal ions including Cu(ll), Cu(l), Ni(ll), Zn(ll), Fe(ll),
Fe(lll) [161-169] as well as second row transition metal
ions Pd(Il) and Ru(lll170,171] Recently, the Robson lig-
and with aerr-butyl substituent has been prepared for the first
time inits free form and used as a selective extractant for cop-
per(ll) ions[172]. Modification of one of the lateral propylene
chains, e.g. by an ethylene bridge leads to formation of two
compartments of different diameters preferring two different
transition metal ions. The stepwise formation of such unsym-
metrical NyO2 macrocycles can be exploited in the synthesis
of heterodinuclear complex¢g5,173—-177] The heterodin-
uclear complexes are interesting as models for metalloen-
Fig. 12. View of the [CeL12]G complex[157]. zymes possessing two different metal ions in their active site,

Fig. 11. Side view of the complex dimer of [¥{OH),Cl,(L11);]Cl, [151].
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such as cytochromeoxidase, nitrogenase, nickel containing
hydrogenase, superoxide dismutase, alkaline phosphatase o
purple acid phosphatase.

L14

The X-ray crystal structures of the dinuclear complexes
of ligand L14 usually exhibit almost flat conformation of
the macrocycle corfl61-163,165,167,169-17ith two
propylene chains pointing to opposite directions. Typically,
the metal ion is five-coordinate and is positioned somewhat
out of the NO4 plane of the coordinating compartment. In
the case of six-coordinate ions, the metal ion is located within
the NbO4 plane. In contrast, the free ligand L14 in its proto-
nated form adopts highly bent conformat{d@70,171] In the
mononuclear complex of L14, [NifiL14](ClO4)2-2CHzOH,
macrocycle L14 is also beifi1 78], although the angle be-  Fig. 14. Top and side view of the [N 14(CH;OH)]2* complex cation
tween the two phenol rings is smaller than that in the free [178].

ligand (Fig. 14). Similar conformation of the L14 macrocy-

cle is observed in the related Pb(Il) comp[éx9].

The [NiH,L14](ClO4)2-2CH;OH complex is a conve-  Schiff base macrocycles, lateral chains of various lengths as
nient precursor for heterodinuclear complexes. Unlike the well as additional coordinating groups such as amine, alco-
complexes of heterodinuclear complexes with unsymmetri- hol or ether functionality can be incorporated into the macro-
cal macrocycles mentioned above, heterodinuclear nickel(ll) cycle. This modification of phenol-based macrocycles leads
complexes [NiML14](CIQ),-2H,0, where M = Mi#*, Fe?*, to the formation of larger hD3, N3Oy, etc. coordinating
Co?*, CU?*, can be easily prepared from metal acetates compartments. Such compartments are suitable for coordi-
and [NiH;L14](ClO4)2:2CH30OH in one steg180]. Simi- nation of larger ions, e.g. Pb(I[181,182]or Ba(ll) [183].
larly, the mixed cobalt(ll)—zinc(ll) complex can be gener- Asymmetrical macrocycles of this type as well as macro-
ated from the analogous mononuclear Co(ll) complex of L14. cycles possessing additional pendant arms with coordinat-
The purity and heterodinuclear nature of the complexes hasing groups, such as pyridine, are suitable for the formation
been verified by mass spectrometry and NMR spectroscopy.of heterodinuclear complexg¥5,184-192] Furthermore,
The first heterodinuclear macrocyclic Schiff base complex macrocycles containing Schiff base chamber and adjacent
containing both first and second row transition metal ions, crown-ether-like chamber can recognize two different metal
[NiPdL14](ClO4)2-3CHsCN has also been synthesized in ions forming stable s—f and d—f heterodinuclear species
this way [178]. Its structure, typical for the complexes of [193,194]

L14, is shown inFig. 15 The heterodinuclear and heteropolynuclear complexes
containing both f- and d-block elements are relatively rare
[194,195] Studies of the complexes focus on the interesting

6. Extended macrocyclic systems derived from magnetic properties of the Gd(l11)-Cu(ll) couple. Since the

2,6-diformylphenols chemistry of lanthanides and d-block transition metal ions re-
markably differs, the combination of the different reactivities

In general, macrocyclic Schiff bases are synthetically flex- of these ions may lead to unique catalytic systems. Some of
ible ligands. If their core diameters are properly adjusted, the macrocyclic ligands based on 2,6-diformylphenols seem
selective coordination of metal ions of different sizes may to be particularly suited for this purpose, since they can stabi-
occur. By selecting appropriate diamines in the synthesis of lize both types of ions by macrocyclic eff§d94,196,197]
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The first structurally characterized complex of this type form heterodinuclear complexes containing the large Pb(Il)
is [LaNiL15]Cl3 [198] (Fig. 16. The NMR data of ion [181].

[LnNNIL15]Cl3 complexes, where Ln=La(lll), Ce(lll), The introduction of two alcohol groups into the lateral
Pr(lll), Nd(ll1), Sm(lll) and Eu(lll), show that the solution  chains in ligand L16 should create two lanthanide binding
structures of these complexes are consistent with the solidsites analogous to the Ln(lll) binding site of ligand L15.
state X-ray crystal structure of the Ni(ll)-La(lll) complex. In fact, homodinuclear Pb(ll) complexes of L16 are known
The macrocyclic Schiff base L15 has also been shown to [182], however attempts to incorporate two lanthanide ions
into macrocycle L16 failed and mononuclear lanthanide(lll)
complexes have been obtainfi®9]. These complexes of
the formula Ln(HL16)Cl3-nH20 have been synthesized in
the template condensation of 1,3-diamino-2-hydroxypropane
and 2,6-diformyl-4-methylphenol in the presence of La(lll),
Ce(lll) and Eu(lll) iong[199,200]

Theisotropic shifts of the paramagnetic Ce(lIl) and Eu(lll)
derivatives indicate the unsymmetrical coordination of the
lanthanide(lll) ions within the macrocyclic ligandsH16,
as confirmed by X-ray crystal structure of the Eu(lll) com-
plex [199] (Fig. 17). While the insertion of the second lan-
thanide(lll) ion into Ln(HL16)Cl3-nH>0 complexes to form
heterodinuclear f—f Ln(Ill) complexes failed, heterodinuclear
d—f complexes can be obtaing¢t52]. The lanthanide(lll)
complexes of L16 react with excess of transition metal

Fig. 15. Top and side view of the [NiPdL14(GEN),]?* complex cation
[178]. Fig. 16. View of the [LaNiL15]C4 complex[198].
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‘> The reaction of this macrocycle with transition metal ions
O results in the rearrangement of the system, and dinuclear
complexes of the related [2 + 2] macrocy¢#21] are ob-
Fig. 17. View of two superimposed complex cations of the Eu(lll) complex tained instead of trinuclear complexes of L18. The suc-
of L16[199]. cessful formation of a trinuclear complex was observed in
the reaction of the Zn(ll) ions with the reduced form of
the macrocycle L1§222]. The formation of an enlarged
[3 + 3] chiral macrocycle was also observed in the conden-
sation of 2,6-diformylpyridine with 1,2-diaminocyclohexane
without the metal templatf223]. The condensation of 1,2-
diaminocyclohexane with diamines built from two salicy-
laldehyde fragments leads to another enantiopure chiral
macrocyclic Schiff bases called “calixsaleneBig. 19 ca-
pable of binding metal ionR24,225]

N
04 2

5 o

ion to give dinuclear complexes of L16 analogous to com-
plexes of L14. However, direct condensation of 2,6-diformyl-
4-methylphenol with 1,3-diamino-2-hydroxypropane, tem-
plated by transition metal ions, results in dodecanuclear com-
plexes that are dimers of hexanuclear complexes of the [3 + 3]
macrocycle L17201].

Appropriate extension of diamine fragments made it
possible to construct macrocyclic Schiff bases that form com-
plexes of higher nuclearity such as the trinuclear mixed-
valence manganese complex og®} macrocycle[202]
or tetranuclear complexes of484 and N;O>S,; macrocy-
cles[203,204] Tetranuclear complexes of transition met-
als are formed also by interesting extended macrocycles
that contain four phenol and four diamine fragments. Such
systems can be obtained directly in the [4+4] conden-
sation of 2,6-diformylphenolate and diamif05,206] or
in a stepwise fashion from partially saturated precursors
[207,208] The condensation of 2,6-diformylphenols with
tris(2-aminoethyl)amine leads to interesting Schiff base
[2+ 3] macrobicycle$209-218] These versatile ligandscan §
form mononuclear lanthanide(lll) cryptates, homodinuclear
transition metal d-d and lanthanide(lll) f—f cryptatésy. 18
and heterodinuclear d—f cryptates.

N4O2 macrocyclic Schiff bases, analogous to ligands L11
and L12, can be obtained in the [2+2] condensation of C19
2,6-diformylphenols with 1,2-diaminocyclohexane or 1,2-
diphenylethylenediamine. The Mn(lll) complexes of these
enantiopure macrocycles were applied in the asymmetric
epoxidation of olefins and Co(ll) complexes in the boro-
hydride reduction of ketonef219]. The condensation of
1,2-diaminocyclohexane and 2,6-diformyl-4-methylphenol
affords also an enantiopure macrocycle L18 that is a [3+ 3] Fig. 18. Structure of dinuclear Lu(lll) cryptate (reproduced by permission
condensation produ¢220]. of The Royal Society of Chemistry from Ré210]).
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Fig. 19. Structure of calixsalene Schiff base macrocycle (reproduced by permission of The Royal Society of Chemistry fz2v]Ref.

7. Axial ligand exchange in macrocyclic lanthanide In paramagnetic metal complexes, the observed nu-
complexes cleus experiences additional paramagnetic shift, called the
isotropic shift,siso, that arises from the interaction of nuclear

The coordination sphere of the lanthanide(lll) ion in and electronic spinf228-230] The isotropic shift can be

macrocylic complexes is usually completed by additional ax- separated into through-space, dipolar contributigp and

ial ligands such as counterions or solvent molecules. While through-bonds, contact contributidgyn. The dipolar shift is

the macrocycle itself is often very strongly bound to the metal given by Eq.(1):

ion due to macrocyclic effect, the axial ligands are bound _

weakly and can be easily exchanged. The axial reactivity is Saip = D1G1+ D2Gy = X~ Xz <1 - 3C°§9>

crucial in the catalytic activity of these complexes (in reac- 2N r3

tions such as hydrolytlc (_:Ieava_ge of pho_sphate e_sters or_aldol Yox = Ko Sir? 6 cos 2

condensation) and in biomedical applications (interactions 5N : 5 1)
r

of contrast agents with biomolecules and anions occurring in

biological fluids). where x., x,y and x; are the principal components of the
The exchange of axial ligands is usually not accompanied magnetic susceptibility tensor angh andg are polar coor-
by major changes of the structure of macrocyclic unitcontain- dinates of the given nucleus.
ing the bound lanthanide(lll) ion, hence not all spectroscopic  Computer simulationg226] of NMR shifts of lan-
techniques are sensitive to this kind of changes. For instancethanide(lll) texaphyrins enabled an explanation of observed
when the axial ligands under study do not produce NMR sig- changes in the NMR spectra by the variation of the param-
nals, NMR spectra of diamagnetic La(lll) and Lu(lll) com-  eters of Eq(1). The ., Xyy @and x.. values as well as ori-
plexes, with different axial ligands, are very similar. In the entation of magnetic axes that determine dipolar shifts were
case of paramagnetic lanthanide complexes, however, thecalculated. They significantly differ for various sets of axial
change of axial ligands brings about dramatic differences in [igands. These calculations showed that the exchange of axial
dipolar shifts and, consequently, of the NMR spectra. This |igands leads to substantial changes of crystal field parame-
effect was discovered for the first time in the lanthanide(lll) ters and, in consequence, changes of parameters of magnetic
complexes of texaphyringR26]. It was observed that after  anisotropy, which in turn leads to very strong variations of
the exchange of the axial nitrate anions for phosphate-typeparamagnetic shifts. The binding of phosphate-type ligands
anions, theH NMR signals can move as much as 250 ppm. to lanthanide(lll) texaphyrins was studied also®p NMR
Texaphyrin ligands are related both to Schiff base macro- spectroscopy231].
cycles, such as L8 and porphyrins and are unique among The NMR spectroscopy was used to study mononuclear
macrocycles in their rigidity. The X-ray crystal structures of and dinuclearu-m2:m?2-peroxo-bridged Yb(Ill) complexes
lanthanide texaphyrif226,227]differing in bound axial lig- of ligand L8 [116]. The 'H NMR spectrum of the per-
ands show similar, almost flat conformation of the macrocy- oxo complex is remarkably different from the spectrum of
cle. Thus the observed spectral changes cannot be explaineg¢hononuclear complex, as a result of different axial ligation.
by a substantial change of the macrocycle structure. The proton signals of the latter complex are shifted downfield,
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while the signals of the corresponding mononuclear complex  When the axial ligand is chiral, it can form diastereomeric
are shifted upfield; the differences of chemical shifts between complexes with enantiopure LnL11 complexes. The sensi-
two complexes exceed 114 ppm for some positions. tivity of chemical shifts to axial ligation can be used in the
Similar profound changes of the NMR spectra, accom- application of these complexes as chiral shift reagents. The
panying the axial ligand exchange, were observed for the reaction of [EuL11](NQ@)3 complex withp,L-histidine and
Yb(lll) complexes of the ligand L11232] including dis- L-histidine monoanions indeed shows that the diastereomers
hydroxodimerg151]. Here the chirality of the ligand leadsto  can be detected by NMR. The differences of chemical shifts
additional effects related to changes of symmetry of the com- of the azomethine proton of the macrocycle exceed 1.5 ppm
plexes. When the axial ligands at the two sides of the macro- for the two histidine enantiomef233]. Similar effects were
cycle plane are identical, the complex is of ymmetry and observed for the Eu(lll) and Yb(lll) complexes of pendant
8 'H NMR signals are observed. In the case of derivatives arm macrocycles based on cyclen, for which the axially coor-
with a mixed axial ligand set, the two sides of the macrocy- dinated solvent ligands strongly influence NMR shi#34].
cle are different, and 15H NMR signals are observed that NMR spectroscopy was also used to follow axial coordina-
correspond to a complex of,Gymmetry. Thus the signals  tion of chiral carboxylates and amino acids in the related chi-
in the latter complexes are doubled, e.g. one of the signalsral lanthanide macrocyclic complexes based on cyclen ring
of the azomethine protons in the complex [YbL11CI(AcD)] [235]. Large chemical shift differences were also observed for
is shifted downfield, the other is shifted upfield and their enantiomers of chiral carboxylates including deprotonated
chemical shifts differ by more than 80 pd282]. This large forms of important drugs ibuprofen and naproxen.
difference in chemical shifts corresponding to the signals of
protons of the same type can be explained again by the com-
puter simulation of dipolar shifts. The fits of isotropic shifts 8. Conclusion
to Eqg. (1) showed that the axial ligand exchange leading to
formation of G-symmetric complexes is accompanied bythe  Macrocyclic Schiff bases are versatile ligands that can
rotation of the magnetic axes within the plane of the macrocy- coordinate virtually any metal ion. The synthesis based on
cle. The analysis of the 2D NMR EXSY spectra of mixtures of the condensation of diamines with dicarbonyl compounds
C; and D» symmetric complexes allowed us to establish the is very flexible and allows easy modification of the macro-
presence of dynamic equilibria depictedHig. 20 The axial cycle. The varied denticities and sets of coordinating atoms
ligand exchange in YbL11 complexes affected also f—ftransi- can be achieved by controlled changing of the number of
tions as detected by near-IR circular dichroism. This method imine nitrogen atoms, by the incorporation of pyridine, pyri-
was used to investigate the solution equilibria involving the dazine, bipyridine, phenol, thiophenol, etc. into macrocycle
competing axial ligands and to derive a spectroscopic seriesrings and by introducing additional coordinating functional-
for Yb. ities in lateral chains such as alcohol, ether or amine. In the
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above condensation reactions extended macrocyclic systems[13] D. Parker, R.S. Dickins, H. Purschmann, C. Crossland, J.A.K.

can be created that are suitable for the inclusion of relatively

large metal ions or simultaneous coordination of two or more

metalions. The Schiff base macrocycles can be easily reduced
to analogous amine macrocycles that are more stable toward

Howard, Chem. Rev. 102 (2002) 1977.

[14] Y. Bretonniere, M. Mazzanti, R. Wietzke, Je€aut, Chem. Com-
mun. (2000) 1543.

[15] J.-C.G. Binzli, N. Andie, M. Elhabiri, G. Muller, C. Piguet, J.
Alloys Compd. 303-304 (2000) 66.

hydrolytic decomposition. These amine macrocycles can be [16] C. Piguet, C. Edder, H. Nozary, F. Renaud, S. Rigault, J.-C.G.

further modified at nitrogen atoms by the introduction of pen-
dant arms with a wide range of coordination possibilities. The

condensation of chiral diamines leads to enantiopure chiral

macrocyclic complexes.
The chemistry of macrocyclic Schiff base complexes and
related macrocycles is rapidly expanding. With peculiar char-

acteristics these structures are found to be powerful tools use

Biinzli, J. Alloys Compd. 303-304 (2000) 94.

[17] T. Gunnlaugsson, D.A. Mac @haill, D. Parker, J. Am. Chem. Soc.
123 (2001) 12866.

[18] C.M. Rudzinski, A.M. Young, D.G. Nocera, J. Am. Chem. Soc.
124 (2002) 1723.

[19] Y. Bretonnére, M.J. Cann, D. Parker, R. Slater, Chem. Commun.
(2002) 1930.

d [20] P. Atkinson, Y. Bretonniere, D. Parker, Chem. Commun. (2004)

438.

to deflnln'g mterestmg fegtures rela}tlr?g to general chemistry [21] D. Parker, Chem. Soc. Rev. 33 (2004) 156.
and application. Increasingly sophisticated systems are syn- [2o] . Toth, L. Helm, A.E. Merbach, in: J.A. McCleverty, T.J. Meyer

thesized both as a result of ingenious design and serendipity.
Even though the enormous number of Schiff base macrocy-
cles and their complexes have already been described, many
more interesting systems of this type surely await discovery.
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