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There are an ever increasing number of interesting and complex supramolecular
architectures being designed and isolated. However, a slight shift is detected
towards an increasing focus on the application of the supramolecular concept to
the area of functional materials, sensors and components for molecular electronics
and nanofabrication. An ultra-large {Mngs} wheel-shaped cluster has been iso-
lated®® that is a single-molecule magnet (SMM). Many new types of cluster frame-
works have been synthesized, some notably (e.g. Fey4) using hydrothermal
methods.* Polyoxometalate clusters provide paradigms for cation capture and
filtering,’® > whereas ligand design has allowed access to a vast range of molecular
grids,'! cubes,'3""132 boxes'?® and other complexes with interesting functionality
e.g. solvatochromism,'”® Zn(u)-sensors'® and a nanovalve.'*

1 Introduction and scope

This report focuses on the development in design, synthesis and self-assembly of
metal-based architectures and on the ligands designed to aid the construction
of metallo-supramolecular architectures. Although particular attention will be
paid to discrete molecular architectures, infinite networks and polymers will be
included where new and interesting ligands or metal-based moieties are discovered
that are of consequence to the general area. Furthermore, a section on
supramolecular and macrocylic devices has been included to reflect a broader
transition in the field to increasingly exploit and create functional devices and
materials.

In the past decade supramolecular chemistry has been transformed by the
revolution in small molecule crystallography and much of the interest in this area lies
in the manipulation, understanding and construction of new architectures and
topologies. Therefore many crystal structures have been included in this report to aid
visualisation and conceptualisation of the many interesting metallo-supramolecular
architectures that have been constructed.! A common colour scheme/size scheme is
used in all the structural figures unless otherwise stated; the carbon atoms are light
grey, nitrogen atoms white, metal ions large black spheres, sulfur atoms large grey
spheres, oxygen atoms small black spheres.
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2  Macrocyclic ligands

The ion-induced assembly of tubular conjugated Schiff-base macrocycles into supra-
molecular assemblies has been accomplished using a new, well-defined conjugated
macrocycle.” These macrocycles (L' and L?) contain three tetradentate {N,O,}
binding sites organized in an equilateral triangle, as well as a pocket in the centre that
is surrounded by six phenolic oxygen atoms resembling [18]crown-6. Complexation
with a range of small cations M* = Li", Na*, K", Rb*, Cs™, NH,") causes a
change in the physical properties that can be attributed to the formation of ionic
assemblies.

R R

L' R=H
L? R=0 n-CgH3

The efficiency of a series of amino-azacryptands (L*-L'®) for encapsulation and
extraction of the oxoanions pertechnetate and perrhenate (Fig. 1) from aqueous
solution were investigated and compared with that of their open-chain counterparts.’
The aqueous formation constants for oxoanion association with the cryptands were
determined by pH potentiometry and NMR and X-ray studies providing evidence for
encapsulation. Interestingly, the extractabilities could not be explained solely on the
basis of ligand lipophilicity; the level of protonation also plays an important role.

Anion effects in selective bifunctional metal salt extractants based on aza-thioether
macrocycles has been examined whereby coordination of a metal cation to L'” breaks
internal hydrogen bonding to allow anions to bind to the inner urea hydrogen site on
the attached pendant arm.* No anion binding occurs in the absence of a bound metal
jion. Two-phase metal extraction studies with AgX salts and L'7 confirm that the
anion plays an important role, although it is likely that solubility of the resulting
metal complexes in the organic phase is the predominant factor. The related
macrocycle, L'®, where a sulfur donor replaces the ether oxygen in L!7, produces very
similar results to those found for L'® with all of the Ag salts used. This indicates that
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Fig. 1 Structure of L’ complexed to ReO,4>~ via hydrogen-bonded interactions (dashed lines).

L'® also functions as a heteroditopic ion-pair receptor for AgNO; and AgClO,.
Indeed, chelate ring sequence effects on thermodynamic, kinetic and electron-transfer
properties of heteroleptic ligands has recently been discussed.’

Primary and secondary coordination to scandium(iir) has been examined with the
crown ethers 15-crown-5 (L'%), 18-crown-6 (L*°) and 12-crown-4 (L*') whereby
hydrated scandium nitrate and the crown ethers react in ethanol solution to form a
surprisingly diverse range of structural types containing the crown ethers hydrogen-
bonded to the scandium-aquo-nitrato or scandium-aquo-hydroxo-nitrato complexes.®

The development of bio-inspired chelates with hydrogen-bond donors has
been accomplished with the synthesis of the new multidentate tripodal compounds

Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383 325



X
N
S~ N
s : H
N
\tBu
L R=0
LB RrR=%§
bis[(N'-tert-butylureido)-N-ethyl]-2-pyridylmethylamine (H,L*?) and bis[(N'-tert-

butylureido)-N-ethyl]-N-methylamine (H,L*).”
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These ligands contain two ureacthylene arms that, when deprotonated, bind to a
metal ion and position two hydrogen-bond donors near the metal centre so that
formation of intramolecular H-bonds with coordinated species is possible. The
structure of the monomeric metal acetate complexes of H,L?? and H,L? contain an

intramolecular hydrogen bond (Fig. 2).

Ford -
R

Fig.2 Structure of L2 complexed to Fe(OAc) (LHS) with one intramolecular H-bond, and
structure of L?* complexed to Fe(OAc) (RHS) with two intramolecular H-bonds.
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Pyridine-containing macrocycles bearing aminopropyl pendant arms (L**, L*)
have been synthesized by template condensation.®® This template condensation was
carried out with nickel(ir) and copper(i1) salts. Demetallation of the nickel(ir) macro-
cycles yielded stable pentadentate ligands that were used for the preparation of the
copper(ir) complexes. Also the cyclen derivatised with hydroxyethyl pendant arms (L)
forms a diverse range of mononuclear and polynuclear lanthanide(ir) complexes. '
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The complexation of dipyridine-containing macrocyclic polyamines L* and L%
with different binding units has been examined."'
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Coordination of these macrocycles to copper(in) and nickel(ir) salts has been
investigated with potentiometric and spectrophotometric UV-vis titrations in
aqueous solutions (Fig. 3). While in L% all the nitrogen donor atoms are convergent
inside the macrocyclic cavity, in L?® the heteroaromatic nitrogen atoms are located
outside.

The stability and structure of mono- and di-nuclear Cu(i), Ni(i) and Zn(ii)
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Fig.3 The structure of L*’ complexed to copper(ir) is shown.

complexes of pyrazole- and triazole-bridged bis-macrocycles has been examined.'?
The two ligands L?° and L*° complex with copper(i), nickel(r) and zinc(i) salts
to form a series of mononuclear [ML**~°H,]"*2* (n = =3, =2, —1, 0, 1, 2) and
dinuclear species [M,L?°H,, ] * 9" (m = 0, —1, —2, —3).

N—NH

k ) A k )

A new Schiff-base macrocycle is obtained by the lead(i1) ion-templated [2 + 2]
condensation of 3,5-diacetyl-1H-1,2,4-triazole and 1,4-diaminobutane in the presence
of sodium hydroxide.!®> Transmetallation of the resulting di-lead complex,
Pb,(L3!)(ClOy),, in acetonitrile with two equivalents of CoCl,-6H,0 leads to the
isolation of an orange, six-coordinate complex, [Co"»(L*")(NCO),], which is the first
structurally characterized complex of a triazolate-containing macrocycle to date
(Fig. 4).
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The interaction of a series of successively N-benzylated derivatives of cyclam,
L3213, with selected transition and post-transition metal ions has been investigated.'*
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Fig.4 Representation of the structure of [Co"y(L3)(NCO),].

A novel imidazolate-bridged heterodinuclear Cu(m)-Zn(i1) complex has been
derived from a macrocyclic ligand, L*’, with two hydroxyethyl pendants.'®

NH : HN

NH : HN4>HO
Hexadentate tris-salicylaldimine ligands (L***?) bearing ortho-N-dialkyl-

aminomethyl substituents have been shown to function as ditopic ligands for
NiSO, or NiCl,.!® The incorporation of the Ni ion into the [N3O]°~ site templates
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the pendant alkylammonium groups to allow them to hydrogen bond to the attendant
anion(s). Formulation as complexes of the trianionic/tricationic ligand is supported
by X-ray structure determinations of solvated forms of the complexes [Ni(L*')SO,]
and [Ni(L*')CI]Cl. The kerosene-soluble ligand L* functions as a good extrac-
tant for nickel salts, showing high selectivity for recovery of NiCl, over NiSOy4
and demonstrates the potential of these novel zwitterionic extractants for nickel(ir)
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The syntheses of several novel copper(i) and copper(i) compounds containing
triazacyclohexanes with one or three 2-pyridylmethyl substituents (L*’, L**) are
described.!” In particular, the complex of L* reacts with dioxygen to form a complex
with a Cuy(OH), cubane core.

The potentially nonadentate ligand H;L* has been synthesized and complexed
with several lanthanide ions.'®The resulting complexes have high water solubility and
show highly rigid Cs-symmetric solution structures. Furthermore, all the complexes
present mononuclear nine-coordinated solid-state structures and the coordination
polyhedron is a slightly distorted, tri-capped trigonal prism.

A unique trinickel(ir) complex has been synthesized using the novel triple-salen ligand
HeL*®, which bridges three Ni(m)-salen units through a meta-phenylene linkage."®
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Fig.5 Representation of the structure of [Pd,(L*")].
2 + 2]

The complexation of palladium(n) by a unique family of
adopt

diiminodipyrromethane macrocycles (L*’, L*®) yields compounds that
structures reminiscent of Pac-Man porphyrins (Fig. 5).

H,LY R=H
H,L*¥ R =Ph

A novel family of redox-active, dinuclear transition metal-based cryptands self-
assembled from dithiocarbamate ligands (L*’) has been synthesized.?! Further,
depending upon the nature of the spacer groups, these new cryptand systems have
been shown, via electrochemical studies, to recognise the binding of cations or anions.

A

L4

332 Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383



The aggregation of metallo-supramolecular meso and helical dimeric architectures
has been observed when the periphery of the ligands L*° or L°! are derivatised with a
hydroxy ligand.?? The hydrogen-bond sites aggregate the architectures into polymeric
arrays, with the selection of anion determining whether this is self-H-bond
aggregation or anion-mediated H-bond aggregation.

[°'R =Ft

A new ditopic ligand based upon a 2,7-disubstituted naphthalene bearing two
terpy-terminated bis(ethyleneoxy) substituents, L>%, has been prepared and shown to
give a conformationally locked [1 + 1] macrocycle upon reaction with iron(i) salts
(Fig. 6).

L2

The new ligands R,R-trans-S,S'-bis[methyl(2’-quinolyl)]-1,2-dithiacyclohexane
(L), cis-S,S'-bis[methyl(2'-quinolyl)]-1,2-dithiacyclohexane (L>*), and 1,6-bis(2-
quinolyl)-2,5-dithiahexane (L>°) have been synthesized and their complexes with
copper(1) and copper(i) prepared.?* The ligand/metal systems are bistable, as the
complexes with copper in both its oxidation states are stable under the same
conditions as solids and in solution.

A series of structurally characterized copper complexes of two pyridazine-
spaced cryptands in redox states + (1,1), (it,1), (11), (11,11) are reported. The hexa-imine
cryptand L® [formed by the 2 + 3 condensation of 3,6-diformylpyridazine with
tris(2-aminoethyl)amine (tren)] is able to accommodate two non-stereochemically
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demanding copper(1) ions, resulting in [Cu,L’¢)(BF,),, or one stereochemically
demanding copper(n) ion, resulting in [Cu"L>*|(BF4),. The structurally characterized,
octa-amine cryptand L*’, prepared by sodium borohydride reduction of L%, is
therefore more flexible (Fig. 7).%

7

3 Metallomacrocycles and cyclic clusters

The largest single-molecule magnet (SMM), a {Mng,4} cluster wheel of composition
[Mng407,(0,CMe)73(0OMe),4(MeOH)»,(H,0)42(OH)g), has recently been discovered
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Fig. 6 Representation of the structure of [Fe(L3%)**.

(Fig. 8).%° This represents the largest wheel cluster comprising first row transition
metal ions and has an inner diameter of 1.9 nm and an outer diameter of 4.2 nm, and
is 1.2 nm thick. This was synthesized using [Mn;,0;,(0,CMe);5(H,0)4] as a
precursor. The wheels line up in the solid state to reveal a nanoporous supramolecular
nanotube, and magnetic studies of this cluster reveal SMM-type behaviour at 1.5 K.

The formation of several new wheel-type clusters derived from the parent
[CrgFg(O,CCMes3) 6] has been accomplished. If this {Crg} wheel is synthesized in the
presence of a secondary amine then a new type of open ring, or horseshoe, of the
formula [CreF1,(0,CCMe3)10]°~ (0,CCMes = L°®) is generated (Fig. 9).>” However,
if a second metal ion that does not favour an octahedral geometry is added, further
new structural types are formed, e.g. [Crg(VO),Fg(O,CCMes);s], when the reaction is
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Fig.7 Representation of the structure of [Cu,L*°] (LHS) and [Cu™,L>7] (RHS).

carried out in the presence of vanadyl acetate. A new distorted structural type is
formed in the presence of basic copper carbonate in the form of [CrigCu,-
F14(02CCMe3)22]2+. The inclusion of zinc(ir) causes the formation of a regular wheel
[Cr,ZnFg(0,CCMes)6)** whereby the zinc(ir) can be located within the ring (Fig. 9).

q\r

Fig. 8 Representations of the structure of {Mngy} = [Mng4O72(0,CMe)75(0OMe)4(MeOH),»-
(H,0)42(0OH)e] wheel cluster (top view LHS, side view RHS).
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Fig.9 Structure of the [CrgF,;(0,CCMes);o]>~ horseshoe (LHS) and the structure of
[Cr7ZnFs(0,CCMes) 6]*" (RHS) (the F atoms are shown as dark grey spheres). The
hydrogen-bonded amine molecule is omitted from the centre of the cluster for clarity and the
Zn(1) ion is shown by the large black sphere.

A novel anion encapsulation process has been found to give rise to neutral
supramolecular assemblies of cyclic copper(i)-based complexes.?® In this work a
series of five polymerization isomers, [{cis-Cu"(u-OH)(L>)},,] (n = 6, 8,9, 12, and 14;
L% = pz), is formed (Fig. 10). The metallacyclic ring sizes are not dependent upon
the nature of the encapsulated anion: 6-membered rings are part of the structures

Fig. 10 The {Cu(u—OH)(u—Lsg)}6+ 12 compound is shown here, in which a carbonate ion is
encapsulated between this unit and a 9-membered ring.
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where n = {6 and 12} and when n = 6, 12 and 9, whereas 9-membered rings are
encountered when n = {6, 12} and 9 and n = {18, 14, and 9}. The aggregation of
metallacycles is specific to the encapsulated anion: the smaller chloride finds a snug
fit between two 6-membered rings, and the planar carbonate requires a 6- and a
9-membered ring, whereas the tetrahedral sulfate is encapsulated among 8-, 9- and
14-membered rings. The structures of the series of metallacycles [{cis-Cu(p-OH)(p-
L59)},1] (n = 6, 8,9, 12, and 14) resemble those of crown ethers and natural
ionophores and can be considered as fully protonated, copper-containing
metallacrowns.

The generation of “XMY” species as potential monomers for forming [M(p-X)(p-Y)],.,
an oligomer or polymer based on the edge-connectivity of a tetrahedron, was recently
shown to produce a diverse range of complexes.?® In this way, it could be expected
that the controlled aggregation of low-coordinate, transition metal complexes can
lead to the generation of unusual oligomers, polymers or clusters based on
[(‘BusSiS)Fex],. For instance, [Fe(u-Cl)(u-SSi'Bus)];» was formed (Fig. 11) using this
idea along with the related [Fe(u-I)(p-SSi‘Bus)] 4.

A Dy,o(OC,H4OCH3)5p (OC,H,OCH; = L%°) has been self-assembled that
represents the largest lanthanide ring to be obtained without some kind of template.
This demonstrates that large rings also occur for the lanthanides even with simple
oxygen donor ligands without template effects (Fig. 12).

A metallamacrocycle containing 12 Zn>" ions, making it the largest member of a
family of pyrazole-bridged cyclic metal clusters, has been synthesized from the
reaction of [Zn(ClO,),] with 5-methyl-3-phenylpyrazole, 2-mercaptoethanol, and

Fig. 11 Representation of the structure of Fe(p-Cl)(u-SSi'Bus)];».

338 Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383



Fig. 12 Representation of the structure of Dy;o(OC,H4OCH3)3.

NaOH to give the hexameric, dodecanuclear metallamacrocycle [Zny(L®'),-
(OCH,CH,S)]s (L' = 5-methyl-3-phenylpyrazole). The cluster is formally neutral
as the +24 charge of the 12 Zn>" centres is balanced by the 12 deprotonated pyrazole
rings and the six doubly-deprotonated 2-mercaptoethanol molecules.*!

Alcoholysis of [FegO»(OH)»(0,C'Bu);o(L%%),] affords ferric wheels of different
nuclearities (L**~ = the anion of 2-(hydroxyethyl)pyridine). Hydrolysis in methanol
yields [Fe;o(OMe),o(0,C'Bu), ], whereas phenol gives the structurally unprecedented
wheel [Feg(OH)4(OPh)g(0,C'Bu);,], and is the first to contain phenoxide.g'2
Whereas alcoholysis of preformed tetranuclear and hexanuclear iron(m) clusters
has been employed for the synthesis of four higher-nuclearity clusters, treatment
of [Fes0,(0,CMe),(bpy),](Cl04) with phenol affords the hexanuclear cluster
[FesO3(02CMe)g(OPh),(bpy),](ClO,).  Reaction of  [FegOx(OH)2(0,CR);g(hep),]
(R = '"Bu or Ph; hep = deprotonated 2-(2-hydroxyethyl)pyridine) with PhOH affords
the new “ferric wheel’ complexes [Feg(OH)4(OPh)s(O>CR);5] (R = ‘Bu or Ph).*

The reaction of the sodium salt dihydrate of 2-mercaptonicotinic acid (H,L%) with
di-n-butyltin dichloride in benzene affords a novel 18-tin-nuclear macrocyclic
complex, which is a highly centrosymmetric 48-member macrocycle containing two
centrosymmetric ladders of hydrolysis (Fig. 13).>

4 Cluster frameworks

A tetradecametallic Fe" cluster has been synthesized under hydrothermal conditions
by heating a solution of [Fe;0(0,CMe)s(H,0)3]Cl in methanol in the presence of the
potential bridging ligand benzotriazole (BtaH; HL®*) at 100 °C for 12 h. The cluster

Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383 339



e te'

Fig. 13 Depiction of the structure of the {Sn;g} macrocylic cluster.

has the composition, [Fel4(L64)606(OMe)18C16] (Fig. 14). The complex has pseudo-
three-fold symmetry and the metallic core can be described as a hexa-capped
hexagonal bipyramid with the caps on alternate faces. Preliminary magnetic
investigations suggest that this cluster has a magnetic ground state where S = 23
representing the highest spin state so far found for a pure-iron cluster.®
Phosphonate-based ligands have recently been utilised in the formation of
polymetallic iron complexes by the reaction of the well-known Fe(ir) carboxylate

Fig. 14 Representation of the structure of [Fe 4(L%)s0¢(OMe);5Clg]; the chloride ions are
shown as dark grey spheres.
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Fig. 15 Depiction of the structure of [FesO(OH)3(0,CMe);(O3PPh)4(py)o](NO3),; the
phosphorus atoms are shown in dark grey.

triangles [Fe;O(O,CR)s(H,0);1X, (R = H, CHj, Ph or CMe;; X = NO;™ or Cl7)
with phenylphosphonate. The variation of R and X gives rise to a number of cages,
e.g. [FegO(OH);(0,CMe)3(0sPPh)y(py)s](NO3), Fig. 15, (R = CMes, X = NO; "),
and [Fe,OCI(O,CPh)3(O3PPh)s(py)s] (R = Ph, X = CI7). Further variation in the
amount of pyridine changes the reaction path yielding several more complexes.® The
use of phosphonate ligands has been extended to cobalt(m) and alkali metal ions
whereby the ligands ‘encourage’ a Platonic relationship between cobalt(i1) and alkali
metal ions. The metal core has a high symmetry related to a Platonic solid and the
choice of alkali metal used in the base used for deprotonation appears to influence the
resulting structures.®’

The dipyrrolide ligand H,L% promotes the formation of a unique tetranuclear
iron(ir) compound that contains both diazaferrocenyl and distorted-tetrahedral iron
centres.*®

NH

H,L8

Two distinct types of iron coordination are observed: one is distorted tetrahedral
in which the iron is o-bound to four pyrrolide nitrogens; the other octahedral with
n°-bonding to two pyrrolide rings so forming a diazaferrocene unit (Fig. 16).
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Fig. 16 Depiction of the structure of [Fe(L%)4].

The reaction of anhydrous FeCly with HL®® in MeOH produces the pentanuclear
complex [FesO»(OMe),(L%*)4(HL**)(MeOH)sCls], containing a distorted tetrahedron
of four Fe ions centred on a fifth Fe. The central Fe is antiferromagnetically-coupled
to the peripheral Fe ions resulting in an $ = 15/2 spin ground state.* The reaction of
[NEt4],[Fe,OCl¢] with sodium benzoate, 4,6- dimethyl-2-hydroxypyrimidine (L°°),
and 1,1,1-tris(hydroxymethyl)ethane (H;L®) gives the undecametallic compound
[NEty][Fe;;04(0>CPh);o(L%7)4(L%),Cly]. Magnetic measurements indicate an S =
11/2 ground state with the parameters ¢ = 2.03 and D = —0.46 cm™'. Single-crystal
magnetic studies show hysteresis of molecular origin at 7' < 1.2 K with fast quantum
mechanical tunnelling at zero field.*

The reaction of cobalt(ir) with citrate ions [L®*]* yields a hexameric complex with
the formula {[Co4(L*®)4[Co(H,0)s],}*~ (Fig. 17). Magnetic measurements show that
this cluster behaves as a single-molecule magnet, displaying the largest energy barrier
to reorientation of the magnetization for a non-manganese-based SMM.*! Increasing
the crystallisation temperature of [Nig(L®®)s(OH)»(H,0),]'"" causes a desolvation

Fig. 17 Representation of the structure of {[C04(L(’8)4[C0(H20)5]2}47
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process that leads to structural rearrangement of the cluster to [Nig(L%®)s(OH),]'*~

with distinct magnetic properties.*?

A range of nickel(ir)-based clusters has been characterized including tetranuclear
nickel(ir) complexes with ps-1,1,3- and p4-1,1,3,3- azide bridges,** a range of oximate-
bridged tetranuclear nickel(i) rhombs,** and some hydroxyquinaldine-bridged cobalt
and nickel cubanes.** Furthermore, some novel cluster topologies for nickel(ir) have
also been found with the incorporation of alkaline-earth metals in the formation of
[Ni"Mg",] and [Ni"sM"] (M = Sr, Ba) cages*® and novel trinculear dipyridylamido
complexes of the first-row transition metals, M3(dpa)4,Cl, [dpa™ is the anion of
di(2-pyridyl)amine = L*~; M = Cr, Co, Ni, Cu], have been reported. These
compounds are interesting as they allow examination of possible induction metal—
metal bonded interactions when the complexes are reduced.*’

An extended tritopic picolinic dihydrazide ligand with terminal oxime groups
(H4L"°) undergoes spontaneous self-assembly in the presence of copper acetate to
produce a unique {Cuse} cluster of the form [Cusg(L7%)15(13-OH)s] " (Fig. 18) which

Fig. 18 Representation of the structure of [Cu36(L7O)1 2(p3—OH)8]16+.
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exhibits magnetic properties that utilise intramolecular antiferromagnetic exchange
pathways.*®
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A range of lower-nuclearity copper(i) complexes has also been identified. For
instance, a hexa-copper(i) ‘barrel cluster’ with a spin ground state S = 3 has been
constructed with eight chelating r-prolinato-type ligands, which in turn provide the
eight oxygen donors trapping a sodium ion in the centre. The structure of the [CugNa]
unit in the discrete system and in the infinite cluster-chain are essentially the same
and both display intra-unit ferromagnetic super-exchange.** In a further study,
trimethyltriazacyclohexane was used as a bridging ligand for triangular® units, and
C-H hydride abstraction was observed to occur in a Cug cluster when complexation
of [Cu(MeCN)4](BF4) with N,N’,N”-trimethyl-1,3,5-triazacyclohexane in CH,Cl,
was performed. As such this leads to two>! clusters containing the triazacyclohexane
as a ligand to triangular®® units with the abstraction and incorporation of chloride
and hydride.> In a copper(i)-based™ triangle, symmetry lowering and electron
localization of a doublet spin state was observed, this being the one of the simplest
forms of a spin-frustrated equilateral triangular lattice.>® Many types of tetranuclear
clusters have been isolated with many new types being discovered.**>®

Further, the formation of an interesting heterometallic cluster was reported
when the encapsulation of paramagnetic vanadium(iv) in an antiferromagnetically-
coupled dodecanuclear copper(i) cage was accomplished. A {Cuj,} cluster is
formed around a {VOs} giving the overall formula [Cu";,VVOsL”!¢] {H;L7! is N, N'-
(2-hydroxypropane-1,3-diyl)bis(salicylaldimine)} (Fig. 19).%°

The first example an oxo-bridged {Zns} octahedron with a central zinc(ir) cation
has been isolated from the hydrothermal reaction of N-(phosphonomethyl)-N-
methylglycine, MeN(CH,CO,H)(CH,PO3H,) (HsL’?), with zinc(ir) acetate. The
cluster has the formula {ZngL"’¢(Zn)}*” in which seven zinc(m) cations form an
unusual Zng(Zn)-centred octahedron with six of its Znj trianglar faces each further
capped by a phosphonate group.® Several interesting silver(i)-based clusters have also
been synthesized including supramolecular triangular and linear arrays of metal—
radical solids using pyrazolato-silver() motifs,%! and highly luminescent trimetallic
Ag(1) complexes.®

The pace of development in manganese cluster chemistry has accelerated during the
past months, one of the highlights of which was the isolation of the {Mng,} wheel
(see Section 3).26 A large {Mns,} cluster has also been synthesized by the same
group which also utilises the archetypal {Mn;,} SMM as a precursor to yield
[Mn300,4(OH)g(0>,CCH,'Bu)3,(H,0),(MeNO»),4] (in which the oxidation states can
be assigned as follows: 3Mn", 26Mn", Mn"). The structure of a central backbone is a
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Fig. 19 Structure of [Cu;,VVOsL"'¢]; the central V atom is shown as a large black sphere.

near-linear [Mn4Og] unit, to either side of which are attached two [Mn;309(OH),]
units (Fig. 20).%° Magnetic investigations demonstrate that the cluster is a SMM but
no clear steps characteristic of quantum tunnelling of magnetization are observed.

The reaction of the neutral triangle [Mn;O(PhCOO)4(py)>(H,O)] with 1,1,1-
tris(hydroxymethyl)ethane (H;L®") affords novel dodecanuclear and octanuclear
manganese complexes with unusual ladder-like cores built from edge-sharing

Fig. 20 Representation of the structure of the {Mnj3(} cluster.

Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383 345



o 1
b

L%

Fig. 21 Structure of the {M;,} (LHS) and the {Mng} (RHS).

triangles and with SMM-like behaviour (Fig. 21).* High-nuclearity cages can also be
constructed via the dimerisation of a manganese triangle under solvothermal
conditions.®’

A large variety of other Mn complexes have been found including hexanuclear
manganese(ir) single-molecule magnets based on the reaction of Mn(O,CMe),
with salicylaldoxime which yields [MngO,(0,CMe),(L"*)¢EtOH,] (HL" is salicyl-
aldoxime).®® Also, a trigonal-bipyramidal cyanide cluster with SMM properties®’ and
a {Mng}-based mixed-valence (Mn"“¢Mn™,) compound have been reported,*® as
well as novel octa- and tetra-nuclear clusters formed in reactions with di-2-pyridyl
ketone and phenyl 2-pyridyl ketone oxime.® Reaction of manganese salts with
di-pyridyl ketone oxime yields a cationic 24-MC-8 manganese cluster of the form
[Mn'Mn"eMn™3(14-0)x(13-0)a(p3-OH)4-(13-OCH3)2(L™) 1 OH)(CIO)3 (L™ = di-
pyridyl ketone oxime).”® The classical {Mn;,} unit has even been derivatised with
mixed carboxylate—sulfonate ligation: [Mn;20;2(0>CMe)s(O3SPh)s(H,0)4].”!
Furthermore, a heterometallic hexanuclear cluster {Mn4Ni,} with an S = 8 spin
ground state has been synthesized,”” and polynuclear manganese complexes with the
dicarboxylate ligand m-phenylenedipropionate have been used to generate a number
of other clusters with different nuclearities and oxidation states’> Routes to high-
nuclearity, fluoride-based octametallic and tridecametallic clusters of manganese
have also been accessed,” as well as a range of other Mn-based clusters.>7>77

5 Polyoxometalates

The non-cyclic polyoxo(thio)molybdate(v)-sulfite [[Mo,¥(11-S),05]6(1t3-SO3)a(1-SO3) 1o~
was prepared by self-condensation of the [Mo,"(u-S),0,]°" building block. The
overall cluster contains 12 MoV centres within the main structural unit. Each
molybdenum atom has octahedral coordination and is bonded to a terminal oxo
group, two p-S; ions and three sulfite (two p- and one p3-) oxygen atoms. The 12 MoV
atoms form six binuclear units [Mo,"(1-S),0,]*" with a Mo*—Mo" separation of
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Fig.22 Structure of [[Moz"(u-S)202]6(u3-S03)4(u-S03)12]207; the sulfur atoms are shown in
grey.

2.828(7) A (indicative of a single bond). Furthermore, the six [Moy¥(1-S),0,*"
moieties are connected to each other by 16 sulfite ligands. This compound
demonstrates the versatility of the sulfite anion in the formation of polyoxometalate
clusters’® (Fig. 22).

A new family of Dawson-based {Mog} polyoxometalate clusters has been
discovered that incorporates two pyramidal Cs, anions rather than the normal T4
anions of the form [Mo13054S05]* . In this case the SO;>~ anions exhibit interesting
supramolecular S---S interactions and the new clusters demonstrate thermochromic
behaviour between 77 and 500 K™ (Fig. 23).

A tetranuclear, manganous, Wells—-Dawson sandwich-type polyoxometalate has
been synthesized by the reaction of a-Na,(As;W;50s56) with an aqueous solution of

Fig. 23 Structure of [Mo;5054SO5]*"; the sulfur atoms are shown in grey.
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MnCl,, and has the structure affa-Na;s(Mn"OH,),Mn",(As, W5056), (1). Electro-
chemical studies reveal that the presence of arsenic shifts the Mn waves to more
positive potentials. Catalytic studies confirm that 1 is a significantly better catalyst for
the H,O,-based epoxidation of cis-cyclooctene, cyclohexene, and 1-hexene than its
counterpart containing P in place of As.®°

A new synthetic approach to the synthesis of new low-nuclearity polyoxometalate
(POM) clusters has been achieved using ‘shrink wrapping’ counter ions in the
synthesis of anionic POM clusters. This approach appears to allow the formation of
cluster frameworks with unsymmetrical topology, low symmetry, and high negative
charge such as [H,Mo1405,]'°". The formation of symmetrical aggregates appears to
be restrained and the [H,Mo;40s,]'° cluster demonstrates a high nucleophilicity and
can bind two divalent transition metal ions (Fe", Mn", Co", Ni", or Zn") to its
framework yielding a family of isostructural complexes, [Fe,(H,0)sH,Mo;405,]° 8!
(Fig. 24).

A derivatised, Anderson-type POM cluster has been synthesized using a
solvothermal reaction to yield a cationic heteropolyoxovanadium(iv) cluster,
[Mn"V"O6{(OCH,CH,),N(CH,CH,OH)}¢]*", containing a fully reduced new
cyclic {MnV¢NgO;g} core with the Anderson structure. Interestingly, one pendant
arm of each one of the six triethanolamine ligands (L7°) projects outward from the

Fig. 24 Depiction of the structures of [H2M016052]107 (top) and [Fez(HZO)SHZMolf)OSz]G*
(bottom); the Fe ions are shown as light grey spheres.
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Fig. 25 Structure of [M0gS401,(OH)g(C,04)]; the sulfur atoms are shown as large grey spheres.

hexagonal ring and is involved in hydrogen bonding with two spectator, charge-
balancing chloride ions.®® A supramolecular tetradecanuclear copper(i) polyox-
otungstate has been discovered that is comprised of four trivalent tungsten-based
POM Keggin clusters of the form {[(SiW¢O34)(SiWoO33(OH))(Cu(OH))sCu],X} >,
where X is Cl or Br and acts a central template bridging six copper(ir) ions.®* The
inclusion of a large number of first row transition metal ions in these clusters is
interesting and may provide a basis for further development. A hydrothermally
synthesized new octameric ring, [M0gS401,(OH)s(C,04))> ", has been synthesized and
characterized whereby the ring-shaped anion is built up by novel [M0,SO3] building
blocks via edge-sharing connections (Fig. 25).54

A terpyridine ligand is covalently linked to a hexamolybdate cluster through the
Mo-N imido bond to yield an interesting hybrid POM-ligand complex (Fig. 26). The
derivatised ligand (H,L%)

is connected to the cluster via a Mo—N triple bond. This result opens the way for the
preparation of hybrids containing covalently bonded transition metal complexes and
polyoxometalate clusters.®

Indeed, the formation of hybrid POM-based materials continues to be explored
with the formation of networks based on [Mo(,O]g]Z* POMs and crown ethers,®
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Fig. 26 Structure of the hybrid POM [MogO;5(L7%)].

tungsten-based Keggins and copper(i)(bipy) complexes.!” There are also some
interesting POM-based spiral architectures based on the linkage of Anderson-based
POMs with Cu(i)bipy®® units as well as a one-dimensional infinite double helicate
formed by the bridging of Mo(vi) and Gd(in) ions by r-tartrate to yield an
enantiopure, left-handed double helical chain.®

There have been a number of advances in the synthesis of ultra-large
polyoxometalate clusters including the isolation of a new type of inclusion species
[M0";14M0Y350420(H20)50(KSO4)16]*° . This comprises 16 encapsulated K and
SO, jons and shows an unusual 64-membered {K(SOu)} 6 ring embedded into a
wheel-shaped-type cluster host (Fig. 27). This is interesting as it means that the
archetypal mixed-valence Mo wheels can be derivatised in extremely subtle ways to
produce complex inclusion compounds.”

Further developments in ultra-large spherical POM clusters with the composition
(pent)j>(linker);g = {(Mo)Mo05O,;(H,0)6}12{M0,04(ligand)} 3, have been possible
by manipulating the linker groups. When the linker is SO3>~ or HPO4>™ the cluster is
able to take up cations so the uptake leads to stoichiometric preferences, i.e. {M09Og}
pores can function like a type of crown ether. Furthermore, these pores can act like
primitive ion channels allowing the assembly of ions within and below the pore
(Fig. 28).°" In addition, the (pent);,(linker)sy clusters have been found to be
interesting vessels in which to study the assembly of water and small cations.’?

6 Capsules, threaded molecules and porphyrin assemblies
A molecular capsule has been synthesized that traps pyridine molecules via a
combination of hydrogen bonding and copper(n) coordination. The capsule

comprises an octameric Cu(ir) complex, [Cug(L”")s(py)s(H20)s], synthesized from
the tetradentate deprotonated ligand (L”7) (Fig. 29).%

o oo
o® L7
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Fig. 27 Representation of the structure of [Mo";;4M0¥3,0420(H20)s0(KSO4) 6]

The platinum-based building block L’® complexes with copper(n) to yield a
complex that contains a metal-centre hydrophobic pocket that has been shown to
recognise pyridine.**
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Ligand-directed molecular architectures have been assembled with cavities that
can include anionic guests with the combination of L7 with silver(r) salts
(Scheme 1).

These cavities comprise two-dimensional rectangular metallacycles and three-
dimensional trigonal or tetragonal prisms.”® Silver-based triangular cages have also
been produced using more flexible ligands (L%, L%3).%¢

Bowl-shaped superstructures have been constructed by intra-clipping of resorcin-
[4]arene derivatives (L3 with two equivalents of (en)Pd(NOs), in water and this
cavity encloses several nitrate anions (Fig. 30).”
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Fig. 28 Representations of the structure of the (pent);,(linker);, cluster. A stick representation
is shown on the LHS and a polyhedral representation of the RHS. In both case the {Mo0yOy}
‘pores’ are visible.

Fig. 29 Representation of the [Cug(L”")s(py)s(H»0)s] hydrogen-bonded capsule.

Bowl-shapped cavitands have also been shown to self-assemble on surfaces to
produce nano-structures.”® Calixarenes continue to be explored as novel cavity-
defining ligands, increasingly with harder metal ions such as titanium and europium
jons bound to phenolate moieties.”*'°!

A simple general ligand system for assembling octahedral metal-rotaxane
complexes has recently been described producing complexes of the form
(ML¥L®)(ClO,),. This is interesting as the imine-based ligand appears to assist
in the efficient assembly of [2]rotaxanes around octahedral metal ions in a

352 Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383



Scheme 1
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five-component self-assembly reaction, producing rotaxanes under true thermo-
dynamic control (Fig. 31).'%

A polymeric rotaxane has been constructed from the inclusion complex of
B-cyclodextrin (L7) and 4,4'-dipyridine (L®®) by coordination of nickel(ir) ions.'** A
[2]catenane has been constructed around a Ru(diimine)s>* which has been utilised as

Fig. 30 Representation of the structure of {[Pd(en),,[L**]}*" with two nitrates present in the
cavity.
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Fig. 31 Representation of the crystal structure of the [2]rotaxane [(ML8L5¢)]>*; the ‘Bu groups
have been omitted for clarity.
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Scheme 2 Depiction of the synthetic strategy to form a [2]catenane using a coordination
template route.

a template (Scheme 2). In this way a macrocycle with one bidentate chelate is formed
once threaded through the macrocycle with two bidentate chelates, and cyclisation
completes the formation of the complex, ' although other routes involving reactions
at the periphery of coordinated units have also been developed.'®

The synthesis of the two-ring intermediate en route to a Borromean link in the
orthogonal-ring has been reported. This is interesting as the threaded system
containing L3 represents a precursor to the Borromean link (Fig. 32).!%
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Fig. 32 Presentation of the structure of [Ru,(L*)(L%)**

Encapsulated transition metal catalysts have been formed via a simple self-
assembly processes involving porphyrin and pyridylphosphine-based ligands (L°!,
L??). These form new types of encapsulated catalysts with increased turnover and
selectivity for the rhodium-catalyzed hydroformylation of 1-octene.'?7:1%8

Zn(phor) = L

Phosphine = L

A hexameric assembly of porphyrins has been designed as a light-harvesting antenna
mimic, (L*Zn,)s.'* The complex was shown to have a circular topology, constructed
from interlocking m-gable-porphyrins by slipped-cofacial dimer formation without
the need for a protein matrix. These may be important in the construction of
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light-harvesting complexes; indeed, another study has shown that it is possible to
observe efficient excitation energy transfer in long, meso—meso-linked Zn(i)
porphyrin arrays.''°

Z >
N\}
L% /

A supramolecular assembly of linear tri-nickel complexes incorporating metallo-
porphyrins has been assembled using L°! and L%''! and a modified tetraphenyl
porphyrin has been used to form a supramolecular capsule in which a {Auss} cluster
has been encapsulated.!'? Further, a range porphyrin monomer, dimer and oligo-
meric stacked Eu(in) complexes has been constructed and investigated electro-
chemically.''® In addition, a rhodium(in) porphyrin cyclic tetramer and cofacial
dimer have been synthesized,''* as well as a porphyrin—cyclodextrin assembly with a
molecular wedge.''

7 Squares, triangles, boxes and grids

Increasingly, the concepts of ligand design and self-assembly are being exploited in a
well-defined manner to create enormous and intricate molecules, in what can be
understood as a type of cooperative process.''® The bowl-shaped triarylphosphane
ligands L°* and L°° react with Pd(i) salts to give an interesting trinculear complex,
[(PAX5)5(L°*°),], whose formation appears to be facilitated by the bowl shape of the
ligands.!'” Tri- and hexa-nuclear platinum complexes have been assembled that are
rather dendrimer-like to give a {Pt;s} cluster dendrimer.!'®

Platinum(mr) terpyridyl-capped, carbon-rich molecular rods with alkynic spacers
have been synthesized wherein two Pt centres are linked by a (C=C-C=C) unit and
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capped with a terpyridyl-based ligand (L*® = 'Bus-tpy = 4,4',4"-tri-tert-butyl-
2,2":6',2"-terpyridine). The complexes, of the type [L*®Pt-C=C—C=C-PtL**}*" were
found to have interesting luminescent properties (Fig. 33).'"

The use of a ligand with two non-equivalent binding sites, L°’, leads to a
hexanuclear cage complex [McL77X](X)s [M = Cu()), Ag(t); L7 = 6,6-bis(4-
ethynylpyridine)2,2’-bipyridine; X = BF,~, SbFs™]. This has been prepared using a
self-assembly approach and encapsulates anions in the solid state and is fluxional in
solution (Fig. 34).1%°

Potential polynuclear platinum antitumor complexes have been designed using
a polydentate ligand system based on dipyridylamine and 1,3,5-trimethylenebenzene
to give the hexadentate ligand, N,N,N',N',N",N"-hexa(2-pyridyl)-1,3,5- tris(amino-
methyl)benzene (L*®) The trinuclear Pt(r) complex [Pt;L78L%°] (L*® = cyclobutane
dicarboxylic acid) shows a high affinity for DNA.'?!

Fig. 33 Structure of the rod-shaped [L*°Pt-C=C-C=C-PtL**]** complex.
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Fig. 34 Depiction of the structure of [AgsL’’SbF>*.

Molecular receptors consisting of either two parallel, cofacially disposed,
terpyridyl-Pd-Cl1* or terpyridyl-Pt-Cl* units, [L'°°(MCI),]*", and their interac-
tion with a range of guests have been recently investigated.'?? The association
constants found for the neutral guest with the palladium and platinum receptors are
large and it is suggested that metal-metal interactions contribute to the molecular
recognition.

Lo

The new fluorinated rigid ligand 1,4-bis(4-pyridyl)tetrafluorobenzene (L'°') was
used in combination with different diphosphine Pd(ir) and Pt(u) triflates to build
metallo-supramolecular assemblies. Complex equilibria between triangular and
square entities were detected for all the cases and the square/triangle ratio was seen
to depend upon several factors, such as the nature of the metal corners, the
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concentration, and the solvent,'** although ligand design can be used to synthesize
ligands that exclusively form triangular architectures.'**

A supramolecular dimeric rhomboid and its trimeric counterpart, a hexagon, are
generated by design via the directional bonding methodology of self-assembly using
L' as a building block.

LIOZ

The different-sized supramolecular macrocycles formed by Pt-coordination undergo
a concentration- and temperature-dependent dynamic equilibrium.'*> A range of
other similar architectures is also accessible.!?¢1?

A novel tetra-ferrocenyl-substituted ligand, L', has been designed that can form
molecular squares on complexation with Pt(i) salts.

Ar ArO

Y
OTEHO

@Ug,@

Ll()]

Formation of the molecular square assembles 16 ferrocenyl groups in one mole-
cular network (Scheme 3). Electrochemical investigations of these unprecedented
multiredox-active dendritic molecular squares show that the redox behaviour of the
ferrocene units is influenced by the square superstructure.'?

The reaction of [CpCo(CN)3]~ with [Cp*Ru(MeCN)]™ in the presence of EtNH;*
causes the formation of a molecular box (Scheme 4) with a large empty void of ca.
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135 A3. Furthermore, this [RusCoy4] box is able to bind various, large mono-valent
cations ranging from Cs* to MeNH;".1*° Further studies showed that it was possible
to produce ‘defect’ boxes (Fig. 35)."!

The stepwise assembly of a tetranuclear species that contains four identical
cobaltacarborane clusters and features a planar octagonal (tetratruncated square)
{C,6Bs} macrocycle has been realised.!>? This has a planar geometry and electro-
chemical studies reveal significant intramolecular electronic communication (Fig. 36).

A supramolecular cube, [(Cp*WS;3Cu;)sClg(CN)j>Liy4], has been synthesized
with linking cyanide anions that connect the Cp*WS;Cus clusters to form a
cube. The ‘cube’ dimensions as judged by the separation of W centres are
9.64 x 10.10 x 10.10 A (Fig. 37). Preliminary photochemical and photophysical
investigations of the cube reveal very interesting photoluminescent properties in the
solid state at ambient temperature (Fig. 37).%°

Reaction of the bis-bidentate ligand L'%*, having two bidentate pyrazolyl-pyridine
termini, with Co(ir) or Zn(m) results in formation of the complexes [Mg(L'%)15]X16
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Fig. 35 Representation of the structure of the defect box, {CsC[Cp*Rh(CN);]4[Cp*Ru]s}.

(X = perchlorate or tetrafluoroborate); [Zng(L'%*)1,](ClO4)¢ has been structurally
characterized and is a cube with a metal ion at each corner, a bridging ligand along
each edge, and an anion in the central cavity. Interestingly, the cube has S¢ symmetry
and is distorted (Fig. 38).'%
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o

Fig. 36 Depiction of the structure of the {C,¢Bs}, [Cp*Co(2,3-Et,C,B4H;3-5-C=C-7-C=C)],.
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Fig. 38 Representation of the structure of {[Zng(L'**);,](CIO4)}"~.

The use of cis,cis-1,3,5-triaminocyclohexane (tach = L'%%) as a capping ligand in
generating metal-cyanide cage clusters with accessible cavities is demonstrated via the
reaction of [(tach)M(CN);] (M! = Fe, Co) and [M*(H,0)s]** (M? = Ni, Co) to yield
[(tach)4(H,0)1,M'yM%(CN)1,® " [Fig. 39(left)]. The compound [(tach)Cr(CN);]
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Fig. 39 Representation of the structures of [(tach)y(H,0);,CosNis(CN);,** (LHS) and
[(tach)3Cr3Ni6(CN)24]12+ (RHS). In both cases the nickel(1r) ions are shown as grey spheres.

reacts with [Ni(H20)6]2+ in aqueous solution to produce [(tach)8CrgNi6(CN)24]12+,
featuring a structure based on a cube of Cr ions with each face centred by a square
planar [Ni(CN),J*~ unit [Fig. 39(right)].!** In another study the other isomer of tach,
cis,trans-1,3,5-triaminocyclohexane (t-tach = L'%), has been used in the assembly of
a variety of Pd(m)-based architectures from monomers, to trimeric and hexameric
Pd(m) complexes.135

A new tetrakis[(2-pyrimidinylethynyl)cyclobutadiene][(cyclopentadienyl)cobalt]
complex has been synthesized (CoCpL'®") which is extremely well preorganized to
form molecular squares.

CoCp(L'Y7)

Complexation with HgCl, yields [(CoCpL'®’)HgCl,] wherein the mercury is in an
unusual square planar coordination environment, and two DCM molecules are
bound into the square by hydrogen-bonded interactions (Fig. 40).1% It is worth
noting a few other square-like complexes have also been synthesized containing
Ru(m) *7 and Cu(u)."*®
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Fig. 40 Representation of the structure of [(CoCpL'°")HgCL].

A number of molecular ‘grids’ have been synthesized and characterized,;
for example, the new bis-hydrazone-based ligand L'®® forms ionisable [2 x 2]
grid-type transition metal complexes whose properties may be modulated by
multiple protonation/deprotonation as shown by the reversible change in optical

properties of the [Co"y L'%,®" complexes depending on their protonation state
(Fig. 41).'%
i NP
XX N | o~
P o
Ph
LlOS
(o] o]
N N\/ \,N N F
H2L109
= ’ NH, NH,
N N
A \N = \N/ Z | \N/ A
/N OH N\/N O
HZL“U

Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383 367



Fig. 41 Representation of the structure of [Co", '%8L48".

A similar [2 x 2] grid is formed via the reaction of L'% with Cu(in) salts'*® whereas
L' formsa[4 x (2 x 2)]-{Pb,} grid structure, with an overall size of ca. 2.6 nm '*!
(Fig. 42) and similarly large ‘nano-grids’ have been reported by others also.'*?

8 Helicates and extended helical frameworks

The self-assembly between a bis-monodentate tecton based on two pyridine units,
L', connected to an enantiomerically pure isomannide stereoisomer and HgCl,
leads to the formation of an enantiomerically pure triple-stranded, helical, infinite
coordination network. '’

(o]

LIH

The tecton approach has also been used for double-stranded helicates.!**
Furthermore, a novel, extended, covalent tripod, L''? designed for assembling
triple-helical, nine-coordinated lanthanide(im) podates has been synthesized.
Reaction with lanthanide(i) in acetonitrile produces stable and dynamically inert
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C;-symmetrical podates [Ln(L''?)]** (Ln = La-Lu) in which Ln™ is nine-coordinate
in a pseudo-tri-capped trigonal prismatic site.'*

o "~

NF

H@f
~T we
Qo\j f@ "7

LllZ

In addition, a helical complex based on the salen ligand has also been obtained.'*®

The synthesis, structural characterization, and magnetic properties of the first
triple-stranded helicate containing four metal centres [Cugs(L''®)5](ClO4)s that
exhibits intramolecular magnetic exchange between metal centres has been formed
through the self-assembly of L!'* and Cu(ClOy), (Fig. 43).'4

A chiral tetraketone ligand, L''*, was obtained by Claisen-type condensation of
4-bromoacetophenone with the acetone ketal of L-tartraic acid diethyl ester and leads,
with gallium(m) or iron(i) ions in self-assembly processes, to dinuclear helicate-type
cryptands which are able to bind lithium cations.'*®

A hexanuclear copper(i1) complex with a figure-of-eight strip topology is formed by
metal-directed self-assembly of tritopic ligand L''®, bis-bidentate glycine hydroxamic
acid and Cu(i) ions in a 2 : 2 : 6 ratio (Fig. 44).'%

The synthesis and structural characterization of a novel Cs-symmetric tris-
bidentate ligand, L''®, featuring a triphenylamine core appended by pyridylimine
coordination has been achieved. "H NMR compleximetric titration studies with Ag(r)
and ESMS indicate the presence of [Ags(L''%),]** species in solution, consistent with
the formation of a trinuclear double-helicate complex.'*® A new molecular ligand
cage incorporating three bipyridyl units (L'!”) has been synthesized by a conventional
multi-step procedure using a Ni(i)-based templating procedure. Structural analysis
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Fig. 42 Representation of the [4 x (2 x 2)]-{Pbye} grid structure.
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Fig. 43 Structure of the triple helicate based on L!!3.

demonstrates that the central metal ion acts to promote a triple helical twist that
extends ca. 22 A along the axial length of the molecule (Fig. 45)."!

Copper(1) coordination has been investigated for three analogous pyridine-azine
ligands, in which two pyridylimine binding units are linked directly through the imine
nitrogen atoms. It has been found that substituents on the imine units of the ligands
influence the metallo-supramolecular architecture adopted, leading to a dinuclear
double-helicate L''8, a trinuclear circular-helicate, L''?, and a polymeric array, L'*°.
In each structure the copper(1) centre is four-coordinate,'> and the effects of phenyl
substituents introduced at the imine carbon (L'?°) have been investigated.'>*
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A novel tubular coordination network [Zn(spcp)(OH)] (spcp = 4-sulfanylmethyl-
4A-phenylcarboxylate pyridine = L'?') with a modest SHG activity and based on
two types of homo-chiral helices was synthesized and characterized.'** Double-
stranded [4 x 4] helicates, of Fe(i) and Mn(ir), supported by an extended dipyrrolide
ligand have also been synthesized. Transamination reactions between Mn and Fe

o
:L - d{w \’\R_ﬁ -
—\ ,*_ 5-5‘?“"

'“\

Fig. 44 Structure of the figure-of-eight complex (top view LHS, side view RHS).
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Fig. 45 Structure of the [Ni(L"'7)]*" helical complex.

amides and the diiminodipyrromethane ligand, H,L'??, result in the spontaneous
formation of volatile, double-stranded helicates.!>> Non-covalently bound ligand
strands form interesting transition metal helicates that are linked via hydrogen-
bonded interactions.'®

A layered zinc phosphite (CsHgN,)Zn(HPO;) containing helical chains has been
prepared hydrothermally from aminopyridine (L'**), HsPO,4 and Zn(ir) acetate. The
structure consists of left-handed and right-handed helical chains that are connected
through oxygen atoms to form an undulated sheet structure with a 4.8-net.'>’
Hydrothermal synthesis has also been used to construct a pure molybdenum-oxide
helical chain based on [L'**|,[M0yOs] [L'** = NH3(CH,)>NH,(CH,),NH3]."*® The
chains comprise two novel and symmetrically-related helices which coexist in the
centrosymmetric solid, in which the two kinds of helices appear in the left-handed and
right-handed enantiomorphs, respectively (Fig. 46).

Columnar supramolecular architectures were self-assembled from S,;-symmetric
coordination nanotubes encapsulating neutral guest molecules whereby a neutral
coordination nanotube was assembled from four HgCl, units and four ditopic L'*
ligands in a highly concerted fashion.

o O

L125

Two directional binding sites on the Hg(11) ion direct the assembly which is facilitated
by the anti-conformation adopted by the ligand. Interestingly, the tubes are aligned
such that they resemble a pipeline and these pipelines are arranged into a three-
dimensional columnar architecture (Fig. 47).'>

Co() sulfate reacts with the flexible ligand 1,4-bis(imidazol-1-ylmethyl)benzene
(L'*%) to vyield the coordination network [Co(L'%%),(H»0),](SO4), containing
polymeric ribbons of rings which penetrate and catenate a 3D single frame of the
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Fig. 47 Structure of [(HgCly)4(L'®)4].

CdSO, topology, to produce an open-channel entangled architecture with nano-
porous behaviour.'®® A new type of three-dimensional framework based on
dodecanuclear Cd(m) macrocycles [{Cdz(L127)(L128)}6(L128)6(L129)3]n [H,L'*’
diphenic acid; L'?® = isonicotinic acid; L'*® = 1,2-di(4-pyridyl)ethylene] was
prepared by the hydrothermal reaction and in situ synthesis. The dodecanuclear Cd (i)
macrocycles are cross-linked by exo-tridentate isonicotinate ligands in their
perpendicular direction to form a one-dimensional pillared framework. In this
way the isonicotinate ligands serve as pillars linking the adjacent macrocycles along
the z-axis through carboxylate oxygen atoms bridging between Cd(ir) centres of the
four-membered Cd,O, ring in one macrocycle and the pyridyl nitrogen atom binding
to the non-semi-chelating Cd(ir) in the other macrocycle.'®!

A family of supramolecular inclusion solids based upon second-sphere interactions
have been synthesized from [Co(NH;3)¢]Cl; and disulfonate anions. These form
pillared layered structures and include guest molecules, [{{Co(NH;)sCIJ(L'*)-
(Hx0)}w] [L'° = 1,4-piperazinebis(ethanesulfonate)] and [{[Co(NH3)sJ(L'*!); s-
(H,0)»(dioxane)}.] (L'*! = 2,6-naphthalenedisulfonate). The networks are sustained
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by charge-assisted hydrogen bonding and show two different assembly motifs, one
based on the complementarity of the edges of the triangular triamine faces with
sulfonate groups, and the other on hydrogen-bond complementarity with the
centroids of the triangular faces.!®?

9 Supramolecular and macrocyclic devices

A complex capable of selective detection of zinc ions with a novel luminescent
lanthanide probe has been designed. Out of the Tb™ and Eu™ diethylenetriamine-
pentaacetic acid (DTPA)-bisamide complexes, [TbL'*] gives Zn(u)-sensitive
luminescence. The luminescence emission data also revealed very high selectivity
for Zn" ions compared with Ca" and Mg" ions. Notably, the luminescence emission
enhancement in 100 pm HEPES buffer (pH 7.4) containing 5 mM Ca" or Mg" ions
showed that these ions had no effect in the presence or absence of Zn" ions.'

) /\
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An acoustic wave sensor for barium based on poly[Ni(L'**)] recognition chemistry
has been developed whereby interfacial recognition of barium by a crown ether
receptor is quantified using an acoustic wave sensor, and the isotherm characteristics
rationalized in terms of solution complexation chemistry and polymer materials
properties. The concept of encapsulating a solution-based complex within a polymer
immobilized on an acoustic wave sensor has been implemented quantitatively.'®*
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Fluorophore-capped cyclodextrins have been shown to be efficient chemical-to-
light energy converters. This is because the bisbenzimidazole-capped cyclodextrins,
capable of forming supramolecules, harvest chemical energy from the oxidation
reaction of a bis(aryl)oxalate and emit light two orders of magnitude more efficiently
than fluorescein.'®

In an interesting study, the supramolecular assembly of a ferrocene—porphyrin
conjugate allows ferrocene-based electrochemical sensing of the metalloporphyrin
axial coordination via a ‘tail on—tail off” binding process. This was demonstrated by
electrochemical methods which showed that a self-assembly phenomenon, coupled
with efficient electronic communication throughout the receptor, allows an
unprecedented ferrocene-based electrochemical sensing of neutral species via a
metalloporphyrin-centred ‘tail on—tail off” binding process.'®®

The Tb>* complexes of cyclen-based aromatic diaza-15-crown-5 and 18-crown-6 ether
conjugates were designed as luminescent switches for sodium and potassium where the
delayed Tb(i) emission, occurring as line-like emission bands between 490 and 622 nm,
was ‘switched on’ upon recognition of these ions in pH 7.4 buffered water solution.'®’

A new biotinylated tris-bipyridinyl iron(im) complex was designed as a
supramolecular biosensing architecture. The bioaffine immobilization of several
avidin layers on an electrode modified by a biotinylated polymer was accomplished by
the first biotinylated redox bridge consisted of a tris(bipyridyl) iron(i) complex
bearing six pre-oriented biotin groups. It is interesting that the biotin-labelled iron(i)
complex constitutes an efficient small building block for the reproducible
immobilization of several avidin layers by affinity interactions.'®

H
o N

HN

S

Fe(Ll34)3
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Two new copper(i) pseudorotaxanes bearing a thioctic acid appended unit have
been prepared and deposited onto a gold electrode surface, leading to surface-
attached electroactive pseudorotaxanes. These threaded molecules were attached
onto a gold surface through the disulfide bridge and the electrochemical response in
the solid state has been studied by electrochemical methods.'®

C;, symmetric receptors were designed that show high selectivity and high affinity
for phosphate ions. This was accomplished by creating cavities that are comple-
mentary to three faces of a tetrahedron.'”

CuI[LHS

An interesting, water-based, azophenol-based chromogenic complex has been
developed and examined that is able to detect pyrophosphate.'”!

A dinuclear metal ion complex Zn,(L'**) was synthesized and studied as a catalyst
for the cleavage of the phosphate diester 2-hydroxypropyl-4-nitrophenyl phosphate
(HPNP). This complex was shown, via a variety of studies, to be an interesting model
catalyst.!”?

\ o
NH

A,

[an(L 1 36)]3+

Layer-by-layer growth of metal-metal-bonded supramolecular thin films was used
in the fabrication of lateral nanoscale devices and these were directed by different
substrate surfaces using monolayer templates. The thin films were studied using
electrochemical techniques and the application of these multilayers as active materials
for switching and other molecular devices is suggested.!”

Molecular recognition and conductance in crown ethers have been studied as
model quantum conductors using theoretical techniques. It was found that cationic
binding should significantly lower conductance due to quantum mechanical
interference effects, and there is no correlation between conductance and ligand
type. This study opens the way for experimental measurements to examine these
ideas.'™
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A ligand has been designed (L'*’) that forms hairpin-shaped heterometallic
luminescent lanthanide complexes for DNA intercalative recognition whereby the
Ln-Pt, metallohairpins bear intercalating groups that direct the complex to DNA
recognition. This leads to considerable DNA stiffening, and the lanthanide
luminescent unit is ‘remote’ from the negatively-charged DNA backbone.'”?

[LnPty(L137))*

Building blocks for the molecular expression of quantum cellular automata
have been designed and examined. These complexes met the basic requirements
for a molecular QCA cell and as such contain dots consisting of metal complexes
possessing two stable redox states and a planar array of four such complexes with
4-fold symmetry. This {(n°-CsHs)Fe(1>-CsHa)}a(n*-Cs)Co(n’>-CsHs)}* complex
possesses sufficient through-bond or through-space interaction that the 2-electron,
2-hole mixed-valence state is stable with respect to comproportionation to lower and
higher oxidation states. It shows type II or type III mixed-valence behaviour
appropriate for switching (Fig. 48).!7¢

A terbium-sensitized ytterbium luminescence has been reported from a trimetallic
lanthanide complex containing two terbium ions and one ytterbium ion. The complex
is the first report of lanthanide-centred near-IR emission sensitized by a lanthanide
ion.'””

A bright phosphorescent trinuclear copper(1) complex demonstrating interesting
solvatochromism and ‘concentration luminochromism’ was recently reported. The
trinuclear copper() complex {[3,5-(CF3),pz]Cu}s {where [3,5-(CF;),pz] = L"%}
exhibits multicolour, bright phosphorescent emissions that are sensitive to
temperature, solvent, and concentration.'”®

A functioning molecular machine, namely a supramolecular ‘nanovalve’ that opens
and closes the orifices around ‘nanopores’ which accept and release small numbers of
molecules on demand has been created. The nanopores are created using a one-step,
one-pot, dip-coating technique, and they can be filled with guest molecules and
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Fig. 48 Structure of the QCA complex {(n’-CsHs)Fe(n’-CsH,)}4(n*C4)Co(n’>-CsHs)} *.
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trapped by redox-controlled, gate-keeping supermolecules. An external reducing
reagent can be used to break up the supermolecules, allowing the release of the guest
molecules.!”

References

A. Fletcher, R. F. McMeeking and D. Parkin, J. Chem. Inf. Comput. Sci, 1996, 36, 746.
J. Gallant and M. J. MacLachlan, Angew. Chem., Int. Ed., 2003, 42, 5307.

Farrell, K. Gloe, K. Gloe, G. Goretzki, V. Mckee, J. Nelson, M. Nieuwenhuyzen, 1. Pal, H. Stephan,
Town and K. Wichmann, Dalton Trans., 2003, 1961.

1D.
2A.
3D.
.M.
4 M. W. Glenny, A. J. Blake, C. Wilson and M. Schroder, Dalton Trans., 2003, 1941.
5 Galjjasevic, K. Krylova, M. J. Koenigbauer, G. S. Jaeger, J. D. Bushendorf, M. J. Heeg,
A. Ochrymowycz, M. J. Taschner and D. B. Rorabacher, Dalton Trans., 2003, 1577.
D. Brown, W. Levason, D. C. Murray, M. C. Popham, G. Reid and M. Webster, Dalton Trans., 2003,

D
A
D
R
N

L

N
oo

M
57
7 M. K. Zart, T. N. Sorrell, D. Powell and A. S. Borovik, Dalton Trans., 2003, 1986.
8 A. M. Herrera, R. J. Staples, S. V. Kryatov, A. Y. Nazarenko and E. V. Rybak-Akimova, Dalton Trans.,
2003, 846.

Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383 379



9 A. M. Herrera, G. V. Kalayda, J. S. Disch, R. P. Wikstrom, I. V. Korendovych, R. J. Staples,
C. F. Campana, A. Y. Nazarenko, T. E. Haas and E. V. Rybak-Akimova, Dalton Trans., 2003, 4482.

10 M. K. Thompson, A. J. Lough, A. J. P. White, D. J. Williams and 1. A. Kahwa, Inorg. Chem., 2003, 42,
4828.

11 C. Anda, C. Bazzicalupi, A. Bencini, A. Bianchi, P. Fornasari, C. Giorgi, B. Valtancoli, C. Lodeiro,
A. J. Parola and F. Pina, Dalton Trans., 2003, 1299.

12 M. Raidt, M. Neuburger and T. A. Kaden, Dalton Trans., 2003, 1292.

13 U. Beckmann, S. Brooker, C. V. Depree, J. D. Ewing, B. Moubaraki and K. S. Murray, Dalton Trans.,
2003, 1308.

14 Y. Dong, S. Farquhar, K. Gloe, L. F. Lindoy, B. R. Rumbel, P. Turner and K. Wichmann, Dalton
Trans., 2003, 1558.

15S.A.Li, D.F.Li, D. X. Yang, Y. Z. Li,J. Huang, K. B. Yuand W. X. Tang, Chem. Commun., 2003, 880.

16 N. Akkus, J. C. Campbell, J. Davidson, D. K. Henderson, H. A. Miller, A. Parkin, S. Parsons,
P. G. Plieger, R. M. Swart, P. A. Tasker and L. C. West, Dalton Trans., 2003, 1932.

17 R. D. Kohn, Z. Pan, M. F. Mahon and G. Kociok-Kohn, Dalton Trans., 2003, 2269.

18 C. Gateau, M. Mazzanti, J. Pecaut, F. A. Dunand and L. Helm, Dalton Trans., 2003, 2428.

19 T. Glaser, M. Heidemeier and T. Lugger, Dalton Trans., 2003, 2381.

20 G. Givaja, A. J. Blake, C. Wilson, M. Schroder and J. B. Love, Chem. Commun., 2003, 2508.

21 P. D. Beer, N. G. Berry, A. R. Cowley, E. J. Hayes, E. C. Oates and W. W. H. Wong, Chem. Commun.,
2003, 2408.

22 A. Lavalette, F. Tuna, G. Clarkson, N. W. Alcock and M. J. Hannon, Chem. Commun., 2003, 2666.

23 H. S. Chow, E. C. Constable, C. E. Housecroft and M. Neuburger, Dalton Trans., 2003, 4568.

24 V. Amendola, C. Mangano, P. Pallavicini and M. Zema, Inorg. Chem., 2003, 42, 6056.

25 S. Brooker, J. D. Ewing, T. K. Ronson, C. J. Harding, J. Nelson and D. J. Speed, Inorg. Chem., 2003, 42,
2764.

26 A.J. Tasiopoulos, A. Vinslava, W. Wernsdorfer, K. A. Abboud and G. Christou, Angew. Chem., Int. Ed.,
2004, 43, 2117.

27 F. K. Larsen, J. Overgaard, S. Parsons, E. Rentschler, A. A. Smith, G. A. Timco and R. E. P. Winpenny,
Angew. Chem., Int. Ed., 2003, 42, 5978.

28 G. Mezei, P. Baran and R. G. Raptis, Angew. Chem., Int. Ed., 2004, 43, 574.

29 O. L. Sydora, P. T. Wolczanski and E. B. Lobkovsky, Angew. Chem., Int. Ed., 2003, 42, 2685.

30 L. G. Westin, M. Kritikos and A. Caneschi, Chem. Commun., 2003, 1012.

31 D. T. Puerta and S. M. Cohen, Chem. Commun., 2003, 1278.

32 C. Canada-Vilalta, M. Pink and G. Christou, Chem. Commun., 2003, 1240.

33 C. Canada-Vilalta, T. A. O’Brien, M. Pink, E. R. Davidson and G. Christou, Inorg. Chem., 2003, 42,
7819.

34 C. L. Ma, Q. Jiang, R. F. Zhang and D. Q. Wang, Dalton Trans., 2003, 2975.

35 D. M. Low, L. F. Jones, A. Bell, E. K. Brechin, T. Mallah, E. Riviere, S. J. Teat and E. J. L. Mcinnes,
Angew. Chem., Int. Ed., 2003, 42, 3781.

36 E. 1. Tolis, M. Helliwell, S. Langley, J. Raftery and R. E. P. Winpenny, Angew. Chem., Int. Ed., 2003, 42,
3804.

37 S. Langley, M. Helliwell, J. Raftery, E. L. Tolis and R. E. P. Winpenny, Chem. Commun., 2004, 142.

38 J. B. Love, P. A. Salyer, A. S. Bailey, C. Wilson, A. J. Blake, E. S. Davies and D. J. Evans, Chem.
Commun., 2003, 1390.

39 J. Tabernor, L. F. Jones, S. L. Heath, C. Muryn, G. Aromi, J. Ribas, E. K. Brechin and D. Collison,
Dalton Trans., 2004, 975.

40 L. F. Jones, E. K. Brechin, D. Collison, M. Helliwell, T. Mallah, S. Piligkos, G. Rajaraman and
W. Wernsdorfer, Inorg. Chem., 2003, 42, 6601.

41 M. Murrie, S. J. Teat, H. Stoeckli-Evans and H. U. Gudel, Angew. Chem., Int. Ed., 2003, 42, 4653.

42 M. Murrie, D. Biner, H. Stoeckli-Evans and H. U. Gudel, Chem. Commun., 2003, 230.

43 F. Meyer, P. Kircher and H. Pritzkow, Chem. Commun., 2003, 774.

44 V. V. Pavlishchuk, S. V. Kolotilov, A. W. Addison, M. J. Prushan, D. Schollmeyer, L. K. Thompson,
T. Weyhermuller and E. A. Goreshnik, Dalton Trans., 2003, 1587.

45 G. Aromi, A. S. Batsanov, P. Christian, M. Helliwell, O. Roubeau, G. A. Timco and R. E. P. Winpenny,
Dalton Trans., 2003, 4466.

46 G. Aromi, O. Roubeau, M. Helliwell, S. J. Teat and R. E. P. Winpenny, Dalton Trans., 2003, 3436.

47 J. F. Berry, F. A. Cotton, L. M. Daniels, C. A. Murillo and X. P. Wang, Inorg. Chem., 2003, 42,
2418.

48 T. S. M. Abedin, L. K. Thompson, D. O. Miller and E. Krupicka, Chem. Commun., 2003, 708.

49 L. Y. Wang, S. Igarashi, Y. Yukawa, Y. Hoshino, O. Roubeau, G. Aromi and R. E. P. Winpenny, Dalton
Trans., 2003, 2318.

50 J. P. Lang, Q. F. Xu, Z. N. Chen and B. F. Abrahams, J. Am. Chem. Soc., 2003, 125, 12 682.

51 J. J. M. Amoore, L. R. Hanton and M. D. Spicer, Dalton Trans., 2003, 1056.

52 R. D. Kohn, Z. Pan, M. F. Mahon and G. Kociok-Kohn, Chem. Commun., 2003, 1272.

380 Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383



53 B. Cage, F. A. Cotton, N. S. Dalal, E. A. Hillard, B. Rakvin and C. M. Ramsey, J. Am. Chem. Soc., 2003,
125, 5270.

54 R. P. Doyle, P. E. Kruger, B. Moubaraki, K. S. Murray and M. Nieuwenhuyzen, Dalton Trans., 2003,
4230.

55 A. Harrison, D. K. Henderson, P. A. Lovatt, A. Parkin, P. A. Tasker and R. E. P. Winpenny, Dalton
Trans., 2003, 4271.

56 A. Mukherjee, M. Nethaji and A. R. Chakravarty, Angew. Chem., Int. Ed., 2004, 43, 87.

57 H. Xu and J. H. K. Yip, Inorg. Chem., 2003, 42, 4492.

58 S. Koner, S. Saha, K. I. Okamoto and J. P. Tuchagues, Inorg. Chem., 2003, 42, 4668.

59 A. Mukherjee, M. Nethaji and A. R. Chakravarty, Chem. Commun., 2003, 2978.

60 C. Lei, J. G. Mao, Y. Q. Sun, H. Y. Zeng and A. Clearfield, Inorg. Chem., 2003, 42, 6157.

61 S. Yamada, T. Ishida and T. Nogami, Dalton Trans., 2004, 898.

62 V. J. Catalano and M. A. Malwitz, Inorg. Chem., 2003, 42, 5483.

63 M. Soler, W. Wernsdorfer, K. Folting, M. Pink and G. Christou, J. Am. Chem. Soc., 2004, 126, 2156.

64 E. K. Brechin, M. Soler, G. Christou, M. Helliwell, S. J. Teat and W. Wernsdorfer, Chem. Commun.,
2003, 1276.

65 D. M. Low, E. K. Brechin, M. Helliwell, T. Mallah, E. Riviere and E. J. L. Mcinnes, Chem. Commun.,
2003, 2330.

66 C. J. Milios, C. P. Raptopoulou, A. Terzis, F. Lloret, R. Vicente, S. P. Perlepes and A. Escuer, Angew.
Chem., Int. Ed., 2004, 43, 210.

67 C. P. Berlinguette, D. Vaughn, C. Canada-Vilalta, J. R. Galan-Mascaros and K. R. Dunbar, Angew.
Chem., Int. Ed., 2003, 42, 1523.

68 A. J. Tasiopoulos, K. A. Abboud and G. Christou, Chem. Commun., 2003, 580.

69 C. J. Milios, E. Kefalloniti, C. P. Raptopoulou, A. Terzis, R. Vicente, N. Lalioti, A. Escuer and
S. P. Perlepes, Chem. Commun., 2003, 819.

70 C. Dendrinou-Samara, C. M. Zaleski, A. Evagorou, J. W. Kampf, V. L. Pecoraro and D. P. Kessissoglou,
Chem. Commun., 2003, 2668.

71 N. E. Chakov, W. Wernsdorfer, K. A. Abboud, D. N. Hendrickson and G. Christou, Dalton Trans.,
2003, 2243.

72 H. Miyasaka, T. Nezu, F. Iwahori, S. Furukawa, K. Sugimoto, R. Clerac, K. Sugiura and M. Yamashita,
Inorg. Chem., 2003, 42, 4501.

73 C. Canada-Vilalta, W. E. Streib, J. C. Huffman, T. A. O’Brien, E. R. Davidson and G. Christou, Inorg.
Chem., 2004, 43, 101.

74 L. F. Jones, E. K. Brechin, D. Collison, J. Raftery and S. J. Teat, Inorg. Chem., 2003, 42, 6971.

75 N. C. Harden, M. A. Bolcar, W. Wernsdorfer, K. A. Abboud, W. E. Streib and G. Christou, Inorg.
Chem., 2003, 42, 7067.

76 M. Soler, W. Wernsdorfer, K. A. Abboud, J. C. Huffman, E. R. Davidson, D. N. Hendrickson and
G. Christou, J. Am. Chem. Soc., 2003, 125, 3576.

77 A.J. Tasiopoulos, W. Wernsdorfer, B. Moulton, M. J. Zaworotko and G. Christou, J. Am. Chem. Soc.,
2003, 125, 15274.

78 H. N. Miras, J. D. Woollins, A. M. Slawin, R. Raptis, P. Baran and T. A. Kabanos, Dalton Trans., 2003,
3668.

79 D. L. Long, P. Kogerler and L. Cronin, Angew. Chem., Int. Ed., 2004, 43, 1817.

80 I. M. Mbomekalle, B. Keita, L. Nadjo, P. Berthet, W. A. Neiwert, C. L. Hill, M. D. Ritorto and
T. M. Anderson, Dalton Trans., 2003, 2646.

81 D. L. Long, P. Kogerler, L. J. Farrugia and L. Cronin, Angew. Chem., Int. Ed., 2003, 42, 4180.

82 M. I. Khan, S. Tabussum and R. J. Doedens, Chem. Commun., 2003, 532.

83 P. Mialane, A. Dolbecq, J. Marrot, E. Riviere and F. Secheresse, Angew. Chem., Int. Ed., 2003, 42, 3523.

84 X. P. Zhan, C. Z. Lu, W. B. Yang, H. W. Ma, C. D. Wu and Q. Z. Zhang, Dalton Trans., 2003, 1457.

85 B. B. Xu, Z. H. Peng, Y. G. Wei and D. R. Powell, Chem. Commun., 2003, 2562.

86 Y. G. Li, N. Hao, E. B. Wang, M. Yuan, C. W. Hu, N. H. Hu and H. Q. Jia, Inorg. Chem., 2003, 42, 2729.

87 S. Reinoso, P. Vitoria, L. Lezama, A. Luque and J. M. Gutierrez-Zorrilla, Inorg. Chem., 2003, 42, 3709.

88 V. Shivaiah, M. Nagaraju and S. K. Das, Inorg. Chem., 2003, 42, 6604.

89 W. Chuan-De, C. Z. Lu, X. Lin, D. M. Wu, S. F. Lu, H. H. Zhuang and J. S. Huang, Chem. Commun.,
2003, 1284.

90 A. Miiller, L. Toma, H. Bogge, M. Schmidtmann and P. Kogerler, Chem. Commun., 2003, 2000.

91 A. Miiller, S. K. Das, S. Talismanov, S. Roy, E. Beckmann, H. Bogge, M. Schmidtmann, A. Merca,
A. Berkle, L. Allouche, Y. S. Zhou and L. J. Zhang, Angew. Chem., Int. Ed., 2003, 42, 5039.

92 A. Miiller, E. Krickemeyer, H. Bogge, M. Schmidtmann, B. Botar and M. O. Talismanova, Angew.
Chem., Int. Ed., 2003, 42, 2085.

93 M. A. Alam, M. Nethaji and M. Ray, Angew. Chem., Int. Ed., 2003, 42, 1940.

94 K. H. Kim, R. Song and K. M. Kim, J. Am. Chem. Soc., 2003, 125, 7170.

95 C. Y. Su, Y. P. Cai, C. L. Chen, M. D. Smith, W. Kaim and H. C. Z. Zoye, J. Am. Chem. Soc., 2003, 125,
8595.

Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383 381



96 D. L. Reger, R. F. Semeniuc and M. D. Smith, Inorg. Chem., 2003, 42, 8137.

97 S. J. Park, D. M. Shin, S. Sakamoto, K. Yamaguchi, Y. K. Chung, M. S. Lah and J. I. Hong, Chem.
Commun., 2003, 998.

98 L. Pirondini, A. G. Stendardo, S. Geremia, M. Campagnolo, P. Samori, J. P. Rabe, R. Fokkens and
E. Dalcanale, Angew. Chem., Int. Ed., 2003, 42, 1384.

99 S. Fleming, C. D. Gutsche, J. M. Harrowfield, M. I. Ogden, B. W. Skelton, D. F. Stewart and A. H. White,
Dalton Trans., 2003, 3319.

100 A.J. Petrella, N. K. Roberts, D. C. Craig, C. L. Raston and R. N. Lamb, Chem. Commun., 2003, 1728.

101 A.J. Petrella, N. K. Roberts, C. L. Raston, M. Thornton-Pett and R. N. Lamb, Chem. Commun., 2003,
1238.

102 L. Hogg, D. A. Leigh, P. J. Lusby, A. Morelli, S. Parsons and J. K. Y. Wong, Angew. Chem., Int. Ed.,
2004, 43, 1218.

103 Y. Liu, Y. L. Zhao, H. Y. Zhang and H. B. Song, Angew. Chem., Int. Ed., 2003, 42, 3260.

104 P. Mobian, J. M. Kern and J. P. Sauvage, J. Am. Chem. Soc., 2003, 125, 2016.

105 C. Hamann, J. M. Kern and J. P. Sauvage, Inorg. Chem., 2003, 42, 1877.

106 J. C. Loren, M. Yoshizawa, R. F. Haldimann, A. Linden and J. S. Siegel, Angew. Chem., Int. Ed., 2003,
42, 5702.

107 V. F. Slagt, P. C. J. Kamer, P. W. N. M. van Leeuwen and J. N. H. Reek, J. Am. Chem. Soc., 2004, 126,
1526.

108 V. F. Slagt, P. W. N. M. van Leeuwen and J. N. H. Reek, Chem. Commun., 2003, 2474.

109 R. Takahashi and Y. Kobuke, J. Am. Chem. Soc., 2003, 125, 2372.

110 N. Aratani, H. S. Cho, T. K. Ahn, S. Cho, D. Kim, H. Sumi and A. Osuka, J. Am. Chem. Soc., 2003, 125,
9668.

111 T. B. Tsao, G. H. Lee, C. Y. Yeh and S. M. Peng, Dalton Trans., 2003, 1465.

112 T. Inomata and K. Konishi, Chem. Commun., 2003, 1282.

113 K. H. Schweikart, V. L. Malinovskii, A. A. Yasseri, J. Z. Li, A. B. Lysenko, D. F. Bocian and
J. S. Lindsey, Inorg. Chem., 2003, 42, 7431.

114 K. Fukushima, K. Funatsu, A. Ichimura, Y. Sasaki, M. Suzuki, T. Fujihara, K. Tsuge and T. Imamura,
Inorg. Chem., 2003, 42, 3187.

115 K. Sasaki, H. Nakagawa, X. Y. Zhang, S. Sakurai, K. Kano and Y. Kuroda, Chem. Commun., 2004, 408.

116 G. Ercolani, J. Am. Chem. Soc., 2003, 125, 16 097.

117 Y. Ohzu, K. Goto and T. Kawashima, Angew. Chem., Int. Ed., 2003, 42, 5714.

118 A. Albinati, P. Leoni, L. Marchetti and S. Rizzato, Angew. Chem., Int. Ed., 2003, 42, 5990.

119 V. W. W. Yam, K. M. C. Wong and N. Y. Zhu, Angew. Chem., Int. Ed., 2003, 42, 1400.

120 O. V. Dolomanov, A. J. Blake, N. R. Champness, M. Schroder and C. Wilson, Chem. Commun., 2003,
682.

121 C. Tu, J. Lin, Y. Shao and Z. J. Guo, Inorg. Chem., 2003, 42, 5795.

122 A. J. Goshe, 1. M. Steele and B. Bosnich, J. Am. Chem. Soc., 2003, 125, 444.

123 M. Ferrer, M. Mounir, O. Rossell, E. Ruiz and M. A. Maestro, Inorg. Chem., 2003, 42, 5890.

124 Y. K. Kryschenko, S. R. Seidel, A. M. Arif and P. J. Stang, J. Am. Chem. Soc., 2003, 125, 5193.

125 T. Yamamoto, A. M. Arif and P. J. Stang, J. Am. Chem. Soc., 2003, 125, 12 309.

126 P. S. Mukherjee, N. Das, Y. K. Kryschenko, A. M. Arif and P. J. Stang, J. Am. Chem. Soc., 2004, 126,
2464.

127 N. Das, P. S. Mukherjee, A. M. Arif and P. J. Stang, J. Am. Chem. Soc., 2003, 125, 13950.

128 Y. K. Kryschenko, S. R. Seidel, D. C. Muddiman, A. I. Nepomuceno and P. J. Stang, J. Am. Chem. Soc.,
2003, 125, 9647.

129 C. C. You and F. Wurthner, J. Am. Chem. Soc., 2003, 125, 9716.

130 S. C. N. Hsu, M. Ramesh, J. H. Espenson and T. B. Rauchfuss, Angew. Chem., Int. Ed., 2003, 42, 2663.

131 M. L. Kuhlman and T. B. Rauchfuss, J. Am. Chem. Soc., 2003, 125, 10084.

132 H. Yao, M. Sabat, R. N. Grimes, F. F. de Biani and P. Zanello, Angew. Chem., Int. Ed., 2003, 42, 1002.

133 Z. R. Bell, L. P. Harding and M. D. Ward, Chem. Commun., 2003, 2432.

134 J. Y. Yang, M. P. Shores, J. J. Sokol and J. R. Long, Inorg. Chem., 2003, 42, 1403.

135 G. Seeber, D. L. Long, B. M. Kariuki and L. Cronin, Dalton Trans., 2003, 4498.

136 M. Laskoski, J. G. M. Morton, M. D. Smith and U. H. F. Bunz, Chem. Commun., 2003, 1628.

137 P. Angaridis, J. F. Berry, F. A. Cotton, C. A. Murillo and X. P. Wang, J. Am. Chem. Soc., 2003, 125,
10327.

138 G. S. Papaefstathiou, T. D. Hamilton, T. Friscic and L. R. MacGillivray, Chem. Commun., 2004, 270.

139 M. Ruben, J. M. Lehn and G. Vaughanc, Chem. Commun., 2003, 1338.

140 D. S. Cati, J. Ribas, J. Ribas-Arino and H. Stoeckli-Evans, Inorg. Chem., 2004, 43, 1021.

141 S. T. Onions, A. M. Frankin, P. N. Horton, M. B. Hursthouse and C. J. Matthews, Chem. Commun.,
2003, 2864.

142 M. Schmittel, V. Kalsani, D. Fenske and A. Wiegref, Chem. Commun., 2004, 490.

143 P. Grosshans, A. Jouaiti, V. Bulach, J. M. Planeix, M. W. Hosseini and J. F. Nicoud, Chem. Commun.,
2003, 1336.

382 Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383



144 A. Jouaiti, M. W. Hosseini and N. Kyritsakas, Chem. Commun., 2003, 472.

145 S. Koeller, G. Bernardinelli and C. Piguet, Dalton Trans., 2003, 2395.

146 S. Mizukami, H. Houjou, Y. Nagawa and M. Kanesato, Chem. Commun., 2003, 1148.

147 C.J. Matthews, S. T. Onions, G. Morata, L. J. Davis, S. L. Heath and D. J. Price, Angew. Chem., Int. Ed.,
2003, 42, 3166.

148 M. Albrecht, S. Schmid, M. deGroot, P. Weis and R. Frohlich, Chem. Commun., 2003, 2526.

149 K. P. Strotmeyer, I. O. Fritsky, H. Pritzkow and R. Kramer, Chem. Commun., 2004, 28.

150 B. Conerney, P. Jensen, P. E. Kruger and C. MacGloinn, Chem. Commun., 2003, 1274.

151 D. F. Perkins, L. F. Lindoy, G. V. Meehan and P. Turner, Chem. Commun., 2004, 152.

152 F. Tuna, J. Hamblin, A. Jackson, G. Clarkson, N. W. Alcock and M. J. Hannon, Dalton Trans., 2003,
2141.

153 F. Tuna, G. Clarkson, N. W. Alcock and M. J. Hannon, Dalton Trans., 2003, 2149.

154 L. Han, M. C. Hong, R. H. Wang, J. H. Luo, Z. Z. Lin and D. Q. Yuan, Chem. Commun., 2003, 2580.

155 S. D. Reid, A. J. Blake, W. Kockenberger, W. A. Claire and J. B. Love, Dalton Trans., 2003, 4387.

156 S. G. Telfer, T. Sato and R. Kuroda, Angew. Chem., Int. Ed., 2004, 43, 581.

157 J. Liang, Y. Wang, J. H. Yu, Y. Li and R. R. Xu, Chem. Commun., 2003, 882.

158 L. Xu, C. Qin, X. L. Wang, Y. G. Wei and E. Wang, Inorg. Chem., 2003, 42, 7342.

159 C. Y. Su, M. D. Smith and H. C. zur Loye, Angew. Chem., Int. Ed., 2003, 42, 4085.

160 L. Carlucci, G. Ciani and D. M. Proserpio, Chem. Commun., 2004, 380.

161 R. H. Wang, M. C. Hong, J. H. Luo, R. Cao and J. B. Weng, Chem. Commun., 2003, 1018.

162 D. S. Reddy, S. Duncan and G. K. H. Shimizu, Angew. Chem., Int. Ed., 2003, 42, 1360.

163 K. Hanaoka, K. Kikuchi, H. Kojima, Y. Urano and T. Nagano, Angew. Chem., Int. Ed., 2003, 42, 2996.

164 M. Martins, C. Freire and A. R. Hillman, Chem. Commun., 2003, 434.

165 D. Q. Yuan, N. Kishikawa, C. Yang, K. Koga, N. Kuroda and K. Fujita, Chem. Commun., 2003, 416.

166 C. Bucher, C. H. Devillers, J. C. Moutet, G. Royal and E. Saint-Aman, Chem. Commun., 2003, 888.

167 T. Gunnlaugsson and J. P. Leonard, Chem. Commun., 2003, 2424.

168 N. Haddour, C. Gondran and S. Cosnier, Chem. Commun., 2004, 324.

169 E. Coronado, A. Forment-Aliaga, P. Gavina and F. M. Romero, Inorg. Chem., 2003, 42, 6959.

170 S. L. Tobey, B. D. Jones and E. V. Anslyn, J. Am. Chem. Soc., 2003, 125, 4026.

171 D. H. Lee, J. H. Im, S. U. Son, Y. K. Chung and J. I. Hong, J. Am. Chem. Soc., 2003, 125, 7752.

172 O. Iranzo, A. Y. Kovalevsky, J. R. Morrow and J. P. Richard, J. Am. Chem. Soc., 2003, 125, 1988.

173 C. Lin and C. R. Kagan, J. Am. Chem. Soc., 2003, 125, 336.

174 C. Liu, D. Walter, D. Neuhauser and R. Baer, J. Am. Chem. Soc., 2003, 125, 13936.

175 P. B. Glover, P. R. Ashton, L. J. Childs, A. Rodger, M. Kercher, R. M. Williams, L. De Cola and
Z. Pikramenou, J. Am. Chem. Soc., 2003, 125, 9918.

176 J. Y. Jiao, G.J. Long, F. Grandjean, A. M. Beatty and T. P. Fehlner, J. Am. Chem. Soc., 2003, 125, 7522.

177 S. Faulkner and S. J. A. Pope, J. Am. Chem. Soc., 2003, 125, 10 526.

178 H. V. R. Dias, H. V. K. Diyabalanage, M. A. Rawashdeh-Omary, M. A. Franzman and M. A. Omary,
J. Am. Chem. Soc., 2003, 125, 12072.

179 R. Hernandez, H.-R. Tseng, J. Wong, J. F. Stoddart and J. I. Zink, J. Am. Chem. Soc., 2004, 126, 3370.

Annu. Rep. Prog. Chem., Sect. A, 2004, 100, 323-383 383



