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Salens are among the most widely studied ligands in chemistry. They
are primarily applied in homogeneous catalysis, a use that helps to
increase our knowledge of environmentally benign and cost-attractive
chemical and/or pharmaceutical processes. Lately, the interest in salen
chemistry has shifted to the use of these scaffolds in various other
applications in which the immense versatility of the salen framework

as a molecular building block can be exploited. Herein, we highlight
the most recent research involving the incorporation of salen motifs in

new materials and sophisticated catalysts.

1. Introduction

N,N'-bis(salicylidene)ethylenediamine (salen) ligands and
their complexes are well-studied substances within the field of
homogeneous catalysis.'! They have been used as catalytic
species in numerous organic conversions including the
epoxidation of olefins, lactide polymerization, asymmetric
ring opening of epoxides, and Michael reactions. In analogy to
porphyrins,? the salen scaffold has an excellent potential as a
molecular building block in the development of new materi-
als. In addition, salen species (Figure 1) can be prepared
simply and in one step from the reaction of an aldehyde with a
diamine (followed by filtration),” fulfilling criteria such as,
accessibility, cost-effective synthesis, and ease of derivatiza-
tion.
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Figure 1. General structure of a symmetrical salen. The substitution at
the phenyl rings may be used for immobilization and/or easy control
over the ligand properties.
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However, salens have received lit-
tle attention as sources of planar,
supramolecular building blocks. Here-
in, we present the most recent devel-
opments of the utilization of salen
structures as (supramolecular) syn-
thons in new nanosize materials and as sophisticated homo-
geneous catalysts. Although the catalytic performance can
also be influenced by immobilization of metallosalens in
zeolite matrices,*! on monolayers,”’ or on polymer supports,®
a discussion of these themes falls outside the scope of this
Minireview.

2. Creation of Improved Catalyst Structures

Cooperative catalysis involving two metal ions is a
common feature in enzymatic systems.”” The resulting
cooperative activation of both reaction partners leads to
enhanced reactivity and more specific control and thus makes
enzymes very powerful catalysts. Supramolecular catalysis is a
rapidly growing field focusing on attempts to imitate such
enzyme processes by using noncovalent, biomimetic struc-
tures. To date, few examples of chemical transformations that
proceed through cooperative bimetallic catalysis®! based on
salen scaffolds have been reported. Nevertheless, these
systems are promising candidates for further development
of such highly efficient catalysts.

2.1. Cooperative Salen Catalysis

Jacobsen and co-workers discovered that some trans-
formations, such as the asymmetric ring opening (ARO) and
hydrolytic kinetic resolution (HKR) of epoxides, catalyzed by
monomeric {Co™(salen)} or {Cr™(salen)} scaffolds, proceed
by catalytic activation of both the nucleophile (Nu) and
electrophile (E) in a bimetallic, cooperative intermediate
(Scheme 1).1”! This observation led to the design of a catalyst
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Scheme 1. a) Proposed cooperative bimetallic mechanism for the
asymmetric ring opening (ARO) reaction of epoxides catalyzed by
metallosalen complexes; Nu = nucleophile, E=electrophile. b) Cova-
lently linked {Cr(salen)} units 1 and 2 that can adopt “head-to-head”
and “head-to-tail” orientation respectively. n=2, 4, 5, 6, 7, 8, or 10.

that enforces this cooperative mechanism."”! In this case, two
{Cr'(salen)} units were covalently linked in both a “head-to-
head” and “head-to-tail” orientation to obtain the dimeric
complexes 1 and 2. Depending on the length of the linker, this
system is able to induce cooperative intramolecular catalysis
in the ARO of meso-epoxides. However, it must be noted that
in the “head-to-head” orientation the enantioselectivity was
dramatically decreased. Likewise, dimerized"! or dendrimer-
bound!'? {Co"(salen)} complexes also exhibit a significantly
enhanced catalytic activity in the HKR of terminal epoxides.
For example, a dendrimer functionalized with eight cobalt-
(III) centers shows activity at a much lower cobalt loading
level than found for the monomeric {Co™(salen)} analogue.

Inspired by this work, Weberskirch and co-workers!!
prepared an amphiphilic block copolymer, in the hydrophobic
block were pendant carboxylic acid groups which were
covalently attached to {Co™(salen)} moieties. In water, these
polymers formed micellar aggregates which, in a concentra-
tion range of c,=1-4 mgmL~', have a particle diameter of
about 10-12 nm (dynamic light scattering (DLS)) to 14.3 nm
(TEM). These “nanoreactors” allowed the use of very low
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amounts of catalyst and shorter reaction times compared to
the homogeneous catalyst, while the level of enantioselectiv-
ity was retained. More importantly, the reaction can be
performed in water without it penetrating into the hydro-
phobic core. This feature prevents the undesired early
hydrolysis of the epoxides.

2.2. Other Catalytic and Self-Assembled Metallosalens

In addition to the constructs mentioned above, weak
coordination interactions between salen ligands and transi-
tion-metal components can be successfully used to prepare
bimetallic assemblies. To date, two general approaches can be
distinguished. Both are based on reversible metal-ligand
interactions involving either a metal-phosphine/thioether
bond or a metal-pyridine bond. The first type of metal-
ligand interaction was used by Nguyen and Mirkin, who
connected either a {Cr™(salen)} or a {Zn"(salen)} unit to a
rhodium(I) center by means of a metal-phosphine or a metal—
thioether bond. The metal-thioether bond can be broken as a
result of an allosteric arising from the reversible binding of
carbon monooxide and a chloride anion (Scheme 2). In this
fashion, they prepared a bimetallic macrocycle!™ and a
bimetallic tweezer complex with better solubility.!'”!

Similar to the results of Jacobsen et al.l'" the {Cr"(salen)}-
based macrocycle 3 showed a 20-fold increase in reaction rate
and improved enantioselectivity in the ARO of cyclohexene
oxide, compared to its monomeric {Cr"(salen)} analogue.
After alteration of the assembly induced by the addition of
both CO and Cl anion, this rate was even doubled. Likewise,
the {Cr'(salen)}-based tweezer 5 also shows enhanced
catalytic behavior although in contrast to the macrocyclic
species, activity and enantioselectivity decreased after the
CO/CI" -induced opening of the structure.

In line with the preceding finding, a {Zn"(salen)}-based
macrocycle was found to increase the reaction rate of the acyl
transfer from acetic anhydride to pyridyl carbinol.' In this
case, the substrate could not undergo intramolecular bimet-
allic activation in the closed conformation of the macrocycle.
However, upon opening, the cavity is large enough to
accommodate the substrate and catalysis is “switched on”.

In the second type of reversible metal-ligand interaction,
the salen is modified with pyridyl groups that can be used to
coordinate to transition metals. For example, a pyridyl-
functionalized {Zn"(salen)} was inserted into rectangular
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Scheme 2. Induced allosteric “opening” effect caused by the addition
of CO and CI” ion to a) a macrocycle and b) a tweezer complex.

boxes based on four rhodium centers.!'”? Moreover, Nguyen
and Hupp!® found that with platinum complexes the free-
base pyridine-modified salens 7 and 9 gave access to loop-type
structures (Scheme 3). A subsequent ligand rigidification,
either by post-metalation or direct use of the respective {Zn'-
(salen)} precursors 8 and 10, favors the formation of box-like
structures. The use of a related Zn"- or Cr'-rigidified 3-
pyridyl analogue of 8 again gave formation of bimetallic loop
species. Following a similar approach, the same authors
reported box assemblies with {Zn"(salen)} substructures 8a,b,
in which the pendant pyridyl groups coordinate to rhenium
centers;"”) the photophysical properties of the assemblies
were studies in detail.

In a related study, two zinc porphyrin units (ZnTPP) were
added to a dipyridyl-substituted {Mn"!(salen)} complex that
allowed formation of a 2:1 supramolecular assembly through
coordination bonds.”” Interestingly, the supramolecular com-
plex showed a threefold increase in catalyst activity in the
ARO of styrene and dimethylchromene, and also a significant
increase in catalyst lifetime resulting from the steric protec-
tion of the Mn™ metal center. Likewise, this {Mn"(salen)}
unit was incorporated into metal-organic frameworks
(MOFs)?! and this resulted in an increase in turnover
number of nearly four times, with only slightly lower observed
enantioselectivities. It may be possible to expanded this work
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Scheme 3. Platinum-mediated assembly of pyridyl-modified salens.
When the ligands are not sufficiently rigid, the loop-structure (a) is
obtained. In other cases, the box-structure (b) is preferred. The
numbers in parentheses indicate which of the building blocks have
been used in the various assemblies

by the use of carboxylic acid functionalized {Mn"(salen)}
ligands.”” In this case, the pyridyl-metal motif will then be
replaced by a metal-acid interaction.

3. Design of Functional Materials

The catalytic behavior of metallosalens has been widely
explored. On the other hand, there are only a few reports of
its use as a modular building block in the design of new
materials. This function can be realized through the use of
weak coordination interactions or through covalent linkages
to other macromolecules. Both approaches will be discussed
below.
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3.1. Salen—Pyridine-Based Assemblies

Like porphyrins, certain metallosalens may have vacant
axial coordination sites that allow the binding of suitable
donor ligands, such as THF or pyridine.”” Although this
interaction has been well exploited in the construction of
porphyrin-based architectures,? relatively few reports have
appeared describing analogous supramolecular assemblies
utilizing metallosalens.

The earliest study reported describes the use of a ditopic
4,4-bipyridine ligand that is able to coordinate to two
[Co™Me(salen)} complexes to afford ligand-bridged binu-
clear chelates.”™ More recently, Branda and co-workers
achieved similar results using the {Ru"(salphen)} (salphen =
N,N’-bis(salicylidene)-1,2-phenylendiamine) building block
11 (Scheme 42).”%! In addition, the preparation of diruthe-
nium complex 13 was reported, in which a double axial
pyridine coordination was found to take place at each metal
center, in both a cis- and trans-fashion.

1M1:M=Ru,R=H {Bu

12:M=2Zn,R=Cl
b)
= S —
T
N N N
|

A

Scheme 4. a) Mono- (left) and bis(salphen) (right) building blocks,
b) assemblies formed upon addition of 4,4’-bipyridine.

Recently, Kleij and Reek explored the axial coordination
of pyridine to {Zn"(salphens)} as a binding motif. For
example, a non-symmetric {Zn"(salphen)} complex was found
to assemble cooperatively with 1,4-diazabicyclo[2.2.2]octane
(dabco) into a 2:1 adduct.”’) This cooperativity may be
induced by m interactions,® which are also present in the
dimeric species which is formed in the absence of suitable
donor molecules. Moreover, various bipyridine-bridged as-
semblies were prepared using the zinc complexes 12 and 14
(Scheme 4a). These assemblies were studied in solution as
well as in the solid state.” Addition of 4,4'-bipyridine to 12
gave smooth access to a 2:1 assembly with strong pyridine
binding at the zinc center (K, typically 10°-10%). Addition to
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14 resulted in the formation of a stable 2:2 assembly
(Scheme 4b); the aggregate can be regarded as an open
box-like structure. The use of extended bipyridine ligands
allowed the formation of box structures with even larger
dimensions. Most interestingly, the X-ray studies revealed
that the individual boxes line up in the solid state leading to a
porous material with open channels that may be useful in
applications such as storage and molecular separation.

Using a similar axial-pyridine coordination motif, the
same authors also prepared a new class of encapsulated
catalysts.*”l Assemblies of different pyridyl phosphane tem-
plates and {Zn"(salphen)} complexes enforced phosphine
encapsulation. These assemblies were applied as ligands in
the rhodium-catalyzed hydroformylation of 1-octene. This
“Reek”-approachP furnished catalyst systems with unprece-
dented behavior, with selectivities and reactivities exceeding
those reported for the non-encapsulated analogues.

3.2. Heterometallic Inorganic Assemblies

The vacant axial coordination site of metallosalens can be
used to link with inorganic fragments as well. This situation
gives an opportunity to prepare multimetallic complexes,
which are very attractive for the development of new
magnetic materials.”? Overall, most inorganic salen-based
systems are assembled by a metal-oxygen interaction, or
more commonly by a metal-cyanide interaction. In this
Section we will discuss the most essential®™®! linear and higher
order assemblies that are based on both these interactions.

Using the metal-oxygen interaction approach, Yamashita
and Coulon obtained a heterometallic system of {Mn™-
(salen)} and Ni" ions,*¥ in which {Mn"(salen)} dimers® are
linked by a nickel complex to form an alternating one-
dimensional chain (Scheme 5a).

Similar work was carried out with various nickel com-
plexes containing pendant ligands and all these hetero-
multimetallic complexes were found to exhibit unique
magnetic properties.”

Matsumoto and Floriani also reported networks based on
{Mn"'(salen)} units linked to [Fe(CN)¢] by cyano-bridges.””
Depending on the nature of the salen ligand and the solvent,
combination of both these building blocks gave rise to either
one-, two-, or three-dimensional structures. In simple linear
di-, tri-, or pentanuclear species, network formation is
normally prevented by apical solvent molecules, such as
water or methanol, which can be regarded as “stoppers”.
Higher order structures that include additional hydrogen-
bonding motifs can also be observed, however the removal of
the solvent molecules at elevated temperatures proved to be a
better method towards preparation of the desired hetero-
metallic assemblies. (Scheme 5c—d).F’***! This procedure
furnishes systems in which magnetic communication proceeds
through the metal ions. In a related approach, a tetradentate
cyanide ligand 7,7,8,8-tetracyano-p-quinodimethane (TCNQ)
was employed to prepare a new one-dimensional magnetic
material (Scheme 5b).)

Kim et al. reported the preparation of cyano rhenium
clusters, which were linked to a {Mn"(salen)} unit. When a
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Scheme 5. Heterometallic alternating chains of a) a {Mn"'(salen)} with
Ni'-ions and b) a {Mn"'(salen)} with TCNQ. Solvent removal of the
solvent-capped trinuclear species (c) and hydrogen-bridged net-

work (d) leads to the alternating chains of {Mn'"'(salen)} and
{Fe(CN)¢} shown at the bottom.
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{RegTeg) core unit is used,*! a two-dimensional structure can
be obtained, in which four of the cyano groups are bridged by
a {Mn"!(salen)} and the two remaining cyano groups are
linked to terminal {Mn"(salen)} units. The use of a {ResSeg)
core unit led to formation of a three-dimensional arrange-
ment in which all the cyano groups are bridged by [{Mn'"-
(salen)}.' When both {ReTeg) and {ReSes) core structures
were mixed, both two and three-dimensional networks were
obtained.

The combination of octahedral niobium cyano chloride
clusters [(NbCl;,)(CN)]*~ and {Mn"!(salen)}" building
blocks was investigated by Lachgar and co-workers.*”
Depending on the tetraalkyl ammonium counter ions used
in this preparation, they observed two kinds of networks:
Me,N* led to formation of a layered material with four
{Mn"(salen)}" units linked to each niobium cluster; Et,N" led
to the formation of a one-dimensional arrangement, with each
niobium cluster connected by two cyanide ligands.

More recently, a trimetallic species, that also incorporates
[Fe(CN)¢}*~ units, was described.™ In this architecture,
{Mn"!(salen)}" units link with the iron and niobium clusters
in Fe—~C=N-Mn—N=C—-Nb arrangements to form a three-
dimensional framework (Figure 2). Sato et al.l*!l prepared a
cyanide species [Fe"(bpmb)(CN),]~ (H,bpmb = 1,2-bis(pyr-
idine-2-carboxamido)-4-methylbenzene) that organizes with
Mn'(salen)™ into a unique nanosize, dodecanuclear molec-
ular wheel. Interestingly, the use of the related [Fe'-
(bpb)(CN),]~ (H,bpb = 1,2-bis(pyridine-2-carboxamido)ben-
zene) building block led to an alternating chain structure.

\\Q /) P e ™
\Y
-1
{Nb.Cl } CN {Mn"(salen)} Fe

Figure 2. Partial cross-section of the 3D trimetallic structure based on
Fe—C=N—Mn—N=C—Nb arrangements, showing the linking of
{Fe(CN)¢}*™ and {(NbsCly,) (CN)e}*~ units through {Mn" (salen)}*
units.

3.3. Host—Guest Complexes

In enzymatic systems, protein units have a high affinity for
specific substrates, a process that is referred to as “molecular
recognition”. Through the years, supramolecular chemists
have tried to imitate this process with a variety of cavitand-
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like systems based on calix[n]arenes,* rotaxanes,*! and
others.*! Rebek et al. described a {Zn"(salen)}-functional-
ized resorcin-[4]-arene cavitand (Scheme 6 2a).[*! The zinc(1T)-
center located in the cavity interior of 15 was shown to
accelerate the hydrolysis of choline derivatives and similar
results were obtained with 16 in the esterification of choline
using anhydrides. Furthermore, it was shown that the cavitand
can mimic protein recognition sites in that it can act as a
receptor for phosphocholine esters.*’)

A cyclic epoxidation catalyst, that self-assembled through
hydrogen bonding between a {Mn"!(salen)} catalyst and a
{Zn"(porphyrin)} receptor (Scheme 6b), was presented by
Wirnmark and co-workers.®" Its catalytic binding pocket was
shown to have different selectivities for several cis-f3-substi-
tuted styrene derivatives that were attached to phenyl or
pyridyl groups. Though the higher selectivity found for
pyridine-tagged substrates was of a modest nature, it was
sufficient to demonstrate the concept. Presumably, the main
factor that governs the selectivity for these hydrogen-bonded,
macrocyclic catalysts is the strength of the pyridine-zinc
interaction.***

Yoon etal. reported the synthesis of a macrocycle
prepared from a {Pd"(salen)}, that was covalently connected
to a crown ether.”! This macrocycle can form dimers when
the crown ether moiety complexes sodium. Though, more
importantly, it can be used to construct [2]rotaxanes
(Scheme 6¢). This process involves the threading of a
secondary dialkyl ammonium salt and subsequent shrinking
of the free space within the macrocycle upon coordination of
its salphen moiety to a palladium center (threading-followed-
by-shrinking method).” If even bulkier triphenylphospho-
nium stopper groups are desired to prevent unthreading,
these can only be introduced before the full salen moiety is
formed.” Recently, Dalla Cort etal. described a related
pseudorotaxane based on a {Zn"(salphen)}/crown ether
macrocycle,* in which, by changing in pH value, the
dialkylammonium thread can bind to either the crown ether
or the zinc metal center.

3-4. Multimetallic and Multinuclear Macrocycles

Macrocycles bearing a salen analogue offer a unique and
cooperative binding site for guests, such as metal ions. When
several different metal centers are incorporated, these multi-
metallic complexes can exhibit various functions and proper-
ties, such as catalytic activity, magnetism, and axial coordina-
tion sites that are useful for assembly formation.

While previous syntheses of cyclic bis- and trissalen
ligands was always template dependent,” Nabeshima and
co-workers reported the first preparation of macrocyclic
trissalphens without the use of a template.”® These
tris(H,salphen) macrocycles have a central cavity that pro-
vides three metal binding sites (Scheme 7a). Addition of
copper or cobalt cations to 20 exclusively led to trinuclear
compounds, whereas manganese, nickel or zinc cation addi-
tion led to various multinuclear species.””! Nabeshima et al.
recently introduced O-alkyloxime salen analogues.”® A bis-
salen ligand based on these oximes, was shown to form C-
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Scheme 6. a) {Zn"(salen)}-modified monofunctionalized resorcin-[4]-
arene cavitand. b) Macrocyclic epoxidation catalyst self-assembled
through hydrogen bonding. c) A rotaxane based on a salen—crown
ether hybrid, threaded by a dialkyl ammonium salt. The cavity is able
to “shrink” upon addition of a palladium salt.

shaped semi-macrocycles upon addition of metal ions
(Scheme 7b).”" The resulting cavity is able to function as a
host for the recognition of large cations. Subsequently, the
same metal-ion interactions were used to act as a template in
the synthesis of a novel hexaoxime [3+3] macrocycle
(Scheme 7c, 24).1! In this case, first a central tetranuclear
{Zn;La} core unit is introduced which can be completely and
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Scheme 7. a) Macrocycle containing three salen moieties with the
binding sites inside the cavity. b) formation of C-shaped semi-macro-
cycle through the addition of metal ions; M=2Zn. c) {Zn,La}-template-
directed hexa-oxime synthesis.

quantitatively converted into the desired macrocyclic struc-
ture upon diamine addition.

MacLachlan et al.®!! prepared related compounds with
better solubility than to 20 and used small cations to assemble
these macrocycles into higher order structures (Scheme 8). At
low cation/macrocycle ratios dimers were formed, while at
higher ratios tubular structures were obtained. These results
indicate that these kinds of macrocycles show great similarity
to crown-ethers. To increase the size of the central cavity,
larger conjugated macrocycles were prepared.” These can
react with transition-metal salts to form trinuclear macro-
cycles that show very strong tendency to aggregation in
solution. This behavior appears to be facilitated by Zn-O
coordinative interactions between the macrocycles. Very
recently, MacLachlan and Hui reported the synthesis of
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Scheme 8. Dimeric (a) and tubular (b) structures, which are formed by
the macrocycles upon addition of cations.

[6+6] salen-based macrocycles,® which could be valuable
new building blocks for aggregation studies.

A rather different type of macrocyclic salen ligand was
prepared by Ko et al.*¥ This structure resulted from a metal-
directed assembly of two identical conjugated salen building
blocks (Figure 3). In addition, various macrocyclic ligands
that resemble salen-based ones, but which, upon coordina-
tion, typically share their oxygen ligands with different
cations, have been reported.”! All these structures have a
high potential for use in the preparation of new supramolec-
ular salen-like frameworks but are not discussed further
herein.

26: M = Co, R = cyclohexyl
27: M = Zn, R = cyclohexyl

Figure 3. A salen-based macrocycle that is formed by metal-directed
self-assembly of two identical building blocks.

4. DNA-Salen Hybrids

In organic reactions, DNA templates can be used to
position molecules and thus to design and control reactions.™
Metallosalen—-DNA conjugates offer a new approach to
metal-DNA hybrids. Furthermore, the incorporation of metal
ions into DNA is particularly interesting in view of new
catalytic and electronic properties, making use of the unique
micro-environment provided by this biosystem.
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The DNA-templated synthesis of metallosalens was first
carried out by Czlapinski and Sheppard (Scheme 9a).”! In
their approach they used two DNA oligonucleotides modified
with salicylaldehyde moieties at either the 3'- or 5'-end. These
were aligned on a complementary nucleic acid template and
after an annealing step and subsequent incubation in the
presence of ethylenediamine and either Mn(OAc), or Ni-
(OAc),, a new DNA duplex was formed. The necessity of the
complementary nucleic acid template is not warranted since
the use of two complementary DNA oligonucleotides modi-
fied with a salicylaldehyde moiety at either the 3'or 5’ end
(Scheme 9b) also leads to a salen-bridged biomolecule.*! In
this case, the strands align by complementary base pairing and
after a similar incubation procedure, a salen-DNA conjugate
is obtained that adopts a hairpin-loop motif. In contrast to the
template-directed synthesis, the hairpin formation is also
possible in the absence of metal ions and hence suggests that
hairpin formation is more efficient.

Salen-type complexes are well-suited for DNA modifica-
tion.”™ {Ni(salens)} are unique in this respect; after their
combination with DNA, cleavage is highly preferred at
guanidine residues, this is probably caused by the formation
of {Ni(salen)}-guanidine adducts. The cleavage only occurs
after treatment with piperidine. The {Ni(salen)}-DNA con-
jugate of Czlapinski and Sheppard was treated in a similar
fashion to cleave a complementary oligonucleotide at specific
guanidine sites.””) By modifying the {Ni(salen)} moiety with,
for instance, biotin," its remarkable specific binding to
guanidine residues can be used to introduce functional groups
into the DNA strands.

Gothelf and colleagues used an identical hairpin-loop
template-directed synthesis to prepare linear and trimeric
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branched conjugated molecules.™ In this case, the salicylal-
dehyde moieties are functionalized with 15 nucleotides that
are located at the termini of linear and tripoidal conjugated
modules. After annealing and incubation with Mn(OAc), and
ethylenediamine, the salicylaldehyde groups are brought
close enough to form a {Mn(salen)} unit. In this way, different
assemblies could be constructed. Subsequently, they reported
the use of cleavable disulfide DNA-linkers to remove the
oligonucleotides after formation of the salen moiety.™
However, for this purpose aluminum was used instead of
manganese as the metal ion, because the manganese ion is
unstable in the presence of reducing agents.

Clever, Carell, and co-workers developed salen-DNA
hybrids with the metallosalen motif located between two
nucleic acid strands (Scheme 10).* They connected the
salicylaldehyde at the C4-atom to the Cl’-atom of 2'-
deoxyribose. Two of these moieties facing each other in the
DNA duplex may react in the presence of a suitable metal ion
and ethylenediamine to form a metallosalen. Titration of a
solution including divalent metal ions into an ethylenedi-
amine-containing DNA solution showed a large increase in
DNA-duplex stability, caused by the induced cross-linking. A
variety of metal ions were tested and the highest stabilization
was found for copper, for which the addition of one
equivalent was sufficient even in the absence of ethylenedi-
amine.

Even more recently, this high metal-induced stability was
applied in a template-directed DNA-duplex formation, in
which the double helix is stabilized by the metallosalen
moiety instead of hydrogen bonding between base pairs. Two
complementary single strands, each containing multiple
salicylaldehyde moieties, have been shown to hybridize into

a) =0 0=
______________ —p R ———
5 meceleTTceTAlGE(cA \_@:OHHO:@_FPAGCGTATTOGGTAGCS'
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b)
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Scheme 9. DNA-templated synthesis of metallosalens by use of a spacer (a) and without a spacer which results in the formation of DNA

loops (b). P=phosphate, M=Ni, Zn.
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Scheme 10. A DNA-metallosalen hybrid: the salen moiety is formed
between two complementary DNA strands; M =Cu, Mn, Zn, Ni.

a double helix upon addition of an appropriate metal salt
(e.g., Cu** and Mn*"),[® the salen structure is formed
subsequently on ethylenediamine addition. In this fashion,
up to ten metal ions could be stacked inside the DNA duplex,
the length of the structure corresponds to a full helical turn.
Alternatively, the salicylaldehyde moieties can be accompa-
nied by neighboring thymine base pairs, which are able to
complex Hg?" ions. Using this approach, an interesting
heterodecanuclear DNA-based complex with five Cu’" and
five Hg?* ions was prepared.["®

5. Conclusion and Outlook

It is evident that salen frameworks are receiving growing
interest in material applications.””! To date, they have been
used as building blocks in the creation of sophisticated
homogeneous, multimetal catalysts and have been shown to
be very valuable motifs in the design of novel (bio-inspired)
materials. In general, these materials are constructed by
noncovalent assembly or by using covalent linkages to other
macromolecules, such as DNA and cavitand-based macro-
cycles. Because of the accessibility and ease of derivitization,
salen frameworks have great potential as synthons for wider
use in supramolecular chemistry and nanotechnology. Future
research directions will almost certainly focus on a more
detailed investigation into the specific structure—-reactivity/
function relationships of the known and also of new salen
materials. One vital parameter that needs to be addressed is
the multidisciplinary nature of the chemistry involved once
salen motifs are combined with other types of building blocks,
such as biomolecules and inorganic materials. Such new
combinations may lead to assembled materials with unprece-
dented properties and/or improved functionality which have
an impact beyond their conventional fields of application. We
therefore believe that the unique salen framework will play an
important role as a relatively cheap and accessible molecular
building block in the decades to come.
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