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Abstract: Templated approaches towards selective or-
ganic synthesis is a common feature in nature in which
nucleic acid templated synthesis plays a crucial role in
various fundamental biological processes. The key fea-
ture that allows control over the amazing selectivity
found in natural processes is evidently the effective mo-
larity of the reaction partners that is mediated by the
macromolecular templation event. An ongoing chal-
lenge within many chemical sciences is to exploit similar
templating principles and make use of synthetic systems
that are designed for specific chemical conversions.
Here, we describe the recent developments that involve
(metallo)salen scaffolds that are used for diverse tem-
plating events (salen=N,N'-bis(salicylidene)ethylenedi-
amine dianion).

Keywords: macrocycles - organic synthesis - salen -
\supramolecular chemistry - templates Y,

Introduction

Proper modulation of the process parameters of chemical
reactions provides a means towards selective synthesis.
Within the fields of organic synthesis and homogeneous cat-
alysis precise control over the reactivity of the involved spe-
cies leads to the desired target molecules, usually at mm to
M concentration regimes. However, when multiple reaction
partners are present in the same phase, substrate selectivity
becomes a crucial factor to control. Nature, in contrast to
synthesis carried out by chemists, takes advantage of a dif-
ferent approach towards selective synthesis under much
more dilute conditions (nM to um). The control over the re-
activity of particular molecules is directed through macro-
molecular templation. The involved macromolecule brings
together certain combinations of reactive molecules which
enables biomolecular synthesis of the required products as a
result of the increase in the effective molarity (EM) and
hence efficient and selective conversions are achieved.!!
Salen scaffolds are popular ligand structures that are of
great value to the homogeneous catalysis community.”) Ever
since the pioneering work of Jacobsen and Katsuki in the
enantioselective epoxidation of unfunctionalised olefins,”!
metallosalen complexes (salen= N,N'-bis(salicylidene)ethy-
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lenediamine dianion) have been utilised as efficient catalysts
in various organic conversions. However, the use of salen
scaffolds in applications that go beyond their conventional
use in homogeneous catalysis has recently aroused much in-
terest.”! In particular, new multimetallic, macrocyclic and
supramolecular systems have emerged in which salen frag-
ments largely dictate the material properties. The ease with
which the salen structure can be derivatised makes it an
ideal building block for sophisticated assembled constructs.
Clear advantages over similar planar, tetradentate dianionic
ligands such as porphyrins are: a) the access to relative large
amounts of a diverse library of synthetic intermediates that
can be obtained in few steps, b) the straightforward intro-
duction of chiral modules within the salen unit, and c) the
flexibility of changing either one or both phenyl side groups
(both sterically as well as electronically)®® and the bridging
unit. This creates a large potential for fine-tuning the inter-
actions of the (metallo)salen unit with other molecules, and
the construction of new materials with interesting catalytic!®
and/or photophysical features.”” Typical examples of new
composites that comprise one or multiple salen frameworks
include DNA-salen hybrids,® alkaloid adsorption materi-
als”! and interesting allosteric catalyst systems.'” Here, we
explicitly focus on the use of (metallo)salen-containing
structures in which the salen unit is actively involved in di-
rected, templated synthesis. Intriguing illustrations of the ef-
fective use of salen groups as molecular templates in syn-
thetic strategies will be presented, and the role of the metal
ion in the templating events is also highlighted.

Salen-Templated Catalysis

One of the earliest examples of a salen template effect in
homogeneous catalysis was reported by Rebek and co-work-
ers."! They designed and utilised a Zn"salen-modified cavi-
tand structure (Scheme 1) for the directed synthesis of ace-
tylcholine from choline and acetic anhydride. The Zn(salen)
unit was positioned on the periphery of the cavitand struc-
ture in such a way that it could template the catalytic pro-
cess making use of the binding pocket. The proposed cata-
lytic process starts off with the encapsulation of the choline
substrate by the cavitand structure and the simultaneous ac-
tivation of the acetic anhydride by the Zn(salen) fragment.
In the absence of the Zn(salen) complex, the acylation of
choline is very slow, but the reaction is significantly promot-
ed by the presence of the Zn(salen) unit (2 mol%) with a
rate enhancement of 1900-fold compared to the background
reaction. Additionally, it was demonstrated that a combina-
tion of non-modified cavitand and “free” Zn(salen) complex
gives a lower acylation rate, which demonstrates the comple-
menting nature of both modules. If sterically more demand-
ing substrates (i.e., anhydrides) were used, slower kinetics
were observed, which can be reasoned by assuming a
weaker interaction with the Zn" metal centre.
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Scheme 1. Salen-cavitand structure employed by Rebek for the accelerat-
ed formation of acetylcholine.
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In another contribution, Reek etal. have shown that
hetero-bidentate ligands based on the combination of vari-
ous phosphites and phosphines may be accessed by using a
bimetallic Zn(salphen) template (salphen=N,N'-1,2-phenyl-
enebis(salicylideneimine))."” The Zn" centres within the
N,O, cavities of the salen units here serve as a Lewis acid
sites that can be axially coordinated by pyridine donors.
Thus, phosphites and phosphines equipped with such donor
fragments were prepared and equimolar mixtures (2 equiv
of the mixed ligand species) were combined with the bis-Zn-
(salphen) template. Surprisingly, in all reported cases the ex-
clusive formation of the heterocombination was observed
(Scheme 2). In the absence of the bis-Zn(salphen) template,
or by simply using mono-Zn(salphen)/phosphine or mono-
Zn(salphen)/phosphite combinations only formation of the
homocomplexes was noted. The main argument put forward

Phosphite

R R ={Bu R

CHO
CHO
[Rh catalyst] ©/\/ )
H,/CO
branched (B)

S

Scheme 2. Typical example of a template-induced formation of heterobi-
dentate ligands and its Rh' complex using a bis-Zn(salphen) complex.

linear (L)
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by the authors for the formation of heterobidentate templat-
ed structures is that there exists a delicate relationship be-
tween the reorganisation energy (going from non-templated
to templated) and the steric impediment of the involved li-
gands. A series of phosphite/phosphine ligands were then
combined with the bis-Zn(salphen) template and a suitable
Rh' precursor to allow the formation of a range of different
(pre)catalysts that were screened in the asymmetric hydro-
formylation of styrene (Scheme 2). Without the bis-Zn-
(salphen) template, both phosphite as well a phosphine li-
gands proved to be inferior to the templated heterobiden-
tate system, and particularly in terms of enantioselectivity.
A very low chiral induction was observed in these non-tem-
plated homocombinations, whereas for a number of templat-
ed heterobidentate systems asymmetric induction of up to
72% could be achieved.

Following a similar strategy, Reek and co-workers also
communicated the template-assisted formation of bidentate
systems based on homo-couples of pyridine-derived phos-
phine or phosphite ligands.'”! A rigid bis-Zn(salphen) com-
plex was used as a molecular template (Scheme 3), onto
which two equivalents of the respective pyridine phosphorus
ligands were immobilised following complexation with a
suitable transition metal precursor. The resultant supra-
molecular complexes were tested in the (asymmetric) hydro-
formylation and hydrogenation and compared to the non-
templated catalysts and catalysts derived from the 2:2:1
combination mono-Zn(salphen)/phosphorus ligand/metal
precursor. The catalytic results with the templated catalysts
affirmed that in nearly all cases a typical bidentate behav-
iour was operative. Only marginally better results were ob-
tained in terms of conversion rate and linear to branched
ratios (L/B ratio) for the hydroformylation of 1-octene
(Scheme 3), whereas the asymmetric hydroformylation of
styrene (see Scheme 2) provided a few examples with a
slight increase in enantiomeric excess (ee) upon templation.
The same holds for the asymmetric hydrogenation of o-
methylcinnamic acid using these supramolecular catalysts;
some minor improvement of the enantioselectivity (maxi-
mum Aeex~10%) was noted for the templated catalysts
though at a very low conversion stage. The similar results
for the non-templated and templated catalysts seem to indi-
cate that for the derived Rh' complexes comparable inter-
mediates (i.e., geometries) are involved in the different cata-
lytic reactions. A major advantage of this approach is that
the available amount of building blocks may be extended
with relative ease allowing for the formation of a larger set
of self-assembled catalysts. In this way, optimisation of or-
ganic conversions can be foreseen by using high-throughput
experimentation methods.

Formation of Functional Macrocycles
The (self)assembly of rigid, shape-persistent macrocycles

into functional materials remains a challenging goal within
the field of supramolecular chemistry. Promising applica-
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Scheme 3. Representative example of a template-induced formation of homobidentate ligands and its Rh'
complex using a bis-Zn(salphen) complex. Catalytic behaviour was tested in the (asymmetric) hydroformyla-
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Scheme 5. Templated approach towards the formation of a macrocyclic oxime-based salen-type structure; the

templated approach almost exclusively yields the cis isomer.
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tions that may arise by using
such macrocyclic systems in-
volve synthetic mimics for ion-
conducting channels, tubular
structures and porous materials.
Recently, macrocyclic salen
frameworks!"¥ have been recog-
nised as interesting structures
that resemble crown ethers to a
certain extent, owing to the
presence of multiple O-donor
atoms arranged in a cyclical
fashion. In particular, the
groups of MacLachlan and Na-
beshima have been involved in
the construction and detailed
studies of triangular shaped tri-
salphen macrocycles
(Scheme 4).

The group of MacLaclan re-
ported the alkali metal induced
or salen macrocycle templated
formation of tubular networks
(Scheme 4)." Various cations
(Lit, Nat, K*, Cs*, Rb* and
NH,*) were tested, and titra-
tion experiments (NMR and
UV/Vis  spectroscopy) con-
firmed the formation of an as-
sembled superstructure. De-
tailed NMR and ES-MS studies
supported the assembly forma-
tion by interaction of the cat-
ions with the phenolic O-atoms
of the salen units, thereby thus
behaving as crown ether deriva-
tives. In the assembled species,
the different trisalphen units
are stacked with each other and
the size of the cation proved to
be a decisive connecting ele-
ment as observed by the rela-
tive NMR shielding features
upon formation of the tubular
architecture.

A templated approach
toward the synthesis of oxime-
based salen type macrocycles
was reported by Nabeshima
et al.l' Here, a 32-membered
macrocycle could be produced
by ring-closing methathesis
(RCM) of pendant allyloxy
groups at both ends of a linear

oxime-derived ligand system
(Scheme 5).
www.chemeurj.org — 10523
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Scheme 6. Synthesis of a hexaoxime, macrocyclic salen-type structure
using a templated approach.

The metalation of the linear oxime-salen ligand (L) with a
2:1 mixture of Zn" and Ca" ions selectively affords the
mixed heterotrimetallic synthon (LZn,Ca).'"”! The latter
structure preorganises the pendant allyloxy groups in a way
that upon the RCM reaction only the cis isomer (Scheme 5)
is obtained as opposed to the (expected) trans isomer pro-
duced by means of the non-templated reaction.

In a separate contribution,’® the same authors also re-
ported the [Zn+ La]-mediated templated formation of a 36-
membered macrocyclic hexaoxime salen-type structure
(Scheme 6) using a one-pot procedure. The product was ob-
tained quantitatively by this formal [3+43] condensation re-
action in the presence of the Zn and La cations, whereas the
yield was very low in the absence of these cations. The
oxime-based macrocycle is an interesting platform for the
formation of homometallic (Zng) or heterometallic (Zn;La)
cluster compounds (vide infra) through either in situ forma-
tion or isolation of the non-
metalated macrocycle
(Scheme 6) and re-metalation
under appropriate conditions.

Templated (In)Organic
Synthesis

0_ 0
Templated organic synthesis, as ,N‘N,
briefly discussed in the intro- LM,:
duction, is a common feature

M =2Zn, Mn

encountered in nature to con-
trol chemical reactivity. Con-
temporary chemists intend to
use similar approaches in multi-
ple disciplines to arrive at new
materials that show unusual
properties. In this section, a
focus is made on templated in-
organic/organic synthesis using
a metallosalen-mediated ap-
proach.

An interesting salen template
effect was noted by the groups
of MacLachlan and Nabeshi-
ma*"! who simultaneously re-
ported that the use of triangular

www.chemeurj.org
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R = neopentyl

Scheme 7. Schematic view of the cluster compound (at the top) starting
from a macrocyclic trisalphen framework. Below, the X-ray molecular
structure of the bowl-shaped, polynuclear [Zn]; compound. Colour
codes: Zn=green, O =red, N=blue.
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Scheme 8. Multinuclear metallomacrocycles based on a trisalphen structure using various metal acetate salts.
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Scheme 9. Formation of an unusual tri-Zn supramolecular assembly by
selective mono-deprotonation of a bis-2,6-methanol-pyridine ligand. Zn=
green, O =red, N=blue.

shaped salen macrocycles (Scheme 4) were useful as tem-
plating platforms for the build up of metal cluster com-
pounds. For instance, Zn-centred macrocycles are valuable
model species for the active sites of metalloenzymes such as
alkaline phosphatise, P1 nuclease and phospholipase C;*!
the latter two enzymes are known to have trinuclear Zn-
clusters in the active site. Other uses may be found in the

M = H,, Zn(thf), Cr(Cl)

L1 =1,2-benzenediyl; meso/rac-1,2-cyclohexanediyl; 1,1,2,2-tetramethyl-1,2-ethanediyl
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development of materials with interesting magnetic and/or
photophysical properties. In this sense it is important to
note that the successful incorporation of different metal ions
in these trisalphen macrocycles offers a great potential.

Zinc carboxylate cluster formation was noted when a tri-
salphen macrocycle (Scheme 4) was treated with a slight
excess of zinc acetate.'”! The cluster derivative can be split
in two separate modules; the trisalphen-Zn; core unit which
in fact acts as the templating system, and a second part that
has a tetrahedral [Zn,(u,-O)]°" unit very similar to basic
zinc acetate.”!! In these type of aggregates, the acetate li-
gands are bridging the Zn** centres in a p-1,2 fashion (X-
ray structure, Scheme 7). Mechanistic studies have revealed
that the formation of the cluster derivative probably takes
place via a tetrazinc intermediate, which could also be trap-
ped and fully characterised. Upon treatment of the tetrazinc
intermediate with three equivalents of zinc acetate, the hep-
tanuclear complexes was produced. The tetrazinc intermedi-
ate species also provided a useful platform for the introduc-
tion of other metal ions (i.e., mixed metal cluster forma-
tion), and preliminary experiments have indicated that
cobalt clusters of type [Co,0]°* can also be incorporated in
the trisalphen-Zn; macrocycle.

Nabeshima and co-workers!™* have used a similar ap-
proach towards cluster formation based on similar trisalphen
macrocycles, and examined the
influence of the type of metal
ion on the cluster formation
(Scheme 8). Whereas in the
presence of 7 equiv of zinc ace-
tate the heptanuclear complex
(Scheme 7) was formed in high
yield, only trinuclear complexes
were formed using either cobal-
t(IT) acetate or copper(II) ace-
tate, even in the presence of an
excess of the metal reagent. For
the analogous manganese(II)
and nickel(II) salts, various
multinuclear compounds could
be isolated depending on the
reaction stoichiometry. The tri-
nuclear Mn" complex proved to
be rather oxidation sensitive

No Bu t8u off Z0(EY, N_O soTt Sl N and rapidly interconverts into

e tBu GHv’ coordlnallng (NZn() O'zn'N’ its (poly)Mn"" derivative. The

solvent ; 1Bu tBu ‘ tri-Co" trisalphen macrocycle is

more stable towards auto-oxi-

dation but may be readily oxi-

k L dised by air to afford the corre-

fBU. 18U sponding Co'™! complex.

EtaP F'Et3 Et;P- F‘t N:}.Q p.—CN Pt-PEt; A zinc(IT)salphen-templated

PEL,

A molecular loop

Scheme 10. Formation of loop and square type supramolecular assemblies using a salen-directed approach.

The coordination sphere around the Zn ions is completed by THF.
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PEts synthesis of non-symmetrical

pyridine ligands was reported
by Kleij et al.”? The high Lewis
acidity of the Zn”>* ion in these
salphen complexes offers a
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Scheme 11. Top: A self-assembled tetrameric Zn(salen) complex equipped with a donor and an acceptor site.
Bottom: the determined X-ray molecular structure. Zn=green, O =red, N =blue.

large potential for their use in catalytic processes by activa-
tion of coordinated functional groups. Pyridine ligands that
are ortho-substituted with methanolic fragments are conven-
iently mono-deprotonated by the Zn(salphen) complex
eventually leading to the formation of unusual tri-Zn supra-
molecular assemblies (Scheme 9).

The assembly based on a 2,6-dimethanolpyridine ligand
(Scheme 9; R=rBu, X=CH,OH, X-ray structure) is build
up from a central, non-symmetrical unit consisting of a dis-
torted octahedral Zn?** ion ligated by two mono-deprotonat-
ed pyridine-dimethanol ligands. The anionic O-donor atoms
of both pyridine systems further coordinate to a Zn-
(salphen) complex. Interestingly, when dimeric Zn(salphen)
derivatives were employed,®! the formation of a similar tri-
Zn assembly was completely prevented. The projected for-
mation mechanism of these trinuclear complexes starts off
with the initial coordination of the OH fragment to the
metal centre, which is unable to compete with the mono-
mer—=dimer equilibrium for dimeric Zn(salen) derivatives.
Further experiments have revealed a wider scope of the ac-
tivation of various methanol-substituted pyridine ligands.

Templated Supra/Macromolecular Synthesis

Supramolecular chemistry is undoubtedly one of the leading
disciplines in chemical sciences and may provide useful

10526 ——
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ised with pyridine side groups
were reported by Hupp and co-
workers.”  These  building
blocks, combined with suitable
Pt" salts gave access to molecu-
lar  loop/square  structures
through a directed assembly
process  (Scheme 10). When
semi-flexible dipyridyl-function-
alised salen ligands were em-
ployed, preferred formation
and isolation of the loop struc-
ture was noted. The curvature
that allows loop closure is facili-
tated by the backbone distor-
tion of the bridging salen
ligand, and likely entropic ef-
fects predominate in the assem-
bly process. Reduction of the
flexibility by metalation of the
salen building block (M =Zn) and combination with the cat-
ionic Pt" salt or post-metalation of the supramolecular loop
system under appropriate conditions leads to exclusive and
quantitative formation of the square-type structures. Intro-
duction of various other metals into these supramolecular
assemblies may lead to interesting new catalytic systems.

A similar approach toward supramolecular assembly for-
mation by using pyridyl-containing salen scaffolds was un-
dertaken by Kleij and Reek.’® However, here the Zn"-cen-
tred metallosalen complex was designed to have the N-
donor atom within the bridging group between both imine
fragments (Scheme 11). The relative disposition of the
donor (pyridine-N atom) and acceptor sites (Zn metal
centre) leads to directed formation of a macrocyclic, tetra-
meric supramolecular assembly. Such macrocycles are of
broad current interest, and the first example of enantiomer
separation using similar chiral structures has recently been
reported.*’!

Templated approaches to various supramolecular struc-
tures using mono- and bis-Zn(salphen) complexes in con-
junction with pyridine donors were reported by Kleij/Reek
and co-workers. For instance, 4,4'-bipyridine bridged
dimers™ and box-shaped assemblies® arise from their
combination with mono- or bis-Zn(salphen) building blocks.
In the latter case, exclusive formation of the macrocyclic
structure under dilute conditions was observed, both in solu-
tion and solid state phases (Scheme 12). A valuable exten-

Chem. Eur. J. 2008, 14, 10520 -10529
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Scheme 12. Examples of supramolecular assemblies based on pyridine donors and Zn(salphen) acceptors. Top:
X-ray molecular structure of a box-shaped assembly using a flexible bis-pyridine ligand, the disorder for some
fBu groups is also shown. Bottom: schematic structure of a functional, heterotetrametallic salen-based supra-

molecular structure.
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Scheme 13. Zn(salphen) complexes that are able to form metallogels and
nanofibers.

sion to this kind of box assemblies was communicated re-
cently. The use of pyridyl-functionalised metallosalen com-

plexes (Scheme 10) allows, through Zn—N,, coordinative
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motifs, the formation of tem-
plated macrocycles based on
heterotetrametallic salen struc-
tures. Here, the two transition
metal sites are in close proximi-
ty, thereby providing a way for
cooperative catalytic operations
upon introduction of appropri-
ate metal ions in the metallosa-
len building block
(Scheme 12).!

The Zn(salen) structure has
also been exploited for the fab-
rication of other types of supra-
molecular architectures, includ-
ing nanofibrils and nanotubes.
MacLachlan reported the use
of Zn(salphen) complexes that
are able to assemble into metal-
logels and 1D nanofibres
making use of Zn--O interac-
tions (Scheme 13).°"  Insuffi-
cient steric bulk at the 3- and
3'-position allows dimerisation
through p,-O bridging® and
tBu thus being the basis for the as-
sembly process.

Gel formation was particular-
ly observed in non-coordinating
aromatic solvents, whereas no
gel formation was observed in
pyridine, DMF and MeCN.
Moreover, TEM-analysis of
these Zn(salphen) complexes
showed nanofiber formation,
principally ascribed to the
Zn--O interactions and not to
n-n stacking between the individual salphen complexes or
hydrogen bonding. This assumption was supported by sever-
al additional experiments with a series of reference/model
compounds. Upon changing the Zn for other metal ions (Ni,
Cu, V), introduction of sterically demanding groups in the
3- and 3'-positions of the ligand (Scheme 13) or replacing
the phenolic O atoms for S, no assembled fibrillar textures
could be observed.

A similar approach toward the construction of aggregat-
ed, multimetallic macrocycles (Scheme 14) using Zn--O in-
teractions was also investigated by the MacLachlan group.””
Only in the case where M =Zn, aggregation was observed
and spectroscopically characterised, and disruption of the
assembly could be readily achieved by addition of suitable
N-donor ligands. Interestingly, the aggregation process is ac-
companied by changes in the optical and fluorescent proper-
ties, a feature that may be used for chemical sensing purpos-
es upon controlled de-aggregation using external ligands.

Specific and selective exchange of the central metal ion
by (rare/alkaline) earth metal ions within trinuclear com-
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Scheme 14. An assembled superstructure through Zn--O interactions
using multimetallic salphen macrocycles.

plexes derived from oxime-based salen like systems was de-
scribed by Nabeshima (Scheme 15).%* The formation of the
trinuclear Zn; complex affords a C-shaped compound with

Zn' =27n(0Ac)(H,0)

@ = alkaline earth metal, lanthanide metal/rare earth metal

Scheme 15. Trinuclear oxime-based salen-like complexes and their site-
selective mono-transmetalation leading to heterotrimetallic compounds.

six O-atoms arranged in cyclic fashion useful for guest rec-
ognition. The size of the cavity that can wrap itself around
appropriate guests directs the structure of the heterotrinu-
clear complex after Zn-for-M exchange, and different metal-
lohelicenes with tuneable geometrical parameters were thus
obtained depending on the type of guest metal ion.3’!
These helical frameworks may find use in various chiral rec-
ognition processes and/or catalytic procedures. An interest-
ing example of a selective Ca’* and Ba?* receptor based on
this site-selective transmetalation™ has also been repor-
ted.*!

Conclusion

From this overview it is evident that metallosalen scaffolds
have become increasingly important in templated synthesis.
A proper design of the salen-containing structure allows for
precise control over the synthetic event, which would be vir-
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tually impossible to achieve without the use of the metallo-
salen scaffold. The metal zinc plays a crucial role for all
forms of life and many important Zn-enzymes are known
for their role as structural mediator or catalyst. Therefore, it
is perhaps not completely surprising that Zn is found in the
majority of the metallosalen structures that are capable of
directing or templating structural/synthetic events. The Zn**
ion has an extremely versatile coordination chemistry allow-
ing, depending on the involved ligands, coordination num-
bers from 4 to 6 and geometries ranging from tetrahedral to
square planar, square pyrimidal to trigonal bipyrimidal and
even octahedral. This particular feature will probably main-
tain a prominent role in the design of new templated pro-
cesses. Although a limited number of metallosalen templates
have been reported, yet it can be concluded that exciting
new developments may be expected in various applications
that focus on structural and catalytic complexity. In our
view, the metallosalen scaffold will undoubtedly continue to
be a source of inspiration for many chemists.
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