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CONSPECTUS: This Account is about templates as construction tools: molecules for making
molecules. A template organizes the reactants and provides information to promote formation of
a specific product, but it is not part of the final product. We have developed many different
strategies for using oligopyridines as templates for the synthesis of alkyne-linked m-conjugated
metalloporphyrin oligomers. These compounds include some of the largest macrocycles ever
synthesized, such as a 50-porphyrin ring with a diameter of 21 nm containing a ring of 750 C-C
bonds. Metalloporphyrins are excellent models for exploring template directed synthesis, as they
can be functionalized in many different positions and the central metal (typically Zn or Mg)

provides a handle for coordination to templates.



Classical template-directed macrocyclization reactions have a 1:1 complementarity between
the template and the product. This strategy works well for preparing nanorings of 5—7 porphyrin
units, but larger templates are laborious to synthesize. Rings of 8 or more porphyrin units are
most easily prepared using ‘non-classical’ strategies, in which several small templates work
together to direct the formation of a large ring. In the Vernier approach, a mismatch between the
number of binding sites on the template and the building block leads to a mathematical
amplification of the length scale: the number of binding sites in the product is the lowest
common multiple of those in the template and the building block. For example, a 40-porphyrin
ring can be prepared by coupling a linear decamer in the presence of an octadentate template.
Linear Vernier templating opens up intriguing possibilities for self-replication.

When several small radial oligopyridine templates bind inside a large nanoring they can form
complexes with some vacant coordination sites that display correlated motion like the caterpillar
tracks of a bulldozer. These caterpillar track complexes can be used in template-directed
synthesis and they provide the most convenient route to 8 and 10-porphyrin rings. Russian doll
complexes provide another strategy for template-directed synthesis: a number of specifically
designed ligands bind to a central nanoring to form a template for constructing a larger
concentric nanoring. The same oligopyridine templates that are used to prepare nanorings can
also be used to synthesize three-dimensional nanotubes and nanoballs. Again, non-classical
approaches, in which several small templates work together cooperatively, are much simpler than
creating a single large template with sufficient binding sites to define the whole geometry of the
product.

Oligopyridine ligands can also be used as shadow mask templates to control the demetallation
of magnesium porphyrin nanorings, because metal centers that are not coordinated by the
template can be selectively demetallated with acid. Thus the template forms a permanent shadow
on the porphyrin nanostructure that remains after the template has been removed. Shadow mask

templates provide a simple route to heterometallated molecular architectures. The insights



emerging from these studies are widely applicable, and there are many opportunities for

inventing new ways of using templates to control reactions.

1. INTRODUCTION

The word ‘template’ is used in many different ways. We start this Account by explaining our
definition. To put it simply, we have in mind the wooden frames that builders use to hold stone
blocks in place while they are cemented together to form an arch (Figure 1). The template

defines the shape of the arch but it is not part of the final building.

Figure 1. A template holds stones in place while they are cemented together to form an arch,

then it is removed from the final structure.

Busch provided a formal definition,

“A chemical template organizes an assembly of atoms, with respect to one or more

geometric loci, in order to achieve a particular linking of atoms.”

which was refined by Sanders:



“The template provides instructions for the formation of a single product from a substrate
or substrates which otherwise have the potential to assemble and react in a variety of
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ways.”

In most cases, templates are not catalysts and a stoichiometric amount of template is required to
form the product. However, at least in principle, the template can be removed from the product,
which means that the template must connect to the substrate or substrates via temporary bonding
interactions. These temporary interactions are often metal-ligand coordination bonds, but they
can also be H-bonds, van der Waals interactions, or cleavable covalent bonds. The first chemical
templates were metal cations, and metal cation templates continue to be used to create
spectacular new architectures, such as rotaxanes, catenanes and knots.”® Metal cation templates
are typically used with building blocks that are amine or ether ligands. In the template-directed
synthesis of porphyrin arrays, the roles are reversed: the metal cation is part of the building block
and the template is a multi-dentate amine ligand.>”"'" Anions also find increasing use as

templates, via H-bonding interactions.'>"

For example, Kobayashi and coworkers prepared a
cyclo[10]pyrrole using croconate (CsOs™) as a template,'* while the use of sulfate as a smaller
template resulted in formation of the cyclo[8]pyrrole. Leigh’s synthesis of a pentafoil knot uses
both cationic and anionic templates (Fe*" and CI").” Neutral H-bond acceptors, such as bis-N-
oxides, have also been used to synthesize capsules.'” Van der Waals interactions and aromatic
stacking forces are less directional than metal-ligand bonds or H-bonds, which makes it difficult
to predict how they will operate, but there are many cases where these soft interactions give rise
to strong template effects.'™'’ On the other hand, covalent bonds provide a predictable
connection to the template, and ester links have been used in the template-directed synthesis of
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large macrocycles, rotaxanes and catenanes.



Most examples of template-directed synthesis are under kinetic control: the template
accelerates formation of the desired covalent architecture and the reaction is irreversible. If the
reaction is reversible and under thermodynamic control, the template may favor formation of a
specific product by binding it and shifting the equilibrium toward this species. The product can
then be made kinetically stable by changing the conditions, so that the template can be removed
without re-establishing the equilibrium. This field of dynamic combinatorial chemistry, which
was pioneered by Sanders and Lehn during the 1990s,”** is particularly open to serendipity. In a
dynamic combinatorial library, simple building blocks are mixed together so that they can couple
reversibly to form many possible species. Adding a template to this library can result in selective
amplification of an unexpected product. For example, acetylcholine was found to template the

formation of a hydrazone-linked catenane. This amazing result was neither designed nor

anticipated.”

Control of molecular topology has been an important area of template-directed synthesis ever
since Sauvage discovered that metal cations can direct the formation of catenanes in 1983.%* In
these systems, the metal template is “passive’: it dictates the topology of the coupling but it does
not accelerate the coupling reaction. In 2006, Leigh and coworkers developed the concept of
‘active metal templates’.***” These reactions use metal complexes of macrocyclic ligands in
which the metal promotes coupling of two components to form a covalent thread through the
cavity of the macrocycle. This strategy is ‘traceless’ in the sense that the newly formed thread
does not need a recognition site for the metal, and in some cases the template can be used in sub-

stoichiometric amounts.
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Self-replicators are a fascinating class of templates. In the simplest case, a self-replicator

is a template for construction of another copy of itself. Alternatively, a self-replicator may be a



template for a complementary structure, which in turn is a template for the original molecule, as
in DNA replication. The challenge is to avoid the formation of stable template-template
complexes, so as to achieve autocatalytic turnover and exponential growth. Designing an

efficient self-replicator is more difficult than designing an effective template.

In this Account, we present some insights that were gained by studying the chemistry of
porphyrin nanorings, c-PN, of the type shown in Figure 2. The combination of metalloporphyrin
building blocks and oligopyridine templates is a fruitful area for exploring new strategies for
template-directed synthesis, because the template effect is directional and modular: one pyridine

binding site coordinates to one metalloporphyrin center. This controllable directionality allows
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large porphyrin arrays to be created with high selectivity. The template effect can be tuned

by changing the affinity of the metal for axial ligands and it can be expanded by using a metal

that coordinates ligands on both faces. This work has generated porphyrin nanorings which are
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fascinating model systems for studying the delocalization of charge™ " and electronic
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excitation,””” and for mimicking photosynthetic light harvesting systems, but here we focus on

their synthesis rather than on their physical properties.

Figure 2. General structure of a porphyrin nanoring c-PN, (c denotes cyclic, P: porphyrin, N:
number of porphyrins; N = 5-50; the solubilizing group is R = #~-Bu, OCgH,7 or Si(C¢H3)3). The

corresponding linear oligomers are designated /-P/V, where [ denotes linear.



2. CLASSICAL TEMPLATE-DIRECTED MACROCYCLIZATION

When we started thinking about the template-directed synthesis of m-conjugated cyclic porphyrin
oligomers in 2005, it looked like a high-risk project. Although we and others had been working

3439 it was not clear that these

on linear n-conjugated porphyrin oligomers for more than 10 years,
molecules would be flexible enough to bend into rings, and we did not know whether we would
be able to synthesize templates of just the right size to direct macrocyclization. The first

breakthrough was the template-directed synthesis of a n-conjugated cyclic porphyrin octamer, c-

4142 which became the

P8.% This was soon followed by a cyclic hexamer, ¢-P6 (Figure 3),
archetype for a family of nanorings. The rigid T6 template is almost the ideal size and shape for
the cavity of ¢-P6; crystallographic studies indicate that it is 2.5% too small.** It is effective as a
template for forming c-P6 via the palladium-catalyzed oxidative homo-coupling of two linear
porphyrin trimers, or three linear dimers, or six units of porphyrin monomer. The crystal
structure of ¢-P6-T6 shows that the molecule has a regular cylindrical n-system.** This ¢-P6-T6
complex is amazingly stable; it has a formation constant of about 10°° M', due to the cooperative
effect of six metal-template interactions with an effective molarity of about 300 M.* However,
the T6 template can be removed from the complex by displacement with a large excess of a
competing ligand such as quinuclidine or DABCO, or by treating ¢-P6-T6 with acid to remove

the zinc atoms, to give the free-base nanoring, which can then be remetallated with zinc or

another metal cation.
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Figure 3. Template-directed synthesis of ¢-P6.*"**

It might be imagined that the template-directed synthesis of c-P6 shown in Figure 3 involves
the initial formation of a complex in which six porphyrin monomers bind to the T6 template,
followed by intramolecular coupling. However this is unlikely to be the correct mechanism,
because the strength of the zinc-nitrogen interaction under the reaction conditions is too weak to
form a significant amount of the (P1)¢'T6 complex. Linear oligomers probably form by coupling
of monomers that are not bound to the template; then they bind the template and couple further

to form nanorings.



The use of T6 to synthesize c-P6 suggests that the template needs to be extremely rigid and to
have a close geometrical match to the cavity of the target nanoring, however subsequent work
showed that flexible or poorly matching templates can also be effective. For example, a flexible
T7 template based on S-cyclodextrin was used to prepare c-P7, in 4.7% yield from P1,** and a
T5 template based on corannulene was used to synthesize c-P5, in 6.1% yield from P1, even
though the centroid-nitrogen distance of this template is calculated to be 11% too small for the
cavity (Figure 4).* The reason why flexible templates such as T7 are effective is probably that
their complexes with linear porphyrin oligomers have well defined conformations, so that they
can intercept these intermediates and facilitate ring closure by increasing the effective molarity
for intramolecular cyclization. The largest template used in this type of reaction is T12, which
yielded the 12-porphyrin ring c-P12 by bringing together three equivalents of a linear porphyrin
tetramer (Figure 4).*° Nearly all of the porphyrin oligomers discussed here are linked with
butadiyne bridges, but recently we used Sonogashira coupling to prepare a six-porphyrin

nanoring with single-acetylene links, ¢-P6’, using the template T6".*
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Figure 4. Nanoring-template complexes prepared via classical template-directed synthesis.

3. VERNIER TEMPLATES

In the classical 1:1 template-directed reactions discussed above, a single template molecule
defines the size of the product, and the product has the same number of binding sites as the

template. The limitation of this strategy is that large macrocycles require large templates, which
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are difficult to synthesize. This problem prompted us to explore ways of using small templates to

direct the formation of large nanorings. One solution is to use a Vernier complex.

Vernier complexes are formed when a host with x binding sites binds a guest with y
binding sites, where x is not a multiple of y. The Vernier complex has z binding sites, where z is
the lowest common multiple of x and y. The formation of a Vernier complex between
components with different numbers of binding sites provides a way to amplify the molecular
length-scale, generating precisely defined assemblies (Figure 5a). The name comes from the
French mathematician Pierre Vernier (1580—-1637) who applied this mismatch principle in
measuring devices. The formation of supramolecular Vernier complexes was first suggested by
Lindsey™ by analogy with the self-assembly of collagen proteins.*’ The principle has been
applied to prepare double-strand” and triple-strand’' non-covalent Vernier assemblies and
dynamic covalent molecular ladders.”® Synthetic DNA nanostructures have also been created as

. 53,54
Vernier complexes.”

We found that the formation of Vernier complexes is a powerful strategy
for the template-directed synthesis of large macrocycles.*® The idea is based on the realization
that Vernier complexes do not need to be linear (Figure 5b). A template with six binding sites,
T6, binds to a building block with four binding sites, /-P4, to form a Vernier complex (/-
P4);3:(T6),, probably as two isomers. The /-P4 units can then be coupled together covalently, to
give a figure-of-eight complex, c¢-P12-(T6); in 39% isolated yield (Figure 6). Displacement of

the template with pyridine gives the free macrocycle ¢-P12. The figure-of-eight geometry of c-

P12-(T6); was deduced by NMR spectroscopy™® and confirmed by X-ray crystallography.”

11
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Figure 5. Cartoons showing the concept of Vernier templating.™” (a) Formation of a molecular

3:2 Vernier complex. (b) The use of Vernier complex formation to direct the formation of a 12-

site macrocycle (c-P12) using a 6-site template (T6).
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Figure 6. Vernier templated synthesis of ¢-P12.**>> The isolated yield of ¢-P12-(T6), is 39% for

the case with Ar = 3,5-di-tert-butylphenyl.

Vernier templating has been used to prepare a range of large nanorings, including c-P24 (both
from I-P6 with T8 and from /-P8 with T6),’® ¢-P30 (from /-P10 with T6) and c-P40 (from /-P10
with T8).”” All these large nanorings were characterized by STM imaging on a gold surface with
sufficient resolution to count the individual porphyrin units around the ring. For example Figure

56,58
4.7

7 shows images of c-P2 The Vernier templated synthesis of these large nanorings is less
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selective than that of ¢-P12, but all the different cyclic oligomers can be separated by recycling
gel permeation chromatography, including products such as ¢-P50, which is the largest
monodisperse covalent synthetic macrocycle yet reported. It is interesting that ¢-P50 is not
formed by coupling /-P10 in the absence of a template, but it is formed in 5-10% yield by

running the reaction in the presence of either T6 or T8.”’

Figure 7. STM images of c-P24 molecules on a gold surface. In both cases, the compound was
deposited by electrospray from a solution in methanol/toluene containing 5% pyridine to prevent

aggregation (scale bar 10 nm; structure shown in Figure 2 with R = OCgH,7).”**®

The Vernier principle can also be applied to synthesize linear oligomers. Linear Vernier
templating has some similarities with DNA replication, and it opens up the possibility of
coupling along both strands of the Vernier complex, so that there is no distinction between the
‘template’ and the ‘building block’. We have demonstrated this strategy, which we call ‘mutual
Vernier templating’, in the synthesis of linear porphyrin dodecamers (Figure 8).” In this design,
a meso-4-pyridyl group was used to bind a nickel porphyrin strand to a zinc porphyrin strand.
The nickel centers do not have significant affinity for pyridine ligands and they block accidental

insertion of copper during the Glaser coupling reaction. The product duplex has reactive free
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alkyne terminals, which makes it necessary to limit the extent of coupling to avoid

polymerization.

(a) 30=0=0=0 binding o o o o o5 omom0=0
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Figure 8. Mutual Vernier templating: both strands couple and there is no distinction between the
‘template’ and the ‘substrate’. (a) Cartoon of the reaction; (b) structure of the product duplex. R

= C1yH,s; Ar = 3,5-bis(trihexylsilyl)phenyl.”
4. CATERPILLAR TRACK TEMPLATES

A mismatch between the number of binding sites on a host and guest does not always lead to a
Vernier complex — it can also give complexes with vacant coordination sites. For example,
when T6 is added to ¢-P10 the product is a 2:1 complex, ¢-P10-(T6),. Similarly, addition of T6
to c-P8 forms c-P8:(T6), (Figure 9).°° "H NMR exchange spectroscopy experiments (EXSY)
show that these complexes are dynamic in solution and that the two template units rotate in a
correlated way, like the caterpillar tracks of a bulldozer. This correlated motion resembles that in
a molecular gear, except that in caterpillar track complexes the rotation of the two template

“wheels” is conrotatory, whereas in a gear the motion is disrotatory. If some of the pyridine sites
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on the template are deleted, similar “caterpillar track” complexes can be formed which have no
vacant coordination sites and which are not dynamic. The formation of these complexes can be
exploited for template-directed synthesis; for example, coupling the linear porphyrin dimer /-P2
in the presence of T4 or T5 gives ¢-P8 or ¢-P10, respectively (Figure 10).° This strategy was
used recently to prepare a 8-porphyrin nanoring with single-acetylene links.”” The two main
advantages of caterpillar templating, compared with classical 1:1 templating, are that smaller
templates are easier to synthesize, and that the size and shape of the template do not need to be
so well matched to the cavity of the target structure. The synthesis of ¢-P50 from /-P10 using T6
or T8 as templates, mentioned above, probably involves intermediates similar to caterpillar track
complexes with some vacant coordination sites (uncoordinated template nitrogens or zinc
centers). The I-P50 intermediate must bind several template units in such a way as to bend it into

a cyclic conformation with a high effective molarity between the terminal alkynes.

Figure 9. Caterpillar track motion in ¢-P8-(T6),, as revealed by '"H NMR EXSY experiments.*’
The red and blue arrows show the directions of motion of the porphyrin and template units,

respectively, and the dashed arrows indicate how ligand sites coordinate to zinc centers.
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Figure 10. Caterpillar track templating. Cartoons showing coupling of a porphyrin dimer (/-P2)
in the presence of templates (a) T4 and (b) TS5, together with analytical GPC traces of the crude

reaction mixtures from these three reactions.®
5. RUSSIAN DOLL TEMPLATING

Hierarchical ring-in-ring assemblies suggest that larger and larger molecules might be created by
building shells out from a central core, such that each shell acts as a template for the next. We
explored this idea by investigating a Russian doll complex consisting of an aluminum ¢-P6 held

inside zinc ¢-P12 by six bis-imidazole-carboxylate ligands (Figure 11).°" Aluminum is used for
the inside ring because it coordinates two axial ligands: an anionic ligand, such as carboxylate, at

one face and a neutral ligand, such as pyridine, at the other face. The complex of aluminum c-P6
and the bis-imidazole-carboxylate ligands is an effective template for directing the formation of
the outer c-P12 ring from linear tetramer /-P4. However, it would not be simple to extend this

approach to even larger structures.
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Figure 11. Structure of the Russian doll complex.®’ (a) Chemical structure (with meso-aryl side

groups omitted for clarity). (b) Two orthogonal views of the calculated structure (meso-aryl side

groups were not included in the calculations; hydrogen atoms omitted for clarity).
6. TUBES AND BALLS

The discussion above (Sections 2—-5) focused on using templates to create topologically flat
cyclic porphyrin oligomers. Similar strategies can be used to create 3D tubes and cages, by
starting from slightly more elaborate building blocks, as illustrated by the architectures in Figure
12.%%% All three of these structures were synthesized using the same T6 template (introduced in
Figure 3). Two units of T6 were used to direct the synthesis of the 12-porphyrin nanotube

Figure 12a)* and the 11-porphyrin spiro-structure (Figure 12b).® The 14-porphyrin ball (Figure
g porphy
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12¢)** was prepared by first using the T6 template to convert two porphyrin trimers into a cyclic
hexamer, then coupling four equivalents of a linear dimer to this 6-porphyrin nanoring, then
using two equivalents of a T4 template to create an orthogonal 10-porphyrin nanoring; finally

both the T6 and T4 templates were removed by treatment with excess pyridine (Figure 13).

Figure 12. Calculated geometries of (a) a 12-porphyrin nanotube bound to two T6 templates,®*

(b) an 11-porphyrin spiro-structure bound to two T6 templates,” and (c) a 14-porphyrin nanoball

bound to a T6 template and two T4 templates.**
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Figure 13. A simplified representation of the template-directed synthesis of a 14-porphyrin
nanoball.** (Red spheres represent zinc porphyrins; black lines and circles represent acetylene

bridges and protecting groups, respectively.)
7. SHADOW MASK TEMPLATES

Recently, we discovered a new type of template effect through studying magnesium porphyrin
nanorings.®> Oligopyridine templates can be used as masks to protect specific sites from
demetallation when a magnesium porphyrin nanoring is treated with acid (Figure 14).
Magnesium cations are easily removed from a porphyrin by weak acid, but if the magnesium is
coordinated to an axial pyridine ligand, demetallation is prevented. We prepared the magnesium
six-porphyrin nanoring Mge-c-P6 and inserted oligopyridine templates with five, four and three
legs in specific positions. When these complexes are treated with acetic acid in dichloromethane,
the uncoordinated magnesium cations are removed, and the coordinated magnesium cations
remain in place. Interestingly, the template is bound strongly enough to the host so that it is not
protonated and removed by the weak acid. After site-selective demetallation, the templates can
be removed using a competing ligand, such as DABCO. For the five- and four-legged templates,
the selective demetallation proceeds quantitatively without any side products. With the three-
legged templates, the completely demetallated nanoring (Hz)e-c-P6 is formed as a minor

byproduct, resulting in moderate yields (56—83%) of product. We attribute this side reaction to
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the weaker binding constants of three legged templates.” Using this method, we prepared two
heterometallated nanorings, one with two paramagnetic copper(Il) ions and one with two zinc(II)

ions (Figure 15).

Ar
Ak ==

r
1 ,2,3-(H2)3M93-C'P6'T3a

DABCO
toluene
98%

Ar //
53
X *1,2,3(Ho)sMgs-c-P6

Figure 14. Shadow mask template-directed synthesis of nanoring 1,2,3-(H;);:Mg3-c-P6 from a

Ar

hexamagnesium nanoring masked by the template T3a. Ar = 3,5-bis(trihexylsilyl)phenyl.®’
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Figure 15. Shadow mask templates applied to the synthesis of 1,4-Cu;Mgs-c-P6-T4a and 1,2-
Zn,;Mg4-c-P6 using the templates T4a and T4b respectively followed by insertion of copper(Il)

and zinc(11).

8. CONCLUSIONS AND OUTLOOK

Oligopyridine ligands are tremendously versatile templates for synthesizing metalloporphyrin
cages, and they provide access to many molecular architectures which would otherwise be
unobtainable.'" This work illustrates the diversity of template effects; for example, a shadow
mask template operates in a very different way from a classical macrocyclization template. Yet
another mode of operation is illustrated by scavenger templates, which promote formation of a
given product by scavenging a species which would otherwise interfere with the desired

reaction.*®%’

A recurring theme in this work is the use of several molecules of the same template, which
work together cooperatively to direct the formation of a larger structure. It is easier to build a
large porphyrin nanoring by using several small template units to form a Vernier complex, or a
caterpillar track complex, or a Russian doll complex, rather than using a single large template.
Similarly in the synthesis of the 14-porphyrin nanoball (Figures 12¢ and 13), we found it easier

to use one T6 template and two T4 templates to define the cavity of the cage, rather than using a
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bespoke 14-site template. The principle of using multiple templates in the same transformation
also applies to work on metal cation templates.’” There are still many challenges in this field; for
example, we have not yet devised a way to use oligopyridine templates to create catenanes or
knots (other than the use of a simple copper active metal template),”® and we have just started to
gain access to 3D ball-shaped geometries. Linear template-directed synthesis and mutual Vernier
templating open up many possibilities for creating information-rich self-replicators. It would also
be fascinating to take these systems into thermodynamic control and generate dynamic
combinatorial libraries of m-conjugated porphyrin arrays, and this might be possible if better

catalysts can be developed for alkyne metathesis.*"’
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