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Abstract

The transcription and translation of information contained in nucleic acids that has been perfected by nature serves
as inspiration for chemists to devise strategies for the creation of polymers with well-defined monomer sequences.
In this review the various approaches in which templates (either biopolymers or synthetic ones) are used to

influence the monomer-sequence are discussed.
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the synthesis of complex, controlled monomer-sequences using chain-growth polymerisation techniques.

Introduction

The monomer sequences in biopolymers such as nucleic acids and proteins are strongly linked to their function, and
even small errors can yield non-functional macromolecules, or worse. Nature therefore expends significant
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resources on the (nearly) flawless synthesis of these polymers.! For example, DNA is replicated using DNA
polymerases, which achieve error rates as low as 1 in 10° nucleotide additions, a rate which is further reduced by
several orders of magnitude by proof-reading and repair mechanisms.! Presently, DNA is the primary information
carrier used in nature.” RNA, which can be prepared by the transcription of DNA by RNA polymerases, in most cases
serves as a middleman, conveying information from DNA to amino acid sequences in proteins (e.g. as messenger or
transfer RNA; mRNA and tRNA), though RNA can also perform catalytic functions itself, and it has been suggested

that RNA played a much bigger part in emerging life before the advent of proteins.**

The wide variety of functions that biopolymers perform with a limited number of monomers (e.g. the 21
proteinogenic amino acids in proteins) has led polymer chemists to conclude that an increased control over the
monomer sequence could similarly imbue complex properties upon synthetic polymers, allowing them to be used for

a plethora of novel applications.®**

Various methods towards this ultimate goal of sequence control have been suggested, ranging from solid-phase
synthesis, the coupling of presynthesised oligomers, ring-opening polymerisation of multifunctional ring systems and
kinetic control.”** Perhaps the most extensively investigated method, i.e. template polymerisation, is closer to the
procedures perfected by nature though. Replication, transcription and translation are all based on templated
synthesis of biopolymers, i.e. the monomer sequence is strictly predetermined by the template molecule (DNA in
replication and transcription, mRNA in translation). In this review the use of various types of template

polymerisation for the control over monomer sequence in synthetic polymers will be discussed.

Template polymerisation

The term template polymerisation is widely used in literature to describe any polymerisation where a template is
used to influence properties of the daughter polymer. Molecular weight, dispersity and tacticity can for example be

influenced strongly by their polymerisation in the presence of a template (macro)molecule.***®

Supramolecular interactions (such as Coulombic interactions or hydrogen bonding) between the template and
monomers and/or the growing polymer are required for a template to exert control over any property of the
polymer. In literature, the term templating is occasionally also used for systems where covalent bonds are used to

influence the properties of polymers (in an intramolecular polymerisation), but these will not be considered here.
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The nature of the template varies depending on the polymer characteristic that one wishes to influence. For the
control of the molecular weight and dispersity of polymers, template polymers with well-defined molecular weight
and dispersity are used. Ideally, daughter polymers with identical dispersity and degree of polymerisation are

obtained.***®

Both small molecules and macromolecules can be used as templates to influence the tacticity of
polymers. Small molecules (or metal-ion complexes) are used to supramolecularly influence the relative positions of
monomers,'” placing them in positions that promote e.g. iso- or syndiotactic incorporation of the monomers.

Alternatively, a small molecule can be used to effectively make a monomer bulkier, thereby prohibiting the isotactic

incorporation of monomers and yielding preferentially syndiotactic polymers."’

The best example of a macromolecular template for the control of the tacticity of polymers is based on the
formation of stereocomplexes,'’ e.g. between isotactic and syndiotactic poly(methyl methacrylate), where either

one induces the formation of the complementary polymer.

This review focusses on the use of templates for the control of monomer sequence in synthetic polymers. This is not
the only reason why template polymerisations have been studied though. Template directed control of monomer
sequences has also been studied extensively to understand the fundamental requirements for the transfer of
information between (bio-)macromolecules, and how this relates to the origin of life.”® Reproduction is arguably the
most crucial feature of living systems, and reproduction in nature is purely a templated process. Even before self-

20,21

replicating nucleic acid systems arose, templating by clay crystals or lipid membranes® could very well have

catalysed the formation of nucleic acid containing polymers.

The questions chemists have been trying to answer about the origin of self-replicating nucleic acid systems, and
about later, more complex, biological systems, are becoming increasingly relevant to material chemists in their quest
for routes towards sequence-controlled polymerisations, since a thorough understanding of the replication,
transcription and translation processes might allow for the adoption of these principles for the preparation of
synthetic polymers with similarly well-defined monomer sequences. Efforts to adopt aspects of template
polymerisation to synthetic polymers range from polymerisations that are strongly connected to biological systems
to fully synthetic approaches. In the following sections the various approaches have been divided into (1) systems

where biopolymers (i.e. nucleic acids) are used as template molecules and (2) fully synthetic systems.
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Biopolymer templates

The use of biopolymers (or close analogues thereof) as templates is the most commonly used method in the
sequence control of synthetic polymers. A number of very different methods based on biopolymers have been
proposed. For clarity, they have been categorised as methods akin to replication/transcription or translation in

natural systems, or as approaches fully unrelated to biopolymer synthesis.

Template polymerisation akin to replication and transcription

Scientists have extensively used nature’s machinery for the creation of fully or partially synthetic polymers. In these
approaches enzymes (DNA/RNA polymerases) are used to catalyse the transcription of a template nucleic acid
polymer. This strategy is limited in its scope since the natural systems are highly specialised and only effectively

A.>*** Fortunately many sources of

catalyse the synthesis of nucleic acids that are similar in structure to DNA/RN
polymerases are available and the specificity of the various enzymes varies greatly. Some examples of nucleic acids

that can be polymerised using polymerases are shown in Figure 1. Both the (deoxy)ribose group (Figure 1a) and the

phosphodiester group can be exchanged (Figure 1b).
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Figure 1. A) Derivatives of the (deoxy)ribose group which can be incorporated by polymerase enzymes. TNA: threose
NA, HNA: 1,5-anhydrohexitol NA, ANA: 1,5-anhydroatritol NA, FANA: CeNA: cyclohexenyl NA, GNA: glycerol NA. B)
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For TNA, HNA, ANA, FANA, CeNA and LNA heredity and evolution could even be shown, supporting the assumption

that other nucleic acids besides RNA and DNA could have been involved in the rise of early life-forms.?
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Several groups have attempted to extend the scope even further by modifying the polymerases to allow for a
broader scope of monomers. In many cases though these efforts also result in less specific incorporation of the

appropriate base pair.2®*’

New functions can potentially be incorporated into nucleic acids by introducing functional groups. This is most
reliably achieved by placing functional groups in the major and/or minor groove of the double-stranded helix to
avoid interference with the recognition between bases: any changes need to be performed on sites on the opposite
side from the H-bonding face (Figure 2a). A notable exception is presented by Szostak and co-workers.?® They
showed that the use of 2-thiothymidine (2-TT) instead of thymidine (T) lead to the suppression of mismatched pairs
through stronger binding between 2-TT and adenine (A) and weaker unspecific binding to cytosine (C) and guanine

(G), and therefore yields lower error rates in the enzyme-free replication of phosphoramidate DNA.

Besides using modified versions of the four natural bases, in which recognition is limited to two base pairs, efforts
have been made to devise completely new artificial recognition pairs which are orthogonal to the A/T and G/C
recognition.” The base pairs shown in Figure 2b could even be shown to be compatible with the PCR procedure, in

which they were specifically and efficiently incorporated into the nucleic acid chain.

The incorporation of functional groups and unnatural bases is still limited by the selectivity of the polymerases that
are used. Liu and coworkers suggested using DNA ligases rather than polymerases for the transcription of a ssDNA
template.®® They were able to show that T4 DNA ligase was able to efficiently couple 5’-phosphorylated
trinucleotides in the presence of a suitable ssDNA template. The presence of functional groups on the 5’-base did
not effect the efficiency of the ligase significantly. Eight different functional groups could be incorporated in a
sequence specific way using this strategy, and 10 to 50 three nucleotide codons could be transcribed efficiently (full-

length product yields > 80%).
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Figure 2. A) Some examples of modified bases used to introduce functional groups into nucleic acids.?
of artificial base pairs that are capable of being selectively incorporated into nucleic acids by PCR.*

Enzyme-free replication and transcription
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B) Examples

Replication and transcription have also been extensively studied without the use of the highly optimised enzymes

that nature has given rise to,?*

acids can be used, provided the template nucleic acid strand and the daughter polymer efficiently hybridise.

which has the advantage that also backbones very different from natural nucleic

Enzyme-free replication and transcription of nucleic acids has been far more difficult than was originally assumed.

Pioneering work by Orgel and co-workers showed that the template polymerisation of activated phosphate moiety

containing nucleotides could be used to promote the formation of a small number of phosphoesterifications

between mono-, di-, tri- or oligonucleotides, though mostly in rather poor yields.

Also, recognition between
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cytosine and guanine were shown to be far more effective as templates than adenine and thymine (or uracil),

presumably because of the stronger interaction between C and G.

Using mononucleotides the incorporation of monomers was very error prone: error rates as high as 30 % for G/C and
> 50 % for A/T base pairing were found.*® Enzyme-free template polymerisation with some accuracy and efficiency
has become possible only using oligonucleotides. Similar observations were made when using non-natural
nucleotides (e.g. PNA, ANA). Though a large body of work relating to the template catalysed ligation of two
oligomers can be found in literature, using a wide variety of different chemical reactions and polymer backbones,
these works do not provide a real control over monomer sequence and have been reviewed extensively

41,42

elsewhere and will therefore not be covered here.

A good example where oligonucleotides were coupled together was provided by Liu and co-workers.*** They
utilised PNA tetramers® to recognise four-base codons on a DNA template. Various 5’-amine (which serves as the
initiator) DNA hairpin template molecules with predominantly AGTC codons and a single codon with a different
sequence (ten codons in total) were used. The position of the differing codon was varied. In the presence of only
NH,-GACT-CHO PNA tetramer primarily the truncated product, with a length dependent on the position of the
mismatched codon, were obtained. Even the presence of all possible PNA tetramers, except for the one
complementary to the second codon, primarily yielded the truncated product. Only in the presence of NH,-GACT-

CHO and the PNA tetramer complementary to the second codon were full length products obtained in good yield.

In an extension of this work it was shown that 12 different PNA pentamers could be polymerised in a sequence-
specific manner.*” A suitable set of PNA tetramers which polymerize efficiently, selectively (e.g. with minimal out of
frame hybridisation) and exhibit sufficient complexity could not be found. The authors used this system to show that
functional PNA sequences can be selected from a library. This is done by displacing the PNA strand from the DNA
template using a DNA polymerase to create the corresponding double stranded (ds) DNA, thereby allowing the PNA

strand to interact with moieties in solution.

The group also investigated the influence of various side-chains on the a- or y-carbon atoms of PNA pentamers.** 20
different groups could be placed on one or several of the PNA monomers in the NH,-GGATT-CHO PNA pentamers

that were used, and in most cases the full-length product was obtained in high yields (70-85%). Only the use of
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monomers (functionalised on the underlined thymidine residue: NH,-GGATT-CHO) functionalised with D-
stereochemistry resulted in very low yields (~10%). The authors show this as a first proof that functional groups can

be incorporated in PNA polymers. The work is summarised graphically in Figure 3.
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Figure 3. A) Template polymerisation of PNA tetra- or pentamers using 5’-amine functionalised DNA as a template.
Truncated products are mainly formed in the absence of the PNA aptamer complementary to all codons present in

the template. B) PNA aptamers in which functional groups were introduced in the positions marked with ‘R’. In most

cases a single functional group was introduced into an aptamer, but multiple functional groups could also be

used.®**

The overwhelming majority of investigations into enzyme-free template polymerisation using nucleic acids as
templates have used the linkage of monomers/oligomers to control the monomer sequence of the daughter
polymer. A novel approach was described by Ura et al., who used DNA templates for the selective post-
polymerisation functionalisation of peptides containing cysteine at every second position.*® They used bases with a
thioester linker that, through a transesterification were linked to the free thiol groups of the peptides. The presence
of a DNA template molecule (e.g. Cy, or T,o) was shown to promote the incorporation of the complementary base,
with a selectivity of nearly 90%. Removal of the template and addition of another led to the enrichment of the newly
complementary base (Figure 4). Though no real control over the sequence of bases on the cysteine moieties could
be shown yet, the methodology certainly allows for the incorporation of a functional group at every second amino
acid, and the nature of the intermediary AAs (between the cysteine residues) in the precursor polymer could be

varied.
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Figure 4. The DNA-template directed post-polymerisation functionalisation of cysteine-rich peptides.*®

Template polymerisation akin to translation

The translation of the genetic information carried by mRNA to amino acid sequences performed in ribosomes is a
highly complex procedure, which is nicely illustrated by the large number of components that constitute a functional
ribosome (57 proteins and three ribosomal RNA strands (rRNA) for bacterial ribosomes, and even more for
eukaryotic ribosomes).” Nevertheless, ribosomes can also be used to produce synthetic polymers. The most common

procedure is the incorporation of non-canonical amino acids (AAs) into proteins.*’*

Early approaches towards the incorporation of non-canonical AAs used non-canonical aminoacyl tRNAs based on the
desired AA and a recombinant tRNA to suppress a nonsense stop codon. In this way only a small number of non-
canonical AAs could be incorporated in vitro. More advanced approaches, which allow for the incorporation of larger
numbers of non-canonical monomers, uses a reconstituted translation system including purified ribosomes and a
complex mix of recombinant proteins and cofactors instead of a cell lysate. The fact that various components, e.g.
canonical aminoacyl-tRNAs, can be omitted, eliminates the risk of undesirable incorporation of the amino acid for

which a given codon naturally codes, thereby allowing an alternative designation of codons to monomers.

Obviously, amino acids with altered side-chains can be incorporated, but in a few cases also the nature of the

peptide backbone was changed. N-Methylation, which in nature is often performed post-translationally, can also be

52-56

realised using N-methylated amino acids during ribosomal translation. Though the incorporation of longer alkyl

chains was also attempted, the success was very limited. Besides the L-amino acids that are typically used in nature,

57,58

also D-amino acids can be incorporated under the right conditions. Scientist have even gone so far as to replace

the amide bond in the peptide backbone with an ester bond.’>®® Ohta et al., following up on observations by
9
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Fahnestock and Rich,®* were able to change the meaning of up to eight codons (seven o-hydroxy acids and
formylated methionine assigned to the AUG start codon) using a flexizyme®? system, and used these to prepare
polyester sequences with lengths of up to 12 monomers (Figure 5). Additionally, also lysine, aspartic acid and
tyrosine could be incorporated in the polymer chain.

A) :
\g}\"% :%J}]f 04

) o

R=H, OMe, iPr, CN R'=H, Me, iPr

B) mMRNA: AUG AGU GUU CAG GUU AAG AAG flag

I NH;

FLAG = KKDYKDDDDK

Figure 5. A) The a-hydroxy acids used by Suga and co-workers. B) Two examples of the in vitro translation of mRNA
sequences into polyesters.*®°

The incorporation of non-canonical amino acids (or, more generally, monomers) is limited by the specificity that
ribosomes exhibit. Some groups have attempted to modify the ribosome in such a way that more monomers can be
incorporated in a well-defined manner, but the complexity of the ribosome makes this endeavour challenging.”’
Similarly, the incorporation of non-canonical AAs in peptides synthesised by nonribosomal peptide synthases can be

facilitated by point mutations in these enzymes.®

Liu and co-workers recently presented a more synthetic procedure to translate nucleotide sequences in DNA to a
sequence of polymer building blocks.®* They used a PNA adapter covalently linked with polymer building blocks at
the a- and w-ends to recognise nucleotide codons. The formation of covalent bonds (copper-catalysed azide alkyne
cycloaddition proved most efficient) between the polymer building blocks led to the extension of the hairpin DNA
with up to 16 polymeric building blocks, though the yield of full-length product was reduced with longer templates.
Homotelechelic monomers, i.e. monomers having two alkyne or two azide moieties at both ends, were used since

heterotelechelic monomers yielded undesired side products due to cyclisation. The use of homotelechelic building
10
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blocks limits the number of possible products from a given number of PNA adapters though. Cleavage of the

disulphide linkers between the PNA adapter and the polymer building blocks yielded the final polymer (Figure 6).
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Figure 6. The use of a DNA template for the synthesis of sequence defined polymers by using a PNA adapter as an
artificial tRNA.*

Novel approaches
The hybridisation of two complementary single stranded DNA (ssDNA) strands can be used to place moieties (e.g.
monomers) into close proximity to each other. Liu and co-workers, and more recently the combined groups of

Turberfield and O’Reilly, used this principle extensively to create sequence-defined oligomers.

The first approach by Liu and co-workers used a DNA template with a 5’-amine group which consisted of three
coding domains.®> A DNA decamer, complementary to bases 21-30 of the template, bearing a 3’-amino acid on a
base labile sulfone linker and a 5’-biotin moiety, was added. A peptide bond was formed, using EDC as the coupling
reagent, between the terminal amine group of the template DNA and the carboxylic acid group on the DNA
decamer. After breaking of the sulfone linker using basic conditions and removal of the DNA decamer using
streptavidin-linked magnetic nanoparticles, another decamer, complementary to bases 11-20, or in the last step to
bases 1-10, was added and the cycle was repeated to yield a tripeptide (Figure 7a). The yield of the additions ranged

from 52 to 82%, so that the overall yield of the tripeptide was rather poor.

In a second publication they used this same strategy to produce macrocycles using an extra Wittig olefination
reaction for ring closure.®® An amino acid bearing a diol group on the 5’-terminus of the template DNA was used to
provide the primary amine instead of a simple 5’-amine group. After three successive couplings, the last of which
incorporated a phosphonium group, an aldehyde was generated by the oxidative cleavage of the diol group, making
the Wittig olefination possible (Figure 7b). The authors were able to produce a library of different macrocycles, and it

even proved possible to prepare four different macrocycles in one pot using four different templates.

11



Polymer Chemistry Page 12 of 25

: () ) Q)
N\NNN N

Q o o

,“JLO/\,O‘S’L/\O/“\ Il

NNNN @@= \ur\ml‘(::f—\ \m\n\(::?

1
!
S\ ww"« — U\ 000

o o o
)| N
.o MILGN .o mn I, . mn A,
-t I oy -y I o
" 5 W N - AN
{ (
(@ - )\KK,
on

B) S SULN SR
7YY N\ . TLY
g e ey

N\NNNS NN @i

\ ©
o X
NN e NN\ \ 9

Xe Md/\c/\/s\/\o
N/UV/T“" Ao
i & Tem
NNNNT T — NN @
\“‘i:“r_r“ o

o

ol o = NN i 'y i i RN P P o = NN A PN H L

H L \/\(M NN - ‘f\(‘»« - \/\m N SoH 0=8=0 H Lol OH N Som - 'OH N Son
o

Ho N & N PN o ™ N

A \ ) ) Wy L

Py X - > Sw

- W7

N,

Figure 7. The synthesis of tripeptides (A) and peptide macrocycles (B) presented by Liu and co-workers.®>®

Liu and co-workers also showed that masking of the template using non-functional ssDNA of different lengths could
be used to facilitate the one pot synthesis of tripeptides.®”’ The template DNA bearing a 5’-amine was hybridised with
two ssDNA masks of different lengths, thereby masking two of the three coding regions. Subsequently, three ssDNA
fragments 3’-functionalised with non-natural amino acids or biotin were added to the mixture at 4°C. Since only one
of the coding regions (the shortest one) is left unmasked, only the first of the ssDNAs can bind and only one amino
acid is transferred to the template DNA. The hybridisation of both the spent first ssDNA and the shorter mask with
the template is selectively disrupted by increasing the temperature to 37°C, using the low melting temperatures of
this hybridisation. This allows for binding of the second ssDNA to the second coding region and the subsequent
addition of the second amino acid. A further increase of the temperature to 62°C leads to the release of the last

mask and the second spent ssDNA fragment, so that hybridisation of the final and longest ssDNA is made possible

12
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and addition of the biotin moiety can take place, yielding the desired product in an overall yield of 38% (Figure 8).
The formation of oligomers in the absence of the masks yielded a mixture of all possible products. In addition to the

formation of peptide bonds also Wittig olefination could be used as the coupling reaction in this approach.

: SR

— INBINBINNINC N 4.
N\NANNN 1IN NN NN

im.
o 0 @
INBINDBINN. \L”M,_‘— INBINDI NN o : INBIMNR |N)\\N)\H‘L..‘,,‘

62 Cl .
QE*.Q
NN A NN \J‘_.“

Figure 8. The stepwise addition of monomers is achieved through masking of part of the template ssDNA and
stepwise removal of the masks using increasing temperature.®’

Using ssDNAs of increasing lengths, all complementary to the same template molecule, also results in the
replacement of the previous ssDNA through stronger binding (Figure 9a). In this way hexamers could be prepared in

an overall yield of 35%.%

13
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Figure 9. Various stepwise methods using the hybridisation of nucleotides for the synthesis of sequence-defined
oligomers. A) The use of ssDNAs of increasing lengths can be used to prepare hexamers.®® B) The use of partially
complementary ssDNA strands for the subsequent addition of monomers in Wittig reactions and removal of the
empty strands using fully complementary ssDNA strands.®®’® C) Binding of two ssDNA strands with monomer
residues to a series of template ssDNA strands.”

The groups of Turberfield and O’Reilly used a strategy where two end-group functionalised ssDNA fragments are

8970 After reaction of the monomers in a Wittig reaction the spent

hybridised leaving a non-complementary section.
ssDNA is hybridised with a (non-functionalised) fully complementary ssDNA strand, thereby effectively removing it

from the mixture, leaving the remaining ssDNA free to again be hybridised with an end-group functionalised ssDNA

14
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strand which is only partially complementary. Through repetition of such cycles a sequence defined polymer (up to

decamers were shown) is formed (Figure 9b).

The same groups also used the hybridisation between template ssDNA with two shorter, complementary end-group
functionalised ssDNA strands in a stepwise DNA template coupling.”* One of the shorter strands carried a monomer
residue at the 5°-terminus, while the other carried another monomer at the 3’-terminus. The addition of the
template ssDNA brings the monomers (or, in the first step, a monomer and a monofunctional end-group, FAM) close
together, allowing the transfer of one of the monomers to the other chain by the Wittig reaction between an
aldehyde and ylide functional group. Removal of the template and empty ssDNA, followed by addition of another
template and ssDNA with terminal monomer group, results in the addition of another monomer. Such a stepwise

procedure can be sped up by coupling oligomers (Figure 9c).

The system currently closest to the strategy that nature uses in ribosomal translation was presented by the group of
Liu, who used a single DNA strain as a template in a system that mimics the process that takes place in the
ribosome.”” As tRNA mimics they used several single stranded RNAs 5’-functionalised with the NHS ester of an amino
acid or another small molecules (which will later be the end groups). A section of the tRNA mimic is complementary
to a codon section on the template (which contains four codons) while the rest contains a central recognition site for
an RNA-cleaving DNAzyme. One of the tRNA mimics (initiator) serves to recognise the start codon, is shorter and
does not include a cleavable site or amino acid. The final component is a DNA walker with a 3’-terminal amine group.
The 5’-section of the DNA walker is complementary to the RNA of the tRNA mimic closest to the recognition section,
followed by a DNAzyme sequence and another section complementary to the final section (closest to the amino
acids) of the tRNA mimic. The formation of the oligomers using this procedure is shown in Figure 10. The template
and tRNA mimics self-assemble by hybridisation. The DNA walker and the initiator are added after self-assembly of
the other components, ensuring translation starts at the right position. The 3’-section of the walker DNA remains
free to hybridise with the 5’-side of the first tRNA mimic. The amine end-group on the walker DNA is at that stage in
close proximity to the first activated amino acid group and the first amide bond is formed. The 5’-section binds
equally strongly to a section of the first tRNA mimic and moves to that location, bringing the DNAzyme in the DNA
walker close to the cleavable site in the tRNA mimic. The cleavage frees up the 3’-section of the DNA walker, which

can again bind to the next tRNA mimic. This cycle repeats itself several times.
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Figure 10. The strategy developed by Liu and co-workers mimicking the process of translation in ribosomes.””

Though the procedures described above only yield oligomers rather than true, high-molecular weight polymers, and
similar oligomers can be prepared in much more straightforward procedures than the ones described above, e.g.
through solid-phase synthesis methods, the work by the groups of Liu and the two groups of Turberfield and O’Reilly

provide first steps toward novel methods for the synthesis of sequence defined polymers.

Schuster and co-workers used the hybridisation of (base modified) DNA strands for the preparation of sequence-
defined linear and cyclic conducting oligomers,”® continuing earlier studies where conducting oligomers were

prepared using similar strategies without introducing sequence control.”*”®
16
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Two different strategies are presented. The first uses two complementary DNA strands in which some of the
cytosine bases are modified with aniline (ANi) or 2,5-bis(2-thienyl)-pyrrole (SNS) moieties. Hybridisation of the
strands yields complexes where ANi and SNS moieties are in appropriate distances to each other to allow for the
oxidative polymerisation of the moieties using horseradish peroxidase and hydrogen peroxide (Figure 11a).”® The
relatively large size of the SNS groups requires their separation by one base,”> while ANi moieties are located on
neighbouring bases.” This strategy could be used to prepare block copolymers (or oligomers) and AABB-periodic

copolymers of ANi and SNS residues.

A S GO A CAGASY Y ¥ ¥ ¥ YACTGOO 008 SACK GTC COAY Y OAG Y Y GaG Y ¥ ACT 660 TGS @_ M
<»;H7)‘ o " ozbo f\ )y i O:E—o- EE/LO
ferG oo @M@ﬁ EXA
1CH2>1 6 (CHaid 2 (CHz) 2 : t
B)
hagdiad A 2 % 3 3 2 32 3
N S ¥ ¥ §..3 0% % %
NAAE S 38 S S 3
65655 60000000000 -6 H0000066000
N\ :
C) p
VNN
NN DA
VAN
AN

Figure 11. A) Preparation of sequence-defined conducting polymers using the hybridisation of modified cytosine
bases presented by Schuster and co-workers. X and Y represents 2,5-bis(2-thienyl)-pyrrole (SNS) and aniline (ANi)
modified cytosine bases respectively. B) Strategy for the preparation of linear and C) cyclic sequence-defined
conducting copolymers of SNS and ANi.”®

A more modular strategy, based on the orthogonal hybridisation of flanking stretches of ssDNA on both sides of a
central segment bearing SNS or ANi moieties, is also presented.”® Linear polymers become accessible by using three
ssDNA building blocks together with two ‘caps’ (Figure 11b). The central segment contains five ANi or six SNS
moieties. By using different ssDNA building blocks a range of possible conducting homo- and copolymers could be

prepared (ANi15, ANijp-b-SNSg, ANis-b-SNSg-b-ANis, SNSe-b-ANis-b-SNSs, SNS;,-b-ANis and SNSi5) in good yields.
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Cyclic polymers are prepared using either three or four ssDNA building blocks which form cyclic assemblies (Figure
11c shows the assemblies formed from four ssDNA building blocks). A range of cyclic polymers could be prepared by
the oxidative polymerisation using HRP and H,0,, with different compositions and block sequences. Finally, it was
shown that a longer central segment (bearing ten in stead of five ANi moieties) could also be used to prepare cyclic
copolymers. The spectroscopic properties of both linear and cyclic (co)polymers was shown to be dependent on the
monomer sequence, and experiments using longer central segments bearing 10 ANi moieties showed that the
spectroscopic properties of the conducting polymers were not influenced by the presence of DNA. A final step in
which the DNA template is removed has not yet been reported by the authors, and the absence of hydrolysis sites
might make this difficult. Nevertheless, the template-directed synthesis of conducting copolymers presents a novel

method of creating well-defined materials for electronic- and optical applications.

Synthetic templates

The number of purely synthetic systems where template polymerisation is used to control monomer sequences is
still severely limited. The earliest examples where a certain influence over the monomer sequence distribution can

14,16 One

be obtained rely on the presence of homopolymers that interact specifically with one of the monomers.
example is from the work of Bamford et al., who investigated the N-carboxyanhydride (NCA) copolymerisation of the
NCAs of L-glutamic acid ethyl ester or phenylalanine with the NCA of sarcosine.”’ If a poly(sarcosine) homopolymer
was used as the initiator, hydrogen bond interaction between poly(sarcosine) and the NH-groups in the NCAs of L-
glutamic acid ethyl ester or phenylalanine led to the preferred incorporation of these monomers over the monomers
of sarcosine, which does not interact with its homopolymer through H-bonding. Similarly, poly(2-vinylpyridine) as a
template was shown to yield small blocks of poly(L-alanine) in copolymers of L-alanine and sarcosine (polymerised by

NCA polymerisation).”® The same effect was observed during the copolymerisation of styrene and methacrylic acid in

the presence of a poly(2-vinylpyridine) template in radical polymerisations.”®

The group of Sawamoto has more recently started exploring the use of template polymerisation for the selective
incorporation of monomers as a route towards sequence-defined polymers in chain-growth polymerisations. Though

8081 or on templated

their efforts have thus far focused on the specific incorporation of only a single monomer
homopolymerisation,® a number of different interactions have been shown to successfully yield selective addition of

the complementary monomer.
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The systems investigated by Sawamoto and co-workers are based on a bifunctional initiator capable of initiating
cationic polymerisation and atom-transfer radical polymerisation. The two functional groups are placed on the
ortho-positions of a phenyl group, thereby ensuring their proximity. A templating group (monomer or homopolymer)
is added to the site designated for cationic polymerisation, whereas metal-catalysed atom-transfer radical addition is
used to selectively add a complementary monomer. The authors have thus far shown the incorporation of
methacrylic acid monomers in the presence of primary amine groups and the incorporation of sodium methacrylate
using a 15-crown-5-ether template. By comparison, the addition of methyl methacrylate, benzyl methacrylate (in
case of the amine template) or methacryloyloxyethyltrimethylammonium chloride (when using a crown ether
template) did not proceed efficiently because of the absence of (or far weaker) interactions between the monomers

and the template.

Figure 12. Templated addition of single monomers presented by Sawamoto and co-workers.®#!

Though it is debatable whether it should be considered a template polymerisation, supramolecular interactions
between monomers can be used to influence monomer sequence. Early examples by Salamone et al. e.g. showed
that attractive Coulombic forces between monomers can result in an increased degree of alternation in

copolymers.®¥%¢

Combinations of protonated 4-vinyl pyridine and p-styrenesulfonate, 2-
methacryloyloxyethyltrimethylammonium and 2-methacryloyl-oxyethanesulfonate or 3-acrylamido-3-

methylbutyltrimethyl-ammonium 2-acrylamido-2-methylpropanesulfonate were used (Figure 13). Similarly,

hydrogen bonding between monomers can lead to the formation of highly alternating monomer sequences.?’
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Figure 13. Monomer pairs where supramolecular interactions between the monomers lead to the formation of
predominantly alternating monomer sequences.®**’

Jana et al. used metal-ligand complexation to create chiral metal complexes incorporating two polymerisable
moieties ((meth)acrylates), Zn(ll) and (-)-sparteine for the preparation of main-chain optically active polymers.?%
Racemic diads spaced by a single different monomer are needed to obtain optically active polymers.”® The
coordination of two (meth)acrylic acid monomers and optically active spartein to Zn(ll), which is tetracoordinating,
yielded a complex, the copolymerisation of which with aryl containing monomers (e.g. styrene or 2-
vinylnaphthalene) led to the preferential formation of such triads and therefore optically active polymers, though

the overall composition of the polymers indicated that the acrylic acid or methacrylic acid diads were mostly

separated by more than one aryl containing monomer (Figure 14a).

The work of Jana et al. employs a synthetic pathway similar to cyclopolymerisation. In cyclopolymerisations
bifunctional monomers are polymerised in such a way that the two polymerisable groups polymerise subsequently
(intramolecularly), thereby yielding linear polymer chains with cyclic side-chains.”* A requirements for bifunctional
monomers to polymerise in a cyclopolymerisation is that the polymerisable groups need to be in close proximity to
each other. If this requirement is not fulfilled, branching or cross-linking can result. Therefore the linkers between

the polymerisable groups are typically fairly short and promote their colocalisation using bulky groups.

A templating approach can be used to induce cyclopolymerisation for monomers with longer linkers though. If the
polymerisable groups, i.e. methacrylate groups in this case, are linked by oligo-ethylene glycol (EG) linkers, ions can
be used as templates.”® Crown-ether-like complexes are formed between the linkers and metal ions (Figure 14b). A
potassium cation was used to form complexes with dimethacrylate monomers with EGs, EGs and EGg monomers,
though the highest degree of cyclisation was found for EGs. By promoting cyclopolymerisation, the intramolecular
polymerisation of the two functional groups from one molecule was promoted, and thereby also a control over the
monomer sequence is exerted. This same principle was utalised by Zou et al. for heterobifunctional monomers that

contains both a styrene moiety and a maleimide moiety separated by a EG¢ or EG; spacer. Normally styrene and
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maleimie monomers copolymerise in an alternating fashion, but templating using a potassium-cation ensured that
cyclopolymerisation took place and cross-linking was prevented.”® Isono et al. used the ternary complexation of a
bivalent monomer, a chloride ion and a cationic, anion coordinating axle compound to promote the

cyclopolymerisation of a bivalent monomer (Figure 14d).”*
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Figure 14. A) Cyclocopolymerisation of a supramolecular complex of two (meth)acrylic acid monomers with aryl

monomers.2*®¥® B) Promotion of cyclopolymerisation of ethylene glycol containing bivalent monomers using

potassium-cations.”? C) Promotion of the cyclopolymerisation of a heterobifunctional monomer containing both a
styrene and a maleimide moiety using a potassium-cation. D) Promotion of cyclopolymerisation by the binding of
chloride in a ternary complex.”* E) Preparation of periodic copolymers with ABA-monomer sequences using a
supramolecular complex of 4-vinylpyridine, palladium and a bivalent pincer containing monomer.”

Sawamoto and co-workers used a combination of metal-ligand complexation and cyclopolymerisation to create
periodic copolymers (ABA sequences).” A tridentate bifunctional monomer was used to complex Pd(ll) while a 4-
vinylpyridine monomer served as a monodentate ligand. The alignment of the polymerisable groups, which was

additionally supported by the H-bonding of bulky fluoroalcohols to the carbonyl groups of the bifunctional
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monomer, yielded the desired ABA-sequences with a high degree of accuracy. Removal of the templating Pd(ll) and

hydrolysis of the bifunctional monomer yielded primary amine and pyridine side groups (Figure 14e).

Conclusions and outlook

Template polymerisation as a method towards sequence-controlled synthetic polymers is a very useful pathway,
though at present predominantly for the synthesis of structures closely related to biomacromolecules. Accordingly,
the biggest successes have thus far been achieved using the machinery that nature has given rise to. The
transcription and translation processes that biology uses could be employed for the incorporation of non-natural
monomers with high accuracy by utilising polymerases or ribosomes, for example by using non-natural nucleic acids
and non-canonical amino acids (or a-hydroxy acids). The accuracy achieved using nature’s machinery also limits the
scope of this approach, since only a limited number of monomers can be incorporated in this way, and modifications
of the polymerisation systems remains highly challenging, while often selectivity is traded against accuracy. A wider
variety of monomers can be incorporated using enzyme-free template polymerisations, even though the accuracy is
a far cry from that achieved using specialised proteins, even when oligomers (rather than single monomers) are
linked together. Nevertheless the formation of stable double stranded helices between the template and the
daughter polymer is still required, a limitation that can be circumvented using various stepwise processes based on
the hybridisation of nucleic acid strands, using which in theory any type of step-growth polymerisation can be
developed into a sequence-defined polymerisation. Realistically, these methods are only suitable for the preparation

of sequence-controlled oligomers though, the synthesis of which is still very tedious and inefficient.

The potential of template polymerisations using templates unrelated to nucleic acids is illustrated by the influence
that can already be exerted over other properties of polymers, such as the molecular weight, dispersity and tacticity.
Though some simple systems have been described where synthetic templates are used to control monomer
sequence, this area is still in its infancy. One of the challenges has been that chain-growth polymerisations are often
targeted, which are far harder to control than step-growth polymerisations due to the reactive nature of the ions
and radicals that are used. Nevertheless promising results have already been obtained which no doubt will lead the
way for novel strategies to also control the monomer sequence in polymers prepared through chain-growth

polymerisations.
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A second challenge is the availability of suitable templates. Whereas the synthesis of nucleic acids has been
developed to a high degree, thanks in no small amount to the relevance of these biomacromolecules for biological
and biochemical research, the synthesis of templates for other types of polymers still requires a lot of research since
nucleic acids present their binding sites at regular distances not necessarily suitable for other polymerisations.
Additionally, also the interactions between the template and monomers or the daughter polymer need to be

suitable in order to aligh monomers and increase their effective concentration.

The effort still required to make control over monomer sequence using template polymerisations feasible, especially
for polymers unrelated to biopolymers, is still substantial. In the end the benefits will likely outweigh the costs

though, as a plethora of materials with novel properties could come within reach.
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