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CONSPECTUS: The holy grail identified by Orgel in his 1995 Account was the development of novel chemical systems that evolve
using reactions in which replication and information transfer occur together. There has been some success in the adaption of nucleic
acids to make artificial analogues and in templating oligomerization reactions to form synthetic homopolymers, but replication of
sequence information in synthetic polymers remains a major unsolved problem. In this Account, we describe our efforts in this
direction based on a covalent base-pairing strategy to transfer sequence information between a parent template and a daughter copy.
Oligotriazoles, which carry information as a sequence of phenol and benzoic acid side chains, have been prepared from bifunctional
monomers equipped with an azide and an alkyne. Formation of esters between phenols and benzoic acids is used as the equivalent of
nucleic base pairing to covalently attach monomer building blocks to a template oligomer. Sequential protection of the phenol side
chains on the template, ester coupling of the benzoic acid side chains, and deprotection and ester coupling of the phenol side chains
allow quantitative selective base-pair formation on a mixed sequence template. Copper catalyzed azide alkyne cycloaddition
(CuAAC) is then used to oligomerize the monomers on the template. Finally, cleavage of the ester base pairs in the product duplex
by hydrolysis releases the copy strand. This covalent template-directed synthesis strategy has been successfully used to copy the
information encoded in a trimer template into a sequence-complementary oligomer in high yield.
The use of covalent base pairing provides opportunities to manipulate the nature of the information transferred in the replication
process. By using traceless linkers to connect the phenol and benzoic acid units, it is possible to carry out direct replication,
reciprocal replication, and mutation. These preliminary results are promising, and methods have been developed to eliminate some
of the side reactions that compete with the CuAAC process that zips up the duplex. In situ end-capping of the copy strand was found
to be an effective general method for blocking intermolecular reactions between product duplexes. By selecting an appropriate
concentration of an external capping agent, it is also possible to intercept macrocyclization of the reactive chain ends in the product
duplex. The other side reaction observed is miscoupling of monomer units that are not attached to adjacent sites on the template,
and optimization is required to eliminate these reactions. We are still some way from an evolvable synthetic polymer, but the
chemical approach to molecular replication outlined here has some promise.
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• Ciaccia, M.; Nu ́ñez-Villanueva, D.; Hunter C. A.
Capping Strategies for Covalent Template-Directed
Synthesis of Linear Oligomers Using CuAAC. J. Am.
Chem. Soc. 2019, 141, 10862−10875.2 This paper

describes the use of chain end-capping to control templated
oligomerization reactions and introduces an experimental
approach to quantifying the ef fective molarity for the
intramolecular reactions involved in covalent templating.

Received: December 15, 2020
Published: February 6, 2021

Articlepubs.acs.org/accounts

© 2021 The Authors. Published by
American Chemical Society

1298
https://dx.doi.org/10.1021/acs.accounts.0c00852

Acc. Chem. Res. 2021, 54, 1298−1306

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diego+Nu%CC%81n%CC%83ez-Villanueva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+A.+Hunter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.accounts.0c00852&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00852?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00852?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00852?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00852?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00852?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00852?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.0c00852?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/achre4/54/5?ref=pdf
https://pubs.acs.org/toc/achre4/54/5?ref=pdf
https://pubs.acs.org/toc/achre4/54/5?ref=pdf
https://pubs.acs.org/toc/achre4/54/5?ref=pdf
pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.accounts.0c00852?ref=pdf
https://pubs.acs.org/accounts?ref=pdf
https://pubs.acs.org/accounts?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/
http://pubs.acs.org/page/policy/authorchoice/index.html


• Nu ́ñez-Villanueva, D.; Hunter C. A. Controlled
Mutation in the Replication of Synthetic Oligomers.
Chem. Sci. 2021. DOI: 10.1039/D0SC06770A.3 Here,
manipulation of the chemistry used to connect the two
components of a covalent base pair was used to change the
nature of the information transferred in the copying process.

■ INTRODUCTION
Sequence information is the basis for the transmission of
biological inheritance and the expression and regulation of
biological function. Nucleic acids encode information as a
sequence of nucleotides assembled into a linear polymeric
chain. Template-directed synthesis is used to replicate this
information and translate it into amino acid polymers, where
the structure and function of the resulting protein are
determined by sequence.4 The evolution of living systems,
which is based on subtle variations in sequence between copy
and template, is intrinsically linked to these molecular
information transfer processes.5 In vitro molecular evolution
has been harnessed for the development of evolutionary
processes to search chemical space for new functional
biopolymers6−8 and to optimize existing biopolymers for
therapeutic or manufacturing applications.9−12 These tech-
nologies all rely on nucleic acid replication, because no other
system capable of sequence information transfer is currently
known.13,14 Extending molecular evolution principles to
synthetic polymers would allow the exploration of different
regions of chemical space and the discovery of new polymer
architectures where function is defined by sequence.15 A first
step toward this goal is the development of methods for
copying sequence information from one synthetic polymer to
another. In this Account, we discuss the challenges, highlight
some recent progress in our laboratory, and explore the
prospects for molecular evolution of synthetic sequence
polymers.
Figure 1 shows the chemical structure of the triazole

oligomers that we have developed to study molecular
replication. Information is encoded as a sequence of phenol
and benzoic acid side chains, and copper catalyzed azide alkyne
cycloaddition (CuAAC) is used for the oligomerization of
azide−alkyne bifunctional monomers. The aim is to develop
robust chemical methods that will allow the sequence

information encoded in a template oligomer to be replicated
in a copy.

■ COVALENT VERSUS NONCOVALENT
TEMPLATE-DIRECTED SYNTHESIS

In organic synthesis, a template is used to organize an assembly
of atoms in a specific spatial arrangement prior to bond
formation, so that a specific product is obtained when the
substrate has the potential to react in a different manner.16 The
molecular building blocks must first be attached to the
template and then removed after the reaction has taken place.
Reversible chemistry is therefore required, and noncovalent
templating is well-established in the field of supramolecular
chemistry.17−22 However, Figure 2 highlights some of the

difficulties in applying the noncovalent approach to the
template-directed synthesis of mixed sequence oligomers.
Quantitative assembly of the pre-ZIP intermediate is required
to ensure highly fidelity information transfer, and there are a
number of competing equilibria when the base-pairing
interactions are dynamic. Incomplete binding of monomers
to the template might be avoided by working at higher
concentrations of monomer, but off-template intermolecular
reactions will start to compete with the templated intra-
molecular reactions under these conditions. The availability of
the template for binding to monomers is limited by
intramolecular folding of mixed sequence templates. Finally,
the copy will form a stable duplex with the template preventing
iterative rounds of replication. In nucleic acid replication, H-
bonding interactions direct the transfer of information between
the template and the copy. However, the processes illustrated
in Figure 2 are avoided by using enzymes to make the template
accessible and control the correct attachment of monomers to
the growing chain in a stepwise manner. Nonenzymatic nucleic
acid replication is much less efficient.
Covalent template-directed synthesis provides an interesting

solution to the problems highlighted in Figure 2. The first
reports of covalent template-directed synthesis of mechanically
interlocked molecules appeared in the 1960s, but with some
notable exceptions, the approach has not been widely
adopted.23−35 The use of covalent base pairs in place of the
noncovalent base-pairing system found in biology opens up
alternative strategies for the development of efficient sequence
information transfer processes. Covalent attachment of the
monomers to the template solves the problem of partial
monomer binding shown in Figure 2. The ZIP step can be
carried out at very high dilution to minimize any

Figure 1. Building blocks used for the synthesis of triazole oligomers,
where chemical information is encoded as the sequence of phenol (P)
and benzoic acid (A) side chains. The backbone has a direction, and
the sequence of an oligomer AAP is written starting from the alkyne
end.

Figure 2. Noncovalent template-directed oligomer synthesis. The red
and blue bars represent two different bases that form a base pair via
noncovalent interactions represented by dashed gray lines, and the
white and black dots correspond to reactive sites before and after the
ZIP reaction that forms the backbone. Equilibria that compete with
assembly of the key pre-ZIP intermediate are highlighted in green.
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intermolecular processes that could compete with intra-
molecular oligomerization of the monomers on the template.
The product duplex can be fully dissociated by chemical
cleavage of the base pairs to recover the starting template along
with the copy. Moreover, the effective molarities for intra-
molecular reactions where the components are held together
by covalent bonds can be many orders of magnitude higher
than the values observed for noncovalent systems, which would
make the ZIP step very efficient.36,37 Another attractive feature
of the covalent approach is that all of the intermediates in the
process, along with any side products, can be isolated and
characterized, which facilitates optimization of the chemistry.

■ KINETICALLY INERT BASE PAIRS

The main challenge for implementing the covalent strategy is
selective base-pair formation on a mixed sequence template.
For polymers where information is encoded as a sequence of
two complementary bases, selective protection can be used to
temporarily inactivate one type of base on the template, leaving
the other one available for coupling with the complementary
monomer. We have developed a reliable covalent base-pairing
system based on ester chemistry (Figure 3).1 The first step in
base-pair formation is selective protection of the phenol side
chains on the template, which allows selective coupling of the
benzoic acid side chains with the phenol monomer.
Deprotection and coupling of the phenol side chains on the
template with the benzoic acid monomer gives the key pre-ZIP
intermediate. This protocol prevents intramolecular covalent
reactions between complementary bases on the template and
solves the intramolecular folding issue encountered for
noncovalent templating. Although the process used to
covalently attach the monomers to the template involves
multiple chemical steps, each reaction is essentially quantita-
tive, and the products can be used in the next step without
further purification after washing out excess reagents.
Following the ZIP reaction, the base pairs can be cleaved by
hydrolysis of the ester bonds to recover the phenol and
benzoic acid side chains on the template and the copy
oligomer. The irreversibility of the duplex cleavage reaction
ensures that there is no possibility of product inhibition in
multiple rounds of a replication cycle.

These kinetically inert covalent base pairs have distinctly
different properties from dynamic covalent base pairs, because
the chemical steps used for attachment and cleavage are not
under equilibrium control, which is an essential requirement if
the competing processes highlighted in Figure 2 are to be
avoided. The use of a single type of ester base pair provides a
two-letter alphabet that encodes chemical information in
binary form. Additional base pairs could be used to expand the
size of the alphabet and increase the density of information
encoded in synthetic sequence polymers, but each new base
pair requires the development of protection and coupling
chemistry that is orthogonal to the chemistry used for all of the
other base pairs.

■ LINEAR VERSUS CYCLIC TEMPLATES
Since the discovery of crown ethers half a century ago,
template-directed synthesis has mainly been used to direct ring
closure reactions for the formation of macrocycles, cages,
catenanes, rotaxanes, and knots.17−22 An advantage of cyclic
templating is that no further reactions are possible after ring
closure takes place (Figure 4a). The major challenge for the

Figure 3. A kinetically inert base-pairing system based on ester chemistry. Selective protection followed by ester coupling attaches the phenol
monomer to the template. Then deprotection followed by ester coupling step attaches the benzoic acid monomer. The base pairs are cleaved by
ester hydrolysis.

Figure 4. (a) In cyclic templating, the product duplex is stable,
because all of the reactive sites (white dots) are consumed. (b) In
linear templating, the product duplex has reactive end groups that can
react further to form macrocycles or polymers.
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development of linear templating methods is that after the
intramolecular oligomerization reaction takes place on the
template, the product strand still carries reactive groups on the
chain ends. Further reaction of these chain ends will lead to
macrocyclic and polymeric side products (Figure 4b). In
Nature, start and stop sites are programmed into the nucleic
acid template to ensure that the desired linear product is
obtained. In order to implement linear templating in synthetic
oligomers, chemical strategies are required to provide a stop
signal and suppress side reactions, and one solution is
described below.

■ CHAIN END CAPPING
One approach to minimizing the intermolecular reactions that
lead to polymers is to work at high dilution, but this strategy
does not affect the intramolecular side reactions that lead to
macrocycles. In addition, the precise reaction mechanism is
important. For the CuAAC reaction used to oligomerize the
building blocks shown in Figure 1, the rate limiting step is
formation of an activated copper−alkyne complex, which then
reacts rapidly with the nearest available azide. Dilution
therefore has little impact on the product distribution.
However, addition of an azide capping agent to the
oligomerization reaction provides an effective solution. Figure
5 shows that when the ZIP step is carried out in the presence
of an excess of an external capping agent (4-tert-butylbenzyl
azide), it is possible to control the oligomerization reaction to
obtain a single major product. The effective molarity (EM) for
the intramolecular CuAAC reaction that leads to zipping up of
the duplex is about 500 mM, and the EM for intramolecular
cyclization of product duplex is about 100 μM.2,38 By using a
concentration of the capping agent in the middle of these two
EM values (1 mM), it is possible to intercept the macro-
cylization reaction without truncating the copy obtained in the
ZIP process (Figure 5b). Provided the concentration of the
pre-ZIP intermediate used in the CuAAC reaction is
sufficiently low (typically 25 μM), there is no possibility of
intermolecular polymerization reactions competing with
capping of the terminal alkyne by the external azide, which is
present in a large excess.
In situ capping of the chain ends provides a general solution

to blocking intermolecular polymerization reactions in linear
templating. The criteria for success are set by the value of EM
for the ZIP process. For 99% efficiency, the concentration of
the capping agent should be 2 orders of magnitude lower than
EM, and the concentration of pre-ZIP intermediate should be
another 2 orders of magnitude lower. Therefore, by operating
at sufficiently high dilution and choosing an appropriate excess
of the capping agent, it should always be possible to block
polymerization without interfering with the ZIP process.
However, the use of capping agents to block intramolecular
macrocyclization reactions is not so straightforward, because
success depends on the conformational properties of the
backbone. Capping agents will only be useful for intercepting
macrocycle formation, if the EM for macrocyclization is orders
of magnitude lower than the EM for the ZIP process. For the
oligotriazole backbone shown in Figure 1, the backbone is
sufficiently rigid to prevent formation of dimeric macrocycles,
and the EM for cyclization of the trimer on the template is
more than 3 orders of magnitude lower than the EM for the
ZIP process. Rational design of these features into new
oligomer architectures represents a challenge, but the supra-
molecular organization afforded by base stacking in nucleic

acids suggests one possible strategy for controlling conforma-
tion.

■ BACKBONE DIRECTIONALITY
There are two isomeric forms of the duplex product shown in
Figure 5, because the backbone has a direction. Just as in
nucleic acids, parallel and antiparallel arrangements of the two
backbones are possible for the triazole oligomers, and there are
important consequences for the ZIP process. By assembling
pre-ZIP intermediates where one of the terminal monomers
was precapped to remove either the azide or the alkyne
functionality (Figure 6), it was possible to directly study
CuAAC reactions in which only one of the parallel or
antiparallel duplexes can be formed.2 Titration of 4-tert-
butylbenzyl azide into the reaction mixtures was used to
determine values of EM for the intramolecular reactions that
zip up the duplex, based on the concentration of the external
capping agent required to compete with the intramolecular
process (Figure 6b). The EM for formation of the antiparallel
duplex is an order of magnitude higher than for formation of
the parallel duplex. This result is consistent with molecular
mechanics calculations, which suggest that the antiparallel
duplex is 5 kJ mol−1 more stable than the parallel isomer

Figure 5. In situ capping of chain ends in the ZIP step. (a) When the
CuAAC reaction is carried out on the pre-ZIP intermediate in the
presence of an excess of 4-tert-butylbenzyl azide, a single major
product is obtained. An antiparallel arrangement of the backbones in
the duplex is shown, but the parallel product is also possible (see
below). R = 3,5-di-tert-butylphenyl. (b) The effect of the
concentration of the capping agent on the product distribution. The
lines are the theoretical relationships obtained if the product ratio is
directly proportional to the ratio of the concentration of the capping
agent and the effective molarity for the intramolecular reaction
leading to macrocylization (purple) or to zipping up the duplex
(orange).38
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(Figure 6c). In experiments using uncapped monomers on the
same heterodimer template, it was possible to find concen-
trations of the capping agent where formation of the parallel
duplex was completely suppressed, giving the antiparallel
duplex as the only major product.
It would be possible to avoid the issue of backbone

directionality by using symmetric monomer building blocks.
Otherwise controlling the exclusive formation of either parallel
or antiparallel linkages in the ZIP process will be critical to the
success of templating longer oligomers. This selectivity is

determined by the conformational properties of the backbone
and represents a significant challenge for the rational design of
new oligomer architectures.

■ SEQUENCE INFORMATION TRANSFER

The combination of ester base pairing and cap-controlled
backbone oligomerization provides high-yielding chemistry
suitable for copying mixed sequence templates using covalent
template-directed synthesis. Figure 7 illustrates the sequence
information transfer process, which was carried out using a

Figure 6. Precapped monomers determine the backbone direction of the product duplex. (a) The only possible product of the CuAAC reaction is
(a) the antiparallel duplex when a terminal alkyne group is removed in the pre-ZIP intermediate or the parallel duplex when a terminal azide group
is capped in the pre-ZIP intermediate. (b) Addition of increasing amounts of an external capping agent (4-tert-butylbenzyl azide) was used to
determine values of EM through competition with the intramolecular reaction. Ten times more of the capping agent was required to compete with
formation of the antiparallel duplex (orange data) than the parallel duplex (purple data). The lines are the theoretical relationships obtained if the
product ratio is directly proportional to the ratio of the concentration of the capping agent and the effective molarity for the intramolecular
reaction. (c) Molecular mechanics models of isomeric parallel and antiparallel duplexes suggest that the antiparallel backbone arrangement is lower
in energy (MMFFs force field with chloroform solvation).2

Figure 7. Sequence information transfer using covalent template-directed synthesis based on ester base-pair chemistry. The monomers were
attached to the template (AAP) to give the pre-ZIP intermediate using the reaction sequence shown in Figure 4. A CuAAC reaction in the presence
of a capping azide gave the corresponding duplex (only the major isomer is shown). The ester base pairs were cleaved by hydrolysis to regenerate
the template, and capping of the terminal azide in the templated product gave the sequence-complementary copy, APP, as the major product.1
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trimer template, AAP (we write the sequence starting from the
alkyne terminus, A = benzoic acid and P = phenol).1 The two
different types of monomer were loaded onto the template
using the protection-coupling-deprotection-coupling reaction
sequence shown in Figure 3. Base-pair formation proceeded
quantitatively, and the resulting pre-ZIP intermediate was
subjected to CuAAC oligomerization in the presence of a 100-
fold excess of a capping azide. Cleavage of the ester base pairs
gave the template and copy strands, which were separated by
chromatography, and the terminal azide groups were then
capped.
This seven-step cycle from template to copy proceeded with

almost quantitative conversion in each step. However,
spectroscopic examination of the copy revealed that it was
actually a mixture of three different sequences, PPA, PAP, and
APP. As yet, we have not found a reliable method for
sequencing these oligomers, so identification was based on
direct synthesis of the three isomeric products and comparison
of the 1H NMR spectra. The major product (72%)
corresponds to the sequence-complementary copy of the
template resulting from the antiparallel duplex shown in Figure
7 (APP). The sequence-complementary copy that comes from
the parallel duplex (PPA) was the minor product (11%). The
remaining 17% was the scrambled sequence PAP, which comes
from the intramolecular coupling between the two terminal
monomer units on the template. Although we draw the
backbone in an extended conformation in Figure 7, it is clear
that there is sufficient flexibility for reaction between the
monomers in positions 1 and 3 on the chain to compete with
the desired 1,2-coupling. This long-range miscoupling is the
process that limits the fidelity of sequence information transfer
in this system, but reducing the probability of miscoupling
requires changes in the conformational properties of the
backbone.

■ REPROGRAMMING THE INFORMATION
TRANSFER PROCESS

The use of kinetically inert covalent base pairing opens
interesting new opportunities that are not so accessible with
noncovalent or dynamic approaches. We have investigated the
use of traceless linkers to reprogram the nature of the
information transferred in the copying process (Figure 8). The
phenol−benzoic acid base-pairing system described above
leads to reciprocal copying of chemical information, analogous
to nucleic acid replication (Figure 8a). It is possible to use the
same ester chemistry to achieve direct replication by
incorporating traceless linkers to connect two identical
components in symmetrical base pairs. Figure 8b shows how
a hydroquinone linker can be used to connect two benzoic
acids, and a terephthalic acid linker can be used to connect two
phenols. If the monomer building blocks shown in Figure 7
were equipped with these linkers, then the replication cycle
shown in Figure 7 would result in a copy that has the same
sequence as the starting template. The linkers are removed in
the cleave step, because the two ester bonds at each end of the
linker will be hydrolyzed. We have demonstrated the viability
of this approach by carrying out iterative rounds of replication
using AAA as a template and benzoic acid monomers equipped
with a hydroquinone linker.39

■ CONTROLLED MUTATION
The development of covalent template-directed replication of
synthetic oligomers represents a first step toward the
application of directed evolution to non-natural oligomers.
However, searching sequence space using molecular evolution
requires a process where each round of replication generates a
new population of copy strands, which are different from the
parent population. In other words, we require replication with
mutation. The rate of mutation must be high enough to
introduce a significant population of new sequences but low
enough to make sure the information contained in the parent
population is not lost. The traceless linker base-pairing scheme
in Figure 8 provides an ideal method not only for introducing
mutations into the replication process but also for precisely
controlling the mutation rate. Figure 8c shows a set of isosteric
base pairs, which could be used interchangeably within the
same duplex. The symmetrical base pairs lead to direct
replication of the sequence information in the template, and
the unsymmetrical base pairs lead to reciprocal replication.
Thus, by spiking the symmetrical base pairs with small
amounts of the unsymmetrical base pairs, it should be possible
to introduce point mutations at a rate directly determined by
the proportions of the different monomers used in the attach
step. We have demonstrated the viability of this approach by
copying AAA in the presence of different proportions of a
monomer that leads to replication, i.e., copying acid to acid,
and a monomer that leads to mutation, i.e., copying acid to
phenol (Figure 9).3 The population of different sequences
present in the product mixture obtained after the seven-step
replication cycle can be accurately predicted based on
statistical incorporation of the mutator monomer.

Figure 8. Information transferred from the parent to the daughter
strand can be programmed by using base pairs connected by traceless
linkers (gray). (a) Reciprocal replication. A base pair formed by the
direct attachment of benzoic acid and phenol units results in a
complementary copy of the template. (b) Direct replication.
Connecting two identical bases via a symmetric linker results in an
identical copy of the template after cleavage of all of the ester bonds
to release the linker. (c) Replication with mutation. Isosteric linkers
can be used to introduce mixtures of symmetric and unsymmetric
base pairs, which result in simultaneous direct and reciprocal copying.
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■ CONCLUSIONS AND FUTURE PERSPECTIVES
The development of synthetic polymers in the 20th century
has transformed the way we live. Function is generally related
to bulk material properties, and the structures are generally
homopolymers or block copolymers. In contrast, biology uses
copolymers where the detailed sequence of monomers is used
to achieve a much broader range of functional properties. It

seems likely that function could be programmed into synthetic
polymers using a sequence of different monomer building
blocks in the same way as biopolymers. However, there are two
significant challenges to the development of the chemistry of
synthetic sequence polymers: the synthesis of long chains of
defined sequence is a practical challenge, and the only viable
method currently available is solid phase synthesis, which is
scale limited; and as chain length increases, there is a
combinatorial explosion in the number of possible sequences,
so finding out which ones have interesting properties and are
worth making is an even more difficult challenge. The
biological solution to both of these problems is based on
template synthesis. We have therefore begun to investigate
approaches to templating the sequence of synthetic polymers.
Our preliminary results based on covalent templated-directed
synthesis are summarized here.
Inspired by the H-bonded base pairs found in nucleic acids,

there has been some success in the development of chemical
replication systems based on the use of dynamic interactions to
template the coupling of two monofunctional building blocks.
Oligomerization of bifunctional monomers is more challeng-
ing, because there are multiple competing equilibria and
reaction pathways. The use of kinetically inert covalent bonds
to attach monomers to a template offers one possible solution.
We have developed covalent base-pairing chemistry based on
formation of an ester between a phenol and a benzoic acid,
which can be used to quantitatively attach two different
monomer building blocks to a mixed sequence template. Each
monomer is equipped with an alkyne and an azide, and high
yielding oligomerization can be achieved using CuAAC
reactions to give a covalently linked duplex. Subsequent
cleavage of the base pairs by hydrolysis regenerates the
template and a copy strand, which can be used in another
round of replication. It is possible to manipulate the nature of
the information which is transferred in this replication process
by changing the chemical structure of the base pair. We have
used traceless linkers to achieve direct replication and

Figure 9. Product distributions for covalent template-directed
replication of an AAA template in the presence of different amounts
of a mutator monomer (χmutator). The population of the direct copy
AAA is shown in blue, products with a single phenol mutation are
shown in black, two phenol mutations are shown in green, and the
fully mutated reciprocal copy PPP is shown in red. Calculated
statistical distributions are shown as lines, and the experimental results
are shown as dots.3

Figure 10. (a) Stepwise information transfer using kinetically labile base pairs in nucleic acids controlled by a polymerase. (b) Parallel information
transfer using kinetically inert base pairs is an alternative chemical approach.
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reciprocal replication and to introduce mutations, where the
error rate can be precisely controlled.
Figure 10 compares the chemical process we have developed

with replication of sequence information in biology. In nucleic
acid replication, a polymerase progressively adds monomer
units stepwise onto a growing copy strand, and the fidelity of
sequence information transfer is determined by how well each
H-bonded base pair fits into a binding pocket in the protein. In
covalent template-directed synthesis, the monomers are all
attached to the template first, and the fidelity of this process is
limited by chemical yield. Oligomerization of all of the
monomer units then takes place in parallel in a single reaction
step. Although the chemical replication cycle involves a total of
seven reaction steps, provided each step is sufficiently high
yielding, this approach should scale well, because the number
of steps required is independent of the length of the template.
The real challenge for development of a robust chemical
replication process using longer oligomers is controlling the
conformational properties of the backbone. The major side
reactions that we have identified occur in the ZIP step:
macrocyclization of chain ends of the copy strand attached to
the template and miscoupling between two monomers that are
not attached to adjacent sites on the template. Both processes
are related to conformational flexibility in the pre-ZIP
intermediate. Taking inspiration from nucleic acids would
suggest that a combination of a relatively rigid backbone and
supramolecular self-organization should provide promising
strategies for future exploration.
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