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Template synthesis

Examples of chemical systems capable of templating and cat-
alyzing their own synthesis — so-called replicating systems —
have begun to appear in the chemical literature over the last
20 years. For the biologist, these systems represent a link
with the origin of life — their study can perhaps shed light on
prebiotic chemical evolution. For the synthetic chemist, they
represent the ultimate synthetic machine, capable of tem-
plating the production of a large number of perfect copies of
themselves from a single original molecule. One of the driv-
ing forces behind this research area has been the recognition
of the important role that replication plays in biology and a
desire to answer a fundamental question — “Is the structural
complexity of nucleic acids necessary to store and transmit

information at a molecular level?” In addition, the concept of
a chemical template that is capable of making billions of ex-
act copies of itself, given appropriate starting materials, is
a highly attractive one for the burgeoning field of systems
chemistry. It is therefore clear that the development of a de-
tailed understanding of the behaviour of replicating systems
has important perspectives for both biology and chemistry. In
the present review, we will concentrate on the design and
implementation of systems based on small, synthetic organic
molecules that can reproduce themselves.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

1. Introduction

The progressive evolution of matter through increasing
levels of complexity resulted in the emergencel!l of life on
Earth. While the exact sequence of events that precipitated
this process will almost certainly remain unknown, an es-
sential property of living organisms is their ability to make
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copies of their genetic information through replication. The
discovery of the molecular structure of DNAP! led immedi-
ately to the understanding that its replication involves tem-
plate-directed synthesis. Each strand in the double helix
serves as a template for the production of a new, comple-
mentary partner strand. Although the principle of DNA
replication is simple, the mechanism by which it is carried
out in the cell involves the intervention of a large number
of enzymes and other proteins. The DNA molecule, never-
theless, carries all the information needed for its own repli-
cation, as the enzymes are produced from the information
encoded within the DNA itself.
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Biological systems demonstrate that chemical replication
is possible and reveals that template effects are key to its
success. However, a number of fundamental questions re-
main. Can molecules replicate themselves efficiently with-
out the aid of enzymes or external cofactors? Are nucleic
acids unique in their ability to store and transmit infor-
mation at a molecular level? During the last twenty years,
chemists have devised™ numerous non-enzymatic synthetic
self-replicating systems in an attempt to answer these ques-
tions. These chemical model systems have also been de-
signed in order to elucidate the essential principles of mo-
lecular self-replication, to identify the minimal require-
ments, to better understand the scope and the limitations,
and to translate the principles into synthetic systems. From
a chemical perspective, the emergence of a synthetic ma-
chinery that is capable of directing its own synthesis and
co-operating with other systems to create an organized hier-
archy is an important and challenging target. Achieving this
goal could have a significant impact on the fabrication of
molecular architectures at the nanometer scale. The cre-
ation of molecules that function as specific and efficient
templates for the formation of themselves and others
should permit the development of efficient protocols that
allow us to establish and manage replication, organization
and evolution within synthetic supramolecular assemblies.
This approach to designed dynamic behaviour has become
knownl® as systems chemistry. Ultimately, these pro-
grammed systems can be exploited in the construction, se-
lection and amplification of large molecular and supra-
molecular assemblies.

In the last twenty years, a considerable body of work
has emerged on non-enzymatic synthetic replicating systems
based on nucleic acids,®! peptides!® and small organic mole-
cules. In the present context, we wish to focus on replicating
systems based on small organic molecules which exploit a
range of covalent bond forming reactions and recognition
elements in order to bring about replication.

2. Replication Models

In the most general sense, a replicator is a molecule, or
an assembly of molecules, whose rate of formation can be
increased through the action of a template bearing recogni-
tion elements which are complementary to those on the rep-
licator. At the simplest level, this template effect can operate
in one of two ways. Firstly, the replicator can act as a cata-
lyst for its own creation from simpler building blocks — a
process known as minimal or self-replication. This model
requires the replicator to be an autocatalyst and, therefore,
it must template its own formation. The replicator preorga-
nizes its precursors through molecular recognition in a de-
fined spatial arrangement permitting the transfer of key
structural information allowing it to template the formation
of an exact copy of itself. The processes involved in minimal
replication are encapsulated schematically in three possible
reaction channels (Figure 1).
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Figure 1. The minimal model of self-replication. Reagents A and B
can react through three pathways — an uncatalyzed bimolecular
reaction, a recognition-mediated pseudounimolecular pathway me-
diated by a binary complex [A-B] and a recognition-mediated pseu-
dounimolecular autocatalytic cycle mediated by a ternary complex
[A-B-T].
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The first channel is the uncatalyzed bimolecular reaction
between reagents A and B to afford the template T. A key
requirement of the minimal model is that A and B bear
complementary recognition sites such that A and B can as-
sociate with each other to form a binary complex, [A‘B].
The presence of this complex opens a second reaction chan-
nel — the binary complex channel — in which A and B are
preorganized with respect to each other and the reaction
between them is pseudointramolecular. The product of this
reaction channel is a closed template Tiacive N Which the
recognition used to assemble the binary complex lives on in
the template. Thus, although rate acceleration is achieved
by this mechanism, this template is usually!”) inert catalyti-
cally. The third reaction channel available to the system is
the autocatalytic cycle. In this channel, A and B bind revers-
ibly to the open template T to form a catalytic ternary com-
plex [A-B-T]. In a manner similar to the [A-B] complex, the
reaction between A and B is also rendered pseudointramo-
lecular. Bond formation occurs between A and B to give
the product duplex [T-T], which then dissociates to return
two molecules of T to the start of the autocatalytic cycle.
Thus, assuming the open template T presents its recognition
sites in the correct orientation, it can act as a template for
its own formation, transmitting molecular information
through the formation of identical copies of itself. Self-rep-
lication is therefore a subset of autocatalytict® reactions. In
an autocatalytic reaction, the product formed in the reac-
tion mixture is a catalyst for the same reaction. A system
in which self-replication is operating can be defined as an
autocatalytic reaction capable of transmitting structural in-
formation. This information can be stored as constitution,
configuration, or long-living conformation. Key design ele-
ments in this model of replication are minimization of (a)
reaction flux through the binary complex reaction channel
and (b) inefficient autocatalysis as a result of product inhi-
bition arising from an excessively stable product duplex
[T-T].

The model of self-replication discussed thus far involves
self-complementary structures. However, template effects in
a replication cycle can also operate in a reciprocal sense.
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The paradigm is DNA replication — the two strands of the
double helix are not identical; one strand acts as a template
for the formation of its complementary partner. The differ-
ence in template complementarity between minimal and re-
ciprocal self-replication is a key distinction between these
two types of system. In a minimal system, the template is
self-complementary, whereas in a reciprocal system a pair
of templates are complementary to each other. Therefore,
reciprocal replicating systems rely on two interlinked cross-
catalytic cycles in which the two templates catalyze the for-
mation of each other. The processes involved in reciprocal
replication are encapsulated schematically in Figure 2.
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Figure 2. The reciprocal model of self-replication. Compounds C
and D can react to form the template T¢p, and, similarly, com-
pounds E and F can react to form template Tgp Tcp and Tgy are
mutually complementary. T¢p is capable of assembling E and F
into the ternary complex [E-F-T¢p] which catalyses the formation
of Tgr Similarly, Tgp is capable of assembling C and D into the
ternary complex [C-D-Tgg] catalyzing the formation of T¢p. These
two interlinked cross-catalytic cycles represent a formal reciprocal
replication cycle.

[EeFeT¢p]

In these systems, compounds C and D can react to form
the template T¢p, and, similarly, compounds E and F can
react to form template Tgg Since the four reactive partners
bear appropriate recognition sites and since T¢p and Tgp
are mutually complementary, Tcp is capable of assembling
E and F into the ternary complex [E-F-T¢p]. This ternary
complex intramolecularizes the reaction between E and F
and, hence, catalyzes the formation of Tgg Similarly, Tgy is
capable of assembling C and D into the ternary complex
[C-D-Tgg] and, hence, catalyzes the formation of T¢p. These
two interlinked cross-catalytic cycles represent a formal re-
ciprocal replication cycle. It is, however, important to note
that the complexity of this system can increase dramatically
depending on the nature of the chemical reaction which
forms the two templates. In the case where the reaction be-
tween C and D and the reaction between E and F are or-
thogonal, only one reciprocal replication cycle is present in
the system. However, if C can react with E and D with F,
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four replication cycles are possible: two minimal replication
cycles — Tcg and Tpg may self-replicate — and the original
reciprocal replication cycle Tcp — Tgr and Tgg — Tep.
Additionally, the minimal replicators Tcr and Tpp may
cross-catalyze the formation of each other.

3. Analysis of Replicating Systems

One of the biggest challenges which faces a researcher
investigating replicating systems is the adequate characteri-
zation of all of the processes that occur in the system under
study. For a minimal replicating system, during the initial
stages of the reaction, the product T is formed relatively
slowly through the bimolecular channel. Thus, the reaction
will exhibit an induction or lag period. Once the concentra-
tion of T reaches a level that permits the formation of a
significant amount of the catalytic ternary complex [A-B-T],
the autocatalytic cycle begins to operate. Since each turn of
the cycle doubles the amount of template present in solu-
tion, the product concentration should increase exponen-
tially, before reaching a plateau when all reactants are con-
sumed. Thus, the concentration—time profile of a replicating
system should, in principle, be a sigmoidal, or “S”-shaped,
curve. Therefore, a thorough analysis of the kinetic behav-
iour of the system is essential to analyze a replicator fully.

In order to demonstrate that the formation of a particu-
lar product is, indeed, the result of self-replicating behav-
iour, it is necessary to perform several control experiments.
Firstly, it is necessary to identify a control compound which
possesses the same chemical functionality as the building
blocks of the replicator, but which is incapable of participat-
ing in any recognition-mediated processes. In practice, this
control compound usually has its recognition site ob-
structed or removed. Measurement of kinetic data using
this control compound provides a comparative baseline for
all of the other studies. Secondly, since the efficient opera-
tion of a self-replicating system hinges on the reversible
binding events that occur during the autocatalytic cycle, it
is important to demonstrate the reliance of the reaction on
molecular recognition. Hence, the addition of a competitive
inhibitor, which is unreactive but is capable of binding to
the recognition sites present in A, B and T, to the reaction
mixture will interfere with these crucial recognition pro-
cesses. This interference will, in turn, disrupt the autocata-
lytic cycle resulting in a decrease in the rate of the reaction
and/or its selectivity, often accompanied by disappearance
of the sigmoidal curve. The final, critical experiment that
provides evidence that self-replication is operating within a
system can be obtained by doping the reaction with the
product T itself. The presence of pre-synthesized template
T at the beginning of the reaction should result in a loss of
the initial lag period in the rate profile for the reaction,
providing evidence that the reaction is templated-directed.
However, it is important to point out that if the association
constant of the product duplex is extremely high, adding
template may not, in fact, add significant amounts of cata-
lytically active free template to solution.
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For a minimal replicator, the two recognition-mediated
reaction channels — the autocatalytic cycle and the binary
complex channel — accomplish the same goal, i.e. accelera-
tion and regio- and/or stereocontrol of a chemical reaction.
However, the binary complex channel does not involve any
form of recognition-mediated catalysis because the closed
template Tipacive does not play any further role in the reac-
tion process. By contrast, a self-replicating system is an at-
tractive target as it offers its non-linear kinetic behaviour
as a means of amplifying, in an exponential manner, a par-
ticular structure over others in the system. Therefore, the
suppression, or ideally the eradication, of the binary com-
plex route is an important parameter within the minimal
model of self-replication that must be optimized to ensure
an efficient system. The second parameter that must be op-
timized is the catalytic efficiency within the ternary complex
[A-B-T]. The template molecule T must accelerate the rate
of reaction between the substrates A and B substantially
compared with their rate of reaction in the absence of T.
The final requirement for efficient replication is the effective
dissociation of the product duplex [T-T]. Ideally, the duplex
must be intrinsically less stable than the ternary complex
[A-B-T]. This goal may be accomplished if a slight mis-
match of the alignment of the recognition sites arises upon
the formation of the new covalent bond(s). If the product
duplex is extremely stable, it cannot dissociate and product
inhibition arises. Hence, no new template is returned to the
reaction and the autocatalytic cycle stalls. This situation
raises the possibility of a self-replicating molecule that can-
not complete the autocatalytic cycle. Such a system may be
termed self-replicating because it constructs one copy of
itself, but not autocatalytic, as it does not return significant
amounts of free template to the reaction mixture. Thus, a
self-replicating process is efficient when the binary complex
channel is eradicated, and when a balance is found between
effective binding of the substrates to the template and prod-
uct release. Two variables can be manipulated easily in or-
der to optimize the reaction conditions — namely concentra-
tion and temperature. A decrease in concentration reduces
the contribution from the background bimolecular channel
(reducing the concentration by a half reduces the rate of the
bimolecular reaction by 4X). The lowering of the reagent
concentration therefore enhances the contribution from the
recognition-mediated pathways. However, if the concentra-
tion drops below the K for the recognition process used to
assemble the ternary complex, replication will effectively be
shut down. A change of temperature does not simply alter
the rate of chemical reaction. A reduction in the reaction
temperature will increase the strength of binding (and thus
facilitate the formation of product via recognition) and de-
crease the bimolecular rate. However, it will also increase
the association constant of the product duplex resulting in
increased product inhibition. Therefore, concentration and
temperature must be adjusted with caution.

Kinetic simulation of the behaviour of a replicator pro-
vides some insight into the various processes which operate
in a replicating system. The fitting of experimental data to
kinetic models allows the determination of important
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thermodynamic and kinetic parameters within the system
including rate constants for reactions and equilibrium con-
stants for recognition processes. A series of simplified ki-
netic models to describe the behaviour of artificial self-rep-
licating systems were introduced® in a seminal contribution
to the field by von Kiedrowski. The simplest of these is
a purely autocatalytic reaction (Figure 3) with a variable
reaction order for the product — known as the autocatalytic
reaction order p. The parameter p describes the autocata-
lytic behaviour of the system and determines the type of
the autocatalytic growth curve. In real systems, its value is
expected to lie between 0.5 and 1. At the two extremes, a
value of p that is 0.5 denotes the fact that the self-replicat-
ing system obeys the “square root law”. In this situation,
the rate of dissociation of the template duplex [T-T] is limit-
ing overall. The concentration-time profile of such reaction
shows parabolic growth (Figure 3, a). However, if dissoci-
ation of the product duplex is not rate limiting, the value
of p will tend to 1. In that case, the dissociation of the
product duplex is rapid and the concentration-time profile
of the reaction shows exponential growth (Figure 3, b). The
calculated concentration time profiles shown in Figure 3
demonstrate clearly that the change of the autocatalytic re-
action order p produces a dramatic effect on the shape of
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Figure 3. Concentration vs. time (left y axis, solid curve) and rate
vs. time (right y axis, dashed curve) profiles for (a) a reaction with
an autocatalytic reaction order of 0.5 (p = 0.5) and (b) a reaction
with an autocatalytic reaction order of 1 (p = 1). Data taken from
ref.]
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the curves. It is worth noting that the maximum rate of
reaction for a self-replicating system, parabolic or ex-
ponential, does not occur at ¢ = 0. Instead, it occurs at
some later point in the reaction and is associated with a
particular concentration of T. These parameters can be ac-
cessed readily by exploiting a rate vs. time profile (dashed
lines, Figure 3), which is simply the first derivative of the
concentration vs. time profile.

The curves of the concentration-time profiles shown in
Figure 3 illustrate purely autocatalytic systems, which are
rarely representative of real experimental systems. Figure 4
shows the corresponding growth curves when formation of
template molecules through the bimolecular channel is
taken into account. The autocatalytic efficiency &, which is
the ratio of the template-catalysed rate constant, k,, over
the template-independent rate constant, ki, measures the
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Figure 4. Concentration vs. time profiles for reactions with a con-
tribution to their rates from an autocatalytic pathway (k,) and a
bimolecular pathway (k,). The parameter ¢ (k,/k,) measures the
relative importance of the two channels to the observed rate. For a
reaction (a) with an autocatalytic reaction order of 0.5 (p = 0.5),
increasing ¢ reveals a sigmoidal concentration vs. time profile with
the point of inflection (maximal rate) convergent in time. For a
reaction (b) with an autocatalytic reaction order of 1 (p = 1), in-
creasing ¢ reveals a sigmoidal concentration vs. time profile with
the point of inflection (maximal rate) which does not converge in
time.

Eur. J. Org. Chem. 2009, 593-610

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

relative contribution of the pathway involving T to the ob-
served rate of reaction. A sigmoidal shape only becomes
apparent in the concentration-time profile above a critical
value of ¢. Indeed, some experimental systems do not dis-
play sigmoidal production of the template even though an
autocatalytic pathway is present within the system.

In practice, one of the easiest ways to discern whether a
replicator is parabolic or exponential is to follow the forma-
tion of product T in the presence of three different amounts
of preformed template at the start of the reaction (normally
between 2 and 10% of the initial concentration of the pre-
cursors). Typically, the concentration of template added is
doubled when proceeding to the next experiment. In the
parabolic case, the initial rate of formation of T scales as
1:¥2:¥4 upon addition of increasing amounts of T. In the
exponential case, the initial rate of formation of T scales as
1:2:4.

Often, the course of a reaction is followed by NMR spec-
troscopy, and so kinetic data for the system is usually based
on the monitoring of NMR integrals. However, the changes
in the observed chemical shifts for the various species pres-
ent in solution during the course of the reaction are not
taken into account. By contrast, thermodynamic param-
eters for the supramolecular complexes involved is usually
derived from independent NMR titration experiments. Von
Kiedrowski recently introduced!'® a kinetic method (“ki-
netic NMR titration”), which combines analysis of integral
and chemical shift changes, to harvest kinetic and thermo-
dynamic information from the same experiment.

Reinhoudt and co-workers advocatel!!! the use of com-
plete kinetic modelling. In their approach, numerical inte-
gration of a complete set of differential rate laws which de-
scribe all pathways, both reversible and irreversible, within
the system is used to obtain detailed information about the
relative importance of each potential reaction pathway. This
approach has proven extremely useful in several cases.

4. Minimal Replicating Systems

The concept of non-enzymatic artificial self-replicating
systems was established by von Kiedrowski in 1986 when
he demonstrated that a palindromic hexadeoxynucleotide
can catalyzel'?) its own formation from the self-complemen-
tary trinucleotide precursors 1 and 2 (Figure 5). The 3'-
phosphate group of trimer 1 is activated in situ by EDC,
and trimer 2 bears a nucleophilic group at its 5'-terminus.
Initial experiments did not reveal a sigmoidal curve for the
production of hexadeoxynucleotide 3 (p = 0.48). Neverthe-
less, the observation of an increase in the rate of product
synthesis when template is added initially, confirmed the
autocatalytic contribution to the formation of template
molecule. This first demonstration of a synthetic replicating
system inspired the work on small organic molecules which
we will focus on for the remainder of this review.

Self-replication in small organic molecules was first de-
scribed*] by Rebek and co-workers in 1990. The Rebek
laboratory developed!!'¥l systems based upon amide bond
597
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Figure 5. The palindromic hexadeoxynucleotide 3 is capable of templating its own formation from a nucleophilic trideoxynucleotide 1
and an electrophilic trideoxynucleotide 2. EDCI = 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide.

formation as the chemical ligation step. The recognition be-
tween the components of the system is driven by the hydro-
gen-bonding between an adenine derivative and a Kemp’s
triacid imide. The design of these complementary recogni-

tion sites is reminiscent of biological systems — the imide
presents a hydrogen-bond pattern similar to that of thy-
mine. The first system constructed by Rebek in which self-
replication operates is shown in Figure 6.

Figure 6. The recognition between the Kemp’s tricaid imide in the activated ester 4 and the adenine base in 5 drives the formation of
template 6 either through the binary complex [4-5] or through the corresponding [4-5-6] complex.
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Rebek demonstrated the importance of the size of the
spacer within the ester building block; an early attempt['”!
incorporating a phenyl spacer, instead of a naphthyl spacer,
failed, as a consequence of the resulting product remaining
folded shut. In contrast, reaction between the activated
pentafluorophenolate ester 4 and the amine 5 exhibits auto-
catalysis; seeding the reaction with prefabricated product 6
accelerates its initial rate, although no sigmoidal curve is
observed. The reaction proceeds significantly slower when
the imide nitrogen is methylated, and when one equivalent
of 2,6-bis(acylamino)pyridine is added to the reaction mix-
ture as competitive inhibitor. This observation is evidence
that the rate enhancement is the result of molecular recogni-
tion. Rebek concluded that template 6 can catalyze its own
formation, but that the observation of a sigmoidal growth
curve is hampered by the dominant presence of the [A'B]
complex pathway. An unfavourable cis amide 6’ is formed
with the [4-5] complex; the subsequent isomerization to the
more favourable frans linkage prevents the product retain-
ing intramolecular hydrogen bonding and returns free tem-
plate to the mixture.

Through the early 1990s, the Rebek self-replicating sys-
tem became a subject of controversy. Menger reported!®
that simple amides can also catalyze the reaction between 4
and 5. He also demonstrated!'” that 6 can accelerate the
reaction between 5 and esters that are not capable of hydro-
gen bonding. Menger concluded from these two observa-
tions that catalysis in the Rebek system does not arise from
the ternary complex, but from only part of the template,
and that therefore there is no need to postulate a self-repli-
cation mechanism. However, in order to play a role, amide
catalysis requires high concentrations, far higher than those
used!!® in Rebek’s experiments. Moreover, the ability of 6
to catalyze any other reaction does not detract!'”) from its
self-replicating potential.

These discussions motivated Reinhoudt and co-workers
to undertake a detailed kinetic analysis!'!! of this complex
system. They identified five different pathways (Figure 7)
that lead to the product (three are bimolecular and two are
unimolecular): the background reaction (I), the [A-B] com-
plex (II), the ternary complex (III), the reaction between
the activated amine (by the bonded template) with free ester
(IV), and the reaction between the activated ester (by the
bonded template) with free amine (V).

Reinhoudt then calculated their individual contributions
to product formation and showed that they are strongly
concentration dependent. The relative contribution of the
background reaction (I) is higher when the concentration
increases, at the expense of the [A-B] channel (II). The ter-
nary complex III contributes 3446 % to the product forma-
tion, in presence of template only. The contribution of the
amide catalysis through the activated complex IV increases
with increasing concentration. Pathway V hardly contrib-
utes over the entire concentration range. This study demon-
strates that the different pathways obscure the simple pic-
ture of a single channel as the only responsible of rate en-
hancement. Although the reaction between 4 and 5 in the
presence of preformed template 6 can operate through self-
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Figure 7. The five pathways which contribute to the observed kinet-
ics of the Rebek replicator: the background reaction (I), the [A*B]
complex (II), the ternary complex (III), the reaction between the
activated amine (by the bonded template) with free ester (IV), and
the reaction between the activated ester (by the bonded template)
with free amine (V).

replication, the major pathway in its absence is the [A*B]
complex.

Rebek restructured®”! its system to render the [A-B] path-
way less important by replacing the naphthyl spacer with a
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longer biphenyl group in template 8 (Figure 8). This modifi-
cation enforces the separation of ester 7 and bound amine
5 in the binary complex and this system does indeed exhibit
a reaction profile with clear sigmoidal character.

Figure 8. The longer biphenyl spacer present in activated ester 7,
when compared to the naphthyl spacer present in 4 (Figure 6), en-
sures that template 8 is formed principally by the reaction through
the ternary complex [5-7-8] shown.

A further complexity present in the systems developed in
the Rebek laboratory is the fact that recognition between
the adenine and the imide, can occur either through the
Watson—Crick or Hoogsteen binding modes. Rebek demon-
strated?!l that replicators whose adenine exocyclic amine is
monosubstituted are less efficient because they are limited
to exploiting the Hoogsteen mode, and hence to a less
favourable conformation. In order to eliminate the confor-
mational complications from the binding of adenine in
these two modes, Rebek and co-workers developed®? a sec-
ond generation of replicators that incorporate a receptor
able to chelate the purine through simultaneous Watson—
Crick and Hoogsteen binding modes (Figure 9). Rebek
demonstrated that the reaction between activated ester 9
and amine 5 is self-replicating. The reaction through an
[A‘B] complex is ruled out by the biphenyl substituent on
the carbazole 9, but the efficiency of this system is impaired
by strong product inhibition. Rebek also developed another
class of template-directed system utilizing?*! a thymine/di-

aminotriazine recognition motif, based around a xanthene
scaffold. Recombination® between this system and repli-
cator 8 produced hybrid templates.

Watson-
Crick Hoogsteen
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Figure 9. A combination of Watson—Crick and Hoogsteen hydro-
gen bonding patterns permit the recognition of 5 by 9.

Contemporaneously with the amide-based systems re-
ported by Rebek and co-workers, von Kiedrowski de-
scribed3 a series of systems (Figure 10) based on the con-
densation between structurally simple amines and alde-
hydes. The amidinium—carboxylate salt bridge is exploited
as a substitute for base pairing. The synthesis of 12 from
amine 10 and aldehyde 11 is autocatalytic: the higher the
initial concentration of 12 in the reaction mixture, the faster
its formation. The condensation obeys the square root law
for the autocatalytic contribution, and the autocatalytic
efficiency, ¢, is 16 m 72,

The condensation of 11 and 13 (Figure 10) also follows
a square-root law. But interestingly, in the presence of the

_ 11 10 R'"=Bu __
NO, 13 R'=Me
R1
20 HyN
0L:0 0 HoNE2NH, 02:0
HoN<E. NH, j/ j\ j/
o H.o A .H
9 DpeDMsO| 070 NTEN 9
+ i ' >
o”? HoH HoH N
NH NN 0:2:0 R
R 2 H H s
N02 N02
1 i o 12 R®=fBu
10 R'=1{Bu N7 14 R3=Me
13 R'=Me
L R? |
12 R%?=NO,
15 R2=H

Figure 10. A series of auto- and crosscatalytic templates can be formed by combinations of amines 10 and 13 with aldehyde 11.
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template 15, the rate of the reaction depends linearly on the
concentration of template 15. This first-order relationship
indicates that product inhibition is not operative here. This
result, although it originates from a crosscatalytic rather
than an autocatalytic effect, suggests that self-replication
with exponential autocatalysis is feasible in systems where
the template forms a less stable complex with itself than
with its precursors.

The condensation between an amine and an aldehyde is
a reversible process. This fact has been exploited®® very
recently by Giussepone and Xu in an attempt to couple
dynamic covalent chemistry?®”l and replication, by ex-
ploiting a replicator based on the original Rebek design 6,
but replacing the activated ester in 4 with an aldehyde. In
this situation, the system forms a template duplex reversibly
and they created a system capable of a process they term
duplication.

Our laboratory has also recently developed®® an imine-
based replicator (Figure 11). Reaction of amine 16 and al-
dehyde 17 in CDCl; at room temperature affords the imine
template 18 which is capable of assembling the amine 16
and aldehyde 17 within the ternary complex [16:17-18]. The
reaction between the aldehyde and amine is accelerated
strongly (EM = 20 M) within this complex and the overall
position of the equilibrium® is shifted significantly in

RO s
97 [16°17'18]

«j

-

HO,C.
< > N\
o)

3O 0,

[16+17+19]

J\_Q_H\H@

Autocatalytlc
Cycle
){Q R
H20 Reduction

European Journal
of Organic Chemistry

favor of the formation of the duplex [18-18]. As expected
from a replicator, the addition of 5 mol-% of template 18 at
the start of the reaction removes the lag period observed
for this system. Interestingly, the reduced template 19 is also
capable of accelerating the formation of 18 through crossca-
talysis. The development of a mild reduction method, com-
patible with the reaction conditions and recognition ele-
ments used in this system, will ultimately allow the coupling
of the autocatalytic system (Figure 11, top) with the cros-
scatalytic system (Figure 11, bottom) through an irrevers-
ible step, thus allowing complete conversion of 16 and 17
to 19 by a combination of auto- and crosscatalysis.

One of the issues with the use of condensation reactions
in replicating systems is their susceptibility to catalysis by
general acids and bases. The initial conditions of the reac-
tion can therefore have an important influence on the out-
come of the reaction and the inadvertent presence of such
catalysts can mask the catalytic effects of recognition. Ad-
ditionally, the attack of a nucleophile on a carbonyl group
has a relatively large rangel®*” of acceptable attack angles.
Since one of the primary concerns in the design of a repli-
cating system is the elimination of reaction through the bi-
nary complex, ideally one would wish to use a reaction that
has a narrow reaction cross-section to facilitate the design
process. In this respect, thermally-allowed 4% + 27 cycload-

o @ f@1
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Crosscatalytlc
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: COZH - |
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Figure 11. Imine 18 can assemble amine 16 and aldehyde 17 in CDClj; at 25 °C and accelerate the reaction between them through the
autocatalytic cycle mediated by the ternary complex [16-17-18]. Reduction of imine 18 affords amine 19 which is also capable of crosscata-
lytic acceleration of imine 18 through the crosscatalytic cycle mediated by the ternary complex [16-17-19].
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dition reactions provide an ideal alternative for chemical
ligation in artificial self-replicating systems. Such reactions
have very strict stereoelectronic demands, requiring the or-
bitals at the ends of the interacting « systems to be aligned
correctly and simultaneously. Additionally, and import-
antly, these reactions are usually not susceptible to catalysis
by general acids and bases.

In 1997, Sutherland and Wang described®!! a template-
directed system (Figure 12) based on the Diels—-Alder cyclo-
addition between diene 20 and maleimide 21. Recognition
within this system is provided by the naphthyridine present
in 20 and the 2-pyridone present in 21.
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Figure 12. Diels-Alder cycloadduct 22 can assemble the chiral
diene 20 and maleimide 21 in a catalytically-active ternary complex.
This complex is the dominant reactive species in the formation of
22 in CD,Cl, at 25°C (open squares in graph). The addition of
5 mol-% of 22 to the reaction mixture (filled squares in graph) re-
moves the lag period from the concentration vs. time profile dem-
onstrating that 22 is a catalyst for its own formation. The experi-
mental data can be fitted to a variant of the minimal model (Fig-
ure 1). Data taken from ref.3!!

The rate profile obtained for the production of 22 dis-
plays a nearly exponential growth (Figure 12) and kinetic
analysis gave a value of p of 0.8. The treatment of the reac-
tion with 10% of preformed template 22 shows the disap-
pearance of the initial lag period (Figure 12), confirming
that the reaction was template-directed.

Some aspects in the analysis of this system are not ad-
dressed directly in the 1997 report. The stereochemistry of
the cycloadduct 22 is assumed to be endo, but this assign-
ment is not confirmed unambiguously although the data
does indicate that only one diastereoisomer is formed. This
system is complicated further by the presence of a stereo-
genic centre in the diene 20. The chiral diene is employed
602
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as a racemic mixture, thus many diastereoisomeric reaction
pathways must exist. But again, no assignment of the
stereochemistry of the templates found in the reaction mix-
ture or quantification of any asymmetric induction that the
recognition-mediated pathway induces over the indepen-
dent bimolecular reaction pathway are presented.

In 2005, von Kiedrowski re-evaluated®? the Sutherland
system with respect to its stereochemical features, by syn-
thesizing variants of the Sutherland replicator (Figure 13).
The recognition elements were replaced by an amidopyr-
idine and a carboxylic acid in order to increase the solubil-
ity of the system.

The monitoring of the reactions indicated no evidence
for the formation of exo cycloadducts. Concentration-time
profiles for the reactions of diene rac-23 with maleimides
24 and 25 are shown in Figure 13. Kinetic analysis of these
systems leads to p values of 0.89 for the former, and 0.9 for
the latter. These data demonstrate that the von Kiedrowski
variants are nearly exponential replicators and suggest that
they are reasonable approximations of the Sutherland sys-
tem. Studying the individual reactions between dienes (R)-
23 and (5)-23 with maleimide 24 in the presence of 10% of
template (R)-26 is instructive. Analysis of the concentra-
tion-time profiles demonstrates that (R)-26 can catalyze its
own formation. Additionally, (R)-26 can also catalyze the
formation of (S)-26. The effect of the template is similar in
both cases, indicating the presence of homochiral autocata-
lytic and heterochiral cross-catalytic channels. Kinetic mod-
elling and fitting of reaction between diene 23 and maleim-
ide 24 suggests that homochiral and heterochiral duplexes
are nearly equally populated.

In our laboratory, we have employed the Diels—Alder re-
action between maleimides and furans to create a series of
potential replicators which are close structural analogues of
the von Kiedrowski cyclohexadiene system. The reaction
between a maleimide and a furan affords two diastereoiso-
meric products — the endo cycloadduct and the exo cycload-
duct. We have studied extensively the subtle interplay be-
tween molecular structure and replication efficiency
through comparative analyses of families of potential self-
replicators involving this reaction as covalent bond forming
step. The association between amidopicolines and carbox-
ylic acids was chosen as the means of non-covalently associ-
ating the constituent building blocks. The amidopicoline
functionality was connected®! to the furan and the carbox-
ylic acid functionality to the maleimides (Figure 14). Meth-
ylene or bismethylene chains were utilized to connect the
recognition sites to the reaction sites. Thus, the structural
variation inherent in this system affords three sites of vari-
ability: the number of methylene spacers between the re-
cognition sites and the reactive sites (m and n, Figure 14),
and the location of the spacer on the furan ring — either 2-
or 3-substitution.

Pairwise combination of each of the dienes with each of
the dienophiles gives rise to eight distinct systems — labelled
I to VIII in Figure 14. In order to establish which recogni-
tion-mediated pathway is dominant in each system, the rate
of reactions between pairwise combinations of maleimides
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Figure 13. Diene rac-23 can react with either maleimide 24 or male-
imide 25 to form self-replicating templates 26 or 27. (a) Concentra-
tion-time profile for the reaction (CDCls, 20 °C) between (i) rac-23
and 24 (ii) rac-23 and 24 in the presence of 10% rac-26 and (iii)
rac-23 and 24 in the presence of 15% rac-26. (b) Concentration-
time profile for the reaction (CDCls, 40 °C) between (i) rac-23 and
25 and (ii) rac-23 and 25 in the presence of 17% rac-27. Data taken
from ref.32!

and furans was measured along with the appropriate ad-
ditional experiments. The dominant kinetic behaviours of
each potential replicator are summarized in Figure 14. The
diastereoisomeric pairs of endo and exo cycloadducts pos-
sess dissimilar geometries. Since the three-dimensional
structure of each diastereoisomer determines its replicating
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Figure 14. The combination of furan derivatives bearing an amido-
pyridine recognition site with maleimides bearing a carboxylic acid
recognition site affords eight sets of potential replicators (systems
I through VIII). The Diels—Alder reaction between the furan and
maleimide give rise to two diastereoisomeric templates (endo and
exo) in each system. The recognition-mediated reactivity for each
system is noted as follows: SR = self-replicating; AB = reaction
through binary complex ([A*B]) channel; NR = no recognition-me-
diated reactivity observed; — = no significant conversion under the
reaction conditions employed.

exo: —

capacity, this difference determines the recognition-medi-
ated channel adopted. The data collected within these eight
systems suggest that, given sufficient conformational free-
dom, the most likely recognition-mediated pathway for re-
action is that involving the binary complex. The preference
of the exo diastereoisomer in the case of 2-substituted fu-
rans, and of the endo for the 3-substituted furans is based
on steric effects associated with the ring substituent. In or-
der to generate autocatalysis, the conformational freedom
must be restricted and the template must be forced to adopt
an open conformation, to ensure that the undesirable path-
way is shut down. This effect can be accomplished by using
short and/or rigid spacers of mismatched length on the two
building blocks.

The comparison of this first series with a second series
in whichl®¥ the acid recognition site is located on the diene
and the amidopyridine recognition site on the dienophile is
instructive. The dominant kinetic behaviours of each of the
potential replicators are summarized in Figure 15.

It is clear from the data presented in Figure 15 that in
three of the four systems based on 3-substituted furans (sys-
tems X, XI and XII), both diastereoisomers are capable of
synthesizing themselves through the autocatalytic pathway.
In general, the endo cycloadducts are slightly more efficient
templates than the exo cycloadducts. In the case of system
IX, the system displays no recognition-mediated reactivity
at all. A dramatic change in behavior is brought about by
the replacement of the diene system 3-alkylfuran with 2-
alkylfuran to create systems XIII through XVI. In this sec-
ond group, significant recognition-mediated reactivity is
limited to the exo cycloadducts of systems XV and XVI and
occurs exclusively through the binary reactive complex. The
contrast between system XI and system XIV is striking.
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Figure 15. The combination of maleimides bearing an amidopyr-
idine recognition site with furan derivatives bearing a carboxylic
acid recognition site affords eight sets of potential replicators (sys-
tems IX through XVI). The Diels—-Alder reaction between the furan
and maleimide give rise to two diastereoisomeric templates (endo
and exo) in each system. The recognition-mediated reactivity for
each system is noted as follows: SR = self-replicating; AB = reac-
tion through binary complex ([A-B]) channel; NR = no recogni-
tion-mediated reactivity observed; — = no significant conversion
under the reaction conditions employed.
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These two systems are constitutional isomers differing only
in the position of substitution on the furan ring. However,
whilst in system XI both diasterecoisomers are rather ef-
ficient replicators, system XIV shows no recognition-medi-
ated reactivity at all. This observation serves to emphasize
the point that the structural window in which replication
can be observed is rather narrow.

The relationship between these two series of replicators
is simple. Examination of Figures 14 and 15 reveals that
efficient self-replicating behavior observed in these structur-
ally related systems is clustered in one region only — namely
system X, XI and XII. Almost all of the other recognition-
mediated reactivity observed occurs through a binary com-
plex reaction channel. Out of 32 potential replicators, 9 are
capable of templating their own formation (of which only 6
are relatively efficient), 9 are capable of recognition-medi-
ated reaction through a binary complex channel and 10
show no recognition-mediated reactivity.

Data accumulated within this series show that the change
in substitution pattern introduces significant geometrical
change in the structure of the cycloadducts, consequently
making their kinetic behaviours entirely different. The les-
son of this investigation on the role that systematic struc-
tural variation plays in determining the recognition-medi-
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Figure 16. (a) Template 29 can assemble maleimide 24 and azide 28 in CDCl; at 30 °C and accelerate the reaction between them. (b)
Concentration-time profiles for the reaction between (i) maleimide 24 and azide 28 (ii) maleimide 24 and azide 28 in the presence of
10 mol-% 29 and (iii) maleimide 24 and azide 28 in the presence of 100 mol-% 29 in CDCls at 30 °C. Data taken from ref.® (c) Solid-
state structure of the [29-29] duplex as determined by single-crystal X-ray diffraction.
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ated reactivity displayed by a particular system is that small
structural changes can make huge differences of function
that are not entirely predictable. An interesting comparison
can be made between von Kiedrowski’s replicator 26 and
our system I, in which the cyclohexadiene component is
replaced by a furan. The cyclohexadiene-based system exhi-
bits nearly exponential replication, whereas the furan-based
system shows only weak replication signatures for the exo
and endo diastereoisomers. Although the slight differences
in the location of the diene termini and the different in-
herent reactivity of both dienes could presumably responsi-
ble for the observed effects, the striking difference in the
observed kinetics of these two structurally related systems
is rather intriguing.

Another class of cycloaddition reactions that has been
exploited successfully in the creation of replicating systems
is the reaction between a 4n 1,3-dipole and a 2n di-
polarophile. In 2002, we reported®) a structurally simple
self-replicating system (Figure 16) that exploits the dipolar
cycloaddition reaction between maleimide 24 and azide 28,
and the recognition between two hydrogen-bonding sites,
namely an amidopyridine and a carboxylic acid.
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This design is based upon a structurally related system
that is capablel*®! of accelerating the cycloaddition reaction
between azide 28 and a maleimide with a longer spacer
through an [A-B] pathway. It was thought that by reducing
the alkyl spacer within the maleimide building block, the
reactive centres would be too far apart to react. This modi-
fication inactivated the binary complex channel, but altered
the reaction pathway to a self-replicating cycle effectively
only with concomitant reduction of temperature and con-
centration. Kinetic simulation affords values of p and ¢ of
0.40 and 20, respectively. These data suggests that dissoci-
ation of the [29-29] duplex is limiting in this system. Evi-
dence for the stability of the [29-29] duplex comes from its
behaviour in the solid state, because it crystallizes as a
homodimer (Figure 16, ¢). A series of control experiments
and kinetic modelling demonstrate that this system is rela-
tively inefficient and has a weak replicating behaviour.
Thus, the reaction between azide 28 and maleimide 24 is
self-replicating — the template 29 is capable of assembling
24 and 28 and accelerating the reaction between them —
but not autocatalytic, as the stability of the duplex prevents
turnover.

o

Hoo H

H trans-31

Figure 17. Reaction of nitrone 30 with maleimide 24 in CDCl; at 10 °C gives rise to two diastereoisomeric cycloadducts — cis-31 and
trans-31. While cis-31 does not exhibit appreciable recognition-mediated reactivity (filled triangles in graph), the formation of trans-31
(filled squares in graph) exhibits a sigmodial concentration-time profile and further experiments confirm the operation of the autocatalytic
cycle mediated by the ternary complex [24-:30-trans-31] in this system. Data taken from ref.3®!
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The diastereoisomeric adducts formed by 1,3-dipolar cy-
cloaddition between maleimides and nitrones provide scope
for the investigation of stereochemical information transfer
during the replication process. This reaction furnishes pairs
of racemic diastereoisomeric cycloadducts — labelled?”!
trans and cis — depending on the relative orientation of the
nitrone and the maleimide. Symmetrical dipolarophiles are
utilized to avoid further complications with regioselectivity
issues. These two products have markedly different geome-
tries. The trans diastereoisomer has an open geometry com-
patible with acceleration through the ternary complex and
the cis diastereoisomer has a closed geometry compatible
with acceleration through the [A:B] complex channel. We
have investigated the effect that recognition-mediated pro-
cesses have upon this reaction. The 1,3-dipolar cycload-
dition®! between nitrone 30 and the methyl ester of malei-
mide 24 is slow and reasonably unselective (trans/cis ratio

= 3:1) in CDCl; at 10 °C.
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However, when the same reaction is performed with the
acid maleimide 24, both the rate and the selectivity
(trans/cis ratio = 6:1) of the reaction (Figure 17) are in-
creased. The formation of the major isoxazolidine trans-31
displays a sigmoidal rate profile, indicative of a self-replicat-
ing system. The addition of presynthesised template zrans-
31 at the beginning of the reaction enhances the formation
of trans-31, and not cis-31, with concomitant disappearance
of the initial lag period, resulting in an improved trans/cis
ratio of 9:1. By contrast, the addition of pre-synthesized
template cis-31 at the beginning of the reaction has no effect
on the rate of production of neither zrans-31 or cis-31. The
properties of this system demonstrate that only one of the
two diastereoisomeric products of the cycloaddition reac-
tion is capable of self-replication, acting as an efficient tem-
plate for its own formation. Isoxazolidine trans-31 transmits
its stereochemical information effectively to the forming
template copy within the [24-30-¢rans-31] ternary complex.
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Figure 18. Reaction of nitrone 32 with maleimide 33 in CDCl; at —10 °C can potentially give rise to two diastereoisomeric cycloadducts —
cis-34 and trans-34. However, the efficient operation of the autocatalytic cycle mediated by the ternary complex [32-33-trans-34] in this
system ensures that trans-34 is formed almost exclusively (solid line in graph, trans-34/cis-34 >100:1, cis-34 not shown). The rate vs. time
profile for the reaction at —10 °C in CDCl; (filled circles in graph) reveals the classical bell shape characteristic of an autocatalytic process
and the rate of reaction is far higher than that observed in the absence of recognition (open circles in graph). Data taken from ref.[>]
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This diastereoisomer is acting as a selfish autocatalyst, en-
hancing the rate of formation of itself, but not its corre-
sponding diastereoisomer. Isoxazolidine cis-31 is inactive in
both an autocatalytic and in a cross-catalytic sense. Fitting
of experimental data affords values of p and ¢ of 0.9 and
5000, respectively. These results indicate that dissociation of
the product duplex is not limiting and therefore the turn-
over in the autocatalytic cycle is relatively efficient.

Even though this self-replicating system exhibits rela-
tively efficient autocatalysis, the levels of amplification
achieved are modest. We optimized*®! the performance of
this system by modifying the nitrone substitution pattern
and the identity of the maleimide. Only one of the two pos-
sible products of the reaction between nitrone 32 and malei-
mide 33 (Figure 18) is selectively and highly amplified using
a replication strategy. This reaction reaches more than 85%
overall conversion after 16 h, and the diastercoselectivity is
115:1 in favour of isoxazolidine trans-34, whose rate of for-
mation possesses a characteristic sigmoidal shape (Fig-
ure 18). By contrast, in the control reaction between nitrone
32 and the methyl ester of 33, in which the carboxylic acid
recognition site is blocked, the overall conversion is only
9% and the diastereoselectivity only 3:1. The reaction be-

European Journal
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tween 32 and 33 in the presence of two equivalents of ben-
zoic acid results in a significant decrease both in the rate of
the reaction and the diastereoselectivity (the final zrans/cis
ratio drops to 17:1), demonstrating that the formation of
the cycloadduct trans-34 is recognition-mediated. The injec-
tion of 10 mol-% of trans-34 at the start of the reaction
between 32 and 33 results in an increase in the initial rate
of formation of trans-34 (the trans/cis ratio is now at least
250:1), and, thus, demonstrates that trans-34 is capable of
templating and accelerating its own formation. By contrast,
the addition of 10% of cis-34 to the reaction mixture has
no effect on the rate profile.

These observations show that the template trans-34 is
amplified selectively through an autocatalytic self-replicat-
ing cycle. The contribution of cis-34 can even be removed
by reducing the concentration of the reagents at the start
of the reaction. Initial concentrations of 15 mM result in a
trans/cis ratio of 135:1, and of 5 mm in a 250:1 ratio. Elec-
tronic structure calculations suggest®?! that the two cy-
cloadducts have very different geometries. Isoxazolidine
trans-34 has an open structure in which the two recognition
sites are freely available to interact with other complemen-
tary species in solution. By contrast, the structure of cis-34
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Figure 19. Template 37 can assemble amine 5 and activated ester 35 into a crosscatalytic ternary complex [5-35-37] in which the formation
of template 36 is accelerated. Similarly, template 36 can assemble amine 38 and activated ester 39 into a crosscatalytic ternary complex
[36-38-:39] in which the formation of template 37 is also accelerated, completing a formal reciprocal replicating cycle.
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is folded such that the recognition sites are placed in prox-
imity to each other, thus rendering this product inert in a
catalytic sense. It is clear that the major pathway for the
formation of cis-34 is simply the bimolecular reaction be-
tween 32 and 33.

5. Reciprocal Replicating Systems

Despite the progress made in the design and implementa-
tion of minimal replicating systems, reports of reciprocal
replicating systems!*?! are rather sparse. Rebek and co-
workers developed®!! a replication cycle in which template
effects operate in a reciprocal sense. It consists (Figure 19)
of a set of two reactions, in which the product of one reac-
tion is a template for the other using building blocks incor-
porating recognition motifs based on the binding of ade-
nine derivatives by carbazolediimide receptors, and bearing
reactive functions for amide bond formation. The pro-
duction of amide 36 from amine 5 and activated ester 35 is
accelerated by a factor of ten when template 37 is present.
Similarly, template 36 is able to catalyze to the coupling
between amine 38 and activated ester 39, with a fivefold
rate enhancement over the uncatalyzed reaction. Although
the combination of either 35 and 38 or 5 and 39 can, in
principle, lead to minimal replicators, in practice, the part-
ners in the alternate coupling combinations form active

[A-B] complexes. Thus, both products are formed through
the binary complex channel and remain folded shut as a
consequence of the flexibility of the spacers. Therefore, in-
vestigation of the full system to determine the relative effi-
ciencies of reciprocal replicators and minimal replicators
was not possible.

In our laboratory, we have also developed*’ a system
consisting of two mutually-complementary templates cap-
able of catalyzing the formation of each other. In contrast
to the system reported by Rebek and co-workers, the tem-
plates involved are formed as pairs of diastereoisomers, al-
lowing the study of information transfer between the tem-
plates (Figure 20).

The addition of template trans-41 to the Diels—Alder re-
action between maleimide 33 and furan 40 results in an in-
crease in the rate of formation of exo-42 by 2.3-fold and a
smaller increase in the rate of formation of endo-42 of 1.5-
fold. The exol/endo ratio rises from 1.3:1 for the uncatalyzed
reaction to 2:1 for the templated one. The addition of the
diastereoisomeric template cis-41 accelerates only slightly
the formation of both exo-42 and endo-42. Similarly, the
addition of ex0-42 to the 1,3-dipolar cycloaddition between
nitrone 32 and maleimide 43 results in an increase in the
rate of formation of trans-41 of 3.6-fold and a twofold re-
duction in the rate of formation of cis-41. These changes
generate a enhancement of the trans/cis ratio for the pro-
duction of template 41 from 3:1 to 14:1. However, template
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Figure 20. Template trans-41 can assemble maleimide 33 and furan 40 into a crosscatalytic ternary complex [33-40-trans-41] in which the
Diels—Alder reaction between 33 and 40, forming template 42, is accelerated. The trans diastereoisomer of template 41 accelerates the
formation of the exo diastereoisomer of template 42 selectively. Similarly, template exo-42 can assemble nitrone 32 and maleimide 43 into
a crosscatalytic ternary complex [32-43-ex0-41] in which the 1,3-dipolar cycloaddition reaction between 32 and 43, forming template 41
is accelerated. The exo diastereoisomer of template 42 accelerates the formation of the frans diastereoisomer of template 42 selectively,
completing a formal reciprocal replicating cycle. Combination of 32 with 33 and 40 with 43 gives rise to two minimal replicating templates
34 and 44. In experiments where 32, 33, 40 and 43 are mixed in CDCl; at 25 °C, template trans-34 is the dominant product.
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endo-42 accelerates neither the formation of trans-41 nor
cis-41. These results clearly show that reciprocal template
effects operate between trans-41 and exo-42.

Alternative combinations of the building blocks give rise
to the minimal replicators 34 (Figure 18) and 44 (system XI,
Figure 15). Mixing all of the four building blocks 32, 33, 40
and 43 in a single reaction affords a product mixture in
which trans-34 is the dominant species. We are currently in-
vestigating the manipulation of products ratios obtained
from such experiments through the injection of instructional
templates, such as 41 and 42, into the reaction mixture.

6. Conclusion and Perspectives

To date, chemists have devised a wide range of synthetic
chemical systems in which self-replication operates, demon-
strating that molecules can replicate themselves without the
aid of enzymes and that self-replication is not a prerogative
of nucleic acids only. Self-replication is no longer an enig-
matic process considered as exclusive to living matter. The
development of models for studying self-replication has also
demonstrated the principles by which chemical information
can be transmitted and amplified.

Moving forward, the development and deployment of
self-replicating molecular architectures can potentially revo-
lutionize the assembly of complex architectures at the nano-
meter scale. The development of such protocols based on
molecular replication — either minimal or reciprocal or a
combination of the two — can deliver synthetic machinery
that can be instructed by templates and is therefore capable
of directing synthesis and co-operating with other similar
systems to create organized system-level behavior. This goal
is an ambitious one and a fundamental requirement for suc-
cess is a better understanding of the recognition-mediated
processes that allow molecules to template their own forma-
tion. Therefore, the study and characterization of simple
replication models, delivering a clear understanding of the
basic physical organic chemistry behind the recognition-me-
diated processes that allow molecules to template their own
formation, is the correct approach. However, once design
principles are well established, the opportunities for the de-
velopment of networks of replicators that can co-operate
and give rise to system-level behavior in response to tem-
plate inputs are limited only by the imagination of the
chemist who designs them. The exploitation of replicating
systems in the construction, selection and amplification of
large molecular and supramolecular assemblies requires a
number of additional developments. The demonstration
that replication can be coupled to other recognition medi-
ated events, such as the formation*3! of mechanically inter-
locked systems, must be demonstrated. Dynamic reconfigu-
ration of a reagent pool is an essential requirement in order
for systems to respond to outside stimuli. Finally, control
and sequencing must be included within designs in order
that replication can be incorporated within more complex
kinetic schemes.
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