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Abstract: Establishing instructable and self-sustaining replication networks in pools of 
chemical reagents is a key challenge in systems chemistry. Self-replicating templates are 
formed from two constituent components with complementary recognition and reactive sites 
via a slow bimolecular pathway and a fast template-directed pathway. Here, we re-engineer 
one of the components of a synthetic replicator to encode an additional recognition function, 
permitting the assembly of a binary complex between the components that mediates replicator 
formation through a template-independent pathway, which achieves maximum rate 
acceleration at early time points in the replication process. The complementarity between 
recognition sites creates a key conformational equilibrium between the catalytically inert 
product, formed via the template-independent pathway, and the catalytically active replicator 
that mediates the template-directed pathway. Consequently, the rapid formation of the 
catalytically inert isomer “kickstarts” replication through the template-directed pathway. 
Through kinetic analyses, we demonstrate that the presence of the two recognition-mediated 
reactivity modes results in enhanced template formation in comparison to systems capable of 
exploiting only a single recognition-mediated pathway. Finally, kinetic simulations reveal that 
the conformational equilibrium and both the relative and absolute efficiencies of the 
recognition-mediated pathways affect the extent to which self-replicating systems can benefit 
from this additional template-independent reactivity mode. These results allow us to formulate 
the rules that govern the coupling of replication processes to alternative recognition-mediated 
reactivity modes. The interplay between template-directed and template-independent pathways 
for replicator formation has significant relevance to ongoing efforts to design instructable and 
adaptable replicator networks.
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Introduction

Replication is a ubiquitous process in biological systems that ensures the faithful transmission 

of critical genetic information encoded in nucleic acids to their molecular progeny. On the 

prebiotic Earth, replication is believed to have played a key role in facilitating the transition1 

from a purely chemical world to one with emergent complexity—including life. Although the 

importance of replication processes in the context of origin of life scenarios is generally 

recognized, the specific nature of the first entity capable of information transfer and 

amplification through a replicative mechanism remains a source of significant ongoing debate.2 

A key objective of systems chemistry2b,3 is to move beyond the limitations and challenges 

associated with the study of molecules with specific relevance to either prebiotic chemistry or 

extant biology in order to develop a better understanding of the principles that govern the 

appearance of complex function, including replication, in synthetic systems. Following a body 

of work focused4 on the template-directed synthesis of oligonucleotides, in 1986 von 

Kiedrowski described5 the first example of an artificial replicating system capable of catalyzing 

its own formation. Since then, minimal replicating systems6 have been designed using a range 

of chemistries—from oligonucleotides5,7 and peptides8 to small organic molecules9—

demonstrating that replication is possible even in the absence of intricate enzymatic machinery. 

Some of these minimal replicating systems have also been incorporated10–12 into reaction 

networks in which several interconnected replicators operate simultaneously. 

In the minimal6 model of self-replication (Figure 1, left), two components—A and B1—are 

equipped with complementary recognition and reactive sites. The reaction between A and B1 

proceeds initially through a slow bimolecular pathway, generating template TAB1, which bears 

both of the recognition sites (Figure 1, gray and green) derived from the starting building 

blocks. Consequently, once formed, template TAB1 can associate with unreacted A and B1 

affording a catalytically active ternary complex [A•B1•TAB1], in which the reactive sites in A 

and B1 (Figure 1, blue and orange) are preorganized for reaction. In this manner, TAB1 can 

serve as a template for its own formation. The rate of formation of template TAB1 is correlated 

directly with the concentration of the reactive ternary complex [A•B1•TAB1], which, in turn, 

depends on the relative strengths of the association between TAB1 and its constituent 

components A and B1, as well as the stability of the [TAB1•TAB1] homodimer. Therefore, in a 

scenario where the two building blocks A and B1 react in the absence of preformed template, 

the kinetic profile can exhibit a lag period (Figure 1, bottom left) in product formation at early 

time points in the reaction. The presence of this lag period is a direct consequence of the 
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reliance of the system on the slow bimolecular pathway for the formation of TAB1 in the initial 

stages of the reaction. Consequently, the addition of preformed template TAB1 to a solution of 

A and B1 at t = 0 acts as an instruction to the system to form additional TAB1 and would be 

expected to result in a reduction or disappearance of the lag period. For this reason, kinetic 

experiments employing pre-formed template as instruction are key to demonstrating the ability 

of these systems to template their own formation.  
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Figure 1. Cartoon representation of the minimal model of self-replication, where components A and B1 are 
equipped with complementary recognition (gray/green) and reactive (blue/orange) sites. Components A and B1 
react via a slow bimolecular reaction to form template TAB1. Once formed, TAB1 is capable of directing its own 
formation by assembling A and B1 into catalytically active ternary complex [A•B1•TAB1]. An alternative to the 
template-directed self-replication pathway is the reaction between two components bearing complementary 
reactive and recognition sites—for example, A with B1*—which can be accelerated by the formation of binary 
complex [A•B1*], leading to catalytically-inert template TAB1*. The effective kinetic molarity (EMkinetic) affects 
the time–course profiles of systems capable of (bottom left) template-directed self-replication and (bottom right) 
reaction through the [A•B1*] binary complex. Simulated conditions: [A] = [B1] or [B1*] = 20 mM, 
kbi = 1 × 10–4 M–1 s–1, Ka

Ind = 103 M–1, Ka
Duplex = 106 M–1; see the Supporting Information for example scripts. 

In addition to the direct catalysis of the reaction between A and B1 by template TAB1, the 

reaction between two appropriately-designed components can also be accelerated9e,13 in a 

template-independent manner through the formation of a binary complex (Figure 1). In this 
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4

case, two components—A and B1*—associate together to give binary complex [A•B1*]. The 

formation of this binary complex facilitates the reaction between A and B1* by preorganizing 

their reactive sites, resulting in the formation of catalytically-inert product TAB1*, in which the 

recognition sites used to assemble A and B1* remain associated. As a consequence, TAB1* is 

incapable of participating in any template-directed processes. In contrast to the minimal model 

of self-replication where template formation can proceed via reaction within ternary complex 

[A•B1•TAB1], the reaction between A and B1* within the [A•B1*] binary complex is 

independent of the template (TAB1*) concentration in solution—instead, reaction through this 

pathway depends only on the strength of the association between A and B1*. Therefore, the 

rate of reaction between A and B1* via the binary complex-directed pathway is highest at the 

beginning of the reaction (Figure 1, bottom right), when the concentrations of A and B1* are 

at their highest.

On the early Earth, self-replication would have served not only as the means of transferring 

information to molecular progeny, but also as an amplification mechanism, raising the 

concentration of a particular chemical constitution significantly above the level of its 

competitors in the chemical mixture in which it was present. Yet, it is apparent that in the 

absence of pre-formed template—or an environment with sufficient stability to ensure that any 

template formed remains in close proximity to the reagents—replication processes cannot 

operate efficiently. By contrast, template-independent processes, such as the one mediated by 

the [A•B1*] complex, are not limited by the template requirement of replication processes. We 

envisaged, therefore, that the different, yet complementary, optimum windows of operational 

efficiency of these two pathways could be exploited to design a system that could utilize 

simultaneously both the template-independent and the template-directed pathways for its 

formation. This dual pathway system overcomes the limitations imposed on replicators at early 

reaction times as a consequence of their reliance on the bimolecular reaction between the 

components. In the dual pathway system, the replicator would rely on the template-independent 

pathway, facilitated by the binary complex, for its formation. Once formed, a conformational 

change would occur within the product, allowing it to participate in the assembly of the ternary 

catalytically active complex [A•B1•TAB1] (Figure 1) required for self-replication. We 

envisioned that for such a system, capable of encoding multiple reactivity modes, evolutionary 

pressures on the early Earth might have resulted over time in the loss of such vestigial binary 

complex-directed reactivity, once it was no longer necessary for its original purpose. 
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In order to implement this dual pathway strategy, it is necessary to merge the functionalities of 

the original building blocks B1 and B1* (Figure 1). The new substrate, B2 (Figure 2), must 

possess two recognition sites, both of which are complementary to the recognition site present 

in A. One recognition site is tailored specifically to facilitate reaction through the [A•B2] 

binary complex (i.e., the template-independent pathway), leading to the formation of TAB2* at 

a rate that is significantly greater than that of the bimolecular reaction. The equilibrium between 

TAB2* and TAB2 allows this entity to make its recognition sites available for association with 

substrates A and B2. Consequently, additional TAB2 can be formed through the autocatalytic 

pathway facilitated by reaction within the ternary complex [A•B2•TAB2] (i.e., the template-

directed self-replication pathway). The key difference between conformers TAB2* and TAB2 is 

the arrangement of their recognition sites with respect to each other. 

Figure 2. Cartoon representation of a dual pathway replicating system capable of exploiting multiple recognition-
mediated reactivity modes for its formation. In this system, components A and B2 are equipped with 
complementary recognition (gray/green) and reactive (blue/orange) sites that permit the formation of template 
TAB2 through a slow bimolecular reaction and a template-directed self-replication cycle. In addition, B2 possesses 
an additional, yet structurally identical, recognition site (green) that permits the formation of TAB2* through the 
[A•B2] binary complex-directed pathway. In this system, unlike that shown in Figure 1, TAB2* is not catalytically 
inert since it is in equilibrium with its conformer TAB2—a self-replicating template that possesses two 
complementary recognition sites in an orientation that enables it to catalyze its own formation via template-
directed reaction within a catalytically active ternary complex [A•B2•TAB2].

Importantly, we envisaged this type of system14 would be capable of “kickstarting” the 

template-directed autocatalytic formation of itself by creating template through the binary 

complex-directed pathway at early time points in the reaction—a period when the template in 

replicating systems is formed exclusively via the slow bimolecular pathway. The resulting 

template, although not formed via the template-directed pathway, will possess all of the 
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6

recognition and reaction sites necessary to allow it to participate in the template-directed 

autocatalytic cycle. 

Here, we report the design and characterization of a system capable of reacting through 

template-independent and template-dependent pathways simultaneously both experimentally 

and computationally. We demonstrate that the availability of both reactivity modes within the 

system has a positive influence on the formation of the replicating template when compared to 

systems that possess only one reactivity mode. Using kinetic simulations, we identify the 

parameter space in which a system capable of reacting through template-independent and 

template-dependent pathways simultaneously can operate most effectively.

Molecular Design

The efficiency of binary complex- and template-directed processes is dependent on the 

selection of appropriate complementary reaction and recognition elements. Previously, we 

have exploited9d–g,12,15 a 1,3-dipolar cycloaddition reaction between a maleimide and a nitrone, 

and hydrogen-bonding recognition between carboxylic acids and amidopyridines for the 

construction of a variety of systems capable of templating their own formation9d–g,12,16 or that 

of a reciprocal15 partner. In order to implement the design shown schematically in Figure 2, we 

identified a set of four compounds (Figure 3)—one maleimide (A) and three nitrones (B1, B1*, 

and B2), equipped with complementary17 carboxylic acid and amidopyridine recognition sites. 

These compounds allow us to characterize the kinetic behavior of the system capable of 

exploiting both the template-directed autocatalytic and the binary complex-directed pathway 

for its formation, as well as the two systems capable of exploiting only one of these recognition-

mediated pathways for their formation—against which we could calibrate the performance of 

the system capable of exploiting both pathways simultaneously. The reaction between 

maleimide A and nitrone B1 (Figure 3a) is based on a molecular framework that has been 

shown9d,f,g,12 previously to be an efficient replicating system and was selected as a platform to 

examine the template-directed pathway in isolation. Analogously, the reaction between 

maleimide A and nitrone B1* was designed to characterize the efficiency of the [A•B1*] binary 

complex-directed pathway in isolation (Figure 3b). Guided by electronic structure calculations, 

the nitrone attachment points in B1* have been reversed relative to B1 in this system in order 

to promote reactivity through the binary complex-directed pathway. Finally, the reaction 

between maleimide A and nitrone B2—now bearing two amidopyridine recognition sites, one 
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7

on either side of the nitrone reactive site—was designed to investigate the kinetic behavior of 

the replicating system capable of operating through both the binary complex-directed and the 

template-directed pathways (Figure 3c). Each of the three nitrones, B1, B1*, and B2, was 

designed to carry a non-polar nonynyl group (or two nonynyl groups in the case of B2) for 

enhanced solubility in CDCl3. 

Figure 3. (a) A phenylacetic acid maleimide building block A can react with nitrone B1, bearing a 5-nonyne-6-
methylamidopyridine recognition site, to form template trans-TAB1. This template possesses both of the 
recognition sites derived from A and B1 in an open orientation that enable it to template its own formation via the 
formation of catalytically active ternary complex [A•B1•trans-TAB1]. (b) Maleimide A can also react with nitrone 
B1*, in which the nitrone attachment points are reversed compared to those in nitrone B1. This reaction proceeds 
via a binary complex ([A•B1*]) directed pathway to afford template trans-TAB1*, in which the two recognition 
sites are in close proximity, rendering it catalytically inactive. (c) Reaction of maleimide A with nitrone B2, which 
possesses two 5-nonyne-6-methylamidopyridine recognition sites, can proceed through both the template-directed 
autocatalytic pathway (via [A•B2•trans-TAB2]) and the [A•B2] binary complex-directed pathway, to produce 
trans-TAB2 and trans-TAB2*, respectively, which exist in an equilibrium.  

We performed electronic structure calculations at the ωB97X/def2-SVP level of theory and a 

continuum solvation model for CHCl3 in order to assess the viability of the key transition states 

in this system. The recognition-mediated cycloadditions—either templated or template-

independent—between A and either B1 or B2 are designed in such a way that they should both 

afford only one of the two diastereoisomeric18 products, namely the trans isomer (Figure 4). 

Our calculations demonstrate clearly that plausible transition states leading to trans 
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8

cycloadducts are accessible from both the [A•B1•trans-TAB1] ternary complex (Figure 4a) and 

binary complex [A•B1*] (Figure 4b). Interestingly, the transition state that is accessible from 

the [A•B1*] complex does not possess the expected hydrogen-bonded dyad normally 

associated9e,12c,d,15a,19 with the interaction between an amidopyridine and a carboxylic acid. 

Instead, a single hydrogen bond is present between the acid proton of A and the pyridine ring 

nitrogen of B1*. It is possible that this sub-optimal recognition geometry may have an adverse 

effect on the reactivity of this binary complex.
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Figure 4. (a) Calculated structures of the transition states (‡) accessed by (a) [A•B1•trans-TAB1], (b) [A•B1*], (c) 
[A•B2•trans-TAB2], and (d) [A•B2]. Calculations were performed at the ωB97X/def2-SVP level of theory using 
the polarized continuum solvation model for chloroform. Hydrogen bonds are represented using dashed black 
lines and partial bonds in transition states using dashed red lines. Carbon atoms are colored gray, nitrogen atoms 
blue, oxygen atoms red, fluorine atoms green, and hydrogen atoms white. Most hydrogen atoms are omitted for 
clarity. Nonynyl groups were replaced by propynyl groups in the calculations in order to reduce computational 
resource requirements. Data for the corresponding parameters for the transition state located for the reaction of 
diphenylnitrone and N-phenyl maleimide are provided at the top of the figure for comparison (data taken from 
Ref. 12d). All distances are in Å, and angles are in degrees.
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9

The operation of the network described in Figure 2, in which the binary complex [A•B2] 

generates trans-TAB2 through reaction and conformational change, thereby kickstarting 

reaction through ternary complex [A•B2•trans-TAB2], relies on both of the transition states 

described in Figure 4a and 4b being accessible simultaneously from nitrone B2. Pleasingly, 

electronic structure calculations at the ωB97X/def2-SVP level of theory (Figure 4c and 4d) 

were able to locate two transition states leading to the trans cycloadducts from complexes of 

nitrone B2. The ternary complex [A•B2•trans-TAB2] can access a transition state (Figure 4c) 

leading to the [trans-TAB2•trans-TAB2] duplex that is almost identical in structure to that located 

for the [A•B1•trans-TAB1] ternary complex (Figure 4a). Similarly, reaction of A with B2 within 

the [A•B2] complex affords trans-TAB2*, and the transition state located for this process (Figure 

4d) is almost identical in structure to that located for the model system shown in Figure 4b.

In summary, these calculations indicate that the reactions of A with both B1 and B1* should 

afford the trans diastereoisomer preferentially. Consequently, the reaction of maleimide A with 

the nitrone B2, which merges the structures of B1 and B1* within a single entity, should 

similarly afford the trans diastereoisomer selectively—this cycloadduct is accessible through 

both a template-directed pathway (via [A•B2•trans-TAB2]) and a binary complex-directed 

template-independent pathway (via [A•B2]).

Results and Discussion

With the chemical building blocks required to test the viability of the reaction pathways shown 

schematically in Figure 2 and in terms of chemical structures in Figure 3 identified 

successfully, we could proceed with evaluating their efficiencies experimentally. To this end, 

we first examined the pairwise reactions of each B1 and B1* with maleimide A, as well as its 

recognition-disabled counterpart, AOMe, in which the carboxylic acid was protected as its 

methyl ester. In each kinetic experiment, an equimolar solution of the desired reagents was 

prepared in CDCl3 at 20 mM, and the progress of their reaction at 273 K was assayed at 

intervals of 30 minutes by 500.1 MHz 1H NMR spectroscopy for 16 h. The concentrations of 

the product species in solution could be determined at each time point by deconvolution (see 

Supporting Information) of the appropriate resonances in the range δH 4.0 to 6.0 arising from 

the fused bicyclic ring system present in the TAB1 and TAB1* cycloadducts, as well as their 

recognition-disabled counterparts TAOMeB1 and TAOMeB1*. 
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10

As expected, the reaction between nitrone B1 and recognition-disabled maleimide AOMe 

(Figure 5a, black circles) proceeded slowly and with poor diastereoselectivity.20 After 16 h, the 

trans and cis diastereoisomers were formed at concentrations of 1.54 mM and 0.41 mM 

([trans]:[cis] ratio = 3.8:1), respectively, reaching a combined conversion of 9.7%. By 

contrast, the reaction of nitrone B1 with recognition-enabled maleimide A (Figure 5b, large 

filled green circles) under the same conditions resulted in a strikingly different reaction 

profile—trans-TAB1 is formed rapidly and reaches a concentration of 15.4 mM after 16 h. The 

other diasteroisomer, cis-TAB1, is formed at a considerably slower rate, reaching a 

concentration of 0.15 mM after the same time. Overall, after 16 h, 78% of A and B1 are 

converted into cycloadducts and the [trans]:[cis] ratio is 106:1. 
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and (b) recognition-enabled maleimide A, and nitrone B1* with (c) recognition-disabled maleimide AOMe and (d) 
recognition-enabled maleimide A to form trans (filled symbols) and cis (empty symbols) diastereoisomeric 
products of (a) TAOMeB1, (b) TAB1, (c) TAOMeB1*, and (d) TAB1*, as determined by 500.1 MHz 1H NMR 
spectroscopy. Reaction conditions: CDCl3, [B1] or [B1*] = [AOMe] or [A] = 20 mM, 273 K. (b) Formation of 
replicator trans-TAB1 was examined in the absence (large green circles) and in the presence of 10 mol% of 
preformed template of trans-TAB1 (small green circles); the concentrations of trans-TAB1 have been corrected for 
the amount of template added. 

In addition, the concentration vs. time profile for the formation of trans-TAB1 exhibits a 

sigmoidal shape, which is often associated with, and sometimes displayed by, self-replicating 

systems. In order to verify the ability of this molecular framework to template its own 

formation, we repeated the experiment monitoring the formation of TAB1 from its constituent 

components in the presence of preformed 10 mol% of trans-TAB1, added at t = 0. The time–
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11

course profile (Figure 5b, small filled green circles) obtained for this template-instructed 

reaction revealed the disappearance of the lag period, thus confirming that trans-TAB1 retains 

its ability to self-replicate. In this kinetic experiment, trans-TAB1 and cis-TAB1 reached 

concentrations of 15.7 mM and 0.12 mM, respectively, after 16 h ([trans]:[cis] ratio = 131:1). 

Having confirmed the ability of trans-TAB1 to template its own formation, we wished to 

establish the ability of TAB1* to form via the [A•B1*] binary complex-directed pathway. In 

order to gain insight into the bimolecular reaction between these components, nitrone B1* was 

first reacted with control maleimide AOMe (Figure 5c, black squares). After 16 h, the trans and 

cis diastereoisomeric products were formed at 2.3 mM and 0.85 mM ([trans]:[cis] ratio = 

2.8:1), respectively, with a combined conversion of 16%. The reaction of nitrone B1* with 

maleimide A (Figure 5d, green squares) under the same conditions, however, afforded trans-

TAB1* at a concentration of 7.1 mM. Additionally, cis-TAB1* was formed21 at a considerably 

slower rate, reaching a concentration of only 1.04 mM over the same time period. Overall, after 

16 h, 41% of A and B1* were converted into products ([trans]:[cis] = 6.8:1). In this case, the 

presence of the recognition sites engendered a more modest increase in the rate of formation 

of trans-TAB1* (via binary complex-directed pathway) than that observed for trans-TAB1 (via 

template-directed pathway), although the effect on the reaction rate associated with the 

presence of the [A•B1*] complex was unambiguous.  

Using two model nitrones—B1 and B1*—each bearing a single recognition site, we were able 

to characterize the kinetics of the two recognition-mediated pathways in isolation. In the next 

step, we set out to investigate the kinetic behavior of the system combing the recognition site 

features specific to nitrones B1 and B1* within a single building block—nitrone B2. As before, 

we examined first the reaction of nitrone B2 with the recognition-disabled maleimide AOMe 

(Figure 6a, black diamonds). The time–course for this reaction revealed that it proceeds slowly 

and with low diastereoselectivy; after 16 h, trans-TAOMeB2 was produced at a concentration of 

only 1.43 mM, while cis-TAOMeB2 was produced at a concentration of 0.48 mM. Overall, only 

9.6% of the starting materials were converted to products ([trans]:[cis] ratio = 3:1). The impact 

of the recognition processes on this system was investigated by examining the reaction of 

nitrone B2 with maleimide A. In this case, the concentration vs. time profile (Figure 6b, pale 

purple diamonds) revealed the selective formation of the trans-TAB2 cycloadduct at 17.3 mM. 

By contrast, the concentration of cis cycloadduct reached only22 1.1 mM after 16 h ([trans]:[cis] 

ratio = 16:1). The concentration vs. time profile for the formation of trans-TAB2 displays a 
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sigmoidal shape, but with a significantly shorter lag period than that observed in the time–

course profile of the self-replicating system bearing a single amidopyridine recognition site 

only (Figure 5b, trans-TAB1). 
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Figure 6. Kinetic experiments examining the reaction of nitrone B2, bearing two amidopyridine recognition sites, 
with (a) recognition-disabled maleimide AOMe and (b) recognition-enabled maleimide A to form trans (filled 
symbols) and cis (empty symbols) diastereoisomeric products of (a) TAOMeB2 and (b) TAB2 as determined by 500.1 
MHz 1H NMR spectroscopy. Reaction conditions: CDCl3, [AOMe] or [A] = [B2] = 20 mM, 273 K. 

In order to establish whether the product trans-TAB2 has the capacity to exploit the autocatalytic 

pathway, we examined the reaction between nitrone B1 and maleimide A in the presence of 10 

mol% of preformed template trans-TAB2. As described previously, the reaction progress was 

monitored by 500.1 MHz 1H NMR spectroscopy over a period of 16 h. The resulting time 

course (Figure S2a) shows that the addition of preformed template trans-TAB2 at t = 0 h 

removes the lag period, in a manner similar to that observed in the reaction instructed with 

preformed trans-TAB1. This result demonstrates that the two building blocks, A and B1, each 

bearing a single recognition site, can be pre-organized on the template trans-TAB2 in a co-

conformation that facilitates their reaction, enabling efficient formation of trans-TAB1 even 

early in the reaction time course. Although this observation suggests that trans-TAB2 is capable 

of exploiting the template-directed pathway for its formation, we wished to demonstrate further 

that the observed effect is related to the presence of the recognition sites required for self-

replication and not those mediating product formation via the binary complex-directed 

pathway. To this end, we examined the reaction of nitrone B1 and maleimide A in the presence 

of 10 mol% of preformed template trans-TAB1*, formed by the reaction of A and B1* via the 

[A•B1*] binary complex-directed pathway. We reasoned that, unlike the addition of preformed 

trans-TAB2, the presence of this template should exert no effect on the formation of trans-TAB1. 

Examination of the time–course obtained for this reaction (Figure S2b) revealed that, as 

expected, there is no noticeable difference between the rates of production of template trans-

TAB1 with or without trans-TAB1*. These findings demonstrate that trans-TAB1*—the product 
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13

formed via the [A•B1*] binary complex-directed pathway—is not able to act as a template for 

the reaction between nitrone B1 and maleimide A. 

In order to better understand the impact of combining the various recognition sites into a single 

molecular framework, we compared the kinetic time–course profiles obtained for the system 

via the binary complex-directed pathway (Figure 7, labeled AB only; reaction of A with B1*), 

the system operating via the template-directed self-replication pathway (Figure 7, labeled SR 

only; reaction of A with B1), and the full system exploiting both the binary complex- and 

template-directed pathways (Figure 7, labeled AB and SR; reaction of A with B2). Comparison 

of the overall efficiencies, as determined by the final concentrations of trans products formed 

in each kinetic experiment, revealed that the system capable of exploiting both recognition 

pathways (Figure 7, pale purple diamonds) produces the trans template most effectively, 

followed by the system operating via the template-directed pathway (Figure 7, green circles) 

and, finally, by the system operating via the binary-complex-directed pathway (Figure 7, green 

squares). 
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Figure 7. Reaction profiles showing the production of trans diastereoisomer via the template-directed self-
replication pathway (SR only; green circles), the binary complex-directed pathway (AB only; green squares), and 
the system capable of exploiting both binary complex- and template-directed pathways (AB and SR; pale purple 
diamonds) over 16 h. 

In order to compare the efficiencies of these three systems, especially in the first 25% of the 

reaction time course, we calculated the rate23 vs time profiles (Figure S4) corresponding to the 

time courses shown in Figure 7. From these rate profiles, we determined the average rate of 

template formation over the first 4 h of reaction for each system (i.e., the first 25% of the 

reaction time course; for details, see the Supporting Information S3.4). Comparison of these 

average rate values revealed that the system capable of exploiting both recognition-mediated 

pathways (trans-TAB2 exploits both AB and SR) displays the highest rate of 2.1 mM h–1 within 
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the 0 to 4 h time window. By contrast, the systems operating via the binary complex-directed 

pathway or the template-directed pathway only reached a rate of 0.55 mM h–1 (trans-TAB1*; 

AB only) and 0.81 mM h–1 (trans-TAB1; SR only), respectively. These results indicate that the 

replicator constructed from nitrone B2, which bears two recognition sites, takes advantage of 

both the binary complex channel and the template-directed autocatalytic channel to fabricate 

itself more rapidly during the first 25% of the reaction time course—a period during which 

self-replicators are typically very inefficient as a result of their initial reliance on the 

bimolecular pathway for their formation.

Having demonstrated the ability of the system bearing one carboxylic acid and two 

amidopyridine recognition sites to exploit both reactivity modes effectively, we now wished to 

examine the possibility of utilizing (Figure 8a) the accelerated in situ formation of template 

trans-TAB2, as a means of kickstarting the self-replication of template trans-TAB1. To this end, 

we performed an experiment in which the reaction of nitrone B1 with maleimide A was carried 

out in the presence of a small quantity of nitrone B2, bearing two amidopyridine recognition 

sites. Specifically, a reaction mixture containing B1 at 20 mM, A at 24 mM, and B2 at 4 mM 

(i.e., 20 mol% relative to the concentration of B1) was prepared in CDCl3 and the reaction 

progress was monitored by 500.1 MHz 1H NMR spectroscopy at 273 K (Figure 8b, filled gray 

circles). We envisaged that nitrone B2 will be able to react with maleimide A to produce 

template trans-TAB2 more rapidly at early time points in the reaction through the template-

independent, binary complex-directed pathway (i.e., via complex [A•B2]). Once formed, the 

trans-TAB2 template present in solution will catalyze not only the reaction between nitrone B1 

and maleimide A (via [A•B2•trans-TAB2]) but also the reaction between nitrone B1 with 

maleimide A to afford trans-TAB1 (Figure 8, via [A•B1•trans-TAB2], kickstart pathway). 

Therefore, the formation of template trans-TAB2, capable of exploiting two recognition-

directed pathways for its formation, serves as an in situ catalyst for the production of trans-

TAB1. Consequently, the formation of trans-TAB1 proceeds at an increased rate relative to its 

formation in the situation where the increased concentration of 24 mM is employed for all 

components, but nitrone B2 is absent (i.e., conditions where formation of trans-TAB2 is not 

possible; Figure 8b, filled black circles). 
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Figure 8. (a) Cartoon representation of a reaction network assembled from maleimide A and nitrones B1 and B2, 
showing the recognition-mediated pathways through which these components can react. The presence of B2 
enables in situ formation of template trans-TAB2 via two recognition-mediated pathways. Once formed, 
trans-TAB2 kickstarts the self-replication of template trans-TAB1 via an otherwise unavailable crosscatalytic 
pathway (pale purple). In the absence of trans-TAB2, the formation of trans-TAB1 would rely on the slow, 
bimolecular pathway early on in the time course (see Figure 1). (b) Concentration and (c) rate vs. time profiles for 
the formation of trans-TAB1 from nitrone B1 and maleimide A in the absence (black; [A] = [B1] = 24 mM) of 
nitrone B2, bearing two amidopyridine recognition sites, and in the presence of B2 (gray, +20 mol% relative to 
A; [A] = 24 mM, [B1] = 20 mM, [B2] = 4 mM), in CDCl3, as determined at 273 K by 500.1 MHz 1H NMR 
spectroscopy.

A comparison of the concentration vs. time profiles obtained in the presence and absence of 

nitrone B2 (Figure 8b, filled gray vs. filled black circles, respectively) reveals that the 

production of template trans-TAB1 is accelerated in the presence of nitrone B2, equipped with 

two amidopyridine recognition sites. The effect of the presence of trans-TAB2 on the formation 

of trans-TAB1 is exposed24 most readily by examining the rate vs. time profiles23 for these 

reactions (Figure 8c, gray vs. black lines). When B2 is present (and, therefore, trans-TAB2 is 

also formed in the reaction mixture), there is a significant increase in the rate of formation of 

trans-TAB1 (Figure 8c, gray) and the maximum rate occurs at an earlier time point (maximum 

rate of 1.71 mM h–1 at t = 4.0 h). By contrast, when B2 is absent in the reaction mixture (Figure 

8c, black), the maximum rate of formations of trans-TAB1 is 1.30 mM h–1 and this maximum 
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occurs later in the course of the reaction (t = 6.6 h). These observations are characteristic of the 

effect of the addition of an instructional template on the formation of a replicator. These results 

demonstrate conclusively that the autocatalytic cycle leading to the formation of replicator 

trans-TAB1 can be instructed by the presence of template trans-TAB2 in the system, even when 

trans-TAB2 is formed in situ.

Kinetic fitting and simulations

The comprehensive set of kinetic experiments presented in the previous section has validated 

the design and operation of the two recognition-mediated pathways in this system—the 

template-independent pathway, mediated by the [A•B2] binary complex, and the template-

directed autocatalytic pathway, operating through the ternary, catalytically active complex 

([A•B2•trans-TAB2]). In order to develop a better understanding of the kinetic behavior of such 

systems operating through both of these recognition-mediated pathways, and the contributions 

of each individual pathway to the overall performance, we fitted the reaction time courses 

shown in Figures 5 and 6 to the appropriate kinetic models (for fitting protocols, see Section 

S3.2 in the Supporting Information). We were able to determine the rate and stability constants 

(Table S1) associated with the bimolecular and recognition-mediated 1,3-dipolar cycloaddition 

reactions in the three systems designed to probe the efficiency of the binary complex-directed 

pathway, the template-directed pathway, or both of these pathways operating within a single 

framework. Through this process of kinetic fitting, we were able to establish the kinetic 

effective molarity25,26 (EMkinetic) associated with each recognition-mediated pathway in 

isolation. The value of EMkinetic for the system capable of exploiting the binary complex-

directed pathway (A + B1*, data in Figure 5d) was determined to be 0.082 M (82 mM). This 

value is consistent with the modest increase in reactivity observed for the reaction between A 

and B1* at 20 mM in CDCl3, at 273 K, when compared to the corresponding reaction of B1* 

with recognition-disabled maleimide AOMe. By contrast, the system capable of exploiting the 

template-directed pathway for its formation (A + B1, data in Figure 5b) exhibited a markedly 

higher value of EMkinetic of 15.3 M. Comparison of these values of EMkinetic for the two 

recognition-mediated pathways in isolation indicates that the template-directed pathway is 

significantly more efficient—by a factor of almost 200—than the binary complex-directed 

pathway at producing the corresponding trans diastereoisomeric product. 
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With these data in hand, we were able to assess the efficiency of the system encoding multiple 

recognition-mediated reactivity modes. The kinetic model describing the dual pathway system 

incorporates an additional parameter describing the key conformational equilibrium—

characterized by an equilibrium constant termed Kconf
27 (Figure 8a). This parameter is a 

measure of the proportion of species present in the open (trans-TAB2) and the closed (trans-

TAB2*) conformations of the product formed by the reaction of maleimide A and nitrone B2 

(data in Figure 6b). In the kinetic model, the lower the value of Kconf, the higher the proportion 

of the trans diastereoisomer present in the open configuration required for participation in the 

template-directed pathway. The simultaneous fitting of the three key parameters—rate 

constants k[A•B2] and kauto, and Kconf—afforded values of EMkinetic of 0.316 M (template-

independent) and 21.0 M (template-dependent) for the two recognition-mediated pathways, 

respectively. Both of these values are somewhat higher than the corresponding values for the 

recognition-mediated pathways determined in isolation (Table S1). The best fit of the kinetic 

model to the experimental data was obtained using a value of Kconf of 17 (for details, see Table 

S2). Any fitting attempts employing a value of Kconf of less than 15 made no significant changes 

to the quality of the fit. It appears, therefore, that once a critical concentration of the open form 

of template—trans-TAB2—is reached, its availability stops being rate-limiting in the reaction 

network. 

In order to better comprehend the relative contributions of the two recognition-mediated 

pathways to the formation of the trans product, we developed a simulation model based on the 

kinetic model used in parameter fitting. Using this model, we simulated the outcome of the 

system encoding multiple reactivity modes employing the fitted parameters (Table S1). This 

kinetic simulation allowed us to examine the relative concentrations of all components and 

complexes in our experimental system as a function of time. Importantly, we could therefore 

determine the flux through each recognition-mediated pathway by calculating the rates 

associated with the binary complex-directed pathway (k[A•B2] × [A•B2]; labeled as rAB) and the 

template-directed self-replication pathway (kauto × [A•B2•trans-TAB2]; labeled as rSR) at each 

time point (Figure 9). By calculating the log10 of the ratio rSR/rAB (Figure 9a), we can reveal 

time periods where the template-independent pathway is dominant (log10(rSR/rAB) < 0) and time 

periods where the template-dependent pathway is dominant (log10(rSR/rAB) > 0). Thus, in the 

experimental system (Figure 9), up to around 1.7 h, the binary complex-directed pathway 

contributes more significantly than the template-directed pathway to the formation of 

trans-TAB2. However, a transition point occurs around 1.7 h, when the template-directed 
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pathway starts to dominate. Hence, the results of the kinetic simulation shown in Figure 9 

suggest that the system designed in this work to encode multiple reactivity modes benefits 

considerably from the template-independent, binary complex-directed pathway at the 

beginning of the reaction. The flux of material through this recognition-mediated pathway 

allows the system to produce significant amounts of trans-TAB2 in the time period 0 to 2 h 

when, typically, self-replicating systems exhibit very limited efficiency. 

Figure 9. Simulated relative contributions of the binary complex-directed pathway (labeled AB) and the template-
directed self-replication pathway (labeled SR) to product formation in the experimental system encoding multiple 
reactivity modes. The relative contributions of the two recognition-mediated pathways were determined by 
calculating the flux through each pathway (rAB = k[A•B2] × [A•B2]; rSR = kauto × [A•B2•trans-TAB2]) as a function 
of time. (a) The dashed line represents the boundary (at log10(rSR/rAB) = 0) between the regime in which the binary 
complex-directed pathway (blue area) dominates and the regime dominated by the template-directed pathway (red 
area). (b) The flux through the two pathways (left axis) as a function of time and the proportion of the template-
directed self-replication (SR) pathway to the overall formation of trans-TAB2 as a percentage of the total flux (rAB 
+ rSR) through the recognition-mediated pathways (right axis).

The results of simulations shown in Figure 9 reveal the relative contributions of the two 

recognition-mediated pathways to product formation in the system examined experimentally, 

and are, thus, associated with a single, specific molecular design. In order to examine how the 

simultaneous operation of two recognition-mediated pathways affects the performance of self-

replicating systems more generally, we performed three additional sets of simulations. In these 

three sets of simulations, we examined the changes in the relative contributions of the template-

independent binary complex-directed pathway (Figure 10, labeled AB) and the template-

directed self-replication pathway (Figure 10, labeled SR) as a function of Kconf (0.1, 10, and 

1000, Figure 10a–c). Within each simulation set, we varied the efficiencies of the two 

recognition-mediated pathways—examining two scenarios where both pathways operate either 

with low efficiency (Figure 10, black = slow) or high efficiency (Figure 10, orange = fast), and 

two scenarios where only one of the recognition-mediated pathways operates efficiently 

(Figure 10, green and gray). The results of these additional simulations revealed several key 

patterns of behavior. First, the template-directed pathway contributes significantly to product 
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formation only when the equilibrium between the open (i.e., catalytically active) and closed 

(i.e., catalytically inactive) configurations of the template lies sufficiently far to the side of the 

open form (i.e., Kconf = 0.1 and 10, Figure 10a and 10b). By contrast, if the template is present 

predominantly in the closed form (i.e., Kconf = 1000, Figure 10c), the binary complex-directed 

pathway remains the dominant recognition-mediated pathway at all times simulated (i.e., the 

transition point is not observed within the simulated timeframe). Second, the relative 

contributions of the two recognition-mediated pathways to product formation are directly 

linked to their relative and absolute efficiencies. In all simulated scenarios at Kconf = 0.1 and 

10, in which the binary complex-directed pathway is the only recognition-mediated pathway 

operating efficiently (Figure 10a and 10b, gray), the contribution of the binary complex-

directed pathway to product formation exceeds that of the template-directed pathway at all 

times examined. In comparison, the simulated scenarios in which both pathways operate with 

relatively low or high efficiencies (Figure 10a and 10b, black and orange) show increased 

relative contribution of the template-directed pathway to overall product formation. 
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Figure 10. (a–c) Simulated relative contributions of the binary complex-directed pathway (labeled AB) and the 
template-directed self-replication pathway (labeled SR) to product formation in theoretical systems encoding 
multiple reactivity modes. The relative contributions of the two recognition-mediated pathways were determined 
by calculating the flux through each pathway (rAB = k[A•B2] × [A•B2]; rSR = kauto × [A•B2•trans-TAB2]) as a function 
of time and values of Kconf (a: 0.1; b: 10; c: 1000) and EMkinetic. Note that the terms slow and fast are relative and 
represent different values of EMkinetic for each type of recognition-mediated pathway (see Table S3 for details). In 
each plot, the dashed line represents the boundary (at log10(rSR/rAB) = 0) between the regime in which the binary 
complex-directed pathway (blue area, log10(rSR/rAB) < 0) dominates and the regime dominated by the template-
directed pathway (red area, log10(rSR/rAB) > 0) and the points of transition are marked with black dots where 
necessary. 

The optimum scenario—that is, a situation where the binary complex-directed pathway 

dominates only early on in the reaction, and is followed by a transition (Figure 10, black dots)  

to a regime where the template-directed pathway provides the dominant contribution to product 
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formation—is observed most closely in simulations where only the template-directed pathway 

operates efficiently (Figure 10a and 10b, green). In such an optimum scenario, there is both a 

sufficient amount of catalytically active template produced at early stages of the reaction, and 

the duration of the reaction phase that permits efficient information transfer (i.e., product 

formation via the template-directed pathway) is maximized. Our simulations demonstrate that 

such an optimum system requires the parameter Kconf to be as low as possible, and for the 

template-directed pathway to be significantly more efficient than the template independent 

pathway. 

Overall, it is clear that there is a particular set of conditions that allow a replicating system to 

benefit from the operation of a binary complex-directed pathway. The experimental system 

examined in this work—characterized by a rather inefficient binary complex-directed pathway 

and efficient template-directed pathway, in combination with a sufficient quantity of template 

present in the open form—matches these conditions. As a result, the interplay between the two 

complementary recognition-mediated reactivity modes in the replicating system has a positive 

influence on product formation in the replicating system when compared to systems capable of 

operating through a single recognition-mediated reactivity mode only. 

Conclusions

In this work, we have described the rational design and experimental implementation of a 

template, trans-TAB2, that is capable of managing its own replication through the simultaneous 

operation of a conventional template-directed autocatalytic pathway and a template-

independent recognition-mediated pathway. We have established using a comprehensive set of 

kinetic experiments, simulations and analyses, that, at least in the system reported here, the 

template-independent pathway, mediated by the [A•B2] complex, plays a critical role at early 

time points in the reaction. During this period early in the time course of the reaction, the 

efficiency of conventional template-directed autocatalytic replication is diminished 

considerably as a result of the inherently low concentration of the replicating template. In this 

system, the template-independent pathway produces a significant concentration of the 

replicating template trans-TAB2 during the initial stages of the reaction. Hence, the 

conventional template-directed autocatalytic replication pathway can establish itself much 

earlier in the time course of the reaction than would be the case in the absence of the additional 

template-independent pathway. We have demonstrated that this approach can also be used in a 
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crosscatalytic sense, where the in situ formation of trans-TAB2 can be used to initiate and 

accelerate the formation of the complementary conventional replicator trans-TAB1.

The recognition-mediated reactivity through two pathways that is encoded within the design 

of trans-TAB2 has significant attractions. However, kinetic simulations suggest that the 

parameter space within which these two pathways can operate successfully in concert is 

relatively small. In this context, the successful operation of a system exploiting this dual 

pathway approach is a situation in which almost all the reaction flux passes through the 

conventional template-directed autocatalytic replication pathway after a short initial period 

during which the template independent pathway is dominant. Our kinetic simulations suggest 

that systems, such as the one reported here, can be expected to operate successfully with the 

following combination of parameters: The critical conformational equilibrium that connects 

the two recognition-mediate pathways, between the open conformation (trans-TAB2) and its 

closed counterpart (trans-TAB2*) and which is characterized by Kconf, must be such that at least 

1 to 2% (Kconf < ~20) is of the template is present in the open form. In addition, the relative 

efficiency of the template-directed autocatalytic replication pathway with respect to the 

template independent pathway must be such that the ratio of the effective molarities for reaction 

within the respective reactive complexes ([A•B2•trans-TAB2] and [A•B2]) is significantly more 

than 20.

The system reported here represents a proof-of-concept study in which we have successfully 

engineered a synthetic replicating system that is capable of profiting from multiple productive 

formation pathways by virtue of its enhanced interactional capabilities that are encoded within 

the replicator components. Given the restrictions on the parameter space within which a 

replicator can benefit from this enhanced functionality, it is unlikely that this type of system is 

of significant relevance to the emergence of simple organic replicators on the early Earth. 

However, this concept may be of more relevance to replicators which lie at connection points 

between two replicator networks. Their capacity to receive and pass instructions between 

different functional reaction networks using combinations of their multiple recognition sites 

could allow such templates to function as the interconnects necessary to generate more 

complex network architectures. Establishing sound design parameters for the encoding of 

multiple reaction pathways within a single replicator therefore represents a key objective for 

systems chemistry research that is directed toward the development of complex interconnected 

reaction networks.
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cycloaddition reaction. In the trans cycloadduct, the protons derived from the maleimide are 

located on the opposite face of the bicyclic ring system to the proton originating from the nitrone. 

In the cis cycloadduct, the protons derived from both the maleimide and the nitrone are located on 

the same face of the fused ring system. In the absence of recognition-mediated processes, the trans 

to cis ratio is typically around 3:1. 

19. (a) Goodman, M. S.; Weiss, J.; Hamilton, A. D. A self-assembling receptor for dicarboxylic acids. 

Tetrahedron Lett. 1994, 35, 8943–8946. (b) Garcia-Tellado, F.; Albert, J.; Hamilton, A. D. Chiral 

recognition of tartaric acid derivatives by a synthetic receptor. J. Am. Soc., Chem. Commun. 1991, 

1761–1763. (c) Garcia-Tellado, G.; Goswami, S.; Chang, S. K.; Geib, S. J.; Hamilton, A. D. 

Molecular recognition: a remarkably simple receptor for the selective complexation of 

dicarboxylic acids. J. Am. Chem. Soc. 1990, 112, 7393–7394. 

20. In the absence of recognition elements, the 1,3-dipolar cycloaddition between a maleimide and 

nitrone proceeds with an inherently low diastereoselectivity (trans:cis = ~3:1). Consequently, the 

degree of diastereoselectivity in the 1,3-dipolar cycloaddition reaction between a nitrone and 

maleimide can be used as a tool for quantifying the effect that the presence of a recognition-

mediated pathway has on the operation of a particular system.

21. The pathway through which a cycloadduct is formed encodes the stereochemistry of the resulting 

bicyclic system. The data in Figure 5d shows the concentration–time profile obtained for the 

reaction between A and B1*. In this case, only the trans diastereoisomer can arise from a binary 

complex pathway, and only the cis diastereoisomer can arise from a template-directed 
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autocatalytic process. The concentration–time profiles for the cis diastereoisomer in Figure 5c 

(recognition-disabled control reaction) and Figure 5d (recognition-enabled reaction) can be 

overlaid, confirming that there is no possibility that a template effect is operating for this 

diastereoisomer since these profiles are essentially identical. 

22. This reduction in diastereoselectivity arises from the fact that trans-TAB2 possesses two 

amidopyridine recognition sites. At any given time, one of these sites is engaged in the recognition-

mediated reaction processes discussed in the text. However, the second site can act as a 

competitive inhibitor for these processes by binding any molecules bearing a carboxylic acid. The 

effect of competitive inhibitors on the diastereoselectivity of autocatalytic replicators has been 

demonstrated by our laboratory previously. See Refs. 9e and 9g, as well as in the following 

publications: (a) Pearson, R. J.; Kassianidis, E.; Slawin, A. M. Z.; Philp, D. Self-replication vs. 

reactive binary complexes—manipulating recognition-mediated cycloadditions by simple 

structural modifications. Org. Biomol. Chem. 2004, 2, 3434–3441. (b) Allen, V. C.; Philp, D.; 

Spencer, N. Transfer of stereochemical information in a minimal self-replicating system. Org. 

Lett. 2001, 3, 777–780. 

23. The rate for each template-directed reaction (d[trans-TAB1]/dt or d[trans-TAB2]/dt) was determined 

by computing the first derivative of a seventh-order polynomial fitted to the concentration vs time 

data. The rate for the binary complex-directed reaction (d[trans-TAB1*]/dt) was determined by 

computing the first derivative of a third-order polynomial fitted to the concentration vs time data. 

24. In order to establish that the enhancement observed in the rate of formation of trans-TAB1 was the 

result of catalysis by template trans-TAB2, formed in situ by reaction of maleimide A and nitrone 

B2, and not the result of additional maleimide A (24 mM) relative to nitrone B1 (20 mM), we also 

examined the reaction between nitrone B1 at 20 mM and maleimide A at 24 mM in CDCl3 in the 

absence of nitrone B2. The resulting time–course profile for this reaction exhibited no discernible 

difference in the production or selectivity for trans-TAB1 when compared to the reaction where A 

and B1 were reacted in a 1:1 ratio (at a concentration of 20 mM). 

25. Kinetic effective molarity (EMkinetic) provides a measure of the enhancement in the template-

directed reaction relative to the corresponding bimolecular reaction. In addition, this parameter 

provides information about the concentration at which the reaction would have to be performed in 

order for the bimolecular pathway to perform at the same efficiency as the template-directed 

pathway. Consequently, rate acceleration is observed in recognition-mediated systems even if the 

value of EMkinetic is < 1 M, as long as the concentration at which the reaction is performed is lower 

than the EMkinetic. 

26. (a) Kirby, A. J. Effective molarities for intramolecular reactions. Adv. Phys. Org. Chem. 1981, 17, 

183–278. (b) Page, M. I. The energetics of neighbouring group participation. Chem. Soc. Rev. 

1973, 2, 295–323. (c) Page, M. I.; Jencks, W. P. Entropic contributions to rate accelerations in 

Page 28 of 41

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



29

enzymatic and intramolecular reactions and the chelate effect. Proc. Natl. Acad. Sci. U. S. A. 1971, 

68, 1678–1683.

27. The value of Kconf cannot be determined readily and accurately by experimental methods as the 

proportion of the “open” conformation of trans-TAB2 is relatively small. The low occupancy of 

this open state makes determining its presence quantitatively by any method based on dynamic 

NMR spectroscopy subject to large errors.
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