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ABSTRACT: Life operates out of equilibrium to enable various
sophisticated behaviors. Synthetic chemists have strived to mimic
biological nonequilibrium systems in such fields as autonomous
molecular machines and dissipative self-assembly. Central to these
efforts has been the development of new chemical reaction cycles,
which drive systems out of equilibrium by conversion of chemical
fuel into waste species. However, the construction of reaction
cycles has been challenging due to the difficulty of finding
compatible reactions that constitute a cycle. Here, we realize an
alternative approach by repurposing a known catalytic cycle as a
chemical reaction cycle for driving dissipative self-assembly. This
approach can overcome the compatibility problem because all
steps involved in a catalytic cycle are already known to proceed
concurrently under the same conditions. Our repurposing approach is applicable to diverse combinations of catalytic cycles and
systems to drive out of equilibrium, which will substantially broaden the scope of out-of-equilibrium systems.

■ INTRODUCTION
Biological systems operate out of equilibrium to enable various
functions that are indispensable to sustain a living state, such as
transportation and motility,1,2 temporal control,3 and informa-
tion processing.4 Inspired by biology, synthetic chemists have
sought to develop out-of-equilibrium systems in such areas as
molecular machines,5−7 dissipative self-assembly,8,9 active
materials,10 and feedback-controlled systems,11,12 leading to
the emergence of the field of systems chemistry.13−15 In order to
drive systems out of equilibrium, energy needs to be supplied.16

One of the most widely used energy sources is chemical energy;
in biology mostly ATP and GTP.2,17,18 The central element in a
system for harnessing chemical energy is a reaction cycle,19−23 in
which chemical fuel24 is converted into waste species, and the
species mediating this conversion travels between different
states (“state 1” and “state 2” in Figure 1A). A common
approach for constructing new chemical reaction cycles is to
combine multiple reactions (Figure 1A, top). The individual
reactions can be either catalytic25−35 or noncatalytic36−44 and
can incorporate enzymatic reactions.45−50 With biomolecules
such as nucleic acids and enzymes, high specificity can be
achieved, andmultiple reactions proceed concurrently under the
same conditions. However, constructing chemical reaction
cycles out of small synthetic molecules and coupling them to
other driven processes [e.g., (co)conformational changes for
molecular machines, self-assembly for dissipative self-assembly]
has been challenging. Specifically, it is difficult to find compatible
reactions that proceed under the same conditions for
constructing a cycle. Even if feasible combinations are found,
the resulting reaction cycles often suffer from problems such as

fast background fuel decomposition and formation of side
products.19,22

Here, we realize a simple and general way to design new
chemical reaction cycles, which is to repurpose a known catalytic
cycle. In contrast to previous reaction cycles that combine
multiple reactions and therefore often experience unwanted
cross-reactivity, our current approach uses inherently compat-
ible reactions since they have been taken from a known catalytic
cycle. Note the equivalence of a chemical reaction cycle and a
catalytic reaction cycle (Figure 1A, bottom). Normally, a
catalytic reaction is viewed as the conversion of a substrate into a
product. However, it can also be viewed as cycling of the
catalytic species via two or more states with net directionality,
which is equivalent to a chemical reaction cycle. From this
perspective, the substrate and the product of a catalytic cycle can
be regarded as fuel and waste of a chemical reaction cycle,
respectively.
In this study, we combine an aldehyde species (1 in Figure

1B)43,51 that catalyzes ester hydrolysis,52−54 thereby accumulat-
ing a transient intermediate (imine ester 4) that self-assembles
into aster-like structures. The amount of the transient
intermediate can be tuned by varying the pH, and the cycle
can be refueled under specific (pH) conditions.
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Catalysis has been broadly studied in the context of reaction
development, where the main goal is to optimize catalytic

reactions for production by improving the conversion rate,
turnover number, and selectivity. Nevertheless, little attention

Figure 1. Repurposing an aldehyde-catalyzed ester hydrolysis reaction to induce transient self-assembly. (A) Top: common approach for constructing
a chemical reaction cycle, which is to find multiple reactions that proceed under the same conditions and combine them. Bottom: our approach of
repurposing a catalytic cycle as a chemical reaction cycle, which is based on the equivalence of these two cycles. A fuel molecule (substrate) reacts with a
system’s component in state 1 (catalyst), converting it into another state (state 2/catalyst′). The new state undergoes another transformation and
returns to the initial state while releasing a waste molecule (product). (B) Reaction cycle of an aldehyde-catalyzed ester hydrolysis. Free catalyst
aldehyde 1 and imine ester 4 have different propensity to self-assemble. While chemical fuel 2 is present, the assembly of imine ester 4 is formed
transiently. Dimerization of ester fuel 2 also occurs but is omitted for clarity.

Figure 2. Fuel addition experiments to aldehyde 1 solution. (A) Reaction mixture at pH = 7.90 before adding ester fuel 2 and 3 and 140 min after the
fuel addition. Transient formation of visible assemblies of imine ester 4 was observed. (B) Observed pseudo-first-order rate constants for fuel
consumption with and without aldehyde 1 (kcat and kuncat, respectively) at different pH values. The numbers on each set of bar graphs are themagnitude
of acceleration, kcat/kuncat. Error bars represent standard errors obtained from duplicate experiments. ns = (not significant), * and ** mean that the P
value of statistical testing is ≥0.05, 0.01 to 0.05, and 0.001 to 0.01, respectively. See Section S7 for details. (C−F) Concentration changes of catalyst-
containing species over time. Error bars represent standard errors obtained from duplicate experiments (panel C,D) or four replicates (panel E,F).
“Imine ester assemblies” signify the visible aster-like assemblies of imine ester 4. Reaction conditions: aldehyde 1 (6 mM); ester fuel 2 (48 mM, 8
equiv); MES or HEPES buffer (200 mM) at pH = 6.10, 6.55, 7.00 or 7.90; D2O; and 293 K.
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has been paid to the accumulation of intermediate species in the
catalytic cycle, which is our target. The recognition that catalytic
cycles are indeed chemical reaction cycles suggests that already
well-studied catalytic cycles may be reused as useful elements for
constructing synthetic out-of-equilibrium systems. The ap-
proach of repurposing known catalytic cycles is versatile and
applicable to diverse combinations of catalytic cycles (e.g.,
organocatalysts,55 organometallic catalysts56) and systems to
drive out of equilibrium (e.g., dissipative self-assembly,8,9

molecular machines5−7), substantially enriching the toolbox of
synthetic out-of-equilibrium systems.

■ RESULTS AND DISCUSSION
Reaction Cycle of Ester Fuel Hydrolysis Catalyzed by

an Aldehyde Species. In this study, we combined an aldehyde
species 1 and a reported reaction catalyzed by aromatic
aldehydes, namely a hydrolysis of amine esters such as 2 (Figure
1B).52 According to the literature and our analysis of the
reaction progress (see the next section), the reaction cycle
consists of two pathways. In both pathways, aldehyde 1 first
reacts with ester fuel 2 to generate hemiaminal 3. In the first
pathway, this intermediate undergoes water elimination to
generate imine ester 4, which is hydrolyzed stepwise to
regenerate aldehyde 1. In the second pathway, hemiaminal 3
is transformed to lactone 8 via intramolecular cyclization, which
undergoes ring-opening and hydrolysis to regenerate aldehyde
1. Overall, this reaction cycle hydrolyzes ester fuel 2 into two
waste species, phenol 5 and alanine 7. It is the first pathway that
enabled accumulation of transient imine ester 4 that forms
macroscopic aster-like structures.
Transient Formation of Imine Ester Assemblies in the

Aldehyde-Catalyzed Fuel Consumption Reaction. We
conducted fueling experiments by adding ester fuel 2 to a
solution of aldehyde 1 in buffer at pH = 6.10, 6.55, 7.00, and
7.90. At pH = 7.00 and 7.90, we observed formation of white
insoluble species, which gradually disappeared over time (Figure
2A, see Figure S5C for images at pH = 7.00). These species were
characterized to be imine ester 4 by 1H NMR and mass
spectrometry (Section S4.3, see Section S4.4 for character-

ization of 4 in solution). Aldehyde 1 is known to self-assemble in
aqueous conditions,43,51 but imine ester 4 has higher propensity
to self-assemble because of its increased hydrophobicity.
Consequently, in the reported experimental conditions,
aldehyde 1 did not form any visible structures, whereas imine
ester 4 formed visible aster-like structures. For understanding
the system’s behavior in more detail, we tracked the
concentration change of each species by 1H NMR. The
concentration profiles of ester fuel 2 were fitted to a pseudo-
first-order kinetic model for quantifying the rate of fuel
decomposition (Figures S4B and S5B). The comparison of
rate constants for experiments with and without aldehyde 1 (kcat
and kuncat, respectively) at the same pH confirmed that the
catalytic effect by aldehyde 1was present at pH = 6.10, 6.55, and
7.00 (Figure 2B). As the pH increased, the magnitude of
acceleration (kcat/kuncat) decreased from 6.3 to 2.4, whereas the
absolute rate of fuel decomposition increased concurrently. The
concentration profiles of catalyst-containing species were also
obtained (Figure 2C−F). The maximum concentration of imine
ester 4 constantly increased as the pH was increased. Beyond a
certain concentration, the formation of visible assemblies of
imine ester 4 could be observed (pH = 7.00 and 7.90). The
conversion to imine ester 4 reached 93% (pH = 7.90). Both
imine ester 4 in solution and visible imine ester assemblies
gradually decomposed as ester fuel 2 ran out.
The emergence and disappearance of assemblies of imine

ester 4 were observed by optical microscopy techniques (Figure
3, Section S4.5 and Videos S1 and S2). At both pH = 7.00 and
7.90, the assemblies had globular aster-like structures. The size
of each assembly was smaller at pH = 7.90 than at pH = 7.00.
This is probably due to the different rates of imine ester
formation: the generation of imine ester 4 was faster at pH =
7.90 and nucleation occurred more frequently. As a result, the
imine ester assemblies at pH = 7.90 became larger in number but
smaller in size than those at pH = 7.00. Interestingly, at pH =
7.00 the reaction cycle could be repeated 3 times without
damping (see Figure S8a−c).
Investigation of the System’s Mechanism. In order to

investigate further the mechanism behind the transient

Figure 3. Optical microscopy images of imine ester assemblies 4 at designated time points at (A) pH = 7.00 and (B) 7.90. Emergence and
disappearance of aster-like structures could be observed. The assembly size at pH = 7.90 was smaller than at pH = 7.00, due to faster formation of imine
ester 4 and more frequent nucleation events. The last images at each pH show trace amount of deposits formed on the cover glass during the reaction.
Reaction conditions: aldehyde 1 (6 mM), ester fuel 2 (48 mM, 8 equiv), MES or HEPES buffer (200 mM), D2O, and room temperature.
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accumulation of imine ester 4, we conducted a set of control
experiments. First, operation experiments were attempted with
alcohol 9 as a catalyst, which has a structure similar to that of
aldehyde 1 but lacks a formyl group (Figure 4A). These
experiments did not show any acceleration in the fuel
decomposition. The pseudo-first-order rate constants of the
decomposition with and without alcohol 9 did not show
statistically significant difference at all pH values (Figure 4B).
This corroborates the reaction mechanism of catalysis depicted
in Figure 1B, which requires a formyl group as a crucial element.
We also discovered that alcohol 9 forms self-assembled
structures of the size comparable to aldehyde 1 (Figure
S15D). Therefore, the catalysis by 1 is not likely to be caused
by functional groups other than the formyl group that are in
close proximity in the self-assemblies of aldehyde 1.
Next, catalytic fuel hydrolysis with different concentrations of

aldehyde 1was attempted. We fixed the pH at 6.10 for this study
because this pH showed the largest rate acceleration by catalysis
among the pH values employed in the study (Figure 2B). This
allowed us to study the effect of the catalyst concentration to the
fuel decomposition rate more accurately by having a large
variation in the reaction rate. By subtracting the rate constants in
absence of aldehyde 1 (kuncat) from the rate constants in the
presence of 1 (kcat), the rate constants for the catalytic fuel
hydrolysis (i.e., processes that involve aldehyde 1) were
calculated (kcat− kuncat, see Section S5.2 for detailed discussion).
The catalysis rate increased almost linearly as the initial
concentration of aldehyde 1 (shown as [1]0) increased (Figure

4C). Nonlinear fitting showed that the exponent to [1]0 (“b” in
the top-left equation in Figure 4C) was 0.83± 0.013. This value
becomes one in the case of genuinely linear dependence, and the
obtained value, 0.83± 0.013, is close to one. To probe the nature
of the catalytically active species, we further studied the assembly
state of aldehyde 1 at different concentrations. Dynamic light
scattering (DLS) measurements demonstrated the presence of
large assembled structures of aldehyde 1 even at [1]0 = 0.2 mM
(Figure 4D). This suggests that the increase of [1]0 beyond 0.2
mM led to the formation of more of assembled structures, while
keeping the concentration of monomeric aldehyde nearly
constant, because the self-assembly mechanism of this aldehyde
is cooperative:57 in the cooperative formation of supramolecular
polymer, the concentration of a nonassembling monomer
remains constant once the total monomer concentration
exceeds the critical aggregation concentration.58,59 Therefore,
the increase in the catalysis rate at higher [1]0 is most likely the
consequence of the increase in the amount of assembled
structures, and we conclude that the catalysis of the fuel
hydrolysis involves not only monomeric aldehyde 1 but also
their assemblies. Still, the exponent to [1]0 in the nonlinear
fitting (b = 0.83 ± 0.013 in Figure 4C) is smaller than one. We
ascribe this discrepancy to the shielding effect in the assembled
structures:59 the larger the assemblies become, the more
shielded the inner monomers are from the solution phase,
preventing them to participate in catalysis.
Kinetic Modeling Based on Experiments with a Model

Aldehyde. In order to study the effect of changing the rate of

Figure 4. Investigation of the reaction mechanism of ester fuel hydrolysis catalyzed by aldehyde 1. (A) Reaction scheme of ester fuel hydrolysis
experiments in the presence of alcohol 9, which has a similar structure to aldehyde 1 but lacks a formyl group. (B) Observed pseudo-first-order rate
constants for fuel consumption with and without alcohol 9 (kcat and kuncat, respectively) at different pH values. Error bars represent standard errors
obtained from duplicate experiments. ns (not significant) means that the P value of statistical testing is ≥0.05. See Section S7 for details. (C) Rate of
catalyzed processes at different concentrations of aldehyde catalyst 1. Reaction conditions: aldehyde 1 (0.06, 0.2, 0.6, 2, 6, or 10 mM), ester fuel 2 (48
mM), MES buffer (200 mM) at pH = 6.10, D2O, and 293 K. The black markers depict the rates of catalyzed processes measured in the 1H NMR
experiments, with the error bars that show standard errors obtained from duplicate experiments. The red line is the result of nonlinear fitting to the
equation at the top-left corner, where “a” and “b” are the fitted parameters. The inset is a magnification of the low-concentration region. (D) DLS
measurements of aldehyde 1 (0.2, 0.6, 2, 6, and 10 mM) solution at pH = 6.10. The DLSmeasurement of aldehyde 1 solution at 0.06 mMdid not yield
any reliable signal.
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each step in the system and understand how the change in pH
affects the amount of accumulated imine ester 4, we developed a
kinetic model. The model is based on experiments with model
aldehyde 10, as well as on previous studies52,60,61 (Figure 5A).
We used this model aldehyde since it has a lower propensity to
self-assemble than aldehyde 1. Upon fuel addition, it did not

form visible assembled structures not only at pH = 6.10 and 6.55
but also at pH = 7.00 (Figures 5B and S17C), while aldehyde 1
formed visible assemblies at pH = 7.00 (Figure S5C. See Figure
S17D for DLS measurements of model aldehyde 10 solutions).
This property of model aldehyde 10 enabled us to develop a
rather simple kinetic model that does not need to consider large

Figure 5.Construction of a kinetic model based on experiments withmodel aldehyde 10. (A) Reaction cycle of ester fuel hydrolysis catalyzed bymodel
aldehyde 10. k2 and k4−k10 are rate constants for reactions. k1 and k3 are the rate constants for the background fuel hydrolysis reaction and the
hydrolysis of fuel dimer 15, respectively. They are omitted for clarity in the figure. (B) Reaction mixture with model aldehyde 10 at pH = 7.00 before
adding ester fuel 2, at 3 and 140 min after the fuel addition. No visible assemblies were observed. Similar results were observed at pH = 6.10 and pH =
6.55, whereas transient formation of visible assemblies was observed at pH= 7.90. (C)Observed pseudo-first-order rate constants for fuel consumption
with and without model aldehyde 10 (kcat and kuncat, respectively) at different pH values. The numbers on each set of bar graphs are the magnitude of
acceleration, kcat/kuncat. Error bars represent standard errors obtained from duplicate experiments. ns (not significant), * and **mean that the P value
of statistical testing is ≥0.05, 0.01 to 0.05, and 0.001 to 0.01, respectively. See Section S7 for details. (D−I) Concentration changes of fuel 2, waste 5,
waste 7, and fuel dimer 15 species (D,F,H) and catalyst-containing species (E,G,I) over time at different pH values. Note that the reactions were
monitored for 60 min, not 120 min. Scatter: experimental results and line: fitted model. Error bars represent standard errors obtained from duplicate
experiments. Reaction conditions: model aldehyde 10 (6 mM); ester fuel 2 (48 mM, 8 equiv); MES or HEPES buffer (200 mM) at pH = 6.10, 6.55,
7.00 or 7.90; D2O; and 293 K.
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self-assembled structures that crush out from solution. The
catalytic reaction cycle of this system resembles the one with
original aldehyde 1 (Figure 5A, see Section S6.2 for the full
description of the kinetic model). Also, the magnitudes of
acceleration of the fuel decomposition with model aldehyde 10
were similar to those of aldehyde 1 at all pH values (Figure 5C,
see Section S7 for statistical comparison of the fuel
decomposition rates with aldehyde 1 and model aldehyde 10),
which justifies the use of 10 as a model compound. The fitted
model agreed well with experimentally observed concentrations
of the fuel and waste species and could reproduce transient
accumulation of imine ester 12 (Figure 5D−I). The fitting of the
kinetic model was attempted only for the experiment results at
pH = 6.10, 6.55, and 7.00 because visible assemblies were
observed at pH = 7.90 (see Figure S17E,F for the experiment
result at pH = 7.90).
Based on these fitting results, we systematically varied the rate

constants concerning the catalytic cycle (k4−k10) and examined
their effects (Section S6.3). Depending on the rate constant to
vary, three types of effects were observed at all pH values. When
k4 or k8 was increased, or k5 or k9 was decreased, the
consumption of ester fuel 2 was accelerated and more transient
imine ester 12 was formed. This effect originates from the shift
of the imine-formation equilibria to the product side, resulting in
the accumulation of hemiaminal 11 or imine ester 12. When k6
or k10 was increased, the consumption of ester fuel 2 was
accelerated while less transient imine ester 12 formed. This is
because the faster consumption of hemiaminal 11 or imine ester
12 decreased the amount of accumulated imine ester. Finally,
the variation in k7 had no observable effect as long as k7 ≫ k6,
which is an experimentally validated condition.52 The variation
in pH has different effects on each of these three types of the
reactions. Previous studies suggest that k6 and k10 are larger at a
higher pH.52 As was examined before, these rate accelerations
should decrease the amount of transient imine ester 12.
However, our experimental observations showed the opposite
trend: the higher the pH, the more imine ester 12 formed.
Considering the neutrality of k7 to the system’s behavior, it is
likely that the change in k4, k5, k8, and/or k9, which shifts the
imine-formation equilibria, increased the imine ester accumu-
lation at a higher pH. Indeed, a study of imine formation in
aqueous solution demonstrated that imine-formation equilibria
shift to the imine side at a higher pH (see Section S6.3 for a more
detailed discussion).60 Our results demonstrate that the
accumulation of transient species can be tuned by varying
reaction conditions (e.g., pH), which has a broader implication
to our repurposing approach: even if such accumulation is not
reported in the original literature of a catalytic reaction, we may
still be able to utilize its catalytic cycle as a reaction cycle to
accumulate transient species (and for causing other non-
equilibrium behaviors) by varying the reaction conditions.

■ CONCLUSIONS
In this study, we repurposed a known catalytic cycle as a
chemical reaction cycle to induce a nonequilibrium behavior and
could accumulate self-assembling species transiently. Moreover,
the amount of the transient species could be tuned by varying a
reaction condition (pH), and the cycle could be refueled
multiple times (at pH = 7.00). Our approach is simple and
general and potentially applicable to diverse combinations of
catalytic cycles and systems to drive out of equilibrium. For
example, organocatalytic cycles may prove facile elements for
constructing out-of-equilibrium systems due to their mecha-

nistic simplicity and easy handling.55 More conventional
catalytic cycles of organometallic56 and heterogeneous62

catalysis may also be useful for this purpose due to their
diversity in the catalyzed reactions. These catalytic cycles can be
combined to a system to drive by introducing a catalytic site for
the reaction to the system of interest or by choosing a system
that already has a suitable catalytic site. After finding a promising
combination, we can tune parameters such as the reaction
conditions and structures of a substrate (fuel) and a catalyst to
achieve the desired nonequilibrium behaviors. Because of its
generality, our repurposing approach may offer solutions to a
number of problems in constructing chemically driven out-of-
equilibrium systems: it not only overcomes the compatibility
problem of multiple steps in reaction cycles but also can be a
potential solution to the problem of background fuel
decomposition because this decomposition via a noncatalyzed
pathway is much slower than a fuel consumption by a catalytic
cycle that harvests energy. Moreover, this approach may aid in
solving the waste accumulation problem, which deteriorates
systems’ behavior: there is little product inhibition in practical
catalytic reactions, which means that waste species will not be
harmful to the system if we utilize such a catalytic reaction. Our
repurposing approach will bridge the gap between systems
chemistry and the field of catalysis, thereby substantially
broadening the scope of out-of-equilibrium systems chemistry
and helping synthetic systems develop toward the sophistication
of biology.
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