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Metabolism-inspired chemical reaction networks for chemically

driven dissipative oligoesterification

Yeonsoo Lim*, Gyunam Park®, Hojin An", Jonghwa Han, Joonhyun Bae, Ji-Hyun Kim,
Yan Lee,* Kyungtae Kang,* Jaeyoung Sung,* and Sunbum Kwon*

Abstract: Metabolism is a complex network of chemical
reactions in which transient biomolecules are continu-
ously produced and degraded. Mimicking this dynamic
process in synthetic systems poses a considerable
challenge, as it requires designs that enable the exchange
of energy and matter among transient molecules. In this
study, we explored a chemically driven oligoesterifica-
tion process operating within a highly intricate reaction
network and constructed a dynamic library of transient
oligoesters. Our kinetic analysis uncovered an intriguing
phenomenon: oligoesters undergo parasitic exchanges,
consuming one another to sustain the system’s dynamics
before reaching thermodynamic equilibrium. This dis-
covery opens new opportunities for designing synthetic
systems that replicate the complexity and self-sustaining
behavior of metabolic processes. )

Cells, the basic units of life, are open systems that operate
far from equilibrium.! Their survival relies on a constant
influx of nutrients from the extracellular environment, which
triggers a cascade of chemical reactions that assimilate
energy, produce transient molecules, and remove waste.
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This collective process, known as metabolism, represents a
core characteristic of life and functions through a highly
interconnected chemical reaction network (CRN).”! When
the nutrient supply is disrupted, the entry points of the CRN
shut down, eventually driving the system to thermodynamic
equilibrium, signifying biological death. The complexity of
metabolism has long fascinated synthetic chemists, inspiring
efforts to develop artificial CRNs that mimic its dynamic
processes. These synthetic networks aim to emulate key
metabolic principles, advancing the frontier of systems
chemistry by creating chemically driven CRNs that echo the
intricate events occurring within living cells.F¥

A key feature of metabolism is the dynamic interplay of
metabolites consisting the CRN. For instance, cells continu-
ously produce adenosine triphosphate (ATP) through
cellular respiration, which functions as a universal energy
currency.™ ATP, in turn, powers the synthesis of other
high-energy molecules. In addition to these unidirectional
transformations, metabolic pathways also include reactions
that proceed in opposing directions. One example is the
paired process of glycolysis and gluconeogenesis, known as a
futile cycle, which consumes ATP while dissipating energy
as heat.l'! Similarly, protein degradation releases energy
(via gluconeogenesis) and yields amino acid monomers
(catabolism), which can be reused to synthesize new proteins
(anabolism)."”! These processes—where the functional com-
ponents and energy stored in the transient species are
consumed to produce new ones of the same kind—are well-
established in natural metabolism yet remain less explored
in synthetic systems.['1?

In many studies of synthetic (supra)molecular systems
operating far from equilibrium, chemical fueling drives the
formation of transient bonds between monomeric building
blocks, leading to the creation of dynamic oligomer libraries
and increasing the systems’ complexity.”?” Within these
libraries, oligomers compete for limited fuel, undergo
reversible exchanges, and degrade over time according to
their dynamic kinetic stabilities.” To replicate the dual
nature of metabolism—where catabolic and anabolic proc-
esses occur simultaneously—in synthetic systems, out-of-
equilibrium designs should allow transient oligomers to
serve as their own fuel. This approach creates a short-lived,
self-sustaining system, where an interruption in fuel supply
can unveil the underlying parasitic competition within the
network.

In this study, we report on an interesting parasitic
behavior observed in dynamic oligoester exchange, identi-
fied through a kinetic investigation of chemically driven,
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dissipative oligoesterification. The formation of temporary
oligoesters from hydroxy acid building blocks is essentially a
competitive interplay between chain-elongating condensa-
tion and hydrolytic degradation, which at first glance may
appear as simple reversible reactions (Figure 1a). However,
our analysis reveals that the system operates within an
unexpectedly intricate CRN, involving many unobservable
species and their reactions. Furthermore, we demonstrate
that transient oligoesters with distinct monomer sequences
exhibit significantly varied lifetimes and decay dynamics
(Figure 1b).

First, we set out to find the optimal experimental
condition for carbodiimide-driven dissipative
oligoesterification.”™ Leveraging the hydrolytic lability of
ortho- and para-nitrophenyl esters,”™ we selected 3-
bromo-4-hydroxy-5-nitrobenzoic acid (A) as the primary
building block to promote linear oligomerization and
mitigate concerns about the folding or macrocyclization of
the oligomers. We employed a pyridine/pyridinium buffer to
suppress the intramolecular rearrangement of the O-acyli-
sourea intermediate into the persistent N-acylurea side-
product. Pyridine is known to facilitate the rapid conversion
of O-acylisourea intermediates into acylpyridinium inter-
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Figure 1. (a) Construction of a dynamic oligoester library via dissipative
oligoesterification, involving reversible condensation and hydrolysis of
hydroxy acid building blocks A (X=Br) and B (X=H); (b) Degradation
pathways of oligoester B,A, highlighting its role as “prey” in parasitic
competition, where transient oligoesters dynamically exchange before
reaching equilibrium.

Angew. Chem. Int. Ed. 2025, 64, €202425407 (2 of 7)

Communication

Angewandte

intemationaldition’y) Chemie

mediates, thereby minimizing N-acylurea formation.[*”

Additionally, tetrahydrofuran (THF) was introduced into
the reaction mixture to prevent the precipitation of
oligomers and enable accurate monitoring of solute concen-
trations using '"H NMR spectroscopy. For kinetic studies, we
employed a pyridine/pyridinium D,O buffer (pD 5.5, 0.5 M
pyridine-ds, 0.1 M NaCl, 80 mM N,N-dimethylacetamide
(DMA)) mixed with deuterated THF at a 1:1 ratio (v/v)
(Supporting Information Section 1.1).

Upon adding 1-ethyl-3-(3-dimeth-
ylaminopropyl)carbodiimide (EDC) as a chemical fuel, two
distinct sets of new peaks corresponding to the diester A,
and triester A, emerged in the '"H NMR spectra (Figure 2a).
Using 24.2 mM of A and 23.3 mM of EDC, the maximum
concentrations of A, and A; were observed to be 6.3 mM
and 1.8 mM, respectively, with no additional transient
species detected (Figure S2). Longer oligoesters, such as Ay
and A, were obtained when a larger amount of EDC (>
1.5 equiv. to A) was used but were excluded from the kinetic
investigation (Figure S4). The presence of long oligomers in
the CRN makes it challenging to interpret the reaction
kinetics, as it leads to the formation of unobservable
intermediate species and associated reactions (see Section
1.3 of the Supporting Information). Notably, the degrada-
tion of A; was significantly faster than that of A,; A; fully
decomposed within approximately 12 hours, whereas only
19 % of A, degraded after 19 days of incubation.

We attribute the significant difference in decay rates
between A, and A, to the substituent effect.®™! The ester
group near the O-terminus (OH-terminus) of Aj is influ-
enced by a strong electron-donating para-hydroxy substitu-
ent, whereas the one near the C-terminus (CO,H-terminus)
has a para-acyloxy substituent with weaker electron-donat-
ing power (Figure S5).) This difference presumably reduces
the electrophilicity of the ester bond near the O-
terminus.®****!) Additionally, deprotonation of the acidic
hydroxy group could further decrease the electrophilicity
(Figure S6). To investigate this phenomenon, we prepared
three diesters with different para-substituents (OCH;, CH,,
and H) and compare their hydrolysis rates with that of A,.
As expected, diesters with stronger electron-donating sub-
stituents generally exhibited slower hydrolysis rates (Figur-
es S8-11), although experimental limitations prevented an
accurate kinetic analysis (Figure S13).

Most importantly, we observed a simultaneous decrease
in [A] and [A;] after the exhaustion of EDC (regime 2 in
Figure 2b), which was contrary to our initial assumption that
[A] should increase when both A, and A; were undergoing
hydrolysis (Figure S15). This unexpected outcome clearly
suggests the occurrence of scrambling transesterification
reaction, i.e., A + A; — 2A,. This series of results suggests
that the dissipative oligoesterification of A is indeed
operating within a complex reaction network, prompting us
to investigate the kinetics and prevailing reaction pathways.

According to studies on carbodiimide-driven transient
anhydride formation, the acylpyridinium intermediate serves
as a key intermediate, highly susceptible to nucleophilic
addition.”#*! This intermediate can undergo several reac-
tions, including esterification, anhydride formation, and
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Figure 2. (a, b) "H NMR monitoring of carbodiimide-driven dissipative oligoesterification of A. Chemical shifts were calibrated using the acetyl
signal of DMA as an arbitrary reference at 2.0 ppm; (c) Proposed chemical reaction network (CRN 1). Transient species unobservable by '"H NMR

spectroscopy are depicted in gray.

hydrolysis, resulting in a highly complex CRN involving
many transient molecular species, all of which are ultimately
expected to degrade hydrolytically and revert to monomer
A (Figure S16). Even after the fuel is consumed, the length
of oligoesters can change through processes such as
deoligomerization (hydrolysis at the termini), fragmentation
(e.g., hydrolysis of A, into two A,), and transesterification.
To focus on the kinetics of the prevailing reactions, we
excluded transient species that were not present in meas-
urable quantities (e.g., O-acylisoureas, anhydrides, and
oligoesters longer than Aj;), as well as uncatalyzed hydrolysis
and transacylation reactions (CRN 1, Figure 2c, Supporting
Information Section 1.3.1). We performed four 'H NMR
experiments with varying starting concentrations of A and
EDC. A kinetic model encompassing ten elementary
reactions was globally fitted to the entire dataset, yielding
rate constants for each reaction, except for the background
hydration of EDC (k,, Figure S18).-313¢

Our initial attempts to achieve a convincing fit were
unsuccessful, as the fits failed to accurately capture the
decrease in [A] during regime 2 (Figure S19). For CRN 1,
the only viable pathway for the scrambling transesterifica-
tion (A + A; — 2A,) is a two-step process. First, pyridine
undergoes nucleophilic addition to the O-terminal carbonyl
group of A;, leading to the formation of an A, and an A-ap
intermediate (k_,, Figure 2c). This intermediate then reacts
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with A to produce a second A, molecule (k;). However, the
rate of this consecutive process may be insufficiently fast,
likely due to the low susceptibility of the O-terminal
carbonyl group to nucleophilic addition.

To gain deeper insight into the kinetics of the scrambling
transesterification, we designed a new experiment (Support-
ing Information Section 1.3.2). In this revised experiment, A
and EDC were dissolved in a pyridine/pyridinium buffer
(pH 5.5, 0.5 M pyridine) mixed with THF at a 1:1 ratio (v/
v). After confirming the emergence of A, and A;, as well as
the complete consumption of EDC, we introduced a new
building block, 4-hydroxy-3-nitrobenzoic acid (B), into the
reaction mixture. Transient oligomeric species were ana-
lyzed using reverse-phase high-performance liquid chroma-
tography (RP-HPLC), mass spectrometry, and the benzyl-
amine quenching method developed by Boekhoven and co-
workers (Figure S21)." We hypothesized that the hydroxy
group of B would actively participate in transesterification,
displacing the C-terminal unit of A, and A; to generate AB
and A,B, respectively (oligoester sequences represented in
the O-to-C direction, left to right). Consistent with this
hypothesis, we observed an accelerated decay of A; in the
presence of B due to the formation of A,B, as well as a
slower growth of A,, which was competing with AB
formation (Figure 3a). Interestingly, a small amount of an

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. (a) RP-HPLC monitoring of the transacylation experiment; (b) Proposed reaction pathways for the formation of transacylation products
AB, A,B, and B; (c) Revised chemical reaction network (CRN 2). Transient species unobservable by '"H NMR spectroscopy are depicted in gray.

unexpected species, B,, was detected. The concentration of
B, plateaued once trimeric species were no longer present.

The placement of B at the O-terminus of oligoesters
indicates the activation of B’s carboxylic acid. A plausible
explanation for this dynamic exchange is that the energy
stored in the ester bond near the C-terminus of triesters (A,
and A,B) drives the formation of an undetectable trimer
with a mixed ester-anhydride backbone, A,B-an (Figure 3b).
Subsequently, A,B-an undergoes rapid transacylation with
B, resulting in the formation of B,. In contrast, the ester
bonds in A, and AB lack the ability to activate the
carboxylic acid of B to produce an anhydride species (AB-
an), as evidenced by the plateau in [B,] levels once the
trimeric species were depleted.

Consequently, we systematically expanded the CRN to
include Ajz-an, whose presence in the network was implied
by A,B-an in the aforementioned experiment, along with
seven additional elementary reactions (CRN 2, Figure 3c,
Supporting Information Section 1.3.3). Numerical fitting of
the new kinetic model afforded simulations that closely
aligned with experimental data, providing fitted parameters
that revealed key reaction mechanisms (Figure 4a, Table S5,
Supporting Information Section 1.3.5). First, the addition of
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the A monomer to acylpyridinium intermediates (A-ap and
A,-ap) was found to be the dominant pathway for the
formation of A, and A; during the first regime (k; and k)
(Figures S41,44). This indicates that chain elongation pri-
marily occurs via monomer addition to the C-terminus,
analogous to protein translation. Second, during the second
regime, the uncatalyzed nucleophilic addition of A to Aj-an,
producing two A, molecules (k), was identified as the
major pathway responsible for the simultaneous consump-
tion of A and A; (Figures 4b,S41). Alternative pathways
involving the A-ap intermediate were less significant, with
its primary outflux being hydrolysis back to A (k,) (Fig-
ure S48). Finally, during the third regime where A, A,, and
EDU are the only observable species, the hydrolytic
degradation of A, through A-ap (k_; and k,) was virtually
the sole active pathway (Figures S42,48). Elongation from
A, to longer oligomers, such as the scrambling of two A,
molecules to yield A and A;, was found to be kinetically
infeasible (k; and k,) (Figure S48).

Encouraged by our understanding of reaction kinetics,
we sought to construct a transient dynamic oligoester library
using two hydroxybenzoic acid building blocks, A and B
(Figure 5a). Upon fueling the system, new chromatographic

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. (a) '"H NMR monitoring of the dissipative oligoesterification
of A (circles) and fits to the kinetic model for CRN 2 (solid lines); (b)
Rates of the individual reactions for A, Influx.

peaks corresponding to dimeric and trimeric species
appeared (Figure 5b, Supporting Information Section 1.4).
We were able to unambiguously identify all four (2%) diesters
(A,, AB, BA, and B,) and five of the eight (2°) possible
triesters (Az;, AB,, BA,, ABA, and B;) using independently
synthesized oligoesters and the benzylamine quenching
method (Figures S73-86). The transient oligoesters exhib-
ited varied lifetimes with distinct patterns of growth and
decay (Figure 5c). While most diesters, except for BA,
increased steadily, all triesters decreased or were completely
depleted over time. This highlights the inherent instability of
ester bonds near the C-termini in triesters, as observed in
the kinetic runs for A, and Aj; Notably, the monomer
sequence strongly influenced the lifetimes of the oligoesters.
Among BA, and ABA, both containing two A units and one
B unit, BA, decayed significantly faster. Triesters with a C-
terminal A unit, such as BA,, ABA, and A;, degraded more
rapidly than others. These observations are presumably due
to the 3-bromo substituent on A, which enhances its leaving
group ability as a mild electron-withdrawing group. A direct
comparison of A and B’s leaving group abilities, using
independently synthesized B; and B,A, confirmed this: B,A

Angew. Chem. Int. Ed. 2025, 64, €202425407 (5 of 7)
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decayed faster than B; (Figure S57). These observations
demonstrate that hydrolytic stability of the oligoesters
depends heavily on their sequences.

During the hydrolytic degradation of B,A—a species
absent from the dynamic oligoester library—we identified
transient species beyond the expected hydrolytic fragments
(e.g., B and BA, B, and A). RP-HPLC purification revealed
the formation of A, and four triesters—A;, BA,, AB,, and
B;—which exhibited varying lifetimes (Figures 5d,e,S58).
These unexpected oligoesters could not arise from simple
deoligomerization or transesterification but required the
activation of other building blocks’ carboxylic acids (Fig-
ure 3b). This indicates that B,A is not just hydrolyzed but
also consumed by other species that compete for it as
“prey,” leading to the formation of entirely new oligoesters
of the same length. These paired processes of degradation
and oligomerization mirror the interplay between catabolic
and anabolic pathways in metabolism. The parasitic ex-
change, as a short-lived, self-sustaining dynamic observable
only in the absence of fuel, resembles metabolic adaptation
under starvation conditions.”” It is important to note that
this parasitic exchange should be distinguished from the
conventional definition of transesterification, in which the
number of ester bonds remains unchanged. Instead, it
involves the consumption of an ester bond to activate the
carboxylic acid of another building block via an anhydride
intermediate, which is then converted into a new ester bond.

In conclusion, we have demonstrated a chemically driven
dissipative oligoesterification and thoroughly characterized
the kinetics of the CRN that governs the composition of this
dynamic system. We emphasize that our numerical fitting
required consideration of 18 elementary reactions, even
though the system was deliberately limited to only five
observable species (A, A,, A;, EDC, and EDU). Our
estimation suggests that at least 36 elementary reactions
should be considered to incorporate tetrameric species into
the CRN, which significantly exceeds the complexity of
similar systems previously reported. A chemically driven
dynamic oligoester library revealed sequence-dependent
stability and intriguing exchange dynamics, where ester
bonds are consumed to produce not only hydrolyzed frag-
ments but also new ester species, mimicking aspects of
protein metabolism.

While the complexity of CRNs is a key feature enabling
the metabolism-like interplay of oligoesters, simplifying
these reaction networks could improve their controllability
and design flexibility. One possible approach is to use
hydroxy acid building blocks in which the nucleophilic
hydroxy group and the electrophilic carboxylic acid group
are electronically decoupled (i.e., not conjugated). This
separation would result in more predictable reaction
kinetics, making it easier to model and regulate the net-
work’s dynamics. Furthermore, this strategy could facilitate
the incorporation of longer oligoesters—often limited by
poor water solubility—into CRNs. Ultimately, it could
expand the potential for designing dissipative
supramolecular systems that operate under continuous
energy input. 1!
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Figure 5. (a) Chemically driven generation of transient dynamic oligomer library; (b) RP-HPLC profile obtained 30 min after EDC fueling; (c) RP
HPLC monitoring of peak areas for diesters (left) and triesters (right); (d) Degradation dynamics of B,A; and (e) RP-HPLC monitoring of peak

areas for diesters (left) and triesters (right).

Despite extensive research, the complexity of synthetic
dissipative systems remains limited compared to the intricate
processes observed in living organisms. A comprehensive
understanding of a new out-of-equilibrium system that
generates transient oligomers with unique sequences is
expected to provide essential design abilities for mimicking
key biological processes, particularly those involving nucleic
acids and proteins.*>*” For example, we envision potential
biomimetic applications such as sequence-specific guest
recognition (receptor-ligand interactions)”'>* and the inte-
gration of multiple CRNs for information transfer (e.g.,
transcription and translation).’® To this end, we are
currently working on further complicating the dissipative
oligoesterification process to design systems capable of
information processing between orthogonal transient molec-
ular species.
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