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general principle is for the pathway selection. Numerical simulations of model

systems and a self-assembly network indicate that the emergence of quasi-

irreversibility in certain reaction steps is the key to decision-making, and the
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the elementary reactions, leading to nonlinear behavior.
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Pathway bias and emergence
of quasi-irreversibility in reversible reaction
networks: Extension of Curtin-Hammett principle

Satoshi Takahashi,1 Tsukasa Abe,1 Hirofumi Sato,2,3 and Shuichi Hiraoka1,4,*

SUMMARY

The Curtin-Hammett principle, which works in a reaction sequence
where slow irreversible reactions are connected to a fast reversible
reaction, determines the product distribution depending only on
the relative energy barriers of the two irreversible reactions, result-
ing in kinetic pathway selection. A basic question is how the reaction
pathway is selected in reaction networks composed of reversible re-
actions to generate a metastable state. Numerical simulations of
model systems where reversible elementary reactions are con-
nected linearly to an initial reversible reaction demonstrate that a
metastable state far from equilibrium is transiently produced and
that its lifetime is prolonged by increasing the number of connected
reversible reactions. The pathway selection in the model systems
originates from quasi-irreversibility, and a similar behavior was
also observed in the molecular self-assembly of a Pd6L4 truncated
tetrahedron, which supports the idea that the emergence of quasi-
irreversibility is a key general concept underlining kinetic control
in reversible reaction networks.

INTRODUCTION

Chemical reaction network is the key concept in the origin of functions in living sys-

tems, such as regulation,1–3 amplification,4,5 oscillation,6–10 transduction,11–13

signaling,14–17 photosynthesis,18–21 and metabolism.22–28 Although the kinetics of

the elementary reactions in the networks are very simple, unexpected results like

emergence are sometimes observed due tomutual correlation among the reactions.

Such emergent behaviors have been analyzed and understood by mathematical

models,29–33 which enable us to abstract universality in similar and related phenom-

ena.34–36 Most of the above-mentioned systems are composed of irreversible reac-

tions, so the direction of each elementary reaction is basically determined. In

contrast, it is generally considered that reversible chemical reactions finally reach

thermodynamic equilibrium, so the kinetics in reaction networks composed of

reversible elementary reactions have been underestimated. Reaction networks

composed of reversible elementary reactions are highly adaptive because even

the direction of each elementary reaction is affected by other reversible elementary

reactions, which is different from irreversible reaction networks. Such reversible re-

action networks sometimes lead to metastable, kinetic states as seen in protein

folding37,38 and self-assembly.39–41 Most of these metastable states are kinetic traps

with relatively high kinetic stability and should be selectively produced by pathway

selection in the reaction network. However, an understanding of how kinetic traps

are produced is elusive because the general principle of pathway selection in revers-

ible reaction networks has not been established yet.

THE BIGGER PICTURE

Finding a general principle

through mathematical models

enables us to systematically

understand natural phenomena

and to even make the rational

design of novel functions and

materials possible based on the

principle. A question in this

research is what happens at the

border between reversibility and

irreversibility in chemical reaction

networks. Mathematical models

demonstrate that the emergence

of quasi-irreversibility in certain

steps of reversible reaction

networks is the key to pathway

selection, which even generates a

metastable state transiently. This

behavior found in reversible

networks can be explained by

extension of the Curtin-Hammett

principle, which will provide a

deep insight into the origin of

emergent behavior in nature and

novel design strategies for the

creation of elaborate phenomena

in nonlinear systems.

Chem 9, 2971–2982, October 12, 2023 ª 2023 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Thewell-knownCurtin-Hammett (C-H)principle42–46 is agoodstartingpoint to consider

how the reaction proceeds kinetically in the network containing reversible reaction(s).

The simplest reaction network model considered in the C-H principle is shown in Fig-

ure 1, where slow irreversible reactions (A /
kAC

C and B /
kBD

D) are connected to a fast

reversible reaction (A% B). The ratio of the final products (C andD) is not solely deter-

mined by the relative proportions of the substrates (A and B), KAB h kAB/kBA, yet

controlled by the difference in the energy barriers of the two irreversible reactions

(kAC and kBD). This indicates that the fate of the reaction is dictated in a kinetically

controlled manner. A question arises here: is there a pathway selection principle like

the C-H principle for reaction networks composed of only reversible reactions?

Here, we show that quasi-irreversibility appears in reaction networks composed of

reversible reactions by numerical simulations of simple mathematical models. It

was found that (1) a transient kinetic state is generated even in the network whose

elementary reactions are all reversible and that (2) the lifetime of the transient state

far from equilibrium is prolonged by increasing the number of connected reversible

reactions. Finally, we also found quasi-irreversibility in a complicated reversible

network (56 species, 249 elementary reactions), which largely contributes to the

pathway selection in the self-assembly of an M6L4 coordination cage. The quasi-irre-

versibility emerged even in reversible elementary reactions with comparable for-

ward and backward rate constants, indicating that mutual interactions among

elementary reactions in the network make certain elementary reactions quasi-irre-

versible. In other words, the reversible reaction network behaves as a nonlinear sys-

tem, where the function (pathway selection in this case) is not determined by just the

sum of properties of each subsystem (rate constants in this case), yet a different

property (quasi-irreversibility in this case) emerges due to interactions of the subsys-

tems. Such kinetic-based nonlinear behavior found in a simple artificial systemwould

be helpful to understand primitive evolutional processes and life-like behavior.

RESULTS AND DISCUSSION

Appearance of pathway selection behavior in simple reaction networks

consisting of reversible elementary reactions

Starting from the strict C-H system shown in Figure 1, three cases of reaction network

models were established (Figure 2). In these models, all the elementary reactions are

treated as first-order for simplicity of discussion. In all the numerical simulations the

time evolution was traced with the so-called Gillespie algorithm based on the

chemical master equation47–50 (see more detail in the supplemental information;

Document S1. Source code is shown in Data S1).

Case 1

In case 1 (Figure 2A), the irreversibleA/
kAC

C reaction is as fast asA/
kAB

B in the reversible

reaction (A % B), kAC = kAB, whereas kAC < kAB in the original C-H model in Figure 1.

Although case 1 is no longer the strict C-H condition, it was found that the modification

in case 1 makes slight change of the global C-H behavior (Figures 1C and 2A), and less

stableC is producedoverD in a similar yield of the strictC-H case (blue broken line in Fig-

ure 2A). This indicates that the product distribution ([C]/[D]), i.e., the pathway selection, is

governed by the rate constants (kAC and kBD) even when the energy barriers between A

andB are similar to that ofA/C (kACx kAB and kBA). In otherwords, the irreversibility of

the connected reactions (A/ C and B/ D) is the key to the pathway selection.

Case 2

Next, all the reactions in case 1 are set to be reversible with the rate constants for

the backward reactions, kCA = 10�1.5 min�1 and kDB = 10�2.5 min�1, respectively.
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Note that for bothA%C and B%D reactions the backward rate constants are given

as 100 times lower than those for the forward ones (Figure 2B). When the system

finally reaches the thermodynamic equilibrium, D should be produced more than

C because the thermodynamic stability of D is higher than that of C. In numerical

simulation, the system reaches the equilibrium state in about 10 h with [D] > [C].

What is interesting is that the situation of [C] > [D] is transiently generated and the

ratio of [C]/[D] is similar to that under the C-H condition (cyan-colored region in Fig-

ure 2B). This result indicates that the pathway selection like the C-H principle is

observed even in a simple reaction network consisting of reversible elementary re-

actions to generate a transient kinetic state before reaching the global equilibration.

Case 3

Encouraged by the result in case 2, we wonder if the transiently produced kinetic state

can be prolonged by connecting reversible reactions in both terminals in case 2 (Fig-

ure 2C). Two reversible reactions, C % E and D % F, whose rate constants are the

sameas that ofA%C, are connected toC andD tomakea reaction network composed

of five reversible reactions. A striking feature found in this reaction network is a signifi-

cant extension of the transient kinetic state lifetime (for about 1.4 days!).

These results indicate that pathway selection to lead to a metastable, kinetic state is

realized even in the reaction network where the elementary reactions are ‘‘all

Figure 1. The simplest case of the Curtin-Hammett principle

(A) A reaction network consisting of one reversible reaction (A % B) with two irreversible reactions

(B / D and A / C).

(B) A schematic energy diagram with the corresponding reaction rate constants in the reaction

network model shown in (A).

(C) The time evolution of existence ratios of the substrates (A and B) and the products (C and D)

obtained by simulation with the initial concentrations given as those at equilibrium between the

substrates A and B. Blue and red dashed lines indicate the product ratios in the Curtin-Hammett

limit of the global reaction, where the product ratio ([C]/[D]) is calculated to be [C]/[D] = (kAC 3 kBA)/

(kAB 3 kBD) = (10�1.5 min�1 3 100.3 min�1)/(100.5 min�1 3 10�2.5 min�1) = 100.8 = 6.3 (constant).

(D) Time evolution of the product ratio [C]/[D], initially fluctuating a little around and finally

reaching 6.3.
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reversible’’ and that the lifetime of such a transient kinetic state is prolonged by

increasing the number of reversible elementary reactions. It should be noted that

the transient kinetic state is generated due to the emergence of the quasi-irrevers-

ibility of reaction(s) not to high kinetic stability of the metastable state (Figures S1

and S2).

Pathway selection in molecular self-assembly of Pd6L4 cage

To seewhether the pathway selection is achievedby the emergenceof quasi-irrevers-

ibility in a more realistic system where many reversible elementary reactions connect

with each other like a web, the self-assembly process of a [Pd614]
12+ truncated tetra-

hedron (TT)51 was analyzed (Figure 3A). For this system, the possible self-assembly

pathways can be classified into the following typical two groups based on the

sequence of two kinds of cyclizations, i.e., triangle and square formations (Figure 3B):

(path I) square/ triangle/ triangle, and (path II) triangle/ triangle/ triangle, so

Figure 2. Mathematical models prepared by manipulation of the strict Curtin-Hammett (C-H) situation

(A) The effect of energy barrier of the irreversible A/ C reaction on the product distribution. The difference from the strict C-H system in Figure 1 is that

the energy barrier of A / C is the same as that of A / B (kAC = kAB).

(B) All three elementary reactions are made reversible. A kinetic state is found to hold with a finite lifetime (a cyan rectangle). The product ratio [C]/[D] in

equilibrium is calculated to be [C]/[D] = (kAC 3 kBA 3 kDB)/(kBD 3 kAB 3 kCA) = 10(0.5 + 0.3 � 2.5) � (� 0.5 + 0.5 � 1.5) = 0.63. The transient kinetic state is

indicated by a cyan rectangle.

(C) A reaction network composed of five reversible reactions where two reversible reactions (C % E and D % F) are connected to C and D in case 2.

Pathway selection to generate a transient kinetic state shown by a cyan rectangle is realized, whose lifetime is prolonged by increasing the number of

the reversible reactions, with keeping a product ratio ([E]/[F]) calculated from the C-H principle. Blue and red broken lines indicate the existence ratios

of the final products ([C] and [D] in case 2, [E] and [F] in case 3, left vertical axes) in the reaction networks where the elementary reactions except A % B

are irreversible (kCA = kDB = kEC = kFD = 0). Black broken lines indicate the product ratios ([C]/[D] in case 2, [E]/[F] in case 3, right vertical axes).
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the self-assembly of the [Pd614]
12+ TT is an appropriate system todiscuss the pathway

selection, although thefinal product is the same, unlike themodel systems in Figure 2.

Considering that the C-H principle is limited to first-order reactions,43 as most of the

elementary reactions in the self-assembly are second-order intermolecular reactions,

the self-assembly system deviates from the strict C-H principle.

The self-assembly of the [Pd614]
12+ TT was carried out by mixing cis-protected Pd(II)

complex [PdPy*2]
2+ (Pd: Pd(TMEDA), Py*: 3-chloropyridine) and tritopic ligand 1.52

The time course of the substrates ([PdPy*2]
2+ and 1) and the products ([Pd614]

12+ and

Py*) were monitored by 1H NMR spectroscopy, and the information about the inter-

mediates derived from average composition of all intermediates, n-k values, were

also obtained by quantitative analysis of self-assembly process (QASAP 52–61)

(Figures 4A and 4B. Note that the experimental data are the average of three runs

with standard errors). The species in the self-assembly can be generally expressed

as [Pda1bPy*c]
2a+, where a-c indicate the number of components. [Pda1bPy*c]

2a+ is

denoted as (a,b,c) for simplicity. Average composition of all intermediates at time

t, which can be obtained by experiment, is indicated as [PdCaD1CbDPy*CcD]t. The inter-

mediates are identified by two parameters, n and k, which are defined as n = (2a –

c)/b and k = a/b. The n value indicates the average number of Pd bound in a single

tritopic ligand 1. The k value indicates the ratio of Pd against 1.

The experimental data thus obtained were numerically analyzed by NASAP (numer-

ical analysis of self-assembly process).52,59–63 A reaction network model composed

of 56 species and 249 elementary reactions between them was established (Fig-

ure S3), and the search of the rate constants, which are classified into 7 types shown

in Figure 4C, in the network giving good fittings of the numerical results to the exper-

imental counterparts was performed (Figures 4A and 4B). The validity of the dataset

was confirmed by a good reproduction of the experimental results with different

Figure 3. Self-assembly of a [Pd614]
12+ truncated tetrahedron (TT) from cis-protected Pd(II) complex and tritopic ligand 1

(A) A schematic representation of the self-assembly of a [Pd614]
12+ TT. Py* indicates 3-chloropyridine.

(B) Two self-assembly pathways to the [Pd614]
12+ TT with a different sequence of three intramolecular steps. Path I with blue arrows indicates a square/

triangle / triangle sequence to form the [Pd614]
12+ TT, while path II with red arrows indicates that the [Pd614]

12+ TT is formed via a triangle /

triangle / triangle sequence. (a,b,c) indicates [Pda1bPy*c]
2a+.
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initial stoichiometry of the substrates ([PdPy*2]
2+ and 1, [Pd]0/[1]0 = 1.25 and 1.75)

(Figures S4 and S5). Base source code for all the simulations is given in Data S2.

With appropriate dataset of the rate constants, we elucidate (1) the main self-assem-

bly pathway and (2) the dominant factors for the pathway selection focusing on the

cyclization sequence (path I or II).

Main self-assembly pathway

The main self-assembly pathway in the self-assembly of the [Pd614]
12+ TT, (6,4,0),

was determined based on the reaction frequency analysis. The time evolution of

the numbers (concentrations) of the species sometimes leads us to an incorrect judg-

ment of the species rapidly converting to the next ones being considered as

Figure 4. Quantitative analysis of the self-assembly process of the [Pd614]
12+ truncated tetrahedron

(A) Existence ratios of the substrates and products with time. The experimental data are the average of three runs with standard errors.

(B) Changes in the CnD and CkD values with time. The definition of the n and k values is indicated in the main text. The experimental data are the average of

three runs with standard errors.

(C) 7 types of elementary reactions classified in NASAP and their rate constants determined by numerical fitting to the experimental data in (A) and (B).

(D) Dominant self-assembly pathways determined by numerical simulation with the fixed rate constants. The major self-assembly pathways are

indicated by red arrows.
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intermediates not participating in the major self-assembly pathways. The number of

occurrences for each elementary reaction during the focused time region, that is, re-

action frequency, is an appropriate parameter to find the major self-assembly path-

ways.59 As the elementary reactions in the self-assembly are reversible, the direction

of the reaction flow is determined by the difference in frequency between the for-

ward and the backward reactions (we call it the ‘‘net reaction frequency’’). The

main self-assembly pathway(s) can be found by connecting the elementary reactions

with the high net reaction frequency (Table S1) from the product (the [Pd614]
12+ TT)

to the substrates (1 and [PdPy*2]
2+). The main reaction pathway thus obtained (Fig-

ure 4D) indicates that the self-assembly of the [Pd614]
12+ TT proceeds mainly

through path I (square-triangle-triangle sequence).

Emergence of quasi-irreversibility in molecular self-assembly

The pathway selection in the molecular self-assembly can be interpreted by the

emergence of quasi-irreversibility. Homology in pathway selection was found be-

tween the model reaction networks (Figures 2B and 2C) and the self-assembly of

the [Pd614]
12+ TT (Figure 5A). In the model reaction networks, the major pathway

is determined by the quasi-irreversibility ofA%C connected to a reversible reaction

(A % B). In the self-assembly, a chain of elementary reactions (b), (c), (h), (i), and (j)

(a gray area in Figure 5A) corresponds to A % B and intermolecular reactions with

[PdPy*2]
2+ (1,0,2), (4,4,0) + (1,0,2) % (5,4,1)-A + Py* and (5,4,0) + (1,0,2) %

(6,4,1) + Py* ((d) and (f) in Figure 5A), correspond to A % C in the model reaction

networks.

The reaction rates and the net reaction frequencies of ten elementary reactions (b–k)

in Figure 5A are shown in Figures 5B–5K. Themost important result is the emergence

of quasi-irreversibility in intermolecular reactions in path I, (4,4,0) + (1,0,2)/
k3f

(5,4,1)-

A + Py* (Figure 5D) and (5,4,0) + (1,0,2)/
k3f

(6,4,1) + Py* (Figure 5F), in spite of the rate

constant k3f and k3b being comparable (k3f = 100.6, k3b = 100.4 min�1 M�1). It should

be emphasized that though the same rate constants (k3f and k3b) are given in (3,3,0) +

(1,0,2) % (4,3,1) + Py* in path II (Figure 5I) quasi-irreversible behavior was not

observed. This contrasting behavior clearly indicates that the self-assembly pathway

is not determined solely by the rate constants and that the reaction network structure

(mutual interaction among the elementary reactions) is the key factor of pathway

selection. The reason why (4,4,0) + (1,0,2) / (5,4,1)-A + Py* (Figure 5D) and

(5,4,0) + (1,0,2) / (6,4,1) + Py* (Figure 5F) in path I are quasi-irreversible is partly

because the products in these steps, (5,4,1)-A and (6,4,1), quickly convert into the

next species, (5,4,0) and (6,4,0), by intramolecular bridging reactions, (5,4,1)-A /

(5,4,0) + Py* (Figure 5E) and (6,4,1) / (6,4,0) + Py* (Figure 5G). The same analysis

of the other elementary reactions in the reaction network of the [Pd614]
12+ TT indi-

cates that quasi-irreversibility appeared in elementary reactions concerning square

intermediates (see supplemental information; Data S3).

It is worth discussing why the oligomerization of (3,3,1) to give (4,4,1) followed by

the square formation ((4,4,1) / (4,4,0) + Py*, Figure 5C) is preferred to the triangle

formation ((3,3,1)/ (3,3,0) + Py*, Figure 5H). Considering that generally intramolec-

ular reactions are more advantageous than intermolecular ones at low concentra-

tion, under the experimental condition of the self-assembly of the [Pd614]
12+ TT

([1]0 = 2.0 mM), the triangle formation in path II, whose rate constant (k4f) is 10
�0.8

min�1, is expected to take place faster than the oligomerization (path I), whose

rate constant (k2f) is 10
0.8 min�1 M�1 (k4f > k2f$[1]0). As expected, the cyclization of

(3,3,1) to form (3,3,0) preferentially occurs until 60 min (a gray line with a red-filled

area in Figure 5H). However, the reaction turns in the reverse direction after
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Figure 5. Reaction pathways through triangle and square formations to the [Pd614]
12+ truncated tetrahedron

(A) A summary of the pathway selection in the self-assembly by the emergence of quasi-irreversible steps. Reactions in a gray area correspond to a

reversible reaction A % B in the model reaction networks in Figures 2B and 2C, while (4,4,0) + (1,0,2) % (5,4,1) + Py* and (5,4,0) + (1,0,2) % (6,4,1) + Py*

correspond to quasi-irreversible reaction A % C.

(B–K) Net frequency and forward and backward reaction rates of the elementary reactions in (A). Alphabetic letters in the reaction arrows in

(A) correspond to (B)–(K). Positive values indicate that the reaction proceeds in the blue arrow direction. Switching the direction of the reaction is

emphasized by red- and blue-filled areas in (H) and (I). The reaction rate is the quantity defined in the Gillespie algorithm and directly related to the

occurrence probabilities for the corresponding elementary reactions. The unit of the reaction rate is (min�1 3 [number of molecules]) for both the first-

(intramolecular) and the second-order (intermolecular) reactions. The time interval for counting the reaction frequency is increased as time proceeds, to

avoid the tiny fluctuations counted in shorter time intervals making the reaction directionality get blur.
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60 min (a gray line with a blue-filled area in Figure 5H). Similar behavior was found in

(3,3,0) + (1,0,2)% (4,3,1) + Py* in path II (Figure 5I). As to the reactions in path I, the

reverse of the reaction direction was not observed, and the forward reactions (blue

arrows in Figure 5A) are always dominant (Figures 5B–5G). The switching of the di-

rection of the reactions, (3,3,1) % (3,3,0) + Py* (Figure 5H) and (3,3,0) + (1,0,2) %

(4,3,1) + Py* (Figure 5I) in path II, is caused by a change in the concentrations of

Py* and (3,3,1) during the self-assembly. The concentration of Py* increased with

the reaction progress (Figure 4A), and the concentration of (3,3,1) becomes low

due to its conversion by the above-mentioned quasi-irreversible steps. Conse-

quently, the oligomerization of (3,3,1) to form (4,4,1) is preferred after 60 min

because of the emergence of quasi-irreversible steps in path I.

Conclusion

It was found from the numerical analysis that (1) quasi-irreversibility appeared even

though the constituent elementary reactions in the network are all reversible, that (2)

in a reaction network consisting of many reversible elementary reactions as seen in

the self-assembly of the [Pd614]
12+ TT, quasi-irreversibility appeared even in revers-

ible elementary reactions with comparable forward and backward rate constants,

and that (3) the quasi-irreversibility in reversible reaction networks is the key to the

pathway selection in molecular self-assembly. In self-assembly systems, it is well

known that sometimes kinetic traps are obtained because of high energy barriers

of their conversion.37–41,64–66 However, their kinetic stability is not the only reason

for their formation, and there should exist the reason why their formation processes

are selected. One of the answers to this question is the emergence of quasi-irrevers-

ible steps.

From a different perspective, quasi-irreversibility can be said to appear in a nonlinear

system in which the constituent elementary reactions interact with each other and

exhibit new behavior that cannot be realized by a simple sum of the properties of

them. Such a system is never totally reversible and can never be defined as exactly

irreversible due to its individual reversible nature. Superlative hybridization of the

reversibility and the irreversibility in complicated reaction networks in living systems

would be the origin of transient, metastable states that cannot be attained neither in

a totally reversible nor in a totally irreversible system.
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