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Abstract

To understand chiral symmetry breaking on the molecular level, we developed a method
to efficiently investigate reaction kinetics of single molecules. The model systems include
autocatalysis as well as a reaction cascade to gain further insight into the prebiotic origin of
homochirality. The simulated reactions start with a substrate and only a single catalyst mol-
ecule, and the occurrence of symmetry breaking was examined for its degree of depend-
ence on randomness. The results demonstrate that interlocking processes, which e.g., form
catalysts, autocatalytic systems, or reaction cascades that build on each other and lead to
a kinetic acceleration, can very well amplify a statistically occurring symmetry breaking.
These results suggest a promising direction for the experimental implementation and iden-
tification of such processes, which could have led to a shift out of thermodynamic equilib-
rium in the emergence of life.

Keywords Chiral symmetry breaking - Prebiotic complexity - Single molecule reaction
kinetics - Origin of homochirality - Autocatalysis

Introduction

A major incentive in the research concerning the origin of life is the elucidation of chi-
ral symmetry breaking and the occurrence of homochirality. Spontaneous mirror symme-
try breaking (SMSB) was first postulated in a theoretical model by Frank (1953), that is
based on reaction rate equations, and has recently been part of a comprehensive review
by Sallembien et al. (2022). These non-equilibrium systems, which may be closely related
to the origin of the selected chirality of life are of great interest in current investigations
and are summarized in a review by Ribo et al. (2017). Positive non-linear effects (NLE)
can occur for systems in which the use of enantiomerically enriched reagents or catalysts
lead to a significant increase in enantiomeric excess (ee) in the product. Although they
are rarely observed, they were intensively studied over the last decades (Guillaneux et al.
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1994; Girard and Kagan 1998, Kagan 2009; Blackmond 2010; Geiger et al. 2020). External
influences are hypothesized to lead to symmetry breaking which can be induced via circu-
larly polarized luminescence (CPL) (Bailey et al. 1998; Meinert et al. 2014; Bailey 2001),
template surfaces (Haq et al. 2009, Kurata and Yoshizawa 2020) and autocatalysis (Bissette
and Fletcher 2013). Self-amplification of symmetry breaking by catalyst—reaction product
interaction (Storch and Trapp 2017, 2018), catalyst self-recognition (Scholtes and Trapp
2021), and in particular asymmetric autocatalysis—occur in the Soai reaction, which is
one of the most intriguing and exceptional examples to date. Recent findings about the
mechanism of the Soai reaction were published by Blackmond (2019) Buhse (2003, 2005)
Buhse et al. (2021) Brown (2012), Denmark (2020), and Trapp (2020, 2022) and Trapp
et al. (2020). The mechanistic investigations by Denmark (2020) and Trapp (2020) were
recently reviewed and discussed by Geiger (2021). Hemiacetalate complexes were identi-
fied as transient catalysts, formed by reaction of aldehydes and the product alcoholate. To
investigate possible scenarios leading to spontaneous symmetry breaking and amplifica-
tion of the initial imbalance in the enantiomer ratio by autocatalysis theoretical approaches
were developed. A stochastic kinetic approach for chiral autocatalysis was chosen by Lente
(2004, 2005). Lente demonstrated that in particular autocatalytic reaction systems of higher
reaction order result in symmetry breaking. Gillespie (2007) performed stochastic kinetic
simulations of molecular systems to analyse for example biological cellular systems. Such
systems are typically characterized by small molecular populations, which leads to devia-
tions from the expected reaction progress using deterministic differential equations of clas-
sical chemical kinetics.

Our goal was to break down kinetic simulations at the molecular level to obtain an
effective single molecule simulation and to gain further insight into systems that exhibit
symmetry breaking. Therefore, we investigated reaction scenarios where two independent
processes lead to the same reaction product. In such scenarios one reaction channel is con-
trolled by a stochastic process, while the other is controlled by the reaction product, or an
activator formed from the reaction product and another reactant. This represents a com-
bination of a related stochastic and an autocatalytic process. Furthermore, we probed the
idea that kinetic acceleration in consecutive reactions by autocatalytic processes or reaction
cascades can be an efficient mechanism to amplify initial statistical imbalances in formed
product enantiomers.

Materials and Methods

In order to conceptually understand symmetry breaking on a molecular scale, we devel-
oped a reaction network analysis tool based on a Runge—Kutta algorithm employing a sys-
tem of non-linear differential equations (SMK; see Fig. 1).

The corresponding differential equations, the reaction constants k and the concentration
of the reactants were chosen as input to the program for each set. The kinetic data used for
the simulations is based on the experimentally investigated kinetics of the Soai reaction
(Soai et al. 1995).

A statistical sampling from one dimensional, binary concentration arrays and binary
reaction constant arrays was performed during the simulation. The reaction constant k is
defined for 1 mol of molecules. Computationally, this leads to a limit, because it would
require defining a large array of addressable single molecules with 6.023 - 10?* elements.
Because of the size of the Avogadro number N,, we decided to define molecule arrays with
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Fig. 1 Algorithm of the SMK program for statistical sampling on a molecular level. A: Exemplary reac-
tion equation for the simulation representing an irreversible 2"¢ order reaction; B: Differential equations for
reaction A; C: Binary rate constant array and molecule arrays corresponding to reaction rate constant and
substrates and products, respectively; D: Randomized rate constant array and randomized molecule arrays;
E: Algorithm of the applied method within the SMK program
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602 214 076 elements. The intervals were set at 1.00 - 10'° and each set was calculated
n=602 214 076 times, which corresponds to the probability of a reaction kinetic in the
bulk material. Before the simulation the concentrations of the reactants and products, and
the reaction rates of the individual reactions are split into two different types of arrays—
one fixed at N, /1- 10" =6.02214 108, the molecule arrays, and the other type, the rate
constant array, with a flexible number of elements (see arrows from B to C). Both types of
the described arrays are then randomized, and the algorithm performs a random selection
of an array element of each array k, A and B. If the combination of the randomly selected
elements is k=1, A=1 and B=1, one product molecule is formed, and one randomly cho-
sen element of the product array(s) will be set from 0 to 1. Every other combination (ele-
ments of k, Aand/orB # 1) signifies no reaction and no product molecule formation. The
resulting simulated product concentration courses are then saved into an output file.

For reaction constant values smaller, than one (k< 1), the number of elements in the
reaction constant array is truncated ath(@ . If the reaction constant k is greater than one
(k> 1), the program performs appropriate repetitions, e.g., for k=600, 600 repetitions of
the inner loop (=602 214 076 times) to calculate the kinetics are performed. The pro-
gram solves the ordinary differential equations (ODEs), and the obtained simulated con-
centration courses are then saved and the enantiomeric excess ee is determined by subtract-
ing the number of molecules of the minor product from the n}\l}ajor_ lgroduct and subsequently

dividing by the sum of the major and minor products (ee =

major /m'u()r)

major TNominor

To investigate the effect of randomness on symmetry breaking, simulations were
repeated several times to obtain statistical data for a given parameter set. This is important
for the initial symmetry breaking processes, which randomly produce molecules of R or S
configuration as a seed for the consecutive reactions. To verify the reproducibility of the
here described approach and algorithm, we implemented in the program code the feature to
store and reassign the seed of the random number generator. We performed simulations by
storing the seed of the randomisation generator and reassigning this seed to a set of simula-
tion with the same parameters. These calculations (10 repetitions) provided the identical
results for the reaction progress and ee values.

We investigated scenarios with a defined substrate feedstock (1 mol substrate) and a sin-
gle enantioselective catalyst molecule ((R)-Cat or (S)-Cat) to simulate kinetic effects for
catalysis on a molecular basis.

Results and Discussion

We explored four scenarios, that could lead to symmetry breaking (see Schemes 1, 2, 3,
4 (scenarios A-D)) depending on the reaction mechanism and the reaction rate constant &
values. Different kinetics were examined for each scenario, and it was determined if and at
what point an ee would occur in the system.

The first scenario of interest is classic autocatalysis (see Scheme 1). The reactants A
and B first react in a preceding reaction with a small reaction rate constant k; to form the
enantiomers (R)-C or (S)-C in very low concentrations. This is followed by autocatalytic
amplification with a significantly higher reaction rate k,.

The ODEs, which were used for the simulation of scenario A are shown in Egs. (1)-(4):

dial

o = ZklAlB] = k[AJBIIR)C] -k [A]BI(S)C] (D

@ Springer



Symmetry Breaking by Consecutive Amplification: Efficient... 79

Scenario A
very low

concentratlon

/ j : —>» (R)-C
autocatalytic
amplification
\ ( . )
ky<<< ky (S)-C B (S)-C

Scheme 1 Scenario A: classical autocatalysis. In a first stochastic reaction, A and B react to the reaction
product enantiomers (R)-C or (S)-C with the same probability, determined by the reaction rate constant k.
In the consecutive autocatalytic process, the reaction products (R)-C or (S)-C catalyse the conversion of
A and B to (R)-C or (S)-C and control at the same time the selectivity. (R)-C catalyses only the formation
of the product (R)-C and (S)-C the formation of (S)-C, respectively. Both processes, the stochastic and the
autocatalytic process, are competitive for the same reactants

B
% = 2k [A][B] - k,[A][BI[(R)C] — k,[A][B][(S)C] 2
d[(R)C
% = k,[A][B] + &, [A][B][(R)C] 3)
d[(s)C
% = k,[A][B] + &, [A][B][(S)C] @)

The simplified reaction network shown in Scheme 1 was simulated by permutation of
the reaction rate constants, whose exact magnitudes are shown in Fig. 2, while keeping the
initial concentration of the reactants constant to obtain the reaction progress on a molecu-
lar level. The ee value of each system was then determined and the enantiomer that was
predominantly formed after 10 s was indicated for each set. The screening of the selected
reaction parameters resulted in 16 sets of total ee value courses which can be plotted versus
the simulated reaction time (see Fig. 2).

These simulations demonstrate for scenarios, where the stochastic process is very slow
(Fig. 2A-D) and the consecutive selective process is fast, an efficient amplification of an
initial very small imbalance in the ratio of the enantiomers takes place. In contrast, if the
reaction rates are getting closer for the stochastic and the selective process, the resulting
amplification and ee value are converging to zero. It is important to point out that the initial
stochastic process is a bimolecular reaction of A and B, while the consecutive selective
reaction is a trimolecular reaction, where the formed product molecules participate in the
reaction as a catalyst. The consequence is, that the later process is rather unlikely to occur,
but the product molecule acts as catalyst and therefore accelerates the reaction and trans-
ferred to a molecular level the probability for a successful reaction is increased, because
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Fig.2 Scenario A: simulation with SMK: ee versus reaction time was plotted for each parameter
set; the respective stereo descriptor shows per representation which stereoisomer was formed pre-
dominantly after 10 s [the following reaction rate constants k, were permuted: k: 1.00 - 107 (A-D),
1.00 - 107 (E-H), 1.00 - 1077 (I-L), 1.00 - 1075 (M-P), and k,: 1.00 - 107 (A, E, I, M), 1.00 - 10 (B, F, J,
N),1.00- 1071 (C, G, K, 0),1.00 - 10° (D, H, L, P)]

of the lowered Gibbs activation energy AG*. In general, this is an important finding for an
experimental design and proper selection of reactions that an initially inefficient process,
which can trigger a selective and efficient process, leads to amplification of an enantio-
meric imbalance and symmetry breaking.

Such a behaviour in a chemical system is not limited to symmetry breaking but can be
observed also in ligation and replication of RNA and DNA, where short oligomers can
serve as templates, catalysing the extension of oligomers to longer strains.

Especially in set D of scenario A (see Fig. 2, top right), a rapid occurrence of symmetry
breaking could be observed, with reaction rate constants k; = 1.00 - 10~ and k,=1.00 - 10°.
For this parameter set D, the total number of formed molecules was plotted versus the reac-
tion time (see Fig. 3D2). Figure 3D2 shows also the expected kinetic trac, here obtained by
the statistical sampling from the molecule arrays and rate constant array to reflect the reac-
tion of single molecules.

An ee of 53.5% is obtained in favour of the (R)-enantiomer (R)-C with a total forma-
tion of 18,202 (R)-enantiomers (R)-C and 5517 (S)-C. A more detailed analysis reveals,
that the initial stochastically induced formation of (R)-C occurs after 0.017 s (100% ee for
a single enantiomer molecule), and is already compensated after 0.019 s by the stochas-
tic formation of (R)-C. After 0.122 s another (R)-C enantiomer is formed, and then rapid
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Fig.3 Scenario A, reaction D: D1: ee versus reaction time; ee after 10 s: 53.5% ee with predominantly (R)-
enantiomer; D2: number of molecules versus time: major product ((R)-enantiomer, red) and minor product
((S)-enantiomer, blue)

amplification starts after 0.212 s. After 1 s an amplification of the initial imbalance can be
observed, which leads to a rapid increase in the formation of (R)-C enantiomers. Interest-
ingly, caused by stochastic formation of (S)-C enantiomers and their amplification, two
major setbacks with respect to symmetry breaking can be observed, since the number of
molecules is also still relatively small (after 2 s: 34 (R)-C and 16 (S)-C; after 5 s: 446 (R)-
C and 128 (S)-C), and thus any fluctuation causes a big change in the ee. This gets more
robust with increasing number of molecules.

It can be envisioned, that a process, which already forces an imbalance in favor of one
of the enantiomers in the initial step, e.g., by polarized light or enantiotopic faces of a crys-
tal, can be efficiently amplified by a fast consecutive reaction or reaction cascade.

In the second reaction scenario (scenario B), substrates A and B react in an initial stochas-
tic reaction to either [(R)-C] or [(S)-C], which each subsequently catalyse the reaction to form
more (R)-C or (S)-C, respectively (see Scheme 2). Heterochiral dimerization of the formed
compounds was additionally considered exemplarily, since heterochiral dimers from an enan-
tiomerically enriched mixture may have a positive effect on the ee of the main monomeric
enantiomer (Puchot et al. 1986; Kitamura et al. 1989; Noble-Teran et al. 2016). Scenarios B
and C are comparable to the Soai reaction.

The ODEs, that were used for the simulation are shown in Egs. (5)—(9):

Scenario B

kq

(R)-C + (S)-C === Dimer

(S)-C

Scheme 2 Scenario B: autocatalytic reaction scheme with heterochiral dimer formation. This scenario is
similar to scenario A with the addition of an equilibrium to form a heterochiral dimer, which efficiently
removes the minor enantiomer from a mixture of enantiomers
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Fig.4 Scenario B; simulation with SMK: ee versus time; the respective stereo descriptor shows per rep-
resentation which stereoisomer was formed predominantly after 10 s [the following reaction rate con-
stants k, were permuted: k;: 1.00 - 107 (A-D), 1.00 - 10~ (E-H), 1077 (I-L), 1.00 - 10% (M-P), and k,:
1.00-1073 (A, E, I, M), 1.00- 102 (B, F, J, N), 1.00- 10! (C, G, K, 0), 1.00- 10° (D, H, L, P) and
k3:1.00 - 1072]; parameter sets A-D yield a significantly lower total number of molecules, than parameter
sets E-P
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For comparison we choose the same reaction rates for the two consecutive reactions
and a rate of formation of the heterochiral dimers of k;=1.00 - 1072, to efficiently remove
the racemate. The first four parameter sets (sets A-D) (see Fig. 4), look differently in terms
of step size in comparison to sets E-P, since only a small number of total molecules were
formed in these reactions. In parameter sets I-L, considerably more molecules were formed
in the first 10 s of the simulated reactions, but the ee values are significantly lower.

The dimerization of [(R)-C] and [(S)-C] to the heterochiral dimer can be considered as a
correction mechanism to remove the minor enantiomer from a reaction mixture and ideally
to relatively enrich the major enantiomer over the minor enantiomer. However, this mecha-
nism leads also to a significant decrease in catalytic activity, which slows down the auto-
catalytic amplification.

In the third reaction scenario (scenario C), substrates A and B react to either (R)-C or
(S)-C, that subsequently gives the catalyst (R)-D, or (S)-D,; upon reaction with sub-
strate A, which are able to catalyse the formation of more (R)-C, or (S)-C respectively. The
hemiacetal formation from the product alcohol and the aldehyde to form the accelerating
ligand for the zinc reagent in the Soai reaction, is a prominent example for such a scenario.

The ODEs, that were used for the simulation are shown in Egs. (10)—(15):

d[A]
TR 2k, [A][B] = Ky [A][BI[(R)D, ] — Ky [AI[BI[(S)D,. ] (10)
— k[AII(RCI+A_5[(R)D ] — k5 [ATIS)Cl+A_5[(S)D ]

dIE]

5 = ~2ki[AlBI - k,[AI[BII(R)D] - &, [AlBI(S)D] (1D
d[(R)C
KOS = 1, ANBI + K [AIBI[(RD ] — LIAIRICHEL®D,,] (1)
d[$C
% = ki [Al[B] + k[ Al[B] [($)Dey | = K[ANS)ICI+k 5[($)D, ] (13)
(RG] _
— = KIANRICIk 5[(R)D,] (1
d[($)De]
—g = BIANSICI=k5[($)D ] (15)

This set of simulations exhibits parameter sets with enormously high ee values (see
Fig. 5, e.g., reaction D: 61.1% ee) while simultaneously yielding large numbers of mole-
cules. The first two parameter sets (A, B) (see Fig. 5), on the other hand, show large step-
wise variations in the ee values, which is because only very few molecules are formed in
total. In the simulated reactions J-L and N-P, the stochastic seeding process proceeds too
rapidly and no significant ee occurs.

Overall, scenario C seems to be very efficient when again the initial stochastic seeding
reaction is slow, and the consecutive amplification is fast. The additional step to form a tran-
sient catalyst improves the selectivity, because for the formation the reactant A is consumed
(but also later released), which decreases the probability for the initial stochastic process.
On the other hand, the high concentration of substrate A at the beginning of the reaction
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Fig.5 Scenario C, simulation with SMK: ee versus time; the respective stereo descriptor shows per representa-
tion which stereoisomer was formed predominantly after 10 s [the following reaction rate constants k, were
permuted: [k;: 1.00 - 10~° (A-D), 1.00 - 10~* (E-H), 1.00 - 10~ (I-L) 1.00 - 1075 (MI-P), and k,: 1.00 - 107 (A,
E, I, M),1.00 - 1072 (B, F, J,N),1.00 - 107(C, G, K, 0),1.00 - 10° (D, H, L, P) and k,: 1.00 - 107']

guarantees the breakthrough of one of the pre-catalysts, while in the course of the reaction
this process is slowly reduced to the background. For data set D (Fig. 5) an ee of 61.1% is
observed, corroborating the excellent selectivity obtained by this reaction cascade.

It is interesting to mention, that this is related to the case where homochiral product
inhibition is observed. If the active catalyst is a more complex entity, i.e. an oligomer or
can even act as an allosteric modulator corresponding to the substrate-product adduct, such
effects can be overwritten (Issac and Chmielewski 2002; Li and Chmielewski 2003).

The last scenario examined (scenario D, Scheme 4) was a reaction cascade as broadly
occurring in nature. The reactants A and B react in a preceding reaction to form the respec-
tive catalyst (R)-C,,, and (S)-C_,,. These catalysts enable the reaction of molecules D and
E to give either (R)-F or (S)-F, respectively.

The ODEs, that were used for the simulation are shown in Egs. (16)—(23):

diAl
el 2k, [A][B] 16)
dBl _
el 2k [A][B] a7
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Scenario C

A ks (R)-C
K (R)-C] [(R)-Dead
ky
A+ B
\ Aky 2
ky [(S)-C] === [(S)-Dexd
(S)-C

Scheme 3 Scenario C: A and B react to from the enantiomers (R)-C or (S)-C with the same probability,
which is determined by the reaction rate constant k,;. The initially formed molecules (R)-C or (S)-C react
with A to form the catalyst (R)-Dy,, or (S)-D,,, respectively. These catalyse the conversion of A and B to
(R)-C or (S)-C and control the selectivity. (R)-D,,, catalyses only the formation of the product (R)-C and
(S)-D,; the formation of (S)-C

d[(R)Cyl
— - =kilAlB] (18)
t
d[($)Ccyl
—— = = k[AIB] (19)
1
d[D]
ek =k, [DI[E][(R)C(y ] — ky[DIEI(S)Cey ] (20)
d[E]
el —ky[DIEJ[(R)Cy ] = ko [DIEI(S)Cry] (21)
Scheme 4 Scenario D: a reaction Scenario D
cascade; A and B react to the very low
enantiomers (R)-C_,, or (S)- concentration
C,, With the same probability, (R)-F

determined by the reaction rate
constant k;. (R)-C_,; or (S)-C c

subsequently each catalyse (R)-Ceat
the conversion of D and E and k1
control the selectivity. (R)-C
only catalyses the formation of
(S)

k2<
(R)-F and (S)-C,,, the formation
of (S)-F
k4
'Ccat
ko

ky<<< ky
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@ = ky[DI[EI[(R)C g (22)
d[(jt) b ky[DI[E][(S)Ccy (23)

The results of the simulations (see Fig. 6) show a drastically different result compared
to scenarios A-C (see Schemes 1, 2, 3; Figs. 2, 4, 5 and 6). In this scenario only a low con-
centration in A and B (1 mM) was used as starting conditions to simulate a process, which
is triggered by a few molecules and then enables another process by the product molecules,
which act as a catalyst. This however leads to the formation of only a few molecules in
total within the simulated reaction time (10 s).

For example, parameter set D in scenario D, which can be described as the "most inef-
ficient" process with very few product molecules, exhibits a high ee. This is highly inter-
esting, because with the results obtained from scenarios A, B and C in mind, this could
be a starting point to achieve very high enantioselectivities in a cascade of consecutive
reactions. It can be envisioned, that such a process with building up enantioselectivities is
highly robust. The question is, why a process which is highly inefficient leads to very high

k; 1.00- 1073 1.00- 1072 1.00-1071 1.00 - 10°
kq
AA B C 100.0 D 100.0
8 80.0 R 80.0 s
<
100 . 10*9 o o o 60.0 60.0
o 40.0 40.0
20.0 20.0
0.04 0.0
0.0 5.0 10.0 0.0 5.0 10.0 0.0 50 10.0 0.0 5.0 10.0
E —~ F G 100.0 H
n\° 80.0
— ~ s
1.00-1078 v 0 60.0 oo
L 40.0
20.0
0.04
] I
0.0 5.0 10.0 0.0 5.0 10.0 0.0 5.0 10.0 0.0 5.0 10.0
| J K L
—~ 100.0  E— 100.0
}° 80.0 80.0
Z
1.00- 1077 o o 60.0 s 60.0 R
L
40.0 40.0
20.0 20.0
0.1 0.0
0.0 5.0 10.0 0.0 5.0 10.0 0.0 5.0 10.0 0.0 5.0 10.0
M’\ N ~ O’\ 100.0 P —~ 100.0
$ § § 80.0 $ 80.0
Z Z < )
o o Y P 60.0 R o 60.0
1.00-10-¢ o o @ 400 9 400
20.0 20.0
0 0.0
0.0 5.0 10.0 0.0 5.0 10.0 0.0 5.0 10.0 0.0 5.0 10.0
t(s) t(s) t(s) t(s)
1 10 100 10° 10*  10° 10° molecules formed

Fig.6 Scenario D: simulation with SMK: ee versus time; the respective stereo descriptor shows per represen-
tation which stereoisomer was formed predominantly after 10 s, where applicable [the following reaction rate
constants k, were permuted: k;: 1.00 - 10~ (A-D), 1.00 - 10~* (E-H), 1.00 - 1077 (I-L), 1.00 - 10~% (M-P), and
ky:1.00- 1073 (A, E, I, M), 1.00 - 1072 (B, F, J, N),1.00 - 107" (C, G, K, 0),1.00 - 10° (D, H, L, P)]
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Fig.7 Statistical analysis for scenario A: 50 repetitions of the simulation with the parameter set D, k; = 1.00 - 107°,
ky = 1.00 - 10°

enantioselectivities and finally to a largely homochiral system? This might be explained
by the fact that such a process is able to thin out the initially random formation of product
enantiomers. This process, which continues to proceed in the background, leads in a long-
term with a high probability to the formation of a racemic seed. With decreasing prob-
ability of a random process by inducing the amplification with a single molecule seed, the
production of molecules with the same sense of chirality is guaranteed. This is very similar
to fertilization of an egg cell and subsequent cell division, which also occurs at a single
molecule level and is well proven in nature.

In parameter sets A, B, E, F, H-J, M and N, no symmetry breaking occurred. In param-
eter set P (see Fig. 6), an already built-up ee with a majorly formed (R)-enantiomer
decreases again to 0, which is caused by the overtaking nonselective background reaction.
As can be seen again, a faster amplifying downstream process is efficiently able to amplify
the ee and lead to symmetry breaking.

Subsequently, a set of a specific scenario, here the parameter set D of scenario A
(Scheme 1), was chosen exemplarily, repeated and a statistical analysis was performed to
investigate the randomness of the seeding process and the variation from set to set. For
scenario A (Scheme 1) a set consisting of 50 repetitions with the reaction rate constants
k; =1.00-107%, k, = 1.00 - 10° was calculated and evaluated. The statistical analysis of
the obtained ee values for scenario A, see Fig. 7, corroborates as that the resulting forma-
tion of a preferred enantiomer is random. From this we can conclude that there is no bias in
the simulation process.

The average ee in the set of repeated simulations for 50 repetitions was 35% ee with a
standard deviation ¢ of 26% ee. The ratio of the total number of (R)-enantiomers (243919)
and (S)-enantiomers (230542) formed after a long simulation run (500 s), indicate that an
overall ratio of (R)- versus (S)-enantiomers is approximately 1:1.
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Fig.8 Extended simulated reaction profiles of 80 s for A scenario A (k;: 1.00- 10_9, and k,: 1.00,
1000 mM A, 1000 mM B), B scenario B (k;: 1.00 - 107, k,: 1.00, and kj: 0.1, 1000 mM A, 1000 mM B),
C scenario C (k;: 1.00 - 1078, ky: 1.00, and k3 0.1, 1000 mM A, 1000 mM B), and D scenario D (k;:
1.00-1077, k,:1.00, 1 mM A, 1 mM B, 1000 mM D, 1000 mM E)

Remarkably, simulation no. 42 exhibits an ee of 94.1% ee for the (S)-enantiomer, which
shows, that even very high ee values can occur. Despite the deviations and considerable
scatter, it is remarkable that such high ee values occur randomly under these conditions.

Since only a few molecules are formed, especially in the simulations of the latter sce-
narios, we have extended the simulation times to 80 s for each of the examples presented
here (Fig. 8). These reaction profiles confirm the trend already observed in the first 10 s
and it can be shown that a bias in the enantiomeric ratio manifests itself over a longer
period of time. It is also noteworthy that the scenarios presented here lead to a symmetry
break within a few seconds, which in some cases intensifies or converges.

Summary and Conclusions

We have developed an efficient simulation software tool to predict reactions occurring on
a molecular level based on a stochastic algorithm. With this tool we investigated four dif-
ferent reaction scenarios. All of them are initiated by a stochastically occurring reaction,
which yields product enantiomers. These enantiomers serve in scenario A as catalyst in
an autocatalytic process, in scenario B a dimerization of the enantiomers to a homochiral
dimer is implemented, scenario C considers the formation of a transient catalyst, and sce-
nario D simulates a reaction cascade. The results demonstrate that interlocking processes,
which e.g., form catalysts, transient catalysts, autocatalytic systems, or reaction cascades
that build on each other and lead to a kinetic acceleration, can very well amplify a statisti-
cally occurring symmetry breaking. In general, it was observed that a process in which
downstream reactions are faster is efficient to amplify and achieve symmetry breaking. The
scenarios we studied clearly show this relationship: If rates of the competing processes
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converge, a racemic mixture of products is obtained. An interesting observation is, that the
"most inefficient" initial processes lead to high ee values and represent the most efficient
scenarios in terms of achieving symmetry breaking. This occurs, when single enantiomers
are formed slowly, and the consecutive process of amplification is fast and selective. The
highest ee values and most efficient symmetry breaking processes were found for the sce-
narios forming a transient catalyst and the reaction cascade of coupled processes.

These results represent an important guidance for the experimental identification and
elucidation of symmetry breaking processes leading to homochiral systems, which were
essential for the emergence of life.
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