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The homochirality of biological molecules — right-handed sugars and left-handed
amino acids — is a signature of life. Extensive research has been devoted to understanding
how enrichment of enantiomer over the other might have emerged from a prebiotic
world. Here we use experimental data from the model Soai autocatalytic reaction system
to evaluate the energy required for symmetry breaking and chiral amplification in
molecular self-replication. One postulate for the source of the original imbalance is the
tiny difference in energy between enantiomers due to parity violation in the weak force.
We discuss the plausibility of parity violation energy difference coupled with asymmetric
autocatalysis as a rationalization for absolute asymmetric synthesis and the origin of the
homochirality of biological molecules. Our results allow us to identify the magnitude of
the energy imbalance that gives rise to directed symmetry breaking and asymmetric

amplification in this autocatalytic system.



Introduction

The homochirality of biological molecules is a key feature of the informational
polymers — RNA, DNA, and proteins — on which life is based. Theoretical models and
experimental studies aim to rationalize how one enantiomer of a molecule might have emerged
over its mirror image in a prebiotic world, presumably in the absence of a chiral bias. The
discovery in 1956 of asymmetry in the weak force! led to the concept that enantiomeric
molecules, long considered to be identical in every respect except that their mirror images are
non-superimposable, are in fact minutely different in energy due to parity violation. In analogy
to the demonstration that charge parity violation allowed an imbalance between matter and
anti-matter, parity violation energy difference (PVED) has been postulated to account for the
original imbalance in enantiomeric molecules, leading to the observed biological enrichment
towards L-amino acids and D-sugars (a de lege hypothesis).* This stands in contrast to the
proposal that the direction of symmetry breaking may have occurred purely by chance (de
facto) from random chemical fluctuations. Calculations of the energy difference between
enantiomers continue to be refined and currently give estimates on the order of pico- to

femtojoule/mol, but an experimental confirmation remains elusive.’

For more than six decades, theoretical proposals for the subsequent amplification of an
initial imbalance of enantiomers have invoked asymmetric autocatalysis as a key mechanism
to rationalize the emergence of biological homochirality.® An experimental proof-of-concept
was not realized until 1995 with Soai’s remarkable demonstration of asymmetric amplification
in a reaction catalyzed by its own product.” More than two decades later, the Soai reaction
remains the sole documented example in which amplification of a small difference in
enantiomeric excess in the autocatalytic reaction product can lead asymptotically to a
homochiral population.® In the current work, we exploit features of the Soai autocatalytic
reaction as a model experimental system to provide an evaluation of the energy difference

required for symmetry breaking and chiral amplification in molecular self-replication. We



compare this energy difference to the best current theoretical estimates for the energy
difference between enantiomers due to parity violation and we discuss implications for
asymmetric autocatalysis as a rationalization for absolute asymmetric synthesis and the origin

of the homochirality of biological molecules.
Background

The mechanism of the Soai reaction (Figure 1), including the origin of the observed
chiral amplification, was first elucidated in the experimental studies and kinetic modeling of
Blackmond and Brown®!! for the reaction of 1a. The model invokes stochastic (K = 4)
formation of dimeric product species, where homochiral species (D®® and D) serve as
catalysts in their own formation and heterochiral (D) species form inactive reservoirs. The
observed amplification of enantiomeric excess, ee (ee = (R-2a — S-2a)/(R-2a + S-2a)), is
rationalized by the inactivity of the heterochiral species, which provides the inhibition
mechanism required for asymmetric amplification in this irreversible closed system.%!2!3 This
model provides accurate temporal predictions of product ee solely from rate data in reactions
of 1a under a wide variety of conditions.!* Tetramers have also been implicated as active
catalysts,!>1? leading to an identical mathematical model for reactions of substrate 1a.2° In
more recent work on this reaction, reactions with pyrimidyl aldehyde substrates where R
contains alkynyl groups have shown to give stronger asymmetric amplification than R=CHs.

18,20 where

More complex structures and mechanisms may need to be invoked in these cases,
the formation of higher order species is biased towards inactive heterochiral species (K > 4).
In all cases, however, once symmetry is broken, the enantiomeric excess of product 2a
inexorably approaches homochirality in an asymptotic manner with increasing reaction
turnover.

In the absence of added reaction product or other chiral source in the Soai reaction of

Figure 1, an uncatalyzed background reaction acts to recruit product molecules to form the

dimers that ultimately catalyze their own formation. The outcome in the absence of added



product is expected to be racemic over a large enough set of reactions, although any given
reaction is frequently observed to be “tipped” to amplify ee randomly in either direction. The
stereochemical outcome of the Soai reaction may also be directed by a variety of chiral sources
in addition to its own reaction product.?>?* Intriguingly, Soai has demonstrated that
enantiomers of isotopically chiral initiators — molecules exhibiting chirality only by virtue of
an isotope such as '>C/13C or D/H — are able to direct the reaction faithfully towards opposite

enantiomers of the reaction product. 2428
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Figure 1. Left: the Soai autocatalytic reaction. Right: kinetic model®?! for asymmetric
amplification in autocatalysis invoking stochastic formation of homochiral (D*% and D) and
heterochiral (D*®) dimers of product 2a.

We recently reported mechanistic studies to probe the role of isotopically chiral
molecule 3 added as an initiator in lieu of the reaction product in the Soai reaction of Scheme
1 to direct stereochemistry in this reaction network.?’ Surprisingly, our studies revealed that
the initiator in fact acts as an inhibitor of the autocatalytic pathway. We helped to rationalize
this behavior by expanding the dimer kinetic model in Figure 1 developed previously for the
reaction of 1a to include the role of the isotopically chiral initiator. Because the extensive
experimental kinetic and modeling results available for 1a provide a comprehensive and
consistent mechanistic picture that is well-rationalized by the model of Figure 1 (as may be
seen in the comparison to the data in the inset to Figure 2), we chose to carry out our studies
using this system. Inhibition in the reaction employing the isotopically chiral initiator occurs

when the first formed molecules of the reaction product 2a arising from the uncatalyzed



background reaction are diverted into diastereomeric product-initiator complexes. We propose
that the chiral bias induced by the initiator is caused by a small difference in stability between
these complexes, given by Kyuajor and Kiuinor, and characterized by the parameter g (Figure 2).
Our work showed that the calculated difference is exceedingly small. Once this product-
initiator binding approaches saturation, further molecules of 2a produced in the background
reaction are free to form the self-dimers that serve as catalysts in the autocatalytic regime. As
a consequence of the difference between Kygjor and Kpinor, @ small imbalance in the free
enantiomers of product 2a, which is characterized by i, develops just at the point where the
autocatalytic regime is instigated. This tiny imbalance gives rise to asymmetric amplification
as reaction turnover increases. Thus the net action of the chiral initiator, after siphoning off a
quantity of product 2a into stable product-initiator complexes, is to provide a minute amount
of nearly racemic free reaction product 2a — smaller in quantity and at a lower ee value than
could be accurately and reproducibly controlled directly by measurement — to “seed” the
amplifying autocatalytic pathway. The current work is directed at identifying the magnitude of

this imbalance.

The directing influence demonstrated by isotopically chiral 3, remarkable in its own
right, offers the further opportunity to develop a quantitative assessment of the fundamental
property of symmetry breaking in autocatalytic self-replication. In our previous investigation,
we employed the isotopically chiral initiator in highly enantioenriched form, as did Soai in his
studies. We reasoned, however, that if 3 is instead employed at progressively lower
enantiomeric excess values, its ability to effect symmetry breaking consistently in one direction
will be compromised at some threshold initiator ee value where the reaction reverts to the
stochastic behavior expected in the absence of a chiral directing force (Figure 3). Determination
of this threshold initiator ee value will allow us to quantify the chiral bias in product 2a that is
required to direct the reaction faithfully towards one product enantiomer above background

noise in the reaction of Scheme 1. In the current work, we employ reactions with scalemic



chiral initiator 3 to quantify the threshold reaction product ee and energy difference required

to break symmetry in this autocatalytic self-replicating system.
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Figure 2. Simplified mechanism of asymmetric amplification in autocatalysis in the presence
of chiral initiator R-3 (light red triangles) that forms complexes with reaction product 2a (blue
and red block arrows) produced in the background reaction, defined by equilibrium constants
Kngjor and Kiinor. Slightly higher stability of the R-3/S-2a initiator complex (g>1) results in a
slight excess in free R-2a (o > 0) that becomes amplified in the autocatalytic cycles that begin
to dominate as the product-initiator complexes saturate. Reactants 1a and Zn(iPr)> not shown
for clarity. Inset graph compares an experimental kinetic profile (symbols) and kinetic model
fit for the reaction under conditions: 1a (110 mM), Zn(iPr), (261 mM), and 11 mM initiator R-
3 in toluene at -12 °C.21%°
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Figure 3. Mechanism from Figure 3 expanded to include both enantiomers of chiral initiator 3
(R-3, light red triangles; S-3, light blue triangles) forming complexes with reaction product 2a
(blue and red block arrows). Experiments were carried out at progressively lower ee values of
3 until the autocatalytic reaction of 2a yielded stochastic results.?!



Results

Reactions of aldehyde 1a and Zn(iPr), were carried out in the presence of isotopically
chiral alcohol 3 employed at successively lower ee values towards either S-3 or R-3. Following
the protocol first introduced by Soai in his studies, a small quantity of the initiator 3 and
aldehyde 1a are combined in stoichiometric amounts with excess Zn(iPr),, followed by
successive sequential additions of larger amounts of the reactants 1a and Zn(iPr); to increase
overall reaction turnover. Such a serial dilution procedure allows a catalytic amount of reaction
product to be employed in each reaction in the sequence and helps avoid solubility
considerations that can occur at very high concentrations.*® The initiator 3 is employed only in
the first reaction in the sequence. The sense of the enantiomeric excess observed at the end of
such a sequence of consecutive reactions is in fact a reporter for the initial and decisive
symmetry breaking event, much as PCR methods are used to replicate and amplify a particular
segment of DNA 3! At the point where the ee value of the initiator becomes too low to direct
the reaction with fidelity, a stochastic result is expected in which the stereochemical outcome
over a large number of trials is either racemic or is directed randomly towards one enantiomer
or the other. Reactions using the achiral form of the initiator were carried out in identical
protocols as a control for stochastic behavior and as a check for influence from cryptochiral

impurities.

Table 1 shows the results from multiple trials of sequential reactions of substrate 1a
using initiator 3 prepared as isotopically chiral R-3 (96.5% ee), S-3 (87.0% ee), and decreasing
ee values down to 0.1% ee. All reactions yielded alcohol 2a quantitatively upon workup of the
reaction mixture. Each hand of the initiator faithfully directs the reaction towards one product,
with S-3 giving S-2a and R-3 giving R-2a. The isotopically chiral initiator retains its
stereochemical influence at 1% ee but loses its consistent direction at ca. 0.1% ee of 3. We
conclude that the point where symmetry breaking loses its correlation to the handedness of the

chiral initiator occurs between 1% and 0.1% ee of 3.



Table 1. Autocatalytic reaction of Scheme 1 with isotopically chiral initiator 3 added in lieu of
product 2a.?

ee of initiator 3 sense of stereochemical outcome of 2a
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2 Each arrow represents the stereochemical outcome for a given reaction under the sequential
reaction protocol. (R) = /N; (S) = \V denotes the stereochemical sense of the initiator 3 and
product 2a. <> denotes a failure to break symmetry (i.e., an outcome measuring lower than 1%
ee (R-2a) or (S-2a).2!



To rationalize the results of Table 1, we modified the model we previously developed®
to describe reactions with isotopically chiral initiator 3 added in lieu of chiral reaction product
2a and to include binding between initiator 3 and product 2a formed in the uncatalyzed
background reaction. Experimental kinetic profiles of reactions at different initiator 3
concentrations such as that shown in the inset to Figure 2 were fit to the model to determine
the kinetic parameters.?’ However, neither this deterministic kinetic model nor high-level DFT
calculations of the product-initiator complexes were able to determine accurately the
exceedingly small stability difference, g, between Kyugjor and Kuinor.”> We thus turned to
stochastic modeling®® which includes the effects of microscopic fluctuations on the
macroscopic behavior of this autocatalytic reaction. The system was modeled using the
chemical Langevin equation by incorporating a fluctuation term and a normally distributed
white noise process associated with it into each reaction step in the kinetic model. Our
treatment closely follows that of Kondepudi and Nelson, who constructed stochastic models of
a simplified Frank-type autocatalytic system more than a decade before Soai autocatalysis was
reported experimentally.>!-33 At any given time during the reaction, the absolute imbalance

between the R and S products is defined by the parameter a.. For each simulation, a series of

random processes are generated that lead to random fluctuations in o over the course of the
reaction. Repeated simulations result in different reaction trajectories, and analysis of the

results over a large number of simulations gives a probability distribution of the final reaction
outcome for o under any set of reaction conditions. The term o.crit represents the maximum
magnitude of these random microscopic fluctuations in o before the system commits decisively
to one stereochemical direction.

The value for deric = ca. 5.8 x 107! M is determined from stochastic simulations of the

reaction network from experiments carried out in the presence of achiral initiator 3. In
reactions employing chiral initiator S-3 or R-3, if the initial imbalance in product 2a created by

the stability difference (Kngjor/Kminor = 1+g) 1s greater than the inherent statistical fluctuations



(o > oerit), symmetry will be broken consistently in favor of the stereochemical outcome
dictated by the major enantiomer of the initiator 3. If the imbalance is less than the critical

concentration (o < Olrit), then the reaction will revert to stochastic behavior.

Figure 4 shows the results of stochastic reaction simulations to determine the value of
the parameter g for which the reaction gives stereochemically directed behavior with initiator
3 at 1% ee and stochastic behavior with initiator 3 at 0.1% ee. These calculations reveal that
values lower than g = 1 x 1077 yield stochastic behavior for both values of initiator 3 ee, but
reactions with 1% ee begin to be stereochemically directed by the chirality of the initiator for
the increased value of g = ca. 2 x 10, a miniscule difference of 0.0002% between Kingjor and
Kninor that helps to explain our difficulty is assessment either by DFT calculations or by

deterministic kinetic modeling.
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Figure 4. Stochastic simulations of the kinetic model of the Soai reaction in the presence of
initiator 3 at 1% ee (left) and 0.1% ee (right) for different values of g. Plots show a vs. fraction
conversion for the reaction sequence subsequent to the initial reaction including initiator 3.
Insets in the plots of 1% ee 3 expand the region at low conversion, with dashed lines showing
the boundaries of ocit. Simulated over 100,000 time steps with 15 out of a total of 40
trajectories shown.?!
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Discussion

The calculated stability difference between the diastereomeric product-initiator
complexes coupled with our autocatalytic reaction conditions allow us to estimate that the
threshold value for ee of reaction product 2a that is required to break symmetry consistently
towards one enantiomer lies between the values of 3.5 x 107 — 3.5 x 10® %ee. This may be
compared to Soai’s experimental report®® that the system began to show inconsistent results
when the reaction product was employed at values below 10~ %ee, presumably hampered
either by inaccuracies in the measurement or by the presence of cryptochiral impurities. It is
worth noting that attempts to produce stochastic results in the absence of an added chiral source
in the Soai reaction have been notoriously fraught with difficulties attributed to cryptochiral
contamination.?’*® Our indirect measurement of a threshold autocatalyst ee value that is two
to three orders of magnitude /ower than that of the most reliable experimental measurement
highlights the challenges inherent in accurately and reproducibly carrying out experiments
employing such small differences in enantiomer concentrations.?* Indeed, our calculations
imply that a direct experimental measurement of the threshold for symmetry breaking under
our conditions would involve an absolute excess enantiomer concentration roughly equivalent

to 20 mg of the autocatalyst in an Olympic-size swimming pool.

For the Soai reaction of Scheme 1 under our conditions, we calculate that the energy
required to break symmetry with a consistent chiral bias lies between 1.5 x107 — 1.5 x 10®
kJ/mol. Our work offers the first comparative assessment of symmetry breaking energy based
on experimental results, giving a value that is five to seven orders of magnitude /arger than
current best estimates for parity-violation energy difference, PVED, caused by asymmetry in
the weak force.> This result may appear to cast doubt on whether chiral selection could arise
from PVED under such conditions, and indeed previous authors have suggested such a
conclusion based purely on theoretical kinetic models.** However, our result neither rules out

this possibility nor directly contradicts the computational model of Kondepudi and Nelson,**
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35 who set conditions under which an autocatalytic network could break symmetry based on
PVED. They argue from their reversible Frank-type model that the extreme sensitivity of
autocatalysis as the system passes through the critical point in a bifurcating system could permit
the dominance of one enantiomer to emerge, even when the level of random noise fluctuation
is larger than the critical concentration. They assert that a constant signal, however small, can
be detected by a signal averaging process even when embedded within large noise, given
enough time. The conditions that they estimate would be required for this process may give
pause, however, including geologic time scales (10,000-100,000 years) and homogeneous
volumes on the order of large lakes (equaling the volume of more than one thousand perfectly
mixed Olympic swimming pools) that enjoy an uninterrupted, well-mixed influx of reactant
molecules and no side reactions. Their estimate of the plausibility of PVED in symmetry
breaking via autocatalysis thus depends on the validity of a number of assumptions concerning
magnitudes of rate constants, racemization rates, diffusive/macroscopic mixing, the
availability of temporally increasing reactant concentrations, the reversibility of the reaction,
and the absence of intervening chemistry. Our work can add to this discussion in that we have
the benefit of results from studying an experimental system to help constrain parameters, which
may help to provide context for an autocatalytic reaction scenario invoking PVED in symmetry
breaking. What our experimental results tell us is that it is likely, on the time and volume scales
of feasible laboratory experiments, this energy difference will be lost in the stochastic noise of
any autocatalytic network exhibiting the kinetic features of the Soai reaction. The key
conclusion is that any hope of making an experimental observation of PVED-induced
symmetry breaking in Soai autocatalysis is thus exceedingly small. While we cast doubt on the
plausibility of making an experimental assessment of the role of PVED, it is important to note
that our work cannot formally discount the intrinsic energy difference between enantiomers as

the original source of macroscopic molecular asymmetry.
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The Soai reaction remains the only confirmed case of chiral amplification in
autocatalysis, and its chemistry is not amenable to an origin of life scenario. No reactions
involving chiral molecules under prebiotically plausible conditions have yet been discovered.
In the absence of such a mechanism, the propagation of an imbalance of enantiomers from
PVED may be seen as an even more challenging proposition. Further, contrary to early
calculations suggesting that the weak neutral force would favor the terrestrially dominant L-
amino acids, Quack has concluded from extensive later work that theoretical calculations
provide no direct relation between PVED and the hand of the chiral molecule, as would be

expected, for example, from the de lege postulate for an L-amino acid world.*!#2

It is important to note that the Soai reaction is itself a singularity, not only in its (to
date) unique capacity to amplify ee but also in its stunning autocatalytic efficiency and
persistence; the irreversible nature of this reaction allows it to exhibit true exponential kinetics
rather than the parabolic kinetic profile characteristic of the product inhibition that ultimately
suppresses template-directed self-replication in non-enzymatic nucleic acid or peptide
replicators as reaction turnover increases.*** Persistence is key to the sustained propagation
and amplification of a small initial imbalance of enantiomers, a problem related to that of
proposed pre-genetic metabolic cycles that must remain stable against inexorable decay from
inapposite side reactions.**#’ Starting from the threshold product ee that we determined in the
Soai reaction, the gradient for chiral amplification is slow, reaching less than 5% ee even after
10 million reaction turnovers. To achieve a virtually homochiral product at 99% ee, the system
must persist without losses or diversion for ten billion turnovers. Conceptualizing a
prebiotically relevant autocatalytic system with these characteristics of selectivity, efficiency,
and persistence under plausible concentration conditions remains an elusive challenge in

attempts to rationalize the emergence of biological homochirality.
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Conclusions

We have determined the energy required for symmetry breaking and chiral
amplification in the Soai autocatalytic reaction as a model experimental system for molecular
self-replication. This work examines the likelihood that parity violation energy difference of
enantiomers is implicated in the origin of chiral symmetry breaking and highlights the
challenges inherent in a search for a prebiotically plausible version of Soai autocatalysis. We
may conclude, as has been suggested previously,* that the rationalization of biological
homochirality might involve not a single reaction or event but rather a series of persistent
chemical and physical processes that act synergistically and stepwise in the emergence of life

on earth.

Data Availability Statement
All relevant data supporting the findings of this study are available within the paper and its
Supplementary Information files. Additional data, including the Mathematica code used in

this stochastic modeling, are available upon request from the authors.
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