
ORIGINAL RESEARCH
published: 09 December 2020

doi: 10.3389/fchem.2020.615800

Frontiers in Chemistry | www.frontiersin.org 1 December 2020 | Volume 8 | Article 615800

Edited by:

Keiji Hirose,

Osaka University, Japan

Reviewed by:

Arimasa Matsumoto,

Nara Women’s University, Japan

Patrick Walsh,

University of Pennsylvania,

United States

*Correspondence:

Oliver Trapp

oliver.trapp@cup.uni-muenchen.de

Specialty section:

This article was submitted to

Supramolecular Chemistry,

a section of the journal

Frontiers in Chemistry

Received: 09 October 2020

Accepted: 16 November 2020

Published: 09 December 2020

Citation:

Trapp O (2020) Efficient Amplification

in Soai’s Asymmetric Autocatalysis by

a Transient Stereodynamic Catalyst.

Front. Chem. 8:615800.

doi: 10.3389/fchem.2020.615800

Efficient Amplification in Soai’s
Asymmetric Autocatalysis by a
Transient Stereodynamic Catalyst
Oliver Trapp 1,2*

1Department of Chemistry, Ludwig-Maximilians-University Munich, Munich, Germany, 2Max-Planck-Institute for Astronomy,

Heidelberg, Germany

Mechanisms leading to a molecular evolution and the formation of homochirality in nature

are interconnected and a key to the underlying principles that led to the emergence of

life. So far proposed mechanisms leading to a non-linear reaction behavior are based

mainly on the formation of homochiral and heterochiral dimers. Since homochiral and

heterochiral dimers are diastereomers of each other, the minor enantiomer is shifted

out of equilibrium with the major enantiomer by dimer formation and thus a reaction

or catalysis can be dominated by the remaining molecules of the major enantiomer.

In this article a mechanism is shown that leads to homochirality by the formation

of a highly catalytically active transient intermediate in a stereodynamically controlled

reaction. This is demonstrated by Soai’s asymmetric autocatalysis, in which aldehydes

are transformed into the corresponding alcohols by addition of dialkylzinc reagents. The

mechanism of chirogenesis proposed here shows that an apparently inefficient reaction

is the best prerequisite for a selection mechanism. In addition, stereodynamic control

offers the advantage that the minor diastereomeric intermediate can be interconverted

into the major diastereomer and thus be stereoeconomically efficient. This is supported

by computer simulation of reaction kinetics.

Keywords: asymmetric autocatalysis, non-linear effects, kinetics, organometallic chemistry, Soai’s reaction

INTRODUCTION

The single-handedness of molecular building blocks, such as amino acids and sugars, in biologically
relevant metabolisms and (polymeric) structures is considered the signature of life and an
important prerequisite for the emergence of life (Hegstrom, 1984; Blackmond, 2004, 2011;
Kawasaki et al., 2008; Hawbaker and Blackmond, 2019; Karunakaran et al., 2019; Teichert et al.,
2019). In the absence of chiral directing forces, an abiotic process provides a racemic mixture.
Therefore, one of the most exciting questions is how biological homochirality developed from
a predominantly achiral environment. Several theoretical approaches to this question have been
investigated experimentally over the last decades and many findings show how enantiomer
enrichment may have occurred by physical processes or chemical reactions. Some of the most
promising theoretical proposals for asymmetric amplification of initial small imbalances are
autocatalytic reactions (cf. Figure 1) (Alberts and Wynberg, 1989; Soai and Kawasaki, 2008;
Tsogoeva, 2010; Bissette and Fletcher, 2013). A comprehensive review of such processes was
recently compiled by Blackmond (2020).
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FIGURE 1 | Selected examples for asymmetric amplification of initial small imbalances by autocatalytic reactions. R = –C=C–C(CH3)3.

Early mechanistic concepts of such reactions with positive
nonlinear effects (Blackmond, 2010) were discussed by Noyori
(Kitamura et al., 1989; Mikami et al., 2000) and Kagan (Girard
and Kagan, 1998; Satyanarayana et al., 2009). Predominantly the
formation of reversible monomer-dimer association complexes
was considered. Frank postulated a theoretical model (Frank,
1953) that leads to a spontaneous asymmetric synthesis by
forming dimers from their monomer building blocks, for
example by intermolecular interaction. If these monomers have
the same configuration, the dimers are homochiral, or if the
monomers have opposite configurations, heterochiral dimers
are obtained. Since these dimers are diastereoisomeric to each
other, they have different intrinsic properties, which are reflected
for example in their formation and decomposition rates, their
solubilities, their chiroptic properties. Thus, the formation of a
heterochiral dimer from an enantiomerically enriched mixture
can increase the enantiomeric excess of the free monomers.
Ideally, this process could even lead to the result that only
the main enantiomer remains monomeric in a solution and
the heterochiral dimer precipitates as insoluble solid. If the
remaining major enantiomer is catalytically active, this process
can lead to the starting point of a highly efficient amplification.
However, this would be an exceptionally rare case. In recent years,
we have developed catalysts decorated with chiral recognition
units to recognize and transfer the chirality of the reaction
product generated in the catalysis to the stereodynamic unit of
the catalyst (Maier and Trapp, 2014; Storch and Trapp, 2015,
2017, 2018; Storch et al., 2015, 2016a,b; Scholtes and Trapp,
2019a,b,c,d). This induces a shift in the equilibrium of the
stereodynamic catalyst by the recognized chirality (cf. Figure 2).

In this way, it was possible to develop self-amplifying catalytic
systems which aligned their configuration dynamically during

catalysis and thus formed a preferred enantiomer from the

prochiral substrate (Scholtes and Trapp, 2020). In the course of

this research we have been working intensively on the elucidation

of the mechanism of the Soai reaction (Trapp et al., 2020).

Saoi’s asymmetric autocatalysis (Soai et al., 1995; Shibata et al.,

1997) is a highly unusual reaction. In this reaction pyrimidine-

5-carbaldehydes 4 are reacted with diisopropyl zinc in the
presence of catalytic amounts of the corresponding pyrimidine

alcohol 1 with low ee. Asymmetric autocatalytic amplification

of the enriched enantiomer yields the pyrimidine alcohol 1

with enhanced ee. Several mechanistic models were proposed to

explain the extraordinary behavior of this reaction (Blackmond

et al., 2001; Blackmond, 2006; Ercolani and Schiaffino, 2011;
Gehring et al., 2012; Micheau et al., 2012; Gridnev and Vorobiev,
2015; Athavale et al., 2020).

By comprehensive kinetic and mass spectrometry
experiments, we recently identified and monitored the
formation of a transient catalyst that forms a hemiacetalate-zinc
complex 5 by reaction of pyrimidine-5-carbaldehyde 4 with the

corresponding pyrimidine alcoholate 2 (Trapp et al., 2020). The

dynamic behavior of the formed hemiacetals 5 is of particular

interest and was investigated by dynamic HPLC (DHPLC). The

mass spectrometric detection of the substrates and the product as

well as the intermediates occurring during the reaction enabled

the derivation of a reaction mechanism (cf. Figure 3). First of
all, the alcoholate 2 is formed from the alcohol added as an
additive to diisopropyl zinc, which can form homochiral (R,
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FIGURE 2 | Enantioselective self-amplifying catalysis. (A) Design of a stereodynamic self-amplifying catalyst with non-covalent binding sites to interact with the

product enantiomers formed in the catalyzed reaction. (B) Structure of a rhodium(I) complex with tropos Phosphoramidite ligands which are self-aligned upon

preferential interaction of the non-covalent binding sites with one of the formed product enantiomers. (C) Steps leading to enantioselective self-amplifying catalysis.

After activation of the pre-catalyst the product is formed in no or low enantioselectivity. The catalyst interacts at the product interaction sites with the initially formed

product. This product-catalyst interaction induces a change in the catalyst structure, which leads to enhanced enantioselectivity of the catalyst.

R)-3/(S, S)-3 or heterochiral dimers (R, S)-3. The zinc alcoholate
2 reacts slowly with the aldehyde 4 in an equilibrium reaction
to form the hemiacetalate 5, which first adds another molecule
of diisopropyl zinc and aldehyde 4 to form complex 6 and is
then enantioselectively alkylated to complex 7. In a further step,
another molecule of aldehyde is added and forms a dimeric
hemiacetalate complex 8 that decomposes into its monomeric
hemiacetalates 5, establishing an autocatalytic cycle. The reaction
product, the alcoholate 2 and its dimers 3, is continuously formed
by the back reaction of the hemiacetalate 5/alcoholate-aldehyde
(2–4) equilibrium.

This contribution will focus on the dynamics of hemiacetal
formation and will investigate the influence of reaction
kinetics and equilibrium on the autocatalytic reaction and the
enantiomeric excess ee.

MATERIALS AND METHODS

General
Reagents and solvents were obtained from Sigma-Aldrich
(Taufkirchen, Germany), ABCR (Karlsruhe, Germany), and Alfa
Aesar (Karlsruhe, Germany) and were used without further
purification. Standard Schlenk techniques were used for air
sensitive reactants. Glass ware was heated prior to use and the
syntheses were carried out under an argon atmosphere.

NMR spectra were recorded on Bruker Avance 600 and 500
MHz spectrometers.

HPLC and HPLC-MS measurements were performed
on an Agilent 1200 Infinity HPLC equipped with a binary
pump, an autosampler (Agilent HiP+), a thermostatted
column oven and a photodiode array detector (DAD). All
operations were controlled by the Agilent Chemstation
software. Enantioselective separations were performed on an
immobilized chiral stationary phase (CSP) cellulose tris(3,5-
dichlorophenylcarbamate), Chiralpak IC-3 (15 cm, I.D. 4.6mm,
particle size 3µm, Chiral Technologies, Parc d’Innovation, Bd
Gonthier d’ Andernach, 67400 Illkirch Cedex, France) using
n-hexane/2-propanol 60:40 (v/v) as mobile phase at a flow rate
of 1.0 mL·min−1.

Evaluation of the Dynamic HPLC Profiles
Dynamic HPLC traces were analyzed by the unified equation,

which allows the direct calculation of reaction rate constants

k1 and k−1 and Gibbs activation energies 1G+ for all types of

(pseudo) first-order reactions taking place in chromatographic
systems, regardless of the initial concentrations of the
interconverting analytes A and B and the equilibrium constant

KA/B. A detailed description of the derivation is given in
literature (Trapp, 2006a,b,c,d; Trapp et al., 2009).
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FIGURE 3 | Proposed mechanism of the Soai-reaction with the formation of the transient Zn-hemiacetalate catalyst 5. Establishing of the equilibrium of homochiral

(R, R)-3/ (S, S)-3 and heterochiral (R, S)-3 dimers of the isopropylzinc pyrimidyl alkoxides 2 and establishing the autocatalytic cycle after formation of the

hemiacetalate 5. R = –C=C–C(CH3)3.

RESULTS AND DISCUSSION

During the HPLC separation of pyrimidine-5-carbaldehyde
4 with 2-propanol in the mobile phase a second peak is
observed which is connected to the peak of pyrimidine-5-
carbaldehyde 4 by a plateau formation. If this separation
is performed using a chiral stationary phase, e.g., with
Chiralpak IC-3, then the separation of the newly formed
peak into two peaks is observed, which indicates, that
enantiomers have been formed (cf. Figure 4). Using HPLC-
MS, the newly formed peaks can be clearly assigned to
the hemiacetals (R)-5iPr or (S)-5 iPr formed from the 2-
propanol of themobile phase and the pyrimidine-5-carbaldehyde
4. The observation of hemiacetals is important because
chromatographic techniques can be used to study and screen
the reactivity of the formation of hemiacetals from aldehydes
and alcohols. It can be expected that the formation of
hemiacetalates 5 from aldehydes 4 and zinc alcoholates 2 occurs
with similar reactivity due to the electronic properties of the
aldehydes 4 and therefore the ability of formation can be
directly correlated.

To determine the reaction rate of the hemiacetal formation
and decomposition of the aldehyde 4 in presence of 2-propanol,
we performed temperature-dependent enantioselective dynamic
HPLC (DHPLC) (Trapp et al., 2001; D’Acquarica et al., 2006;
Wolf, 2008; Trapp, 2013) measurements. As can be seen from

the elution profiles (cf. Figure 5) a pronounced plateau formation
with increasing reaction temperature can be observed.

The kinetic analysis was performed by analysis with the
unified equation of chromatography considering a pseudo-first-
order reaction because of the excess of 2-propanol in the mobile
phase. This allowed the determination of the reaction rate
constants, e.g., k1 (293K) = 4.1 × 10−3 (mol × s)−1 and
k−1(293K) = 1.3 × 10−2 s−1

, and the determination of the

activation enthalpies 1H‡ for the hemiacetal 5iPr formation
and decomposition via the slope and the activation entropies
1S‡ via the intercept of the Eyring plots [ln(k/T) vs. 1/T] (cf.
Figure 6A). Deviations of the activation parameters 1H‡ and
1S‡ have been calculated by error band analysis of the linear
regression with a level of confidence of 95%. The activation
parameters of the hemiacetal 5iPr formation were determined
to be 1H‡ = 26.3 ± 0.2 kJ/mol and 1S‡ = −195 ± 34 J/(K
× mol) (r = 0.9990, residual deviation sy = 0.0306) and for
the backward reaction, the hemiacetal 5iPrdecomposition, the
activation parameters were determined to be 1H‡ = 47.7 ±

0.2 kJ/mol and 1S‡ = −112 ± 1 J/(K × mol) (r = 0.9994,
sy = 0.0630). These activation parameters indicate, that the
formation of hemiacetal 5iPr from 4 is an endergonic process,
which is highly dynamic. The thermodynamic parameters of
the formation of the hemiacetal 5iPr were determined by linear
regression of the thermodynamic Gibbs free energies 1G(T),
obtained from the equilibrium constants K, vs. the temperatures
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FIGURE 4 | Hemiacetal formation of 2-(tert-butylacetylene-1-yl)pyrimidyl-5-carbaldehyde 4 with 2-propanol.

FIGURE 5 | Temperature-dependent enantioselective DHPLC measurements of the formation of the hemiacetal starting from

2-(tert-butylacetylene-1-yl)pyrimidyl-5-carbaldehyde 4 with 2-propanol. Experimental conditions: Chiralpak IC-3 (15 cm, I.D. 4.6mm, particle size 3µm),

n-hexane/2-propanol 60:40 (v/v), flow 1.0 mL·min−1.

FIGURE 6 | (A) Eyring plot for the determination of the activation parameters 1H+ and 1S+ of the hemiacetal formation (red data points) and the hemiacetal

decomposition (blue data points) obtained from the DHPLC experiment considering the concentration of 2-propanol. The upper and lower curves represent the error

bands of the linear regression with a level of confidence of 95%. For the linear regression 21 data points were considered. (B) Determination of the thermodynamic

parameters 1H and 1S by plotting the Gibbs free energy 1G as a function of T.

T (correlation coefficient r= 0.9949) to be1G0 = 3 kJ/ mol,1H0

=−15.6 kJ/mol and 1S0 = −62.5 J/(K×mol) (cf. Figure 6B).
It is important to note that this reversible process of

hemiacetal formation creates a stereocenter, which leads to the
formation of diastereomers in the case of the reaction with a
chiral alcohol. It is therefore obvious that a reaction with the
corresponding alcohol or alcoholate in the Soai reaction leads to

diastereomeric hemiacetals or hemiacetalates 5. This endergonic
process leads to the formation of more hemiacetal, which are well
coordinating chiral ligands, at low temperature. This is consistent
with the higher reaction rates observed at low temperatures in the
Soai reaction.

We have extended the investigation of hemiacetal formation
to 1H NMR studies of the chemical equilibrium. For this
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TABLE 1 | Determination of equilibrium constants of the formation of hemiacetals from benzaldehyde and pyrimidyl-5-carbaldehydes by reaction with alcohols.

Aldehyde Alcohol Hemiacetal Yield K Kminor Kmajor

(%) (M−1) (M−1) (M−1)

CD3OH 9 0.0040

CD3OH 95 0.7733

4H

CD3OH 95 0.7722

4

9 0.0544 0.0151 0.0393

4H

11 0.1195 0.0193 0.1002

4

Quantification was performed by 1H NMR spectroscopy.

TABLE 2 | Kinetic data of the Soai-reaction of aldehyde 4 with iPr2Zn forming

alcohol 1 determined by comprehensive reaction networks analysis.

n kn Kn k
−n

1 1.5·102 ± 7 M−1s−1

2 7.0·102 ± 32 M−1s−1 81 ± 4 M−1 8.6 ± 0.8 s−1

3 7.0·102 ± 32 M−1s−1 162 ± 8 M−1 4.3 ± 0.4 s−1

4 1.7·10−3 ± 1.2·10−4 M−1s−1 0.136 ± 0.001 M−1 1.3·10−2 ± 1.0·10−3 s−1

5 63 ± 5 M−2s−1

6 0.11 ± 0.01 s−1

7 13.2 ± 0.2 M−1s−1

8 0.23 ± 0.02 s−1

purpose, 5mg each of benzaldehyde, pyrimidyl-5-carbaldehyde
4H and 2-(tert-butylacetylene-1-yl)pyrimidyl-5-carbaldehyde 4

were mixed with 0.5ml methanol-d3. The results of the
equilibrium adjustment after 6 h are summarized in Table 1.
As can be clearly seen, the hemiacetals are formed with yields
of 9% in the case of benzaldehyde and, remarkably, 95% of
the corresponding hemiacetals of pyrimidyl-5-carbaldehydes
4H and 2-(tert-butyl acetylene-1-yl)pyrimidyl-5-carbaldehyde 4,
respectively. This reveals the unique properties of pyrimidine-
5-carbaldehydes, which are excellent at forming hemiacetals. In
a further experiment, 20mg each of pyrimidyl-5-carbaldehyde
4H and 2-(tert-butyl acetylene-1-yl)pyrimidyl-5-carbaldehyde 4

were mixed with 5 eq. 2-methyl-1phenyl propanol in anhydrous

toluene-d8. Toluene was chosen as solvent to achieve reaction
conditions comparable to the Soai reaction. The corresponding
diastereomeric hemiacetals are obtained in 9 and 11% yield,
respectively. The equilibrium constants K of the formation of
the hemiacetals described here are summarized in Table 1. It
is important to note that we focused here on the analysis
of the hemiacetals instead of the hemiacetalates 5, which can
be observed by in-situ mass spectrometric investigation of the
Soai reaction. In the case of the diastereomeric hemiacetals
5, the formation of a major and a minor diastereomer is
observed, for which respective equilibrium constants can be
determined. These equilibrium constants are in line with the
equilibrium constant K4 for the formation of the hemiacetal 5
in the proposed mechanism of the Soai reaction (cf. Figure 3
and Table 2), which have been determined by comprehensive
reaction networks analysis.

This reaction network analysis was performed by using 26
differential equations describing the reaction kinetics of the
reaction mechanism of the Soai reaction depicted in Figure 3

(see details in reference Trapp et al., 2020). These equations
are implemented in a software program (Soai 7; Trapp, 2020).
This program allows to calculate kinetic reaction profiles
using an adaptive Runge–Kutta routine to solve the system of
differential equations with the initial input concentrations of the
enantiomers of the additive alcohol 1, aldehyde 4, and iPr2Zn.
The kinetic model allows to calculate kinetic reaction profiles
of the conversion of the pyrimidine-5-carbaldehyde 4 into the
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FIGURE 7 | Prediction of the enantiomeric access in dependence of the reaction rate constant k4 and the equilibrium constant K4 of the hemiacetal formation.

Starting conditions are 25mM aldehyde and 40mM iPr2Zn. Simulation time 1,200 s with a resolution of 1t = 0.1 s. Calculations were performed with Soai 7. (A)

Starting ee 1% [1.01mM (R)-1 and 0.99mM (S)-1], (B) Starting ee 10% [1.1mM (R)-1 and 0.9mM (S)-1], (C) Starting ee 50% [1.5mM (R)-1 and 0.5mM (S)-1], and

(D) Starting ee 99% [1.99mM (R)-1 and 0.01mM (S)-1].

reaction product 1 of the Soai reaction and the precise prediction
of the non-linear amplification of the ee and the induction period
in dependence on the ee.

This kinetic model and software Soai 7 were used to
investigate the influence of the reaction kinetics and equilibrium
of the hemiacetal formation on the autocatalytic reaction
and the enantiomeric excess ee. For this purpose the kinetic
and thermodynamic parameters summarized in Table 2 were
used and the parameters for the hemiacetal formation were
varied in 20 steps each for k4 from 0.0001 to 0.1 M−1s−1

and for K4 from 0.05 to 10 M−1. Four scenarios were
considered with increasing starting enantiomeric excess ee: ee
1% [1.01mM (R)-1 and 0.99mM (S)-1] (cf. Figure 7A), ee
10% [1.1mM (R)-1 and 0.9mM (S)-1] (cf. Figure 7B), ee
50% [1.5mM (R)-1 and 0.5mM (S)-1] (cf. Figure 7C), and ee
99% [1.99mM (R)-1 and 0.01mM (S)-1] (cf. Figure 7D). The
predicted final high ee’s starting from already very high ee’s

are not surprising. In this case the amplification (difference
between final product ee and initial ee) is low. However,
the simulation predicts that there are scenarios, which lead
to a very amplification in a single step with proper k4 and
K4 values. The result is, that a high stereodynamics with
reaction rates k4 > 0.08 M−1s−1 paired with an equilibrium
constant K4 in the range between 0.06 and 2.7 M−1 gives an
immediate jump in the ee starting at 1% to an ee between
29 and 57%!

CONCLUSIONS

By means of enantioselective dynamic HPLC (DHPLC) and
1H NMR studies the hemiacetal formation was investigated
kinetically and thermodynamically. On the one hand, it could be
shown that the formation process of the hemiacetal is endergonic
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and that there is a rapid conversion equilibrium between the
hemiacetals. Simulations with the kinetic model of the Soai
reaction under variation of the kinetics and thermodynamics
of the hemiacetal formation allowed the prediction of the
amplification of the enantiomeric excess depending on the
addition of the alcohol as additive. The results show that in the
underlying mechanism of the Soai reaction by the formation of
transient stereodynamic hemiacetal catalysts the stereodynamics
has an important influence on the resulting enantiomeric
excess ee. It is remarkable that a high stereodynamics and
equilibrium in favor of the alcohol and aldehyde compared
to the hemiacetal leads to an enormous amplification of the
enantiomeric excess ee. This leads to the conclusion that
apparently inefficient processes lead to an optimal selection
and amplification and thus to chirogenesis and homochirality.
Furthermore, it can be concluded thatmaintaining homochirality
is much more robust and tolerates wider ranges of kinetic and
thermodynamic parameters.
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