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Preface

Living creatures on Earth have two characteristic features. One is the ability
to self-replicate at the molecular, cellular, and individual levels. The second is
the overwhelming one-handedness (homochirality) of biomolecules such as
1-amino acids and p-sugars. No known life-form can exist without homochiral
components. Ever since Pasteur discovered molecular chirality in 1848, the
origins and the processes that can lead to enantiopure organic compounds
have attracted broad attention. Indeed, Pasteur himself stated in his lecture
notes that he tried to induce chirality using a magnet or by inversed movement
of sunlight. Thus, research on the origin of chirality of organic compounds
has been a historically venerable theme. Although several theories have been
proposed to explain the origins of chirality of organic compounds, such as the
influence of circularly polarized light or quartz, the enantiomeric excesses (ee)
induced by these mechanisms have been very low or below detection levels.
Thus, a mechanism by which the very low or even below detection levels of ee
induced by the proposed mechanism of the origins of chirality can be ampli-
fied to the corresponding highly enantioenriched compounds is crucial.

Asymmetric autocatalysis is a reaction in which a chiral compound acts as
a chiral catalyst for its own formation. The process constitutes a catalytic
automultiplication of the chiral compound. In 1995, Soai and co-workers
discovered asymmetric autocatalysis of 5-pyrimidyl alkanol with amplification
of ee in the enantioselective addition of diisopropylzinc to pyrimidine-5-
carbaldehyde. Along with automultiplication, asymmetric autocatalysis is
capable of amplifying ee from extremely low to near enantiopure levels in the
absence of any other chiral factor. Mislow referred to this phenomenon as the
Soai reaction, and it has attracted much attention from competent research
groups around the world.

This book illustrates recent developments in asymmetric autocatalysis: the
Soai reaction. An overview of the Soai reaction is presented with an examination
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viii Preface

of the origins of chirality in conjunction with asymmetric autocatalysis and
its application to absolute asymmetric synthesis. The influence of circularly
polarized light, chiral inorganic crystals, chiral isotopomers, and chiral organic
crystals composed of achiral compounds are also discussed. Reaction models of
the Soai reaction that have been developed, such as structures of asymmetric
autocatalysts, elucidation of the reaction pathways, application of asymmetric
autocatalysis to chiral discrimination, and some unusual aspects of chirality
induction detected by using the Soai reaction are also described.

Kenso Soai, Tsuneomi Kawasaki and
Arimasa Matsumoto

Tokyo
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CHAPTER 1

Asymmetric Autocatalysis: The
Soai Reaction, an Overview

KENSO SOAIL**” TSUNEOMI KAWASAKI? AND
ARIMASA MATSUMOTO®

@ Department of Applied Chemistry, Tokyo University of Science, Kagurazaka,
Shinjuku-ku, Tokyo 162-8601, Japan; ° Research Organization for Nano &
Life Innovation, Waseda University, Wasedatsurumaki-cho, Shinjuku-ku,
Tokyo 162-0041, Japan; ¢ Department of Chemistry, Nara Women’s
University, Kita-Uoya Nishi-machi, Nara 630-8506, Japan

*Email: soai@rs.tus.ac.jp

1.1 Introduction

1.1.1 Characteristic Features of Life
1.1.1.1 Self-replication of Organic Molecules

One of the characteristic features of life is self-replication at both cellular and
individual levels. Although individuals are mortal, species exist in the long-term
because parents produce children. Thus, self-replication provides a mechanism
through which a species can exist for longer periods. Self-replication of organic
molecules has attracted much attention and has become one of the topics of
systems chemistry. Chemical self-replication of nucleotide by forming
templates was reported by von Kiedrowski.'* Rebek et al. reported self-
replication of organic compounds.'” Gadhiri et al. devised self-replicating
peptides.'* These processes do not produce new stereogenic centers.
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2 Chapter 1

1.1.1.2 Overwhelming One Handedness, i.e., Homochirality, of
Biomolecules

Another characteristic feature of life is the homochirality of biomolecules such
as L-amino acids and p-sugars. Why is homochirality essential for life? Let’s
think about the situation of shaking hands: when both persons use right
hands, it is normal shaking hands. When one uses right hand and the other
uses left hand, the situation of shaking hands is very different from the normal
one. Similarly, dipeptides of r-alanyl-i-alanine and p-alanyl-i-alanine are dia-
stereomers and have different melting points. If p-amino acids are incorpor-
ated irregularly in proteins, conformations of proteins change and enzymatic
functions do not operate. If L-deoxyribose is incorporated irregularly in DNA,
the formation of the helix is disrupted and genetic information cannot be
transferred. Eschenmoser et al. examined oligomerization of tetranucleotide
cyclophosphates of p-pyronosyl-RNA.> They found that the incorporation of
L-enantiomer instead of p-enantiomer in tetranucleotides results in the effi-
ciency of assembling of tetramers dropping by a magnitude in the order of two.
As described, the homochirality of biomolecules is essential for life.

1.1.2 Origin of Homochirality and Amplification of
Enantiomeric Excess

Ever since Pasteur discovered the molecular dissymmetry of sodium
ammonium tartrate in 1848, the origins of biological homochirality have
attracted considerable attention from many scientists.>® Indeed, Pasteur
himself stated in his lecture notes that he tried to induce chirality using a
magnet or by inversed movement of sunlight.?” Thus, research on the origin
of chirality of organic compounds has been a historically venerable theme.
Although theories for the origins of homochirality such as circularly polar-
ized light and quartz have been proposed,”* the enantiomeric excesses in-
duced by these conditions have usually been very low. An amplification
process of ee is required to observe the resulting highly enantioenriched
organic compounds.’

Considering two of the characteristic features of lie, i.e., self-replication and
homochirality, it is natural for chemists to conceive the chiral molecule which
is capable of self-replicating. In this context, we distinguish the following two
concepts: asymmetric autoinduction and asymmetric autocatalysis.

Asymmetric autoinduction is a reaction in which the chiral product has
effects on the stereochemical course of the reaction. Alberts and Wynberg re-
ported enantioselective alkylation of benzaldehyde using chiral metal alkoxide
of which the chiral ligand and the chiral product have the same structure.*®
Danda et al. reported asymmetric hydrocyanation catalyzed by chiral 2,5-
diketopiperadine.®” The chiral product increased the enantioselectivity of the
catalyst. Soai et al. reported asymmetric autoinductive reduction of amino
ketone to 1,2-amino alcohol using lithium aluminum hydride modified with
the same chiral beta-amino alcohol as the chiral ligand.* In these asymmetric
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autoinductions, the chiral catalyst and product have different structures and
the amounts of the initial catalysts do not increase.

In this chapter, we describe the trajectory of discovery of asymmetric
autocatalysis, state of the art of asymmetric autocatalysis, and research on
the origin of homochirality of organic compounds by using asymmetric
autocatalysis with amplification of ee.”

1.2 Asymmetric Autocatalysis

1.2.1 Principle of Asymmetric Autocatalysis

Asymmetric autocatalysis is a reaction in which a chiral product acts as a
chiral catalyst for its own production (see Scheme 1.1). The reaction involves
the process of automultiplication, i.e., self-replication, of a chiral compound.
Asymmetric autocatalysis has superiority over conventional asymmetric
catalysis in four regards. (1) The process involves automultiplication with
high efficiency. (2) During the reaction, the amount of catalyst, ie., the
product, increases. In ideal cases, the catalytic activity does not decrease as
the amount of catalyst increases during the reaction. On the other hand, in
usual asymmetric catalysis, loss of catalyst through imperfect recovery and
deterioration of asymmetric catalyst due to the action of heat, acid, base,
mechanical damage, etc., is often observed. (3) The process of separation of

(Asymmetric autocatalysis) TQe Isatme strfyctur? &
absolute configuration

P*
Asymmetric
autocatalyst p*

Chiral product

Self-replication
Automultiplication

(Usual asymmetric catalysis)

Different structures

C*
Asymmetric catalyst
A + B > D*
Chiral
product

Scheme 1.1 Comparison of the principles of asymmetric autocatalysis and usual
asymmetric catalysis.
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the product from the catalyst is not necessary because the structure of the
catalyst and the product is the same. (4) From the standpoint of green
chemistry, three chemical compounds are required in asymmetric auto-
catalysis: A, B, and P*, whereas four compounds are usually required for
asymmetric catalysis: A, B, C*, and D.

1.2.2 Discovery of Asymmetric Autocatalysis of 5-Pyrimidyl,
3-Quinolyl, and 5-Carbamoyl-3-pyridyl Alkanols with
Amplification of Enantiomeric Excess: The Soai Reaction

In 1953, Frank proposed a mathematical scheme of asymmetric auto-
catalysis without referring to any chemical structure.”® However, no real
asymmetric autocatalysis had been reported until our first report in 1990 on
the asymmetric autocatalysis of 3-pyridyl alkanol in the enantioselective
addition of dialkylzincs to pyridine-3-carbaldehyde.®® In 1995, we found
asymmetric autocatalysis of pyrimidyl alkanol 1 with amplification of en-
antiomeric excess (ee) in the reaction between pyrimidine-5-carbaldehyde 2
and diisopropylzinc (see Scheme 1.2).°%?

Moreover, we found that quinolyl alkanol 4 and 5-carbamoylpyridyl
alkanol 5''“? act as asymmetric autocatalysts for amplification of ee in the
reactions between quinoline-3-carbaldehyde and 5-carbamoylpyridine-3-
carbaldehyde, respectively, with diisopropylzinc (see Scheme 1.3).

Asymmetric autocatalysis with amplification of ee provides an efficient
process through which homochirality can be achieved.

10a,b,c

1.2.3 Trajectory Leading to the Discovery of Asymmetric
Autocatalysis

Enantioselective addition of organometallic reagents to aldehydes using
chiral ligands affords enantioenriched sec-alcohols. In 1979, Mukaiyama and
Soai (one of the present authors) et al. reported highly enantioselective
addition of alkyllithium and dialkylmagnesium to aldehydes using a chiral
B-diaminoalkanol derived from (S)-proline as a chiral ligand.'** We also
observed that diethylzinc adds to benzaldehyde in the presence of diami-
noalcohol to afford 1-phenylpropanol in 76% yield."** Given that the
reactivity of dialkylzinc to aldehydes is usually low, this result showed amino
alcohol accelerates the nucleophilicity of dialkylzinc enough to add to
aldehydes. Enantioselective addition of diethylzinc to benzaldehyde using
a B-aminoalcohol as a chiral catalyst was reported by Oguni and Omi,"*?
and then by Noyori et al.'*

Soai et al. devised N-methyldiphenylprolinol (DPMPM)'%¢ and N,N-
dibutylnorephedrine (DBNE)'¥% as highly enantioselective catalysts for the
addition of dialkylzincs to aldehydes.'*”

(S)-N-Methyldiphenylprolinol (DPMPM) catalyzes the addition of Et,Zn to
benzaldehyde 6 to afford (S)-1-phenylpropanol 7 with 97% ee (see Scheme 1.4).
We observed that the catalyst (S,S)-threo-N-methylphenylprolinol (PMPM)
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Scheme 1.2 Asymmetric autocatalysis of pyrimidyl alkanol with amplification of
enantiomeric excess: The Soai reaction.

affords (S)-alkanol 7, while (S,R)-erythro-PMPM affords (R)-alkanol 7. These
results show that the sense of enantioselectivity is controlled by the absolute
configuration of the stereogenic center of the alcohol moiety of the catalysts.

We also observed, in 1989, that the reaction of pyridine-3-carbaldehyde 8,
a nitrogen-containing aldehyde, and dialkylzinc catalyzed by (15,2R)-DBNE
completed within 1 h to afford (S)-3-pyridyl alkanol 9,"” while the reaction of
benzaldehyde 6 needed 16 h to reach completion to afford (S)-alkanol 7 (see
Scheme 1.5).'%¢ We considered that the isopropylzinc alkoxide of pyridyl
alkanol, i.e., the product in situ, catalyzes the addition of diisopropylzinc to
pyridine-3-carbaldehyde 8.

Based on these observations, we got an idea that a nitrogen-containing chiral
alkanol with a suitable structure would act as an asymmetric autocatalyst in
the enantioselective addition of dialkylzinc to a nitrogen-containing aldehyde



6 Chapter 1

The same structure &
absolute configuration

*

Z OH
\N 4
7 CHO Asymmetric autocatalyst Z OH
| ] > N |
SN low ee N

Am high ee
Yol

The same structure &
absolute configuration

S A
N | Ny SoH
o )\ N/ 5
)\ CHO . Q
N X Asymmetric autocatalyst )\ *
PY | N oH
N PN 7
5

low ee \

Amplification of ee high ee

Scheme 1.3 Asymmetric autocatalysis of 3-quinolyl alkanol and 5-carbamoyl-3-
pyridyl alkanol with amplification of ee. The Soai reaction.

Chiral catalysts

<_Eh)<Ph H S\Ph Stereogenic center of alcohol moiety|
Y, O)\ <:' rather than amine controls
,}j ,’H OH ,}‘S "’H OH the sense of enantioselectivity.
CHj CHj
(S)-DPMPM  threo-PMPM @\/\
Ph rRH S
cHO Y OH
+ (CoHs)pZn — %, OH 7
2M5)2 N ’H
I
6 CHjy
erythro-PMPM - R
7 OH

Scheme 1.4 Catalytic enantioselective addition of diethylzinc to benzaldehyde
using (S)-DPMPM, (S,S)-threo-, and (S,R)-erythro-PMPM.

with a suitable structure. In his stimulating essay, Wynberg challenged
“red-blooded” chemists to realize asymmetric autocatalysis."

1.2.4 The First Asymmetric Autocatalysis of 3-Pyridyl Alkanol

In 1990, we found chiral 3-pyridyl alkanols act as asymmetric autocatalysts
in the addition of dialkylzincs to pyridine-3-carbaldehyde (see Scheme 1.6).%¢
Although the ee values of products were lower than those of the asymmetric
autocatalysts, this stands as the first demonstration of asymmetric
autocatalysis.
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Scheme 1.5 Enantioselective addition of diethylzinc to pyridine-3-carbaldehyde and
benzaldehyde catalyzed by (1S,2R)-DBNE.
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Scheme 1.6 The first asymmetric autocatalysis of 3-pyridyl alkanol in the addition
of diisopropylzinc to pyridine-3-carbaldehyde.

1.2.5 Highly Enantioselective Asymmetric Autocatalysis

We continued to search for asymmetric autocatalytic systems with studies on
chiral alkanol systems.*”* In 1995, we identified the highly enantioselective
asymmetric autocatalysis of pyrimidyl alkanol.’” Pyrimidyl alkanol acts as a
highly enantioselective asymmetric autocatalyst in the enantioselective
addition of diisopropylzinc (i-Pr,Zn) to pyrimidine-5-carbaldehyde. (S)-
Pyrimidyl alkanols®*” with 93-95% ee catalyzed the addition of i-Pr,Zn to
pyrimidine-5-carbaldehyde to afford (S)-pyrimidyl alkanols®*” with the same
structure and absolute configuration with 91-95% ee (see Scheme 1.7).”
After examining the effect of substituents at the 2-position, we found that
(S)-2-alkynylpyrimidyl alkanol 1c, with >99.5% ee, was a practically perfect
asymmetric autocatalyst to afford itself (S)-1c with >99.5% ee in >99% yield
(see Scheme 1.7).°° (S)-Pyrimidyl alkanol 1c obtained in one asymmetric
autocatalysis was used as an asymmetric autocatalyst for the next run. Even
after 10 rounds of consecutive asymmetric autocatalysis, the yield of (S)-1¢
was >99% and the ee was >99.5%. No deterioration of catalytic activity or
enantioselectivity was observed. Thus, 2-alkynyl-5-pyrimidyl alkanol 1c is a
practically perfect asymmetric autocatalyst for the addition of i-Pr,Zn to
2-alkynylpyrimidine-5-carbaldehyde 2¢.*
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Scheme 1.7 Highly enantioselective asymmetric autocatalysis of 5-pyrimidyl alkanol
1a,b and practically perfect asymmetric autocatalysis of 2-alkynyl-5-
pyrimidyl alkanol 1c.

Asymmetric
autocatalyst

Product &
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Initial: 2% ee >
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Scheme 1.8 Asymmetric autocatalysis of 5-pyrimidyl alkanol 1a with amplification
of enantiomeric excess from 2 to 88% ee.

1.2.6 Discovery of Asymmetric Autocatalysis with
Amplification of Enantiomeric Excess. The Soai Reaction

Moreover in 1995, we found a highly enantioselective asymmetric autocatalysis
of pyrimidyl alkanol 1 with amplification of ee in the enantioselective addition
of i-Pr,Zn to pyrimidine-5-carbaldehyde 2a (see Scheme 1.8).°* Consecutive
asymmetric autocatalysis of pyrimidyl alkanol (S)-1a with 2% ee in the
enantioselective addition of diisopropylzinc (i-Pr,Zn) to pyrimidine-5-
carbaldehyde 2a enabled amplification of ee to 88%.°® In the reaction, pyr-
imidyl alkanol 1a with 2% ee acts as an asymmetric autocatalyst to afford more
of itself with the same absolute configuration and with an amplified 10% ee as
a mixture of the newly formed and the initial alkanol. Alkanol 1a with 10% ee
was used as the next round of asymmetric autocatalysis and the ee was amp-
lified to 57%. Subsequent consecutive asymmetric autocatalysis enabled ee
amplification from 57% to 81% ee, then to 88% ee.”” It should be emphasized
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that the origin of amplification of ee was the initial slight enantiomeric im-
balance (2% ee) of asymmetric autocatalyst 1a itself and that, unlike non-
autocatalytic systems, no other chiral factor was necessary.

In non-autocatalytic amplification in asymmetric catalysis, the structures
of chiral catalysts and products are different.”® Therefore, the ee of the
product cannot be amplified further.

Soai et al. found that the asymmetric autocatalysis of (S)-2-alkynylpyrimidyl
alkanol®*? exhibits significant amplification of ee (see Scheme 1.9).° Thus,
asymmetric autocatalysis of (S)-2-alkynylpyrimidyl alkanol 1c with an extremely
low ee of ca. 0.00005% (i.e., enantiomeric ratio of ca. 50.000025 :49.999975)
afforded (S)-alkanol 1c with significantly amplified 57% ee. Subsequent
consecutive asymmetric autocatalysis using (S)-alkanol 1¢ with 57% ee amplified
the ee to 99% ee, and then the third asymmetric autocatalysis increased the ee to
>99.5%. During these three consecutive asymmetric autocatalysis runs, the
amount of the initial slightly major (S)-alkanol 1c automultiplied by a factor of
ca. 630000 times, while the minor (R)-alkanol 1c only ca. 950 times.*?

ol

S
AN I {
~
R N R
ca. 0.00005% ee
1c
R = t-Bu-C=C- Asymmetric
autocatalysis
/_\ N/j/CHO
|
R/I\N/ + >*Zn‘<
2c
700,000
» 600,000
Q
£
£ 500,000
S
§ 400,000
c
£ 300,000
m
o
£ 200,000
2
1000000~ . A 1
Irg?;.lal Round 1 Round 2 Round 3
conditions 57% ee 99% ee >99.5% ee

ca. 0.00005% ee

Scheme 1.9 Asymmetric autocatalysis of 2-alkynyl-5-pyrimidyl alkanol 1c¢ with sig-
nificant amplification of ee from ca. 0.00005% to >99.5% ee.
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It was also found that 2-alkenylpyrimidyl alkanol 1e,’* 3-quinolyl alkanol
4,'°>¢ and 5-carbamoylpyridyl alkanol 5 with one nitrogen atom in the
aromatic ring''” are highly enantioselective asymmetric autocatalysts with
amplification of ee (see Schemes 1.2 and 1.3). Moreover, asymmetric
autocatalysis of multiply functionalized pyrimidyl alkanol 3 was achieved.”
Ultra-remote intramolecular asymmetric autocatalysis was also observed.’

The most characteristic feature of the present amplification of ee by
asymmetric autocatalysis is that the amplification of ee is made possible
without the intervention of any chiral factor other than the initial enantio-
meric imbalances of the asymmetric autocatalysts themselves. The results
proved that there is a real chemical reaction in which very slight enantio-
meric excess can be amplified to near enantiopure levels (>99.5% ee) by
asymmetric autocatalysis.

1.2.7 Investigation of the Mechanism of Asymmetric
Autocatalysis

Asymmetric autocatalysis described in the preceding sections is unique and
leads to significant amplification of ee. Thus, mechanistic aspects of asym-
metric autocatalysis have attracted great attention. Several groups showed
interest in the reaction, and both theoretical and experimental studies of the
reaction have been performed using a range of techniques. These are de-
scribed in other chapters of this book. For non-autocatalytic nonlinear effects
in asymmetric catalysis, the dimer mechanism was proposed by Noyori
et al.*** and the ML, mechanism was put forward by Kagan et al.**”

We reported the relationship between the reaction time and yield of the
product in asymmetric autocatalysis using an enantiopure pyrimidyl alkanol
1¢,"*® for which a sigmoidal curve of product formation was observed.
We also reported kinetic analysis of the relationship between the time and
the yield, including ee of the product of asymmetric autocatalysis based on
chiral HPLC analysis,"®” which suggested that dimeric or more highly
aggregated catalytic species were involved.

Measurement of heat flow with a microcalorimeter by Blackmond and
Brown et al. revealed the reaction rate to be a function of the progress of the
reaction, which suggested the dimeric catalyst model.'>* NMR experiments
with direct observation of the reaction solution led to the presence of
dimeric and tetrameric species being proposed.'*** Structures of catalyst
aggregates have also been proposed based on DFT calculations by the groups
of Ercolani'¥# and Gridnev."”"' Reaction models based on spontaneous
mirror-symmetry breaking have also been presented. These approaches led
to the proposal of mechanistic frameworks for asymmetric autocatalysis of
pyrimidyl alkanol 1¢."¥™ Denmark et al. employed NMR and react-IR for the
study of the reaction using 6-alkynylpyrimidyl alkanol as the substrate."”
Trapp et al. reported an acetal intermediate based on the in situ mass
spectrometry study of the reaction.">
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Based on X-ray diffraction analysis, we clarified that the crystal structures of
asymmetric autocatalysts, i.e., isopropylzinc alkoxide of 1c, are either tetra-
meric or oligomeric (see Figure 1.1)."°% The tetrameric crystal structure is
formed in the presence of an excess molar amount of i-Pr,Zn (Figure 1.1a,b)
whereas higher-order aggregates are formed in the presence of equimolar or a
slight excess of i-Pr,Zn. It should be noted that Zn,0, square has a co-
ordinatively unsaturated Zn atom to which the oxygen atom of aldehyde is
considered to coordinate (Figure 1.1c). It should also be noted that 6 mol-
ecules of activated i-Pr,Zn are involved in the enantiopure crystal structure by
coordination with nitrogen atoms of the pyrimidine ring (Figure 1.1a).

Recent reaction modeling also supports the suggestion that the tetramer
or higher-order aggregates are significant species in asymmetric auto-
catalysis."” Circular dichroism (CD) spectroscopy by Matsumoto et al. of the
catalyst in solution revealed the equilibrium of tetramer and dimer.">”
Clarification of the overall reaction pathway of asymmetric autocatalysis
awaits further investigation.

(a) \( (b)
~
N
o v

«

>
LY

[Zn alkoxides of racemic

[Zn alkoxide of (S)-1c], * [i-PrzZn]g (S}-1c » (R)-1cly » [i-Pr,Zn],
ey —
coordinatively ] Zn,0, square
unsaturated Zn | 'rPr
' ' ",Pr N_ _R
0=2Zn = Y
- |
_.Zn=0 2. N
Pr
iPr
N\ 8
12-membered
VN macrocycle
Zn,0, square R= ; — By

Figure 1.1 X-Ray crystal structures of (a) tetrameric enantiopure isopropylzinc
alkoxide of (S)-1c coordinated with 6 mol i-Pr,Zn and (b) tetrameric
racemic isopropylzinc alkoxide with 4 mol i-Pr,Zn. Schematic tetrameric
structure (c) with a 12-membered macrocycle and two Zn,O, squares
including coordinatively unsaturated Zn atoms.
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More detailed description of the theoretical and experimental studies on
the mechanisms of asymmetric autocatalysis are described in other chapters
of this book.

1.3 Studies on the Origins of Homochirality by Using
Asymmetric Autocatalysis

With regard to the origins of homochirality, several theories such as circu-
larly polarized light and chiral inorganic quartz have been proposed. How-
ever, the ee values induced by the processes proposed in these theories have
usually been very low. We thought that the low ee induced by the origin of
homochirality could be enhanced to the highly enantioenriched compound
through asymmetric autocatalysis with amplification of ee.

1.3.1 Circularly Polarized Light

Left (/) and right (r) circularly polarized light (CPL) has been proposed as the
origin of chirality of organic compounds.*® The generation of relatively strong
CPL has been observed in some star-forming regions.'®® Asymmetric pho-
todecomposition of racemic leucine by CPL leaves leucine with ca. 2% ee.*
Asymmetric photosynthesis of [6]helicene with low ee by CPL has also been
reported.®” By using leucine'® and [6]helicene with low ee as chiral triggers
of asymmetric autocatalysis, enantioenriched pyrimidyl alkanols 1b,c with
the corresponding absolute configurations to those of the chiral triggers were
obtained. Thus, for the first time, the chirality of CPL has been correlated to
the very high ee of the generated organic compound by using asymmetric
autocatalysis.'*

The direct irradiation with /-CPL of racemic (rac) asymmetric autocatalyst,
i.e., pyrimidyl alkanol 1e¢, and subsequent asymmetric autocatalysis with
amplification of ee afforded (S)-alkanol 1c¢ with >99.5% ee (see Scheme 1.10)."%?
In sharp contrast, irradiation with ~CPL afforded (R)-1c¢ with >99.5% ee. The
correlation between the handedness of /- and -CPL and (S)-1c¢ and (R)-1c is
explained as follows: in their circular dichroism (CD) spectra at 313 nm, (R)-1

-CPL Asymmetric autocatalysis
with amplification of ee s
00y Y o
Asymmetric |
photolysis -Bu—=— }CHO 1c
racemlc 1c 2c  FBU UP to >99.5% ee
Zn—<
o Asymmetric >7 N7 ROH
Ph photoequilibrium |
X,
0000 /N "
racemic 11 r-CPL t-Bu

up to >99.5% ee

Scheme 1.10 Asymmetric autocatalysis triggered by irradiation with left- or right-
circularly polarized light (CPL).
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and (S)-1c exhibited positive and negative Cotton effects, respectively. There-
fore, irradiation with I-CPL of rac-1¢ would induce the asymmetric photoreac-
tion of (R)-1c due to its preferential absorbance of I-CPL. The less reactive (S)-1¢
would then become enriched as the remaining enantiomer over (R)-1c.
Subsequent asymmetric autocatalysis increases the ee of (S)-1c to >99.5% ee.'*?
The asymmetric photoequilibrium of rac-olefin 11 under irradiation with CPL,
and the subsequent asymmetric autocatalysis afforded pyrimidyl alkanol
1c with absolute configuration correlated to CPL.'® Thus, the first direct
correlation was accomplished between the handedness of CPL and that of an
organic compound with very high ee.

Recently, under CPL irradiation, Viedma-type racemization-crystallization
of an amino acid derivative was reported.'®

1.3.2 Chiral Inorganic Crystals of Quartz, Cinnabar, Sodium
Chlorate, Retgersite, and the Enantiotopic Face of
Achiral Crystals of Gypsum

Quartz exhibits enantiomorphism and optical activity was found with this
mineral. Chiral minerals such as quartz have been proposed as the origin of
homochirality.* Several results were reported on attempts to use quartz to in-
duce chirality in organic compounds; however, most of the earlier reports were
later disproved.'”* Only low enantioenrichment was reported for an enantiomer-
selective adsorption of racemic amino acid detected by radioactivity.'”?

We anticipated that d- and /-quartz could act as a chiral trigger in the reaction
between pyrimidine-5-carbaldehyde and diisopropylzinc. The initially formed
isopropylzinc alkoxide of pyrimidyl alkanol would be enantioenriched with the
absolute configuration corresponding to that of the chiral initiator. Subsequent
asymmetric autocatalysis would then amplify significantly the ee of the product
pyrimidyl alkanol."”* Indeed, asymmetric autocatalysis using pyrimidine-
5-carbaldehyde 2¢ and i-Pr,Zn in the presence of d-quartz gave (S)-1c with
97% ee in ayield of 95% (see Scheme 1.11)."7° In contrast, l-quartz afforded (R)-1¢

Chiral inorganic triggers Asymmetric autocatalysis

with amplification of ee S
0 O & Yy or
\ /\

M-cinnabar Enantiotopic(010) N™ 1c

CHO 7
- - Z
d-quartz d-NaClOj (HgS) face of gypsum N/j/ t-Bu high ee
X,
/

N2c
t-Bu

+
Chiral inorganic triggers >—Zn—< R
( N7 OH
0 [ ow P

o &) N ¢

; Enantiotopic (010 Z
lquartz  INaClO,  P-cinnabar iotopic (010) +Bu
(Hgs)

face of gypsum high ee

Scheme 1.11 Asymmetric autocatalysis triggered by chiral inorganic crystals such as
quartz, cinnabar, and sodium chlorate, and by the enantiotopic face of
the achiral crystal of gypsum.
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with 97% ee. These results clearly show that d- and l-quartz act as chiral initiators
of asymmetric autocatalysis. Thus, the chirality of d- and I-quartz was correlated
for the first time to the chirality of a near enantiopure organic compound.

Sodium chlorate (NaClO;3) and sodium bromate (NaBrO;) are chiral in-
organic ionic crystals."**” It was found that d-NaClO; can also trigger
asymmetric autocatalysis to afford (S)-1c with high ee. In contrast, -NaClO;
triggers the formation of (R)-1¢."® Moreover, d-NaBrO; and [-NaBrO; trigger
the formation of (R)- and (S)-1c, respectively.’®? It should be noted that
d-NaClO; and [-NaBrO; of the opposite signs of optical rotation have the
same type of enantiomorph.

Enantiomorphic P- and M-crystals of cinnabar, mercury(u) sulfide (HgS),
are constructed with -S-Hg-S-Hg spiral chains. We found that P-HgS in-
duces asymmetric autocatalysis to afford (R)-1c with high ee and that M-HgS
induces the formation of (S)-1¢.'®

Asymmetric autocatalysis triggered by retgersite (NiSO,6H,0) of
[CD(+)390ujor] afforded (S)-1c¢ with high ee, whereas retgersite of the op-
posite [CD(—)390xyjo1] afforded (R)-1¢ with high ee.'¥ As described, chiral
minerals such as quartz, cinnabar, sodium chlorate, and retgersite act as
origins of chirality to afford, in conjunction with asymmetric autocatalysis,
highly enantioenriched organic compounds.

Gypsum (CaSO,-2H,0; calcium sulfate dihydrate) has been widely used for
plaster boards in buildings and for sculptures. Although gypsum has an
achiral crystal structure, it exhibits two-dimensional enantiotopic cleavage
(010) and (010) faces. Pyrimidine-5-carbaldehyde 2c¢ was grasped on the
enantiotopic (010) face and was exposed to the vapor of i-Pr,Zn. Asymmetric
autocatalysis on the enantiotopic (010) face afforded (R)-pyrimidyl alkanol
1c.”” In contrast, asymmetric autocatalysis on the opposite enantiotopic
(010) face afforded (S)-alkanol 1c. Thus, the enantiotopic face of achiral
gypsum acts as an origin of chirality.

As described, by using asymmetric autocatalysis, chiral inorganic crystals
were shown to act as the origin of chirality to afford highly enantioenriched
organic compounds with correlated absolute configurations.

1.3.3 Organic Crystals
1.3.3.1 Chiral Organic Crystals Composed of Achiral Compounds

There are certain classes of achiral organic compounds that form chiral
crystals.>®* Some of the chiral crystals composed of achiral organic com-
pounds have been used as reactants in stereospecific reactions.*? However,
chiral organic crystals formed from achiral organic compounds have rarely
been used as chiral inducers. We found that chiral crystals composed of
achiral organic compounds can act as the origin of chirality and trigger
asymmetric autocatalysis (see Schemes 1.12 and 1.13).

It is known that glycine is the only achiral amino acid among proteino-
genic amino acids and that the crystal structure of y-glycine polymorph is
chiral; nevertheless, it took years to determine the correlation between the
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Scheme 1.12 Asymmetric autocatalysis triggered by a chiral y-polymorph of achiral
glycine.
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Scheme 1.13 Asymmetric autocatalysis of pyrimidyl alkanol initiated by chiral
crystals composed of achiral organic compounds.

optical rotation and the absolute crystal structure of the y-glycine poly-
morph. Asahi et al., including the present authors (Kawasaki and Soai),
determined the relation between the absolute crystal structure of the
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y-glycine polymorph and the optical rotatory dispersion.?”” Guillemin re-
ported that y-glycine exhibits circular dichroism (CD) spectra,®** and we then
clarified the correlation between the absolute crystal structure of y-glycine
and CD spectra: left-handed crystal (P3,) of y-glycine exhibits CD(—) at
215 nm observed using a KBr disk, whereas right-handed crystal (P3;) ex-
hibits CD(+).2*

We examined asymmetric autocatalysis in the presence of y-glycine crystal
as a chiral trigger. In the presence of a P3, crystal (left-handed) of y-glycine,
(S)-pyrimidyl alkanol 1c was formed with up to >99.5% ee (see
Scheme 1.12).°? In contrast, in the presence of a P3; crystal, (R)-alkanol 1c
was obtained with up to >99.5% ee. Thus, achiral glycine acts as the origin of
homochirality by forming a chiral y-polymorph, then triggering the asym-
metric autocatalysis with amplification of ee.

Cytosine is an achiral nucleobase. Chiral cytosine crystals formed by crys-
tallization from methanol trigger asymmetric autocatalysis. When a chiral
[CD(+)310nyjor]-cytosine crystal was used as a chiral trigger of the reaction
between pyrimidine-5-aldehyde 2¢ and i-Pr,Zn, asymmetric autocatalysis with
amplification of ee afforded (R)-pyrimidyl alkanol 1c (see Scheme 1.13).> In
contrast, a [CD(—)310yyjol}-cytosine crystal afforded (S)-1c. Thus, the chiral
cytosine crystal composed of achiral cytosine is capable of acting as the origin
of chirality in conjunction with asymmetric autocatalysis.

Crystallization of cytosine from water generates achiral cytosine mono-
hydrate crystals. It was found that a chiral dehydrated cytosine crystal is
formed by elimination of crystal water by heating one of the enantiotopic
faces of the achiral crystal.* Surprisingly, the chirality of the formed de-
hydrated cytosine crystal is correlated to the enantiotopic face of the achiral
cytosine monohydrate from which heating is applied. It should be noted that
dehydration of crystal water of cytosine monohydrate under reduced pres-
sure conditions from one of the enantiotopic faces at room temperature gave
the chiral cytosine dehydrated crystal,>*® but surprisingly again, the formed
crystal chirality is opposite to that formed by dehydration upon heating. It
should also be noted that the sign of the Cotton effects (CD spectra) of the
chiral cytosine crystal are opposite to those observed when using a KBr disk
and Nujol mull; that is, CD(+4)310gg, (CD plus at 310 nm with KBr disk) and
CD(—)310nyjor (CD minus at 310 nm with Nujol mull) arise from the same
chirality of cytosine crystal. These results are the first example of the for-
mation of chiral crystals with controlled chirality by dehydration from an
achiral crystal monohydrate.

Adenine is another achiral nucleobase that we investigated; a chiral crystal
of adenine dinitrate was found to act as a chiral trigger of asymmetric
autocatalysis, and highly enantioenriched pyrimidyl alkanols were formed
with the absolute configurations corresponding to those of chiral adenine
dinitrate (see Scheme 1.13).2°" These results show that achiral nucleobases,
i.e., cytosine and adenine, can act as the origin of chirality in their chiral
crystalline form in conjunction with asymmetric autocatalysis with
amplification of ee.
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Moreover, enantiomorphous crystals composed of achiral N-benzoylgly-
cine (hippuric acid),>” triglycine sulfate (TGS),2? 2-thenoylglycine,?** tetra-
phenylethylene,?” certain chiral cocrystals consisting of two achiral
compounds,”®” aromatic trimester,””" 2,6-di-tert-butyl-p-cresol (BHT),>%°
benzil,”” and ethylenediammonium sulfate*? are all capable of inducing
asymmetric autocatalysis as chiral triggers. It is interesting to note that a
chiral crystal composed of a racemic serine can also act as a chiral trigger of
asymmetric autocatalysis. Thus, M-crystals of pi-diserinium sulfate hydrate
induce asymmetric autocatalysis to give (R)-pyrimidyl alkanol 1c¢, while P-
crystals afford (S)-alkanol 1¢.”*"

1.3.3.2 Enantiotopic Face of the Achiral Organic Crystal of
Achiral Organic Compounds

Some achiral organic compounds are known to form achiral crystals with
enantiotopic faces. Achiral 2-(tert-butyldimethylsilylethynyl)pyrimidine-5-
carbaldehyde 2f forms an achiral crystal (P1) that has enantiotopic faces.
When one of the enantiotopic faces, i.e., Re-face of the aldehyde, was ex-
posed to the vapor of i-Pr,Zn in a solvent, (R)-pyrimidyl alkanol 1f was
formed (see Scheme 1.14).>' In contrast, exposure of i-Pr,Zn vapor on the Si-
face of the aldehyde gave (S)-alkanol 1f. The ee values of the formed pyr-
imidyl alkanol 1f were amplified to >99.5% ee by subsequent asymmetric
autocatalysis. Thus, it was shown that the enantiotopic faces of an achiral
crystal composed of an achiral compound can act as the origin of homo-
chirality in conjunction with asymmetric autocatalysis.

1.4 Absolute Asymmetric Synthesis

The term ‘“‘absolute asymmetric synthesis” has often been used for the
asymmetric synthesis ‘“without using any chiral chemical substance.”

However, Mislow proposed a new definition of absolute asymmetric
Achiral crystal (P-1)
of aldehyde 2f
>’Zn4< Si-face
attack Re-face
vapor " attack >’Zn4<
H
' N N vapor
N/\j,go i A o) P
| PRI P 7 A—
S A 7 R* N P R
N7 ""OH/ RON -~ o N | OH
N Asymmetric - ‘0\0\5‘0 Asymmetric R)%N
R™ N"1f autocatalysis L~ o autocatalysis
%‘\ 0,
>99.5% ee CH3 >99.5% ee
R= tBu— SI C=C—
CH3

Scheme 1.14 Asymmetric autocatalysis of pyrimidyl alkanol 1f on the enantiotopic
surface of an achiral crystal of 2-(tert-butyldimethylsilylethynyl)pyri-
midine-5-carbaldehyde 2f.
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synthesis as the formation of an enantioenriched compound “without the
intervention of any chiral factor.”*

It is known that, when achiral reactants form a chiral product without the
intervention of any chiral factor, the chiral product always becomes a ra-
cemate. For example, the reaction of benzaldehyde with methylmagnesium
bromide always affords racemic 1-phenylethanol. Although the ee is far
below the level of detection, the numbers of enantiomers almost always have
statistical fluctuations.** By comparison, in the case of flipping a coin 100
times, the probability of flipping 50 heads and 50 tails is only 8%; in the
other 92% of cases, some statistical bias exists between the number of heads
and tails.

1.4.1 Realization of Absolute Asymmetric Synthesis

As described in the preceding section, asymmetric autocatalysis of pyrimidyl
alkanol is capable of amplifying extremely low (ca. 0.00005%) ee to near
enantiopure (>99.5%) ee.’’ What will happen if the reaction between
pyrimidine-5-carbaldehyde 2 and i-Pr,Zn is run without the intervention of
any chiral factor? We envisaged that the reaction of achiral reactants of
pyrimidine-5-carbaldehyde 2 and i-Pr,Zn affords enantioenriched product,
i.e., zinc alkoxide of pyrimidyl alkanol, as a result of statistical fluctuation,
and that the initial ee would be amplified by the subsequent asymmetric
autocatalysis (see Scheme 1.15).

Indeed, enantioenriched pyrimidyl alkanol of either S or R absolute con-
figuration is formed through spontaneous absolute asymmetric synthesis in
the reaction between pyrimidine-5-carbaldehyde 2 with i-Pr,Zn without the
addition of any chiral substance. We first applied for a patent for this

Absolute asymmetric synthesis by asymmetric autocatalysis

Amplification ~ Chiral
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g] - N7 oH
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Scheme 1.15 Spontaneous absolute asymmetric synthesis without the intervention
of any chiral factor in conjunction with asymmetric autocatalysis.
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absolute asymmetric synthesis in 1996.>** Enantioenriched (S)-pyrimidyl
alkanol 1a,b or (R)-pyrimidyl alkanol 1a,b are formed in the reaction with-
out adding any chiral substance.”** When i-Pr,Zn was reacted with aldehyde
2c¢ in a mixed solvent of ether and toluene without adding any chiral sub-
stance, (S)-pyrimidyl alkanol 1¢ was formed 19 times and (R)-1c 18 times in a
total of 37 reactions (see Figure 1.2(a)).??” The formation of S and R enan-
tiomers of 1c¢ produced showed a stochastic distribution. The initially
formed enantioenriched zinc alkoxide of pyrimidyl alkanol 1¢ produced
in situ is considered to be enantioenriched by statistical fluctuation, and the
subsequent amplification of ee by asymmetric autocatalysis gave (S)- or (R)-1
with detectable ee values.?*” Moreover, in the presence of achiral amorphous
silica gel, which is used as the stationary phase for column chromatography,
the reaction of aldehyde 2¢ and i-Pr,Zn afforded (S)- or (R)-alkanol 1c¢ with
stochastic distribution.?** Soai et al. reported that achiral diamines promote

[ (R-1c/(S)1c = 18/19 times

) »
—_
o

5-.
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Figure 1.2 Histograms of the frequency, absolute configurations, and ee of pyrimi-
dyl alkanol 1c formed in spontaneous absolute asymmetric synthesis
between pyrimidine-5-carbaldehyde 2¢ and i-Pr,Zn without the inter-
vention of any chiral factor. (a) In a mixed solvent of diethylether and
toluene. (b) Under the conditions of the powder-like crystal of aldehyde
2¢ and vapor of i-Pr,Zn and toluene.
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Scheme 1.16 Absolute asymmetric synthesis of pyrimidyl alkanol 1¢ under con-
ditions of solid aldehyde 2¢ and i-Pr,Zn vapor.

the addition reaction of dialkylzincs to aldehydes.?*? In the presence of
achiral amines, the reaction between aldehyde 2¢ and i-Pr,Zn afforded (S)-
or (R)-alkanol 1c with stochastic distribution.>*® The stochastic distribution
of the product (S)- or (R)-1b has also been reported between pyrimidine-5-
carbaldehyde 2b and i-Pr,Zn.*? These results show that the reaction between
pyrimidine-5-carbaldehydes and i-Pr,Zn allows spontaneous absolute
asymmetric synthesis.**$7

1.4.2 Absolute Asymmetric Synthesis under Solid-Vapor
Conditions

In the preceding paragraph, we describe absolute asymmetric synthesis in so-
lution. We here describe absolute asymmetric synthesis under heterogeneous
conditions of solid aldehyde-vapor phase i-Pr,Zn (see Scheme 1.16).** In a
desiccator, powders of pyrimidine-5-carbaldehyde 2¢ in vials were exposed to
the vapor of i-Pr,Zn and toluene. (R)-Pyrimidyl alkanol 1c was formed 61 times,
and (S)-alkanol 1c 58 times in a total of 129 reactions (1c was formed with
<0.5% ee 10 times and was regarded as below the detection level) (see
Figure 1.2(b)). These results show that the distribution of (S)- and (R)-alkanol 1c
is stochastic. The observed various ee values could be amplified to >99.5% ee by
subsequent asymmetric autocatalysis. Thus, spontaneous absolute asymmetric
synthesis is achieved under solid-vapor phase conditions.

1.5 Chiral Hydrogen, Carbon, Oxygen, and Nitrogen
Isotopomers Act as the Origin of Homochirality
in Conjunction with Asymmetric Autocatalysis

Isotopes are defined as atoms of the same atomic number (number of posi-

trons) but with different numbers of neutrons. The number of electrons is the
same and the chemical character is very similar. There are a few examples of
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the use of chiral isotopomers as chiral auxiliaries for low levels of asymmetric
induction by using chiral hydrogen (D/H) isotopomers.>**” Although the dif-
ference in atomic weight between H and D is 100%, the difference in atomic
weight between ">C and "C is only 8%; indeed, asymmetric induction by chiral
B¢/*c, N/MN, and '®0/'°0 isotopomers is unprecedented.

Many apparent achiral organic compounds become chiral by substituting
carbon (**C), nitrogen (**N), or oxygen (*°0) for their isotopes of *C, '°N, and
80, respectively. Given that it has two identical methyl groups, 1-methyl-1-
phenylethanol 12 is achiral; however, when one of the carbon atoms of the
methyl groups is labeled with '°C, the alkanol becomes either chiral (R)-1-
methyl-1-phenylethanol 12(**C) or (S)-alkanol 12(*°C) (see Scheme 1.17).
Because the mass difference of carbon (**C/'*C) isotopes is so small,
asymmetric induction using chiral carbon (*C/'>C) isotopomers was
unprecedented.

Achiral compounds

HO_ CeHs (HCRN,  NCHa)a Colls  CoHls 1y
& S/_\R S R N
HsC™ "CHy HsC CHj HO OH Hy,N COyH
12 meso-13 meso-14 15
Chiral isotope labelling
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HO,_ CgHs CeHs, ,OH
H3120>1\3CH3 H3@€CH3
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; 14 A5
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Scheme 1.17 Carbon (**C/**C), nitrogen (*’N/**N), oxygen (**0/*°0), and hydrogen
(D/H) isotopomers act as chiral triggers of asymmetric autocatalysis.
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The reaction between pyrimidine-5-carbaldehyde 2c¢ and i-Pr,Zn was
examined in the presence of a chiral carbon (**C/**C) isotopomer, namely
(R)- or (S)-1-methyl-1-phenylethanol 12(**C), as a chiral trigger. Pyrimidyl
alkanol 1c¢ was formed with very high ee with an absolute configuration
corresponding to that of the carbon isotopomer (see Scheme 1.17). (S)-
Pyrimidyl alkanol 1c¢ with high ee was formed in the presence of (R)-carbon
isotopomer 12(**C). In contrast, (R)-pyrimidyl alkanol 1¢ was formed in the
presence of (S)-carbon isotopomer 12(**C).>*° It was also found that asym-
metric autocatalysis is triggered by the chiral nitrogen (*°N/'*N) isotopomer,
['°N](S), and [*’N](R)-diamine 13(*°N).%*? Moreover, pyrimidyl alkanol 1c
with high ee with the corresponding absolute configurations with those of
oxygen ('%0/'°0) isotopomers; that is, ['*0](R) and [*®0](S)-diol 14(*®0), were
formed as the result of asymmetric autocatalysis triggered by oxygen iso-
topomers 14.2%¢/ Thus, carbon, nitrogen, and oxygen isotopomers were
proved to act as the origin of homochirality in conjunction with asymmetric
autocatalysis with amplification of ee.

It was also found that chiral isotopomers labeled with deuterium act as
chiral triggers of asymmetric autocatalysis.?**” Achiral glycine 15 becomes
chiral by labeling one of the hydrogen atoms of the methylene group with
deuterium (D). Chiral (S)-glycine-o-p 15(D) acts as chiral trigger for asym-
metric autocatalysis to afford (S)-pyrimidyl alkanol 1c with high ee with the
corresponding absolute configurations of the chiral trigger.**’ Blackmond
et al. reported mechanistic investigation on asymmetric autocatalysis trig-
gered by a hydrogen (H/D) isotopomer.>¥

1.6 Various Chiral Materials Including Cryptochiral
Compounds as Triggers for Asymmetric
Autocatalysis

Asymmetric autocatalysis can also be applied as a chiral sensor of compounds
with low ee. Amino acids with low ee are generated from the respective ra-
cemate upon CPL irradiation and are often found in meteorites. Asymmetric
autocatalysis has been used to correlate the chirality of amino acids with low
(ca. 0.1%) ee to chiral organic compound with high (see Scheme 1.18).'°%>*¢

Thus, r1-alanine (ca. 0.1% ee), 1-methionine (ca. 0.1% ee), and r-valine
(ca. 0.1% ee) act as chiral triggers for asymmetric autocatalysis in the reaction
between 2-(2-t-butylethynyl)pyrimidine-5-carbaldehyde 2 and i-Pr,Zn to afford
(S)-2-(2-t-butylethynyl)-5-pyrimidyl alkanol 1c with enhanced ee (91-92%).
However, r-histidine with ca. 0.1% ee as a chiral trigger exhibited the opposite
sense of enantioselectivity. Thus, (R)-pyrimidyl alkanol 1c was formed
with 97% ee. In contrast, p-alanine, p-methionine, and p-valine with low
ca. 0.1% ee act as chiral triggers to give (R)-pyrimidyl alkanol 1c with an
enhanced ee of 72-90%. p-Histidine with ca. 0.1% ee as a chiral trigger afforded
(S)-pyrimidyl alkanol 1c¢ with 92% ee. Thus, the chirality of amino acids with
low ee can be determined by application of asymmetric autocatalysis.>**
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(Amino acids with low ca. 0.1% ee)
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Scheme 1.18 Correlation of the chirality of amino acids with low ee to chiral
compounds with high ee by asymmetric autocatalysis with amplifi-
cation of ee.

[6]Helicene 17,%*” tetrathia[7]helicene 18,* and 2-aza[6]helicene 19**? trig-
ger asymmetric autocatalysis to afford pyrimidyl alkanol 1c with the corres-
ponding absolute configuration of the chiral triggers (see Scheme 1.19).
A cryptochiral saturated quaternary hydrocarbon, (n-butyl)ethyl(n-hexyl)-
(n-propyl)methane, i.e., 5-ethyl-5-propylundecane 20, does not exhibit any
detectable value of optical rotation because the differences in the structures of
four substituents are so small.**

Asymmetric autocatalysis was found to discriminate the isomers of cryp-
tochiral 5-ethyl-5-propylundecane 20°¥ and cryptochiral isotactic polystyrene
21.%* The chiralities of artificially designed inorganic helical silica 22**"
and mesoporous helical silica 23%*' were also discriminated by asymmetric
autocatalysis (see Scheme 1.19). In addition, asymmetric autocatalysis
discriminates a single-wall carbon nanotube molecule with helical chirality
24,°Y and chiral [2.2]paracyclophanes 25,2 chiral metal complexes due
to the topology of the coordination of achiral ligands 26,>* ruthenium
complex,”*” 27°*" and 1,3-disubstituted hydrocarbon allene 28.>*°

1.7 Unusual Phenomena of the Reversal of the Sense
of Enantioselectivities Detected by Asymmetric
Autocatalysis

Asymmetric autocatalysis revealed unusual inversion of enantioselectivity
(see Scheme 1.20). (1R,2S)-N,N-Dimethylnorephedrine (DMNE) alone triggers
the reaction of aldehyde 2¢ and i-Pr,Zn to afford (R)-pyrimidyl alkanol 1c. On
the other hand, achiral N,N-dibutylaminoethanol (DBAE) is considered to
promote the formation of racemate. Thus, it is natural to anticipate that the
mixture of R-affording (1R,2S)-DMNE and racemate-affording achiral DBNE
triggers the reaction to afford (R)-alkanol. However, a counterintuitive in-
version of the sense of enantioselectivity was observed when the reaction was
triggered by a mixture of (1R,2S)-DMNE and achiral DBAE, that is, the
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Scheme 1.19 Asymmetric autocatalysis triggered by various chiral compounds,
cryptochiral compounds, and chiral inorganic silica.
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Scheme 1.20 Unusual reversal of the sense of enantioselectivity between chiral
catalysts of (1R,2S5)-DMNE and a mixture of [(1R,2S)-DMNE and achiral
DBAE] in asymmetric autocatalysis.

opposite (S)-alkanol 1c instead of anticipated (R)-alkanol was formed!*>*?
The formation of aggregation of chiral DMNE and achiral DBAE is the origin
of the inversion of the sense of enantioselectivity. Moreover, the mixture
of two R-affording chiral catalysts, i.e., (1R,2S)-DMNE and (R)-2-[(1-phenyl-
ethyl)Jaminojethanol, reverses the sense of enantioselectivity to afford the
opposite (S)-alkanol 1¢.>** In asymmetric autocatalysis using chiral aromatic
alcohols and amines as chiral triggers, changing the temperature induced
the inversion of the sense of enantioselectivity.>*?

1.8 Application of Asymmetric Autocatalysis for
the Synthesis of Various Chiral Compounds

Asymmetric autocatalysis with amplification of ee was successfully applied
in asymmetric synthesis of chiral sec-alcohols*** and asymmetric amplifi-
cation of alkynyl alkanols.?®” Carreira et al. reported asymmetric synthesis of
efavirenz, a chiral drug for the treatment of HIV, by asymmetric autocatalytic
alkynylation of ketone.*’

1.9 Conclusions

Pyrimidyl alkanols, 5-carbamoyl pyridyl alkanol, and 3-quinolyl alkanols act as
asymmetric autocatalysts with amplification of ee in the enantioselective
addition of i-Pr,Zn to pyrimidine-5-carbaldehydes, 5-carbamoylpyridine, and
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quinoline-3-carbaldehydes, respectively. Typically, the ee of (S)-2-alkynylpyr-
imidyl alkanol 1 with very low (ca. 0.00005%) ee was enhanced to >99.5% ee
during three consecutive asymmetric autocatalysis runs. The amplification of
ee by asymmetric autocatalysis is unique in that no chiral factor other than the
asymmetric autocatalyst itself, i.e., pyrimidyl alkanol 1, is necessary. Mislow
referred to the asymmetric autocatalysis as the Soai reaction.*”

The origins of homochirality were examined by using asymmetric auto-
catalysis with amplification of ee. Asymmetric autocatalysis with amplifi-
cation of ee enhanced the initially low ee induced by the origin of chirality.
Irradiation with CPL of racemic pyrimidyl alkanol followed by asymmetric
autocatalysis correlated for the first time the chirality of CPL and chiral
organic compound with very high ee. Chiral inorganic crystals such as quartz
and cinnabar also act as chiral triggers of asymmetric autocatalysis. Thus,
quartz as the origin of chirality was correlated for the first time to a chiral
organic compound with very high ee. Chiral organic crystals composed of
achiral compounds such as glycine, cytosine, and adenine also act as chiral
initiators of asymmetric autocatalysis to afford highly enantioenriched pyr-
imidyl alkanol with the corresponding absolute configurations that correlate
to those of the chiral initiators. Moreover, absolute asymmetric synthesis,
namely, the formation of enantioenriched compound without the inter-
vention of any chiral factor, was achieved for the first time in the reaction
between pyrimidine-5-carbaldehdye and i-Pr,Zn followed by asymmetric
autocatalysis with amplification of ee. Stochastic distributions of absolute
configurations of the products were also observed. Carbon (*>C/**C), nitro-
gen (">N/*N), oxygen (*°0/*®0), and hydrogen (H/D) isotopomers act as the
origin of chirality in asymmetric autocatalysis to afford highly en-
antioenriched pyrimidyl alkanol with the absolute configurations corres-
ponding to those of the chiral isotopomers.

As described, asymmetric autocatalysis, ie., the Soai reaction, is the
catalytic self-replication of a chiral compound with amplification of ee. Ex-
tremely low ee is amplified to very high >99.5% ee by consecutive asym-
metric autocatalysis. The reaction is capable of discriminating the chirality
of various materials even with low ee. The origin of chirality can thus be
examined by using asymmetric autocatalysis. Spontaneous absolute asym-
metric synthesis was also achieved by asymmetric autocatalysis. Chiral car-
bon, nitrogen, and oxygen isotopomers work as the origin of chirality in
conjunction with asymmetric autocatalysis. Further aspects of reaction
mechanisms will be elucidated through ongoing research by several groups,
and it is anticipated that the reaction may be applied to examine the physical
origins of chirality in a wide range of systems.
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CHAPTER 2

Asymmetric Autocatalysis
Initiated by Enantioenriched
Chiral Organic Compounds: The
Link Between Circularly
Polarized Light and Nearly
Enantiopure Organic Compounds
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2.1 Introduction

We found that 5-pyrimidyl alkanol 1 with a ter¢t-butylethynyl substituent at the
2-position of a pyrimidine ring is a practically perfect asymmetric autocatalyst
in the asymmetric addition of diisopropylzinc (i-Pr,Zn) to the corresponding
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34 Chapter 2

pyrimidine-5-carbaldehyde 2.""> When (S)-2-(2-tert-butylethynyl)-5-pyrimidyl
alkanol 1 with >99.5% enantiomeric excess (ee) was employed as an asym-
metric autocatalyst, (S)-1 with the same sense of molecular chirality was found
to be synthesized in >99.5% ee and >99% chemical yield by the isopropyla-
tion of aldehyde 2.'® After 10 rounds of reaction, no decrease of enantios-
electivity and chemical yield was observed. Moreover, we found that the
asymmetric autocatalysis of 5-pyrimidyl alkanol 1 proceeds with remarkable
amplification (see Scheme 2.1). An initial slight enantioimbalance, as low as
ca. 0.00005% ee, could be significantly amplified to a nearly enantiomerically
pure state (>99.5% ee) in only three consecutive cycles of asymmetric
autocatalysis."” During the reactions, the slightly enriched enantiomer, for
example, (S)-alkanol 1, was automultiplied by a factor of ca. 630 000, whereas
the multiplication factor of the slightly minor (R)-enantiomer 1 was <1000.
Therefore, the chiral imbalance of 5-pyrimidyl alkanol 1 can be significantly
enhanced in the asymmetric autocatalysis without the need for any chiral
auxiliary other than the initial tiny ee of the alkanol 1 itself.

Therefore, it could be expected that not only the asymmetric autocatalyst
itself but also a chiral compound other than 1 can act as a chiral source to
initiate the asymmetric amplification by autocatalysis (see Scheme 2.2).'* We
supposed that a chiral imbalance of asymmetric autocatalyst 1’ (iso-
propylzinc alkoxide of 1) induced by the chiral compound might be ampli-
fied by the following asymmetric autocatalysis to afford, after the hydrolysis
of isopropyl zinc alkoxide, highly enantioenriched alkanol 1. The absolute
configuration of the resulting product 1 would be controlled by the hand-
edness of the source compound. We have demonstrated that various chiral
compounds that seemingly do not have significant chiral directing power

-Pr /~-Pr
Amplification of
N™ ™= ‘OH

. . T i
1 enantiomeric excess N OH

tBu

Asymmetric
autocatalysis

tBu 5 + iPryZn

Scheme 2.1 Significant amplification of ee of 5-pyrimidyl alkanol 1 from ca.
0.00005% ee to near enantiopure (>99.5% ee) during three consecutive
cycles of asymmetric autocatalysis.
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R™ N induction with
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R = £Bu-C=C- , . Ij“ fj"
R-Affording R*N/ ( ( (R)-1

chiral initiator 2 + ¢ProZn
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Scheme 2.2 Asymmetric autocatalysis initiated with S- and R-affording chiral initi-
ators to give (S)- and (R)-5-pyrimidyl alkanols with amplified high
enantioenrichment.

can work as efficient chiral initiators of asymmetric autocatalysis to afford
5-pyrimidyl alkanol 1 with high ee as a result of amplification of ee.

2.2 Asymmetric Autocatalysis Initiated by Various
Chiral Compounds

Propylene oxide 3 has been reported as the first interstellar chiral compound
detected in the Sagittarius B2 star formation region.'® The enantioselective
addition of i-Pr,Zn to pyrimidine-5-carbaldehyde 2 was examined by using
(S)- and (R)-propylene oxide with low to high ee as a source of chirality for
asymmetric autocatalysis (see Scheme 2.3).>° Upon the addition of i-Pr,Zn to
aldehyde 2 in the presence of (R)-3 with 97% ee, (S)-5-pyrimidyl alkanol
1 with 96% ee was obtained in 86% yield. On the other hand, (S)-3 with 97%
ee induced the formation of the oppositely configured (R)-1 with 94% ee by
asymmetric autocatalysis. Even when propylene oxide 3 with low (2-3%) ee
was used in the reaction, highly enantioenriched alkanol 1 with a corres-
ponding absolute configuration was obtained. Styrene oxide also acted as a
chiral initiator of asymmetric autocatalysis.>®

Chiral sec-alcohols are efficient chiral initiators (see Scheme 2.3).>' Upon
the addition of i-Pr,Zn to aldehyde 2 in the presence of (S)-2-butanol 4 with
ca. 0.1% ee, (S)-alkanol 1 with 83% ee was obtained. On the other hand, (R)-4
with ca. 0.1% ee induced the formation and amplification of (R)-1 in com-
bination with asymmetric autocatalysis. Chiral organic-inorganic hybrid
silsesquioxane 5 has served as a chiral heterogeneous initiator to afford
highly enantioenriched alkanol 1 with the absolute configuration corres-
ponding to that of the chiral diaminocyclohexane moiety in the structure
(see Scheme 2.3).>> Chromium(m) complex 6> can act as a chiral homo-
geneous initiator in the enantioselective addition of i-Pr,Zn to pyrimidine-5-
carbaldehyde 2, affording enantioenriched alkanol 1 with the absolute
configurations related to the A- and A-topology of complex 6 with bidentate
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HC, FPr
7/ (R
O (ca.3%ee) 2+ £PryZn N oH
— S | 7
== (5)-
=
N7 CHO £Bu High ee
- Asymmetric autocatalysis
= N with amplification of ee iPr
£tBu 2
=
+ EProZn —_— Nrj/‘OH
HaC, (53 2 + (PraZn // N (R)-1
(ca. 2% ee) £Bu High ee
OH H H3 2

)\/ OYN\/\/SiOLs
HaC
. i . CH3
4 C[ X S0, ‘\*
S NH N\ / \ N N,
HaC CH :
O&‘\m/\/\SiOLS 3 3

“6H3

Scheme 2.3 Asymmetric autocatalysis initiated with chiral organic compounds and
organic-inorganic hybrid materials affording 5-pyrimidyl alkanol 1
with amplified high enantioenrichment.

acetylacetonate ligands. Furthermore, tris(1,10-phenanthroline) complex of
octahedral ruthenium(u) 7 can also act as a highly efficient chiral initiator for
asymmetric autocatalysis.**

2.3 Chiral Discrimination of Cryptochiral Saturated
Quaternary Hydrocarbons

Chiral compounds even without catalytic activity can serve as chiral initi-
ators of asymmetric autocatalysis to induce the enantiomerically imbalanced
autocatalyst 1. Even if only slightly biased ee is induced, asymmetric auto-
catalysis would greatly enhance the amount and ee of itself to give an easily
analyzable outcome, i.e., 5-pyrimidyl alkanol 1. Thus, it is conceivable that
asymmetric autocatalysis can be utilized as a highly sensitive chiral sensor to
detect tiny asymmetry in target materials.

Chiral discrimination of saturated quaternary hydrocarbons has been very
difficult because of the small difference between the four substituents on the
asymmetric carbon atom. (n-Butyl)ethyl(n-hexyl)(n-propyl)methane 8 with
the same four methylene (CH,) groups next to the asymmetric carbon center
is a representative example (see Scheme 2.4). Wynberg reported that the
enantiomer of 8 exhibits practically no optical rotation between 280 and
580 nm; thus, cryptochirality has occurred.>> We have demonstrated that
cryptochirality is successfully discriminated by asymmetric autocatalysis
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with amplification of ee (see Scheme 2.4).>° Upon the addition of i-Pr,Zn to
pyrimidine-5-carbaldehyde 2 in the presence of chiral saturated quaternary
hydrocarbon 8 with R-configuration, (S)-pyrimidyl alkanol 1 with high ee
was formed. In contrast, asymmetric autocatalysis in the presence of (S)-8
afforded (R)-1. Therefore, asymmetric autocatalysis is a highly sensitive
reaction that can recognize the cryptochirality of a saturated quaternary
hydrocarbon.

Okuda et al. reported the synthesis of enantioenriched isotactic poly-
styrene 9 and demonstrated the dependence of the specific optical rotation
on the molecular weight.?” High-molecular-weight enantioenriched poly-
styrene 9 (M,>5000) possesses no detectable value of optical rotation
(cryptochirality). Asymmetric autocatalysis can discriminate the cryptochir-
ality of 9 to afford pyrimidyl alkanol 1 with high ee.?®

We have reported that chiral hydrocarbons such as saturated tertiary
alkanes 10,%° olefin 11, binaphthyl 12,*° [2,2]paracyclophanes 13,>"** and
allene 14** could be successfully utilized as the chiral initiators for asym-
metric autocatalysis.

(R-8 2 + iPryZn N’ﬁ‘
(5)1
N7 CHO High ee
o Asymmetric autocatalysis
=

N with amplification of ee .
FPr

EBu 2
-
+ FPrZn > » Nllj"OH
(5)-8 2 + iProZn /\N/ (R)-1
/\/\/ Bt

High ee
RWH )WLW _@_ CD
Ph Phl,
0(n=1-7)
9 9@

oA bl
<> P, H 12
13 R R=Me,Et
Scheme 2.4 Asymmetric autocatalysis initiated with chiral hydrocarbons, including
cryptochiral saturated quaternary hydrocarbon and isotactic
polystyrene.
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Moreover, chiral compounds arising from isotope substitution can also
act as a source of chirality for asymmetric autocatalysis.>* Therefore, chiral
hydrogen,*>’ carbon,® oxygen,’**° and nitrogen*' isotopomers can trigger
the asymmetric autocatalysis with amplification of ee to afford highly
enantioenriched 5-pyrimidyl alkanol with the corresponding absolute con-
figuration to that of chiral isotopomers.**

2.4 Correlation Between Circularly Polarized Light
and Highly Enantioenriched Organic
Compounds Mediated by Asymmetric
Autocatalysis

Circularly polarized light (CPL) has long been suggested as one of the origins
of chirality of organic compounds***® and the occurrence of strong CPL has
been observed in a star-forming region of the Orion constellation.”” How-
ever, because of the very small anisotropy factors of organic compounds,
only low enantioenrichments have been induced by its irradiation. For
example, asymmetric photodegradation of racemic leucine by right-handed
(r) CPL (213 nm) produces 1-leucine with only 2% ee (see Figure 2.1).**
Asymmetric photosynthesis of [6]helicene with low ee was achieved using
CPL.* Chiral organic compounds with low ee induced by CPL might act as a
source of chirality to initiate the asymmetric autocatalysis. Leucine with 2%
ee worked as a chiral initiator in the addition of i-Pr,Zn to pyrimidine-5-
carbaldehyde with a methyl substituent at the 2-position of the pyrimidine
ring to afford the enantiomerically enhanced corresponding alkanol with the
absolute configuration correlated to that of leucine."® [6]Helicene, although
with low enantioenrichment can also induce the asymmetry for autocatalytic
formation of 5-pyrimidyl alkanol 1.°° Thus, the chirality of CPL has been
correlated with that of asymmetric autocatalysts via leucine and [6]helicene
as the source of chirality.

Asymmetric photoequilibrium of chiral olefins®" such as benzylidenecy-
clohexanone 15 has been reported,”> where CPL can induce only a slight

Leucine
[6]Helicene
Figure 2.1 Chemical structures of leucine and [6]helicene, whose slight enantioen-

richment can be induced by the irradiation of circularly polarized light
(CPL).



Asymmetric Autocatalysis Initiated by Enantioenriched Chiral Organic Compounds 39

enantioimbalance (<2% ee). Thus, a racemic olefin was irradiated with
r- or [-CPL and then i-Pr,Zn addition to aldehyde 2 was performed in the
presence of the irradiated olefin 15.>* Chiral olefin 15 irradiated with l-CPL
afforded (S)-alkanol 1 with high ee. In contrast, 15 irradiated with r-CPL
induced the formation of (R)-1. Thus, the correlation between the handed-
ness of CPL and the absolute configuration of 5-pyrimidyl alkanol 1 was
reproducibly confirmed (see Scheme 2.5).

The asymmetric autocatalysts, (R)- and (S)-5-pyrimidyl alkanols 1, show
positive and negative CD spectra at 313 nm, respectively.”* It could be sup-
posed that the direct irradiation of [-CPL to rac-1 would induce the asym-
metric photodegradation of (R)-alkanol 1 and the residual alkanol 1 should
have the slight S-enrichment. Although the enantioenrichment of the re-
maining (S)-1 is extremely low, it would be significantly improved to high ee
as a result of subsequent asymmetric autocatalysis. Indeed, direct irradi-
ation of I-CPL to rac-1 and the following asymmetric autocatalysis afforded
nearly enantiomerically pure (S)-alkanol 1 (>99.5% ee) (see Scheme 2.6). On
the other hand, irradiation of ~-CPL induced the amplification and multi-
plication of (R)-alkanol 1 with >99.5% ee.”* It was found that the photo-
oxidation of 1 proceeded to afford ketone 16 by CPL irradiation in air and,
in turn, irradiation under an argon atmosphere, with the photochemical
reduction of an alkynyl moiety affording alkenylpyrimidyl alkanol 17
(see Scheme 2.6).%°

Asymmetric photodecomposition of 1 with CPL and subsequent asym-
metric autocatalysis afforded the near enantiopure 1 whose absolute con-
figuration is reproducibly controlled by the handedness of CPL. The process
provides a direct correlation of the chirality of CPL, one of the chiral physical
factors, with that of organic compounds with high ee.

N/TCHO
I e
7z N

£Bu 2 +iPraZn
15)j0 C : “)jo
Ph . i i Ph .
&3 Asymmetric autocatalysis AL 15
FCP1 iPr iPr r~CPL
N ’\j’.’OH N’j"OH
I ~ l -
= N (&)1 = N (R)-1
£Bu High ee £Bu High ee

Scheme 2.5 CPL-induced asymmetric amplification of 5-pyrimidyl alkanol 1 medi-
ated by photoequilibrium of chiral olefin in conjunction with asym-
metric autocatalysis.
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/k J\ J\ ol
. R N
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autocatalysis ryp ocnira: CWP“’Ch‘ra' autocatalysis % %
(511 (>99.5% ee) . (51 o y (R)-1 (>99.5% ee)
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I
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Scheme 2.6 Enantioselective synthesis of near enantiopure organic compounds by
CPL irradiation in conjunction with asymmetric autocatalysis.

2.5 Conclusion

We have summarized asymmetric autocatalysis induced by various chiral
organic compounds, including organic-inorganic hybrid materials. Al-
though the compounds seem to have a small chiral directing power, asym-
metric autocatalysis can recognize the chirality of the initiators to afford
highly enantioenriched 5-pyrimidyl alkanol. Thus, asymmetric autocatalysis
has sufficient power to discriminate and amplify the cryptochirality, such as
that observed in chiral saturated quaternary hydrocarbons and isotactic
polystyrene. Moreover, chiral compounds induced by the irradiation of CPL
can act as a chiral initiator for the asymmetric autocatalysis of 5-pyrimidyl
alkanol. Therefore, one of the chiral physical factors, CPL, is linked with an
enantiomerically pure organic compound mediated by the direct irradiation
of 5-pyrimidyl alkanol in conjunction with asymmetric autocatalysis with the
amplification of ee.
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3.1 Crystal Chirality of Achiral Compounds

Crystal chirality has been an important part of chirality research. The phe-
nomena of optical rotation and circularly polarized light were originally found
by studying light transmitted through crystal quartz. Pasteur found molecular
chirality by examining the hemihedral crystal shape of salts of tartaric acid.
Crystallization can induce spontaneous dememorization™” and, recently,
optical resolution by crystallization through Viedma ripening®™® attrition-
enhanced deracemization of conglomerates has provided a new approach to
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chiral resolution.”” One of the most interesting and important aspects of
crystal chirality is the formation of chiral crystals from achiral compounds.

There are 230 space group symmetry identifiers for three-dimensional crystal
structures, defining a combination of various symmetry operations such as
translation, rotation, inversion, and mirror symmetry. Inversion, mirror, im-
proper rotation, and glide symmetry, classed as second-type symmetry operations,
cause an inversion of chirality; in contrast, translation and rotation do not invert
the chirality of the molecules. When an enantiopure chiral molecule becomes a
crystal, it is always one of the 65 Sohncke space groups, without second-type,
chirality inversion symmetry (Table 3.1)."° However, achiral or racemic molecules
do not necessarily crystallize as achiral crystals. The adoption of a helical ar-
rangement of molecules in the crystal or fixing a twist structure can lead to the
formation of chiral crystals from achiral or racemic molecules (Figure 3.1).""*?

Chiral crystallization of achiral compounds has been considered as a possible
origin of biological homochirality. There have been some pioneering reports on
the conversion of crystal chirality into molecular chirality by photoreaction in
solids">™® or by reaction in low-temperature solutions while the conformation
in the crystal remains fixed.'”>° However, it is very difficult to use crystal chir-
ality to control the selectivity of a reaction. The chirality induced by a crystal
surface by selective adsorption is typically small and it is difficult to obtain a
detectable imbalance of enantiomeric enrichment in the reaction product.

We have been studying asymmetric autocatalytic reactions in which
asymmetric amplification occurs. Asymmetric autocatalysis of pyrimidyl
alkanol 1>'?% is a reaction in which 1 acts as an asymmetric catalyst for
asymmetric addition of a i-Pr,Zn to aldehyde 2 to give alkanol 1 with the
same structure and absolute configuration as its catalyst 1 (Scheme 3.1).
Moreover, this reaction has a positive non-linear effect,”® in that it gives
products with higher enantiomeric excess (ee) even when the ee of the initial
catalyst is low. This combination of asymmetric amplification and auto-
catalysis results in an extreme increase in ee from a small imbalance,

Table 3.1 Sohncke space groups.

System Point group Space group
Triclinic 1(Cy) P1
Monoclinic 2 (Cy) P2, P24, C2
Orthorhombic 222 (D,) P222, P222,, P2,2,2, P2,2,24, C222,, C222, F222,
1222, 12,2,24
Tetragonal 422 (D,) PA422, PA2,2, P4,22, P4,2,2, P4,22, P4,2,2,
P4;22, P4;2,2, 1422, 14,22
4 (Cy) P4, P4y, P4,, P4, I4, I4,
Trigonal 32 (D3) P312, P321, P3,12, P3,12, P3,21, P3,21, R32
3 (Cs5) P3, P34, P3,, R3
Hexagonal 6 (Ce) P6, P64, P6,, P63, P6,, P6s
622 (D) P622, P6,22, P6,22, P6322, P6,22, P6522
Cubic 23 (7) P23, F23, 123, P2,3, 1243
432 (0) PA32, P4,32, P4,32, P4;32, FA32, F4,32, 1432,

14,32
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Figure 3.1 Chiral crystallization of achiral compounds.
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Scheme 3.1 Asymmetric autocatalysis of pyrimidyl alkanol.

attracting the attention of many researchers®*° and allowing the recog-

nition of small biases in chirality that would not normally be expected to
cause asymmetric reactions such as circular polarized light***' and isotope
chirality.***® By taking advantage of this high level of chirality amplifi-
cation, it is possible to show that the chirality of various crystals does indeed

affect the selectivity of the reaction (Scheme 3.2).

3.2 Chirality of Minerals and Inorganic Crystals as a
Trigger for Asymmetric Autocatalysis
The question of how the chirality of inorganic minerals such as quartz af-

fects the chirality of organic compounds has long been the focus of attention
as a possible origin of molecular chirality. Although there have been
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pioneering studies on the adsorption of amino acids on the surface of
quartz*® and calcite,”® it has been difficult to obtain significant selectivity.
In this section, we present an example of how the chirality of an inorganic
mineral can affect the selectivity of an asymmetric autocatalytic reaction.

3.2.1 SiO, Quartz

Quartz (crystals of SiO,) is one of the most important crystals in the
history of chirality. The property of optical rotation was first found by
examining quartz crystals and it remains a widely used optical material
that is applied for the generation of circularly polarized light. The
chirality of the crystal is also manifested in the characteristic crystal
shape, which is another reason why quartz was widely recognized as a
chiral crystal. However, the terms ‘right-handed quartz’ and ‘left-handed
quartz’ are often confusing because there is a question of whether the
right and left refer to the outer shape of the crystal, the helical axis of the
crystal structure, or the direction of light-rotation.”" Here, crystals with a
structure in the space group P3,21 that exhibits dextrorotary rotation are
described as right-handed, d-quartz, and crystal structures in the space
group P3,21 that exhibit levorotary rotation are described as left-handed,
[-quartz.

Asymmetric induction or asymmetric adsorption using crystal chirality
has often been attempted, but it has been difficult to achieve due to the low
asymmetry of crystal surfaces and weak molecular interactions. Using
asymmetric amplification with a high degree of asymmetric autocatalysis,
the reaction can be carried out in the presence of finely ground quartz
crystal. When d-quartz is used, an alkanol of the (S)-configuration was ob-
tained, and when [-quartz is used, an alkanol of the (R)-configuration was
obtained, reproducibly (Scheme 3.3).>* This was the first example of how the
chirality of quartz, a common mineral on Earth, can affect the selectivity of
organic reactions.
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Scheme 3.4 Asymmetric autocatalysis initiated by NaClO; and NaBrOs;.

3.2.2 Sodium Chlorate and Bromate

In the field of chiral crystallization of achiral compounds, sodium chlorate is
also a well-known crystal for the study of spontaneous deracemization
during recrystallization.">** Sodium chlorate (NaClO;) and bromate
(NaBrO3) belong to the cubic P2,3 space group, giving a cubic structure with
high symmetry; the chirality can be easily determined by measuring the
direction of rotation with a polarizing microscope. It is important to note
that the direction of rotation is reversed for chloride and bromide when the
same ion configuration is used.>*"°

The asymmetric autocatalysis reaction with sodium chlorate or bromate
results in the formation of (S)-alkanol with d-NaClO; or [-NaBrO; and
(R)-alkanol formation in the presence of I-NaClO; or d-NaBrOj. This result
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means that crystals with the same ionic configuration rather than rotatory
properties showed the same selectivity (Scheme 3.4).°%°7

3.2.3 Cinnabar HgS

Cinnabar, a HgS mineral, was used as a vermilion pigment in ancient times,
but the fact that it has a chiral structure has not received much attention. It
is composed of a series of three helical bonds of mercury and sulfur. Here,
the crystal of P3,21 with a right-handed triple helical axis is called (P)-HgS
and the crystal of P3,21 with left-handed symmetry is called (M)-HgS.

The absolute structure of HgS was determined by single-crystal X-ray
diffraction, and asymmetric autocatalysis was performed in the presence of
the powder. As a result, (S)-alkanol 1 was obtained in the presence of (P)-HgS
and (M)-HgS gave an (R)-alkanol (Scheme 3.5).%*

Furthermore, atomic force microscopy of the surface of cinnabar has been
carried out, and differences in the crystal growth of alkanols on its surface
were observed depending on the absolute configuration. This suggests that
differences in adsorption on the chiral crystals of cinnabar affect the
selectivity of asymmetric autocatalysis.

3.2.4 Retgersite

Retgersite (nickel sulfate hexahydrate; NiSO,-6H,0) is a blue-green sulfate min-
eral that belongs to the P4,2,2 or P4;2,2 space group. The sulfate ion has tetra-
hedral symmetry and the Ni ion, with six co-ordinated oxygen atoms, has
octahedral symmetry. However, these ions connect through hydrogen bonding
and this alignment forms a fourfold screw axis. The crystal chirality can be de-
termined from either the optical rotation or the circular dichroism (CD) spectrum.

The crystal shows several Cotton effects due to the d-d transition of
Ni ions, with the signals around 390 and 690 nm being particularly dis-
tinctive. The P4,2,2 crystal has a negative Cotton effect and the P4;2,2 crystal

[N

s, P3,21

& s

N OH
- CHO 2 ‘ T(8H
)l\ . + -PryZn Asymmetric

A i '-'g\_ Autocatalysis High ee
i B
%— R
R= ——1-Bu - H ™ OH
24 P3,21 RN
" (M)-HgS (R

Scheme 3.5 Asymmetric autocatalysis initiated by cinnabar.
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Scheme 3.6 Asymmetric autocatalysis initiated by NiSO,4-6H,O.

shows a positive Cotton effect. In the presence of this hydrate crystal, be-
cause of the presence of numerous waters of crystallization, the initial re-
action is slightly sluggish but the crystal with CD(+)390 gave the
(S)-alkanol (Scheme 3.6).°>° It was shown that the chirality of crystals can be
recognized by asymmetric autocatalysis even if they contain a large amount
of crystalline water if the reaction conditions are well chosen.

3.3 Chirality of Organic Compounds
3.3.1 Chiral Crystal of Organic Compounds

Several achiral organic compounds are also known to form chiral crystals.
Even if a molecule is considered to be achiral in solution because of its rapid
conformational change, it can become an enantiomer in crystals because its
conformation becomes fixed. In addition, as in the case of inorganic crystals,
the molecules may be arranged in a helical fashion due to intermolecular
interactions. This chiral crystallization phenomenon is not a unique case; it
has been observed in about 10% of all reported chiral organic crystals.”'’
This chirality of achiral compounds can be used for absolute asymmetric
synthesis and is also of interest for studies on the origin of biological
homochirality. In this section, we will show that chiral crystals of various
achiral compounds can induce asymmetric autocatalysis.

3.3.2 Chiral Crystal of a Complex

The first asymmetric induction using crystals of an achiral organic com-
pound was achieved using a complex of cobalt. Even in complexes with
achiral ligands, chirality is generated depending on the co-ordination mode,
such as A and A types.

Cobalt complexes with EDTA 3 and TRDTA 4 have octahedral geometry
and are chiral due to the co-ordination geometry.°”" In the solution state,
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Scheme 3.7 Asymmetric autocatalysis initiated by a chiral cobalt complex.

these enantiomers can racemize; however, this co-ordination chirality is
fixed in the crystal and optical rotation (OR) at 546 nm is observed. In the
presence of crystals of K[Co(edta)]-2H,O or K[Co(trdta)]-2H,O with OR(+),
the asymmetric autocatalysis afforded (S)-alkanol; in the presence of crystals
with OR(—), (R)-alkanol was obtained (Scheme 3.7).°*

3.3.3 Chiral Crystal of Co-crystals

Asymmetric autocatalysis in chiral crystals of non-metallic organic com-
pounds is also possible. Indole amine and indole carboxylate are achiral
organic compounds; however, crystallization of indole amine with chlor-
obenzoic acid and indole carboxylate phenanthridine causes co-
crystallization through acid and base interaction and chiral crystals 5 and
6 with space groups P2,2,2; and P24, respectively, are formed. Crystals with
space groups P2,2,2, and P2, are chiral, but their mirror-image space groups
are also P2,2,2; and P24, so the absolute structure cannot be described by
the space groups. For this reason, it is necessary to focus on the arrangement
of molecules in the crystal structure to describe the absolute structure: the
crystal structure of 5, which can be regarded as a P-helix in the c-axis dir-
ection, shows a pronounced positive Cotton effect at 225 nm in the CD
spectrum in Nujol. For the crystal structure of 6, which has a P-helix mo-
lecular arrangement in the b-axis direction, a (+) Cotton effect at 250 nm®* ®°
was found. In the asymmetric autocatalysis reaction with this chiral
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Scheme 3.9 Asymmetric autocatalysis initiated by chiral crystals of ethylenediamine
sulfate.

co-crystal, (S)-alkanol 1 was obtained with the CD(—) form of crystals of
5 and 6 (Scheme 3.8).°°

A recent example of asymmetric induction by an acid-base co-crystal is
ethylenediamine(ethylenediammonium) sulfate 7. Ethylenediamine is an
achiral diamine but the sulfate crystals have a chiral structure, with P4,2,2
or P4;2,2 symmetry. Because this tetragonal crystal grows in the form of a
large square face orthogonal to the optical axis, the chirality can be easily
determined by measuring the direction of rotation with a polarizing
microscope.®” The P4,2,2 crystal has (—)-optical rotation and afforded
(S)-alkanol 1 in the asymmetric autocatalysis (Scheme 3.9).°®
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3.3.4 Chiral Crystal of Simple Organic Compounds

Simple achiral organic compounds also form chiral crystals and can act as
chiral initiators in asymmetric autocatalysis. Benzil 8 is a symmetric achiral
organic ketone, but it makes chiral crystals. In the crystal structure, the
direction of the torsion angle of the two carbonyl groups allows for two
conformations that are mirror images of each other; a molecule in one
conformation will form a crystal of either P3,2,2 or P3,2,2. For easier de-
termination of the absolute configuration, dibromobenzil 9, with bromo
groups, gave crystals of P2,2,2;, and the P-conformation had a positive
Cotton effect at 320 nm in a KBr disk. Using this crystal, it was found that the
crystal with a negative Cotton effect CD(—)400kg,-8 or CD(—)320kp-9 in-
duced (S)-alkanol 1 in asymmetric autocatalysis (Scheme 3.10).%°

Simple achiral hydrocarbons can also form chiral crystals. Tetraphenyl
ethylene 10 is a well-known aggregation-induced emitting material that
forms through intramolecular interaction of the four twisted aromatic rings.
This twisted conformation has conformational chirality, and the twisted
conformation causes optical resolution due to spontaneous chiral crystal-
lization. Furthermore, this crystal chirality can be recognized by its hemi-
hedral shape in crystal growth. In asymmetric autocatalysis, crystals with
CD(+) at 270 nm afforded (S)-alkanol. Cl- and Br-substituted derivatives
11 and 12 also form chiral crystals containing p-xylene in space group
P2,2,2,. The substitution of a heavy element simplifies the determination of
the absolute structure by X-ray diffraction. The Cl-substituted crystal 10 has a
Cotton effect around 270 nm and the M-conformation crystal, which has a
negative Cotton effect, afforded (S)-alkanol 1 (Scheme 3.11).”°

A threefold symmetric substituted benzene triester also forms a chiral
crystal. In this crystal, molecules stack in a columnar structure with a sixfold
rotation helix. A P6, crystal with sixfold, right-handed helices and a P6;
crystal with a collection of left-handed helices are obtained for which Cotton
effects (+ for P6, and — for P6;) are observed around 224 nm in a KBr disk.”"
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Asymmetric CD(=)400ker CD(-)320kg,
Autocatalysis
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> SRNPS
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Scheme 3.10 Asymmetric autocatalysis initiated by chiral crystals of benzil
derivatives.
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Scheme 3.12 Asymmetric autocatalysis initiated by chiral crystals of benzene
triester.

The P6, crystal gives the (R)-product and P65 gives the (S)-product with good
reproducibility under asymmetric autocatalysis (Scheme 3.12).”*

Dibutylhydroxytoluene (BHT) 14 is another example of a chiral crystal of
an organic compound.””? This antioxidant is present in many ether solvents
as a stabilizer and must be removed in organometallic reactions because it
often interferes with the reaction. However, little attention has been paid to
the chirality of crystals of this compound. This compound forms a chiral
crystal of P2,2,2,. When the direction of the phenol group was considered in
the two-helix tilt chirality scheme,”* the P crystal showed a negative Cotton
effect at 288 nm and gave the (R)-alkanol 1 under asymmetric autocatalysis,
whereas the M crystal showed the opposite Cotton effect and selectivity
(Scheme 3.13).”°
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Scheme 3.13 Asymmetric autocatalysis initiated by chiral crystals of BHT.

3.3.5 Chiral Crystal of Amino Acid Related Compounds

Amino acids are the primary bioorganic molecules that make proteins. As
is widely known, most of the amino acids in nature are L-amino acids, but
the origin of this chirality remains a mystery. However, glycine 15, the
simplest of the amino acids, is an achiral amino acid because it has no side
chain and two hydrogens at the a-carbon. Although glycine is the only
achiral amino acid, it has chirality in crystals. Glycine has several poly-
morphs, with the B-form in P2,® and the y-form in P3,/P3,”” being chiral.”®
The question of how the chirality of amino acid crystals is related to the
chirality of the molecule is also interesting with respect to the homo-
chirality of amino acids.””

The fact that y-glycine crystals tend to form twins and that glycine ab-
sorbs only at short wavelengths makes chirality discrimination by X-ray
diffraction and CD somewhat difficult.®* However, it has been shown that
P3, and P3, y-glycine have positive and negative Cotton effects, respectively,
around 215 nm in KBr. The P3; crystals give (R)-alkanol 1, whereas the P3,
crystals give (S)-alkanol, under autocatalysis (Scheme 3.14).%"

Hippuric acid 16 and N-(2-thienylcarbonyl)glycine 17, both derivatives of
glycine, have also been found to form chiral crystals and to act as chiral
inducers of asymmetric autocatalysis.®>®® In particular, the selectivity of
N-(2-thienylcarbonyl)glycine has been discussed based on a model of the
interaction of pyrimidylalkanols with crystal surfaces.

Another interesting phenomenon noted with glycine is its sulfate salt,
triglycine sulfate (TGS) 18, which is known to be a ferroelectric crystal that
forms polar crystals of P2, and reverses its polarization with an electric
field.**®” This space group P2, is also associated with chiral crystals, and
this polarity transformation is also a chirality inversion. Using this fact, we
have recently succeeded in controlling the selectivity of asymmetric auto-
catalysis by applying an electric field to TGS crystals (Scheme 3.15).%
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Scheme 3.14 Asymmetric autocatalysis initiated by chiral crystals of achiral glycine
and their derivatives.
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Scheme 3.15 Asymmetric autocatalysis initiated by a ferroelectric crystal of achiral
triglycine sulfate. Controlling the selectivity by application of an
electric field.

Enantiopure chiral compounds inevitably form chiral crystals, but there
are many possibilities for racemic crystals. In some cases, each enantiomer
forms a conglomerate as a separate crystal, but, more often, the enantiomers
pair to give racemic crystals. However, just as an achiral compound can form
a chiral crystal, it is also possible that the crystal structure has chirality even
though it is racemic, with enantiomers of each other in the crystal; this is
called a kryptoracemate or false conglomerate.*>*° The sulfate salt of
pL-serine 19 is one such rare example, and this racemic pr-serine crystal also
acts as a chiral initiator for asymmetric autocatalysis (Scheme 3.16).%*
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Scheme 3.16 Asymmetric autocatalysis initiated by kryptoracemate, a chiral crystal
of racemic pr-serine.

3.3.6 Chiral Crystal of Nucleic Acid Base Compounds

Nucleobases are the primary biomolecules that make up DNA and RNA. Some of
these nucleobases also form chiral crystals. Cytosine forms chiral crystals with
the P2,2,2, space group. The chirality of cytosine crystals can be determined
from the CD spectrum of the solid state, although it should be noted that the
shapes of the CD spectra in KBr and Nujol are so different that the signs are
reversed. In Nujol, one of the crystals shows a negative Cotton effect at 250 nm,
whereas a crystal with the same chirality shows a positive Cotton effect at 310 nm
when measured in KBr. Autocatalysis initiated by chiral crystals of cytosine
CD(—)250nyjo1-20 afforded (S)-alkanol in high ee (Scheme 3.17).°* Adenine di-
nitrate 21 also forms chiral crystals. In this case, crystals with CD(—)310nyjol
afforded (S)-alkanol and those with CD(—)310xy;o1 afforded (R)-alkanol.”?

It is also interesting to note that cytosine crystallizes from water as an
achiral monohydrate crystal and that the chirality of the dehydrated crystal
can be controlled by the method of dehydration and by the exposed face of
the crystal. Cytosine monohydrate 20-H,O forms monoclinic P2,/c achiral
crystals that grow in a parallelogram shape when viewed from its unique
b-axis. The direction of the plane was distinguished from the inclination of
the parallelogram; from there, the transformation to chiral anhydride crys-
tals by heating and dehydration was repeated many times. As a result, we
found that there is a correlation between the plane of dehydration and the
chirality of the resulting powder.

Interestingly, the chirality of the crystals obtained by heating the same
plane and by depressurization is reversed: CD(—) anhydrate 20 is obtained
by heating the b;-face, whereas CD(+) is obtained by depressurization of the
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Scheme 3.17 Asymmetric autocatalysis initiated by nucleobases crystals.
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Scheme 3.18 Chiral crystal formation by dehydration of achiral cytosine monohy-
drate crystals.

same by-face (Scheme 3.18).°*°° This may be due to the difference in the
movement of water inside the crystals between dehydration by heating and
dehydration by reduced pressure.
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3.4 Chirality of Crystal Surfaces

Even if the crystal as a whole is achiral, it is possible that it does not have
mirror-image symmetry if we focus on a particular face of the crystal. Just as
an achiral planar molecule has enantiotopic Re- and Si-faces, an achiral
crystal also has enantiotropic surfaces. For example, in a crystal whose space
group point group is 2/m, there is mirror symmetry in the projections along
the a- and c-axes, but only twice rotational symmetry in the projection along
the b-axis, and the projections along the +b- and —b-axes are mirror images
of each other (Figure 3.2). Even in the most symmetric cubic crystal, a face
with all different 4kl Miller indices, the face pair (hkl) and (-h-k-1) becomes
an enantiotropic face pair.

The pyrimidyl alkanol derivative 23 also acts as an asymmetric autocata-
lyst. The corresponding aldehyde 22 forms an achiral crystal of space group
P1. However, when one of the faces is covered with epoxy resin and reacted
with a zinc reagent as a vapor from one enantiotropic surface, the product
alkanol is formed with high ee, with the selectivity depending on the crystal
surface (Scheme 3.19).°° Note that aldehyde 2 also forms achiral crystals;
however, in this case, crystals of 2 typically form merohedral twinning needle
crystals, making it difficult to determine the crystal face. The reaction of
powdered crystal of aldehyde 1 with diisopropylzinc afforded a stochastic
distribution of both enantiomers by a random attack on both enantiotropic
faces.””

Achiral Crystal

Enantiotropic Surface

Figure 3.2 Enantiotropic surface of an achiral crystal.
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Scheme 3.19 Asymmetric autocatalysis initiated by the crystal surface.
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Scheme 3.20 Asymmetric autocatalysis initiated by adsorption on a chiral surface of
an achiral mineral gypsum.

Enantiotropic surfaces are also found in inorganic minerals. Gypsum is an
achiral crystal that completely cleaves at just the enantiotropic surface, and
when the surface of this crystal is coated with aldehyde 2 and reacted with a zinc
reagent in the gas phase, a face-correlated alkanol is obtained (Scheme 3.20).

3.5 Summary

In this chapter, we have shown that the crystal chirality and surface chirality
of various minerals, achiral or racemic organic compounds, can affect the
selectivity of asymmetric autocatalysis. These results indicate that the se-
lectivity of molecular chirality induced by crystal chirality is not a unique
case, but rather a widespread phenomenon. The reason why crystal and
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surface chirality is not particularly noticed in everyday reactions is that the
bias induced directly is small, but it is not zero. The recognition power of
asymmetric amplification through asymmetric autocatalysis is very high,
allowing the chirality of these crystals to be effectively detected as products
with high ee. Asymmetric autocatalysis has the potential to be a method for
detecting surface chirality that is not normally recognized. These results also
indicate that a scenario in which crystal or surface chirality is the origin of
molecular homochirality may be possible.
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4.1 Introduction

The origin of biomolecule homochirality has attracted much attention since
Pasteur discovered molecular chirality."® It is well known that organic re-
actions of achiral reagents always give a racemic mixture of chiral product
without the intervention of any chiral factor. To illustrate the formation of
racemates, we consider the reduction of acetophenone (methylphenyl
ketone) with sodium borohydride (NaBH,) without the intervention of any
chiral factor. Attack of the hydride of NaBH, from the Re-face of acet-
ophenone affords (R)-1-phenylethanol, while attack from the Si-face of
acetophenone affords (S)-alkanol. The probability of Re- and Si-face attack is
equal (1:1), and the number of molecules is huge (laboratory scale of
1 mmol is roughly 10*° molecules); thus, the product, 1-phenylethanol, is
generated as a practically 1:1 mixture of R- and S-enantiomers. Such a
mixture is termed a racemate.
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One of the proposed theories for the origins of homochirality is spon-
taneous absolute asymmetric synthesis without the intervention of any
chiral factor.>*” In the late 19th century, Pearson conceived the formation of
enantioenriched chiral molecules by random fluctuations.?” Mills presented
a mathematical equation describing statistical fluctuations of the number of
enantiomers in so-called racemic mixtures that showed that the ee becomes
very low as the number of molecules in the system increases.*

In 1953, Frank described a theoretical reaction model®? without referring
to a chemical structure, in which a chiral molecule catalyzes the production
of further molecules of itself with the same absolute structure while sup-
pressing the formation of its antipode. According to this mechanism,>? an
initial small imbalance of enantiomers becomes overwhelming. Caglioti
et al. described a mechanism of how the critical first chiral molecule could
lead to homochirality in conjunction with a suitable amplification mech-
anism as exemplified by the Soai reaction.*

Despite the considerations on the spontaneous absolute asymmetric
synthesis based on statistical fluctuations as described above, no product ee
has been detected; i.e., the ee remains far below the detection level. Thus, it
has been a challenging dream of organic chemists to realize the absolute
asymmetric synthesis of chiral compounds with significant ee without the
intervention of any chiral factor.

4.2 Asymmetric Autocatalysis with Amplification of
Enantiomeric Excess: The Soai Reaction
Asymmetric autocatalysis is a reaction in which a chiral product acts as a

chiral catalyst for its own formation.’ The process constitutes an auto-
multiplication of the chiral compound.

The same structure &
absolute configuration

N/j/CHO Asymmetric autocatalyst
Zn
AJ e
R™ 'N low ee RON 1a-c
o . Nﬁoduct
.. mp”ﬁCation of o .
e

a:H

b: CH, high ee

C: tBu——==— (S)-1c:(ca. 0.00005% ee >99.5% ee
1st round @ ond round ﬁ3rd round

57% ee —————————) 99%ee
Multiplication factor (times):(S)-1¢: ca. 630,000; (R)-1¢c:ca. 950.

Scheme 4.1 Asymmetric autocatalysis of 5-pyrimidyl alkanols with amplification of
enantiomeric excess (ee). The Soai reaction.
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In 1995, Soai et al. reported a highly efficient asymmetric autocatalysis of
5-pyrimidyl alkanol with amplification of ee (see Scheme 4.1).** Starting with
(S)-3-alkynyl-5-pyrimidyl alkanol with very low ee (ca. 0.00005%) as an
asymmetric autocatalyst,”” the reaction between 2-alkynyl-5-pyrimidyl alka-
nol and diisopropylzinc (i-Pr,Zn) afforded (S)-pyrimidyl alkanol with the ee
amplified to 57%. A second asymmetric autocatalysis using (S)-pyrimidyl
alkanol with 57% ee gave the same (S)-alkanol with 99% ee. With the latter
(S)-alkanol, a third asymmetric autocatalysis afforded the same alkanol with
very high ee (>99.5%).

During these three consecutive asymmetric autocatalysis processes, the
initial very slight excess of (S)-pyrimidyl alkanol 1c was automultiplied by a
factor of ca. 630000 times, while the initial slightly minor (R)-enantiomer 1c
was automultiplied by a factor of ca. 950 times.*’

These results demonstrated that there is a chemical reaction in which an
initial very slight enantiomeric imbalance becomes predominant by the
mechanism of asymmetric autocatalysis with amplification of ee. Mislow
first referred to the above reaction as the Soai reaction.*

Several theories of the origins of chirality of organic compounds have been
proposed.” However, the ee values induced by the proposed mechanisms
have often been very low and the linkage between the very low ee and high ee
observed in nature has been missing. The Soai reaction® has also been in-
voked to describe the origins of homochirality.

We have reported asymmetric autocatalysis in the reaction between
pyrimidine-5-carbaldehyde and i-Pr,Zn triggered by amino acids with low ee,**”
chiral inorganic crystals® such as quartz,* circularly polarized light (CPL),%*¢
chiral organic crystals composed of achiral compounds,” and chiral iso-
topomers® such as carbon (**C/**C),* nitrogen (**N/**N),*¢ oxygen (**0/*°0),*
and hydrogen (D/H).#*¢ Pyrimidyl alkanols with significant ee values were ob-
tained with the absolute configurations determined by the absolute configur-
ations of the chiral triggers. A mechanistic study on the asymmetric autocatalysis
initiated by hydrogen (D/H) isotopomer has been reported by Blackmond et al.®"

4.3 Absolute Asymmetric Synthesis in The Soai
Reaction

Based on the results on asymmetric autocatalysis with significant amplifi-
cation of ee as described above, we examined absolute asymmetric synthesis
without the intervention of any chiral factor.” That is, the reaction between
pyrimidine-5-carbaldehyde and i-Pr,Zn in the absence of added chiral in-
fluence. We postulated that the initial uncatalyzed slow reaction would give
(R)- and (S)-isopropylzinc alkoxide of pyrimidyl alkanol with statistical
fluctuations of enantiomeric imbalances. This initial formation of the alk-
oxide with enantiomeric imbalance would, through asymmetric auto-
catalysis, lead to an amplification of the ee to afford enantioenriched
products with detectable ee values (see Scheme 4.2).
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Chiral
Achiral Early stage of the reaction » N7 “IOH
CHO Amplification N
Néj/ of ee by R™ "N (s)1a-c
R)%N Without the intervention asymmetric_
2a.c \of any chiral factor . autocatalysis| | (Stochastic distribution
. NZ ] 0zn— |———— |of (S)- or (R)-1a-c with
detectable ee
Achiral R)%N
>’Zn4< S or R enrichment by Chiral R
stochastic fluctuation L» N7 | OH
N

R™ N (R)1a-c

Scheme 4.2 Absolute asymmetric synthesis without the intervention of any chiral
factor in conjunction with asymmetric autocatalysis, the Soai reaction.

To illustrate this idea, one can consider a situation in which a coin is tossed
100 times. According to the statistics theory, the probability of exactly 50 heads
and 50 tails being recorded is only 8%. That is, there is a 92% probability of the
number of either heads or tails being in excess (e.g., 51 to 49 or 52 to 48, etc.).

In the initial stage of the reaction, when 99 molecules of the product
are formed, the minimum ee ratio is 50:49; i.e., (50 —49)/(50 +49) =1/99,
which is greater than 1% ee. When 999 molecules are formed, the minimum
is (500 —499)/(500 +499) =1/999, which is greater than 0.1% ee. Then,
the minimum ee ratio of 999 999 molecules, i.e., near one million, should be
1/999 999, which is greater than 0.0001% ee. These ee values are above the
threshold (ca. 0.00005% ee)"” of asymmetric autocatalysis of 2-alkynyl-5-
pyrimidyl alkanol described in the previous section.

Although it has not yet been established the exact number of asymmetric
autocatalyst centers (i.e., isopropylzinc alkoxide of pyrimidyl alkanol) re-
quired for asymmetric autocatalysis with amplification of ee to begin, con-
sidering the proposed aggregates of asymmetric autocatalysts, i.e., dimer,
tetramer, and oligomer, we postulate that the asymmetric autocatalysis
with amplification of ee begins concurrently with the initial uncatalyzed
formation of a small number of isopropylzinc alkoxide of pyrimidyl alkanol
molecules with stochastic enantiomeric imbalance.

With regard to the initial stochastic distributions of enantiomers in the
reaction between achiral reagents to form a chiral product without the
intervention of any chiral factor, essentially all reactions are considered to
have the same or similar situations. However, unless the initial enantiomeric
imbalance is amplified, with the increase in the number of the product
according to the law of large numbers,> the ee of the product quickly
approaches to below the detection level, i.e., so-called racemate. This is the
behavior of usual reactions that always afford racemic products.

The challenging theme is whether the Soai reaction is capable of
producing enantioenriched products by amplifying the ee of the initial
stochastic fluctuations of the product in the reaction between pyrimidine-5-
carbaldehyde and i-Pr,Zn without the intervention of any chiral factor.
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4.3.1 Absolute Asymmetric Synthesis Enabled by the Soai
Reaction in Solution, in the Presence of Achiral Silica
Gel and in the Presence of Achiral Amines

Indeed, we have examined the reaction between pyrimidine-5-carbaldehyde
and i-Pr,Zn without the addition of any chiral substance, i.e., chiral trigger.
As anticipated, spontaneous absolute asymmetric synthesis led to the
formation of enantioenriched pyrimidyl alkanol of either S- or R-absolute
configuration from the reaction between pyrimidine-5-carbaldehyde 2
with i-Pr,Zn without the addition of any chiral substance. As described in a
patent application for this absolute asymmetric synthesis lodged in 1996,
enantioenriched (S)-pyrimidyl alkanol 1a,b or (R)-pyrimidyl alkanol 1a,b
are formed in the reaction without adding any chiral substance.”®

When i-Pr,Zn was reacted with aldehyde 2c¢ in a mixed ether/toluene
solvent in the absence of added chiral substance, (S)- and (R)-pyrimidyl al-
kanol 1c were formed 19 and 18 times, respectively, in a total of 37 reactions
(see Figure 4.1a),°” reflecting a stochastic distribution of S- and R-enantio-
mers of 1c. Enantioenriched zinc alkoxide of pyrimidyl alkanol 1c is likely to
be initially produced through statistical fluctuation and this slight ee im-
balance is subsequently amplified by asymmetric autocatalysis to give (S)- or
(R)-1 with detectable ee values.®” Moreover, a similar stochastic distribution
of (S)- or (R)-alkanol 1c was observed for the reaction of aldehyde 2c
and i-Pr,Zn in the presence of achiral amorphous silica gel, which is used as
the stationary phase for column chromatography (Figure 4.1b).” Soai et al.
reported that achiral amines promote the addition of dialkylzincs to alde-
hydes;*” thus, the reaction between aldehyde 2c and i-Pr,Zn afforded (S)- or
(R)-alkanol 1c with stochastic distribution in the presence of achiral amines
(Figure 4.1¢).” A similar stochastic distribution of the product, ie., (S)- or
(R)-1b, has also been reported by Singleton et al. for the reaction of
pyrimidine-5-carbaldehyde 2b and i-Pr,Zn.%

These results establish the general principle that the reaction between
pyrimidine-5-carbaldehydes and i-Pr,Zn can allow spontaneous absolute
asymmetric synthesis.’*?

4.3.2 Absolute Asymmetric Synthesis by the Soai Reaction
Under Solid-Vapor Conditions

We previously described systems that enable absolute asymmetric synthesis
in solution (see the previous section). We here examine heterogeneous
conditions under which absolute asymmetric synthesis can be achieved (see
Scheme 4.3)."°

Consider the system of solid aldehyde-vapor phase i-Pr,Zn. For powder-
like crystals of aldehyde, unlike under solution conditions, molecules of
pyrimidine-5-carbaldehyde are essentially immobile. With regard to the Re-
and Si-face of the aldehyde, their orientations are considered to be random.
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Figure 4.1 Frequency, absolute configurations, and ee histograms reflecting the
formation of (R)- or (S)-pyrimidyl alkanol 1c through absolute asym-
metric synthesis from pyrimidine-5-carbaldehyde 2¢ and i-Pr,Zn without
the intervention of any chiral factor: (a) in a mixed solvent of diethyl
ether and toluene; (b) in toluene in the presence of achiral silica gel;
(c) in toluene in the presence of achiral amine.

Moreover, the locations of crystals are different from each other compared to
the vapor of i-Pr,Zn and toluene. Thus, when the vapors of i-Pr,Zn and to-
luene approach the powder-like aldehyde, aldehyde molecules in the most
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advantageous position for the initiation of the uncatalyzed reaction afford
either R- or S-enriched enantiomers of isopropylzinc alkoxide of pyrimidyl
alkanol. As soon as the isopropylzinc alkoxide is formed, asymmetric auto-
catalysis with amplification of ee begins between pyrimidine-5-carbaldehyde
and i-Pr,Zn in the presence of toluene as a small amount of solvent on the
surface of the powder-like crystal. Under heterogeneous conditions, rela-
tively few reaction initiation sites are available and the reactions at these
sites do not generally occur simultaneously. Once the reaction occurs,
amplification of ee by asymmetric autocatalysis proceeds in a small amount
of solvent that comes from the toluene vapor. Isopropylzinc alkoxide in the
area of powder-like crystal that is most suitable for the propagation of
asymmetric autocatalysis with amplification of ee finally dominates and
determines the absolute configuration of the vast majority of pyrimidyl
alkanol in a sample.

The above scenario was examined experimentally with a set of vials
containing powders of sublimated pyrimidine-5-carbaldehyde 2¢ in a
desiccator, which were exposed to vapors of i-Pr,Zn and toluene at room
temperature.'® In this system (R)- and (S)-pyrimidyl alkanol 1¢ was formed
61 and 58 times, respectively, in a total of 129 reactions (1c¢ was formed in
10 samples with an ee below the detection level of 0.5% ee), reflecting
a stochastic distribution of (S)- and (R)-alkanol 1c (See Figure 4.2). The
ee values could be amplified to >99.5% by subsequent asymmetric
autocatalysis.

Thus, solid-vapor phase conditions can also be conducive to spontaneous
absolute asymmetric synthesis.

As described, the Soai reaction is capable of achieving absolute asym-
metric synthesis without the intervention of any chiral factor.

S
Vapor N7 | “IOH
Kinetically >
Powder 77N controlled %N 1c
>*Z 4< formation of £Bu Z
n RorS
\SA @@m o enriched Qmplification of ;a('a ﬁ
in toluene enantiomers uring asymmetric o
E@ - autocatalysis on Sftochastfclc dlstrlbt_Jt’ﬂon
room temp. aldehyde 26 wet | Sf enantiomers wi
P atm N with diisopropylzinc electable ee
Powder crystal of aldehyde 2¢ ﬂ
with random,stable orientation R

(of Re and Si faces N7 | OH

Scheme 4.3 Absolute asymmetric synthesis of pyrimidyl alkanol 1c from a sublim-
ated powder of pyrimidine-4-carbaldehyde 2¢ and vapor of i-Pr,Zn and
toluene.
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Figure 4.2 Frequency, absolute configurations, and ee histograms reflecting the
formation of pyrimidyl alkanol 1c through absolute asymmetric syn-
thesis from sublimated powder pyrimidine-5-carbaldehyde 2c¢ and vapor
of i-Pr,Zn and toluene.

4.4 Conclusions

In a long history of organic reactions, it has been well accepted that, in the
reaction between achiral reagents that form chiral product without the
intervention of any chiral factor, the product always become racemate, i.e., a
mixture of two enantiomers of equal (1:1) ratio. Strictly speaking, the huge
numbers of two enantiomers are not the same in most cases, but enantio-
meric excesses are practically zero and far below the detection level.

In sharp contrast to the previously known organic reactions, the Soai re-
action is capable of producing an enantioenriched product of significant ee
with stochastic distribution of enantiomers in the reaction between
pyrimidine-5-carbaldehyde and i-Pr,Zn without the intervention of any chiral
factor. The initial uncatalyzed formation of enantioenriched molecules of
isopropylzinc alkoxide of pyrimidyl alkanol with stochastic fluctuation initiate
asymmetric autocatalysis with amplification of ee. Either (R)- or (S)-pyrimidyl
alkanols with significant, i.e., above detection level, ees are formed as the
product. Thus, we conclude that the Soai reaction enabled absolute asym-
metric synthesis. It should be noted that Lennartson and Hékansson reported
absolute asymmetric formation of a chiral five-coordinate copper complex."*
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5.1 Introduction

Substitution of achiral molecules by different isotopes of one (or more) of the
constituent elements may generate centers of asymmetry in these molecules."
If chiral reagents or asymmetric physical fields are not present, these chiral
isotopomers form as a ~1:1 mixture of their enantiomers, that is - race-
mates.>? Laws of statistics, however, permit the evolution of more-less en-
antiomeric excesses in these racemic mixtures.*® Such statistical excesses
are enough to operate as inductors of chirality, leading to substantial amp-
lification of the initial enantiomeric excess, in reactions which are sufficiently
sensitive to asymmetric induction.”” "> Presently only one such reaction type
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is known, asymmetric autocatalysis (Soai reaction), which is chemically the
addition of a dialkyl zinc reagent to N-heterocyclic aldehydes."*">* It has been
experimentally demonstrated that Soai autocatalysis can amplify the chirality
of either very low amounts of chiral auxiliaries®**> or even the statistical
enantiomeric excesses of the ‘racemate’ of its own product, the
autocatalyst,>*° to almost quantitative levels of enantiomeric excess (ee) in
the product. This feature turned our attention to the potential effects of
isotope chirality in this reaction.*®*" In fact, it has been experimentally
demonstrated that isotope-derived chirality of compounds where the only
source of chirality is 2H-*** 3C-3%3¢ N-37 or '"/*®Q-substitution®*°
causes remarkable chiral induction in the Soai reaction.

These results acquire additional significance in light of recent cosmochem-
ical observations regarding organic material in meteorites (chondrites), comets
and cosmic dust.’®*> An important and attractive direction of this field of
cosmochemistry is the stereochemical analysis of chiral compounds in these
space-derived objects. Sophisticated analyses unambiguously demonstrated
significant enantiomeric excesses (up to 60% ee) of amino acids, hydroxy acids,
and (even) carbohydrates which were found in these extraterrestrial bodies.**>*

Another interesting line of cosmochemical research concerning the stable
isotopic composition of elements in such extraterrestrial samples®® showed
that in the organic compounds from these samples the relative ratio of the
heavier isotopes of the light elements (typical for organic compounds, such as
H, C, N, O) is much higher than the terrestrial average (see the ESI). The relative
abundances of these heavier isotopes can be 3 to 4 orders of magnitude higher
than that observed generally in Earth-derived samples.*’ It should be added
that these ‘anomalies’ (with respect to terrestrial abundances, see also values
in the ESI) are not general, and several extraterrestrial samples show isotope
distributions which are very similar to those observed on Earth.>*

Some outstanding extraterrestrial enrichment of the heavier isotopes in-
clude (for definition of ¢ see the ESI):

5.1.1 Carbon

Extraterrestrial dust samples showed depletion of *C ranging to modest
accretion. 5(**C)=—-110+10 to +(30+ 10)%o..>> Cometary carbon isotopic
ratios are more stable than those of hydrogen, relatively high heavy isotope
enrichment is shown by "C/"™C =80 to 85 (6 = — 48.93 to 112.40%o).”® Note
that the terrestrial average is 89. Another observation reported 5(**C) = —3 to
—17%o in samples with fairly high deuterium enrichments.”” In a note-
worthy study the carbon isotopic composition of 34 amino acids from the
Murchinson meteorite was determined. All compounds showed moderate,
but positive values 5(**C) =+ 4.9 to +52.8%o.”°

5.1.2 Hydrogen

0(D) ranges from —300%o to 7500%o in different meteorites, reaching J(D)
up to 9000%0.>® In the heterogeneous deuterium distribution from the
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Sermakona meteorite domains with §(D) up to §(D) ~10.000%0 were found.*”
Data from the comet-forming region showed high deuterium enrichment in
the range of J(D) = 500%o to 8146%..°° Metamorphosis of chondritic organic
material can also lead to high deuterium enrichment (up to almost
5 ~12.000%o) by selective loss of light 'H, formed in Fe oxidation by water.®!
Extreme deuterium vs. 'H ratios (10 to 30-times terrestrial values) were found
in micrometeorites from central Antarctic snow.®” Interplanetary dust par-
ticles collected from the Earth’s atmosphere showed deuterium enrichments
corresponding to ~50 times of the terrestrial value, § ~49 000%0.°® In the
organic matter of the well-studied Murchinson meteorite a careful study
found maximum §(D) = 2280%o, while in NWA 801 §(D) = 7500%0.°* Another
sample of extraterrestrial dust showed §(D) = 5600 + 500%o.”

Cometary deuterium distributions were thoroughly studied.>® D/H ratios
extend over a range from D/H = (1.61 + 0.24)x10 *®* to 2x 10~ * (6 =33.71 to
284.11%0).°® We note that the terrestrial average of D/H ratio is 1.5576x10 %,

5.1.3 Nitrogen

5(*°N) ranging from 50%o to 650%0 with eventual domains of §(*’N)<5000%o
has been observed recently.®” Organic matter in Murchinson meteorite
showed maximum J(*°N)=2590%0, and in NWA 801 &(*°N)=2200%0.%*
Extraterrestrial dust samples from meteorites gave '°N enrichment ranging
from 6(*’N)=360+10 to 1520 +240%0..”> Heavy isotope enrichment in
12 comets was found "N/">N=90 to 190 (6 =431.37 to 2021.79%.°%). We
note that the terrestrial average of *N/"°N = 272.

5.1.4 Oxygen

Relatively very high oxygen heavy isotope content, §(*’0/*°0) ranging
from 80%o to 200%0 was found in interplanetary dust particles.®® Oxygen
heavy isotope enrichment in a comet was characterized by the ratio
1%0/"0 =300+ 150 (6 = — 67%o0 to 1794%0">").

For the statistical study of these isotopic “anomalies” we needed a typical
space-born object. The definition of such an object is very difficult, not only
because of the large differences in the isotopic concentrations but also be-
cause of extremely high variations in other parameters too. Space-derived
objects arriving to Earth are of very broad scale of size mass composition
and velocity.*"*>*>%7% [t should be noted, that according to spacecraft
observations (Explorer 16, Pioneer 8 and 9, Ulysses, Galileo) approximately
11 to 66 kt material of cosmic (interplanetary) origin falls to Earth in one
year.”' The sum of masses of small particles is much more than that which
arrives in the form of larger objects. From the viewpoint of the present study
this is very important, since the evolution of statistical chirality effects can
more sensitively evolve at smaller objects.'®*"”> Therefore we shall deal in
the following with the relatively small fraction of extraterrestrial objects.
Realistically, in the range of 10" to 10 >' kg (hundred gram to attogram),
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we have chosen as a representative (relatively light) a mass of 10~"° kg
(1.0 picogram).*>”"7>77° The interplanetary (interstellar?) dust particles are
of fairly variable composition, contain roughly in average 10% organic
material, OM.*> From this OM 70 to 99% is insoluble, presently still not very
well characterized polymer (‘insoluble organic matter’, IOM),***4>861,77,78
while the rest is composed of well-known ‘soluble’ organic compounds
(SOC), several of which are basic molecules (or very similar to these) of
terrestrial living organisms.”>® As a representative value we accepted that
IOM is ~80% of OM. Considering these values, we have defined our 1 pg
particles, as it contains 10% OM. which is composed of 80% IOM and 20%
SOC pro piece of this ‘typical stardust’. We calculated isotope chirality effects
only in the SOC fraction, which has, consequently, the mass of 20 fg
(20 femtogram). We shall consider these data as starting parameters in our
calculations.

Here we present stochastic calculations in an effort to explore the
magnitude of the effect of the new results of organic and isotopic Cosmo-
chemistry on spontaneous statistical genesis of isotopically chiral structures
in simple organic molecules which were (or might have been) involved in the
prebiotic or early biotic phase of terrestrial life, at least according to present-
day theories. The results will be discussed mainly in the context of the
origin(s) of life and of biological chirality.

5.2 Results and Discussion

The selected data shown earlier in this paper and in the rich background
literature, indicate that the ‘deviations’ of the isotopic composition of cos-
mic/interplanetary matter from the terrestrial standard (average) values are
fairly variable and there are also large differences in the enrichment values
from element to element. (We deal here only with H, C, N, and O as basic
elements for organic chemistry. See ref. 80.) Considering these facts we
performed our calculations on model molecules, where one or more of these,
but only these, elements are in isotopically prochiral (chirogenic) position(s).
The models were selected from simple space-born molecules*****'~%° or are
of closely related structures. Some of these are from the most fundamental
molecules of terrestrial life’® and (possibly) are structurally coincident with
or at least correlated to organic molecules found in meteorites and/or in
extraterrestrial dust particles. These, more-less arbitrarily selected, mol-
ecules are listed in Tables 5.1 and 5.2.

The literature on cosmic isotopic distributions gives most frequently the
quantitative measure of enrichment or depletion of isotopes in J [%o] units,
calculated with respect to the terrestrial standard values. For our calcula-
tions these had to be converted to probability values (px for element X).
Some representative values are shown in Table 5.3 together with the formula
deduced for § = pX conversion.

The stable isotopes of the four atoms, H, C, N, and O, show very asym-
metric terrestrial distribution. Therefore we performed our analysis by
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Table 5.1 Name, formula, molecular mass (MM [a.u.]), and isotopically prochiral

(chirogenic) atoms (X°™™) in hydrocarbon and simple oxygenate model
compounds.
Number Name Formulae MM XCHIR
1 2-Methyl-n-butane (H3C),CHCH,CHj; [C5H15] 72.094 HgC,
2 Methyl-cyclo-hexane CH,(CH,CH,),CH(CH3) [C;H4]  98.110 H,C,
3 Ethylbenzene Ce¢H5CH,CH; [CsH; ) 106.078 H,
4 Ethylene oxide CH,0CH, [C,H,0] 44.026 H,
5 Ethanol CH;CH,0OH [CzHGO] 46.041 H,
6 Glycolaldehyde HOCH,CHO [C,H,0,] 60.02113 H,
7 Propanal CH;3;CH,CHO [C3H(O] 58.041 H,

Table 5.2 Formulae, molecular mass (MM [a.u.]), and isotopically prochiral
(chirogenic) atoms (X¢yr) in the biomolecular model compounds.

Number Name Formulae MM XCHIR

8 Glycine H,N-CH,-COOH [C,H;0,N] 75.032  H,

9 Valine (H3C),CH(NH,)-COOH [C5H;;0,N]  117.079 HC,

10 Leucine (H;C),CH-CH,-CH(NH,)-COOH 131.095 HgC,
[CeH4130,N]

11 Proline HN-(CH,);-CH-COOH [C5Hy0,N] 115.063 Hg

12 Lysine H,N-(CH,),~CH(NH,)-COOH 146.106 Hg
[CeHMOzNz]

13 Glutamic acid HOOC—(CH,),-CH(NH,)-COOH 147.053 H,
[C5HoO4N]

14 TMDAB* H;C-CH[N(CHj;),]-CH[N(CHj3),]- 144.163 H,,CgN,

b CH3 [CSHZONZ]

15 DAIB H,N-CH,-CH(CH3)-CH,-NH, 88.100 HyC,N,
[C4H12N2]

16 Glycerol HO-CH,-CH(OH)-CH,-OH [C3HgO3]  92.048 H4C,0,

17 MMA® HOOC-CH(CHj3)-COOH [C4HgO,] 118.027 H,C,0,

18 DHA? HO-CH,-C(0)-CH,-OH [C3H03] 90.032 H,

“TMDAB = N,N, N, N'-tetramethyl-2,3-diaminobutane.
PDAIB = 1,3-diamino-iso-butane.

‘MMA = methylmalonic acid.

9DHA = 1,3-dihydroxyacetone.

supposing mono-isotopic substitution of homoisotopic species of the model
compounds. These homoisotopic molecules were constructed from the most
abundant stable isotopes (in the present cases the lightest ones) of the four
elements. The distribution probabilities of these homoisotopic isotopomers
(see Table 5.4) range from 90.49% (compound 14) to 97.50% (compound 4),
thus they can be regarded rightfully as suitable representatives.

As the next step of our analysis we calculated for Set A the probabilities
(Pmono) of monoisotopic substitution of the all-light homoisotopic species
considering the numbers of the chirogenic atoms in each model molecule
and the terrestrial abundance of the heavier isotopes. These data are shown
in Table 5.5.

In a next step of the analysis we calculated the number of chiral molecules
in 1 mol sample by the exchange of one chirogenic atom in the all-light
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Isotopic abundance probability factors (pX) corresponding to

some typical d [%o] values.”

Carbon (*C)

Terrestrial abundance, 6 = 0%o
Cosmic abundance,” & = 100%o
Hydrogen (°H)

Terrestrial abundance, 6 = 0%o
Cosmic abundance,” § =10 000%o
0 =50 000%o

Nitrogen (*°N)

Terrestrial abundance, § = 0%o
Cosmic abundance,” § = 5000%o
Oxygen (70 4+ 20)

Terrestrial abundance, 6 = 0%o
Cosmic abundance,” § = 100%o

Pc=0.01123720
Pc=0.01220993

P = 0.000155760
P =0.001710429
P =0.007881154

Pn=0.00367600
Pn=0.021580031

Po=0.00238500
Po=0.002616635

“The following sets of ¢ values were used in the calculations:

Set A: 3(H) = 0(C) = 6(N) = 9(0) = 0%s;

see Tables 5.4-5.9.
Set B: §(H) =10 000%o. 6(C) = d(N) = 3(0) = 0%o;

see Tables 5.10, 5.12 and 5.14.

Set C: 6(H) = 50 000%o. (C) = 100%o. 6(N) = 5000%. 5(O) = 100%s;

see Tables 5.11, 5.13 and 5.15.

b«Cosmic abundance’ means arbitrarily chosen & values near to experimentally
observed abundances of the heavier isotopes in extraterrestrial samples (for details

see the text).

Table 5.4 Natural terrestrial abundances of light and heav;/
their ratio (in the case of oxygen heavy means

stable isotopes and
70 and '®0 together).

Probabilities of all-light homoisotopic molecules (phomo).”

Set A C

H N (6]

Atomic mass, light [a.u.] 12

1.007825 14.003074 15.994914

Light 0.988887867 0.999844264 0.996336471 0.997620575

Heavy 0.011112133 0.000155736  0.003663529  0.002379425

Ratio 0.011237 0.00015576 0.003677 0.0023851
Number of atoms in a Probability of all-light homoisotopic

No. molecule, compounds 1-18 molecules ( Phomo)

1 5 12 0 0 0.94389472

2 7 14 0 0 0.92274643

3 8 10 0 0 0.9130614

4 2 4 0 1 0.97496479

5 2 6 0 1 0.97466114

6 2 4 0 2 0.97264494

7 3 6 0 1 0.96383058

8 2 5 1 2 0.9689307

9 5 11 1 2 0.93611245

10 6 13 1 2 0.92542193

11 5 9 1 2 0.93640409

12 6 14 2 2 0.92188803

13 5 9 1 4 0.93195318

14 8 20 2 0 0.90497303

15 4 12 2 0 0.94752039

16 3 8 0 3 0.95895055

17 4 6 0 4 0.94633291

18 3 6 0 3 0.95924931

“Remark: calculation of probabilities has been explained in the ESI 5.4.



Table 5.5 Number of isotopically prochiral (chirogenic) atoms, probability of one light isotope = heavy isotope exchange, probability of at
least one chirogenic isotope exchanged (multiple exchanges were neglected).”

. . Probability of at least
Number of isotopically  probability of Probability of Probability of one chirogenic
prochiral (chirogenic)  ope 2= '3C  one 'H="H one 'N=""N  Probability of one isotope exchanged
Set A atoms (Xcpir) exchange exchange exchange %0 =10 exchange  (Pmono)
C H N (0}
1 2 8 0 0 0.02121309 0.001176168 0 0 0.02238926
2 4 8 0 0 0.041475606 0.001149816 0 0 0.04262542
3 0 2 0 0 0 0.000284437 0 0 0.00028444
4 0 4 0 0 0 0.000607442 0 0 0.00060744
5 0 2 0 0 0 0.000303626 0 0 0.00030363
6 0 2 0 0 0 0.000302998 0 0 0.00030299
7 0 2 0 0 0 0.000300253 0 0 0.00030025
8 0 2 0 0 0 0.000301841 0 0 0.00030184
9 2 6 0 0 0.021038191 0.000874853 0 0 0.02191304
10 2 8 0 0 0.020797933 0.00115315 0 0 0.02195108
11 0 6 0 0 0 0.000875126 0 0 0.00087513
12 0 8 0 0 0 0.001148746 0 0 0.00114875
13 0 4 0 0 0 0.000580644 0 0 0.00058064
14 8 20 2 0 0.081353455 0.002819172 0.006655172 0 0.0908278
15 2 8 2 0 0.021294573 0.001180686 0.006968065 0 0.02944332
16 2 6 0 2 0.021551455 0.000896197 0 0.00457439 0.02702204
17 2 2 0 4 0.021267886 0.000294802 0 0.00902839 0.03059108
18 0 4 0 0 0 0.000597651 0 0 0.00059765

“Remark: calculation of probabilities has been explained in the ESI 5.5.

Cusnwaysowson puv Quv.ayn adojosy
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homoisotopic molecules. The results in units as pieces of molecules and as
molar quantities are shown in the ESI-Table 5.1. Analogously one can obtain
the number of potentially chiral isotopomers also at smaller quantities,
which are in the range of the size of the “typical cosmic sample, 1 pg”,
defined earlier (see the ESI-Table 5.2).

These numbers provide the expectable enantiomeric excess (ee) with a cer-
tain confidence interval by the Pars-Mills equation (Mills, 1932, Barabas
et al., 2008). The formula for 50% confidence is as follows:

eesoo, = const. (n) /2,

where the const. is 67.5 for eesqo, in % units and 0.675 for eesqq, in units of
probability.

Here in this formula 7n is the number of molecules (or: chiral centers) in
the sample (for details see the ESI-5.6).

It is an important consequence of the mathematical structure of this
equation that the expectable enantiomeric excess is dependent of the sample
size. We present here results of calculations of eesqo, values for 1 attomol and
1 femtomol sample sizes of Set A in Tables 5.6 and 5.7, respectively. For
chemical purposes it is more significant to see these quantities in terms of
the number of molecules corresponding to the statistically expectable en-
antiomeric excess in the samples of different sizes. These molecule numbers
and the corresponding quantities in molar units (zeptomol, 10~>! mol) are
presented for 1 attomol and 1 femtomol sample sizes, for Set A in Table 5.8.

Table 5.6 Percentage of enantiomer excesses in 1 attomol samples according to the
Pars-Mills equation with 50% confidence (eesgo)-*

If only one C Ifonlyone H IfonlyoneN IfonlyoneO Due to

isotope isotope isotope isotope isotopic

Set A exchange exchange exchange exchange chirality
1 0.597209 2.536259 — — 0.581311
2 0.427102 2.565158 — — 0.421302
3 — 5.157454 — — 5.157454
4 — 3.529197 — — 3.529197
5 — 4.991816 — — 4.991816
6 — 4.996987 — — 4.996987
7 — 5.019784 — — 5.019784
8 — 5.006555 — — 5.006555
9 0.599686 2.940768 — — 0.587594
10 0.60314 2.561448 — — 0.587084
11 — 2.94031 — — 2.94031

12 — 2.566352 — — 2.566352
13 — 3.609719 — — 3.609719
14 0.304958 1.638202 1.066225 — 0.288615
15 0.596065 2.531402 1.042011 — 0.506915
16 0.592502 2.905539 — 1.286062 0.529138
17 0.596439 5.065979 — 0.915426 0.497314
18 — 3.557989 — — 3.557989

“Remark: calculation of the enantiomer excess has been explained in the ESI 5.6.



Isotope Chirality and Cosmochemistry 83

Table 5.7 Percentage of enantiomer excesses in 1 femtomol samples according to
the Pars-Mills equation with 50% confidence (eesgo,)-*

If onlyone C Ifonlyone H IfonlyoneN Ifonlyone O Due to

isotope isotope isotope isotope isotopic

Set A exchange exchange exchange exchange chirality
1 0.018885 0.080204 —_ —_ 0.018383
2 0.013506 0.081117 — — 0.013323
3 — 0.163093 — — 0.163093
4 — 0.111603 — — 0.111603
5 — 0.157855 — — 0.157855
6 — 0.158019 — — 0.158019
7 —_ 0.15874 — — 0.15874

8 — 0.158321 — — 0.158321
9 0.018964 0.092995 —_ —_ 0.018581
10 0.019073 0.081 — — 0.018565
11 —_ 0.092981 —_ —_ 0.092981
12 — 0.081155 — — 0.081155
13 —_ 0.114149 —_ —_ 0.114149
14 0.009644 0.051805 0.033717 — 0.009127
15 0.018849 0.08005 0.032951 —_ 0.01603

16 0.018737 0.091881 — 0.040669 0.016733
17 0.018861 0.1602 — 0.028948 0.015726
18 — 0.112514 — — 0.112514

“Remark: calculation of the enantiomer excess has been explained in ESI 5.6.

Table 5.8 Enantiomer excesses in terms of number of molecules with
50% confidence.”

€Cs09% €€50%
Set A In 1 attomol RorSexcess In1femtomol R orS excess
1 6742 78 6741562 2479
2 12 835 108 12834813 3420
3 86 9 85646 279
4 183 13 182905 408
5 91 9 91424 289
6 91 9 91235 288
7 90 9 90408 287
8 91 9 90 887 288
9 6598 78 6598171 2452
10 6610 78 6609625 2454
11 264 15 263507 490
12 346 18 345 896 561
13 175 13 174 836 399
14 27 349 158 27 348 886 4992
15 8 866 90 8865591 2842
16 8137 86 8136525 2723
17 9211 92 9211189 2897
18 180 13 179957 405

“Remark: calculation of the enantiomer excess in terms of number of molecules
has been explained in the ESI 5.7.
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Table 5.9 Molecular mass, number of chiral molecules, and enantiomer excesses
(eespo) in 20 femtogram samples.

Number of Half the

chiral Number of number of

molecules in chiral chiral RorS

1 mol (times molecules molecules excess

Molecular  10*%) see the  in 20 ee in 20 with 50%

Set A mass [a.u.] ESI-Table 1 femtogram (50%)% femtogram confidence
1 72.0939 0.134831 22525419 0.01422222 11262 709 3204
2 98.10955 0.256696 31512953 0.01202428 15756477 3789
3 106.07825 0.001713 194487 0.15305874 97244 298
4 44.026214 0.003658 1000749 0.06747473 500375 675
5 46.041864 0.001828 478320 0.09759882 239160 467
6 60.021128 0.001825 366157 0.11155008 183079 408
7 58.041864 0.001808 375212 0.11019586 187606 413
8 75.032027 0.001818 291785 0.12496027 145893 365
9 117.078977 0.131963 13575489 0.01832002 6787745 2487
10 131.094627 0.132192 12145146 0.01936879 6072573 2352
11 115.063327 0.00527 551652 0.09088059 275826 501
12 146.105526 0.006918 570281 0.08938388 285141 510
13 147.053155 0.003497 286396 0.12613049 143198 361
14 144.162648 0.546978 45698056 0.00998516 22849028 4563
15 88.100048 0.177312 24240546 0.01370985 12120273 3323
16 92.047342 0.16273 21293082 0.01462799 10646541 3115
17 118.026606 0.184224 18799513 0.01556792 9399757 2927
18 90.031692 0.003599 481486 0.09727739 240743 468

By calculations using the same algorithm one can obtain the number of
chiral molecules and the expectable enantiomeric excess (eesgq,) in 20 fg
samples (as defined above), for Set A these are shown in Table 5.9.

In the previous part of the present study we calculated the expectable
enantiomeric excesses for the model molecules 1 to 18 (eesgq,) in percentage
(Tables 5.6 and 5.7) and in terms of number of molecules (Tables 5.8 and
5.9). These data serve as a comparison basis for the exploration of the effect
of isotopic changes (enrichment of the heavier isotopes) on the basis of
astrophysical observations cited above. In the following part of this paper we
present the results of the same calculations conducted with (supposed)
“cosmic” isotopic abundances, as defined for Set B and Set C in Table 5.3.
The data for the initial steps of the calculations are presented in the ESI-5.7,
and the final results in eesqq, and molar units are shown in Tables 5.10-5.15,
respectively.

In the course of the present study we have chosen more-less arbitrarily the
size of the sample. Due to the mathematical structure of the Pars-Mills
equation,””” increasing or decreasing the sample mass by a factor f, the
resulting eesqo, parameter will change by a factor £ */?, that is if the sample
mass increases, for example, by 2 orders of magnitude, this causes 1 order of
magnitude diminution of the eesqq value, while if the sample mass
decreases by 2 orders of magnitude, the eesy, value increases 10-fold.
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Table 5.10 Percentage of enantiomer excesses in 1 attomol sample of Set B
according to the Pars-Mills equation with 50% confidence.

If onlyone C Ifonlyone H IfonlyoneN IfonlyoneO Due to

isotope isotope isotope isotope isotopic

Set B exchanged exchanged exchanged exchanged chirality
1 0.602811 0.771884 — —_ 0.475097
2 0.43178 0.781895 — — 0.377977
3 — 1.567177 — — 1.567177
4 — 1.06741 — — 1.06741

5 — 1.512132 — —_ 1.512132
6 — 1.511345 — — 1.511345
7 —_ 1.520604 — —_ 1.520604
8 — 1.515417 — — 1.515417
9 0.604841 0.894296 — —_ 0.501012
10 0.609272 0.780157 — — 0.480189
11 —_ 0.892767 — — 0.892767
12 — 0.782259 — — 0.782259
13 —_ 1.096019 — —_ 1.096019
14 0.309741 0.501683 1.082946 — 0.256081
15 0.601657 0.770406 1.051786 —_ 0.432285
16 0.596202 0.881523 — 1.294092 0.461399
17 0.59923 1.534598 — 0.919709 0.477178
18 — 1.077794 — — 1.077794

Table 5.11 Percentage of enantiomer excesses in 1 attomol sample of Set C
according to the Pars-Mills equation with 50% confidence.

If only one C Ifonlyone H Ifonlyone N If onlyone O Due to

isotope isotope isotope isotope isotopic
Set C exchanged exchanged exchanged exchanged chirality
1 0.598202 0.373101 —_ —_ 0.316573
2 0.431623 0.380713 — — 0.285516
3 — 0.75409 —_ —_ 0.75409
4 — 0.50253 — — 0.50253
5 — 0.71633 —_ —_ 0.71633
6 — 0.711617 — — 0.711617
7 —_ 0.720744 —_ —_ 0.720744
8 — 0.722275 — — 0.722275
9 0.603957 0.434965 —_ —_ 0.352957
10 0.612506 0.382022 — — 0.324143
11 —_ 0.431537 — — 0.431537
12 — 0.387744 — — 0.387744
13 — 0.529909 —_ —_ 0.529909
14 0.321398 0.253561 0.481141 — 0.183945
15 0.607655 0.378997 0.454838 — 0.262577
16 0.583911 0.420528 — 1.267415 0.329507
17 0.583643 0.728041 —_ 0.895785 0.405937
18 — 0.51098 — — 0.51098

The changes in the mass-related parameters, N.. and M., are of the opposite
direction. Obviously, in the case of more than one chirogenic element in the
molecule the changes are more complicated, but the tendency is the same.
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Table 5.12 Enantiomer excesses in terms of number of molecules in Set B samples
with 50% confidence.

In 1 attomol €€509, In 1 femtomol €€509,

Half the number R or S excess with Half the number R or S excess with
Set B of chiral molecules 50% confidence of chiral molecules 50% confidence

1 10093 96 10092 846 3033
2 15946 121 15945782 3812
3 928 29 927558 919
4 1999 43 1999471 1350
5 996 30 996 318 953
6 997 30 997 357 953
7 985 30 985247 948
8 992 30 992003 951
9 9076 91 9075724 2876
10 9880 95 9879934 3001
11 2858 51 2858259 1614
12 3723 58 3722855 1842
13 1896 42 1896449 1315
14 34739 178 34739417 5626
15 12191 105 12190931 3333
16 10701 99 10700985 3123
17 10005 95 10005 004 3019
18 1961 42 1961128 1337

Table 5.13 Enantiomer excesses in terms of the number of molecules in Set C
samples with 50% confidence.

In 1 attomol €€509 In 1 femtomol €e500,

Half the number R or S excess with Half the number R or S excess with
Set C of chiral molecules 50% confidence of chiral molecules 50% confidence

1 22732 144 22731561 4551
2 27 946 160 27945 815 5046
3 4006 60 4006192 1911
4 9021 91 9020971 2867
5 4440 64 4439670 2011
6 4499 64 4498683 2025
7 4385 63 4385462 1999
8 4367 63 4366 886 1995
9 18287 129 18286 660 4082
10 21682 141 21682262 4445
11 12233 106 12233255 3339
12 15153 118 15152 586 3716
13 8113 86 8112877 2719
14 67329 248 67328 569 7833
15 33042 174 33041732 5487
16 20982 138 20982007 4373
17 13 825 112 13 824 826 3549

18 8725 89 8725082 2820




Isotope Chirality and Cosmochemistry

87

Table 5.14 Molecular mass, number of chiral molecules, and enantiomer excess in
20 femtogram samples of Set B.
Half the
Number of Number of number of
chiral chiral chiral RorsS
molecules molecules molecules in excess
Molecular in 1 mol in 20 20 with 50%
Set B mass [a.u.] (times 1023) femtogram ee (50%) femtogram  confidence
1 72.0939 0.2018569 33722980 0.01162360 16861490 3920
2 98.10955 0.3189156 39151227 0.01078776 19575613 4224
3 106.07825 0.0185512 2106326 0.04650942 1053163 980
4 44.026214 0.0399894 10939931 0.02040781 5469966 2233
5 46.041864 0.0199264 5212621 0.02956485 2606310 541
6 60.021128 0.0199471 4002738 0.03373845 2001369 1350
7 58.041864 0.0197049 4088977 0.03338078 2044489 1365
8 75.032027 0.0198401 3184764 0.03782380 1592382 1205
9 117.078977 0.1815145 18672960 0.01562058 9336480 2917
10 131.094627 0.1975987 18154320 0.01584214 9077160 2876
11 115.063327 0.0571652 5983778 0.02759409 2991889 1651
12 146.105526 0.0744571 6137907 0.02724543 3068953 1672
13 147.053155 0.037929 3106545 0.03829702 1553272 1190
14 144.162648 0.6947883 58047112 0.00885959 29023556 5143
15 88.100048 0.2438186 33332781 0.01169144 16 666 391 3897
16 92.047342 0.2140197 28004211 0.01275534 14002106 3572
17 118.026606 0.2001001 20419645 0.01493756 10209823 3050
18 90.031692 0.0392226 5247125 0.02946748 2623563 1546

Table 5.15 Molecular mass, number of chiral molecules,

20 femtogram samples of Set C.

and enantiomer excess in

Half the

Number of Number of number of

chiral chiral chiral RorS

molecules  molecules molecules in excess

Molecular in 1 mol in 20 20 with 50%

Set C mass [a.u.] (times 1023) femtogram ee (50%) femtogram  confidence
1 72.0939 0.4546312 75952415 0.00774521 37976207 5883
2 98.10955 0.5589163 68614568 0.00814884 34307284 5591
3 106.07825 0.0801238 9097378 0.02237926 4548689 2036
4 44.026214 0.1804194 49357457 0.00960788 24678728 4742
5 46.041864 0.0887934 23227829 0.01400553 11613914 3253
6 60.021128 0.0899737 18054773 0.01588575 9027387 2868
7 58.041864 0.0877092 18200566 0.01582200 9100283 2880
8 75.032027 0.0873377 14019611 0.01802751 7009 806 2527
9 117.078977 0.3657332 37624117 0.01100451 18812059 4140
10 131.094627 0.4336452 39841028 0.01069396 19920514 4261
11 115.063327 0.2446651 25610375 0.01333816 12805188 3416
12 146.105526 0.3030517 24982215 0.01350480 12491107 3374
13 147.053155 0.1622575 13289585 0.01851604 6644792 2461
14 144.162648 1.3465714 112501282 0.00636392 56250641 7159
15 88.100048 0.6608346 90343623 0.00710158 45171812 6416
16 92.047342 0.4196401 54909389 0.00910920 27454694 5002
17 118.026606 0.2764965 28215685 0.01270745 14107 843 3585
18 90.031692 0.1745016 23344521 0.01397048 11672261 3261
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The structure of the molecule under investigation is also a critical factor to
the extent of chirality evolved by isotope substitution. We demonstrate this
effect through the isomers of leucine (compound 6 in the tables). Iso-leucine
(15) or allo-iso-leucine have the same elemental composition as leucine, but
only two prochiral (chirogenic) hydrogen atoms, much less than the HgC,
structure of leucine itself.

As shown in Table 5.16, this slight structural alteration (formal 1,2-methyl-
shift of a methyl group) radically changes the parameters describing the
isotopically induced chirality. While the normal = iso rearrangements in-
crease the expectable enantiomeric excesses (e€sg9), the absolute quantities
(expressed in terms of number of molecules or in molar quantity in the
sample) are decreasing. The ratios (R) of the absolute quantities with ‘cos-
mic’ isotope distributions to the ‘terrestrial’ value are near the same par-
ameters found for other molecules with deuterium substitution as the only
source of isotope chirality (see Table 5.17). Hypothetic only-deuterium sub-
stitution of leucine (6) with the highest deuterium enrichment considered
(6(H) =50000%0) provides lower expectable enantiomeric excess (eesoo,) but
higher absolute quantity of excess chiral molecules than in the case of
‘terrestrial’ isotopic distribution (see Table 5.16).

Table 5.16 Effect of molecular structure on the statistically generated enantiomeric
excess (eesqu, [%]), its quantity in the number of excess chiral molecules
(Nee), in molar units (Me., [zeptomol]) and on the ‘cosmic’/‘terrestrial’
ratio (R): comparison of iso-leucine (15) with leucine (6).

Set A Set B Set C
Iso-leucine
S eeson 0.39900 0.12040 0.05609
ZNee 114.20 ~114 378.40 ~378 812.27 ~812
M. 0.1896 ~0.19 0.6284 ~0.63 1.3488 ~1.3
R [1) 3.3158 ~3.3 7.1228 ~7.1
Leucine
S eeson 0.24647 0.10717 0.07311
ZNee 1198.24 ~1198 1726.66 ~1727 2635.60 ~2636
Mee 1.9897 ~2.0 2.8562 ~2.9 4.3765 ~4.4
R [1) 1.4416 ~1.4 2.2003 ~2.2
R (leucine/iso-leucine; [mol mol *])

10.5088 ~10.5 4.5688 ~4.6 3.2463 ~3.2

Table 5.17 Statistical enantiomeric excess (eesgo, [%]), number
of excess chiral molecules (N..), and molar quantity
of excess chiral molecules (M., [zeptomol]) in leu-
cine (6) resulting from only-deuterium substitution
at §(2H) =50 000%o enrichment.

€€500, = 0.02845

Nee=1624.54 ~1624

Mee=2.6976 ~2.7

R (‘cosmic’/‘terrestrial’, [mole mole ']) = 1.3564 ~1.4
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5.3

Conclusions

The above-outlined results lead to the following points:

(@)

Substitution of homoisotopic molecules by a different isotope of one
of its constituents could generate centers of chirality by the asym-
metric distribution of isotopes. These ‘“new” stereogenic centers could
transform an achiral molecule to a chiral one (e.g. in the case of gly-
cine, 8, the only achiral proteinogenic amino acid) as well as could
transform an already chiral molecule to a pair of diastereomers (e.g. as
in the case of lysine, 12). Both transformations can be of primary
significance in the stereochemical behavior (reactions, structural
features, etc.) of these molecules.

Increasing the proportion of the less abundant isotopes (e.g. “H)
causes diminution in the percentage of the statistically expectable
enantiomeric excess in samples of the same mass, of cosmic origin.
This tendency, however, is overcompensated by the absolute quan-
tities of excess chiral molecules which were formed statistically by
isotopic substitution.

The quantity of statistically formed excess chiral molecules is suf-
ficient for the generation of much higher quantity of these chiral
molecules if the system is part, or, is in contact with a sufficiently
sensitive asymmetric autocatalytic reaction. Today the best docu-
mented example of this kind of reaction is Soai autocatalysis,"*> >’
which was found by preparative experiments to be suitable for amp-
lification of levels of excess chirality comparable to those shown in
Tables 5.8, 5.9, and 5.12-5.15 to very high, sometimes even near-
quantitative (ee >90%) levels,'®'"102429348788 for model compounds
composed of H, C, N, and O.

The fact that isotope chirality due to isotopic substitution in mol-
ecules containing the same chemical elements as the model com-
pounds studied in the present work could successfully be used as
chiral inductors in asymmetric autocatalysis'****°>° compared with
the presently most accepted theories on the origin of biological chir-
ality around the dawn of terrestrial life*'>?°22%8979 Jeads to the
hypothesis that changes of isotope ratios deriving from extraterrestrial
sources could play a certain role in the initial phase of evolution of
biological chirality as observed presently in terrestrial life. Obviously,
changes in the extent of isotope ratios of biogenic elements could
critically influence the spontaneous formation of stereogenic centers
by isotope substitution.

Isotope selectivity observed in present-day living organisms,’® % how-
ever, might indicate that the isotope-generated chirality in the course of
the molecular evolution from the beginning of life to the present, did
not necessarily have a kind of ‘promoting’ effect in the history of
chemical evolution. Even more, just due to its statistical character it
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could counteract to the tendency of establishing more and more order
in the function of living organisms.'®*'%” In this sense, ‘imported’ ex-
cess extraterrestrial statistical chirality could have acted also as (one of
the) inducer(s) of selectivity in presently observed isotopic composition
of living matter.

Enantiomeric excesses from extraterrestrial sources were observed
prominently in meteorites. These experimentally observed values
reach up to 60% ee.*”**>' If these high ee values were somehow
connected to statistical isotopic chirality, there should have been a
noteworthy chirality amplification step in between, either with similar
efficiency as that of the Soai reaction'®'®* or by a step-by-step
‘spontaneous’ mechanism."?

Chirality is a kind of binary code. Therefore the high level of en-
antioselectivity in living organisms (biological (“homo’)chirality)'** is
an important carrier of biological information.'**'°® The spontaneous
statistically formed excesses of chirality and their changes under the
influence of changes in the isotopic abundance of biogenic elements
represent an unjustly neglected challenge in biochemical/bioinfor-
matical research.

In the present paper the consequences of isotopic monosubstitution
in homoisotopic molecules are analyzed. These homoisotopic mol-
ecules, especially in the case of relatively small molecules and because
of the very asymmetric isotopic distribution of the elements studied
here (H, C, N, O) are mathematically much easier to be handled than
‘real’ molecules with (terrestrial) natural abundance of stable isotopes.
It is, however, to be mentioned, that in a subsequent phase of the
present research these natural abundance-based species as well as
isotopically disubstituted (and polysubstituted) species will also be
analyzed. The latter appears to be negligible because of its low prob-
ability, but recent experimental work'">"'" concluded that such spe-
cies could be carriers of important information on the molecular
history of certain fossil organic compounds.

The quantity of extraterrestrial material arriving to Earth was esti-
mated between 5 to 270 t per day, which is 1825 to 98 550 t per year.”?
Considering that our calculations indicated ~0.25 to ~10 zeptomol of
‘pure’ excess chiral material as a product of spontaneous statistical
enantiomeric excess from 20 femtomol SOM, one can calculate (very
approximately!), supposing 100 a.u. ‘average’ molecular mass, that the
excess chiral material ranges between 0.012 pg and 1.93 mg per km”
per year. Obviously this can accumulate substantially over a few
thousand years, which still enables conservation of the configuration.
If, however, these small amounts encounter such asymmetric auto-
catalytic mechanisms, which were experimentally demonstrated by
K. Soai and co-workers,">'®?*?*12 which enable amplification fac-
tors reaching 600 000 to 2 800 000 values, this ‘imported’ chirality can
reach ~34 mg per km > per year to ~5.4 kg per km > per year.
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Considering, that according to recent theories’ 081131187121 the

chemical evolution of terrestrial life could have started from very
small quantities (few or even one molecule), these amounts of ‘excess
chirality’ appear to be serious candidates of initial enantioselective
molecular events in the prebiotic or early biotic phase of life.

It should be pointed out, however, that statistical spontaneous for-
mation of enantiomeric excesses, as found in the present work, are
much lower than the enantiomeric excesses (up to ~60% ee) found in
meteorites by Pizzarello and co-workers.*’>>''*12% Thys, the primary
causes of these excesses of chirality should be attributed to mech-
anisms (e.g. circularly polarized radiation;'" quantum tunneling in
interstellar grains;**''® noise-induction®”''”) which are different from
statistical ones. It should be mentioned that these exceptionally high
ee values were not yet (?) found in cosmic dust particles only in larger
extraterrestrial objects (to the best of our knowledge).

It was the main goal of the present study, to call the attention of the
scientific community to a possible connection of ‘irregular’ isotopic com-
positions found in the rapidly increasing number of observations of extra-
terrestrial objects and terrestrial excess of biological chirality, particularly in
small molecules related both to recent cosmochemical observations and to
terrestrial life and (possibly) its origin. It appears from the results that such a
link may exist and, as happens frequently, many additional experimental
and theoretical studies appear to be desirable in the future for the more
exact definition and estimation of the size of this effect.
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CHAPTER 6

Reaction Mechanism in the
Study of Amplifying Asymmetric
Autocatalysis

JOHN M. BROWN

CRL, Department of Chemistry, University of Oxford, Oxford OX1 3TA, UK
Email: John.brown@chem.ox.ac.uk

6.1 Introduction

6.1.1 Scope of and Limitations to the Study of Reaction
Mechanisms

Absolute solutions to mechanistic problems are not attainable, since it is
impossible to prove hypotheses with any certainty. That statement on the
nature of provability, originating from Popper and Miller, is provocative and
has led to vigorous discussion concerning its application to the sciences."
Platt’s paper on ‘“Strong Influence” provides some endorsement, advising
experimentalists to: ‘“‘set down explicitly at each step just what the question is,
what all the alternatives are, and then to set up crucial experiments to try to
disprove some.”” Hence progress in mechanistic understanding may be
made, either by providing additional supportive evidence for an existing
hypothesis or by disproof of alternative explanations. In the absence of any
clear refutation this approach offers an acceptable status quo, but one that is
subject to modification, if and when additional evidence becomes available
in the future. This leads to the conclusion that complementary approaches
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to a specific problem are beneficial for promoting general acceptance of a
reaction mechanism by the scientific community. This acceptance of a
mechanism is subject to change at a future date, as new experimental evi-
dence arises. The overall status is summarized by Feynman’s view that
progression of understanding in the Sciences is always from good to better
but never goes as far as perfection.?

Given the fact that the Soai reaction of di-iso-propylzinc with N-hetero-
cyclic aldehydes provides the only robust examples of AAA to date, a range of
methods to test the mechanism have already been applied and significant
progress has been made toward understanding this complex and chal-
lenging system. More general interest has been further heightened by the
first demonstrations of absolute asymmetric synthesis by Soai and by
Singleton, that have been analyzed in detail in an informative review." Even
before the experimental demonstrations of AAA, it has been discussed and
reviewed as a potential contender for the origins of chirality in Nature.’

6.1.2 General Features of Autocatalytic Mechanisms

In the elucidation of any reaction mechanism, a primary aim is to define the
structure and energy of reactive intermediates up to the point of the first
irreversible step. Catalyzed reactions introduce some further considerations
through possibilities that catalytic efficiency may alter over time, through
aggregation or degradation. Where the catalytic cycle involves bi- or multi-
molecular steps, possible ambiguity arises in defining that first irreversible
step of the catalytic cycle, as the relative energies of individual steps will
depend on the initial concentration of the reactant and catalyst and on
temperature. AAA introduces further complexity, since the catalyst of each
cycle associates with the product and is incorporated into the next cycle; the
catalyst concentration increases with each catalytic cycle and a rate max-
imum is observed. This is demonstrated schematically in Figure 6.1 for the
rate of a first order in both reactant and catalyst, compared to a reaction that
is first order in reactant and autocatalyst.

For these reasons, any mechanistic analysis of catalysis and particularly
autocatalysis needs to specify the reaction conditions fully. This consider-
ation is particularly important when catalytic turnover involves an irrevers-
ible step that possesses a low energy barrier, since the relative energies may
change with changing autocatalyst concentration.

The time-dependence of product formation in autocatalysis commonly
has characteristic features; a hysteresis-shaped curve is observed on plotting
product concentration (or substrate decay) versus time (Figure 6.2). Ques-
tions need to be answered about each phase of the cycle. Initiation step, in
which the catalyst is generated; what reactions and what association phe-
nomena are involved? Burst phase, what is the aggregation state of the
catalyst and is it structurally identical to the product in its resting state?
What is the timescale of dynamic equilibria relative to turnover? Is the ini-
tially formed product identical in structure to the equilibrium state?
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Figure 6.1 A comparison of the decay curves for a simple catalytic reaction catalysis
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Figure 6.2 Typical hysteresis curve for the output from an autocatalytic reaction.

To summarize, this requires both kinetic analysis and also insights into
molecular structure by physicochemical techniques, including X-ray struc-
ture determination. Computation, generally through accessible DFT meth-
odologies, plays an important role by assessing the viability of structures
proposed from experiment and information on the structure and energy of
intermediates that are experimentally inaccessible. The constraints in de-
fining an autocatalytic mechanism apply equally to computational ap-
proaches. Electronic energies as computed are derived through the Hartree-
Fock equation and may be converted into enthalpies through standard
methods.® A specific advantage of DFT methods lies in the additional ability
to calculate transition state energies and structures. For multi-stage catalytic
reaction this provides access to models for the full reaction pathway.
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6.2 The Key Steps Towards Amplifying Asymmetric
Autocatalysis (AAA)

6.2.1 Catalytic Asymmetric Synthesis

Recognition of the intrinsic chirality in the natural world dates back to early
observations made by crystallography or polarimetry, together with Pasteur’s
defining contributions, as summarized.” In a similar manner, the origin of
single-handedness of chiral molecules in the natural world had long been
debated.® Experimental organic chemistry developed rapidly in the 19th
century, and it was originally considered that Nature’s chirality was beyond
replication in the laboratory. Natural products exhibited consistent optical
purity on polarimetric assay; organic synthesis could not independently
create an asymmetric center and imitate Nature. Emil Fischer was the first to
challenge this principle,” but successful demonstration of an asymmetric
synthesis awaited Mackenzie’s work; he had observed diastereoselectivity in
Grignard reactions of a menthyl keto-ester in 1904. After hydrolysis of the
initial product to the o-hydroxy acid by removing the chiral auxiliary en-
antiomerically enriched product was obtained.'® A more general approach to
asymmetric synthesis without the need for a chiral auxiliary was provided by
Bredig. He showed that the addition of HCN to benzaldehyde 1 (Scheme 6.1A
and B), and likewise to other aldehydes in their later paper, in the presence
of catalytic amounts of quinine or quinidine gave optically active cyanohy-
drin 2. The product was predominantly dextrorotatory with quinine and
levorotatory with quinidine.'™"

A
(R)-2
B oH MeO
1 ©/\ CN
(8)-2 X = HO mm—
” Quinine
C COZCHa X = HO
— Quinidine" """
CH3
X =AcO
Acetylquinidine """
3 4

Scheme 6.1 Early contributions to asymmetric synthesis from Bredig (A and B) and
from Pracejus (C).
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The field progressed, but only slowly over more than sixty years, with oc-
casional significant papers, exemplified by Prelog’s work.'? Successes like
the early example of organocatalysis by Pracejus were rare. He studied
asymmetric addition of methanol to phenyl methyl ketene 3 catalyzed by the
alkaloid base acetylquinidine, and reported that e.e.’s of up to 74% in
product 4 were observed when the reaction was carried out at —110 °C.**

Two separate demonstrations of efficient catalytic asymmetric synthesis
led to rapid change thereafter. These key initial contributions involved the
asymmetric aldol reaction catalyzed by proline (1971),">'® and asymmetric
hydrogenation with enantiomerically pure rhodium phosphine complex
catalysts (1968-1971)."”'® After Kagan’s use of DIOP 5 (Scheme 6.2), easily
synthesized from tartaric acid, chelating diphosphines became the standard
ligands for asymmetric hydrogenation. Their paper provides the first ex-
ample of enamide hydrogenation as a route to enantiomerically enriched
amino-acids.'” The path to Knowles’s chelating ligand was taken through
discovery of far more efficient monophosphines where the key factor was
incorporation of a 2-methoxyphenyl group in the ligand.>® The chelating
biphosphine ligand DIPAMP 6 ensued and was utilized in the first com-
mercial application of asymmetric hydrogenation for production of the
aromatic amino-acid 1-DOPA soon afterwards.*' Integration of ruthenium
catalysts using Noyori’s BINAP ligand 7 and close relatives that demon-
strated high ee’s in asymmetric hydrogenation,*” and likewise the transfer
hydrogenation of ketones,”® further extended the range of applications.

(a)
" O
R 0 H cH,pPh, P—Ph PPh
Me 2
Ph=—P< X i ( PPh,
Ph
(S)-(+) s
R=iPr;ref17 (RR)-DIOP5 (RR)-DIPAMP6  (aR)-BINAP 7
R = nPr; ref 18 ref 19 refs 20,21 ref 22,23
(b)
Et
Ph Ph
oH 9 Y PR
EtO._ -~ —N_ N=
.~ OFtMeo Mn?
O OH o} 0
ref 24 ref 25 ref 26

Scheme 6.2 Effective ligands for catalytic asymmetric synthesis. (a) Hydrogenation
and (b) C-O bond formation.
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Discoveries of the asymmetric epoxidation of allylic alcohols by Sharpless
and Katsuki,>® asymmetric dihydroxylation of alkenes by Sharpless and
Jacobsen,”® and asymmetric epoxidation of simple alkenes by Jacobsen,*®
widened the synthesis of asymmetric catalysis to C-O bond formation, in
industry and academia. These rapid developments had been summarized,
just over twenty years after the key discoveries.*’

6.2.2 Non-linear Effects (NLE)

Non-linear effects (NLE)T in the context of organic reactivity refers to a non-
linear relationship between the enantiomeric purity of a catalyst or reagent
and the enantiomeric purity of the reaction product. In 1937 Langenbeck
suggested circumstances in which this might be likely to occur.?® His re-
search activity had been directed toward simple molecular systems that
provided models for the action of common enzymes, including esterases and
dehydratases. This led him to consider the specificity of chirality in Nature
and make comparisons between enzymatic and organic reactions. The
conclusion he came to, as translated in Heller’s review of the early examples
of NLE,”® indicates his view that: “It must be possible using a highly stereo-
chemically specific catalyst, and where an equilibrium is formed with the sub-
strate, to realize an increase in the optical purity when one allows an optically
impure catalyst to catalyze a reaction, starting with an optically impure sub-
strate”. Langenbeck’s ideas were not developed further at the time, partly
because of the relatively slow pace of progress in asymmetric synthesis. The
importance of this pioneering paper was recognized and propagated by
Heller soon after Kagan’s initial papers had provided robust experimental
evidence for NLE in asymmetric synthesis and catalysis.*

There were other significant advances in the intervening period, however,
that hinted at the broader picture that would emerge. Occasional obser-
vations and interpretation of anomalous stereochemical effects both in
spectroscopy and in synthesis had been made. Horeau had observed non-
linearity in polarimetry when he plotted the rotation of a-methyl-a-ethyl-
succinic acid, resolved to varying degrees, against the known optical purity
of the samples at constant concentrations in CHCl;.>' He subsequently re-
viewed the relevant literature up to 1974 on related stereochemical dis-
parities.’> He concluded that effects observed by polarimetry, NMR, and
calorimetry may be explained by diastereomeric interactions of enantiomers
in solution. On this basis, he challenged the existence of a spurious effect
involving “racemates in solution” (preferred (R,S) association) that had
previously been postulated.

Wynberg and Feringa examined the difference between the oxidative
phenolic coupling of enantiomerically pure (S) or racemic substrates, where
the sterically-hindered product may possess (R,R), (S,S), or (R,S)-configuration

fNLE = non-linear effect — in a stereochemical context.
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Scheme 6.3 Oxidative coupling that forms a new stereogenic axis, through hindered
biaryl rotation.

and also possesses a stereogenic axis as a consequence of hindered biaryl
rotation. They found that oxidation of the pure (S,S)-enantiomer of 8 gave
pure (S,S,aR)-enantiomer 9 as expected (Scheme 6.3). By contrast, the main
product from racemic 8 had an (S*S*,aR*) configuration but was formed
together with a minor quantity of racemic (S*,5*aS*)-9. Similar behavior was
found in the analysis of the products from reductive dimerization of en-
antiopure and racemic camphor. Their results challenged the prevailing idea
of “enantiomeric self-recognition” (preference to form racemates) and they
concluded that for a reaction involving a chiral starting material, both the rate
and the optical yield will be dependent upon the ee of the reactant.’*

In addition to recording the first authentic examples of both positive and
negative NLE’s in asymmetric synthesis, Kagan has been responsible for
definitive and comprehensive reviews on this topic, covering the literature
prior to the publication date of his later article in 2009.>** His rigorous
enumeration of the consequences of NLE for enantioselectivity and re-
activity, in reactions conducted with a scalemic catalyst or auxiliary, has
provided a template for many subsequent quantitative analyses.*® His pub-
lications led to a step growth in the appreciation and application of NLE’s,
particularly in their application to catalytic reactions.

6.2.3 Autocatalysis

Autocatalytic reactions®” involve a product or precursor of a product as a
catalyst, affecting both the reaction rate and product distribution. Early
demonstrations of in vitro autocatalytic behavior were largely based on the
self-replication of small or medium-sized nucleotides, with key papers from
von Kiedrowski and Nicolaou.’®? Rebek’s publications, where autocatalytic
turnover was achieved in designed chemical systems based on H-bonding
recognition between catalyst and reactants, gave generality to the emerging
field.*>*' In a further development, Sutherland demonstrated H-bonding
catalysis for a Diels-Alder reaction where the diene and dienophile may both
form multiple H-bonds with their reacting partner, and the product further
facilitates the reaction by H-bonding to both components of the reactant
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Figure 6.3 Autocatalysis through multiple H-bonding of the product to the react-
ants. Adapted from ref. 42 with permission from the Royal Society of
Chemistry.

pair. In the absence of added product, evolution of the reaction follows a
hysteresis curve and is in accordance with the model shown in Figure 6.3.**

Cycloadditions involving a chiral reactant may produce an additional
stereogenic center in the product and high levels of diastereoselectivity have
been demonstrated in some cases.*>** Autocatalysis based on the recog-
nition of catalyst and reactant through H-bonding arrays has developed
strongly within the general framework of systems chemistry.*

6.2.4 Chiral Amplification Through Phase Change

For scalemic compounds, many processes that involve a change of phase
have the potential to alter ee’s. This is a diverse area that has been thor-
oughly reviewed;*® only a brief overview will be attempted here. It is inter-
esting that iso-propyl substituents play a significant role in several examples.

Chromatography of scalemic samples on achiral supports can lead to
changes in enantiomeric purity between elution fractions. In this way Kagan
noted that the leading fractions from chromatography of sulfoxide 10
(Scheme 6.4) of 86% ee on an achiral silica gel column were of 99% ee, and
late fractions were of lower ee than the original sample.*’

There are many recorded cases where the sublimation of a scalemic
sample leads to fractionation with either the sublimed material or the
residue becoming enriched in one enantiomer. In an early example, Kwart
demonstrated that very slow sublimation of scalemic sulfide 11 led to
enantiomerically pure sublimate and racemic residue.*® Sublimation of
scalemic amino-acids can lead to amplification of ee, which is accompanied
by rapid interconversion of racemic and conglomerate crystals in the solid
phase.”® Examples of enantiomer separation through fractional distillation
are more rare, and require association of monomers in the gas phase
and differentiated stabilities of (R*R*) and (R*S*) dimers or aggregates.
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Scheme 6.4 Asymmetric amplifications involving a phase change.

The classic case is iso-propyl trifluorolactate 12 that has the potential for
strong intermolecular H-bonding, favoring the homochiral form.*°

The simple process of dissolution of scalemic amino-acids in water may
lead to amplification.”® Conversely, through consideration of the phase
diagram for proline, the likelihood of amplification on dissolution of
racemic amino-acids was noted. This was observed in several cases, with
racemic phenylalanine possessing 83% ee at the eutectic point.>> Feringa
has reported a more recent example of ee enhancement through dissolution
of phosphoramidite 13 in water and standing at 0 °C. Under these con-
ditions, a scalemic starting material gives rise to enantiomer enriched
product in up to 95% ee. It was suggested that amplification arose from the
better steric matching of monomers in the homochiral dimer than in its
heterochiral counterpart, a suggestion supported by the X-ray structure of
the homochiral dimer. H-bonding from water to the substrate may also play
a role. Their approach was successfully extended to related ring-substituted
derivatives and esters of common amino-acids.”?

Starting from crystals of racemic 1,1’-binaphthyl 14, spontaneous dera-
cemization from the stirred molten phase had initially been investigated by
Pincock.”**® The compound crystallizes in either racemic P4,2,2 or chiral
C,/c space groups, and the relative stability of the two solid forms is
temperature dependent. Above 75 °C the racemic compound is gradually
converted into the enantiomerically pure forms. In a set of 200 crystallizations
from molten binaphthyl at 150 °C, seeded externally by local dry ice contact,
all experiments led to optical activity in the product, close to equi-distribution
between (R,R)- and (S,S)-forms and with variable ee averaging around 20%.>°
Asakura and Kondepudi later showed that the ee of the product is critically
dependent on the stirring speed, and uniformly high with a stochastic dis-
tribution in multiple runs between (R)- and (S)-binaphthyl crystals, obtained
upon fast stirring of the melt at 180 °C.”’
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Scheme 6.5 Key compounds in the early application of NLE to catalysis.

6.2.5 Asymmetric Catalysis Creating Amplification Through
NLE

Further progress toward an effective procedure for AAA required a reaction
that also showed a strong non-linear effect; one that also generated suitable
functionality for further catalytic activity, and progress came from catalytic
organozinc chemistry. This was initiated by Oguni’s 1984 paper.”® The key
finding there was that enantiomerically pure B-aminoalcohols catalyzed the
addition of diethylzinc to aldehydes, in moderate enantiomer excess. With
further improvement of catalytic enantioselectivity, he demonstrated a
positive non-linear effect, of clear interest in a catalytic asymmetric reaction
leading to the formation of a new C-C bond. Typically, ee amplification of
6.5% to 74% occurred in a single step with 15 (Scheme 6.5) as the source of
catalysis.’® The ability to make C-C bonds in a catalytic asymmetric reaction
attracted many groups to design alternative catalysts for the same reaction.
Two sets of results stood out for the high levels of enantioselectivity
that were achieved. Noyori’s application of the monoterpene derived
B-aminoalcohol DAIB* 16, contributed both synthetic developments and
mechanistic insights.®® Soai’s simply prepared norephedrine-based pre-
catalyst was effective for both aliphatic and aromatic aldehydes, and his
proline-related catalysts 17 performed well, giving access to both enantio-
mers of the alkylation product.

6.2.6 Absolute Asymmetric Synthesis (AAS)

This topic has been well-covered in Mislow’s review (ref. 4) and is discussed
elsewhere in the present book but covered only briefly here. AAS has been
widely discussed as a potential origin of biological homochirality, with two
feasible pathways. For the first, Kuhn showed that circularly polarized light
(CPL) was capable of inducing asymmetry in racemic mixtures by photo-
destruction.®® Kagan demonstrated an asymmetric synthesis from achiral
precursors through the agency of CPL for the first time, in 1971. He was able
to achieve this by obtaining hexahelicene with ca. 0.2% optical purity
through a CPL-induced photocyclization.®*

Mills had shown in principle that AAS could be created by a reaction using
a racemic catalyst that reacted with substrate to form a product with a new

'DAIB = acronym for dimethylamino-iso-borneol.
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stereogenic center.®® Provided that the total number of molecules of the
catalyst was sufficiently small, a random but measurable enantiomer excess
would be the most likely outcome. The average enantioselectivity X is given
by the expression:

X=0.7643/n°"°

where n is the number of molecules of catalyst. Solving this for a pool of
500 000 molecules of racemic catalyst gives an average ee of 0.1%. The sig-
nificance of this deduction for natural chirality is recognized in Ritchie’s
prescient article.®*

Frank’s 1953 paper provided a framework for linking these ideas to the
prebiotic world. He considered that absolute or spontaneous asymmetric
synthesis was fundamental to the origin of life. He offered a mechanism
through which the low enantiomer excess in a small pool of self-reproducing
enantiomers could be amplified through a systematic series of steps and
described a full algebraic analysis for this process. Amplification to complete
optical purity only occurred, however, only after he had incorporated an
additional step of “mutual antagonism” between the enantiomers.®® This
publication has been highly influential, both in understanding spontaneous
asymmetric synthesis, and in the development of models for the origin of
Nature’s homochirality.

6.3 The Pathway That Led to the First Examples
of AAA

Wynberg discussed the feasibility of AAA in reviewing its potential and
how it might be realized.®® He indicated that the dialkylzinc alkylation of
aldehydes might provide a possible candidate, although his own system
proved ineffective for that purpose. Soai’s research from that point onwards
demonstrates his perception of the problem and systematic progress
towards a solution. In his first demonstration of asymmetric autocatalysis,
he showed that the enantiomerically-enriched product from the addition of
Zn'Pr, to 3-formylpyridine 18 acted as a catalyst for further reaction of
the same substrates, albeit with a reduction of ee between the catalyst
and product. As indicated by the dashed lines for reactant 18 in Scheme 6.6,

H H0 H_O 0
(Y 0 =
N =

1'8 ref. 67 19 ref. 68 20 ref. 69

Scheme 6.6 Progress in autocatalysis toward AAA.
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the lone-pair vectors in the substrate preclude formation of a monomeric
chelate between the aldehyde and pyridine nitrogen; they cannot cooperate
to form a monocyclic zinc complex.®” This result encouraged further ex-
amples of autocatalysis, using zinc alkyl reagents together with compounds
19 or 20, that did not induce amplification of ee when tested. They did
underscore the crucial information that using Zn'Pr, as a reagent gave su-
perior results to the use of ZnEt,, however.°®®°

These papers provided guidelines for reactant design that soon led to the
desired breakthrough, since three distinct examples of AAA were observed
through further variation in the structure of the reactant. All of these in-
volved heterocyclic aldehydes as the substrate, namely pyrimidine 21,”°
quinoline 22,”"7? or substituted pyridine 23 (Scheme 6.7).”>”* The pyrimi-
dine aldehyde 21 was conspicuously the most effective case. An ee of 90%
was observed, by a three-step sequence starting from an alkanol catalyst
precursor of 5% ee and then using the product from one step as the catalyst
for the next step. In a separate publication, autoinduction was demonstrated
for the same reactants; high levels of enantiomeric purity in the pyrimidine
reactant were maintained through several additional catalytic cycles.”
Further positive results were obtained for both the quinoline 22 and the
3-substituted pyridine 23. For the quinoline 22, three cycles of sequential
optimization increased the ee of the final product from 8.9% to 81.3%. For
the substituted pyridine, six cycles of optimization increased the final ee
from 4% to 86%.

The efficiency of pyrimidine-based AAA was improved through the intro-
duction of a 2-methyl substituent in 24, (Scheme 6.8)’° but was dramatically
enhanced by incorporation of a 2-alkynyl group.”” The preferred alkyne
substituents were ¢-butyl in 25 or trimethylsilyl in 26, raising the ee in just a
single cycle from 5.5% to 69.6% for the former and 8.4% to 74.2% for the
latter. Under optimized conditions using cumene/toluene as the solvent, a
product of >99% ee could be amplified to five-fold the original mass in a
single cycle, retaining the same level of stereospecificity. For many years
afterwards, Soai’s heterocyclic autocatalysts remained the only successful
examples of AAA, and further developments (e.g. 27) would be largely based
on 2-alkynylpyrimidine substrates,”® (Scheme 6.8) with the more recent ex-
ception of pyridine analogs of 25 and 26.

H H o} H
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Scheme 6.7 Substrates that demonstrated successful AAA upon reaction with
Zn'Pr,.
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Scheme 6.8 (a) Reactants and (b) products in progressively more efficient AAA
reactions.

6.4 The Progression of Mechanistic Understanding
of the Soai Reaction

6.4.1 Background: The Catalyzed Reaction of Dialkyl Zinc
with Aldehydes

The Soai reaction provides a case of asymmetric synthesis benefitting from
NLE, and uniquely catalyzed by the reaction product. More generally, such
reactions are catalyzed by B-aminoalkoxyzinc reagents that are capable of
forming five-membered chelates, but they do not demonstrate AAA. The
most thoroughly studied system in this class is Noyori’s bicyclic DAIB re-
agent. When enantiomerically pure, it catalyzed the conversion of benzal-
dehyde to 1-phenylpropan-1-ol occurring in 98% ee.”® The efficiency led to a
detailed mechanistic study,®® a further quantification of NLE effects,*""** and
both ab initio and DFT analyses.®® There is a strong non-linear effect dem-
onstrated by reaction with Et,Zn reagent and 8 mol% (S)-catalyst (ee = 15%)
leading to (S)-product, ee =90%. Arising from the mechanistic studies, the
origin of amplification through NLE lies in the higher stability of the racemic
(R,S)-catalyst dimer compared to the homochiral (R,R) and (S,S)-dimers. The
racemic dimer is the major component in a rapidly equilibrating pool,
whereas the reactive form of the catalyst is the monomer (EtZn(DAIB)) based
on information from X-ray, cryoscopic, and kinetic measurements. X-ray
structures were obtained for analogous homochiral and heterochiral dimers
from ZnMe,, with the zinc atoms present in a (Zn-O-Zn-O-) square motif



110 Chapter 6

(a) Me Me (b) Me Me
M Ph
€2 Me Me2 O,___ it
Nl N / ‘,C
5 /Zn Me \\Zn‘, E \H
i \ \O O/ “E"
prig Me LA
Me”™ N\ /Zn'
N Me
Me, Et Et
Me

Figure 6.4 (a) The racemic [Zn-O], dimer (R=Me) from X-ray. (b) The transition-
state model for the preferred pathway from monomeric catalyst, min-
imizing Et/Ph contact.

(Figure 6.4). In toluene solution at concentrations relevant to catalysis, a
heterochiral dimer dominates; significantly, enantiomerically-pure mono-
mers are far less prone to association. The product-determining step in
Figure 6.4b is alkyl transfer occurring in accordance with steric constraints,
predominantly to the (S)-product.

6.4.2 Kinetic Approaches to the Mechanism of AAA

Soai’s first contribution to elucidating the kinetics of AAA involved reactions
at 0 °C or —45 °C and the following progress by analyzing aliquots from the
reaction mixture by HPLC. On the basis of the results obtained that showed
characteristic autocatalytic plots of [product] vs. time, and a pathway that is
second order in the autocatalyst was preferred.* In a later contribution
using the same methodology,®” the development of ee during AAA with
scalemic catalysts was followed. For three separate runs, the final ee was
slightly higher in practice than his model indicated. Hence the possibility of
product inhibition, where the catalytically active complex of the reactive
enantiomer is inhibited by the unreactive enantiomer, was suggested as an
interpretation compatible with Frank’s “mutual antagonism”.

6.4.2.1 Microcalorimetry

This technique measures the heat generated or lost in a chemical process.
The strongly exothermic Soai reaction, involving the exothermic conversion
of a Zn-C bond in the reagent to a Zn-O bond in the product, is an ideal
candidate. Blackmond and Brown showed that the rate of reaction was
consistent with the involvement of a dimeric intermediate; the reaction rate
for aldehyde and Zn'Pr, with enantiomerically pure catalyst 29 vs. time could
be superimposed on the same curve as an identical run with racemic
catalyst, with the former reacting at twice the rate of the latter. This clearly
makes the mechanistic pathway incompatible with a monomeric catalyst
(cf: ref. 80). With a scalemic catalyst, the curve could not be superimposed on



Reaction Mechanism in the Study of Amplifying Asymmetric Autocatalysis 111

those from either racemic or enantiomerically-pure runs. Taken together,
this led to their proposal that the active catalyst was dimeric, and the source
of AAA was the kinetic inertness of the racemic dimer with comparable
energies for the racemic and enantiomerically-pure zincates in an unbiased
and assumed rapid equilibrium. This process played the role of Frank’s
“mutual antagonist” that was necessary for amplification of ee as the re-
action progressed.®® Further constraints on the mechanism were placed by
the rate equation that was derived in Blackmond’s later paper that showed
dependency on [A]’[C]'[ZniPr,]°, where [A] is aldehyde and [C] is pyr-
imidinol. Two aldehydes together with a dimeric catalyst indicated a tetra-
meric transition state.®’

In later work using Gehring’s adamantyl-ethynyl reactant and in situ
prepared catalyst, some further observations were made. Using RPKA to
analyze the data,® the reaction order was confirmed, albeit with a fractional
best fit of [A]"°. The fractional order in [A] was attributed to an intermediate
stage in the catalytic cycle where the second aldehyde adds to an inter-
mediate that already includes the first one. Absence of Zn reagent from the
rate equation suggests its active participation only occurs after the first
irreversible step. These postulates were supported by further analysis of the
experimental data and discussion of the broader context.*’

6.4.2.2 IR

Denmark and Houk were encouraged by the fact that pyridine-derived en-
antiomerically-pure Zn alkoxides and those derived from alkanols exhibited
tetrameric structures by DOSY (vide infra, Section 6.5.1). They introduced IR
monitoring techniques for following the decay of the aldehyde C=O0 stretching
vibration at ca. 1700 cm™ . For aldehyde 33 (Scheme 6.9) as the reactant, a slow
decay curve exhibiting the hysteresis shape characteristic of autocatalysis was
observed. In the absence of added catalyst, a racemic product was formed.
With 34 of 42% ee as the catalyst, amplification gave 34 (R=Pr') of 82% ee
after five turnovers, verifying AAA activity (Section 6.4.2.1). A study of the scope
and limitations of AAA for related pyridine structures was conducted,

H OH
H
N| ~ e} Zn'Pr,, gas phase N7
~ " > | -
work-u
= N P = N
R R
35; R = Bu'CMey; chiral space group 36; R = Bu'CMe,
25: R = Bu'; achiral space group, 30; R = Bu!

enantiotopic faces

Scheme 6.9 A reactive substrate for pyrimidine AAA.
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demonstrating that substrates with F- or Me-substituents at the unoccupied
meta-position of 33 were also viable. A direct comparison showed that 33 re-
acted more slowly than pyrimidine 31. A closely related aldehyde to 34 (R =Et)
does not exhibit AAA under these conditions. Analysis of the reaction kinetics
was made cautiously but indicated that the reaction might exhibit a distinct
rate profile to that observed with pyrimidines, first-order in aldehyde. The
authors are cautious about over-interpreting their data but recognize the
mechanistic importance of inhibition by excess Zn'Pr, reagent.”

6.4.2.3 MS

Modern mass spectrometry provides a useful resource for research into the
reaction mechanism, particularly in organometallic chemistry.”" General
ES-MS techniques permit the accurate determination of the masses of
positive ions and allow insight into reactive intermediates in catalysis.””
MS methodologies had not previously applied to AAA, but Trapp and
co-workers have thoroughly demonstrated their potential.”® Positive-ion
ES-MS analysis is enabled by gas-phase protonation of a pyrimidine ni-
trogen atom. Zinc-containing ions are readily identified because each zinc
atom contributes five isotopes, four having a natural abundance of >4%.
The MS setup was calibrated up to 800 amu, permitting the analysis of
species up to trimeric for the zincate from 29 and dimeric for the zincate
from 30. By continuous sampling of the reaction (FTMS/APCI), a number of
ions were detected derived from mono-, di-, and trizincate species. From a
mechanistic point of view the two most significant were the di- and trizinc
hemiacetal species, identified by HRMS from parent and daughter ions.
As part of the same paper they obtained kinetic data, monitoring the decay
of aldehyde and the growth of product in the presence of 1% alcohol
of 99.9% enantiomeric purity by chiral HPLC. No loss of enantiomeric
purity in the product was observed over time and their derived rate equa-
tion was in accord with Blackmond’s results derived by microcalorimetry;
[A]*°[C]'[Zn'Pr,]°, [C] being the added pyrimidinol. The paper emphasizes
the importance of hemiacetal intermediates in the AAA catalytic cycle
and provides a mechanism where the trimeric intermediate fulfills a
catalytic role.

6.4.3 Computational Approaches to the Mechanism of AAA

The (Zn-0), square arising from Noyori’s X-ray analysis of homo-and hetero-
chiral dimers from the reaction between DAIB and Me,Zn was the preferred
initial building block for computations. The early DFT work of Gridnev and
Brown was designed to establish the relative energies of oligomers based on
the pyrimidine Zn-alkoxide monomer, with ZnMe, as the reagent to simplify
computation.® This work established two reasonable geometries for dimers:
square and macrocyclic with N-Zn-O coordination, the square dimer is the
more stable by 6.8 kcalmol '. At the tetramer level, at least five viable
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Cube 0.0 Ladder 18.9

N

SMS-Macrocycle 14.7 Barrel 0.2 Open Barrel 5.8

Figure 6.5 DFT calculations (gas-phase, B3LYP) showing the atom connectivity of
different ring frameworks in minimized structures, using ZnMe,; (ener-
gies quoted in kcal mol '). Reproduced from ref. 94 with permission
from the National Academy of Sciences.

structures were found (Figure 6.5). The cubic geometry suggested by
Noyori,*® being the one that is prevalent for simple Zn alkoxides in the CCDC
database, was calculated to be the structure of lowest energy. Barrel struc-
tures, where three or four extended links are made between two Zn squares,
were found to be of comparably low energy; the Open Barrel structure
with three links is coordinatively unsaturated. The Ladder variant where two
Zn-O squares are trans-disposed is disfavored. The Square-Macrocycle-
Square (SMS)" is likewise energetically disfavored, but otherwise an attract-
ive proposition because of the flexible macrocyclic ring with the potential for
substrate binding.

Related DFT calculations by Klankermayer et al. changed the perspective,
however. Zn'Pr, was used in these later calculations since it is the only ef-
fective reagent for AAA. This work demonstrated that the SMS tetramer
suffers far less steric strain than the Cube and other closer-packed tetramers
that all experience unavoidable steric clashes between iso-propyl groups.
This made the SMS-tetramer an attractive candidate for the structure of the
resting state in solution.””

Gridnev and Vorobiev carried out further computational studies, sup-
ported by low temperature NMR. These results form part of an ambitious
attempt to correlate all the available information on the Soai autocatalytic
pathway prior to 2012.°° This paper also systematically calculated the ener-
gies of potential intermediates in AAA, using the B3LYP functional, since

SSMS = abbreviation of square-macrocycle-square.
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this was in better accord with experimental observations on the relative
strength of Zn-O and Zn-N bonds than the M05-2x functional. The authors
analyzed the conformational flexibility of both homochiral and heterochiral
species by calculating the ground-state energies of accessible minima.
They conclude that distinct ground-state geometries can exist that dis-
tinguish the homochiral and heterochiral forms. The authors discuss the
possibility of barrel tetramers being involved in catalysis and consider it to
be less likely, based on their own low temperature NMR analyses. They
conclude on the basis of their experiments that the reaction pool of AAA
exists mainly as interconverting square dimers, with access to SMS
tetramers.

6.4.4 Spectroscopic Approaches to the Mechanism of AAA
6.4.4.1 NMR

DOSY is informative on RMM but alone provides no details of the underlying
structural framework. That information can be provided by other NMR ana-
lyses. Under conditions that are comparable to AAA reaction conditions, the
"H spectra are complicated by dynamic broadening and do not provide details
that define the preferred connectivity. Assuming that the catalyst needs to be
coordinatively saturated limits the structures that need to be considered and
additional information can be revealed by NMR. For the aldehyde alone, re-
agent binding is detectable by chemical shifts in "H and >N NMR spectra that
indicates the pyrimidine nitrogen is the binding site, weak at 273 K and best
measured at 213 K (Figure 6.6). Stronger binding of the zinc reagent to Zn
alkoxide was observed in separate experiments, where a comparable binding
constant of 5.5 mol~' was derived at 273 K. This indicates that under the
typical low concentrations employed for the Soai reaction, the zinc reagent is

largely dissociated from available pyrimidine sites.””*®
"H NMR shifts, 213K 5N shifts, 213K

&
a
£ 10
@ K=56M"
_z

00 : : " S - . "

0 1 2 3 0 1 2 3
[ZniPr],M [ZniPr), M

Figure 6.6 Weak association of aldehyde with Zn'Pr,, by NMR titration at low
temperature. Reproduced from ref. 986 with permission from Springer
Nature, Copyright 2008.
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The reagent binding experiments do not provide information on the so-
lution state of the catalyst, although that may be deduced from dynamic
NMR experiments on a racemic mixture, shown in Figure 6.7. At 323 K and
below, two signals are observed in the aromatic region that correspond to
two species, homochiral and heterochiral, at comparable concentrations.
These are in rapid equilibrium at higher temperatures through a
dissociation-recombination mechanism. Although the dynamic behavior is
compatible with a dimeric structure, the DOSY results require a tetramer.
The (R,R,R,R)-tetramer has a pair of pyrimidines that form part of the mac-
rocyclic ring and a pair that are pendants. On the NMR timescale at tem-
peratures where autocatalytic turnover is efficient there are just two
magnetic environments for the pyrimidine, implying that any conforma-
tional equilibria in the macrocycle are rapid.

In further experiments, the comparative dynamic behavior of the homo-
chiral and heterochiral Zn alkoxides was analyzed in both THF and toluene
by "H NMR. In THF, where AAA does not function, sharp signals were ob-
served for the heterochiral species, but the homochiral species was broader.
At low temperatures in toluene, concentration-dependent line-broadening
reveals further associative reactions involving the homochiral tetramer;
above RT a dissociation/recombination process governs site exchange be-
tween homo- and hetero-chiral forms, as shown in Figure 6.7.

Using the 1-adamantyl aldehyde 33, where there is a high degree of
solubility over a wide temperature range, the progress of AAA was followed
by NMR in toluene-dg.” Significant line broadening was noted that limited
the scope, but as the reaction progressed there were marked chemical shift
changes associated with the ZnCH signal; plotted over time a hysteresis
curve that tracked the progress of reaction was followed. An anomalous

ka s JL
338K 8.5s" J\/L

8.55 8.30 8.55 8.30
8, ppm o, ppm

5%

Figure 6.7 Samples from the "H DNMR analysis of racemic catalyst from 24 in
toluene-dg, showing site exchange between the homochiral and hetero-
chiral components.
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signal consistently appeared at the onset of the burst phase and disappeared
before the reaction was complete. The most evident signals were in the
6 ppm region of the "H spectrum and identified as a trimeric acetal moiety
from spectral correlations. At 253 K this transient persisted (¢, ca. 1 h) and
at 233 K it persisted throughout the reaction and involved >10% of the
product; warming to RT after completion of AAA led to disappearance of all
associated signals and regeneration of two equivalents of starting aldehyde,
indicating that the zinc hemiacetal species is thermally labile. This reactive
species was analyzed further by Gridnev,'?’ with the reasonable conclusion
that a reaction between transiently-formed square dimer species and alde-
hyde reactant is responsible for the appearance of the observed acetal sig-
nals. Any requirement for the independent existence of a square dimer is
significant and is in accordance with DNMR observations, since it implies
that the overall AAA reaction is more complex than a simple templating of
four reactants by a tetrameric product.

6.4.5 X-ray Crystallography for Mechanistic Insights into AAA
6.4.5.1 X-ray

Crystallization and X-ray analysis indicate the feasibility of a postulated
species in catalysis rather than defining its precise role in the catalytic
cycle. This has the potential to provide the most important advances in
understanding of a catalytic mechanism. For this reason, the structures of
tetrameric Zn alkoxides reported by Matsumoto and Soai give confidence to
the proposals that have arisen in the course of NMR and DFT studies.'®"'??
Together with one ZnEt, analog, six related structures were completed, all
requiring either crystallization in the presence of excess reagent or THF in
addition to the hydrocarbon solvent. These structures were derived from
both enantiomerically-pure alkoxide and racemic alkoxide. All the tetra-
mers possess the SMS-framework as a core; a combination of (S,S) and (R,R)
dimeric units are observed in the racemic cases. Additional Zn'Pr, in the
structures is mainly coordinated to the free pyrimidine lone pairs. Different
structures reveal distinct conformations of the macrocyclic component
unit, that alter the way the two (Zn-0), squares are disposed to one an-
other. In the homochiral tetramer, they are syn-related, but they are anti-
related in the heterochiral tetramer. The syn-form possesses a cavity that
can accommodate the substrate, and exocyclic pyrimidines able to bind the
reagent. This combination permits a low energy reaction pathway for
product formation, but only for the homochiral tetramer, and this struc-
ture is in accord with the model proposed by Denmark and Houk on
the basis of their DFT calculations. The variations in the core structure
between different crystals suggest a high level of conformational mobility
for the tetrameric species in solution (Figure 6.8). It is notable that only the
simple homochiral tetramer has syn-related square dimers that would en-
able it to function as a catalytic pocket for AAA turnover.
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Enantiopure
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Figure 6.8 The central core atoms of the two Zn'Pr, complexed tetramer structures
and the two THF-complexed Zn'Pr, complexed tetramer structures.
Models were based on the CCDC X-ray coordinates for structures
1420664, 1420666, 1420667, and 1477025.'°1:102

6.5 Current Understanding of the AAA Catalytic Cycle

6.5.1 Molecular Weights from Diffusion-ordered
Spectroscopy

Among the methods available for measuring RMM' values in solution,
diffusion-ordered NMR spectroscopy (DOSY) is convenient and rapid. In a
solvent of known viscosity, the procedure estimates the hydrodynamic ra-
dius of a large molecule at a given temperature that can be converted into
molecular weight according to the Stoke-Einstein equation. The standard
procedure assumes that the analyte is a sphere and results are normally
standardized by including compounds of known RMM;'%* more detailed and
precise methods are currently accessible.’® Estimates made in this way for

YRMM = reduced molecular mass.
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the RMM of the resting state in AAA are in accord with a tetrameric structure,
independent of the temperature.

The tetrameric zincate from 31 that is proposed to be the resting state of
AAA has an RMM of 1423 and the zincate from 32 has an RMM of 1672.
When DOSY measurements were made in toluene at 233 K and compared to
mono and dimeric porphyrins of known molecular weight the results, based
on the assumption of tetrameric zincates, fit very well when diffusion co-
efficients from DOSY measurements in toluene at 233 K (Figure 6.9). This is
in accord with results obtained at 298 K (see ref. 98, Figure 8). Early DOSY
results that were obtained for the Zn alkoxide derived from alkanol 29 by
comparison with cubic (iPan—O)4 suggest that it is also more aggregated
than dimeric.'*

Denmark and Houk recognized the need for systematic analysis of the
structural constraints required for AAA, and synthesized a series of analogs
of Soai’s pyrimidinols, varying the aromatic ring and considering both
ethylzinc and iso-propylzinc-derived species. After reaction with ZnR,
(R=Et, 'Pr), DOSY analysis (vide infra) was used to establish RMM values
for the zinc alkoxides. With additional NMR experiments, they established
that the trimethylsilylalkynyl analog of 34 was an SMS-tetramer.'®

Whilst there is a reasonable consensus on a tetrameric structure for the
pyrimidine Zn alkoxide at equilibrium in both solution and the solid state,
there is less so for the catalytic species involved in the first irreversible step
of AAA. If the reaction is first order in a catalyst that is tetrameric, it places
constraints on the entities that may be involved. Any rapid equilibration, for
example dissociation to dimers that are the catalytically-active entity, must
occur without perturbing the concentration of tetramers significantly in
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8 062
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Figure 6.9 Results from the DOSY analysis of the iso-propylzincates from 31 and 32.
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order to retain the defined kinetic order in the catalyst. NMR observations
indicate that the equilibrated resting state is dynamic in toluene solution
over most of the temperature range that AAA is effective. This means that
further insight is only readily obtained through kinetic analysis or compu-
tation, or by selective irreversible trapping of transient intermediates. Once
the first monomeric Zn alkoxide is formed from the aldehyde substrate in a
new cycle of catalysis, it must accumulate three further aldehyde molecules
to create a new tetramer. This can occur either through further dimerization
of an intermediate dimer or by sequential aggregation steps. The model
arising from Blackmond’s microcalorimetry limits the range of possible
pathways, since it requires the involvement of two aldehyde moieties and
one Zn alkoxide in the first irreversible step without participation of
Zn'Pr,.""” This puts constraints on the structure of the resting state but also
on the species involved in the first irreversible step of the AAA cycle, since a
concentration-dependent dissociative process would deviate from first-order
kinetics unless the equilibrium strongly favored the tetramer. The DNMR
results demonstrate rapid intermolecular exchange between equal partners
that are assembled from two homochiral dimer units and the heterochiral
tetramer must be assembled by pairing (R,R)- and (S,S)-dimers. Additionally,
3:1 aggregation of stereoisomers is disfavored. The overall outcome is
compatible with a predominant tetrameric model for both homo- and
hetero-chiral forms retained through the catalytic cycle. Even at the time
when it was considered that dimers were the resting state in solution, a
tetrameric catalyst with SMS structure was suggested. At the time of writing,
SMS is the best candidate for the AAA catalyst structure in solution, but
access to other conformations (and alternative pathways for AAA catalysis)
cannot be ruled out. These considerations apply equally to the more complex
chemistry discussed in Sections 6.6 and 6.7.

From an alternative earlier viewpoint, Ercolani and Schiffino proposed
that a dimeric autocatalyst model underestimates the observed ee increase
as AAA proceeds, when starting with an autocatalyst that was initially of low
ee. This led them to consider a trimeric species as a precursor to a product of
Barrel structure. When their DFT studies failed to provide a viable pathway
for that route, they explained the progression of ee during AAA in a manner
analogous to Noyori’s reservoir model that they named the “extended
dimer”. In this, the favorable production of racemic over enantiopure tet-
ramers is hypothesized as the existence of an inactive tetrameric reservoir,
with a suggested contribution from both SMS and Barrel tetramers
(¢f. Figure 6.5).'%°

6.6 Phase Variation in AAA

Autocatalysis with Zn'Pr, condensed directly from the vapor phase provides
interesting results. Kawasaki and Soai grew large crystals of aldehyde 35 that
crystallized in the P1 space group with enantiotopic faces. When subjected to
Zn'Pr, vapor an AAA reaction took place through the exposed single crystal
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surface and it was established that an excess of (R)- or (S)-product 36 was
formed predictably from each crystal, depending on whether the (001) or
(001) face was the one exposed to reagent vapor. ee values for the single stage
process without any bias beyond the exposed surface were in the 15-67%
range.'”” In more recent work, similar experiments were conducted by ex-
posing large crystals of aldehyde 25 to the vapor of a solution of Zn'Pr, in
toluene (Scheme 6.10). This compound crystallizes in an achiral space group
but with identifiable mirror image plane faces. When only one face is ex-
posed to the reagent, AAA occurs to give an excess of one hand; the other face
gives an excess of the opposite hand. When random crystal faces are ex-
posed, the result is consistently stochastic, with low ee.'"’

Amedjkouh conducted reactions directly between Zn'Pr, vapor and pyri-
dinal 33 (Scheme 6.11) in toluene at 0 °C and observed enantiomerically-
enriched products without any additional source of chirality involved. Along
with the normal AAA product formed in moderate ee a complex mixture of
side-products was formed through an intermediate hemiacetal formed from
the aldehyde and zinc alkoxide, followed by further aldehyde capture.
The main final products are an ester, as a result of MPV-like hydride transfer

H OH

) H

N| ~ O  Zn'Pry, gas phase N7

— \
ol o
= N work-up a
R
R
35; R = Bu'CMey; chiral space group. 36; R = Bu'CMe,
25; R = Bu'; achiral space group, 30; R=Bu!

enantiotopic faces.

Scheme 6.10 Solid-gas reactions with controlled access to defined crystal faces.
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Scheme 6.11 Side-reactions arising from the formation of a hemiacetal 38 and
subsequent redox chemistry.

Bu'

Bu! Bu'



Reaction Mechanism in the Study of Amplifying Asymmetric Autocatalysis 121

from the hemiacetal to the substrate together with the ketone formed by
oxidation of 37 in the hydride transfer step; both possess a maximum ee
of 74%.""!

6.7 The Sensitivity of AAA to Internal and External
Factors

Within the first few years of the initial discovery, the extreme sensitivity of
Soai’s AAA to initiation by triggers of low ee became clear. Starting with the
product (R=Me) of 0.018% ee, three in situ cycles of catalysis with the cor-
responding aldehyde substrate led to further product of 87%% ee."'* Later on,
a similar experiment using the analog (R = Bu‘C=C-) with 0.00005% ee (one
molecule excess in 100 000) three in situ cycles led to product of 99.5% ee
invariably defined by the configuration of the enantiomer that was initially in
slight excess.""® The high level of response of AAA had already led to reports of
spontaneous asymmetric synthesis (vide supra). The sensitivity is not re-
stricted to the added autocatalyst, since the presence of a wide range of chiral
solutes at low concentration and low ee leads to effective AAA that repro-
ducibly gives a single enantiomer of product. The sense of asymmetric in-
duction was consistently dictated by the initial configuration of the additives,
present in 0.15% ee, that included mandelic acid, methyl mandelate, butan-
2-0l, or N,a-dimethylbenzylamine. The autocatalytic products were produced
in 38-85% ee."'* Partially resolved [5]- or [6]-helicenes are also effective trig-
gers for pyrimidine AAA even at ee’s below 1%, with the (aS)-enantiomer
leading to (R)-alkanol, and the (aR)-enantiomer to (S)-alkanol; thiahelicenes
gave similar results."'>"' The selective photodegradation of racemic leucine
by CPL is an effective trigger for AAA.""” Insoluble solids,"*®'*® where the
chirality at an exposed crystal face can act as a trigger for AAA are also
effective, exemplified by powdered quartz or sodium chlorate.

The relationship between the configurations of trigger compound and
autocatalytic product depended on the trigger in a way that was not well
understood. Allowing two very similar triggers of opposite configuration, at
identical concentration in toluene, to compete in initiating AAA produced
interesting results that could not be fully rationalized. Further work to elu-
cidate the origins and better understand the role of triggers followed."*°
Chiral and achiral B-aminoalcohols, that might be expected to compete with
pyrimidinols for sites in the AAA catalyst, were employed.'?" The effective-
ness of switching an (S)-directing autocatalyst to the (R)-pathway was judged
by the ratio of achiral trigger 40 to chiral trigger 41 at the inflexion point,
with lower values indicating a more powerful response, with R =n-Bu the
most effective (Scheme 6.12). The structures of triggers that are effective in
reversing the stereochemical course of autocatalysis suggests the possibility
that the trigger competes with a pyrimidinol monomer for sites in the
catalytic aggregate. The resulting mixed species produces the opposite en-
antiomer of product to unperturbed autocatalyst. The switching efficiency of
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Scheme 6.12 Triggering autocatalysis whilst varying the composition of a mixture of
enantiomerically-pure and achiral f-aminoalcohols.

the achiral component is indicated by the inflexion point where the product
configuration switches from >95%(R) to>95%(S); the lower the more effi-
cient. Similar observations were made through variation of the relative
proportions of two chiral triggers, one (R), the other (S)-directing."*

Amedjkouh examined the possibility of AAA occurring with the pyridine
analog 33 of pyrimidine 25, but this was not observed under their con-
ditions. With added enantiomerically pure pyrimidinol 30 as the catalyst,
using an inverse addition protocol such that the concentration of free Zn'Pr,
remained low, 33 reacts in competition with 25. Pyridine 33 reacts the faster,
and to a higher final ee than pyrimidine 25. Under their conditions, the
pyridine did not demonstrate AAA independently, but this was induced by
co-reaction with the pyrimidine. Using enantiomerically-pure pyrimidine as
a trigger, a range of substituted pyridines react to give amplified product in
high ee 123,124

The response of Soai’s autocatalytic reaction to extremely low concen-
trations of added Zn reagent was tested both by Singleton,"** and by Gridnev
and Brown."?>'?” Results from the latter work that include both experiments
with controlled reverse addition of Zn'Pr, reagent to (S)-alkanols and in the
presence or absence of trace alcohol are shown in Figure 6.10. Above 1 UM,
the results show a lowering of product ee with decreasing concentration, but
with reasonable run to run reproducibility. The lowest concentration of
homochiral catalyst was 0.5 pM, and at this level the response is more
random, although (S)-catalyst always gives (S)-product. Without a catalyst,
the results show stochastic behavior.

Sensitivity is tested to the limit by isotopically chiral triggers. Examples of
the effectiveness of H (partially CHjz-deuterated N-benzoyl-2-methylala-
nine),"*® *C (Mono *CH;-2-phenylpropan-2-ol),'** and *®0 isotopic chirality
in defining the product configuration of AAA have been recorded. The results
with single enantiomers of 1-'®0-diphenyl-1,2-ethanediol are striking.
Dropwise addition of aldehyde and Zn'Pr, to a 1% solution of the trigger in
toluene at 0 °C gave a product of 75-98% ee, over eighteen examples; after
three cycles of amplification with all-(S) product from (R)-configured trigger
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Figure 6.10 Studies of AAA at very low concentrations of added (S)-alkanol catalyst
(®) and without added catalyst, (O). Adapted from ref. 126 with
permission from the Royal Society of Chemistry.
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Scheme 6.13 Sensitivity of the Soai reaction to isotopic chirality. The shaded part
indicates the preferred isotopomer in the proposed inhibitory
intermediate.

and all-(R) product from (S)-configured trigger."*® Since AAA is sensitive to

isotopic chirality, the process must reveal a KIE whose origin should further
explain the phenomenon.

Blackmond studied an '*0-enriched enantiomerically-pure alcohol that
acts as initiator of AAA and concluded that the stereochemical control of AAA
in its presence was governed by stereoselective complexation of initiator 42
with the autocatalyst. The hypothesis was supported by NMR observations
on the reaction mixture containing the resulting 2 : 1 complex 43 and by DFT
calculations.” Since the energy involved in discrimination must be ex-
ceedingly small, the limit was tested by gradual reduction of the enantio-
meric purity of added (R)-directing initiator until the response was stochastic
rather than weighted to (R)-product (Scheme 6.13). On this basis the energy
required for chiral discrimination by the initiator was estimated at being
within the range 1.5x10~” to 1.5x10~® k] mol . Although tiny, this is some
orders of magnitude greater than the influence of parity conservation, and
currently provides an impressive model for the extreme sensitivity of the Soai
reaction.'*?
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7.1 Introduction

The long-standing objective of organic chemists has been to achieve total
asymmetric synthesis in a homogeneous reaction system,'™ and in the absence
of an external chiral induction. This dream came true after Soai’s discovery.* The
Soai reaction, the addition of diisopropylzinc to prochiral pyrimidine carbal-
dehydes (see Scheme 7.1), yields unprecedented biases from the racemate (see
ref. 5-9 and references therein). The chiral induction is exerted by the same final
chiral product acting as an enantioselective catalyst, and this means that the
Soai reaction is an autocatalytic enantioselective reaction.
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Scheme 7.1 Principle of the enantioselective autocatalysis of the Soai reaction.
Initial carbaldehyde and final alkoxide form a diversity of oligomeric
complexes with diisopropylzinc. These complexes may be chiral and
nowadays it is widely accepted that some of them act as enantioselective
catalysts and that additional heterochiral coupling reactions between
oligomers, containing the final chiral alkoxides, form a Frank-like
reaction network (ref. 10) yielding spontaneous mirror-symmetry
breaking (SMSB).

The first efforts to study the Soai reaction were aimed at inferring the
mechanisms showing autocatalysis (see Box 7.1). It was realized that this is
not a simple direct autocatalysis,"" but rather one implying a complex
reaction network of intermediates (see Section 7.3). The high exergonicity
of the alkyl Zn(u) addition to the carbaldehyde points to kinetic control of the
reaction before the reverse reaction has had time to racemize the alkoxides.
Therefore, the reaction outputs should correspond to transient stationary
states.

Several characteristics of the Soai reaction point to a quite different
thermodynamic scenario than that of the common asymmetric inductions
of organic synthesis. This is an energy dissipative chemical system (see
Box 7.2), where the final non-equilibrium stationary state (NESS) does not
have the racemic composition: the expected racemate is an unstable NESS,
and there is an energetically degenerate enantiomeric pair of scalemic
NESS’s, which have high enantiomeric excess (ee) values (see Section 7.2).
This is an unfamiliar feature compared to the common enantioselective
kinetic control of classical asymmetric synthesis. The experimental
example of the Soai reaction agrees with a scenario of irreversible non-
equilibrium thermodynamics, where a reaction network showing higher
order nonlinear enantioselective autocatalysis (Box 7.1) operates at far
from equilibrium conditions (Box 7.2). Then, beyond a critical value, an
increase in the entropy production converts the racemic NESS into an
unstable stationary (saddle) point, from which, by the effect of a chiral
fluctuation (Box 7.3), the system evolves towards the corresponding stable
scalemic NESS.

In summary, nowadays all rationalizations of the Soai reaction consider a
reaction network similar to that of the Frank mechanism'® (first-order au-
tocatalysis coupled to a heterochiral reaction coupling, called the mutual
inhibition step) in which enantioselective autocatalysis and mutual inhib-
ition are provided by the involvement of oligomeric intermediates
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Box 7.1 Reaction mechanisms which potentially may yield SMSB

Reaction with linear kinetic dependences on the enantiomers. A common
transformation from achiral to chiral products, reversible or irreversible,
as for example:

A+BsD(L) or A+B-D(L),

can only lead to the racemate in the deterministic limit and in the
absence of any chiral polarization.

Reaction showing enantioselective autocatalysis (enantioselective
non-linear dependences). When the transformation from achiral to chiral
is autocatalytic, the growth dynamics follows'” either reversibly (left) or
irreversibly (right):

A+B+nDs(n+1)D(L) or A+B-+nD—(n+1)D(L).

The outcome of this reaction depends on the nature of the system and on
the autocatalytic order.

If the autocatalytic order is sufficiently high (n>1),

In closed systems in equilibrium with their surroundings, the reversible
reaction (left) yields the racemate, while the irreversible one (right) may
show racemic biases even if the initial conditions start from extremely low
enantiomeric excesses:'>'* unavoidable initial stochastic fluctuations
from the racemate are more efficiently transferred in the deterministic
limit of the transformation. For the case of a reversible reaction, but
sufficiently exergonic, some transient chiral excursions may be detected.

In open far from equilibrium systems, even the reversible transformation
may lead to scalemic non-equilibrium stationary states (NESS’s)
(see Box 7.2)."

If the autocatalytic order is too low (n<1) scalemic NESS’s cannot be
obtained. This is the case, for instance, of first-order autocatalysis (n=1)
which requires coupling with other enantioselective reactions'" in order
to yield SMSB and to achieve the enantiomer growth dynamics up to
observable levels.

(Section 7.3). Furthermore, the thermodynamic scenario for SMSB is that far
from equilibrium thermodynamics. Figure 7.1 attempts to describe the
confluence of these two topics in the discussion of the Soai reaction. This, in
open systems, should lead to final stable NESS, but in closed systems to
transient stationary scalemic states of similar composition. On the basis of
all these considerations and on the basis of previously reported reductionist
models (Section 7.2), the design of realistic models (Section 7.4) should be
possible.
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Box 7.2 Soai reaction as a bifurcation in a dissipative system

Open system. The characteristic methodology of the Soai reaction of
successive additions of reagents to the exhausted reaction outcome, in
order to achieve the amplification to higher ee values, is an approxi-
mation to an open flow reactor, such as previously reported.">'® There-
fore, the understanding of the reaction is more suited to the framework of
systems open to matter exchange.

Dependence on the boundary conditions. The reaction exhibits high
sensitivity to the reaction parameters, the total chemical mass being an
important one, and to the boundary conditions. This means for the same
reaction mechanisms, that the final reaction outcome may be a racemic
or a scalemic mixture depending on whether the system parameters
achieve or not the value of the critical entropy production for the
bifurcation.'”

Stochastic distribution of chiral sign between experiments. In the absence
of any external chiral polarization, the spontaneous mirror-symmetry
breaking (SMSB) in the Soai reaction must lead to a stochastic distri-
bution of chiral signs between experiments, due to the stochastic distri-
bution of chiral signs of the fluctuations (see Box 7.3). On the contrary,
under chiral polarization, acting at the bifurcation point,'” the SMSB
leads to a deterministic chiral sign.

Box 7.3 Effect of fluctuations in the bifurcation scenario

Chiral compositional fluctuations take the system away from its saddle
point and the unstable racemic NESS. By their nature they are stochastic,
and therefore must lead to a stochastic distribution of chiral signs
between experiments. Early reports on the Soai reaction showed biases
from the expected 50%/50% bimodal distribution of opposite chiral
signs between experiments. However, later reports had shown how the
stochastic distribution of chiral signs between experiments may be ob-
tained by optimizing and controlling the experimental conditions.'®
Sensitivity of cryptochiral inductions. The Soai reaction shows un-
precedented sensitivities to very weak chiral inductions. For example,
those of asymmetric centres arising from isotopic substitution (*H/*H,
but also *C/**C, '°0/*®0, and "*N/*N)."*** This is the confirmation of
previous theoretical reports indicating that a very small chiral polarization
may convert a perfect bifurcation into an imperfect one,'” i.e., different
experiments would lead always to the NESS of the same chiral sign.
From a factual point of view, such evolution appears as a chiral amplifi-
cation, but it is a consequence of the instability of the racemic NESS of the
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evolution towards a stable NESS. Note that such an effect of a cryptochiral
polarization is a selection of the chiral sign but not an asymmetric in-
duction, because with or without the chiral polarization the final NESS is
always chiral and practically of the same absolute ee value. It is only the
distribution of the final chiral signs that differs.

The effect of cryptochirality in the Soai reaction would be also mani-
fested, not only by a cryptochiral substance, but also by the presence of
chiral compounds at very low concentrations. In our opinion, the first
Soai reaction reports show a divergence from the stochastic bimodal
distribution of chiral signs that is probably due to traces of chiral
contaminants.®

IRREVERSIBLE THERMODYNAMICS

REACTION MECHANISMS

Enantioselective Autocatalysis
plus Enantiomeric Mutual Inhibition
(Box 7.1, Section 7.3)

SOAI REACTION

Figure 7.1 Main elements to be considered for the understanding of the Soai
reaction.

7.2 Reductionist Frank Models of the Soai Reaction

The main features of the Soai reaction can be summarized in three points:
(i) the Soai reaction leads to random outcomes of the chiral sign'®**7
starting from the tiny statistical chiral fluctuations about the ideal racemic
composition,”®?*” (ii) extremely small chiral polarizations, such as those
furnished by isotopic enantiomers®>**! are sufficient to determine the
chiral sign of the final reaction outcome, and (iii) the experimental pro-
cedure, based on sequential reactions where the reaction product is used in
the next reaction stage, leads to amplification of chirality from initial ex-
perimentally undetectable ee’s to final ee values close to homochirality.'®**
These features (see Boxes 7.2 and 7.3) have inspired kinetic modeling efforts,
based on the Frank reaction network'® with enantioselective autocatalysis
(see Box 7.1) and mutual inhibition, and which have successfully reproduced
the variety of the striking phenomena observed in the Soai reaction.***?
We discuss briefly selected results from two reductionist approaches.
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7.2.1 Models of Rivera Islas et al.

The kinetic models defined by Rivera Islas et a are summarized in
Table 7.1. Model 1 represents the minimal set of processes that can repro-
duce qualitatively the main features of the Soai reaction. Reactions 3-5
coincide with Frank’s original model, whereas 1 and 2 allow for the direct
production of the enantiomers. Model 2 aims at more chemical realism by
including the organozinc reactant Z in steps 1'-4’ as well as the reversible
formation of the heterochiral (6) and homochiral dimers, 7-8. Lastly, Model 3
allows for the possibility of replacing the monomer-catalyzed steps 3’ and 4
by dimer catalysis in 9 and 10. Model 3 includes the steps 1, 2/, and 5-11.

The minimal Model 1 leads to a large racemic bias in a bifurcation
scenario (see Figure 7.2) under batch conditions in which any kinetic
parameter or achiral substrate concentration can drive the system into
either a racemic or scalemic state from achiral initial conditions. The
amplification strength depends on the ratio of heterodimerization to
enantioselective autocatalysis: (k,/k;). The enantiomeric excess is defined
as  ee = ([Rlwt — [Sleot)/([Rltot + [Slot), where [S]we=[S]+[RS]+2[SS], and
similarly for [R]io. As shown in Figure 7.2 the bifurcation threshold depends
on the mutual inhibition rate constant (k,) and the value of the initial ee,.
For curve A no chiral catalyst was added, for curve B, ee,=1%, curve C,
eep=10% and curve D, ee,=—1%. Note, for strictly racemic initial con-
ditions, the expected final outcome must also be racemic, so that the results
in curve A are a consequence of the numerical round-off error. Hence,
beyond the bifurcation threshold the final outcome of a positive or negative
ee is random (curve A). Simulations for which this numerical noise is
suppressed are presented in Section 7.2.2.

Model 2 behaves almost identically to Model 1 in so far as reproducing
the mirror-symmetry breaking and the amplification of ee are concerned.
By contrast, regarding parameter fits, the monomeric model requires a
homodimer vs. heterodimer energy difference of 6.3 kcal mol " while for the
dimeric model the requisite is only 2.7 kealmol ™', with the heterodimer
being more stable. Figure 7.3 shows a fit to the aldehyde concentration
during a one-step Soai reaction.?

A

Table 7.1 The kinetic models proposed by Rivera-Islas et al.>* based on Frank’s
scheme.'® Forward and reverse reaction rate constants are indicated by
the ordered pairs: (k¢or, kiey)-

Model 1 Model 2 Model 3
A—R (ko) [1] A+7Z—R (k) [1] A+Z+RR—-R+RR (k) [9]
A8 (ko) [2] A+Z—S (k) [2] A+Z+SS—S+SS (k) [10]

A+R—-2R (k1) [3] A+Z+R— 2R (k) [3] A+Z+RS—0.55+0.5 R+RS (k) [11]
A+8-2S (ki) [4] A+Z+S—2S (k) [4]
R+S—RS (k) [5] RS—>R+S (ks3) [6] Model 3 includes steps 1’, 2’ and 5-11.
R+ R RR (kg k5) [7]
S+SSS (ks ks) [8]
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Figure 7.2 Mirror-symmetry breaking and amli)lification of ee in Model 1. [A],=

Aldehyde concentration (M)

Figure 7.3

1M, kg=10"° M 's ™%, k;=1 M 's ' Curve A, racemic initial con-
ditions: [R]o =[S]o = 0; curve B, [R]o = 5.05x10 > M, & [S], =4.95x10 > M
(1% catalyst, ee = 10%); curve C, [R]o=5.50x10"> M &[S], = 4.50x10 > M
(1% catalyst, ee = —10%); curve D, [R]o=4.95x10 > M &[S], = 5.05x10 > M
(10% catalyst, ee = —1%). Reproduced from ref. 32 with permission from the
National Academy of Sciences.
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Evolution of the aldehyde concentration during a typical Soai reaction
(open circles). Fit by Model 2 (continuous line) and by Model 3 (broken
line). Initial concentrations (M): [A]=1.92x10 > & [Z]=0.04; rate par-
ameters Model 2 (Model 3): ky=5.2x10" g3.7x10’3) M s k=69
M ?s ! (ks=154 M 25 ), k;=2.1x10 " M s, k, = 4.5x10° (9.2x10°)
M s k3 =5.2x10% (6.4x10 %) s ky=4.8x10° (1.1x10%) M s
ks =21 (6.4x10"*) s '. Reproduced from ref. 32 with permission from the
National Academy of Sciences.
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We remark that more detailed dynamical perspectives show that the
simplified reductionist direct autocatalysis, such as, e.g. A+ B— 2B, actually
derives from a more involved autocatalytic cycle in which dimers, trimers,
and tetramers are implicated (see Section 7.4). In this approach, the hetero-
oligomers provide the self-inhibition.>* Comprehensive kinetic analyses of
autocatalytic cycle models based on the various oligomeric orders of the
assumed catalytic species have been carried out in ref. 35.

7.2.2 Models of Crusats et al.

Fully reversible reaction networks in closed systems, based on the Frank
model,'® and in the absence of any chiral polarization, have been considered
in detail, see Table 7.2 for the reaction scheme and the corresponding
thermodynamic constraint.*® First, we point out that the network (I) + (II) by
itself cannot explain SMSB of the Soai reaction, because it is unable to
amplify chirality from an initial enantiomeric excess®® (see also Box 7.1). The
case of limited enantioselectivity (I)+ (II) + (III) does no better. In either
open or closed systems, this network can only lead to stable final racemic
states, and as a consequence of the thermodynamic constraint. By contrast,
the network (I) 4 (II) + (V) (Frank model) may lead to a kinetically controlled
SMSB. The amplification by (II) of the initially low non-linear effect of (V) is
greater when the initial total concentration of catalysts is low. This implies
that the sequential reaction procedure of the Soai reaction works well when
it is carried out not only for constant initial concentrations of A and B, but
also when the dilution of the previous outcome is performed.'®** Soai’s
repetitive sequential reaction procedure uses the outcome from one reaction
as a catalyst for the next reaction. Indeed, in order to increase the ee value of
the reaction to significant values, the Soai reaction uses a sequential reaction
procedure: the exhausted final reaction mixture is used for a new reaction
batch at the same initial conditions. However, this works well only under
dilution of the previous batch of the reaction: either by using a larger
reaction volume (generally 1:10) or by using only a small aliquote of the
previous reaction product.>**® The point is not intuitive, but it is a simple

Table 7.2 A and B are two achiral reactants. The reversible reactions are (I): direct
production of enantiomers L or D, (II) enantioselective autocatalysis, (III)
non-enantioselective catalysis, (IV) homodimerization, and (V) heterodi-
merization. Inset: Thermodynamic constraints that relate (I), (II), and (III)
through their corresponding (forward, reverse) reaction rate constants

(kf’kr)-
Reactions Thermodynamic constraint
A+B<—>L,A+B<—>D(k1,k71) (I) kl o kz o k3
A+B+Le2L, A+ B+ D 2D (kyk ) (I1) k. ko ks

A+B+LoL+D,A+B+DoD+L (k,k_3) (III)
L+L<LL, D+D«DD (ky,k_s) (IV)
L+ D LD (ks,k 5) (V)
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consequence of the non-linearity of the autocatalysis. Such as that noted by
other authors,'® this behavior is a consequence of the fact the typical
sequential methodology of the Soai reaction is an approximation to an
open flow reactor system."®

Figure 7.4 indicates how a significant ee; would be obtained following the
dilution procedure after 6 sequential reactions, but not for a repetitive
procedure involving only the addition of new reagents A and B. In the latter
case, the value of ee; remains below the limits of experimental detection.
This behavior is in agreement with the experimental reports that have led to
the optimization of the work-up of the Soai reaction.'®?*?>®

The role of the limited enantioselectivity and homodimerization reactions,
(I11) and (IV), respectively, when included in the Frank model, (I) 4 (II) 4 (V),
can be appreciated in Figure 7.5. The formation of the homodimers 1. and o,
(Iv), does not change the maximum value of ee, value are lower than for the
basic network: compare the curves (b) and (d). The purpose of the formation
of the heterodimer b, (V), is to increase the ee by racemate elimination.

100 o

ee; (%)

0,01

0,0001

10°®

10-5 I 1 1 1 1 J
0 1 2 3 4 5 6

number of sequential reactions

Figure 7.4 Evolution of ee, by a sequential repetitive asymmetric amplification in a
system (I) + (II) + (V) (see Table 7.2) with a low exergonic formation of LD
(Ky=10); [Alo=1 M, [Blo=1 M, &k =1x10">, k_;=1x10"", k,=1,
k_,=1x10"", ks=1x10° k_5=1x10". The first reaction starts with an
initial ee, below that corresponding to the inherent statistical deviation
of the racemic composition (log scale). The dashed line corresponds to a
procedure without dilution of the previous reaction outcome and the
solid line to a procedure where the reaction volume is increased by a
factor of ten in each new reaction (see the text for an explanation).
Reproduced from ref. 33 with permission from John Wiley & Sons,
Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.



138 Chapter 7

100

80

60

6‘91 ! (yO

40

20

1 1

0 1 2 3 4 5

Number of sequential reactions

Figure 7.5 The change in ee, (defined in Table 7.1) versus the sequential reaction
work-up (1:10 volume increase in each stage); [Alo=[BJo=1 M and in the
first reaction [L]o=(1x10""+1x10""°) M, [D]p=1x10"" M. Other

parameters are: k; =1x107°, k=1, k3 =0.1, and —' =1 x 10°; k,;=10°,
k_4=3.33x10", ks=1x10°% k_5=3.33x10>. (a) (I)_l (m+(v), (b) O+
I+ )+ (v), (©) @+ I+ 1IV)+(V), (d) 1)+ 11+ II)+ (IV) + (V); see
Table 7.2 and the text for explanation of the curves in (a), (b), (c), and (d).

Reproduced from ref. 33 with permission from John Wiley & Sons, Copyright
© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

The formation of the homodimers L and pp, (IV), competes with this process,
thus limiting its effect. Limited enantioselectivity, (III), tends to racemize the
system and so lowers the final enantiomeric excess.

7.3 Mechanistic Investigations of the Soai Reaction

7.3.1 Hemiacetal and Aldehyde Involvement Within the
Autocatalytic Scaffold

From the experimental/structural point of view, the biggest actual question
refers to the nature of the autocatalyst.”” *° To address this problem, the
Trapp group®>*° has carried-out detailed kinetic analyses including the
record of more than 20 kinetic evolutions of both the starting aldehyde and
the produced carbinols. By the clever use of an unprecedented combination
of flow-injection enantioselective HPLC and in situ high-resolution mass
spectrometric measurements, a transient formation of hemiacetal com-
plexes has been unveiled and it has been assumed that they can establish an
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autocatalytic cycle. This result is a confirmation of the previous NMR an-
alysis of a hemiacetal formation by Gehring et al.** However, if the transient
has been scaled by NMR at less than 2% of the initial aldehyde (at 0 °C with
an adamantly substituted pyrimidinic aldehyde), mass spectrometry does
not allow such quantitation although the bell-shaped kinetic was very
similar. Fortunately, thanks to a kinetic modeling approach giving rise to the
forward and reverse rate constants of acetalization, it is possible to estimate
the maximum amount of hemiacetal in a typical Trapp experiment (run at
20 °C with a tert-butylacetylenyl substituted aldehyde). Figure 7.6 displays
the numerical simulation of the establishment of the hemiacetalization
equilibrium between aldehyde and added carbinol before the addition of the
alkylzinc. Note that the equilibrium is shifted towards the reactant side and
that the amount of hemiacetal is about 0.3% of the minor reactant (the
added carbinol).

This value is compatible with the transient hemiacetal bell-shaped kinetic
curve, but the involvement of a so-small amount in the catalytic cycle has
been already questioned by Gridnev et al.**> Trapp et al. recognize themselves
that the process is apparently inefficient, but thanks to a well-performed
experiment they confirm the autocatalytic properties of the Soai reaction
mixture. The experiment consisted of matching a reference Soai reaction
with a doped one, ie. the same reaction, but which has received at its
starting point, a small injection of a currently running Soai reaction mixture.
The results are gathered in Table 7.3.

While these results confirm the catalytic role of the Soai reaction mixture,
they don’t give any information about the catalyst structure. The claimed
sentence: “It has to be pointed out, that adding 60 uL of a completed Soai re-
action does not influence the induction period”’, might suggest that both al-
dehyde and carbinol are needed to build the catalyst. However, as it is well
known that the carbinol alone is catalytic,” such an assumption requires
complementary experiments. Their proposed mechanism has been then
translated into a reaction network which was subsequently analyzed by using
26 differential equations allowing the authors to calculate the concentration
profiles and the ee in various conditions. Unfortunately, no direct com-
parison between the experiments and the model were provided. The ques-
tion about the involvement of the aldehyde within the catalytic cycle is
still open.

The key question about the possible involvement of the aldehyde within
the catalytic scaffold in the Soai reaction is related to the apparent second
kinetic order of the aldehyde. First discovered by Blackmond et al.,*>** then
confirmed by Trapp,®® this result must be considered carefully. If the kinetic
order appears as useful in simple linear kinetic systems, it can be misleading
in the case of nonlinear systems such as the Soai autocatalytic reaction.
For instance, this second-order story guided Ercolani et al. to compute
several catalytic scaffolds involving one or two aldehyde moieties, but
without acetalization.*>*® Examples of such calculations are displayed in
Scheme 7.2.
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Table 7.3 Analysis of the reference and doped experiments.

Reference Doped Comment
Initial rate (mols™") 4.2x107° 1.4x1077 From S.1.*°
Inflexion time (s) 254.9 199.5 From S.L.*°

Scheme 7.2 Self-assembled tetramolecular complexes including two or one alde-
hyde as they were computed by Schiaffino and Ercolani Reproduced
from ref. 45 with permission from John Wiley & Sons, Copyright
© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

To conclude this kinetic second-order diversion, we invite the reader to
look at the supplementary information part of the ref. 34 (see Table S5 and
Figures S6 and S7) where an aldehyde second-order has been demonstrated
in a model in which there is only one involvement of the aldehyde with the
autocatalytic cycle.

7.3.2 Background Uncatalyzed Racemic Alkylation

Among all the kinetic runs, those with a smaller amount of added carbinol
are of particular interest because the added carbinol could mask any auto-
catalytic effect. In fact, it has been known since 2003, that the Soai reaction
can be run without the addition of any chiral catalyst.'® This property is due
to a slow uncatalyzed racemic alkylation. This process has been unveiled by
Rivera Islas et al®* at around 4.54+1x10 > M~ "' s~ ' for the trimethysilyl-
ethynyl pyrimidinic aldehyde®® in C,Dg at 273 K and subsequently confirmed
by Noble-Teran et al.*’” at 1.3x10 > for the tert-butyl-ethynyl pyrimidinic al-
dehyde®® at 248 K and 3.8x10™* M~" s ' for the adamantly-ethynyl pyr-
imidinic aldehyde®® at 298 K. The presence of such racemic background
alkylation has also been recognized recently by Hawbaker and Blackmond.*°

7.3.3 Varying Zinc Alkoxides and Aldehydes Structures

Denmark and co-workers conducted extensive structural and mechanistic
study by combining various zinc alkoxides and aldehyde substrates.?” In situ
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IR monitoring at 1710 cm ™~ of the residual aldehyde allowed them to sample
the reaction mixture for the simultaneous determination of the ee. The
reactions were started according to the Soai procedure, i.e. the aldehyde was
added as the final component, such that it was never contacted to the free
carbinol as in Trapp’s experiment. Figure 7.7 shows that a very nice sig-
moidal aldehyde evolution has been recorded by mixing a bulky pyrimidinic
aldehyde with di-isopropyl zinc in the absence of any added catalyst. The
final ee (x2%) is a sign that spontaneous mirror-symmetry breaking is on the
doorstep. On the other hand, the addition of 20% of carbinol gives rise to
fast consumption of the initial aldehyde. This catalyst produces a rate about
4 times faster than the rate at inflexion in the sigmoidal run. Such com-
parison could provide an estimation of the amount of autocatalyst, which
has been produced spontaneously in the absence of added carbinol. Inter-
estingly, these results also provide a talented confirmation of the previous
Klankermayer et al. results that the amplifying asymmetric autocatalysis is
dependent on the unique steric properties of the isopropyl group.”!

Another series of experiments has been carried out in order to compare
the classical alkylating agent (di-isopropyl zinc) with the simpler one, di-
ethyl zinc using a trimethylsilyl-ethynyl pyrimidinic di-isopropyl carbinol
additive. The observed enantiomeric ratio amplifications are gathered
in Table 7.4. However, in the absence of any recorded kinetic evolution
showing a characteristic sigmoidal shape, any enantiomeric amplification
does not allow us to conclude that chiral autocatalysis is operating. It can be
just a simple catalyst association, the so-called “nonlinear effect in asym-
metric synthesis”.>”

Nevertheless, the Denmark et al. approach is very complete and original,
and a lot of interesting DFT calculations have been carried out. Two com-
peting tetrameric SMS Klankermayer-like®' transition states have been
computed, the favored one delivers the isopropyl group from the side which
produces the homomorphic alkoxide, while the higher energy other gives
rise to the heteromorphic product via the delivery of the isopropyl group
from the enantiomeric side. Depending on the structure of the carbaldehyde
(pyridinic or trimethylsilyl-ethynyl pyridinic), an energy difference lying
between 2.2 to 4.4 kcalmol ' is compatible with the observed final high
enantiomeric ratio at 99:1 (see Section 7.4).

A simplified reaction model for autocatalysis has been developed and used
to fit semi-quantitatively several kinetic runs. Unfortunately, neither the
chirality, the reversibility of the aggregation steps, nor the contribution of an
uncatalyzed background alkylation has yet been taken into account in
this model.

The question of the number of nitrogen atoms within the aromatic cycle of
the aldehyde has been debated by Denmark,’”*® and also by Amedjkouh.>®
Azaaryl aldehydes (pyridine-like) represent only a limited-version of the Soai
aldehyde; in homogeneous solution, their amplification power is weak. It is
likely that they are not able to build an autocatalytic scaffold as is expected
with the pyrimidinic Soai aldehyde.
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Table 7.4 Enantiomeric ratio (e.r.) amplification during the alkylation of several
carbaldehydes by di-isopropyl and di-ethyl zinc in the presence of 20%
trimethylsilyl-ethynyl pyrimidinic di-isopropyl carbinol additive. Note the
nonlinear character of the amplification gain (e.r.,q¢/€.I.car). Higher gain
is witnessed for higher catalyst enantiomeric ratios.

Trimethylsilyl- Triisopropylsilyl- t-Butyl-ethynyl-
Carbaldehydes ethynyl-pyridinic Pyridinic  ethynyl-pyrimidinic pyrimidinic
Di-isopropyl ~ 1.18 to 6.75>° 3 to 10.1*® 1.188 to 1.193%* 1.12 to 5.58”°
zinc 3 to 49%° 2.57 to 11.5°% 1.0000005 to
3.65>*
Di-ethyl zinc 3 to 5.66°° 3 to 1.22°% 2.85 to 3.17%°

However, the Amedjkouh group has described two specific situations
where the Soai-like character of such limited-version aldehydes can be re-
vealed. The first one is a chemical system combining asymmetric amplifi-
cation of Soai’s autocatalyst (pyrimidinic) alongside a catalytic addition of
Zn(iPr), to azaaryl (pyridinic) aldehydes.’®>” The idea was to use the Soai’s
autocatalyst as a catalyst in an ensuing enantioselective alkylation (or alky-
nylation®>®”) of azaaryl aldehydes with moderate to good levels of asym-
metric induction. This work demonstrates that the Soai autocatalytic
scaffold can play the role of a ‘classical’ chiral catalyst beyond the traditional
chiral pool and indicates a potentially novel approach to access en-
antiomerically pure molecules. Moreover, the ee increase of the azaar-
ylcarbinol over time suggests some autocatalytic effect, i.e. the slow building
of a powerful reactive species, the structure of which has yet to be estab-
lished. The second one is to work in heterogeneous conditions, i.e. when
aldehyde crystals are contacted by Zn(iPr), vapor, a mirror-symmetry
breaking has been witnessed.”® This effect is the signature of chiral auto-
catalysis. The mechanism is complex since several side products were
identified. Moreover, the autocatalytic character is confirmed by monitoring
the progress of ee over time. It is likely that the confined reactive layer was
favorable to the building-up of some autocatalytic scaffold which does not
occur in fluid solution.

7.3.4 Influence of the Isotopic Chirality

The sensitive response of the Soai reaction to the minute isotope chirality, as
recorded for *C/**C,*° H/D,"® '°0/*®0,>! and recently for "*N/*’N moieties,**
is definitely the most remarkable feature among all other additive ef-
fects.’>° In this regard, Hawbaker and Blackmond studied the effect of H/D
chirality using (R)- or (S)-1-methoxy-(*H)-3-methoxy propanol as the additive
(Scheme 7.3).°"

The authors found that the additive, as a function of its concentration,
increasingly slows down the overall velocity of the reaction (Figure 7.8).

To rationalize this inhibitory effect, they conducted kinetic, NMR, and
DFT studies that indicated a selective interaction between the assumed
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Scheme 7.3 Structures of the *H-labeled chiral dimethoxy propanol and achiral
parent.

17 mM

e
@
.

<
~
.

fraction conversion
o
o

no
021 [initiator te
0 : L Tb : ; ,
0 20 40 60 8 100 120 140
time (min)

Figure 7.8 Inhibitory effect on the overall velocity of the Soai reaction by the
presence of different concentrations of 1-methoxy-(*H)-3-methoxy pro-
panol as an isotopically chiral additive. Reproduced from ref. 61 with
permission from American Chemical Society, Copyright 2018.

homochiral dimeric zinc alkoxide autocatalyst (R, and S,) and the chiral
additive (X) that inhibits the autocatalytic pathway. It is argued that the
additive—catalyst interaction can trap the autocatalyst through the stereo-
selective formation of inactive diastereomeric species R,X and S,X thus
promoting one enantiomer over the other during the autocatalytic stage.
Such chiral additive-catalyst inhibition was already anticipated in 2007 in
the framework of kinetic understanding of the enantioselectivity reversal by
achiral additives in the Soai reaction.®*®?

Taking into account the similitude of the isotopically-labeled enantio-
mers, it is likely that the energy difference between the two diastereoisomers
is tiny. This is the reason why a subsequent study by the same authors was
carried-out in order to identify the magnitude of the energy imbalance that
gives rise to directed symmetry breaking and asymmetric amplification in
the Soai reaction.’® The idea was to perform a long series of Soai reactions in
the presence of the same amount of the *H-labeled chiral dimethoxy pro-
panol by decreasing gradually its ee. These experiments demonstrated that
when the ee of the initiator was >1.0%, it directed the chiral outcome of the
reaction. On the other hand, when the ee of the initiator was less than 1.0%,
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fluctuations overtook its influence and gave a stochastic outcome. In order
to interpret this result, a Kondepudi-Nelson-like stochastic model®*®*
was programmed to simulate the experiments run at initiator ee =1.0%
and 0.1%. Repeated simulations were useful to estimate whether the
outcome would be stochastic or directed. The value of the tiny energy
difference between the two diastereoisomers was tuned until all of
the ee = 1.0% simulations showed a directed outcome and the 0.1% ones,
a stochastic result. The authors estimated this value to be in the range of
10 %-10"7 kJmol .

7.4 Critical Analysis of Two Specific Realistic Models:
Noble-Teran vs. Trapp Cycles

7.4.1 The Noble-Teran Cycle

The Noble-Teran cycle is a kinetic and thermodynamic model of the Soai
reaction which integrates the results of the most recently published XRD
structural data and DFT calculations and selected experimental kinetic data.
The cycle includes the aldehyde: A, the alkyl Zn: Z: ((iPr),Zn), and the car-
binol: R.>>*"** The carbinol appears under the form of alcoholates: RZ,%°
square-dimer: R2,°” alcoholate dimer: R2Z2,°® alcoholate tetramer: R4Z4**°°
and the activated tetramer: R4Z5 (catalytic scaffold).®® A doubly-activated
tetramer (R4Z6) has been crystallized and isolated under its enantiomeric
form: S4Z6. Among the heterochiral pool, there are the hetero-square
dimer RS and the hetero tetramer R2S2Z4 which has been crystallized and
isolated. Figure 7.9 displays the structures of all the recognized intermedi-
ates that are involved in the cycle.

For the sake of chemical realism, homo- and heterochiral configurations
of all oligomeric species were taken into account. All reversible processes
were defined by their equilibrium constants and by their relaxation time
constants that describe the rate by which the equilibrium is established. The
unique irreversible process is the highly exergonic alkylation (Figure 7.10).

The Noble-Teran scaffold (R4Z5) is made of carbinol only. Such structures
are reminiscent to previous transition states proposed by Gridnev and
Vorobiev®® as well as by Denmark and co-workers®® (see Figure 7.11).

The 3D homochiral tetramer cavity displays a suitable shape comple-
mentarity for the aldehyde to be positioned. The electrophilicity of
the aldehyde group is increased upon Zn coordination, whereas its
orientation is insured by the bulky ethynyl substituent. Under these
conditions, the two prochiral planes of the aldehyde are discriminated in
order to form the carbinol with the same configuration as the tetrameric
catalyst. After the alkyl transfer, the catalyst can split reversibly into
dimeric® and monomeric alcoholates.

Finally, the Noble-Teran cycle model reproduces the simultaneous evo-
lution of the ee and conversion of two independent experiments. The model
is also able to mimic strong amplification from extremely low initial ee and
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Figure 7.9 The structures of the various intermediates were either determined by using XRD or NMR spectroscopy or were computed by
DFT. Reproduced from ref. 47 with permission from John Wiley & Sons, Copyright © 2018 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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Figure 7.10 Noble-Teran mechanism:*” A: aldehyde; Z: (i-Pr),Zn; R carbinol; RZ
alcoholates; R2: square-dimer; R2Z2: alcoholate dimer; R4Z4: alcoho-
late tetramer; R4Z5: activated tetramer (ready for alkylation); R4Z6:
doubly-activated tetramer, has been crystallized and isolated under its
enantiomeric form: S4Z6 (rhombohedra). Among the heterochiral pool,
there are the hetero-square dimer RS and the hetero tetramer R2S274
which has been crystallized and isolated (rhombohedra). Reproduced
from ref. 47 with permission from John Wiley & Sons, Copyright © 2018
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 7.11 Gridnev’s (left) and Denmark’s (right) schedules of supposed tetrameric
transition states. The main difference lies in the number of aromatic
nitrogens involved in the oligomerization process. In the case of Denmark,
the aromatic cycles are pyridinic. Reproduced from ref. 68 (left) and ref. 38
(right) with permission from American Chemical Society, Copyright 2012
and 2020.

spontaneous mirror-symmetry breaking under “initial zero-catalyst” con-
ditions. It also reproduces the crystallization conditions by exhibiting the
preferential accumulation of the corresponding oligomeric species in
solution.
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7.4.2 The Trapp Cycle

The Trapp cycle mechanism®>*® has been established from in situ high-
resolution mass spectrometric measurements, detailed kinetic analyses, and
doping with reacting reaction mixtures (see Figure 7.12). It shows some
similarities with the Noble-Teran cycle: the aldehyde, carbinols, Zn-
alcoholates, and homo- and hetero-square dimers appear as common
elements of both mechanisms. Another point of similarity is the building of
a catalytic scaffold including the carbinols or the Zn-alcoholates which is in
both cases at the origin of the autocatalysis. But the similarity ends here,
since it includes the transient formation of hemiacetal complexes which can
establish the autocatalytic cycle.

Let us examine the four main intermediates of the Trapp’s cycle.

A: SS-5 is the so-called hemiacetal (Scheme 7.4):

In SS-5, the 2 ““S”” do not have the same meaning: one is from carbinol (in
red), the other is from acetal (in black). The formation of the acetal results
from the reaction of the CO of the aldehyde on the Zn-O bond of the alco-
holate: C bonds with the O and O bonds Zn. Only the acetal can be readily
racemized by returning back to the aldehyde.

B: S$5-6 (Scheme 7.5):

SS-6 includes the SS-5 structure. An aldehyde is now complexed, and it is
ready to be alkylated by a di-isopropylzinc also complexed in an appropriate
position.

N 7 R
/‘( o s N
Zn—~0 H
(0]

\! /N

N

R

Scheme 7.4
M R

N N

Scheme 7.5
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C: SSS-7 (Scheme 7.6):

SSS-7 is the key structure, the aldehyde has been alkylated, and a new
stable chiral carbon has been formed; this alkylation step is highly ex-
ergonic, the reverse which is expected to be very slow is a racemizing one.

D: SSSS-8 (Scheme 7.7):

This intermediate is the result of a second hemiacetalization according to
Scheme 7.8.
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R N .
=N i
NN p 2n—0O H
/ o]
o,/ S
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carbinol —Q (o] (0] . O
\Zn/ a!dehyde/ \z,,/
\/"‘ \O/ \’/
/ | /
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SSS-7 SSSS-8

Scheme 7.8 Attack of a second aldehyde on SSS-7 after breaking the newly formed
carbinol Zn bond. A subsequent split of SSSS-8 along the dashed red
line gives rise to SS-5 hemiacetal, thus closing the Trapp cycle.
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While many transient intermediates have been identified from mass
spectrometry, none of these mechanistic assumptions have been really val-
idated. First principles DFT calculations help to define some structures and
confirm spectroscopic investigations, but it should be remembered that the
structure of the catalytic step can be rather difficult to discern. The Trapp
cycle mechanism has been modeled to calculate the concentration profiles
and the ee in various conditions. Unfortunately, no direct comparison
between the experiments and the model were provided.

7.5 Conclusion

The Soai reaction represents a unique example of total asymmetric syn-
thesis in a homogeneous reaction system. Nowadays it is widely accepted
that it forms a Frank-like reaction network where enantioselective auto-
catalysis and mutual inhibition are provided by the involvement of oligo-
meric intermediates. The typical sequential methodology of the Soai
reaction is an approximation to an open flow reactor system. The high
exergonicity of the alkyl Zn(u) addition to the carbaldehyde points to a
kinetic control of the reaction. This is an energy dissipative chemical
system, where the final non-equilibrium stationary state (NESS) does not
have the racemic composition: the expected racemate is an unstable NESS,
and there is an energetically degenerate enantiomeric pair of scalemic
NESS’s, which have high ee values. This is an unfamiliar feature compared
to the common enantioselective kinetic control of classical asymmetric
synthesis.

In the absence of any external chiral polarization, spontaneous mirror-
symmetry breaking (SMSB) must lead to a stochastic distribution of chiral
signs between experiments, due to the stochastic distribution of chiral signs
of the fluctuations. On the contrary, under a chiral polarization, acting at the
bifurcation point, the SMSB leads to a deterministic chiral sign. For ex-
ample, those of asymmetric centers arising from isotopic substitution are
sufficient to direct the chiral sign of the Soai reaction.

Several more or less realistic models inspired by a Frank-like reaction
network have been provided. They differ by the structure of the catalyst and
by the involvement of reversible steps. More often, these models include a
slow uncatalyzed racemic alkylation. It is likely that the true autocatalyst is
in equilibrium with a lot of inactive oligomers and that these equilibria are
displaced towards the autocatalyst one, once the exergonic alkylation is
occurring. These models reproduce the main features of the Soai reaction
including the ee amplification through the repetitive sequential reaction
procedure which uses the outcome from one reaction as the catalyst for the
next reaction. A realistic model based on isolated XRD structures and DFT
calculations results has been established including an all-alcoholate tet-
rameric catalytic scaffold. This scaffold has been confirmed from recent
DFT calculation and in situ IR monitoring. However, the possible involve-
ment of the aldehyde within the catalytic scaffold is still questioned.
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It appears now that several independent teams are involved in Soai’s
reaction experimental investigations. All of them confirm the necessary
specific structures of the reactants involved, namely di-isopropyl Zn and
pyrimidinic bulky aldehydes. This feature makes the Soai’s reaction very
unique. However, this uniqueness should not be a barrier for the devel-
opment of new experimental situations and multidimensional monitoring
techniques. Much more than varying the structures, this is the concept of a
catalytic oligomeric supramolecular scaffold which deserves to be
exploited.
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Mechanism of the Soai
Reaction — DFT and Kinetic
Computations of the Catalytic
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8.1 Introduction

The problems of chirality amplification and spontaneous chiral symmetry
breaking are quite a broad area nowadays."” Nevertheless, the Soai reaction
(Scheme 8.1) remains the single clear-cut example of a reaction in solution
that demonstrates remarkable levels of chirality amplification® and statis-
tically reproducible phenomenon of spontaneous generation of chirality
from achiral substrates.” This puts it in the center of intensive research with
the ultimate goal of conscious design of other systems that could behave
similarly via deep understanding of the chemical mechanism of the
reaction.
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Scheme 8.1 Autoamplifying Soai reaction (SR).

Broad interest for this field results in frequent reviewing,"” so the inter-
ested reader is well-informed on the recent achievements. Hence, in this
chapter we tried to make a compact glossary of DFT and kinetics simulation
results in illuminating the problems that still exist in the accumulation of
data and their interpretation to promote further fruitful research.

8.2 Structure of the Product in Solution as a Source
for Calibration of Computation Results

After experiments and computations described in ref. 5-10 there is a con-
sensus in the literature on the solution structure of the product
(Scheme 8.2). The main component of the reaction mixture at ambient
temperature is the homochiral square dimer SD (only homochiral species
will be discussed here if no special note will state otherwise). Excessive
diisopropylzinc can coordinate either to oxygen or nitrogen atom of a square
dimer molecule, the latter binding mode is more prominent.

These observations have been quantified that provide a lead for appro-
priate choice of a functional for further computations. Apparently, while
B3LYP gives nice qualitative agreement in all studied cases, the MO05x
functional strongly overestimates the strength of donor-acceptor
interactions.

We are not trying to advertise exclusively the B3LYP for the computational
studies of SR. Rather, we would like to the draw attention of researchers to
the fact that the dependence of the results on the applied functional can be
very strong. Hence, when a new computational level is applied, it is neces-
sary to compute the whole catalytic cycle on the same level. Otherwise, it is
impossible to evaluate the energetics of the catalytic cycle and decide whe-
ther the energy of the rate limiting transition state is reasonable compared to
that of the starting compounds and not only to the immediate precursors as
is seen in some recent publications.
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MO05-2X 6.4-11.8
SsD+.Z —>MD.Z?

B3LYP 10.0-14.7
MO05-2X 7.4-13.7

4 Depending on conformation

Scheme 8.2 Equilibria between
Zn'Pr, complexes.

AE(ZPVE) AG(298.15) AG(273.15) AG(193.15)

AG(298.15) exp.

17.2 211 191
-30.9 -38.1
28 0.1 no separate signals
108 127 for SD+Z in NMR
9.1 2.3
-14.3 -20.3
11.1-15.6

5.4-11.0

13.5-20.0

10.0-17.5

monomeric and dimeric alcoholates and their
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Processes taking place in the reaction pool of the SR at decreased tem-
peratures have been further studied with NMR spectroscopy.'™'* In the "H
NMR of the most stable conformation of the tetramer the in-cavity protons
(shown red in Scheme 8.3) exhibit abnormally low-field shifted signals that
enabled estimation of the thermodynamic parameters of tetramerization
and formation of an adduct between tetramer and Zn'Pr,. From inspecting
the data shown in Scheme 8.3 one can conclude that the B3LYP functional
again performs significantly better.
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Pr N
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H pi’ M >\Bu‘ .
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— Pr

. \( )\K .
PrA N Zn 2
A S J/
O/Zn Pri O, A AN
N ;1" 2 | _
\ 7O H N/ NN
Vi P’ H S—= 5 N
/ N Bu

Buf Pr/
T« Z(out)

Computed parameters R='Bu, 6-31G*(pcm, toluene), kcal/mol

Process

AE(ZPVE) AG(298.15) AG(273.15) AG(193.15)
2SD—>T
B3LYP -30.6 5.8 4.1 -1.5
MO05-2X -42.2 -24.0 -25.4 -29.3
Experimental 2.9 1.0 -5.2
T+Z—>TZ
B3LYP -8.3 6.7 5.5 1.5
M052-X -21.0 -11.4 -12.0 -14.2
Experimental 1.2 1.0 -3.0
T+Z—>T<Z(out)
B3LYP -11.8 3.7 55 1.5
MO052-X -21.1 -10.7 -12.0 -14.2

Scheme 8.3 Equilibria between dimeric and tetrameric alcoholates and their Zn'Pr,
complexes.
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8.3 Comparison of the Computed Catalytic Cycles

8.3.1 DFT Mechanisms - A General Consideration

The main problem of all existing DFT computations of the SR mechanism is
the analysis of a single mechanistic possibility silently suggesting that all
other possibilities do not exist. For example, a nice mechanism for the re-
action is found for a homochiral oligomer being the catalyst. It is auto-
matically assumed that the only reaction capable of competing with this
pathway is catalyzed by a heterochiral dimer of approximately the same
structure (or non-enantioselective reaction of the homochiral oligomer).
However, this is not an entirely accurate approach. The competing reaction
can also be catalyzed by an oligomer of a different structure, or a different
order of aggregation.

Another problem is calculation of only one transition state with its imme-
diate precursor without computing the whole catalytic cycle.'*'* This together
with the difference in functionals outlined above makes an accurate com-
parison of different cycles difficult. For example, Figure 8.1 shows the data for
the uncatalyzed alkylation (B3LYP/6-31G(d)/SMD(toluene) level of theory.

As can be seen from Figure 8.1, the data from one computational job may
vary by 75% depending on the chosen reference and precise kind of value
reported. Especially striking is the high value of AG* when referred to the
mixture of reagents. This is caused by the well-known issue in computation
of entropies in bimolecular reactions.’>” In a multi-stage catalytic cycle
such systematic errors are accumulated, hence it is reasonable to report
computed enthalpies or ZVPC energies. Nevertheless, to obtain these data
frequency analysis is also necessary that requires a lot of resources. As a
result, in the historically first mechanism suggested for the SR only elec-
tronic energies are reported that is, at least to some extent, misleading.

The difference between the numbers obtained for the mixture of starting
compounds and their adducts is not so dramatic (Figure 8.1), but one must
keep in mind their accumulation, especially during the formation of oligo-
mers. Hence, it is impossible to evaluate properly any mechanism if the
energy of the whole catalytic cycle is not estimated. For this reason we will
not discuss in detail the recent mechanistic suggestions with only one stage
computed.'*'*

Activation energy, kcal/mol

~ Relative to A-Z A+2Z
- " —=
. SN 236 g E 20.6 243
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81 v=i267.8 G 27.9 35.6

Figure 8.1 Computed activation parameters for the uncatalyzed reaction.'?
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8.3.2 Dimer Catalyst Mechanism - Barrels Empty and Full

The first conclusion of an explorer encountering the chemistry of the SR is
the multitude of possibilities opened for the construction of various struc-
tures looking potentially competent for the role of amplifying catalyst.
Sooner or later this multitude of possibilities leads to the necessity of some
bias that would justify consideration of only a limited number of structures
to ably describe the corresponding mechanism. It is no doubt that the
mechanism described in the ref. 18-21 was inspired by the beauty and ap-
parent symmetry (see, however, further) of the barrel structure (Figure 8.2). It
would be interesting to know what exact reason was decisive for the choice
between a catalyst and a product in the catalytic cycle. We can see at least two
perfectly sound reasons why the latter choice was taken. Indeed, the barrel
structure itself is so cumbersome that one can hardly afford the addition of
any further guests for the dinner since this would make the visualization
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Figure 8.2 One of the possible barrel structures (left up) and different possible ways
for its dissociation to dimers: two square dimers (right up), two macro-
cyclic dimers in the layer conformation (left, below), and two macrocyclic
dimers in waterglass conformation (right, below).
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practically impossible. Besides, at that time the idea of a dimeric catalyst has
been under thorough investigation (apparently, also due to its relative
simplicity).*"

The catalytic cycle begins from a molecule of SD which makes an adduct with
two molecules of diisopropylzinc SD-2Z (Figure 8.2). The latter rearranges to
MD-2Z which accommodates two molecules of the substrate to make
MD - 2Z-2A. Two consequent alkylation stages give a tetramer B which gives
upon dissociation two molecules of SD instead of one borrowed in the
beginning.

The five-molecular adduct MD - 2Z - 2A has a specific structure: a molecule
of macrocyclic dimer in a flat pancake conformation is decorated first with
two diisopropylzinc moieties, which are later used for the two-points dock-
ing of two substrates each using its oxygen and one of its nitrogen atoms to
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Figure 8.3 Catalytic cycle of the SR with a macrocyclic dimer in layer conformation
as a catalyst and barrel tetramer as a product.
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form the Zn-O and Zn-N bonds, respectively, and acquire the appropriate
conformation for accepting an isopropyl group from Z (Figure 8.3).

To keep all this ensemble together the authors must apply the M05x
functional in their computations. They report a striking weakening of
the associates when the B3LYP is attempted. Using the M05X, however, is
not a universal cure, since the barrel itself becomes quite a stable struc-
ture, and computed with MO05X gives rather uncertain perspectives for
the regeneration of the catalyst (computed AE* is around 55 kcal mol™%;
unfortunately a frequency analysis, essential for taking into account en-
tropy, has not been performed).*’

Rationalization of enantioselectivity of the SR is a tough part of this
mechanism. It is difficult to illuminate some idea without telling the whole
story which is quite long and cumbersome. Nevertheless, a very useful set of
data is given by 10 different computed transition states for the isopropyl
group transfer ranging in the corresponding activation barriers from 6 to
18 kcal mol~".>" Although these data are just electronic energies and cannot
be compared to anything else, the diligent structural analysis demonstrates
that there are many circumstances to account if you challenge the mech-
anism of the SR.

Moreover, the kinetic treatment of the computed results is accurate and
convincing (vide infra).

8.3.3 Tetrameric Mechanism - Brandy Party' "'

Since the SD structure fails to catalyze the SR, it was important to get a closer
look at the 12-membered macrocyclic oligomers, which are conformationally
flexible. Scanning the energy changes upon varying the angle between the
pyrimidinyl rings and the dihedral angle between two Zn-O bonds, numerous
minima for the homo- as well as for the hetero-chiral dimer were located.
Although any of these conformations could be used as a building ground for
the reactive assemblies, no notable distinctions between homo- and hetero-
chiral species at the dimer level of oligomerization have been seen. Never-
theless, it was realized that macrocyclic tetramers that could reversibly form
via dimerization of the square dimers (Scheme 8.3) may have more distinct
conformations due to the presence of Zn-O-Zn-O squares in their structure.

These efforts resulted in an important finding - although a multitude
of possible conformations could be located for the tetrameric macrocycles,
there was a notable difference between homo- and hetero-chiral species. For
the homochiral species a C,-symmetrical conformation with two almost
orthogonal pyrimidinyl rings became dominant in the equilibrium mixture
(Figure 8.4). Although a similar conformation is possible for the heterochiral
tetramer, in this case it is notably less stable, and the angle between the
pyridinyl rings is further from 90°. On the other hand, heterochiral tetramers
were much more inclined to form structurally opposite conformations — with
almost coplanar pyrimidyl rings (Figure 8.4).
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Figure 8.4 The most stable conformations of the heterochiral tetramer: up -
homochiral brandyglass (the angle between pyrimidinyl rings is close
to 90°) bottom - heterochiral layer (the angle between pyrimidinyl rings
is close to 0°).

This example of structural diversification between homo- and hetero-chiral
structures together with the beautiful cavity capable of accommodating a
molecule of aldehyde resulted in the suggestion that the homochiral
brandyglass tetramer is an active catalyst of the SR.

Moreover, computational study of the diisopropylzinc coordination to
homo- and hetero-chiral brandyglass tetramers revealed a still more distinct
structural diversification (Figure 8.5): whereas in the homochiral case the
angle between the pyridinyl rings was kept around 90° in both possible
isomers of the Zn'Pr, complex of the heterochiral brandyglass this angle was
significantly decreased (Figure 8.5), thus closing the cavity appropriate for
accommodating a substrate.
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w 87.8°
6 83.3°

0.0 keal/mol 0.1 kcal/mol 0.2 kcal/mol

Figure 8.5 Structural diversification between homo- and hetero-chiral brandyglass
tetramers upon coordination of the diisopropylzinc molecule. Left -
homochiral brandyglass (cavity is open). Right — two isomers of hetero-
chiral brandyglass (cavity is closed).

This could be a perfect opportunity for the realization of Frank’s scheme
via removing the concurrence from the heterocyclic catalyst, and the cor-
responding transition state applying the homochiral brandyglass tetramer as
a catalyst was located."?

The located transition state (Figure 8.6) has several important features for
the SR. First, the reaction catalyzed by the homochiral brandyglass tetramer
provides the same handedness of the product as was seen in the catalyst.
Moreover, this reaction is perfectly enantioselective, since the aldehyde is
unable to approach the coordinated Zn'Pr, with another prochiral plane.
Another important trait is the clear role of the #Bu-C=C- substituent,
which helps to keep the substrate appropriately coordinated for the facile
transfer of the isopropyl group (Figure 8.6).

The catalytic cycle using the homochiral brandyglass tetramer as the catalyst
was computed and explicit kinetic equations were derived for kinetics simu-
lations. This approach allowed us to simulate adequately important charac-
teristics of the SR such as: chirality amplification, sigmoidal shape of the
kinetic curves, and reverse Arrhenius dependence of the reaction rate.

Interestingly, the primary product of the outlined catalytic cycle is a
monomer. DFT calculations coupled with kinetic simulations showed that
the formation of the experimentally intercepted metastable acetal species is
best explained by the reaction of the monomer alcoholate formed in the
reaction with a highly concentrated square dimer taking place before alco-
holate could find another partner for dimerization.*?

In the next section a kinetic approach for the elucidation of the mech-
anism of SR will be discussed.
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Figure 8.6 Transition state for the alkyl transfer catalyzed by homochiral brandy-
glass tetramer. Dashed lines illustrate the docking mode of the substrate
molecule: the aldehyde group is coordinated to Zn, whereas three
C-H--- -1 (hetero) interactions (around 3 A each) fix the molecule of
the substrate in the appropriate orientation.

8.4 Kinetic Approach for Exploring the Mechanism of
the Soai Reaction

Although quite a few experimental and theoretical studies of the Soai re-
action have been reported, its mechanism is still vigorously discussed.
Kinetics of sophisticated reactions can often serve as a key for elucidation of
their mechanisms,>>® hence it is not surprising that many researches
challenged the kinetic analysis of the Soai reaction. As a result of these ef-
forts, it is universally accepted that the chirality amplification and spon-
taneous break of chirality, as well as the specific kinetic features of this
reaction are stipulated by its autocatalytic character and follow the Frank’s
catalytic scheme.> There is also consensus on the catalytic stage being the
rate-determining one. On the other hand, some extremely important ques-
tions remain unanswered:

- Chemical nature of the catalytically active species, i.e. the molecule in
which alkylation occurs;
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- What stages in the catalytic cycle are fast enough to be described by the
steady-state approximation;
- Which stages can be considered as quasi-equilibrium ones.

Elucidation of mechanisms using chemical kinetics applies the following
steps:

- Interception of all products (if possible, also intermediates) via chem-
ical and spectral methods; making a list of possible stages based on the
experimental data;

- Determination of the kinetic and thermodynamic characteristics of
every stage (reaction order, molecularity, equilibrium constant, acti-
vation energy, etc.);

- Checking the experimentally found parameters against the results
of quantum-chemical computations;

- Design of the stage-by-stage reaction scheme and kinetic simulation of
the entire intricate process.

This kind of approach to the kinetic investigation gives the most reliable
results and has a high predictive power. Neglecting any of the stages listed
above makes the conclusions unreliable and quite often erroneous. Unfortu-
nately, such examples can be found in the literature describing kinetic studies
of the SR. For example, the hypothesis of participation of an acetal intermediate
in the catalytic alkylation stage'* is not consistent with the estimation of its life
span and with the DFT computations of the energetics of such reaction.*

In the next section we will analyze the kinetic results described in the
literature.

8.4.1 Browsing the Known Kinetic Data

All known experimental characterizations of the individual processes in the
Soai reaction are collected in Table 8.1.

There are significant contradictions in the data shown in Table 8.1. Thus,
the reaction orders for different reagents vary from 0 to 2 in aldehyde, 0 or 1
in diisopropylzinc, and 1 or 2 in the catalyst. Such inconsistent data are not
appropriate for discrimination between various hypotheses on the mech-
anism of a multi-stage reaction. We have found the following reasons for the
origin of these inconsistencies:

1. Use of the concept of “reaction progress kinetic analysis” as a kinetic
method adapted for synthetic chemists, leads to erroneous results. The
merits and demerits of this procedure in general deserves special
treatment. In the case of the Soai reaction the weak points of this
approach are:

- The fractional orders strongly deviating from integers just prove the
multi-stage character and variability of the empirical order during



Table 8.1 Compilation of the known kinetic data for the Soai reaction.

No. Substrate, temperature What is measured Ref.
1 Overall reaction orders (assumed): 30, 2001
N/j/CHO 1st in aldehyde, 1st in Zn'Pr,, 2nd in product
! N Product of kinetic constant of autocatalytic step, k, and equilibrium dimerization constant, K (from 31, 2003
Bu Z simulation of the overall reaction kinetic curve):
228-273 K kK=1.5x10° M 35" (228 K)
kK=3.0x10> M ’s™" (248 K)
kK=1.2x10* M s (273 K)
2 Overall reaction orders (from analysis of dependence of reaction rate on fraction conversion): 32,2003
Nl/j/CHO 2nd in aldehyde, 0Oth in Zn'Pr,, 1st in homochiral dimeric autocatalyst
H3C)\N/
298 K
3 Kinetic constant of zinc-alkoxide dimer dissociation (extrapolated from temperature dependence of 5, 2003
N‘ﬁ/CHO NMR line shapes at 323-353 K)
/
P N _
. / Kaiss = 0.025 s~ (273 K)
213-308 K Equilibrium association constant of zinc-alkoxide dimer with Zn'Pr, (from dependence of NMR line 6, 2004
shifts on Zn'Pr, concentrations):
k,=4.6 M"" (308 K, toluene)
Equilibrium association constant of aldehyde with Zn'Pr, (from dependence of NMR line shifts on 10, 2008
Zn'Pr, concentrations):
k,=5.6 M~ ' (213 K, toluene)
4 Temperature dependence of overall reaction kinetic curve 33, 2010
N/T cHo Overall reaction orders (from analysis of dependence of reaction rate on fraction conversion):
Lo 1.6 in aldehyde, Oth in Zn'Pr,, 1st in zinc-alkoxide
= N

263-298 K

891

8 423dvyD
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MesSi

263-293 K

Equilibrium association constant of 2 dimer-tetramer (from temperature dependence of NMR signals)
AH=—20.3 kcalmol '; AS=—78 calmol 'K %;

AG(298) = 2.9 + 4.2 keal mol™*; AG(193) = — 5.2 4 3.3 kcal mol ;

Equilibrium association constant Zn'Pr, of zinc-alkoxide with oligomers of zinc-alkoxide (from the
temperature dependence of NMR signals)

AH=—10.7 kcalmol™*; AS=—140 calmol 'K *;
AG(298) = 1.2 keal mol '; AG(193) = — 5.2 + 3.3 keal mol ;

Overall reaction orders (from measurement of initial reaction rates at different reagent
concentrations): )

1.9 in aldehyde, Oth in Zn'Pr,, 1st in alcohol.

In accordance with kinetic curves presented in the ESI, the initial rates of reaction are near zero and
cannot be estimated with appropriate accuracy. The physical meaning of the values of &, plotted in
the figures and dimension of this value are not disclosed in the paper.

For reaction of unsubstituted 3-pyridylaldehyde with Zn'Pr, (from measurement of initial reaction rates
at different reagent concentrations):

OH
| N
7
OH
=z N
mCHO MesSi (catalyst) |\
N/ Zn'Pry N/

Kinetic orders: Oth in aldehyde, Oth in Zn'Pr,, 1st in catalyst
Rate constant:

bﬁ@T AH1+A§
“T & RT ' R

AH*=8.50 keal mol ; AS* = — 35.6 calmol 'K ; AG' (273) =17.68 kcal mol *
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14, 2020

13, 2020
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the reaction. Hence the fractional orders are non-specific and do not
provide any information on the mechanism;

- Replacement of the appropriate mathematical treatment of the
kinetic equations with graphical representation, including the neg-
lect of the starting parts of the kinetic curves and induction period,
which is an important and specific feature of the Soai reaction.

- Attempts to replace kinetic experiments at various reagent concen-
trations with complex formal analysis of a single kinetic curve of the
brutto reaction.

Unjustified use of the mass action law via application of equations like

v=FkA“Z°PP. Elementary reactions of only first or second order are

common in Nature. Since triple molecular encounters are a rare phe-
nomenon, only few elementary reactions are approximately described
by third order. Getting an empirical order of 3 and more just means
that the reaction under study is multi-stage and involves a quasi-
equilibrium stage or stages.

Let us consider a simple example of a reaction possible only for a
dimer if the dimer-monomer equilibrium is fast:

K
2M2D—P
Chemical analysis of the reaction mixture at any time would provide
the concentration of the reagent:

D

M;=M +2D; K= ——— ;
(M, — 2D)

The current dimer concentration in that case can be found as a solu-
tion of the square equation:

,_ 14K M, — 118K M,

8K

Showing that:
if K- M,> 1, the dimer concentration approximately is D~ M,/2
ifK-M;«<1,/1+8K M; ~1+4K-M,—8K*> M} +...; D ~ KM}

then at intermediate concentrations the rate is described by the
expression

144K -M, — /1+ 8K - M,

8K

v=kD=k

with the reaction order changing during the process. Similarly, it is
easy to get expressions for the complexation of diisopropylzinc with the
alcoholate and other possible quasi-equilibrium stages of the Soai



Mechanism of the Soai Reaction — DFT and Kinetic Computations of the Catalytic Cycle 171

reaction, as well as for the equilibrium formation of the triple complex
aldehyde/diisopropylzinc/catalyst. It is clear that simple appearance of
the expression for the rate constant containing multiplication of
concentrations in integer orders can be observed only in artificially
designed specific conditions.

3. Negligence of the restrictions stipulated by the conditions of the
material balance. Thus, considering the material balance of the
Soai reaction, the kinetic equation v=kA“Z°P’ is transformed to
v=KkAY(Zy— Ao+ A)*(Po+A4o — A meaning that the experimental
reaction order becomes non-integer and variable throughout the
reaction. In the case where a real kinetic equation becomes
indeterminate and cannot serve anymore as a sensible kinetic feature
helpful for the mechanism elucidation.

4. Carrying out all kinetic experiments within a narrow range of the reagent
concentrations mimicking the synthetic conditions. It is evident that
reactions exhibiting zero order by reagent in the whole concentrations
range do not exist. Finding conditions when the reaction rate begins to
depend on the reagent concentration, could provide information on the
strength of binding of this reagent in the reactive complex.

5. The known results of the kinetic measurements for the Soai reaction
are based on the idea of one single- or multi-stage sophisticated re-
action. In fact, there are two simultaneously running reactions leading
to different products, that are enantiomers. These two reactions com-
pete for the starting compounds and inhibit each other. Namely, these
features are the basis of the Frank’s scheme. From a kinetic point of
view, the co-existence of two competing chemical processes requires at
least two kinetic equations for an adequate description of the system.
These considerations were not sufficiently addressed in the known
experimental studies. As a rule, two competing catalysts are introduced
to the system simultaneously, whereas the kinetic equation describes
the total concentration of the products of two competing reactions.

Despite numerous flaws pointed out above let us try to extract the most
relevant kinetic features of the Soai reaction.

Zeroth order in diisopropylzinc was reported in several studies."**"**** This
finding can be considered as more or less reliable. Note however, that two other
studies®>*! reported the first order under approximately the same conditions.

The characteristic time of the dimer dissociation was reported as ~30 s
(273 K) from the temperature dependence of NMR line-shapes.>®'° The
constant of the dimer-monomer equilibrium was estimated as 4x10° M~
based on a guess for the dimerization kinetic constant. Unfortunately, the
method of elucidation of the latter value is unclear. Nevertheless, the NMR
data qualitatively prove the high value of the equilibrium constant of the
monomer-dimer equilibrium. In other words, it is possible to accept with
some confidence that the product (catalyst) mostly exists as a dimer in the
temperature and concentration intervals normally used for the Soai reaction.
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The binding constants for the adducts of diisopropylzinc with aldehyde
and dimer were estimated as 5.6 M~ " at 213 K and 4.6 M~ * at 308 K, re-
spectively.® Unfortunately, the absence of the temperature dependence for
these constants makes it difficult to adjust them for the experimental con-
ditions. Nevertheless, it should be noted that the latter data allow estimation
of the level of binding of the dimer with diisopropylzinc as 14-50% of the
total concentration of the dimer contradicting the reported zero order of the
reaction for Zn.

The Gibbs energy for dimerization of zinc alcoholate was estimated from
NMR line-shape analysis as 19 kcalmol '."> We have also estimated by NMR
data the equilibrium constant for the formation of tetramer from the dimer.
These data testify that the formation of tetramer is possible already at ambient
temperature (AG(298) = 2.9 4 4.2 kealmol ') and becomes thermodynamically
favorable upon decreasing the temperature (AG(193) = — 5.2 + 3.3 kcal mol ).
Although the AH and AS values obtained for this process are in accord with the
results of DFT calculations, they are still not accurate enough for the quanti-
tative estimations of the tetramer concentrations.

Estimated thermodynamic parameters of the association of diisopro-
pylzinc with oligomers (AG(298)=1.2 kcalmol %; AG(193)=—5.2+
3.3 kcal mol™")"? show rather weak binding of diisopropylzinc and correlate
with the estimations made previously. Nevertheless, they contradict to the
observed zero order of the reaction by Zn.

The most reliable kinetic data were obtained for the model substrate
3-pyridylaldehyde."® Authors of this work avoided most of the methodo-
logical flaws mentioned above. The experimental orders of the reaction (0th
in aldehyde, 0th in Zn'Pr,, 1st in catalyst) testify that the measurements were
carried out under conditions of saturation of the reactive complex with both
substrates. The Gibbs activation energy for the rate limiting stage was
measured to be 17.68 kcalmol '. This value agrees well with the DFT
computations for the measured substrate as well as with our DFT results
obtained for the -Bu-C=C- substituted substrate (activation enthalpy 17 or
18 kecal mol ! depending on the method)."

In general, the research results outlined above demonstrate that experi-
mental kinetic data available now are insufficient to be used for the dis-
crimination between suggested mechanisms or the verification of the
developed models.

8.4.2 Simulations of the Kinetics in the Soai Reaction

A significant number of attempts to simulate the kinetics of the Soai reaction
have been described.”'*'***3® Some of the suggested schemes contain
more than 10 kinetic stages and 6-8 fitting parameters. There is a saying
well-known among professionals: ““if you use 4 adjustment parameters for
describing your kinetic curve, you can describe a horse. If you add the 5th
parameter, your horse would friendly wag its tail”’. As in any other joke, there
is some truth in this saying. Having this in mind, it is not surprising that it
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was possible to adjust the simulation results to the experimental kinetic
curves for any chosen model: monomer catalyst, dimer catalyst, tetramer
catalyst, acetal catalyst, etc. upon sufficient variation of the adjustment
parameters. Hence, these examples of quantitative simulations of the kinetic
curves are not appropriate for the discrimination or verification of the
suggested mechanisms. On the other hand, the merit of these efforts is that
they demonstrate a principal possibility to describe the kinetics of the Soai
reaction via modified Frank’s schemes.

Since the experimental data are insufficient, one can consider the fol-
lowing tactics for the discrimination between different models:

- Limit the reaction scheme to the minimal number of stages taking into
consideration only the experimentally characterized processes. One
must take into account the well-established strong predominance of the
square dimers in the reaction pool. Since the estimated high activation
energy of the alkylation stage allows considering it as the rate-limiting
one, it is reasonable to consider other stages of the process in quasi-
equilibrium approximation.

- Use in the models the principal processes — autocatalysis and mutual
inhibition. Since two enantiomeric products are formed in the reaction,
the system of kinetic equations must contain no less than two equa-
tions describing the evolution of both products. This can be a system of
equations for the concentrations of both enantiomers or a system of
related equations for the total concentrations of the products and en-
antiomeric excess.

- Abandon the quantitative description of the kinetic curves due to in-
evitable simplification of the kinetic model. Instead, target the semi-
quantitative and qualitative description of specific reaction features,
e.g. enantiomeric excess, anormal temperature dependence, etc.

- Use instead of lacking experimental parameters the results of quantum-
chemical computations which are sufficiently accurate for the qualita-
tive description of the Soai reaction.

This approach was more or less successfully attempted by Schiaffino and
Ercolani.’®?® They have used a minimal kinetic scheme and compact
kinetic equations connecting the concentration of the substrate (or the
total concentration of the reaction products and enantiomeric excess that
is the same) for the model of a dimeric catalyst, all forms of which are
rapidly equilibrating. The authors compare the solutions of the suggested
equations with the enantiomeric excess, achieved experimentally under
different reaction conditions. A good agreement was obtained for the
ambient temperature. However, to reproduce in the calculations the
experimentally observed temperature dependence of the enantiomeric
excess, it was necessary to introduce additional assumptions and use
supplementary parameters describing the properties of the different
oligomers.
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We have applied a similar approach for the description of the accumu-
lation of the enantiomeric excess in the case of a tetrameric catalyst.'> The
corresponding system of equations simultaneously describing the kinetics of
the product accumulation and the kinetics of the enantiomeric excess
changes is shown below.

C;—f =(Co+Ag — C) x Zn x [4k:D*((1 + ee)* — (1 — ee)") + 2k
dee (Co+Ay—C)-Zn-D 4 ko - ee
e Lt Ko Zn 2k; - ((1+ee)*(1—ee) — (1+ee)) — X2

where C, and A, are the starting concentrations of alcoholate and aldehyde,
and the concentrations of non-bound dimers D and non-bound diisopro-
pylzinc Zn are determined by the following equations:

ZHZ:ZH()*C+CO

D= <\/(1/1<D2n +Zny — C/2)* + 2C/Kpzn — 1/Kpzn — Zny + c/z) /2

Zn=17n;s /(1 + KpznD)

ki KsKrznKr

26
constants: Kp is the equilibrium constant between dimer and tetramer
species, Kyz,. Kpzn are equilibrium constants for diisopropylzinc attachment
to tetramer and dimer species, respectively, K, is the equilibrium constant
for substrate attachment to the tetramer—-diisopropylzinc complex.

Solving this system of equation showed that by using the thermodynamic
parameters close in values to those obtained by DFT computations one can
qualitatively reproduce the anormal temperature dependence of the SR.

Additionally, we have shown that in the case of co-existence of two types of
associates of the levels n and [, suggesting existence of a quasi-equilibrium,
the kinetic equations acquire the following form:

and the observed rate constant k, = contains the equilibrium

— keA(Co + Ag — A [(1 4 ee)" + (1 — ee)"] — 2k,

a =
dee A N N N
@ a4 Gt A4 /[(1 + ee)"(1 — ee) + (1 — ee)™(1 +ee)]]
_ 2koAee
Co+A4)—A

Using these equations, we have found that the experimentally measured
changes of the enantiomeric excesses during the reaction can be easily de-
scribed by a tetramer catalyst model suggesting a statistical content of the
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dimeric and tetrameric associates. This is a good argument in favor of the
tetrameric catalyst model. On the other hand, it was also shown that chan-
ging the equilibrium constants of the equilibria between the associates of
different orders, (i.e. suggesting a non-statistical formation of the associates
and variation of the additional equilibrium constant) one can achieve a good
description of the enantiomeric excess changes for a monomeric or dimeric
catalyst as well. This observation is an additional illustration of the fact that
increasing the number of the variable parameters leads to results not ap-
plicable for the discrimination between various models.

8.4.3 Deterministic vs. Stochastic Kinetic Modeling

Both deterministic and stochastic modeling are used for description of the
Soai reaction.’”° At first glance, the statistical approach has obvious ad-
vantages, especially, for description of the handedness of enantiomeric
symmetry breaking. The excellent example of stochastic modeling for elu-
cidation of the symmetry breaking process is presented in ref. 39. On the
other hand, the stochastic modeling is related with some troubles. Indeed,
the thermodynamic fluctuations occur in small fragments of the large so-
lution space. As the result of fluctuations, the predominance of the enan-
tiomer in one point of reactive space is inevitably accompanied by
predominance of another enantiomer in another point of reactive space. The
autocatalytic enhancement in these points should proceed simultaneously
and then begin to compete in the course of diffusion mixing. The com-
prehensive consideration of the overall kinetics of the reaction in this
condition should solve the known theoretical ‘reaction-diffusion”
problem.***? In the case of nonlinear reactions this problem remains
unsolved until now. It is known, nevertheless, that the reaction-diffusion
systems can demonstrate spatial symmetry breaking, producing the oscil-
lations, Turing patterns, concentration waves, and other complicated kinetic
phenomena.*>™*® Thus, consistent stochastic modeling is complicated and is
feasible for consideration of the specific kinetic features only. Thus, the
simple deterministic kinetic modeling seems to be preferable for description
of kinetics for the purpose of elucidation of the chemical reaction mech-
anism in conditions where statistical fluctuation can be neglected.

8.5 Conclusions and the Objectives of a Kinetic
Description

The analysis of the kinetics of the Soai reaction shown above cannot substitute
experimental data that give significantly more detailed and reliable knowledge
of the reaction mechanism. On the other hand, it can suggest some useful
recommendations for the conditions of a productive kinetic experiment:

1. Reliable values of the reaction orders and rate constants in a complex
reaction are possible only in specially organized limiting conditions.
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For example, the simplest method is carrying out the reactions in a
large excess/deficiency of the chosen reagents.

Two enantiomers can be formed in the Soai reaction. The simplest
method for reducing the number of kinetic equations and more re-
liable measurement of the rate constants is to perform all reactions
with an enantiomerically pure catalyst. Another possibility is the large
excess of a strictly racemic catalyst.

. Dependence of the reaction rate on the concentration of the inhibitor

(opposite enantiomer) should be measured for the determination of
the kinetic characteristics of the inhibition process.

An impulse introduction of a portion of the chosen component into the
reaction mixture under continuous spectral monitoring of the reaction
rate can be used for the determination of the dependence of the re-
action rate on the regents and other components (inhibitor, catalyst,
solvent, etc.).

The experimental studies of the Soai reaction are quite difficult. Therefore,
thorough kinetic experiments must be justified by achievements of im-
portant goals. In our opinion, the kinetic studies must give the answers for

the

following questions:

- Why does the Soai reaction demonstrate such a strong dependence on

the substrate structure?

- Why until now has the Soai reaction remained the only transformation

repeatedly demonstrating the chiral symmetry breaking?

- What requirements must obey other chemical transformations for

realization of enantiomeric amplification?

In our opinion, careful kinetic studies (combined with DFT modeling)
could help to get the answers for these questions.
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CHAPTER 9

Stochastic Modeling of
Asymmetric Autocatalysis in
the Soai Reaction

GABOR LENTE
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Pécs, Hungary
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9.1 Introduction

The Soai reaction, whose essence is carbon-carbon bond formation by the
addition of an organozinc reagent onto a pyrimidinyl carbaldehyde, results
in the formation of a new asymmetry center and is therefore a reaction that
produces chiral molecules under completely non-chiral external conditions.
Since it was first reported in 1995," it has been thoroughly investigated from
a synthetic experimental point of view.>'" In the initial report," which has
also been analyzed scientometrically to prove its major influence on the
chemical literature,'” the main emphasis was on the combination of two
long-known phenomena, autocatalysis and enantioselective catalysis.
A process is usually termed autocatalytic if at least one of the products
formed in it has a verifiable accelerating effect on its own formation (catalyst
and product at the same time). This effect can typically be made obvious by
adding the suspected autocatalytic product deliberately before initiating the
actual reaction, which should cause a very substantial shortening in the
reaction time. Enantioselective catalysis, on the other hand, means that in a
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reaction yielding a chiral product from non-chiral initial conditions, the
influence of one of the enantiomers of a chiral catalyst (typically different
from the product) results in a notable imbalance of the enantiomers of the
product formed. Their combination, enantioselective autocatalysis, there-
fore means the rare phenomenon where the chiral product of the reaction is
also an enantioselective catalyst.

After the initial discovery, several more delicate phenomena have been re-
ported in the Soai reaction. For example, it was demonstrated that the re-
action’s sensitivity also extends to unusual and normally neglected sources of
chirality such as the one caused by the difference between the carbon isotopes
2C and "°C, and also hydrogen isotope chirality.”® For the present article, the
most important single feature, which was uncovered in later reports, is the
possibility to generate highly noticeable stochastic effects in chemical
processes.”™ This means that under certain conditions, the organozinc re-
agent addition can be carried out in such a way that the resulting chiral,
tertiary alcohol product will be far away from the expected racemic mixture. In
these experiments, the enantiomeric composition of the product mixture
changes from experiment to experiment even if major efforts are made to
ensure identical external conditions. This phenomenon seems to be known
both as ‘symmetry breaking’ or ‘absolute asymmetric synthesis’ and its ob-
servation is still inspiring theoretical research up to the present day."*

Although the concept of reproducibility is very much emphasized in the
training of most chemists, the fact that certain conditions will lead to
stochastic results in chemical processes has been known for a long time.
As early as 1940, Delbriick pointed out that an autocatalytic process
might deviate from the usual deterministic models of chemical kinetics.®*
The stochastic approach to chemical kinetics was developed in fine detail
in later years.®>®® It seems likely that the lack of spectacular and obvious
experimental examples was the dominating reason why this approach,
which is mathematically slightly less demanding than the usual de-
terministic one, never gained the attention it deserved.

In 1953, Frank published a model®* that gave some theoretical framework
for later attempts at understanding absolute asymmetric synthesis. The
analysis of the scheme used the deterministic kinetic approach and showed
the phenomenon of chiral amplification: although no enantiomeric excess
was formed in it starting from completely non-chiral conditions, the
slightest fluctuation from these symmetric conditions gave rise to gradually
higher and higher enrichment of one of the enantiomers. Chiral auto-
catalysis was one of the important features of this model in addition to
mutual antagonism, which meant that the two enantiomers of the same
chiral product molecule have the ability to ‘neutralize’ each other in a
chemical way. It is probably the effect of this early paper combined with the
scarce knowledge of the development of stochastic kinetics that led to a
prevailing view of the already mentioned theoretical attempts in the last two
decades, ™ which is based on the deterministic approach and shows
amplification properties. So the interpretation of absolute asymmetric
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synthesis is dependent on the initial fluctuations, but these are not de-
scribed in any reasonable mathematical way in most of these works. Al-
together, this attitude may lead to a reasonable qualitative interpretation but
never to a fully quantitative one. Also, this paper might be responsible for
the baseless assumption that mutual antagonism is a necessary element in
chiral amplification models. In fact, Frank himself®® did not make such a
claim at all in his classic paper.

This chapter aims to present an outline of the fully quantitative modeling
efforts of the Soai reaction that are based on stochastic kinetics.>® As the
most striking, the experimentally confirmed stochastic feature in the process
is the sizable fluctuation in the enantiomeric distribution of the product
tertiary alcohol, and most emphasis will be put on a comparison of meas-
ured and theoretically predicted distributions. First, a brief summary of
stochastic kinetics will be given, then the particle-based, discrete approach
to racemates will be introduced and compared to actual observations in the
Soai reaction. After this, the development of a minimal kinetic model of
absolute enantioselective synthesis will be summarized, followed by a more
detailed version based on an actual chemical scheme. Finally, some remarks
will be offered on the possibility of interpreting asymmetric distributions,
also based on the observation made in the Soai reaction. All these modeling
efforts rely on detailed and thoroughly proven mathematical theorems. The
proofs will not be reproduced here, they are available in the original sour-
ces,'H18:23:28,37,38,40,46 The main focus will be given to the underlying con-
cepts and the comparison with experimental results.

9.2 Fundamentals of Stochastic Kinetics

Chemical kinetics is normally part of the training of chemists in higher
education. Unfortunately, it is seldom emphasized that the classical kinetics
taught is one of several possible approaches: the one that is called de-
terministic in this chapter. The alternatives are several different stochastic
approaches, but none of them are typically mentioned in undergraduate or
even graduate courses and remain unknown to the majority of researchers
as well.

The main underlying idea of usual deterministic kinetics is that the
concentration of a substance is sufficiently approximated mathematically by
a continuous function (the independent variable is time). If this is so, this
function may have derivatives, which provide the basis for defining rates of
chemical reactions, and these rates are determined by the concentrations in
addition to other possible external conditions (most notably, temperature),
but the rates themselves are never dependent on time in an explicit manner:
their changes can be described using only the changes in concentrations and
other notable external conditions. The connection between the rate and the
concentration is called the rate equation. As the starting concentration in a
process is typically controlled by the experimenter and the rates are func-
tions of the concentrations (i.e. any particular set of concentrations
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determines the rate without ambiguity), the concentrations can be given as a
function of time by solving the set of differential equations generated by the
rate equation. This set of differential equations is typically non-linear as it is
common that two concentrations are multiplied or one concentration is
raised to a power different from 0 or 1 in the rate equation. Also, a symbolic
solution of this rate equation can only be found in the simplest cases: mostly
for one-step reactions.

In contrast, probabilities have central roles in stochastic kinetics. The ap-
proach described here is called continuous time discrete state (CDS) and its
mathematics is already developed in fine detail, which is available from
monographs.®>®>°° As the term ‘discrete state’ implies, the concentration is
not thought to be a continuous function here: it can only assume discrete
values because of the particulate nature of matter. So in this sense, CDS
kinetics is closer to reality than the deterministic approach. Because of the
non-continuous nature, it is much more convenient to use particle numbers
(always integers) rather than concentrations derived from these integers by
division with the Avogadro constant and volume. Furthermore, a non-
continuous function does not have derivatives. Therefore, a quantity called
infinitesimal transition probability replaces the deterministic concept of rates
in CDS. Even if the initial particle numbers are known with certainty in the
process, the molecular events can be described only in terms of probabilities
in the system, so the particle numbers do not have certain values, either, after
the initial time. Rather, they are quantified with probabilities. It should also
be noted that individual particle numbers are never independent of others, so
CDS results in a time-dependent set of the joint probabilities of the various
particle numbers. One particular set of possible particle numbers in a system
is called a state. In the most common mathematical handling of CDS kinetics,
a set of linear, first-order differential equations, called the master equation of
the process, is written for the state probabilities.

In comparison with deterministic kinetics, CDS kinetics is technically
simpler as the differential equations are always linear, which is a con-
sequence of the fact that only one state can occur at any given time (the term
‘Markov chain’ is also used for this property in mathematics). However, the
number of states is way higher than the number of concentrations in a
system, which often necessitates creative mathematical handling in order to
obtain useful theoretical predictions that are directly comparable to ex-
perimental data. This is probably the most difficult aspect of CDS kinetics
and this is also why deterministic kinetics is preferred whenever the error
introduced by using continuous functions in it is tolerable. However, when
the observations themselves are stochastic, then using CDS Kkinetics
becomes a necessity.

9.3 A Particle-based View on Racemates

A racemic mixture of a chiral compound is typically defined as one in which
the concentrations of the two mirror-image enantiomers are equal. This is a
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viable definition for most of the practical cases but is not entirely acceptable
in a strictly particle-based approach. For example, no racemic mixture could
exist when the total number of molecules is 1 or any other odd integer. This
conceptual problem has been recognized,’>°”°® and it was pointed out that
the number of different enantiomer molecules are characterized by a sym-
metric binomial distribution in equilibrium. The base assumption here is
that every chiral molecule has exactly 50% chance of being one of the two
enantiomers, and their stereochemistry is independent of the presence of
other molecules. In a mathematical formula, the symmetric binomial dis-
tribution is stated simply. Out of N chiral molecules, where the enantiomers
are designated R and S, the probability of finding exactly r molecules of R is:

P(r)= (1;1) 27N (9.1)

The symbol within the parentheses is a binomial coefficient in this equation.
Of course, by conservation of matter, the number of S molecules is s=N —r.
The probability distribution shown in eqn (9.1) is shown in Figure 9.1 for the
cases where N =20, 50, and 100.

Some important remarks should be made based on the curves shown in
Figure 9.1. The first is that the number of chiral molecules (N) was selected
to be extremely low (20, 50, and 100) in order to illustrate the scientific
points in an optimal way. The second is that each distribution is symmetric
with a maximum at 7/N = 0.5 in agreement with the fact that the energies of
the two enantiomers are strictly equal (‘exact racemate’). The third notable
effect is that the maximum probability decreases as N increases. Although
the most probable outcome is the one where the number of molecules for
the two enantiomers is equal, the absolute probability of this specific state is
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Figure 9.1 Binomial distribution of enantiomers for N=20, 50, and 100 chiral
molecules.
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decreasing as the overall number of molecules (N) increases. In fact, the
probability of the occurrence of any state decreases as N increases simply
because the number of states increases, and the sum of the probabilities of
all states must be 1 in every case. It can be estimated that with a chemically
meaningful amount of substance such as N=10, the probability of ob-
taining an ‘exact racemate’, where the number of the molecules for the two
enantiomers is strictly equal, is vanishingly low (=~1/V/Nt=5.6 x 107).
Fourth, the distribution shown in Figure 9.1 becomes narrower as N in-
creases. This means that the expected relative deviations from the ‘exact
racemate’ gradually decrease in magnitude despite the fact that the prob-
ability of the occurrence of the ‘exact racemate’ also decreases. This is in
agreement with the well-known property of the binomial distribution that its
relative standard deviation scales with the inverse of the square root of N.

Figure 9.1 also illustrates a very important point: using probabilities dir-
ectly in comparing experimental data and theoretical predictions is not
advantageous because of the very low probabilities of individual states. In-
stead, it is much more favorable to use the cumulative probability distri-
butions. In the distributions of enantiomers, this cumulative distribution
function (F) is very simply calculated by adding the probabilities of all states
in which the value of r is lower than a pre-set limit:

F(r)= ZP(Z‘) (9.2)

With this definition, F(r) still has a clear meaning: it shows the probability of
obtaining not more than r molecules of R in a mixture. The scale of these
cumulative probabilities is always between 0 and 1 as illustrated by
Figure 9.2, where the F(r) functions are shown for the cases for which simply
the probabilities were graphed in Figure 9.1. It is also straightforward to
extend the cumulative distribution function to continuous random vari-
ables, where the probabilities shown in Figure 9.1 would have to be replaced
by probability densities and would be a reason for further concern.

It is important to conclude at this point that although the experimental
data on absolute asymmetric synthesis are typically displayed as histograms
first,* which are analogous to probabilities, a direct comparison of histo-
grams to theoretical predictions is heavily distorted by the low number of
individual events in a histogram category. Therefore, it is very much advis-
able to use cumulative distribution functions instead of histograms in such
analysis.

Theoretical considerations, thus far unconfirmed by experiments, suggest
that the energies of two enantiomeric molecules might be very slightly dif-
ferent because of the well understood asymmetry in weak nuclear forces.
This difference is called parity-violating energy difference and is projected
to be about 10" Jmol " for small molecules (i.e. 1 attoelectronvolt),’® a
calculation which was also carried out specifically for the product of the Soai
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Figure 9.2 Cumulative distribution function of the binomial distribution of enan-
tiomers for N=20, 50, and 100 chiral molecules.

reaction as well.>” This tiny energy difference may cause a slight asymmetry
in the distribution of enantiomers. The consequences of this possible effect
were analyzed in two papers.”>*® The resulting distribution is still a
binomial one, but this time it is asymmetric. This can be described by
introducing a parameter ¢, which can be simply calculated from the parity-
violating energy difference,® and is equivalent to half of the difference of the
probabilities at which the two different enantiomers form under completely
non-chiral conditions. Here, R will be selected to be the more stable
enantiomer for demonstration purposes. The distribution is given with the
following formula:

P(r) = (f’ > (05 +¢)7(0.5— &) (9.3)

It should be emphasized again that ¢ is a really small number, it is about
10" if the 10~"* Jmol " estimate for the parity-violating energy difference
holds.?® This slight possible asymmetry was proposed as a potential reason
for the accumulation of a preferred isomer in schemes showing chiral
amplification and eventually as a possible reason for biological homo-
chirality. In detailed analysis,*>*® however, this scenario was shown to be
very unlikely. A descriptor R(N) was defined for the binomial distribution
that shows the excess probability of obtaining a higher number of molecules
for the more stable enantiomer. The mathematical definition is as follows:

RIN)= 3~ (P(V =) = P() (9.4)
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The notation [...] means the integer part of a number here (the highest
integer not higher than the number itself). For the asymmetric binomial
distribution, the following formula was derived to approximate the values of
R(N) as a function of N and parameter &:

R(N) = 48\/§ (9.5)

This formula and the analysis of its role in possible amplification scenarios
show that for the parity-violating energy difference to have a substantial role
in a process, the amount of substance involved would have to exceed the
mass of planet Earth.*®

As already mentioned, the phenomenon of absolute asymmetric synthesis
was experimentally observed in the Soai reaction.>™ In two cases,>* suf-
ficiently detailed enantiomeric distributions were published and they were
analyzed in detail in later works.'®?72328730,33,36738,40,43,44.46 1t ¢hoyld be
added that other, perhaps somewhat less spectacular experimental examples
were also published in different reactions,"®’°”® but the analysis in this
chapter will focus on the results obtained by the Soai group in the men-
tioned two examples.>* The two distributions are shown in Figure 9.3.

The two distributions in Figure 9.3 are labeled as ‘37 points™ and
‘84 points’,* which indicates the number of repetitions of identical experi-
ments that were carried out to define them. It must be emphasized that
extreme care was taken to ensure that the reactions in a single series were
run under the same conditions.>* A surprising feature of the comparison of
the two distributions is that they look very similar despite the fact that the
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Figure 9.3 Experimentally measured and distributions in the Soai reaction and
a comparison with a binomial distribution. Experimental data were
published in the papers of Soai et al.**
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experimental conditions were quite different in the two series.>* Indeed,
statistical analysis showed that the differences between the two distributions
are not significant at all.>***” Figure 9.3 also displays the binomial distri-
bution relevant for the number of product molecules formed under the
experimental conditions. The measured data obviously do not fit to this
binomial distribution. First, this fact clearly proves that the direct racemi-
zation of the product tertiary alcohol cannot take place in the time frame
of the experiments, as this alone would result in a binomial distribution of
enantiomers independently of other chemical reactions in the system.
Second, it is also clear that the enantioselective autocatalysis confirmed in
the system' has a major role in governing the final outcome. In the begin-
ning of this chapter, it was emphasized that one of the conditions of ob-
serving the binomial distribution is the independence of product formation
events from one another. In a statistical sense, enantioselective autocatalysis
introduces strong correlation between reaction events, which are not in-
dependent any more. In an oversimplified explanation of absolute asym-
metric synthesis, one can consider the formation of the very first chiral
molecule in a slow direct (i.e. not autocatalytic) reaction as the product is not
present yet. This first molecule must be one of the two possible enantiomers,
and there is no middle ground between the two cases on a molecular level.
Whichever enantiomer forms as the first molecule, its strong enantiomeric
catalysis provides a powerful, positive feedback for its own further formation
and results in an overwhelming excess of that enantiomer in the final mix-
ture. So in an extreme case, the process may continue to produce a single
enantiomer only. Of course, this explanation is somewhat exaggerated: in
reality, the final result is a high enantiomeric excess. It can be safely con-
cluded that the reasons for observing absolute asymmetric synthesis and the
stochastic fluctuations in the enantiomeric distribution of the product lie in
chemical kinetics, so with the common wording of organic chemistry, the
synthesis process is under kinetic control.

9.4 Minimal Models of the Soai Reaction

The first step of building a successful model of a previously unknown phe-
nomenon is usually to look for the minimum requirements under which the
essence of the finding is already shown by theoretical considerations. In this
particular case, this strategy means that finding a mechanism that already
shows the large stochastic fluctuations in the enantiomeric excess of the
product is a step forward even if the mechanism certainly cannot be valid for
the Soai reaction itself. Also, the model should be minimal to be useful for
this purpose, which means that it should not contain more reaction steps
than necessary. This is reflected in the first efforts that were published based
on CDS kinetics'>'® to interpret the enantiomeric distribution observed in
the Soai reaction.’

If an autocatalytic process is started without the product being present,
then there is always a need for a reaction that produces the autocatalytic
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product without autocatalysis (direct or uncatalyzed reaction).”* The auto-
catalytic reaction must be a separate one. So this simple consideration shows
that at least two distinct reactions are needed in a minimal model. As the
reaction produces enantiomers of a chiral material, symmetry requirements
double the number of reactions, but not the number of rate constants. The
simplest kinetic assumption is that a reaction is first order with respect to
each of its reagents. The considerations already presented define the
chemical scheme shown in Table 9.1, where A denotes the non-chiral
starting material, whereas R and S, as previously stated, stand for the en-
antiomers of the product. It should be noted that the order of reaction ¢ is
included in the autocatalytic rate equation for some generality: £ =1 holds in
the simplest model.

Table 9.1 shows the four reactions (two pairs of symmetry-related pro-
cesses) and the deterministic rate equations, which are more familiar for
chemical experts than the stochastic formalism. A general property of the
CDS model is that the master equation can be unambiguously stated if the
deterministic rate equations are known.®® The first stochastic publication on
the Soai reaction'® devised a method that was able to give the final enan-
tiomeric distribution predicted by the model without approximations and
also without the need for giving the time dependence of state probabilities
as it only depends on the ratio of the two rate constants k, and k.. The
discrete distribution is given as follows:

N ‘r]f[:(o.5+og) 1j (0.5 + o)

P(r):(r )J — (9.6)
I (1 +9)
Jj=0

Here the new parameter o is defined as the dimensionless ratio of the
uncatalytic and catalytic rate constants k, and k. (N, is the Avogadro
constant, V is the volume of the reactor):

JR— kc
" kyNaAV

(9.7)

Interestingly, a very close continuous approximation has also been found for
the distribution shown in eqn (9.6). If the value of N exceeds 100 (in most

Table 9.1 The minimal chemical mechanisms for interpreting absolute
asymmetric synthesis.

Reaction step Deterministic rate equation
A—R ko[A]
A—S koA

I

]
JATRY
JA]S)

A+¢R - (E+1)R
A+ES— (E+1)S

s
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chemical systems, 100 molecules are not even detectable), the following
formula can be used instead of eqn (9.6) without any practical loss of
accuracy:

P(IN) = %(ﬁ)?l(l _]LV)T* 9.8)

The notation I' here refers to the gamma function, which is basically the
factorial function (e.g. M), originally defined only on integers, extended to the
kingdom of real numbers. It should be pointed out that the ratio /N appears
in this formula. This quantity is termed the molar fraction of enantiomer
R and was already used in Figures 9.1-9.3 as the independent variable on the
x-axis. It is very interesting to note that N does not appear in any other place in
the formula of eqn (9.8). This fact implies that the predicted distribution, if
considered in terms of the molar fraction rather than the absolute molecule
number r, is independent of the amount of product molecules formed so
eventually it is independent of the amount of substance of the reactant. In
effect, it is the value of the dimensionless parameter o that solely determines
the shape of the distribution. In addition, the distribution shown in eqn (9.8)
is not unknown in other fields of mathematics, it is referred to as the
symmetric beta distribution.”” Its cumulative distribution function is
also known in the form of a function called the regularized incomplete beta
function.”® For the simple model with ¢ =1, a full symbolic solution was also
derived using the technique of Laplace transformation and published later.”®
This work also addressed the case when some of the chiral molecules are
present in the initial mixture as well.”®

Occasionally, cases are encountered in the literature of autocatalytic re-
actions when the order of the reaction with respect to the autocatalyst is
higher than 1, a phenomenon sometimes termed supercatalysis.”” There are
many examples when supercatalysis results in effects qualitatively different
from those observed under linear autocatalysis. The same was confirmed'®
for the models shown in Table 9.1: whenever £>1 (it does not need to be an
integer), the independence of the distribution of N is no longer true."® In this
case, given a sufficiently high value of N, the final state is always one where
one of the two enantiomers totally dominates in the final mixture (/N =0 or
r/N=1). In addition to proving this in a mathematical sense, further analysis
of the model was also carried out for £ =2 (second-order autocatalysis).
Unlike in the case of first-order autocatalysis, the actual experimental value
of N (3x10%°) had to be considered in these calculations, for which a new
algorithm was developed.'®

The cases of { =1 and £ = 2 were also used to generate predicted distributions
that fit the experimental observations of the Soai reaction®* best. In both cases,
only the value of a single parameter, the ratio of the uncatalytic and catalytic rate
constants k, and k. was optimized. The best fits are shown in Figure 9.4.

Looking at Figure 9.4 reveals that the two theoretical predictions are indeed
quite close to the experimentally measured results. The best fit to the second-
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Figure 9.4 Experimentally measured distributions in the Soai reaction and a com-
parison with the predictions of the minimal models in Table 9.1. Ex-
perimental data were published in the papers of Soai et al.** Theoretical
distributions were derived by Lente.">"®

order autocatalytic curve seems slightly better by the naked eye, this is also
confirmed by statistical testing,'® which proved that this is a significantly
better fit than the first-order case. It should be emphasized again that whilst
the first-order case can be simply described by a closed formula (eqn (9.8)),
calculating the distribution predicted by second-order autocatalysis requires
extensive numerical calculations of a highly non-routine nature.

9.5 Mechanism-based Modeling

Once a suitable minimal model of an observed phenomenon is found in
chemical kinetics, it can be improved further by refining it, considering the
chemical details of the process.”*”®®® This was reported by the CDS ap-
proach in two separate publications.*®*° Fortunately, T. Buhse already
published a reasonable, fully chemical mechanism of the Soai reaction in
2003,"* which accommodated many of the non-kinetic chemical obser-
vations made in the system. In later works, this model was also used in a
study about oscillatory symmetry breaking in the Soai reaction.*’ This
mechanism is shown in Table 9.2.

Although Table 9.2 shows 18 individual reactions, these only mean four
different processes, two of which are reversible. The seemingly high number
of individual steps comes from the symmetry requirements of stereo-
chemistry. The chemical essence of the model is summarized as follows:
after the initial formation of the chiral zinc alcoholate (R and S) from the
reactants pyrimidinyl carbaldehyde (A) and alkyl zinc (Z), some intervention
of dimeric (B) and trimeric (C) species occurs. The trimeric species
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Table 9.2 The chemical mechanisms proposed for the Soai
reaction by T. Buhse."?

Reaction step Deterministic rate equation
A+Z—R k[A][Z]
A+Z-S ki[A][Z]
2R — Bgg &, [RT?
Brr— 2R k_5[Bgrg]
28— Bgg ky[ST
Bgs—2S k_5[Bss]
R+S— Bgs K[S]R]
Brs—R+S k_5[Bsg]
Brr +A— Crr k3[A][Brr]
Crr—Brr +A k_3[Cgg]
Bgs +A—Css k3[A][Bss]
Css—>Bgs +A k_3[Css]
Brg+A—Crgs k3[A][Brs]
Crs—Brs +A k_3[Cgs]
Crr+Z—Brr+R ka[Crr][Z]
Css+Z—Bgs+S ka[Css][Z]
Crs+Z—Bgg +R ki[Crs][Z]
Crs+Z—Brg +S k4[Crs][Z]

subsequently opens an enantioselective, catalytic pathway for the original
reaction of A and Z.

From the CDS kinetics point of view, the mechanism shown in Table 9.2
already constitutes a highly complicated system. For example, the number of
different individual states is about 10'° in it, which is an extremely large
number (e.g. the estimated number of elementary particles in the entire
known universe is about 10%°). Modeling efforts to obtain a predicted dis-
tribution had to rely on the extensive use of creative mathematics. First, the
technique of deterministic continuation was developed. This means that
stochastic calculations based on the master equation were only carried out
until the number of product molecules formed reached a pre-set limit
(10000). After this limit, the numerical handling of the deterministic
approach was used.”* This is possible because at tens of thousands of
molecules present, the continuous approximation of concentrations is al-
ready acceptable in a sense that its use does not cause higher errors than
typically inherent in experimental observations. A second trick was the use of
Monte Carlo simulations in the form of the Gillespie algorithm for the CDS
calculations.®>®*®* with this method, individual simulation runs are car-
ried out instead of directly solving the master equation of the process, and
the distributions are estimated by comparing the results of repetitive runs.
Third and probably most important, an equivalent of the rapid
pre-equilibrium approach was developed in CDS kinetics, and the two
reversible processes were handled stochastically as rapid pre-equilibria.’®
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Finally, the technique of symmetrization was also employed: as the chirally
symmetric chemical reactions in the model require a symmetric distribution
(a fact also proved by mathematical precision®®), this property was forced
onto the simulation results by interpreting the result of each simulation as
one side of a symmetric pair.

The combination of these special mathematical techniques facilitated the
computation of a theoretical prediction for the final distribution of the en-
antiomers in the process. Some parameters were partially optimized compared
to the original model** to find reasonable agreement between the predicted
and observed distributions.*® This comparison is shown in Figure 9.5.

When analyzing Figure 9.5, it should be kept in mind that it does not show
the best fit as the relatively high number of parameters made it unfeasible to
find a global minimum for the sum squares in the analysis. The curve merely
illustrates that very good agreement with the experiments can be reached
using this model and a reasonable parameter set. In addition, Figure 9.5 also
shows the best fit for the simple, second-order autocatalytic model.
A striking characteristic is that this best fit is very close to the mechanism-
based prediction for the distribution, which serves as clear evidence that the
essence of the phenomenon is already quite nicely captured in the simpler
model as well. Extensive analysis was reported in a later work*® to show that
a series of quasi-stationary (steady sate) assumptions for various minor
species in the system can be employed to reduce the model into one whose
non-elementary rate equation in fact shows second-order autocatalysis very
similarly to the one assumed in the simple model with ¢ =2. In effect, some
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Figure 9.5 Experimentally measured and distributions in the Soai reaction and a
comparison with the predictions of one minimal model and the
mechanism-based model. Experimental data were published in the
papers of Soai et al®' Theoretical distributions were derived by
Lente'®"” and Déka and Lente.*®
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form of kinetic equivalence was established between the detailed and the
minimal model that was valid for the final distribution for enantiomers.
This phenomenon of a kinetic equivalence, which typically means that
multiple different mechanisms lead to identical rate equations, was well
understood in a number of earlier cases,”*’® but it was most probably this
model of the Soai reaction where it was first deduced for enantioselective
autocatalysis.*®

9.6 Distribution Asymmetry

Some additional analysis of the two reported distributions®* was also carried
out without using any kinetic models."®?* These tests established the fact
that there is no significant asymmetry in the 37-point distribution,’ in
agreement with what has already been stated when the technique of sym-
metrization was introduced. Of course, this symmetry is clearly expected
based on the fact that the models are symmetric with respect to the chemical
species. However, the same statistical tests showed that there is a slight, but
already significant asymmetry in the 84-point distribution.”>*” This was
extremely strange at first, because similar statistical tests also showed that
the 37-point and 84-point distributions were not significantly different: how
can one then be symmetric and the other asymmetric? The key to resolving
this virtual contradiction is the different number of points in the two dis-
tributions. If the same relative deviation from symmetry is seen in the two
data sets, it remains not significant because of the lower number of ex-
perimental points in the first case. It was already mentioned in the present
chapter that the parity-violating energy difference” was ruled out as a pos-
sible source of such asymmetry.>>*® Therefore, a suitable explanation was
sought in a modeling study®’ that was primarily based on the mathematical
techniques developed for the earlier attempts.

The basic idea in this modeling effort was that the slight asymmetry is
caused by some sort of uncontrolled external chiral influence on the reaction
system. Since there are a high number of possibilities in reality, the influence
of such external effects was semi-quantized as a few molecules of the product
added before the onset of the reaction. Because of the high sensitivity of the
system through enantioselective autocatalysis, this results in a distortion of
the symmetry of the distribution. It was also assumed that the introduction of
these product molecules into the initial system is stochastic in nature, and
several different distributions were tested in the calculations. The probability
that the initial number of R enantiomers was exactly r is given by a function
T(r). The first tested possibility was the geometric distribution:

T()=p-p) (9-9)

The second distribution that was investigated was the Poisson distribution:

T(r)=L e

o (9.10)
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Parameter p here is the characteristic single parameter of the two distri-
butions. The same symbol is used for simplicity in the two cases, but their
meaning is actually different.

As the mechanism-based model of the Soai reaction was shown to be
kinetically equivalent to the case of second-order autocatalysis, only
the minimal models were used as rate equations in the analysis. Similarly to
the previous work, both ¢ =1 and ¢ =2 were considered.’” So altogether,
four different models were set up and their parameters optimized. These are
the first-order geometric, first-order Poisson, second-order geometric, and
second-order Poisson models. The best fits are shown in Figure 9.6. To ob-
tain these fits, two parameters were optimized: the value of distribution
parameter p, and the dimensionless ratio of the uncatalytic and catalytic rate
constants k, and k..

A close look at Figure 9.6 reveals that the best fit is again given by second-
order autocatalysis, but it does not matter much whether the initial amount
of the product follows geometric or Poisson distribution. The best fitting
value of p was 21+1 for the Poisson, and 0.044 £ 0.003 for the geometric
distribution.?” From these parameters, the expectation for the initial num-
ber of product molecules can be calculated. For the Poisson distribution,
this is exactly the value of p =21, whereas p~' —1=22 for the geometric
distribution.?” So the calculations show that a very small amount, roughly
two dozen molecules of the product present initially on average can give rise
to the slight but significant asymmetry of the distribution. In the original
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Figure 9.6 Experimentally measured asymmetric distribution in the Soai reaction
and a comparison with predictions of minimal models. Experimental
data were published in the papers of Soai et al.* Theoretical distribu-
tions were derived by Lente.”” Notations used: B: first order geometric
model, D, E: second order Poisson and geometric models, F: second
order symmetric model.
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publication,®” a histogram-based comparison was also presented, but it also
showed that this method is greatly inferior to the one based on comparing
cumulative distribution functions.

9.7 Conclusion

The most important message of this chapter is that kinetic tools already exist
for interpreting stochastic experimental observations in chemistry. As the
training of chemists emphasizes the concept of reproducibility very much,
this is less obvious in this field of science than in physics or biology. In
contrast with deterministic kinetics, which is based on continuous
concentration-time functions, the continuous time discrete state (CDS)
stochastic approach considers the particulate nature of matter. The math-
ematical background of CDS has already been developed in sufficient detail
to solve complex problems. The successful quantitative interpretation of the
experimentally measured enantiomeric distributions in the Soai reaction
provides an example that the resourceful use of mathematical tools can give
spectacular results even if the system seems highly complex at first. Evidence
shows that the theoretically predicted parity-violation energy difference be-
tween the two enantiomers of the same chiral molecule cannot have sig-
nificant consequences in processes occurring on the surface of the Earth.
A final and highly important point is that whenever stochastic phenomena
measured experimentally are compared to theoretical predictions, the use of
the cumulative distribution functions must be preferred to histograms and
probability density functions despite the fact the latter techniques are easier
to visualize and imagine.
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CHAPTER 10

Demystifying the Soai Reaction'

SOUMITRA V. ATHAVALE AND SCOTT E. DENMARK*

Roger Adams Laboratory, Department of Chemistry, University of Illinois,
Urbana, Illinois 61801, USA
*Email: sdenmark@illinois.edu

The reaction can be likened to a pearl and the mechanism to an oyster.
The pearl is prized for its luster and simplicity; the oyster is a complex
living beast whose innards give rise to this mysteriously beautiful gem."

10.1 Introduction

10.1.1 Biological Homochirality, Absolute Asymmetric
Synthesis, and Asymmetric Autocatalysis

In a quaint 1953 publication, F. C. Frank presented a kinetic model that
rationalized spontaneous symmetry breaking and the generation of en-
antioenriched products in a chemical reaction without any chiral inter-
vention (absolute asymmetric synthesis).> Although the idea was motivated
by the need to articulate a mechanistic proposal that could account for the
origin of biological homochirality, it is generally applicable for the evolution
of homochirality in any closed chemical system. This scheme necessitates
three conditions: (1) autocatalysis, (2) enantioselective catalysis, and
(3) mutual inhibition. The fate of a hypothetical Grignard reaction of
benzaldehyde (1a), if it were to follow the Frank model, is illustrated in
Figure 10.1. In this imaginary autocatalytic version, the product is a catalyst

TA full account of the original research described in this chapter can be found in ref. 13,71 and 72.

Catalysis Series No. 43

Asymmetric Autocatalysis: The Soai Reaction

Edited by Kenso Soai, Tsuneomi Kawasaki and Arimasa Matsumoto
© The Royal Society of Chemistry 2023

Published by the Royal Society of Chemistry, www.rsc.org

199



200 Chapter 10

for its own formation. This activity is enantioselective: catalysis by the (R)-2a
product results in exclusive formation of new (R)-2a whereas catalysis by the
(S)-2a product results exclusively in the formation of new (S)-2a. Most crit-
ically, the final requirement implies that in some manner, the autocatalysts
are also mutual inhibitors: the (R)-2a product inhibits the formation of new
(S)-2a and vice versa. Frank demonstrated mathematically that a reaction
meeting these boundary conditions is predisposed to yield enantiomerically
enriched products over time. After the reaction initiates, a slight, statistical
excess of one product enantiomer will be generated. Owing to autocatalysis,
this enantiomer population will grow at a faster rate than its counterpart.
Furthermore, the production of the minor enantiomer will be inhibited
more efficiently than its competitor. The result will be an exponential
amplification of the initial excess enantiomer at the expense of the minor
enantiomer. The precise extent of enantioenrichment will depend on the
relative rates of autocatalysis, mutual inhibition, and autocatalyst selectivity,
but in the ideal case, the system will inevitably converge to the generation of
a highly enantioenriched product.

In 1989, Hans Wynberg coined the term asymmetric autocatalysis to
describe a system that satisfies the first two Frank conditions.? Incorpor-
ation of mutual inhibition effects would result in asymmetric amplifi-
cation - formally, amplifying asymmetric autocatalysis. Wynberg also
proposed exploration of specific reactions that may demonstrate this
striking phenomenon, unfortunately with no success. Clearly, the identi-
fication or design of a chemical system that proficiently satisfies all three
conditions is a formidable challenge. For an authoritative treatment of the
historical development of concepts related to absolute asymmetric
synthesis, statistical symmetry breaking and asymmetric autocatalysis,
especially in relation to the Soai reaction, the reader is directed to Mislow’s
masterful commentary on the subject.”

Seeds for practical realization of this obscure theoretical concept were
sown through the development of amino-alcohol catalyzed enantioselective
alkylation of aldehydes with dialkylzinc reagents in the 1980s.>” Apart from
synthetic utility, these reactions have since assumed special pedagogical
importance for their remarkable mechanistic peculiarity. Typically, a strong
positive non-linear effect (NLE) is observed, with product enantioenrichment
significantly higher than that of the employed catalyst. Figure 10.2 describes
such a NLE in the case of dimethylaminoisoborneol (DAIB).*° With die-
thylzinc, even when the catalyst enantiopurity is 60:40 e.r. (enantiomeric
ratio), product selectivity in excess of 90:10 e.r. is obtained. A detailed dis-
cussion of the myriad models proposed to explain NLEs in asymmetric
catalysis is beyond the scope of this section and the reader is encouraged to
refer to a number of excellent reviews on the subject.'®'" At this point, it is
sufficient to note that the origin of non-linear behavior in an asymmetric
catalytic reaction can be traced to differential activity of the various homo-
chiral and heterochiral species resulting from catalyst aggregation. In re-
lation to Frank’s proposal, a positive non-linear effect is a general term for



Figure 10.1 A hypothetical version of Grignard alkylation operating under the Frank model will yield enantioenriched products starting
from achiral materials.
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Figure 10.2 Positive NLE in the (—)-DAIB catalyzed dialkylzinc addition to benzal-
dehyde. Adapted from ref. 10 with permission from John Wiley & Sons,
Copyright © 1998 Wiley-VCH Verlag GmbH, Weinheim, Fed. Rep. of
Germany.

the phenomenological outcome of asymmetric amplification resulting from
some form of mutual inhibition. Dialkylzinc chemistry was thus inherently
predisposed to satisfy one critical chemical constraint necessary to achieve
amplifying asymmetric autocatalysis.

The provocative idea of F. C. Frank, Wynberg’s promotion of the asym-
metric autocatalysis formalism, the active developments of non-linear effects
in dialkylzinc chemistry, and the overarching romanticism of the origin of
biological homochirality and absolute asymmetric synthesis found their
combined expression in Soai’s groundbreaking discoveries.

10.1.2 The Soai Reaction

In 1995, Soai et al. realized the objective of amplifying asymmetric auto-
catalysis in their seminal report describing the diisopropylzinc alkylation of
pyrimidine-5-carbaldehyde (3a) (Figure 10.3b). Inclusion of the scalemic
product carbinol 4a at the beginning of the reaction resulted in the newly-
formed product being more enantioenriched than the initial additive."” Near
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racemic autocatalyst with only 51:49 e.r. provided a higher enantioenriched
product with 55:45 e.r. The product from one reaction could be used as a
catalyst for a subsequent reaction and it was shown that in successive re-
action cycles, the enantioenrichment of 4a could be increased to up to
94.5:5.5 e.r. Note that the actual ‘catalyst’ and product is the isopropylzinc
alkoxide. The carbinol is obtained only after workup and does not exist
under the reaction conditions. When the carbinol is included as an additive,
it is immediately quenched by diisopropylzinc to give the alkoxide, which is
the species of interest. Here and elsewhere, the carbinol is interchangeably
referred to as the catalyst only for simplicity. Asymmetric amplification is
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Note the surprising behavior of 3¢, where no amplification is observed.

Figure 10.3 (a) The Soai reaction, with the general scheme of amplifying autocata-
lysis and salient features. (b) Seminal report with substrate 3a.
(c) Improved performance with alkynyl substituted substrates, except
in the case of 3c. Adapted from ref. 13 with permission from American
Chemical Society, Copyright 2020.
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seen because the product alkoxide, in some manner, acts as a highly en-
antioselective catalyst for its own production while concomitantly inhibiting
catalysis by its enantiomeric counterpart. Thus, the dominant enantiomer
reinforces itself with time, resulting in continuous enantioenrichment with
reaction progression, satisfying the Frank scheme (Figure 10.3a). Following
this discovery, it was demonstrated that in general, the reaction of diiso-
propylzinc with 2-substituted pyrimidinyl carbaldehydes displayed auto-
catalytic, asymmetric amplification."**® In particular, a bulky alkynyl
substituent (examples in Figure 10.3c) drastically increased the performance
of these reactions in terms of the degree of asymmetric amplification, final
enantioenrichment achieved, reaction times, and isolated yields (note
however, the surprising contrary behavior of the TIPS substrate 3c).

In the case of the tert-butyl alkynyl substituted aldehyde 3d, which has
become the workhorse substrate for the Soai group, with a nearly racemic
autocatalyst (ca. 5x10 % e.e.), enantiopure product in high yield is ob-
tained in three reaction cycles (the product from a previous reaction is used
as a catalyst for the subsequent one) (Figure 10.4).>° This outcome indicates
that all three factors in the Frank model - (1) autocatalytic efficiency,
(2) catalyst selectivity, and (3) positive non-linear effect, are satisfied with
high proficiency in this system. With such a profound capacity for chiral
amplification, the system is a supreme candidate for absolute asymmetric
synthesis. Soai and Singleton have tested this proposal in landmark
experiments.”’ > It was demonstrated that in the absence of any added
catalyst, multiple runs of the reaction inevitably lead to enantioenriched
product, that is, the reaction demonstrates spontaneous symmetry breaking.
This phenomenon is believed to occur by an autocatalytic amplification of
the stochastically generated, statistical excess of one enantiomer produced
by uncatalyzed diisopropylzinc alkylation in the initial phases of the
reaction. These experiments in principle prove that the Soai reaction is
predisposed to evolve toward homochirality and can affect absolute asym-
metric synthesis arising from runaway autocatalytic amplification of
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Spontaneous, stochastic symmetry breaking is seen in the absence of any initially added (auto)catalyst.

Figure 10.4 Highly efficient asymmetric autocatalytic amplification with substrate 3d.
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statistical symmetry breaking - a spectacular experimental demonstration of
the Frank model!

A large variety of chiral additives ranging from amino acids,”® enantio-
morphic crystals,”” helical hydrocarbons,”® and even cryptochiral mol-
ecules® can influence the outcome of the reaction by biasing an initial
imbalance of one of the enantiomers.>® Remarkably, even circularly polar-
ized light*! and isotopic chirality**~* have been demonstrated to result in a
nonracemic product. One may state that in multiple cycles of the Soai re-
action, symmetry breaking and enantioenrichment is inevitable. The Soai
reaction hence qualifies as a chemical transformation with a predisposition
to evolve toward homochirality. Soai’s seminal discoveries have received
widespread attention in diverse chemical fields and have revived discussions
regarding absolute asymmetric synthesis, symmetry breaking, and the origin
of biological homochirality.***° Multiple reviews provide further details,
accounts, and descriptions of the remarkable properties of the Soai
reaction.>**%*!

10.1.3 Mechanistic Challenges and Prior Art

Since its discovery, elucidation of the mechanism of the Soai reaction stood as
a monumental challenge. Conceptually, the reaction represents a fortuitous
confluence of three themes in catalysis: autocatalysis, enantiospecific cata-
lysis, and non-linear effects. In this respect, it has no parallel among known
chemical transformations. Four central issues regarding the reaction mech-
anism remained enigmatic: (1) an elucidation of the precise identity and
modus operandi of the autocatalyst, (2) a transition state structure rational-
izing the basis of asymmetric autocatalysis, (3) an explanation for the origin of
positive, non-linear (auto)catalysis, and (4) a justification of the puzzling,
restrictive, and idiosyncratic substrate requirements that allow successful
amplifying autocatalysis.

The remarkable properties of the Soai system have motivated numerous
studies to elucidate the mechanism of this iconic transformation.**”** In
light of Franks’s proposal and lessons learnt from non-linear effects in
dialkylzinc chemistry, the recognition that product alkoxide aggregation
(which in this case amounts to catalyst aggregation) must be a critical factor
in the origin of (auto)catalysis as well as non-linearity has driven efforts in
identifying the exact nature of this aggregation, which should then lead to
insights in catalysis.

Structural proposals resulting from these studies (prior to 2020) are
highlighted in Figure 10.5. For the 3-formyl-6-methylpyrimidine-carbalde-
hyde system, a kinetic comparison of enantiopure and racemic autocatalyst
reactions indicate a dimeric alkoxide aggregate as the catalytic species,
whereas subsequent investigations with an enantiopure catalyst suggest two
aldehyde substrates in a tetrameric complex.***”® The first structural
studies in 2004, employing "H NMR spectroscopy with the 4b-derived iso-
propylzinc alkoxide were consistent with a dimeric model but could not
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Figure 10.5 Notable structural proposals prior to 2020. Reproduced from ref. 44 and
57-59 with permission from American Chemical Society, Copyright
2001, 2010, 2011, 2012. Reproduced from ref. 48, 60 and 65 with
permission form John Wiley & Sons, Copyright © 2004 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim, 2015, Copyright © 2012 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, Copyright © 2015 The
Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.

conclusively distinguish between dimers and higher order aggregates.*®*
For the alkynyl substituted systems, modeling studies indicate that the
extraordinarily high experimentally observed amplification efficiency is not
possible with dimeric catalysis, implicating the involvement of higher order
aggregates in the catalytic cycle.*>*>%® Theoretical suggestions for possible
higher order aggregate structures, most notably, the square-macrocycle-
square (SMS) tetramer were made for the first time by Brown and
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Gridnev.>>®* Subsequent investigations provided further momentum for a
tetrameric catalyst model. Reaction progress kinetic analysis (RPKA) ex-
periments®” with substrate 3e indicate the reaction rate to be Oth order in
diisopropylzinc, 1st order in the catalyst (product alkoxide), and 1.6 order in
aldehyde. An intriguing inverse temperature dependence on the reaction
rate is also observed. On the basis of kinetic and spectroscopic clues, the
suggestion that the SMS tetrameric alkoxide might be the active catalyst was
raised for the first time. A DFT study to model these tetramers was reported
by Gridnev in 2012.°° The same year, Brown and Blackmond reported the
observation of an acetal-like intermediate in the Soai reaction with substrate
3e.®® However, its actual relevance to the catalytic process remains unproven.

In 2015, Soai et al. reported the first crystal structures of the isopropylzinc
alkoxide of 4d. A tetrameric or oligomeric aggregate was obtained, de-
pending on the crystallization conditions.®”®® The homochiral and hetero-
chiral tetramers possess a 12-member macrocycle with a connectivity
resembling the SMS tetrameric structure proposed earlier. The assembly is a
concatamer of two Zn-O square dimers, ligated through pyrimidine-Zn co-
ordination. In the homochiral aggregate, the unbound pyrimidine units
(referred to as the tetramer ‘arms’) are oriented on the same face of the
macrocycle. The racemic, heterochiral tetramer possesses a similar overall
connectivity but the arms are placed on opposite sides of the macrocycle. In
both the homochiral (enantiopure) and heterochiral (racemic) tetramers, a
pair of three-coordinate, unsaturated (alkoxy)zinc atoms are present as part
of the pyrimidinyl arms.

The remaining six pyrimidinyl nitrogen atoms are bound by diisopro-
pylzinc molecules (these are not shown in the structure in Figure 10.5).
These landmark results provide a definitive structural understanding of the
solid-state SMS tetramer and reveal the differences in the homochiral and
heterochiral tetrameric assemblies.

Although these pioneering enquiries have converged on the consensus of
the SMS tetramer as the likely autocatalyst, they have fallen short in providing
any answers as to how this species, if it indeed is the autocatalyst, operates
and executes the Frank scheme. Neither a structural basis for enantioselective
(auto)catalysis, nor an explanation for the origin of non-linearity has been
proposed.

Limitations in mechanistic understanding are also apparent from the lack
of a compelling model that can rationalize the remarkable substrate con-
straints of the Soai reaction. For example, in the footnote of two reports, the
reaction with diethylzinc is mentioned to display chiral erosion.'*®® It is
presumed that with other dialkylzinc reagents, analogous reactions are either
not autocatalytic, not amplifying, or both. Brown et al.** claim that dicyclo-
propylzine, di-tert-butylzine, and dicyclopentylzinc® fail to provide auto-
catalytic asymmetric amplification with 3a although no data was provided.
Thus, although systematic studies are lacking, it is assumed that amplifying
autocatalysis is unique to diisopropylzinc. Soai et al also described
isolated reports wherein amplifying autocatalysis with diisopropylzinc was
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demonstrated with some specific substituted quinoline-3-carbaldehydes®”"*®

and 5-formyl-nicotinamides,®® however, these reactions are not as efficient as
the substituted pyrimidine analogs and have not been a subject of further
studies. Pyridine analogs are believed to be incompetent; pyridine-3-
carbaldehyde (5a), for example does not demonstrate amplifying auto-
catalysis.®® Although 2-alkynyl-pyrimidine-5-carbaldehydes are superlative
substrates, it was noted that surprisingly, the inclusion of a triisopropylsilyl
(TIPS) group (3¢, Figure 10.3) was detrimental to chiral amplification."
Amplifying asymmetric autocatalysis is seen only when severe, non-obvious
structural constraints are met.

10.2 Demystifying the Evolution of the Structure and
Function of the SMS Tetramer

10.2.1 Competency of a Pyridine System - One of the
Nitrogen Atoms in the Pyrimidine Core is Dispensable
in the Soai Reaction

The reaction of 5-(trimethylsilylethynyl)pyridine-3-carbaldehyde (5b) with
diisopropylzinc represents the simple change from a pyrimidine-to-pyridine
core in the Soai system. On the basis of the known structural constraints of
the Soai reaction, this transformation is not expected to display amplifying
asymmetric autocatalysis. Indeed, in a 2015 publication by Amedjkouh and
co-workers, the analogous reaction of the closely related substrate 5-(tert-
butyl)pyridine-3-carbaldehyde (5d) was reported to display chiral erosion.”®

In light of this literature precedent, our discovery of efficient amplifying
asymmetric autocatalysis in the diisopropylzinc alkylation of 5b was un-
expected and surprising (Figure 10.6a).”" Product carbinol 6b, when in-
cluded in this reaction as a scalemic catalyst, afforded a newly generated
product with higher enantioenrichment. The reaction was homogenous even
at high concentrations and was conveniently monitored by tracking alde-
hyde consumption using in situ IR spectroscopy. The transformation dis-
played all the characteristics of an amplifying, autocatalytic process
(Figure 10.6b). Without the added catalyst, sigmoidal aldehyde con-
sumption, with an initial induction period, followed by a rapid reaction is
observed, characteristic of autocatalysis (entry 1, blue dashed curve). Inclu-
sion of the scalemic product carbinol eliminated the induction period,
leading to the rapid production of product with higher enantioenrichment
than the initially added autocatalyst (entry 2, red dashed curve). At lower
concentrations, the background reaction without added product was slug-
gish and inefficient (entry 3, solid blue curve). However, inclusion of either
enantioenriched (entry 4, solid red curve) or racemic (entry 5, solid green
curve) carbinol resulted in accelerated reactions and efficient product gen-
eration. In the case of the enantioenriched autocatalyst (entry 4), a highly
enantioenriched product was obtained whereas the racemic autocatalyst
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Figure 10.6 (a) Asymmetric autocatalysis with chiral amplification in alkylation of
5b with diisopropylzinc. (b) Observation of sigmoidal aldehyde con-
sumption profiles and non-linear autocatalysis upon monitoring alde-
hyde consumption by in situ IR spectroscopy (¢=0 denotes time of
aldehyde addition). (c) Pertinent observations further highlighting the
striking similarity of the pyridine system to the original pyrimidine
system. Adapted from ref. 71 with permission from Springer Nature,
Copyright 2020.

(entry 5) yielded a racemic product. Crucially, the latter reaction was much
slower than the former indicating the lower catalytic activity of the racemic
autocatalyst species, further highlighting the non-linear effect. These
observations establish that, just as in the case in the iconic Soai pyrimidine-
system, non-linear amplifying autocatalysis is also operative in the reaction
of 5b and diisopropylzinc.

Furthermore, the new system also shared the other non-obvious, idio-
syncratic characteristics typical to the iconic pyrimidine substrate
(Figure 10.6c, for details, refer to the Supplementary Information in ref. 71).
An inverse rate profile with respect to temperature was noted, with a rate
maximum at ~0 °C. Note that a similarly intriguing temperature effect was
also reported previously in the Soai reaction of the pyrimidine substrate 3e.”’
The analogous reaction with diethylzine did not result in asymmetric
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amplification or rate enhancement. Remarkably, the reaction of diisopro-
pylzinc with 5-(triisopropylsilylethynyl)pyridine-3-carbaldehyde (5¢) was
sluggish and demonstrated neither asymmetric amplification nor auto-
catalytic rate enhancement. Consistent with this trend of observations, we
find efficient amplifying autocatalysis also with substrate 5d, thus contra-
dicting Amedjkouh’s report.*?

Such striking similarities with the behavior of the original pyrimidine
substrates clearly demonstrate that one of the nitrogen atoms in the pyr-
imidine ring is dispensable in the Soai reaction system. We believe that this
is a significant development in terms of structural considerations of a
mechanistic hypothesis because it constrains the possible coordination/
interaction sites in any proposed catalytic assembly.

10.2.2 Structure-Activity Relationships of the Pyridinyl
Autocatalyst

In the Soai reaction of 5b, amplifying autocatalysis is affected by the unique
activity of the isopropylzinc alkoxide of 6b (henceforth termed Pyll).
Understanding the basis for this activity is essential for gaining meaningful
mechanistic insights.

To evaluate contributions of the alkyl group on the carbinol center in the
(auto)catalyst and the O-Zn-alkyl group, a qualitative comparison of catalysis
by four different zinc alkoxides (Pyll, PyEE, PyIE, and PyEI) was made by
in situ IR monitoring of dialkylzinc additions to 5b in catalyzed and un-
catalyzed reactions (Figure 10.7) (nomenclature: Py/Ph = pyridine/phenyl
indicating the aromatic core, I/E =isopropyl/ethyl indicating the carbinol
alkyl group, and I/E = isopropyl/ethyl indicating the alkylzinc group). Note
that owing to alkyl exchange, the choice of dialkylzinc reagent employed is
dictated by the identity of the alkylzinc alkoxide (for example, Pyll and PyEI
cannot be used in a reaction with diethylzinc; likewise, PyEE and PyIE
cannot be used in a reaction with diisopropylzinc).

Under these conditions, the uncatalyzed reactions (entries 1 and 4) were
sluggish, showed low conversion, and ultimately stalled. Inclusion of either
PyEE (entry 5) or PyIE (entry 6) showed no appreciable rate enhancement. In
the case of PyEE, the product carbinol had a lower enantiomeric com-
position than the added catalyst whereas a minor positive non-linear effect
was seen in the case of PyIE. Entry 2 representing the autocatalytic reaction
with diisopropylzinc, reiterates the high catalytic efficiency and strong non-
linear behavior of catalyst PylIl. Finally, with alkoxide PyEI (entry 3), a sig-
moidal aldehyde decay with high final product e.r. was achieved, but with an
absence of initial rate enhancement. This behavior is interpreted to arise
from a low catalytic activity of PyEI giving rise to an initial production of PyII
followed by strong asymmetric autocatalysis from a buildup of PyIlL.

Taken together, these observations prove that in this alkoxide series, only
PylII possesses the requisite structural requirements for efficient, amplifying
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Figure 10.7 Qualitative comparison of catalytic activities and non-linear effect of
alkoxides PyXX in dialkylzinc addition to 5b by in situ IR monitoring of
aldehyde consumption. Adapted from ref. 71 with permission from
Springer Nature, Copyright 2020.

catalysis and replacement of either or both isopropyl groups results in alk-
oxides (PyEE, PyIE and PyEI) that possess markedly inferior catalytic
efficiencies.

10.2.3 Spectroscopy of Zinc Alkoxides and the ‘Cube-Escape’
Model for the Assembly of the SMS Tetramer

To gain insights into the structural requirements for efficient catalysis, a
spectroscopic study to characterize the solution state structures of phenyl
(PhEE, PhEI, PhIE, and PhIl) and pyridyl (PyEE, PyEl, PyIE, and Pyll) zinc
alkoxides in toluene was undertaken (Figure 10.8). These eight alkoxides
represent a close chemical space around the PylI structure and may allow a
delineation of the structural contributions that lead to catalysis only with PyII.
The absence of a coordinating nitrogen atom in phenyl alkoxides, make them
a simpler starting point for interpreting structural effects. Both en-
antioenriched and racemic samples of all eight alkoxides in deuterated to-
luene were studied. Multidimensional and variable temperature NMR
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experiments as well as Diffusion Ordered Spectroscopy (DOSY; for molecular
weight estimation of aggregates) was employed. For brevity, only the main
conclusions from this study are presented in Figure 10.8 (for detailed dis-
cussion and data analysis, refer to ref. 71).

In all cases, spectra obtained from racemic samples showed greater
multiplicity of signals and additional peaks compared to spectra obtained
from enantioenriched samples, proving the multimeric nature of these alk-
oxides. Based on a comparison of chemical shifts of diagnostic protons, ra-
cemate analysis, and DOSY studies, clear patterns emerge. Several alkoxides
form similar aggregate species in solution - these are highlighted with the
same color. PhEE, PhEI, PhIE, and PyEE exist exclusively as a cubic tetrameric
aggregate (species ‘a’) and are highlighted with yellow. Among the obser-
vations that support this conclusion, the comparison of enantioenriched and
racemic samples is particularly decisive. In the case of PhEI, a remarkable
quadruplet splitting pattern in the racemic aggregate was observed in com-
parison to the enantiopure aggregate (Figure 10.8 lower panel). Such a pat-
tern, also seen in all cases where species a is detected, is a smoking gun for a
symmetric, cubic tetramer structure, which finds ample precedent.”*”*

In contrast, the spectrum of the autocatalytically competent PyII displayed
significant differences with the spectral characteristics of species a and ap-
pears to form a distinct, exclusive aggregate structure (species b; colored
blue). Species b is still tetrameric but is not a cubic tetramer. PyEI appears to
form a mixture of species a and b. PyIE, in addition to species a and b, also
forms another tetrameric aggregate — species c. Finally, PhII forms a mixture
of two trimeric aggregates — species d and e.

Rationalizing the effect of structure on alkoxide aggregation begins with the
assumption that a cubic tetramer is the preferred state of these alkoxides. It
was hypothesized that replacement of ethyl groups around the cube core by
bulkier isopropyl groups results in destabilization of the cube structure by
steric repulsion to the point at which the cube is no longer viable as in cases
of PhII and PyIl. A weakened cube can be further disrupted by a pyridine
nitrogen through coordination to the zinc alkyls to assist in the formation of
alternative tetrameric aggregates. This hypothesis was tested by the addition
of excess pyridine to solutions of the zinc alkoxides. In the case of PhEI, PhIE,
and PhII, this modification resulted in disruption of the aggregate structure
to a pyridine coordinated saturated dimer (Figure 10.9 and 10.10a), whereas
PhEE remained unaffected. The results demonstrate that a cubic tetramer
weakened by unfavorable steric interactions (PhEL PhIE, and PhII but not
PhEE) is poised to be disrupted by pyridine coordination to the zinc atoms.

This analysis can be extended to the pyridyl alkoxides (Figure 10.10b) with
the recognition that these molecules already possess a pyridine nitrogen for
intra-aggregate coordination. With a pyridine nitrogen available for co-
ordination to zinc, alkoxides PyEE, PyEI, PylIE, and PylI are poised to escape
the cube only if the core is sufficiently weakened. Whereas PyEE maintained
a cubic tetramer constitution (species a) because its core is sufficiently stable
to resist intramolecular pyridine disruption, PyEI and PyIE exhibited
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formation of other tetrameric species (species b and c) owing to partial cube
escape facilitated by nitrogen coordination. Finally, PyIl, through complete
cube escape, accesses an exclusive, alternative aggregate structure. Recon-
ciling the observation that PylI exists as a non-cubic tetrameric aggregate,
the simplest way in which such a cube-escape can occur is an intramolecular
coordination of the pyridyl nitrogen to expand the cube to a square-
macrocycle-square (SMS) connectivity (Figure 10.10b).

This proposed connectivity of Pyll is identical to the pyrimidine SMS tetra-
mer (Figure 10.5) whose crystal structure was described by Soai. For the first
time, these studies provide a systematic logic for its solution-state assembly and
establish how only a single nitrogen atom is required in the aromatic core to
build this tetramer. The next tantalizing question is — can this aggregate lead to
a compelling model for non-linear enantioselective catalysis in the Soai system?

10.2.4 Substrate Binding by the SMS Tetramer

To act as a catalyst, the SMS tetramer must in some way engage diisopropylzinc
and the substrate. Crucially, if benzaldehyde (1a) or the trimethylsilyl-alkynyl
substituted benzaldehyde (1b) is employed as a substrate, only trace alkylation
was observed (Figure 10.11). However, pyridine-3-carbaldehyde (5a) is a com-
petent substrate and the SMS tetramer catalyzes a rapid diisopropylzinc alkyl
transfer with a positive non-linear effect. The nitrogen atom in the substrate
seems indispensable for strategic coordination to some location on the SMS
tetramer. Identical substrate limitation is also seen in reactions catalyzed by
the isopropylzinc alkoxide of 4b (the analogous pyrimidine SMS tetramer).
Note that the PylII catalyzed addition of diisopropylzinc to 5a is a non-
autocatalytic reaction because the corresponding product is catalytically
inactive. This observation indicates the general attributes that make PyII an
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enantioselective catalyst. The autocatalytic behavior is simply a special case
wherein the substrate is matched to give the same product as the catalyst.
With this perspective, it becomes clear that the fundamental catalytic
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Figure 10.11 Aldehyde consumption is monitored by in situ IR spectroscopy in
catalyzed reactions to assess substrate compatibility for alkyl transfer
by Pyll. Poor reactivity is seen with benzaldehydes but pyridine-3-
carbaldehyde is a competent substrate, resulting in isopropyl transfer
with a strong positive NLE. Adapted from ref. 71 with permission from
Springer Nature, Copyright 2020.

properties of the PylIl tetramer can be studied with any competent sub-
strate — in fact, use of pyridine-3-carbaldehyde simplifies the compli-
cated autocatalytic behavior to that of a conventional catalyst-substrate
system. Initial rate kinetic studies with this surrogate substrate revealed
that the reaction rate was Oth order in both the substrates and first order
in the PyII tetramer. At least with 5a, this indicates saturation binding of
both reactants to the SMS tetramer followed by a rate limiting alkyl
transfer.

Insights into the nature of the binding of substrate (5a or 5b) and diiso-
propylzinc to the Pyll tetramer were obtained by further NMR spectroscopy
investigations. Interactions between the two reactants - diiisopropylzinc and
5a (as well as 5b) unambiguously proved (data not shown, refer to the
Supplementary Information of ref. 71 and 72) that the carbonyl oxygen has
no affinity to diisopropylzinc and both 5a and 5b bind to diisopropylzinc
exclusively through the nitrogen center. This binding is characterized by an
upfield shift of the aromatic protons (including the carbonyl proton) and a
concomitant downfield shift of the alkylzinc protons (with the shift mag-
nitude increasing at lower temperatures). This change in NMR signals
arising from a pyridine-dialkylzinc coordination finds literature prece-
dent.”>’® Quantitative NMR measurements established the binding constant
of diisopropylzine and 5b to be about 109 M~ ' at —18 °C. Likewise, the
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addition of diisopropylzinc to Pyll shows reagent coordination to the ‘pyri-
dine arms’ of the SMS tetramer.

Experiments directly probing the binding of 5a to Pyll were also attempted
in the absence of diisopropylzinc (Figure 10.12b). Orienting experiments
were performed with PhEE and PhII (Figure 10.12a). The region of the
'"H-NMR spectrum denoting the substrate protons is shown. In
Figure 10.12a, a downfield shift (~0.1 ppm) of the aldehyde proton (H,) was
observed only in the presence of PhII (blue). In the cubic tetrameric PhEE, all
four zinc atoms are coordinatively saturated by alkoxide binding and are
unavailable for carbonyl coordination. In contrast, PhII, existing as a mixture
of trimers, presumably contains at least one unsaturated zinc center, which
binds the carbonyl oxygen and causes the downfield chemical shift. Note
that this downfield shift of H,, as well as the absence of shifts of Hy,. rule out
binding via the nitrogen of 5a. A similar observation — a downfield chemical
shift (~0.5 ppm) for H, - was noted in the experiment with Pyll
(Figure 10.12b, blue). Taken together, these investigations indicate that the
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Figure 10.12 Downfield region of the "H-NMR spectrum of 5a and, (a) PhEE and
PhII and (b) PyIl. All spectra recorded at 0 °C in deuterated toluene.
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carbonyl oxygen of 5a can bind to the unsaturated zinc center of the Pyll SMS
tetramer.

10.2.5 Enantioselective Alkyl Transfer by the SMS Tetramer

Considering these observations, two binding models of the reactants to the
PyIl SMS tetramer are proposed (Figure 10.13): (1) floor-to-floor and (2) floor-
to-arm. In both cases, two diisopropylzinc molecules, each bound to a
pyridine-arm saturate the tetramer. In both cases, the carbonyl oxygen of the
substrate 5a is bound to an unsaturated zinc center located in the Zn-O
square of the tetramer. The site of substrate nitrogen coordination dis-
tinguishes the two models. In the former, this site is the second unsaturated
zinc center on the opposite Zn-O square whereas in the latter, binding occurs
to a diisopropylzinc molecule ligated to a catalyst arm. Hence, in the floor-to-
floor model, the substrate, through a two-point binding, bridges the two distal
unsaturated zinc alkoxide centers in the Zn-O squares whereas in the floor-to-
arm model, the substrate through a two-point binding, bridges an un-
saturated zinc alkoxide atom in the Zn-O square and a dialkylzinc atom on
the opposite arm. Note that in both models, the reactants are electronically
activated toward alkyl transfer - the aldehyde (rendered more electrophilic) by
coordination to the Lewis acidic zinc center and diisopropylzinc (rendered
more nucleophilic) by coordination to the Lewis basic nitrogen. Density
functional theory (DFT) calculations were employed to identify the most fa-
vorable alkyl transfer pathway arising from these ground state binding
modes. The floor-to-floor binding is preferred by 4.5 kecal mol . In this mode,
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Figure 10.13 Proposed models for two-point binding of substrate 5a to the Pyll SMS
tetramer. Blue asterisks signify bound zinc atoms. Structures repre-
sent optimized minima calculated at the M06-2X/def2-TZVPP-SMD
(toluene)//B3LYP/6-31G(d) level of theory. Relative energies (AG°)
reported in kcalmol '. Purple, zinc; yellow, silicon; red, oxygen;
blue, nitrogen; gray, carbon. Hydrogens are hidden for clarity. Adapted
from ref. 71 with permission from Springer Nature, Copyright 2020.
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Springer Nature, Copyright 2020.
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the diisopropylzinc molecules bound to the tetramer arms appear to be ste-
reoelectronically predisposed for carbonyl addition. Indeed, floor-to-floor
binding leads to the most favorable alkyl transfer pathway, with predicted
selectivity consistent with the observed experimental stereoselectivity.
In contrast, the floor-to-arm binding, in addition to being energetically
unfavorable, leads to alkyl transfer pathways that are prohibitively high
in energy.”*

In the floor-to-floor model, alkyl group transfer by diisopropylzinc is
primed for delivery to the Si face of the aldehyde in int-5a-1 (most stable
ground state intermediate), which would lead to the observed S stereoisomer
(Figure 10.14a). Conversely, the Re face is accessible only through a rotation
of both the substrate and one arm of the tetramer as shown in int-5a-2,
which is unfavorable by 5.9 kcalmol '. The stereocontrolling transition
structures TS-5a-1 and TS-5a-2 arising respectively from int-5a-1 and int-5a-2,
have activation free energy barriers of 12.5 kcalmol ' and 14.7 kcal mol "
respectively. This energy difference (AAGi =2.2 keal mol ', red) agrees with
the observed stereoselectivity of PyIl with pyridine-3-carbaldehyde 5a
(95:5 e.r., AAG* =1.7). Thus, the enantioselective alkylation of 5a by PylII can
be computationally justified to result from the favored pathway of two-point,
floor-to-floor substrate binding followed by preferred alkyl delivery from an
arm-bound diisopropylzinc molecule.

The transition structures and minima for the autocatalytic reaction of
aldehyde 5b and tetramer PyIl were also investigated computationally
(Figure 10.14b). Only a single binding intermediate (int-5b, geometry similar
to int-5a-1) is found (the structure analogous to int-5a-2 is not a stable
intermediate). The lowest-energy transition structure TS-5b-1 leads to the
alcohol (S)-6b, and the next higher energy transition structure TS-5b-2
(AAG* = 4.4 kcalmol !, red) leads to the (R)-6b product. This large differ-
ence in energy comports with an enantioselective autocatalytic mechanism.
TS-5b-1 is analogous to TS-5a-1, in which facile alkyl transfer takes place
from diisopropylzinc in the ground state geometry int-5b-1. Contrariwise,
TS-5b-2 represents a higher-energy pathway because the left arm of the tet-
ramer does not rotate for alkyl transfer to the Re-face of the aldehyde as in
int-5a-1. This conformation is inaccessible for aldehyde 5b because to ar-
range this substrate to receive the isopropyl group would require that the
trimethylsilylethynyl substituent be in the same space as the opposite arm
(N.B., the C(5) position of aldehyde 5a in both int-5a-2 and TS-5a-2, which
corresponds to the trimethylsilylethynyl-substituted position of 5b).

To summarize, the PyIl SMS tetramer structure provides two unsaturated,
Lewis acidic zinc atoms in the Zn-O squares adjoining the macrocyclic floor,
which anchor the substrate (in a floor-to-floor arrangement) and activate it
toward nucleophilic attack. The diisopropylzinc nucleophile, bound to each
catalyst arm is in turn activated by the Lewis basic, pyridyl nitrogen co-
ordination. Alkyl delivery from one arm is highly favored over the other,
leading to the generation of the homochiral product (in this case, the
S configuration). Transition state models of the surrogate substrate 5a are
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reflective of and can be extended to the reaction with substrate 5b, which
switches enantioselective catalysis by Pyll into an asymmetric autocatalytic
transformation and imparts improved selectivity by virtue of the con-
formationally restrictive trimethylsilylalkynyl substitution. With this model,
the reason for the incompetence of benzaldehydes as substrates
(Figure 10.11) is obvious since they cannot engage with the Pyll tetramer in a
floor-to-floor binding.

10.2.6 The Origin of Non-linearity

The floor-to-floor transition state model provides an elegant solution to the
origin of non-linearity in catalysis, which is the basis for asymmetric amp-
lification.”" The catalytic competence of the heterochiral (racemic) PylI tet-
ramer was computationally investigated (Figure 10.15). The heterochiral
aggregate was modeled according to the Soai crystal structure for the iso-
propylzinc alkoxide tetramer derived from racemic 3d. The heterochiral
tetramer is energetically preferred to the homochiral PyIl tetramer by
2.1 kecalmol " (G|, blue). From inspection of this structure, it is clear that
substrate binding in a two-point, floor-to-floor arrangement is impossible
because the requisite, unsaturated zinc atoms (purple circles) are positioned
on opposite sides of the macrocycle. Indeed, any alkyl transfer pathway from
a single-point binding was calculated to be energetically prohibitive.
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Figure 10.15 Origin of non-linearity in the alkyl transfer by the SMS tetramer. In a
scalemic (60:40 e.r.) mixture of the zinc alkoxide, the heterochiral
aggregate is preferentially formed but is catalytically inactive since a
two-point floor to floor binding is impossible. Adapted from ref. 71
with permission from Springer Nature, Copyright 2020.
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The phenomenological outcome is akin to a reservoir effect model in non-
linear enantioselective catalysis.'' Consider a scalemic (60:40, S/R e.r.)
mixture of the Pyll alkoxide. The racemic constituent of this mixture (blue
box) will preferentially form the heterochiral SMS tetramer, which is cata-
lytically inactive. The excess, enantiopure component (in this case the S
stereoisomer, red box) will assemble into the catalytically active homochiral
Pyll aggregate. Owing to the highly selective catalysis by the homochiral
autocatalyst, this bifurcation of the scalemic alkoxide will give rise to a
strong positive non-linear effect — in this case, formally manifesting as
autocatalytic, asymmetric amplification.

10.3 Structural Contributions to Amplifying
Autocatalysis in the Soai Reaction

10.3.1 ‘Mixed Catalyst-Substrate’ Experiments

The reaction between PyII and 5a (Figure 10.11) is referred to as a ‘mixed
catalyst substrate’ experiment because the alkylation of the substrate
produces a species distinct from the initial catalyst. Because the product
contributes minimally to catalysis, we hypothesized that such combin-
ation experiments can provide an empirical understanding about in-
dependent contributions from the catalyst and reactant structures like any
classical, non-autocatalytic system. Results from reactions catalyzed by
pyrimidinyl alkoxides PmII and PmIE (nomenclature: Pm = pyrimidine
indicating the aromatic core, I/E = isopropyl/ethyl indicating the carbinol
alkyl group, and I/E = isopropyl/ethyl indicating the alkylzinc group) with
various substrates are presented in Figure 10.16. Consistent with the
floor-to-floor model, benzaldehydes are incompetent substrates (entries 5
and 6). The extremely rapid reaction with 5b (entry 1) is expected because
the diisopropylzinc alkylation of 5b itself is autocatalytic. Substrates 5a,
3¢, and 5c¢ (entries 2-5), neither of which demonstrate amplifying auto-
catalysis with diisopropylzinc are competent substrates for alkylation with
PmlII and yield products with a positive NLE. Clearly, the TIPS substituted
substrates 3¢ and 5c are viable if presented with a competent catalyst (in
this case, PmlII). Thus, the failure of such substrates in the Soai reaction
(diisopropylzinc alkylation) must arise from the catalytic incompetence of
the TIPS-derived alkoxides, rather than the substrates themselves.
Furthermore, the relative rates of reactions suggest that the alkynyl sub-
stituent retards the rate of alkylation (compare entries 2 and 4) by the SMS
tetramer and that pyrimidinyl substrates (3c) show a faster rate than
pyridine substrates (5¢), perhaps because of the higher electrophilicity of
the former (compare entries 3 and 4). Note that analogous trends were also
seen in the case of experiments with PylI (data not shown here, refer to ref.
13 and 72).

Catalysis experiments with PmIE (Figure 10.16b) indicate that the SMS
tetramer can also catalyze the transfer of diethylzinc. A rapid alkylation
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Figure 10.16 ‘Mixed-catalyst substrate’ reactions monitored by in situ IR spectros-
copy. (a) Diisopropylzinc alkylations catalyzed by PmlII. (b) Diethylzinc
alkylations catalyzed by PmIE. “ Measured e.r. of product carbinol after
workup; N.D. not determined (no product was detected). Adapted from
ref. 13 with permission from American Chemical Society, Copyright
2020.
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with a positive NLE is seen when 3b is provided as a substrate (entry 7).
Presumably, the cube escaped PmIE SMS tetramer is present in sufficient
concentrations to affect such alkylations. Rate and selectivity vary con-
siderably with aldehyde structure (entries 8-11) and a positive nonlinear
effect is observed with all substrates except 5a (entry 8). Only marginal
catalysis was observed with the challenging TIPS-substituted substrates,
3c and 5c (entries 10 and 11). Phenyl substrates 1a and 1b were unreactive
(data not shown). Although 5b reacts slower than 5a, the substituted
pyrimidine 3b is more reactive than either of these, suggesting that a
balance of two opposing factors determine aldehyde reactivity: (1) acti-
vation by the pyrimidine ring and (2) deactivation from 2-alkynyl substi-
tution, consistent with the trend seen in the PmlI catalyzed (Figure 10.16a)
reactions. Likewise, comparison of entries 8, 9, and 10 suggests that the
2-alkynyl substituent improves substrate-controlled selectivity and among
them, an optimum balance of reactivity and selectivity is achieved for
aldehyde 5b.

Such ‘mixed catalyst substrate’ experiments enable a qualitative
understanding of the structural contributions in the Soai reaction. For the
sake of brevity, only selected experiments are described here in the hope
of conveying the rationale and utility of such an approach; further details
can be found in ref. 13, 72. General conclusions from these studies and
knowledge gained during the formulation of the cube-escape, floor to
floor model - summarized in Figure 10.17 are as follows: (1) the bulky
isopropyl groups enable cube escape from the catalytically inactive cubic
tetramer, (2) only a single nitrogen atom is necessary in the aromatic core
to assemble the autocatalytically active SMS tetramer, (3) the SMS tetra-
mer can process substrates belonging to the pyridine-3-carbaldehyde
scaffold (including pyrimidine carbaldehydes); the aromatic nitrogen is
indispensable for two-point binding, (4) the substrate alkynyl substituent
increases alkyl transfer enantioselectivity by disfavoring the minor tran-
sition state through an unfavorable steric interaction, (5) the substrate
alkynyl substituent decreases reactivity (while increasing selectivity) - the
pyrimidine substrates are more reactive, presumably because of their in-
creased electrophilicity in comparison to the pyridine substrates (DFT
calculated LUMO energies, computed at wb97x-d/aug-cc-pvVDZ in gas
phase - benzaldehyde, 1.906 eV; pyridine-3-carbaldehyde, 1.017 eV;
pyrimidine-5-carbaldehyde, 0.700 eV; likewise for a comparison of Ham-
mett parameters, see ref. 77), (6) diethylzine, in principle, can be accepted
as a reagent by the SMS tetramer to affect carbonyl alkylation, albeit with
lower enantioselectivity, as compared to diisopropylzinc, and (7) from the
perspective of the autocatalyst, the alkynyl substituent contributes to
efficient, enantioselective activity by: (a) improving solubility character-
istics, (b) directing the alkoxide away from unproductive aggregates by
providing a steric shield on one side of the molecule, and (c) favoring a
specific conformation of the SMS tetramer that increases enantioselec-
tivity to meaningful levels.
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Figure 10.17 A summary of the roles played by various structural constituents in
effecting catalysis and selectivity in the Soai system. Reproduced from
ref. 13 with permission from American Chemical Society, Copyright
2020.

10.3.2 Insights from the Soai Reaction of a Fluoro-
substituted Pyridine System

While surveying the competency of other substituted pyridines in the Soai
reaction, the diisopropylzinc alkylation of 5-fluoro-6-((trimethylsilyl)ethy-
nyl)nicotinaldehyde (5e) was found to demonstrate efficient amplifying auto-
catalysis (Figure 10.18a). The autocatalytic isopropylzinc alkoxide of 6e is
designated as FPyII (FPy = fluoropyridine, I = isopropyl) in further discussions.

The autocatalytic systems arising from substrates 3b, 5b, and 5e (corres-
ponding to PmlI, Pyll, and FPylI respectively) differ only in the heteroaro-
matic core. The pyrimidine nitrogen, with lower Lewis basicity than the
pyridine,”®”® is expected to display weaker binding to the Lewis acidic
diisopropylzinc reagent as well as to the O-Zn moiety. Likewise, the
FPyIl nitrogen should be less Lewis basic than the PyIl nitrogen
(pK,: pyridine=5.23, 3-fluoropyridine =3.0, pyrimidine =1.30).”**® The
comparison of these three provided an interesting opportunity to study the
effects of such electronic changes on autocatalytic behavior.

To compare the inherent activities of the three alkoxide catalysts (PmlI,
PylIl, and FPyll), a comparison of initial rates with the common substrate
pyridine-3-carbaldehyde (5a) was undertaken (Figure 10.18b). These three
catalysts provide product carbinol 6e in comparable enantioenrichment.
However, initial rates of FPyII and PmII while comparable to each other, are
at least twofold lower than the rate with Pyll. This observation may be ra-
tionalized by considering the floor-to-floor TS model for the alkyl transfer
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Figure 10.18 (a) Amplifying autocatalysis in the Soai reaction of 5e (“e.r. includes

initially added 6e). (b) Comparison of alkyl transfer rates of PyIl, FPyII,
and PmlIl. TS model for the alkyl transfer with PyII highlighting the
transferring diisopropylzinc moiety (blue arrow) bound to the acti-
vating arm nitrogen (green arrow). Reproduced from ref. 13 with
permission from American Chemical Society, Copyright 2020.

step. Because of the weaker Lewis basicity of the coordinating nitrogen, the
transferring diisopropylzinc in the PmII and FPyII tetramer is deactivated (as
compared to Pyll), resulting in a slower elementary alkyl transfer step. Thus,
for an identical substrate, the activities of the three catalysts are in the order
Pyll > PmII ~ FPyIL

10.3.3 Inhibition of Autocatalysis by Excess Diisopropylzinc

in the Pyridine Systems

Consistent with earlier reports,”” autocatalytic progression of the PmIl

system was found to be insensitive to diisopropylzinc concentration but,
similar experiments with the PyII system resulted in inhibition of reaction
progression with increasing reagent concentration. This phenomenon was
also noted for the FPyII system. Increasing diisopropylzinc concentration
also adversely affected the selectivity of the reaction, presumably by accel-
erating the uncatalyzed background addition while concomitantly com-
promising the catalytic pathway. Although the PyIl system otherwise
resembles the behavior of the autocatalytic PmII system,”” this inhibition by
excess diisopropylzinc is an important point of divergence.
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Figure 10.19 presents the results of comparative experiments among the
three autocatalytic systems (all runs are reproducible and represent one
among duplicate experiments). The reactions were carried out under identical
conditions, with varying concentration of diisopropylzinc. The yellow curves
represent reactions with the PmlII system, which are extremely rapid, invariant
in rate with respect to diisopropylzinc concentration, and provide the product
with >99:1 e.r. in all cases. Reaction profiles with the PyIl and FPyII system
are represented by solid and dashed curves respectively. Although the auto-
catalytic reaction of PylI was faster than that of FPyII at lower concentrations
of zinc reagent (compare entries 1 and 5), with increasing diisopropylzinc
concentration, reactions of the former were inhibited more significantly than
the latter (entries 1 to 8). Thus, at diisopropylzinc concentrations upward of
2.4 equivalents, the FPyII reactions were faster than those of PylIl (compare
entries 2 and 6, 3 and 7, 4 and 8). These results demonstrate that the extent of
inhibition by excess diisopropylzinc is greater for PyII than for FPyII and is
entirely absent for PmlI (i.e. Pyll > FPyII > PmlI).

This intriguing trend is in principle consistent with the floor-to-floor
model. On the basis of the mechanistic knowledge gained so far, a minimal
set of elementary steps can be compiled for the definition of the auto-
catalytic reaction pathway (the simplified floor-to-floor - ‘SF’ model,
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Figure 10.19 Inhibition of autocatalytic progression in PyIl and FPyII systems with
increasing diisopropylzinc. Reproduced from ref. 13 with permission
from American Chemical Society, Copyright 2020.
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Figure 10.20). These steps are: (1) equilibrium binding of substrate
aldehyde (A) and diisopropylzinc (Z) to yield the N-Zn bound adduct (AZ),
(2) equilibrium binding of the catalyst (C) to diisopropylzinc (Z) at the
pyridyl arm (binding by only one arm is considered for simplicity) to yield
the active species (CZ), (3) equilibrium binding of substrate aldehyde (A) to
the catalyst-diisopropylzinc adduct (AZ) to yield the activated complex
(ACZ), (4) alkyl transfer from the SMS tetramer active complex (ACZ) to
yield the catalyst-bound product alkoxide adduct (PC), (5) equilibrium
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Figure 10.20 The SF model of autocatalysis. Steps affecting the rate of reaction
progression are highlighted in red. The consequence of these steps in
the Pyll, FPyIl, and PmlII systems are indicated. Adapted from ref. 13
with permission from American Chemical Society, Copyright 2020.
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dissociation of the product monomer alkoxide (P) to regenerate the SMS
tetramer (C), (6) dimerization of the monomeric alkoxide (P) product to a
dimeric unit (2P), and (7) dimerization of the dimeric unit (2P) to yield the
newly constituted SMS tetramer (C). Rate constants for each step are des-
ignated. This is a simplified picture of the actual catalytic process and
additional steps can be envisaged. For example, the binding of two mol-
ecules of diisopropylzinc to the catalyst are ignored; the order of binding of
the reagent and aldehyde to the SMS tetramer may be different than
the one suggested here; reagent binding to the product alkoxide may exist;
the precise mechanism of tetramer reformation is unclear; the contri-
bution of an uncatalyzed background alkylation is ignored. However, the
scheme incorporates all fundamental binding events necessary and suf-
ficient to achieve compatibility with the ‘SMS tetramer - floor to floor’ (SF)
autocatalysis model.

This model could qualitatively reproduce the autocatalytic reaction pro-
files for the PyIl system, including the inhibitory effect of diisopro-
pylzinc."®”> Model simulations reveal that among the seven proposed
elementary steps, the rate of reaction progression is sensitive only to the
kinetic parameters of steps 1, 3, and 4 (Figure 10.20, red) in the following
manner: (1) decreasing the association constant K;, results in faster re-
actions and decreasing extent of diisopropylzinc inhibition, mimicking the
transitions from the PyllI (to FPyIl) to PmlII systems, (2) an increase in the
value of K3, results in faster reactions, and (3) an increase in the value of k.
results in faster reactions.

To a first approximation, the relative rates of the Pyll, FPyIl, and PmlII
systems, and the differences in severity of diisopropylzinc inhibition ori-
ginate from divergent contributions from the three autocatalytic-progression
determining steps in the SF model (Figure 10.20). Considering the Lewis
basicity of the aromatic nitrogen atoms, the K, values for the three systems
are expected to be in the order: PmII « FPyII < PyIL.”*"*° Moreover, the adduct
for the pyrimidine system is in principle, a competent species because floor-
to-floor binding is still feasible with the second pyrimidine nitrogen atom.
The binding constant for reagent coordination to this second nitrogen
(necessary to render the adduct incompetent) is expected to be very low.
Taken together, these factors must contribute to a very low effective value of
K, in the pyrimidine system, thus accounting for its extraordinary rate and
absence of inhibitory behavior (this is reproduced in the model simulations).
The qualitative prediction of K3, and k. is not straightforward. In the three
systems, the Lewis basicity of the substrate nitrogen atoms and the Lewis
acidities of the unsaturated tetramer zinc atoms follow opposite trends, thus
complicating a comparative estimate of the association constant for step 3.
Similarly, the nucleophilicity of the catalyst-arm bound diisopropylzinc
molecule and the electrophilicity of the bound substrate follow opposite
trends in the three systems, which complicate a comparative estimate of the
alkyl transfer rate constant. An interplay of contributions from these steps
must dictate the overall trend of reaction progression. Kinetic simulations
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are consistent with this hypothesis; modifying the values of K;,, K3,, and k.
to mimic the three systems can indeed reproduce their relative rate profiles.
Furthermore, we speculate that the origin of the inverse rate dependence in
the autocatalytic reactions is also a manifestation of the change in relative
contributions of these steps with varying temperature.

Taken together, these preliminary modeling studies reveal how the
substrate-reagent binding equilibrium, catalyst-substrate binding equi-
librium, and the alkyl transfer rate contribute to the rate of autocatalytic
progression, the origin of the extraordinarily rapid reactions in the PmII
system, and the origin of inhibition in the PyIl and FPyII systems.

10.4 Outlook: Competing Mechanistic Models

In the past two decades, numerous mechanistic models have been proposed
for the Soai reaction. Common to these is the formulation that alkoxide ag-
gregates (monomers, dimers, trimers, tetramers, and higher oligomers) are
the active catalysts. These hypotheses have been developed predominantly on
the basis of kinetic analysis of the reaction and aim to reproduce the rate
behavior and observed enantiomeric amplification (for a summary, see ref.
42). It must be noted that the complexity of the reaction and likely presence of
multiple equilibria, resulting from the dynamic nature of aggregate species
may be the reason why different models (given enough parameters) may
simultaneously succeed in being consistent with the observed kinetic be-
havior. Is it conceivable that multiple reaction pathways are operational? We
believe that a far more comprehensive experimental data set, which will
provide reaction profiles exploring extensive boundary conditions with a
common system (preferably the 2-alkynylpyrimidine aldehyde 3b, 3d, or 3e or
the newly described pyridine system of 5b) may be required to distinguish
these models. Nonetheless, the consensus of the SMS tetramer model has
been considerably strengthened by Soai’s crystal structure studies.

10.4.1 The Significance of Structure-Activity Relationships

The structure-activity observations presented here are assumed to be dif-
ferent manifestations of a common mechanistic manifold and can stand as a
test for any proposed model. The same catalyst should be operational in all
five cases in Figure 10.21; cases 3-5 represent scenarios wherein the non-
linear, enantioselective, catalytic action of the active species is conveniently
separated from the autocatalytic aspect of the Soai reaction. In other words,
the only difference in cases 1 and 2, and case 3 for instance, is that the latter
represents a conventional (non-autocatalytic) reaction system, in which the
catalyst acts on a substrate that does not produce an active product. Simi-
larly, case 5 demonstrates that this active species can also promote a die-
thylzinc transfer, although with lower selectivity (thus, only the alkynyl
substituted substrates produce a positive NLE). This behavior is not sur-
prising - just as any enantioselective catalyst can have a range of substrate
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Figure 10.21 Various manifestations of a common mechanistic manifold.

scope, the active species in the Soai reaction also has one - although this is
limited narrowly to the pyridine-3-carbaldehyde scaffold. Autocatalysis
(cases 1 and 2) is simply a special case wherein the substrate is matched to
the catalyst structure. This perspective dictates that a transition state model
proposed for cases 3 or 5 should also be applicable to cases 1 and 2. Indeed it
is predicted that the relative simplicity of the former systems (cases 3 and 5)
may make investigations more tractable. Investigations of the catalytic ac-
tion of Pyll with surrogate substrate 5b (an example of case 3, see
Figures 10.11-10.14) were motivated by this thinking. An explanation for the
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behavior of all five cases, including the inhibitory effect seen in the pyridine
system (case 2) arises naturally through the SF model (simplified floor-to-
floor, Figure 10.20).

10.4.2 The ‘Hemiacetal Model’

Recently, a radically different mechanistic proposal has been presented by
Trapp and co-workers.’’ On the basis of mass spectrometry and kinetic
studies of the Soai reaction of substrate 3d, a model invoking hemiacetal-like
intermediates as active species was proposed (Figure 10.22). Previously in
2012, brown and co-workers provided evidence for the detection of a putative
acetal-like species in the Soai reaction (see Figure 10.9), although an argu-
ment against its involvement in the catalytic cycle was forwarded in 2015 by
Gridnev.®>® In their studies, Trapp and co-workers could detect hemiacetal-
like intermediates by mass spectrometry. It is important to note that this
hemiacetal (A1 in Figure 10.22) constituted by an alkoxide monomer and
substrate aldehyde, is different from Brown’s acetal intermediate, which in
contrast is composed of an alkoxide dimer and the aldehyde substrate.
Trapp and co-workers found the autocatalytic reaction rate to have an order
of 1.9 with respect to aldehyde concentration, suggesting the involvement of
two aldehyde molecules in the (auto)catalytic cycle — one of them contributed
by the hemiacetal fragment. The model could accurately reproduce rate
behavior and enantiomeric amplification in the diisopropylzinc alkylation of
3d. The crucial structures suggested are A1-A4 (Figure 10.22). The A1l
hemiacetal is proposed to be the active species in equilibrium with the
aldehyde (3d) and monomeric alkoxide (M). A1 can bind both reactants in a
Zn-0 square interaction, leading to the trimeric intermediate A2 preceding
the irreversible alkyl transfer (k).

10.4.3 Comparison and Critiques of the Hemiacetal Model
and the Floor-to-Floor Model

The Trapp proposal is an important development which warrants further
investigation and refinement. In its current form, it does not provide a
compelling explanation for some aspects of the structure-activity relation-
ships observed previously (see Figure 10.21). For instance, the reason for the
incompetency of benzaldehydes as substrates in mixed catalyst-substrate
reactions is not apparent. The model structures do not indicate why the TIPS
substituted systems (Soai reactions of 3¢ and 5c¢) fail to display amplifying
autocatalysis. Initial rate studies of the PyIl catalyzed diisopropylzinc
transfer to the surrogate substrate pyridine-3-carbaldehyde (see Sec-
tion 10.2.4 and ref. 71) indicate zeroth order dependence on aldehyde con-
centration - whether this observation is consistent with the hemiacetal
mechanism remains to be seen. Crucially, since diisopropylzinc (found to
have 0th order dependence on reaction rate - implying saturation binding) is
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Figure 10.22 A mechanistic model by Trapp and co-workers that suggests
hemiacetal-like intermediates (A1-A4) as active species. For simplicity,
only the pathway for the R enantiomer is depicted. Adapted from ref.
81 with permission from John Wiley & Sons, Copyright © 2020 The
Authors.

involved in only one associative step (ks), its inhibitory effect observed in the
pyridine system cannot be reconciled. A shortcoming of the structures of the
Trapp proposal is the absence of any productive, associative interactions
mediated through the aromatic nitrogen. Our studies strongly suggest that
binding of both the Lewis basic centers (aromatic nitrogen and carbonyl
oxygen) of the substrate to the active species is important for catalysis.
A revision of the Trapp model that incorporates these considerations in the
proposed hemiacetal-like intermediates is suggested as a way forward.

The floor-to-floor model is strongly supported by structural data and is
consistent with a wide variety of empirical characteristics of the Soai system.
Preliminary kinetic simulations of the SF model can provide an explanation
for several intriguing rate phenomena. However, there is still a need for
subjecting it to further, rigorous kinetic analysis. For example, the model
does not provide an intuitive confirmation of the 2nd order rate dependence
on aldehyde concentration in the autocatalytic reactions. It must be noted
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that an apparent 2nd order does not necessarily imply a two-aldehyde bi-
molecularity and the observed order dependence can arise because of the
complexity of the kinetic network. A trimeric model by Buhse and co-
workers, in which binding of two aldehydes was never considered, was
nonetheless shown to reproduce the 2nd order dependence.*? Thus, espe-
cially in the complex autocatalytic pyrimidine and pyridine systems, care
must be exercised in interpreting reaction orders. A kinetic analysis for the
autocatalytic pyridine system has not been performed. The results described
herein clearly indicate that the reaction rate of the autocatalytic pyridine
system shows a negative order in diisopropylzinc concentration; obtaining
reaction orders for the remaining constituents will allow further com-
parisons with the pyrimidine system. Furthermore, the nature of steps after
the aldehyde alkylation, which include product dissociation and catalyst
reformation is not well enunciated in the SF model.

10.5 Summary

The unprecedented observation of asymmetry amplifying autocatalysis in the
alkylation of 5-(trimethylsilylethynyl)pyridine-3-carbaldehyde (5b) using dii-
sopropylzinc was pivotal in deconstructing the Soai system. Comprehensive
spectroscopic analysis of phenyl and pyridyl zinc alkoxides reveals the
structural rationale for the assembly of the active, square-macrocycle-square
(SMS) tetrameric autocatalyst that is formed by a pyridine-assisted cube-es-
cape. Kinetic analysis with a surrogate substrate allows the interrogation of
the crucial alkyl transfer step in the catalytic pathway. Augmented by com-
putational studies, this approach led to the identification of the floor-to-floor
catalysis model, wherein a two-point docking of the substrate to the auto-
catalyst is followed by alkylation from a preferred arm-bound diisopropylzinc
molecule, leading to the homochiral product. The binding mode is in-
accessible to the more stable, heterochiral SMS tetramer, thus providing a
simple resolution for the origin of non-linearity.

The strategy of mixed catalyst-substrate experiments allowed extensive
study of structure activity relationships in the pyrimidine and pyridine
system. Ensuing results enable a formulation of the roles played by struc-
tural constituents in effecting catalysis and selectivity in the Soai reaction
which are consistent with the predictions of the mechanistic model. The
FPyIlI system (the Soai reaction of 5-fluoro-6-((trimethylsilyl)ethynyl)nicoti-
naldehyde (5e)) represents Lewis basicity (of the aromatic nitrogen atom)
properties intermediate between the PyIl and FPyII systems. A comparison of
the three autocatalytic systems (Pyll, FPyIl, and PmII) uncovers an un-
expected inhibitory effect of diisopropylzinc in the pyridine systems.
A simple autocatalytic mechanism scheme derived from the floor-to-floor
model (the SF model) qualitatively reproduces this effect with appropriate
chemical parameters. Moreover, reaction simulations enable the identifi-
cation of three mechanistic steps, which dictate autocatalytic rate pro-
gression. The low Lewis basicity of the pyrimidine as well as the presence of
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two nitrogen atoms overcome the inhibitory effect and contributes to the
extraordinary efficiency of the pyrimidine system. Likewise, an intricate
balance of the equilibrium/rate constants of these steps result in the relative
rates of the pyridine systems.

These results provide a compelling model of the autocatalyst identity,
assembly, and its modus operandi as well as the origin of the non-linear ef-
fect. New structure-activity relationships are presented, and their rational-
ization is provided. The new findings should also stand as a test for any
alternative mechanistic proposal.
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Elucidation of Soai’s
Asymmetric Autocatalysis
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11.1 Introduction

The ubiquitous mostly single-handedness of molecular building blocks
(amino acids, carbohydrates, etc.) in nature, which are an integral feature of
biologically relevant polymeric structures and metabolisms is considered a
signature of life."® Interestingly, homochirality gives the impression of a
complication, however it leads to an out-of-equilibrium chemical system per
definition and is even a simplification, because it would create another di-
mension of complexity to specifically control every single stereocentre in
building blocks, oligomers, and polymers. Several mostly theoretical
approaches,'®* how biological homochirality developed from a predomin-
antly achiral environment, have been investigated over recent decades and
many findings show how enantiomer enrichment may have occurred by
physical processes or chemical reactions. In Scheme 11.1 some proposals for
asymmetric amplification of initial small imbalances by autocatalytic re-
actions are summarized'®>'® and have been reviewed in detail previously.'**°

Autocatalysis and in particular self-amplifying chemical processes are of
great interest as they provide an explanation for the efficient replication of
molecules with intrinsic error correction.”** Asymmetric autocatalysis,
enantioselective self-amplifying chemical processes®™° (see Figure 11.1),

Catalysis Series No. 43

Asymmetric Autocatalysis: The Soai Reaction

Edited by Kenso Soai, Tsuneomi Kawasaki and Arimasa Matsumoto
© The Royal Society of Chemistry 2023

Published by the Royal Society of Chemistry, www.rsc.org

239



240 Chapter 11

(a) (c)
)
OH 0
O
_ 70% ee N7 H
HHEL —————> OH Py
R N™ 4
+ D

D H H
9 N ZniPr. >
17% ee HO>\© 2 ©/<OH
(b) /©/O\ oH oH
0 HN ™ AN NS
MCOOE{ /©/ \N)\R R)\N/
(R)-1 (S)-1

o
I — o N

H™ "COOEt COOEt >95% ee
85-96% ee
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Figure 11.1 Example for enantioselective self-amplifying catalysis. (a) The stereo-
dynamic self-amplifying catalyst is designed with non-covalent binding
sites to interact with the targeted 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¢) Turnover steps leading to enantioselective
self-amplifying catalysis. After activation of the pre-catalyst the product
is formed in no or low enantioselectivity at the catalytically active metal
center. The catalyst interacts at the product interaction sites with the
initially formed racemic reaction product. This product-catalyst inter-
action induces a change in the catalyst structure, which leads to
enhanced enantioselectivity of the catalyst.
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and recycling processes’® are fundamental symmetry breaking mech-
anisms*' and might be related to the emergence of life.*>™*’

In asymmetric transformations - catalytic and non-catalytic - it is expected
that the enantiomeric excess (ee) of the reagent or catalyst used will be
transferred linearly to the product formation. Positive nonlinear effects
(+NLE),**" where an enantiomerically enriched reagent or catalyst leads to
a significant increase in the product ee, are rarely observed. Mechanistic
explanations for such reactions with a +NLE were discussed by
Kagan®*?*?>°> and Noyori®*** considering reversible monomer-dimer as-
sociations. Kitamura and Noyori discovered a reaction showing a strong
+NLE, which involves the enantioselective addition of diethylzinc to
benzaldehyde,’” promoted by catalytic amounts of the B-aminoalcohol (—)-3-
exo-(dimethylamino)isoborneol (DAIB) yielding (S)-1-phenylpropanol in high
enantiomeric purity (see Scheme 11.2). The reaction mechanism and origin
of high +NLE have been elucidated by kinetic measurement, alkyl scram-
bling experiments, single-crystal X-ray analysis, 'H/">C NMR studies, and
cryoscopic molecular weight determination in benzene. Reaction of
(—)-DAIB and dimethylzinc in a 1:1 molar ratio produces a single binuclear
zine chelate complex, which does not alkylate benzaldehyde but acts as a
catalyst precursor. The alkylation proceeds via a binuclear zinc complex
containing the (—)-DAIB auxiliary, an aldehyde ligand, and three alkyl
groups, where it is the bridging alkyl group, rather than the terminal alkyls,
that migrates from zinc to the aldehyde carbon. The reaction is first order in
(—)-DAIB auxiliary, zeroth order in dialkylzinc. With aldehyde concen-
trations lower than 0.3 M, the reaction is first order in the aldehyde.

Frank®® postulated a theoretical model leading to a spontaneous asym-
metric synthesis. If dimers can be formed from their monomeric building
blocks, e.g. by intermolecular interactions, they are of the same configur-
ation (homochiral) or of opposite configuration (heterochiral). Since these
homochiral and heterochiral dimers are diastereomeric to each other, they
have different intrinsic properties, which are reflected in their solubility, rate
of formation, and other physical properties. The formation of heterochiral
dimers from an enantiomerically enriched mixture can increase the enan-
tiomeric excess of the free monomeric major enantiomer.

In 1995, Soai’’® reported an extremely remarkable reaction. When
pyrimidine-5-carbaldehyde 4 reacts with diisopropylzinc (i-Pr,Zn) in the
presence of a catalytic amount of pyrimidyl alcohol 1 with a low ee, asym-
metric autocatalytic amplification of the enantiomeric excess gives the pyr-
imidine alcohol 1 with high ee as the final product (see Scheme 11.3).

Autocatalysis and amplification are also observed in pyridyl-3-carbaldehydes,
which was published in 1990, however the 2-alkynyl substituted pyrimidine
analogs are superior in amplification of the ee. Even the presence of traces of
chiral compounds®”’® such as an extremely low ee of the initial catalyst of
only ~5x10°*7! or other chiral triggers like 'H/*H, '>C/**C, “'N/N,
and '°0/'®0 isotopically labeled cryptochiral compounds,”>”® cryptochiral
compounds,® circularly polarized light,*"*> enantiomorph crystals,*** and

65-68
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Scheme 11.2 Proposed mechanism of the enantioselective addition of diethylzinc to benzaldehyde, promoted by catalytic amounts of the
B-aminoalcohol (—)-3-exo-(dimethylamino)isoborneol (DAIB) yielding (S)-1-phenylpropanol in high enantiomeric amounts
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other compounds® ™ are able to induce enantioselectivities, leading to an

amplification greater than 99.5% ee in a few reaction cycles. The latest add-
ition to this list of intriguing examples is the chiral induction triggered by a
ferroelectric crystal of triglycine sulfate, whose polarization is altered by an
electric field.'”

A highly interesting feature of the reaction is that spontaneous symmetry
breaking with stochastic distribution of the final (R)-1 or (S)-1 product is
possible, even when no chiral additive is employed.'**

The elucidation of the mechanism of Soai’s asymmetric autocatalysis is
highly challenging due to complex reaction equilibria and elusive
intermediates.'> """ It is well established that isopropylzinc pyrimidyl alk-
oxides 2 can form dimers, tetramers,"'*'** and oligomeric compounds. The
dimers can be either homochiral ((R,R)-3 or (S,S)-3) or heterochiral ((R,S)-3)
(Scheme 11.3b)."** It is important to note that the interconversion of dimer 3
can proceed by direct exchange of the monomeric moieties without formation
of the monomers."'* This could potentially proceed via tetrameric cube type
structures which allow an exchange of Zn-alkoxide moieties without formation
of the monomers in the equilibrium of the homo- and heterochiral dimers.

The implication of this equilibrium between the homochiral and hetero-
chiral dimers is that the equilibrium constant for the heterochiral dimer
formation Kpetero is twice the equilibrium constant for the homochiral dimer
formation Kpeero/Knomo = 2-"*> Thus, a nonlinear effect can be well explained
because an imbalance of the enantiomers leads to amplification as soon as
more stable heterochiral dimers (R,S)-3 have formed. Blackmond and Brown
developed a model considering dimer 3 as catalytically active species based on
reaction progress analysis by calorimetric measurements and NMR spec-
troscopy. These Zn-alkoxide dimers, tetramers,'''"* and oligomers''® were
characterized by NMR spectroscopy and the group of Soai was able to isolate
crystals, so that single-crystal X-ray diffraction analysis could be performed,""”
which showed ladder type structures, where the Zn-alkoxides are coordinated
by the nitrogen atoms of the pyrimidyl moieties. These findings are supported
by quantum chemical computations.'*® Kinetic studies corroborate these re-
sults with pronounced effects of the additive concentration''® and ee leading
to an induction period and a sigmoidal kinetic profile typical for autocatalytic
processes. Schiaffino performed quantum chemical calculations of the kinetic
constants at the M05-2X/6-31G(d) level of theory and investigated the effect of
the aza group in the pyrimidine moiety to activate the zinc reagent in the
tetrameric complex.'?*'?*

In 2012 Brown, Blackmond and co-workers'** reported the identification of
a transient hemiacetal intermediate in the Soai reaction of 2-(adamantyl-
acetylene-1-yl)pyrimidine-5-carbaldehyde and 2-(adamantylacetylene-1-yl)pyr-
imidyl alcohol by "H NMR spectroscopic kinetic studies. Gridnev and Vorobiev
investigated by quantum chemical DFT calculations and kinetic analysis po-
tential acetal intermediates. They concluded that the acetals are off-loop
species because they are not precursors of the reaction product.'” However
it has to be pointed out that the structures shown in the publication of
Gridnev et al. involve pyrimidin-5-ol derivatives (Scheme 11.4, structure P,A in
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ref. 109) and the assumed kinetic data and activation parameters (Table 3 in
ref. 109) are not in agreement with experimentally measured data of the for-
mation of hemiacetals.

In this context, another highly remarkable discovery was reported by
Hawbaker and Blackmond, where hydroxy ethers interfere with the Soai
reaction and even inhibit the reaction.”®

Denmark and co-workers'*>'?® investigated the Soai reaction using pyridyl-
3-carbaldehyde as the surrogate (‘Trojan-Horse’ substrate) with focus on
the role of the nitrogen atoms in the pyrimidine/pyridyl moiety, the structure
of the Zn-alkoxides in solution by NMR spectroscopic studies, and in situ IR
reaction monitoring. A mechanism is proposed, considering a ‘cube escape’
model, similar to the structures proposed in the enantioselective addition
of dialkylzincs to aldehydes promoted by chiral f-amino alcohols, ie. (—)-3-
exo-(dimethyl-amino)isoborneol (DAIB) (vide supra, Scheme 11.2). Such
Zn-alkoxides cubes have been discussed by Brown and co-workers'® in
the context of the Soai reaction as a potential tetrameric structure of the
Zn-alkoxides.

It is interesting to note that tetrameric cube-type structures would allow
the exchange of the monomeric Zn-alkoxide moieties without formation of
the monomers in the equilibrium of the homo- and hetero-chiral dimers.

11.2 Looking Back to the Beginning of Our
Mechanistic Investigations on Soai’s
Asymmetric Autocatalysis: An Analysis

We began our mechanistic investigations of Soai’s asymmetric autocatalysis
in 2009 with the goal of elucidating the underlying mechanism in order to
apply these findings to the design of other autocatalytic processes and to
explore possibilities for broadening the current reaction spectrum. First, we
made a detailed analysis of the characteristics of the Soai reaction and
compiled open questions:

(Q1) The Soai reaction is characterized by a significant amplification ef-
ficiency, which is hard to explain by equilibria resulting from homo-
and hetero-chiral dimers, tetramers, or higher oligomers. What
boosts this reaction to yield these exceptionally high ee’s? What is
the origin of the enantioselectivity?

(Q2) Why are pyrimidyl-5-carbaldehydes and also pyridyl-5-carbaldehydes
privileged structures in this reaction? Is this due to the possible
coordination of the nitrogen containing pyridyl or pyrimidyl rings
and the associated activation of the alkyl zinc compounds as well as
the formation of supramolecular structures?

(Q3) The Soai reaction is characterized by a prolonged induction period.
What is the cause for this period and how can we precisely charac-
terize this period? Which factors influence the induction period?
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(Q4) There is an unusual inverse temperature dependence on the reaction
kinetics, and the reaction rate increases significantly with decreasing
reaction temperature." Is there a process involved, which is favored
at lower temperature? Higher aggregates of Zn-alkoxides are favored
at lower temperature, but they are also formed by aging or crystal-
lization. Why is no difference in the kinetics and induction period
observed, when a reaction is doped with such additives?

(Q5) How can we continuously monitor the individual formation of the
product enantiomers without quenching the reaction? Time-resolved
quantification of the product alcohol enantiomers is mandatory for
kinetic analysis, because it is the convolution of the complete re-
action. So far only NMR spectroscopy, IR spectroscopy, and calor-
imetry were used for kinetic studies. These techniques give no
information about the change of the enantiomeric excess during the
reaction.

(Q6) Is it possible to identify and elucidate structures of intermediates or
is the reaction really limited to the formation of dimeric, tetrameric,
and oligomeric Zn-alkoxides.

(Q7) How can we perform a detailed kinetic analysis, not based on curve
fitting algorithms but on experimentally determined steps?

We started with the preparation of a broad variety of unsubstituted and
2-substituted pyrimidine-5-carbaldehydes, and their corresponding pyr-
imidyl alcohols as racemate and enantiomerically pure compounds as
reference substances and additives. Preparing racemic pyrimidyl alcohols by
the Soai reaction is indeed challenging, which requires cleaned glassware
and operations avoiding any chiral contamination.

11.3 Kinetic Analysis

For the continuous reaction monitoring of the individual product alcohol
enantiomers and the aldehyde substrate we employed multiplexing
chromatography,'?*'** which we developed for GC and HPLC separations
to achieve a high-throughput even for complex mixtures. This HPLC setup
in the flow-injection mode'** turned out to be ideal to perform reaction
progress analysis, because the analytical time intervals can be exactly
controlled, and the reaction can be performed under inert and defined
reaction conditions. Furthermore, it allows us to separate the product en-
antiomers by using the chiral stationary phase Chiralpak IB'** (25 cm, i.d.
4.6 mm, particle size 5 pm) with n-hexane/THF 55:45 as the eluent
(1.2 mLmin~") (see Figure 11.2a), which solved question 5 of the task list
(Q5, vide supra). The first injection takes place 1 min after adding the or-
ganozinc solution, the next injections followed with a time interval of
2.1 min (see Figure 11.2b). It is important to note that the injected sample
is hydrolyzed by residual water in the eluent on the column, so that the
total amount of the aldehyde and the (R)- and (S)-alcohol can be quantified.
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Figure 11.2 (a) Enantioselective HPLC chromatogram to separate the product enantiomers 1 of the Soai reaction and the 2-(tert-
butylacetylene-1-yl)pyrimidyl-5-carbaldehyde 4 on a Chiralpak IB column (25 cm, i.D. 4.6 mm, particle size 5 pm) with
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Furthermore, the Soai reaction is performed in toluene, so that under these
conditions no change of the solvent is necessary and the reaction can be
performed under the original reaction conditions.

Overall, we performed over 800 kinetic measurements with various
pyrimidyl-5-carbaldehydes. Here I show an example data set, where we sys-
tematically varied the concentrations of the reactants and additives of the Soai
reaction (2-(tert-butylacetylene-1-yl)pyrimidyl-5-carbaldehyde 4: 10.6-41 mM
(see Figure 11.3), ((R)-2-(tert-butylacetylene-1-yl)pyrimidyl-5-(iso-butan-1-ol)
(R)-1 (ee>99.9%): 0.266-4 mM (see Figure 11.4); i-Pr,Zn: 30-130 mM (see
Figure 11.5).

Kinetic analysis of these data (see Figure 11.6) gives a reaction order of 1.9
in the aldehyde (2-(tert-butylacetylene-1-yl)pyrimidyl-5-carbaldehyde 4), first
order in the alcohol (2-(tert-butylacetylene-1-yl)pyrimidyl-5-(iso-butan-1-ol) 1),
and zeroth order in iPr,Zn, confirming previous studies:'*’

@ = k°[RCHO]"°[ROH]" [iPr,Zn]" (11.1)
It is important to note, that the reaction orders in Soai’s asymmetric auto-
catalysis are the same as determined by the initial rate method or by the
graphical method,'** which reflects the maximum rate, here the inflection
point of the s-shaped autocatalytic reaction profile, which means that there
is no change in the course of the reaction.

At the very beginning of our mechanistic studies we made a surprising
observation, which attracted our attention. When we performed the HPLC
separation of the reaction mixture using isopropanol, which is typically the
standard additive solvent for the Okamoto type chiral stationary phases in-
stead of THF, we observed the enantiomers of another compound connected
by plateau formation with 4. We identified these peaks as the isopropyl
hemiacetals (R)-5ip; Or (S)-5ipr (see Figure 11.7a), ie. in the case of chiral
alcohols diastereomeric hemiacetals are expected (vide infra).

Remarkably, these hemiacetals 5;p, are subject to a dynamic interconver-
sion, which we investigated by temperature-dependent enantioselective dy-
namic HPLC (DHPLC)'*™'* (see Figure 11.7b). It is interesting to note that
the enantiomers of the hemiacetals can be separated by enantioselective
HPLC, which demonstrates also experimentally an important feature: The
dynamic formation of a new stereocenter, in the case of a chiral alcohol the
formation of diastereomers, which gives additional selectivity in the case of
an enantiomerically pure alcohol, i.e. the alcohol formed in the Soai reaction.

The thermodynamic parameters of the formation of the hemiacetal
5;pr were determined by linear regression of the thermodynamic
Gibbs free energies AG(T), obtained from the equilibrium constants K, vs.
the temperatures T (correlation coefficient r = 0.9949) to be AG® =3 kJ mol " *,
AH’=—15.6 kJmol ', and AS® = —62.5 J(Kmol)~" (see Figure 11.8).

The activation enthalpies AH* for the hemiacetal 5;p, formation and de-
composition were obtained via the slope and the activation entropies AS*
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Figure 11.7 (a) Hemiacetal formation of 4 in the presence of i-propanol.

(b) Temperature-dependent enantioselective DHPLC measurements
of the formation of the hemiacetal 5;p, with isopropanol (Chiralpak
IC-3 (15 cm, I.D. 4.6 mm, particle size 3 pm), n-hexane/isopropanol
60:40 (v/v), 1.0 mL min 1. ( ) Eyrlng plot for the determination of the
activation parameters AH' and AS* of the hemiacetal formation (red
data points) and the hemiacetal decomposition (blue data points)
obtained from the DHPLC experiment. The upper and lower curves
represent the error bands (21 data points each) of the linear
regression with a level of confidence of 95%. Reproduced from
ref. 64 with permission from John Wiley & Sons, Copyright © 2020
The Authors.
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via the intercept of the Eyring plots (In(k/T) vs. 1/T) (see Figure 11.7c).
Deviations of the activation parameters AH* and AS* have been calculated
by error band analysis of the linear regression with a level of confidence of
95%. The activation parameters of the hemiacetal 5;p, formation are
AH*=26.340.2 kjmol " and AS*=—195+34 J(Kmol)™* (r=0.9990, re-
sidual deviation s,=0.0306) and the hemiacetal 5;p, decompositions
are AH'=47.7+0.2 kJmol " and AS*=—112+1 J(Kmol)™* (r=0.9994,
s, =0.0630) (see Figure 11.7c). The formation of hemiacetal 5;p, from 4 is
endergonic, however this is a highly dynamic process and interestingly, the
kinetic parameters k;(293 K)=4.1x10"> (mols) " and k_4(293 K)=1.3 x
10 %s~ ! agree very well with the observed induction period, which is in the
range of minutes depending on the substrate and additive concentrations.

These experimental observations attracted our attention. So, we started to
examine this hypothesis, that the catalyst might be dynamically formed,
which could explain the prolonged induction period we analyzed in question
3 of the task list (Q3, vide supra).

Furthermore, the thermodynamic data indicate that the formation of
the hemiacetal is favored at lower temperature and if it is involved in the
autocatalytic cycle, it correlates with the observation that the Soai reaction
is accelerated at lower temperature which was question 4 of the task list
(Q4, vide supra).

'"H NMR spectroscopic studies in CD3;OD reveal that the electron-
deficient pyrimidine moiety of 4 and the unsubstituted pyrimidyl-5-
carbaldehyde 4y promote the formation of deuterated methyl
hemiacetals (characteristic hemiacetal proton at  =5.7 ppm in 95% yield
at room temperature, while for comparison benzaldehyde yields only 9%
(see Table 11.1). Temperature-dependent measurements confirm the trend
that the hemiacetal formation is favored at lower temperature. This for-
mation of hemiacetals is also observed in toluene, the solvent used in the
Soai reaction: Reaction of 4 and 4y with rac-2-methyl-1-phenylpropan-1-ol
in [DgJtoluene gives diastereomeric hemiacetals in 11% and 9% yield,
respectively. More important, the diastereomeric ratio of 1:2.6 for the
unsubstituted pyrimidine hemiacetal improves to 1:5.2 for the 2-(tert-bu-
tylacetylene-1-yl substituted pyrimidine hemiacetal. These results are also
in line with high-resolution mass spectrometric experiments we performed
with the Soai alcohol and aldehyde, which allowed the identification and
quantification of the formed hemiacetals.

More importantly, this reveals the unique properties of pyrimidine-
5-carbaldehydes, which are excellent in forming hemiacetals (Q2, vide supra).

It is important to note that of course these properties can be tuned by the
substituent in position 2 of the pyrimidine ring. However, this not only in-
fluences the formation of the hemiacetal, but changes also other properties,
e.g. the solubility, which in turn influences the properties of the homo- and
hetero-chiral dimers and the residence time of the catalyst in solution.

In this context, it is important to note that the formation of stereolabile
hemiacetals offers the conceptual mechanism of minor enantiomer
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Table 11.1 Determination of equilibrium constants of the formation of hemiacetals
from benzaldehyde and pyrimidyl-5-carbaldehydes by reaction with
alcohols. Quantification was performed by "H NMR spectroscopy. Repro-
duced from ref. 9 with permission from Frontiers, Copyright 2020.
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recycling*®'**'*” leading to the amplification of the major enantiomer/
diastereoisomer.

Hemiacetals, formed from the pyrimidine-5-carbaldehyde and its corres-
ponding alcohol can function as a transient chiral ligand to activate the
dialkylzinc reagent, very similar to the B-dialkylamino alcohols in Noyori’s
DAIB catalysis®® or Blackmond’s hydroxy ethers.””

The in situ formation of a transient catalyst by reaction or interaction of
molecules participating in the reaction is a fundamental mechanism leading
immediately to autocatalysis and amplification. Similar mechanisms are
well known in substrate activated enzyme catalysis to regulate biochemical
reaction networks and in artificial systems.'*®'*°
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11.4 Identification and Reaction Progress
Analysis of Intermediates of Soai’s
Asymmetric Autocatalysis by In Situ
Reaction High-resolution Orbitrap Mass
Spectrometry

We were aware that although we had a good starting point and a strong
hypothesis for the mechanism of the Soai reaction, it would take another
3 years of research to provide the capability for an in situ reaction study and
to unambiguously identify possible intermediates during the reaction. The
difficulty here is that, on the one hand, such intermediates of organometallic
compounds are extremely sensitive and, on the other hand, the time window
for such an investigation, as can be seen from the kinetic progress analysis,
has to be very fast and with high sensitivity. In addition, we were also aware
that such an investigation would require the highest precision and re-
producibility, as this would represent a significant paradigm shift. Here we
were focused on the clarification of question 1 (Q1), which is closely related
to questions 2-4 (Q2-Q4) as well as the experimental implementation of
questions 5 and 6 (Q5 and Q6, vide supra).

The technique of choice for this purpose was high-resolution mass spec-
trometry (Q6, vide supra). The relocation to the Ludwig-Maximilians-
University Munich provided the opportunity to acquire an Orbitrap mass
spectrometer, which opened up completely new opportunities for the iden-
tification and characterization of reactions.

We investigated the Soai reaction by in situ high-resolution mass spec-
trometric experiments, where the reaction is performed in a syringe. In these
experiments there is no separation column involved to avoid quenching of
the reaction intermediates. We monitored the course of the Soai reaction
under inert conditions (anhydrous toluene, argon atmosphere) by feeding
the reacting reaction mixture continuously (10 uL min~") but pulsed (time
interval of 30 s) via a 5 pL sample loop of a 6-port valve (anhydrous toluene as
eluent, flow rate 200 pL min ') into a high-resolution Orbitrap mass spec-
trometer using atmospheric pressure chemical ionization (APCI) under mild
ionization conditions (T=150 °C, N,).

To identify all intermediates and transient intermediates during the Soai
reaction, all pulsed injections were summed up over the complete reaction
progress and the mass range between m/z 180 and 800 in a first step (see
Figure 11.9). This high-resolution mass spectrum shows the complexity of
intermediates formed in the Soai reaction. We identified the alcohol 1a and
its fragment 1b, the monomeric Zn-alkoxides 2a and 2b, the dimeric
Zn-alkoxides 3a and 3b (different charge states), pyrimidine-5-carbaldehyde
4, the Zn-complex of the hemiacetalate 5a, the hemiacetal fragments 5b and
5¢, a hydroxylated structure 5d, which is probably formed by the ionization
process, hemiacetal 5e with iPr,Zn coordinated to it (this can be bridged or
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open), and the hemiacetalate with coordinated toluene 5f. Structures 7a-7d
are Zn-hemiacetalate complexes with another molecule or fragment of
alcohol 1 coordinated, and structure 8 represents a dimeric Zn-hemiacetal

complex.

The identification of the Zn complexes is facilitated by the characteristic
isotope pattern of Zn (see Figure 11.10a, right mass spectrum). For
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Investigation of the Soai reaction by in situ high-resolution mass spec-
trometry. (a) High-resolution mass spectrum of the hemiacetal 5 (left) and
transient hemiacetal structure 5c (right) obtained by in situ MS reaction
monitoring of the Soai reaction. (b) Monitoring of the ion counts (bottom)
of 5a (m/z 527.234115) and 5e (m/z 571.297085) vs. time during the Soai
reaction (top). Reaction conditions: 25.0 mM 4, 1.25 mM (R)-1 (ee > 99.9%),
and 50 mM i-Pr,Zn in toluene at 20 °C. Reproduced from ref. 64 with
permission from John Wiley & Sons, Copyright © 2020 The Authors.
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comparison, the high-resolution MS spectrum on the left side in
Figure 11.10a shows the formation of hemiacetal 5 (m/z 421.25822) by mix-
ing 1 and 4 in toluene, which is the proof, that the hemiacetal is formed
from the reactants of the Soai reaction in toluene. These structures were also
confirmed by MS/MS measurements.

By the temporal resolution of the injection pulses in the experimental
setup, the relative concentration of the transient hemiacetal intermediate
5 can be monitored in the course of the Soai reaction (see Figure 11.10b).
Interestingly, the apex of this profile coincides with the inflection point of
the sigmoidal kinetic profile of the Soai reaction (see Figure 11.10b, top),
which suggests that the transient Zn-hemiacetalate 5 is slowly built up
during the induction period, and is then amplified in the autocatalytic cycle
and finally depleted.

The coordination of i-Pr,Zn to the N atoms of the pyrimidine rings not
only activates the zinc reagent, but also favors the formation of hemiacetals
by spatial arrangement (tweezer effect) and electronic effects. Interestingly,
no bridged pyrimidyl alcohols 1, pyrimidyl alkoxides 2, or pyrimidine-5-
carbaldehydes 4 are observed, which can be attributed to the noncovalent
nature of such complexes, which are not stable under the conditions of
the APCI.

To investigate the role of the dialkylzinc reagent and the alcohol additive
in the Soai reaction we performed mixing experiments. We systematically
varied i-Pr,Zn and diethylzinc (Et,Zn) as a reagent in the reaction itself and
to pre-form Zn-alkoxides 2.

11.5 The Doping Experiment: Formation of a
Transient Catalyst During the Autocatalysis

A doping experiment corroborates that the Soai reaction is catalyzed by a
transient catalyst formed in the course of the reaction. For this purpose, we
transferred the reaction solution of a running Soai reaction to a just started
Soai reaction. Four Soai reactions (25 mM 2-(tert-butylacetylene-1-yl)-
pyrimidyl-5-carbaldehyde 4, 1.25 mM 2-(tert-butylacetylene-1-yl)pyrimidyl-5-
(iso-butan-1-ol) (R)-1 (ee>99.9%), 20 °C, all concentrations are final
concentrations after the addition of the iPr,Zn solution) were prepared from
the same stock solutions and distributed in 4 vials under inert reaction
conditions. 2 vials were used as reference vials, one started simultaneously
(1st vial) with a 2nd vial, in which the transient catalyst is formed during the
reaction (see Figure 11.11).

The Soai reactions are triggered by the addition of iPr,Zn (125 mM final
concentration). After 210 s the 3rd Soai reaction is started by the addition of
i-Pr,Zn (125 mM final concentration). 218 s after the start of the reference
reaction and the Soai reaction in the 2nd vial 60 pL of the reaction solution
are transferred from the 2nd vial into the 3rd vial. The 2nd ref. (4th vial) was
started after the completion of reactions 1 and 2. All reactions were
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Figure 11.12 Reaction progress of concentrations (R)-1 and 4 vs. time ¢ of the
doping experiment. The solid lines represent the Soai reaction
doped with the transient catalyst solution (60 pL) formed from an
immediately preceding (¢=218 s) Soai reaction. The dashed lines
represent the reaction progress of the reference Soai reaction.
Reaction conditions: 25.0 mM 4, 1.25 mM (R)-1 (ee>99.9%), and
125 mM i-Pr,Zn in toluene at 20 °C. Reproduced from ref. 64 with
permission from John Wiley & Sons, Copyright © 2020 The Authors.

monitored by multiplexing HPLC in the flow-injection mode. Analysis of the
kinetic data (see Figure 11.12) shows that the induction period is reduced
in the doped experiment. Quantitative kinetic analysis confirms that
the inflection point (maximum reaction rate) of the ‘normal’ Soai reaction
(25.0 mM 4, 1.25 mM (R)-1 (ee>99.9%) and 125 mM i-Pr,Zn in toluene at
20 °C) is at 255 s with an initial reaction rate of 4.2x10~* mols™', while in
the doped experiment the inflection point is at 200 s and the initial reaction
rate is 1.4x10 > mol s '.1 This means that the induction period is shifted by
55 s in the doped experiment!

It is important to highlight that adding 60 pL of a completed Soai reaction
does not influence the induction period!

11.6 Proposed Mechanism of Soai’s Asymmetric
Autocatalysis via the Formation of a Transient
Hemiacetalate-catalyst

Taking all the kinetic and thermodynamic data of the hemiacetal formation,
the structural puzzle pieces determined by the in situ high-resolution mass
spectrometric reaction monitoring, the transient formation of the
Zn-hemiacetalate 5 during the Soai reaction, and the doping experiment
into consideration, a novel reaction mechanism that can explain the high
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amplification of the experimentally observed enantioselectivity (see
Scheme 11.4) was proposed.

This mechanism (see Scheme 11.4) starts with the formation of the iso-
propylzinc pyrimidyl alkoxides 2 from (R)-1 and/or (S)-1. The isopropylzinc
pyrimidyl alkoxides 2 are in equilibrium with the homochiral (R,R)-3/(S,S)-3
and heterochiral (R,S)-3 dimers. Depending on this first selection process
the dominating enantiomer directs whether the autocatalytic cycle proceeds
to the right autocatalytic R-cycle (green) or the left autocatalytic S-cycle (red).

The key step is the formation of the transient hemiacetal catalyst 5, which
is in dynamic equilibrium between the Zn-alkoxide 2 and aldehyde 4
forming diastereomeric complexes (R,R)-5 or (R,S)-5, if (R)-1 dominates, or
forming diastereomeric complexes (S,S)-5 or (S,R)-5, if (S)-1 dominates. DFT
calculation at the PBE0-D3/LACVP** level of theory of the optimized struc-
tures of (R,R)-5 and (R,S)-5 indicate that the diastereomer (R,R)-5 is favored
by 6 kJ mol .

In the following only the autocatalytic R-cycle on the right side will be
discussed, which is mirror-symmetrical to the autocatalytic S-cycle.

In the consecutive step of this cycle pyrimidine-5-carbaldehyde 4 and
i-Pr,Zn are coordinated to the hemiacetal (R,R)-5 forming adduct (R,R)-6.
This spatial alignment of the carbaldehyde results in a transfer of the ad-
jacent isopropyl group from the re side giving (R,R,R)-7. DFT calculations
provide an energy barrier of 54 k] mol .

Insertion of another molecule of the pyrimidine-5-carbaldehyde 4 leads
to the dimeric hemiacetal (R,R,R,R)-8, which splits into two monomeric
hemiacetals (R,R)-5, which explains the rapid sigmoidal increase in the
formation of catalytically highly active (R,R)-5 and is typical for an auto-
catalytic process. The dimeric hemiacetal (R,R,R,R)-8 represents a dia-
stereomeric complex and in combination with the dissociation into the
monomeric hemiacetals (R,R)-5, which can dynamically control the ste-
reocenter of the hemiacetal group, giving a natural mechanism of
autocorrection.

It has to be noted that (R,R,R)-7 can be also converted into (R,R)-5 and
(R)-2 (and its corresponding dimer (R,R)-3).

11.7 Evaluation of the Kinetic Data

The evaluation of the kinetic data was an enormous task. We started to
evaluate data from the reaction progress analysis by means of the graphical
method™** already in 2010 and in parallel we began to develop a method that
systematically evaluates the experimental data to determine the reaction rates.

The idea, in contrast to a fitting of the kinetic reaction data, is the fol-
lowing: a reaction model can be used to set up the corresponding differential
equations of the system and to calculate reaction profiles with the given
initial experimental concentrations. Here, a large matrix is generated with
up to 2.25 million combinations of reaction rate constants that are
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systematically varied. The profiles calculated in this way are then compared
with the experimental profiles and sorted by matching. This matching must
be satisfied with all experimental reaction profiles under different starting
conditions (concentrations). In the example shown above, these are 18 re-
action profiles determined several times and thus the number of profiles is
significantly larger than the number of reaction rate constants to be deter-
mined. In addition, rate constants already determined by direct measure-
ment can be taken into account. By multiple refinements of the reaction
parameter space, the rate constants can be further narrowed down. However,
this systematic approach requires a very efficient calculation. In total, we
have developed seven programs over time, which also considered models of
the proposed mechanism described in the literature. The algorithm for the
mechanism described above (see Scheme 11.4) takes into account 26 dif-
ferential equations and was created and implemented in the Soai 7 software
package, written in object-oriented Pascal (Delphi XE/RAD Studio). This
program allows us to calculate kinetic reaction profiles using an adaptive
Runge-Kutta routine to solve the system of differential equations with the
initial experimental parameters, i.e. concentrations of the additives (R)-1 and
(S)-1 (ee), the pyrimidin-5-carbaldehyde 4 and iPr,Zn, the reaction time, re-
action rate constants k;,,, and equilibrium constants K;,. This program allows
to define large data sets (2.25 million kinetic profiles each) with variable
ranges for the reaction rate constants k, and equilibrium constants K,. The
calculated kinetic profiles are compared with the experimentally determined
kinetic profiles of (R)-1, (S)-1, and 4 to refine the kinetic parameters. This
method was applied iteratively to all kinetic data sets (in total 81 million
kinetic profiles) and thus the rate constants for the respective partial steps
were determined. The results of the kinetic and thermodynamic parameters
are summarized in Table 11.2.

Table 11.2 Kinetic data of the Soai-reaction of aldehyde 4 with i-Pr,Zn forming
alcohol 1 obtained by comprehensive simulation of the proposed re-
action mechanism. Reproduced from ref. 64 with permission from John
Wiley & Sons, Copyright © 2020 The Authors.

n* k) K. k¢

1 1.5x10°+7M ‘st — —

2 7.0x10°+32M 's?t 81+4 M ! 8.6+0.85 '

3 7.0x10°+32M 's?t 162+8M 1! 43+04s "t

4 1.7x10°+12x10*M st 0.1364+0.001 M '  1.3x10 2+1.0x10 > s !
5 63+5M 2s* — —

6 0.11+0.01s " — —

7 13.2402M ‘st — —

8  0.23+0.02s" — —

“Reaction step as denoted in Scheme 11.3.
bForward reaction rate constants.
‘Equilibrium constants.

9Backward reaction rate constants.
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The formation of the isopropylzinc pyrimidyl alkoxides 2 is a rapid process
and agrees very well with kinetic data of the reaction of alkylzinc compounds
with alcohols described in the literature.'*® The equilibrium between mono-
meric 2 and homochiral (R,R)-3/(S,S)-3 and heterochiral (R,S)-3 is dynamic
and not extremely shifted to the side of the dimers, as is also observed in the
mass spectra. More interesting is the equilibrium and the kinetic parameters
of the hemiacetal 5 formation, which are in excellent agreement with the
kinetic parameters determined by enantioselective DHPLC for the formation
of 5ipr (k1(293 K)=4.1x10""> (mols) ' and k_4(293 K)=1.3x10 >s ') and
equilibria of the derivatives by "H NMR spectroscopy. In the autocatalytic
cycle the rate determining step is the transfer of the isopropyl group, while the
other steps are energetically balanced.

The proposed mechanism and the kinetic model allow us not only to
predict kinetic reaction profiles of the conversion of the pyrimidine-5-
carbaldehyde 4 into the reaction product 1 of the Soai reaction, but even
more important the precise prediction of the nonlinear amplification of the
ee and the induction period in dependence on the ee. When starting with an
ee of 1% in 1 (2 mmol L"), 9.25% ee in the 1st step, 59.4% ee in the 2nd
step, 94.6% ee in the 3rd step, 99.4% ee in the 4th step, and 99.9% ee in the
5th step are obtained (see Figure 11.13).

A systematic variation of the initial ee, of 1 and the corresponding final
product ee is plotted in Figure 11.14a. Interestingly, if the reaction is per-
formed under conditions where the formed product with amplifying ee
propagates through a reaction mixture, i.e. by diffusion or starting with
seeding on a chiral or enantiomorph surface, extraordinary ee amplifications
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Figure 11.13 Amplification of the enantiomeric excess in the Soai reaction.
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Figure 11.14 Enantiomeric excess and time of the inflection point in dependence
on the initial ee of the added pyrimidine alcohol 1 predicted by the
mechanistic model and reaction rate constants obtained by compre-
hensive analysis of the kinetic data. Simulations were obtained by
calculations with Soai 7. (a) Amplification of the ee (final ee vs. initial
ee of the alcohol 1). The black line represents a homogeneous and
stirred reaction mixture, the red line represents a Soai reaction slowly
propagating through a reaction mixture. (b) Shift of the inflection
point t;, in dependence on the initial ee of 1. Starting concentrations
used for the simulation: 25.0 mM 4, 2 mM 1 (ratio of (R)-1 and (S)-1
depending on the corresponding ee) and 50 mM i-Pr,Zn. Reproduced
from ref. 64 with permission from John Wiley & Sons, Copyright
© 2020 The Authors.

can be predicted, jumping immediately from 1x10 % to 55% and finally
>99.9% (see Figure 11.14, red line). Experimental investigations of reactions
with variation of the starting ee of the alcohol additive and concentrations
were compared with the prediction of ee values by simulation with the
program Soai 7, giving excellent correlation between the experiment and
simulation.

Furthermore, the simulations correctly predict the prolonged induction
period, which is caused by the slow hemiacetal formation, and the time of
the inflection point ¢;, dependent on the initial ee of the pyrimidine alcohol
1 (see Figure 11.14b).

11.8 Summary and Outlook

The results of the high-resolution mass spectrometric measurements and
the comprehensive kinetic analyses suggest the formation of a transient
Zn-hemiacetalate complex, which is catalytically active in the Soai reaction.
This intermediate can establish an autocatalytic cycle and the extraordinary
amplification of the enantiomeric excess. This is supported by mass spec-
trometric profiling of the transient hemiacetal intermediate and by doping
experiments, which demonstrate that the Soai reaction can be accelerated by
adding the in situ formed catalyst. Kinetic and thermodynamic data of the
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highly dynamic formation and decomposition of the hemiacetal explain
the unusual inverse temperature dependence on the reaction kinetics, the
induction period, and time shift of the inflection point. Furthermore,
the results suggest that the formation of the transient diastereomeric
Zn-hemiacetalates amplify any initial imbalance of the formed product
enantiomers, which is interestingly always given for an odd number of
formed molecules. These results give new guidance to structures envisioning
potential processes leading to symmetry breaking.
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12.1 Mechanism of Asymmetric Autocatalysis

There are many theories as to what brought about molecular
homochirality.'”” However, irrespective of the origin of homochirality, the
initial bias is very small and a process of propagation and amplification of the
bias is necessary to explain the homochiral world around us. Frank showed
that asymmetric amplification occurs in a very simple model of “mutual
antagonism”, in which the enantiomers replicate themselves while inter-
fering with the production of the other form.® However, in spite of this
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apparently simple kinetic model, it is difficult to find a reaction that actually
exhibits this amplification behavior.

The discovery of asymmetric autocatalysis in a real reaction by Soai et al. in
1990 provided a breakthrough;’** indeed, the asymmetric autocatalysis with
pyrimidyl alkanols'®™° represents a milestone in this field.*'* In the asym-
metric addition of diisopropylzinc to aldehyde 2, catalyzed by pyrimidylalkanol
1, even a slight enantiomeric bias in 1 results in significant chiral amplifi-
cation (Figure 12.1). It is possible to obtain products with high ee even from
isotopic chirality,> " crystal®**® or surface chirality,>>" circular polar-
ization,”>** and other chirality biases that are originally almost undetectable;
in fact, it is possible to realize absolute asymmetric synthesis without the need
for anything chiral.”*>® Even now, no other simple chemical reaction is known
to induce such a remarkable asymmetric amplification. For this reason, the
study of this mechanism has been the focus of much scientific attention.

Although it is not possible to introduce all of them in this chapter, various
attempts have been made to unravel the details of this reaction through
approaches such as kinetic analysis,”” ® reaction tracking by HPLC,**°®
reaction condition screening,®® analysis by NMR”®”® or MS,”*”> modeling
by DFT calculations,”®®* and theoretical kinetics modeling.®"** First, if we
look at asymmetric reactions in general, not only autocatalysis, the non-linear
phenomenon of obtaining a product with a higher ee than the catalyst used
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Figure 12.1 Asymmetric autocatalysis of 5-pyrimidyl alkanol and the structure analy-
sis by X-ray crystallography and circular dichroism (CD) spectroscopy.
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was discovered by Kagan et al in the asymmetric epoxidation reaction.’
Noyori et al. also reported non-linear amplification of ee in the asymmetric
addition of alkylzinc reagents.”® In the epoxidation, the active species of the
catalyst is a dimer, whereas in Noyori’s asymmetric addition of alkylzinc, the
catalyst is considered to form an inactive dimer. Unlike monomers, homo-
chiral and heterochiral dimers and higher oligomers are no longer enantio-
mers, but diastereomers. These diastereomers have different reactivity and
stability and result in the non-linear relationship between the initial catalyst
ee and actual active catalyst. However, various studies have shown that the
significant asymmetric amplification of this asymmetric autocatalytic
reaction cannot be achieved by simply assuming that an inactive dimer is
formed. A pioneering kinetic analysis using reaction calorimetry reported by
Blackmond et al. showed that there was little difference in the stability of the
heterodimer and the homochiral dimer; this suggests that it is more rea-
sonable to consider the dimer as the active species than the possibility of a
model in which the active species is the monomer.”” Soon after, NMR studies
by Brown et al.”® and DFT calculations reported by Gridnev et al.”® confirmed
that there was no difference in the stability of this dimer. Although several
patterns of dimeric structures are possible, a 12-membered macrocycle
structure with a nitrogen atom was considered due to the specificity of the
pyridine and pyrimidine substrate for asymmetric autocatalysis (Figure 12.2).
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Figure 12.2 Example of possible dimer, tetramer, and oligomer structures of
alkoxide 1-Zn.
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However, DFT and NMR analyses indicate that the Zn-O-Zn-O structure,
which is observed in typical zinc alkoxides,”” is more stable than the mac-
rocycle structure. The detailed kinetic study by Blackmond et al. revealed that
the reaction is almost second order on aldehyde 2, first order in alkanol 1, and
zeroth order on i-Pr,Zn.”® This kinetic feature was also confirmed by a recent
reaction monitoring study using HPLC and MS reported by Trapp et al.”* By
using these kinetic parameters Schiaffino and Ercolani proposed a catalytic
cycle model based on DFT calculations in which the dimer reacts with two
aldehydes to give a tetramer as a resting state.®® Shortly after that, Gridnev
described various possible tetramers or higher oligomer structures and con-
cluded that the Square-Macrocycle-Square type of tetramer is the most stable
tetramer of the range examined.”® Furthermore, DOSY molecular weight
analysis also indicated the existence of tetramers, although it is difficult to
make a definitive judgment for such relatively small molecules.”* Some of the
remarkable recent results include the finding that NMR analysis indicated the
presence of an acetal intermediate in the reaction solution.”® Although some
argue that the acetal is not a direct precursor of the product,” the formation
of the acetal was confirmed in a high-resolution MS study by Trapp and
co-workers, and a reaction model using direct monitoring with high-
throughput HPLC has been proposed in which the acetal is the active species.”*

As described above, the mechanism of this reaction is gradually being
elucidated by the contributions of various research groups. All results indi-
cate the importance of the aggregation of zinc alkoxide. In addition to
asymmetric amplification, various interesting phenomena have been
observed in asymmetric autocatalysis, such as the unusual temperature
dependence of the reaction rate,”” and the change in reaction selectivity
depending on the mixture of pyridine and pyrimidine substrates.”®'°° These
observations also indicate that the association of zinc alkoxides plays an
important role in understanding this reaction. In this chapter, we introduce
the crystal structure of zinc alkoxide obtained by single-crystal X-ray dif-
fraction analysis'®"'?* and describe the equilibrium state of zinc alkoxide in
solution based on CD spectroscopy (Figure 12.2).'%

12.2 Single Crystal X-ray Analysis of Zinc Alkoxide

Single-crystal X-ray diffraction is the most powerful method for obtaining
information on the three-dimensional structure of molecules when crystals
are available. Although it is difficult to observe unstable structures such as
the transition state of a reaction by crystal diffraction, the structures of
intermediates and precursors, which are relatively stable, can provide crucial
clues to the reaction mechanism. Alkylzinc reagent is unstable to moisture
and oxygen in the air and easily ignites, so care must be taken when
handling it. Nevertheless, zinc alkoxide is relatively stable compared with
alkylzinc, and once the crystals have grown to a certain size, it is possible to
perform measurements for more than one day under the nitrogen flow
cryogenic apparatus of the X-ray diffractometer. In this section, we introduce
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the crystal structures of the asymmetric autocatalytic pyrimidyl alkanols
obtained under various conditions.

12.2.1 Crystal Structures of Enantiopure and Racemic
Tetramers

The first crystal with a tetrameric structure was obtained as yellow rod crystals
from enantiopure (S)-pyrimidyl alkanol 1 dissolved in excess (8.4 equiv.)
distilled neat i-Pr,Zn, either without or with a small amount of toluene, under
a nitrogen atmosphere (Figure 12.3). Single-crystal X-ray diffraction analysis
revealed that this tetramer had a Square-Macrocycle-Square (SMS) tetramer
structure. This structure was composed of two Zn,0, square dimers. Each of
the Zn atoms in each square dimer co-ordinated with a pyrimidine nitrogen to
form a 12-membered macrocycle. The other two atoms, neither of which was
involved in the formation of the macrocyclic ring, were found in an un-
saturated three-co-ordinated state. This co-ordination-unsaturated zinc could
serve as a reaction point with aldehydes by co-ordination of carbonyl oxygen.

Another important feature of this tetramer structure is that excess diiso-
propylzinc reagent is co-ordinated to the nitrogen atom of the pyrimidine that
is not involved in the formation of the macrocyclic ring. Co-ordination of
nitrogen atoms to alkylzinc is known to improve the nucleophilicity of al-
kylzinc reagents.'**'% This co-ordination of nitrogen atom to diisopropylzinc

tPr :
(a)
N/\ 0 Zn \|/
N” Prz T
E—" Pr N Pr
Xcess . - Zn \'_H
Enantiopure )\ ;- \/N .
R= ———1Bu 1 Pr

SMS tetramer

Figure 12.3 Tetramer structure of enantiopure alkoxide 1-Zn.
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slightly extends and bends the Zn-C bond (C-Zn bond, ca. 1.99-2.01 A,
C-Zn-C bond, ca. 156-164°), although it is small compared to that of the
TMED complex.'®® Since asymmetric amplification was observed with pyri-
dine derivatives, it was found that the second nitrogen atom is not necessarily
required for asymmetric autocatalysis.”"*°°'% However, the advantage of
pyrimidine over pyridine in reactivity and amplification efficiency might
explain this co-ordination of extra diisopropylzinc. As shown later, oligomeric
crystals were obtained in the absence of excess zinc reagent, suggesting that
the co-ordination of excess zinc reagent prevents the catalytically active
species from aggregating and becoming inactive.

In the case of the racemic alkanol, we also obtained a similar Square-
Macrocycle-Square tetramer (Figure 12.4). However, the conformation of
the racemic tetramer is completely different from that of the enantiopure
tetramer. The enantiopure tetramer has P2 symmetry and a square dimer
on the same side of the macrocyclic plane. As a result, the two pyrimidine
rings occupy the same side of the structure. In the racemic crystal, the
crystallographic inversion center is in the center of the tetramer. Thus, the
square dimer structure occupies opposite sides. Given the reduced steric
hindrance of this centrosymmetric structure, the racemic tetramer is more
stable than the enantiopure tetramer by 4.8 kcalmol " according to DFT
calculations. Furthermore, this conformation is quite similar to the

jPr :
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Figure 12.4 Tetramer structure of racemic alkoxide 1-Zn.
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structure of the oligomer described in the next section. From this, it can be
assumed that the racemic tetramer is more easily oligomerized than the
enantiopure form.

Note that no cube-type tetramer was obtained in our several attempts at
crystallization. This result supports the hypothesis that the steric hindrance
imparted by the isopropyl group prevents the formation of the cube-type
tetramer.”®'°

12.2.2 Structure of Oligomers

In the crystallization of the tetramer, we used an excess of diisopropylzinc
and obtained an isopropylzinc-co-ordinated tetramer. It is assumed that the
excess zinc co-ordinates to the nitrogen atom of the pyrimidine, preventing
further aggregation. In fact, it was found that different crystals appeared
when the number of zinc reagent equivalents was reduced (Figure 12.5). In
the case of almost equimolar amounts of diisopropylzinc, a 1D-oligomeric
structure was obtained for both enantiopure and racemic alkoxide. In this
structure, square dimers also bridged by the macrocyclic structure through
N-Zn coordination.

Unlike the tetramer structure, both enantiopure and racemic oligomer
structures are almost identical if we ignore the orientation of the iso-
propyl group due to the chirality. In fact, the racemic oligomer crystals
show that a disordered structure on the stereocenter of the alkanol, in-
dicating that both enantiomers may crystallize in a partially random
arrangement.
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Figure 12.5 Oligomer structure of enantiopure and racemic alkoxide 1-Zn.
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Under typical reaction conditions, the zinc reagent is added in excess to
the catalyst, and it is unlikely that these oligomers are present in the reaction
solution. However, these results clearly show that higher aggregation
structures can exist. The formation of reaction-inactive precipitates as
oligomers may contribute to asymmetric amplification.

12.2.3 Crystal Structure with Coordinative Solvent

The asymmetric autocatalysis reaction is typically performed in an aromatic
solvent such as toluene. Although non-coordinative solvents such as hexane
or diethyl ether can also be used as the reaction solvent, the presence of co-
ordinative polar solvents such as THF completely suppresses the reaction
conversion. A crystal structure of the THF co-ordinated tetramer with
enantiopure 1-Zn was also obtained (Figure 12.6). In this structure,
unsaturated zinc is no longer present due to THF co-ordination, and the
conformation is changed significantly. Unlike in toluene solution, a sharp
NMR spectrum was obtained in the THF solution and it was concluded that
the zinc alkoxide is present as a dimer. We could not obtain a good quality
crystal of enantiopure dimer crystal with THF, but an enantiopure dimer

(a) =

Enantiopure Racemic

(b) (c)

antiopure HE

Enantiopure Racemic

Figure 12.6 Crystal structure of 1-Zn in co-ordinated solvent. (a) Enantiopure and
racemic tetramer with THF; (b) enantiopure dimer with pyridine; (c)
racemic dimer with THF.
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crystal was isolated with more coordinative pyridine. In the racemic case, a
dimer crystal was obtained from THF solution. These observations clearly
show why the THF acts as an inhibitor for the reaction and supports the
hypothesis that the tetramer is a precursor for the active species.

12.2.4 Crystal Structure with Diethylzinc

Another unique experimental feature of this asymmetric autocatalysis is that
efficient asymmetric amplification is observed only with diisopropylzinc
reagent as a nucleophile. Diethylzinc has low reactivity and almost no
amplification of enantiomeric excess was observed. DFT calculations sug-
gested that the steric hindrance of isopropyl contributes to the stability of
the SMS-type tetramer.”®”® In fact, even when diethylzinc was used in excess,
no tetramer was obtained, and oligomeric crystals were obtained
(Figure 12.7). In a recent NMR study by Denmark et al., it was hypothesized
that the isopropyl group has the effect of preventing the formation of in-
active cube-type tetramers.’”'°® We have not yet succeeded in obtaining the
crystal structure of the cube-shaped tetramer, because a large amount of fine
precipitates formed immediately after mixing in the study using diethylzinc,
and it was difficult to obtain crystals of sufficient size for crystal analysis.
However, this also supports the hypothesis that the isopropyl group inhibits
the formation of inert precipitates.

12.3 CD Spectrum Analysis of Pre-equilibrium of a
Zinc Alkoxide

Although X-ray crystallography can provide direct observation of 3D mo-
lecular structure, structures that are stable in a crystal do not necessarily

EtaZn

Figure 12.7 Crystal structure of 1 and diethylzinc.



282 Chapter 12

exist in dilute solution. To gain insight into the structure of alkoxides in
solution, enantiopure alkoxide solutions were analyzed by CD spectroscopy.
CD spectroscopy is a powerful tool for absolute structure determination, but
the technique is also useful for conformation analysis: for example, in the
analysis of the secondary structure of proteins, because the shapes of
the spectra are highly sensitive to conformational changes compared with
the normal absorbance spectrum.

In the CD spectrum of a solution of 1-Zn, it was found that the spectra
changed reversibly upon changes in temperature (Figure 12.8). Because an
isosbestic point is observed in the CD spectrum, this solution is mainly
composed of two components. DFT simulations indicate that the spec-
trum obtained at —20 °C is similar to that of the tetramer obtained from
the crystal structure. The spectrum at room temperature resembled that of
the structure of the square dimer. This change was more pronounced at
higher concentrations, and the reproducibility of the change was less in
the absence of an excess of zinc reagent. These results suggest that the
dimer exists in equilibrium with the tetramer in solution, supporting
the conclusions suggested by NMR analysis and DFT calculations that the
dimer is stable in solution and that the multimer forms at low
temperatures.

Furthermore, in THF, the shape of the spectrum was invariant with
temperature, and DFT simulations showed that the shape of the
spectrum was similar to that of the THF-co-ordinated dimer. This
result also suggests that tetramer formation is suppressed by THF
co-ordination.

12.4 Summary

In this chapter, the aggregation states of various alkoxides were shown
by single-crystal X-ray diffraction. The tetramer structure containing a
macrocycle was identified in the crystal, and analysis of the circular
dichroism spectra supports the conclusion that the tetramer actually
exists in equilibrium with the dimer in solution. In addition, oligomer
formation was observed without an excess of diisopropylzinc.
Co-ordination of excess diisopropyl zinc may play an important role in
inhibiting inactive oligomer formation. Furthermore, the structure of
the alkoxide also changes significantly due to changes in the co-
ordination of the solvent and the alkyl group. It is clear that there is a
complex self-organized structural equilibrium behind the seemingly
simple addition reaction. It was found that the high asymmetric amp-
lification of asymmetric autocatalysis is due to the asymmetric recog-
nition associated with the efficient self-assembly of the alkoxide. This
provides some guidance for the elucidation of the asymmetric amplifi-
cation mechanism and will help in the search for new asymmetric
autocatalytic reactions.
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CHAPTER 13

Symmetry Breaking in a
Heterogenous Phase: Intriguing
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13.1 Introduction
13.1.1 Background

The origin of homochirality remains an intriguing scientific question.'”
Absolute asymmetric synthesis is defined as asymmetric synthesis in the ab-
sence of chiral factors.® " It has also been considered a possible explanation
for homochirality since it does not require any chiral source. According to
statistical theories, the number of enantiomers in a racemic mixture is rarely
the same, and these are always subject to small fluctuations: for n molecules,
there will be a standard deviation from 50:50 of (n'/?)/2. However, the ee of
the product is always below the detection level."

Thus, reactants obtained as single enantiomer crystals can be used in
absolute asymmetric synthesis and promote enantioenrichment (ee) without
the intervention of chiral catalysts.">*® Single phase homochirality without
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counter enantiomer nucleation may also be accessed through crystallization,
although no chemical transformation occurs throughout the processes.'®'”
Also, circularly polarized light (CPL) induces crystal growth of a specific
enantiomer by action of chiral side products."®'® By Viedma ripening of
organometallic complexes, six-coordinated A- and A-[Co(bpy);]*" cations
and tetrahedral A- and A-[Ag(PS),]" cations (PS = (2-(methylthio)ethyl)-
diphenylphosphine) were successfully obtained in enantiopure forms. The
decisive stage showing spontaneous molecular symmetry breaking (SMSB) is
the formation of the racemic conglomerate from the racemic mixture of
enantiomers.”>*' Enantioenrichment is also possible by selective crystal-
lization or sublimation.?**

In the field of catalysis, Soai et al. showed that the addition of diisopro-
pylzinc to pyridine-3-carbaldehyde 1 could behave autocatalytically
(see Scheme 13.1).>* (S)-Pyridyl alcohol 2 with 86% ee was used as a 20%
chiral autocatalyst for the enantioselective alkylation of 1. The product was
obtained in 67% yield and 35% ee. Despite the erosion of ee, the pre-
dominant configuration of the product was the same as that of the catalyst.

Among other molecular scaffolds, 5-pyrimidine aldehydes were able to
give higher enantioselective autocatalysis compared to the other substrates
(see Scheme 13.2).>>7%°

The substituent at the 2-position seemed to play an important role in the
efficiency of the asymmetric autocatalysis and to prevent the erosion of the
final ee. In particular, (S)-4¢ was found to be a perfect autocatalyst.>°

To date, the Soai reaction offers the only example of such an absolute
asymmetric catalytic reaction in the absence of chiral polarization.**>* Frank
envisioned an asymmetric autocatalytic model,>* where one enantiomer
catalyzes its own production at the expense of its opposite enantiomer, giving
rise to high asymmetric amplification from extremely low enantiopurity.*®

Thus, even classical statistical fluctuation in the enantiomeric ratio can
lead to spontaneous asymmetric synthesis,**® by virtue of a non-linear re-
lationship (NLE) of a catalyst-product pair, in the form of a homochiral dimer

same structure
and configuration

OH
X
|,
N
(0] H
| (5)-2 1
| X + i-ProZn (20% mol, 86% ee) X
— > | ~
N Toluene, 0°C N
1 (S)-2

67% yield, 35% ee

Scheme 13.1 Asymmetric autocatalytic isopropylation of 3-pyridine aldehyde.
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OH
N/ﬁ/k(
)I\ 7
<|3 RO OH
)NI\ Ny~ + PrZn (S)-4a-c )Nl\/j/'\(
~ Pz
R™ N Toluene, 0°C R™ N
3a-c (S)-4a-c
R Initial ee Final ee
a:H 93% 90%
b: Me >99.5 98,2%
c: t-Bu-c=C >99,5 >99,5

Scheme 13.2 Asymmetric autocatalytic isopropylation of 5-pyrimidine aldehydes.

species.>”*?™*° In the Soai reaction those small fluctuations in racemic mix-
tures can be amplified by the asymmetric autocatalysis, showing mirror-
symmetry breaking features. Indeed, Singleton and Soai have demonstrated
that reactions of 3b and 3c were able to yield enantioenriched alkanols 4b and
4c without the requirement of any chiral substance in liquid phase reactions.
The products were formed with an approximately stochastic distribution of
the two enantiomers.>>>! Recent developments introduced pyridinyl alkanols
6 as a new autocatalytic family and their amplification in parallel with pyr-
imidinyl alkanol 3.>7>* Further investigations by Denmark et al. report on the
function of the pyridyl- and pyrimidyl-moiety in the NMR studies revealing a
tetrameric structure, also described as a cube escape model.””

In this chapter, we focus on alternative mechanistic features to improve our
understanding of the autocatalytic amplification behind the Soai reaction.
This was made possible by extending the focus to heterogenous conditions of
the reaction. This approach involved probing existing hypothesis by physical
confinement of reactive species in metal organic framework materials. Also, it
draws attention to new chiral products exhibiting autocatalytic features found
exclusively while operating under heterogenous conditions. The discussion
here demonstrates that their formation is associated with episodes of hydride
transfer involving a hemiacetal intermediate and may be key players in the
amplification process.

13.1.2 Symmetry Breaking and Spontaneous Absolute
Asymmetric Synthesis

In prior work Soai et al. revealed that autocatalysis was also possible under
heterogenous conditions. Achiral crystals (achiral space group P1) rising
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Attack from Re face of Aidehyde 1 at the Kinetically Advantageous Location
for the Initiation and Propagation of Asymmetric Autocatalysis

i-PryZn
Vapor
P Propagation of
Initiat r
;emn"o P Asymmetric Autocatalysis N7 ::
—— N™S OZn—< B
A with Amplification RN?
RN of Chirality 2
R= =—18u
14
12 1 R:5=61:58

10 4 BDL (<0.5% ee): 10
8
6 4

4 4

Frequency

2 4

04
25 20 15 10 5 0sos 5 10 15 20 25
(R) Enantiomeric excess (%) ( S)

Scheme 13.3 Kinetic heterogenous absolute synthesis in the Soai reaction. Repro-
duced from ref. 58 with permission from the Royal Society of
Chemistry.

from achiral pyrimidine-5-carbaldehyde 3¢, with enantiotopic (001) and
(001) faces, underwent enantioselective addition of iPr,Zn vapor. The ab-
solute configuration of the alcohol product correlated with the orientation of
the prochiral aldehyde in the achiral crystal lattice.”®>” Thus, the two-
dimensional chirality at the crystal surface dictates the absolute configur-
ation of chiral secondary alcohol 4c. Then, the newly generated product 4c¢
was reacted in solution to enhance further ee to greater than 99.5%. Similar
reactivity was extended with absolute asymmetric synthesis under kinetic
control of vapor-solid phase of reaction of i-Pr,Zn with aldehyde 1
(see Scheme 13.3).%® The authors analyzed the frequency ratio of distribution
of enantiomers and found that reactions provided alkanol 61 times with (R)
configuration and 58 times as (S). Statistical theories revealed that reaction
under heterogenous conditions statistical distribution was in line with
spontaneous absolute synthesis." In a concomitant report additional prod-
ucts relevant for the mechanism of autocatalysis were identified during a
similar process of symmetry breaking.>

13.2 Symmetry Breaking with Soai Autocatalysis
in MOFs

The reports from the Soai group prompted further studies in order to examine
the potential of autocatalysis under heterogenous conditions. Thus, it became
relevant to probe confinement effects on the formation of the autocatalytic
species and the extent of amplification when possible. Metal-organic
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Frameworks (MOFs) were identified for such heterogenous asymmetric
catalysis to function as a crystalline sponge for guest inclusion and promote
asymmetric reactions in a pocket-like confined space.®® MOFs are porous
crystalline materials, consisting of a 2D or 3D network, with metal containing
nodes known as secondary building units (SBUs) linked by multidentate or-
ganic ligands (linkers) by strong chemical bonds.®!

13.2.1 DFT Analysis of Host-Guest Interactions

Soai aldehyde 3c was preferred as a substrate for the inclusion process, and
as stated it was found to be the best performing substrate in solution for the
asymmetric autocatalysis with (+)-NLE, and it allows high ee even under
absolute conditions. UiO-67 was chosen as a preliminary host material. To
evaluate the feasibility of the inclusion process, periodic DFT calculations
have been performed to predict the preferred location of guest 3¢ inside the
unit cell of the host MOF (see Figure 13.1).%°

Upon physisorption in the octahedral cage of the framework, optimized
structures revealed interaction of 3¢ with the Zr-cluster, which is charac-
terized by a H-bond between the hydrogen of the hydrated cornerstone of the
MOF cluster and the oxygen of the carbonyl group. The location appeared
convenient in UiO-67, mainly because 3c is of comparable size with the
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"\5 Oligomers
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\ M
. /
Ui MOF "
4
A
| g

W e

Figure 13.1 Inclusion strategy and DFT model of 3 in cavities of UiO-MOF.
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biphenyl dicarboxylate linker of the MOF. However, a similar analysis shows
a difference in the accommodation of aldehyde 3c in UiO-66 with smaller
cavities, because of a significantly shorter terephthalic acid linkers (see
Figure 13.1). As the DFT calculations showed, high repulsions make ener-
getically disfavored the presence of aldehyde 3¢ in the same position as in
UiO-67. The optimized structure shows that interactions between 3c and the
framework consisted mainly of week van der Waals interactions with the
organic linkers and binding to the clusters.

13.2.2 The Inclusion: Analysis

The inclusion of Soai aldehyde 3¢ was performed by soaking the MOF
powder in a solution of aldehyde followed by gradual concentration of the
substrate in a host-guest interaction. The overall process induces con-
finement of aldehyde within the framework both at the surface and in the
pores of the crystalline material. This requires removing excess aldehyde on
the surface by successive washings with solvent. Subsequent PXRD (Powder
X-Ray Diffraction) analysis of the host UiO-67 with guest aldehyde con-
firmed that crystallinity of the solid material was preserved.

In addition, ATR-IR analysis (Infrared Spectroscopy by Attenuated Total
Reflectance) revealed a series of signals diagnostic of aldehyde 3¢ in the
framework (see Figure 13.2 red line, and Figure 13.3 blue line). The aldehyde
carbonyl signal is found by stretching at 1700 cm ™', while the peak
ca. 2200 cm ™' is attributed to the stretching of aromatic C-N. The C-H
stretching of the terbutyl/isopropyl groups is observed below 3000 ecm ™.
Furthermore, as predicted by DFT calculations, aldehyde interactions with
the O-H stretching of the clusters are indicated by perturbations at
3700 cm ™" after inclusion with respect to pristine material.

Comparing the spectra of the two materials after inclusion (Figure 13.4, red
and blue lines), a slight shift of the carbonyl stretching around 1700 cm™ " to
lower wavenumbers is observed in the UiO-67 compared to the UiO-66. This is
once again in line with the hypothesis of an interaction for the carbonyl of the
aldehyde with the clusters in UiO-67 not present in UiO-66.

13.2.3 Symmetry Breaking and Amplification

In the absence of a chiral inductor, alkylation of aldehyde 3¢ in UiO MOFs
provide enantiomeric ratios of alcohol 4¢ with random distribution: a
characteristic feature of absolute asymmetric synthesis. The general features
of the reactivity inside the crystalline material are reproduced for different
MOF structures and various batches of i-Pr,Zn. Pristine solid Soai aldehyde
showed constantly full conversion with very high enantioselectivity in the
range of 78-94% ee (see Table 13.1). For the reactions inside MOFs, an
interesting difference is that the enantioselectivity was lower even though
good conversion was retained. The difference in ee was observed with
varying i-Pr,Zn sources in the same MOF series, contrasting with the
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Figure 13.4 Carbonyl stretching in UiO-67 and UiO-66.

Table 13.1 Screening of different UiO MOFs to the vapor phase reaction.”

Zn batch 1 Zn batch 2 Zn batch 3 Zn batch 4 Zn batch 5

absolute absolute absolute absolute absolute

config. 4c  config. 4c  config. 4c  config. 4c  config. 4¢
MOF ee/conv. (%) ee/conv. (%) ee/conv. (%) ee/conv. (%) ee/conv. (%)
Soai Aldehyde R R R R R

93/99 78/99 92/99 88/99 94/99
Ui0-67 (A) R s R R R

23/93 14/92 30/93 17/92 9/91
Ui0-67 (B) R R N s R

27/55 7/51 33/57 35/35 45/47
Ui0-67 (C) s s s S S

8/83 31/62 40/62 14/65 23/89
UiO-67 binap R R ND S R

7/71 21/80 43/71 28/82
UiO-66 R R R S S

32/55 38/20 35/51 19/15 16/43
Ui0-67 bpy R R N R R

10% 18/81 11/85 26/86 22/87 48/89

“Predominant enantiomers: (R) in bold - (S) in italic.

behavior of pristine Soai aldehyde. Similarly, the same i-Pr,Zn solution
provided alkanol 4 with varying ee in different MOFs. The possible influence
of guest accumulation in the host MOF was alleviated by control experi-
ments. On increasing the concentration of aldehyde in UiO-67 from 2.5% to
11.5% enantioselectivity dropped from 28 to 22% ee with comparable con-
version at 70%. Similar behavior is observed for the set of experiments with
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increasing 3-UiO-67 loadings with ranges of 43-46% ee and 88-95% con-
version. Thus, changes are very significant within the same MOF.

The low amplification level of ee in MOFs compared to the pristine Soai
aldehyde is mainly attributed to confinement effects of the framework of the
MOF. The pristine aldehyde 3¢ can react with no boundaries despite the
solid state of the substrate because a continuum in the lattice allows for
propagation of the reactive species. In contrast, constraints in the MOF lead
to limited diffusion of the oligomeric species involved in the autocatalytic
cycles. Thus, autocatalysis is probably confined to several reaction com-
partments, and the final observed ee consists of a sum of the total
autocatalytic cycles occurring in multiple local sites of the MOF. Besides, the
rising ee may be reflecting the local chirality in the UiO-MOF series.

The predominance of (R)-4c in the case of pristine aldehyde could lead to
apparent non-stochastic distribution of the enantiomers. This possibility
requires pro-R crystallization of the Soai aldehyde 3c. Although this obser-
vation is noteworthy, it is in contradiction with the recent work of Soai et al.
showing a clear frequency of 61:58 distribution of R:S enantiomers.”®
However, a striking difference is the high level of enantiopurity reached in
all reactions of pristine aldehyde 3¢ under the conditions employed by
Amedjkouh et al. (vide infra). Interestingly, this predominance of one
enantiomer is no longer manifested for reactions in MOFs with a frequency
of 17:13 ratio of R: S enantiomers, in agreement with Soai’s report.*® Even if
(R)-4c may seem to prevail, this may just be attributed to the small number of
experiments performed in the study.

Different setups were used for confined autocatalysis: either individual
samples or triplicates for the reaction of i-Pr,Zn vapor on solid aldehyde.
Analysis of kinetic plots indicates a trend for reaction conversion. At an early
stage, the graphs show a faster transformation after 20 hours in UiO-67 than
in the pristine material. In contrast a significantly lower conversion is seen
in Ui0-66, even when compared to other MOFs (see Figure 13.5). In general,
these results suggest comparable reactivities in MOFs of similar structures
with a large cavity size derived from the UiO-67. Also, the highest conversion
fraction is produced at the early rates, just within the first 5 hours of reaction
time. Then, in all cases autocatalysis proceeds at a slower pace. Likewise,
symmetry breaking seems to be a sudden event and selectivity is a purely
kinetic phenomenon with a significant rise of ee. Amplification tends to
peak after 5 hours of reaction in an almost parallel pattern as for fraction
conversion.

Capture and diffusion of i-Pr,Zn vapor within the cavities of the solid
framework hold as rationale for the observed reactivity. The diffusion de-
pends on the size of the MOF and may influence the organozinc availability
to react with aldehyde. Meanwhile, boundary conditions for the supply of
aldehyde also have a significant influence on the reactivity. Here again the
concentration of aldehyde in the solid is contingent of the size of the MOF
host. Upon reaction with i-Pr,Zn molecules of Zn-alkanol are produced and
form oligomers with different sizes. Higher oligomers are formed in UiO-67
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Figure 13.5 (a) Conversion in the three materials. (b) ee% in the three materials.
The data point of the ee of the reaction onside UiO-66 after 5 h is
missing because of low peak intensity. Reproduced from ref. 60 with
permission from John Wiley & Sons, Copyright © 2021 The Authors.
Chemistry - An Asian Journal published by Wiley-VCH GmbH.
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and lead to higher amplification. On the other hand, short oligomers are
also autocatalytically active with high conversion rates, but low enantios-
electivity. They are favored in small cavities of the UiO-66, but can also form
by dissociation of larger components while migrating between cavities in
UiO-66.

13.3 Focus on the Vapor Phase Reaction on Pristine
Solid Substrates

13.3.1 Soai Aldehyde

Autocatalysis under heterogenous conditions brought new interesting ob-
servations. Indeed, in the well-established amplification under homogenous
conditions, only alkanols of type 4 were observed (see Scheme 13.4). Re-
actions of i-P,Zn vapor on solid aldehydes 3¢ and 5c¢ exhibited a variety of
new products in the absolute synthesis.®* Although these may be considered
as side products, their rise during this chemical process tends to suggest a
more intricate role in the symmetry breaking and ensuing asymmetric
amplification. The most significant observation relates to the formation of
chiral esters 9 and 13. In addition, independent experiments also show
amplification of the handedness of the esters subsequent to symmetry
breaking. Thus, this observation suggests that formation of esters 9 and 13
exhibits an autocatalytic character. The rationale behind the event of these

a) Absolute Asymmetric synthesis under homogenous and heterogenous conditions

iPr
iPr
CHO
N7 N OH
/l\ | N OzZn )\ |
N PNy s
R N N R N
+ Zn(i-Pr), R N
3 4
Asymmetric ) . .
Autocatalysis Highly e;rirétllj(;?nnched
b) Observed transient hemiacetal c) Observed chiral ester subsequent to hemiacetal
iPr—Zn\
H N
1 O
RVN 7L</: HY—r! O ipr O ipr
P |
H /)\ = _

- R™ °N N“>R RN N" R

R' = Adamantyl——=— § 9 13
R=tBu—=—%

Scheme 13.4 (a) Absolute asymmetric synthesis initiated by symmetry breaking. (b)
Observed transient hemiacetal by Brown et al. (c) Isolated chiral ester
derived from hemiacetal intermediate in recent work.
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chiral esters relates to a previously discussed rise of a “transient hemiacetal”
during the Soai autocatalysis.®**

The results shown above raise the question whether the vapor phase Soai
reactions analyzed so far are following the same mechanism and had the
same properties as the liquid phase reactions. Generally, under hetero-
geneous conditions, the conversion slowly increased over time but the ee
values were found to be very high immediately following symmetry breaking
in the first samples after 30 minutes. Additional experiments focused on the
early stages of the reaction. The results summarized in Table 13.2 show slow
progress of the reaction and confirmed that ee values were maintained
constantly very high throughout all samples over 45 minutes.

Evaluation of the possible effect of Zn(iPr), concentration on the high ee
values measured for alcohol 4c revealed some new aspects of the reaction.
Under heterogenous conditions, initial experiments were conducted with 2
equivalents of iPr,Zn vapor on solid Soai aldehyde 3¢ at room temperature.
This concentration of organozinc corresponds to that used for optimal
conditions in solution. Analysis of crude NMR spectra allowed identification
of related compounds (side products) consisting of ketone 8 and chiral ester
resulting from alkylation of aldehyde, in line with our previous observations
(see Scheme 13.5). In addition, the reaction also provided achiral esters 9
rising from reduction alkanol 7. Side products were not always observed and
in several cases with higher concentration in i-Pr,Zn delivered exclusively
alkanol 3c as the sole product (see Figure 13.6). The results show a steady
decay of aldehyde 3c along with forming alkanol 4¢ and reduction alkanol 7
already in the early stages of the reaction. In all runs, chiral ester 9 was

Table 13.2 Conversion and ee% for 4c in the early stages of the reaction.

Time (min) ee% 4c Conversion 4c¢ (%)
5 89 2.6
10 89 2.2
15 82.5 3.8
30 81 3.3
45 90.5 5
QH OH (o)
/j/\l-Pr )N‘\ A Nlﬁ)thr
| P P
A R™N R)\N
|
N (iPr)zzn 4 7 8
| _—
R)\ NG o) i-Pr O
s Nl/j)J\OUKfN N/ﬁ)‘Lo | NN
R)\ N/ N/)\R R)\ N/ N/)\R
R=tBu——=—}
(R)-9 10

Scheme 13.5 Spontaneous absolute catalysis in the pyrimidine series.
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Scheme 13.6 Spontaneous absolute catalysis in the pyridine series.

formed with the same absolute configuration of 4¢, and for example, the ee
values were found comparable for both (R)-9 and (R)-4c.

13.3.2 Analyses of the Reaction Crude in the Pyridine Series

Single crystal analysis showed that aldehyde 5a crystallized in the achiral
Pca2, space group. This establishes that 5a, when used in powder form as
the starting material, does not provide chiral polarization behind the sym-
metry breaking. The products formed in the reaction at rt and the respective
yields are reported in Scheme 13.6. In previous studies in solution, primary
alcohol 11 was the only reported side-product formed in homogenous
phase.”® Interestingly, under a heterogenous phase, reactions of i-Pr,Zn
vapor with solid aldehyde produced ketone 12 and two esters, a chiral
compound 13, and another achiral 14, in the mixture. While compounds
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7-10 in the pyrimidine series, with the exception of ketone 8, were found in
low amount and only in particular conditions, the pyridine side products
(see Scheme 13.5) were found in comparable amounts to the main product
6a and in almost all runs. It seemed clear that 6a and 13, as well as 11 and
14, were related to the reaction mechanism. Hydrolysis of chiral ester 13
delivered alkanol 6a with predominant absolute configuration identical to
the main product 6a. It should be noted that both 6a and 13 were formed
invariably with the same absolute configuration.

Analysis of ee progression for the two chiral compounds over time
(see Figure 13.7) revealed higher ee values for (R)-6a than for (R)-13 at early
rates of reaction. However, over time, while the ee of (R)-13 remained con-
sistently high, the ee of (R)-6a, after reaching a maximum, steadily decreased
towards the end of the reaction. Experiments carried out as independent sets
of triplicates confirmed the later observation in almost all entries. Alkanol
(R)-6a remained constantly at lower ee than (R)-13. Also, here, both 6a and 13
were obtained with a random distribution of enantiomers.

13.3.3 Kinetic Analyses on the Vapor Phase Reaction at
Different Temperatures

Initially, the reaction was analyzed at rt as summarized in Figure 13.8. No
product was observed after 30 minutes of reaction, while in the following
samples the amount of 5a decreased slowly with concomitant increase of
other reaction products with similar trends except for compound 14.

A general consequence of low temperature is reflected in the decreasing
vapor tension of i-Pr,Zn resulting in slower alkylation, as shown by the high
amount of recovered aldehyde 5a. Also, these conditions did not allow easy
analysis at early stages due to difficult detection of products. The formation
of the other side products is also slower. In contrast, in the reaction at
—15 °C most of the side-products are suppressed. In this case, after 24
hours, 6a was the only product found in the reaction crude. Other side
products were detected on the samples after 72 hours of reaction. In general,
all reactions at lower temperature provided symmetry breaking and ampli-
fication with a final ee slightly higher than the average at rt (see Figure 13.9).
At rt the ee for 6a is lower than 13.

13.3.4 Analyses with Varying Concentration of Zn(i-Pr),

At higher concentration and down to an equimolar i-P,Zn ratio, the graph
shows high conversion of aldehyde 5a (see Figure 13.9). Reduction alcohol
11 prevails in all reactions, while the corresponding ester 14 was kept to a
minimum. Meanwhile, with excess i-P,Zn ketone 12 is formed to a much
larger extent, which might suggest a second alkylation by reaction with ester
13 or 14. This observation is important for the interpretation of hemiacetal’s
contribution in the mechanism of amplification. Remarkably, chiral ester 13
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Figure 13.8 Graphical representation of the progress of the reaction (cut over 40%
conversion).

is always formed in the range of 16-20% molar ratio and this remains at the
expense of alkanol 6a. Expectedly, with half equivalent i-P,Zn, a low yield of
alcohol 6a was achieved and remains the minor product of the reaction. This
can easily be attributed to the subsequent formation of chiral ester 13, in
which a significant portion of chiral alkanol is converted. Here, again the
trend in enantiopurity prevails. The ee values for the reaction end products
show a significantly higher amplification for ester 13 over that of alkanol 6a
(see Table 13.3). Even in the case with low concentration in i-P,Zn amplifi-
cation of both 6a and 13 remained high although with a smaller difference in
ee between the two products.

13.3.5 Proposed Mechanism for the Vapor Phase Reaction

On the basis of information gained from the experiments above, it is pos-
sible to delineate a mechanism for this transformation upon vapor-solid
interaction of i-Pr,Zn and aldehyde 5a (see Scheme 13.7). We identify at least
four different processes taking place at the same time:

- SMSB in the interaction of Zn(iPr), and 5a and amplification of ee%
of 6a

- Formation of 11 and 12 through a Meerwein-Ponndorf-Verley
mechanism
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Table 13.3 Ee values of 6a and 13 at different concentrations of i-P,Zn.

Aldehyde : i-P,Zn ratio (%)

Compound 1:5 1:2 1:1 1:0.5
6a 34 22 20 53
13 56 70 59 63

- Formation of 13 and 14 through a Claisen-Tishchenko
disproportionation
- Amplification of ee of 13 by reversible hemiacetal formation in step 1.

Experiments at low temperature indicate that the first step of the reaction
mechanism is the interaction between Zn(iPr), and aldehyde 5a to form
alkoxide 6a*. Symmetry breaking occurs during attack by organozinc vapors
on enantioface of 5a as a random event. This induces the initial ee im-
balance of 6a* under kinetic control and followed by a subsequent ampli-
fication by asymmetric autocatalytic.

The Meerwein-Ponndorf — Verley (MPV) rearrangement involves a revers-
ible hydride transfer from a secondary alcohol to a carbonyl substrate acti-
vated through coordination to a Lewis acidic metal center (see Scheme 13.8).
This step can be considered as a parasitic side reaction of chiral alkanol 6a,
which may account for the depletion of ee in some occasions.

An alternative reaction of alkoxide 6a* consists in the Claisen-Tishchenko
(CT) reaction with 5a.°>~®® Thus, a disproportionation occurs on an aldehyde
in the presence of an alkoxide to produce the corresponding ester
(Scheme 13.8). Unlike the commonly known ester synthesis by reaction of
carboxylic acids with alcohols, no side product is formed. The accepted
mechanism for the reaction is the Ogata-Kawasaki model, on which the
reaction pathways described in Scheme 13.7 are based.®® Zinc catalysts, are
known to catalyze this reaction, and chiral hemiacetals have been observed
in intramolecular condensation of Zn-alkoxides subsequent to a first alky-
lation of dialdehyde with Et,Zn.”>’" Further oxidation of the hemiacetal
intermediate leads to the corresponding chiral ester.”! Also both intra- and
inter-molecular Claisen-Tishchenko are catalyzed by metallic zinc, although
achiral.”?

The existence of Zn-hemiacetal has been described as a transient inter-
mediate in previous NMR studies, suggesting its association in a transition
state in the Soai reaction.®” In these studies by Brown et al., although at low
concentration, the formation of acetal intermediate was correlated to a high
concentration of aldehyde. The extent of formation of this acetal increased
further at a lower temperature of 0 °C and below. The implied structure
involved three pyridines, consisting of two alkoxides and one aldehyde, and
resulted into two DFT model structures Act-A and Act-B (see Figure 13.10).
This species forms in the early stage of the amplification and lasts until
complete consumption of aldehyde. Consistent with this description, alde-
hyde 5a is always in large excess upon reaction with organozinc vapor. Then,
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it can enter the coordination sphere of Zn-alkoxide (Step 1). This approach
requires consideration of two pathways envisioned after the coordination
step (see Scheme 13.7). The red arrows in Step 1 illustrate the MPV pathway,
with the hydride transfer from 6a* to 5a and formation of 11* and 12.
Alternatively, a second possibility represented by blue arrows, involves a
nucleophilic attack of Zn-alkoxide 6a* on the carbonyl of 5a. This pathway
will result in Step 2, forming the hemiacetal intermediate. Through the
coordination of another molecule of 5a and a second MPV rearrangement,
yielding ester 13 and alkoxide 11*.

The CT disproportionation can also take place starting from alkoxide 11*.
The identical two-step pathways lead to ester 14. Some confirmations to this
mechanism can be found in the reaction conversions shown previously. For
example, in the proposed reaction mechanism, ketone 12 can be formed by
the MPV rearrangement in Step I, while alcohol 11 can be formed by both
MPV rearrangements in Steps I and II. As discussed above, ketone 12 may
rise by alkylation of ester 11 or 13.

The formation of ester 13 starts from alkoxide 6a*, whose ee is continu-
ously increasing through autocatalytic asymmetric amplification. Over time
(R)-13 is obtained with a constantly higher ee that is related to the improving
ee of (R)-6a. This explains how, following the first part of the graph repre-
senting the ee of (R)-6a and (R)-13 in Figure 13.7, showing the same trend. It
is observed from Figure 13.7 that the final ee of (R)-13 remained constantly
higher than the final ee of (R)-6a.

A report by Gridnev on DFT computations proposed a model mechanism
for the formation of the acetal from the same intermediate as the reaction
product.”® With a similar rearrangement occurring between Step I and II in
Scheme 13.7, in the presence of excess of aldehyde, “unstable” adduct PsAc
is obtained, which dissociates immediately into homodimer P, - which has
been considered the most stable species in the reaction pool — and P;Ac
consisting of a hemiacetal coordinating aggregate. The later further
dissociates to form another P, along with a Zn-hemicetal Pac. Eventually,
product P and aldehyde A are recovered by break down of the acetal
(see Scheme 13.9). To sum up, the acetal intermediate is supposed to form
in an off-loop of the catalytic cycle and it yields the reaction product
after decay.
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Figure 13.10 Acetal structures as reported by Brown et al. Reproduced from ref. 42
with permission from John Wiley & Sons, Copyright © 2012 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

In contrast, a more recent work by Trapp et al concluded to a more
catalytically active hemiacetal species. A combined kinetic analyses and
mass spectrometric measurements suggested formation of a transient
Zn-hemiacetal complex. This is further corroborated with help of doping
experiments, by transferring aliquots of a “live Soai autocatalysis” to a
nascent autocatalytic reaction, resulting in acceleration of the latter with
higher amplification. These mixing experiments are in agreement with
previous work on parallel autocatalysis using 4a as a trigger for accelerated
amplification of alkanol 6a.>*”*

In the case of the vapor phase reaction, the intermediate is still part of an
off-loop cycle but it is neither transient nor unstable. The formation of a
chiral ester with increasing ee demonstrates that the hemiacetal plays a key
role in enantio-discrimination, which can be envisioned as a ‘“sorting com-
ponent”. A possible explanation for this behavior may call for considering a
reversible process in the formation of diastereomeric hemiacetal inter-
mediates. The subsequent hydride transfer could ensure enantioselectively,
with the preferential formation of (R)-13, while the opposite diastereoisomer
could preferably revert back to Step I. In this way the amplification of (R)-13
would happen at the expenses of (R)-6a. Taking in consideration again the
results in Table 13.2, the formation of 6a reached 21% in the first 7 hours,
and increased by only 8% in the subsequent 17 hours. Figure 13.7 shows that
the depletion of ee for (R)-6a begins after the first 4-5 hours of reaction. The
amplification of ee% of (R)-6a is not affected by the formation of (R)-13 in the
first hours of reaction because new (R)-6a is continually generated from 5a
with high ee. While the reaction slows down following decay of 5a, the
enantioselective formation of (R)-13 keeps pace.

The experiments in Figure 13.9 provide additional information on the
relationship between the different and simultaneous pathways in the
reaction. It can be observed that no Zn(iPr), takes part in the MPV and CT
mechanisms after the formation of alkoxide 6a*. This is confirmed by the
fact that all the side products form in almost the same proportions. In the
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reaction performed in the deficiency of Zn(iPr),, the lack of Zn reagent
negatively affects the autocatalytic cycle, which is not efficient enough to
completely convert 5a. The extent of the formation of 6a is naturally limited
by a low organozinc concentration, and most of it is converted into the other
side products. This explains the low amount of 6a found in the 1:0.5
experiment compared to the other entries.

13.4 Miscellaneous

Certainly, the initial amount of 6a forming in the beginning could enter the
autocatalytic cycle and react with excess aldehyde to form hemiacetal and
thus chiral ester 13 at an even earlier stage of the reaction. This would
plausibly decrease or eventually suppress the formation of side products.
Experiments including 0.1 equiv. of (R)-6a with 15% ee revealed the for-
mation of side products in comparable proportions, following the same
trend as the reaction under absolute catalysis. With no substantial difference
from the previous reactions, (R)-6a and (R)-13 were obtained in 39% and in
81% ee, respectively. In the same manner, reactions with opposite hand
(S)-6a in the reaction mixture provided both (S)-6a and (S)-13. This means
that the reaction under heterogenous conditions is sensitive to the hand-
edness of a chiral trigger initially present in the powder mixture consisting
of 6a and 5a. This allows control of the preferential formation of one or the
other enantiomer with a judicious source of chirality.

It seemed interesting to perform the vapor phase reaction on 5a confined
within the UiO-67 to probe whether the framework of the MOF would have
played a role in the formation of the side products. After the reaction, all side
products except for 14 were found in the reaction crude, with a higher
percentage of unreacted 5a compared to the reaction performed on the
pristine material. (R)-6a was obtained in 3% ee and (R)-13 in 23.5% ee. As for
the reactions performed on aldehyde 3¢ in the MOFs, it seems that the
framework of the MOF is not helping the autocatalytic reaction of the sub-
strate, obtaining only moderate ees.

13.5 Conclusion and Future Prospects

Absolute asymmetric synthesis produces chiral alkanols by the action of
organozinc vapor on a solid aldehyde substrate. These heterogenous con-
ditions promote symmetry breaking with a more significant chiral induction
if compared to corresponding reactions in solution. The recent observation
of an X-ray structure of an oligomer inspired encapsulation of the reaction
components within a metalorganic framework to function as nanoreactors
with well-defined size. The differences observed under host-guest inter-
actions imply that the active species is subject to confinement effects, which
is suggested by the moderate ee values observed although amplification
keeps pace. An explanation for this aspect is that autocatalytically active
oligomers are subject to size discrimination by the nature of the hosting
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MOF. Here, models are required to accommodate such oligomers and their
distribution, as a reactive homodimer and unreactive heterodimer, in the
cavities of the MOFs.

A fundamental observation in these studies is the entry of a chiral ester -
with high enantioenrichment - derived from the chiral alkanol. Perhaps
more remarkable is the parallel amplification of this ester with even higher
ee values than the actual alkanol. A crucial function here is the hemiacetal
intermediate, a dissociative species, built under kinetic control. In this case,
amplification may arise from a reversible and nonlinear dissociation of the
homo- and hetero-chiral hemiacetal. Indeed, the hemiacetal forms as two
diastereomers with a kinetically preferred intermediate for a hydride trans-
fer converting into chiral ester (step II: thermodynamic sink), while the other
diastereomer reverts back to the starting Zn-alkoxide and aldehyde.””° It is
obvious that the formation of chiral ester, a thermodynamic product, is
favored by the high concentration of aldehyde under heterogeneous con-
ditions. Studies are in progress with isotopically-labeled substrates to
evaluate the implications of the hydride (H/D) transfer in Step II of
Scheme 13.5. Finally, another aspect of the heterogenous autocatalysis re-
maining to be clarified is whether amplification of chiral ester (through
hemiacetal) operates at the expense of the chiral alkanol.
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14.1 Introduction

Living organisms use only one of the two enantiomers of chiral compounds,
such as seen in r-amino acids and the p-sugars. This is a common phe-
nomenon among all terrestrial life; thus, the origin and amplification of
overwhelming enantioenrichment have been a long-term mystery and of
broad interest in many scientific fields because they may give rise to the
origin of life.

Among the credible theories,' "> asymmetric autocatalysis with amplifi-
cation of enantiomeric excess (ee)'®'® has been considered to play a key role
in the chemical evolution of chiral organic compounds.”’®** Asymmetric
autocatalysis is a reaction in which the chiral product acts as a chiral catalyst
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for its own production. In the chemical evolution of enantioenriched chiral
organic compounds, after the suggested chiral factor triggers the en-
antioimbalance of initially forming a chiral product, the autocatalytic
mechanism might start to proceed and automultiply the chiral compounds
with improved enantioenrichment. Because asymmetric autocatalysis pro-
vides a suitable amplification and multiplication method of chiral com-
pounds, the study on the asymmetric autocatalysis of 5-pyrimidyl alkanol in
the addition of diisopropylzinc (i-Pr,Zn) to pyrimidine-5-carbaldehyde; that
is, the Soai reaction can provide many discoveries toward the origin of
biological homochirality.”*™**

During the research on asymmetric autocatalysis, we encountered some
unusual observations, in which, for example, a unique chiral source can give
both enantiomeric products that depend on the reaction conditions in-
cluding achiral or chiral additives and reaction temperatures. These obser-
vations suggest the possibility that the origin of chirality that triggers the
autocatalytic production of -product such as amino acids might induce the
formation of oppositely configured p-product under the different reaction
conditions during the prebiotic generation of chiral biological compounds
(see Figure 14.1). Thus, only the original trigger does not necessarily deter-
mine the absolute handedness of the current homochirality.

From the practical synthetic perspective, the present observations are
closely related to the stereodivergent reactions,**> which would be one of
the useful methods to address both enantiomeric products from the unique
chiral source, because it is often difficult to address both enantiomeric
source compounds.

Moreover, when examining the asymmetric autocatalysis of bis-pyrimidine
compounds, a very rapid improvement of stereoselectivity was observed with
a remarkable decrease of meso-compounds in the reaction products.*® The
unusual ultra-remote intramolecular 1,39-asymmetric induction, based on
the principle of the direct orientation of catalytic and reactive moieties, is
discussed in this chapter.

Under:

Condition a

Achiral substrates ——»——>  _-Product

Asymmetric
g autocatalysis
———»——»  D-Product

Originof  condition B
chirality .

A *+ B

Condition w (L or D-Product)

Figure 14.1 The origin of chirality triggers the asymmetric autocatalytic formation
of both enantiomers of r- and p-products depending on the reaction
conditions.
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14.2 Asymmetric Autocatalysis Induced by a Mixture
of Two Co-operative Chiral and Achiral
Compounds

Asymmetric catalysis is one of the most important research areas in the field
of synthetic organic chemistry because it is a powerful method to address
large amounts of enantioenriched chiral compounds.*” The use of achiral
additives in asymmetric catalysis is one of the promising optimizations to
achieve higher reactivity and enantioselectivity.”*>* In these reactions,
achiral additives often show no catalytic activity by themselves, and their
functional groups differ from that of chiral catalysts or ligands.

During the research on asymmetric autocatalysis initiated with chiral
B-amino alcohols, we found that 5-pyrimidyl alkanol 2 with an opposite
configuration could be induced by utilizing a mixture of chiral and achiral
B-amino alcohols as a chiral initiator compared with the reaction initiated
with chiral p-amino alcohol alone (see Figure 14.2). Therefore, the en-
antioselectivity was reversed by the addition of achiral f-amino alcohols,
which have the same functional groups as that of the chiral one; thus, the
achiral additive can work co-operatively with chiral f-amino alcohol in
asymmetric autocatalysis.”*>*

In addition, chiral diol such as butane-2,3-diol can act as a chiral trigger
for asymmetric autocatalysis to afford highly enantioenriched 5-pyrimidyl
alkanol 2 with the corresponding absolute configurations to that of chiral
diols.® We observed that asymmetric autocatalysis, ie., asymmetric

N H
N= £
R— }CHO | Asymmetric autocatalysis oo Reversal of
N 1 with amplification of ee enantioselectivity
+ [PryZn N=
> R%\ /
Chiral A® N OH
R = £Bu-C=C- o + Achi
u SAffording) Achiral B (R»-2

R-Affording mixture

B-Aminoalcohols Alcohols
Ph  CH, HsC  CHj
Vo B
*  HO  NY, >—\ +  ArOH
HO NX; HO OH
B B
A* A

Figure 14.2 Reversal in the sense of enantioselectivity by the chiral and achiral
co-operative compounds in asymmetric autocatalysis.
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addition of i-Pr,Zn to pyrimidine-5-carbaldehyde 1, proceeds with reversed
enantioselectivity by the addition of achiral alcohols such as phenol (see
Figure 14.2). Thus, after the amplification of ee by asymmetric autocatalysis,
enantiomeric (S)- and (R)-5-pyrimidyl alkanols 2 could be synthesized in a
highly enantioselective manner by using the unique chiral diols as a chiral
trigger.

Moreover, some asymmetric reactions have been demonstrated in which
the chiral compounds acted as chiral cocatalysts to improve the
reactions.”®>® However, there have been no reports on the change of en-
antioselectivity by using a mixture of two chiral catalysts with the same
functionalities. We demonstrate the reversal of enantioselectivity in the
addition of i-Pr,Zn to 1 by using a mixture of two chiral f-amino alcohol
catalysts.” Chiral product 2 could be formed by using a mixture of two chiral
B-amino alcohols with opposite enantioselectivity to that of individual
B-amino alcohols.

14.2.1 Small Amounts of Achiral f-Amino Alcohols Reverse
the Sense of Enantioselectivity in Chiral f-Amino
Alcohol-initiated Asymmetric Autocatalysis

The addition of dialkylzincs to aldehydes, catalyzed by chiral amino alcohols
to form chiral secondary alcohols, is one of the most powerful and well-
studied enantioselective catalyses and is a highly enantioselective carbon-
carbon bond-forming reaction.®*™®* Various chiral B-amino alcohols have
been developed as highly efficient chiral ligands for the addition reactions.

Among the available chiral ligands, N,N-dialkylnorephedrines can en-
antioselectively catalyze the addition of dialkylzincs to various aromatic
and aliphatic aldehydes.®>®* N,N-Dialkylnorephedrines with (1R,2S)-
configuration catalyze the formation of (R)-alcohols from aromatic
aldehydes, whereas (S)-alcohols can be obtained using (15,2R)-configured
N,N-dialkylnorephedrines as the chiral catalyst.

When examining B-amino alcohol-initiated asymmetric autocatalysis, we
found that (1S,2R)-N,N-dimethylnorephedrine (DMNE) affords (S)-5-pyr-
imidyl alkanol 2 in the asymmetric i-Pr,Zn addition to pyrimidine-5-
carbaldehyde 1 in high enantioselectivity (see Figure 14.3).>® However,
oppositely configured (R)-2 can also be obtained by using a mixture of
(1S,2R)-DMNE and achiral N,N-dibutylaminoethanol (DBAE). Therefore,
both enantiomers could be formed with >98% ee from the same chiral
source, that is, (1S,2R)-DMNE.

In greater detail, the addition of i-Pr,Zn to pyrimidine-5-carbaldehyde 1
was carried out using a mixture of (1S,2R)-DMNE and DBAE in various
proportions in toluene. The total concentration of DMNE and DBAE was
constant at 20 mol%. The change of ee and configuration of alkanol 2 were
monitored with respect to the composition of the catalytic mixture. As noted,
(15,2R)-DMNE alone afforded (S)-2. When the reaction was carried out in the



Unusual Aspects of the Soai Reaction 321
Pl CH
HO N(CH

15 2R-DMNE N

N=
R{\ }CHO The same Asymmetric
N

1 handedness autocatalysis

*+ iPryZn _{N}z*
R—\
Ph CH, N / OH

Opposite
configuration

R = £Bu-C=C- o o + HO/ \N(n—Bu)z (R)-2, >98% ee
15,2R)-DMNE DBAE
(8)
100 *

~#— (152R)-DMNE+DBAE

2
N g5 —@— (1R,25)-DMNE+DBAE
[=]
[
@
E g 20 40 60 80 100 % of DBAE
s 100 80 60 40 20 % of DMNE
g
=
2 50
=
[=]
(@]
100 ® =

(R)

Figure 14.3 Reversal of the sense of enantioselectivity in asymmetric autocatalysis
by using a mixture of chiral DMNE and achiral DBAE.

presence of achiral DBAE and (1S,2R)-DMNE at the ratio of 65 :35, (S)-2 was
obtained as expectedly. In sharp contrast, when the ratio was slightly
changed to 70: 30 (DBAE : DMNE), reversal of the enantioselectivity occurred,;
thus, (R)-2 was formed in high ee after the amplification of enantiopurity by
asymmetric autocatalysis. Of course, symmetrical results could be obtained
when a mixture of chiral (1R,25)-DMNE and DBAE was used.

When the reaction was performed in hexane, a smaller amount of achiral
DBAE could reverse the enantioselectivity of chiral DMNE. Thus, a mixture of
DBAE (5 mol%) and (1S,2R)-DMNE (15 mol%) initiated the production of
(R)-alkanol 2 (98% ee) with the opposite configuration to that of the reaction
using (1S,2R)-DMNE alone.

Note that the reversal of enantioselectivity could be observed in various
chiral and achiral B-amino alcohols (see Figure 14.4); thus, it seems quite
general for the class of compounds.

Further kinetic and enantioselectivity studies®” revealed that the reversal
of the sense of enantioselectivity is because of the preferential formation of
a catalytically active chiral hetero-aggregate derived from zinc alkoxides of
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Figure 14.4 The chemical structures of chiral and achiral B-amino alcohols that
show the reversal of enantioselectivity in asymmetric autocatalysis.

chiral and achiral B-amino alcohols. These studies might also provide some
new insights on the reaction mechanism of catalytic enantioselective add-
ition of dialkylzines to aldehydes and may have implications for the origin of
non-linear effects in these reactions.>®°>®’

14.2.2 Achiral Alcohols Reverse the Sense of
Enantioselectivity in Asymmetric Autocatalysis
Initiated with Chiral Diols

Chiral diols are important scaffolds as chiral catalysts and ligands for en-
antioselective catalyses such as tartrate, o,o,0’,0/-tetraaryl-2,2-disubstituted
1,3-dioxolane-4,5-dimethanol (TADDOL) and 1,1’-bi-2-naphthol (BINOL)
derivatives.®®*”® We have investigated asymmetric autocatalysis initiated
with chiral diols.”>”" As a result, a reversal of enantioselectivity was observed
in the co-operative induction by a mixture of chiral diol and achiral mono-
alcohols as a chiral trigger for asymmetric autocatalysis of 5-pyrimidyl
alkanol 2 in the alkylation of pyrimidine-5-carbaldehyde 1 (see Figure 14.5).

(2R,3R)-Butane-2,3-diol alone induced the production of (S)-pyrimidyl al-
kanol 2 with high ee, while (R)-alkanol 2 was enantioselectively synthesized
by asymmetric autocatalysis when the reaction was initiated with a mixture
of (2R,3R)-butane-2,3-diol (4 mol%) and phenol (32 mol%). Thus, phenol
reversed the direction of the chiral induction of butane-2,3-diol in the
asymmetric addition of i-Pr,Zn to aldehyde 1.

When using (2S,3S)-butane-2,3-diol in the presence and absence of
phenol, the reversal of enantioselectivity also showed symmetrical results.
When the molar ratio of butane-2,3-diol and phenol was 25 : 75, the reversal
did not occur. However, in sharp contrast, when slightly changing the ratio
of the alcohols to 20:80, the enantioselectivity reversed; thus, there is a
critical point at which the enantioselectivity changes between the ratios
25:75 and 20: 80 (butane-2,3-diol : phenol).
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Figure 14.5 Reversed sense of enantioselectivity in the asymmetric autocatalysis
initiated with a mixture of chiral diol and achiral phenols and acidic
alcohols.

The reversal of enantioselectivity was also observed in the co-operative
usage of cyclohexane-1,2-diol and phenol as a chiral initiator of asymmetric
autocatalysis. In addition to phenol, para-substituted acidic alcohols,
2-naphthol, and fluorinated 2-propanol reversed the direction of the asym-
metric induction of butane-2,3-diol.

Therefore, by choosing the presence or absence of achiral alcohols, chiral
1,2-diol-induced asymmetric autocatalysis could synthesize both enantio-
meric (S)- and (R)-pyrimidyl alkanol 2 with high ee because of the amplifi-
cation of enantiopurity.

14.2.3 Reversal of the Sense of Enantioselectivity in
Asymmetric Autocatalysis by the Co-operative
Operation of Two Chiral -Amino Alcohols

There are some examples where chiral compounds acted as chiral cocatalysts
in catalytic asymmetric syntheses to enhance the catalytic activity’® and
enantioselectivity.’”>® However, to our knowledge, there are no reports on
the change of the direction of asymmetric induction when the mixture of two
chiral catalysts was submitted to the reaction as a chiral initiator. The
reversal of enantioface selectivity in the asymmetric addition of i-Pr,Zn to
pyrimidine-5-carbaldehyde 1 was observed by mixing two chiral B-amino
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alcohols.”® The opposite enantiomeric product 2 was formed by using a
mixture of two chiral B-amino alcohols that possess individual enantio-
selectivity, that is, a mixture of two R-affording chiral f-amino alcohols
acting co-operatively gave (S)-pyrimidyl alkanol 2 with high ee in conjunction
with asymmetric autocatalysis (see Figure 14.6).

The asymmetric addition of i-Pr,Zn to aldehyde 1 using (1R,2S)-N,N-di-
methylnorephedrine (DMNE) alone afforded, after the amplification of ee,

Ph.  CH,
— (1R25)-DMNE
N= HO N(CH3),  (alone) N= !
R— }CHO - R—<\ / R Highee
N EPryZn N OH
2
1
—\ Ph
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Figure 14.6 A mixture of two R-affording catalysts, (1R,2S5)-DMNE and (R)-PEAE, acts
as the reversed S-affording catalyst in asymmetric autocatalysis.
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(R)-5-pyrimidyl alkanol 2 with high ee, and (R)-2-[(1-phenylethyl)ami-
nojethanol (PEAE) alone also catalyzed the production of (R)-2 with high ee
(see Figure 14.6). However, by mixing these B-amino alcohols and utilizing
them as a chiral initiator for asymmetric autocatalysis, (S)-2 with reversed
configuration was synthesized in a highly enantioselective manner.

In greater detail, the molar ratio of catalytic species was changed sub-
sequently, keeping the sum of molar concentrations constant at 25 mmol L™,
and the critical ratio to change the enantioselectivity was examined. When
23 mmolL ™' of (1R,2S)-DMNE and 2 mmolL ' of (R)-PEAE were co-
operatively employed as a mixed catalyst, the predicted enantioselectivity
was obtained to form (R)-2. However, by changing the ratio of (1R,2S)-DMNE
(20 mM) and (R)-PEAE (5 mM), the reaction was directed to the opposite
configured (S)-2 with 94% ee. Among these compositions, the key catalytic
species might have changed to reverse the enantioselectivity. Furthermore,
when the concentration of PEAE increased to 19 mmolL " (6 mmolL ™" for
(1R,2S5)-DMNE), the enantioselectivity reverted to form (R)-alkanol 2 with high
ee. When the reactions were performed using an enantiomeric pair, ie.,
(1S,2R)-DMNE in combination with (S)-PEAE, the symmetrical results could
be obtained (see Figure 14.6).

Moreover, to compare the asymmetric power of chiral f-amino alcohols
with only a slight difference in chemical structures, we carried out asym-
metric autocatalysis by using a mixture of two competing chiral catalysts
bearing opposite enantioselectivity. This would be able to determine
which chiral catalyst has stronger asymmetric power by the absolute
configuration of the resulting 5-pyrimidyl alkanol 2.”> Asymmetric power
might be influenced by the relative enantioselectivity and reactivity be-
tween the two catalysts at the initial stage of asymmetric autocatalysis. If
this research is conducted under a conventional asymmetric reaction, it
may be difficult to compare the catalysts with similar efficiency because
the ee value of the product is supposed to be quite small. Asymmetric
autocatalysis enables amplification of such as slight difference to afford
highly enantioenriched alkanol 2 with the absolute configuration corres-
ponding to the asymmetric catalyst with a slightly higher catalytic activity
than the others.

First, the induction efficiency of N,N-dipropylnorephedrine (DPNE) and
N,N-dibutylnorephedrine (DBNE) as chiral catalysts in the addition
of i-Pr,Zn to pyrimidine-5-carbaldehyde 1 was compared (see Figure 14.7).
When the reaction was performed using 10 mol% of (1S,2R)-DPNE
(S-affording) and 10 mol% of (1R,2S)-DBNE (R-affording) as a mixed catalyst,
(R)-2 with 95% ee was given after the amplification of ee. Therefore, DBNE
is more powerful under the present reaction than DPNE.

Next, compared with DPNE and N,N-diethylnorephedrine (DENE), asym-
metric autocatalysis was conducted in the presence of 10 mol% of (15,2R)-
DPNE (S-affording) and 10 mol% of (1R,2S)-DENE (R-affording) under a
competitive catalyst mixture to give (S)-2 with 93% ee. Therefore, DPNE
possesses a higher catalytic efficiency than DENE. Thus, by utilizing the
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Figure 14.7 Comparison of the asymmetric power of N,N-dialkylnorephedrines by
competitive asymmetric autocatalysis.

present technique, the asymmetric powers of other dialkylnorephedrines
were systematically evaluated.

Note that this method can quantitatively evaluate the asymmetric power of
chiral ligands. When asymmetric autocatalysis was carried out using a
mixture of an equimolar amount of (1R,2S)-DMNE (10 mol%) and (1S,2R)-
DBNE (10 mol%), (S)-2 was synthesized in 96% ee; thus, DBNE is more
powerful than DMNE. However, by increasing the proportion of DMNE to
74:26, the enantioselectivity reversed to afford (R)-2, while the catalyst
mixture in the ratio of 73:27 gave (S)-product 2. The critical ratio in which
enantioselectivity reversal occurred seems to be the ratio 73.5:26.5 (=2.8);
thus, it may be conceivable that the asymmetric power of DBNE is 2.8-fold
larger than that of DMNE.
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Slightly biased enantioselectivity of the catalysis using a mixture of two
competing chiral f-amino alcohols can be easily detectable as the absolute
configuration of highly enantioenriched 2 because of the significant amp-
lification of ee by asymmetric autocatalysis.

14.3 Anomalous Effect of the Reaction Temperature
in Asymmetric Autocatalysis

Asymmetric autocatalysis with the addition of i-Pr,Zn to pyrimidine-5-
carbaldehyde 1 proceeds with significant amplification of ee, ie., a large
positive non-linear effect.'”> The mechanism of asymmetric amplification in
the Soai reaction should provide deep insight into the origin and amplifi-
cation of biological homochirality. Thus, many approaches to studying the
mechanism of asymmetric autocatalysis have been reported from several
research groups,”™? including ours.*'™** Because the reaction shows a large
non-linear effect, the aggregation structure of catalytic species should be the
key. The aggregation structure or its formation cycle might be influenced by,
for example, the reaction temperature, concentration, ee of the species, or
the reaction solvent. In this section, unusual reaction outcomes as a result of
reaction temperature are discussed.

14.3.1 Unusual Temperature Dependence on the Reaction
Rate in the Asymmetric Autocatalysis

Blackmond, Brown and co-workers reported”® the temperature dependence
in asymmetric autocatalysis by kinetic study using calorimetry with sub-
strates 3 and 4 bearing the adamantly ethynyl group at the 2-position of
the pyrimidine ring, which was independently developed by Gering et al.
(see Figure 14.8).”* The addition of i-Pr,Zn to aldehyde 3 was carried out in
the presence of alkanol 4 with low ee, and the reaction calorimetric profiles
were examined based on the reaction temperatures.

+ FPryZn (150 mol%)

D=

=\ g

oL / OH

N— (1 mol%) 4 o N=
_ = = 4

%}CHO N—  on
3 Reaction at 298 K 4

Maximum reaction Inverse Lower the
rate increased (x >20) relationship temperature
Reaction at 263 K

Figure 14.8 Higher maximum reaction rate of asymmetric autocatalysis at a lower
temperature (263 K) than room temperature (298 K).
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As a result, increase of the maximum reaction rate was observed as the
temperature decreased. The reaction at 263 K showed the maximum rate,
that is, more than 20 times higher than that observed at room temperature
(298 K). In addition, the incubation period until the autocatalytic reaction
start was also shorter at 263 K than that observed at room temperature,
i.e., the i-Pr,Zn addition reaction proceeded readily at a lower temperature
(263 K) compared with the reaction at room temperature. Therefore, an
inverse relationship was observed between the reaction rate and reaction
temperature. Further kinetic and NMR studies for the isopropylzinc
alkoxide of 4 suggest the formation of a homochiral tetramer.

14.3.2 Temperature-dependent Inversion of
Enantioselectivity in Asymmetric Catalysis

When addressing both enantiomers of chiral products in an enantioselective
reaction, it is usually required to use both enantiomeric substrates, catalysts
or ligands. Thus, the method to obtain either an enantiomer of the product
only by changing the reaction conditions is an emerging challenge. Although
various enantioselectivity reversal affected by changing the solvent, addi-
tives, and metals have been reported,”””’” enantioselectivity reversal under
simple temperature control is rare.

In the presence of (S)-1-phenethyl alcohol, the addition reaction of i-Pr,Zn
to pyrimidine-5-carbaldehyde 1 affords (S)-pyrimidyl alkanol 2 in high ee
at 0 °C (see Figure 14.9).”® However, when the same reaction is carried out
at —44 °C, the same chiral source, (S)-1-phenethyl alcohol, shows the op-
posite enantioselectivity to give (R)-alkanol 2. The results are reproducible.

Therefore, the temperature-dependent reversal of enantioselectivity was
observed in the addition reaction of i-Pr,Zn to pyrimidine-5-carbaldehyde
1 triggered by 1-phenethyl alcohol. The temperature-dependent reversal
of enantioselectivity was also observed in the asymmetric autocatalysis
triggered by other aromatic alcohols and amines with the relevant structure
of 1-phenethyl alcohol (see Figure 14.9).

14.4 Reversal of the Sense of Enantioselectivity
in Aza[6]helicene-induced Asymmetric
Autocatalysis Depending on the Position
of the Nitrogen Atom

Helicenes, polycyclic aromatic compounds, comprise the representative
structural motifs of chiral molecules because of their unique helical struc-
tures. When examining helicene-induced highly enantioselective asym-
metric autocatalysis, we reported that [5]helicene, [6]helicene,”® and
tetrathia[7]helicenes®® are capable of acting as highly efficient chiral initi-
ators to give highly enantioenriched 5-pyrimidyl alkanol 2 with the
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Figure 14.9 Reversal in enantioselectivity by controlling the reaction temperature in
asymmetric autocatalysis.

corresponding absolute configurations to that of helicenes (see
Figure 14.10). Although we proposed different induction modes between
helicenes and thiahelicenes, (P)-(+)-(hetero)helicenes induced the pro-
duction of (S)-2, while (M)-(—)-enantiomers promoted the formation of (R)-2
without exception, regardless of the absence or presence of heteroatoms and
the length of polycycles.

To our knowledge, the use of azahelicenes®' in enantioselective catalysis
has been rare. We demonstrated the highly enantioselective synthesis in-
duced by azahelicenes in combination with asymmetric autocatalysis.®” In
addition, an unusual reversal of enantioselectivity was observed depending
on the position of nitrogen atoms in the chemical structures of
azahelicenes.

When asymmetric addition of i-Pr,Zn to pyrimidine-5-carbaldehyde 1 was
carried out in the presence of (P)-(4)-1-aza[6]helicene with >99% ee as the
chiral initiator, (S)-pyrimidyl alkanol 2 with 99% ee was synthesized in 89%
yield (see Figure 14.10). In contrast, (M)-(—)-1-aza[6]helicene with 99% ee
gave the opposite configured (R)-2 with 97% ee. The stereochemical rela-
tionship between azahelicene and alkanol 2 is reproducibly constant.
Compared with previous reports using [5]helicene, [6]helicene, and



330 Chapter 14

N=
R—, }CHO
N

1

R = #Bu-C=C- ,
+ FPraZn
(M)-(-)-2-aza (M)-(-)-1-aza (P-(+)-2-aza
Asymmetric
autocatalysis
y \j
N ) N=
R R_<\ #
N OH N OH
(85)-2, high ee (R)-2, high ee
P)-(+)-Helicenes ( S-affording) (M)-(=)-Helicenes (R~aff0rding)

Figure 14.10 Asymmetric autocatalysis induced by helicenes and heterohelicenes
and the reversal of enantioselectivity by the positions of the nitrogen
atoms of 1- and 2-aza[6]helicenes.

tetrathia[7]helicene, the stereochemical relationship is the same, i.e., (P)-(+)-
and (M)-(—)-helicenes induce the production of (S)- and (R)-2, respectively.

Unexpected reaction outcomes were obtained, i.e., reversal of enantios-
electivity occurred when 2-aza[6]helicene was subjected as the chiral initiator
of asymmetric autocatalysis. In the presence of (P)-(+)-2-aza[6]helicene, (R)-
alkanol 2 with 93% ee was formed instead of the expected (S)-2 by the i-Pr,Zn
addition to aldehyde 1.*” The enantiomer (M)-(—)-2-aza[6]helicene gave (S)-2
with 97% ee. These reversed stereochemical outcomes compared with
1-aza[6]helicene were reproducible.

Chiral induction by 2-aza[6]helicene might have occurred in a different
manner from other helicenes because of the existence of accessible less
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hindered and easily coordinating nitrogen atoms at the 2-position. Thus,
coordination between its nitrogen and other reactive species including zinc
atoms influences the chiral induction at the initial stage of asymmetric
autocatalysis.

14.5 Point-to-Point Ultra-remote Asymmetric Control
of Bis(pyrimidine) Moieties Connected with
Flexible Linker

Developing an efficient asymmetric autocatalyst with multiple reaction
points is one of the emerging challenges in the field of stereochemistry and
synthetic chemistry. Based on the origin of biological homochirality, the
implication of this reaction might include the self-replication and self-
improvement of chiral artificial large molecules with multiple reaction
sites. In our research, the molecules with multi-asymmetric carbon centers
were designed based on 5-pyrimidyl alkanol 2, which acts as a highly
efficient asymmetric autocatalyst in asymmetric i-Pr,Zn addition to the
corresponding aldehyde.®® During the research using bis(pyrimidyl alkanols)
with long alkyl spacers, we have found ultra-remote intramolecular 1,39-
asymmetric induction under the principle of the direct orientation of
catalytic and reactive moieties.*®

First, asymmetric autocatalysis with amplification of ee was developed
using (S,S)-bis(pyrimidyl alkanol) 6 (see Figure 14.11). When bis(pyrimidine-
5-carbaldehyde) 5, tethered with a 1,12-disilyldodecane chain, was submit-
ted to i-Pr,Zn addition in the presence of the corresponding (S,S)-6 with
the diastereomeric ratio of pL:meso=62:38 and 7% ee as an initial auto-
catalyst, chirally improved product (S,S)-diol 6 could be synthesized with
pL:meso =73:27 and 56% ee as a mixture of initial asymmetric autocatalyst
6. The obtained mixture 6 was subsequently subjected as the asymmetric
autocatalyst of the next round of reaction; then, after four rounds of
consecutive reactions, the ratios of enantiomers and diastereomers were
both significantly enhanced to achieve >99.5% ee and bL:meso=96:4.
During four rounds of asymmetric autocatalysis, (S,S)-6 automultiplied ca.
2000 times, while meso- and (R,R)-6 multiplied ca. 76 and 6 times, respect-
ively (see Figure 14.11).

The remarkable improvement in the ratio of pv:meso, ie., decrease of
meso-6, cannot be solely explained by the mechanism of asymmetric
autocatalysis. In asymmetric catalysis using a bifunctional substrate, the
formation of the meso isomer would often contribute to a higher enantio-
selectivity than that of a monofunctional substrate.** Thus, the intra-
molecular long-range asymmetric induction,®® which realizes high
stereoselectivity, might be supposed as a key mechanism in this reaction (see
Figure 14.12). We hypothesize that (S)-alkoxide formed in the initial reaction
with i-Pr,Zn induces the formation of the same S-configuration when an
intramolecular aldehyde reacts with i-Pr,Zn. Therefore, the point-to-point
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Figure 14.11 Asymmetric autocatalysis of bis(5-pyrimidyl alkanol) 6 with amplifi-
cation of de and ee.

supramolecular orientation of catalytic and reactive moieties at each term-
inal of a conformationally flexible simple methylene chain should occur (see
Figure 14.12).

To evaluate the intramolecular asymmetric induction, (S)-hydroxy-
aldehyde 7 with various ee was submitted to an isopropylation reaction
(see Figure 14.13). When (S)-7 with 88% ee was treated with i-Pr,Zn, (S,S)-diol
8 with >99.5% ee and pL:meso=91:9 was obtained; when (S)-7 with a
moderate 48% ee was used as a substrate, (S,S)-diol 8 with 82% ee was
formed in the ratio of pL:meso=77:23. Moreover, the racemic 7 was
converted to racemic diol 8 in the ratio of pr:meso=70:30.

These highly stereoselective results support the assertion that the i-Pr,Zn
addition occurs under far remote intramolecular 1,39-stereocontrol.
However, there is the possibility that intermolecular asymmetric induction
occurred because the substrate has the pyrimidine moiety possessing
asymmetric autocatalytic activity.

Thus, we next performed the addition of i-Pr,Zn to (S)-7 in the presence of
(R)-alkanol 9 as a competitor, which induces R-chirality to the newly formed
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Figure 14.13 Far remote intramolecular 1,39-stereocontrol in asymmetric
autocatalysis.

alkanol intermolecularly (see Figure 14.14). When (S)-hydroxyaldehyde 7 was
treated with i-Pr,Zn in the presence of an excess amount (103 mol%) of (R)-
hydroxyacetal 9 as a reaction competitor to induce opposite chiral direction,
(S,S)-8 with >99.5% ee and dr=93:7 was newly formed in 76% yield. The
formation of (S,S)-8 from (S)-7 in the R-excess form can only be explained by
intramolecular asymmetric induction, which preferably occurred over the
intermolecular alkoxide.

Therefore, we have provided evidence of unprecedented ultra-remote
point-to-point asymmetric control (1,39-asymmetric induction) in the
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Figure 14.14 Direct evidence of point-to-point intramolecular 1,39-asymmetric
induction in asymmetric autocatalysis; the addition of i-Pr,Zn to
(S)-hydroxyaldehyde in the presence of a (R)-configured competitor.

asymmetric autocatalysis of bis(pyrimidyl alkanol), in which two active
pyrimidine moieties are tethered with a conformationally flexible long
alkyl chain.

14.6 Conclusions

We have summarized the unusual aspect of the Soai reaction, i.e., asymmetric
autocatalysis with amplification of ee. When the reaction was carried out using
a mixture of two chiral/achiral and chiral/chiral compounds such as B-amino
alcohols, the co-operative action of the two B-amino alcohols in the dialkylzinc
addition could be sensitively detected as the enantioface selectivity of the
product of asymmetric autocatalysis. Achiral f-amino alcohols can reverse
the enantioselectivity of chiral f-amino alcohols; thus, both enantiomers of the
product could be synthesized from the unique chiral sources. In the reaction
using two competing chiral f-amino alcohols, asymmetric autocatalysis can
enhance the slight difference in the asymmetric power of the two compounds.
The reaction temperature can control not only the reaction rate but also en-
antioface selectivity and thus can change the aggregation structure of reactive
sources. Even though the same chiral source with the same handedness was
used as a chiral trigger for asymmetric autocatalysis, highly enantioenriched
(S)- and (R)-products could be obtained depending on the reaction temperature.
In addition, 1-aza[6]helicene and 2-aza[6]helicene with the same helical senses
showed opposite enantioselectivity in the i-Pr,Zn addition to pyrimidine-5-
carbaldehyde depending on the position of the nitrogen atom. In examining the
asymmetric autocatalysis of bis(5-pyrimidyl alkanol), unprecedented ultra-
remote intramolecular 1,39-asymmetric induction was demonstrated.
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