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Abstract

Asymmetric autocatalytic processes and high asymmetric amplification due to non-linear
effects (NLEs) attract great interest in enantioselective chemistry, as they are invoked as
key elements to understand the origin of homochirality. The still unexplained phenomenon
of the emergence of homochirality has fascinated scientists for decades and has driven them
to find an explanation. In particular, strongly asymmetric amplifying and autocatalytic
systems came into focus as a possible starting point for explaining an initial imbalance in
enantiomeric distribution. These systems are rare and only a few examples are mechanis-
tically understood and sufficiently investigated. These few valuable findings can help to

develop new reaction systems with the same or similar properties as the original systems.

The present work is generally concerned with the development of new autocatalytic sub-
strates on the basis of literature-known systems. The first part deals with a concept for a
dynamic hemiacetal structure motif based on a published mechanism for the autocatalytic
Soai reaction, whose central catalytically active compound is based on a hemiacetal mo-
tif. The investigation focused on coumestan- and classical biaryl-derived backbones. Their
dynamic properties and ultimate suitability as an autocatalytic substrate were analyzed
in DHPLC and NMR studies. In the course of the synthesis of the coumestan-derived
compounds, hydrogen bonds were found to stabilize a six-membered ring in a tautomeric
enol-form of a [-ketoaldehyde precursor, which thereby became extremely dominant in
all compounds. The extraordinary stabilization was successfully confirmed in time- and
temperature-dependent studies. Furthermore, a simple one-step synthesis to novel poten-
tially dynamic biaryl ligands is described. The synthesis pathway starting from commer-
cially available starting materials possesses great potential to further development of this
ligand motif. In part, the interconversion barriers and the kinetic parameters in DHPLC

investigations were successfully determined for synthesized structures. The values obtained
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were found to be in agreement with those reported for the transient hemiacetal catalyst
in the Soai reaction.

The work’s second part adopts an approach based on literature-known good enantioselec-
tivities of B-amino alcohols in alkylations with diorganozinc reagents. A concept towards
autocatalytic S-amino aldehyde substrates was developed. In this context, a pre-selection
of primary (S-amino alcohol compounds, required for this purpose as precursors, were in-
vestigated experimentally. So far, the focus has been mainly on secondary and tertiary
alcohol compounds in this ligand class and is often limited to the use of diethylzinc in nu-
merous previously reported asymmetric alkylation reactions with S-amino alcohols. In the
course of a larger coverage, three different alkylation reagents were tested in the present
work. Synthesized N-methyl- and N-benzyl- derivatives of enantiomerically pure primary
[B-amino alcohols as well as commercially available g-amino alcohols were successfully ap-
plied as ligands in alkylations of benzaldehyde with dimethyl-, diethyl- and diisopropylzinc.
The product enantioselectivities were rated with moderate to good selectivity. Interest-
ingly, contrary to previously published results, the highest selectivities were achieved in
alkylations with dimethyl and diisopropylzinc for the primary -amino alcohols. For the
N-methylated derivatives, a trend towards significantly better selectivities was obtained
with diisopropylzinc in contrast to the dimethyl- and diethylzinc comparison groups. For
the N-benzylated derivatives, the trend was observed to be reversed. A generally higher
selectivity with primary prolinol-derived ligands could be achieved with diisopropylzinc
than with the comparative diorganozinc reagents, irrespective of the N-substitution. Fur-
thermore, studies with enantiomeric ligand pairs revealed large deviations in the obtained

enantiomeric excesses of some ligands, indicating possible non-linear effects.



Kurzzusammenfassung

Asymmetrische autokatalytische Prozesse und eine hohe asymmetrische Amplifizierung
aufgrund nicht-linearer Effekte (NLEs) stoflen auf grofes Interesse im Bereich der enan-
tioselektiven Chemie. Beide werden als Schliisselelemente fiir das Versténdnis des Ur-
sprungs der Homochiralitdt angefithrt. Das bislang ungekldarte Phénomen der Homochi-
ralitdt fasziniert seit Jahrzehnten und beschéftigt die Welt der Wissenschaft mit einer
Suche nach méglichen Erklarungen. Insbesondere stark asymmetrische amplifizierende und
autokatalytische Systeme riickten dabei als moglicher Ansatzpunkt zur Erklarung einer
initialen Imbalance in der Enantiomerenverteilung in den Fokus. Diese Systeme sind sel-
ten und nur wenige Beispiele sind mechanistisch ausreichend untersucht und vollstéandig
aufgeklért. Diese wenigen wertvollen Erkenntnisse bieten das Potential neue Reaktionssys-
teme mit den gleichen oder &hnlichen Eigenschaften auf Basis der urspiinglichen Systeme

zuentwickeln.

Die vorliegende Arbeit befasst sich im Allgemeinen mit der Entwicklung neuer autokat-
alytischer Substrate auf der Basis literaturbekannter Systeme. Der erste Teil befasst sich
mit einem Konzept fiir dynamische Halbacetal-Strukturmotive, basierend auf einem pub-
lizierten Mechanismus fiir die autokatalytische Soai-Reaktion, deren zentrale katalytisch
aktive Verbindung auf einem Halbacetal-Motiv beruht. Die Untersuchungen konzentri-
erten sich auf Cumestan-basierte und klassische Biaryl-Grundgeriiste. Deren dynamis-
chen Eigenschaften und die potentielle Eignung als autokatalytisches Substrat wurden
in DHPLC- und NMR-Studien analysiert. Im Zuge der Synthese der Cumestan-basierten
Verbindungen wurde festgestellt, dass sechsgliedrige wasserstoftbriicken- stabilisierte Ringe
in einer tautomeren Enolform zu einer extremen Dominanz dieses Tautomers in unter-
suchten Vorstufen fithrten. Diese aufler gewthnliche Stabilisierung wurde in zeit- und tem-

peraturabhéingigen Studien erfolgreich analysiert und bestétigt. Dariiber hinaus konnte
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eine einfache einstufige Synthese zu neuen, potentiell dynamischen Biarylliganden mit
groflem Potential zur Erschliefung weiterer Liganden dieser Klasse beschrieben werden.
Teilweise konnten fiir die erhaltenen Strukturen die Interkonversionsbarrieren und die Ak-
tivierungsparameter in DHPLC-Untersuchungen ermittelt werden. Die erhaltenen Werte
stehen dabei im Einklang mit denen des transienten Halbacetal-Katalysators in der Soai-
Reaktion.

Der zweite Teil der Arbeit verfolgt einen Ansatz, der auf literaturbekannten guten Enan-
tioselektivitdten mit SB-Aminoalkoholen in Alkylierungen mit Diorganozink-Reagenzien
beruht. Neben der Darstellung des Konzepts hin zu autokatalytischen Substraten, wurde
eine Vorauswahl der hierfiir bendtigten priméren [-Aminoalkoholverbindungen experi-
mentell untersucht. Generell gibt es bereits unzédhlige Veroffentlichungen zu Alkylierun-
gen mit [S-Aminoalkoholen als Liganden. Bisher lag der Fokus jedoch hauptséichlich auf
sekundéren und tertidren Aminoalkoholverbindungen und beschrinkte sich dabei oft auf
die Verwendung von Diethylzink. Um ein groferes Spektrum abzudecken, wurden alle Lig-
anden erfolgreich in Alkylierungen mit Dimethyl-, Diethyl- und Diisopropylzink getestet.
In den Alkylierungsreaktionen an Benzaldehyd wurden sowohl kommerziell erhéltliche Lig-
anden, als auch auf dem Syntheseweg hergestellte Methyl- und Benzylderivate von enan-
tiomerenreinen priméren S-Aminoalkoholen getestet. Anschliefend wurden die Enantiose-
lektivitdten mittels chiraler HPLC untersucht und Trends in den Vergleichsgruppen bew-
ertet. Die Enantioselektivitdten der Produkte wurden mit mafiger bis guter Selektivitét
bewertet. Interessanterweise wurden im Gegensatz zu bereits vertffentlichten Ergebnissen
die besten Selektivitdten mit primdren S-Aminoalkohole in Alkylierungen mit Dimethyl-
und Diisopropylzink erzielt. Fiir die N-methylierten Derivate wurde mit Diisopropylzink
im Gegensatz zu den Vergleichsgruppen Dimethyl- und Diethylzink ein Trend zu deut-
lich besseren Selektivititen beobachtet. Bei den N-benzylierten Derivaten wurde eine
Umkehrung dieses Trends beobachtet. Unabhéngig von der N-Substitution konnte mit Di-
isopropylzink eine generell hohere Selektivitdat mit priméren Prolinol-derivatisierten Ligan-
den erreicht werden, als mit den vergleichbaren Diorganozink-Reagenzien. Dariiber hinaus
wurden im Zuge von Untersuchungen mit enantiomeren Ligandenpaaren Abweichungen
in den erhaltenen enantiomeren Uberschiissen einiger Liganden beobachtet, die mdgliche

nicht-lineare Effekte indizieren.
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1 Introduction

A strongly disputed question of research is the origin of the selective occurrence of only one
enantiomer of essential chiral biomolecular building blocks in nature. The emergence of
this homochirality has so far remained unexplained.!!l One of the most prominent examples
are the D-sugars of DNA and RNA, which have the same relative configuration (fig. 1.1,

1). Also, all essential amino acids, with the exception of glycine, occur only in the L-form

in nature (fig. 1.1, 2).12
OH
0]
o oy
H
L\ OH e}

OH

HO

1 2

Figure 1.1: Enatiomerically pure building blocks: D-deoxyribose 1 and L-aminoacid 2.

The property of homochirality is of crucial importance in molecular recognition and repli-
cation processes and therefore appears to be necessary for the evolution of life. Some mech-
anisms for the construction of biomolecules are known from nature, getting along with an
initially low enantiomeric excess (ee) and without the support of enzymes or other chiral
auxiliary materials, but are nevertheless able to multiply the ee.l!] Chiral compounds can
transfer their stereo information directly to the desired product compounds through inter-
molecular interactions and create a chiral environment. The principle of transferred stereo
information by observing nature has been applied in many ways in synthetic chemistry
over the last decades.[>? Asymmetric catalysis and synthesis are one important possi-
bility to synthesize enantiomerically pure compounds, for example, for pharmaceutical
purposes.® Asymmetric synthesis is possible under various assumptions. Such processes

usually require a chiral auxiliary medium to induce an ee in the achiral starting material.[”
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In the 1970s, Izumi et al. proposed a differentiation between ’diastereoselective’ and ’enan-

tioselective synthesis’[®!

Diastereoselective synthesis:

Y* diastereoselective . duct
(Chiral auxiliary) reaction —Y* major proauc
X X-Y* .
achiral achiral agent @—Y* minor product
substrate or catalyst
Y* cleavage
of auxiliary

Enantioselective synthesis: @

chiral reagent
or catalyst

' ®
achiral @ minor product

substrate

major product

Figure 1.2: Examplary scheme for diastereoselective and enantioselective synthesis based on Izumi.18]

In a ’diastereoselective synthesis’, a chiral auxiliary is bound to an achiral substrate in the
initial step (fig. 1.2). Afterward, the molecule contains a center of chirality and prochirality.
The two faces of the prochiral center become diastereotopic and may react at different
rates with an achiral reagent. In the best case, one face is thereby highly favored. In
the end, a mixture of diastereomers forms, which becomes a mixture of enantiomers after
removing the chiral auxiliary.[®) Prominent examples are asymmetric syntheses using chiral
auxiliaries, like asymmetric alkylation with chiral oxazolidinones developed by Fvans et al.
(fig. 1.3).[9} The chiral auxiliary 3 is bound to the substrate giving diastereotopic spaces
around the prochiral center. Subsequently, compound 4 is deprotonated with LDA. For the
following diastereoselective alkylation to 5, one of the two diastereotopic sides is sterically
favored. After cleaving the auxiliary, the desired «-alkylated carboxylic acid derivate 6 is

obtained in high enantiomeric excess.
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o) o o
1. LDA
O)kNH o) NJ\/R1 —
2. 9
C|/U\/R1
3 4 1.LDA
2. Ro—Hal
0
o)
1R LiOH Rap
Ho/uﬁ/Pq O N v 1

T

6 5

Figure 1.3: Example for diastereoselective synthesis with an oxazolidinone auxiliary developed by Evans.[

The ’enantioselective synthesis’ is given through an achiral substrate containing at least
one prochiral center (fig. 1.2). The two faces of the prochiral center are in enantiomeric
relation to each other. In difference to the 'diastereoselective synthesis’ with the help of
chiral auxiliaries, an enantioselective reactant or an enantioselective catalyst can differen-
tiate between those two enantiotopic faces of the prochiral molecule. The rate constants of
the attack to both faces are different. Consequently, the S- and the R-products are formed
in unequal quantities.l8 It depends on the enantioselectivity of the reagent or the catalyst,
and how much the excess of one enantiomer is obtained. The most elegant method of
enantioselective synthesis is enantioselective catalysis. The roots of enantioselective catal-
ysis go back to 1912, when Bredig et al. prepared the first alkaloid-catalyzed cyanohydrin
compound. It was the first reaction describing an organocatalysis, although the ee is quite
low.[!9 Since then, many more catalysts have been developed with great achievements in
higher ee’s over the years. Many developed asymmetric catalysts are metal catalysts that
mostly use transition metals combined with a chiral ligand for catalysis.' The leading
work of Noyori, Knowless and Sharpless et al. deserves to be mentioned in particular, as
they were honored with a Nobel Prize in this field.l'?) Their research led to many metal-
based catalysts with different ligand systems, able to be applied in various enantioselective
reactions. Significant milestones were, for example, the development of asymmetric epoxi-

dation by Sharpless et al.'> (fig. 1.4) or the development of the BINAP ligand system
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9 in the application of enantioselective hydrogenations by Noyori et al.['5:16] (fig. 1.5).

Ti(OiPr)4
(+)-Diethyl tartrat
09H19/\L C9H19/()l/
OH TBHP \_OH
7 8
79% yield
>95% ee

Figure 1.4: Epoxidation of an (E)-allylic alcohol 7 with Ti-catalysator based on on Sharpless.[14]

The applied metal catalysts can coordinatively bind the substrate and a chiral ligand that
provides the chiral stereo information. The subsequently transferred stereo information
determines the configuration of the final product. Both reactions can be seen as initial

pioneers for further developments in the field of enantioselective synthesis.

Sou
seii

9
O O Ru-(R)-BINAP/H, OH O
MOCHg MOCHS
10 11
99.96% yield
> 99% ee

Figure 1.5: Hydrogenation of (3-keto esters 10 with Ru-catalysator based on a BINAP ligand system 9 developed
by Noyori.[19]

In comparison to these examples, an absolutely asymmetrical synthesis, without the aid
of chiral substances, generally leads to quite low ee. To solve the initial question of the
emergence of homochirality, an initial scenario with a low enantiomeric imbalance can be
assumed. It is, therefore, necessary to take a closer look at how an initially low ee can be

multiplied and finally results in a high ee.



1.1 Asymmetric Amplification

1.1 Asymmetric Amplification

The achievement of optical purity is the key challenge in asymmetric preparations. An
asymmetric synthesis is subject to an asymmetric amplification process if the ee of the
obtained product is above the anticipated given ee of the chiral auxiliary or catalyst that
serves the stereo information.''8 Such a deviation from a linear relationship (see fig.
1.6, C) between the ee of the catalyst and the ee of the product is termed a positive
non-linear effect (see fig. 1.6, A, (+)-NLE). Thus, the influence of a positive non-linear

effect makes a high enantiomeric purity in the final product possible at an initially low

ee. Analog for experimental values of the product ee below the assumed linear values, a
[19-22]

negative non-linear effect occurs (see fig. 1.6, B, (-)-NLE).

% ee product 100

80

60

40

20

ol 1 1
0 20 40 60 80 100 % ee catalyst

Figure 1.6: Relation between ee of catalytst and product; A: positive (4)-NLE; B: negative (-)-NLE; C: linear
relation.

NLEs are caused by self-organization, self-assembly, and other aggregation processes.23-20]

Self-assembly and recognition play an important role in nature and the biology of our life
and means the spontaneous association of at least two compound species through the
formation of reversible, supramolecular, mostly non-covalent interactions to form a larger
aggregate.2”7] The interactions are mostly dominated by hydrogen bondings or 7-cloud

interactions.?”) A common example is pairing our DNA strands to form the double helix
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structure. The two complementary strands recognize each other through hydrogen bonds
and 7-7t stacking, forming the most thermodynamically stable product in a self-assembly
process. Self-amplification in asymmetric catalysis is based on the idea of interaction
between the received catalysis product and the catalyst itself through self-assembly, to
increase and control enantioselectivity.?8) Enhanced enantioselectivity through the pres-
ence of chiral additives could be observed in several catalytical processes before. An early
example of a (+)-NLE is given by the previously mentioned Sharpless epoxidation (see fig.
1.4). Kagan et al. observed this effect in studies with non-enantiopure auxiliaries resulting
in higher ee’s than expected when assuming a linear correlation.'® The deviation was
explained by forming an active diastereomeric species through auto aggregation that is
impossible to form under the enantiopure condition of the ligand. The enantioenrichment
resulted from the removal of the racemic diethyl tartrate from the catalytic cycle due to
higher stability and lower reactivity of the heterochiral species detected by kinetic and X-
ray structural investigations.293% However, the observed amplification in the epoxidation
of geraniol is only moderate in comparison to the very strong asymmetric amplifications
in the later reported addition of diethylzinc to aldehydes under the use of chiral S-amino

alcohols.[17:31]

In this relation, probably one of the best-known examples providing high
ee is the alkylation of benzaldehyde using the chiral camphor derivative (-)-DAIB 13

investigated by Noyori et al. (ﬁg.l.?).[31’32]

100 =
EtoZn
OH

' O 8mol% (-)-DAIB
80
©)kH @/K/
Toluene

(S)-12

% ee product

40 -

20 |
N\
(-)-DAIB = OH
0 1 1 1 1 1

0 20 40 60 80 100 % ee DAIB 13

(a) (b)

Figure 1.7: (4)-NLE in the addition of EtoZn to benzaldehyde with the usage of 8 mol% (-)-DAIB in toluene
reported by Noyori et al..13]; a) experimental data showing (+)-NLE; b) Addition of EtzZn to benzalde-
hyde with (-)-DAIB 13.
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The employed ligand (-)-DAIB 13 with 15% ee, yields the corresponding S-alcohol 12
product in optical purity up to 95% ee after hydrolysis.®!] The positive non-linear effect is
induced by an aggregation of the dialkylzinc and the chiral ligand. An initial low ee com-
prising both enantiomers results in homo- and heterochiral dimers that are catalytically
inactive (fig. 1.8). The dimers are in a dynamic equilibrium with the catalytically active

monomers, which predominantly produce one enantiomer of the product alcohol.

(S)-12

PhCHO ( ZnRy

\ 3O, v

—N-Z0 7n N\‘ D I \

O F‘K —— /Zn-R
é; (0} »
R \Q
(-)-() (-)-DAIB-ZnR \O0_ :
—N-Z07n N—
— o) R

heterochiral dimer

(+)-(+) (+)-DAIB-ZnR
homochiral dimers PhCHO{ ZnR2
(R)-12

Figure 1.8: Dynamic equilibrium between dimer and monomer complexes explaining the (+)-NLE in diorganozinc
additions to benzaldehyde.[22:31]

Further investigations, including X-ray diffraction, kinetic investigations, and NMR spec-
troscopic measurements, showed higher stability and decreased reactivity due to a anti-
configuration between the alkyl groups for the heterodimer. The dihedral angles between
the 4- and 5-membered rings were found to differ widely with 135-146° for the homochiral

complex and 112-124° for the heterochiral complex. These findings in the interaction of
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the dynamic equilibrium of all structures explain the enantiomeric enrichment of the dom-
inantly present configuration and the (+)-NLE to be observed.?1:32 For more detailed
explanations, mathematic models and further examples of non-linear effects in asymmet-
ric synthesis than presented and considered relevant for this work, a series of reviews,
especially by Kagan et al., give deeper insights into this research field.!?21:22] NLEs are
common over various metal catalysts or ligand classes and are often investigated to gain
insight into the mechanism behind a reaction.??3% Generally, the mechanisms behind
NLEs cannot be generalized and are highly dependent on the particular reaction system.
Even very small differences in the catalyst structure or in the catalyst substrate used can
lead to different results or can no longer be explained by the same mechanisms. A given
example is the morpholino variant MIB (see section 4.1 for more details) of the commonly
known DAIB ligand developed by Nugent et al..?* Further experimental investigations
of Walsh et al. showed a substrate dependency of the NLE in asymmetric alkylation with
dialkyl zinc reagents when using electron-donating substituents to benzaldehyde.l?>) The
observation of more significant NLEs in these cases is not explainable within the concluded
mechanism for DAIB comprising different stability and reactivity of the hetero and homo
dimers.[3 To understand and explain the observations by Walsh et al., substrate interac-
tions must also be taken into account. Therefore, Blackmond et al. suggested an extension
of the current mechanism considering weak or strong substrate binding by analyzing the

331 Even if this example

reaction rates, that are able to explain the given phenomenon.
shows that individual consideration of each reaction and all its components is indispens-
able, the elucidation of catalytically active species or molecular interactions, as well as
the basic understanding of the generation of NLEs, can contribute to the design of new
highly enantioselective catalytic systems. In particular, autocatalytic systems raise great
attention. They usually comprise significant NLEs and are the subject of ongoing mecha-
nistic investigations, since they do not require an initial chiral induction of an additional
substance. The following section will briefly overview autocatalytic principles and the rare
experimental proven asymmetric examples in organic chemistry (see section 1.2). A strik-
ing example of an extremely strong amplification of ee and thus a high (+)-NLE is the
autocatalytic Soai reaction.3%37 The ongoing mechanistic understanding and elucidation
of this unique reaction is described in different approaches in the literature and will be

discussed in the first chapter as it is crucial for parts of this work (see chapter 3).
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1.2 Autocatalysis

As previously mentioned, the research on autocatalytic processes attracts great interest in
the context of enantioselective synthesis. In addition, the understanding of self-amplifying
and self-recognizing processes, which are invoked as a key element in the nature of the
living state, represents an approach to understanding the origin of life.33-40] The concept
of autocatalysis generally originates from Wilhelm Ostwald, who described it for the first
time in his article ‘Ueber Autokatalyse‘ in 1890.41 According to Ostwald, the descrip-
tion of an autocatalysis of one or multiple reactions simultaneously can be represented
by a reaction equation in which the reactants and the products do not overlap. At least
one reactant or one product has a catalytic effect on the entire process in the equation
described.[841:42] The most common definition of autocatalysis today differs from Ost-
walds. Tt is defined as a single- or multi-step reaction that is catalyzed by at least one
of its provided final products.[8) Various different scenarios with autocatalytic behavior
are known and postulated in literature, which relate to the emergence of life.[4#344 In a
detailed review of autocatalytic mechanisms, Bissette and Fletcher described three types
of scenarios that are believed to have a major role in this field of research (fig. 1.9).13%)
In addition to the simplest scenario of classical autocatalysis, as just described, there are

cross-catalyzes and hypercycles (fig. 1.9).
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Figure 1.9: Autocatalytic related forms according to Bisette et al.3%; Scenario 1: classic autocatalytic cycle; Scenario
2: cross-catalytic cycle; Scenario 3: hyper cycle.
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In the latter, several reactions are involved whose products or reactants catalyze each other,
also known as mutual catalysis. A hypercycle forms from two mutal catalytic autocata-
lysts. In addition to the three scenarios presented, entire autocatalytic networks and more
complex mechanisms with short-living intermediates are also possible.*5] Probably the
best-known example of this is the autocatalytic network around the formosis reaction.!6l
The reaction was discovered in 1861 by Butlerow and provided a broad variety of over 40
different sugars and other products.[*” The reaction of aqueous formaldehyde and calcium
hydroxide or calcium carbonate is non-directional and non-selective in relation to stereo in-

48,49] The mechanism of the formosis reaction remains

formation and carbon chain length.!
still not fully understood due to the large variety of products and its sensitivity.[**%% An
additional common feature of all autocatalytic processes worth mentioning is their kinet-
ics. A graphical plot of concentration versus time typically shows a non-linear character
appearing in a sigmoidal curve (S-shaped, fig. 1.10 (a)).’"52 In autocatalytic reactions,
sigmoidal kinetics is usually expected, since most are kinetically exponential and substrate
availability is always experimentally limited.[5] The sigmoidal curve is thus an important
experimental sign of autocatalysis. The sigmoidal curve is divided into three areas (fig.
1.10 (a)).*) In the initial period, only a small part of the starting material is converted
into the product, so the increase in the curve is small. The exponential phase shows the
acceleration of the reaction rate due to the catalytic activity of the product previously

formed. In the saturation phase (range from the bending point to the completion of the

reaction), it decreases again.

‘
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Figure 1.10: (a) characteristic sigmoidal curve (S-shape) for the non-linear character of autocatalytic behavior; (b)
Frank's model explaining enrichment with inhibition by dimerization.[22:53]
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1.2 Autocatalysis

The S-shape degree depends on the autocatalytic reaction’s efficiency, which is always

[45]

accompanied by direct, non-catalyzed product conversion.*?! The ratio of parallel-driven

autocatalytic and non-catalyzed pathways is therefore determining.4%51 Many other ex-

451 like autocatalytic

58,59]

amples of autocatalysis exist in a wide variety in fields of chemistry

54) 55-57] and

acid/base reactions® | organometallic autocatalysis! , photo-autocatalysis!
asymmetric autocatalysis?60-62 just mentioning those in the field of organic chemistry.
Asymmetric autocatalysis is one of the most challenging areas of which only very few
practical examples are known.63l Thereby, a chiral product acts as the chiral catalyst for
its own production.l% Asymmetric autocatalysis is implicated in the origin of biological
homochirality.®® In 1953, Frank discussed the emergence of homochirality in a mathemat-
ical model of asymmetric autocatalysis.[3 The idea behind Frank’s model is based on a
chiral chemical substance that catalyzes its own formation and at the same time acts as
an inhibitor for the formation of the opposite enantiomer by the formation of an inactive
dimer (fig. 1.10 (b)).[?3%% The mechanistic requirements for asymmetric autocatalysis are
large and controversial. There is currently no mechanistic solution based on one of the
few examples on which the published literature seems to be in complete agreement (see
Introduction 3). Frank’s assessment of autocatalysis seemed justified at the time: ‘A lab-
oratory demonstration may not be impossible?3l Research of the past decades up until
today is therefore intensively engaged in the mechanistic elucidation and the discovery
and development of new autocatalytic systems. The rarely known systems are presented

in more detail in the following part.

Asymmetric autocatalysis

An asymmetric autocatalytic process was experimentally described by Soai et al. in 1990
for the first time.[%! Soai et al. reported an asymmetric autocatalytic behavior in the
reaction of pyridine-3-carbaldehyde and diisopropylzinc. Initial studies of this reaction
used the product-catalyst, containing an amino alcohol-moiety in high ee‘s, resulting in

1661 The results were investigated intensively in the following

lower product ee‘s (47%ee)
years, leading to another breakthrough in 1995.25 The further developed system now
included a pyrimidine unit instead of a pyridine one. The ee could be increased by up to
95% using almost enantiomerically pure catalysts. Inspired by the results of the system,

Soai et al. tried to test the autocatalytic activity of the system with an initial catalyst of

11
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very low ee. After several reaction cycles, the ee could be significantly increased (fig. 1.11).

OH
NS pr
L
N ZniPry
16
low ee
O OZniPr OH
ZniPrp H*
NS H —_— N7~ iPr —_— N> iPr
L L .
14 15 16
high ee

Figure 1.11: Postulated asymmetric autocatalysis cycle for the Soai reaction.[2%]

The obtained product of each previous catalytic cycle serves again as a catalyst in the
following turnover. Each cycle generates a higher ee than the previous one and the ee
finally reaches a value of 89% in the fourth cycle, beginning with 10% ee after the first
turnover.25) This publication is still one of the most relevant of the last 50 years accord-
ing to the renowned journal Nature and still fascinates the science community in different
fields.l57] Tt was the initiator for intensive further development and findings of this asym-
metric autocatalytic active system. In the following years, extensive investigations were
made regarding the further optimization of the system to reach the limits of the best
possible. In particular, the structural requirements for the starting material and the reac-
tion conditions were investigated. Various basic scaffolds with a rigid y-amino alcohol unit

were investigated for their autocatalytic abilities.[37:68:69]

The best results for a spontaneous
symmetry breaking were achieved with a 2’-trimethylsilylethynyl residue for the pyrimi-
dine system in toluene (74%ee). Further investigations included the influence of various
reaction parameters such as the initial catalyst amount and enantiopurity, chiral additives,
solvent!™ and temperature dependencel®. The autocatalytic system reacts sensitively to
changes in those various parameters. The influence of the amount of catalyst was studied
with enantiopure and low ee catalysts by the groups of Soail®”"!l, and Gehringl®. An

almost enantiomerically pure catalyst with a loading of 20 mol% could achieve >99.5%

12
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ee in the obtained product 18 with a 2’-substituted pyrimidine aldehyde with tert-butyl
ethinyl residue 17 (fig. 1.12).3”) By using an almost racemic catalyst mixture (0.00005%
ee) the alcohol 18 could also be obtained with >99.5% ee, but within three additional

[71]

consecutive catalytic cycles. Studies with a 2’-adamantylethynyl-residue showed the

highest ee adding a low ee (7.2%ee) catalyst at the beginning (95.8%ee).l%) In the same
study, no significant influence of the catalyst loading on the ee of the formed product
could be found in a range between 0.2 to 20 mol%. For higher catalyst loadings, the am-
plification of the ee is decreasing. Smaller catalyst concentrations below 0.01 mol% give

different non-reproducible results, which indicate static effects or very sensitive behavior

(S)-18
0.00005% ee N "OH
—. I 7
=z N
H (9)-18
Nlﬁ/&o Zn(iPr), >99.5% ee
B TR

L.
Z N
(R)-18
(

0.00005% ee R)-18

vQQ.S% ee

Figure 1.12: Asymmetric autocatalysis for the developed Soai reaction in 1999.137.71]

to the smallest changes.[67:6971]

17

In further research it was observed that not only the product leads to an enantioselec-
tive amplification by autocatalysis, but also other sources of chirality can generate very
high ee values. Various compounds with one or more chirality centers, planes, or axes,
were able to create a chiral environment in their presence and thus cause an increase
in enantioselectivity.™? For example, enantiomorphic crystals like quartz or NaClO3 and

circularly polarized UV light could be used to induce significant high ee values.[?
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In 2011, Carreira et al. reported a reaction with autocatalytic behavior in the synthesis of
the antiretroviral drug Efavirenz.[6! In this first reported autocatalysis for a pharmaceutical-
relevant synthesis, an enantioselective process is described in which the combination of the
chiral ligand (1R,2S)-N-pyrrolidinyl norephedrine and sub-stoichiometric amounts of the
(S)-product 19 (R;) are used as autocatalyst at the beginning of the reaction (fig. 1.13,
Rj1). The product-ligand combination could achieve higher ee values in the diethylzinc-
mediated addition of an alkyne to a ketone than the chiral ligand exclusively. However,
without adding the external chiral ligand by purely product-controlled selectivity, the
product could only be obtained racemically. According to the definition of Albert and
Wyneberg, the term autoinduction is therefore suitable.%073] It is defined as the product
influencing the further course of the reaction by modifying the nature of the reagent or

the catalyst.

®

Ph Me
(1R,25)20 (D519

o A
cl i cl 7
\©\)kCF3 + /A -~ | ~ OH
= :

NHR H EtoZn, nHexLi = NHR

THF/Toluene, 40°C
Ri=H (5)-19
Ro= Piv

(1) Ro— 76.0%ee

(D+(@) Ry— 99.6%ee

Ro—= 91.0%ee

Figure 1.13: Asymmetric autocatalysis in course of the development of a synthesis route towards Efavirenz investi-
gated by Carreira et al..[0]

In further investigations, Carreira et al. were able to display an autocatalytic behavior for

[61] Test reactions

an N-pivaloyl-protected derivative of the above described (fig. 1.13, Ra).
were carried out with either exclusively chiral ligand (results in 20%ee) or product (results
in 76%ee) as control group wherein significantly higher enantioselectivity by the product

was observed. Subsequently, the reaction was also carried out in the presence of both con-
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trol groups (chiral ligand and product), giving the best results (94%ee). Besides the solely
autocatalytic effect of the product of the protected N-pivaloyl derivative, the synergistic
effect between the product and the chiral ligand thus reinforces the existing autocatalytic
effect with an additional autoinduction in this case. A few years earlier, another asymmet-
ric autocatalysis was discovered, representing the third and last experimentally proven
example in this field. In contrast to the previous examples, which both describe autocat-
alytic reactions with organozinc reagents, Mauksch et al. demonstrated an organocatalytic
example in a Mannich reaction.l%?] The best ee values were reached with very high catalyst
loadings of 30-50 mol% (up to 96%ee for the R-product). The group proposes product-
substrate interactions based on hydrogen bonds with the prochiral substrate as indicator

for the autocatalytic behavior.[62

29-99%ee
R/S-23

21 22 23

up to 94%ee

Figure 1.14: Asymmetric autocatalysis reported in a Mannich reaction by Mauksch et al..[62]

The only three examples discovered to date illustrate the rarity of asymmetric autocataly-
sis in experimental implementation. Each system is unique in itself and can follow different
mechanistic principles. A complete mechanistic elucidation is often complex and challeng-
ing due to parallel-driven reaction scenarios. However, an understanding of the specific
processes involved in symmetry breaking and amplification allows the conceptualization
of new ideas and structural design for potential novel autocatalytic systems. The term
symmetry breaking is to be understood as the spontaneous generation of an imbalance
of the enantiomeric ratio, favoring one enantiomer in the absence of a chiral external
source.[%) An initial symmetry breaking is crucial to initiate a subsequent amplification
process and can therefore be seen as a key element of an autocatalytic process. There
is yet no explanation based on theoretical or experimental findings for the phenomenon

of symmetry breaking. The subject of discussion is a tiny energy difference between two

15
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enantiomers due to parity violation that could make a possible difference in the emergence

of the imbalance. (4

The Soai reaction was the first and still unique to obtain the highest chiral amplification
through autocatalysis and a positive NLE. In addition, it is probably the most intensively
studied asymmetric autocatalysis due to great interest in its mechanistic elucidation. It
thus represents the most important point of reference for a possible explanation of enan-

tioselective amplification and autocatalytic activity in one system.
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The general target of the present work is to develop new potential autocatalytic substrates
and to make them accessible via a synthesis route. As stated in the introduction, exact
prediction of an autocatalytic activity or the presence of NLEs is almost impossible, no
matter which approach one chooses. However, in order to increase the chances for poten-
tially conceived results, it is very beneficial to study literature on known systems with
the same properties. The following thesis presents two different structural concepts based
on literature-known results. This work is divided into two main parts. The first chapter
comprises a substrate design based on the mechanistic results of the autocatalytic Soai re-
action by Trapp et al..[™76] The structural motif focuses on a dynamic hemiacetal which is
assumed to be potentially catalytically active in dioragnozinc mediated alkylations. The
second part is based on various highly enantioselective results with ligands that are (-
amino alcohol based. Of initial importance are the results of Oguni et al..'™7" The focus
for structural design is on primary S-amino-alcohols. These structures exhibit the possibil-
ity of oxidation to an aldehyde, which can be selectively reduced to a catalytically active
product in an alkylation with diorganozinc reagents, thus enabling an autocatalytic cycle.
For both approaches, the initial conceptualization is followed by the implementation on
the synthesis path, which should be as simple as possible to ensure easy availability. After
successful realization, the structures are analyzed in detail in order to obtain indications
of suitability or to preclude non-suitable structures. If the designed and synthesized struc-
tures are in accordance with the conceived properties, the last step is to catalytically test
alkylations using diorganozinc reagents and afterward evaluate the results. Individual con-
cepts and related background information are formulated in more detail at the beginning

of each chapter.
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[ Literature-known Systems]

mechanism structural properties
autocatalytic type of reaction
behaviour NLEs L1

[ Concept and Design ]

asymmetric diorgano zinc 1 |-[ aldehyde moiety ]
alkylation J L'[ catalytic active unit ]

[ Synthesis and Analysis ]

[ realizable synthesis pathway ] [ expected structure properties ]

[Asymmelric Organozink Alkylation]

= enantiomeric excess
- NLE
- kinetic profile

Figure 2.1: Flow-chart for the general process of developments during this work.
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3 Chapter 1 - Autocatalytic Substrate
Design based on the transient catalytically

active Hemiacetal in the Soai Reaction

3.1 Introduction

The discovery of the Soai reaction led to countless attempts at theoretical and experimental
explanations of the mechanism. Through the elucidation, it is hoped to gain knowledge
about the function of self-amplifying autocatalytic processes and possibly pave the way
toward similar systems. In the following, the most important and plausible models to
explain the mechanism of the Soai reaction are presented, including the hemiacetal model
proposed by O. Trapp et al.l'8! which provided a final explanation and evidence of the

mechanism.

Soai-model

In 2001, Soai et al. could propose an autocatalytic mechanism. The basis was formed by
kinetic studies between the reaction time and the yields of the product in the enantioselec-
tive addition of diisopropylzinc to pyrimidine-5-carbaldehyde using different amounts of
enantiomeric catalyst. Therefore, two different possibilities for autocatalytic models were
suggested, that could describe the reaction process.[™ The first path (fig. 3.1) resembles
the mechanism assumed on the basis of a dimer model almost simultaneously proposed by
Blackmond et al. in 2001, which is described in detail in the next chapter (section 3.1).17]

The second path (fig. 3.1) is also a way to explain Soai’s kinetic observations.
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Hemiacetal in the Soai Reaction
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Figure 3.1: Possible autocatalytic pathways according to Soai et al.; modified figure, originally published in Tetra-
hedron: Asymmetry, 12, 2001, 19651969.[7]

The reaction proceeds rapidly in the middle stage after an initial incubation time and gets
slow in the final stage, which is characteristic of an autocatalytic reaction. A complex for-
mation between monomeric product alcohol and catalyst is assumed (fig. 3.2). Supported
by the experimental findings, Soai et al. suggested a second-order kinetic model with the
following rate law.["™® Even if the reaction progress is well displayed in simulating the reac-
tion speed of the model, the large excess of enantiomers remains unclear. In the proposed
mechanism, each enantiomer would catalyze its own formation in the same way and thus

no excess of a single enantiomer is able to arise.

v=k'[AP][BP] = k' K K'[A]| B]| P]? (3.1)
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A+ P == AP K= IAPI
[AllP]
B+ P == BP K'=[B—P]
[B][PI

AP+BPk—>P+P+P

Figure 3.2: Equilibria under the presumption of a complex formation between reactant and catalyst (fig. 3.1, path-
way 2).178]

Two years later, Soai et al. published an extended theory on their mechanistic model
due to further kinetic investigations based on previous findings. In the novel model, the
self-amplification of enantiomers is explained next to an autocatalytic process by the par-
ticipation of product inhibition via the formation of trimers (fig.3.3).8% It was observed,
that the ee increases if the complex of autocatalyst and product Pg-Pg-Pr would have
higher stability than the complex of autocatalyst and product Pg-Pg-Pg. Thus, heterochi-
ral trimer complexes are assumed to be more stable than the homochiral trimer complexes,

and the active dimer complexes Pg-Pg, Pr-Pr and Pr-Psg.

RCHO ~iPryZn
Pr-Ps + Pr —<=— Pgr-Ps-Pg
stable Pr'Ps + Ps —<==~ Pgr-Ps-Ps
e
Pr'PrR + Ps —=— Pr:Pr:Ps
RCHO ™  iPrizn Pg:Ps + PR —=— Ps-Ps-Pg

Inhibition through trimerization
! E %l I%l
_ \_/

RCHO iPryZn

Figure 3.3: Extended model of Soai et al., showing the catalytic self-amplification through product inhibition by
trimer formation; modified figure originally published in Tetrahedron: Asymmetry, 14 (8), 2003, 975-
979.18%]

The hetero-dimeric complexes thus disappear from the equilibrium, while the dimer of

the non-favored enantiomer is inhibited by the amplified monomeric product enantiomer
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(fig. 3.3). Although the model could be well supported by the experimental data, since it
predicts good reaction rates and ee, no experimental evidence could be provided for the

catalytic role of trimeric structures.

Several years later Soai and Co-workers reported enantiopure and racemic alkoxide tetramer
structures and higher oligomeric structures determined by X-ray structure analysis that
are regarded as potential key intermediates.®! Coordinative tetrameric structures based
on these findings and further investigations came back into focus a few years later through
a proposed mechanism by Denmark’s group to explain the extraordinary amplification as
well as the symmetry breaking in the Soai reaction.?6l A separate section is devoted to

this part (see 3.1).

Dimer-model according to Blackmond et al.

The model of Blackmond et al. is based on a combination of computer calculations of pos-
sible species, NMR, and kinetic studies assuming the presence of statistically distributed
homo- and heterochiral dimers. The heat flow profile obtained in microcalorimetry mea-
surements provides a direct measurement of the rate of reaction as a function of time and
thus of the overall progress of the reaction.l”™ A comparison between the use of a racemic
catalyst and an enantiomerically pure catalyst by kinetic investigations of Blackmond et
al. showed that the conversion of the Soai reaction under the use of a racemic catalyst
proceeds in half of the velocity obtained with the enantiopure catalyst. The displayed
time-resolved course of the Soai reaction and thus the determination of the rate law could
prove an autocatalytic process.™ The experimental observation suggests a dependence
of the concentration of the active catalyst on the ee of the initial catalyst based on the-
oretical assumptions of Kagan’s reservoir model introduced in 1994.82) Kagan’s model
proposes hetero- and homo-dimers as key roles in the Soai reaction and attributes active
catalytic activity to them (fig. 3.4, left). The modified variant of Blackmond et al. assumes
stochastically formed hetero- and homochiral dimers with approximately equal stability,
whereby the increased chirality results from the inactivity of the heterochiral dimers (fig.

3.4, right).[79:83]
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Figure 3.4: Dimer-model for the Soai reaction, including thereon-based equilibriums and reactions.[79:84

The suggested value Kdimerz4[84}’ predicted by the model, was later confirmed by 'H NMR
studies of Brown et al..13%) It revealed that solutions of enantiopure alcohols only form
homochiral dimers, while solutions of racemic alcohols show quite similar ratios of both
hetero- and homochiral dimers. Thus, the assumption of the stochastic distribution and the
same stability of the dimers as of the value K ;e can be confirmed. The NMR analyses
proposed a structure with central square [ZnO]s-unit, which could be also confirmed by
DFT calculations (fig.3.5).1%%

AN
—N
M) Y e
Zn ~Me
o:Z o)
Me = n
VRPN /2
AN
(R,R)-24 (R,S)-24

Figure 3.5: NMR spectroscopically confirmed homochiral 24 and heterochiral dimer 24 structures in the Soai
reaction.[8°]

Blackmond et al. postulated the derived reaction rate on the basis of experimental inves-
tigations to describe the autocatalytic system of the Soai reaction, assuming homochiral
dimers as the catalytic active species.[33 In this case the selectivity is a pure kinetic pro-
cess. In further kinetic studies of Blackmond and Buono, it turned out, that the equation
is only valid for the description of the rate law for an equal ratio between aldehyde and

zinc organyl.[®3 By increasing the concentration of the zinc organyl, the experimental
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data did not agree with the model. For that purpose, a renewed rate law was introduced,
which is independent of the zinc organyl concentration and based on the assumption of

the formation of a complex between the aldehyde and the zinc organyl.

SR
hetero-dimer

& inactivation

SS+S —<«— SShomo-dimer —_— S+R -~ RR homo-dimer — RR+ R

SSSS tetramer (S-/R-) oligomer form RRRR tetramer

Figure 3.6: Overview over mechanistic examinations according to Blackmond et al..[83-80]

In this context Blackmond and Buono suggested the interaction of two molecules with
the dimeric catalyst in the presumption of the formation of a tetrameric transition state,
consisting of two zinc complexed aldehyde molecules and the dimer.®3%4 Klankermayer
and Brown were able to determine a tetramer complex, as well as oligomeric species, by
NMR analysis and DFT calculations (fig. 3.6).18657 Later on Soai et al. confirmed these

81 Nevertheless,

structures in X-ray structure analysis as mentioned in the previous section.
the self-replicating system of the Soai reaction with its ideal autocatalytic behavior speaks
rather against a role in the catalytic mechanism of such a transition state. By the work of
Noyori and Yamakawa, tetrameric intermediates from reactions of amino alcohols with zinc
organylene were already known.??) The tetrameric structures could be regarded as a side
reaction because they do not actively participate in the catalysis cycle and are independent
of the catalytic dimer species. Such non-catalyzed side reactions could possibly lead to

321 A little later, Gridnev and Vorobiev proposed

a reduction of autocatalytic activity.
homochiral brandy glass tetramer macrocycles on the basis of DFT calculations as a key
role for the Soai reaction in solution. However, they also confirmed reduced catalytic
activity due to competition between dimers, tetramers, and other oligomeric forms in
the catalysis cycles.®8 In 2012 Blackmond and Brown made an interesting discovery of

hemiacetal intermediates, which provides direct indications of the model by Trapp et al.
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presented below (section 3.1). The species could be detected by 2D NMR, spectroscopy at -
40°C (fig. 3.7). Their concentration increases during the reaction and decreases towards the
end.®) Blackmond and Brown did not consider these hemiacetals as potential catalytically

active. 89
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0

W\N
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Figure 3.7: Hemiacetal intermediate in the Soai reaction. (89

The latest mechanistic proposals were published in 2020 by the groups of Denmark et
al. and Trapp et al. resulting in different conclusions.26:70 Both approaches are based
on earlier observations of the main catalytically active species. In the following, both
mechanistic approaches will be presented, since both claim, in different ways, a complete
mechanistic explanation. The hemiacetal-based approach is the essential reference point for
the objectives of the first chapter of this work. In this context, it is also worth mentioning

the comparison of Y. Geiger, who recently discussed both mechanisms in a review paper.[90

Floor-to-floor (SMS-tetramer) model according to Denmark et al.

The catalytic key structure in the mechanistic approach is a homo tetramer in a square-
macrocycle-square (SMS) conformation, according to Demark et al.128l The mechanistic
studies are based on a pyridine system with the same substituent in the 2’-position, in
contrast to a pyrimidine system as used for the Soai reaction. The group observed auto-
catalytic behavior within this system, unexpected to prior findings for the bare pyridine
that were unsuccessful. As described in previous sections, tetramers have already been the
subject of mechanistic considerations based on DFT calculations and as an extension in

an active dimeric species scenario.[78-80,86.88]
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Figure 3.8: Catalytic active assume tetrameric SMS-structure; a) cube-escape model; b) crystal structure of the
pyrimidine alkoxide SMS-tetramer reported to in the Soai reaction.[26:81.91]

Experimentally, tetramers and oligomers could also be detected later in the Soai reac-
tion by Soai and Co-workers.!8!) The SMS-tetramer composed of two N-coordinated Zn-O
square dimers, described by the cube escape model, is therefore not novel (fig.3.8) 126,79,88]
Based on experimental and computational studies, Denmark et al. developed a new model
based on an autocatalytic pyridine system deviating from the used pyrimidine system in
the Soai reaction. In context to the claim of the demystifying of the asymmetric amplifica-
tion of the autocatalytic Soai reaction, the group showed the negligible role of the second
N-atom in various catalyst-substrate experiments.[?6) According to Denmark et al., the
new pyridine system is in great agreement with the Soai system, comprising a sigmoidal
reaction profile, an increased catalytic rate for the homochiral autocatalyst, autocatalytic
absence with diethylzinc or the missing tri isopropyl silyl substituent and an inversed rate
profile regarding temperature.l26l In further investigation, the group suggested a floor-to-
floor binding model of the transition state of the addition of ¢ProZn and the homochiral
tetramer 26 based on DF'T calculations. As a catalytically active species, a Zn-O tetramer
26 is proposed in which two bonds are replaced by an aromatic pyridine linker (fig. 3.9).
This allows a two-point bonding of the aldehyde substrate in spatially defined floor-to-

floor spacing to unsaturated Zn atoms (see transition state 27). The resulting spatially
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restricted complex allows only selective alkyl transfer, yielding homochiral product alkox-
ide (fig. 3.9). The large asymmetric amplification arises due to a thermodynamic favoring
and a kinetic inhibition of the homochiral tetramer over the meso tetramer 26. The cat-
alytic cycle completes with the dissociation of the alkoxide 25 and a resembling into the

tetramer.[26:91]
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Figure 3.9: Catalytic cycle comprising catalytic active homochiral tetramer 26 according to Denmark et al. displaying
exemplary the formation of the S-enantiomer.[26:90]

In a following research report, Denmark et al. presented consistent structural insight into
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the assumed floor-to-floor model in additional mixed catalyst-substrate experiments as
well as kinetic simulations.[®t) Accordingly, the solubility of the alkynyl substituent, for
example, plays a role in catalyst formation and selective reactivity. In comparative stud-
ies with a fluorine-substituted nicotinaldehyde derivative, dependencies between catalyst
performance and Lewis basicity were found. A lower Lewis basicity thus eliminates inhi-
bition effects and is suggested to explain the superior performance in the Soai reaction
due to the low Lewis basicity of the pyrimidine nitrogen.®!) In the same year, the re-
search group around O. Trapp published a completely different mechanistic approach
which also presents a valid solution in kinetic calculations and mass spectroscopic inves-
tigations on the original reactions system that is consistent with all phenomenons of the

Soai reaction.[7¢l

Hemiacetal-model according to O. Trapp et al.

As previously mentioned Trapp and Co-workers were also involved in mechanistic inves-
tigations to elucidate the mechanism behind the Soai reaction. A flow-injection method
with a multiplexing HPLC®293 was chosen to study the reactions kinetic.[" This method
allows the monitoring of the reaction course by flow-injection analysis in which the reac-
tant and product enantiomers are separated from each other (fig. 3.10).[7694 By changing
the solvent of the mobile phase from THF to IPA, isopropyl hemiacetals could be charac-
[76] Additional, to experimental inves-
tigations with FIA-HPLC-MS, simulations for the Blackmond-model and the Soai-model

terized during the separation of the reaction mixture.

were performed with special computer software using the Runge-Kutta algorithm simulta-
neously. The simulation tool is able to calculate the temporal concentration and selectivity
profiles of the Soai reaction and the dependence of product selectivity and maximum reac-
tion rate on the ee of the catalyst based on experimental investigations of the addition of
Zn(iPr)9 to pyrimidine. The results of the simulations for the literature-known models lead
in part to strongly deviating values, compared with the values determined experimentally,
and suggest vulnerabilities of the postulated mechanisms by Blackmond and Soai.l%) Fur-
thermore, the prolonged induction phase or the temperature dependencel® with respect

to the kinetics remained unexplained by the previously described mechanisms.[776]
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Figure 3.10: Separation of educt (blue) and product enantiomers (red,green) via flow-injection by chiral HPLC
resulting in the concentration vs. time plot displaying the reaction course; modified figure published in
O. Trapp et al., Chem. Eur. J. 2020, 26, 15871.176]

Even the simultaneous mechanism proposed by Denmark et al. which offers an explanation,
is not based on the original system so a transfer of the mechanism to the original Soai
system does not necessarily apply.269991 Due to the demand for further mechanistic
studies, the research continued and placed the observed hemiacetal species in the focus
of interest. Thermodynamic and kinetic data obtained from DHPLC and temperature
dependent 'H NMR spectroscopic studies suggest a favoring of hemiacetal formation at
low temperatures, which is related to the observed acceleration in the Soai reaction at
a decreased temperature.[™® The kinetics obtained in the formation of the hemiacetals
is also consistent with the observed induction phase.["8l Trapp et al., therefore, assume
that a catalytically active Zn-hemiacetal complex transient catalyst is responsible for the
autocatalytic conversion of the pyrimidine aldehyde derivative in the Soai reaction. As in
previously presented models, a statistically distributed homo- and hetero-dimer formation
of the zinc alkoxylate molecules is also assumed, but in addition to the formation of the
catalytic active hemiacetal, resulting from pyrimidine aldehyde and zinc organyl (fig. 3.11).
First simulations of a simplified hemiacetal model were able to predict the experimentally
obtained ee and is close to the experimentally obtained values, concerning the maximum

reaction rate.[% The final proof of a sophisticated mechanism succeeded in subsequent
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studies of Trapp et al.. Based on the previous observation, the kinetic studies using FIA-
HPLC were optimized with regard to undesired side reactions, and it was possible to make
qualitative statements about the influence of different reaction components. An increase
in the reaction rate at high initial concentrations of aldehyde and in an attenuated form,

the same for the catalytic amounts of alcohol was observed.

R_ _N |
T E T
N~

(R,R)-hemi-acetal (S,S)-hemi-acetal

Figure 3.11: Catalytically active substrate attached hemiacetal intermediate in the postulated mechanism elucidated
by Trapp et al.l70].

As a breakthrough success, the ZnOq dimers, as well as the postulated hemiacetals, various
intermediate modifications, and the educts, could be detected by in situ high-resolution
mass spectroscopic reaction tracking at the Orbitrap MS whereby the missing puzzle
pieces of the participating intermediates in the catalytic cycle were identified.["8) The
new insights supported by DFT calculations led to the elaboration of the mechanism for
the Soai reaction based on the formation of hemiacetal structures, according to which
homo- and heterochiral dimers are initially formed by the formation of zinc alcoholate
(fig. 3.12).) In addition to this formation, a simultancous reaction between the zinc
alcoholate and the aldehyde is also possible, resulting in the zinc complexed catalytically
active hemiacetals (fig. 3.11). In further progress, another aldehyde is bound, and the alkyl
is transferred. This formation leads to the creation of new stereo centers, which in turn
creates a distinct chiral environment and a specific deposition of the substrate molecules
used. Thus, increased enantioselectivity can be observed in the following catalytic cycles
(fig. 3.12).[76] The experimentally obtained kinetic profiles for the postulated mechanism
were evaluated by different kinetic models that are implemented in a software program

capable of calculating kinetic reaction profiles by solving the corresponding differential
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equations by a Runge-Kutta algorithm. The calculated kinetics were compared to the

experimental data sets and are found to be in agreement.[7l
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Figure 3.12: Postulated hemiacetal mechanism according to Trapp et al.[70]

Further simulation experiments based on the suggested mechanism were also consistent
with the observed prolonged induction period achieving correct predictions. In addition
to that, Trapp et al. proved that correlation experimentally in doping experiments with
the predicted transient hemiacetal catalyst. The induction period thus was observed to be
decreased by 55 s in a monitored reaction doped with transient catalyst (fig. 3.13). The
elucidation of the mechanism of the Soai reaction leads to new perspectives on applying
acquired knowledge. Since the system of the Soai reaction with its both autocatalytic and
self-amplifying properties is still unique, it is of great interest to develop similar systems.

The following work will deal with the synthesis of potential novel systems comprising
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autocatalytic behavior based on the recently proven hemiacetal mechanism by Trapp et

al. 176l

0 200 400 600 800 1000 1200
t/s -

Figure 3.13: Decreased induction period in doping experiments with transient catalyst in a monitored reaction
course; modified figure published in O. Trapp et al., Chem. Eur. J. 2020, 26, 15871.176]
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The understanding of the mechanism behind the Soai reaction opens up the possibility
for new catalyst designs based on the structural insights of the catalytically active hemi-
acetal species observed as a transient catalyst. In dynamic covalent chemistry, the use
of a hemiacetal formation between aldehydes and alcohols is known. The reversible for-
mation and possible thermodynamic stabilization by metal complexation or the kinetic
effect of neighbor group participation is a useful and regularly applied tool in this field of
chemistry.[96:97) Especially, regulated dual reactivity controlled by ring-chain tautomerism
attracted attention regarding this work. Ring chain-tautomerism is a commonly known
phenomenon for compounds comprising one or more carbonyl groups together with an al-
cohol moiety in organic chemistry. The intramolecular forming of dynamic covalent bonds

results in an equilibrium between an open carbonyl moiety and a cyclic hemiacetal.[7)

On the basis of these given prerequisites, this chapter is directed towards the synthesis
and characterization of potentially novel dynamic biaryl ligands for the Soai reaction. The
target structures are atropisomers bearing chiral information and possessing an aldehyde
group within spatial distance to an alcohol moiety that allows cyclic hemiacetal formation.
In summary, a structure is described that exists in a dynamic equilibrium between an
open-chain aldehyde and cyclic hemiacetal and thus provides the prerequisites to serve as
a substrate as well as a potential ligand in a Soai-like reaction (see 3.14, grey box). The
ring closure to the hemiacetal motif leads to the formation of a newly formed stereocenter
at the a-carbon atom. A system capable of reversible dynamic conversion of an aldehyde to
a hemiacetal, providing stereo information, could comprise catalytic activity immediately
at the beginning of a Zn-mediated alkylation reaction. An induction period, which would
occur in autocatalysis due to the initial progress of the formation of the catalytically active
product, as in the case of the Soai reaction, would thus be bypassed. The presence of a
shifted equilibrium towards the open aldehyde form is an important requirement for the
realization of such a concept since the cyclic closed hemiacetal itself can not participate
in the reaction, due to a lack of the aldehyde moiety. The following chapter is divided
into two parts dealing with the synthesis and subsequent analysis of potential dynamic
structures with the structural motif described above. The first part deals with coumestan-

based systems and the second part with classical biaryl structures. The analysis of the
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structures with regard to their equilibrium and ligating properties decide on their suitable
use in catalytic test reactions, which are subsequently discussed with regard to the obtained

results.

Hemiacetal mechanism by Trapp et al.
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Figure 3.14: Schematic concept towards autocatalytic aldehyde substrates in dynamic equilibrium to a hemiacetal
in context to the elucidated hemiacetal mechanism in the Soai reaction by Trapp et al.[7l
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3.3.1 Coumestan-based Hemiacetal Ligands

In 2016, Tang et al. made an interesting discovery when investigating a new synthetic
pathway to coumestan structures that are known to provide a broad range of biological
activity.[%8] Coumestans belong to the natural substance class of coumarins and consist
of a pyrone ring that is attached to a benzene ring and a benzofurane ring on the other
side.[99 Depending on the derivative, they can exhibit antibacterial, antiviral, antifungal,
or estrogen activity.'9919] Tang and Co-workers described a two-step reaction process via
2,3-bis(2-methoxyphenyl)-3-oxopropanals to the coumestan end products, in which a ring-
chain tautomerization of an intermediate was observed. The intermediate was reported to
be arylbenzo[b|furans, which exists in a temperature-dependent equilibrium between the
open-chain aldehyde and the closed lactol form. Reported NMR studies revealed that by
heating the system to >50°C, only the opened aldehyde form is present (see fig. 3.15).1%

HO o\

0] rt HO
C-O - O
O (¢}
ring-closed hemiacetal opened aldehyde
\]e—m/
> 50°C

Figure 3.15: Structure motif for arylbenzo[b]furans; modified figure according to Tang et al..[%8]

In regard to the hemiacetal-based catalytic mechanism in the Soai reaction described
above, various derivatives of this structural motif should be synthesized on the basis of
the reported synthesis procedure to study the equilibrium and find a potential substrate
that is suitable for an autocatalytic application. Especially, the possibility of controlling
the equilibrium via temperature changes promised a good starting point.

The first part of the synthesis pathway was the preparation of «, [B-epoxyketones in
accordance with Ruan et al.1%¥ with varying residues at the 4’-position of the phenyl

units resulting in eight different compounds. The commercially available starting materi-
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als were converted in an aldol condensation reaction followed by epoxidation to obtain «,

p-epoxyketones in moderate to good yields (see tab. 3.1).

~ ~ R!
o o o o 1. 10% NaOH S0 o
. 9y 2. 30% Hy0,
E1oH O 0O o
R1 R2 1. RT ~
2.0°C R?
R':H, OMe R2: H, Me, OMe, CFg, NO, 34-41

Figure 3.16: Synthesis of «, 3-epoxyketones according to Ruan et al..[104]

Compound R! R? Yield [%)]
34 H H 80
35 H Me 33
36 H OMe 67
37 H CF3 77
38 H NO, 28
39 OMe H 73
40 OMe Me 11
41 OMe OMe 46

Table 3.1: Summarized yields of the synthesis of «, 3-epoxyketones.

In the second synthesis step, the «, S-epoxyketones 34-40 were converted to S-ketoaldehydes,
which serve as precursors for the target compounds. The optimized synthesis according
to Mathew et al.l'9 and Ruan et al.l'%% proceeds in a Meinwald rearrangement induced
by the ring opening of the epoxide by the Lewis acid BF3. The synthesis products 42-49
could be obtained mainly in the enol form, which is in a strongly shifted equilibrium to the
minor [-ketoaldehyde product tautomer. Due to a large number of structurally extremely
similar by-products, proper column chromatographic purification was not possible for the
products 47, 48, and 49. The significant signal for the predominant enol species was
nevertheless evident and confirmed the successful synthesis of these attempts. All other
products were obtained in moderate to satisfactory yields after successful purification (tab.
3.2).
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BF3+Et,0
CH20|2

R': H, OMe
R2: H, Me, OMe, CF3, NO,

Figure 3.17: Synthesis of [-ketoaldehydes in an optimized way in accordance with Ruan et al. and Mathew et

al..1104.105]
Compound R! R? Yield [%]
42 H H 61
43 H Me 33
44 H OMe 47
45 H CF3 41
46 H NOy 28
47 OMe H 58lal
48 OMe Me 422l
49 OMe OMe 38le)

Table 3.2: Summarized yields of the synthesis of 3-ketoaldehydes; [a] referes to crude product.

Bicarbonyls, like S-ketoaldehydes in this case, are generally known to exist in equilibrium
with their enol form.1%] The discussed coumestan precursor structures are 1,3-dicarbonyls
with substituted aryl residues in the 2’- and 3’- positions. This results in nine possible tau-
tomeric forms in equilibrium with each other. If the structure contains a ketone and an
aldehyde moiety (fig. 3.18; keto form I, green), the bonds around the C2 atom are freely
rotatable and a chiral center is present, but its enantiomers cannot be distinguished by
NMR spectroscopy without additional additives. The situation is different for the various
enol forms, which can be formed either by a new double bond between C1 and C2 (fig.
3.18; cis-enol II(**) | red) or one between C2 and C3 (fig. 3.18; cis-enol I11(*), blue) and
subsequent proton transfer. The bonds are now no longer freely rotatable, but a distinction
can be reached between cis- and trans-isomers. Depending on the orientation of the substi-

tuted aryl residues, four different isomers per different enol form (fig. 3.18; enol II**) and
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enol III*¥), red and blue) are possible. With the presence of all nine 'H NMR spectroscop-
ically distinguishable forms, characterization would be extremely challenging. Contrary
to the presented f-ketoaldehyde products described in the literaturel8104 an extremely
shifted equilibrium towards the cis-enols IIT* and IT** was found. NMR analyses revealed
almost exclusive evidence for this cis-enol form, which is easily distinguished from the
other tautomers by its extremely downfield shifted signals. Depending on the substituent,
the conversion between the two cis-enol forms IIT* and IT** is faster or slower so that a
broad signal or a signal split is seen (fig. 3.19). The dominant enol signal is also clearly
visible for substances for which purification and NMR spectroscopic full characterization
were not possible (fig. 3.20). The enolic proton is surrounded by two carbonyls and thus
assumed to be hydrogen bond stabilized. Significant downfield shifted signal values, like
15.28 ppm for 47 up to 15.55 ppm for 47 are also known in the literature for this type of
enols.197 In 1989, Gilli et al. proposed a resonance-assisted hydrogen bonding model in
the enol form of S-diketones related to acetylacetone (acac) based on quantum mechanical
calculations, crystal structure analysis, NMR and IR spectroscopic results.['971 A remark-
ably strong hydrogen bonding of the enols was found, which according to the results is
correlated with the delocalized m-system of the six-membered ring fragment (acacH). The
NMR spectroscopic study of the (-ketoaldehyde coumestan precursors 42-49, confirms
the stability of this fragment through the dominance of the hydrogen bond-stabilized
enol forms. However, in the case of complete electron delocalization and resonance in the
six-membered ring, no signal splittings would be visible, since the protons of II and IIT*
would not be distinguishable. The discussed observation is therefore only partially consis-
tent with the model postulated by Gilli et al., which is not at least due to asymmetry
caused by the different residues in the substances 42-49 compared to the symmetrical
acacH fragment. Especially compounds 44 and 45 with substituents providing a strong
inductive electron-withdrawing effect show a clear splitting of the enol signal. Electron
withdrawing groups lower the electron density in the phenyl unit and increase the asym-
metry around the 1,3-dicarbonyl motif. In this case, as revealed by crystal structures for
symmetric S-dicarbonyls, the enolic proton is not centered between the two carbonyls.[108]
The stability of the hydrogen bond-stabilized enols in the tautomeric equilibrium was

further studied in a time-dependent manner.
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Figure 3.18: Potential structures caused by tautomerism and cis- /trans- isomerization: keto-form | (green), enol-
aldehyde Il (blue), enol-ketone Il (red).

Compound Ratio 1d Ratio 3d Ratio 5d Ratio 7d
42 100 :13:3:2  100R :6:9 1000 : 6 : 2l 1008 : 501
43 100l : 8 : 11 1000 : 7:3 1000 : 7:6 1000 : 6 : 3
45 1002 : 7:20:10 1000l :6:14:2 100R):4:3:1 1000 :4:3:
46 100 : 6:10:4 1000 : 317 ] -]

47 1000 : 21 1002 :1:15:2 100@ :1:13:4 1000 :14:2

114

Table 3.3: Summarized ratios of the tautomeric equilibrium in time-dependent 'H NMR studies in 2 d cycles, wherein
the enol signal is set 100% compared to further observed dominant signals in the aldehyde range; [a]
integrated enol signal set 100%; [l multiple further signals in aldehyde range (integrated < 1%);[**]

assumed decomposition occured.

The analysis only includes all purified §-ketoaldehydes 42, 47, 45, 43 and 46, since the

enol stability of IT** and IIT* was measured on the basis of their relative proportion to

the significant signals of the other tautomeric forms. The proportion was determined in

'H NMR spectroscopic measurements via integral determination of the enol and aldehyde
signals (tab. 3.3; see Appendix 7.1.1 for 'H NMR spectra).
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Figure 3.19: Overview of 1H-NMR spectra of purified 3-ketoaldehydes 42-46; stabilized enol main species 11**/111*
(red); aldehyde enol form Il (blue, except cis-enol [11*¥); keto form | (green); remark: zoomed views of
specific signals are not proportional.

All five compounds were measured in two-day cycles with a maximum of seven days after
which the equilibrium remains in equal ratios. Due to the comparatively low intensities
of the different side species I and III, only the stabilized enol form cis-II** or respec-
tively cis-IIT* could be clearly assigned and characterized (fig. 3.19, 3.20; red). For all
five substances, two signals in the aldehyde range are still clearly recognizable and can be
integrated (fig. 3.19, 3.20; green and blue). One signal splits and is therefore assigned to
enol III (blue). The keto form I (green) is assumed for the remaining predominant single
aldehyde signal. In some measurements, additional signals are present which were also
integrated partly into the summarized table 3.3 if integration was possible due to their
low intensity. An exception is the substance 46 which shows clearly more signals in the
aldehyde region from the beginning. Although stabilization of the enol with respect to the
integral ratios can be observed on day three, decomposition in the NMR was observed
on day five. In compounds 42 and 47, an additional non-assignable aldehyde signal is

observed on day one that vanishes in the measurements afterward (tab. 3.3). The signal
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is suggested for structure trans-III*). For the compounds 43 and 45 no remarkable ad-
ditional signals are observable. The trends of the ratios for these two compounds imply a
conversion from species I over III to II. In summary, all of the structures showed an ex-

traordinary stabilization of the enol tautomer IT** and IIT* over time at room temperature.
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Figure 3.20: Overview of 'H-NMR spectra of unpurified 3-ketoaldehydes 47-49; stabilized enol-ketone main species
Il (red); enol-aldehyde form Il (blue); keto form | (green); remark: zoomed views of specific signals
are not proportional.

The two compounds with the highest (42) and lowest enol proportions (47) after reaching
an equilibrium were subjected to exemplary temperature experiments (fig. 3.22, 3.21).
Thereby, compound 42 was heated up to 40°C and tracked via NMR spectroscopy in
eight cycles over 15 minutes while remaining at this temperature (3.21). The analysis did
not reveal any changes in the existing ratios of enol or aldehyde signals. Furthermore, no
new signals were detected that would have provided an indication of further equilibrium
components that had not been detected at room temperature so far. The only minor
noticeable change is the decreasing signal splitting of the stabilized enol during increasing

time. The higher temperature accelerates the interconversion between the six-membered
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ring enol forms cis-42 IIT* and cis-42 IT**. In a second study, compound 47 was observed
in an increasing temperature profile from 0°C up to 30°C. The temperature was increased
by 5°C in every hour. Again, no changes in aldehyde or enol ratios could be detected.
An extremely clear splitting of the enol signal was achieved by lowering the temperature,

which was not recognizable at previous room temperature measurements.
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Figure 3.21: Temperature-dependant 'H-NMR spectra of 42 at 40°C in eight 15-minute intervals showing time
shifts of enol and aldehyde regions; remark: zoomed signals are not proportional.

Contrary to expectations, the signal splitting also remained after reaching room temper-
ature and values above it. The observed 'memory effect’ in 47 probably results from the
fixation by means of the formed hydrogen bonds in cis-47 IT** and cis-47 IIT*. The inter-
conversion of the two enol forms thus seems to be less temperature-related than following
a temporal component. In subsequent longer time-delayed measurements at room tem-
perature, the splitting disappeared again. In addition, a shift of the enol signal towards
downfield at lower temperatures was well observable. These expected shifts appear char-

acteristically for hydrogen-bonded protons.[199]
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Figure 3.22: Temperature-dependant *H-NMR spectra of 47 with increasing temperature of 5°C in eight intervals
(1 h), showing time shifts of enol and aldehyde regions; remark: zoomed signals are not proportional.

With a longer time frame, at some point, a decomposition process is ongoing for all struc-
tures similar to the early decomposition observation for 46 according to NMR analyses.
The lack of mention of the dominating enol structures for synthesized coumestan precur-
sors in the literature®104 is barely explicable in the context of the presented findings. In
the synthesis procedure described by Mathew et al.l'%) and Ruan et al.'%¥, the methoxy
groups in the S-ketoaldehydes are demethylated by the use of BBrs and can be cyclized by
subsequent attack on the carbonyl groups in an annealing reaction. However, a necessary
prerequisite for a reaction according to this mechanism would be the presence of the keto
form I of the [-ketoaldehydes used or at least a dynamic equilibrium between the tau-
tomeric forms. Due to the fixation of the proton between the two carbonyl functions and
the associated stabilization, it appears difficult to carry out the process according to the
previously postulated mechanism. The exemplary attempt to convert 42 to 50 supports
this theory. The final product 50 of the reduced coumestan structure could be obtained
but in extremely reduced yields of a maximum of 3%, which required enormous amounts of
educt to further proceed. 'H NMR measurements in CDCls at room temperature revealed

that only the ring-opened aldehyde form was present. These findings are again in contrast

43



3 Chapter 1 - Autocatalytic Substrate Design based on the transient catalytically active

Hemiacetal in the Soai Reaction

to the reported results by Tang et al. who described a completely shifted equilibrium only

at temperatures above 50°C.[98l
(0) HO
Y Ho 0
BBr3
= OO — 000
reflux,25h  H ©) H o}
50a 50b

Figure 3.23: Synthesis of coumestan-based hemiacetal 50 in an optimized way in accordance to J. Tang et al..[%

Due to the interrupted synthesis path caused by the unfavorable tautomeric equilibrium
and the unfavorable properties of the target structure exemplarily synthesized, this ap-

proach will not be pursued further.

3.3.2 Biaryl Hemiacetal Ligands

The second approach for a system in a state of equilibrium between aldehyde and hemi-
acetal uses a structural motif that is similar in its functionalities. 2-Hydroxy-2-biarylcarb-
aldehydes with both chemical functionalities in close proximity have the ability to a ring-
chain-tautomerism, an intramolecular six-membered ring closure to their respective lac-
tol. Probably the most famous example of ring-chain tautomerism is found in monosac-
charides, among a number of other tautomer-forming structural motifs that have been
discovered.['19 2-Hydroxy-2-biarylcarbaldehydes also provide, in addition to the structural
possibility of ring closure, just like the reduced coumestan form, a chiral axis. The biarly
structure offers in general a wide variety of possibilities that were stated in literature. In
the open-chain aldehyde form, the biaryls can be tropos or atropos, depending on the sub-
stituents that affect the rotation around the central o-bond.* 1131 In addition, the biaryl
structure enables the formation of naphthyl moieties or cyclic bridging structures.[!14:115]
As in the previous section, the combination of alcohol and aldehyde units allows a po-
tential intramolecular ring closure in the formation of a new stereocenter. Bringmann
and Co-workers gained insight into these 2-hydroxy-2-biarylcarbaldehyde compounds as
precursor structures while finding a way to an atrop-selective preparation of axially chi-

[116] They earlier suggested them as key intermediates in the atrop-selective

117,118]

ral biaryls.

ring-opening of lactones.|
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open aldehyde ring closed hemiacetal

L L

Figure 3.24: Reported dynamic structure motif according to Bringmann and Co-workers.[11]

The described equilibria between opened aldehyde and closed lactol hemiacetal of sub-
stituted 1-(2-hydroxyphenyl)naphthalene-2-carbaldehydes were reported as strongly de-
pendent on their attached substituents.''8119 A complete shift of equilibrium to the
open-chain aldehyde was found in the case of an ortho-aligned substituent (fig.3.24; R;)
to the chiral axis. In the absence of an ortho-substituent (R;) and thus unhindered axis

alignment, the lactol form was predominant.!*19

This section describes the path to the syn-
thesis of 2-hydroxy-2-biarylcarbaldehydes with the aim of studying equilibrium influences
between the possible atrop-isomers and their corresponding intramolecular ring closed
hemiacetal enantiomers. The motif should be adapted with further substituents and also
include heterocycles (fig. 3.25). Large parts of the following summary of results have al-
ready been published by S. Heitsch, L. C. Mayer, Y. L. Pignot, O. Trapp in ’Synthesis
and stereodynamics of intramolecular hemiacetals in biaryl aldehyde-alcohols’, Chirality,

2023; 1-13.1120]

-~ RN (0]
5 0
oo So.

Figure 3.25: Structure motif for biaryl derivatives with potential ring closing undergoing hemiacetal formation.[120]
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The simplest obvious structure based on the motif is a simple unsubstituted biaryl back-
bone. Syntheses by reduction of the corresponding lactone to the shown hemiacetal struc-
ture motif can be found in the literature.121"123] Since the commercial availability of
various lactones is relatively large, which would provide easy access to many substrates
with this motif in a one-step synthesis, this synthetic route was the first to be consid-
ered and investigated. To access the most simple structure of the dynamic motif, 6 H-
benzo[c|chromen-6-one 58 was reduced in a literature-known procedure for lactones to its
corresponding lactols.'21:123] The reduction experiments were based on reported proce-
dures and were further optimized to gain access to the reduced lactol form 59b (tab. 3.4).
Since other lactone structures were used as substrates in the literature, the specifications

were only used as a reference point and were further optimized.

0._0 reduction O+ _OH
(; — ‘1‘

58 59b

Figure 3.26: Reduction attempt of unsubstituted biaryl lactone.

Reducing Agent Solvent Time Temperature [°C] Product
DIBAL-H Toluene 20 min -20 diol
DIBAL-H THF 10 min -20 diol
DIBAL-H THF 20 min -60 diol
DIBAL-H Toluene 20 min -70 diol
DIBAL-H Toluene 10 min -70 diol
NaBH4 THF 1h -20 educt
NaBH4 THF 3h -20 educt
NaBH4 EtOH 3h -10 educt
NaBH4 MeOH 1d r.t. educt
NaBH4 THF 1d r.t. educt

Table 3.4: Reduction attemps of 6H-benzo[c|chromen-6-one 58 to corresponding potential dynamic lactol 6H-
dibenzo[b,d]pyran-6-ol 59.
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In common practice, many reductions of lactones using DIBAL-H to corresponding lactols
are successfully described.2!] Unfortunately, this could not be confirmed for the desired
biaryl structure 59b in various trials. A shortened reaction time, temperature reduction,
and solvent variation all resulted in the further reduced diol form, where a ring opening
occurs at the heterocycle. In this case, the milder reducing agent NaBH, was used in order
to capture the product at the first reduction stage. In further various trials, the desired
product could not be obtained in this way either. In contrast to the first attempts with
DIBAL-H, NaBH, appeared to be too weak as a reducing agent for the biaryl lactone.
After increasing the temperature and the reaction time, only the educt was detected in
five different reaction approaches in THF and MeOH. After the initially failed reduction
attempts, a second route was developed using C-C Suzuki couplings, which also offers
commercially available starting materials and thus makes substrates achievable in a one-
step synthesis (fig.3.27). As a standard, the cross-coupling was tested and optimized under
various conditions, after which the first test in THF was successful with a moderate yield.
The best results were obtained in a solvent mixture of THF, MeOH, and water at 70°C,
with a yield of 65% (tab. 3.5, Entry 6).

o}
Br HO. , OH |
o}
OH
oy U
HO
60 61 59
Figure 3.27: Synthesis pathway for 59.

Entry Solvent Catalyst Base Yield [%]
1 THF:EtOH Pd(PPhgs)4 K,CO3 33
2 THF Pd(PPhs)y NayCOs3 40
3 THF PdCly((PPh)3)2 NayCO3 47
4 THF:MeOH PdCly((PPh)s)a NayCOs3 53
5 THF:H>0 PdCly((PPh)s)s NapCOg3 58
6 THEF": MGOH:HQO PdCIQ((PPh)g)Q Na2003 65

Table 3.5: Optimization of Suzuki coupling reaction towards 59
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Since the structural motif is generally not described in detail in literature and only a
few publications exist that report an equilibrium, the initial observations by Bringmann

et al.119]

were used as a reference point for further investigations. However, the synthe-
sis pathway was adapted in a different more simple way from Bringmann et al.1*9 and
achieved also via a Suzuki coupling yielding 66. The aldehyde halogenide precursor 64 to
be coupled was prepared in a two-step literature-known synthesis process, starting from
a-tetralone (fig. 3.28).1124125] The same synthesis parameters that gave the best results for
the unsubstituted biaryl structure resulted in only 35% yield for the Bringmann structure
(see 3.5, entry 7). By varying the reaction parameters analogous exemplary shown for 59
(see tab.3.5), the yield could be increased to 54% (fig. 3.28). The aldehyde halide precursor
64 was again used for a 2’-position Cl-substituted derivative 65 of the Bringmann lactol

which was obtained in 81% yield after optimization of the reactions conditions (fig. 3.28).

L,
h'( %

1.0°C, 1h Br 1.180°C, 25min

2.90°C, 1h
62 63

64
i) OH
e

66

Figure 3.28: Synthesis pathway for 65 and 66; i) (2-chloro-6-hydroxyphenyl)boronic acid, NaxCO3, Pd(PPh3)s,
DME/H,0, 80°C, 24h; ii) (2-hydroxyphenyl)boronic acid, NaCO3, Pd(PPh3)>Cl,, THF/MeOH/H>0,
70°C, 24h;

To compare the dynamically unsubstituted biaryl 59 and the single naphthyl-based back-
bone structures 66 and 65, a sterically demanding binaphthalene scaffold 69 as well as
a Cl-substituted biaryl 72 should still be realized synthetically. A synthesis route for the

binaphthyl derivative 69 is described by Martinez et al..!'26]
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& OH p-TsOH OH
o O _—
= OH Toluene =0
X 140°C, 5 days OO
68

69

67

Figure 3.29: Synthesis pathway for 69 according to Martinez et al.; i) 1. Et2O, toluene, Li, 0°C, 24h; 2. DMF,
-78°C, 2h; 3. r.t., 15h.[120]

However, there are no references in the publication to an investigation of the dynamics of
the hydroxy aldehyde structural motif. The synthesis approach starts from commercially
available BINOL 67 that is transferred in a ring-closed furane intermediate 68. Subse-
quently, the aldehyde function was introduced by a lithium-mediated ring-opening using
dimethylformamide (fig. 3.29). The final product 69 was obtained in satisfactory yields
analogous to Martinez et al..'26l NMR spectroscopic analysis in chloroform showed no
visible dynamics at room temperature for all four synthesized structures 59, 66, 65 and
69. In the spectrum, either only the open aldehyde or the closed hemiacetal form was
present (tab. 3.6; fig. 3.30). Closed hemiacetal form and opened aldehyde form can be
easily distinguished by their characteristic signals of the lactol or aldehyde proton in the
NMR spectrum (fig. 3.30).

Structure Aldehyde Hemiacetal Ratio Main Specie [%]
59 - v 100
66 - v 100
65 v - 100
69 v - 100

Table 3.6: Present species detected via NMR spectroscopy in CDCl3 at room temperature.

Bringmann’s observation and prediction of a dominant lactol form for the unsubstituted
mono naphthalene scaffold 66 could be confirmed '"H NMR spectroscopically in deuter-
ated chloroform.'9 More than that, this form was observed exclusively in the present
measurements. For the two synthesis products with sterically more demanding residues

and hindered axis rotation 69 and 65, only the opened aldehyde form was detected. The
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unsubstituted biaryl structure 59 with the most freely rotatable axis was present as ex-
pected in the form of a hemiacetal. It is interesting to note that the 2’-substitution with C1
in the case of mono-naphthalene structure 65 impairs the rotation around the axis to such
an extent that only the aldehyde can be detected compared to the unsubstituted hemiac-
etal 66. Equilibrium shifts associated with structural change are typically often strongly
dependent on the solvent chosen, as these can stabilize different structural properties in

different ways.

2
15 18,1, n
20 17
Mi10619 3
2
1
105 100 o5 50 55 50 75 s _770 65 60 ss s0 s
7
1,2,13/14/15,
8
7
6 16 3 H\
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105 100 95 %0 85 8.0 7.5 N 7?0 . 65 60 55 50 45
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8 14
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Figure 3.30: 'H-NMR spectra in CDCl3 of 59 to 65 at room temperature; remark: signals for compound 59 are not
assigned due to remaining impurities after column chromatography, signals in the aldehyde range are
associated with aldehyde educt of 59.
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The solubility and acidity of the solvent can also be decisive for the equilibrium distribution.!*'?!
For this reason, "H-NMR spectra were recorded for all four compounds 69, 66, 65, and 59
in five additional solvents at room temperature. Potential ratios between open aldehyde
(A) and closed hemiacetal (H) were determined by the characteristic proton signals for
these functionalities (tab. 3.7). All compounds remained exclusively stable in their favored
form as previously detected in CDCls independent of the chosen solvent. The result is sur-
prising since some of the deuterated solvents selected show significant differences in their

polarity and acidity.

Solvent /Substance 69 66 65 59
Acetone-dg A H A H
DMSO-dg A H A H
THF-dg A H A H
DCM-ds A H A H
Toluene-dg A H A H

Table 3.7: 'H-NMR spectroscopic detected aldehyde (A) and hemiacetal (H) proton signals for synthesized com-
pounds, solely favoring one formation.

Supplementary to the synthesized structures 59-69, it would be interesting to investigate
the Cl-substituted biaryl structure to be present exclusively in open aldehyde form or
potentially detectable in an equilibrium. Several attempts have been made to access the
Cl-substituted biaryl 72 wvia Suzuki coupling. Surprisingly, the coupling did not succeed
in various implementations (fig. 3.31, tab. 3.8), since the biaryl 72 was supposed to be
sterically less demanding than the corresponding mono naphthalene backbone 65, which
could be synthesized well via a Suzuki coupling after optimization. A side reaction of the
boronic acid halide with itself, which prevents a successful coupling, would be possible but
rather unlikely as the Cl- reactivity is estimated to be lower in comparison to the Br-site.
However, since the reaction to the mono naphthalene-based structure was also carried out
with the latter and no interfering side reaction was observed, a different reactivity of the

halide derivative to be coupled is assumed.

The enantiomers of the four successfully synthesized structures were subsequently analyzed
by HPLC-MS and characterized by mass trace (fig. 3.32). All enantiomers could be visibly
separated by analytical HPLC. In the course of screening for columns with different chiral

selectors and solvent ratios, 69 could also be separated semi-preparatively. The retention
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Br H HO. ,-OH |
OH

@Ao +  Cls i OH as O
cl ‘

70 7 72

Figure 3.31: Synthesis attempt for compound 72.

Entry Solvent Catalyst Base Yield [%]
1 THF:MeOH PdClQ((PPh)g)Q KQCOg -
2 DMF Pd(PPhs), NayCO3 -
3 THF:EtOH PdCly((PPh)3)a CsOH -
4 THF:EtOH:H,0 PdCly((PPh)3)2 NEts -
5 THF:EtOH:H,0 Pd(PPhj), NEt3 -
5 THF:EtOH:H,0 Pd(PPhg)4 NaOH -
6 DMF PdCly((PPh)3), NEt3 -
7 THEF: MGOHIHQO PdClQ((PPh)g)Q NaQCO;g -
8 THF: MeOH:H,0 Pd(PPh;), NEt; -
9 THF: MeOH:H,0 Pd(PPhj), NaOH -
10 DME: MeOH:H,0 PdCly((PPh)3)s NaOH -

Table 3.8: Optimization of Suzuki coupling reaction towards 72

times of the other enantiomers measured were too close in time on the available semi-
preparative columns, so that no preparative separation was possible. Since all compounds
are biaryls, the rotation barriers were investigated by dynamic HPLC measurements. At
room temperature, no plateau formation was observed for any compound, implying no
conversion of one enantiomer into the other. The given set allows measurements up to
80°C depending on the solvent and the respective column used. Even temperatures up to
this limit did not result in any observable plateau formation. The barriers for synthesized
structures 69, 66, 65, and 59 are thus above what can be determined in the applied
setup and can therefore be classified as relatively high. The relatively high barrier for 59
is surprising because of the completely free axis due to no existing substitutes. For the
remaining compounds, higher barrier values were rather expected, as the backbone around

the axis is sterically quite demanding.

Even though the synthesized structures do not meet the requirement of a dynamically
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69 59 65 66
14.1 173 205 43 47 541 55 85 93 101 109 48 52 56
tz [min] tg [min] tz [min] tz [min]

Figure 3.32: Overview of enantiomer separation at room temperature using HPLC (left to right); 69 (CHIRALPAK
IC, n-hexanes 90: IPA 10); 59 (CHIRALPAK IA, n-hexanes 80: IPA 20); 65 (CHIRALPAK IC, n-hexanes
80: IPA 20); 66 (CHIRALPAK IC, n-hexanes 80: IPA 20) .

distributed equilibrium between hemiacetal and aldehyde, but are completely shifted to
one of the two sides, initial catalytic tests are being carried out. The aim is to determine
whether the aldehydes of the structural motifs are suitable alkylation substrates without
a catalyst at all. An alkylation of benzaldehyde with diethylzinc at room temperature, for
example, is not possible without a catalyst.'2”) The absence of an initial catalyst is, of
course, a prerequisite for an autocatalytic substrate, which would make such a scenario
an exclusion criterion for further investigations of this initial structure motif. In order
to investigate the alkylation properties of the two open-chain aldehyde structures, test
reactions were carried out with three different diorganozinc reagents each in slight excess
(1.20 equiv.) in toluene at room temperature. Samples of the test reactions were taken
from the reaction solution, quenched, and then prepared in a mini-workup in GC vials
for subsequent analysis by HPLC-MS (fig. 3.33). The solvent toluene must be removed
after the mini workup, as its UV absorption maximum is at 210 nm which corresponds to
the same UV absorption range as the alkylated product. Due to the high signal intensity
of toluene, the alkylated product would no longer be detectable or only detectable to a
very small extent. The first samples were taken after a reaction time of 6 h and after no
product was detectable, extended to 12 h and 24 h (tab. 3.9). By means of HPLC-MS, no
conversion was detectable in all cases with the various diorganozinc reagents for any of

the aldehyde structures 69 and 65.
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Figure 3.33: Sample preparation of catalytic test reactions with diorganozinc reagents for HPLC-MS analysis.
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Figure 3.34: Diorganozink alkylation reaction scheme for 69 and 65

However, traces of the respective products could be detected in the samples taken after
12 h as well as 24 h in a high-resolution mass spectrometer. The reactivity with respect to
zinc alkylation reactions thus appears to be too low for those two synthesized structures.
The remaining compounds possessing the equilibrium on the hemiacetal side, are not
suitable as an alkylation substrate due to lack of an aldehyde moiety. However, the ligand
properties of the hemiacetal motifs can be investigated. The fact that benzaldehyde, as
already mentioned, does not show an alkylation reaction with diorganozinc reagents at
room temperature in toluene and that it is only possible with the aid of a suitable catalyst,
makes the substrate an ideal test candidate for the hemiacetal ligands. Oguni et al. were
able to record the first successes in the alkylation of benzaldehyde with diethylzinc using L-
leucinol.l'”) Since the choice of the zinc reagent is significantly influenced by the substrate

and, as in the case of the Soai reaction for example, is limited to only one specific one, tests
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Structure Time Dimethylzinc Diethylzinc Diisopropylzinc
6h X X X
69 12h X X X
24h X X X
6h X X X
65 12h X X X
24h X X X

Table 3.9: Diorganozink alkylation attempts of 69 and 65; x = no product detection in HPLC-MS analysis.

should again be carried out with different alkyl residues. Stock solutions of the hemiacetal
compounds 66 and 59 were prepared in degassed toluene, which were then added to
the reaction vessel charged with degassed toluene and organozinc reagent (1.20 equiv.).
The reaction was then started by adding the substrate benzaldehyde. Aliquots were then
taken from the test reactions and analyzed by HPLC-MS. Since the enantiomers of the
two hemiacetals 66 and 59 could not be separated preparatively with the given resources,
they were applied racemically. Spontaneous alignment causing potential enantioselectivity
is also not possible due to the high energy barrier at room temperature, as shown by
the previous temperature measurements. The focus is therefore rather on observing a
successful reaction that can be mediated by the hemiacetal ligand. An enantioselectivity

is not expected.

0 R. 0.05 equiv Oi—l
SR gon
R Toluene
rt.
R Yield [%] Enantiomeric Ratio

Me 61 50:50
Et 89 49:51
iPr 72 49:51

Table 3.10: Alkylation test reactions with the substrate benzaldehyde for the ligand system 66.

As expected, the product alcohol was obtained racemic in moderate for dimethylzinc
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R. 0.05 equiv N
H o+ 40 S
@ R Toluene | P
r.t.
R Yield [%] Enantiomeric Ratio
Me 42 52:48
Et 82 49:51
iPr 79 50:50

Table 3.11: Alkylation test reactions with the substrate benzaldehyde for the ligand system 59.

and good yields for diethylzinc and diisopropylzinc (tab. 3.10 and 3.11). The obtained
hemiacetal structures are therefore particularly suitable for the addition of diethylzinc or
diisopropylzinc to carbonyl groups with good ligating properties, which can be assumed

from the obtained yield.

After the first spectroscopic observations of the presented structures 69, 66, 65 and 59,
the idea of forced steric proximity of the aldehyde and alcohol moiety by a modified back-
bone was pursued in the case of the binaphthyl scaffold 69. In order to facilitate the
equilibrium to a hemiacetal structure and change the reactivity, this approach relies on
an electron-repelling backbone to reduce the angle between the functional groups. The
phenomenon of dihedral angular narrowing between the aromatic faces is already known
for the phosphorus ligand SEGPHOS, which opened up a whole ligand class for transition
metal catalysts.[128129] The initiator for the angle modification are two electron-rich benzo-
dioxole moieties which are part of the biaryl backbone. For the realization of such a system,
as successfully implemented for 69, the methodology of Martinez et al.126l was considered
for the decisive step to the final product 77. The furan 76 required for this purpose was
obtained in good yield in a three-step synthesis pathway based on literature-known synthe-

[130,131]

sis procedures starting from sesamol 73 (fig. 3.35) The final step after a previously

successful method could not be realized for the SEGPHOS-related ligand system 77.

Due to the low reactivity of the synthesized aldehydes 69 and 65 in initial test reactions
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Figure 3.35: Synthesis pathway towards 2-hydroxy-2-biarylcarbaldehyde 77, with the idea of a SEGPHOS derived
backbonell28.129] partial synthesis procedures according to Martinez et al[126], Delogu et al.131 and
Jeganmohan et al.[130],

similar to benzaldehyde, the focus of further work will be on heterocyclic compounds with
the same structural motif. Compared to benzaldehyde alkylations, a much higher reactivity
is known from alkylations with pyridines and pyrimidine derivatives, as shown for the Soai
reaction.26:96] In addition, the comparison of the energetic rotational barrier discovered
for the Soai hemiacetal intermediates is thematically relevant and will be investigated.
Due to easy accessibility, an attempt was made to prepare four biaryl compounds with a
pyridine heterocycle included in the system. The position of the nitrogen atom should be
in the meta position as known from successful pyridine aldehyde alkylations and unusual

in the ortho position.

The compounds 78 and 79 were successfully obtained by the proven method of Suzuki
coupling. Optimization and adjustment of the synthesis parameters resulted in a maximum
yield of 36% for 78 and 68% for 79 (fig. 3.36). In particular, changing the solvent to a
mixture of DME, EtOH, and water (2:1:1) resulted in a significant increase of the yields.
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Figure 3.36: Synthesis pathway for 78, 79 and 83; i) NaxCO3, (2-formylphenyl)boronic acid, Pd(PPh3),Cly, THF,
MeOH, 70°C, 24h.

Compound 78 was for example not realizable in a classic THF/MeOH solvent mixture
at all. Under identical reaction conditions, the yields for the nicotinaldehyde-based ligand
79 with the nitrogen at the 4’-position (meta-position) in the heterocycle are significantly
higher compared to the ligand 78. In addition to the influence of the position of the
hetero atom on the halogen leaving group, a slightly poorer solubility of the halogen
educt 80 could also be observed, which is a possible reason for the lower yield. The
findings persisted in the further syntheses of both heterocycles with a strongly electron-
withdrawing substituent in the para-position on the lower alcohol-substituted ring. The
synthesis of 83 was carried out with the same parameters as used before resulting in 61%
yield. The picoline aldehyde derivative 82, on the other hand, could not be detected by
mass spectroscopy or NMR spectroscopy under the same conditions. Further attempts were
performed to obtain the desired structure. In particular, the base, solvent, and catalyst
loading were varied. With the bases LiCl and CsOH in DMF, the product could be detected
in HR-mass spectrometry but was not detectable NMR spectroscopically after workup and
purification. No discernible reason for the failure is apparent, but the reactivity difference

between the picolinaldehyde and nicotinaldehyde derivatives is obviously remarkable.

The three successfully synthesized compounds 78, 79, and 83 were investigated by 'H
NMR spectroscopy, as previously for the other compounds. Different deuterated solvents

are also used to study their dependence on a potential equilibrium. In the first measure-
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Figure 3.37: 'H-NMR spectra in CDCl3 at room temperature of 66 to 83.

ments with CDCls, only the hemiacetal form was observed for all three compounds (fig.
3.37). As before, this trend continued for measurements in other deuterated solvents. The
hemiacetal of 78, 79, and 83 remained stable and no interconversion to the aldehyde

could be detected independent to the used solvent (tab. 3.12).

The nicotinaldehyde derivatives 79 and 83 were separated by analytical HPLC-MS at
room temperature (fig. 3.38). In both cases, a plateau formation can be recognized, which
demonstrates a conversion at room temperature. The plateau formation of the compound
with the trifluoromethyl residue in para-position to the axis at the lower ring is more
intense. For the picolinaldehyde derivative 78, only a broad signal can be detected at room

temperature. It was immediately apparent that the enantiomeric signals merge into each
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Solvent /Substance 78 79 83
CDCl3 H H H
Acetone-dg H H H
DMSO-dg H H H
THF-dg H H H
DCM-dy H H H
Toluene-dg H H H

Table 3.12: 'H-NMR spectroscopic detected aldehyde (A) and hemiacetal (H) proton signals for synthesized com-

pounds 78, 79, and 83.

other through rapid interconversion

(132 gince the product could be clearly characterized

by NMR analyis. By lowering the temperature in the setup used to a minimum of 0°C,

the enantiomeric pair could be visualized without a complete peak coalescence (fig. 3.38).

The interconversion at 0°C is nevertheless still remarkably high. The rate constant k; was

determined to be 4.9-10 s for compound 78 with a barrier of AG* = 78.8 kJ-mol!.
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Figure 3.38: Overview of enantiomer separation at room temperature using HPLC; a) room temperature analysis
for 79 (CHIRALPAK IA, n-hexanes 80 : IPA 20) and 83 (CHIRALPAK IA, n-hexanes 95 : IPA 5) ; b) fast
interconverting 78 at room temperature and possible visual separation at 0°C (Chiralpak IA, n-hexanes

80 : IPA 20)

The setup for dynamic HPLC measurements allows temperature-dependent measurements

in a range from 0-80°C. The nicotinaldehyde derivatives 79 and 83 showed conversion at
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room temperature and fit perfectly in the feasible range to determine their rotational
barrier AG* and the activation parameters AHY and AS* by Eyring-Plot analysis. The
temperature measurement series of 79 and 83 show an increase in the plateau between
the two enantiomeric peaks during the course of the temperature rise, which converges to
a broad peak since at this individual temperature point the interconversion is occurring at
such a rapid rate that it is no longer possible to distinguish between the individual enan-
tiomers. The data of these chromatographic peak profiles (fig. 3.39 and 3.40) are applied
to the unified equation for dynamic chromatography*33 to produce the enantiomerization

rate constants k; under usage of the software DCXplorer.[!34
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Figure 3.39: Temperature-dependant DHPLC measurement of 79 between 0-35°C; CHIRALPAK |A, n-hexanes 75 :
IPA 25.

The obtained values for the rate constant k; now allow the Eyring plot. With the linear
regression of the plot, the interconversion barrier AG* and the activation parameters AH?,
and AS* were determined (fig. 3.41). For the linear regression, three data sets of each tem-
perature were considered. The Eyring plot of compound 83 resulted in AG* = 85.0 kJ-mol™!
for the barrier energy and AHY = 33.2+3 kJ-mol'! and ASt = -174496 kJ-mol! for the
activation parameters in a temperature range between 4 - 40°C. For compound 79 the
enantiomerization barrier was determined to be AG* = 86.4 kJ-mol™ and the activation

parameters AHF = 47.243 kJ-mol™! and ASt = -1324+22 kJ-mol'! in a temperature range
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