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für die Übernahme des Prüfungsvorsitzes, sowie Prof.Dr. Dirk Zahn für seine Arbeit als

Zweitprüfer.
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Zusammenfassung

Ziel dieser Arbeit ist es, durch Einsatz computerchemischer Methodik, Einblicke in

den Verlauf und Ausgang stereoselektiver organokatalytischer Reaktionen zu erhalten.

Besonderes Augenmerk wird auf die Beschreibung bis dato nicht literaturbekannter

Reaktionsmechanismen und Vorhersagen über die Stereoselektivität der entsprechenden

Reaktionen im Experiment gelegt. Alle Untersuchungen Zielen auf eine experimentelle

Umsetzung ab und werden durch eigene experimentelle Ergebnisse oder Ergebnisse aus

der laufenden Forschung gestützt.

Die Methoden die in dieser Arbeit besprochen werden sind zum größten Teil quan-

tenmechanische Methoden, darunter die Anwendung von Dichtefunktionaltheorie, post-

Hartree-Fock ab initio Methoden und semiempirischer Quantenmechanik. Desweiteren

wurden Methoden basierend auf Newtonscher Mechanik (Molekülmechanik) sowie auf

Basis von Reaktionskinetik verwendet.

Der erste Teil der Arbeit umfasst eine umfangreiche Studie über die Genauigkeit

der zur Verfügung stehenden quantenmechanischen Methoden im Hinblick auf die En-

ergiebarrieredifferenzen zwischen diastereomeren Überganszuständen. Diese Größe ist

von besonderer Bedeutung, da sie die Grundlage zur Vorhersage von Enantiomer- und

Diastereomerverteilungen ist.

Da hierfür schon Energieunterschiede von weniger als einer kcal/mol zu deutlichen

qualitativen Unterschieden in der vorhergesagten Produktverteilung führen können,

können nur Methoden als zuverlässig gelten, welche einen geringeren Fehler als einer

kcal/mol erwarten lassen.

Als Referenzenergien wurden post-Hartree Fock ab initio Daten verwendet, die sich

dadurch auszeichnen, dass sie, durch explizite Korrelation,systematisch bis zur Konvergenz

der Ergebnisse erweiterbar sind. Es stellte sich heraus, dass Experimentaldaten sich nur

bedingt als Referenz eignen, da schlechte Vorhersagen selten veröffentlicht werden, aber

für die Beurteilung essentiell sind

Es kann gezeigt werden, dass post-Hartree Fock ab initio Methoden bei systematis-

cher Erweiterung früh zum Erreichen von Konvergenz in der Referenzenergie führen.

Die Ergebnisse lassen sich mit den meisten Dichtefunktionaltheoriemethoden qualitativ

reproduzieren. Um Energien quantitativ korrekt zu reproduzieren, sollten moderne

dispersionskorrigierte DFT Methoden mit großem Basissatz verwendet werden. In vielen

Fällen ist dann eine genaue Beschreibung von Strukturen und Energien der relevanten

Übergangszustände auf einem Niveau möglich, dass zur quantitativen Vorhersage von
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Diastereomer- und Enantiomerverhältnissen ausreicht.

Im zweiten Teil der Arbeit wurde der Reaktionsmechanismus der Organosilizium

katalysierten diastereoselektiven 1,3-dipolare Cycloaddition zwischen Hydrazonen und

Cyclopentadien anhand von DFT Modellreaktionen untersucht. Im Gegensatz zum bis

dato vorgeschlagenem Mechanismus, welcher Lewis-saure Katalyse durch undissoizierte

Siliziumverbindungen wie (SiCl4 oder TMSOTf) vorschlägt, lässt sich aus der DFT-

Studie ein Kation-katalysierter Mechanismus ableiten. Die Modellierung des Mechanis-

mus legt eine Rektion über Silizium-Kation–Hydrazonaddukte nahe. Man kann darauf

schließen, dass potenziell katalytisch aktive Siliziumverbindungen eine gute Abgangs-

gruppe aufweisen sollten. Experimentelle Untersuchungen im Arbeitskreis konnten diese

Vorhersage bestätigen. Ausgehend von der Modellrektion wurden Voraussetzungen für

einen potentiell enantioselektiven Katalysator abgeleitet.

Im dritten Teil der Arbeit wurden autokatalytisch-organokatalytische Reaktionen

untersucht. Ausgehend von einem literaturbekanntem Modell für autokatalytisch-metall-

katalytische Reaktionen wurden realitätsnahe Modelle entwickelt, die autokatalytische

Amplifikation in autokatalytisch-organokatalytischen Reaktionen erlauben. Ziel dieser

Studie ist nötigen Voraussetzungen für autokatalytische Amplifikation zu beschreiben.

Bisher sind lediglich autokatalitisch-organokatalytische Reaktionen bekannt, in denen es

zu einem negativen nichtlinearen Effekt, also einer effektiven Enantiomerabreicherung

während der Reaktion kommt.

Die entsprechenden Reaktionsnetzwerke wurden in einem Reaktionskinetikmodell

beschrieben, welches durch schrittweise Integration der Ratengleichungen gelöst wurde.

Aus den Modellen kann abgeleitet werden, dass sich Amplifikation in organo-autokataly-

tischen Reaktionen durch eine effektive Anreicherung des katalytisch aktiven Produktes

der Reaktion erzielen lässt.

Um das zu erreichen wird vorgeschlagen, di- oder oligomerisierbare Reaktionsprodukte

zu verwenden. Während in den bisherigen Modellen die Bildung stabiler Heterodimere als

nötige Grundlage angenommen wird, können wir zeigen, dass die Dimerbildung allein für

enatioselektive Apmplifikation ausreichen kann und auch Systeme die stabile Homodimere

bilden potenziell die gewünschte Aktivität zeigen können. Es ist möglich, dass einige

literaturbekannte Reaktionen, die eher geringe positive nichtlineare Effekte aufzeigen,

nach dem Homodimer-Modell reagieren

An Systemen, die die vorhergesagten Eigenschaften im Experiment aufweisen wird

momentan weitergeforscht.
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Der vierte Teil der Arbeit befasst sich mit experimentellen und Quantenmechanischen

Untersuchungen an einer Aldoladditions-Reaktion, welche spontane Bildung von Enan-

tiomerenüberschüssen aufweist. Ziel der Untersuchung war zum Einen, zu klären ob

diese Reaktion eine Amplifikation von Enantioselektivität erlaubt, und zum Anderen die

Gründe für das spontane Auftreten eines Enantiomerenüberschusses zu finden.

Im experimentellen Ansatz konnte in wenigen Fällen eine Amplifikation des vorhan-

denen Enantiomerenüberschusses beobachtet werden, allerdings kann dieser lediglich

dissoziativen Reaktionsschritten zugeordnet werden kann, und scheint daher nicht syn-

thetisch nutzbar zu sein.

Aus quantenmechanischen Untersuchungen zum Reaktionsmechanismus und Rönt-

genkristallstrukturuntersuchungen am Reaktionsprodukt lässt sich ableiten, dass im

vorliegenden Fall Produktdimer-Katalyse allein nicht ausreicht um das beobachtete

spontane Auftreten eines Enantiomerenüberschusses zu erklären.

Die Auswertung der Kristallstrukturanalyse zeigt, dass die vorgeschlagenen Produkt-

Produkt Wechselwirkung zwar vorhanden sind, sich aber im Kristall, und daher mit

größter Wahrscheinlichkeit auch an der Kristalloberfläche deutlich von den Modellwech-

selwirkungen unterscheiden.

Die Untersuchung an vergleichbaren Reaktionen sollte daher in Zukunft auch auf

mindestens Produkt-Oligomere ausgeweitet werden.
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Summary

The aim of this work is the application of computational chemical methods, in order to

gain insight into the process and products of stereoselective organocatalytic reactions.

Special attention is paid to the description of up-to-date literature unknown reactions

and predictions of the stereoselectivity of the corresponding experimental reactions. All

investigations have the goal of experimental realization and are supported by experimental

findings obtained in this work or in other current research projects. The approaches

discussed in this work are predominantly quantum mechanical methods, including density

functional methods, post-Hartree Fock ab initio methods and semiempirical quantum

mechanical methods. Newton mechanical methods (molecular mechanics) and reaction

kinetics based methods were also applied.

The first part of this work comprises a comprehensive assessment of accuracy of the

available quantum mechanical methods in respect to the energy-barrier differences of pairs

of diastereomeric transition states. This energy difference is of paramount importance in

the prediction of enantiomeric and diastereomeric product distributions. Since energy

differences below one kcal/mol can lead to qualitatively decisive differences in predicted

product distributions, only methods allowing a smaller error than one kcal/mol can be

looked upon as accurate. Post-Hartree Fock ab initio methods were used to generate

accurate reference energies, as they can be systematically improved until their results con-

verge. Experimental results proved to be a poor reference, since poorly predicted results

are least likely to be published, but vital for the assessment process. We were able to show

that the reference energies of post-Hartree Fock ab initio methods rapidly converge upon

systematic improvement. The benchmark results are qualitatively reproducible with most

density functional theory (DFT) methods. In order to reproduce the benchmark results

quantitatively correctly, modern dispersion corrected DFT methods should be employed

in combination with an extended basis set. In many cases, an accurate description of

structures and energies of the transition states is possible on an adequate level for the

quantitative prediction of enantiomer and diastereomer distributions.

In the second part of this work, the reaction mechanism of the organo-silicon catalyzed

diastereoselective 1,3-dipolar cycloadditions between hydrazones and cyclopentadiene is

studied in a DFT model. In contrast to the previously assumed mechanism via Lewis

acidic catalysis by the undissociated silicon compound, according to the DFT study, a

silicon cation catalyzed mechanism seems most likely. The modeling of the mechanism
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allows the conclusion that the reactions proceed via a silicon cationhydrazone adduct.

Concluding, potentially active silicon compounds should carry a good leaving group,

as was confirmed by experimental studies in our group. Based on the model reaction,

prerequisites for potential enantioselective catalysts were concluded.

In the third part of this work, autocatalytic organo-catalytic reactions are studied.

Starting from a literature known model for autocatalytic metal-catalytic reactions, re-

alistic models that allow autocatalytic amplification in autocatalytic organocatalytic

reactions are developed. The aim of this study is to describe the necessary prerequisites

that result in autocatalytic amplification. Up to date, only examples which show an

effective depletion of enantioselectiviy in organocatalytic autocatalytic reactions, a so

called negative non-linear effect, are known. The reaction networks were described by a

reaction kinetic model, which was solved by stepwise integration of the rate equations.

We conclude from the models studied that amplification in organo- and autocatalytic

reaction systems can only be achieved by an effective accumulation of the catalytically

active product. In order to comply, reactions that allow the formation of product dimers

or oligomers are proposed to be employed. While preceding studies concluded that the

formation of stable homodimers is necessary, we were able to show that the formation of

any dimers can also be sufficient and that the formation of stable homodimers can also

lead to enantiomeric amplification. It is possible that some literature known reactions

that show only weak positive linear effects react according to the latter model. Research

on systems with the predicted properties is being continued.

The fourth part of this work aims at the experimental and quantum mechanical

description of aldol reactions, which allow the spontaneous formation of enantiomeric

excesses in experiments. The aim of the study is to clarify if this model reaction allows

amplification of enatioselectivity and to find the driving force towards the spontaneous

formation of enantiomeric excess. In the experimental approach, an amplification of

an initial enantiomeric excess was observed in few cases, but can only be attributed to

dissociative processes, which cannot be exploited synthetically. Quantum mechanical

studies on the reaction mechanism and X-ray crystallographic studies allow the conclusion

that in the current case, product dimer catalysis alone is not sufficient to explain

the experimental finding of spontaneous occurrence of enantiomeric excesses. The

crystallographic study showed that the proposed product-product interaction schemes

are present, but significantly differ from the modeled structures. We can conclude that

especially in oligomers, in crystals and on their surface, interactions differ significantly
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from the model system. Future studies on these reactions should therefore comprise at

least product oligomers.

XVII





Contents

Danksagung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VII

Zusammenfassung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XI

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XV

1 Introduction 1

1.1 Enantioselective organocatalysis . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.2 Recent developments . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Computation of molecular properties . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Quantum mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Molecular mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.3 Aims and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Assessment of ab initio and density functional theory approaches 17

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.1 From computed data to experiment . . . . . . . . . . . . . . . . . 17

2.1.2 Reliable ab initio transition state energies . . . . . . . . . . . . . . 18

2.1.3 Reference energies . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.4 Computational approach . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Aims and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.1 The benchmark set . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.2 DFT optimized geometries . . . . . . . . . . . . . . . . . . . . . . 24

2.3.3 Applicability of post-HF methods . . . . . . . . . . . . . . . . . . . 26

2.3.4 Applicable approach to the estimation of transition state energy

differences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3.5 MP2 single points on DFT geometries . . . . . . . . . . . . . . . . 36

2.3.6 DFT methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.3.7 Semiempirical Methods . . . . . . . . . . . . . . . . . . . . . . . . 41

2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

XIX



2.5 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3 The Lewis acid catalyzed (3+2)-cycloaddition 45

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1.1 (3+2)-cycloadditions . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1.2 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.1.3 Aims of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.2.1 The uncatalyzed model reaction . . . . . . . . . . . . . . . . . . . 50

3.2.2 The SiCl4 catalyzed reaction . . . . . . . . . . . . . . . . . . . . . 51

3.2.3 TMSOTf as catalyst . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.2.4 The SiCl+3 catalyzed reaction . . . . . . . . . . . . . . . . . . . . . 64

3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.4 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.4.1 A chiral variant of the 1,3-dipolar cycloaddition . . . . . . . . . . . 69

4 Organo- and autocatalytic reactions 71

4.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.1.1 Enantioselective synthesis . . . . . . . . . . . . . . . . . . . . . . . 71

4.1.2 Enantioselective autocatalytic reactions . . . . . . . . . . . . . . . 73

4.1.3 Autocatalytic amplification and the Soai reaction . . . . . . . . . . 74

4.1.4 Random enantiomeric synthesis . . . . . . . . . . . . . . . . . . . 75

4.2 Aims and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

4.3.1 Towards organic autocatalytic amplification of enantioselectivity . 77

4.3.2 The Kagan ML2 model . . . . . . . . . . . . . . . . . . . . . . . . 78

4.3.3 Variants of the Kagan model system . . . . . . . . . . . . . . . . . 81

4.3.4 The reservoir effect model . . . . . . . . . . . . . . . . . . . . . . . 86

4.3.5 Variants of the reservoir effect model . . . . . . . . . . . . . . . . . 87

4.4 Computational details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.4.1 Integration of rate equations . . . . . . . . . . . . . . . . . . . . . 93

5 Towards amplification of enantioselectivity in aldol-type reactions 95

5.1 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.2 Aims and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.3.1 Computational approach . . . . . . . . . . . . . . . . . . . . . . . . 98

XX



5.3.2 Experimental approach . . . . . . . . . . . . . . . . . . . . . . . . 101

5.4 Conclusions and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.5 Methods and material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.5.1 Computational . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.5.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

Appendix 117

Curriculum Vitae . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

XXI





1 Introduction

1.1 Enantioselective organocatalysis

1.1.1 Overview

Organocaltalytic reactions, i.e. reactions catalyzed by purely organic catalysts, have

been known since the early days of chemistry. In particular organic Brønstedt acids

and bases are involved in a plethora of organic reactions.[1] Amine catalysis was already

systematically studied in 1938 by Westheimer. [2] Westheimer studied the reverse aldol

reaction catalyzed by amine bases and came to the conclusion that the basicity of the amine

does not play the major role. Based on studies by Knoevenagel in 1899, [3] he postulated

the formation of an amine adduct intermediate, which he was not able to characterize,

but which was found in later studies. In comparison to the concept of organocatalysis,

the concept of enantioselective catalysis is much younger. For a long time enantiopure

products were only obtainable by enantiomer separation techniques from chemical reaction

yielding racemic mixtures of products. Among the first enantioselective organocatalytic

reactions were the alkaloid catalyzed cyanhydrine reaction of benzaldehyde, studied by

Bredig in 1913[4] or the benzoin condensation, studied by Sheehan in 1966:[5]

Ph
∗∗

N+

O

O

S Br-O O

∗∗

OH
2

         (20 mol%)
NEt3 (20 mol%)

methanol, RT
50 %
22 % e.e. (1.1)

In all early examples the enantiomeric excess obtained was low. It took almost sixty

years after the first studies before high enantioselectivities were achieved for the first time.

In 1971, Hajos and Parish, as well as Eder Sauer and Wiechert showed that L-proline

catalyzes the enantioselective intramolecular aldol-addition of the tri-ketone 1 to form
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the di-ketone 2:[6, 7]

DMF, RT, 20h

2
99 %
93 % e.e.

N
H

O

OHO

O

O
O

O
OH

30 mol%

1

(1.2)

This work is considered to be the “birth” of organocatalysis. In the following years,

only few groups continued with the development of organocatalysis. In the end of the

20th century, the ”gold rush”[8] began. Important stepping stones were for example the

findings of Jacobsen, who showed that thioureas are potential asymmetric catalysts for

asymmetric Strecker reactions:[9]

4

N

HPh
+ 2 HCN

N

HPh

F3C

O
N
H

N
H
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OMe
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O

Ph
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5
78%
91% e.e.

3
2 mol %

1) toluene, 24 h, -78°C
2) TFAA

(1.3)

Other important developments were the application of cinchona alkaloids,[10] formam-

ides,[10] or phosphoric acids[11] as enantioselective catalysts. Years of rapid development

followed, in which new, often refined catalysts were developed and many new enantioselec-

tive organic reactions were shown to be catalyzed by known organocatalysts. Prominent

examples are Aldol, Strecker, Diels-Alder or Mannich-type reactions; for reviews see

[10, 12, 13, 14, 15].

Several new concepts emerged, such as bifunctional catalysts, which contain two or

more catalytically active functions, or one-pot domino reactions, allowing the successive

processing of several reaction steps in a single reaction batch.

Meanwhile a large pool of different methods is available and the number of known
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reactions is steadily increasing. Several reactions have been mechanistically studied in

detail and are believed to be very well understood. Yet, the many newly developed

reactions still hold surprises.

1.1.2 Recent developments

While in the earlier days of enantioselective organocatalysis, the aim frequently was

finding new reactions, substrates or catalysts and prove the concept of organocatalysis, in

recent years, the tasks have become more differentiated. This means that the applicability

of the processes has gained more importance. Since organocatalytic reactions are mostly

simple to handle and often are insensitive to air or moisture, the applicability is primarily

limited by the amount of catalysts necessary, or by insufficient yield or enantioselectivity.

This requires a precise control over the reaction conditions and a better understanding of

the reaction itself. The solution to this challenge can be to employ more refined catalysts

or optimized processes.

New approaches towards enantioselective synthesis have been followed recently. The

application of autocatalytic systems and reactions in which enantiomeric excess is formed

spontaneously, have gained increasing interest.

Since the first observation of autocatalytic reactions in metal catalyzed[16] and orga-

nocatalytic systems[17], increasingly more work has been put into understanding and

reproducing these processes. Still much remains to be discovered in this field.

Research in the field of organocatalysis frequently holds surprises, even for reactions

that are already thought to be understood. In the case of the BINOL catalyzed Mannich

reaction, an unexpected influence of calcium was recently found, although the reaction

was believed to proceed in a completely organic fashion, with BINOL-phosphoric acids

as catalysts.[18]

6 (2-5 mol%)

DCM,  1 h

a: 7 99%; 92% e.e (R)
b: 7 88%; 27% e.e (S)

Ar:  p-NO2Ph

O O N
Boc

HPh
**

O

O

HN
Boc

Ph
+

O

O
P

O
M

n

6a: M=Ca, n=2
6b: M=H, n=1 (1.4)

In the absence of Ca2+ cations, the Mannich reaction yields 7-(R) in 88% yield, in

their presence, 7-(S) is obtained quantitatively. One of the remaining challenges to be
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solved on the route towards understanding organic chemistry is the influence of Ca2+

on the reaction. A valuable tool towards the understanding of organic chemistry is

computational chemistry, as it can offer a look at what may happen in the reaction

vial. Many of the early organocatalysts are small molecules, for which very robust

computational methods exist.

Ground breaking studies were carried out by Houk,[19] who studied the mechanism

of the Hajos-Parrish reaction. In the field of computations on organocatalytic systems,

the challenges changed. For an initial understanding of reactions, a comparably rough

description of the employed systems is sufficient. Further understanding can only be

achieved by a more accurate description through new computational chemical methods.

Due to the intensive research in the field of organocatalysis during the last years,

knowledge about mechanisms is steadily increasing. Many insights into the respective

mechanisms have been gained through kinetic studies, but computations have gained

more importance.[20, 21, 22] With the rapid increase in computational power, ab initio

calculations of systems consisting of more than 100 atoms, have become possible and will

become standard soon. As many interesting organocatalytic systems lie in this range,

increasingly more questions will be explorable by computational means.
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1.2 Computation of molecular properties

1.2.1 Quantum mechanics

Born-Oppenheimer quantum mechanics

All quantum mechanical approaches are based on the evaluation of the Schrödinger

equation that can be written in its general, time dependent form as:

ih̄
∂

∂t
ψ = Ĥ ψ (1.5)

where Ψ is the wave function and Ĥ is the Hamiltonian. ih̄∂ψ∂t is the energy operator

that equals the total energy E in time independent systems:

EΨ = ĤΨ (1.6)

The wave function ψ is a function, which has variables for all degrees of freedom of

the examined system. In the case of molecules, this means 3N degrees of freedom, with

N being the number of particles (i.e. electrons and nuclei). A decisive simplification

is achieved if the nuclei are at rest. This assumptions is also valid for molecules which

are moving, since the electrons move much faster than the nuclei and the electronic

state adapts practically instantaneously. For molecules at rest, the degrees of freedom

of the nuclei can be factored out. This simplification is called the Born-Oppenheimer

approximation and is applied for most quantum mechanic descriptions of molecules.

The theoretically achievable accuracy within this approximation is called the Born-

Oppenheimer limit.

The Hamilton operator Ĥ for molecular systems can be split into a nuclear operator

ĤK and an electronic operator Ĥe. The nuclear Hamilton operator ĤK covers all types

of contributions involving only the nuclei, i.e. the core–core repulsion potential V̂KK

and the kinetic energy of the nuclei T̂K . The electronic Hamilton operator Ĥe covers

contributions of electrons and nuclei: The electron kinetic energy T̂e, the electron–electron

interactions V̂ee and the electron–core interactions V̂eK

Ĥ = ĤK + Ĥe (1.7)

Ĥe = T̂e + V̂ee + V̂eK (1.8)

ĤK = T̂K + V̂KK (1.9)

The only operator for which both, electron and core variables are relevant is therefore
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V̂eK . Within the Born Oppenheimer approximation we can split the wave function into a

nuclear part ψK(~R) and an electronic part ψe(~r, ~R), according to:

ψ
(
~r, ~R

)
= ψK

(
~R
)

+ ψe

(
~r, ~R

)
(1.10)

The nuclear coordinates in ψe are parameters within the Born-Oppenheimer approxi-

mation. The number of degrees of freedom of the wave function therefore decreases to

the number of electrons.

The nuclear Hamiltonian is further simplified by assuming that the nuclei are at

rest. The nuclear Hamiltonian ĤK in this approach equals V̂KK . This now allows

the evaluation of the electronic Schrödinger equation, which is only dependent on the

electronic wave function ψe(~r, ~R), with ~R being the fixed coordinates of the nuclei. The

electronic Schrödinger equation can then be written as:

E ψ
(
~r, ~R

)
= Ĥe ψ

(
~r, ~R

)
(1.11)

The missing nuclear kinetic energy can be added to the total energy after the evaluation

of the electronic Schrödinger equation. The main problem within the Born Oppenheimer

approximation is thus solving the electronic Schrödinger equation, which in the present

form is not solvable analytically. Only single particle Schrödinger equations are analyt-

ically solvable. The obvious approach can therefore be simplifying the multi-particle

problem to multiple single-particle problems. The only two-particle contribution to the

electronic Hamiltionian arises from the electron-electron interactions. Simplification to a

single particle problem can therefore either be achieved by neglecting all two-electron

terms, which is an unphysical assumption for molecular systems, or find an approximated

description for the electrons–electron interactions. In the Hartree Fock approach, this is

achieved by the mean field approximation.

The Hartree-Fock formalism

In the Hartree-Fock approach the electron–electron interactions are evaluated as the

interactions of one electron within the “mean-field” of all other electrons. V̂ee which in

the exact form has the expression

V̂ee =
N∑
i=1

N∑
j=1
j 6=i

e2

rij
(1.12)

is calculated by:
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V̂ee =

N∑
i=1

V eff
i (ri) (1.13)

This has the effect, that we can now solve the Schrödinger equation analytically if we

know the mean field of all other electrons.

A further point that must be considered is the Pauli principle, which requires the

wave function to be antisymmetric upon exchange of electrons. As the electrons are

indistinguishable, a set of N ! so called Slater determinants, which can be derived from

the original wave function by exchanging two particles can be formulated in order to

comply with the prerequisite of antisymmetry. For the Hartree-Fock approach this leads

to the necessity of an exchange operator, which allows the Schrödinger equation to be

solved as a single Slater-Determinant. In the closed shell case of N electrons it has the

form:

E =

N∑
k=1

Ik +
1

2

N∑
k=1

N∑
k=1
l 6=k

[Jkl −Kkl] (1.14)

where Ik is the one electron operator, Jkl is the Coulomb-operator and Kkl is the

exchange operator.

Since the electronic mean field is obtainable only through solving the Schrödinger

equation, a self-constant field approach is required. In this approach, an assumed

electrostatic field is employed for solving the Schrödinger equation, which leads to an

improved assumed field. This process is carried out until self-consistence is achieved and

the electronic structures fits to the assumed field and vice versa.

In the Hartree-Fock theory, this is done by the consecutive optimization of the co-

efficients of the basis functions and formation of a new Fock operator, which is itself

dependent on the basis functions. The coefficients are varied until the calculation reaches

self consistency and the energy is minimized. The Slater Determinant with the lowest

energy also characterizes the ground state, as the HF-method is variational.

Results obtained with a single Slater determinant reach a certain accuracy, the so

called Hartree-Fock limit. Approaches to become more accurate than the Hartree-Fock

limit are so-called post-Hartree-Fock methods, which explicitly introduce correlation.

Post-HF theory

Møller-Plesset (MPn) perturbation theory, configuration interaction (CI) or coupled

cluster (CC) belong to the post-HF methods. With these methods the full CI-limit
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is theoretically reachable, which is looked upon as the exact solution of the electronic

Schrödinger equation. The disadvantage is the increase in variables in these theories

which leads to an enormous increase in computational demand. Results that can be

looked upon as exact can only be obtained for very small systems.

The most straightforward way to consider correlation energy is the CI approach. In CI,

the system is not described by a single Slater determinant but by a linear combination

of Slater determinants. If all combinations are taken into account, this is called full-CI.

Practically, only few excitations are taken into account. CISD denotes that all singly

and doubly exited Slater determinants were linearly combined. Closely related to the CI

approach is the Coupled Cluster approach. In contrast to the CI approach, the Coupled

Cluster approach is size consistent and in most cases yields results that are as accurate

as CI at the same level of excitation and at the same computational expense.

A more economical approach is perturbation theory. In a perturbation approach,

corrections to one Slater determinant are calculated as perturbations into different

determinants. Perturbation theory yields good results if the original Slater determinant

already describes the system well enough.

If the perturbation theory is employed based on Hartree-Fock Slater determinants, the

resulting method is called Møller Plesset perturbation theory of nth order (MP2, MP3,

MPn). Perturbation corrections can also be used to calculate additional correction on CI

on CC calculations. A frequently used benchmark method is CCSD(T), coupled cluster

single double excitations plus triple excitations by perturbation theory.

Kohn-Sham density functional theory

At the first glance, density functional theory approaches the problem of the electronic

state of a system from a completely different point of view. Instead of the evaluation of

interactions between individual electrons, DFT methods focus on the electron density.

This leads to a drastic reduction in the number of variables as the electron density only

depends on the three spatial coordinates. Hohenberg and Kohn proved that the energy

and the electron density uniquely correlate. The Hohenberg-Kohn theorem gave rise to

modern density functional theory.[23] Hohenberg and Kohn were able to prove, that the

minimization of the expression

E ≡
∫
v(~r)n(~r)dr + F [n(~r)] (1.15)

with the electronic density n(~r), leads to the correct ground state energy, while the

unique universal functional F [n(~r)] is independent of the external potential v(~r). This
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approach is exact, since approximations such as the mean field approximation are not

necessary. The theoretical limit of DFT calculations is thus the full-CI limit. However,

the universal functional F [n(~r)] is unknown and must be approximated. Practically, the

functional F [n(~r)] is separated into three parts, the universal functionals T [n(~r)] and

U [n(~r)] and the non-universal functional V [n(~r)], which depends on the system studied.

Kohn and Sham introduced wave functions into density functional theory as so-called

non-interacting orbitals as they recognized the advantages of wave functions in the

approximation of electronic kinetic energies.[24] A non-interacting system, in terms of

DFT is defined as a system, for which the ground state electron density equals the ground

state energy of a fully interacting system. The energy expectation value becomes the

energy of the non-interacting system plus corrections involving the interaction of the

particles. The non-interacting wave functions become expressible in terms of electron

density as:

ψ0 = ψ0[n0] (1.16)

This allows us to form the expression of the energy functional as an integral over a

non- interacting part of the system and the interacting part of the studied system

Es[n(~r)] = 〈φ[n(~r)]|Ts + Vs|φ[n(~r))]〉 (1.17)

where

Vs = V + U + (T − Ts) (1.18)

While it is now straight forward to solve the non-interacting part of the equation, the

interacting part of the system has still to be approximated. Vs can be written as:

Vs = V +

∫
e2ns(~r

′)

|~r − ~r ′|
+ VXC [ns(~r)] (1.19)

It is composed of an external potential, the Hartree term and the exchange correlation

term. As VXC depends on the electron density, Kohn-Sham equations are only solvable

through a iterative self consistent field process. The part of the functional that must be

approximated in DFT is now the exchange correlation term. The first approach to the

approximation of this term is the local density approximation (LDA). It is derived from

the free electron gas and has the form:

ELDAXC [n(~r)] =

∫
εXC [n(~r)]n(~r)d3r (1.20)
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While the LDA approximation only takes the local electron density at the point at which

the functional is evaluated into consideration, the generalized gradient approach (GGA)

also takes the density gradient ∇n into account and has the form:

EGGAXC [n(~r)] =

∫
εXC [n(~r),∇n(~r)]n(~r)d3r (1.21)

As it is possible to express the electron density dependent of the electron spin, the

exchange correlation terms can easily be extended to spin dependent exchange correlations.

In that case local densities and density gradients of both spin up and spin down electron

densities have to be taken into consideration. The GGA functionals which are most often

used in modern DFT approaches are Becke’s exchange functional combined with either

Lee, Yang and Parr’s exchange functional (BLYP) or with Perdew and Wang’s exchange

functional (BPW91) the the Perdew Becke Enzensdorfer functional (PBE).

The most popular method that is widely employed as standard is the B3LYP method,

which is a hybrid DFT method. In hybrid DFT, a certain percentage of the Hartree-Fock

exchange energy is mixed with the DFT exchange energy. The methods are so widely

used because they exhibit a scaling behavior like HF calculations, while resulting in much

more accurate energies.

As Coulomb correlation is already approximated in VXC , a systematic approach through

explicit treatment of correlation is not possible. Improvements have to be made through

improved functionals. This can for example be achieved by parameterizing the exchange-

correlation terms to more accurate post-HF methods. A large number new functionals

with improved accuracy has been developed recently.[25]

Semiempirical MO theory

Semiempirical quantum mechanics have been developed intensively since the 1960s, as

they allow calculations on larger chemical systems than Hartree-Fock theory. At that time

Hartree-Fock calculations with minimal Slater type orbital (STO) basis sets were hardly

possible for systems larger than methane or water. The obvious approach was to simplify

the Hartree-Fock formalism as far as possible. Parts of the formalism that are expensive

to calculate, such as the two electron integrals, are omitted. To compensate the errors

produced thereby, empirical parameters are introduced. These parameters are adjusted

to fit to either calculated or experimental properties. The first approach towards a

semiempirical quantum mechanical method was Hückel theory, which was only applicable

for π-systems and was developed as early as 1931.[26] It was improved by Hoffmann to

the Extended Hückel Theory (EHT) in 1963.[27] With EHT, geometry optimizations
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and conformational searches for molecules up to the size of anthracene (C14H14) became

possible. Parameterization was mainly done by adjusting the parameters for the STOs,

of which only valence orbitals are used, and setting up rules to guess the matrix elements

Hij and Hii in the Hückel matrix:

n∑
i=1

[Hij − ESij ] cij = 0 i = 1, 2, 3, ..., n (1.22)

All of these methods are valence electron methods, the inner electrons are treated as

an unpolarizable part of the core. The valence orbitals are normally represented by a

minimal STO basis set. One of the major simplifications in the semiempirical formalisms

is the neglect of differential overlap (ZDO*) to avoid the time consuming calculation of

multi-center two-electron integrals:

χ∗µ(i) χν(i) dV = χ∗µ(i) χν(i) δµνVi (1.23)

This has the same effect as the use of an orthogonal basis. If the ZDO-approximation is

applied consequently, only one and two center integrals of the type (µµ, νν) remain. This

is done in Pople’s CNDO method (complete neglect of differential overlap).[28] Other

methods apply equation 1.23 only for differential two center overlap, but not for one

center overlap like NDDO (neglect of diatomic differential overlap),[29] where integrals

of the type (µν, ρσ) are considered if µ and ν as well as ρ and σ belong to the same

center. INDO (intermediate neglect of differential overlap) only considers integrals that

are completely at one center.[30] Further methods have been developed in the following

years, among which were MINDO[31] and the MNDO methods AM1[32] and PM3,[33] of

which the two latter are widely applied, especially if the modeling of biological systems

is concerned.

In principle, it would be possible to calculate energies through a standard SCF procedure

with these approximations, yet it would not yield physically meaningful results. To

obtain chemically useful data, these methods are parameterized. Different methods for

parameterization are used, to fit either to experimental or to high level ab initio results.

In the experimental parameterizations mostly the ionization potential, heats of formation,

dipole moments and molecular geometry play a major role.

The drawback of semiempirical calculations is that they can only be used for elements

they are parameterized and the quality of the results obtained will strongly depend on

the parameterization. The big advantage of these methods is the possibility of carrying

out calculations on much larger systems than with ab initiomethods, while obtaining
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good results for well parameterized systems.

Basis set

A further crucial point is the choice of wave functions, used to solve the Schrödinger

equation. The wave function in expressed in an orbital basis, which can be constructed

as linear combination of orbital functions. In principle the functions ψ can consist of

any function which fulfills certain conditions. Practically three types of basis sets are

used: Slater type basis sets, which are derived from the exactly solvable hydrogen atom

and which exactly describe the hydrogen orbitals, but are analytically more expensive

to solve than Gaussian type basis functions. Gaussian type basis functions consists

of a linear combination of Gauss functions, which are combined to fit to Slater type

functions. Beside these two, plane wave basis functions can be employed, but mainly

have advantages in periodic systems. In this work exclusively Gaussian type functions

are used.

In the ideal case, a complete basis set, cabeable of describing all possible wave functions

accurately would be used. Since this is not possible, a large number of split-valence basis

sets have been developed in which one orbital is represented by more than one basis

function.

An important criterion in distinguishing basis sets is the number of basis functions they

consist of. In the case of Pople type basis sets, a nomenclature such as V-WXYZ...+G-

(d,p...) is used, where V represents the number of Gaussians which are linerly combined

to the main basis function, typically 6, W,X,Y,Z represent the number of Gauss functions

which are combined to the additional basis functions. A basis set of the type V-WX is

characterized as triple-ζ (zeta), V-WXY as quadruple valence and so on. Additionally

diffuse functions (+) and polarization functions G(d,p...) or * can be added. A typical

Gaussian triple-ζ basis set with polarization functions would thus be written as 6-31G(d)

or 6-31G*, a very extended quadruple-ζ basis set with diffuse functions and polarization

functions as 6-311++G(d,p).

In recent years a large number of basis sets which have been fitted to perform well in

post-HF methods have been developed for example by Dunning[34] and Ahlrichs.[35]

The results obtainable with a complete basis set are called the basis set limit. In some

approaches with a set of systematically improving basis sets, an extrapolation to tthe

basis set limit is possible. For most practical issues a polarized double or triple-ζ basis

set has been proven to be accurate.
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Basis set superposition error

An issue that stems from the use of incomplete basis sets is the occurrence of a basis set

superposition error in intermolecular interaction calculations. Most basis sets are fitted

to describe valence bonding interactions well, as the basis functions are optimized for the

region of large overlap. At the interaction distances that typically occur in the case of

intermolecular interactions, this might not be the case. When two molecules, which carry

a nucleus centered basis set, approach each other, electrons from one molecule begin to

delocalize to the orbitals of the other molecule. If the orbital basis of each molecule is

complete, this is part of the intramolecular interaction. If the orbital basis is too small,

this leads to unphysical delocalization into unoccupied orbitals and therefore an arbitrary

stabilization and overestimation of the intermolecular interactions.

Such an effect can be minimized by using large and well fitted basis sets. For smaller

basis sets, correction schemes have been developed, whereas correction schemes such

as Boys-Bernardi[36] only work for supermolecular calculations. In supermolecular

approaches, the interaction energy of two molecules is calculated by the difference

between the adduct energy and the energies of the two molecules alone.

∆Einteraction = EA+B − (EA + EB) (1.24)

Since a smaller part of the delocalization to the neighboring molecular orbitals which

may be part of the actual interaction energy in also subtracted by this scheme, the

Boys-Bernardi scheme over-estimates the basis set superposition error.

In most cases we do not work with a supermolecular model, but need to minimize

the error in parts of large molecules which are in close contact. In this case, only the

application of large enough basis sets is viable.

Accelerated approaches

In recent years, several methods to efficiently accelerate the computations of DFT and

post-HF methods have been developed. Among the most successful methods are resolution

of identity methods (RI) and local molecular orbital approaches (local-MO).

In the case of RI, the electron density is evaluated by fitting of an additional atom

centered auxiliary basis set. This allows the reduction of computational demand of the

most expensive four-center two-electron repulsion integrals to a three center two-electron

case. While the scaling behavior with system size remains the same, the RI-DFT approach

allows an acceleration of the calculations of DFT functionals of a factor of approximately

ten [37]. In other approaches such as MP2 or CC2, it is even possible to reduced scaling
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behavior by one order of magnitude.[38]

A second frequently used approach is the local approximation. These methods are in

principle linear scaling with the system size, but the actual cost of the methods strongly

varies with the size of the local region. If the system of interest completely fits into the

local region, the local methods will generally show a worse scaling behavior than the

underlying methods. Dependant on the approach, the rules of combining orbitals to a

local region differ, which can lead to problems in delocalized systems.

A third frequently used approach are multipole expansions. Electrostatic interactions

are in most conventional approaches calculated as charge-charge interactions, which

leads to a scaling behavior of O(N2) with the number of charges. Unifying of several

monopole charges to multipole charges leads to less but slightly more complicated charge

charge interaction terms, which again scale like O(N2). Since the number of terms to

be considered are much smaller, multipole methods can be solved very efficiently. For

RI-DFT methods, the multipole expansion can lead to acceleration factor of >10, with

unaltered accuracy.

1.2.2 Molecular mechanics

For the simulation of molecular systems, molecular mechanics (MM) simulations can be

an alternative to quantum mechanical simulations. In molecular mechanics, the molecular

system is handled in a classical Newton mechanics approach. The molecular interactions

are calculated according to Hooke’s Law, bond stretches, angle and dihedral distortion

are fitted to experimental or calculated values. Intermolecular interactions are calculated

as electrostatic and van-der-Waals interactions. Electrostatics can be calculated in a

classical point-charge model, where core and electrons are combined to an effective atomic

charge. Electrostatics are evaluated according to the Coulomb law:

F (~r) =
1

4πε0

q1q2
|r12|

~̂r1,2 (1.25)

Van-der-Walls attraction and repulsion are calculated as Lennard Jones potential in

the form:

V = ε

((σ
r

)12
−
(σ
r

)6)
(1.26)

Molecular mechanics methods are empirical methods, which need to be correctly

parameterized to yield physical meaningful results. In contrast to semiempirical methods,

not only atom specific parameters are needed, but every hybridization state and bond
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type has to be parameterized.

Molecular mechanics are the least expensive methods and allow the simulation of the

largest systems or the longest time intervals. In this work MM is mainly employed for

conformational searches, in which thousands of individual optimizations are carried out.
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1.3 Aims and motivation

The aim of this work is to employ computational methods to study organocatalytical

systems. Current organocatalytical reaction systems, are increasing gradually in size and

complexity. One primary goal of this work is to find and validate approaches which are

able to describe the systems of interest with the necessary accuracy.

The first step is therefore a quality assessment study, in which different quantum

mechanical (ab initio, DFT and semiempirical) methods are employed. This allows us to

select adequate methods for the studies on systems of particular interest.

Secondly, particular organochemical reaction systems are studied in quantum mechani-

cal simulations. The aim is set on describing the reaction mechanism of the particular

reaction and validating it against laboratory data. The reaction mechanism model can

subsequently used for detailed hints on how to improve the catalytic systems.

As some of the systems of interest are autocatalytic reactions, a quantum mechanical

study alone does not suffice. For these systems, the aim is to describe the reaction

networks, which finally lead to the observed reaction outcome. For these questions,

reaction kinetic simulations are employed in order to study the prerequisites for future

reactions. In combination with the quantum chemical methods mentioned above, the aim

is to support the development of catalysis systems which will exhibit improved selectivity

in future applications.
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2 Assessment of ab initio and density

functional theory approaches

2.1 Introduction

2.1.1 From computed data to experiment

In the last decades, computers have been proven to provide valuable information in almost

all fields of scientific research. In natural sciences, computer simulations offer access

to data, that are not accessible by experiment, due to time resolution, too long time

demand, spacial resolution or other restrictions in the measurement process. Simulations

allow abstracted and simplified systems to be studied and therefore allow the attribution

of observations to particular parts of the studied system. This abstraction process

is necessary for any type of computer simulation, which is not always an advantage.

We are always in risk to make unphysical assumptions, neglect or maladjust decisive

contributions. We therefore have to question constantly whether the simulated system

adequately describes the experimental system and the properties we are interested in.

Computational simulations never describe an experimental system completely. Sim-

ulations have to work with simplifications in order to make the physics behind the

experiment computable. Of course, these simplifications can lead to errors in compu-

tational approaches or in qualitative and quantitative data obtained by computation.

If the estimation of product distributions of enantioselective organocatalytic reacts is

concerned, we can have a look at the stepwise simplifications which need to be employed.

In a 1 mmol batch of a chemical reaction system, 6.022 ∗ 1020 molecules of reactant

molecules, typically 2-6 orders of magnitudes less catalyst molecules and 10-10,000 times

more solvent molecules, diverse additives as well as known and unknown impurities can

be present. During the reaction, products and side products develop. In principle all

the components can, and practically will, interact with each other. Nevertheless, it is

known that a reaction formula consisting of the reactants, reaction conditions and main

products can sufficiently describe a chemical reaction. In simulation approaches, we have

to decide which parts of the reaction system we have to take into consideration and which
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not. Mostly, we assume that one set of reactant molecules reacts to one set of product

molecules, thus there is no need to simulate a larger number of molecules. This can lead

to omitting reactant–reactant or product–product interactions. A second questions is

how to consider solvent. While in many force field approaches it is possible to describe

water in stoichiometric amount, the description of solvent can be a problem in quantum

mechanical methods. Often only single solvent molecules are explicitly simulated, solvent

is treated implicitly or not at all. If no explicit and directed interactions with the solvent

are expected, it can often be preferred to neglect the solvent or simulate it implicitly.

2.1.2 Reliable ab initio transition state energies

For organic reactions and especially organocatalysis, the structures and energies of

transition states are of paramount importance. The energy difference of related transition

states can show us which reaction pathway is most likely and may give us information

on activation barriers of the reaction. Both types of information are only indirectly

obtainable by experiments. If a newly formed bond results in a chiral center, the structure

of the transition state can tell us the decisive factors for the stereoselectivity of the

reaction. It can give us hints how optimized catalyst or reactants may look. Yet transition

state structures are not directly observable by experiment and indirect methods need

to be very elaborate, like studies on transition state-analogues.[39] In contrast, DFT

calculations of small to intermediate systems have already become very fast and can be

carried out within hours or days on standard personal computers. DFT methods have

already been shown describe a large number of organocatalytic systems well.[40, 41] With

increasing computational power the size of computable systems grows and DFT methods

are now employed for much larger systems than in the past. With increasing size, a

number of effects, which can spoil the accuracy of the used methods, can occur. The

number of possible conformers grows exponentially with the number of rotatable bonds.

In larger molecules, the amount of through space or intramolecular interactions and the

contribution of dispersion interactions increases.[42, 43, 44] This can lead to a number

of potential problems. If conformations are concerned, the location of the most stable

conformer is not trivial. It has to be made sure that a large enough number of conformers

is created and sampled.[45] If intramolecular interactions are concerned, the DFT and ab

initio methods are known to perform differently well. If a systematic error is introduced

for a type of interaction, the error can sum up with the number of interactions present.

In quantum mechanics, errors can not only arise from the functional, but also from the

basis set. With increasing size, basis set superposition error (BSSE) can gain importance.

BSSE stems from using incomplete basis sets. Incomplete basis sets are parameterized to
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describe correctly chemical bonds between atoms.[46] If two atoms with fully occupied

shells come into close contact, the electrons of one atom can occupy unoccupied orbitals

of the other atom, which would not happen if the necessary basis functions were present

on the first atom. Thus an unphysical stabilization is observed, which is not present if

large enough basis sets are employed. BSSE thus leads to overestimation of interaction

energies and to underestimation of interatomic distances. BSSE can be minimized by

correction Schemes such as Boys-Bernardi[36] or by the use of large basis sets.[47] Related

to the BSSE, the lack of dispersion interaction can cause problems in conventional DFT

methods. Dispersion interactions stem from electron correlation through space, which

is described inadequately in conventional DFT methods. In recent years DFT methods

which explicitly correct for dispersion interaction or which are implicitly parameterized

to describe dispersion interaction have emerged.[48] A lack of dispersion interaction leads

to underestimation of interaction energies and overestimation of intermolecular distances.

2.1.3 Reference energies

There is no universal approach to judge the quality of a specific method but several

approaches are imaginable. From an experimentalist’s point of view the observed

experimental data are of highest interest and would therefore be a good benchmark.

Yet the reproduction of experimental data is a multi-step process, in which any step

can contribute to the final error. It is more likely that calculations which reproduce

experimental data are published, therefore, the most commonly applied DFT methods

will be overrepresented in publications. Since no completely new set of transition states

can be developed for benchmarking, but literature known transition states have to be

applied, this will automatically lead to preference of the commonly applied DFT methods.

In over 80% of all studies B3LYP is used as the DFT functional.[49] Consequently studies

which follow this concept are likely to favor B3LYP as functional.[50]

A second approach to benchmarking is the use of methods which can be improved

systematically. In computational chemistry these are the post-HF methods, which within

the Born-Oppenheimer limit are systematically improvable through increasing the extent

to which electron correlations is considered. This means the computational method has

to be improved until the results of a certain method equal the results of the next better

methods. In the case of post-HF methods, the generally accepted “gold-standard”[51]

is coupled cluster theory with explicit single and double excitation and perturbative

triple excitations, in combination with complete basis set extrapolation. Since the largest

system optimized with this method and without symmetry at the moment hardly exceeds

base pair dimers [44], we have to choose a less expensive method in order to optimize
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larger systems.

2.1.4 Computational approach

While several methodological benchmarks have been carried out on either achiral ac-

tivation energies[52, 53, 54] or relative conformational energies,[55] to our knowledge

only two studies focusing on the prediction of kinetically controlled product distributions

in organocatalytic reactions exist.1 Breslow and Friesner carried out a study on the

predictive quality of two functionals (B3LYP and M06-2X) for Shi oxidation reactions.[56]

Breslow and Friesner reported not only a good predictive quality for the most common

used DFT functional B3LYP with the 6-31G(d) basis set. They also noted shortcomings

if larger systems are considered, but were not able to find a solution for this problem.

Breslow and Friesner demonstrated that solvent corrections are able to improve gas

phase calculations. In their data set, the mean unsigned error between experimental and

computational data could be reduced from 0.84 kcal/mol without solvent corrections to

0.65 kcal/mol with solvent corrections.[56] Solvent corrections can improve the quality of

gas-phase data, if the gas-phase results are already accurate enough. In a second publica-

tion by Simon and Goodman, a large number of DFT functional, has been screened for a

set of organic reactions.[57] Goodman attempted to compare the DFT results directly to

experimental results, which made most of the DFT results perform equally well and did

not allow the determination of a preferable method. Goodman pointed out that for the

free energy corrections applying the harmonic approximation, the influence of the DFT

integration grid should not be underestimated.

In our work we follow a different approach in order to asses the quality of DFT gas phase

energies. It can be shown that the accuracy of post Hartree Fock ab initio calculations

systematically converges to the Born Oppenheimer limit for the respective basis–set, if

an increasing degree of explicit correlation is included.[58] We can expect to find a good

approximation to the theoretically expected value by subsequently employing improved

post-HF methods until their results converge. A good DFT method should allow the

results of the post-HF method to be reproduced if energies and geometries are concerned.

Since the relative transition state energies are of central importance, we try to extend

the post-HF methods until the energy differences of pairs of transition states converges.

It was shown that for gas-phase heats of formation this happens only with extremely

accurate methods.[59] Since we work with very similar transition states, we expect that

error compensation will lead to a much earlier achievment of convergence. It is known

1for a concise review of DFT benchmark studies see [49]
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that relative conformational energies are generally much more accurate than reaction

energies, due to error compensation.[60]

Since post-HF methods rapidly increase in computational cost with increasing accuracy,

the choice of methods is limited. In order to speed up calculations, a number of

approximate methods which use either resolution of identity (RI) or local MO approaches

have been developed. Of course, these approximations can not be used without confirming

their validity for the studied systems. A substantial extension of applicable methods

results, if the approximations prove to be valid.

Figure 2.1: Simulation procedure applied for calculation of energies
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2.2 Aims and Motivation

Our approach therefore includes two steps. First, we evaluate which approximate post-HF

methods are reliable in the prediction of relative TS energies, secondly, we examine how

to reproduce these energies with less expensive methods.

The evaluation of the less expensive methods is done by assessing the quality of the

predicted energies and geometries. The post-HF methods applied for the evaluation are

MP2,[61] the resolution of identity (RI) accelerated MP2[62] and CC2[38] methods and the

local MO and RI accelerated MP2, CCSD, and CCSD(T) methods.[63, 64, 65, 66, 67, 68]

Geometry optimizations are carried out for all methods for which they are computationally

feasible. In our case this means DFT optimizations are carried out for all systems. The

DFT methods also allow the calculation of normal modes and therefore the confirmation

of the TS. Although expensive, RI-MP2 methods could be carried out for all systems

besides the two largest. A confirmation of the optimized structures as transition state was

not possible since the harmonic frequency calculation was restrictive. An optimization

with conventional MP2 was possible for the two smallest systems. The size of the systems

studied becomes restrictive for geometry optimizations beyond RI-MP2, consequently

DFT geometries were employed in single point post-HF energy calculations. As we do not

know which DFT functional yields the best geometries, single point energy calculations

were carried out on all optimized geometries.

In the second part, we assess how well the results of the post-HF methods can be

reproduced with more economic approaches. Most attractive in the case of computational

demands are the semiempirical MO methods, followed by DFT. The computational

demand of the currently available DFT methods strongly varies and depends on the

method as well as the basis set. As a rule of thumb, pure-DFT methods are the fastest.

In combination with RI methods, they can be further accelerated by a factor of 10-

30.[69] Second fastest are conventional hybrid-DFT methods followed by the recent

meta-GGA functionals. Since RI-MP2 single-point energy calculations are possible for

most DFT geometries, they are taken into account for all approximate methods. All DFT

optimizations are carried out with two different basis sets. The ab initio calculations are

carried out with different triple-ζ basis sets, which were chosen according to author’s

recommendations.
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2.3 Results and discussion

2.3.1 The benchmark set

A crucial point is the choice of benchmark set. We are interested in enantio- or diastereos-

elective transition states which create a chiral center by the formation of a new C–C-bond.

Systems of different sizes and different types of intermolecular interaction are required.

Transition state geometries are not available for all reported DFT studies, so we focus on

four publications by Houk,[70] Tomassini,[71] Papai[72] and Tsogoeva.[73]

The reactions described by Houk[70] and Tomassini[71] are proline catalyzed aldol-type

reactions, which are the smaller systems studied. The transition states consist of 41

to 67 atoms of which 20 or 33 are non-hydrogen atoms. The molecular mass of these

systems is 225 g/mol to 301 g/mol. The intermolecular interactions in these cases are

governed by H-bond and covalent interactions. The smallest system consists of two pairs

of diastereomeric transition states:
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The larger set consist of three transitions states, of which two are diastereomeric and

two are conformers:
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The larger transition states from the publications of Papai[72] and Tsogoeva[73] belong

to thiourea catalyzed nitro-Michael reactions. They consist of 67 to 81 atoms of which
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33 to 41 are non hydrogen. The molecular weight of these systems is 464 g/mol to 662

g/mol. The intermolecular interactions which govern the transition states differ between

the two reaction types. While in the smaller system the reaction is described to proceed

via covalent and H-Bond interactions, in the larger system H-bonds are dominant. The

smaller system consists of one pair of transition states:

N N
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HN HH

H Me
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N N
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(2.3)

The larger system consists of four transition states, which are two pairs of diastereomers:
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2.3.2 DFT optimized geometries

The first aim of this study is finding a reliable DFT method which can be used for

subsequent ab initio single-point calculations. All single point energy calculations are

based on the different level of DFT optimizations, which are carried out with double-ζ or

triple-ζ basis set. Since we expect the DFT functionals to have a huge impact on the

single point calculation results, we first have a look at the different optimized geometries.

A statistic on the geometric similarity of the optimization results obtained at the different

DFT level can be found in table 2.1 on page 27. As the two key features to compare the

geometries obtained at the different levels, we consider the length of the newly formed

24



C–C-bond and the root mean square difference of the interatomic distances (RMSD).

If the C–C-bond length is concerned, most functionals coincide well. The bond length

differences are mostly well below 0.1 Å. A larger deviation is only found between TPSS

and M06-2X with 0.094 Å, between TPSS and wB97xd with 0.0123 Å, and between

M06-2X/TZVP and B3LYP/6-31G(d) with 0.113 Å. The basis set seems to have only

a minor influence on the calculated C–C-bond length. The average C–C-bond length

difference for all basis sets 0.063 Å, while for identical basis sets it is 0.070 Å. Changing

from double-ζ to triple-ζ basis set for the same functional leads to a average deviation

of 0.032 Å, the maximum deviation is 0.083 Å. If the C–C-bond length is concerned,

the influence of the functional is significantly larger than the influence of the basis set.

Overall the differences in C–C-bond length are small.

If the interatomic distance RMSD is concerned the differences are more evident. It

can be mainly distinguished between two groups; Dispersion corrected DFT, which refers

to wB97xd and M06-2X, and conventional DFT, which refers to PBE TPSS TPSSH

and B3LYP. With functionals of each group, similar results are obtained. The average

interatomic distance RMSD is 0.12 Å for conventional DFT. M06-2X and wB97xd produce

very similar geometries with an average interatomic RMSD of 0.23 Å. If the results of

the two groups are compared to each other, the average interatomic RMSD rises to 0.39

Å. We therefore can directly distinguish if a functional is parameterized for dispersion

interaction or not.

As observed for the C–C-bond length, the basis set has the minor influence. In

comparison of triple-ζ with double-ζ geometries, an average RMSD of 0.27 Å is observed,

within the different double-ζ geometries 0.25 Å and within the triple-ζ geometries 0.26 Å.

If the basis set influence for identical functionals is considered, the RMSD is 0.16 Å and

therefore has a larger influence on the interatomic RMSD than on the C–C-bond length.

We can conclude that for the calculation of geometric properties, the functional has a

greater influence than the basis set, but especially for the interatomic RMSD, the basis

set has a significant influence.

For the interatomic RMSD the size of the system is found to have great influence. In

Figures 2.2 on page 28 and Figure 2.3 on page 29, the different DFT optimized geometries

are overlayed with the respective MP2 optimized geometry. Geometric deviations between

the DFT and the MP2 results are hardly observed in the smaller systems 1–3, while large

deviations are found for the systems 4–5.

To conclude, differences in DFT geometries become more pronounced as the system

size increases. The C–C-bond length hardly varies in different methods. For the bigger

systems, large deviations are found for the interatomic RMSD. The DFT functional
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seems to have the greater influence on the obtained geometries, the basis set seems to

play the minor role, but it cannot be neglected at all.

2.3.3 Applicability of post-HF methods

Post-HF methods are ideal reference methods since they allow systematic improvement

towards the Born-Oppenheimer limit. The drawback is the restricted system size due to

the computational expense of the methods. The memory and computational demand

of the “gold standard”[51] method CCSD(T) approximately scales with O(N7) with

the number of basis functions. In order to reduce this scaling behavior, approximate

methods have been developed. One method is RI-CC2, which is an approximation to

CCSD and reduces the scaling behaviors from O(N6) to O(N5). Another is RI-MP2,

which is an approximation to MP2 and reduces the scaling behavior from O(N5) to

O(N4). Local MO methods go one step further. These methods allow linear scaling for

all mentioned methods as correlation is treated explicitly only in a set of neighboring

localized molecular orbitals. These methods allow the computation of larger systems

then any other of the mentioned methods, yet accuracy depends on size of the region in

which the MOs are included. If it is too small, no relevant information will be achievable,

if too big, scaling behavior may be worse then for the underlying method.

In our assessment approach, we employ two resolution of identity accelerated methods,

as well as three LO-approaches. The RI methods assessed are RI-MP2 and RI-CC2, which

is an estimate to CCSD but employs further simplifications.[74] local approximations for

MP2, CCSD and CCSD(T) are assessed. All local approximations also employ the RI

approximation for further acceleration. Conventional MP2 calculations were employed as

reference.

All energies had to be calculated as single point energies on all optimized DFT geome-

tries obtained with the triple-ζ basis set, as we expect to observe a strong dependence

of geometry. We already showed that the basis set, employed for optimization has a

measurable influence on the geometries. In order to find out how this effect propagates

in the ab initio single point calculations, we also carry out MP2 single point calculations

on the geometries obtained with the double-ζ basis set.

For the ab initio single point calculations, augmented triple-ζ basis sets were employed.

These basis sets are small enough to allow energy calculations for the largest systems and

large enough to limit the basis set superposition error contribution to interaction energies.

A typical calculation can for example be: RI-MP2/TZVP//PBE/6-31G(d) or RI-CC2/-

TZVP//TPSSH/TZVP. Due to different author’s recommendations, all RI-methods were

calculated with the Alrichs TZVP basis set, all local MO methods were conducted with
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Figure 2.2: Overlay of the structures optimized at the different DFT levels(grey) and
RI-MP2/TZVP(white) for the transitions states 1 - 3.
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Figure 2.3: Overlay of the structures optimized at the different DFT levels(grey) and
RI-MP2/TZVP(white) for the transitions states 4 - 5. For systems 5 c-d, no
MP2 optimized data is available
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Figure 2.4: Computational demand of employed methods; Qualitative representation.

Dunning’s cc-pVTZ basis set.

The energies reported in the following are mostly differences between pairs of transition

state energies calculated as:

∆∆ETSA−TSB = ETSA − ETSB (2.5)

The ordering of A and B was chosen to produce positive values for the correct order,

obtained from high-level calculations. Negative values in this context mean qualitatively

incorrect results, i.e. the transition states are not correctly rank ordered.

In a first step we compared the RI accelerated results with the conventional MP2

method. MP2 optimizations were only conducted for the two smallest systems. MP2

optimizations were carried out for the four smallest system 1, where an average deviation

of only 0.18 kcal/mol was observed, which is less then the geometry induced errors.

In a second step we compared the effect of additional correlation going from perturbative

correction, to explicitly correlated doubles and perturbative triples. For systems of the

size we are interested in, this can only be achieved by LO methods. With the RI-methods

single-point calculations can be carried out for all systems. For the local-MO methods,

the largest system 5 could not be calculated due to memory restrictions in the current

implementation. Remarkably, the deviations between the different DFT results are

not much larger then the deviations between the post-HF methods, although the DFT

results differ in functional and geometry. In table 2.2 the standard deviations between
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DFT RI-MP2 RI-CC2 LMP2 LCCSD LCCSD(T)

1ab 0.81 ±0.54 1.49 ±0.11 1.50 ±0.15 1.14 ±0.33 0.54 ±0.22 0.55 ±0.25
2ab 3.56 ±0.86 5.08 ±0.25 5.36 ±0.32 4.93 ±0.12 4.84 ±0.35 4.83 ±0.33
3ab 0.11 ±0.40 0.78 ±0.53 0.68 ±0.39 0.67 ±0.83 0.28 ±1.00 0.72 ±0.89
3ac 1.02 ±0.15 0.97 ±0.04 1.35 ±0.17 1.37 ±0.24 0.79 ±0.18 0.98 ±0.11
3bc 1.14 ±0.37 1.75 ±0.54 2.03 ±0.33 2.04 ±0.73 1.07 ±1.11 1.71 ±0.93
4ab 3.14 ±1.54 5.60 ±1.07 4.87 ±0.97 3.10 ±0.77 4.15 ±0.21 3.58 ±0.24
5ab 3.79 ±1.31 5.46 ±1.01 6.05 ±1.24
5ac 3.27 ±0.85 5.39 ±0.89 5.77 ±1.34
5ad 0.17 ±1.25 0.97 ±1.24 1.71 ±1.36
5bc 7.06 ±1.79 10.85 ±0.55 11.82 ±1.14
5bd 3.96 ±1.59 6.42 ±1.05 7.76 ±1.15
5cd 3.09 ±0.76 4.43 ±0.61 4.06 ±0.66

averaged values

1–5 0.95 0.66 0.77
1–4 0.64 0.42 0.39 0.5 0.51 0.46

Table 2.2: Mean electronic energy differences ∆∆ETSA−−TSB with standard deviations.
All values in kcal/mol; The DFT column shows the statistics for fully optimized
geometries, using the different DFT methods (PBE, B3LYP, TPSS, TPSSH,
w97XD and M06-2X with the TZVP basis set). The other columns illustrate
the effect of using the different DFT-optimized geometries on ∆∆ETSA−−TSB
at the given level of theory.

the energies obtained at different levels are listed. Here we find that the accuracy is

very system size dependent. While for system 2 the post-HF methods show maximum

standard deviations of 0.35 kcal/mol, for system 5 this value goes up to 1.36 kcal/mol.

The deviation between the different geometries increases with system size due to the

increasing degrees of freedom of the systems geometry. Considering the average standard

deviation of the ∆∆E values calculated, the RI-methods are less geometry dependent

than the LO-methods.

To judge if the LO approach is valid for our systems, we have to balance the correction

through additional correlation against the decrease in accuracy caused by the LO approach.

For RI-MP2 vs. LO-MP2, the obtained values for ∆∆E show a mean deviation of

0.69 kcal/mol. This is significantly larger then the expected correction through additional

correlation. The LO-CCSD(T) method, which includes explicitly correlated single and

double excitations and perturbative triples, leads to a correction of only 0.54 kcal/mol in

comparison to LO-MP2. In the comparison between CC2 and LCCSD, the inaccuracy of

the local MO approach is even higher. While the LO approximation causes an error of

0.79 kcal/mol on average, the additional expected contribution through triple excitations
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MP2 LMP2 LMP2 CC2 LCCSD
– – – – –

CC2 MP2 LCCSD(T) LCCSD LCCSD(T)

1a – 1b 0.06 0.40 0.58 0.95 0.13
2a – 2b 0.17 0.26 0.30 0.52 0.04
3a – 3b 0.47 0.69 0.46 0.75 0.45
3a – 3c 0.34 0.36 0.48 0.56 0.19
3b – 3c 0.50 0.72 0.69 1.20 0.63
4a – 4b 0.10 1.68 0.73 0.74 0.57

Mean ±STD 0.27 ±0.52 0.69 ±0.52 0.54 ±0.16 0.79 ±0.25 0.34 ±0.25

Table 2.3: Mean absolute deviation of ∆∆E (kcal/mol) for local and non-local approaches
for pairs of transition states compared with the effect of higher order excitations.
As for table 2.2, the values given are the mean of the values calculated using
all DFT levels for geometry optimization

PBE TPSS B3LYP TPSSH M06-2X wB97xd

RMS difference of interatomic distances [Å]

Average 0.42 0.41 0.47 0.42 0.11 0.31
Maximum 1.18 0.93 1.27 1.16 0.27 1.47

Single-point energy differences between pairs of transi-
tion states [kcal/mol]

Average 0.29 0.48 0.77 0.86 0.16 0.20
Maximum 0.90 1.75 2.72 1.72 0.92 0.36

Single-point energy differences between individual tran-
sition states [kcal/mol]

Average 5.91 5.40 4.49 3.71 0.94 1.44
Maximum 11.26 10.54 9.17 7.52 2.05 2.82

Table 2.4: RMS difference of interatomic distances between geometries optimized at the
DFT/TZVP and RI-MP2/TZVP levels (all values in Å) and MP2 single-point
energy differences on both geometries, calculated for individual transition
states and pairs of transition states.

is only 0.34 kcal/mol.

To conclude, MP2 theory already covers most of the correlation needed to describe the
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studied systems. Proceeding to the CC2 approach, we obtain an additional correction

which is larger than the expected errors induced through the RI approximation. Proceed-

ing further to local triples correction does not improve the result, since the errors induced

by the local MO approximation are too high. The optimal method for our purpose is

therefore RI-CC2 with the TZVP basis set. A remaining question is what geometries to

use.

In order to find the optimal method for optimization, all DFT geometries for systems 1-

4 are compared with the RI-MP2 geometries for the respective methods. As a measure for

similarity, the interatomic RMSD values have been taken into account. The RMSDA−B

is calculated as the root mean square of interatomic distance differences of all pairs of

atoms in the two compared transition states A and B as

RMSDA−B =

√√√√√ 2

i(i− 1)

 n∑
i=1

i−1∑
j=1

(dij [A]− dij [B])2

 (2.6)

where n is the number of atoms in the molecule and dij [X] is the distance between

atom i and atom j in conformer X. The RMSDA−B gives a good estimate of the

similarity of two conformers and is sensitive to long range effects, which are neglected if

only neighboring atoms are considered. In the ideal case, the geometries calculated with

the DFT methods should reflect the geometries obtained with the post HF methods.

As shown in table 2.4 the best agreement between MP2 and DFT optimized geometries

is found for M06-2X with an average RMSDA−B of only 0.11 Å and a maximum

RMSDA−B of only 0.27 Å. For the second best functional, wB97xd, the average deviation

already increases to 0.31 Å and the maximum to 1.47 Å. The same trend is reflected in

transition state energies. If the single point energy difference between pairs of transition

states is considered, the lowest deviations are found for M06-2X, with an average deviation

of 0.16 kcal/mol and wB97xd with 0.20 kcal/mol. The differnces are even more striking

if we compare the geometries of individual transition states optimized with RI-MP2 to

the related RI-MP2 single point energies on transition states optimized with the DFT

methods. In this case, no error compensation can be expected. Consequently the errors

increase to up to 11.26 kcal/mol for PBE. M06-2X and wB97xd remain accurate, with

errors of up to 2.82 kcal/mol. We can conclude that error compensation takes place on

a high level. Errors are reduced up to a factor of ten if we compare pairs of transition

states with individual transition states, optimized at different geometries. Nevertheless,

the choice of functional remains crucial, if we want to achieve highly accurate results.

Further we conclude that the deviation of energies, as well as the RMSD values
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indicate the same trend and rank order for the different DFT methods. The most

suitable approach for energy calculations for our systems is therefore optimization at

the M06-2X/TZVP or wB97xd/TZVP level and subsequent energy calculation at the

CC2/TZVP level, with slightly better performance of M06-2X. In the following, the

reference method employed is CC2/TZVP//M06-2X/TZVP. Since for the DFT energies,

the choice of reference method leads to qualitatively different results, An evaluation

with both, CC2/TZVP//M06-2X/TZVP and CC2/TZVP//wB97xd/TZVP as reference

method was carried out.

Geometry PBE TPSS B3LYP TPSSH M06-2X wB97xd

MAD 1.07 1.03 1.18 1.08 0.19 0.19
Maximum deviation 3.6 2.97 3.15 2.71 0.54 0.51

Table 2.5: Mean absolute deviation (MAD) and maximum deviation of ∆∆E values
(kcal/mol) calculated with MP2 and CC2 at the DFT-optimized geometries
from those optimized with RI-MP2

2.3.4 Applicable approach to the estimation of transition state energy

differences

Since the method of choice CC2/TZVP//M06-2X/TZVP is still restrictive for larger

systems than those studied in this work, the next aim is to find a more economic method

which still gives accurate results. In order to reduce the computational demand, the

following simplified approaches are possible (from most to least demanding):

� DFT geometry optimization triple-ζ and CC2 singlepoint energy (benchmark)

� DFT geometry optimization triple-ζ and MP2 singlepoint energy

� DFT optimization with triple-ζ only

� DFT optimization with double-ζ basis set and MP2 optimization

� DFT optimization with double-ζ basis set only

� Semiempirical optimization

The first simplification step is proceeding to a less expensive post-HF methods. As

the results presented in Chapter 2.1.2 indicate, using MP2 instead of CC2 should hardly

influence the results, since the additional correlation already proved to have a small effect.
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Figure 2.5: Energy differences (kcal/mol) for all pairs of transition states ∆∆ETSA−TSB
at the different geometries optimized with PBE, B3LYP, TPSS, TPSSH,
w97XD and M06-2X for all pairs of related transition states; Averages and
standard deviations are calculated between the DFT MP2 and CC2 gas phase
energy difference between all related transition states as shown in 2.2
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Depending on the functional used, the DFT optimization is approximately as expensive

as the RI-MP2 single point calculation. Thus, the next step for the expensive functionals

(TPSSH, wB97xd and M062-X) is moving to the smaller double-ζ basis set. For the

less demanding and especially the pure-GGA functionals which can be evaluated using

the RI approximation, leaving out the post-HF method is the more economic choice

while retaining the triple-ζ basis set. The next obvious step is relying only on the DFT

optimization with the smaller double-ζ basis set.

Besides DFT, semiempirical methods are inherently able to describe bond formation

and breaking. If semiempirical methods are reliable this is an extremely economical

alternative to DFT.

2.3.5 MP2 single points on DFT geometries

As shown before, additional correlation invoked by applying the CC2 approach only gives

minor improvement. It is therefore likely, that an approach based on MP2 single points

on the DFT geometries performs nearly as well as the coerresponding CC2 single point

calculation. In this section, both, employing different DFT functionals and basis sets for

obtaining geometries is examined. The assessment is carried out against two different

references: CC2/TZVP//M06/TZVP and CC2/TZVP//wB97xd/TZVP. In table 2.6 the

statistics of the data calculated at DFT and MP2 levels are listed. Since the system size

makes a big difference if accuracy of the approximate methods is concerned, the statistics

is also evaluated separately for the small and large systems.

First, we consider MP2-single point energy calculations on the different DFT geometries

obtained with triple-ζ basis set. If the dependence of the DFT functional is concerned, for

the complete data set M06-2X performs best by far. The mean absolute deviation (MAD)

from CC2/TZVP//M06/TZVP is only 0.20 kcal/mol for M06-2X. All other methods

perform nearly equally well with MAD values of 0.67 kcal/mol to 1.02 kcal/mol. This was

expected since MP2 and CC2 single points on the same geometry should hardly differ in

energy. We therefore also considered the CC2 single point energies on the second best

geometries, which were wB97xd/TZVP. In this case the situation completely changes: In

the second case, the best method is wB97xd with a deviation of 0.21 kcal/mol followed

by PBE with 0.51 kcal/mol. All other methods are in the range of 0.80 to 1.29 kcal/mol.

Moving from triple-ζ to double-ζ basis set could be the next step in the simplification

of the computational protocol. In the case of the M06-2X as reference geometry, the

error obtained systematically increases as expected in five of the six cases. For wB97xd

the error decreases from 0.74 kcal/mol for TZVP to 0.44 kcal/mol for 6-31G(d). All other

results are in the order of 0.72 to 1.47 kcal/mol. If wB97xd is used as reference geometry,
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Figure 2.6: Absolute deviation and mean absolute deviation ±standard deviation of
∆∆E from the reference methods, calculated as MP2 single-points on DFT
geometries. Left: The reference geometry is M06-2X; Right: The reference
geometry is wB97xd; Top: Optimized at DFT/6-31G(d) level; Bottom:
Optimized at DFT/TZVP level; White: small systems; Grey: large systems.
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the trend is reversed and all functionals beside M06-2X and wB97xd give better results

with the smaller basis set. The best results were obtained for MP2/TZVP//PBE/6-31G*

with a deviation of 0.41 kcal/mol, followed by B3LYP and TPSS with a deviation of 0.47

and 0.59 kcal/mol. This is not what would be expected, and shows, that the two best

methods for the optimization diverge significantly. A more detailed discussion is enclosed

in Section 2.3.2.

The fact that CC2 results are quite well described by the MP2 single point calculations

on the same geometry, implies that replacing CC2 by MP2 is a suitable way to save

computational cost, while retaining accuracy. Moving to a smaller basis set can not be

recommended according to our results.

A second interesting point is the size dependence of accuracy. For all studied methods

the errors increase drastically with the size of the system, independently of the DFT

functional used. The more recent functionals already yield improved results for the

smaller systems. We can therefore conclude that summing up of errors with the system

size is systematic.

2.3.6 DFT methods

As already shown, DFT methods can provide geometries which are consistent with

post-HF methods. We already observed that the DFT results are correctly rank ordered

in most cases. In this section we now want to consider how well the DFT results alone

can describe the properties of the systems.

Again we evaluate the data set based on CC2 single points on the two best reference

geometries M06-2X and wB97xd. In contrast to the MP2 single points, the pure DFT

results do not vary strongly with the reference used. With CC2/TZVP//M06-2X/TZVP

as reference the best DFT method is wB97xd/TZVP. With CC2/TZVP//wB97xd/TZVP

as reference the best pure DFT method is wB97xd/6-31G(d). The deviation of ∆∆E

is between 0.37 to 0.86 kcal/mol for the different wB97xd energies. All other DFT

functionals systematically perform worse with deviations of >1.0 kcal/mol. wB97xd is

therefore the method of choice if only DFT results are taken into account. As the RI-MP2

energy calculation is less expensive than the wB97xd optimization, it should also be

taken into account.

The error in DFT energies increases with the system size, as it was observed for MP2

single points. For smaller systems, standard DFT methods can perform quite well. For

larger systems accurate results are hardly obtained without ab initio data.
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Geometry Energy PBE TPSS B3LYP TPSSH M06-2X wB97XD

Reference: CC2/TZVP//M06-2X/TZVP
All systems

DFT/6-31G(d) RI-MP2/TZVP 0.83 1.12 1.01 1.47 0.72 0.44
DFT/6-31G(d) 1.45 1.38 1.48 1.41 1.28 0.86

DFT/TZVP RI-MP2/TZVP 0.68 0.67 1.02 0.99 0.20 0.74
DFT/TZVP 1.88 2.20 2.32 2.15 1.06 0.75
Aldol reactions (1-3)

DFT/6-31G(d) RI-MP2/TZVP 0.22 0.67 0.33 1.69 0.06 0.31
DFT/6-31G(d) 1.02 1.10 1.21 1.14 0.37 0.47

DFT/TZVP RI-MP2/TZVP 0.19 0.30 0.30 0.99 0.07 0.20
DFT/TZVP 1.18 1.37 1.63 1.36 0.36 0.53
Nitro-Michael reactions (4-5)

DFT/6-31G(d) RI-MP2/TZVP 1.18 1.38 1.39 1.35 1.10 0.50
DFT/6-31G(d) 1.70 1.54 1.63 1.57 1.80 1.08

DFT/TZVP RI-MP2/TZVP 0.95 0.88 1.43 0.99 0.26 1.06
DFT/TZVP 2.28 2.68 2.72 2.60 1.46 0.88

Reference: CC2/TZVP//wB97xd/TZVP
All systems

DFT/6-31G(d) RI-MP2/TZVP 0.41 0.59 0.47 1.07 1.28 0.66
DFT/6-31G(d) 1.07 1.62 1.53 1.7 1.33 0.37

DFT/TZVP RI-MP2/TZVP 0.51 0.8 1.29 0.95 0.98 0.21
DFT/TZVP 2.25 2.66 2.77 2.61 1.72 0.62
Aldol reactions (1-3)

DFT/6-31G(d) RI-MP2/TZVP 0.25 0.68 0.19 1.73 0.12 0.29
DFT/6-31G(d) 1.03 1.11 1.22 1.15 0.33 0.4

DFT/TZVP RI-MP2/TZVP 0.14 0.31 0.25 0.9 0.13 0.13
DFT/TZVP 1.18 1.38 1.6 1.37 0.3 0.44
Nitro-Michael reactions (4-5)

DFT/6-31G(d) RI-MP2/TZVP 0.49 0.54 0.63 0.69 1.95 0.88
DFT/6-31G(d) 1.1 1.91 1.71 2.01 1.91 0.34

DFT/TZVP RI-MP2/TZVP 0.72 1.08 1.88 0.98 1.46 0.26
DFT/TZVP 2.86 3.4 3.44 3.32 2.54 0.72

Table 2.6: Mean absolute deviation of ∆∆E (kcal/mol), calculated at DFT and MP2
levels based on DFT geometries, from the reference level (RICC2/TZVP//M06-
2X/TZVP) for all pairs of transition states.
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Figure 2.7: Absolute deviation and mean absolute deviation ±standard deviation of ∆∆E
from the reference methods, calculated as DFT optimized energies. Left: The
reference geometry is M06-2X; Right: The reference geometry is wB97xd;
Top: Optimized at DFT/6-31G(d) level; Bottom: Optimized at DFT/TZVP
level; White: small systems; Grey: large systems.
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2.3.7 Semiempirical Methods

Semiempirical MO methods can handle lage systems easily and therefore allow the

optimization of larger systems than any other quantum chemical approaches do.[75]

The quantum mechanical methods used in this study are the MNDO methods AM1,[76]

PM3[77, 78] and the more recent PM6.[79] For our studied systems the results for the

semiempirical methods vary strongly. While for the larger nitro-Michael reactions the

results were encouraging, the results for the aldol reactions showed severe errors. The

transition states for the smaller aldol reactions were not optimizable when starting from

the DFT geometries. In order to find the reason for this observation, relaxed potential

energy surface (PES) scans were carried out. For this approach a series of ten times

ten calculations were carried out in which the C–C-bond distance and the O–H-bond

distance of both forming bonds were held fixed in 0.1 Å steps, while all other coordinates

were optimized. The two dimensionsal scans thus generated showed that instead of one

transition state with partial C–C- and O–H-bond, two transition states and a weakly

stabilized intermediate state can be located. The transition state for C–C-bond formation

and the transition state for O–H-bond formation had approximately equal energies. AM1

and PM3 therefore predict a multistep reaction, instead of the synchronous reaction

observed with DFT and ab initio optimizations. Since the energy hypersurface in the

regions of the transition states is flat, the transition states have not been fully optimized,

but the most suitable points on the hypersurface generated by the relaxed PES scans

have been taken into consideration. In PM6 one synchronous reaction step is found as

for all DFT methods.

As shown in Figure 2.8, no method is systematically qualitatively correct. For the

smaller systems 1-3, PM6 gives the correct rank ordering for the five pairs of transition

states. For the larger system rank ordering gets worse. The overall best semiempirical

method if rank ordering is concerned is PM6, with only one failure followed by PM3

with three and AM1 with seven wrong ranks. This is already more than half of all the

thirteen cases. Especially for the larger cases all semiempirical methods yield too low

energy differences.

To conclude, semiempirical methods are not the methods of choice if accurate transition

state energies are concerned. For the cases in which semiempirical methods predict the

correct reaction course, rank ordering of the transition state energies is neither consistent

within the semiempirical methods nor correct, in most cases. In the correctly rank

ordered cases, the results are quantitatively incorrect.

41



-4

-2

 0

 2

 4

 6

 8

 10

 12

1a-b
2a-b

3a-b
3a-c

3b-c

∆∆
E

T
S
 [

k
c
a
l/

m
o
l]

1a - 3c

-4

-2

 0

 2

 4

 6

 8

 10

 12

4a-b
5a-b

5a-c
5a-d

5b-c
5b-d

5c-d

∆∆
E

T
S
 [

k
c
a
l/

m
o
l]

4a - 5d

PM6
PM3

AM1
REF*

Figure 2.8: ∆∆E calculated with semiempirical molecular orbital theory for all pairs
of transition states; Left: Aldol reactions; Right: Nitro-Michael reactions.
Reference calculations carried out at CC2/TZVP//M06-2X/TZVP level;
dashed: estimated form PES scans.

2.4 Conclusions

Semiempirical MO-theory proved to be unsuitable for calculating transition state energy

differences, as neither energies nor geometries are accurate enough to describe the

reactions correctly. In comparison, DFT methods perform better. The DFT results are

qualitatively correctly rank-ordered for all cases examined except for those with energy

differences lower than 1 kcal/mol. However, large quantitative differences exist. Only the

wB97xd and M06-2X functionals, which consider dispersion either implicitly or explicitly,

gave acceptable energies, which are quantitatively consistent with MP2 and CCSD single

points, whereby M06-2X performs best for our test set. CC2/TZVP//M06-2X/TZVP

calculations were used as most reliable reference calculations because M06-2X gives

geometries that resemble those obtained with the post-HF ab initio techniques closely.

The gas-phase energy differences for single-point calculations converge to the correct

result at the MP2 level of theory; additional explicit correlation hardly improves the

results.

BSSE effects can be observed when the smaller (6-31G(d)) basis set is used. Remarkably,

using the larger TZVP basis set only improved the results for the modern intrinsic or
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AM1 PM3 PM6 CC2/TZVP// CC2/TZVP//
M06-2X/TZVP wB97xd/TZVP

Aldol reactions – Small systems

1a - 1b -2.00 a 0.00 a 3.25 1.27 1.36
2a 2b 1.18 a -0.42 a 5.07 5.00 5.09
3a 3b -0.39 a 1.13 a 0.31 0.96 0.86
3a 3c 0.00 a 0.14 a 0.23 1.17 1.09
3b 3c -0.39 a 1.27 a 0.54 2.13 1.95

Nitro Michael reactions – Large systems

4a 4b -0.25 1.15 0.98 6.49 5.78
5a 5b 1.25 -0.56 1.31 5.13 4.78
5a 5c -0.64 0.49 0.27 5.04 6.42
5a 5d -0.25 0.18 0.55 0.57 2.93
5b - 5c 0.61 -0.07 1.58 10.17 11.29
5b -5d 1.00 -0.39 1.86 5.69 7.80
5c -5d -0.39 0.31 -0.28 4.48 3.48

Table 2.7: ∆∆E as calculated from semiempirical calculations and Hartree Fock for
all pairs of transition state; negative values (bold) lead to a qualitatively
wrong prediction of selectivity. All energies in kcal/mol (a no transition state
corresponding to that calculated with DFT was found, but rather a multistep
reaction)

explicitly dispersion-corrected functionals. For the conventional DFT methods, more

accurate energies are found for the smaller basis set. For these functionals, the BSSE

contribution apparently cancels part of the missing dispersion energy. Conventional

DFT methods give good geometries for small systems, but their performance degrades

significantly with increasing system size. This trend is also found with M06-2X and

wB97xd, but is less pronounced.

We were able to show that geometries optimized with the M06-2X density functional

with a triple-ζ basis set can be used in subsequent post-HF single-point calculations to

give very accurate gas-phase energies. Our work complements that of Friesner et al.[56]

on the best techniques for calculating solvent effects and that of Simon and Goodman

on accurate free-energy corrections to provide an accurate and economical calculational

protocol for predicting the results of kinetically controlled organocatalytic reactions.[57]

We therefore recommend RICC2/TZVP//M06-2X/TZVP, RI-MP2/TZVP//M06-2X/-

TZVP and wB97xd/TZVP or M06-2X/TZVP, depending on the size of the system, for

calculating energy differences between alternative transition states in stereoselective
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organocatalytic reactions.

2.5 Computational Details

Semiempirical calculations were carried out using VAMP 10.0.[80] Transition states

were characterized by calculating the vibrational normal modes within the harmonic

approximation. Restricted potential energy surface scans for the systems 1-3 were carried

out using MOPAC 09[81] using the distance between the pairs of atom defining the

two newly formed covalent bonds as fixed reaction coordinates in steps of 0.1 Å. DFT

and HF calculations were carried out using Gaussian 09[82] All transition states were

fully optimized using the PBE,[83] TPSS,[84] B3LYP,[85] TPSSH,[84] M06-2X[86] and

wB97xd[87] functionals in combination with the 6-31G(d)[46, 88] or TZVP[35] basis sets.

The transition states were characterized by calculating the normal vibrations within the

harmonic approximation. All pure GGA functionals with TZVP basis set were calculated

using the density-fitting approximation as implemented in Gaussian 09.

RI-MP2[62] optimizations and RI post-HF single-point calculations were carried out

with Turbomole 6.2.[89] All-electron MP2 and CCSD calculations which used the RI

(resolution of identity) approximated approaches RI-MP2 and RI-CC2[38] were carried

out with the (def2-)TZVP[62] basis sets. All localized correlation methods were carried

out with MOLPRO 2010.1[90] using the Dunning cc-pTZV[34] basis set. The geometrical

RMSD between two structures was calculated as the unweighted RMS deviation of all

interatomic distances by equation 2.6 on page 33.
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3 The Lewis acid catalyzed

(3+2)-cycloaddition

3.1 Introduction

3.1.1 (3+2)-cycloadditions

Cycloadditions are versatile reactions, which allow the construction of products con-

taining substituted carbo- or heterocycles. They often allow precise control over sub-

stitution pattern and therefore are valuable for synthesis of complex molecules with

five-membered heterocycles, such as triazolines, isoxazolidines, isoxazolines, pyrrolidines

or pyrrazolidines.[91] A 1,3-dipolar addition reaction takes place between a 1,3-dipole

and a dipolarophile, which frequently is an alkene or alkine. Typical 1,3-dipoles are

diazoalkanes, nitrile-oxides and -azides, ozone or hydrazone:

R

CN+-N

CR N+ O-

O
O

-O R
NN+-N

R
C

N
N

R

H

H
R

a
b

c -a
b

c+

Figure 3.1: Typical 1,3-dipolar molecules. The depicted orbitals contain the delocalized
four-electron π-system

The 1,3-dipole contains a four electron π-system, which is delocalized over three

centers. (3+2)-cycloadditions belong to to the group of [4+2]-cycloadditions like Diels-

Alder reactions. As for other [4+2]-cycloadditions the reactivity of the reaction can be well
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Figure 3.2: Classification of 1,3-dipolar cycloadditions according to Sustman[92];
IP = ionization potential

estimated by frontier molecular orbital (FMO) theory. According to Sustmann,[92] orbital

interactions which are relevant for reactivity can be attributed either to interactions of the

1,3-dipole LUMO and dipolarophile HOMO or the 1,3-dipole HOMO and dipolarophile

LUMO. Sustmann categorizes the 1,3-dipoar cycloadditions in three types, as depicted

in Figure 3.2. While the reactions with balanced electron demand (II) are slow, an

acceleration is observed for cases with altered electron demand. Reaction can thus be

accelerated by both electron withdrawing (III) and electron donating (I) groups. In terms

of FMO-theory an electron donating group increases the orbital energy, while an electron

withdrawing group decreases it. Sustmann showed that for phenylazide, olefines with

intermediate ionization potential (IP) react slowly while with high and low IP, a fast

reaction is observed. An acceleration of the reaction is therefore possible by decreasing

the smaller of the two orbital energy gaps. This can not only be achieved by modifying the

olefine, but also the 1,3-dipole. In this case, type I reactions are accelerated by electron

donating substituents at the dipole, and type III reactions by electron withdrawing groups.

The hydrazones we apply as 1,3-dipoles are comparably electron poor and therefore

belong to the latter type III. Lewis acids can act catalytically by either interacting

directly with the core 1,3-dipole, comparable to an electron withdrawing substituent, or

by interaction with an already existing substituent by enhancing its electron withdrawing
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properties.

3.1.2 State of the art

While asymmetric Diels-Alder type reactions have been known for two decades,[93]

much progress has been reported on (3+2)-cycloadditions recently.[94, 95, 96] For both

Diels-Alder and (3+2)-cycloadditions, Lewis acidic catalysts showed good activity. A

specific class of (3+2)-cycloadditions are additions of hydrazones to olefines, which yield

pyrrazolidines and allow the synthesis of pharmaceutically interesting molecules, which

are suggested to show antidepressant,[97] acyltransferase inhibitory,[98] analgesic,[99]

antimicrobial,[100] antitumor[101] or anticonvulsant[102] activity.

In 2002 Kobayashi et al. developed an enantioselective intramolecular version of this

reaction, catalyzed by Zr-catalysts;[103] in 2003 an intermolecular version followed [104]:

EtOOC

N
NHBz

+
10% Zr(OTf4)

DCM, 0°C, 20h

EtOOC

HN

Bz
N

H

HEtOOC

HN

Bz
N

H

H

+

73 %
dr 94:6 (3.1)

A first metal free chiral variant of this reaction was developed by Frank et al.,[95] who

developed the intramolecular cycloaddition catalyzed by BF3:

BF3 x OEt

DCM

H

NH

N

Ar
H

H
N

H
N

ArR

R
H R

R

AcO

R =

8 9
(3.2)

In this case the enantioselectivity is reactant induced. Leighton, developed a highly

enantioselective non-catalytic reaction of acylhydrazones with enol ethers, which is driven

by a chiral silicon auxiliary [105]:
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Ot-Bu

R

N
NHBz

+
DCM, 0°C, 20h EtOOC

HN

Bz
N

73 %
dr 94:6

Ph

O

O-tBu

N
Si

O

Cl

Ph
Ph

(3.3)

From a mechanistic point of view, these reactions seem to proceed via electrocyclic

aromatic (6-electron) transition states. Thus, in the recent publications on this topic,

a synchronous bond formation reaction with a five-membered ring transition state is

assumed, and partly also confirmed by calculations.[106] Only for a number of hetero

Diels-Alder reactions and in 1-3-dipolar additions is a switch in the mechanism observed.

For the hetero Diels-Alder reaction studied theoretically by Domingo,[107] the inclusion

of a catalytically active chloroform molecule leads to a switch in mechanism towards

consecutive bond formation. Thus, the primary working model for (3+2)-cycloadditions

is a synchronous reaction. A second question is the interaction site of the Lewis acid.

Two possibilities are frequently discussed:

R N
H+

N-

R 11

LA

10

R N
H+

N-

LA

11

EWG

(3.4)

In most publications, the electron withdrawing substituent and the central nitrogen of

the hydrazone 1,3-dipole are identified for binding the Lewis acid,[108] as is it shown in

interaction mode 11 in Scheme 3.4. Frank reported the outer nitrogen atom to potentially

bind the Lewis acid[109], as shown for interaction mode 10 in Scheme 3.4.

3.1.3 Aims of this work

The model reaction we are interested in is the reaction between 12 and cyclopentadiene

in dichloromethane. The reaction was shown to yield the 1,3-dipolar addition product

(13) in up to 99 % yield and a diastereomeric ratio of up to 96:4 (SiCl2Me2):
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HN

N O

H

O

OEt

NO2

+
N

NH OO

OEt

NO2

SiCl4 (10 mol %)
TMSOTf (10 mol %)

DCM, 24 h

12 14

(3.5)

SiCl4 and TMSOTf were selected as catalysts for a computational study. The aims

of this study are to explore the catalytic reaction by the means of quantum mechanical

calculations.

The computational approach comprises three steps: The first step is the modeling of

the uncatalyzed reaction as reference. In a second step the possible interaction Schemes

between the silicon compound and the reactants are considered. Starting from the feasible

interaction Schemes, the complete reaction mechanism including all accessible transition

states is calculated. The whole study is carried out at the B3LYP[85]/TZV[62] level of

theory. In the experimental study, exactly one regioisomer of the two possible is observed.

In the computational study, we decided to calculate the properties of both regioisomers

in order to have additional data to judge which reaction pathways are realistic. In

combination with NMR-studies this work was published in 2011.[110]
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3.2 Results and discussion

3.2.1 The uncatalyzed model reaction

Reaction products

As a first step in the study of the uncatalyzed reaction pathway, we consider the reaction

products. Four products are possible for the (3+2)-cycloaddition reaction of which two

are observed:

N
HN

O
Ph

O
OEt

H

H

H

N
HN

O
Ph

O
OEt

H

H

H

14-anti-SRR14-syn-SSS

N
HN

O
Ph

O
OEt

H

H

H

N
HN

O
Ph

O
OEt

H

H

H

13-anti-SRR13-syn-SSS (3.6)

We find that all four reaction products are stable, but show significant differences

in stability. The most stable product is anti-14, which belongs to the unobserved

isomers with ∆H = -12.4 kcal/mol. The observed products only show stabilization of

∆E = -6.7 kcal/mol for syn-13 and ∆H = -0.8 kcal/mol for anti-13. Thus, as expected,

thermodynamic product control is not possible for this reaction.

Transition states

For an uncatalyzed reaction, two different pathways are possible. A C–C-C–N-bond

formation step and a proton transfer step have to take place, but the two steps can occur

in any order.
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Ph
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Ph

O

N+
N-

R

Ph
O

H

NH
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R

Ph

O

+

A

B

(3.7)

In both cases we find the reaction to proceed via a five center transition state with

simultaneous formation of the C–C- and C–N-bonds. As expected for thermally activated

reactions, the reaction proceeds with a comparatively high activation barrier. In the

case of mechanism A, the best transition state belongs to product anti-13 with an

activation enthalpy of ∆H = 36.3 kcal/mol (anti-13-TS0). The transition states belonging

to the two observed products have energies of ∆H = 42.5 kcal/mol (anti-13-TS0) and

∆H = 44.3 kcal/mol (syn-14-TS0). Thus, an uncatalyzed reaction according to mechanism

A would yield not only the unobserved isomer, but also the reverse of the observed product

distribution (complete overview in Table 3.1).

In the case of reaction mechanism B we find both syn-transition states to be more stable

than both anti-transition states. The unobserved product syn-13 would be predicted

to be formed most frequently with an activation barrier of 13.1 kcal/mol. The second

product would be the observed product syn-14 with an activation energy of 19.7 kcal/mol.

Again, a different rank ordering than in experiment is observed. The values in this section

are used as reference values for the catalyzed pathways.

We can conclude that a reactions according to the uncatalyzed reaction pathways,

would lead to a completely different product distribution to that observed in experiment.

3.2.2 The SiCl4 catalyzed reaction

Hydrazone–catalyst adducts

1,3-dipolar cylcoadditions are generally known to be catalyzed by Lewis acids. The

standard approach is a Lewis acidic interaction with an electron withdrawing functional

group in the electron rich reaction partner, which is the 1,3-dipole if normal electron

51



product ∆H[kcal/mol] ∆G[kcal/mol] ∆∆H[kcal/mol] ∆∆G[kcal/mol]

syn-13 -6.7 8.5 5.7 5.8
anti-13 -0.8 14.3 11.6 11.6
syn-14 -5.8 9.5 6.6 6.8
anti-14 -12.4 2.7 0 0

syn-13-TSA 44.3 58.5 8 7.4
anti-13-TSA 42.5 56.3 6.2 5.2
syn-14-TSA 48.8 62.9 12.5 11.8
anti-14-TSA 36.3 51.1 0 0

syn-13-TSB 13.1 27.0 0 0
anti-13-TSB 23.8 37.8 10.7 1.8
syn-14-TSB 19.7 33.8 6.6 6.8
anti-14-TSB 25.5 39.5 12.3 12.5

Table 3.1: Possible reaction products and related transition states of the uncatalyzed
reaction.(left: relative to reactant; right: relative to favored TS; energies in
[kcal/mol]

demand is assumed.[111] In the case of the hydrazone used, it is the nitrobenzamide or the

carboxyl group, which is not present in all examples. Another approach is the catalysis

mechanism described by Frank.[109] This would mean direct Lewis acidic interaction

with the hydrazone core via the formation of Si–N bond. Finally, there is the possibility

of activation via both sites. As the 1,3-dipolar cycloaddition in our case involves a proton

transfer step, we have to consider different isomers of the hydrazone 12 used in the model

reaction. The relevant isomers are:

R'N
NR

OH

RN+

NR'

O- H

RN+

N-R'

O H

R'N
N+R

O-

H

12c

12b

12a

R'N
NR

O

H

(3.8)
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Compound ∆H [kcal/mol] ∆∆H[kcal/mol]

17a -0.18 0
17c 1.26 1.44
17d 5.65 5.83
17e 11.03 11.21

Table 3.2: Interaction of SiCl4 with 12 (17b and all 12c derived complexes are not
stable)

As principle interaction pattern of SiCl4 with the hydrazone we have first to distinguish

between 5- and six-coordinate silicon. For six-coordinate silicon complexes, at a first

glance only one possible mechanism seems likely. An interaction between the hydrazone

core and the functional group is necessary for this mechanism. The necessary initial

complex for the six-coordinate silicon adduct is not found to be stable.

Secondly, several mechanisms involving five-coordinate silicon are imaginable. We have

the possibility of a Lewis acidic interaction with the hydrazone core at both nitrogen

atoms and the interaction at one of the functional groups. The following interaction

patterns were studied in this work:

RN+
NR'

O- H
RN+

N-R'

O H

SiCl4

SiCl4

R'N
N+R

O-

H

SiCl4

R'N
N+R

O-

H

SiCl4

17a 17b 17c 17d

(3.9)

Reaction pathways in detail

The (3+2)-cycloaddition reactions proceed in two, or more formally three steps, a proton

transfer and the C–C- bond formation and the C–N-bond formation of which the latter

two normally proceed simultaneously. So both steps of the reaction can proceed in any

order. This had already been accounted for in the different coordination modes depicted

in Scheme 3.9. Based on these coordination modes we can propose the following reaction

mechanisms:
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ArN
H

O

N
EtO

O
Cl4Si

Ar
H
N

O

N

EtO

O

Cl4Si

ArN

O
H
N

EtO

O

Cl4Si

12a 14

14 x SiCl4

(3.10)

Reaction pathway A is based on the isomer 12a and depicted in Scheme 3.10 . The

reaction starts with a Lewis acidic interaction between the carbonyl oxygen of the

protecting group leading to a 5–coordinate silicon complex. The C–C- and C–N bonds

are formed before the proton transfer takes place. A product complex is formed, which

was found to bear a six-coordinate silicon.1 Release of the catalyst leads to the free

product 14. A closely related reaction pathway is pathway B, which differs from pathway

A through the initial interaction site of the SiCl4. While in pathway A 12a is complexed

via the protecting group carbonyl, in pathway B it is complexed via the residue carboxyl

group. As this group is not present in all hydrazones studied, this pathway can not be

one of the important pathways. The mechanism is depicted in Scheme 3.11.

ArN
H

O

N
RO

O

Si
ClCl

Cl
Cl

ArN
H

O

NRO

O
Si

Cl
Cl

Cl

Cl

Ar
H
N

O

N
RO

O
Si

Cl
Cl

Cl

Cl
12a 14

14 x SiCl4

(3.11)

The next possible reaction pathways are based on 12b 2. Based on this isomer we can

mainly set up two different pathways, which differ by the interaction mode of SiCl4. In

case of pathway C, the interaction takes place via a formally negatively charged hydrazone

nitrogen. Pathway C resembles to the favored mechanism described by Frank[109] and is

depicted in Scheme 3.12.

1The formation of an additional bond proceeds barrier-less after the C–C-C–N-bond formation
212b requires that the proton transfer reaction takes place first
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EtO
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12b

14

(3.12)

Closely related to pathway C is pathway D. In contrast to pathway B, the interaction

between 12b and SiCl4 is formed by the protecting group carbonyl. Pathway D is

depicted in Scheme 3.13. In the case of pathway D, we find a second possibility to arrange

12. While in all pathways A–C, sterical hindrance requires the C–N-double bond to be in

the trans-form, for pathway D there is enough room to enable a reaction with a cis-bond.

SiCl4

ArN

O-

H
N

EtO

O

ArN

O

N
EtO

O H

SiCl4

ArN
H

O

N
EtO

O

ArN

O
H
N

EtO

O

12b

14

(3.13)

A third possibility is a reaction via the enol form of the hydrazone, which is the isomer

12c. Based on this isomer again two different reaction pathways are possible – pathways

E and F. The respective mechanisms are depicted in Schemes 3.14 and 3.15.

SiCl4

ArN

HO

N
RO

O

ArN

O

N
RO

O H

SiCl4

ArN

OH

N
RO

O

12c

14

ArN
H

O

N
EtO

O

(3.14)
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EtO

O

12b
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(3.15)

Results

For all of the above pathways we find four different products, which are depicted in Scheme

3.6. These are 13 and 14 as syn and anti isomers. Only 14 is observed experimentally

and syn-14 is favored over anti-14. For the pathways A-D, the C–C- and C–N- forming

transition states, as well as initial and final states to these transition states are calculated.

Only if the energies are significantly too high to play a role, the initial and final states

have been omitted. For pathway F no stable initial complexes could be located and in

Pathway E, the initial adduct 17e is already too destabilized with 11.2 kcal/mol. All

results are summarized in 3.3.

For the SiCl4 catalyzed reaction, we find that the favored reaction pathway is catalyzed

via the benzyle carbonyl group. The rank ordering is predicted correctly. The lowest

energy in transition states is 3.3 kcal/mol for the observed syn product syn-14 followed

by 6.8 kcal/mol for the observed anti-14. The next possible pathway is pathway D (cis)

which would lead to a wrong rank ordering with anti selectivity for the observed product.

In this case anti-14 is the preferred TS with an activation energy of 6.1 kcal/mol followed

by syn-14 with 10.6 kcal/mol. All other pathways were calculated to be much less stable

with energies of at least 11.35 kcal/mol for anti-13, and an inverted rank ordering.

Notably, pathway C would imply a stepwise reaction with a weakly stabilized intermedi-

ate. The preferred pathways D(cis) and D(trans) all proceed via concerted C–C-C–N-bond

formation transition states.

As for the uncatalyzed reaction, the mechanism in which the H-transfer step is the first

has significantly better energies than those with an initial C–C-C–N-bond formation.

We can conclude that the SiCl4 catalyzed reaction most likely proceeds via an adduct

formed via the electron withdrawing substituent, rather than via direct interaction with

the 1,3-dipolar center.
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product initial TSa intermed. TSb final

uncatalyzed

syn-13 -2.12 13.09 — — -10.82
anti-13 10.57 23.78 — — -15.63
syn-14 -1.53 19.71 — — -12.44
anti-14 5.65 25.49 — — -16.44

pathway A

syn-13 c c c c c

anti-13 13.77 25.14 12.43 13.46 c

syn-14 c 38.5 — — c

anti-14 c 33.44 — — c

pathway B

syn-13 c 12.58 c 12.83 c

anti-13 0.37 33.27 c 33.27 23.74
syn-14 c c c c c

anti-14 0.42 23.35 19.53 c 21.44

pathway C

syn-13 4.04 18.66 13.23 13.49 -30.22
anti-13 5.69 11.35 8.46 10.32 -30.91
syn-14 4.89 28.07 — — -11.13
anti-14 4.61 24.94 — — -31.6

pathway D (trans)

syn-13 -0.92 19.25 — — -31.6
anti-13 -0.4 19.71 — — -19.62
syn-14 -2.5 3.3 — — -8.2
anti-14 0.47 6.79 — — -29.6

pathway D (cis)

syn-13 1.24 21.01 — — -15.78
anti-13 0.8 18.62 — — -26.57
syn-14 3.89 10.62 — — -14.28
anti-14 -1.43 6.14 — — -24.38

Table 3.3: Reaction pathways A–E for the SiCl4 catalyzed reaction (All Energies are
∆H[kcal/mol], aC–C-bondformation or synchronous TS; bC–N-bond formation
TS cnot continued – Energies are too high)
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3.2.3 TMSOTf as catalyst

Hydrazone–catalyst adducts

With TMSOTf the situation is slightly different. As we can show in calculations, the

approach of TMSOTf in a manner comparable to SiCl4 leads to a barrierless cleavage

of TMSOTf. We find a four-coordinate SiMe3R
+ complex instead. No stable 5- or

six-coordinate complex can be found. The interaction patterns show that we now have

similar complexes to SiCl4–hydrazone adducts, but the complexes are cationic and four-

coordinated. The five-coordinate Si bearing reactions pathways for SiCl4 now resemble

four-coordinate SiMe3R+ pathways. The six-coordinate SiCl4 intermediates (pathway A)

have no analogues, due to the instability of five-coordinate SiMe3R
+ compounds. The

following interaction patterns are considered:

RN+
NR'

O- H

RN+
N-R'

O H

SiMe3
+

SiMe3
+

R'N
NR

OH

R'N
NR

HO

SiMe3
+

SiMe3
+

18a 18c 18e

RN+
NR'

O- H

SiMe3
+

18b

RN+
N-R'

O H

SiMe3
+

18d 18g

R'N
NR

OH
SiMe3

+

18f

(3.16)

Another question is: Do we have a charged or overall neutral reaction pathway, thus

formally cleavage of OTf− or HOTf? From a computational point of view, this question

is complicated to answer, as we will obtain a systematic error for the gas phase reaction,

if the stability of charged vs. neutral compounds is concerned. It is doubtful whether

PCM corrections can contribute to a sufficient extent to cancel these errors.

Considerations on the reaction pathways

Unfortunately, a direct exchange of SiCl4 by TMSOTf is not possible. The triflate group

seems to be a too good leaving group to allow the formation of higher coordinated silicon

adducts. This reaction must be approached in a different way. Three approaches to

modeling the TMSOTf catalyzed reaction were therefore tested.
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Compound ∆H [kcal/mol] ∆∆H[kcal/mol]

18a 77.73 1.85
18b 91.63 15.75
18c 75.88 0
18d 87.98 12.1
18e 107.71 31.82
18f 95.34 19.45
18g 102.65 26.77

Table 3.4: Interaction of SiMe+3 with 12

In the first approach, only the SiMe+3 part of the catalyst without the SO3CF−3 group

is considered. This leads to a charged state with which only the C–C- and C–N-bond

formations can be described. The Lewis acidic attack of the catalyst, as well as the

regeneration of the catalyst cannot be described by this model.

A second possibility is to use the full system with both the SiMe+3 -cation and the

SO3CF−3 -anion. This model is the most comprehensive, but requires a more robust

approach, due to the high flexibility of the free triflate anion.

A third possibility is the completely neutral pathway through an initial elimination of

HOTf, which can be calculated comparatively easily. We have to keep in mind that the

high acidity of the triflic-acid makes this reaction pathway unlikely. All three reaction

pathways have been explored computationally.

Charged pathway

N

N

O

EtO

O

Ph

H

Me3Si + CP+ TMSOTf

- OTf-

N

N

O

EtO

O

Ph

H

Me3Si N
HN

O
OEt

O
Ph

Me3Si + OTf-

- TMSOTf

12a 14

(3.17)

The charged reaction pathway is based on the assumption that the initial formation of

the catalyst-hydrazone complex directly leads to a cleavage of the TMSOTf group. Due

to the positive charge present throughout the calculations, a direct energetic comparison

to the ground state is not that simple and will most probably not yield reliable data.

We thus take the assumed initial complex as reference energy for this pathway. The

existence of these four-coordinate complexes has thus to be proved by other means, either
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experimentally or by the respective neutral reaction pathways. The negatively charged

pathway is depicted in equation 3.17.

Neutral pathway 1

N

N

O

EtO

O

Ph

Me3Si + CP+ TMSOTf

-HOTf

N

N

O

EtO

O

Ph

Me3Si N
N

O
OEt

O
Ph

Me3Si + HOTf

- TMSOTf

12a 14

(3.18)

The neutral reaction pathway is similar to the charged pathway, with the difference

that HOTf is released in the first step instead of OTf− to lead to a neutral catalyst

bound substrate. The resulting neutral product complex is then formally cleaved by

HOTf. This system has the advantage that all calculated energies are straightforward

to compare. Yet we find that the energies calculated with this method are comparably

high. The calculated initial structures for C–C-bond or C–C-C–N-bond formations are

destabilized with ∆H = 28.9 - 29.5 kcal/mol, the final complexes are destabilized with

∆H = 21.9 - 25.2 kcal/mol. The calculated activation barriers are again in a range of 40 -

50 kcal/mol, which leads to enthalpies of the transition states of ∆H = 80.7 - 88.2 kcal/mol.

Unfortunately, these values can not directly be compared with the data for the charged

pathway, but we can assume that the destabilization for this pathway is too high to play

a role in the experiments. Thus the neutral pathway 1 was not investigated further.

Neutral pathway 2 – Complete system

N

N

O

EtO

O

Ph

Me3Si + CP+ TMSOTf N

NH

O

EtO

O

Ph

Me3Si N
HN

O
OEt

O
Ph

Me3Si

- TMSOTf

-OTf
H

-OTf

OTf-

12a 14

(3.19)

The third approach includes the complete system during the whole reaction. It

resembles the charged pathway while retaining the OTf− in the calculated system. Again,

we have the advantage that energies are straightforward to compare with the reactants

and the model for the formation of the catalyst complex and the cleavage of the product

complex should be described best by this model. The drawback for this system is, the

transition states are not simple to optimize and, with the unbound OTf− we might
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get a significant dispersion contribution to the total energy, which is neglected. If the

transition states are concerned, only the syn-13 and anti-13 selective transition states

could be located. These are unfortunately the two reactions which are not observed

in experiment. The syn-14 and anti-14 selective transition states could not be located

due to complications in optimizing these states. Optimization problems also become

important when optimizing the initial and final states. The initial state what could be

optimized up to date is that the syn-13 selective initial state and is destabilized with

∆H = 11.8 kcal/mol. The two transition states which where optimized had enthalpies of

∆H = 26.4 kcal/mol (syn-13) and ∆H = 35.0 kcal/mol (anti-13). In comparison with the

charged pathway, these results show that the destabilization through the positive charge

is overestimated.

Reaction pathways

As already mentioned, for the TMSOTf catalyzed reaction the situation differs from the

SiCl4 catalyzed reaction. As the initial complex 19 is not stable, an analogous reaction

to pathway A and pathway B is not possible. Pathway C and D can be modelled as well

as two pathways, which are not possible with SiCl4.

In the case of TMSOTf as catalyst, the pathways differ from the SiCl4 catalyzed

reaction mechanisms by the presence of a positive overall charge. For pathway C the

situation is the following: The first step in the reaction is the proton transfer to yield

12b. The C–C- and C–N-bond formation proceeds with five-membered SiMe+ complex

attached to the formally negatively charged nitrogen. The C–C-C–N-bond formation

yields 20 which shows a positive partial charge, delocalized over the Si–N-bond. Cleavage

of 20 releases 13 or 14. The reaction mechanism is shown in Scheme 3.20.
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O H
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H
N

EtO

O

12b

14

(3.20)

Another possible pathway is pathway D, which again can be carried out with cis-12

and trans-12. Pathway D also starts from 12b and thus with an initial proton transfer.

In contrast to pathway C, the catalyst interacts via the protecting group carbonyl oxygen.
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The related mechanism is depicted in Scheme 3.21.
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Thirdly pathway E based on the reactant isomer 12c was modelled as well as pathway

F. The according reaction mechanisms are depicted in Schemes 3.22 and 3.23.
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Results for Pathway A-F

The results for TMSOTf as catalyst for the (3+2)-cycloaddition between 12 and cyclopen-

tadiene shows the same trends as if SiCl4 is used. The most stable reaction pathway

is pathway D(trans), predicting the experimentally observed products to be favored.

All further pathways show significantly increased barriers. All relevant energies are

summarized in Table 3.5.

For SiMe+3 as catalyst, very similar results as for SiCl4 are observed. If the assumed
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product initial TSa intermed. TSb final

pathway C

syn-13 30.63 34.23 31.81 36.49 0.26
anti-13 31.33 36.55 36.27 39.68 1.54
syn-14 33.42 51.01 — — 0.00
anti-14 c 53.5 — — c

pathway D(cis)

syn-13 d c 3.16
anti-13 23.87 36.91 — — -0.71
syn-14 d c — — -0.26
anti-14 24.87 27.87 — — -3.15

pathway D(trans) — —

syn-13 16.81 32.87 — — 0.3
anti-13 16.81 33.29 — — 0.29
syn-14 17.03 20.83 — — d

anti-14 17.87 22.00 — — 0.11

Pathway E

syn-13 c 56.96 — — c

anti-13 c 56.17 — — c

syn-14 c 61.18 — — c

anti-14 c 59.52 — — c

pathway F

syn-13 c 52.45 — — c

anti-13 c 51.52 — — c

syn-14 c c — — c

anti-14 c 44.53 — — c

Table 3.5: Reaction pathways C–F for the TMSOTf catalyzed reaction (All Energies
are ∆H[kcal/mol] relative to syn-14; aC–C-bondformation or synchronous
TS; bC–N-bond formation TS; cnot continued — Energies are too high; d in
progress)
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negatively charged catalyst hydrazone complex is formed, we find the possibility of

four reactions which lead to the products syn-13, anti-13, syn-14 and anti-14. As

for the SiCl4 catalyst, we observe two different bond formation sequences. For the

products anti-13 and syn-13 a successive bond formation is observed and we find a

stable intermediate in which only the C–C-bond is formed, whereas for products syn-14

and anti-14 a synchronous bond formation is observed. For the successive C–C- and

C–N-bond formations, activation barriers of ∆H = 3.6 kcal/mol and ∆H = 5.8 kcal/mol

for syn-14 and ∆H = 5.9 kcal/mol and ∆H = 9.0 kcal/mol for anti-13 are found. This

is again compatible with the observed syn selectivity. In the case of the synchronous

transition states, the observed activation barriers are ∆H = 20.3 kcal/mol for syn-14 and

∆H = 22.8 kcal/mol for anti-14. Again the barriers for product 13 are significantly higher

than for product 14 and will thus not be observed in experiment. The rank ordering is

thus correct.

3.2.4 The SiCl+3 catalyzed reaction

Dissociated reaction pathways with SiCl4

Since the most realistic reaction pathway for the Lewis acid catalyzed (3+2)-cycloaddition

is suggested to proceed as via the reaction mechanism shown in Scheme 3.24, no further

investigations on the other two possible pathways were carried out.
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As already described for TMSOTf, the (3+2)-cycloaddition studied in this work can

in principle be catalyzed by dissociated, as well as by undissociated Lewis acids. Thus

the modeling of a reaction pathway catalyzed by dissociated SiCl4 is straightforward.

Cl− is a reasonably good leaving group. The remaining SiCl+3 can subsequently catalyze

the cycloaddition in the same way as SiMe+3 does. As for TMSOTf, the reaction can

proceed in two steps, firstly an H-transfer and secondly the concerted C–C-C–N-formation

reaction:
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catalyst ∆∆H syn:anti ∆∆G syn:anti syn:anti
[kcal/mol] [kcal/mol] observed

SiCl4 2.9 > 99 : 1 1.4 93 : 7 94 : 6
SiCl+3 1.8 95 : 5 1.7 94 : 6 94 : 6
TMSO− 1.2 87 : 13 1.0 82 : 18 89 : 11

Table 3.6: Prediction of the selectivity at room temperature. Calculated according to
n(syn)
n(anti) = e−

δEa
RT ;with RT = 0.59 kcal/mol

Si+
ClCl
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(3.25)

All calculated data are listed in Table 3.7. The transition states obtained from this

model again is in good agreement with the experimentally observed product distributions.

The transition states leading to the unobserved product 13 are significantly higher than

those leading to 14. The best results are obtained for 22-syn, with an activation barrier

of 6.0 kcal/mol followed by 22-anti with a barrier of 7.2 kcal/mol. The lowest activation

barrier obtained for 23 is 18.1 kcal/mol for 23-syn. The C-C–C–N-bond formation is

exothermal by 16.8 kcal/mol for 22-syn.

From the theoretical point of view, the dissociated silicon catalyst SiCl+3 and the

undissociated SiCl4 behave qualitatively identically, as far as the product distribution is

concerned. From the DFT point of view, both catalysis modes seem realistic.

Based on absolute rate theory we can predict the product distribution. For all considered

reaction pathways, the distribution exactly fits that observed experimentally. As shown

in Table 3.6, the selectivity prediction for the SiCl+3 (95:5 syn:anti) catalyzed reaction

is qualitatively consistent with the prediction for the SiCl4 catalyzed reaction(>99:1

syn:anti). Based on these findings, the SiCl4 catalyzed reactions could take place with

undissociated SiCl4 as well as with SiCl+3 -cations. One indication that points towards the

dissociated reaction is an elongated bond in the pentacoordinate SiCl4 adducts. In all

optimized structures, one bond is stretched from the expected 2.14 Å to approximately

2.35 Å. This is a strong hint that the optimized structures might be stable only in the

gas-phase.

65



Product ∆E ∆H ∆G
TS [kcal/mol] [kcal/mol] [kcal/mol]

1-syn 0 0 0
1-anti 1.75 1.72 1.68
1-syn 7.86 7.73 7.67
1-anti 6.62 6.53 6.04
2-syn 13.62 13.14 13.42
2-anti 14.67 14.25 14.74
2-anti 16.98 16.5 16.44
2-syn 24.14 — —

initial
1-syn -1.27 -0.97 -2.78
1-anti 0.27 0.56 -2.53
1-syn 6.83 7.12 4.73
1-anti 5.68 5.97 3.02
2-syn 0 0
2-anti 0.78 1.08 -1.95
2-anti 4.78 5.05 2.23
2-syn — — —

final
1-syn -19.52 -16.66 -14.87
1-anti —
1-syn —
1-anti -22.41 -19.36 -17.95
2-syn — — —
2-anti -21.27 -18.22 -17.43
2-anti -19.27 -16.51 -15.76
2-syn — — —

Table 3.7: SiCl+3 catalyzed reaction pathway
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3.3 Conclusions

The (3+2)-cycloaddition between hydrazones and cyclopentadiene, catalyzed by Lewis

acids can be described computationally and qualitatively fits the experimentally observed

results. The two remaining problems are: Firstly, the selectivity of the reaction is

overestimated. Secondly, the TMSOTf catalyzed pathway cannot be described completely

with a single approach, but we have to combine data from two different pathways. The

most likely reaction pathway for the 1,3-dipolar cycloaddition is a reaction via the charged

pathway or the neutral pathway 2, which are actually based on the same mechanism

and only employ a different computational approach. If the relative energies of the

transition states and intermediate states are concerned, the data of the charged pathway

will be the most reliable. If the energies of the product and reactants, as well as the

formation of the initial and final complexes is concerned, the neutral pathway 2 will yield

the most reliable results. With this data, we can approximate the energetic pathway

of the complete reaction, based on the assumption that the presence of OTf− does not

significantly influence the relative stabilities of the C–C- C–N- and C–C-C–N-forming

transition states (see Figure 3.3).

Both, the SiCl4 and the TMSOTf catalyzed reactions seem to proceed via a similar

mechanism (pathway D), whereas TMSOTf in contrast to SiCl4 seems to dissociate. In

that case only SiMe+3 is the catalytically active species. The calculated data can be used

to predict product ratios. With room temperature correction the calculated energies

qualitatively and quantitatively lead to a correct prediction of the observed product

distribution. SiCl4 is predicted to be slightly more selective than TMSOTf. If ∆G values

are used for the prediction, the computed product distribution is close to the observed

one. Details see Table 3.6.

The two catalysts SiCl4 and TMSOTf seem to activate the hydrazones in slightly

different mechanisms. While for SiCl4 five coordinate silicon complexes seem to be

involved in the major catalytic steps, these cannot be found for TMSOTf. TMSOTf

rather seems to decompose upon complexation to yield SiMe+3 -hydrazone complexes and

OTf−. The C–C- and C–N-bond formations in both cases again seem to proceed very

similarly. In both cases a two step mechanism with a slightly stabilized intermediate

is favored over a single step mechanism, which would only be observed for the two

unobserved isomers. For both catalysts, the selectivity of the reactions can be calculated

based on the present data, assuming a kinetically controlled reaction applying absolute

rate theory. For the cationic Lewis acids, this leads to a perfect prediction of selectivity

(always >99:1). Only for the SiCl4 catalyzed reaction, the energy difference is too high.
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Figure 3.3: Energetic pathway of the full reaction (∆H in kcal/mol)
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3.4 Outlook

3.4.1 A chiral variant of the 1,3-dipolar cycloaddition

N
H

Si
O Ph

Cl

Ph

(3.26)

Leighton has already developed a reactive auxiliary, which can drive the reaction towards

an enantioselective outcome.[105] One step towards a catalytic version of the reaction

could be a variant of Leighton’s catalyst bearing a better leaving group, for example

triflate.

It was possible to demonstrate that a chiral variant of the catalysis is possible. Diverse

silicon Lewis acids combined with BINOL-phosphates allow an enantioselective driving

of the reaction [112], up to date the cases with high enantioselectivity allow only low

yields. From a theoretical point of view, we would expect an active and enantioselective

Si-cationic catalyst to have:

� a chiral center close to Si but not at Si (inversion in the cationic state)

� at least one bulky residue in the chiral surroundings (two in the C2 symmetric case)

� a good leaving group such as triflate

One point which is hard to predict from the theoretical point of view is the in situ

recycling of the catalyst. In the most recent work, published by our group[112], the yield

achieved was in the best cases hardly higher than the catalyst loading. With increasing

molecular size, the catalytic activity of the silicon cations seems to diminish, which is a

problem due to the necessity of bulky residues for enantioselectivity. The challenge could

therefore be finding a rigid chiral Si-cation with low molecular weight.
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4 Organo- and autocatalytic reactions

4.1 State of the art

4.1.1 Enantioselective synthesis

One of the most important achievements in the field of organic and metal organic

chemistry is enantioselective synthesis. We will take a short look in the chemist’s toolbox,

to see what can be used to achieve the goal of complete stereocontrol.

In 1848 Pasteur discovered the existence of enantiomeric crystals of tartrates and

described the first method to purify enantiomers, enantiomeric crystallization.[113] It

was again Pasteur who introduced the concept of chiral resolving agents.[114] In this

approach, an enantiopure resolving agent is added to a racemic mixture in order to

form diastereomeric products. The differing physical and chemical properties of the

diastereomers allow separation by conventional chemical purification methods, such as

crystallization or chromatography. For decades enantiomeric crystallization and chiral

resolution techniques were the methods of choice for the purification of enantiomeric

products. No modification of synthetic procedures is necessary and a wide variety of

components can be purified. Still one obvious disadvantage of chiral resolution is the

maximum yield of 50% due to the fact that the undesired enantiomer is produced in the

same amount as the desired one. This drawback can be avoided by employing direct

asymmetric synthesis. In the ideal case, a chiral auxiliary allows the reaction to be

driven selectively and only the desired enantiomer is formed. The main drawback of

these reactions is the necessity of at least a quantitative amount of auxiliary. Every mol

of product affords at least one mol of reacted auxiliary, as long as the auxiliary cannot

be recycled.

In order to avoid this problem, catalytic approaches can be employed. Enantioselective

catalysis invokes employing an enantiomeric, preferably enantiopure catalyst which allows

the selective catalysis of only one possible enantiomer. Enantioselective catalysts can be

a large number of organic or organometallic compounds, which can be obtained from the

natural chiral pool or the large number of known synthetic enantiopure compounds. The

drawback of catalytic processes in most cases is the imperfect enantioselectivity of and
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the expense of the catalyst. The optimization of a catalytic reaction system can be a

complex and time-consuming procedure and may complicate the synthesis of the catalyst.

Nevertheless, a more expensive to synthesize catalyst may still be more economical than

a chiral auxiliary, which cannot be recycled. For many optimized reaction systems,

selectivities of >99% are achievable.[115, 116, 117]

In the following, we will aim at understanding and improving catalytic reaction systems.

We will first of all consider how an idealized catalytic reaction system look:

� The intended reaction consists of one or more prochiral reactants which react to a

chiral product (necessary)

� The reaction is accelerated by at least one chiral catalyst (necessary)

� One or more chiral centers are created during the reaction (necessary)

� The reactions in absence of the catalyst are negliable

� The catalyst is selective for exactly one product enantiomer (and one diastereomer

if diastereomers exist)

� Reverse reactions are negliable

� The catalyst is employed as an enantiomerically and chemically pure compound

� No additional interactions between product isomers exist or they are negliable

Such a reaction setup would allow the ideal reaction outcome and yield an enatiomeri-

cally and chemically pure component. In experiment, of course a perfect reaction can

not be found. All enantioselective catalytic reactions in the lab will fulfill the first three

points since they are absolutely necessary. The other five points will only be “more or

less” achieved. What does this mean for the remaining five points? First of all, the

background reaction; A background reaction that yields the actual products will of course

diminish the enantioselectivity, while background reactions that yields side products

will primarily diminish yield, as long as the side products do not influence the catalyst

system. The existence and extent of such a reaction has to be checked, as is routinely

done by most chemists working on catalysis. Second, the catalyst selectivity; As the

development of a new catalyst mainly aims at maximizing catalyst yield and selectivity,

these issues are reported in any publication about enantioselective catalysis. Since for all

cases only a limited number of reaction setups can be checked, the numbers will generally

be at least slightly below the theoretically achievable values. Third, reverse reactions;
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The thermodynamically most stable state is necessarily the racemic state. If reverse

reactions proceed, the reactions will generally proceed towards the racemic outcome. In

some cases, the situation is not that simple. If for example interactions between the

catalyst and the products exist, diastereomers can be formed and the outcome of the

reaction can be controlled via template effects. In later examples we will see that for

special cases, reversible reactions can even be necessary. Fourth, enantiopurity of the

catalyst: In the otherwise ideal case as described above, the catalyst’s enantiopurity

would be linearly related to the product enantiopurity. For the ideal systems in which all

additional interactions can be neglected, we can show that this must be the case. For

many experiments this is not found to be the case.[118] Deviations in both direactions,

not only to a worse than expected selectivity but also to enhanced selectivity, exist. These

deviations are referred to as positive non-linear effect (+)-NLE or negative non-linear

effect (-)-NLE. This leads us to fifth, product–product and product–catalyst interactions;

These interactions may lead to the formation of diastereomeric compounds, which can

change the thermodynamic energy landscape in a fashion, that stable non-racemic states

exist. For the case that the global (and necessarily racemic) minimum is not accessible

with the present reaction conditions, the thermodynamic outcome of the reaction may

lead to a non racemic state.

These findings lead to the exploration of new types of synthetic approaches. In recent

years, two new approaches to enantioselective synthesis have emerged; Enantioselective

amplification and spontaneous enantiomeric synthesis. In both cases the product itself

plays a decisive role in the generation of selectivity.

4.1.2 Enantioselective autocatalytic reactions

Autocatalytic reactions are reactions, in which the reaction product can catalyze its own

formation, what is a relatively common process in chemistry and was described as early

as 1896.[119, 120]. Autocatalytic processes are known for a large number of chemical

reactions. It is therefore not surprising that enantioselective variants of autocatalytic

reactions exist. Such process were postulated to be necessary for the chemical evolution

and the origin of the homochirality of the most important biomolecules, and therefore for

the beginning of life.[121] Consequently the first systematic searches for enantioselective

autocatalytic processes focused on biomolecules.[122] With the increasing importance

of enantioselective synthesis, the search of such reactions was extended to synthetic

chemistry, as it is highly desirable to have catalytically active substances, which are able

to reproduce themselves. Systematic searches for such a system were carried out by Soai,

who found that in Zn catalyzed alkylations such reactivity can be found.[123, 124] Until
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the year 1995 one problem persisted. In the case of autocatalytic enantiomeric catalysis,

the reaction which yields the product is catalyzed by the product itself or a product

derivative. A simple one step catalytic reaction of the type:

E +R→ R+R (4.1)

is not sufficient for the generation of enantioselectivity. Even if the catalyst is perfect

(i.e. >99.9% selectivity) the maximum achievable enantioselectivity of the reaction is

slightly lower than the employed e. e. of the catalyst. In each reaction turnover, the

enantiopurity is slightly depleted. Frank proposed a solution to this problem in 1953. Be-

sides the autocatalytic reactions, a mutual inhibition step is needed, in which the racemic

product inhibits its own formation, which leads to amplification of enantioselectivity.[125]

This could be achieved by the formation of stable and unreactive dimers or through

polymerization.[126] At the time Soai carried out his studies on autocatalysis, an am-

plification effect was already known for non–autocatalytic reactions. A weak positive

nonlinear effect in the Ti catalyzed epoxidation of geraniol was reported by Kagan in

1986:[127]

OH OH
OTi(O-i-Pr)4

DET
t-BuOOH

(4.2)

Kagan observed that the epoxide e. e. does not depend linearly to the e. e. of the

employed ligand, but under certain conditions product with enhanced e. e. is obtained.

4.1.3 Autocatalytic amplification and the Soai reaction

In 1995 Soai finally found a system which in an impressive way combines autocatalysis

and enantiomeric amplification. Soai observed a strong amplification of enantioselectivity

in the Zn catalyzed alkylation reaction of piperazine-aldehydes to yield chiral secondary

alcohols.[128] The enantioselectivity in this reaction is caused by a small amount of the
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reaction product, which is initially added:

N

N

CHO
Zn+

2

N

N

OH
N

N

OH
5% e.e.

39% e.e.

(4.3)

In 2005, it was shown that a comparably simple model, close to the original Frank

model can explain the strong asymmetric amplification observed. As in the Frank model,

a catalysis and a mutual inhibition step are needed. Several current structures of the

reaction system exist, yet the most important steps are the formation of product dimers

and their catalytic activity.

4.1.4 Random enantiomeric synthesis

In 1990, the first completely stochastic occurance of an enantiomeric excess was observed

in the laboratory. It was Kondepudi who observed the occurance and amplification of

chiral NaClO4 crystals in crystallization and grinding experiments.[129]

The initially formed chiral crystals seem to be destroyed, forming a large number

of chiral crystal seeds, which again selectively grow to chiral macroscopic crystals. In

subsequent depletion and growth steps, an spontaneously formed small e. e. can be

enhanced. As NaClO4 is achiral, only the chirality of that crystals is influenced.

A more recent and more special way of obtaining a product in high enantiopurity is

stochastic enantioselective synthesis. In several cases it could be shown that enantios-

electivity emerges completely uninduced from racemic solutions. This is possible due

to the fact that any chemical reactions takes place with a large, but limited number of

individual molecules. The reaction outcome for every single molecular reaction is random

and it is extremely unlikely that the exactly same number of two possible enantiomers

is formed. Thus any racemic reaction produces a minimal enantiomeric excess. The

smaller the number of molecules in an initial turnover, the higher the possibility of

finding enantiomeric excess. Together with a strong amplification of enantioselectivity,

the systhesis of enantiopure material from racemic solution is possible. A control of the

selectivity can only be achieved when starting from initially chiral conditions.

For both, amplification of enantioselectivity and stochastic enantioselective systhesis

the reaction must take place in far from equilibrium conditions, as the thermodynamic
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equilibrium state necessarily is the racemic state.

4.2 Aims and motivation

Up to date, all known organic and autocatalytic reactions show a negative nonlinear

effect.[130] No amplification of enantioselectivity has been observed to date. In the

following, the prerequisites of a enantioselective organic autocatalytic reaction, which

amplifies an initial enantiomeric excess are explored. In this Chapter, the numerical

studies are reported. Quantum mechanical studies and experimental studies are reported

in Chapter 5 starting from page 95.

The computational approach starts from reported reaction models, which are modified

stepwise towards the desired organic autocatalysis systems. Reaction models are evaluated

by stepwise numerical integration of the chemical rate equations.

76



4.3 Results and discussion

4.3.1 Towards organic autocatalytic amplification of enantioselectivity

The thermodynamic equilibrium of a reaction mixture with two enantiomers is a com-

pletely racemic state.1 The driving force towards this state is the enhanced entropy of the

racemic state. For macroscopic samples only minimal excess of one random enantiomer

is possible in the thermodynamic state.[131] In order to achieve a non racemic state, the

reaction has to be kept in a state far from equilibrium conditions. This can be either

achieved by kinetic reaction control, which is present in most conventional enantioselective

synthesis approaches, or the reaction can be controlled in a thermodynamical fashion. For

the latter, the stability differences in diastereomers can be exploited by either addition

of a complexant or by the intrinsic formation of diastereomers.

A detailed review on non linear effects and how they can be established is presented

by Kagan.[132] As a prototype for reaction for enantioselective amplification, which was

at that time mainly known for metal catalytic systems, he describes the MLn system. A

metal ion is complexed by n chiral ligands LR and LS to form the active catalyst. Due

to the ligand enantiomers, diastereomeric and enantiomeric pairs of catalyst exists. In

case of the ML2 system it can looks like:

M LR + LS+ ++M(LR)2 M(LS)2 MLRLS + MLSLR

+ A

R (+S) S (+R)

kselksel-1 krackrac-1

R + S R + S

kselksel-1
krackrac-1

2 A R + S

Kasc

net reaction:
ML2

(4.4)

Kagan showed that for a successful enrichment of one enantiomer, certain conditions

have to be fulfilled:

� Homochiral complexes must be catalytically more active than heterochiral complexes

� Heterochiral complexes must be more stable than homochiral complexes

� Product formation is not reversible in times relevant for the reaction

We assume a chiral ligand distribution of R and S ligands with R as the major

component. Due to the higher stability of heterochiral complexes, most S ligands will

1for diastereomers a certain distribution between racemic diastereomers will be observed
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be trapped in heterochiral complexes. The remaining R ligands now can form the

catalytically active homochiral ligands. The catalytically active complexes are enriched in

solution, thus the effective ligand enantiomeric excess is enhanced. For simple irreversible

reactions, Kagan presents the analytical solution of kinetic rate equations for such systems,

which correspond well to experimental findings and were shown to be valid for a number

of reactions which show a nonlinear effect. Yet Kagan’s model system is restricted to

enantioselective metal catalyzed reactions.

Is this model system extendable to autocatalytic or organic reactions?

In contrast to the simple Kagan model system, the case for autocatalysis is slightly

more complex. The formed products are again potentially active catalysts, which leads

to a continuous variation in catalyst concentration and enantioselectivity. Since we are

interested in organocatalytic reaction systems, the catalyst amount is not limited to

the metal concentration and catalytic activity is not limited to complexes (or catalyst

adducts) but monomeric products can also be catalytically active. In order to evaluate

the effects of these additional conditions, numerical integration of the rate equations was

performed with a pseudo-first-order integration Scheme as described in section 4.4.

4.3.2 The Kagan ML2 model

∆G [kcal/mol]
0

-10

LR / LS

A / M

-10

R / SM(LR)2

M(LS)2

-22

-25
MLRLS + A

MLSLR + A

-20

-18
-16 TSrac

TSsel(minor enantiomer)
TSsel(major enantiomer)

TS (uncatalyzed)

-35 MLSLR / MLRLS + R / S

-32 M(LR)2 / M(LS)2 + R / S

Figure 4.1: Reaction system as applied for the standard ML2 model (* In order to
proceed to the autocatalytic system later, the ligands need to have the same
free energy ∆G as the Products; Note that the free energy of formation of
the ML2 complexes is therefore 20 kcal/mol less than the absolute value)

In the first step, the simplest Kagan model system is examined. In contrast to the
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original work by Kagan, we employ a stepwise numerical integration Scheme, thus in

our case, restrictions such as irreversibility of the reactions as assumed by Kagan are

not necessary. We employ a model reaction as depicted in Scheme 4.4. The formation of

the catalyst is solved as rapid equilibrium in order to make the numerical solution more

efficient. All other reactions are solved time resolved. The integration timestep is chosen

so that the maximum depletion of a single component in a single timestep is 0.1% of its

concentration.

In order to achieve a realistic guess for the reaction conditions, the following assumptions

have been made for the reaction Gibbs Free Energies:

� heterochiral ML2 complexes are 3 kcal/mol stabilized in comparison to homochiral

complexes

� the activation barrier for heterochiral complexes is 9 kcal/mol

� the activation barrier for homochiral complexes is 2 kcal/mol for the selective and

4 kcal/mol for the racemic reaction 2

� The catalyzed reaction is exothermal by 10 kcal/mol
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Figure 4.2: Pseudo first oder kinetics of the ML2 model (left); Catalytic enhancement
and depletion for the ML2 system dependant on ligand enantiomeric excess

Reaction kinetics are calculated by evaluating the rate equations for forward and

reverse reactions. The rate constants k where calculated according to the Arrhenius

equation:

2this equals a enantioselectivity of 93 % for the single-step enantioselective reaction
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k = A ∗ e

(−∆∆GTS
RT

)
(4.5)

with A = 1 and T = 295[K] and R is the gas-constant. The assumed catalyst loading

is 0.1. The equilibrium rate constant K for all reactions which are evaluated as rapid

equilibrium was estimated as:

K =
k−1
k1

=
A−1 ∗ e

(−∆GREACT
RT

)

A1 ∗ e

(−∆GPROD
RT

) with A1 = A−1 (4.6)

⇒ K = e

(
∆GPROD −∆GREAC

RT

)
(4.7)

As already shown by Kagan, such a system leads to enantioselective amplification upon

product formation. The numeric simulation of the kinetic model confirms the analytic

solution of the slightly extended Kagan system. The catalytically most active components

in this system are the RR and SS homodimers, followed by the hetero dimers, which

contribute only marginally to the reaction outcome. With the formation of heterodimers

identical amounts of R and S are withdrawn from the catalytically active components

and the effective enantiomeric excess of the catalytically active part is enhanced. As

in our model system, the formation of dimers is considered as rapid equilibrium, the

effective enantioselectivity is constant throughout the reaction. In our case (see Figure

4.2), the maximum achieveable enantioselectivity is controlled by the enantioselectivity

of the homodimer catalyzed reaction, due to the fact that the absolute free energy of

the hetero dimer catalyzed transition state TSRS is assumed higher than for the minor

enantiomer path of the homo dimer catalyzed rection. For our model assumptions the

maximum enantiomeric excess achievable is 93 % e.e.. Dependant on the employed ligand

enantiomeric excess, we can therefore observe an enantiomeric enhancement up to an

ligand e. e. of 93 % e.e. and depletion for ligand e. e. larger then 93 % e.e.. As depicted

in Figure 4.2, the reaction kinetics are catalytic first oder. The enantioselectivity is

constant throughout the reaction, since depletion can only take place via the kinetically

suppressed reverse reaction and side reactions are not considered. In all reactions, a

racemic outcome is observed for very long simulation times.
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4.3.3 Variants of the Kagan model system

Autocatalytic Kagan model

The autocatalytic variant of the ML2 model is based on the same assumptions made in

the original ML2 model. The only difference is the product P which is itself the ligand

L (R or S). All initial conditions are kept identical, we therefore consider only the effect

of autocatalysis:

M R + S+ ++MR2 MS2 MRS + MSR

+ A

R (+S) S (+R)

kselksel-1 krackrac-1

R + S R + S

kselksel-1
krackrac-1

2 A R + S

Kasc

net reaction:

ML2

(4.8)

As we can see from Figure 4.3, the autocatalytic variant of the ML2 differs in some

aspects. Since the amount of ligand increases during reaction, the concentration of

the complexes gradually increases, which results in an induction phase. Secondly, the

enantiomeric excess of the metal ligand system is not constant throughout the reaction and

therefore the reaction’s enantioselectivity is not constant. Again the maximal achievable

enantioselectivity is either limited by the enantioselectivity of the homo complex catalyzed

reaction or the activity of the heterodimers (not presented here). As the catalytically

effective e. e. increases during reaction, the enantioselective enhancement is much more

pronounced in comparison to the classic ML2 system.

Organocatalytic ML2 model

The question we have to ask from an organic chemist’s point of view is: Can we employ

the Kagan model for pure organocatalytic reactions. In contrast to the metal ligand

systems studied by Kagan, organocatalytic reactions differ in a number of properties. In

most cases

� the reaction is catalyzed by monomeric catalysts

� no precatalyst exists (i.e no metal ion can control or limit the formation of the

active catalyst)
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Figure 4.3: Pseudo first oder kinetics of the ML2 model (left); Catalytic enhancement
and depletion for the ML2 system dependant on ligand enantiomeric excess

� organic dimers or polymers are controlled by intermolecular interactions as hydrogen

bridges rather than by covalent bonds 3

� catalyst loadings are higher

This leads to a number of assumptions we have to change when proceeding from the

metal catalytic Kagan model to an organocatalytic one. Firstly, for Kagan type reactivity

we need catalytically active complexes, which in purely organic surroundings can be

dimers or oligomers. These dimers are likely to be relatively unstable, so we will end up

with considerable amounts of monomers in solution, which can be catalytically active on

their own. We will therefore have to consider at least catalytically active monomers and

dimers.

Secondly, the formation of catalytic dimers is not limited by the metal concentration.

The maximum amount of formed dimers is limited by the monomer concentration.

Thirdly, organic dimers tend to be less stable than metal ligand complexes, which can

especially be a problem at the starting phase of the reaction when monomer concentrations

are low. Since the rate of formation of dimers follows the square of the monomer

concentrations, especially in the beginning of the reaction the dimer concentration might

be low and mainly momomer catalyzed reactions may take place.

Intrinsically this problem will be overcome by fourthly, the higher necessary catalyst

loading, which can as a side effect also ensure that the dimer concentration remains

3Covalent di- and polymerization will normally be irreversible
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sufficient.

As model for the organocatalytic reaction may look like the following:

R + S ++R2 S2 RS + SR

+ A

PR (+PS) PS (+PR)

kselksel-1 krackrac-1

PR + PS

kselksel-1
krackrac-1

Kasc

PR (+PS) PS (+PR)

kmono
kmono-1

kmonokmono-1
(4.9)

In order to keep the results comparable to the Kagan reaction system, the stabilities

of the dimers are kept identical to the ML2 complexes. In contrast to Figure 4.1,

an additional reaction pathway, the monomer catalyzed reaction has been introduced.

Catalyst loading is increased to 10 %. Since the catalytic activity of the homo complexes is

necessary in the Kagan model, we assume the dimer catalyzed reaction to be energetically

preferred over the monomer catalyzed. The assumed free energies are depicted in Figure

4.4.

∆G [kcal/mol]
0

-10

R / S

-10

PR / PS(R)2 + A

(S)2 + A
-22

-25
RS + A

SR + A

-20

-18
-16 TSrac

TSsel(minor enantiomer)
TSsel(major enantiomer)

TSmono_sel

-35 RS / SR + PR / PS

-32 SS / RR + PR / PS

A TSmono_unsel

-10

-6

-8

Figure 4.4: Kagan MLs model transferred to an purely organocatalytic reaction system

As for the ML2 system, we observe constant asymmetric amplification throughout

the whole reaction since the catalyst concentration does not change. The absolute

enantiomeric excess achievable is the e. e. of the single step reaction. If the same

assumptions as for the ML2 system are made, the asymmetric amplification is stronger.

This is due to the fact that the formation of heterodimers is not limited by the presence or

absence of metal. The concentration of inactive dimer complexes is higher and therefore
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the amplification of e. e. in the remaining system is higher. In our model system, the

organocatalytic variant therefore shows more desirable behavior, yet this is only true if

the organic dimers are as stable as the metal complexes in the ML2 system, which is

generally not the case. We can conclude that for metal free dimer systems, weaker binding

interactions are necessary than for metal ligand systems. The comparison between ML2

and the the organocatalytic Kagan mode can be found in Figure 4.5
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Figure 4.5: Pseudo first oder kinetics of organocatalytic Kagan model (left); Catalytic
enhancement and depletion in comparison to the ML2 system dependant on
ligand enantiomeric excess

Organoautocatalytic Kagan model

The final step is the transfer to an organoautocatalytic system, which can be achieved by

transferring the assumptions made in Section 4.4 to an autocatalytic system:

R + S ++R2 S2 RS + SR

+ A

R (+S) S (+R)

kselksel-1 krackrac-1

R + S R + S

kselksel-1
krackrac-1

Kasc

R (+S) S (+R)

kmono
kmono-1

kmonokmono-1

(4.10)

The asymmetric amplification increases during reaction, as already observed in the

autocatalytic variant of the ML2 system due to the gradually increasing catalyst loading.
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An induction phase can be observed. As depicted in Figure 4.6, an enantiomeric excess.

of larger than 90 % is already achieved when initially catalyst e. e. is only 0.1 % e.e.
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Figure 4.6: Kinetics of the organoautocatalytic Kagan model system (left); Catalytic
enhancement and depletion in comparison to the organocatalytic system
(right)
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Figure 4.7: Kagan ML2 model transferred to an auto- and organocatalytic reaction
system
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4.3.4 The reservoir effect model

A second model presented by Noyori is the reservoir effect model. It is more general than

the metal-complex model since it only distinguishes between catalytically active species

and catalytically inactive species and the respective enantiomeric excess eeact and eeres.

In order to make asymmetric amplification possible, we therefore need an enhancement

of eeact, which is normally only achievable through depletion of eeres. Kagan states the

nature of interactions that cause the formation of an catalytically inactive reservoir can

be different.[132, 133] In our example we can keep the assumptions made for the ML2

model. Starting from the organocatalytic ML2 model, as described in Chapter 4.3.3, we

can come to the following modifications:

� Catalytic activity of dimers is not necessary

� Racemic catalyst is depleted from solution as catalyst heterodimers (mutual inhibi-

tion)

or:

� Racemic catalyst is depleted from solution as catalyst-product dimers (product

inhibition)

Note that for autocatlytic reactions the latter two cases lead to identical assumptions

as the catalyst is identical to the product.

In the numerical simulations, three variants of the reservoir model system are employed;

A catalyst dimer model, a product inhibition model and an autocatalytic model. All

model systems obey the following reaction Scheme:

PR (+PS) PS (+PR)R S
+ A+A

RR + SS
(+RS +SR)RPR

+R +S

SPR

+R +S

SPSRPS

product inhibition product inhibitionmutual inhibition
(4.11)

For the catalyst dimer model and the product inhibition model only one catalyst

depletion mechanism, is active at the same time. In the autocatalytic model product

and catalyst become identical and subsequently the two catalyst depletion mechanisms

become identical.
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4.3.5 Variants of the reservoir effect model

Catalyst dimer model

The first variant of the reservoir effect model is based on findings by Gong [134] who

observed that poorly soluble BINOL-phosphoric acids show a positive nonlinear effect

when employed in low enantiomeric purity. Our model system is derived from the

organocatalytic Kagan model studied in Chapter 4.3.3 from which all parameters for

dimer formation and catalytic activity have been adopted. In contrast to the Kagan

model, the dimers are not assumed to be catalytically active.
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Figure 4.8: Kinetics of the catalyst dimer model system (left); Catalytic enhancement
and depletion in comparison to the Kagan organocatalytic system (right)

As can be concluded from Figure 4.8 both kinetic and asymmetric amplification

are similar for the reservoir effect model and the organocatalytic Kagan model. Since

activation barriers are assumed to be identical for the monomeric and homodimeric

organocatalyst, the small difference in reaction velocity stems from catalytically active

dimers in the Kagan model. The small additional asymmetric amplification in the Kagan

Model stems from the intrinsic enhancement of enantiomeric excess which is described in

Section 4.3.5. The question of dimer catalytic activity therefore seems to play a minor

role in organocatalytic reactions.

Product inhibition model

A second possibility for achieving a non linear effect in organocatalysis is product

inhibition. In this case the effective enantiomeric of the catalyst is enhanced by the
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formation of catalyst–product dimers. A positive nonlinear effect can be expected if each

catalyst enantiomer is preferably complexed by the preferred product of the opposite

enantiomer. In this case an initially higher output of R product will lead to enhanced

formation of R-product–S-catalyst type dimers, enhanced formation of S will lead to S-

product–R-catalyst dimers. A drawback in this approach is the effective catalyst loading,

which is depleted during reaction. As shown in Figure 4.9, the slope of the reaction shows

a worse than first order behavior. The complete reaction time is drastically elongated (not

shown). With identical dimerization free energies, the asymmetric amplification of the

two non autocatalytic reservoir effect models show similar behavior. The amplification

with small initial e. e. is slightly better for the product inhibition model, due to the

higher amount of available complexant.

Notably the product enantiomeric excess does not vary during reaction. We observe

no significant induction phase in which the effective catalyst e. e. and therefore product

e. e. increase.
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Figure 4.9: Kinetics of the product inhibition model system (left); Catalytic enhancement
and depletion in comparison to the catalyst dimer model system (right)

Organoautocatalytic reservoir effect model

Third of all the autocatalytic reservoir effect model combines both, product and catalyst

inhibition, since product and catalyst are identical. In the autocatalytic case the reaction

is faster compared to catalyst or product inhibition due to an effective increase in catalyst

concentration during the entire reaction. An induction phase can be observed in which

catalyst is generated and the e. e. increases. This has the effect that already smallest
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initial enantiomeric excesses yield a product in 90 % e.e..
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Figure 4.10: Kinetics of the autocatalytic reservoir effect model system (left); Simulated
catalytic enhancement(right)

Preference of homodimers

In order to achieve enantiomeric amplification in a reaction system, starting from an

initial catalyst system with a certain enantiomeric excess, it has to be made sure that

the catalytically effective enantiomeric excess is higher than enantiomeric excess of the

initial catalyst system. Otherwise, e. e. is depleted in every reaction turnover. In the

precatalyst the net enantiomeric excess of the starting material is fixed and will not

change without external energy source, so an enrichment of enantiomeric excess in the

catalytic active material must result in a depletion of enantiomeric excess in the catalytic

inactive part of the starting material. In Kagan’s model this is achieved by the formation

of racemic complexes which are thermodynamically more stable than the non racemic

complexes. The same is true in Noyori’s reservoir effect approach, where the driving

force is the formation of racemic complexes.[133]

Is it possible to achieve enrichment through a thermodynamic stabilization of the

active catalyst?

Having in mind the reaction models of Noyori and Kagan this seems paradoxical at

first. As a necessity of symmetry, the homochiral states have to be stabilized the same

amount for the R-R- and S-S-cases, there should be no reason why an enrichment of

exactly one of the enantiomers takes place. Nevertheless, we can assume a reaction

system in which only homodimers are formed.
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Figure 4.11: Enhancement of enantiomeric excess in dimers by dimer formation (exclu-
sively homodimer)

and which in its starting condition has the enantiomeric ratio erR/S , thus

R

S
= erR/S ⇒ R = erR/S · S (4.12)

we can calculate from the law off mass action:

K0 =
RR

R2
=

RR

er2R/S · S2
⇒ RR = K0 · er2R/S · S

2 (4.13)

and:

K0 =
SS

S2
⇒ SS = K0 · S2 (4.14)

For the effective enantiomeric ratio of the catalytically active dimer erRR/SS this

means:

erRR/SS =
RR

SS
=

K0 · er2R/S · S
2

K0 · S2
= er2R/S (4.15)

A dimeric system in equilibrium thus has a higher enantiomeric ratio in its dimer part

than in the free solution. At the same time, the enantiomeric ratio of the dimer in solution
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is depleted by the formation of the dimer. For the first dimers formed, the enantiomeric

ratio is therefore the square of the initial enantiomeric ration er2R/S . For higher dimer

concentrations, the enhancement becomes weaker, as the overall enantiomeric ratio is

not erR/S but:

erabs =
R+ 2RR

S + 2SS
(4.16)

In order to find out how strong this effect can be, numerical simulations of the

enhancement of e. e. in dimers and the depletion of e. e. in the monomers were carried

out. The enhancement or depletion of enantiomeric excess is plotted against heterodimer

stability in Figure 4.12. Enhancement E and depletion D are calculated as:

E =
erRR/SS

erabs
(4.17)

D =
erR/S

erabs
(4.18)

Values greater than 1 mean an enhancement of e. e., values smaller than 1 depletion.

We can conclude from Figure 4.11 that this effect mainly takes place for small K0,

for which the enantiomeric ratio erRR/SS converges to er2abs, whereas for large K0 the

enantiomeric ratio erRR/SS ' erabs.
To conclude, the enhancement of dimer enantiomeric ratio takes place for weakly

interacting dimers, of which only low amounts are formed in solution.

The first model neglects the formation of heterodimers. Since the formation of

heterodimers qualitatively has the same effect of enhancement of enantiomeric excess as

homodimers, the enhancement could be even stronger in the presence of homodimers.

In fact that is what can be observed. In Figure 4.12 the enhancement in homodimer

e. e. and the depletion in monomer e. e. is shown for a system in which homo- and

heterodimers exhibit identical stabilities. In contrast to the system without heterodimer

formation depicted in Figure 4.11, the enhancement of effective enantiomeric excess is

stronger. A depletion of e. e. in the monomers is never found. The enhancement of e. e.

does not depend on the relative stability of the dimers any more, but only on the initial

e. e.. As for the first model system, the effect is larger for smaller initial e. e. and hardly

observable for large initial e. e.

We have to keep in mind that for the actual exploitation of the effect described here,

certain conditions which are uncommon for organocatalytic systems have to be fulfilled.

The catalytic active species has to be catalyst dimers while the respective monomers
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Figure 4.12: Enhancement of enantiomeric excess in dimers by dimer formation (Equal
stability of homo and heterodimer)

have to be catalytically inactive. The catalyst heterodimers can not be formed or they

need to be catalytically inactive or at least significantly less active than the homodimers.

A catalytic setup as described in this section must therefore considered as unusual but

possibly exists for certain systems.

A related metal catalyzed reaction network could be more likely, and may be present

for cases, which are attributed to the Kagan model in the moment.
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4.4 Computational details

4.4.1 Integration of rate equations

Numerical integration of rate equations was carried out using a newly implemented

64-bit program based on the KINSIM approach by Barshop.[135] Barshop uses a Euler

integration directly employing the kinetic rate equations for each component. For small

timesteps ∆t the integration the concentration of one component Xi is:

[X]i(t+ ∆t) = [X]i(t) + (d[X]i/dt)∆t (4.19)

This leads to the occurance of a propagated discretization error, since ∆t cannot be

infinitely small. In order to minimize this error, ∆t has to be chosen small enough.

Especially if the reaction rates in a model system diverge strongly, which can be found

for example in catalytic reactions, choosing a small enough integration timestep ∆t can

be very expensive. In oder to avoid this problem, Barshop uses the “flux tolerance”

method.[135] The integration step is chosen so, that the concentration of one component

in the model system changes by only a small amount. This leads to an error cancellation

in the propagated discretization error and timesteps can accordingly be chosen larger.

In our approach a refined integration Scheme is used. The stepwise numerical integration

is carried out as a pseudo-first order integration. Since for first order reaction of the type:

A
k1−→ B (4.20)

the reaction rate is:
d[A]

dt
= −k1[A] (4.21)

integration leads to

[A](t) = [A]0 ∗ e(−k1∗t) (4.22)

For small values of ∆t, we can assume that the concentration of all components Xi

besides the evaluated component XA are approximately constant, which is also assumed

in the Euler Method in equation 4.19, this means we can calculate an effective first order

rate constant:

keff = k1 [X]
Vi−1

j

N∏
i=1
i 6= j

[X]Vii (4.23)

93



with the number of components in the reaction N . This leads to a pseudo first order

rate equation:

d[A]

dt
= −keff ∗ [X]j (4.24)

integration according to equation 4.22 leads to:

[X]j(t) = [X]j(0) ∗ e(−keff∗t) (4.25)

and

d[X]j
dt

= [X]j(t) ∗ e(−keff∗t) − [X]j (4.26)

It can be shown that a minimization of the propagated discretization error at the

same integration timestep can be achieved. If computational effort is concerned, the

implementation of the pseudo first order implementation is slightly slower (approx. 1.5

times per step), but up to 5-8 times less timesteps are needed for the same accuracy.
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5 Towards amplification of

enantioselectivity in aldol-type reactions

5.1 State of the Art

The spontaneous emergence of enantioselectivity in organocatalytic reactions was first

reported in 2007 for two reactions. In samples of Mannich[130] and Aldol type[17]

reactions, spontaneous emergence of chirality has been reported. The work was based on

the Mannich reaction which was originally developed by Cordova:[136]

O

COOEt

N

H

PMP

+

L-Proline
(20 mol%)

DMSO, 2h, rt

O

COOEt

NH
PMP

26 27 (S)-28
82%
95% ee

(5.1)

and on an aldol reaction originally developed by List:[137]

O

O

H+

L-proline
(30 mol%)

DMSO

O OH

26 (R)-30
78%
76% ee

NO2

29

NO2

(5.2)

In both cases, stirred over saturated solutions of the reaction mixture developed an

enantiomeric excess without the necessity of addition of any chiral material. Enantiomeric
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excesses of up to 50 % e.e. in the aldol reactions and 9.5 % in the Mannich reactions were

reported.[130] Besides the spontaneous emergence of enantiomeric excess, the Mannich

reaction was also reported to proceed in an enantioselective autocatalytic manner.[17]

The product 28 could be shown to catalyze the Mannich reaction with up to 94 % e.e.

and a yield of up to 54 %. DFT and numerical reaction rate calculations showed that an

autocatalytic dimer controlled reaction pathway can explain the experimental findings

in the case of the autocatalytic reaction.[17] Since the situation in the spontaneous

emergence of enantioselectivity case is more complex, these processes might contribute,

but can not alone explain the occurrence of chirality.

In the case of the Mannich reaction both, the autocatalytic reaction and the spontaneous

emergence of an enantiomeric excess takes place. Thus it is interesting if the aldol reaction

also can take place as an autocatalytic reaction. We examined the autocatalytic aldol

reaction experimentally and in simulations.
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5.2 Aims and motivation

The aldol reaction between acetone and p-nitro-benzaldehyde has bessn studied in

simulations and experiment. In the computational approach, we consider the elementary

reaction steps, which would be necessary in an autocatalytic reaction. A DFT study was

carried out on the uncatalyzed reaction as well as the autocatalytic reaction. Since the

stability of dimers is of paramount importance in autocatalytic amplification procedures,

a conformational study on possible product dimers was carried out.

In the experimental approach, the existence of amplification of enantioselectivity is

probed in stirring experiments. Since the crystalline phase seems to play a decisive role,

an X-ray single crystal analysis of the respective enantiomerically pure and the racemic

aldol addition product was carried out.

Model reaction for both, the experimental and the computational studies is the reaction

between acetone and benzaldehyde derivatives depicted in Scheme 5.2 and the pyrrolidine

catalyzed inversion reaction of the product 30:

O OH

NO2

O OH

NO2

(R)-30(S)-30

N
H

(5.3)

In computations, the reaction was modeled with p-nitro-benzaldehyde as the benzalde-

hyde derivative
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5.3 Results and discussion

5.3.1 Computational approach

Overview

From the computational approach, we were expecting to gain insight to two crucial

points necessary for autocatalytic amplification. Do product dimers of the aldol product

exist, and are they stable? Do possible autocatalytic transition states, which allow the

propagation of one enantiomer, exist?

As we showed in Chapter 4, for an active amplification of enantiomeric excess in one

species, we would need dimers which are stable and which are formed in larger amounts

as heterodimers in order to remove racemic product from solution. Secondly, we need an

autocatalytic reaction step which allows the propagation of the major dimer.

The computational study thus comprises two parts: A conformational search of possible

product dimers and the search for possible transition states of the product catalyzed

reaction.

Uncatalyzed reaction pathway

For both the energies of the transition states and the dimerization energies reference

data are needed. We consider the uncatalyzed reaction pathway between acetone and

p-nitro-benzaldehyde as reference. From experimental results,[138, 139, 140] as well as

from preceding theoretical studies,[141, 142] we expect that acetone reacts in its enol

form even if the enol form is destabilized in gas-phase. After the enolization of acetone,

two reaction steps have to take place, a C–C-bond formation and a proton transfer.

A reaction can take place either in a single step or in consecutive reaction steps. In

computations, only the single step cyclic reaction is found to be feasible. The first step in

the reaction is the formation of a weakly interacting reactant adduct, which is endothermic

by 7.8 kcal/mol. The second step is the transition state which has an activation barrier

of 13.0 kcal/mol and is therefore endothermic by 20.8 kcal/mol compared to the free

reactants. The overall reaction is now exothermic by 8.3 kcal/mol. The reverse reaction

therefore has an activation energy of 29.1 kcal/mol. The product can also be present as

the enol form, which leads to a destabilization of 12.1 kcal/mol.
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O OH H Ph

O

Ph

OO
H

∗∗ Ph

OHO

H Ph

OO
H

(5.4)

Dimer conformations

As reference for the product dimer stabilities, the keto-form of the product was used.

The dimerization energies were calculated in a supermolecular approach in the gas-phase

B3PW91/TZV optimizations. In order to obtain a good estimate for the most stable

dimers, a number of product dimers was sampled. The most stable interaction Scheme

for product dimers is a double intramolecular H-bond. Such an interaction Scheme was

also shown to be present in the crystals of related aldol products 30. A total of 29 dimer

conformations was optimized. Since the molecules have a comparably low number of

rotable bonds, sampling of a low number of conformers is sufficient. All calculations

were carried out using geometry optimizations at BPW91/TZV. The most stable dimers

found are homodimers which are 2.0 kcal/mol more stable than the best heterodimer,

as can be seen in table 5.1. In absolute numbers the stabilization of dimers in the

gas-phase ∆E is 8.4 kcal/mol, while in approximated free energy ∆G the dimers are

3.2 kcal/mol less stable than the monomers. We can therefore draw two conclusions:

As the homodimers are stabilized relative to the hetero-dimers, the reaction outcome

with spontaneous occurrence of enantioselectivity cannot be explained by depletion of

racemate by heterodimers. As the stabilization of the dimers is low, we can expect that

only a minor part of the product in solution actually exists as dimer; most of it will be

present as monomer. In NMR-measurements, no significant concentration of dimers in

solutions of D6-benzene and CDCl3 could be found.

Possible product catalyzed reaction

A second crucial point is the existence of product catalyzed reaction pathways. In the

studied system several reaction pathways are thinkable. Each reaction must consist at

least of one C–C-bond formation reaction step and one H-transfer step. These two steps

can either proceed simultaneously or successively. In the transition state optimization,

only the simultaneous reaction pathways proved to be stable. All optimized reactions

could be categorized as one of two possible reaction pathways. The first is derived

from the uncatalyzed reaction. A six-membered ring transition state directly leads to
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entry type ∆E [kcal/mol] ∆HRT [kcal/mol] ∆GRT [kcal/mol]
1 homo 0.0 0.0 0.0

2 homo 0.0 0.0 0.0
3 homo 1.8 1.4 0.6
4 hetero 2.0 1.9 1.4
5 homo 3.3 2.9 2.1
6 homo 3.7 3.4 5.0
7 hetero 4.6 4.6 5.8
8 hetero 5.1 5.0 4.7
9 homo 5.2 5.0 5.0
10 hetero 5.3 5.4 6.8
11 hetero 6.2 6.1 5.3
12 hetero 7.9 7.9 9.7
13 hetero 8.0 7.9 9.4
14 homo 9.4 9.1 9.2
15 hetero 10.0 9.6 8.9

Table 5.1: Electronic energies, thermal enthalpies and thermal free energies of the 15
most stable procduct dimers

the product dimer, which can subsequently release product. The reaction course is the

following:

Ph

OO

∗∗ Ph

OO
H H

Ph

OO

∗∗ Ph

OO
H H

∗∗ Ph

OHO

Ph

O

∗∗

O
H

(5.5)

A second possible reaction also takes place via a six-membered ring transition state.

In contrast to the first type of reaction, the α-acidic proton of the acetone is transferred

instead of the hydroxy proton. The resulting product of this reaction is a product dimer

in which one of the two products exists as enol tautomer. As a second step product

tautomerization takes place:
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Ph

O

O

∗∗ Ph

OO

H

H
H

Ph

O

O

∗∗ Ph

OO

H

H
H

∗∗ Ph

OHO

Ph

O

∗∗

O

H

∗∗ Ph

OHOH

Ph

O

∗∗

O

H

(5.6)

The activation barriers of the two types of reactions are almost identical. While the

best transition state for the first variant has an activation barrier of 14.7 kcal/mol for

the unselective reaction, the lowest barrier for the selective reaction was found to be

15.1 kcal/mol.

For the second variant, activation barriers of 13.3 kcal/mol for the unselective, and

13.6 kcal/mol for the selective reaction were found. For the second reaction type a

tautomerization step is necessary. Tautomerization transition states for the product

catalyzed tautomerization and water assisted tautomerization were calculated. Only in

the case of the water assisted tautomerizaion the activation barrier found was low enough

(15.0 kcal/mol) to decrease the overall activation barrier of the second reaction type below

the barriers for the first. Without presence of water, a product catalyzed tautomerization

with barrier of 19.3 - 30.5 kcal/mol is most likely and would lead to favoring the first

reaction type.

We can conclude that catalysis of both types would lead to an accelerated but unselective

reaction. The actual reaction will thus proceed via a more complex mechanism. Since

in the reaction mixture, a large number of side products are found, it is likely that the

reaction is catalyzed by one of them. New approaches to simulating the aldol reaction

should be based on the knowledge of these side products, which would make the analysis

of side product necessary, first.

5.3.2 Experimental approach

Spontaneous occurrence of enantioselectivity

Two experiments were carried out with the aldol model system. In a set of reactions, the

ability to amplify an initial enantiomeric excess, starting from a sample with low e. e.

is studied. Samples of 30 were synthesized according to a literature known approach

as enantiomeric pure (97.5 % e.e.) and racemic sample. The enantiomeric pure sample

was produced in an L-Proline catalyzed aldol reaction, which was known to yield 30 in

70 % e.e. Through recrystallization, it was possible to increase the e. e. to 97 %. The
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racemic sample was produced in the related pyrrolidine catalyzed reaction.

The experiments to probe for amplification of enantioselectivity were carried out by

dissolving 100 mg of 30 in 5 ml of a solvent in which 30 it is not completely soluble.

This was found to be the case for toluene, hexane or water. For each solvent, one sample

containing 0.5 vol % of pyrrolidine as catalyst and one without catalyst were prepared.

The dispersions were vigorously stirred. In regular intervals, samples of the stirred

dispersion were taken. A sample containing the solution was obtained by removing

the precipitate through filtration. A sample containing the precipitate was obtained by

subsequent washing of the filter with ethylacetate. The e. e. of 30 was measured by

HPLC for both samples.

After two days, the enantiomeric excess in solution and in the precipitate showed

measurable alterations. From the initial conditions in which 30 was present in 30 % e.e.,

deviations were found in both directions. The sample containing pyrrolidine as catalyst in

hexane was already completely depleted, no measurements were possible with that sample.

In the two remaining samples containing pyrrolidine, measurements were possible, but

due to the presence of by-products, no enantiomeric excess could be determined since

the measured absorbance at 254.4 nm does not match that at 210.8 nm.

Remarkably, in the samples containing no pyrrolidine, an effect is observed. In hexane,

an enhancement of e. e. is found in the solution, while in the precipitate a depletion is

observed. This is not surprising, since we already knew that the product e. e. can be

enhanced by crystallization. In the samples stirred in toluene and water, the enantiomeric

excess is enhanced in both, the precipitate and the solution sample. In the case of water,

to 38 % e.e. in solution and 52 % e.e. in precipitate, in the case of toluene to 48 % e.e. in

precipitate and 40 % e.e. in solution. Since an enhancement is found in both phases, is

can not be merely an enantiomeric crystallization effect.

All further samples starting from day four showed too high amounts of side products

and we find a strong depletion of the starting material. The alteration of enantiomeric

excess may stem from a faster depletion of the racemate. This experiment can be looked

upon as a proof of principle, that with the aldol reaction system, reactions steps which

lead tho an amplification of enantiomeric excess are possible, yet in the case presented

here mainly depletion steps take place.

X-ray crystallography

Single crystals of 30 were obtained by recrystallization from solutions of ethylacetate and

hexanes and used for X-ray crystallographic measurements. Samples of the enantiopure

and racemic crystals were employed. Both samples show a comparable H-bond interaction
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Figure 5.1: Interaction pattern of the homochiral product in the crystalline phase

Scheme, as predicted by calculations. Still instead of dimers, chains are found in the

crystals. The crystal structure of the homochiral crystals is shown in Figure 5.1, the

heterochiral are shown in Figure 5.2.

30 primarily does not crystallize as agglomerate but rather racemic crystals are formed.

This is in accordance with the recrystallization experiments which afforded racemic

crystals and crystals with enhanced enantioselectivity.

103



Figure 5.2: Interaction pattern of the racemic product in the crystalline phase

5.4 Conclusions and outlook

For the achievement of an autocatalytic organocatalytic enhancement of enantioselectivity,

several model reactions can apply. The most straightforward to achieve model is an

autocatalytic self inhibiting model, in which product dimerizations of heterodimers is the

driving force towards the enhancement of enantioselectivity. A reaction system needs to

meet the requirements of a highly enantioselective single step reaction on the one hand,

and the formation of dimers, with an higher stability of heterodimers, on the other. The

achievable enhancement of enantioselectivity and the achievable maximum e. e. is limited

by either, the free energy difference of the transition states and therefore the e. e. of the

single step reaction, or the free energy difference of the hetero- and homodimers.

A second model leading to enhancement of enantioselectivity is dimer catalysis. In

contrast to the product inhibition model, the requirements for such a reaction is catalytic

activity of product dimers. Again the e. e. of the single step reaction, and therefore the

relative free energy of the transition states is decisive. In the case of catalytic active

dimers, higher stability of the hetero-dimers is not necessary. It can be shown that the

formation of stable catalytically active dimers can suffice. The prerequisites for such a

reaction pathway are more likely to be found in metal catalyzed reactions, where ligand

monomers are catalytically inactive. In organocatalytic reaction systems, the product

inhibition model is much more likely to be observed.
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The studied aldol addition does not show enhancement of enantioselectivity in a

product catalyzed autocatalytic manner. In stirring experiments, an amplification of

enantioselectivity was observed, but can only be contributed to depletive steps. The

reaction occurring in the spontaneous emergence of enantioselectivity experiments must

be contributed to other phenomena then dimer inhibition and autocatalysis. Most

probably one of the side products catalyzes the reaction.

For actually achieving desired reactivity, it is necessary to look for reaction systems

which show autocatalytic activity on the one hand, and yield products with donor and

acceptor groups on the other hand. The donor acceptor groups in the product needs to

allow a controlled formation of dimers, in a way that hetero-dimers are selectively formed.

The greatest challenge in this approach may be finding of systems, in which the donor-

acceptor groups, which are present in the product do not disturb the enantioselective

reaction.
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5.5 Methods and material

5.5.1 Computational

All calculations were carried out as full geometry optimizations with B3PW91[143, 144,

145, 146, 147]/TZV[35] as implemented in Gaussian[82]. Structures were confirmed as

minima and transition states by frequency calculation. All energies reported are electronic

energies.

5.5.2 Experimental

4R-4-hydroxy-4-para-nitrophenyl-butan-2-one (R-30)

Was synthesized according to List.[137] A solution of 345.4 mg (3 mmol) of L-proline

in 25mL of an acetone/DMSO (2:3) mixture is stirred for 30 min. After the addition

of 1.51 g (10 mmol) of para-nitro benzaldehyde, the reaction mixture is stirred for 5

h. 25 mL of saturated NH4Cl solution are added and the organic is extracted with

ethylacetate. Column chromatography PE/EE(3:1 - 1:1) over silica gel affords 382.8

mg (1.82 mmol; 61 % 72% e.e.) of 30. Recrystallization from Cyclohexane affords the

product in 97.5 % e.e.
1H-NMR (300MHz, CDCl3): δ [ppm] 8.18 (d, 2H, 3J = 8.8Hz, Ph), 7.51 (d, 2H,

3J = 7.0Hz, Ph), 5.28 (t, 1H, , –C H–OH), 3.59 (bs, 1H, –OH), 2.81 (m, 2H, CH2), 2.20

(s, 3H, Me). 13C-NMR (300MHz, CDCl3): δ [ppm] 208.1, 149.4, 146.8, 125.9, 123.3, 68.4,

51.0, 30,3.

HPLC (IA-column, 2-propanol/hexane 4:96, 1 mL/min ): t[min] 13.49 (R-30), 29.86

(S-30)

rac-4-hydroxy-4-para-nitrophenyl-butan-2-one (rac-30)

rac-30 is synthesized in the same way as R-30. Instead of L-proline an amount of 3

mmol of pyrrolidine (213.6 mg, 250 µl) is used
1H-NMR (300MHz, CDCl3): δ [ppm] 8.18 (d, 2H, 3J = 8.8Hz, Ph), 7.51 (d, 2H,

3J = 7.0Hz, Ph), 5.28 (t, 1H, , –CH–OH), 3.59 (bs, 1H, –OH), 2.81 (m, 2H, CH2), 2.20

(s, 3H, Me). 13C-NMR (300MHz, CDCl3): δ [ppm] 208.1, 149.4, 146.8, 125.9, 123.3, 68.4,

51.0, 30,3.

HPLC (IA-column, 2-propanol/hexane 4:96, 1 mL/min ): t[min] 13.49 (R-30), 29.86

(S-30)
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Autocatalytic enhancement experiments

An amount of 100mg of 30 (30 % e.e.) is stirred in an amount of 5 mL of solvent (toluene

145 mg in 2mL). After 15 min, 25 µL of pyrrolidine are added. Samples of 100 µL

are taken after 1, 2, 4, 8 and 14 days of stirring. The samples are filtered through a

small frit to obtain the “solution” sample. By washing the frit with ethylacetate, the

“precipitate”-sample was obtained. The enantiomeric excess of each sample is determined

by HPLC.
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