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Kurzzusammenfassung

Kurzzusammenfassung

Die vorliegende Doktorarbeit beschreibt mechanistische Studien in unterschiedlichen

Teilgebieten der homogenen Katalyse mittels NMR-Spektroskopie.

In den letzten Jahren wurde eine Vielzahl an Organokatalysatoren entwickelt, welche
unterschiedlichste Transformationen mit hohen Enantioselektivitdten und Ausbeuten
ermoglichen. Trotz einer hohen Anzahl an Publikationen auf dem Gebiet, mangelt es
vielen Systemen an einem fundierten mechanistischen Verstandnis. Die ersten beiden
Teile dieser Arbeit befassen sich deshalb mit verschiedenen (NMR-) mechanistischen
Studien der Enaminkatalyse sowie der Brgnsted- und Lewis Saure Katalyse. Neben der
Synthese von Ubergangszustands-Analoga der Prolin-katalysierten Aldolreaktion, um
die lang debattierte und schwer zu fassende Wasserstoffbricke zwischen der
Carbonsaure des Enamins und dem Elektrophil im enatioselektivitatsbestimmendem
Schritt experimentell nachzuweisen, wurden Untersuchungen zum Einfluss von Saure-
und Base-Additiven auf die Enaminbildung wahrend der a-Benzylierung von a-
verzweigten Aldehyden durchgefuhrt. Im Weiteren wurden die Reaktionsverlaufe der
asymmetrischen Torgov-Cyclisierung und der Disulfonimid katalysierten Synthese von
B3-Amino Estern aus N-Boc-Amino Sulfonen mittels kinetischer NMR-Messungen
untersucht, mit denen die vorliegenden mechanistischen Modelle bestatigt werden
konnten. Auflerdem wurde das Silylierungsverhalten von Disulfonimiden mit Hilfe von

verschiedenen NMR-Experimenten bestimmt.

Der letzte Teil der vorliegenden Arbeit befasst sich mit mechanistischen
Untersuchungen zur katalytischen trans-Hydrierung von internen Alkinen mit [RuCp*]-
Komplexen mit Hilfe von para-Wasserstoff induzierter Polarisierung (PHIP). Wahrend
der Untersuchungen konnten verschiedene, unerwartete Carben-Spezies beobachtet
und charakterisiert werden. Die Rolle dieser Carbene als Intermediat fir verschiedene
Nebenreaktionen konnte mittels OPSY-EXSY-Experimenten und ausfuhrlicher DFT

Studien bestimmt und etabliert werden.



Abstract

Abstract

This thesis describes mechanistic studies by NMR spectroscopy in different areas of

homogenous catalysis.

Over the last years a wide range of organocatalysts were developed enabling highly
diverse transformations with high enantioselectivities and excellent yields. In contrast to
the high amount of publications on this field, a mechanistic understanding based on
experimental evidences is often underinvestigated. Therefore the first two chapters of
this thesis are focused on various (NMR-) mechanistic studies in the fields of enamine
catalysis and Brgnsted and Lewis acid catalysis. Besides the synthesis towards stable
transition state analogues of proline catalyzed aldol reactions in order to detect the
elusive and highly debated hydrogen bond interaction between the carboxylic acid
moiety of the enamine and the electrophile in the enantiodetermining step, the influence
of acid and base additives on the enamine formation in the a-benzylation of a-branched
aldehydes was studied. Furthermore the course of the asymmetric Torgov cyclisation
and the disulfonimide (DSI) catalyzed synthesis of B*-amino esters from N-Boc amino
sulfones were investigated by kinetic NMR-measurements and the underlying
mechanistic models were confirmed by the experimental results. Additionally, the

silylation behavior of DSIs was studied by different NMR experiments.

The last part of this dissertation investigates the mechanism of the catalytic trans-
hydrogenation of internal alkynes with [RuCp*]-complexes by parahydrogen induced
polarization (PHIP). During the studies different unexpected carbene species were
observed and characterized. The role of the carbene as intermediate for several, mostly
unwanted, side reactions was determined by OPSY-EXSY-experiments and extensive

DFT calculations.
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Introduction

1. Introduction

“The scientist does not study nature because it is useful to do so. He studies it
because he takes pleasure in it, and he takes pleasure in it because it is beautiful.
If nature were not beautiful it would not be worth knowing, and life would not be

worth living.”
Henri Poincaré, Science and Method, 1914

For decades scientists have been driven by fundamental questions to understand nature
and to solve problems of mankind. Therefore they study phenomena like signaling
pathways and receptors of various organisms in order to develop new drugs, find new
pesticides to prevent crop failures or simply discover new good smelling compounds for
the perfume industry. In all of these areas small organic molecules are important targets.
To facilitate an efficient synthesis of such compounds, chemical research has focused
on the development of highly selective catalytic systems. Some big discoveries have
been made by accident. In order to realize, understand and explain them, the
development of analytical tools played an important role. In addition, these methods help
to improve known processes by understanding the mechanism behind them. Nuclear
magnetic resonance (NMR) spectroscopy has become one of the most prominent tools
in analytical chemistry. The first discovery of nuclear magnetic resonance by Rabi in
1938 and the development of liquid and solid NMR methods by Bloch and Purcell in
the late 1940s*® resulted in the first applications in chemistry in the late 50s."! With the
commercial availability of NMR magnets and the development of the first 2D NMR
methods by Ernst in the 70s, NMR has become one of the most powerful methods in
determining structures of molecules and to follow the course of chemical reactions.
Despite these advantages, NMR measurements are of relatively low sensitivity at
ambient temperatures due to the thermal Boltzmann distribution of the nuclear spins in
the magnetic field. In the last decades, discoveries were made to improve the sensitivity

with new hardware or hyperpolarization methods.
A\
A A
i 1 [
| [Y i lI
J 'J u '_ Figure 1.1: First published "H-NMR spectrum of EtOH. For
i.ih-

clarity the colors of this picture were inverted.™



Introduction

This thesis will show the symbiosis between the development of catalytic reactions and
the importance of analytical tools, especially NMR, for a better understanding of
underlying mechanisms and principles. The following chapter will introduce briefly the
field of asymmetric organocatalysis including some long standing mechanistic
discussions. Afterwards modern methods for improving the NMR sensitivity by the
utilization of the para-spin isomer of hydrogen for the study of hydrogenation reactions
will be introduced. After the outline of the aims of this PhD work, selected attempts in
improving the mechanistic understanding of a variety of organocatalyzed, but also metal-

catalyzed reactions, over the last years will be shown.
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2. Background

2.1 Asymmetric Organocatalysis

Following the year 2000, asymmetric organocatalysis has been established as a third
pillar, besides the classical fields of metal- and biocatalysis.”” Organocatalytic reactions
are accelerated by catalytic to substoichiometric amounts of relatively small, organic
molecules. Organocatalysts are more and more applicable in enantioselective

transformations.!®®

: O : >

' ! N

| ' H “HCl

1 MeO,C O H MeO,C CO,Me ' E i 5 mol% b
5 PEIEN :[r : 5 MeOH-H,0

| Meo,GC Ph" H Ph ; 0 ere
e sttt R o 97:3 er
: - o ”)J\H 14:1dr
e H . 82%yield
. E HEN L 1.
PN o NHy ! e :' :
| H 200 L O OH |
i cat i g W ONO~ il o o %COOH PO
ol HO g NH,! |! B ———— l:)l\‘)l\w, R :
: v -110°C, MeOH P 10 ,
! [}l P :Ph)J\CHs Ph 6 CHs o R™ "H DMSO upto9B:2er |
"""""""""""""""" 4 . 8T:M3er A o .____Up1t097%yield
,’ ------------------------------- l"-----------o- ---------------------------- 1
| NC’f, OH: : [}com O:
| O gquinidine / quinine /( iy H8 3mol% \
o FeN s ~omr |
:fr‘____I:I_______________<_5_5_:_4_5_<§r_,: : o DMF o)
"Organische Katalysatoren" | L r o 5’_6_-2?-_3_?[_?_(_3!1__'
! | T
1860 1900 1912 1960 1971 2000
Liebig Ostwald Piske Pracejus Hajos, Parish List. Barbas
1898 Eder, Sauer, Lerner
Knoevenagel Wiechert MacMillan

Figure 2.1: Timeline of important organocatalytic reactions until 2000.

Despite its recent rise in popularity, the first examples of organocatalytic reactions date
back to the 19™ century. In 1860, Liebig described the reaction of cyanogen 1 and water
in the presence of acetaldehyde to form oxamide 2.”! He came to the conclusion in his
report, that the aldehyde plays a crucial role in this transformation and is still present
after full conversion of the starting material. An important report, especially for the later
development of aminocatalysis!'”, was published by Knoevenagel in 1898.1'"1 The author
reported the condensation reaction of malonic acid and benzaldehyde in the presence of
an amine. This was the first example of an amine-catalyzed reaction, inspiring many
scientists through the next decades. In the beginning of the 20™ century, Ostwald
mentioned the term “Organische Katalysatoren” (ger.: organic catalysts) in one of his
publications for the first time.'”®" In 1912, Bredig and Fiske reported the first
organocatalytic asymmetric reaction. Although the authors achieved an enantiomeric
ratio (er) of lower than 45:55 in the synthesis of cyanohydrins 3 from benzaldehyde and

hydrogen cyanide, using quinine and quinidine as catalysts, it is the first example

3
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showing that small organic molecules can induce chirality.'¥ Almost half a century after
these observations, Pracejus in 1960 reported the synthesis of a-phenyl-propionic esters
6 with 87:13 er after the addition of methanol to phenyl methyl ketene 4 with 1 mol% of
O-acetyl quinine 5 as the catalyst. The next big step in the history of organocatalysis
was reported independently by Hajos and Parrish!"®>'®! and Wiechert, Sauer and Eder''”!
in 1971. Both groups described the synthesis of the bicyclic ketol 9 starting from the
achiral triketone 7 using the amino acid L-proline 8 as the catalyst. This was the first
example of an organocatalytic asymmetric aldol reaction and also the first example
giving the desired products 10 in excellent enantioselectivities (96:4 er). Considering
these excellent results, the potential of this discovery was not realized until 2000, when
List, Barbas and Lerner reported the L-proline 8 catalyzed direct asymmetric aldol
reaction introducing the concept of enamine catalysis.! Shortly afterwards MacMillan
and coworkers reported a highly enantioselective Diels-Alder reaction utilizing the
concept of iminium catalysis.['® From these days on, organocatalysis has become a
intensively investigated research area leading to the discovery of several new
organocatalysts and new applications. Besides aminocatalysis, several other concepts
of activation have been utilized resulting in highly enantioselective transformations. A
brief overview of the various fields of organocatalysis can be found in Figure 2.2. In the
next subchapters some selected areas, which are an essential part of this thesis will be

introduced.”®

: Covalent Non Covalent !
: Lewis Base Catalysis Brensted Base
! Q. o O Q o%0 :
! xS ! ] N !
: v X cat. )I( O\N > H+ :
| Y Y |
| X=NR, PR, :C, S Acid Catalysis E
E for X= :NH . Bronsted de E
Aminocatalysis ! A=Si C*N*P* Q%H Hydrogen Bonding !
! Q.. @ 0+Q Q& ¥ T VRN -
' N N X N § X X X :
E /]‘\ )\ )l\ EE X*A + CY5—> YA* I . \‘/|'-| !
1 :' /Y :
E Enamine  Iminium SOMO n Y = 0=R, R'N=R2._. |

______________________________________________________________________________________________

* potential chiral origin for enantioselectivity

Figure 2.2: Classification of modern organocatalysis sorted by the activation of the electrophile or
nucleophile.
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2.1.1 Proline Catalyzed Aldol Reactions and the Origin of Enantioselectivity

Since the discovery of the first asymmetric proline-catalyzed intramolecular aldol
condensation, a big debate about the origin of enantioselectivity evolved. Many models

have been proposed for this so-called Hajos—Parrish—-Eder—Sauer—Wiechert reaction

(Scheme 2.1).
0 o)

QCOOH

H 8 3mol%
—_—
DMF o
O o}
7

OH
9
transition state models

O
.
(e QO” e
¢ P Yot
o) . o)

rystal
urface

Hajos (1974) Hajos (1974) Agami (1986) Swaminathan (1999) Houk (2001)

Scheme 2.1: Proposed mechanisms of the Hajos—Parrish—Eder—Sauer-Wiechert reaction.

In his first manuscript Hajos discussed two possible transition states that could explain
the obtained results.["® The first model involved enamine formation between proline 8
and the acyclic ketone 7 and the selectivity was explained by an H-bond interaction of
the protonated nitrogen and the side-chain carbonyl group. This model was in good
agreement with the proposed aldolase mechanism proposed by Rutter in 1964.1'% In
order to confirm this mechanism, he performed the reaction in the presence of H,'%0. If
an enamine is formed during the reaction, the product should be 80 enriched.
Unfortunately, the result was negative and a second possible model to explain the
observations was proposed, in which a hemiaminal is formed between proline and the
cyclic carbonyl. This intermediate is then attacked by the enol of the exocyclic ketone in
an Sy reaction. Jung questioned this observation soon after its initial proposal® and
also other groups preferred the enamine mechanism.?"??! Some years later Agami et al.
reinvestigated the mechanism and performed nonlinear effect studies'®®. Interestingly,
they could show that two proline molecules have to be involved in the
enantiodetermining step, leading to the proposal of a new side-chain enamine
mechanism. One proline molecule is responsible for the enamine formation, the other
one is a proton transfer mediator. This model was widely accepted by the scientific

community for the next decades. In 1999, Swaninathan et al. came up with the
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hypothesis that the reaction has to occur on the crystal surface, because they could not
observe any dissolved proline during an NMR investigation.”” Due to known similar
reactions that are proceeding in completely homogenous solutions, this mechanism can
be rejected. One year after the reports of the proline-catalyzed intermolecular aldol
reaction by List et al.”®!, Houk and his coworkers came up with a new model that included
several previously made observations, such as the important role of the enamine, the
essential role of the carboxylic acid group and the pyrrolidine ring for asymmetric
induction. In this model, the formation of the C—C-bond occurs via a chair like transition
state and the hydrogen bond between the acidic proton and the carbonyl oxygen is
further stabilizing the transition, leading to the observed (S,S)-enantiomer. After this
work, List and his coworkers repeated the "®O-incorporation® studies. Surprisingly, they
could observe the efficient "®0O-enrichment in the product and disproved Hajos initial
result. In addition to these studies, List et al. also repeated the nonlinear effect studies
of Agami.”®® Interestingly, they found an absence of the nonlinear effect, which finally
proved, that only one proline molecule is part of the enantiodetermining step. The
authors explained this difference by the high error of the polarimetric enantioselectivity
determination compared to the modern determination of the enantiomeric ratio with
HPLC on a chiral stationary phase. In addition to this discussion about the origin of
enantio- and stereoselectivity of this reaction, other steps of this reaction were also
discussed. In 2009, a '*C-kinetic isotope effect study at natural abundance in
combination with theoretical calculations showed that the C—C-bond formation is not the
rate determining step in this intramolecular enol-endo-cyclisation, but rather the

hemiaminal or the imine/enamine formation.?”!

Besides the Hajos—Parrish—-Eder—Sauer—Wiechert reaction, other aldol reactions were of
high interest and the topic of many literature reports. A wide range of studies has tried to

clarify the mechanism and will be discussed on the next paragraphs (Scheme 2.2).
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Scheme 2.2: Generalized mechanism for proline catalyzed aldol reactions.

Since the first report of intermolecular aldol reactions by List et al., proline derived
enamines were proposed as key intermediates in the catalytic cycles”®>" based on the
established class | aldolase-mechanism. Several theoretical investigations could show
that these intermediates explain the observed enantioselectivities. In the first report®),
the enantioselectivity was explained by a metal-free version of the classical
Zimmermann—Traxler model (Figure 2.3, A and B). This model was further advanced
after the results of Houk’s calculation results, showing that the N"H hydrogen bond is
not lowering the energy of the transition state (Figure 2.3, C). An alternative mechanism
for this transformation was reported by Seebach and Eschenmoser in 2007 (Figure 2.3,
D).*?l The authors proposed that oxazolidinones, whose formation have been observed
in situ by NMR,?! are the catalytically active species and not a parasitic side species.
After its formation, the oxazolidinone forms an iminium carboxylate, which is isomerizing
to the cis-enamine carboxylate. Alternatively the enamine carboxylate is directly formed
via a base catalyzed E2 elimination. In the transition state this enamine undergoes a
trans addition to the electrophile and a new oxazolidinone is formed. In contrast to the
List—-Houk-model, this mechanism suggests that the C—C-bond formation does not
involve an activation of the electrophile by the carboxylic acid. Instead, the carboxylic

acid acts in its deprotonated form. Recently Sunoj et. al. investigated the stereochemical
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outcome of both models in the proline-catalyzed self-aldol reaction of propanal by DFT
calculations.®® The authors found, that the List-Houk-model C explains the
stereochemical outcome in good agreement with experimental enantio- and
diasteroselectivities. In contrast to this, the Seebach—-Eschenmoser model D was
inadequate in the calculations to predict the experimental results. Interestingly the less

favored syn, product was found to be main product of this pathway.
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Figure 2.3: Transition state models for intermolecular proline catalyzed reactions.

In 2010, List et al.® and Gschwind et al.® reported X-ray structures of proline derived

enamines and the first in situ detection of proline-derived enamines from aldehydes

(Figure 2.4).
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Figure 2.4: Characterized enamines by X-ray and NMR studies by List et a and Gschwind et a

The X-ray structures were obtained from stabilized vinylogous amides and were of high
interest based on the proposed similarity to the transition state models C and D due to

their electronic structure (Figure 2.5).
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Figure 2.5: Potential relationship between enaminones and the enamine aldol transition state models.
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These enaminones were previously described as solid compounds. In solution state
NMR studies they have been characterized as (E)-configurated on the double bond and
with a trans/cis ratio of 85:15 of the C—N-bond.*® After reinvestigation of these
compounds, List and coworkers were able to obtain crystals that were suitable for a
single X-ray analysis.®”! Their crystalized aldehyde derived enaminones were all (E)-
enamines, as expected, with a trans conformation of the C—N-bond. The key for the
enhanced stability of this enaminones and the unobserved formation of oxazolidinones is
easily explained by a stabilization of the enamine by an additional carbonyl group. The
vinylogous amide resonance decreases the electrophilicity of the a-carbon connected to
the nitrogen of the proline and the nucleophilicity of the enamine. The bond lengths
obtained from the X-ray structures were in good agreement to the calculated enamine
transition states of the intermolecular aldol reaction by Houk verifying the initial proposal
of the relationship between enaminones and the transition state. Interestingly, some
crystals were packed via an intermolecular C—OH:--O=C hydrogen bond, suggesting that

this could also be possible in solution state during a reaction.

The characterization of the corresponding enamines by Gschwind was carried out
directly in solution during an intermolecular self-aldol condensation. In agreement with
the results of the X-ray structures, the authors also observed trans-(E)-conformation of
the enamine as the preferred conformer, although some small amount of the cis-(E)-
enamine (due to the weak observed NOE) might also be present. As an extension to
List’s work, they could further investigate the role of the enamine intermediate by
exchange NMR spectroscopy (EXSY). Interestingly, the experimental data suggested
that the enamine is formed from the corresponding oxazolidinones and not via a central
iminium intermediate directly from the aldehyde as it was previously presumed. Solvents
had a big influence of the enamine formation: polar aprotic solvents such as DMSO,
resulted in a high amount of enamines and oxazolidinones, whereas more apolar
solvents, such as CH3;CN, and polar protic solvents, as for instance MeOH, have much
lower enamine concentrations (or they are not observable at all). Water as additive had
no influence on the equilibrium of the intermediates, but on the overall amount of
detected intermediates in solution. This is in agreement with Blackmond’s®®® work, which
describes a decreased reaction rate in reactions where enamine formation is the rate
limiting step. Blackmond and her coworkers intensively studied the kinetics of enamine-
catalyzed reactions, as for instance the intermolecular aldol condensation®®**? or a-

aminations.*'=%!

They observed that, depending on the electrophile, the rate
determining step of the reaction changes. In the proline-catalyzed a-amination of
aldehydes, the enamine formation is rate determining, whereas in the intermolecular

aldol reaction it is the C—C-bond formation.



Background

Despite all the mechanistic investigations which have been published so far, there are
still open questions to be answered. Until today, the mechanism of enamine formation
starting from oxazolidinone intermediates is still unclear. Additionally, a direct
experimental evidence of the hydrogen bond activation of the electrophiles by the
carboxylic acid moiety of proline via a stable transition state analogue has not been

reported so far.

Nevertheless, proline 8 and its derivatives have shown to catalyze various reactions thus
making enamine catalysis an attractive field of research. An overview of developed
reactions is shown in Scheme 2.3 and several review articles will give a deeper insight

for interested readers.[*44]

|l|+u * R4

Scheme 2.3: Overview of asymmetric enamine catalysis (adapted with changes from Pikho et al.[46]).
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2.1.2 Bronsted Acid Catalysis

Asymmetric Brgnsted acid catalysis has emerged as one of the most investigated
organocatalytic classes over the last years.**°% A generalized classification results from
the possible different activation modes of the electrophile (Scheme 2.4). Nevertheless,
the electrophile is acting as a Brgnsted base; therefore, it is accepting a proton from the
corresponding acid. Once the substrate is activated either by direct protonation or
hydrogen bonding, the LUMO of the C=Y is lowered, making it easier for the HOMO of

the nucleophile to attack.

YH
R1R2 Nu
NuH N
H=X*
X
+YH I
'S e
R" "R?
Y
Protonation R1JLR2 H-Bonding
Y =0, NR;

Scheme 2.4: Generalized activation modes and mechanism of Brgnsted acid catalyzed reactions.

One of the early examples of highly enantioselective Brgnsted acid catalysis was
reported by Jacobsen et al., employing hydrogen-bond donating thiourea derivatives to
promote an asymmetric Strecker reaction between hydrogen cyanide and allyl imines.?"
In 2003 Rawal and his coworkers showed, that TADDOL derived hydrogen-bond donors

are accelerating hetero-Diels—Alder reactions of dienes and aldehydes."®?

One year later, Akivama and his coworkers introduced BINOL-derived chiral phosphoric
acids 11 as catalysts for the Mannich reaction of aryl imines and silyl ketene acetals.?”
In the following years several reactions catalyzed by chiral phosphoric acids and their
derivatives, as for instance Pictet-Spengler reactions,® Friedel-Crafts alkylations™ or
transfer hydrogenations,”® were discovered. To improve the activation of simple
carbonyl compounds, which are hardly activated by phosphoric acids, Yamamoto
developed a more acidic N-triflyl phosphoramide facilitating a catalytic Diels—Alder
reaction of ethyl vinyl ketone with various silyloxydienes.®® Disulfonimides 12, another
strong BINOL-based type of chiral acids, was introduced in 2009 by the group of

List.P"%8 Although the authors did not use this scaffold as Brensted acid in this report

11
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(see next chapter), the motif has shown to be highly reactive and enantioselective in the
Friedel-Crafts alkylation of indoles with imines by Lee ¥ or more recently by List and

his coworkers in the Torgov cyclisation.®”

_______________________________________________________________________________________________________
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Scheme 2.5: Common catalyst motifs for Bransted acid catalysis.

Whereas less reactive substrates require stronger acids, activated substrates may
decompose under strongly acidic conditions, thus requiring weaker Brgnsted acid
catalysts as for instance carboxylic acids. An asymmetric alkylation of diazo compounds
with N-Boc imines was reported to be catalyzed with a chiral BINOL derived dicarboxylic
acid 13 by Maruoka.®"

Although BINOL-derived Brgnsted acids are widely used in asymmetric organocatalysis,
other chiral backbones, derived from TADDOL,®® VAPOL® or SPINOL 14®* were

developed to improve selectivities by varying the size of the active pocket.

Recently, the group of List reported a new class of Brgnsted acids 15 having a very
confined, active pocket with an imidodiphosphate scaffold allowing the functionalization
of small molecules in various transformations, as for instance acetalizations,®*®"]

oxidations of sulfones!®® or Prins cyclisations.%
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2.1.3 Organic Lewis Acid Catalysis

In 1923, complementary to Brgnsted, Lewis gave a generalized definition of acids and
bases."” A Lewis acid is a chemical compound with an unoccupied orbital and an
electron demand, which accepts an electron pair from a Lewis base. From definition, the

smallest possible Lewis acid is the free proton H*, having only a free 1s orbital.

For many years the field of asymmetric Lewis acid catalysis was associated with Lewis
acidic metals coordinated by chiral ligands. The rise of organocatalysis has also led to
various examples where organic Lewis acids, as dioxiranes,”" ammonium-salts!’? and

silylcations,'®”! promote reactions with high enantioselectivities.

The general mechanism (Scheme 2.6) of these reactions is comparable to Brgnsted acid
catalyzed reactions. After accepting an electron pair from the Lewis base, the vicinal
bond is polarized enabling the attack of an nucleophile. After the reaction with the
nucleophile, the Lewis acid diffuses away from the product due to a lower Lewis basicity

and is able to activate a new molecule.
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Scheme 2.6: Generalized mechanism of asymmetric Lewis acid catalysis (left) and some selective
catalysts (right).

In 2009, List and his coworkers reported the in situ generation of a chiral silylated
disulfonimide TMS-12 catalyzing the Mukaiyama aldol reaction of aromatic aldehydes

and silyl ketene acetals with high yields and enantioselectivities.®”! More recently, the
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same group was able to further increase the acidity and reactivity of these motifs by an
intramolecular Brgnsted acid activation enabling the reaction of 2-naphthaldehyde with

1,2-bis(trimethylsilyloxy)-cycloalkanes, substrates of usually lower nucleophilicity.[”

2.2 ParaHydrogen Induced Hyperpolarization (PHIP) in Homogeneous

Catalysis

Nuclear Magnetic Resonance Spectroscopy (NMR) is a commonly used method to study
and characterize the structure of organic molecules. Like no other method, it delivers
information about their covalent connections of NMR active nuclei as well as their three
dimensional structure in solution. However, due to its relatively low sensitivity compared
to other spectroscopic/-metric methods, the detection and characterization of low
concentrated reaction intermediates is challenging. Recent studies by the groups of
Gschwind®! and Berkessel’ have shown the power of NMR in the detection and
characterization of reaction intermediates. When the concentration of the reactive
intermediates decreases, the detection becomes impossible due to weak Boltzmann
polarization of the nuclei in the magnetic field. One possible solution to overcome this
drawback is the utilization of hyperpolarization methods,” like chemically induced
dynamic nuclear polarization (CIDNP),"®’") dynamic nuclear polarization (DNP) or
parahydrogen induced polarization (PHIP)."®’®! Although these methods are usually
limited to reactions involving radicals or hydrogenation reactions, they have shown their
power in several applications.”” The next chapter will focus on PHIP as one of these
techniques. After a short introduction into the theory behind PHIP, some selected
applications on hydrogenation reactions and the characterization of reaction

intermediates will be discussed.

2.21 Theory

Parahydrogen induced polarization (PHIP) is a NMR technique, which leads to a strongly
enhanced NMR signal after hydrogenation of unsaturated bonds via an pairwise transfer
of hydrogen. The first reports of two independent experimental NMR applications by

8% and Eisenschmid®" and his coworkers appeared in 1987 after

Bowers and Weitekamp
it was predicted earlier.'®” These experiments gave strong antiphase NMR signals with a
signal enhancement above a factor 100. Experiments, which are acquired after
hydrogenation in a magnetic field, are called PASADENA, “Parahydrogen and synthesis
allow dramatically enhanced nuclear alignment”, in honor of the title of the work by
Weitekamp and Bowers, who worked at Caltech in Pasadena. One year later,

Weitekamp and Pravica'® reported the hydrogenation of styrene to ethylbenzene with
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parahydrogen. This time they transferred the sample from a low into a high magnetic
field. The observed signal was different compared to the PASADENA signal and showed
two individual transitions with opposite phase. They named this effect ALTADENA

(Adiabatic Longitudinal Transport After Dissociation Engenders Nuclear Alignment).

In order to understand the origin of the observed hyperpolarization effect, a short look in

the physics behind the hydrogen molecule is given in the next paragraphs.®®

The hydrogen molecule contains two different atoms with two different nuclear spins
(Figure 2.6). A combination of the two will lead two spin isomers: para- (total spin S = 0)

and orthohydrogen (S = 1); only the oH, is magnetic and will give rise to an NMR signal.

The total wave function of a hydrogen molecule can be described by the following
product of different wave functions:

LR Sl L Al R (1)
The first two functions (W¢™W$) describe the orbital motion and the spin state of the
electrons. The others the vibrational, rotational and spin state of the nuclei. The overall
symmetry of the wave function is depending on the product W2°*¥3. The combination of
two different spins will lead to four possible functions. To simplify the formula it can be
written as the linear combination of the product of the two different spin states a and B.
o represents the lower energy spin state, whereas 3 stands for the higher energy spin

state in a magnetic field.

Y (

A(  Parahydrogen Orthohydrogen )
S=0 total spin S=1
S name T, Ty T.
IN2(|ap> - [Bor>) ¥ joror> IN2(jap> + [Bo>) IBB>
(. J \§

B

z

Figure 2.6: Spin states of a hydrogen molecule.

Both isomers are in equilibrium and can slowly convert into each other. Although
forbidden by the Pauli exclusion principle, this conversion can be catalyzed by a
paramagnetic species, as for instance oxygen, the surface of activated charcoal or
iron(lll) salts. At room temperature hydrogen gas contains ~75% ortho- and 25%
parahydrogen. At lower temperatures the ratio changes in favor of the para isomer, due
to its lower rotational energy. At 77 K, the boiling point of liquid nitrogen, the ortho to

para ratio is approximately 1:1, at 0 K only the para-form would theoretical be present.
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The mechanism that leads to the signal enhancement can be understood by taking a
closer look on the energy levels of the spins in a field during a hydrogenation reaction.
(Figure 2.7)

Bolizmann Polarization ™, ALTADENA PASADENA
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Figure 2.7: Energy diagrams of AB spin systems with different polarization and the resulting NMR spectra
(left: Boltzmann polarization, middle: ALTADENA, right: PASADENA). Bars indicate the population in the
states. (grey: not populated, thin black: normally populated, thick black: highly populated)

When performing the hydrogenation reaction with thermal hydrogen (25% pH.), all spin
states in the generated AX spin system are almost equally populated (Figure 2.7, left).
The small difference in the population of the spin states is explained by the Boltzmann
factor (AP~yhB,/kgT). At room temperature and common high field spectrometers (B, =
5 — 15T) this factor is in the range of 10° * P (P = total population of the spins). The
spectrum will show transitions with equal intensities that are linear to the Boltzmann

distribution.

If the reaction is conducted under PASADENA conditions with 100% para-hydrogen,
(Figure 2.7, right), the population of the single spin states in the resulting AX spin
system changes. The energy levels with the para spins laf> and IBa> are completely
populated, whereas the laoa> and IBp> states are empty. The resulting transitions that
lead to the spectrum now give four signals. Two transitions (lap>—> Ipp>and
IBa>—> IBP>) lead to positive NMR signals, whereas the other two (lof>—> laa> and
IBo> —> laa>) give negative NMR signals. The intensity of these signals mainly depends
on the population difference of the excess of population in the para-state AP. The
magnitude of the signal enhancement can be up to factor 10° higher compared to

normally acquired signals with in the Boltzmann equilibrium.
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When the hydrogenation is performed in a low magnetic field and is afterwards
transferred into a high field (ALTADENA conditions), the population distribution of the
different energy levels will again be different (Figure 2.7, middle). At the low magnetic
field all the spin states are equal in energy. During the transfer into the higher field, the
population of the para spins ends up in the lower energy IBo> state. Since all spins
populate this energy level, only two transitions are possible. One (Ipa> —> laa>) leads to
a negative signal, while the other one (IBa>—>Ipp>) to a positive. In comparison to
PASADENA, the maximum achievable signal enhancement is a factor of two higher,

because all the spins end up in one state instead of two.

2.2.2 Applications

2.2.2.1 Wilkinson’s Catalyst

In the first report of the PASADENA effect by Bowers and Weitekamp,’® the authors
used Wilkinson’s catalyst 17 (Rh(PPh3)sCD)®* in CgDs in order to hydrogenate
acrylonitrile 18 in the presence of pH, (50%) (Scheme 2.7).

Ha
17 .
Cl PPhs
pH2(50%) \Rh
/ CN -
7 e CeDs CN Ph3P/l Hy
19 PPh;
20
observed

Intermediate

Scheme 2.7: Hydrogenation of acrylonitrile by Wilkinson’s catalyst.

The authors observed hyperpolarized signals of two different species. One set belongs
to the aliphatic protons of the product, propionitrile 19. This observation proves that the
transfer of hydrogen occurs in a pairwise manner. The other observed signals were
assigned to hydride protons of the catalyst hydride complex 20 RhH,CI(PPh3);, which
was known to be an intermediate in the reaction as initially reported by Wilkinson in
1965.1%4

Some years later, Eisenberg and his student Ducketf®® reinvestigated the corresponding
hydrogenation mechanism by PHIP NMR, after several groups investigated the
mechanism (Scheme 2.8) including extensive (kinetic) NMR studies of catalytic and

stoichiometric reactions. 87!
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Scheme 2.8: General mechanism for the hydrogenation of olefins by Wilkinson's catalyst.

Up to that point, complexes containing hydrides and an olefin had never been reported.
After reproducing the initial results, Eisenberg et al. studied extensively the formation of
different hydride complexes under various conditions at high and low temperatures
taking advantage of the signal enhancement gained from pH,. In addition to several
dimeric complexes, they were able to observe and characterize a dihydride-olefin-
complex RhH,CI(PPhs),(olefin) 21 for the first time."®>% This complex contains a hydride
that is positioned trans to a phosphine assigned by a characteristic 'H-*'P coupling
constant of ~160 Hz. The other hydride, which is shifted to higher field, did not show this
coupling. In addition to that, the fourth ligand in the plane is not certain and is either a
chloride or the olefin. The enhanced sensitivity of PHIP enabled the detection of this
species and showed the power of this methodology; however, it has to be mentioned,

that the kinetic relevance of this olefin complex 21 could not be determined.

2.2.2.2 Trans-Stereoselective Hydrogenation of Alkynes by [RuCp*]* Catalysts

Upon hydrogenation of alkynes, two possible products can be formed: a cis- or a trans-
olefin. In literature many example of homo- and heterogeneous hydrogenation catalysts
are known, that enable a cis-hydrogenation.®® The most commonly used catalysts for
these transformations are poisoned heterogeneous catalysts, as for instance the Lindlar
catalyst,®® that stops at the alkene stage and does not overreduce the product to the
unwanted alkane. Catalytic reductions to trans-alkenes are more challenging and just a
few examples were reported in literature, using rhodium®%4 or iridium®® based metal
catalysts.®' These systems do not have good turnover numbers, are restricted to
diarylalkynes or are not functional group tolerant. In 2001, the group of Bargon reported
a stereoselective hydrogenation of internal alkynes 22 to (E)-alkenes 23°% using
[Cp*Ru(sorb)]OTf 241! as catalyst (Scheme 2.9).
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Scheme 2.9: A stereoselective frans-hydrogenation of alkynes.

The reaction was studied by PHIP-NMR in order to get a deeper understanding of the
mechanism and answer the question whether the transferred hydrogen comes from a
single or from multiple hydrogen molecules. Indeed, they observed hyperpolarized
signals on several products from different substrates. This shows that the transfer must
take place rapidly with the same H, so that no loss of the pair correlation of the
hydrogen atoms can occur. Additionally, the temperature dependence of the reaction
was investigated. When the reaction was conducted in the magnet between 10 °C and
30 °C, exclusively or mainly the (E)-product was observed. A further increase of the
temperature up to 50 °C generated mostly the (Z)-product. This behavior was explained
by a change of a binuclear to a mononuclear ruthenium complex catalyzing the reaction.
The authors conjectured that at lower temperatures the trans-product might be formed
by a binuclear complex (Scheme 2.10), in accordance with observations with previous
results in literature.®*? The authors did not observe other additional intermediates. This
can be explained in their proposed catalytic cycles, which shows that all the proposed
intermediates are highly symmetrical so that no hyperpolarization could be observed
(Scheme 2.10). One has to mention that a chiral secondary alcohol substrate is also
reported by the authors. In this case the hydrogen substrate complex is asymmetric and
potential hyperpolarized signals might be observed. The reaction of terminal alkynes
does not yield any product due to the formation of a stable vinylidine complex. However,
the influence of hydrogen pressure on this reaction was not investigated and also no
yields were reported for this reaction. Overall this was so far the only study of a trans-

selective hydrogenation by PHIP and the reaction mechanism is still under debate.
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Scheme 2.10: Proposed mechanism for the frans-selective hydrogenation of internal alkynes catalyzed by
Cp*Ru(sorb)OTHf.

In 2004, Duckett and his coworkers reported another PHIP NMR study on the
hydrogenation reaction of diphenylacetylenes yielding frans- and cis-stilbenes using a
cationic palladium (Il) diphosphine complex as the catalyst. Interestingly, hyperpolarized

signals were observed for the cis olefin, but not for the trans.®® Additionally, they
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observed a covalent palladium intermediate containing three hydrogens. This complex is
the precursor of the frans-species as proven by EXSY spectroscopy. In the following
years, this group was intensively studying the mechanism of this reaction. % A
palladium hydride turned out to be the active species. The complex with the cis product
yields the characterized intermediate. After B-hydride elimination, where two different
hydrogens are mixed, the frans-stilbene is formed, resulting in weak enhancement of the

olefinic product signals.

Recently, Firstner et al. reported a hydrogenation protocol for a functional group
tolerant and stereoselective trans-hydrogenation of alkynes yielding (E)-alkenes 23 with
good E/Z ratios and vyields.['® The authors started their catalyst screening with the
conditions reported initially by Bargon® and optimized these by changing the solvent to
CH.CIl,, using the in situ prepared -cationic complex [Cp*Ru(cod)]OTf from
[Cp*Ru(cod)]Cl 26 and AgOTf as the catalyst and 10 bar of hydrogen pressure. Initial
mechanistic studies showed the formation of several hydride species in the NMR
spectrum (8y = —-4.96, —-8.02 and -13.42 ppm) when the sample was kept under
hydrogen pressure for one hour. In further experiments it could be shown that
[Cp*Ru(H.)(cod)] 27 yields the corresponding alkenes with the same high E/Z ratio as
under catalytic hydrogenation conditions, indicating that both species might form similar
active intermediates. More recently, Firstner and his coworkers extended the scope of
this catalytic systems with slight modulations on the catalyst to trans-selective

(91 hydrostannations,!'®? hydrosilylations and hydrogermylations!'®! and

hydroborations,
a generalized mechanism for product formation was proposed (Scheme 2.11, applied to
hydrogenations). In contrast to the previously proposed mechanism by Bargon the
product formation occurs via a stepwise or concerted formation of a ruthenium
metallacycle, which might open and isomerize during the course of the reaction. After
hydrogen transfer the catalyst is regenerated through reductive elimination. The concept
for this postulated mechanism is inspired by previously conducted computational studies
by Trost and Wu on trans-hydrosilylation reactions!'® and on control experiments with

the o-H, ruthenium hydride complex 27.
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Scheme 2.11: Proposed mechanism for the trans-selective hydrogenation of internal alkynes by Fiirstner.

The newly proposed mechanism contains several intermediates that could potentially be
observable through PHIP investigations, depending on their lifetime. Several
observations could not be explained by this mechanism, as for instance overreductions
and isomerizations. Therefore a reinvestigation of this mechanism would be of high

interest."

! Personal communication with Prof. Fiirstner and his coworkers.
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3. Objectives of this Ph.D. Thesis

3.1 Direct Experimental Observation of a Hydrogen Bond in a

Transition State Model for Proline Catalyzed Aldol Reactions

Proline and its derivatives have emerged as powerful organocatalysts since their first
application by Hajos, Parrish, Eder, Sauer and Wiechert in the intramolecular aldol
reaction!'®""! and the report of List et al. on intermolecular aldol reaction.® In all of these
reactions a proline-derived enamine and a hydrogen bond activation of the electrophile
are proposed as the key for reactivity and enantioselectivity. Recently these enamines
have been described in situ by Gschwind et al. and in the solid state by List and
coworkers.**3® The obtained results are in a good agreement to all of the proposed
reactions models. Until today no hydrogen bond has been observed directly during these
reactions. In the first part of this Ph.D. thesis a (meta-)stable transition state analogue
should be synthetized, enabling the NMR-spectroscopic or X-ray observation and
characterization of an intramolecular hydrogen bond. On the one hand, in situ generated
meta stable enamine intermediates inspired by previous reports by Gschwind™® and on

the other hand stable enaminones, that have previously been crystalized by our
group, are envisioned to achieve these goals (Figure 3.1).

()H\fo (3?(0

N N HL

Ay © Yo
7 |
(@)

X= SOR, SOzR, CNR2

meta stable enamine stable proline derived
intermediates with intramolecular enaminones with intramolecular
H-bond acceptor H-bond acceptor

Figure 3.1: Envisioned transition state analogues for proline catalyzed intramolecular aldol reactions
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3.2 NMR Spectroscopy as a Versatile Tool for Studying

Organocatalytic Reactions and Intermediates

In the last decade, organocatalysis has been established as the third pillar of catalysis.
Although various new reactions and catalysts have been discovered, the underlying
mechanisms are often underinvestigated or not well understood. The second part of this
Ph.D. work is aiming in understanding reactions that are recently developed in the List

group in the fields of amino-, Brensted- and organo-Lewis acid catalysis.

Recently, a protocol for the first a-benzylation of a-branched aldehydes has been
developed by our group. The aim of the NMR-investigations is to understand the role of
acid and base additives in this transformation and to observe enamine intermediates

that are the proposed reactive intermediates leading to the desired a-benzylated

aldehydes (Figure 3.2).
7 (X,
HN
HO,C . O v
28 (30 mol%) N | | N

Ar-_ _CHO NZ
> O ,“x
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CHCI; -

27

present in the reaction mixture?

Figure 3.2: Detection of enamine intermediates in the a-benzylation of a-branched aldehydes.

In 2009, our group reported chiral disulfonimides as new powerful motifs for Bronsted
acid and precursors for Lewis acid catalyzed reactions. Recently, a protocol for an
asymmetric Torgov cyclisation (Scheme 3.1) was developed. The reaction is proposed to
proceed via several steps. A kinetic NMR analysis should show the course of the

reaction and intermediates that might be formed.
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Scheme 3.1: The DSI catalyzed Torgov cyclisation.

Since the first report, DSIs are known as Lewis acid catalysts upon in situ silylation.
Initial invesigations in our group have shown that two species, N- and an O-silylated
forms of the DSls, are present in solution. This work should extend these studies and
show the dependence of the substitution on the silicon and give experimental evidences

for the exchange between these species (Scheme 3.2).

(?é//o ) (?é//o Qé/O—SiR3
\ S|R3 \ <\
S\ N S\
/1 \O /1 \O 1l \O
@) 0]
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Scheme 3.2: The silatropy of DSIs upon in situ silylation.

In addition to these studies, the recently developed synthesis of B*-amino esters from N-
Boc-amino sulfones!'®! is investigated by NMR in order to understand the course of the

reaction.

Q0
S\
NH
Sy
NHBoc j\TBS 4o NHBoc
+ ~ CO,Me
R™S0,Ph OMe R
31 32 33

Scheme 3.3: DSI catalyzed synthesis of Bs-amino esters from N-Boc-amino sulfones.
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3.3 Parahydrogen Induced Polarization (PHIP) as Tool for the

Discovery of New, Unknown Intermediates

Recently, Flirstner and coworkers have reported a new protocol for a functional group
tolerant and selective trans-hydrogenation of internal alkynes.!'® Despite all the
advantages of this protocol, several substrates are leading to overreduced or isomerized
side products. With the help of PHIP (parahydrogen induced polarization), an NMR
hyperpolarization technique for hydrogenations, this reaction will be reinvestigated.
Bargon et al. have already studied this transformation under different reaction
conditions.® The PHIP studies should answer the question, whether the new protocol
proceeds via a similar mechanism (with the hydrogen being transferred pairwise to the
substrate). In addition we hope to observe new, yet unknown intermediates by slightly
modifying the catalyst or the substrate in order to further understand the underlying

mechanism and the occurrence of side products (Scheme 3.4).

2 24 (5.5 mol%)
AgX* (5.5 mol%) g R2
% pH, (10 bar) R

)
R 5, CH,Cl,
/ 23

enhanced enhanced
intermediate signals product signals

Scheme 3.4: PHIP studies of the selective trans-hydrogenation of internal alkynes.
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4. Results and Discussion

4.1 Aminocatalysis

41.1 Hydrogen Bonds in Proline Catalyzed Aldol Reactions

4.1.1.1 Towards the In Situ Observation of Hydrogen Bonding

Inspired by the recent work of Gschwind et al.,® we envisioned to observe the
generation of a hydrogen bond in an in situ formed enamine. To achieve this goal, the
intermediate should bear a strong intramolecular hydrogen bond acceptor in analogy to
the proposed transition state and it should not further react via an intramolecular aldol
reaction to enable an unambiguous characterization by NMR (Scheme 4.1). This
hydrogen bond acceptor can be an amide, a sulfoxide or a sulfone.['%'%1 |n addition,
these structures are closer to the List-Houk transition state®®® due to their amide-

resonance!’®® or geometry.!"%

O o) -H,0 N -H
%W * [NlCOOH solvent /J(”) ©
2> H H [ X
( 0-1

34 8
35

Scheme 4.1: In situ formation of a metastable enamine intermediate.

Aldehydes bearing sulfones or sulfoxides as hydrogen bond acceptors could easily be
obtained in 4 steps starting from commercially available 5-bromohexanoic acid 36
(Scheme 4.2). After nucleophilic substitution of the bromine with sodium thiophenolate
and Fischer esterification in methanol, the corresponding 5-phenylthio-hexanoic acid
methyl ester 37 could be obtained with good yields (85%) over 2 steps. In the next step
the thioether was oxidized with aqueous hydrogen peroxide solution and
diphenylphosphate as the catalyst. This reaction yielded the corresponding sulfoxide
38a by employing one equivalent of oxidant or the sulfone 38b, when the double amount
was used. At this stage of the synthesis enantioenriched sulfoxides could be obtained by
using chiral confined imidodiphostates as the catalyst.’®® To prove whether we obtain a
chiral discrimination of the starting material with enantiomerically pure proline, we
decided to perform the non-asymmetric reaction first. The desired products 34a/b were

obtained by a reduction of the methyl esters 38 using (i-Bu),AIH (DIBAL-H) as reductant.
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Scheme 4.2: Synthetic route for the synthesis of aldehydes with a sulfone/sulfoxide as H-bond acceptor.
Conditions: a) PhSNa, EtOH, rt,16 h, 85%; b) MeOH, H2S04, quant.; c¢) aq. H202 (15%), (PhO).POOH; d)
DIBAL-H, THF.

The synthesized aldehydes were directly used for the in situ preparation of the enamine
species derived from L-proline (Table 4.1, entry 2 and 3). To our disenchantment, the
observed enamine : oxazolidinones ratio was very similar to the previously reported
results by Gschwind (Table 4.1, entry 1). If an interaction of the proton acceptor and the
carboxylic acid function had been present, a change of this ratio would have been
expected. Additionally, we were not able to observe any enantiodifferentiation at the
enamine protons. This suggests that the chiral center is not spatial to the enamine and
so probably the aliphatic chain is not in a cyclic structure due to hydrogen bonding but in
the energetically more favored zigzag conformation.

Table 4.1: Observed enamine: oxazolidinone ratio of different aldehydes with an intramolecular hydrogen
bond acceptor.

Q\COOH o o
0 0 H 8 "o s N
7 100 mol% oy © o
X\/\WJ\H DMSO-dG X Lﬁ/\/('?
34 <‘Lo1 X
enamine endo-oxazolidinone exo-oxazolidinone
35 39 40
1139] A ) 13: 23 : 64
O\\S,/O
2 Ph” SN 20:18: 62
34a
O_
S X 18:19: 64
~ X : :
3 Ph” 0
(rac)-34b
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A anNJ\w 56: 17 : 27
34c
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5 \41/\0 36:28:36

We wondered, whether the cyclic conformation of the intermediate could be more
favored by simply introducing the Thorpe—Ingold effect on the chain. We decided to start
our synthesis from 4,4-dimethylcyclohexanone 42. For synthetical reasons, we decided
to use an amide as the hydrogen bond acceptor. The introduction of a sulfone or
sulfoxide would require several more steps to introduce the required functional group.
The H-bond acceptor strengths of both variants are similar.l'%'%! After Baeyer—Villiger
oxidation of 42 and ring opening of the corresponding lactone 43 with dibenzylamine, the
amido-alcohol 44 was obtained. The oxidation of the primary alcohol with Dess—Martin-

periodinane (DMP) gave the desired aldehyde 34c in good yields.

o 0 (@] (0]
Bn,N BnzN
a O b (o]
OH —0
42 43 44 34c

Scheme 4.3: Synthetic route for the synthesis of aldehydes with an amide as H-bond acceptor. Conditions:
a) mCPBA, CHxCl,, 16h; b) BnaNH, AICl3, DCM; ¢) DMP, CH2Cls.

This substrate was tested in the reaction with L-proline (Table 4.1, entry 3). Compared to
the previous results for the sulfones and sulfoxide, we observed a significant increase of
the enamine : oxazolidinone ratio from 1:4 to 14:11. Worth mentioning is that only the
exo oxazolidinone 40c changed its overall amount, but not the endo species 39c¢. To
confirm that this increase is a result of hydrogen bonding and not from the increased
sterical effects at the B-position, we conducted an experiment with 3,3-dimethyl
butyraldehyde 41. Also in this case we could observe an increased enamine

oxazolidinone ratio (9:16), which was still lower than the previous result though. In fact it
seems that the observed increase of the stability is resulting from the internal hydrogen
bond acceptor. To find an explanation for these observations a more detailed look into
the mechanism of the enamine formation has to be considered. From NMR
investigations by Gschwind™® it is already known, that formation of the enamine and
oxazolidinones occurs via a different intermediate. One plausible mechanism that has
not been discussed in her manuscript is that oxazolidinone formation from the aldehyde
occurs via a rearrangement pathway, whereas the iminium pathway, which leads to the

enamine, is an elimination type reaction (Scheme 4.4). Two different iminium ions (E)-I

29



Results and Discussion

and (2)-1 can be formed from the exo- and the endo-oxazolidinones which could
isomerize to the enamine using an internal or external H-transfer reagent.®® The
intramolecular hydrogen bond acceptor that was introduced with the amide might block
the formation of (Z)-iminium species (Z)-1 by intramolecular hydrogen bonding, which
decreases the overall concentration of 40c. In the other pathway the hydrogen bond
acceptor or the solvent could act as a hydrogen transfer reagent and it is not influencing
the rate of oxazolidinone formation. The concentration of enamine would still be
increased in the equilibrium. Overall the equilibrium between these species is not
influenced by water as it has been shown by Gschwind and the proposed cycle fits well
to their observations.
o}

ﬁ
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Scheme 4.4: Enamine and oxazolidinone formation via (E)- and (Z)-iminium species |I.

C—-N-Rotation
35¢c

After these initial results we were wondering, whether the solubility of the proline
derivative might have an influence on this reaction and if the enamine concentration
could be further increased in solution. Therefore we tested L-proline derivatives, which

were substituted in the 4’ position (Table 4.2, entries 1-3). Interestingly, the substitution

30



Results and Discussion

had almost no influence on the equilibrium between the intermediates, but it had an
influence on the overall intermediate concentration. With the fluorine containing
derivative a decreased overall amount in solution was observed whereas the OTBS
derivative 45b generated high intermediate concentrations. In the cases of high
intermediate concentrations, the COOH-signal could be detected (6 = 12.39 ppm, broad).
Unfortunately the chemical shift was very similar compared to a free enamine without
hydrogen bond acceptor in solution (dcoon = 12.56 ppm).?2 This could be explained by
using DMSO as solvent that has similar acceptor properties as the amide.'®"%"! |n
addition, the acidic proton is very dynamic in its electronic environment. It transforms
into the aliphatic proton of the oxazolidinones, the acidic proton of the enamine and free

proline and water within the NMR timescale. This exchange broadens its NMR signal.
Table 4.2: Influence of the proline-derivative and the solvent on the enamine formation.

R
o] b\fo R R
N MO 0 0
NBn, 4. .OH NTHC N N

45 100 mol% o

(@]
solvent /g&\N/Bn \\\\l——O o)
-
Bn ’}ACONan CONBn,

O
34c 35 39 40
1 H8 DMSO-ds 56: 17 : 27 26 :74
2 cis-F 45a DMSO-ds 56:18:26 60 : 40
trans-4-OTBS
3 DMSO-ds 56: 17 : 27 18:82
45b
4 45b CDCl3 No observed 100:0
5 45b CD2Cl; 0:42:58 87 : 13

@ Determined 5 min after mixing the reagents

2 The shift was determined by the reaction of phenylacetaldehyde (30 pmol) and L-proline (30 umol) in DMSO-d; (0.6 mL).
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In order to circumvent this problem, we attempted to observe the enamine in absence of
the solvent as additional hydrogen bond donor. Therefore we had chosen CH,Cl, and
CHCI; as solvents, that are known as suitable solvents for aldol condensations.!'"”
Chloroform did not yield any observable enamine intermediates. Dichloromethane was
able to dissolve all the catalyst, but the concentration of potential oxazolidinone species
was still rather low and the formation of enamine intermediates could not be observed at

all.

At this point we decided to modify our system towards further stabilization of the

enamine intermediates and suppression of oxazolidinone formation.

4.1.1.2 Synthesis of Proline-Derived Enaminones as Stable Transition State
Analogues

Our group previously reported the formation of stable proline-derived enamines (see
chapter 0 on page 5). In parallel to our initial NMR investigations, D. Bock investigated

the synthesis of enaminone 46 with an internal H-Bond acceptor®”:

o) o) 2 0 b O N
I a, s s — = 3 - /|9 0o
/S v N ~ S

© o X f ~

~

47 48 49 Oue

Scheme 4.5: Synthesis towards proline derived enamines bearing an internal sulfone as hydrogen bond
acceptor®®™), conditions: a) AlMes, toluene, =10 °C, MeNHOMe-HCI; b) ethynylmagnesium bromide, THF, —
78 °C c) L-proline, 1N NaOH, then HCI (pH = 3).

The three-step route (Scheme 4.5) had several disadvantages. On the one hand, the
starting material 47 of the synthesis was expensive and had only a few suppliers. The
Grignard addition to the Weinreb amide 48 gave the desired alkynone 49 only in low
yields. Furthermore, Michael addition with proline did not yield the desired product under

the conditions that had been reported previously.!*¥

At this point, we decided to combine our results and designed a new model to mimic the
enantiodetermining transition state of proline-catalyzed enol-exo cyclisations (Figure
4.1). The desired structure 50 contains an amide as hydrogen bond acceptor and an
enaminone as stable enamine derivative. In addition, we envisioned to force the
enaminone in a cyclic conformation by introducing a cyclohexane with trans-substitution

in 1,2 position.
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Figure 4.1: Newly designed target structure for the proline catalyzed enol-exo aldol condensation.

Retrosynthetic analysis of the target structure revealed the following conclusions
(Scheme 4.6): The proline derived enaminone could be introduced in the last step
through a Michael reaction of proline to the corresponding alkynone. The alkynone could
be synthesized via a Grignard addition to a Weinreb amide, as used in the initial
experiments,®”! a Friedel-Craft acylation of acetylene or an alkyl lithium reagent. All
potential carbonyl precursors can be traced back to frans-1,2-cyclohexanedicarbonic
acid 51.

O—(O ?
Acylation/ll\lo,,H\O O\(O \‘\\”\X COOH
HL'/ — =+ ' NBn, Q o e

NBn, H OH COOH
8 @) 51

I
@)

50

Scheme 4.6: Retrosynthetic analysis of the synthesis of transition state analogue 50.

The dicarboxylic acid 51 was converted with acetic anhydride as dehydrating agent to
the corresponding cyclic anhydride, which was quenched without workup to obtain the
corresponding amide 52 (Scheme 4.7). The carboxylic acid was then further converted
via a selective two-step reduction and oxidation sequence into the corresponding
aldehyde 54. BHj3; SMe, as reducing agent enabled the selective reduction of the
carboxylic acid. Other reducing procedures involving DIBAL-H or LiAlH, could have
potentially also reduced the amide. The aldehyde 54 was then reacted with TMS-
acetylene and n-BuLi and yielded the propargyl alcohol 55 after deprotection. Oxidation
with manganese(lV) oxide gave the alkynone 56. As a direct activation and acylation of
carboxylic acid 52 with TMS-acetylene did not furnish the desired product, the longer

route was chosen.
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Scheme 4.7: Synthesis of transition state analogue 50, conditions: a) Ac20, reflux; b) BnaNH, CH2ClIy; c)
BH3-SMey, THF; d) DMP, CH,Cl; e) TMS-Acetylene, n-BuLi, THF. -78 °C to rt; f) K2CO3, MeOH; g) MnO.,
CH2Cly; h) Hz, Pd/C, EtOAc.

The next step of the synthesis was the Michael addition of proline to the alkynone. In
order to understand the previously unsuccessful synthesis of the enaminone,®”! we
decided to investigate this transformation with acetylacetylene. In situ NMR studies
revealed that under basic conditions the enaminone formation was proceeding well, but
the product decomposed upon acidic workup. Therefore we decided to use a protected
proline derivative which could be protected under basic conditions and be deprotected
under neutral ones. Thus, a benzyl ester protection seemed suitable. The synthesis of
the protected enaminones 57 with L-proline-benzyl ester OBn-8 from alkynone (rac)-56
proceeded smoothly without addition of base. The two obtained diastereomers 57 could
not be separated via column chromatography and separation via preparative HPLC was
necessary. The assignment of individual diastereomers by NMR was rather difficult due
to a broadening of all the NMR signals of these compounds. With these compounds in
hand, we raised the question, if the deprotection of the benzyl group will improve the
sharpness of the NMR signals. After deprotection of enaminones 57, we obtained two
different diasteromers of the target molecule 50. Unfortunately NMR characterization of
the two diastereomers was still impossible, even at lower temperatures (Figure 4.2,
Figure 4.3). Chloroform was chosen as solvent again, due to its ability to catalyze

proline type aldol reactions. Other solvents, as for instance DMSO or CH3;CN, are also

34



Results and Discussion

good solvents for aldol reactions, but they are also hydrogen bond acceptors and could
disturb the formation of the desired H-bond. The possibility to average all the broad

signals by heating was not considered, since high temperatures break hydrogen bonds.

H-1 H-2 &(0 N-CHz-Ph
N” H

'f '\O
\N’Bn
Bn
-50 °C
M -15°C
I\ A -5°C
0°C
25°C
I I I L) 1 I ] I ] ] [] 1 T I T I
§.1 8.0 7.9 7.8 ppm 5.4 5.3 5.2 5.1 pen 5.0 4.8 4.6 4.4 ppm

Figure 4.2: 'H NMR spectrum of diastereomer | of 50 in CDCl3 at various temperatures.

He2 N-CH,-Ph

.8.0 7.8 ppm 5.4 5.2 rpm 4.8 4.6 4.4 Ppm

Figure 4.3: 'H NMR spectrum of diastereomer Il of 50 in CDCl; at various temperatures.

Interestingly, when we compared the acidic region (10-20 ppm) of the '"H NMR spectrum
(Figure 4.4), one diastereomer showed several broad proton resonances whereas the
other one did not. This could indicate that one diasteromer is in the desired conformation

and is forming the desired hydrogen bond whereas the other one is not, as we expected

from our model.
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19 18 17 16 15 14 13 ppm 19 18 17 16 15 14 13 ppm
Figure 4.4: Acidic region of the "H NMR spectrum of the two different diastereomers 50 at 50 °C.
Unfortunately, all attempts to crystallize these compounds to confirm our NMR results

were unsuccessful.

In parallel to the six-step synthesis from an anhydride towards the alkynone precursors
we have also developed a shorter three-step synthesis (Scheme 4.8). In this synthetic
route the introduction of the functional groups was switched. In the first step, the TMS
protected alkynone 59 could be introduced by a Friedel-Craft type acylation of
bis(TMS)acetylene with anhydride 58 in the presence of AICI; as catalyst. The yields
were only moderate to good, and for anhydride with substituents in the a-position, as for
instance in our initial synthesis, no product was obtained. The further amidation and

deprotection towards the alkynones 61 proceeded smoothly with overall good yields.

o o) o) o)
a % b % c %
OH >TMS NBny TMS NBn,
o o) o) o)
58 59 60 61

Scheme 4.8: A shorter synthetic route to alkynones as precursors for enaminones with internal H-bond
acceptor. Conditions: a) AICls, bis(TMS)acetylene, DCM, 0 °C; b) DCC, DMAP, Bn2NH; c) Borax, MeOH.

Another potential route towards transition state analogues 62 of enolexo aldolisations
can be started from cyclohexanone 63. After alkylation with the desired H-bond acceptor
and a C1 elongation via Wittig reaction, the precursor aldehyde 66 was obtained.
Further five-steps towards our previously reported route would lead to another transition
state analogue that is supposed to mimic the transition state for the formation of a six-

membered ring.
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Scheme 4.9: Synthesis of the potential transition state analogue precursor 62; Conditions: a) LDA,
BrCH2CONMe,, -78 °C to rt; b) [MeOCH2PPh3]Br, KOtBu, THF; c) 10% HCI, DCM.

We wondered, which rotations in the enaminone 67 are responsible for the broadening
of the NMR signals. In previous steps the other functional groups have been shown not
to broaden the NMR signal. A closer look at the enaminone structure, revealed that it
has one C-C and one C-N bond that have a hindered rotation due to their resonance
structure and so they can potentially cause different rotamer signals on NMR timescale

in analogy to amides:

cis trans
R\Z ) &R2 O{Rz
HOOC" COOH N~ YCOOH
s-cis f) f -~ ., fh
R R S0

R, / \ O\R2 67a R'=CF;, R?=H

HoOC"" COOH 67b R'=CF3, R?>=Me

s-trans ) , 67c R'=CH;, R?>=Me

0™ R 0~ R!

Figure 4.5: Bond rotations of enaminones that could cause 4 different rotamers.

Concerning the rotation around the C-N-bond, a cis- and trans-conformation are
possible. NMR measurements by Gschwind have shown,! that the major conformer of
proline derived enamines are mainly present as the trans-conformer. However, there can
be still small contributions coming from the cis-conformer, as it has been shown by initial
NMR studies by Mellor®®, which were the basis for the X-ray structures published by our
group. They reported a ratio of 85:15 between the trans and the cis isomer. When we
introduced a methyl group in the a-position of the proline, the corresponding enaminone
67b was exclusively present in the frans-form. In addition the electron withdrawing CF;
group seemed to influence the system by increasing the iminium character, a fact which
has already been seen by comparison of the X-ray structures with the transition states

calculated by Houk. The s-trans form seemed to be the energetically most favored
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conformer in the solid state and also in solution as we have detected with HOE
(heteronuclear Overhauser effect) measurements. When we exchanged the CF; of 67b
to a CHj; group the NMR signals of this new compound 67c¢ were still broadened (Figure
4.6). On the one hand this might be explained by the hindered rotation around the C—CO
bond, which in contrast to the CF3-variant has two more equally contributed conformers,
on the other hand the higher basicity of the nitrogen could lead to an exchange between

the zwitterionic and the neutral form of the enaminone.
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Figure 4.6: Comparison of the 'H NMR signals of 67b and 67c.

These results lead us to design a new target structures, to further advance the transition
state analogue(Figure 4.7). Additionally, to the previous functional groups, the
introduction of a methyl group in the a-position of the proline is necessary. Furthermore,
the electron density of the enaminone has to be tuned, as for instance by introducing an

electron withdrawing group in the a-position of the enaminone-carbonyl.

O
H-Bond acceptor T/]H—f

Stabilized enamine o
Cyclic structure _| ©

improving iminium character

Figure 4.7: Further optimized target structure for the proline catalyzed enol-exo aldol condensation.

Unfortunately, this structural motif requires various functional groups in order to bring it
into the desired conformation. This does not agree with our concept of having a simple

transition state analogue.
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We were wondering if we could improve the rotational problems of the enaminone by
simply using a cyclic enaminone, which cannot freely rotate and are, according to our
previous reports,’* stable. Therefore, we envisioned a transition state analogue for the
enolendo cyclisation which contains a enaminone derived from an 1,3-cyclohexanedione

with a structure seen in the following figure:

Figure 4.8: Left: Target structure for a potential enol-exo transition state model; right: 3D model generated
with Chem3D.

After some optimization we found a very short and efficient two step route for the
synthesis of the desired analogue precursor 70 (Figure 4.9). The precursor was
synthesized via a Baylis-Hillman type dimerization of methyl acrylate 71. The obtained
product 72 was used in a Michael reaction, followed by a Dieckmann condensation to
form the desired 1,3-diketone 70 in good yields. The geminal dimethylgroups of this
substrate are crucial for the selectivity of the enaminone formation. If they are not

present, the enamine formation occurs on the less hindered ketone.

o
o a7 o TR CO,Me
\O)H \O)H(\/ olvle +\HJ\ —
| o
72 70

7

Figure 4.9: A 2-step protocol for the synthesis of cyclic enaminones bearing an internal hydrogen bond
acceptor; Conditions: a) P(oct)s, 66%; b) KOtBu, THF, 60%.

With this substrate in hand, we investigated the enamine formation. As initial conditions
we had chosen the reported ones of our group.®* Unfortunately, we could not observe
the desired product after heating for several hours at 60 °C in methanol. Other reported
conditions to form proline derived cyclic enaminones also failed,!"" mainly the
decarboxylated product 73 was obtained. This indicated that the desired product 70
might be formed, but it decomposed under the reaction conditions due to the additional

activation by the internal hydrogen bond acceptor, that can act as a base.
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L-proline . undesired side product
. CDZ0D, 60°C |, . /\—/\ /\_/\
L-proline Z/ N N

CO,Me toluene, 110 °C
? COzMe COzMe
70 L-proline

benzene, 80 °C -

69 73

Figure 4.10: Reaction conditions towards proline-derived enaminone formation 69 from diketone 70.

4.1.1.3 Synthesis of Proline-Derived Aryl Amines as Stable Transition State
Analogues

Inspired by our previous investigations of cyclic stabilized enamine derivatives, we had
the idea to utilize an aryl amine as a stabilized enamine derivative. Therefore, we
designed a model compound that contains the proline derived aryl amine, a hydrogen
bond acceptor and additional substituents to stabilize a cyclic conformation by a
Thorpe—Ingold type effect. The latter can be achieved efficiently by a sulfone or a

quaternary carbon with two geminal methyl groups (Figure 4.11).

e 9" 2

H-bond acceptor NO H.
. : . (@]
Arylamine as stabilzed enamine _ —
Thorpe—Ingold effect N ;
Y, X F .
Pl (Ve
v [N

Figure 4.11: Left: target Structure for an aryl amine derived transition state analogue; right: 3D model

generated with Chem3D.

We decided to synthesize molecule 74 with an aliphatic aldehyde as hydrogen bond
acceptor and a quaternary carbon that bears two geminal methyl groups to favor a cyclic
conformation of the molecule. Even though the aldehyde is a good electrophile, we
assumed that it would not be attacked by the aryl amine, due to its low enamine type

nucleophilicity.
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Figure 4.12: Left: Initial target structure with an aldehyde as hydrogen bond acceptor and a quaternary

carbon with two geminal methyl groups; right: 3D model generated with Chem3D.

Our initial synthetic route started with the a-dimethylation of 3-bromophenylacetonitrile
75 with excellent yield (99%). After reduction of the nitrile 76 to the corresponding
aldehyde 77, the acetal protected aldehyde was introduced by a Wittig reaction. After a
reduction with hydrogen and Pd/C as catalyst the precursor for the aryl amine 78 was
obtained in acceptable yields. After testing several reaction conditions with 5-bromo-
meta-xylene as model substrate, we found that the coupling of O-Boc-protected proline
in a Buchwald—Hartwig amination to obtain the desired protected target molecule 79 was
possible. Unfortunately, the product could not be separated by column chromatography
from the dehalogenated starting material as side product. O-benzyl-proline did not yield
the desired product due to debenzylation under the reaction conditions. Interestingly, the
dimeric proline anhydride was the main product in some cases. With the protected target
molecule 79 in hand, we submitted it to different acidic deprotection conditions, which

unfortunately only lead to decomposition of the starting material.

Br a Br b Br c,d Br
e ot e T
75 76 77 78 o

Conditions: l e
1) IMHCI/DCM, 2 h
no reaction COO1BuU

COOH 2)10% TFA/DCM,
decomposition N
N
o)
0 j
0]

74 79

Scheme 4.10: Synthetic route towards transition state analogue 74; Conditions: a) Mel, THF, KO{Bu, —
50°C, 99%; b) DIBAL, CHxCly; c) [(OCH,CH,0)CHCH,PPh3]Br, KOtBu, THF, 10 d, 45%; d) Hz, Pd/C,
EtOAc, 80%; €) L-H-Pro-OtBu, Pdz(dba)s, RuUPHOS, toluene, 80 °C, 13 h, 10%.

Disenchanted by these results, we modified our target structure in order to make the aryl
amine less electron-rich and so more stable against stronger acidic conditions (Figure
4.13).
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Figure 4.13: Left: Modified target structure 80 with an ester as hydrogen bond acceptor and a sulfone as

Thorpe-Ingold initiator; right: 3D model generated with Chem3D.

Instead of the geminal methyl groups, we decided to use a sulfone, which on the one
hand should introduce a Thorpe—Ingold like effect and on the other hand reduce electron
density in the aromatic T-system. As hydrogen bond acceptor we initially chose an ester
since the starting material were commercially available. The introduction of the hydrogen
bond acceptor was achieved by a Michael addition of benzene sulfinic acid 81 to methyl
acrylate 71 (Scheme 4.11). The product 82 was obtained in good yields and we were
able obtain a single crystal. As we envisioned, the structure nicely shows the
preformation of a cyclic structure. Following bromination of the compound gave the
meta-substituted product 83 with moderate yields. Unfortunately, the following
Buchwald—Hartwig coupling was not successful. The instability of the sulfone led to a

retro Michael reaction under the basic reaction conditions required for the coupling.

u o e - C
o ‘*o/ﬁ > e
Na+ | S //S\\
o 0 o 0
71

NS

O
(0]
OtBu
J)ko/
Zan G S o

81 82 83 84

Ne-

. [
/ ™~

X-Ray structure

Scheme 4.11: Synthesis towards transition state analogue 84. Conditions: a) 0.25 M HCI, 70 °C, 13 h; b)
H2S04/H20 (1:1), NBS, then MeOH. 35%; c) L-H-Pro-OtBu, Pdz(dba)s, RuPhos, toluene, 80 °C.

In order to suppress the retro Michael addition we decided to introduce a quaternary

carbon center in the a-position of the hydrogen bond acceptor (Figure 4.14).
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Figure 4.14: Left: Modified target structure 85 with an ester as hydrogen bond acceptor and a sulfone as
Thorpe—Ingold initiator and a quaternary carbon center in a-position of the hydrogen bond acceptor; right:

3D model generated with Chem3D.

We started the synthesis with a thioether formation by nucleophilic substitution using
2,2-dimethyl-3-hydroxypropanoic acid methyl ester 87 and dibenzenesulfide 86. After
oxidation of thioether 88 with oxone, sulfone 89 was obtained with moderate vyields.
Similar to the previously synthesized sulfone 82 we could obtain a single crystal of
sulfone 89. In contrast to the previous molecule, sulfone 89 is now present in an
undesired conformation that would not form the hydrogen bond interaction after
amination. The aryl ring was brominated in meta position and following re-esterification
gave the coupling precursor 90. The separation from residual starting material was not
possible by preparative thin layer chromatography. Since no side reactions of the
residual starting material were expected in the next step, crude compound was used.
The coupling of the proline-tert-butyl ester was achieved with moderate yields.
Unfortunately the separation from sulfone 89 was still not possible by preparative thin
layer chromatography at this stage. To see whether the deprotection of 91 is working
under acidic conditions, we treated the mixture to with 50% TFA in CH,Cl,. To our
disenchantment the amino acid decarboxylated under the reaction conditions and so
only the decarboxylated product 92 could be observed. At this point, we were wondering
if the direct proline coupling via Ullmann-type coupling with the precursor 90 was
possible. Previous tests of these conditions yielded complex reaction mixtures. To our
delight, we could obtain the desired product 85, although the yields were relatively low
(<10%).
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Scheme 4.12: Synthesis of transition state analogue 85; conditions: a) P(oct)s, DMF, 70%; b) Oxone,
MeOH/THF/H20 (1:1:1), 36%; c) NBS, H2S04/H>0 (1:1), 3 h, then excess MeOH, 1 h, 60% conversion; d)
L-H-Pro-OtBu, Pdz(dba)s, BINAP, toluene, 110 °C, full conversion; e) TFA/CH2Cl, (1:1); f) L-proline, DMF,
Cul KOtBu, 100 °C, 8%.

Nevertheless we were excited about the structure of the obtained compound 85 in
solution. When we analyzed the NMR data at room temperature in CD,Cl,, we found that
the compound has relatively free rotation around the C—N bond. At low temperature (-90
°C) we found that the aryl amine is preferably present in the desired trans-conformation.
Unfortunately, we could not detect a sharp signal of the acidic proton that would help us
to determine hydrogen bond formation. In fact, the broadening shows, that a fast
exchange of the acidic proton is still present, which would be suppressed in presence of
a strong H-bond. Furthermore, we found that the main conformation of the side chain is
similar to the formation, which we observed in the crystal structure of 89, indicating the
molecule is mainly not in its cyclic form. At lower temperature we could observe a
second, but less populated conformer. During the NOE analysis we found also, that it is
preferentially in the trans conformation. Also the other observed NOEs were similar to

the main compound.
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Figure 4.15: Relevant NOE contacts of 85 at room temperature and —90 °C with important structural

information.

In analogy to our previous results of enamine systems, the two stable conformers might
be present in solution as a zwitterionic and non-zwitterionic form. In the calculated
transition states by Houk it was initially found, that there is no hydrogen bond interaction
with the nitrogen present. The N-protonated form of the enamine might simply not be
reactive. In most of our synthesized systems this hydrogen bond interaction is still
present, at least in small amounts. This might disturb the formation of our envisioned
hydrogen bond and is broadening the NMR signals. To overcome this, the basicity of the
nitrogen has to be reduced further by introducing strong electron withdrawing groups in
the enamine system. Additionally, a lower basicity of the nitrogen might increase the
stability under acidic conditions that have been shown to be problematic in our synthetic
routes. Stronger H-bond acceptors might also help to observe the elusive H-bond

interaction.
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4.1.2 Enamine Intermediates in the a-Benzylation of a-Branched Aldehydes

These studies were conducted in cooperation with Dr. Anna Lee and Dr. Manuel van

Gemmeren. The other authors of our manuscript are also thanked for their contributions
[112]

Recently, our group developed a protocol for the catalytic asymmetric a-benzylation of
aldehydes (Scheme 4.13).['"? By using the sterically demanding proline derived catalyst
28 in a buffer system, racemic a-branched aldehydes 27 are converted in a dynamic
kinetic asymmetric transformation with benzyl bromides 93 to the benzylated products

94 bearing a quaternary stereogenic center in good yields and high enantioselectivities.

r
HN
HO,C
2¥ (30 mol%)
Ar'_CHO 28 CHO
+ A2 Br idi i A Y
tetramethylguanidine (5 equiv) Ar >
p-anisic acid (5 equiv) 94
(rac)-27 93 4A MS, 50 °C, CHCl, 55 — 82 % yield
_3 er from 84:16 to 98.5:1.5
/E) H \
N \ '+ N
O N
\/) H™
Br /N\
=
~
\ —

Scheme 4.13: The catalytic asymmetric a-benzylation of aldehydes

The use of a buffer mixture containing a strong base and weak carboxylic acid is
essential for the yields and enantioselectivities of the reaction. In order to understand
the influence of the additives, the formation of enamine and oxazolidinone intermediates
was studied. The direct comparison of the common solvent for proline catalyzed aldol
reactions, DMSO, and the best solvent for the a-benzylation, chloroform, revealed a

significant difference in the amount of intermediate species in solution (Table 4.3).
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Table 4.3: Enamine and oxazolidinone formation in the presence of catalyst 28 and aldehyde 27a.

CO,H
CHO
28
\( (100 mol%) o N \C

N "COOH N° “cooH N
Ph P —
R Ph /,,,, nnQ i Q
27a 50 °C
30 mmol solvent Ph Ph Ph
E-enamine Z-enamine oxazolidinone 1 oxazolidinone 2
(E)-E (2)-E Ox-1 Ox-2
1 DMSO-ds 18:72 26:5:24:27
2 CDCl3 98 :2 0:0:1:2

In DMSO we could observe the formation of (E)- and (Z)-enamine intermediates. In
contrast to this no enamine intermediates were observed in chloroform. The formation of
oxazolidinones could be detected in both solvents. These results are in agreement with
our previous results presented in the last chapter and also with the trend reported by
Gschwind and co-workers® that polar aprotic solvents increase the observable enamine

concentration.

Interestingly, when branched aldehydes were used we observed a slower exchange in
EXSY of the intermediate species in DMSO compared to unbranched aldehydes. At
room temperature we could not observe the exchange between the intermediates (tnix =
1 s). However, when we increased the temperature to 50 °C or 80 °C the exchange
process between the intermediates became faster and the EXSY cross-peaks visible.
Interestingly, the two major oxazolidinones are formed, where one has a more intense
exchange peak to the (E)-enamine and the other to the (Z)-isomer. Also two minor
oxazolidinone species were detected, which probably correspond to the endo-
oxazolidinones forms. No crosspeaks between those and the enamine intermediates

could be detected.

Under optimized reaction conditions a buffer was used. We conducted several
experiments in the presence of various equivalents of the additives and different proline
derivatives in chloroform. The first effect that was directly observed was the increased
solubility of the catalyst upon increasing amounts of additives. Without additives, the
catalysts were almost insoluble in chloroform. Upon addition of one equivalent of
aldehyde to these different mixtures, we investigated the influence on the formation of

enamine and oxazolidinone intermediates (Table 4.4). With an increasing amount of acid
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in solution, the formation of oxazolidinone intermediates was accelerated and we could
observe a higher concentration in solution. In contrast to this, the addition of a base
leads to an increased concentration of enamines and oxazolidinones. This observation is
in accordance with the previous experimental observations, where the addition of a base
was found to be crucial for the reactivity. Without the addition of a base the reaction is
not proceeding and we also could not observe the enamine as the proposed reactive
intermediate. For comparison we also studied the equilibria in the presence of the
weaker bases Et;N and 2,6-lutidine (Table 4.4, entries 14 and 15). Interestingly, these
bases were inactive in the reaction and we also could not observe the formation of
enamines in our NMR experiments.

Table 4.4: Equilibria between catalysts and aldehyde 27a in CDCI3 with the addition of various equivalents
of additives

(X
\\\R' \\\R’ N
N” “CooH N” COOH N COOH
H Ph H 8
Ph
. . CHs
catalyst (100 mol%) (E)-enamine (Z)-enamine \
Ph.__CHO (E)-E (2)-E H COOH
Y y equiv tetramethylguanidine, 95
27 X equiv p-anisic acid,
a 50 °C, CDCl, R R
30 mmol N (0] N (0]
PhW)““”O Ph,,,ﬂunuo
oxazolidinone 1 oxazolidinone 2
Ox-1 Ox-2
1 0 0 8 >99:1
2 0 1 8 74 : 26 46:5:0:0
3 1 0 8 71:29 0:0 14
4 1 1 8 87 :13 4:1 14
2 89 : 11 :1:6:5
5 84 :16 9:2
7 0 0 95 >99:1
8 0 1 95 86 : 14 6 :1 17
9 1 0 95 92:8 0:0:21:19
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10 1 1 95 82:18 0:0:18:19
11 2 2 95 76 : 24 6:1:125: 136
12 5 5 95 80 : 20 1:-:12:13
13° 0o 1 95 >99:1 -

14° 0o 1 95 >99:1 -

15 0 0 28 98:2 0:0:1:2
16° 10 28 96 : 4 0:0:1:1
17° 0o 1 28 84 :16 19 :6:21:28
18° 11 28 93:7 0:0:3:4
19° 2 2 28 89 : 11 3:1:7:8
20° 5 5 28 88 : 12 12:1:14.5:17

@ EtsN was used as a base.

® 2,6-Lutidine was used as a base.

° Errors in the integration due to overlap of broad polar protons, 3C satellites or the low concentration of
the species are possible .

After we had conducted all the experiments, the role of the intermediates became clear.
The base is solubilizing the catalyst and therefore forming an ion pair in solution. In
addition, the stability of the enamine intermediate by forming the corresponding
enamine-carboxylate is increased. These results are in agreement with previous reports
by Gschwind et al., who have nicely shown, that stronger bases stabilize enamine
carboxylates.!"™ In addition, Blackmond and coworkers have studied the intermediate
formation with the same aldehyde and a DBU-proline salt and came to similar

conclusions.?!

The acid additive has mainly two roles. It accelerates oxazolidinone formation, but also
prevents the formation of undesired side products as strongly basic conditions lead to
salt formation of the catalyst. The addition of the alkylating reagent alkylates and thereby
deactivates the catalyst. The alkylated catalyst has been observed by GC-MS even
under optimized conditions. Furthermore, formation of p-anisic acid benzyl ester
indicates possible esterification of the catalyst although N-alkylation is also possible.
The addition of acid might reduce the N-nucleophilicity by simple protonation. Strongly
basic conditions are known to accelerate enol alkylation!""* The acid might prevent non-
enantioselective side pathways, by changing the pH. In summary we can conclude that
the proposed enamines under the reaction conditions can be observed and that the
additives are acting as a well-adjusted buffer system that is preventing unwanted side

pathways.
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4.2 Disulfonimides as Bronsted- and Lewis-Acid Catalysts

4.2.1 Reaction Monitoring of the Asymmetric Torgov Cyclisation

This chapter describes an NMR kinetic study that has been conducted during the
development of the asymmetric Torgov cyclisation. The development of the reaction was

mainly performed by Dr. S. Prévost, Dr. N. Dupré, Dr. Q. Wang and Dr. V. Wakchaure.

Recently the first highly enantioselective Torgov cyclisation was developed in our group,
utilizing a highly acidic disulfonimide 96 to provide facile access to several

enantioenriched tri- and tetracyclic dienes:®”

R3O rR3 O
96 (5 mol%)
R S 4A MS, toluene [0.028 M] R
R2 R?
29 30

er from 62.5:37.5 t0 98.5:1.5
23% to 98% yield

Scheme 4.14: The Brgnsted acid catalyzed asymmetric Torgov cyclisation.

To obtain a better mechanistic insight, we conducted the reaction in an NMR tube and
monitored its course over time by 'H NMR (Scheme 4.15). In order to perform this
cascade in an NMR tube we slightly modified the optimized conditions. The reaction was
conducted at slightly higher temperatures (0 °C), in the absence of molecular sieves and

with a lower catalyst loading to compensate the higher reaction temperature.
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Scheme 4.15: Kinetic NMR data for the reaction of 29a with 1.5 mol% of cat. 96 in toluene-ds.

Immediately after adding the catalyst 96 to the reaction mixture, a new olefinic proton
signal (614 = 5.5 ppm) was observed, which we assigned to the isomerized product A

and which is also present in our proposed catalytic cycle (Scheme 4.16).
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Scheme 4.16: Proposed mechanism of the Torgov cyclisation.

In parallel also two other signals are observable. These signals belong to alcohol C (814
= 5.67 ppm) and the product 30a (&4 = 5.41 ppm). After 60 min under the reaction
conditions, almost all of the starting material was converted either to the cyclized
intermediates or further to product. Subsequently the intermediate C is slowly converted
into the product. These observations are consistent with the experimental observations
during the development of the reaction. In order to achieve a faster product formation, a
temperature gradient was applied. A lower reaction temperature (—40 °C) was applied for
the cyclisation. Afterwards the reaction temperature was increased to —-10 °C to
accelerate the elimination step. A further raise of temperature could not be applied, due

to the decreased enantioselectivity of the product possibly through a retro ene reaction.

In our NMR experiments we could not observe the formation of the rearranged
intermediate C’. This indicates, that the acid-catalyzed isomerization of the double bond

from C to C’ and not the elimination of water is the rate determining step of the reaction.
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4.2.2 Silylation Trends of Disulfonimides

These experiments were conducted together with Dr. Z. Zhang. Previous investigations

in our group were conducted by F. Lay.

Chiral disulfonimides (DSls) are precursors for powerful chiral Lewis acids. Under the
reaction conditions DSIs are silylated by silyl enol ethers by protonation and silicon
transfer. One advantage of this methodology is the self-healing ability of the catalyst that

can be re-silylated after it is quenched by small amounts of water in the reaction.

The silylation of a DSI can lead to two different species, either by N- or O-silylation
(Table 4.5). Both species have been characterized by NMR spectroscopy in solution for
flexible disulfonimides, as for instance triflimide (99, (CF3S0,),NH).["">""® |n order to
understand the silylation behavior of conformationally fixed disulfonimides, as is it the
case for BINOL derived DSls, further NMR experiments were conducted. Therefore two
catalysts were chosen as representatives of this class. These catalysts were titrated with

different silyl ketene acetals until the signal of the acidic proton completely disappeared.

Table 4.5: Comparison of the silylation of various DSls

OSiR'Me,
R2
OMe
2
o) R o) 0 A cin
“fo 97/32 ‘éfo \é\/O SiR'Me;
Q NH Q N—SiR"Me; Q N
S. CD,Cl, s S
N X S
o 0 ©° KRe
i R R
(@) -Me | -Me
R? 32| Bu| -H
1 97 3,5-CF3-CsH4-DSI 1:3 40.38 24.89
2 32 12 1:10 42.49 28.25
3 o7 Q0 >99:1 - 21.81
S
NH
/
4 32 ’§\\o 1:2 43.86 28.95
(0]
98
511510 (MesSi)2NH (CH3S0,)NH - 39.72 22.61
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gl1el HSitBuMe; 99 <1:99 - -

Z1117] (CF3S0,);NTMS 55.9

2 The ratios were determined by 'H-NMR, ® CDCl; was used as the solvent.

Upon silylation two different sets of signals between 0.8 and —0.5 ppm appeared in the
'"H-NMR spectrum, which can be assigned to two different silyl groups. Additionally two
separate sets of aromatic NMR signals appeared. The silyl groups were further
characterized by 'H-**Si-HMBC (Figure 4.16). This method was the most suitable for
these studies, because the corresponding ?°Si NMR shifts could be obtained in short
times and directly correlated to the species. Other possible NMR measurements, as for
instance #°Si-INEPT or %°Si-DEPT showed various other signals from different
silylethers, which were generated upon in situ silylation or excess of starting material.
Assignment of the correct shift in this case is more difficult. Additionally these
experiments are also less sensitive compared to the 2D measurement due to the direct
measurement of ?°Si. The obtained ?°Si chemical shifts are in good agreement with a
previously reported example.!""® We have also investigated the silylation behaviour of
(biaryl)-hydroxy-acid (HYDRA) catalysts 16.1*! Unfortunately, upon excess of silyl enol
ethers in our measurement, they were partially silylated on the Bronsted acidic OH-

moiety and mixtures became very complex.

A general trend that is observed in our studies is the preference of the silicon towards O-
silylation with increasing sterical demand of the silyl group. This result is in good
agreement with previous work by Simchen and Jonas, who described this trend for the
silylation of triflimide with HSitBuMe,.!""® The ratio of N-TMS-12a and O-TMS-12a was
determined to be 1:3 based on the "H-NMR-signal of the BINOL-Backbone. In contrast
to this, the ratio of N-TBS-12a and O-TBS-12a was determined to be 1:10. The proton
signal of the TMS group in O-TMS-12a was very broad indicating a fast exchange of the
TMS group in the two possible diastereomeric structures of O-TMS-12a. In contrast to
this, O-TBS-12a showed two distinguishable diastereotopic methyl signals and so just
one diastereomer was preferably formed. The N-silylated forms of the catalyst did not

lead to diastereomeric methyl group signals due to the C2-symmetry of these species.
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Figure 4.16: °Si-HMBC spectra of in situ silylated DSI; left: 2°Si-cross signals of O- and N-TMS 12a, right:
5. -crosssignals of O- and N-TBS 12a.

In order to show the silatropy and the equilibria between different silylated species, we
conducted 2D-EXSY measurements (Figure 4.17). In all of the investigated substrates
we observed an EXSY cross peak between the different silyl signals. This showed
nicely, that the two distinguished species are indeed interconverting into each other.
This fact has originally been investigated and shown in variable temperature

measurements.!'"®!
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Figure 4.17: 2D-EXSY-spectra; left: Exchange of O- and N-TMS 12a, right: Exchange of O- and N-TBS
12a.

The fast exchange between the silyl species is explained by the fact that the oxygen—/
nitrogen-silicon bond is rather weak. This increases the cationic character of the silicon.
By comparing the ?°Si chemical shifts and structural preferences of the silicon it is still

rather difficult to conclude a concept about the potentially more Lewis acidic sites of the

silylated catalyst.
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4.2.3 Intermediates and Reaction Profiles of the DSI catalyzed Synthesis of

B3-Amino Esters from N-Boc-Amino Sulfones

These experiments were conducted in collaboration with Dr. Q. Wang.

Recently our group developed a protocol which applied asymmetric counteranion-
directed catalysis (ACDC) for the first asymmetric Mannich reaction catalyzed by an
organic Lewis acid using silyl ketene acetals, directly from N-Boc-amino sulfones
(Scheme 4.17). The catalyst 12b gave the desired products in excellent yields and
enantioselectivities. Our new protocol had several advantages compared to the previous
reported!"'®: commercially available ketene acetals could be used, the N-Boc-amino
sulfones 31 are more stable than previously applied N-Boc-imines and one step could be
saved. In addition, the reaction could be easily monitored by homogenization with
conversion, only a low catalyst loading was necessary and the products were easy to

recrystallize.

Ar
j\l\HBoc ;IBS 12b (2 mol%) l;lHBogo y O .
+ e 3
R" ~SO,Ph OMe toluene, 10 °C RT2 Ar= O
31 32 36-72 h 33

] 12 examples
R'= aryl, alkyl 91-99% yield CF3
er from 75.5:24.5 to 97:3

Scheme 4.17: DS| catalyzed synthesis of B*-amino esters from N-Boc-amino sulfones.

During the development of the reactions, we became interested in the reaction
intermediates. In the usual protocol the reaction mixture is immediately quenched on
silica, purified and the corresponding N-Boc-imines are obtained as products. Initial IR-
investigations by Dr. Q. Wang showed that prior to work-up, other products are present
in the mixture. Before we were able to follow the reaction by NMR we had to slightly
change the reaction conditions again in order to have optimal conditions for our NMR
measurements. The solvent had to be changed from toluene to chloroform to ensure a
homogenous solution during the reaction, since heterogeneous reactions are usually
harder to investigate. If heterogeneous reactions shall be monitored, a system for online
NMR monitoring is necessary. Although the enantioselectivity might change during the
reaction, the overall mechanism should still be similar. Our first investigation aimed to

determine the structure of the products. After the reaction proceeded we observed two
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different main products N- and O-TBS-33 in a ratio of ~ 6:1 at 4.85 ppm and 5.00 ppm
(Figure 4.18). Other two side products N- and O-TBS-100 were generated in the same
ratio together with equimolar amounts of iso-butene 101. These side products can be
explained by an elimination of iso-butene upon activation by residual amounts of
Brgnsted acid in solution. The generated N-carbamic acid is then in situ silylated prior to
decarboxylation. However under the optimized reaction conditions in toluene these side
products could not be observed. In our experiments, they were just generated in the
initial period of the reaction and might be generated by small amounts of residual

Bronsted acid in solution.
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Figure 4.18 "H-NMR spectrum of the CHN signals of the reaction mixture (at 20°C). The reaction was
performed at 0°C.
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Figure 4.19: NMR data of the reaction intermediates.

The intermediates were analyzed in situ by standard 2D-NMR methods ('H-'*C-edited-
HSQC, 'H-"*C-HMBC 'H-">’N-HMBC,'H-"H-COSY, 'H-'H-NOESY). With the spectra in
hand, we were able to assign the atoms and to determine the structure of these
intermediates. The assigned chemical shifts and some important 2D-correlations are
presented in Figure 4.19. To our surprise the NMR data suggests two different
regioisomers, in analogy to the regioisomers observed for the silylation of the DSI
catalysts in the previous chapter. The CH-N NMR signal of N-TBS 33a and the
methylene protons are broadened due to the amide rotation of the Boc-group. In contrast
to this the NMR signals of the CH-N in O-TBS 33a are sharp because no rotamer
formation is possible in this case. In addition the Me,Si-group of N-TBS 33a shows a
cross peak in the "’N-HMBC spectrum to the nitrogen nucleus indicating that the silyl
group is indeed attached to a nitrogen. In the other isomer, no crosspeak is observed.
Comparing the "N shifts of these two isomers showed, that they are significantly
different (N-TBS —-282.4 ppm vs. O-TBS — 197.8 ppm), which finally proves the different
electron density on the nitrogen. We were also interested, if these two species have a
silatropic equilibrium. At 0 °C no fast exchange could be detected. When we kept the
sample some time at room temperature, only the major regioisomer N-TBS 33a could be
observed. This proves a slow equilibration towards the thermodynamically more stable

isomer.
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After determination of the intermediate formation, we became interested in the course of
the reaction. Therefore we conducted the reaction again in an NMR tube and this time
we acquired proton NMR spectra in constant time intervals. The result of this NMR
kinetic investigation is shown in Figure 4.20. The obtained NMR data is in good
agreement with our proposed reaction mechanism (Scheme 4.18). At the beginning of
the reaction we can observe a rapid formation of a new species. Interestingly, the
catalyst rapidly silylates sulfone 31a to the corresponding N-silyl derivative TBS-31a,
which CHN signal appears at 5.62 ppm as a singlet (cycle 1). A small but detectable
quantity of N-Boc-imine 101 (dcyn = 8.75 ppm) is then generated via a slow and
apparently rate determining elimination of PhSO,TBS from silylated sulfone 31a,
initiating catalytic cycle Il. The rate of this step might be influenced by the electronic
properties of the sulfones. Reactions with more electron rich sulfones proceeded much
faster during our studies and they had almost no influence on the enantioselectivity. The
free imine is activated by the catalyst through an ion pair formation (A), which together
with the ketene acetal 32 then assembles transition state B that leads to the two

different silylated products and the regeneration of the catalyst.
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Figure 4.20: Kinetic NMR data of the reaction of substrate 31a with silyl ketene acetal 32 and 2 mol % of
catalyst 13b in CDCI3 at 0 °C.
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Scheme 4.18: Proposed mechanism for the DSI catalyzed formation of Bs—amino esters from N-Boc amino

sulfones.

When the reaction was monitored until all the silyl ketene acetal 32 was converted or

quenched by water, all the species TBS-33a and TBS-100 were converted into the new

silylated species 102. This proves that Brgnsted acid is responsible for the formation of

isobutene and the importance of an excess of silyl ketene acetal in solution.
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Figure 4.21: Desilylated product 102 formed upon desilylation and deprotection by Brgnsted acid 13b.
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4.3 Unexpected Carbene Intermediates in the Trans-Hydrogenation of

Internal Alkynes

This part of the PhD thesis was performed in the NMR Department of the Max-Planck-
Institut fiir Kohlenforschung under supervision of Dr. Christophe Farés. After our
preliminary investigations we initiated a collaboration with the group of Prof. Dr. A.
Flrstner. To further understand and explain our results a collaboration with the
computational group of Prof. Dr. W. Thiel was started. The results obtained from this
joint interdisciplinary venture and the involved colleagues will be mentioned in the

corresponding subchapters.

4.3.1 Parahydrogen Enrichment

Before conducting initial experiments on the trans-hydrogenation of terminal alkynes,
enriched pH, was required. Therefore, we initially tried to enrich the parahydrogen to
50% by using a simple autoclave filled with activated charcoal and commercial hydrogen
that was cooled with liquid nitrogen (Figure 4.22). Usually the enrichment of
. parahydrogen is determined by Raman spectroscopy!" '
or thermal conductance measurements!'?%!. The ratio can
also be determined directly by 'H-NMR by comparing
thermal hydrogen (25% para) to the enriched sample.['*"
Due to the missing equipment, we decided to determine
the enrichment chemically. If we enriched hydrogen, the
hydrogenation of phenylacetylene in the presence of
Wilkinson’s catalyst (10 mol%) should lead to a strong
signal enhancement of the styrene and ethylbenzene

signals as shown previously by Eisenberg et al..®! The

initial results were non-satisfying. The problem of the

Figure 4.22: Autoclave for pH>
enrichment autoclave was a insufficiently cooling of the gas in the

reactor, so that we decided to build a U-shaped tube with better surface-to-volume ratio,
similar to the experimental setup reported by Bargon before (Figure 7.1, page 134). The
higher outer surface of the tube allowed the sufficient cooling of the inner part of the
tube. With the help of the workshops of our institute the tube was produced and the
obtained results for our test reaction were promising, but further optimization was
required. Therefore, the activated charcoal was mixed with Fe,O;. The new catalyst
mixture did not improve the results. After reducing the catalyst loading to 1 mol% and

using high pressure NMR tubes, satisfactory results were finally obtained (Figure 4.23).
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Higher catalyst loadings seemed to promote the relaxation of the hydrogen, so that the

observed signals were less intense.

100 95 90 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 20 15 1.0 0.5 0.0
3('H) / ppm

Figure 4.23: "H-PHIP-NMR spectrum for the hydrogenation of phenylacetylene with Rh(PPh3)sCl in CsDsg

as a test reaction for the parahydrogen enrichment.

At a later stage of our studies, we started to use a parahydrogen generator, on loan from
Bruker Biospin, which is able to enrich pH, up to 92%. The use of this hydrogen will be

mentioned in the corresponding schemes.

4.3.2 Initial Experiment on the Trans-Hydrogenation of Internal Alkynes

After establishing the parahydrogen enrichment and measurement conditions, we were
interested in determining, if the trans-hydrogenation protocol published by Fiirstner and
his coworkers!'® is proceeding via a similar mechanism as the previously reported
reaction by Bargon et al.® If this was the case, the hydrogen atoms in the product
would originate from the same hydrogen molecule and a strong signal enhancement of
the alkene signals of the product would be detected. As a starting point we used the
reported conditions, 2-hexyne 22a as the substrate and 5 bar of hydrogen pressure
under ALTADENA conditions. The NMR tube was loaded with parahydrogen, shaken for
30 s and then transferred into the magnet and a spectrum was acquired. As expected,
we observed a hyperpolarization of the trans signals at around 5.3 ppm (Figure 4.24).
Other product signals in the aliphatic region of the 'H spectrum were also strongly
enhanced. This is explained by the magnetization transfer of the strongly coupled spins
at low field before transferring the sample into the higher field. Unfortunately, we could
not observe any other hyperpolarized signals in the hydride region, in agreement with

the previous results by Bargon.®*
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Figure 4.24: Comparison of the spectra at thermal equilibrium (a) and the PHIP-spectrum under
ALTADENA-conditions (b).

Bargon explained this observation with the high symmetry in the intermediates and the
resulting chemical equivalence of the hydrogen atoms in the intermediate (see Scheme
2.10 on page 20). In order to break the symmetry of intermediates, a chiral substrate or
counter anion could be introduced for inducing diastereotopicity on the hydrogen atoms
and thus, strongly enhanced hydride signals of the intermediate would be observable.
This methodology is inspired by the ACDC (Asymmetric Counteranion-Directed

t1'?2! first introduced by List and his coworkers, which in a variety of

Catalysis) concep
cases has been shown to induce chirality during reactions. Unfortunately, we could not
observe enhanced signals of hydride intermediates during these experiments. On the
one hand this can be explained by an inexistence of these intermediates, but also by
their potential short lifetime, a broadening of the hydride signals due to a paramagnetic
Ru" species in the mixture or a low induced diastereotopicity on the protons.
R*=CH(OH)CHj3

*—

R

2+
2 X*

Figure 4.25: Opportunities for the induction of diastereotopicity by either chiral substrates or counter

anions.

In all reactions tested so far, no enhanced intermediate signals could be observed.
Interestingly, we could observe several non-hyperpolarized hydride signals at around —

7.0 ppm and —8.5 ppm at higher conversions (Figure 4.26) in the reaction of 2-hexyne
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22a that were still present after the full conversion of the starting material. These signals
are not the same as previously described by Fiirstner."®™ The low field signals are
triplets, indicating a coupling to two protons, whereas the corresponding high field
signals are multiplets or pentets showing, that another non-hydride species is part of the
complex. After integration of those signals it can be concluded that three different
hydride complexes in a ratio of 1:2.5:1.2 are formed. Each hydride complex contains
several hydride species in a ratio of 1:2 or 2:2:2, which hints to a dimeric nature of the
complex. In order to further characterize these species we conducted 2D NOESY and
COSY measurements (Figure 4.27) in order to potentially detect some involved ligands.
In the COSY spectrum it clearly can be seen that the low field hydrides around -7 ppm
couple to one or two different hydride species at higher field. In addition, the high field
hydrides are coupled to a signal in the aliphatic region at around 1.2 ppm. A further,
unambiguous characterization of this signal was hardly possible due to a high overlap of
other species. It can either be a normal aliphatic signal or an olefinic CH, which is
strongly shifted due to m-interactions of the double bond with the ruthenium. The
characterization of the carbon correlations via HMBC spectra did not give any cross
signals due to the low concentration of this species in solution. The NOESY spectra
gave some further structural information about the complex. The coupling hydrides are
spatially close to each other. In addition, the low field hydrides are in proximity to the
Cp* and another aliphatic signal, which could be an aliphatic signal close to a sp?

carbon. The high field hydrides are in proximity to at least two different aliphatic signals.

a P N
- ~ 22 A AN_NN 2
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Figure 4.26: Comparison of the observed hydride signals with 2-hexyne 22a (a) or 3-hexyne 22b (b) as
substrates for the hydrogenation.
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Figure 4.27: Observed hydride species after the hydrogenation of 22a with Cp*Ru(cod)Cl 24 and AgOTf.

With these results in hand a structure proposal is not conclusive. In order to determine if

the alkyne or a derived product/isomer is part of this complex, we conducted the reaction

in the presence of the symmetrical 3-hexyne 22b (Figure 4.26). Interestingly, two

different hydride signals were generated, showing similar cross peaks in the 2D NMR

spectra as complexes derived from 2-hexyne 22a. In addition, the hydride species

previously reported by Flirstner are also visible in this case.

In literature, several different ruthenium hydride complexes with a Cp* ligand have been

described (Figure 4.28). However the described polyhydride complexes are highly

symmetric resulting in a single proton signal, which is in stark contrast to our

observations. However, the hydride chemical shift of complex 107 is close to ours and

could provide a structural hint.
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Figure 4.28: Characterized RuCp* hydride/hydrogen complexes that could be formed during the reaction
by Suzukit'®* %1 and Lau.!'®®

In order to determine the structure of the intermediate, we took a closer look on the
previously reported hydride signals by Fiirstner’®® at —4.96, —8.02 and —13.42 ppm
during the hydrogen treatment of Cp*Ru(cod)Cl 24 and AgOTf in CD,Cl,. To our surprise
we could observe an additional hydride signal at —13.28 ppm, which has not been
reported before. In contrast to Fiirstner we found some literature evidence, that the
signal at around —8.00 ppm could be assigned to the bridged penta-hydride trimer, but
the shift does not fit exactly. One explanation could be the solvent dependency of the
shifts.

For further characterization of these species a 2D NOESY experiment was conducted.
Interestingly, three of the four hydride species showed an EXSY cross peak, which
indicates that they are interconvertible. All the hydride signals showed cross peaks to
the methyl groups of the Cp* ligand at around 1.8 ppm. With the NOE cross peaks, it
was possible to assign the corresponding Cp* ligands. The integration revealed that the
overall ratio in the symmetric complex is Cp*:H = 4:5 and for the asymmetrical complex
Cp*": Cp*%Ha:Hg:Hc=2:1:1:1:2.
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Figure 4.29: 'H-NMR and 'H-"H-NOESY spectra of RuCp*(cod)Cl and AgOTf under reductive conditions at

room temperature.

At this point, the sample was cooled to suppress the interconversion of the hydride
signals. Therefore the sample was cooled to —40 °C. To our surprise three new hydride
species appeared at —9.51, —10.48 and -10.77 ppm. The structure of these could be
similar to the literature-known trimeric hexahydride complex 107. In the 2D-NOESY
spectra the exchange process was suppressed as expected, so that we could now
confirm the close spatial arrangement of the hydrides in the complex with the three

signals.
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Figure 4.30: '"H-NMR and "H-"H-NOESY spectra of 24 and AgOTf under reductive conditions at =40 °C.
With our observations, we could make a coherent prediction for the observed signals
based on a comparison with literature known complexes and on our results from the
NMR measurements (Figure 4.31). The signal at —-8.02 ppm could belong to a tetrameric
ruthenium complex 109 that is bridged by several hydrogen atoms. The other complex
has to be an asymmetric species such as 110, having at least three pn,-bridged
hydrogens, that have signals at around —13.5 ppm. The other signal can be derived from
either a hydride or formally a hydrogen molecule, trapped by two ruthenium trimers. It

should be mentioned that all the proposed structures are only speculative based on the
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NMR correlations. Only X-ray structural analysis could give the final solution. NMR
measurements in general do not deliver information about other ligands, as for instance
chloride ions, that are invisible due to their quadrupole properties or are simply NMR

inactive.

To figure out whether these hydride clusters are catalytically active species or not, we
prepared the cluster mixture in situ in the NMR tube, to see its formation. After the
release of hydrogen pressure and the addition of 2-hexyne 22a, the hydride complexes
were still present in solution without significant change of concentration. At lower
temperatures we observed, that the signals at around —10 ppm disappeared when an
atmosphere of argon was used. Additionally, a product formation of 23a could not be
observed. The complexes did not seem to release hydrogen for the product formation

and are therefore not catalytically active.
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Figure 4.31: Structural proposals for the observed hydride species based on literature comparisons with

assigned chemical shifts at =40 °C in CD,Cly.

After exchanging the argon atmosphere to hydrogen, product formation was observed,
indicating that the catalytically active hydride species, such as for instance a monomeric
ruthenium hydride, has never been detected in our measurements. Interestingly, also the
previously described hydride signals can be obtained during the reaction. This again
shows that the formed complex might contain one or more olefinic ligands. One possible
solution is shown in Figure 4.32 which is based on the idea, that the cationic catalyst
species might accelerate the dimerization of the alkyne leading to two different
regioisomers. This would give a possible explanation for appearance of several different

hydride species.
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At this point, we started to collaborate with Dr. M. Fuchs from the group of Prof. Dr.
Flrstner to further investigate these results. Due to its preorganization by coordination of
the alcohol via hydrogen bonding to the chloride ligand of the ruthenium catalyst
Cp*Ru(cod)Cl 24 1-(1-propyonyl)cyclohexanol 112a was chosen as the next substrate

for our investigation."'®!

4.3.3 Observation and Characterization of (Metastable) Carbene-

Intermediates

During the reaction of 1-(1-propyonyl)cyclohexanol 112a, we could observe
hyperpolarization on the generated trans product (Figure 4.33). Also this time, no
hyperpolarized signals have been observed in the hydride region of the 'H-NMR
spectrum. Moreover, only a proton low field chemical shift of —1.14 ppm was observed in
this region. This signal can be assigned to the alcohol of the starting material

coordinated to the catalyst.

AgOTf
OH CD,Cl, \T/L
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112a 3133 unexspected S|gnals

| 1.5
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Figure 4.33: "H-PHIP NMR spectrum during the hydrogenation of 112a with 5 bar of enriched pHos.

To our big surprise we observed new, additional antiphase signals at 2.64 (dq), 2.20 (d)
and 1.16 ppm (d), which had the opposite intensities of the usual antiphase pattern,
indicating negative coupling constants of the coupled protons. In general only geminal
protons can have negative coupling constants of this magnitude.!"*”! The signals belong
to two distinct species. The two doublets have a coupling constant of ~ —19 Hz, whereas

the third signal is coupled to another undetectable proton with -14 Hz. In
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monounsaturated five-membered rings, a geminal coupling is usually around —-19 Hz.
Taking this into account and with the structure of the starting materials in mind, the only
explanation for the observed doublet would be the formation of a ruthenium carbene
species from the alkyne with a formal geminal hydrogenation. The other observed
hyperpolarized signal might come from the corresponding regioisomer, which is coupling
to a methyl group (Scheme 4.19). The diastereotopicity of these protons is easily
explained by the chiral ruthenium center in this structure and the ring formation. Similar
carbene structures are known from the Hoveyda—Grubbs catalyst used in olefin
metathesis!'?®!. Usually these carbenes are benzylidene-derived, whereas in our case we
would have generated an alkylidene derivative. To further characterize these
intermediates, we applied the OPSY (Only Parahydrogen SpectroscopY )-filter developed
by Duckett et al!'®™% in our further NMR measurements to selectively detect only
hyperpolarized NMR signals. The acquired spectra after the measurement can be found
in Scheme 4.19.
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Scheme 4.19: Left: "H-OPSY-NMR spectrum (magnitude mode) of 112a acquired during the hydrogenation
with pH2 (50%); right: aliphatic region of the 'H-OPSY-COSY spectrum confirming the coupling between

the observed signals.

With this technique it is possible to suppress the overlapping signals of the substrate
and product almost completely and all of the previously observed peaks are much better
resolved. Also the missing coupling partner of the other hyperpolarized signal is now
observed in the spectrum. In addition, we could determine the relative ratio the
regioisomers (114a:115a = 1:10). In order to show the connectivity of the hyperpolarized

signals we acquired a 'H-"H-OPSY-COSY spectrum. It clearly confirms the previous
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results from the coupling constants. For the further characterization, other PHIP versions
of 2D spectra (e.g. OPSY-HMBC) of these intermediates were measured, but probably
due to the fast relaxation of the hyperpolarization during longer delays and acquisition,
no cross peaks were obtained. With the "H-OPSY-NMR spectrum in hand, we simulated
the magnitude NMR spectra for an exact determination of the coupling constants of the

minor regioisomer (Figure 4.34).

3 —
JHn=9.5Hz 125, =132 Hz
HH 30y =9.5 Hz

U ~ U
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28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 ppm
Figure 4.34: Comparison of the acquired 1H-OPSY-Spec:trum (black) and the simulated spectrum (green).

To our delight, the chemical shifts and the coupling constants are in a good agreement
with our proposed structures. The electronic environment of the a-position of a carbene
is similar to the ones next to other sp2 carbon centers, as for instance of alkenes,
ketones and aldehydes. The reason for the big difference of the two diasterotopic
protons can be explained by an anisotropic effect of the Ru=C bond, which shields the
protons in plane with the bond and deshielding the ones out of it. The question about the
role of this observed species remains open. After several attempts, EXSY
measurements did not show any chemical exchange to the observed product. However,
no carbene species were observable after full conversion, indicating that this species

might be an intermediate of the reaction or from an off cycle equilibrium.

The hydroxyl group of the substrate is the key to the increased lifetime of this carbene
intermediate. Due to the coordination to the ruthenium it is saturated and therefore
fulfills the 18-electron-rule for carbene 115a. However, in the other regicisomer 114a the
weak hydrogen bond of the hydroxyl group to the chloride improves its donor abilities.

We were wondering if we could combine these two effects to by inserting an additional
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alcohol function in the starting material. When we used 2,5-dimethyl-3-hexyne-2,5-diol
116a as a substrate only 2 doublets could be observed in the 'H-OPSY-NMR spectrum
at 2.08 and 2.65 ppm (Figure 4.35). No hyperpolarized trans-product was observed.
Over the course of the reaction the concentration of this species increased and we were
able to observe this species even without the use of hyperpolarization methods. With
this observation we were able to characterize the generated species with the common
dataset for organic species. As predicted previously a cross peak of the geminal
hydrogen signals in the HMBC to a '*C signal with a chemical shift of 335.6 ppm was
observed, which finally proved the carbene formation. We were able to fully characterize

the carbene intermediate by various NMR methods (Scheme 4.20).
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Figure 4.35: Left: '"H-OPSY-NMR spectrum acquired during the reaction. right: 'H-"*C-HMBC spectrum of
the reaction mixture showing the cross peaks to the carbene.

Upon comparison of the proton chemical shifts of the alcohol at C-2 and the alcohol at
C-5, the proton OH-2 is much more deshielded (4.57 ppm vs. 3.76 ppm). This indicates
a hydrogen bond interaction of the alcohol with the chlorine of the catalyst as we
expected before. Besides the carbene we also observed the formation of the
hydrogenated product with a low E/Z ratio of almost 1:1. The signals were not
hyperpolarized, which could indicate either the involvement of an additional hydrogen

molecule or the very slow conversion from the carbene to the corresponding products.

These results indicate that the carbene species is rather stable. In parallel, the free
alcohol was protected in order to transform the corresponding oxygen into a better

electron donor that might further stabilize the carbene. The formation of carbenes from a
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mono- and dimethylated diol proceeded as smoothly as in the free diol and we could

characterize the carbene species from all three substrates (Scheme 4.20)
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Scheme 4.20: Chemical shift assignment of the in situ prepared carbenes 117 and important correlations
obtained from 2D NMR data.

Interestingly the doubly protected diol 117¢c was not converted into hydrogenated
product at all, which might be explained by the high stability of the carbene species. The
mono protected diol 117b resulted in only one regioisomer of the carbene. This
regioisomer has profited from several advantages: on the one hand the better donor
properties of the OMe group, that donates electrons into the free coordination site of the
ruthenium and on the other hand from the free hydroxyl group that generates a weak
hydrogen bond to the chloride. This hydrogen bond is important for the preorganization
of the complex before hydrogenation and it has recently been shown by the Fiirstner
group that this interaction has a directing effect on the trans addition of different

hydrometalation reactions, which we also observe in this case.!'*?
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To our pleasure the carbene 117b was crystallized by Dr. M. Fuchs and the X-ray
analysis could confirm our NMR structures (Figure 4.36). The C1-Ru1 bond length in the
solid state is slightly longer (1.88 A) than the ones of the PhCH=Ru bond in known
Grubbs carbene (1.79 to 1.85 A)"*" The etheric oxygen O1 as electron donating ligand
is confining the ruthenium in a cyclic structure as we have already concluded from our
NMR analysis. Additionally, this coordination prevents the rotation of the C1-C2 bond
that might lead to a 1,2-hydride shift, which would explain the product formation. Also
the attractive interaction between the OH and the chloride ligand can be seen in the X-

ray structure although the interaction is not strong.

Figure 4.36: Structure of carbene 117b in the solid state. Anisotropic displacement parameter shown at
50% probability level and hydrogen atoms, except the two transferred protons from the hydrogen and the
OH are removed for clarity.
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4.3.4 The Role of the Carbene Intermediates in the Catalytic Cycle

After the final confirmation of our proposed carbene species by X-ray analysis, we were
interested in the role of these species in the catalytic cycle. Our previous results already
indicated that they might be intermediates, but their exact role was not clear. The
previous EXSY studies with the propargyl alcohol 112a were not successful. We were
wondering, if we can tune the rate of product formation by increasing the donor abilities
of the alcohol by methylation. The experiments with the diols had already shown that this
modification increased the stability of the carbenes. Indeed, when performing the
reaction with 1-OMe-1-propynyl-cyclohexane 112b we could observe the formation of
the regioisomer that is stabilized via the coordination of the ether group to the
ruthenium. It is worth mentioning the fact that the olefinic product was not
hyperpolarized also in this case. To see whether this time it was possible to track the
fate of the intermediate, we measured an EXSY spectrum. To suppress the signals that
are arising from Boltzmann polarization (Figure 4.37), we inserted an OPSY filter in the
EXSY/NOESY pulse sequence. To the best of our knowledge the application of this
methodology has not been reported before. To our delight, the trans-formation rate was
on the EXSY timescale of 300 ms. When increasing the mixing time to 1 s or longer, no
signals could be detected anymore. As it can nicely be seen in the spectrum (Scheme
4.21) the hydrides of the carbene are transformed into several new species, as well as
into the trans-product. We could only observe the transformation of geminal protons to
the olefinic a-position of the quaternary carbon of 113b. The other exchange peak could
not be detected. On the one hand this could indicate that a second hydrogen molecule
has to be involved for the product formation, but it could also simply be lost in the noise
due to the splitting of the signal. Interestingly we also observed a small EXSY cross
peak to the cis-product. The involvement of a hydrogen exchange reaction is also
supported by the observation of the EXSY cross peak to free hydrogen. Due to its
symmetry this usually cannot be hyperpolarized, but it can be enhance if the
intermediate is enhanced. The last two, no less interesting exchange peaks that were
observed are the formation of the isomerization product 119b and the formation of an

aliphatic species that fits to the reduced product 120b.
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Figure 4.37: NOESY/EXSY with OPSY-d-Filter (OPSY-d-EXSY): Black thin bars represent 90° pulses and
thick bars represent 180° pulses. Pulses are applied with x-phase unless the phase is indicated above the
bar. Phase cycle: ¢1= [x,-x], ¢2= [(X)s (-X)&], ®3 = [X,X,-X,-X,Y,Y,-Y,-Y], ®ag =[X,-X,-X,X,¥,-Y,-Y,Y, “X,X,X,-X,-Y,Y,Y,-
y]. Half-sine 1 ms gradients were used with gradient ratio g1:92:93:g4 = 10:20:4:-4, and were each

followed by a 0.2 ms recovery delay. The chemical exchange mixing time is represented by 2 7.
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Scheme 4.21: Selected slices of the 'H-OPSY-NOESY spectrum showing EXSY crosspeaks; top
projection: 'H spectrum at high conversion of 112b; left projection: 'H-OPSY NMR-spectrum of the

reaction.

Overall we can conclude that the carbene species is indeed an intermediate of the

reaction that is entering different pathways that lead to different, mainly unwanted side
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products. A conclusive mechanism that explains the observed correlations is shown in
Scheme 4.22.

1,2 - H-shift
No hyperpolarisation

________________

Scheme 4.22: Possible pathways of the carbene explaining the observed exchange peaks. Blue atoms

show the fate of the hyperpolarized hydrogens of 115b.

At this point we started a collaboration with Dr. L. M. Wolf and Dr. P. Gupta from the
group of Prof. Dr. W. Thiel to further help us understanding the formation and the fate of
these carbene intermediates. That data including the schemes that are presented here
were kindly provided by them.

Detailed computational studies were carried out at the MO6/def2-
TZVP/SMD(CH,CI;)//M06/def2-TZVP level of DFT. As calibration point for the
calculations, carbene 117b was chosen due to the known reactivity and molecular
structure. After the validation, a more detailed computational analysis was started by
using the simplest internal alkyne 2-butyne as the substrate (Scheme 4.23). Starting
from the free catalyst Cp*Ru(cod)Cl 24 (= AO0), complex A1 is formed upon alkyne
binding and coordination of the hydrogen molecule via its o-bond. This finding is in a
good agreement with previous observations, that [Cp*Ru(H;)(cod)]OTf can act as trans-
selective hydrogenation catalyst.['® After activation of the dihydrogen bond, the short
lived dihydride complex A2 is formed, which is transferring one hydrogen via the low-

lying transition state TSaz.a3 (AG* = +2.1 kcal-mol™) to the alkyne.
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Scheme 4.23: Free energy profile for the hydrogenation of 2-butyne with complex 24 (A0) at 298 K;

computed structures of pertinent intermediates.

After the formation of the n'-vinyl complex A3, two different pathways are opened. A
rotation around the C,-Cg axis of A3 (TSas.z1) opens the pathway to the formation of Z-
alkene. The activation barrier for this rotation is around 3.4 kcal-mol™.
Ruthenacyclopropene E1 can be formed by an almost barrier-less rotation around the
C,-Cp axis (TSas-e1) in the other direction. After reductive elimination via TSgq.e2, E-2-
butene is formed. This transformation is strongly exergonic (AG = —33 kcal-mol™) and

therefore irreversible.

The high observed E:Z ratios in the experiments is well explained by the energy
difference of TSas.e1 and TSas.z¢ in the calculations. During the computations it was
found that the ruthenacyclopropene E1 can convert into the carbene species C2 upon
rotation around the Ru-Ca bond. The transition state TSgicq is only 1.2 kcal-mol™’
higher in energy, than TSgsg, that leads to E2. Overall the carbene formation is also
exergonic (AG = 14.6 kcal-mol™"). If we now consider, that a —OR substituent
coordinated to the ruthenium result in a stabilization of around 7 kcal-mol™ by making it
an 18 electron complex, it becomes reasonable that carbenes like 115 or 117 are stable
enough for spectroscopic characterization or isolation. Additionally these calculations
are in good agreement with our PHIP-NMR data that the geminal protons in the Cg

position of the carbene derive from a single hydrogen molecule.
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Scheme 4.24: Computed fate of the carbene formed by geminal hydrogenation upon addition of a second
H2 molecule; the blue hydrogen atoms show the fate of the carbene hydrogen atoms; Gibbs free energies

in units of kcal-mol ™.

The fact that the 16-electron carbene species C2 is capable of binding and accepting a
second hydrogen molecule was of high importance for understanding the different
product formation. The formation of the products by a 1,2-hydride shift was ruled out
based on a high predicted energy barrier (AG(TScz.e2) = +25.6 kcal-mol™'). The energy
barriers that are associated with the hydrogen adducts are by more than 3 kcal-mol™
lower in energy than the reverse reaction directly from C2 back to E1 (AG(TScok1) =
+20.9 kcal-mol™). The product formation depends on the side from which the additional

hydrogen molecule is coordinating to the ruthenium center.

When the hydrogen is coordinating from the side of the methyl group (Scheme 4.24,
path 1; Scheme 4.25) complex R1 is formed, which further evolves to the ruthenium alkyl
complex R3, which is stabilized by an a-agostic interaction. A further barrierless rotation
around the C,—Ru bond changes the agostic binding site to the methyl C-H (D1). This
opens the doors to the isomerized product 1-butyne (D4). Keeping our experimental
observations in mind, this pathway from the carbene to the observed isomerized product

119 is in good agreement with our NMR experiments.
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Scheme 4.25: Detailed mechanism for the conversion of R3 to the saturated (B2) and isomerized (D4)
products. Values in parenthesis are Gibbs free energies in units of kcal-mol- .

The rotation around the C,—Ru bond can also lead to an agostic interaction with the
internal methylene group (B1) via relatively low energy barrier (AG(TSgrss1) = +2.1
kcal-mol™"). This species B1 can convert further after a reductive elimination to the
overreduced butane. These results are also in good agreement with our NMR

observations.

In analogy to path 1, the hydrogen molecule can also coordinate at the ethylene side
chain on the ruthenium center (R1’) (Scheme 4.24, path 2; Scheme 4.26), that also
leads to a complex with an agostic C,H-interaction R3’. The two reaction pathways
arising from there are analogous to the ones of R3. One pathway converts R3’ to the
alkane, the other one to the desired trans-2-butene. Worth mentioning is that the protons
in the trans-product originate from two different hydrogen molecules, which could explain
the missing hyperpolarized PHIP signal in the formation of 113b from carbene 115b.
Additionally, the released hydrogen molecule has two different parents. This also would

explain the observed exchange cross peak to the free hydrogen molecule in solution.
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Scheme 4.26: Detailed mechanism for the conversion of R3' to the saturated alkane (B2’) and the trans-

alkene (E2) products. Values in parenthesis are Gibbs free energies in units of kcal-mol™.

In summary the theoretical calculations are in excellent agreement with our NMR
observations from the EXSY NMR data and they were very helpful and necessary to
understand the formation and fate of the carbenes. Both experimental and computational
results have shown that the carbenes are indeed intermediates of the catalytic cycle, but
they open pathways that lead to unwanted side reactions such as overreductions and

isomerisations. A suppression of the carbene formation might result in higher reaction
yields and fewer by-products.
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4.3.5 Characterization of Other Carbenes

After our discovery of the carbene intermediates we were wondering if other alkynes
lead to detectable carbene intermediates. Therefore we tested a variety of different

substrates in the reaction (Table 4.6):

Table 4.6: Overview of different substrates tested for carbene formation.?
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Dimethyl acetylenedicarboxylate (Table 4.6, entry 1) should yield the highly symmetrical
dimethyl fumarate. To our surprise the desired product was not formed, instead we
observed a hyperpolarized signal at 64 = 3.65 ppm. This was assigned in analogy to the
previous results to carbene 117 with an ester function in the 3-position. This species
might be very reactive and indeed we could characterize a tetrasubstituted furan 124
which carries the 2 geminal hydrogenated protons as the main product. Formally this
reaction can be seen as a 1,3-dipolar cycloaddition of a carbene and alkyne (Scheme
4.27). Unfortunately the desired dimethylfumarate was generated in a low E/Z ratio of
almost 1:1 and in low amounts. Interestingly, as another byproduct hexamethyl mellitate

was observed, which was generated by trimerisation of the starting material.

Methyl tetrolate 125a (Table 4.6, entry 2) yielded also 2 different hyperpolarized species,
which were assigned in analogy to the known carbenes. Worth mentioning is that the
signals of the carbene, that is forming upon coordination a five membered ring has an
unusual large coupling constant of -25 Hz. Similar coupling constants are known from
cyclopentadiene derivatives, with a planar m-sytem.!"”?! However the reason for the

broadening is not clear yet, but it might accounted for the short lifetime of these species.

t
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Scheme 4.27: Formal 1,3-dipolar-cycloaddition of the carbene intermediate 123 to an activated alkyne.

In contrast to this, tetrolic acid 125b (Table 4.6, entry 3) does not yield any observable
intermediates and the E/Z ratio in the olefinic products is 1:1. We could not figure out by
EXSY measurements, if the trans-product is formed first and then isomerizes to the cis
product or if both are formed simultaneously from the catalytic cycle. The substrate,
which was used for the theoretical calculations, 2-butyne 22c¢, was also investigated.
Unfortunately we could not observe any carbene intermediate, but the E/Z ratio in the
product was very high as also predicted by computation. Although the olefinic protons
are chemically identical, the product is still hyperpolarized due their magnetic
inequivalence. Worth mentioning is that we could observe a hyperpolarized signal at the
beginning of the reaction, which could have its origin in 2-butynal. 2-Pentyne 22d, as a
slightly larger alkyne (Table 4.6, entry 5), yielded hyperpolarized E-product 23d, but the
signals of the overreduced product were enhanced. Interestingly, also here trans-3-

pentene-2-one was observed as a hyperpolarized side product as well as the
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corresponding intermediate with the strong J coupling (~25 Hz) (Figure 4.38). At higher
conversions of the starting material, these signals are no longer observed, which is
indicating a complete conversion of these more reactive impurities. These side products
have also been observed in other substrates (Table 4.6, entries 6,7,8). The origin of
these species is not clear yet, but presumably is based on an impurity in the starting
material, which could not be detected by NMR before.

Cp* Cp~ Cp*
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Figure 4.38: Various observed J couplings with a size of around 25 Hz and the structure of the

corresponding carbene.

We were also interested if carbenes can be generated from a chiral, secondary alcohol
(Table 4.6, entry 8). Therefore 3-pentyn-2-ol 130 was chosen as substrate. Indeed
carbene intermediates could be obtained, but the mixture is complex and therefore hard
to analyze due to the big overlaps of different hyperpolarized signals. The 2D-OPSY-
COSY spectra hinted at the occurrence for at least two different carbene intermediates
that couple to a secondary alcohol, which could be explained by the formation of two
diastereomeric proximal carbenes. In further studies, we were interested in the influence
of sterics on the carbene formation (Table 4.6, entry 9 & 10). With an increasing chain
length from methyl to ethyl, the ratio of the carbene regioisomer ratio (1,2-
hydroxycarbene 114 : 1,3-hydroxycarbene 115) changes significantly from 1:10 to 5:1.
The relatively small increase of steric bulk leads to a preferred addition of hydrogen
occurring preferentially from the other side of the ruthenium. After this result, we were
wondering if an even bulkier chain would further follow this trend. Indeed, when we
exchanged the ethyl by a tert-butyl group, only the 1,2-hydroxycarbene 114d was
detected. To our big surprise the lifetime of this carbene intermediate was long enough
for an NMR characterization and only small amounts of product were observed. In
agreement with the previous result, we could determine the carbene chemical shift with
5(**C) = 306.3 ppm, although it is shifted towards higher field by 30 ppm compared to the

diol derived carbenes. With this stable carbene in hand, we wondered, if the product
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formation could be achieved by increasing the temperature. Indeed, when heating the
mixture to 60 °C the carbene decomposed and formation of desired trans-product, but
also over reduced alkane was observed. At high conversions of the carbene, the
formation of various hydride complexes was observed in the high field region (broad
signal at —5.10 and -7.15 ppm) and the signals of the trans-product were also shifted.
Overall this experiment gave us a second independent proof, that the carbenes are

indeed intermediates and not a dead end of the reaction.
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Scheme 4.28: "H NMR kinetic profile for the decomposition of the carbene intermediate 114d.

4.3.6 Influence of the Catalyst on the Carbene Formation

Firstner and coworkers recently pointed out the influence of a preorganization of the
substrate by a hydrogen bond to the chlorine ligand of the catalyst.'"® We were
interested, if the choice of the catalyst has an influence on the observed carbene
intermediate ratio. From previous studies we knew that a cationic catalyst species in
general has a higher turnover number, but it leads to a higher amount of isomerization,
whereas neutral catalysts lead to less isomerization, but to a higher amount of
overreduction.

In our studies we used two different catalysts Cp*Ru(cod)Cl (24) and the [Cp*Ru(CH3CN)3;]PFs (133)

and compared the outcome on of carbene intermediates and the occurrence of enhanced product
signals. The results are summarized in

Table 4.7:
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Table 4.7: Observed carbene isomer ratios with different substrates and catalysts.

OR! cat. R L Cp*
thJ\ o.C 0---RU
R X\ 2Cly 2
\ R3 5 bar sz RR3 R R3
H H
112 115
24 133 24 133

1* 10:1 3:2 yes yes

es (at higher
<1:99 1:1 ves ( g no
temperatures)

OH
EA N
~o
2 99:1 14:1 No yes
X
OH
M\k

@ The isomer ratio was determined by integrating the corresponding signals in the 'H-OPSY spectra after magnitude processing.

In all the substrates we tested, the cationic complex 133 was less selective with respect to the
carbene intermediate ratio. In general, the carbene is preferentially formed on the less sterically
hindered position of the alkyne. When both sides have similar steric demand (

Table 4.7, entry 3), hydrogen bonding has an enormous influence on the selectivity of
the carbene formation. It seems that a hydrogen bond interaction between the chloride,
which was observed in the X-ray structure, is responsible for the preference of the
carbene formation on the proximal position (114). If this hydrogen bond interaction is
removed by protection and the donor ability of the oxygen is increased, the preference
shifts clearly towards the distal position (115) is clearly preferred. Interestingly the
influence on the neutral catalyst is again much bigger compared to the cationic one. One

might explain this by an additional higher flexibility of the binding site of 133.
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5. Summary

5.1 Transition State Analogues for Proline Catalyzed Aldol reactions

In the beginning several aldehydes 34 bearing an intramolecular hydrogen bond
acceptor were synthesized. These aldehydes 34 were in situ reacted with proline to
observe the formation of proline derived enamines 35. Substrate 34c showed a big
increase of observable enamine intermediates in solution. Attempts to increase the
observable amount even more by using a better soluble proline derivative were
successful (Figure 5.1). By changing to unpolar solvents, this intermediate 35¢ should
be characterized to enable an undistinguishable observation of the intramolecular

hydrogen bond, which unfortunately proved unsuccessful.

TBSO, TBSO,

o)
<;>‘COOH ()N(O
N_H
NBnz  45bH 100 mol% N

DMSO-dg C.,..Bn

- |
oHc” e Bn

up to 50%

Figure 5.1: Stabilizing enamines by intramolecular H-bonding in DMSO and a modified proline.

To circumvent oxazolidinone formation and to enable a higher stability of the enamines,
several attempts towards the synthesis of proline derived enaminones bearing an
intramolecular hydrogen bond acceptor were made. The synthesis of two diasteromeric
enaminones 50 was successful. Unfortunately a detailed characterization by NMR or X-
Ray was not possible due to several stable rotamers of these species at various
temperatures. The synthesis of rotational hindered enaminones 69 did not yield the

desired products (Figure 5.2).

o \ :
/q{a/ 0] H-0O gf‘\ J;z/\ proline N "H‘o
H Cn-Bn I H | V
N d ! CO,Me )))Ob
| 7 O]
° Bn Bn\'}l e} (|)7<
H Bn H !
50 ' 69

Figure 5.2: Attempts towards stable enaminones with intramolecular hydrogen bond acceptor.

Another attempt towards stable enamine derivatives with an intramolecular hydrogen

bond acceptor was established by the synthesis of the proline derived aryl amine 85.
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The compound was analyzed by NMR at ambient and low temperatures. The structure

was found to be in another conformation than the desired one (Figure 5.3).

envisioned structure observed structure
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Figure 5.3: Proline derived aryl amines as transition state analogues.

5.2 NMR Studies of Organocatalytic Reactions

During this PhD work various recently developed organocatalytic reactions have been
studies by NMR. We could show that enamines, which are the proposed reactive
intermediates in the a-benzylation of a-branched aldehydes, are present in solution
under the reaction conditions. The role of the base and acid additives in the reaction has
been studied. Without the addition of the additives, no enamine species could be

observed in solution.

In further studies the silylation behavior of in situ silylated disulfonimides was studies by
"H-NMR, 'H-?*Si-HMBC and EXSY measurements. The formation of an N- and an O-
silylated species was previously studied for simple, open disulfonimides by
Blaschette!""™ and Simchen.'"® With our experiments it could be shown that the
increased bulk of the silicon species increases follows the trend in the case of DSIs and
prefers O-silylation upon higher steric bulk. The chemical exchange between both

species could be shown by EXSY experiments.

Furthermore NMR studies were conducted to study the course of reaction of both the
DSI- catalyzed Torgov cyclisation and the synthesis of Bs-amino esters from N-Boc-
amino sulfones. The results were in good agreement with the proposed mechanism for
these reactions. As products prior to workup of the Mukaiyama—Mannich reaction two
different N- and O-silylated products could be characterized in analogy to the observed

silatropic behavior of the DSls.

90



Summary

5.3 Carbenes as Intermediates in the Trans-Hydrogenation of Internal

Alkynes

Recently the group of Fiirstner reported a new protocol for the catalytic trans-
hydrogenation of internal alkynes with [RuCp*]-complexes. The reaction was
investigated by parahydrogen induced polarization (PHIP). The reaction with 2-hexyne
showed the occurrence of hyperpolarized product signals and thereby proved the
pairwise transfer of hydrogen atoms to the alkyne substrate in accordance to the similar
protocol previously reported by Bargon.® While using 1-propynyl-1-cyclohexanol as the
substrate new intermediates in the aliphatic region of the 'H-NMR spectrum were
observed. The use of an OPSY filter yielded a clear spectrum showing only the
hyperpolarized signals. The observed intermediates were proposed as carbenes that
were formed by a formal geminal hydrogenation. To further stabilize the carbene
intermediates a second alcohol was introduced. Under reaction conditions stable
carbenes were observed could be characterized by conventional NMR methods. For

complex 117b an X-ray structure was obtained, that confirmed the NMR data.

Metastable Carbene Intermediates Stable Carbene Intermediates

G < <
I -7 H\ : : \ : P Cl\
Ru O--Ru-CI | O Ru
' 1" /
| L O
Hrry R : 5 ,///,
H H H . HH
114a 115a ! Syac = 340.9 ppm

Figure 5.4: Observed and characterized carbenes by NMR and X-ray.

To determine the role of these carbene intermediates 'H-'"H-OPSY-EXSY experiments
were conducted. One substrate (1-propynyl-1-methoxycyclohexane) enabled the
observation of the fate of the carbene intermediate. It was found, that the carbene
intermediate leads to several isomerized and overreduced side products, but also the
desired trans-alkene. DFT calculations were performed and supported these

observations nicely (Scheme 5.1).
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Scheme 5.1: Fate of carbene intermediates analyzed by EXSY-NMR and DFT calculations.

Overall the carbene observations and DFT calculations enabled a conclusive model of

side product formation in the trans-hydrogenation of internal alkynes.
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6. Outlook

6.1 New and Advanced Proline Catalyzed Aldol Enamine Transition
State Models

Studies towards the synthesis of a stable transition state analogue were not successful
until today. The results have shown the desired conformation is less stable than other
conformers. Their formation has to be suppressed in new models. The stabilization by a
hydrogen bond is usually in the range of 5 kcal-mol™. The desired conformer has to
been designed to be the minimal energy conformer including the hydrogen bond energy.
To find this lowest energy conformer computational studies have to be included in the
process of designing potential analogues. As stable enamine analogues electron
deficient enaminones, vinylogous sulfonamides or aryl amines are valuable. Amides
have been shown to be hydrogen bond acceptors. Potential advanced structural motifs

are shown in Figure 6.1.

vinylogues amide

vinylogues sulfonamide aryl amine
NMe, | 5 NMe, | <IN
2 g e o B

Figure 6.1: Potential structures of advanced transition state analogues.

The synthesis towards the electron deficient vinylogous amide could be performed, by

adding one additional a-fluorination step in the presented successful synthesis.

. 0
1) alkylation O H .
X
O 2)wittig reaction  p_: | Z:l;mznli :grrzltgr?sus LN

3) acidic workup N T o . /l

4) a-flourination 0O diasteromer separation g L NMe,
deprotection O

4 steps 5 steps

Figure 6.2: Potential synthetic route for an electron deficient enaminone.
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6.2 Further NMR Studies of Bronsted Acid Catalyzed Reactions and

their Intermediates

In this Ph.D. work it could be shown, that NMR is a versatile method for studying the

enamine formation, course of DSI catalyzed reactions or the silatropy of DSIs. Recent

NMR studies of our group could also show the application of kinetic NMR studies in

other Brgnsted acid catalyzed reactions.

NMR investigations by various methods, as for instance diffusion (DOSY) measurements

or a job plot analysis, together with M. Monaco enabled the characterization of hetero-

dimer complexes of phosphoric acids with carboxylic acids (Figure 6.3).
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Figure 6.3: Characterization of hetero-dimeric Brgnsted acid complexes by NMR.

After initial investigations these hetero-dimeric complexes could be applied in the

desymmetrisation of meso-aziridines and meso-epoxides affording protected 1,2-amino

alcohols or 1,2-diols in excellent yields and enantioselectivities.!'*>"* Additionally an

NMR-kinetic analysis allowed us to follow the course the reaction and to determine the

ring opening reaction to be first order in epoxide concentration.
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More recently a covalent intermediate with an imidodiphosphate catalyst could be
detected and characterized in the asymmetric intramolecular carbonyl ene reaction of
alkenyl aldehydes (together with L. Liu)."*® Furthermore we were able to follow the
course of the reaction by NMR and to determine the role of this covalent intermediate.

The recovery of the catalyst via elimination was found to be rate determining.
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Figure 6.4: NMR studies in the intramolecular carbonyl ene reaction of alkenyl aldehydes.
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6.3 Carbene Intermediates

Detailed NMR studies have shown the formation of carbene intermediates during the
stereoselective trans-hydrogenation of internal alkynes. DFT calculations have found
that an additional hydrogen molecule is necessary to activate the carbene. In order to
confirm this experimentally, several experiments can be conducted. On the one hand a
stable ruthenium species, as for instance 114d, can be synthesized and its conversion
can be studied in the presence or in the absence of hydrogen. From the computations a
slow conversion to the desired product would be expected in the absence of hydrogen,
whereas the formation of the desired and the overreduced product would be faster in the

presence of hydrogen (Scheme 6.1).

,CI
- CH HO HO H
"
AT
H slow fast H
114d

Scheme 6.1: Conversion of the carbene in the presence or absence of hydrogen.

On the other hand, the inclusion of a second hydrogen molecule can be studied by a
carbene intermediate with an additional stereocenter. Assuming that both isomerized
and desired product are formed with similar rates and fast enough, the desired trans
product would not show hyperpolarized signals, whereas the isomerized product would

show two hyperpolarized, diastereotopic signals.

Scheme 6.2: Observation of isomerized hyperpolarized products.

Developments towards carbene suppression by optimizing the catalyst would suppress
the undesired side product formation and makes the trans-hydrogenation protocol even
more selective. The development of new transformations that are applying the carbene
as a reactive intermediate towards an intramolecular metathesis reaction might also be

envisioned.
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7. Experimental Section

7.1 General Remarks

Solvents and Reagents

All solvents used in the standard procedures were purified by distillation. The absolute
solvents were dried by distillation over an appropriate drying agent in the technical
department of the institute and stored in conical shoulder bottles with an gas tab adapter
under argon atmosphere or directly purchased from the Sigma-Aldrich and used as
received. Commercial reagents were obtained from various sources and used without

further purification.

Inert Gas Atmosphere

Air and moisture sensitive reactions were conducted in flame dried flasks under an

atmosphere of argon (Air Liquide, >99.5% purity).
Thin Layer Chromatography (TLC)

If possible reactions were monitored by thin layer chromatography on silica gel or
aluminum oxide recoated plastic sheets (0.2 mm, Macherey-Nagel). Visualization was

accomplished by irradiation with UV light at 254 nm and different staining reagents:

Phosphomolybdic acid (PMA) stain: PMA (10 g) in EtOH (100 ml).

KMnO,-Stain: NaOH,q. (10%, 1.25 mL) was added to a solution of KMnO4 (1.5 g) and
K2CO3 (10 g) in H,O (200 mL).

2,4-DNP-Stain(Selective for Aldehydes/Ketones): 2,4-dinitrophenylhydrazine (12 g) +
conc. H,SO,4 (60 ml) + H,O (80 ml) + EtOH (200 ml).

Column Chromatography

Column chromatography was performed under elevated pressure on silica gel (60,
particle size 0.040-0.063 mm, Merck)

GC-MS

GC-MS analyses were recorded on one of two Agilent Technologies GC systems:
System 1: Agilent Technologies 6890N Network GC System equipped with a 5973 Mass
Selective Detector; System 2: Agilent Technologies 7890A GC System equipped with a
5975C VL MSD mass selective detector (70 eV). Both systems were equipped with a
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Gerstel Multi-Purpose Sampler MPS2 and a Macherey-Nagel Optima 5 column (30 m

length, 0.25 mm diameter).
Nuclear Magnetic Resonance Spectroscopy (NMR)

Standard proton and carbon NMR spectra for the synthetic procedures were recorded on
Bruker AVIII-500 MHz spectrometer in deuterated solvents at room temperature (296 K/
298 K) with the standard Bruker parameters. Proton chemical shifts are reported in ppm
(8) relative to tetramethylsilane with the residual solvent signal employed as the internal
standard (DMSO-ds, d 2.50 ppm; CD,Cl,, d 5.32 ppm; CDCls, 5 7.24 ppm).["*"! The "3C-
data was referenced indirectly to the referenced proton frequency with the =-
scale!'® "% Data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet), coupling constants (Hz), integration and

assignment.

The methodologies for special NMR measurements (e.g. kinetic studies, PHIP

experiments) are described in the respective subsections.
Mass spectrometry (MS)

Mass spectra were measured on a Finnigan MAT 8200 (70 eV) or MAT 8400 (70 eV) by
electron ionization, chemical ionization or fast atom/ion bombardment techniques.
Electrospray ionization (ESI) mass spectra were recorded on a Bruker ESQ 3000
spectrometer. High resolution mass spectra were obtained on a Finnigan MAT 95 or
Bruker APEX Ill FT-MS (7 T magnet). All masses are given in atomic units/elementary

charge (m/z).
X-Ray Crystallography

The X-ray structure analyses were conducted at the X-ray service department of the MPI
fur Kohlenforschung. After data collection, the structures were resolved by the J. Rust &
Prof. Dr. C. W. Lehmann.

The X-Ray single crystal diffraction data was collected on a Bruker AXS X8 Proteum
diffractometer with a '"MONTEL graded multilayer optic' as monochromator on a 0.2 x 2
mm? focused rotating anode. The software packages used for data collection and
structure refinement consisted of SHELXS-97 (Sheldrick, 2008) and SHELXL-97
(Sheldrick, 2008).
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7.2 In Situ Observation of Enamines with an Intramolecular H-Bond

Acceptor

The reactions presented here have not been optimized. The most reactions have been

conducted only once in order to verify if the desired target structure can be synthesized.

7.2.1 Aldehyde Synthesis

5-(Phenylthio)hexanoic acid (134)

To a solution of 5-bromopentanoic acid (1.00 g, 5.15 mmol) in EtOH (25 mL) aq. NaOH
(1M, 1 mL) was added and cooled to 0 °C. Afterwards sodium thiophenolate (0.91 g,
6.85 mmol) was added and stirred for 2 h. Then the solution was warmed up to rt and
stirred overnight. After TLC analysis showed full consumption of the SM, EtOH was
removed under reduced pressure. The residue was dissolved in 1M NaOH solution and
washed with EtOAc (2x). The aqueous phase was acidified with 10% HCI to pH=3 and
extracted with EtOAc (3x). The combined organic layers were washed with sat. aq.
NaHCO; and brine. Afterwards the solution was dried over MgSO,*H,O and the solvent
was removed under reduced pressure. After FC (14% Hexanes / EtOAc) the product was
obtained as a white solid (1.66 g, 85%).

OH 'H NMR 'H NMR (500 MHz, CDCl;) & 11.58 (bs, 1H,
O%\/\/VS COOH), 7.35 (d, J = 7.8 Hz, 2H, 0-CuromH), 7.30 (t, J = 7.9
\© Hz, 2H, Mm-CaomH), 7.20 (t, J = 7.4 Hz, 1H, p-CaromH), 2.94
Chemical Formula: C4,H460,S| (t, J = 7.3 Hz, 2H, CH,S), 2.38 (t, J = 7.5 Hz, 2H,
Molecular Weight: 224.32 | G©H,COOH), 1.75 — 1.64 (m, 4H, 2x CH,-CH,-X), 1.56 —
1.46 (m, 2H, CH,-CH,-CH,).
3C NMR (126 MHz, CDCl;3) & = 180.2, 136.7, 129.1, 128.9, 125.8, 76.9, 33.9, 33.4, 28.8,
28.2, 24.2.
The NMR data is in good agreement to those previously reported.'*"
MS (EI) m/z: 224 (57%, M*), 123 (34 %), 110 (100%, PhS*)
HRMS (ESI-neg) m/z (M-H): calcd: 223.079825 found: 223.079668
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Methyl 5-(phenylthio)hexanoate (37)

Thioether 134 (1.6 g, 7.14 mmol) was dissolved in 15 mL MeOH. Then 4 drops of conc.
H,SO, were added and stirred for 1 h at 40 °C. The reaction was quenched with sat. aq.
NaHCO; (10 mL) and the aqueous phase was extracted with EtOAc (3x 25 mL). The
combined organic layers were washed with Brine, dried over MgSO,4 and the solvent was
removed under reduced pressure to give the product as a colorless liquid (quant). No

further purification was necessary.

< 'H NMR (500 MHz, CDCI3) & 7.34 — 7.30 (m, 2H, o-
OMS CaromH), 7.30 — 7.25 (m, 2H, m-CaromH), 7.19 — 7.14 (m, 1H,
\© p-CaromH), 3.66 (s, 3H, OCHs), 2.92 (t, J = 7.4 Hz, 2H,

Chemical Formula: CygHe0,8| CH2S), 2.31 (t J = 7.5 Hz, 2H, CH,COOMe), 1.71 - 1.60
Molecular Weight: 238.35 | (m, 4H, 2x CH-CHy-X), 1.51 — 1.39 (m, 2H, CH,-CH,-CHb,).

3C NMR (126 MHz, CDCl;) & = 174.2, 136.8, 129.2, 129.0, 125.9, 51.7, 34.0, 33.5, 28.9,

28.4, 24.6.

MS (El) m/z: 238 (61%, M*), 123 (37%), 110 (100%, PhS*), 97 (36%), 69 (40 %)

HRMS (ESI-pos) m/z (M+Na): calcd: 261.091974 found: 261.091943

General Procedure for the Oxidation of Thioethers 37

Methylester 37 (400 mg, 1.7 mmol) and (PhO),POOH (8.5 mg, 0.2 mmol) were
suspended in hexanes (20 mL) and aq. H,O, (35%, 230 yL) was added. After 4 h TLC
analysis indicated full consumption of the SM and the reaction mixture was quenched
with sat. aq. Na,S,05. The mixture was diluted with EtOAc (20 mL) and sat. aq. NaCO;
(20 mL). The phases were separated and the aq. phase was extracted with EtOAc (3x
20 mL). The combined organic phased were washed with brine, dried over MgSO, and
the solvent was removed under reduced pressure. After FC (11 % to 66% EtOAc /

hexanes) the desired products could be obtained.

Methyl 5-(phenylsulfinyl)hexanoate (38a)

1 Yield: 325 mg, colorless oil

P NN S\©g Rf (50% EtOAc / Hexanes) = 0.2

1 _ _

Chemical Formula: Cy3H;504S H NMR (500 MHz, CDCl3) & = 7.61 (dd, J=7.8, 1.7, 2H, H-
Molecular Weight: 254.34 8), 7.57 — 7.46 (m, 3H, H-9, H-10), 3.66 (s, 3H, H-11),

2.79 (t, J=7.7, 2H, H-6), 2.30 (t, J=7.4, 2H, H-2), 1.85 - 1.73 (m, 1H, H-5"), 1.69 — 1.59

(m, 3H, H-3, H-5"), 1.53 — 1.36 (m, 2H, H-4).
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MS (El) miz: 254 (3%, M*), 223 (16%, M-OMe), 129 (57%, M-SOPh), 97 (55%), 69
(100%)

HRMS (ESI-pos) m/z (M+Na): calcd: 277.086886 found: 277.087023

Methyl 5-(phenylsulfonyl)hexanoate (38b)

1 Yield: 85 mg, colorless oil
Q 0, 0

AAATTS : | RF (50% EtOAG/ Hexanes) = 0.6

2 4 6

10

'H NMR: (500 MHz, CDCl;) & = 7.84 (d, J=7.5, 1H, H-8),

Chemical Formula: C13H1g04S
7.62 — 7.57 (m, 1H, H-10), 7.55 — 7.48 (m, 1H, H-9), 3.58

Molecular Weight: 270.34

(s, 1H, H-11), 3.06 — 2.98 (m, 1H, H-6), 2.21 (t, J=7.4, 1H,
H-2), 1.71 — 1.62 (m, 1H, H-5), 1.53 (p, J=7.3, 1H, H-3), 1.34 (m, 1H, H-4).

MS (EI) m/z: 270 (7%, M*), 239 (27%, M-OMe), 197 (41%, M-CH,COOMe), 143 (81%),
129 (73%), 97 (67%), 69 (100%).

HRMS (ESI-pos) m/z (M+Na): calcd: 293.081802 found: 293.081947

General Procedure for the Reduction of Esters 38

The ester 38 (0.28 mmol) in CH,Cl, was cooled to -78 °C and DIBAL-H (1 M in Toluene,
0.3 mL, 0.30 mmol) was slowly added. The solution was quenched with 10%HCI. After
extraction of the aq. phase with CH,Cl, the combined organic layers were washed with
brine and dried over MgSO,. The solvent was removed under reduced pressure and the

product was purified by prep. TLC (50% EtOAc in hexanes).

5-(Phenylsulfinyl)hexanal (34a)

- S "H NMR (500 MHz, DMSO-ds) 5 = 9.63 (t, J=1.6, 1H, H-7),
o S ALs| 7.69 —7.62 (m, 2H, H-8), 7.62 — 7.47 (m, 3H, H-10, H-9),
R \© 2.94 (ddd, J=13.3, 9.3, 6.1, 1H, H-6"), 2.75 (ddd, J=13.3,
Chemical Formula: C1oH1c0,8| 9.6, 4.9, TH, H-6"), 2.39 (td, J=7.2, 1.6, 2H, H-2), 1.68 —
Molecular Weight: 224.32 | {1 56 (m, 1H, H-5"), 1.50 (p, J=7.1, 2H, H-3), 1.46 — 1.27
(m, 3H, H-4, H-5").
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5-(Phenylsulfonyl)hexanal (34b)

"H NMR (500 MHz, DMSO-d;) & = 9.61 (d, J=1.6, 1H, H-1),
A2 s 87 2 .| 7.93-7.85(m, 2H, H-8), 7.79 — 7.73 (m, 1H, H-10), 7.70 —
@ 7.61 (m, 2H, H-9), 3.33 — 3.24 (m, 2H, H-6), 2.36 (id,
Chemical Formula: C1,H;03S J=7.2, 1.6, 2H, H-2), 1.59 — 1.38 (m, 4H, H-3, H-5), 1.35 —
Molecular Weight: 240.32 1.22 (m, 2H, H-4).

3C NMR (126 MHz, DMSO-ds) 5 = 203.7 (C-1), 139.5 (C-7), 134.2 (C-10), 129.9 (C-9),
128.1 (C-8), 54.8 (C-6), 43.0 (C-2), 27.4 (C-4), 22.6 (C-3), 21.4 (C-5).

MS (EI) m/z: 55 (100%, CHOCHCH®*), 143 (84%, PhS*(OH),), 77 (81%, Ph*), 197 (42%,
M-CH,CHO)

HRMS (ESI-pos) m/z (M+Na): calcd: 263.071233 found: 263.071294

5,5-Dimethyloxepan-2-one (43)
The compound was synthesized in analogy to a literature procedure.!"!

mCPBA (957 mg, 5.55 mmol) was added to a stirred solution of 4,4-
Dimethylcyclohexanone (500.0 mg, 3.96 mmol) in 17 mL DCM . After the addition was
completed, the reaction was allowed to continue stirring at room temperature for 1 day
under a argon. The resulting white suspension then filtered and the filter cake washed
with DCM. The filtrate washed with 1 M NaHSO; (10 mL), sat. NaHCO; (3 x 7.5 mL), and
Brine (2 x 7.5 mL) and dried over MgSO,_ After the solvent was removed under reduced
pressure, the light yellow oil was purified by FC (35% EtOAc / hexanes) to provide the

lactone as a clear, colorless liquid (533 mg, 3.75 mmol, 95%).

'H NMR (500 MHz, CDCI3) & = 4.22 — 4.17 (m, 2H, H-6),
2.63 — 2.56 (m, 2H, H-2), 1.67 — 1.61 (m, 2H, , H-5), 1.59 —
1.51 (m, 2H, H-3), 1.01 (s, 6H, H-7).

13
Chemical Formula: CgH140, C NMR (126 MHz, CDCl3) 6 176.2 (C-1), 64.8 (C-6), 41.9,
Molecular Weight: 142.20 | 35.7, 32.0, 30.0, 28.5.

The NMR data is in good agreement to those previously reported.'*%
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N,N-Dibenzyl-6-hydroxy-4,4-dimethylhexanamide (44)

To a solution of AICI; (952.7 mg, 7.1 mmol) in dry CH,Cl, (1.5 ml), dibenzylamine (5.2 mL,
57.2 mmol) was added slowly at 0°C. After stirring the yellow solution, lactone 43 (508.0 mg,
3.6 mmol) in dry CH,CI, (1 mL) was added at 0°C dropwise, and the mixture was stirred for 5
h at that temperature. To the suspension H,O (2.5 ml) was added. After stirring for 30 min
the solution was passed through Celite. The layers were separated, and the aq. layer was
extracted with CH,Cl, (2x 5 mL). The combined org. layers were dried over MgSO, and the
solvent was removed under reduced pressure. After FC (5% iPrOH / pentane) the product

was obtained as colorless oil (741.5 mg, 2.18 mmol, 61%).

'"H NMR (500 MHz, CDCl;) & = 7.37 (m, 2H, CHurom, meta),

7.37 — 7.23 (m, 3H, CHgaom), 7.24 — 7.18 (m, 2H, CHgom,

ortho), .18 — 7.13 (m, 2H, CHazom ortno), 4.61 (s, 2H,

COCH};N), 4.46 (s, 2H, COCH;N), 3.68 — 3.64 (m, 2H, H-6),

Chemical Formula: CyyHpgNO, 241 - 2.35 (m, 2H, H-2), 1.70 — 1.63 (m, 2H, H-3), 1.49 -
Molecular Weight: 339.48 1.44 (m, 2H, H-5), 0.87 (s, 6H, H-7).

3C NMR (126 MHz, CDCl3) & = 174.2 (C-1), 137.4 (Carom, ipso), 136.7 (Carom, ipso), 129.0
(Carom, meta), 128.6 (Carom, meta), 128.3 (Carom, ortho), 127.6 (Carom, para), 127.4 (Carom, para),
126.3 (Carom, ortho), 59.6 (C-6), 50.1 (N-CH,-Ph), 48.4 (N-CH,-Ph), 43.9 (C-5), 37.4 (C-3),
32.0 (C-4), 28.3 (C-2), 27.2 (C-T7).

The NMR assignment was supported by 'H-'H-COSY and ed. 'H-"C-HSQC

measurements.
N,N-Dibenzyl-4,4-dimethyl-6-oxohexanamide (34c)

A solution of alcohol 44 (265 mg, 0.78 mmol) in CH,CI; (1.0 mL) was added over 2 min
to a stirred solution of DMP (397 mg, 0.94 mmol) in CH,Cl, (3.0 mL). After 2 h the
homogeneous solution was diluted with Et,O (10 mL) and poured into sat. ag. NaHCO;
(10 mL, containing 1.3 g of Na,S,03 per 100 mL). After stirring for 5 min, the phases
were separated. The aqg. layer was extracted with Et,0 (2x 10 mL) and the combined
org. layers were washed with sat. NaHCO; and H,O. After drying over MgSO, and
removal of the solvent under reduced pressure, the crude product was purified by FC
(33% EtOAc in hexanes). The desired aldehyde was obtained as a colorless oil (158.0.
0.47 mmol, 60%).
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'H NMR (500 MHz, CDCl3) & = 9.79 (t, J=3.0, 1H, H-6),

7.37 (m, 2H, CHaom, meta), 7.35 — 7.27 (m, 4H, CHgrom), 7.24

— 7.19 (m, 2H, CHaom. ortho), 7.18 — 7.12 (m, 2H, CHg.om,

ortho), 4.62 (s, 2H, COCH2N), 4.46 (s, 2H, COCH;N), 2.43 —

Chemical Formula: CooHy7NO,| 2.34 (m, 2H, H-2), 2.21 (d, J=3.1, 2H, H-5), 1.81 — 1.75 (m,
Molecular Weight: 337.46 2H, H-3), 1.01 (s, 5H, H-7).

3C NMR (126 MHz, CDCl;) & = 203.1 (C-6), 173.4 (C-1), 137.4 (Carom, ipso), 136.6(Carom,
ipso), 129.0 (Carom), 128.6 (Carom), 128.3 (Carom), 127.7 (Carom, para), 127.4 (Carom, para),
126.3 (Carom), 54.4 (C-5), 50.1 (N-CH,-Ph), 48.5 (N-CH,-Ph), 37.8 (C-3), 33.2 (C-4), 28.1
(C-2), 27.1 (C-T).

GC-MS GC System 1, t; = 18.64 min
MS (GC, El) m/z: 106 (100%, BnNH"), 91 (59%, PhCH,"), 246.2 (16%, M-Bn)

HRMS

7.2.2 In Situ Preparation of Enamines

In a standard 5mm NMR tube L-proline (30 pmol) was suspended in the deuterated
solvent (0.6 mL). Then the corresponding amounts of additives and aldehyde (30 pmol)
were added. After shaking, the sample was transferred to the spectrometer and the

NMR-experiments were started.
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7.3 Synthesis of Proline Derived Enaminones with an Intramolecular

Hydrogen Bond Acceptor

The reactions presented here have not been optimized. The most reactions have been
run only once to see, whether the desired target structure can be synthesized and

wheater it shows the elusive hydrogen bond.
trans-2-(Dibenzylcarbamoyl)cyclohexane-1-carboxylic acid (52)

A solution of trans-1,2-cyclohexanedicarboxylic acid 51 (2.2 g, 12.8 mmol) was refluxed
for 3 h in Ac,O (50 mL). After removal of the excess acetic anhydride and AcOH under
reduced pressure, the solid residue was dissolved in dry CH,Cl, and dibenzylamine (2.7
mL, 14.1 mmol) was added. After stirring for 1h, the solvent was removed under reduced
pressure. After washing with pentane (2x) the desired product was obtained as a white
solid (3.1 g, 8.8 mmol, 69%).

o "H NMR (500 MHz, CDCI3) & = 11.86 (s, 1H, COOH), 7.40
“‘\”\OH — 7.34 (m, 2H, CHarom, meta), 7.34 — 7.28 (m, 5H, CHarom),
NBnZ 724 (ma 1H; CHarom, para), 718 - 713 (m, 2H, CHarom, ortho),
o) 4.80 (d, J=14.9, 1H, CHHN), 4.59 (d, J=16.6, 1H, CHHN),

Chemical Formula: C5,Ho5NO3 - -
Molecular Weight: 351.45 4.46 (d, J=16.5, 1H, CHHN), 4.38 (d, J=14.9, 1H, CHHN),
(rac) 3.10 — 3.02 (m, 1H, CHCO), 2.97 — 2.89 (m, 1H, CHCO),

2.29 — 2.18 (m, 1H, CHgjpn), 1.90 — 1.73 (m, 3H, CHajpn),
1.53 (qd, J=13.1, 3.4, 1H, CHajpn), 1.47 — 1.34 (m, 2H, CHgjpn), 1.28 — 1.14 (m, 1H,
CHaIiph)--

*C NMR (126 MHz, CDCl;) & = 181.2, 175.7, 128.8, 128.6, 127.9, 127.7, 127.2, 1271,
49.8,47.7,45.4,42.3, 29.2, 29.2, 25.5, 25.4.

MS (EI) m/z: 106 (100%, BnNH*), 91 (84%, Bn*), 351 (18%, M*)

HRMS (ESl-pos) m/z (M+Na): calcd: 374.172661 found: 374.173027

trans-N,N-Dibenzyl-2-(hydroxymethyl)cyclohexane-1-carboxamide (53)

To carboxylic acid 52 (2.7 g, 7.7 mmol) in dry THF (50 mL) the borane complex
BH; Me,S (0.8 mL, 8.9 mmol) was added at 0 °C and stirred at room temperature
overnight. After quenching with H,O (100 mL), the mixture was extracted with EtOAc (3x

50 mL). The combined org. layers were washed with brine, dried over Na,SO, and the
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solvent was removed under reduced pressure. Purification by FC (5% iPrOH / pentane)

gave the desired product as a colorless, viscous oil (2.2 g, 6.7 mmol, 87%).

i 'H NMR (500 MHz, CDCl3) 3 = 7.38 (dd, J=8.2, 6.8, 2H,
jgsnz CHarom, mota), 7.34 — 7.28 (M, 3H, CHarom), 7.30 — 7.22 (m,
: 1H, CHarom. para)y 7.24 — 7.19 (M, 4H, CHawom), 4.90 (d,
° J=14.8, 1H, CHHN), 4.55 (d, J=17.1, 1H, CHHN), 4.46 (d,
Chemical Formula: C5,H,7NO,

Molecular Weight. 33746 | J=17.1, 1H, CHHN), 4.34 (d, J=14.8, 1H, CHHN), 3.49 (dd,
J=10.8, 4.8, 1H, H-7"), 3.45 (dd, J=10.8, 5.5, 1H, H-7"),
2.45 (ddd, J=11.9, 10.3, 3.4, 1H, H-6), 2.18 — 2.07 (m, 1H, H-1), 1.85 — 1.70 (m, 4H, H-
3', H-4', H-5", H-2"), 1.59 (qd, J=12.9, 3.2, 1H, H-5"), 1.35 (qt, J=13.0, 3.7, 1H, H-3"),

1.13 (qt, J=13.3, 3.5, 1H, H-4"), 1.04 (qd, J=12.7, 3.3, 1H, H-2").

3C NMR (126 MHz, CDCl3) & = 177.1 (C-8), 137.5 (Carom, ipso)s 136.9 (CHarom, ips0), 128.9
(CHarom), 128.6 (CHarom), 128.1 (CHarom), 127.6 (CHarom), 127.3 (CHarom), 126.5 (CHarom),
67.2 (C-7), 49.8 (N-CH,-Ph), 48.3 (N-CH,-Ph), 43.6 (C-6), 41.5 (C-1), 30.7 (C-5), 28.6
(C-2), 25.7 (C-4), 25.4 (C-3).

The NMR assignment was supported by 'H-'H-COSY and ed. 'H-"*C-HSQC

measurements.
MS (El) m/z: 106 (100%, BnNH*), 91 (46%, Bn*), 246 (25%, M-Bn)

HRMS (ESl-pos) m/z (M+Na): calcd: 360.193398 found: 360.193055

trans-N,N-Dibenzyl-2-formylcyclohexane-1-carboxamide (54)

A solution of alcohol 53 (2.0 g, 5.9 mmol) in CH,CI, (3.5 mL) was added to a stirred
solution of DMP (3.0 g, 7.1 mmol) in CH,CIl, (20 mL). After 2 h the homogeneous
solution was diluted with Et,O (30 mL) and poured into sat. ag. NaHCO; (30 mL,
containing 7.8 g of Na,S,03). After stirring for 5 min, the phases were separated. The
aq. phase was extracted with Et,0 (2x 50 mL) and the combined org. layers were
washed with sat. NaHCO; and H,0O. After drying over MgSO, and removal of the solvent,
the crude product was purified by FC (33% EtOAc in hexanes). The desired aldehyde
was obtained as colorless oil (1.5 g, 4.5 mmol, 66%).
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'"H NMR (500 MHz, CDCl3) & = 9.71 (s, 1H, H-7), 7.43 —

(@]
Ay 7.36 (M, 2H, CHarom meta), 7.35 — 7.27 (M, 5H, CHarom), 7.29
ANan — 7.22 (M, 1H, CHaom para), 7.16 (M, 1.7, 2H, CHarom. orino),
4 475 (d, J=14.9, 1H, CHHN), 4.60 (d, J=16.7, 1H, CHHN),

Chemical Formula: C2oHzsNOz) 4 49 (d, J=16.7, 1H, CHHN), 4.41 (d, J=15.0, 1H, CHHN),
Molecular Weight: 335.45
(rac) 3.09 (ddd, J=13.4, 10.2, 3.5, 1H, H-1), 2.80 (ddd, J=12.4,

10.2, 3.5, 1H, H-6), 2.24 — 2.15 (m, 1H, H-2"), 1.91 — 1.73 (m, 3H, H-3", H-4", H-5'), 1.51
(qd, J=12.9, 3.3, 1H, H-5"), 1.40 (qt, J=12.9, 3.6, 1H, H-3"), 1.13 (qt, J=13.2, 3.5, 1H, H-

4"), 1.07 (qd, J=13.0, 3.6, 1H, H-2").

3C NMR (126 MHz, CDCl3) & = 203.4 (C-7), 175.3 (C-8), 137.3 (Carom, ivso), 136.7 (Carom.
pso)s 128.9 (CHarom), 128.5 (CHarom), 128.0 (CHarom), 127.6 (CHarom, para)s 127.2 (CHarom.
para)s 127.0 (CHarom), 52.3 (C-1), 49.9 (N-CH,-Ph), 47.8 (N-CH,-Ph), 40.4 (C-6), 29.4 (C-
5), 25.41 (C-2), 25.42 (C-3), 25.35 (C-4).

The NMR assignment supported by comparison with 53 and by 'H-"H-COSY and ed. 'H-

13C-HSQC measurements.

MS (El) m/z: 106 (100%, BnNH*), 91 (82%), 91 (84%, Bn*), 244 (70%, M-Bn), 335
(34%, M*)

HRMS (ESI-pos) m/z (M+Na): calcd: 358.177747 found: 358.177510

trans-N,N-Dibenzyl-2-(1-hydroxyprop-2-yn-1-yl)cyclohexane-1-carboxamide (55)

To a solution of trimethylsilyl acetylene (0.7 mL, 4.2 mmol) in dry THF (90 mL) at -78 °C,
n-BuLi (2.5 M in hexane, 1.9 mL, 4.7 mmol) was added dropwise. After stirring for 1 h
at -78°C aldehyde 54 (1.5 g, 4.5 mmol) in THF (10 mL) was added dropwise and the
reaction was stirred for additional 30 min at -78 °C and then warmed up to rt in 30 min.
Afterwards the mixture was quenched with water and extracted with MTBE (3x 100 mL).
The organic layers were combined, washed with brine, dried over MgS0O4 and the
solvent was removed under reduced pressure. The crude mixture was dissolved in
MeOH (50 mL) and K,CO; (1.9 g.) was added and stirred for at rt for 2 h. The crude
mixture was filtered through a pad of celite and washed with CH,Cl,. The residue was
washed with aq. NH4Cl and brine and dried over MgSO4. The crude alcohol (1.5 g) was

used for the further the next step without further purification.
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oH 'H NMR (500 MHz, CDCl;) 3 = 7.39 — 7.16 (m, 10H,

()ﬁr\% CHarom), 4.87 — 4.75 (m, 1H, CHHN), 4.55 (d, J=16.9, 1H,

NBn, CHHN), 4.49 — 4.33 (m, 3H, 2 x CHHN, CHOH), 2.53 (ddd,

o J=12.0, 10.4, 3.4, 1H), 2.39 (d, J=2.2, 1H, CH,,), 2.38 —

Chemical Formula: C,4H,7NO,| 2.29 (m, 2H, OH, CH-CHOR), 2.12 (ddd, J=12.5, 5.7, 3.5,

Mo'ecu'arvg’rzgh“ 361.49 | 1H), 1.84 — 1.70 (m, 3H), 1.59 — 1.48 (m, 1H), 1.35 (m, 1H),
1.22 — 1.05 (m, 2H).

trans-N,N-Dibenzyl-2-propioloylcyclohexane-1-carboxamide (56)

Crude alcohol 55 (1.5 g, 4.5 mmol) was dissolved in CH,Cl, (50 mL) and treated with
MnO, (5.8 g 67.1 mmol). After stirring at rt for 8 h, the reaction was completed as
monitored by TLC analysis. Excess MnO, was removed by filtration of the reaction
mixture through celite. The filtrate was washed H,O and brine. After drying over MgSO,
the product (410 mg, 26%) was obtained.

o 'H NMR (500 MHz, CDCl;) & = 7.42 — 7.36 (m, 2H), 7.35 —
O::> 7.28 (m, 5H), 7.24 (d, J=7.4, 1H), 7.16 — 7.11 (m, 2H), 4.78
NBn, (d, J=15.0, 1H, CHHN), 4.61 (d, J=16.5, 1H, CHHN), 4.44

o (d, J=16.5, 1H, CHHN), 4.30 (d, J=15.0, 1H, CHHN), 3.25

Chemical Formula: Co4H,5NO,| (ddd, J=13.2, 10.1, 3.5, 1H), 3.25 (s, 1H, COCCH), 2.93
Molecular Weight: 38947 | 44d, J=12.5, 10.2, 3.5, 1H), 2.42 — 2.34 (m, 1H), 1.85 (ddt,

(rac)
J=17.3, 13.9, 3.6, 2H), 1.77 (dt, J=13.2, 3.3, 1H), 1.54 -
1.36 (m, 2H), 1.26 — 1.09 (m, 2H).

*C NMR (126 MHz, CDCl;) 5 = 189.9, 175.0, 137.3, 136.6, 128.8, 128.6, 128.0, 127.7,
127.2,79.4, 54.6, 49.8, 47.5, 41.5, 29.2, 28.4, 25.7, 25.4.

Benzyl ((E)-3-trans-2-(dibenzylcarbamoyl)cyclohexyl)-3-oxoprop-1-en-1-yl)-L-
prolinate (57)

L-Proline benzylester (240 mg, 1.17 mmol) was added to alkynone 56 (400 mg, 1.11
mmol) in DCM (20 mL) and stirred for 3h. Then the solvent was removed under reduced
pressure. After purification by FC (50% EtOAc/hexanes), the diasteromeric product

mixture (455 mg, 0.81 mmol, 72 %) was obtained as white, powder.

108



Experimental Section

0 COOBn ﬁ\// COOBn
/\D T /\I\D Chemical Formula: C3gH4oN204
«, NBny NBn, Molecular Weight: 564.73
it
O O

MS (ESl-pos) m/z: 565.29 (M+H)

HRMS (ESI-pos) m/z (M+Na): calcd: 587.288026 found: 587.288171

The diastereomers were separated by prep. HPLC with the following conditions: 250 mm
Zorbax Sil 21.2 mm i.d., iso-hexane/i-ProOH=90:10, 15 mL/min, 308 K.

The first diasteromer (150.8 mg, t,= 16.36 min) was obtained with high purity (99.9 %).
The second diasteromer (223.2 mg, t=18.01 min 94% purity) was re-purified with the
following conditions: 250 mm Zorbax Sil 21.2 mm i.d., iso-hexane/i-ProOH=95:5, 15
mL/min, 308 K. Diastereomers Il (156.0 mg, t,=46.37 min) was obtained with a purity of
98.3%.

The dr of the samples was analyzed with an analytical column (100 Interchim XS
Strategy Si, 4.6 mm i.d., 81580) and the following conditions: n-heptane/i-ProOH=90:10,
1.0 mL/min, 308K, UV 220 nm.

Retention times:

Diastereomer |: t,= 4.7 min

Diastereomer Il: t,= 5.1 min
An unambiguous assignment of the diastereomers was not successful due to broadening
of all the NMR signals. The given structures represent the proposed diastereomers

based on the results at low temperatures for the deprotected enaminones.

Diasteromer |

o “cooBn

Variable temperature measurements were performed to find 2 ® 3
3 NS
the optimal measurement conditions: s \\/>11
4 " p5 NBn2 2
T E

O

109



Experimental Section

12 L
JSJ 10 13 q3v 1

The best signals were obtained at 273 K (0 °C). At this temperature two enamine
rotamers (ratio = 3:1) are visible. Both are (E)-configured (*J = 12.5 Hz). An NMR
assignment could be obtained for the major enamine rotamer at 273 K. Due to missing
HMBC peaks, an assignment of the cyclohexyl ring was not successful. The

unambiguous results are presented in the following table:

Chemical Shift HMBC
3.08
Chemical Shift HMBC
3.08 47.37 9
200.42 2,8 3.40 10, 12, 11
98.20
3.21 11
5.26 7
171.91
147.74 176,51
7.73 7,10, 13 7 '37
64.12 9, 13' -
5.16
4.30 135.15
23.70 13', 13" 128.34
2.04 -
30.07 13'
2.17
2.00
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Diasteromer Il

Variable temperature measurements were performed to find
optimal measurement conditions. The best signals were
obtained at 273 K (0 °C). At this temperature two enamine

rotamers (ratio = 2:1) are visible. Both are (E)-configured (*J

3

4

2

5

0 “cooBn
\\”\/9 510
o )
8 11
15 NBn2 2

12

)

= 13.2 Hz).

.

253 K

273 K

8major

298K 16

D O V) |

9
T
7.5

7.0 6.5 6.0 5.5 5.0 4.5
f1 (ppm)

An NMR assignment could be obtained for the major enamine rotamer at 273 K. Due to

missing HMBC peaks, an assignment of the cyclohexyl ring was not successful. The

unambiguous results are presented in the following table:

Chemical Shift HMBC
200.06
99.16 8
5.20 8
148.25
7.72 13, 10
64.05 9,613, 11', 12
4.32 11,12, 13, 14
29.38 13', 10
2.17 14,12, 13, 10
23.63 13', 10, 11
2.03 10, 13
47.37 9,610, 11', 12
3.37 12,11, 10
3.22
171.76 10, 11
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((E)-3-(trans-2-(Dibenzylcarbamoyl)cyclohexyl)-3-oxoprop-1-en-1-yl)-L-proline (50)

To enaminone 57 (25 mg, O.

044 mmol) in EtOAc (5.0 mL) 10% Pd/C (4.7 mg) was

added and stirred atmosphere of hydrogen overnight. After removing the solid

components by zentrifugation, the solvent was removed under reduced pressure. The

product (17.4 mg, 0.27 mmol, 83%) was used for the NMR analysis without further

purification. Purification on silica led to decomposition of the compound.

MS (El) m/z: 91 (100%, Bn*) 106 (50%, BnNH*), 124 (82%), 234 (70%, M-Bn), 335
(34%, M*), 430 (8%, M-COOH)

MS (ESl-pos) m/z: 475.2 (M+H)

HRMS (ESl-neg) m/z (M-H): c

Diastereomer |

O COOH
SN0
", NBn2
I

0

Chemical Formula: CygH34N,04
Molecular Weight: 474.60

alcd: 473.244586 found: 473.244807

Variable temperature measurements were performed to
find optimal measurement conditions. No conditions could
be found, that enabled good measurement conditions to
determine the 3D structure of the molecule with NOESY
measurements. As in 57 two different (E)-enamine
rotamers were observed (°J = 12.7 and 13.2 Hz) at 273 K.

"H-NMR spectra at various temperatures:

N RN

273 K

MWM&M\* i

T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0

112

T T T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
S(1H) / ppm
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Diastereomer Il

o) COOH Variable temperature measurements were performed to
| 3

J\/\N R find optimal measurement conditions. No conditions could

NBn, Q be found, that enabled good measurement conditions to

0 determine the 3D structure of the molecule with NOESY
Chemical Formula: CogH34N,O,| Measurements. As in 57 two different (E)-enamine
Molecular Weight: 474.60 rotamers were observed (°J = 13.2 and 14.0 Hz) at 273 K.

"H-NMR spectra at various temperatures:

273 K

. K

N Al

T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

4-Oxo0-6-(trimethylsilyl)hex-5-ynoic acid (59)

To a suspension of powdered AICI; (1.46 g, 11.0 mmol) in dry CH,CI, (20 mL) a mixture
of succinic anhydride (1.00 g, 10.0 mmol) and bis(TMS)acetylene in CH,Cl, (20 mL) was
added dropwise at 0°C. After stirring for 45 min, the solution was poured on ice/ 10%
HCI (50 mL). After separation of the phases, the aq. phase was extracted with CH,Cl,
(2x 25 mL). The combined phases were dried over MgSO, and the solvent was removed
under reduced pressure. After washing with pentanes, the product was obtained as a
white solid (610 mg, 3.08 mmol, 31%).

") "H NMR (500 MHz, CDCl;) 5 = 11.28 (bs, 1H, COOH), 2.90
- % ] (t, J=6.6, 2H, H-3), 2.69 (t, J=6.6, 2H, H-2), 0.24 (s, 9H, H-
0 _oH il 7, H-T', H-7").

_ | C NMR (126 MHz, CDCl;) & = 184.9 (C-4), 178.3 (C-1),
Chemical Formula: CgH1403Si
Molecular Weight: 198.29 101.3 (€-5), 99.0 (C-6), 39.5 (C-3), 27.6 (C-2), -0.8 (C-7, C-
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7, C-7”).
N,N-Dibenzyl-4-oxo0-6-(trimethylsilyl)hex-5-ynamide (60)

To a stirred solution of 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) (292 mg 1.66
mmol) and acid 59 (300.0 mg, 1.51 mmol) in dry CH,Cl, (4.5 mL) N-methylmorpholine
(117 ul, 1.66 mmol) was added dropwise so that the temperature remained at 0-5 °C.
After further stirring for 2 h at 0°C all the CDMT was consumed. To this suspension,
dibenzylamine was added at -5 °C (351 pl, 1.82 mmol). Then the solution was slowly
warmed up to rt and stirred for further 20 h. Afterwards the solvent was removed under
reduced pressure and the residue was dissolved in EtOAc (10 mL). The undissolved
solids were filtered, and the organic layers washed with 1N HCI, sat. aq. NaHCO,, water
am brine. After drying over MgSO, and removal of the solvent, the product was purified
by FC (5% EtOAc in hexanes) to obtain the desired amide as yellowish, viscous oil (551
mg, 1.46 mmol, 96%).

o 'H NMR (500 MHz, CDCl3) & = 7.42 — 7.35 (m, 2H,
: 4 5\ 7 Hmeta,arom), 7.34 -7.24 (m1 4H1 2x Hmeta,arom1 2XHpara,arom),
2 ! 'EnZSlii 7.20 (m’ 4Ha Hortho,arom), 4.60 (d, J=2.6, 2H, trans-Ph-

o 7 CH2-NCO), 4.49 (s, 2H, cis-Ph-CH>-N), 3.04 (t, J=6.4,

Chemical Formula: Cy3H,7NO,Si 2H, H-3), 2.75 (t, J=6.4, 2H, H-2), 0.24 (s, 8H, H-7, H-7',
Molecular Weight: 377.56 H-7").

3C NMR (126 MHz, CDCl3) & = 186.2 (C-4), 171.5 (C-1), 137.2 (Cipsoarom), 136.2
(Cipsoarom), 129.0 (2X Cpetaarom), 128.6 (2X Cumetaarom), 128.2 (2X Corthoarom), 127.6
(Cparaarom)s 127.4 (Cpara,arom), 126.4 (2X Cortho.arom), 101.8 (C-5), 98.1 (C-6), 49.8 (cis-Ph-
CH,-N), 48.4 (trans-Ph-CH,-N), 40.3 (C-3), 26.9 (C-2), -0.8 (C-7, C-T", C-7").

The NMR assignment was supported by 'H-'H-NOESY and edited 'H-'*C-HSQC

measurements.

N,N-Dibenzyl-4-oxohex-5-ynamide (61)

To the TMS-protected alkynone (550 mg, 1.46 mmol) in MeOH (2.9 mL) Borax (0.01 M in
water, 0.29 mL) was added. After full consumptions of the SM as monitored by TLC,
MeOH was removed under reduced pressure, the mixture was extracted with EtOAc.
After purification by FC (gradient: 9% to 17% EtOAc/Hexanes), the desired alkynone

was obtained.
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'H NMR (500 MHz, CDCl5) & = 7.38 (t, J=7.5, 2H, H-10s),
7.36 — 7.23 (m, 4H, H=104ns, H-11), 7.23 — 7.18 (m, 4H, H-
9), 4.60 (s, 2H, H-Tyans), 4.49 (s, 2H, H-T;s), 3.23 (s, 1H,
H-6), 3.05 (t, J=6.3, 2H, H-3), 2.77 (t, J=6.3, 2H, H-2).

3C NMR (126 MHz, CDCl;) 5 = 185.9 (C-4), 171.3 (C-1),
137.1 (C-8¢rans), 136.1 (C-8.s), 129.0 (C-10.;), 128.6 (C-
, 10¢rans), 128.2 (C-9¢ans), 127.7 (C-11), 127.4 (C-11), 126.4
Chemical Formula: C5gH1gNO>
Molecular Weight: 305.38 | (C-9cis), 81.3 (C-5), 78.7 (C-6), 49.8 (C-7cis), 48.5 (C-Trans),

40.3 (C-3), 27.0 (C-2).

The NMR assignment was supported by comparison with 60 and ed. 'H-"*C-HSQC and

"H-"*C-HMBC measurements.

2-(trans-2-Formylcyclohexyl)-N,N-dimethylacetamide (66)

A

(@]
(@) (@) , - , O
a, N b, N _c, N_
63 64 65

66

a) To a solution of cyclohexanone 66 (250 pL, 2.4 mmol) in THF (10 ml) LDA (2 M in
THF, 1.3 mL) was added slowly at 0 °C. After stirring for 30 min at 0 °C, 2-Chloro-N,N-
dimethylacetamide (262 uL, 2.54 mmol) was added dropwise and stirred for further one
hour at rt. Afterwards the reaction was quenched with H,O (10 mL) and extracted 3x with
EtOAc (3x 10 mL) The combined organic layers were washed with brine, dried over
NaSO, and the solvent was removed under reduced pressure. After FC (80% EtOAc in

hexanes), the impure product (233 mg) was directly used for the next step.

b) To a solution of (methoxymethyl)triphenylphosphonium chloride (310 mg, 0.9 mmol) in
THF (10 mL) was added NaOtBu (100 mg, 0.9 mmol) at -10 °C and stirred for 30 min.
Afterwards ketone 64 was added. The mixture was warmed up to rt and stirred
overnight. Then water was added (5 mL) and the mixture was extracted with EtOAc (3x
10 mL). The combined org. layers were washed with brine, dried over NaSO, and
afterwards the solvent was removed under reduced pressure. After FC (50% EtOAc in

hexanes) the product was obtained as E/Z mixture (230 mg) with impurities of OPPhs.

c) The enol ether 66 (230 mg) was dissolved in CH,Cl, (5 mL) and TFA (340 uL) was
added dropwise. After stirring for 2 h sat. ag. NaHCO; was added. The phases were

separated and the org. phase was washed once more with sat. ag. NaHCO; aa(3 mL)
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and brine (3 mL). The organic layer was dried over NaSO, and the solvent was removed
under reduced pressure. After flash chromatography (40% EtOAc/ hexanes) the product

was obtained as colorless oil (115 mg, 0.58 mmol, 24% over 3 steps).

O 100e 'H NMR (501 MHz, CDCl3) & = 9.50 (d, J=3.9, 1H, H-7),

, Lt ,l,\ 2.99 (s, 2H, H-10.s), 2.91 (s, 2H, H-104ans), 2.38 (dd,

35 Lo 0| J=15.2, 5.1, 1H, H-8"), 2.29 - 2.19 (m, 1H, H-6), 2.12 (dd,

2 J=15.2, 7.7, 1H, H-8"), 2.05 (dddd, J=11.6, 10.4, 3.9, 3.7,

Chemical Formula: C11H1gNO2| 1H, H-1), 1.88 (dddd, J=13.3, 4.4, 3.7, 3.3, 1H, H-5a), 1.83
Molecular Weight: 197.28

—1.76 (m, 2H, H-3a_ H-2B), 1.75 — 1.68 (m, 1H, H-4B), 1.44
—1.24 (m, 3H, H-2a, H-4a, H-3B), 1.04 (dddd, J=13.3, 12.5, 11.3, 3.8, 1H, H-5p).

3C NMR (126 MHz, CDCl;) & = 204.8 (C-7), 171.5 (C-9), 55.9 (C-1), 38.3 (C-8), 37.3 (C-
10;5), 35.4 (C-104ans), 33.3 (C-6), 31.6 (C-5), 26.1 (C-2), 25.2 (C-4), 24.6 (C-3).

The structure was analyzed by 'H, *C, 'H-'H-COSY, ed. 'H-"*C-HSQC and HMBC

measurements. The important cross peaks are concluded in the following table:

Chemiical COoSsy HSQC HMBC NOESY
Shift
55.85 1 g8', 8"
2.05 7,2a, 2B, 6 1 2 2B, 5B, 2q, 3B,
7
26.05 2a, 2B 1
1.39 3a, 3B, 2B, 1 2 1,6,3a, 2B, 7
1.79 3aq, 3B, 2q, 1 2 1,2a, 3B, 7
24.60 3a, 3B
1.79 2q, 4q, 4B, 3B, 3 2a, 3B
23
1.28 2qa, 4q, 4B, 3q, 3 1, 3q, 2B
23
25.16 4a, 48
1.30 3a, 5a, 5B, 4B, 4 6, 5a, 48
3B
1.71 3aq, 5qa, 5B, 4q, 4 5B, 4a
3B
31.62 5a, 5B 8', 8"
1.88 4qa, 6, 5B, 48 5 6, 8", 5B, 4a
1.04 4q, 6, 5a, 48 5 1,6, 8", 5q, 48
33.34 6 8, 8"
2.23 8, 8", 5aq,5B,1 6 8 5a, 5B, 2q, 4q,
7
204.79 7
9.50 1 7 8',1,6, 2a, 2B
38.19 8', 8" 6
2.38 6, 8" 8 9,1,56 7, 10cis
2.12 8,6 8 9,1,56 5a, 5B, 10cis
171.47 10trans, 10cis, 8',
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8"
37.33 10cis 10trans
2.99 10cis 10trans, 9 8', 8"
35.43 10trans 10cis
2.91 10trans 10cis, 9

The relative configuration of the product was determined with the coupling constants of
H-1 and by 2D-NOESY.

The most important NOE correlations are visualized in the next figure:

NOESY cross peaks

GC-MS: GC System 1, t, = 10.93 min

GC (GC, EI) m/z: 111 (100 %, M-CH,CONMe,), 166.1 (93.9%, M-COH,), 93 (42%) 81.1
(32%), 137.1 (19%)

(S,E)-2-methyl-1-(4,4,4-trifluoro-3-oxobut-1-en-1-yl)pyrrolidine-2-carboxylic acid
(67b)

L-a-Methyl-proline (38.7 mg, 0.30 mmol) was dissolved in 2 N NaOH (0.5 mL) and
cooled down to 0 °C. Then 4-ethoxy-1,1,1-trifluoro-3-buten-2-one (36 uL, 0.25 mmol) in
0.2 mL THF was slowly added and stirred overnight. The solution was acidified with 3
Drops of HCl.nc and then extracted with EtOAc. The organic solvent was removed under

reduced pressure.
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The product was analyzed by NMR without further purification to show the effect of the

methyl group.

O\ 'H NMR 5 = 8.21 (d, J=12.1, 1H), 5.40 (d, J=12.1, 1H),
N~ "COOH 3.65 — 3.45 (m, 2H), 2.59 (ddd, J=12.8, 6.6, 4.1, 1H), 2.16
HfH —1.93 (m, 1H), 1.68 (s, 3H).
F,C~ ~O
Chemical Formula: C4gH412F3NO3
Molecular Weight: 251.21

(S,E)-2-methyl-1-(3-oxobut-1-en-1-yl)pyrrolidine-2-carboxylic acid (67c)

L-a-Methyl-proline (38.7 mg, 0.30 mmol) was dissolved in 2N NaOH (0.1 mL) and cooled
down to 0 °C. Then 4-methoxy-3-buten-2-one (25 uL, 0.25 mmol) in 50 yL THF was
slowly added and stirred overnight. The solution was acidified of HCI (pH=3) and then

extracted with EtOAc. The organic solvent was removed under reduced pressure.

Dimethyl 2-methylenepentanedioate (72)
The compound was synthesized following a literature procedure.!"

Methyl acrylate 71 (5 mL, 55.5 mmol) was degassed by one freeze-thaw cycle and
cooled to -10 °C. Then tri-n-octylphosphine (2.5 mL, 5.6 mmol) was added slowly. After
20 min the reaction was warmed up to rt and stirred for another 30 min. The volatiles
were removed on a rotary evaporator. After distillation the desired product was obtained

as colorless liquid (3.2 g, 27.8 mol, 66%).

o o '"H NMR (500 MHz, CDCl3) & 6.18 (s, 1H, H-6.s), 5.61 —

7 8

Me. iz ogMe | 5.57 (m, 1H, H-6yans), 3.74 (s, 3H, H-7), 3.65 (s, 3H, H-8),

L 2.63 (t, J = 7.5 Hz, 2H, H-3), 2.51 (t, J = 7.8 Hz, 2H, H-4).

Chemical Formula: CgH1204 | 44 _
Molecular Weight: 172.18 C NMR (126 MHz, CDCl3) & = 173.1 (C-5), 167.1 (C-1),

138.8 (C-2), 125.9 (C-6), 51.9 (C-7), 51.6(C-8), 32.9 (C-4),

27.3 (C-3).

The assignment was achieved using edited-'H-">C-HSQC and 'H-"C-HMBC

experiments.
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MS (El) m/z: 141 (41%, M-OMe), 140 (66%, M-OMe-H), 113 (39%, M-CO,Me), 112 (100
%, M-CO,Me-H), 81 (33%), 59 (32%)

HRMS (ESI-pos) m/z (M+Na): calcd: 195.062779 found: 195.062800

The physical data is in good agreement to those previously reported.!"*"!

Methyl 3-(5,5-dimethyl-2,4-dioxocyclohexyl)propanoate (70)

To 3-Methyl-2-butanone (2.42 mL, 22.65 mmol) in THF (19 mL) KOfBu (2.35 g, 20.91
mmol) was added at 0 °C and stirred for 10 min at that temperature. Then the methyl
methacrylate derivative 70 (3.00 g, 17.42 mmol) was added dropwise. A white
precipitate formed. The suspension was stirred for 2 h at rt and afterwards quenched
with conc. HCI (2.48 mL, 26.14 mmol). The solvents were removed under reduced
pressure. After FC (20% EtOAc/hexanes) the product was obtained as a slightly yellow
powder (2.34 g, 17.42 mmol, 59 %).

'H NMR (501 MHz, CDCl;) & 3.68 (s, 3H, H-10), 3.58 (dd, J
= 16.6, 0.9 Hz, 1H, H-2B), 3.35 (d, J = 16.6 Hz, 1H, H-2a),
2.74 (ddtd, J = 13.7, 7.2, 5.6, 0.9 Hz, 1H, H-6), 2.53 — 2.40
(m, 2H, H-8), 2.12 (dq, J = 14.4, 7.2 Hz, 1H, H-7’), 1.89 (dd,
Chemical Formula: CyyHig0,| * = 14:0 5.5 Hz, 1H, H-5), 1.69 (dtd, J = 14.4, 7.8, 7.0, 5.6

Molecular Weight: 226.27 | Hz, 1H, H-7""), 1.48 (t, J = 13.7 Hz, 1H, H-5a), 1.30 (s,
3H,H-11), 1.17 (s, 3H, H-12).

3C NMR (126 MHz, CDCl;) & 207.7 (C-3), 204.1 (C-1), 173.6 (C-9), 55.6 (C-2), 51.7 (C-
10), 45.3 (C-6), 44.9 (C-4), 39.9 (C-5), 31.3 (C-8), 24.7 (C-12), 24.6 (C-11), 24.4 (C-T).

The assignment was achieved using 'H-'"H-COSY, "H-'H-NOESY, edited-"H-">C-HSQC
and 'H-"*C-HMBC experiments.
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Stereo information extracted from 'H-'H-NOESY:

Hg=------- > H «---9 NOESY cross peak

O

OMe

\*Ha - ---> H

There are small amounts of the enol-form present in solution (64, = 5.32 ppm).
Interestingly the exchange of rate of the axial H-2B is bigger the one of the H-2a

presumably due to its better transition state towards the enol form.
MS (El) m/z: 226 (8%, M*), 194 (47%, M-OMe-H), 176 (32%), 100 (100%), 70 (54%)

HRMS (ESI-pos) m/z (M+Na): calcd: 249.109729 found: 249.109790

7.4 Synthesis of an Proline Derived Aryl Amine with an

Intramolecular Hydrogen Bond Acceptor

The reactions presented here have not been optimized. The most reactions have been
run only once to see, whether the desired target structure can be synthesized and if it

shows the elusive hydrogen bond or not.

2-(3-Bromophenyl)-2-methylpropanenitrile (76)

The compound was synthesized following a literature procedure.!*?!

To a stirring solution of 3’-bromophenylacetonitril (3.24 g, 16.52 mmol, 1 equiv) in 45 mL
dry THF at -50°C KOtBu (4.08 g, 36.36 mmol, 2.2 equiv) was added and the mixture was
stirred for some minutes. After the dropwise addition of Mel (2.6 mL, 41.32 mmol, 2.5
equiv), the cooling bath was removed and the reaction was stirred at rt. GC-MS analysis
(after mini-workup with 1M HCI, EtOAc) indicated that the reaction had proceeded to
completion after ~ 2 h. To the pink suspension aq. HCI (1M, 15 mL) was added and the
yellow mixture was poured into H,O (20 mL), followed by extraction with EtOAc (3x 30
mL). After washing with 30 mL brine/ sat. ag NaHCO,-solution (ratio 1:2) and drying over

NaSO,, the solvent was removed under reduced. The residual brownish oil was 2x
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filtered over SiO, (20% Et,O / Pentane) and dried overnight at high vacuum. The product

was obtained as a colorless oil (3.66 g, 15.48 mmol, 99%).

'H NMR (501 MHz, CDCl3) & = 7.60 (t, J=1.9, 1H, H-2),
7.46 (ddd, J=7.9, 1.9, 1.0, 1H, H-4), 7.43 (ddd, J=7.9, 1.9,
1.0, 1H, H-5), 7.27 (t, J=7.9, 1H, H-6), 1.72 (s, 6H, H-9)

Chemical Formula: C4oH1oBrN| *C NMR (126 MHz, CDCIl;) & 143.6 (C-1), 131.0 (C-4),
Molecular Weight: 224.10 | 130 5 (c-5), 128.3 (C-2), 123.9 (C-6), 123.9 (C-8), 123.0
(C-3), 37.0 (C-10), 29.0 (C-9, C-9°).

The physical data is in good agreement to those previously reported.!"**!

2-(3-Bromophenyl)-2-methylpropanal (77)

The compound was synthesized following a literature procedure. [’

To a stirring solution of cyanide 76 (3.45 g, 15.39 mmol, 1 equiv) in THF at -78 °C was
added DIBAL-H (1.0 M in THF, 15.4 mL) dropwise over 10 min. After the addition was
complete, the mixture was stirred for 2 h at the same temperature. 6 M HCI| was added,
the cooling bath was removed and the reaction mixture was stirred for 1 h. The mixture
was poured into 40 mL CH,CI, and the phases were separated. The water phase was
extracted with CH,Cl, (3 x 50mL) and the combined organic fractions were washed with
brine, dried over NaSO,, and concentrated under reduced pressure. After drying at high

vacuum the product was obtained as colorless oil (3.30 g, 14.73 mmol, 96%).

'H NMR (501 MHz, CDCl3) & = 9.49 (s, 1H, H-8), 7.45 —
7.40 (m, 2H, 4, H-2), 7.25 (t, J=8.4, 7.9, 1H, H-5), 7.19
(ddd, J=7.9, 1.8, 1.2, 1H, H-6), 1.46 (s, 7H, H-9, H-9").

Chemical Formula: C4oH44BrO °C NMR (126 MHz, CDCl3) & = 201.4 (C-8), 143.6 (C-1),
Molecular Weight: 227.10 | 130 4 (C-4), 130.3 (C-5), 129.9 (C-2), 125.5 (C-6), 123.1
(C-3), 50.4 (C-7), 22.5 (C-9, C-9").

MS (EI) miz: 228 (12%, M*), 226 (12%, M*), 199 (98%, M-CHO), 197 (100%, M-CHO),
171 (30%, 3-Br-Ph-CH,"), 169 (31%, 3-Br-Ph-CH,"), 118 (38%)

HRMS (El) m/z (M*): calcd: 225.999340 found: 225.999577

The physical data is in good agreement to those previously reported. '*’!
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(Z)-2-(3-(3-bromophenyl)-3-methylbut-1-en-1-yl)-1,3-dioxolane (135)

To (1,3-Dioxolan-2-ylmethyhtriphenylphosphonium bromide (1.0 g, 2.33 mmol) in dry
THF (3.5 mL) in a flame dried Schlenk flask KOtBu (252 mg, 2.24 mmol) was added at -
40°C and stirred for 30 min. Afterwards aldehyde 77 (196 mg, 0.86 mmol) in THF (0.7
mL) was added to the yellow suspension, stirred for 30 min at -40°C and then warm up
to rt and stirred for further 3d. No full conversion was observed after this time and more
Wittig reagent was added. When the reaction was fully converted (10 d), the reaction
was quenched with water (10 mL) and extracted with MTBE (2x 20 mL). After drying
over NaSQO, the solvent was removed under reduced pressure. The crude product was
purified by FC (30% EtOAc/hexanes). The product was obtained as colorless oil (104
mg, 0.35 mmol, 41%). No E-product was observed in the crude mixture of the

compound.

'H NMR (501 MHz, CDCl3) & = 7.53 (t, J=1.9, 1H, H-2),
7.35 — 7.30 (m, 2H, H-4, H-6), 7.17 (t, J=7.9, 1H, H-5),
5.97 (dd, J=12.0, 1.0, 1H, H-8), 5.39 (dd, J=12.0, 7.7, 1H,
H-9), 4.98 (dd, J=7.8, 1.0, 1H, H-10), 3.95 — 3.86 (m, 2H,
H’-11, H’-11"), 3.74 — 3.63 (m, 2H, H”’-11, H”-11"), 1.48 (s,
6H, H-12, H-12").

Chemical Formula: C44H¢7BrO,
Molecular Weight: 297.19

GC-MS GC System 1, t, = 13.98 min

MS (GC, El) m/z: 99.1 (100%, M-[3-Br-Ph-C(CHa)]), 140.1 (97%, M-[3-Br-Ph]), 73.1
(43%, (-OCH,CH,0-)C*H)), 86.1(30%, (-OCH,CH,0-)C=C*H)), 295 (4%, M-H), 297 (4%,
M-H)

2-(3-(3-bromophenyl)-3-methylbutyl)-1,3-dioxolane (78)

To olefin 135 (100 mg, 0.34 mmol) in EtOAc (1.0 mL) 10% Pd/C (36 mg) was added and
stirred for 18h under hydrogen atmosphere. After filtering over Celite, the solvent was
removed under reduced pressure. The product (80 mg, 0.27 mmol, 80%) was used in

the next reaction without further purification.

'H NMR (501 MHz, CDCls) & = 7.45 (t, J=1.9, 1H, H-2),
7.30 (dt, J=7.8, 1.9, 1.1, 1H, H-4), 7.26 (dt, J=7.8, 1.9, 1.1,
1H, H-6), 7.16 (t, J=7.8, 1H, H-5), 4.76 (t, J=4.7, 1H, H-
10), 3.95 — 3.90 (m, 2H, H’-11, H’-11’), 3.84 — 3.78 (m,
¥ 2H, H”-11, H”-11"), 1.74 — 1.68 (m, 2H, H-9), 1.47 — 1.39

Chemical Formula: C44H49BrO .
Molecular Weight:ggs;.gm °| (m, 2H, H-8), 1.30 (s, 6H, H-12", H-12).
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tert-butyl (3-(4-(1,3-dioxolan-2-yl)-2-methylbutan-2-yl)phenyl)-L-prolinate (79)

Chemical Formula: Cy3H35NO,4
Molecular Weight: 389.54

A mixture of Pd,(dba); (2.4 mg, 0.0027 mmol), RuPhos (5.0
mg, 0.011 mmol), NaOtBu (41.1 mg, 0.43 mmol) and 4A MS
in a flamed dry Schlenk flask was set under argon
atmosphere. After adding dry toluene (0.55 mL),
Arylbromide 78 (80.0 mg, 0.27 mmol) and L-Proline tert-
butylester (64.1 mg, 0.37 mmol) were added and the red
suspension was heated overnight at 100°C. Afterwards sat.

aq. NaHCO; (1 mL) was added and the mixture was

extracted with EtOAc (3x 5 mL). After drying over Na,SO, the solvent was removed

under reduced pressure. After prep. TLC (10% EtOAc/ hexanes) the product (18.0 mg)

was obtained as a inseparable mixture with 2-(3-phenyl-3-methylbutyl)-1,3-dioxolane

and was used directly in the next reaction.

The compound was characterized by NMR from the mixture by 'H, **C, 'H-'H-COSY, 'H-
C-HSQC and 'H-"*C-HMBC.

The assignments can be found in the following table:

Chemical COSY HSQC HMBC Chemical COSY HSQC HMBC
Shift shift
146.67 5 28.00 14 14 14"
109.75 2 4,6 1.42 14 13,14,
6.51 2 15,6,4 14"
149.74 5,22, 28.00 14 14, 14"
21 1.42 14" 14, 14",
114.34 4 2,6 13
6.69 5 4 1562 28.00 14" 14, 14'
128.74 5
7.14 4,6 5 1,6,3 1.42 14" 14, 14,
109.33 6 425 13
6.37 5 6 2, 4 37.33 4,2,
61.67 8 11' 16, 22,
4.12 9, 9" 8 10, 11, 21
9,12 38.18 16 18,17,
30.90 9,9" 8, 11, 22,21
10', 10" 1.74 17 16 15,17,
224 8,10, 9 12,11, 22,21
10" 10 29.40 17 18,16
2.09 8, 10/, 9 12,11, 1.45 16 17 16,18
10" 10 105.02 18 19,
23.87 100 8,11, 19",
11", 9, 20",
9" 20", 17
2.17 11, 10 9 4.75 18 16, 20,
11", 19,17
9, 9" 64.75 19, 18,20,
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2.03 11, 9 19" 20"
11", 3.91 19 20, 18
9,9" 3.80 19 20, 18
48.25 11, 8,9, 64.75 20, 18,19,
11" 9|I 20" 19”
3.53 10!, 1 8,9, 10 3.91 20 19, 18
10:' 3.80 20 19, 18
3.35 10'{ 11 10 29.09 21 16, 22
10 1.29 21 3, 15,
173.97 8,9, 22, 16
9" 28.76 22 16, 21
80.86 14, 14, 1.29 22 3, 15
14" 21, 16

Methyl 3-(phenylsulfonyl)propanoate (82)
The compound was synthesized following a literature procedure.**

Sodium benzenesulfinate 81 (250 mg, 1.5 mmol) was dissolved in 0.25 M HCI (6 mL).
Then methacrylate 71 (275 pl, 3.0 mmol) was added and stirred overnight at 70 °C.
Afterwards the biphasic solution was extracted with EtOAc (3x 15 mL). After drying with
NaSO, the organic solvent was removed under reduced pressure and the product was
obtained as a colorless crystalline solid after drying at high vacuum overnight (342.0 mg,

1.5 mmol, 98%). The product was used without further purification for the next step.

0] 'H NMR (501 MHz, CDCl3) & = 7.94 — 7.87 (m, 2H, H-2, H-
©\ J)J\O/ 2), 771 —7.61 (m, 1H, H-4), 7.61 — 7.53 (m, 2H, H-3, H-
S 3", 3.62 (s, 3H, H-8), 3.46 — 3.38 (m, 2H, H-5), 2.79 — 2.70
o o (m, 2H, H-6).
Chemical Formula: C4gH150,4S
Molecular Weight: 228.26 3C NMR (126 MHz, CDCI3) 6 = 170.4 (C-7), 138.4 (C-1),

134.0 (C-4), 129.4 (C-3, C-3'), 128.2 (C-2, C-2’), 52.3 (C-5), 51.4 (C-8), 27.6 (C-6).
GC-MS GC System 1, t, = 13.90 min

MS (GC, El) miz: 77.1 (100%, Ph*), 104.1 (62%), 125 (51%), 87.1 (38%,
MeOOCCH,CH,"), 59.1 (33%, [CO,Me]*), 141 (25%, PhSO,")

The physical data is in good agreement to those previously reported. ['*4

A single crystal suitable for X-ray analysis (see 9.1, page 145) could be obtained by
recrystallization from EtOACc/Et,0.
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Methyl 3-((3-bromophenyl)sulfonyl)propanoate (83)

A 1:1 mixture of H,SO,4/ H,O (15 mL) was heated to 60 °C. Then sulfone 82 (2.5 g, 11.0
mmol) and NBS (2.2 g, 12.6 mmol) were added and stirred for 2.5 h at this temperature.
Afterwards methanol (75 mL) was added to the suspension and stirred for stirred for 3h
at rt. The yellowish solution was neutralized with sat. ag. NaHCO3; and addition Na,SO;
to quench bromine. The mixture was extracted with MTBE(3x). After drying over NaSO,,
the solvent was removed. After recrystallization in 20%EtOAc/ hexanes, the product was

obtained colorless needles (2.5g, 8.14 mmol).

'H NMR (501 MHz, CDCl;) & = 8.06 (dd, J=1.9, 1.8, 1H,

Br O

A J),ko/” H-2), 7.85 (ddd, J=7.8, 1.8, 1.0, 1H, H-6), 7.81 (ddd,
SN J=8.0, 1.9, 1.0, 1H, H-4), 7.47 (dd, J=8.0, 7.8, 1H, H-5),
" do 3.66 (s, 3H, H-10), 3.45 (t, J=7.6, 2H, H-7), 2.78 (t,

Chemical Formula: C19H11BrO4S| J=7.6, 2H, H-8).
Molecular Weight: 307.16

3C NMR (126 MHz, CDCl;) & = 170.2 (C-9), 140.4 (C-1), 137.1 (C-4), 131.1 (C-2), 130.9
(C-5), 126.7 (C-6), 123.4 (C-3), 52.4 (C-10), 51.5 (C-7), 27.5 (C-8).

GC-MS GC System 1, t, = 15.36 min

MS (GC, EI) m/z: 59.1 (100 %, [CO,Me]*), 155 (81%, 3-Br-Ph*), 156.9 (81%, 3-Br-
Ph*), 87.1 (75%, MeOOCCH,CH,"), 202.9 (37%), 204.9 (38%), 306 (16%, M*), 308
(19%, M*)

Methyl 2,2-dimethyl-3-(phenylthio)propanoate (88)
The compound was synthesized following a literature procedure. !'°!

To a solution of methyl-2,2-dimethyl-3-hydroxypropionat 87 (2.69 g, 20.4 mmol) and
diphenyl disulfide 86 (4.9 g 22.4 mmol) in DMF (100 mL) trioctylphosphine (10.9 mL,
24.5 mmol) was added. The mixture was stirred at 70 °C for 24h. After quenching with
200 mL sat. ag. NaHCO3/H,0 (1:1), the mixture was extracted with 66% Hexanes/MTBE.
The organic phase was washed with brine, dried with NaSO, and the solvent was
removed under reduced pressure. After FC with MTBE/hexanes (0 -> 10%) the product

was obtained as colorless oil (3.18 g, 20.4 mmol, 70%).

° 0 'H NMR (501 MHz, CDCl3) & = 7.40 — 7.36 (m, 2H, H-2, H-
RN N 2'), 7.29 — 7.24 (m, 3H, H-3, H-3"), 7.20 — 7.15 (m, 1H, H-
@S s 4), 3.57 (s, 3H, H-8), 3.18 (s, 2H, H-5), 1.29 (s, 6H, H-9",
Chemical Formula: C45,H4605,S H-9).
Molecular Weight: 224.32
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3C NMR (126 MHz, CDCI;3) & = 176.6 (C-7), 137.0 (C-1), 130.1 (C-2, C-2’), 128.8 (C-3,
C-3’), 126.2 (C-4), 51.8 (C-8), 44.9 (C-5), 43.9 (C-6), 24.8 (C-9, C-9’).

GC-MS: GC System 1, t, = 12.11 min

GC (GC, El) m/z: 123 (100 %, PhSCH,"), 109 (53%, PhS*) 59.1 (40%, [CO,Me]*), 224.1
(32%, M*)

The physical data is in good agreement to those previously reported. ['°!

Methyl 2,2-dimethyl-3-(phenylsulfonyl)propanoate (89)

Thioether 88 (3.15 g, 14.0 mmol) was dissolved in a 1:1:1 mixture of THF, H,O and
MeOH (30 mL). After cooling the solution to 0 °C Oxone (24.2 g, 39.3 mmol) was slowly
added. When no full conversion of the SM was observed by TLC additional Oxon was
added (5 g, 8.1 mmol). After completion the mixture was poured onto water (250 mL)
and extracted with CH,Cl, (3x 150 mL). After drying over NaSO, the solvent was
removed under reduced pressure. The product was obtained as a slightly yellow solid

(1.3 g, 14.0 mmol, 36%) and used without further purification for the next step.

o "H NMR (501 MHz, CDCl,) & = 7.94 — 7.88 (m, 2H, H-2, H-
o~ o 2'), 7.67 — 7.62 (m, 1H, H-4), 7.59 — 7.53 (m, 2H, H-3, H-
@ . 3'), 3.68 (s, 3H, H-8), 3.47 (s, 2H, H-5), 1.41 (s, 6H, H-9,
" 0 H-9°).
Chemical Formula: C45,H504S
Moleoular Weight 256.32 | '°C NMR (126 MHz, CDCly) & = 175.4 (C-7), 141.1 (C-1),

133.6 (C-4), 129.2 (C-3, C-3"), 127.8 (C-2, C-2'), 64.7 (C-
5), 52.4 (C-8), 41.5 (C-6), 25.4 (C-9,C-9").

The assignment of the "*C spectra was supported by an ed. "H-"*C-HSQC.
The physical data is in good agreement to those previously reported.!"*"!

A single crystal suitable for X-ray analysis (see 9.1, page 145) could be obtained by

recrystallization in MTBE.
Methyl 3-((3-bromophenyl)sulfonyl)-2,2-dimethylpropanoate (90)

A 1:1 mixture of H,SO,/ H,O was heated 60 °C. Then sulfone 89 (100.0 mg, 0.39 mmol)
and NBS (78.8 mg, 0.45 mmol) were added and stirred for 2.5h at this temperature.
Afterwards methanol (0.8 mL) was added to the suspension and stirred for stirred for 3h

at rt. The yellowish solution was neutralized with sat. ag. NaHCO; and Na,SO;. The
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mixture was extracted MTBE (3x 10 mL). After drying over NaSQy,, the product was
obtained as an inseparable mixture with the SM (70% pure) and was directly used for

the next step.

Br w0 'H NMR (501 MHz, CDCl3) & = 8.04 (t, J=1.9, 1H, H-2),
AN e 7.84 (ddd, J=7.9, 1.9, 1.1, 1H, H-6), 7.77 (ddd, J=7.9,
Ng 1.9, 1.1, 1H, H-4), 7.45 (t, J=7.9, 1H, H-5), 3.71 (s, 3H,

6 A\

H-10), 3.47 (s, 3H, H-7), 1.42 (s, 6H, H-11, H-11").

Chemical Formula: C4,H5BrO4S
Molecular Weight: 335.21 GC-MS: GC System 1, t, = 15.60 min

MS (GC, El) m/z: 59.1 (100 %, [CO,Me]*), 55.1 (66%), 154.9 (41 %, 3-Br-Ph*), 156.9
(40 %, 3-Br-Ph*), 202.9 (23%), 204.9 (26%), 339.9 (2%, M*), 335.9 (3%, M"*)

tert-Butyl (3-((3-methoxy-2,2-dimethyl-3-oxopropyl)sulfonyl)phenyl)-L-prolinate
(91)

Methyl 3-((3-bromophenyl)sulfonyl)-2,2-dimethylpropanoate (70.0 mg, 0.23 mmol, 55%
purity (impurity: 89)), Pdx(dba); (5.2 mg, 0.0060 mmol), (rac)-BINAP (8.5 mg, 0.014
mmol) and CsCO; (96.5 mg, 0.30 mmol) were mixed in a flamed dry Schlenk flask and
set under argon atmosphere. After adding dry toluene (0.42 mL), L-Proline tert-butylester
(50.7 mg, 0.30 mmol) was added and the red suspension was heated for 14 h at 100°C.
Afterwards sat. ag. NaHCO; (1 mL) was added and the mixture was extracted with
EtOAc (3x 5 mL). After drying over Na,SO, the solvent was removed under reduced
pressure. After prep. TLC (50% EtOAc / hexanes, blue fluorescing under UV) the

product was obtained in 40% purity.

) R 'H NMR (501 MHz, CDCl3) & = 7.34 (t, J=8.4, 7.7, 1H,
%/07/<N> o H-5), 7.17 (ddd, J=7.7, 1.9, 1.0, 1H, H-4), 7.00 (dd,
o I o| J=2.6, 1.9, 1H, H-2), 6.72 (dt, J=8.4, 2.6, 1.0, 1H, H-6),

e
19 1516 O
@\% 4.18 (dd, J=8.5, 2.2, 1H, H-7), 3.69 (s, 3H, H-17), 3.57

14

s cS’S\b (td, J=8.7, 3.6, 1H, H-10"), 3.46 (d, J=14.9, 1H, H-14"),

Chemical Formula: CpsHyNOgS | 3-45 — 3.39 (m, 1H, H-10"), 3.41 (d, J=14.2, 1H, H-14"),
Molecular Weight: 425.54 2.34 — 2.24 (m, 1H, H-8'), 2.23 — 2.12 (m, 2H, H-9', H-
8"), 2.12 — 2.06 (m, 1H, H-9"), 1.44 (s, 9H, H-13), 1.41 (s, 3H, H-19), 1.40 (s, 3H, H-18).

The assignment was performed in by comparison with 85 and using 'H-'H-COSY.

Observed cross peaks:
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COSY COSY
6 7, 8"
T
5
10', 10",
4,6 9"
10', 10",
5,2 9
3 9", 9"
9", 9"

Methyl 2,2-dimethyl-3-((3-(pyrrolidin-1-yl)phenyl)sulfonyl)propanoate (92)

The mixture of 92 and 89 was dissolved in 50% TFA/CH,CI, and stirred at stirred for 2 h

at rt. Afterwards the mixture was quenched with sat. aq. NaHCO3; and extracted with

CH,CI,. After drying over Na,SO, the solvent was removed under reduced pressure. A

crude NMR analysis revealed the formation of the undesired decarboxylated product as

major product.

//\\

Chemical Formula: C4gH,3NO,4S
Molecular Weight: 325.42

'H NMR (501 MHz, CDCl3) & = 7.33 (t, J=7.9, 1H, H-5),
7.10 (ddd, J=7.7, 1.9, 0.9, 1H, H-4), 6.97 (dd, J=2.4, 1.8,
1H, H-2), 6.72 (dd, J=7.8, 2.4, 1H, H-6), 3.69 (s, 3H, H-
13), 3.46 (s, 2H, H-10), 3.36 — 3.28 (m, 4H, H-8,H-8’),
2.08 — 1.99 (m, 4H, H-9, H-9"), 1.40 (s, 6H, H-14, H-14").

3C NMR (126 MHz, CDCl3) 3 = 175.6 (C-12), 148.0 (C-
1), 141.6 (C-3), 129.9 (C-5), 116.1 (C-6), 113.6 (C-4),

109.7 (C-2), 64.5 (C-10), 52.4 (C-13), 47.7 (C-8,C-8), 41.4 (C-11), 25.5 (C-9,C-9"), 25.4

(C-14,C-14").

>N NMR (51 MHz, CDCl;) & = -302.1 (N-7).

The assignment was achieved from the crude mixture using 'H-'H-COSY, 'H-'H-
NOESY, edited-"H-"*C-HSQC and 'H-">C-HMBC and 'H-"°N-HSQC experiments.
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Observed cross peaks in the 2D spectra at 298 K:

3-((3-Methoxy-2,2-dimethyl-3-oxopropyl)sulfonyl)phenyl)-L-proline (85)

COSY HSQC HMBC NOESY COSY HSQC HMBC NOESY
5 9 98,8
2 5,4,6 8, 8' 9 7,9'. 8,8 8" 8
6 2 6, 4 14, 14', 8", 8 9 9.8.8'
5 8, 8 9 7,9,8, 8 8" 8
4 5,6,2 10 14, 14'
5 4 2,6 14,14, 10 10 12,11, 14, 14' 4, 14, 14’
B 10, 14, 14'
6, 4 5 2,6,4,3, 1 6 14, 14', 10, 13
6 5,4,2 13
2,5 6 2,4 5,8 8 13 12
9,9 14 10, 14'
8 8,9,9 14 12,11, 10, 14" 4,2, 10
99 8 9,98 2,6,9.9 14 10, 14
8 8,9,9' 14' 12,11,10,14  4,2.10
9,9 8 9,9,8 2,6,9,9

The crude Methyl 3-((3-bromophenyl)sulfonyl)-2,2-dimethylpropanoate (50.0 mg, 70%

pure, (impurity: 89)), L-Proline (18.7 mg, 0.16 mmol), Cul (3.1 mg, 0.016 mmol) and
K.COj3 (33.7 mg, 0.24 mmol) ware transferred into a dried Schlenk flask and then DMF
(0.2 mL) was added. The heterogeneous dark mixture was stirred at 90°C for 48h.
Afterwards the mixture was diluted with EtOAc (10 mL) and Water (5 mL) and the solution
was carefully acidified with HCI (pH = 3) to pH=3-4. The mixture was extracted with EtOAc (4

x 10 mL). After drying over NaSO,, the solvent was evaporated under reduced pressure.
After purification by preparative TLC (80% EtOAc/Hexanes + 1% AcOH) the product was

obtained as yellowish oil (5.0 mg, 0.014 mmol)
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Chemical Formula: C17H3NOgS
Molecular Weight: 369.43

'H NMR (500 MHz, CDCl;) & = 7.36 (t, J=8.0, 1H, H-5),
7.24 — 7.18 (m, 1H, H-4), 7.04 (t, J=2.1, 1H, H-2), 6.74
s | (dd, J=8.3, 2.6, 1H, H-6), 4.32 (dd, J=8.6, 2.6, 1H, H-T7),
3.68 (s, 3H, H-15), 3.61 (td, J=8.4, 3.2, 1H, H-10"), 3.45
(s, 2H, 12), 3.42 (td, J=8.7, 7.1, 1H, H-10"), 2.42 — 2.25
(m, 2H, H-8), 2.24 — 2.07 (m, 2H, H-9), 1.40 (s, 3H, H-17),
1.39 (s, 3H, H-16).

3C NMR (126 MHz, CDCl;) & = 177.5 (C-11), 175.6 (C-14), 146.9 (C-1), 141.9 (C-3),
130.1 (C-5), 116.7 (C-6), 115.5 (C-4), 110.5 (C-2), 64.6 (C-12), 60.5 (C-7), 52.4 (C-15),
48.6 (C-10), 41.4 (C-13), 30.9 (C-8), 25.41 (C-17), 25.38 (C-16), 23.7 (C-9).
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The assignment was achieved using 'H-'"H-COSY, 'H-'H-NOESY, edited-'H-"*C-HSQC
and 'H-"*C-HMBC experiments.

Observed cross peaks in the 2D spectra at 298 K:

COSY HSQC  HMBC __ NOESY
10!,
COSY HSQC HMBC NOESY 10"
S 9 10 9, 10", 6,
2
2 4.6 .
6.4 2 4.63 10,107 ? 10 9, 1‘2)’ 6,
; 2 17,16
2,65 4 2,6 12 12 14.13.17. 1.4
5
16
64 > 1,3 6 12,17, 16
6 4,2 15,12, 17,
2.5,4 6 2,4 5,7, 10, 16
10" T
7 15 14
g 7 11 8.6.2 = 5
8 16 14,12, 13,
9.7 g 11 7 -
' " 2 ' " 17 12’ 16
10', 10", 9 10', 10 17 14, 12, 13, 12
8 16

MS (El) miz: 369 (6.77 %, M*), 338 (2.28%, M*-OMe), 324 (100%, M-COOH), 210
(16.27%), 145 (34.08%)

HRMS (ESI-neg) m/z (M-H): calcd: 368.117336 found: 368.117680
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7.5 Kinetic NMR Experiments

7.5.1 Torgov Cyclisation

Sample Preparation and Data Acquisition

The diketone 29a (5.3 mg, 0.017 mol) and tetrakis(trimethylsilyl)silan (4.3 mg, 0.017
mmol, 1 equiv) as internal reference were dissolved in 0.6 mL of toluene-ds. The solution
was transferred into a 5mm NMR tube. After cooling the sample to 0°C in the magnet a
first proton NMR spectrum was measured. This proton spectrum was used as reference
for t=0 s. Then the sample was cooled in a dry ice bath and the catalyst 96 (~0.5 mg,
1.5 mol%) was added and the sample was transferred again to the spectrometer at 0°C.
After approximately 3 min the first proton spectrum was measured. During the first hour,
every 3 min one proton was acquired, after this time every 10 minutes. All the acquired
'"H-NMR spectra were recorded with the standard proton pulse sequence (zg, 90° pulse,

ns=1, d1=10s, no rotation).
Data Processing

All the NMR spectra were acquired with Bruker TOPSPIN 3.1 on an Bruker Ascend AVIII
500 MHz NMR spectrometer (11.7 Tesla) equipped with an Bruker 5mm BBFOplus 500
MHz SmartProbeTM (PA BBO 500S1 BBF-H-D-05 Z Plus) and referenced to the residual
solvent signal of toluene-d; (6 = 2.08 ppm). The spectra were imported into MestreNova
9.01 (Mestrelab Research, Santiago de Compostela, Spain) and a stack plot of all the
spectra was generated. For the generation of the kinetic curve the reaction monitoring
plugin of the program was used. For the observation of the product formation the olefinic
protons and the aliphatic methyl groups were chosen. The different compounds had no
overlap in these regions and seemed to be suitable for this investigation. When the
signal of one compound was gone, the integral region was reduced to minimize errors
from appearing and overlapping broad polar signals. In addition all the integrals were

referenced to the internal standard.

7.5.2 Mannich Reaction

Sample Preparation and Data Acquisition

N-Boc-Sulfone 31a (17.5 mg) was dissolved in dry CDCI; and dry toluene (0.011 mL)
was added as an internal standard. The solution was cooled to 0°C and a 'H NMR

spectrum was measured. After the addition of silyl ketene acetal 32 (0.042 mL) at 0°C,
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another '"H NMR spectrum was measured. This proton spectrum was used as reference
fort = 0s. Then the catalyst 13b (2 mg, 5 mol%) was added and a 'H NMR spectrum

was measured every 30 minutes until the starting material was fully converted (24h).
Data Processing

All the NMR spectra were acquired with Bruker TOPSPIN 3.1 on an Bruker Ascend AVIII
500 MHz NMR spectrometer (11.7 Tesla) equipped with an Bruker 5mm BBFOplus 500
MHz SmartProbeTM (PA BBO 500S1 BBF-H-D-05 Z Plus). The single spectra were
processed with Bruker TOPSPIN 3.1 and after phasing and baseline correction, the
CHN-protons were integrated using CH;-Ph as the internal standard. The plot was then

generated with Microsoft Excel.
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7.6 PHIP Experiments

7.6.1 Sample Preparation

The CD,CI; used in these experiments was dried by distillation over CaCO; and stored
in a Schlenk-flask in a glovebox. The catalyst 24 and 133 (Strem Chemicals) were

stored under argon.

All the samples were carefully prepared in a glovebox. After transferring the material into
the pressure NMR-tube (5 mm medium wall precision pressure/vacuum valve NMR
sample tube, Wilmad) the tube was connected to the pH,-storage container or directly to
the generator. The tubing was flushed with pH, to ensure that no other gases are
present. Then the Swagelok connection to the NMR tube was tightened and the
pressure valve opened to fill the tube with hydrogen. After closing the valve, the tube

was shaken and directly transferred into the NMR magnet.

7.6.2 NMR Measurements

All the spectra were acquired on an Bruker Ascend AVIII 500 MHz NMR spectrometer
(11.7 Tesla) equipped with an Bruker 5mm BBFO“® 500 MHz SmartProbe™ (PA BBO
500S1 BBF-H-D-05 Z Plus) or Bruker 5mm TBI Probe (PH TBI 500S1 H/C-BB-D-05 Z) at

298 K unless otherwise mentioned.

The acquired 'H-NMR spectra were referenced to the residual solvent signal
(5(CHDCI,)=5.32 ppm)!"*"l. The "*C-spectra were referenced indirectly to the referenced

proton frequency with the =-scale!"** "%,

NMR data was processed with Bruker’s Topspin 3.2 and MestreNova 9.1.

7.6.3 Parahydrogen Enrichment

The hydrogen used in this work was produced in two different ways. An enrichment of 92

% was reached with Para-Hydrogen Generator by Bruker BioSpin GmbH

The p-H, was enriched to 50% by the usage of a U-shaped tube."® The tube was
produced in the workshops of the Max Planck Institute. The tube was filled with a
mixture (3:1) an activated charcoal (Norit PK1-3, Sigma Aldrich) and iron(lll) oxide (99%,
meshed powder, Alfa Aesar). The filled tube was evacuated and heated with a heat gun
(150 °C) to remove all the water and oxygen from the catalyst. Then the tube was used

multiple times before the catalyst needs to be reactivated. To enrich the hydrogen the
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tube was loaded with 20 bar of hydrogen gas (99.995%, dry) and places in a Dewar flask
filled with liquid nitrogen (-196 °C). After an equilibration time of 1h the enriched

hydrogen was transferred to an evacuated storage bottle or directly transferred to the
NMR tube.

Pressure regulator

Q . Manom eter
- ¥ 1

Storage !
High pressure
MR tube

Devar flask

Figure 7.1: Apparatus for the parahydrogen enrichment to 50%

134



Experimental Section

7.6.4 Substrates

The alkynes unless otherwise mentioned were purchased from commercial sources.
Mono- and di-methylated diols 116b and 116c as well as 1-OMe-propynyl-cyclohexanol
112b were kindly provided by Dr. M. Fuchs. 1-(1-butynyl)cyclohexanol 112¢ was kindly
provided by Dr. D.-A. Rosca.

1-(3,3-Dimethylbut-1-yn-1-yl)cyclohexan-1-ol (112d)

To 3.2 mL THF in a flame dried Schlenk-flask 200 uL tert-butylacetylene (132 mg, 1.61
mmol, 1.0 equiv) were added and cooled to -78 °C. After dropwise addition of 68 pL n-
BuLi (2.5 M in hexanes, 1.70 mmol, 1.05 equiv) the solution was stirred for 30 min. Then
170 uL dry cyclohexanone (1.61 mmol, 1.0 equiv) were added, the dry ice bath was
removed and the mixture was stirred at rt overnight. The reaction was quenched with 4
mL sat. NaHCO; and the aqueous phase was extracted 3 times with 5 mL CH,Cl,. After
washing with brine, the solvent was reduced pressure evaporated. Drying at high
vacuum overnight yielded of a white, crystalline solid (100 mg, 0.55 mmol, 34%) were

obtained.

OH 'H NMR (500 MHz, CD,Cl,) & = 1.86 (s, 1H, OH), 1.83 — 1.76

O%é (m, 2H, C-CH’H”-C), 1.65 (m, 2H C-CH”’H”-C), 1.59 — 1.43 (m,
6H, CaipH), 1.21 (s, 9H, C(CHg)s)

Chemical Formula:

C12H200 3C NMR (126 MHz, CD,Cl,) & = 93.1, 82.3 , 68.4 , 40.4, 30.8,
Molecular Weight: 180.29
27.1, 25.3, 23.5.

MS (EI) m/z: 180 (8%, M*), 165 (68%, M - CH3), 137 (100%), 109 (47%), 67 (64%)

HRMS (ESI-pos) m/z (M+Na): calcd: 203.140634 found: 203.140710
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Experimental Section

7.6.5 Theoretical Methods

Density functional theory (DFT) was used to elucidate the mechanism of the Ru(ll)
catalyzed hydrogenation of alkynes. All geometry optimizations were performed using
the M06!'*) functional. The triple-¢ quality def2-TZVP!'**'52] basis set was used for all
atoms. The 28 inner-shell core electrons of the ruthenium atom were described by the
corresponding def2 effective core potential!'**!

(def2-ecp).

accounting for scalar relativistic effects

Stationary points were characterized by evaluating the harmonic vibrational frequencies
at the optimized geometries. Zero-point vibrational energies (ZPVE) were computed
from the corresponding harmonic vibrational frequencies without scaling. Relative free
energies (AG) were determined at standard pressure (1 bar) and at room temperature
(298 K). The thermal and entropic contributions were evaluated within the rigid-rotor
harmonic-oscillator approximation. Solvation contributions were included for
dichloromethane on the optimized gas-phase geometries employing the SMD solvation

154]

model! using the same functional and basis set. All calculations were performed using

Gaussian09 with the ultrafine grid.“ss]

Dr. L. M. Wolf and Dr. P. Gupta from the group of Prof. W. Thiel at the Max-Planck-
Institut flir Kohlenforschung performed the computations. Further information about the
computations including all the calculated structures are included in the supporting

information of our common publication.!"*®
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Appendix

9. Appendix

9.1 Pulse Sequences

OPSY-EXSY
For the generation of the new pulse sequence the pulse sequence noesygpph by

Bruker was modified

;noesygpphOPSY .leu

;avance-version (12/01/11)

;2D homonuclear correlation via dipolar coupling

;dipolar coupling may be due to noe or chemical exchange.
;phase sensitive

;with gradient pulses in mixing time

:with OPSY filter

;$CLASS=HighRes
:$DIM=2D

STYPE=
:$SUBTYPE=
:$COMMENT=
#include <Avance.incl>
#include <Grad.incl>
#include <Delay.incl>
llp2=p1*2ll

"in0=inf1"

"d0=in0/2-p1*4/3.1416"
"p17=cnst1*p16"

"TAU=d8*0.5-p16-d16-50u"

"acqt0=-p1*2/3.1416"
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1ze
2 d1
3 p1 ph1
50u UNBLKGRAD
p16:gp1
d16
p1 ph1
p17:gp1
do
p1 ph2
TAU
50u
p16:gp2
d16
3u
(p2 ph4):f1
3u
p16:gp2*-1
d16
50u BLKGRAD
TAU
p1 ph3
go=2 ph31
d1 mc #0 to 2 F1PH(calph(ph1, +90), caldel(d0, +in0))

exit

ph1=0 2
ph2=0000000022222222
ph3=00221133

ph4=0
ph31=0220133120023113

;pl1 : f1 channel - power level for pulse (default)

;p1 : f1 channel - 90 degree high power pulse

;p2 : f1 channel - 180 degree high power pulse

;p16: homospoil/gradient pulse [1 msec]

;d0 : incremented delay (2D)
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;d1 : relaxation delay; 1-5 * T1

;d8 : mixing time

;d16: delay for homospoil/gradient recovery
;inf1: 1/SW =2 * DW

;in0: 1/(1 * SW) =2 * DW

:ndO0: 1

ns:2*n

;ds: 0

;td1: number of experiments

:FNMODE: States-TPPI, TPPI, States or QSEQ

;use gradient ratio: gp 1
; 40

;for z-only gradients:
;9pz1: 100%
;9pz2: 40%

;use gradient files:

;gpnam1: SINE.100
;gpnam2: SINE.100
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9.2 X-Ray Structures

The structures were analyzed by the X-Ray department of the institute (J. Rust & C. W.

Lehmann)

Solid State Structure of Methyl 3-(phenylsulfonyl)propanoate (82)

Crystal data and structure refinement.

Identification code 9336
Empirical formula CioH1204S
Color colorless

Formula weight

228.26 g - mol™?

Temperature 100 K

Wavelength 1.54178 A

Crystal system MONOCLINIC

Space group P2,/c, (no. 14)

Unit cell dimensions a=7.7284(4) A a= 90°.
b =9.9308(5) A B= 95.8497(11)°.
c=13.6281(7) A y = 90°.

Volume 1040.50(9) A3

z 4

Density (calculated)

Absorption coefficient
F(000)
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Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with [>25(l)
Completeness to 6 = 67.371°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2o(1)]
R indices (all data)

Largest diff. peak and hole

0.47 x 0.35 x 0.27 mm?3
5.522 to 67.371°.

-9<h<9, -11<k<11,-16<1<16

23479

1857 [Rjnt = 0.0313]
1842

99.5 %

Gaussian

0.60 and 0.39

Full-matrix least-squares on F2
1857 /0/137

1.088
R4 = 0.0301 wR? = 0.0752
R4 = 0.0303 wR? = 0.0753

0.3and -0.6e - A3

Atomic coordinates and equivalent isotropic displacement parameters (Az).

Ugq is defined as one third of the trace of the orthogonalized Uj; tensor.

X y 4
S(1) 0.4113(1)  0.5453(1)  0.2931(1)  0.013(1)
o(1) 0.4649(2)  0.4524(1)  0.2207(1)  0.020(1)
0(2) 0.3297(1)  0.4928(1)  0.3759(1)  0.019(1)
0(3) 0.8574(1)  0.8064(1)  0.4328(1)  0.020(1)
0(4) 0.6779(1)  0.8869(1)  0.5386(1)  0.018(1)
c(1) 0.5980(2)  0.6394(2)  0.3391(1)  0.014(1)
C(2) 0.5636(2)  0.7225(2)  0.4288(1)  0.014(1)
C(3) 0.7179(2)  0.8083(2)  0.4644(1)  0.013(1)
C(4) 0.8140(2)  0.9758(2)  0.5810(1)  0.019(1)
C(5) 0.2695(2)  0.6649(2)  0.2312(1)  0.014(1)
C(6) 0.1284(2)  0.7145(2)  0.2755(1)  0.016(1)
C(7) 0.0206(2)  0.8092(2)  0.2253(1)  0.017(1)
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C(8) 0.0548(2) 0.8529(2) 0.1324(1) 0.017(1)

C(9) 0.1968(2) 0.8028(2) 0.0892(1) 0.017(1)

C(10) 0.3053(2) 0.7079(2) 0.1381(1) 0.016(1)

Bond lengths [A] and angles [°].

S(1)-O(1) 1.4423(11) S(1)-0(2)

1.4446(11) S(1)-C(1) 1.7788(15) S(1)-
C(5) 1.7698(15) 0(3)-C(3)

1.2011(18) 0(4)-C(3) 1.3387(18) O(4)-
C(4) 1.4473(19) C(1)-C(2) 1.520(2)
C(2)-C(3) 1.505(2) C(5)-C(6) 1.389(2)
C(5)-C(10) 1.393(2) C(6)-C(7) 1.390(2)
C(7)-C(8) 1.388(2) C(8)-C(9) 1.389(2)
C(9)-C(10) 1.386(2)

0(1)-S(1)-0(2) 118.80(7) 0(1)-S(1)-C(1)

107.36(7) 0O(1)-S(1)-C(5) 108.08(7) 0(2)
S(1)-C(1) 108.48(7) 0(2)-S(1)-C(5)

108.42(7) C(5)-S(1)-C(1) 104.84(7) C(3)
0O(4)-C(4) 116.22(12) C(2)-C(1)-S(1)

111.52(10) C(3)-C(2)-C(1) 111.65(12) 0(3)
C(3)-0O(4) 124.41(14) 0(3)-C(3)-C(2)

125.88(14) 0(4)-C(3)-C(2) 109.70(12) C(6)
C(5)-S(1) 120.43(12) C(6)-C(5)-C(10)

121.62(14) C(10)-C(5)-S(1) 117.95(11) C(5)
C(6)-C(7) 118.94(14) C(8)-C(7)-C(6)

120.02(14) C(7)-C(8)-C(9) 120.40(15) (10)-
C(9)-C(8) 120.35(14) C(9)-C(10)-C(5)

118.66(14)
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Solid State Structure of Methyl 2,2-dimethyl-3-(phenylthio)propanoate (89)

Crystal data and structure refinement.

Identification code
Empirical formula
Color

Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

6 range for data collection
Index ranges

Reflections collected

9575

Ci2H1604S

colorless

256.31 g - mol-!

100 K

1.54178 A

Orthorhombic

Pca2,, (no. 29)

a = 12.3908(4) A a= 90°.
b = 8.0508(3) A B= 90°.
c=12.8841(4) A v = 90°.
1285.26(7) A3

4

1.325 Mg - m™3

2.264 mm-]

544 e

0.22 x 0.06 x 0.03 mm3

5.495 to 67.516°.
14<h<14,-9<k<9,-15<1<15
28311
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Independent reflections

Reflections with [>25(])
Completeness to 6 = 67.516°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2o(1)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

2280 [Rint = 0.0384]

2215

99.7 %

Gaussian

0.94 and 0.69

Full-matrix least-squares on F2
2280 /1/157

1.064
R1 = 0.0243 wRZ = 0.0591
R1 = 0.0255 wR? = 0.0597
-0.001(7)

0.173 and -0.313 e - A-3

Atomic coordinates and equivalent isotropic displacement parameters (Az).
Ugq is defined as one third of the trace of the orthogonalized Uj; tensor.

X y z Ueq
S(1) 0.7066(1) 0.2695(1) 0.5026(1) 0.015(1)
o(1) 0.6722(2) 0.2125(2) 0.4019(1) 0.021(1)
0(2) 0.8185(1) 0.2499(2) 0.5301(1) 0.023(1)
0O(3) 0.7342(1) 0.5607(2) 0.2513(2) 0.024(1)
O4) 0.5711(1) 0.5303(2) 0.3242(1) 0.019(1)
C(1) 0.6680(2) 0.4813(3) 0.5171(2) 0.016(1)
C(2) 0.7147(2) 0.6033(3) 0.4364(2) 0.017(1)
C(3) 0.6768(2) 0.5608(3) 0.3276(2) 0.016(1)
C(4) 0.5282(2) 0.4878(3) 0.2234(2) 0.022(1)
C(5) 0.6686(2) 0.7752(3) 0.4644(2) 0.027(1)
C(6) 0.8380(2) 0.6098(4) 0.4396(2) 0.025(1)
C(7) 0.6275(2) 0.1694(3) 0.5982(2) 0.016(1)
C(8) 0.6643(2) 0.1647(3) 0.7005(2) 0.019(1)
C(9) 0.6000(2) 0.0901(3) 0.7754(2) 0.024(1)
C(10) 0.5013(2) 0.0220(3) 0.7483(2) 0.025(1)
Cc(11) 0.4657(2) 0.0273(3) 0.6462(2) 0.023(1)
C(12) 0.5285(2) 0.1021(3) 0.5706(2) 0.019(1)

Bond lengths [A] and angles [°].
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S(1)-0(1)
S(1)-C(1)
0(3)-C(3)
O(4)-C(4)
C(2)-C(3)
C(2)-C(6)
C(7)-C(12)
C(9)-C(10)
C(11)-C(12)
O(1)-S(1)-C(7)
0(2)-S(1)-C(1)
C(7)-S(1)-C(1)
C(2)-C(1)-S(1)
C(3)-C(2)-C(5)
C(5)-C(2)-C(1)
C(6)-C(2)-C(5)
0(3)-C(3)-C(2)
C(8)-C(7)-S(1)
C(12)-C(7)-C(8)
C(10)-C(9)-C(8)
(

C(12)-C(11)-C(10)

1.4407(18)
1.781(2)

1.385(4)
108.59(12)
109.72(10)
102.38(11)
116.00(17)
107.7(2)
105.9(2)
109.5(2)
124.6(2)
119.31(19)
121.4(2)
120.2(2)
120.1(2)

S(1)-0(2)
S(1)-C(7)
0(4)-C(3)
C(1)-C(2)
C(2)-C(3)
C(7)-C(8)
C(8)-C(9)
C(10)-C(11)
O(1)-S(1)-C(1)
0(2)-S(1)-0(1)
0(2)-S(1)-C(7)
C(3)-0(4)-C(4)
C(3)-C(2)-C(1)
C(3)-C(2)-C(6)
C(6)-C(2)-C(1)
0(3)-C(3)-0(4)
0(4)-C(3)-C(2)
C(12)-C(7)-S(1)
C(9)-C(8)-C(7)

C(9)-C(10)-C(11)
C(11)-C(12)-C(7)

1.4397(18)
1.768(2)
1.334(3)
1.543(3)
1.540(3)
1.394(3)
1.388(4)
1.387(4)
108.63(11
118.15(11
108.21(11
115.74(19
111.30(19
110.0(2)
112.2(2)
123.3(2)
112.1(2)
119.28(18)
118.8(2)
120.5(2)
119.1(2)

)
)
)
)
)
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