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Victor Ceban

Asymmetric organocatalysis and organometallic catalysis are rapidly developing.
The first catalytic process can be traced back in the XIX century. Since then,
research in the field of catalysis grew, especially in the last decades
exponentially. Four projects involving organocatalysis are described in this
thesis: “Highly enantioselective addition of anthrones to MBH-carbonates”,
“Synergistic catalysis: Highly diastereoselective benzoxazole addition to Morita-
Baylis-Hillman carbonates”, “Three-component diastereoselective cascade
synthesis of thiohydantoins” and “Highly diastereoselective synthesis of

spiropyrazolones”.
A)  Asymmetric allylic substitution

Since Tsuji and Trost reported their first examples of allylic substitution
catalysed by palladium salts in 1963, many examples of allylic substitution were
published involving other types of transition metals. Later, in 2002, Kim et al.
reported the first allylic substitution using a metal-free approach.
Morita-Baylis-Hillman carbonates are important scaffolds in the synthesis of
more complex molecules due to the presence of numerous functional groups.
In this thesis two examples of asymmetric allylic substitution involving Morita-

Baylis-Hillman (MBH) carbonates are described.

Highly enantioselective addition of anthrones to Morita-Baylis-Hillman

carbonates

Anthrone derivatives are present in various natural sources and are known for
their medicinal effects. We were interested in the enantioselective addition of

anthrone to MBH-carbonates. The products were synthesised in very good yields



and enantioselectivity by using a (DHQD),AQN as catalyst. Moreover, a kinetic

resolution was perfomed in order to better understand the mechanistic process.

Synergistic catalysis: Highly diastereoselective benzoxazole addition to Morita-

Baylis-Hillman carbonates

Catalysis is one of the most efficient strategies for identifying new chemical
reactions. Usually, a catalytic pathway relies on the interaction of a single
catalyst with a single reagent in order to lower the energetic barrier. In some
cases, the mono-catalytic concept is not enough and other strategies are used,
in particular, synergistic catalysis. This consists in the activation of the
electrophile and the nucleophile by two different catalysts for reaction to occur.
Based on this idea, we studied the addition of benzoxazoles to Morita-Bayllis-
Hillman carbonates by the use of two different catalysts (Metal Lewis acid and
Organic Lewis base). Both catalysts work in a concerted way giving the final

compound in high yield and diastereoselectivity.

B) Organocascade reactions

Synthesis of complex organic molecules is a challenge for every chemist. The
aim is achieveing the final product in as few steps as possible using safer,
cleaner and environmentally friendly techniques. One-pot reactions emerged as
a powerful tool in creating several bonds in one step. Based on this idea, we

studied two reactions:
Three-component diastereoselective cascade synthesis of thiohydantoins

Thiohydantoins have interesting medicinal applications such as antibacterial,
antiviral, antimutagenic, etc. Synthesising these scaffolds in one step via three-
component one-pot reaction was our main focus. We developed a three-
component cascade reaction for the synthesis of thiohydantoins. The reaction
between a-amino esters, nitrostyrenes and aromatic isothiocyanates is efficiently
promoted by organic bases to afford highly substituted thiohydantoins in

moderate to good yields and diastereoselectivities.
Highly diastereoselective synthesis of spiropyrazolones

Spiro compounds are present in various natural products and are powerful active
agents. We have developed a methodology for the synthesis of spiropyrazolone

bearing four chiral centres. The reaction was catalysed by a secondary amine in



a Michael-aldol cascade fashion affording the product in very good yields and

diastereoselectivity.
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Definitions and Abbreviations

A: Acid

AAS: Asymmetric allylic substitution

ACN: Acetonitrile

AIBN: Azobisisobutyronitrile

ALA Dehydratase: Aminolevulinate dehydratase
B: Base

BINAP: 2,2’-bis(diphenylphosphino)-1,1’-binaphtyl
BINOL: 1,1’-Bi-2-naphtol

Boc: tert-Butyloxycarbonyl

CDC: Cross-dehydrogenative coupling

DABCO: 1,4-diazabicyclo[2,2,2]octane

Dba: Dibenzylideneacetone

DBU: 1,8-Diazabicycloundec-7-ene

DCM: Dichloromethane

(DHQD),AQN: Hydroquinidine(anthraquinone-1,4-diyl)diether

(DHQD),PHAL: Hydroquinidinel,4-phtalazinediyldiether

(DHQD),PYR: Hydroquinidine-2,5-diphenyl-4,6-pyrimidinediyl diether

(DHQ),AQN: Hydroquinine anthraquinone-1,4-diyl diether

(DHQ),PHAL: Hydroquininel,4-phtlazinediyldiether

(DHQ),PYR: Hydroquinine 2,5-diphenyl-4,6-pyrimidinediyl diether

DMAP: 4-dimethylaminpyridine
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DMF: Dimethylformamide

DNA: Deoxyribonucleic acid

Dr: diastereomeric ratio

Ee: enantiomeric excess

Er: enantiomeric ratio

ESI: Electrospray ionization

EWG: Electron withdrawing group

GSK: GlaxoSmithKline

HIV: Human immunodeficiency virus

HOMO: Highest occupied molecular orbital
HPLC: High-Performance Liquid Chromatography
HR-MS: High Resolutions Mass Spectrometry
B-ICPD: beta-isocupreidine

IR: Infra-red

LDA: Lithium Diisopropylamide

LUMO: Lowest unoccupied molecular orbital
M: medium (IR) or multiplet (NMR)

MBH: Morita-Baylis-Hillman

MS: Mass Spectrometry

NMR: Nuclear Magnetic Resonance

Nu: Nucleophile

P: Product

PBG Deaminase: Porphobilinogen deaminase

PCC: Pyridinium chlorochromate
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PivOH: Pivalic Acid

RAMP: (R)-1-amino-2-methoxymethylpyrrolidine
S: Substrate, singlet (NMR) or strong (IR)

SAMP: (S)-1-amino-2-methoxymethylpyrrolidine
Sn: nucleophilic substitution

SOMO: Singly occupied molecular orbital
TBAF: Tetra-butylammonium fluoride

TEA: Triethylamine

THF: Tetrahydrofurane

TLC: Thin Layer Chromatography

UV: ultraviolet

W: weak
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1. Introduction to catalysis

A chemical reaction is a process in which either one substance is a subject to
intramolecular modifications or two and/or more substances react between
themselves in order to form new products. In 1889 Svante Arrhenius introduced
the collision theory which enhanced our understanding of how chemical bonds
are broken and new chemical bonds are formed.!" He explained that a reaction
only occurs if molecules collide with a particular kinetic energy superior to the
minimum energy required for those molecules to approach each other. He also
established a reaction profile based on the potential energy and the reaction
advancement (Figure 1.1). First, the reactants are exposed to a certain potential
energy while they approach one another. Then this energy rises until a peak is
reached where the molecules are highly distorted then start to decrease forming

the new bonds.
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Figure 1.1 Reaction profile

The collision theory was a good start for understanding the reaction processes
in atmosphere, but it was less relevant for the reaction occurring in a liquid
environment. Another more complex theory was established in order to explain
the processes happening in a cell environment for example. This theory is called
“transition state theory” or “activated complex theory” which was thoroughly
studied by Henry Eyring and Josiah Willard Gibbs (activation Gibbs energy, AGY).

In this theory, the two molecules approach each other until their potential energy



has risen to the maximum where the reactants form an activated complex. At
this point if the kinetic energy before collision is higher than the minimum
energy required for the reaction then the old bonds will break and the new ones
will form. If the kinetic energy is lower than the minimum energy required, the
reaction will not occur and the reactants will be recovered. A good example of
the transition state theory is the nucleophilic substitution (Sy2) reaction between

bromomethane and a hydroxide (Figure 1.2).”

Energy

Progress of reaction

Figure 1.2: S,2 between bromomethane and hydroxyl group

In order to progress a reaction that typically would not occur due to the high

energy barrier, a chemical process called catalysis was developed (Figure 1.3).

Ea (uncat)

Energy

Reactants

Products

Progress of reaction
Figure 1.3: Catalysis and activation energy

Catalysis is the field in synthetic chemistry that offers the possibility of fast and
selective synthesis of desired chemical molecules with reduced consumption of
energy and without consumption of catalyst. The replacement of stoichiometric
methodologies with catalytic alternatives is promoted by a growing
environmental awareness and by the intention of chemical industry to reduce

the waste production.



1.1 Catalytic asymmetric synthesis

Many compounds associated with life forms on our planet are chiral: enzymes,
hormones, DNA, etc... The enantiomers of the same product typically have
different biological activities. For example, the enantiomers of limonene smell
differently: the (R)-limonene smells of oranges and (S)limonene smells of

lemons (Figure 1.4).5

1

(R)-limonene (S)-limonene

ent-1

Figure 1.4: Enantiomers of limonene

A more tragic example is thalidomide, a drug prescribed for morning sickness
in pregnant women. One enantiomer was beneficial while the other caused
deformities in the limbs of new born children. Since then, the drug industry has
researched new ways to synthesise the enantiopure active agent and tests it

thoroughly for biological activity and toxicity.
The question on this matter is: How do we perform an asymmetric synthesis?
Chemists have devised with several solutions:

1) Chiral pool synthesis is a strategy in which the synthesis starts with

enantiopure starting material such as amino acids or saccharides and during
the synthetic process the chirality of that atom is preserved. This strategy was
used for the enantioselective synthesis of Imipinem (Merck)* which is an
intravenous B-lactam antibiotic. They started with L-Aspartic acid to get the

final product in good yields and enantioselectivity (Scheme 1.1).
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Imipinem

Scheme 1.1 Chiral pool strategy for Imipinem synthesis

2) Resolution is a strategy in which enantiomers are separated either chemically,
chromatographically (HPLC) or catalytically (eg. enzymatic). A good example
of using this method is the synthesis of Lotrafiban (GSK)."! In their case, they
used an enzymatic kinetic resolution obtaining the product and the S
enantiomer of the racemic precursor (Scheme 1.2).
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Scheme 1.2 Lotrafiban enantioselective kinetic resolution

Another example of chemical kinetic resolution will be described later in one
of the projects of this thesis (Chapter 2.2).

3) Chiral auxiliaries: this strategy involves adding an enantiopure moiety to the

reagent, creating a temporary asymmetric centre. This auxiliary will influence
the outcome of the stereoselective reaction then it will be removed. The most

known and widely used auxiliaries are Evans, Ellman, Oppolzer and Enders
auxiliaries (Figure 1.5).

Evans-type auxiliary Ellman auxiliary Oppolzer auxiliary Enders auxiliary
o o oMo _  ome
I I S
X"°NH X~ °NH s .S, 64 D
-/ -y W “NH, ) NH, NH N N
= g / NH, NH,
R & R ant-6 7 ent-7 s$,
X:0,8 o 8 SAMP (9) RAMP (ent-9)

R: iPr, Ph, Bn

Figure 1.5 Evans/Nagao, Ellman, Oppolzer, Enders auxiliaries



The Evans (where X=0) and Nagao (where X=S) auxiliaries are usually used for
the aldol reactions,® alkylation reactions” and Diels-Alder reactions (Scheme
1.3).©®

X
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g Tt
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X=0,S X
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X)LN
\_< R
Bn 12

non-Evans syn

Scheme 1.3 Aldol reaction via Evans/Nagao auxiliary technique™

The Ellman auxiliary, tert-butanesulfinamide, reacts with an aldehyde or ketone
forming an imine. This imine acts as an electrophile which can react with

nucleophiles in order to form new C-C bonds (Scheme 1.4).
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Scheme 1.4 Ellman auxiliary example

Oppolzer’s camphorsultam is a chiral auxiliary which can be applied in a variety
of reactions such as alkylations, allylations, reductions, cyclopropanation, Diels-

Alder reactions, 1,3-dipolar cycloadditions, aldol reactions, etc...!"!

An example of Oppolzer’s chiral auxiliary was reported by Jurczak and Kiegiel.
They used it to do a diastereoselective allylic addition to a-ketoimide derived
from Oppolzer’s sultam. The final product was obtained in good yield and very

good diastereoselectivity (Scheme 1.5).1'?
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Scheme 1.5 Oppolzer's chiral auxiliary in allylic addition

The Enders auxiliary is a chiral hydrazine which reacts with an aldehyde or
ketone forming a hydrazone. Then the a-position of the hydrazone is

deprotonated with LDA followed by its addition to an electrophile (Scheme

1.6).0%
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Scheme 1.6 Enders auxiliary SAMP/RAMP

4) Enantioselective synthesis consists in creating new chiral centres by using a

chiral reagent which will not be a part of the product. If the chiral reagent is
in substoichiometric quantity, it is called enantioselective synthesis or

asymmetric catalysis.

1.2 Organocatalysis

Almost all metabolic transformations are controlled by enzymes which are large,
complex molecules and difficult to synthesise. At least half of enzyme catalysts
are metal-free. Chemists are constantly searching for simple, cheap, nontoxic,
easy to synthesise natural molecules which could perform a similar function as
an enzyme. Organocatalysis is defined as the use of small organic molecules to

catalyse organic transformations. The term “organocatalysis” was introduced by



David W. C. MacMillan at the beginning of the 21+ century giving the start to an

exponential progress in this area over the last decade.

MacMillan describes in his article several advantages of using organocatalysis to
other types of catalysis.' First, the majority of organic catalysts are insensitive
to atmospheric oxygen and moisture which means that the reactions do not
require an anhydrous medium and inert atmosphere. Second, the wide variety of
organic reagents can be found and obtained from natural sources. Simple
catalysts are usually cheap to prepare. Third, small organic molecules tend to be
less toxic and environmentally friendly compared to catalysts having a metal in

their structure.

A variety of key asymmetric carbon-carbon and carbon-heteroatom bond
forming reactions (such as Diels-Alder,"™ aldol condensation, Mannich"® and
Michael"” reactions, epoxidation,'® nitroalkane addition to enones"” and a-
halogenation®®”) can be carried out by using organocatalytic methods. With the
optimal conditions and by using natural or newly designed catalysts, it is

possible to obtain enantiomerically pure products in high yields.=?"

1.2.1 A brief history of organocatalysis?2!

The first example of an organocatalytic process can be traced to the early works
of Emil Knoevenagel. In 1896, he reported the aldol condensation of B-ketoesters
or malonates with aldehydes or ketones in the presence of a primary or
secondary amine, naming the catalysts as “Contactsubstanz”.?® Later, he

proposed a mechanism for his reaction (Scheme 1.7).
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Scheme 1.7 Reaction and Mechanism of Emil Knoevenagel

Inspired by Knoevenagel’s work, Henry Drysdale Dakin in 1910 published his
work in which he describes the catalytic actions of amino acids, peptone and

proteins.’?®

In 1930, Kuhn and Hoffer noticed that secondary amines could not only be used
for the catalysis process of Knoevenagel reaction but also for the aldol
condensations of aldehydes.?® One year later, Fischer and Marshall reported a
catalytic aldol addition and condensation of acetaldehyde in the presence of

primary amino acids.®?”

In 1936, Richard Kuhn discovered that aldol condensation of aldehydes works
more effectively with piperidinium acetate (Scheme 1.8A).%% Soon after that,
Langenbeck and Sauerbier reported a catalytic process for a crotonaldehyde

hydration with piperidinium salt (Scheme 1.8B).%

These studies influenced many scientists such as Wieland, Miescher and
Woodward to work on intramolecular aldol reactions catalysed by piperidinium
salts. Only in 1965, Spencer confirmed the mechanism of these reactions in

which he proves that the process goes via enamine intermediates.?”
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Scheme 1.8 A) Aldehyde aldolization reported by Richard Kuhn;
B) Crotonaldehyde hydration reported by Wolfgang Langenbeck

At the beginning of 1970s, Hajos and Parrish and Eder, Sauer and
Wiechert reported independently the first asymmetric amine-catalysed

aldolization (Scheme 1.9).B"

(0] o
1) S-proline (54) L;'é
52 53
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Scheme 1.9 Hajos & Parrish reaction, 1974

In 1981, Woodward’s asymmetric synthesis of erythromycin was
published in which he uses D-proline as a catalyst for an asymmetric
intramolecular aldol reaction in which the ee of the two products is 12-
21% ee and 20-29% ee.B?

If we look at the history of tertiary amine catalysis, we see that in 1913 Bredig
reported a cinchona-alkaloid catalytic process involving the addition of acid

cyanhydric to benzaldehyde (Scheme 1.10).53!
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Scheme 1.10 Bredig reaction 1913

In 1960, Pracejus developed a reaction between methyl phenyl ketene and

methanol catalysed by acetyl quinine with very good yields and enantioselectivity

(Scheme 1.11).B4
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Scheme 1.11 Pracejus reaction

Inspired by Pracejus’s work, Bergson and Langstrom reported asymmetric

induction in a Michael-type reaction (Scheme 1.12).5°

N 65 cO,Me
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Scheme 1.12 Bergson and Langstrom reaction

In 1989, Kagan published a Diels-Alder cycloaddition of maleimides to anthrones

catalysed by cinchona-alkaloid with up to 61% ee for the final product.

Concerning other types of asymmetric organocatalysis, in 1980 Julia and co-

workers reported an epoxidation without using a transition metal (Scheme

10



1.13).5% Further elaborations were made by Julia and Colonna in order to obtain

better results in terms of yields and enantioselectivity.”

o]
NaOH (69)/H,0, (70) @_{/ O H
poly(S)-alanine (71) “/ \.

toluene (18), 48h H

68
76% yield
86% ee

Scheme 1.13 Julia-Colonna epoxidation

Another epoxidation example was reported by Shi in 1996 alkene using metal-
free conditions. The reaction works in high yields and enantioselectivity by using

dioxiranes and oxone (Scheme 1.14).B38
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Scheme 1.14 Shi epoxidation

With the beginning of the new millennium a new era of organocatalysis began
with the work of Benjamin List®? and David MacMillan*® in enamine and iminium
catalysis. In this period MacMillan reported his catalysts can be used in his work

for Diels-Alder reaction, Friedel-Crafts reaction,"” Michael addition, etc.

A breakthrough in organocatalysis was the discovery in 2003 by Takemoto of
the bifunctional base-thiourea catalyst,*? also the development of phosphoric
chiral Brgnsted acids by Akiyama“! and Terada.** Two years later, Jorgensen
introduced his diphenylprolinol silyl ether catalyst“! which was used by Hayashi

for the first addition of aldehydes to nitroalkene.®

Today, many groups in the world are inspired from the results and the work of

the afforementioned names. Researchers are developing new reactions and

11



methodologies to expand the asymmetric organocatalysis to other fields of

organic chemistry due to its advantages.

1.3 Activation modes in asymmetric organocatalysis

In the last decade a lot of research has been reported in the field of asymmetric
organocatalysis. With the enormous body of work, new catalysts have been
synthesised which allowed different modes of activations. Based on the type of
the catalyst the researchers were able to identify, in most cases, the
stereochemical outcome of the reaction. From a mechanistic point of view, the
activation mode can be classified according to: a) the chemical nature of the
organocatalyst and b) the covalent or noncovalent way of reagent-substrate

interaction.”??

1.3.1 The chemical nature of the organocatalyst classification

Organocatalysts can be classified in four groups: Lewis bases, Lewis acids,

Bragnsted bases and Brgnsted acids.*” The general catalytic cycles are shown in

figure 1.15.
® O o, @
B—S S, A—S S,
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B ®B—@p A eA—P
P P:
Lewis Base Catalysis Lewis Acid Catalysis
Q, @
@ S =
HB—S s, A—SH S2
S:
S—H
Q
. ® © AH A—G%’H
B: HB—P ,X/
P—-H P
Bronsted Base Catalysis Bronsted Acid Catalysis

Scheme 1.15 Catalysis groups
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Accordingly, Lewis base catalysts (B:) initiate the catalytic cycle via a nucleophilic
addition to the substrate (S). The resulting complex undergoes a reaction and
then releases the product (P) and the catalyst for further turnover. A pioneering
example of Lewis Base Catalysis is iminium catalysis to perform a Diels-Alders
reaction. The reaction between the a, B-unsaturated aldehyde and secondary
amine forms an activated iminium species which reacts with the diene leading

to an enantioselective Diels-Alder addition (Scheme 1.16A).

In Lewis acid catalysis, the catalyst A activates the nucleophilic substrate (S:)
forming the activated specie which reacts with the second substrate followed by
the formation of the product and the release of the catalyst. An example of Lewis
Acid catalysis was described by Morrison and his co-workers as binaphtylborane-
catalysed allylstannation of benzaldehyde with a moderate enantioselectivity
(Scheme 1.16B).

Brgnsted base catalytic cycles are initiated via a (partial) deprotonation, followed
by a nucleophilic attack forming the product and the catalyst recovery. An
example of Brgnsted base catalysis is reported by Lambert and his co-workers.
They studied the reaction between glycine imine and methyl acrylate catalysed
by a guanidine derivative obtaining the product in high yields and high

enantioselectivity after 3 days of reaction at high concentration (Scheme 1.16C).

Bregnsted acid catalytic cycles are initiated via a protonation of the substrate
followed by the attack of the second substrate, the subsequent formation of the
product and the release of catalyst. Peng and his co-workers reported an
example of Brensted acid catalysis using bi-2-naphtol-derived phosphoric acid
as catalyst in performing the reaction between an indole derivative and
cyclohexanone affording the product in high yields and stereoselectivity and

enantioselectivity (Scheme 1.16D).
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Scheme 1.16 Examples: A) Lewis Base Catalysis,“” B) Lewis Acid Catalysis,!®
C) Bransted Base Catalysis,“” D) Brgnsted Acid Catalysis.®®

1.3.2 The covalent or noncovalent way of reagent-substrate interaction
classification

This classification enumerates many more types of modes of activation:

A) Covalent organocatalysis
1) Aminocatalysis: Enamine catalysis, iminium catalysis, dienamine

catalysis, SOMO catalysis, photoredox organocatalysis, oxidative
enamine catalysis,

2) Carbene catalysis
3) Lewis Base Organocatalysis
B) Noncovalent organocatalysis
1) Hydrogen-bonding Activation: Hydrogen-bond donor catalysis by

anion binding, Brensted acid organocatalysis, asymmetric
counteranion-directed catalysis

14



2) Brensted base and bifunctional catalysis: Brensted Base / Brgnsted
Acid bifunctional catalysis, Lewis Base / Brgnsted Acid Bifunctional
catalysis
3) Phase-Transfer and asymmetric countercation-directed catalysis
In this chapter the modes of activation used in the research of this thesis will be
explained. In particular, the attention will be drawn on the enamine, iminium

catalysis, Lewis base catalysis and Bransted base catalysis.
1.3.2.1 Aminocatalysis

The term of aminocatalysis was introduced by Benjamin List in 2001 in order to
name the types of reactions catalysed by secondary and primary amines via

enamine and iminium intermediates.?"
1.3.2.2 Enamine catalysis

Enamine catalysis is one of the most widely used modes of activation in order to
do enantioselective a-functionalisations of enolisable carbonyls with

electrophiles.

The efficiency of this catalytic process depends on: a) the fast generation of the
iminium; b) the regioselective and stereoselective transformations of the
iminium into the (E)-enamine; ¢) the electrophilic attack. The general mechanism

is described in the scheme 1.17.
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Scheme 1.17 Chiral amine catalysed a-functionalization of carbonyls

The stereoselectivity of the final product can be predicted in the case of using
2-substituted pyrrolidine catalysts. Mainly, there are three models explaining the
stereochemical outcome of the reaction. If the chiral amine has a hydrogen-bond
directing group, the reaction takes place via a cyclic transition state, also called
List-Houk model (Scheme 1.18A). Another suggested model is the Seebach-
Eschenmoser one. In this model the electrophile is directed by the conjugated
base of the amine substituent (Scheme 1.18B). Finally, if the amine substituent
is bulky without a hydrogen-bond directing group, the intermediate product
attacks the electrophile from the less hindered face. The reaction goes via the
steric model (Scheme 1.18C). In the case of List-Houk and steric models (Scheme
1.18A, Scheme 1.18C), the syn-enamine transition state is disfavoured due to

the hydrogen presence in that position creating a steric repulsion.
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Scheme 1.18 Transition states models: A) List-Houk model,
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Scheme 1.19 Houk-List model for the Hajos-Parrish reaction

The most common examples of the List-Houk model are the proline catalysed

reactions. Hajos and Parrish reported an intramolecular aldol reaction catalysed

by L-proline in the 1970s. Later, mechanistic studies were performed in order to

understand the stereochemical

outcome (Scheme

1.19).52 Two possible

Zimmerman-Traxler transitions states were suggested, which led to two
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opposite enantiomers. The energy difference of 2.2 kcal/mol between the anti

and syn transitions states favours the formation of the product 100.

The second model explaining the stereochemical outcome of the reaction is the
Seebach-Eschenmoser model which suggests that the conjugated base of the
substituted pyrrolidine forms an oxazolidinone intermediate 104. The
oxazolidinone 104, in the presence of a base, creates the enamine in a syn-
conformation (intermediate 105) which subsequentially attacks the electrophile
forming the second oxazolidinone as shown in the mechanism of the scheme
1.20.

syn-(E)-enamine
Scheme 1.20 Seebach-Eschenmoser model

The third model is the steric one. The most well-known catalysts which follows
the steric model for enamine pyrrolidine catalysis was reported independently
by Jargensen®? and Hayashi.“® Their diarylprolinol ether catalysts showed to be
very effective in a lot of reported asymmetric electrophilic a-alkylations of
aldehydes.® This system is used widely and still it is subject of research for

various asymmetric organocatalytic processes (Scheme 1.21).
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Scheme 1.21 Addition of aldehydes to 8-nitrostyrenes

1.3.2.3 Iminium catalysis

Similar to enamine modes of activation, iminium catalysis is widely used and
explored in various asymmetric organocatalytic reactions. This strategy is used

for the activation of the B-position of a, B-unsaturated carbonyl substrates for

1,4-Michael addition.
o
o ()9
r HAH ﬁR
R 114

. 118
R “Nu

H,0

113
A2 A2
R' R'
oy 117 | 115
R

NuH
% HA
HA
~ "R'
, 116
‘7

Scheme 1.22 B-position activation of a, B-unsaturated carbonyl substrates via

chiral amine catalysis

The typical mechanism of the activation is shown in the scheme 1.22. Usually
the best results are obtained with secondary amine catalysts having bulky, non-

hydrogen-bond directing groups following the steric model.
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(Z)-iminium ion (E)-iminium ion Nu

Scheme 1.23 Z/E equilibria for iminium catalysis

An important aspect that has to be mentioned is the equilibria of Z/E iminium
transition state in iminium catalysis. The (Z)-iminium ion is less favoured to (E)-
iminium ion due to the hydrogen and bulky group steric repulsion (Scheme
1.23).

The most well known catalysts iminium catalysts are diarylprolinol ethers
(Jorgensen-Hayashi) (described in the enamine catalysis chapter 1.3.2.2) and the
MacMillan catalysts.

MacMillan catalysts are chiral oxazolidinones salts. There are three generations
of these catalysts (Figure 1.6). All three generations report more or less efficient
results depending on the reaction for which they were used for. The first
generation of MacMillan catalysts were used for Diels-Alder cycloadditions of
enals, dipolar cycloadditions, Friedel-Crafts alkylations of pyrroles. An example
of a Friedel-Crafts reaction via iminium catalysis was reported by MacMillan in
2001, showing the effects of the catalyst on the enantioselectivity (Scheme
1.24).

First generation Second generation
/
o N/ O _N o N/>)< o N/ o N/>)<
2 2 2 H, 2
A2 N & S P
NH NH CF3CO(?
79 119 120 121 122

Third generation

123 124

Figure 1.6 MacMillan catalysts: First generation, Second generation, Third

generation
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O._N
iNV

H 79
Ph

20 mol%
CHO o)
7y -, Ph N~ TFA (127) -\
'|4 125 78 THF (15)H,0 'l‘ | H 126
87% yield
93% ee

Scheme 1.24 Friedel-Crafts reaction via iminium catalysis®"

Kinetic studies performed by MacMillan led to the synthesis of second generation
imidazolidinones. It consisted in the removal of one methyl group and replacing
the second with a tert-butyl group. The aim of these changes was to increase
the (E)-control of the iminium ion. Finally, the third generation of
imidazolidinone catalysts were synthesised by MacMillan in order to use them

for the hydrogenation of B, B-disubtituted-a, B-unsaturated aldehydes.
1.3.2.4 Lewis Base Catalysis

Lewis base catalysis is a broad field and is used in different types of asymmetric
processes. Typical organic asymmetric Lewis bases are the tertiary amine
catalysts (cinchona-alkaloids, Sharpless catalysts) (Figure 1.7), sulphides and

phosphines.

Some representative of Lewis base catalysed reactions are Rauhut-Currier
reaction,® Morita-Baylis-Hillman reaction,*® Steglich rearrangement®” and

ketene cycloaddition (Scheme 1.25).58
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Cinchona alkaloids

OMe OMe

B-ICPD (R = H) (131)
Me-B-ICPD (R = Me) (132)
MOM-B-ICPD (R = CH;0CH,) (133)

Cinchonidine (129) Cinchonine (130)

Sharpless catalysts

DQHDw)\/ DHQD DQHD@DHQD DQHD;’;DHQD
|
N

Ph
(DHQD),PYR (134) (DHQD)ZPHAL (136) (DHQD),AQN (138)
Ph _
QHDW QHD DHQ QHD Q DHQ
|
-~ o o
" W
(DHQ),PYR (135) (DHQ),PHAL (137) (DHQ),AQN (139) DHQ (dihydroquinyl)

Figure 1.7 Lewis Base Catalysts

Rauhut-Currier reaction

P(alkyl)s (141) Ewe
o ewe s+ ewe _orPlani (142 /C
140 140 EWG 143

Morita-Baylis-Hillman reaction

OH

i 131 o-Bn
g 20 mol% HO,
=z : o
O+ ° 147
N CHCI; (146), 48h N
14 3
H 144 ©gn 145 H  83%yield
96% ee
Steglich rearrangement /j
N
)
)L Fe o
o OBn (o]
@ 149 BnO
7o 1 2mo% w0
N= N=
148 150
OMe OMe 94% yield
91% ee
Ketene cycloaddition /j
N
Fe
o 149 o
& . _ ' 10mol% NTs
\)K/ o
151 152 | ) 153 )
93% yield
92% ee

Scheme 1.25 Examples of Lewis base catalysis
22



1.3.2.5 Brensted Base Catalysis

For Brensted base catalytic process similar cinchona alkaloids can also be
efficient. Tertiary amines are used as bases to deprotonate the acidic protons of
the substrate. The new formed ionic pair of the anion and protonated base
creates a chiral environment for an enantioselective reaction.” An example of
Bregnsted base catalysed reaction was reported by Deng et al. They did a keto-
ester addition to nitroketene in the presence of a derivatized quinidine in
excellent yield and diastereo-, enantioselectivity (Scheme 1.26). First, the
catalyst deprotonates the acidic proton situated in the a-position of the keto-
ester derivative creating a chiral environment. Then, the keto-ester attacks the

nitrostyrene in the g-position.

(o}

o
o ~_NO, Ph
. ©/\/ 10 mol% of 156 é/K/NO
OMe o g 2
THF (15), -60 °C 2
154 109 (15) CO;Me 455
94% yield
99% ee

18:1 dr

Scheme 1.26 Cinchona-alkaloid catalysed addition of keto-esters to

nitroketenes

1.4 Multi-catalysis

While this mono-catalysis strategy has successfully delivered a vast number of
new reactions over many decades, the concept of multi-catalysis allows access

to many difficult or impossible transformations.
MacMillan divided the multicatalysis into four different groups: bifunctional

catalysis, double activation catalysis, cascade catalysis and synergistic catalysis
(Scheme 1.27).1"
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A) Bifunctional Catalysis C) Cascade Catalysis

(Gon) [oms]

®» O ®
NS

S
B) Double Activation Catalysis D) Synergistic Catalysis
[CatA][CatB] [CatA] [CatB]

| |

Scheme 1.27 Classification of two-catalytic systems

First, the bifunctional catalysis is the system where the nucleophile and the
electrophile are activated by a different functional group of the same catalyst
(Scheme 1.27A). An example of bifunctional catalysis was reported by Lee and
his co-workers (Scheme 1.28A).°? They studied the asymmetric domino Michael-
acetalization reaction of 2-hydroxynitrostyrene and 2-
oxocyclohexanecarbaldehyde in the presence of the Takemoto catalyst

(bifunctional thiourea-tertiary-amine organocatalyst).

Another type of multi-catalytic system is the double activation catalysis where
both catalysts work together in order to activate one of the reactants (Scheme
1.27B). Blum and her co-workers used this method in the synthesis of tri-and
tetra-substituted olefins using palladium as a coupling catalyst and gold salt as

a Lewis acid (Scheme 1.28B).*!

Third, cascade catalysis is a system where both catalysts activate one of the
reactant sequentially (Scheme 1.27C). Rovis and his co-workers obtained a
functionalized cyclopentanone in high diastereoselectivity and enantioselectivity
via multicatalytic secondary amine/N-heterocyclic carbene catalysed cascade

sequence (Scheme 1.28C).[4
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A) Bifunctional Catalysis

g H oo Me
FsC NTN :
U1
NO; 159
o H CFs
o (Takemoto catalyst (10 mol%))
+

li:é oH 2)PCC160 O 67% yield, 97% ee

157 158
B) Double Activation Catalysis

o (o]
Meo. O Pd,(dba); (1.3 mol%) 164 MeO
PPh;AuPFg (20 mol%) 165 _
+ BuSnT X Bu,Sn
Il 162 163 /166
73% Yield
C) Cascade Catalysis NTMS EXN _
Ph N+ BFg o)
o o N~ Ph 110 NG 169 P
. o 20 mol% 5 10mol% N
A ) NaOAc (168) 10 mol% O 170
167 44 Chloroform (146) 93 % yield
85:15:<1:<1 d.r.
86% ee

Scheme 1.28 Examples of multi-catalytic systems: A) Bifunctional Catalysis,
B) Double Activation Catalysis, C) Cascade Catalysis.

Finally, synergistic catalysis is a process where two catalysts and two catalytic
cycles work in a concerted way creating a single new bond. It involves the
concurrent activation of both a nucleophile and an electrophile using distinct
catalysts. This creates two reactive species, one with a higher HOMO (highest
occupied molecular orbital) and the other with a lower LUMO (lowest unoccupied
molecular orbital), in comparison to the respective ground state starting
materials. If selected carefully, these activated species can rapidly couple,
enabling chemical reactions that are impossible or inefficient via traditional
mono-catalysis methods (Scheme 1.27D) (Scheme 1.29).5"
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catalyst 1
A caysti

Al
Cc
B catalyst 2 B'
LUMO i LUMO i
\\\—— A' \\\__ Al
E
AE A .
HOMO i ----------- -—L B HOMO i_’_,_~"_’_’
Traditional catalysis Synergistic catalysis

Scheme 1.29 The concept of synergistic catalysis

An example of synergistic catalytic process was reported by Wu in a
multicomponent reaction of alkynylbenzaldehyde, amine and ketone catalysed
by L-Proline (Lewis base) and silver triflate (Lewis acid) (Scheme 1.30).%%

Synergistic Catalysis
O“COZH

N
H 54 10 mol%

~
o o o o
AgOTf (173) 10 mol% /©/
Ho, .
\ EtOH (174)
A
171 Ph 90

NH, 172 175

65% yield
Scheme 1.30 Synergistic reaction reported by Wu

Other examples of synergistic catalytic systems mixing organocatalytic and
organometallic processes can be found in the literature; for example, Cordova
demonstrated the B-silylation (Scheme 1.31A)*® or B-arylation (Scheme 1.31B)”
of enals by combining iminium and Pd or Cu catalytic processes with great
success.
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A) E\ Ph
Ph 110
N
H OTMSZS mol%

CuCl (178) 10 mol% Ph

| o KO-t-Bu (179) 5 mol% —Sli— o
/\)J\ + Ph-Si-B :é 4-NO,C¢H,CO,H (180) 10 mol%
R H DCM (83), 22 °C, 4h R H 181
177 65-80% yield

72-94% ee
® O
110

N
H oTms 20 mol%
oH Pd(OAc), (183) 5 mol% Ar O
/ Cs,CO; (184) 25 mol%
R/\)J\H * A’_B\OH MeOH (60) 0.5 equiv, 22 °C, 2h R/'\)J\H 185
176 182 70-83% yield
66-90% ee

Scheme 1.31 Synergistic systems performed by Cordova and his co-workers
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2. Asymmetric Allylic Substitution

2.1 Introduction

In 1965 Tsuji reported a reaction of rr-allyl palladium chloride with nucleophiles
such as ethyl malonate and acetoacetate.® Later on, in 1973, Trost suggested

the use of phosphine as a ligand for the allylic alkylation.

These first examples were the basis for the further reported synthetic
transformations in which the creation of asymmetric C-C or C-heteroatom bonds

was possible.

In 1977, Trost and Strege published the first enantioselective allylic substitution
with a stabilised nucleophile (Scheme 2.1)."" They managed to obtain the

product in good yield, but low enantioselectivity.

OO~
1) Pd(PPh;), (188) 0. O 0O

©"'0Ac (+)-DIOP (189) YN
0. 0. 186, ®0 SO,Ph DME (190) N '

> Na ' co,me  2)Na(Hg) (191), MeOH (60) *

187 \
CO,Me 192 CO,Me ent-192
OAc 74% yield
ent-186 24% ee

Scheme 2.1 Trost's allylic substitution

Since then, most of allylic substitutions were made using transition metal

complexes such as Cu, Ru, Mo, Ir, Rh./"!

In 2002, Kim and co-workers reported the hydrolysis of Morita-Baylis-Hillman
acetate with sodium bicarbonate catalysed by cinchona-alkaloid derivatives via
kinetic resolution (Scheme 2.2)."2 Since then, many research groups focused
their work into developing new strategies for asymmetric allylic substitution of

Morita-Baylis-Hillman adducts via metal-free catalysis.
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OH

COZMe
©/\H/ (S)-195a
42% yield
OAc 84% ee
Co.M . CO:zMe
2Ve (pHQD),PHAL (136) ©/\[ ® NaHCO, (196) +
THF (15)/H,0 L (DHQD),PHAL

OAc
193
194 CO,Me

(R)-193
24% yield
53% ee

Scheme 2.2 Kim's hydrolysis of MBH-acetate

2.1.1 Morita-Baylis-Hillman reaction

The Morita-Baylis-Hillman reaction was first reported by Morita in 1968 when he
published the reaction between acrylonitrile or methyl acrylate with aldehydes
catalysed by tricyclohexylphosphine affording the product in very good yields
(70-90%)."7* Later, in 1972 Melville Hillman and Anthony Baylis reported in a
patent a similar reaction using tertiary amine in the place of a tertiary phosphine
(Scheme 2.3).074

OH O OH O
P(Cy); (141) © MeO.__O paABCO (198)
- PR A + _— -
(o] )J\H _ o
197 42 86 197
70-90% yield 75% yield
Morita reaction, 1968 Baylis-Hillman reaction, 1972

Scheme 2.3 Morita-Baylis-Hillman reaction

In 1983, mechanistic studies were reported by Hoffman and Rabe suggesting
the first steps of the mechanism.” The mechanism starts with the Michael
addition of the tertiary amine catalyst to the acrylate generating a zwitterionic
species 200 (Scheme 2.4). The second step is an aldol addition of the aldehyde
to species 200 forming the intermediate 201. The subsequent step is a
prototropic modification. For this stage kinetic and theoretical mechanistic
studies were made. In 2005, two main mechanisms were suggested by McQuade
et al. and Aggarwal et al. They proposed the proton transfer as the rate-

determining step of the mechanism.
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(o] 34 H 34
PN Ph%&o ROH Ph

34 R;N® R;N©®

McQuade Mechanism Aggarwal mechanism
Scheme 2.4 Mechanistic studies of MBH reaction

McQuade et al. suggested that the MBH reaction is a second order kinetic and
they proposed the intramolecular proton transfer via six-membered ring
intermediate 202 followed by the catalyst recovery and the formation of
intermediate 203 which becomes later the MBH-adduct (Scheme 2.4).

Alternatively, Aggarwal et al. suggested another mechanism in which the
presence of a proton source is required. The protic solvent functions as the

proton carrier from the carbon to the oxygen, intermediate 204 (Scheme 2.4).

Electrospray ionization tandem mass spectrometry of the MBH reaction was
effectuated by Coelho and Ebelin." They managed to intercept some of the
intermediates proposed by McQuade and Aggarwal. Further investigations of
this reaction showed that the equilibrium of the reaction depends on the
temperature of the reaction. Cantillo and Kappe showed that the reaction
between benzaldehyde and methyl acrylate at 120 °C is reversible.”
Vasconcellos et al. described the reversibility by synthesising the MBH-alcohol
at 0 °C in very high yields, followed by microwave irradiation 120 "C for 10 min

recovering the benzaldehyde and the methyl acrylate.
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2.1.2 Morita-Baylis-Hillman adducts are important intermediates for

synthesis of biologically active agents

Morita-Baylis-Hillman adducts have highly functionalized structures making

them very good intermediates for more complex products.

A variety of biologically active agents were prepared either from MBH adducts or
using the MBH reaction. Here are some examples of compounds synthesised

from these intermediates (Scheme 2.5).7%
OAc O o
ST O e
N el o s
Antimicrobial agent (209\ / Antifungal agent (205)

N0 0 OH O OH O
o o O
b O,N NNy F (CH,)11CHs

\QN,

Hypolipidemic agent (208) Antitumoral agents (207) Antitumoral agents (206)

Scheme 2.5 Examples of products prepared from MBH-adducts

2.1.3 Organocatalytic methodologies using Morita-Baylis-Hillman

carbonates and acetates!”

In recent years, many research groups focused their work on studying this
moiety, in particular the chiral centre of the molecule which is related with an

alcohol group.

First, the racemic MBH-alcohol is synthesised in the presence of an achiral
tertiary amine catalyst (Scheme 2.4). Then, the alcohol moiety is protected with
a good leaving group such as acetate or tert-butyloxycarbonyl. The mechanism

is described in scheme 2.6.
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Scheme 2.6 Alcohol protection mechanism with Boc

These MBH-carbonate or acetates react with nucleophiles via S§,2’-5,2’

mechanism (Scheme 2.7).

Ph" N o~ Ph™ N7 o/
©) R1 SN2 -SN2 1
N/ N\RZ

R

I p2
R3 219 // R® 217
®R2 218 CO, (212)

Rr3R +
‘BuOH ‘Bu0(213)

Nu@ /¥<
NuH

Scheme 2.7 S,2'-S,2' mechanism for AAS of MBH carbonates

The nucleophilic properties of the catalyst are an important factor for the
outcome of the reaction. Orena et al. showed that using DBU, which has a higher

33



basicity and lower nucleophilicity than DABCO, can bring a S,2’-decarboxylation

mechanistic pathway instead of S,2’-S,2’ mechanism (Scheme 2.8).°

OBoc NHTs

NH,Ts (221) NH,Ts (221)
S ¢0Me _pBu (222) 20moiv COMe paBCO (198) 20mol% COzMe
DCM (83) DCM (83)
NHTs 224

215a 223

Scheme 2.8 Orena's study on influence of the catalyst
2.1.3.1 Previous works using MBH- acetates

After the first example of AAS involving MBH adducts reported by Kim in 2002,

researchers were inspired to expand the work on this field.

Later, Kim et al. also reported other examples of asymmetric allylic substitutions
of MBH-acetates with different nucleophiles like phenols and secondary

amines.”

In 2004, Krische published an enantioselective addition of phtalimide to MBH-
acetate via S,2’-Sy2’ mechanism in high yields and moderate enantioselectivity
(Scheme 2.9).%" In 2011, Shi improved Krische’s results by using a bifunctional

phosphine-thiourea catalyst.!®?

cl
oAc O o ; ; HOOC G P(Ph),
(S Vi HOOC P(Ph),
(R)-CI-MeO-BIPHEP (227) 20 mol%
* NH THF (15), 50 °C, 62h COCH,
O,N 225 226 ' ' 228 cl

0 O.N 80% yield
2 56% ee (R)-CI-MeO-BIPHEP (227)

Scheme 2.9 Krische's phtalimide addition to MBH-acetate

In 2008, Shi and co-workers described an enantioselective construction of y-
butenolides by addition of 2-trimethylsilyloxyfuran to MBH acetate.®! The
reaction was performed in high yield and very good enantioselectivity (Scheme
2.10).
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g g NHCOMe o
PPh, d
OAc O OO 231 o
/©)\”/u\ 10 mol% ©)

+ U\OTMS Toluene (18), ®

o . 232
229 230 H,0 (6 equiv), rt 94% yield

96% ee

Scheme 2.10 Shi's y-butenolide synthesis
2.1.3.2 Morita-Baylis-Hillman carbonates
2.1.3.2.1 C-C asymmetric allylic substitution

The first examples of asymmetric allylic substitution using MBH-carbonates were
described by Lu et al. in 2004.%% They reported the addition of phenols,
tosylamine, malonates, naphtols to MBH-carbonates with very good vyields, but

moderate enantioselectivity (Scheme 2.11).

OBoc Nu
CO,Et NuH CO,Et
215r Toluene (18), rt 233
Ph
NHTs 0 MeO,C CO,Me
CO,Et CO,Et CO,Et
Ph Ph Ph
/‘ﬁT 233a /‘ﬁT 233b 233c
84% yield 85% yield 90% yield
66% ee 61% ee 51% ee

o O (o)
Ph CO,Et Ph CO,Et
233d 233e
84% yield 93% yield
60% ee 72% ee

Scheme 2.11 Lu's pioneering work in AAS involving MBH-carbonate

Three years later, Hiemstra et al. reported the addition of cyanophenylacetate to
MBH-carbonates catalysed by p-ICPD at -20 °C in high yields and
enantioselectivity. The aim of this project was the synthesis of adjacent tertiary

and quaternary stereocenters (Scheme 2.12).55°

35



OH

AN
EtOZC\{CN OBoc EtOZC > Ph
131
234 215a Toluene (18), -20 °C 235
94% yield
4:1dr
83% ee

Scheme 2.12 Hiemstra et al. construction of tertiary and quaternary

stereocenters

Important works in AAS involving MBH-carbonates were introduced by Chen and
co-workers. One of Chen’s studies was the addition of the a,a-cyano-olefin to
MBH-carbonate followed by an intramolecular Michael addition (Scheme
2.13A).B%9 A similar example was reported by them one year later. Chen et al.
studied the addition of a,a-cyano-olefin to oxindole-MBH-carbonate followed by

an intramolecular Michael addition in the presence of DBU (Scheme 2.13B).%”

A \ (DHQD),AQN (138) CN
0.1 equiv
OBoc / CN (S)-BINOL (237) NC co,Me ~1CO;Me
CO,Me R 0.1 equiv ‘ KO'Bu (179)
DCE (238), 40 °C, 18-24h
cl 215g 236 239 240
85% yield 4% yield
| 72:26 dr cl 92% ee
92%/90% ee
B)
Boco CO:Me 2N
NC._CN Me
. | B-ICPD (131)10 mol% 2 DBU (222), 2h, rt com
m-Xylene (243), 10 °C 2e
244 245
Boc 241 242 50% yield ; 99% yield
81% ee Boc  81%ee

>99:1 dr

Scheme 2.13 A) a,a-cyano-olefin to MBH-carbonates by Chen; B) a,a-cyano-
olefin to oxindole-MBH-carbonates by Chen

Chen and co-workers reported an oxindole addition to MBH-carbonate followed
by a [3+2] cycloaddition involving benzenecarboximidoyl bromide.®® The
reaction had excellent results: high yields, high enantioselectivity and moderate

diastereoselectivity (Scheme 2.14).
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Ph  co,Me HO.y Ph

Ph - Ph =
OBoc (DHQD),AQN (138) T M 248 s —L °\N
0 Ph” “Br :
CEg: . Phﬁcozm _ 10mol% o o4
246 215a DCE (238), 35 °C N 247 TEA (249) N Ph 250
Boc 98% yield DCM (83), rt Boc 80% yield
85:15 dr 96% ee

93% ee
Scheme 2.14 Chen's oxindole addition to MBH-carbonates

Later, inspired by Chen’s work, Li and Cheng reported the benzofuranone
addition to MBH-carbonate catalysed by a Sharpless catalyst.® They obtained

the desired product in very good yields and stereselectivity (Scheme 2.15).

OBoc

(DHQD),AQN (138) cl
O o mcozm 10 mol%
+
DCM (83), 30 °C 252
o 251 ClI 215¢g (83) 95% yield
98:2 dr

95% ee
Scheme 2.15 Li and Cheng's benzofuranone addition to MBH-carbonate

Also Chen suggested another method of addition of butenolide to MBH-
carbonate compared to the one proposed by Shi (Scheme 2.10). While Shi’s
approach was via Mukaiyama-type addition, Chen used g y-butenolide as a
nucleophile.® This methodology has the advantage in terms of atom economy.
Moreover, the reaction rendered the final product in good yield and very good

enantioselectivity (Scheme 2.16).

EWG
OBoc (DHQD),PYR (134)
‘D1
07 O 53 215 PhCF;(254),50°c 0~ © R .55
50-83% yield
86-92% ee

Scheme 2.16 Chen's butenolide addition to MBH-carbonates

An interesting metal-free methodology was reported simultaneously by Huang,
Jiang, Tan (Scheme 2.17 a, a’)*" and Rios group (Scheme 2.17 b. b’)*? for the
addition of bis(phenylsulfonyl)methane or fluoro-bis(phenylsulfonyl)methane to
MBH-carbonate. Both groups used Sharpless catalysts ((DHQD),AQN and
(DHQD),PHAL respectively) and they both obtained similar results (very good

yields and enantioselectivity). In the same year, Shibata et al. (Scheme 2.17 c,
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c’)*¥suggested using an additive such as FeCl, which considerably increased the

yield of the reaction.

PhO,S__ _SO,Ph

OBoc b
PhO,S._SO,Ph 4+ co,Me —22C CO,Me
256 215a 257
PhO,S.|\ _s0,Ph
OBoc ‘bt e 2 2
PhOZSYSOZPh . co,Me —2222C CcO,Me
F 258 215a 259

a) (DHQD).AQN 10 mol%, mesitylene, 50 "C, 43h, results: 74% yield, 95% ee; a’) (DHQD).AQN 10 mol%,
Toluene, 50 °C, 13h, results: 72% yield, 99% ee; b) (DHQD).PHAL 10 mol%, Toluene, rt, 4-5 days, results: 91%
yield, 94% ee; b’) (DHQD).PHAL 10 mol%, Toluene, rt, 4-5 days, results: 80% yield, 80% ee; c) FeCl, 10 mol%,
(DHQD).AQN 10 mol%, PhCF;, 40 °C, 3-4 days, results: 80% yield, 92% ee, c’) FeCl, 10 mol%, (DHQD).AQN 10

mol%, PhCF;, 40 °C, 3-4 days, results: 93% yield, 94% ee.
Scheme 2.17 Bis(phenylsulfonyl)methane derivatives addition to MBH-

carbonates

Also, Shibata et al. reported a trifluoromethylation of MBH-carbonates using the
Ruppert-Prakash reagent. The product was obtained in moderate yield and

excellent enantioselectivity (Scheme 2.18).4

OBoc CFs
co,Me (DHQD),PHAL (136) - _CO,Me
Me,SiCF + 10 mol%
3 3
260 2159 THF (15), 60 °C, 120h 261
60% yield
94% ee

Scheme 2.18 Trifluoromethylation of MBH-carbonates
2.1.3.2.2 C-Heteroatom asymmetric allylic substitution
Many AAS reactions were reported for the creation of new C-heteroatom bonds.

Important work was done by Chen and co-workers. In 2009, they reported the
addition of indoles and pyrroles to MBH-carbonates.®" In this case they formed
C-N bonds and the reaction rendered the final products in high yields and

moderate to good enantiomeric ratio (Scheme 2.19).
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QBec (DHQD),PHAL (136)
2
COZMe 10 mol% COZMe
+
262 2154 Mesitylene (263), 50 °C 264

82% yield
91% ee

@
OBoc COOMe

N
(DHQD),AQN (138) R
@—coom . COMe ™10 mol% COMe
H 265 215a  PhCF, (254), 50 °C 266
80% yield
73% ee
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Scheme 2.19 Chen's pyrrole and indole addition to MBH-carbonates

Also, Chen et al. reported an addition of phtalimide to MBH-carbonates catalysed
by (DHQD),PYR. After 85 hours, the final product was obtained in good yields

and good enantioselectivity (Scheme 2.20).

0 OBoc (DHQD),PYR (134) ; E
COOMe 10 mol% 07™N"0
NH + DCE (238), 35 °C mcoom

O 226 215a 267
91% yield
85% ee

Scheme 2.20 Chen's phtalimide addition to MBH-carbonates

Chen and co-workers also reported the first example of enamide addition to
MBH-carbonates catalysed by (DHQD),AQN.®® The C-N bond was formed in

moderate yields and good enantioselectivity (Scheme 2.21).

NHAc OBoc (DHQD),AQN (138) Ac :
2 N—
X . CO,Me 5 mol% . C; wCOZMe
cl 268 O.N 215¢ Toluene(18), 50 °C \ 269
2

70% yield
92% ee

Scheme 2.21 Chen's enamine addition to MBH-carbonates

Chen and co-workers successfully managed to form C-O bond via an S,2’-S,2’

mechanism. They achieved the addition of peroxide to MBH-carbonates
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catalysed by a dimeric cinchona alkaloid.®” In this case, the best catalyst
appeared to be (DHQD),PHAL. They were able to form the peroxide ether in good

yields and very good enantioselectivity (Scheme 2.22).

OBoc (DHQD),PHAL (136) o
EtXOOH . co,Me 10 mol% ©__CO,Me
Ph ey 270 215a  CCls (271),35°C m 272

79% yield
93% ee

Scheme 2.22 Chen's peroxide addition to MBH-carbonates

While Chen et al. were able report many examples of C-N, C-O bond formation
methods involving MBH-carbonates, Wang et al. succeeded to create a C-P bond
by adding a phosphine to MBH-carbonates.® The presence of molecular sieve in
this reaction is crucial for the high enantioselectivity. Without it, the reaction

gains in yield, but loses considerably in enantiomeric ratio (Scheme 2.23).

2
o OBoc Ph—P—Ph
B . CO,Me _Quinine (61) 20 mol% CO;Me
H™DPh Xylene (243), 0 °C, 60h,
82% yield
OMe OMe 97% ee

Scheme 2.23 Wang's alkyl phosphination of MBH-carbonates

In our group we successfully reported two main AAS involving MBH-carbonates.
The first reaction is the anthrone addition to MBH-carbonates via Sy2’-S\2’
mechanism. The second reaction is the addition of alkyl-azaarenes to MBH-

carbonates via synergistic catalysis.
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2.2 Highly enantioselective addition of anthrones to

MBH-carbonates

2.2.1 Introduction

More than a century ago, a dermatologist from London called Squire discovered
that the Goa powder, which is extracted from legume-tree Andira araroba, is an
effective treatment for psoriasis. Later, in 1878, Seidler and Liebermann found
out that the active species of this powder is an anthrone derivative also called
chrysarobin. Inspired from this discovery, in 1916 Galewsky introduced the
synthetic antipsoriatic drug named cignolin, where the active agent was called
later anthralin in the US and dithranol in Europe (Figure 2.1). 80 years of
continuous research for a more effective antipsoriatic agent passed with no

success in finding a better drug.®

OH O OH OH O OH
Chrysarobin (275) Cignolin (276)

Figure 2.1 Structures of crysarobin and cignolin

Anthrones and its derivatives are important scaffolds present in various natural
sources and known for their medicinal effects. They can be found in plants such
as Genus Aloe,'"° Picramnia latifolia,"™®"Rheum emodi (The roots of Rheum emodi
(Himalayan rhubarb)) which are widely used in Ayurvedic and Asian folk
medicine. The drug is administered as a stomachic, purgative, astringent, tonic,
laxative in biliousness, lumbago, piles, chronic bronchitis, asthma and in certain
skin diseases.'? Also, anthrone is commonly used for the analytical
determination of carbohydrates in plants.

Considering the medicinal properties of these derivatives there are not so many
examples of asymmetric reactions with anthrone scaffolds described in

literature.

Anthrone derivatives behave as dienes and are suitable for Diels-Alder reactions.

In 1985, Mills and Beak studied the effect of the solvent over the equilibrium
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constant of the tautomerisation anthrone/anthracenol. They realised that the
keto form is favoured in nonpolar solvents such as toluene and the alcohol form
is favoured in solvents with hydrogen acceptor atoms such as THF. In 1989,
Rickborn et al. reported the first example of Diels-Alder reaction involving
anthrone and maleimide (Scheme 2.24).'°! One vyear later, they reported
reactions between anthrone and other dienophiles such as dimethyl maleate,

fumaronitrile, methyl acrylate and others.!"*%

o
H ol
0 = ) =2 o
277 278 Et;N (249) HO 280

Scheme 2.24 Rickborn's maleimide addition to anthrone

Later, several groups focused their research into addition of various maleimides
to anthrone in an asymmetric fashion. In 2001, Yamamoto and co-workers
attempted this reaction using the catalyst A (Figure 2.2) they obtained high
yields (up to 99 %), but moderate enantioselectivity (up to 87 %).'! Five years
later, Tan et al. suggested the chiral bicyclic guanidine B (Figure 2.2) as a
catalyst. This catalyst showed to be more efficient (up to 96% yield and up to
99% ee).'*® |In 2010, Rios et al. reported a Diels-Alder reaction between anthrone
and maleimides catalysed by bifunctional-thiourea C (Figure 2.2) with excellent
results (up to 92% yield, up to 97% ee).l'°”

R'O
N
s R Bn
N_/ CF,
HN s
N
-~ Lk
R'O NS . NJ\N CF,
Y S H H
R': H, MOM Bn NMe,
R: aryl, pyridiyl
A (281) B (282) C (159)

Figure 2.2 Catalysts for Diels-Alder reaction between anthrone and maleimides

Other reactions involving anthrone are Michael additions to nitroalkenes,

enones, a,B-unsaturated aldehydes and methyl acrylate. In 2007, Shi et al.

reported the addition of anthrone to nitroalkene catalysed by cinchona-
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alkaloid."® The best results were obtained by using O-Benzoylcupreine as a
catalyst (Scheme 2.25A). Two years later, Yuan et al. attempted to do the same
reaction using the bifunctional-thiourea catalyst.'* The results were comparable
with the one reported by Shi (Scheme 2.25B).
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