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Abstract

Over the past three decades, the synthesis of enantiomerically pure products became a
major concern in modern research. In this context, organocatalysis has emerged as a viable
method and interest in this field has intensified rapidly. In particular, cinchona alkaloids -
incorporating two functionalities capable of the synergestic activation of two components
of a reaction in a close and chiral environment - appeared as a valuable material in new
organocatalysts design. Various cinchona alkaloid derivatives have been demonstrated to
be capable of the bifunctional catalysis of a number of asymmetric reactions involving the
addition of an acidic pronucleophile to an electrophile incorporating hydrogen-bond

accepting functionality.

Our interest in these molecules led us to design and synthesise a library of new cinchona
alkaloid derivatives, the first incorporating a urea moiety at the C-5° instead of the
customary C-9 position. We proposed that placing the hydrogen bond donating group at
this position would bring it closer to the quinuclidine base ring, leading to a tighter
activation pocket that may provide a better fit for the transition states of some particular
reaction(s). In addition, we studied the impact of the C-9 functionality on catalysis, in
order to vary the distance between the two activating functions and thereby allowing the
catalyst properties to be fine-tuned to meet the needs of individual reactions. The aim of
this new library was to offer the practitioner more variation in the positioning of the
catalyst’s bifunctional components than was available with the widely employed C-9

substituted analogues.

Once these new promoters were prepared, the catalysis of efficient and highly
enantioselective 1,2-addition of nitromethane to challenging trifluoromethylketones was
studied. Excellent product yields and levels of enantiomeric excess have been obtained,
using a diverse array of substrates. The most active catalyst promoted the Henry reaction

involving alkyl trifluoromethylketones with unprecedented enantioselectivity.

These novel C-5’-substituted cinchona alkaloids were then evaluated in challenging 1,4-
additions. The first general, highly efficient and enantioselective organocatalytic system
for the addition of previously problematic alkane thiols to nitrostyrenes was developed.

The process was of broad scope: a range of alkane thiols (including those containing

viil



cleavable benzyl substituents) and a variety of electron deficient, electron rich and

heterocyclic nitrostyrenes were compatible.

The promotion of the dynamic kinetic resolution (DKR) of azlactones by thiolysis was also
investigated. Disappointingly, the C-5° urea-substituted cinchona alkaloids all performed
poorly in this challenging process (from both enantioselectivity and activity standpoints).
Therefore, a new class of C-5’-hydroxylated cinchona alkaloid catalysts were synthesised
which were capable of considerably more effective catalysis in this reaction. Product yields
were moderate. However, the most efficient catalyst could promote the thiolytic DKR of a
wide range of azlactones, including the hitherto recalcitrant azlactones derived from

branched chain amino acids, with excellent enantioselectivity for the first time.
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1.1 Chiral compounds and organocatalysis
1.1.1 The importance of chirality

In 1848, Louis Pasteur made a discovery that has become a milestone in contempory
chemistry research. Studying the fermentation of wine, he first resolved a racemic mixture

of sodium ammonium tartrate and gave clear evidence of chirality in matter.'

A molecule is chiral if it cannot be superimposed on its own mirror image. In an achiral
environment, these two mirror images (enantiomers) possess the same physical properties.
However, if exposed to plane polarised light, two enantiomers rotate the light in opposite
directions.” In an identical fashion, enantiomers will display different properties if placed
in an asymmetric medium. This is of utmost importance since, like polarised light,
biological targets (receptors, enzymes, efc.) in a human body are often asymmetric and
their interactions, for instance with drugs, are often stereoselective.”* That explains why
pairs of enantiomers may exhibit different biological properties.” For instance, the two
enantiomeric forms of the natural molecule Limonene differ in the way that they interact
with the scent receptor. The left-handed (R)-(+)-limonene (1) smells like oranges, the right-
handed (S)-(-)-Limonene (2) offers a lemon smell (Figure 1.1).

\mirror
(\‘j}:\\ £
@ SR B {
1 2
(R)-(+)-limonene (S)-(-)-limonene

Figure 1.1  The two enantiomers of the natural molecule Limonene

Until the 1980’s, racemic versions of drugs were commonly commercialised. The synthesis
of racemates proved to be noticeably more facile to execute and less expensive. However,
advances in the synthesis of enantiopure compounds and their bioanalysis highlighted that
if one enantiomer in a racemic mixture did not exhibit the desired pharmacological

activity, it could possess a separate activity which could be harmful for the human body.°



For instance, in 1961, it was proven that more than 10,000 cases of new born infants with
gross deformities were caused by a drug that mothers would have been prescribed during
their pregnancy: Contergan.® Its active principal ingredient, Thalidomide (3, Figure 1.2), is
a chiral molecule whose eutomer is a light sedative that treats morning sickness and aids
sleep. In contrast, the dystomer (also present in the drug) was proved to be a potent
teratogen. The drug was removed from the market and after other medical cases
highlighted the danger of racemic drugs (e.g., anti-Parkinsonian L-Dopa (4),
tuberculostatic ethambutol (5)"), the FDA set up more constrained regulations in 1992 in
relation to chiral drugs in a ‘Policy Statement for the Development of New Stereoisomeric
Drugs’.® Since then, companies are required to establish major justifications during their

application to bring a molecule to the pharmaceutical market in its racemic version.

0O O
NH HO COzH H, Et H
Ho N
N— (e} s
{): I3, N on
H HO Et H
e}

3 (R)-thalidomide 4 (S)-DOPA 5 (S,S)-ethambutol

Figure 1.2  Examples of chiral drugs

As a consequence, the synthesis and evaluation of enantiomerically pure drugs has become
an area of considerable interest.” In 2006, 80% of the drugs approved by the FDA were
chiral molecules, and 75% of these were single enantiomers.'® Facing those changes in the
market profile,’ it was of major importance for synthetic chemists to develop better

methods to allow access to enantiomerically pure molecules.

1.1.2 Different approaches toward the synthesis of enantiopure compounds

Three major routes have been developed to date (Figure 1.3)."""



CHIRAL pool PROCHIRAL substrates

Catalysis
Enzymes

Metal(ion)-based catalysts
Organocatalysts

Synthesis

ENANTIOPURE COMPOUNDS]

Diastereoisomer formation
(Dynamic) kinetic resolution

RACEMIC mixtures

Figure 1.3  Routes towards the synthesis of enantiomerically pure compounds

1.1.2.1 The resolution of racemates

In this strategy, a single enantiomer is isolated from a racemic mixture.'*"* One such
method is using a chiral resolving agent, where enantiomers can be derivatised into two
separable diastereoisomers. For the method to be efficient, the diastereoisomer has to be
easily transformed back into the desired enantiomer, without substantial loss of material,
and the resolving agent has to undergo facile recycling during the process. This is an
inexpensive and efficacious method. Nevertheless, the yield can only reach 50% at

maximum.

1.1.2.2 Chiral pool-based method

Another approach is to utilise (enantiopure) starting materials belonging to the chiral
pool.'*'*1> The chiral pool includes a plethora of molecules that are readily available from
nature in only one enantiomeric form, such as amino acids or carbohydrates. They can be
used as reagents in natural product synthesis and other synthetic strategies. Via this
pathway, the preparation of high optical purity compounds in high yield is achievable and
occurs through an intramolecular transfer of chiral information. The drawback of this

approach is that the starting material utilised could be significantly expensive.



1.1.2.3 Asymmetric catalysis

118 can be achieved from prochiral substrates via catalysis using

Asymmetric synthesis
enzymes, metal(ion)-based catalysts or organocatalysts. In these methods, the chiral
information is transferred intermolecularly (from the catalyst to the substrates) and is
amplified: a single molecule of catalyst will be engaged in a number of cycles, generating
each time an optically active product.'’ Providing that the catalyst is properly recycled and
reusable after each cycle, this method (if well optimised) offers a highly attractive atom-
economic pathway to prepare enantiomerically pure compounds from prochiral material."
Typically 0.1-20 mol%° of catalyst is sufficient in an optimised process and high yield of
highly enantioenriched products are often attained. The recent increased interest in
catalysis relies on the fact that it broadens the scope of optically active molecules that can

be produced.

1.1.2.3.1 Enzyme mediated catalysis

2

Biocatalysis”’ ? involves multifunctional macromolecules (1 0*-10° daltons) that are among

the most efficient molecules that catalyse chemical reactions. Nevertheless, their substrate
and reaction scope are often very limited. In addition, even though these bioprocesses
occur under very mild conditions, these conditions can constitute a significant limitation to
their activity. Since most of the interactions with the substrates are mediated by hydrogen-
bonds® (as illustrated by the example of the carboxipeptidase A,** Figure 1.4), the pH will

have a dramatic influence on the facile formation of enzyme-substrate complexes.
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Figure 1.4  Enzyme-substrate complex associated with carboxypeptidase A



The temperature can also be of major significance since certain enzymes are denatured in
too high temperatures, which changes the conformation of the protein (unwind) and,
consequently, the conformation of their active site. However, if the conditions are well
optimised, their astounding chemo- region- and stereoselectivity”” make them an

industrially viable technology.*
1.1.2.3.2 Metal(ion)-based catalysis

This catalytic strategy relies on the use of a metal(ion) complex in a chiral environment to
accelerate the rate of a reaction. During a catalytic cycle, a Lewis basic substrate
coordinates to the metal(ion), decreasing the energy of its LUMO orbital and so enhancing
its electophilicity. The versatility of the geometry of the ligands, the nature of either the
metal-ion or the counterion, introduced a great range of possibilities in terms of the
tunability of the electronic and steric properties, enabling these catalysts to be used in an

. f . 1
impressive range of reactions. "

Metal(ion)-based catalysis represents a powerful complementary method to enzymatic
catalysis in a way that considerably extended the range of reactions that chemists can
catalyse.”” As William S. Knowles highlighted during his Nobel address: “When we started
this work we expected these man-made systems to have a highly specific match between
substrate and ligands, just like enzymes. Generally, in our hands and in the hands of those

that followed us, a good candidate has been useful for quite a range of applications.”.’

For the development of methods for the formation of new C-C bonds by palladium-
catalysed cross-coupling, Richard F. Heck, Ei-ichi Negishi and Akira Suzuki were awarded
the Nobel Prize in Chemistry in 2010, demonstrating the importance of such catalytic

systems in Organic Chemistry.*®
1.1.2.3.3 Organocatalysis

In organocatalysis (or metal-free organic catalysis), the acceleration of the rate of a
reaction is induced by the addition, in a substoichiometric ratio, of a low molecular weight
organic compound.”’** These catalysts are generally naturally readily available as a single
enantiomer (e.g. proline) and inexpensive. They are usually robust and stable to oxygen

and moisture, which often enable chemists to use them without requiring strict reaction
5



conditions such as inert atmosphere or absolute solvents. ‘Metal-free’ catalysts are likely to
be less toxic and environmental friendly which avoids the issue of pollution and waste
treatments. These ‘green’ advantages make organocatalysis an alternative which seems to
hold much promise in such areas as the synthesis of pharmaceutical or agrochemical
products without possible heavy metal contamination.’* Emerging as a practical method,

interest in the organocatalysis field has intensified rapidly in the last decade.
1.2 The development of (thio)urea-based catalysts

In this promising ‘metal-free’ method of catalysis, inspired by enzymatic mechanisms of
action, rigid bis-hydrogen-bond donating molecule templates are in the center of new
catalyst designs.**® In particular, urea and thiourea moieties play an important role and are
widely used as a powerful tool for the activation of Lewis basic substrates as general acid
catalysts.’’® This has been elucidated as a result of various studies from the past two

decades.
1.2.1 General principles

In the 1980’s, it was demonstrated that molecules incorporating appropriately positioned
hydrogen donating groups, capable of electrophile activation, had great catalytic potential.
This strategy was based on the use of conformationally restricted catalysts bearing two
heteroatom-bond protons which would donate two strong hydrogen bonds to the same

carbonyl functionality, through its oxygen atom’s lone pairs of electrons.*

Hine et al.*' were the first to demonstrate the importance of using a rigid catalytic system
(i.e. 1,8-biphenylenediol (6), Scheme 1.1) in the efficient promotion of the addition of
secondary amines to glycidyl phenyl ether (7). The bis-phenolic catalyst 6 possesses two
syn-periplanar hydrogen bond donating groups in a rigid catalyst framework, capable of
interacting with both lone pairs of electrons of the epoxide oxygen atom. To test the
validity of this hypothesis, Hine compared the catalytic activity of different phenolic
systems in this reaction. Not only more acidic and monoprotic p-nitrophenol (9) revealed
to be noticeably less efficient than 6, but bis-hydroxyl functionalised catechol 10 exhibited

even less activity.
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Scheme 1.1 Evaluation of the catalytic properties of phenol derivatives for the

promotion of ring opening glycidyl phenyl ether

Since hydrogen-bond donating solvents were already known to accelerate the rate of Diels
Alder reactions,” Kelly found an opportunity to use Hine’s-type catalyst to study the
promotion of such reactions. Based on the scaffold of Hine’s most acidic bisphenylene diol
(4,5-dinitro-1,8-biphenylenediol), he designed a more soluble biphenolic aromatic system
(11, Figure 1.5) and successfully promoted Diels Alder reactions involving either
aldehydic or ketonic dienophiles.*’ Once again, the significant rate acceleration of the
reaction was explained via the bifurcated interaction between the hydroxyl groups of the

catalyst and the carbonyl of the dienophile.
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Figure 1.5  Hydrogen bond donating catalysts for the Diels-Alder reaction



Another discovery represented a major breakthrough for modern catalyst design. Etter et
al.**% observed that N,N'’-diaryl ureas bearing electron-withdrawing groups (e.g. 12,
Figure 1.5) readily formed cocrystals with various Lewis basic functional groups (e.g.
carbonyl compounds) due to their ability to donate hydrogen bonds. This new discovery
highlighted urea derivatives’ potential to also promote - as general acid catalysts - the
addition of a nucleophile to an electrophile, using hydrogen-bond donation to activate the

reaction.

Nitro groups have been chosen as substituents for the aromatic ring due to their electron-
withdrawing effect. Their location at the meta position has been found empirically to be
the most suitable.**** If the nitro group is replaced by an electron donating group or is
moved to another position on the aromatic ring, the complexing property of the urea core is

noticeably weaker.
1.2.2 The (thio)urea moiety and its tunability

A few years later, in the light of these pioneering studies, Curran and Kuo reported the first
examples of (thio)urea derivatives as efficient promoters for general acid catalysed
reactions. Inspired by Etter’s urea 12 and prompted by Kelly’s success in promoting Diels
Alder reactions using the bifurcated hydrogen-bond donor 11, Curran designed a novel
N,N’-diaryl(thio)urea 13 (Scheme 1.2) for the the promotion of radical allylations. Since
nitro groups were known to be radical inhibitors, he introduced onto Etter’s scaffold
trifluoromethyl groups that would have similar electron-withdrawing effects on the
aromatic moiety. He also incorporated a lipophilic octyl ester functionality to increase its
solubility in organic solvents. This new urea 13, used in stoichiometric amount, proved to
be an efficient additive in radical allylations of cyclic a-sulfinyl radicals 14 with

allyltributylstannane 15* and Claisen rearrangements of diene 17 (Scheme 1.2).*
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Scheme 1.2 The first examples of reactions promoted with a urea as a general acid

catalyst

In line with Etter’s results and supported by the failure of catalysts 19 and 20 (which are
devoid of two coplanar N-H bonds available for hydrogen-bond donation) to promote the
Claisen rearrangement, Curran et al. proposed a transition state model in which a bis-
hydrogen-bond interaction between the urea and the lone pair of electrons of the oxygen
atom was responsible for the efficient rate acceleration of these reactions (Scheme 1.2).
Curran also theorised that, in the transition state of the radical allylation reaction, the urea
moiety led to a better sulfinyl radical’s facial differentiation resulting in a higher

diastereocontrol of the addition.

The effect of trifluoromethyl substituents was further exploited in this catalyst class by
Schreiner.*®* Comparing the catalytic performance of a number of symmetrical thioureas
bearing different substituents (Scheme 1.3), he confirmed that thioureas bearing electron-
withdrawing substituents on the phenyl moieties were more efficient (especially bis-meta-
substituted thiourea 21) to promote the Diels Alder reaction of unsaturated ketone 22 with

cyclopentadiene (23).
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Scheme 1.3 The design of thiourea-based catalysts for the promotion of the Diels Alder

reaction

This study also highlighted the fact that the choice of the substituent’s positioning on the
aromatic ring was fundamental in the catalyst design. Thioureas bearing a trifluoromethyl
substituent in the ortho position (i.e. 26) were found to be less active than if it was
substituted in para (i.e. 27) or, even better, meta position (i.e. 28) of the phenyl ring.
Schreiner et al. suggested that the trifluoromethyl group placed at meta position would
enhance the acidity of the ortho-hydrogen atoms. This would result in an interaction
between these protons and the (thio)urea oxygen/sulfur atom, hence constraining thicurea
28 into a planar conformation and rigidifying the catalyst’s structure. This idea had a major
impact on subsequent catalysts design. It should be added that trifluoromethyl groups also
limited the self-association of the catalyst since it does not participate in hydrogen-

bonding.

For this study, Schreiner selected thioureas in preference to their oxygenated derivatives
for their higher acidity (pK,(thiourea) = 21 in DMSO, pK,(urea) = 26.9 in DMSO),” which
he expected to lead to stronger hydrogen-bonding interactions with the substrates. Sulfur
being less electronegative than oxygen, he also aimed at reducing the catalyst’s tendency to
self-associate. This logic will also be reused in future catalysts development, even though

for some reactions ureas still remained a better promoter.”~*
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1.2.3 Chiral (thio)urea-based catalysts

In 1998, Sigman and Jacobsen discovered that it was possible to use (thio)urea
catalophores to prepare optically active compounds. Thus, they disclosed the first
examples of catalysts incorporating a (thio)urea functionality in close proximity to a chiral
amino-acid-derived core, which role would be to transfer the chiral information during the

transition state (29 and 30, Figure 1.6).%

This (thio)urea scaffold revealed great potential, offering numerous possibilities to fine-
tune - electronically and sterically - the catalyst structure to particular reaction demands.*
Screening synthetic libraries of resin-bound catalyst candidates, they selected (thio)urea
compounds 29 and 30, incorporating a chiral cyclohexyl diamine moiety on one side and
an enantiomerically pure fert-leucine amino acid on the other, as optimum promoters for

the asymmetric Strecker reaction.

The two geometrically demanding tert-butyl groups at both extremities of the molecules (at
the amino acid position and at the meta-position of the aromatic salicylimine) were
proposed to be responsible for the high level of enantioselectivity. It was found that only 2
mol% of 29 was needed to efficiently prepare 31 and 32 via the addition of HCN to either
aliphatic or aromatic substituted N-benzyl or N-allyl imines. Challenging aliphatic
ketimines could also be used as substrates with excellent results (product 33, Figure

I Tl
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hydrogen-bond /U\ - )J\ o
electronic tunability // Fal” N~ NF FsC~ "N~ “Ph

il o CN >(kc1~1
X transfer of
H = chirality / 31 32
N N 7 | 89% 88%
H B i 97% ee 96% ee
NN
e ' b HNG P
29 X=0 .m 3C,
30 X=S % ﬂ 1 cN )
0Co(Bu) | i 33 100%
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Figure 1.6  Chiral (thio)urea catalysts as efficient promoters of the Strecker reaction
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A subsequent mechanistic and structural rational design study, based on computational
modeling and NMR experiments, highlighted the importance of fine-tuning the steric bulk
of the amide substituent of catalyst 29.” Incorporating a tertiary amide onto urea’s
skeleton 34 (Figure 1.7) enabled Jacobsen et al. to achieve a better stereocontrol for some
reactions. With these catalysts in hand, products 35 and 36 were generated with

quantitative yields and excellent enantioselectivities (up to 99% ee).

\l/ b
A P
\n/\ HsC, HN Ph HN Ph
ERLR S = G ¥ s
bulky tertiary amine: 35 36
face differentiation
cat. 29 70% ee cat. 29 96% ee
0CO('Bu) cat. 34 86% ee cat. 34 99% ee

Figure 1.7  Sterically-tuned Jacobsen's catalyst for better face differentiation

With such versatile and readily fine-tunable molecules, Jacobsen and coworkers were
provided with catalytic systems that were efficacious for a wide scope of highly
enantioselective reactions including aza-Henry reactions,”® hydrophosphonylation of

imines,” Mannich-type® and aza-Baylis-Hillman reactions.®'

For instance, 34 was proved to be capable of the promotion of asymmetric aza-Henry
reactions involving different nitroalkanes (nitroethane, nitropopane) with N-Boc-protected
aromatic imines, such as 37. Henry-adducts (e.g. 38, Scheme 1.4) were obtained with

excellent yields, enantioselectivities and with high diastereocontrols.’®

Boc. EtNO, (2.5 eq.) HN’BOC

N 34 (10 mol%)
L ~  ph Noz
PR NH DIPEA (1.0 eq.)
toluene, 4 A sieves

37 4°C,18h 38 96%, 92% ee
d.r. 15:1 (syn:anti)

Scheme 1.4. Aza-Henry reaction catalysed by Jacobsen's thiourea 34

12



Design of thiourea 39 (Scheme 1.5) gave access to the synthesis of Baylis-Hillman adducts
(e.g. 42), with moderate yields but high enantioselectivities (up to 99% ee), via the reaction

of methylacrylate (40) with a series of aromatic imines such as 41.%'
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Scheme 1.5 Highly enantioselective reactions catalysed by chiral thiourea 39

It was found that 5 mol% loading of 39 was also highly catalytically efficient for the
promotion of Mannich-type reactions (Scheme 1.5). Adding silyl ketene acetal 43 to
aldimine 44 afforded B-aryl-B-amino acid 45 in excellent yield and enantioselectivity

(95%, 97% ee).*°

1.2.4 Expanded reaction scope: bifunctionality

Following these discoveries and inspired by the enzymes’ remarkable abilities to control
the stereochemical outcome of the reactions they catalyse, which has (in part) been
ascribed to their bifunctional activation pathway, Takemoto proposed to introduce the
concept of bifunctionality into organocatalysis with the design of chiral thiourea 46 (Figure
1.8).° Mimicking the synergistic activation mode used by enzymes, Takemoto’s
bifunctional catalyst possesses two catalytically active functional groups in close proximity

to each other, capable of activating simultaneously the two substrates of a given reaction.
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Therefore, in the transition state, the (thio)urea-bond-activated carbonyl group would be
held in close proximity to the amine-activated pronucleophile in a defined controlled chiral
environment.®® For this purpose, Takemoto incorporated a chiral general base functionality

(1,2-trans-cyclohexyldiamine) in close proximity to the aryl(thio)urea core.

activates the electrophile

(—— ftransfer of the
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R J\ scaffold i 5
N N
| |
Ao A B FaC N/U\N' :
Yoy =N ¢—= activates the g B
J 7 R? nucleophile N
R e BEH 46
“Nu L )

Figure 1.8  Takemoto’s bifunctional catalyst

Thiourea 46 (Figure 1.8) was proved to offer enormous potential advantages over
traditional strategies (i.e. monofunctional activation pathways using either basic
triethylamine or general acidic Schreiner’s ureas (e.g. 21) as catalysts) in terms of both
reaction rate and enantioselectivity.®* For instance, it promoted the Michael addition of
diethyl malonate (e.g. 48) to (£)-B-nitroolefins (47), affording Michael adduct 49 with
good yield and enantiomeric excess (Scheme 1.6), where either (thio)ureas or bases
(triethylamine or DBU) used alone have been demonstrated to serve as poor catalysts, both

conversion and selectivity-wise.*>®

Takemoto et al. proposed a pre-transition state assembly A where the amine moiety would
be responsible for the deprotonation of the malonate ester. Simultaneously, the thiourea
would activate the nitroalkene and place it in an opportune position for the addition to
occur selectively on one face of the electrophile.® According to Scheme 1.6, a steric clash
between the ester group of the malonate and the phenyl moiety of the nitrostyrene would
ensue in pre-transition state assembly B, making pre-transition state assembly A more
likely to take place.

1.5 proposed another pre-transition state assembly C for this reaction (Scheme

Papai et a
1.6), also involving a synergistic bifunctional activation of the two substrates. This

assembly was based on the deprotonation of the malonate. The resulting enolate would

14



interact through hydrogen-bonding with the thiourea moiety, whereas the nitroolefin would

be activated by the quinuclidinium moiety via another hydrogen-bond.
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Scheme 1.6 The stereochemical rationale proposed to explain the outcome of the

Michael addition of malonates to (£)-f3-nitrostyrene catalysed by 46

Following Curran and Takemoto’s major discoveries, numerous research groups developed

organocatalysts processes in which the (thio)urea motif had a central role. These systems

were proved efficient for the promotion of various enantioselective reactions (including

Michael-type additions, Friedel-Crafts reactions, Henry-type reactions, etc.).
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1.3 Cinchona alkaloids as useful catalyst scaffold
1.3.1 Stuctures of the molecules found in Cinchona bark

Cinchona alkaloids are natural molecules extracted from the bark of South-American trees
of the genus Cinchona. From the extractions of these barks, around 30 different alkaloids
could be isolated. Among them are found (in useful quantities) two pairs of
pseudoenantiomers: quinine (50)/quinidine (51) and cinchonidine (52)/cinchonine (53)

(Figure 1.9).

In 1912, Bredig and Fiske demonstrated the catalytic abilities of quinine and quinidine for
the first time, when they were found to accelerate the addition of HCN to benzaldehyde.”
The resulting cyanoanhydrides were optically active, however the obtained enantiomeric

excess was low.

50 51 52 53

Figure 1.9  Cinchona alkaloids extracted from the bark of the Cinchona trees

1.3.2 Cinchona alkaloids as bifunctional catalysts

Since then, cinchona alkaloids have represented one of the most common templates used

76 mainly due to their bifunctional character. They incorporate

for organocatalyst design,
two key functional groups, with complementary roles, which synergistically activate the

two components of a reaction in a chiral environment (Figure 1.10).

In the transition state of an addition reaction involving an electrophile (with at least one
Lewis-basic site near the electrophilic centre) and a pronucleophile which is deprotonated
during the reaction, the quinuclidine ring, as a general base, creates and stabilises a
negative charge on the nucleophilic substrate. Meanwhile, the hydroxyl group close by at

the C-9 position, enhances the electophilic character of the second substrate via hydrogen-
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bonding. This simultaneous activation results often in a higher degree of selectivity during
the reaction.”® Another advantage of this bifunctional mechanism is that since both of the
pseudoenantiomeric versions of these alkaloids are commercially available, it is often the
case that the practitioner can conveniently access both enantiomers of a product in a

catalytic process.”®

General base ‘chiral pocket'
deprotonates
the nucleophile

J

Hydrogen-bond
donating group
activates
the electrophile

Figure 1.10 Quinidine: a bifunctional catalyst

1.3.3 Examples of reactions catalysed by natural cinchona alkaloids

1.3.3.1 Cinchona alkaloids as catalysts for the Michael-type addition: a seminal

comprehensive study

In 1975, Wynberg investigated the Michael addition of activated nitroalkanes and [3-
ketoesters to methylvinylketone (MVK) using quinine (50) in catalytic amounts.’”’
Following this study, Wynberg et al. extensively explored the possibility of obtaining an
optically active product from two optically inactive substrates via the 1,4-additions of
thiophenols (e.g. 54) and selephenols to cyclohexenone (55). Enantiomeric excess up to
67% and quantitative chemical yields were obtained with only 1 mol% catalyst loading

(e.g. adduct 56, Scheme 1.7).7%%
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Scheme 1.7 Asymmetric Michael addition catalysed by cinchona alkaloids

It is noteworthy that [2+2] cycloadditions (between ketene and chloral) could also be

promoted by quinidine (51) with impressive stereoselectivities that reached 98% ee®!
1.3.3.3.1.1  Mechanistic and stereochemical rationale

In 1981, Wynberg published a landmark study: revisiting the investigation on the Michael-
type addition of thiophenols onto cyclic enones, Wynberg and coworkers proposed a

developed mechanical insight of the reaction.®

It was found that opposite enantiomers were preferentially obtained when catalysts with
different 3-hydroxyamine unit’s stereochemical arrangement were involved in the catalysis
(i.e quinine/quinidine or cinchonidine/cinchonine, Scheme 1.7). Also, catalyst 57, which
included no hydroxyl group on its skeleton, failed to promote the Michael addition
effectively, providing almost no enantiodiscrimination (4% ee). These results confirmed
that cinchona alkaloids operated through a bifunctional mechanism and that the hydroxyl
group had a central role in the catalyst’s mode of action. Therefore, Wynberg proposed a
transition state where the cycloalkenone and the thiol are simultaneously activated by the

catalyst’s hydroxyl and amine functionalities respectively (Figure 1.11).
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Figure 1.11 Proposed Michael-type addition transition state

Wynberg identified other important interactions that would occur during the transition state
and which would have an influence on the transition state’s stability (Figure 1.12). He
postulated that the free catalyst would naturally ado<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>