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Introduction

Biological properties of many drugs can be explained by the affinity of these substances for
a specific macromolecular biological target such as a protein or a nucleic acid. The binding sites
of such biological targets mostly form chiral environments and the configuration of a
corresponding chiral ligand constitutes a crucial recognition parameter between the two partners.
Consequently, such stereochimical considerations can strongly modulate the biological activity of
a drug by eroding the dose-response relationship, cancelling affinity of the ligand for its target or
causing antagonist effects.l'! For those reasons, considering achiral compounds as drug
candidates lowers chances of working with an optimal structure from the biological activity
standpoint. Also, several examples have demonstrated the risk of using a racemic mixture as
therapeutic agent. Such approaches can also be a costly and wasteful enterprise if an a posteriori
resolution process has to discard half of the final target molecule.?! The development of synthetic
operations which directly produce the highest proportion of a desired enantiomer has become a
major contribution of organic chemistry to the pharmaceutical field. To reach this goal,
enantioselective catalysis proved to be one of the most efficient and atom-economical approach
and was extensively exploited to perform asymmetric transformations.[3! Alternatively to
organometallic catalysis, the development of organocatalysis has exploded during the last decade
and naturally impacted the field of total synthesis.!*! Interestingly, chiral organocatalysts offers
various modes of activation have been involved in the preparation of numerous bioactive
compounds. Recently, non-covalent organocatalysis for electrophilic activation has known a
tremendous interest due to its efficiency in the asymmetric formation of C-C and C-heteroatom
bonds.
This approach typically relies on Brgnsted acid catalysts that increase the reactivity of
electrophilic species by lowering their electronic density.®! Many privileged hydrogen bond donor
scaffolds capable of forming single or double hydrogen bonds with electrophilic substrates have
been developed as catalysts over past years.[?! The use of such transformations as key steps in
the synthesis of bioactive compounds is highlighted in the present report.[7 8] However,
asymmetric syntheses of natural and pharmaceutical products mediated by covalent organic
catalysts® 4 and phosphoric acid®! have been reviewed recently and are not covered in this
chapter. Here, we will attempt to provide an overview of enantioselective total or formal
syntheses relying on hydrogen bond organocatalysis. Notably, a focus will be put onto activation

by catalyst such as bifunctional thioureas, Cinchona alkaloids, bis-imides, and BINOL derivatives



that offer an exceptional entry to the pharmaceutically valuable compounds. In order to
demonstrate the versatility of such processes and the diversity of the accessible motifs, this

chapter will be organized according to target scaffolds and reaction types.

1- Enantioselective Organocatalytic Michael Additions*!

The catalytic asymmetric conjugate addition of carbon nucleophiles to electron-deficient
olefins is highly attractive transformation to design key steps during the retrosynthetic planning
in total synthesis. In the area of bifunctional organocatalysis, a large number of asymmetric
conjugate addition reactions have been developed to date. By acting all at once as Brgnsted acids
and Brgnsted bases they have already demonstrated their unique efficiency in a broad range of

enantioselective conjugate additions (Figure 1).
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Figure 1. General scheme for the bifunctional activation by chiral bifunctional catalysts in enantioselective Michael additions.

1.1 Michael Addition To Nitro-Olefins(!!!

Nitro-olefins are valuable building blocks in total synthesis as Michael acceptors in C-C bond
formation. Additionally, the nitro functionality is easily reduced to amine and can establish
hydrogen bonding with appropriate Brgnsted acid catalysts with a view to performing
enantioselective transformations. In this framework, bifunctional chiral organocatalysts
incorporating a thiourea and a tertiary amine moiety, proved to be particularly efficient (Figure
2).1121 Indeed, combined activation of the electrophilic and nucleophilic partners results in high

degrees of enantio- and diastereoselectivities.
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Figure 2. General scheme for the activation of nitro-olefins by chiral bifunctional thiourea-based catalysts.

The enantioselective addition of oxindoles 2 to nitro-olefins 1 is a powerful application of
organocatalysis by Brgnsted acids and appears as an efficient method for the direct construction
of all-carbon quaternary stereogenic centers. Barbas Ill and co-workers developed a thiourea-
catalyzed process permitting the formation of oxindoles 4 in a single step triggered by catalyst 3
(Scheme 1). The two adjacent stereogenic centers, including the quaternary C3 position, were
generated in a highly enantio- and diastereoselective fashion. The method offers a privileged
access to the hexahydropyrroloindole core encountered in numerous alkaloid derivatives. Hence,
this reaction was used as a key step to achieve the formal synthesis of the calabar alkaloid
(+)-physostigmine, an Alzheimer's disease therapeutic agent.['3! Based on the same method,
catalyst 3 was employed to prepare compound 4a, isolated in 65% yield and with 96% ee after a
single recrystallisation step. Further post-transformations, including the reduction of the nitro
substituent to afford amine 6, ended with the isolation of tricylic (+)-esermethole 7. As
demonstrated by Overman# and Brossi,*® this molecule is an advanced intermediate in the
synthesis of of (+)-physostigmine 8. Finally, the strategy developed by Barbas Il constitutes an

attractive alternative to the previous syntheses of this target molecule.['6 17, 18]
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Scheme 1. Synthesis of (+)-physostigmine

In 2015, Nagasawa and co-workers!*®! reported an enantioselective Michael addition of a phenol
9 with a nitro-olefin 10 in the presence of guanidine/bisthiourea organocatalyst 11 (Scheme 2).
An inseparable mixture of diastereomers 12 was isolated at this step. After triflation of the phenol
unit, the Michael compound 13 was isolated in good yield with 93% ee. The authors proposed a
possible transition state to explain the high enantioselectivity, in which the guanidine moiety of
catalyst activates the phenol as a nucleophile, and at the same time the thiourea moiety activates
the nitro-olefin. The synthetic value of this method was further demonstrated by its involvement
in the total synthesis of amaryllidaceae alkaloid (+)-trans-dihydrolycoricidine 15. Several
transformations such as olefin oxidative cleavage, intramolecular Henry reaction, CO insertion
reaction and stereoselective hydroxylation were required to reach tricyclic 14. Targeted product

15 was then reached after 3 steps.
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Scheme 2. Synthesis of (+)-trans-dihydrolycoricidine

1.2 Michael Addition To Acrylates [2°]

In 2011, Fan and co-workers reported(?!l the total synthesis of three naturals products relying
on an enantioselective Michael of a-aryl- a-cyanoketones 16 and 4-iodophenyl acrylate 17.
Moderate level of enantioselectivity was observed using chiral bifunctional thiourea catalyst 18,
however the enantiopure compounds 19 was isolated after recrystallization (Scheme 3).
Moreover, the Michael product 21 with the opposite configuration were prepared by using

Takemoto catalyst 20.[22] Interestingly, the reaction affords quaternary stereocenters bearing



substituents that were exploited in the synthesis of three natural products like lycoramine 22,

galanthamine 23 and lunarine 24.
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Scheme 3. Synthesis of lycoramine, galanthamine and lunarine

1.3 Addition To Vinyl Phenylselenones

Selenones are important motifs in organic synthesis, because the selenonyl group is a good
leaving group, offering an opportunity to undergo further derivatization for the synthesis of
natural product. In 2009, Marini and co-workers! 221 reported the first enantioselective
organocatalytic addition of a-substituted cyanoacetates to vinyl selenones. Two years laters, Liu
and coworkerst 41 developed an enantioselective Michael addition of 2-oxindoles 25 to
a,6-unsaturated selenones 26 catalyzed by a Cinchona alkaloid-based thiourea 20 in room-
temperature ionic liquids (Scheme 4). High to excellent yields and enantioselectivities were
achieved. The suggested transition state 28 displays a network of hydrogen bonds between the

reactions partners initiated by the bifunctional catalyst. This strategy for the preparation of



bioactive molecules was highlighted by the synthesis of (-)-physostigmine 29. Indeed, the target

was obtained in three steps from Michael adduct in a 62% overall yield.
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Scheme 4. Synthesis of physostigmine

Recently, the group of Zhu!?®! published a Cinchona-catalyzed method for the preparation of
optically active isocyano-bonding quaternary carbon. The reported procedure involves a Michael
addition of a 2-isocyanoarylacetate 30 to vinyl phenylselenone 31 (Scheme 5). The catalyst having
a free hydroxy group on the C-6' position was found to be the best in terms of reactivity and
enantioselectivity. Once again, the bifunctional aspect of catalyst was invoked to explain the
degree of stereocontrol. This elegant strategy was highlighted by the synthesis of trigonoliimine

A 34. Indeed, the target was obtained in six steps from 33 in a 22% overall yield.
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Scheme 5. Synthesis of trigonoliimine A

1.4 Double Michael Addition Cascade

Brgnsted acids-catalyzed cascades involving nitro-alkenes have been extensively used to
quickly increase molecular complexity starting from simple substrates. Notably, double Michael
addition sequences(?®! have been used to afford, after a unique step, elaborate (poly)cyclic
structures displaying multiple stereogenic centers in a one-pot fashion. These transformations
rely on nucleophilic partners 35 including a Michael acceptor (Scheme 6). Therefore, the initial
Michael addition onto activated nitro-olefin 1 is followed by a second intramolecular conjugate
addition. In this context, Takemoto and co-workers reported a chiral thiourea-catalyzed process

involving y,6-unsaturated B-ketoesters 36 and nitrostyrene 1b as substrates (Scheme 7).127]

Michael EWG Michael
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C ©
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Scheme 6. General scheme for the Brgnsted acid catalyzed double Michael addition of nitro-olefins

In this case, the cyclization step requires the subsequent addition of a strong base to proceed.
Desired cyclic intermediates 37 were then obtained with good enantio- and diastereoselectivities,
since the 3,4-trans-4,5-cis diastereomers were isolated up to 92% ee. This work constitutes the

first description of a nitroalkenes-triggered reaction supporting the formation of three contiguous



stereogenic centers. The resulting optically active six-membered rings can serve as chiral scaffolds
in the construction of supplementary cyclic structures. Hence, one of these motifs was exploited
to achieve the synthesis of (-)-epibatine, a toxic alkaloid isolated from frog skin with a capacity to
bind to nicotinic and muscarinic acetylcoline receptors. Slightly modified reaction conditions were
involved in the preparation of intermediate 37a. Indeed, a solution of KOH in EtOH was used to
ensure that cyclization occurred without epimerization of the NO-substituted stereocenter.
Compound 37a was then isolated as a single diastereomer in 85% yield but with a moderate
enantiopurity, while the latter could be increased to 99% by recrystallization of an advanced
intermediate of the synthesis. Product 37a was then converted into molecule 38 in 5 steps and
with 39% overall yield. Interestingly, the presence of the nitro group was ingeniously exploited in

the last step as an amine precursor to reach the bridged core of (-)-epibatidine 39.
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Scheme 7. Synthesis of (-)-epibatidine

As illustrated by the structures of (+)-physostigmine or (-)-epibatidine, alkaloids constitute a

highly heterogeneous family of bioactive molecules. Their structural affiliation only relies on the



presence of a basic nitrogen atom and, in most cases, a heterocyclic scaffold. However, this loose
description remarkably fits with the products recovered after a synthetic sequence including an
organocatalyzed double Michael addition of nitro olefins and the reduction of the nitro
substituent. Thus, very different alkaloids can be prepared using similar catalysts in similar key
transformations by simply varying the nature of the substrates. As a matter of fact, Xu proposed
a thiourea-catalyzed double Michael addition between malonate 40 and nitroalkene 1d to install
the C ring of tetracyclic a-lycorane 42 (Scheme 8).128! In this case, no additional base was required
and the desired the six-membered ring 41 was isolated as a single diastereomer (12:1 dr) in 95%
yield and 90% ee. As a masked imine, the nitro group had a central role in the subsequent
formation or D and B rings. Impressively, this retrosynthetic analysis allowed the preparation of
a-lycorane in 9 steps and 21% overall yield.
CO,Et

AN COzMe EtOZC
0 41 (20 mol%) EtO,C

+ - @ @ @O O W
o tol t 15 d
. S QN
o) “>No,
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41
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N 23% yield l
=
O
N 0 N
y SRR
LY Total synthesis: ©
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F3C CF 21% overall yield a-lycorane

3

EtO,C

Scheme 8. Synthesis of a-lycorane

1.5 Oxa-Michael Addition

Oxa-Michael additions, in which the nucleophile is an oxygen atom, are a good entry to
prepare B-hydroxy ketones, which are found in many natural products. In 2008, the group of Falk
described an enantioselective preparation of such derivate starting from a,8-enone and using
chiral bifunctional thiourea as catalyst.[??! In the presence of phenylboronic acid, y-hydroxy enone
43 formed the corresponding hemi boronate 44 which undergo a hydroxyl transfer through the
help of the chiral catalyst 41. This hydroxyl transfer was believed to proceed via the push/pull

nature of the catalyst,% coordinating the carbonyl of the enone (thiourea moety, pull effect) and



exibiting its electrophily. Then, the quinuclidine moiety (tertiary amine, pull effect) coordinates
the boron center, increasing the nucleophily of the hydroxyl group. Finally, oxidative cleavage of
the boron-oxygen bonds liberated the diol 45a in both excellent 90% overall yield and 91% ee.
Then, the primary alcohol was selectively acetylated to give the natural product (R,12Z,152)-2-
hydroxy-4-oxohenicosa-12,15-dienyl acetate 46. In addition, the authors reported the synthesis
of (+)-(S)-Streptenol 45b, using the same catalyst 41. Electron rich phenyl boronic acid such as
3,4,5-trimethoxyphenyl boronic acid was required to proceed at an acceptable rate and
enantioselectivity. Finally, after oxidative cleavage, the natural product 45b was obtained with a

good overall 75% yield and a good 88% ee.
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75% yield, 88% ee dienyl acetate 46

Scheme 9. Enantioselective synthesis of 8- and y-hydroxy ketone by oxa-Michael addition

1.6 Tandem Conjugate Addition-Protonation

In 2007, Deng and co-workers developed an enantioselective entry to 1,3-disubstitued
carbon framework bearing a tertiary and quaternary centers, using a cinchona based bisfunctional
catalyst 49 (Scheme 10).BY The reaction between 2-chloroacrylonitrile 48 and a-cyanothioester
47 proceeds in two sequential stereo-induction steps. The first step involves asymmetric
conjugate addition via a well-organized transition state 50 between catalyst and substrates. In
the second step, the nucleophilic addition of the enol on the 2-chloroacrylonitrile followed by
protonation give the product 51a in 71% yield and 93% ee. With this key intermediate in hand,
the author set out the formal synthesis of manzacidin A 55a. The nitrogen was introduced by



nucleophilic substitution of chloride to azide. Then, the methanolysis of the less-hindered cyanide
group followed by reduction lead to the diol 52a. Silylation of the diol, hydrolysis of the remaining
cyanide, hydrogenation and Boc-protection gave 53a. The, the Hoffman rearrangement and
deprotection of silyl group led the common intermediate 54a of synthesis manzacidin A 55a
developed by Ohfune et al.

Shortly after the same author reported a method which afforded the complementary sense of
diastereoselectivity in this enantioselective tandem asymmetric Michael addition—protonation
process by using the cinchona catalyst bearing a thiourea moiety 41 (Scheme 10).12°! They could
prepare the Michael adduct 51b, in 98% yield and 96% ee. According to the synthetic plan
described above, the formal synthesis of manzacidin C 55b was achieved.
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BocHN ' NHBoc

47 41 (10 %mol), CN ¢l
, Me NeN = “_OH
J—— e
48 toluene MeSOC 51(; b
5
i, 12h 98% yield, 9:1 dr OH
96% ee 8 steps

11% overall yield

49

Scheme 10. Formal synthesis of Manzacidin A and C



1.7 Michael Addition Aromatization Cascade

C-symmetric bis-triflamides were also employed as synthetic tools in the construction of
biologically actives molecules. Seminal studies by Jgrgensen outlined the ability of
bis-sulfonamide 57 to promote enantioselective additions of indoles to nitro-olefins (Scheme
11).B2 Thereafter, the same catalyst was successfully used, in combination with 10 mol% of AcOH,
to perform elaborate double Michael addition-aromatization cascades.!®3! This reaction leads to
the formation of tetrahydrocarbazoles 58 with cis,trans stereotriads. Among the products
prepared this way, 58a was obtained in 81% yield, 86:14 dr and 84% ee. After recrystallization,
the same compound was isolated in 47%, >99:1 dr and >99% ee and was converted in frovatriptan

59 and ramatroban analogs 60 in two and three steps respectively.

Method.
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RITNANO2 57 (10 mol%) R NO:
1 AcOH (10 mol%) Ph  Ph
Lo 2T A .
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Scheme 11. Synthesis of frovatriptan and ramatroban analogues

2- C-C Bond Formation By Enantioselective Nucleophilic Additions Onto Activated Imines!34

Imines efficiently participate in enantioselective nucleophilic additions to afford nitrogen-
substituted stereocenters. Due to their propensity to convert imines into highly electrophilic

iminium ions, chiral Brgnsted acids represent excellent catalysts for the development of



enantioselective reactions. A broad range of nucleophiles can be used in these transformations
resulting in the asymmetric formation of new C-C bonds. Hence, Brgnsted acid-catalyzed
enantioselective additions on imines were extensively considered to choose suitable

disconnections when doing the retrosynthetic analysis of a-stereogenic amines.

NR2 NHR?

I+ NuH —@» A

1 17\ H
R R Nu

imine a-chiral
amine

Scheme 12. General scheme of the Brgnsted acid-catalyzed nucleophilic addition onto imines

2.1 Hantzsch Ester Hydride (HEH) Transfer [35 3¢l

Direct asymmetric reduction of N-alkyl imines by transfer hydrogenation mediated by a
Brgnsted acid and HEH as hydrogen source has been disclosed by the List group.3”) The N-alkyl
amines products are important building blocks in the construction of the core of for a plethora of
pharmaceuticals and agrochemicals. The challenge associated with the N-alkyl imine substrates
consist in the high basicity of the amines products which can inhibit the catalyst with a consequent
luck of turnover of the catalytic cycle. Thus the stronger disulfonimide (DSI) 63 has been chosen
as catalyst and the reduction proceeds in the presence of Boc;0, in order to get in situ protection
of the amines. The methodology has been successfully applied to the synthesis of three
pharmaceuticals. (S)-Rivastigmine 64a is used for the treatment of Alzheimer’s disease; the
asymmetric reduction of imine 61a led the N-Boc protected amine 65 in 92% yield and 88% ee.
Reduction with LiAlH4 delivered the N,N-dimethyl amine which was subjected to deprotection of
the methoxy group on the aromatic ring to give the corresponding phenol in 76% yield and >99%
ee after single recrystallization. Formation of the carbamate with N-ethyl-N-methylcarbamoyl
chloride in the presence of NaH allowed to recover the desired pharmaceutical in only four steps,
64% overall yield and >99% ee. NPS R-568 hydrochloride 69 is a calcimimetic compound used for
the treatment of hyperparathyroidism, while (R)-fendiline 70 is used for the treatment of
coronary heart disease. Both are synthesized following a one pot procedure consisting in the in
situ formation of the imine from the commercially available ketones, followed by enantioselective
transfer hydrogenation and Boc protection. NPS R-568 hydrochloride 69 and (R)-fendiline 70 were
achieved after single crystallization in HCl/dioxane (82% overall yield, >99% ee) or TFA (78%

overall yield, 95% ee) respectively.
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Scheme 13. Synthesis of (S)-rivastigmine, NPS R-568.HCI and (R)-fendiline

2.2 Strecker Reactionl3®!
The Strecker reaction has attracted considerable attention among synthetic chemists
because of the utility of the resulting a-aminonitriles in the synthesis of natural products and

biological molecules. Therefore, development of asymmetric, catalytic versions of this Strecker



reaction have been the subject of numerous researches. The thiourea catalyst 72 developed by
Jacobson is a notable example. Inspired by his work, Itoh co-workers described enantioselective
Strecker reaction for the synthesis of tetrahydroisoquinoline alkaloids. The reaction of cyclicimine
71 in the presence of HCN using Jacobsen's thiourea catalyst 72 afforded desired product 73 in

86 % yield and with 95 % ee. Hydrolysis of the cyano group followed by standard transformations

72 (5mol%) MeO
MeO HON, toluene :@?
MeO 2N then TFAA T

7

led to (—)-calycotomine 74.

86% yield
95% ee
Pewe ll
N
- N N Y
o H H “ MeO
NH
o MeO
74 oH
Y (-)-calycotomine

Scheme 14. Synthesis of (—)-calycotomine

Fluorine containing group are very attractive in medicinal chemistry, biology and drug discovery
due to its unique properties. In the course of the development of new method to prepare
enantiopure a-amino acids, Zhou and co-workers developed,*®! in 2011, an enantioselective
Strecker reaction catalyzed by bifunctionnal thiourea 41 (Scheme 15). Starting to fluorinated
protected imine, this methodology delivered fluorinated cyano amine with excellent yield and ee.
a-amino acids 77 can be obtained after 2 steps in 66% overall yield from the cyano precursor 76.
This work not only provided a nice entry to such compounds but also revealed an intriguing
reactivity. It has been also noted that 1 equivalent of HFIP was a good additive to the reaction
media, increasing the kinetic of the reaction. An excess of that additive decreased the vyield,

probably by interfering in the hydrogen bonding network of the catalyst and the imine.

41 (10 %mol)

n-FMB TMSCN (2 eq) R¢= CHF, o ®
)|\ HFIP (1 eq) PMBHN%CN 2 steps cl HsN, ,CO,H
PRy PR R — A
toluene, 25°C, 24-48h f P CHF,

R(= CF or CHF,
75 Rf = CF3 : 97% yield, 94% ee 76
Rf = CHF, : 73% yield, 87% ee

66% overall yield 77

Scheme 15. Synthesis of fluorinated a-amino acids by enantioselective Streker reaction



2.3 Allylation Of Imines!*°

Brgnsted acid catalyzed allylations of imines result in the stereocontrolled formation of one
C-Cbond and are particularly interesting for the preparation of non-cyclic chiral amines. A striking
example is that of the original BINOL-catalyzed enantioselective allylation of acyl imines set up by
Schaus.! The method was based on the formation of a chiral allylation agent by combining allyl-
diisopropoxyboronate and an appropriate BINOL-derived catalyst 78 (Scheme 16). Resulting diol-
boronate complex 79 is a bifunctional species bearing a Lewis acidic boron center and a Brgnsted
acidic alcohol, both of them activating acylimine partner 80. This double interaction provides a
highly organized transition state 81 and ensures that the transformation occurs stereoselectively.
Homoallylic amines 82 were isolated in poor to excellent yields as well as with variable
enantiomeric excesses (Scheme 17). The products form valuable building blocks for the syntheses
of numerous natural products. Enantioselective allylation of a well-designed acylimine delivered
amine 80a in 75% yield and 91% ee. From this product, antiviral maraviroc 83 was isolated after
only two additional transformations. This enantioselective, protecting group-free synthesis is
one-step shorter than the previously reported strategies that introduced chirality by engaging the

chiral pool.[4?
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Ph Ph H Acid
O _~_-BOPr) OO g
OH O” "OiPr
OH OH
OO OO ™ Brgnsted
Ph Ph acid
78 79
s (0]
Rg)J\ IN
Imine R
allylation | <— F%‘B‘\//\ H 80
O /Pr double electrophilic
activation

Scheme 16. Proposed transition state for the enantioselective imines allylation catalyzed by BINOL-derived catalysts.
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14-99% ee
|:> Application:
R F

1. RuCl3(5 mol%)
NalO4
CH3CN/H,0

_—_—

2. NaBH(OAc); )\ @EL 07 NH
(e} ’;‘H AcOH N\/ N N/\/\Ph
NG e
80a N7 N NH 83
75% yield, 91% ee N= maraviroc
60% vyield over 2 steps

Scheme 17. Synthesis of maraviroc

In 2013, Hoveyda and coworkers also brought a significant contribution to the field of
organocatalyzed allylation of imines and carbonyls derivatives.[43] They reported the use of
Brgnsted acid catalyst 84 derived from valine able to form an active allylation agent by chelation
with pinacolallylborane (Scheme 18). Compared to Schaus’ system, boronate complex
intermediate 85 displays an additional intramolecular hydrogen bond. The resulting formal
positive charge increases Lewis acidity on the boron atom and facilitates coordination of the
N-phosphinoylimines substrates 86. These closer interactions between the different partners in
transition state 87 result in improved selectivities and shorter reaction times. Indeed, N-protected
homoallylic amines 88 were delivered in 4—6 h in good yields and with enantiopurities up to 99%
ee (Scheme 19). Moreover, the method positively relies on stable organoboron reagents and
easily accessible catalysts. The reaction appeared highly versatile and was directly transposed to
enantioselective allylation of isatins 89. Again, the degree of enantiocontrol was excellent and
enabled the authors to reach, in few steps, several advanced intermediates in the synthesis of
natural products. Optically pure carbinol 90a was isolated in 94% yield and is a precursor in the
synthesis of madindoline A 91 described by Hayashi.[*! For its part, 90b was already reported as
a valuable intermediate to access some representative members 92 of the convolutamydines

family.[#°]



Brgnsted

O+ NMe, acid \o NMe,
O [N
1
T ? g
Cop Lt Cie
e —— ,B<_L8Wis
OH o Acid
tBu X

tBu
84 85
B tBu  |F
LgB—gMe )'flpophz
R
Imine - cl) R 86
allylation ®N/B"N—"I\
. |1| //%I H double electrophilic
2 N =P activation
o) o) P\ Ph
L Ph _
87

Scheme 18. Proposed transition state for the enantioselective imines allylation catalyzed by a valine-derived catalysts.

Method: 84 (3-6 mol%)
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R ) RN
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Scheme 19. Synthesis of madindoline A and convolutamydines

2.4 Aza-Sakurai Cyclization

The aza-Sakurai cyclization, which involves the reaction of an iminium ion with an allylsilane,
is powerful transformations in the synthesis of indolizidines. In 2016, Jacobsen and coworkers!*®!

described a thiourea acid-catalyzed aza Sakurai—-Hosomi reaction between aminal and allylsilane



93. They proposed a transition state model 95 to account for the observed enantioelectivity in
which the thiourea catalyst 94 acts as an anion receptor to generate chiral ion pair between N-
acyliminium and chloride-thiourea as well as an internal Lewis base to activate the allylsilane.
Optically enriched indolizidines 96 was isolated in 85% yield and is a precursor in the synthesis of
(-)-tashiromine 97. After oxidative cleavage of the terminal olefin followed by reduction with

LiAlH4 led to natural product in excellent yield.

S--Si h
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7\/\/\ ? TMSCI j.r‘;\l)l\N,Ph

N E—— | |

93 TBME H H
HO ° N N
4°C cl S E):O
95

1) K,0804 0

NalO, N
-
_ 96
: 2) LiAIH, e

= EH
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Scheme 20. Synthesis of (-)-tashiromine

2.5 Pictet-Spengler Reaction[*’]

The Pictet—Spengler cyclization is one of the most potent transformations in the synthesis of
alkaloids derivatives, like tetrahydroisoquinolines or tetrahydro-8-carbolines. The reaction
proceeds by the formation of an iminium intermediate followed by an intramolecular
Friedel-Crafts addition. The overall reaction then results in the creation of two new C-N and C-C
bonds. In recent years, the development of enantioselective versions of the Pictet—Spengler
reaction was intensively investigated and several Brgnsted acid-catalyzed methods were
efficiently introduced. In 2004, Jacobsen reported the first asymmetric thiourea catalyzed
Pictet-Spengler cyclization between tryptamine derivatives 98 and aldehydes.!*8! In this specific
case, the imine intermediate was activated as a N-acyliminium ion 101 in the presence of acetyl
chloride and thiourea catalyst 99 (Scheme 21). The chiral environment required to perform the

enantioselective Friedel-Crafts cyclization was provided by the formation of a chiral chloride



counteranion. The reaction proceeds with high degrees of enantioselectivity and was rightly used
to synthesize (-)-yohimbine 102.1%°1 To this end, tryptamine was reacted with 3-((tBu-
diphenylsilyl)oxy)propanal in the presence of acylating agent and catalyst 99. This single
acylation/Pictet—Spengler condensation sequence afforded the ABC-core of the target molecule
by forming tetrahydro-8-carboline 100a in 81% yield and with 94% ee. Only nine additional steps

were then necessary to complete the synthesis of final product 102.

Method:
1) R'CHO,
NH, 3 AMS or Na,SO, NAc
R N R N .
” 2) AcCl, 2,6-lutidine, H R
_ o,
08 99 (5-10 mol%) ] 100
Et,0, -78 to -60 / -30 °C 65-81% yield
85-95% ee

via

|:> Application:

9 steps
@ 18% yield
I c p—

B >~ Total synthesis:
N NAc H 11 steps
H 14% overall yield
MeO,C" ™
OTBDPS OH
100a 102
81% vyield, 94% ee (+)-yohimbine

Scheme 21. Synthesis of (+)-yohimbine

Based on the same strategy, the enantioselective Pictet—Spengler cyclization was involved in the
asymmetric synthesis of indolizidones and quinolizidones 105 (Scheme 22).59 |n this case, the
N-acyliminium intermediate was generated by dehydration of hydroxylactams 103 in the
presence of TBSCI. Chiral ion pair 106 resulting from the association of the chloride anion and
thiourea 104 underwent smooth cyclization at low temperature. Building on this method,

Jacobsen designed a 4-steps synthesis of (+)-harmicine 108 involving intermediate 107a.



Method:
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Scheme 22. Synthesis of (+)-harmicine

In 2012, van Maarseveen, Hiemstra, and co-workers®!! developed a chiral thiourea-catalyzed
Pictet—Spengler reaction between indole 109 and aldehyde 110. The overall process was
efficiently catalyzed by thiourea catalyst 41 derived from a Cinchona alkaloid (10 mol%) and
delivered the tetrahydro-8-carboline derivative 111 in 91% yield with high enantioselectivity (89%
ee). The synthetic value of this method was further demonstrated with total syntheses of the

mitragynine, paynantheine and speciogynine (Scheme 23).
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Scheme 23. Synthesis of mitragynine, paynantheine and speciogynine

3- C-CBond Fformation By Enantioselective Nucleophilic Additions Onto Carbonyle

Contrary to imines, related few enantioselective additions onto carbonyl groups have been
developed. This difference of exemplification can be explained be the difficulty of chiral Brgnsted
acid catalysts to discriminate the two electronic lone pairs of the oxygen atoms (Scheme 24).
However, such transformations remain highly appealing for the asymmetric synthesis of alcohol

derivatives and several examples will be reported in this sections.

y ()= ok
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R R Nu

Aldehyde a-chiral
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Scheme 24. General scheme of the Brgnsted acid-catalyzed nucleophilic addition onto icarbonyles

3.1 Henry Reactionl>?!

The nitroaldol (Henry) reaction is a valuable tool for the synthesis of 8-nitroalcohols and to
functionalized intermediates such as nitroalkenes, 1,2-amino alcohols and a-hydroxy carboxylic
acids. In 2006, Nagazawa and co-workers used an asymmetric version of the Henry reaction with
their guanidinium based bis-thiourea catalyst 117153 (Scheme 25) for the total synthesis of (4S,
5R)-epi-Cytoxazone 120, a type-2 cytokine selective inhibitor.’* The Henry reaction proceed via
a controlled anti transition state 118, furnishing syn-nitro alcohol 119 with a good 76% yield and
excellent selectivity (95% ee and 90:10 syn/anti ratio). With the new formed nitro alcohol in hand,
installation of the cyclic carbamate in a 43% yield over 2 steps completed the total synthesis, with

a 33% overall yield from aldehyde 120.
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Scheme 25. Enantioselective Henry reaction in the total synthesis of (4S, 5R)-epi-Cytoxazone

In 2011, Wang and coworkers reported the total synthesis of spirobrassinin 125 (Scheme 26).55!
One of the key step was an enantioselective Henry reaction with simple isatin (121) and
nitromethane using cupreine as a catalyst affording the desired Henry product in almost
guantitative vyield with 91% ee. The enantiopure compound 124 was isolated after
recrystallization. Once again, the bifunctional aspect of catalyst was invoked to explain the degree
of stereocontrol. As depicted in suggested transition state 125, the ketone undergoes a Brgnsted-
acid activation while the Brgnsted basic nitogen atom of the catalyst activates the nitrometane.
Then, the nitro group of 124 was reduced by hydrogenation to give primary amine 126 in 92%

yield. From 122, only three additional steps were required to reach spirobrassinin 127.
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Scheme 26. Enantioselective Henry reaction in the total synthesis of spirobrassinin

3.2 Cyanosilylation!>®!

Asymmetric addition of TMSCN (TMS = trimethylsilyl) to ketones is the most popular strategy
to produce optically active cyanohydrins. Deng and co-workers!®’! developed enantioselective
cyanosilylation of ketone 128 catalyzed by a modified cinchona alkaloid catalyst 129 providing

cyanohydrin (R)-130 in quantitative yield and 92% ee. This intermediate was used for the first

enantioselective synthesis of bisorbicillinol 132 (Scheme 27).

OiPr 129 (2 mol%) OiPr 9 steps
] Me ——M > ——_Me
iPro TMSCN Pro” 3 cN >
128 O CH,Cl, Me: OTMS
100% yield,92% ee
130
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Scheme 27. Enantioselective Synthesis of bisorbicillinol

bisorbicillinol 132
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3.3 Morita—Baylis—Hillman Reaction!>8!

The Morita-Baylis-Hillman (MBH) reaction has been recognized as one of the most effective
method to generate densely functionalized a-methylene-8-hydroxycarbonyl derivatives 135,
which can serve as valuable building blocks for the synthesis of biologically relevant compounds
as well as complex natural products. Hatekeyama and coworkers!>®! have developed the first
highly enantioselective MBR reaction between aldehydes and activated acrylates catalyzed by 8-
isocupreidine (8-ICD, 134). The reaction of 1,1,1,3,3,3-hexafluoroisopropyl acrylates (HFIPA) 133 with
aldehydes in the presence of a catalytic amount of 134 afforded the R allylic alcohols 135 in moderate
yields (40-58%), but with excellent enantioselectivities (up to 99% ee, Scheme 28). In 2006, the same
authors also reported a highly diastereoselective MBH reaction of chiral N-Boc-a-aminoaldehydes for
the synthesis of a-methylene-B8-hydroxy-y-amino acid derivatives 135.%% Subsequently, this approach
was applied for an enantioselective synthesis of potent immunosuppressant (-)-mycestericin E (136)

and a formal synthesis of biologically active epopromucin B (138, Scheme 28).[61]
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Scheme 28. Synthesis of mycestericin E (32) and a formal synthesis of epopromucin



4- Diels-Alder Reaction

The Diels-Alder reaction (DAR), is one of the most powerful reactions to build elaborated
6-membered cycle and has been used in many total synthesis of natural products.®? Many variant
has been developed and various asymmetric versions have been developed.

In the course of controlling stereocenters in the DAR, Ricci reported in 2008 an interesting entry
to tricyclic indolines with a full control of the stereocenters.[®3 Using catalyst 141, 3-vinylindole
139 and N-phenyl maleimide 140 reacted successfully to give the Diels-Alder adduct in an
impressive 91% yield and 98% ee. In one step, 2 carbon-carbon bonds and 3 stereocenters was
created with a total control (Scheme 29). The proposed transition step involves a Brgnsted acid
activation of the carbonyl of the maleimide (dienophile), lowering it LUMO energy. The nitrogen
of the quinuclidine ring act as a Brgnsted base, activating the 3-vinylindole (diene), increasing it
HOMO energy. With the so formed indoline 143 in hand, several chemical manipulation gives the
tetrahydrocarbazole 144 in 23% overall yield and with conservation of a good ee (93%). This
product is a key intermediate in the synthesis of the natural product Tubifolidine 145 and was
used in its total synthesis by Shibasaki et al.1%4

In 2013, an efficient entry to carbazolespiroindole was published by Barbas Ill and co-workers,®°!
starting from N-Boc protected methyleneindolinone 146 and 3-vinylindole 139, catalyzed by
bis-thiourea 141. Those substrates possess interesting biological activities and are found in some

naturals products,®® which makes them very attractive for organic chemists.
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Scheme 29. Stereocontroled synthesis of tubifolidine and carbazolespiroindole

4.1 Povarov Reaction[¢’]

The organocatalyzed strategy to build asymmetric C-C bonds from imines was also efficiently
applied to the Povarov reaction. Formally it constitutes an inverse electron-demand Diels—Alder
cycloaddition between an electron-poor azadiene and an electron-rich dienophile. The whole
process allows the formation of two new C-C bonds and offers a direct and atom-economical
route to the versatile tetrahydroquinoline scaffold. With this in mind, Jacobsen and co-workers
reported an urea-assisted Povarov reaction between N-arylimines 148 and various dienophiles
including enamides 150 and enecarbamates 152 (Scheme 30).[%8] The optimized reaction
conditions were identified as a combination of sulfinamido urea 149 and o-nitrobenzenesulfonic
acid (NBSA) in a 2:1 ratio. Desired products 151 were formed as a single exo diastereomer in good
yields and with excellent ee’s. When the dienophilic olefin was contained in a cycle, the

transformation resulted in complex fused tricyclic moieties 153 with three contiguous stereogenic



centers. Interestingly, compound 153a was reached in one step from 148a in 76% yield and 95%

ee and was described as a key intermediate in Ma’s synthesis of martinelline 154.[5%
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Jj\ -60 to -30 °C )
R" "H 48-96 h 153
148 = R 45-73%
CN—Cbz N R 1.4-4.2:1 dr exo
152 H 90-98% ee
CF3
Jo i oo
FsC NN S NO,
HN. .0 NBSA
149 @7
tBu
|:> Application:
Cbz_

MeOZC
\@\ j\ 152
-
N7 >CO,Et

149 (4 mol%) N~ “CO,Et
148a NBSA (2 mol%) H
toluene, 5 A MS 153a
-60°C, 1.5h 76%, >20:1 dr,
95% ee

!

154
martinelline

Scheme 30. Synthesis of martinelline derivatives

5- Substitution Reaction
Nucleophilic substitution of 3-(1-tosylalkyl)indoles 155[7% is an efficient method to construct
alkaloids. In 2005, Gong investigated this elegant strategy for the purposes of synthesizing

optically active spirooxindoles. They explored the use of chiral bifunctional thiourea catalysts with



3-indolyl(aryl)sulfonylmethanes. A combination of thiourea catalyst 41[° and K,CO; was
observed to be optimal for the addition of oxindoles 156 to the vinylogous imines 157 (Scheme
31). The bifunctional thiourea catalysts acts as Brgnsted base, deprotonating the pronucleophile,
and a hydrogen bond donor for both the nucleophile and the electrophile, directing the reaction
partners to adopt the ternary complex operating in the transition state. The vyields and
enantioselectivities were generally very good, albeit with moderate diastereoselectivity.
Resulting oxindole 157 obtained with 98% ee and 2.5:1 dr, was then converted into trigolute B

158 in seven steps and a 39% yield over the whole synthesis.

Ts /

Y4

-
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(3]
"\Z
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KQCO3

EtO,C
CO,Et EtQO rt /@?Q/\

2.5:1dr, 98% ee

%%Iz

Bz 158

39% overall yield

Scheme 31. Synthesis of trigolute

Gong group continued their studies towards cyclotryptamine alkaloids.’Y They carried out the
addition of nitroalkanes to 3-tosyl-3-indolyloxindoles by the same bifunctional catalyst 41
described above. The addition on nitromethane 160 proceeded in 76-98% yield of 161 and gave
enantiomeric excess of 89-99% (Scheme 32). However, poor diastereoselectivity was observed
when nitroethane was used (1.2:1). Using the newly developed methodologies, the Gong group
was able to synthesize a key intermediate for the synthesis of (+)-gliocladin C 162 in a catalytic

enantioselective fashion.



Method:

0 41 (10 mol%) R1@* ,
E‘ K3POy g Rga

R " A >No
- . 3
159 toluene 10) 2
s r,3d N
R _NO, R2 Bn 161
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Scheme 32. Synthesis of gliocladin C

Conclusion

Implementation of chiral organocatalysis in the area of pharmaceutical chemistry to
simultaneously introduce one or several of the stereogenic centers present on the target
structure has the potential to improve overall selectivity, shorten synthetic routes and increase
their convergence. Chiral organocatalysts are often easy to handle compared to other conditions,
involving Lewis acids for example, while permitting the use of more readily available starting
materials. Examples of use of organocatalytic methods for the construction of diverse natural or
synthetic active molecules are already numerous and keep on accumulating. Thereby

demonstrating the adequation of these tools to solve problems met when trying to access such



chiral, complex and polyfunctional structures. Now that efficiency of chiral organocatalysis at the

laboratory scale seems to be established. The next challenge in our opinion is to find ways to

increase the adoption rate of this class of processes in development and production contexts.

Generalization of this powerful tool would potentially have a great benefit in terms of ease of

operation as well as sustainability.
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