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1.1 Molecular Diversity

Currently, one of the most interesting topics of research in chemistry and biology is the
discovery of small molecule, which may act as perturbing agents in biological systems and
these agents activate specific gene product by direct interaction. Therefore, there is huge
demand to find or create diverse and complex molecules, which can serve as modulators of
different biological processes. In this context, the extraordinarily vast set of organized
chemical structures distributed over the whole of chemical space that a cover a wide range
of molecular diversity, has defined development of new arising area in biology and

chemistry such as chemical genetics and medicinal chemistry.
1.1.1 Chemical genetics

A biological system composed of small molecules is known as chemical genetics. In
chemical genetics, the study of gene function carried out by altering the activity of the
cognate protein, using small molecule inhibitors analogous to the genetic knockout. The
working style of chemical genetics is divided into two ways: forwards and reverse chemical
genetics. In forward chemical genetics, small molecules are incorporated to inflect gene
production function, compounds that activate a phenotype of interest are selected and then
the protein, which they target are screened. On the other hand, reverse chemical genetics
similarly involves a specific protein (or gene product) that is screened with libraries of
small molecules to identify ligands that perturb its function. Once an appropriate protein
binding partner is identified, it is introduced into a cell or organism and the resulting
phenotypic changes are studied; the ligand is used to mimic the effects of a genetic
mutation. The employment of small molecules provides extensive advantages compared to
traditional genetics techniques. The study of the systems which can not be investigated
using a classical genetics way, chemical genetics provide the greatest impact on that field,
chemical genetics can be readily applied in either cellular or organismal contexts, etc.
Chemical genetics is a subsection of chemical biology and as such it operates at the
interface of several research fields. Despite all the other advantages, this area is closely
related to the Diversity-Oriented Synthesis and can be used with the combination of

traditional genetic techniques to discover novel targets for various therapies, drug
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discovery, etc. For such reason, nowadays the field of chemical biology is expanding

rapidly.

1.2 Target oriented synthesis

The greatest supplier of a great variety of molecular entities within the chemical
space has been nurtured through natural products. The first libraries of compounds
directed to molecular diversity were designed through combinatorial chemistry to
generate similar or analogous compounds to each other, which are later systematically
analyzed to determine their interactions with biological systems and in activities related to
the natural product of origin. This type of small molecular collection is part of the target
Oriented Synthesis (TOS) strategy, which is widely used to search for small compounds.
With the help of target-oriented synthesis, find the appropriate pathway to synthesize the
target molecule. (Fig. 1) The main aim of the TOS is most often a natural product, complex
molecules discovered by nature through many processes of diversity generation and
selection. Pharmaceutical industries are attracted for the targets are drugs or library of a
drug candidate to discover solutions to otherwise intractably complex problems in
chemistry and medicine. In 1960 a method, which helps to develop an appropriate
synthetic strategy was introduced.! This technique called retrosynthesis is effective and
involves the recognition of crucial structural elements in the target molecule, rather than
substrate, which code for synthetic transformation. The application of this process allows a
synthetic chemist to start with a structurally complex target and structurally simple
compound that can be used to start from a synthesis. This strategy won't be able to leads
frequently to new discoveries that have a profound impact on this area, due to the fact that
they only modulate functional factors of the same biological activity instead of seeking
responses to totally different processes. As a result, the development of new drugs that can

treat diseases for which there are not yet showing any considerable slowed down.

' Corey, E.J.; Cheng, X, M.; The Logic of Chemical Synthesis, 1989, 52, 4527.
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Fig.1 Target Oriented Synthesis concept.

1.3 Diversity-Oriented Synthesis

In order to solve the problems associated with the generation of molecular libraries
with the maximum of structural and stereochemical diversity, In 2020, Schreiber et al. a
proposed a new strategy called Diversity-Oriented Synthesis (DOS).! In recent years,
library sizes in both industry and academia have increased dramatically, though now the
emphasis is set on the quality of the library as well as the quantity. It has been recognized
that different target types require different compound selection. For example, compounds
that will target kinases may not be appropriate for proteases. With the expansion of the
druggable genome, more diverse libraries appropriate for different sets of targets are
required. The diversity-oriented synthesis was borne out of these requirements, which aim
to populate new chemical spaces randomly with molecules of high complexity and added
value. The libraries generated by DOS are composed of highly diverse compounds, some of
them with new stereocenters and which are an essential part of the set of parameters
necessary for the identification of a particular phenotype. In order to make the most of this
technique, a third strategy called privileged Diversity-Oriented Synthesis (pDOS) was
introduced after the DOS conceptualization. This strategy uses important base skeletons
from the biological point of view. Therefore, there is a higher probability of finding

molecules with biological activity. The strategies typically employed in synthetic chemistry
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can be broadly classified into three approaches that are distinguished by chronology,

philosophy, and coverage of chemical space (Figure 2).2

Diversity Oriented Synthesis
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Fig.2: The Diversity Oriented Synthesis concept.

The main goal of the pDOS strategy is to explore and discover small bioactive
molecules. In 1988 Evans and co-workers demonstrated as a single molecular framework
could provide high-affinity ligands for more than one type of receptor.3. Privileges
structure moieties found in a wide range of diverse bioactive molecules, natural products,
and therapeutic reagents. Therefore, a small molecule library is involved with privileged
structures maximizing the potential for the discovery of bioactive compounds. Therefore,
pDOS represent an efficient and rational strategy for creating libraries of relevant

architectures that can populate bioactive regions in chemical space.

2 Schreiber S. L: Target-oriented and diversity-oriented organic synthesis in drug discovery. Science 2000, 287:
1964-1969

3, Evans, B. E; Rittle, K. E.; Bock, M. G.; DiPardo, R. M.; Freidinger, R. M,; Whitter, W. L.; Lundell, G. F.; Veber, G.
F. Anderson, ; P. S;; Chang, R. S. L ; Lotti, V. ].; Cerino, D. J.; Chen, T. B.; Kling, P. J.;. Kunkel, K. A.;. Springer, ]J.
P.; Hirshfield, J. J. Med. Chem. 1988, 31, 2235-2246.
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1.4 Background of Organocatalysis

While the DOS conceptualization, the evolution of asymmetric catalysis facilitated
by small-molecule organic compounds also took place.# At the same time, the concept of
organocatalysis was effectively demonstrated. The use of small organic molecule to
catalyze organic transformations in smooth and profitable manner is known as
organocatalysis. ¢ MacMillan? and List,® who reported two ingenious methodologies.
From then, organocatlysis has become the third pillar of asymmetric catalysis. Between
2000 and 2020, thousand of publications have been reported in this field and new
developments will continue to appear in the future. Nowadays, different organocatlytic
activation modes have been developed. Specifically, aminocatalysis have been played vital
role due to its ability to functionalize carbonyl compound in a stereoselective manner. This
type of catalysis has led to the development of a great variety of enantioselective
transformations and the construction of a wide range of enantioenriched compounds.
Moreover, the investigation of this Ph.D thesis mainly was focused on these strategies. In

the next chapter will be disclosed in detail.

1.5 Aminocatalysis

Asymmetric aminocatalysis has been of great interest due to the ability to functionalize
stereoselectively carbonyl compounds. The knowledge that chiral amines can be used to
activate carbonyl compounds through fundamental concepts of reactivity has been crucial

in the evolution of this field.

Activation by increasing the HOMO, enolizable carbonyl compounds 1 are
activated because of the formation of an intermediate enamine 3, which increases the

HOMO energy. Thus, o carbons have a high nucleophilic degree (Scheme 1).

4, MacMillan, D. W. C. Nature 2008, 455, 304-308.

5 Berkessel, A.; Groeger, H. Asymmetric Organocatalysis, 2005, Wiley-VCH, 409-435.

6 Reetz, M.T.; List, B.; Jaroch, S.; Weinmann, H. Ernst Schering Foundation Symposium Proceedings 2007-2
Organocatalysis.
7]Jen, W. S.; Wiener, J. ]. M.; MacMillan, D. W. C. J. Am Chem. Soc. 2000, 122, 9874-9875

8, List, B.;. Lerner, R. A.;. Barbas, C. F. J. Am. Chem. Soc. 2000, 122, 2395-2396.
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Scheme 1: Catalytic cycle of the enamine activation.

Many important intramolecular reactions, such as aldol reaction, Michael addition,
transannular reactions, a-alkylations among others undergoes by enamine catalysis. A
pioneering reaction was reported in the 1971 and is called the Hajos-Parrish reaction
(Scheme 2). Zoltan Hajos & David Parrish® and Rudolf Weichert, Gerhard Sauer & Ulrich
Eder1® were independently reported an enantioselective intramolecular aldol reaction
which was catalyzed by proline. 6 After this tremendous invention, up to 1997, there were
very few reports about the use organic catalysts for asymmetric synthesis, but these
chemical studies were viewed more as unique chemical reactions than as integral parts of a

larger, interconnected field.

9 Hajos, Z. G.; Parrish, D. R. German patent, 1971, DE 2102623.
10 Eder, U.; Sauer, G. R.; Wiechert, R. German patent, 1971, DE 2014757.

18


https://en.wikipedia.org/wiki/Hajos%E2%80%93Parrish%E2%80%93Eder%E2%80%93Sauer%E2%80%93Wiechert_reaction

o) O\COZH HsC o

0
5 oH
99% ( 93%ee)

Scheme 2: First enantioselective intramolecular aldol condensation.

In 2000, Barbas, Lerner and List used enamine catalyst to functionalize
carbonyl compounds at the a-carbon.1l 8 This result is quite remarkable since it is known
that proline 6 can undergo a variety of reactions with aldehydes 9 (Scheme 3). After that,

tremendous work has been carried out towards identifying new types of chiral enamine

catalysts.
H
H
)]\ + 6 (30 mole%)
NO DMSO
8 9 ’ 10 NO:

68% (76% ee)

Scheme 3: Proline-catalyzed direct asymmetric aldol reaction

On the other hand, the effect of LUMO lowering is considered the principle of the
activation via iminium ion catalysis. This activation mode is based on the ability
aminocatalyst 2 to condense reversibly with ¢,f-unsaturated carbonyl compounds 11 to
form an iminium intermediate 12, which means their £ carbon atoms are susceptible to
nucleophilic attack due to the LUMO energy decrease 13 (Scheme 4).

The LUMO-lowering effect is the underlying activation principle of iminium ion
catalysis.1213 This aminocatalytic mode is based on the ability of a aminocatalyst to
reversibly condense with a, f-unsaturated carbonyls 11, rendering their S-carbon atoms

more susceptible to nucleophilic attack by lowering the energy of the LUMO 13.

" List, B,; Lerner, R. A,; Barbas, C. F. J. Am. Chem. Soc. 2000, 122, 2395-2396
12 Erkkila, A.; Majander, I.; Pihko, P. M. Chem. Rev.2007,107,5416-5470

13 Tietze, L. F.; Beifuss, U. Trost, B. M.; Fleming, 1. Eds.; Pergamon: Oxford, U.K., 1991; 2, 341.
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Scheme 4: Catalytic cycle of the iminium ion activation.

The key feature of iminium ion activation is the lowering of the LUMO energy,
whereby an increased reactivity of the unsaturated system towards nucleophilic addition is
obtained. The generic approved mechanism for these reactions undertakes with the acid
promoted condensation of the carbonyl moiety with the amine to form unsaturated
iminium ion. This reactive intermediate then undergoes the addition of the nucleophile at
the [ position, leading to the p-functionalized enamine that could provide, after
protonation, a saturated iminium ion, or could undergo a cascade reaction with a
convenient electrophile. Hydrolysis of these saturated iminium ions releases both the

product and the catalyst (Scheme 4).

Since the first report from Macmillan in 200014, the research community has concerned
many efforts to the development of new techniques based on the iminium activation of
enals for the enantioselective construction of C-hetero-atom bonds. Activation of the [3-

position of the enal allows the attack of distinct nucleophiles. During the last decade

14 Ahrendt, K.A; Borths, C. ].; Macmillan, D. W. C. J. Am. Chem. Soc. 2000, 122, 4243.
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carbon, nitrogen, oxygen, sulphur, or phosphorous nucleophiles have been used to form

new stereogenic bonds with high level of rate and selectivity.

The iminium-activated reaction will be catalytic only if the amine catalyst is released
in the final hydrolysis or elimination step. As an example, nucleophilic addition of hydride
ion to the C-N double bond is the basis of reductive amination processes. These reactions
proceed via iminium intermediates and are properly called iminium-activated reactions.
However, they are not iminium-catalyzed since the amine becomes trapped in the
reduction step. Perhaps the earliest recorded example of an iminium catalyzed process is
the Knoevenagel condensation!516¢ mediated by primary or secondary amines. The idea
that the Knoevenagel reaction might proceed via iminium catalysis emerged slowly.
Knoevenagel himself suggested a possible role for the aldehyde-derived imines or aminals
in this reaction. It is known, however, that the Knoevenagel-type reactions can also be
catalyzed by tertiary amine bases. The iminium mechanism is, thus, only one of the

mechanistic possibilities.

1.5.1 Aminocatalytic Remote Fuctionalization.

Since the early work in the field of aminocatalysis,1” activations via iminium ion and
enamine have achieved a high degree of maturity. Because of this, they are currently
considered as two of the most used methodologies for the enantioselective
functionalization of carbonyl compounds in positions £ and « respectively. Through these
two classical methods of activation, aminocatalysis has found a new direction in the new
modes of activation called dienamine,!8 trienamine,!° cross trienamine?20 tetraenamine and

vinylogous iminium ion (Scheme 5).

15 Knoevenagel, E. Chem. Ber. 1894, 27, 2345.

16 Knoevenagel, E. Chem. Ber. 1898, 31, 2596.

17 List B.; Lerner R. A.; Barbas C. F. J. Am. Chem. Soc. 2000, 122, 2395.

18 Ramachary D. B.; Reddy Y. V. Eur. J. Org. Chem. 2012, 865-887.

19 (a) Arceo, E.; Melchiorre, P.; Angew. Chem. Int. Ed. 2012, 51, 5290-5292; (b) Jia, Z.-],, Jiang, H.; Li ,J.-L;
Gschwend, B.; Li, Q.-Z.; Yin, X;; Grouleff, ].; Chen, Y.-C.; Jgrgensen, K. A. . Am. Chem. Soc. 2011, 113, 5053-
5061; (c). Jia, Z.-].; Zhou, Q.; Zhou Q.-Q.; Chen P.-Q.; Chen Y.-C.; Angew. Chem. Int. Ed. 2011, 50, 8638-8641:
(d) Liu, Y.; Nappi, M.; Arceo, E.; Vera, S.; Melchiorre, P. J. Am. Chem. Soc. 2011, 133, 15212-15218; (e)
Albrecht, L.; Cruz-Acosta, F.; Fraile, A.; Albrecht, A.; Christensen, ].; Jargensen, K. A. Angew. Chem. Int. Ed.
2012, 51,9088-9092.
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Scheme 5: Remote functionalization in aminocatalysis.

1.5.1.1 Dienamine Activation.

Amino substituted dienes are electron-rich conjugated systems and therefore
appropriate for Diels-Alder type reaction with dienophiles or for vinylogous addition
reactions to electrophiles. It was realized that the HOMO-raising principle applied in
enamine intermediate 3 reaction generate from saturated carbonyl compound such as 7 to
a,f-unsaturated system. The enal can be employed as starting material, leading to the
formation of dienamine intermediate 15, from which the reaction dienophile/electrophile
may occur. For example, enatioselective y-functionalization of enal substrate 16 has been

obtained via dienamine intermediate asymmetric reactions.

1.5.1.2Trienamine Activation.

Later. the concept of dienamines could be further expanded to incorporate the use
of poly-conjugated enals, such as the 2,4-dienal 17, condensation with aminocatalyst 2 can
produce trienamine intermediate 18 which can participate in [4+2]Diels-Alder

cycloaddition reaction as an activated diene with various electron deficient dienophiles and
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also reaction of remote functionalization 2,4-dienal with reactive dienophile could deliver
highly enantioenriched cyclohexane products 19 with gaining up to four stereocenters .
The development of linear triamine intermediate reaction will be discussed in chapter 2 of
this thesis.

1.5.1.3Cross-trienamine Activation

In 2012, Cross-conjugated trienamines which is one of the new concepts in
asymmetric organocatalysis revealed. In this concept, cyclic-polyconjugated enals 20
condensation with aminocatalyst 2 can produce cyclic trienamine intermediate 21 which
can participate Diels-Alder cycloaddition reaction as an activated diene with various
electron deficient dienophiles deliver highly enantioenriched complex structure 22.
1.5.1.4 Tetraenamine Activation.

Once the HOMO activation was demonstrated through the dienamine and
trienamine pathways by using a,f-unsaturated carbonyl compounds and diene carbonyls
compounds respectively, in 2014 the first reaction of tetraenamine activation 24 was
revealed by using cylic trienal 23 which was reacted with a dienophile, leading to the

enantioenriched complex structure 25.

1.5.1.5 Vinylogous iminium ion Activation

The LUMO-lowering effects achieve iminium ion by condensation of dienals with an
enantiopure aminocatalyst 2. The vinylogous iminium ions are electrophilic intermediates,
which are reactive towards multiple reactions. The LUMO-lowering effect formed by
condensation of aminocatalyst 2 with unsaturated 2,4-dienal 26 generates a vinylogous
iminium ion 27, which contains electrophilic positions whereas, the terminal carbon (6-
carbon) is more electrophilic than that of f-carbon. Hence the nucleoplilic attack is more

susceptible at 6-carbon to deliver §-substituted chiral skeleton 28.

1.5.2 Catalytic System in aminocatalysis

The past few decades have witnessed some of the most important and

revolutionizing advances in the field of asymmetric catalysis. Chemists no longer rely solely
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on natural sources as the starting point of their synthetic strategy, as in chiral pool or
auxiliary-based synthesis. Instead, naturally occurring chiral motifs are selected and, either
unchanged or after modification, used in substoichiometric amounts as chiral catalysts or
ligands. In this way, they effectively transfer their chirality to prochiral substrates, thereby
rapidly amplifying and diversifying the arsenal of useful chiral building blocks available to
the synthetic community. A long-standing goal in the pursuit of new catalytic systems is the
discovery of general catalysts. Ideally, such catalytic systems should be capable of
promoting many enantioselective reactions, via multiple modes of activation, with good
substrate tolerance and high stereoselectivity. In this Account, the synthetic usefulness,
efficiency, selectivity, and robustness of different types of aminocatalysts are described
below.

Based on the prolinol derived aminocatalyst,2! several studies on enamine-mediated
transformations of saturated aldehydes have resulted in the introduction of different
functionalities into the p-position of aldehydes in a highly stereoselective manner. This
HOMO-activation concept was later extended to include «,f-unsaturated aldehydes, which
after condensation with the aminocatalyst generate a dienamine species capable of
undergoing stereoselective cycloaddition reactions.?2 As a result, the effective
functionalization of the y-position of the aldehyde is achieved. Recently, the activation
principle was further developed to include 2,4-dienals, which form trienamine
intermediates upon condensation with the aminocatalyst. The trienamines effectively react
with carbon-centered dienophiles, forming aldehyde products having up to four contiguous
stereocenters. Because of the concerted nature of the reaction and the efficient catalyst
shielding of the S-position, the stereo-induction is achieved at the remote e-position of the

original aldehyde.

21 Jensen, K. L.; Dickmeiss, G.; Jiang, H., Albrecht, t.; Jargensen, K. A., Accounts of Chemical Research, 2012, 45,
248-264.
22 Jgrgensen, K. A;; Johannsen, M.; Yao, S.; Audrain, H.; Thorhauge, J. Acc. Chem. Res. 1999, 32, 605-613.
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Scheme 6 Prolinol derived aminocatalysis.

Complementary to the enamine-mediated activations, a,f-unsaturated aldehydes
can also be efficiently functionalized by applying the diaryl prolinol silyl ether system via
conjugate addition through iminium-ion-mediated processes, i.e. LUMO activation. In such
reactions, the aminocatalyst not only effectively shields one of the enantiotopic faces of the
enal, but it also ensures excellent chemoselectivity, affording 1,4-adducts as the only
products. Several different carbon and heteroatom nucleophiles can be added in a highly
stereoselective fashion. The ability of the catalysts to participate in various enamine- and
iminium-ion mediated processes also makes them ideal for the sequential addition of
nucleophiles and electrophiles in a cascade manner. These cascade reactions thereby afford
access to products having at least two stereocenters (Scheme 6. and 4, trienamine
activation section).

In the years to come, the diaryl prolinol silyl ether catalysts will probably maintain
their prominent position as general catalysts in the field of aminocatalysis. Moreover,
recent efforts devoted to mechanistic studies might soon engender further advances with
this versatile catalytic system, particularly in the areas of activation modes, catalyst

loadings, and industrial applications.

1.6 The ApDOS concept.

The aminocatalysis has a dynamic role in synthesis of complex privileged
structures. It is argue that pDOS and aminocatalysis are closely associated with each
other. As stated into their central aim, in 2018 my research group envisioned the

aminocatalytic privileged diversity-oriented synthesis (ApDOS) concept as a set of
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processes from which a great variety of diverse privileged structures can be
prepared from simple molecular building blocks, through an aminocatalytic
strategy. Aminocatalytic process generates a common intermediate scaffold from
simple molecules, which in turn serve as a platform for the synthesis of complex and
diverse frameworks. In the presence of a catalyst, they can react with a wide range
of substrates to generate collections of different and diverse privileged structures.
As a result, libraries of important molecules are prepared in simple and efficient
pathways (Figure 3).

_ . ] ‘
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Fig.3: The ApDOS concept.

1.7 Organocatalytic cascade reactions.

Organocatalytic cascade reactions, in which multiple chemical bonds are formed in

the same reaction conditions with great structural complexity have received great

27



attention. These methods increase the efficiency of overall process by minimizing manual
efforts (work-up and purification procedure) and chemical, solvents and avoids the time
and isolation of intermediates. In this pathway, structural complexity is achieved easily
with high stereoselectivity. A main topic of current research is the expansion of catalyzed
cascade reactions by incorporating a single catalyst capable of promoting every step.
Organocatalyst are successful when used in catalytic cascade reactions because they allow
distinct modes of activation, which can often to be easily combined. Furthermore,
organocatalysts are tolerant for various functional groups and can be employed under mild
reaction conditions. This enables a single organocatalyst to be used in a wide variety of
possible cascade reactions. It is not surprising that the field of asymmetric organocatalytic
cascade reactions has attracted much attention and various novel cascade reactions for the

construction of structural complexity from the simple starting material.

An excellent triple organocatalytic cascade (or multi-component) reaction was
reported by Raabe et al. in 2006. In this study, linear aldehydes 29, nitroalkenes 31 and
a,f-unsaturated aldehydes 30 could be condensed together organocatalytically to afford
tetra-substituted cyclohexane carbaldehydes 32 with moderate to excellent
diastereoselectivity and complete enantiocontrol (Scheme 7). The transformation is

mediated by the readily available proline-derived aminocatalyst 2a23

Ph
0 0
N
| | Ph 0
29 30 20 mol% _
NO T e
RTN2 PhCH3, 0°CtoRT R > R"
31 NO,
R= alkyl, R'= aryl 32
R"= H, alkyl, aryl 35-70% yield
68:32 - 99:1 dr
>99% ee

Scheme 7: Asymmetric synthesis of tetra-substituted cyclohexane carbaldehyde via triple cascade
reaction.

23 Enders, D.; Hiittl, M. R. M.; Grondal, C.; Raabe, G. Nature, 2006, 441, 861-863.
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The transformation was proposed to proceed via the first step, aldehyde 29 reacted
with nitroalkene 31 occurs through enamine catalysis, yielding nitroalkane 33 The
condensation of a,f-unsaturated aldehyde 30 with the organocatalyst then facilitates the
conjugate addition of 30 to give intermediate enamine 34, which is prone to undergo an
intramolecular aldol condensation to iminium species 35. Finally, the organocatalyst 2 is
regenerated by hydrolysis, along with the product 32, thus closing the triple cascade cycle
(Scheme 8).
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Scheme 8: Mechanism of triple cascade reaction

In 2014, the Kim Sung group reported a Michael addition/aza-cyclization
organocatalytic cascade reaction between the 2-amino f-styrene 37 and the linear

aldehyde 29 in presence of chiral secondary aminocatalyst 2a to obtain the corresponding

29



4-substituted tetrahydroqunolines 38 with moderate to excellent yield and excellent

enantiomeric excess (Scheme 9). 24

Ph
N Ph  O,N
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1 NHPG .
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Scheme 9: Asymmetric Michael addition/aza-cyclization cascade reaction.

1.8 Summary and Goals

This Chapter explained asymmetric synthesis, organocatalysis cascade reactions
and strategies, and all activation modes to better understand further chapters towards my
investigation work during this Ph.D study. Finally, to obtain a higher level of scholar
presentation, the underlying importance of the current research topic has been put into a
greater perspective incorporating subjects, such as the evolutionary processes and current
scientific demands.

In chapter 2, three different dienophiles were related to 3-oxindole compounds will
be discussed. Herein, in this project investigation, isatin contained spirooxindole
enantioenriched complex framework concerning, Diels-Alder cycloaddition/ nucleophilic
ring-closing cascade reaction via trienamine catalysis, and 1,6-oxa-Michael-Michael
addition via iminium catalysis will be uncovered. Unfortunately, we did not obtain the
desired product yet. Still, the investigation is going on this project. In project 2, three
different hetero-dienophiles were related to dithioamides compounds will be discussed.
Herein, in this project investigation, hetero atom contained thio-pyrano-piperidone fused
complex framework concerning thia-Diels-Alder cycloaddition/ nucleophilic ring-closing
cascade reaction and Pictet Spengler type reaction via trienamine catalysis to access

complex structures.

24 Lee, Y,; Kim. S. J. Org. Chem. 2014, 79, 8234-8243.
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This final chapter has been discussed synthetic procedures of all chemical reactions,
chemical measurement, and spectral data. Organocatalytic cycloadducts and their product
development and broadly explained scope and their expansion of the project. And

mentioned their chiral HPLC details and their purification data.
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Chapter 2



2.1 Organocatalytic Cascade Reactions via Trienamine Activation

In this section, trienamine intermediate reactions were shown as a useful tool for
the cascade reaction to access polycyclic complex structure. In the following scheme, it will
disclose that trienamine catalysis could also be incorporated in amino catalytic cascade
rection. Multiple activation modes of an aminocatalyst act tandemly to access privileged
chemical scaffolds within a single manual operation. The proposed design strategy exploits
the simple fact that the cycloadducts generated via trienamine activation are the 2,4-dienal
aldehydes 39 which can construct complex structures 41. The trienamine intermediate
treated with an appropriate dienophile 40, should contain an activated olefinic bond and a
nucleophilic moiety (like amine or alcohol) to access to the polycyclic complex structure 41
(Scheme 10). It was hypothesized that trienamine catalyzed [4+2] Diels-Alder
cycloaddition/nucleophilic ring-closing cascade reaction with different kind of dienals and
appropriate dienophiles would reveal a variety of new enantioenriched compounds. This
kind of complex enantioenriched structures are synthetically useful compounds and can be

further modified.

(? OH
H B "
R1 XH ” R1
+ EW 2 - EW
R? R? EW
R3 EW R3
39 40 41

Scheme 10: Strategy for the synthesis of enantioenriched polycylic complex structures via

trienamine catalysis.

Considering this strategy, in 2014 Jgrgensen and coworkers reported an
organocatalytic cascade sequence to synthesize privileged hydroisoquinoline scaffolds. In
this study, the reaction of substituted 2,4-dienals 39 with cycnoacrylamides 42 in presence

of chiral secondary amionocatalyst 2D delivered the [4+2] cycloadduct 44, which through
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an intramolecular ring-closing reaction leads to the hydroisoquinolines 43 with excellent

stereocontrol (Scheme 11)..25
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o N Ph OH
| . H  OSiPh, ~- B
1 "~NH Cat. 2D (20 mol%) + H
R 0 N P-NOPhCOLH (20 mol%) 0
0 . 5 > CN
R? dioxane, 70 °C R2 R4
R4 3
R3 R
43
39 42 18 examples
48-800/0, 70-98% ee
60:40 to >95:5 dr
= _Bn
HN
R! H
0
- CN
[4+2] cyloaddition R2 R* Nucleophilic attack
via trienamine catalysis R3 of amine to carbonyl
44

Scheme11: Organocatalytic cascade reaction via trienmine activation.

Later, under the same strategy, the same group demonstrated another
organocatalytic enantioselective domino sequence for the diversification of
hydroisochromenes 46 from 2,4-dienals 39 and 2-nitroallylic alcohols 45 through a [4 + 2]
cycloaddition followed by nucleophilic ring-closing process. Under these conditions one or
two extra fused cycles can be attached to the hydroisochromene 46 framework depending
on the aldehyde. The reaction proceeds with fair to high yields and high stereoselectivities

(Scheme 12).26

25 Gomez, C. V.; Cruz, D. C.; Mose, R; Jgrgensen, K. A.,, Chem. commun., 2014, 50, 6035-6038.

26 Cruz, D. C.; Mose, R,;, Gmez, C. V.; Torbensen, S. V. ; Larsen, M. S.; Jorgensen, K. A. Chem. Eur. J., 2014, 20,
11331-11335
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Scheme 12. Asymmetric [4+2] cycloaddition/nucleophilic ring-closing reaction cascade sequence.

In the last 9 years, around 27 aminocatalytic cascade reaction with several
biologically and naturally important moieties has been reported and still, chemists are

focusing more to outlining new methodologies to contribute to this field.

2.2 Introduction and design plan

The trienamine catalysis has played a vital role in the synthesis of enantioenriched
privileged structures such as spiroxindole motif in the biologically active compound and
important biosynthetic intermediates (Fig. 4). For example, the spiroxindole contained
compound horsfiline, spirotryprotatins A, B, and others have shown excellent antitumor

activity.
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Fig. 4 Spiroxindole bioactive moiety.

Also, from the point of view of a scientific community, enantioenriched spiroxindole
features useful and highly versatile building block with broad applications in organic
synthesis. In this context, chemists are actively involved in the design, development, and
application of catalytic cascade reactions to construct privileged scaffolds with multiple
stereocenters collectively. These bioactive natural products and drug molecules
synthesized through asymmetric catalytic cascade reaction. During this investigation,
catalyst and reagent provide a new cascade reaction. Furthermore, a considerable number
of natural products exist as diastereomers. We also show examples of catalyst- or reagent-
controlled diastereomer selection in the synthesis of target molecules with multiple
stereocenters. Meanwhile, successful applications of cascade reactions in the synthesis of

natural products concerning aminocatalysis will also be discussed.

2.2.1 Isatin moiety as dienophile in organocatlysis: Some new pathways to access
enantioenriched privileged scaffolds.

Indoline-2,3-dione or indole-1H-2,3-dione is important class of heterocylic
compound that can be used in drug synthesis and it is commonly known as isatin. It is a

well-known natural product found in plants of genus Isatis and in Couropita
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guianancis aubl. 2728 [t has also been isolated as a metabolic derivative of
adrenaline in humans.2? It was first time synthesized as an oxidation product of indigo in
the early 19th century, and its structure was projected by Kekule.30 Currently, isatin itself
and many substituted isatins are commercially available at easily cost-effective prices. An
extensive investigation on the synthesis and reactivity of isatins, possessing an indole motif
with a ketone and a y-lactam moiety, has unfolded many interesting aspects of organic
reactions and mechanisms. It undergoes electrophilic aromatic substitution at positions C-
5 and C-7 of the phenyl ring, N-substitutions, nucleophilic additions on to the C-3 carbonyl

group, chemoselective reductions, oxidations, ring-expansions, spiro-annulation etc (Fig.5).

R N [ "\ X [ R RR
(T Lo (o
) ! =
R’ R FI{ ]
X=N-R, CR, . '
R=R'=H(isatin) 2-oxindoles with ;?j:;i?::;:;g_:a

sp?-hybridized C-3

Fig. 5: Some bioactive isatin structures.

The Isatin has an unique potential to be used for both as an electrophile and
nucleophile. Its easy availability has made it a valuable building block in organic synthesis.
The synthesis of several heterocyclic frameworks of biological significance such as
pyrrolidines, quinolines, indoles, 3-lactams, and 2-oxindoles, etc. have been formed by

using isatins as substrates.
2.2.1.1 Conceptualization of the project

Nowadays, organocatalysis is considered the third pillar of asymmetric catalysis,

due to the way in which both small and complex molecules are prepared with high level of

27 da Silva, J. F. M.; Garden, S. J.; Pinto, A. C. ]. Braz. Chem. Soc. 2001, 12, 273
28 Bergman, J.; Lindstrom, ], O.; Tilstam, U. Tetrahedron 1988, 41, 2879

29 Chiyanzu, I; Hansell, E.; Gut, ].; Rosenthal, P. ].; McKerrowb, J. H.; Chibale, K. Bioorg. Med. Chem. Lett. 2003,
13,3527
30 Kekule, A. Chem. Ber. 1869, 2, 748.
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stereocontrol. In recent years, organocatalytic remote functionalization strategies have
attracted great attention due to the ability to functionalize far away reactive centers
without loss of stereoselectivity. In this sense, activations involving trienamines have
played an important role. The recent development of this new organocatalytic activation
mode, offers new tools for the diversity-oriented synthesis (DOS). In previous literature,
there is so much wonderful, predicted work about trienamine activation. Trienamine
activation is an efficient HOMO-raising strategy in organocatalysis for both simple and
cascade asymmetric transformations. The enlargement of novel developed activation mode
such as trienamine activation is one of the most significant themes of this project. In the
following it would be tremendous to apply the trienamine activation to provide an efficient
methodology to access the privileged hydroisoquinoline-spirooxindole structures. It will be
an important contribution because of the application of the organocatalysis in the synthesis
and diversification of natural products. This will give an amazing pragmatic application in
the field of organocatalysis. This strategy for the asymmetric synthesis of highly
functionalized hydroisoquinolines-spirooxindole will be based on an organocatalytic [4+2]

cycloaddition/nucleophilic ring-closing cascade sequence.

Previous reports on trienamine activation showed promising results with 2,4-dienal
with some appropriate dienophiles for tandem reactions (Scheme 10). During a recent
study of isatin derivatives, it was conceptualized that these substrates should also be useful
for the synthesis of spirocyclohexane oxindole derivatives 49. Herein we decided to
investigate a highly stereoselective synthesis of spirocyclohexane oxindole derivatives by
using different substituted dienals 47 and isatin dienophiles 48 via an organocatalyzed

[4+2] cycloaddition/nucleophilic ring-closing cascade sequence (Scheme 13).
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Scheme 13: Conceptualization of the project, trienamine activation through [4+2] cycloaddition with
cyano-oxoindoline-ylidine acetamide.

2.2.1.2 Hypothesis:

The cyano-oxoindolin-ylidine acetamide might be good dienophiles to react with an
activated trienamine system. The two electron-withdrawing groups attached to the double
bond in the cyano-oxoindolin-ylidine acetamide will ensure a good reactivity toward the
[4+2] cycloaddition, while it is expected that the planarity of the molecule will provide a
correct endo-exo selection. Finally, once the catalytic cycloaddition proceeds, a nucleophilic
ring closing reaction can take place between the nitrogen atom of the amide and the
aldehyde to obtain the corresponding hydroisoquinolines spirooxindole 42 in a cascade

fashion (Scheme 13).

2.2.1.3 Objectives:

To synthesize the starting material of different derivatives of dienals and dienophiles.
To optimize organocatalytic cascade reaction.
To synthesize different derivatives of organocatalytic cascade adducts.

To characterize all the obtained products.

V V V V V

To do adduct transformation.
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2.2.1.4 Result and discussion:

Synthesis of starting materials:

For the trienamine activation, are required some applicable and different
substituted acyclic and cyclic aldehyde derivatives, which easily can undergo a Diels-Alder
reaction. The chain aldehydes can be prepared by a Heck reaction by using vinyl bromides

51 and acrolein diethyl acetal 52 to deliver the corresponding 2,4-dienals 53 (Scheme 14).

R3 R3

R! OEt 1. Pd Catalyst 1
\%\Br i /\( atalys RMO
R2 OEt 2. Hydrolysis R? 53
L 52 4 examples
71-82%
Derivatives:
YWO %\/\//O \%\/\//0 (Y\/\//o
54 55 56 57
82% 76% 75% 64%

Scheme 14: General procedure for the synthesis of 2,4-dienals.

The 2-methyl indole acryldehyde 62 was prepared according to the literature3! by
the following strategy: In the first step, the indole carbaldhyde 58 reacted (Boc)20 in
presence of DMAP and CH3CN as a solvent to form corresponding N-protected indole
carboxyl aldehyde 59, it treated with cyano-Wittig reagent 60 then underwent reduction of
cyano-vinyl carboxylate 61 delivered 2-methyl indole acryldehyde 62 with good yield
(Scheme 15).

31 Liu, Y. K; Nappi, M.; Arceo, E.; Vera, S.;. Melchiorre, S. J. Am. Chem. Soc. 2011, 133, 15212.

40



C°
FHO (Boc),0O Eo
t
©f\g7 DMAP m W THF, 0°C_ _DIBAL _ A
H ACN, rt EtO toluene N

58 59 Boc 61 poc /87 0°C 62 Boc
96% 84 % 76 %
Scheme 15: General procedure for the synthesis of 2-methyl indole acryldehyde.

A mixture of ethyl cyanoacetate 63 and benzyl amine 64 was stirred at room temp.
After 24 h, the precipitate of cyano-acetamide 65 obtained with excellent yield. It required

for the synthesis cyano-oxoindolin-ylidine acetamide 60 (Scheme 16).

0
HN rt 9
NC\)kOEt + 2 /\O R —— NC\)kN
H
63 64 /\©
65
95%

Scheme 16: General procedure for synthesis of cyano-acetamide.
The cyno-acetamide 65 treated with protected isatin 66 in presence of a base,
unfortunately, did not obtain the desired product. Then we attempted with different

solvents, and some other strong bases with differ time but disappointingly, not obtained

®/\ 0
N
H CN
NC
\)J\ /\© @E@Z Base
(0]
Solvents N

the desired product (Scheme17)

Bn
65 67
. Conv. )
Entry Base Equiv. 65 Sovents t(h) %) Yield (%)
0
1 Pyrrolidine 1 EtOH 60 n.r
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2 Pyrrolidine 1.2 ACN 96 n.r

3 Pyrrolidine 1.2 DMF 96 nr -
4 Pyrrolidine 1.2 DCM 96 n.r
5 Pyrrolidine 1.2 THF 96 n.r
6 Pyrrolidine 1.2 Toluene 96 n.r
7 Piperidine 1.2 EtOH 96 n.r
8 Piperidine 1.2 ACN 96 n.r
9 Piperidine 1.2 Toluene 96 n.r
10 Piperidine 1.2 DMF 96 nr
11 EtsN 1.2 EtOH 96 n.r
12 NaOH 1.2 EtOH 96 n.r

Scheme 17: General procedure for the synthesis of cyano-oxoindolin-ylidine acetamide.

Disappointingly, we failed to synthesize cyano-oxoindolin-ylidine acetamide 67;
after several attempts. Due these results we proposed another strategy to obtain the
corresponding hydroisoquinoline-spirooxindole compound 49. In this first reaction cyano-
ester-oxindole olefin 68 and 2,4-dienal 47 in presence of aminocatalyst 2 deliver [4+2]
cycloadduct and then the addition of primary amine 69 will provide enantioenriched

hydroisoquinoline-spirooxindole 49 (Scheme 18).
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Scheme 18: Trienamine activation through [4+2] cycloaddition with cyano-oxoindoline-
ylidine ester.

To synthesize cyano-ester olefinic oxindole 68 in this first process, the commercially
available isatin 70 was treated with benzyl bromide 71 in the presence of K2COs to deliver
the N-protected isatin 66. Then, it was reacted with cyano-ethyl ester 72 in presence of
piperidine to provide the expected cyano-ester olefinic oxindole 68 with good yield

(Scheme 24).

EtOOC
o) o) O CN
N
O +BnBr—2%9% O NC._COOEt — — o
N 71 DMF N + ACN N
H ! 72 I
70 Bn Bn
66 68
92% 71%

Scheme 24: General procedure for the synthesis of cyano-ester olefinic oxindole.
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With the cyano-ester dienophile 68 in hand, the reaction was carried out with 2,4-
dienal 73 in the presence of the Jgrgensen-Hayashi catalyst 2A in chloroform without any
additive at room temperature (entry 1). Under these conditions, we did not observe the
desired product 74 or not even a very low conversion (entry 1). In order to obtain desired
product 74, we tested the addition of additives as a benzoic acid with different solvents at
room temperature to 55 °C (entries 2-7). Various Acidic and basic additives were tested
with chloroform solvent under 2A catalyst were not obtain the desired product (entry 8-
12). Latter we tested different substituted proline derived catalysts in chloroform and
acidic additive at room temperature to 55 °C without any good result. In future we expect
to do some changes in oxindole and some different bifunction catalyst will be applied to

obtain desire product 74(Table 1).

0] * N/Bn
| EtO CN N
H CNO
ol O
+ o ——— o
N Bn-NH, N

|
73 68 Bn 73 74 g,
Ar Ph Ph Q LHs
N r N N S

N o H OMe H OMe H OsiPh; BN” N7 ~CHs

H OTMS 2D H

2A Ar=(CF3)206H2 2c 2E

2B
Table 1: Optimization table of Oxindole and 2,4-dienal

Equiv. Temp. Time Conv.2 b
Entry Cat. of Ald. Solvent Addt. (°C) (h) (%) dr
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1 2A 1.2 CHCl3 -- rt 72 n.r n.d

2 2A 1.2 CHCl3 BA rt-40 96 n.r n.d
3 A 1.2 THF BA rt-40 96 nr nd
4 A 1.2 CH:CN  BA rt-40 96 nr nd
5 2A 1.2 PhMe BA rt-55 96 n.r n.d
6 A 1.2 DCM BA rt-40 96 nr nd
7 2A 1.2 dioxane BA rt-40 48 n.r n.d
8 2A 1.2 CHCI; NaOAc rt-40 48 n.r n.d
9 A 1.2 CHCls DPTU rt-40 48 nr nd
10 A 1.2 CHCl;  p-NBA rt-40 48 nr n.d
11 2A 1.2 CHCl DABCO rt-40 48 nr nd
12 A 1.2 CHCls OFBA rt-40 48 nr nd
13 - 1.2 CHCl BA rt-40 48 nr nd
14 - 1.2 CHCl; BA rt-40 72 nr nd
15 2D 1.2 CHCl BA rt-40 48 nr nd
16 oE 1.2 CHCls BA rt-40 48 nr nd

The reactions were performed with 0.12 mmol of 73, 0.1 mmol of 68 20 mol% of catalyst, additive in
0.5 ml of solvent at different. The yield is for both diastereoisomers of 74 after chromatographic purification

on silica gel. The dr was determined by 'H NMR of crude product.

Due to the incomplete optimization table (ee is not performed), we hadn't
synthesized any derivative. But in future, we will use a bifunctional catalyst it may help to
obtain the desired product. And also, we are applying a stronger electron-withdrawing
group on olefin to synthesize organocatalytic cycloadduct. After completing the
optimization condition, we will synthesize all derivative corresponding to the starting
material. Already prepared starting material (Denials and Dienophiles) will be used to

synthesize planned products.
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A) Oxindole (Nitro oxindole) as dienophile in trienamine catalysis:

After the failure result from last scheme 18, we turned our attention towards
another dienophile which was nitro-oxindole olefin, which might offer new
enantioenriched complex structures. Inspired by the previous project, we have cyano-ester
oxindole 68 replaced by nitro -oxindole. A variety of nitro-dienophile substituted proved to

electron-withdrawing group delivered high yield and diastereoselective were obtained.

In particular, trienamine catalysis is efficient catalysts for a wide range of
asymmetric reactions. Therefore, it was interesting to develop an efficient and practical
organocatalytic approach to access chiral nitro-substituted spirooxindole via trienamine
catalysis. Herein, it has been disclosed that trienamine aminocatalysis can promote the
cycloaddition of 2,4-dienals 47 and nitro-substituted spirooxindole 76 with high
enantioselectivity. The [4 + 2] cycloaddition via trienamine catalysis can provide a library
of chiral multifunctional nitro-substituted spirooxindole complex structure 76 which,

further useful for different organic transformations (Scheme 19).

Scheme 19: Diels-Alder reaction of trienamine with nitro-olefinic oxindole.

Synthesis of starting material

The synthesis of 3-oxindole as a dienophile developed according to the previously
reported reaction. Nitromethane was treated with N-protected isatin 66 in presence of
triethylamine and MsCl delivered nitro oxindole 77. We are also working on the synthesis
of different protecting group isatin and C-5 position substituted isatin for obtaining nitro

oxindole (Scheme 20).
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Scheme 20: General procedure for synthesis of nitro-olefinic isatin.

Synthesis of organocatalytic adduct

The reaction was started with the reaction between the 2,4-dienal 47 and the
dienophile 77 in the presence of the Jgrgensen-Hayashi catalyst 2A in chloroform without
any additive at room temperature (entry 1). We did not observe the desired product 78 or
not even a very low conversion (entry 1). In order to obtain desired product 78, we tested
the addition of additives as a benzoic acid with different solvents at room temperature to
55 OC (entries 2-7), Different basic and acidic additives were tested with chloroform
solvents under 2A catalysis were examine not delivered desired product (entries 8-12).
Latter we tested different substituted proline derived catalyst in chloroform and in acidic
additive at room temperature to 55 ? C with no results. In future that we are going to do

some changes in oxindole and some different bifunction catalyst will be applied to obtain

desire product 78.
O
/
0 O,N
‘) Catalyst 2 NO,
* N Additive N ©
b Solvtents Bn
77 r
47 78
H
Ar Ph Ph sl
Ph N N N P
N H H H Osiphy Bn™ N7 ~CHs
2A Ar=(CF3)206H2 2C 2E

2B
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Table 2: Optimization table of Oxindole and 2,4-dienal

Equiv.

Temp.

Time

Conv.2

b
Entry Cat. of Ald. Solvent Addt. (°C) (h) (%) dr
1 2A 1.2 CHCI3 -- rt 72 n.r n.d
2 2A 1.2 CHCIs BA rt-40 96 n.r n.d
3 A 1.2 THF BA rt-40 96 nr nd
4 A 1.2 CH:CN  BA rt-40 96 nr nd
5 2A 1.2 PhMe BA rt-55 96 n.r n.d
6 A 1.2 DCM BA rt-40 96 nr nd
7 2A 1.2 dioxane BA rt-40 48 n.r n.d
8 2A 1.2 CHCl3 NaOAc rt-40 48 n.r n.d
9 A 1.2 CHCl; DPTU rt-40 48 nr nd
10 A 1.2 CHCl;  p-NBA rt-40 48 nr n.d
11 2A 1.2 CHCl; DABCO rt-40 48 nr nd
12 A 1.2 CHCl; OFBA rt-40 48 nr nd
13 - 1.2 CHCls BA rt-40 48 nr nd
14 - 1.2 CHCl BA rt-40 72 nr nd
15 D 1.2 CHCl BA rt-40 48 nr nd
16 oE 1.2 CHCls BA rt-40 48 nr nd

The reactions were performed with 0.12 mmol of 73, 0.1 mmol of 77 20 mol% of catalyst, additive in

0.5 ml of solvent at different. The yield is for both diastereoisomers of 78 after chromatographic purification

on silica gel. The dr was determined by 'H NMR of crude product.

Disappointingly, After the failure result from the last scheme 19 of trienamine catalysis, we
moved to another dienophile which was ester-oxindole olefin, which shows excellent work

in trienamine catalysis, here in applying another activation mode with ester oxindole 75. It
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will deliver an enantioenriched complex structure. One obvious pathway for the future
advance is the broadening of the scope of applicable dienophile in reaction with 2-hydroxy
acryaldehyde 79. The gained experience from trienamine activation that proved ester-
oxindole 80 can deliver a highly complex structure. An interestingly, we were planning to
synthesis hetero atom contained spiroxy oxindole via iminium ion. Therefore, it was
interesting to develop an efficient and practical organocatalytic approach to access chiral
hetero atom spirooxindole via iminium ion. Herein, it has been disclosed that iminium ion
aminocatalysis can promote the cycloaddition of 2-hydroxy acryaldehyde 79 to hetero
atom contained spirooxindole 81 with high enantioselectivity. The 1,6-Oxa-Michael
cycloaddition via iminium ion catalysis can provide a library of a chiral multifunctional
hetero atom contained spirooxindole complex structure which further useful for different

organic transformations (Scheme 21).

O

o

79 80

Scheme 21: 1, 6-Oxa-Michael cycloaddition of iminium ion with ester-olefinic oxindole.

Synthesis of starting material
A mixture of a corresponding aldehyde 82 with Wittig reagent 83 in toluene was
stirred at 60 °C for 8 h under nitrogen. The reaction mixture delivered desired 2-

hydroxyphenyl aldehyde 84 with moderate to good yield (Scheme 22).
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Scheme 22: General procedure for the synthesis of 2-hydroxyphenyl aldehyde.

The commercially available isatin 70 was treated with Wittig reagent 83 in toluene,
and the reaction mixture was heated up to 90 ° C. Then, the reaction mixture was treated
with. 4-(dimethylamino)pyridine (20 mol%)., and di-tert-butyl-dicarbonate (1.1 equiv.)
was added to the reaction mixture. The reaction mixture delivered desired 3-olefinic

oxindole product 90 with a high yield. (Scheme 23)

0 Et00C
DMAP
0+ pnp?coorr B0 o
H Tolune, 90 °C N
70 83 Boc
90

Scheme 23: General procedure for the synthesis of ester olefinic oxindole.

The reaction was started with the reaction between the 2-hydroxyphenyl aldehyde
85 and the ester olefincndole 90 in the presence of the Jgrgensen-Hayashi catalyst 2A in
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chloroform without any additive at room temperature (entry 1). Under these conditions,
we did not observe the desired product 91 or not even a very low conversion (entry 1). In
order to obtain desired product 91, we tested the addition of additives as a benzoic acid
with different solvents at room temperature to 55 °C (entries 2-7), Different basic and
acidic additives were tested with chloroform solvents under 2A catalysis were examine not
delivered desired product (entries 8-12). Latter we tested different substituted proline
derived catalyst in chloroform and in acidic additive at room temperature to 55 ° C with no
results. In future that we are going to do some changes in oxindole and some different

bifunction catalyst will be applied to obtain desire product 91 (Table 3).

i
H COOEt
Catalyst 2
+ cC ——————
N Additive
OH

COOEt
\Boc Sol\;?nts
85
O CHs
LT @ @+ Byt
N o N os Ph3 e,
H OTwMmS
2A (CF3)2C6H2 2E
2B
Table 3: Optimization table of Oxindole and 2-hydroxy acryldehyde,
Equiv. Temp. Time Conv.a b
Entry Cat. of Ald. Solvent Addt. (°C) (h) (%) dr
1 2A 1.2 CHCl3 -- rt 72 n.r n.d
2 2A 1.2 CHCl3 BA rt-40 96 n.r n.d
3 2A 1.2 THF BA rt-40 96 n.r n.d
4 2A 1.2 CH3CN BA rt-40 96 n.r n.d
5 2A 1.2 PhMe BA rt-55 96 n.r n.d
6 2A 1.2 DCM BA rt-40 96 n.r n.d
7 2A 1.2 dioxane  BA rt-40 48 n.r n.d
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8 2A 1.2 CHCl3 NaOAc rt-40 48 n.r n.d

9 -” 1.2 CHCls  DPTU rt-40 48 nr n.d
10 A 1.2 CHCls  p-NBA rt-40 48 nr n.d
11 2A 1.2 CHCl:  DABCO  rt-40 48 nr n.d
12 -” 1.2 CHCls  OFBA rt-40 48 nr n.d
13 - 1.2 CHCl;  BA rt-40 48 nr n.d
14 . 1.2 CHCl;  BA rt-40 72 nr n.d
15 2D 1.2 CHCl;  BA rt-40 48 nr n.d
16 - 1.2 CHCl;  BA rt-40 48 nr n.d

The reactions were performed with 0.12 mmol of 85, 0.1 mmol of 90 20 mol% of catalyst, additive in
0.5 ml of solvent at different. The yield is for both diastereoisomers of 91 after chromatographic purification

on silica gel. The dr was determined by 'H NMR of crude product.

2.3.1.5 Perspective

» To optimize the cascade reaction and synthesized a series of [4+2] cycloadducts/
nucleophilic ring closing reaction via aminocatalysis with maximum derivatives
from corresponding starting material.

» To Synthesize starting material such as cyano-oxoindolin-ylidine acetamide and for
better result by changing substituent like nitro group instead of cyano as mention

below.
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» To synthesize bifunctional catalyst to obtain desire product.

<j\/H H CF3 (j\/ N

N N CF

N N 3
*TFA o

0 CFs

ZT

CF;
2F 2G
» To complete the scope of the reaction as mentioned in above scope table.

> To do adduct transformation.

» To study the stereochemistry of desired product and exact structural will be studied by
X-ray.

2.2.1.6 Conclusion:

In conclusion, we are developing the reaction of isatin derivatives and 2,4-dienal in
presence of aminocatalyst leads enantioenriched framework from the basic starting
material. Disappointingly, the reaction had not proceeded efficiently to obtain desired the
product. Additionally, by using nitro-olefinic oxindole with trienamine catalysis also not
shown results then we moved to another activation modes such as iminium ion; in this

reaction, ester oxindole treated with 2-hydroxy acryldehyde via 1, 6-Oxa-Michael
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cycloaddition of iminium ion had not delivered desired product. In the future, work will
continue to optimize all three-reaction scheme to find the optimal condition to access

complex enantioenriched structures and plans for biological activity and X-structures.
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Project-2

2.3 Dithioamides as a hetero-dienophile in organocatlysis: Some new

pathways to access enantioenriched privileged scaffolds.

2.3.1 Introduction:

Over the past decade chemists are focusing more towards different new
methodologies to synthesize known or novel thio-pyrano and piperidone derivatives.32 At
the same time, newly developed trienamine catalysis strategy grips a great consideration in
the synthesis of enantioenriched privileged structures. In fact, a new methodology was
developed to synthesize chiral thio-pyrano by using thiocarbonyl compounds and 2,4-

dienal in trienamine catalysis. Another way to utilize the fact that the formal [4+2]

32 ) (a) Eicher, T., Hauptmann, S: The Chemistry of Heterocycles: Structure, Reactions, Syntheses and
Applications; 2nd ed., Wiley-VCH, Weinheim, 2003. (b) Nolan, S. P. Asymmetric Synthesis of Nitrogen
Heterocycles; Wiley-VCH, Weinheim, 2006.
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cycloadducts of trienamine-mediated reactions contain aldehyde moieties, which can

undergo further cyclizations.33

Thiocarbonyls such as dithioesters, thioamides and thioketones, constitute a select
group of sulfur-containing compounds, which have been employed efficiently as
heterodienophiles for thio-Diels-Alder cycloadditions.343> In 2013, the organocatalytic
version of this reaction was first reported by Jgrgensen et al.?¢ through trienamine catalysis,
which is an important factor for the development of Diels-Alder reactions. Catalyst-
bounded dienes and thiocarbonyl derivatives 96 lead to dihydro-thiopyrane derivatives 97
with high to excellent enantioselectivities and high to excellent diastereoselectivities

(Scheme 24).

Ph
Ph
N o)
o| H OTMS I
H Cat.2A (5-20 mol%)
R! S PhCO,H (20 mol%) R! CO,Bn
> " SEt
¥ B”O%sgt CHCls, 4-40 °C, 48-72 h !

R3 o R3
R2 R2

39 926 97

8 examples
62-95%, 85-93% ee
80:20 to >95:5 dr

Scheme 24: Thio-Diels-Alder cycloaddition via trienamine catalysis of 2,4-dienals and dithioesters.

Later, Albrecht and co-workers reported the first asymmetric thio-Diels-Alder
reaction by taming thioketones. Highly activated thioketones 98 were shown to undergo
enantioselective trienamine catalyzed [4+2] cycloaddition with 2,4-dienals 39 to form

dihydro-thiopyrane scaffolds 99, which is found in some bioactive natural and unnatural

33 (a) Villegas Gémez, C.; Cruz Cruz, D.; Mose, R.; Jgrgensen, K. A. Chem. Commun. 2014, 50, 6035-6038. (b)
Cruz Cruz, D.; Mose, R;; Villegas Gémez, C.; Torbensen, S. V;; Larsen, M. S. Chem. Eur. ]. 2014, 20, 11331-11335.
(c) Li, Y;; Barlgse, C.; Yang Li, Jgrgensen, |.; Carlsen, B. D.; Jgrgensen, K. A. Chem. Eur. . 2017, 23, 38-41.

34 Blond, G.; Gulea, M.; Mamane, V. Curr. Org. Chem. 2016, 20,2161-2210.
35 Jaiswal, V.; Mondal, B.; Saha, ]. Asian J. Org. Chem. 10.1002/ajoc.202000238.
36 Jiang, H.; Cruz Cruz, D,; Li, Y.; Lauridsen, V. H.; Jorgensen, K. A. J. Am.Chem. Soc.2013, 135, 5200-5207.
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compounds. The reaction provides fair to moderate yields with fair to moderate

stereoselectivities (Scheme 25)37.

o) Ph
| 1 0
Ph R r
N 2
1 Ar H OTms R R
R . Cat.2A (20 mol%) Ar
= \
w2 O AT CHCI3 24h,40°C R® ™87 “Ar
R3 99
98 11 examples
39 30-64%, 55-99% ee

1:1 to >20:1 dr

Scheme 25: Thio-Diels-Alder cycloaddition via trienamine catalysis of 2,4-dienals and thioketones.

2.3.1.1 Conceptualization of the project:

The expansion of the one of the tremendous activation modes, which is trienamine
activation brings a great interest to this project. In the present research we have been
initiated a program to explore the diversification of substituted dithiomide 101 through
cascade catalytic reactions. It is known that such structure form enantioenriched fused
hetero product, it contains two different bioactive moieties, such as thio-pyrano and
piperidone. The proposed strategy combines the synthesis of variety of dithioamides and
subsequent thio-Diels-Alder/nucleophilic cycloaddition reaction via trienamine activation.
The key to carrying out this process is to initially form the trienamine intermediate using
dienal and an aminocatalyst 2, whose raction with dithioamide deliver fused thio-prano
piperidone 102 in stereoselective form. Through this process, it is possible to access the
corresponding enantioenriched fused thio-pyrano-piperidone complex structure 102 with

up to four stereogenic centres(Scheme 26).

37 Hejmanowska, ].; Jasinski, M.; Mloston, G; Albrecht, t.. Eur. J. Org. Chem. 2017, 950-954.
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Scheme 26: Synthesis of fused thio-pyrano-piperidone complex structures.

2.3.1.2Hypothesis:

The dithioamide act as dienophiles to react with an activated trienamine system.
The electron-withdrawing groups attached to the thiocarbonyl will ensure a good reactivity
toward the thio[4+2] cycloaddition, while it is expected that the planarity of the molecule
will provide a correct endo-exo selection. Finally, once the catalytic cycloaddition proceeds,
a nucleophilic ring closing reaction can take place between the nitrogen atom of the amide
and the aldehyde to obtain the corresponding thio-pyrano-piperidone in a cascade and bis-

cascade fashion.

2.3.1.3 Objectives:

» To synthesize starting materials such as different derivatives of dithiomide of
tryptamine for one pot reaction and bis-cascade reaction.

» To optimize the one pot reaction, and bis-cascade reactions in order to obtain the
corresponding bis-[4+2] cycloadducts via aminocatalysis with maximum derivatives
from corresponding starting material.

» To develop derivatives scope table.

» To characterize all the obtained products.

» To do adduct transformations.

2.3.1.4 Result and discussion:

Synthesis of starting material:
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The primary amines 103 were treated with chloroacetyl chloride 104 in presence
of K2CO3 and DCM as a solvent to form the corresponding chloroacetyl amides 105 (
Scheme 27a). Later, the reaction with sulphur in presence of triethyl amine and then alkyl

halide delivered desired products 106 in moderate to good yield Scheme 27b).

a)
O O
R—NH, Cl K,COg4 Cl R
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49-90% vyield
Derivatives:
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Scheme 33: General procedure for the synthesis of dithioamide.
Optimization of reaction

The optimization was started with the reaction between the 2,4-dienal 47 and the
dithioamide 106a as model substrates for the cascade sequence thio-Diels-
Alder/nucleophilic ring-closing. Gratifyingly, when the reaction was carried out in presence
of 20 mol% of Jgrgensen-Hayashi catalyst 2A and benzoic acid as additive in CHCI3, the
desired product 107a was obtained after 24 h at room temperature with excellent yield
(93%) and stereocontrol (93:7 dr, 92% ee) (Table 4, entry 1). In order to improve the
stereoselectivity, we tested different catalysts. When the reaction was performed with the
catalysts 2B-C, the diastereoselectivity was slightly improved but the enantioselectivity and
the yield were not satisfying (entries 2 and 3). By using the more sterically demanding O-
Si(Ph)s catalyst 2D, a better enantioselectivity was observed (96% ee) along with the same
diasteromeric ratio. However, the isolated yield decreased less than 80% (entry 4).
Therefore, we decided to work with the readily available catalyst 2A. Finally, no further
improvement was observed by changing solvents such as CH3CN, THF and CH2Clz (entries 5,

6 and 7). And, with low loading of catalyst (entry 8).
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Table 4: Optimization of 2,4-dienal and dithiamide

Entry Cat. Solvent  t(h) Conv. Yield drb eec

(%) (%) (%)

1 2A CHCl3 24 100 93 93:7 92

2 2C CHCI3 48 64 62 97:3 68

3 2B CHCl3 48 74 70 94:6 76
4 2D CHCl3 48 100 78 93:7 96

5 2A CHCI; 48 61 57 71:26 n.d.

6 2A CH3CN 48 63. 61 74:26 82
7 2A THF 48 dec -- -- --
8 2A CHCl3 48 64 61 72:28 --

The reactions were performed with 0.15 mmol of 47 0.1 mmol of 106a 20 mol% of catalyst and
benzoic acid as additive in 0.5 ml of solvent at room temperature. 2Yield of both diastereoisomers of 107a
after chromatographic purification on silica gel. PDetermined by H NMR of crude product. ‘Measured by

chiral HPLC

Scope of the reaction

Once the best conditions were determined, the scope of the reaction was carried out
using different substituted dienals 47 and dithioamides 106a. As shown in Table 5, alkyl
groups at y- and &-positions were well tolerated, maintaining good yields and

stereoselectivities. An extra cyclohexane fused ring was also generated by using the
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derivative 106e and gain one more extra stereocentre with good yield (72%) and high
enantioselectivities (86%). Interestingly, an indole moiety could be incorporated when the
2-methylindole acrylaldehyde 106f was employed as masked 2,4-dienal, leading to the
corresponding tetracyclic adduct 106f in excellent yield (96%) and stereoselectivity (96:4
dr, 98% ee). Next, we investigated the protocol using different dithioamides. To our delight,
the reaction was also effective for dithioamides carrying with hetero-aromatic or ester
substituents resulting in good to excellent yields (87-98%) and stereoselectivities (90:10-
95:5 dr, 93-97% ee). Only a small difference was observed by changing the alkyl group at
the sulfur atom with with high yield (82%) and excellent stereoselectivities (92:8 dr, 90%
ee). Notably, an interesting polycyclic derivative with two indole cores 106l was able to

prepare through the reaction between 106f and 106i.

Table 5: Scope of the reaction.
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107i 107j 107k 1071
93%, 90:10 dr 90%, 90:10 dr 82%, 92:8 dr 75%, 96:4 dr
93% ee 93% ee 92 % ee 86% ee

The reactions were performed with 0.15 mmol of 47, 0.1 mmol of 106, 20 mol% of catalyst, and
benzoic acid as additive in 0.5 ml of solvent at room temperature. The yield is for both diastereoisomers of

107 after chromatographic purification on silica gel. The dr was determined by 'H NMR of crude product. The

ee was measured by chiral HPLC.

X-ray structure
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The absolute stereochemistry of the enantioenriched thiopyrano-piperidone (2R,
4aR, 11cS) was obtained through x-ray analysis of the reaction product derived from the
reaction between 2,4-dienal and dithioamide. For the remaining product, the configurations

were assumed by analogy (Figure 5).

Fig. 5: X-ray structure 107f. Colour coding yellow Sulphur; blue Nitrogen; red oxygen.

2.3.1.5 Asymmetric one pot reaction: Synthesis of the thiopyrano-piperidone-
tetrahydrocarboline via trienamine catalysis

Organocatalytic one-pot reaction which can construct multiple bonds and delivered
complex molecule in a single vessel, are great interest to the scientific community. These
reactions have many advantages, as they are atom-economical and have reduced synthetic
step, minimizing practical aspects like purification and removing the need for protecting
group strategies. Highly enantioenriched thiopyrano-piperidone-tetrahydrocarboline
molecule. The Pictet-Spengler type rection and lactamization was achieved by introducing
tryptamine moety in dithioamide 106a, a Pictet-Spengler type reaction proceeds after
[4+2] thio-Diels-Alder/nucleophilic ring -closing cascade sequence, led to complex

framework in a one pot process. Whose synthesis has benefited from this cascade
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sequence. These systems are ubiquitous in nature and, as such, are important medicinal
and pharmaceutical probe.of particular note in recent times is the use of asymmetric
organocatalysis in cascade chemistry, which has contributed toward the synthesis of an
impressive diversity of complex structures. Inspired from previous reports, it was
envisioned the cascade cycloadduct 107i, which can undergo an intramolecular Pictet-
Spengler type reaction once an iminium ion intermediate is formed via hydroxyl group
elimination. The reaction was promoted under acidic conditions. This reaction delivered

the thiopyrano-piperidone-tetrahydrocarboline fused rings compound.
Optimization of reaction

The optimization was started with the reaction between the dienal and tryptamine
dithioamide in presence of Jgrgensen-Hayashi catalyst in chloroform at room temperature.
It was not delivering the desired product (entry 1). To find the desired product, it was
tested different acidic additive but unfortunately the desired product was not obtained
(entry 2,3). Interestingly, when we used TFA, the desired product was obtained with
modest yield, with low loading of acidic additive 20 mol% the obtained product with high
yield (entry 6).

Ph
N Ph
o otms N~
‘) ( 20 mol%)
)S( _CHCl, rt. _ o N
*ES Addltlve 0O
S SEt
47 106d 108a
Conv. Yield
Entry Additive Equiv. t(h) ((;/r;;/ (;/‘Z)a drb
1 PhCO.H 1 96 100 --- -
2 p-NO2COzH 1 96 100 --- ———-
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3 PhCHOHCO:H 1 96 100 - e

4 CF;COzH 1 1 100 36 54:46
5 CF;COzH 50 mole% 1.5 100 47 52:48
6 CF;COz2H 20 mole% 2 100 83 51:49

The reactions were performed with 0.15 mmol of 47, 0.1 mmol of 106d, 20 mol% of catalyst and
benzoic acid as additive in 0.5 ml of solvent at room temperature. 2Yield of both diastereoisomers of 108a

after chromatographic purification on silica gel. PDetermined by H NMR of crude product. ‘Measured by

chiral HPLC.

Scope of the reaction

Once the best conditions had been determined, the scope of the reaction was carried
out using different substituted dienal 47 and aromatic dithioamides 102d . The thio-Diels-
Alder/nucleophilic ring closing and Pictet-Spengler reactions were performed in a one-pot
fashion using catalytic amounts of TFA, the desired product 108a was furnished in 83%
overall yield and 97% ee. In order to prove the strategy, . An extra cyclohexane fused ring
was also generated by using the derivative 108b and gain one more extra stereocentre
with good yield (74%) and high enantioselectivities (99% ee). By using indole aldehyde
obtained heptacylic compound 108c good yields (85 %) and excellent enantioselectivities
(98%). Rest of the devrivatives will be synthesize in future with better improvement of

optimization.
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51:49 dr, 97% ee 51:49 dr, 99% ee

51:49 dr, 98% ee

The reactions were performed with 0.15 mmol of 96, 0.1 mmol of 102d, 20 mol% of catalyst, and benzoic
acid as additive in 0.5 ml of solvent at room temperature. Then TFA (20 mol%) was added. The yield is for

both diastereoisomers, the yield in parenthesis is for single major diatereoisomer. The dr was determined by
H NMR of crude product. The ee was measured by chiral HPLC.
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X-ray structure

The absolute stereochemistry of the enantioenriched thiopyrano-piperidone-
tetrahydrocarboline (7aR, 16bR, 17aS) 108c was obtained through x-ray analysis of the
reaction product derived from the reaction between 2,4-dienal and tryptamine

dithioamide. For the remaining product, the configurations were assumed by analogy
(Figure 6).

Fig. 6: X-ray structure 108c. Colour coding yellow Sulphur; blue Nitrogen; red oxygen.
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2.3.1.6 Asymmetric bis-cascade reaction:

Replacing by dithioamide by bis-dithioamide deliver to more diverse and complex
molecules containing these attractive scaffolds we were wondering if a double
aminocatalytic cascade process would be possible through the reaction with the bis-
dithioamide 109 and construct two cycloadducts connected by the amide moiety in one
process. Surprisingly, when the bis-dithioamide 109 was reacted with three equivalent of
the aldehyde 62 under the standard conditions, the nine fused ring compound 110 was
directly obtained in a double-(thio-Diels-Alder/N-nucleophilic ring
closing)/elimination/O-nucleophilic ring closing sequence (Scheme 34). Notably, through
this reaction, a separable mixture of two diastereoisomers with six new stereocenters were

smoothly furnished in 41 and 39% of yield and 98% of ee for the major diastereoisomer .

jo

0 oS 2A

N\ + EtS N 20 mol%
N >
N N SEt PhCO,H
\ S (0] 20 mol%
Boc 109
62 CHCl3

rt

110
83% (41%) yield
51: 49, 98% ee

Scheme 34. Aminocatalytic double-(thio-Diels-Alder/N-nucleophilic ring closing)/elimination/O-
nucleophilic ring closing cascade reaction.

The reaction was performed with 0.3 mmol of 62, 0.1 mmol of 109, 20 mol% of catalyst 2A and benzoic acid
as additive in 0.5 ml of solvent at room temperature. The yield is for both diastereoisomers. aThe yield is for a
single major diastereoisomer. The dr was determined by 'H NMR of crude product. The ee was measured by
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2.3.1.7. Perspective;

» To optimize the one pot reaction reaction and synthesized a series of thio-[4+2]
cycloadducts/ nucleophilic ring closing and Pictet-Spengler reactions via
aminocatalysis with maximum derivatives from corresponding starting material.

» To Synthesize starting material such as different substituted dithioamides .

S

S
H S
H MeO N H
N SEt N
o |
(@] o (o)
ome 12 13

111

Hoo§ : \ o
N N\ SEt
114 © 115 S

» To complete the scope of the reaction as mentioned in above scope table.

> To do adduct transformation as mention in below.
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113

10xidation
HN. HN_
7 *°N
= I HN
- Oxidation / Reduction
- _—
SEt N
0]
s SEt
104a

» To publish article on one pot reaction

2.3.1.8 Conclusion:

In conclusion, we have developed a new thia-Diels-Alder/nucleophilic ring-closing
cascade sequence for the enantioselective synthesis of thio-pyrano-piperidone fused ring
compounds through trienamine catalysis. The reaction proceeds efficiently with high levels
of stereocontrol. Additionally, by promoting an intramolecular Pictet-Spengler reaction
after the cascade sequence, different thiopyrano-piperidone-carboline fused ring
compounds were constructed in a one-pot with good yield and excellent enantiocontrol.
Interestingly, by using a bis-dithioamide as hetero-dienophile, a double-(thio-Diels-
Alder/N-nucleophilic ring closing)/elimination/0-nucleophilic ring closing super cascade
reaction was achieved, leading to a new type of nine fused ring derivative with six new

stereocenters. These aminocatalytic cascade methodologies, open new perspectives for the
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synthesis of a new class of complex and diverse thiopyranes, which contribute to populate

new relevant regions in the chemical space.
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Chapter 3

73



Chapter 3- Experimental section

Synthesis of Aldehydes:

3.1 Synthesis of aldehydes used for aminocatalysis

3.1.1 Synthesis of 2,4-dienal

A) General procedure to synthesize substituted 2,4-dienals using Pd-catalyst: To a
stirred solution of vinyl bromides 51 in DMF were added acrolein diethyl acetal 52,
Pd(OAc)z, nBusNOAc, K2CO03, and KCI. The mixture was stirred for overnight at 90 °C. After
cooling 2N HCI was slowly added and the reaction mixture was stirred at RT for 10 minutes
and then diluted with ether and washed with water. The organic layer was dried over
Na2S04 and concentrated under reduced pressure. The residue was purified by column

chromatography. (Scheme 35).38

R3 R3
OEt 1. Pd Catalyst
R’I/\%\Br + A/ y R1 /\MO
R? OEt 2. Hydrolysis R2
46
44 45 64-82 %

Scheme 35: Synthesis of dienals.

(E)-5-methylhexa-2,4-dienal (54): To a stirred solution of 1-
WO bromo-2-methylprop-1-ene (7.41 mmol) in DMF (50.0 mL) were

added acrolein diethyl acetal, Pd(OAc)2 (0.22 mmol), nBusNOAc (14.8
mmol), K2€C03 (11.1 mmol), and KCl (7.41 mmol). The mixture was

54

stirred for overnight at 90 °C. After cooling 2N HCl was slowly added and the reaction
mixture was stirred at RT for 10 minutres and then diluted with ether and washed with

water. The organic layer was dried over NazS04 and concentrated under reduced pressure.

38 Battistuzzi, G.; Cacchi, S.; Fabrizi, G., Org. Lett., 2003, 55, 777-780
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The residue was purified by column chromatography (pentane/diethyl ether 19:1). Yellow

oil; 82% yield; TH NMR (500 MHz, CDCl3) 6 9.47 (dd, J = 8.1, 0.5 Hz, 1H), 7.32 (dd, ] = 15.1,

11.5 Hz, 1H), 6.06 (dd, /= 11.5, 0.5 Hz, 1H), 5.96 (dd, / = 15.1, 8.4 Hz, 1H), 1.86 (d, ] = 8.4 Hz,
6H).

(2E,4E)-4-methylhexa-2,4-dienal (55): To a stirred solution of 1-
\/’\/\//0 bromo-2-methylprop-1-ene (5.5 mmol) in DMF (30.0 mL) were

55 added acrolein diethyl acetal, Pd(OAc)z (0.17 mmol), nBusNOAc
(11.0 mmol), K2€03 (8.26 mmol), and KCI (5.5 mmol). The mixture

was stirred for overnight at 90 °C. After coolong 2N HCl was slowly added and the reaction
mixture was stirred at RT for 10 minutres and then diluted with ether and washed with
water. The organic layer was dried over Na2S04 and concentrated under reduced pressure.
The residue was purified by column chromatography (pentane/diethyl ether 19:1). Yellow
oil; 76% yield; tH NMR (500 MHz, CDCl3) 6 9.54 (d, ] = 7.9 Hz, 1H), 7.11 (d, J = 15.6 Hz, 1H),
6.16 - 6.04 (m, 2H), 1.86 (d, J = 7.2 Hz, 3H), 1.80 (s, 3H).

(E)-4,5-dimethylhexa-2,4-dienal (56): To a stirred solution of 1-

\%WO bromo-2-methylprop-1-ene (5.5 mmol, 0.64 mL) in DMF (30.0 mL)
56 were added acrolein diethyl acetal, Pd(OAc)2 (0.17 mmol, 37.0 mg),

nBusNOAc (11.0 mmol), K2CO3 (8.26 mmol), and KCI (5.5 mmol). The

mixture was stirred for overnight at 90 °C. After cooling 2N HCI was slowly added and the
reaction mixture was stirred at RT for 10 minutres and then diluted with ether and washed
with water. The organic layer was dried over Na2S04 and concentrated under reduced
pressure. The residue was purified by column chromatography (pentane/diethyl ether
19:1). Yellow oil; 75% yield; 'H NMR (500 MHz, CDCl3) § 9.58 (d, /= 7.8 Hz, 1H), 7.65 (d, ] =
15.4 Hz, 1H), 6.17 - 6.05 (m, 1H), 2.02 - 1.99 (m, 3H), 1.92 (s, 3H),
1.83 - 1.81 (m, 3H).

0]
W (E)-4-cyclohexylidenebut-2-enal (57): To a stirred solution of
57 1-bromo-2-methylprop-1-ene (5.5 mmol) in DMF (30.0 mL) were

added acrolein diethyl acetal, Pd(OAc)2 (0.17 mmol, 37.0 mg), nBusNOAc (11.0 mmol, 3.32
g), K2COs3 (8.26 mmol, 1.13 g), and KCI (5.5 mmol, 410 mg). The mixture was stirred for
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overnight at 90 °C. After cooling 2N HCl was slowly added and the reaction mixture was
stirred at RT for 10 minutres and then diluted with ether and washed with water. The
organic layer was dried over Na:S04 and concentrated under reduced pressure. The
residue was purified by column chromatography (pentane/diethyl ether 19:1). Yellow oil;
64% yield; TH NMR (500 MHz, CDCl3) 6 9.56 (t, ] = 9.8 Hz, 1H), 7.45 (dd, J = 15.0, 11.6 Hz,
1H), 6.18 - 5.90 (m, 2H), 2.42 (d, / = 6.0 Hz, 2H), 2.28 - 2.23 (m, 2H), 1.67 - 1.59 (m, 6H).

3.1.2 Synthesis of 2-methyl indole acryldehyde

The 2-methyl indole acryldehyde 62 was prepared according to the literature by the
following strategy: In the first step, the indole carbaldhyde 58 reacted (Boc)20 in presence
of DMAP and CH3CN as a solvent to form corresponding N-protected indole carboxyl
aldehyde 59, it treated with cyano-Wittig reagent 60 then underwent reduction of cyano-
vinyl carboxylate 61 delivered 2-methyl indole acryldehyde 62 with good yield (Scheme
36).

840
(Boc),0 EtO.
t
w DMAP m W _THF, 0°C_ _DIBAL _ N\
H ACN, rt EtO toluene N
61 B

59 Boc -78 = 0°C 62 éoc
96% 84 % 76 %

Scheme 36: Synthesis of (E)-tert-butyl 2-methyl-3-(3-oxoprop-1-en-1-yl)-1H-indole-1-carboxyate.

tert-butyl 3-formyl-2-methyl-1H-indole-1-carboxylate(59): To a

CHO | solution of 2-methyl-1H-indole-3-carbaldehyde 13 (25.1 mmol,) in
©j\g7 CH3CN (65 mL), DMAP (2.5 mmol) and di-tert-butyl dicarbonate (30
l\!BOC mmol) were added and stirred at room temperature for 4 h. The

59 solvent was removed and then extracted with CHCl3 (2 x 30 mL). The

organic layer was washed with NaHCO3 solution (2 x 30 mL) and then dried (NaSOa4).

Removal of the solvent followed by crystallization from methanol afforded product 14. Pale
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yellow solid; compound was isolated by flash-chromatography (20% EtOAc/hexanes).
Yield = 96 %; M.p. 110 °C.;1H NMR (500 MHz, CDCls3) § 10.34 (s, 1H), 8.31 (m, 1H), 8.06 (m,
1H), 7.33 (m, 2H), 2.93 (s, 3H), 1.72 (s, 9H).

tert-butyl (E)-3-(2-cyanovinyl)-2-methyl-1H-indole-1-

carboxylate(61): To a solution of diethylcyanomethyl phosphonate 60
(20.6 mmol, 3.2 mL) in anhydrous THF (30 mL) at 0°C, BuLi (2.5M in

779

hexanes, 7.4 mL) was added dropwise and the mixture was stirred for 1h

Boc at the same temperature. A solution of the aldehyde (15.4 mmol, 4 g) in

anhydrous THF (15 mL) was prepared and the solution of the Wittig
reagent was added dropwise via cannula. After the addition, the reaction mixture was
stirred at 0°C for 4h. The reaction was then concentrated, and the product was
recrystallized from hexane/ethyl acetate to give 1.8 g of the corresponding nitrile 61(84%).
White solid; compound was isolated by flash-chromatography (20% EtOAc/hexanes). Yield
=84 %; 1H NMR (500 MHz, CDCls) § 8.05 (d, 1H), 7.53 (d, 1H), 7.45 (d, / = 16.6 Hz, 1H), 7.21
(d, 2H), 5.78 (d, ] = 16.6 Hz, 1H), 2.55 (d, 3H), 1.61 (s, 9H). 13C NMR (126 MHz, CDCl3) &
149.93, 142.26, 141.07, 136.26, 126.28, 124.65, 123.82, 118.94, 115.76, 114.28, 94.63,
85.24, 28.20, 14.30.

tert-butyl (E)-2-methyl-3-(3-oxoprop-1-en-1-yl)-1H-indole-1-

CHO

& carboxylate(62): A solution of the nitrile 15 (7 mmol, 2 g) in anhydrous
§ toluene (30 mL) was cooled down to -78 °C and at that temperature, a
N

solution of diisobutylaluminium hydride DIBAL in heptane (1M, 8.5 mL)

62 Boc was added dropwise for about 10 minutes. The reaction mixture was

stirred at -78°C for 4 hours. Then, the reaction was quenched with
methanol (2.3 mL) at -78 °C. The reaction flask could warm to room temperature then
stirred with 1M HCl (12 mL) for two minutes. The solution was diluted with 25 mL of
EtOAc and the organic phase was separated. The aqueous layer was extracted twice with
12 mL of EtOAc. The combined organics were washed with brine and dried over Na2SOa4.
After concentration, the material was purified by column chromatography to give the
desired product. Orange brown solid; Yield = 76 %; 1H NMR (500 MHz, CDCls): § 9.69 (d,
1H, J = 7.65 Hz), 8.14 (m, 1H), 7.81 (m, 1H), 7.70 (d, 1H, J = 15.80 Hz), 7.33 (m, 2H), 6.86
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(dd, 1H, ] = 15.80, ] = 7.65 Hz), 2.76 (s, 3H), 1.71 (s, 9H) ppm. 13C NMR (126 MHz, CDCl3): &
194.38, 150.12, 144.58, 142.27, 136.46, 128.02, 126.79, 124.75, 123.98, 119.69, 115.73,
114.89, 85.36, 28.34, 14.54 ppm.

3.1.3 Synthesis of hydroxyphenyl Aldehyde:

General procedure to synthesize 2-hydroxyphenyl acrylaldehyde: A mixture of a
corresponding aldehyde (1.0 mmol) with Ph3P=CHCHO (1.2 mmol) in toluene (1.0 mL) was
stirred at 60 2C for 8 h under nitrogen. The crude product was directly purified by silica gel
column directly eluting with hexane/EtOAc=10:1 to 5:1 and the designed product can be

isolated.
i
O H
R | Tol R
+ Ph3p4\;0 %
60 °C, 8h
OH OH
R2 83 R2
82 84
Scheme 37: Synthesis of 2-hydroxyphenyl aldehyde.
(E)-3-(2-hydroxyphenyl)acrylaldehyde (85): A mixture of a 2-hydroxy-
0]
| 5-benzaldehyde (24.6 mmol) with PhsP=CHCHO (29.5 mmol) in toluene
| (25.0 mL) was stirred at 60 2C for 8 h under nitrogen. The crude product
was directly purified by silica gel column directly eluting with
OH

hexane/EtOAc=10:1 to 5:1. Yellow solid; Yield 56%; 'H NMR (500 MHz,
CDCl3) § 9.67 (d,J=8.0 Hz, 1H), 7.79 (d, / = 16.0 Hz, 1H), 7.50 (dd, J = 7.8, 1.2 Hz, 1H), 7.34 -
7.28 (m, 1H), 7.08 - 7.00 (m, 2H), 6.97 (t, ] = 7.5 Hz, 1H), 6.91 (d, / = 8.1 Hz, 1H); 13C NMR
(126 MHz, CDCl3) § 196.09, 156.00, 150.13, 132.92, 130.33, 129.29, 121.46, 121.09, 116.71,
77.16.
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(E)-3-(2-hydroxy-3-methoxyphenyl)acrylaldehyde(86): A mixture of a
? 2-hydroxy-3-methoxybenzaldehyde (6.6 mmol) with Ph3P=CHCHO (7.9

| mmol) in toluene (10.0 mL) was stirred at 60 2C for 8 h under nitrogen.

The crude product was directly purified by silica gel column directly

o o eluting with hexane/EtOAc=10:1 to 5:1. Yellow solid; Yield 57%; 1H NMR
(500 MHz, CDCl3) 6§ 9.70 (d, J = 7.9 Hz, 1H), 7.81 (d, /] = 16.1 Hz, 1H), 7.13
(dd,J=7.6,1.6 Hz, 1H), 6.93 - 6.87 (m, 2H), 6.86 - 6.80 (m, 1H), 6.30 - 6.24 (m, 1H), 3.93 (s,

3H); 13C NMR (126 MHz, CDCl3) § 194.72, 147.76, 147.03, 145.62, 129.48, 120.60, 120.54,
120.06,112.78,77.16, 56.37.

(E)-3-(2-hydroxy-5-nitrophenyl)acrylaldehyde(88): A mixture of

O

| a 2-hydroxy-5-nitrobenzaldehyde (6.0 mmol) with PhsP=CHCHO (7.9

O,N | mmol) in toluene (10.0 mL) was stirred at 60 2C for 8 h under
OH

nitrogen. The crude product was directly purified by silica gel column

directly eluting with hexane/EtOAc=10:1 to 5:1. Yellow solid; Yield
57%; *H NMR (500 MHz, DMSO) 6 9.68 (d, J = 7.7 Hz, 1H), 8.54 (d, ] = 2.8 Hz, 1H), 8.19 (dd, J
=9.1, 2.8 Hz, 1H), 7.88 (d, ] = 16.1 Hz, 1H), 7.11 (d, ] = 9.1 Hz, 1H), 7.03 (dd, ] = 16.1, 7.7 Hz,
1H); 13C NMR (126 MHz, DMSO) 6 194.99, 183.92, 162.66, 153.53, 146.60, 145.99, 139.91,
137.26,130.55,129.27,127.67,127.62,125.60, 123.34,121.32, 120.26, 116.85, 39.52.

(E)-3-(2-hydroxy-5-methylphenyl)acrylaldehyde(89): A mixture of

O

! a 2-hydroxy-5-methylbenzaldehyde (7.3 mmol) with Ph3P=CHCHO (7.9
| mmol) in toluene (10.0 mL) was stirred at 60 2C for 8 h under nitrogen.
OH

The crude product was directly purified by silica gel column directly

eluting with hexane/EtOAc=10:1 to 5:1. Yellow solid; Yield 63%; 1H
NMR (500 MHz, CDCl3) § 9.67 (d, ] = 7.9 Hz, 1H), 7.77 (d, ] = 16.0 Hz, 1H), 7.31 (d, ] = 1.6 Hz,
1H), 7.11 (dd, ] = 8.2, 1.8 Hz, 1H), 6.91 (dd, J = 16.0, 7.9 Hz, 1H), 6.76 (d, ] = 8.2 Hz, 1H), 5.96
(s, 1H), 2.30 (s, 3H); 13C NMR (126 MHz, CDCls) 6 195.34, 153.29, 149.12, 133.51, 130.55,
129.90, 129.15,121.21, 116.46, 77.16, 20.55.

(E)-3-(5-bromo-2-hydroxyphenyl)acrylaldehyde(90): A mixture
| of a 2-hydroxy-5-bromobenzaldehyde (5.0 mmol) with Ph3P=CHCHO
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(7.9 mmol) in toluene (10.0 mL) was stirred at 60 2C for 8 h under nitrogen. The crude
product was directly purified by silica gel column directly eluting with hexane/EtOAc=10:1
to 5:1. Yellow solid; Yield 46%; 'H NMR (500 MHz, CDCls) 6 9.68 (d, J = 7.8 Hz, 1H), 7.68 (d,
J=16.1 Hz, 1H), 7.62 (d, ] = 2.4 Hz, 1H), 7.38 (dd, ] = 8.6, 2.4 Hz, 1H), 6.90 (dd, J = 16.1, 7.8
Hz, 1H), 6.77 (d, ] = 8.6 Hz, 1H), 6.32 - 6.26 (m, 1H); 13C NMR (126 MHz, CDCl3) § 194.85,
154.32,147.01, 135.03, 132.12, 130.26, 123.50, 118.25, 113.34, 77.16.

3.1.4. Synthesis of aminocatalysis

Ph O o
~ul—Ph
[ eN S ‘—

--u\—Ph + OTMSCI

N DCM, 17h, RT H  oTms
OH 117 2A
116 150,

Scheme38: Synthesis of (S)-2-(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine

O Ph (R)-2-(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine:
ib—Ph
H OTMS The commercially available a,a-diphenyl-2-pyrrolidinemethanol 116
2A (100 mg, 0.39 mmol) was readily protected with TMSOCI 117 (5.1 mmol)

in the presence of TEA (5.1 mmol) in CH2Clz (20 mL) at 0 °C. The reaction was stirred at
room temperature for 17 h and quenched with water (1 mL). The aqueous layer was
extracted with CH2Clz (3x1.5 mL). The combined organic extracts were stirred with
NaHCOs for 15 minutes, dried over anhydrous Na2S0s4 and concentrated in vacuo after
filtration. Purification with silica gel column chromatography (ethyl acetate/pentane-
1.7-1.3) furnished as a thick oil (78% yield). (Scheme 38). 1H NMR (CDCl3, 500 MHz): &:
0.00 (s, 9H), 1.6 (m, 4H), 2.8 (m, 2H), 3.51 (t, J = 7.0 Hz, 1H), 7.46 (m, 1H), 7.2-7.5 (m, 10H);
13C NMR (CDCls, 500 MHz): 6: 2.4, 25.1, 28.0, 47.3, 65.5, 83.3, 126.8, 127.0, 128.0, 129.0,
146.0, 147.0. (ppm)

3.2 General procedure for the synthesis of cyno-olefenic-oxindole
To a solution of the appropriate isatin (10 mol )70 in DMF (25.0 ml) and then K2CO3
was added. Then the mixture was stirred for 15 min after that added benzyl bromide 71 at

room temperature for 1 h. The reaction mixture was extracted three times with DCM. The
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organic layer was dried over sodium sulphate. Then organic layer extracted with diethyl
ether and dried over again sodium sulphate and recrystallization in Pentane: DCM.

A mixture of protected isatin 66 with cyanoethyl ester 72 in presence of piperidine in
acetonitriles was stirred at room temp. for overnight. The crude product was directly
eluting with hexane/EtOAc=90:10 to 70:30, and the expected product 68 can be isolated
with 71% yield.

0
H
O +Bn-Br—2%% O NC._COOEt — o
{:1' 71 DMF N + ACN N

! 72
70 Bn Ll%n
66 68
92% 1%
EtOOC
CN

(E)-ethyl 2-(1-benzyl-2-oxoindolin-3-ylidene)-2-cyanoacetate (68)
N O 1H NMR (500 MHz, CDCl3) 6 8.23 (d, ] = 7.9 Hz, 1H), 7.30 - 7.20 (m, 6H),
Bn 6.94 (t, ] = 7.7 Hz, 1H), 6.65 (d, J = 7.9 Hz, 1H), 4.86 (s, 2H), 4.39 (q,] = 7.0
08 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, CDCl3) § 164.47,
161.55, 145.76, 144.50, 135.59, 134.78, 129.92, 129.01 (2C), 128.06, 127.50 (2C), 123.18,
118.88, 114.08, 109.77, 106.69, 63.45, 44.04, 14.0.

3.3 General procedure for the synthesis of ester oxindole olefin

The commercially available isatin 70 was treated with Wittig reagent (1.1 equiv.) 83
in toluene and the reaction mixture was heated up to 90 9 C for 30 min. After cooling, the
mixture was filtered, and then solvent was evaporated to have crude Wittig product. The
crude product was dissolved in DCM and mixed with 4-(dimethylamino)pyridine (20
mol%). The reaction mixture was cooled down to 0 ° C, and di-tert-butyl-dicarbonate (1.1
equiv.) was added to the reaction mixture. The reaction was monitored by TLC. The solvent
was removed under reduced pressure and the crude reaction mixture was purified by FC to

72 %yield the 3-olefinic oxindole. 90.
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O EtOOC

DMAP
O+ Prgp?coorr B0 o
H

Tolune, 90 °C N

70 83 Boc
20

(E)-tert-butyl 3-(2-ethoxy-2-oxoethylidene)-2-oxoindoline-1-carboxylate (90)

EOOC 1H NMR (400 MHz, CDCl3) § 8.70 (d, J = 7.8 Hz, 1H), 7.92 (d, ] = 8.2 Hz,

1H), 7.45 (t, ] = 7.9 Hz, 1H), 7.22 (td, ] = 7.7, 1.8 Hz, 1H), 6.94 (d, ] = 3.2 Hz,

O 1H), 4.38 - 4.32 (m, 2H), 1.67 (s, 9H), 1.40 (t, ] = 7.0 Hz, 3H). 13C NMR (126

Boc  MHz, CDCl3) § 164.47, 161.55, 145.76, 144.50, 135.59, 134.78, 129.92,

129.01 (2C), 128.06, 127.50 (2C), 123.18, 118.88, 114.08, 109.77, 106.69, 63.45, 44.04,
14.0.

3.4 General procedure for the synthesis of nitro-oxindole olefin

N-substituted isatin (2 mmol) 66 was dissolved in nitromethane (10 mL). Two
drops of diethylamine were added stirred at room temperature for a few minutes until the
orange coloured solution turned light orange. The solvent was removed under pressure to
give the nitroaldol adduct as a light orange powder. To the stirred solution of the obtained
nitro alcohol and MsCl (1.2 equiv.) in dry THF (7.0 ml) was added TEA (2.1 equiv.)
dropwise 00 C. After 3 h, saturated ammonium chloride was added to the reaction mixture
and aqueous phase was extracted with AcOEt. The extract was washed with 1N HCI (two
times), saturated NaHCO3 and brine, dried sodium sulphate, filtrated and concentrated in
vacuo. The residual solid was purified by column chromatography using CHCI3 as eluent.

The expected product obtained 77 with 65% yield.

OoN
0]
1) MeNO,, rt
0 > 0o
N 2) MsCl, TEA. N
i o°c Bn
66 Bn 77
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(E)-1-benzyl-3-(nitromethylene)indolin-2-one (77)

1H NMR (500 MHz, CDCl3) § 7.54 (s, 1H), 7.41 (d, J = 5.4 Hz, 1H),

7.23 (d, ] = 41.1 Hz, 6H), 7.02 (d, ] = 4.7 Hz, 1H), 6.71 (s, 1H), 4.86 (s, 2H).

o 13C NMR (126 MHz, CDCls) § 166.98, 146.38, 138.3, 134.77, 134.68,

NBn 130.85, 130.09, 129.98, 128.98, 128.78, 128.04, 127.24, 123.48, 117.31,
109.91, 44.06.

3.5 Synthesis of chloro-amides

A mixture of primary amine (10 mmol, 1 equiv.) 99 and anhydrous potassium carbonate
(10 mmol, 1 equiv.) in dichloromethane (20 mL) was stirred for 30 min at room
temperature. The reaction mixture was cooled on an ice bath. Then, chloro-acetyl chloride
100 was added drop wise over 30 min. The ice bath was removed, and the reaction mixture
was stirred overnight followed by reflux for additional 30 min. The solvent was evaporated
under reduced pressure, the residue was neutralized with an aqueous 5% sodium
bicarbonate solution. The obtained product 101 was filtered and washed with cold water
for three times and dried. The crude product was enough pure and used for next step

directly.

Q K,CO O
H,N-Ar + ¢ _RabOs |
C \)’kcn rt Cl\)J\N’Ar
103 104 H

105

N-Benzyl-2-chloroacetamide 105a.

1H NMR (500 MHz, CDCl3) § 7.39 - 7.30 (m, 5H), 6.88 (s, 1H), 4.52 (d,
J = 5.8 Hz, 2H), 4.12 (s, 2H). 13C NMR (126 MHz, CDCls) § 165.81,

O
C'QJ\
N
H/\© 137.28, 128.86 (2C), 127.82 (3C), 43.87, 42.63. HRMS (ESI+) m/z
105a
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calcd. for CoH10CINO*184.0523 found 184.0527.

2-Chloro-N-(4-methoxyphenylethyl) acetamide 105b.

o 'HNMR (500 MHz, CDCli) 5 7.12 (4, = 8.5 Hz, 2H), 6.86 (¢

mJ.L ﬂ = 5.7 Hz, 2H), 6.61 (s, 1H), 4.01 (s, 2H), 3.79 (s, 3H), 3.52 (dd,

N J = 13.1, 6.8 Hz, 2H), 2.78 (t, ] = 7.0 Hz, 2H).13C NMR (126

105b MHz, CDCls) 8 165.80, 158.42, 130.30, 129.70 (2C), 114.15

(2C), 55.27, 42.67, 41.14, 34.57 HRMS (ESI+) m/z calcd. for C11H14CINO2* 228.0785 found
228.0789. m.p. 949 - 98 0C,

N-(2-(1H-indol-3-yl) ethyl)-2-chloroacetamide 105c.

NH  'HNMR (500 MHz, CDCls) & 8.13 (s, 1H), 7.64 (d, ] = 7.9 Hz, 1H),

/ 7.41 (d, ] = 8.1 Hz, 1H), 7.27 - 7.21 (m, 1H), 7.19 - 7.15 (m, 1H),

7.09 (t, ] = 3.9 Hz, 1H), 6.69 (s, 1H), 4.04 (s, 2H), 3.67 (dd, J = 12.8,

6.6 Hz, 2H), 3.05 (t, ] = 6.8 Hz, 2H). 13C NMR (126 MHz, CDCl3) &

165.82, 136.44, 127.16, 122.35 (2C), 122.07, 119.61, 118.67, 111.30, 42.71, 39.98, 25.12.
HRMS (ESI+) m/z caled. for C12H13CIN20* 237.0789 found 237.0795.

0
oA,
H

105¢

2-Chloro-N-(furan-2-ylmethyl) acetamide 105d.

C|\)OLN o 'HNMR (500 MHz, CDCl3) § 7.40 (dd, J = 1.8, 0.7 Hz, 1H), 6.90 (s,
H || ) 1H),6.36(dd,J=3.2,1.9 Hz, 1H), 6.30 (dd, ] = 3.2, 0.6 Hz, 1H), 4.52 (d,
105d ] = 5.6 Hz, 2H), 4.11 (s, 2H).13C NMR (126 MHz, CDCl3) § 165.68,
150.28, 142.57, 110.51, 107.95, 42.53 , 36.75 HRMS (ESI+) m/z calcd. for C7HsCINO2*
174.0316 found 174.0322.

Ethyl 3-(2-chloroacetamido) propanoate 105e
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o o 1H NMR (500 MHz, CDCls) 6 7.22 (s, 1H), 4.18 (qd, J = 7.1, 2.2 Hz,
2H), 4.04 (d, J = 1.8 Hz, 2H), 3.59 (qd, J = 6.1, 2.2 Hz, 2H), 2.60 -
o M A~ 2H) 404 € ), 359 (q )
H 2.55 (m, 2H), 1.31 - 1.26 (m, 3H). 13C NMR (126 MHz, CDCl3) &
172.28, 166.01, 60.95, 42.58, 35.18, 33.73, 14.18. HRMS (ESI+)
m/z calcd. for C7H12CINO3* 194.0578 found 194.0577.

105e

3.6 General procedure for the synthesis of dithioamides.

A mixture of chloro-acetamide 105 (10 mmol, 1 equiv.), sulphur (30 mmol, 3 equiv.) and
triethylamine (30 mmol, 3 equiv.) was stirred in acetonitrile (15 mL) for 3h at room
temperature. After 3h, the corresponding alky halide (30 mmol, 3 equiv.) was added and
the reaction was stirred for 15h. The formed salts were removed by filtration and washed
with a small amount of acetonitrile. To the organic layer was added water and extracted
three times with dichloromethane. The combined organic layers were washed with
saturated sodium bicarbonate, aqueous 10% sodium thiosulfate and dried over sodium
sulfate. Finally, the crude product was purified by FC on silica gel (gradient: Hexane/EtOAc
70:30).

0 0
1) Sg, Et;N, MeCN
o R ) e B =R/Sj1)L R
H

2) R-X
105
Ethyl 2-(benzylamino)-2-oxoethanedithioate 106a.

Following the general procedure, the compound 106a was obtained

O
EtS\[HLN after FC on silica gel in 63% yield as a pink solid. 1TH NMR (500 MHz,
S H@ CDCls) § 7.77 (s, 1H), 7.37 - 7.25 (m, 5H), 4.55 (d, J = 6.0 Hz, 2H),

106a 3.13 (q, / = 7.4 Hz, 2H), 1.31 (t, ] = 7.5 Hz, 3H). 13C NMR (126 MHz,
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CDCls) 6 158.80, 137.08, 128.84 (3C), 127.84 (3C), 44.49, 31.08, 11.44. HRMS (ESI+) m/z
calcd. for C11H13NOS2*240.0511 found 240.0513.

Ethyl 2-((2-(4-methoxyphenethyl) amino)-2-oxoethanedithioate 106b.

. o Following the general procedure, the compound 106b was

EtS\H)J\N/\/@ obtained after FC on silica gel in 69% yield as a pink oil.1H

g H NMR (500 MHz, CDCl3) & 7.50 (d, ] = 45.1 Hz, 1H), 7.12 (d, ] =

106b 7.6 Hz, 2H), 6.85 (d, J = 7.6 Hz, 2H), 3.79 (s, 3H), 3.55 (q, ] = 6.6

Hz, 2H), 3.18 (q, ] = 7.4 Hz, 2H), 2.83 (t, J = 7.0 Hz, 2H), 1.37 (t, ] = 7.5 Hz, 3H). 13C NMR

(126 MHz, CDCls) 6 158.88, 158.39, 130.38 (3C), 129.73 (2C), 114.13, 55.27, 41.92, 34.46,
31.01, 11.44. HRMS (ESI+) m/z calcd. for C13H17NO2S2*284.0773 found 284.0782.

Ethyl 2-((furan-2-ylmethyl) amino)-2-oxoethanedithioate 106c.

0 Following the general procedure, the compound 106c¢ was obtained

EtS%N/\L()) after FC on silica gel in 80% yield as a pink oil. 1TH NMR (500 MHz,

s " L/ CDCI3) 6 7.67 (s, 1H), 7.30 (dd, J = 1.8, 0.7 Hz, 1H),, 6.26 (dd, ] = 3.2,

1.9 Hz, 1H), 6.21 (dd, J = 3.2, 0.6 Hz, 1H), 4.45 (d, ] = 5.8 Hz, 2H), 3.12

(q, / = 7.5 Hz, 2H), 1.31 (t, / = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) § 158.57, 150.05,

142.57,110.51 (2C), 108.09, 37.39, 31.03, 11.42. HRMS (ESI+) m/z calcd. for CoH11NO2S2*
230.0303 found 230.0314.

106¢

Ethyl 2-((2-(1H-indol-3-yl) ethyl) amino)-2-
oxoethanedithioate 106d.

S
H
N
EtSJ\H/ \/\EQ Following the general procedure, the compound 106d was
0o NH

1064 obtained after FC on silica gel in 43% yield as a pink solid.1H

NMR (500 MHz, CDCI3) 6 8.15 (s, 1H), 7.63 (d, / = 7.9 Hz, 1H),

7.58 (s, 1H), 7.38 (d, ] = 8.1 Hz, 1H), 7.22 (t, /= 7.6 Hz, 1H), 7.14 (t, ] = 7.5 Hz, 1H), 7.05 (d, J

= 1.3 Hz, 1H), 3.68 (q,/ = 6.6 Hz, 2H), 3.18 (q,/ = 7.5 Hz, 2H), 3.06 (t,/ = 6.9 Hz, 2H), 1.37 (t,]

= 7.5 Hz, 3H) 13C NMR (126 MHz, CDCls) 6 158.9, 136.4, 127.2, 122.2 (2C), 119.6, 118.7,
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112.6,111.2 (2C€),40.7, 31.0, 25.1, 11.4 HRMS (ESI+) m/z calcd. for C14H16N20S2* 293.0776
found 293.0777.

Ethyl 3-(2-(ethylthio)-2-thioxoacetamido) propanoate 106e.

Following the general procedure, the compound 106e was

0O )
Etsm)kN/\)koa obtained after FC on silica gel in 83% yield as a pink oil.
H
S

106e 1H NMR (500 MHz, CDCI3) 6 8.04 - 7.84 (m, 1H), 4.21 - 4.10 (m,
2H), 3.63 - 3.56 (m, 2H), 3.16 (q, / = 7.5 Hz, 2H), 2.61 - 2.53 (m, 2H), 1.35 (q, / = 7.5 Hz, 3H),
1.27 - 1.22 (m, 3H). 3CNMR (126 MHz, CDCl3) 6 191.3,172.1, 158.9, 60.9, 35.9, 33.7, 30.9,
14.2, 11.4 HRMS (ESI+) m/z calcd. for CoH1sNO3S2* 250.0566 found 250.0570.

Methyl 2-(benzylamino)-2-oxoethanedithioate 106f.

0 Following the general procedure, the compound 106f was obtained

MeS%N after FC on silica gel in 71% yield as a light pink solid. 1H NMR (500

H/\© MHz, CDCl3) & 7.70 (s, 1H), 7.29 - 7.22 (m, 5H), 4.47 (d, ] = 6.1 Hz,

2H), 2.58 (s, 3H).13C NMR (126 MHz, CDCl3) 6 158.7, 137.1, 128.8

(3C), 127.9 (2C), 127.8, 44.5, 20.3 HRMS (ESI+) m/z calcd. for C10H11NOS2* 226.0354 found
226.0356.

106f

3.7 Synthesis of thiopyrano-piperidone cycloadducts

3.7.1 General procedure for the organocatalytic thio-Diels-Alder/nucleophilic ring closing

reaction of dithioamides with 2,4-dienals.

In a simple screw cap glass vial equipped with a magnetic stirring bar, the 2,4-dienal
96 (0.15 mmol, 1.5 equiv.), benzoic acid (0.02 mmo], 0.2 equiv.) and catalyst 3 (0.02 mmol,
0.2 equiv.) in 0.5 mL of chloroform were stirred for 10 min. Then, dithioamide 106 was
added (0.1mmol, 1 equiv.) and the mixture was stirred for the indicated time. Once the

reaction finished, the mixture was directly purified by FC on silica gel to afford the desired
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product 107. The racemic mixture for HPLC analysis was obtained by using 20 mol% of a

1:1 mixture of S and R catalyst of 3a.

Ph
(0] N Ph

| H OTMS
(20 mol%)

4
. R m* T oo
PhCO,H

- R (20 mol%)
. R CHClj, rt

96

OH
RS
ZON

| Bs©
- RZ S R4

(4aS,6R,8aR)-7-benzyl-8a-(ethylthio)-6-hydroxy-3-methyl-4a,5,6,7-tetrahydro-2H-

thiopyrano|2,3-c]pyridin-8(8aH)-one 4a.

OH Following the general procedure (reaction time 24 h), the compound 107a

B
?/'\ N""" was obtained after FC on silica gel (gradient: Hexane/EtOAc 80:20) in 93%

)CK;? yield and 95:5 dr (determined by 'H NMR analysis; major isomer) as a
S white solid. [a]255= +96.82 (CHCls, ¢ 0.79). 1H NMR (500 MHz, CDCls) &

107a

7.26 - 7.17 (m, 5H), 5.22 (dd, ] = 5.1, 3.8 Hz, 1H), 4.87 (d, ] = 14.9 Hz, 1H),
4.77 (t,] = 3.8 Hz, 1H), 4.39 (d, ] = 14.9 Hz, 1H), 3.16 (dd, J = 17.0, 0.8 Hz, 1H), 3.06 - 2.98
(m, 2H), 2.86 (dt, ] = 16.9, 7.4 Hz, 1H), 2.68 (dd, J = 18.2, 12.1 Hz, 1H), 2.59 - 2.31 (m, 1H),
2.06 - 1.93 (m, 2H), 1.69 (s, 3H), 1.20 (t, J = 7.6 Hz, 3H). 13C NMR (126 MHz, CDCls) &
168.7, 137.1, 131.8, 128.7 (2C), 128.1 (2C), 127.6, 123.5, 78.3, 58.1, 48.5, 36.5, 35.2, 28.9,
25.3, 24.1, 13.9. HRMS (ESI+) m/z calcd. for C1sH23N02S2* 350.1242 found 350.1241. HPLC

OD-H, 90:10 HeX/IPA, 1 mL/rnin, tmajor=10.4 min; tminor=9.3 min (92% ee).

(4aS,6R,8aR)-7-benzyl-8a-(ethylthio)-6-hydroxy-4a,5,6,7-tetrahydro-2 H-

thiopyrano[2,3-c] pyridin-8(8aH)-one 4b.

OH

Following the general procedure (reaction time 24 h), the compound 107b

/'\N,Bn was obtained after FC on silica gel (gradient: Hexane/EtOAc 80:20) in 78%

|@<§E? 88
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yield and 93:7 dr (determined by H NMR analysis; major isomer) as a light yellow solid.
[a]26-9= +186.72 (CHCI3, ¢ 1.5). TH NMR (500 MHz, CDCI3) 6 7.36 (dt,J = 13.0, 7.6 Hz, 5H),
6.03 - 5.97 (m, 1H), 5.72 - 5.64 (m, 1H), 5.00 (d, / = 15.0 Hz, 1H), 4.95 (t, /] = 3.4 Hz, 1H),
4.51 (d, J=15.0 Hz, 1H), 3.45 (ddd, /= 17.3, 5.1, 2.5 Hz, 1H), 3.21 - 3.12 (m, 2H), 3.08 - 3.02
(m, 1H), 2.98 (dd, J = 17.3, 5.7 Hz, 1H), 2.20 (ddd, J = 14.4, 11.3, 3.4 Hz, 1H), 2.09 (dt, ] =
14.0, 3.3 Hz, 1H), 1.37 - 1.31 (m, 4H).13C NMR (126 MHz, CDCl3) § 168.9, 136.9, 129.1,
128.7 (2C), 127.9 (20), 127.6, 123.9, 78.2, 58.8, 48.8, 35.4, 34.9, 25.4, 24.9, 14.0. HRMS
(ESI+) m/z calcd. for C17H21NO2S2+336.1086 found 336.1086. HPLC OD-H, 95:5 Hex/IPA, 1

mL/min, tmajor=11.3 min; tminor=10.2 min (91% ee).

(4aS,6R,8aR)-7-benzyl-8a-(ethylthio)-6-hydroxy-4-methyl-4a,5,6,7-tetrahydro-2 H-
thiopyrano[2,3-c]pyridin-8(8aH)-one 4c.

Following the general procedure (reaction time 24 h), the compound 107¢
/LN’Bn was obtained after FC on silica gel (gradient: Hexane/EtOAc 80:20) in 90%
\[©<§O yield and 85:15 dr (determined by 1H NMR analysis; major isomer) as a
S SH white solid. [a]?79= +83.6 (CHCl3, ¢ 2.5). TH NMR (500 MHz, CDCl3) 6 7.26

107¢c - 7.17 (m, 5H), 5.63 - 5.56 (m, 1H), 4.87 - 4.80 (m, 2H), 4.35 (dd, J = 14.1,
11.6 Hz, 1H), 3.39 - 3.31 (m, 1H), 3.12 - 2.98 (m, 2H), 2.92 - 2.85 (m, 1H), 2.83 - 2.76 (m,
1H), 2.69 (t, ] = 9.6 Hz, 1H), 2.14 - 2.06 (m, 1H), 2.01 (dt, /] = 14.0, 2.8 Hz, 1H), 1.70 - 1.68
(m, 3H), 1.20 - 1.17 (m, 3H).13C NMR (126 MHz, CDCI3) § 169.5, 137.0, 134.1, 128.8 (2C),
127.8 (2C), 127.6,118.4, 78.0, 59.7, 49.0, 38.8, 33.6, 25.8, 24.7, 23.1, 13.9. HRMS (ESI+) m/z

calcd. for C18H23NO02S2* 350.1242 found 350.1237. HPLC OD-H, 95:5 Hex/IPA, 1 mL/min,
tmajor=17.5 min; tminor=14.6 min (94 % ee).

(4aS,6R,8aR)-7-benzyl-8a-(ethylthio)-6-hydroxy-3,4-dimethyl-4a,5,6,7-tetrahydro-
2H-thiopyrano|2,3-c]pyridin-8(8aH)-one 4d.

OH Following the general procedure (reaction time 24 h), the compound 107d

)\N’Bn was obtained after FC on silica gel (gradient: Hexane/EtOAc 80:20) in 92%

0]



yield and 89:11 dr (determined by 1H NMR analysis; major isomer) as a white solid. [a]27-5=
+211.33 (CHCI3, ¢ 1.5). 1H NMR (500 MHz, CDCls) 6 7.26 - 7.17 (m, 5H), 4.84 - 4.78 (m,
2H), 4.37 (dd, /= 15.1, 4.7 Hz, 1H), 3.32 (d, ] = 16.9 Hz, 1H), 3.12 - 2.96 (m, 2H), 2.73 (dd, ] =
38.3, 11.9 Hz, 1H), 2.64 (t, J = 15.5 Hz, 2H), 2.13 - 2.05 (m, 1H), 1.99 (dt, J = 14.0, 2.6 Hz,
1H), 1.67 (s, 3H), 1.63 (s, 3H), 1.21 - 1.17 (m, 3H).13C NMR (126 MHz, CDCls) § 169.7,
137.1, 128.8, 127.8 (2C), 127.6, 126.1, 123.6, 78.1 (2C), 59.5, 48.9, 40.2, 33.7, 29.6, 25.8,
19.8, 19.1, 13.9. HRMS (ESI+) m/z calcd. for C19H25N02S2* 364.1399 found 364.1393. HPLC
OD-H, 95:5 Hex/IPA, 1 mL/min, tmajor=16.3 min; tminor=14.7 min (94% ee).

(3R,4aS,10aR)-2-benzyl-10a-(ethylthio)-3-hydroxy-2,3,4,44a,6,7,8,9,9a,10a-
decahydro-1H-thiochromeno|[2,3-c]pyridin-1-one 4e.

Following the general procedure (reaction time 24 h), the compound 107e
was obtained after FC on silica gel (gradient: Hexane/EtOAc 80:20) in 72%
yield and 85:15 dr (determined by 'H NMR analysis; major isomer) as a
light yellow solid. [a]?68= +185.61 (CHCIs, ¢ 1.5). 1TH NMR (500 MHz,
CDCls) 8 7.55 - 7.45 (m, 5H), 5.51 (d, J = 5.6 Hz, 1H), 5.16 (d, / = 15.0 Hz,

107e 1H), 5.10 (t, / = 2.8 Hz, 1H), 4.61 (d, J = 15.0 Hz, 1H), 3.71 - 3.60 (m, 1H),
3.41 - 3.27 (m, 2H), 3.24 - 3.14 (m, 1H), 2.50 (d, / = 14.4 Hz, 1H), 2.45 - 2.28 (m, 2H), 2.25 -
2.13 (m, 2H), 2.09 - 1.95 (m, 2H), 1.71 - 1.50 (m, 4H), 1.48 (t,/ = 7.5 Hz, 3H). 13C NMR (126
MHz, CDCI3) 6 169.3, 137.3, 137.1, 128.8 (2C), 128.0 (2C), 127.5, 121.6, 77.9, 59.4, 48.8,
39.1, 35.5, 35.3, 35.2, 32.1, 26.8, 25.9 (2C), 13.9. HRMS (ESI+) m/z calcd. for C21H27N0O2S2*
390.1556 found 390.1550. HPLC OD-H, 90:10 Hex/IPA, 1 mL/min, tmajor=18.4 min;
tminor=14.8 min (86% ee).

(2R,4aR,11cS)-tert-butyl 3-benzyl-4a-(ethylthio)-2-hydroxy-4-oxo-1,2,3,4,4a,11c-
hexahydropyrido[4',3':5,6]thiopyrano|3,4-b]indole-7(6H)-
)\N/B” carboxylate 4f.
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Following the general procedure (reaction time 72 h), the compound 107f was obtained
after FC on silica gel (gradient: Hexane/EtOAc 70:30) in 96% yield and 96:04 dr
(determined by 'H NMR analysis; major isomer) as a white solid. [a]27-7= +82.33 (CHCl;3, ¢
0.6). 1H NMR (500 MHz, CDCl3) ¢ 8.11 (d, J = 8.2 Hz, 1H), 7.48 (d, / = 7.7 Hz, 1H), 7.40 -
7.30 (m, 6H), 7.24 (t, ] = 7.4 Hz, 1H), 5.05 (s, 1H), 4.88 (d, / = 15.0 Hz, 1H), 4.68 (d, J = 15.0
Hz, 1H), 4.22 (q,/ = 17.4 Hz, 2H), 3.99 (dd, J = 15.4, 7.5 Hz, 1H), 3.32 - 3.17 (m, 2H), 2.62 (d,
J =3.8 Hz, 1H), 2.42 (d, ] = 6.7 Hz, 2H), 1.71 (s, 9H), 1.29 (t, / = 7.5 Hz, 3H).13C NMR (126
MHz, CDCls) 6 169.1, 150.4, 136.9, 135.5, 128.9 (2C), 127.9 (2C), 127.7,124.4,122.8, 117 .4,
117.3,115.9, 84.4, 59.4, 49.3, 35.1, 33.8, 28.3 (4(C), 26.1, 24.9, 22.3, 14.1, 13.8. HRMS (ESI+)
m/z calcd. for C2sH32N204S2+ 525.1876 found 525.1870. HPLC OD-H, 90:10 Hex/IPA, 1

mL/min, tmajor=11.7 min; tminor = 9.8 min (98% ee).

(4aS,6R,8aR)-8a-(ethylthio)-6-hydroxy-7-(4-methoxyphenethyl)-3-methyl-4a,5,6,7-
tetrahydro-2H-thiopyrano|[2,3-c]pyridin-8(8aH)-one 4g.

Following the general procedure (reaction time 24 h), the

O

)()\'_'N/\/Q/ h compound 107g was obtained after FC on silica gel (gradient:
: Hexane/EtOAc 80:20) in 87% yield and 90:10 dr (determined
/\CSKSttO by 1H NMR analysis; major isomer) as a white solid. [a]2°=
+107.63 (CHCI3, ¢ 1.59). 1H NMR (500 MHz, CDCI3) 6 7.16 (d,

J =7.8 Hz, 2H), 6.86 (d, ] = 7.7 Hz, 2H), 5.28 (s, 1H), 4.53 (s,

1H), 3.80 (s, 3H), 3.65 (dt, J = 13.2, 6.6 Hz, 1H), 3.57 - 3.51 (m, 1H), 3.31 (d, / = 16.8 Hz, 1H),
3.19 - 3.06 (m, 2H), 2.87 (t,/ = 6.8 Hz, 2H), 2.82 (d, /= 11.2 Hz, 1H), 2.72 (d, / = 16.9 Hz, 1H),
2.42 (s, 1H), 2.00 (t,/ = 12.7 Hz, 1H), 1.84 (d, ] = 13.9 Hz, 1H), 1.80 (s, 3H), 1.30 (t,/ = 7.5 Hz,
3H).13C NMR (126 MHz, CDCI3) 6 168.8, 158.3, 131.2, 131.2, 130.1 (2C), 123.5, 114.1 (2C),

79.9, 58.4, 55.3, 49.8, 35.7, 35.0, 32.9, 28.5, 25.4, 24.1, 13.9. HRMS (ESI+) m/z calcd. for
C20H27N03S2+ 394.1505 found 394.1501. HPLC AS-H, 90:10 Hex/IPA, 1 mL/min, tmajor=20.3

107g

min; tminor=13.0 min (93% ee).
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(4aS,6R,8aR)-8a-(ethylthio)-7-(furan-2-ylmethyl)-6-hydroxy-3-methyl-4a,5,6,7-
tetrahydro-2H-thiopyrano[2,3-c]pyridin-8(8aH)-one 107h..

oH Following the general procedure (reaction time 24 h), the compound

_/LN o 103h was obtained after FC on silica gel (gradient: Hexane/EtOAc
@m 80:20) in 98% yield and -98:02: dr (determined by 'H NMR analysis;
s SEt major isomer) as a colorless oil. [a]259=-90.44 (CHCl3, ¢ 2.0). tH NMR

107h (500 MHz, CDCI3) 6 7.54 (dd, J = 1.8, 0.8 Hz, 1H), 6.51 (dt, /= 8.1, 2.3

Hz, 2H), 5.50 - 5.48 (m, 1H), 5.18 (d, ] = 3.4 Hz, 1H), 4.84 (d, / = 2.0 Hz,
2H), 3.41 (dd, J = 16.9, 0.8 Hz, 1H), 3.24 - 3.19 (m, 3H), 3.13 (dt, ] = 19.6, 8.9 Hz, 1H), 2.92
(d,] = 17.0 Hz, 1H), 2.31 - 2.27 (m, 2H), 1.94 (s, 3H), 1.43 (t, ] = 7.6 Hz, 3H).13C NMR (126
MHz, CDCl3) § 168.4, 150.5, 142.3, 131.9, 123.4, 110.7, 108.9, 78.9, 58.0, 42.1, 36.3, 34.9,
28.9, 25.2, 24.1, 13.9. HRMS (ESI+) m/z calcd. for C16H21N03S2+340.1035 found 340.1037.
HPLC OD-H, 95:5 Hex/IPA, 1 mL/min, tmajor=12.5; tminor= (97% ee)

(3R,4aS,8aS)-2-(2-(1H-indol-3-yl)ethyl)-8a-(ethylthio)-3-hydroxy-6-methyl-
2,3,4,4a,8,8a-hexahydroisoquinolin-1(7H)-one 107i.

Following the general procedure (reaction time 24 h), the

OH compound 107i was obtained after FC on silica gel (gradient:

_)\N N Hexane/EtOAc 80:20) in 93% yield and 90:10 dr (determined by
@O 1H NMR analysis; major isomer) as a white solid. [a]258= +88.48
s SEt (CHCI3, ¢ 1.6). TH NMR (500 MHz, CDCl3) 6 8.08 - 8.03 (m, 1H),

107i 7.68 (d, ] = 7.9 Hz, 1H), 7.37 (d, J = 8.1 Hz, 1H), 7.23 - 7.18 (m,

1H), 7.16 - 7.12 (m, 1H), 7.08 (d, ] = 2.2 Hz, 1H), 5.28 - 5.22 (m,
1H), 4.54 (s, 1H), 3.79 - 3.62 (m, 2H), 3.31 (dd, / = 16.8, 0.8 Hz, 1H), 3.17 (tt, J = 17.7, 6.5 Hz,
1H), 3.12 - 3.07 (m, 3H), 2.79 (t, / = 10.1 Hz, 1H), 2.69 (d, ] = 16.9 Hz, 1H), 2.06 (d, J = 13.3
Hz, 1H), 1.99 - 1.89 (m, 1H), 1.79 (t, / = 3.1 Hz, 1H), 1.77 (s, 3H), 1.30 (m, 3H). 13C NMR
(126 MHz, CDCl3) § 168.79, 136.32, 131.22, 126.94, 123.50, 122.79, 122.34, 119.72,
118.87, 113.06, 111.32, 80.07, 58.52, 48.66, 35.77, 34.91, 28.53, 25.43, 24.08, 23.42, 13.98.
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HRMS (ESI+) m/z calcd. for C21H26N20252* 403.1508 found 403.1515. HPLC OD-H, 90:10
Hex/IPA, 1 mL/min, tmajor=17.5 min; tminor=15.0 min (93% ee).

Ethyl 3-((4aS,6R,8aR)-8a-(ethylthio)-6-hydroxy-3-methyl-8-0xo0-5,6,8,8a-tetrahydro-
2H-thiopyrano|2,3-c]pyridin-7(4aH)-yl)propanoate 107j.

OH 0 Following the general procedure (reaction time 24 h), the
_/LN/\)kOEt compound 107j was obtained after FC on silica gel (gradient:
ﬁo Hexane/EtOAc 80:20) in 90% yield and 90:10 dr (determined by
s SEt 1H NMR analysis; major isomer) as a yellow oil. [a]?37= +28.21

107j (CHCI3, ¢ 1.05). TH NMR (500 MHz, CDCl3) & 5.26 (d, J = 4.8 Hz,

1H), 4.93 (t,/ = 2.9 Hz, 1H), 4.12 (qd, /= 7.2, 2.1 Hz, 2H), 3.91 (ddd, J = 13.9, 5.4, 3.7 Hz, 1H),
3.25(dd, J =16.8, 1.0 Hz, 1H), 3.21 - 3.14 (m, 1H), 3.01 - 2.83 (m, 4H), 2.58 (d, / = 16.9 Hz,
1H), 2.50 (ddd, J = 18.2, 5.4, 3.2 Hz, 1H), 1.99 (ddd, J = 14.7, 11.7, 3.1 Hz, 1H), 1.90 (dt, ] =
13.9, 2.9 Hz, 1H), 1.72 (s, 3H), 1.21 - 1.17 (m, 7H). 133C NMR (126 MHz, CDCls) 6 175.14,
169.47, 130.87, 123.66, 81.38, 61.42, 58.78, 44.69, 35.45, 34.91, 32.51, 28.36, 25.20, 24.09,
14.11, 13.95. HRMS (ESI+) m/z calcd. for C16H25sN04S2* 360.1297 found 360.1302 HPLC
OD-H, 95:5 Hex/IPA, 1 mL/min, tmajor=16.5 min; tminor=19.1 min (94% ee).

(4aS,6R,8aR)-7-benzyl-6-hydroxy-3-methyl-8a-(methylthio)-4a,5,6,7-tetrahydro-2H-
thiopyrano|2,3-c] pyridin-8(8aH)-one 107k.

OH Following the general procedure (reaction time 24 h), the compound 103k
/'\N’B” was obtained after FC silica gel (gradient: Hexane/EtOAc 80:20) in 82%

ﬁo yield and 92:8 dr (determined by 'H NMR analysis; major isomer) as a
s SMe i hite solid. [«]278= +76.57 (CHCl3, ¢ 2.0). TH NMR (500 MHz, CDCls)

107k 7.35 - 7.26 (m, 5H), 5.32 - 5.29 (m, 1H), 4.94 (d, ] = 15.0 Hz, 1H), 4.89 (dd, J
= 6.0, 3.1 Hz, 1H), 4.49 (d, J = 15.0 Hz, 1H), 3.25 (d, / = 17.0 Hz, 1H), 2.95 (d, / = 10.1 Hz, 1H),

2.74 (d, ] = 17.0 Hz, 1H), 2.62 - 2.54 (m, 1H), 2.47 (s, 3H), 2.13 (ddd, ] = 14.4, 11.1, 3.5 Hz,
1H), 2.02 (dt, ] = 14.0, 3.4 Hz, 1H), 1.78 (s, 3H).13C NMR (126 MHz, CDCls) § 168.6, 137.0,
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131.5, 128.8 (2C), 128.0 (2C), 127.6, 123.4, 78.3, 57.7, 48.6, 36.1, 35.2, 28.6, 24.1, 14.4.
HRMS (ESI+) m/z calcd. for C17H21NO2S2* 336.1086 found 336.1081 HPLC OD-H, 95:5
Hex/IPA, 1 mL/min, tmajor=13.1 min; tminor=12.3 min (90% ee).

(2R,4aR,11cS)-tert-butyl 3-(2-(1H-indol-3-yl)ethyl)-4a-(ethylthio)-2-hydroxy-4-oxo-
1,2,3,4,4a,11c-hexahydropyrido[4',3":5,6]thiopyrano[3,4-b]indole-7 (6 H)-carboxylate
1071.

Following the general procedure (reaction time 72 h), the

OH compound 1071 was obtained after FC on silica gel

_/LN <M (gradient: Hexane/EtOAc 70:30) in 78% yield and 96:04 dr

: o (determined by 1H NMR analysis; major isomer) as a white

N | S SE solid. [a]?8= +79.33 (CHCls3, ¢ 1.0). TH NMR (500 MHz,
Boc 1071 CDCls) 6 8.21 (s, 1H), 8.16 (d, J = 8.3 Hz, 1H), 7.77 (d, ] =

7.8 Hz, 1H), 7.48 - 7.44 (m, 2H), 7.38 - 7.21 (m, 5H), 4.69 (s, 1H), 4.27 (t, ] = 12.3 Hz, 2H),
3.95 (dd, ] = 14.7, 7.2 Hz, 1H), 3.85 (ddt, ] = 19.8, 13.3, 6.6 Hz, 2H), 3.38 (dq, ] = 14.7, 7.4 Hz,
1H), 3.30 - 3.21 (m, 3H), 2.38 (s, 1H), 2.28 (d, ] = 7.5 Hz, 2H), 1.78 (s, 9H), 1.37 (t, ] = 7.6 Hz,
3H). 13C NMR (126 MHz, CDCI3) 6 168.8, 150.4, 136.3, 135.5, 129.9, 128.3, 126.9, 124.4,
122.9,122.7,122.4,119.7,118.8,117.4 (2C), 115.8,112.9, 111.4, 84.4, 80.1, 59.6, 49.1, 34.8,
33.7, 28.3 (3C), 26.0, 24.8, 23.4, 13.9. HRMS (ESI+) m/z calcd. for C31H3sN304S2* 578.2141
found 578.2143 HPLC OD-H, 90:10 Hex/IPA, 1 mL/min, tmajor= 42.4 min; tminor= 31.5 min.
(97% ee).

3.8 Synthesis of thiopyarano-piperidone indole adduct.

Following the general procedure for the cascade reaction, once the corresponding adduct
was formed, 20 mol% of TFA was added to the reaction mixture and stirred at r.t. for 2h.
When the reaction was complete, the solvent was removed in vacuo and the crude was
directly purified by FC on silica gel (gradient: Hexane/EtOAc 90:10). The racemic mixture
for HPLC analysis was obtained by using 20 mol% of a 1:1 mixture of S and R catalyst of 2A.
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1) 2A

o 20 mol%
| PhCO,H
S 20 mol%
.-R! H CHCly, r.t
/ + EtS)H(N R
. R2 o) \ NH 2) TFA :
! R3 (20 mol%) N -
- 106d ‘
96 108

(4aR,13bR,14a8)-4a-(ethylthio)-2-methyl-7,8,13,13b,14,14a-hexahydro-3H-
indolo[2,3-a]thiopyrano[2,3-g]quinolizin-5(4aH)-one 108a.

Following the general procedure, the product 108a was obtained after FC
silica gel in 83% yield and 51:49 dr (determined by 'H NMR analysis;
major isomer) as a white solid. [a]255= +254.88 (CHCIs, ¢ 0.1) 1TH NMR
(500 MHz, CDCl3) 6 7.82 (s, 1H), 7.44 (d, ] = 7.7 Hz, 1H), 7.28 (d, ] = 8.0
Hz, 1H), 7.12 (t,J = 7.5 Hz, 1H), 7.06 (t, ] = 7.4 Hz, 1H), 5.42 (s, 1H), 5.08 -
5.01 (m, 1H), 4.63 (dd, J = 11.7, 4.8 Hz, 1H), 3.17 (d, / = 17.5 Hz, 1H), 3.01
(s, 1H), 2.95 - 2.88 (m, 1H), 2.82 - 2.66 (m, 6H), 2.13 (dt, J = 13.4, 4.5 Hz,
1H), 1.75 (s, 3H), 1.11 (t, / = 7.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) &
166.1, 136.3, 135.6, 132.9, 126.9, 123.2, 122.2, 119.9, 118.3, 111.0, 109.7, 51.7, 41.3, 40.3,
31.3, 31.1, 29.7, 24.7, 24.4, 21.3, 14.3. HRMS (ESI+) m/z calcd. for C21H24N20S2* 385.1403
found 385.1414 HPLC OD-H, 95:5 Hex/IPA, 1 mL/min, tmajor=56.7 min; tminor=52.1 min.
(97% ee).

108a

(8aR,14aS,15aR)-8a-(ethylthio)-8a,94,10,11,12,13,14a,15,15a,16-decahydro-5H-
indolo[2,3-a]thiochromeno[2,3-g]quinolizin-8(6H)-one 108b.
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Following the general procedure, the product 108b was obtained after FC
silica gel in 74% yield and 51:49 dr (determined by 'H NMR analysis;
major isomer) as a white solid. [a]2>5= +254.88 (CHCI3, ¢ 0.1). TH NMR
(500 MHz, CDCls) 6 7.82 (s, 1H), 7.50 (t, /= 7.2 Hz, 1H), 7.32 (d, ] = 8.1 Hz,
1H), 7.21 - 7.16 (m, 1H), 7.14 - 7.09 (m, 1H), 5.39 (d, / = 5.7 Hz, 1H), 4.98 -
4.93 (m, 1H), 4.89 - 4.83 (m, 1H), 3.39 (d, J = 8.4 Hz, 1H), 3.30 - 3.09 (m,
2H), 2.94 - 2.83 (m, 2H), 2.75 (dd, J = 14.1, 2.6 Hz, 1H), 2.67 - 2.61 (m, 1H),

108b 2.38 (ddd, J = 13.4, 4.2, 2.4 Hz, 1H), 2.24 (d, J = 11.9 Hz, 1H), 2.13 (t, ] =
12.7 Hz, 1H), 2.02 - 1.93 (m, 1H), 1.79 (d, J = 10.3 Hz, 2H), 1.59 (dd, ] = 17.9, 4.7 Hz, 3H),
1.45 - 1.40 (m, 1H), 1.29 (t, / = 7.6 Hz, 3H). 13C NMR (126 MHz, CDCl3) 6 168.7, 137.6,
132.7,126.8,122.3,121.0, 119.9 (2C), 118.5, 110.9, 109.7, 59.6, 53.6, 41.4, 40.0, 38.9, 35.5,
34.2, 32.0, 26.9, 26.1, 25.9, 20.8, 13.8. HRMS (ESI+) m/z calcd. for C24H28N20S2* 425.1716
found 425.1720. HPLC OD-H, 90:10 Hex/IPA, 1 mL/min, tmajor=19.7 min; tminor=16.1 min.
(99% ee).

(7aR,16bR,17aS)-tert-butyl 7a-(ethylthio)-8-0x0-7a,8,10,11,16,16b,17,17a-
octahydroindolo[2,3-a]indolo[3',2":4,5]thiopyrano[2,3-g]quinolizine-5(6H)-
carboxylate 108c.

Following the general procedure, the product 108c was obtained
after FC on silica gel in 85% yield and 51:49 dr (determined by H
NMR analysis; major isomer) as a white solid. [«]25-5= -42.43 (CHClI3, ¢

0.1)

O 1H NMR (500 MHz, CDCl3) § 8.13 - 8.09 (m, 1H), 8.05 (s, 1H), 7.55 -
N 7.51 (m, 1H), 7.49 (d, ] = 7.7 Hz, 1H), 7.30 - 7.26 (m, 3H), 7.18 - 7.09

Boc 108c  (m, 2H), 5.30 (s, 1H), 5.14 (dd, J = 9.8, 1.8 Hz, 1H), 5.02 (dd, J = 12.7,
4.1 Hz, 1H), 4.19 - 4.08 (m, 2H), 3.56 (d, J = 11.9 Hz, 1H), 3.37 - 3.31 (m, 1H), 3.21 (dq, J =
12.0, 7.7 Hz, 1H), 3.03 (td, J = 12.3, 4.1 Hz, 1H), 2.88 - 2.78 (m, 2H), 2.39 (dd, ] = 25.7, 12.2
Hz, 1H), 1.69 (s, 9H), 1.26 (t, ] = 6.8 Hz, 3H). 13C NMR (126 MHz, CDCls) § 168.4, 150.4,
136.3, 135.6, 132.3, 130.2, 128.3, 126.7, 124.6, 122.8, 122.4, 120.0, 118.5, 116.9 (2C), 116.2,
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111.0, 109.8, 84.6, 59.5, 53.9, 41.7, 38.6, 33.9, 28.3 (3C), 26.3, 24.8, 20.8, 13.7 HRMS (ESI+)
m/z calcd. for C31H33N303S2* 560.2036 found 560.2044 HPLC OD-H, 95:5 Hex/IPA, 1

mL/min, tmajor=33.5 min; tminor=42.4 min. (99% ee).

3.9 Organocatalytic bis-cascade reaction.

In a screw cap glass vial equipped with a magnetic stirring bar, a mixture of 2,4-dienal 96
(0.2 mmol, 2.0 equiv.), benzoic acid (0.02 mmol, 0.2 equiv.) and catalyst 2A (0.02 mmol, 0.2
equiv.) in 0.5 mL of chloroform was stirred for 10 min. Then, bis-dithioamide 109 was
added (0.1mmol, 1 equiv.) and the mixture was stirred for the indicated time. The crude
reaction was directly purified by FC on silica gel to afford the desired product 110. The
racemic mixture for HPLC analysis was obtained by using 20 mol% of a 1:1 mixture of S

and R catalyst of 2A.

|
1 H S H Q 3a
.-'R °
,, . s )ker\/\N )S(sa 20mol%
| H PhCO,H

- R? o S 20 mol%
R 109 CHCI,
"7 96 rt

Following the general procedure (reaction time 72h), the product

j 110 was obtained as a mixture of two separable diastereoisomers
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(51:49) after FC on silica gel in 41 % and 39 % and dr as a white solid. [«a]26-0=
+32.11(CHCl3, ¢ 0.1). *H NMR (500 MHz, CDCI3) & 8.07 (d, J = 8.2 Hz, 2H), 7.57 (d, /= 7.6
Hz, 2H), 7.35 (t, / = 7.4 Hz, 2H), 7.30 (t, / = 7.7 Hz, 2H), 5.11 (s, 2H), 4.78 - 4.70 (m, 2H), 4.16
-4.12 (m, 4H), 3.99 (d, / = 10.8 Hz, 2H), 3.21 - 3.09 (m, 4H), 2.83 - 2.75 (m, 2H), 2.65 - 2.59
(m, 2H), 2.53 - 2.41 (m, 2H), 1.63 (d, / = 6.6 Hz, 18H), 1.19 (t, ] = 7.6 Hz, 6H).13C NMR (126
MHz, CDCl3) § 168.8 (2C), 150.4 (2C), 135.7 (2C), 130.0 (2C), 128.4 (2C), 124.6 (2C), 122.9
(20), 117.2 (2C), 117.0 (2C) 116.2 (2C), 84.5 (2C), 84.3 (2C), 59.4 (2C), 47.0 (2C), 34.9 (20),
33.8 (2C), 28.3 (6C), 26.1 (2C), 24.9 (2C), 13.7(2C). HRMS (ESI+) m/z calcd. for
Ca4Hs52N407S4* 877.2792 found 877.2787 HPLC: OD-H, 90:10 Hex/IPA, 1 mL/min,
tmajor=5.00 min; tminor=4.33 min. (98% ee).

Appendix I
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Polyenals and Polyenones in Aminocatalysis: A Decade Building
Complex Frameworks from Simple Blocks

Tushar Janardan Pawar'® Suhas Balasaheb Mitkari,” Eduardo Pefia-Cabrera,”! Clarisa Villegas

Gamez,*®™ and David Cruz Cruz*#!

Abstract: Paolyenals and polyeanones are simpbe chamical
compounds which can be constructed into large and complex
structures by wvirbue of aminocatalysis. In the past eight wears,
new aminocatalytic activation modes based on  trenamine,
cross-irienaming, telraenamine, iminium ion, and vinylogous
iminium ion intermediates have atiracted great attenfion in the
fiald of asymmetric synthasis. Key to the increasing focus is their
inherent abiity to alow functionalization of remote sites with
excellent stereosssectivities. Moreover, methodologies imaobving
one-pot, cascade o multicomponent strategies have been
davaelopad through the combination of these new activation
maodes with classical activation modes, In the oourse of
expanding the applicability of organocatalysis, palyenals and
polyenones hawve been introduced as simple and nowvel
substrates, which have enabled discovery of new concepts for
the synthess of many diverse and complex privileged structures.

1. Introduction

Diversity ard corrplexity constitute two of the central topics in
current anganic chemistry, During the last decades, great efforts
have been devaed to the development of new synthetic
methodologies to eficently construct compounds with high
structural, functeonal and stereochamical diversity. Herain,
asymmetric catalysis has demonstrated to ba a powerful toal,
due to its ebility 10 promote reactions keading to C-C and C-X
bonds formations in a8 regio-, diastereo- and enantioselective
fashion™ Traditionalty, these types of ransformations are
gavemed by metal- and biocatalysis. However, at the beginning
of thiz century, the interest in the use of chiral metal-free
maolecules as asymmetric catalysts led to the rediscovery and
conceplualzation of organocatalysis™ Since then, this research
area has expearienced an impressive growth and rapidly has
become a promising synthetic platiorm to access new and know
optically active compounds. In parficular, aminocatalysis has
demonstrated to te one of the most prominent strategies. The
use of primary or sacondary amines to activate carbonyl
compounds such as akdehydes and ketones through the
fundamental concepts of HOMO-raising and LUMO-owering is a
central theme bn this fieldd. This complementary catalyst-
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Exacias.
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substrate pair of amines and carbonyl compounds has promaoted
countless stereoselective transformations govemed by saveral
efficient and pradictable activation moades.™ Initially, HOMO and
LMD actvation was limitad to anamine and iminium on
activation, By exiension to the vimdogy principle, aminocatalysis
has found new perspectives for challenging transformations. The
ability of aminocatalysts to enhance reactivity and iinduce
selectivity at distant centers along to n-systems of the substrate
have led to the developmant of new activation modaes such
dienamine,”*™ trienamine, " tetraenamine™ " and vinylogous
iminium kon. """ Intriguingty, the stereoselective functionaliz ation
of remote positions may be faciitated and controllend by a
stereacenter in the catalyst kncated up to 8 bands away.™

Polvunsaturated carbonyls and their synthesis hawve been known
for mare than & century ™™ They constitute an important type of
molecules involved in countless biological and symnthetic
transformations. Paricularly, conjugated or non-conjugated
polyenals and polyenones have atracted greal attention
because of their syrthetic applications.™ Thesa simple and
easily available building blocks have played a fundamental role
in the fiekd of remote functionalizafion via aminocatalysis, The
condensation between primary or secondary chiral amines and
polyenals or polyenones rapidly affords to the comesponding
polyenamines or vinylogous iminium ons. Polyenamines are
nudlaophilic intermadiates, which can react with an axtansive
range of electrophiles with different manners like Michael
additions, [4+2] cycloadditions, atc. On the contrary, vinylogous
Iminium lons are electrophilic inlermediates, which are highly
reactive fowards nucleophilic additions or ring-closing rea<ctions.,
Moreover, wvery creative methodologies using arnomatic
aldshydes and ketones as masked polyenals and polyenonas
have also developed, either through the comesponding
vimdlogous iminium ion or by breaking the aromaticity 1o form the
polvenaming intermediate. (Figure 1.
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Figure 1. Strategy of polyvanas and payananas in aminocalalyss
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In this contribution, we present a review of recent developments
and applications of polyenals and polyenones in aminocatalysis.
Strategies involving the use of aromatic aldehydes and ketones
as masked polyenamines through transient dearomatization are
also discussed.
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2. Dienals and dienones in trienamine
catalysis.

In its simplicity, the condensation of dienais or dienonas 1 with
chiral amines can produce tnenamine intermediates 2 (Scheme
1), which can paricipate in electrophilic addition or Diels—Akder
reactions as an activated chiral diene with various electron-
deficient dienophies 3. These simple processes allow the
construction of complex frameworks 4 with high level of
stereocontrol,

R S ~R" R\ _R"

= R
8 =
R?
rt| 12
chr.‘ll suﬂnb‘e cydo-
aming dencphila addition R

2 "

Scheme 1. Reachwly Fansmisson via rienamne acivason of endizatie di-
conpugared carbomis

2.1. Dienals

In 2011 Jergensen and Chen reponted the first organocatalytic
Diels-Alder reaction via trienamine activation.”™ In this study, it
was demonstrated that optically pure amine Cat.1 and prochiral
2,4-dienals 5 can form trenamines effectively and react with
dienophiies such as 3-olefinic oxindoles 6 and olefinic
cyanocacetates, leading to several enantioenriched cyclohexene
frameworks 7 in moderate to excelient yields and good to
excellent  stereoselectivities. Notably, the excelent
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enamtiosabactivities demonstrated the ability of the catalyst o
transfer chirality up to seven bonds of distance (Schame 2). A
machanistic survey showed a stepwise reaction wheama the
terminal double bond of the in sitv formed s-cis diene adds o
the dienophile forming high-anangy zwitterionic specias, which
undergoes arapkd 1.4-addition to complete the annulation.

CatA (20 mal%} KX e
o-FPhCOH (20 mel®) H@- 'E!HE

CHECI. r1. or 5070 ]

el
T
OTES 15 emampics

Cat.1 AT-50%, M-90%
T4 i 937 ar

Schama 2. Firsi rienaming simisgy in asymemeinia angan oo aly 55

Although dienals constitvte a key piece to create libranes of
cyclic and polycydlic framewaorks under trienaming catalysis, the
sucocess of this strategy also comes from the dienophiles that
can be applied. In this contaxt, after the first report, a great
variety of electron-deficient olefins have been used for this
strategy.

The second report of tienamine catalysis by Chen et al, utilized
nirpalkenes 9 and 2 4-dienals 8 to fumish densely substituted
cyclohexanas 10 in moderate to excelent yields and high 1o
excellent sierenselectiviies (Scheme 3). In this swdy, it was
also demonstrated that by the introduction of appropriate
substituents on the dienals, the reactivity through the HORMO

raising is considerably improved.
RY i e ! Li :

20 numplﬂ
47.93%, 30-04% oo
EZ-18 o 955 a

Cat.d (0 mols)
o-FRRCOGH (20 moltt)

CH'.GI 56 "0

Schame 3. Deels-Alder cycioadditon B Wenamine catalysis of 2 4-denals
and nitroallenss.

The same year, Melchiome reporied another tienamine strategy
by wsing 3-2-methylHindobdjacrylaklehyde derivatives 11 as
masked 24-dienals, which in the presence of chiral secondary
amine Cat.2 leads to the in sifu generation of heterocyclic orfio-
quinodimeathaneas by dearomatization of the indole ring. Thean,
once it reacts the aromaticity iz recovered. In this =study,
nitroalkenas 9 and 3-olafinic adndoles 12 were shown to ba
suitable dienophiles for the formal Dielk=Alder reaction, lkeading
to the formation of highly enantioennched fused indole 13 and
spiro-indole motif 14 (Scheme 4.
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Schemo 4. Diels-Ader cpcdoaddiion via deanomsalive Fenamine catalysis of
2-relfry ind ol acnaideiydes wilh nilmalkanes and F-olafline aindades.

In 2018, another masked 2 4-dienal was reported by Chen and
cosworkers. Herein, barzofulvenes 15 as 24-dienals were
shown 0 react with dienophile 16 via tienamine inemediates.
Through this straegy, a lbrary of polvhydrofluorenes 17 was
generated with high level of regio- and enantioselectivities in
moderate ta high yiekds (Scheme 5)'

o, [ Ei.
Cabd (30 mafs)
n—FF'hE A ol
R - |‘.- @
¥ PhyP=CHCOED
B DHCM, L, nmmu,w:
15 15
21 mumnllu
H Sd-AT %, e T e
cat.1
Scheme 6. Dels-Ader cydoaddiion wa Wenamine catalysis o
perrotlvenss and J-adeline axndabes.
Reyes and Vicario have demonstrated a Diels—Alder

cycladdition stralegy by using diverse nitroalkenes 19 with
uncanjugated 2 5-dienals 18, which were found to be maore
reaclive compared to regular 2 4-dienals 8. The reaction delivers
cyclohexene adducts 20 with moderate to excellent yielkds and
high stereasalectivities (Scheme §).1"7

HOz a2 (20 mal%
. ql"*-‘tqr: [ r-'ru b
R tolisane, 20 G -N.:.{

=h =

18 19
14 E'Jl.amnlm-
64-50%, O-97% &0
121 o =201 o

Scheme 6 Dels—Ader cycioaddiion Wa Wenamine catalysis of unconpugalad
dienals and ninoakanas.
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In 2015, Albrecht and co-workers reported an organocatabytic
approach thrcugh a nonclassical trienamine activation for the
remate fundionalization of furan derivatives 21 using
niroalkenes 9 as reaction partner. The methodology justified the
use «of furfurals, 8 masked dienal for tienamine catalysis. The
reaction was carmed out in the presance of H-bonding
aminocatalyst Cat.2 which underwent alkylation at £-paosition
with nitroalkenes 9 to produce 22 with high to excellent viekds
and moderate ta high stereoselactivifies {Schema 7)1

R, L
ﬁ@\,ﬁcﬁ + .-?-r‘h..@;ﬁ‘“-mI:.:l:_I —._C;I':I:II(:EID T:z] it L&)
= e A MO,
-3 L]

2
H 11 axamples
83-88%, TE-90% aa

Cat.2 281 10 5300 dr

Schemme 7. Ramote akyiation wa nonclassical tnenamina catalyss of furfural
derivaives and niroakenes,

Fiwe years laber, a slighily improvement to this stratagy was
developed by Miura and co-workers by using the bifunctional
catahyst CGat6 (Scheme &) "%

R R
J mexylene, ri., 24- h B Lt
MO
e fia
HE
5 smarmpbes
BES-BTG, T4-25 g
CI""H 3 6831 o B o
H Cals

Schesme 8. Callyst sureay fof ha remote akyBion va noncBssical
i arming Catabysis,

Jergensen and co-workers repored a diffarant approach by
using 3-nitrgirdales 23 as indolyne equivalents, through Diels—
Alder reaction with 2 4-dienals 8 via in sfu genarated rienamine
inlermediates, to form the corresponding cycloadducts, which
promipiy eliminates and re-aromatizes o construct carbazolyvl
acetaldehyde dervatives 24 with high fto excellent
enantioselectiities and moderale to high yvields (Scheme 9)./™

24
13 examplas
51-B7 % B2-5T % on

10.1002/ejoc. 202000570
WILEY-VCH

Scheme 9. Dbs—Alder cydoaddihon wa Wenamine catalysis of 2 4-dienaks
and Fnitnandaeas.

In 2019, khikawa et al. used the S-nitro-2, 3-dihydropyridone 26

as dienophile 1o react with 2 4-dienals 25 by applying trianamine

catalyzed endo selective [4+2] coycloaddition reaction to

construct octahydroquinoling derivatives 27 with moderate to

high yields and excellent enantioselectivities (Scheme 10),™
TR0, 0-25 °C

5 ]
R -
H
%
R* Bas
h
h
CatE =

Scheme 10. Dials-Alder cydoaddition va ilanamine catalyss of 2 4-dienaks
and Me 2, 3-nitro-2 3-dihydrapyridans.

15 CaLS 20 mole)
PhCDLM, olusne, 23 0

2} wlrybenn gl

S axamphes
SZE4%. 50-97% o0
ZECT o 1001 g

After the revelation of tienamine reactivity of furfural, the group
of Chen reported a e-functionalzation of 2-alhyl-3-furfural 28 via
Michael addition of isatine-deriwved dicyanoalkenes 28 using
squaramide bounded chiral secondary amine Cat.7. The
reaction delivers the product 30 in good to high wields and

enantiosel ectivities (Scheme 11).™!
el -r:-m'nnles

T1-00%, T0-30% e
mumm‘eﬁ‘

Scheme 11. oiunclondization wia deanomalive Wenamine calalyss of
furiurals and isatine-dedved dicyanoalanas.

Cat. T (20 moi)
-'ﬂ.-:--CNU:.;PMIJ:H
h:\il.lll"u rl.4-12 h

Mare recantly, inspired by the tienamine activation of 2-furfral
denvatives, Albrecht and co-workers repored a theoretical study
an the meachanism of the organocatalyfic remate alkylation of 5
alkyifurfurals 21b, which involves the dearomatzation of the
helroaromatic core in the presence of Cat. 3 to form the
comesponding trenamine intermediate. Through the study of the
density functional theoary (DFT) calculations and the symmetry-
adapted perturbation theary (SAPT) method, the authors
revealed important insights about the mechanism according to
the influence and contribution of seweral molecular inferactions.
This investigation was also extended theoratical and
experimentally to the thiophene analogue {Scheme 12).0
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Scmeme 12: Theorstical study of e mackwiy of fumn- and thiophana-
derived systam in the aminocatalylic remote Tunclionalzaon.

In 2016 Anderson et al disclosed an organocatalyzed
cycloaddition strategy of pymolidimd dienals 31 with wanous
alectron-deficient dienophiles 32a-32¢ via trienaming calalysis
uging Cat.2. This novel pymolidine dienals were synthesized by
palladium-catalyzed cychoisomerzation of enynamides, The
reacfion delivers highty functionalized hexahydroindole complex
33 with fair to excellant sterecsalectvities and viekds (Schama

133"
.n.l'qr
RE 1) Cat2 FroHoOH (:%F:‘“
Ts * R e 2 Pt CHCOSER # cogel
kS H a2 20 sarnples
36-51%, BE-=05% a0
1-1-=2001 dr
QR Ar
¥ o L]
,[|' Q h
o o Dz H
3za 1zh aze Ph i

Schame 13. Diais-Aldar oy doaddiion wa imanamina catalyss of pymolidng
dienas with divense dienophibas.

Farmation of fused polycyclic or spirocyclic structures from
dienals via trienamine catalysis s an imporant strategy in
aminocatalysis, beyond this methadology, tha formation of chiral
bridged bicyclic framework can also be constructed by specially
dasigned cyclic dienals 34 through the in sifv generation of
crogs-trienamines. In 2012, Jergensen and co-workers
damonstrated this strategy by using cyclic dienals 34 and a
range of dienophiles 16 to canstruct highly enantioenriched
bridged bicyclic frameworks 38 in fair to good yields and
excellent enantioselectiviies [Scheme 14) 1'%
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Schema 14 Diels-Aker cycoaddition via enass-Fienamine catalysis of cyclic
2 A-chenals and J-olefinis axind oles,

Later, Houk and co-workers reported a theoretical DFT study
about the Diels—Alder reactions involving cyclic linear and cross-
conjugated trienaminas with 3-olefinic axindolas (Schame 14). In
this investigation, was demonstrated a stepwise mechanism,
which are invalved several inlermediates such as zwitterionic
specis, unstable [2+2] and hetero-Diels-Alder cycloadducts. On
the other hand, a combination of kinetic and thermodynamic
control explains the regio- and stereasebectivity."™?

In the evalution of trienamine catalysis, many electron-deficient
cychic olefins have been implemenied as dienophiles, which
hawve led to the asymmetnic synthesis and diversification of bi-
and polycyclic compounds. In 2012, a H-bond directing
methodology in asymmetic synihesis via renamine catalysis
was reporied. In this study, the S-methyi-24-dienal 36 was
treated with a H-bonding aminocatalyst Cat.8 for the in sifu
genaration of tienamine intermediate which undergoes a [+2]
cycloaddition with 3-cyanochromones 37 to furnish naturally
accuming  tetrahydroxanthone  framework 3B with  high
enantioselectivities and moderate to good yields (Scheme 15) 1"

[n]

=]
o o]
&ii CaLB (16 mealt )
= CFC0H, DEA 18 souiv)_
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Schemea 15. Dielz—Adar cycioaddiion via Wenamine catalysis of 2 4-dienal 38
and cyanach nonmanas .

Later, a methodology was disclosed to combine 2 4-dienals B
with1 4-naphthoquinones 39 to construct  carboannulated
dihydronaphthoguinanes derivatives 40 with three to four chiral
cankers using H-bonding aminocatalyst Cat.8 in fair o good
yields and high to excellent siereoselectivities (Scheme 16).°%
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Schama 16, Dids—Akler cycloaddifon via Fenamine catalysis of 2 d-dienals
and 1 A-naphihaquinones,

In 2013, Greck et al demonstrated fhat oxidative
deammatization of the hydroquinona 41 to the cormesponding
quinone was compatible with the teenamine catalysis. The
reaction was catalyzed by the chiral amine Cat.8 to construct
structurally diverse bridged tricyclic framework 42 in fair
maderate yields and excellent enantio- and diastereaselectivities
{Scheme 17).°"

Ohaeg G
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Schoama 17. Cascade cydoaddiion reacion via tdenamine catalyss of 2,4
dignals and hydmquinone 41,

In 2015, the same group extended the previous methodology
towards the construction of enantioenriched —polycyclic
compounds 44a and 44b through the in sifv formation of the 1,4-
naphtoquinonea as dienophile wvia dearomatization of  1,4-
ditydroxynaphthalene 43, Using this strategy, enantioenriched
polycyclic compounds 44a and 44b were obtained in fair o
moderate viekds and excellent sterecselectivities (Scheme
1E]lﬂa

il aH =] o .l-' =]
Catd {10 =0} R r!
- EhliAc,
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wluang, §5 °C, 160 R RY ™y
A HO ga RY O
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Schame 18. Cycoaddilion reactions via Wenamine calaysis of 2 4-denals
and 1 A-dhydmmnaphfalane,

Albrecht and co-workers established another methodology in
2016 towards the synthesis of palyoydlic compounds. By using
dual mode aminocatalyst Cat.B with 2 4-dienals 8 the in sifr
ganerated trenamine intermediaes undergo  cycloaddition

10,100 2/ejoc, 202000570
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reaction with ethyl coumann carboaxylates 45 in presence of DEP
48, keading to the formation of 3 4-dihydrocoumarin derivatives
47 with high enantioselectivities and high to excellent yields
(Schama 18) 2

x‘i o

Schama 19, Deels-Alkler cycoaddilion via llenamine catalysis of 2 4-dienas
and cournarn carboxlates.
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In 2019, the same group also used coumarnn carboxylic acids 48
with 24-dienals 8 f© fumish biologically important
dihydrocoumarines 49 {Scheme 20).2Y

o
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Scheme 20. Diels-Alder cycdoaddiion via idenamine catalysis of 2 A-dienaks
and eourmann cariuom i acids .

In 2016, Waldmann and co-waorkers developed another pathway
for access to heterobicyclic compounds by using malkeimides. In
this study, alkyl substitvted 2 4-dienals 8, /n sifuv generates
active fienamine species by using aminocatalyst Cat.11, which
undergo a cycladdition reaction with malkeimide denvatives 50
followead by a Wittig reaction 1o avoid the isolation of unstabhke
products, leading to the formation of hexahydroizoindole
unsaturated estar compounds 51 in fair 1o good yields and good
to excellent sterepselectivities. The study also demonstrated that
hexahydroisoindole moiety is present in naturally occurnng
Cytochalasin B (Scheme 21).79
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Schame 21. Diels-alder cydoaddifion via idenamine catalyss of 2 4-dienaks
and maleimidas.
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Ornganocatalvtic cascade rmeactions via fienamine activation,
constitute well-planned strategies to assemble bi- or polvoydic
frameworks, The combination of different processes after the
first cycloaddition reaction has allowed the access to complex
structures from simple maolecules. In this regard, in 2013, Chen
and co-workers, rmpornad a cascade metodology o construct
spinocyclic framewaorks eflectively. In this inwesfigation, the
treatment of heterodienes B3 with 2 4-dienals 62 in presence of
aminocatalyst Cat12 delvers the comesponding cycloadduct,
which through the condensation with a suitable carbene catalyst
precursor Cat12 keads to the construction of spirocydic
framework B4 with four stereogenic centers. The reaction
proceeds with fair to excellent yiekds and excellent
enantioselectivities | Scheme 22) 2%

1 Cat 93 (30 mmol ™|

& a [a]
] R et EOHPRCOH (20 modt] 52
. M CHOL, 40 "G R e 0H R
Az 2} Cak A% {20 mal %) I?IC@
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52 53 R

DCM, 40 °C, 2 h.
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Schame 22. Cydoaddition cascada reacion wia i e and i1ana

catalysis of 2.4-dienaks and aza-danes.

Chen at al. also repored a Diels—Alder reaction betwaen 24-
dienals 8 and 2 4-dienes 66, derived from malononitrile, which
acl as elctron-deficient dienophiles. The reaction was catalyzed
by chiral secondary amine Cat.14 and Scheidt's triazolium sak
Cat.15 as carbena precursor, to form the densely substituted
cyclohexenes 66 with good to high viekds and excellent

stereaselectivities (Scheme 23).H7
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Schame 23. Dwak-Aldar cycdoaddition wa enaming calalyss of 2 4-danals
and 2 A-chanas.
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Isoxazole motif shows a fundamental appearance in
development of aminocatalyss, which is worthy due to its
medicinal application. In 2014, Jergensen and co-workers used
isoxazol containing elecron-deficient olefin 67 as a dienophile
for the tienamine mediated Diels—Alder cycloaddition with the
2 4-dienal 36, 10 access cycloraxana hooked up with isaxarale
framework 58 wunder excellert enantioselechivities and good
vields (Schama 24).7%

o-H Can 18 {20 mols) ﬁ“‘:— o-H Pn
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Schama 24. Diels—MNder cycdloaddition via frienamine catalyss of 2 4-denal 36
and &-niwo-S-styndisoxazobs danvatiees.

In 2016, Chen and co-workars investigated an excelent
stereccontroflied organocatalvtic: pathway by reaction of highly
alactron-deficient tifluoromethyated olefin 59 with prochiral 2 4-
dienals 8 via in sifu generated trienamine intermediate, lkeading
to the Disls—Akder cycloadduct. A subsequent reductive
amination with BnMNH; and NaSH{OAC), or NaBH;CMN furnishad
bicydlic frameworks 60 with up to four stereogenic cantars in fair
to high yiekds and excelent enantioselectivities. (Scheme 25).™

& 1) Eal12 (30 meli) R iy
a-FRHCO S 3] molE ';' )
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Scheme 28. One-pol ihres componéan| reacion wvia renamine catalyss.

It is known that carbo- and hetemocyclic spiro-compounds are
distributed all over nature, An important feature of this type of
compounds is the sterecchemistry associated to its structure,
which robusitly determines its phamacaological and biclogical
activity. In this conmtext, Jergensan et al. have astablished a
scopa of rienaming catalyzed asymmatic Diels—Aldar reaction
between different azalactone derivatives &2 as dienophiles and
the 24-dienal 61 in presence of chiral aminocatalyst Cat.17 to
fumish the desired spirocydlic amino acids derivatives 83, The
reaction provides moderate to high yields and good to excelent
stereoselactivities (Schema 2617
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Schama 26. Disds—Akler cycoaddiion va enaming catalyss of 2 A-denals
and azakbciones.

Later, in 2013 Ye and co-workers revealed an asymmetric
Dials—Alder reaction to furnish enanticenriched aza-spin
compounds by using olefinic rmodanines or hydantoins 65 and
24-dienals via tienamina imamediate. In this reaction, vanous
substituents on 64 and both, rhodanine and hydantoin
derivatives can be included o obtain the desired enanfiariched
adducts 66 in moderate to excellent vields and
stereoselectivities (Scheme 27).07
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Scheme 27. Dvels—Ader cycdoaddition wia nenamina calalysis of 2 4-denals
and rhodanines or fydanions.

In the same year, Chen and co-warkers disclosed a protacal o
construct spirocyclic scaffolds by using stable mathiodide salts
of Mannich bases 67 and 2 4-dienals B via tienamine catalysis,
The reaction tolerated wvarious substituents on methiodide
darivatives and 24-dienals to form the desired adducts 68 in
moderate to good yields and with high to excellent
enantioselectivities {Scheme 28) 7%
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Schama 28. Diels-Alder cydoacddifion via ienamine catalysis of 2 A-denals
and mefhiodice salls,

The same group revealed in 2013 the asymmetnic Diels-Akder
reaction of 3-(phosphoryimethylens) oxindole olefins 68 and 2,4-
hexadienals 8 1o construct anantioennched spiro compounds 70
through trienamine intermadialte in moderate to excellant viekds
and excellent enantioselactivites (Schema 28).0%
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Schome 29. Diels-Alder cycoaddtion via tignamine catalysis of 2 4-dimals
and defing 34phashanimeyiens | oxndales,

In 2014, Chan’s group reported another similar asymmetric
Diels—Aldar reaction af 3-olefinic benzofuran-2-ona ™ and 2 4-
dienals § catalyzed by chiral secondary amine Cat1, which
delivers optlically active spirocyclic benzofuran derivatives 72 via
tienamine intermediate. Also, wvarious substituied 3-okefinic
benzofuran and dienals being a key piece 0 access a sernes of
highly enantipenriched benzofuran spiro compounds  with
moderate to high wyields and axcebent anantioselectities

{Schama 30) P9
-
Catt {20 malai]
ﬂgﬂj S FRhDOLH (20 moleEl i Fh
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Scheme 30, Dials—Alder cycoaddthon via ilanamina catalysis of 2 A-dienaks
and 3-benzoluran-2-onea.

In the same year, Albrecht and co-workers established a
methadology for accessing spirocyclic A '-butenolides 74. This
framework is a biological relevarmt and dispersed in nature, as
well a5 an impordant building block for synthesis. The
asymmeatric Diele—Mlder reaction of (E)-3-alkylidine-5-arytfuran-
2(3H)-ones 73 with 2 4-dienals 25 via trienamine catalysis Cat.1
fumished desired spirocydic compounds 74 with three chiral
centers with high to excellent enantioselectivities and fair to
maoderate yiekds (Scheme 313,57

55
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Scheme 3. Dials-Alder cydoaddtion wa ilanamina catalysis of 2 4-dienaks
and J-olafinic furananas.
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In 2016, Jergensen co-workers demonstrated that trienamine
catalysiz could be extended to trisubstituted nitroolefinsg 76 as
dienophiles. In this case the reaction fumished highly
enantioennched spirocyclohexens adducts oxetanes 76 in fair o
high yiekds and excellent stereoselectivities (Scheme 32).0%
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Schoma 12, Dids-Ader cydoaddiion via fenamine catalyss of 2 A-dienals
and oxatana dadvaives.

Considaring the importance of spirocyclic compounds, the same
group established an approach to construct enantioenriched

spiroindanes through catalyet-bound trienamines. In this reaction,

a series of difierent benzofulvenes derivatives such nitrile- and
aster TB were reacted with 2 4-dienals 77 and catalyzed by
chiral secondary amine Cat2 to fumish opficaly active
spiroindanas T8 in modarata o excalant yviekds and moderate o
excellent stereoselectivities (Scheme 33).07

o x
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Schoma 3. Diss-Akder cydoaddifon via fenamine catalyss of 2 A-dienals
and brenzofubvenas.

The asymmetric organocatalytic hetero-Diels-Alkder reaction is
ane of the most important methodologies to obtain opfically
active six-membered heterocyclic scaffolds with high regio- and
sterecselactivity, These heterocycles have many synthetfic
applications in natural product synthesis and assembly of
biclogically active moieties. The synthetic demand of these type
of compounds in synthetic chemistry has subjected to the
davalopment of this fiald. In 2013, Jergensan and co-workers
demanstrated the first thio-Diels—Alder reaction via trienamine
catalysig, which is an importan factor for the development of DA
reactions. Catalystbounded dienes from 8 and thiocarbonyl
darnivatives 80 lkead to dihydrothiopyramne derivatives B1 with
high to excellent enanfioselectivities and high to excellent
diasteraosa ectivities (Scheme 3415
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Schemae 34, Thio-Dials-Alder cydoaddtion wa Wenamine calalyss of 2 4-
dianals and dithioastans.

Inspired by this, Albrecht and co-workers reportad the first
asymmetnc thio-Diels—Alder reaction by taming thioketones.
Highly activated thioketones 82 were shown 10 undergo
enantioselective trienamine catalyzed [4+2] cycloaddition with
2 4-dienals 8 to form dihydro-thiopyrane scaffolds 83, which is
found in some bicactive natural and unnatural compounds, The
reaction provides fair 10 moderate vields with fair to modaerate
stereoselectivities (Scheme 35).
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Schama 36 Thio-Diels-Alder cydoaddition via Fenamineg calaysis of 2 .4-
dissnals and thiokaiones.

Similardy, an excellent contibution of a hetero-Diels—Alder
reaction has been reporied in tienamine catalysis. In 2013, the
first trienamine catalyzed asymmetric nomal-electron-demand
aza-Diels-Alder reaction was reported by Chen and co-workers.,
In this study, it was demonsirated that the [4+2] cycloaddition
between 2 4-dienalz &8 and 2-arylkiq-indol-3-ones B4 via
tienamine catalysis Cat.2 efficiently form multifunctional tricyclic
polvhydropyridol1,2-glindoles 85 with good to excellent viekds
and good 10 excallant steraosalactivities (Schema
aﬁ:lllﬂﬂ]

i 11 EaLd (20 molt)

o DHPROOSH {20 mol™)
T T [ ]
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Scheme 36, Aza-Dwais—Aldar cydoaddition wa isanamine catalyss of 2 4-
dissnals and indaonas.

Anather strategy on aza-Disls—Alder reaction was reported by
Jergensen and co-workers in 2017, In this methodology,
acyihydrazonas BB were  strategically  employed as
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heterodienophiles in order to construct optically active
aszaheterobicycles BT, through a [4+2] cycloadditioniring-closing
cascade sequance, The Cat.2-bounded thienamine in the
presence of DABCO provides the cascade reaction with fair o

excallent sterecselectiviies and fair o good vielkds (Scheme
a7y

HH
Cal2 (20 mol%) . R
DABCO (20 m-:-r%:l

toduana, 40 °C R2 s ]

Fh ar
N 11 examplas

H OTms 35-T1%, B4-92% se
catz B:1 b =20:1 o

Schame I7. Aza-Dias—Aldariing-cdosing cascade reacion wia Wanamina
catalyss of 2.4-denaks and acyihydrazonas.

In 2014, Jergensen and co-workers reponed an anantios ek ctive
cascade sequence to synthesize prvileged hydroisoquinaline
scaffolds, which occurs in several bicactive products such as
resermpineg, deserpidine, yohimbine, efc, In this investigation, the
reacton of substituted 2 4-dienals B with cyanoacrylamides 88 in
presence of protected prolinol catalyst Cat.16 generated the
[4+2] eyvchoadduct, which through an intramolecular ring-closing
reaction led to the construction of hydroisoguinolines 889 in
moderate to high vields and good to excelant stereosalactivities
(Scheme 3&).

o
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Schoame 38, Didds—Alderking-dosing cassade reaction «ia Benamine catalyss
of 2 4-denals and cyanocacramidas.

In 2014, the Jergensens group demonstrated anothar
arganocatalytic enantioselective doming sequence aobtained
structuraly diverse hydrolgochromenes 91 from 24-dienals B
and 2Z-nitroalhdic alcobols 890 through a [4+2] cycloaddition
followed by nucleophilic rng=closing process. Under these
conditions one or two extra fused cycles can be attached to the
hydroisochromene framework depending on the alkdehyde. The
reacfion proceeds with far to high vyields and high
stereosalactivities (Scheme 38).9%
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Schemeo 39, Diss-Aklensing-casing cascade reacion i rienamine calalyss
of 2. 4-dienalks and 2-nitmaliyic alcohals,

A one-pot reaction for the construction of tricwohc compounds 93
was developed by Chen et al, in 2016, This strategy, involves a
[4+2] cycloaddiion/aromatization/nuclieophilicc ning closing
sequence by using ABoc-quinone imine ketals 82 and 2.4-
dienals 64, After the reduction of the formed hemiaminal the
tricyclic denvaltives 93 ware obtained in moderate to high viekds
and high to excellent sterepselectivities via tienamine catalysis
Cat2 {(Schema 40). This methodology may be irmerest to
medicinal chemistry, due to the ability to produce scaffolds
which are found in bioactive natural products such as
cyclopratoberbenne and pseuvdopieroxazole Y

o FE
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Scheme 40, Dias-Aldarfaromalizaloniing-cosing cascada neaction  wia
tdenamine catalysis of 2, 4-dienalks and N-protecied quinomne mine ketaks..

Recantly, the exploration of novel dienophiles in tienamine
catalysiz has led to the disclosure of another strategy by our
group. In this new strategy, it was demonstratec the abiity of the
BODIPY core, an important fluorescent famework, to act as a
strong electron withdrawing group and activate double bonds for
asymmetnc catalysis. In this sense, 2, 4-dienalzs 8, were reacted
with alkenyl-BODIPY dervatives 94 in presance of Cat. 17, to
fumish the cycloahexane denvatives containing the BODIPY unit,
which after tha teatment with the comesponding
triphenyiphosphorane leads to 85 in good o excellent yvields and
high to excellent enantiosalectivities {Scheme 41) %
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Bchamo 41. Diels-Alder cydoaddition via Fenamine catalyss of 2 A-denals
and a lkenW-BODIFY s,

Following the first tienamine report and inbrigued for the
biclogical activity of the privilegad tetrahydrocarbazolas (THC s),
we recently demonstrated the enantioselective synthesis of two
new chiral THC: via tienamine catalysis and their anxiohgtic-like
activity. The reaction proceeds with good to high yields and
excedlant stereosalectivities. The anxobdticlike activity was akso
demanstrated, gpening new perspectives for this type of chiral
compounds {Schems 42) MY
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Schome 42, Diels-Mder cycloaddifion via dean e
2mahyindole acrialdehydes and cyanoacry kite 98,

i catalysis of

The ability of tte 2-methylindole acrviakdehyde derivatives 11a
to act as masked dienals was further utilized by Chen and co-
waorkers, which reported an interesting dearomative strategy for
the remote functionalization of this type of aldehydes by
alectrophilic addition to 1-azadienes 6a. Through this strategy,
anty the e-regioizomer of 98 was observed. Thus, a series of
different alcohol denvatives were prepared afier the reduction of
the cormesponding akdehyde in moderate to high yviekds and high
to excabant anantiosslectivities (Schame 43).57

oo, EE

Scheme 43. Reamae lunclionalzaion via dearamative Fienamine catalysis of
2 mamylindale acryfaldehyde 118 and 1-azadenss.
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2.2, Dienones

After the introduction of trienamine catalysis via dienals in
aminocatalysis, it was reasonable for the development of
tienamine catalysis would extend with dienones as substrates,
Despite the similarities balwean the two subsirate casses a
different et of challenges are present for the ketone counterpart
requiring effons in design of catalyst, selection of substrates and
understanding of reactivity. The first asymmewric Diels-Alder
cycloaddition meaction of 2 4-dienones by Tenamine catalysis
was rgported in 2012, The reaction of 24-dienones with
dienophiles seamad closaly mrelated with that of aliphatic 2 4-
dienals, however, an important difflerence is the inherent lower
reactivity of ketones when engaged with secondary amines as
catalyst. As such, in onder to activale dienones via the
trienamine pathway, chiral primary amines wera found to be
mare suitable as catalysts. Cinchona based amine Cat.18 was
shown to catlyze the Diels-Alder reaction betwveen 2.4-
dienones 88 with N-substituted maleimide 100 in presence of
trifluorcacetic acid. The resulting cycloadduct 101 with four
stereogenic centers showed high to excellent enantios dectivities
(Bcheme 44398 The generally used dienophiles swch as 3
alefinic oxindoles 16, berzylidene malanonitriles 108 and
nitroalkenes 9 used in chiral primary amine-based tienamine
catalysis were examined in the same report. The resulfing
cycloadducts wane highly stemosalective with good viekds.
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19 axamplaes
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Schemo 44. Disls—MNder cydoaddifion via Fienamne catalysis of 2 4-denones
and rabeirmides

In 2013, the same group demonstrated an asym malnic imerse-
alectron  demand  aza-Diels-Alder reaction by using
unconjugated cychic 2 5-dienonas 102, The condensation with
chiral amine Cat.20 generated an activated trienaming, which
further reacted with electron-deficient 1-azadienss 103 in
prasence of salicylic acid as addifive o obtain the comespanding
[#+2] cycloadducts 104 with up to three chiral cemers. The
reaction was highly enantioselective furnishing products in
moderate to excellent vields. Hence, it was shown that this
catalytic mode is applicable to the specifically designed 2.5
dienone 102 subsirates, which activates the convenent
positionad the §,e-C=C bond by HOMO raiging principlk through
the in sifv generated linear trienamine intermediates (Scheme
45:_[‘“]
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Schame 45. invarse-alectmn damand Deals—Aldar oycloaddSian Wa anaming
catalysis of unconugated danones and aza-denas.

The next report from Chen group was in 2014 In this study, they
demonstrated a nowel catahltic strategy by wusing linear
unconjugated 3 5-denone 105 Previously, this strategy further
evalyed from the use of linear 2.4- and 2,5-dienones 99 and 102
damanstrating that 3,5-dienones 105 can ba used as subsiraies
in tienamine catalysis. Highly substituied 3, 5-dienone 105 were
successfully condensed with cinchona based chiral primary
amine Cat18 to form activated trenamine species which
underwant [4+2] cycloaddiion with commonby used 3-olefinic
oxindole 1068 in presence of salicylic acikd. The reaction affords

spirooxindoles 107 with four stereogenic centers (Schame
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Scheme 46 Diels-Alder  cydoaddiion  via
wiconugaied dienones and J-clefinic oxndoles

trienamine catalysis of

Later, the same research laboratory  reported an
enantioselective FriedelCrafts alkylation of furans via HOMO-
activation. It was demonstrated that aromatic w-sysem of 2-
furfuryl carbonyl species 108 can generate in sifr frienamine
substrate by using chiral amines, The strategy of Fredel-Crafts
alkylation with 2-furfuryl ketone was expanded by using sevaral
activated alkenes. The reaction of 2-oxoindolin-3-videne
malononitrile 109 with 108 in the presence of Cat.21 fumished
114 with good to excellent sterepselectivity whereas, substrate
111 derived from Meldrum’s acid showed higher reactivity with
Cat.19. Also, the use of 108 as substrate was broadened o
include a-regioselective Michael addition to B-nitrostyrene 112
as well as asymmetric Diels—=Alder cycloaddition with maleimide
113 using Cat21 albeit under different reaction conditions. It
was also demonstrated that substrate 110 shows good reactivity
in presence of Cat.20 (Schemsa 4759
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Schema 47. FriedelCrafla alkodation wia wienamine calaysis of 2-
furfurdieionas and diverse elecron deficent olefins.

In the same wyear, Chen's group demonstrated one more
strategy in which showed that cyclic 2 5-dienones can be used
as wvinylogous precursars in presance of the cinchona based
primary aming Cat19 to in sifu generate linear tienamine
species, The reaction promoted a remote g-regioselective 1,4
addilion of 2,5-dienona 118 with nitroalkanes 9 and afficently
delivered enantioenriched compounds 116 with moderate to
high stereosslectivities (Scheme 48).5
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Schemo 48. 1 A-addifion wvia frenamine catalyss of unoomugated dienones

and niroakenas.

Ingpired by the tdenamine activation of m-system of 2-furfuryl
ketona, Chen group reported a siereoselectve dearomatic
Diels—Mder cycloaddition reaction through the activation of the
m-system of heteroaromatic maiety with the in sify generation of
a tienamine equivalent In this case, 2, 5-dienone type subsirate
117 condense with the chiral primary amine Cat.18 fo form the
tisnamine species, which futher meaclt in a Diels—Alkder
cycloaddition with maleimide dernvatives 100 to form  the
tetracyclic fused compounds 94 with high molecular complexity
and diversity in good to high yiekls and good to excellent
stareoselectivities (Schama 49 ™
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Schame 48, Deis—Alder cydoaddition wa wanamine catalysis of maswad
dianenas and makaimidas.

In continuation of thair effons in this field, Chen and co-workars,
later reported an asymmetnc methodology to furnish 121 via a
direct bisvinylogous 1,6-addifion reaction betvean previoushy
reporied B-allyl-2-cyclobexenone 18 and B-substituled aa-
dicyanodienes 120 catalyzed by bifunctional chiral primany
amine-thiourea substrate Cat.22 in presence of o-flurobenzoic
acid. This reaction exhibited a remote e-regio-selectivity, and
high chemoselectivity with exellent enantioselectivities (Scheme
m:lll-'ﬂi
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Scheme 50. 1, 5-additon via Wenaming catalysis of unoonjugaied dienonas
and dicyanadienas.

17 axampins
AR, 0BT Maan

In 2016, the same group reparted another enantioselective
Friedel-Crafts alkylation reaction of 2-furfury ketones 122 with B-
trifluoromethyl enones 62 as activated alkene in presance of
bifunctional primary  amine-thioursa Cat24. The rmeacton
showed moderate 1o axcellent yields with high to excellam
enantioselectivities for the asymmetric synthesis of 123

{Scheme 5§15
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Schame 51. Fredel-Cmfts akyiation wa wmenamina calalyss of 2-4urfund
matomnas and g4rifluoromathyanonas.

In 2017, an ando-type cross conjugated trienamine catabysis by
using dienones was reported by Chen et al. o -Alkylidene 2-
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cyclohexenone substrates 124 proceeded in an inverse electran-
demand aza-Diels-Alder cycloaddition with 3 stynyl-1,2-
berzoisothiozale-1,1-dioxide 125 in the presence of cinchona-
based primary amine Cat.19, leading to the fused hetemcydlic
framewaorks 126 with a B y-regioselectivity, ando-
diastereosebctivity and good to excellent enantoselectivity
{Scheme §52) "
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Scheme B2 nversesecdon demand Diels-Mder oydoadcdition wvia onoss
fhenaming catalyss of cydohexenones and aza-denes

Another asymmetrc dearomatizative Diels-Alder reaction aimed
to construct hydrodibenzaolb,alfuran skeleton 128 via tnenamine
catalysis, This strategy involves the reaction of 2-(3-vinylbenzo-
furan-2-yl)ethan-1-ones 127 and 3-olefinic T-azaoxindales 128.
The 3,5-dienone type substrate easily condensed with Cinchona
alkalkokd-dermsed primary amine catalyst Cat. 19 and in sifu
formed trienamine intermediate by transient dearomatization.
Thereafter, & [4+Z] cyckoaddition to construct spinocydic
frameworks 129 with fair to good wields and good to excellent
enantioselectivities (Scheme 53171

o
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Scheme 53. Deis—Adar cycipaddition wa teanamine catlyss o 3-
winyibenzofuranones and J-olefinic T-azaosxndokas.

Im 2018, the same group established a rmegio- and
stereoselective [4+2] cycloadditions of cyclic 2 4-dienones 134
and a-cyano-a,f-unsaturated ketone 135, to delver the
comesponding v, 0-cycloadducts 136 in a regicselectively
manner. The reaction was calalyzed by cinchona-dernsed
primary amine Cat.20 in presence of thiosalicylic acid (Scheme
54]_[1‘5]
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Schemme 54. Diels—Mder cychoaddiion via thenamine catalysis of cycic 2.4-
dienanes and a-cyanaananes

3. Trienals in tetraenamine catalysis

Previous sections have demonstrated that the HOMO activation
can be extended to dienamine and wenaming pathways by
using a,f-unsaturated carbonyl compounds and diene carbonyls
compounds respectively. By vitue of exending the conjugation
aof the carbonyl substrate further tetraenamine activation mode
has been developed, which offers new opportunities for
asymmetric  transformations, Previously, inherent problems
accurmed in the reactivity and regioselectivity of this type of
spacies, However, recently several successful methodalogies
hawe been developed within tetraenamine catalysis.

In 2014, Jergansen et al, reported the first reaction through a
tetranamine process, by using the cyolic tienal 137, which was
specifically designed to meact with 3-clefinic oxindoles 138,
leading to the formation of three chiral centered spinocyclic
axindoles 139 with good sterecselactivities and modarate ©
excellent yiekls, Although this strategy is limited for the oyclic
trienal 137, the reaction is quite gernaral; in fact, it can be
extended to alefinie bezofuranones (Scheme 55)./

X
[LIVETRE e X
o-FPhOOSH |50 mol

CIOCY; A0 0, 248 a HQ"
Rk

12 mamTiphas
519.03%. B8-DGE o
B4 o =SS o

137 128
N -G or O |PG- Protecisg groug)

Schemme 55. [4+7] cydoaddition via lelmenamine catalysis of cydic ¥ienals
and 3-detinic oxindolesbenzolumEnanes.

In the same year, a methodology was reported by Chen group,
uging tha linear 2 4 6manals 140 as substrate. In the présanca
of the chiral secondary amine Cat2 in siv generated
tetrasnamineg spacies showed 3 6-regiosiectivity when paired
with & commanly used dienophile 141 leading to the spirocydic
compounds 142 with fouwr stareogenic ocenters and high
sterenselectivities (Scheme 56177
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Schoma 56 [4+7] cydoaddi®on wia lefrasnamine csalyss of 2 4 B-frienak
and J-olatinic axndoesbenz ofuanones .
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In 2018, Chen and group meported a third stategy on
tetrasnamine catalysis, This report has proven that specifically
designad trienals can be usaful in the aminocatalysis. The
reaction was designed by using S-allyic furfural subsTates 143,
which in sitr generates a tetraenamine equivalent species in the
presance of chiral bifunctional amine-thiourea Cat.25. Then, an
oxa-Disls-Aldar cycloaddition reaction with 144 delvers
mulfifunctional spirocyclic framewaorks 145 in mcderate to
excallant wyiekds and good 1o excelant stereosslectivities

{Scheme 57) %
G Cabt28 (20 mol)
3 5B PhiCO g M (2T ol )
InfiiemalEL O, O ™2, T-38 h
maxarupnn

Fa
P15 - Profecing group E}"
B1-289%, H0-92% o

Cal2s

Schemae B7. Oxa-Dels-Alder cypdoaddiion via dearomaive efaenamine
catalysis of S-allyiic furfurals and oxa-dienes.

More recently, in 2019 another remote n-regioselective Michael
addition on similar substrates 147 via etragnaming imemediate
was reported (Schema 58).0%

ML (=]
b S 20 el Fd
c + R oy SoEPIC ot 20 moity il
% - ioden=s, ri. 812 h

I‘-anumna:
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148
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Schema 58. ndunclonalization via deaomalive ersenamne calaysis o
furlurals and Eatne-dedwed dicyanoalkenas.

4. Dienones, dienals and trienanls in
vinylogous iminium ion catalysis

The LUMO4owaring and HOMO-raising effects acheve iminium
ion and additonally di- or trienamines by condensation of
dienals or dienones with an enartiopure aminocatalyst, The
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vinylagous iminium ions are electrophilic inlermediates, which
are reactive towards muliple reactions. The LUMO-owering
effect formed by condensation of chiral aminocatalyst with
unsaturated 2 4-dienal 149 generates a vinylogous iminium ion
150, which contains three electrophiic positions (carbonyl
carbon, B-carbon and d-carbon) whareas, the terminal carbon
{G-carbon) is mare electrophilic than the of B-carbon, Hence the
nucieoplilic attack iz more susceptible at 6-carbon to deliver §-
substituted chiral skeleton 151 (Scheme 59),

R-ELR
R - o
; JIUJ\HI —_NuH
il suitabls
— = musckenphin
150

muliphe reaciisties
with denophies, denes
and dipolarcphiles eads o
[Z+7], [2+3], [3+31 [4+2]
cycloaddiions

Schama 59, VinyDgous iminium ion activation
4.1. Dienones

In 2012, Melkchiome et al. reported the first aminocatalyzed
reaction wvia vinylogous iminium don activation mode. 2,4-
Dienones were activated by LUMO-lowearng activation and a
1,6-addifion on the catalyst-bound wvinylogous iminium ion
spacies with alkyl thiols 153a formed the adducts 185a, in fair 1o
good yiekds and moderate to good enantioseslactivities with a
good regioselectivity. Moreover, cascade reaction coverning both
1,6-addifion and 14-addition of a aromatic thiol 153b to 24-
cyclic dienones 162 proceeded wel to provide the double
addition adducts 155b with moderate diastereoselectivity and
excellent anantioselectivity by using an excess of alkd thiol
(Scheme &0).%

RITEH o
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Scheme B80. 1.5 and 1,6-1.4 addiions via vinylagous iminium ion catalysis of
eydlic dienones and thiols.
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In 2013, the same group reparted an aminocatahlic cascade
reaction taking advantage of the nucleophilicity of y-position of
dienamine species formed afler the first 1 6-addition by
vimdogous  iminium  jon activation. Thus, the 1,6-

additionfaldolization sequence of 24-dienones 156 with 3-
substituted oxindoles 157 procesaded through a winylogous
iminium #on and dienamine catailysis using a chiral cinchona-
derived primary amine catahlyst Cat.28. Following this strakegy,
highly enantiorched spino derivatves 158 were oblained
{Schamea 61)5"

Car.2B (10 malk)
35 CF5 L PhEOH

(15 molSa)
i uare, A0 0
Bod
153
MH; 14 Ensmplas
EO-BE%, 55-02% aw
Cat.28 3.2:1 %0 =201 o

Scheme 61. 1 -addition/aldolization cascade reaction wa vinylogous minum
lon cataly sis of cydic denones and 3-substiluted adnddas.

In 2015 Ye and co-workers reported a doubly vinylogous
Michael additon reaction between stencally congested 2. 4-cyclic
dienona 159 and Nprotected o f-unsaturated y-butyrolactam
160 in presence of primary amine catalyst Cat. 29 leading o the
desired products 161 with high 10 excellernt enanto- and
diastereosebactivity (Schema 62).9

o
L= Eat 28 (20 mats) R
i A 5 p-OCH;PRCOYH (30 mals) H
- _Rmer
n - CHC,, 4G, 244 4 s p r !
LE ] 160

s e 1 o, p ELLY ]
2 B4, B-D4Y pa  IT-07%, SI-R0% an
Cwdn 4. %1161 ar 0181

Scheme 62 Vinyogous minum on catalyss of Jalkeny cycioalkanones
and hproteciad o G-unsatirated y-ouhnolaclams .

In 2017, Chen group revealed an asymmetric dearomatizative
Diels—Mlder reaction of masked 35-dienone 162, which
genarates tienamine inemediate by the condensation with
chiral prmary amine. The ftrienaming intermediate was
transformed 1o the vimdogous iminium on by E-protonation,
which allows nucleophlic attack with 4-hydroxyooumarnins 163 to
fumish the comespanding 1,1-disubstiiuted ethane benzofuranas
164. The reaction procesded with moderate to excellent viekds
and fair to excelent enantoselectivities (Scheme §3).
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Scheme 63. Nudeaphilc additon via viny logous immnum kon of maskad 3,5
dienanas and 4-hydnoscolmadns.
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4.2, Dienals and trienals

In 2013 Jargensen and co-worker reparted a vinylogous Michael
addition between alefinic azalactones 1668 and unsubstituted
dienals 165. The secondary amine catalyst Cat8 promates the
enantioselective vimdogous 1,6-addition of this olefinic substrate
to the 2,4-linear dienals to affords to the comesponding products
167 with moderate to high yiekls and high enantioselectivities
({Scheme &4), ™

A;L

24 smamples
L 50-BE%, B4-BE% an

X
Catd (20 mals)
__DIPEA 70 mars] Ph—4

oena, CHaCG o Ll

wr ¥

Bcharme B4. 1 6-adilon via vim'Dgous minium ion catalysis of 2, 4-dienals and
azalaciones

In the same year, Jergensen developed one more vinylogous
iminium lon/dienamine cascade reaction by reacting cyclic 2.4-
dienals 168 with TsOMHBoc. The extended cyclic 2 4-dienals
188 forms the vimdogous iminium son by using chiral secondary
amine, Through a 1,6-addition with fthe TsOMHBoc as
ruckeophile results in the formation of a disnaming intermadiate,
which conveniently react again with the TsONBoc moiety in the
presence of basic additive fo furnish the aziridines 170 in
moderate to high yields and fair to excellent stereoselectivities
(Schema §5), ™!

TaI bR
6
R i Cal. 30 {10 mol%)
n
R Matue, CHACE, A
1o

Schame 85, Ramaole arrdinaton va vinylogous iminum ion catalysis of cpdic
danals and TsONHEBOC.

10.100 2/ejoc. 202000570

WILEY-VCH

In the same year, the group of Melchiome reported an aming
catalytic enantioselective 1 6-addition/oxa-Michael cascade
reaction vimdogous  iminium  fon - activation,  fumishing
enantioennched tetrahydrofuran spirooxindoles 173 in good
distereoselectivites, excellent enantiosalectivities and moderate
1o good vields (Schema 66).%

J‘@ﬂ

Cat.Z (30 moi)
_PRCogH S0 malte) | R

CH L, CHCL ABeC 2Ah

4 R
£ f,, E Hyra
14 pxamplas
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Scheme B6. 18-Addifonfoxs-Michael cascade macion ia vinylogous
minium ion catalysis of 2 4-dianals and 3-hydmxyaind das.

Later, the same catalyst was used in the symhesis of spiro-
axindalic cyclohexane derivatives by reacting three different
components via vinylogous iminium don in a thple cascade
raaction, The three-componeant reaction proceeded by a
catalyzed Michael1 6-additionvimdogous akdol sequence with
aldehydes 175, linear 2 4-dienals 174 and olefinic oxindoles 176
to form the enarticannched methyiene indalinones 177 with six
sterecgenic centers in fair to good yields and very high control of
the stareachemistry (Scheme 67).°7

o EiD,C,
11 €Ak {20 mal%)
_ioune, 850, 0°C
" |) 23 MoEH,. EfIH
. . Tk rren.

Scheme 7. Three companan! cascade neachon Wa Wm'bgous miniam ion
catalysis of 2 4-denals, adelm'de and J-olalinic mindades.

In 2015 Jergensen and co-workers, reported a 1,6-Friedel-
Crafte/1 4-axa-Michaael addition cascade sequence with 2 4-
dignals 165 and a vanety of phenols 178, through the vinylogous
iminium on inemeadiates o afford exclusivaly to the chromane
dernvatives 178 in moderate to excellent yiekds and good to
axcalant steraoselectivities (Scheme 68).5
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Schame 68. 1.6Friedel-Cmfis" 4-cxa-Michasl cascade reackion v
wiryhogous iminium ion catalysis of 2 4-dienals and phenals .
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In 2018, Wang and coworkers reporied a  highly
enantioselective  domino aza-1.4-addifion/hemi-acetalization
reaction with enals and N-hydroxycarbamates catalyzed by a
spiro-pymralidine Cat.31. This domino aza-16-1 4-conjugale
addition reaction via generation of vinylogous iminium ion leads
to the formation of enantibenriched hydroxyisozolidines
daernivatives 182 with fair 1o high viekds and good 10 excellant
stereosalactivites (Schema §3).5%

Cat. 3 | 20mol % )

a i)
E HO. PG ' A HO,
R 'y R g P
o PhizO;H |50 =cit} t B
" M0, touome, 10°C 0= [T Nps o TN RS
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oroup Cabas 201 b 2001 o T s =201 o

Sciheme B8 Ara-186-1 d-conugalke addions wia winyogous iminiom bon
catalyss of 2, 4-dienaks and N-fiydrosy carba mates .

In 2016, Jergensen et al. established a one-pot cascade heteno-
Diels—Alder reaction for the diversification of complex bicychic
heterocyclic moieties. This strategy involves the oxadendralkenic
dienals 183 and aldahydes 184 in presence of chiral secondary
aminocatahyst (Cat. 2) 1o lead o oxadendralenic intermediate via
vinylogous iminium jon. Than, the resulting intermediate and the
winyl ether 1865 affords to the corresponding
tetrahydroisochromanas 186 with moderate to high yields and
excellant enantioselactivies (Scheme 70).7%

CI' 1) Cat2 {20 mal®) i
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Schama TO. One-pal fme component reacion via Wnyogous minium on
catalyss of aadendralenic dienals with aldehydes and viny afhes .
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The same group also demonstrated the first report on vinylogous
and bis-vinylogous iminium ion with nitrones. The extended 2 4-
dienals 165 and 24 G-trienals 188 were proceeded through
double and triple 1,3-dipotar cycloaddition cascades affording to
bi- and tri-isoxazolidine compounds 188 and 182 with gaining up
to six and nine stereccenters with fair to good wiekds and
remarkable stereos electivities (Scheme 71).7"

B r
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Schama T1. Double and Fige cascade 1.3 dipdar oydoaddition ia
vimylogous and bis-vinylogous ifminium on catalyss of 2 4di- and 2.4 8-
thenals and nilnonas.

Later, a [3+2] cycloaddition strategy for the functionalization of
vimd substitvied heteroaryl and aryl aldehydes with M-
tri fluoroethy -substituted isatin imines via vinylogous iminium ion
came from Chan and oco-workears in 2018, Under this
methodology, diverse spirpoxindoles incomporatng a 3.2°-
pymaliding framework 183 was efficiently prepared by using
secondary amines Cat.2 with high to excellent stereoselectivities
{Scheme 72
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Schema T2. [M2] cydoaddifion via vinyiogous imirium on catalysis of vinyd
substuled nateroary adaly des and isasn mines.

5. Miscellaneous

5.1 Diwinyl ketones for double iminium ion catalysis
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Considering the divinyl ketones as 2,2 -dienones for a doubile
iminium on activation, in 2012 wang and co-waorkers, repored a
[5+1] double Michael addition cascade reaclion between
dienones 194 and oxindoles 196 in presence of primary amine
catalyst Cat.18 to achieve the chiral spirocyclohexanone 187,
Reaplacing oaxindobles 195 with pyrazolonas 196 the reaction
affords to the corresponding spirocyclohexanone adduct 188
with moderate to excellent vields, diasereoselectivities and
mcellent enanticselectivities [ Schama 737

o
mf L p=o
] -

n.ﬂ
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CatA% (20 M%) ; u TRA
NEDPHD M%) = o
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194 Fin g i :
ety
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WEDF4O molia) 198
CHCly. rt. 10 seampkas
AT-TO%, B1-97% a
31 o =201 ar

Schama T3. Double Michasl reacion via vinydogous iminium ion calalysis of
2,2 -dienones with axindobes and pymzolones.

5.2, Polycyclic aromatic compounds In aminccatalytic Diels-
Alder reactions.

The HOMO-raising ability of aminocatalyst helps to activalke
pabycyclic m-system, which leads o a Dials-Alder reaction to tha
central fing by aromaticity breaking process o builkd bridged
structure efficiently, As a prodf, in 2012, Jergensen and ¢o-
warkers reported a first Diels- Alder reaction of anthracene 198
by using nitrostyrene 9 as a dienophile. The reaction was
catalyzed by dual-activaiion approach wsing bifunctional
aminocatalyst Cat.8 whareas, a stanc shiselding approach ended
with poor stereaselectivity due to the two available enantiolopic
faces. The coycloadduct 200 was oblained with exceBant
enantiosele clivities (Scheme 74).7%
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Same group later reported a similar approach by using M-
methyimaleimide 100 and furan-2,5-dione 202 as dienophiles.
The reacfion was camied out using Crsymmetric aminocatalyst
Cat.21 which takes the advartage of the symmety of
anthracene ring to direct two faces appmoach of dienophile to
achieve expected chirality. The desied cycladduct 203 was
obtgined in good to excellent yields and enantioselectivities
{Schema 75 ™

Cat.31 (230 mali:)
FRCOgH (40 mel%)

CHCly, <30 fo 40 °C,
24-45 h
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Schemea T5 Asymmervic Diels-Alder cycdoaddition reaction of anfracena
aldahyda and malemida.

6. Conclusions

In conclusion, we presented how simple polyenals and
polpenones have contributed to the enantioselective synthesis of
a great vanety of mare complex framewarks through different
activation modes. These eaxamples, demonstrate the
extraordinary progress of the organocatalysis in the field of
asymmetric synthesis duning last decade. Cumently, efforts are
foocused in the construction of more challenging architectures as
well as for the remate functionalizations o more distal centers
through well-designed cascades or by breaking aromaticity,
which reveals the importance of these simple blocks for new
expected transformations. In addition, we envision that this
gonftribution may atbract maore interest in this area.
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Organocatalytic Cascade Reactions for the Diversification of
Thiopyrano-Piperidone Fused Rings via Trienamine Activation.
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Eduardo Pefa-Cabrera,? Clarisa Villegas Gomez,** David Cruz Cruz®*

[a] Suhas Balasaheb Mitkari, Alberto Medina-Ortiz, Miguel A. Vazquez, Eduardo Pefa-Cabrera, Clarisa Villegas Gémez, David Cruz Cruz.
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Universidad de Guanajuato
Noria Alta S/N 36050 Guanajuato, Gto. México.
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Red de Estudios Moleculares Avanzados.
Instituto de Ecologia A.C.

Carretera Antigua a Coatepec 351, El Haya, Xalapa, Ver. 91070, México.

Abstract: We report an Aminocatalytic privileged Diversity-Oriented
Synthesis (ApDOS) strategy via trienamine catalysis for the
construction of diverse and complex thiopyrans-piperidone fused
rings through a thia-Diels—Alder/nucleophilic ring closing sequence
by using dithioamides as activated heterodienophiles. Following this
strategy, a super cascade reaction to assemble nine fused rings can
be achieved by employing a bis-dithioamide. Additionally, by linking
an indole moiety on the dithioamide, a Pictet-Spengler type reaction
can be promoted once the cascade sequence has been achieved,
leading to more complex penta- hexa- and heptacyclic fused ring
derivatives in a one-pot process. This investigation, open new
perspectives for the synthesis of a new class of complex and diverse
thiopyrans, which contribute to populate new relevant regions in the
chemical space.

The construction of chiral privileged structures of sulfur- and
nitrogen-based heterocycles constitutes a highly attractive
research topic in contemporary synthesis.!"! These relevant
frameworks are present in diverse natural and unnatural
biologically active molecules. Particularly, thiopyrans have
shown important biological properties such as analgesic,””! anti-
cancer,”! anti-hyperplasia,”” antibacterial,”) among others'®
(Figure 1a). Meanwhile, piperidones have demonstrated to be
important therapeutic agents against different diseases such as
Alzheimer disease” anti-cancer®® and inflammatory bowel
disease (IBD)®! (Figure 1b). The constant demand of these
significant scaffolds has driven the development of new
synthetic methods, which have contributed to the diversification
of these skeletons."” However, the elaboration of effective
stereocontrolled protocols while maximizing atom economy is
still a challenge. In this context, aminocatalytic cascade
reactions have provided important protocols for the
enantioselective synthesis of simple and complex molecules
with high levels of structural diversity and atom economy.!"
Particularly, trienamine catalysis has demonstrated the ability to
promote consecutive transformations to provide diverse
polycyclic frameworks.""? One approach is to utilize the fact that

the formal [4+2] cycloadducts of trienamine-mediated reactions
contain aldehyde moieties, which can undergo further
cyclizations."®

a) th)  MeO Oorwe

Anti-hyperplasia Antibacterial Against Aizheimer disease Against 18D

Figure 1. Some examples of biological active thiopyrans and piperidones.

Thiocarbonyls such as dithioesters, thioamides and
thioketones, constitute a select group of sulfur-containing
compounds, which have been employed efficiently as
heterodienophiles for thia-Diels—Alder cycloadditions."®® In
2013, the organocatalytic version of this reaction was first
reported by Jergensen et al. through a trienamine-mediated
cycloaddition using dithioesters as dienophiles."" Later, under
the same catalytic strategy, Albrecht and co-workers
demonstrated the dienophilic ability of aryl and hetaryl
thioketones."" In both cases, the reactions proceeded smoothly
and efficiently for the construction of diverse optically active
dihydro-2H-thiopyrans.

In order to explore this relevant chemical design space and
contribute with reliable and efficient methodologies for the
Aminocatalytic privileged Diversity-Oriented Synthesis
(ApDOS)"® via trienamine catalysis, we envisioned an
organocatalytic cascade strategy through a thia-Diels—
Alder/nucleophilic ring-closing sequence by using dithioamides
as activated heterodienophiles for the assembly of diverse
thiopyran-piperidone fused rings. Additionally, by linking an
indole moiety on the dithioamide, a Pictet-Spengler type reaction
can be performed once the first cascade sequence has been
achieved. Thus, high order polycyclic frameworks of greater

This article is protected by copyright. All rights reserved.
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complexity can be prepared in a one-pot process. Finally, by
considering a bis-dithioamide as hetero-dienophile, we
hypothesized a double cascade reaction for the construction of
two thiopyrano-piperidone cycloadducts at the same molecule,
in a simple process (Scheme 1).

Herein we present the results of this investigation, which
open new perspectives for the diversification of thiopyrans and
piperidones. To best of our knowledge, there are no reports
about the synthesis or natural occurrence of these fused cores.
Therefore, this strategy aims to populate relevant regions in the
chemical space.

Previous work:

OHC Aminocatalytic (o] Aminocatalytic _CHO
o, Trienamine | Trienamine H "
s R'  Activation Activation ~ R' Ar
- == " . "
Ss/\I " o} R Al AR ZK/\:A’
R sRe T RE <Y
R3 | R2 S R?
s &— Re
Jorgensen et al. Albrecht et al.
This work:

&N

R3

Aminocatalytic Trienamine

o
R

o

@ double-(Thio-Diels-Alder/ ! fa SE!
CH ic T i jlic ring closing)/ TN
X, 4, Thio-Diel il i il N
- N ring closing cascade. ring closing cascade. © ‘
R1 A
=0 o W,
( OQSR“ res U 4 »—NH HN—4 }\ 8
e NG | e .= =
LR’ s s R ( s
One-pot process ( R?%»{
R3
@3 L

Intramolecular
Pictet-Spengler reaction

Scheme 1. Thiocarbonyl compounds in aminocatalysis and our present
synthetic strategy.

To proof the concept, we initiated our work by choosing the
2,4-dienal 1a and the dithioamide 2a as model substrates for the
cascade sequence thia-Diels—Alder/nucleophilic ring-closing.
Gratifyingly, when the reaction was carried out in presence of 20
mol% of Jergensen-Hayashi catalyst 3a and benzoic acid as
additive in CHCls, the desired product 4a was obtained after 24
h at room temperature with excellent yield (93%) and
stereocontrol (93:7 dr, 92% ee) (Table 1, entry 1). In order to
improve the stereoselectivity, we tested different catalysts.
When the reaction was performed with the catalysts 3b-c, the
diastereoselectivity ~was  slightly  improved but the
enantioselectivity and the yield were not satisfying (entries 2 and
3). By using the more sterically demanding O-Si(Ph); catalyst
3d, a better enantioselectivity was observed (96% ee) along with
the same diasteromeric ratio. However, the isolated yield
decreased less than 80% (entry 4). Therefore, we decided to
work with the readily available catalyst 3a. No further
improvement was observed by changing solvents such as
CH,Cl,, CH3CN and THF (entries 5, 6 and 7). Finally, the results
were not satisfying when the reaction was carried out with less
catalyst loading (entry 8).
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With the optimal conditions in hand, we explored the scope
of the cascade reaction with different 2,4-dienals as trienamine
precursors. As shown in Table 2, alkyl groups at y- and &-
positions were well tolerated, maintaining good yields and
stereoselectivities. An extra cyclohexane fused ring was also
generated by using the derivative 1e. Interestingly, an indole
moiety could be incorporated when the 2-methylindole
acrylaldehyde 1f was employed as masked 2,4-dienal, leading
to the corresponding tetracyclic adduct 4f in excellent yield
(96%) and stereoselectivity (96:4 dr, 98% ee). Next, we
investigated the protocol using different dithioamides.

Table 1. Screening of the thia-Diels—Alder/nucleophilic ring closing cascade
reaction.

o OH

HI + EtS JOL Bn 2ot :/'\N A
)& TH PhCO,H No
S 20 mol% | & SE
2a Solvent
1a it 4a
I\ P =\ Ph I\ Ar [\ Ph
S ,\Fp', kN)+ph ‘\N”\"A’ S -en
H OTMS H OMe H OTMS H OSi(Ph)s
3a 3b Ar = 3,5-(CF3),CeHg 3d
3c

Entry Cat. Solvent t(h) Conv. Yield dr° ee®
(%) (%) (%)
1 3a CHClg 24 100 93 93:7 92
2 3b CHCls 48 64 62 97:3 68
3 3c CHCl; 48 74 70 94:6 76
4 3d CHCl; 48 100 78 93:7 96
5 3a CH.Cl 48 61 57 71:29 nd.
6 3a CH;CN 48 63 61 74:26 82
7 3a THF 48 dec.
8° 3a CHCl; 48 64 61 7228 -

The reactions were performed with 0.15 mmol of 1a, 0.1 mmol of 2a, 20 mol%
of catalyst and benzoic acid as additive in 0.5 ml of solvent at room
temperature. “Yield of both diasterecisomers of 4a after chromatographic
purification on silica gel. °Determined by "H NMR of crude product. “Measured
by chiral HPLC. “The reaction was performed with 10% of the catalyst.

To our delight, the reaction was also effective for
dithioamides carrying with aromatic or ester substituents
resulting in good to excellent vyields (87-98%) and
stereoselectivities (90:10-95:5 dr, 93-97% ee). Only a small
difference was observed by changing the alkyl group at the
sulfur atom. Notably, an interesting polycyclic derivative with two
indole cores 4l was able to prepare through the reaction
between 1f and 2i.

Once we demonstrated the scope of the developed
methodology, we considered to extend the methodology towards
the construction of more complex frameworks. In this sense, we
focused our attention on the reactivity of the cycloadduct 4i,
which can undergo an intramolecular Pictet-Spengler type
reaction once an iminium ion intermediate is formed via hydroxyl
group elimination. To validate this hypothesis, the reaction was
promoted under acidic conditions. To our glad, when 4i was
treated with 1 equiv of TFA at room temperature, the thiopyrano-
piperidone-tetrahydrocarboline fused ring derivative 5i was
obtained as a mixture of two diasterecisomers in 22% of yield
(Scheme 2).
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Table 2. Scope of the thia-Diels—Alder/nucleophilic ring closing cascade
reaction.

I\ Pn
R Ph
it H oTMs OH
R
]) i 20 :::w i
Rt .+ ris U R - Rt Ao
( T B PhCOH ( \/\sz
R2 20 mol% R2 s
(% 2 e, @S
1 4
OH OH OH OH
/LN Bn :)\N 8n /LN Bn :)\N'B”
SEL SEt t
s SE » L8
4a 4b 4c 4d
93% yield 78% yield 90% yield 92% yield
965 dr, 92% ee 937 dr, 91% ee 85:15 dr, 94% ee 89:11 dr, 94% ee
H
/?\ e )O\H o 3 _OMe o)
d 8n J
N I )\N AN .)\N &

o

Aby O3 AL LY X
SE S Ko
¥ b [ s /@ SEl
é el
oc
o 4g 4h
87% yield 98% yield

6% yleld 90:10 dr, 93% ee 95:5.dn. 7% ee

e
72% yield
96:4 dr, 98% ee

85:15 dr, 86% ee

oH { OH o oH
f)\N 7Nt ,/LN el - = /‘\r‘v Bn o 5
S0 2o co o
& 4 4K Boc
3% yield 90% yield 82% yield

4l
90:10 dr, 93% ee 75% yield

96:4 dr, 86% ee

90:10 dr, 93% ee 92:8 dr, 90% ee
The reactions were performed with 0.15 mmol of 1, 0.1 mmol of 2, 20 mol% of
catalyst, and benzoic acid as additive in 0.5 ml of solvent at room temperature.
The yield is for both diastereoisomers of 4 after chromatographic purification
on silica gel. The dr was determined by 'H NMR of crude product. The ee was
measured by chiral HPLC.

¢\

H
Hmy/;

N
A

/@SE(O

si
229 yield
50:50 dr

Scheme 2. Intramolecular Pictet-Spengler reaction to furnish 5i.

More importantly, when both, thia-Diels—Alder/nucleophilic
ring closing and Pictet-Spengler reactions were performed in a
one-pot fashion using catalytic amounts of TFA, the desired
product 5i was furnished in 83% overall yield and 97% ee." In
order to prove the strategy, more complex hexa- and heptacyclic
compounds were successfully prepared following the same
conditions with good yields and excellent enantioselectivities
(Table 3).
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Table 3. Scope of the thia-Diels—Alder/nucleophilic ring closing Pictet-
Spengler one-pot reaction.

©

1) 3a Y&
20 mol% HN A
PhCOH H
20 moi% P
CHCI :
1, 240 ( R I <So
TF SEt
&l 20 m:l% R? s
e

N

]
o Qﬁﬁ\o
SE
N B

|
Boc

5a
83% (41%) yield b Sc

74% (37%) yield
51:49 dr, 99% ee

85% (41%) yield

1:49 dr, 97%
51:49 dr, 97% ee 51:49 dr, 98% ee

The reactions were performed with 0.15 mmol of 1, 0.1 mmol of 2i, 20 mol% of
catalyst, and benzoic acid as additive in 0.5 ml of solvent at room temperature.
Then TFA (20 mol%) was added. The yield is for both diastereoisomers, the
yield in parenthesis is for single major diatereoisomer. The dr was determined
by "H NMR of crude product. The ee was measured by chiral HPLC.

Finally, driven by the access to more diverse and complex
molecules containing these attractive scaffolds we were
wondering if a double aminocatalytic cascade process would be
possible through the reaction with the bis-dithioamide 6 and
construct two cycloadducts connected by the amide moiety in
one process. Surprisingly, when the bis-dithioamide 6 was
reacted with three equiv of the aldehyde 1f under the standard
conditions, the nine fused ring compound 7 was directly
obtained in a double-(thia-Diels—Alder/N-nucleophilic ring
closing)/elimination/O-nucleophilic  ring closing  sequence
(Scheme 3). Notably, through this reaction, a separable mixture
of two diastereoisomers with six new stereocenters were
smoothly furnished in 41 and 39% of yield and 98% of ee for the
major diastereoisomer.

PhCOH
i 20 mol%
6 CHCIy
1t .

o
|
= B v 9 3a
L% SNH HN 20 mol%
" *oEsH JSEt =
h S s

N
éOC

7
83% (41%)® yield
5149 dr, 98% ee

Scheme 3. Aminocatalytic double-(thia-Diels—Alder/N-nucleophilic ring
closing)/elimination/O-nucleophilic ring closing cascade reaction. The reaction
was performed with 0.3 mmol of 1f, 0.1 mmol of 6, 20 mol% of catalyst 3a and
benzoic acid as additive in 0.5 ml of solvent at room temperature. The yield is
for both diasterecisomers. *The yield is for a single major diastereoisomer.
The dr was determined by "H NMR of crude product. The ee was measured by
chiral HPLC.
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The absolute configuration of the compounds 4f and 5c,

were unequivocally established as (2R, 4aR, 11cS) and (7aR,
16bR, 17aS) respectively by X-ray analysis. For the remaining
products the configurations were assumed by analogy (Figure

2).

Figure 2. X-ray structure of compounds 4f and 5c.

Alder/nucleophilic

In conclusion, we have developed a new thia-Diels—
ring-closing cascade sequence for the

enantioselective synthesis of thiopyrano-piperidone fused ring
compounds through trienamine catalysis. The reaction proceeds
efficiently with high levels of stereocontrol. Additionally, by
promoting an intramolecular Pictet-Spengler reaction after the
cascade sequence, different thiopyrano-piperidone-carboline
fused ring compounds were constructed in a one-pot with good
yield and excellent enantiocontrol. Interestingly, by using a bis-
dithioamide as hetero-dienophile, a double-(thia-Diels—Alder/N-
nucleophilic ring closing)/elimination/O-nucleophilic ring closing
super cascade reaction was achieved, leading to a new type of
nine fused ring derivative with six new stereocenters. These
aminocatalytic cascade methodologies, open new perspectives
for the synthesis of a new class of complex and diverse
thiopyrans, which contribute to populate new relevant regions in
the chemical space.
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