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Polaris, ultimo astro del Piccolo Carro. Guardiamola: la sua luce viaggia nel vuoto per piu di
quattrocento anni, prima di raggiungere i nostri occhi (...). La luce che vediamo adesso fu irradiata
quasi tredici miliardi di secondi fa. Tratteniamo il respiro per tredici secondi, moltiplichiamo per
mille il tempo di questa apnea. E’ un millesimo del tempo impiegato dalla luce di Polaris per arrivare
a noi. La luce che irradia adesso non la vediamo. La vedra, tra quattro secoli, chi verra dopo di noi.

Ora guardate la stella del Nord, guardatela con occhi nuovi. Un giorno tra dodicimila anni, Polaris
verra rimpiazzata e in quel punto del cielo, al suo posto, vedremo Vega.

Salutiamo Polaris, e ringraziamola. Ha fatto un buon lavoro. Diamo il benvenuto a Vega.

[Wu-Ming, “Anatra all’arancia meccanica”]
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1. Introduction

1.1. Chirality in everyday life: Nature is asymmetric

A molecule is defined as chiral if its mirror-image is not superimposable with itself.' The
majority of chiral compounds can be identified by their lack of a plan of symmetry, as
well as the presence of an asymmetric carbon atom. These molecules (namely, their
enantiomers) are mirror images: identical yet opposite.

Beyond this formal definition, the concept of chirality has huge implications for living
organism demonstrated by the fact that essential biomolecules such as enzymes, proteins,
amino-acids, sugars and nucleic-acids are chiral. However, not only biomolecules, but
also other compounds we can find in everyday life are chiral. Enantiomers may look the
same, but do not always behave the same and perhaps they may have significantly
different biological activity. The following are some examples, from natural compounds

to pharmaceuticals, in which chirality is directly involved.

Fragrances

Limonene and carvone are both terpenoid compounds. Limonene takes its name from
lemon but only the (S)-enantiomer smells of lemon, while the (R)-enantiomer possesses a
strong smell of orange. Carvone is a component of many essential oils, (S)-carvone

smells like caraway, its mirror image (R)-carvone smells like spearmint.

@7 Qe

(S)-limonene (R)-limonene

o o]
(S)-carvone (R)-carvone
Figure 1.

Beverages
Quinine is natural occurring alkaloid isolated from the bark of the Cinchona tree.
Quinine has been widely exploited for its anti-malarial properties. Due to the bitter taste

that possesses, quinine is also used in the preparation of “tonic waters”— which were
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popularized in the British colony as malaria prophylactic — and as ingredient of chinotto

beverages.
HO
N
O X
_
N
Quinine “""'
Figure 2

Drugs safety and effectiveness

The activity of pharmaceuticals depends on which enantiomer is used. Since a drug must
fit into the target receptor, it is often only one enantiomer that is useful. In the field of
pharmacology, making the right enantiomer can be a matter of life or death. This was the
case, for instance, of the drug thalidomide which was sold in 1960’s to treat nausea. Yet,
only one enantiomer has benefic pharmaceutical effect, while the other cause serious
fetal damages. Less dramatic, but still remarkable is the case of ibuprofen, one of the
most known painkiller drugs. In this case, only the (S)-enantiomer is responsible for the

beneficial effects, whereas the (R)-enantiomer is not effective.

o o ! O 0
N E N
NH : HN
o O ' O O
(R)-thalidomide E (S)—thalidonﬁde
(effective) ' (teratogenic)

(e} ; o)
HO : OoH
(R)-ibuprofen ; (S)-ibuprofen
(ineffective) ' (effective)

Figure 3
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1.2. Asymmetric organocatalysis: the “third pillar” of asymmetric
synthesis

The enantioselective synthesis of chiral compounds is still a primary issue for organic
chemistry researchers. Most of organic compounds are chiral: from fragrances to
agrochemicals, from amino acids to the double helix of DNA, whoever works in organic
synthesis often needs to access to enantiomerically pure compounds. Moreover, the
majority of biological receptors are chiral,” thus the wide utility of synthetic chiral
molecules as single enantiomers has made asymmetric catalysis a crucial area of
research.’

Throughout the second half of 20" century, enzymes and transition-metals had been
considered the only classes of efficient asymmetric catalysis.* Biocatalysis lie in the use
of enzymes as natural catalysts to perform organic transformations.’” The main
advantages of this type of catalysis include very high enantioinduction and substrate
specificity. Conversely, in metal-based catalysis, the catalysts are rendered chiral by
means of chiral ligands. The thus generated metal-complex catalysts are very effective
even at low concentration® and are therefore well suited to industrial scale synthesis.” For
these reasons, enormous progresses have been made within the field of metal-based
asymmetric catalysis,® culminated in the award of Nobel Prize to Sharpless, Noyori and
Knowels in 2001.

Organocatalysis relies on the use of small chiral organic molecules to catalyze organic
transformations.” Organocatalysis grounds its roots into biomimetic concepts, °° in order
to mimic the catalytic activity and selectivity of enzymes.'® In 1970s a milestone in the
area of what would become “asymmetric organocatalysis” was posed by two industrial

1
research groups.

They published the first, highly enantioselective, catalytic aldol
reaction using the simple amino acid proline as catalyst. Despite this, only few reports on
the use of small organic molecules as asymmetric catalysts were published between 1968
and 1997. It seemed that these chemical studies were no interconnected to each other and
there were no efforts trying to conceptualize a general organocatalytic strategy, thus the
organic chemists community overlooked organocatalysis for almost thirty years.

Things began to change in the late 1990s. From that moment, organocatalysis coalesced
around a small number of articles independently reported (vide infra). This brought the

scientific community, the same that ignored most of the research on organocatalysis, to

hold this field with surprising enthusiasm. The explosion of interest is certified by the

13



Chapter 1

outstanding number of reports: since 2000, according to a conservative estimation, more

than 7000 manuscripts have been published on this topic'? (Figure 4).

Published ltems in Each Year

Number of publications

— ot e

2004
2005

(= )
oo o o
oo o o
L I i )

Figure 4. Published manuscripts on the topic of organocatalysis.

As of 1996, reports from Shi,"* Denmark,'* Yang,'> Jacobsen'® and Corey'’ demonstrate
that small organic molecule could be effectively used as smart tools in organic synthesis.
Nevertheless, only in 2000 organocatalysis was actually born by the works from Barbas,
List'® and MacMillan,'? that led to recognize a general mode of action of organocatalysts,
paving the way for a broader applicability of organocatalysis.’"

Organocatalysis, by now, has definitively matured to a recognized methodology, equal to
organometallic and enzymatic catalysis and it is viewed as the third pillar of asymmetric
synthesis. Organocatalysts have several important advantages, since they are usually
robust, easily available, inexpensive and non-toxic. Because of their inertness towards
moisture and oxygen, demanding conditions such as inert atmosphere or dry/degassed
solvents are often not required. Due to the absence of transition metals, organocatalytic
methods are especially appealing for the synthesis of pharmaceuticals in which
hazardous metallic traces are unacceptable.”’

The impressive growth of research activity has brought to coin terms such as “golden

»9a

age” " or “gold rush™”

referred to organocatalysis. The large number of studies in this
relatively new field of Organic Chemistry, have opened new horizon to access to

complex molecular architecture, furnishing new powerful synthetic tools.?

Long
eclipsed by metal-based catalysis, it is now fascinating to see that organocatalysis is
knowing an outright renaissance’’ and possibly it will remain a highly competitive

research area in the years to come.
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1.3. Modes of activation in asymmetric organocatalysis

The decisive success of organocatalysis, suddenly exploded during the past decade, arise
from the identification of generic modes of activation, induction and reactivity. Generic
mode of activation means that reactive species interacts with the chiral catalyst in a
highly organized and predictable manner. The recognition of activation modes in
organocatalysis led to the development of catalyst families that are an useful platform in
developing new enantioselective reactions.””

Based on the nature of the interaction between the catalyst and the substrate, the
activation modes can be classified in covalent-based and non-covalent based.”® As
regards to the non-covalent based catalysis, hydrogen-bond donor and Brensted acid
catalysis are based on interactions between the catalyst and the substrate, mimicking the
working principles of enzymes.22 Within the category of covalent-based activation, a
prominent position is occupied by aminocatalysis that has emerged as reliable strategy to
generate stereocentres at a- and B-position of carbonyl compounds.*

The understanding of the activation approaches brought to the development of catalytic
strategies in which different modes of activation can be easily combined as in the case of
domino/cascade reactions.”* Furthermore, different organocatalysts can be combined
with other catalytic system such as metal-based® or photoredox catalysts,” reaching an
extraordinary level of sophistication.

In the following paragraphs, the modes of activation encountered by facing specific

synthetic challenges within my PhD studies will be described.

1.3.1. Hydrogen-bond donor catalysis

Hydrogen bond plays a dominant role in biocatalysis and it is frequently exploited by
enzymes in order to promote several biochemical processes. The most preeminent
function is the activation of electrophile species towards nucleophilic attacks, since H-
bond is able to remove the electronic density of the species which is oriented towards.
Nevertheless, it must be stressed that exactly as enzymatic catalysis, H-bondig catalysis
relies on the stabilization of the transition state of the reaction, induced by dipolar
interaction within a confined active site.”” Only recently organic chemists discovered the
great potential of H-bond as a tool for the electrophilic activation in asymmetric

catalysis. In 1998 and 1999 Jacobsen'® and Corey'’ reported asymmetric Strecker
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reactions using hydrogen-bonding catalysts that activate electrophile imines. This led to
consolidate the concept that small chiral molecules equipped with H-bond donor moieties
are able to catalyze a wide range of reactions, in enantioselective manner and with broad
substrate scope. Few years later Jacobsen showed that these H-bonding based catalysts
could be used for other reactions,”® launching de facto the generic use of enantioselective
H-bonding catalysis. Nowadays, compounds such as ureas, thioureas, squaramides etc.
have emerged as privileged catalysts and numerous new asymmetric reactions have been
developed on the basis of the H-bonding catalysis.**

Over the past fifteen years, the so called “bifunctional catalysts” knew a strong
application in the field of asymmetric organocatalysis. These type of catalysts is
characterized by the presence of a Brensted base (usually a tertiary amine) linked
through a chiral scaffold to an acid moiety which acts as H-bond donor (e.g.: alcohols,
amides, sulphonamides, ureas, thioureas, squaramides, etc.). Most of these catalysts
derive from Cinchona alkaloids or from trans 1,2-cyclohexandiamine.

Cinchona alkaloids are natural occurring compounds extracted from the bark of
Cinchona tree. The structure of these catalysts consists in two pairs of
pseudoenantiomers,”’ namely Quinine (QN) — Quinidine (QD) and Cinchonidine (CD) —
Cinchonine (CN) (Figure 5).

H / N
H
o N HO, X, HO, X,
MeO X MeO AN XN
N7 z

N N
Quinine (QN) Quinidine (QD) Cinchonidine (CD) Cinchonine (CN)

Figure 5. Cinchona alkaloids.

The tertiary amine moiety is responsible for the basic/nucleophilic activation; whereas
the alcoholic group acts as acidic activator by donating a hydrogen bond. The hydroxyl
group can be easily functionalized to an ester or ether moiety; on the other hand, by
means of a Mitsunobu reaction, it can also be replaced with an amine moiety which is a
versatile handle for the linkage to other H-bond donor as squaramides, ureas or thioureas.
These latter H-bond donors are easily available; moreover, the modification of
substituents on nitrogen allows the proper modulation of steric hindrance and electronic

proprieties (Figure 6).
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CF,

Steric and electronic modulator
c R
4w
o N

X\ Tertiary amine: basic activation

F3
. : N
Thiourea: H-bonding donor H

MeO

Figure 6. Thiourea based bifunctional catalyst derived from 9-deoxy-9-amino-epi Cinchona alkaloids.

The thiourea is often functionalized with a 3,5-bis(trifluoromethyl)-phenyl group in order
to ensure a better catalytic activity.”” In fact, this electron withdrawing moiety reduces
the pK, of N—H proton, making them more available to the hydrogen-bond donation.

The Michael addition of 1,3-dicarbonyl compounds on nitroolefin mediated by H-
bonding based catalysts was developed by Takemoto in 2003. *' This reaction can be
taken in account as a model to understand how these catalysts can promote substrates
activation and enantioselective reactions’> (Scheme 1). In the first step, the nucleophile is
deprotonated by the tertiary amine catalyst (soft enolization), the thus formed enolate is
stabilized by multiple H-bonding between the protonated tertiary amine group and the N—
H acidic proton of the thiourea. The nitroolefin (electrophile) is then coordinated to the
thiourea protons, generating an ordered tertiary complex. The reaction partners are now
both activated and can react to form a new C—C bond. The nitronate is finally protonated
by means of a proton transfer from the tertiary amine moiety, delivering the product and

releasing the catalyst.

o S o
S NO .
i 2 N N ;
Ar )]\ N | ) _
Ar\NJJ\ v ; Soft enolization SNTON ; /—_/ H H N o o

N D Ph TR
DR L LV R NUEG Dy S —
LN \ SR 6.0 b OEt Et0 OEt
/ - Ph

NO,

Scheme 1. Reaction model for the catalytic asymmetric addition of malonate to nitroalkene

An alternative transition state model was computationally disclosed by Pépai one year
later.™ It consists in the coordination of the malonate to the thiourea, while the activation
of the electrophile is provided by the protonated tertiary amine moiety.

Summing up, the acidic moiety of the thiourea together with the protonated tertiary

amine play a key role in the stabilization of the transition state of the reaction. The
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presence of H-bond generates a well-defined chiral environment which determines the
preferential orientation of the reagents, therefore inducing enantioselectivity.
Another relevant H-bondig scaffold is represented by squaramides (Figure 7). Initially

developed for molecular recognition,

) 0]
squaramides have found application in j\;ﬁ
organocatalysis only since 2008.>* However, N N~

H H

compared to the closest analogous ureas and  pjgyre 7. The squaramido moiety
thioureas, the squaramido functionality differs in

five aspects:*® 1) duality in binding, ii) rigid structure, iii) increased H-bond spacing, iv)
convergent H-bond angles and v) increased pK, In terms of reactivity and
enantioinduction these features make the squaramides complementary to ureas and
thioureas. The difference in distance and orientation of N-H bond allows to
accommodate within the chiral pocket several H-bonding acceptors, providing the
opportunity to choose the proper catalyst depending on the type of substrates. The
insertion of chiral scaffolds derived from Cinchona alkaloids or from trans 1,2-
cyclohexandiamine permits the construction of many H-bond donors, bifuctional
organocatalysts which show excellent enantioinduction for a broad range of asymmetric

transformations.?*

1.3.2. Chiral phosphoric acid catalysis

Chiral phosphoric acids belong to the category of strong Brensted acid catalysis, in
which the reactions are promoted by the partial or complete transfer of an acidic proton
to the substrate, activating it for a nucleophilic attack. Independently developed in 2004
by Akiyama®® and Terada,’” chiral phosphoric acids have emerged as reliable catalytic
systems alternative to chiral metal catalysts (Lewis acid). Since these landmark reports,
several research groups have investigated the applicability of these catalysts by
developing a remarkable number of organic transformations.®® In particular, catalysts
derived from enantiopure BINOL (1,1’-bi(2-naphthol)) are provided with some features
that make them good candidates for this type of catalysis (Figure 8). In these catalysts,
the active phosphoric acid moiety is installed onto the axially chiral binaphthylic
backbone. Moreover, BINOL scaffold is usually modified at 3 and 3’ positions with
sterically demanding aryl moieties with diverse electronic properties, hence identifying
the substrate recognition site. The hindered substituents shield the active site providing to

the stereocontrol in asymmetric reactions. Besides the acidic proton, the phosphoryl
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oxygen acts as a hydrogen-bond acceptor, giving a bifuctional attribute, conceptually

similar to those encountered in H-bond catalysis.

Binaphthylic scaffold:
Rigid and axially chiral backbone

0 //o < H-bond acceptor
OI \O’H <«—— Acidic proton

Bulky aromatic groups:
Steric hindrance and electronic effect

Figure 8. Features of chiral phosphoric acids.

The success of chiral phosphoric acids in asymmetric organocatalysis is actually ascribed
to bifuctional activation, in which both Brensted acidic and basic sites are involved in the
stabilization of the transition state. The mode of action of chiral phosphoric acid was
conceptualized by Goodman through computational methods.” The factors behind the
stereoinduction were investigated by using the Friedel-Crafts reaction between indole
and different imines as a model.

On the basis of these results, the generally accepted mode of action of chiral phosphoric
acids is showed in Scheme 2. It can be assumed a dual coordination in the transition state
through hydrogen-bonding interactions. The bulky aryl groups guide the stereoselectivity
by stereo-electronic interactions with the substrates, favouring the preferential attack of

indole to one of the two faces of the imine.

N\
(Electrophild  (Nucleophile) Ar
5 | N\, Ph
i H o] 0---"H—N N
i ' = A\ 7 //K
i NS | < H
Acidic H ! o N\ ,,———H—\NJ
site (|) O Basic site OO |

/P,, Ar Tos

O ©
N

Scheme 2. Transition state model accounting for stereoinduction in BINOL-phosphoric acids.

Finally, one last consideration about the acidity of this catalytic system. While the acidity
of thioureas and other H-bond donor functionalities is rather weak,*" chiral phosphoric
acids are strongly acidic, with pK, values ranging from 2 to 4 in DMSO.*' Even though
many evidences for hydrogen—bonding interactions have been collected, given the strong
acidity of phosphoric acids, the formation of ion—pairing between a fully protonated

electrophile and the phosphoric counterion cannot be excluded.*

19



Chapter 1

1.3.3. Aminocatalysis: enamine and iminium ion activation

The use of chiral amines as catalysts for the asymmetric functionalization of carbonyl
compounds is called aminocatalysis.”*** Asymmetric functionalization of carbonyl group
is a cornerstone of organic chemistry,** pioneered by Hajos, Eder, Sauer, and Wiechert''
in the early 1970s through the preparation of valuable intermediates for the synthesis of
steroids. Nevertheless, only in 2000s as a consequence of reports from List'® and
MacMillan,” the possibility of employing chiral amines was conceptualized, thereby
establishing the origin of asymmetric aminocatalysis and triggering the “gold rush” of
organocatalysis.

Activation modes in aminocatalysis are based on covalent interaction generated upon the
condensation of a chiral cyclic amine with a carbonyl group, with a mechanism that
emulates the working principle of Lewis acids in carbonyl activation. The reversible
condensation leads to the generation of a positive charged iminium ion intermediate in
which the energy of the lowest unoccupied molecular orbital (LUMO) is lowered. In the
case of isolated m systems, this increases the o-proton acidity favouring a rapid
deprotonation. The thus generated nucleophilic enamine has a higher energy of the
highest occupied molecular orbital (HOMO), compared to the parent enolate. This
HOMO-raising activation allowed the a-functionalization of carbonyl compounds with
different electrophilic species (Scheme 3a). Propagation of the HOMO-raising activation
mode has led do the development of dienamine- and trienamine- based reactions,
enabling y and ¢ functionalizations.*> As far as conjugated m systems are concerned, the
electronic redistribution induced by iminium ion prompts conjugated nucleophilic
additions at P-position (Scheme 3b). The flexibility of aminocatalysis allows the
combination of these activation modes.** This strategy relies on the conjugated addition
of a nucleophilic species to the iminium ion, resulting in the enamine which triggers the
addition of electrophiles. The iminium ion-enamine sequence is a versatile approach to
accomplish a dual functionalization at o and B positions of carbonyl compounds in a

single operational step (Scheme 3c¢).
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Scheme 3. Activation modes in aminocatalysis.

Diarylprolinol silyl ethers (Figure 9), independently developed by Jergensen® and

Hayashi*’ in 2005, are proline-derived catalysts which have proven to be very effective,

promoting many kinds of reactions.”® The bulky diaryl
silylether group is the key for the high enantioselectivities
generally given by this catalyst. In fact, this sterically

demanding moiety forces the enamine in the conformation

Ar
N Ar
H OTMS

Figure 9. Jorgensen-
Hayashi catalyst.

shown, and shields one of its two faces very efficiently, thus determining the approach of

the electrophile from the opposite face (Figure 10a). This mode for the enantioinduction

is valid for the iminium ion activation as well. Here, the bulky fragment extends enough

to shield effectively the more distant B-position, allowing the nucleophilic attack only

from the less hindered face (Figure 10b).
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a) Ph

Re-face
exposed

b)

Si-face
shielded

Re-face
exposed
Nu

Figure 10. Models accounting for the enantioinduction of diphenyl silyl prolinol ethers through
enamine activation (a) and iminium ion activation (b).

In both models, the efficiency of O-protected diaryl prolinols is related to the size of the

substituents on the catalyst. Consequently, a proper modification of the aryl structure, as

well as the silyl protecting group, permits a fine tuning of the catalytic stereoinduction.

Within the panorama of aminocatalysis, a further prominent position is occupied by a

series of imidazolidinone catalysts, also known as MacMillan’s catalysts (Figure 11), and

o M e o) Me

N
N e
Ph H Me Ph H Me

First generation Second generation

Figure 11. MacMillan’s catalysts

derived from the amino acid phenylalanine. The
first version was provided with a benzyl group and
two methyl groups as sterical directing elements.'
The evolution of this catalyst results in the second

generation MacMillan’s catalyst.*® The removal of

one methyl group makes the lone pair of electrons on nitrogen atom more accessible,

resulting in faster condensation to carbonyl compounds and therefore a better catalyst

activity. At the same time, replacement of the remaining methyl group with a tert-butyl

furnishes a further element
of steric control.
Recently, Michael addition

reaction between enamine-

activated aldehydes and
nitroalkenes, originally
reported by Hayashi,*” has
become a focus of
attention. In fact, this
reaction has been

intensively studied from a
mechanistic point of view
by several group.”. Initial

investigations led to

3
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Scheme 4. Proposed mechanism for addition of aldehydes to
nitroalkenes catalyzed by diphenylprolinol trimethylsilyl

ether.
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conclude that the reaction follows the mechanism outlined in Scheme 4, where the
cyclobutane 2 derivative is formed and the rate-determining step is the protonation of the
zwitterionic intermediate 3. These studies conducted by Seebach, Hayashi as well as by
Blackmond and Pihko shed light on the mechanism. Although some controversy
regarding the reaction route and the role for the observed intermediates still remains,
these researches have got a detailed insight into a synthetically important reaction. These
studies well demonstrate that the mechanisms of these reactions might be much more

complex than it is often supposed to be.
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2. Aim of the Thesis

The development of new synthetic routes to pharmaceutically active ingredients provided
with molecular complexity serves as the basis for the challenge of treating new or
existing diseases. Therefore, particular attention has been paid to drug candidates with
one or more asymmetric centers. Although most complex organic molecules exist in
nature as single enantiomer, the synthesis of optically active compounds is usually
difficult, hence new enantioselective methods are strongly required to face this challenge.
Organocatalysis is a well-recognized powerful methodology in the preparation of chiral
molecules for screening and clinical trials.”® Organic catalysts are stable in air, tolerant
towards moisture and usually there is no need for special equipment such as gloveboxes,
dry solvents, efc. The preparation of many organocatalysts turns out to be relatively easy
since most the chirality contained derived from naturally available sources. Finally, small
organic molecules are typically non-toxic, simple to use and environmental-friendly. The
benefits associated in avoiding the use of transition metals make organocatalysis a
suitable methodology in the synthesis of pharmaceuticals or intermediates in which metal
contamination, even in traces, is strictly forbidden.”" Organocatalysis possesses these
important features, thus chemists of this field have already begun to approach chiral
pharmaceutical targets.”

On this basis, the aim of this Doctoral Thesis is to capitalize the versatility of
organocatalysis in the syntheses of molecules with potential biological activity, having as
target the development of novel asymmetric organocatalytic transformations. During the
course of my PhD studies, different types of reactions have been devised and developed.
This has required to assess different families of organocatalysts, whereas sometimes it
has been necessary the development of new catalytic systems. Particular attention has
been devoted at the study and optimization of the reaction conditions and catalyst
structure, in order to maximize yield and enantiopurity of the products as well as
minimizing the catalyst loading and using the mildest conditions. The substrate scope of
asymmetric reactions has always been thoroughly investigated to demonstrate the broad
applicability of the proposed transformations, as well as the performance of synthetic
elaborations illustrating the usefulness of the developed methods.

Despite conceptually distinct, the transformations detailed in the following chapters are
somehow linked together by simple and recurring modes of activation, induction and

reactivity, promoted by the catalysts employed. The chemical diversity of the challenges
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encountered allows to get a precious overall view on organocatalysis, highlighting that

enormous chemical diversity can be created by judicious choice of select catalyst.

2.1. Summary of the Thesis research

The followings chapters describe how the intrinsic versatility of organocatalysis and the
use of different activation modes have been exploited to achieve new catalytic
enantioselective processes, towards the synthesis of biologically relevant scaffolds.

References can be found within each chapter.

In chapter 3 the first example of asymmetric vinylogous Povarov reaction is presented
(Scheme 5). The Povarov reaction is a [4+2] inverse-electron-demand cycloaddition
between an electron-poor diene (typically an hetero-diene, derived from N-aryl imines)
and an electron-rich dienophile. This transformation allows an easy access to 1,2,3,4-
tetrahydroquinolines, key scaffolds in several natural and pharmaceutical compounds.
Thus, it has been thoroughly investigated, even in its catalytic asymmetric version, by
using several electron-rich dienophile, such as enecarbamates, vinyl ethers etc. We have
found that, in the presence of chiral phosphoric acid catalyst, 1-N-Acyl-amino-1,3-
butadienes (1-dienecarbamates) react through their terminal olefin with N-aryl imines (in
some cases generated in situ), delivering the corresponding products in good yield,
excellent diastereo- and enantioselectivity This process is an example of “vinylogy
principle” according to which the effect of a functional group is transmitted through a
conjugated m-system: a combination of stereo/electronic effects steers the reaction toward
the vinylogous pathway, overcoming the common Diels—Alder reactivity of these dienes
and also their tendency to undergo “non-vinylogous” Povarov reaction. Importantly, the
obtained heterocyclic compounds possess an enecarbamate moiety which serves as a

synthetic handle for further elaborations.
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Scheme 5. Asymmetric, vinylogous Povarov reaction

In chapter 4 domino/cascade strategies towards the synthesis of 3,4-annulated indoles are
proposed. Indole and its derivatives represent probably the most important class of
heterocyclic compounds due to their widespread biological and pharmaceutical activities.
In particular, the tetrahydrobenzo[cd]indole core (3,4-ring fused) is present in many
interesting natural occurring compounds such as the ergot alkaloids. Concurrently,
asymmetric tandem/cascade/domino organocatalysis has recently emerged as an
exceedingly powerful and useful tool for the construction of differently 1,2- and 2,3-ring-
fused indole structures. However, none of the available methodology comprised the 3,4-
ring fused indole. In order to approach this scaffold, indoles bearing a Michael acceptor
at 4-position were synthesized. These substrates were engaged in domino reactions
between two different Michael acceptors: enals and nitroethene. The reaction between
indole derivatives and enals (Scheme 6, path A) is initiated by activation of acrolein
through iminium ion formation with a secondary amine catalyst, followed by enamine
mediated ring closure, furnishing the desired cycloadduct. Two different catalysts were
employed to tailor the reactivity of the catalytic system to the enal substrates employed.
On the other hand, the reaction between indole derivatives and nitroethene (Scheme 6,
path B) proceeds via chiral phosphoric acid promoted Friedel-Crafts alkylation of the
indole to the nitrolefin, the thus formed nitronate reacts intramolecularly with the
Michael acceptor placed at the distal position of the indole derivative, delivering
potential ergot alkaloids precursors. The formation of the desired cycloadducts by means
of phosphoric acid catalyst was rather unexpected, therefore particularly intriguing. To
get an insight on this transformation, DFT calculations have been performed and account
for the observed results. Another challenge associated with the proposed transformations
has been the poor nucleophilicity of indole derivatives. Careful optimization of the

reaction parameters overcame the inherent low reactivity of these substrates, furnishing
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highly enantioenriched 3,4-ring fused indoles, a gateway to many interesting natural
occurring compounds such as ergot alkaloids, as exemplified by the formal total
synthesis of 6,7-secoagroclavine.

Secondary amine catalytsts

Oy ./
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Scheme 6. Synthetic strategies towards the synthesis of 3,4-ring fused indoles.

Chapter 5 deals with the development of asymmetric organocatalytic conjugate addition
reactions of active methylene compounds to ortho-quinone methides. Due to their
instability, these synthetically appealing intermediates have not been fully exploited in
catalytic asymmetric settings until very recently. In this work, the intrinsic instability of
ortho-quinone methides has been circumvented by their generation in sifu under mild
basic conditions, starting from the corresponding sulfonyl derivatives and using a
squaramide based catalyst derived from natural quinine. The bifunctional catalyst is able
to activate both substrates in the reaction, by means of a synergic action of the two
catalytic sites, inducing high enantioselection in the addition step. The employment of
different nucleophiles — e.g. Meldrum’s acid or malononitrile — leads to the generation of
4-H-chromenes and chroman-2-ones in good yields and generally excellent
enantioselectivities (Scheme 7). These compounds are synthetic precursors of several
natural products, some of which showing interesting biological activity, or of active
pharmaceutical ingredients (tolterodine) used in commercial drugs. In order to prove the
synthetically usefulness of our methodology, we propose three formal total synthesis of

biologically relevant compounds.
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Scheme 7. Catalytic asymmetric addition of 1,3-dicarbonyl compounds to 0-QMs generated in situ.

Finally, chapter 6 deals with what that has been called “the Holy Grail for
organocatalytic chemists”, highlighting the development of a novel organocatalytic
strategy for the asymmetric a-alkylation of aldehydes. Addition of aldehydes to a
diarylmethine moiety is a well-known example which has been thoroughly investigated
in many instances. Nevertheless, the available methodologies are affected by some
limitations that reduce the generality of the reaction and inhibit the possibility to generate
more sophisticated structures. Prompted by the aim to generate a-benzhydrylated
aldehydes with more than one stereocenter, we have exploited the pronounced reactivity
of para-quinone methides as Michael acceptors and we have developed a novel
organocatalytic, asymmetric, o-alkylation of aldehydes triggered by 1,6-conjugated
addition of enamine to para-quinone methides (Scheme 8). For the first time, enamine-
activated aldehydes have been reacted to these electrophiles, providing a-diarylmethine-
substituted aldehydes in high yield and broad substrate scope. Key to the success was the
employment of a new chiral secondary amine catalyst in which the
(diphenylmethyl)trimethylsiloxy group was flanked by another bulky silyloxy moiety,
placed at the C4-position of the pyrrolidine ring in a trans relationship. We envisaged
that the (diphenylmethyl)trimethylsiloxy group could effectively shield one face of the
enamine providing enantiocontrol, while the other silyloxy moiety could sterically

determine the approach of the para-quinone methide to the enamine, thus ensuring
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diastereocontrol. With this catalytic system in hand, the stereochemistry of these

reactions could be very well controlled, leading to highly diastereo- and enantioenriched

products (Scheme 8).
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Scheme 8. Organocatalytic strategy for a-alkylation of aldehydes.
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3. Organocatalytic asymmetric vinylogous Povarov
reaction.

All the procedures and results here described are part of- and can be found in-:

e C(Caruana, L.; Fochi, M.; Ranieri, S.; Mazzanti, A.; Bernardi, L. “Catalytic highly

enantioselective vinylogous Povarov reaction.” Chem. Commun. 2013, 49, 880.
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tetrahydroquinolines (THQs), key scaffolds in several natural and pharmaceutical
compounds.”’ In this chapter, the first example of asymmetric vinylogous Povarov
reaction is described. In the presence of chiral phosphoric acid catalysts, diene-1-
carbamates reacted with N-aryl imines as dienophiles with their terminal olefins,
rendering possible the development of the vinylogous version of this reaction. A
combination of stereoelectronic factors steered these reactions towards the vinylogous
pathway, overcoming the tendency of diene-1-carbamates to act as dienes. Employing a
new (R)-Hg-BINOL-derived catalyst, a series of imines, in some cases generated in situ,
reacted with three differently protected 1-aminodiene affording the corresponding THQs
with good yield, excellent enantioselectivity and as single diastereoisomers. The THQs
obtained from this reaction bear at C4 an enecarbamate, which was subjected to various

synthetic transformation.

3.1. Background

In the course of investigations on the reactivity of different electron-rich olefins, in the
early 1960s, Povarov and co-workers discovered that alkyl vinyl ethers and thioethers
reacted with N-aryl imines — activated with boron trifluoride — to give 1,2,3,4-

tetrahydroquiniline (THQs).”* The reaction was classified by Povarov himself as a
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“diene-synthesis”-type reaction,”> namely as a [4+2] hetero-Diels—Alder cycloaddition
reaction. The requirement of Lewis acid serving to lower the LUMO of the coordinated
imine, thus enhancing its electron-deficient character, the reaction was rationalized by
considering a [4+2] cycloaddition between an electron-poor heterodiene and an electron-
rich dienophile, with a typical inverse-electron-demand cycloaddition pathway.
Nowadays, in recognition of this disclosure,” cycloadditions of N-aryl imines with
electron-rich olefin are called Povarov reactions (Scheme 9).

Electron-rich olefin
behaves as dienophile

EDG/\—“’ Inverse-electron-demand . EDG
Ry / [4+2] cycloaddition R, : i
@ N N R1
N-aryl imines: N™ Ry H
electron-poor 1,2,3,4-tetrahydroquinoline

hetero-diene

Scheme 9. Povarov cycloaddition reaction (EDG = electron-donating group).

This reaction represents one of the most useful synthetic routes to access THQs (and to
quinolines after oxidation), which are known to be biologically relevant scaffolds in
several natural or pharmaceutical compounds.’' The importance of these heterocycles has
stimulated a considerable interest in the Povarov reaction, resulting in a significant
advances in the last years.”* Many efforts have been conducted towards the expansion of
olefinic reaction partner, resulting in a variety of electron-rich dienophiles engaged in the
Povarov reaction, such as vinyl (thio)ethers, enecarbamates, enamides, indoles, styrenes,
vinyl indoles and ketimines just to cite few.* The Povarov reaction, due to its modular
nature, has also found to be very useful in the frame of multicomponent reactions; the
three-component strategy in which imines are generated in situ, avoids the isolation of
unstable N-aryl imines derived from enolizable aliphatic aldehydes. Although the
Povarov reaction is defined as an inverse-electron-demand aza-Diels—Alder
cycloaddition, also a stepwise mechanism, namely Mannich and Friedel-Crafts reactions,
must be taken in account (Scheme 10). This mechanistic hypothesis paves the way to the
possible intermolecular trapping of intermediates by the addition of external
nucleophiles, furnishing products derived from “interrupted” Povarov reactions.
Nowadays, there is a general consensus that the reaction follows a two-step pathway, on

the basis of several examples supporting this hypothesis.**
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As far as the stereochemistry is concerned, most Povarov reactions give, with variable
selectivity, 2,4-cis-THQs. This relative configuration arise from an endo approach
between diene and dienophile™ or, accordingly the more plausible stepwise pathway, the
cis selectivity derives from the cyclization of the cationic intermediate in a chair-like
transition state, where the substituents occupy the equatorial positions (Scheme 10).°
Nevertheless, some exceptions to this 2,4-cis selectivity are reported, especially with 1,2-

disubstituted olefin dienophiles.”’

EDG
cycloaddition A Rz
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Scheme 10. Mechanistic speculations accounting for the mechanism of Povarov reaction and its
interrupted version. Cycloaddition with endo approach, versus two-step cyclization where R' and
EDG substituents occupy equatorial positions. A = Lewis or Bransted acid activating the imine.

The first example of a catalytic enantioselective Povarov reaction was reported by
Ishitani and Kobayashi in 1996,® in the frame of chiral Lewis acid catalysis. In this
pioneering work, a chiral complex formed by a combination of ytterbium triflate, (R)-
BINOL, pyridine additives and DBU catalyzed the reaction between 2-aminophenol-
derived imines and vinyl ethers or cyclopentadiene, furnishing the corresponding THQs

in moderate enantioselectivity but very good diastereoselectivity (Scheme 11).
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Scheme 11. The first catalytic enantioselective Povarov reaction.
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Besides this first report, studies on asymmetric version of the Povarov reaction remained

rather scarce. The scene began to change after the disclosure’®’

of efficient Bronsted
acid (in particular chiral phosphoric acids) for imine activation.”” Due to their
bifunctional behaviour (see § 1.3.2), chiral phosphoric acids activate the imine and
coordinate the dienophile at the same time, leading to a highly organized transition state
and ensuring high stereocontrol. The broad applicability of these catalysts in the Povarov
reaction has been demonstrated by the development of numerous versions of this reaction
as well as its interrupted variants.>*

The first example of organocatalytic, chiral Brensted acid catalyzed, Povarov reaction
was reported by Akiyama in 2006.° In analogy with most of the chiral Lewis acid
catalyzed reports, 2-aminophenol-derived imines were employed, in the presence of (R)-

BINOL derived phosphoric acid, with different cyclic and acyclic vinyl ethers, delivering

the corresponding THQs in good yield and enantioselectivity and almost perfect

diastereoselectivity (Scheme 12). OR,
Interestingly, this example represents an H0:© {,J Cat. (10 mofo @Qm\
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Scheme 12. The first example of Brensted acid

of 2-hydroxy moiety on the imine, which  catalyzed Povarov reaction, and the double
allows a double coordination to the coordination of the catalyst to the imine.
phosphoric acid, resulting in a highly ordered transition state®" (Scheme 12).

The employment of benzyl enecarbamate in the asymmetric Povarov reaction with N-aryl
imines, catalyzed by chiral phosphoric acid has been the subject of several investigations.
Most prominent results and conditions are summarized in Table 1. This reaction was
disclosed by Masson and Zhu in 2009, wherein a 4-chlorophenyl substituted (R)-Hs-
BINOL-derived phosphoric acid was used as catalyst (Table 1, entry 1).°* This first
report described the three component reaction with benzyl N-vinylcarbamate, mostly
limited to electron-rich anilines. The THQs obtained through this protocol were also
amenable to synthetic elaborations, as demonstrated by the preparation of torcetrapib, a
cholesteryl ester transfer protein inhibitor. Subsequently, another investigation from the

same group expanded this protocol also to electron-poor anilines (Table 1, entry 2) and

B-substituted (E)-enecarbamate (Table 1, entry 3), through simple prolongation of the
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reaction time; the derived 2,3,4-substituted THQs showed an all-frans configuration at
the stereocentres.”” Recently, a different chiral phosphoric acid based on (R)-SPINOL
scaffold,** was employed by Lin in a similar Povarov reaction.” The reaction, which was
investigated with benzyl N-vinylcarbamate, afforded the THQ products in excellent
enantioselectivity (Table 1, entry 4). Another variation of the Povarov reaction with the
same carbamate but employing imines derived from fluorinated aldehydes (Table 1, entry
5) has been described by Xiao and Liu.*® This reaction was catalyzed by a (R)-BINOL-
derived phosphoric acid, delivering THQs as single 2,4-cis-diastereoisomers and with
excellent yields and enantioselecivities. This latter study was motivated by considering
the high relevance of fluoroalkyl compounds in medicinal chemistry.®’

It is worth noting that in all these reactions the presence of the acidic NH in the
carbamate is necessary for both reactivity and enantioselectivity, as demonstrated by
several control experiments.” In fact, enecarbamates
lacking NH proton did not participate productively in
the catalytic reaction. It was thus further confirmed

that phosphoric acids act as bifunctional catalysts by

protonating/coordinating the imine — resulting in the
lowering of the LUMO — and coordinating the NH of CbZ,N\%"
enecarbamate with its Lewis basic oxygen (Figure Figure 12. Model of activation of

) ) o ) chiral phosphoric acid in the
12). This behaviour is in agreement with the reaction between N-aryl imines and

. . enecarbamates. The proton
generally accepted mode of activation of chiral depicted in red is responsible for
phosphoric acids,* already described in § 1.3.2. the coordination of enecarbamate.
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Table 1. Asymmetric Povarov reaction of benyl enecarbamates, catalysed by chiral phosphoric acid.

NHCbz
\\\\\R3

R2 R2
NHCbz

P conditions

N" R,
H
dr. > 95:5

| Entry

Rl

Conditions

Yield ee

1-17
examples
REF. 62

4-CIC¢Ha4, 4-
Ph-CgHa, 4-
FCgHy, 4-
MCC(,H4, 4-
BrC6H4, 4-
NCCsHs, 4-(i-
PI‘)C(,H4, 4-
NO,CeHy, 4-
CF;C6Ha, 2-
furyl, i-PrCH,,
i-Pr, Et, n-Pr,
Ph

Ar
. 8¢
o. O

MeO, P cat. 10

4- H o “O-HM) 0
e
H Ar

Cat. Ar = 4-CICqH,

57-
90%

92-
>99%

2-18
examples
REF. 63

4-CIC¢H4, 4-
Ph-CgHa, 4-
FC¢Ha, 4-
MeC6H4, 4-
BrC6H4, 4-
NCCgHy, 4-(i-
Pr)CeHs, 4-
NO,CgHy, 4-
CF3C¢Ha, 2-
furyl, i-PrCHa,
i-Pr, Et, n-Pr,
Ph

4- Ar
0

- O /O
H, 4 K cat. 10

7\
< 0 oot e
3- Ar

MeO

64-
90%

Cat. Ar = 4-CICgH,

92-
>99%

3-14
examples
REF. 63

3—MCOC(,H4,
4-NO,CgHy, 2-
BrC6H4, 2-
furyl,
PhCHCHC¢Ha,
cyclohexyl, Et,
BnOCH,, Ph

Ar
¥ 8¢
MeO, ' 0_ //O
4- Me, n-Pr, i-Pr, P

\OH
NO,, (CH,);:0TBDPS ‘O o
Ar

3.1,
H
Cat, Ar = 4-CICgH,

cat. 10
mol%,

48-
97%

87-
98%

4-16
examples
REF. 65

4—BI'C(,H4, 3-
BrC¢Ha, 2-
BrC6H4, 4-
CIC¢Hs4, 4-
NO,CeHy, 4-
MeC6H4, 3-
MeOC6H4, Ph,
1-naphthyl, i-
Pr, cyclohexyl,
n-pentyl, Et

4-
MeO,
H, 4-
Br,

4-
CF;

72-
96%

cat. 5
mol%,

Cat. Ar = 4-CICgH,4

96-
>99%

5-12
examples,
preformed
imines
REF.66

CF}, CFQBI‘,
CF,Cl, CFH,
C4HoCF,,
CH,CHCF,,
PhCF>, 4-
BI"C(,H4CF2, 4-
M60C6H4CF2,
4-MCC6H4C Fz,
3—MCC(‘H4CF2

994
4- °F
MeO, H O/ \OH
e O
Ar

Cat. Ar = 4-(2-naphthyl)CgH,4

cat. 15
mol%,

81-
97%

89-
99%

The requirement of an NH moiety for the catalyst coordination, represents a limitation

for the Povarov reaction catalyzed by chiral phosphoric acid. This restriction was

overcome by Masson and Zhu, who

installed a thiourea moiety on cyclic

enecarbamates.”® With this type of dienophile, bearing an acidic NH proton at their

thiourea moiety, the reaction proceeded with good enantioselectivity in the presence of
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chiral phosphoric acid as catalyst (Scheme 13). The thioureido moiety can be

subsequently removed upon a two-steps synthetic procedure.

Scheme 13. Catalytic enantioselective Povarov reaction with cyclic enethioureas.

One class of electron-rich dienes that were found to undergo Povarov reaction are
vinylindoles. In 2010, Bernardi and Ricci found that these vinyl heteroarenes reacted at
their terminal double bond instead of the more common normal-electron-demand Diels—
Alder reaction (Scheme 14, top).” Indeed, the indole nucleus not only renders these
olefins particulary electron-rich, guaranteeing sufficient reactivity, but also offers an
anchor point for catalyst coordination through its NH proton. Shortly afterwards, Xiao
highlighted the double behaviour of 2-vinylindoles in the non-asymmetric reaction with
N-aryl imines.” In the presence of acidic catalyst, 1H-2-vinylindoles were found to
undergo Povarov reaction, whereas when N-substituted indoles were employed, the
reaction proceeded giving the normal-electron-demand Diels—Alder products (Scheme
14, bottom). This result was rationalized by considering, once again, a possible hydrogen
bond between the indole NH and the catalyst, even though electronic factors might also
influence the pathway of the reaction.

Ricci and Bernardi's work ' OO Ar |
0.0 |
X NH

\ : o oH!
L(/Ht@ : OO A

iCat. Ar = 2,4,6-(-Pr)3CgH, | 2 H > z
Re or  Ne---lllilIiETE ) o
i = |
J ) . o
14 examples
” Yield: 66-98%,

dr: up to 98:2, ee: up to 99%

NH
o COOH
J ' : R=H B inverse-electron-domand product
Ph L ON NO, ! N™ “pn
OMe Lot H
Ph, AT
\_/ N
N A normal-electron-domand product
R R = alkyl, tosyl N\
R

Scheme 14. Catalytic asymmetric Povarov reaction with 2- and 3- vinylindoles (top). Double
behaviour of 2-vinylindoles with N-aryl imines (bottom).
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Hydroxystyrenes are another class of aryl-activated olefin that can undergo Povarov
reaction.”' Masson and co-workers focused their studies on the E-isomer of isoeugenol in
the reaction with in situ generated N-aryl imines. '® The reaction proceeded with good
results in terms of yield, diastereoselectivity — favouring the all-trans isomer — and
enantioselectivity (Scheme 15, top). Almost simultaneously Gong and co-workers
71b

developed a similar reaction employing 2-hydroxystyrenes (Scheme 15, bottom).

Masson's work

L oo
G astuen

26 examples
Yield: 61-98%,
; dr: up to 95:5, ee: up to 99%

SiPh; :
O\P,,O :

27 examples

Yield: 43-95%,

A dr: up to 99:1, ee: up to 97%
r

Scheme 15. Povarov reaction with (£)-isoeugenol (top). Povarov reaction with 2-hydroxystyrenes
(bottom)

6970 and hydroxystyrenes’' were found to undergo a Povarov

Although vinylindoles
reaction at their terminal double bond, in these cases the whole (hetero)aromatic moiety
is the actual activating electron-donating group; therefore these reports cannot be
properly considered as examples of vinylogous Povarov reactions.”” Actually, the use of
vinylogous reaction partners in Povarov cycloaddition has been documented marginally

and only in non-enantioselective processes.”” In this context, our work on the

development of vinylogous Povarov reaction finds justification.
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3.2. Aim of the work

The aim of the work described in this chapter has been the realization of the first

vinylogous variant of the catalytic
asymmetric Povarov reaction (Scheme
16).”

To our purposes, focussing on BINOL
derived phosphoric acid catalysts, we

have been conscious of the requirement

EDG—,
N\ Chiral N
@ v phosphoric acid "
———
NZ R N""R
H

Scheme 16. Vinylogous Povarov reaction

of a handle for dienophile coordination to the Lewis basic phosphoryl oxygen of the

catalyst. Thus, we have decided to turn our attention towards the vinylogous derivatives

of enecarbamates: diene-1-
NHCOR
a) NHCOR N ____ Vinylogous (, . ]
A Vs . \~, space reactivity | Associated challanges:
- Avoid the classical
enecarbamate diene-1-carbamate Diels-Alder reactivity
""""""""""""""""""""""""""""""" - Suppress the tendecy
b) NHCOR |[to react at the non-
terminal double bond
ROCHN
/\/\ . . X (non-vinylogous pathway)
2 Chiral phosphoric \. J/
@ acid catalxst *
Z
NAR1 N R
R 1
2 1 R» H

3: high chemo-, diastereo-

carbamates and enantioselectivity

Scheme 17a). These N-acyl amidodienes have been considered as potential dienophilic
reaction partners, aiming at the engagement of the remote double bond, which is not
directly attached to the electron-donating group, with concomitant transmission of the
stereoinformation at a distant position from the anchoring point of the catalyst.

However, some synthetic challenges arise from this strategy: for instance, N-acyl
amidodienes are known to undergo normal-electron-demand Diels—Alder cycloaddition,
acting as electron-rich dienes.”* Furthermore, it is note the propensity of B-alkyl
enecarbamates to undergo Povarov reactions® despite the steric hindrance; thus, the
avoidance of non-vinylogous reaction pathway has been also an important issue that has
been tackled. Besides the related challenges, this work was aimed by the concept to
expand the chemistry of enecarbamate towards vinylogous reactivity, hence permitting

the engagement of diene-1-carbamates — as electron rich dienophile — in inverse-electron-
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demand aza-Diels—Alder cycloaddition. This strategy lies in the frame of the “vinylogy
principle” according to which the inductive effect of a functional group is transmitted
through a double bond or a system of conjugated double bonds.” Importantly, by
following our protocol, it would be possible to obtain enantioenriched 1,2,3,4-
tetrahydroquinolines bearing an enecarbamate moiety at the 4-position. Given the rich
chemistry of enecarbamates,”® which has been considerably expanded in the frame of
chiral phosphoric acid catalysis,”’ this moiety gives great potential for further synthetic
manipulation, even in one-pot fashion.

Herein it is possible to anticipate that N-aryl imines 1 were reacted with diene-1-
carbamates 2 in the presence of chiral phosphoric acid, giving highly diastereo- and
enantioenriched 1,2,3,4-tetrahydroquinolines 3, this reaction represents the first example

of organocatalytic vinylogous Povarov reaction (Scheme 17b).

NHCOR
a) NHCOR "N Vinylogous ( : .
K vs : \~: space reactivity | Associated challanges:
RO R - Avoid the classical
enecarbamate diene-1-carbamate Diels-Alder reactivity

- Suppress the tendecy
NHCOR |[to react at the non-

terminal double bond
ROCHN
/\/\ _ _ A (non-vinylogous pathway)
N\ Chiral phosphoric \. J

2
acid catalxst A
4
NAR1

N7 R
Rz 4 R, H

3: high chemo-, diastereo-
and enantioselectivity

Scheme 17. Diene-1-carbamates enable asymmetric vinylogous Povarov reaction.

3.3. Results and discussion

The investigations on the asymmetric vinylogous Povarov reaction started from the
screening of a series of common (R)-BINOL-derived phosphoric acid catalysts 4a-g in
the reaction between N-4-methoxyphenyl imine 1la and trans-N-Cbz-1-amino-1,3-
butadiene 2a, in toluene as solvent (Table 2, entries 1-7). All catalysts were able to
promote the reaction overnight, giving cycloadduct 3a in low to moderate conversion and
as a single cis-diastereoisomer. Amongst the catalyst tested, only 4b and 4g induced
significant enantioselectivity (Table 2, entries 2 and 7). A further improvement was
achieved by employing the Hg-BINOL derivative of 4g, which gave 3a in excellent

enantioselectivity (Table 2, entry 8). With this catalyst, an enhancement in catalytic
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activity was observed by employing molecular sieves (MS) in the reaction (Table 2, entry
9). By using these drying agents, it was possible to decrease the catalyst loading to 1
mol%, affecting only marginally conversion and enantioselectivity (Table 2, entries 10
and 11). A further decrease to 0.3 mol% lowered the conversion (Table 2, entry 12). A
preliminary reaction progress kinetic analysis™ suggested that the low conversion with <
1 mol% loading is not due to insufficient catalyst activity, but rather due to deactivation
of the catalyst during the reaction course. In the attempt to elucidate the causes of this

deactivation, some control experiments were conducted and will be discuss afterwards.

Table 2. Screening of catalysts and reaction conditions in the vinylogous Povarov reaction between
imine 1a and diene-1-carbamate 2a “

NHCbz
OMe
LU o gt )
)IN ~  RT,1620h MeO
+ _—
P 1a Z 2a 2a NP
g g R R
o, 0 ‘O o_,0
G e 0" OH ' ‘ 0" OH
R
4a-g "

Entry  Cat. 4 (mol%) R Ms’ Conv. (%)  ee’ (%)
1 4a (10) CeHs no 88 15
2 4b (10) 3,5-(CF3)2C6H3 no 78 60
3 4c (10) 2,4,6-(i-Pr);CH, no 72 13
4 4d (10) 4-NO,CsH, no 57 20
5 4e (10) SiPh; no 30 10
6 41 (10) 9-phenanthrenyl no 49 7
7 4g (10) 9-anthracenyl no 59 92
8 4h (10) 9-anthracenyl no 80 97
9 4h (10) 9-anthracenyl 4 A 84 98
10 4h (2.5) 9-anthracenyl 4 A 91 98
11 4h (1.0) 9-anthracenyl 4 A 85 98
12 4h (0.3) 9-anthracenyl 4 A 52 95

(a) Conditions: imine 1a (0.05 mmol), catalyst 4, dienophile 2a (0.06 mmol), toluene (0.20 mL), RT,
overnight. In all cases, a single diastereoisomer was observed by "H NMR spectroscopy in the crude
mixture. (b) 20 mg molecular sieves were employed where indicated. (¢) Conversion, as determined
by 'H NMR spectroscopy on the crude mixture. (d) Determined by chiral stationary phase HPLC. (e)
Very similar results were obtained with 3 and 5 AMS.
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The scope of the reaction was then inspected by using the optimal catalyst 4h at 2.5
mol% loading instead of 1 mol%, in order to employ a more robust procedure. All the

results are summarized in Table 3.

Table 3. Scope of the vinylogous Povarov reaction “.

NHPG
LA e
[ + 7 RT, 16-20 h
A 1a-p 7 2a: PG = Cbz ” Ry
2b: PG = Boc
2c: PG = Alloc
Entry 1 R, Ar 2 3Yield (%)
(%)
1 1a CeHs 4-MeOC¢H, 2a 3a-85 98
29 1a CeHs 4-MeOC¢H,4 2a 3a-70 98
3 1b 4-BrCqH, 4-MeOC¢H, 2a 3b-83 99
4 1c 2-BrC¢H, 4-MeOC¢H, 2a 3¢-90 92
5 1d 4-MeOC¢H, 4-MeOCgH, 2a 3d-78 99
6 le 3,4-(Me0),CeH; 4-MeOC¢H, 2a 3e-63 99
7 1f 2-naphthyl 4-MeOC¢H, 2a 3f-91 98
8’ 1f 2-naphthyl 4-MeOC¢H,4 2a 3£-70 >99
9 1g 1-naphthyl 4-MeOCgH,4 2a 3g-79 89
10 1h 2-thienyl 4-MeOC¢Hy 2a 3h-53 87
11 1i i-Pr 4-MeOCgH, 2a 3i-80 99
12 1j Ph(CH,), 4-MeOCgH, 2a 3j-76 84
13 1k CeHs CHs 2a 3k-94 99
14 11 4-BrC¢H, C¢Hs 2a 31-74 99
15 1m CHs 3,4-(Me0),C¢Hs; 2a 3m-63° 97
16 1n CHs 4-C1C¢H, 2a 3n-25 98
17 1o C¢Hs 3-BrC¢H, 2a 30-60" 99/99
18 1la CeHs 4-MeOC¢H, 2b 3p-89 99
199 1a CeHs 4-MeOC¢H, 2b 3p-90 98
20 1a CeHs 4-MeOC¢Hy4 2¢ 3q-73 99

(a) Conditions: 1a-p (0.15 mmol), 4h (0.00375 mmol), 2a-¢ (0.18-0.30 mmol), toluene (0.60 mL), 4
AMS (20 mg), RT, 16-20 h. A single diastereoisomer was observed by 'H NMR spectroscopy in the
crude mixture. (b) Isolated yield. (¢) Determined by chiral stationary phase HPLC. (d) Imine formed
in situ. 110 mg 4 A MS and 5 mol% 4h were employed. (e) The 6,7-(MeO), regioisomer was
exclusively obtained. (f) 2.8:1 diastereomeric mixture. The 7-bromo regioisomer was obtained.
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Imines 1a-h derived from different (hetero)aromatic aldehydes, could be employed with
very good results (Table 3, entries 1-10). Thus, the reaction proved to be tolerant towards
a broad range of different aldehydes, such as electron-rich, electron-neutral, electron-
deficient and heteroaromatic. The developed protocol could be readily implemented to its
three-component version, thus confirming the modular nature of Povarov reaction. In
order to accomplish the multicomponent approach, it was necessary to employ a larger
amount of molecular sieves and a slightly increased catalyst loading (5 mol%), to
compensate the sensitivity of catalyst 4h to water, generated during the in situ imine
formation. Under these conditions, the products 3 were obtained with results comparable
to the two-component procedure (Table 3, entries 2, 8, 19), and, more importantly, the
reaction scope could be expanded to the unstable imines 1j,k derived from enolisable
aldehydes (Table 3, entries 11 and 12).

Variations at the aniline moiety in imines 1k-o were also carried out. Imines derived
from electron-neutral and electron-rich anilines afforded the corresponding cycloadducts
3k-m in variable yields, but excellent enantioselectivities. (Table 3, entries 13-15).
Interestingly, the vinylogous Povarov reaction is not only limited to electron-rich-derived
imines, since 1m,0, derived from electron-poor anilines reacted in excellent
enantioselectivities, albeit in moderate yields (Table 3, entries 15 and 16).

Full regioselectivity in the cyclisation, favouring the least sterically hindered product,
was observed in the reactions with imines 1m and 1o, substituted at 3-position of the
aniline ring (Table 3, entries 15 and 17). In the case of 3m,the reaction could in principle
give two regioisomeric cycloadducts; nevertheless, from the '"H NMR analysis, it was
possible to determine that the only cycloadduct formed was the 6,7-dimethoxy
regioisomer 3m, as the signals related to the aromatic protons of the 1,2,3,4-
tetrahydroquinoline moiety, appeared as two singlets, and were thus indicative of a para
relationship between these protons (Figure 13). Surprisingly, the reaction with the N-3-
bromophenyl imine 1o furnished the corresponding cycloadduct 30 as a diastereomeric
mixture at C2-C4, favouring the 2,4-trans isomer which was not even observed in any of
the other examples. Also in this case, 'H NMR analysis was performed in order to
understand the regiochemistry of the reaction. The signals related to the aromatic protons
of the 1,2,3,4-tetrahydroquinoline moiety of the minor diastereoisomer were indicative of
the ortho/meta relationship and not compatible with the ortho/ortho one; moreover, the

signals related to the aromatic proton of the 1,2,3,4-tetrahydroquinoline moiety of the
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major diastereoisomer appeared as a doublet of doublets and was thus indicative of a

ortho/meta relationship with the other aromatic protons (Figure 13).

NHCbz NHCbz NHCbz NHCbz
7 OMe 7 & Br ¢
MeO MeO
MeO Ph Ph Br Ph Ph
3m Not observed 30 Not observed
regioisomer of 3m regioisomer of 30
Figure 13.

Finally, the scope of the reaction was extended to dienophiles 2. Here, different
protecting groups, such as the Boc and Alloc groups in 2b and 2¢, were successfully
employed, giving comparable results to their Cbz counterpart 2a (Table 3, entries 1 and
18-20).

Once demonstrated the broad generality of the vinylogous Povarov reaction, resulted in
17 different examples, cycloadducts 3a and 3p were then subjected to few synthetic

elaborations at their enecarbamate moiety, summarized in Scheme 18.

NHPG

X o d HO
ag. HCI NaBH,4
acetone MeOH

N Ph 3a P

HCOzNH4 BnOZC
MeOH
—

3p

3a: PG =Cbz BnO C 6: Yield 62% ee: 96%
3p: PG = Boc nz
Pd/C BocHN ] PPh3

Ph

8: Yield: 87%
N™ "Ph
H

10 mol% 4c¢ NHCb 7: Yield: 86%; ee: >99%

or ent-4c¢

indole
CH,Cl,

L

3a

9: Yield: 91%, dr: 96:4, ee: 99%
9 (with ent-4c): Yield: 88% dr: 25:75,
N" “Ph ee: 90% (minor), 98% (major)

Scheme 18. Synthetic elaborations on the catalytic products.

The enecarbamate moiety in 3a was hydrolyzed in mild acidic conditions giving
aldehyde 5, which was conveniently isolated as the corresponding alcohol 6 after
reduction with sodium borohydride, or as the a,B-unsaturated ester 7 obtained by means
of Wittig olefination using a stabilized phosphorous ylide. Reduction of the double bond

in 3p in the presence of ammonium formate and palladium over charcoal as catalyst,
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furnished the protected primary amine 8. In this case the Boc protected THQ 3p was
selected as starting material since the parent Cbz protected 3a was sensitive to the
hydrogenolytic conditions.

The enecarbamate moiety placed at C4 position of THQs represents a versatile handle for
further synthetic elaborations. Addition of indole to the N-Cbz enecarbamate 3a was
efficiently carried out under chiral phosphoric acid catalysis, ™ by using (R)-TRIP
catalyst 4¢. The stereochemistry of the newly formed chiral centre in 9 could be partially
controlled by the enantiomer of the catalyst 4c employed. This transformation could be
readily implemented in a one-pot process, affording the adduct 9 in acceptable yield but
perfect diastereo- and enantioselectivity. Given the recognized importance of one-pot

** this latter synthetic elaboration

procedures as a new tool for organic synthesis,
remarkably highlights the possibility to construct complex molecular scaffolds, with

excellent control of the stereochemistry, from readily available substrates.*

3.3.1. Preliminary kinetic investigation of the catalytic enantioselective
vinylogous Povarov reaction

The kinetics of the reaction between imine la and dienophile 2a was preliminarily

studied by 'H NMR using a reaction progress analysis approach (Scheme 19).”®

OMe NHCbz R
cat. 4h X ‘O
/©/ NHCbz B3 | 0. 0

66
|N = 25°C MeO

! P
J * —_— l o~ OH
Ph _— | ‘lO
1a 2a N~ "Ph. R

4h: R = 9-anthracenyl

Scheme 19. Vinylogous Povarov reaction between imine 1a and 2a used for kinetic studies.

The kinetic experiments were set up and elaborated as follows: a Schlenk tube equipped
with a magnetic stirring bar was charged with 4 A molecular sieves (70 mg). The
molecular sieves were thermally activated under vacuum. After cooling to RT, the tube
was filled with a N, atmosphere, then charged with the appropriate amount of imine 1a.
The appropriate amount of C¢Ds of a stock 0.012 M solution of catalyst 4h in C¢Ds were
then added. Overall, 600 puL of C¢D¢ were employed in each experiment. The solution
was stirred at 25 °C for a few minutes. The appropriate amount of dienophile 2a was then
added in one portion. After few seconds stirring to homogenize the solution, the whole

mixture including the molecular sieves was transferred in a pre-dried, N,-filled NMR
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tube by means of a 1 mL syringe equipped with a short and large needle. The tube was
placed in a Varian 400 MHz NMR instrument at 25 °C, spinned at 16-20 Hz, and after
automatic lock and shimming, '"H NMR spectra (nt = 1) were recorded every minute,
using the automatic array pad function, until ca 70-80% conversion. From the last 'H
NMR spectra recorded, it was checked that no significant decomposition of imine 1a,
dienophile 2a or product 3a occurred in the time frame of the analysis, nor that the
reaction gave significant amounts of by-products. A preliminary control experiment
carried out in the absence of catalyst 4h, showed that background reactivity is not
significant (<5% conversion after 18 h).

The spectra were collectively elaborated (phased, drift correction), and the relevant peaks
integrated after baseline correction, from which the conversion at each time was
determined. From the conversion, imine 2a concentration was calculated. The resulting
curve of imine vs time was plotted and fitted to a polynomial equation (ninth order) with
the OriginPro 7 program. The derivative of this equation, giving the dependence of
reaction rate on imine concentration, was employed for the kinetic analysis. As this curve
is purely empirical, it could be used only in the range of imine concentration which was
effectively employed in the experiment.

The results obtained from these experiments can be summarized as follows:

1. Reactions at different catalysts concentrations, under otherwise identical reaction
conditions, to determine the order of the reaction respect to catalyst 4h, by
comparing the TOF of the experiments. TOF values were determined by dividing
the reaction rate by the initial catalyst concentration used in each experiment

(Figure 14).

£
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TOF (min-1)

o
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imine 1a (M)

Figure 14. ¢: C, [imine 1a] 0.10 M, C, [dienophile 2a] 0.20 M, C, [catalyst 4h] 0.0020 M. m C,
[imine 1a] 0.10 M, C, [dienophile 2a] 0.20 M, C, [catalyst 4h] 0.0030 M.
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In the plot, the two curves are roughly superimposable. It is thus possible to conclude

that the reaction is approximately first order in catalyst concentration.

2. Reactions with the “same excess”. Two reactions were performed by employing
the same concentration of catalyst 4h, different starting concentration of imine
1a, and same “excess” of dienophile 2a in terms of concentration (Figure 15). In
other words, the reaction with lower imine concentration starts exactly under the
conditions (concentration of substrates and catalyst) of the other reaction at 25%
conversion. This experiment shows if the activity of the catalyst is the same
during the whole reaction course, or if catalyst deactivation/decomposition
occurs, influencing the concentration of active catalyst which is part of the rate

law (Figure 15).
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Figure 15. ¢: C; [imine 1a] 0.10 M, C, [dienophile 2a] 0.20 M, C, [catalyst 4h] 0.0020 M. m C,
[imine 1a] 0.075 M, C, [dienophile 2a] 0.175 M, C, [catalyst 4h] 0.0020 M. ~ C, [imine 1a] 0.075
M, Cy [dienophile 2a] 0.175 M, C, [catalyst 4h] 0.0020 M, C, [product 3a] 0.025 M.

In Figure 15, the two curves ¢ (standard reaction) and m (reaction starting after 25%
conversion) are not superimposable. Thus, catalyst deactivation/decomposition heavily
occurs affecting (lowering) the reaction rate. To check if catalyst inhibition by the
product was the reason for this behaviour, a third experiment / was carried out under
the same conditions of m but adding at the beginning the amount of product 3a formed
when the curve ¢ reaches 25% conversion. However, as this curve is roughly
superimposable to m catalyst inhibition by the product is not the reason for this
considerable decrease in catalyst activity with time.

Then two similar experiments were performed in the absence of molecular sieves, in

order to check if these drying agents were responsible for catalyst deactivation (Figure
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16). Due to the much lower activity of catalyst 4h in the absence of molecular sieves,

higher catalyst/substrates initial concentrations had to be used.
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Figure 16. ¢: C, [imine 1a] 0.15 M, C, [dienophile 2a] 0.30 M, C, [catalyst 4h] 0.015 M. m Cy [imine
1a] 0.12 M, Cy [dienophile 2a] 0.27 M, C, [catalyst 4h] 0.015 M.

As the two curves in Figure 16 are also clearly not superimposable, catalyst deactivation

is not due to the presence of molecular sieves in the reaction.

From these experiments, it can be concluded that the reaction rate is approximately first
order in catalyst concentration, but that catalyst deactivation heavily occurs during the
course of this reaction. This prevents the determination of a rate law using the reaction
progress kinetic analysis approach, which requires the same amount of active catalyst
during the whole (or most of) the reaction course. This catalyst deactivation is neither
due to product inhibition nor to the presence of molecular sieves.

This result suggests that the 1 mol% catalyst loading which at least has to be employed in
this reaction is not due to the scarce activity of the catalyst, but rather to its
decomposition, giving a crucial information on the direction to follow for decreasing the

catalyst loading in this (and related) reaction.

3.3.2. Determination of relative and absolute configuration of adducts
3and 9

Compound 3k was selected as representative compound for
the determination of relative configuration by conformational
analysis. The relative stereochemistry was determined by

means of NMR spectroscopy. Full assignment of the 'H and

B¢ spectra was preliminarily achieved by bi-dimensional  Figure 17. Compound 3k.
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experiments (COSY, gHSQC and gHMBC, taken in CDCl; solutions).

One of the signals of the two diastereotopic protons at C-3 appeared as a pseudo-quartet,
with a large coupling constant NHChz

(J=12.4 Hz, H-3b in Figure
18). This implies that this

proton is coupled with three

hydrogens with large coupling

constants, which are )

consistent with the geminal

coupling with H-3a and with

two trans-diaxial couplings
. ) ) Figure 18. Expansion of the 'H spectrum (600 MHz in CDCl;)
with H-2 and H-4, due to a of 3k showing the signals of the two diastereotopic hydrogens

dihedral angle close to 180°.”  of C-3.

This clearly indicates that both H-2 and H-4 are in pseudo-axial position on the
tetrahydroquinoline ring, whereas the phenyl and the ene-carbamate moiety occupy the
pseudo-equatorial positions. Furthermore, the signal of H-3a (the second diastereotopic
hydrogen of C-3) exhibited the same large geminal constant (12.4 Hz) and two small
coupling constants due to the equatorial-axial coupling, where the dihedral angle was
close to 90°.

Mono-dimensional DPFGSE-NOE experiments® were acquired in order to confirm the
relative stereochemistry at C-2 and C-4. On saturation of the vinylic hydrogen H-1’
(trace a in Figure 19), NOE enhancement was observed for one proton at C-3 (H-3b, in
pseudo-axial position) and no enhancement was observed for the other ene-carbamate
proton H-2’. This confirms the £ geometry of the double bond. The large NOE on H-3b
suggests that H-1" is anti to H-4. On saturation of H-4, NOE were observed on H-2 (trace
c in Figure 19) and on the signal of H-3a (in pseudo-equatorial position). On saturation of
H-2 (trace b in Figure 19), NOE were observed for H-4 and for H-3a, thus confirming the
1-3 diaxial relationship of H-2 and H-4, already deduced from the analysis of the J-
couplings of the 'H NMR spectrum. NMR analysis thus confirmed the cis relative
configuration of the two asymmetric centres of the 1,2,3,4-tetrahydroquinoline skeleton

(thus 2R*,45%*), and the E-geometry of the exocyclic double bond.

49



Chapter 3

— e N T
VR i’?J“"‘““Haa
S _—Ph
Townl "2
2 H-3a
H-1" H-4 H-3b
c)
b)
NHCbz
a)
it oy
T T ‘ T T | T T | T T ‘ T T ‘ T T T T | T T ‘
7 6 5 4 3 2 ppm

Figure 19. DPFGSE-NOE spectra of 3k (600 MHz in CDCl;). Bottom: 'H-NMR control spectrum;
trace a) saturation of H-1"; trace b) saturation of H-2; trace c¢) saturation of H-4.

The 'H NMR spectra of the other cycloadducts 3 showed, in all cases, that the signal
related to H-3b appears as a pseudo-quartet. This was consistent with a cis relative
configuration of the two asymmetric centres. Thus, the relative configuration of all other
cycloadducts 3 was deduced to be 2,4-cis, with the exception of the already mentioned 30
which furnished a mixture of diastereoisomers, with the 2,4-trans as the major product.

Having in hand the relative configuration and suitable information about the preferred
conformation, the assignment of the absolute configuration was tackled by chiroptical

methods.?!

The main pitfall of this approach is the difficulty to manage flexible
molecules. About this point, the adducts 3 are not really flexible, since there is a rigid
core containing the two chiral centres and strong UV chromophores close to them. Thus,
chirooptical methods for the assignment of the absolute configuration of adducts 3 should
be reliable. Comparison of the calculated (TD-DFT) with the experimental ECD
spectrum was performed. The best simulation was obtained by the M06-2X functional,
but all the simulated spectra now show a good agreement with the experimental one

(Figure 20). Thus the absolute configuration could be reliably assigned as 2S,4R. This
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result is in agreement with previously published Povarov reactions catalysed by similar
62,63,66,68,69,71

BINIOL-derived phosphoric acid catalysts.
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Figure 20. Comparison between the experimental ECD spectrum (black traces) and simultated spectra

(red, blue, green and purple traces)

Along of this, after several unsuccessful attempts,

suitable crystals for the determination of the absolute

configuration by the anomalous

method,* were obtained (for details see § 3.4.5). Thus the

absolute configuration was confirmed to be as 25,4R. The

determined relative and

dispersion X-ray

absolute configuration on

NHCbz

=y

i M
H
Br

Figure 21. Compound 3b.

compound 3b by X-ray undoubtedly confirmed the

relative stereochemistry already determined on 3k by NMR analysis, as well as its

absolute configuration determined with chiroptical techniques.

The configuration of the chiral centre deriving from the addition of indole to the

enecarbamate of cycloadduct 3a catalysed by 4¢ can be tentatively assigned on the basis

Boc
N-

HN,BOC
vy
N
H

Scheme 20. Reported addition of indole to in situ generated N-

carbamoyl imines catalysed by 4c (ref. 83).

Attack at
the Re-face

_Boc of the previously

HN

reported face-

|
NH

selectivity of catalyst
(R)-TRIP 4c¢

of

in the

reaction indoles

with simpler enecarbamates.® In more detail, it is known that (R)-4¢ promotes a selective
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addition of indole at the Re-face of an intermediate N-Boc imine, generated in situ from
an N-Boc enecarabamate (Scheme 20).

It can be assumed that also in our case (R)-4¢ promotes the attack of indole at the same
prochiral face of the intermediate N-Cbz imine, derived from the enecarbamate of 3a,
giving predominantly (96:4) an S configured product 9. This hypothesis is confirmed by
the reaction performed with ent- 4¢ ((S)-4¢), which gives predominantly (75:25) the
opposite diastereoisomer of 9. Thus, the configuration of the newly formed chiral centre
in the Friedel-Crafts addition is partially controlled by the catalyst employed, with (R)-4¢
matching the stereochemical bias given by the pre-existing chiral centres of cycloadduct

3a, and (5)-4¢ mismatching this bias (Scheme 21).

4c (Re-face selective) MeO
NHCbz NCbz ——

9: dr 96:4 match between H

MeO . @ catalyst 4c and substrate 3a
N
H

pmmmmmmmmmmm oo L

R 3 MeO.
OO ! ent-4c (Si-face selective)
o_0 !
DL
0" OH; 9: dr 75:25 mismatch between
OO i catalyst ent-4c and substrate 3a
R i

cat. 4c (R)-TRIP
| R=(2,4,6)-(i-Pr)sCgHy !

Scheme 21. Addition of indole to the enecarbamate of 3a catalysed by 4c¢ and ent-4c.

3.3.3. Mechanistic proposal

To account for the observed 2S,4R absolute configuration, a reaction model involving
double coordination of catalyst 4h to both imine and dienophile can be considered
(Scheme 22), on the basis of the generally accepted mode of action of BINOL derived
phosphoric acid catalysts.®® In particular, as shown in Scheme 22 for imine 1a and
dienophile 2a, it can be assumed that attack of the dienophile to the imine A, activated by
the catalyst through a hydrogen bond interaction or protonation, gives a transition state B
wherein the phosphoryl oxygen stabilises the positive charge on the dienophile by acting
as a Lewis base coordinating the carbamate proton. The large 9-anthracenyl groups guide
the stereoselectivity mainly by steric interactions with the substrates, favouring attack of
the dienophile at the Si-face of the activated imine. Presuming a two steps cycloaddition

pathway, an intermediate catalyst coordinated N-acyl iminium ion C is formed first,
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which then undergoes an intramolecular Friedel-Crafts reaction to give the 2S,4R-
disubstituted 1,2,3,4-tetrahydroquinoline product 3a. It could be assumed a similar
reaction pathway leading to the attack at the same face of the imines 1 in all other cases,
thus the absolute configuration of the reaming cycloadduct 3 has been assigned by
analogy. In all cases, the reactions performed with the (R)-BINOL derived catalyst 4h

gave the first eluting peak as the major enantiomer.

RR T =
MeO o 0 HN—-CO,Bn
QL Al
NZ>Ph — O - >
H
1a AF\Ns
+ cat4h R
A

MeO
+ cat.4h

Scheme 22. Proposed reaction pathway and model for enantioselectivity.

3.4. Experimental details

3.4.1. General methods and materials

'H, °C NMR spectra were recorded on a Varian AS 300, 400 or 600 spectrometer.
Chemical shifts (8) are reported in ppm relative to residual solvent signals for 'H and *C
NMR.* C NMR spectra were acquired with 'H broad band decoupled mode. Mass
spectra were recorded on a micromass LCT spectrometer using electrospray (ES)
ionisation techniques. Optical rotations were measured on a Perkin-Elmer 241
polarimeter. The enantiomeric excess (ee) of the products was determined by chiral
stationary phase HPLC, using a UV detector operating at 254 nm.

Analytical grade solvents and commercially available reagents were used as received,
unless otherwise stated. Chromatographic purifications were performed using 70-230
mesh silica. Racemic samples were prepared using diphenylphosphonic acid or Sc(OTf);
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as catalyst, in CH,Cl, or toluene at room temperature for 24-60 h. Toluene was passed
through neutral alumina before use. N-4-methoxyphenyl imines 1a-h were obtained
refluxing an equimolar mixture of 4-methoxyaniline and the appropriate aldehyde in
EtOH for a few hours, and collected by filtration. Imines 1k-o were obtained stirring for
48-60 h benzaldehyde and the appropriate aniline derivative in CH,Cl, in the presence of
activated 4A molecular sieves. Dienophiles 2a,c® and 2b’** were prepared by following
a literature procedure. (R)-3,3’-Dibromo-Hg-BINOL was prepared according to the
literature.®

3.4.2. Preparation of Hg-BINOL derived phosphoric acid catalyst 4h

i) POCl3, Py
Br Pd(OAc), 80 °C, 2h30min
n-Bu(Ad),P ii) Py, H,O
K,CO3 100 °C, 18 h
oH B(OH), toluene/EtOH iy HCI 5 M
. 95°C,20h 100 °C. 30 ming,_

—_— e
¢od ()

Scheme 23. Synthesis of chiral phosphoric acid 4h.

The preparation of catalyst 4h from 3,3’-dibromo-Hg-BINOL reported below is based on
ref.86b. However, both Suzuki coupling and phosphoric acid formation were
substantially modified (Scheme 23). This adapted protocol, still based on the same
catalyst used in ref.86b, proved to be more reliable than the original procedure,
furnishing clean and well characterized products.

(R)-3,3'-Di(anthracen-9-yl)-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-
diol.

A Schlenk tube equipped with a magnetic stirring bar was charged with (R)-3,3’-
dibromo-H8-BINOL (244 mg, 0.54 mmol), crude 9-anthracenyl boronic acid (600 mg),
Pd(OAc), (12.1 mg, 0.054 mmol), n-Bu(Ad),P (21.2 mg, 0.059 mmol) and K,CO; (894
mg, 0.48 mmol). The tube was evacuated, then backfilled with N,. Toluene (6.0 mL) and
EtOH (1.7 mL) were added, the Schlenk tube was closed and screw-capped and
immediately placed in an oil bath pre-warmed to 95 °C. The dark mixture was stirred at
this temperature for 20 h, then cooled to RT. Sat. NH4Cl was then added and the mixture
transferred to a separating funnel with the aid of a little amount of EtOAc. The phases
were separated and the aqueous phase extracted three times with CH,Cl,. The combined
organic extracts were dried over MgSO,, filtered and evaporated. Chromatographic
purification on silica gel (n-hexane/CH,Cl, from 3:1 to 1:1) gave the title compound as a
pale yellow solid in 61% yield. [o]p> = +34 ° (¢ = 0.385 in CHCl;); 'H NMR (CDCl;,
400 MHz) 6 = 8.52 (s, 2H), 8.10-8.06 (m, 2H), 8.05-8.01 (m, 2H), 7.87-7.82 (m, 2H),
7.73-7.69 (m, 2H), 7.53-7.39 (m, 6H), 7.29 (ddd, J = 8.8, 6.6, 1.5 Hz, 2H), 7.09 (s, 2H),
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4.62 (s, 2H), 2.88-2.81 (m, 4H), 2.70 (dt, J¢ = 18.2 Hz, J, = 6.4 Hz, 2H), 2.64 (dt, Jq =
17.8 Hz, J, = 6.1 Hz, 2H), 1.99-1.84 (m, 8H); '*C NMR (CDCls, 100 MHz) & = 149.2,
137.2, 133.1, 131.8, 131.6, 131.5, 130.7, 130.6, 129.9, 128.6, 128.4, 127.1, 126.5, 126.4,
125.8, 125.7, 125.2, 125.1, 122.2, 120.9, 29.2, 27.4, 23.3, 23.1; ESIMS 669 [M + Na'].

(R)-3,3'-Di(anthracen-9-yl)-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-
diyl hydrogen phosphate (4h)

In a 100 mL round bottom flask equipped with a magnetic stirring bar, the thus obtained
(R)-3,3’-di(anthracen-9-yl)-H8-BINOL (211 mg, 0.33 mmol) was dissolved in dry
pyridine (0.6 mL). To this solution, POCI; (62 pL, 0.66 mmol) in dry pyridine (0.6 mL)
was added dropwise. The mixture was then heated at 80 °C under N, with stirring, until
TLC (n-hexane/CH,Cl, 1:1) indicated disappearance of the starting material (ca
2h30min). After cooling to RT, fresh pyridine (not dry, 6 mL) and water (10 mL) were
added giving a white suspension. A condenser was applied to the flask, and the mixture
was heated at 90 °C overnight (16 h) with vigorous stirring. After cooling to RT, 5 M
aqueous HCl was added (ca 20 mL, until pH <I), and the resulting suspension was
heated at 100 °C for 30 minutes with stirring. After cooling to RT, the mixture was
transferred to a separating funnel, with the aid of CH,Cl, and water. The two phases were
separated, and the aqueous phase extracted twice with CH,Cl,. The combined organic
phases were dried over MgSQy, filtered and evaporated under reduced pressure, leaving a
residue which was purified by chromatography on silica gel (CH,Cl,/MeOH from 98:2 to
93:7). The fractions containing the phosphoric acid product were collected and
evaporated, the residue dissolved in CH,Cl, and transferred in a separating funnel
containing an aqueous 5 M HCI solution. The phases were separated, the aqueous phase
extracted with CH,Cl,, the organic phases combined, dried over MgSQ,, filtered and
evaporated, affording the title compound as a pale yellow solid in 63% vyield. [a]p™® = -
148 ° (¢ = 0.335 in CHCL;); '"H NMR (CDCls, 400 MHz) [the signal at 5.00 ppm
(P(O)OH integrates 3H presumably due to interactions with a water molecule] 6 = 8.10
(s, 2H), 7.87 (d, J = 8.9 Hz, 2H), 7.65 (d, J = 8.9 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H), 7.52
(d, J = 8.5 Hz, 2H), 7.42-7.29 (m, 4H), 7.20-7.10 (m, 4H), 7.07 (s, 2H), 5.00 (br s, 3H),
3.07-2.95 (m, 2H), 2.94-2.86 (m, 4H), 2.64 (dt, J4 = 17.0 Hz, J; = 6.6 Hz, 2H), 2.09-1.80
(m, 8H); °C NMR (CDCls, 100 MHz) [several signals are split in doublets due to Jp.c
coupling] & = 145.0, 144.9, 137.6, 134.92, 134.90, 133.4, 131.6, 131.2, 130.9, 130.4,
130.1, 128.5, 128.01, 127.98, 127.82, 127.78, 127.0, 126.3, 125.6, 124.70, 124.65, 29.3,
28.2,22.8; ESIMS 731 [M + Na'].

3.4.3. General procedure for the catalytic enantioselective vinylogous
Povarov reaction.

Two-component procedure (preformed imine)

To a Schlenk tube equipped with a magnetic stirring bar, 4A powdered molecular sieves
(20 mg) were added. The molecular sieves were thermally activated under vacuum for 5
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minutes and then allowed to cool to r.t. After backfilling the Schlenk tube with nitrogen,
the aldimine 1a-h, 1k-o0 (0.15 mmol) was added, followed by catalyst 4h (2.7 mg, 0.0038
mmol, 2.5 mol%), and toluene (0.60 mL). The mixture was allowed to stir for 5 minutes
and then the dienophile 2a-c¢ (0.18 mmol or 0.30 mmol) was added in one portion. The
mixture was then stirred at room temperature under a nitrogen atmosphere. After 16 h,
the reaction mixture was filtered through a plug of silica gel, and the plug was washed
with Et,O (4x). After concentration of solvents, the residue was analyzed by 'H NMR
spectroscopy to determine the diastereomeric ratio of the cycloadducts 3. Finally, the
residue was purified by chromatography on silica gel. In some cases, the residue was
instead purified by dissolving it in a minimal amount of CH,Cl,, followed by
precipitation with n-hexane, and final removal of the supernatant with a Pasteur pipette
after few minutes of decantation. The enantiomeric excess of the adducts purified by
precipitation was determined on their crude mixture.

Three-component procedure (imine formed in situ).

To a Schlenk tube equipped with a magnetic stirring bar, 4 A powdered molecular sieves
(110 mg) were added. The molecular sieves were then thermally activated under vacuum
for 10 minutes and then allowed to cool to r.t. After backfilling the Schlenk tube with
nitrogen, p-anisidine (0.15 mmol), the catalyst 4h (5.4 mg, 0.0076 mmol, 5.0 mol%), and
toluene (0.30 mL) were added, followed by the dienophile 2 (0.30 mmol). A solution of
the aldehyde in toluene (0.30 mL, 0.15 mmol) was finally added, and the resulting
mixture was stirred at room temperature under a nitrogen atmosphere. After 16 h, the
reaction mixture was worked up and purified as in the above procedure.

Benzyl ((E)-2-((2S,4R)-6-methoxy-2-phenyl-1,2,3,4-tetrahydroquinolin-4-
yDvinyl)carbamate (3a)
Following the general procedure using 0.18 mmol of dienophile

b7 -\ 2a, the title compound was obtained as a white solid in 85%

= yield, after chromatography on silica gel (n-hexane/EtOAc 8:2).

MeO A single diastereoisomer was observed by 'H NMR in the crude
g " mixture. The enantiomeric excess of the product was determined

3a H O by chiral stationary phase HPLC (Phenomenex Lux, n-hexane/i-
PrOH 70:30, 0.75 mL/min, A = 254 nm, ty,; = 19.4 min, tyi, =
45.1 min, 98% ee). [a]p>’ = -45 ° (¢ = 0.62, CH,CL,); '"H NMR (CDCls, 600 MHz) § =
7.44-7.28 (m, 10H), 6.76-6.68 (m, 2H), 6.65 (dd, J = 8.4, 2.9 Hz, 1H), 6.54 (d, J = 10.1
Hz, 1H), 6.50 (d, J = 9.1 Hz, 1H), 5.18 (d, J = 12.9 Hz, 1H), 5.15 (d, J = 12.8 Hz, 1H),
4.90 (dd, J = 14.6, 10.3 Hz 1H), 4.41 (d, J = 11.4 Hz, 1H), 3.80 (br s, 1H), 3.73 (s, 3H),
3.68-3.59 (m, 1H), 2.14-2.04 (m, 1H), 1.86 (q, J = 14.1Hz, 1H); *C NMR (CDCl;, 150
MHz) 6 = 153.5, 152.2, 144.0, 139.0, 136.0, 128.6, 128.6, 128.3, 128.2, 127.6, 126.6,
125.2, 124.9, 115.4, 114.6, 113.6, 113.5, 67.2, 56.8, 55.9, 40.3, 39.6; ESIMS 437 [M +
Na']. Using the three component procedure, the title compound was obtained in 70%
yield and in 98% ee.
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3.4.4. General procedures for elaborated products 6,7, 8, 9

2-((28,4R)-6-Methoxy-2-phenyl-1,2,3,4-tetrahydroquinolin-4-yl)ethanol (6)
In a round bottomed flask, product 3a (30 mg, 0.072 mmol) was

OH dissolved in acetone (0.900 mL) and cooled to 0 °C. Aq. 1| M
HCI (0.700 mL, 0.700 mmol) was then added in 2 min, while
MeO O stirring. The resulting solution was allowed to warm to rt, and,

\ after 4 h, quenched with saturated aqueous NaHCOs;, and
g H O extracted three times with CH,Cl,; the organic layers were

combined and dried over a short celite pad and the solvents were
evaporated. The thus obtained crude aldehyde was dissolved in methanol (1.0 mL) and
the mixture was cooled at -35 °C with a liquid nitrogen/acetone bath. Excess NaBHy (ca
15 mg) was added and the mixture was allowed to warm to -20 °C with stirring. After 15
min, the reaction was monitored by TLC (CH,Cl,/EtOAc 94:6). Since the aldehyde was
still detected, additional NaBH4 (ca 5 mg) was added. After additional 20 minutes the
reaction was complete (TLC), and the mixture was quenched with saturated aqueous
NH4CI and extracted three times with CH,Cl,. The organic layers were combined and
dried over a celite pad. After evaporation of the solvents, the crude product was purified
by column chromatography (CH,Cl,/Et,O 9:1) to give the title compound as a pale
yellow solid in 62% overall yield (over two steps). A single diastereoisomer was
observed by '"H NMR in the crude mixture, thus showing that epimerisation did not
occur. The enantiomeric excess of the product was determined by chiral stationary phase
HPLC (Phenomenex Lux, n-hexane/i-PrOH 70:30, 0.75 mL/min, A = 254 nm, tm, = 11.4
min, tn, = 18.8 min, 96% ee), thus showing that racemisation did not occur to a
considerable extent. [(X]D27 = -9° (¢ = 0.77 CH,Cl,); '"H NMR (CDCls, 400 MHz) ¢ =
7.44-7.28 (m, 5H), 6.82 (d, ] = 2.8 Hz, 1H), 6.64 (dd, J = 8.4, 2.8 Hz, 1H), 6.51 (d, J =
8.6 Hz, 1H), 4.32 (dd, J = 11.3, 2.6 Hz, 1H), 3.86-3.69 (m, 6H), 3.29-3.19 (m, 1H), 2.35-
2.19 (m, 2H), 1.81-1.69 (m, 2H); °C NMR (CDCls, 100 MHz) § = 152.4, 144.4, 139.6,
128.6, 127.6, 126.6, 126.0, 115.6, 113.0, 112.7, 60.5, 57.1, 55.9, 38.5, 37.9, 33.3; ESIMS
306 [M + Na'l].

(E)-Benzyl  4-((2R,4S5)-6-methoxy-2-phenyl-1,2,3,4-tetrahydroquinolin-4-yl)but-2-
enoate (7)

In a round bottomed flask, product 3a (30 mg, 0.072 mmol) BnOSC

was dissolved in acetone (0.900 mL) and cooled to 0 °C. Aq. 1 i

M HCI (0.700 mL, 0.700 mmol) was then added in 2 min,

while stirring. The resulting solution was allowed to warm to rt, "e©

and, after 4 h, quenched with saturated aqueous NaHCO3, and O N

extracted three times with CH,Cl,; the organic layers were 7 H O
combined and dried over a short celite pad and the solvents

were evaporated. The crude aldehyde was dissolved in CH,Cl, (1.0 mL) and the mixture
was cooled at 0 °C with a water/ice bath. Benzyl (triphenyl-phosphoranylidene)-acetate
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(41 mg, 0.100 mmol) was added under stirring. Progress of the reaction was monitored
by TLC (CH,Cl,). After 1 h, the reaction was complete, and the mixture was passed over
a celite pad. The crude product was purified by column chromatography (CH,Cl,/EtOAc
99:1) to give the title compound as a pale yellow solid in 86% overall yield (over two
steps). A single diastereoisomer was observed by 'H NMR in the crude mixture, thus
showing that epimerisation did not occur, and that olefination proceeded with full E-
selectivity. The enantiomeric excess of the product was determined by chiral stationary
phase HPLC (Phenomenex Lux, n-hexane/i-PrOH 70:30, 0.75 mL/min, A = 254 nm, ty,;
= 20.8min, tpi, = 29.5min, >99% ee), thus showing that racemisation did not occur.
[a]p®’ = -34° (¢ = 0.11 CH,CL); '"H NMR (CDCl;, 400 MHz) & = 7.49-7.27 (m, 10H),
7.08-6.95 (m, 1H), 6.77 (d, J = 2.7 Hz, 1H), 6.65 (dd, J = 8.5, 2.7 Hz, 1H), 6.53 (d, ] =
8.5 Hz, 1H), 5.93 (d, J = 15.8 Hz, 1H), 5.15 (br s, 2H), 4.35 (dd, J = 11.0, 2.7 Hz, 1H),
3.75 (br s, 3H), 3.31-3.19 (m, 1H), 2.94-2.82 (m, 1H), 2.48-2.35 (m, 1H), 2.17-2.08 (m,
1H), 1.72 (g, T = 11.7 Hz, 1H); C NMR (CDCls, 100 MHz) & = 165.7, 146.4, 135.0,
127.5,127.2, 127.1, 126.7, 125.7, 122.1, 112.1, 112.0, 65.1, 55.9, 54.9, 37.5, 36.8, 34.7,
ESIMS 436 [M + Na'].

tert-Butyl (3-((25,4S)-6-methoxy-2-phenyl-1,2,3,4-tetrahydroquinolin-4-
ylethyl)carbamate (8)

A Schlenk tube was equipped with a magnetic stirring bar and Boc.

saturated with a nitrogen atmosphere. Ammonium formate (43 NH

mg, 0.66 mmol) was added in one portion, followed by 1 mL of

MeOH, activated Pd/C (10 wt %, 12 mg) and finally the product ™“€©

3p (21 mg, 0.055 mmol). The mixture was stirred at room g N
temperature for five minutes and then warmed to 35 °C. Progress g H O
of the reaction was monitored by TLC (CH,Cl,). After 1 h, the

reaction was complete and the mixture was passed over a celite pad, diluted with CH,Cl,,
and washed with water. The organic phase was dried over a short celite pad, the solvents
were evaporated and the crude product was purified by column chromatography
(CH,Cl,) to give the title compound as a colourless oil in 87% overall yield. The
enantiomeric excess of the product was determined by chiral stationary phase HPLC
(Phenomenex Lux, n-hexane/i-PrOH 80:20, 0.75 mL/min, A = 254 nm, ty,; = 18.2 min,
tmin = 25.4 min, 94% ee) thus showing that racemisation did not occur to a considerable
extent. [a]p”’ © =; -13° (¢ = 0.60, CH,Cl,);'"H NMR (CDCl;, 400 MHz) & = 7.45-7.27 (m,
5H), 6.78 (d, J = 2.4 Hz, 1H), 6.64 (dd, J = 2.4, 8.6 Hz, 1H), 6.51 (d, J = 8.6 Hz, 1H),
4.54 (br s, 1H), 4.31 (dd, J = 2.7, 11.4 Hz, 1H), 3.76 (s, 3H), 3.27-3.05 (m, 3H), 2.27-
2.08 (m, 2H), 1.82-1.60 (m, 2H), 1.43 (br s, 9H). °C NMR (CDCls, 100 MHz) & = 155.9,
152.4, 144.3, 139.6, 128.6, 127.6, 126.6, 125.7, 115.7, 113.1, 112.8, 79.2, 57.1, 55.9,
38.4,38.2,35.4,34.2, 28.4; ESIMS 405 [M + Na'].

58



Caruana Lorenzo — Doctoral Thesis

Benzyl (1-(1H-indol-3-yl)-2-((25,4R)-6-methoxy-2-phenyl-1,2,3,4-
tetrahydroquinolin-4-yl)ethyl)carbamate (9)

A vial equipped with a magnetic stirring bar was sequentially
charged with compound 3a (29 mg, 0.076 mmol), CH,Cl,
(0.50 mL), indole (27 mg, 0.228 mmol, 3 equiv.) and catalyst
4c (5.7 mg, 10 mol%). The vial was carefully capped, and
warmed to 55 °C with stirring. After 16 h, the solution was
passed through a short pad of silica, the pad washed with
CH,CIl, and Et,0 and the solvent evaporated, leaving a

residue which was analyzed by 'H NMR showing a 94:6
diasteremoeric ratio, presumably at the o-NHCbz -chiral
centre. Chromatographic purification on silica gel (CH,Cly/Et,O from 100:0 to 95:5)
gave the title compound as a diastereomeric mixture and as a white solid in 91% yield.
The enantiomeric excess of the product was determined by chiral stationary phase HPLC
(Chralpak ADH, n-hexane/i-PrOH 70:30, 0.75 mL/min, A = 254 nm; major
diastereoisomer: tmaj = 46.8 min, tynin = 75.9 min, >99% ee, minor diastereoisomer: tmaj =
35.2 min, tyi, = 66.3 min, 20% ee), thus showing that racemization did not occur.

The same title compound was also obtained in a one-pot procedure: to the catalytic
reaction for obtaining 3a (after 18 h), indole (88 mg, 0.75 mmol) and catalyst 4¢ (11.3
mg, 10 mol%) were sequentially added, and the resulting mixture was heated at 80 °C for
4 h with stirring. The mixture was then filtered on short plug of silica, the plug washed
several times with Et,O, and the solvents evaporated, leaving a residue which was
analysed by "H NMR showing a 94:6 diastereomeric ratio, presumably at the a-NHCbz
chiral centre. Chromatographic purification on silica gel (CH,Cl/Et;O from 100:0 to
95:5) gave the title compound as a diastereomeric mixture and as a pale yellow solid in
61% yield. The enantiomeric excess of the product was determined by chiral stationary
phase HPLC (Chralpak ADH, n-hexane/i-PrOH 70:30, 0.75 mL/min, A = 254 nm; major
diastereoisomer: tm,j = 46.8 min, tmix = 75.9 min, 99% ee, minor diastereoisomer: tm,j =
35.2 min, tyi, = 66.3 min, 17% ee).

'H NMR (CDCls, 600 MHz) & = 8.11 (br s, 1H), 7.61 (br d, J = 8.3 Hz, 1H), 7.44-7.39
(m, 2H), 7.38-7.26 (m, 9H), 7.18 (t, J = 7.7 Hz, 1H), 7.08 (br t, J = 7.7 Hz, 1H), 7.00 (br
s, 1H), 6.86 (br s, 1H), 6.65 (dd, J = 8.6, 2.6 Hz, 1H), 6.54 (br d, J = 8.6 Hz, 1H), 5.31 (br
t, J = 8.6 Hz, 1H), 5.15 (d, J = 12.2 Hz, 1H), 5.13 (d, J = 12.3 Hz, 1H), 5.00 (d, J =9.1
Hz, 1H), 4.32 (brd, J=11.1 Hz, 1H), 3.75 (s, 3H), 3.31-3.21 (m, 1H), 2.66-2.53 (m, 2H),
2.10-2.01 (m, 1H), 1.79 (g, J = 10.9 Hz, 1H). >C NMR (CDCls, 150 MHz) & = 156.1,
152.3, 144.3, 137.9, 136.6, 136.5, 128.6, 128.5, 128.1, 128.0, 127.5, 126.7, 125.8, 122.4,
1209, 119.8, 119.4, 118.1, 115.6, 113.5, 112.5, 111.3, 66.7, 57.0, 55.9, 46.0, 42.2, 38.6,
33.4; ESIMS 554 [M + Na'].
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3.4.5. Crystallographic data

Suitable crystal of compound 3b, which possesses an appropriate heavy atom (Z > Si
using standard Mo-Ka radiation),”” were obtained by vapour diffusion of n-hexane into
an ethyl acetate solution.

Figure 22. Crystallographic data for 3b.

Molecular formula: CysH,sN,O3Br, Mr = 493.39, monoclinic, space group P2; (No. 3), a
=9.5555(17), b = 5.0614(9), ¢ = 24.813(4) A, p = 92.316(2), V = 1199.1(4) A’ , T =
298(2) K, Z = 2, pc = 1.367 g cm™, F(000) = 508, graphite-monochromated MoKo.
radiation (A = 0.71073 A), w(MoKa) = 1.743 mm™', colourless rods (0.40 x 0.10 x 0.05
mm®), empirical absorption correction with SADABS (transmission factors: 0.9179 —
0.5423), 2400 frames, exposure time 90 s, 1.64 <0 <26.00,-11<h<11,-6 <k <6,-30
<1 < 30, 12298 reflections collected, 4637 independent reflections (Riy,x = 0.0218),
solution by direct methods (SHELXS97) and subsequent Fourier syntheses, full-matrix
least-squares on F,> (SHELX97), hydrogen atoms refined with a riding model except for
the two NH hydrogen, that were experimentally located and refined. Data / restraints /
parameters ratio = 4637/ 1 / 246, S(F?) = 1.083, R(F) = 0.0742 and wR(F?) = 0.1971 on
all data, R(F) = 0.0645 and wR(F*) = 0.1888 for 4637 reflections with I > 2o (I),
weighting scheme w = 1/[c® (E,2) + (0.1122P)* + 0.839P] where P = (F,> + 2F.)/3,
largest difference peak and hole 0.998 and —0.0674 ¢ A~. Flack Parameter for S,R
absolute configuration (C1 and C5, respectively): 0.013(19). The benzyl moiety (C20-
C26) was found to be disordered over two positions, and it was isotopically refined.
Crystallographic data (excluding structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-913761.
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3.5. Conclusion

In summary, disclosing a new vinylogous reactivity of 1-acyl-amino dienes 2 and N-aryl
imines 1, the first catalytic enantioselective Povarov reaction, promoted by chiral
phosphoric acids, has been developed. The terminal double bond of diene 2 is not only
the least sterically hindered, but also the most electron-rich of the 1,3-butadiene

system;’**

therefore it is possible that a combination of stereoelectronic factors steered
the reaction towards the vinylogous pathway, overcoming the common Diels—Alder
reactivity of dienes 2 and also their tendency to undergo “non-vinylogous” Povarov
reaction despite their steric hindrance. Upon a thorough screening of chiral phosphoric
acids, the new catalyst 4h — derived from Hg-BINOL phosphoric acid and bearing a 9-
anthracenyl group at its 3 and 3’ position — was found to promote the vinylogous reaction
in excellent stereoselectivity. The catalyst activity was further enhanced by using
activated molecular sieves in the reaction media. The reaction was optimized up to
tolerate a low catalyst loading (up to 1 mol%). Kinetic control experiments were
conducted on this reaction and demonstrated that deactivation of the catalyst occurred.
This deactivation was neither due to catalyst inhibition by the product nor to the
molecular sieves. The scope of the reaction was broadly demonstrated by employing
several N-aryl imines, having different electronic properties both at the aldehyde and
aniline portions. Remarkably, the organocatalytic reaction could be performed in a
multicomponent fashion, where the imine was generated in sifu. In this way, the scope of
the reaction could be expanded also to imines derived from enolisable aldehydes. The
Cbz-protecting group at diene 2a could be easily replaced with Boc or Alloc group, thus
demonstrating the generality of the reaction also for the diene counterpart. The relative
configuration of the synthesized THQs was determined by NMR spectroscopy, whereas
the absolute configuration was determined by chiroptical techniques. Relative and
absolute configurations were finally confirmed by X-Ray diffraction experiments.
Cycloadducts 3 were then subjected to few synthetic manipulations and, importantly, the
enecarbamate moiety was exploited through an indole addition mediated by phosphoric
acid; this transformation could be readily implemented in a one-pot process. All the

experimental results are summarized in Scheme 24.
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OH
R AR EE L L EEECEEEEEEN \ NaBH,
: Ar ' 1 MeOH  MeO
oo, —
: o] :
: O : MeO N TPh
i o “oH : IrCOan 6: Yield 62%; ee 96%
: ‘O : N™ “Ph %
: Ar H
! dc: Ar=2,4,6-(-Pr);CeHy aq. HCI XCOBn
{_ 4h: Hg, Ar= 9-anthracenyl ; acetone, NHBec  Meo
PG = Cbz
2 NHPG Pd/C MeO. N Ph
4h (2.5 mol%) R N ;CgaNH‘; 7: Yield 86%; ee 99%
toluene, 4 A MS 2 €
NHPG , - > N7 YPh
),N /_f RT, 16-20 h H
Ri + 20 examples N R ent-4c (10 mol%)  8:87% Yield
1 2 Ry = alkyl, aryl 1

H o3 indole, CH,Cl,
R, = 6-MeO, H, 6,7-(MeO),, 6-Cl, 7-Br 5°C.16h
PG = Cbz, Boc, Alloc
Yield: 25-94% (average 74%)

d.r. >95:5 (one example 2.8:1)
ee: 84->99% (average 97%) 4c (10 mol%)
indole, CH,Cl,
55°C, 16 h
i) 4h (2.5 mol%) toluene

NHCbz

4 AMS, RT, 18 h 2 O 9: 88% Yield
ii) 4:: (10 mol%), indole d.r.: 75:25 ee: 90% (minor) 98% (major)
80°C,4h one pot MeO. NH

61%

d.r. 94:6 N~ "Ph

H
9: 91% Yield

d.r.: 96:4; ee: 99%

Scheme 24. Catalytic enantioselective vinylogous Povarov reaction and elaboration of the
enecarbamate on the THQs.
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4. Asymmetric organocatalytic cascade reactions in 3,4-
annulation of indoles: a gateway to ergot alkaloids

The procedures and results here described are part of- and can be found in-:

e Caruana, L.; Fochi, M.; Comes Franchini, M.; Ranieri, S.; Mazzanti, A.; Bernardi,
L. “Asymmetric synthesis of 3,4-annulated indoles through an organocatalytic

cascade approach.” Chem. Commun. 2014, 50, 445.

e The manuscript describing organocatalytic reactions of nitroethene with 4-

substituted insoles — presented later in this chapter — is currently in preparation.

ABSTRACT

Indole and its derivatives represent probably the most important class of heterocyclic
compounds due to their widespread biological and pharmaceutical activities. In
particular, the tetrahydrobenzo[cd]indole core (3,4-annulated indoles) is present in many
interesting natural occurring compounds, among which ergot alkaloids.*® Accordingly,
various strategies have been developed for the construction of this privileged scaffold
and will be briefly described in this chapter. Nevertheless, none of the available methods
furnishes all carbon 3,4-ring fused indoles by means of organocatalytic strategies. We
surmised that the synthetic versatility of indoles bearing Michael acceptors at 4-position
could be exploited in order to tether the C3 and C4 positions of the indole nucleus, in a
domino/cascade process. In fact, in these compounds, the nucleophilic position at C3 of
indole is flanked by the electrophilic olefin at C4, enabling the construction of tricyclic
compounds via Friedel-Crafts alkylation followed by Michael addition. These indole
derivatives have been successfully engaged in the reaction between either enals or
nitroethene, using secondary amine based catalysis and chiral phosphoric acid catalysis,
respectively. The thus formed tricyclic compounds were obtained in excellent yields and
impressive  stereoselectivities. Besides the identification of the appropriate
organocatalytic system, careful attention was posed in the optimization of the reactions,
in order to face synthetic challenges such as the inherent low reactivity of these
substrates. Furthermore, the mechanism of the reaction between 4-substituted indole
derivatives and nitroethene was evaluated by DFT calculation, showing the formation of

a key bicoordinated nitronate intermediate and fully accounting for the observed results.
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These newly developed processes could represent a gateway to Ergot alkaloids, as

exemplified by the formal total synthesis of 6,7-secoagroclavine.

DOMINO/CASCADE STRATEGY

EWG
R
A EWG
\/\ /j/
-R3 /N ——
Secondary amine -Rs / -
catalyst HN
Ri~ 2O N . .
! N’ 10 examples 1, O =nucleophilic site () = electrophilic site
[ H' Yield: up to 81% oo
ee: up to 99% ' BIOLOGICAL RELEVANCE OF
— NO. i 3,4-ANNULATED INDOLES
2 ll
N Q\ HO_
> N .
Rz H Chiral NEt,
Phosphoric Acid o N/
S —_— H
. ™
N 1
13 | H Ho S
¢ e)famp es . 6,7-secoagroclavine ! N \
Y|§Id. up to 099 % ! LSD-25 Methysergide
ee: up to 99% |_(hallucinogenic drug) ~ (anthi-migraine drug) !

4.1. Background

The indole scaffold is arguably one of the most significant heterocycles™ due to its
ubiquitous presence in numerous natural products and bioactive molecules. Important
biologically active compounds — such as the essential amino acid tryptophan or the
neurotransmitter serotonin — are indole-based, furthermore this scaffold is a significant
component of many drugs. Hence, it is not surprising that the synthesis® and
functionalization™ of this structural motif has been the

-

object of thorough research, since the first landmark N

=

report, dated 1866, regarding the preparation of the indigo

dye.”! Among the naturally occurring indole compounds,

N

3,4-ring fused indoles (those in which the 3-position of A

the indole is bridged to the 4-position) have been

considered attractive synthetic challenges because of their Figure  23. General

_ . . .. structure of ergot alkaloids.
significant biological activity. A remarkable example of |, \o1d is degicted the 6-

membered ring  which
bridges the C3 and C4
From a structural point of view, ergot alkaloids are based position of indole.

this molecular scaffold is represented by ergot alkaloids.®

on a tetracyclic indole framework called ergoline, or on the related tricyclic scaffold,
open among N(6) and C(7), both encompassing the 3,4-annulated motif (Figure 23).
These natural compounds are produced by different species of ascomycete fungi

belonging to the genus Clavipces, which grow especially on rye. During the Middle
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Ages, the consumption of cereal contaminated by this fungus, led to epidemics of
ergotism, a severe neurological disease. The activity of ergot alkaloids toward the
nervous system is clearly exemplified by LSD-25 (lysergic acid dietylamide) —
discovered by Hofmann in 1938 — which is one of the most potent hallucinogenic drug
ever synthesized.” Since their discovery, a recreational use of these molecules raised as a
result of their psychedelic proprieties. Despite potentially serious health consequences,
justifying legal bans, these drugs marked some important cultural upheavals in society
behaviour between 1960s and 1970s.” Luckily, the image of ergot alkaloids as illegal
drugs or poisoning agents was gradually abandoned: nowadays, these alkaloids are
considered as a highly valuable source of pharmaceuticals. In fact, ergot alkaloids-
derivative are used as high potency drug, in the

OH Et
therapeutic treatment of various diseases. For L "
Et

“NH  NMes
Ja

07N
instance, methysergide is used for the prophylaxis of Délf’f«-. Me
migraine, whereas cabergoline (Dostinex”) found

application against Parkinson disease (Figure 24).

Although these and related commercial drugs are Mmhymgidc”e Cabergoline
. . (anti-migraine) (anti-Parkinson)
usually prepared by  semi-synthesis  from

Figure 24.
fermentation derivatives, the importance of 3,4-

annulated indoles as key framework in many medicinally useful drugs has spurred the
research to the development of efficient methods to create such a structural motif starting
from readily available substrates. For this reason, several members of this class of natural

compounds have been the object of numerous total synthesis;”*

simultaneously, the
construction of the challenging 1,2,3,4,5-tetrahydrobenzo[cd]indole scaffold has recently
received substantial attention,95 even in unadorned and racemic forms. In this context,
those synthetic methods in which both indole and its annulated superstructure are
generated in a single operation, ideally enabling a rapid access to these skeletons, should
be highlighted. In fact, most of available synthetic methods are based on the introduction
of functional group to the C3 or C4 positions of existing indoles, with subsequent
cyclization. The main limitation of this clever strategy consists in the preparation of 4-
substituted indoles — precursors of 3,4-ring fused indoles — which is found to be
sometimes problematic.

In 2012, Cho’s research group exploited the famed Fischer indole synthesis to access to

tricyclic benzo[cd]indoles.””® An intramolecular Fischer indolization of aryl hydrazides,

in which a protected carbonyl group is tethered to the para position of aromatic ring,
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furnished the corresponding indolophanes. The incorporation of a C—C double bond
within the tether led to an aromatic [3,3] rearrangement, thus enabling the achievement

of an all-carbon 3,4-annulated tricyclic indole scaffold, in a one-pot fashion (Scheme 25).

O/> N
K\/\/\{\ 7
(@) cat. HCI
(@) HO. 4 3
0\©\ R n-PrOH \_gr \_r
N NH>  Fischer indole N [3,3] Sigmatropic N
) synthesis CO-,Et rearrangement CO,Et
CO,Et y 2 g 2

3,4-annulated indoles

Scheme 25. Synthesis of 3,4-annulated indoles in a one-pot fashion by means of Fischer indolization
and [3,3] aromatic rearrangement.

One year later, Jia and co-workers reported a general strategy for the construction of 3,4-
fused tricyclic indoles through a palladium mediated Larock indolization.”® This strategy
relies on the employment of 2-haloanilines bearing a side chain provided with an alkyne
moiety; the reaction proceeded in the presence of palladium acetate as catalyst and
triphenylphosphine as ligand. This transformation was found to be very general,
affording tricyclic indoles in high yields; remarkably, the efficiency of the method was
further demonstrated by the synthesis of 9-, 10-, 11-, and 18-, membered tricyclic
products. Finally to probe its synthetic utility, this approach was applied to the total
synthesis of natural product fargesine, which was isolated in 15% overall yield after

eight-steps synthesis.

@)
+/
/\ Y Ri N
Y [ Pd(OAc),, PPh, ing .
. eight-steps
| N R K,COg, LI°C| 4 3 9 P HO
DMF 100°C N_g T — A\
NH, Larock indolization H _ N
Y=C,N,O 3,4-annulated indoles p SWF":‘):IQ;ZWeiel 0
R = TMS, TES, PMP Ring size: 6- to 18- ° y

membered rings

Scheme 26. Larock indolization as key reaction in the synthesis of 3,4-annulated indoles.

More recently, Murakami and co-workers disclosed an intramolecular dearomatizing
[3+2] annulation reaction of 4-(3-arylpropyl)-1,2,3-triazoles, leading to 3,4-fused indole

95d
skeletons.

N-sulfonyl-1,2,3-triazoles were readily prepared from 5-aryl-1-pentyne and
sulfonyl azides by means of copper catalysed azide-alkyne cycloaddition®® (Huisgen
cycloaddition). The thus formed triazoles acted as 1,3-dipole equivalents in a rhodium

catalysed dearomatizing [3+2] annulation, which was supposed to proceed as follow: a
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reversible ring—chain tautomerization generated an a-diazo imine, which immediately
reacted with the rhodium catalyst to afford a-imino rhodium complex (A); this
electrophilic specie induced an intramolecular attack of the phenyl ring, giving the
zwiterionic intermediate (B); anionic releasing of rhodium lead to cyclization at the
imino nitrogen, affording the target tricyclic products (Scheme 27). Oxidative re-
aromatization, mediated by manganese oxide, brought to the 3,4-annulated indole

scaffold; this latter transformation could be conducted all-in-one-pot fashion.

one-pot

R1N3 Rhy(OCOtBu)4 (1 mol%)
Cu(TC) N\ DCE, 80°C, Mol. Sieves MnO,

| —— B B \

Huisgen N Intramolecular Oxidative N

R cycloaddition }Q dearomatizing aromatization \
R ' [3+2] annulation 1 R,

3,4-annulated

indoles

7 ©
Ny | [Rh] /‘ [Rh] ‘ [Rh]
NS

—

-
Sno [N N ~/\N
\

N \
Ri @ N B)

Scheme 27. Construction of 3.4-annulated indole skeletons from 5-aryl-1-alkynes, by means of
Huisgen cycloaddition, intramolecular dearomatizing [3+2] annulation and oxidative aromatization.

Because of their biological importance and intriguing
molecular architecture, indole-containing alkaloids -
particularly ergot alkaloids — have been the object of a vast
number of total syntheses.”® The archetype lysergic acid

(Figure 25) has been the most pursued. Many recent synthetic

strategies relies on pre-existing indole nucleus bearing a  Figure 25. Lysergic acid

strategic functional group at its C4 position which serves as handle for subsequent
cyclization, generating C ring (Figure 25). In 2011, this concept was clearly exemplified
by Fujii and Ohno who reported an enantioselective synthesis of (+) lysergic acid, as well
as (+)-lysergol and (Jr)-isolysergol.94f The keystone of this synthetic strategy was a
palladium-catalyzed domino cyclization of an allene bearing amino and bromoindolyl
groups, enabling direct construction of both C and D rings system of ergot alkaloids

skeleton (Scheme 28). The axial chirality of allenes was stereospecifically transferred to
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the newly formed stereocenters, resulting in the obtainment of the target ergot alkaloids

in highly enantioenriched form (Scheme 28).

H

HNHTS
Br .u--( HO
H Pd(PPh3)4
N\ K,CO3; DMF
H
(+)-Lysergic acid (+)-Lysergol (+)-Isolysergol
ee: 96% ee: 98% ee: 99%

Scheme 28. Direct construction of ergot alkaloids structure motif. In blue is depicted the pre-installed
functional group on C4 position of indole core. In red are depicted the new bonds formed upon Pd (0)
mediated domino cyclization.

A subset of ergot alkaloids are characterized by a

. . . Me COOH
nitrogen-containing-seven-membered ring, namely the \ﬁ N—s
azepinoindole tricyclic subunit, which is exemplified by
clavicipitic acid (Figure 26). Being member of the large N

H

family of 3,4-ring-fused indoles, these compounds have Figure 26. cis-Clavicipitic

also emerged as target of several synthetic methods. acid

Recently, Piersanti and coworkers reported a strategically approach to cis-claviptic acid
by means of a rhodium(I)-catalyzed addition of 4-indolyl pinacolboronic ester to
unactivated imino group as key C-C forming step.”** The tricyclic framework arose from
a late-stage intramolecular Rh-catalyzed hydroarylation on the imine, obtained by
condensation of 3-methylcrotonaldehyde (prenal) and 4-boronated tryptophan methyl
ester (Scheme 29). This latter compound was synthesized through a Friedel-Crafts
alkylation of 4-boronate indole and 2-amidoacrylate (Scheme 29). Thanks to the
pinacolboronic ester as latent nucleophilic handle, the least nucleophilic C4 position of
the indole core was activated towards the intramolecular prenylation, resulting in the first
example of addition of pinacolboronic ester species to unactivated imine using rhodium
(I) catalysis. The strategic synthetic sequence consisting in Friedel-Crafts alkylation and
a Rh-catalyzed imine hydroarylation allowed the fully diastereoselective concise four-

step total synthesis of cis-clavicipitic acid.
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Scheme 29. Synthetic sequence towards cis-clavicipitic acid. In blue is depicted the prenyl moiety
which is to be tethered to C4 position of indole, as a result of intramolecular Rh(I)-catalyzed
hydroarylation (the new bond is depicted in red).

These are just few selected examples of straightforward synthetic methods, which have
been adopted for the construction of 3,4-annulated indole compounds. However,
different indole-containing natural products, with structures distinct from the 3,4-
annulated one, are also widespread in nature and have been the subject of a plethora of
synthetic studies, with organocatalytic platforms having played a key role. In this
context, the development of new and efficient tandem/domino organocatalytic reactions,
2497 which has occurred at a remarkably fast pace in the last ten years, has provided a real
breakthrough. It is in fact possible to recognize that even if the sophistication and
structural diversity of natural products have fascinated organic chemists for a long time,
chemists usually adopt the so called “stop and go” approach, whereby individual
transformations are conducted as stepwise processes interrupted by the isolation and
purification of intermediates at each stage. By contrast, in nature the rapid conversion of
simple starting materials to complex molecular scaffolds is accomplished through the use
of specific enzymes, which mediate a continuous series of catalytic cascades. Following
the footstep of nature, in the last years a great amount of new ‘“cascade”, “tandem” or
“domino” reactions have been developed, especially by using small organic molecules as
catalyst.** A big advantage of this strategy over classical synthesis is that at least two
reactions are carried out in a single operation, under the same reaction conditions, thus
avoiding time-consuming manipulations as well as the isolation of reaction
intermediates. In this way molecular complexity can be achieved quickly, often

accompanied by high level of stereoselectivity. Organocatalysts are particularly favorable

when used in catalytic cascade reactions because they allow clear and specific modes of
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activation, which can be often easily combined. Furthermore, organocatalysts are known
to be tolerant to several functional groups and can be certainly employed under mild
reaction conditions. The quest for “ideal syntheses” — in which complex molecular
architectures could be achieved from readily available starting materials, with proper
control of stereoselectivity — prompted the asymmetric organocatalysis to embrace the

cascade/tandem/domino strategies with ardent enthusiasm.***®

As far as the synthesis of natural alkaloids is concerned, the recognized benefits of
asymmetric cascade/tandem/domino organocatalysis have been truly proved in many
instances, particularly in the synthesis of indole-containing natural products and
analogues.””'**” For instance, MacMillan’s research group posed a milestone in the
field of synthetic chemistry, by reporting an impressive collective synthesis of natural
products by means of organocascade catalysis.'® This concept found inspiration from
Nature, wherein specific enzymes in continuous catalytic cascades rapidly produce
intermediates and valuable products. Similarly, it was hypothesized that sequences of
organocatalytic reactions could allow the rapid access to synthetically useful common
intermediates. The implementation of the advantages of organocatalytic techniques in the
framework of the total synthesis of natural products, enabled the preparation of a range
of different alkaloids. The success of MacMillan’s approach was the recognition of a
recurring tetracyclic intermediate with functionalities amenable to the preparation of six
structurally diverse natural compounds, namely: strychnine, aspidospermidine,
vincadifformine, akuammicine, kopsanone and kopsine. The key tetracyclic intermediate
arose from an enantioselective organocatalyzed Diels—Alder cycloaddition between a
tryptamine derivative and propynal, in the presence of an imidazolidinone catalyst, which
is followed by selenide elimination, aza-Michael addition of the amine appendage to the
double bond conjugated with the aldehyde, and double bond shifts; the enantioenriched
product of the organocatalytic reaction was then converted to the target alkaloids after a
handful of synthetic steps (Scheme 30). Notably, this organocatalytic-based approach
permitted the construction of complex molecular frameworks with unprecedented levels
of efficiency in terms of overall yield, step-economy and stereoselectivity, compared

with the pre-existing total syntheses.'®”
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Nt NB
N 0C
NHBoc 0 B “‘“4«‘"’//1—Nap il Common
\ s 3 steps . =7 N O Q tetracyclic
\ o —— \ Y intermediate
N N SeMe Iminium ion mediated N ee: 97%
organocatalytic PMB
PMB Diels-Alder

cycloaddition

Collective total
O s syntesis of indole-

N containing alkaloids
H CO,Me

Strychnine Aspidospermidine Kopsine
12 steps, 7% overall yield 9 steps, 24% overall yield 9 steps, 14% overall yield

O,
\ ‘N
N N
H CO,Me H CO,Me u
Akuammicine Vincadiffomine Kopsanone

10 steps, 10% overall yield 11steps, 9% overall yield 11 steps, 10% overall yield

Scheme 30. Collective syntheses of six well-known indole alkaloids by means of an organocatalytic
key reaction, leading to the tetracyclic intermediate depicted in red.

The protocol adopted by MacMillan was part of a more general strategy which exploited
organocatalytic cascade reaction as a new tool in organic synthesis, inspired by the

strategies used by nature to achieve complex molecules.”**’

However, even though several 1,2- and 2,3-annulated indoles have been developed by
means of organocatalytic sequential reactions, related transformations giving all carbon

3,4-ring fused indoles were unreported at the outset of our studies.'"’

4.2. Aim of the work

Being fascinated by the

oy eqe Friedel-Crafts alkylation Michael addition
possibility to develop a Y

EWG EWG EWG EWG
nature-inspired  synthetic 4 EWG
method and given the r%/ — Ewg —>
. . HN- 3
established importance of  .--- Tiionhila sie! 3,4-ring fused indoles
Vo !
3,4-annulated indoles, we .= electiophilicsite;

Scheme 31. Devised organocascade strategy for the construction
have devoted our efforts to o3 4_annulated indoles. (EWG = electron-withdrawing group)

the disclosure of new
synthetic routes leading to these valuable frameworks, possibly opening a gateway for

the synthesis of ergot alkaloids.
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The starting point of the work has been the identification of suitable starting materials
that could be productively engaged in organocatalytic cascade reactions. To this purpose,
we have posed the attention on indole bearing at its 4-position a suitable Michael
acceptor. This bifunctional indole has been chosen since it was recognized the synthetic
versatility given by the nearby presence of two complementary reactive sites. Here, the
nucleophilic C3 position is flanked by the electrophilic olefin at C4, potentially enabling
the construction of the target all carbon 3,4-annulated framework through a Friedel-

Crafts alkylation'® triggering a Michael addition,'” which terminates the cascade

Friedel-Crafts alkylation Michael addition

EWG EWG EWG
: EWG
HN- 3
. 5 -:-n-u-cl-e-uial-'liiiézv.i-léi 3,4-ring fused indoles
sequence ( - slectrophiic sie Scheme 31). On the

other hand, electron-poor olefins have appeared as good complementary reaction
partners: their intrinsic electrophilic character allows attack by the nucleophilic indole,
and the thus formed anionic intermediate would guide the ring-closure upon the addition
to the Michael acceptor placed at C4 position of indole (Scheme 32a). Despite the
simplicity of this reaction sequence, a series of not trivial issues make our approach
particularly challenging. An open question was posed by the expected poor
nucleophilicity of the C3 in indole 1, caused mainly by conjugation of this carbon with
the electron-withdrawing C4-acceptor, and perhaps exacerbated by steric effects. The
presence of strong EWG substituent depresses considerably the reactivity of indole
compared with the non-substituted one, which might result in no reactivity (Scheme
32b). On the other hand, the recourse to less electron-poor acceptor did not seem to be a
viable option, since the intramolecular Michael reaction could then be suppressed, hence

stopping the reaction sequence (Scheme 32c¢).
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Friedel-Crafts alkylation Michael addition
a) EWG EWGEWG . Q = electrophilic site

EWG
EWG ﬁ Desired reaction pathway:
/\J ~ewe — 4 \3 Friedel-Crafts triggering
> Michael addition ring-closure
HN— . HN—7 NH

b) EWG
Undesired reaction pathway:
g EWG too strong EWG
) 11 » No reactivity Friedel-Crafts suppressed: no reactivity
HN

| Undesired reaction pathway:
too weak EWG

EWG Michael addition suppressed:
only ring-open product obtained

HN

Scheme 32. Reactivity challenges with substrate 1.

Beside this, as a further complication the direct preparation of 4-substituted indole

104 Therefore,

derivatives, precursor of 3,4-ring fused indoles, is normally rather difficult.
the choice of the electron withdrawing group at C4 was limited to those installable
through a very few synthetic steps from 4-formylindoles, which were chosen as suitable
starting materials.

Having found in indole derivatives 1 and electron-poor olefines good candidates for the
envisaged organocascade reaction, the attention was then posed towards the
identification of an organocatalytic system which possesses an appropriate mode of
activation, permitting the successful realization of the cascade reactions.

2343978 \wherein a

In particular, the merger of iminium ion and enamine catalysis,
nucleophilic enamine is formed

upon the conjugated addition to

an enal activated by secondary

Iminium ion / enamine
Cascade functionalization

amine catalyst, has resulted to

. . . e
be particularly effective in " <N
EWG f‘N" A EWG /- EW
cascade processes, and was first N H K 2w L P
T H
selected to demonstrate the L Y —— U" L _ rl----“c-m--- \,
. - H ~ H S —NH
correctness of our plan' Thus’ n Iminium ion mediated Enamine mediated

Friedel-Crafis alkylation Michael addition 1

Scheme 33. o,p-Unsaturated aldehydes enabling the
the C3 of indoles 1 could act as organocascade reaction. EWG = electron-withdrawing group;

our planned reaction sequence,

nucleophile in an iminium ion E = electrophile; Nu = nucleophile.
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> ftriggering an enamine-mediated intramolecular Michael

promoted Friedel-Crafts'
addition™*'% (Scheme 33).
Simultaneously, we have realized that reaction of substrates 1 with nitoethene'”” would
provide benzo[cd]indoles (3,4-annulated indoles) having the nitro group at a strategic
position to serve as useful precursor of ergot alkaloids. We have been confident that the
recent advances in the activation of nitro compounds by means of chiral Brensted acid
catalysis, and in particular by BINOL derived phosphoric acids already described in the
Chapter 3 of the Thesis'®™'"” could not only offer a profitable solution for this
transformation, but also an unprecedented diastereo- and enantio-controlled to the target
tricyclic annulated compounds (Scheme 34). Nevertheless, it must be stressed that new
challenges rose in association with the employment of nitroethene in combination with
an acidic catalyst. Firstly, this electron-poor olefin is highly reactive and could undergo
side reactions in the presence of an acidic catalyst. Secondly, the avoidance of a simple
proton transfer leading to un-cyclized product was considered as a considerable
challenge. In fact, Bronsted acids are very effective in promoting reactions proceeding
through proton transfer from a nucleophile to an electrophile, wherein the Bronsted acid
already transfer its proton to the electrophile at the early stages of the reaction, or during
the transition state.”® In our case, however, it is necessary that the intermediate nitronate
does not get protonated, to react subsequently with the Michael acceptor at the 4-
position. This latter process would in principle be favored by strong EWG Michael
acceptor, but this strategy is unfeasible, as it would suppress the Friedel-Craft step. The
last issue deals with the stereochemical outcome of the reaction: it was hypothesized that
the catalyst should keep the coordination with the nitro-group both in Friedel-Crafts and
Michael addition, in order to control the stereochemical outcome of the reaction,
presumably defined in the second Michael addition step (Scheme 34).

To guarantee the stereochemical
outcome, catalyst must be
coordinated with the nitronate

Strong EWG suppresses Friedel-Crafts
Weak EWG favours ring-open product

Proton transfer quench the nitronate,
leading to ring-open product

f

I

B - qt
EWG EWG \/ol.--H\OU EWG NO, EWG NO,
X NO, X U _PCOR » X
H- OR
N~ —= .

) L h

N ﬂ Ne NH NH
1 H H

Possibly unstable —
under acidic condition

or other bicoordinated
intermediates

Scheme 34. Nitroethene enabling organocascade reaction and associated challenges.
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In summary, a novel organocatalytic approach to 3,4-annulated indoles — key motif in
natural relevant compounds such as ergot alkaloids — has been devised. The proposed
strategy relies on a set of indole derivatives 1 which possess both nucleophilic and
electrophilic active sites, which enable the cascade reactions leading to the target
products. Nitroethene and a,f-unsaturated aldehydes were selected as reaction partners
given their potential effectiveness in cascade processes. The specific mode of activation
for these substrates brought us to recognize in secondary amine catalysis and H-bond-
donor/Brensted acid catalysis the most suitable organocatalytic systems to achieve our
goals. As anticipated, some relevant challenges are associated to this project; however we
were confident that upon a careful rationalization of every single aspect of our strategy,
the inherent problematic issues could have been overcome. All the obtained results and

the strategies adopted to achieve them are discussed in the following paragraphs.

4.3. Organocatalytic reactions between indole derivatives 1 and
enals: results and discussion

We started our work by preparing indole substrate 1, bearing a suitable Michael acceptor
at the 4-position. Being conscious that the electronic proprieties of the Michael acceptor
could influence the reactivity of 1, we considered o,B-unsaturated ketones as potentially
suitable substrates for the first attempts. These starting materials were easily prepared by
Wittig olefination of the commercially available indole-4-carboxaldehyde (see § 4.5).
Thus, considering its expected low reactivity we combined indole la with the
exceedingly reactive acrolein''® 2a as the enal reaction partner. Taking the published

asymmetric Friedel-Crafts alkylation catalyzed by diaryl prolinol silyl ethers*****’ 4a

and 4b as starting point,'*

we tried to apply similar reaction conditions which however,
led to disappointing results (Table 4, entries 1-9). Apparently the 4-substituted indole 1a
showed an even lower reactivity than expected. Fortunately, after switching to slightly
more forcing reaction conditions, by using as cocatalyst the rather strong trifluoroacetic
acid (TFA), it was found that the reaction catalyzed by 4a proceeded with promising
conversion. Even though the desired 3,4-fused indole 3a was formed as a single trans
diastereoisomer and very good enantioselectivity, a considerable amount of ring-open
product 3’a was observed in the crude mixture (Table 4, entry 10). Speculating that water

could interfere in the Michael addition step, hydrolyzing the enamine and thus stopping

the reaction to 3’a, few water-trapping agents were tested. While molecular sieves led to
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a complex crude mixture, the employment of magnesium sulfate (MgSQO,) resulted in
enhanced conversion and exclusive formation of tricyclic compound 3a (Table 4, entries
11-12). Solvent screening permitted to identify ethers as best solvents in terms of
conversion and enantioselectivity. In contrast, when the reaction was performed in
chloroform compounds 3a was observed only in trace while ethanol gave a messy crude
mixture (Table 4, entries 13-16). Upon selecting 1,4-dioxane as solvent and lowering the
catalyst loading to 10 mol%, prolinol derived catalysts were evaluated. Diarylprolinol
4a-c were all able to promote effectively the reaction (Table 4, entries 17-19); however,
compared to its analogous, 4b induced better enantioselectivity and was chosen for
further investigations. Having found the optimized reaction conditions (Table 4, entry
18), we attempted to examine indole derivatives bearing different Michael acceptors on
their C4 position. Nitroalkenes as strong EWG group did not give the Friedel-Crafts
product, thus resulting not reactive; on the other hand, less electron-poor EWG as a,p-
unsaturated esters provided exclusively the open product (Scheme 35). Thus, as initially
assumed the C4-substituent must possess specific electronic properties for the reaction to
occur. Conversely, o,B-unsaturated ketones as Michael acceptor group proved to be as a
good compromise, hence permitting the successful outcome of both Friedel-Crafts and

Michael addition.

4b (10 mol%,)
TFA (10 mol% e .
\ MgSO, ; Strong EWG !
NO REACTION Frledel -Crafts suppressed
1,4-Dioxane i No reactivity ;

MeO.__O

—0

4b (10mol%,) | [T ...
z TFA (10 mol% X i Weak EWG :
\ MQSO4 i Michael addition suppressed !
A\ ‘Only ring-open product obtainedi
1 4-Dioxane L _J/ oo

N

H

Scheme 35. Influence of C4-Michael acceptor on the reaction outcome.
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Table 4. Optimization of the organocatalytic reaction between 1a and 2a *

) _//O (0] _0
Cat. 4, B
Z (@) cocatalyst, solvent,O A
N additive, RT, 18h
AN N\ \
N
1a H 2a 3a 3'a
oo Catalysts

EO\/\A r O\fh O\fh E
N A N Yen N Yoph!

: H a OTMS H 4b OTMS H 4c OMe E

_________________________________________

Entry Solvent (Mcozllt‘;/o ) Coca. Additive 3a:3%a’ C?;:;'b (eoe/o ;
1 CH;CN 4a (20) none none - - -
2 CH;CN 4b (20) none none - - -
3 CHCl; 4a (20) none none - - -
4 CHCl; 4b (20) none none - - -
5 MTBE 4b (20) Et;N none - - -
6 toluene 4b (20) tS}fil(l)gcri::ﬁ? none - - -
7 THF 4a (20) CH;CO,H none - trace nd
8 THF 4a (20) PhCOH none - - -
9 THF 4a (20) 2-NO,PhCO,H none - trace nd
10 THF 4a (20) TFA none 57:43 50 98
11 THF 4a (20) TFA MS 4A nd nd? nd
12 THF 4a (20) TFA MgSO, >95:5 85 99
13 CHCl; 4a (20) TFA MgSO, - <10 -
14 EtOH 4a (20) TFA MgSO, nd nd “ nd
15 MTBE 4a (20) TFA MgSO, >95:5 76 99
16 dioxane 4a (20) TFA MgSO, >95:5 100 96
17 dioxane 4a (10) TFA MgSO, >95:5 91 94
18 dioxane 4b (10) TFA MgSO, >95:5 100 99
19 dioxane 4c (10) TFA MgSO, >95:5 100 89

(a) Reaction conditions: indole derivative 1a (0.06 mmol), catalysts 4 (10-20 mols %), cocatalyst (10-
20 mol%, equimolar to the catalyst employed, acrolein 2a (0.15 mmol), solvent (0.20 mL), RT,
reaction time: 18 h. In all cases, a single diastereoisomer was observed by 'H NMR in the crude
mixture. When necessary, 20 mg of powdered molecular sieves (MS) 4 A or 40 mg of MgSO, were
used. (b) Conversion was determined by 'H NMR and was referred to 3a. Similarly, the ratio between
3a and 3’a was evaluated by 'H NMR. (¢) Determined by chiral stationary phase HPLC. (d) Very
complex crude mixture
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With the optimized condition in hand, the scope of the reaction was then inspected.
Besides the simple methyl derivatives 1a, electronically different aryl group in R; could
be successfully engaged in the reaction. Variations of the ketone moiety in indoles 1a-e
afforded the tricyclic compounds 3a-e in satisfactory yields and excellent
enantioselectivities (Table 5, entries 1-5). Modifications in the indole nucleus at N1 and
C2 positions in 1f and 1g were also tolerated furnishing 3f and 3g in nearly perfect
enantioselectivities, although a slight decrease in yield was observed when the N-Me

indole 1g was employed, even at higher catalyst loading (Table 5, entries 6-7).

Table 5. Scope of the reaction between indoles 1 and acrolein 2a “

RO _0
Cat. 4, TFA, E
= 0 1,4-dioxane, O
2 MgSO., RT, 18-48 h
+ > R1
NS—r, \ N—R,
N N\
1a-g \R2 2a 3a-g R,
Cat. 3-Yield * ee”
Entry 1 R, R, R3 (mol%) (%) (%)
| 1a Me H H 4b (10) 3a-76 98
2 1b Ph H H 4b (10) 3b-75 98
3 1c 4-BrCgH,4 H H 4b (10) 3c-78 91
4 1d 4-MeOC4H, H H 4a (10) 3d-70 >99
5 le 4-NO,C4H, H H 4b (10) 3e-71 96 ¢
6 1f Me H Me 4b (10) 3f-81 >99
7 1g Me Me H 4b (20) 3g-67 99

(a) Reaction conditions: 1a-g (0.10 mmol). 4a or 4b (10-20 mol%), TFA (10-20 mol%) equimolar to
the catalyst employed, acrolein 2a, 1,4-dioxane (0.300 mL), MgSO, (50 mg), RT, reaction time: 18 h
(48 h for entry 7). A single diastereoisomer was observed by '"H NMR in the crude mixture. (b)
Isolated yield. (¢) Determined by chiral stationary phase HPLC. (d) Determined by 'H NMR
spectroscopy using Pirkle’s alcohol as chiral shift reagent.

When it was tried to employ B-substituted aldehydes in the reaction with 1a, under the
same reaction conditions, it was observed the inability of all diarylprolinol catalysts 4a-c
in promoting the reaction (Table 6, entries 1-5). Neither the extension of the reaction
time to 65 h, nor the increasing of the temperature to 70 °C, produced any valuable effect
(Table 6, entries 4-5). These disappointing results, once again, highlighted the recognized
poor nucleophilicity of indoles 1, which combined with the decreased reactivity of

sterically demanding [-substituted aldehydes compared to acrolein, prevented the

78



Caruana Lorenzo — Doctoral Thesis

reaction from occurring. In the search of a more reactive system, we resorted to the

electrophilicity scale developed by Mayr,''? in which it is established that the iminium

Electrophilicity £

r .
55 ::> More reactive
55+ —— iminium ion
6.0
6.5 .
=7.0 / Ph
-7.4 Phod_osime,
75+ s Less reactive
A e iminium ion
8.0 8z Ph
Yy ~ O N
86
9.0 0z o Me=m P
8.5 95 o L:(J'IIP‘.I
' o8 N
-100 + \ '~ o
-10.3 * '“n\f.. e
-10.5 \, ~ A=
\ . Ph

Ph
Figure 27. Mayr electrophilicity scale. It is possible to
note, highlighted in the scale, that MacMillan’s
catalyst-activated enals (green) are more electrophilic
than the one activated by Jergensen-Hayashi catalyst
(red).

ion derived from the MacMillan
second generation catalyst 4d is
about three order of magnitude
more electrophilic than the one
generated from prolinol 4b
(Figure 27). Therefore, we tested
catalyst 4d with crotonaldehyde
2b using various polar and
aprotic solvents (Table 6, entries
6-8), TFA as cocatalyst, at RT.
The conversion increased
dramatically, but besides the
tricyclic target product 3k, the
related N-alkylated compound
3’k was formed in not negligible

amounts and moreover, the

enantiomeric excesses were unsatisfactory. No improvement was observed by replacing

the cocatalyst: PTSA gave the N-alkylated 3’k as the predominantly product, while 2-

nitro benzoic acid did not promote the reaction at all (Table 6, entries 9-10). By using

DCM/i-PrOH mixture as solvent, as originally reported for the reactions between indole

and enals catalysed by 4d,* the enantioselectivity was improved to encouraging values,

although the ratio between 3k and 3’k remained poor (Table 6, entry 12). Thus, being

unable to discriminate between 3k and 3’k, even by decreasing the amount of 2b (Table

6, entry 13), we switched to the N-Me indole derivative 1g as substrate. At RT, the

reaction proceeded to complete conversion furnishing 3h as the only product with

moderate enantioselectivity (Table 6, entry 14) which was improved to a satisfactory

level by decreasing the temperature to -30 °C (Table 6, entry 15).
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Table 6. Optimization of the reaction between 1 and crotonaldehyde 2b. *

o)
7 o)
N
v 4
N Me
taR=H R

Catalyst, cocatalyst,
MgSOQOy, solvent
-30°C - RT, 18 - 65h

19: R=Me )
N Ar N Ph N Ph N
:'a OTMS A otMs B OMe L I;|d
Ar: 3,5-(CF3)2-C6H3
Entry 1 Solvent T(ﬁg‘)p T(i:)le (nﬁﬁ;}) Cocat. 3k: 3’k ° C?on/o\;.” (eoeA) c)
1 la dioxane RT 18 4b TFA - <5 -
2 1la dioxane RT 18 4a TFA - <5 -
3 1la dioxane RT 18 4c TFA - <5 -
4 1la dioxane RT 65 4a TFA - 6 nd
5 1a doxane 70 65 4a TFA - 8 nd
6 la dioxane RT 18 4d TFA 80:20 >95 48
7 1la CH;CN RT 18 4d TFA 85:15 84 38
8 1la MTBE RT 18 4d TFA 90:10 94 54
9 1a dioxane RT 18 4d PTSA 5:95 >95 nd
10 1a dioxane RT 18 4d 2-NO,-PhCO,H - <5 nd
11 1a toluene RT 18 4d TFA 5:95 >95 nd
12 1a DCl\g’:‘zlerH RT 18  4d TFA 40:60 >95 176
13 1a DCl\g’:';rOH RT 18  4d TFA $3:57 76 80
14 1g DCl\E[éz:-zI;rOH RT 65 4d TFA - >95 78
15 1g DCl\ggf'zl;rOH 30 65  4d TFA i 94 86

(a) Reaction conditions: indole derivative 1a or 1g (0.10 mmol), catalyst 4 (20 mol%), cocatalyst (20

mol%), crotonaldehyde 2b (0.25 mmol), 50 mg MgSO,, solvent (0.20 mL). In the case of entries 7

and 8 the diastereomeric ratio was evaluated to be 83:17 and 75:25 respectively; in all the other cases,
IH NMR spectroscopy in the crude mixture. (b) 3k:3k’

a single diastereoisomer was observed b

ratio and conversion were determined by '"H NMR spectroscopy on the crude mixture. (¢) Determined

by chiral stationary phase HPLC and referred to 3k or 3h. (d) In this case 0.10 mmol of 2b were used.

This modified protocol could also be applied to aryl PB-substituted enals such as

cinnamaldehyde 2¢ and 4-nitro cinnamaldehyde 2d. The corresponding tricyclic indoles

3h-j, having three contiguous stereocenters, were obtained in good yields and
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enantioselectivities. Remarkably, the moderate enantioselectivity of 3i could be

considerably enhanced upon crystallization (Scheme 36).

0
4d, TFA
= 0 MgSQy,
N DCM/i-PrOH (8:2)
-30°C, 18 - 65h
RN
N R
19 Me 2b: R = Me
2c:R=Ph 3h: R = Me Yield: 71%; ee: 86%
2d: R = 4-NO,CgH4 3i: R =Ph Yield: 74% ee: 83% (98% after cryst.)

3j: R=4-NO,CgH, Yield: 77%; ee: 95%
Scheme 36. Reaction scope between indole 1g and -substituted aldehydes 2b-d.

The possibility of performing synthetic manipulations in the products 3 was briefly
explored. Compound 3a was oxidized under Pinnick conditions,” namely by using
NaClO; — NaH,PO, as oxidant (dihydrogen phosphate anion generates chlorous acid, the
effective oxidant species) and 2-methyl-2-butene as scavenger (it quenches hypochlorous
acid which is formed as by-product). Surprisingly, under these conditions that were
thought to be mild, both the aldehyde moiety and the indole nucleus were oxidized,
furnishing the intriguing lactone 5. Remarkably, this compound — which presented the
complex spirocyclic structure and three stereocenters, one of which was quaternary — was
obtained in satisfactory yield, as a single diastereoisomer and excellent enantioselectivity
(Scheme 37). A mechanistic proposal for the formation of § is detailed forward (see §

432).

A o 0
o H NaClO, NaH,PO,
2-methyl-2-butene O
t-BUOH / H,0 _
N\ » Yield: 56%,
N N dr: > 95:5
ee: 97%
3a H 5 H

Scheme 37. Oxidation of compound 3a under Pinnick conditions.

On the other hand, Robinson annulation reaction was envisaged to tether the aldehyde
moiety with the carbon a to the ketone group, resulting in a tetracyclic derivative. After
several unsuccessfully attempts, the reaction was performed under — old but gold —
reaction conditions, as originally reported by Wiechert in the first organocatalyzed
Robinson annulation.'" To our delight, L-proline was found to promote the reaction, in

combination with HC1O4, furnishing the tetracyclic compound 6 in satisfactory yield and
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excellent enantioselectivity, despite as a mixture of diastereoisomers, due to the partial

epimerization of the chiral center close to the aldehyde during the reaction (Scheme 38).

_//O 0]
O L-proline, HCIO4
CH3CN, 55°C
N\ » Yield: 64%,
dr: 59:41
N N ee: >99% (cis)
3a H 6

Scheme 38. Robinson annulation of 3a leading to tetracyclic compound 6.

4.3.1. Determination of the absolute and relative configuration of
compounds 3 and 6 and structural determination of 5

Compound 3a was selected as representative compound

for the determination of relative configuration by H‘fo
conformational analysis. Full assignment of the 'H and \I‘rgxt‘ g
C spectra was preliminarily achieved by bi-dimensional ? El/}“‘\;[l\\q
experiments (COSY, gHSQC and gHMBC, taken in g7 N

3a
CDCl; solutions). The relative stereochemistry of the two ~ Figure 28. Compound 3a

stereogenic centers at C4 and C5 was determined by

means of NMR spectroscopy. The two diastereotopic hydrogens belonging to C3 were
found at 3.00 and 3.38 ppm whereas the two diastereotopic hydrogens belonging to C9
were found at 2.77 and 2.85 ppm (by HMBC correlation with the C=0). The latter
showed an additional coupling with the signal at 4.14 ppm (H-5).The signal of the NH
(7.98 ppm) was assigned by the lack of correlation in the C- 'H HSQC spectrum.
DPFGSE-NOE experiments®™ were acquired in order to assign the relative
stereochemistry at C4 and C5. These centers were bearing respectively the CHO and the
CH,COCHj; substitution that could assume a cis or trams relative disposition. On
saturation of the aldehyde hydrogen at 9.54 ppm, (Figure 29, trace b), NOE enhancement
was observed for H-5 and for one of the diastereotopic protons at C3 at 3.38 ppm (H-3a).
No enhancement was observed for the other proton H-3b,and on the two hydrogens
belonging to C9. The observed NOEs suggested that the aldehyde and the CH,COCHj;
substituents lie on opposite sides of the hexa-atomic cycle. On saturation of both the
diastereotopic C9 hydrogens (Figure 29, trace a), large NOEs were observed at 4.14 ppm
(H-5), 2.92 ppm (H-4) and 3.00 ppm (H-3p).While the first two NOEs had to be visible

independently from the relative configuration of the two stereogenic centers, the latter
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confirmed that the CH,COCH3 moiety was on the opposite side of the cycle with respect
to the CHO group. On saturation of H-5 (Figure 29, trace c¢), NOEs were observed on the
aldehyde, on the two hydrogens at C9, but no enhancement was observed on the two
hydrogens at C3. This confirms that H-5 was in a pseudo-equatorial position. Finally, on
saturation of the COMe signal (not shown in figure), NOE were observed only on H-9,
and H-9y, suggesting that the COMe moiety adopted a conformation that places the
methyl far from the cycle. NMR analysis thus suggesting the trans relationship of the

two stereogenic centres (thus 4R*,55* relative configuration).

H-4
H-6
Hab | 2

2 >
H-5

H-4

CHO H-3a

b) ‘ w

H-9ab

LT e
v i

| JLM”L

L L L L L B B B

10 9 8 7 6 5 4 ppm

Figure 29. DPFGSE-NOE spectra of 3a (600 MHz in CDCl5). Bottom: "H-NMR control spectrum;
trace a) saturation of H-9; trace b) saturation of CHO; trace c) saturation of H-5.

We have observed only the trans-configured tricyclic products in all cases (3a-g), which
can be due either to a high diastereoselectivity in the Michael reaction, or to the greater
thermodynamic stability of the trans-adduct compared to the cis (i.e. product

epimerization leads to the more stable trans-isomer after the Michael addition reaction
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has taken place). Having in hand the relative configuration and suitable information
about the preferred conformation, the assignment of the absolute configuration was
tackled by chiroptical methods.®' Comparison of the calculated (TD-DFT) with the
experimental ECD spectrum was performed. The best simulation was obtained by the
®B97-XD functional, but all the simulated spectra showed a good agreement with the
experimental one. As shown in Figure 30, all the simulated spectra match well the Cotton
effects at 224 nm and 270 nm when the 4R, 5§ absolute configuration was assumed in the
calculations. Thus the absolute configuration 4R, 5S could be assigned to 3a with a
consistent margin of confidence. The absolute configuration of the remaining compounds
3b-g — derived from the organocatalytic reaction carried out with the same enantiomer of

the catalyst 4b — was assigned by analogy.

10 10
Ag s Experimental Ae w— Experimental
—B3LYP opt 5 = B3LYP opt
5 ——MO6-2X opt ——IMDB-2X opt
o
0 1 2 230 W 330 nm
149 ~ 330 nm
s |
5 H 4,0
- -10 4
CAM-B3LYP N BH&HLYP
-10 r
o A e
N\
NS
3a ﬁ I S
10 4 ~2" "NH 10,
— Experimental
—Experimental b — BaLYPopt
——BALYP opt —M0B:2X opt
5 e 11062 opt 5
o e 0
1 230 W\/}m 330 nm 1 230 1 330 nm
-5 -5
M06-2X ®B97-XD
10/ 10

Figure 30. Simulations of the experimental ECD spectrum of 3a (black traces). For each section,
the black line correspond to the experimental spectrum (acetonitrile solution, 1.5-10*M, 0.2 cm
path length Ae in Mol L' ¢cm™). The red lines correspond to the simulations obtained using the
populations derived from B3LYP/6-31G(d) optimization. The blue lines correspond to the
simulations obtained using the populations derived from M06-2X/6-31+G(d,p) optimization. The
simulated spectra were vertically scaled and red-shifted by 7-14 nm to get the best match with the
experimental spectrum. All the simulations are for the 4R, 55 absolute configuration.

Along of this, compound 3h (Figure 31) was selected as 4'

"5 4 Me

representative of compounds 3h-j, obtained when p- OY
3

substituted enals were employed in the organocatalytic Me6 \
2

reaction catalyzed by MacMillan’s catalyst 4d. The 7 N1

relative configuration of compound 3h, was determined 8 3, Me

Figure 31. Compound 3h
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by NMR spectroscopy, after the preliminary full assignment of 'H and *C spectra,
achieved by bi-dimensional experiments (COSY, gHSQC and gHMBC). In particular,
gCOSY spectrum showed a coupling between the aldehyde hydrogen at 9.66 ppm and
the hydrogen at 2.36 ppm, allowing us to assign this signal as H-4. Moreover, this
hydrogen at 2.36 ppm showed additional couplings with the signals at 4.10 and 3.52
ppm. Since the signal at 3.52 ppm was coupled with the signal of the methyl group
belonging to C3 (1.36 ppm, doublet) and the signal at 4.10 ppm coupled with the two
diasterotopic protons of C5’ (3.09 and 2.86 ppm, two dd), we assigned the signal at 3.52
ppm to H-3 and the signal at 4.10 ppm to H-5. The signal of the proton at C4 (2.36 ppm)
appeared as a triplet of doublets and exhibits two coupling constants of 9.1 Hz and one of
4.6 Hz. This implies that H-4 couples with two hydrogens with a large coupling constant

and with one hydrogen with a smaller coupling

constant. Moreover the aldehyde proton appeared as a H-5
. . : H-3 coMm
doublet with one coupling constant of 4.6 Hz, that is -/ ©
the coupling constant with H-4. This was consistent Me—N—~ CHO
Me
. . . .. H-4
with a coupling of H-4 with two large frans-diaxial Figure 1. All-trans
coupling with H-3 and H-5, with a dihedral angle configuration of compound 3h,
with the pseudo-axial

ClOSC tO 180 O. ThlS lndlcated that H‘3, H‘4 and H‘S relationships Justlfy1ng the

observed large coupling
constants between H-4, H-3

membered ring, while the 2-oxopropyl, the aldehyde and H-5.

were in axial position of the pseudo-chair six-

and the methyl moieties occupied the equatorial positions (Figure 32). This assignment
was confirmed by the signal of H-5, which appears as double triplet and presented two
couplings of 5.7 Hz with the diastereotopic hydrogens at C6’ and the same coupling of
9.1 Hz with H-4. Mono-dimensional DPFGSE-NOE experiments®’ were acquired in
order to confirm the relative stereochemistry at C3, C4 and CS5. Significant NOE
enhancements were observed as follows (Figure 33). On saturation of H-3, a NOE
enhancement was observed for the aldehyde proton, and for H-5. On saturation of H-4,
NOE enhancement was observed for the hydrogens belonging to the methyl group at C3.
On saturation of H-5, NOE enhancement was observed for H-3 and for the aldehyde
proton. All these experimental evidences confirmed the axial relationships between H-3,
H-4 and H-5, already deduced from the analysis of the J-couplings of the 'H NMR
spectrum, thus confirming the frans relative configuration of the three contiguous

asymmetric centres.
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Figure 33. Significant NOE enhancements on saturation of the protons indicated in red.

In the case of compound 3h the first stereocenter was generated upon the Friedel-Crafts
step. Thus, the absolute configuration at C3 could be assigned as (S) by comparison with
the already published report regarding the alkylation of indole with B-substituted enals,
mediated by the same enantiomer of MacMillan second generation catalyst.*® Having
established the all #rans relationship of the protons belonging to the stereocenters of 3h,
the absolute configuration was consequently assigned as 35, 45, SR. Compounds 3i and
3j presented 3R, 4S, SR absolute configuration due to the different priority of the aryl
moiety at C3.

Robinson annulation of 3a furnished tetracyclic compound 6 as a mixture of cis and trans

O NH

cis-B trans-6

diastereoisomers (

Figure 34). Being compound 6 structurally constrained, the determination of its absolute
configuration by means of simulations of ECD spectra and comparison with the
experimental one was a

straightforward technique. It 5

must be stressed that having

already established the absolute

trans-6

configuration of 3a, a new
] Figure 34. Compounds 3a and 6

assignment of the absolute

configuration could appear an overkill, but it was not. Compound 3a has a considerable

conformational mobility, thus leaving space for some uncertainty in the precise

determination of its conformations used in combination with chirooptical methods, while

6a is rigid. The assignment of its absolute configuration is thus even more reliable. The

stereogenic center at C5 of 3a should be left unchanged, but the reaction conditions were
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rather harsh (55 °C, in the presence of strong acid HCIO4 and L-proline, see § 4.4.2). For
these reasons the independent assignment of the absolute configuration of cis-6 would
provide a validation about the retention of configuration at C5. Experimental ECD
spectrum of cis-6 agreed with all the (TD-DFT) simulations for 6aR, 10aS absolute
configuration. Taking into account the different numbering of cis-6, the 10aS
configuration matched the 55 configuration of the starting compound 3a, thus confirming

the retention of the  stereoinformation at stereocenter C5 of 3a

Figure 34).

The structure of compound 5 (Figure 35) was established
by NMR experiments and mass spectrometric analysis. The
ESI-mass (ESIMS) revealed a molecular mass which was
not compatible with the structure of the carboxylic acid

having the indole core unaltered, but on the contrary it was

perfectly consistent with compound 5 (experimental  Figure 35. Compound S

ESIMS: 271 [M+Na]"). '"H NMR spectrum showed only three correlated aromatic
signals, no signal ascribable to the proton at C2 of indole was recognized. *C NMR
revealed three signals which were compatible with C=0O carbon: one carbonyl belonging
to the ketone in the side chain (6 = 204.6 ppm), and two carboxyl (C4 and C2), one
belonging to the lactone and one to the oxindole (6 = 175.0 and 169.9 ppm). The
comparison between *C NMR, DEPT 1.0 and DEPT 1.5 experiments revealed the
overall presence of seven quaternary carbons, five CH carbons (three of which aromatic),
two CH; carbons and one CH; carbon. The chemical shifts of the carboxyl C2 (175.0
ppm), the quaternary C3 (78.0 ppm) and the lactone carboxyl C4 (169.9 ppm) were in
agreement to those reported by Menéndez et al in the synthesis of oxindole and
spyroxindole structures.'”® In order to support the hypothesized structure of lactone 5, a
series of bidimensional NMR spectra (gCOSY, gHSQC and gHMBC) were recorded.
Notably, in the gHMBC spectra, the bridged methylene (C10) was correlated with the
quaternary C3 (78.0 ppm), with C5 (43.9 ppm), with the lactone carboxyl C4 (175.0
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ppm), with an aromatic quaternary carbon at 125.9 ppm and with C6 (33.1 ppm). The set

of all these experimental data led us to assign the proposed structure to compound 5.

4.3.2. Mechanistic proposals for the formation of compounds 3 and 5

A plausible catalytic cycle for the cascade reaction between 1 and acrolein 2a is reported
in Scheme 39. The cascade reaction is initiated by the TFA-promoted condensation of
chiral amine catalyst 4b to acrolein 2a, resulting in the formation of an iminium ion, to
which the indole derivatives 1 adds through a Friedel-Crafts alkylation. The resulting
enamine subsequently undergoes an intramolecular Michael addition furnishing the

tricyclic products 3 and releasing the catalyst for the next catalytic cycle.
CF3COOH {
OTMS Y \ 2a
CF3COO

Ry O
. <
H OTMS
N - 4b
. N Ph_|_OTMS =//0
1 R (Sk o :
0 SN
Pz
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N
R \
N ’ 3 Re
R3 )
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Scheme 39. Proposed catalytic cycle for the cascade reaction between indoles 1 and acrolein 2a.

To account for the observed (4R,5S) absolute configuration, we refer to a transition state
model in which the enantiocontrol is provided by the bulky group on the catalyst. The
chiral centers are both generated in the Michael addition step, which is triggered by the
Friedel-Crafts addition. In this Michael addition step it can be assumed that the
electrophile will approach the enamine intermediate from the least hindered face. In the
transition state the large aryl and silyloxy substituents of the catalyst keep the enamine in
a s-trans conformation and shield the Re-face of the enamine. As a consequence the
unhindered Si-face of the enamine attacks the electron-poor olefin (Scheme 40). This
assumption is in line with the generally accepted models describing a-functionalization

of aldehydes mediated by diarylprolinol silyl ethers enamine-catalysis.****’
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Unhindered Bulky group
Si-face P shields Re-face Ph Ph

Indole

N
K/Indole 3a

Scheme 40. Model accounting for the observed enantioselectivity in the enamine-mediated
enantioselectivity determining step.

Concerning the explanation of the absolute configuration of 3h, in the reaction between
indole derivative 1g and B-substituted enals we can hypothesize a similar catalytic cycle
to that outlined in Scheme 39, in which diarylprolinol catalyst 4b is replaced by catalyst
4d. Contrary to the reaction between 1 and acrolein 2a, in this reaction the first
stereocenter is generated in the Friedel-Crafts step; therefore, in agreement with the
report describing the enantioselective alkylation of indoles with enals catalysed by 4d,*
it can be assumed that the indole derivative 1g attacks the iminium ion at its unshielded
Re-face (Scheme 41), delivering, after enamine-mediated Michael addition, the products

3h-j featuring the relative and absolute configuration shown below.

Shielded Si-Face
Yoo e 0

PN A o Cn
i P Y
g, —
R \_/ 7
I A \
Me Me

Indole addition
occurs from Re-face

Scheme 41. Model for the enantioselectivity in compounds 3h-j. The iminium ion-mediated Friedel—
Crafts alkylation is the enantioselectivity-determining step.

Compound 5 was surprisingly obtained by treating 3a under Pinnick'"* (or Pinnick-
Lindgren'"”) conditions. In principle, these conditions which employ chlorous acid (in-
situ generated by dihydrogen phosphate anion) as the oxidant species (the by-product
hypochlorite  should be

HO._O
trapped by the 2-methyl-2- ~F
0
butene olefin) should leave 0 . \
. 4 ; .
the indole core untouched,”® © b4 N
-BUOHHO not ohserved
N, + NaClo, —————
N
3a H 7
Q -
— © 89
0
s N Y:56%

dr:»955
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oxidizing selectively the aldehyde moiety to a carboxylic acid. However, apparently the

concomitant oxidation of the indole ring occurred in compound 3a (Scheme 42).

On the other hand, the conversion of 3-indole-propanoic acids to the corresponding
spirocyclic oxindole lactones has been reported in several instances, and was found to

occur under a variety of

oxidative conditions (e.g. Scheme 42. Oxidation of 3a under Pinnick conditions gave
spirocyclic lactone 5 instead of the expected carboxylic acid.

NBS,'" thallium

trinitrate,''” ~BuBr/DMSO,'"® oxalyl chloride/DMSO'").

On these grounds, the proposed interpretation for the formation of compound 5 involves
a first oxidation of the aldehyde moiety to the carboxylic acid by chlorite, followed by
the indole oxidation and lactone formation (Scheme 43). Given the presumed inability of
chlorite in oxidising the indole ring, we hypothesise that the particular structure of
compound 3a makes its indole C2-C3 bond more efficient than 2-methyl-2-butene in
trapping the hypochlorite, the by-product of the first oxidative process. Regarding the
mechanism of the oxidative lactonisation reaction, it can be assumed that the reaction of
the indole with hypochlorite leads to a 3-chloro indolenine, which can be easily oxidized
(even by chlorite) to a 3-chloro oxindole. Then, lactonisation occurs, possibly though an

ortho-azaxylylene intermediate.

K HCIO,
H
HClo .

OVOH OVOH OgOH Oy

o
o
o
o o
cl —— AN =0

o ) 0

N N HCIO N N N

N ., HCIO { ’ 5 N

\

Scheme 43. Proposed reaction pathway leading to spirocyclic lactone 5.
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4.4. Organocatalytic reactions between indoles derivatives 1 and
nitroethene: results and discussion

While embarking us in the development of the organocascade reaction between indoles 1
and enals, our research group turned the attention towards nitroethene as electron-poor
olefin that could be engaged in a new cascade process with derivatives 1. As already
anticipated, given the strategic position of the nitro group in the tricyclic products, this
transformation would in principle allow a direct access to enantioenriched ergot
alkaloids, therefore it has been considered as worthy of investigations. Despite H- bond
donor catalysts has been widely used in Friedel-Crafts alkylation of indole by
nitroalkenes,'® preliminary experiments showed that thiourea catalysts (8a,b) were not
able to promote any reaction between substrate 1a and nitroethene (Table 7, entries 1-2),
possibly due to the established poor nucleophilicity of indoles 1. More acidic BINOL-
derived phosphoric acid (9a-g) catalysts proved instead to be helpful. With these
catalysts, substrate la furnished the desired cascade product 7a with moderate
enantioselectivities, variable conversion and as a single trans-diastereoisomer (Table 7,
entries 3-9). Amongst the catalysts tested, the BINOL-derived phosphoric acid 9¢ was
able to complete the reaction, affording 7a with promising enantioselectivity. (Table 7,
entry 5) A considerable improvement in the enantiomeric excess was achieved when
indole derivative 1b was employed in the reaction (Table 7, entry 10-16). All BINOL-
derived phosphoric acid catalysts tested were found to be able to promote the cascade
reaction between substrate 1b and nitroethene, with the (R)-TRIP catalyst 9¢ giving the
best result in terms of enantioselectivity (Table 7, entry 12). It must be noted however
that also the BINOL-derived catalysts 9d and 9g gave very good enantioselectivity in the
reaction, even if slight inferior than the one obtained with 9¢. Thus, reaction between 1b
and nitroethene, catalyzed by 9c¢ was designated as lead reaction for the further

optimization of the organocascade process.
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Table 7. Preliminary investigation on organocatalytic reaction between 1 and nitroethene.”

R.__O
A NO 10-20 mol% cat.
2 CH20|2 RT
A .
N
1a:R = Me M
1b: R =Ph Catalysts

N W R Aok ;
s I I o
Ay o’ "oH |
sl ee =
' 8a R |
E s 9a: R = 3,5-(CF3),CgHg 9f: R = 4NO,CeHy !
! L 9b: R =H 9g: R = Si(Ph)s !
CANS SN 9c: R = 2,4,6-(i-Pr)3CgH> [(R)-TRIP] :
| H H  (Me 9d: R = 9-anthracenyl :
8 e R=tftwbiphenyl !
Entr 1 Cat. Conversion.” ee’
y (mol%) (%) (%)

1 la 8a - -
2 1a 8b <5 nd
3 1a 9a 91 41
4 la 9b 48 20
5 1a 9c¢ >95 55
6 1a 9d 75 21
7 1a 9e 69 41
8 1a of 41 -41
9 la 9g 93 -12
10 1b 9a 90 77
11 1b 9b > 95 59
12 1b 9¢ 80 95
13 1b 9d > 95 92

14 1b 9e 88 5
15 1b of > 95 27
16 1b 9g > 95 93

(a) Reaction conditions: indole 1a or 1b (0.05 mmol), nitroethene (0.075 mmol, 1 — 1.5M solution in
toluene), catalysts 8a — 8b (0.01 mmol, 20 mol%) or catalysts 9a — 9g (0.005 mmol, 10 mol%),
CH,CI, (0.25 mL). Reaction time varying from 18 to 48 h. A single trans-diastereoisomer was
observed in all reactions. (b) Determined by 'H NMR analysis of the crude. (¢) Determined by chiral
stationary phase HPLC.
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However, at this point, it should be noted that the positive results obtained with
phosphoric acids as catalyst were somehow unexpected. The reaction was thought to
proceed through a nitronic acid-type intermediate, formed upon the Friedel-Crafts
addition and coordinated to the catalyst via H-bond. In this intermediate, proton-shift or -
relay processes — “quenching” the nitronate and delivering the side product 7° — were
assumed to be very facile with an acidic catalyst such as a phosphoric acid. In fact,
phosphoric acids lack a sufficiently basic moiety to have the capability of stabilizing a
nitronate.'"” Indeed the presence of a competition between intramolecular nitro-Michael
addition'”® and nitronate “quenching” was revealed by the exclusive formation of the
open chain adducts 7° not only in the reaction with indoles featuring a weak ester
Michael acceptor, but also with indoles bearing a N-acyl pyrrole, which is usually an

211t is also worth

efficient acceptor for nitro-Michael reactions (Scheme 44, top).
stressing that in the field of organocatalytic cascade reaction, only few examples deal
with such type of sequential processes (H-bond promoted addition of a neutral

nucleophile triggering a subsequent transformation), %12

none of which involving
chiral phosphoric acid. On the other hand, when indoles having a stronger Michael
acceptor (e.g. the ones bearing o,B-unsaturated ketones) were employed, the nitro-
Michael pathway prevails on the nitronate “quenching” affording the tricyclic target

compounds 7 (Scheme 44, bottom).

Undesired reaction pathway: nitronate "quenching”

R._O NO, 0 NO,
A P Chiral B
+ Phosphoric Acid
A\ _— N 7
i , i
R = OMe, 1-Pyrrole H R = OMe, 1-Pyrrole

R_O
NO,

A > Chiral
+ Phosphoric Acid

\ _— >

N
H

R = alkyl, aryl R = alkyl, aryl

Scheme 44. Comparison between nitronate “quenching” and nitro-Michael reaction pathway
For the same reason a phosphoric acid should be unable to resume undesired 7’ to target

compound 7. In principle, after the Friedel-Crafts step, the catalyst could detach and

subsequently re-coordinate the non-cyclized 7°b, promoting the nitro-Michael step. This
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hypothesis was rejected since the treatment of 7°b with catalyst 9¢ did not afford the
tricyclic compound 7b. This experimental evidence unequivocally remarks the predicted
incapability of the catalyst to resume 7°b to 7b, thus identifying the nitronate

“quenching” as an irreversible process (Scheme 45).

NO,
A Chiral
Phosphoric Acid
y  —x—
' N
7 H
R = OMe, 1-Pyrrole

R = alkyl, aryl

Scheme 45. Inability of chiral phosphoric acids to resume 7” to 7.

In order to rationalize the reaction pathway and get useful mechanistic insights, a
computational study were carried out. The preliminary results will be discussed forward

in this chapter (see § 4.4.2).

To optimize the catalytic asymmetric version of the cascade reaction, various reaction
conditions have been screened, using 1b as substrate in the reaction with nitroethene.
Different solvents were initially tested (Table 8, entries 1-6), showing the necessity of
employing non-coordinating solvents such as CH)Cl, or toluene in the reaction.
Dichloromethane was selected for further optimization, since toluene did not efficiently
solubilize substrate 1b, and other experiments (not reported in Table 8) shown that this
low solubilizing power resulted in even lower conversions with other substrates 1.
Lowering the catalyst loading to 5 mol% worsened the conversion, especially when the
reaction was performed at 0 °C (Table 8, entries 7-8). Thus, drying agents were tested, in
order to increase catalyst activity. Molecular sieves of different pore sizes, commonly
used in phosphoric acid catalyzed reactions, were first employed (Table 8, entries 9-13).
Although these drying agents did indeed increase the observed conversion, results turned
out to be irreproducible, leading in some cases even to the preferential formation of the
undesired side-product 7°b. Thus, dry CH,Cl, (freshly distilled from CaH,) without
additives was used as solvent, however without giving any substantial improvement
(Table 8, entry 14). It was finally found that a different drying agent (MgSO,, pre-dried
under vacuum at high temperature) allowed to reach full conversion in the desired
product 7b, even at 0 °C with 5 mol% catalyst loading, providing a small improvement in

the enantiomeric excess of the product 7b (Table 8, entry 15). Since a further lowering of
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the catalyst loading gave insufficient conversion (Table 8, entry 16), conditions reported
in entry 15 were taken as optimal to carry out the catalytic asymmetric domino reaction

between 1 and nitroethene.

Table 8. Screening of reaction conditions between 1b and nitroethene catalyzed by (R)-TRIP PA3 ¢

Ph _0 - Ph _0 NO,
(R)-TRIP, additive
NO, solvent (0.2 M) A
+ P 18-60 h +
A\ R A\
N X, . _
1b pZ 7b: trans:cis > 95:5 7b
SoW
R 9¢c
(R)-TRIP: R = 2,4,6-(i-Pr)3CgH>
Cat. . T t Conv. oy b ee
Entry mol% Solvent Additive °C) (h) (% )1, 7b:7°b (%) ¢
1 10 CH,Cl, - RT 18 80 >9:1 95
2 10 CH,Cl, - RT 60 >90 >9:1 95
3 10 toluene - RT 60 87 >9:1 95
4 10 THF - RT 48 <10 - -
5 10 EtOAc - RT 48 <10 - -
6 10 CH;CN - RT 48 22 >9:1 nd
7 5 CH,Cl, - RT 48 83 >9:1 95
8 5 CH,Cl, - 0 48 59 >9:1 96
94 5 CH,Cl, 4AMS 0 60 >9(0) >9:1 96
10¢ 5 CH,Cl, 4AMS 0 60 >9() 1:5 nd
114 5 CH,Cl, 5AMS 0 60 >9() >9:1 84
124 5 CH,Cl, 5AMS 0 60 >9() <1:9 -
134 5 CH,Cl, 3 AMS 0 60 >9(0) <1:9 -
dry .
14 5 CH,CL, - 0 60 76 >9:1 97
15 5 dry MgSO, 0 60  >90 >0:1 97
CH,Cl, :
16 2.5 dry MgSO, 0 60 70 >9:1 97
' CH,Cl, :

(a) Conditions: indole derivative 1b (0.05 mmol), catalyst 9¢ (R)-TRIP, nitroethene 2 (1 — 1.5 M
solution in toluene, 0.075 mmol), solvent (0.25 mL). A single trans-diastereoisomer was observed in
all cases (b) Determined by '"H NMR spectroscopy on the crude mixture. (¢) Determined by chiral
stationary phase HPLC analysis. (d) Reaction turned out to be irreproducible, giving occasionally the
open-chain product as well as the tricyclic one.
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Having in hands a robust reaction protocol, the investigations on the generality of the
reaction were undertaken, by varying the structure of indole substrates 1 both at the
Michael acceptor and at the indole nucleus. As anticipated, the methyl ketone derivative
1a gave only moderate enantioselectivity (Table 9, entry 1), whereas a wide range of aryl
moieties either electron-rich or electron-poor, placed at the ketone portion of the
molecule, were well tolerated, providing the corresponding products 7b-d,h,i in
outstanding yields, diastereo- and enantio- selectivities (Table 9, entries 2-6). However,
the reaction scope was not restricted to the presence of an aryl group at the Michael
acceptor. Substrate 1j and 1k bearing fert-butyl and dimethoxymethyl substituent,
afforded the product 7j and 7k in excellent yields and enantioselectivities (Table 9,
entries 7-8). Comparing these results with the ones obtained with 1a it is possible to
conclude that the steric hindrance at the acceptor is an essential feature in the
achievement of good enantiocontrol in the reaction catalyzed by (R)-TRIP 9¢. The 2-
methylindole derivative 11 also performed very well in the reaction (Table 9, entry 9).
Our organocatalytic protocol was found to proceed also with N-alkylated indoles 1m,n
which afforded tricyclic compound 7m,n in very good enantioselectivities, despite
slightly modified conditions were required to achieve good yields (Table 9, entries 10-
11). This indicates that the N-H interaction is not involved in the stereodetermining step
(see § 4.4.2). Indoles 10 and 1p having the weaker Michael acceptor group ester and N-
acyl pyrrole gave, as expected, exclusively the open-chain adducts 7’0,p (Table 9, entries
12-13). Curiously, these open-chain adducts were obtained in good yields only with

molecular sieves were applied in the reaction.
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Table 9. Scope of the catalytic enantioselective cascade reaction between indole derivatives 1 and
nitroethene *

Ri~ O RO NO,
S
S ) S, O
1 Ry & \R3

Entry 1 R R, R; 7"5}2’3" ’ (e(;) )
1 1a Me H H 7a-99 56
2 1b Ph H H 7b-95 97
3 1c 4-BrC¢H, H H 7¢-99 97
4 1d 4-MeOCgH, H H 7d-91 97
5 1h 4-MeCeH, H H 7h-99 99
6 1i 2-naphthyl H H 7i-98 97
7 1j t-Bu H H 7§-90 94
8’ 1k CH(OMe), H H 7k-90 98
9 11 Ph Me H 71-90 95
10° 1m Ph H Me 7m-75 96
1 1n Ph H Allyl 7n-70 94
12¢ 1o OMe H H 7°0-62 -
138 1p pyrrol-1-yl H H 7’p-94 -

(a) Conditions: indole 1 (0.10 mmol), catalyst 9¢ (R)-TRIP (0.005 mmol, 5 mol%), nitroethene (1.5 M
toluene solution, 0.15 mmol), dry MgSO,4 (30 mg), CH,Cl, (0.30 mL), 0 °C, 60 h. A single trans
diastereoisomer was obtained in all cases. (b) Isolated yield. (¢) Determined by chiral stationary phase
HPLC. (d) RT, 24 h. (e) 0.225 mmol of nitroethene were employed. (f) Reaction performed at RT
using 7.5 mol% of PA3 (R)-TRIP. (g) In the presence of 4 A MS instead of MgSO,, RT, 24 h.

To increase the synthetic usefulness of our methodology, we thought to convert the
ketone moiety of compounds 7 into a versatile ester. In fact, Somei and co-workers
showed that compound rac-7o0, bearing an ester group, can be converted into 6,7-
secoagroclavine,”* a natural occurring ergot alkaloid isolated from Clavipces purpurea,
after few synthetic steps. Unfortunately, our methodology was not able to directly furnish
compound 70, as substrate 10 gave exclusively the open-chain adduct 7’0 (Scheme 46

and Table 9, entry 12).
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CO,Me MeO,C

N Somei et al.
\{ O, Heterocycles 2007,
. ) 9¢ ((R)-TRIP) 72,599
CH.Cl,, 0°C -0
A\ —X—>
N
10 COM 6,7-secoagroclavine
e X
2 NO, (racemic)
9¢ ((R)-TRIP) N
CHCl,, 0°C
A\
N
70 H
Scheme 46.

Thus, a less direct synthesis was attempted, identifying indole derivative 1q as strategic
precursor towards the obtainment of the 6,7-secoagroclavine (Scheme 48). Derivative 1q
was readily synthesized by means of Knoevenagel condensation between indole-4-
carboxaldehyde and dimethyl malonate; subsequently 1q was engaged in the
organocatalytic reaction with nitroethene catalyzed by 9e, which induced better
enantioselectivity compared to (R)-TRIP 9¢, employed in all the reaction between 1 and
nitroethene (Table 9). The ester moieties of tricyclic compound 7q were hydrolyzed in
the presence of LiOH, giving diacid 8. Heat-promoted decarboxylation of 10 furnished
the carboxylic acid 11 which was finally subjected to esterification in the presence of
trimethylsilyldiazomethane and methanol, giving the target compound 70 in 29% overall
yield and moderate enantioselectivity. Unfortunately, during the hydrolysis of 7q, we
observed a partial loss of stereoinformation, possibly due to a retro-nitro-Michael
reaction which takes place under basic conditions. For this reason, a thorough
optimization of the hydrolysis step is currently under investigation by our research group.
Although this multi-step synthetic procedure is far to be considered optimized, the
obtainment of enantioenriched 70 can be considered a promising result, paving the way
for the first enantioselective formal total synthesis of 6,7-secoagroclavine. While the
development of the above stated reaction sequence was in progress, we casually found
that the treatment of 7b with NaOH
in MeOH caused equilibration
favouring its cis-diastereoisomer epi-

7b (Scheme 47). The more polar

NaOH, MeOH
RT,2h

—_—
NH 92% yield

character of the cis isomer drove this 7b (97% ee) epi-Tb (96% ee) 7b
. . . . . epi-Tb : 7Tb=91:9
epimerization in a polar medium as

o . Scheme 47. Epimerization of 7b
methanol. Importantly, equilibration P
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occurred through a selective epimerization at the a-nitro stereogenic center, and not
through a retro-nitro-Michael pathway that would have led to racemization. The present
methodology is thus potentially able to furnish all four stereoisomers of the tricyclic

benzo[cd]indole system in enantioenriched form.

\P/
0" “oH
CO,Me OO 0 MeOC  NO,
R ve H .
Yield: 80%
CHO  Meo,C MeO,C”~ X R = 4-Ph-CoHy, MeO,C ce. 88%
nitroethene
\ + C02Me ;)» \ CH,CI, 0°C -
N N N
H 19 H H 7q
HMe NO, NO, HO,C
- X HO,C
o) MeO,C a) HOC o b)
-
N A\ AN
N N N
H 70 H Yield: 29% 11H

6,7-secoagroclavine ce: 65%

a) Piperidine, AcOH, toluene, reflux. b) LIiOH 1M, THF, 0°C. ¢) Toluene, reflux, 40 min d) TMSCHN,, MeOH.
e) Somei et al. Heterocycles 2007, 72, 599.

Scheme 48. Synthetic sequence towards the formal total synthesis of enanioenriched 6,7-
secoagroclavine.

4.4.1. Determination of the absolute and relative configuration of
compounds 7
As all the attempts to obtain suitable crystals for X-ray crystallography on the prepared
compounds 7 were not successful, the relative and absolute configuration of these
compounds were determined by a combination of conformational analysis and theoretical
simulation of chiro-optical spectra.!' Having in our hands a procedure that allow
obtaining both diasteroisomers of the polycyclic compound 7b and epi-7b (one directly
by the Friedel-Craft-nitro-Michael reaction, one by selective epimerization of the a-nitro
carbon) it was decided to start the determination of the configuration by carrying out a
conformational analysis on compound 7b. Despite the rigidity of the heterocyclic indole
core of compound 7b, where almost all carbons of the polycyclic system lye on the same
plane (Figure 36, drawn in blue) it was identified that these products could appear under
various possible conformers. The main ones are depicted in Figure 36. Considering the
plane where the indole lies, the a-nitro carbon can be found either on the same side of the

ketone (conformer #1), or on the opposite side (conformer #2).
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Ph
o-hitro
carbon flip
—

7b conformer #1 7b conformer #2

Figure 36. Most significant conformers of 7b.

The relative stereochemistry of the two stereogenic centers at C4 and C5 of compound 7b
were determined by means of NMR spectroscopy, full assignment of the 'H and *C spectra
was preliminarily achieved by bi-dimensional experiment. Further DPFGSE-NOE
experiments™ were acquired in order to assign the relative stereochemistry at C4 and C5. On
saturation of the H-4 signal (Figure 37, trace a), NOE enhancements with similar
intensity were observed for H-5, H-3,H-3"" and both the H-9 signals. On saturation of the
H-5 signal (Figure 37, trace b), large NOEs were observed on H-4 and H-9 and only a
small enhancement was observed for one of the H-3 hydrogens at 3.73 ppm (H-3"). The
observed NOEs suggested that H-5 occupies a pseudo-equatorial position, otherwise a
strong NOE should be observed on one of the H-3 signals, due to 1-3 diaxial relationship
(the observation of the small NOE on H-3" is due to the presence of a second
conformation with smaller population). As a confirmation, the saturation of the signal of
H-3” (in a pseudo-axial position) at 3.41 ppm yields a noticeable NOE enhancement on
the H-9 hydrogens (Figure 37, trace d), that occupies a pseudo-axial position on the ring,
too. All the NOE data thus agree to assign the 4R*,5R* relative configuration (i.e. a trans

relationship).
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Figure 37. DPFGSE-NOE spectra of 7b (600 MHz in CDCl;, +25°C). Bottom: 'H-NMR control
spectrum. Traces a-d: red labels indicate the saturation point. Green labels indicate “control” NOEs,
that have to be observed to assure reliable results. Blue labels indicate diagnostic NOE:s.

The determination of the absolute configuration of 7b was instead obtained by comparing the
experimental electronic circular dichroism (ECD) spectrum with the computed one.
Preliminary tests were carried out in order to determine the proper distribution ratio of the
different conformers of 7b. After DFT minimization, four conformations were found to be
the most stable, all of them showing the same shape of the six membered ring, corresponding
to a pseudo boat conformation, with the nitro group out of the plane. Within each pair, the
conformations are different in the disposition of the CH,COPh moiety. Having in hand the
relative configuration and suitable conformational analysis supporting the preferred
conformations, the assignment of the absolute configuration was pursued. Simulations of the
experimental ECD spectrum were performed, by using different calculation methods and the

averaged conformer ratio.*' As shown in Figure 38, the simulated spectra match very well
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the Cotton effects at 250, 230 and 200 nm when the 4R, 5R absolute configuration was
assumed in the calculations, therefore the absolute configuration of compound 7b was

assigned as 4R 5R.

o | CAM-B3LYP ac] BH&HLYP

— Simul. Ph. -

.25 | ;l)
15 |
A
& IV|06 2X S
10 -
5
0
1 230 25W30nm
5 -
-10 4 .
151 — Exper. : :
20 = Simul. 20 = Simul.
25 4 -25

Figure 38. Simulations of the experimental ECD spectrum of 7b. For each quarter, the black line
correspond to the experimental spectrum (acetonitrile solution, 1.110™* M, 0.2 cm path length, (11 in
Mol L-1 c¢m-1) and the colored line to the TD-DFT simulation (6-311++G(2d,p) basis set). The
simulated spectra were vertically scaled and red-shifted by 7-14 nm to get the best match with the
experimental spectrum. All the simulations are for the 4R, 5R absolute configuration.

As a cross check, NOE spectra and ECD analysis were carried out for the cis-
diastereoisomer epi-7b, confirming the epimerization of compound 7b occurred with
inversion of stereochemistry at carbon bearing the nitro group.

In conclusion, having established the 4R, SR absolute configuration for compound 7b, we
assumed that all other compound 7 presented the same relative and absolute

configuration, being afforded by the same reaction pathway.

4.4.2. Mechanistic proposal for the formation of compounds 7

As highlighted before, the formation of compounds 7 with chiral phosphoric acid is quite
intriguing. To get insight about the actual pathway followed by this rather unusual acid
catalyzed transformation, we turned to a computational approach. Even though a
computational study on phosphoric acid catalyzed Friedel-Crafts addition of indoles to

nitroalkanes had been reported,'” it simply focused on the C-C bond forming step,
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neglecting subsequent proton transfer events (i.e. rearomatization and nitronate
protonation), which are crucial in this cascade process. We performed DFT calculations
using the B3LYP-D functional, studying the full catalytic cycle for the reaction between
nitroethene and the methyl ketone derivative 1a, chosen as a model of substrates bearing
a ketone Michael acceptor. We used the phosphoric acid derived from [1,1'-biphenyl]-
2,2'-diol as a model of BINOL-derived chiral phosphoric acids (Scheme 49). First, two
possibilities were found for the initial nucleophilic attack of indole on nitroethene. In the
first case (TS1) the catalyst coordinates both the nitro-group and the indole N-H. In the
second (TSS5), it coordinates the nitro-group and the C3-H of indole. In both cases, the
protonation of the nitro-group occurs concertedly with the expected C-C bond formation.
The reaction occurring through TS1 is favored by 6.4 kcal/mol over TS5, in line with the
previously determined'” pathway followed in related Friedel-Crafts processes.
Importantly, both pathways lead ultimately to the same intermediate INT1, from which a
TS (TS6) for the cyclization was located. However, one proton had to be manually
shifted from the protonated nitro-group to the catalyst, in order to allow the protonation
of the electrophilic ketone during the cyclization. Alternatively, we have found that the
phosphate catalyst can promote re-aromatization of indole through C3-deprotonation
(TS2) with a much lower energy barrier (18.7 vs 23.9 kcal/mol). This step does not occur
through a H-relay process releasing the catalyst but leads instead to intermediate INT2.
Subsequent nitro-Michael addition can occur with the catalyst coordinating both the
nitro-group and the carbonyl (TS3), and is associated to a low energy barrier (10.3
kcal/mol). The deprotonation of the nitro-group and the protonation of the carbonyl occur
concertedly with the frans-selective C-C bond formation. After cyclization through TS3,
a keto-enol tautomerization is required to generate final product 7. We have found that
the catalyst can also promote this process through TS4. As discussed above, the
formation of cyclized product 7 is in competition with the formation of side-product 7°.
This can be formed if INT2 evolves through a nitronic acid-nitro tautomerization, instead
of the cyclization. We have found that this tautomerization, when promoted by the
catalyst, has a surprisingly high energy barrier of 20.7 kcal/mol (TS7), thus being 10.4
kcal/mol higher in energy than the TS for the cyclization (TS3). These results are in
agreement with the exclusive formation of product 7 in the reaction on ketone-substituted
indole 1b, providing a realistic reaction picture fully justifying the observed experimental
results. The reaction occurs through a nucleophilic attack of the indole 1 on nitroethene,

followed by a re-aromatization occurring before the cyclization and ensuing keto-enol
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tautomerism. The catalyst is involved in all steps, including the stereodetermining
cyclization event, accounting for the observation of enantioenrichment in the product 7b
when an enantiopure catalyst was used. Thanks to the formation of a relatively stable
catalyst-coordinated nitronic acid intermediate INT2 and the high energy barrier
associated with the tautomerisation through TS7, cyclisation to the desired products 7 is
indeed possible, provided that a highly reactive Michael acceptor is employed (i.e. TS3
energy is sufficiently low). One final consideration must be stressed on TS4: the free
energy associated to this transition state is quite unexpectedly high for an acidic
promoted keto-enol tautomerization. From this point of view, further computational

investigations are currently under development.

Relative Free Energies (kcal/mol)

Scheme 49. Free energy profile for the formation of products 7 and 7’ from the reaction between
indole derivative 1a and nitroethene. TS1-7 are sketched on the graph.

Remarkably, this computed reaction pathway accounts for some unexpected
experimental evidences. For instance, the irreproducibility of the reaction when
molecular sieves were employed could be justify by considering molecular sieves able to
lower the energy barrier between INT2 and INTS5. It must be speculated that molecular
sieves have a role which goes beyond simple dehydrating agents; indeed, we hypothesize
that molecular sieves, rather than lowering the energy of TS7, serve as external proton
source, providing an alternative reaction pathway. On the other hand, the productively
engagement of N-substituted indoles 1m,n was rather unexpected. In contrast with

123,124 \wherein the coordination to the indole N-H is

simpler Friedel-Crafts reaction,
necessary for enantioselectivity, the computed pathway of this cascade transformation

predicts that this interaction is absent in the stereodetermining step (Scheme 49, TS3),
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while it is useful for reactivity as it is related to the rate determining step (Scheme 49,

TS2 vs TSS).

4.5. [Experimental details

4.5.1. General methods and materials

'H, °C NMR spectra were recorded on a Varian AS 300, 400 or 600 spectrometer.
Chemical shifts (3) are reported in ppm relative to residual solvent signals for 'H and *C
NMR.* C NMR spectra were acquired with 'H broad band decoupled mode. Mass
spectra were recorded on a micromass LCT spectrometer using electrospray (ES)
ionisation techniques. Optical rotations were measured on a Perkin-Elmer 241
polarimeter. The enantiomeric excess (ee) of the products was determined by chiral
stationary phase HPLC, using a UV detector operating at 254 nm.

Analytical grade solvents and commercially available reagents were used as received,
unless otherwise stated. Chromatographic purifications were performed using 70-230
mesh silica. Analytical grade solvents and commercially available reagents were used as
received, unless otherwise stated. 1H-Indole-4-carbaldehyde was purchased from Apollo
Scientific. 2-Methyl-1H-indole-4-carbaldehyde,'* I-methyl-1H-indole-4-
carbaldehyde'*® and 1-allyl-1H-indole-4-carbaldehyde'*® were prepared according to
literature procedures. Indole substrates 1a-n were synthesized through Wittig olefination,
detailed as follows: the phosphonium salts, unless commercially available, were obtained
by refluxing an equimolar mixture of triphenyl phosphine and the appropriate alkyl
halides for a few hours in toluene or acetonitrile, and collected by filtration; the
phosphorous ylides were then obtained by pouring a CH,Cl, solution of the phosphonium
salts in a separating funnel containing 2N aq. NaOH; after five minutes of vigorous
shaking, the organic phase was collected, dried over MgSOQ,, filtered and evaporated
affording the ylides; finally, the Wittig olefination between the indole-4-carbaldehyde

“ was carried out in a toluene/1,4- dioxane

and the appropriate phosphorous ylide’
mixture (8:2), at reflux temperature for 18-48 h. Indoles 1q was synthesized through
Knoevenagel condensation between indole-4-carbaldehyde and dimethyl malonate,
according to a reported procedure.'”’ Products la-q were purified by column
chromatography and obtained as pure E-isomers. Acrolein 2a was distilled before use,
cinnamaldehyde 2¢ was distilled under vacuum (11 mbar, bp = 125 °C) before use,
crotonaldehyde 2b was purchased from Sigma-Aldrich as “predominantly trans” with
assay >99% and was used as received. Nitroethene was obtained by dehydration of 2-
nitroethanol with phatlic anhydride, according to a literature procedure;'®™ the
nitroethene’s toluene solution of known concentration can be stored in a freezer (-25 °C)
for several months without apparent degradation/changes in concentration, as checked by

'H NMR. Toluene and 1,4-Dioxane were passed through a short pad of basic alumina

105



Chapter 4

before use; dichloromethane was freshly distilled over CaH,. Racemic samples of
compounds 3a-g were prepared using racemic (£)-a,0-bis[3,5-
bis(trifluoromethyl)phenyl]-2-pyrrolidinemethanol trimethylsilyl ether 4a as the catalyst,
in 1,4- dioxane at RT for 18-60 h. Racemic samples of compounds 3h-j were prepared
using racemic (+)- 5-benzyl-2-tert-butyl-3-methyl-4-imidazolidinone 4d as catalyst, in a
CH,Cl,/i-PrOH (8:2) mixture at RT for 18-60 h. Chiral phosphoric acid 9¢ (R)-TRIP was
prepared according to a reported procedure.”'* Racemic 5 was obtained by employing
racemic 3a in the oxidation reaction. Racemic cis-6 for HPLC analysis was obtained by
mixing a nearly equimolar mixture of the two enantiomers, obtained from the two
enantiomeric products 3a and ent-3a using L- and D-proline, respectively, in the
Robinson annulation reaction. Racemic samples of 7a-d, 7h-q were prepared using [1,1°-
biphenyl]-2,2’-diyl hydrogenphosphate as catalyst in CH,Cl, at RT for 60h. Racemic 10,
11, 70 were prepared using rac-7q as starting material.

4.5.2. General procedures

General procedure for the catalytic asymmetric reaction of indoles 1 with acrolein 2a

The following procedure was applied in the synthesis of compounds 3a-g. To a vial
equipped with a magnetic stirring bar, MgSQO4 (50 mg) was added, followed by the indole
derivative 1a-g (0.10 mmol), 1,4-dioxane (0.300 mL), catalyst 4b (0.010 mmol) and
trifluoroacetic acid (8 puL of a 1.33 M solution of TFA in 1,4-dioxane, 0.010 mmol). The
mixture was stirred for five minutes then acrolein 2a (0.25 mmol) was added in one
portion. After 18 h, the reaction mixture was filtered through a plug of silica gel, and the
plug was washed with Et,O (4x). After removal of solvents, the reaction crude was
analysed by 'H NMR spectroscopy to determine the diastercomeric ratio of the
cycloadducts. Finally, the residue was purified by chromatography on silica gel (n-
hexane/EtOAc mixtures).

General procedure for the catalytic asymmetric reaction of indole 1g with p-substituted
enals 2b-d

The following procedure was applied in the synthesis of compounds 3h-j. To a vial
equipped with a magnetic stirring bar, MgSO4 (50 mg) was added, followed by the
catalyst 4d (0.020 mmol), a CH,Cl,/i-PrOH mixture (8:2, 0.200 mL) and trifluoroacetic
acid (16 puL of a 1.33 M solution of TFA in CH,ClL/i-PrOH 8:2, 0.020 mmol). The vial
was placed in a bath at the desired temperature, stirred for five minutes, then the o,f-
unsaturated aldehyde 2b-d (0.25 mmol) was added in one portion. After stirring for
additional five minutes, the indole derivative 1g (0.10 mmol) was added. The resulting
suspension was stirred at the same temperature for the appropriate time, then it was
filtered through a plug of silica gel, and the plug was washed with Et;O (4x). After
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removal of the solvents, the reaction crude was analyzed by "H NMR spectroscopy to
determine the diastereomeric ratio of the cycloadducts. Finally, the residue was purified
by chromatography on silica gel (n-hexane/EtOAc mixtures).

General procedure for the catalytic asymmetric reaction of indole 1 with nitroethene

The following procedure was applied in the synthesis of compounds 7a-d, 7h-n and
7q.To a Schlenk tube equipped with a magnetic stirring bar, MgSO4 (30 mg) was added.
This salt was carefully thermally activated under vacuum for 5 minutes and then allowed
to cool to RT. After backfilling the Schlenk tube with nitrogen, the appropiate indole
derivative 1 (0.10 mmol) was added, followed by the (R)-TRIP catalyst 9¢(3.8 mg,
0.0050 mmol, 5.0 mol%), and CH,Cl, (300 pL). The mixture was cooled to 0 °C and
allowed to stir for 5 minutes, then nitroethene 2 (0.15 mmol, x uL of a 1-1.5 M toluene
solution) was added in one portion. The mixture was then stirred at this temperature for
60 h, then filtered through a short plug of silica gel, and the plug washed with Et,O (4x).
After concentration of the solvents, the residue was analysed by 'H NMR spectroscopy to
determine the diastereomeric ratio of the adducts 7. Finally, the residue was purified by
chromatography on silica gel, affording pure products 7.

(4R,55)-5-(2-Oxopropyl)-1,3,4,5-tetrahydrobenzo|[cd]indole-4-carbaldehyde (3a)

o Following the general procedure, the title compound was obtained as a

=

yellow solid in 76% yield after chromatography on silica gel (n-
hexane/EtOAc 1:1). The diasteromeric ratio was evaluated by '"H NMR
of the crude mixture and was found to be >20:1. The enantiomeric

O

e
A

NH
excess of the product was determined by chiral stationary phase HPLC

(AD-H, n-hexane/i-PrOH 80:20, 0.75 mL/min, A = 254 nm, tm,; = 11.9 min, ty, = 13.2
min, 98% ee). [a]p”> = -73 ° (c = 0.60 in CHCls); '"H NMR (CDCls, 400 MHz) & = 9.53
(s, 1H), 8.12 (br s, 1H), 7.15-7.08 (m, 2H), 6.93-6.87 (m, 2H), 4.16-4.10 (m, 1H), 3.37
(dd, 7= 15.9, 3.0 Hz, 1H), 3.00 (ddd, J = 15.9, 5.2, 1.5 Hz, 1H), 2.93-2.89 (m, 1H), 2.84
(dd, J = 17.5, 6.5 Hz, 1H), 2.77 (dd, T = 17.3, 7.3 Hz, 1H), 2.12 (s, 3H); °C NMR
(CDCls, 100 MHz) & = 207.3, 204.1, 133.9, 131.1, 126.0, 123.0, 118.8, 116.4, 109.2,
109.0, 50.9, 49.0, 32.9, 30.7, 18.9; MS (EI) m/z: 241 (M").

(35,4S5,5R)-1,3-Dimethyl-5-(2-oxopropyl)-1,3,4,5-tetrahydrobenzo|cd]indole-4-
carbaldehyde (3h)
Following the general procedure and performing the reaction at-30 °C

for 65 h, the title compound was obtained as a yellow solid in 71%
© yield after chromatography on silica gel (n-hexane/EtOAc 3:2). The
e diasteromeric ratio was evaluated by 'H NMR of the crude mixture and

was found to be >20:1. The enantiomeric excess of the product was
determined by chiral stationary phase HPLC (AD-H, n-hexane/i-PrOH
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80:20, 0.75 mL/min, A = 254 nm, ty,; = 13.2 min, tpi, = 12.0 min, 86% ee). [a]p>> = +30°
(¢ =0.333 in CHCl;) '"H NMR (CDCls, 400 MHz) & = 9.66 (d, J = 4.6 Hz, 1H), 7.19-7.11
(m, 2H), 6.80 (d, ] = 1.6 Hz, 1H), 6.76 (d, J = 6.8 Hz, 1H), 4.10 (dt, J = 5.7.; 9.1 Hz, 1H),
3.77 (s, 3H), 3.57-3.49 (m, 1H), 3.09 (dd, J = 18.3; 5.9 Hz, 1H), 2.86 (dd, J = 18.3; 5.9
Hz, 1H), 2.36 (td, ] = 4.6; 9.1 Hz, 1H), 2.24 (s, 3H), 1.36 (d, J = 6.9 Hz, 3H); °C NMR
(CDCl3, 100 MHz) & = 207.4, 205.3, 134.8, 131.4, 125.8, 122.6, 115.1, 113.9, 107.2,
61.3,46.5,32.9,32.8, 30.5, 28.4, 19.4; MS (EI) m/z: 269 (M").

(2aS8,5R,65)-6-(2-Oxopropyl)-5,6-dihydro-1H-2a,5-methanooxepino[2,3,4-cd]indole-
2,4-dione (5)
To a round bottomed flask equipped with a magnetic stirring bar,
2 compound 3a (0.07 mmol) was dissolved in fert-butyl alcohol (2.5 mL)
3 O and 2-methyl-2-butene (470 pL) and subsequently stirred for a few
o minutes. To this solution was added an aqueous solution of NaH,PO4
s (120 pL of a 0.833 M solution, 0.10 mmol) and NaClO, (80 uL of a
1.11 M solution, 0.09 mmol). The mixture was stirred at room temperature for 90
minutes, then the organic solvents were removed by concentrating in vacuo. The residue
was diluted with 2 mL of water, then the mixture was extracted with EtOAc twice. After
drying over MgSQ,, filtration and evaporation of the solvents, the crude product was
purified by column chromatography (n-hexane / EtOAc 1 : 2) to give the title compound
as a brown solid in 56% yield. A single diastereoisomer was observed in the crude
mixture, thus indicating that epimerisation did not occur. The enantiomeric excess of the
product was determined by chiral stationary phase HPLC (AD-H, n-hexane/i-PrOH
70:30, 0.75 mL/min, A = 254 nm, tm,; = 11.3 min, tyn = 12.2 min, 97% ee) a single
enantiomer was recognized in the HPLC trace thus indicating that racemisation did not
occur. 'H NMR (CD,Cl,, 600 MHz) § = 7.51 (br s, 1H), 7.21 (t, J = 8.3 Hz, 1H), 6.77 (d,
J=8.2 Hz, 1H), 6.68 (d, ] = 8.2 Hz, 1H), 3.71 (dd, ] = 2.7; 8.2 Hz 1H), 3.08 (dd, J = 2.2,
5.4 Hz, 1H), 2.80 (dd, J = 4.8; 18.4 Hz, 1 H) 2.68-2.61 (m, 2H), 2.12 (s, 3H); 2.05-2.01
(m, 1H) C NMR (CD,Cl, 100 MHz) & =204.6, 175.0, 169.9, 137.6, 134.2, 131.4,
125.9, 120.4, 107.7, 78.0, 47.1, 43.9, 33.1, 31.1, 29.2; *C NMR DEPT 1.5 (CDCls, 100
MHz) 6 = 131.4 (CH), 120.4 (CH), 107.7 (CH), 47.1 (CH,), 43.9 (CH), 33.1 (CH), 31.1
(CHb), 29.2 (CHs); [o]p™* = +123° (¢ = 0.100 in CH;CN); ESIMS: 294 [M + Na'].

(6aS8,10a8)-6,6a,10,10a-Tetrahydronaphtho[3,2,1-cd]indol-9(4H)-one and
(6aR,10a8)-6,6a,10,10a-tetrahydronaphtho|3,2,1-cd]indol-9(4H)-one (6)

o To a round bottomed flask equipped with a magnetic stirring bar, L-proline

é (0.07 mmol) was added, followed by 1 mL of acetonitrile, and finally

‘ HCIO4 was added in one portion (38 pL of 1.80 M solution of HCIO4 in

O r\\]\ acetonitrile, 0.07 mmol) and subsequently stirred for few minutes to allow

" the complete solubilisation of L-proline. To this solution was added

compound 3a (0.21 mmol) and the mixture was stirred for 16 hours at 55 °C, then it was
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filtered on plug of silica gel and the plug was washed several times with DCM and Et,0.
The diasteromeric ratio was evaluated by 'H NMR of the crude mixture and was found to
be 59:41; the yield was also determined by '"H NMR of the crude mixture by using
1,1,2,2-tetrachloroethane as internal standard and was found to be 64% referred to both
diasteroisomers. The diasteroisomers were isolated by means of semi-preparative HPLC
on a C18 column (Phenomenex® Synergi Hydro-RP) using Acetonitrile/H,O 60:40.

The minor diasteroisomer was obtained in analytically pure form and was fully
characterized. The enantiomeric excess of this product was determined by chiral
stationary phase HPLC (AD-H, n-hexane/i-PrOH 80:20, 0.75 mL/min, A = 254 nm, ty, =
12.5 min, tyi, = 13.7 min, 99% ee), a single enantiomer was recognized in the HPLC
trace thus indicating that racemisation did not occur. Full assignment of the 'H and "*C
spectra was achieved by bi-dimensional experiments (gHSQC, gHMBC and gCOSY
taken in CD3;CN solutions at 45 °C) that confirms the proposed structure for compound
cis-6. '"H NMR (CD;CN, 400 MHz, 60 °C) & = 8.93 (br s, 1H), 7.23 (d, ] = 7.8 Hz, 1H),
7.12 (t, J = 7.8 Hz, 1H), 7.05 (dd, J = 3.4, 9.8 Hz, 1H), 7.00 (br s, 1H), 6.89 (d, J = 7.5
Hz, 1H), 5.88 (d, J = 10.4 Hz, 1H), 3.78-3.71 (m, 1H), 3.19 (dd, J = 5.0, 15.2 Hz, 1H),
3.10 (br s, 1H), 2.95-2.69 (m, 3H); °C NMR (CDsCN, 100 MHz, 45 °C) & = 203.8,
154.5, 134.2, 132.0, 126.5, 122.6, 118.5, 115.3, 111.1, 103.0, 41.6, 37.0, 37.3, 29.4;
[a]p®* = +20° (¢ = 0.35 in CH,Cl,); ESIMS: 246 [M + Na'].

1-((4R,5R)-4-Nitro-1,3,4,5-tetrahydrobenzo[cd]indol-5-yl)-1-phenylethanone (7b)
Following the general procedure, the title compound was obtained as a
NO,
: white solid in 95% yield, after chromatography on silica gel (CH,CL).

Ph
E/& 'H NMR analysis of the crude mixture showed the presence of a single
NH  diastereoisomer. The enantiomeric excess of the product was
determined by chiral stationary phase HPLC (Chiralpak AS column, n-hexane/i-PrOH
80:20, flow 0.75 mL/min, A 254 nm, tu, = 33.6 min, tyi, = 28.6 min, 97% ee).lH NMR
(CDCl3, 400 MHz) & = 8.06 (br s, 1H), 7.96-7.93 (m, 2H), 7.62-7.56 (m, 1H), 7.50-7.44
(m, 2H), 7.21 (br d, J = 8.0 Hz, 1H), 7.14 (br t, J = 8.0 Hz, 1H), 6.96-6.93 (m, 1H), 6.83
(d, J=7.1 Hz, 1H), 5.24 (dt, J;= 5.8 Hz, J4= 4.4 Hz, 1H), 4.65 (q, ] = 6.2 Hz, 1H), 3.79
(dd, J =16.0, 5.7 Hz, 1H), 3.43 (dd, J = 18.1, 6.0 Hz, 1H), 3.40 (ddd, J = 16.2, 4.3, 1.1
Hz, 1H), 3.33 (dd, J = 18.1, 7.1 Hz, 1H); °C NMR (CDCl;, 100 MHz) & = 197.2, 136.5,

133.7, 133.5, 129.6, 128.8, 128.1, 124.8, 123.6, 118.9, 116.0, 109.5, 107.3, 85.4, 41.9,
36.9, 25.1; [ap>> = -107 (c = 0.586 in CH,Cl,); ESIMS = 343 (M + Na").

(1-((4S5,5R)-4-nitro-1,3,4,5-tetrahydrobenzo|cd]indol-5-yl)-1-phenylethanone)
(epi-Tb)
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In a vial equipped with a magnetic stirring bar, compound 3a (0.072

MOz mmol, 97% ee) was dissolved in MeOH (200 pL), and the resulting

solution cooled to 0 °C with stirring. A NaOH solution in MeOH (268

% pL of a solution prepared dissolving 96 mg NaOH in 1.5 mL of MeOH,

N 0.43 mmol, 6 equiv.) was added, the reaction allowed to warm to RT.

After 2 h stirring, it was judged by TLC (n-hexane/Et;O 3/7) that the diastereomeric

mixture had reached the equilibrium composition. The mixture was diluted with Et,0,

Ph

sat. aq. NH4Cl was added, the phases separated, and the aqueous phase extracted with
EtOAc (3 x). The combined organic extracts were dried by filtration on a Celite® plug,
evaporated and analysed by "H NMR spectroscopy, which showed a 91:9 diastereomeric
ratio favouring the cis-isomer. The product was purified by chromatography on silica gel
(n-hexane/EtOAc 35:65), affording an analytically pure sample of the title compound as
a white solid accompanied by its diasteremoeric mixture with the starting 3a (overall
92% yield). The enantiomeric excess of the product was determined by chiral stationary
phase HPLC (Chiralpak ADH column, n-hexane/i-PrOH 80:20, flow 0.75 mL/min, A 254
nm, tme = 23.2 min, tmin = 20.4 min, 96% ee), showing that epimerisation occurred
without racemisation, under these conditions. Optical rotation was not measured due to
the very small amount of pure compound available. '"H NMR (acetone-ds, 600 MHz) & =
10.07 (brs, 1H), 8.01 (br d, J = 8.3 Hz, 1H), 7.60 (br t, J = 8.3 Hz, 1H), 7.49 (br t, ] = 8.4
Hz, 1H), 7.21 (d, ] = 8.3 Hz, 1H), 7.16 (br s, 1H), 7.02 (br t, J = 8.3 Hz, 1H), 6.86 (brd, J
= 8.3 Hz, 1H), 5.32 (br quint, J = 4.0 Hz, 1H), 4.60 (br quint, J = 4.0 Hz, 1H), 3.67 (ddd,
J=15.9,9.2,1.7 Hz, 1H), 3.62 (br dd, J = 15.5, 7.4 Hz, 1H), 3.59 (dd, J = 15.9, 4.9 Hz,
1H), 3.36 (br dd, T = 17.6, 3.9 Hz, 1H); >C NMR (acetone-ds, 150 MHz) & = 198.7,
138.7, 135.6, 134.6, 131.9, 130.2, 129.6, 126.9, 124.0, 121.1, 117.0, 111.2, 108.9, 87.0,
41.0, 38.5,31.1, 26.1; ESIMS =343 (M + Na").

Dimethyl 2-((4R,5R)-4-nitro-1,3,4,5-tetrahydrobenzo|[cd]indol-5-yl)malonate (7q)

Following the general procedure, but using 10 mol% of catalyst 9e and
two equiv. of nitroethene, the title compound was obtained as a white
solid in 80% yield, after chromatography on silica gel (CH,Cl,). 'H

NMR analysis of the crude mixture showed the presence of a single

diastereoisomer. The enantiomeric excess of the product was
determined by chiral stationary phase HPLC (Chiralpak AD-H column, n-hexane/i-PrOH
90:10, flow 0.75 mL/min, A 254 nm, tm,; = 46.2 min, tmi, = 53.0 min, 88% ee). "H NMR
(CDCls, 400 MHz) 6 = 8.06 (br s, 1H), 7.20 (br d, J = 8.3 Hz, 1H), 7.11 (br t, J = 8.0 Hz,
1H), 6.96 (br s, 1H), 6.91 (br d, J = 7.0 Hz, 1H), 5.22 (q, J = 3.4 Hz, 1H), 4.80 (dd, J =
20.9, 3.4 Hz, 1H), 3.90 (dd, J = 17.8, 3.0 Hz, 1H), 3.80 (s, 3H), 3.61 (s, 3H), 3.57 (d, J =
10.5 Hz, 1H), 3.34 (br dd, J = 17.5, 4.3 Hz, 1H). >*C NMR (CDCl;, 100 MHz) & = 167.8,
167.5, 133.9, 125.4, 124.5, 123.2, 119.3, 117.8, 110.4, 106.5, 83.1, 55.8, 53.1, 52.6, 40.2,
23.5. [a]p> = +87 (¢ = 0.52 in CH,Cl,);
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Methyl 2-((4R,5R)-4-nitro-1,3,4,5-tetrahydrobenzo|cd]indol-5-yl)acetate (70)

In a vial equipped with a magnetic stirring bar, compound 7q (1
equiv.) was dissolved in THF (0.1 M), then LiOH (4 equiv.) was
added at -20 °C and the mixture was stirred for 3 h, then it was
allowed to reach room temperature. The reaction was quenched with
water and KHSO,4 0.5 M was added to acidify the mixture. The crude
mixture was then extracted three times with EtOAc, then dried over MgSOy, filtered on

NO,
MeO !

=
NH

Celite®, and evaporated. The crude was dissolved in toluene and heated at 100°C for 45
min. Afterwards, the solvent was evaporated and the residue was dissolved in a mixture
of toluene/MeOH 1:1, then TMSCHN, (1 equiv.) was added at 0 °C and the mixture was
stirred at room temperature. After 3 h the solvents were evaporated and the residue was
directly purified on chromatography on silica gel (CH,Cl,), affording the title compound
in 29% overall yield, and as a mixture 9:1 of diastereoisomers. The enantiomeric excess
of the product was determined by chiral stationary phase HPLC (Chiralpak AS column,
n-hexane/i-PrOH 80:20, flow 0.75 mL/min, A 254 nm, ty, = 19.2 min, tyi, = 24.0 min,
65% ee). 'H NMR (CDCls, 400 MHz) & = 8.02 (br s, 1H), 7.23 (dr d, J = 8.2 Hz, 1H),
7.17 (brt, ] = 7.4 Hz, 2H), 6.98 (br s, 1H), 6.94 (br d, ] = 7.14 Hz, 1H), 5.18 (dt, J; = 6.4
Hz, Jp = 4.4 Hz, 1H), 4.35 (q, J = 6.7 Hz, 1H), 3.75 (dd, J = 15.7, 6.4 Hz, 1H), 3.72 (s,
3H), 3.43 (ddd, J = 16.0, 4.3, 0.9 Hz, 2H), 2.80 (dd, J = 16.6, 6.2 Hz, 1H), 2.76 (dd, J =
16.6, 6.4 Hz, 2H). >°C NMR (CDCls, 100 MHz) & = 171.5, 133.7, 128.6, 123.6, 118.8,
115.8,109.7, 107.3, 85.4, 52.0, 37.9, 37.1, 25.4.

4.6. Conclusion

The functionalization of indole nucleus is a fascinating area that still has a tremendous
impact on organic synthesis.”” Remarkable attention must be focussed on 3,4-annulated
indoles which are the key structural motif of ergot alkaloids, a class of natural occurring
compounds whose biologically and pharmaceutically importance has been widely
recognized.®™ Alongside this, the concept of “cascade reactions” has strongly merged
with the asymmetric organic synthesis, gaining a great deal of interest in recent years as
useful and nature-inspired tool for the efficient construction of complex chiral molecular
structure, from simple and readily available starting materials.>* For these reasons, our
research group has moved towards the disclosure of new organocatalytic cascade
approaches leading to the high valuable 3,4-ring fused indole scaffold. To build a
molecular architecture between the C3 and C4 positions of indole following an

organocatalytic approach, we have exploited the synthetic versatility of readily available
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indoles bearing at their C4 a suitable Michael acceptor: in these compounds, the
nucleophilic position at C3 of indole is flanked by the electrophilic olefin at C4, enabling
the construction of tricyclic compounds via Friedel-Crafts alkylation'**'* followed by
Michael addition,'”'°® by using either o,B-unsaturated aldehydes or nitroethene. Despite
the conceptual simplicity, this approach has been sprinkled of intriguing synthetic
challenges such as the expected low reactivity of this type of indole derivatives, in which
the nucleophilicity of C3 is partially “quenched” by the conjugation with the Michael
acceptor. Being conscious that too strong Michael acceptor would suppress the Friedel—-
Crafts reactivity, whereas too weak Michael acceptor would result unable to promote the
triggered Michael addition, we have considered a,B-unsaturated ketones Michael
acceptor as a good compromise. Indeed, although an initial reluctance, after carefully
optimization, indole derivatives 1 were reacted with the exceedingly reactive acrolein 2a
as enal partner,'" in the presence of Jorgensen-Hayashi catalyst™ 4b, TFA as cocatalyst
and MgSOy as additive. The reaction proceeded through the Friedel-Crafts alkylation of
indole by the iminium ion activated enal, triggering an enamine mediated ring closure.
The reaction proved to be tolerant towards a broad range of indole derivatives, bearing
different substituents both at the keto group of the Michael acceptor and on the indole
nucleus. The corresponding tricyclic compounds 3a-g were obtained with excellent
results in terms of yields, diastereo- and enantioselectivities. Once moved to pB-
substituted enals, we have faced once again with the poor nucleophilicity of indoles
derivatives 1: every attempt to extend the optimized reaction conditions with acrolein to
B-substituted enals failed, showing the inability of diarylprolinol derived catalysts in
promoting this reaction. In search of a more reactive catalytic system, we turned to use
imidazolidinone catalyst 4d (MacMillan’s second generation catalyst)48 which generate
an iminium ion three orders of magnitude more reactive than diaryl prolinol type
catalysts.''? Under these re-optimized reaction conditions, also B-substituted aldehyde
were productively engaged in our cascade protocol, affording compounds 3h-j.
Remarkably this latter 3,4-annulated indoles possess three contiguous stereocenters
whose stereochemistry is perfectly controlled. The possibility of performing synthetic
manipulation in products 3 was briefly explored. Treatment of 3a under Pinnick
conditions® oxidized both the aldehydes and the indole core, furnishing the intriguing
lactone 5; on the other hand a Robinson annulation reaction''® rendered the tetracyclic

derivative 6 as a mixture of diastereoisomers (Scheme 50).
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The quest for a reaction partner which could allow a direct access to ergot alkaloids have
prompted us to develop a further organocascade approach between indoles 1 and this
nitro-olefin. Quite surprisingly, the reaction between indoles 1 and nitroethene'”” was
found to be promoted by chiral phosphoric acid catalysts, affording the corresponding
tricyclic compounds 7 which present the same atom connectivity of ergot alkaloids.
Upon a thorough screening of phosphoric acid catalysts and reaction conditions, we
identified 9¢ (R)-TRIP able to promote the reaction with perfect stereocontrol; moreover,
the use of MgSO, as additive was found to have a positive influence on the
reproducibility and reactivity. With the well-optimized reaction conditions different tests
were carried out, generally obtaining very good results. Indole derivatives bearing aryl
substituents at their ketone-fragment gave excellent results in terms of yields and
stereoselectivities, confirming the suitability of this compounds in our protocol. The
derivatization of these compounds on the N-indole position did not prevent the successful
occurrence of the reaction: upon a slight modification of the reaction conditions, N-alkyl
indole substrates furnished the corresponding products with very good results. Moving to
non-aromatic keto substrates provided satisfactory results only when hindered
substituents were placed on the Michael acceptor group. Ester derivatives and some of
their surrogates were also tested, however these substrates were not suitable for the
cascade cyclization, as the only products detected were the open-chain 7°. In order to
demonstrate the synthetic usefulness of our procedure, we developed a synthetic
sequence for the obtainment of compound 70 which is a precursor of the ergot alkaloid
6,7-secoagroclavine. Despite this latter process is currently under optimization, since
better enantioselectivity has to be devised, the obtainment of enantioenriched 70 allow us
to claim the first formal total synthesis of enantioenriched 6,7-secoagroclavine’* by
means of an organocatalytic reaction as cornerstone in the synthetic sequence. While the
development of this synthetic sequence was ongoing, it was found that a clean
epimerization occurred under strongly basic conditions. This transformation can be
considered as a “lucky strike” since, in principle, allows to access to both
diastereoisomers of the products with the same catalytic enantioselective procedure
(Scheme 51).

The exclusive obtainment of tricyclic compound 7 in the presence of chiral phosphoric
acid catalyst was very intriguing. Computational investigations of the acid catalyzed
cascade reaction, showed that rearomatization of the indole core precedes the nitro-

Michael step and that a key bicoordinated nitronate intermediate is formed. Here the
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reaction can proceed through the stereoselective nitro-Michael pathway,'?” or simply lead
to nitronate protonation when indole derivatives bearing weak Michael acceptor were
employed. Importantly, this mechanistic proposal fully accounts for the observed
experimental results.

The absolute and relative configuration were unambiguously assigned on compounds 3a,
3h, 6, 7b and epi-7b by means of NMR analysis and comparison of simulated ECD
spectra with the experimental one.

In summary, we have introduced 4-substituted indoles 1 as useful substrates for
asymmetric organocatalytic cascade reactions, resulting in a new synthetic route to 3,4-
annulated indoles. The employment of these substrates in related transformation bring us

to access to ergot alkaloids through the formal total synthesis of enantioenriched 6,7-

secoagroclavine.
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Synthetic challenges :
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Scheme 50. Catalytic enantioselective organocascade reaction between indoles 1 and enals 2, giving
3,4-annulated indoles 3, related synthetic elaborations and associated challenges.
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Scheme 51. Catalytic enantioselective organocascade reaction between indoles 1 and nitroethene,
giving 3,4-annulated indoles 7 and associated challenges. The related synthetic elaboration allowed

the access to enantioenriched ergot alkaloid.
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5. Organocatalytic asymmetric addition of active
methylene compounds to ortho-quinone methides
generated in situ under basic conditions

The procedures and results here described are part of- and can be found in-:

e (Caruana, L.; Mondatori, M.; Corti, V.; Morales, S.; Mazzanti, A.; Fochi, M.;
Bernardi, L. “Catalytic asymmetric addition of Meldrum’s acid, malononitrile and
1,3-dicarbonyls to ortho-quinone methides generated in situ under basic conditions.”

Chem. Eur. J. 2015, early view DOI: 10.1002/chem.201500710.

ABSTRACT

This chapter deals with the development of a new approach to the utilization of highly
reactive and unstable ortho-quinone methides (0-QMs) in organocatalytic asymmetric
settings. Due to their instability, these synthetically appealing intermediates have begun
to be exploited in asymmetric settings only recently.'*'>* Our approach relies on
enantioselective reaction catalyzed by bifunctional organocatalysts in which the transient
0-QM intermediates are generated in situ from 2-sulfonylalkyl phenols through base
promoted elimination of sulfinic acid. The use of mild Brensted basic conditions for
transiently generation of 0-QMs is unprecedented, and allows to overcome the intrinsic
instability of these intermediates, hence permitting the productively engagement of
different methylene nucleophiles such as Meldrum’s acid, malononitrile, and 1,3-
dicarbonyl compounds. The catalytic transformations give new and general entries to
enantioenriched 3,4-dihydrocoumarines, 4H-chromenes and xanthenones. These
frameworks are synthetic precursors of several natural products (some of which showing
interesting biological activity) and active pharmaceutical ingredients used in commercial
drugs. In order to testify the importance and usefulness we propose the formal total
syntheses of three biologically relevant compounds: (R)-tolterodine (antimuscarinic
drug), (S)-4-methoxydalbergione (allergen of Dalbergia Nigra) and SB-209670 / SB-
217242 (potent endothelin antagonists).
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Base promoted formation ool

of 0-QMs in situ:
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22 examples
Yields: 64-98% (average 79%)
ee: 82-96% (average 92%)

5.1. Background

Quinone methides display a cyclohexadiene core featuring an exocyclic methylene and a

carbonyl residue, mainly disposed at ortho or para position. The 1,2- and 1,4-quinone

methides (namely ortho- and para-
quinone methides, respectively) are
formally neutral molecules (Scheme
52, A) however, the zwitterionic
aromatic resonance structures
(Scheme 52, B) are highly relevant,
rendering these molecules highly
polarized and thus reactive at those
sites. ortho- and para- Quinone
methides can be considered as

Michael acceptors however, compared

(A) (B)

O

0]
+
- ortho-quinone methide
O
¢ < > para-quinone methide
+

Scheme 52. Resonance structures of quinone
methides

to the classic enones, the reactivity of quinone methides is much more pronounced. In

fact, while addition of nucleophiles to simple Michael acceptor results in a small

decrease in the stability of the system due to the loss of conjugation and simultaneous

formation of enolic intermediate, addition of nucleophiles to quinone methides results in

a large increase in the m-stabilization energy due to the formation of a fully aromatic ring;
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this provides a considerable driving force that exceedingly enhances the reactivity of
quinone methides. The combination of these features confers a distinctive reactivity to
quinone methides.'*’ While para-quinone methides only react in 1,6-Michael addition of
nucleophiles; ortho-quinone methides possess a greater charge dipole which make them
less stable, more reactive and perhaps give them more intriguing chemistry which let o-
QMs to emerge as highly useful and versatile intermediates. The reactivity of 0-QMs is

expressed by three typical reaction pathways (Scheme 53): not only the 1,4-Michael type

] addition with various
Transient Cveloadditi
H ' cloaadition .

1,4-Michael addition o-QM y H nucleophiles but also,

OH  NuH 0 R_J O R . .
@E( - _ cycloadditions with 2m partners

Nu X R
2 . .
R R r H and oxa-6m-electrocyclizations
R = -CH=CH, 128

are possible. © The latter two

o)
@ reaction pathways result in

oxa-6n-electrocyclization benzopyran subunits which are
Scheme 53. The three typical reaction pathways of 0-QMs )
valuable scaffolds in the frame

of the synthesis of complex natural products.'**

From a historical perspective 0-QMs were first invoked by Fries in 1907,"° but only
many decades later more direct evidences of their existence were collected, first by using
low-temperature IR spectroscopy'' and later by X-Ray diffraction experiments in which

0-QMs were entrapped in an iridium complex.'*

Despite their transiency, 0-QMs (and
their para-substituted counterparts p-QMs) are relatively common moieties in biological
settings.'*”® QMs are often proposed as biosynthetic intermediates, and several natural
compounds contain these moieties. More importantly, the biological activity/toxicity
featured by many natural/synthetic molecules is attributed to the reactivity of (transiently
generated) QMs sub-units, acting as powerful alkylating agents towards biological
targets. These observations have not only inspired a number of natural product syntheses
based on QM intermediates,'** but have also spurred very active research areas dealing
with the control/sensing of biological processes through the generation of reactive QMs
in situ.'**>¢

Being labile intermediates, 0-QMs have been termed as ‘“ephemeral”, “elusive”
intermediates, and even as a “synthetic enigma”.'*® The marked reactivity of quinone
methides was historically seen as deterrent to their employment in organic synthesis. In
fact, reports describing the utilization of QMs in catalytic asymmetric settings have been

scarce until very recently,'” highlighting the challenge of taming their high reactivity
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and instability. Significant breakthrough have exploited the possibility of stabilizing the
electron-poor triene core of QMs by electron donating substituents, up to point their
isolation have become possible.'*?

The first remarkable application of stabilized ortho-quinone methides in organocatalytic
asymmetric fashion was reported by Lectka in 2008, describing an enantioselective [4+2]
cycloaddition of stable 0-QMs to silyl ketene acetals. Chiral cinchona alkaloid-derived
tetraalkylammonium fluoride behaved as a precatalyst to generate the ketene enolate in
situ. The proposed mechanism, shown in Scheme 54, involves fluoride ion-promoted
desilylation of the ketene acetal, forming the ion-paired ketene enolate A. This species,
regioselectively attacks the 0-QM at the methide group to produce intermediate B, with
the restoration of aromaticity acting as driving force. Subsequently B undergoes
lactonization to form the desired cycloadduct product and releasing 2-naphtoxide. The
tetraalkylammonium fluoride organocatalyst was termed as “precatalyst” since the

fluoride anion was sacrificed to initiate the reaction. Thus, the ammonium ion of the

by electronic effects rather than by steric bulk.

F_ N02
ﬂ@_@
HO,,, H
R H

o
PMP 7 examples PMP : N
Yield: 85-91% (average 87%) I cat: Qd*F-
dr: 7.5:1-15.2:1 (average 12: 1)
ee: 72-95% (average 83%)

OTMS oad” “oad"
p0§”—’wo& T m ~<KII
R
: pmpP O PMP

Scheme 54. Enantioselective reaction of stabilized ortho-quinone methide with ketene enolate using
chiral ammonium fluoride precatalyst.

catalyst could form ion pairs with the ketene enolate, effecting on the enantioselectivity
0 O NpO._OTMS cat: Qd F-
L "X SO0
X TTHF 78°C

Other remarkable examples of the utilization of stabilized 0-QMs in asymmetric catalysis
involve NHC activation of enals aldehydes, resulting in [4+3] cycloaddition reactions.'**
However, the requirement of stabilized substrates clearly represents an inherent
limitations in the scope of these protocols. In order to move around this restriction,
various synthetic methodologies for the in situ generation of 0-QMs have been developed

which turned to be intimately linked with the manner in which 0-QMs are to be utilized.

Stepping back to the general utilization of 0-QM in organic chemistry, the most common
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methods for their generation is the elimination of a stable molecule from the benzylic

position, to generate the methylene and a-carbonyl functionalities with concomitant

OH dearomatization. This process may be
R . ..
. OAe induced thermally or by addition of a
o J A orgs  ucleophile, base or acid.'"?*** Other
;s R
RE RcHO\\ / CL, classic 0-QMs generation routes include
£ tautomerization (which may be induced
=%
‘K"' thermally, photolytically, or via Pd"-

Ag,0

=

Cr\,f hydride), benzylic oxidation, Wittig

OH olefination of an ortho-quinone, or by

Q

-
=N
Lz . 128d.e,f
aldol condensation (Scheme 55). =™~
Scheme 55. Some methods for the generation of ( )
0-QMs More challenging aim is to push the
boundaries towards conditions

compatible with both formation of reactive ortho-quinone methide and asymmetric
catalysis; indeed, only very recently organocatalytic methods combining chiral catalysts
with catalytic asymmetric transformation of 0-QM generated in situ, have strongly
emerged, 134135137.138.139,140,141,142,143,154

In 2012, Schaus and co-workers described the asymmetric addition of aryl- or alkenyl-
boronates to 0-QMs, generated from 2-hydroxybenzyl alcohols or 2-hydroxybenzyl

135 The boronate was found to be acidic

ethers under mild acidic conditions (Scheme 56).
enough to promote the QM formation in the presence of BINOL derived catalyst. The
thus formed highly reactive 0-QMs were trapped by nucleophilic boronates before
dimerization or polymerization side-reactions could occur. The hydroxyl group was
crucial for reactivity, as its absence resulted in no product, in accordance with the
occurrence of 0-QM intermediate in the reaction. Despite successfully, this approach —
exploiting the in situ formation of a reactive intermediate — was limited to the presence of
electron-donating group placed at the para position of the exocyclic methylene. In fact,
electron-donating substituents at that position are able to stabilize both the 0-QM
intermediate (by inductive and resonance effects) and to facilitate its formation;'**
emphasizing once again the difficulty of the applications of 0-QMs in asymmetric

catalysis.
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994
OH

Ar OH Ar
/d\OEt EEt OO Br WRZ
10 mol%
MeO OH EtO Y\RZ . MeO OH ' 9 examples
R4 Toluene, 4°C Yield: 92% (average)

ee: 95% (average)

Scheme 56. Organocatalytic enantioselective addition of boronates to in situ formed 0-QMs.

How the BINOL-derived chiral diol could B "k
effectively promote the reaction was not . o _’_;“
completely clear since Goodman and co-workers ( O:Egi_\ o
performed computational investigations.® The -0 H\Ph

DFT calculations suggested that asymmetric . .
Figure 39. Transition state model for

boronate addition to 0-QMs, proceeded via a the reaction between vinyl boronate

. ) and 0-QMs. In green is highlighted
Lewis acid catalyzed process through a closed the chiral diol condensated to the
boronate, whereas in red is
highlighted the six-membered

BINOL-derived catalyst underwent an exchange transition state.

six-membered transition state (Figure 39). The

process with the initial boronate ligands, loss of both ligands resulted in a more Lewis
acidic boron which is the active species in the reaction.

Beyond the aforementioned example of alcohol elimination of 2-alkoxyalkyl phenols,
generating the 0-QMs, the challenging task related to the transient formation of 0-QMs
intermediates, has been recently met with other approaches. Available examples include
palladium-catalyzed oxidative addition to ortho-hydroxy styrenes,'*’ desilylation — halide
elimination of O-silyl 2-haloalkyl phenols'*® and pyrones,"*’ and dehydration of the

corresponding benzylic alcohols.'*’

The latter approach, wherein chiral Bronsted acid
catalysts promote both dehydration and addition to the thus formed 0-QM, has proven to
be particularly flexible and has been very recently applied to a broad range of
nucleophilic reaction partners. In this context, Schneider’s group has devoted many
research efforts to the employment of these substrates in asymmetric transformations,

catalyzed by chiral phosphoric acids.'*!

The first example of its kind dealt with a
catalytic enantioselective process for the synthesis of 4H-chromenes. A sequence of
conjugate addition of B-diketones to in situ generated ortho-quinone methides, followed
by cyclodehydration reaction furnished 4-aryl-4H-chromanes in excellent yields and high
enantiopurity. A BINOL-based phosphoric acid was employed as Bronsted acid catalyst
which converted ortho-hydroxy benzyhydryl alcohols into hydrogen-bonded 0-QMs and

effected the formation of a new C-C bond in high enantioselectivity (Scheme 57).'*"
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Scheme 57. Chiral phosphoric acid catalyzed, conjugate addition of 1,3-dicarbonyls to in situ
generated ortho-quinone methides.

The conjugated addition was not limited to 1,3-dicarboyls, but could be instead extended

141b

to other nucleophilic reaction partners such as enecarbamate/enamides ™~ or electron-

rich aromatic ring (e.g. indoles or naphthols).'*'®

In the first case the conjugate addition
triggered the N,O-acetalization, giving rise to acetamido-substituted tetrahydroxanthenes
(Scheme 58, pathway A); whereas in the second, only the conjugated addition took place

delivering diarylindolylmethanes or triarylmethanes (Scheme 58, pathway B).

I

|o’

e
OH
CPA
HzO/‘ @E% Ar
O ‘ ) G
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X
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pathway A — — pathway B OH Ar ‘
: J 0
_—
HO,
in situ formed HO
_NH ‘ Ac\ o-QM

Scheme 58. Chiral phosphoric acid (CPA) catalyzed reaction of 0-QMs with enecarbamates/enamides
(pathway A) and with indoles or B-naphthols (pathway B).

Q.‘

Almost simultaneously, the acidic in situ generation of o0-QMs from diaryl
hydroxybenzylic alcohols, permitting the productive engagement of these unstable and

highly reactive intermediates was independently developed by Rueping'** and Sun'*
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research groups. Rueping and co-workers described an enantioselective synthesis of
tetrahydroxanthenones by means of asymmetric Bronsted acid catalysis. A BINOL-based
N-triflyphosphoramide was able to promote the in sifu generation of 0-QMs and their
subsequent  reaction with  1,3-cyclohexanedione to provide the desired
tetrahydroxanthenes with excellent stereoselectivity. In addition, BINOL-based
phosphoric acid was found to promote the reaction between 0-QMs and 5-
monosubstituted 1,3-dicarbonyl substrates. In this latter case the desymmetrization
afforded products containing two distant stereocenters (Scheme 59). Once again, the
acidic organocatalyst both promoted the formation of 0-QMs and their engagement in the
asymmetric reaction via a transition state in which the reactive species are both

coordinated.

X,
o Q2
/P\

OO o NHTf
Ar R-

Cat. 5 mol%

16 examples

Ar = 2-naphthyl Yield: 70% (average)
xylenes, -10°C R ee: 92% (average)
R- 0
Ar
X,
/P\
OO o OH 14 examples
Ar Yield: 60% (average)
Cat. 5 mol% dr: 33:1 (average)
Ar = 2,4,6-iPr-CgH, ee: 91% (average)
R-- xylenes, -10°C R--

then FeClg, RT,

Scheme 59. Chiral phosphoric acid catalyzed, conjugate addition of cyclohexanedione to in situ
generated ortho-quinone methides (top). Desymmetrization of 5-monosubstituted cyclohexanedione
with in situ generated ortho-quinone methides, affording tetrahydroxanthenes embedding two distant
stereocenters (bottom).

Few months later, Sun and co-workers extended this protocol by employing tertiary
diaryl hydroxybenzylic alcohols in the reaction with indole, catalyzed by -chiral
phosphoric acid.'* This transformation is worth noting since affords products bearing an
all-carbon quaternary stereocenter which is known to be a particularly challenging

structural element to assemble.'**

The reactions described by Sun were effective for a
range of tertiary alcohols as long as electron-rich phenols bearing a methyl group at the
benzylic position were employed; whereas 2- or 4-substituted indoles could not be used

possibly due to the steric hindrance close to the reactive 3-position. A set of control
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experiments established that the phenolic hydroxyl-group is crucial for the reactivity, as
well as the N-H moiety of indole which permitted the catalyst coordination. The
proposed mechanism involves the protonation of the tertiary alcohol and subsequent H,O
elimination. This leads to the formation of carbocation (A), the resonance form of a H-
bond coordinated 0-QMs (B). These structures were considered two extreme forms of the
real reaction intermediate in terms of electron density. The stereoinduction performed by
the chiral phosphoric acid could be explained either considering an ion-pair (in A) or

hydrogen-bonding (in B), to form the all-carbon quaternary stereocenter (Scheme 60).

M
Me Ar Cat. Ar = 9-phenanthryl K .\\\\Ar
OH N\ (10 mol%)
R1_©f< * ©\/I\> o Ri~ \ 12 examples
OH H DCE, 0°C, 48h OH H Yield: 86% (average)

ee: 92% (average)

Scheme 60. Enantioselective construction of all-carbon quaternary stereocenters from indoles and
tertiary hydroxylbenzylic diaryl alcohols (CPA = chiral phosphoric acid).

The employment of ortho-quinone methides in asymmetric syntheses has been knowing
a flurry of interest. With this growth, the variety of ways in which these intermediate are
generated has also diversified and it seems that a kind of “domestication” is to be
reached, spurring the researchers to deploy “elusive” and “ephemeral” ortho-quinone

methide in a range of asymmetric transformations.

5.2. Aim of the work

The strategies for the in situ generation of ortho-quinone methides have conferred to
these species high synthetic potentials, even though the embracing of these
methodologies with asymmetric organocatalysis has emerged only recently.

Our attention was drawn by a report proposed by Zhou and co-workers,'** describing the
generation of 0-QMs under mild basic conditions and their employment in a nucleophilic

addition with sulfur ylides, affording 2,3-dihydrobenzofurans in high diastereoselectivity.
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Zhou and co-workers used 2-tosylalkylphenols as precursors of 0-QMs which are

generated upon the basic-promoted elimination of tolyl sulfinic acid (Scheme 61).
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Scheme 61. Strategy for the generation of 0-QMs under basic conditions (Zhou and co-workers).

Inspired by this novel strategy, and on the basis of the literature data for asymmetric
transformation involving the generation of transient species through sulfonyl
elimination,'*® we have aimed to the development of a novel strategy for the generation
of 0-QMs under basic conditions, in the enantioselective reaction with active methylene
compounds, promoted by H-bond donor organocatalyst bearing a Brensted basic sites
(e.g. Cinchona derived catalysts).” It has been envisaged that the high variability in o-
QMs structure will be provided by their in situ production, whereas the unprecedented
exploitation of Breonsted basic conditions for both 0-QM generation (from 2-
(arylsulfonyl)alkyl phenols) and enantioselective reaction will give to our approach a
fully complementary scope to other methodologies based on the acidic generation of o-
QMs. In accordance with our envisioned approach, we expect that not only the
previously reported 1,3-diketones or 3-ketoesters might be employed, but also substrates
that require a basic activation such as Meldrum’s acid or malononitrile could find a
fruitful application in the asymmetric transformation. The cyclization at the phenolic
oxygen will eventually follow the nucleophilic addition, delivering 3,4-
dihydrocoumarins, 4H-chromenes and xanthenones, possessing a stereocenter at the

benzylic position (Scheme 62). These privileged scaffolds'*’

might serve as useful
precursors in the synthesis of natural products as well as active pharmaceutically

ingredients (APIs).
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Asymmetric catalysis with 0-QM generated
in situ under basic conditions:

* broad scope in 0-QM

« fully complementary to previous methods
« obtainment of valuable precursors of APIs
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Scheme 62. Basic conditions and bifunctional catalysts promote the in situ generation of ortho-
quinone methide, in the reaction with active methylene compounds.

5.3. Results and discussion

At the outset of this work, we explored combinations of bifunctional organocatalyst,
inorganic bases and various common active methylene compounds in the reaction with
the 5-methoxysalicylaldehyde derived sulfone 1a. It was envisioned that the electon-
donating methoxy group would favor the formation of the 0-QMs and stabilize it. Indeed,
encouraging  reactivity

was observed  with Ph Ph

>
Meldrum’s acid, which g Ts Ji:f oA
MeO OH " |MeD o | T

furnished the 3,4-

1a

dihydrocoumarin 4a, pn O Ph
%)
resulting from  the = f?:>< m
. . g 0 MeD o070
cyclization and MeO 4a
+ C0O; + acetone
subsequent

Scheme 63. Addition of Meldrum’s acid on la and ensuing

decarboxylation of the cyclization/decarboxylation leaving 4a.

intermediate adduct

(Scheme 63).128b’ 5The investigations were continued by screening a broad range of H-
bond donor catalysts in the reaction between 1a and Meldrum’s acid at 40 °C, using
aqueous sodium bicarbonate as basic additive and toluene as solvent. The crude mixtures
were always treated with PTSA, in order to ensure lactonization to 4a of the

corresponding open-chain carboxylic acid, sometimes observed in the crude. This
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preliminary results pointed to 9-amino(9-deoxy)epi (dihydro)quinine squaramide
catalysts’* 3a and 3b which performed best amongst the catalysts tested (Table 10).

Table 10. Preliminary catalysts screening in the reaction between 1a and Meldrum’s acid. *

Ph i) Cat. 3 (10 mol%) Ph
Y4 NaHCO; ag (10% wt)
Ts , 00 toluene, 40°C @fl
CTIIeettttt MeO OH oMo ii) p-TSA, 0 o
, Catalysts 3 i 1 toluene, 100°C 4a
 Ar=35-CPRalrCetls; . G
(o] (o] o [e]
- r< r-—\ o
N N N H HN
MeO. N MeO MeO. Moo q H
N 3a N 3p N e N 3d
MeO N
_\ R (o]
G a Mmjj RS el
HN = HOHN, I Ar\S’H % HN \%
HN., N\% Meo A MeO._ 2 MeO x '
Meo Y e N7 3f \C 39 N
N
Ar—NYO y " 2 /\@
HN,, HO, N |s O.,
MeO X \ MeO X Ar\’?‘/]\’?" HO X
J 3 J HOH o NMe 3| _
TN T N N T
Entry Cat. 3 Time (h) Conversion * (%) ee ‘(%)
1 3a 24 >95 87
2 3b 24 >95 92
3 3c 17 >95 85
4 3d 19 >95 -66
5 3e 22 >95 7
6 3f 22 >95 85
7 3g 22 67 racemic
8 3h 22 85 -14
9 3i 22 >95 74
10 3j 22 >95 83
11 3k 22 >95 29
12 31 17 >95 -70
13 3m 22 59 -16
14 3n 22 >95 -48

(a) Conditions: i) Sulfone la (0.05 mmol), Meldrum’s acid (0.10 mmol), cat. 3 (0.005 mmol, 10
mol%), toluene (0.71 mL), NaHCO; ag (1.00 mmol, 10 wt% aqueous solution), 40 °C, then HCI ag
0.1 M, filtration on Celite®, evaporation; ii) toluene, PTSA (0.005 mmol), 100 °C, 1 h. (b)
Determined by 'H NMR after the first step (considering 4 + carboxylic acid). (¢) Determined by chiral
stationary phase HPLC.

A series of control experiments revealed the non-trivial role of the inorganic base. In fact,
when the reaction was carried out in the absence of the basic additive, the conversion

value of 1a coincided with the catalyst loading (10 or 20 mol%), thus suggesting that the
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inorganic base served to regenerate the catalyst permitting its turnover, whereas the
organocatalyst 3 is also responsible for the generation of the reactive 0-QMs'*® (a
detailed discussion will be addressed in § 5.3.2). Indeed, the importance of the inorganic
base was demonstrated by the results shown in Table 11, entries 1-4. While lower
enantioselectivities with bases stronger than bicarbonate could be attributed to a
background racemic reaction, the lower conversions observed with non-aqueous bases
were ascribed to their poor efficiency in catalyst regeneration. Using aqueous NaHCOs,
an increase in conversion and enantioselectivity was observed at 40 °C, using the aniline
derived catalyst 3b (Table 11, entry 5 and Table 10, entry 1). Even though better results
could be obtained using DCE as solvent (Table 11, entry 6), we faced with great
disappointment when we purified product 4a to determine the yield of the reaction,
which resulted unacceptably low. A large number of experiments directed at its
improvement through changing the various reaction parameters (solvent, catalyst loading
and type, temperature, concentration, reaction time, type and amount of inorganic base,
order and rate of the additions, excess of Meldrum’s acid), proved to be unfruitful.
Furthermore, the reaction with the unsubstituted sulfone 1b, lacking the stabilizing
methoxy group, proved to be sluggish, with only 61% conversion reached after
prolonged reaction time, even when using 5 equiv. of Meldrum’s acid (Table 11, entry
7). The unsatisfactory results obtained with these two sulfones 1 were ascribed to two

. 128b
opposite reasons,

which we thought give enough merit to the definition of 0-QMs as a
“synthetic enigma”'***. In the case of the methoxy derivative 1a, the rapid formation of
the 0-QM intermediate, accompanied by its plausibly poor reactivity, caused its
accumulation in the reaction medium. Thus, degradation competed with the desired
enantioselective addition, resulting in low yield. In the case of the unsubstituted
derivative 1b, decomposition was not an issue, since the highly reactive 0-QM formed
only in small amounts. However, its formation was so disfavored that conditions
compatible with the sensitive catalytic asymmetric step could not be devised. Pleasingly
and unexpectedly, we discovered a solution applicable to both cases, observing that a
very subtle change at the aryl group of the sulfone, swapping the p-tolyl for a phenyl,
gave a surprisingly dramatic improvement over its leaving group ability. In fact, there is
usually no difference in reactivity between these two sulfones;'*® however, the
unsubstituted phenyl sulfone 2b fully converted even at RT, affording the product 4b in
good yield and improved enantioselectivity (Table 11, entry 8). On the other hand, the

opportunity of producing the sensitive methoxy substituted 0-QM intermediate from
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sulfone 2a at RT, instead of 40 °C, was sufficient to avoid most of the degradation

pathway, resulting in improved yield of the corresponding product 4a (Table 11, entry 9).

Table 11. Selected optimization results in the reaction between sulfones 1 or 2 and Meldrum’s acid

Ph i) cat. 3 (10 mol%) Ph
solvent (0.07 M)

soar 0TS0 powentlo!
A M inorganic base m
R OH o O i) p-TSA, tol R 0" o

100 °C, 60 min
1a: Ar = p-tol; R = OMe 4a: R = MeO
1b: Ar = p-tol; R=H :
2a: Ar = Ph, R=0Me
2b: Ar=Ph,R=H

Entry 1,2 Solvent  Base (equiv.) 3 (OTC) t (h) ((3“,;)“)1 ((f;f)c
1 1a toluene Ni‘gﬂz(()fo"‘)q' 3a RT 24 4a-41 72
2 1a toluene ch% g)q' % 34 RT 24 4a-44 48
3 la toluene Na,CO; 3a RT 24 4a-30 69
4 la toluene Na,CO; 3a RT 24 4a-29 80
5 1a toluene N‘i‘gﬂg?fo?;q' 3b 40 22 4a->95 92
6 1a DCE Ni‘g{,/f((’fo"‘)q' 3b 40 18 43(‘;)?,5 93
7° 1b DCE Ni‘g,g?foz;q' 3b 40 9 461 92
8¢ 2b DCM N?ggc()foa)q. 3b RT 70 4b->95 93
9 2a DCM Nagl;fgi)i‘q' 3b RT 20 4*(‘;;)25 94

(a) Conditions: i) sulfone 1 or 2 (0.05 mmol), Meldrum’s acid (0.10 mmol), cat. 3 (0.005 mmol, 10
mol%), solvent (0.75 mL), inorganic base, then HCI aq. 0.1 M, filtration of the organic phase on
Celite®, evaporation; ii) toluene, cat. PTSA, 100 °C, 60 min. (b) Determined by "H NMR after the
first step (considering 4 + carboxylic acid). (¢) Determined by chiral stationary phase HPLC. (d)
Yield of product 4 purified by chromatography on silica gel. Reactions performed on 0.10 scale. (e) 5
equiv. of Meldrum’s acid were used.

Having found in phenyl sulfones 2 suitable substrates for the organocatalytic
transformation with Meldrum’s acid, the scope of the reaction was inspected by using
aqueous sodium bicarbonate as stoichiometric base, dichloromethane as solvent and

performing the reaction at room temperature. Sulfones 2a-f, having substituents with
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different electronic properties at the phenolic ring, performed very well in the reaction,
affording the corresponding 3,4-dihydrocoumarines 4a-f in good yields and
enantioselectivities (Table 12, entries 1-6). As previously mentioned, the substituents on
the phenolic ring play a major role on the stability/reactivity of the ortho-quinone
methide. Substrates lacking the stabilizing electron-donating group might form only
minimal amount of 0-QMs which, however, would be too reactive to be compatible with
the organocatalytic conditions. Nonetheless, our methodology was successfully extended
to electron-neutral and even electron-deficient substrates (Table 12, entries 2 and 5),
furnishing the corresponding adducts with results comparable to the ones obtained with
electron-rich substrate. These results clearly demonstrated the non-obvious tolerance of
our approach to a range of electronically different 0o-QMs. Curiously, the highly electron-
rich substrate 2f required increased catalyst loading to reach satisfactory values of
enantioselectivity. In this case it could be envisioned that the resulting 0-QMs would be
so stable that is formed in substantial amounts, giving a background racemic reaction.
Fortunately, increase the catalyst loading to 20 mol% a satisfactory result could be
achieved even with susbtrate (Table 12, entry6)

Then, we assessed variations at the benzylic substituent, which also can influence to the
behavior of the 0-QM. Once again both electron-donating and withdrawing groups at this
aromatic substituent were well tolerated, as the corresponding adducts 4g-k were

obtained with good results (Table 12, entries 7-11).
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Table 12. Scope of the organocatalytic asymmetric reaction between sulfones 2 (precursors of o-
QMs) and Meldrum’s acid. “

R; i) cat. 3b (10 mol%) Rs
szi:(\sozph . i/(i fgzﬁiﬁggl I\R/I")I' Rzm
R OH o o ii)PTSA tol R; o X0
2a-k 1007C, 60 min 4a-k
Entry 2 R, R, R; 4'2{,2”)1‘1’] (?,/e:)

1 2a OMe H Ph 4a-76 94
2 2b H H Ph 4b-83 93
3 2¢ Me H Ph 4c-77 95
47 2d H Me Ph 4d-82 96
5 2e H Br Ph 4e-76 93
6° 2f O(CH,)O Ph 41-76 88
7 2g H H 4-(MeO)CH, 4g-79 88
8 2h H H 4-CIC¢H4 4h-82 95
9 2i H Me 4-CIC¢Hy 4i-81 95
10 2j H Me 3-(nPrO)CeH, 4j-74 82
11 2k H Me 2-(MeO)CgH, 4k-70 92

(a) Reaction conditions: #) sulfone 2 (0.10 mmol), Meldrum’s acid (0.50 mmol), cat. 3b (0.010 mmol,
10 mol%), CH,Cl, (1.42 mL), aq. NaHCOs5 (5% or 10%, 5.0 mmol), RT, 18-72 h then HCl aq. 0.1 M,
filtration of the organic phase on Celite®, evaporation; i) toluene, cat. PTSA, 100 °C, 60 min. (b)
Isolated yield. (¢) Determined by chiral stationary phase HPLC. (d) This reaction was also performed
with catalyst 3’b derived from quinidine, quasi-enantiomeric to 3b. (e) In this case 20 mol% of 3b
was used. When 10 mol% of catalyst was used product 4f was obtained in 66% yield and 76% ee.

4-Aryl-3,4-dihydrocoumarines 4 are highly valuable intermediates in the synthesis of
biologically active compounds.'” Thus, the present methodology, allowing the
obtainment of enantioenriched 3,4-dihydrocoumarines, might serve as a useful synthetic
platform. For instance, reduction of the lactone moiety in compound 4a followed by
methylation gave the alcohol 7 with preserved enantioenrichment; the latter compound

could be converted in two step into (S)-methoxydalbergione,'*>'*

a natural quinone
product isolated from Dalbergia tropical plant (Scheme 64, top). On the other hand, by
using the pseudo-enantiomeric quinidine catalyst 3’b, compound ent-4d was readily
obtained even if with slightly decreased enantioselectivity. This 3,4-dihydrocoumarine is

149¢.d,e

the key intermediate in several syntheses of (R)-tolterodine, the active ingredient of

the commercial antimuscarinic drug Detrol® (Scheme 64, middle). Finally, compound 4j
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is the precursor of the potent endothelin antagonists SB-209670 and SB-217242'40f

(Scheme 64, bottom).
i) Meldrum's acid
3b 9 -
T
aq. NaHCO; N Mel, K,COq (aoa) O NF
2a /@\/l acetone e
”) PTSA MeO 0 0 MeO OMe MeO (@]
4a: 76% yield 94% ee 7: 88% yield (S)-4-methoxydalbergione
92% ee
i) Meldrum's acid
3'b (10 mol%) Ph Ph
CH,Cl, 149
oq  29-NaHCO; [149c-¢] N(i-Pr),
iiy PTSA [oXNe} OH
ent-4d: 85% yield (R)-tolterodine
87% ee
i) Meldrum's acid
3b{0mol%) "o o
CH,Cl, [149b,1] 7
2j ag. NaHCO3 H . - o}
—_—

iy PTSA /@\/l
MeO [Oe]

4j: 74% yield
82% ee

R = CH,CO,H: SB-209670
R = CH,CH,OH: SB-217242

Scheme 64. Formal total syntheses of biologically active compounds by means of organocatalytic

key-step reaction.

Then, we studied the

. . NC CH
reaction with other ~ 3b (10 mol%)
- CHCL (0.07TM) R,
nucleophiles amenable . 3 A9 NaHCOs, RT
’msozpn R.
to activation by R ’
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catalysts 3. Performing

the reaction under the

yv]

Ph h

.. i CN
same conditions used m
MeO 0" “NH;,

for Meldrum’s acid, we

Ph
C CLX
07 “NHz 07 NHp
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X
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ba: 71% yleld 5b: 64% yield 5c: 69% vield 5d; 64% vield
85% ee 92% ae 4% ea 93% ee
were pleased to . ) . .
Scheme 65. Organocatalytic asymmetric additions of malononitrile
discover that to 0-QMs in situ generated from sulfones 2

malononitrile reacted well with various 0-QM precursors 2 (Scheme 65). The initial

adducts cyclized spontaneously, without requiring any additional treatment, furnishing

cleanly the corresponding 4H-chromenes Sa-d. Also in this case, the reaction proved to

be tolerant to various substituents at the aromatic rings. Interestingly, the products 5

feature a specific 2-amino-4H-4-arylchromene-3-carbonitrile framework, which was

found to possess some promising apoptosis inducing activity.'

* The present method
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represents the first general catalytic enantioselective approach to this class of 4H-
chromenes.

We have also explored the reaction with 1,3-diketones and 1,3-ketoesters (Scheme 66).
In these reactions, an equilibrating diastereomeric mixture of hemiacetal adducts was
obtained in the crudes, which could be dehydrated to 4H-chromenes and xanthenones 6
by treatment with PTSA. These acidic conditions caused ester cleavage in the case of
product 6¢ derived from tert-butyl acetoacetate. The reactions with acetylacetone and 3-
ketoesters proved to be somewhat less robust compared to the previous nucleophiles
explored, with good results being obtained only with the methoxy substituted sulfone 2a.
Furthermore, better enantioselectivities were obtained by using the benzylamine
substituted catalyst 3a. In contrast, excellent reactivity and tolerance to various
substitution patterns was regained in the reactions with dimedone, which afforded the
corresponding xanthenones 6d-g with nearly quantitative yields and excellent

enantioselectivities.

E Rs E
! Or; ' i) 3 (10 mol%) Rs 0 ii) p-TSA, tol Rs 0 E
: + =77 CHxCl, R 100 °C R, : !
: Rs;  aq.NaHCO; 2 Rs 30 min | Ry
' —_— N > !
! R \ Vo
: tgf\sozph Ri O Rs. ./ R 0" "Rs__ .

HO ”
Ri OH 2 6a-g
Ph o
O O :
)J\/U\ |
cat. 3a
MeO O
6a: 90% vyield, 86% ee
Ph
0o = Q

Ph :
A ome
SO,Ph cat. 3a |
= MeO o
MeO OH

6b: 72% yield, 87% ee

2a
o0 0 Ph o
)J\/U\OtBu : OH
cat. 3a |
MeO (0]
6¢: 71% yield, 89% ee
Rs o

Ry 53 O 6d: Ry = OMe, Ry = H, R3 = Ph; 98% yield, 93% ee
SO,Ph Ry ~ 6e: R; = H, R, = Me, R3 = Ph; 91% yield, 91% ee
oA O ‘ 6f: Ry = H, Ry = H, Ry = 4-(MeO)CgH; 93% yield, 90% ee
R4 (0]

R OH
! 2ad.gh cat. 3b 89: R1 = H, Ry = H, Ry = 4-CICgHy; 95% yield, 95% ee

Scheme 66. Organocatalytic asymmetric additions of 1,3-diketones and 3-ketoesters to 0-QMs in situ
generated from sulfones 2
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5.3.1. Determination of the absolute configuration of compounds 4, 5,

6
The absolute configuration of
OnPr

compounds 4d,"" 4j,'* 7% o ©/
(derived from 4a) and 6g'* m m
was determined by 0770 MeO 0
comparison of the specific 4d : 96% ee 4) 1 82% e

. " _ [@]*% =+ 2 (c = 0.48, CHCly) [6]%°n = + 24 (c = 1.00, CHCI)
rotations ([a]"p) with it [0 =+ 6 (c = 1.00, CHCl)  1ith9%): [0]25; = + 25 (c = 1.00, CHCly)
reported literature data, as OMe

Ph

shown in Figure 40.

OH o
Due to the  structural
MeO OMe
difference of the nucleophile 7-92% ee m

(] = - 41 (c= 082 CHCl)

employed, we also decided to 1t ()’ = - 48 (c = 0.82, CHCI) 69: 90% ee

[@}Pg = + 28 (¢ = 1.00, CHCly)
determine the absolute lit!"*4 (7)-enantiomer

[6]%p = - 26 (c = 0.46, CHCly)
configuration of compounds Figure 40. Optical specific rotations of 4d, 4j, 7, 6g.
5. Their absolute

configuration was determined

by a combination of conformational analysis and theoretical simulations of chiro-optical
spectra, namely by comparison of calculated (TD-DFT) with
experimental ECD pectra.?’ To this purpose, compound 5d was
selected as representative compound. The best simulation was

obtained using M06-2X functional, that simulates correctly also the

relative intensities of the peaks. The very good agreement of all the
simulations with the experimental spectrum reliably assigns the (S) absolute
configuration to Sd. As shown in Figure 41, all the simulated spectra match well the
Cotton effects when the () absolute configuration was assumed in the calculations.

In summary, we determined the absolute configuration of products 4a,d.j, 5d, 6g, which
was found to be (§) in all cases, irrespectively of the nucleophile and the 0-QM precursor
employed in the reaction. Therefore, since we have used the same catalyst 3b (or the
closely related 3a) in the other catalytic reactions, we can safely assign (S) absolute

configuration also to the remaining compounds 4-6.
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Figure 41. TD-DFT simulated
spectra calculated for 5d using
four different functionals
(CAM-B3LYP, BH&HLYP,
M06-2X, ®B97-XD) and the
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—— BHEHLYP
— Exp. 5

1 30 30 30 1 30 30 0

5.3.2. Mechanistic proposal and control experiments

In order to get an insight on the reaction pathway followed by the catalytic reactions, few
control experiments were carried out. In a first control experiment, a reaction between
sulfone 2a (0.10 mmol) and Meldrum’s acid (0.50 mmol) was performed using catalyst
3b (0.02 mmol) in CD,Cl, as solvent (1.42 mL) and in the absence of the inorganic base
(the aqueous solution of NaHCOj; was replaced with 1.68 mL of water). After 24 h, 'H-
NMR analysis of the organic phase revealed approximately 20% of conversion to 4a.
This experimental evidence suggests that the tertiary amine moiety of the bifunctional
catalyst 3b is responsible for the generation of the ortho-quinone methide from 2a,
accounting for the conversion observed in the absence of NaHCO;. Therefore, it is
plausible that — under the standard reaction conditions — the mild inorganic base has the
main role of regenerating the catalyst by acid neutralization, thus allowing catalyst
turnover, rather than forming the quinone methide intermediate. On this basis, we
propose the reaction pathway outlined in Scheme 67, wherein in the presence of
bifuctional catalyst 3b, sulfone 2a is readily deprotonated generating the transient 0-QM
upon sulfinic acid elimination, while the inorganic base restores the protonated catalyst
to the active form 3b. Although less likely, it is also possible that the ion pair formed by
the catalyst and Meldrum’s acid is involved in the generation of the 0-QM (i.e.

deprotonated Meldrum’s acid acts as a base).
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Scheme 67. Proposed reaction pathway.

This proposal is in line with previous findings dealing with the formation of N-carbamoyl
imines from a-amido sulfones in reactions catalysed by a Cinchona alkaloid'*** and

phase-transfer catalysts.'***<

In the latter case, it was established that the deprotonated
nucleophile acted as the base.

Alongside this, an intriguing aspect of this reaction is that Meldrum’s acid (pKa = ~4.9 in
water) should be completely deprotonated under the basic (excess aq. NaHCO3) reaction
conditions, and thus present as sodium salt only in the aqueous phase. To verify this, we
evaluated the distribution of Meldrum’s acid between the aqueous and organic phases
under the reaction conditions. Meldrum’s acid (0.25 mmol) was dissolved in CD,Cl,
(0.75 mL) in presence of bibenzyl as internal standard (0.125 mmol); 0.81 mL of a 5
wt% aqueous solution of NaHCO; (0.50 mmol) was added, and the mixture stirred for 30
min. The aqueous phase was removed and the organic phase was analyzed by 'H-NMR
spectroscopy. Comparison between the signals of the internal standard with the signals of
Meldrum’s acid allowed to establish that approximately only 1 mol% of Meldrum’s acid
is present in the organic phase, hence confirming that most of Meldrum’s acid has been
deprotonated by NaHCO; and moved to the aqueous phase. A similar result was obtained
by performing the experiment in the presence of catalyst 3b, although quantification of
the amount of Meldrum’s acid present was less feasible in this case, due to the presence
of the catalyst signals.

It can thus be concluded that Meldrum’s acid it is only marginally present in the organic
media in the non-deprotonated form. Nevertheless, albeit in low amount, Meldrum’s acid

is activated by catalyst 3b within the organic phase and can react with the previously in
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situ generated 0-QM, delivering the addition product and finally 4a. As the reaction
proceeds, Meldrum’s acid distributes from aqueous towards the organic phase, ensuring a
very low but constant concentration of nucleophile. It is worth to note that both reactive
species are present in small amount in the reaction media, thus justifying the large excess
of nucleophile (5 equiv.) employed in the optimized reaction protocol, as well as the long
reaction times (up to 72 h) usually required.

Similarly, we assessed the distribution of malononitrile and acetylacetone between the
aqueous and organic phases: in the first case, we estimated 25 mol% of residual
malononitrile in the organic phase; while, as far as acetylacetone is concerned, 75 mol%
of this substrate is present in the organic solvent. While Meldrum’s acid has a pKa
compatible with a complete protonation by NaHCOs and its consequent distribution into
the aqueous phase, in the case of malononitrile and acetylacetone the non-negligible
solubility of these compounds in water can be invoked to justify their partial removal

from the organic phase.

5.4. [Experimental details

5.4.1. General methods and materials

'H, ®C NMR spectra were recorded on a Varian Mercury 400 or Inova 600
spectrometer. Chemical shifts (8) are reported in ppm relative to residual solvent signals
for 'H and >C NMR.* C NMR spectra were acquired under 'H broadband decoupling.
Chromatographic purifications were performed using 70-230 mesh silica. Mass spectra
were recorded on a micromass LCT spectrometer using electrospray (ES) ionisation
techniques or using electron impact (EI) ionisation techniques. Optical rotations were
measured on a Perkin-Elmer 241 polarimeter. The electronic circular dichroism (ECD)
spectra were recorded on a Jasco J-810 spectropolarimeter. The enantiomeric excess (ee)
of the products was determined by chiral stationary phase HPLC, using a UV detector
operating at 234 nm. The absolute configuration of the products was assigned as
described in the relevant section.

Analytical grade solvents and commercially available reagents were used as received,
unless otherwise stated. The 6-hydroxybenzo[d][1,3]dioxole-5-carbaldehyde used for the
preparation of sulfone 2f was prepared from sesamol by modifying a literature
procedure.’” Sulfones 2a-k were easily prepared according to a modified literature
procedure;'® except for sulfones 2a and 2f, which were purified by column
chromatography, all other sulfones were obtained cleanly without purifications. Catalysts
3a, 3b and 3°b were prepared following reported procedures.**'>* Racemic samples were
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prepared by using an excess (5 equiv.) of K,COs in presence of a catalytic amount (0.1
equiv.) of tetrabutylammonium bromide (TBABT).

5.4.2. General procedures

General procedure for the organocatalytic reaction of Meldrum’s acid or dimedone with
sulfones 2 (Method A)

To a vial equipped with magnetic stirring bar, catalyst 3b (0.010 mmol) was added,
followed by sulfones 2a-k (0.10 mmol), Meldrum’s acid or dimedone (0.50 mmol),
DCM (1.42 mL) and NaHCO3 44 (1.00 mmol, 1.68 mL of a 5 wt% aqueous solution). The
mixture was stirred at room temperature until TLC analysis showed complete conversion
of the corresponding sulfone (approximately 24 h for 2a and 2f, 96 h for the remaining
sulfones), then the reaction was quenched with HCI 0.1 M. Afterwards the mixture was
extracted three times with DCM and the organic layers were passed through a short plug
of Celite® and MgSO,. The solvents were removed, the crude was dissolved in toluene
(1.0 mL) and PTSA monohydrate (ca 0.01 mmol) was added. The mixture was stirred at
100 °C for 1 h, then directly purified by column chromatography on silica gel (n-
Hexane/EtOAc mixtures) to afford the corresponding 3,4-dihydrocoumarines 4a-k or the
tetrahydro-1H-xanthen-1-ones 6d-g.

General procedure for the organocatalytic reaction of malononitrile with sulfones 2
(Method B)

To a vial equipped with magnetic stirring bar, catalyst 3b (0.010 mmol) was added,
followed by sulfones 2a,b,d,i (0.10 mmol), malononitrile (0.50 mmol), DCM (1.42 mL)
and NaHCOs3 4, (1.00 mmol, 0.84 mL of a 10 wt % aqueous solution). The mixture was
stirred at room temperature until TLC analysis showed complete conversion of the
corresponding sulfone (approximately 16 h for 2a, 96 h for the remaining sulfones), then
the reaction was quenched with HCI 0.1 M. Afterwards the mixture was extracted three
times with DCM and the organic layers were passed through a short plug of Celite® and
MgSOs. After evaporation of the solvents, the crude reaction mixture was finally purified
by column chromatography on silica gel (DCM or n-Hexane/EtOAc mixtures) to afford
the corresponding 2-amino-4H-4-arylchromene-3-carbonitriles Sa-d.

General procedure for the organocatalytic reaction of acetylacetone or 3-ketoesters with

sulfones 2 (Method C)

To a vial equipped with magnetic stirring bar, catalyst 3a (0.010 mmol) was added,
followed by sulfone 2a (0.10 mmol), acetylacetone or the appropriate 3-ketoester (0.50
mmol), DCM (1.42 mL) and NaHCOs3 4, (1.00 mmol, 0.84 mL of a 10 wt% aqueous
solution). The mixture was stirred at room temperature until TLC analysis showed
complete conversion of the corresponding sulfone (approximately 24 h), then the reaction
was quenched with HCI 0.1 M. Afterwards the mixture was extracted three times with
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DCM and the organic layers were passed through a short plug of Celite® and MgSOs.
The solvents were removed, the crude was dissolved in toluene (1.0 mL) and PTSA
monohydrate (ca 0.01 mmol) was added. The mixture was stirred at 100°C for 30 min.,
then directly purified by column chromatography on silica gel (n-Hexane/EtOAc
mixtures) to afford the corresponding 4H-chromenes 6a-c.

(5)-7-Methoxy-4-phenylchroman-2-one (4a)

Following the general procedure (method A), but using NaHCO; agq
@ (10 wt%) as inorganic base, the title compound was isolated by column
chromatography (n-Hexane/EtOAc 5:1) in 76% yield as white solid.
Mmmo 'H-NMR (CDCl; 400MHz) & = 7.37-7.27 (m, 3H), 7.17-7.13 (m, 2H),
6.87 (d, J = 8.3 Hz, 1H), 6.69 (d, J = 2.7 Hz, 1H), 6.64 (dd, ] = 8.5, 2.5
Hz, 1H), 4.29 (t, J = 6.8 Hz, 1H), 3.80 (s, 3H), 3.07 (dd, J = 15.7, 6.0 Hz, 1H), 2.99 (dd, J
= 15.8, 7.8 Hz, 1H). ®C NMR (CDCl; 100MHz) & = 167.6, 160.0, 152.5, 140.7, 129.1,
128.9, 127.6, 127.5, 117.6, 110.7, 102.5, 55.5, 40.1, 37.3; EI-MS [M']: 254; [a]*’p =
+36 (¢ = 0.75 in CHCI;). The ee was determined by chiral stationary phase HPLC
(Chiralpack AD-H, n-Hexane/i-PrOH 90:10, flow = 0.75mL/min, A = 234 nm, t,; = 17.8
min, tpi, = 16.2 min, ee = 94%).

(5)-2-Amino-4-(4-chlorophenyl)-6-methyl-4 H-chromene-3-carbonitrile (5d)
a Following the general procedure (method B), the title compound was
@ isolated by column chromatography (n-Hexane/EtOAc 2:1) in 64%
: yield as white solid. "H-NMR (CDCl; 400MHz) 6 = 7.29 (br d, ] = 9.0
mc“ Hz, 2H), 7.13 (br d, ] = 8.3 Hz, 2H), 7.00 (d, J = 8.4 Hz, 1H), 6.90 (d, J
0" "NH, = 8.4 Hz, 1H), 6.71 (s, 1H), 4.68 (s, 1H), 4.62 (br s, 2H), 2.21 (s, 3H);
BC NMR (CDCl; 100MHz) & = 159.3, 146.5, 143.2, 134.8, 133.0,
129.6, 129.3, 129.1, 129.0, 121.8, 119.7, 116.1, 60.3, 40.5, 20.7; ESI-MS [M - H]: 295;
[@]*’p = -33 (c = 0.567 in acetone). The ee was determined by chiral stationary phase
HPLC (Chiralcel OD, n-Hexane/i-PrOH 90:10, flow = 0.75mL/min, A = 234 nm, ty,;

=18.0 min, tyi, = 22.0 min, ee =93%).

(8)-1-(6-Methoxy-3-methyl-1-phenyl-1,4-dihydronaphthalen-2-yl)ethanone (6a)
Following the general procedure (method C), but performing the
@ o reaction at 10 °C, the title compound was isolated by column
/@ti’\ chromatography (n-Hexane/EtOAc 5:1) in 90% yield as white solid.
MeO 0 | "H-NMR (CDCl; 400MHz) & = 7.29-7.21 (m, 4H), 7.18-7.13 (m,
1H), 6.99 (d, J = 8.3 Hz, 1H), 6.57 (dd, J = 8.4, 2.6 Hz, 1H), 6.54 (d, J = 2.6 Hz, 1H),
4.95 (s, 1H), 3.75 (s, 3H), 2.44 (s, 3H), 2.15 (s, 3H); *C NMR (CDCl; 100MHz) & =

199.2, 159.1, 158.7, 149.6, 146.0, 129.5, 128.9, 127.5, 126.8, 116.9, 114.4, 111.4, 101.1,
55.4,41.7, 30.1, 20.0; EI-MS: [M'] 294; [@)*°p = +20 (c = 0.75 in CHCIs). The ee was
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determined by chiral stationary phase HPLC (Chiralpak AD-H, n-Hexane/i-PrOH 90:10,
flow = 0.75SmL/min, A = 234 nm, tp,; = 11.2 min, ty;, = 9.5 min, ee = 86%).

Synthesis of (8)-3-(2,4-dimethoxyphenyl)-3-phenylpropan-1-ol (7)

In an oven dried vial filled with nitrogen, compound 2a (0.125
mmol, 1 equiv) was dissolved in dry THF (0.40 mL). The

OH
/@(\/\ solution was cooled to 0 °C and LiAlIH4 (0.275 mmol, 2.2 eq.,
MeQ OMe

118 pL of a 2.3 M solution in 2-Me-THF) was added. The

reaction mixture was warmed to room temperature and stirred for 1 h; then the reaction

Ph

was carefully quenched with HC1 1 M and extracted with EtOAc (3x). The organics were
washed with water, brine and finally dried over MgSO,. After filtration, the solvents
were removed, the crude was dissolved in acetone (1.00 mL) and placed in a round
bottom flask. Afterwards K,CO3 (0.187 mmol, 1.5 equiv) was added, followed by methyl
iodide (0.138 mmol, 1.1 equiv) The mixture was refluxed overnight, then was cooled to
room temperature and 10 mL of water were added. The product was extracted twice with
EtOAc and the organic layers were washed with water, brine and dried over MgSQs,.
After filtration and removal of solvents, the title compound 7 was obtained in
spectroscopically pure form without further purification as yellowish oil in 88% yield (2
steps). "H-NMR (CDCl; 400MHz) & = 7.29 (m, 4H), 7.20-7.15 (m, 1H), 7.08 (d, J = 9.4
Hz, 1H), 6.49-6.45 (m, 2H), 4.55 (t, ] = 8.4 Hz, 1H), 3.79 (s, 3H), 3.77 (s, 3H), 3.64-3.52
(m, 2H), 2.36-2.27 (m, 1H), 2.24-2.15 (m, 1H); *C NMR (CDCl; 100MHz) & = 159.1,
157.8, 144.8, 128.5, 128.2, 128.0, 125.9, 125.3, 104.5, 98.6, 61.2, 55.5, 55.3, 38.5, 37.8;
[@]*’p = -41 (c = 0.82, in CHCls). The ee was determined by chiral stationary phase
HPLC (Chiralpak AD-H, n-Hexane/i-PrOH 80:20, flow = 0.75mL/min, A = 234 nm, ty,;
= 18.3 min, tyix, = 10.6 min, ee = 92%).

5.5. Conclusion

The first example of an organocatalytic asymmetric reaction with 0-QMs which exploit
Brensted basic conditions for the in sifu generation of these challenging intermediates
has been disclosed. The reactive 0-QMs have been generated from the corresponding
sulfones derivatives 2 and were productively engaged with Meldrum’s acid as
nucleophilic partner in the presence of 9-amino(9-deoxy)epi quinine squaramide as the
catalyst, together with sodium bicarbonate as stoichiometric inorganic base. A series of
control experiments allowed us to delineate a plausible catalytic cycle in which the
bifunctional catalysts derived from Cinchona alkaloids is responsible for the in situ
generation of the electrophilic intermediate, while the role of the inorganic base was

found to be the regeneration of the catalyst, hence permitting its turnover. Remarkably,
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our protocol could be readily applied to substrates devoid of electron-donating group and
therefore able to stabilize the deriving 0-QMs. This outcome confers broad applicability
to our approach, furnishing different substituted 4-aryl-3,4-dihydrocoumarines 4 with
excellent yields and enantioselectivities. Furthermore, the usefulness of our strategy was
testified by the formal syntheses of tolterodine (an antimuscarinic drug),
methoxydalbergione (a natural quinone), and SB-209670/SB-217242 (endothelin
antagonists), from the catalytic products.'*>'*

The scope of the reaction was also extended to different nucleophilic reaction partners:
malononitrile could be engaged in the reaction, under the same conditions employed for
Meldrum’s acid, furnishing enantioenriched compounds 5, whose 2-amino-4H-4-
chromenes-3-carbonitrile framework is a biologically valuable scaffold."*® Finally, also
1,3-diketones (e.g. acetylacetone and dimedone) and 3-ketoesters (e.g. methyl- and fert-
butyl acetoacetate) underwent the organocatalytic reaction with the in situ generated o-

QMs, affording the corresponding 4H-chromenes with good results.

While this project was in progress, other examples dealing with the asymmetric
transformation of in situ generated 0o-QMs appeared on the scientific literature,'
remarking once again the great appeal related to the intriguing chemistry of these
intermediates. Nevertheless, with the exception of one paper which is based on the same
concepts outlined in this chapter, and which appeared in the literature after the
submission of our work, we think that our strategy can be considered fully
complementary to the other contributions, giving a new and versatile asymmetric entry to
3,4-dihydrocoumarines, 4H-chromenes and xantenones. In fact, not only the Bronsted
basic generation of 0-QMs was unprecedented, allowing us to exploit a basic catalyst for
the enantioselective reaction; but also it was demonstrated the broad scope of our
protocol towards different nucleophilic partners such as Meldrum’s acid, which
possesses greater synthetic potential,'*’ but has never been used before in these kinds of

transformations.
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6. A new organocatalytic strategy for a-alkylation of
aldehydes: asymmetric 1,6-conjugated addition of
enamine-activated aldehydes to para-quinone methides.

The procedures and results here described are part of- and can be found in-:

e Caruana, L.; Kniep, F.; Johansen Kiilerich, T.; Poulsen, H. P.; Jorgensen, K. A. “A
new organocatalytic concept for asymmetric a-alkylation of aldehydes”. J. Am.
Chem. Soc. 2014, 136, 15929.
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ABSTRACT

Organocatalytic a-alkylation of aldehydes is recognized as a challenging goal in organic

155 23,43 . .o
** enamine activation of

chemistry. >~ After the development of amino-based catalysts,
aldehydes has emerged as a reliable strategy to achieve asymmetric a-alkylated
compounds.’ Addition of aldehydes to a diarylmethine moiety is a well-known example
which has been thoroughly investigated. For instance, diaryl alcohols'*® and diaryl
halides'*” can be employed for in-situ generation of benzhydryl carbocations which react
with an enamine-activated aldehyde, in a Syl-type mechanism. Nevertheless, the
requirement of highly stabilized and symmetrical carbocations constitutes a limitation of
these protocols, hence reducing the generality of the reaction and inhibiting the
possibility to generate more sophisticated structures.

Prompted by the aim to generate a-benzhydrylated aldehydes with more than one
stereocenter, we have exploited the pronounced reactivity of para-quinone methides'*’ as
Michael acceptors and we have developed a novel organocatalytic, asymmetric o-
alkylation of aldehydes triggered by 1,6-conjugated addition of enamine to para-quinone
methides. In order to take on the challenge of both diastereo- and enantiocontrol, we
designed a new generation secondary amine catalyst in  which the
(diphenylmethyl)trimethylsiloxy group was flanked by another bulky silyloxy moiety,
placed at the C4-position of the pyrrolidine ring and in trans relationship. We envisaged
that the (diphenylmethyl)trimethylsiloxy group could effectively shield one face of the
enamine providing enantiocontrol, while the other silyloxy moiety could sterically
determine the approach of the para-quinone methide to the enamine, thus ensuring

diastereocontrol. Under these optimized conditions the desired functionalized aldehydes
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were obtained in high yields, excellent enantioselectivities and good diastereoselectivities

under mild conditions

OH
(@] Newly developed R; R4
R4 R4 secondary amine
talysts a-alkylated
I ca _ o
. Rg/\) I aldehyeds
Ry R 23 examples
Ry Yield: up tp 90%
R3 dr: up to 11:1
para-Quinone methides ee: up to 99%
N\ |_/
i

Enantiocontrol element:
steric shielding of the Re-
face of enamine

Diastereocontrol element:
controlling the approach of (— Q"
electrophile through steric | N
repulsions R’/S'\ H

£

6.1. Background

At the beginning of 21* century, the pioneering works of List'® on enamine activation
and MacMillan" on iminium ion activation of carbonyl compounds triggered the so
called “gold rush” of aminocatalysis.”> Since then an enormous number of
organocatalytic transformations promoted by primary or secondary amines have been
developed with excellent outcomes.””* Some topics have particularly attracted the
attention of chemists involved in this research field, one of which was certainly the o-
alkylation of aldehydes.” This transformation represents one of the most effective
routes to establish new stereocenters and C-C bonds in organic reactions. In general, the
classic (and so far most successful) approach to the a-alkylation of carbonyl compounds
has involved the formation of metal enolates and treatment with different alkyl halides by
a Sn2 mechanism; this strategy can be rendered asymmetric by the use of stoichiometric

. ere . . . 158
amounts of chiral auxiliaries, as exemplified in Scheme 68.

o)
%& EAFH %& n-BuLi R,
Ri Ry-X R R4
/NH : /N{ - S/N{ S/N{

S S e}

N S

Y O
o 0O o O e} O‘""M/ o O

Chiral auxiliaries
Oé\;/R1 DIBAL-H

a-alkylated aldehyde I32

Scheme 68. Oppolzer’s strategy for asymmetric alkylation of aldehydes mediated by chiral
auxiliaries, through the formation of metal enolates (Oppolzer, 1989 see ref. 159a)
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After the advent of organocatalysis, it became clear that the enamine-activation of
aldehydes promoted by secondary amine catalysts, could be a straightforward approach
to achieve a-alkylated derivative. However, the difficulties surrounding development of
suitable methodologies have brought the a-alkylation of aldehydes to become a “Holy
Grail” of organocatalysis.'” Indeed, the reason that a-alkylation of aldehydes is such a
challenging goal is due to the potential occurrence of side reactions, including N- or O-
alkylation of the catalyst or undesired self-aldolization. Despite the aforementioned
difficulties, significant advances have been recently reached, providing new strategies for
the direct asymmetric a-alkylation of aldehydes.”*'>> (Scheme 69).

MacMillan and co-workers described starting from 2008 the a-alkylation of aldehydes by
way of single electron transfer (SET) using a dual catalytic system, namely an
imidazolidinone secondary amine and a photoredox catalysts.'® The reaction pathway
was rationalized by two intertwined catalytic cycles (Scheme 69). Initiation of the
reaction occurs through application of a suitable light source (e.g. a household 15W

fluorescent light bulb),
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- ) Ri YRR hw (400-700 nm) DHC/;?"%:;; |
[Ru(bpy);]~ to a higher 2.6 lutidine, DMF, RT : ‘\rieﬁﬂ;pt:sga%
drupte 51
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JBu r‘-"le\ tBu

catalytic cycle by single Scheme 69. Merging of organo- and photoredox—catalytizC;)E/tstems
electron transfer to the

electron-deficient

organohalide substrate, regenerating [Ru(bpy)s;]*" and forming, by loss of halide anion, a
radical A, which reacts with the enamine. This last step leads to an a-alkylated amino

radical B, which through SET to excited *[Ru(bpy)s]*" provides iminium C, closing the
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photoredox catalytic cycle; the subsequent hydrolysis of C affords the alkylated
aldehydes. This chemistry represents a modern, elegant and efficient strategy for the a-
alkylation of aldehydes,'®" even though it requires electrophilic organohalide partners
that contain a radical-stabilizing group. Besides, the cost of ruthenium-based photo-
catalysts needs also to be considered.

A more conventional approach had been already reported by List and co-workers,
describing the intramolecular a-alkylation reaction of haloaldehydes using proline-based

enamine catalysis (Scheme 70, top).162

Interestingly, the a-geminal methyl substitution in
the proline catalyst increased the enantioselectivity of the reaction, either by increasing
the population of the anti-conformer of the frams-enamine, or by minimizing the
enamine-(re)formation from the cyclized product. The intermolecular version of this
reaction remained elusive until 2014, when the same group described the catalytic
asymmetric o-benzylation of aldehydes (Scheme 70, bottom).'®® Racemic a-branched
aldehydes were converted into the corresponding products in a dynamic kinetic

asymmetric transformation. A sterically demanding bicyclic proline analogue catalyzed

this reaction, delivering aldehydes with a quaternary center in o-position in high

enantioselectivity.
y Intramolecular a-alkylation of aldehydes (List, 2004)
The broad time
| iMe
span between these N coH
. CHO
two reports EtsN, 1 equiv. i
p ~"CHO CﬂCh A BnO,C CO,Bn 7 examples
. . BnO,C* 04BN * Yield: up to 92%
hlghhghts the ge up to 95%
difficulties in the Intrermolecular a-alkylation of aldehydes (List, 2014)
development  of ’,ﬁ
intermolecul e "
intermolecular . CO,H CHO
e 2
Ar-'/’L\-CHO Atz or TMG, p-anisic acid Arg)\ .'Jl"u'le 17 |
. _  p- r examples
version o 44 M3, CHCl3 50°C Yield: up to 82%
. ee: up to 97%
alkylation of

Scheme 70. Intramolecular and intermolecular a-alkylations of aldehydes
aldehydes via an described by List’s group.

Sn2  mechanism.

Indeed, the catalyst-alkylation reaction, as well as the tendency of aldehydes to undergo
self-aldolization and racemization provide intrinsic complications for this type of
reactions. In order to overcome these problems, the authors utilized a-branched
aldehydes, as the corresponding products are stable and do not undergo racemization.
Concomitantly, the reaction was performed in an acid/base “buffer system” (i.e. TMG

and p-anisic acid) in order to accelerate the enamine formation through mild acid
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catalysis, neutralize the hydrogen halide acidic by-product and finally suppress the N-
alkylation of the catalyst.

While the SN2 a-alkylation of aldehydes is a significant challenge, the Syx1-based
organocatalytic approach was devised in 2008 by Melchiorre and Petrini, reporting the
first intermolecular o-alkylation of aldehydes.'® Key for the success was the
employment of 3-(1-arylsulfonylalkyl)indoles, substrates amenable to generate highly
stabilized carbocations. In this transformation, a stabilized carbocation was generated
upon the elimination of a tosyl group, mediated by KF supported on basic alumina; the
resulting intermediate reacted with the enamine derived from the condensation of L-
proline to the aldehyde. The subsequent hydrolysis of the catalyst afforded the a-
alkylated product in excellent results in term of yields and enantioselectivities, while the

diastereoselectivity was only moderate in some cases (Scheme 71).

R, CHO

R ,
(ID L-Proline . N TCOH Ry
H + N—R, _KF/alumina N g, H . N_R,
N CH,Cly, RT = N
R1 H 212 ” R H

- 1 -alkyl Ideh
stabilized enamine activated a-alkylated aldehydes

| carbocation aldehyde 12 examples
- Yield: up to 92%
dr: up to 12:1
ee: up to 90%

Scheme 71. Melchiorre’s strategy for a-alkylation of aldehydes: stabilized carbocations, derived from
3-(1-arylsulfonylalkyl)indoles, reacted with enamine-activated aldehydes.

Subsequently, other groups have contributed additional methods for the asymmetric a-
alkylation of aldehydes, combining enamine catalysis with the generation of cationic
species as reactive partners. In particular, the enantioselective addition of aldehydes to
diarylmethine moieties represents one of the most explored possibilities to install alkyl
substituents at the a-position of the carbonyl center. In this context, the use of diaryl
alcohols for the in situ generation of a reactive carbocation has been pioneered by Cozzi

1.156a

et a This work merges two concepts: namely enamine catalysis and Mayr’s

electrophilicity/nucleophilicity scale.'

The Mayr scale provided inspirational reading
material for this SxI-type chemistry, categorizing a broad range of nucleophiles and
electrophiles as a function of two parameters namely nucleophilic parameter N and
electrophilic parameter E. The second order reaction rate costant k in a reaction between
a nucleophile and an electrophile is related to those parameters N and E and to a

nucleophile-dependent slope parameter s and can be formuled as follow:
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log(k) = s(N+E)'®

Several Sx1-type reactions can be rationally designed using the Mayr scale of reactivity.
To design carbenium ion reactions, however, it is important to consider both the
electrophile and the nucleophile; indeed, a reaction cannot be observed if an unsuitable
nucleophile is used. Mayr has established a predictive ‘rule of thumb’ (N + E > —5)'% for
a successful reaction between an electrophile and a nucleophile, ignoring steric effects.
Cozzi and co-workers hypothesized that highly nucleophilic enamine-activated
aldehydes, could be reacted with stabilized carbocation generated upon water elimination
form the corresponding diaryl alcohols; the addition of strong acids such as
trifluoroacetic acid (TFA) was crucial for carbocation formation. MacMillan’s catalysts
showed high efficiency and gave the alkylated products in satisfactory
enantioselectivities, albeit moderate diastereoselectivities (Scheme 72). This elegant
methodology, allowing the direct enantioselective a-alkylation of aldehydes, paved the
way for a new avenue for the realization of this important reaction, by following Cozzi’s
strategy.'>® Nevertheless, this methodology was limited by the nature of alcohol, which
must be able to generate a stable carbocation. Thus, only substrates bearing electron-
donating substituents on the phenyl ring could be productively engaged in the

organocatalytic transformation.

Me EDG
N’ a-alkylated aldehydes
wntBu O 16 examples
N TFA 0 Yield: up to 95%
dr: up to 3:1
Et20 RT H ee: up to 92%
EDG EDG R
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_ %N _
n" )"“’tBu

+ R, TFA
+H,0
= 3 T
- : EDG EDG
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Bn“"

2
R
enamine activated aldehyde

Scheme 72. Cozzi’s strategy for o-alkylation of aldehydes: stabilized carbocations, derived from
diaryl alcohols, reacted with enamine-activated aldehydes.

Similarly, Jacobsen and co-workers developed another protocol for the a-alkylation of

157

aldehydes by means of hydrogen-bond catalysis and anion binding. °" The authors took
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advantage of the anion binding properties of thioureas to promote the anion abstraction
from a neutral precursor (i.e. a diaryl bromide), generating a reactive carbocation. The
thus formed electrophilic species was reacted with a-branched aldehydes to furnish the
alkylated product. The best catalyst was a primary thiourea, which induced good
reactivity and enantioselectivity. The primary amine forms the enamine intermediate
with the o-branched aldehydes, while the thiourea moiety has the crucial role of
activating the electrophile and promote the enantioinduction (Scheme 73). The proposed
mechanism proceeds via a carbocation associated to the catalyst, once again in an Sy1-

like mechanism.

CF3
S
B F.C NJ\N a-alkylated aldehydes
(0] r 8 H H NH 9 examples
R4 H,0 : Yield: up to 70%
H + O O z ee: up to 94%
Me Ry R, Et3N, AcOH
toluene, RT
R2
CF3
ol
S
H H HN
L Ar/\Ar Me A:

Scheme 73. Jacobsen’s strategy for a-alkylation of aldehydes: stabilized carbocations, derived from
diaryl bromide (upon anion abstraction), reacted with enamine-activated aldehydes.

Despite these latter reports, some issues related to the preparation of alpha-alkylated
aldehydes through enamine catalysis still remained elusive. A major limitation of the
reactions proceeding via a Syl-like mechanism is the requirement of highly stabilized
carbocation for the reaction to occur; thus limiting the scope of the reaction to diaryl
substrates bearing strong electron-donating group on the phenyl ring. Moreover, the
simultaneous formation of diarylmethine stereocenter, applying unsymmetrically
substituted benzhydryl carbocations, and the control of the diastereoselectivity in these

- - . - 156a,c,f,164
kind of reaction still remained an unsolved challenge. ~***"

6.2. Aim of the work

In the a-alkylation proceeding via a Sy1-like mechanism, the precursor of the reactive
carbocation must be symmetrically substituted with electron-donating moiety. This
requirement not only reduces the synthetic versatility of the approach, but restricts to

only one possible stereocentres on the alkylated product. In order to overcome these
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limitations, we reasoned that the a-alkylation of aldehydes with unsymmetrically
substituted benzhydryl moieties and the consequent formation of two contiguous
stereocenters might be feasible by applying p-QMs as electrophile. Thus, stimulated by
the aim of adorning the a-position of aldehydes with a diarylmethine stereocenter, while
generating two contiguous asymmetric centers, we have envisaged a novel
organocatalytic protocol for the a-alkylation of aldehydes based on the enamine-

mediated 1,6-conjugated addition'®’

of aldehydes to para-quinone methide (p-QMs)
(Scheme 74).'"*As discussed in Chapter 5, the aromatization of the cyclohexatriene ring
constitutes the driving force of the 1,6-conjugated addition of nucleophiles to these
substrates, thus we expect a suitable reactivity with enamine-activated aldehydes. In
addition, reports describing the organocatalytic addition reactions to p-QMs are
surprisingly scarce.'® Despite the conceptual simplicity of this strategy, we were
concerned about some issues related to the stereochemical outcome of the reaction,
especially concerning the diastereocontrol. Given the absence of a closed transition state
in which the syn and anti conformations are thermodynamically very different, here an
open transition state is involved and the outcome of the reaction only depends on the size

and steric repulsions of the substituents in the reactants. Thus the diastereocontrol of this

transformation appeared particularly challenging

Previous strategies

secondary amine catalyst,
acidic additive (Cozzi) or

primary amine Mechanism of action:

Nucleophilic substitution Sy1-type

LG bifunctional thiourea R
(Jacobsen) Ar H
Py + Limitations:
R™ "CHO CHO
Ar Ar r\ - Highly stabilized carbocations required
LG: OH (Cozzi) - Often only one is stereocenter generated

LG: Br (Jacobsen)

Our envisaged strategy
Mechanism of action:

R R Asymmetric 1,6-Conjugated addition
2 Aminocatalysis
R NCHO * _ Challenges:
CHO - Generation of two stereogenic centers
R - Controlling the stereochemical outcome
Rs 3
p-QMs o-alkylated aldehydes

Scheme 74. Comparison between previous strategies and our strategy for the a-alkylation of
aldehydes.
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6.3. Results and discussion

para-Quinone methide 1a was readily synthesized through a Knoevenagel-type reaction
between 2,6-di-fert-butyl phenol and p-anisaldehyde in the presence of stoichiometric
amount of piperidine (see §6.4.2). The presence of the bulky and electron-donating tert-
butyl groups was found to be crucial for the stability of the p-QM, allowing its isolation.

We started our investigation by screening a series of secondary amine catalysts in the
reaction of para-quinone methide 1a with pentanal 2a in CH,Cl, as solvent. Amongst the
catalysts tested (Table 13, entries 1-5), only catalyst 4a was able to complete the reaction
in 24 h, delivering the product 3a, in good conversion and high enantioselectivity, but
only with poor diastereoselectivity. No improvement in diastereoselectivity was observed
using different solvents (Table 13, entries 6-11). Next we realized that by the
employment of hydrocinnamaldehyde 2b, product 3b was obtained in excellent
enantioselectivity and a slightly better diastereoselectivity (Table 13, entries 12). Thus,
2b was chosen as the most suitable aldehyde for further screenings. Interestingly, the
readily available thiourea 5 could be used as a Lewis-acidic additive to accelerate the
reaction, affording 3b in high conversion without erosion of enantioselectivity. This
increased reactivity may be presumably explained by considering an activation of 1a via
H-bond interaction between the carbonyl group of the p-QM and the thioureido moiety of
5. However, the diastereomeric ratio (dr) was not influenced by this thiourea additive

(Table 13, entries 13).
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Table 13. First optimization of the organocatalytic reaction between p-QM 1a and aldehydes 2.”

tBu
o a(c:izti.tiCe
* R/\)I solvent, RT ?l
2a: R =Et 3a: R=Et
2b: R = Ph R 3b:R=Ph
catalysts (cat ): additive
O\‘, O/\ o ;: >_é Ph\/\ NAT
22 '::: I;?] E{ gu\?ésh)g A= 35 (CF LCoH ;8 Ar=35(CRa)z-Cols
4c: Ar = 2-naphtyl; R = TMS 37613

Entry 2 Solvent (nﬁif%) ?igi%e Con\(fs/l; ;ion ' dr’ (eoeA) c)
1 2a CH,CI, 4a (20) - 95 1.4:1 91
2 2a CH,Cl, 4b (20) - 58 1.2:1 88
3 2a CH,Cl, 4c (20) - 77 2.0:1 90
4 2a CH,CI, 4d (20) - 31 1.1:1 nd
5 2a CH,Cl, 4e (20) - 55 1.2:1 nd
6 2a Toluene 4a (20) - 22 1.8:1 77
7 2a THF 4a (20) - 65 1.2:1 86
8 2a MeCN 4a (20) - >95 1.2:1 66
9 2a MeOH 4a (20) - 91 1.4:1 36
10 2a CHCl, 4a (20) - 82 1.5:1 92
11 2a EtOAc 4a (20) - 75 1.3:1 88
12 2b CH,Cl, 4b (20) - 75 1.8:1 99
13 2b CH,Cl, 4b (20) 5(20) >95 1.7:1 99

(a) Reaction conditions: p-QM 1a (0.05 mmol), aldehydes 2a or 2b (0.075 mmol), catalysts 4 (0.01
mmol), additive 5 (0.01 mmol), solvent (0.200 mL), reaction time: 24 h. (b) Determined by '"H NMR
of the crude reaction mixture. (¢) Determined by Chiral Stationary Phase UPC? and referred to the
major diastereoisomer.

At this stage, it seemed that the diastereoselectivity of the reaction could not be improved
only by variation of the reaction conditions. In order to understand the origin of the low
diastereoselectivity, an epimerization test was carried out by treating the major
diastereoisomer of 3b with 20 mol% of (£) 4a. No epimerization was observed after 48
h. Hence, the catalyst cannot form an enamine species with the alkylated aldehyde which

would lead to loss of stereoinformation at the a-carbon atom. On this experimental
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evidence, it was hypothesized that an uncontrolled approach of the p-QM to the enamine-
activated aldehyde might justify the lack of diastereoselectivity at the benzhydrylic
stereocenter. On the basis of the generally accepted mode of enantioinduction of diaryl

¢ the bulky (diphenylmethyl)-TMS group on the catalyst shields the

prolinols catalysts,
Re face of the enamine, allowing the p-QM to approach only from the less hindered face,
and providing for the enantiocontrol. However, given the planarity of p-QM as well as
the significant distance between the bulky /Bu group and the prochiral benzhydryl center,
in combination with the lack of sterical elements blocking a preferential conformation,
both the configuration that will lead to the syn and anti product are equally probable,

delivering a mixture of diastereoisomer at the benzhydrylic stereocenter (Scheme 75).

Classic TMS-protected diphenyl prolinol catalyst

- Re-face of enamine well shielded: good ee
- No preferential approach of p-QM: poor dr
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: — 9
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Scheme 75. Model accounting for the observed low diastereoselectivity in the reaction between p-
QMs 1 and enamine-activated aldehydes by Jergensen-Hayashi catalyst. An antiperiplanar TS is
considered.

With the aim to tackle the challenge to improve the diastereoselectivity of this reaction,
we synthesized a new set of secondary amine catalysts (see § 6.4.3 and 6.4.4 for details).
Here, the (diphenylmethyl)trimethylsiloxy group was flanked by another bulky silyloxy
moiety, placed at the C4-position of the pyrrolidine ring and in a trans relationship. We
envisaged that the (diphenylmethyl)trimethylsiloxy group could effectively shield one

face of the enamine providing enantiocontrol, while the other silyloxy moiety could
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sterically determine the approach of the para-quinone methide to the enamine, thus

ensuring diastereocontrol (Scheme 76).

New generation C4-substitued TMS-protected diphenyl prolinol:

- Re-face of enamine well shielded: good ee
- Controlled approach of the electrophile through steric repulsion: good dr

Q =O0SiR,
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the bulky group of
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position) and p-QM

Ph e

Ph / OH ;
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Favoured conformation: \\\\ : ;
Less steric congested Ary/ R — : “\U :
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o . stereochemical :

outcome

Scheme 76. Plausible mode of stereoinduction in the reaction between p-QMs 1 and enamine-
activated aldehydes by means of newly developed C4-substituted TMS-protected diphenyl prolinol
catalyst.

Gratifyingly, the use of catalyst 4f led to a promising enhancement of the
diastereoselectivity, still maintaining high enantioselectivity (Table 14, entry 1).

Speculating that a protection group larger than trimethylsilyl (TMS) at the peripheral C4-
hydroxy group could have an even more positive influence on the diastereoselectivity,
we installed a tert-butyl(dimethyl)silyl group (TBS) as well as a tri(isopropyl)silyl group
(TIPS) at this site. To our delight, catalysts 4g and 4h could indeed further improve the
diastereoselectivity, while the enantioselectivity remained excellent (Table 14, entries 2,
3). The sterically most demanding catalyst 4h was superior to catalysts 4f and 4g. With
this catalyst a further enhancement of the diastereomeric ratio was achieved by reducing
the temperature to 4 °C, although an additional decrease to -35 °C led to a low
conversion even after prolonged time. (Table 14, entries 4, 5). Finally, by increasing the
amount of thiourea 5 to 30 mol%, we were able to lower the loading of the aminocatalyst

to 10 mol% upon prolonged reaction time to 48 h (Table 14, entry 6).
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Table 14. Final optimization of the organocatalytic reaction between p-QM 1a and aldehyde 2b.”

o}
tBu tBu
‘ 0 dfia"tt" . 5
+ I adaitive
O Ph/\) CH,Cl,, Temp.
MeO 1a 2b
catalysts (cat.): additive
™SO, TBSO, TIPSO, o JSL A
' Ph ' Ph ' Ph LN N Al
H OTwms H OTwms H OTMS ! 5 Ar=35(CFs)y-CoHs
af 4g 4h '
Cat. Additive o Conversion b ee”
Entry  0l%)  (mol%) T(0) (%) dr (%)
1 4f (20) 5 (20) RT 90 4.7:1 99
2 4¢g (20) 5(20) RT >95 5.1:1 99
3 4h (20) 5 (20) RT >95 6.8:1 99
4 4h (20) 5(20) 4 >95 7.8:1 99
54 4h (20) 5 (20) -35 45 9.6:1 99
6° 4h (10) 5(30) 4 >95 7.9:1 99

(a) Reaction conditions: p-QM 1a (0.05 mmol), aldehyde 2b (0.075 mmol), catalysts 4 (10-20 mol%),
additive 5 (20-30 mol%), dichloromethane (0.200 mL), reaction time: 24 h. (b) Determined by 'H
NMR of the crude reaction mixture. (¢) Determined by Chiral Stationary Phase UPC? and referred to
the major diastereoisomer. (d) Reaction time: 72 h. (e) Reaction time: 48 h.

With the optimized reaction conditions in hand, the scope of the reaction was
investigated. A broad set of para-quinone methides 1a-f bearing electron-rich, electron-
neutral and electron-deficient aromatic moieties were reacted with hydrocinnamaldehyde
2b, affording the corresponding o-alkylated aldehydes 3b-g in good yield and high
diastereo- and enantioselectivity (Table 15, entries 1-6). It is notable that the
heteroaromatic substituted p-QMs 1g-i also reacted smoothly and afforded the
corresponding a-alkylated aldehydes 3h-j with similar yields and comparable
stereoselectivities as their aromatic analogues (Table 15, entries 7-9). Due to
decomposition of the para-quinone methide, the reaction of 1j, in which R, is a methyl
substituent, afforded product 3k in lower yield and only moderate stercoselectivity
(Table 15, entry 10). On the other hand, replacing the fert-butyl (1Bu) substituents R; for
methyl groups did not change the yield and stereoselectivity of the reaction significantly
(Table 15, entry 11). Next we turned our attention to the aldehyde scope. A series of
aldehydes 2c¢-i bearing differently substituted aromatic rings was tolerated and furnished

products 3m-s in good yield under high stereocontrol (Table 15, entries 12-18).
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Interestingly, an aliphatic aldehyde such as pentanal 2a afforded a slightly decreased but
still decent diastereoselectivity, while the enantioselectivity remained excellent (Table
15, entry 19). This indicates that bulky substituents at the aldehyde, such as a phenyl
ring, contribute to the diastereocontrol of the reaction. Finally, the aldehyde scope was
expanded to the brominated para-quinone methide 1e. Also in these cases the reactions
proceeded smoothly, delivering compounds 3u-x in good yield and high stereoselectivity

(Table 15, entries 20-23).

Table 15. Scope of the organocatalytic a-alkylation of aldehydes via 1,6-conjugated addition of
enamine-activated aldehydes to para-quinone methides.

R, Q Ry R, OH R, catalyst: additive
o _catah (10 moi%) TIPSO, oh e j\ A
Y additive 5 (30 mol%) ﬁ | Q\i—Ph \/\H N
Ry Ry CH,Cly, 4°C, 48h R N 4}1 OTMS 5 A= 35CF O
1a-k 2a-i 3b-x Ry : ) 3)2-Cel3

Entry 1 2 3-yield " (%) dr® ce
(%)

1 1a (Bu, 4-(MeO)C¢H,) 2b (CoHs) 3b-79 7.9:1 99
2 1b (1Bu, C¢Hs) 2b (CgHs) 3c-84 9.4:1 99
3 1¢ (Bu, C¢Ds) 2b (CoHs) 3d-78 8.3:1 99
4 1d (1Bu, 4-(NO,)C4Hy) 2b (CgHs) 3e-71 7.0:1 98
5 1e (Bu, 4-BrC¢H,) 2b (CoHs) 3£-83 10.2:1 98
6 1f (Bu, 3,5-(Me),-CsH, 2b (CgHs) 3g-90 11.0:1 99
7 1g (1Bu, 2-furanyl) 2b (CoHs) 3h-55 2.0:1 92
8 1h (1Bu, 2-thiophenyl) 2b (CgHs) 3i-72 3.7:1 99
9°  1i (Bu, 4-pyridyl) 2b (CoHs) 3j-67 8.2:1 99
100 1j (Bu, Me) 2b (CgHs) 3k-40 5.5:1 80
11 1k(Me, C¢Hs) 2b (CeHs) 31-76 7.5:1 99
12 1b (Bu, C¢Hs) 2¢ (4-(MeO)CgHy) 3m-80 8.2:1 99
13 1b (Bu, C¢Hs) 2d (4-MeCgHy) 3n-90 9.8:1 98
14 1b (Bu, C¢Hs) 2e (4-FCgHa) 30-81 7.8:1 99
15  1b (Bu, C¢Hs) 21 (3,5-(Me)2CeHa) 3p-83 8.5:1 96
16  1b (/Bu, CHs) 2g (2-naphtyl) 3q-82 8.3:1 96
17 1b (/Bu, C¢Hs) 2h (2-thiophenyl) 3r-82 7.5:1 95
18 1b (Bu, C¢Hs) 2i (Bn) 3s-72 5.8:1 98
19  1b (/Bu, C¢Hs) 2a (Et) 3t-64 4.0:1 98
20  1le(/Bu, 4-BrC4H,) 2¢ (4-(MeO)CgHy) 3u-80 8.5:1 88
21  1e (1Bu, 4-BrC¢H,) 2d (4-MeCgHa) 3v-79 10.0:1 97
22 1le(/Bu, 4-BrCsHy) 21 (3,5-(Me),-CgHy) 3w-86 8.7:1 99
23 1le (/Bu, 4-BrCqH,) 2h (2-thiophenyl) 3x-79 8.3:1 92

(a) Reaction conditions: 1a-k (0.05 mmol), 2a-i (0.075 mmol), 4h (0.005 mmol), 5 (0.015 mmol),
dichloromethane (0.200 mL), 4°C, reaction time: 48 h. (b) Isolated yield (¢) Determined by 'H NMR
of the crude reaction mixture. (d) Determined by Chiral Stationary Phase UPC? and referred to the
major diasterecoisomer. (e) Performed at RT, reaction time: 72 h. (f) Performed at -35°C.
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In most of these examples the bulky tert-butyl groups were installed to stabilize the para-
quinone methide. Actually, the /Bu is often used as a bulky protecting group in the

169

syntheses of aromatic compounds.” Importantly, utilizing a three steps procedure,

consisting of the reduction of the aldehyde, acetyl-protection of the corresponding

168,169 the stereomerically pure aldehydes

alcohol and AICI; mediated de-tert-butylation
3b and 3f were converted into the de-tert-butylated compounds 8b and 8f in high yield
and without loss of stereoinformation (Scheme 77). Notably, in product 8b we were able
to obtain a stereocenter which is only derived from a methyl substituent at one of the

hydroxy functionalities of the diphenolmethine scaffold.

OH
tBu tBu
NaBH4 AcCI AICI3
“ MeOH rt OH CHZCIZ rt OAc CeHs 60 °C
S
Ar ’
P

3b: Ar = 4-MeO- 6b: Ar = 4-MeO-CgH,4 7b: Ar = 4-MeO-CGH4 8b: Ar = 4-MeO-CGH4
CgHa 6f: Ar = 4-Br-CgH, 7f: Ar = 4-Br-CgH, 80% yield (3 steps); 98% ee
99% ee 8f: Ar = 4-Br-CgH,
3f: Ar = 4-Br-CgH4 96% yield (3 steps); 94% ee
98% ee

Scheme 77. De-tert-butylation reaction sequence.

6.3.1. Determination of the absolute and relative configurations of
compounds 3
The absolute and relative configurations of products 3 were unambiguously assigned by
single-crystal X-ray analysis® of derivative 7f. The observed 2R,3S configuration is in
agreement with the predicted stereochemical outcome of the reaction (Scheme 76). This
evidence confirms the hypothesized model for the stereoinduction, consisting in the
approach of the para-quinone methide to the enamine in the way minimizing the steric

clash with the bulky pendant placed at C4-position of the catalyst 4h (see § 6.3.2).

Figure 42. Crystallographic data for 7f (hydrogen atoms are omitted).
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6.3.2. Mechanistic proposal

To account for the observed 2R,3S absolute configuration, we referred to the model

depicted in Scheme 78.
PhlOTMS ToTms
OTMS
( TIPSO ; TIPSO
TIPSO H Aldehyde R . R = chiral pocket
enveloped conformation s-trans enamine ! p-QM approach the Si-face of
(Re-face well shielded) O “Bu enamine with its Si-face

Scheme 78. Model accounting for the observed 2R,3S absolute configuration.

The pyrrolidine-based aminocatalysts are known to possess high flexibility, which
induces an increased number of possible transition states; however, the stabilization of
one or other conformer by insertion of specific substituents in the 4-position is well
documented.'” Possibly the insertion of a bulky silyloxy group in the 4-frans-position
forces the pyrrolidine ring to assume an envelope conformation, in which the bulky
substituents at C2 and C4 point towards opposite directions, in order to minimize the

steric hindrance. Condensation of an aldehyde on this secondary amine catalyst results in

the formation of an s-frans enamine, whose OH
tBu
Re-face is effectively shiclded by the By jig/@[w
(diphenyl)-trimethylsiloxy group. The T oo = ;—f* S -
concomitant presence of an OTIPS group on Ar H Ar
R

C4-position generates a kind of “chiral Figure 43. a-Diarylmethine alkylated aldehyde

pocket” in which the electrophile may approac showing 2R, 3§ stereochemistry

only from its own Si-face, namely in a /ike approach. This will lead to the observed
2R,3S diastereoisomer in which the aldehyde moiety and the aryl group are placed in an
anti-configuration (Figure 43). Other approaches of the electrophile would be too

sterically congested, hence not favored.

6.4. Experimental details

6.4.1. General methods and materials

NMR spectra were acquired on a Varian AS 400 spectrometer running at 400 MHz for
'H and 100 MHz for "*C. Chemical shifts (3) are reported in ppm relative to residual
solvent signals.* The following abbreviations are used to indicate the multiplicity in
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NMR spectra: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br s, broad signal.
For characterization of isomeric mixtures * denotes minor isomer, + denotes overlap of
signals of both isomers, whereas no sign denotes signal of major isomer. The number of
protons given in parenthesis is the sum over both isomers >C spectra were acquired in
broad band decoupled mode. Mass spectra were recorded on a micromass LCT
spectrometer using electrospray (ES") ionization (referenced to the mass of the neutral
species) or on a Bruker Maxis Impact mass spectrometer using electronspray (ES")
ionization (referenced to the mass of the charged species). Dry solvents were obtained
from a MBraun MB SPS-800 solvent purification system. Analytical thin layer
chromatography (TLC) was performed using pre-coated aluminium-backed plates (Merk
Kieselgel 60 F254) and visualized by UV radiation, KMnQy,, p-anisaldehyde or 2.4-
dinitrophenylhydrazine stains. For flash chromatography (FC) silica gel (Silica gel 60,
230-400 mesh, Sigma-Aldrich) was used. Optical rotations were measured on a Perkin-
Elmer 241 polarimeter, a values are given in deg-cm’-g"-dm™; concentration ¢ in g (100
mL)". The diastereomeric ratio (dr) of products was evaluated by '"H NMR analysis of
the crude mixture. The enantiomeric excess (ee) of products was determined by chiral
stationary phase HPLC (Daicel Chiralpak) or chiral stationary phase Waters ACQUITY
UPC? (Daicel Chiralpak). Organocatalytic reactions were performed by employing
catalyst 4h (see S14), however the preparation of ent-4h would have been uneconomical
due to long synthetic procedures. Racemic samples were prepared using racemic (£)-a,0-
diphenyl-2-pyrrolidinemethanol trimethylsilyl ether 4a as catalyst. Here, the dr was poor
and sometimes the diastereoisomers could not be well separated by FC. In these cases the
diastereoisomeric mixture was characterized by means of chiral stationary phase HPLC
or UPC? in which all four peaks of both diastereoisomers were present; the correct
correspondence of the peaks was confirmed by the juxtaposition of the UV spectra,
recorded by the PDA detector of the HPLC or UPC? system, respectively.

6.4.2. Syntheses of starting materials 1 and 2

According to reported literature procedures,'® para-quinone methides 1 were
synthesized by refluxing 2,6-di-fert-butyl phenol, the appropriate aldehyde and
piperidine in a Dean-Stark apparatus for 16 h. Then the crude mixture was treated with
acetic anhydride for 1 h. After work up the p-QM was purified by flash chromatography
on silica gel.

The aldehydes that were not commercially available were synthetized according to
reported procedures.'”’ Pentanal 2a was distilled before using; hydrocinnamaldehyde 2b
was purified by FC on silica gel (CH,Cl,) before using; all the aldehydes were stored at -
35 °C in a vial filled with argon.
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6.4.3. Synthesis of catalyst 4f

HO, HO

, cico,Me, HO, HO,
& K2CO3 & PhMgBr 'wh
COH—————~ o
N * MeOH, 0°C N~ e dry THF, reflux N LJvpn
10 11 COMe y ar, 12 >//o
o)
TMSO, TMSOTF . con
Oxph Et;N Ph
N Ph  dry CH,Cl, N Ph  MeOH/H,0
af H OTMS O°Ctort 13 OH reflux

Scheme 79. Synthesis of catalyst 4f

The synthesis of catalyst 4f started from the commercially available trans-4-hydroxy-L-
proline 10. Esterification and N-carbomoylation of the starting material,'’* followed by
Grignard reaction led to the bicyclic adduct 12.'” The subsequent hydrolysis afforded 4-
hydroxy diphenyl prolinol 13.'"*" Spectral data of these intermediates are according to the

. . 172,1
corresponding literature.' >

(25,4R)-2-(Diphenyl((trimethylsilyl)oxy)methyl)-4-((trimethylsilyl)oxy)pyrrolidine,

4f
TMSO, In a round bottom flask equipped with a magnetic stirring bar,
! ph (3R,55)-5-(hydroxydiphenylmethyl)pyrrolidin-3-ol (1.10 mmol, 1

N Omns equiv.) and Et;N (4.18 mmol, 3.8 equiv.) were suspended in dry

CH,Cl; (5 mL). The flask was filled with argon and placed in an ice
bath, then TMSOTT (3.88 mmol, 3.5 equiv.) was slowly added over 15 min. The reaction
was then allowed to reach rt and was stirred for 24 h until full conversion was confirmed
by TLC analysis. The reaction was quenched with water, the product was extracted three
times with CH,Cl, and dried over Na;SO4. After removal of solvent the catalyst was
isolated by FC (CH,CL/EtOAc, 9/1) in 67% yield. "H NMR (400 MHz, CDCls) & =
7.45-7.15 (m, 10H), 4.38 (t, J = 7.53 Hz, 1H), 3.92-3.86 (m, 1H), 2.79-2.71 (m, 2H),
1.85-1.70 (m, 2H), 1.65-1.50 (m, 1H) 0.04 (s, 9H), -0.11 (s, 9H).*C NMR (100 MHz,
CDCl3) & = 146.5, 145.4, 128.5 (2C), 127.8 (2C), 127.6 (2C), 127.4 (2C), 126.9, 126.8,
82.9, 72.2, 63.5, 55.8, 37.5, 2.1 (3C), 0.1 (3C) HRMS calculated for [M-TMS+H]":
342.1884; found: 342.1889. [a]**p=-42.1 (c = 0.427 in CH,CL,).
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6.4.4. Syntheses of catalysts 4g and 4h

HO, 1. AcCl, HO, RSiCl, RO,
Z—>‘ MeOH, reflux y imidazole, DMAP
T, T
N” TCOH 5 BnBr, DIPEA, NTTCOMe T N~ ~CO:Me
10 H Toluene, reflux 44 Bn ' Bn 459.R=TBS
15h: R = TIPS
RO, RO, RO,
Ph Hy, Pd/C, AcOH y TMSOTS y
- _ Pho L Ph PhMgClI
N s MeOH, rt N P dry CHoCly, 1t N Ph =
' Bn OTMs  VEr2va By OH dry THF, 0°C
49: R =TBS 17g: R =TBS 16g: R=TBS
4h: R=TIPS 17h: R =TIPS 16h: R = TIPS

Scheme 80. Syntheses of catalysts 4g and 4h.

The synthesis of catalysts 4g and 4h began with the conversion of trans-4-hydroxy-L-
proline 10 into its methyl ester and N-benzylated derivative 14. Next, the first silyloxy
moiety was installed through the protection of the hydroxyl group at C4. Grignard
reaction and subsequent TMS-protection of the hydroxyl group furnished the N-protected
precursor of catalysts 17g and 17h. Spectral data of these intermediates are according to
the corresponding literature.'”
(28,4R)-4-((tert-Butyldimethylsilyl)oxy)-2-
(diphenyl((trimethylsilyl)oxy)methyl)pyrrolidine, 4g
In a flame dried round bottom flask equipped with a magnetic
T8SO, stirring  bar,  (2S,4R)-1-benzyl-4-((tert-butyldimethylsilyl)oxy)-2-
F:]h (diphenyl((trimethylsilyl)oxy)methyl)pyrroli-dine  (0.61 mmol, 1
H OTMS equiv.) and concentrated acetic acid (0.73 mmol, 1.2 equiv.) were
dissolved in methanol (3 mL). Palladium on activated charcoal was added (10 wt.-%).
The mixture was subsequently saturated with hydrogen gas and stirred under hydrogen
atmosphere overnight. Hereafter, the reaction mixture was filtered through a short bed of
celite and the solution was evaporated under reduced pressure. The residue was
suspended in 20 mL of a saturated aqueous solution of NaHCOj; and extracted with Et,O
(3x20 mL). The combined organic layers were dried over MgSQO,4. After filtration and
evaporation of the solvent catalyst 4g was isolated by FC (pentane/EtOAc, 10/1) in 54%
yield (0.15 g,0.33 mmol)."H NMR (400 MHz, CDCls) & = 7.46 (d, J = 8.32 Hz, 2H),
7.35 (d, J = 8.45 Hz, 2H), 7.29-7.18 (m, 6H), 4.36 (t, J = 7.92 Hz, 1H), 3.95-3.90(m, 1H),
2.73 (dq, J =19.52, 11.23, 4.63 Hz, 2H), 1.76-1.64 (m, 2H), 1.58-1.50 (m, 1H), 0.85 (s,
9H), -0.02 (s, 6H), -0.12 (s, 9h). *C NMR (100 MHz, CDCl3) § = 146.7, 145.5 128.4,
127.8, 127.6, 127.3, 126.8, 126.7, 82.9, 72.5, 63.5, 56.0, 37.8, 25.9, 18.1, 2.1, -4.8.
HRMS (ESI +) m/z calculated for [M+H]": 456.2696; found: 456.2793. [a]*’p = -31.2 (¢
=0.633 in CH,Cly).
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(25,4R)-2-(Diphenyl((trimethylsilyl)oxy)methyl)-4-
((triisopropylsilyl)oxy)pyrrolidine, 4h

[PPSO In a flame dried round bottom flask equipped with a magnetic
U\ﬁph stirring bar, (2S,4R)-1-benzyl-2-
N OTFI:-J'I-ls (diphenyl((trimethylsilyl)oxy)methyl)-4-

((triisopropylsilyl)oxy)pyrrolidine (1.20 mmol, 1 equiv.) and
concentrated acetic acid (1.40 mmol, 1.2 equiv.) were dissolved in methanol (10 mL).
Palladium on activated charcoal was added (10 wt.-%). The mixture was subsequently
saturated with hydrogen gas and stirred under hydrogen atmosphere overnight. Hereafter,
the reaction mixture was filtered through a short bed of celite and the solution was
evaporated under reduced pressure. The residue was suspended in a saturated aqueous
solution of NaHCO; (30 mL) and extracted with Et;O (3x30 mL). The combined organic
layers were dried over MgSO,. After filtration and evaporation of the solvent catalyst 4h
was isolated by FC (pentane/EtOAc, 19/1) in 50% yield (0.30 g, 0.60 mmol). '"H NMR
(400 MHz, CDCl3) 6 = 7.58 (d, J = 7.57 Hz, 2H), 7.47 (d, J = 8.00 Hz, 2H), 7.40-7.30 (m,
6H), 4.50 (t, J = 7.70 Hz, 1H), 4.15-4.09 (m, 1H), 1.92 (br s, 1H), 1.85-1.69 (m, 2H),
1.12 (s, 22H), -0.01 (s, 9H). *C NMR (100 MHz, CDCls) & = 144.5, 143.3, 126.4 (2C),
125.8 (2C), 125.6 (2C), 125.2 (2C), 124.8, 124.7, 80.8, 70.5, 61.5, 54.2, 36.1, 15.9 (6C),
10.0 (3C), 0.0 (3C). HRMS calculated for [M+H]": 498.3218, found: 498.3244. [a]*’p =
-26.3 (¢ =1.03 in CH,Cl).

6.4.5. Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)-3-
phenethylthiourea, 5

In a round bottomed flask 3,5-bis(trifluoromethyl)phenyl

. isothiocyanate (1.0 mmol, 271 mg)  and

Qfm JLN ,©\m phenylethylamine (1.0 mmol, 121 mg) were mixed in
CH,ClI; (4 mL) at rt. After 2 h the solvent was evaporated
and the residue was purified by crystallization from n-hexane and acetone to afford
thiourea 5 in quantitative yield. "H NMR (400 MHz, CDCls) & = 7.92 (br s, 1H), 7.69 (s,
1H), 7.59 (s, 2H), 7.33-7.15 (m, 5H), 5.96 (br s, 1H), 3.92 (br d, J = 5.68 Hz, 2H), 2.96 (t,
J = 6.69 Hz, 2H). *C NMR (100 MHz, CDCl3) § = 180.4, 138.5, 137.9, 128.9, 128.6,

127.0, 124.3, 124.0, 121.3, 119.7, 46.3, 34.6. HRMS calculated for [M+Na]+: 415.0674,
found: 415.0679.

6.4.6. General procedure for the organocatalytic reactions.

A glass vial equipped with a magnetic stirring bar was charged with catalyst 4h (0.005
mmol, 0.1 equiv.), thiourea 5 (0.015 mmol, 0.3 equiv.), the appropriate para-quinone
methide 1a-k (0.05 mmol, 1 equiv.) and CH,ClI, (200 pL). The vial was placed into an
ice bath and stirred for few minutes, then the corresponding aldehyde 2a-i (0.075 mmol,
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1.5 equiv.) was added in one portion. The resulting mixture was stirred at 4 °C for 48 h,
then it was filtered through a short plug of silica gel and the plug was washed several
times with CH,Cl,. After removal of solvent, the crude mixture was analyzed by 'H
NMR in order to evaluate the dr. Finally the mixture was purified by FC on silica gel
(pentane/CH,Cl, mixtures).

(2R,35)-2-Benzyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-3-(4-
methoxyphenyl)propanal, 3b

Following the general procedure, the title compound was isolated
by FC on silica gel (pentane/CH,Cl, 1:1) in 74% yield as yellowish
oil. '"H NMR (400 MHz, CDCl3) & = 9.52 (d, J = 3.40 Hz, 1H),
7.27-7.15 (m, 5H), 7.05-7.00 (m, 4H), 6.89 (d, J = 8.66 Hz, 2H),
5.05 (s, 1H), 4.05 (d, J = 10.7 Hz, 1H), 3.80 (s, 3H), 3.50-3.41 (m,
1H), 2.89 (dd, J = 9.47, 14.0 Hz, 1H), 2.71 (dd, J = 3.73, 14.1 Hz,
1H), 1.38 (s, 18H). *C NMR (100 MHz, CDCls) & = 204.4, 158.3,
152.5, 139.0, 136.0 (2C), 134.9, 132.1, 129.1 (2C), 129.0 (2C), 128.4 (2C), 126.3, 124.6
(20), 114.2 (2C), 58.1, 55.3, 51.9, 34.8, 34.3 (2C), 30.3 (6C). HRMS calculated for [M—
H]: 457.2821; found: 457.2755. [0]*°p = +20.5 (¢ = 0.80 in CH,CL). The dr was
evaluated by '"H NMR of the crude mixture and was found to be 7.9/1. The ee was
determined by UPC?, using Chiralpack IB-3 column [1% i-PrOH (0.5 min), then linear
gradient from 1% to 25% (3%/min), 120 bar, 40 °C] flow rate: 3 mL/min, tm,; = 4.22 min
tmin = 4.38 min, ee = 99%.

OH

MeO

6.4.7. General procedure for the de-tert-buylation reaction sequence

OH OH OH OH
tBu tBu tBu tBu tBu tBu
NaBH, AcCl AICl3
N > —_— —_— >
ﬁ MeOH, RT ?H CH,Cl rt OAc Benzene, 60 °C OAc
Ar o Ar a Ar o Ar o

Ph Ph Ph Ph  8h: Ar = 4-MeO-CqH,
3b: Ar = 4-MeO-CgH, ee: 99% 6b: Ar = 4-MeO-CgHy 7b: Ar = 4-MeO-CgH4 ee: 98%, Yield: 80% (3 steps)
3f Ar = 4-Br-CgH,4 ee: 98% 6f: Ar = 4-Br-CgH4 7f: Ar = 4-Br-CgH, 8f: Ar = 4-Br-CgH,

ee: 94%, Yield: 96% (3 steps)
Scheme 81. De-tert-butylation reaction sequence.

a) In a glass vial equipped with a magnetic stirring bar, compound 3b or 3f (0.17 mmol)
was dissolved in 660 uL of MeOH, then NaBH4 (0.66 mmol) was added at 0 °C and the
mixture was allowed to reach rt. After 30 min. the reaction was quenched with brine and
extracted twice with Et;0O. The organic layers were combined and dried over Na,SOy .
After removal of solvent, the corresponding alcohol 6b or 6f was isolated without further

purifications.

b) In a glass vial equipped with a magnetic stirring bar, compound 6b or 6f (0.13 mmol)
was dissolved in 400 pL of dry CH,Cl,, then AcCl (0.26 mmol) was added in one portion
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and the mixture was stirred at rt overnight. After removal of solvent, compound 7b or 7f
was isolated without further purifications.

¢) In a flame dried vial equipped with a magnetic stirring bar, compound 7b or 7f (0.056
mmol) was dissolved in 3 mL of dry benzene and the vial was filled with nitrogen. AlCl;
(0.33 mmol) was quickly added and the mixture was stirred at 60 °C for 1 h. The mixture
was then quenched with water and extracted twice with EtOAc, the organic layers were
combined and dried over Na,SO4. The residue obtained was purified by FC on silica gel
(pentane/EtOAc mixtures) to afford the de-tert-butylated compound 8b or 8f.

(2R,3R)-2-Benzyl-3-(4-bromophenyl)-3-(4-hydroxyphenyl)propyl acetate, 8f
Following the part c) of the general procedure, the title compound
was isolated after FC on silica gel (pentane/EtOAc 3:1) in 96% yield.
"H NMR (400 MHz, CDCls) & = 7.45 (d, ] = 8.42 Hz, 2H), 7.29-7.22
(m, 4H), 7.20-7.15 (m, 1H), 7.08 (d, J = 8.69 Hz, 2H), 7.05 (d, J =
7.22 Hz, 2H), 6.70 (d, J = 8.69 Hz, 2H), 5.13 (br s, 1H), 3.91 (dd, J =
3.15, 11.29 Hz, 1H), 3.82 (d, J = 10.98 Hz, 1H), 3.74 (dd, J = 4.75,
11.44 Hz, 1H), 2.78-2.66 (m, 2H), 2.50 (dd, T = 10.30, 14.18 Hz, 1H), 1.99 (s, 3H)."*C
NMR (100 MHz, CDCl) & = 171.1, 154.3, 142.6, 139.7, 134.4, 131.9 (2C), 129.7 (2C),
129.0 (2C), 129.8 (2C), 128.4 (2C), 126.2, 120.2, 115.6 (2C), 63.7, 52.4, 43.1, 35.6, 20.8.
HRMS calculated for [M+Na]": 461.0723; found: 461.0723. [a]**p = -31.8 (c = 0.67 in
DCM). The ee was determined by UPC? using Chiralpack IB-3 column [1% i-PrOH (0.5
min), then linear gradient from 1% to 30%, (6.0%/min), 120 bar, 40 °C] flow rate: 3
mL/min, ty, = 5.63 min, tyi, = 5.80 min, ee = 94%.

6.4.8. Cystallographic data

Crystal data for 7f: C3,H39BrOs;, M = 551.57, monoclinic, space group P21 (no. 6), a =
16.508(6) A, b = 9.0189(4) A, ¢ = 20.058(8) A, p = 104.827(4)°, Flack parameter = -
0.025, V'=12886.9(2) A>, T=100K, Z=4, d. = 1.2689 g cm™, (Mo Ka, A = 0.71073 A)
=1.453 mm™, 31301 reflections collected, 6034 unique [Rin = 0.1298], which were used
in all calculations. Refinement on F?, final R(F) = 0.0974, Ry(F2) =0.135. CCDC
number 1019855.

6.5. Conclusion

In conclusion, we have developed a new and easy-to-conduct organocatalytic strategy for
the a-alkylation of aldehydes. For the first time, enamine-activated aldehydes have been

added to para-quinone methides, providing o-diarylmethine-substituted aldehydes with
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two contiguous stereocenters in high yield and broad substrate scope. The control of the
stereochemical outcome, particularly the diastereoselectivity, of the proposed
transformation has been an intriguing challenge. Having identified in the uncontrolled
approach of the p-QM to the enamine-activated aldehyde the reason of the low dr, we
have synthetized a new class of C4-substituted TMS-protected diphenyl prolinol. Indeed
the bulky silyloxy moiety placed at the peripheral C4-position was found to control the
approach of the electrophile through steric repulsion, leading to highly diastereo- and
enantioenriched product.

The presence of the electron-donating tert-butyl groups on the C2 and C6 position of the
cyclohexatriene core was almost a mandatory requirement for the stabilization of the p-
QM. Being aware that this could limit the scope and the applicability of our synthetic
protocol, we developed a de-tert-butylation reaction sequence that led to the

corresponding de-fert-butylated diaryl derivatives in high yield and preserved

enantioselectivity.
TIPSO,
y Ph
N Ph
o) ::1 OTMS  CF;3 OH OH
R, R, s R4 R, 1) NaBH4 MeOH,RRT
Ph J 2) AcCl, DCM, RT
0 TN s CFs o  3AICl, benzene, 60°C oA
- c
+
R; Rs/\)l CHaClp, 4°C, 48h Ry m\” 21 = ZBIUI O(CaHa) Ry ,\\\\l
2 = 4-lVie 64
. 23 examples or 4-Br(CgHs)
lak  2adi Yield: up to 90% 3bx SRy, R)ipn ¢ Rs
dr: up to 11:1 de-tert-butylated
ee: up to 99% derivatives: high yields
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Scheme 82. Organocatalytic diastereo- and enantioselective a-Alkylation of aldehydes performed via
1,6-conjugated addition of enamine-activated aldehydes to para-quinone methide. A novel chiral
secondary amine catalyst was the key to the success of this reaction.
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