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Enamides and dienamides in phosphoric acid-catalysed
enantioselective cycloadditions for the synthesis of chiral amines

Received 00th January 20xx, Thomas Varlet and Géraldine Masson*
Accepted 00th January 20xx Chiral substituted cyclic amines are ubiquitous among biologically active molecules and natural products and are valuable
intermediates in organic synthesis. Straightforward enantioselective synthetic methods toward these motifs are highly
DOI: 10.1039/x0xx00000x
sought after. Cycloaddition reaction is considered as one of the direct and efficient strategy for the construction of cyclic
www.rsc.org/ amines. In particular, chiral phosphoric acid catalysed formal cycloadditions involving enamides and dienamides as partners
have contributed significantly in this field. This feature article showcases the remarkable versatility of these cycloadditions
to access chiral cyclic amines with different ring sizes ranging from 5- to 7-membered rings, with an emphasis on biologically

active natural products.

(formal) cycloadditions to generate 5-and 6-membered cyclic
1. Introduction amines (Scheme 1).

Similarly, vinylogous dienamides can also participate as
electron rich dienes in normal-electron demand (formal)
cycloaddition reactions to lead to 6-and 7-membered cyclic
amines (Scheme 2).

Chiral substituted cyclic amines are valuable motifs widely
found in an array of natural products, and biologically active
substances. Thus, the development of efficient methods for
their effective construction has been intensively pursued by the
organic synthetic community. Among them, the cycloaddition NHPG
reactions of enamides constitute one of the most direct, SR
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powerful and atom-economical procedures. In these O cHo @
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enantioselective versions with enamides and dienamides has
received less attention. This is in part due to their lower
nucleophilic character and their tendency to isomerize into the
corresponding imine derivates under acidic conditions.
Since the pioneering works of Akiyama? and Terada,? chiral
phosphoric acid (CPA) catalysis has emerged as a powerful
Université Paris-Saclay, Institut de Chimie des Substances Naturelles, ICSN-CNRS ) ) . ) 2
UPR 2301 strategy for many important enantioselective transformations.

1 av. de la Terrasse, 91198 Gif-sur-Yvette (France) In many cases, their effectiveness relies on their bifunctional

-mail: geraldine. @ fr; Idine. i ite-paris-saclay.fi . . .
e-mail: geraldine.masson@cnrs.fr; geraldine.masson@universite-paris-saclay.fr character, since the electrophile and the nucleophile can be
homepage: https://massongroup.wixsite.com/power

Scheme 1 Selection of chiral cyclic amines structures obtained from enamides.
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synergistically activated through hydrogen-bonding
interactions to ensure high enantioselectivity and reactivity. In
particular, they have proven to be particularly well-adapted
catalysts for the development of enantioselective
cycloadditions with secondary enamides and dienamides.
Indeed, these derivatives bearing an NH moiety can form a
hydrogen bond with the Lewis base of phosphoric acid while the
latter form the required hydrogen bond with the electrophile
(Scheme 3).
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Scheme 3 Bifunctional catalytic activation of enamides and dienamides by

phosphoric acid.

This strategy combining a chiral phosphoric acid (Scheme 4)
and secondary enamides as well as dienamides has proven to
be successful for the construction of various cyclic nitrogen-
containing products with high regio-,
enantioselectivity. In this feature article, we will first summarize

chemo-, and

recent advances in the enantioselective (formal) cycloadditions
of enamides which allow efficient access of
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Scheme 4 Scaffolds of the chiral phosphoric acid catalysts used throughout this
article. 3, BINOL; 4, Octahydrogenated BINOL; 5, SPINOL. The chirality of

phosphoric acids 3, 4 and 5 is indicated for each example along this article.

optically active 5- and 6-membered amino-heterocycles. In
the second part, we will focus on enantioselective (formal)
cycloadditions of dienamide derivatives leading to a diverse
range of complex amino-heterocycles and amino-carbocycles.

2 | J. Name., 2012, 00, 1-3

2. Inverse-electron-demand cycloaddition of
Enecarbamates

Cycloaddition of electron rich enamides® with electron-poor
dienes or dipoles can be considered as an inverse electron-
demand (IED) cycloaddition. Due to the polarized nature of both
reactants, these reactions can occur either through a stepwise
mechanism involving an iminium intermediate (Scheme 5A) or,
alternately, through an asynchronous concerted mechanism
(Scheme 5B).
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Scheme 5 Mechanistic possibilities for phosphoric acid catalysed cycloadditions of

enamides.

2.1 (4 + 2) Cycloaddition with 2-azadienes

N-arylimines have proven to be versatile 2-azadienes in IED
aza-Diels-Alder (aza-DA) reaction, also known as Povarov

reaction,® for the preparation of biologically important
tetrahydroquinolines.®®” The first examples of catalytic
enantioselective Povarov reaction, catalysed by chiral

ytterbium complex and aminodiol-titanium (IV) complexes,
were respectively reported by Kobayashi® and Sundararajan.®
Ten vyears later, Akiyama et al.!° disclosed the first
organocatalytic asymmetric Povarov reaction promoted by
chiral phosphoric acid catalysts. In these seminal works, enol
ethers were mainly used as dienophiles affording an efficient
access to 4-alkoxy-tetrahydroquinolines with high diastereo-
and enantioselectivity. Inspired by these studies, we
investigated the use of enecarbamates as dienophiles!! in 3-
component*12 Povarov reaction catalysed by chiral phosphoric
acids.’®* Delightedly, we found that the secondary
enecarbamate 1a was a suitable partner to react with a-aryl-
substituted imines generated in situ in the presence of the H8-
BINOL-based chiral phosphoric acid (R)-4a. This IED aza-DA
provided an efficient and easy access to 4-amino-1,2,3,4-
tetrahydroquinolines 11 (a common substructure found in
biologically active compounds and drug candidates)®s7>11b,14
with high enantio- and diastereoselectivities. Various anilines
and aromatic aldehydes were suitable components to afford
cis-2,4-disubstituted tetrahydroquinolines 11 in high yield with
up to >99% ee. Aliphatic aldehydes, which are challenging
substrates due to the tautomerization of the in situ formed
imines, effectively delivered the desired cycloadducts 11 with
excellent enantio- and diastereoselectivities. We later
accomplished the synthesis of the antihypercholesterolemic

This journal is © The Royal Society of Chemistry 20xx
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drug candidate Torcetrapib 12,11214de15 jn 3 three-step
sequence, employing as a key-step this enantioselective
phosphoric acid-catalysed 3-component Povarov reaction
(Scheme 6).
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Scheme 6 Conditions for the asymmetric 3-component Povarov reaction
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Scheme 7 Asymmetric 3-component Povarov reaction involving B-substituted

enecarbamates

Shortly after, we expanded our study to [-substituted
enecarbamates.’®® Under the same conditions, various (E)-
enecarbamates 1 reacted smoothly and gave the corresponding
2,3- and 3,4-trans tri-substituted tetrahydroquinolines 11 as the
major isomers with excellent enantioselectivities. The catalyst
loading could be reduced to 1 mol%, giving the cycloadduct 11i
(R!= OMe, R? = Me and R3? = Ph) with the same efficiency and
selectivity. (Z)-enecarbamate (Z)-1a was much less reactive than
its E isomer affording cycloadduct 11i in 32% yield as a mixture
of two diastereoisomers (9:1 dr). Surprisingly, the major
was found to be the same 3,4-trans
cycloadduct as that derived from (E)-1a. A slow isomerization of
enecarbamate (2)-la to (E)-la via the N-acyliminium
intermediate, in the presence of phosphoric acid, could explain
this observation. Evidence for a stepwise mechanism was
provided by isolation of the iminium intermediate, which was
trapped by ethanol under the form of the hemiaminal 13.16b
Low chiral induction was observed with tertiary endocyclic
enecarbamates,

diastereoisomer

leading us to propose a well-organized
transition state TS-A wherein the phosphoric acid acts as a
bifunctional catalyst to activate both enecarbamate and N-
arylimine via hydrogen-bonding network (Scheme 7).

This journal is © The Royal Society of Chemistry 20xx

This asymmetric 3-component Povarov reaction was studied
as well by Lin et al. in 2013.Y7 They focused on using challenging
aliphatic aldehydes. SPINOL-derived phosphoric acid catalyst
(S)-5a was chosen as the best catalyst. Running the reaction at
-20 °C furnished the corresponding cycloadducts 11 in excellent
yields and almost enantiomerically pure products. The authors
solely used unsubstituted enecarbamate 1a. Their strategy was
successfully  applied to the synthesis of chiral
benzo[elindolizidine 15 in three steps without erosion of
enantioselectivity (Scheme 8).

A
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+ _— Y o
1a CH,Cl, -20 °C, 1-3 h N Rgﬁ 99% ee
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PPh, CCl, Et;N
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Scheme 8 Conditions for the asymmetric 3-component Povarov reaction and

application to the synthesis of chiral benzo[e]indolizidine.

Very recently, Kazancioglu, Peshkov et al.'® applied this 3-
component Povarov reaction to the synthesis of tricyclic

J. Name., 2013, 00, 1-3 | 3
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tetrahydroquinoline motifs found in a range of bioactive conditions, various perfluorinated N-arylimines 22 reacted
alkaloids.'?*1° They used appropriate aldehydes 16 bearing smoothly with B-unsubstituted enecarbamate 1a in good to
protected hydroxyl group on aliphatic chains. The reaction with  high yield with excellent cis-diastereo- and enantioselectivity
anisidine 9a, enecarbamate 1b and phosphoric acid catalyst (R)- (Scheme 9C).
4a afforded tetrahydroquinolines 11 in excellent enantiomeric In 2013, Bernardi, Fochi et al.?® reported the first
excess. Removal of silyl protecting group followed by cyclization  enantioselective vinylogous Povarov reaction using non-
under Appel conditions led to the desired tricyclic derivatives 18 substituted dienecarbamates 2 as electron-rich dienophiles
without any erosion of enantioselectivity (Scheme 9A). instead of enecarbamates. The best stereochemical result was
In 2010, Gong et al.?° described an elegant cascade reaction attained with phosphoric acid (R)-4b derived from octahydro-
consisting of CPA-catalysed 3-component Povarov reaction with ~ (R)-BINOL to produce the cis-tetrahydroquinolines 25 in high
the B-unsubstituted enecarbamate 1a and Au(l)-catalysed yields. The Povarov reaction proceeded with a high level of
hydroamination of alkynes. The expected cycloadduct 20, too enantioselectivity and exclusive chemoselectivity for the more
unstable to be isolated, was reduced in situ using NaBH(OAc); distant double bond of the diene. This remains the sole example
in the presence of acetic acid. Through the sequence, diverse so far of such a reactivity for dienecarbamates (Scheme 10A).
optically enriched tri-substituted julolidine derivatives 21 were Later,?* the same authors devised a strategy to access
produced in high yields. Control experiments revealed that tetrahydroquinolines substituted with a ferrocenyl moiety 27,
chiral phosphoric acid (R)-3b was the effective catalyst for the in order to combine interesting biological properties of
Povarov reaction and that chiral gold phosphate?! generated in  tetrahydroquinoline motif and ferrocenyl functionality. The
situ was the active catalyst in the hydroamination reaction ferrocenyl was  successfully introduced by  using

(Scheme 9B). ferrocenecarbaldehyde-derived imines 26. Using 3,3'-bis(2,4,6-
triisopropylphenyl)binol phosphoric acid (TRIP)-catalyst (R)-3d
A. Kazancioglu, Peshkov, et al. 2019.18 NHGb and unsubstituted enecarbamate 1a, a range of ferrocenyl-
MeO Z . . . . . .
NHCbz Meo Ve substituted tetrahydroquinolines were accessed in high yields
N and excellent enantioselectivities, showing the remarkable
o0 NH; (R)-4a (5 mol%) , g
+ YIT . e
o 1b Me . N compatibility of ferrocene with these conditions (Scheme 10B).
\ OTEDMS CH,Cly, 0 °C H )
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- o ylel . . .
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-72% yie
A Nh, RE XN (L)AuMe (10 mol%) | 92-99% o6 unsaturated carboxylic acids (Scheme 10C).>
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+ . R
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synthesis of trifluoromethylated and difluoromethylated 35-88% ee
tetrahydroquinolines 23. Chiral phosphoric acid catalyst (R)-3c,
with extensive 4-(2-naphthyl)-phenyl 3,3’-substituants gave the
best results in terms of yields and ee. Under the optimized

Scheme 10 Examples of asymmetric Povarov reaction.
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In 2012, we described the analogous cycloaddition using
cyclic dienophiles for enantioselective synthesis of
hexahydropyrrolo[3,2-c]quinolines.?’ Since the presence of the
free NH function on the dienophile was crucial for the
enantioselectivity, the enethiourea 30,28 incorporating an NH
donor group was selected in order to conserve hydrogen bond
interaction between the dienophile and the phosphoric acid
catalyst. Indeed, high enantio- and diastereoselectivity were
achieved in a three-component Povarov reaction by employing
the bulky (R)-3d TRIP catalyst. The scope of the reaction was
then studied and aliphatic aldehydes as well as o, 3-unsaturated
aldehydes, aromatic aldehydes, and heteroaromatic aldehydes,
appropriate giving the
cycloadducts 31 in good vyields and excellent diastereo- and

were substrates, corresponding
enantioselectivities. A wide range of diversely functionalized
anilines was also employed in this reaction, and we noted that
the best enantioselectivity was obtained for electron-poor
substrates. The synthetic utility of these hexahydropyrrolo[3,2-
clquinolines was further demonstrated. For instance, the
thiocarbamoyl group 31a was converted to the guanidine
containing pyrroloquinoline 32, giving access to a valuable
intermediate for the synthesis of analogues of martinellic acid
33 martinelline 34.2° (Scheme 11).
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Scheme 11 Asymmetric 3-component Povarov reaction with cyclic enethioureas.

We implemented an enantioselective Brgnsted acid
catalysis for the 3-component Povarov reaction of
enecarbamates with heteroazadienes generated in situ from
aldehydes and 3-aminopyrrols 37 or 4-aminopyrazoles 38.3°
However, these aminoheterocycles were particularly difficult to

This journal is © The Royal Society of Chemistry 20xx

manipulate due to their propensity to isomerize into their imine
forms under acidic conditions.3! To solve the problem, they
were synthesized in situ through the hydrogenation of the
corresponding nitro heterocycles 35 and 36. The reaction with
4-nitro-pyrazoles 38 proceeded smoothly with aromatic, o,f-
unsaturated and aliphatic aldehydes. Regarding 4-nitro-2-
cyano-pyrroles 37, the reaction worked best with aromatic
aldehydes, either electron-rich or electron-poor. A range of
substituted (E)-enecarbamates 1 was well suited and Boc
protecting group worked as well as Cbz in terms of yields and
enantioselectivity. The N-protecting groups have no significant
influence on the reactivity and enantioselectivity. The
corresponding cycloadducts were obtained as the major trans,
trans-isomer in moderate to good yields with high ee (Scheme
12A).

Recently, an alternative strategy for a stereoselective
synthesis of tetrahydroquinolines 11 was disclosed by our
group.3? study on the
enantioselective (3 + 2) cycloadditions between enecarbamates

During our development of
1 and nitrones 41, an unexpected result was observed when a
copper-phosphate salt Cu"[(R)-4c], was employed as catalyst.
The only product formed was not the expected isoxazolidines
42 but, to our surprise, the 4-aminotetrahydroquinolines 11 in
excellent enantio- and diastereoselectivity. This result was
reasoned to arise from a copper(l)-promoted deoxygenation of
the nitrone to afford the corresponding aryl-imine 24.33 The
latter
enecarbamates in the presence of the resulting copper(ll)
complex catalyst3* in a DCM/MeOH (1:1) mixture. The catalyst
Cu'"[(R)-4c], was prepared in situ from Cu(OH), and chiral
phosphoric acid (R)-4c in a ratio 1:2 respectively. The resulting
copper(ll) complex can be reduced by N-arylhydroxylamine
(generated during partial hydrolysis of 41) to form copper(l)
complex Cu'[(R)-4c], which catalysed the deoxygenation of
nitrones. The presence of water was thus required to generate
the active catalyst species. A wide range of tri-substituted
tetrahydroquinolines 11 were obtained in moderate yields and
high diastereo- and enantioselectivities starting from either
electron-rich or electron-poor aryl imines, with diversely B-
alkylated enecarbamates 1, including linear and bulkier
branched ones (Scheme 12B).

underwent enantioselective Povarov reaction with

J. Name., 2013, 00, 1-3 | 5



A. Zhu, Masson et al. 2014.3°
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Scheme 12 Examples of asymmetric Povarov reaction with nitrones.

2.2 (4 + 2) Cycloaddition with hetero-2-azadienes

we found that 2-
were useful hetero-2-azadienes in the

Based on the work of Enders et al.,
benzothiazolimines
phosphoric acid catalysed asymmetric IED aza-DA reaction with
enecarbamates.3® The more bulky TRIP phosphoric acid catalyst
(5)-3d proved to be the most effective, delivering tri-substituted
trans-cis benzothiazolopyrimidines 44 with excellent diastereo-
and enantioselectivity albeit with moderate yields due to
catalyst deactivation with the basic isothiourea group of 44.
After extensive optimisation studies, we found that the
cycloaddition proceeded smoothly at 50 °C when 3 equiv. of
enecarbamates were used. The reaction showed broad
substrate scope with both enecarbamates 1 and 2-benzo-
thiazolimines 43. Various benzothiazolopyrimidines 44 (also
named homobenzotetramisoles) that may constitute a novel
family of Lewis base catalysts3” were produced in high yields
and selectivities. Based on DFT calculations, we proposed a
stepwise mechanism of the aza-DA reaction that includes
Mannich addition of enecarbamates 1 to imines 43 followed by
intramolecular aminalization. To explain the observed
stereoselectivity, a tentative model was proposed where
phosphoric acid activates both enecarbamate and imine via
hydrogen bonds forming the complex TS-C (Scheme 13).

2
PGHN R

Ar NHPG N
@: \%N/ A J/ (S)-3d (10 mol%) @: >:
- 5
_ . S
K R? 12DCE, 50°C, 7
43 1 24h 44
Selected examples

2
CbzHN R

Bl

44a, R? = n-Pr, 92%, 98% ee
44b, R? = cyclopropyle, 74%, 98% ee
Ts-C 44c,R?= OTBDPS 58%, 97% ee

WiAF

N 21 examples
58-99% yield
93-99% ee

Br

Scheme 13 Synthesis of chiral HBTMs via asymmetric aza-DA reaction.
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2.3 (4 + 2) Cycloaddition with 1-azadienes

The IED aza-DA reaction of 1-aza-butadienes®®38 is one of
the most direct approaches for the preparation of highly
substituted tetrahydropyridines.3® However, organocatalytic
enantioselective examples®dfh382b40 gre scarcer compared with
that of 2-aza-dienes.6@b.des38bde |n continuation of our works,
we developed the first enantioselective aza-DA reaction of N-
aryl B,y-unsaturated o-iminoesters 45 with f-substituted
enecarbamates 1 catalysed by the highly hindered BINOL
phosphoric acid (R)-3d (TRIP catalyst).*’ Under optimum
conditions, 6-amino-1,4,5,6-tetrahydropyridine derivatives 46
were isolated in moderate to good yields with high level of
diastereo- and enantioselectivities. This provides an efficient
access to cyclic motifs found in a range of biologically natural
products such as Siastatin B 48, a potent neuraminidase
inhibitor.*? The presence of the ester group on the azadiene was
found to be crucial to control the regioselectivity of the
cycloaddition. Indeed, the sterically bulky substituent prevents
the attack of enecarbamate at the C2 position (as reported N-
aryl-1l-azabutadiene 11h, Scheme 7) and the reaction occurs
only at the C4-position. Various fB,y-unsaturated a-iminoesters
45 bearing electron-donating and electron-withdrawing
aromatic substituents, as well as heteroaromatic rings at the y-
position, reacted smoothly to afford the tri-substituted
tetrahydropyridines 46 in good yields with excellent diastereo-
and enantioselectivities. To illustrate the synthetic interest of
this methodology, a key precursor*® of a variety of chiral
piperidines was synthesized with a Pd/C-catalysed
hydrogenolysis of the NHCbz function to yield the hemiaminal
adduct 47 in 60% yield with a slight erosion of enantioselectivity
(Scheme 14).

R1
|
R?0,C NHCO,R* R?0,C N NHCO,R*
J/ (10 mol%) ‘
26 examples
ookt 46”’R5 57-84% yield

R3 70-95% ee
Selected Post-Transformations

MeO,C NHCbz
H2/Pd -C

: H :
MeO,C N ' U ;
MeOH/H;0, 45 °C, 2 0 e HO™ 0!

o ! =
60% yield Ph47 |

(;,,,

ph46a

93% ee 90% ee, > 95:5dr |

Scheme 14 Conditions for asymmetric aza-DA reaction involving 1-aza-dienes.

2.4 (4 + 2) Cycloaddition with ortho-quinone methide

Catalytic asymmetric IED oxa-DA reaction of ortho-quinone
methides (a special class of 1-oxadienes) is a powerful method
for constructing tetrahydroxyxanthenes found in a range of
pharmaceutical compounds.** In 2005, Schneider et al.** found
that ortho-quinone methides* generated in situ from ortho-
hydroxybenzhydryl alcohols 49 and chiral phosphoric acid (R)-
3e, underwent IED oxa-DA reaction with cyclic enamides 50 to
form various tetrahydroxyxanthenes 51 in high yields and
enantioselectivities. The addition of 4 A molecular sieves was
beneficial to the yields, preventing the undesired hydrolysis of
the enamide partners under acidic conditions. The reaction was
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sensitive to electronic features of the B-aryl substituents of 49.
Lower yields were obtained with electron-poor aromatic rings.
Diverse carbocyclic (6- to 7-membered rings) and heterocyclic
(chromene and thiochromene derivatives) enamides were well
tolerated, although the use of 7-membered cyclic enamides
resulted in lower ee and diastereoselectivity. Overall, complex
polycyclic structures 51 were obtained in good vyields and
consistently high ee values. The authors proposed a well-
TS-D to explain the
stereochemical outcome of the cycloaddition (Scheme 15A).
group this 1-(o-
hydroxyphenyl)propargylic alcohols 52 using the same bulky

organized transition state model

Schneider’s extended work to
phosphoric acid catalyst (R)-3e to synthesize 7-alkynyl-12a-

acetamido benzo(c)xanthene derivatives 53.47 (Scheme 15B).
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R®=H, OMe 51 R®
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/ // 0\
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B. 1-(o- hydroxyphenyl) -3-phenylpropargylic alcohols

3e (5 mol%)
Rl CH2C|2 CH,Cly L 4AMS
n=1,2 R

X=CH,, 0,8
R®=H, OMe 53

22 examples
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up to 97:3 dr
H 62-98% ee

Scheme 15 Asymmetric oxa-DA reaction with cyclic enamides.

Later on, Pan et al.*® extended this strategy to acyclic
enecarbamates 1, for the synthesis of chiral tri-substituted
chromans, recurring motifs in natural products and bioactive
agents.?® In the presence of bulky TRIP phosphoric acid (S)-3d,
chroman derivatives 54 were obtained in high yields with
moderate to high diastereoselectivity and excellent
enantioselectivity for the major diastereoisomer. The reaction
was quite sensitive towards steric parameters: bulkier ortho-
substituted f-aryl substituents gave the corresponding
cycloadducts 54 in higher yields and ee values, with a total
diastereoselectivity (>20:1 dr). Interestingly, enethiocarbamate
1c (PG = C(O)SBn) afforded the chroman cycloadduct 54b in
better ee (95%) and dramatically increased dr (20:1) than the
corresponding enecarbamates (Scheme 16).

This journal is © The Royal Society of Chemistry 20xx
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Scheme 16 Asymmetric oxa-DA reaction involving acyclic enecarbamates

2.5 (3 + 2) Cycloaddition with vinylindoliniminium

Although less developed than the (4 + 2) analogs,” type Il (3
+ 2)-cycloadditions®® are also powerful methods to react with
enamide derivatives and construct highly substituted 5-
membered carbo- and heterocycles.?! For instance, inspired by
previous studies on the enantioselective (3 + 2)-cycloaddition
with 3-indolylarlymethanols reported by Guo®? and Shi,”® we
realized the first example of formal (3 + 2)-cycloaddition of in
situ formed vinylindoliniminium ion>* 57 with B-substituted
enecarbamates 1.°° In the presence of chiral phosphoric acid
(5)-3f, this reaction provided a direct access to biologically
important aminocyclopenta[blindoles®® 56 with three
contiguous stereogenic centers in good yields with high
diastereoselectivities ( >98:2 dr) and up to 99% ee. The reaction
showed broad substrate scope. Enecarbamates 1 bearing linear
or bulkier alkyl B-substituents were well accommodated. No
influence of the electronic properties of the aryl moiety, or the
indole core, was observed. The cycloadducts with either
heteroaromatic (2-thienyl) or alkyl substituents (isopropyl, n-
butyl) instead of the aryl substituent could also be synthesized
albeit in slightly lower yields and decreased ee. The free NH
group of indoles 55 was crucial for the enantioselectivity.
Racemic cycloadduct was isolated when a corresponding N-
benzylated analogue was used as dipole under the standard
conditions. A control experiment showed that the cycloaddition
occurred via a stepwise mechanism, with isolation of the
iminium intermediate trapped by ethanol. Based on these
investigations and previous reports,>3">7 a plausible reaction
mechanism was proposed in Scheme 17A. In presence of
phosphoric acid, indolylarylmethanols 55 was in situ
transformed to the vinylindoliniminium ion 57. Then, the
reaction of enecarbamate 1 with the vinyliminium intermediate
57 provided the iminium intermediate 58. Finally, the C2
alkylation of indole with iminium 58 furnishes the
aminocyclopenta[b]indoles 56. To explain the high
stereoinduction, a bifunctional activation mode via the
formation of the active complex TS-E was suggested, thereby
favouring the Si face attack on 57.

Afterwards, Schneider et al.>® developed a similar strategy
to access chiral cyclopenta[alindoles 60,>° using cyclic enamides
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50 as dipolarophiles in the reaction with 2-indolylarlymethanols
59. The formal (3 + 2) cycloaddition proceeded most efficiently
in dioxane in the presence of chiral phosphoric acid (R)-3g
bearing 2,6-dimethyl-4-tert-butyl phenyl groups at 3,3'-
positions to produce polyheterocycles 60 in generally high
yields and excellent stereoselectivity. The reaction was
groups,
demonstrated a broad substrate scope. Mechanistic studies

compatible with a variety of functional and
realized by the authors also suggested a stepwise mechanism.
Similarly, free NH of indoles plays a pivotal role in the activation

and preorganization of the substrates (Scheme 17B).

A. Masson et al. 2015.5°
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X =CHy, O
59 R4 60

Scheme 17 Synthesis of chiral cyclopentaindoles via asymmetric (3 + 2)

cycloaddition.

2.7 (3 + 2) Cycloaddition with benzoquinone derivatives

Quinones have been extensively used in (3 + 2)-
cycloaddition reactions®®  for  the synthesis of
dihydrobenzofurans which are common fragments in a number
of biologically active molecules and natural products.®? In 2015,
based on previous reports, we developed a (3 + 2)-cycloaddition
of quinones 61 with B-substituted ene- and thioenecarbamates
1.2 The best stereocontrol was achieved by (R) 3,3’-(1-
naphthyl)-SPINOL phosphoric acid (R)-5b which provided
densely substituted 2,3-disubstituted 2,3-dihydrobenzofurans
62 with excellent regio- and enantioselectivity. However, the
diastereoselectivity was strongly dependent of the nature of
the protecting group of the dipolarophile. (E)-
Enethiocarbamate gave  systematically higher trans
diastereoselectivity (Scheme 18A.1). We also reported a more
practical process which involved in situ oxidation of
dihydroxybenzoquinones 63 to quinones with phenyliodine
diacetate (PIDA) in presence of enecarbamates and chiral
phosphoric acid (R)-5b. However, enantioselectivity in this
oxidative condition was noticeably lower due to the formation
of acetic acid generated from PIDA.522183 Pleasingly, the

selectivity was restored when the catalyst loading was
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increased from 2.5 to 5 mol%. Under these conditions, various
substituted  hydroquinones 61 whose corresponding
benzoquinones are not commercially available smoothly
underwent the (3 + 2) cycloaddition in high yields with good to
excellent enantioselectivities (Scheme 18A.2). Mechanistic
studies suggested a stepwise mechanism which includes
enantioselective 1,4-Michael addition of electron-rich enamide
to 61 followed by enolization and C-C rotation of the imine
moiety and the intramolecular hemiaminalisation over the
transition state TS-F (Scheme 18).
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Scheme 18 Conditions for the asymmetric (3 + 2) cycloaddition with quinones.

Very recently, we further extended the developed (3 + 2)-
cycloaddition reactions to the quinone diimines 64,54 providing
an efficient manner to a wide range of 2,3-disubstituted
indolines 65 and 66.%° In the presence of chiral phosphoric acid
catalysts with BINOL or SPINOL backbones, quinone diimines 64
reacted with B-substituted enecarbamates 1 and with cyclic
enamides 50 to produce a diversity of highly enantiomerically
enriched indolines in high yield with moderate to excellent
diastereoselectivity. In addition, a highly chemoselective
cycloadditions occurred from heteroprotected quinone diamine
giving cycloadducts 65a and 66a, hereby demonstrating the
ability of the catalyst to differentiate two nitrogen protecting
groups. Based on the work of Goodman concerning the
prediction of the stereochemistry of phosphoric acid-catalysed
reactions of imines,®% two transition states TS-G and TS-H were
proposed respectively for the two types of enamides 1 or 50. In
each one, both substrates are activated by the catalyst, with
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formation of a double hydrogen bonding. The inversion of
enantioselectivity observed between acyclic enecarbamates 1
and cyclic enamides 50 was explained by the minimization of
steric clash between phosphoric acid 3,3’-substituents and
enamide derivatives. Accordingly, acyclic enecarbamates 1
favour the Re face attack on quinone diimide 64 (TS-G) while
cyclic enamides 59 favour the Si face attack on 64 (TS-H)
(Scheme 19).
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Scheme 19 Conditions for the asymmetric (3 + 2) cycloaddition with quinones

diimines.

3. Normal-electron-demand cycloaddition of
dienecarbamates

Dienecarbamates, vinylogous version of enecarbamates,
have been used for the first time by Overman in 1978 in (4 + 2)
cycloadditions to access several nitrogen containing natural
products showing interesting biological properties.®” Similar to
enamide derivatives, secondary dienamides and
dienecarbamates can also be activated by the chiral phosphoric
acids through hydrogen bond interaction between the Lewis
base site (P=0) of the catalyst and the free NH of the diene
(Scheme 20). This activation increases the nucleophilic
character of the d-carbon and enables their enantioselective
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difunctionalisations at their o- and J-positions. Such
transformations using electrophiles tethered to nucleophiles
can be seen as normal electron-demand (NED) cycloadditions,
occurring either by a concerted or stepwise process. This
strategy has become a powerful method for the construction of
numerous 6-membered carbocycles and heterocycles, as well

as less usual 7-membered carbocycles.

: H S H R
O@\ H (4+2) Cycloaddition "‘&.AO
SN nPr f — :

H Ho H 2z

NHPG
Cl

67, (+)-Pumilitoxin C HO 68, Gephyrotoxin

| NED-formal cycloaddition

Scheme 20 Natural bioactive products synthesized via DA reaction with

dienecarbamates.

3.1 (4 + 2) Cycloaddition with carbonyls

o,B-Unsaturated carbonyls are an
dienophiles for enantioselective DA reaction.®® However, chiral

important class of

phosphoric acid-catalysed enantioselective DA version has

received less attention, partly because the activation of
carbonyl compounds® by such catalyst has been less
successful.®® Terada et al.’® described the pioneering

enantioselective NED-DA reaction in which dienecarbamates
were used. In the presence of carefully designed chiral bis-
phosphoric acid (R)-C,-6 bearing two phosphoric acid motifs,
these dienes 2 were able to react with acrolein derivatives 69
yielding exclusively cis-diastereomers of chiral substituted cyclic
formylcarbamates 70 in high enantioselectivities. The higher
acidity of the catalyst (R)-C,-6 (compared to that of mono-
phosphoric), thanks to
hydrogen, was proven crucial for reactivity (TS-I). Diversely y-
substituted dienecarbamates 2 and unsubstituted acrolein
derivatives 69 were well tolerated achieving the desired
cycloadducts 70 in high yields and enantioselectivity. However,

intramolecular conjugated double

a-alkylated acroleins gave corresponding cycloadducts in lower
yields but still excellent ee (Scheme 21A).

In a follow-up work by the same group,’* the authors found
that a new C;-symmetric bis-phosphoric acid (C;-BISPA) (R)-C;-
7, exhibiting higher acidity than (R)-C,-6, was required for the
cycloaddition of dienecarbamates 2 with challenging less basic
a-haloacroleins’? 71. Under the optimized conditions, various
acrolein derivatives such as bromo-, chloro- and iodo-acroleins
underwent NED-DA reaction to furnish cycloadducts 72 in good
yields and high enantioselectivities. Again, the acidity of the
catalyst was found to be the key factor for the success of this
transformation (TS-J).*"73 The X-ray diffraction analysis data
and computational studies allowed demonstrating the higher
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acidity of the phosphoric acid proton near the TRIP substituent
(Scheme 21B).

A. Terada et al. 2011.7°
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Scheme 21 Examples on asymmetric DA reaction involving acroleins.

In 2014, Kong et al.”* successfully disclosed a challenging
asymmetric DA cycloaddition between dienecarbamates 2 and
aryl vinyl ketones 73. The authors identified that the more acidic
chiral N-triflyl phosphoramide (developed by Yamamoto)’2*7>
was the most efficient catalyst. Interestingly, BINOL-derived
phosphoric acids were completely inactive in this case. It was
found that (R)-3,3’-bis-9-anthracenyl-BINOL phosphoramide
(R)-3h was the best catalyst and the yield was dramatically
increased by slowly adding the 3-substituted dienecarbamates
2 to the reaction media. Under the optimized conditions, a
range of aryl vinyl ketones 73 and &-substituted methyl- and
phenyl-dienecarbamates reacted to give endo-cycloadducts 74
in overall good yields and high ee. However, due to high
instability, the reaction employing the unsubstituted
dienecarbamate was inefficient, furnishing the final cycloadduct
in low yield. It is noteworthy that no reaction occurred for the
diene bearing the N-methylated carbamate group. This
supported the crucial role of the NH proton in the NED-DA
reaction. Based on this, the authors proposed a bifunctional
activation, where the catalyst activates both the
dienecarbamate and the vinyl ketone by hydrogen-bonding (TS-
K, Scheme 22).
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Scheme 22 Conditions for the asymmetric DA reaction involving vinyl ketones.

Following our work on the asymmetric (3 + 2) cycloaddition
between enecarbamates and quinones,’”® we found that
thiodienecarbamates could effectively react with quinones in
an enantioselective (4 + 2)-cycloaddition with (S)-SPINOL (S)-5b
as chiral phosphoric acid catalyst.”” Interestingly, a divergent
synthesis of redox isomers, dihydronaphthalene-1,4-diols 75
and tetrahydronaphthalene-1,4-diones 76,7°*78 was controlled
employed. The

enantioselectivity was found to be highly dependent on the

by adequate amount of the quinones

protecting group of the diene. Indeed, the thioenecarbamates
2 (X=S) underwent NED-DA, giving products with high ee while
dienecarbamates 2 (X=0) gave the corresponding adducts with
much less enantioselectivity. The developed protocol with
thioenecarbamates provided a facile access of both redox
isomers in moderate to high yields with excellent regio-,
enantio-, and diastereoselectivities. A wide range of diversely
2 suited the reaction.
Electron-donating group substituents on the quinones favoured
the catalytic transformation, affording the corresponding
cycloadducts 75 and 76 in higher yields. Challenging
symmetrical disubstituted 2,5-dimethyl-benzoquinone 61a
provided the desired cycloadduct 75a with a complete control
of all four stereocenters (95% ee). Based on control experiments

substituted thiodienecarbamates

and DFT calculations, we proposed a stepwise mechanism that
includes activation of both quinones 61 and
thiodienecarbamates 2 by the phosphoric acid catalyst (S)-5b
(TS-L). Subsequent Michael addition of diene to the activated
quinone followed by intramolecular Mannich cyclization
afforded hexahydronaphthalene-1,4-dione intermediate 77.
The latter aromatized on silica to deliver dihydronaphthalene-
1,4-diol 75. In presence of excess of quinone, the intermediate
77 underwent a double oxidation to generate
tetrahydronaphthalene-1,4-dione 76.7° It is worth to notice a
reversible redox switching between the redox isomers was
developed.®° Various transformations of 75 and 76 to different
functionalities were accomplished with success, demonstrating
the value of this methodology (Scheme 23).
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Scheme 23 Conditions for the asymmetric quinone-DA reaction.

ARTICLE

these studies, a model was proposed where the phosphoric acid
protonated the nitroso dienophile and formed H-bonding with
the dienes, resulting in a well-organized transition state TS-M.
Later, we were able to expand the scope of this cycloaddition
by developing enantioselective oxidative nitroso-DA reaction of
N-arylhydroxylamines 80 with dienecarbamates 2.86 The
method used m-CPBA as a stoichiometric oxidant in
combination with 10 mol% of (S)-TRIP catalyst (S)-3d to oxidize
80 into nitrosoarenes 78 as well as promote the
enantioselective cycloaddition. The process simplified access to
this important heterocyclic motif®! because preparation of
unstable nitrosoarene partners was avoided. Under optimized
conditions, a wide variety of N-arylhydroxylamines reacted
smoothly, giving the corresponding cis-3,6-disubstituted
dihydro-1,2-oxazines 79 in excellent regio-, diastereo-, and
enantioselectivity. It is worth noting that, N-arylhydroxylamines
whose corresponding nitroso compounds are known to be
unstable were successfully engaged in this oxidative
enantioselective reaction. Scalability of the process was also
demonstrated by performing the oxidative nitroso-DA reaction
up to a gram scale on compound 79k (Scheme 24).

3.2 (4 + 2) Cycloaddition with nitrosoarenes

Nitroso compounds are recognized as important and highly
useful heterodienophiles for the synthesis of dihydro-1,2-
oxazines motifs, which are found in many biologically active
compounds and can serve as key intermediates for the
synthesis  of products.’*81  The first
enantioselective nitroso-DA reaction was presented in 2004 by

diverse natural
Yamamoto.8? It opened up the way for further development
using metal or organic catalysts.® In 2015, we developed a
chiral phosphoric acid-catalysed enantioselective nitroso-DA
reaction with dienecarbamates.®* The bulky TRIP phosphoric
acid (S)-3d proved to be the most effective, providing the
desired enantioenriched cycloadduct 79 in high yields and with
complete and excellent
diastereoselectivity in favour of the cis-diastereomer. The (4 +
2) cycloaddition was range of
dienecarbamates and nitrosoarenes compounds 78 delivering
3,6-dihydro-1,2-oxazines 79 with excellent enantioselectivity.
Different protecting groups in dienes (Cbz, Fmoc, Alloc, Acetate)
appeared suitable for the cycloaddition. DFT calculations
supported that the cycloaddition did occur via an asynchronous
concerted mechanism. The high regioselectivity was explained
in terms of directing effect of the phosphoric acid through
hydrogen bond with nitrogen atom of the nitroso. Based on

O-regioselectivity’9¢8>

applicable to a wide
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Scheme 24 Conditions for the asymmetric Nitroso-DA reaction involving

nitrosoarenes or N-arylhydroxylamines.
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3.3 (4 + 2) Cycloaddition with diazenes

Similarly to nitrosoarenes, diazenes can be used as
dienophiles in DA reactions to form biologically interesting
piperazines which appears in many important bioactive natural
products and drugs.®” However, due to the high electrophilic
nature of diazodicarboxylates, the development of
enantioselective DA version with such dienophiles proved
particularly challenging.®® To address this issue, Terada et al.®
judiciously designed a chiral phosphoric acid having two
different acidic sites, carboxylic acid and phosphoric acid. In
their studies, the 2-azopyridinecarboxylates 81 was identified as
the dienophiles of choice to perform an enantioselective DA
reaction with dienecarbamates in presence of catalyst (R)-8.
Different dienecarbamate partners, with substituents on either
v- or 3- positions were tested with success. Overall, a broad
range of cycloadducts was synthesized in good yield and with
excellent regio-, enantio- and diastereoselectivity. The pyridine
group on the diazenes was required for high selectivity, leading
the authors to postulate a transition state wherein the
carboxylic acid-assisted phosphoric acid forms hydrogen bonds
with both the pyridine and the diazene functions. Meanwhile, a
hydrogen bond was also formed between the phosphoryl
oxygen and the NH moiety of 2. Both control experiments and
DFT calculations supported the transition state model (TS-N).
(Scheme 25).

,,,,,, Py
CF3 | CF3.
NHCO,R' NZ | RICOHN  INZ | ;
S . ; 1
= N (R)-8 (5 mol%) | : ‘
+ —_— |
16 examples
™ N CH,Cly, 4 AMS N
R? R 60°C RZ N7 R 41.07% yield
2 RS 53
R 81 R* = Cbz, Boc, Fmoc, Troc R® 82 77-99% ee
Selected examples

NHPG
~. _P _P _P _P
Cyoor oo v
N N N N
“Cbz Me “Cbz “Cbz “Cbz
Me
82a, PG = Boc, 41%, 98% ee 82d, 82%, 89% ee  82e, 84%, 98% ee 82f, 58%, 94% ee

82b, PG = Ac, 62%, 98% ee >99:1dr.
82¢, PG = Troc, 97%, 98% ee

NHCbz NHCbz NHCbz

Transition state

Scheme 25 Conditions for the asymmetric azo-DA reaction.

3.4 (4 + 3) Cycloaddition with indolylmethanols

Shortly after our work on the asymmetric (3 + 2)
cycloaddition between 3-indolylarylmethanols and
enecarbamates,>® we realized the first enantioselective
synthesis of chiral cyclohepta[b]indoles via the (4 + 3)-
cycloaddition  of  vinylindoliniminium ions 57  with
dienecarbamates 2.°° The developed methodology provided
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facile access to biologically important cyclohepta[blindoles 83
(found in a large number of natural products and
pharmaceutical drugs)®® with perfect diastereoselectivity and
excellent enantioselectivity under chiral phosphoric catalysis.
The scope, with regard to 6-3-indolylarylmethanols 55, was
studied and showed that substituents at different positions
were well-tolerated. Nevertheless, better yields were achieved
with indoles bearing electron-rich group. We proposed a
stepwise mechanism for this reaction, including successive
vinylogous addition of dienecarbamates to vinyliminium 57
followed by Friedel—Crafts cyclization step which was supported
by isolation of intermediate 84 trapped by nucleophilic ethanol.
The synthetic utility was demonstrated by facile conversion of
cycloadduct 83a into various enantiomerically enriched
cyclohepta[blindoles. For instance, nucleophilic displacement
of carbamate moiety was achieved using Bi(OTf)3 Lewis acid and
indole, furnishing the cyclohepta[b]indole 86 with complete
inversion of the chiral centre bearing the indole moiety. The
endocyclic olefin of 83a was chemoselectively reduced with
Adams’ catalyst giving 87 in 89% yield. Submitting 83a to basic
aqueous conditions with LiOH resulted in the hydrolysis of the
carbamate to form the corresponding ketone derivative 88 in
high yield and without erosion of enantiomeric excess (Scheme
26).
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enamides and dienamides for the preparation of a panel of
natural products and biologically active molecules.

Despite such great achievements, most of efforts were
focused on the construction of 6-membered cyclic amines. 5-
membered rings were achieved using activated electrophiles
and only one example providing access to 7-membered ring was
reported. At the current state of the art, it is expected that more
developments will emerge. For instance, the use of less reactive
electrophilic partners with enamides and dienamides will afford
an access to collections of structurally diverse compounds to
populate unexplored chemical space. In addition, the
development of enantioselective cycloadditions allowing the
construction of large rings would be useful for the synthesis of
various number of complex natural products and important
biologically active products

Mechanism s1dr COI‘IﬂiCtS Of interest
Me
(R)-3d (5 mol%) Ph .
_EtOH (15 equiv)_ There are no conflicts to declare.
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5a 2a 84, 6%, 2:1 dr Acknowledgements
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Scheme 26 Conditions for the asymmetric (4 + 3)-cycloaddition reaction.

Conclusions

Over the past two decades, significant progress has been
made in the enantioselective synthesis of cyclic amines via
cycloaddition reactions using enamides and dienamides as key
nitrogen partners to incorporate the nitrogen atoms into the
ring. By employing easy to synthesize and to handle enamides
and dienamides, chiral phosphoric acid-catalysed cycloaddition
reactions enable the direct synthesis of useful and complex
cyclic amines. In this feature article some elegant examples
have been presented demonstrating the synthetic potential of

This journal is © The Royal Society of Chemistry 20xx
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