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Organocatalytic Enantioselective Synthesis of

Tetrahydropyridines

Yohan Dudognon,® Jean Rodriguez,® Thierry Constantieux,® and Xavier Bugaut'!®

Abstract: Tetrahydropynidines are imporiant heterocycles presentin
many molecules of natural and non-natural onigins that exhibit a wide
array of biclogical activibes. With several sp-hybridized carbon atoms
in their siructure, they often indude one or several sterecgenic
centers, whose control represents a great synthetic challenge. For the
past two decades, enantioselective organocatalysis has developed as
a very powerful stralegy o perform the synthesis of enantioennched
compounds, including heterocycles. In this Maoreview, we wish ©
provide the readers with a general overview about the organocatalytic
strategies fhat havwe been used to achieve the preparation of
diversified families of etrahydropyridines, thereby providing elements
of reflection for further developments.

1. Introduction
1.1. Significance of tetrahydropyridines

Nitrogan-containing heterocydles are among the most common
structural motifs in bioactive compounds.” Among them, six-
membared nings containing a nitrogen atom as the single
heteroatom lead the dance, with piperidine and pyridine ranking
at the first two positions for their frequency among U.S. FDA
appraved pharmaceuticals. Bet 1 these two e axidation
levels, partally saturated congeners, ie. dhydro- and
fetrahiydropyridines (DHPs and THPs, respectively) and their
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fused derivatives, also exhibit inresting biactivites. The
differant regicisomers of the THP motif can be found in a large
variaty of natural and non-natural arganic molecules of moderate
fo very high complexiy, several of them being of industnal
relevance.?) A non-exhaustive list is presented balow (Figure 1).
Both 1-41,4,5,6-tetrahydropyridin-2-yl )ethanone 1% and betanin
2% are used in food industry, as aroma and dye, respectively. (E)-
Pandamarilactonine-32 3 is an alkalod oblained from Pandanus
amarylifalius, whose extracts have bean used as flavors but also
in traditional medicine in Southeast Asia, because of their
antioxidant, antibiofilm, and anti-inflammatory  activities.”®)
Moreaver, the THP ring can also be parl of complex fused
polycydic architecturas such as in paucduridine 4, extracted from
Kopsia paucifiora, atree foundin Malaysian Borneo that produces
a variety of indalic akalods with pluripofent inhibitory activities
against human cancer cell lines P! Purely synthetic THPs are also
of great interest. For example, compound 5 bearing a THP ring
attached to a pyrale nudeus can act as an antrinflammatory
agent with superior activities compared to the corresponding
pipardineg and pyridine analogues.|”? To finish with, ester 6
bohaves as an antagonist for M: muscaninic acetyicholine
racaplor, a polential farget for the treatment of drug abuse,™
wheareas N-tosyl THP 7 is a reversible inhibitlor of platelet-
activating factor acetylhydrolases, thereby causing the death of
cancer calls.™)
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Figure 1. Examples of natural and non-natural tetrahydropyridines
of indusrial significance and/or with bioactivities
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Since both DHPs and THPs non-planar rings comprise Csp®
carbon atoms, many of them are chiral. Of course, thair biological
activities depend on the absolule and relative configurations of
thair stereagenic elements, rendering nacessary the development
of mathods to contral them. Over the past twenly years or so,
organocatalysis, that is 1o say the use of small organic molecules
able fo catalyze transformations, has emerged as an extremely
powerful sirategy 1o achieve stereocontral.” Through a variaty of
activation modes invalving covalent  and/or  non-covalent
interactions with their substates, organocatalysts can decrease
the activation bamiers of ransformations while tightly confralling
the position of the reaction partners in the transition state of the
enantiodiscriminating step.!'? Moreover, since thay obviate the
use of transition metals and are often talerant fowards water,
axygen and many functional groups, organocatalysts are easy to
handle and interesting foals in the comext of green chamistry.
Mare specifically, arganocatalysis is an especially efficient tool for
the preparation of nitrogen-conaining heterocycles.'?) If the
application of enantioselactive arganocatalysis to the synthesis of
14-DHPs has been recently reviewed'® there i no
comprehensive discussion on the preparation of the related
enantioenrichad THPs.™?)

1.2. Scope and organization of the review
In this review, we aim at providing the readers with an overview

of the synhelic stategies that exist to prepare chiral
enantioenrichad THPs from simple starling materials in the



presance of a chiral organocatalyst. Numerous disconnections
and activation strategies exist and they deliver different
ragioisomers depending on the position of the double bond. It
appeared to us that the enantiodiscriminating step involved in the
construction of the THP ring is the key event in the process and
wea sdlected this criterion o sort the transformations (Schame 1A).
We put 1,2-additions on the one hand and 1,4-additions on the
other hand. In the former section, tha reactions are sorted based
on the nature of the nucleophile, whareas we found it dearer to
organize the second secton depending on the nature of the
alactrophile.

There exist also reactions where the organocatalyst contrals
stersogenic elements at the periphery of the THP rathar than
within the rnng (Scheme 1B).M'* Moreaver, numerous
organocatalytic ransformations allow the preparation of fused
polycydic systems, where the double bond of the six-membered
nitrogen heterocyde is shared with a carbocydlic or heteracyclic
aromatic ring (letrahydroquinadings, tetrahydro-Bcarbalines,
elc.)['3 For the sake of danty and conciseness, those
fransformations will not be discussed in this review

Simple starting materials

/

=
R |
P
kN
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Scheme 1. Scopa of the review.

2.1,2-Additions
2.1. Additions of enolates and related species

Tha Mannich reaction that congsists in the addition of an enol or
analate to an imine is one of the most useful transformations, not
only in organic synthesis in general, but also more spacifically in
organacatalysis."® The first strategy to atiain THPs via a Mannich
reaction was o use 1,5«dialdehydes synthetic equivalents in the
presance of proline derivatives. In 2008, Xu and co-workers
showed that inexpensive aquaous tetrahydro-2H-pyran-2,6-diol
(8) coukd interact with (S)praling (1) to afford an intermediate
enamine ablke fo trap diversaly substiuted N-(p-
mathoxyphenyl)aldimines 9 (Schame 2).'7 The initial Mannich
reaction is followed by hemiaminal formation and dehydration to
afford 1,2,34-THPs 10 in moderate yiekds bul with complete
diastereoselectivibes and very high enantiomeric excesses.
Notably, catalysts that do not bear an acidic proton faied to
pravide the product pointing towards a bifunctional activation
mode where the carboxylic acd function interacts with the

nifrogen atom of the imina. The akiimines oblained from enals or
adliphatic aklehydes performed very poorly compared to their
aromatic congenars.

OH

(o] 8 &COZH
N ~_CHO
Me0\©(iH (20 mol%) @

+ —_—

DMSO, RT N VAr
NTAr PMP
10 {39-74% yield,
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Scheme 2. Synthasis of THPs by (S)-praline<catalyzed Mannich
reaction of tetrahydra-2H-pyran-2,6-diol (8)./™

Furthar  studies showed that siylated N-sulfonyl4-
hydroxyprolinamide Il was also a potent catalyst to achieve the
same transformation starting from ethyl glyoxylate-derived imine
11 1o afford 1.2,3,4-THP 12 with similar resulls {Scheme 3).13) |t
shoukd be noted that NaHCO; as an additive led to a dramatic
increase of tha enantiosalectivity.

Bu
TBSO, (/' 5
OH “
B =/
OB N ( "S\\O
H o© ~_,CHO
H :
o 1 (10 moi%h} @
.
PMP. = NaHCO, (10 mol%h} N7 *COEt
NCO,E DMSO. RT PP
1 12 (56% yield,

>85:5 dr, 98% ee)
Scheme 3. Synthesis of THPs from tetrahydro-2H-pyran-2 §-diol
{8) with sitylated N-sulforyl-4-hydroxypralinamide Il as catalyst."®

A third study using this strategy showed that the reaction could be
corveniently carried out with in sifu formation of the imine from
the aldehyde and the amine."? Interestingly the 12,3 4-THP 13
obtained inflially could be converted inlo the coresponding
1.2,56-THP 14 via a one-pol oxidation-eduction sequance
{Scheme4). Thase compounds coukd then serve as inlermediates
for the synthesis of saveral bidlogically active nitrogan-containing
heterocycles.
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organocalalylic reaction) 62-96% ve)

Scheme 4. One-pol conversion of the 1,2,34-THPs 13 inlo
1,25,6-THPs 147

Thare axists also oter possibiliies of combination of an aklehyde,
an amine and a third pariner in the presence of an arganocatalyst
fo prepare chiral enantioanriched THPs.?% Two molecules of
linear B-ketoesters 16, two malecules of formaldehyde (15) and
substituled anilines 17 coud assemble in a pseudo-five-
component reaction, in the presence of praline | fo deliver 1,4,5,6-
THPs 18 in moderate yiekds and enanfiomeric excasses, the
absolute configuration of which has not besen determined
{Schame 5)12' The authors dlaim that the enantiosalective step
consists in the addition of a chiral but not configurationally stable
proline-derived enamine to the imine.
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Scheme 5. Praline<catalyzed pseudo-five-component synthesis
of 1,4,56-THPs 18127

A similar combination of starting materials, with aromatic
adehydes 19 replacing formaldehyde, in the presence of
phosphoric acids Il or IV could delivered highly substituted
1,2,5,6-THPs 20 with very good enanfiomeric excessas (Schame
6)/* Both reaction intermediates invalved in  the
stereadetarmining step could be isolated from reactions that did
not reach full conversion and allowed fo propose a detaied
mechanism, where the catalyst acts in a bifunctional fashion by
protonating the imine and interacting with the enamine hydrogen
atom, theraby increasing its nudleophilicity. ') The authors of this
study could also show that lower enantioselectivity was observed
when the reaction was camied out in a stepwise fashion instead
of the multicomponent protocal, a rathar common obsenation in
such transformations.?d

[o] NHAF

M__co, L~ COR
H 1 or IV {10 mol%) L
2 * - 19 1 4
i 2+ NHz conditons AT TN A
Ar o (e] A Ar?

Feng Shi, Shu-Jiang Tu et al.

Xufeng Lin et &l ; .
4AMS, toluene, -30°C . "':;' ,gg’.,:“"i:,':s ¢
30-65% yield, : yiee.

5:1-520:1 dr, 75-200% ge | 0! o001 r 66-90% ee
Scheme 6. Phosphornic acid<catalyzed pseudo-fve-<component
synthesis of 1,2,56-THPs 20122

Enolates can also ba generaled indirectly in the presence of an
organocatalyst and thentrap enantioselectively an imine fo initiate
a cascade lowards enantiwenriched THPs. The aza-Baylis-
Hillman reaction consists inthe combination of a Michael accaptor
and an imine in the presence of a Lewis basic catalyst./* The
polyfunctional pyridine V that is flanked with a BINOL unit could
control the enantios electivity in the aza-Baylis-Hillman reaction of
acrokein (21) with Nosylakdimines 22 through conjugate addition
of the nudeophilic catalyst and creation of a hydrogen-bonding
network batween the BINOL moiety and the Lewis-basic aloms of
the substrates (Scheme 7a)./*) The resulting intermediates could
trap a second molecule of acrokein through an aza-Michael
addition, and cydization followed by dehydration afforded 1,2,5,6-
THPs 23. Products were isolated in moderate yiekds and
enantiomeric excassas. The reaction coukd also be performed in
a saquential fashion with the replacement of acralein by methyl
vinyl ketone (24) in the aza-Baylis-Hillman reaction. Acrolein (21)
was added in a second slep in the presence of a sub-
stoichiometnic amount o DBU o deliver THP products 25 with an
additional methyl substituent at position 4 {Scheme 7b). Notably,
this modffication was also accompanied by a significant
improvement of enantiocontrol.
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Scheme 7. Synthesis of 1,256-THPs 23 and 25 via an
enantioselective aza-Baylis-Hilman reaction )

In a similar fashion, alenoates could give rise to vinylogous
anolates when thay are freated with nudeophilic catalysts. In this
way, allenoate 26 could be combinad with chiral phosphine VI and
the resulting vinylogous enolale could add to sacchann-derived
ketimines 27 {Schame 8).78) Tautomerism and allylic substitution
with expulsion of the catalyst delivered 1,2.5,6-THPs 28 in good
yialds and moderate to high enanfiosalectivities.
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Scheme 8. Synthasis of 1,2,5,6-THPs 28 from allenoate 26 and
ketimine 27 in the presence of nudleophilic catalyst V1128

In a simiar fashion fo endlizable carbonyl compounds,
nitroalkanes can also be deprotonated in a positon to afford
nuckeophilic nitronates. This reactivity was exploited by the group
of Dixon in a one-pot synthesis of 1,2,34-THPs 30 from w-
nitroalkyne 28 and N-Boc or N-Cbz akliminas 29 (Scheme 9)/*7
At first, bifunctional urea catalyst VIl coukd promote an enantio-
and diastereosalective nitro-Mannich reaction. After the addition
of diphenyl phosphate as a quanching additive fo neutralize the
basic organocatalyst, Echavarren’s gold catalyst enabled an
intramalecular hydroamination reaction with 6-exo-dig cydlization
fallowed by protodemetallation. The final products were obtained
with very high sterecselectivities after migration of the dlefin inside
the six-membered nng. It should be noted that non-terminal
alkynes were compatible with the first step but faied in the
cydlization step.



NO,
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Scheme 9. Synthasis of 1,2,34-THPs 30 by a combination of
organocatalysis and gokd catalysis.#7)

2.2. Additions of electron-rich olefins

Bectron-rich olefinic systems are nudeophilic enough to add to
iminas activated by chiral Brensted acids. If ona of thase two
functionaliies is conjugated with an additional alkene that can
also participate in the reaction, then it becomes possible to
achieve formal (4+2) cycloadditions fo obtain enantioenriched
THPs. In 2015, Enders and co-workers engaged ethyl glyaxylate
imine 11with different electron-rich dienes 31in anormal demand
Dials-Alder reaction in the prasence of BINOL-derived phospharic
acid IX (Schame 10).)
.'( =)
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X 3]
A W T KEme (L
H THF,22°C,24 A" COEL
PMP. ,1\ PMP
0025‘ 32 (18-99% yield,

83:17-98:2 dr. 6-87% wea}
Scheme 10. Synthesis of 1,23 6-THPs 32 by a phosphoric acd-
catalyzed Dials-Alder reaction )

Onginal 1,2,3,6-THPs 32 were isolated in rather good yiekls and
stereosalectivites except when the aromatic ring on the diena
bore an ortho substituent or was replaced by a furan ring.

2.3. Additions of electron-rich aromatic compounds

The organacatalytic addition of electran-nich aromatic compounds
o iminium ons, known as the Pictet-Spangler reaction, is also a
possible altemative ¥ prepare enantioenriched THPs, as
flustrated by the recent work from the group of You (Scheme
11).129) Starting from substrate 33a or its homalogue 33b in the
presence of catalyst X or ent-IX, respectively, cyclization at the
position 2 or 3 of tha indole could be observad. By this way, both
fused 1,4,5,6-THPs 34 and spiro 14,5,6-THPs 36 were prapared
in high yiekds and enantiomeric excesses. The eleckron-
withdrawing group on the DHP ring was essential for the reaction
saquence and dictaled the regioselectivity of the isomerization
that occurred at the mast electron-rich enamine. Moreover, in the
second reaction, Hanizsch ester 35 was added to reduce the
intarmediate cydic iming obtained after spirocydlization.

U“”G
(’—§' 34 (66-95% vield,

64-99% o0}

X (10 mol?%)
3AMS, CCI,, RT

(j/ EWG
ruu,"

=/ 33 n=1)
33b (n=2)

EWG
N entdX (10 mol¥) .,/j

Em?cn COaEt R‘/\:/O
36 (51-88% vield,

Me”™ "N” "Me

6:1->20:1 dr, 77-97% ee)

Scheme 11. Syntesis of fused or spro 1456-THPs by
cydiization of indoles to 14-dihydropyndine-derived iminium
jons 128



2.4. Additions of hydrides

An intuitive synthetic pathway towards enantienrichad THPs is
fo achieve an enantioselective reduction of DHPs. In 2008,
Rueping and Antonchick combined enamines 38 flanked with an
aglactron-withdrawing group at the 8 position with enones 37 in the
presance of Brensted acid X (Scheme 12)* The intermediate
DHPs than underwent profonation from the catalyst to deliver the
intermediale iminium wn associated with the chiral conjugated
base. Reduction by hydride transfer from Hamzsch ester 35
afforded the 1,4,56-THPs 39 with excellent enantiomeric
axcasses.

= EWG . EWG
’( I IX (5 mol%), 35 Y
+ . e al
R‘:n 0 HN ”Rz CHCyor Gy RN R
39 (51-89% yield.
89-99% ee)

Scheme 12. Synthesis of 1,4,56-THPs 39 by formation of DHPs
and enantiosalective reduction by hydride ransfer 23

3. 1,4-Additions

Conjugate additions are ubiquitous in the lerature conceming
anantiosealective arganocatalysis and they can accommodate a
very broad variety of substrates and activation modes. For this
reason, it is not surprising that conjugate additions to imines,
carbonyl compounds and nitroolefins have developed as one of
the most popular srategies 1o prepare enantioenrichad THPs.

3.1. Additions to imines

a,B-Unsaturated imines can fumish four aloms fo be integrated
within the THP structure. In 2009, the group of Chen shawed that
they could be intercapled in a domino sequence by aldehydes
under secondary amine cafalysis. Dienamine formation from
enals 40 combined with Hayashi-Jergensen catalyst Xl and
conjugate addition fo afB-unsaturated N-osylimine 41 was
followed by trapping of the akdehyde function by the nudeophilic
nirogen atom to afford 5-alkenyl-6-hydroxy-1,4,56-THP 42
(Schema 13a).P" Almast complete aly regiosalectivity was
obtaned during the dienamine addition and extremely high
enantiosealectiviies (>97% ee) weare observed throughout the
whale subsirate scopa. On the contrary, MacMillan-type catalyst
ariented the reactivity fowards the y position but with moderate
. For some jes, PCC axidation of 42 info
the comesponding lactam was necessary o allow complete
characterization of the products. Two years later, the same group
showed that aklehydes 43 bearing a suitably positionad electron-
nch (hetero)aromatic ring coulkd paricipale in the reaction
{Schame 13b).™ Dehydration followed by Friedel-Crafts-typs
rapping of the iminium ion delivered bicydlic 1,4,5,6-THPs 44 with

1, ol aedivit

excallent yiekds and stereoselectivities. The linker X-Y could be
composed only of carbon atoms or different heteroatoms (O, S,
NR).
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N {heterojaromatic nng 44 (49-85% yield,
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Scheme 13. Synthesis of functionalized 1,4,5,6-THPs 42 and 44
through enamine activation of akdehydes.*' )
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712201 dr,
86.95% o)
STTTTTTTTR g s
: § A i
: via % — S :
§R*?o C’N-‘)H H "‘\ 5
T TRy Cog g o
o o Ar! :
O oot 5
with Ar = 1Pr
i-Pr

Scheme 14. Synthesis of 6-amino-14,56-THPs 47 through
invarse-glectron<demand  Diels-Akder  reaction  of M-
alkenylcarbamates 45.1%)

Following their intial work on inverse-alecron-demand Diels-
Aldar reaction that afforded terahydroquinolines, ¢ tha group
of Masson proposed another rerosynthesis thal opened a
synthetic route towards 6-amino-14.,56-THPs 47 from N-
alkenylcarbamates 45 and a,f-uns aturated N-arylimine 46 in the
presance of TRIP catalyst XIl {Scheme 14).* Products were



oblained with very good diastereo- and enanficselectivities and
the mechanism is likely to proceed in a concerfed fashion, with
the catalyst acting in a bifunctional manner: protonation of the
iming fo increase its electrophilicity and deprotonation of the
enamine to make it more nudeophilic.

3.2. Additions to carbonyl compounds

In addition o a,f-unstaturated imines, a -unstaturated carbonyl
compounds can  also  paricipale  in organocatalylic
anantioselective 14-addtions. Interestingly, they can combine
with aminocatalysts to fumish intermediate af-unstaturated
iminium dons that can be trapped by nucdleophiles such as
anamines. In 2008, Yu, Wang and co-waorkers developed a formal
{4+2) cycladdiion betwean N-akenyl acelamides 48 and
cinnamalkdehydes 49 in the presance of proline-danived catalyst
Xl and benzoic acid as co-catalyst (Schame 15a).*% 2-Hydroxy-
1.23.4-THPs 50 were formed in moderate 1o good yields and
hydrolyzed by treatment with ron{lll) chloride hydrate to allow
determination of the enantiomeric excess (90-97% ee) on &-
axoaldehydes 51. A few years later, the group of Enders extendad
this reactivity patiem to enaminoketones 52 fo prepare 6-hydraxy-
1,4.5,6-THPs 53 in moderate yialds and di rsalactivities, but
with enantiomeric excesses that could be very high for some
examples (Schema 15b).1*

(a) Ar? Ar?
Ny X1 (20 mol%) ;
JL BzOH (20 mot®) /@
e, ,
\ CHCH,),CI ATTUNTOH
48 Ac 49 RT, 10-40 h Ac
50 (45-88% yield)
AC/LI\ FeClyH,0 /
51 (30-58% yield,
90.97% ee)
b} Ar! A” O
X1 (20 mol%) 1
07 B20H (10 mot) M
49 + - AL
HN"  EtOAc or EtOACEL,0 HO™ N
Al 0°C.4d Ac
52 53 {20-72% yield,

2.4:1-10:1 dr. 70-99% ee)

Scheme 15. Synthasis of hydraxyTHPs through secondary-
aming catalyzed addition of enamines to enals 435

HydraxyTHPs can dehydrate to fumish the corresponding
iminium jons, whose intercepion by nudleophiles has been well

documented. In 2010, Wu, Cao, Zhao and co-workers illustrated
this stralegy by mixing acetoacetates 55 with dvers aly substituted
anals 54 (R* baing a alkyl chain, an aromatic ring or an ester) in
the presence of praline<derived catalysts Xl or X, followed by
the addition of tryptamine derivatives 56 (Scheme 16a).* the
averall Michasl addition-iminium ion formation-Pictet-Spengler
cydization sequance delivered the 14,56-THPs 57 as single
diastereomers in good yekls and moderate fo  high
anantioselectiviies. Shorlly after, the same authors prepared
similar products 57 lacking the substituent R’ via a two-step
saquence invalving an aza-Michael addition of 56 1o propiolate 59
fallowed by the organocatalyzed sequence with the resuling
enaminoester and B-akylenals 58 {Schaeme 16b)*7) The formar
reactivity pattem could also then be extended to cydic B-
diketonas as ilustated by the same group and Rueping and co-
workers.™ To finish with, atlempts to introduce a chiral
phosphoric acd as the catalyst in the Michael addiion-Pictet-
Spangler sequence with ryplamine was less succassful, with only
49% ee.™

1) Xt or XN
a) R® {10 mol%) (51-93% yield.
CO,R?  BzOH (10 moi¥%) >20:1 dr,
i toluene, -150r 10°C 67-96% ee)

2) 56 {2 equiv) AN RrR?
BzOH {2 equiv) ('IC()’RZ
s
I 2
O,
R4

iy %
# COR?
1) CH,Cly, RT, 24 h {R'=H,
H S0 [l 2156 31-88% yield,
58 59 X1 (10 mol%) >20:1 dr,
BzOH (10 mol¥) 77-96% ee)
20°C,24h
i 3 :
Sy A H H R :
i N- : 2
kN/\T Ar UH2 ivia co,RE
HootMs Ny : | :
XN (Ars(3.5- =/ e HOT TR
{CFyICeHy)  ge P fora) :

+H0
.

-BzOH
N _gt - XU
)

for (b)

Scheme 16. Synthasis of funchionalized 14,5,6-THPs 57 through

sacondary-amine catalyzed Michaeal addition and Pictet-Spangler
cydization,*537)



In 2014, our group showed that it is possible to replace the indole
maiety by a pyrrole ring as the nucleophile in the Pictet-Spengler
cyclization { Scheme 17).1% Ny2-aminoethyl)pyrrales 60 delivered
the expected 1,456-THPs 61 in moderate yiekds without
diasterescontrol. However, the two diastereomers could generally
be separated and were formed with high enantiomeric excesses.
It s worth noting that the reaction coukd be carned out in a
multicomponent fashion and that the higher nucleophilicity of the
pyrrale ring compared to the indole obviated the use of an acd to
achiave tha Pictet-Spengler cyclization.

R3
CO,R?

555 10 ma)

.
~ CFyCgH = R!
/= NH, FaCHs 4

R‘Q(N\) 0°c.2d  peioN._J
e 61(31-70% yield,

=1:1dr. 74-98% e8)

Scheme 17. Synthesis of funchionalized 1,4,5,6-THPs 61 through
secondary-amine catalyzed Michael addition and Pictet-Spengler
cydlization with a pyrrole ring as the nucleophile K%

In addition to electron-rich aromatic rings, the iminium ion formed
after the inial Michael addition of pronudeophiles such as (-
cyclhaxadionas 62 could also be trapped by heteroatoms. A few
axamplas were reported by Rueping and co-workers using 2-
aminomethylaniine 63a and anthranilic acd 63b to deliver the
fetracyclic 1,4.5,6-THPs 64a-b with good yields and neary perfact
stereosalectivities (Scheme 18).P28

Ak O

L

§ 3 R!
HNY °N R1

x 64a
| ) 72:76% yreld,

14dr,
o 1) X1 {10 mol%) gf;’g%”;a,
% CH,Cl,, 10°C
58 + B —— e or
R! 2)63a-b Ik
O R AcOH (2 equiv) Al ©
50°C 4
62 p 1
R
HNY °N R1
NH; NH,  NH, NH, 6] 64b
(67% yield,
o] >20:1 ar,
99% ec}
63a 63b

Scheme 18. Synthesis of 64a-b through secondary-aming
catalyzed Michasl addition and followed by iminium ion trapping
with an heteroatomic nucleophile.”®)

Al the readions discussed in this sub-section afforded the same
ragioisomer with the intracydlic enamine being conjugated with a
carbonyl function. In 2015, our group tned to reverse the

ragicselactivity by using tertiary [f-ketoamides 65 as
pronucleophiles in the Michael addition to destabilize the
conjugated enaming because of the added sterc interacton
brought about by the amide function (Scheme 19)" with
aromatic enals 54 as elecirophiles and 2-aminophanals 66 as the
third reaction pariner, 1,2,3,4-THPs 67 were formed in moderate
yiekds, notably better with more activated Weinreb -
keamides,*2 but with very high stereaselactivities.

o RY JoL
X1 (20 mol%)
NR'R? B20H (20 mot%) B NRTR?
54 + BE 1 ZhaMe
0" Me CH,Cl, N
10“C,60h —
HN oK Ve
- R/
R/ 67 (29-60% yield.
66 >20:1 dr, 82-96% es)

Scheme 19. Use of tertiary fi-ketoamides 65 as pronucleophiles
1o reverse the regioselectivity in the synthesis of THPs 2641

Other modes of activation have been more sporadically used for
the preparation of enantivenriched THPs from a,B-unsaturated
compounds. When enals are replaced by activated enones,
iminium ion activation is outcompeted by hydrogen-bonding
activation. The group of Shi could combing cydlic diketones 62,
B,y-unsaturated-o-ketoesters 68 and substituled banzylamines
69 in the presence of bifunctional squaramide cafalyst XIV
{Scheme 20).1¥ This spacies can activate at the same time the
diketone by deprotonation and the Michael acceptor by hydrogan-
bonding. The addition of DBU was able to promotle a
transamination-hydrolysis sequence, explaining why the N-
unsubstiuted 1,4.5,6-THPs 70 ware oblained.

Ar
=
1-8u0,C e O )XV (2.5 mol%) Y9
CI{CH),CI.RT, 3 h E4
. L R AN 6
2) AICH,NH; 69 SN Alk
62 3) DBU (80 mol%) +-8u0,C ﬂ Ak
70 (54.79% yield,

5:1-11:1 dr, 91-98% se)
FiC Q, o]

s =i

]
Je==/N N"S,-Ph
FyC oo

Xy MeN

Scheme 20. Synthesis of 14,56-THPs 70 under bifunctional
squaramide catalysis.|+)

The last reaction that can be placed in this sub-section consists
in the addition of enodizable aklehydes 71 fo
akylideneindolinones 72 in te presance of catalyst X1 o deliver
an open chan synthetic inermediale (Scheme 21)152
Subsequent introduction of 34-dhydroisoquinoline 73 and



DABCOQ could promote a cascade Mannich-enamine formation to
afford spirocydic 1,2,3 4-THP 74.

.,\/R‘
i ) b 1) X1 (5 mal%)
=\ PhCO,H (10 mol%)
R20,C. - N-R? toluene
(] RT, 3-20 min
" o]
N
=
H™ "0 73
» 74 (50-90% yield,
DABCO, RT, 22 h 5:1.220.1 dr, 83-96% ee)
- >R‘ .

2 N-g? o=
POROC. A R20,0 N\ -
: 0>
: 1
i via RI

ok
Y
i
z
7
3

3

and then

)
\_}’9
©
=
-/Lw

Scheme 21. Sequential synthesis of spirocyclic 1,23 4-THPs 74
through aminocatalysis. B

3.3. Additions to nitroolefins

Nitrodlefins are exceptionally efficent Michael acceptors for
aenantioselective organocafalysis and these transformations can
searve as the starting point fo prepare enantioanriched THPs. The
group of Sun and Lin published a couple of studies whare
nitroolefins 75 were at first combined with endlizable aldehydes
71 in te presence of secondary amine Xl and 4-nitrophenal 76
as co<catalyst (Scheme 22) In a second time, an aza-Henry
reaction fallowed by cydlization delivered the 1,23 4-THPs 79ab.
In the first case, the iming engaged in the aza-Henry reaction
catatyzed by XV was produced in situ by adding an amine 77 that
combines with the excess aldehyde. In the second case, an
axternal cyclic ketimine 78 was added together with a
stoichiometnc amount of DIPEA. In both transformations, the
products were obtained in  excelent diastereo- and
enantiosalectiviies.

RZ
1) XI (5 mol%
7. S )
NO;, p-nitraphenal 76 (5 mol%)
CH,Cly, 0 °C or RT
75
f N
20 J k 78
N l-‘l ~OH DIPEA, D °C
R? s
RL_A_NO; N
.2 s XV (20 mol%)
1 ,'/R
P PMP-NH, 77,0 °C
79a (45-85% yield, 79b (41-08% yield,

=99:1 dr, 94-90% ee) »20:1 dr, 90-99% ee)

Scheme 22. Synthesis of 12,34-THPs 79ab intiated by a
Michaal addifon to nitrookefins catalyzed by a secondary
amine. 43

Asimilar sirategy has bean exploited by the group of Enders, but
with 1,3dicarbonyl compounds 80 as pronucleophiles and 0.5
molie of Rawal's squaramide XVI as catalyst (Scheme 23)
After the addition of akdimines 81, 1,2,4,3-THPs 82 were ablained

with variable diastereoselectivities but  uniformly  high
enantioselectivities.
o R
o R?
NXVI(0.5 mol%) L_no,
Rzﬂl S CH,Cl, RT (43
+ 1
] R N
RS0 7"'507 2) RS~ R, e "R
80 81
82 (32:91% yield,
CH:CL.RT 4 5.1.520:1 dr, 93-99% ve)
F;C--,(‘ = H
L/ I
eF, MeoJ\ J

Scheme 23. Synthesis of 1,2,34-THPs 82 initiated by a Michasl
addition 1o nitroolefins catalyzed by a bifunctional squaramide.®®

4. Conclusion and Perspective

In summary, we have presented a general overview of the
organocataltic synthetic methods that allow the preparation of
diversely functionalized regioisomers of enantioenriched
tetrahydropyndines. Both 1,2- and 14-addtions are equaly
rapresanied as the key enantioselective step, in combination with
all the most common activation modes of organocatalysis. Many



of those trans formations allowed to reach high levels of ragio- and
steraocontrol.

However, compared fo the diversity of functions tat could
potentially be installed on the different positions of the THP ring,
we feal like there is still a rather large unexploited potential of
innav ative development and we can expect that this review could
help todraw the attention of moreresearch groups to tis inspiring
family of synthetic fargets.
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