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Enantioselective organocatalysis has become a field of central importance within asymmetric chemical synthesis and appears to be

efficient approach toward the construction of complex chiral molecules from simple achiral materials in one-pot transformations

under mild conditions with high stereocontrol. This review addresses the most significant synthetic methods reported on chiral-

amine-catalyzed tandem Michael conjugate addition of heteroatom-centered nucleophiles to a,p-unsaturated compounds followed

by cyclization reactions for the enantioselective construction of functionalized chiral chromenes, thiochromenes and 1,2-dihydro-

quinolines in optically enriched forms found in a myriad of bioactive natural products and synthetic compounds.

Introduction

Chromenes or benzopyrans and their sulfur and nitrogen
analogues are important classes of structural motifs found in
numerous naturally occurring and synthetic compounds. Due to
a rich array of functionalities and chiral centers these motifs are
widely recognized as useful building blocks for the synthesis of
a broad and interesting range of biologically active heterocyclic

compounds having antiviral, antitumor, antimicrobial, antidia-

betic, sex-pheromone, diuretic, anticoagulant, anti-anaphylatic
and many more activities [1-9]. Some representative molecules
of these structural motifs are shown in Figure 1 [9-21]. There-
fore, synthetic methodologies allowing rapid access to these
heterocycles in optically enriched form are highly desirable in
organic synthesis and chemical biology/medicinal chemistry. In

the past few years very promising progress has been made in
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Figure 1: Some representative molecules having chromene, thiochromene or 1,2-dihydroquinolin structural motifs.

this intriguing area, and among the advances, organocatalytic
enantioselective methodologies have gained much attention
from many research groups worldwide [22-29]. In the mean-
time, organocatalytic tandem Michael conjugate additions of
heteroatom-centered nucleophiles to o,f-unsaturated com-
pounds appear as one of the most reliable and powerful tools for
the stereocontrolled access to a wide range of biologically
active heterocycles in optically enriched form [29-32]. In this
review we have summarized our efforts to cover various chiral-
amine-catalyzed synthetic protocols leading to one-pot enantio-

selective synthesis of six membered mono hetero-atom

containing, biologically active heterocycles, such as functional-
ized chromenes (benzopyranes), thiochromenes (thiobenzopy-
ranes) and 1,2-dihydroquinolines, by means of tandem/domino
hetero Michael addition reactions, or modified versions [33-38],
covering the literature up to 2011. Keeping an overview of
organocatalytic modes of activation, and taking the less reac-
tive Michael acceptor into account, we discuss here only the
iminium/enamine activation or dual activation by iminium and
hydrogen-bonding interaction strategies followed by cycliza-
tion, for these one-pot enantioselective syntheses. Wherever

possible, working mechanistic models are presented.

1669



— k\
Ar N
N Ar :l
H OR
TMSO

la: Ar = 3,5-(CF3),CgH3z, R=TMS I
Ib: Ar=Ph, R=TMS

Ic: Ar=Ph,R=H

Id: Ar = 2-napthyl, R = TMS
le: Ar=Ph, R=TES

@W&@&

Beilstein J. Org. Chem. 2012, 8, 1668—-1694.

~ o~

(> D
(- O\

] v

O

TMSO

Y,

N A w (s '
S O\/S N O\/QH
COOH CONH N N N N
y L RO VAR
IX X X Xl Xl XIV
3 Oo ® ®
NHTf ORb - O\/Ph
S TEES YN FS\W s ;
H H H O COOH H Ph H
XV XVI XVl XVilla: R H XX XXI
XVIlIb: R = Rb
0 Ve o)
! ! 2‘
N)\é Ph\“‘.- N)/ ]\ )/ CRL
N N * NHTs
Ph N
XXl XX XXIV xxw

X = N: XXVlla
X = CH: XXVllb

Oy e
=H, X=N:XXViic

Figure 2: Screened chiral proline and its derivatives as organocatalysts. Rb = rubidium.

This review work is systematized under the headings (1)
Organocatalytic oxa-Michael reactions to access functionalized
chromenes; (2) Organocatalytic thio-Michael reactions to access
functionalized thiochromenes; and (3) Organocatalytic aza-
Michael reactions to access functionalized 1,2-dihydroquino-
lines, using chiral proline and its derivatives (Figure 2), chiral
bifunctional thioureas, cinchona alkaloids and other organocata-
lysts (Figure 3). For each reaction, the initial screening result of
various organocatalysts with their percentage of conversion (%
yield) and enantiomeric excess (ee) is presented in tabular form,

and the best catalyst is used for the given individual scheme.

Review

1 Organocatalytic oxa-Michael additions to
access functionalized chromenes

1.1. Reactions of 2-hydroxybenzaldehydes with
acyclic/cyclic a,B-unsaturated compounds

The racemic synthesis of 2H-chromene was reported by Brése
et al. in 2005 [39,40]. A strategy based on the organocatalytic
enantioselective synthesis of chiral 2H-chromenes through
tandem-oxa-Michael-aldol sequence was first reported by
Arvidsson et al. [41] in 2006, using diarylprolinolether as an

effective organocatalyst. This method involved an oxa-Michael
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Figure 3: Screened chiral bifunctional thiourea, its derivatives, cinchona alkaloids and other organocatalysts.

attack of salicylaldehydes 1 on the a,B-unsaturated aldehydes 2

activated through an iminium ion formation with the catalyst Ib,

followed by an intramolecular aldol reaction and the subse-

quent water elimination to afford the chromene 3 (Scheme 1).

The same reaction was also repeated with various catalysts,

which are presented in Scheme 1. Several base and acid addi-
tives were found to affect both the enantioselectivities and the
yields of the product. The overall reaction sequence provided
chromenes with aromatic substituents at the C-2 position in up

to 70% yield and 60% enantioselectivity in dichloromethane at
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Scheme 1: Diarylprolinolether-catalyzed tandem oxa-Michael—-aldol reaction reported by Arvidsson.

room temperature, while C-2 aliphatic analogues were obtained
in 90% enantiomeric excess, but with only 20% yield, under
identical conditions.

Taking the advantages of the above methodology, Cérdova et
al. [42,43] and subsequently Wang et al. [44] independently
reported similar oxa-Michael/aldol reactions by means of the

same iminium-ion activation strategies but with improved

yields and enantioselectivities. Cordova et al. reported the
tandem reaction of salicylaldehydes 1 and o,B-unsaturated alde-
hydes 2 catalyzed by diphenylprolinol ether Ib at a slightly
higher catalyst loading (20 mol %) in toluene and with
2-nitrobenzoic acid as cocatalyst, which significantly increased
the ee of the reaction from 9 to 88%. Further enhancement of
the yield was achieved by the use of molecular sieves (4 A) in

the reaction (Scheme 2).

(0] Ib Ar
o (20 mol %) ? N T=Ar
X H 2-nitrobenzoic acid
R ¥ ﬁ” (20 mol %) L Y H H OR
= R _
OH R2 | 0~ YR2 Ib: Ar=Ph,R=TMS
1 ) toluene, rt 3 Id: Ar = 2-naphthyl, R = TMS
R' =H, 3-F, 4-Me Yield: up to 95% Catalyst Ib Id
Rz = Ph, 4-CICgHy, 4-CNCgHy4, CO,Et ee: up to 88% Conversion (%) 18 4
ce (%) 21(R) 44 (R)

Scheme 2: Tandem oxa-Michael-aldol reaction developed by Cérdova.
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Scheme 3: Domino oxa-Michael-aldol reaction developed by Wei and Wang.

Wang et al. [44] investigated the same tandem reaction of sali-
cylaldehydes 1 and o,B-unsaturated aldehydes 2 employing
TES-protected diphenylprolinol Ie as organocatalyst with high
catalyst loading (30 mol %). With benzoic acid as cocatalyst
and dichloroethane as solvent, the test reaction provided the
chiral chromenes 3 in good yields (up to 98%) and enantio-

selectivities (99%) at room temperature (Scheme 3).

In 2009, Xu et al. [45] developed an efficient protocol for the
asymmetric tandem oxa-Michael-aldol reaction using chiral
amine/chiral acid organocatalyst, instead of only organocatalyst,
for the enantioselective synthesis of 2H-chromenes. In the
reported protocol, the reaction of salicylaldehydes 1 with a,f-
unsaturated aldehydes 2 catalyzed by (S)-diphenylprolinol
trimethylsilyl ether Ib with (S)-Mosher acid Ib’ afforded the
desired products 3 with high yield (45-90%) and with high
enantioselectivity (77-99%) (Scheme 4). The reaction
proceeded through the iminium intermediate, and the syner-
gistic ionic interaction of chiral amine with chiral acid formed

in situ in the catalytic system effected an improvement of the

nd = not determined

reaction performance and offered an efficient steric effect in the
transformation. Although the reaction tolerated a broad scope of
substrates, the yields as well as enantioselectivities were greatly
affected by the electronic and steric effect of the substrates.
Compound 1 bearing electron-donating groups afforded the
desired product with high yield (up to 90%) and enantio-
selectivity (up to 99%), whereas compound 2 having electron-
withdrawing groups provided poor results.

Very recently, Xu et al. [46] reported an improved protocol for
the domino-oxa-Michael reaction of salicylaldehydes 1 with
o,B-unsaturated aldehydes 2 employing tertiary amine-modified
diarylpyrrolinol-TMS ether III as a water-soluble and re-
cyclable organocatalyst with 4-chlorobenzoic acid as cocatalyst
(Scheme 5) for the synthesis of 2H-chromene derivatives 3. The
electronic effect of the tertiary amine group in the modified
catalyst was believed to enhance the enantioselectivity of the
chiral secondary amine. Since the catalyst is soluble in water,
the method provides the pure product with excellent
enantioselectivity. The reaction appears to have a broad scope,

o
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Scheme 4: Chiral amine/chiral acid catalyzed tandem oxa-Michael-aldol reaction developed by Xu et al.
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Scheme 5: Modified diarylproline ether as amino catalyst in oxa-Michael-aldol reaction as reported by Xu and co-workers.

but efficiencies (22-93% yield) and enantioselectivities
(53-93% ee) vary with the electronic and steric nature of 1
and 2.

A potential “one-pot” approach to the organocatalytic synthesis
of chiral 4H-chromenes was first reported by Wang and
co-workers [47]. In an unprecedented oxa-Michael-aldol
cascade sequence, reactions of (2-hydroxyphenyl)-2-oxoac-

etates 4 (Michael donor) and alkynals 5 (Michael acceptor)
afforded highly functionalized chiral 4H-chromenes 6 with a
quaternary stereogenic center, by means of the less explored
iminium-allenamine activation strategy. Among the screened
chiral secondary amine catalysts, (S)-diphenylpyrrolinol tertiary
butyldimethylsilylether If in toluene provides good yields and
high enantiomeric excess of 4H-chromenes 6 with a wide range
of substrates (Scheme 6).
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Scheme 6: Chiral secondary amine promoted oxa-Michael-aldol cascade reactions as reported by Wang and co-workers.
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The potential of less well-explored alkynals as Michael accep-
tors was further explored, when Aleman et al. [48] in 2010
reported the synthesis of chiral 4-amino-4H-chromene 8 by
reaction of salicyl-N-tosylimine 7 (Michael donor) with 2-alky-
nals 5 using diarylprolinolether Ia as organocatalyst
(Scheme 7). The reactions were carried out in toluene at room
temperature and completed within 2 h, giving high yield
(>97%) and excellent enantioselectivity (99%). Mechanisti-
cally the reaction proceeded through oxa-Michael addition fol-
lowed by aza-Baylis—Hillman reaction by means of an iminium-
allenamine activation strategy.

Later on, the same authors [49] in 2011 reported a similar
tandem reaction (abnormal Baylis—Hillman) between 2-alky-
nals 5 and salicylaldehyde derivatives 1 catalyzed by proline
derivatives (prolinamide or prolinol) leading to optically active

Beilstein J. Org. Chem. 2012, 8, 1668—1694.

4-hydroxy-4H chromene-3-carbaldehydes 9 (Scheme 8). The
reactions proceeded with good yields and enantiomeric ratio up
to 98:2 by using the bulky catalyst prolinol dipheny! silylether
Ia in dichloromethane/ethanol (1:1) at room temperature.

Cyclic a,B-unsaturated ketones have also responded as Michael
acceptors in the organocatalytic tandem Michael addition reac-
tion towards the synthesis of tetrahydroxanthones. Cérdova et
al. [50], in 2007, reported the first organocatalytic asymmetric
synthesis of tetrahydroxanthenones through the domino
Michael-aldol reaction of salicylaldehyde derivatives 10 and
a,B-unsaturated cyclic ketones 11. Using chiral pyrrolidine XI
as organocatalyst and 2-nitrobenzoic acid as additive, the reac-
tion of salicylaldehydes and o,B-unsaturated cyclic ketones
afforded the corresponding tetrahydroxanthones 12 with
moderate yields (up to 56%) and enantioselectivities in the

N/T TsHN
| la ;e Hillman
H _ (@0mol%) I \J\/\
OH toluene, rt, 2 h =——=— oxa-Michael
7 Yield: 55-97%
. ee: 94-99%
oxa-Michael intramolecular
aza-Baylis—Hillman
/TS Ar
N| Q;NB\F H Ts
N
OTMS | Ar
—_— y Ar

//)

R'= Ph, 4-M6C6H4, 4-OMeCGH4, 2-MGCGH4, 3,5-(CF3)206H4,
4-t-BuCgHy, 4-(CsH11)CgH4, n-pentyl, TMS, 1-cyclohexenyl

Q\@A,:r ?\COOH <;>\CONH2

H  or H

la: Ar = 3,5-(CF3),CgH3z, R = TMS IX X
Ib: Ar=Ph, R=TMS
Ic: Ar=Ph,R=H

Catalyst la Ib lc IX X
Yield (%) 95 77 nr nr >08
ee (%) 96 (S) 98 (S) - - 33 (S)

Scheme 7: Reaction of salicyl-N-tosylimine with aldehydes by domino oxa-Michael/aza-Baylis—Hillman reaction, as reported by Aleman and

co-workers.
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Scheme 8: Silyl prolinol ether-catalyzed oxa-Michael—-aldol tandem reaction of alkynals with salicylaldehydes reported by Aleman group.

range of 85-91% ee (Scheme 9). Mechanistically the reaction ~ Very recently, Xu and co-workers [51] reported an improved
involves the iminium activation of the a,B-unsaturated cyclic  protocol for the same reaction employing a chiral pyrrolidine
enones by the chiral pyrrolidine catalyst. bearing a 2-mercaptopyridine moiety as organocatalyst (VII)

0 0 X
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Scheme 9: Oxa-Michael—-aldol sequence for the synthesis of tetrahydroxanthones developed by Cérdova.
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and simple a-amino acids, such as fert-leucine, as co-catalyst.
The asymmetric transformation proceeds by simultaneous acti-
vation of cyclic enones 13 and aldehyde 1 by the bifunctional
catalyst VII and the amino acid, respectively, via the genera-
tion of a transient ion pair through iminium and imine inter-
mediates. The reaction afforded the corresponding tetrahydro-
xanthenones 14 in excellent yields (95%) and enantio-
selectivities (95%) (Scheme 10).

1.2. Reaction of 2-hydroxycinnamaldehydes/2-
hydroxy-B-nitrostyrene with acyclic a,p-unsaturated
compounds

In the previously reported organocatalytic tandem oxa-

Michael-aldol reactions, the instantaneous dehydration of the

Beilstein J. Org. Chem. 2012, 8, 1668—1694.

B-hydroxyaldimine intermediates generates products with only
one stereogenic center. Hong et al. [52] in 2009 reported a
novel quadruple-cascade reaction for constructing highly func-
tionalized and enantiomerically enriched tetrahydro-6H-
benzo[c]chromenes with five stereogenic centers. The reaction
involved a domino oxa-Michael-Michael-Michael-aldol con-
densation of o-hydroxy-f-nitrostyrene 15 and two equivalents
of a,B-unsaturated aldehydes in the presence of
diphenylpyrrolinol trimethylsilyl ether Ib with an acid additive
(HOACc/4-nitrobenzoic acid) in toluene at ambient temperature,
which afforded tetrahydro-6H-benzo[c]chromenes 18 in high
diastereoselectivity and excellent enantioselectivity (>99% ee)
(Scheme 11). The proposed mechanism of the cascade reaction

starts in an analogous manner to that previously mentioned,

(0] (0] Vil (0]
(20 mol %)
1 ~ H ] AN AN
R ' COOH RIC
OH o)
! 13 HoN™ “C(Me), 14
R'=H, 3-OMe, 3-F (20 mol %) Yield: 95%
1,4-dioxane ee: 95%
\
O™ O b
N S/ N S—<\ ]
H N H N
Vil Vi
Catalyst Vil VIl
Yield (%) 96 35
ee (%) 92 (R) 82 (R)
HOOC>,W
t-Bu
i Nw/ [TTB\"/S o
N N
| H,0

| N~
-00C_ 1.8y
H,0 EM' o
: C‘\ N H
HO
HO
Sy H,O t-Bu
.
N \. H,N
COOH
»J\ (0]
t-Bu”>NH O
AN
o
o

Scheme 10: Synthesis of tetrahydroxanthones developed by Xu.
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Michael-aldol
_ R3
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Catalyst b IX XXI
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Scheme 11: Diphenylpyrrolinol trimethylsilyl ether catalyzed oxa-Michael-Michael-Michael-aldol reaction for the highly stereogenic synthesis of

chromenes.

although the first oxa-Michael step is followed by a second
Michael addition to form the chroman unit. A series of o, [3-
unsaturated aldehydes were reacted with the o-hydroxy-f-
nitrostyrene as shown in Scheme 11. Except for the observation
of a trace of intermediate, only one enantiomer was observed in
this reaction, probably due to the first oxa-Michael addition,
which is known to proceed with high diastereo- and enantio-
selectivity, and the resulting product presumably directs the
stereochemistry of the subsequent reactions. This quadruple-
cascade reaction exemplifies an efficient three-component reac-

tion.

In 2010 Wang et al. [11] reported the highly enantioselective
synthesis of trisubstituted chiral 4H-chromenes 20 through

iminium-allenamide catalysis. The reaction consists of a

Michael-Michael-cascade sequence between alkynals 5 and
o-hydroxy-B-nitrostyrenes 19, catalyzed by diphenylprolinol
TBDMS ether If as catalyst in toluene at 0 °C (Scheme 12).
Mechanistically, alkynals were involved in an unprecedented
iminium-allenamine sequence and afforded highly functional-
ized 4H-chromenes in high yields (92-98%) and with high ee
(>99%).

Extending the methodology adopted by Hong et al., the same
group [53] reported a diastereoselective domino oxa-
Michael-Michael-Michael—aldol reaction as the key step for
the construction of the hexahydro-6H-benzo[c]chromene
skeleton of the biologically active natural product (+)-conicol
(26).The protocol involved a tandem oxa-Michael-Michael
reaction of 3-methyl-but-2-enal (22) and (£)-2-(2-nitrovinyl)-
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If N
(15 mol %) © 0
TN H
toluene, 0 °C R P |
4-5h 0~ "R?
20

Yield: 92-98%
ee: 98 to >99%

Catalyst la Ib le If
Yield (%) 90 95 93 97
ee (%) 96(R) 97(R) 98(R) 99(R)

H N
o ()
X

91

66 (R)

Scheme 12: Enantioselective cascade oxa-Michael-Michael reaction of alkynals with 2-(E)-(2-nitrovinyl)-phenols reported by Wang.

benzene-1,4-diol (21) followed by a domino Michael-aldol con-
densation with aldehyde 24 in the presence of TMS-protected
diphenylprolinol Ib/AcOH as catalyst, affording the hexahydro-
6H-benzo[c]chromene skeleton 25 (Scheme 13). The two reac-
tions could be achieved in one pot, without the isolation of
intermediate, in 55% overall yields.

1.3. Reaction of 2-hydroxycinnamaldehydes/2-
hydroxy-B-nitrostyrenes with a,3-unsaturated nitro
compounds

Catalytic synthesis of nitrochromenes from salicylaldehydes
and o,B-unsaturated nitro compounds are well documented in
literature [54-59], but there are very few reports on the

Ph b
N Ph O.N (20 mol %)
| b HO I %
HO N H (20 mol %) “*SH MeO CHO
| + | o 24
ZNOH AcOH, CHCly 0] CHCl3
21 22 25°C,1h 23 t, 35 h
Yield: 76%
ee: 99%

Yield: 69%
ee: 99%

(+)-Conicol

Scheme 13: Domino oxa-Michael-Michael-Michael-aldol reaction of 2-(2-nitrovinyl)-benzene-1,4-diol with a,B-unsaturated aldehydes presented by

Hong group.
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organocatalyzed synthesis of chiral nitrochromenes. Xu et al.
[60] in 2008 first reported a novel organocatalytic tandem oxa-
Michael-Henry reaction between salicylaldehydes 1 and
nitroalkenes 27 employing (S)-1-methyl-2-(pyrrolidin-2-
ylmethylthio)-1H-imidazole (VIII) as organocatalyst in the
presence of salicylic acid as cocatalyst and in DMSO as solvent
(Scheme 14). The reaction was interpreted as following an
aromatic iminium activation strategy and provided
2H-nitrochromene derivatives 28 with moderate yields and
moderate to good enantioselectivities. One of the limitations of
this methodology is that only aromatic nitroalkenes tolerate the
reaction conditions.

Beilstein J. Org. Chem. 2012, 8, 1668—1694.

Subsequently a closely related reaction of salicylaldehydes 29
with B-nitrostyrene (27) employing pyrrolidine-triazole-based
C2 symmetric organocatalysts XXVIIa was reported by
Sankararaman et al. [61] for the asymmetric synthesis of
nitrochromenes 30 (Scheme 15). The reaction gave poor
enantioselectivities both in toluene (15% ee) and in DMF
(24% ee).

In 2010, Das et al. [62] reported an organocatalytic synthesis of
3-nitro-2-phenyl-2 H-chromenes 32 without using any cocata-
lyst. The synthetic protocol involved an oxa-Michael-aldol
reaction between salicylaldehydes 31 and B-nitrostyrene 27 in

o Vil
NO
PN | 2 (20 mol %) NN NO,
R1/I + R1 1

ZNOH R2 salicylic acid Z 07 R2
(15 mol %) s o

1 27 28 Yield: 10-67%
DMSO, rt

R' =H, 5-Cl, 4-OMe, 3-OMe

RZ = Ph, 4-C|C6H4, 4-BTC6H4, 2-OMeC6H4, 4-MeCeH4

" O\/S [3\/8 ’L O\
\
N Ph N ‘ N N N~ YCOOH
H oH H U H NJ H

(N
N Ph

’ ee: 70-85%

H  orms

Ib Ic Vil Vil IX

S O\/OH 0

(l\l_)\/ H H N ~

H NH, H
XI Xl XIV XV

Catalyst  Ib Ic Vil Vil IX X X XIV XV

Yield (%) 14 17 36 67 13 <5 47 21 30
ee (%) 0 0 72(R) 85(R) O nd 76(R) O 70 (R)

Scheme 14: Tandem oxa-Michael-Henry reaction catalyzed by organocatalyst and salicylic acid, as reported by Xu.
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o XXVlla
NO2 (20 mol %) o NO2
JR X
2 DMF, rt 1 2
R OH R 24-30 h R o R
29 27 30
R'=H, OMe R2= Ph Yield: 22-40%
ee: 7-24%
— N N=N
\ N D N N f\ ] X = N: ).(XVIIa
X NP H X = CH: XXVlib
R' H R'=H, X=N:XXVllc
Catalyst XXVlla XXVIlb XXVllc
Yield (%) 40 23 27
ee (%) 15 (R) 12 (R) 11 (R)

Scheme 15: Asymmetric synthesis of nitrochromenes from salicylaldehydes and B-nitrostyrene, as reported by Sankararaman.

the presence of L-pipecolinic acid (XLIII) as organocatalyst in
toluene at 80 °C, which proceeded with high yield but poor
enantioselectivity (5-17% ee) (Scheme 16).

Very recently, Schreiner et al. [63] reported a bifunctional
thiourea XXXIb catalyzed tandem reaction of salicyl-
N-tosylimines 33 with nitroolefins 27 in toluene
at room temperature for the synthesis of nitrochromenes 28,
which resulted in poor yield and good enantioselectivities.
A broad range of substituted nitrostyrenes was studied for
these tandem oxa-Michel-aza-Henry-desulfonamidation
processes to afford the corresponding 2-aryl-3-nitro-2H-
chromenes by a kinetically controlled desulfonamidation step
(Scheme 17).

O

2. Organocatalytic thio-Michael reactions to

access functionalized thiochromenes

2.1. Reactions of 2-mercaptobenzaldehydes with
acyclic/cyclic a,B-unsaturated compounds

The organocatalytic enantioselective synthesis of chiral
thiochromenes through tandem/domino-Michael addition reac-
tions have featured in the literature of the past few years. In
2006, Wang et al. [64] first reported a very straightforward and
effective method for the one-pot enantioselective synthesis of
chiral 2H-thiochromene-3-carbaldehydes 35 through the reac-
tion of 2-mercaptobenzaldehydes 34 with o,pB-unsaturated alde-
hydes 2, efficiently promoted by (S)-diphenylpyrrolinol silyl
ether (Ia) as organocatalyst and benzoic acid as cocatalyst in
toluene at room temperature (Scheme 18). The protocol

XLIN
1 1
R H [NOz (20 mol %) R Xy NO2
+ _———
OH R2 toluene, 80 °C 0" "R?
R3 24 h R®
31 27 32
R' = Cl, Br, OH R2 = Ph Yield: 60-81%
R3=Cl, H ee: 5-17%
NH
NH
OH L
N HZNJ\NH2 NN
o}
XL XLIV XLV
Catalyst XL XLIV XLV
Yield (%) 81 68 30
ee (%) 5(R) 0 0

Scheme 16: Domino Michael-aldol reaction between salicyaldehydes with B-nitrostyrene, as reported by Das and co-workers.
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NS NO, XXXIb NO
| | (10 mol %) TN 2
N + R'T _ )
1= 2
; R 0" 'R
PZ OH toluene, rt
33 27 28
R! = H, 4-Br, 5-OMe R2=Ph Yield: 20-93%
ee: 29-80%
= = = =
OMe OMe OMe OMe
N N N N
S S
NN A S A Ny~ YOH el
I H NH I H NH | I
N~ N~ N~ N~
XXXla XXXIb XLa XLc
Ar: 3,5-(CF3)C6H3
Catalyst XXXla XXXIb XLa XLc
Yield (%) 0 65 0 53
ee (%) - 46 (R) - 11 (R)
Scheme 17: Enantioselective synthesis of 2-aryl-3-nitro-2H-chromenes, as reported by Schreiner.
0 0 la 0
0,
XN H . H (20 mol %) NN H
RT _ | RIC
SH R2 PhCOOH S R2
34 N (20 mol %) 35

CHCl;, -15°C, 24 h Yield: 53-93%

ee: 91-98%
dehydration
o) Ar
< MAr OH O
R‘]/:/ﬁ | OTMS tandem , AN H
Z L
S s | Michael-aldol R )
R2
R'= H, 5-Cl, 5-OMe, 5-Me, 3,4-(CH)4, 4,6-(OMe),
R2 = Ph, 4-NC-CgHg, 4-CICgH4, 4-NO,CgH,4, COOEL, n-Bu, propyl
e O s
N Ar N~ ~COOH O\/NHTf O\/N
H OR H N N N
H H ph M
la: Ar = 3,5-(CF3)2CeHa, IX XVI X XXII
R=TMS
Catalyst la IX XVI XI XXII
Yield (%) 85 80 87 93 <10
ee (%) 94 (R) -10(S) 50 (S) 0 -

Scheme 18: (S)-diphenylpyrrolinol silyl ether-promoted cascade thio-Michael—aldol reactions, as reported by Wang.
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o 0 la (0]
H J|/U\H (20 mol %) MH
SH * R PhCOOH S”R!
(20 mol %)
CHCI3, -15°C, 24 h
36 2 37

R = Ph, 4-NC-CgHg, 4-CICgH,, COOEt, n-Bu, propyl, 4-NO ,CgHj

Yield: 53-93%
ee: 91-98%

O\ﬁ O‘ NH2 O\/D
N Ar N~ TCOOH ™y N N
H OR H H o H H  OH

la: Ar = 3,5-(CF3),CgHy 1X X Xl XV
R=TMS
Ib: Ar=Ph; R=TMS
Id: Ar = 2-napthyl; R = TMS
Catalyst la Ib Id IX X Xl XIvV
Yield (%) 74 95 71 87 11 86 91
ee (%) 98 (R) 55(R) 79(R) -7 (S) 2(R) 7(R) 22 (S)

Scheme 19: Organocatalytic asymmetric domino Michael-aldol condensation of mercaptobenzaldehyde and a,B-unsaturated aldehydes, as devel-

oped by Cérdova.

provides good yield and high enantioselectivity of the desired
products. The yield of the reactions does not reduce appre-
ciably when substituents are present on the aromatic rings of the
mercaptobenzaldehydes. Mechanistically, the reaction proceeds
in a tandem thio-Michael-aldol reaction through the formation
of active iminium species.

Almost at the same time Coérdova et al. [65] developed a similar
protocol for enantioselective synthesis of pharmaceutically
valuable 2H-1-benzothiopyrans 37 using the closely related
catalyst Ia through the same iminium-enamine activation mode
of the a,B-unsaturated aldehydes 2. The asymmetric domino
reactions proceeded with high yields (53-93%) and with excel-
lent chemo- and stereoselectivities (up to 98% ee) in chloro-
form as solvent (Scheme 19). The analogous catalysts also show
similar results under the same conditions after long reaction
times.

The same group [66] further presented a simple organocatalytic
synthesis of tetrahydrothioxanthenones, derivatives of

thiochromene. The catalytic domino thia-Michael-aldol reac-
tion of 2-mercaptobenzaldehydes 36 and a,B-unsaturated cyclic
ketones 38 proceeded in a highly chemoselective fashion,
furnishing the corresponding products 39 in high yield and with
moderate to good ee. The mechanism proposed involves the
same iminium activation (Scheme 18) of the o,B-unsaturated
cyclic ketones by the chiral pyrrolidine derivatives XIV
(Scheme 20).

In 2007 Wang et al. [67] presented a hydrogen-bond-mediated
catalysis in order to perform highly enantio- and diastereoselec-
tive tandem Michael-aldol reactions for the synthesis of
thiochromene derivatives. In a very low catalyst loading (<1
mol %) of hybrid thiourea-cinchona bifunctional chiral
organocatalyst XXXIb, the reaction of 2-mercaptobenzalde-
hydes 34 and o,B-unsaturated oxazolidinones 40 by a syner-
gistic noncovalent hydrogen-bonding dual-activation strategy
afforded the highly chiral thiochromenes 41 with excellent
yields and enantioselectivities (Scheme 21). The change of

aldehyde group in the o,B-unsaturated system to a carboxylic
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o) o) XIV 0
©5KH @ (20 mol %)
+
SH o DMF, -20 °C NG
36 38 24h 39 RR
0 Yield: 31-77%
ee: 38-67%

NH2 O\\ &
N N N
H (0]

H H N H OH
Ic \" IX X Xl Q XIv
Catalyst Ic \' 1X X XI XIvV
Yield (%) 0 trace 40 58 74 74
ee (%) - - 30 (R) 39 (R) 52 (R) 62 (R)

Scheme 20: Organocatalytic asymmetric domino Michael-aldol condensation between mercaptobenzaldehyde and a,B-unsaturated cyclic ketones,

as presented by Cérdova and co-workers.
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Scheme 21: Hydrogen-bond-mediated Michael—-aldol reaction of 2-mercaptobenzaldehyde with a,B-unsaturated oxazolidinones, as presented by

Wang and co-workers.
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acid derivative enables the process to be activated by hydrogen
bonding rather than covalent interactions, which prevents the

undesirable dehydration process.

Subsequently, the same researchers [68] reported a synthesis of
bioactive succinimide-containing benzothiochromenes by con-
densation of 2-mercaptobenzaldehydes 34 with maleimides 42

Beilstein J. Org. Chem. 2012, 8, 1668—1694.

catalyzed by a bifunctional chiral amine thiourea XXXVII.
Mechanistically, the reaction proceeded through a hydrogen-
bond-mediated activation mechanism by using 1 mol % cata-
lyst loading, which afforded versatile succinimide-containing
benzothiopyrans 43 with the generation of three stereocenters in
one single operation (Scheme 22). The method provides a
general approach to the preparation of a range of substituted

o R? XXXVII ?H 0
N H N (1 mol %) [ X 2
d + o o) R0 N-R
L r s
SH — xylenes, 0 °C, 7 h S 5
34 42 43
- s — Yield: 83-96%
ee: 74-94%
F{ )k chiral
\ NN scaffold /., / /
H H N\
N H
RZ-N_ | H | X
~R1
o) R
R! = 4-Me, 5-Me, 4-Cl
R2 = Ph, 4-OMeCgHg, 4-BrCgHa, Bn, 3,5-(Me),CgHs
S Ar. 5
AN
SO e~
N H €
NH
H N N
/ S
N /[k
N X OBn X N UAr
| | H NH
N2 N~
XXVIII XXIX XXXIb
=
=
s OMe OH
N
U g ()
N X
N N oH i °
No N~
XXXVII XLa XLb
Ar: 3,5-(CF3)CgHs
Catalyst XXVIII  XXIX XXXIb XXXVII XLa XLb
Yield (%) 75 85 82 94 90 90
ee (%) - 33(2R,3R,4S) -42(2R,3R,4S) 70(2S,3S,4R) -47 (2R,3R,/4S) -23(2R,3R4S

Scheme 22: Domino Michael-aldol reaction of 2-mercaptobenzaldehydes with maleimides catalyzed by cinchona alkaloid thiourea, as reported by
Wang’s group.
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benzothiopyrans containing three stereocenters, with high enan-
tiomeric excess (74-94% ee) and good to high levels of dia-
stereoselectivities (3:1 to 20:1).

In 2008 Cordova et al. [69] developed a novel tandem reaction
between 2-mercaptoacetophenone 44 and a,B-unsaturated alde-
hydes 2 promoted by TMS-protected prolinol Ia as organocata-
lyst in the presence of 2-nitrobenzoic acid additive
(Scheme 23). Avoiding the dehydration step, it is possible by
this protocol to obtain thiochromans 45 bearing three
contiguous stereocenters and a tertiary aldol structural motif
with excellent enantioselectivities (96-99% ee) and yields
(71-98%), and with good diastereocontrol (10:1 to 15:1 dr).

In the same year Zhao et al. [70] reported an efficient synthesis
of highly functionalized thiochromans having three chiral
centers, using a tandem thio-Michael-Henry reaction of
2-mercaptobenzaldehydes 34 with B-nitrostyrenes 46 and using
cupreine XXXIXa as catalyst in anhydrous diethyl ether. The

Beilstein J. Org. Chem. 2012, 8, 1668—1694.

protocol afforded the corresponding thiochroman 47 with excel-
lent enantioselectivities and moderate diastereoselectivities
(Scheme 24). A single recrystallization of the diastereomeric
mixture from hexane/EtOAc enhances both the enantio-
selectivities (up to >99% ee) and diastereoselectivities (up to
98% de).

Later on the same group [71] developed another hydrogen-
bond-mediated catalysis for the synthesis of tetrasubstituted
thiochromans having three continuous stereocenters 49
following domino thio-Michael-Knoevenagel reaction between
2-mercaptobenzaldehydes 34 and benzylidenemalonates 48
using quinine thiourea XXXIIa as catalyst (Scheme 25). The
steric and electronic environments of the substrates were found
to affect profoundly the stereoselectivities of the reaction. It was
observed that the diastereoselectivity of the reaction increased if
there was a substituent at the ortho-position of the phenyl ring
of the benzylidene moiety, while the enantioselectivity of the
reaction decreased if the phenyl ring was substituted with an

0 (0] la e
(20 mol %) HO JU
e CLL
; 2-nitrobenzoic acid 1
SH R (20 mol %) SR
4“4 2 toluene, -25 °C 45
64 h Yield: 71-98%
ee: 96-99%

MS
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<E>$Ar
<| ot
H

=0

S/H
N,
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H, FEENY
(O N r
- . PN OTMS
E\ =
Z g R

Ar
Al

R' = Ph, 4-CNCgHj, 4-CICgHj, 4-BrCgH,, 2-naphthyl, COOEt, n-Bu, 4-NO ,CgH.

Ar Ph wh & %
N Ar N Ph N Ph N~ COOH H N
H oTMs H oOTMs H OH H G
la Ib Ic IX XI
Ar = 3,5-(CF3)CgH3
Catalyst la b [ IX X1
Yield (%) 98 46 trace 54 44

ee (%) 97 (2S,3R4S)

38 (2S,3R,4S)

- 5(2S,3R,4S) 3(2S,3R A4S

Scheme 23: Domino thio-Michael-aldol reaction between 2-mercaptoacetophenone and enals developed by Cérdova and co-workers.
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Yield: 84-97%
ee: 85-99%

29 (2R,3S4R)

Scheme 24: Enantioselective tandem Michael-Henry reaction of 2-mercaptobenzaldehyde with 3-nitrostyrenes reported by Zhao.
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Scheme 25: Enantioselective tandem Michael-Knoevenagel reaction between 2-mercaptobenzaldehydes and benzylidenemalonates, as developed
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electron-withdrawing group. The best result, with yields up to
96% and enantioselectivities up to 96%, was obtained in DCM
solvent at —40 °C.

An unprecedented asymmetric domino thio-Michael-Michael
process, involving dynamic kinetic resolution, was reported by
Wang et al. [72] using cinchona alkaloid amine-thiourea
XXXIb as catalyst at a low catalytic loading of 2 mol %. Reac-
tion of 3-(2-mercaptophenyl)-2-propenoic acid ethyl esters 50
with o,B-unsaturated nitro compounds 27 in toluene afforded
chiral thiochromans 51 bearing three continuous stereogenic
centers with high diastereo- and enantioselectivities by this
novel cascade process (Scheme 26).

3. Organocatalytic aza-Michael reactions to
access functionalized 1,2-dihydroquinolines
3.1. Reaction of 2-aminobenzaldehydes with acyclic
a,B-unsaturated compounds

The asymmetric organocatalytic Michael conjugate addition of
an amine to an electron-deficient o,B-unsaturated system
provides a unique reaction process because of the weaker nucle-
ophilic character of the amine compared to a thiol or an alcohol.
Cordova and co-workers [73] in 2007 first reported an asym-
metric organocatalytic tandem aza-Michael—-aldol reaction for
the synthesis of 1,2-dihydroquinolines through the iminium ac-
tivation strategy. Thus, the aza-Michael-aldol reaction between

2-aminobenzaldehydes 52 and enals 2 in the presence of

Beilstein J. Org. Chem. 2012, 8, 1668—1694.

diphenylprolinol trimethylsilyl ether Ib as catalyst and benzoic
acid as additive, provides 1,2-dihyroquinolines 53 with high
yields (90%) and high ee (>99%) (Scheme 27). Various enal
substituents, such as aryl, alkyl and ester groups, are readily
tolerated in the reaction. However, with B-alkyl o,B-unsaturated
aldehydes the highest asymmetric induction was achieved in
CH;3CN without addition of an organic acid.

Subsequently, Wang and co-workers [74] reported a similar
aza-Michael-aldol sequence employing more nucleophilic
N-protected 2-aminobenzaldehydes in a basic medium as
Michael donor for the construction of 1,2-dihydroquinoline
derivatives. In their protocol, the reaction of 2-N-protected
aminobenzaldehydes 54 with a,B-unsaturated aldehydes 2
promoted by (S)-diphenylprolinol TES ether Ie in the presence
of NaOAc afforded the pharmaceutically valuable chiral 1,2-
dihydroquinolines 55 with good yield (98%) and excellent ee
(>96%) (Scheme 28). The reaction yield was dramatically im-
proved in the presence of NaOAc and 4A MS, without sacri-
ficing enantioselectivity. The mechanistic study revealed that
the conjugate-addition—aldol-dehydration sequence passes
through the enamine intermediate. A wide range of readily
available Michael acceptor o,p-unsaturated aldehydes are toler-
ated in the reaction. The protection group of the amino function
also governs both reactivity and enantioselectivity. The Cbz-
protected aminobenzaldehydes in dichloroethane afford the best

results in a shorter reaction time.

COoEt NO XXXIb
2 0
[ (2 mol %)
f X + _—
R SH R? toluene, rt
50 27
s Yield: 87-99%
. chiral ee: 92-99%
|
H H —N— /
v | : Z
b\ /,O/)/\g OMe
N R2 N
EtO,C—~ X S
R O
- . Nl H NH

R'=H, 4-Me, 4-OMe, 4-Cl
R2 = Ph, 4-Bn0O, 4-OMeCgH,, 2-OMeCgH., thiophen-2-yl

Scheme 26: Cinchona alkaloid thiourea catalyzed Michael-Michael cascade

XXXIb
Ar = 3,5-(CF3)2C6H3

reaction, as reported by Wang and co-workers.
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Scheme 27: Domino aza-Michael-aldol reaction between 2-aminobenzaldehydes and a,B-unsaturated aldehydes, as reported by Cérdova and
co-workers.

o)
o le
AN H (20 mol %) " RN H
+ | R1 ! = 2
ZSNHPG R2 NaOAc N"R
(0.5 equiv) PG_
54 2 4 AMS, CICH,CH,CI 55  Yield: 98%
ee: 96%
B “H,0

<4N OTES
7

aldol
RY MY ey
/N\ /
L H PG
Re face addition
R1 - H, S-CI, 4,5-(0Me)2 Ar la: Ar = 3,5-(CF3)QCGH3, R=TMS
2_ : Ib: Ar = Ph, R=TMS
R = substituted aryls N Ar
PG = Cbz H OR le: Ar=Ph, R=TES
If: Ar=Ph, R=TBS
Catalyst la Ib le If
Yield (%) <5 71 95 68
ee (%) - 94 (R) 95 (R) 94 (R)

Scheme 28: (S)-Diphenylprolinol TES ether-promoted aza-Michael-aldol cascade reaction, as developed by Wang’s group.
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le (5 mol %) HN

H HOAc (5 mol %) W BnO NH,
NHBoc —— . )/
O\* ey = ey,
NHTs h

NHBOC Ph 58 59

H OTES Yield: quantitative Core structure of martinelline
le ee: 95.7%

Scheme 29: Domino aza-Michael-aldol reaction reported by Hamada.

By taking advantage of the above methodology, Hamada et al.
[75] in 2008 reported a similar type of reaction for the construc-
tion of the 1,2-dihydroquinoline chiral core of martinelline (a
nonpeptide bradykinin receptor antagonist) and its diastereoiso-
mer. Using a domino aza-Michael-aldol reaction as the key
step, reaction of aldehyde 56 with a,B-unsaturated aldehyde 57,
catalyzed by chiral prolinol ethers Ie/HOAc in acetonitrile,
provided quinoline derivative 58 with high yield and with high
enantioselectivity (Scheme 29). In contrary to the work of Li,
the presence of 4A MS had a negative effect on the yield,
whereas addition of NaOAc did not alter the yield and enantio-
selectivity. On the other hand the addition of HOAc was found
to enhance the catalytic activity of Ie by increasing the yield of
reaction without the loss of enantioselectivity.

O NO, XXXVla

In 2009 Xu et al. [76] reported the first organocatalytic enantio-
selective domino aza-Michael-Henry reaction of 2-aminoben-
zaldehydes 54 and aromatic/aliphatic nitro olefins 27, catalyzed
by bifunctional thiourea catalyst XXXVIa in benzoic acid, to
generate synthetically versatile 3-nitro-1,2-dihydroquinolines
61. Synergistic activation of both reactants through stereoselec-
tive covalent activation and hydrogen-bond interaction allowed
this transformation to take place under mild reaction conditions
(propanol as solvent at room temperature) and afforded dihy-
dronitroquinoline derivatives 61 with moderate yields and
moderate to good enantioselectivities (Scheme 30).

In 2010 a cascade aza-Michael-Henry dehydration process
catalyzed by quinidine-derived tertiary amine-thiourea catalyst

NO,
A H J|/ benzoic acid (20 mol %) R1’| NS
R R N R,
NH, 4 AMS, iPrOH, rt H
60 27 61
Yield: 37-70%
R A s 1 ee:57-90%
51}1 N)\}{ S< )I\N)\}{
O HoLf
o O _—
\N//> | \/R1 OsN,,
y .
NITA Vi R2
R2
R' = H, 5-Br, 4,5-(OMe), CF4
R2 = Ar, alkyl CFs
S
S S
NN CFs N oA NN CFs
o, B NH, H H riNog
XXX XXXVla: Ar = (S)-1-phenylethyl XXXVllla: R" = H
XXXVIb: Ar = (S)-1-(naphthyl)ethyl XXXVIIIb: R" = CHj
Catalyst XXX XXXVla XXXVIb XXXVllla XXXVliib
Conversion (%) 37 70 51 60 51
ee (%) 12 (S) 85 (S) 86 (S) 75 (S) 5(S)

Scheme 30: Organocatalytic asymmetric synthesis of 3-nitro-1,2-dihydroquinolines by a dual activation protocol reported by Xu and co-workers.
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was developed by Lu et al. [77] for the one-step preparation of
chiral 3-nitro-1,2-dihydroquinolines through the installation of
suitable electron withdrawing groups at the amino function of
aniline. Thus the condensation of N-protected aminobenzalde-
hydes 62 with substituted nitroolefins 27 mediated by tertiary
amine-thiourea catalyst XXXIV in toluene at room temperature
afforded 3-nitro-1,2-dihydroquinolines 63 in high yields (92%)
and with high enantiomeric excess (90%) (Scheme 31). In this

Beilstein J. Org. Chem. 2012, 8, 1668—1694.

cascade reaction, the installation of electron-withdrawing
groups on the amino moiety of 2-aminobenzaldehydes is antici-
pated to increase the aniline N-H acidity, the abstraction of
which by the tertiary amine leads to an aza-Michael reaction.
The thiourea group in the chiral catalyst is anticipated to have
hydrogen-bonding interactions with the nitro group. The subse-
quent Henry reaction with the aldehydes, followed by dehydra-

tion, generated 3-nitro-1,2-dihydroquinolines.

o XXXIV
R H NO, (20 mol %) R N0
H * J|/ A
N” R2 toluene, rt N
0=8=0 0=8S=0
R R
62 27 63
. chiral Yield: 75-92%
‘;‘ N scaffold ee: 70-90%
| I
\ H H N /
| (') \
L+
O- N EW
N H
R=H, CI

R' =2,4,6-(iPr)3CgHa, 2,4,6-(Me)3CgH,, 3,5-(CF3),CeH3, 4-MeCgHy, 4-

(CF3)CgHy4, 4-CNCgHy, 4-N02C6H4, 1-naphthy

RZ = Ph, 4-BTCGH4, 4-FCGH4, 4-CNCGH4, 4-MeCeH4, 4-OMeCeH4, 3-C|C6H4, 3-BTCGH4, iPr, 1-naphthyl

OMe OMe OMe
OMe /N /N /N
= HN | X
HN
HN H :
\Ar O//,K\Ph
Ph
XXXllb: Ar = 3,5-(CF3),CgH3 XXXV
OMe
| X
_N
XXXIXd XLl
Catalyst XXXlib XXX XXXIV XXXV XXXIXd XLI XL
Conversion(%) 95 80 81 70 37 95 -
ee (%) 23(S) 9(S) 90 (S) 15 (S) 12 (S) 13 (S) -

Scheme 31: Asymmetric synthesis of 3-nitro-1,2-dihydroquinolines by cascade aza-Michael-Henry—dehydration reaction, as developed by Lu et al.
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Conclusion

The advantage of organocatalysts in asymmetric synthesis has
grown tremendously since its advent, and the power of tandem/
domino/cascade-Michael addition reactions promoted by chiral
organocatalysts has been intensely studied within this field. In
this review, we have outlined some significant works
concerning the organocatalytic enantioselective Michael add-
ition reaction from three different points of view: The conju-
gate addition of hetero-centered nucleophiles to a,p-unsatu-
rated compounds; in a more complex approach through tandem/
domino/cascade-Michael reactions; and by using chiral amines
as organocatalysts for the enantioselective synthesis of func-
tionalized chiral chromenes, thiochromenes and 1,2-dihydro-
quinolines. Despite these impressive advances, there is plenty of
room for new contributions and findings, particularly to the
development of new organocatalysts that can enhance the reac-
tion rate and enantioselectivity, and to improve the substrate
scope such that unreactive Michael donors/acceptors may be
used in these reactions under mild reaction conditions. Future
work should be focused on the utilization of these powerful
strategies for the efficient assembly of biologically interesting
molecules, including natural products.
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