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Recent developments in the asymmetric organocatalytic
Morita—Baylis—Hillman reaction

Hélene Pellissier

Aix Marseille Univ, CNRS, Centrale Marseille, iSm2, Marseille, France

ABSTRACT

The goal of this review is to collect the recent developments in asymmetric organocatalytic (aza)-Mor-
ita—Baylis—Hillman reactions reported since the beginning of 2013. It also includes the asymmetric
organocatalysed transformations of racemic (aza)-Morita—Baylis—Hillman adducts, illustrating that they
constitute synthetically important synthons in organic chemistry. It is divided into four sections, dealing
successively with organocatalytic enantioselective Morita—Baylis—Hillman reactions, organocatalytic
enantioselective aza-Morita—Baylis—Hillman reactions, asymmetric (aza)-Morita—Baylis—Hillman re-
actions of chiral substrates and asymmetric organocatalysed applications of Morita—Baylis—Hillman

adducts.
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1. Introduction

The Morita—Baylis—Hillman reaction involves the carbon-
—carbon coupling of the a-position of an activated alkene 1 with a
carbon electrophile 2 containing an electron-deficient sp? carbon
atom, such as an aldehyde (X = O), catalysed by a tertiary amine or
phosphine. This operationally simple and atom-economic process
allows the direct preparation of a-methylene-B-hydroxycarbonyl
compounds 3 (Scheme 1). Activated imines can also participate
instead of aldehydes (X = NR’) in this reaction and in this case the
process is called aza-Morita—Baylis—Hillman reaction, affording
the corresponding o-methylene-B-aminocarbonyl derivatives.
Several advantages of the (aza)-Morita—Baylis—Hillman reaction
are related to the fact that the starting materials are commercially
available, the products are multifunctional, the catalysts employed
are most of the time organic and the reaction conditions used often
mild. Actually, this reaction is one of the best illustrations of
organocatalysis' for green chemistry when amines or phosphines
are employed as catalysts.

A commonly accepted mechanism for the Morita—Baylis—Hill-
man reaction, based on experimental and theoretical studies,’ in-
volves a sequence of a Michael addition, an aldol reaction, a proton
transfer and a B-elimination. As depicted in Scheme 2, the process
begins with a reversible conjugate addition of the nucleophilic
organocatalyst (Nu) to the activated alkene 1 to generate enolate 4.
The latter intercepts the aldehyde (or imine) through an aldol
condensation to afford zwitterionic intermediate 5. A subsequent
proton transfer from the a-carbon atom to the B-alkoxide (amide)
followed by a B-elimination then leads to the final (aza)-Mor-
ita—Baylis—Hillman adduct 3 along with regenerated organo-
catalyst. According to kinetic studies reported in the last 1980s by
Hill and Isaacs,’ the rate-determining step of the Mor-
ita—Baylis—Hillman reaction was suggested to be the aldol step.
However, McQuade et al.”’¢ and Aggarwal et al.>® evaluated the
Morita—Baylis—Hillman mechanism through kinetic and theoret-
ical studies, focusing on the proton-transfer step and proposed the
proton-transfer step as the rate-determining step. In 2015,
Singleton and Plata showed the importance of the reaction condi-
tions in the determination of the rate-limiting step of the reaction.”
Indeed, the proton-transfer step was found the primary rate-
limiting step at 25 °C, but the aldol step was partially rate-
limiting, and became the primary rate-limiting step at low tem-
peratures, thus demonstrating competitive rate-limiting steps.

The origin of the Morita—Baylis—Hillman reaction dates back to
1968 with a pioneering report by Morita who described the reaction
of aldehydes with acrylates or acrylonitrile in the presence of tri-
cyclohexylphosphine as a catalyst to provide the corresponding 2-
methylene-3-hydroxy alkanoates (or alkanenitriles).* Later in 1972,
Baylis and Hillman reported in a German patent the corresponding
amine-catalysed couplings between various activated alkenes and
aldehydes.” In spite of the importance of this promising reaction, it
remained ignored by the chemical community for a decade. How-
ever, at the beginning of 1980s, this reaction became more popular
with the works of Drewes and Emslie,® Hoffmann and Rabe,” Perl-
mutter and Teo,® and Basavaiah and Gowriswari.? Today, this reac-
tion constitutes one of the most useful and popular carbon—carbon
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Scheme 1. The (aza)-Morita—Baylis—Hillman reaction.
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Scheme 2. Proposed mechanism for the (aza)-Morita—Baylis—Hillman reaction.

bond-forming reactions with an enormous synthetic utility. Its
exponential growth and importance are evidenced by the number of
reviews published.'® The Morita—Baylis—Hillman reaction creates a
chiral centre, thereby allowing the synthesis of chiral multifunc-
tional molecules by using chiral activated alkenes or chiral electro-
philes but even more interestingly chiral organocatalysts of different
types, such as chiral phosphines, Cinchona alkaloids and thioureas.
The goal of the present review is to cover the recent advances in
organocatalytic asymmetric (aza)-Morita—Baylis—Hillman reactions
reported since the beginning of 2013, since this topic was previously
reviewed in 2013 by Shi.'" It must be noted that the special field of
enantioselective organocatalysed aza-Morita—Baylis—Hillman re-
actions is covered only since 2014 since Shi published an account on
this field in 2014,'° and concerning the applications of racemic
Morita—Baylis—Hillman adducts in asymmetric organocatalysed
transformations, they are covered only from the beginning of 2015
since two reviews have been recently published in this area.'’"™" For
the reader's convenience, this review is divided into four sections,
dealing successively with organocatalytic enantioselective Mor-
ita—Baylis—Hillman reactions, organocatalytic enantioselective aza-
Morita—Baylis—Hillman  reactions, asymmetric  (aza)-Mor-
ita—Baylis—Hillman reactions of chiral substrates and asymmetric
organocatalysed applications of Morita—Baylis—Hillman adducts.

2. Organocatalytic enantioselective Morita—Baylis—Hillman
reactions

The early works on enantioselective versions of organocatalytic
Morita—Baylis—Hillman reactions were reported by Drewes and
Roos,'%? Isaacs et al.,'' and Marko et al.,'? focusing on the use of
chiral and readily available nitrogen base catalysts, such as brucine,
N-methylprolinol, N-methylephedrine and nicotine, that provided
only moderate enantioselectivities (<20% ee). In 1998, (S)-BINAP
was also employed by Soai et al. to promote the enantioselective
Morita—Baylis—Hillman reaction between acrylates and pyrimi-
dine carboxaldehydes to provide the corresponding adducts in low
to moderate enantioselectivities (9—44% ee)."” Ever since, very high
enantioselectivities have been achieved by involving different
types of organocatalysts including chiral bi/multifunctional phos-
phines and Cinchona alkaloids, along with thioureas.'®

2.1. Cinchona alkaloid catalysts

In 1992, Hirama and Oishi prepared a chiral enantiopure DABCO
derivative, the Cy-symmetric 2,3-bis(benzyloxymethyl)-1,4-
diazabicyclo[2.2.2]octane, that was further used as catalyst for the
first time in the Morita—Baylis—Hillman reaction of methyl vinyl



ketone with aromatic aldehydes.'* The corresponding Mor-
ita—Baylis—Hillman adducts were obtained in moderate to high
yields (up to 93%) albeit combined with low to moderate enantio-
selectivities (<47% ee). Later in 1999, Hatakeyama et al. reported
the first highly enantioselective organocatalysed Mor-
ita—Baylis—Hillman reaction (up to 99% ee) between aliphatic al-
dehydes and the highly reactive Michael acceptor, 1,1,1,3,3,3-

R"=Bn, Me, allyl, MOM
R%2=H, F, Cl, Br, I, Me

B-isocupreidine
(20 mol%)

CHC|3, r.t.

hexafluoroisopropyl acrylate (HFIPA), that was based on the use
of modified Cinchona alkaloid B-isocupreidine as base-catalyst.'
This important contribution sparked investigation into catalytic
asymmetric Morita—Baylis—Hillman reactions. Ever since, this
organocatalyst derived from quinidine has been applied to the
enantioselective Morita—Baylis—Hillman reaction and its aza-
counterpart of many substrates.”"" For example in 2013, p-

75-96%
77->99% ee

R3 = Ph, p-CICgHj, 0-CICgH4, p-Tol, Me, Bn, H

proposed mechanism:

not favoured betaine
intermediate

favoured betaine
intermediate

R1
(S)-9

Scheme 3. B-Isocupreidine-catalysed Morita—Baylis—Hillman reaction of maleimides with isatins.
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Scheme 4. B-Isocupreidine-catalysed Morita—Baylis—Hillman reaction of maleimides with 7-azaisatins.

isocupreidine was applied as catalyst by Chimni and Chauhan to the
first use of maleimide derivatives 7 as nucleophilic partners in
enantioselective Morita—Baylis—Hillman reactions.16 The latter
reacted at room temperature with isatin derivatives 8 in chloroform
as solvent to give the corresponding chiral 3-substituted 3-
hydroxyindole derivatives 9 in good to high yields (75—96%) and
enantioselectivities ranging from 77% to >99% ee (Scheme 3). The
substrate scope of the process was found wide since various N-
protected isatins bearing different N-substituents, such as benzyl,
methyl, allyl and methoxymethyl ether (MOM), reacted efficiently
with N-aryl- as well as N-alkylmaleimides, leading to the corre-
sponding chiral Morita—Baylis—Hillman adducts 9 in generally
both high yields and enantioselectivities of 79—96% and 91->99%
ee, respectively. It must be noted that the lowest enantioselectivity
of 77% ee and yield (75%) were obtained in the reaction of an N-
unprotected maleimide (R = H). The proposed mechanism for this
reaction involved the initial nucleophilic addition of the tertiary
amine organocatalyst to the maleimide to give enolate A (Scheme
3). This enolate then underwent an aldol-type addition to the N-
protected isatin to provide betaine intermediates B and C. The latter
were stabilised by intramolecular hydrogen bonding between the

oxyanion and the amide carbonyl group of the isatin with the ar-
omatic hydroxyl group of B-isocupreidine. Actually, the product
was generated from betaine intermediate B that was free from
steric interactions. This novel methodology constituted a novel
entry to chiral 3-hydroxy-2-oxindole moieties that occur frequently
in natural products and important biologically active compounds.

In comparison with isatins, 7-azaisatins bearing an additional
nitrogen atom at the 7-position of the 2-oxindole scaffold can be
envisaged as better electrophiles owing to the electron-
withdrawing effect of the pyridine motif. Even more importantly,
many 7-azaisatins and derivatives are known to exhibit important
biological activities. In this context in 2016, Chen et al. employed -
isocupreidine as catalyst to promote the enantioselective Mor-
ita—Baylis—Hillman reaction of maleimides 7 with 7-azaisatins
10."7 As shown in Scheme 4, the process led to a series of chiral
3-hydroxy-7-aza-2-oxindoles 11 in moderate to quantitative yields
(37—98%) and good to high enantioselectivities (61—94% ee) when
it was performed in toluene at 50 °C. A variety of N-arylated and N-
alkylated maleimides were compatible but the lowest enantiose-
lectivities of 61—66% ee were obtained in the reaction of N-benzyl
(R® = Bn) and N-butyl (R®> = n-Bu) maleimides. Concerning the

a-isocupreine

o 0 (20 mol%) OH O
PR %OCH
R™H (CF3)2 R OCH(CF
| DMF, -55 °C (CFa)2
12 HFIPA 13
34-91%
45-93% ee

R = Ph, p-O,NCgHy, p-MeOCgHg, 2-Naph, (E)-PhCH=CH, BnCH,, i-Bu, Cy

proposed intermediate:

Scheme 5. ¢-Isocupreine-catalysed Morita—Baylis—Hillman reaction of aldehydes with HFIPA.



scope of the 7-azaisatins, different N-protecting groups (R?) were
investigated, including methyl, benzyl, methoxymethyl (MOM) and
para-chlorophenyl groups. The latter three showed a lower reac-
tivity and enantioselectivity than that of the methyl-substituted
one (R? = Me). Indeed, while the reaction of N-arylated mal-
eimides with N-methyl-substituted 7-azaisatins afforded the cor-
responding products in 81-98% yields and 85—94% ees, both lower
yields (37—92%) and enantioselectivities (71-91% ee) were ob-
tained for products derived from N-benzyl, N-methoxymethyl and
N-para-chlorophenyl-substituted 7-azaisatins with the lowest (37%
yield and 71% ee) in the case of the latter substrate. This study
opened a novel and convenient route to access multifunctional
chiral 3-hydroxy-7-aza-2-oxindoles having biological
potentialities.

In 2013, Hatakeyama et al. described the use of a-isocupreine
derived from quinine as organocatalyst in enantioselective Mor-
ita—Baylis—Hillman reactions of aldehydes 12 with HFIPA.'® It must
be noted that these reactions were previously performed in the
presence of B-isocupreidine by the same authors with up to 90%
ee.”> When the reaction was carried out at —55 °C in DMF as solvent
in the presence of 20 mol% of a-isocupreine, it afforded the corre-
sponding chiral esters 13 in moderate to high yields (34—91%) and
enantioselectivities (45—93% ee), as shown in Scheme 5. Compa-
rable enantioselectivities were obtained with aromatic (82—93%
ee) and aliphatic aldehydes (83—93% ee) but the latter generally
provided the corresponding Morita—Baylis—Hillman adducts in
lower yields than the former (45—72% vs 24—91%). The enantio-
selectivity of the reaction can be explained by the zwitterionic in-
termediate depicted in Scheme 5 that was stabilised through
hydrogen bonding. From this intermediate, a subsequent intra-
molecular proton transfer taking place by a six-membered cyclic
transition state followed by elimination of the catalyst led to final
product 13 exhibiting the (S)-configuration. Since the use of B-
isocupreidine as catalyst in the early study afforded the corre-
sponding (R)-product,’ this novel study demonstrated that c-iso-
cupreine was an enantiocomplementary catalyst of -
isocupreidine, providing even higher enantioselectivities (93% ee vs
90% ee).

The synthetic utility of the use of B-isocupreidine as organo-
catalyst in Morita—Baylis—Hillman reactions of HFIPA with

OTIPS
L) CHO
o B-isocupreidine
14 (20 mol%)
+
0 DMF, -55 °C

OCH(CF
ﬁ (CF3)2 15

HFIPA

(-)-tirandamycin B

Scheme 6. B-Isocupreidine-catalysed Morita—Baylis—Hillman reaction of a furfural
derivative with HFIPA and synthesis of (—)-tirandamycin B.
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m-BrCgHy, m-CICgHy4, p-Tol, p-MeOCgHy4, 2-Naph:

68-85%, 83-96% ee

with Ar = 0-BrCgHy, 0-CICgH,:

73-74%, 10-11% ee

possible transition states:

D E

X=H X=Cl, Br

Scheme 7. Squaramide-derived ferrocene-based phosphine-catalysed intramolecular
Morita—Baylis—Hillman reaction of 7-aryl-7-oxo-5-heptenals.

aldehydes was demonstrated in its application to the first enan-
tioselective total synthesis of (—)-tirandamycin B, a natural repre-
sentative member of the dienoyl tetramic acid family of
antibiotics.”” Indeed, the key step of this unprecedented synthesis
was the B-isocupreidine-catalysed Morita—Baylis—Hillman reac-
tion of HFIPA with furfural derivative 14 that provided the corre-
sponding enantiopure multifunctionalised ester 15 in 70% yield
(Scheme 6).

2.2. Chiral phosphine catalysts

Chiral phosphines have been intensively employed as efficient
organocatalysts in (aza)-Morita—Baylis—Hillman reactions.’’ In
particular, excellent results have been obtained with bi/multi-
functional phosphine catalysts.'°?! Indeed, the combination of a
hydrogen bonding motif with a highly nucleophilic phosphorus
centre within one molecule bearing a chiral framework can syn-
ergistically activate the substrates in a stereocontrolled manner,
leading to high stereoselectivities.!°° Moreover, the catalytic ac-
tivities and enantioselectivities of these bi/multifunctional chiral
phosphine organocatalysts can be finely tuned by simply varying
the chiral scaffold, the phosphorus nucleophilicity and the
hydrogen bond donors. In 2014, Chen and Jiang reported the first
example of using a ferrocene-based bifunctional phosphine to
promote highly enantioselective organocatalysed trans-
formations.”? Indeed, the enantioselective intramolecular Mor-
ita—Baylis—Hillman reaction of 7-aryl-7-oxo-5-heptenals 16 was
promoted by novel and easily accessible bifunctional ferrocene-
based squaramide-phosphine 17 to give the corresponding chiral
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Scheme 8. Squaramide-derived phosphine-catalysed Morita—Baylis—Hillman reaction of N-alkyl isatins with acrylates.



2-aroyl-2-cyclohexenols 18 in good yields (68—85%) and enantio-
selectivities of up to 96% ee (Scheme 7). The best enantioselectiv-
ities of 91-96% ee were achieved for substrates bearing hydrogen
or electron-withdrawing substituents at the para- and meta-posi-
tions of the phenyl ring (Ar) and for the 2-naphthyl derivative
(Ar = 2-Naph) except for the para-CF3- and meta-Br-substituted
derivatives which provided the corresponding products in 83% and
87% ee, respectively. The reaction was slower for substrates with
electron-donating groups on the phenyl ring which gave lower
yields (41-68% vs 70—85%) albeit combined with high enantiose-
lectivities (87—88% ee). On the other hand, substrates bearing
ortho-bromo or ortho-chloro substituents on the phenyl ring gave
poor enantioselectivities of 10—11% ee. A plausible transition state
D was proposed to explain the best enantioselectivities (with X =
Cl, Br) which was stabilised through hydrogen-bonding interaction
(Scheme 7). The planar and carbon-centered chiral ferrocenyl
scaffold forced the enolate to attack the carbonyl group of the
aldehyde from the Si-face in a highly enantioselective fashion to
give the final product. The poor enantioselectivities obtained for
the ortho-bromo and ortho-chloro derivatives were explained by
another transition state E in which the electrophilic squaramide
preferred forming a hydrogen-bonding interaction with the oxygen
atom of the ketone and ortho-bromo or ortho-chloro through a six-
membered ring (Scheme 7). Therefore, the nucleophilic phosphine
attacked the enone to generate transition state E, which was flex-
ible with respect to the aldehyde moiety, leading to a very low level
of enantioselectivity in the addition of the enolate to the aldehyde.

In 2015, Zhou and Qiu developed novel highly tunable bifunc-
tional squaramide-derived phosphines, such as 19 and 20, easily
prepared from commercially available p-amino alcohols.?®> They
were applied as organocatalysts in enantioselective Mor-
ita—Baylis—Hillman reactions of N-alkyl isatins 8 with acrylates 21,
providing the corresponding chiral functionalised oxindoles 22 in
high enantioselectivities (86—95% ee), as shown in Scheme 8. When
the reaction was performed in ethyl acetate as solvent in the
presence of 5 mol% of catalyst 19 derived from L-tert-leucinol at
room temperature, a range of Morita—Baylis—Hillman products 22
were formed in good to high yields (74—93%) and uniformly high
enantioselectivities (89—95% ee) regardless of the electronic nature
of the substituents (R') beared by the phenyl ring of the isatin as
well as by the nature of the alkyl substituent (R?) on its nitrogen
atom. Moreover, uniformly very good results were achieved by
using different alkyl acrylates, including the challenging tert-butyl
acrylate which provided an excellent enantioselectivity of 95% ee.
Generally, the less-hindered catalyst 20 derived from L-valinol
exhibited lower enantioselectivities of 86—90% ee in combination

MeO,,

with 75—88% yields. This implied that the assembly of the bulkier
tert-bulky group and the more electron-deficient phenyl amine in
catalyst 19 benefited the enantioselectivity (in comparison with
catalyst 20). The authors have proposed the mechanism depicted in
Scheme 8 which began with the addition of the chiral tertiary
phosphine to the acrylate, generating reactive intermediate F. The
latter then reacted with the isatin through hydrogen-bonding to
provide key intermediate G which possibly existed as cyclic phos-
phinoyl associated enolate. Then, the nucleophilic attack of the
enolate to the isatin carbonyl group led to intermediate H. After the
following elimination of the catalyst, the final product was obtained
completing the catalytic cycle.

Since the pioneering work of Takemoto et al., inspired by the
natural oxyanion hole of enzymes, a combination of a hydrogen-
bonding donor (thio)urea moiety and an amine as Lewis base in a
single chiral scaffold has become a popular motif in the develop-
ment of organocatalysts. In contrast to the well-developed
bifunctional (thio)ureas derived from Cinchona alkaloids or pep-
tides, little attention has been paid to the synthesis of bifunctional
(thio)ureas derived from carbohydrates. In this context, Vesely et al.
recently reported the synthesis of novel thiourea-phosphine cata-
lysts from p-glucose and amino acids, such as 23 derived from L-
valine, which were further investigated as catalysts in the enan-
tioselective Morita—Baylis—Hillman reaction of aromatic aldehydes
12 with acrylates 21.>° In the presence of 10 mol% of this organo-
catalyst in MTBE as solvent, the reaction performed at 25 °C led to
the corresponding chiral esters (R)-24 in low to good yields
(15—85%) and good enantioselectivities (67—87% ee), as shown in
Scheme 9. The best results were reached with para-nitro-
benzaldehyde as substrate which provided yields ranging from 70%
to 85% and enantioselectivities ranging from 80% to 87% ee. More
generally, the electronic properties and location of the substituents
on the aromatic moiety (Ar) of the aldehyde had obvious effects on
the rate, efficiency and selectivity of the reaction. Thus, substrates
bearing electron-withdrawing groups, such as nitro, cyano, or tri-
fluoromethyl groups, led to the corresponding products in good
yields and high enantioselectivities while halogenated substrates
(F, Cl, Br) reacted significantly more slowly, providing lower yields
of the corresponding allylic alcohols (24—36%) and moderate
enantioselectivities (59—71% ee). Heteroaromatic aldehydes were
also suitable substrates (24—78% yields, 73% ee) whereas aliphatic
aldehydes did not react even after a prolonged reaction time.

In 2016, Pfaltz et al. selected, among 30 chiral bifunctional
phosphines, thiourea-tertiary phosphine 25 as optimal organo-
catalyst for the reaction between methyl acrylate 21a and various
aldehydes 12.%° As shown in Scheme 10, a range of aromatic and

OMe
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15-85%, 67-87% ee
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p-FCgH4, p-CICgH4, p-BrCgHy, 2-Naph, 3-pyridyl, 2-furyl

R = Me, Et, n-Bu, Bn, t-Bu

Scheme 9. Thiourea-phosphine-catalysed Morita—Baylis—Hillman reaction of aromatic aldehydes with acrylates.
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Scheme 11. BINOL-derived phosphine-catalysed Morita—Baylis—Hillman reaction of aromatic aldehydes with acrylates.

heteroaromatic aldehydes provided the corresponding allylic al-
cohols 26 in high yields (83—98%) and enantioselectivities (80—94%
ee), except for para-methylbenzaldehyde which showed a lower
reactivity (42% yield). Moreover, the reaction conditions were
compatible to an aliphatic aldehyde (R = Cy) but with much lower
yield (36%) and enantioselectivity (30% ee).

Earlier in 2013, another type of bifunctional tertiary phosphine,
such as 27 featuring a cyclic substructure of 1,3,5-diazaphosphinane,
was synthesised by He et al. starting from (R)-BINOL.%’ Investigated
as organocatalyst in the Morita—Baylis—Hillman reaction of aro-
matic aldehydes 12 with acrylates 21, it led to the corresponding
products 24 in moderate to high yields (38—89%) albeit with low
enantioselectivities (5—20% ee), as shown in Scheme 11.

2.3. Other organocatalysts

In 2004, Connon and Maher were the first to demonstrate that a
simple chiral urea catalyst was capable to activate the DABCO-
promoted Morita—Baylis—Hillman reaction between methyl acry-
late and aromatic aldehydes.?® Almost at the same time, Nagasawa
et al. reported the first highly enantioselective Mor-
ita—Baylis—Hillman reaction catalysed by a chiral bis(thiourea)
catalyst.? The process occurred between various aldehydes and
cyclohexenone, providing the corresponding Morita—Baylis—Hill-
man adducts in moderate to high enantioselectivities of up to 90%
ee. Ever since, several groups have reported high enantioselectiv-
ities of up to 96% ee by applying this type of organocatalysts to
related reactions.*” In a recent example, Han and Pan developed the
first enantioselective Morita—Baylis—Hillman reaction involving an

a,B-unsaturated y-butyrolactam as nucleophile.’! As shown in
Scheme 12, the reaction occurred between a,B-unsaturated y-
butyrolactam 28 and isatins 8 in the presence of chiral bis(thiourea)
29 and DABCO in dichloromethane at room temperature. It afforded
the corresponding chiral 3-hydroxy-2-oxindoles 30 in good to high
yields (75—91%) and enantioselectivities of up to 78% ee when the
quantity of 29 was increased up to 100 mol% and that of DABCO of
5 mol%. A variety of isatins with different substituents on the
benzene ring and various protecting groups at the nitrogen atom
were investigated in the reaction. It was found that the nature of
the N-substituent of the isatin had an obvious effect on the results
with the best enantioselectivity (78% ee) achieved with N-benzyl
isatin (R*> = Bn) as the electrophile. On the other hand, the free
isatin (R? = H) provided the corresponding product in dramatically
lower enantioselectivity (15% ee). Moreover, employing isatins
bearing sterically bulky substituents, such as triphenylmethyl, on
the nitrogen atom led to the formation of the product in lower yield
and enantioselectivity (75%, 25% ee). In the case of the N-Boc pro-
tecting group, it must be noted that no enantioselectivity was
detected at all. Concerning the substituents on the phenyl moiety of
isatins, their electronic properties had almost no influence on both
yields and enantioselectivities of the reaction since comparable
results were obtained. However, the substituent position on the
phenyl ring had an obvious influence on the enantioselectivity of
the reaction. For example, the presence of a substituent at the 6-
position of the phenyl ring of N-benzyl isatins led to higher enan-
tioselectivities than that on other positions.

In 2004, Vo-Thanh et al. were the first to examine chiral ionic
liquids as chiral inducers for the asymmetric
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Scheme 12. Bis(thiourea)-catalysed Morita—Baylis—Hillman reaction of isatins with a
a,B-unsaturated y-butyrolactam.

Morita—Baylis—Hillman reaction.’” They demonstrated that per-
forming the DABCO-mediated reaction between methyl acrylate
and benzaldehyde in the presence of three equivalents of a chiral N-
octyl-N-methylephedrinium trifluoromethanesulfonate salt could
provide the corresponding Morita—Baylis—Hillman product in
moderate enantioselectivity of 44% ee. More recently, Bhat et al.
reported the use of chiral cationic surfactant, N-dodecyl-N-meth-
ylephedrinium bromide (DMEB), in asymmetric DABCO-catalysed
Morita—Baylis—Hillman reactions of aromatic aldehydes with
various activated alkenes performed in aqueous media.>> As shown
in Scheme 13 (first equation), in the presence of 1.1 equivalents of
aqueous DMEB and DABCO, acrylonitrile 31 (EWG = CN) reacted
with a range of aromatic aldehydes 12, having electron-
withdrawing as well as electron-donating substituents on the
phenyl ring, to give the corresponding chiral allylic alcohols 32 in
good yields (70—75%) and moderate enantioselectivities (40—56%
ee) while the reaction of ethyl acrylate 21b led to the corresponding
product 24 with a lower enantioselectivity of 22% ee albeit com-
bined with a good yield (73%). The substrate scope was extended to

Scheme 13. N-Methylephedrinium bromide-mediated Morita—Baylis—Hillman reactions of aromatic aldehydes with activated alkenes.
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other activated olefins, such as cyclic enones 33, that led to the
corresponding chiral Morita—Baylis—Hillman products 34 in good
yields (68—78%) and moderate enantioselectivities (41—48% ee), as
shown in Scheme 13 (second equation). To explain the role of DMEB
in the asymmetric induction, the authors proposed the formation of
a zwitterionic intermediate (Scheme 13). Indeed, in the presence of
DMEB micellar solution, the water insoluble compounds entered
into the micellar structure. In this environment, the hydroxyl group
of DMEB stabilised the zwitterionic adduct with electrophile
through hydrogen bonding interactions. The stabilisation of the
zwitterionic intermediate in the micellar phase led to an increase in
the rate of both the electrophile addition and proton transfer steps
in addition to being guided by the chirality of the ephedrinium
head group of the surfactant, thus delivering the chiral product.
Even if this last example did not use a true organocatalyst but a
micellar catalyst, it was decided to situate it in this section for
commodity.

3. Organocatalytic enantioselective aza-
Morita—Baylis—Hillman reactions

3.1. Chiral phosphine catalysts

Firstly reported by Perlmutter and Teo in 1984,% the enantiose-
lective aza-Morita—Baylis—Hillman reaction constitutes one of the
most important reactions dedicated to the synthesis of chiral a-
methylene-B-amino carbonyl compounds.'®’" It can be organo-
catalysed by chiral phosphines or amines. Actually, the first highly
enantioselective  aza-Morita—Baylis—Hillman reaction was
described by Shi and Xu, in 2002.34 It occurred between aromatic
aldimines and methyl vinyl ketone in the presence of modified
Cinchona alkaloid B-isocupreidine as base-catalyst, providing the
corresponding chiral aza-Morita—Baylis—Hillman adducts in high
yields and excellent enantioselectivities of up to 80% and 99% ee,
respectively. Later, these authors extended the scope of this
methodology to other activated alkenes, such as ethyl vinyl ketone,
acrolein, methyl acrylate, acrylonitrile, or more hindered ones
including phenyl acrylate and a-naphthyl acrylate, that provided
the corresponding chiral products in moderate to excellent enan-
tioselectivities (40—99% ee).>> Ever since, various bifunctional chi-
ral phosphines, tertiary amines derived from Cinchona alkaloids, or
thioureas have been successfully applied to catalyse a number of
enantioselective aza-Morita—Baylis—Hillman reactions. In partic-
ular starting from 2002, Shi et al. widely explored the use of chiral
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phosphines in these reactions.>® As a recent example, these authors
reported the first enantioselective aza-Morita—Baylis—Hillman re-
action of indole-derived tosylimines 35 with bis(3-chlorophenyl)
methyl acrylate 36 catalysed by a chiral phosphine, such as multi-
functional phosphine 37.>” Performed at room temperature in THF
as solvent, this process led to the corresponding chiral densely
functionalised products 38 in both high yields and enantiose-
lectivities of 88—95% and 85—91% ee, respectively (Scheme 14).
Remarkably, the results were homogeneously excellent regardless
of whether electron-donating or electron-withdrawing sub-
stituents (R?) were introduced at any position of the indole ring of
the imines. Only the substrate bearing a phenyl substituent at the
3-position of the phenyl ring gave the corresponding product in
only trace, presumably due to steric effect. Concerning the N-sub-
stitution of indoles (R'), comparable excellent results were ach-
ieved with allyl, propargyl as well as 1-(but-3-en-1-yl) groups
while a methyl group provided a lower enantioselectivity (76% ee).
The synthetic utility of this novel methodology was demonstrated
by the conversion of the formed aza-Morita—Baylis—Hillman ad-
ducts into biologically interesting polycyclic indoles, such as dihy-
dropyrido[1,2-a]indole and dihydropyrazino[1,2-a]indole
derivatives.

The enantioselective aza-Morita—Baylis—Hillman reaction of
isatin-derived ketimines is one of the most efficient and straight-
forward methods to prepare quaternary 3-amino-2-oxindole chiral
motifs which constitute important and ubiquitous structures in
many natural products and drugs, however, these reactions have
been rarely investigated.>® In 2014, Wu and Sha reported the first
example of enantioselective aza-Morita—Baylis—Hillman reaction
of acrylates 21 with isatin-derived N-Boc ketimines 39.>° Among
several chiral bifunctional phosphines investigated as organo-
catalysts in these reactions, squaramide-derived phosphine 40 was
found optimal to yield the corresponding chiral densely function-
alised products 41. Indeed, in the presence of only 2 mol% of 40,
these products were formed at 25 °C in high to quantitative yields
(88—99%) and good enantioselectivities (70—91% ee), as shown in
Scheme 15. To achieve these results, a mixed solvent system of
dichloromethane with acetonitrile was employed. Various alkyl
acrylates were compatible and no obvious change in the enantio-
selectivity of the reaction was found using unbranched alkyl acry-
lates (R? = Me, Et, Bn, n-Bu), while n-butyl acrylate was less reactive
than others (58% yield vs 87—95%). In contrast, due to steric hin-
drance, t-butyl acrylate was inactive under the same reaction
conditions. The catalytic system was neither suitable to phenyl

Ph

88-95%, 85-91% ee

R' = allyl, Me, 1-(but-3-en-1-yl), propargyl
R? = 5-Cl, 5-Br, 5-NO,, 6-Cl, H, 5-OMe, 5-Me, 5-F, 4-OMe, 5-OBn, 3-I

Scheme 14. Phosphine-thiourea-catalysed aza-Morita—Baylis—Hillman reaction of indole-derived tosylimines with bis(3-chlorophenyl)methyl acrylate.
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Scheme 15. Squaramide-derived phosphine-catalysed aza-Morita—Baylis—Hillman reaction of isatin-derived N-Boc ketimines with acrylates.

acrylate since the corresponding product was obtained in only 43%
yield and 2% ee. Further exploration of the substrate scope showed
that the reaction tolerated a range of N-Boc-1-methyl ketimine
substrates with either electron-withdrawing or electron-donating
groups at 5-, 6-, or 7-positions while the presence of a substitu-
ent at the 4-position of the phenyl ring of the isatin rendered the
substrate unreactive, probably due to steric hindrance. To explain
the results, the authors proposed the transition state depicted in
Scheme 15 in which the electrophilic squaramide of the catalyst
activated the ketimine through hydrogen-bonding interactions.
Then, the chiral cyclohexyl scaffold forced the phosphinoyl asso-
ciated enolate to attack the activated ketimine from the Si-face to
form the final product exhibiting the (S)-configuration.

In 2015, Zhong et al. reported the synthesis of novel chiral
bifunctional ferrocenylphosphines to be applied as organocatalysts
in enantioselective aza-Morita—Baylis—Hillman reactions of aro-
matic tosylimines 42 with methyl vinyl ketone 43.%° As shown in
Scheme 16, using 10 mol% of catalyst 44 at 25 °C in dichloro-
methane as solvent in the presence of benzoic acid as an additive,
the process afforded the corresponding chiral tosylamines 45 in
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42 43 CHxClp, 25°C 45
32-81%, up to 56% ee

Scheme 16. Ferrocenyl amidophosphine-catalysed aza-Morita—Baylis—Hillman reac-
tion of tosylimines with methyl vinyl ketone.

moderate to high yields (32—81%) and moderate enantioselectiv-
ities of up to 56% ee.

Early in 2003, Shi et al. first demonstrated that BINOL-derived
chiral bifunctional biphenylphosphine could be used as an effec-
tive catalyst in enantioselective aza-Morita—Baylis—Hillman reac-
tion of N-tosylimines with methyl vinyl ketone or phenyl
acrylate.**® Ever since, this organocatalyst has been successfully
applied to the aza-Morita—Baylis—Hillman reactions of various
other substrates.*! Furthermore in 2010, it was used by Sasai et al.
in the first domino reaction based on an enantioselective aza-
Morita—Baylis—Hillman reaction which allowed enantioselectiv-
ities of up to 93% ee to be achieved.*? In 2016, Shi et al. employed a
closely related BINOL-derived chiral bifunctional biarylphosphine
46 to promote a tandem reaction the first step of which was the
enantioselective aza-Morita—Baylis—Hillman reaction of alkyl vinyl
ketones, such as methyl vinyl ketone 43, with aromatic sulfonated
imines 47 tethered with an alkyne moiety.**> As shown in Scheme
17, this reaction was performed with 20 mol% of catalyst 46 in
THF at —15 °C to give the intermediate aza-Morita—Baylis—Hillman
adducts 48 which subsequently cyclized with the attached
electron-deficient alkene intramolecularly under racemic gold
catalysis to give the corresponding chiral 1,3-disubstituted dihy-
droisoquinoline derivatives 49 in good to high yields (73—91%) and
good to excellent enantioselectivities (85—97% ee). The study of the
substrate scope showed that the benzene ring of the imine could
bear electron-rich as well as electron-deficient substituents (R')
and that different alkyne moieties (R?) including aliphatic and ar-
omatic ones were compatible, providing comparable very good
results. Moreover, in addition to 4-methylphenyl sulfonated imines,
a good enantioselectivity of 85% ee was reached in the reaction of 4-
tert-butylphenyl sulfonated substrate. The reaction conditions were
also applicable to ethyl vinyl ketone 50 which gave comparable
excellent results (77% yield, 96% ee) than methyl vinyl ketone 43. To
demonstrate the synthetic utility of this novel one-pot methodol-
ogy, the products were converted into several chiral



1)

)
™

R3O
O _Rr3 Ar = p-MeOCgH,4
N0 o 46 (20 mol%)
Rif X + ‘ R4
= THF, -15 °C
R r2
47 43 (R* = Me) 48
50 (R* = Et)
o)
R4
2) [(t-BuXPhos)Au(NCMe)]SbFg (25 mol%) Q‘S,R3
X NS
RS o
a4 R2
THF, 80 °C
49

73-91%, 85-97% ee

R'=H, 5-Cl, 4-Me, 4-Cl, 5-F, 5-CF3, 5-OMe, 4-F

R2? = Ph, p-CICgH4, p-Tol, Cy, n-Bu

R = p-Tol, p-(t-Bu)CgH4
R* = Me, Et
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step of a tandem reaction.

dihydroisoquinoline derivatives bearing two chiral centres, being
potentially bioactive molecules.

3.2. Cinchona alkaloid catalysts

Chiral tertiary amine catalysts based on the quinidine frame-
work, such as f-isocupreidine, for asymmetric aza-Mor-
ita—Baylis—Hillman reactions have been intensively investigated®!
since the first highly enantioselective reaction reported by Shi and
Xu in 2002, which occurred between aromatic aldimines and
methyl vinyl ketone with up to 99% ee (see Section 3.1).>* More
recently, remarkable enantioselectivities of 95—98% ee were also
reported by Takizawa et al. in enantioselective B-isocupreidine-
catalysed aza-Morita—Baylis—Hillman reactions of isatin-derived
ketimines 51 with acrolein 52.** As shown in Scheme 18, a range
of chiral 3-amino-2-oxindoles (S)-53 possessing a tetrasubstituted
carbon stereogenic centre were obtained almost enantiopure
(95—98% ee) in moderate to good yields (48—83%). The excellent
enantioselectivities were obtained uniformly irrespective of the
electronic nature of the ketimine moiety using 15 mol% of B-iso-
cupreidine as catalyst at —40 °C in a 1:1 mixture of toluene and
CPME as solvent. While the use of this organocatalyst led to the
formation of products exhibiting the (S)-configuration, it was
demonstrated that using a-isocupreine at 20 mol% instead of
15 mol% of B-isocupreidine under the same reaction conditions
allowed the corresponding (R)-configured adducts 53 to be ob-
tained in excellent enantioselectivities (83—96% ee) along with
moderate to good yields (37—79%), as shown in Scheme 18. To
explain these results, a model for the enantioselectivity is proposed
in Scheme 18 in which the least steric hindrance between the
quinuclidine moiety of the catalyst and the aromatic ring of the
substrate resulted in the formation of (S)-53 by using B-iso-
cupreidine or (R)-53 with a-isocupreine.

After its successful application as catalyst in the first use of
maleimide derivatives as nucleophilic partners in enantioselective
Morita—Baylis—Hillman reactions with isatins reported in 2013 by
Chimni and Chauhan,'® -isocupreidine was later employed by
Chimni et al. to the aza-analogue reactions.*> As shown in Scheme
19, the aza-Morita—Baylis—Hillman reaction of a range of 5-
substituted isatin-derived ketimines 51 with various maleimides
7 performed in the presence of 20 mol% of B-isocupreidine in
chloroform at room temperature afforded the corresponding chiral
3-substituted 3-aminoindolin-2-ones 54 in moderate to good
yields (30—79%) and generally excellent enantioselectivities of up
to 99% ee. The highest enantioselectivities ranging from 90% to 99%
ee were reached with phenyl maleimide (R® = Ph) whereas enan-
tioselectivities of 70—76% ee were obtained for the other mal-
eimides used. In contrast, concerning the isatin substrates, the
results were independent of the nature of the substituents (R! and
R?). In the proposed transition state (Scheme 19), the tertiary amine
of the catalyst added to the maleimide which resulted in the for-
mation of an enolate. The latter further attacked the isatin imine to
form the final product.

4. Asymmetric (aza)-Morita—Baylis—Hillman reactions of
chiral substrates

4.1. Chiral electrophiles

A chiral aldehyde, such as (S)-O-(methoxymethyl)lactaldehyde,
was early employed as chiral electrophile in the Mor-
ita—Baylis—Hillman reaction by Roos et al., in 1988.%° In the pres-
ence of methyl vinyl ketone and DABCO, the reaction afforded the
corresponding Morita—Baylis—Hillman adduct as a 75:25 mixture
of diastereomers. Ever since, many types of chiral electrophiles
have been used in these reactions, often allowing excellent
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Scheme 18. B-Isocupreidine or a-isocupreine-catalysed aza-Morita—Baylis—Hillman reactions of isatin-derived ketimines with acrolein.

diastereoselectivities to be achieved.'®>=®™ As a recent example,

electrophiles in Morita—Baylis—Hillman reactions with methyl

chiral hydroxylated cis-prolinals 55 and 56 were used as chiral acrylate 21a to give in the presence of DABCO as catalyst the
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corresponding chiral allylic alcohols 57 and 58, respectively.*’ In
each reaction, products 57 and 58 were formed as an almost unique
diastereomer (>95% de) in 70% and 67% yields, respectively, as
shown in Scheme 20. The synthetic utility of this methodology was
shown by the conversion of products 57 and 58 into novel pyrro-
lizidinones and pyrrolizidines with high potential in total synthesis
of natural products.

In 2016, Li et al. investigated the use of chiral N-phosphonyl
imines 59 in aza-Morita—Baylis—Hillman reaction with acryloni-
trile 31.%% The process was catalysed by PBus in toluene at 10 °C and
afforded the corresponding densely functionalised chiral f-amino
nitriles 60 in both high yields (75—96%) and diastereoselectivities
(88->98% de), as shown in Scheme 21. Comparable very good re-
sults were achieved for a range of substrates bearing both electron-
donating and electron-withdrawing groups at different positions
on the aromatic ring (Ar) of the imine in addition to naphthyl- and
thienyl-derived N-phosphonyl imines. Notably in all cases, the pure
aza-Morita—Baylis—Hillman adducts were easily obtained by sim-
ply washing the crude products with hexane/ethyl acetate mixture
without the use of chromatography and recrystallisation. Moreover,
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the chiral auxiliary could be readily removed and recycled. The
authors have proposed the catalytic cycle depicted in Scheme 21
the first step of which was the Michael addition of PBus to acry-
lonitrile to provide zwitterionic intermediate I. The latter subse-
quently added to the N-phosphonyl imine to give a second
zwitterionic intermediate J which underwent a proton transfer to
afford intermediate K. The subsequent elimination of PBus resulted
in the formation of the final product and regeneration of the
catalyst.

Soon after, the same authors showed that under related catalytic
conditions and using acrylates 21 instead of acrylonitrile 31, the
aza-Morita—Baylis—Hillman reaction of the same N-phosphonyl
imines 59 enabled the synthesis of the corresponding chiral B-
amino acrylates 61.*7 As shown in Scheme 22, these products were
achieved in good to quantitative yields (70—99%) and generally
high diastereoselectivities (86->98% de) when performing the re-
action at room temperature in toluene under catalysis with
PPhMe,. These conditions were applicable to a range of N-phos-
phonyl imines having various substituents at different positions of
the aromatic ring (Ar) attached to the imine unit regardless of
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Scheme 20. Morita—Baylis—Hillman reactions of proline-derived aldehydes with methyl acrylate.
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Scheme 21. Aza-Morita—Baylis—Hillman reaction of chiral N-phosphonyl imines with
acrylonitrile.

methyl or benzyl acrylate employed. Even sterically demanding 1-
naphthyl-, 2-naphthyl- and 6-methoxy-2-naphthyl-substituted N-
phosphonyl imines gave excellent diastereoselectivities (92->98%
de). As for the reaction depicted in Scheme 21, the crude products

recrystallisation but only simple washing with hexane/ethyl ace-
tate. Moreover, the chiral diamine auxiliary could be easily
removed, recovered with 99% ee and recycled.

4.2. Chiral activated alkenes

An early example of using a chiral activated alkene in asym-
metric Morita—Baylis—Hillman reactions was reported by Brown
et al,, in 1986.°° It involved menthyl acrylate and acetaldehyde as
substrates, however, the diastereoselectivity of the reaction was
low (16% de). Later, better stereoselectivities were obtained in
certain cases with other menthyl acrylates.'’ On the other hand, a
significant improvement was reported in 1997 by Leahy et al. who
used the Oppolzer sultame as chiral auxiliary providing complete
diastereoselectivity.”! Ever since, very high diastereoselectivities
have been described by different groups using various chiral acti-
vated alkenes mostly acrylates.'%#¢" In the last few years, only
one example was reported by Kaye et al., dealing with the asym-
metric Morita—Baylis—Hillman reaction of camphor-derived acry-
lates 62 with pyridinecarbaldehydes 63 to give the corresponding
allylic alcohols 64.°> When catalysed by DABCO in chloroform,
these products were obtained in high to quantitative yields (91-
>99%) albeit with low diastereoselectivities (<33% de), as shown in
Scheme 23.

5. Asymmetric organocatalysed applications of
Morita—Baylis—Hillman adducts

Asymmetric (aza)-Morita—Baylis—Hillman reactions provide
efficiently highly functionalised chiral synthons to be used in total
synthesis of natural products and biologically relevant com-
pounds.OM5SVW g addition in the last few years, asymmetric
organocatalysed  transformations of racemic (aza)-Mor-
ita—Baylis—Hillman carbonates and acetates have provided
straightforward access to a wide variety of optically active acyclic as
well as cyclic molecules on the basis of allylic substitution reactions,
formal 1,3-dipolar cycloadditions and miscellaneous transformations.

5.1. Allylic substitution reactions of Morita—Baylis—Hillman
carbonates and acetates

In 2001, Basavaiah et al. first reported a Sy2'reaction of quini-
dinium salt of Morita—Baylis—Hillman bromides to yield chiral
Morita—Baylis—Hillman propargylic ethers with moderate enan-
tioselectivities (<40% ee).”> More recently, a range of trans-
formations of racemic Morita—Baylis—Hillman carbonates and
acetates based on nucleophilic substitution reactions with various

did not need purification through chromatography or  nucleophiles have been promoted by chiral Lewis bases, such as
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Scheme 22. Aza-Morita—Baylis—Hillman reaction of chiral N-phosphonyl imines with acrylates.



o) , DABCO O OH
+  RCHO
A O%Rz
SO,NHR! CHCl3 SO,NHR!
62 63 64

91->99%, 7-33% de

R" = Bn, m-CICgH,, 1-adamantyl
R2= 4-pyridyl, 2-(6-methylpyridyl)

Scheme 23. Morita—Baylis—Hillman reaction of camphor-derived acrylates with
pyridinecarbaldehydes.

Cinchona alkaloid catalysts and chiral phosphines, according to the
mechanism depicted in Scheme 24. It involves an initial Sy2’attack
of the Lewis base catalyst (LB) to the modified Mor-
ita—Baylis—Hillman adduct 3 that triggers the elimination of the
leaving group (LG). The resulting intermediate L bears an internal
alkene activated by an electron-withdrawing group (EWG) as well
as a formally positively charged allylic leaving group. In the pres-
ence of either a negatively charged or protic nucleophile, a second
Sn2'displacement occurs, producing the final allylic alkylation
product 65 after regenerating the Lewis base catalyst. The regio-
selectivity of the process is secured by the catalyst.

5.1.1. Cinchona alkaloid catalysts

In the last decade, many multifunctional chiral organocatalysts,
such as phosphine-amides,” phosphine-thioureas,” along with
modified Cinchona alkaloids,”® have been successfully applied to
promote allylic substitution reactions of Morita—Baylis—Hillman
carbonates and acetates with various types of nucleophiles. Since
the beginning of 2015, several groups reported novel studies in this
field. Among these, Wang and Yao developed the first organo-
catalysed regio- and enantioselective N-allylic alkylation of Mor-
ita—Baylis—Hillman carbonates 66 with hydrazones 67.°’ As shown
in Scheme 25, the reaction was performed in ethyl acetate as sol-
vent at 10 °C in the presence of 10 mol% of modified Cinchona
alkaloid (DHQD),PHAL as catalyst. The latter was selected as
optimal among a range of Cinchona alkaloid-derived catalysts, such
as quinine, quinidine, cinchonine, cinchonidine, (DHQD),;PYR and
(DHQD),AQN. Under these optimal conditions, a series of carbon-
ates 66 reacted with various N-tosylhydrazones hydrazones 67
(R = Ts) to give through exclusive regioselectivity the corre-
sponding chiral N-alkylated hydrazones 68 in high yields (76—94%)
and uniformly high enantioselectivities (90—94% ee). The results
indicated that the electronic properties and position of substituents
on the aromatic ring (Ar) of the carbonates had a negligible effect
on the catalytic efficiency of the process. On the other hand, the
Morita—Baylis—Hillman carbonate bearing a furyl group
(Ar = furyl) led to the desired product in only 32% yield with a
slightly lower enantioselectivity (87% ee). Concerning the scope of
the hydrazone partner, when its electron-withdrawing tosyl group
(R = Ts) was switched to a para-nitrobenzenesulfonyl or a

LG Lewis base (LB) /_\Nu-H Nu
EWG — = RONGEWG EWG
R &\,[ . R
LB
LG\~
3 L 65

Scheme 24. Lewis base-catalysed allylic substitution reaction of modified Mor-
ita—Baylis—Hillman adducts.

benzenesulfonyl group, the corresponding products were obtained
in 61% and 72% yields and 83% and 94% ee, respectively. The results
were explained by the transition state depicted in Scheme 25. The
Morita—Baylis—Hillman carbonate first underwent a Sy2’ reaction
at the nitrogen atom of the quinuclidine to yield a cationic inter-
mediate formed as the E isomer and stabilised through - stack-
ing between the phenyl ring of the carbonate and the quinoline
moiety. Then, the tert-butoxide anion deprotonated the hydrazone
to give the corresponding nucleophile, which attacked the cationic
intermediate from the Si-face preferentially since its Re-face was
hindered by the quinoline moiety. Consequently, the formed
product exhibited the (S)-configuration that was demonstrated
through single X-ray crystallographic analysis. To show the utility of
this novel methodology, some products were smoothly converted
into a series of synthetically useful pyrazolidinones without loss of
enantioselectivity.

Another organocatalyst derived from Cinchona alkaloids, such as
(DHQD),AQN, was used by Rios et al. to promote the allylic alkyl-
ation reaction of various Morita—Baylis—Hillman carbonates with
anthrones that constituted important scaffolds in natural products
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66 32-94%, 83-94% ee

R=Ts, Ns, PhSO,
Ar = Ph, p-BrCgHy, p-CICgH,4, 0-CICgH,4, m-CICgH,, p-FCgHa,
p-Tol, 0-MeOCgH,4, 1-Naph, 2-Naph, furyl

R30OH =
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proposed transition state (with R = Ts, Ar = Ph):

Si-face attack

Scheme 25. Allylic alkylation reaction of Morita—Baylis—Hillman carbonates with
hydrazones.



and medicinal as well as agrochemical chemistry.”® As shown in
Scheme 26, this first use of anthrone 69 in reactions with Mor-
ita—Baylis—Hillman carbonates 66 (EWG = CO;Me) performed in
dichloromethane at 0 °C in the presence of 20 mol% of
(DHQD),AQN led to the corresponding highly functionalised chiral
anthrone derivatives 70 in moderate to excellent yields (55—96%)
along with high enantioselectivities of up to 96% ee. When methyl
esters (EWG = CO;Me) exhibited an aromatic group (R), the
enantioselectivities of the reactions were uniformly high (78—96%)
while an aliphatic ester (R = CH,Bn) led to an almost racemic
product (4% ee) albeit in good yield (55%). The scope of this
methodology was extended to other modified Mor-
ita—Baylis—Hillman adducts, such as ketones (EWG = Ac, COEt) and
nitriles (EWG = CN) 71, which also provided the corresponding
anthrone derivatives in good to high yields (76—92%) and moderate

to excellent enantioselectivities (63—98% ee). The best results
(79—98% ee) were achieved in the case of ketone substrates
(EWG = Ac, COELt). Moreover, these reactions tolerated a wide range
of substituents, such as halides, electron-withdrawing or electron-
donating groups, on the aromatic ring (R) rendering in all cases, the
corresponding products in high yields (76—92%). On the other
hand, the enantioselectivity of the reaction with nitrile substrates
(EWG = CN) was limited to 63% ee. In the proposed mechanism
depicted in Scheme 26, the carbonate substrate underwent a con-
jugate addition with the organocatalyst with elimination of the
OBoc group to form the Michael acceptor M. Next, the anthrone
attacked intermediate M to afford novel intermediate N which
subsequently eliminated the catalyst to give the final product.

In 2016, Liao et al. reported a novel asymmetric catalytic
approach for the construction of chiral functionalised 1,2-

0 (o
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* EWG
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66,71
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p-BrCgH,4, m-BrCgHy, 0-BrCgHy, 1-thienyl: 55-96%, 78-96% ee
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with EWG = CN, Ac, COEt (71):
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Scheme 26. Allylic alkylation reaction of Morita—Baylis—Hillman carbonates with anthrone.



dihydropyridines, constituting biologically highly interesting
products.”® This was based on the asymmetric allylic alkylation
reaction of Morita—Baylis—Hillman carbonates 66 with «-cyano-
substituted 1,2-dihydropyridines 72 catalysed by 20 mol% of
hydroquinidine in o-xylene at 0 °C. As shown in Scheme 27, a range
of chiral densely functionalised 1,2-dihydropyridines 73 bearing
two adjacent quaternary and tertiary carbon centres were gener-
ated in good to high yields (67—91%), diastereoselectivities
(66—90% de) and enantioselectivities (71—-96% ee). Hydroquinidine
was selected as optimal organocatalyst among other Cinchona al-
kaloids, including quinidine, quinine, cinchonidine, cinchonine,
(DHQD),AQN and (DHQD),PHAL, which all provided lower dia-
stereo- and enantioselectivities. Under the optimal reaction con-
ditions, dihydropyridines with different acyl substituents (R* = OEt,
0i-Bu, Oallyl) at the nitrogen were tolerated, providing comparable
excellent results. On the other hand, the nature of the substituent
(R") at the 4-position of the dihydropyridine had distinct effects on
the reaction outcome and diastereoselectivity of the reaction.
Indeed, substrates bearing aromatic substituents were superior to
their alkyl analogues, while the electronic properties of the aro-
matic substituents of dihydropyridines did not affect the reaction.
Concerning the carbonate partner, various aryl moieties (Ar) were
well tolerated with the exception of the ortho-bromo-substituted
dihydropyridine which led to the lowest enantioselectivity (71%
ee). On the other hand, the 2-naphthyl-substituted carbonate
afforded the corresponding product in high yield (91%) and enan-
tioselectivity (94% ee) albeit combined with decreased diaster-
eoselectivity (84% de) while the reaction conditions were not
applicable to alkyl-substituted carbonates.

In 2016, Sun and Wang reported a catalyst-controlled switch of
regioselectivity in asymmetric allylic alkylation of Mor-
ita—Baylis—Hillman carbonates with oxazolones.?® Indeed, ac-
cording to the nature of the organocatalyst employed to promote
the reaction, it was y- or B-regioselective. For example, when using
a quinine-derived catalyst, the process afforded y-regioselectively
the secondary allylic oxazolone derivative (Scheme 28) whereas an
addition-elimination reaction occurred when an amino acid-
derived bifunctional urea catalyst was employed as organo-
catalyst, delivering the corresponding B-selective primary product
(see Scheme 34). As shown in Scheme 28, in the presence of 20 mol
% of quinine-derived organocatalyst 74, a range of Mor-
ita—Baylis—Hillman adducts 75 reacted with oxazolones 76 with
almost complete y-regioselectivity (>95:5) to give the corre-
sponding secondary chiral allylic oxazolones 77 in good to high
yields (76—93%), high diastereoselectivities (82—90% de) and

OMe

OBoc

uniformly high enantioselectivities (90—98% ee). The process was
applicable to a series of oxazolones bearing an aliphatic substituent
(R?) and a wide range of Morita—Baylis—Hillman adducts exhibit-
ing an aromatic group (R!). It was found that the substitution
patterns, regardless of the position, electronic nature or steric
hindrance on this aromatic ring, had little effect on the reaction.
Even a heteroaryl-substituted substrate (R! = 3-furyl) could be
involved in the reaction with 76% yield, 82% de and 90% ee.

In 2015, hydroquinine was employed by Liang and Xu to pro-
mote the asymmetric vinylogous allylic alkylation reaction of
Morita—Baylis—Hillman carbonates 66 with alkylidene azlactones
79 (Scheme 29).5" Indeed, the reaction of a range of carbonates 66
with various olefinic azlactones 79 in the presence of 20 mol% of
hydroquinine in mesitylene at 10 °C afforded the corresponding
highly functionalised chiral azlactone derivatives 80 in good to
quantitative yields (71-99%), moderate to high Z/E diaster-
eoselectivities (86:14 to >95:5) and uniformly very high enantio-
selectivities (87—97% ee). With respect to the carbonate partner,
both electron-donating and electron-withdrawing substituents on
the phenyl ring (Ar?) were compatible with the catalytic system. In
contrast to the electron-withdrawing substituents, slightly lower
reactivity but higher enantioselectivities were observed with the
electron-donating ones. The position of the substituents on the
phenyl ring of the carbonates was also investigated, showing that
the ortho-substituted substrates gave lower yields than the corre-
sponding meta- and para-substituted ones, probably due to steric
hindrance. Moreover, naphthyl- and thienyl-substituted carbonates
proceeded smoothly (71-76% yield, >95:5 Z/E, 91-97% ee). In
contrast, the carbonate derived from acetaldehyde only provided a
very low yield (6%).

Another recent example of asymmetric vinylogous allylic
alkylation reaction of Morita—Baylis—Hillman carbonates 66 and
81 was reported by Li et al, in 2015.5% It involved 3-alkylidene
oxindoles 82 as nucleophiles, (DHQD);AQN as organocatalyst
used at 10 mol% and PhCF; as solvent at 50 °C. As shown in Scheme
30, the process led to the corresponding chiral y-substituted
alkylidene oxindole derivatives 83 which are commonly found in a
variety of natural products as well as pharmaceuticals. These
products were obtained in moderate to high yields (40—92%), high
ZJE diastereoselectivity ratios (90:10 to >95:5) and uniformly high
enantioselectivities (87->99% ee) starting from the corresponding
Morita—Baylis—Hillman carbonates 66 and 3-alkylidene oxindoles
82. It was found that whether electron-withdrawing or electron-
donating groups at the meta- and para-positions of the latter
were employed, the reactions proceeded to give the corresponding
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Scheme 27. Allylic alkylation reaction of Morita—Baylis—Hillman carbonates with o-cyano-substituted 1,2-dihydropyridines.
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Scheme 28. Allylic alkylation reaction of Morita—Baylis—Hillman carbonates with
oxazolones.

products in moderate yields (42—63%) with excellent enantiose-
lectivities (95—99% ee) and Z/E diastereoselectivities (92:8 to 95:5).
Studying the substrate scope of the Morita—Baylis—Hillman car-
bonates, it was shown that varying their substituents led to the
corresponding products in moderate to good yields of up to 92%,
high enantioselectivities of up to 95% ee and high Z/E diaster-
eoselectivities of up to >95:5. The position of the substituents (R>)
linked to the phenyl ring had some effect on the yield, since ortho-
substituted as well as 2,4- and 3,4-bis-substituted substrates pro-
vided higher yields than para- and meta-substituted substrates. In
addition to carbonate 66, carbonate 81 was compatible to afford the
corresponding product in acceptable yield (41%) with high dia-
stereo- and enantioselectivities of >90% de and 94% ee, respectively.
In the proposed transition state depicted in Scheme 30, the Mor-
ita—Baylis—Hillman carbonate probably underwent the addition at
the nitrogen atom of the quinuclidine to give a cationic interme-
diate. Then, the C=C bond was attacked preferentially through its
Re-face by the 3-alkylidene oxindole to provide the final product.
In another context, Guo and Xie reported the first use of silanols
84 as the nucleophiles in asymmetric allylic substitutions of Mor-
ita—Baylis—Hillman carbonates.®® As shown in Scheme 31, triphe-
nylsilanol 84a (R?> = Ph) reacted with a range of carbonates 66
(R! = Me) and 81 (R! = Me) in MTBE as solvent at 90 °C in the
presence of i-PrNEt as base and chiral Cinchona alkaloid
(DHQD),PYR as organocatalyst to afford the corresponding silyl
ethers 85 in moderate to quantitative yields (50—98%), high
enantioselectivities (81—92% ee) and excellent regioselectivities
(>95:5). Uniformly high enantioselectivities (89—90% ee) combined
with yields ranging from 60% to 79% were obtained for different
esters including methyl, ethyl, tert-butyl, benzyl, 1-adamantyl and
2-adamantyl ones in reaction with triphenylsilanol 84a. When
electron-withdrawing or electron-donating groups were present at
the ortho-position of the aromatic ring (Ar) of the Mor-
ita—Baylis—Hillman carbonates, the corresponding products were
obtained in 90% ee, but lower yields (55—60%) were achieved in the

reaction of Morita—Baylis—Hillman carbonates bearing halogen
substituents on the aromatic ring. The presence of methyl or
methoxy groups on the meta-position of the phenyl ring could
afford the corresponding products in higher ee values (91-92%),
while electron-withdrawing substitutions led to the corresponding
products in 83—86% ees. Slightly lower enantioselectivities
(81—84% ee) combined with moderate to high yields (73—95%)
were obtained for carbonates bearing para-substituents on the ar-
omatic ring. Furthermore, even 2-furyl, 2-thienyl and 3-thienyl-
substituted carbonates were compatible, giving the corresponding
products in 75—92% yields and 88—92% ees. Concerning the silanol
scope, dimethylphenylsilanol 84b (R> = Me) could be used as
nucleophile in addition to triphenylsilanol 84a, providing the cor-
responding product in only 60% yield and 81% ee. A transition state
is proposed in Scheme 31 in which a cationic ammonium inter-
mediate was formed from a Michael-type addition of the nitrogen
atom of the organocatalyst to the Morita—Baylis—Hillman adduct.
The thus-formed (DHQD),PYR-Morita—Baylis—Hillman adduct was
preferentially formed as the E isomer. The Morita—Baylis—Hillman
moiety in the U-shape cleft of the catalyst gave a sandwich-like
geometry that was stabilised by the p—p stacking between the
quinolone moiety and the phenyl ring, which blocked the Re-face of
the complex. Therefore, the triphenylsilanol anion preferentially
attacked from the Si-face to give the final product exhibiting the
(R)-configuration.

5.1.2. Chiral phosphine catalysts

A range of chiral phosphines have already been successfully
applied to the catalysis of allylic alkylation reactions of modified
Morita—Baylis—Hillman adducts with various nucleophiles.’*>> A
recent example was reported by Wu and Sha with the first
phosphine-catalysed enantioselective vinylogous allylic alkylation
of Morita—Baylis—Hillman carbonates 66 (R®> = OMe) and 81
(R® = OEt, On-Bu, Ot-Bu) with B,y-butenolides 86 (Scheme 32).5*
Indeed, in the presence of 10 mol% of chiral cyclohexane-based
squaramide-phosphine 87 as catalyst in chloroform at 25 °C, the
corresponding v,y-disubstituted butenolides 88 containing adja-
cent quaternary and tertiary stereogenic centres were obtained in
moderate to quantitative yields (52—98%), good to excellent dia-
stereoselectivities (76—98% de) and uniformly excellent enantio-
selectivities (96—99% ee). The reaction conditions were compatible
with Morita—Baylis—Hillman adducts derived from different alkyl
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acrylates 66 and 81 and methyl vinyl ketone adduct 89 (R® = Me),
however, n-butyl acrylate and t-butyl acrylate reacted with simple
v-methyl-substituted butenolide (R' = Me) with lower yields
(52—56%) than the other substrates. Carbonates bearing a strong
electron-withdrawing group at the 4- or 3-position (R?) of the ar-
omatic group generally gave better yields than those with a weak
electron-withdrawing group or without substituent. On the other
hand, carbonates with a substituent at the 2-position of the phenyl
ring failed to produce the desired product probably due to an ortho
effect. Moreover, carbonates bearing an electron-donating group,
such as methyl or methoxyl groups, at the phenyl ring were also
unreactive substrates. Concerning the B,y-butenolide substrates, in
addition to the y-methyl-substituted butenolide (R! = Me), others
bearing different y-aryl groups (R' = Ar) provided good to quan-
titative yields (78—98%), good to high diastereoselectivities
(76—96% de) in combination with remarkable enantioselectivities
(98—99% ee) regardless the electronic properties of the substituents
on the phenyl ring. This novel methodology allowed a novel route
to chiral v,y-disubstituted butenolides which represent important
motifs in biologically active natural compounds and
pharmaceuticals.

(DHQD),AQN (10 mol%)

In 2016, Zhong et al. reported the synthesis of novel chiral
bifunctional ferrocenylphosphines to be investigated in the enan-
tioselective allylic substitution of Morita—Baylis—Hillman acetates
90 with phthalimide 91 as nucleophile.®® As shown in Scheme 33,
the reaction was performed in chloroform at room temperature in
the presence of 20 mol% of chiral ferrocenylphosphine 92 which
was selected as optimal organocatalyst among several other
phosphines of this type. Under these mild reaction conditions, the
corresponding chiral amines 93 were obtained in moderate to good
yields (31—74%) along with moderate to high enantioselectivities
(62—-96% ee), as shown in Scheme 33. The study of the substrate
scope showed that the substrate derived from methyl acrylate
(R = Me) delivered a better result (74% yield, 96% ee) than the
substrates derived from ethyl and butyl acrylates (60—65% yields,
72—73% ees). It was found that electron-withdrawing aromatic
Morita—Baylis—Hillman acetates were more reactive than electron-
donating ones. Moreover, high enantioselectivities of 91-94% ee
were achieved in the reaction of multisubstituted aromatic com-
pounds (Ar = 1-naphthyl or 3,4-Me,CgH3) albeit with moderate
yields (31—36%). In contrast, the authors showed that the catalytic
system was not compatible for an aliphatic Morita—Baylis—Hillman
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Scheme 30. Vinylogous allylic alkylation reaction of Morita—Baylis—Hillman carbonates with 3-alkylidene oxindoles.
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Scheme 31. Allylic etherification reaction of Morita—Baylis—Hillman carbonates with silanols.

acetate. A plausible transition state depicted in Scheme 33 pro-
posed that the direct nucleophilic addition of the chiral ferroce-
nylphosphine catalyst to the Morita—Baylis—Hillman adduct
generated an intermediate that the phthalimide further attacked at
the y position of the olefin through its Re-face, owing to a steric
repulsion between the aromatic group of the catalyst and the
phthalimide.

5.1.3. Other catalysts

In 2016, Sun and Wang demonstrated a catalyst-controlled
switch of regioselectivity in asymmetric allylic alkylations of Mor-
ita—Baylis—Hillman carbonates with oxazolones.®® Indeed, these
authors showed that according to the nature of the organocatalyst
employed, the reaction was y- or B-regioselective. When using
quinine-derived catalyst 74, the process afforded y-regioselectively
the secondary allylic oxazolone derivatives (see Scheme 28)
whereas an addition-elimination reaction occurred when amino
acid-derived bifunctional urea catalyst 94 was employed as orga-
nocatalyst, delivering the corresponding B-regioselective primary
products. As shown in Scheme 34, a wide number of these products
were synthesised by reaction of the corresponding Mor-
ita—Baylis—Hillman carbonates 66 with oxazolones 76 performed
in the presence of 20 mol% of this catalyst in toluene at —20 °C. The
process occurred with an excellent B-regioselectivity since the
corresponding y-product 95 was obtained only in trace amount
along with major -product 96 (96:95 > 95:5). The catalytic system
was compatible with various oxazolones bearing an aliphatic sub-
stituent (R?) and to a range of carbonates exhibiting differently
substituted aromatic groups (R'). In all cases, the products were

achieved in good to high yields (62—95%), excellent E/Z ratios (91:9
to >95:5) along with uniformly high enantioselectivities (90—99%
ee) regardless of the different substitution patterns including 2-
naphthyl and heteroaryl groups (R! = 3-furyl, 2-thiophenyl). Even
an aliphatic group (R! = i-Pr) could be tolerated, providing the
corresponding product in 65% yield and 99% ee albeit with lower E/
Z ratio (91:9).

5.2. Formal 1,3-dipolar cycloadditions of Morita—Baylis—Hillman
carbonates

5.2.1. Chiral phosphine catalysts

In addition to allylic substitution reactions with nucleophiles,
Morita—Baylis—Hillman carbonates can react with electron-
deficient olefins through annulation reactions to give multifunc-
tional cyclic compounds. For example, the in situ generated phos-
phorus ylides from Morita—Baylis—Hillman carbonates in the
presence of tertiary phosphines are very reactive 1,3-dipoles in 1,3-
dipolar cycloadditions.®® This was first demonstrated in 2003 by Lu
et al. who developed the first racemic phosphine-catalysed Mor-
ita—Baylis—Hillman [3+2] annulation reaction,’” while the first
asymmetric version was reported by Tang and Zhou, in 2010.5% In
this study, these authors obtained enantioselectivities of up to 92%
ee by using spirobiindane-based chiral phosphines as catalysts in
intramolecular  [3+2] cycloadditions of modified Mor-
ita—Baylis—Hillman adducts. Ever since, a number of chiral phos-
phines have been applied to promote this type of reactions.®® As a
recent example, Zhong et al. reported the use of novel chiral
bifunctional ferrocenylphosphine 97 to promote the
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Scheme 32. Allylic alkylation reaction of Morita—Baylis—Hillman carbonates with butenolides.

enantioselective [3+2] cycloaddition of Morita—Baylis—Hillman
carbonates 66 and 81 with maleimides 7.”° The process was per-
formed in toluene at room temperature in the presence of 10 mol%
of catalyst 97 and afforded the corresponding chiral bicyclic imides
98 in good to quantitative yields (67—99%), general high diaster-
eoselectivity of >92% de and high to excellent enantioselectivities
(84->99% ee), as shown in Scheme 35. Alkyl-as well as aryl-
substituted maleimides reacted smoothly with a range of methyl,
ethyl and n-butyl esters bearing electron-withdrawing, electron-
donating or electron-neutral groups on the aryl ring (Ar). In gen-
eral, electron-withdrawing aromatic substrates had a slightly better
reactivity than electron-donating ones. Very good results were also
achieved in the reaction of carbonates bearing heteroaromatic and
fused heteroaromatic groups (67—74% yields, 96—99% ees). In
contrast, an alkyl Morita—Baylis—Hillman carbonate did not react
even at higher temperature (up to 60 °C) or by using a higher
catalyst loading. To explain the stereochemical outcome of the re-
action, the authors proposed that the organocatalyst attacked the
Morita—Baylis—Hillman carbonate to form allylic phosphonium
intermediate O (Scheme 35). The H-bonding between the catalyst
and the maleimide enhanced the reactivity. Then, due to spatial
induction of the thiophene ring on the chain, intermediate O
attacked the maleimide through its Re-face to form transition state
P, which was then transformed into the final product.

Barbituric acid derivatives constitute important pharmacolog-
ical products. In this context, Guo et al. recently developed the first
asymmetric construction of spirobarbiturate-cyclopentenes.”' This
was based on the enantioselective phosphine-catalysed formal 1,3-
dipolar cycloaddition of Morita—Baylis—Hillman carbonates 66
with barbiturate-derived alkenes 99. As shown in Scheme 36, the
process occurred at 80 °C in the presence of 20 mol% of multi-
functional chiral phosphine catalyst 100 in trifluorotoluene as sol-
vent, leading to a range of chiral products 101 isolated as almost
single diastereomers (>90% de) in moderate to quantitative yields
(30—99%) and high to excellent enantioselectivities (81—99% ee).
Only aryl-substituted Morita—Baylis—Hillman carbonates were
tolerated with electron-donating as well as electron-withdrawing
substituents, providing the corresponding products in good to
excellent yields (64—99%) and enantioselectivities (85—93% ee).
Moreover, the position of the substituents on the phenyl ring
seemed to have no remarkable influence on the activities and
stereoselectivities of the reaction. In addition, 2-naphthyl and 2-

thienyl-substituted substrates also gave good results (87—90%
yields, 90—93% ees). Concerning the barbiturate-derived alkenes,
aryl-substituted substrates uniformly provided excellent enantio-
selectivities (91—-99% ee) regardless of the substitution pattern and
electronic nature of the substituents combined with moderate to
quantitative yields (45—99%) while a cyclohexyl-substituted alkene
(R = Cy) displayed a moderate activity (30% yield) albeit combined
with a good enantioselectivity (81% ee).

The same authors also applied organocatalyst 100 to promote
the enantioselective formal 1,3-dipolar cycloaddition of Mor-
ita—Baylis—Hillman carbonates 66 with cyclic 1-azadienes 102.”%
As shown in Scheme 37, the reaction evolved in the presence of
20 mol% of this catalyst in dichloromethane at —10 °C, leading to a
range of densely functionalised chiral cyclopentenes 103 exhibiting
three consecutive tertiary stereocentres as almost single di-
astereomers (>90% de) in moderate to quantitative yields (45—99%)
and uniformly excellent enantioselectivities (91—-98% ee) in the
case of (hetero)aryl-substituted Morita—Baylis—Hillman carbon-
ates (R = aryl, heteroaryl). In contrast, a low reactivity (15% yield)
combined with a moderate enantioselectivity (73% ee) were ob-
tained in the reaction of an alkyl-substituted Morita—Baylis—Hill-
man carbonate (R = Et). Variously aryl-substituted cyclic 1-
azadienes were tolerated, providing comparable excellent enan-
tioselectivities (93—99% ee) irrespective of the position and elec-
tronic properties of the substituents on the phenyl ring (Ar).
Moreover, these products were achieved in excellent yields
(97—99%) except the 3,4-(Me0),CgHs- and 4-F3CCgHy4-substituted
cyclic 1-azadiene substrates which led to the corresponding
cyclopentenes in 65% and 45% yields, respectively. The synthetic
utility of this novel methodology was shown in the conversion of
one of the products into a potential inhibitor of protein
phenyltransferases.

5.2.2. Cinchona alkaloid catalysts

Besides chiral phosphine catalysts, Cinchona alkaloids have also
been successfully applied to promote various asymmetric 1,3-
dipolar cycloadditions of modified Morita—Baylis—Hillman ad-
ducts. For example, a-isocupreine was demonstrated by Chen et al.
to be an efficient catalyst in the first use of nitroolefins in asym-
metric formal 1,3-dipolar cycloadditions of Morita—Baylis—Hillman
derivatives.”® Indeed, the reaction of isatin-derived Mor-
ita—Baylis—Hillman carbonates 104 with a variety of aromatic
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Scheme 34. Allylic alkylation reaction of Morita—Baylis—Hillman carbonates with oxazolones.

nitroolefins 105 performed in the presence of 10 mol% of a-iso-
cupreine, DIPEA as a base in acetonitrile as solvent at 25 °C led to
the corresponding chiral spirocyclic oxindoles 106 incorporating an
unusual cyclopentadiene motif. As shown in Scheme 38, these
multifunctionalised chiral products were achieved in moderate to
good yields (40—73%) combined with moderate to excellent
enantioselectivities (62—98% ee) after elimination of HNO; in the
presence of DIPEA. It was found that the electronic properties of the
substituents (R) on the aryl ring of the Morita—Baylis—Hillman

carbonates had an influence on the results. For example, the car-
bonates bearing electron-withdrawing groups exhibited better
reactivity than those bearing electron-donating groups. On the
other hand, a variety of nitroolefins with diverse B-aryl or hetero-
aryl groups were compatible. Those with electron-rich aryl rings
delivered the corresponding products in moderate yields (58—65%)
and excellent enantioselectivities (94—98% ee) while those with
electron-deficient groups gave products in higher yields (68—72%)
but with moderate to good ee values (62—84% ee). Moreover, 2-



furyl and 2-thienyl groups also showed lower reactivity even at
higher temperature (40—46% yields at 35 °C) albeit high enantio-
selectivities were achieved (87—92% ee). In contrast, nitroolefins
exhibiting B-alkyl substituents were unreactive.

The same authors also reported the highly efficient enantiose-
lective formal 1,3-dipolar cycloaddition of other isatin-derived
Morita—Baylis—Hillman carbonates 107 with 2-nitro-1,3-enynes
108.7* Using the same catalyst in chloroform at 0 °C, the reaction
regioselectively afforded the corresponding densely functionalised
chiral spirooxindoles 109 possessing three contiguous stereogenic
carbon centres including adjacent quaternary ones. They were
obtained as almost single diastereomers (>90% de) in good to high
yields (71-91%) and enantioselectivities (72—95% ee), as shown in
Scheme 39. The Morita—Baylis—Hillman carbonates tolerated
various substituents (R) as well as the aryl group (Ar) of the 2-nitro-
1,3-enynes. The lowest enantioselectivities (72—87% ee) were ob-
tained for the reaction of nitroolefins bearing electron-
withdrawing substituents. On the other hand, the 2-naphthyl-
substituted nitroolefin delivered the corresponding product with
85% yield and 90% ee. The high synthetic utility of this novel
methodology was shown in the transformation of one product into
complex chiral polycyclic products.

A range of other densely functionalised chiral spirooxindoles
were achieved by these authors on the basis of highly regio-, dia-
stereo- and enantioselective formal 1,3-dipolar cycloadditions of
isatin-derived Morita—Baylis—Hillman carbonates 104
(EWG = CO;Me) and 110 (EWG = CN) with cyclic 1-azadienes
(Scheme 40).”> Indeed, bulky electron-withdrawing 1,2-
benzoisothiazole 1,1-dioxide derivatives 111 (X = SO,) bearing
diversely substituted aryl, heteroaryl or styryl groups reacted with

H
Fe PPhy

N

arange of Morita—Baylis—Hillman carbonates 104 exhibiting either
electron-donating or electron-withdrawing groups on the aryl ring
in the presence of 10 mol% of B-isocupreidine as catalyst. Performed
in dichloromethane at room temperature, the reaction remarkably
led to the corresponding chiral spirooxindoles 112 as almost single
diastereomers (>90% de) in good to quantitative yields (81—98%)
and excellent enantioselectivities (87->99% ee). In addition, a
Morita—Baylis—Hillman carbonate derived from isatin and acrylo-
nitrile 110 (EWG = CN) smoothly underwent the reaction to give
the corresponding product 113 with excellent yield (93%) and
enantioselectivity (94% ee). The scope of the process was extended
to other cyclic 1-azadienes, such as 1,2,3-benzoxathiazine 2,2-
dioxide derivatives 114 (X = 0SO,), which allowed the corre-
sponding chiral spirooxindoles to be achieved in comparable
excellent enantioselectivities (95—99% ee) with slightly lower
yields (75—93%).

5.3. Miscellaneous reactions of Morita—Baylis—Hillman carbonates
and acetates

Besides the two typical reactions ascribed to Mor-
ita—Baylis—Hillman carbonates and acetates depicted in Sections
5.1 and 5.2, dealing with allylic substitution reactions and [3+2]
annulations, these substrates have been recently involved in other
types of asymmetric organocatalysed transformations that have
greatly enriched their synthetic versatility. For example, the first
enantioselective phosphine-catalysed [3+3] annulation of Mor-
ita—Baylis—Hillman carbonates 66 (R> = Me) and 81 (R?> = Et, Bn)
with C,N-cyclic azomethine imines 115 was described by Guo et al.,
in 2015.7° It involved spirocyclic chiral phosphine 116 as catalyst in
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Scheme 35. 1,3-Dipolar cycloaddition of Morita—Baylis—Hillman carbonates with maleimides.
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Scheme 37. 1,3-Dipolar cycloaddition of Morita—Baylis—Hillman carbonates with cyclic 1-azadienes.

dichloromethane at —10 °C. As shown in Scheme 41, the reaction
led to a novel class of pharmaceutically interesting 4,6,7,11b-tet-
rahydro-1H-pyridazino[6,1-a]isoquinoline derivatives 117 which
were obtained in good to excellent yields (61-95%), excellent dia-
stereoselectivity of >90% de in all cases and remarkable enantio-
selectivities of 98->99% ee. These uniformly excellent results were
achieved with a variety of Morita—Baylis—Hillman carbonates
bearing different aromatic groups, regardless of the steric and
electronic properties of the substituents on the aromatic ring. 2-
Naphthyl- and 2-thienyl-substituted Morita—Baylis—Hillman car-
bonates also provided an excellent enantioselectivity of >99% ee
with satisfactory yields (89% and 61%, respectively). Furthermore,
varying the ester moiety (R?) of the carbonates was tolerated since
comparable excellent results were reached. The substrate scope of
the azomethine ylide was also wide, since uniformly excellent
enantioselectivities were obtained irrespective of the presence of
methyl, methoxy and halogen substituents (R') on the aromatic
ring. Moreover, the steric bulk of the substituents at the para-po-
sition of the phenyl ring (Ar! = p-(n-Pr)CgHa, p-(t-Bu)CgHa) of the

arylsulfonyl protecting group had no significant influence on the
stereoselectivity of the reaction, since the corresponding products
were also obtained in good yields (67—74%) and excellent dia-
stereo- and enantioselectivities of >90% de and >99% ee, respec-
tively. It must be noted that these novel dinitrogen-fused chiral
heterocycles presented the advantage to combine the biologically
important tetrahydroisoquinoline core and pyridazine core.

In 2015, Fu and Kramer reported the first enantioselective
organocatalytic [4+1] annulation of Morita—Baylis—Hillman-
allenic-type acetates 118 with sulfonamides 119 to give the corre-
sponding chiral dihydropyrroles 120.”” These synthetically useful
nitrogen chiral heterocycles were produced in the presence of
10 mol% of novel spirophosphine 121 as catalyst, NaOPh as base and
1:1 mixture of CPME/toluene as solvent at 40 °C. As shown in
Scheme 42, a range of allenic Morita—Baylis—Hillman-type acetates
118 reacted with aromatic sulfonamides 119 to afford the corre-
sponding products 120 in good to high yields (74—95%) and high
enantioselectivities (83—93% ee). It was found that the nature of the
ester group (R?) of the Morita—Baylis—Hillman-type adduct had
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almost no impact on both the yield and enantioselectivity of the
reaction. In addition to simple alkanes, the allene could exhibit as
R! substituent an alkyne, a silyl ether, a dialkyl ether, an imide and a
thiophene, providing comparable results. Different aromatic
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Scheme 40. 1,3-Dipolar cycloaddition of isatin-derived Morita—Baylis—Hillman car-
bonates with cyclic 1-azadienes.

sulfonamides were also compatible with the best results achieved
when the aryl groups exhibited electron-withdrawing substituents,
such as nitro, cyano or trifluoromethyl groups in para or ortho po-
sitions, while lower yields and enantioselectivities were observed if
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Scheme 41. [3+3] Annulation of Morita—Baylis—Hillman carbonates with C,N-cyclic
azomethine imines.
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Scheme 42. [4+1] Annulation of Morita—Baylis—Hillman-type acetates with sulfonamides.

the aromatic group was not electron-poor (Ar = Ph). A possible
mechanism for this novel process is depicted in Scheme 42,
beginning with the nucleophilic B-addition of the phosphine
catalyst to the allene, leading to intermediate Q. Next, the sulfon-
amide added to either olefin, providing intermediates R and/or S.
Finally, the intramolecular addition of the sulfonamide to the other
olefin afforded intermediate T, which then underwent elimination
to give the final product and the regenerated phosphine catalyst.
In another area, Zhang et al. recently developed the highly
enantioselective phosphine-catalysed umpolung addition of tri-
fluoromethyl ketimines 122 to Morita—Baylis—Hillman carbonate
123, allowing a novel route to chiral trifluoromethyl amines 124.78
As shown in Scheme 43, the process was promoted by 10 mol% of
novel phosphine catalyst 125 in toluene at room temperature and
led to a range of products 124 in good to high yields (70—91%) and
uniformly excellent enantioselectivities (90—99% ee). It was

compatible to various aryl trifluoromethyl ketimines (R = aryl)
bearing diverse functional groups, such as halogens, electron-
donating- as well as electron-withdrawing groups at the para po-
sition of the phenyl ring, providing the corresponding products
with 93—-99% ee and good yields (70—91%). Slightly lower enan-
tioselectivities (94—95% ee) were achieved in the reaction of meta-
substituted phenyl substrates. Other aryl groups, such as 2-
naphthyl and 1-thienyl were also tolerated, giving the corre-
sponding amines in comparable enantioselectivities (94—96% ee).
The scope of the process was also extended to alkyl trifluoromethyl
ketimines (R = alkyl), which could be linear or a,3-branched ones
and bear diverse functional groups, yielding the corresponding
products in high yields (73—90%) and enantioselectivities (90—99%
ee). To illustrate the synthetic utility of this novel methodology, the
authors converted some products into chiral a-methylene y-lac-
tams which constitute valuable synthetic building blocks and,
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Scheme 43. Umpolung addition of trifluoromethyl ketimines to a Morita—Baylis—Hillman carbonate.

moreover, are often found in many anticancer drugs.

Chiral functionalised 1,2-dihydropyridines 73 (R®> = OMe) and
126 (R = Me), synthesised by Liao et al. through enantioselective
hydroquinine-catalysed allylic alkylation reaction of modified
Morita—Baylis—Hillman adducts with o-cyano-substituted 1,2-
dihydropyridines (Scheme 27), were further submitted by treat-
ment with tetrabutylammonium cyanide (TBACN) to a stereospe-
cific intramolecular acylcyanation.’® As shown in Scheme 44, the

reaction performed in N-methyl-2-pyrrolidone as solvent at —10 °C
stereospecifically gave rise to the corresponding chiral functional-
ised pyridines 127 in moderate to good yields (50—83%), high
diastereoselectivities (80->90% de) and almost complete enantio-
specificity (>99%). Allyl-substituted dihydropyridines including
aromatic as well as aliphatic substituents (R!) provided comparable
results with diastereoselectivities ranging from 84% to >90% de. The
lowest diastereoselectivity of 80% de was obtained for the reaction

TBACN (10 mol%)

3
/& COR N—methyl—2—°pyrrolidone PO CN
R2S0 Ar -10°C R7OC Cors
73 (R® = OMe) 127
126 (R® = Me) 50-83%, 80-> 90% de

R'= Ph, p-MeOCgHy4, p-Tol, p-F3CCgHy, o-Tol, i-Pr

R? = OEt, Oi-Bu, Oallyl

R® = OMe, Me

Ar = Ph, p-BrCgH,4, p-MeOCgH,4, m-BrCgH4, m-MeOCgH,4, 0-BrCgHy4, 2-Naph

proposed mechanism:

. 1 NC =« CN
CN Rm 5
R
(catalyst) X N\y//OO_
R2
U

Scheme 44. Intramolecular acylcyanation of Morita—Baylis—Hillman carbonates and acetates.



of dihydropyridine 126 bearing a ketone moiety (R> = Me) instead
of an ester one. The mechanism of this process promoted by an
achiral organocatalyst is shown in Scheme 44. It begins with the
formation of enolate U arisen from the Michael addition of the
cyanide anion to the activated C=C bond of the enantioenriched
1,2-dihydropyridine. Because of the facial selectivity of this enolate,
an intramolecular condensation between the latter (Si-face) with
the amide group subsequently occurred stereospecifically,
providing intermediate V, which then afforded the final product
and the regenerated cyanide ion.

6. Conclusions

Based on two important concepts, such as organocatalysis and
atom economy, the powerful, simple and synthetically useful
asymmetric Morita—Baylis—Hillman reaction has stimulated a
remarkable and increasing interest among asymmetric carbon-
—carbon bond forming reactions, providing access to a wide variety
of chiral densely functionalised products. In the last few years, the
discovery of novel organocatalysts, such as chiral phosphines,
amines and (thio)ureas based on the concept of bi/multi-
functionality, to promote these environmentally friendly reactions
has significantly extended their scope. Besides commonly used
electrophiles, such as simple aldehydes and imines, other electro-
philic substrates have been recently successfully applied to these
reactions. For example, enantioselectivities ranging from 91% to
>99% ee have been achieved by using (7-aza)isatins, indole-derived
imines, isatin-derived ketimines or sulfonated imines among
others. Furthermore, novel activated alkenes such as maleimides or
a,B-unsaturated y-butyrolactams along with various more simple
acrylates, acrylonitriles, acrolein and enones have provided excel-
lent enantioselectivities of up to >99% ee. In spite of these excellent
results, it must be noted that one universal catalyst suitable for a
family of substrates is, however, still lacking and consequently, ef-
forts will have to be made in the near future to develop effective
catalysts applicable to even more types of activated alkenes and
electrophiles.

In the area of the asymmetric organocatalysed applications of
Morita—Baylis—Hillman adducts, it must be noted that these
readily accessible racemic reagents, exhibiting at least three func-
tional groups in close-proximity, are recognised as an excellent
source for discovering new catalytic asymmetric transformations.
In particular, enantioselective organocatalysed allylic substitutions
of racemic Morita—Baylis—Hillman carbonates and acetates with
many types of nucleophiles have been widely developed. In the last
two years, remarkable enantioselectivities ranging from 94% to
>99% ee have been reported by several groups using nucleophiles
as diverse as hydrazones, anthrone, o-cyano-substituted 1,2-
dihydropyridines, oxazolones, azlactones, 3-alkylidene oxindoles,
butenolides, phthalimide, oxazolones and silanols. On the other
hand, the organocatalytic generation of allylic ylides from Mor-
ita—Baylis—Hillman carbonates and acetates has been applied to
develop many enantioselective formal 1,3-dipolar cycloadditions
with activated alkenes. Newly designed phosphine- and/or amine-
based chiral organocatalysts have been proven effective in the
stereocontrol of these annulations. For example, excellent enan-
tioselectivities ranging from 93% to >99% ee have been recently
achieved by using maleimides, barbiturate-derived alkenes, cyclic
1-azadienes and nitroolefins as activated alkenes in formal [3+2]
cycloadditions of racemic Morita—Baylis—Hillman carbonates.
Other novel interesting enantioselective organocatalysed trans-
formations of these modified adducts have encountered success,
such as [3+3] annulations with C,N-cyclic azomethine ylides ach-
ieved with >99% ee, [4+1] annulations with sulfonamides per-
formed in 93% ee, or umpolung additions of trifluoromethyl

ketimines providing 99% ee. In spite of these recent excellent de-
velopments, the reactivity of Morita—Baylis—Hillman derivatives
has not been fully exploited by organic chemists so far and there is
much more to understand and design more appropriate strategies
for proper tuning of their three functional groups to discover novel
asymmetric reaction pathways and further apply them in the
synthesis of natural products as well as biologically relevant
molecules.
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Abbreviations

Ar: aryl

AQN: anthraquinone

BINAP: 2,2'-bis(diphenylphosphino)-1,1’-binaphthyl
BINOL: 1,1’-bi-2-naphthol

Bn: benzyl

Boc: tert-butoxycarbonyl

CPME: cyclopentylmethyl ether

Cy: cyclohexyl

DABCO: 1,4-diazabicyclo[2.2.2]octane
de: diastereomeric excess

DHQD: dihydroquinidine

DIPEA: diisopropylethylamine

DMEB: N-dodecyl-N-methylephedrinium bromide
DMF: dimethylformamide

ee: enantiomeric excess

EWG: electron-withdrawing

HFIPA: 11,1,3,3,3-hexafluoroisopropyl acrylate
LG: leaving group

MOM: methoxymethyl

MS: molecular sieves

MTBE: methyl t-butyl ether

Naph: naphthyl

Nu: nucleophile

Pent: pentyl

PHAL: 1,4-phthalazinediyl

r.t.: room temperature

TBACN: tetrabutylammonium cyanide
THF: tetrahydrofuran

TIPS: triisopropylsilyl

TMS: trimethylsilyl

Tol: tolyl

Ts: 4-toluenesulfonyl (tosyl)



