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Abstract: a-Functionalization of conjugated nitroalkenes and nitrodienes using various electrophiles in the
presence of amine catalysts such as imidazole and DMAP and the synthetic applications of the products are
reviewed. The electrophiles include formaldehyde, activated non-enolizable carbonyl compounds, activated
imines, azodicarboxylates as well as activated alkenes such as nitroalkenes, MVK and acrylate. Reports on
synthetic applications of the products, though only appearing in the last three years, highlight the potential of
these multi-functional scaffolds to take part in diverse transformations such as Michael addition, cycloaddition
and many cascade reactions leading to complex molecules including natural products.
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1. Introduction

The Morita-Baylis-Hillman (MBH) re-
action, in general, is a C—C bond forming
reaction of an o,B-unsaturated carbonyl
compound with an aldehyde mediated by
an organic nucleophilic base resulting in an
allylic alcohol. Since this reaction embod-
ies atom economy and generation of func-
tional groups in a one-pot three-step three-
component fashion, it is regarded as an
important process for the formation of car-
bon—carbon bonds. While the phosphine-
catalyzed reaction was reported by Morita
in 196811 the corresponding amine-cata-
lyzed version was disclosed by Baylis and
Hillman in 1972.121 Ignored for a long time
after its invention, the reaction was resur-
rected in the 1980s when organic chemists
led by Basavaiah started exploring different
facets of this fabulous reaction.3! Although
the original process involved the use of an
aldehyde as electrophile in a Michael-
aldol-elimination sequence, replacement
of the aldehyde by an imine led to the for-
mation of o-aminoalkylated products. The
aminoalkylation strategy, which involves a
Michael-Mannich-elimination sequence,
leads to very useful B-methylene-f-amino
products and, in particular, to 3-amino es-
ters when an acrylate is used as Michael ac-
ceptor. This has now developed into a sub-
area of MBH reaction and is often called
the aza-MBH reaction.*] Further variation
of the electrophile to electron deficient al-
kenes in a Michael-Michael-elimination
sequence leads to homo- and heterodimer-
ization which is also the vinylogous ver-
sion of the MBH reaction and is currently
termed the Rauhut-Currier reaction.[!

Detailed mechanistic studies have
shed light onto the role of catalysts and
solvents in this equilibrium-controlled re-
action.[36] The scope of the reaction has

been extensively investigated in recent de-
cades by employing numerous substrates,
electrophiles, catalysts and conditions.[37]
Intramolecular3! and asymmetricl8! ver-
sions have given a fresh impetus towards
expanding the scope and applications of
this fascinating reaction. The immense po-
tential of this reaction as a key step in the
synthesis of complex molecules including
natural products is evident from the num-
ber of reviews appeared on the synthetic
applications of MBH reaction in the past
decade.”! Biological properties of the
MBH adducts,[19] formation of unexpected
products in the MBH reaction!!!l and for-
mation of MBH adducts through other
reactions!!2! have also become the subject
matter of recent reviews.

In this short review we have focused
exclusively on the MBH and RC reac-
tions of nitroalkenes and their synthetic
applications reported by us and closely re-
lated work by others. Although Baylis and
Hillman have reported in their patent that
nitroethylene 1 reacted with acetaldehyde
4 (R' = CH,) in the presence of DABCO
to afford the MBH adduct 6, there were no
further reports or experimental data in the
literature (Scheme 1).21 Our attempts to
carry out the reaction proved futile as we
observed only polymerization of nitroeth-
ylene 1. We attributed the reluctance of ni-
troethylene 1 to undergo the MBH reaction
to instant reversibility of the initial conju-
gate addition of the tertiary amine catalyst
to nitroethylene 1 and/or Michael addition
of the initially formed nitronate 2 to anoth-
er molecule of nitroethylene 1 to form the
intermediate 3, instead of addition to the
aldehyde 4 in an aldol fashion to form the
desired product 6 through the intermediate
5. It is presumed that the intermediate 3
further reacts with nitroethylene 1 leading
to polymerized product.
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In light of the above, we turned to
[B-substituted nitroethylenes in anticipation
that these would be less prone to polym-
erization. Surprisingly, there has been no
report, besides the mention made by Baylis
and Hillman in their patent,[2! of the MBH
reaction of nitroalkenes when we initiated
our program in early 2001. This is despite
the well-documented status of nitroalkenes
as synthetic chameleons because of their di-
versereactivity as Michaelacceptors, dieno-
philes, dipolarophiles and 1,3-dipoles.[!3]
However, besides the difficulties encoun-
tered in employing nitroethylene 1 as a
substrate in the MBH reaction, the well-
established fact that B-substituted electron-
deficient alkenes, in general, do not react
or react only sluggishly in the MBH reac-
tion may have dissuaded various research
groups from directing their efforts towards
developing a viable strategy for the MBH
reaction of nitroalkenes.

2. Hydroxyalkylation

Initially, =~ we  investigated  the
o-hydroxymethylation of various aro-
matic and heteroaromatic nitroalkenes 7
with formaldehyde 8 (Scheme 2).1141 Our
optimization studies have revealed that
stoichiometric amounts of imidazole in the

presence of catalytic amounts of anthranil-
ic acid in THF at room temperature would
provide the hydroxymethylated adducts of
nitroalkenes 9 in good yields.

Anthranilic acid was superior to ani-
line and benzoic acid as co-catalyst sug-
gesting its involvement in the dual activa-
tion of nitroalkene 7 and aldehyde 8. The
a-hydroxymethylated nitroalkenes 9 were
subsequently screened for their anticancer
activity and some of them were found to
inhibit cervical cancer (HeLa) cell prolif-
eration at low micromolar concentrations
with half-maximal inhibitory concentra-
tions in the range of 1-2 uM. It was shown
that the hydroxymethylated nitroalkenes 9
exert their antiproliferative activity at least
in part by depolymerizing cellular micro-
tubules through tubulin binding.!3!

Since the MBH reactions of ni-
troalkenes 7 with various aliphatic and
aromatic aldehydes were not immediately
feasible, we employed activated noneno-
lizable carbonyl compounds 10 as elec-
trophiles for reaction with various conju-
gated nitroalkenes 7 (Scheme 3).[16] The
substrate scope of this reaction showed
that ethyl 2-oxopropanoate (10a) and ethyl
phenyl glyoxylate (10b) were not suitable
electrophiles for reaction with nitroalkenes
7. But, ethyl glyoxylate (10c), methyl
3,3,3-trifluoro-2-oxopropanoate  (10d),
ketomalonate 10e and pyruvaldehyde 10f
reacted with a variety of nitroalkenes 7 un-

der the optimized conditions, i.e. 40-100
mol% of DMAP in CH,CN or 100 mol%
of imidazole in CHCl3 or THF, and pro-
vided the MBH adducts 11 in high yields.
Among the cyclic activated carbonyl com-
pounds, o-dicarbonyl compounds were
inactive while the tricarbonyl compound,
ninhydrin 10g, provided good yields of the
MBH adducts 11.

The MBH reactions of nitroalkenes
7 and nitrodienes 12 with formaldehyde
8 and o-dicarbonyl compounds 10, e.g.
ethyl glyoxylate 10c and pyruvaldehyde
10f, gave E isomers 11a/13a as the major
or exclusive products whereas Z isomers
11b/13b were obtained in the cases of
trifluoropyruvate 10d and ninhydrin 10g
(Schemes 3 and 4).[17]

The above selectivities were explained
on the basis of transition state models. In
case of electrophiles 10 having R! and/or
R? as H, their approach is tolerated from
the hindered side of nitronate 15 leading to
E isomer (path A, Scheme 5).[171 This is be-
cause there are no severe steric interactions
between the alkoxide and the B-substituent
R in the intermediate 14 and hence E iso-
mer 11a or 13a is formed (Scheme 5). But
in the case of electrophiles, where R' and
R? # H, approach from the less hindered
side of the nitronate 15 avoiding any possi-
ble steric interaction between the alkoxide
and the B-substituent R in the intermediate
16 gives rise to Z isomer 11b or 13b.

The reaction between nitroalkenes 17
and ketoesters 10d,e gave B, y-unsaturated

H H nitro compounds 19 instead of the expected
,_&R H R H MBH adducts 20 (Scheme 6).[17] This was
o Path A -
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attributed to the y-hydrogen abstraction by
the alkoxide through a chair-like confor-
mation adopted by the transition state 18,
which was devoid of 1,3-diaxial interac-
tion of NO, group with the substituent R.

Recently, Chen et al. have reported an
efficient thiourea 22 promoted MBH reac-
tion of various conjugated nitroalkenes 7
with ethyl glyoxylate 10c in the presence
of DMAP (20 mol%) under solvent free
conditions or imidazole (100 mol%) in
aqueous medium (Scheme 7).[18]

3. Aminoalkylation/Hydrazination

The aza-MBH reaction of nitroalkenes
7 appeared an attractive approach for the
synthesis of novel 1,2-nitramines, 1,2-di-
amines and o-aminoketones. Since activat-
ed imines, particularly N-sulfonylimines
23, have been successfully employed for
aminoalkylation of o,B-unsaturated ke-
tones, esters, and aldehydes,*l we pro-
posed that such imines would be suitable
electrophiles for o-aminoalkylation of ni-
troalkenes 7 as well (Scheme 8). Our cata-
lyst screening suggested that imidazole as
catalyst in conjunction with LiCl as co-
catalyst in dioxane would constitute suit-
able conditions for obtaining the aza-MBH
adducts 24 in moderate to good yields
(15-69%, Scheme 8).1191 The role of LiCl,
besides its ‘salting out’ ability and Lewis
acidic nature, is reminiscent of the R,N-
LiCl combination in the Roush-Masamune
variant of the Horner-Wadsworth-Emmons
reaction. Some of the aminoalkylated prod-
ucts 24 exhibited anti-cancer properties by
inhibiting human cervical cancer (HeLa)
cell proliferation at low micromolar con-
centrations (1-10 uM). The activity was
attributed to perturbation of microtubule
assembly in vitro and in cells by tubulin
binding.

It appeared possible to employ iminium
species, generated in situ from an aldehyde
and a secondary amine, as electrophiles for
aminoalkylation of nitroalkenes 7 and ni-
trodienes 12. Thus facile aminoalkylation
at the B-position of nitroalkenes 7 possess-

ing aryl, heteroaryl, and alkyl substituents
at the B-position as well as d-substituted
nitrobutadienes 12 could be achieved by
treating them with formaldehyde 8 and a
secondary amine 25 in the presence of im-
idazole as catalyst and trifluoroacetic acid
as co-catalyst (Scheme 9).1201 The scope
of this reaction was investigated by using
different cyclic secondary amines such
as morpholine, piperidine and thiomor-
pholine and in all the cases the products
were obtained in moderate to high yields
(48-83%) and excellent stereoselectivity.
Multiple roles have been proposed for TFA
as Brgnsted acid in this reaction. These
include activation of the nitroalkene 7/ni-
trodiene 12 towards conjugate addition of
imidazole, stabilization of the so-formed
nitronate via hydrogen bonding, activation
of the aldehyde in the iminium formation
and activation of the iminium towards ad-
dition of the nitronate by stabilizing the
counter ion.

Having developed the C—C bond form-
ing methods, viz hydroxyalkylation and
aminoalkylation, via the MBH reaction
of nitroalkenes, we turned our attention to
C-hetero atom bond formation. In particu-
lar, azodicarboxylates, by virtue of their
ability to react as electrophilic aminating
agents, appeared excellent candidates for
C-N bond formation under MBH con-
ditions. Thus the MBH reactions of ni-
troalkenes 7 with azodicarboxylates 27
proceeded smoothly with imidazole or
DMAP as the catalyst at room tempera-
ture and provided novel o-hydrazino-o.,f3-
unsaturated nitroalkenes 28 in excellent
yields (4-5 h, up to 98%, Scheme 10).[21]
Our catalyst and solvent screening con-
firmed that the most appropriate solvents
were THF for imidazole and acetonitrile
for DMAP. The nature of substrates on
the aromatic ring of nitroalkenes 7 (R =
Ar) had no effect on the efficiency of the
reaction. Both diethyl- and diisopropyl
azodicarboxylate (DEAD and DIAD) were
equally effective as electrophilic agents but
the corresponding diamide remained unre-

10 mol% 29 or 30 H
Al Negg

R 1o NS CCly,RT
.
2 Pl 77-98% yield Az
Ar 29-57% ee NO,
7 23 14 examples 24

VD

={_N
(L, G

OH —NH
SO M

30

Scheme 11.

active. The geometry of the hydrazinodi-
carboxylates 28 was assigned to be E by
analysis of the 'H-'H NOESY spectrum
and single crystal X-ray analysis of a rep-
resentative compound.

The asymmetric version of the ami-
noalkylation of nitroalkenes described in
Scheme 8 has been developed by Sasai et
al. using a new class of chiral imidazoles
29 and 30 (Scheme 11).1221 The bifunc-
tional Lewis base-Brgnsted acid chiral
BINOLate organocatalysts 29 and 30 were
instrumental in delivering the aza-MBH
adducts 24 in good yields but with moder-
ate enantioselectivities (up to 60% ee). But
nevertheless, the cooperativity of acidic
phenolic hydroxy groups in activating
nitroalkenes and basic imidazole unit in
acting as a nucleophilic Lewis base, thus
creating an environment for asymmetric
induction, has been elegantly demonstrat-
ed by the authors in this reaction.

Xu et al. have reported an aza-MBH-
type reaction of N-tosylimines 23 and
nitroalkene 31 in the presence of (1R,2R)-
diaminocyclohexane-thiourea 33 as the
chiral catalyst.?3] The products, B-nitro-y-
enamines 32 were isolated in good yields
(up to 95%) and high diastereo- (up to 99:1
dr) and enantioselectivities (up to 91% ee,
Scheme 12). However, the products are not
o.,3-unsaturated nitroalkenes and the ap-
plicability of the catalyst 33 has been lim-
ited to trisubstituted B-nitrostyrene as no
reaction was observed when disubstituted
nitroalkenes were employed as substrates.
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Ballini et al. have described a reac-
tion between aliphatic nitroalkenes 34 and
ethyl-2-bromomethylacrylate 35 under
DBU-catalyzed conditions (Scheme 13).[24]
Although the products are not conjugated
nitroalkenes (see also Schemes 6 and 12)
and elimination of bromide takes place
thereby undermining the atom economy,
it appears to be the first example of a vi-
nylogous MBH-type reaction or Rauhut-
Currier (RC)-type reaction of nitroalkenes.
According to the mechanism proposed by
the authors, the nitronate arising from
Michael addition of DBU to nitroalkene
34 adds to acrylate 35 in a second Michael
reaction. This second Michael addition,
which is overall a vinylogous S 2 reaction
(5,2, is facilitated by activation of the al-
lylic position via substitution of bromide
by DBU. Finally, B,y-elimination com-
pletes the sequence.

The imidazole-LiCl catalyst system
we employed in the aminoalkylation of ni-
troalkenes (Scheme 8) was originally em-
ployed for the RC reaction of nitroalkenes 7
and nitrodienes 12 with methyl vinyl ketone
(MVK) and acrylate 37 (Scheme 14).125.26]
While the RC adducts of nitroalkenes 7
and nitrodienes 12 with MVK were iso-

lated in moderate to good yield (28-60%),
the yields were relatively lower with acry-
late (18—27%). One of the RC adducts was
found to inhibit HeLa cell proliferation at
low micromolar (<5 uM) concentrations
by binding to tubulin.

Having developed a method for the
hetero-coupling of nitroalkenes with
other electron-deficient alkenes such as
MVK and acrylate 37, we investigated the
more challenging self-dimerization of ni-
troalkenes 7 and nitrodienes 12 (Scheme
15).1261Under the optimized conditions, i.e.
in the presence of 50 mol% imidazole and
10 mol% hydroquinone in CH,Cl,, four
nitroalkenes and a nitrodiene dimerized
to provide the RC adducts 39 in varying
yields. Interestingly, when the reaction
was carried out in the presence tricyclo-
hexylphosphine, the heteroaromatic ni-
troalkenes formed nitrodienes 40 through
self-dimerization and an abnormal nitro
group elimination.

The proposed mechanism identifies a
common intermediate 42 for the formation
of normal RC adduct 39 and the abnormal
one 40 that arises via nitro group elimina-

tion (Scheme 16).126/Tn the normal pathway
(not shown) 42 undergoes intramolecular
proton transfer followed by elimination of
the catalyst to afford dimer 39. However,
transformation of 42 to 40 directly via in-
termediate 43 (path A) or through more
likely ylide 44 in which HNO, was elimi-
nated prior to the elimination of phosphine
was proposed in the abnormal pathway.

Xiao et al. have developed a highly en-
antioselective and atom economical crossed
RC reaction of nitroalkenes with tethered
o, B-unsaturated esters 46 by merging nu-
cleophilic activation by 47 and hydrogen-
bonding catalysis through 48, providing
highly functionalized 2H-chromenes,
2H-thiochromenes, and 1,2-dihy-
dronaphthalenes 49 (Scheme 17).27]
Computational investigations indicated
that the stereoselectivity of the RC reac-
tion was determined by the intramolecu-
lar-Michael addition step and the rate-de-
termining step was the retro-aza-Michael
addition.

In most of the MBH and RC reactions
of nitroalkenes discussed above, the nu-
cleophilic Lewis base that worked satis-
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factorily was either imidazole or DMAP.
Other amine bases such as DABCO, DBU
and TMG and a phosphine base such as
TMP were totally ineffective in catalyzing
the MBH and RC reactions of nitroalkenes
(for exceptions, see Schemes 12, 13 and
17). This is despite the fact that DABCO
has been the catalyst of choice for the vast
majority of MBH reactions known in the
literature. Interestingly, the pKa’s of these
bases did not correlate with their catalytic
activity. For instance, while both imidaz-
ole and DMAP with pKa’s 7.0 and 9.7,
respectively, catalyzed the MBH reaction
of nitroalkenes, DABCO and TMP with
an intermediate pKa (8.7) were ineffective
(Scheme 18). Those amine bases with high
pKa’s such as DBU and TMG were also not
suitable for our purpose. This prompted us
to propose that sterically less hindered bas-
es such as imidazole and DMAP with the
possibility of resonance stabilization of the
positive charge in the initial Michael ad-
ducts, e.g. 50 and 51, are the best catalysts
for the MBH reaction of nitroalkenes.[17]

5. Synthetic Applications of MBH
and RC adducts

The MBH adducts and their derivatives
such as carbonates and acetates, owing to
their functional group diversity, have be-
come excellent scaffolds for the synthesis
of novel complex molecules and natural
products. Novel multi-component and
cascade reactions that rely on the multi-
functionality of the MBH adducts have

Scheme 24.

emerged in recent years.[l Although stud-
ies on the synthetic applications of MBH
and RC adducts of nitroalkenes are still in
their infancy, we discuss below the prog-
ress made thus far to enable the reader to
appreciate the enormous potential of these
multi-functional adducts.

Chandrasekhar et al. have report-
ed a highly enantioselective Michael-
ketalization cascade reaction of MBH
alcohols 9 with cyclohexanone 52a in the
presence of 20 mol% of organocatalyst
54 (Scheme 19).1281 The fused bicyclic
cyclohexylpyran derivatives 52 were iso-
lated in moderate to good yields (41-62%)
and good to excellent enantioselectivities
(88-99% ee). The proposed mechanism
involves a cascade enamine Michael addi-
tion to MBH alcohol 9 followed by intra-
molecular ketalization.

Bakthadoss et al. have reported a simple
methodology for the regio- and stereoselec-
tive synthesis of 3-spiropyrrolizidines 56
from the MBH adducts 9 (Scheme 20).[29]
An intermolecular [3+2] cycloaddition
between 9 and a 1,3-dipole derived via
decarboxylation of proline based imine of
isatin 54 afforded spiropyrrolizidines 56 in
good to excellent yield, but as a mixture
of regio-isomers. The Ar and NO, groups
are presumably frans in the minor regioi-
somer as well, though the authors have not
assigned the stereochemistry of the minor
isomer. Similar reaction with sarcosine-
based imines provided spiropyrrolidines
in 60-82% yield.

We have employed various MBH and
RC adducts of nitroalkenes 57 as cycload-

dition partners with Bestmann-Ohira re-
agent (BOR) 58a in the regioselective syn-
thesis of phosphonylpyrazoles 59 (Scheme
21).301 The reaction involves nucleophilic
alkoxide base-mediated deacylation of
BOR 58a to form diazomethylphospho-
nate anion and its reaction as a 1,3-dipole
with MBH and RC adducts of nitroalkenes
56.

Similar one-pot reaction of MBH and
RC adducts 57 with diazosulfone 58a
delivers sulfonylpyrazoles 60 as single
regioisomers (Scheme 22).31 The syn-
thetic utility of this methodology was
demonstrated by transforming a pyrazole
analog 60, derived from RC adducts of ni-
troalkenes with acrylate (see Scheme 14),
to withasomnine (61), a bioactive pyrazole
alkaloid, in three steps.

Bakthadoss et al. have also converted
the MBH adducts 9 into a novel class
of building blocks, the o-bromo- and
B-chloromethylated nitroalkenes 62, in
very good yields via S 2 reaction under
simple conditions (Scheme 23). These
compounds were further transformed into
amines 63, prospective dendrimer cores, in
good yields.[?

Later, Bakthadoss et al. carried out conc
H,SO,-mediated Friedel-Crafts reaction of
the MBH adducts 9 with a variety of arenes
such as benzene, p-xylene and naphthalene
affording nitro-1,3-diarylpropenes 64 in
good yields, which were further employed
for the synthesis of pyrrolidines and 3-spi-
ropyrrolidines 67 (Scheme 24).133!

Rai and Yadav have utilized the MBH
adducts 9 for the synthesis of thietanes
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o o R
OHC._NO, NO, H NO2 20 mol% 83, 0 °C : Ho, —
O,N \[ HO \[ . %\{COZE‘ AGOH, MTBE WC%B [V\S 2
69 ™Sar EtO ” R OAc TN T - NO; N H
Y=X S Ar - Ps A 52a  (+)-78 (')'7%6 283;-}3% vield 82 H 8 O
o [bmim][X-Y] 0 NaH, RT -89% ee 26-40% yield, 93-96% ce
NaH, RT R=Ph 10 examples
81-93% yield XY = SCN, SPh 86-90% yield
12 examples OTf, NO, 8examples | goheme 29.
Scheme 25.
NO2 R! cho 5 Mol%80,0°C R CO:Et
/ COEt | \CE\> . m toluene NO,
N N 1
\ OMe _ R Ohc H NO, R N
o NO, CHaCly, -78°C, 72 h Ar. COR? OH 8 84 85 %VCOZE‘ N up?gggi;;’ oo
EEEETE— H H °
/\/E R 55-97% yield HO. \ﬁ'oe N N R OAc 86 30-47% yield
Cl 94:6 to >99:1 de ‘0 | 30-44% 14 examples
9/11a 72 58-92% ee R 73 N& 74
R=H, COEt Scheme 30.
Scheme 26.
NO. 1. 20 mol % Cat 80
ArTX 2 Toluene, AcOH HO™ OH
+ OHC._~_CHO - ———> / + R-(+)-78
AcO” CO,E 2. NaGNBH, S COE
NO, CF3 78 2 87 MeOH, CH,Cl, R 88 2
- AcOH
NO 20 mol% 77, neat, RT R s
J 2 4-methoxybenzoic acid JJ\ 32-45% yield, 3:1 to 12:1 de 31-46% yield
/_Q_OAC 27-78% yield, 77-98% ee H H EVH N CFs 91:96% e, 10 examples  76:99% ee
10 examples X H 77
X = none, CH,, O, NMe 76 Scheme 31.
Scheme 27. o -
no o o
R O R o
R!__CHO 79 ] - NO2
~ R' NO, . 09 R 91
NO, 2.5 mol% 80, 0 °C . COLE NO2 COLEt [ o= > |
COEt toluene OHC + 2 EtO,C 0 89 AcO 78 CO,Et EtO,C” "O'gy
R OAc Ph R R OAc n = 6-membered -
(£)-78 Ph 81,40-54% yield  (+)-78, 26-56% yield or open chain n
N go OTMS 95->99% ee 80-98% ee o o o o
14 examples \ H < = H /
5-exo-tri NO. - -tri
9 R | 2 R Q/ CO,Et 6-endo-trig
Scheme 28. 93 “CO,Et NO2 o4
68 and 71. In a one-pot procedure, thia- 89: Chen et al., Cs,CO3, CH3CN, RT, 52-99%, 30 examples
: e _di Namboothiri et al., DABCO, THF, RT, 54-94%, 16 examples
Michael ad(!ltlf)n of 0’0. dlethyl hydrogen 92: Chen et al., Cs,CO3, CH3CN, RT, 60-71%, 2 examples
phosphorodithioate 70, in the presence of Namboothiri et al., DABCO, THF, RT, 53-81%, 6 examples

a task-specific ionic liquid [bmim][X-Y],
to MBH alcohols 9 and their aldehydes
69, followed by anion-induced cyclization
afforded 2,3-di- or 2,3,4-trisubstituted thi-
etanes 68 and 71, respectively, with com-
plete diastereoselectivity (Scheme 25).134

Zhu et al. have reported synthesis of
isoxazoline N-oxides 73 through a [4+1]
annulation of MBH alcohols 9/11a with
2-halo-1,3-dicarbonyl compounds 72
(Scheme 26).351 The reaction catalyzed by
quinidine 74 afforded the products 73 in
good to excellent yield, diastereo- and en-
antioselectivities.

Tang et al. have reported the reaction
of cyclic ketones 52 with MBH acetates
75 in the presence of pyrrolidine-thiourea
catalyst 77 (Scheme 27).1361 The bicyclic
products 76 bearing at least four chiral cen-
ters were formed with up to 98% ee and in
moderate to high yields. The cooperative
effects of both enamine, formed from ke-
tone 52 and catalyst 77, and the Brgnsted
acidic thiourea moiety in 77 were crucial
for the high reactivity and enantioselectiv-
ity of this S 2’-Michael cascade reaction.

Reddy and Chen have reported a novel

Scheme 32.

and efficient organocatalytic kinetic reso-
lution of a variety of MBH acetates 78 with
aldehydes 79 in the presence of Jgrgensen
catalyst (80) (2.5 mol%) via conjugate
addition-elimination (S 2’)  sequence
(Scheme 28). The densely functionalized
products 81 were obtained with excellent
enantioselectivities (up to >99% ee), and
the unreacted enantiomer of 78 was also
recovered with good to excellent optical
purity (up to 98% ee).l37]

Chen et al. have also employed ke-
tones, e.g. 52a, in the organocatalyst 83
(20 mol%) mediated kinetic resolution
of MBH acetates 78 (Scheme 29).1381 The
transformation presumably took place via
S,2’ reaction of chiral enamine, formed in
situ from ketone 52a and catalyst 83, with
MBH acetate 78, leading to the formation
of densely functionalized products 82 in
good chemical yields and excellent stereo-
selectivities (up to >99:1 dr and >99% ee).

Later, Roy and Chen reported kinetic
resolution of the MBH acetates 78 via an

asymmetric three-component coupling in-
volving indoles 84, acrolein 85, and MBH
acetate 78 catalyzed by TMS-prolinol 80
(5 mol%, Scheme 30).391 The reaction pro-
ceeded via a Friedel-Crafts/S 2" process
involving a sequential iminium/enamine
catalysis. The recovered MBH acetate 78
and the products 86 were typically ob-
tained in high chemical yield and in good
to excellent enantiopurity.

Yet another method for the kinetic
resolution of MBH acetate 78 via cascade
S 2’-Michael process using dialdehyde 87
has been reported by Chen et al. (Scheme
31).1401 The reaction involves addition of
enamine of aldehyde 87 to MBH acetate
78, intramolecular enamine addition to the
resulting S 2’ adduct and HNO, elimina-
tion. The product was further reduced in
situ to cyclopentenediol 88.

Chen et al. and we have indepen-
dently developed an efficient strategy for
the synthesis of fused and functionalized
furans 89 and pyrans 92 by taking advan-
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NO,
Ar I 2 . CJ\ MeOH ; ¥ \  62-96%
ACO C02Et NH, 30°C 18 examples
CO,Et 96
Ar 4-CIPh, R = n-Pr, Alpidem
R Ar = 4-MePh, R = Me, Zolpidem
72% and 78% overall yields for
NR, 6 steps from nitroalkenes
Scheme 33.

tage of the bi-electrophilic character of
MBH acetates 78 (Scheme 32).141:421 The
reaction sequence involves the displace-
ment of acetate in 78 by the 1,3-dicar-
bonyl compound 90 or 91 in S 2” fashion
to form intermediates 93 or 94 followed
by intramolecular oxa-Michael addition
and elimination of HNO,. While Chen et
al. employed Cs,CO, as base, we found
amine base DABCO to be suitable for this
transformation. Interestingly, an unusual
switching of selectivity in the intramo-
lecular oxa-Michael addition from 5-exo-
trig to 6-endo-trig was observed when the
B-dicarbonyl compound was changed from
acyclic or six-membered ring cyclic 90 to
five-membered ring cyclic system 91.[41421

Very recently, we have exploited the
bielectrophilic character of MBH acetate
78 in the one-pot reagent-free synthesis of
imidazopyridines 96 (Scheme 33).[43 This
reaction takes place via S 2’-aza-Michael-
HNO, elimination cascade in MeOH at
room temperature affording potentially
biologically active functionalized imidaz-
opyridines 96 in good to excellent yields
(62-96%). A practical application of this
methodology was demonstrated by syn-
thesis of imidazopyridine drugs Alpidem
and Zolpidem 97 from 96 through simple
transformations.

An application of the Rauhut-Currier
adducts 38 of nitroalkenes with MVK (see
Scheme 14) was developed by transform-
ing them in one pot into 2,3-disubstituted
cyclopentenones 99 with a quaternary ben-
zylic center in high yields (Scheme 34).[26]
The protocol included metal-acid reduc-
tion of nitro group in RC adduct 38 to en-
amine, hydrolysis of the resulting enamine
to diketone 98 followed by intramolecular
aldol condensation under basic workup
conditions.

Recently, Zeng et al. and Reddy et
al. have reported intramolecular cycliza-
tion of RC adduct 38 using L-proline (10
mol%) as the catalyst (Scheme 34).[44.43]
Both the authors have reported high yields
and diastereoselectivities, but poor or no
enantioselectivities in this reaction. Our
own results after catalyst screening and
considerable optimization of reaction con-
ditions suggest that L-proline/DMSO is
the combination that gives good yield and
diastereoselectivity, though with poor en-
antioselectivity.[46]

38
L-proline (X mol%)
DMSO, RT

H ~_Cl

: 4 sty N |
seps «__N
101

Zeng et al.: L-proline 10 mol%
Additive: 2,5-dimethoxybenzoic acid
81-95% yield, > 97% de

0% ee, 2 examples

Reddy et al.: L-proline 10 mol%
Additive: none, 76-97% yield

>99% de, <20% ee, 9 examples

o Scheme 34.
COCH; Fe/HCl COCH,
MeOH/H,0 10% NaOH R
R R =Ar, X =Me
R o 68-75% yield
98 5 examples 99
Additive 38 to 100

6. Conclusions and Outlook

For almost half a century, phosphine-
and amine-catalyzed dimerization of
electron-deficient alkenes (Rauhut-Currier
reaction) has been known in the literature.
o-Functionalization of electron-deficient
alkenes using aldehydes, imines efc. under
similar conditions (Morita-Baylis-Hillman
reaction) has also been known for over 40
years. Surprisingly, nitroalkenes have not
been employed as substrates in such reac-
tions until eight years ago despite the fact
that nitroalkenes are excellent Michael ac-
ceptors and the first step in the above reac-
tions is the Michael addition of the nucleo-
philic amine/phosphine catalyst. This sce-
nario has been attributed to reversibility in
the initial conjugate addition of the amine/
phosphine catalyst and polymerization of
the substrate. However, reports in the last
eight years reassure that MBH and RC re-
actions of nitroalkenes are indeed feasible
with appropriate choice of the catalyst.
Thus nitroalkenes have been successfully
reacted with activated aldehydes, ketones,
imines and azodicarboxylates as well as
other electron deficient alkenes such as
MVK and acrylate to afford the MBH/
RC adducts primarily under the influence
of imidazole or DMAP. Possible exploita-
tion of these multi-functional adducts as
novel scaffolds in organic synthesis have
received considerable attention in the last
three years. Future challenges include use
of simple aliphatic and aromatic aldehydes
as electrophiles, newer intramolecular and
asymmetric versions as well as develop-
ment of multi-component and cascade
reactions using MBH/RC adducts or their
derivatives as the key substrates.

Acknowledgments

The authors thank DST and CSIR for sup-
porting research in the area of Morita-Baylis-
Hillman and Rauhut-Currier Reactions of
Conjugated Nitroalkenes and Dr Narasimham
Ayyagari for proof-reading the manuscript.
INNN thanks Prof Alfred Hassner, Bar-Ilan
University, Israel, for introducing him to the
enchanting area of nitroalkene chemistry.

K. Morita, Z. Suzuki,

(1]
(2]

(3]

[4]

(3]

(6]
(71

(8]

Received: October 7, 2012

H. Hirose, Bull. Chem.
Soc. Jpn. 1968, 41, 2815.

(a) A. B. Baylis, M. E. D. Hillman, Ger. Offen.
2155113, 1972; Chem. Abstr. 1972, 77, 34174q.
M. E. D. Hillman, A. B. Baylis, U. S. Patent
1973, US 3743669.

Reviews: (a) D. Basavaiah, G. Veeraraghavaiah,
Chem. Soc. Rev. 2012, 41, 68. (b) D. Basavaiah,
B. S. Reddy, S. S. Satpal, Chem. Rev. 2010,
110, 5447. (¢) C. Limberakis, in ‘Name
Reactions for Homologations’, Ed. J. J. Li,
2009, Pt. 1, 350. (d) E. Ciganek, Org. React.
1997, 51, 201. (e) D. Basavaiah, K. V. Rao, R.
J. Reddy, Chem. Soc. Rev. 2007, 36, 1581. (f)
K.Y. Lee, S. Gowrisankar, J. N. Kim, Bull. Kor.
Chem. Soc. 2005, 26, 1481. (g) D. Basavaiah,
A.J. Rao, T. Satyanarayana, Chem. Rev. 2003,
103, 811. (h) G. Li, J. D. Hook, H. X. Wei,
‘Recent Research Developments in Organic
& Bioorganic Chemistry’, 2001, 4, 49. (i) H.
Venkatesan, H, D. C. Liotta, Chemtracts: Org.
Chem. 1998, 11,29. (j) D. Basavaiah, P. D. Rao,
R. S. Hyma, Tetrahedron 1996, 52, 8001; (k)
‘The Chemistry of the Morita-Baylis-Hillman
Reaction’, Eds. M. Shi, F-J. Wang, M. X.
Zhao, Y. Wei, The Royal Society of CHemistry,
Cambridge, UK, 2011, pp 561.

Reviews: (a) V. Declerck, J. Martinez, F.
Lamaty, Chem. Rev. 2009, 109, 1. (b) L.-Z. Dai,
M. Shi, Synthesis 2010, 397. (¢) Y.-L. Shi, M
Shi, Eur. J. Org. Chem. 2007, 18, 2905.

(a) M. M. Rauhut, H. Currier, U. S. Patent
1963, 3074999; Chem. Abstr. 1963, 58, 11224a.
Review: (b) C. E. Aroyan, A. Dermenci, S. J.
Miller, Tetrahedron 2009, 65, 4069; see also (c)
J. L. Methot, W. R. Roush, Adv. Synth. Catal.
2004, 346, 1035.

Review: V. Carrasco-Sanchez, M. J. Simirgiotis,
L. S. Santos, Molecules 2009, 14, 3989.
Review on microwave mediated MBH reaction:
R. O. M. A. de Souza, L. S. M. Miranda, Mini-
Reviews in Organic Chemistry 2010, 7, 212.
Reviews: (a) G. Masson, J. Zhu, in
‘Stereoselective Synthesis 2: Stereoselective
Reactions of Carbonyl and Imino Groups’, Ed.
J. G. De Vries, G. A. Molander, P. A. Evans,
George Thieme Verlag; Stuttgart: 2011, 735. (b)
G.-L. Zhao, in ‘Catalytic Asymmetric
Conjugate Reactions’, Ed. A. Cordova,
2010, 393. (¢) Y, Wei, M. Shi, Chin. Sci. Bull.
2010, 55, 1699. (d) Y. Wei, M. Shi, Acc. Chem.
Res. 2010, 43, 1005. (e) J. Mansilla, M. Jose,
Molecules 2010, 15, 709. (f) P. R. Krishna, R.
Sachwani, P. S. Reddy, Synlett 2008, 19, 2897.
(g) G. Masson, C. Housseman, J. Zhu, Angew.
Chem., Int. Ed. 2007,46,4614. (h) P.R. Krishna,
G. V. M. Sharma, Mini-Reviews in Organic
Chemistry 2006, 3, 137. (i) P. Langer, Organic
Synthesis Highlights V, 2003, 165. (j) P. Langer,
Angew. Chem., Int. Ed. 2000, 39, 3049.



920

CHIMIA 2012, 66, No. 12

CHEMISTRY IN INDIA PART |

[9] Reviews: (a) R. Rios, Catalysis Science &
Technology 2012, 2, 267. (b) J. Le Bras, J.
Muzart, Synthesis 2011, 22, 3581. (c) W.
Zhong, Y. Liu, G. Wang, L. Hong, Y. Chen, X.
Chen, Y. Zheng, W. Zhang, W. Ma, Y. Shen,
Org. Prep. Proced. Int. 2011, 43, 1. (d) S.
Gowrisankar, H. S. Lee, S. H. Kim, K. Y. Lee,
J. N. Kim, Tetrahedron 2009, 65, 8769. (e)
Anon, Chemtracts 2007, 20, 474. (f) V. Singh,
S. Batra, Tetrahedron 2008, 64, 4511. (g) P. T.
Kaye, South Afr. J. Sci. 2004, 100, 545. (h) S. V.
Ley, F. Rodriguez, Chemtracts 2000, 13, 596.
(i) P. Bobal, R. Neier, in ‘Electronic Conference
on Heterocyclic Chemistry’, Ed. H. S. Rzepa,
C. O. Kappe, C. Leach, June 29-July 24,

1998, 441.
[10] Review: C. G. Lima-Junior, M. L.
A. A, Vasconcellos, Bioorg. Med.

Chem. 2012, 20, 3954.

[11] Review: G.-N. Ma, J.-J. Jiang, M. Shi, Y. Wei,
Chem. Commun. 2009, 37, 5496.

[12] Review: T. Kataoka, H. Kinoshita, Eur. J. Org.
Chem. 2005, 45.

[13] (a) D. Roca-Lopez, D. Sadaba, 1. Delso, R. P.
Herrera, T. Tejero, P. Merino, Tetrahedron:
Asymmetry 2010, 21, 2561. (b) R. Ballini, L.
Barboni, G. Bosica, D. Fiorini, A. Palmieri,
Pure Appl. Chem. 2006, 78, 1857. (c) O. M.
Berner, L. Tedeschi, D. Enders, Eur. J. Org.
Chem. 2002, 12, 1877. (d) D. Seebach, E. W.
Colvin, F. Lehr, T. Weller, Chimia 1979, 33, 1.

[14] N. Rastogi, I. N. N. Namboothiri, M. Cojocaru,
Tetrahedron. Lett. 2004, 45, 4745.

[15] R. Mohan, N. Rastogi, I. N. N. Namboothiri, S.
M. Mobin, D. Panda, Bioorg. Med. Chem. 2006,
14, 8073.

[16] 1. Deb, M. Dadwal, S. M. Mobin, I. N. N.
Namboothiri, Org. Lett. 2006, 8, 1201.

[17] 1. Deb, P. Shanbhag, S. M. Mobin, I. N. N.
Namboothiri, Eur. J. Org. Chem. 2009, 4091.

[18] H.-H. Kuan, R. J. Reddy, K. Chen, Tetrahedron
2010, 66, 9875.

[19] N. Rastogi, R. Mohan, D. Panda, S. M. Mobin,
I. N. N. Namboothiri, Org. Biomol. Chem.
2006, 4, 3211.

[20] K. Rajesh, P. Shanbhag, M. Raghavendra, P.
Bhardwaj, I. N. N. Namboothiri, Tetrahedron.
Lett. 2010, 51, 846.

[21] M. Dadwal, S. M. Mobin, I. N. N. Namboothiri,
Org. Biomol. Chem. 2006, 4, 2525.

[22] S. Takizawa, A. Horii, H. Sasai, Tetrahedron:
Asymmetry 2010, 21, 891.

[23] X. Wang, Y.-F. Chen, L.-F. Niu, P--E. Xu, Org.
Lett. 2009, 11, 3310.

[24] R. Ballini, L. Barboni, G. Bosica, D. Fiorini,
E. Mignini, A. Palmieri, Tetrahedron 2004, 60,
4995.

[25] M. Dadwal, R. Mohan, D. Panda, S. M. Mobin,
I. N. N. Namboothiri, Chem. Commun. 2006,
338.

[26] P. Shanbhag, P. R. Nareddy, M. Dadwal, S. M.
Mobin, I. N. N. Namboothiri, Org. Biomol.
Chem. 2010, 8, 4867.

[27] X.-F. Wang, L. Peng, J. An, C. Li, Q.-Q. Yang,
L.-Q. Lu, E-L. Gu, W.-]. Xiao, Chem. Eur. J.
2011, 17, 6484.

[28] S. Chandrasekhar, K. Mallikarjun, G.
Pavankumarreddy, K. V. Rao, B. Jagadeesh,
Chem. Commun. 2009, 4985.

[29] M. Bakthadoss, N. Sivakumar, Synlett 2009, 6,
1014.

[30] R. Muruganantham, S. M. Mobin, I. N. N.
Namboothiri, Org. Lett. 2007, 9, 1125.

[31] R. Kumar and I. N. N. Namboothiri, Org. Lett.
2011, /3, 4016.

[32] M. Bakthadoss, N. Sivakumar, A. Devaraj,
Synthesis 2011, 4, 611.

[33] M. Bakthadoss, N. Sivakumar, Synlett 2011, 9,
1296.

[34] A. Rai, L. D. S. Yadav, Tetrahedron 2012, 68,
2459.

[35] Z.-W. Guo, J.-W. Xie, C. Chen, W.-D. Zhu, Org.
Biomol. Chem. 2012, 10, 8471.

[36] C.-L. Cao, Y.-Y. Zhou, J. Zhou, X.-L. Sun, Y.
Tang, Y.-X. Li, G.-Y. Li, J. Sun, Chem. Eur. J.
2009, 15, 11384.

[37] R.J.Reddy, K. Chen, Org. Lett. 2011, 13, 1458.

[38] R.J.Reddy, P.-H. Lee, D. R. Magar, J.-H. Chen,
K. Chen, Eur. J. Org. Chem. 2012, 353.

[39] S. Roy, K. Chen, Org. Lett. 2012, 14, 2496.

[40] L. E. Yeh, S. Anwar, K. Chen, Tetrahedron
2012, 68, 7317.

[41] W.-Y. Huang, Y.-C. Chen, K. Chen, Chem.
Asian J. 2012, 7, 688.

[42] D. K. Nair, S. M. Mobin, I. N. N. Namboothiri,
Tetrahedron Lett. 2012, 53, 3349.

[43] D. K. Nair, S. M. Mobin, I. N. N. Namboothiri,
Org. Lett. 2012, 14, 4580.

[44] X. Huang, H. Shi, J. Ren, G. Liu, Y. Tang, B.
Zeng, Chin. J. Chem. 2012, 30, 1305.

[45] C. R. Reddy, M. D. Reddy, K. Haribabu, Eur. J.
Org. Chem. 2012, 6414.

[46] P. Shanbhag, I. N. N. Namboothiri, unpublished
results.



